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Abstract 

Wireline interventions in high temperature wells represent one of today’s biggest challenges for the oil and 

gas industry. The high wellbore temperatures, which can reach 200 °C, drastically reduce the life of the 

electronic components contained in the wireline downhole tools, which can cause the intervention to fail. 

Active cooling systems represent a possible solution to the electronics overheating, as they could maintain 

the sensitive electronics at a tolerable temperature, while operating in hotter environments. This work 

presents the design, construction and testing of an actively cooled downhole electronics section, which is 

able to cool the critical electronics below 175 °C while operating at 200 °C. After the investigation of several 

cooling techniques and the thermal characterization of the studied downhole electronics, thermoelectric 

coolers were chosen to implement a novel concept of heat management for downhole tools. The chosen 

design combined active and passive cooling techniques aiming at efficient thermal management, preserving 

the tool compactness, and avoiding the use of moving parts. Topology optimization was used, in 

combination with a finite element model of the system, to develop the final design of an actively cooled 

prototype, which was able to continuously maintain the temperature-sensitive electronics below 170 °C, 

while operating at 200 °C for more than 200 hours. Effective electrical integration of the cooling system in a 

wireline downhole tool was also studied, and a power-width-modulation circuit was developed to adapt the 

downhole power source to a suitable voltage for the thermoelectric cooler. The implementation of the active 

cooling system was supported by the study of the thermal interaction between the downhole tool and the well 

environment, which was relevant to define the heat rejection conditions. Given the lack of information from 

the scientific literature, a downhole sensor that could experimentally quantify the heat transfer rate occurring 

between the tool and the wellbore was designed and tested. The concept was proved and the sensor 

calibrated in a laboratory flow loop. Average and maximum mismatches of 3% and 10%, respectively, were 

found between the measured and predicted heat transfer coefficients, showing good agreement between 

experimental results and model forecasts. 
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Resumé (Abstract in Danish) 

Kabelbaserede brøndindgreb i højtemperatur brønde er en af de største udfordringer i olie- og gasindustrien i 

dag. De høje temperaturer nede i hullet, som kan nå op på 200 °C, reducerer levetiden for de elektriske 

komponenter i de kabelbaserede robot værktøjer indtil nedbrud. En mulig løsning på overophedningen af 

elektronikken er aktive kølesystemer, idet disse ville kunne holde de følsomme elektronikkomponenter ved 

tålelige temperaturer imens de opererer i varme omgivelser. Dette arbejde præsenterer design, konstruktion 

og test af en aktivt kølet down-hole elektroniksektion, som kan køle de kritiske elektriske komponenter til 

under 175 °C imens den opererer i omgivelser på 200 °C, som nede i en brønd. Efter en undersøgelse af 

forskellige køleteknikker og den termiske karakterisering af de elektriske komponenter der benyttes i 

brønden blev det besluttet at benytte termoelektriske kølere. Disse termoelektriske kølere implementerede et 

nyt koncept til varmestyringen i forhold til tidligere arbejder, således at det valgte design kombinerer både 

aktive og passive køleteknikker med det mål at opnå en effektiv varmestyrring, samtidig med at bibeholde 

værktøjets kompakthed og at undgå brugen af bevægelige dele. Det endelige design af prototypen som kunne 

holde den temperatur følsomme elektronik under 170 °C imens den opererede ved over 200 °C i mere end 

200 timer blev udviklet med topologioptimering kombineret med en finite element model. Effektiv elektrisk 

integration af kølesystemet i down-hole værktøjet blev også studeret og et pulsbredde-modulationskredsløb 

blev udviklet for at tilpasse down-hole strømforsyningen til en passende spænding til den termoelektriske 

køler. Implementeringen af det aktive kølesystem blev understøttet af et studie af den termiske 

vekselvirkning imellem down-hole værktøjet og omgivelserne i brønden, hvilket var relevant for at kunne 

definere varmeafgivelsen. I mangel af information i den videnskabelige litteratur blev der designer og testet 

en down-hole sensor der kunne kvantificere varmeoverførselshastigheden imellem værktøjet og 

brøndboringen eksperimentelt. Konceptet blev bevist og sensoren kalibreret i en laboratorie flow løkke med 

god overensstemmelse imellem eksperimentelle resultater og modelforudsigelser. De gennemsnitlige og 

maksimale afvigelser imellem de målte og forudsagte varmeoverføringskoefficienter var på henholdsvis 3% 

og 10%. 
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1. Introduction 

The worldwide growing energy demand has led the oil and gas industry to drill wells in increasingly harsher 

reservoirs and downhole environments, increasing the technological challenge related to their construction, 

maintenance and production. Well interventions in high-temperature (HT) wells, where the temperature can 

range between 150 °C and 200 °C, represent one of today’s biggest challenges for the oil and gas sector. The 

high downhole temperatures and thermal stresses, to which the intervention tools are exposed, increase the 

risk of failure and require high temperature tolerant components. The electronic components employed in the 

well intervention tools (sensors, power converters, data acquisition systems) are particularly sensitive to the 

high temperatures and, when the maximum operating temperature is exceeded, their life can be drastically 

reduced until failure. This chapter provides an introduction to well interventions, focusing on high 

temperature wells and on the challenges related to the electronics overheating that occurs in well intervention 

tools. A selection of thermal management techniques for downhole electronics is presented and active 

cooling systems are analyzed as a possible solution. 

 

1.1 Background 

Well interventions can be defined as remedial operations that are performed on producing wells with the 

intention of restoring or increasing production. They can be required in case of reduced production capacity, 

flow restrictions, sand production, mechanical failure, or to access additional reservoir areas. Typical 

downhole interventions include the monitoring of the well conditions, as well as component installation (e.g. 

of valves or pipes), drilling of new well branches, cleaning, and repairing (Sandeep et al. (2003)). Different 

downhole tools can be employed to carry out the mentioned operations, and several intervention techniques 

can be adopted in order to deliver the tools down the wellbore.  
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Figure 1.1  Schematic representation of a wireline well intervention setup from Jakaboski (2004). 

The wireline technique (Figure 1.1) is currently one of the most competitive approaches, as it does not 

require the use of a conventional workover rig, comprising of a derrick, a rotary table and heavy machinery, 

and is therefore logistically flexible. Furthermore, it does not require “killing the well” (i.e. counterbalancing 

the downhole well pressure by injecting fluid in the wellbore), which creates the risk of damaging the 

reservoir. This becomes an even more significant advantage in the case of subsea and offshore interventions. 

The wireline technique involves running and pulling tools into and out of the well, by the use of a small 

diameter solid or braided wire mounted on a powered reel at the surface. This cable is an electric conductor 

and delivers the feed power to the downhole tools from the surface. Every wireline tool has, therefore, a 

section that contains electronic components that remotely control the device, transform the feed power or 

store logging data. Usually, electronic components are installed on a metallic cartridge (also called chassis) 

that is slid into a cylindrical housing, which in turn protects the inner components from the harsh 

environment and seals them from the well fluid (Figure 1.2). 

The temperature rating of the electronics significantly limits the applicability of this intervention technique 

and represents a critical aspect for well interventions in HT wells. HT electronic components can be very 

expensive, much less compact than low-temperature ones, and do not necessarily fit the strict dimensional 

constraints related to well intervention tools.  

Facing an increasing demand of interventions in high temperature wells, active cooling systems and 

innovative thermal management strategies have been considered as a possible solution to the electronics 

overheating, and investigated for integration into downhole interventions tools. An active cooling system 

could maintain the temperature sensitive electronics to tolerable temperatures, while the tool is operating in 

hotter environments. 
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Figure 1.2 3D CAD model (a) and photo (b – source www.welltec.com) of a wireline tool electronics section. 

 

1.2 Prior works 

Active cooling and innovative thermal management of downhole electronics has progressively become a 

dynamic research topic in the oil and gas industry since the 1980s. Bennett (1988) first published a detailed 

feasibility study regarding active cooling solutions for downhole instrumentation. Eight cooling technologies 

were analyzed and characterized through thermodynamic and heat transfer equations. Fuel cells were also 

considered as a potential technology that could be integrated into a downhole tool. The analyzed cooling 

system aimed at working in a 320 °C environment, while keeping the electronics at maximum 150 °C, with a 

cooling load of 8 W. Furthermore, the power input was constrained to a maximum 22 W and the COP to a 

minimum 0.363. Thermo-acoustic refrigeration was chosen as the most suitable cooling technique because of 

the high COP and the absence of moving parts. Vapor compression and Brayton cycles (with turbine) were 

also found to be efficient, but required more maintenance and were assessed as more likely to fail due to the 

moving components. Thermoelectric cooling, absorption cooling, and the Joule-Thompson cycle were 

discarded in first place because of the low COP, as well as magneto- and electro-caloric devices due to space 

constraints. No information about the design or the performance of the system is given in the report. The 

thermo-acoustic downhole refrigerator was then protected by a patent in 1992 (US Pat. No. 5165243), the 

a) 

b) 
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description of which revealed more details about the system. An acoustic engine, activated by a heater, 

generated an acoustic wave in a tube (resonator) filled with helium. The resonator was designed in such a 

way that a stationary acoustic wave with certain wavelength characteristics was obtained. A stack of 

fiberglass plates was strategically positioned in the resonator. The helium reacted to the acoustic waves by 

compressing (heating) and expanding (cooling) in between the fiberglass plates, and created a temperature 

gradient across the stack between a hot and a cold end. Two heat pipe systems thermally connected the cold 

end to the electronics and the hot end to the borehole. Two Dewar flask were used to minimize the cooling 

load. It was claimed the system is able to maintain the electronics at a temperature of 181 °C, absorbing a 

load of 8 W in a 300 °C well environment, and with a COP equal to 0.18. 

Subsequently, Flores (1996) published another work on active cooling systems for wireline oil-exploration 

tools, where a feasibility study was carried out and a cooling technology was chosen according to its 

performance, design complexity, maintenance necessity and size. Specific design criteria were reported: the 

system had to operate up to 200 °C borehole temperature, maintain the sensitive electronics below 125 °C, 

and absorb a cooling load of 80 W. The tool had to satisfy these criteria for a downhole residence time of a 

maximum 10 hours and a feed power available of 500 W. Flores was the first to introduce a reference 

boundary condition for the heat transfer between the tool and the well, assuming a heat transfer coefficient 

along the housing outer surface of 100 W/m
2
K. The theoretical study led to the choice of a “once-through” 

vapor compression cycle, an evaporative cooling system that consists of a cold tank, in thermal contact with 

the temperature-sensitive electronics, a compressor, and a hot tank, in thermal contact with the well 

environment. The opportunely pressurized water contained in the cold tank evaporates at the desired 

temperature and absorbs the cooling load from the electronics; the vapor is compressed and stored in the hot 

tank, where it condenses again reducing the occupied volume. The electronics and the cold tank are enclosed 

in a Dewar flask, to reduce the heat leakages from the hot surrounding. A prototype was built and tested. 

Test results showed a robust performance of the tool, which was able to continuously work in a 200 °C 

environment and maintain the temperature-sensitive electronics below 122 °C and 114 °C for cooling loads 

of 50 W and 30 W, respectively. The hot tank was maintained at 204 °C and the COP was estimated around 

1. The heat transfer coefficient, between the tool housing and the oven where the tests were carried out, was 

calculated to be 34 W/m
2
K, significantly below the one set as a design criterion. One of the critical points 

highlighted by the author is the choice of the micro-compressor (flow rates in the order of magnitude of 

3e-5 m
3
/s) and of the motor, which must work in a 200 °C environment. A reciprocating micro-compressor, 

including a lubrication system and mechanical connections, was designed and built in cast iron for the 

application. This component significantly contributed to the increase of the tool production cost, which is 

reported by the author to be around 12 000 USD, 7 000 of which are for the motor. The invention was 

consequently patented in 1996 (US Pat. No. 5701751 A). 

Later, Jakaboski (2004) proposed a different solution where the temperature sensitive electronics were 

enclosed in a Dewar flask next to a tank of phase change material (PCM). The electronics were thermally 

interfaced to the PCM thanks to a metallic cold plate and a fluid loop, driven by a small pump. A helical 

piping system distributed uniformly the excessive heat from the electronics into the PCM bed. The design 

constrains stated the system had to operate for 24 hours in a 200 °C environment, while maintaining the 

sensitive electronics below 100 °C, and with a cooling load of 18 W. The cooling system needed to fit a 

Ø 3 in Dewar flask. The chosen PCM had a transition point, from solid to liquid, of 70 °C and a latent heat 

density of 311 MJ/m
3
. The author highlights how the choice of the material strongly depended on its large 

latent heat density and relatively high thermal conductivity (18.8 W/m-K), which helps to have a small 

temperature gradient across the PCM bed and a uniform phase transition. A prototype was built and tested. 
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The design criteria were fulfilled and the electronics could be maintained below 100 °C for 25 hours in an 

oven at 200 °C. 

Sinha (2010) proposed a thermoelectric adsorption cycle with two stages. The two adsorption beds (zeolites) 

were connected to an evaporator, in thermal contact with the load, and a condenser, while check valves 

ensured a proper flow direction. The two beds were heated up and cooled down alternately to respectively 

release and absorb the coolant (water) and to perform the cooling cycle. A thermoelectric module (TEM) was 

used for this purpose. The TEM had one plate connected to each of the beds and was fed by an AC square 

current with low frequency (in the order of magnitude of 0.02-0.03 Hz) so it could pump the heat alternately 

from one bed to the other. A setup for the proof-of-concept was built and tested, without integration into a 

downhole tool. A thermal bath maintained the condenser temperature at 190 °C, while the evaporator was 

cooled to 150 °C with a cooling load of 6 W. The same author presented in Sinha et al. (2011) an alternative 

solution in which a thermoelectric cooler alone was used to refrigerate some sensitive electronics. The hot 

side of the thermoelectric cooler rejected the excess heat to the well fluid through a finned copper rod in 

direct contact with it. The cold plate of the cooler, instead, connected to a finned copper rod immersed into a 

water tank. A flow loop, powered by a small pump, recirculated the cold water from the tank to a cold plate 

in contact with the temperature-sensitive electronics. All the components on the cold side of the system were 

enclosed in a Dewar flask to reduce the cooling load. A prototype was built and tests were carried out in an 

oven at 140 °C with a cooling load varying from 0 to 8 W. Test results showed the electronics reached steady 

state at ~140 °C after 8 hours with 8 W of load, ~125 °C after 12 hours with 6 W of load, ~120 °C after 15 

hours with 4 W of load, ~110 °C after 15 hours with 2 W of load, and ~100 °C after 15 hours without load. 

The COP is reported varying from 0.1, at minimum load, to 0.75, for the case with a load of 8 W. 

Pennewitz et al. (2012) investigated the suitability of sorbents to operate in harsh conditions and to absorb 

the vapors coming from an evaporative cooling process. The phase transition from liquid to vapor has a 

much higher enthalpy change per unit of volume than from solid to liquid. Nevertheless the density of vapors 

is much lower than for liquids, which creates the problem of handling the resulting vapor downhole. It 

cannot even be vented off the tool, as the wellbore can reach pressures higher than 1 000 bar. Flores (1996) 

used the compressor to increase the vapor pressure and make it condense at the wellbore temperature. 

Sorbents could be a good alternative to replace this expensive component and to avoid moving parts. They 

would, in fact, adsorb the evaporated fluid, significantly reducing the amount of space required for storage. 

Pennewitz performs some tests 230 °C with two different types of sorbents and water vapor, which would be 

suitable for the downhole application. The test results showed the storage capacity of the sorbents is higher if 

they operate in vacuum, compared to air, and the sorption speed of the desiccant bed needs to be equal or 

higher than the evaporation speed, which depends in turn on the design criteria and the operating 

temperatures. 

Verma et al. (2012) studied the feasibility of reverse Brayton and vapor compression cycles for active 

cooling of downhole electronics. Comparing the simulation results for the two systems, the authors 

highlighted once more the more efficient performance of the vapor compression cycle and chose it for 

implementation in a wireline formation tester tool. The tool was designed with a triangular chassis divided 

into four electronics sections, each of which dissipated a maximum of 64 W. The total power dissipation of 

the tool could range from 30 W to 256 W. The chassis was then inserted into a triangular vacuum flask. In 

order to prove the concept, the main components of the system were run at room temperature, while the tool 

was wrapped in a 2.5 kW heating jacket that simulated the high temperature well environment. Instead of a 

compressor, a pump and a boiler were used to produce water vapor at the desired high temperature and 

pressure. The vapor was then expanded through an expansion valve and circulated through some channels in 



 

CHAPTER 1. INTRODUCTION    6 

 

 
 

the metallic chassis to absorb the cooling load from the electronics. The wet vapor at the tool outlet was then 

fully condensed and recirculated through the pump to re-start the cycle. The cooling system, fed with a flow 

rate of 8 mL/min, was able to maintain the electronics below 150 °C while operating at a cooling load of 160 

W and with an outer housing temperature of 200 °C. Tests at 250 °C, with the same flow rate, showed the 

system could still maintain the electronics below 150 °C with a cooling load of 70 W. 

Several thermal management solutions for downhole tool electronics can also be found in patents. The 

design criteria and the performance of the described devices are usually not publically available, though. A 

brief summary of the patents is reported below.  

Several patents about downhole electronics cooling through thermoelectric modules can be found: US Pat. 

No. 6134892 , US Pat. No. 5931000, US Pat. No. 5730217, US Pat. No. 5720342, 

US Pat. No. 5547028, US Pat. No. 4375157. Slightly different setups are presented in these works, but some 

common features can be found. The cold plate of the Peltier modules is usually connected to the electronics 

through soft thermally conductive pads, adhesive thermal interface materials or heat pipe systems. The same 

techniques are used to thermally connect the hot plate of the modules to the borehole. Thermal grease is used 

to reduce contact thermal resistances. Vacuum flasks and thermally insulating material are used to reduce the 

cooling load.  Spring systems are used to guarantee a good thermal contact between the electronics cartridge 

and the housing, and an effective thermal path for the excessive heat to be rejected to the wellbore. 

Downhole cooling systems adopting the vapor compression technology have also been patented. 

US Pat. No. 5701751A, which has been previously illustrated, described a “once through” vapor 

compression solution.  The system described in US Pat. No. 5265677 adopts a similar solution to 

US Pat. No. 5701751A, but uses a piston and a secondary tank filled with the well fluid to pressurize the 

refrigerant tank. A valve opens and closes, according to a temperature sensor, to expand and regulate the 

flow from the refrigerant tank, to the evaporator, in thermal contact with the electronics. The exhaust vapor 

is then collected and stored in a low-pressure dump tank. The integration of a typical vapor compression 

cycle, comprised of an evaporator, compressor, condenser, and expansion valve is described in 

US Pat. No. 20120125614A1. 

A sorption cooling system was patented in US Pat. No. 6341498. A water reservoir is pressurized and put in 

close contact with the electronics, so the dissipated heat can be absorbed by the water evaporation process. A 

valve regulates the pressure in the evaporator and let the exhaust vapor collect in a desiccant bed where it is 

stored at elevated temperatures. The electronics and the water tank are thermally protected from the wellbore 

through a vacuum flask lined with phase change material. The desiccant bed is located in a housing, outside 

the flask, in good thermal contact with the well. 

Some innovative thermal protection techniques were also patented. US Pat. No. 6336408 describes a system 

were an eutectic material (91% tin, 9% zinc), with a phase transition solid-to-liquid temperature at 199 °C, is 

in thermal contact with some temperature-sensitive electronics in a Dewar flask. The patent claims the 

system can work in a 260 °C environment for 100 hours, while maintaining the electronics below 200 °C. US 

Pat. No. 6220346, instead, reports a new thermally insulating pressure housing with smaller heat losses than 

a vacuum flask. The system is composed of two concentric hollow cylinders, maintained in place by 

magnetic levitation and separated by vacuum. In this way the thermally conductive paths which exist in a 

typical vacuum flask are eliminated. Another type of thermally insulating pressure housing is reported in 

US Pat. No. 5715895. A dual walled pipe encloses the sensitive electronics and is filled with low thermal 

conductivity granules in the annulus. High pressure inert gas fills the interstitial spaces. The gas pressure 
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increases with the wellbore temperature and therefore with depth, counterbalancing the increasing well 

pressure. 

Passive cooling techniques for downhole instrumentations have also been patented. US Pat. No. 5554897 

describes a convection cooling system for downhole motors based on natural convection. The motor housing 

is composed of two communicating annular chambers filled with heat transfer fluid. The heat dissipated by 

the motor is transferred to the heat transfer fluid in the inner cavity; the hotter fluid moves through some 

strategically designed ports towards the outer chamber by natural convection and is cooled down by lapping 

the outer chamber walls that are in direct contact with the well fluid. In this case the natural convection 

enhances the heat rejection to the well. A different approach is presented by US Pat. No. 4407136, where the 

electronics pressure housing is also divided in an inner and outer chamber. The inner chamber encloses a 

pump a piping system with small holes that spray liquid refrigerant onto coated electronics and printed 

circuit boards. The system is pressurized so the refrigerant evaporates absorbing the cooling load at the 

desired temperature. The vapor is then collected in the outer chamber where exchanges heat with the 

wellbore and condenses again. 

US Pat. No. 4248298 describes another approach, where a heat transfer fluid is pumped into a heat 

exchanger, in thermal contact with the downhole tool electronics, from the surface. A flexible cabling/piping 

system, similar to the wireline, connects the tool to the surface instrumentation and provides both electricity 

and cooling to the tool. The refrigerant is pumped downhole at high pressure and expanded through an 

expansion valve. A vapor-liquid mixture absorbs the electronics load and turns into exhaust vapor, which is 

then collected and sent back to the surface through a vacuum pump. The patent claims this technique is able 

to absorb a cooling load of 44 W an maintain the electronics below 190 °C, while operating in a well bore 

with temperatures between 250 °C and 375 °C.  

Many different solutions have been adopted in the past to provide thermal management for downhole 

electronics. It can be noticed that the optimal thermal management solution can vary from case to case, 

depending on the type of electronics, the cooling load, the dimensional constraints, the power availability, 

the required operating time, and the operating temperature, which all together define the design constraints. 

 

1.3 Welltec A/S and Well Tractor 

Welltec A/S is a Danish company, headquartered in Allerød, Denmark, and has co-funded this industrial 

Ph.D. project in partnership with DTU. Welltec is an international provider of well intervention and 

completion solutions for the oil and gas industry. Unlike in the automotive, military, and aerospace 

industries, well intervention companies sell their services to their clients, not their hardware. Welltec, in fact, 

produces their own robotic tools, trains their personnel on their use, and then sells the entire intervention 

service to the customer. Welltec’s services range from well logging to perforation, from well cleaning to 

valve manipulation, from pipe cutting to fishing. 

Welltec was founded in 1994 by Jørgen Hallundbæk, current CEO of the company, who first conceived the 

idea of well tractor, which is also the flagship of the company. The well tractor is a wireline robotic tool that 

is able to convey other intervention devices down the wellbore without using large and expensive equipment 

like oil rigs. This robotic tool (Figure 1.3) relies on a wheel system, powered from the surface, which is able 

to drive the tool through the wellbore environment while being remotely controlled by an operator. 

Additional intervention devices can be mechanically connected to the well tractor, and arranged in a “tool 
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string”, in such a way they can be pulled and driven through the borehole to where the intervention is 

required. This new technology allowed for the first time to access horizontal well branches and deviated 

wells (where the inclination of the borehole exceeds 60°) with the wireline technique. As part of the wireline 

tools, the well tractor contains electronic components and is therefore restricted from operating in high 

temperature wells by the electronics temperature limitations. 

 

Figure 1.3  Illustration of a well tractor (source www.welltec.com). 

 

1.4 Research objectives 

The primary goal of this work is to study, design and implement an active cooling system that can extend the 

maximum operating temperature of the Welltec’s well tractor electronics from 170 °C to 200 °C. The cooling 

system must fit the tool’s dimensions and supply cooling for at least 12 hours of downhole operation. 

Furthermore, the cooling system needs to be thermally, electrically and mechanically integrated into the 

system, which means it must be able to work at the design temperature, provide the desired cooling capacity, 

be fed by the power sources available downhole, and has to withstand the stresses to which the tool is 

subjected. 

While the outer diameter of the well tractor must be maintained in order to fit the same well casing 

dimensions, there is some freedom in modifying the length of the actively cooled electronics unit. The 

majority of the works and patents described in Section 1.2 add to the original tool a supplementary unit, 

where the cooling system is mounted. In this work, the length of the tool is considered very important and 

the increase in length should be minimized or avoided completely. The compactness of downhole tools is, in 

fact, a very important parameter for the oil and gas industry. Smaller tools can be more easily conveyed 

downhole, can fit a larger variety of well casing dimensions, and are more suitable to be driven past 

restrictions and deviations of the well structure. A lower weight also helps to have a faster logistics and 

shorter downhole residence times.  

No constraints are set on the amount of power that is available downhole, at 15 V. Therefore no COP 

limitations restrict the choice of the cooling technology, for what concerns feeding the system. However, a 

low COP could lead to a high heat flux to be rejected to the well environment, which needs to be taken into 

consideration when evaluating the heat transfer surfaces available and the downhole heat transfer interactions 

between the tool and the wellbore.  
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Another parameter which is very important in the oil and gas service industry is the reliability of the well 

intervention tools. When operating downhole, they can be exposed to extreme and harsh conditions and the 

risk of failure is an important factor that needs to be minimized. Misruns and failures cause delays in the 

optimization of the well production, causing in turn financial losses to the customer. For this reason, several 

tests and strict quality inspections are carried out to assess whether a new tool fulfills the reliability and 

quality standards. The complexity and the maintenance requirements of the cooling system should be 

therefore minimized in order to maintain the current reliability of the well tractor. 

The design constraints are summarized in Table 1.1. 

Table 1.1  Design constraints for the integration of the cooling system. 

1) Tool dimensions I.D.         62 mm 

 Length    ~970 mm (minimize) 

2) Maximum operating temperature 200 °C 

3) Maximum electronics temperature 175 °C 

4) Downhole power availability DC @ 15 V 

5) Well fluids Water, oil, gas 

6) Electronics power dissipation rate TBD 

7)  Downhole residence time ≥ 12 hours 

8) Maintenance and complexity Minimized 

  

Several design constraints need to be taken into account. A feasibility study has to be carried out to define 

which technologies can fulfill the design criteria and which one is the most suitable. A review of the well 

tractor electronic components must also be done. HT-sensitive components need to be individuated and the 

eventual substitution with the corresponding high temperature versions evaluated. The power dissipation of 

the electronics has to be estimated and the existing well tractor electronics thermally characterized.  

Once the power dissipation is defined, a thermal management strategy is required to integrate the cooling 

system into the tool. It is very important to consider that the thermal design of the actively cooled electronics 

section affects the cooling load that the refrigeration system needs to absorb. The thermal connections 

between the electronics and the cooling system, as well as between the cooling system and the wellbore, 

need to be opportunely designed and the corresponding thermal resistances minimized. The cooling load also 

needs to be minimized by an opportune use of thermal insulating techniques. Analytical and finite-element 

modeling can support this design process.  

Once a satisfactory design is reached, it has to be implemented into a prototype and tested in the laboratory. 

A suitable electric integration of the cooling system needs to be provided as well. The performance of the 

system needs to be analyzed and optimal working settings must be individuated. Advanced optimization 

techniques could be used to investigate possible improvements of the setup and of the components.  

The operation of the cooling system at high temperature could cause degradation of the employed 

components. For this reason it is also important to investigate how the high temperatures can affect the 

performance of the system over time. 

All these mentioned research approaches and objectives are going to be addressed in the next chapters of this 

thesis. 
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2. Feasibility study 

This chapter contains an overview of the main thermal management strategies for downhole electronics, with 

a particular focus on active cooling systems. After an introduction describing the state of the art of thermal 

management of downhole electronics, represented by the use of passive cooling techniques and vacuum 

flasks, a detailed analysis of several cooling technologies is presented. Each cooling technology is 

characterized in terms of performance, compactness and complexity. Theoretical models and data from the 

literature are used for this purpose. The theoretical feasibility study aims to give an evaluation of the 

strengths and weaknesses of each system, in relation to their possible integration in the well tractor 

electronics section.  

 

2.1 Thermal characterization approach of a wireline tool  

This section briefly illustrates the theoretical correlations that drive the heat transfer process, with a 

particular attention to the calculation of thermal resistances for flat layers, convective films and cylindrical 

tubes. 

The equation that correlates the transferred heat flux with the required heat transfer area is reported below; it 

can be used, once the geometry and the materials properties are known, to calculate the incoming heat flux 

and the required heat transfer areas: 

�̇� = 𝑈𝐴∆𝑇𝑋 (2.1) 

Where �̇� is the heat flux transferred, 𝑈 is the overall heat transfer coefficient, 𝐴 is the reference heat transfer 

required area, ∆𝑇𝑋 is the temperature difference driving the heat transfer between two bodies. In case of heat 

transfer between two fluids, or one solid and a fluid, the logarithmic mean temperature difference should be 

used. In case of heat transfer between two fluids at constant temperatures, or between two solid bodies, ∆𝑇𝑋 

becomes a simple temperature difference. 
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The overall heat transfer coefficient is defined as: 

𝑈 ∙ 𝐴 =  
1

∑ 𝑅𝑡ℎ,𝑖
𝑁
𝑖=1

 (2.2) 

Where 𝑅𝑡ℎ,𝑖 are the thermal resistances of the layer i. Thermal resistances are calculated differently 

according to the shape of the resistive layer. 

 Flat wall: 

𝑅𝑡ℎ,𝑤𝑎𝑙𝑙 =
1

𝑘𝑤𝑎𝑙𝑙
∙

𝑡

𝐴𝑤𝑎𝑙𝑙
 

(2.3) 

Where 𝑘 is the thermal conductivity of the material, 𝑡 thickness of the layer,  𝐴𝑤𝑎𝑙𝑙 is the heat 

transfer surface area. 

 Cylindrical vessel/tube: 

𝑅𝑡ℎ,𝑡𝑢𝑏𝑒 =
𝑙𝑛(
𝑟𝑒𝑥𝑡

𝑟𝑖𝑛𝑡⁄ )

2𝜋 𝐿 𝑘𝑡𝑢𝑏𝑒
≈

1

𝑘𝑡𝑢𝑏𝑒
∙

𝑡

2𝜋 𝐿 𝑟𝑚
 (2.4) 

Where 𝐿 is the tube length, 𝑟𝑒𝑥𝑡 is the outer tube radius, 𝑟𝑖𝑛𝑡 is the inner tube radius, and 𝑟𝑚 =

(𝑟𝑒𝑥𝑡+𝑟𝑖𝑛𝑡) 2⁄   is the tube mean radius. 

 

 Convective fluid film: 

𝑅𝑡ℎ,𝑐𝑜𝑛𝑣 =
1

ℎ𝑐𝑜𝑛𝑣𝐴𝑓𝑖𝑙𝑚
 (2.5) 

Where 𝐴𝑓𝑖𝑙𝑚 is the surface in contact with the convective film, and ℎ𝑐𝑜𝑛𝑣 is the convective heat 

transfer coefficient. ℎ𝑐𝑜𝑛𝑣  is calculated with different correlations according to the flow regime: free 

or forced convection, turbulent or laminar flow. 

The heat transfer required area represents one of the fundamental points of the analysis; required surfaces 

have to meet the space constraints due to the tractor/tool small diameter. The following list reports some 

possible interventions to reduce the required surface area. 

1. Increase the ΔTX, by varying the design temperatures. 

2. Increase U, by bettering the heat transfer in the following ways: reducing the thicknesses and the 

number of the conducting layers (compatibly with stresses and high pressures), increasing the 

Reynolds number of flowing fluids (turbulent flows have higher hconv) and using materials with 

higher thermal conductivity. 

3. Reduce the amount of heat that needs to be transferred Q. This could be done by reducing the 

electronics power dissipation rate (improving electronics efficiency), and decreasing the cooling load 

or increasing the system efficiency in case of active cooling. 
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2.2 Passive cooling 

“Passive cooling” is a thermal management technique that consists of passively rejecting the excessive 

electronics heat to the external well environment. It aims at maintaining the component temperatures as close 

as possible to the one of the well. This technique does not involve systems that require energy inputs and the 

tool electronics cannot be cooled below the well temperature. A good passive cooling implementation aims 

at minimizing the thermal resistances between the electronics and the external environment, in order to 

provide a good thermal path for the heat to be dissipated. Minimizing the thermal resistances means having a 

low temperature gradient between the electronics and the wellbore fluid; high thermal resistances, instead, 

lead to an electronics temperature which is much higher than the well fluid one. 

The thermal path from the electronics to the external environment consists of the following steps. Every step 

represents a different thermal resistance. 

 From the electronic component to the component casing: the heat dissipated by the component is 

rejected through the component casing. The thermal resistance is given by the shape and material of 

the component. It is usually given by the manufacturer; it cannot be modified and is generally small 

compared to the other resistances involved in the system. 

 From the component casing to the tool chassis: The way the electronic component is mounted on the 

tool chassis determines the magnitude of the thermal resistance. Components like transistors or 

diodes, which are directly screwed on the chassis, can be interfaced with ceramic alumina plates, 

aluminum nitride plates (more performing but also more expensive than the alumina plates), soft 

thermal silicone sheets, thermal grease or adhesives. The components that are mounted on PCBs are 

harder to thermally couple in an efficient way to the chassis, although they usually dissipate a 

smaller amount of heat. FR4 material and the PCB insulating layers are usually bad heat conductors, 

so the heat is hardly conducted out the PCB. Soft thermal silicone sheets (to be clamped and 

squeezed between the PCB and the chassis) and thermally conducting circuit boards can be used to 

reduce the thermal gradient. 

 From the tool chassis to the tool housing: This step represents one of the biggest thermal resistances 

for the heat to be rejected to the wellbore. Weak spring/grounding systems, air gaps and thermal 

insulating layers negatively affect the heat rejection from the chassis to the housing, by increasing 

the thermal resistance. If not stable, the contact between the chassis and the housing can also change 

according to the tool orientation due to gravity. A temperature increase of the components, equal 3-4 

degrees, was noticed during some tests on the HT Well Tractor, after the running tool was flipped 

upside down. Strong radial spring systems, screw systems, thermal expansion materials and other 

mechanical arrangements could be used to give a good stable thermal contact. 

 From the tool housing to the wellbore: the dissipated power is rejected to the well through three 

mechanisms such as heat conduction, convection and radiation. The convection is the most relevant 

mechanism and its contribution is proportional to the speed of the well fluid that laps the housing; 

oil, and liquids in general, have better convective properties than gases. No passive cooling 

techniques can control or minimize this thermal resistance, which is a feature of the well fluid only. 

Nevertheless, it has to be taken into account in the test setups, in order to reproduce realistic test 

conditions. A good passive cooling design must be able to withstand the expected worst well 

conditions. 
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Another important parameter has to be taken into account when designing a passive cooling system: the heat 

transfer area, through which the heat is rejected. It can be associated in first approximation to the external 

housing surface. A large heat transfer area reduces the thermal resistance and the temperature gradient 

between the electronics and the well fluid. The size of this surface is determined by the tool O.D. and length, 

which are often already constrained by the tool specifications. 

Additional devices that are sometimes used in passive cooling configurations are: 

 Heat pipes: metallic thin cylinders containing a passive fluid loop (no energy input is required) 

which transports the heat from one pipe end to the other. They can be used to better transport the 

heat away from the electronics, better spread it around the chassis or thermally connect a heat source 

to a heat sink. Compared to other thermally conductive materials (Aluminum, copper) used in the 

thermal management of electronics, they can have an equivalent thermal conductivity that is 10 to 50 

times larger.  

 Convective fluid loops: fluid loops, circulated by a small pump, transfer the excessive heat away 

from the electronics, towards a heat sink. They can be used with the same purpose of heat pipes, 

although the regulation is more flexible, as the circulated mass flow rate of liquid can be controlled. 

On the other hand, it is more complex system and requires an energy input to run a pump; that makes 

it borderline between passive and active cooling. 

In analogy with the electric circuits, the thermal path between the component and the well fluid is illustrated 

below. 

 

Figure 2.1 1D electric analogy of the thermal path between the electronics and the well. The temperature can be considered 

analogue to the electric potential, the thermal resistance to the electric resistance and the heat flux to the electric current. 

Since the thermal resistances are connected in series, the overall system is very sensitive to the 

change/growth of every one of them. Even though the chassis-housing thermal resistance is very important 

for a good heat rejection, the most likely resistance to limit the passive cooling is the housing-well fluid 

resistance, which can become really high in case of still fluid (in particular of still gas). This shows how a 

good thermal design of the tool can be affected by external factors, that cannot be controlled, and how 

important is to take them into account in the test setup. 

If the power dissipation rate of the components is known, finite element simulations can be used to model 

and evaluate the performance of a passive cooling design. 
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2.3 Electronics thermal protection and Dewar flask 

The Dewar flask is an alternative cylindrical housing that is sometimes employed to protect the tool 

electronics from the high temperature well environment. Two concentric cylindrical shields are soldered and 

filled with vacuum, so the heat transfer between the outer and inner surfaces is reduced to minimum, by 

eliminating the conductive and convective heat transfer contributions. Plastic/rubber caps, with holes for 

electric connections, are used to thermally seal the flask ends. A realistic value of thermal conductance for a 

Dewar flask is 0.2 W/m
2
K, compared to the one of a metallic housing which is ~10 000 W/m

2
K. Differently 

from the passive cooling technique, the employment of a flask does not require any specific chassis-housing 

assembly technique. 

 

Figure 2.2  Schematic representation of a Dewar flask and its main components, from the supplier Mitcoind. (Source 

http://www.mitcoind.com/heatshield.htm) 

The flask technology is generally used when it is desired to minimize the heat exchange between the 

components inside the tool and the wellbore environment: 

 It can be used in a “passive configuration” whereas the initial surface temperature, at which the tool is 

assembled (~25 ⁰C), wants to be preserved by insulating the electronics from the well high temperatures. 

However, the heat leakages through the flask and the inner power dissipation, which usually has the most 

relevant impact, contribute to the raise of the electronics temperature in time. The available exposure 

time to high temperature downhole is inversely proportional to the electronics dissipated power. These 

two key-parameters are important for the feasibility assessment of such a system, as a longer exposure 

time can be obtained by enhancing the electronics efficiency. Also, a higher components tolerance to 

high temperature increases the available exposure time. However, this technique cannot be implemented 

if the electronics heating rate is large. 

 It can be used when an active cooling system is integrated and all the components in the tool section 

need cooling below well temperature. Using a flask drastically reduces the heat leakages through the 

housing and reduces the cooling load. 
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It is important to notice how the employment of a Dewar flask makes the tool design almost independent 

from the wellbore fluid conditions, while the internal heat generation becomes very relevant. Another 

significant advantage of using a Dewar flask is that whenever the tool is not running, the raise in temperature 

of the electronics becomes very slow and is caused by the heat leakages through the flask only. 

Lumped properties calculations and finite element simulations can support and evaluate the feasibility of 

such a system. The dissipated power rate of the electronics has to be known and is crucial for this type of 

design. 

 

2.4 Active cooling 

Active cooling systems are distinguished from passive cooling ones because of the energy input which is 

required to cool the load. The energy input can be electrical, mechanical, thermal or chemical. Differently 

than passive cooling techniques, active coolers can maintain the load at or below the temperature of the 

environment in which they operate. 

From a thermodynamic point of view, integrating an active cooling system into a downhole tool means to 

provide the necessary energy input to the refrigeration system and thermally couple it to the hot and cold 

reservoirs. Figure 2.3 illustrates the typical thermodynamic diagram for a refrigeration cycle, in case of 

integration in the electronics section of a downhole tool. 

 

Figure 2.3  Representation of the thermodynamic integration of an active cooling system into a downhole electronics section. 
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Since the wireline cabling system delivers the feed power to the intervention tools, electric power is available 

downhole and can be used to feed the cooling system (Win). The cooling system absorbs the cooling load QC 

from the downhole electronics, maintaining it to a lower temperature than the wellbore. The cooling load QC 

is the results of two contributions: 

𝑄𝐶 = 𝑄𝐶,𝑒𝑙 + 𝑄𝐶,𝑙𝑒𝑎𝑘𝑠 (2.6) 

Where QC,el is the power dissipation rate of the electronics and QC,leaks is the heat flux leaking from the hot 

surrounding to the cooled electronics. Thermal insulation can be employed to reduce this contribution. 

The cooling system then pumps the excessive heat QH to the well environment. Convection is the dominant 

heat transfer mechanism that characterizes the thermal interaction between the well environment and the 

downhole tool, compared to heat conduction and radiation. The well fluid thermophysical properties can 

therefore influence significantly the heat rejection rate, as well as the well fluid speed around the tool. 

According to the first law of thermodynamics, the three energy fluxes need to satisfy the following balance. 

𝑊𝑖𝑛 + 𝑄𝐶 = 𝑄𝐻 (2.7) 

The efficiency of the cooling cycle is estimated through the coefficient of performance (COP), which is 

defined as follows. 

𝐶𝑂𝑃 =
𝑄𝐶
𝑊𝑖𝑛

 (2.8) 

The choice of an efficient system is only one of the many requirements the application imposes. Other 

constraints are influencing the analysis: some of them are the system dimensions, the integration of the 

device with a harsh environment, the heat management and thermal insulation, the selection of materials.  

Among the listed topics heat management is one of the most important. The cooling load to be removed 

strongly depends on how the system is set and the thermal insulation designed. Large cooling loads require 

high energetic expenses and wider heat exchanging surfaces. It is important then to use good insulating 

materials and smart strategies to manage the heat fluxes. It is fundamental to isolate as much as possible the 

chilled area (electronics, sensors, cameras etc.) in order to minimize the incoming heat flux from outside the 

housing: Dewar flasks or good insulating materials/foams are some options. The heat rejection to the 

external environment, instead, has to be characterized by very-low-thermal-impedance materials, in order to 

minimize the required heat exchanger surface. A short paragraph will be dedicated to these topics. 

The first step in a feasibility study involves a systematic search for possible solutions to the problem. In this 

particular case several cooling technologies are investigated. A list of all the possible solutions is shown 

below; not all the listed technologies meet the requirements given by the exercise downhole, in terms of size, 

dimensions, compactness, reliability and effectiveness. Therefore only some of them will be further 

analyzed, using the theoretical and thermodynamic laws that rule the processes. The study of each cooling 

technique is organized in three steps: a first part explains the theoretical principles and processes 

characterizing it; a second part reports the main equations for the modeling of the system, together with some 

results from theoretical calculations; a third part summarizes information and practical applications from the 

scientific literature. Since the electronics heating rate is not known yet, and incoming heat flux through the 

housing strictly depends on the tool design, first-approach calculations are carried out parametrically, 

keeping the cooling load variable. Cold and hot temperatures of 175 and 200 °C have been chosen. 
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Table 2.1 Candidate refrigeration processes. 

Description 
Energy types 

involved 
Process Used refrigerants 

Vapor compression 

cycle 

Thermal - 

Mechanical 

Phase change, vapor 

expansion 
Water, Freon® 

Reverse Brayton 

cycle 

Thermal - 

Mechanical 
Isentropic gas expansion Helium, xenon 

Joule-Thompson 

cycle 

Thermal - 

Mechanical 
Isenthalpic gas expansion Nitrogen 

Thermoelectric 

cooling 

Thermal – 

Electrical 
Peltier effect 

Bismuth-tellorium, antimony-

tellorium alloys 

Absorption cooling 
Thermal – 

Chemical 

Phase  and concentration 

change 

Ammonia-water, 

LithiumBromide-water 

Adsorption cooling 
Thermal – 

Chemical 
Adsorption/desorption Water - Zeolites, silica gel 

Magnetocaloric 

cooling 

Thermal – 

Magnetic 

Magnetocaloric effect near 

Curie point 

Gadolinium (at room 

temperature) 

Electrocaloric 

cooling 

Thermal – 

Electrical 

Electrocaloric effect near 

Curie point 
Barium titanate 

Thermoacoustic 

cooling 

Thermal – 

Acoustic 
Polytropic gas expansion Helium 

Phase-change 

materials 

Thermal – 

Chemical 
Phase change, latent heat Salts, paraffins, eutectic alloys 

 

The technologies that will be investigated more in detail are listed below. 

 Vapor compression cycle; 

 Thermoelectric cooling; 

 Reverse Brayton cycle; 

 Magnetocaloric cooling; 

 Liquid Nitrogen tank. 

 Phase Change materials. 

Contrary to other technologies, liquid Nitrogen solution is not providing a constant cooling action but 

extends the operation at high temperatures to a longer time period. Other solutions are excluded from the 

beginning since they don’t fit the wanted requirements in terms of compactness (absorption and adsorption 

cooling, thermo-acoustic refrigeration), effectiveness (electrocaloric cooling), and temperature span (Joule-

Thompson cycle). 
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2.4.1 Vapor compression cycle 

The vapor compression cycle can be considered one of the most mature and diffused cooling technologies. It 

is installed in the majority of the domestic fridges and freezers. As it is noticeable in Figure 2.4 the cycle is 

composed of 4 crucial processes. 

 
Figure 2.4  Vapor compression system components (left hand side) and ideal cycle on pressure vs. enthalpy diagram (right hand 

side). The Limit Curve that separates the different phases is reported. 

 1    2: isobaric/isothermal evaporation (evaporator) 

 2    3: isentropic compression (compressor) 

 3    4: isobaric/isothermal condensation (condenser) 

 4    1: isenthalpic expansion (throttling valve) 

Wet steam at low temperature and pressure (1) absorbs the cooling load in the evaporator, becoming dry 

saturate steam (2). It is then blown by the compressor and brought to high temperature and pressure (3). The 

compressor outlet is linked to a condenser in which the steam exchanges heat with the external environment 

and condenses to saturate liquid at high pressure (4). The saturate liquid is then expanded isenthalpically 

through a throttling valve. The pressure drop causes a decrease of the temperature and transforms the liquid 

in wet vapor (1) at low temperature. 

Some general artifices to better the reliability and the effectiveness of the cycle can be: 

 Superheat the dry steam (2), above the saturation temperature, at the evaporator outlet: it avoids 

sending wet steam to the compressor and the compressor blades being ruined by water drops. 

 Subcool the saturate liquid (3), below the saturation temperature, at the condenser outlet: it increases 

the specific cooling capacity of the cycle. The expanded wet vapor will be at lower temperature and 

will be able to receive a higher cooling load. 

Both the methods imply an increase of the required heat exchangers area so could not match the downhole 

employment constraints. Superheating should be minimized, to guarantee the minimum allowable vapor 

dryness at the compressor inlet. Subcooling should be evaluated instead, as on one hand it would increase the 

cycle specific cooling power and decrease the evaporator surface area, but on the other hand it would require 

a larger condenser, which would be in thermal contact with the well fluid.  
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Currently, the most used refrigerants in industrial and domestic applications are water and Freon®, 

hydrochlorofluorocarbons with low saturation temperatures. Freon® substances can be employed in 

cryogenic applications or at room temperature. The most part of them cannot be used at higher temperatures 

(> 100 ᵒC) because of a low critic temperature. They will therefore not be considered in this analysis.  

Water is the main candidate for our application. It is cheap, has a fairly high critic temperature (~ 374  ᵒC) 

and is nontoxic (contrary to Freon® which have a significant Global Warming Potential, a not negligible 

Ozone Depletion Potential and can be toxic for humans).  

Some other configurations for the vapor compression cycle have also been developed to improve 

performance, efficiency and temperature spans. 

 With a preheater 

 

Figure 2.5  Schematic of a vapor compression cooling cycle, with preheater. 

A heat exchanger couples the two flows coming out the compressor and the condenser. In this way the 

superheating and the subcooling are realized while recovering energy. The required heat exchange area 

towards the external environment is reduced, but a new component is added to the system and the balance 

benefit-drawbacks (compressing a hotter steam flow requires more power) make the coefficient of 

performance (COP) slightly decrease. 
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 Cooling stages in cascade 

 

Figure 2.6  Schematic of a two-stage cascade vapor compression cooler. 

Compressors and valves are doubled, and a heat exchanger couples the two cycles: the condenser of the 

bottom cycle exchanges heat with the evaporator of the top one. 

This arrangement is useful to minimize the compression ratio and the compression work. It can be employed 

whenever the temperature difference between the hot and cold reservoirs, thus between the saturation 

pressures, becomes too high for one compressor only. This solution requires many more components and 

piping, though and decreases the reliability of the system. 
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2.4.1.1 Vapor compression cycle - Theory 

This paragraph explains the theoretical principles at the base of the single-stage vapor compression cooling 

process. Thermodynamic laws and diagrams describe the cycle as follows: 

 

Figure 2.7  Ideal vapor compression cycle on Temperature vs. Entropy. The Limit Curve that separates the different phases is 

reported. 

The thermodynamic state of a refrigerant along the cycle is always defined by two thermodynamic properties 

(e.g. temperature and pressure). Every transition from state to state is defined as a thermodynamic process. 

The ideal processes that characterize a one-stage vapor compression system are reported in Figure 2.7. The 

thermodynamic cycle involves two isobaric, one isenthalpic and one isentropic process. 

Thermodynamic quantities can be calculated starting from the saturation pressure at the temperatures T4 and 

T2. They correspond to the temperature at which evaporator and condenser are working, respectively. In the 

ideal cases they match with the hot and cold reservoir temperatures (respectively TH and TC). In reality they 

are ΔTeva/cond far from them, depending on the heat transfer characterization.  

𝑝4  =  𝑝𝑠𝑎𝑡(𝑇𝐻  +  𝛥𝑇𝑐𝑜𝑛𝑑) (2.9) 

𝑝2  =  𝑝𝑠𝑎𝑡(𝑇𝐶  − 𝛥𝑇𝑒𝑣𝑎) (2.10) 

Where p is the pressure, psat is the saturation pressure. Density, enthalpy, entropy and all other properties in 

(2) and (4) can be calculated in the same way.  

𝑝3  =  𝑝4  +  𝛥𝑝𝑐𝑜𝑛𝑑 (2.11) 
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𝑝1  =  𝑝2  +  𝛥𝑝𝑒𝑣𝑎 (2.12) 

Where Δpeva/cond are the pressure losses in the evaporator and in the condenser, respectively. In the ideal case 

the heat exchange processes are isobaric and Δpeva/cond = 0. The compression ratio is therefore defined as: 

𝛽 =
𝑝3
𝑝2

 (2.13) 

Point (3) can be calculated according to the definition of isentropic process; along the process (2)-(3) the 

entropy remains constant. 

𝑠3,𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐  =  𝑠2 (2.14) 

Knowing two thermodynamic coordinates (p3, s3,isentropic), it is possible to define the isentropic state of the 

refrigerant at the compressor outlet. This corresponds to an ideal state, though. In the real case compression 

cannot be isentropic because of the generation of entropy due to irreversibility, losses and frictions. A 

coefficient ηis,c , called isentropic compression efficiency, defines the ratio between the ideal and the real  

enthalpy difference across the compressor: 

𝜂𝑖𝑠,𝑐 =
ℎ3,𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐 − ℎ2

ℎ3 − ℎ2
 (2.15) 

ηis,c can assume different values according to the type of compressor (centrifugal, axial, reciprocating, screw) 

and to its size. Medium-large size centrifugal and axial compressors can reach isentropic efficiencies of 

0.85 - 0.90. In our case, in which cooling loads are in the order of magnitude of 10
1
-10

2
 W, a small 

refrigerant mass flow rate needs to be treated, with a relatively small compression ratio. Suitable machines 

are reciprocating and screw compressors, built on a microscopic or mesoscopic scale. They have lower 

isentropic efficiencies, around 0.44 - 0.70 (Barbosa et al. (2012)) and 0.24-0.40 (Mongia et al. (2006)). 

Using this parameter it is possible to evaluate the real refrigerant enthalpy h3 at the compressor outlet. 

Knowing (p3, h3), all the other thermodynamic properties can be calculated. 

Point (1) can be calculated according to the definition of isenthalpic expansion: 

ℎ1  =  ℎ4 (2.16) 

Knowing (p1, h1) all other thermodynamic coordinates in (1) can be calculated. 

Once all the refrigerant thermodynamic coordinates are defined First Law of Thermodynamics for open 

systems can be applied to each single component, in order to compute the energetic quantities characterizing 

the system. 

The minimum required refrigerant mass flow rate is given as: 

�̇� =
𝑄𝑙𝑜𝑎𝑑
ℎ2 − ℎ1

 
(2.17) 

Where Qload is the cooling load at the evaporator. The cooling power (assumed equivalent to the cooling 

load) at the evaporator is then equal to: 



 

CHAPTER 2. FEASIBILITY STUDY    23 

 

 
 

𝑄𝐶  = �̇�(ℎ2 − ℎ1) (2.18) 

The compression work is equal to: 

𝑊𝑐  = �̇�(ℎ3 − ℎ2) (2.19) 

The heat flux rejected to the external ambient, through the condenser, is equal to: 

𝑄𝐻  = �̇�(ℎ3 − ℎ4) (2.20) 

These three quantities are linked by the cycle energy balance: 

𝑄𝐻 = 𝑊𝑐 + 𝑄𝐶    (2.21) 

The COP is generally defined as the ratio between the energetic benefit and expense. In this case it 

corresponds to the ratio between the cooling and the compression power: 

𝐶𝑂𝑃 =
𝑄𝐶
𝑊𝐶

=
ℎ2 − ℎ1
ℎ3 − ℎ2

 (2.22) 

A term of comparison is given by the Carnot efficiency, which is the maximum COP reachable by a cycle 

operating between temperatures TH and TC; it is definite as: 

𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡 =
𝑇𝑐

𝑇𝐻 − 𝑇𝐶
 (2.23) 

Temperatures are expressed in Kelvin. 

 

2.4.1.2 Vapor compression cycle - Calculations 

The expressions reported in the previous paragraph have been used to carry out some calculations about a 

vapor compression cycle, operating between 175 ᵒC and 200 ᵒC. The assumptions for the calculations are 

listed below: 

 Refrigerant: water. 

 Isobaric heat transfer processes (no pressure drops in the heat exchangers). 

 ΔToverheating = 3 ᵒC ,  ΔTsubcooling = 0 ᵒC. 

 Isentropic compression efficiency ηc,is = 0.60 ,electro-mechanical efficiency η0 = 0.97. 

 Refrigerant pinch point temperature span, at heat exchangers outlet ΔTcondenser,outlet = 15 ᵒC ,  

ΔTevaporator,outlet = 5 ᵒC. 

Assuming a cooling load of 50 W, refrigerant properties and energetic quantities describing the cycle are 

shown in the following table. 
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Table 2.2  Resume of the vapor compression cooling cycle; cooling load equal to 50 W. 

Stage 
Pressure 

(bar) 

Temperature 

(°C) 

Density 

(kg/m
3
) 

Enthalpy 

(kJ/kg) 

Entropy 

(kJ/kgK) 

Vapor 

fraction 

2 7.36 170 3.811 2772 6.707 1 

3 21.1 359 7.489 3155 6.707 1 

4 21.1 215 846.5 920.6 2.471 0 

1 7.36 167 35.60 920.6 2.500 0.1 

       

Pressure ratio 2.9 
 

Water mass 

flow rate 
2.67E-05 (kg/s) 

 0.43 (L/min) 

Compression 

power 
10.7 (W) 

Rejected 

thermal power 
60.3 (W) 

   

Carnot COP 9.8 
 

Ideal COP 8.1 
 

COP 4.7 
 

 

Water and steam properties are calculated through a Matlab function called XSteam (XSteam-IAPWS). 

The COP is quite high, probably the highest among the analyzed technologies. The vapor mass flow rate is 

really small and of the same order of magnitude that “mesoscale” compressors treat. To have an idea of the 

order of magnitude of the heat transfer required area, a parametric study has been done with a variable 

cooling load. A basic geometry has been considered for the downhole heat exchange, where a piping system 

is in contact with the housing inner wall. The refrigerant flows inside the tubes and releases the heat to the 

surrounding, through the inner surface of the cylindrical housing. A convective well fluid flow removes the 

rejected heat flux, lapping the outer wall of the housing. 

Additional assumptions about the heat transfer conditions in the well are needed for the estimation of the 

condenser length. A convective heat transfer coefficient of 100 W/m
2
K (Flores (1996)) is chosen for the well 

fluid lapping the outer surface of the housing. A convective heat transfer coefficient for the refrigerant 

condensation process is conservatively assumed equal to 1000 W/m
2
K. 

. 
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Figure 2.8  Cooling load vs. condenser extension. 

On the x-axis the cooling load is varied, while on the y-axis the equivalent required length of the housing is 

reported. This parameter has been computed as ratio between the required surface and the internal 

circumference of the housing, assumed to have a diameter of 6 cm. 

It is noticeable that the dimensions for the condenser are not negligible compared to the current dimensions 

of the well tractor electronics section. Only cooling loads below 35 W require a housing shorter than 1m. 

That means the heat transfer in the condenser has to be bettered in order to reduce the sizes. 

An improvement in the heat transfer could be applied by introducing some oil, at the well temperature, inside 

a shell in which the condenser tubes are immersed. Different geometries for the heat exchangers could be 

also considered for optimization of the heat transfer, also accounting for the different pressure drops. First 

approach calculation could be done by using the following expression: 

∆𝑝 = 𝑓
𝜌

2

𝐿

𝐷
𝑣2 (2.24) 

Where ∆𝑝 is the pressure drop due to friction, 𝑓 is the friction coefficient, 𝜌 is the fluid density, 𝐿 is the tube 

length, 𝐷 is the tube diameter, 𝑣 is the fluid velocity. 

 

2.4.1.3 Vapor compression cycle - Applications 

Some applications of cooling vapor compression cycle for electronics have been found in the literature; it is 

worth to briefly show them, in order to collect some knowledge about the existing/designed systems. 
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Mongia et al. (2006) shows a vapor compression cooling cycle for electronics in a laptop. It operates 

between 50 ᵒC and 90 ᵒC, the power to be removed is 50 W. The compressor treats an isobutane mass flow 

rate equal to 0.26 g/s, from 6.85 bar to 16.4 bar. The evaporator and superheater are composed of heat 

exchangers with micro-channels, respectively 80 µm and 350 µm wide. The condenser is cooled by an 

external airflow. Tubes are made copper, with an O.D. of 3.175 mm and an I.D. of 1.65 mm. This work 

appeared attractive for the studied application because of the small size of the components, shown in the 

figures below. However, the operating temperature is still far from the one of the downhole tools. 

 

Figure 2.9  Compressor: 9 cm long, compression ratio = 2.4. (Mongia et al. (2006)) © [2006] IEEE. 

 

 

Figure 2.10  Microchannel evaporator: Cooling load 40W, edge = 5 cm. (Mongia et al. (2006)) © [2006] IEEE. 
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Figure 2.11  Condenser: rejected power around 70 W. 7 x 3 cm. (Mongia et al. (2006)) © [2006] IEEE. 

Dimensions like these could be more than suitable for a well tractor. Other than the availability of compact 

high temperature components, a significant challenge would stand in the heat rejection to the external 

environment which is not as easy as at room temperature/pressure and with an available airflow. A harsh 

environment requires thicker layers and more resistant materials, which have worse thermal properties. 

Barbosa et al. (2012) make a review of the state of the art of the compact vapor compression cooling cycles 

reported in the literature. The main points of the analysis are resumed in Table 2.3 and Table 2.4. Cooling 

powers go from 3 W to 1050 W. Also in these cases temperatures are around ambient temperature or below 

zero degree Celsius, far from the well operating conditions. However it is worth observing that the most used 

compressors, for small flow rates and compression ratios, are reprocicating machines. Also rotary, scroll, 

acoustic or diaphram compressors are employed. Most common expansion devices are, instead, capillary 

tubes, although needle or thermostatic valves are also commonly used. The majority of the reported cycles 

use R134a as refrigerant, followed by R507a, R600a or R22. All the reported refrigerants, used for low 

temperature applications, do not meet the design criteria for operating downhole, as they have critical 

temperatures below 100 ᵒC.  
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Table 2.3  State of the art of the compact vapor compression cooling cycles from Barbosa et al. (2012) (part 1). 
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Table 2.4  State of the art of the compact vapor compression cooling cycles from Barbosa et al. (2012) (part 2). 
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Figure 2.12  (a) Integrated mesoscopic cooler circuit of Shannon and co-workers (see Table 2.3), (b) exploded view, and (c) 

compressor (Barbosa et al. (2012)). 

Figure 2.12, instead, shows a mesoscopic vapor compression circuit for electronics cooling. The active 

cooler consists of a square patch of approximately 100 mm side and 2.5 mm thickness and has been designed 

to produce a cooling capacity of 3 W while operating between 20 ˚C (evaporation temperature) and 50 ˚C 

(condensing temperature) using R-134a. Despite the interesting concept and design, the employed 

components would not be suitable for operations at high temperature. 

Some information about high temperature vapor compression cycles have been written by Bennet (1988) and 

Flores (1996). Both works aimed to design an active cooling system for downhole applications, as also 

explained in the introduction. Bennet (1988) seeks for a system operating between 320 ᵒC (hot reservoir) and 

150 ᵒC (cold reservoir), with a cooling load of 8 W. Several vapor compression configurations are analyzed: 

single stage, two stages in cascade and with preheater. The two-stage cycle turns out to be the most efficient 

one, but also the least compact (with two compressors, three heat exchangers and two valves). Single stage 

proves to be the most convenient tradeoff, with a COP = 1.087. Operating pressures at evaporator and 

condenser are respectively 4.6 bar and 106.4 bar, while heat transfer required surfaces are respectively 45 in
2
 

(0.0290 m
2
) and 9.5 in

2
 (0.0061 m

2
). Tubes are stainless steel ASTM A312 O.D. 1/8 in. 

Flores (1996) studies a system that operates between 200 ᵒC (hot reservoir) and 125 ᵒC (cold reservoir), with 

a cooling load of 50 W. Two vapor compression configurations are taken in account, the single-stage and the 

once-through solution. COP for the single stage is equal to 4.29, while for the once-through is 3.50. Some 

information about dimensions are given: single stage cycle has a condenser around 1 m long; once-through 

solution employs a lower tank (evaporator), with an outer diameter of 6.99 cm and a length of 69.42 cm, and 

an upper tank (condenser), with an outer diameter of 9.21 cm and a length of 44.43 cm. 
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2.4.2 Thermoelectric cooling 

Thermoelectric coolers exploit the Peltier effect to convert electric current into a cooling action. The direct 

conversion occurs thanks to the employment of doped semiconductors with particular electro-thermal 

properties: if crossed by an electric current they can transport a heat flux in the same direction as the current  

flows, and can generate a temperature gradient.  

Figure 2.13 better explains how thermoelectric coolers take advantage of this property. 

 

Figure 2.13  Schematic of a thermoelectric refrigerator, composed by a p-n junction (Bennett (1988)). 

The basic thermoelectric system is composed of two different semiconductor legs, one n-type and one p-

type, with different electron densities. The semiconductor legs are placed parallel to each other and joined 

with a conducting cooling plate on the cold side. Whenever a voltage is applied to the free ends of the two 

semiconductors, DC current flows across the junction, causing a temperature difference between the 

extremes. One cooling plate, on the cold side, absorbs the heat from the load and pumps it to the other side of 

the device where, where the hot plate and a heat sink are located. The two plates (see Figure 2.13) are usually 

ceramic. 

There are no moving parts and a direct conversion from electric to “cooling” power takes place, limiting the 

irreversibility generated by mechanical/heat transfer processes (no compressor, no dissipation valve, no 

flowing fluids); a high irreversibility would affect the efficiency of the device. Furthermore thermoelectric 

coolers represent a very compact solution since they can be very thin (order of magnitude of millimeters) and 
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quite short in the other two dimensions (order of magnitude of centimeters). Some of them can also work at 

relatively high temperature (> 200 ᵒC).  

The main drawback of these devices is the high thermal power to be removed from the hot plate. The heat 

sink has to absorb not only the thermal power coming from the cold plate, but also the electric power 

dissipated due to the Joule effect, which is even higher than the first one. This phenomenon leads to a very 

low COP, usually significantly lower than 1. To keep the thermoelectric cooler operating at steady state it is 

necessary to effectively remove the heat rejected at the hot plate with a heat sink. 

Different materials , with different properties, can be employed as semiconductors: 

 Bi2Te3-Sb2Te3 (P) 

 Bi2Te3-Bi2Se3 (N) 

 GeTe-AgSbTe (P) 

 SnTe-PbTe (N) 

 PbTe-1%Na (P) 

 PbTe-0.055%PbI2 (N) 

These materials are preferred to have high electrical conductivities to minimize the Joule heating, low 

thermal conductivities to minimize the heating losses caused by conduction between the plates, and a high 

Seebeck coefficient to maximize the transported heat flux. The Seebeck coefficient (V/K) is an index of the 

semiconductor sensitivity to create a voltage when subject to a temperature gradient. The opposite effect is 

represented by the Peltier coefficient (W/A or J/C), which expresses the heat flux removed by the current 

unit or the thermal energy removed by the charge unit. Even though the Peltier coefficient describes the 

cooling potential of a semiconductor, it is usually the Seebeck one to be used for comparisons, since they are 

directly proportional. 

The Seebeck coefficient can be either positive, for p-type semiconductors, or negative, for n-type 

semiconductors, according to the direction the move heat towards (concord or discord with the current). The 

overall Seebeck coefficient for a p-n junction is given by the sum of the absolute values of the coefficients.  

 

2.4.2.1 Thermoelectric cooling - Theory 

This paragraph will refer to Figure 2.13 to describe and reproduce, with some theoretical correlations, the 

phenomena occurring in the Peltier cooler. The heat transfer from a cold source to a hot one is just the 

overall effect of the device, given by several processes and heat fluxes contributions: 

 Peltier effect QP (W). 

 Joule heating QJ (W). 

 Heat conduction QT (W) from hot plate to cold plate. 

The resulting cooling action Qcool comes from the balance of these three quantities: 

𝑄𝑐𝑜𝑜𝑙 = 𝑄𝑃 − 𝑄𝐽 − 𝑄𝑇 (2.25) 
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 The Peltier effect is defined as: 

𝑄𝑃 = 𝛾 𝐼 𝑇𝐶 (2.26) 

Where 𝛾 is the Seebeck coefficient and is computed as the sum of the absolute values of the Seebeck 

coefficients of the two semiconductors:  

𝛾 =  |𝛾𝑃| + |𝛾𝑁| (2.27) 

Where 𝐼 is the electric current flowing across the device, 𝑇𝑐 is the cold plate temperature. 

 Joule heating can be calculated as: 

𝑄𝐽 = 𝐼
2 (

𝑙𝑃
2 𝐴𝑃 𝜎𝑃

+
𝑙𝑁

2 𝐴𝑁 𝜎𝑁
) (2.28) 

Where 𝐼 is the electric current flowing inside the device, 𝑙𝑃 and 𝑙𝑁 are, respectively the p-type and n-type 

semiconductor heights,  𝐴𝑃 and  𝐴𝑁  are the p-type and n-type semiconductor cross sections, and  𝜎𝑃 and 𝜎𝑁 

are the p-type and n-type semiconductor electric conductivities. The two terms inside the brackets represent 

the electric resistances, put in series, of the two semiconductors, which summed give the overall electric 

resistance R. 

 Heat conduction from the cold to the hot plate: 

𝑄𝑇 = (𝑇𝐻 − 𝑇𝐶) (𝑘𝑃
 𝐴𝑃 
𝑙𝑃

+ 𝑘𝑁
 𝐴𝑁 
𝑙𝑁
) (2.29) 

Where 𝑇𝐻 and 𝑇𝐶 are the hot and cold plate temperatures, 𝑙𝑃 and 𝑙𝑁 are respectively the p-type and n-type 

semiconductor height,  𝐴𝑃 and  𝐴𝑁  are respectively the p-type and n-type semiconductor cross sections, 𝑘𝑃 

and 𝑘𝑁 are respectively the p-type and n-type semiconductor thermal conductivities. The two terms inside 

the brackets represent the thermal conductivities, in parallel, of the two semiconductors, which summed give 

the overall thermal conductivity K. 

The resulting cooling action (W) becomes: 

𝑄𝑐𝑜𝑜𝑙 = 𝛾 𝐼 𝑇𝑐 −
𝐼2𝑅

2
− 𝐾(𝑇𝐻 − 𝑇𝐶) (2.30) 

𝑄𝑐𝑜𝑜𝑙 depends on the operating temperatures and on the feed current.  The thermal power to reject on the hot 

side is then equal to: 

𝑄ℎ =  𝛾 𝐼 𝑇ℎ +
𝐼2𝑅

2
− 𝐾(𝑇𝐻 − 𝑇𝐶) (2.31) 

The voltage applied to the cooler has to generate both the Peltier effect and the electric current: 

𝑉 =  𝛾 (𝑇𝐻 − 𝑇𝐶) + 𝑅 𝐼 (2.32) 

The COP is defined as: 
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𝐶𝑂𝑃 =
𝑄𝑐𝑜𝑜𝑙
𝑉𝐼

=
𝛾 𝐼 𝑇𝑐 −

𝐼2𝑅
2
− 𝐾(𝑇𝐻 − 𝑇𝐶)

𝛾 𝐼 (𝑇𝐻 − 𝑇𝐶) + 𝑅 𝐼
2

 
(2.33) 

It is possible to optimize the feed current, in order to maximize the cooling effect: 

𝑑𝑄𝑐𝑜𝑜𝑙
𝑑𝐼

= 0 (2.34) 

𝐼𝑜𝑝𝑡 = 
𝛾 𝑇𝐶
𝑅

 (2.35) 

𝑄𝑐𝑜𝑜𝑙,𝑚𝑎𝑥 = 𝛾 𝐼𝑜𝑝𝑡 𝑇𝐶 −
𝐼𝑜𝑝𝑡
2 𝑅

2
− 𝐾(𝑇𝐻 − 𝑇𝐶) (2.36) 

𝐶𝑂𝑃𝑜𝑝𝑡 =

1
2
𝑍𝑇𝐶

2 − (𝑇𝐻 − 𝑇𝐶)

𝑍 𝑇𝐻 𝑇𝐶
 (2.37) 

All these calculations are valid for a semiconductor only; if the cooling load is known, the number of couples 

can be computed as: 

𝑁 =
𝑄𝑙𝑜𝑎𝑑
𝑄𝑐𝑜𝑜𝑙

 (2.38) 

Semiconductors will be connected electrically in series and thermally in parallel. The electric current will 

remain the same, the voltage will be N times the one for 1 couple, cooling and rejected powers will be 

multiplied by N, ΔT will be kept the same, as well as the COP:  

𝐶𝑂𝑃𝑁 =
𝑁 ∙ 𝑄𝑐𝑜𝑜𝑙
𝑁 ∙ 𝐼 𝑉

= 𝐶𝑂𝑃 (2.39) 

COP does not depend on the number of semiconductor couples. The maximum allowable thermal resistance 

of the heat sink can be calculated as follows: 

𝑅𝑡ℎ =
(𝑇𝐻 − 𝑇ℎ𝑒𝑎𝑡 𝑠𝑖𝑛𝑘)

𝑄ℎ
 (2.40) 

It is necessary to remember, during the design phase, geometric parameters like 𝑙𝑃 , 𝑙𝑁 and 𝐴𝑃 , 𝐴𝑁 are very 

important because not all their values are valid to create a Peltier cooler. Short semiconductor lengths imply 

low electric resistances but also high heat fluxes due to conduction, from the hot to the cold plate; as well as 

large cross sections reduce the electric resistance but make the heat conduction grow. There are some 

threshold values of lengths and areas which set the cooling action to zero and beside which the device just 

pumps heat from the hot plate to the cold one.  

Material choice is very important to have a good Peltier cooler; as already said previously a good 

semiconductor must have: 

 a high Seebeck coefficient γ (V/K) to maximize Peltier effect; 

 a low electric resistance R (Ω) to minimize Joule heating; 
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 a low thermal conductivity K (W/K) to minimize the heat conduction. 

These three parameters are combined in one coefficient Z (1/K), which is called Figure of Merit. It expresses, 

with only one number, the goodness of a semiconductor and is defined as: 

𝑍 =
𝛾2

𝑅𝐾
 (2.41) 

It is still possible to include the operating temperature T in the figure of merit expression, thus obtaining the 

dimensionless figure of merit ZT. Some graphs about the ZT trend with the temperature are reported below. 

 

Figure 2.14  Reproduction of the dimensionless figure of merit for several semiconductors vs. temperature from Bennett (1988). 

The higher the figure of merit, the better the semiconductor performance becomes. Figure 2.14 shows that 

Bismuth Telluride - Selenium Telluride and Bismuth Telluride - Antimony Telluride alloys are the best 

conductors, for this application, in the temperature range 300 - 500 K. 

It is also important to define some parameters which are often used to characterize a Peltier cooler and its 

performances: 

 ΔTmax: The maximum obtainable temperature difference between the cold and hot side of the 

thermoelectric elements within the module when Imax is applied and there is no heat load applied to the 

module. This parameter is based on the hot side of the elements within the thermoelectric module being 
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at 300 K. In reality, it is virtually impossible to remove all sources of heat in order to achieve the true 

ΔTmax. Therefore, the number only serves as a standardized indicator of the cooling capability of a 

thermoelectric module.  

∆𝑇𝑚𝑎𝑥 =
𝑍𝑇𝐶

2

2
 (2.42) 

 Qmax: The heat that a thermoelectric cooler can remove at a zero degree temperature difference, when the 

hot side of the elements within the thermoelectric module is at 300 K. 

𝑄𝑚𝑎𝑥 = 𝛾𝑇𝐶𝐼𝑚𝑎𝑥 −
𝐼𝑚𝑎𝑥
2 𝑅

2
 (2.43) 

 Imax: The current that produces ΔTmax when the hot side of the elements within the thermoelectric module 

is held at 300 K. 

𝐼𝑚𝑎𝑥 =
𝛾

𝑅
(𝑇𝐻 − ∆ 𝑇max) (2.44) 

 Vmax: The voltage that is produced at ΔTmax when Imax is applied and the hot side temperature of the 

elements within the thermoelectric module is 300 K. 

𝑉𝑚𝑎𝑥 = 𝛾∆𝑇𝑚𝑎𝑥 + 𝐼𝑚𝑎𝑥𝑅 (2.45) 

These parameters are called “max”, but that does not necessarily mean they are the maximum tolerable 

quantities for the device. In fact they are referred to one operative condition only. 

 

2.4.2.2 Thermoelectric cooling - Calculations 

All the equations reported in the previous paragraph have been implemented and used to calculate the 

performance of a thermoelectric cooler. Starting from the considerations about Figure 2.14, Bi0.5Sb1.5Te3 has 

been chosen as p-type semiconductor and Bi2Te2.7Se0.3 as n-type. 

Semiconductor properties, depending on temperature, have been taken from Poudel et al. (2008) and Zhu et 

al. (2007), and fitted into a function. In both papers several samples are examined; for these calculations two 

semiconductor qualities, for both the p-type and n-type, have been chosen: one corresponding to the state of 

the art (SOA) standards and one with improved properties, due to innovative treatments. They have been 

then combined together to examine the two cases, at higher or lower performances. The single 

semiconductor elements have been assumed to be 1 mm x 1mm x 1mm (height).The thermoelectric cooler 

operates between 175 ᵒC and 200 ᵒC. A ΔT = 5 K has been assumed between the reservoir temperatures and 

the real operating temperatures. Electric resistance has been majored of 10% to take in account also 

junctions. 

The results of the calculation are reported below. The first three plots show how the cooling power, the 

rejected heat and the required voltage characterizing the single couple of semiconductors vary with the 

electric current flowing in the thermoelectric unit. Red and blue lines represent respectively the higher and 
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lower performance semiconductor case. In Figure 2.15 a maximum can be noticed for the cooling power, it 

corresponds to the point (Iopt,Qcool,max) explained in the paragraph about thermoelectric cooler theory. 

For small electric currents quantities can become negative, that means the driving force is not high enough to 

move the heat from the cold to the hot plate, and Peltier effect is not balancing Joule heating and thermal 

conduction. 

 

Figure 2.15  Thermoelectric unit cooling capacity vs. electric current. Maximum cooling capacities, corresponding to the optimal 

operating feed currents, highlighted by a star. 

 

 

Figure 2.16  Thermoelectric unit rejected heat vs. electric current. Optimal operating currents highlighted by a star. 
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Figure 2.17  Thermoelectric unit rejected heat vs. electric current. Optimal operating currents highlighted by a star. 

Operating at the optimal current Iopt, respectively 3.6 A and 4.1 A for the lower and higher quality 

semiconductors, maximizes the cooling action of the thermoelectric unit composed of a single p-n junction, 

Qcooling,max= 0.244 W and 0.304 W. These considerations are valid only for the operating temperatures 

TC = 175 ᵒC and TH = 200 ᵒC. The required number of thermoelectric units (semiconductor couples) is then 

calculated for every cooling load as the ratio between the actual cooling load and the cooling capacity of a 

single p-n junction. In the next three plots the performance of a whole thermoelectric module is analyzed, 

with a variable cooling load. 
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Figure 2.18  Number of p-n junctions required to satisfy the cooling load at the optimal operating conditions. 

  

 

 

Figure 2.19  Rejected heat vs. Cooling load. 
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Figure 2.20  Required electrical power vs. Cooling load. 

 

 

Figure 2.21  Thermoelectric cooler dimensions vs. cooling load. 
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The difference between the performances of the two semiconductor types is not so significant when 

analyzing the whole cooler. Absorbed and rejected heat fluxes differ for a few watts, as it can be noticed in 

Figure 2.19 and 2.20, and the COPopt differ from each other for slightly more than 1%.  

As expected the coefficient of performance is very low (below 0.5 in both cases) and the heat flux to be 

rejected is larger than the vapor compression technology, showing a much lower performance. The 

convenience of thermoelectric coolers consists of the absence of moving parts, small dimensions and 

compactness. The difference in size, compared to the vapor compression technology, is shown in Figure 

2.21. The thermoelectric unit is assumed to be assembled with 1 mm of distance between every couple of 

semiconductors. It is also shown how the dimensions of the single thermoelectric cooler could be reduced if 

the cooling system was assembled in three modules, instead of just one. 

The other quantities, previously defined, characterizing the thermoelectric unit are listed in the table below. 

Table 2.5  Other parameters that characterize the TE unit. 

 
Lower performance 

semiconductors 

Higher performance 

semiconductors 

ΔTmax (K) 157 212 

Qmax (W) 0.05 0.07 

Imax (A) 2.64 2.47 

Vmax (V) 0.26 0.22 
 

 

2.4.2.3 Thermoelectric cooling - Applications 

Research about thermoelectric coolers mainly deals with semiconductor improvement; new materials with 

better conductive properties are researched. In particular new material treatments are analyzed in order to 

reduce the material’s thermal conductivity and to decrease the thermal flux due to pure conduction. 

Poudel et al. (2008) try to increase the figure of merit of Bismuth Antimony Telluride (p-type) by modifying 

the bulk nanostructure and orienting nanocrystals randomly. In this way a significant reduction in thermal 

conductivity caused by strong phonon scattering by interfaces in the nanostructures has been determined. A 

peak of 1.4 has been registered for the figure of merit at 100 °C. 
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Figure 2.22  Figure of merit vs. Temperature. White squares correspond to the SOA BiSbTe while black ones to the new samples 

From Poudel et al. (2008). Reprinted with permission from AAAS. 

Some similar results and improvements can be found in Zhu et al. (2007).  Liu et al. (2012) otherwise, found 

a way to improve Bi2Te3–Bi2Se3–Bi2S3 (n-type) figure of merit by employing cyclic pressure treatments 

during the alloy preparation. The increase is now due to the electric conductivity growth and not to the 

thermal conductivity reduction. Results are not as good as the previous case though. 

 

Figure 2.23  Figure of merit vs. Temperature. Bi2Te2.7-xSe0.3Sx samples. Reproduced from Liu et al. (2012) with permission of The 

Royal Society of Chemistry. 

Other n-type semiconductors improvements are reported in Min et al. (2010). The improvement in 

performance of thermoelectric modules is an active research topic and new thermoelectric materials are 

being investigated, as well as new module topologies that can minimize heat leakages and thermal 

resistances. However thermoelectric cooling has already reached a certain degree of development and 

thermoelectric modules optimized for high performance or high temperature (200 °C) can be found on the 

market. 
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An example of commercial Peltier cooler, with nominal cooling capacity of 56 W, is reported below with the 

technical characterization. 

Table 2.6  Specifications for TE-127-1.0-0.8 from TE Technology. 

Imax (A) 5.8 

Vmax (V) 15.7 

Qmax (W) 56 

ΔTmax (°C) 67 

Width (mm) 30 

Length (mm) 30 

Heigth (mm) 3.1 
 

Further details about the design and performance of the TE modules can be found on the data sheets and 

characteristic curves provided by the supplier, as shown below. 

 

Figure 2.24  ΔT vs. Current, at different cooling loads. Operating point B highlighted by the grey star. 

From this graph it is possible to read the required feed current, at given operating conditions: hot side 

temperature at 125 °C, ΔT = 20°C, cooling load = 60 W. Once the current is known it is possible to read the 

required voltage from the next graph. 
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Figure 2.25  Voltage vs. Current. Limit curves for absent cooling load and temperature span equal to zero. Operating point F is 

highlighted with a grey star. 

The placement of the V line can be determined by making the ratio of AB/BC = EF/FG as shown on the 

graphs above. The result is a required voltage equal to 20 V and a current of 5 A. The feed electric power is 

equal to 100 W and the COP to 60/100 = 0.6. The wasted heat to be removed from the hot side is equal to 60 

+ 100 = 160 W. 
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2.4.3 Reverse Brayton cycle 

The reverse Brayton cycle is really similar to the vapor compression one; the four processes characterizing it 

are almost the same. Nevertheless the employed coolant is a gas and not a two-phase fluid. Condenser and 

evaporator are substituted with two heat exchangers, respectively at high and low temperature, and only one 

phase is involved in the circuit. The throttling valve is replaced by an expander that might also recover some 

mechanical power. 

 

Figure 2.26 Schematic of a reverse Brayton cooling cycle. 

The thermodynamic processes are: 

 1    2: isobaric/isothermal evaporation (low-temperature heat exchanger) 

 2    3: isentropic compression (compressor) 

 3    4: isobaric/isothermal condensation (high-temperature heat exchanger) 

 4    1: isenthalpic expansion (expander) 

The working principle is the same one of the vapor compression cycle. Compared to it, the Brayton cycle is 

usually less efficient because the heat exchanges are not occurring isothermally; in addition, it requires 

comparatively larger amounts of gas to be compressed and expanded to produce an equivalent cooling effect, 

because of a lower density and a lower specific heat capacity. 

Coolant gases have to be inert and have a high specific heat ratio (that means good heat transfer properties 

and lower coolant mass flow rates).  Helium is good candidate as refrigerant but also hydrogen, neon, argon, 

xenon, ammonia, methane, and acetylene could be taken in account. Also air could be an option for its 

affordability. The most practical circumstances for using an air cycle refrigerator occur if when some power 

for compression is available from another source, and can be used to decrease the total work input. A 

qualitative comparison between these candidate refrigerants is provided in Figure 11 and Figure 12 from 

Bennett (1988), where the heat transfer and pressure drop properties of helium, neon, argon, krypton and 

xenon are compared for laminar and turbulent flow. 
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Helium appears to be the best candidate for both laminar and turbulent flow applications because it shows 

the highest heat transfer coefficient and the lowest pressure drops among the studied inert gases. In case of 

turbulent flow, a mixture He-Xe could also be used in order to obtain a higher heat transfer coefficient. The 

performance of both helium and xenon in a reverse Brayton cycle is evaluated in the calculation section. 

 

2.4.3.1 Reverse Brayton cycle - Theory 

This paragraph explains the theoretical principles at the base of the reverse Brayton cooling process. 

Thermodynamic laws and diagrams describe the cycle as follows: 

 

Figure 2.27  Representation of the ideal reverse Brayton cycle on the Temperature vs. Entropy diagram. 

In analogy with the analysis of the vapor compression cycle, thermodynamic states and processes of the 

refrigerant can be individuated along the cycle. The Brayton refrigeration cycle involves two isobaric and 

two isentropic processes. Differently than the vapor compression cycles, the isobaric heat exchange 

processes do not occur isothermally. 

Cycle thermodynamic steps can be designed starting from the pressure and the temperature at the low-

temperature heat exchanger outlet (2). 

p2 is usually set to 1 bar to avoid high pressures, and T2 can be equal to the cold ambient temperature minus a 

ΔTlowT,HE due to irreversibilities. 

A compression ratio β has to be defined; the outlet temperature (3) has to be high enough to guarantee a heat 

rejection to the heat sink. The higher is β and the higher is T3 and the power to spend in the compressor. 

Setting β means also setting p3. 

𝑝3 = 𝛽 𝑝2 (2.46) 

According to thermodynamic correlations for isentropic compressions: 
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𝑇3,𝑖𝑠 = 𝛽 
𝛾−1
𝛾 𝑇2 (2.47) 

With temperatures in Kelvin and γ = cp/cv. cp and cv are respectively the specific heat capacity at constant 

pressure and at constant volume of the refrigerant. 

Using the isentropic compression efficiency ηis,c, defined as the ratio between the ideal and the real enthalpy 

difference across the compressor: 

𝜂𝑖𝑠,𝑐 =
𝑐𝑝(𝑇3,𝑖𝑠 − 𝑇2)

𝑐𝑝(𝑇3 − 𝑇2)
 (2.48) 

As already showed for vapor compression cycles, compressors for these applications have low isentropic 

efficiencies, around 0.44-0.70 (Barbosa et al. (2012)) , 0.24-0.40 (Mongia et al. (2006)). p4 can be calculated 

as: 

𝑝4  =  𝑝3 – 𝛥𝑝𝐻𝑇,𝐻𝐸 (2.49) 

T4 can be set equal to the temperature of the heat sink plus a ΔTHT,HE due to the irreversibilities and the heat 

transfer surface extension. p1 can be assumed equal to: 

𝑝1  =  𝑝2  +  𝛥𝑝𝐿𝑇,𝐻𝐸 (2.50) 

𝑇1,𝑖𝑠 = 𝛽 
𝛾−1
𝛾 𝑇4 (2.51) 

Again, using the isentropic expansion efficiency, it is possible to calculate the real temperature in (1). 

Isentropic expansion efficiency is defined as: 

𝜂𝑖𝑠,𝑒 =
𝑐𝑝(𝑇4 − 𝑇1)

𝑐𝑝(𝑇4 − 𝑇1,𝑖𝑠)
 (2.52) 

Since the gas mass flow rates are small, as well as for the compressor, it is necessary to use micro-turbines 

and expanders on a mesoscopic scale. That means that 𝜂𝑖𝑠,𝑒 can be assumed in the range 50-65% (Qiu et al. 

(2011)) or 42-68% (Ziviani et al. (2012)), while medium-large size gas turbines can reach isentropic 

efficiencies of 0.85-0.9. 

Once temperature and pressure are known for all the coolant thermodynamic states along the cycle, it is 

possible to calculate densities with the ideal gas law: 

𝜌 =
𝑝

𝑅∗𝑇
 (2.53) 

Where 𝜌 is the density, 𝑝 the pressure, and 𝑇 the temperature. 

𝑅∗ =
𝑅

𝑃𝑀
 (2.54) 

𝑅 = 8.314472 
𝐽

𝑚𝑜𝑙 𝐾
  universal gas constant, 𝑃𝑀 gas molecular weight. 

The minimum required refrigerant mass flow rate is given as: 
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�̇� =
𝑄𝑙𝑜𝑎𝑑

𝑐𝑝(𝑇2 − 𝑇1)
 (2.55) 

Where Qload is the cooling load at the evaporator. The cooling power (assumed to be equivalent to the 

cooling load) at the evaporator is equal to: 

𝑄𝐶 = �̇� 𝑐𝑝(𝑇2 − 𝑇1) (2.56) 

The compression work is equal to: 

𝑊𝑐  = 𝑚 ̇ 𝑐𝑝(𝑇3 − 𝑇2) (2.57) 

The heat flux rejected to ambient, through the condenser, is equal to: 

𝑄𝐻  = 𝑚 ̇ 𝑐𝑝(𝑇3 − 𝑇4) (2.58) 

The mechanical power recovered by the expander can be calculated as: 

𝑊𝑒  = 𝑚 ̇ 𝑐𝑝(𝑇4 − 𝑇1) (2.59) 

These three quantities are linked by the energy balance: 

𝑄𝐻 = 𝑊𝑐 −𝑊𝑒 + 𝑄𝐶    (2.60) 

The coefficient of performance, COP, is computed as:  

𝐶𝑂𝑃 =
𝑄𝐶

𝑊𝑐 −𝑊𝑒
=

𝑐𝑝(𝑇2 − 𝑇1)

[𝑐𝑝(𝑇3 − 𝑇2) − 𝑐𝑝(𝑇4 − 𝑇1)]
 (2.61) 

In the case the expander is just a passive device (valve) and just dissipates energy, the COP becomes like the 

one for vapor compression cooling. 

𝐶𝑂𝑃 =
𝑄𝐶
𝑊𝑐

=
𝑐𝑝(𝑇2 − 𝑇1)

𝑐𝑝(𝑇3 − 𝑇2)
 (2.62) 

As already seen for the vapor compression refrigeration, a term of comparison is given by the Carnot 

efficiency, which is the maximum COP reachable by a cycle operating between temperatures TH and TC; it is 

definite as: 

𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡 =
𝑇𝑐

𝑇𝐻 − 𝑇𝐶
 (2.63) 

Temperatures are expressed in Kelvin. 
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2.4.3.2 Reverse Brayton cycle - Calculations 

The expressions reported in the previous paragraph have been used to carry out some calculations about a 

reverse Brayton cycle, operating between 175 ᵒC and 200 ᵒC. The assumptions for the calculation are listed 

below: 

 Refrigerant: helium (properties from McCarty (1972)) and xenon (properties from Sifner et al. 

(1994)). 

 Isobaric heat transfer processes (no pressure drops in the heat exchangers). 

 Isentropic compression efficiency ηc,is = 0.60 , Isentropic expansion efficiency ηc,is = 0.65, 

electro-mechanical efficiency η0 = 0.97. 

 Refrigerant pinch point temperature span, at heat exchangers outlet ΔTcondenser,outlet = 15 ᵒC ,  

ΔTevaporator,outlet = 5 ᵒC. 

 Compression ratio β assumed according to the optimization reported below. 

 

 

Figure 2.28  COP vs. Compression ratio optimization for helium and xenon for operating between 175 °C and 200 °C. 

The maximum COP, in these operating conditions, is reached for β between 2.5 and 3 for both refrigerants. 

An optimal compression ratio equal to 2.8 is assumed for the calculations. Only the results for helium will be 

shown since the cycle with xenon performs similarly. Assuming a cooling load of 50 W, refrigerant 

properties and energetic quantities describing the cycle are shown in the following table. 
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Table 2.7  Resume of the reverse Brayton cooling cycle with He; cooling load equal to 50 W. 

Point Pressure (bar) Temperature (°C) Density (kg/m
3
) 

2 1 170 0.108 

3 2.8 546 0.165 

4 2.8 215 0.276 

1 1 108 0.126 

    

Pressure ratio 2.8 
 

Helium flow rate 1.55E-04 (kg/s) 

 
85.6 (L/min) 

Rejected thermal power 267 (W) 

Recovered mechanical power (turbine) 86 (W) 

Net compression power (turbine) 217 (W) 

Net compression power (valve) 303 (W) 

   
Carnot COP 9.85 

 
Ideal COP (turbine) 1.81 

 
Ideal COP (valve) 0.53 

 
COP (turbine) 0.23 

 
COP (valve) 0.17 

  

COPs are much lower than for the vapor compression cycle, also in the case of the mechanical power 

recovery. Also, the difference with the ideal COP is significant. That is due to the not efficient performance 

of micro-turbines, which have low isentropic efficiencies. A big amount of power that could be recovered by 

the expander is otherwise dissipated in frictions and heat. The refrigerant mass flow rate is one order of 

magnitude bigger than the one for water vapor compression. That is because of a smaller specific heat 

capacity for gases.  

Also in this case, in order to have an idea of the order of magnitude of the heat transfer required areas, a 

rough parametric study has been done with a variable cooling load, with a laminar flow assumed.  
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Figure 2.29  Cooling load vs. high temperature heat exchanger extension. 

The reverse Brayton cycle can be considered a direct term of comparison with the vapor compression one, 

since the thermodynamic cycles are, conservatively, very similar. The same considerations done for the 

condenser of the vapor compression cycle are therefore valid for the reverse Brayton system. With analogue 

boundary conditions, the required equivalent length for the high temperature heat exchanger has a very 

similar trend. However, the required heat transfer areas for the Brayton cycle are significantly larger than the 

ones required by the vapor compression cycle, because of the poorer thermal properties of the refrigerant. 

Efficiencies are also much higher for vapor compression cycles. These considerations would already exclude 

the gas refrigeration in favor of the vapor compression. 

However, the benefit of the inert gas cycles could lie in the chance of spraying the inert coolant directly on 

the electronics. This configuration could have one heat exchanger less, and several thermal resistances would 

be avoided. 

 

2.4.3.3 Reverse Brayton cycle - Applications 

Not many applications were found from the literature. Reverse Brayton cycles hardly find a use in common 

electronics cooling applications, because of the low COP, the presence of moving parts, and the existence of 

a similar, but much more competitive, technique such as vapor compression cooling. Nevertheless, reverse 

Brayton cycles have been employed in some space applications for electronics cooling at low temperature. 

The advantages of this type of technique lie in an extremely low emitted vibration and simplicity of 

integration with payloads and spacecraft radiating heat rejection systems. The technology was first 

demonstrated in space in March 2002, when the NICMOS Cryocooler (Swift et al. (2005)) was installed on 

the Hubble Space Telescope, providing 7 W of cooling at 70 K while using neon as refrigerant and a turbine 

as expansion device. Zagarola et al. (2009) also developed a two-stage turbo-Brayton cryocooler that uses 
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neon and one turbine per stage, and was optimized to provide 1.8 W of cooling at 65 K and 12.6 W of 

cooling at 100 K. 

Papers and specific literature have been also useful to retrieve information about the small-size gas turbines. 
The application that mostly uses this kind of expanders is the ORC system, acronym of Organic Rankine 

Cycle. These systems are low-temperature thermoelectric plants, for the generation of small amounts of 

electric power. They use low temperature thermal energy, waste heat or solar collectors, to feed a direct 

Rankine cycle in which an organic fluid, with a low boiling temperature, is employed. The isentropic 

expansion efficiency is reported in a review from Ziviani et al. (2012) to be in the range of 0.6 - 0.7 for a 

pressure ratios above 3.5 and between 0.4 and 0.6 for pressure ratios below 3.5. 
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2.4.4 Magnetic cooling 

Magnetic cooling is probably youngest among the studied cooling techniques, but has shown the potential to 

compete with more established technologies like vapor compression cycles. It exploits the magnetocaloric 

effect of ferromagnetic materials to convert a change in magnetic field into a cooling action. The adiabatic 

magnetization and demagnetization of ferromagnetic materials produce in fact a cyclic and reversible 

temperature change. This temperature change is maximized around the Curie temperature, where the 

magnetocaloric effect is maximized because of the material transition from the ferromagnetic to the 

paramagnetic state. 

 

Figure 2.30  Gd magnetocaloric effect vs. operating temperature, for different magnetic inductions (from Pecharsky et al. (2007)). 

Figure 2.30 reports an example of magnetocaloric properties for Gadolinium, one of the most suitable 

ferromagnetic materials for room temperature cooling systems. Gadolinium is widely employed for room 

temperature applications because it exhibits a Curie temperature of ~293 K, is a pure metal and has a 

relatively high magnetocaloric effect. Figure 2.30 also shows that the adiabatic temperature differences are 

not so wide and the energetic expense to induce a ΔT = 20 K is very high (10 T, which requires a 

superconducting magnet). Most of the currently developed prototypes operate with a magnetic field of 1.5 T, 

induced by permanent magnets (Kitanovski et al. (2014)) and use regenerative cycles to increase the 

temperature span.  

From the perspective of a cooling cycle, the magnetization and demagnetization processes can be compared, 

respectively, to the compression and expansion in the vapor compression cycle. The magnetization of the 

material causes a temperature increase that is proportional to the intensity of the field. The magnetized 

material can then be cooled down to the ambient temperature, and finally demagnetized. The final 

temperature of the material is lower than the initial one, and a cooling load can be absorbed, closing the 

cycle. 

Because the change in temperature of the solid refrigerant is low compared to the required temperature span 

for practical cooling systems, a regenerative cycle is used. A regenerator is employed to periodically 

receive/release heat from/to a heat transfer fluid. The regenerative material has a porous structure through 
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which the heat transfer fluid is pumped in an oscillatory counter-flow manner. The four steps characterizing 

the cycle are illustrated in Figure 2.31 and listed in Table 2.8. 

 

Figure 2.31  Active Magnetic Regenerative Refrigeration Cycle from Engelbrecht (2004). 

Table 2.8  Summary of the regenerative magnetic cooling cycle processes, referring to Figure 2.31. 

Process Refrigerant Heat transfer fluid 

(1-2) Magnetization 
Increasing in temperature / 

absorbing heat from refrigerant 

(2-3) Magnetized Releasing heat to heat sink 

(2-3) Demagnetization 
Decreasing in temperature / 

releasing heat to the refrigerant 

(1-4) Demagnetized Absorbing the cooling load 
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Figure 2.32  Schematic of the Steyert’s regenerative magnetic system. Reproduction from Bennett (1988). 

The regenerative cycle can be implemented in different system configurations, according to the relative 

movement between magnets and refrigerant bed (axial or rotating). The Steyert’s magnetic system is 

illustrated in Figure 2.32 as one of the first active magnetic regenerative cycles proposed, in a rotating 

configuration. 

An external ring, containing the ferromagnetic material, is rotated around a magnet which creates one high 

and one low magnetic field area. A fluid passes through the ferromagnetic material, in the high magnetic 

induction area, rejecting heat and reaching a higher temperature. A recirculation pump sends it into a heat 

exchanger where it delivers a heat flux to the external environment. The fluid then passes again through the 

rotating ring, in the low magnetic induction area, where it is cooled below the initial temperature. It finally 

refrigerates the cooling load, through a heat exchanger. The cycle is then started again. Water is a good heat 

transfer fluid for this cycle, although it can corrode many of the magnetocaloric materials in use. Additional 

fluids can be combined to prevent the corrosion (e.g. ethylene glycol). More than one pole pair can be 

inserted in the magnet, in order to make the cycle faster and more efficient. In this case the number of fluid 

circuits must also be increased. Another parameter that influences the performance of the system is the 

rotation frequency, which determines the size of the absorbed load and the temperature span. The regenerator 

matrix must be porous to maximize the thermal contact between solid and fluid. Gadolinium, for example, is 

usually employed in the shape of packed spheres with diameters below 1 mm although many other materials 

and regenerator geometries have been reported.  
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2.4.4.1 Materials and applications from the literature 

The feasibility assessment for the magnetic cooling technology must start from the evaluation of the material 

availability for the desired operating temperature range. In particular, a ferromagnetic refrigerant with a 

Curie temperature in the range 175 °C - 200 °C needs to be found, as well as permanent magnets that can 

withstand 200 °C. 

Important magnetocaloric properties to be considered are the adiabatic temperature difference and the 

magnetic entropy change. The former, usually indicated with ΔTad (K), represents the temperature change 

that the material is adiabatically subject to in case of magnetization/demagnetization, and is proportional to 

the temperature span that the magnetic cooling system could maintain; the latter, Δsm (J/kgK), is the entropy 

change due to the magnetization, and is proportional to the thermal energy that the refrigerant can convert 

through the active magnetocaloric cycle. As many research works highlight, Gadolinium and its alloys are 

the most employed magnetocaloric materials for room temperature cooling systems. As previously stated, Gd 

has a Curie temperature of 293 K and exhibits fairly good magnetocaloric properties (Figure 2.33) with a 

ΔTad of 3.3 K and a Δsm of 3.1 J/kgK, at 1 T (Kitanovski et al. (2014)).  

 

Figure 2.33  Gadolinium magnetic entropy change (left) and adiabatic temperature span (right) trends with temperature. 

Reproduction from El-Hana Bouchekara et al. (2012). 

Other chemical species, like Mn or rare elements (Tb, Dy, Ho, Er), can be combined with Gd to shift the 

Curie temperature, without drastic changes in the magnetocaloric properties. For instance, Gd - Mn alloys 

can lower TC down to 278 K, while the combination between Gd and Tb can generate Curie temperatures in 

the range from 269 K to 294 K. This turns particularly beneficial when building layered regenerative cycles, 

where the refrigerant beds are composed of different magnetocaloric materials, with Curie temperatures that 

follow the steady state temperature profile within the regenerator to maximize the magnetocaloric effect. 

La-Fe-Si-based magnetocaloric materials are considered a possible alternative to the expensive Gd-based 

alloys. Depending on the concentration of the various elements, their Curie temperature can be tuned in the 

range from 200 K to 340 K. They exhibit a larger magnetic entropy change, compared to Gd, between 5 and 

12 J/kgK (with a magnetic field change of 1.6 T), and an adiabatic temperature change (0  1.4 T) of 2.8 K 

(Kitanovski et al. (2014)). The tunable Curie temperature of these materials, their lower cost compared to 
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Gd, and the possibility of producing them on large industrial scale, make them very attractive for layered 

active magnetic coolers. 

Other studied magnetocaloric materials for magnetic refrigeration are MnAs, and similar compounds, and 

Manganites. The first exhibit Curie temperatures in the range 150-335 K, while the second in the range 

267-370 K (Smith et al. (2012)). They are, however, less attractive than Gd due to the possible toxicity, a 

high magnetic hysteresis, and lower magnetocaloric properties. 

Law et al. (2010) investigated the magnetocaloric effect of Fe80−xB12Cr8Gdx compounds. The experimental 

results show that the TC of the material can be raised from 350 K to around 410 K by increasing the 

concentration of Gadolinium. However, the magnetocaloric properties become significantly poorer with the 

addition of Gd, with a drop in the magnetic entropy change (at 1.1 T) from 1.12 to 0.37 J/kgK. No materials 

with the Curie temperature above 410 K where investigated from Law et al. Several other research works 

(Brück et al. (2005), Engelbrecht et al. (2007), Fodeaki et al. (1997), Gschneidner et al. (2005), Pecharsky et 

al. (2007), Shen et al. (2009)) were consulted to find ferromagnetic materials with a suitable TC and good 

magnetocaloric properties. No magnetocaloric materials could be found with a Curie temperature between 

448 K and 473 K (Figure 2.34 and Table 2.9). Only FeC was found to have a TC ~483 K (Bennett (1988)), 

but no magnetocaloric properties could be retrieved other than the ones summarized in Figure 2.34. By 2014, 

around 60 active magnetic regenerative prototypes were counted from the scientific literature, evenly split 

between reciprocating and rotating. The wide majority of the prototypes employed Gadolinium and Gd 

alloys, while only a small number (8 out 60) used La-Fe-Si-based or Mn-based materials 

(Kitanovski et al. (2014)). All the mentioned prototypes operated near room temperature.  

Also the selection of suitable permanent magnets did not lead to encouraging results. The most commonly 

employed magnets in magnetic refrigeration are Nd-Fe-B permanent magnets. They exhibit the highest 

magnet flux density, a high remanence and a relatively high coercivity. However, their high sensitivity to 

temperature limits their use and their competitive properties to room temperature applications. Nd-Fe-B 

magnets can be employed in applications up to 230 °C (ndfeb-info), but with a significant drop in the 

magnetic properties. The required concentration of Neodymium increases significantly with the temperature, 

exponentially increasing the cost of the magnets. Sm–Co magnets are also competitive solutions, based on 

rare-earth elements and with similar properties to Nd-Fe-B at high temperature. They are characterized by a 

lower sensitivity to temperature than Nd-Fe-B and can be employed up to 300-350 °C (ndfeb-info), but are 

even more expensive than Nd-Fe-B magnets. Other permanent magnets available on the market are based on 

ceramic materials (ferrites) or on Al-Ni-Co structures. They both have poorer magnetic properties compared, 

to Nd-Fe-B and Sm-Co, and have not been employed in the magnetic refrigeration field 

(Kitanovski et al. (2014)). 

Since no suitable refrigerant and magnets were found for the downhole operating temperature range, 

magnetic cooling was excluded from the candidate cooling technologies for downhole applications. 
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Figure 2.34  Curie temperature and magnetic entropy for several ferromagnetic materials (reproduction from Bennett (1988)). 

Table 2.9  Curie temperatures for different ferromagnetic materials (source: www.hyperphysics.phy-astr.gsu.edu/hbase/tables/curie) 

Material Curie temperature (K) 

Fe 1043 

Co 1388 

Ni 627 

Gd 293 

Dy 85 

CrBr3 37 

Au2MnAl 200 

Cu2MnIn 500 

MnAs 318 

MnBi 670 

GdCl3 2.2 

Fe2B 1015 

MnB 578 
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2.4.5 Phase change materials (PCM) 

This category of cooling systems is on the edge between passive and active cooling. It does not require any 

energy input, but can still cool down the electronics below the well temperature for a limited time period. 

PCMs are widely used for storing thermal energy as they are usually characterized by a high latent heat and, 

if thermally connected to a heat source, they can maintain the load to the phase-change temperature for a 

certain period of time. Unlike the sensible heat storage method, the latent heat storage method provides much 

higher storage density, with a smaller temperature difference between storing and releasing heat.  

Usually, the phase transition that is considered for energy storage applications and thermal management of 

electronics is from solid to liquid. That is because the phase transition from liquid to gas, although is usually 

characterized by a larger latent heat, can generate high pressures inside the storage vessel. The liquid phase 

has in fact a much higher density than the vapor phase. The change of phase from solid to liquid causes 

instead a material density change which is much smaller, but that still has to be taken into account to avoid 

unexpected stresses. PCMs can belong to different material groups and their physical properties depend on 

the chemical composition (Farid et al. (2004), Xu et al. (2015)). 

A comprehensive review of the most investigated PCMs can be found in Cabeza et al. (2011). Several tables 

list the thermophysical properties of different PCMs used in the literature. Figure 2 reports the main groups 

of PCMs on a diagram of melting enthalpy vs. melting temperature and shows their range of operation. 

 Eutectic water-salt solutions have melting temperatures between -100 ˚C and 0 ˚C, and melting 

enthalpies that range between 200 and 300 MJ/m
3
. 

 Paraffins, fatty acids, and polyethylene glycols have melting points between 0 ˚C and 200 ˚C and melting 

enthalpies between 100 and 200 MJ/m
3
.  

 Clathrates, salthydrates, and sugar alchools also have a melting temperature between 0 ˚C and 200 ˚C, 

but higher melting enthalpies between 200 and 600 MJ/m
3
. 

 Nitrates and hydroxides have melting temperatures that range between 200 ˚C and 400 ˚C and melting 

enthalpies between 200 and MJ/m
3
. 

 Finally, chlorides, carbonates, and fluorides have melting temperatures between  400 ˚C and 800 ˚C, with 

melting enthalpies from 600 to above 1000 MJ/m
3
.  

Melting temperature and enthalpy are only two of the main material properties that must be evaluated when 

selecting a PCM for an energy storage application. A summary of the main thermophysical properties 

characterizing the behavior of PCM for thermal energy storage is listed below. 

 Phase-change (melting) temperature (°C): it is the temperature at which the heat transfer at constant 

temperature occurs, and at which the load is desired to be maintained. In case of downhole 

electronics thermal management, it must be as close as possible to the maximum operating 

temperature of the components, in order not to waste cooling capacity because of the heat leakages 

through the thermal insulation. 

 Volumetric melting enthalpy (MJ/m
3
): it is the amount of energy the material is able to absorb at 

constant temperature, per unit of volume, while changing phase. In case of downhole electronics 
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thermal management, it is proportional to the time period during which the electronics can be 

maintained at the material phase-change temperature. 

 Specific heat capacity (kJ/kg-K): it is the amount of heat required by a kilogram of PCM to increase 

its temperature of one Kelvin. It is preferred to have material with high specific heat capacity in 

order to increase the heat storage capacity outside the phase transition process. 

 Thermal conductivity (W/m-K): PCM materials used for thermal storage at or near room temperature 

usually have a low thermal conductivity, which can cause the creation of hot spots in the heat load. 

Higher thermal conductivities are preferred in order to have a more uniform heat transfer through the 

PCM and consequently a more uniform phase change. An opportune heat spreading system needs to 

be designed. 

Additional properties which are desired in a PCM are a high density, chemical stability, low density variation 

during the phase transition, non-flammability, non-toxicity, and compatibility with a wide range of materials. 

2.4.5.1 Phase change materials - Theory 

For first approach calculations, the amount of PCM that is required to maintain downhole electronics below a 

certain temperature, and for a certain period of time, can be computed using the lumped approach. 

𝑄𝑙𝑜𝑎𝑑(𝑡1 − 𝑡0) = 𝑚𝑃𝐶𝑀𝑐𝑃𝐶𝑀,𝑠(𝑇𝑃𝐶 − 𝑇0) + 𝑚𝑃𝐶𝑀𝑐𝑃𝐶𝑀,𝑙(𝑇𝐶 − 𝑇𝑃𝐶) + ∆𝐻𝑙𝑎𝑡 (2.64) 

Where 𝑄𝑙𝑜𝑎𝑑 is the cooling load, (𝑡1 − 𝑡0) is the time period in which the tool is able to operate below the 

desired temperature 𝑇𝐶, 𝑚𝑃𝐶𝑀 is the required mass of PCM, 𝑇0 is the initial PCM storage temperature, 𝑇𝑃𝐶 is 

the phase change temperature, 𝑐𝑃𝐶𝑀,𝑠 and 𝑐𝑃𝐶𝑀,𝑙 are the specific heat capacity of the material respectively in 

the solid and liquid phases, and ∆𝐻𝑙𝑎𝑡 is the melting enthalpy or latent heat of fusion. 

2.4.5.2 Phase change materials - Calculations 

Eq. (2.64) has been used to calculate the required amount of PCM and the equivalent storage tank length 

(inner diameter assumed equal to 5.5 cm) that would be required to maintain some electronics below 

TC = 175 ᵒC for 4, 8, and 12 hours. Furthermore, it is assumed that the initial PCM storage temperature T0 is 

equal to 20 °C and that the specific heat capacities for the solid and liquid phases are the same. 

The external well temperature TH is not appearing in the equation since it does not influence directly the 

exercise of this cooling system, like happened with the previously analyzed technologies. TH is influencing 

the thermal flux incoming in the tool, hence the cooling load, which in our analysis has been kept variable. 

The PCM properties reported in Table 2.10 have been used in the calculations. 

 Table 2.10  PCM material properties (source: www.pcmproducts.net). 

Material 
Melting temperature 

(°C) 

Density 

(kg/m
3
) 

Volumetric 

melting enthalpy 

(MJ/m
3
) 

Specific heat 

capacity    

(kJ/kg-K) 

Organic A164 164 1500 435 2.42 
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The results of the analysis are reported in Figure 2.35. 

 

Figure 2.35  Length and mass of a PCM based cooling system vs. cooling load, at different downhole residence times. 

These calculations provide a first approach idea of the dimensions of a downhole cooling system based on 

phase change materials. More detailed analyses should also consider that a heat spreading system (i.e. flow 

loop, heat pipes, thermally conducting particles, metallic encapsulation of the PCM) would be needed to 

thermally link the electronics to the heat sink. This heat spreading system would aim to uniformly reject the 

excessive heat and avoid hot spots in the PCM bed, which would make the change of phase uneven as well 

as the cooling action. The impact of the heat spreading system dimensions on the availability of space for the 

PCM storage has to be accounted. A larger heat spreading system would make the heat rejection more 

uniform, but would also increase the dimensions of the tool and, consequently, the thermal load due the heat 

leakages. The weight of the system should also be taken into account as it could affect the logistics of the 

downhole tool. 

2.4.5.3 Phase change materials - Applications 

Phase change materials are used for many thermal management applications, in different fields. 

 They are used for passive heat storage in buildings to decrease the heating loads and provide a higher 

thermal inertia to the building. 

 PCMs are commonly used for electronics thermal management and protection. 

 They are used for off-peak power utilization, where the electric energy exceeding the load is converted 

into heat or cooling. 



 

CHAPTER 2. FEASIBILITY STUDY    62 

 

 
 

 PCM can be used in the food industry to maintain product below ambient temperature, when no electric 

power is available (e.g. transportation). 

 They can be employed in the clothing industry to create special clothes with body temperature regulating 

properties. 

 They are also used for medical applications (i.e. transportation of blood, operating tables, hot-cold 

therapies). 

A good example of electronics thermal management through PCMs is reported in Kandasamy et al. (2007). 

A thermal protection system is designed and an experimental setup is built to simulate the applications of 

typical portable electronic devices.  A package of PCM is built and a flat heater is positioned on a side of the 

package to simulate the electronics heat load. Tests were carried out for different power dissipation rates and 

on-off cycle frequencies of the heater. Thirty-one thermocouples monitored the temperature gradient across 

the PCM bed and an IR camera could capture the temperature evolution of the system through the 

transparent casing. Results are compared to the model predictions and the influence of the PCM thermal 

properties, in particular of the low thermal conductivity, is discussed. 

The work from Jakaboski (2004) about electronics thermal management through PCMs was described and 

analyzed in Section 1.2. Building on Jakaboski’s work, some further general considerations regarding the use 

of PCMs in downhole tools are reported next, starting from the qualitative evaluation of their effect on the 

electronics temperature evolution in time (Figure 2.36). 

 

Figure 2.36  Qualitative representation of the temperature trend in time of the electronics in case of passive cooling (dark blue 

curve), use of a flask (blue curve) and use of a flask + phase change materials (light blue line). 

The integration of phase change materials into a downhole tool requires the employment of a Dewar flask. 

The flask is significantly beneficial for this type of systems, since it minimizes the heat load due to thermal 

leakages through the housing and significantly increases the available exposure time downhole. Compared to 
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the use of a Dewar flask only, we can say that phase change materials “can buy some extra exposure time 

downhole”. The extra-time extension is proportional to the electronics efficiency and depends on some 

important properties of the PCM; these properties become important design parameters for the system. 

 No feed power is requested, unless a flow loop is used. 

 The performance of the system can be evaluated with the “available exposure time downhole” and 

the system compactness, instead of the COP.  

 The system is approximately independent from the well fluid flow conditions, contrarily to other 

systems which rely on the heat rejection to the well. 

 The required amount of PCM, for a certain exposure time at a certain well temperature, can be 

calculated in first approximation from the electronics power dissipation rate. 

 The melting temperature of the system should be as close as possible to the maximum operating 

temperature of the electronics. PCM for high temperatures are commercially available. 

The type of integration into a downhole tool has to be assessed according to the design constraints and the 

availability of space inside the device. The electronics could either be mounted directly on a metallic box 

containing the PCB or be thermally coupled with the PCM, located in an additional tool section, through a 

heat spreading system. Lumped properties calculations and finite element simulations can support and 

evaluate the feasibility of such a system. 
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2.5 Theoretical feasibility study conclusions 

In this chapter, the main active cooling technologies currently available have been analyzed in terms of their 

strengths and weaknesses. Theoretical models and first-approach calculations, supported by a review of the 

scientific literature, have been used for this purpose. A summary of the findings from such feasibility study is 

provided in Table 2.11 and further articulated in this section. 

Table 2.11  Feasibility evaluation matrix for the analyzed cooling technologies. 

* Fair/poor     ** Marginal     *** Good     **** Very good 

Technology Efficiency Packaging Cost Required development Feasibility 

Vapor compression cycle **** *** ** ** ** 

Themoelectric cooler * **** **** **** *** 

Reverse Brayton cycle * ** ** ** ** 

Magnetic cooler *** * * * * 

Phase change materials / *** *** *** *** 
 

Some of the analyzed technologies have shown objective limitations that prevent them from being integrated 

into the well tractor electronics section. Magnetic refrigeration, for instance, proved to be not compact 

enough, and without good refrigerants for the required operating temperature range. The reverse Brayton 

cycle showed similar features to the vapor compression systems, but exhibited much lower efficiencies and 

significantly larger required heat transfer areas. 

On the other hand, vapor compression cycles, thermoelectric coolers and PCMs represent suitable options for 

implementation in the well tractor electronics section. The advantages and drawbacks of each of the three 

technologies are summarized in the three tables below. 

Table 2.12  Vapor compression cycles. 

Benefits 
 

Drawbacks 

It can operate with large cooling loads and 

temperature spans 

 Not very compact technology (requires a 

compressor, two heat exchangers and an 

expansion valve) 

High coefficient of performance 
 The HT(~200 ⁰C) compressor needs to be 

designed, since not commercially available 

Low power consumption and low heat flux to be 

rejected to the well 

 Large development time and costs (HT 

compressor is the critical component) 
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The downhole operating time is only limited by 

the life span of the components 

 It involves moving parts (compressor) and a fluid 

loop 

 
 An additional tool section is required for the heat 

rejection from the coolant to the well 

 
 It requires a suitable power supply for the 

compressor 
 

 

Table 2.13  Thermoelectric cooling. 

Benefits 
  

Drawbacks 

Very compact  

(~ from 10x10x3 to 40x40x4 mm) 

 
Low cooling efficiency (Coefficient of 

Performance) 

The coolers do not have moving parts 
 

High heat fluxes to be rejected to the well 

The coolers can be directly integrated into the 

electronics section, preserving the tool length  

 
Coolers require a suitable power supply 

HT Peltier coolers are commercially available 

(~ 20 - 40 $/piece) 

 
 

The downhole operating time is only limited by 

the life span of the components 

 

 
 

 

Table 2.14  Phase-change materials. 

Benefits 
 

Drawbacks 

No additional power consumption 
 

PCM need to be coupled with the flask technology 

No moving parts  
 

The chassis needs a different design 

Heat pipes can interface the electronics with the 

heat sink given by the PCM 

 An additional section is required for the storage of 

the PCM; the length of this section is proportional 

to the power dissipation rate of the electronics 

(~0.2-1.5 m) 

The electronics thermal profile does not depend on 

the well fluid flow conditions 

 The downhole operating time is strictly correlated 

to the power dissipation rate of the enclosed 

electronics. 

PCMs “buy” an additional operating time 

downhole, compared to the only use of the Dewar 

flask 

 The downhole operating time is strictly correlated 

to the history of the intervention and to the 

temperatures at which the tool is exposed. 
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The development of a reliable HT compressor represents a very critical point for the implementation of the 

vapor compression cycle. As it has been also reported in the literature, its development requires a significant 

amount of resources, which makes this technology less attractive for downhole electronics refrigeration. 

Phase change materials, instead, represent a fairly simple solution to implement in a downhole electronics 

section. They do not necessarily involve moving parts, can be integrated without any electrical connection, 

and do not rely on a high heat transfer rate between the tool and the well environment. However they can 

only guarantee a limited time below the maximum electronics temperature, which is also strictly related to 

the history of the well intervention and of the temperature exposure. Furthermore, the design of the well 

tractor electronics section should be re-organized and increased in length. 

Considering the compactness of the tool a very important parameter to preserve, thermoelectric coolers 

represent a more suitable solution. They could be integrated directly in the existing electronics unit, without 

increasing the existing size of the tool. They also do not have moving parts and can guarantee a theoretically 

unlimited cooling time period downhole. However, their low COP might lead to large heat fluxes to reject to 

the well and require some advanced heat dissipation systems to avoid an overheating of the cooling system 

and of the electronics. The coolers integration scheme and thermal management principle is analyzed in 

detail and illustrated in the following chapters. 
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3. Thermal modeling of the 

well tractor electronics 

This chapter aims at introducing the well tractor electronics section, and gives an overview of the tool 

geometry and electronic components. A particular focus is put on the thermal characterization of the 

electronics in terms of thermal integration in the tool, power dissipation, and maximum operating 

temperature. The calculation of the electronics power dissipation rates is crucial for the definition of the 

cooling load for the active cooling system.  

It was first thought to measure this quantity directly, by measuring voltage and current before and after each 

electronics group and calculating the difference of the powers. However, the complexity of the system and a 

difference of two orders of magnitude between the power transmitted through the electronics and the actual 

dissipated power, made this approach very challenging, and therefore the datasheets and the operating 

conditions of each component have been used to evaluate the electronics power dissipation rates. They were 

then implemented in a thermal model of the well tractor and validated with experiments. 

 

3.1 Well tractor electronics section 

Figure 3.1 shows a detailed 3D model of the well tractor electronics section where the metallic cartridge and 

the electronic components can be observed. The metallic housing is not included in the main figure for the 

sake of a clearer representation.   
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Figure 3.1  3D CAD model of the well tractor electronics section. The main components are illustrated. A surface of the cartridge is 

hidden to show two of the components from Group 4. The complete tool, inclusive of the housing, is shown in the smaller picture. 

The overall length of the tool is approximately 0.9 m. 

The ~0.9 m long metallic cartridge represents the solid and thermally conductive support on which the 

electronics are installed. Electronic components are either mounted on the cartridge (power devices or PDs) 

or on printed circuit boards (PCB). The first are interfaced to the metallic support through an alumina plate 

and some thermal grease; they are characterized by a low thermal resistance to the well, as both the cartridge 

and the housing are good thermal conductors. The latter are soldered onto a circuit board; they are 

characterized by a higher thermal resistance towards the well, as the PCB material is usually not a good 

thermal conductor and the boards are surrounded by air, which acts as an insulator. The electronic 

components within the tool can be defined as either active or passive, depending on whether or not they 

dissipate any power during the tool operations. Furthermore, some electronics could be replaced by high-

temperature components and others could not because of unavailability from the market, space constraints, 

or prohibitive costs. 

In Figure 3.1, electronics are divided into four different groups, each of them characterized by different 

tasks, located on different sections of the cartridge, and composed of different components. This grouping 

approach is useful to assess which are the critical sections that dissipate the most power, where the hot spots 

are located, and which sections need active cooling. The datasheet of the electronic components was used to 

estimate their power dissipation rate, according to the reference operating conditions. The operation at “full 

load” was chosen as a reference condition in order to estimate the maximum dissipated heat flux. The results 

of this study contribute to the calculation of the cooling load and the dimensioning of the integrated cooling 

system. 

Table 3.1 reports a list of the main components installed in the well tractor electronics section, with their 

dimensions, while an overview of the well tractor electronics components is reported in Table 3.2. 
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Table 3.1  Main components of the well tractor electronics section and their geometrical features. 

Component Material Dimensions Quantity 

Thermal 

conductivity  

(W/m-K) 

Cartridge Metallic alloy 
O.D. 62 mm 

Length 872 mm 
1 

105 @ 20 °C 

145 @ 200 °C 

155 @ 300 °C 

Housing Metallic alloy 

O.D. 80 mm 

I.D. 62 mm 

Length 872 mm 

1 

105 @ 20 °C 

145 @ 200 °C 

155 @ 300 °C 

Square PCB FR4 57 x 57 x 1.6 mm 3 

0.3 through-plane 

20 in-plane 

(Graebner et al. 

(1997)) 

Long PCB FR4 126 x 57 x 1.6 mm 3 

0.3 through-plane 

20 in-plane 

(Graebner et al. 

(1997)) 

Electronic PDs 
Semiconductor 

substrate 
20 x 16 x 5 mm 14 130 

Cylindrical 

components 
Aluminum alloy Ø 47 x 87 mm 2 160 

Screws Aluminum alloy M4 x 12 32 170 

Alumina plates Alumina 21 x 18 x 1 mm 14 27 

Passive PCB 

components 
Plastic Variable Multiple 0.26 

Active PCB 

components 

Semiconductor 

substrate  
Variable Multiple 130 
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Table 3.2  Characterization of the well tractor electronic components. 

 Component Location 

Estimated power 

dissipation rate  

(W) 

Max. 

operating 

temperat

ure (°C) 

Active or 

Passive? 

(A/P) 

HT version 

availability ? 

(Y/N) 

Group 1 PCB On PCB 1.2 W in total 175 A Y 

Group 2 
6 x PD 

On 

cartridge 

2.6 W/pc @ 25 °C 

3 W/pc @ 125 °C 
175 A Y 

PCB On PCB 0.7 W in total 175 A N 

Group 3 
6 x PD 

On 

cartridge 

2.6 W/pc @ 25 °C 

3 W/pc @ 125 °C 
175 A Y 

PCB On PCB 1 W in total 175 A N 

Group 4 

1 x PD 
On 

cartridge 
0 W 175  P Y 

1 x PD 
On 

cartridge 

4.7 W/pc @ 25 °C 

3.8 W/pc @ 150 °C 
175 A Y 

2 x 

Cylindrical 

components 

On 

cartridge 
0 W 175 P Y 

 

The total estimated heating rate of the well tractor electronics, at full load, is estimated ~38 W at 25 °C, and 

~43 W at 150 °C. The components with the higher heating rates are installed on the cartridge and can be 

replaced by high temperature ones. Only ~4 W come from the components installed on the PCB, ~2 W of 

which come from components without HT replacements available.  

 

3.2 Well tractor thermal model 

The geometry illustrated in Figure 3.1 was implemented in a finite element model to simulate the heat 

transfer within the well tractor electronics. The software COMSOL Multiphysics 

(COMSOL Multiphysics 5.0) was used for this purpose. In order to simulate the heat transfer phenomena 

and obtain the steady state temperature distribution across the tool, the heat transfer PDE was implemented 

as governing equation. 

∇ ∙ (−𝑘∇𝑇) = 𝑄𝑠𝑜𝑢𝑟𝑐𝑒  (3.1) 

 Where k is the material thermal conductivity, T is the temperature and Qsource is a volumetric heat source. 

Eq. (3.1) was solved over the whole simulated geometry, including the air domain surrounding the 

components inside the housing. No free convection phenomena were simulated within the air domain, 

although they would be expected to increase the heat exchange rate between the electronics and the well. 
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Their contribution to the heat transfer within the tool was considered negligible, compared to the thermal 

conduction, and not worth the additional computational cost that their implementation would have required.  

The materials and the thermal properties reported in Table 3.1 were assigned to each component. The 

thermal conductivity values for the cartridge and the housing were interpolated with a piecewise cubic 

Hermite polynomial. The temperature-dependent properties provided by COMSOL, from ASHRAE (1993), 

were used for the air domain. 

A heat source was assigned to every active electronic component, according to the power dissipation rates 

reported in Table 3.2. While the PCBs were characterized by constant power dissipation, a heating rate that 

depends on the operating temperature was assigned to the PDs. The data available from the datasheet were 

interpolated to build a correlation between these two quantities. A linear interpolation was used for PD2 and 

PD3. A decreasing exponential function was used for PD4, in accordance to the trend of the resistivity of 

certain semiconductors with temperature (see Figure 3.2). Outside the interpolation range, the power 

dissipation was conservatively assumed constant. 

  

Figure 3.2  Power dissipation trend with temperature for the PDs in the electronic groups 2 and 3 (left), and 4 (right). 

While the alumina plates, which are mounted at the interface between the PDs and the cartridge, were 

included in the simulation as domains, no thermal grease layers were built in the geometry. For this reason 

an equivalent thermally resistive layer was inserted at the interface between the PDs and the Al2O3 plates, as 

well as between the Al2O3 plate and the cartridge. A thermal resistance Rth,grease = 2.5e-5 m
2
K/W was set, 

equivalent to a 0.1 mm thick layer of thermal grease with a conductivity of 4 W/m-K. 

Additionally, a thermal resistance was set at the interface between the cartridge and the housing. In order to 

assemble the two cylindrical parts, a certain clearance needs to be maintained, and the air occupying such 

clearance acts as thermal insulator and introduces an additional thermal resistance. For an effective passive 

cooling, this air gap should be reduced as much as possible. The housing and the cartridge have been 

modelled with the same diameter, not to introduce small mesh elements (< 1 mm) that would significantly 

increase the computational cost. To account for this thermal resistance the profile of the air gap was 

analytically reproduced, as conceptually shown in Figure 3.3. A profile of the air gap thickness was defined 

along the coordinate z (refer to Figure 3.1), and implemented in the model as a thermal resistive layer. The 
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thermal transmittance of the layer was set equal to the thermal conductivity of air and dependent on the 

operating temperature. 

 

Figure 3.3  Air gap profile between cartridge and housing. The housing I.D. is purposely scaled up to better show the concept. 

 

 
Figure 3.4  Cartridge-housing thermal resistance vs. z coordinate. The z coordinate range goes from -rc to +rc, where rc is the radius 

of the cartridge. 
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Since the heat transfer within the tool occurs mainly radially (from the electronics to the well fluid), a 

thermal insulation boundary condition was set at the two ends of the tool: 

−𝒏 ∙ (−𝑘∇𝑇) = 0 (3.2) 

Where n is the surface normal vector. To simulate the thermal interaction between the tool and the well fluid, 

another type of boundary condition was set on the outer surface of the housing: 

−𝒏 ∙ (−𝑘∇𝑇) = ℎ(𝑇 − 𝑇𝑒𝑥𝑡) (3.3) 

Where Text is the well fluid temperature and h is the convection heat transfer coefficient that characterizes the 

interaction between the well fluid and the housing. In case the well fluid flow is very high, or the temperature 

profile of the outer housing is known, Eq. (3.3) can be replaced by the following expression: 

𝑇 = 𝑇𝑒𝑥𝑡(𝑥, 𝑦, 𝑧) (3.4) 

 

3.3 Experimental results and model validation 

The model predictions were compared to some experimental results, in order to validate the power 

dissipation calculations for the electronic components. As a reference for the validation process, the 

steady-state temperature of the main electronic components was compared. 

The well tractor electronics section was tested at “full load”, accordingly to the power dissipation 

calculations. A dry oven with air recirculation was used to test the tractor at the temperatures of ~120 °C, 

~150 °C and ~170 °C. Seven thermocouples were used to monitor the temperature of the main components 

inside the tool and six thermocouples were used to monitor the temperature around the housing. One 

thermocouple measured the oven temperature. Figure 3.5 shows a schematic representation of the 

experimental setup and Figure 3.6 shows where the thermocouples were located in the tool. 

 

Figure 3.5  Schematic representation of the experimental setup used for the thermal characterization of the well tractor electronics.  
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Figure 3.6  Illustration of the placement of the thermocouples within the tool. Thermocouples are labeled according to the 

component they are monitoring. The labels UH and LH stand for “upper housing” and “lower housing”, respectively, and are 

numbered according to the electronics group they correspond to. 

Type-K thermocouples were used to measure the experimental temperatures, which were then compared to 

the predictions from the model. An accuracy of ± 1.5 °C was used for the thermocouples, according to IEC 

584 Class 1. Model data points were obtained from the corresponding 1.5 cm
2
 square location within the 

finite-element geometry. Actual measurements were compared with the average temperatures, while lower 

and higher error bands were introduced according to the model prediction for the maximum and minimum 

temperatures within the 1.5 cm
2
 square. 

In order to compare the experimental results to the model predictions, consistent boundary conditions needed 

to be set according the experimental conditions. Since the convection heat transfer coefficient that describes 

the thermal interaction between the tool and the airflow in the oven is not known and is complex to predict 

accurately, a temperature-boundary condition (see Eq. (3.4)) was chosen for these simulations. The housing 

outer surface was split in 4 zones and a temperature profile corresponding to the experimentally obtained 

profile was imposed. 

Figure 3.7, Figure 3.8, and Figure 3.9 show the simulated temperature distribution across the well tractor 

electronics at 120 °C, 150 °C, and 170 °C, respectively. Figure 3.10, Figure 3.11, and Figure 3.12 illustrate 

the comparison between the predicted and measured temperatures. The comparison of the single temperature 

values is reported in Table 3.3. 
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Figure 3.7  Simulated temperature profile of the well tractor electronics for the validation of the model at ~120 °C . 

 

 

Figure 3.8  Simulated temperature profile of the well tractor electronics for the validation of the model at ~150 °C. 
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Figure 3.9  Simulated temperature profile of the well tractor electronics for the validation of the model at ~170 °C. 

 

 

Figure 3.10  Comparison between experimental and modeling temperatures of the electronics. Average operating temperature equal 

of 121.8 °C. 
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Figure 3.11  Comparison between experimental and modeling temperatures of the electronics. Average operating temperature of 

150.7 °C. 

  

 

Figure 3.12  Comparison between experimental and modeling temperatures of the electronics. Average operating temperature of 

166.2 °C. 
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Table 3.3  Experimental temperatures recorded at steady state during the tests on the well tractor electronics. 

Component Temperature (°C) 

 Exp. Model Exp. Model Exp. Model 

Oven 121.8 150.7 166.2 

PCB1 130.8 130.8 158.3 158.6 173.6 173.9 

PD2 128.1 128.9 156.3 156.9 172.1 172.4 

PCB2,L 127.9 128.7 156.1 156.7 171.9 172.2 

PCB2,R 127.5 128.2 155.6 156.3 171.3 171.8 

PD3 129.1 129.1 156.8 157.1 173.0 172.6 

PCB3 129.5 129.0 156.9 157.0 172.8 172.5 

PD4 129.4 128.3 156.8 156.2 172.9 171.7 

LH4 125.2 153.3 169.0 

LH3 125.0 153.1 168.7 

LH2 124.9 153.2 168.6 

LH1 123.5 151.5 166.8 

UH4 124.6 152.4 168.0 

UH1 123.1 150.8 166.1 
 

3.4 Thermal characterization conclusions 

In this chapter the thermal characterization of the well tractor electronics has been presented. The main 

components of the electronics section have been illustrated and described. The electronics have been 

differentiated into different groups and characterized in terms of maximum temperature rating, type of 

installation, and power dissipation. The power dissipation rates were first estimated through the component 

datasheets and then validated experimentally. In order to do so, a finite-element model of the well tractor 

electronics was implemented in the software COMSOL Multiphysics and compared to experimental results. 

The study confirms a good agreement between the model predictions and the experimental results. A 

maximum temperature difference between the predicted and measured temperatures of 1.2 °C was found and 

an average of 0.5 °C. The power dissipation of the well tractor electronics, reported in Table 3.2, has been 

estimated with a satisfactory degree of accuracy. Furthermore, it was found that only the two PCBs 

belonging to groups 2 and 3, and dissipating ~2 W in total, need to be actively cooled, while the other 

components can be replaced by high temperature parts. The next chapter will illustrate how the thermal 

management principle and the active cooling system have been implemented, accordingly to the findings 

presented in this chapter. 
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4. TEC integration principle 

and Prototype mark-1 
Building on the analysis of the well tractor electronics, this chapter presents the implementation of the 

thermoelectric cooling system into the downhole tool. The thermal management strategy is illustrated 

together with the main characteristics that describe the system. The design of a first proof-of-concept 

prototype is subsequently developed and illustrated. The construction of what it will be called Prototype 

mark-1 for the remainder of this thesis is designed as a simple test setup with which to perform some basic 

tests and gain experience with the system. The prototype was in fact used to determine which commercial 

cooler best fits the application and how the Peltier module could be effectively integrated into the tool. 

Building and testing Prototype mark-1 has been important to develop a deep understanding of the system and 

define some guidelines for improvement. Starting from the experience with Prototype mark-1, an accurate 

model of the system has been developed and used for optimization, as it will be shown in chapter 5. Some of 

the analyses and results illustrated in this chapter have been presented at the 24
th
 International Congress of 

Refrigeration 2015, which took place in Yokohama, Japan (Soprani et al (2015a)). The conference paper and 

the presented poster are attached in the Appendix A. 

 

4.1 Thermal management principle 

The analysis of the well tractor electronics showed that the temperature sensitive electronics in groups 2 and 

3 need active cooling, while electronics from groups 1 and 4 can be fully replaced by HT components 

(see Figure 3.1 and Table 3.2). As it can be noticed in Figure 4.1, groups 2 and 3 are structured in the same 

way, so one thermal management strategy can be developed for both the groups. 
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Figure 4.1  Well tractor electronic groups 2 and 3. The analogue structure is shown. Each group contains 6 x power devices (PDs or 

HTNS), which are high temperature-non sensitive, and 1 x printed circuit board (PCB or HTS), which is high temperature-sensitive. 

Specifically, both the PCBs from groups 2 and 3 need to be maintained below 175 °C, and are therefore 

defined as high temperature-sensitive (HTS) components. The PDs from both groups 2 and 3, instead, can be 

replaced with high temperature components, and are therefore defined high temperature-non-sensitive 

(HTNS) components.  

In order to deliver the cooling required by the electronics, two thermal management options were considered. 

1. Enclose the whole electronics group into a Dewar flask, to minimize the heat leakages, and provide 

cooling to both the PDs and the PCBs. In this case the cooling load would be equal to the power 

dissipation rate of the whole electronics (~19 W), plus the much smaller contribution coming from 

the heat leakages through the flask (~1 W). The design of the well tractor electronics should be 

revised and additional connections should be designed to couple the Dewar flask to the rest of the 

tool. Also, an effective technique to reject the excess heat from the hot plate of the cooler to the well 

should be found. That would likely require the use of additional heat exchangers or heat sinks that 

would increase the length of the tool. 

2. Differentiate the cooling techniques for the PCBs, which would be actively cooled by the TEC and 

maintained below the operating temperature; and for the PDs, which would be passively cooled by 

rejecting the heat to the well through the metallic cartridge and housing. In this case, the cooling load 

would be equal to the PCB power dissipation (~1 W), plus the incoming heat flux through the 

housing, which is estimated to be lower than 19 W if effective thermal insulation is applied. 

Furthermore, there would be no need to include an additional tool section, as the excess heat from 

the cooler could be rejected radially through the metallic housing. In this way the original length of 

the tool could also be maintained. 

The second option shows several advantages for the application, according to the design criteria, and could 

be implemented in the tool as shown in Figure 4.2. 
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Figure 4.2  Thermal integration of the TEC and thermal management principle of the electronic groups 2 and 3. Components 

involved in the system (a) and main design parameters (b). 

The HTNS electronics are mounted on a bottom chassis and passively cooled, while the HTS electronics are 

thermally coupled to the cold plate of the Peltier module. A soft thermal pad and a metallic heat spreader are 

used to provide such thermal interface. The soft thermal pad is able to ensure effective contact over the 

irregular height on the surface of the PCB, while the heat spreader conducts the heat from the load to the 

TEC cold plate. The hot plate of the TEC is in thermal contact with the top part of the chassis for the 

rejection of the excess heat. Both the bottom and top parts of the chassis are in tight contact with the 

cylindrical housing to minimize the thermal contact resistance. The remaining part of the section is filled 

with thermal insulation that protects the cooled HTS electronics from the hot surrounding and minimizes the 

heat leakages. 

In accordance to the analysis reported in Chapter 3, the HTNS components dissipate a total of 18 W while 

the HTS electronics dissipate 1 W. This design aims at a maximum operating well temperature of 200 °C and 

a corresponding maximum HTS electronics temperature of 175 °C. The hot side of the system is constrained 

to operate below 232 °C, which corresponds to the melting temperature of the solder employed in the TEC. 

A reference convection coefficient, which describes the heat transfer in the downhole environment, can be 

set to 100 W/m
2
K (Flores (1996)). However, the design of the unit should aim to minimize the required heat 

rejection rate. 

 

4.2 Description of Prototype mark-1 

According to the thermal management principle shown in Figure 4.2, a first lab-prototype, Prototype mark-1, 

was designed and manufactured. An aluminum chassis was designed in two halves, in order to be interfaced 

with the HTNS electronics on the bottom and with the thermoelectric cooling system on the top. In the top 

part of the chassis two flat aluminum pads were included to accommodate 2 x TECs. Different installation 

techniques were tested as reported in Section 4.4. Four pins were installed to secure the two chassis halves 

close together properly before being slid into a metallic housing. The O.D. of the chassis was designed in a 

way that a tight contact could be ensured with the housing. 
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Three different types of HT thermoelectric coolers were bought for testing from different suppliers. They are 

characterized by a maximum operating temperature of 200 °C and a maximum hot plate temperature of 

232 °C.  

Test electronics, composed of resistive components, were used to simulate the well tractor electronics: 

6 x 10 kΩ resistors were used to reproduce the HTNS components (power devices), and 5 x 33 Ω resistors 

were installed on a printed circuit board to reproduce the HTS electronics (PCB components). 

A soft thermal interface material (TIM), 2 mm thick and with a thermal conductivity of 4.2 W/m-K, was 

employed to interface the HTS electronics on the PCB to the copper heat spreader, composed of a 2 mm 

thick copper plate. 

Thermally insulating polyimide foam, rated for high temperatures and with a thermal conductivity of 

0.046 W/m-K (at 25 °C), was used to fill the unit and protect the cooled zone from the hot surrounding. A 

300 mm long metallic housing, with an I.D. of 62 mm and an O.D. of 80 mm, was used to contain the 

aluminum cartridge and the electronics. More detailed dimensions of the components are listed in Table 4.1 

and a 3D model of the system is illustrated in Figure 4.3 and Figure 4.4. Some pictures of the manufactured 

system are shown in Figure 4.5. 

The drawings of the parts and the datasheets of the three different coolers are attached in Appendix B. 

Table 4.1  List of the components used in Prototype mark-1 and their features. 

Component Dimension Material Additional features 

Metallic housing 

O.D. = 80 mm    

I.D. = 62 mm    

Length = 300 mm 

Metallic alloy 

k = 105 W/m-K @ 20 °C 

k = 145 W/m-K @ 200 °C 

k = 155 W/m-K @ 300 °C 

Top chassis 
O.D. = ~ 62 mm    

Length = 200 mm 
Aluminum alloy k = 138 W/m-K 

Bottom chassis 
O.D. = ~ 62 mm    

Length = 200 mm 
Aluminum alloy k = 138 W/m-K 

Heat spreader 120 x 41 x 5 mm Copper k = 400 W/m- K 

Soft thermal interface 

material (TIM) 
115 x 40 x 2 mm Polymer 

k = 4.2 W/m-K 

Electrically insulating 

Peltier coolers 

#1 : 30 x 30 x 3.6 mm (36 Wmax) 

#2 : 34 x 30 x 3.3 mm (41 Wmax) 

#3 : 40 x 40 x 3.9 mm (62 Wmax) 

Bi2Te3 based 

semiconductors 

Al2O3 plates 

Max operating T = 200 °C 

Max hot plate T = 232 °C 
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HT thermal  

insulation 
------ Polyimide foam 

k = 0.046 W/m-K @ 25 

°C 

HTNS electronics 
6 x 10 kΩ  

20 x 16 x 4.8 mm 
Thin film resistor 

Mounted on bottom 

chassis 

Connected in parallel  

Rtot = 1667 Ω 

HTS electronics 

PCB : 120 x 41 x 1.6 mm 

5 x 33  Ω  

Length = 9.4 mm  

Carbon film 

resistor 

Mounted on PCB 

Connected in series  

Rtot = 166 Ω 
 

 

 

 

 

 

Figure 4.3  3D model of Prototype mark-1. The longitudinal section, along the axis of symmetry, is illustrated. The empty space in 

the unit is filled with thermally insulating foam. 
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Figure 4.4  Illustration of the thermocouple placements within Prototype mark-1. Thermocouples are labeled according to the 

component they are monitoring. 

  

 

 

 

Figure 4.5  Implementation of the experimental setup. Bottom half of the chassis with the HTNS electronics (a), top half of the 

chassis with two HT thermoelectric coolers and thermal insulating foam (b), HTS electronics installed on a printed circuit board with 

heat spreader and soft thermal pad (c), cylindrical housing with 4 welded thermocouple wires (d). 
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The tests on Prototype mark-1 were carried out in the experimental setup illustrated in Figure 4.6. The tool 

was tested in a dry ventilated oven, so the operating temperature could be varied. Two power supplies fed the 

Peltier coolers and the two sets of electronics, respectively. The feed voltage and current to the TECs were 

monitored by two voltmeters and two current meters, respectively. Nine type-K thermocouples measured the 

temperature of the following components (see Figure 4.4). 

 THTS measured the temperature of the HTS electronics and was installed in between the PCB and the soft 

thermal pad. 

 THP measured the temperature of the top half of the cartridge, close to the cooler hot plates. 

 TCu measured the temperature of the copper heat spreader in between the two thermoelectric modules. 

 THTNS was installed on the casing of one test resistor from the HTNS electronics. 

 Tcart,b measured the temperature on the bottom half of the cartridge, where the HTNS electronics is 

mounted and passively cooled. 

 TH1 to TH4 measured the temperature along the housing outer surface and were averaged into one mean 

temperature Thousing,avg. 

The performance of the system was characterized by the temperature span across the coolers ΔTcooler and the 

feed power Pfeed.  

∆𝑇𝑐𝑜𝑜𝑙𝑒𝑟 = 𝑇𝐻𝑃 − 𝑇𝐻𝑇𝑆  (4.1) 

𝑃𝑓𝑒𝑒𝑑 = 𝑃𝑇𝐸𝐶,1 + 𝑃𝑇𝐸𝐶,2 = 𝑉𝑇𝐸𝐶,1𝐼𝑇𝐸𝐶,1 + 𝑉𝑇𝐸𝐶,2𝐼𝑇𝐸𝐶,2  (4.2) 

Where THP is the temperature measured on the aluminum pads of the top cartridge at steady state and 

approximated with the hot plate temperature, THTS is the temperature of the HTS electronics, measured on the 

PCB at steady state, VTEC is the feed DC voltage to the coolers, and ITEC is the current across the coolers.  

ΔTcooler was chosen as a figure of merit for the performance of the systems because it is an index of the 

capability of the cooling system to pump heat from the load to the hot reservoir. Furthermore ΔTcooler is not as 

sensitive to the oscillations of the heat transfer boundary conditions (oven temperature or recirculated air 

flow), as the single temperatures THTS and THP.  
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Figure 4.6  Schematic of the experimental setup used for testing Prototype mark-1. 

 

4.3 Approximation of the cooling load 

A preliminary set of tests were done on the setup to evaluate the cooling load to a  first approximation. As 

previously discussed, the cooling load is given by the sum of the HTS electronics power dissipation (QC,el) 

plus the contribution of the heat leakages through the thermal insulation (QC,leaks). While the power 

dissipation from the sensitive electronics has been estimated and set to 1 W, the influence of the incoming 

heat, which depends on the TECs operating conditions, is still unknown.  

Two Coolers #1 were mounted on the chassis with thermal grease and tested at room temperature. The 

operating conditions of the system (feed current) were varied and the temperatures within the system 

(temperature span across the plates) were recorded. The TEC datasheets, attached in Appendix B, were used 

to compare the experimental results to the characterization given by the supplier, and to estimate the 

absorbed heat flux for each operating condition. Because the datasheets only characterized the cooler 

performance at certain hot plate temperatures (30 °C, 50 °C, and 70 °C), linear interpolation was used to 

make the data comparable to the intermediate experimental conditions. In order to estimate the cooling load 

through this approach, it was assumed that the temperatures measured on the top chassis (THP) and on the 

PCB (THTS) corresponded to the temperatures of the hot and cold plates, respectively. The approximation was 

considered accurate enough for the estimation of the cooling load, given the small thermal resistance 

between the TEC plates and the location of the thermocouples. 

Given the dependence of the heat leakages on the temperature span across the cooler, a QC vs. ΔTcooler curve 

was built. Following this approach, it was possible to characterize the overall thermal resistance between the 

HTS electronics and the hot surrounding. 
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Figure 4.7  Estimated cooling load vs. temperature span across the cooler, with linear fit of the experimental data. 

Test results, illustrated in Figure 4.7, show a cooling load that ranges from ~3 W, for a temperature span of 

~7.5 °C, to ~16.5 W for a temperature span of ~57 °C. When the temperature span is equal to 0 °C there is 

still a cooling load of 1W. The linear fit proves to approximate the experimental trend with good accuracy 

(R
2
 > 0.99). The equation of the regression line, reported below, illustrates the two contributions to the 

cooling load QC.  

𝑄𝐶 = 0.268 
W

K
∙ ∆𝑇𝑐𝑜𝑜𝑙𝑒𝑟 + 1 W  (4.3) 

The intercept, equal to 1 W, represents the component of the cooling load due to the electronics power 

dissipation. The slope of the line, instead, can be interpreted as the thermal transmittance between the hot 

side of the system and the HTS electronics that characterizes the contribution of the heat leakages to the 

cooling load. The slope of the regression line is found to be equal to 0.268 W/K, which corresponds to a 

thermal transmittance of 3.556 W/m
2
K, if weighted on the housing outer surface area. Compared to the 

thermal conductance of a Dewar flask, previously estimated at ~0.02 W/m
2
K, this thermal insulation solution 

is much less effective. However, this thermal design allows the direct integration of the cooling system into 

the well tractor electronics and does not require additional tool sections. 

At high temperatures, the cooling load is expected to increase as a consequence of the rise in thermal 

conductivity of aluminum (chassis), semiconductor material (TECs), and polyimide foam (thermal 

insulation). Unfortunately, it was not possible to repeat this procedure to estimate the cooling load at high 

temperatures because of the lack of data from the supplier above 70 °C.  
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4.4 Selection of the assembly technique 

A first tranche of tests was made to assess which technique could be used to mount the TECs in the 

electronics section. The goal was to ensure a mechanically stable and thermally effective installation that 

could firmly hold the devices in place, avoid stresses due to thermal expansion, and minimize the thermal 

resistances at the interface with the TEC plates.  The tests aimed at evaluating the temperature span that the 

cooling system was able to maintain between the hot plate and the PCB, while varying the feed power.  

Two coolers of the type #1 (see Table 4.1) were installed on the aluminum pads of the top chassis with three 

different assembly techniques, which are described below.  

 Thermal Epoxy: silver based thermal epoxies were investigated to fix the hot and the cold plates of the 

coolers to the top chassis and the heat spreader, respectively. The stiffness of the cured epoxy would 

ensure good mechanical stability and good resistance towards external stresses. Furthermore, the high 

thermal conductivity of silver based epoxies would introduce a low thermal resistance at the interface 

with the plates. A two-part thermal epoxy with a thermal conductivity of 7.2 W/m-K and a maximum 

operating temperature of 260 °C was selected for the application. 

 Adhesive TIM: soft adhesive thermal pads were investigated as an alternative to the thermal epoxy. They 

could provide the mechanical connection between the cooler plates and the other components thanks to 

their adhesive property, and effectively conduct the heat thanks to their good thermal conductivity. 

Compared to epoxies, adhesive TIMs provide a more flexible mechanical connection, but can absorb the 

thermal expansion of the components decreasing the stresses on the coolers. An adhesive TIM with a 

thermal conductivity of 6 W/m-K and a maximum operating temperature of 200 °C was selected for the 

application. 

 Thermal grease (requires a clamping system): as a third option, thermal grease was investigated. 

Thermal grease can provide an effective thermal interface with thermal conductivities in the same order 

of magnitude of silver epoxies and adhesive TIM. Thermal grease would leave the modules free to 

expand eliminating the stress due to thermal expansion. However, the use of grease only would not 

provide any mechanical stability and a clamping system would be needed. Two screws could be installed 

through the heat spreader and the PCB, and screwed into in the top half of the chassis, in order to put the 

TECs in slight compression and hold them in place. Thin plastic screws could be used to minimize the 

heat leakages from the hot chassis to the cooled PCB. Because Prototype mark-1 was not designed to 

support a clamping system, thermal grease only was used to test the effectiveness of the thermal 

interface. Thermal grease with a thermal conductivity of 5 W/m-K and a maximum operating 

temperature of 180 °C was selected for the application. 

Each of the described mounting techniques was tested at room temperature, before and after cycling the 

setup up to 170 °C in the oven. The test results are shown in Figure 4.8. 
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Figure 4.8  Temperature span across the cooler ΔTcooler vs. coolers feed power for different installation techniques. 

Thermal epoxy proved to provide a mechanically robust connection and an effective thermal interface, as it 

can be seen by the increasing trend of ΔTcooler in Figure 4.8. As the second best performing interface material, 

temperature differences up to 55 °C could be obtained. However, the performance of the system significantly 

dropped after exposure at high temperature, and only a maximum temperature span of ~34 °C could be 

reproduced. The issue was investigated and found to be related to thermal expansion. 

The alumina plates of the cooler have a coefficient of linear expansion of 8∙10
-6

/°C, which is much lower 

than the employed thermal epoxy (41∙10
-6

/°C), and of copper and aluminum (17~22∙10
-6

/°C). When exposed 

to high temperatures, the expansion of the neighboring components likely induced stresses into the alumina 

plates, causing cracks and affecting the thermal contact with the neighboring components. This hypothesis 

was confirmed by the measurement of the electrical AC resistance (ACR) of the modules, before and after 

the exposure to high temperature. Measuring the ACR of a Peltier module can reveal whether any 

phenomena, in this case thermal expansion, has affected or degraded the electrical configuration of the 

system, inducing eventually higher heat losses and lower efficiency. At the end of the tests at room 

temperature, an electrical resistance of ~3 Ω (at 23 °C) was measured for both the modules, while ~9.5 Ω (at 

23 °C) was measured after the exposure to high temperature, showing that thermal expansion had modified 

the electrical connections in the system. The more than tripled electric resistance led to a significantly higher 

excess heat to be rejected, that in turn increased the heat leakages through the insulation, increased the 

cooling load, and affected the performance of the system. Further tests at high temperature led to system 

failure, after which the ACR of the modules was larger than 10 MΩ. 

No degradation due to thermal expansion was noticed for the adhesive thermal pad and for the thermal 

grease, which either absorbed or allowed the thermal expansion of the components. The adhesive pad, 

however, showed the poorest thermal properties. Unexpectedly, feed powers above ~45 W generated lower 
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temperature spans than feed powers below ~45 W. The additional Joule losses and transported heat flux, 

caused by higher feed powers, could not be effectively dissipated because of the poor thermal interface. The 

ineffective heat rejection led to a higher heat flux leaking into the cooled zone, increasing the cooling load 

and affecting the system performance. An inhomogeneous adhesion between the soft pad and the other 

components, or a thermally resistive behavior of the adhesive compound, could have contributed to the poor 

thermal interface. However, this phenomenon was not further investigated because it is outside the scope of 

this work. 

The thermal grease, which showed the best system performance, was therefore chosen as a thermal interface 

material for the installation of the TECs. A clamping system, which can guarantee a stable contact and hold 

the coolers in place, should be included in the next designs of the system. 

 

4.5 Selection of the cooler 

The three different types of cooler listed in Table 4.1, which vary in size and cooling capacity, were the 

object of preliminary tests at room temperature to assess which was the most suitable for the application. 

Two coolers of each type were mounted in the system and tested. Also for these tests, the performance of the 

system was evaluated in terms of temperature span across the cooler at different feed powers. The coolers 

were interfaced to the heat spreader and the top chassis with thermal grease, according to the findings from 

the previous section. The test results are illustrated below. 

 

Figure 4.9  Temperature span across the cooler ΔTcooler vs. coolers feed power for different coolers in size and cooling action. 
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Figure 4.9 shows the comparison between the performances of the three types of cooler. Cooler #1, 

characterized by a maximum cooling power of 36 W, proves to be the best performing type of cooler with a 

temperature span that ranges from ΔTcooler = 16.7 °C at Pfeed = 2.8 W, to ΔTcooler = 61.0 °C at Pfeed = 77.8 W. 

Cooler #2, characterized by a maximum cooling power of 41 W, shows the lowest performance, with a 

temperature span that varies from ΔTcooler = 14.1 °C at Pfeed = 3.1 W, to ΔTcooler = 56.6 °C at Pfeed = 84.5 W. 

Cooler #3, characterized by a maximum cooling power of 62 W, shows a performance which is very similar 

to Cooler #1, with a temperature span that ranges from ΔTcooler = 16.6 °C at Pfeed = 3.7 W, to 

ΔTcooler = 65.09 °C at Pfeed = 99.8 W.  

Analogue evaluations can be done when looking at the trend of the system COP vs temperature span, 

illustrated in Figure 4.10. The COP was estimated by calculating the absorbed heat flux through Eq. (4.3), 

assuming that the thermal resistance from the outer housing to the electronics would not change by using 

coolers with slightly different dimensions and configurations (from 30x30 to 40x40 mm). 

 

Figure 4.10  Estimated COP (left y-axis) and estimated cooling load (right y-axis) vs. temperature span across the cooler for 

different coolers in size and cooling action. The cooling load at a given ΔTcooler is assumed the same for the three coolers. 

As expected, the COPs decrease with the temperature span and the cooling load. The system operates at 

room temperature between a COP of 2.0 and 0.2. Cooler #1 proves to be the most efficient in the studied 

operating range, while Cooler #2 proves to be the most inefficient. Cooler #3 operates very similarly to 

Cooler #2 at low temperature spans, while has a similar behavior to Cooler #1 at higher temperature spans. 
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4.6 Tests at high temperature 

Prototype mark-1 was also used to perform some preliminary tests at high temperature. Two Coolers #1 

were mounted in the system with thermal grease, in accordance to the results from the previous sections. The 

setup shown in Figure 4.6 was also used to perform tests from room temperature to 170 °C. The temperature 

distribution within the tool was monitored by the thermocouples, which allowed a detailed analysis and 

understanding of the system. 

In order to characterize the heat transfer between the tool and the oven, an experimental value of the 

convective heat transfer coefficient was calculated. That was possible by computing a balance of the heat 

fluxes around the control volume illustrated in Figure 4.6, at steady state operation. 

ℎ̅𝑒𝑥𝑝 =
(𝑃𝑓𝑒𝑒𝑑 + 𝑃𝐻𝑇𝑆 + 𝑃𝐻𝑇𝑁𝑆)

𝐴ℎ𝑜𝑢𝑠𝑖𝑛𝑔∙(𝑇ℎ𝑜𝑢𝑠𝑖𝑛𝑔,𝑎𝑣𝑔−𝑇𝑜𝑣𝑒𝑛)
  (4.4) 

Where ℎ̅𝑒𝑥𝑝 is the average heat transfer coefficient at the tool housing surface; Pfeed, PHTS, and PHTNS are 

respectively the electric feed powers of the cooler, of the HTS electronics, and of the HTNS electronics; 

Ahousing is the outer surface area of the housing; 𝑇ℎ𝑜𝑢𝑠𝑖𝑛𝑔,𝑎𝑣𝑔 is the average of the readings from the four 

thermocouples installed on the outer surface of the housing (see Figure 4.4); and Toven is the measured oven 

temperature. The test results are illustrated in the figures below and summarized in Table 4.2 at the end of 

this section. 

 

Figure 4.11  Temperature span across the cooler ΔTcooler vs. coolers feed power, at different oven temperatures, for 

Prototype mark-1. 2 x Cooler #1 were assembled in the tool with thermal grease. 
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Figure 4.11 reports the trend of the temperature span across the cooler with the feed power. It can be seen the 

performance of the system varies with the operating temperature because of the dependence of the cooler 

thermoelectric properties and figure of merit on the operating temperature. The system is able to maintain the 

largest temperature spans between the hot plates and the HTS electronics at the oven temperatures of 100 °C, 

with a ~5 °C maximum difference with the trend at room temperature. At 150 °C the system is able to 

maintain lower temperature spans than at 100 and 26 °C, with a maximum temperature span of ~44 °C at 

Pfeed = 35 W. Moving towards even higher temperatures, the performance of the system continues 

decreasing, as can be seen in the trend at 170 °C oven temperature, where a maximum temperature span of 

~36 °C is recorded at 35 W. During the tests at 170 °C the feed power was limited below 40 W in order not 

to exceed 200 °C on the hot plate of the coolers, reducing the risk of degradation or failure during the 

preliminary tests. 

This behavior results in good agreement with the qualitative trend with temperature of the figure of merit of 

Bi2Te3-based thermoelectric materials, illustrated in Figure 2.22. It can also be noticed that above a certain 

feed power, which depends on the oven temperature, the temperature span starts decreasing. That can be 

explained, as for the case in Figure 4.8, with the rise of the Joule losses across the cooler, which can no 

longer be effectively rejected and leak back to the cooled electronics, reducing the maintained temperature 

span.  

Differently than for the case with degradation for thermal expansion, the increase of the Joule losses is given 

in this case by the increase of the electrical resistance with temperature. The effect is even accentuated by an 

increase of the thermal conductivity, which leads to larger thermal conduction losses from plate to plate. The 

dissipated power from the HTNS electronics, which was estimated and set to 18 W, also contributes to the 

rise in temperature of the hot side of the system and limits the heat rejection from the hot plates of the 

coolers. 

 

Figure 4.12  Temperature of the HTS electronics vs. coolers feed current, at different oven temperatures, for 

Prototype mark-1. 2 x Cooler #1 were assembled in the tool with thermal grease. 
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Figure 4.13  Temperature of the hot plates vs. coolers feed current, at different oven temperatures, for 

Prototype mark-1. 2 x Cooler #1 were assembled in the tool with thermal grease. 

Figure 4.12 and Figure 4.13 show the temperature trend of the HTS electronics and of the TEC hot plates, 

respectively, with the feed current. While the temperature of the hot plates monotonically increases with the 

feed current, due to the increasing transported flux and Joule losses, the temperature of the cooled electronics 

reaches a minimum for a certain feed current, which varies with the operating temperature. 

This optimal current Iopt can be defined as the TEC feed current at which the marginal gain in absorbed heat 

flux from the cold plate, due to an infinitesimal increase of Ifeed, becomes smaller than the heat flux that leaks 

back to the cooled electronics through the insulation. The optimal feed current varies with the operating 

temperature as a consequence of the change in the thermoelectric properties. The concept of optimal feed 

current will be further discussed and analyzed in the next chapter. 

Since the system was not fed with a continuous range of currents, it was not possible to estimate the value of 

the optimal currents accurately. However, the concave trend could be clearly observed and the following 

currents were found to minimize the HTS temperature: 2.5 A at Toven = 26 °C, 2 A at Toven = 100 °C and 150 

°C, and 1 A at Toven = 170 °C. The optimal current decreases with the operating temperature as a consequence 

of the change of the thermoelectric properties and of the increasing Joule losses.  

The performance of the system at the estimated optimal feed currents is reported in Figure 4.14. It is shown 

how the temperature span across the coolers “distributes” below and above the operating temperature. Since 

the system was tested with an estimated convection coefficient around 30 ~ 40 W/m
2
K, a forecast was also 

proposed for operations in a 100 W/m
2
K environment.  
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Figure 4.14  Representation of ΔTHotPlate (red bars) and ΔTHTS (blue bars), at the operating conditions that minimized the 

HTS electronics temperature, at different oven temperatures Toven. The tests were carried out in air in a ventilated oven, 

where the convective heat transfer coefficient along the housing surface was estimated ˜ 30 W/m
2
K. The system 

behavior was also forecast for an external convection coefficient of 100 W/m
2
K and represented with dashed bars. 

The variables ΔTHotPlate and ΔTHTS were defined as follows: 

∆𝑇𝐻𝑜𝑡𝑃𝑙𝑎𝑡𝑒 = 𝑇𝐻𝑃 − 𝑇𝑜𝑣𝑒𝑛  (4.5) 

∆𝑇𝐻𝑇𝑆 = 𝑇𝐻𝑇𝑆 − 𝑇𝑜𝑣𝑒𝑛  (4.6) 

When operating close to the optimal feed currents, the system was able to maintain the HTS electronics at a 

maximum span of 29 °C below the external temperature, when operating at Toven = 100 °C. As also shown 

previously, the best performance of the system was observed at 100 °C. Maximum temperature differences 

below ambient of 28 °C, 23 °C, and 18 °C were obtained respectively for the tests at 26 °C, 150 °C, and 

170 °C. The hot side of the system is instead maintained between 13 °C and 24 °C above the oven 

temperature. 

A different scenario appears when evaluating the performance of the system at 100 W/m
2
K. The enhanced 

convective heat transfer improves the excess heat rejection, allowing the cold plate to be cooled further 

below the previously illustrated temperatures. ΔTHTS is predicted to be -38 °C, -45 °C, -39 °C, and -27 °C for 

operations at 26 °C, 100 °C, 150 °C, and 170 °C. As expected, the hot plate temperature decreases 

significantly and ΔTHotPlate ranges now between 4 °C and 11 °C. It is important to notice that the optimal 

value of feed current changes with the heat rejection conditions, because strictly related to the capability of 
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the system of dissipating the excessive heat. The values of Iopt at h = 100 W/m
2
K are therefore not the same 

as the ones at h ~ 30 W/m
2
K. 

The test results at 170 °C already show that Prototype mark-1 does not satisfy the design criteria 

(ΔTHTS = 25 °C) in the current setup and operating conditions. However, the tests were characterized by a 

lower convection heat transfer than the reference value and the forecasts show the cooling integration 

concept is promising. 

Table 4.2  Summary of the experimental data from the tests of Prototype mark-1 at high temperature. *Experiments at room 

temperature were carried out with an external fan, which characterized the heat transfer between ambient and tool with a slightly 

higher convection coefficient compared to the other tests. 

Toven 

(ᵒC) 

Ifeed 

(A) 

V1 

(V) 

V2 

(V) 

Pfeed 

(W) 

THTS 

(ᵒC) 

TCu 

(ᵒC) 

THP 

(ᵒC) 

THTNS 

(ᵒC) 

Tcart,b 

(ᵒC) 

Thousing,avg 

(ᵒC) 

hexp 

(W/m2K) 

Tavg 

(°C) 

25.9 0.5 2.8 2.6 2.7 17.2 17.1 33.1 36.0 33.7 33.3 37.1* 25.1 

26.1 1 5.4 5.2 10.6 6.8 7.2 36.8 38.9 36.5 36.5 36.3* 22.0 

25.4 1.5 7.9 7.6 23.3 1.0 1.7 41.8 42.5 40.1 40.5 36.2* 21.8 

27.0 2 10.6 10.2 41.6 -0.9 0.2 47.9 46.2 43.2 44.8 44.1* 24.1 

26.8 2.5 13.6 13 66.5 2.3 3.8 57.5 53.3 49.9 52.7 43.2* 30.7 

Toven 

(ᵒC) 

Ifeed 

(A) 

V1 

(V) 

V2 

(V) 

Pfeed 

(W) 

THTS 

(ᵒC) 

TCu 

(ᵒC) 

THP 

(ᵒC) 

THTNS 

(ᵒC) 

Tcart,b 

(ᵒC) 

Thousing,avg 

(ᵒC) 

hexp 

(W/m2K) 

Tavg 

(°C) 

101.0 0.5 3.8 3.7 3.8 89.7 90.2 111.1 114.3 110.4 111.4 30.0 100.6 

101.5 1 7.4 7.1 14.5 77.5 78.6 117.1 119.2 115.2 116.9 29.4 97.9 

101.6 1.5 10.8 10.5 32.0 73.0 74.7 125.6 126.2 121.9 124.7 29.3 100.2 

101.3 2 14.5 14.3 57.6 78.4 80.9 136.9 135.7 131.1 135.1 30.2 108.9 

101.5 2.5 18.3 18.1 91.0 95.8 98.5 152.8 149.5 144.1 149.9 30.2 125.7 

Toven 

(ᵒC) 

Ifeed 

(A) 

V1 

(V) 

V2 

(V) 

Pfeed 

(W) 

THTS 

(ᵒC) 

TCu 

(ᵒC) 

THP 

(ᵒC) 

THTNS 

(ᵒC) 

Tcart,b 

(ᵒC) 

Thousing,avg 

(ᵒC) 

hexp 

(W/m2K) 

Tavg 

(°C) 

151.4 0.5 4.1 4 4.1 140.4 141.0 160.1 163.2 159.2 160.8 33.4 150.6 

151.3 1 8 7.9 15.9 129.0 130.6 165.5 167.6 163.5 165.9 32.4 148.1 

151.4 1.5 11.8 11.7 35.3 128.2 130.4 174.2 175.0 170.6 174.0 32.2 152.3 

151.6 2 15.4 15.1 61.0 140.1 142.6 186.0 185.4 180.3 185.0 32.1 164.3 

151.7 2.5 18.6 18.2 92.0 159.6 161.9 199.3 197.3 191.5 197.5 32.3 180.6 

Toven 

(ᵒC) 

Ifeed 

(A) 

V1 

(V) 

V2 

(V) 

Pfeed 

(W) 

THTS 

(ᵒC) 

TCu 

(ᵒC) 

THP 

(ᵒC) 

THTNS 

(ᵒC) 

Tcart,b 

(ᵒC) 

Thousing,avg 

(ᵒC) 

hexp 

(W/m2K) 

Tavg 

(°C) 

171.8 0.5 4.2 4.1 4.2 162.5 163.0 180.0 183.1 179.1 180.8 35.0 171.5 

172.0 1 8.2 7.9 16.1 154.1 155.4 185.5 187.7 183.4 186.0 33.9 170.4 

172.0 1.5 11.8 11.6 35.1 154.9 156.8 193.3 194.4 189.8 193.3 33.9 175.1 
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4.7 Conclusions from the tests on Prototype mark-1  

Prototype mark-1 represents an important step for the progress of the project and proved the concept of the 

chosen thermal management principle. The preliminary tests on the setup contributed to build a detailed 

understanding of the system and provided good inputs for further development.  

Thermal grease, in combination with a clamping system, proved to be the best approach to interface the TEC 

with the other components in the system. Thermal epoxy and soft adhesive pads proved, instead, to provide 

an unstable mechanical connection over the operating temperature range and a poor thermal interface, 

respectively. Furthermore, the type of Cooler #1 proved to be the most efficient and best performing, among 

the tested device pairs. Cooler #2 proved to be the poorest performing and was excluded by the suitable 

candidates. Cooler #3 showed slightly lower temperature spans than Cooler #1, with a better performance 

towards high cooling loads and feed powers. Cooler #3 could be used in a single-TEC configuration, where 

only one cooling device is used. Using two TECs helps to better reject the excess heat, but also increases the 

chances of failure. In this case, having a redundant component does not lower the risk of failure, but 

increases it. It is enough to have one failed cooler out of the two to compromise the operation of the system. 

The failed TEC would in fact provide an effective thermal path for the rejected heat to flow back into the 

electronics, making the cooling action from the functioning TEC in vain. ‘ 

The preliminary tests provided a first insight into the operation of the system and on the variation of its 

performance with temperature. The setup was able to maintain the temperature of the sensitive electronics 

18 °C below ambient, when operating at 170 °C and with a convection coefficient of ~30 W/m
2
K. The tool 

was predicted to cool the electronics more than 27 °C below ambient, with an operating temperature of 

170 °C and a convection coefficient of 100 W/m
2
K. 

Although Prototype mark-1 did not meet the design criteria in the current setup, the thermal management 

concept, supported by the forecasts at higher convection coefficients, appeared promising. The following 

actions were considered for improvement of the system. 

  Review of the existing electronics and efficiency improvement: lowering the power dissipation rate of 

the HTS and HTNS electronics can reduce the heat rejection temperature and allow cooling the 

electronics to lower temperatures. 

 Modelling of the system: reproducing the heat transfer phenomena that characterize the system can help 

to individuate and address directions of improvement. 

 Application of methods for thermal design optimization: advanced optimization methods can aid in 

developing optimal thermal design. The minimization of the HTS electronics temperature would be the 

objective of the optimization. 

 Implementation of the clamping method: implementing a screw system that provides a mechanically 

stable contact between the coolers and the neighboring components can reduce the thermal resistances at 

the interfaces between them. 

All the mentioned actions were performed for the development of Prototype mark-2, which is presented in 

the next chapter. 
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5. Optimization of the system 

and Prototype mark-2 

Building on the knowledge developed from testing Prototype mark-1, this chapter presents the improved 

design and the construction of Prototype mark-2. The directions of improvement described in the 

conclusions from Chapter 4 were investigated to build a second lab-prototype that could meet the design 

criteria. 

 A review of the well tractor electronics was performed to increase the efficiency and lower the heating 

rate of the tool. More efficient components were selected to replace the power devices and to reduce the 

heat flux from the HTNS electronics. As previously discussed, lowering the power dissipation from the 

HTNS components would decrease the heat rejection temperature of the system, and consequently the 

cooling temperature. The heating rate of the new power devices was estimated to a total of 5 W, with a 

reduction of 72% compared to the previous electronics. The PCB was re-designed and a more compact 

layout was obtained. The area in which the HTS components are mounted, and that requires cooling, was 

reduced from 120 x 41 mm to 7.5 x 38 mm. In this way the heat leakages through the insulation could be 

lowered by reducing the heat transfer surface area. Furthermore, a more uniform cooling effect could be 

applied given the smaller size of the PCB. The HTS components were estimated to still dissipate 1 W. 

The new electronics arrangement was successfully tested up to an oven temperature of 170 °C, given 

their maximum operating temperature of 175 °C, and the new values of power dissipation were used for 

the development of Prototype mark-2. Due to the reduced dimensions of the system, only one Cooler #3 

was employed, instead of two Cooler #1. 

 A model of the actively cooled section was implemented in the finite element software COMSOL to 

simulate the heat transfer within the system, including the thermoelectric heat transport across the cooler.  
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 The topology optimization method was integrated in the COMSOL model and used to optimize the 

thermal layout of the two chassis halves. The optimization aimed at defining an optimized topology of 

the chassis, by optimizing the distribution of thermal insulation and aluminum within the system. The 

objective of the optimization was to minimize the HTS electronics temperature. 

 According to the topology optimization results, Prototype mark-2 was built and tested at temperatures of 

180 °C, 190 °C, and 200 °C. The optimized system included a clamping system that guaranteed a stable 

and effective thermal contact between the cooler plates and the neighboring components. 

 

 

The present chapter is, apart from the addendum, published in: Soprani S., Haertel J. H. K., Lazarov B. S., 

Sigmund O., Engelbrecht K. A design approach for integrating thermoelectric devices using topology 

optimization, Applied Energy, 176: 49–64 (2016). The paper can be found in Appendix A. 
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5.1 Introduction 

Over the past decades, thermoelectric devices (TEDs) have become competitive solutions for waste energy 

recovery, heat pumping, and cooling applications (Rowe (1995), Bell et al. (2008), He et al. (2015), Tritt et 

al. (2006), Montecucco et al. (2014)). Advantages of TEDs include compactness, gas-free solid-state 

operation, lack of moving parts, and long life-span. However, a lower energy conversion efficiency 

compared to other well established technologies (Hermes et al. (2012)) can limit their application. In order to 

increase energy conversion efficiency, optimization of thermoelectric devices is an active research topic, 

both in terms of the thermoelectric materials employed (Dresselhaus et al. (2007), Snyder et al. (2008), 

Bulusu et al. (2008), Yang et al. (2013)), and the architecture of devices (Abramzon (2007), Heghmanns et 

al. (2015), Xiao et al. (2012), Takezawa et al. (2012), Chen et al. (2008), Pan et al. (2007)). Additionally, 

efficient TED operation strongly relies on the integration into the overall energy conversion system (Quan et 

al. (2013), Taylor et al. (2008), Rezania et al. (2013), Gou et al. (2010), David et al. (2012)). Effective heat 

transfer at the cold and hot plates, minimization of thermal resistances within the system, and reduction of 

heat leakages each improves overall efficiency. These features depend on the thermal layout of the integrated 

system and should be taken into account during the design phase to maximize effectiveness. 

Here, we present a novel automated method, using topology optimization, to design thermal interfaces and 

insulation solutions for a TED to be integrated in a system with design constraints. Topology optimization 

has not previously been applied to thermoelectric systems, but this technique has great potential as a 

powerful design tool, as it can be used to optimize the topology of heat sinks, heat exchangers, and to define 

optimized distributions of thermally conducting and insulating material based on a set of design constraints. 

We show that the method can be implemented using commercial software, is robust, and is suitable for TED 

applications that must be packaged in a defined space. The method can be used to optimize a thermoelectric 

system for a variety of objective functions, such as efficiency, power recovery rate, and temperature span. 

Contrary to size and shape optimization approaches, topology optimization requires no initial design concept 

or a priori parametrization (Bendsøe et al. (2004), Sigmund et al. (2013)). This flexibility is especially 

important in the early design phase, as it saves development time and can yield unintuitive optimized 

structures. Density-based topology optimization methods are particularly promising, since they consider the 

systematic distribution of material within a design domain, while aiming to optimize a certain objective 

function.  

Topology optimization was first developed and established for structural mechanics applications and was 

subsequently applied to various other disciplines (Deaton et al (2014), Dede et al. (2014)). Prior studies on 

heat transfer using topology optimization have mainly focused on pure 2D heat conduction problems 

(Bendsøe et al (2004), Li et al. (2004), Gersborg-Hansen et al. (2001)) as well as heat conduction with 

convective heat transfer to an ambient fluid (Sigmund (2001), Yin et al. (2002), Bruns (2007), 

Ahn et al. (2010), Iga et al. (2009)). Later works have included the explicit modeling of the fluid flow within 

the optimization domain in thermo-fluid models with forced convection in 2D (Yoon et al. (2010), 

McConnell et al. (2012), Marck et al. (2013), Matsumori et al. (2013), Van Oeleven et al. (2014), Lee et al. 

(2012)) and 3D (Yaji et al. (2015)). More recent applications of the approach have extended models to 

consider 2D topology optimization of natural convection (Alexandersen et al. (2014)) and radiation as the 

dominant heat transfer mechanism (Castro et al. (2015)). The design, manufacturing and subsequent 

experimental testing of optimized forced-convection heat sinks have also been presented (Koga et al. (2013), 

Dede et al. (2015), Dede et al. (2014)).   
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Building on previous studies, this work addresses an existing industrial challenge and applies topology 

optimization to a thermoelectric system for the first time. Here, it is used to design the thermal integration of 

a thermoelectric cooler (TEC) in a downhole tool for oil well interventions. The space constraints imposed 

by the application and the clearly defined thermal boundary conditions make this an attractive case for 

topology optimization (Soprani et al. (2015b)). In the studied application, the TEC maintains a specific group 

of electronics at a temperature below the outside well temperature to prevent overheating issues that occur 

when the borehole exceeds the maximum temperature rating of the electronics (175 °C). Topology 

optimization is used to optimize the distribution of the insulating material, which thermally protects the 

cooled electronics, and of the conducting material, which aids in rejecting heat from the TEC to the well. The 

objective of the optimization is to minimize the temperature of the cooled electronics. A more detailed 

discussion regarding well interventions, active cooling, and thermal management of downhole electronics, is 

given in Ref. (Bennett (1988), Flores (1996), Jakaboski (2004), Sinha et al. (2011), Pennewitz et al. (2012), 

Soprani et al. (2015a)).  

A model of the thermoelectric device was developed for this application, implemented in a 3D finite element 

model of the system, and coupled with the optimization algorithm. Temperature dependent properties of the 

TEC were implemented in order to capture the effects of the real material properties during the optimization 

process. The topology optimization model was used to optimize the design of the system for different 

operating conditions and to define the optimal working conditions of the TEC. The improvements in 

performance for the optimized systems were assessed and used to define a final design of the electronics 

unit, which is also practical from a manufacturing and assembly standpoint. The defined setup was then 

manufactured and experimentally tested at different operating conditions, and the results compared to the 

model predictions. 

 

5.2 Description of the system 

This chapter briefly introduces the electronics unit system, its main components and the overall thermal 

management principle. A 3D model of the longitudinal section of the system is illustrated in Figure 5.1.  

 

Figure 5.1  Representation of the axial section of the downhole tool (1a, left side); the domain of the optimizable chassis is 

represented as partially transparent and colored in light blue. Particular of the TEC device (1b, right side). 

 

a) b) 
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The analyzed downhole electronics unit is composed of the following parts: 

 Metallic cylindrical housing: a hollow cylinder that shields and seals the inner components from the 

harsh well environment. 

 Chassis: a rigid metallic support used for final assembly, on which the electronics are mounted and 

slid into the housing. It is divided in a structural part, which mechanically supports the system; and 

an optimizable part, which surrounds the components within the structural chassis and is the object 

of the topology optimization. 

 Electronic components: they can be split into high temperature-sensitive (HTS) and high 

temperature-non-sensitive (HTNS) components. The former are likely to fail when their operating 

temperature exceeds 175 °C, the latter can even operate above 200°C. The HTS electronics are 

mounted on a printed circuit board (PCB) and are characterized by a power dissipation rate of 1 W; 

the HTNS electronics are mounted directly on the chassis and dissipate an estimated 5 W. 

Additional components, used for the integration of the active cooling system into the tool, are: 

 Thermoelectric cooler: the cooling system is connected to an electric power source and transfers a 

heat flux from the cold to the hot plate, when an electric current is applied. The TEC cold plate needs 

to be thermally coupled to the HTS electronics, while the hot plate requires a thermal link to the hot 

reservoir, represented by the well environment. 

 Metallic heat spreader: a rigid plate attached to the TEC cold plate that, together with the thermal 

pad, constitutes the thermal interface between the PCB and the cooler. 

  Soft thermal pad: a soft silicone sheet, which is inserted between the PCB and the copper plate to 

create a thermal path between the irregular surface of the PCB and the heat spreader. 

The heat management strategy aims at maintaining the HTS electronics at 175 °C or below when the tool is 

operating in a 200 °C environment. It is based on the passive cooling of the HTNS components, which can 

withstand high temperatures, and the active cooling of the HTS components through the Peltier module. The 

PCB is therefore thermally coupled, through the heat spreader and the thermal pad, with the cold plate of the 

Peltier module so the cooling load can be absorbed by the cooler. The TEC hot plate, in turn, needs to be 

thermally connected to the chassis; in this way, the excessive heat can flow through the housing and be 

rejected to the well fluid that laps the outer surface of the housing, through convective heat transfer. A tight 

mechanical contact is ensured between the structural chassis and the housing, to reduce the contact thermal 

resistance.  

It is important to note that the thermal connection between the TEC hot plate and the chassis, as well as the 

distribution of insulating material, will be the result of the topology optimization process. The optimization is 

expected to define an optimized distribution of thermally conducting material and thermal insulation inside 

the unit, so the refrigerated electronics are properly protected from the hot surroundings and the excessive 

heat is effectively rejected to the well fluid. These two phenomena both act towards the minimization of the 

HTS electronics temperature, which is the objective of the optimization. While the optimization is focused 

on the thermal integration of the TEC, the topology of the TEC module itself is not the object of the 

optimization. The finite-element model of the TEC is implemented to simulate the performance of a 

commercial high-temperature module to be integrated into the downhole tool. The freedom to optimize the 
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electronics unit is limited by three factors: the tool needs to fit a specific well piping size, so its dimensions 

are constrained to the values reported in Table 5.1; the position and the design of the components inside the 

system are constrained by the application; the structural part of the chassis cannot be optimized because of its 

mechanical function.  

Table 5.1  List of the components with their dimensions and properties. 

Component 
Length 

(mm) 

I.D. 

(mm) 

O.D. 

(mm) 

Thermal conductivity 

(Wm
-1

K
-1

) 

Metallic housing 300 62 80 150 

Structural chassis 200 58 62 138 

Optimizable chassis 200 - 58 (Eq. (5.16)) 

Component 
Length 

(mm) 

Depth 

(mm) 

Height 

(mm) 

Thermal conductivity 

(Wm
-1

K
-1

) 

TEC plates 40 40 0.95 each 27 

TEC thermoelectric layer 40 40 2.0 (Eq. (5.8)) 

Heat spreader 100 40 3.0 400 

Soft thermal pad 100 40 3.0 12 

HTNS electronics 90 42 6.0 130 

HTS electronics (PCB) 100 40 1.6 0.3 

 

5.3 Finite element model 

5.3.1 Governing equations 

The geometry shown in Figure 5.1 was implemented in the finite element software COMSOL 

Multiphysics (COMSOL Multiphysics 5.0) and divided in domains, each of them characterized by different 

material properties and governing equations. In order to simulate the heat transfer within the system, mainly 

driven by heat conduction, the heat transfer PDE (Eq. (5.1)) was solved in all the domains, except for the 

thermoelectric material layer. 

∇ ∙ (−𝑘∇𝑇) = 𝑄𝑠𝑜𝑢𝑟𝑐𝑒 (5.1) 

where k is the material thermal conductivity, T is the temperature, and Qsource is a volumetric heat source. 

Eq. (5.1) was not applied to the thermoelectric material domain, as the heat transport related to the 

thermoelectric effect also needed to be taken into account. A modified heat transfer PDE (Eq. (5.2)) was 

used instead. 

∇ ∙ (𝑱𝑆′𝑇 − 𝑘′∇𝑇) = 𝑄′𝐽𝑜𝑢𝑙𝑒𝐻𝑒𝑎𝑡𝑖𝑛𝑔 (5.2) 

where J is the electric current density vector, S’ is the material Seebeck coefficient, and Q’JouleHeating is the 

heat source associated with the Joule heating effect. 
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5.3.2 Boundary conditions 

The boundary conditions were set in order to simulate the operating and external conditions that could occur 

in a well during a downhole intervention. A convective heat flux was set on the outer surface of the housing, 

to reproduce the interaction between the well fluid and the tool.  

−𝒏 ∙ (−𝑘∇𝑇) = ℎ(𝑇 − 𝑇𝑒𝑥𝑡) (5.3) 

Furthermore, the tool electronics unit would be assembled in the middle of a tool string, composed of several 

sections, and the heat transfer with the well is expected to mainly occur radially. For this reason, adiabatic 

boundaries were set at the two ends of the cylindrical setup. 

−𝒏 ∙ (−𝑘∇𝑇) = 0 (5.4) 

where n is the surface normal vector, Text is the well fluid temperature and h is the heat transfer convection 

coefficient. Concerning the interface between the thermoelectric material domain, where Eq. (5.2) is solved, 

and the rest of the geometry, where Eq. (5.1) is solved, a Dirichlet boundary condition was defined to 

provide consistency to the temperature distribution. Heat sources were set in the HTNS electronics domain 

(5 W), and at the interface between the PCB and the soft thermal pad (1 W), to simulate the power 

dissipation of both electronics modules. Thermal resistances, Rth1,2 = 2.5e-5 m
2
KW

-1 
, were modelled at the 

interface between the HTNS electronics and the structural chassis, and on the outer boundaries of the TEC 

hot/cold plates; they simulated the contribution of a 0.1 mm thick layer of thermal grease, with a thermal 

conductivity of 4 Wm
-1

K
-1

. An additional thermal resistance, Rth3 = 1.1e-3 m
2
KW

-1
, was set at the interface 

between the structural chassis and the housing in order to simulate the contact resistance given by the 

assembly. The value of this thermal resistance was estimated through the comparison between simulation 

results and experimental data from thermal tests on an analogue setup.   

The operating conditions of the cooler were characterized by the TEC feed current Ifeed, which represents the 

electric current which is supplied to the module and is given to the model as an input. The correlation 

between this parameter and the current density vector J (see Eq. (5.2)) is explained in more detail in the next 

section. 
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5.3.3 TEC model 

 

Figure 5.2  Illustration of the simplification process for the TEC model. The longitudinal section and the working principle of the 

real device and of the homogeneous model are included. For the sake of a better understanding, an intermediate step of the model 

development, called intermediate modelling step, is also included. 

A particular focus was put on the modelling of the thermoelectric cooler. Its main components are two 

aluminum oxide plates, between which leg pairs of semiconducting material (p-n junctions) are mounted, 

electrically connected in series, and separated by air. Reproducing the detailed geometry of the module 

would have drastically increased the complexity and the computational time of the 3D topology optimization 

model. Therefore a simplified model of the TEC was developed: the intermediate semiconductor layer was 

modelled as homogeneous and isotropic, and equivalent material properties were weighted on the properties 

of Bi2Te3 and air. In this way, the cooling effect driven by a given TEC feed current could be approximated 

to the real case, while the geometry could be significantly simplified. 

As a consequence of the homogenization process, the electric and thermal transport phenomena could not be 

differentiated within the Bi2Te3 and air domains, and the inhomogeneous temperature gradient across the 

module could not be reproduced. However, this approximation was considered acceptable as it preserves the 

average heat fluxes that drive heat transfer in the integrated system.  

Figure 5.2 illustrates the steps that were used to develop the homogeneous model and that are explained in 

the following sub-sections. 

5.3.3.1 Effective current density 

In the real device, the thermoelectric leg pairs are fed in series. The current density through the legs J can be 

expressed, in good approximation, as the 3D vector [0 , 0 , ± Jz]. The only non-zero contribution is along the 
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z-axis, perpendicular to the TEC plates, and can be equal to –Jz or +Jz. The scalar current density can be 

defined as: 

𝐽𝑧 =
𝐼𝑓𝑒𝑒𝑑

𝐴𝑙𝑒𝑔
 (5.5) 

where Jz is the scalar current density along the z-axis, Ifeed is the TEC feed current and Aleg is the cross 

sectional area of the single thermoelectric leg.  

In the intermediate modelling step, the thermoelectric legs are all doped p-type and are fed in parallel and the 

current density vector is now equal to [0 , 0 , + Jz]. Given the parallel configuration, and in order to maintain 

the same thermoelectric effect in each leg as the real device, the TEC feed current becomes N times bigger, 

where N is the number of thermoelectric legs installed in the module. 

In the homogeneous model, there is no distinction between thermoelectric legs and air. The homogeneous 

layer is supplied by a uniform electric current equal to N·Ifeed, in the positive z-axis direction. A different 

current density needs to be defined: 

𝐽𝑧
′ =

𝑁𝐼𝑓𝑒𝑒𝑑

𝐴𝑡𝑜𝑡
=
𝑁𝐼𝑓𝑒𝑒𝑑

𝐴𝑡𝑜𝑡
∙
𝑁𝐴𝑙𝑒𝑔

𝑁𝐴𝑙𝑒𝑔
=
𝐼𝑓𝑒𝑒𝑑

𝐴𝑙𝑒𝑔
∙
𝐴𝐵𝑖𝑇𝑒
𝐴𝑡𝑜𝑡

= 𝐽𝑧 𝑥𝐵𝑖𝑇𝑒 (5.6) 

where Jz’ is the equivalent scalar current density for the homogeneous model, Atot is the total cross sectional 

area of the thermoelectric module, ABiTe is equal to N times Aleg and represents the cross sectional area 

occupied by the thermoelectric legs in the real device, and xBiTe is the ratio between ABiTe and Atot. xBiTe is also 

equal to the volume ratio between bismuth telluride and the total volume of the intermediate layer. 

5.3.3.2 Effective Seebeck coefficient 

Given the TEC PDE for the homogeneous layer in Eq. (5.2), we want to maintain the same thermoelectric 

cooling effect J’S as the real device. First, it is assumed that the Seebeck coefficient of the layer does not 

change with the homogenization process. However, the current density has changed and it can be imposed: 

𝐽𝑧′𝑆 = 𝐽𝑧𝑆′     →      𝑆′ = 𝑆 𝑥𝐵𝑖𝑇𝑒     (5.7) 

More intuitively, one could think that the thermoelectric cooling effect is now generated with the same scalar 

current density Jz as the real device, but only by a portion of the layer (xBiTe), ideally occupied by the Bi2Te3 

legs. Although the cooling effect is maintained to be the same, the homogeneous approximation spreads it 

equally along the whole layer. 

5.3.3.3 Effective thermal conductivity of the layer 

The heat transfer within the intermediate layer occurs mainly from a cooler plate to the other, while the 

temperature gradient along the direction parallel to the plates is expected to be negligible. It is therefore 

assumed that the effective thermal resistance of the layer is equal to the parallel coupling of the thermal 

resistances, of air and Bi2Te3, between the hot and cold plate. 

𝑘′ = 𝑘𝑎𝑖𝑟
𝐴𝑎𝑖𝑟
𝐴𝑡𝑜𝑡

+ 𝑘𝐵𝑖𝑇𝑒
𝐴𝐵𝑖𝑇𝑒
𝐴𝑡𝑜𝑡

= 𝑘𝑎𝑖𝑟(1 − 𝑥𝐵𝑖𝑇𝑒) + 𝑘𝐵𝑖𝑇𝑒 𝑥𝐵𝑖𝑇𝑒 (5.8) 
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where k’ is the thermoelectric layer equivalent thermal conductivity for the homogeneous model, and t is the 

thermoelectric layer thickness. 

5.3.3.4 Effective electrical conductivity of the layer 

In analogy with the effective thermal conductivity calculation, and neglecting the air electrical conductivity: 

𝜎′ = 𝜎𝐵𝑖𝑇𝑒 𝑥𝐵𝑖𝑇𝑒 + 𝜎𝑎𝑖𝑟 𝑥𝑎𝑖𝑟 = 𝜎𝐵𝑖𝑇𝑒 𝑥𝐵𝑖𝑇𝑒 (5.9) 

where σ’ is the thermoelectric layer equivalent electric conductivity for the homogeneous model. 

Consequently the Joule heating term can be calculated as: 

𝑄′𝐽𝑜𝑢𝑙𝑒𝐻𝑒𝑎𝑡𝑖𝑛𝑔 = 
𝑥𝐵𝑖2𝑇𝑒3
𝜎𝐵𝑖2𝑇𝑒3

 𝑱 ∙ 𝑱 =  
𝐽𝑧
2

𝜎𝐵𝑖2𝑇𝑒3
 𝑥𝐵𝑖2𝑇𝑒3 (5.10) 

Again, the original Joule losses are maintained, but are spread uniformly along the layer because of the 

homogeneous approximation. 

A suitable high-temperature commercial cooler was disassembled and analyzed, so the main geometric 

features could be measured. They are summarized in Table 5.2.  

Table 5.2  Geometric features of the modelled thermoelectric cooler. 

Parameter Description Value 

hTEC Total height of the module 3.90 mm 

lTEC Edge length of the module 40.0 mm 

hAl2O3 Height of the hot/cold plate 0.95 mm 

N Number of thermoelectric legs 254 

hBi2Te3 Height of the single thermoelectric leg 2.00 mm 

lBi2Te3 Edge length of the single thermoelectric leg 1.30 mm 

Aleg Cross sectional area of a thermoelectric leg 1.69e-6 m
2
 

xBi2Te3 Volume fraction of semiconductor materials 0.27 
 

The properties of Bismuth Telluride SBiTe, kBiTe and σBiTe from (Gordon et al. (2002)) were implemented as 

non-linear functions of temperature. In order to better match the performance of the high-temperature 

commercial cooler, a linear coefficient was multiplied to the expressions of the Bi2Te3 Seebeck coefficient, 

thermal conductivity, and electrical conductivity. The linear coefficients are the result of a best fit analysis 

based on experimental data and are respectively equal to S1=1.30, k1=0.80, and σ1=1.15. 

5.3.4 Topology optimization and SIMP method 

The topology optimization approach was used to assess which distribution of aluminum/thermal insulation 

inside the electronics unit minimized the temperature of the HTS electronics. Filling the electronics unit with 

only thermal insulation would maximize the thermal protection of the cooling zone from heat leakages, but 

would not provide an effective thermal path for the rejected heat to flow to the well environment. The Peltier 
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module would therefore not be able to work within the cooling design conditions. Filling the electronics unit 

with aluminum, instead, would enhance the heat rejection process, but would not protect the cooling zone 

from heat leakages, making the cooling process ineffective. A tradeoff needs to be reached and the Solid 

Isotropic Material with Penalization (SIMP) method allowed looking for an optimized solution.  

The main goal of the SIMP method, as part of the density-based topology optimization approaches, is to 

achieve a binary design within the optimizable domain, where the design variable can be equal to 0, 

representing thermal insulation, or to 1, representing aluminum. The topology optimization problem can be 

stated as follows: 

𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒: 𝑓𝑜𝑏𝑗(𝑇, 𝜌𝑑𝑒𝑠𝑖𝑔𝑛) =
1

𝐴𝑃𝐶𝐵
∫ 𝑇 𝑑𝛺𝑃𝐶𝐵
𝛺𝑃𝐶𝐵

 (5.11) 

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜: 0 ≤ 𝜌𝑑𝑒𝑠𝑖𝑔𝑛 ≤ 1 (5.12) 

 
𝒓(𝑇, 𝜌𝑑𝑒𝑠𝑖𝑔𝑛) = 𝟎 (5.13) 

where fobj is the objective function to minimize, equal to the integral average of the temperature distribution 

along the PCB surface ΩPCB; APCB is the PCB area surface; ρdesign is the design variable that can range 

between 0 (thermal insulation) and 1 (aluminum), and the distribution of which needs to be optimized; 

r(T, ρdesign) is the residual of the state governing equations within the discretized system. 

A PDE-based density filter (Lazarov et al. (2011)) was used to smooth the interfaces between aluminum and 

insulator and to introduce a minimum length scale into the design. The PDE-based filter was used because it 

can be implemented in the optimization model with little additional effort and it offers a computationally 

efficient method of density filtering. The PDE that was used for filtering is stated in Eq. (5.14). 

−𝑟2∇2�̃� + �̃� = 𝜌𝑑𝑒𝑠𝑖𝑔𝑛 (5.14) 

where �̃� is the filtered density field and r is a filter parameter, defined as 1.5 times the maximum element 

size and equal to 3e-3 m. Since density filtering inherently introduces a band of intermediate densities 

between aluminum and insulator, the filtered design variable field �̃� was then projected towards 0 and 1 to 

obtain a crisp design. For this purpose a smoothed threshold projection (Wang et al. (2011)) was used. 

𝜌�̅̃� =
tanh(𝛽𝜂) + tanh (𝛽(𝜌�̃� − 𝜂)

tanh(𝛽𝜂) + tanh(𝛽(1 − 𝜂))
 (5.15) 

where 𝜌�̅̃� is the projected density field, η is the projection threshold, equal to 0.5, and β defines the steepness 

of the projection.  

When applying the topology optimization SIMP method, it is not possible to theoretically guarantee the 

convergence to a global optimum. Nevertheless, it is possible to tune the optimization parameters through the 

continuation method to ensure that the solution is close to the global optimum (Sigmund et al. (1988)). In 

this study, using a steep projection at the beginning of the optimization could result in convergence to local 

minima. Therefore, a continuation approach (Wang et al. (2011)) was used to ramp β, which means that the 

optimization was started with an almost linear projection (β = 1) and β was subsequently gradually increased 
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to steepen the projection function. Thus, one could ensure that the optimization problem is convexified at the 

beginning of the optimization, while ending up with a crisp design. 

The difference of thermal conductivity between aluminum and thermal insulation was accounted by an 

interpolation function kSIMP that defined the effective thermal conductivity of the optimizable chassis. 

𝑘𝑆𝐼𝑀𝑃 = 𝑘𝑖𝑛𝑠 + (𝑘𝐴𝑙 − 𝑘𝑖𝑛𝑠)�̅̃�
𝑝 (5.16) 

where kSIMP is the effective thermal conductivity, kins = 0.17 Wm
-1

K
-1

 and kAl = 138 Wm
-1

K
-1

 are respectively 

the thermal conductivities of the insulator and of the aluminum, �̅̃� is the projected design variable, and p is 

the penalization coefficient. When performing topology optimization for continuous design variables, 

intermediate regions (areas where the design variable assumes intermediate values between 0 and 1) can 

appear in the final distribution; these transition zones are not physically meaningful for the analyzed problem 

and need to be reduced as much as possible. Classically, a penalization coefficient p = 3 is used in topology 

optimization in combination with an active volume constraint (Sigmund et al. (2013)) to make intermediate 

regions unattractive with respect to the optimization problem, and to drive the control variable towards either 

0 or 1. In this work, no active volume constraint was used, nevertheless a faster convergence was found for p 

= 3, compared to a linear interpolation (p = 1). Therefore p = 3 was used for the simulations. The globally 

convergent version of the Method of Moving Asymptotes (GCMMA) (Svanberg (2002)) was finally used to 

solve the optimization problem; this algorithm is implemented in COMSOL Multiphysics with the solver 

name MMA. 

In this study, the structural and design constraints limited the optimization possibilities to the chassis domain 

only and did not require or allow the optimization of other components (e.g. metallic housing, heat spreader, 

TEC). However, the topology optimization approach can be used to simultaneously optimize multiple 

geometrical features by implementing additional interpolation functions for different optimizable domains. 

This process would increase the non-linearity of the optimization problem, consequentially increasing the 

computation cost and the risk of converging to local minima. Thus, in these cases, a more careful solution of 

the problem through the continuation method should be adopted. 

 

5.4 Results 

5.4.1 Definition of the optimized design concepts 

The model was used to optimize the topology of the electronics unit for different boundary conditions of 

TEC feed current and well fluid convective heat transfer coefficient. The system was optimized for TEC feed 

currents Ifeed = 1, 2, 3 and 4 A, where the maximum feed current stated by the analyzed commercial TEC 

supplier is 6 A; and for convective heat transfer coefficients h = 10, 25, 50, 100 and 500 Wm
-2

K
-1

, in order to 

reproduce very low, low, and medium well fluid convection regimes. The well temperature Text was set to 

200 °C, as the maximum temperature at which the system is expected to operate. 

The optimized structure was found to be a function of the boundary conditions. Various boundary conditions 

led to different tradeoffs between thermal protection of the cooled electronics and excessive heat rejection 

from the cooler to the well. The model proved to optimize the unit according to three different design 

configurations:  Design 1, where the thermal insulation of the cooled electronics is prioritized; Design 2, 

where the conduction of the excessive heat towards the well is equally important as the thermal protection; 
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and Design 3, where the excessive heat rejection is crucial for the operation of the system. A more detailed 

illustration of the three design concepts is given in the following paragraphs. 

Low feed currents and high well fluid convection coefficients led to an optimized system (Design 1 concept), 

where only an aluminum pad links the cooler hot plate to the structural chassis and provides a thermal path 

for the excessive heat to be dissipated radially. The remaining volume of the unit is filled with thermal 

insulation (Figure 5.3a, Figure 5.3b, Figure 5.3c, and Figure 5.3d). In this case the thermal protection of the 

electronics is prioritized, as the heat rejection from the cooler to the well is not challenging. Low currents 

generate small Joule losses across the cooler and the high convection coefficients provide an effective heat 

rejection towards the well. The length of the aluminum plate increases when the TEC feed current grows and 

when the external convection coefficient decreases, so the heat can be better spread through the structural 

chassis and housing, towards the well.  

When the feed current is increased and the well fluid convection coefficient lowered, the optimized system 

(Design 2 concept) aims at better spreading the excessive heat, coming from the cooler hot plate, around the 

structural chassis and housing. A better distribution of the heat enhances, in fact, the heat exchange with the 

well, limits the temperature gradients due to the thermal resistances, and reduces the heat backflow to the 

cooled electronics. This is done by adding an aluminum layer, around the structural chassis, that spreads the 

heat not only radially, but also along the longitudinal direction of the tool (Figure 5.3e and Figure 5.3f). A 

thermally insulating layer still protects the cooled components from the hot surroundings. The thickness of 

the aluminum layer grows when the feed current, and the Joule losses, increase or when the well fluid 

convection coefficient decreases. 

A third type of optimized design (Design 3 concept) appeared for Ifeed = 4 A and h = 10 Wm
-2

K
-1

, which 

respectively correspond to the highest feed current and the lowest convection coefficient that were simulated. 

In this case the power dissipation rate, due to Joule heating, proves to be much higher than the capability of 

the well fluid to remove heat through the convective mechanism. The generated heat flux increases the HTS 

electronics temperature above the well temperature, making active cooling infeasible at these operating 

conditions. The optimization process hence strongly prioritizes the heat rejection by creating a thermal path 

between the PCB and the well fluid, while two thin insulating layers protect the electronics from the cooler 

hot plate and from the HTNS electronics (Figure 5.3g and Figure 5.3h). 

 



   

CHAPTER 5. OPTIMIZATION OF THE SYSTEM AND PROTOTYPE MARK-2 111 

 

 
 

 

 

c) d) 

f) 

[°C] 

[°C] 

[°C] 

a) b) 

e) 



   

CHAPTER 5. OPTIMIZATION OF THE SYSTEM AND PROTOTYPE MARK-2 112 

 

 
 

 

Figure 5.3  Density field (left) and resulting temperature distribution (right) of the optimized Design 1 concept at 

Ifeed = 1 A / h = 500 Wm-2K-1 (a, b), and at Ifeed = 2 A / h = 100 Wm-2K-1 (c, d); of the optimized Design 2 concept at Ifeed = 3A / h = 

50 W/m-2K-1 (e, f), and of the optimized Design 3 concept at Ifeed = 4 A / h = 10 Wm-2K-1 (g, h). The density fields illustrate the 

different distributions of aluminum (red) and thermal insulation (blue), for the four optimized systems. 

The balance between thermal protection of the cooled electronics and rejection of the excessive heat is 

reached differently for each set of boundary conditions and with different aluminum-thermal insulation 

ratios. Computing the volume percentage of employed aluminum, over the total optimizable volume, helps to 

have a clearer picture of the optimized designs trend with the boundary conditions. That can be calculated 

with the following expression: 

𝑅 =
1

𝑉𝛺
∫ �̅̃� 𝑑𝛺

𝛺

 (5.17) 

where VΩ is the volume of the optimizable domain and �̅̃� is the projected design variable. 

The amount of employed aluminum decreases with the convection coefficient and increases with the feed 

current (Figure 5.4); more in general, more aluminum is employed when a better heat rejection to the well is 

needed.  

 

g) h) 

[°C] 
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Figure 5.4  R vs. well fluid convection coefficient, for different TEC feed currents. The three different symbols correspond to the 

three obtained design configurations: ● = Design 1, ▲ = Design 2, ■ = Design 3. 

5.4.2 Comparison of the optimized designs 

Defining the categories of the optimized topologies is only the first step towards the selection of a final 

design for the actively cooled electronics unit. The performance of the optimized designs, at conditions they 

were not optimized for, is also an important feature to take into account.  Furthermore, a cross-validation 

between the resulting topologies can be used to check for convergence to local minima. It can be detected if 

an optimized design does not show the best performance at the boundary condition it was optimized for. 

A first sensitivity analysis was carried out to evaluate how the performance of an optimized system would 

change at different well fluid convection regimes. The electronics section was first optimized for a certain 

value of feed current and well fluid convection; the optimized design was then simulated at different values 

of convection coefficient, maintaining the TEC feed current constant. The resulting performances were 

compared as illustrated in Figure 5.5. The performance of the system was evaluated in terms of HTS 

electronics average temperature, computed through the objective function reported in Eq. (5.11).   
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Figure 5.5  HTS electronics temperature vs. Convection coefficient for three different systems, optimized for h = 10 Wm-2K-1 and 

Ifeed = 1, 2, 3 A (5a, left side). HTS electronics temperature vs. Convection coefficient for two systems optimized for h = 10, 

25 Wm-2K-1 and Ifeed = 4 A (5b, right side). 

Figure 5.5a reports the performance trend with h of the systems optimized for h = 10 Wm
-2

K
-1

 and Ifeed = 1, 2, 

and 3A. As forecast, the HTS electronics is maintained colder at higher h values, when the heat rejection to 

the well is enhanced. Furthermore, higher feed currents are able to keep the electronics colder only if the 

well fluid is able to absorb the additional excessive heat, generated by the higher Joule losses. The lowest 

THTS, at a certain convection regime, is given by the system that was optimized for it. 

Unexpectedly, it was found that the systems optimized for the same feed current operate very closely to each 

other, independently on the value of h they were optimized for. The performance trends of the systems 

optimized for Ifeed = 1, 2 and 3A, and h > 10 Wm
-2

K
-1

, would in fact overlap with the corresponding three 

curves illustrated in Figure 5.5a. A maximum mismatch of only 0.05 °C, 0.01 °C, and 1.47 °C was found 

between the performance trends of the systems optimized for Ifeed = 1, 2, and 3 A, respectively. This analysis 

proved that the optimization process is not significantly sensitive to the considered well fluid convection 

range. In other words, the length of the aluminum pad, which characterizes the Design 1 concept, as well as 

the thickness of the aluminum layer, which characterizes the Design 2 concept, do not significantly affect the 

performance of the optimized systems between 1A and 3 A. 

On the contrary, not all the topologies optimized for 4 A have a similar behavior. As Figure 5.5b shows, the 

system optimized for 4 A and 10 Wm
-2

K
-1

 (Design 3 concept) maintains the electronics at a significantly 

lower temperature at low convection coefficients, compared to the one optimized for 4 A and 25 Wm
-2

K
-1

. 

However, above 25 Wm
 2
K

-1
 the system optimized for 4 A and 25 Wm

-2
K

-1
 (Design 2 concept) is able to 

maintain the HTS electronics down to a 37 °C lower temperature. In analogy with the previous cases, the 

other designs optimized for 4 A and h > 25 Wm
-2

K
-1

 were found to operate similarly to the case optimized 

for 4 A and h = 25 Wm
 -2

K
-1

, with a maximum mismatch between the performance trends of 6.67 °C. 

In an analogue way, the sensitivity of the optimized topologies to the TEC feed current was studied. The 

electronics unit was initially optimized for a certain value of well fluid convection coefficient and of TEC 

feed current; the resulting optimized design was then simulated at different values of feed current, while 

maintaining the value of h constant.   

a) b) 
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Figure 5.6  HTS electronics temperature vs. TEC feed current of four different designs, optimized for Ifeed = 1, 2, 3 and 4 A, and 

h = 50 Wm-2K-1 (6a, left side) and 100 Wm-2K-1 (6b, right side). 

Figure 5.6 shows that the optimization process is more sensitive to the feed current than to the external 

convection coefficient. The mismatch between the curves is now larger and can go up to several degrees 

Celsius. As expected, the lowest THTS, at a certain TEC feed current, is given by the system that was 

optimized for it. 

An optimal feed current Iopt, which minimizes the HTS electronics temperature, can be individuated. 

Increasing the TEC feed current enhances the thermoelectric effect and the heat transport from the cold to the 

hot plate. However, that makes the Joule losses within the module larger, in turn causing a larger excessive 

heat flux that needs to be rejected to the wellbore, and a higher heat backflow to the HTS electronics through 

the thermal insulation. The optimal current Iopt can be defined as the TEC feed current at which the marginal 

gain in absorbed heat flux from the cold plate, due to an infinitesimal increase of the TEC feed current, 

becomes smaller than the heat flux that leaks back to the cooled electronics through the insulation. Iopt varies 

slightly for each optimized design, and depends mainly on h.  

Iopt is equal to ~1.2 A for h = 10 Wm
-2

K
-1

, to ~1.9 A for h = 25 Wm
-2

K
-1

, to ~2.3 A for h = 50 Wm
-2

K
-1

, to 

~2.6 A for h = 100 Wm
-2

K
-1

, and to ~2.9 A for h = 500 Wm
-2

K
-1

. With respect to the considered operations at 

non-optimal current, working at Iopt  can reduce the electronics temperature by a maximum ~244 °C at 

h = 10 Wm
-2

K
-1

, ~59 °C at h = 25 Wm
-2

K
-1

, ~29 °C at h = 50 Wm
-2

K
-1

, ~17 °C at h = 100 Wm
-2

K
-1

, and 

~20 °C at h = 500 Wm
-2

K
-1

. The designs that prove to maintain the HTS electronics at the lowest 

temperature, around the optimal current, are the ones optimized for 2 A and 3 A. 

5.4.3 Design of the actively cooled electronics section 

The results from the topology optimization study were used to define the final design of the actively cooled 

electronics unit (Figure 5.7); practical assembly constraints were also taken into account. The heat transfer 

analysis of the system revealed that the ideal operating condition for the device to work is a combination of 

high TEC feed current, that guarantees a strong cooling effect, and a high well fluid convection regime, 

which guarantees an effective removal of the excessive heat. Unfortunately the well fluid convection regime 

can vary significantly in operation, and therefore the tool needs to be designed for the worst-case design 

convection coefficient, which was set to 25 Wm
-2

K
-1

. Design 3 can be immediately discarded from the 

a) b) 
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suitable topologies, as it was optimized for a convection regime that is outside the design conditions and for 

a TEC feed current that is far from the optimal ones. As mentioned previously, the optimal feed current for 

h = 25 Wm
-2

K
-1

 is ~1.9 A; the optimized design for these conditions corresponds to the Design 1 concept 

(see Figure 5.4). However, Design 2 proved to have a very similar performance around the optimal feed 

current (see Figure 5.6), which means that there is some freedom in the design of the aluminum pad and/or 

layer. The lower mass of aluminum that characterizes Design 1 would make the tool lighter, though, which is 

preferable from a logistic and operational point of view. Furthermore, the aluminum pad, which provides the 

radial thermal path from the cooler hot plate to the structural chassis, proved to be the fundamental feature 

for effective operation of the system: an aluminum pad was therefore implemented in the final design. No 

aluminum layer was included, except for two walls, 10 mm thick, at the two ends of the chassis: they provide 

mechanical stability, an additional thermal path to better spread the heat in the case of a poor heat rejection 

rate, and are suitable for the installation of pins for the assembly of the system. The chassis would be in fact 

split into a top half, where the cooling system and the PCB are installed, and a bottom half, on which the 

HTNS electronics are mounted. Two smaller pads, with threaded holes, were designed in the top part of the 

chassis: they support a plastic screw system that clamps the cooler between the heat spreader and the chassis, 

while ensuring effective thermal contacts. The remaining volume was filled with thermal insulation, for 

thermal protection of the cooled electronics. 

 

Figure 5.7  Illustration of the longitudinal section of the final design. The thermoelectric cooler is clamped between the aluminum 

pad and the heat spreader through two plastic screws (in yellow). The remaining volume within the chassis is filled with thermal 

insulation. 

Simulations showed the chosen design operates very similarly to the optimized systems (Table 5.3). The 

difference in HTS electronics temperature is very small when operating at 1 A or 2 A, as the final design is 

very similar to the Design 1 concept. The HTS electronics are in fact maintained maximum 0.11 °C above 

the optimized case. When operating at 3 A and 4 A, the mismatch becomes larger, since the Design 2 

concept would perform better at higher feed currents. However, when operating at 3 A, the HTS components 

are always maintained less than 1 °C above the optimized system. The mismatch becomes larger than 1 °C 
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for operations at 4 A; that can be considered irrelevant, since Ifeed = 4 A is far from the observed optimal TEC 

settings and the system would always aim at operating between 2 A and 3 A, close to the optimal conditions. 

Table 5.3 also shows the final system fulfills the design conditions and the electronics can be maintained 

below 175 °C for every well fluid convection regime, as far as a control system can regulate the TEC feed 

current around the optimal one. The only exception occurs for the case at h = 25 Wm
-2

K
-1

, where the heat 

rejection is very poor and the electronics can only be maintained between at an average temperature of 

175 °C and 176 °C; this result is still considered acceptable given the small mismatch.  

Table 5.3  Comparison between the performance of the final design (Design) and the optimized systems (Opt). 

ΔT = THTS,desig  - THTS,Opt. 

h 

(Wm
-2

K
-1

) 

Opt - 1A  

THTS (°C) 

Design - 1A  

THTS (°C) 

ΔT 

(°C) 

25 182.31 182.41 0.10 

50 179.32 179.43 0.11 

100 177.83 177.94 0.11 

500 176.56 176.67 0.11 

h 

(Wm
-2

K
-1

) 

Opt - 2A  

THTS (°C) 

Design - 2A  

THTS (°C) 

ΔT 

(°C) 

25 175.63 175.68 0.05 

50 168.18 168.23 0.05 

100 164.54 164.57 0.03 

500 161.46 161.48 0.02 

h 

(Wm
-2

K
-1

) 

Opt - 3A  

THTS (°C) 

Design - 3A  

THTS (°C) 

ΔT 

(°C) 

25 188.22 188.93 0.71 

50 171.48 171.87 0.39 

100 163.68 163.90 0.22 

500 157.12 157.35 0.23 

h 

(Wm
-2

K
-1

) 

Opt - 4A  

THTS (°C) 

Design - 4A  

THTS (°C) 

ΔT 

(°C) 

25 228.62 233.59 4.97 

50 192.79 195.71 2.92 

100 177.25 179.29 2.04 

500 165.23 166.37 1.14 
 

 

In order to have a clearer overview of the operation of the final design, a characteristic curve that displays 

the HTS average temperature as a function of the TEC feed current and of the well fluid convection 

coefficient is illustrated in Figure 5.8. As already observed in the previous analyses, the performance of the 

system is enhanced when high well fluid convection regimes occur. At high TEC feed currents the 

performance of the system is more sensitive to the convection coefficient than at low Ifeed, as it can be noticed 

from the curve slopes on the h-THTS plane. On the Ifeed-THTS plane, instead, it can be observed the HTS 

electronics temperature reaches a minimum at Iopt, which varies for different conditions of well fluid 
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convection. The Iopt front is highlighted with red line. The optimal operating current changes more rapidly 

with h at low convection regimes, where the excessive heat rejection is crucial, and engages a flatter trend 

while the convection coefficient grows. 

 

Figure 5.8  Characteristic curve of the finally designed TEC integrated system. The plot reports the simulated performance of the 

cooling system, in a 200 °C environment, as HTS electronics temperature vs. convection coefficient and TEC feed current. The 

minimum HTS electronics temperature, for each operating condition, is highlighted by a red line. The color bar expresses the HTS 

electronics temperature in degrees Celsius. 

5.4.4 Model validation 

The system illustrated in Figure 5.7 was manufactured and assembled as shown in Figure 5.9. Thermal 

grease was used to interface the heating components to the chassis, lead wires were installed to feed the two 

sets of electronics through external power supplies, and type-K thermocouples were installed to monitor the 

temperature profile within the tool. 

 

Figure 5.9  Illustration of the manufactured components. Six resistors were installed on the chassis bottom half to reproduce the 

HTNS electronics (a).The TEC was located in the chassis top half, with two threaded holes for implementing the clamping system; 
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the thermocouple TCHP measured the temperature on the hot side of the TEC(b). Five resistors were soldered onto the PCB, to 

simulate the HTS electronics, and coupled with the soft thermal pad and the heat spreader (c); the thermocouple TCHTS measured the 

temperature of the PCB. The two halves of the chassis were finally filled with thermally insulating foam and inserted into the 

metallic housing; the temperature of the housing was monitored by four thermocouples (d). 

The assembled tool was tested in a dry and ventilated hot environment, where a fan recirculated air at the 

set-point temperature Toven. Power Supply 1 provided the electric power to the TEC, while a voltmeter and a 

current meter measured the feed voltage and current, respectively. Power Supply 2 provided the feed power 

to the test electronics. A Data Acquisition System monitored and recorded the temperature distribution within 

the tool. The schematic of the experimental setup is reported in Figure 5.10. 

 

Figure 5.10  Schematic of the experimental setup. The main components characterizing the experimental validation of the model 

are illustrated. 

Two different ovens, in size and air flow capacity, were used to test the tool at 180 °C, 190 °C, and 200 °C. 

For every oven temperature, the TEC feed current was varied between 1 A and 4 A, and the steady state 

temperature distribution across the tool was recorded. Furthermore, each test was characterized by the 

calculation of the average heat transfer coefficient  ℎ̅𝑒𝑥𝑝 , which described the heat transfer, mainly driven by 

convection, occurring at the steady state between the tool housing and the oven environment. Eq. (5.18) was 

calculated from the balance of the energy fluxes through the control volume shown in Figure 5.10, and was 

used for this purpose. The term ℎ̅𝑒𝑥𝑝  provides the reference boundary condition for the model validation 

process. 

ℎ̅𝑒𝑥𝑝 =
(𝑃𝑇𝐸𝐶 + 𝑃𝐻𝑇𝑆 + 𝑃𝐻𝑇𝑁𝑆)

𝐴ℎ𝑜𝑢𝑠𝑖𝑛𝑔 ∙ (�̅�ℎ𝑜𝑢𝑠𝑖𝑛𝑔 − 𝑇𝑜𝑣𝑒𝑛)
 (5.18) 
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where ℎ̅𝑒𝑥𝑝 is the average heat transfer coefficient at the tool housing surface; PTEC, PHTS, and PHTNS are 

respectively the electric feed powers of the cooler, of the HTS electronics, and of the HTNS electronics; 

Ahousing is the outer surface area of the housing; �̅�ℎ𝑜𝑢𝑠𝑖𝑛𝑔 is the average of the readings from the four 

thermocouples installed on the outer surface of the housing (see Figure 5.9d); and Toven is the measured oven 

temperature. 

The experimental temperatures were measured with type-K thermocouples and compared with the 

predictions from the model. An accuracy of ± 1.5 °C was used for the thermocouples, according to IEC 584 

Class 1. Model data points were obtained from the corresponding 1 cm
2
 square location within the finite-

element geometry; actual measurements were compared with the average temperatures, while lower and 

higher error bands were introduced according to the model prediction for the maximum and minimum 

temperatures within the 1 cm
2
 square. 

  

Figure 5.11  Comparison between experimental data and model prediction. HTS electronics temperatures are reported on the left (a) 

and hot plate temperatures are reported on the right (b). Results from all the tests from both the ovens are illustrated, and compared 

to the perfect prediction scenario. 

Figure 5.11 shows the comparison between the experimental and the model temperatures, from the TEC hot 

plate (probe shown Figure 5.9b) and HTS electronics (probe shown in Figure 5.9c), which represent the most 

relevant temperatures for the system operation.  

Table 5.4  Temperatures and parameters characterizing both the experimental procedure and the model validation. The first three 

columns define the boundary conditions of each test, while the last four columns summarize the TEC hot plate (HP) and HTS 

electronics temperatures, at stationary operations. 

 
Toven (ᵒC) Ifeed (A) ℎ̅𝑒𝑥𝑝 (Wm

-2
K

-1
) THTS,model (ᵒC) THTS,exp (ᵒC) THP,model (°C) THP,exp (ᵒC) 

Lower 

convection 

oven 

180.4 1.0 35.1 160.3 161.6 185.3 185.6 

180.7 1.5 30.9 154.4 156.4 189.3 190.3 

180.5 2.0 29.1 152.0 155.0 194.5 196.0 

180.3 2.5 28.2 153.8 157.6 201.3 203.1 

a) b) 
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190.8 1.0 36.8 170.7 172.5 195.6 195.5 

189.9 1.5 31.0 163.9 166.7 198.7 199.3 

190.1 2.0 31.1 161.3 164.4 203.5 204.3 

190.6 2.5 30.3 163.9 167.8 210.8 211.4 

199.3 1.5 35.6 172.7 176.7 207.3 207.3 

199.5 2.0 32.3 171.0 175.9 212.9 213.0 

199.7 2.3 31.7 172.0 177.4 216.8 216.9 

 Toven (ᵒC) Ifeed (A) ℎ̅𝑒𝑥𝑝 (Wm
-2

K
-1

) THTS,model (ᵒC) THTS,exp (ᵒC) THP,model (°C) THP,exp (ᵒC) 

Higher 

convection 

oven 

180.7 1.0 65.7 158.7 157.7 183.7 182.6 

181.0 2.0 62.4 146.2 145.4 188.7 188.4 

180.7 3.0 57.7 147.1 145.8 197.5 197.9 

181.1 3.5 59.0 153.7 151.1 203.5 203.1 

190.8 1.0 72.9 168.7 168.3 193.6 191.8 

191.0 2.0 64.8 156.4 155.7 198.7 197.0 

190.2 3.0 60.8 157.0 156.2 206.7 205.7 

190.8 3.3 61.1 160.5 158.8 210.1 208.6 

200.4 1.5 75.9 170.3 170.7 205.0 203.0 

201.8 2.0 73.4 167.1 168.8 209.1 207.4 

200.3 2.3 66.3 164.9 166.2 210.1 208.9 

200.1 3.0 62.6 167.9 168.1 216.7 214.3 
 

As indicated in Figure 5.11, experimental data and model forecasts revealed a good match, and proved the 

model can reproduce the performance of the real system with a good degree of accuracy. Figure 5.11a shows 

the majority of the data points for the HTS electronics temperature are close to the perfect prediction. Points 

from the tests at lower convection show a slightly worse match with the model, which predicts slightly lower 

HTS electronics temperatures. Based on the thermocouple readings and visual inspection of the system, no 

degradation at the cold side of the TEC was observed after the tests. No visible breakdown of the thermal 

interface material, which is rated for a maximum operating temperature of 200 °C, or change in the thermal 

resistances were detected. The mismatch in the model results can be attributed to the degradation of the TEC 

itself, which occurred in the ~50 hours of testing at high temperature in the higher convection oven, which 

were carried out first chronologically. The degradation of the module consists of a decrease in the 

thermoelectric effect and was detected as a drop in the temperature span across the TEC and a decrease of 

the TEC feed voltage at constant current (Barako et al. (2012)). The lower heat transport between the plates 

could therefore have led to higher experimental HTS electronics temperatures. The effects of the degradation 

are also accentuated when operating in low convection environments and high feed currents.  

Figure 5.11b, instead, shows a very good match between experiments and model predictions for the hot plate 

temperatures, both for the lower and higher convection scenarios. The previously described behavior can 

also be observed in Figure 5.12, where a comparison between model and experiments is reported as a 

function of the TEC feed current. Experimental results show a good agreement with the model predictions 
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and are able to reproduce the forecast trends with Ifeed. Furthermore, the experimental data confirm the 

presence of an optimal operating current Iopt, as described in the section 4.3, and the trend is reproduced by 

the model. Although Figure 5.12c shows a slightly larger mismatch between predictions and experiments, for 

the lower convection scenario, the convex trend and the value of Iopt are reproduced with good 

approximation. The observed Iopt values varied with the outer fluid convection regime, confirming the 

behavior predicted by the model. As expected and previously shown, lower electronics temperatures were 

obtained in the higher convection scenario. 

  

  

Figure 5.12  Comparison between experimental and modelling temperatures vs. TEC feed current, at different oven temperatures. 

The two figures on the top (a, b) report respectively the HTS electronics and the hot plate temperatures trends vs. TEC feed current, 

for the higher convection oven. The two figures on the bottom (c, d) report respectively the HTS electronics and the hot plate 

temperatures vs. TEC feed current, for the lower convection oven. The colored lines show the trends predicted by the model, 

defined by the maximum and minimum temperatures from the 1cm2-square model probe. The single points represent the 

experimental data. 

 

 

a) b) 

c) d) 
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5.5 Conclusions from the design and testing of Prototype mark-2 (part 1) 

This work presented and demonstrated a method of integrating a TEC into a system with specific design 

constraints, using topology optimization combined with a 3D finite element model of the system. This 

technique allows efficient integration of TECs by optimizing how they interact thermally with their 

surroundings, and is suitable for any TED application where the module must be mounted in a fixed volume. 

As a specific application, the optimization method was used to aid in the design of an actively cooled 

electronics unit for a downhole oil well intervention tool, and to optimize the integration setup of a 

commercial thermoelectric cooler. The geometry to be optimized and the problem-related governing 

equations were implemented in COMSOL Multiphysics, together with the SIMP topology optimization 

approach. The model was used to optimize the distribution of aluminum and thermally insulating material 

within the unit, so the temperature-sensitive electronics could be maintained at a minimum temperature. The 

system was optimized for several well conditions and for the TEC feed current, and different design concepts 

were generated and analyzed. When heat rejection was critical (high TEC feed currents and low convection 

regimes) the mass of aluminum increased for better conduction out of the tool to the well; when the heat 

rejection was not critical (low TEC feed currents and high convection regimes) the thermal protection of the 

cooled electronics was prioritized, and the use of aluminum was significantly lower than the previous cases 

in favor of the thermal insulator. Optimized systems were found to cool the electronics down to a 

temperature 37 °C colder than before optimization. Furthermore, the optimization process proved to be not 

significantly sensitive to the convection range, but highly sensitive to the operating current of the TEC. An 

optimal operating current, which minimizes the temperature of the HTS components and depends on the well 

fluid convection regime, was found.  This analysis highlighted the importance of a control system that would 

always seek the best operating conditions for the cooler.  

Topology optimization was used to implement the final design of the electronics unit, which simulations 

predicted to perform very closely to the optimized systems. The final design was manufactured and tested in 

an experimental setup, at different operating conditions. Model predictions reproduced experimental results 

with good agreement, replicated the predicted optimal feed currents, and demonstrated the effectiveness of 

the design method. Topology optimization was shown to be a powerful design tool that can be combined 

with a TED model to yield optimized designs for thermoelectric integrated systems.  
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5.6 Addendum 

The analysis and the optimization presented in the previous sections led to the construction of Prototype 

mark-2, which was successfully tested and satisfactorily met the design criteria.  Prototype mark-2 was able 

to cool the electronics below ~175 °C when operating at 200 °C, even in the case of poor convective heat 

transfer (hexp ~ 30 W/m
2
K). Furthermore, the hot side of the system was maintained at a tolerable 

temperature both for the cooler and the HTNS electronics. Prototype mark-2 definitely proved the thermal 

integration concept.  

However, during the tests, the cooling system was fed by external power supplies with a variable DC 

voltage. Once installed into the well tractor, the cooling system would be connected to the downhole power 

source fixed at 15 V DC. A feed voltage of 15 V is not suitable for the cooler in every operating condition, 

so a way to adapt Vfeed to a suitable range of values needed to be defined. 

Also, the cooler degradation that was noticed in the HT tests of Prototype mark-2 (Section 5.4.4), required 

further investigation to assess whether it could affect the reliability of the system during a single well 

intervention. The investigation of these topics is addressed in the next two sections of the addendum. 

5.6.1 Electrical integration of the system 

Once integrated into the well tractor, the thermoelectric cooling system would be coupled to a 15 V DC 

source. However 15 V would generate a current that is above the rated value of the employed TEC, both at 

room temperature and at 200 °C, when the resistance of thermoelectric material increases, which is far from 

the optimal one (see Figure 5.13). Furthermore, in case of poor convection, the high currents could generate 

heat rejection issues and not enough cooling for the electronics.  

   

Figure 5.13  Experimental trend of ΔTcooler and of HTS electronics temperature vs. feed current and feed voltage. Tests of Prototype 

mark-2 at 180 °C in the lower convection oven (left) and at 200 °C in the higher convection oven (right). 

It is important, for an effective operation of the system, that the feed voltage can be varied below 15 V. 

Furthermore, having a variable and controllable feed voltage to the cooler would allow seeking for the 

optimal operating conditions that minimize the temperature of the HTS electronics, for each operating 
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temperature and convection regime. In order to achieve this result, the Power Width Modulation (PWM) 

technique was studied and implemented in the feeding system of the cooler. 

5.6.1.1 Implementation of the PWM technique  

PWM is a modulation technique that allows the control of the power supplied to an electrical device. The 

average value of voltage and current fed to the load is controlled by switching between supply and load, on 

and off at a fast rate. The longer the switch is on compared to the off periods, the higher the total power 

supplied to the load. There can be defined a switching frequency as the frequency with which the system is 

turned on; such frequency has to be much higher than what would affect the load and  the resultant waveform 

perceived by the load must be as smooth as possible. The inverse of the switching frequency is defined as 

switching period, while the switching period fraction in which the system is maintained on is defined as duty 

cycle. 

To implement the PWM modulation technique, a transistor was used according to the scheme shown in 

Figure 5.14. The transistor “opens” and “closes” the circuit whenever a voltage of 10 V and -5 V, 

respectively, is applied between the gate (G) and the source (S). A signal generator was used to generate a 

square wave, with a certain frequency, between -5 V and 10 V (Figure 5.16) that could drive the transistor. 

The same configuration could be used in the well tractor where the transistor could be driven by a 

microprocessor, which also controls the cooling system. 

 

Figure 5.14  Schematic of the circuit to implement the PWM of the 15 V power source. 

A 100 μF capacitor and a diode were used to absorb the voltage variations during the transients and ensure 

proper operation of the system. A small resistor (6.6 Ω) was mounted between the signal generator and the 

gate of the transistor to limit the transient current peaks that could damage the signal generator. 
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Figure 5.15  Picture of the circuit for modulating the voltage source at 15 V. 

 

 

Figure 5.16  Screen capture from the oscilloscope used for the calibration of the test setup. The square wave in yellow, which varies 

from -5 V to 10 V, represents the signal that drives the transistor. The square wave in blue represents the modulation of the 15V 

voltage source, across the test resistor. An 80% duty cycle is set for this picture. The switching frequency is 1 kHz. 
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The resulting voltage across the load Vavg can be calculated as the product between the voltage source Vsource 

and the duty cycle DC (0 < DC < 1) with which the transistor is switched. The average current across the 

load Iavg can also be calculated in the same way as Vavg. 

𝑉𝑎𝑣𝑔 = 𝑉𝑠𝑜𝑢𝑟𝑐𝑒 ∙ 𝐷𝐶  

𝐼𝑎𝑣𝑔 = 𝐼𝑠𝑜𝑢𝑟𝑐𝑒 ∙ 𝐷𝐶   

(5.19) 

However, although the average current from the PWM can be approximated to the continuous one through 

Eq. (5.19), the Joule losses across the load are not equivalent, and are higher than R∙Iavg
2
 as shown in Eq. 

(5.20). 

𝑄𝐽𝑜𝑢𝑙𝑒 = 𝑅 ∙ 𝐼𝑠𝑜𝑢𝑟𝑐𝑒
2 ∙ 𝐷𝐶 = 𝑅 ∙

𝐼𝑎𝑣𝑔
2

𝐷𝐶
          ≥          𝑅 ∙ 𝐼𝑎𝑣𝑔

2    (5.20) 

Eq. (5.20) shows the Joule losses given by an average PWM current are higher or equal (DC = 1) to the Joule 

losses generated by the equivalent DC current. The difference between the Joule losses in the PWM and 

continuous cases becomes smaller and smaller while the duty cycle approaches unity. Despite the cooling 

action generated by Iavg is the same as the case with a DC current, the higher Joule losses significantly affect 

the performance of the system.  

A way to reduce the Joule losses when using PWM is to flatten the square waveform of the feed voltage, 

which oscillates between 0 V to Vsource, at the desired average value. In this way the electric current induced 

in the cooler would also be flat, without the peaks that cause higher losses. This can be achieved by 

implementing an L-C filter in the PWM circuit. Such a system was preliminarily designed and simulated on 

LT Spice (LT Spice IV) (Figure 5.17 and Figure 5.18), and subsequently implemented in the lab setup 

(Figure 5.19). 
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Figure 5.17  Schematic from LT Spice of the PWM circuit with L-C filter. 

 

 

Figure 5.18  Simulated voltage (green curve – left y axis) and current across the cooler (red curve – right y axis) until steady state 

with LT Spice. The light blue square wave (left y axis) represents the modulated voltage without filtering. The PWM system was 

simulated with an inductor of 970 μH, a capacitor 100 μF, an operating frequency of 10 kHz, a voltage source of 15 V, a duty cycle 
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of 80%, and a resistive load of 4.5 Ω. 

The circuit illustrated in Figure 5.17 was modelled in LT Spice. A parametric study over the operating 

frequency, size of the inductor, and size of the capacitor was performed and a satisfactory output was 

obtained for a frequency of 10 kHz, an inductance of 970 μH and a capacity of 100 μF. The trend of the 

voltage at steady state is no longer a square wave, as shown in Figure 5.18, but is a flattened curve with 

oscillations, in the order of magnitude of millivolts, around the desired value. In Figure 5.18, a duty cycle of 

80 % is simulated and a stable output voltage of ~11 V is obtained, compared to the theoretical of 

0.8∙15 = 12 V.  The mismatch is due to the simulated losses in the circuit due to conduction and switch losses 

in the transistor. Consequently to the flattened trend of the voltage, also the current across the load has a 

constant trend at steady state and does not follow a square trend anymore. 

Given the satisfactory voltage output trend, this solution was tested in the feeding system of the TEC. The 

experimental results are illustrated in the next section, in comparison with the reference results at continuous 

voltage and the results from the basic PWM system. 

 
Figure 5.19  Picture of the PWM system with the integrated L-C filter. Two inductors, 1.94mH each, were connected in parallel to 

obtain an inductance of 970 μH which is suitable for the application. No connectors for the signal generator were installed in this 

circuit and the transistor was driven through some cables connecting directly the signal generator to the device pins. 

5.6.1.2 Test results with PWM 

Tests were conducted in the higher convection oven at 200 °C. Figure 5.20 shows the trend of the 

temperature span across the cooler with the TEC feed power, while Figure 5.21 shows how the HTS 

electronics and the hot plate temperatures change with the feed current. The three different feeding solutions 

are compared. The results are also summarized in Table 5.5 at the end of the section. 
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Figure 5.20  Temperature difference across the cooler vs. feed power for the three different TEC feeding solutions: continuous 

voltage, PWM voltage, and filtered PWM voltage.  

  

Figure 5.21  HTS electronics temperature (left) and hot plate temperature (right) vs. cooler feed current for the three different TEC 

feeding solutions: continuous voltage, PWM voltage, and filtered PWM voltage. 

The test results show that the implementation of the basic PWM method is not enough to obtain as efficient 

TEC performance as the case with DC feed currents. The increased Joule losses compromised the 

temperature span that the cooler is able to maintain and a mismatch, which varies between ~4 °C and ~7 °C, 

was observed between the curves. The difference in performance with the reference DC case becomes 

smaller and smaller as the duty cycle approaches unity. With a duty cycle of one, the Joule losses are 

theoretically equal for the two configurations and the two systems are expected to perform in the same way. 

The inefficient operation leads to significantly higher HTS electronics and hot plate temperatures (Figure 

5.21). 
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The introduction of the L-C filter shows a significant improvement in the cooling system performance. The 

thermoelectric cooler is able to replicate very similar HTS electronics temperatures (Figure 5.21) to the 

reference DC case, and slightly larger temperature spans (Figure 5.20). The difference in the temperature 

spans is explained by the higher hot plate temperatures (Figure 5.21), caused by the small oscillations of the 

feed current around the set point and by the additional losses introduced by the new components. Again, the 

difference in performance between the systems becomes smaller and smaller as the duty cycle grows 

towards 1. The PWM with L-C filter proved to be an efficient and suitable solution for electrical integration 

of the TEC into the well tractor. 

Table 5.5  Summary of the tests in the higher convection oven at 200 °C. 
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Vfeed 
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Pfeed 
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(W) 

Toven 

(ᵒC) 

THTS 

(ᵒC) 

THTS,ext 

(ᵒC) 

THP 

(ᵒC) 

ΔTcooler 

(°C) 

1.5 7.8 / 7.8 11.7 0 200.0 171.4 171.8 204.0 32.6 

2.0 10.4 / 10.4 20.7 0 200.2 167.0 167.6 207.3 40.2 

2.3 11.7 / 11.7 26.9 0 200.1 165.9 166.6 209.4 43.4 

2.5 12.6 / 12.6 31.5 0 199.9 166.1 166.7 211.2 45.1 
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(ᵒC) 
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(ᵒC) 
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(ᵒC) 

THP 

(ᵒC) 

ΔTcooler 

(°C) 

1.5 15.0 47.7 7.5 11.2 0.2 199.8 183.6 184.6 209.4 25.8 

2.0 15.0 66.5 10.0 20.0 0.4 200.7 178.1 179.1 211.5 33.4 

2.3 14.9 78.4 11.5 26.4 0.5 200.5 174.4 175.5 212.9 38.5 

2.5 15.0 86.3 12.5 31.2 0.6 200.6 172.1 173.3 213.9 41.8 
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(ᵒC) 
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(ᵒC) 
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(ᵒC) 

THP 

(ᵒC) 

ΔTcooler 

(°C) 

1.5 14.9 60.0 7.9 11.9 0.5 199.2 171.1 171.9 204.8 33.7 

2.0 15.0 76.0 10.4 20.8 0.7 199.2 166.7 167.7 207.9 41.1 

2.3 15.0 85.6 11.8 27.0 0.9 199.2 165.7 166.7 210.3 44.6 

2.5 15.1 92.0 12.8 32.0 1.0 199.6 166.0 167.1 211.6 45.5 
 

 

 

 

 

 

 



   

CHAPTER 5. OPTIMIZATION OF THE SYSTEM AND PROTOTYPE MARK-2 132 

 

 
 

5.6.2 TEC degradation 

After experiencing degradation of the thermoelectric cooler during the tests at high temperature, reported in 

Section 5.4.4, the effects of the exposure to high temperature were further investigated. A new thermoelectric 

cooler was installed in Prototype mark-2 and the tool was tested in the higher convection oven at 200 °C for 

200 hours. The goal of the test was to quantify the degradation rate of the cooler and to assess whether such 

degradation could be critical during the design downhole residence time (≥ 12 hours). The trend of the ΔTHTS 

and of the feed voltage were monitored during the tests, while maintaining the feed current at the optimal 

value of 2.3 A. The test results are shown in Figure 5.22. 

 

Figure 5.22  Results from the degradation test, carried out at 200 °C in the higher convection oven. Trend in time of ΔTHTS, Vfeed, 

and ΔTHP. 

A decrease of the cooling performance in time was noticed by the increase of the HTS electronics 

temperature of 3 °C in 200 hours. ΔTHTS varied in fact from 33 °C to 30 °C, which means the HTS electronics 

increased from ~167 °C to ~170 °C. While the feed current was maintained constant at 2.3 A, a drop of the 

feed voltage was detected from ~11.7 V to ~10.7 V. Only a slight change in the hot plate temperature was 

detected:  ΔTHP decreased by ~1 °C over 200 hours, but kept oscillating around a value of 10 °C. 

Different mechanisms could have contributed to the drop in performance of a TEC (Barako et al (2012)): 

- Inter-diffusion between thermoelectric material, solder, and copper connectors. This phenomenon is 

driven by the charge transport at the interface between the semiconductor legs and the thin copper 

electric connectors. The process is accelerated by high temperature operation and high current, and 

increases the electrical contact resistance of the module. This contribution leads to an increase of the 

module resistance. (Allred et al (1988), Moores et al (1999)) 
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- Thermal expansion. When an application involves large temperature changes or thermal cycling, 

thermoelectric modules should not be installed using stiff connections. Unless the thermal 

coefficients of expansion of all system components are similar, rigid bonding combined with 

temperature cycling often results in early module failure due to the induced thermal stresses. This 

phenomenon can generate cracks within the system and electrical connections, with a raise in the 

overall electrical resistance. (Click et al (1978)) 

- Change in the chemical composition. Sublimation of Tellurium (more volatile than Bismuth), 

oxidation of the thermoelectric legs, and reactions in corrosive environments can change the 

chemical composition of the TE material when operating at high temperatures. This change in the 

chemical composition results in a change of the thermoelectric properties and thus a drop in the 

Seebeck coefficient. This contribution leads to a decrease of the cooling effect at a given current, and 

a drop in the absorbed voltage required by the feed current (see Eq. (2.32)). (Lee et al. (2010), 

Brostow et al (2012)) 

It is reasonable to assume that no degradation from thermal expansion occurred in the 200 hour test. As 

opposed to what was previously experienced (Section 4.4), no increase of the ACR resistance was found 

after the tests. It was measured that ACR (24.3 °C) = 2.253 Ω before the tests, and ACR (24.3 °C) = 2.139 Ω 

after the tests. The ACR decreased by 0.114 Ω, probably due to the change in the chemical composition of 

the thermoelectric material. Tellurium, which tends to evaporate more easily, has in fact a much higher 

electric resistivity than Bismuth. This effect likely overcame the less impacting increase of the electric 

contact resistances due to molecular inter-diffusion. 

The drop in the feed voltage observed during the tests can be partially motivated by this change in the 

electrical resistance. However, the main contribution to the decrease of the feed voltage is expected to come 

from the reduction of the Seebeck coefficient of the thermoelectric material, which also explains the drop in 

the HTS temperature. A further confirmation of this phenomenon can be found in the trend of ΔTHP, which 

slightly decreases in time because of the reduced transported heat flux and Joule losses. 

It was possible to quantify the degradation in terms of cooling loss per hour (°C/hour) and voltage drop per 

hour (V/hour) by approximating the trend in time of the studied variables to linear (R
2
 > 0.95). 

∆𝑇𝐻𝑇𝑆,𝑓𝑖𝑡 = −0.014 
℃

ℎ𝑜𝑢𝑟
∙ 𝑡 + 33.014 ℃ (5.21) 

𝑉𝑓𝑒𝑒𝑑,𝑓𝑖𝑡 = −0.0048
𝑉

ℎ𝑜𝑢𝑟
∙ 𝑡 + 11.6386 𝑉 

(5.22) 

∆𝑇𝑐𝑜𝑜𝑙𝑒𝑟,𝑓𝑖𝑡 = −0.020
℃

ℎ𝑜𝑢𝑟
∙ 𝑡 + 43.647 ℃ (5.23) 

Where t is the time in hours. Based on the linear fit approximation, a TEC performance degradation of 0.014 

°C/hour was found, corresponding to a drop of the feed voltage of 4.78 mV/hour.  The temperature span 

across the cooler was found to decrease with a rate of 0.020 °C/hour. These values are related to the test 

conditions of temperature, convection regime, and feed current and the effect of degradation would be 

accentuated at lower convection regimes. The values obtained in these tests are slightly higher than those 

experienced by Moores et al. (1999) who tested a commercial HT TEC for 1500 hours,  at 173 °C and with a 
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feed current of 1 A. A degradation rate of 0.006 °C/hour was found for ΔTcooler and of 0.67 mV/hour for the 

feed voltage. The higher degradation rates found in this work could be due to the harsher test conditions at 

200 °C and with a feed current of 2.3 A. 

The results from the degradation tests could be considered successful and proved that the performance of the 

cooling system is almost not affected over a time period of 12 hours. After 200 hours of operation at 200 °C, 

with a medium-low convection regime (~60 W/m
2
K), the cooling system could still maintain a temperature 

span between the plates of  ~39 °C, and maintain the HTS electronics ~30 °C below the oven temperature. 

 

5.7 Conclusions from the design and testing of Prototype mark-2 (part 2) 

This chapter described the design, construction and testing of Prototype mark-2. Starting from the results of 

the analysis and the testing of Prototype mark-1, several modifications were done to the setup in order to 

improve the cooling system performance and meet the design criteria.  

A revision of the well tractor electronics was performed and the total power dissipation of the analyzed 

components was reduced from 19 W to 6 W. This significantly lowered the excess heat flux to be rejected 

from the tool and the heat rejection temperature, improving the performance of the cooling system.  

Successively, a finite-element model of the tool was implemented in COMSOL Multiphysics and coupled 

with a topology optimization algorithm. The thermal layout of the actively cooled electronics unit was 

optimized and an optimized distribution of thermally conducting material, represented by the aluminum 

chassis, and thermal insulation, represented by the HT polyimide foam, was sought for the design operating 

conditions. The optimization developed a new design for the chassis that could effectively integrate the TEC 

and minimize the HTS electronics temperature. The final design was manufactured and tested, showing good 

agreement with the model forecasts, and supporting topology optimization as a powerful design tool. 

Prototype mark-2 was able to maintain the electronics at 166 °C and 176 °C when operating at 200 °C with 

convective heat transfer coefficients of ~60W/m
2
K and ~30 W/m

2
K, respectively. The hot side of the system 

was always maintained at a tolerable temperature for the TEC and the HTNS components, and never 

exceeding 212 °C. The design criteria were satisfied and the tool could always maintain the electronics at 

tolerable temperatures. 

After successfully proving the thermal management concept, the electrical integration of the TEC into the 

well tractor was investigated. The downhole DC voltage source at 15 V needed to be modulated and adapted 

to suitable voltage ranges for the cooler. A power width modulation system was built with a signal generator 

and a transistor, to regulate the voltage across the cooler by controlling the duty cycle of the modulated 

signal. The basic PWM system proved to be not efficient enough for the application due to the introduced 

additional losses in the TEC that affected its performance. An L-C filter was therefore integrated into the 

PWM circuit to stabilize the voltage across the cooler at the desired value and cancel the additional Joule 

losses. The filtered PWM system was successfully tested and the results from the tests at DC feed conditions 

could be reproduced.  

Finally, the degradation of the thermoelectric cooling system at high temperatures was investigated. 

Prototype mark-2 was run for 200 hours in a ventilated oven at 200 °C, at the optimal feed current of 2.3 A. 

A drop of the temperature span across the cooler of 0.020 °C/hour was recorded, while the HTS temperature 

increased with a rate of 0.014 °C/hour. A drop of the feed voltage equal to 4.8 mV/hour was also recorded, 
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indicating a change in the thermoelectric material properties due to the exposure to high temperature. These 

results could be considered successful since the effects of the degradation proved to be negligible over the 

target HT exposure time of 12 hours. 
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6. Downhole heat transfer 

coefficient sensor 

The development process that successfully led to the construction of Prototype mark-2 has been presented in 

the previous chapters. As for the design of cooling systems for general applications, several quantities that 

characterized the heat transfer within and outside the electronics unit (cold and hot reservoir temperatures, 

cooling load, thermal resistances, and heat transfer areas) were studied to achieve an effective design.  

However, a big challenge was encountered in the definition of the heat rejection conditions to the well. More 

specifically, it was complex to quantify the heat transfer coefficient that described the thermal interaction 

between the tool and the wellbore, also given the lack of scientific literature. Contrary to general cooling 

applications, the heat rejection rate to the hot reservoir could not be designed and optimized, but depended 

on several features of the operating environment (well dimensions, well fluid composition and phases, 

temperature, pressure, flow rate, and type of performed well intervention). Such a heat transfer coefficient is, 

in fact, defined by a large number of variables and is complex to estimate, as it also varies with the depth of 

the well. 

This parameter is not only relevant for the design of an active cooling system, but also provides important 

information about the temperature evolution of the passively cooled components. Having a better knowledge 

of the heat transfer occurring downhole can help to improve the risk management related to electronics 

overheating failures and predict more accurately the temperature trend of the electronics and the tractor as a 

whole. 

This chapter presents the design and construction of a proof-of-concept sensor that could be integrated in a 

diagnostic downhole tool to measure the heat transfer coefficient that characterizes the thermal interaction 

between the tool and the well environment. The data acquired by the sensor could be employed in two 

different ways. 
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- “In real-time”: coupled with the active cooling system, the sensor could provide the input for regulating the 

feed current of the TEC around the optimal point, which mainly varies with the heat transfer conditions (see 

Section 5.4.4). 

 - “Post-acquisition”: a database could be built by measuring the downhole heat transfer coefficient for 

different wells, fluids, depths and well intervention types. Such a database could be used both for the thermal 

design of new tools, to predict the electronics temperatures during the job-planning phase, and to mitigate the 

risk of electronics overheating. Furthermore, the sensor could be used to detect heat transfer anomalies such 

as bubbles, infiltrations or lateral well branches. 

 

6.1 Background 

When operating in a wellbore, a downhole tool thermally interacts with the well environment in different 

ways. The power dissipation from the embedded electronics increases the temperature of the tool, which 

exchanges heat with the well environment through conduction, convection, and radiation. As previously 

discussed, convection is the dominant heat transfer mechanism that drives the heat dissipation which can be 

approximated by the convective heat transfer coefficient h. This coefficient describes the heat flux 

exchanged per unit of tool housing area, and per degree of temperature difference. 

The scientific literature does not contain much information about the heat transfer dynamics occurring 

between downhole tools and the well environment. The majority of the articles that study the heat transfer in 

oil and gas wells analyze the thermal interaction between the well fluid, the well casing, and the formation 

(Hasan et al. (2012)) to predict the temperature profile of the well, and uses correlations for single-phase 

fully developed flow (Santoyo et al. (2003), Keller et al. (1973)). Furthermore, many of these studies are 

limited to particular well operations, for instance, well drilling (Santoyo et al. (2003)) or cementing (Beirute 

(1991)). A comprehensive study of the wellbore heat transfer mechanisms is reported by Zhou (2013), 

although the values for convective heat transfer coefficients are, again, reported for specific operating 

conditions and did not consider the interaction with well intervention tools. These models developed in the 

literature require an enormous amount of inputs related to the well geometry and fluid composition, which 

are often unknown to the oil and gas service companies. Among the studies on downhole active cooling 

presented in Chapter 1, only Flores (1996) proposed an analysis of the downhole heat transfer boundary 

conditions. A model was developed to describe the thermal interaction between the moving downhole tool 

and the well fluid in case of plug, laminar and Bingham-Plastic flow. The well fluid was modelled as a 

mixture of water, oil, barite, and clay. Among the different analyzed scenarios, a minimum convection 

coefficient of 100 W/m
2
K was estimated and set as design boundary condition. Further calculations were 

made for the case of a stationary tool, neglecting free convection and assuming zero velocity of the tool and 

the well fluid. Only pure conduction through the well fluid was considered and a heat transfer coefficient of 

7 W/m
2
K was estimated. The actively cooled tool was finally dimensioned for non-stationary applications, 

with a design heat transfer coefficient of 100 W/m
2
K. Sinha el al. (2010) also considered and discussed this 

parameter. They first assumed a convection coefficient equal to ~4.4 W/m
2
K to model the heat transfer 

between a finned copper bar, coupled to the hot side of the Peltier cooler, and air. However, the experimental 

results, obtained by testing the tool in a ventilated oven, found better agreement with the model predictions 

for a convection coefficient of ~50 W/m
2
K. 
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The lack of information from the literature, and the complexity related to accurate modeling, support the 

development of a sensor that can experimentally measure the downhole heat transfer coefficient and does not 

rely on any well fluid or borehole properties.  

 

6.2 Thermal interaction between tool and well environment 

Before presenting the design and the development of the sensor, it is opportune to better characterize the heat 

transfer dynamics that occur between the downhole tool and the well environment. The main mechanism that 

drives the heat transfer in the borehole is the heat convection, while conduction and radiation can be 

considered negligible for the considered operating conditions. The heat transfer coefficient can therefore be 

approximated to the well fluid convection coefficient. As previously discussed the convection coefficient 

depends on a large number of parameters, among which: 

 The well fluid thermophysical properties:  density, thermal conductivity, and dynamic viscosity are some 

of the well fluid properties that influence the convective heat transfer. 

 The flow regime: In case of single-phase flow, depending on the Reynolds number (Eq. (6.1)), the flow 

regime can be laminar, transitional, or turbulent. In case of multiphase flow, several other flow regimes 

can occur depending on the balance and speed of the phases. 

𝑅𝑒 =  
𝜌𝑢𝐷

𝜇
 (6.1) 

Where Re is the Reynolds number, ρ is the well fluid density, u is the well fluid average speed, D is the 

geometry characteristic length, and μ is the fluid dynamic viscosity. 

 The type of the flow: starting from some inlet conditions, the velocity and temperature profiles vary with 

the flow direction, and develop towards an asymptotic distribution. Depending on the development state 

of the velocity and temperature profiles, the fluid flow can be classified fully developed, hydro-

dynamically developing, thermally developing, or simultaneously developing.  

 The geometry of the system: the shape of the cross section of the pipe affects the convective heat transfer 

with the pipe walls. Different convection coefficients can be observed for analogue fluid flows in 

circular, rectangular, or annular pipe geometries. 

 The boundary conditions: the convection coefficient can have different values depending on the heat 

transfer boundary conditions at the pipe walls. Two of the most studied cases in the literature are for the 

heat transfer at constant heat flux and at constant temperature. 

While the thermophysical properties of the well fluid are complicated to estimate and vary from well to well, 

or even with the well depth, the type of flow and its developing conditions can be approximated to some 

reference conditions classified in the literature (Kacaç et al. (1987)), like shown in Figure 6.1. 
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Figure 6.1  Schematic of the ideal interaction between the downhole tool string and the well fluid flow, with velocity u and 

temperature T. The qualitative development of the velocity and temperature profiles is illustrated, with the assumption that the tool 

string dissipates a uniform heat flux Q and the well fluid is single-phase. The illustrated velocity profile resumes more of a laminar 

flow parabolic distribution. In case of turbulent flow, the u profile is described by a flatter curve that still evolves towards a hydro-

dynamically developed state. 

In order to simplify the problem, the well fluid flow around the tool can be classified as (i) single-phase, 

(ii) simultaneously developing, (iii) in annular geometry,(iv) with a constant-heat flux boundary condition, 

and (v) either laminar, transitional or turbulent. 

It is possible to find correlations in the scientific literature that describe the heat transfer for the described 

case. They express the Nusselt number (Eq. (6.2)) as a function of the position along the x-axis (see Figure 

6.1) and of the geometric features of the flow. In the case of developing flow, the convection coefficient 

varies, in fact, along the length of the tool (see Figure 6.2). It then stabilizes around an asymptotic value 

when the velocity and temperature profiles fully develop. The same behavior is observed for the different 

pipe geometries and flow regimes. 

𝑁𝑢𝑥  =
ℎ𝑥 𝐷

𝑘
 (6.2) 

𝑁𝑢𝑚  =
1

𝑥
∫ 𝑁𝑢𝑥𝑑𝑥 = 
𝑥

0

ℎ𝑚 𝐷

𝑘
 (6.3) 

Where Nu is the Nusselt number, h is the convective heat transfer coefficient, D is geometry characteristic 

length, and k is the fluid thermal conductivity. The subscripts x and m mean that the Nusselt number and the 

heat transfer coefficient can be either evaluated locally (x) or averaged over a certain length (m).  
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Figure 6.2  Illustration of the decreasing trend of the local Nusselt number for a simultaneously developing flow in a circular pipe 

(left), and for a thermally developing flow in an annular geometry (right). The Nusselt number depends on the Reynolds and Prandtl 

numbers. Graphs from Kacaç et al. (1987). 

In the real application, the thermal interaction between the tool string and the well environment is 

significantly different from the ideal case from Figure 6.1. The tool orientation and position in the wellbore 

continuously change and the well fluid can be composed of several phases. The size of the tool string can 

vary and additional geometric features (e.g. well tractor wheels) can disrupt the development of the velocity 

profile. Furthermore, the power dissipation along the tool is not uniform and different tool sections can 

influence the temperature profile of the well fluid in different ways. It is therefore very complex to forecast 

the heat transfer coefficient between tool and well environment. The great advantage of having a sensor that 

experimentally measures such a quantity is that none of the aforementioned information is needed. Given the 

variability of the heat transfer coefficient along the tool string profile, more than one sensor could be 

installed to locally measure the downhole heat transfer coefficient and reconstruct its trend along the tool 

string length. 

 

6.3 Design of the sensor 

The average heat transfer coefficient h over a certain surface can be expressed according to its general 

definition (Kakaç et al. (1987)) reported in Eq. (6.4). 

ℎ𝑑𝑒𝑓 =
𝑄

𝐴 ∙ (𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑒𝑥𝑡)
 (6.4) 

Where Q is the rejected heat flux through the surface A exposed to the well fluid, Tsurf is the average 

temperature of the surface, and Text is the well fluid bulk mean temperature. The heat transfer coefficient hdef 

can be experimentally obtained by measuring the temperature difference between the surface and the lapping 

fluid when dissipating a certain amount of heat Q through a surface A. The sensor should therefore have a 

surface A in contact with the well fluid, through which a controlled amount of power Q is dissipated. 

Furthermore, the sensor should be able to measure both the temperature of the surface and of the well fluid. 
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This configuration could be achieved by mounting a dissipating element into a metallic casing, which is then 

installed on a downhole tool and put in contact with the well fluid. The dissipating element, fed by a 

controlled power source, would dissipate heat through the surface of the casing and a temperature sensor 

could measure the heat rejection temperature. The casing that interfaces the dissipating element to the well 

should be designed with highly conductive material, so the inner surface temperature can be approximated to 

the outer one. The well fluid bulk temperature could be measured, instead, by a shielded temperature sensor 

or by another diagnostic tool used by Welltec for this purpose. The control and data acquisition systems 

could be integrated in the inner part of the tool. 

A preliminary analysis of the system showed that the design of the sensor should: 

 Aim at a maximum operating temperature of 200 °C. 

 Not interfere, either thermally or electrically, with any other device in the downhole tool. The power 

dissipated through the sensor should therefore not affect the operating temperature of the other 

components. 

 Not disrupt the hydro-dynamic development of the flow (fit the profile of the tool) and affect the 

fluid temperature distribution the least possible (not too high power dissipation rates). 

 Minimize the heat losses to the surrounding to have an accurate estimation of the heat transfer 

coefficient and not to affect the temperature of other components. 

 Minimize the temperature gradient between the surface exposed to the well fluid and the heat source. 

 Minimize the response time to measure h and detect possible anomalies in real time. This implies 

minimizing the sensor thermal mass and heat dissipation surface area. 

 Fit, together with the data acquisition system, a tool housing with O.D. 80 mm and I.D. of 62 mm. 

Furthermore, two operating approaches for the sensor were individuated: 

1)  Dissipate a fixed heat flux  calculate the heat transfer coefficient by measuring the variable 

temperature difference between the well fluid and the sensor. 

2)  Set a ΔTSetPoint  calculate the heat transfer coefficient by regulating the dissipated heat flux 

so the temperature difference between well fluid and sensor is maintained at ΔTSetPoint. 

The implementation of approach (1) appears to be less complex and does not require any automated control 

of the power dissipation. Nevertheless, high power dissipation rates are required to maintain a significant 

temperature difference and a good resolution of the measurements at high convection regimes. This high 

heating rate can generate high sensor temperatures in case of poor convection, which can damage the sensor 

and the neighboring components. Approach (2), instead, regulates the dissipation rate to maintain the 

temperature difference (𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑒𝑥𝑡) constant and in an acceptable range. It therefore requires a lower 

dissipation rate. Maintaining a constant temperature difference between the sensor and the well fluid also 

decreases significantly the response time as the thermal mass of the sensor is maintained at constant 

temperature and is subject to much shorter temperature transients than for Approach (1).  

The analysis of the system led to the sensor design illustrated in Figure 6.3. 
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Figure 6.3  3D CAD model of the sensor casing with dissipating element (a, b, and c) and section-view of the sensor integrated in a 

downhole tool (d). 

The sensor is composed of a hollow metallic casing which hosts the dissipating element and the temperature 

sensor. The dissipating element is mounted on a 5 mm thick surface that conducts the rejected heat towards 

the well fluid. When the sensor is assembled in the downhole tool, two O-rings seal the inner side from fluid 

invasion. The inner part of the tool could host the feeding and data acquisition systems (DAQ). In order to 

test the concept and the design of the sensor, an experimental setup was designed with room temperature 

components. The goal of the experimental setup was to reproduce a known type of flow, for which the 

convection coefficient could be predicted with correlations from the literature. The experimental 

measurements from the sensor could then be compared to the predictions and the sensor could be calibrated. 

The design of the experimental flow loop is presented in the next section. 

 

6.4 Experimental setup 

The design of the flow loop aimed at reproducing known convective heat transfer conditions that could be 

modelled and compared with the experimental measurements. Since the sensor was conceived to detect poor 

heat rejection conditions, a low range of convection coefficients needed to be reproduced. Laminar flow was 

chosen to reproduce a range from 0 to 1000 W/m
2
K. 

6.4.1 Modeling 

A tube with circular cross section was chosen as reference geometry and a solution of water-glycol 10%vol 

as heat transfer fluid. The type of flow that the setup aimed at reproducing is a thermally developing flow. A 

straight tube section needed to be installed before the sensor to let the flow develop hydro-dynamically. The 

flow would then start developing thermally when lapping the sensor. The geometry of the sensor was slightly 
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modified to be interfaced with the fluid flow, as shown in Figure 6.4. The sensor head was adapted to the 

circular profile of the pipe to not disrupt the flow velocity profile and a plate was designed at the bottom of 

the casing to install the sensor in the setup. A sensor section was designed to mount the device with four 

screws.  

 

Figure 6.4  3D CAD model of the sensor modified for integration in the experimental setup. Modified sensor casing with 

dissipating element (a and b), pipe section hosting the sensor (c), and section-view of the sensor integrated in the pipe section (d). 

The software Engineering Equation Solver (EES) (EES 2016) was used to build a model of the system and to 

retrieve the thermophysical properties of the heat transfer fluid. The model was initially used to perform a 

parametric study and to find suitable dimensions for the pipe, which could reproduce the desired range of 

convection coefficients. Eq. (6.5) and (6.6), from Kakaç et al. (1987), were used to calculate the convective 

heat transfer coefficient for the thermally developing flow in the circular pipe. The equations calculate the 

local and average Nusselt number for the constant temperature boundary condition, in analogy with the 

experimental conditions. 

𝑁𝑢𝑥,𝑇 = {
1.077 ∙ 𝑥∗−

1
3 − 0.7                                                                            𝑓𝑜𝑟 𝑥∗ ≤ 0.01

3.657 + 6.874 ∙ (103 ∙ 𝑥∗)−0.488𝑒−57.2∙𝑥
∗
                                  𝑓𝑜𝑟 𝑥∗ > 0.01

            (6.5) 

𝑁𝑢𝑚,𝑇 =

{
 

 1.615 ∙ 𝑥
∗−
1
3 − 0.7                                                                       𝑓𝑜𝑟 𝑥∗ ≤ 0.005

1.615 ∙ 𝑥∗−
1
3 − 0.2                                                       𝑓𝑜𝑟 0.005 <  𝑥∗ < 0.03

3.657 + (0.0499/𝑥∗)                                                                    𝑓𝑜𝑟 𝑥∗ ≥ 0.03

        (6.6) 

Where Nux,T and Num,T are respectively the local and mean Nusselt numbers, calculated for the constant 

temperature boundary condition (T). x* is the dimensionless axial coordinate for the thermal entrance region 

and is defined as: 
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𝑥∗ =
𝑥

𝐷ℎ ∙ 𝑃𝑒
 (6.7) 

Where x is the axial coordinate along the pipe where Nu is calculated, Dh is the hydraulic diameter 

corresponding to the I.D. of the pipe, and Pe is the Peclet number, defined as the product of the Reynolds 

(Eq. (6.1)) and Prandtl numbers: 

𝑃𝑒 = 𝑅𝑒 ∙ 𝑃𝑟  (6.8) 

𝑃𝑟 =
𝑐𝑝 ∙ 𝜇

𝑘
  (6.9) 

Where Pr is the Prandtl number, cp is the specific heat capacity at constant pressure of the fluid, and k is the 

fluid thermal conductivity. 

In order to calculate the length of the required straight entrance section Eq. (6.10) from Kakaç et al. (1987) 

was used: 

𝐿𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 = 0.056 ∙ 𝑅𝑒 ∙ 𝐷ℎ                                            𝑓𝑜𝑟 𝑅𝑒 ≤ 2300 (6.10) 

The fluid flow rate was calculated as: 

𝑉𝑓 = 𝑢 ∙
𝜋𝐷ℎ

2

4
 (6.11) 

 

Figure 6.5  Schematic representation of the thermally developing flow in the sensor section. The main design dimensions, which 

were used in the EES model to determine the average convection coefficient over the sensor, are illustrated. 

The model wad used to perform a parametric study over the diameter of the circular pipe Dh. Simulations 

were run to calculate the trend of the heat transfer coefficient and of the required entrance length over the 

laminar range of Reynolds numbers 0 < Re < 2300. The heat transfer fluid flow rate was also monitored. A 

value of x = 1.55e-2 m was used, as shown in Figure 6.5, to calculate the average convection coefficient over 

the sensor surface.  
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It was found that for lower pipe diameters the convection coefficient grows faster with the Reynolds number, 

and the measurable range of convection coefficients is wider over the laminar regime. Additionally, the 

entrance length was found to decrease with the pipe diameter, as well as the required heat transfer flow rate. 

A tradeoff between pipe dimensions, measurable h range, and required volume flow rates was reached 

choosing a diameter of 32 mm. A maximum entrance length of ~4 m for Re = 2300 was obtained. The use of 

a flow straightener could be considered to reduce this length in the practical implementation of the setup. 

The predicted trend of the calculated variables is shown in Figure 6.6 and represented the reference 

predictions to compare with the data measured by the sensor.  

 

Figure 6.6  Predicted convection coefficient and flow rate vs. Reynolds number, from Eq. (6.6) and (6.11). 

6.4.2 Construction 

In order to reproduce the modelled heat transfer conditions, the flow loop shown in Figure 6.7 was built. 

 

Figure 6.7  Schematic of the flow loop used for the experimental measurements on the heat transfer coefficient sensor. 
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A fluid reservoir contains a solution at 10%vol of water-ethylene glycol at ambient pressure. A pump 

recirculates the heat transfer fluid from the storage tank, through the flow loop and the sensor section. Plastic 

tubing is used to connect the main components of the setup. A plate heat exchanger couples to a chiller is 

adopted to absorb the pump work and maintain the fluid temperature constant at the pump outlet. A filter is 

used to remove particles from the fluid. A by-pass line and a needle valve are used to regulate the flow 

through the main test section, while two needle valves adjust the flow on the main test line. A flow damper 

absorbs the pressure waves caused by the pump, stabilizing the flow rate. A flow meter and a thermocouple 

measure the fluid flow rate and temperature, respectively, at the inlet of the main test section.  

The test section is designed with an I.D. of Dh = 32 mm, as stated in the previous paragraphs. A POM inlet 

adapter (Figure 6.8), which receives the flow from the rubber hose and conveys it into a 2 m long plexiglas 

straight pipe. At the end of the 2 m long pipe the sensor section is connected (Figure 6.9), where the sensor 

itself is mounted. The sensor section was fabricated in POM, while the sensor casing was manufactured in 

aluminum for the good heat transfer properties. At the end of the sensor section, a plastic collector receives 

the flow and leads it back to the storage tank through a tube. At the end of the test section, another 

thermocouple measures the fluid temperature. Before the interaction with the sensor, a straight pipe section 

of ~2.5 m is provided for the development of the velocity profile. A gradually enlarging inlet section and a 

honeycomb flow straightener are used to decrease the required entrance length. The four piping components 

of the test section (inlet adapter, 2m plexiglas pipe, sensor section, and outlet adapter) are connected to each 

other through some custom designed couplings which seal the pipe ends together, and prevent them from 

moving apart. 

An 8.2 x 7.3 x 3.6 mm surface-mounted (SM) power resistor of 220 Ω was used as dissipating element in the 

sensor. The resistor was glued to the inner side of the sensor with a thin layer of thermal epoxy 

(k = 7.2 W/m-K) and connected to a power supply. A type-E thermocouple was also located next to the 

resistor with the same epoxy to monitor the temperature of the dissipating surface. The technical drawings of 

the inlet and outlet sections, sensor section, sensor, and couplings are reported in Appendix C. Some pictures 

of the flow loop are shown in Figure 6.8 and Figure 6.9. 
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Figure 6.8  Pictures of the experimental setup: main auxiliary components (a), inlet to the test section (b), main test section (c), and 

outlet of the test section with DAQ system (d). 

 

 

Figure 6.9  Pictures of the sensor section (a), and of the disassembled sensor (b). 

A data acquisition system was set up through National Instruments’ equipment and interfaced to the 

laboratory computer with the software LabVIEW (LabVIEW 2015). The quantities that are monitored 

through the DAQ are listed below. 
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Table 6.1  Summary of the DAQ system. 

Quantity Instrument Acquisition 

Flow rate through the test 

section 

Turbine flow meter 1: 0.05 – 0.5 L/min 

Vortex flow meter 2:  0.5 – 10 L/min 
NI 9203  -  4-20 mA input. 

Inlet temperature Type-E thermocouple 

NI 9212  -  ±78 mV input 

Sensor temperature Type-E thermocouple 

Outlet temperature Type-E thermocouple 

Ambient temperature 2 x Type-E thermocouples  

Feed voltage to the sensor Power supply (3 channels: 30 – 30 – 5 V) Rigol DP832 
 

 

6.4.3 Working principle 

A LabVIEW interface was developed to acquire, display and record the measured quantities. In accordance 

with the chosen approach (2) (see section 6.3), a PID control was implemented in LabVIEW according to the 

working principle shown in Figure 6.10. 

 

Figure 6.10  Implemented PID control for regulating the temperature span between sensor (TSENSOR) and convective fluid (TINLET) to 

the desired difference ΔTSetPoint. 

The PID control loop aimed at adjusting the voltage and the power across the dissipating element, so the 

temperature span between the sensor (TSENSOR) and the convective fluid (TINLET) could be regulated at the set 

point ΔTSetPoint. The communication with the power supply was also built through a LabVIEW interface. Kp, 

Kd, and Ki are the proportional, derivative and integral gains of the control loop, respectively.  

The heat transfer coefficient measured by the sensor was then calculated as: 

ℎ =
𝑄

𝐴𝑆𝐸𝑁𝑆𝑂𝑅 ∙ (𝑇𝑆𝐸𝑁𝑆𝑂𝑅 − 𝑇𝐼𝑁𝐿𝐸𝑇)
 (6.12) 
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Where Q is the power rejected from the dissipating element to the well fluid. It is expectable that part of the 

dissipated power leaks to ambient or to the neighboring components. Q is therefore different than 

VPowerSupply ∙ IPowerSupply, and assuming otherwise would mean to overestimate h. The effect of the heat leakages 

was removed from the calculations as shown in the next sections.  

 

6.4.4 Results 

The tests were run for ΔTSetPoint = 5, 10, 15, and 20 °C to investigate which could provide the best accuracy, 

fastest response and highest resolution. The setup from Figure 6.7 was used to perform the experimental 

measurements and calibrate the sensor. Several flow rates were set through the flow loop for each different 

ΔTSetPoint. Once the system reached the steady state, the measurement of the heat transfer coefficient was 

recorded and correlated to the flow rate. A calibration procedure that could be reproduced on the downhole 

tool was sought. The LabVIEW interface used for the experiments is illustrated in Figure 6.11. 

  

 

Figure 6.11  LabVIEW interface for the testing and calibration of the sensor. The PID control satisfactorily proved to maintain the 

temperature difference between the sensor and the inlet conditions at ΔTSetPoint ± 0.05 °C. 
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6.4.4.1 First measurements 

A first round of experiments was conducted and the heat transfer coefficient was calculated from Eq. (6.12), 

assuming Q equal to the total power dissipation of the resistive elements. The test results were compared to 

the predicted results from the EES model, as shown in Figure 6.12. 

 

Figure 6.12  Heat transfer coefficient vs. fluid flow rate, without filtering of the heat losses. The model prediction is compared to 

the experimental data points for different ΔTSetPoint. 

As expected, the heat transfer coefficient was overestimated compared to the model predictions. Part of the 

dissipated power likely leaked to the ambient or to the fluid through alternative thermal paths. The mismatch 

with the model prediction is higher for higher ΔTSetPoint and lower volume flow rates. When maintaining a 

higher temperature difference with the fluid temperature, as well as with ambient, the heat losses from the 

sensor become also higher and more impacting on the measurements. When operating at low flow rates, 

instead, the thermal resistance between the dissipating element and the fluid becomes higher and the heat 

losses increase. In order to improve the accuracy of the sensor, the heat leakages need to be compensated, as 

shown in the next sections. 

6.4.4.2 Step 1 - Compensation for the ambient losses 

A series of tests were carried out to characterize and the heat leakages to ambient through the thermal 

insulation.  Thermal insulation was applied on the dissipating surface of the sensor and the test section was 

emptied of the heat transfer fluid to also insulate the inner side of the pipe. In this way, the only heat sink for 

the power dissipated in the sensor was the ambient and the heat losses could be characterized. The ambient 

losses were therefore calculated by running the sensor and correlating the obtained temperature difference 

with ambient with the used feed power (Figure 6.13). 
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Figure 6.13  Heat losses from to ambient vs. temperature difference between sensor and ambient. 

The heat losses to ambient were characterized as 0.0253 (W/K) times the temperature difference between the 

sensor and the ambient. Such losses were subtracted in the definition of Q, and the heat transfer coefficient 

computed again.  

 

Figure 6.14  Heat transfer coefficient vs. fluid flow rate, with no contribution of heat losses to ambient. The model prediction is 

compared to the experimental data points for different ΔTSetPoint. 
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Compensating for the contribution of the losses to ambient led to a better accuracy of the measurements. For 

ΔTSetPoint of 5 °C and 10 °C, the experimental data points agreed very well (max error of 6%) with the model 

for flow rates above 1 L/min. For flow rates below 1 L/min, the mismatch remained significantly large. As 

previously discussed, lower flow rates correspond to higher thermal resistances between the sensor 

dissipating surface and the fluid, so part of the dissipated heat is more likely to leak through the casing and 

the surrounding components. Such leakages needed further investigation and are elaborated in the next 

section. ΔTSetPoint of 15 °C and 20 °C led to less accurate measurements also at high flow rates, and were 

therefore excluded from the next analysis. 

6.4.4.3 Step 2 - Compensation for other convective losses 

Figure 6.15 shows more in detail the thermal interaction between the sensor and the setup, as well as the 

distribution of the heat fluxes.  

 

Figure 6.15  Schematic representation of the thermal interaction of the sensor with the setup and the surrounding. 

The dissipated power in the sensor can be split in three different contributions: Qs is the heat flux exchanged 

with the fluid through the surface of the sensor designed for the thermal interaction; Qamb is the part of the 

dissipated power which is lost to ambient through the insulation; and Qconv is the heat flux leaked through the 

sensor casing, but still absorbed by the convective fluid. The impact of Qconv on the measurements is higher 

at low flow rates, as discussed before, and still needs to be taken into account. 

The values of Qconv and the corrected heat transfer coefficients were found by comparing the different values 

of h, obtained for ΔTSetPoint = 5 °C and 10 °C, which should result the same in absence of losses. The following 

energy balance equations were implemented in EES, together with the experimental results, to calculate the 

contribution of Qconv and exclude it from the calculation of h. 

𝑄𝑠 = 𝑄𝑃𝑜𝑤𝑒𝑟𝑆𝑢𝑝𝑝𝑙𝑦 − 𝑄𝑎𝑚𝑏 − 𝑄𝑐𝑜𝑛𝑣 (6.13) 
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ℎ =
𝑉𝑃𝑜𝑤𝑒𝑟𝑆𝑢𝑝𝑝𝑙𝑦 ∙  𝐼𝑃𝑜𝑤𝑒𝑟𝑆𝑢𝑝𝑝𝑙𝑦 − 0.0253 ∙ (𝑇𝑆𝐸𝑁𝑆𝑂𝑅 − 𝑇𝐼𝑁𝐿𝐸𝑇) − 𝑄𝑐𝑜𝑛𝑣

𝐴𝑆𝐸𝑁𝑆𝑂𝑅 ∙ (𝑇𝑆𝐸𝑁𝑆𝑂𝑅 − 𝑇𝐼𝑁𝐿𝐸𝑇)
 (6.14) 

Where h and Qconv are the unknowns. Eq. (6.14) was implemented for the experimental results, below 1 

L/min, from the tests at ΔTSetPoint = 5 °C and 10 °C. Additional boundary conditions were added to state (i) 

the equality of the convection coefficients calculated, at the same flow rates, for ΔTSetPoint = 5 °C and 10 °C 

(Eq. (6.15)); and (ii) the analogy of the convection losses to the correlations for natural convection over 

horizontal plates (Kitamura et al. (1995)) (Eq. (6.16)). This second boundary condition was chosen because 

of the higher impact of convective losses at stationary or very slow flow regimes. Other correlations could be 

sought for better accuracies and improvement of the results. 

 ℎ|∆𝑇𝑆𝑒𝑡𝑃𝑜𝑖𝑛𝑡=10 = ℎ|∆𝑇𝑆𝑒𝑡𝑃𝑜𝑖𝑛𝑡=5 (6.15) 

𝑄𝑐𝑜𝑛𝑣
𝐴 ∙ (𝑇𝑆𝐸𝑁𝑆𝑂𝑅 − 𝑇𝐼𝑁𝐿𝐸𝑇)

= 𝑘(𝑇𝑆𝐸𝑁𝑆𝑂𝑅 − 𝑇𝐼𝑁𝐿𝐸𝑇)
0.32 (6.16) 

The system of 5 equations and 5 unknowns was implemented and solved in EES. The results of the 

calculation are shown in Figure 6.16. 

 

Figure 6.16  Heat transfer coefficient vs. fluid flow rate, with the canceled contribution of heat losses. The model prediction is 

compared to the experimental data points for different ΔTSetPoint. 

The two steps for filtering the influence of the heat leakages led to a more accurate calibration of the system. 

The experimental results finally reproduced the model predictions very well, with an average and maximum 

errors of ~3% and ~10%, respectively, for both the cases at ΔTSetPoint = 5 °C and 10 °C. 
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6.4.4.4 Resolution and response time 

Table 6.2  Summary of the experimental results for the sensor calibration from the tests at ΔTSetPoint = 5 °C. 

Vf (L/min) hEES (W/m
2
K) h (W/m

2
K) error (%) Required Power (W) Voltage reading (V) 

0.00 63.2 63.6 0.01 0.53 10.9 

0.10 265.1 248.2 0.06 0.71 12.4 

0.25 364.2 401.4 0.10 0.73 12.7 

0.48 427.4 440.6 0.03 0.75 12.8 

0.99 582.5 617.1 0.06 0.79 13.1 

1.51 673.1 662.5 0.02 0.84 13.5 

2.02 742.9 755.8 0.02 0.94 14.3 

2.51 799.3 793.2 0.01 0.99 14.7 

2.99 848.6 839.9 0.01 1.04 15.0 

3.52 896.1 890.9 0.01 1.09 15.4 

3.98 934.7 961.3 0.03 1.18 16.0 

Average resolution                                           

(mV per W/m
2
K) 

6.6 
   

 

Table 6.3  Summary of the experimental results for the sensor calibration from the tests at ΔTSetPoint = 10 °C. 

Vf (L/min) hEES (W/m
2
K) h (W/m

2
K) error (%) Required Power (W) Voltage reading (V) 

0.00 63.2 63.6 0.01 1.35 17.2 

0.10 265.2 248.2 0.06 1.52 18.1 

0.25 363.5 401.4 0.10 1.57 18.5 

0.48 457.0 440.6 0.04 1.62 18.8 

1.01 587.2 640.8 0.09 1.64 19.0 

1.49 670.2 686.6 0.02 1.77 19.7 

2.01 741.9 768.6 0.04 1.92 20.5 

2.50 798.3 811.9 0.02 2.00 20.9 

3.01 850.1 851.2 0.00 2.09 21.4 

3.51 896.0 893.7 0.00 2.18 21.9 

4.03 938.5 944.7 0.01 2.30 22.5 

Average resolution                                            

(mV per W/m
2
K) 

8.7 
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Figure 6.17  Representation of two system transients due to a change in the flow rate from 3 to 2.5 L/min (left) and from 2 to 1.5 

L/min. The change in flow rate corresponded to a change in the fluid speed of ~1cm/s. Operations at a ΔTSetPoint = 10 °C. A first 

estimation of the response time was done around 11 seconds for both cases. 

Table 6.2 and Table 6.3 summarize the final results for the sensor calibration over the measurement range at 

ΔTSetPoint = 5 °C and 10 °C, respectively. The average resolution characterizing the measurement is expressed 

for the two cases in millivolts per measured W/m
2
K. A higher resolution was found for the approach at a 

ΔTSetPoint = 10 °C, compared to the case at ΔTSetPoint = 5 °C. That is due to the to the higher voltage increment 

required to measure different convective coefficients.  

In other words, we could say that higher temperature differences of set point provide better resolution of the 

measurements. However, the accuracy becomes worse as it could be observed in Figure 6.12 and Figure 6.14, 

due to the higher heat losses. A tradeoff needs to be reached. The choice of the resistance of the dissipating 

element also affects the resolution of the voltage readings, whereas a higher resistance gives a better 

resolution. Nevertheless, the choice of the dissipating element must still be compatible with the available 

downhole power source. 

Although the observed response time in Figure 6.17 is promising, further tests should be conducted to 

acquire additional data and broaden the evaluation. A response time of the sensor of ~11 s was estimated for 

a decrease of the fluid speed of 1cm/s, which can be considered a sudden and significant velocity change for 

a well fluid in a borehole. 
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6.5 Conclusions from the design and testing of the sensor 

This chapter presented the design and the proof of concept of a sensor for measuring the heat transfer 

coefficient between the tool and the downhole environment. An experimental flow loop was designed to 

create known convective heat transfer conditions and compare the experimental measurements to known 

correlations from the literature. A procedure for calibrating the sensor, which could also be applied to a 

sensor installed into a downhole tool, was developed and consisted of: (i) the implementation of a PID 

control that could regulate the temperature span between the dissipating surface of the sensor and the 

convective fluid, (ii) the estimation of the heat transfer losses to ambient, (iii) the comparison between 

measurements at different ΔTSetPoint, and (iv) the elimination of additional convective losses. 

Good agreement between the model predictions and the final experimental measurements, with an average 

error of ~3% and maximum error of ~10%, were obtained for ΔTSetPoint of 5 °C and 10 °C. A higher 

resolution, equal to 8.7 mV per W/m
2
K was found for ΔTSetPoint = 5 °C, compared to 6.6 mV per W/m

2
K for 

ΔTSetrPoint = 10 °C. A promising response time of ~11 s for 1 cm/s velocity change was also observed. 

The response time and the resolution of the sensor are expected to change not only with its thermal mass, but 

also with the thermal mass and thermal conductivity of the surrounding components because of the heat 

leakages. The response time and the resolution of the sensor could differ in case of integration in a downhole 

tool and should be analyzed again. The sensor would in fact be integrated into a metallic, and not plastic, 

frame and would exhibit larger heat leakages. Further analyses should also study more in detail the 

dependence of the heat leakages on the well fluid flow regime; tests on a different heat transfer fluid (air), 

energy balance equations and finite element modeling could support this study.  

Also, the implementation of a thermally insulating system around the sensor would be more complex in a 

downhole environment, given the harsher conditions. However, the reduced mass of the sensor, and the 

smaller area of the casing in contact with other components, should benefit its accuracy. The calibration of 

the sensor could still follow an analogue procedure to the one described for the proof of concept, but should 

also consider that only the convective heat losses would now affect the system. 

Further development should also consider the selection of the electronic components required by the 

integration in a downhole tool, starting from the micro-controller responsible for the control loop and the 

data acquisition system. A suitable temperature sensor should be selected for the measurement of the well 

temperature, or an opportune interface with the existing well-temperature tool should be developed. Finally, 

given the small dimensions and the modular configuration, more than one sensor could be installed in one 

tool string. Several sensors, measuring the heat transfer coefficient locally, would help to characterize the 

heat transfer profile along the whole tool string.  
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7. Conclusions 

This thesis presented the analysis and implementation of active cooling techniques for thermal management 

of the downhole tool electronics. Specifically, this work focused on the design of an active cooler that could 

maintain the Welltec well tractor electronics at a tolerable temperature of 175 °C, while operating at 200 °C. 

The relevance of active cooling systems as a possible solution to the overheating of downhole electronics 

was highlighted in Chapter 1, together with an overview of the currently employed thermal management 

techniques and prior works on downhole active cooling systems. 

A feasibility study was then presented in Chapter 2, where the main cooling technologies were investigated 

for integration in a downhole tool. Important requirements for the cooling technology were individuated in 

compactness, compatibility with the tool dimensions and thermal layout, reliability, integrability with the 

power sources available downhole, and suitability to work in the desired high temperature range. Theoretical 

calculations and prior works from the scientific literature were used to evaluate these features. 

Thermoelectric coolers proved to be the most suitable option for the analyzed case because of their 

compactness, absence of moving parts, integrability to the well tractor electric system, and suitability for 

high temperature operation. Vapor compression cycles and phase change materials proved to be also 

attractive solutions, but some critical aspects, such as the development of a high temperature micro 

compressor and the requirement of additional tool sections, discouraged their implementation. 

In order to define an effective integration strategy for the TEC, a review of the downhole electronics was 

carried out as presented in Chapter 3. A thermal model of the well tractor electronics section was 

implemented in COMSOL Multiphysics and validated through experimental testing. A total power 

dissipation of ~43 W at 150 °C was estimated for the well tractor electronics. Furthermore, the electronic 

components were distinguished into high temperature sensitive and non-sensitive. The first dissipated ~2W 

and needed active cooling to operate at 200 °C; the latter dissipated ~41 W and could be passively cooled 

when running at 200 °C. 
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The thermal characterization of the well tractor led to the integration scheme presented in Chapter 4. The 

temperature sensitive electronics were coupled to the cold plate of the thermoelectric cooling system 

thorough a soft thermal pad and a heat spreader. The excess heat could be rejected radially to the well 

through the metallic chassis and housing. The temperature non-sensitive components were, instead, mounted 

on the chassis and passively cooled. In this way, the length of the well tractor could be preserved, without 

any additional tool section required. Compared to the analyzed prior works, this represented an innovative 

result. The thermal management concept was implemented, using test electronics and two TECs, in 

Prototype mark-1, which was used for some preliminary tests up to 170 °C. The testing of Prototype mark-1 

led to the choice of a clamping system, supported by thermal grease, to effectively install the TEC into the 

downhole tool. This assembly technique proved to provide effective mechanical stability and heat transfer. 

Furthermore, Prototype mark-1 was used to evaluate the performance of three different commercial 

thermoelectric modules, selected for operation at high temperature, and to choose the best performing one. 

The tests of Prototype mark-1 at 170 °C did not meet the design criteria as they could only maintain the 

electronics 18 °C below the operating temperature, compared to the 25 °C required by the application. 

However, the tests were carried out in a dry ventilated oven with poor heat rejection conditions (convective 

heat transfer coefficient ~30 W/m
2
K), compared to the ones expected downhole. Forecasts at a heat rejection 

rate of 100 W/m
2
K proved that the thermal integration concept was promising and worth further 

development. 

The design of the first lab-prototype was therefore reviewed for improvement and led to the design of 

Prototype mark-2, presented in Chapter 5. The improvement of the electronics efficiency, which contributed 

to a reduction of the power dissipation of ~72%, proved to be very beneficial for the system. The heat 

rejection temperature could in fact be reduced, as well as the cooling load temperature. The new design of 

Prototype mark-2 was supported by the topology optimization approach, which was implemented in a 

COMSOL-MATLAB environment, and coupled with a finite element model of the system.  Topology 

optimization proved to be a powerful design tool for effective integration of thermoelectric devices. The 

testing of Prototype mark-2 showed significant improvements compared to the previous version. The HT 

sensitive electronics could be maintained ~33 °C and ~25 °C below the operating temperature of 200 °C, 

with heat rejection rates of ~30 W/m
2
K and ~60 W/m

2
K, respectively. The testing of Prototype mark-2 met 

the design criteria even below the design heat rejection conditions of 100 W/m
2
K. The temperatures of the 

TEC hot plate and of the passively cooled electronics were maintained in a tolerable range around 210 °C. 

Furthermore, it was found that the temperature of the cooled electronics could be minimized by an optimal 

feed current, which mainly depends on the heat rejection rate. Slight degradation of the cooler performance 

was noticed after cycling the TEC at high temperatures. Further tests at 200 °C, and with a feed current of 

2.3 A, showed an increase of the electronics temperature of 0.014 °C/hour and a drop in the absorbed voltage 

of 4.2 mV/hour. The degree of degradation of the cooler was assessed as irrelevant for the system 

performance over the design downhole exposure time of ~12 hours. Furthermore, the combination between a 

PWM circuit and an L-C filter was adopted to adapt the 15 V downhole power source to a suitable voltage 

range for the TEC. The L-C filter proved to be crucial for the system efficiency, as it could dampen the 

oscillations of the output voltage and current. Such oscillations were in fact found to increase the losses 

within the TEC and the temperature of the cooled electronics up to 13 °C higher than with a DC feed voltage. 

The combination between PWM and L-C filter satisfactorily reproduced the results obtained with a DC feed 

voltage. 

Finally, given the uncertainty of the downhole heat rejection conditions, a sensor for direct measurements of 

the downhole heat transfer coefficient between the tool and the well was designed. An experimental flow 
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loop was built to test the sensor, measure heat transfer coefficients between 0 and 1000 W/m
2
K, and compare 

the results to known correlations from the literature. The accuracy of the sensor proved to be significantly 

affected by the heat losses from the dissipating element to the surrounding. A calibration procedure for the 

sensor, which could filter out the effect of the heat leakages, and also be applied to the integration in a 

downhole tool, was finally developed. The final measurements showed an average mismatch with the 

predicted trend of ~3% and a maximum error of ~10%. An average resolution of 8.7 mV per W/m
2
K was 

obtained. The resolution could be improved by increasing the resistance of the dissipating element or 

ΔTSetPoint. In the first case, the sensor would not lose any accuracy, but should still be compatible with the 

voltage of the downhole power source. In the second case, the accuracy of the sensor would be lowered and a 

different calibration procedure should be developed. Preliminary tests also showed a response time of the 

sensor of ~11 s for a change of the fluid speed of 1 cm/s.  

 

7.1 Suggestions for future work 

For what concerns the implementation of active cooling techniques into downhole tools, the following future 

work is suggested: 

 Mechanical testing of the thermoelectric module is suggested to evaluate whether any kind of well 

intervention could induce critical stresses on the TEC. 

 A spring system should be implemented to make the assembling process of chassis and housing easier, 

and reduce the thermal resistance between chassis and housing by increasing the contact force between 

them. 

 A control loop that aims at the optimal TEC feed conditions should be developed and tested at different 

heat rejection conditions. 

 Since the review of the electronics significantly lowered the power dissipation of the electronics, an 

alternative configuration with a Dewar flask coupled and an active cooler could be considered. 

 In connection to the use of vacuum flasks, phase change materials could also be further investigated. 

They could either provide an additional heat sink in case of poor heat rejection, or supply the whole 

required cooling capacity. 

 

For what concerns the development of the downhole heat transfer sensor, the following future work is 

suggested: 

 Repeat the tests with other heat transfer fluids (e.g. air) to make the calibration procedure more robust 

and further investigate the influence of the heat losses. 

 Support the calculation of the heat losses by modelling the system. 

 Perform additional tests to better characterize the response time of the sensor. 

 Start testing the sensor in a downhole tool and adapt the calibration procedure to a different geometry. 
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 Select a suitable microprocessor for automating the PID control in a downhole tool and develop the 

interface (PWM is a suitable option for regulating the power across the sensor). 

 Select suitable components for the data acquisition (e.g. ADC converter) in order to evaluate the final 

resolution and accuracy of the measurements. 

 Perform further tests aimed at detecting downhole heat transfer anomalies such as bubbles, or 

singularities, such as intersections between well branches. 
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ABSTRACT 

High Temperature (HT) wellbores represent one of today’s biggest challenges for the oil and gas industry. The 

majority of well intervention wireline tools contain temperature sensitive electronics that are not able to 

withstand the high temperatures of HT wellbores (> 150 °C), for an extended period of time. This work presents 

the design and construction of an actively cooled laboratory prototype, which is able to operate at temperatures 

which are higher than the temperature limit of the electronics. A different concept of heat management, 

compared to prior works, is presented: the design combines active and passive cooling techniques, aiming at an 

efficient thermal management, preserving the tool compactness and avoiding the use of moving parts. 

Thermoelectric coolers were used to transfer the dissipated heat from the temperature-sensitive electronics to the 

external environment. Thermal contact resistances were minimized and thermally insulating foam protected the 

refrigerated microenvironment from the hot surroundings.  

1. INTRODUCTION 

Sandeep et al.(2003) defined well interventions as remedial operations that are performed on producing wells, 

with the intention of restoring or increasing production. Well interventions may be necessary because of flow 

restrictions, sand production, mechanical failure, changes in reservoir characteristics, or to access additional 

reservoir areas. Typical downhole applications that are performed during the interventions include monitoring of 

the well conditions, as well as installations (e.g. of valves or pipes), drilling of new well branches, cleaning, and 

repairing. Different downhole tools can be employed to carry out the mentioned operations and several 

intervention techniques can be adopted in order to deliver the tools down the wellbore. 

The electric wireline intervention technique involves running and pulling tools and equipment into and out of the 

well, by the use of a continuous length, small diameter solid or braided wire mounted on a powered reel at the 

surface. This cable is an electric conductor and delivers the feed power to the downhole tools from the surface; 

every wireline tool has, therefore, a section that contains electronic components and circuits that remotely 

control the tool, transform the feed power or store logging data. The enclosed electronics dictate one of the main 

limits of the electric wireline technique, which is represented by the exposure of the downhole tools to high 

temperatures. High Temperature wells, where the temperature ranges from 150 °C to 200 °C, represent one of 

today’s biggest challenges for wireline interventions, since most of the currently employed electronics are rated 

for lower temperatures. Active cooling systems are a possible solution to the electronics overheating, as they 

would maintain the critical components at a temperature below the external environment. This type of solution 

has been investigated in several works in the literature, which faced different integration constraints, cooling 

loads, operating temperatures and adopted different cooling technologies. 

Bennett (1988) performed a theoretical analysis of the suitable cooling technologies for a downhole application, 

defining respectively an acoustic cycle, a two-stage vapor compression cycle and a reverse Brayton cycle as the 

best options. Flores (1996) performed a similar analysis and implemented his results into a once-through vapor 

compression cooler for a downhole exploration tool. Jakaboski (2004) first carried out a review of the prior 
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works and patents and then studied the integration of a phase change material tank into a downhole tool string, in 

order to maintain the electronics at a lower temperature than the borehole. Sinha and Joshi (2011) investigated, 

instead, the use of thermoelectric devices for thermal management of downhole electronics, reporting the test 

results of a lab-prototype. Pennewitz et al. (2012) evaluated the feasibility of sorption cooling for downhole 

electronics in the geothermal sector. 

Some common features among the mentioned works are the employment of Dewar flasks for thermal insulation 

of the cooled electronics from the external environment, the use of convective fluids and heat exchangers, and 

the necessity of adding to the tool string a section containing the cooling system. This work aims at presenting 

the design and the implementation of a different heat management concept, which involves both active and 

passive cooling, aims at preserving the original compactness of the tool and does not require the use of a Dewar 

flask. 

2. APPROACH AND METHOD 

The desired active cooling and thermal management systems have to satisfy certain design criteria: 

 Absorb the cooling load and keep the temperature of the high temperature-sensitive electronics below 

175 °C. 

 Provide cooling for an unlimited time period. 

 Be able to operate in up to 200 °C borehole temperatures. 

 Fit a cylindrical housing with an inner diameter of 60 mm. 

 Require less than 1 kW of feed power. 

 Preserve the original length of the tool (no additional sections). 

 Minimize the thermal resistances between different materials. 

Electronic components of an existing downhole tool were considered for the implementation of the cooling 

system and of the thermal management. The main components of the section are a metallic cylindrical housing, 

with an inner diameter of 60 mm, a metallic chassis, on top of which the electronic components are mounted and 

then inserted into the housing. The electronic components can be distinguished between high temperature-

sensitive (HTS) and high temperature-non-sensitive (HTNS). The HTS components were mounted on a printed 

circuit board (PCB) and were estimated to dissipate 1 W at maximum load; HTNS components were mounted 

directly on the chassis and were expected to dissipate 18 W at maximum load. 

The main cooling techniques were screened and their suitability to the application evaluated according to the 

design criteria listed above. The result of the feasibility study is summarized in Table 1. 

Table 1. Feasibility study summary. *fair/poor,**marginal, ***good, ****very good, / not available. 

Technology Efficiency Packaging Cost Feasibility 

Vapor compression cycle  **** *** ** ** 
Thermoelectric (Peltier) cooling * **** **** *** 
Reverse Brayton cycle  * ** ** ** 
Magnetic cooling  *** * * * 
Liquid Nitrogen/Phase Change materials / *** ** *** 

The thermoelectric cooling technique was chosen to be implemented as it is very compact, cheap, and does not 

have any moving parts. It is less efficient than competing technologies, though, and might generate some heat 

rejection issues, as discussed in the next sections.  

Figure 1 shows the thermal management principle that was implemented in the experimental setup. 
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Figure 1. Illustration of the thermal management principle for the actively cooled electronic unit. A representation of the 

cross section of the tool shows the main components (a) and the design parameters that characterize the system (b). 

The HTNS electronics are mounted on the bottom half of the chassis, so the dissipated power can be passively 

rejected to the surroundings, through the chassis itself and through the tool housing. Some electric wires connect 

the HTNS components to the high temperature-sensitive ones, which are soldered on a printed circuit board and 

thermally coupled with the cold plate of the thermoelectric cooler (TEC). The interface between the HTS 

components and the cold plate is composed of a soft thermally conducting silicone pad and a metallic heat 

spreader. The hot plate of the cooler is, instead, attached to the top half of the chassis. Both the top and the 

bottom halves of the chassis are in tight contact with the cylindrical housing, so the thermal resistance is 

minimized. The housing outer surface is in contact with the external fluid in the borehole and experiences forced 

convection. The remaining volume of the unit is filled with thermal insulating foam. No Dewar flask is 

employed, so the generated heat can be rejected directly through the housing and the original length of the tool is 

maintained. 

This design aims at a maximum operating well temperature of 200 °C, a maximum cooler hot plate temperature 

of 205-210 °C, a maximum HTS electronics temperature of 175 °C and a maximum HTNS electronics 

temperature of 210 °C. From a first approach estimation, the heat fluxes that characterize the system are 18 W 

dissipated by the passively cooled components, 1 W dissipated by the HTS components, 10 W of heat 

conduction through the housing and 30 W rejected by the cooler hot plate (assuming a TEC coefficient of 

performance equal to 0.5). 

3. IMPLEMENTATION OF THE EXPERIMENTAL SETUP 

The previously described system was implemented in an experimental setup. The two halves of the chassis were 

manufactured; both the HTS and the HTNS electronics were simulated by resistive components and respectively 

installed on the bottom chassis and on the printed circuit board; two high temperature thermoelectric coolers 

were assembled between the top chassis and the metallic heat spreader. Thermally insulating polyimide foam 

was used to insulate the cooled electronics from the hot surroundings. The temperatures of the main components 

were monitored by thermocouples. 
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Figure 2. Implementation of the experimental setup. Bottom half of the chassis with the HTNS electronics (a), top half of 

the chassis with two HT thermoelectric coolers and thermal insulating foam (b), HTS electronics installed on a printed 

circuit board with heat spreader and soft thermal pad (c), cylindrical housing with welded thermocouple wires (d). 

Three different assembly techniques have been investigated for testing the thermal interface between the hot and 

cold plates of the cooler and, respectively, the top chassis and the heat spreader. The performance of the system 

was evaluated as proportional to the temperature difference (ΔTcooler) the cooler could maintain, at steady state, 

between the HTS electronics and the cooler hot plate. The three assembly techniques comprise the use of: 

 thermal conductive epoxy; 

 adhesive soft thin thermal pads; 

 a spring system with thermal grease (clamping method). 

The clamping method proved to be the best performing technique as can be seen in Figure 3(a). The coolers were 

spread with thermal grease on the plates and then “clamped” between the heat spreader and the top chassis, with 

two plastic screws. On the other side, epoxy guaranteed a good thermal connection, but caused a degradation of 

the cooler when cycled at high temperature; the adhesive thermal pad absorbed the stresses due to the thermal 

expansion, but did not perform well from a thermal standpoint. Several candidate coolers from different 

manufacturers and in different sizes were also tested in the setup, in order to obtain the best performance of the 

system. The criterion for the choice of the cooler type is the same used for the choice of the assembling 

technique. Coolers #1 and #3 proved to be the best performing in our system, as can be notice in Figure 3(b). 

                 

Figure 3. Temperature span across the cooler ΔTcooler vs coolers feed power. Test of the different assembling techniques 

(left) and of the different cooler types and sizes (right). Tests were carried out at room temperature. 
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The main components of the system and their dimensions are listed in Table 2. 

Table 2. List of the main components with their dimensions. 

Component Dimension 

Metallic housing O.D. = 80 mm   I.D. = 60 mm   Length = 300 mm 

Top chassis O.D. = ˜ 60 mm   Length = 200 mm 

Bottom chassis O.D. = ˜ 60 mm   Length = 200 mm 

Heat spreader 120 mm x 41 mm x 3 mm 

Soft thermal pad 115 mm x 40 mm x 2 mm 

Peltier cooler #1 : 30 mm x 30 mm x 3.6 mm   /   #3 : 40 mm x 40 mm x 3.9 mm 

 

4. TEST RESULTS 

Based on the setup test, it was decided to use two Cooler #1 assembled with thermal grease with a clamp. The 

coolers were installed between the top chassis and the heat spreader with the clamping method. The two halves 

of the chassis were coupled and inserted into the housing. Power supplies were used to feed the test electronics 

and the coolers. A ventilated furnace was used in order to reproduce a dry borehole environment and 

characterize the performance of the system at different temperatures 25 °C, 100 °C, 150 °C and 170 °C. Three 

main parameters were considered to evaluate the performance of the system at steady state, and were evaluated 

at different operating conditions and temperatures: 

ΔTcooler = THotPlate – TPCB                (1) 

ΔTHotPlate  =  THotPlate – Text                (2) 

ΔTPCB  =  TPCB – Text                  (3) 

Where: 

THotPlate is the temperature of the cooler hot plate [°C], TPCB is the temperature of the HTS electronics on the PCB 

and Text is the oven temperature. ΔTcooler (Eq. 1) proves the capability of the system to maintain the electronics to 

a lower temperature than the hot plate. A low ΔTHotPlate (Eq. 2) is an indicator of a good heat rejection to the 

external environment. ΔTPCB (Eq. 3) is usually negative; a low value of ΔTPCB is an indicator of a good insulation 

and a good overall system performance, as the HTS electronics is cooled far below the oven temperature. 

 
Figure 4. Temperature span across the cooler ΔTcooler vs. cooler feed power, at different oven temperatures. 
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Figure 5. Representation of ΔTHotPlate (red bar) and ΔTPCB (blue bar), at the operating conditions that minimized the HTS 

electronics temperature, at different oven temperatures Text. The tests were carried out in air in a ventilated furnace, where 

the convective heat transfer coefficient along the housing surface was estimated ˜ 30 W/(m
2
K). The system behavior was 

also forecast for an external convective coefficient of 100 W/(m
2
K) and represented with dashed bars. 

The performance of the system strongly depends on the operating temperature, as can be noticed in Figure 4. The 

largest temperature span between the PCB and the cooler hot plates is obtained around 100 °C oven temperature.  

Bismuth Telluride, the semiconductor material generating the thermoelectric cooling effect, has in fact a peak of 

its thermoelectric properties (i.e. figure of merit) around 100 °C. Above 100 °C the performance of the system 

decreases again and the HTS electronics temperature increases (see Figure 5). At Text = 100 °C the HTS 

electronics is maintained 28 °C below ambient; while at Text = 170 °C it is only 18 °C colder than ambient. With 

an increased outside convection coefficient (100 W/(m
2
K) ) the HTS electronics would be cooled 43°C and 26°C 

below ambient, for Text respectively equal to 100 °C and 170 °C. 

Tests results also revealed that the power dissipated by the HTNS electronics significantly increases the 

temperature of the chassis and of the coolers’ hot plate; if the coolers’ hot side temperature rises, the temperature 

of the cold plate and of the HTS components subsequently increases; that is because the temperature span the 

coolers are able to maintain between the plates (ΔTcooler) remains approximately constant (at a given feed power). 

In other words, an increase in the coolers hot side temperature “shifts” the temperature difference between the 

plates upwards, towards hotter temperatures.  

Therefore, reducing the hot plate temperature could be an effective way to improve the cooling of the HTS 

electronics and to keep the coolers far below their maximum operating temperature. That could be done by 

reducing the power dissipated by the passively cooled components or by improving the heat rejection to the 

external environment, which is mainly driven by convection in the wellbore and cannot be controlled in a 

downhole environment. 

4.1 Implementation of the real tool electronics 

The original downhole tool electronics were then reviewed and optimized; the main components were replaced 

with more efficient ones so the dissipated power from the HTNS electronics was reduced to one fourth of the 

original value, around 5 W. The same heat management principles were applied to the new setup, which aimed 

at actively cooling the new, optimized, electronics. Only one Cooler #3 was used in the new setup, which 

preserved the same main components and dimensions of the previous setup. The tool was then tested in a larger 

furnace at the temperatures 100 °C, 125 °C, 150 °C and 180 °C. 
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Figure 6.  Temperature span across the cooler ΔTcooler vs. cooler feed power at different oven temperatures. 

 

Figure 7. Representation of ΔTHotPlate (red bar) and ΔTPCB (blue bar), at the operating conditions that minimized the HTS 

electronics temperature, at different oven temperatures Text. The tests were carried out in a ventilated furnace, where the 

convective heat transfer coefficient along the housing surface was estimated ˜ 45 W/(m
2
K). The system behavior was also 

forecast for an external convective coefficient of 100 W/(m
2
K) and represented with dashed bars. 

The capability of the cooling system of maintaining a temperature differential between the HTS electronics and 

the coolers hot plate is enhanced by the use of  one Cooler #3; Figure 6 shows in fact higher values of ΔTcooler, 

compared to Figure 4, at a given feed power and oven temperature. Figure 7 shows, instead, how the system 

performance is improved by the increased efficiency of the HTNS electronics. The cooler hot plate temperature 

is significantly lower compared to the previous setup; consequently the HTS electronics are maintained at a 

lower temperature: 35 °C and 32 °C colder than the oven temperatures 100 °C and 180 °C. The dependence of 

the system performance on the external convection is also reduced since the heat that needs to be rejected is 

lower. The difference between measured temperatures differences and those forecast with an external convective 

coefficient of 100 W/(m
2
K) is much lower than seen in Fig. 5 and is only 3 – 4 °C of cooling in this case. 
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5. CONCLUSIONS 

This work presented the design and implementation of an active cooling system into a downhole tool electronics 

section. Thermoelectric coolers were chosen among the possible cooling technologies in order to fulfill the main 

design criteria. The tool length and compactness were preserved, no Dewar flasks were used, no moving parts 

were introduced and the thermal resistances were minimized. 

The thermal management principle was first demonstrated with resistors to simulate the actual electronics. The 

most suitable assembly technique and types of thermoelectric coolers for the application were investigated and 

successively applied, and the system was tested at different oven temperatures. The test results proved the heat 

rejection to the external environment can be a critical design parameter.  

The real tool electronics were reviewed and improved in efficiency; the new optimized electronics were then 

implemented in a new actively cooled setup, with the same features of the previous one. The new test results 

showed a significant enhancement in performance, thanks to an improvement in the heat rejection mechanism, 

and are encouraging for operations in a 200 °C environment. A better management of the thermal expansion 

issues and a further development of the new electronics will improve the performance of the system. More tests, 

at higher temperatures, will be carried out. 

The setup was tested for 60 hours at high temperature (between 150 ⁰C and 200 ⁰C) and a stable and constant 

cooling performance was delivered within the design criteria. After the 60 hours a degradation of the cooler was 

noticed, so the temperature span was reduced by ~2 ⁰C. This result is promising if we consider well interventions 

on wireline rarely require more than 24 continuous hours downhole; furthermore the cheap price of commercial 

HT thermoelectric coolers allows a frequent replacement of the degraded parts, when deemed necessary. The 

degradation of the cooling system can be evaluated by measuring anomalous temperature differentials across the 

cooler and by measuring the AC electric resistance of the thermoelectric module, which would increase as the 

performance decreases. 
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insulation on the top part of the cartridge (b). HTS electronics on PCB, soft thermal pad and heat spreader (c). Tool housing (d).  

 Downhole interventions in high-temperature wells (150 ⁰C < T < 200 ⁰C) represent one of 

today’s biggest challenges for the oil and gas industry, because of the temperature limits 

of the electronics that are employed in the robotic intervention tools [1]. 
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b) a) 

Figure 1. Illustration of a downhole tool (a) and COMSOL [4] simulation of the electronics overheating, at 167 ⁰C well temperature (b). 

Setup design  

Characterization and test results Reliability test 

 A soft thermal pad and a metallic heat spreader were used to interface the HTS 

electronics with the cooler cold plate. 
 

 Thermal grease and a clamping system were used to integrate the cooler into 

the setup. 

 The setup was tested at 200 ⁰C in a dry forced-convection environment, for 75 

hours (the equivalent of ~ 5 well interventions). 
 

 The system degradation was estimated at ~ 0.03 ⁰C/hour and ~ 4.4 mV/hour. 

Figure 6. Evaluation of the cooler degradation: 

trend in time of the temperature differential 

between the oven and the HTS electronics (left 

vertical axis) and of the feed voltage, given a feed 

current of 2 A (right vertical axis). 

 The cooler degradation is 

caused by a change in the 

semiconductor properties, 

enhanced by the exposure 

to high temperature. 
 

 The HTS electronics were 

always maintained below 

175 ⁰C. 

 An optimal feed current/power minimizes the HTS electronics temperature. It 

is a function of the well fluid temperature and convection regime. 

Figure 4. HTS electronics temperature as a function of the TEC 

feed power at different operating temperatures. Tests were carried 

out in a furnace that reproduced a dry forced-convection 

environment. 

Figure 5. Temperature differentials between the oven and, 

respectively, the cooler hot plate (red bars) and HTS electronics (blue 

bars), when operating at optimal feed current, with an estimated forced 

convective coefficient of ~ 60 Wm-2K-1. A forecast was made for an 

external convective coefficient of 500 Wm-2K-1 (dashed bars).  

a) b) c) d) 

Figure 2. Downhole electronics unit cross section; schematic integration of 

the cooling technology. Heat fluxes and design temperatures are reported. 

 High temperature-sensitive (HTS) 

electronics were mounted on a 

printed circuit board and actively 

cooled. 
 

  High temperature-non sensitive 

(HTNS) electronics were mounted 

on a metallic cartridge and passively 

cooled. 
 

 Thermal insulation protects the 

cooled components. 
 

 The thermoelectric cooler absorbs 

the load from the HTS electronics 

and rejects the excessive heat to 

the well reservoir, through the 

tool housing. 
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Abstract: Active cooling systems represent a 
possible solution to the electronics overheating 
that occurs in wireline downhole tools operating 
in high temperature oil and gas wells. A Peltier 
cooler was chosen to maintain the downhole 
electronics to a tolerable temperature, but its 
integration into the downhole electronics unit 
proved to be challenging, because of the space 
constraints and the proximity of the cooling zone 
(electronics) to the heat sink (well fluid). The 
topology optimization approach was therefore 
chosen to optimize the thermal design of the 
actively cooled electronics section and the SIMP 
(Solid Isotropic Material with Penalization) 
method was implemented in COMSOL 
Multiphysics. Several optimized designs were 
obtained for different operating conditions and 
their sensitivity to the change in the boundary 
conditions was evaluated. A final design for the 
electronics unit was selected, according to the 
topology optimization results and assembly 
constraints, and compared to the optimized 
cases. 
 
Keywords: Topology optimization, SIMP, 
Electronics cooling. 
 
1.  Introduction 
  

Well interventions are remedial operations 
that are performed in oil and gas wells in order to 
restore or increase the production. The electric 
wireline well intervention technique relies on the 
usage of a cabling technology that connects the 
downhole tools to the surface equipment and, 
thanks to the integration of electronic 
components into the downhole devices, allows 
the operator to remotely control the tool during 
the operation. However, the application of the 
wireline technique in high temperature wells, 
where the temperature can range between 150 °C 
and 200 °C, is often restricted by the electronics 
temperature limit, which is currently set to 
175 °C for the majority of the employed 
components available on the market.  

Active cooling systems represent a possible 
solution to the electronics overheating [1] as they 
could extend the application of the wireline tools 
to a wider range of high temperature wells. The 
high-temperature sensitive electronics would be 
maintained below the well temperature, while the 
well fluid would be used as a heat sink for the 
cooler excessive heat. A thermoelectric cooler 
(TEC) was chosen to fulfill this task [2], because 
of its compactness and lack of moving parts; on 
the other hand its low efficiency (COP) might 
generate issues due to excessive heat rejection at 
the hot end in the case of low convection regimes 
in the oil well.. It is therefore very important to 
define an effective thermal design of the 
electronics unit that provides a good thermal path 
to reject the excessive heat to the well, protects 
the cooled electronics from the hot surroundings 
and minimizes the heat leakages. The limited 
availability of space in the downhole tool and the 
proximity between the cooling load and the heat 
sink make this task challenging. 

The topology optimization approach was 
adopted in order to define an optimized 
distribution of the thermal conductive material 
and thermal insulation, so the high-temperature 
sensitive components’ temperature could be 
minimized. The geometry of the electronics unit 
was modelled in COMSOL Multiphysics and the 
topology optimization SIMP (Solid Isotropic 
Material with Penalization) method [3] was 
implemented. A density filter was applied in 
order to avoid mesh-dependent solutions, and 
coupled with a projection function, in order to 
obtain a better resolution of the design variable 
distribution that defines the optimized 
distribution of thermally conductive material and 
thermal insulation. 
 
2.  System integration overview 
 
The downhole tool electronics unit (Figure 1) is 
composed of two main structural components: a 
200 mm long cylindrical chassis (O.D. 60 mm), 
on which the electronic components are installed, 
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and a 300 mm long metallic housing 
(O.D. 80 mm, I.D. 60 mm), which encloses the 
chassis and the electronics, protecting and 
sealing them from the outer well fluid at high 
pressure.  The chassis, in turn, is divided into a 
“structural” part made of aluminum, that 
provides mechanical stability to the system, and 
an “optimizable” part, that will be the object of 
the topology optimization.  

Furthermore, the electronic components can 
be distinguished into high temperature-non 
sensitive (HTNS) and high temperature-sensitive 
(HTS) components. The first dissipate 5 W, are 
mounted directly on the chassis and are passively 
cooled; the latter dissipate 1 W, are installed on a 
printed circuit board (PCB) and are actively 
cooled with the TEC. The TEC cold plate is 
thermally coupled with the HTS electronics 
through a copper heat spreader and a soft 
thermal pad. On the other side, the TEC hot 
plate needs to be thermally connected to the well 
fluid through a heat sink that the topology 
optimization solver is asked to optimize. The 
design of the system aims at maintaining the 
HTS electronics below 175 °C, when operating 
in a 200 °C well environment. 
 
3.  Governing equations 
 

The heat transfer within the system is mainly 
driven by heat conduction, so the heat transfer 
PDE (Eq. 1) was implemented in the COMSOL 
model through the Heat Transfer module. 

                       (1) 

Where k (Wm-1K-1) is the material thermal 
conductivity, T (K) is the temperature and Qsource 
(Wm-3) is a volumetric heat source. 

A modified heat transfer equation, that 
accounted for the thermoelectric effect, was 
implemented in the TEC semiconductor domain, 
in between the TEC hot and cold plates, through 
the Coefficient Form PDE module. 

                       (2) 

Where J (Am-2) is the electric current density 
vector, S (VK-1) is the material Seebeck 
coefficient, QJouleHeating (Wm-3) is the heat source 
associated to the Joule effect. The layer between 
the TEC hot and cold plates (Figure 1), in reality, 
is composed of leg pairs of semiconductor 
material (Bi2Te3) separated by air; in order to 
reduce the geometry complexity this layer was 
modelled as isotropic and homogeneous, and its 
properties were weighted based on the volumes 
of Bi2Te3 and air (Eq. 3, 4, 5). Equations from 
Gordon et al. [4] were used to characterize the 
behavior of Bi2Te3, while the COMSOL material 
library was used for the air properties. The 
equations were combined through linear 
coefficients in order to match a commercial 
Peltier cooler performance that was evaluated in 
terms of hot and cold plate temperatures at 
different cooling loads and operating 
temperatures.  

2.025 9 1.42 6
																															 4.49 5 	                       (3) 

2.91 5 0.019 4.81
																																 	                           (4) 

  
Figure 1. COMSOL Multiphysics representation of the longitudinal section of the downhole tool (left side) and
particular of the TEC device with the two plates and the semiconducting material layer highlighted in blue (right side). 
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4.35 . 8 2.754 6                 (5) 

0.268	 	 	 ∙ 	                      (6) 

Where kair(T) (Wm-1K-1) is the thermal 
conductivity of air as a function of temperature 
from the COMSOL material library; S1 = 0.349, 
k1 = 0.215, k2=0.732 and σ1 = 0.309 are linear 
coefficients. At the two ends of the electronics 
unit, an adiabatic boundary condition was set. 
A convective heat flux, simulating the well fluid 
interaction with the housing surface, was 
imposed by setting the external well fluid 
temperature Tfl and heat transfer convective 
coefficient h. The partial differential equations 
(1) and (2) were then interfaced through a 
Dirichlet boundary condition that matched the 
temperatures at the interface. Heat sources were 
set in the HTNS electronics domain (5W) and at 
the interface between the PCB and the soft 
thermal pad (1 W), to simulate the electronics 
power dissipation. According to empirical 
estimations, thermal contact resistances were 
simulated by setting a thin resistive layer at the 
interface between the structural chassis and the 
housing (Rth1 = 1.1e-3 m2KW-1), between the 
HTNS electronics and the structural chassis (Rth2 
= 2.5e-5 m2KW-1), and between the TEC plates 
and the structural chassis/heat spreader (Rth3 = 
2.5e-5 m2KW-1). Rth1 was estimated through the 
comparison between simulation results and 
experimental data from thermal tests on the 
structural chassis. Rth2 and Rth3 instead, simulated 
a 0.1 mm thick layer of thermal grease, with a 
thermal conductivity of 4 Wm-1K-1. Another 
relevant boundary condition was set for the TEC 
feed current Ifeed and used to characterize the 
cooler operating state. 
 
4.  Topology optimization implementation  
 

The topology optimization problem can be 
stated as follows: 

	 :					 

				 , 	      (7) 

:								0 1                   (8) 

0      (9) 

	0 1                          (10) 

,               (11) 

Where fobj is the objective function to be 
minimized, defined as the integral average of the 
temperature distribution along the PCB surface 
ΩPCB; APCB is the PCB area surface (m2), ρdesign is 
the design variable that can range between 
0 (thermal insulation) and 1 (aluminum), and 
whose distribution needs to be optimized; γ is the 
fraction of the optimizable domain VΩ that sets 
the constraint on the maximum volume that can 
be occupied by aluminum; r(T, ρdesign) is the 
residual of the discretized system of the state 
equations reported in section 3.  

The topology optimization problem was 
implemented in COMSOL through the 
Optimization module: ρdesign was defined and 
bounded as a control variable field, while the 
volume constraint was set with an integral 
inequality constraint. A density filter [5] was 
applied to the design variable, in order to make 
the solution independent from the mesh size (Eq. 
12), and implemented in COMSOL through the 
Coefficient Form PDE module: 

                                  (12) 

Where r is a filter parameter and is equal to 
1.5 times the maximum mesh element length in 
the optimizable domain.  was then projected in 
order to obtain a sharper transition zone between 
aluminum and insulator in the optimized 
topology [6]; Eq. 13 was used. 

̅ 	

	
                               (13) 

η = 0.5 ensured a good convergence of the 
solution; β was ramped from 1 to 8, using the 
continuation approach, as suggested by Wang et 
al. [7]. The thermal properties of the optimizable 
domain were then calculated through the 
projected design variable, with an interpolation 
function that defined the thermal conductivity. 

̅                            (14) 

Where kΩ (Wm-1K-1) is the domain effective 
thermal conductivity, kins = 0.17 Wm-1K-1 and 
kAl = 138 Wm-1K-1 are respectively the thermal 
conductivities of the thermal insulation and of 
the considered aluminum alloy, and p = 3 [7] is 
the penalization coefficient. 

The problem was solved through the 
optimization solver MMA (Method of Moving 
Asymptotes), embedded in COMSOL.  
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5.   Results 
 

The model was simulated for a well 
temperature of 200 °C and different conditions 
of well fluid convection regimes h and TEC feed 
current Ifeed, so the design could be optimized for 
different operating conditions.  

The system was optimized for Ifeed of 1, 2, 3 
and 4 A, according to the modelled commercial 
cooler specifications, and for h of 25, 50, 100 
and 500 Wm-2K-1, in order to reproduce low, 
medium-low and medium well fluid convection 
regimes. h = 25 Wm-2K-1 is defined as the worst 
case design condition, while for h > 500 Wm-2K-

1 the design of the unit is expected not to be 
critical anymore. The optimization of the system 
balanced the use of aluminum and thermal 
insulation in different ways at different boundary 
conditions; a tradeoff between thermal protection 
of the cooled electronics and heat rejection of the 
excessive heat was always reached and two main 
design concepts were individuated. 

Low TEC feed currents and high values of 
convective coefficients led to an optimized 
design (Design 1) where an aluminum pad 
connects the cooler hot plate to the structural 
chassis, so the excessive heat can be rejected 
radially through the housing to the well (Figure 
2). Low Ifeed (low ohmic losses across the cooler) 
and high h values make the heat rejection 
process not critical, so the thermal protection of 
the cooled electronics is prioritized and the use 
of aluminum is limited to provide a radial heat 
sink. The length of the aluminum pad increases 
when the feed current grows or the heat transfer 

convective coefficient decreases.  
High TEC feed currents and low values of 

convective coefficients, on the other side, led to 
a design (Design 2) where the heat rejection 
becomes more problematic than in the previous 
case. An aluminum layer is now attached to the 
structural chassis (Figure 3). This layer does not 
only provide a radial path for the excessive heat 
to be rejected to the well, but also spreads it 
along the longitudinal direction of the tool; a 
better distribution of the heat enhances the heat 
exchange with the well fluid and minimizes the 
heat backflow to the cooled electronics. Thermal 
insulation still protects the cooled electronics 
from the HTNS components and the hot 
surroundings. The thickness of the layer 
increases with Ifeed and when h decreases. 

The balance between materials can be 
evaluated, for different boundary conditions, 
through the ratio of used aluminum over the 
optimizable volume (Figure 4). 

̅ 	                        (15) 

Where R is the aluminum usage ratio and VΩ is 
the optimizable domain volume (m3). In order to 
have a good overview of the system behavior, 
the sensitivity of the optimized designs to 
operations at different boundary conditions was 
assessed. The performance of the system was 
evaluated in terms of temperature at which the 
HTS electronics could be maintained. 

The electronics section was initially 
optimized for a certain value of feed current and 
well fluid convective coefficient; the resulting 

Figure 2.  distribution for the Design 1 concept.
System optimized for Ifeed = 1 A and h = 100 Wm-2K-1. 

Figure 3.  distribution for the Design 2 concept.
System optimized for Ifeed = 4 A and h = 50 Wm-2K-1. 
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design was then simulated, maintaining the TEC 
feed current constant, at different values of well 
fluid convective coefficients. Figure 5 reports the 
performance of the optimized designs versus the 
well fluid convective coefficient: each of the five 
illustrated curves refers to a system optimized for 
Ifeed = 2 A and a different value of h. It can be 
noticed the five curves overlap and the 
performance of the systems is very similar, 
despite they were optimized for different h 
values. A maximum temperature mismatch of 
0.05 °C between the curves was found. The same 
behavior was obtained with the optimizations 
with the other feed currents. For Ifeed = 1 A the 
maximum mismatch between the curves is equal 
to 0.005 °C, for Ifeed = 3 A is equal to 0.88 °C 
and for Ifeed = 4 A is equal to 0.88 °C. We can 
conclude the optimization of the electronics unit, 
at a given feed current is not significantly 
sensitive to the well fluid convective coefficients 
in the considered range; in other words, the 
performance of the optimized systems, at a given 
feed current, is not significantly sensitive to the 
length/thickness of the optimized aluminum 
pad/layer and can be considered robust. 

The same approach was used to evaluate the 
sensitivity of the optimized designs to the TEC 
feed current, at a given convective coefficient. 
The electronics section was first optimized for a 
certain value of  feed current and well fluid 
convection; the resulting design was then 
simulated, maintaining the convection regime 
constant, at different values of operating current. 
Figure 6 shows the optimization process is more 

sensitive to the feed current as the mismatch 
between the curves can go up to several degrees 
Celsius. An optimal feed current Iopt that 
minimizes the HTS electronics temperature can 
be individuated. It can be defined as the TEC 
feed current at which the marginal gain in 
absorbed heat flux, due to an infinitesimal 
increase of the TEC feed current, becomes lower 
than the heat flux that leaks through the 
insulation. Iopt is slightly different for each 
optimized design, but mainly depends on h and 
on the well fluid capability of absorbing the 
excessive heat. Iopt is equal to ~1.9 A for 
h = 25 Wm-2K-1, to ~2.3 A for h = 50 Wm-2K-1, 
to ~2.6 A for h = 100 Wm-2K-1 and to ~2.9 A for 
h = 500 Wm-2K-1. The designs that best operate 
around the optimal current are the ones 
optimized for 2 A and 3 A. 

The topology optimization results, together 
with the knowledge of the practical assembly 
constraints, were used to define the final design 
for the actively cooled downhole electronics 
unit (Figure 7). Design 1 proved to be as well 
performing as Design 2 around the optimal 
current, but with a lower employment of 
aluminum and therefore with a lower weight. 
The aluminum pad that provided the thermal 
path from the cooler hot plate to the structural 
chassis proved to be crucial. An aluminum pad, 
41x41 mm was therefore implemented in the 
final design, illustrated in Figure 7. No 
aluminum layer was included, except for 2 walls, 
10 mm thick, at each end of the chassis. They 
provide mechanical stability, an additional 

Figure 5. HTS electronics temperature vs. well fluid
convective coefficient for four different systems,
optimized for Ifeed = 2 A and h = 25, 50, 100 and
500 Wm-2K-1. 
 

Figure 4. R vs. well fluid convective coefficient, for
different TEC feed currents. Different symbols refer to
the different optimized design concepts. 
● = Design 1, ▲ = Design 2. 
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thermal path for the heat to better spread in case 
of low heat rejection rate, and are suitable for the 
installation of pins for the assembly of the 
system. The chassis would be in fact split in a 
bottom half, were the HTNS electronics are 
installed, and a top half, where the cooling 
system is installed. The two halves would then 
be coupled and held in place by four pins (not 
reported in Figure 7). Two smaller pads, 8x8 
mm, with threaded holes, were also designed in 
the top part of the chassis in order to clamp the 
cooler in between the heat spreader and the 
chassis itself, through a plastic screw system. 
The rest of the domain is filled with thermal 
insulation.  

Simulations proved the chosen design 
operates very closely to the optimized systems 
performance (Table 1). The difference in HTS 
electronics temperature is very small when 
operating at 1 or 2 A, as the chosen design is 
very similar to the Design 1 concept: the 
electronics is maintained maximum 0.09 K 
above the HTS electronics temperature in the 
optimized case. When operating at 3 and 4 A the 
mismatch becomes higher, since the Design 2 
concept would work better at high feed currents. 
However, the HTS components are always 
maintained less than 1 K above the optimized 
case for operations at 3 A. The mismatches are 
larger than 1 K for Ifeed = 4 A, but can be 

           

Figure 6. HTS electronics temperature vs. TEC feed current for four different systems, optimized for Ifeed = 1, 2, 3 and
4 A, and h = 25 Wm-2K-1 (left side) and 50 Wm-2K-1 (right side). 
 

 
Figure 7. COMSOL Multiphysics illustration of the longitudinal section of the final design. The designed 
aluminum chassis is highlighted in blue. 
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considered irrelevant; a feed current of 4 A is far 
from the observed optimal feed currents and the 
system would always aim to operate close to the 
optimal conditions, between 2 and 3 A. 

 
Table 1. Comparison between the performance of the 
optimized systems (Opt) and final chosen design 
(Design). ΔT = THTS,design - THTS,Opt.  

h 
(Wm-2K-1) 

Opt - 1A 
THTS (°C) 

Design - 1A 
THTS (°C) 

ΔT 
(K) 

25 182.31 181.95 0.10 
50 179.32 178.97 0.11 
100 177.83 177.47 0.11 
500 176.56 176.21 0.11 
h 

(Wm-2K-1) 
Opt - 2A 
THTS (°C) 

Design - 2A 
THTS (°C) 

ΔT 
(K) 

25 175.63 175.68 0.05 
50 168.18 168.23 0.05 
100 164.54 164.57 0.04 
500 161.46 161.48 0.03 
h 

(Wm-2K-1) 
Opt - 3A 
THTS (°C) 

Design - 3A 
THTS (°C) 

ΔT 
(K) 

25 188.22 188.93 0.71 
50 171.48 171.87 0.39 
100 163.68 163.90 0.22 
500 157.12 157.35 0.23 
h 

(Wm-2K-1) 
Opt - 4A 
THTS (°C) 

Design - 4A 
THTS (°C) 

ΔT 
(K) 

25 228.62 233.59 4.97 
50 192.79 195.71 2.92 
100 177.25 179.29 2.04 
500 165.23 166.37 1.14 

 

6.   Conclusions 
 

The distribution of thermally conductive 
material and thermal insulation was optimized 
within an actively cooled electronics unit for 
downhole tools. The heat transfer mechanisms 
were modelled in COMSOL Multiphysics and 
the topology optimization SIMP method was 
implemented. Diverse design concepts were 
obtained for different boundary conditions. The 
analysis of the resulting designs supported the 
development of a final unit, whose performance 
was compared to the optimized cases. An 
acceptable deviation between them was assessed 
and the importance of controlling the operating 
conditions close to the optimal TEC feed current 
was underlined.  
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a b s t r a c t

Efficient operation of thermoelectric devices strongly relies on the thermal integration into the energy
conversion system in which they operate. Effective thermal integration reduces the temperature differ-
ences between the thermoelectric module and its thermal reservoirs, allowing the system to operate
more efficiently. This work proposes and experimentally demonstrates a topology optimization approach
as a design tool for efficient integration of thermoelectric modules into systems with specific design
constraints. The approach allows thermal layout optimization of thermoelectric systems for different
operating conditions and objective functions, such as temperature span, efficiency, and power recovery
rate. As a specific application, the integration of a thermoelectric cooler into the electronics section of
a downhole oil well intervention tool is investigated, with the objective of minimizing the temperature
of the cooled electronics. Several challenges are addressed: ensuring effective heat transfer from the load,
minimizing the thermal resistances within the integrated system, maximizing the thermal protection of
the cooled zone, and enhancing the conduction of the rejected heat to the oil well. The design method
incorporates temperature dependent properties of the thermoelectric device and other materials. The
3D topology optimization model developed in this work was used to design a thermoelectric system,
complete with insulation and heat sink, that was produced and tested. Good agreement between
experimental results and model forecasts was obtained and the system was able to maintain the load
at more than 33 K below the oil well temperature. Results of this study support topology optimization
as a powerful design tool for thermal design of thermoelectric systems.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Over the past decades, thermoelectric devices (TEDs) have
become competitive solutions for waste energy recovery, heat
pumping, and cooling applications [1–5]. Advantages of TEDs
include compactness, gas-free solid-state operation, lack of moving
parts, and long life-span. However, a lower energy conversion
efficiency compared to other well established technologies [6]
can limit their application. In order to increase energy conversion
efficiency, optimization of thermoelectric devices is an active
research topic, both in terms of the thermoelectric materials
employed [7–10], and the architecture of devices [11–16]. Addi-
tionally, efficient TED operation strongly relies on the integration
into the overall energy conversion system [17–21]. Effective heat
transfer at the cold and hot plates, minimization of thermal
resistances within the system, and reduction of heat leakages each

http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2016.05.024&domain=pdf
http://dx.doi.org/10.1016/j.apenergy.2016.05.024
mailto:stefs@dtu.dk
http://dx.doi.org/10.1016/j.apenergy.2016.05.024
http://www.sciencedirect.com/science/journal/03062619
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improves overall efficiency. These features depend on the thermal
layout of the integrated system and should be taken into account
during the design phase to maximize effectiveness.

Here, we present a novel automated method, using topology
optimization, to design thermal interfaces and insulation solutions
for a TED to be integrated in a system with design constraints.
Topology optimization has not previously been applied to thermo-
electric systems, but this technique has great potential as a power-
ful design tool, as it can be used to optimize the topology of heat
sinks, heat exchangers, and to define optimized distributions of
thermally conducting and insulating material based on a set of
design constraints. We show that the method can be implemented
using commercial software, is robust, and is suitable for TED appli-
cations that must be packaged in a defined space. The method can
be used to optimize a thermoelectric system for a variety of objec-
tive functions, such as efficiency, power recovery rate, and temper-
ature span. Contrary to size and shape optimization approaches,
topology optimization requires no initial design concept or a priori
parametrization [22,23]. This flexibility is especially important in
the early design phase, as it saves development time and can yield
unintuitive optimized structures. Density-based topology opti-
mization methods are particularly promising, since they consider
the systematic distribution of material within a design domain,
while aiming to optimize a certain objective function.

Topology optimization was first developed and established for
structural mechanics applications and was subsequently applied
to various other disciplines [24,25]. Prior studies on heat transfer
using topology optimization have mainly focused on pure 2D heat
conduction problems [22,26,27] as well as heat conduction with
convective heat transfer to an ambient fluid [28–32]. Later works
have included the explicit modeling of the fluid flow within the
optimization domain in thermo-fluid models with forced convec-
tion in 2D [33–38] and 3D [39]. More recent applications of the
approach have extended models to consider 2D topology optimiza-
tion of natural convection [40] and radiation as the dominant heat
transfer mechanism [41]. The design, manufacturing and subse-
quent experimental testing of optimized forced-convection heat
sinks have also been presented [42–44].

Building on previous studies, this work addresses an existing
industrial challenge and applies topology optimization to a ther-
moelectric system for the first time. Here, it is used to design the
thermal integration of a thermoelectric cooler (TEC) in a downhole
tool for oil well interventions. The space constraints imposed by
the application and the clearly defined thermal boundary condi-
tions make this an attractive case for topology optimization [45].
In the studied application, the TEC maintains a specific group of
electronics at a temperature below the outside well temperature
to prevent overheating issues that occur when the borehole
exceeds the maximum temperature rating of the electronics
(175 �C). Topology optimization is used to optimize the distribu-
tion of the insulating material, which thermally protects the cooled
electronics, and of the conducting material, which aids in rejecting
heat from the TEC to the well. The objective of the optimization is
to minimize the temperature of the cooled electronics. A more
detailed discussion regarding well interventions, active cooling,
and thermal management of downhole electronics, is given in Refs.
[46–51].

A model of the thermoelectric device was developed for this
application, implemented in a 3D finite element model of the sys-
tem, and coupled with the optimization algorithm. Temperature
dependent properties of the TEC were implemented in order to
capture the effects of the real material properties during the opti-
mization process. The topology optimization model was used to
optimize the design of the system for different operating condi-
tions and to define the optimal working conditions of the TEC.
The improvements in performance for the optimized systems were
assessed and used to define a final design of the electronics unit,
which is also practical from a manufacturing and assembly stand-
point. The defined setup was then manufactured and experimen-
tally tested at different operating conditions, and the results
compared to the model predictions.

2. Description of the system

This chapter briefly introduces the electronics unit system, its
main components and the overall thermal management principle.
A 3D model of the longitudinal section of the system is illustrated
in Fig. 1.

The analyzed downhole electronics unit is composed of the fol-
lowing parts:

� Metallic cylindrical housing: a hollow cylinder that shields and
seals the inner components from the harsh well environment.

� Chassis: a rigid metallic support used for final assembly, on
which the electronics are mounted and slid into the housing.
It is divided in a structural part, which mechanically supports
the system; and an optimizable part, which surrounds the com-
ponents within the structural chassis and is the object of the
topology optimization.

� Electronic components: they can be split into high temperature-
sensitive (HTS) and high temperature-non-sensitive (HTNS)
components. The former are likely to fail when their operating
temperature exceeds 175 �C, the latter can even operate above
200 �C. The HTS electronics are mounted on a printed circuit
board (PCB) and are characterized by a power dissipation rate
of 1 W; the HTNS electronics are mounted directly on the chas-
sis and dissipate an estimated 5 W.

Additional components, used for the integration of the active
cooling system into the tool, are:

� Thermoelectric cooler: the cooling system is connected to an
electric power source and transfers a heat flux from the cold
to the hot plate, when an electric current is applied. The TEC
cold plate needs to be thermally coupled to the HTS electronics,
while the hot plate requires a thermal link to the hot reservoir,
represented by the well environment.

� Metallic heat spreader: a rigid plate attached to the TEC cold
plate that, together with the thermal pad, constitutes the ther-
mal interface between the PCB and the cooler.

� Soft thermal pad: a soft silicone sheet, which is inserted between
the PCB and the copper plate to create a thermal path between
the irregular surface of the PCB and the heat spreader.

The heat management strategy aims at maintaining the HTS
electronics at 175 �C or below when the tool is operating in a
200 �C environment. It is based on the passive cooling of the HTNS
components, which can withstand high temperatures, and the
active cooling of the HTS components through the Peltier module.
The PCB is therefore thermally coupled, through the heat spreader
and the thermal pad, with the cold plate of the Peltier module so
the cooling load can be absorbed by the cooler. The TEC hot plate,
in turn, needs to be thermally connected to the chassis; in this way,
the excessive heat can flow through the housing and be rejected to
the well fluid that laps the outer surface of the housing, through
convective heat transfer. A tight mechanical contact is ensured
between the structural chassis and the housing, to reduce the con-
tact thermal resistance.

It is important to note that the thermal connection between the
TEC hot plate and the chassis, as well as the distribution of



Fig. 1. Representation of the longitudinal section of the downhole tool (1a); the domain of the optimizable chassis is represented as partially transparent and colored in light
blue. Particular of the TEC device (1b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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insulating material, will be the result of the topology optimization
process. The optimization is expected to define an optimized distri-
bution of thermally conducting material and thermal insulation
inside the unit, so the refrigerated electronics are properly pro-
tected from the hot surroundings and the excessive heat is effec-
tively rejected to the well fluid. These two phenomena both act
towards the minimization of the HTS electronics temperature,
which is the objective of the optimization. While the optimization
is focused on the thermal integration of the TEC, the topology of
the TEC module itself is not the object of the optimization. The
finite-element model of the TEC is implemented to simulate the
performance of a commercial high-temperature module to be inte-
grated into the downhole tool. The freedom to optimize the elec-
tronics unit is limited by three factors: the tool needs to fit a
specific well piping size, so its dimensions are constrained to the
values reported in Table 1; the position and the design of the com-
ponents inside the system are constrained by the application; the
structural part of the chassis cannot be optimized because of its
mechanical function.

3. Finite element model

3.1. Governing equations

The geometry shown in Fig. 1 was implemented in the finite
element software COMSOL Multiphysics [52] and divided in
domains, each of them characterized by different material proper-
ties and governing equations. In order to simulate the heat transfer
within the system, mainly driven by heat conduction, the heat
transfer PDE (Eq. (1)) was solved in all the domains, except for
the thermoelectric material layer.
Table 1
List of the components with their dimensions and properties.

Component Length (mm) I.D. (mm)

Metallic housing 300 62
Structural chassis 200 58
Optimizable chassis 200 –

Component Length (mm) Depth (mm)

TEC plates 40 40
TEC thermoelectric layer 40 40
Heat spreader 100 40
Soft thermal pad 100 40
HTNS electronics 90 42
HTS electronics (PCB) 100 40
rð�krTÞ ¼ Qsource ð1Þ
where k is the material thermal conductivity, T is the temperature,
and Qsource is a volumetric heat source. Eq. (1) was not applied to the
thermoelectric material domain, as the heat transport related to the
thermoelectric effect also needed to be taken into account. A mod-
ified heat transfer PDE (Eq. (2)) was used instead.

rðJS0T � k0rTÞ ¼ Q 0
JouleHeating ð2Þ

where J is the electric current density vector, S0 is the material See-
beck coefficient, and Q 0

JouleHeating is the heat source associated with
the Joule heating effect.

3.2. Boundary conditions

The boundary conditions were set in order to simulate the oper-
ating and external conditions that could occur in a well during a
downhole intervention. A convective heat flux was set on the outer
surface of the housing, to reproduce the interaction between the
well fluid and the tool.

�n � ð�krTÞ ¼ hðT � TextÞ ð3Þ
Furthermore, the tool electronics unit would be assembled in

the middle of a tool string, composed of several sections, and the
heat transfer with the well is expected to mainly occur radially.
For this reason, adiabatic boundaries were set at the two ends of
the cylindrical setup.

�n � ð�krTÞ ¼ 0 ð4Þ
where n is the surface normal vector, Text is the well fluid tempera-
ture and h is the heat transfer convection coefficient. Concerning
O.D. (mm) Thermal conductivity (Wm�1 K�1)

80 150
62 138
58 Eq. (16)

Height (mm) Thermal conductivity (Wm�1 K�1)

0.95 each 27
2.0 Eq. (8)
3.0 400
3.0 12
6.0 130
1.6 0.3
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the interface between the thermoelectric material domain, where
Eq. (2) is solved, and the rest of the geometry, where Eq. (1) is
solved, a Dirichlet boundary condition was defined to provide con-
sistency to the temperature distribution. Heat sources were set in
the HTNS electronics domain (5 W), and at the interface between
the PCB and the soft thermal pad (1 W), to simulate the power dis-
sipation of both electronics modules. Thermal resistances,
Rth1,2 = 2.5e�5 m2 KW�1, were modeled at the interface between
the HTNS electronics and the structural chassis, and on the outer
boundaries of the TEC hot/cold plates; they simulated the contribu-
tion of a 0.1 mm thick layer of thermal grease, with a thermal con-
ductivity of 4 Wm�1 K�1. An additional thermal resistance,
Rth3 = 1.1e3 m2 KW�1, was set at the interface between the struc-
tural chassis and the housing in order to simulate the contact resis-
tance given by the assembly. The value of this thermal resistance
was estimated through the comparison between simulation results
and experimental data from thermal tests on an analogue setup.

The operating conditions of the cooler were characterized by
the TEC feed current Ifeed, which represents the electric current
which is supplied to the module and is given to the model as an
input. The correlation between this parameter and the current den-
sity vector J (see Eq. (2)) is explained in more detail in the next
section.

3.3. TEC model

A particular focus was put on the modeling of the thermoelec-
tric cooler. Its main components are two aluminum oxide plates,
between which leg pairs of semiconducting material (p–n junc-
tions) are mounted, electrically connected in series, and separated
by air. Reproducing the detailed geometry of the module would
have drastically increased the complexity and the computational
time of the 3D topology optimization model. Therefore a simplified
model of the TEC was developed: the intermediate semiconductor
layer was modeled as homogeneous and isotropic, and equivalent
material properties were weighted on the properties of Bi2Te3 and
Fig. 2. Illustration of the simplification process for the TEC model. The longitudinal sec
included. For the sake of a better understanding, an intermediate step of the model dev
air. In this way, the cooling effect driven by a given TEC feed cur-
rent could be approximated to the real case, while the geometry
could be significantly simplified.

As a consequence of the homogenization process, the electric
and thermal transport phenomena could not be differentiated
within the Bi2Te3 and air domains, and the inhomogeneous tem-
perature gradient across the module could not be reproduced.
However, this approximation was considered acceptable as it pre-
serves the average heat fluxes that drive heat transfer in the inte-
grated system.

Fig. 2 illustrates the steps that were used to develop the homo-
geneous model and that are explained in the following sub-
sections.
3.3.1. Effective current density
In the real device, the thermoelectric leg pairs are fed in series.

The current density through the legs J can be expressed, in good
approximation, as the 3D vector [0, 0, ±Jz]. The only non-zero con-
tribution is along the z-axis, perpendicular to the TEC plates, and
can be equal to �Jz or +Jz. The scalar current density can be defined
as:

Jz ¼
Ifeed
Aleg

ð5Þ

where Jz is the scalar current density along the z-axis, Ifeed is the TEC
feed current and Aleg is the cross sectional area of the single thermo-
electric leg.

In the intermediate modeling step, the thermoelectric legs are all
doped p-type and are fed in parallel. The current density vector is
now equal to [0, 0, +Jz]. Given the parallel configuration, and in
order to maintain the same thermoelectric effect in each leg as
the real device, the TEC feed current becomes N times bigger, where
N is the number of thermoelectric legs installed in the module.

In the homogeneous model, there is no distinction between ther-
moelectric legs and air. The homogeneous layer is supplied by a
tion and the working principle of the real device and of the homogeneous model are
elopment, called intermediate modelling step, is also included.



Table 2
Geometric features of the modelled thermoelectric cooler.

Parameter Description Value

hTEC Total height of the module 3.90 mm
lTEC Edge length of the module 40.0 mm
hAl2O3

Height of the hot/cold plate 0.95 mm
N Number of thermoelectric legs 254
hBi2Te3 Height of the single thermoelectric leg 2.00 mm
lBi2Te3 Edge length of the single thermoelectric leg 1.30 mm
Aleg Cross sectional area of a thermoelectric leg 1.69e�6 m2

xBi2Te3 Volume fraction of semiconductor materials 0.27
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uniform electric current equal to N�Ifeed, in the positive z-axis direc-
tion. A different current density needs to be defined:

J0z ¼
NIfeed
Atot

¼ NIfeed
Atot

� NAleg

NAleg
¼ Ifeed

Aleg
� ABiTe

Atot
¼ JzxBiTe ð6Þ

where J0z is the equivalent scalar current density for the homoge-
neous model, Atot is the total cross sectional area of the thermoelec-
tric module, ABiTe is equal to N times Aleg and represents the cross
sectional area occupied by the thermoelectric legs in the real device,
and xBiTe is the ratio between ABiTe and Atot. xBiTe is also equal to the
volume ratio between bismuth telluride and the total volume of the
intermediate layer.

3.3.2. Effective Seebeck coefficient
Given the TEC PDE for the homogeneous layer in Eq. (2), we

want to maintain the same thermoelectric cooling effect J0S as
the real device. First, it is assumed that the Seebeck coefficient of
the layer does not change with the homogenization process. How-
ever, the current density has changed and it can be imposed:

J0zS ¼ JzS
0 ! S0 ¼ SxBiTe ð7Þ

More intuitively, one could think that the thermoelectric cool-
ing effect is now generated with the same scalar current density
Jz as the real device, but only by a portion of the layer (xBiTe), ideally
occupied by the Bi2Te3 legs. Although the cooling effect is main-
tained to be the same, the homogeneous approximation spreads
it equally along the whole layer.

3.3.3. Effective thermal conductivity of the layer
The heat transfer within the intermediate layer occurs mainly

from a cooler plate to the other, while the temperature gradient
along the direction parallel to the plates is expected to be negligi-
ble. It is therefore assumed that the effective thermal resistance of
the layer is equal to the parallel coupling of the thermal resis-
tances, of air and Bi2Te3, between the hot and cold plate.

k0 ¼ kair
Aair

Atot
þ kBiTe

ABiTe

Atot
¼ kairð1� xBiTeÞ þ kBiTexBiTe ð8Þ

where k0 is the thermoelectric layer equivalent thermal conductivity
for the homogeneous model, and t is the thermoelectric layer
thickness.

3.3.4. Effective electrical conductivity of the layer
In analogy with the effective thermal conductivity calculation,

and neglecting the air electrical conductivity:

r0 ¼ rBiTexBiTe þ rairxair ¼ rBiTexBiTe ð9Þ
where r0 is the thermoelectric layer equivalent electric conductivity
for the homogeneous model. Consequently the Joule heating term
can be calculated as:

Q 0
JouleHeating ¼

xBi2Te3
rBi2Te3

J � J ¼ J2z
rBi2Te3

xBi2Te3 ð10Þ

Again, the original Joule losses are maintained, but are spread
uniformly along the layer because of the homogeneous
approximation.

A suitable high-temperature commercial cooler was disassem-
bled and analyzed, so the main geometric features could be mea-
sured. They are summarized in Table 2.

The properties of Bismuth Telluride SBiTe, kBiTe and rBiTe from
[53] were implemented as non-linear functions of temperature.
In order to better match the performance of the high-
temperature commercial cooler, a linear coefficient was multiplied
to the expressions of the Bi2Te3 Seebeck coefficient, thermal con-
ductivity, and electrical conductivity. The linear coefficients are
the result of a best fit analysis based on experimental data and
are respectively equal to S1 = 1.30, k1 = 0.80, and r1 = 1.15.

3.4. Topology optimization and SIMP method

The topology optimization approach was used to assess which
distribution of aluminum/thermal insulation inside the electronics
unit minimized the temperature of the HTS electronics. Filling the
electronics unit with only thermal insulation would maximize the
thermal protection of the cooling zone from heat leakages, but
would not provide an effective thermal path for the rejected heat
to flow to the well environment. The Peltier module would there-
fore not be able to work within the cooling design conditions. Fill-
ing the electronics unit with aluminum, instead, would enhance
the heat rejection process, but would not protect the cooling zone
from heat leakages, making the cooling process ineffective. A
tradeoff needs to be reached and the Solid Isotropic Material with
Penalization (SIMP) method allowed looking for an optimized
solution.

The main goal of the SIMP method, as part of the density-based
topology optimization approaches, is to achieve a binary design
within the optimizable domain, where the design variable can be
equal to 0, representing thermal insulation, or to 1, representing
aluminum. The topology optimization problem can be stated as
follows:

minimize : f objðT; qdesignÞ ¼
1

APCB

Z
XPCB

TdXPCB ð11Þ

subject to : 0 6 qdesign 6 1 ð12Þ

rðT; qdesignÞ ¼ 0 ð13Þ

where fobj is the objective function to minimize, equal to the inte-
gral average of the temperature distribution along the PCB surface
XPCB; APCB is the PCB area surface; qdesign is the design variable that
can range between 0 (thermal insulation) and 1 (aluminum), and
the distribution of which needs to be optimized; r (T, qdesign) is
the residual of the state governing equations within the discretized
system.

A PDE-based density filter [54] was used to smooth the inter-
faces between aluminum and insulator and to introduce a mini-
mum length scale into the design. The PDE-based filter was used
because it can be implemented in the optimization model with lit-
tle additional effort and it offers a computationally efficient
method of density filtering. The PDE that was used for filtering is
stated in Eq. (14).

�r2r2~qþ ~q ¼ qdesign ð14Þ

where ~q is the filtered density field and r is a filter parameter,
defined as 1.5 times the maximum element size and equal to
3e�3 m. Since density filtering inherently introduces a band of
intermediate densities between aluminum and insulator, the
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filtered design variable field ~q was then projected towards 0 and 1
to obtain a crisp design. For this purpose a smoothed threshold pro-
jection [55] was used.

�~qi ¼ tanhðbgÞ þ tanhðbð~qi � gÞ
tanhðbgÞ þ tanhðbð1� gÞÞ ð15Þ

where ~qi is the projected density field, g is the projection threshold,
equal to 0.5, and b defines the steepness of the projection.

When applying the topology optimization SIMP method, it is
not possible to theoretically guarantee the convergence to a global
optimum. Nevertheless, it is possible to tune the optimization
parameters through the continuation method to ensure that the
solution is close to the global optimum [56]. In this study, using
a steep projection at the beginning of the optimization could result
in convergence to local minima. Therefore, a continuation
approach [55] was used to ramp b, which means that the optimiza-
tion was started with an almost linear projection (b = 1) and b was
subsequently gradually increased to steepen the projection func-
tion. Thus, one could ensure that the optimization problem is con-
vexified at the beginning of the optimization, while ending up with
a crisp design.

The difference of thermal conductivity between aluminum and
thermal insulation was accounted by an interpolation function
kSIMP that defined the effective thermal conductivity of the opti-
mizable chassis.

kSIMP ¼ kins þ ðkAl � kinsÞ�~qp ð16Þ
where kSIMP is the effective thermal conductivity, kins = 0.17 Wm�1

K�1 and kAl = 138 Wm�1 K�1 are respectively the thermal conduc-
tivities of the insulator and of the aluminum, �~q is the projected
design variable, and p is the penalization coefficient. When per-
forming topology optimization for continuous design variables,
intermediate regions (areas where the design variable assumes
intermediate values between 0 and 1) can appear in the final distri-
bution; these transition zones are not physically meaningful for the
analyzed problem and need to be reduced as much as possible. Clas-
sically, a penalization coefficient p = 3 is used in topology optimiza-
tion in combination with an active volume constraint [30] to make
intermediate regions unattractive with respect to the optimization
problem, and to drive the control variable towards either 0 or 1.
In this work, no active volume constraint was used, nevertheless a
faster convergence was found for p = 3, compared to a linear inter-
polation (p = 1). Therefore p = 3 was used for the simulations. The
globally convergent version of the Method of Moving Asymptotes
(GCMMA) [57] was finally used to solve the optimization problem;
this algorithm is implemented in COMSOL Multiphysics [52] with
the solver name MMA.

In this study, the structural and design constraints limited the
optimization possibilities to the chassis domain only and did not
require or allow the optimization of other components (e.g. metal-
lic housing, heat spreader, TEC). However, the topology optimiza-
tion approach can be used to simultaneously optimize multiple
geometrical features by implementing additional interpolation
functions for different optimizable domains. This process would
increase the non-linearity of the optimization problem, conse-
quentially increasing the computation cost and the risk of converg-
ing to local minima. Thus, in these cases, a more careful solution of
the problem through the continuation method should be adopted.

4. Results

4.1. Definition of the optimized design concepts

The model was used to optimize the topology of the electronics
unit for different boundary conditions of TEC feed current and well
fluid convective heat transfer coefficient. The system was opti-
mized for TEC feed currents Ifeed = 1, 2, 3 and 4 A, where the max-
imum feed current stated by the analyzed commercial TEC
supplier is 6 A; and for convective heat transfer coefficients
h = 10, 25, 50, 100 and 500Wm�2 K�1, in order to reproduce very
low, low, and mediumwell fluid convection regimes. The well tem-
perature Text was set to 200 �C, as the maximum temperature at
which the system is expected to operate.

The optimized structure was found to be a function of the
boundary conditions. Various boundary conditions led to different
tradeoffs between thermal protection of the cooled electronics and
excessive heat rejection from the cooler to the well. The model
proved to optimize the unit according to three different design
configurations: Design 1, where the thermal insulation of the
cooled electronics is prioritized; Design 2, where the conduction
of the excessive heat towards the well is equally important as
the thermal protection; and Design 3, where the excessive heat
rejection is crucial for the operation of the system. A more detailed
illustration of the three design concepts is given in the following
paragraphs.

Low feed currents and high well fluid convection coefficients
led to an optimized system (Design 1 concept), where only an alu-
minum pad links the cooler hot plate to the structural chassis and
provides a thermal path for the excessive heat to be dissipated
radially. The remaining volume of the unit is filled with thermal
insulation (Fig. 3a–d). In this case the thermal protection of the
electronics is prioritized, as the heat rejection from the cooler to
the well is not challenging. Low currents generate small Joule
losses across the cooler and the high convection coefficients pro-
vide an effective heat rejection towards the well. The length of
the aluminum plate increases when the TEC feed current grows
and when the external convection coefficient decreases, so the heat
can be better spread through the structural chassis and housing,
towards the well.

When the feed current is increased and the well fluid convec-
tion coefficient lowered, the optimized system (Design 2 concept)
aims at better spreading the excessive heat, coming from the
cooler hot plate, around the structural chassis and housing. A bet-
ter distribution of the heat enhances, in fact, the heat exchange
with the well, limits the temperature gradients due to the thermal
resistances, and reduces the heat backflow to the cooled electron-
ics. This is done by adding an aluminum layer, around the struc-
tural chassis, that spreads the heat not only radially, but also
along the longitudinal direction of the tool (Fig. 3e and f). A ther-
mally insulating layer still protects the cooled components from
the hot surroundings. The thickness of the aluminum layer grows
when the feed current, and the Joule losses, increase or when the
well fluid convection coefficient decreases.

A third type of optimized design (Design 3 concept) appeared for
Ifeed = 4 A and h = 10Wm�2 K�1, which respectively correspond to
the highest feed current and the lowest convection coefficient that
were simulated. In this case the power dissipation rate, due to
Joule heating, proves to be much higher than the capability of
the well fluid to remove heat through the convective mechanism.
The generated heat flux increases the HTS electronics temperature
above the well temperature, making active cooling infeasible at
these operating conditions. The optimization process hence
strongly prioritizes the heat rejection by creating a thermal path
between the PCB and the well fluid, while two thin insulating lay-
ers protect the electronics from the cooler hot plate and from the
HTNS electronics (Fig. 3g and h).

The balance between thermal protection of the cooled electron-
ics and rejection of the excessive heat is reached differently for
each set of boundary conditions and with different aluminum-
thermal insulation ratios. Computing the volume percentage of
employed aluminum, over the total optimizable volume, helps to



Fig. 3 (continued)Fig. 3. Density field and resulting temperature distribution of the optimized
Design 1 concept at Ifeed = 1 A/h = 500 Wm�2 K�1 (a and b), and at
Ifeed = 2 A/h = 100 Wm�2 K�1 (c and d); of the optimized Design 2 concept
at Ifeed = 3 A/h = 50Wm�2 K�1 (e and f), and of the optimized Design 3 concept at
Ifeed = 4 A/h = 10Wm�2 K�1 (g and h). The density fields illustrate the different
distributions of aluminum (red) and thermal insulation (blue), for the four
optimized systems. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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have a clearer picture of the optimized designs trend with the
boundary conditions. That can be calculated with the following
expression:

R ¼ 1
VX

Z
X

�~qdX ð17Þ

where VX is the volume of the optimizable domain and �~q is the pro-
jected design variable.

The amount of employed aluminum decreases with the convec-
tion coefficient and increases with the feed current (Fig. 4); more in
general, more aluminum is employed when a better heat rejection
to the well is needed.
4.2. Comparison of the optimized designs

Defining the categories of the optimized topologies is only the
first step towards the selection of a final design for the actively
cooled electronics unit. The performance of the optimized designs,
at conditions they were not optimized for, is also an important fea-
ture to take into account. Furthermore, a cross-validation between
the resulting topologies can be used to check for convergence to
local minima. It can be detected if an optimized design does not
show the best performance at the boundary condition it was opti-
mized for.

A first sensitivity analysis was carried out to evaluate how the
performance of an optimized system would change at different
well fluid convection regimes. The electronics section was first
optimized for a certain value of feed current and well fluid convec-
tion; the optimized design was then simulated at different values
of convection coefficient, maintaining the TEC feed current con-
stant. The resulting performances were compared as illustrated
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in Fig. 5. The performance of the system was evaluated in terms of
HTS electronics average temperature, computed through the objec-
tive function reported in Eq. (11).

Fig. 5a reports the performance trend with h of the systems
optimized for h = 10 Wm�2 K�1 and Ifeed = 1, 2, and 3 A. As forecast,
the HTS electronics is maintained colder at higher h values, when
the heat rejection to the well is enhanced. Furthermore, higher
feed currents are able to keep the electronics colder only if the well
fluid is able to absorb the additional excessive heat, generated by
the higher Joule losses. The lowest THTS, at a certain convection
regime, is given by the system that was optimized for it.

Unexpectedly, it was found that the systems optimized for the
same feed current operate very closely to each other, indepen-
dently on the value of h they were optimized for. The performance
trends of the systems optimized for Ifeed = 1, 2 and 3 A, and
h > 10Wm�2 K�1, would in fact overlap with the corresponding
three curves illustrated in Fig 5a. A maximum mismatch of only
0.05 �C, 0.01 �C, and 1.47 �C was found between the performance
trends of the systems optimized for Ifeed = 1, 2, and 3 A, respec-
tively. This analysis proved that the optimization process is not sig-
nificantly sensitive to the considered well fluid convection range.
In other words, the length of the aluminum pad, which character-
izes the Design 1 concept, as well as the thickness of the aluminum
layer, which characterizes the Design 2 concept, do not significantly
affect the performance of the optimized systems between 1 A and
3 A.

On the contrary, not all the topologies optimized for 4 A have a
similar behavior. As Fig. 5b shows, the system optimized for 4 A
and 10 Wm�2 K�1 (Design 3 concept) maintains the electronics at
a significantly lower temperature at low convection coefficients,
compared to the one optimized for 4 A and 25Wm�2 K�1. How-
ever, above 25Wm�2 K�1 the system optimized for 4 A and
25Wm�2 K�1 (Design 2 concept) is able to maintain the HTS elec-
tronics down to a 37 �C lower temperature. In analogy with the
previous cases, the other designs optimized for 4 A and
h > 25 Wm�2 K�1 were found to operate similarly to the case



Fig. 4. R vs. well fluid convection coefficient, for different TEC feed currents. The three different symbols correspond to the three obtained design configurations:d = Design 1,
N = Design 2, j = Design 3.
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optimized for 4 A and h = 25 Wm�2 K�1, with a maximum
mismatch between the performance trends of 6.67 �C.

In an analogue way, the sensitivity of the optimized topologies
to the TEC feed current was studied. The electronics unit was
initially optimized for a certain value of well fluid convection
coefficient and of TEC feed current; the resulting optimized design
was then simulated at different values of feed current, while
maintaining the value of h constant.

Fig. 6 shows that the optimization process is more sensitive to
the feed current than to the external convection coefficient. The
mismatch between the curves is now larger and can go up to sev-
eral degrees Celsius. As expected, the lowest THTS, at a certain TEC
feed current, is given by the system that was optimized for it.

An optimal feed current Iopt, which minimizes the HTS electron-
ics temperature, can be individuated. Increasing the TEC feed cur-
rent enhances the thermoelectric effect and the heat transport
from the cold to the hot plate. However, that makes the Joule losses
within the module larger, in turn causing a larger excessive heat
flux that needs to be rejected to the wellbore, and a higher heat
backflow to the HTS electronics through the thermal insulation.
The optimal current Iopt can be defined as the TEC feed current at
which the marginal gain in absorbed heat flux from the cold plate,
due to an infinitesimal increase of the TEC feed current, becomes
smaller than the heat flux that leaks back to the cooled electronics
through the insulation. Iopt varies slightly for each optimized
design, and depends mainly on h.

Iopt is equal to �1.2 A for h = 10 Wm2 K�1, to �1.9 A for
h = 25Wm�2 K�1, to �2.3 A for h = 50 Wm�2 K�1, to �2.6 A for
h = 100Wm�2 K�1, and to �2.9 A for h = 500Wm�2 K�1. With
respect to the considered operations at non-optimal current, work-
ing at Iopt can reduce the electronics temperature by a maximum
�244 �C at h = 10 Wm�2 K�1, �59 �C at h = 25 Wm�2 K�1, �29 �C
at h = 50 Wm�2 K�1, �17 �C at h = 100Wm�2 K�1, and �20 �C at
h = 500Wm�2 K�1. The designs that prove to maintain the HTS
electronics at the lowest temperature, around the optimal current,
are the ones optimized for 2 A and 3 A.
4.3. Design of the actively cooled electronics section

The results from the topology optimization study were used to
define the final design of the actively cooled electronics unit
(Fig. 7); practical assembly constraints were also taken into
account. The heat transfer analysis of the system revealed that
the ideal operating condition for the device to work is a combina-
tion of high TEC feed current, that guarantees a strong cooling
effect, and a high well fluid convection regime, which guarantees
an effective removal of the excessive heat. Unfortunately the well
fluid convection regime can vary significantly in operation, and
therefore the tool needs to be designed for the worst-case design
convection coefficient, which was set to 25 Wm�2 K�1. Design 3
can be immediately discarded from the suitable topologies, as it
was optimized for a convection regime that is outside the design
conditions and for a TEC feed current that is far from the optimal
ones. As mentioned previously, the optimal feed current for
h = 25Wm�2 K�1 is �1.9 A; the optimized design for these condi-
tions corresponds to the Design 1 concept (see Fig. 4). However,
Design 2 proved to have a very similar performance around the
optimal feed current (see Fig. 6), which means that there is some
freedom in the design of the aluminum pad and/or layer. The lower
mass of aluminum that characterizes Design 1 would make the tool
lighter, though, which is preferable from a logistic and operational
point of view. Furthermore, the aluminum pad, which provides the
radial thermal path from the cooler hot plate to the structural chas-
sis, proved to be the fundamental feature for effective operation of
the system: an aluminum pad was therefore implemented in the
final design. No aluminum layer was included, except for two
walls, 10 mm thick, at the two ends of the chassis: they provide
mechanical stability, an additional thermal path to better spread
the heat in the case of a poor heat rejection rate, and are suitable
for the installation of pins for the assembly of the system. The
chassis would be in fact split into a top half, where the cooling
system and the PCB are installed, and a bottom half, on which
the HTNS electronics are mounted. Two smaller pads, with



Fig. 5. HTS electronics temperature vs. Convection coefficient for three different
systems, optimized for h = 10 Wm�2 K�1 and Ifeed = 1, 2, 3 A (a). HTS electronics
temperature vs. Convection coefficient for two systems optimized for h = 10,
25 Wm�2 K�1 and Ifeed = 4 A (b).

Fig. 6. HTS electronics temperature vs. TEC feed current for four different designs,
optimized for Ifeed = 1, 2, 3 and 4 A, and h = 50 Wm�2 K�1 (a) and 100 Wm�2 K�1

(b).
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threaded holes, were designed in the top part of the chassis: they
support a plastic screw system that clamps the cooler between
the heat spreader and the chassis, while ensuring effective thermal
contacts. The remaining volume was filled with thermal insulation,
for thermal protection of the cooled electronics.

Simulations showed the chosen design operates very similarly
to the optimized systems (Table 3). The difference in HTS electron-
ics temperature is very small when operating at 1 A or 2 A, as the
final design is very similar to the Design 1 concept. The HTS elec-
tronics are in fact maintained maximum 0.11 �C above the opti-
mized case. When operating at 3 A and 4 A, the mismatch
becomes larger, since the Design 2 concept would perform better
at higher feed currents. However, when operating at 3 A, the HTS
components are always maintained less than 1 �C above the opti-
mized system. The mismatch becomes larger than 1 �C for opera-
tions at 4 A; that can be considered irrelevant, since Ifeed = 4 A is
far from the observed optimal TEC settings and the system would
always aim at operating between 2 A and 3 A, close to the optimal
conditions.

Table 3 also shows the final system fulfills the design conditions
and the electronics can be maintained below 175 �C for every well
fluid convection regime, as far as a control system can regulate the
TEC feed current around the optimal one. The only exception
occurs for the case at h = 25Wm�2 K�1, where the heat rejection
is very poor and the electronics can only be maintained between
at an average temperature of 175 �C and 176 �C; this result is still
considered acceptable given the small mismatch.

In order to have a clearer overview of the operation of the final
design, a characteristic curve that displays the HTS average tem-
perature as a function of the TEC feed current and of the well fluid
convection coefficient is illustrated in Fig. 8. As already observed in
the previous analyses, the performance of the system is enhanced
when high well fluid convection regimes occur. At high TEC feed
currents the performance of the system is more sensitive to the
convection coefficient than at low Ifeed, as it can be noticed from
the curve slopes on the h-THTS plane. On the Ifeed–THTS plane,
instead, it can be observed the HTS electronics temperature
reaches a minimum at Iopt, which varies for different conditions
of well fluid convection. The Iopt front is highlighted with red line.
The optimal operating current changes more rapidly with h at low
convection regimes, where the excessive heat rejection is crucial,
and engages a flatter trend while the convection coefficient grows.

4.4. Model validation

The system illustrated in Fig. 7 was manufactured and assem-
bled as shown in Fig. 9. Thermal grease was used to interface the
heating components to the chassis, lead wires were installed to



Fig. 7. Illustration of the longitudinal section of the final design. The thermoelectric cooler is clamped between the aluminum pad and the heat spreader through two plastic
screws. The remaining volume within the chassis is filled with thermal insulation.

Table 3
Comparison between the performance of the final design (Design) and the optimized
systems (Opt). DT = THTS,design THTS,Opt.

h (W m�2 K�1) Opt – 1 A THTS (�C) Design – 1 A THTS (�C) DT (�C)

25 182.31 182.41 0.10
50 179.32 179.43 0.11
100 177.83 177.94 0.11
500 176.56 176.67 0.11

Opt – 2 A THTS (�C) Design – 2 A THTS (�C)
25 175.63 175.68 0.05
50 168.18 168.23 0.05
100 164.54 164.57 0.03
500 161.46 161.48 0.02

Opt – 3 A THTS (�C) Design – 3 A THTS (�C)
25 188.22 188.93 0.71
50 171.48 171.87 0.39
100 163.68 163.90 0.22
500 157.12 157.35 0.23

Opt – 4 A THTS (�C) Design – 4 A THTS (�C)
25 228.62 233.59 4.97
50 192.79 195.71 2.92
100 177.25 179.29 2.04
500 165.23 166.37 1.14
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feed the two sets of electronics through external power supplies,
and type-K thermocouples were installed to monitor the tempera-
ture profile within the tool.

The assembled tool was tested in a dry and ventilated hot envi-
ronment, where a fan recirculated air at the set-point temperature
Toven. Power Supply 1 provided the electric power to the TEC, while
a voltmeter and a current meter measured the feed voltage and
current, respectively. Power Supply 2 provided the feed power to
the test electronics. A Data Acquisition System monitored and
recorded the temperature distribution within the tool. The sche-
matic of the experimental setup is reported in Fig. 10.

Two different ovens, in size and air flow capacity, were used to
test the tool at 180 �C, 190 �C, and 200 �C. For every oven temper-
ature, the TEC feed current was varied between 1 A and 4 A, and
the steady state temperature distribution across the tool was
recorded. Furthermore, each test was characterized by the calcula-
tion of the average heat transfer coefficient �hexp, which described
the heat transfer, mainly driven by convection, occurring at the
steady state between the tool housing and the oven environment.
Eq (18) was calculated from the balance of the energy fluxes
through the control volume shown in Fig. 10, and was used for this
purpose. The term �hexp provides the reference boundary condition
for the model validation process.

�hexp ¼ ðPTEC þ PHTS þ PHTNSÞ
Ahousing � ð�Thousing � TovenÞ

ð18Þ

where �hexp is the average heat transfer coefficient at the tool hous-
ing surface; PTEC, PHTS, and PHTNS are respectively the electric feed
powers of the cooler, of the HTS electronics, and of the HTNS elec-
tronics; Ahousing is the outer surface area of the housing; �Thousing is the
average of the readings from the four thermocouples installed on
the outer surface of the housing (see Fig. 9d); and Toven is the mea-
sured oven temperature.

The experimental temperatures were measured with type-K
thermocouples and compared with the predictions from the model
(see Table 4). An accuracy of ±1.5 �C was used for the thermocou-
ples, according to IEC 584 Class 1. Model data points were obtained
from the corresponding 1 cm2 square location within the finite-
element geometry; actual measurements were compared with
the average temperatures, while lower and higher error bands
were introduced according to the model prediction for the maxi-
mum and minimum temperatures within the 1 cm2 square.

Fig. 11 shows the comparison between the experimental and
the model temperatures, from the TEC hot plate (probe shown
Fig. 9b) and HTS electronics (probe shown in Fig. 9c), which repre-
sent the most relevant temperatures for the system operation.

As indicated in Fig. 11, experimental data and model forecasts
revealed a good match, and proved the model can reproduce the
performance of the real system with a good degree of accuracy.
Fig. 11a shows the majority of the data points for the HTS electron-
ics temperature are close to the perfect prediction. Points from the
tests at lower convection show a slightly worse match with the



Fig. 8. Characteristic curve of the finally designed TEC integrated system. The plot reports the simulated performance of the cooling system, in a 200 �C environment, as HTS
electronics temperature vs. convection coefficient and TEC feed current. The minimum HTS electronics temperature, for each operating condition, is highlighted by a red line.
The color bar expresses the HTS electronics temperature in degrees Celsius. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 9. Illustration of the manufactured components. Six resistors were installed on the chassis bottom half to reproduce the HTNS electronics (a).The TEC was located in the
chassis top half, with two threaded holes for implementing the clamping system; the thermocouple TCHP measured the temperature on the hot side of the TEC (b). Five
resistors were soldered onto the PCB, to simulate the HTS electronics, and coupled with the soft thermal pad and the heat spreader (c); the thermocouple TCHTS measured the
temperature of the PCB. The two halves of the chassis were finally filled with thermally insulating foam and inserted into the metallic housing; the temperature of the housing
was monitored by four thermocouples (d).

Fig. 10. Schematic of the experimental setup. The main components characterizing the experimental validation of the model are illustrated.
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Fig. 11. Comparison between experimental data and model prediction. HTS
electronics temperatures are reported in figure (a) and hot plate temperatures are
reported in figure (b). Results from all the tests from both the ovens are illustrated,
and compared to the perfect prediction scenario.

Table 4
Temperatures and parameters characterizing both the experimental procedure and
the model validation. The first three columns define the boundary conditions of each
test, while the last four columns summarize the TEC hot plate (HP) and HTS
electronics temperatures, at stationary operations.

Toven
(�C)

Ifeed
(A)

�hexp

(Wm�2 K�1)

THTS,model

(�C)
THTS,exp
(�C)

THP,model

(�C)
THP,exp
(�C)

Lower convection oven
180.4 1.0 35.1 160.3 161.6 185.3 185.6
180.7 1.5 30.9 154.4 156.4 189.3 190.3
180.5 2.0 29.1 152.0 155.0 194.5 196.0
180.3 2.5 28.2 153.8 157.6 201.3 203.1
190.8 1.0 36.8 170.7 172.5 195.6 195.5
189.9 1.5 31.0 163.9 166.7 198.7 199.3
190.1 2.0 31.1 161.3 164.4 203.5 204.3
190.6 2.5 30.3 163.9 167.8 210.8 211.4
199.3 1.5 35.6 172.7 176.7 207.3 207.3
199.5 2.0 32.3 171.0 175.9 212.9 213.0
199.7 2.3 31.7 172.0 177.4 216.8 216.9

Higher convection oven
180.7 1.0 65.7 158.7 157.7 183.7 182.6
181.0 2.0 62.4 146.2 145.4 188.7 188.4
180.7 3.0 57.7 147.1 145.8 197.5 197.9
181.1 3.5 59.0 153.7 151.1 203.5 203.1
190.8 1.0 72.9 168.7 168.3 193.6 191.8
191.0 2.0 64.8 156.4 155.7 198.7 197.0
190.2 3.0 60.8 157.0 156.2 206.7 205.7
190.8 3.3 61.1 160.5 158.8 210.1 208.6
200.4 1.5 75.9 170.3 170.7 205.0 203.0
201.8 2.0 73.4 167.1 168.8 209.1 207.4
200.3 2.3 66.3 164.9 166.2 210.1 208.9
200.1 3.0 62.6 167.9 168.1 216.7 214.3
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model, which predicts slightly lower HTS electronics temperatures.
Based on the thermocouple readings and visual inspection of the
system, no degradation at the cold side of the TEC was observed
after the tests. No visible breakdown of the thermal interface mate-
rial, which is rated for a maximum operating temperature of
200 �C, or change in the thermal resistances were detected. The
mismatch in the model results can be attributed to the degradation
of the TEC itself, which occurred in the �50 h of testing at high
temperature in the higher convection oven, which were carried
out first chronologically. The degradation of the module consists
of a decrease in the thermoelectric effect and was detected as a
drop in the temperature span across the TEC and a decrease of
the TEC feed voltage at constant current [58]. The lower heat trans-
port between the plates could therefore have led to higher exper-
imental HTS electronics temperatures. The effects of the
degradation are also accentuated when operating in low convec-
tion environments and high feed currents.

Fig. 11b, instead, shows a very good match between experi-
ments and model predictions for the hot plate temperatures, both
for the lower and higher convection scenarios.

The previously described behavior can also be observed in
Fig. 12, where a comparison between model and experiments is
reported as a function of the TEC feed current. Experimental results
show a good agreement with the model predictions and are able to
reproduce the forecast trends with Ifeed. Furthermore, the experi-
mental data confirm the presence of an optimal operating current
Iopt, as described in the Section 4.3, and the trend is reproduced by
the model. Although Fig. 12c shows a slightly larger mismatch
between predictions and experiments, for the lower convection
scenario, the convex trend and the value of Iopt are reproduced with
good approximation. The observed Iopt values varied with the outer
fluid convection regime, confirming the behavior predicted by the
model. As expected and previously shown, lower electronics tem-
peratures were obtained in the higher convection scenario.
5. Conclusions

This work presented and demonstrated a method of integrating
a TEC into a systemwith specific design constraints, using topology
optimization combined with a 3D finite element model of the sys-
tem. This technique allows efficient integration of TECs by optimiz-
ing how they interact thermally with their surroundings, and is
suitable for any TED application where the module must be
mounted in a fixed volume. As a specific application, the optimiza-
tion method was used to aid in the design of an actively cooled
electronics unit for a downhole oil well intervention tool, and to
optimize the integration setup of a commercial thermoelectric
cooler. The geometry to be optimized and the problem-related
governing equations were implemented in COMSOL Multiphysics,
together with the SIMP topology optimization approach. The
model was used to optimize the distribution of aluminum and
thermally insulating material within the unit, so the
temperature-sensitive electronics could be maintained at a mini-
mum temperature. The system was optimized for several well con-
ditions and for the TEC feed current, and different design concepts



Fig. 12 (continued)Fig. 12. Comparison between experimental and modeling temperatures vs. TEC
feed current, at different oven temperatures. Figures (a) and (b) report respectively
the HTS electronics and the hot plate temperatures trends vs. TEC feed current, for
the higher convection oven. Figures (c) and (d) report respectively the HTS
electronics and the hot plate temperatures vs. TEC feed current, for the lower
convection oven. The colored lines show the trends predicted by the model, defined
by the maximum and minimum temperatures from the 1 cm2-square model probe.
The single points represent the experimental data. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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were generated and analyzed. When heat rejection was critical
(high TEC feed currents and low convection regimes) the mass of
aluminum increased for better conduction out of the tool to the
well; when the heat rejection was not critical (low TEC feed cur-
rents and high convection regimes) the thermal protection of the
cooled electronics was prioritized, and the use of aluminum was
significantly lower than the previous cases in favor of the thermal
insulator. Optimized systems were found to cool the electronics
down to a temperature 37 �C colder than before optimization. Fur-
thermore, the optimization process proved to be not significantly
sensitive to the convection range, but highly sensitive to the oper-
ating current of the TEC. An optimal operating current, which min-
imizes the temperature of the HTS components and depends on the
well fluid convection regime, was found. This analysis highlighted
the importance of a control system that would always seek the best
operating conditions for the cooler.

Topology optimization was used to implement the final design
of the electronics unit, which simulations predicted to perform
very closely to the optimized systems. The final design was manu-
factured and tested in an experimental setup, at different operating
conditions. Model predictions reproduced experimental results
with good agreement, replicated the predicted optimal feed cur-
rents, and demonstrated the effectiveness of the design method.
Topology optimization was shown to be a powerful design tool
that can be combined with a TED model to yield optimized designs
for thermoelectric integrated systems.
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APPENDIX B 
 
 
 
 
 

B.1  Technical drawings of the manufactured parts for Prototype mark-1 
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B.2 Technical datasheets of the analyzed coolers, displayed in the order 

Cooler #1, Cooler #2, and Cooler #3 
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APPENDIX C 
 
 
 
 
 

C.1  Technical drawings of the manufactured parts for the proof-of-concept heat 

transfer coefficient sensor and the experimental setup 
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