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Abstract. A double corrugated tube geometry for improved heat transfer performance inspired by 16 

vascular heat exchangers found in fish such as the tuna and the opah is presented. The geometry 17 

features a cross section that varies continuously in the flow direction while maintaining a constant 18 

hydraulic diameter, which gives enhanced heat transfer at a relatively low increase in pressure drop. 19 

Five ellipse-based tubes with varying corrugation severity and period that emulate blood vessels of fish 20 

were produced in an aluminium alloy using additive manufacturing technology. Thermal performance 21 

of the novel tube design was experimentally investigated in a counter flow tube-in-shell heat 22 

exchanger in a range of Reynold numbers from 1000 to 2500. Correlations for the Nusselt number and 23 

friction factor for each tube are proposed and the experimental results show that Nusselt number 24 

increases up to 500 % in corrugated tubes compared to a straight tube. The global thermo-hydraulic 25 

performance, evaluated for the same pumping power, of the double corrugated tubes is up to 160 % 26 

higher than of a straight tube. 27 

Keywords. Vascular heat exchanger, double corrugation, high performance heat transfer devices, 28 
biomimetic, modified Wilson plot, Nusselt number correlation 29 

Nomenclature 30 

Variables  

AR Aspect ratio, [-] 

Ac Cross-section area, [m²] 

As Surface area, [m²] 

C Multiplicative constant, [-] 

𝑐𝑝 Specific heat, [J(kg K)-1] 

D Diameter, [m] 

f Friction factor, [-] 

h Convection coefficient, [W(m²K)-1] 

KL Minor pressure losses coefficient, [-] 

k Thermal conductivity, [W(m K)
-1] 

L Length, [m] 

N Number of experiments, [-] 

Nu Nusselt number, [-] 

PEC Performance evaluation criteria, [-] 

Pr Prandtl number, [-] 

p Corrugation period, [m] 

Q Heat transfer, [W] 

R Radius, [m] 

Re Reynolds number, [-] 

Rw Thermal wall resistance, [m²KW-1] 

Sq Root square mean surface roughness, [m] 

U Overall heat transfer coefficient, [W(m²K)-1] 

Y The twist ratio, [-] 

x, y, z Geometric coordinates, [m] 

w Fluid flow velocity, [m s-1] 

∆𝑇 Temperature difference, [K] 

∆𝑇𝑙𝑚 Logarithmic mean temperature difference, [K] 

∆𝑝 Pressure difference, [Pa] 

Abbreviations 

AEA Alternating elliptical axis 

CFD Computational fluid dynamics 

HST Helical screw-tape 

OD Outer diameter, [m] 
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T Thermocouple 

Greek letters 

α Re exponent, [-] 

β Pr exponent, [-] 

𝛿 
Wall thickness, [m]; 

standard error of estimate, [-] 

ξ Vorticity, [-] 

𝜇 Dynamic viscosity, [Pa s] 

𝜌 Density, [kg m-³] 

Subscripts 

cal Calculated 

est Estimate 

exp Experimental  

f Fluid 

h Hydraulic 

i Inner (tube side) 

in Inlet 

m Mean  

o Outer (shell side) 

out Outlet 

s Shell side 

t Tube side 

0 Straight (reference) 

1. Introduction 1 

Nature can be an excellent source of inspiration for advanced structures, designs and 2 

materials, and the approach is referred to as biomimetics [1]. According to Mattheck [2], as early as 3 

1893, it was suggested by K. Metzger that trees grow in a way that results in an even stress 4 

distribution throughout their structure. For example, the concept of even stress flow in mechanical 5 

systems has resulted in numerical models that can explain how trees grow and adapt to their unique 6 

loading case, including how root systems grow. Flies, beetles, spiders and geckos have specialized 7 

attachment geometries on their skin that allow them to climb up smooth vertical surfaces [3], and 8 

sharks have small riblets on their skin that reduce drag [4]. In this article, we look to nature for 9 

examples of advanced heat exchanger designs, although there are relatively few examples of 10 

biological systems that require high heat transfer performance. Many examples of complex thermal 11 

insulation techniques can be found in nature, but cases where high heat transfer is required are less 12 

common. Examples of insulation techniques include the fur of arctic animals or the insulating 13 

blubber layer found on seals and whales [5]. Some examples of high heat transfer performance in 14 

nature include the feet of some birds that have a counter-flow heat exchanger composed of blood 15 

vessels entering and exiting the feet [6]. This heat exchanger allows the feet to operate at a lower 16 

temperature than the rest of the bird’s body and thus eliminates the need for insulation, in the form 17 

of feathers, on the feet. The counter-flow vascular heat exchanger at the core of several fish species, 18 

such as lamnidae sharks and tuna [7] and opahs [8] also represents a compact, high performance 19 

heat exchanger. This heat exchanger recovers heat generated in the fish’s muscles that is carried in 20 

the blood before it is pumped to the gills where the heat is rejected to the surroundings, giving these 21 

fish the unique ability to maintain a body temperature that is significantly higher than their 22 

surroundings. This heat recovery technique allows them to hunt in waters with lower temperatures 23 

than fish without the regenerative heat exchanger. Vascular heat exchangers in fish are fascinating 24 

and often complex. For example, the heat exchanger section of a 1.9 kg skipjack tuna was found to 25 

have over 250,000 blood flow passages with two distinct diameters of approximately 0.036 mm and 26 

0.084 mm [9]. A photo of blood vessels that comprise part of the counter-flow heat exchanger of an 27 

opah is shown in Figure 1(a), and a photo of a skipjack tuna heat recovery vascular system from ref. 28 

[9] shows a similar geometry. In Figure 1(a), it can be seen that some blood vessels are nearly 29 

circular, others resemble ellipses, and others are irregular. Cross-sections such as shown in Figure 30 

1(a) only show the geometry at one plane in the heat exchangers, and it is not known how the cross 31 

section of these blood vessels behaves along the flow direction. To get an idea of how these blood 32 

vessels might behave in 3D, we can look at imaging of larger blood vessels. Börnert and Jensen, 33 

[10] present a 3D image of coronary arteries shown in Figure 1(b) using magnetic resonance 34 

imaging. In the 3D reconstruction, the shape of the arteries seems to fluctuate along the flow path 35 

but we assume that the area for flow stays nearly constant to prevent any high flow resistance areas, 36 

which would cause stress on the heart. 37 
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 1 

 2 
Figure 1. Photo of blood vessels in the rete mirabile (a), which is located in the gill of the opah. Reproduced with 3 

the permission from ref. [8]. MRI image of coronary arteries (b), reproduced with the permission from ref. [10] 4 

Based on the images in Figure 1 and using fish such as the tuna and opah as inspiration, we 5 

suggest a double corrugated tube geometry for enhanced heat transfer at a relatively low increase in 6 

pressure drop. The proposed flow cross-section is elliptical and constantly changes aspect along the 7 

flow path in order to continuously break up the thermal boundary layer that attempts to form in the 8 

fluid flow, while maintaining a constant hydraulic diameter. A similar concept was proposed by 9 

Jantsch, [11] where the proposed tube was deformed to change the cross sectional shape while 10 

maintaining a constant flow area. Jantsch, [11] claimed that the geometry gave “an effective 11 

kneading of the fluid in the column” that improved contact between the tube wall and fluid. 12 

However, no evidence that Jantsch’s invention was demonstrated or tested could be found. 13 

While nature shows quite rare examples where enhanced heat transfer is necessary, the 14 

request for such techniques is huge in industry. With growing energy consumptions, the appeal for 15 

more efficient techniques to use the available energy is increasing constantly. The food industry, 16 

aerospace, paint production, naval, chemical engineering, and paper manufacturing are only few 17 

examples where enhanced heat transfer is in high demand [12–18]. In most applications, laminar 18 

flow or viscous fluids are required and that reduces the thermal efficiency of such processes or 19 

apparatuses. 20 

Many attempts using different techniques to enhance the heat transfer have been reported in 21 

literature. Webb and Kim, [15] suggested to classify the methods into active, passive and combined 22 

techniques. Active heat transfer enhancement techniques use an external mechanical aid or 23 

electrostatic field, fluid vibration or injections, to increase the thermal performance. Passive 24 

techniques involve various inserts in a flow, artificial surface roughness and enhanced surfaces such 25 

as fins and various types of corrugation. Combined technique couples both passive and active 26 

techniques. Due to the flexibility and low maintenance cost, the passive heat transfer enhancement 27 

techniques have been most widely implemented into engineering applications. 28 

Experimental investigation of the thermo-hydraulic performance of spirally or transversally 29 

corrugated tubes, inserts that induce secondary flow inside a tube were reported by many authors 30 

for different flow regimes and fluids. Zimparov, [19] demonstrated that three start spirally 31 

corrugated tubes combined with five twisted tape inserts show superior performance to a straight 32 

tube as well as two cases when twisted tapes and spirally corrugated tubes are used separately. 33 

Meng et al., [13] experimentally proved that heat transfer in alternating ellipse axis (AEA) tubes 34 

increases up to 500% with a penalty in pressure being up to 350% when compared with a straight 35 

tube. Laohalertdecha and Wongwises, [20] compared experimental results obtained for three 36 

helically corrugated tubes with a straight tube for two-phase R-134a flow. The Authors found that 37 

the heat transfer and the pressure drop in the corrugated tubes increase with the average fluid 38 

quality. The reported increase in heat transfer and pressure drop were 50% and 70%, respectively. 39 

(a) (b) 
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Pal and Saha, [21] found that a combination of integral spiral corrugation in a circular duct and 1 

twisted tape with oblique teeth provides up to 85% increased heat transfer at fixed pumping power 2 

in a laminar flow of viscous oil compared to a circular duct. Moreover, combining both techniques 3 

is more efficient than each heat transfer enhancement method separately. Rainieri and Pagliarini, 4 

[12] investigated thermal performance of spirally corrugated tubes for fruit juice with a different 5 

sucrose concentration. The Authors showed that corrugation has negligible effect on heat transfer 6 

when juice with sucrose concentration of 65 °Bx is used while 14.7 times higher heat transfer was 7 

observed for juice with 12 °Bx. In another study performed by Rainieri et al., [22], it was found that 8 

for Reynold numbers (Re) higher than 1000, the thermal performance of the helically coiled 9 

corrugated tubes increases up to 25 times with a pressure drop increase up to 3 times. The Authors 10 

also concluded that the combination of the two heat transfer techniques is more effective than each 11 

of them separately. Mac Nelly et al., [23] investigated single spirally corrugated and cross spirally 12 

corrugated tubes using laboratory air in the Re range 4000 to 20000 with a Prandlt number (Pr) 13 

lower than 1. The Authors concluded that Nusselt number (Nu) increases up to 1.88 times in cross-14 

spirally corrugated tubes with increasing Re when compared to a straight one. However, single 15 

spirally corrugated tubes showed 1.66 times higher Nu value regardless of Re. Moreover, increase 16 

in pressure drop, as concluded in [23], depends on the corrugation angle in single spirally 17 

corrugated tubes while in cross-spirally corrugated tubes pressure drop rose significantly regardless 18 

of the corrugation angle. Pethkool et al., [17] reported up to 300 % higher Nu values for helically 19 

corrugated tubes with the increase in friction factor by 1.93 when compared with a smooth tube. It 20 

is interesting to note that the Authors found that Nu  increases with an increase in the ratio between 21 

corrugation period (pitch), p, and hydraulic diameter, Dh. Pethkool et al., [17] also concluded that 22 

the thermal performance of the corrugated tubes is higher when Re is lower. Harleß et al., [24] 23 

investigated helically corrugated tubes in the Re range from 5000 to 23000. It was concluded that 24 

smaller corrugation angles lead to higher Nu when tubes with identical p and corrugation height are 25 

considered. Moreover, in the same study it was concluded that the dimensionless severity index, ϕ, 26 

used for quantifying the corrugation geometry is not sufficient to determine the heat transfer and 27 

friction characteristics. This finding also agrees with the conclusions derived by Rainieri et al., [25] 28 

and later study by Harleß et al., [26]. 29 

Modelling of the thermal performance of these tubes has been previously reported [27] for a 30 

flow with constant pressure drop and fluid properties. The modelling considered both ellipse-based 31 

and super ellipse-based geometries and the ellipse-based tubes were found to give the best 32 

performance. Based on the modelling results, five double corrugated tubes that emulate blood 33 

vessels of the opah and an equivalent straight tube were manufactured in an aluminium alloy using 34 

selective laser melting (SLM). The tubes were tested in a counter-flow tube-in-shell heat exchanger 35 

setup. The concept of the double corrugation is similar to AEA tubes. However, the transition in the 36 

cross-section along the flow path is smoother for the double corrugated tubes, which should lead to 37 

a lower pressure drop. The double corrugated tubes have an elliptical cross section and Dh is held 38 

constant along the flow direction. The experimental results are obtained for Re number from 1000 39 

to 2500. The obtained thermal and hydraulic performance results are presented as Nu and f 40 

correlations. 41 

2. Experimental methodology 42 

2.1. Design and construction of the tubes 43 

The double corrugated tubes, previously described in [27], and an equivalent straight tube 44 

were manufactured using selective laser melting technique in AlSi10Mg powders. The relative 45 

density of the alloy after SLM process was 99.5 %. The external surface of all the tested tubes was 46 

manually polished using fine sand paper. 47 

The double corrugated tubes are based on an elliptical cross section that changes aspect ratio 48 

(AR) of x and y in the flow direction while maintaining a constant Dh along the z-axis. The geometry 49 

of the investigated tubes is defined by Eq. (1). The cross section of the tube at any point in the flow 50 
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direction is defined as an ellipse with one axis equal to x and the other equal to y, that periodically 1 

become equal, forcing the cross-section to be a circle. 2 

{
x=

𝑅

2
AR

(sin(
2π

𝑝
z))

+
𝑅

2

y=
𝑅

2
AR

(− sin(
2π

𝑝
z))

+
𝑅

2

   (1) 3 

where R is the radius of an equivalent straight tube and p is the corrugation period. 4 

As it is mentioned in Introduction, the double corrugated tubes for experimental investigation 5 

were selected according to the simulation results. From Figure 1 (a), one can see that the aspect 6 

ratio of the blood vessels is in the range from approximately 1 to 2.2. Therefore, the double 7 

corrugated tubes were constructed with corresponding aspect ratio for numerical analysis. 8 

Furthermore, simulation results demonstrated that double corrugated tubes with AR of 1.6, 2.0 and 9 

2.2 provides the highest efficiency. Therefore, they were selected for the experimental investigation. 10 

The range of p was selected to be from p/Dh 1 to 50. It must be mentioned that it is generally 11 

accepted that a tube with p/Dh ≥ 10 is considered smooth. The double corrugated tubes, presented in 12 

this article, have p/Dh of 1.5 and 4. In this region, the best performance was observed numerically. 13 

Therefore, double corrugate tubes with these parameters were selected for the experimental 14 

analysis. Nevertheless, some of the double corrugated tubes, such as AR = 2.2 and p = 7.5 mm could 15 

not be produced due to technical limitations of SLM technology. The end-result of such a tube 16 

would have a significantly thicker wall than the rest of the investigated tubes. Thus, a fair 17 

comparison of the performance would not be possible. 18 

The geometries for additive manufacturing process were drawn using the Parametric equation 19 

tool and Lofted Boss/Base feature build in CAD software, which approximated Eq. (1) for Dh with a 20 

maximum inaccuracy of ± 3.6 %. The manufacturing process adds additional geometrical 21 

uncertainty, but it has not been characterized. It is noticeable that the inaccuracy decreases with 22 

decreasing AR or increasing p. For further discussion, it is assumed that Dh is constant across the 23 

flow channel and equivalent to the straight tube. The geometrical data and the nominal inaccuracy 24 

in Dh of the tested tubes are given in Table 1. 25 

Table 1. The geometrical data of the experimentally investigated tubes. 26 
Tube name AR p, mm L, mm As,i, mm² As,o, mm² Dh, mm δ, 

mm 

Inaccuracy in Dh, % 

AR1.6 p=7.5 1.6 7.5 250 4195.4 5873.3 5 1 ±0.4 

AR2.0 p=7.5 2.0 7.5 250 4525.2 6349.8 5 1 ±2.8 

AR1.6 p=20 1.6 20.0 250 4087.5 5526.9 5 1 ±1.8 

AR2.0 p=20 2.0 20.0 250 4280.2 5893.9 5 1 ±2.9 

AR2.2 p=20 2.2 20.0 250 4396.8 6028.2 5 1 ±3.6 

Straight  - - 250 3925.0 5495.0 5 1 - 

 27 

Figure 2 shows three of the tubes that were tested in a counter flow tube-in-shell heat 28 

exchanger. 3D models of all of the experimentally investigated tubes are available as supplementary 29 

material of this article. The double corrugated tube geometry varies in AR and p. The manufacturing 30 

process of the tubes may result in higher inner surface roughness of the tubes. Therefore, surface 31 

roughness analysis was carried out using an LEXT OLS4100 3D Measuring Laser Microscope 32 

made by Olympus Corporation. A sample for the surface roughness analysis was cut along the flow 33 

direction of the straight tube. The surface root square mean roughness, Sq, of a rectangular area 0.62 34 

× 6.56 mm was directly measured according the standard ISO 4287 and found to be 0.013 mm with 35 

the maximum difference between the highest and the lowest measured points of 145.6 ± 13 μm. 36 
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 1 
Figure 2. The 3D printed tubes (a) the straight reference tube, (b) double corrugated tube with AR = 2.0 and p = 7.5 mm, 2 

(c) double corrugated tube with AR = 2.2 and p = 20.0 mm. 3 

The geometry of the double corrugated tubes constantly impinges on the fluid flow and 4 

prevents the development of boundary layers. Modelling showed that the changing wall profile 5 

effectively alters the velocity profile near the wall and improves heat transfer along the entire length 6 

of the tube [27]. Figure 3 demonstrates how the thermal boundary layers are disturbed in the double 7 

corrugated tube with AR=2.0 and p=7.5 mm and the corresponding straight tube in CFD modelling. 8 

  9 

Figure 3. The heat flux in a double corrugated tube (flow rate 0.002 m³ h-1) (a) and a straight (flow rate 0.004 m³ 10 
h-1) tube (b) at the same pressure drop Δp = 1.843 Pa. 11 

One can see that the heat exchange in the double corrugated tube continues over the entire 12 

length, while the straight tube experiences the maximum heat flux only in the inlet region. The full 13 

description of the modelling procedure and the obtained results are presented in Ref. [27]. For the 14 

sake of clarity in this article, it has to be noted that fully hydraulically developed fluid flow with a 15 

constant wall temperature condition and a constant pressure difference condition were modelled 16 

while the experiments were conducted at developing flow conditions and the wall temperature 17 

cannot be considered constant. Finally, a single period of each double corrugated tube with different 18 

geometrical characteristics was considered in the model. Experiments, on the other hand, were 19 

carried out on tubes with constant length. Note that number of corrugation periods per length of the 20 

examined tubes is an integer. 21 

2.2. The test setup 22 

Figure 4 shows the tube-in-shell counter-flow heat exchanger in  which all the tubes were 23 

tested. The connectors (3) shown in Figure 4 (b) of the heat exchanger were machined out of nylon 24 

(a) (b) (c) 

7.5 mm 

20 mm 

(a) (b) 



7 

and have a conical shape to ensure sealing between the tube and the shell sides. Figure 5 shows the 1 

schematic of the full experimental setup. 2 

  3 
Figure 4. (a) A photograph of the experimental tube-in-shell setup. 1 – tube side outlet; 2 – blocked connections 4 

for pressure measurements; 3 – thermocouples; 4 – shell side inlet; 5 – shell (OD 20 mm); 6 – shell side outlet; 7 – air 5 
separator; 8 – tube side inlet. (b) 1 – 3D printed connector with an O-ring for sealing the tube side in the shell; 2 – 6 
manifold for mounting thermocouples; 3 – a nylon connector. 7 

 8 
Figure 5. Schematic of the experimental setup for convective heat transfer measurements. 9 

The water for the test rig was supplied from the district water supply system. The water flow 10 

was separated into two streams by a manifold with the possibility to regulate/close both flows using 11 

valves. A cold-water stream was directly connected to the shell side, which has an inner diameter of 12 

20 mm. Two valves were used to regulate the flow rate. The hot-water side was connected through 13 

a thermal reservoir with a copper coil heat exchanger. The water temperature at the thermal 14 

reservoir was maintained using a thermal bath. The heated water (Thot≈60 °C) was pushed to the air 15 

separator and then to the test section. The flow rate was regulated using two valves at the inlet to the 16 

tube and one valve at the outlet of the tube. Mass flow rates were calculated by measuring the mass 17 

of water and interval of time, needed to fill a flask, whose mass was determined before the 18 

experiments, using a high precision digital balance and a stop watch. This flow regulation technique 19 

ensured bubble-free water flow. The temperatures at the inlet and the outlet of the tube and shell 20 

sides were measured by two T-type thermocouples at each point. The thermocouples were 21 

connected to an NI Ice point reference and the results were logged using LabView. The 22 

experimental uncertainty was ±0.1 °C. 23 

7 

8 

6 
1 

4 
2 

5 

3 

3 

2 

(a) 

(b) 

2 

3 
1 
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The size of the investigated tubes and the construction of the experimental setup presented 1 

additional challenges to the experiments. The thermal experiments were limited to a certain range of 2 

Re due to temperature stratification at the outlets when Re was lower than 700 and 1000 on the tube 3 

and shell sides, respectively. On the other hand, steady state could not be reached with Re higher 4 

than 2500 on the tube side. Finally, the maximum possible Re, without compromising accuracy of 5 

the mass flow rate measurements, on the shell side was 5000. 6 

Pressure drops in the studied sections were measured by a Coplanar Rosemount® 3051S-7 

series differential pressure transducer in isothermal conditions. It operated in the range 0 - 1 bar 8 

with a measurement accuracy of 0.025 % of the calibrated span. The pressure drop was measured at 9 

isothermal conditions using a differential manometer. The uncertainty of the differential manometer 10 

was ± 10 Pa. 11 

2.3. Data Processing  12 

The main goal of the present experimental work is to characterize the behaviour of the tested 13 

double corrugated tubes. The heat transfer performance and the pressure drop penalty were 14 

quantified by means of the Nusselt number (Nu) distribution and friction factor (f) respectively. In 15 

the data reduction, Dh was used as the characteristic length. 16 

2.3.1. Heat transfer: parameter estimation approach 17 

For any parallel flow heat exchanger, the average overall heat transfer coefficient, U, referred 18 

to the outer heat transfer surface area Ao can be obtained from Eq. (2). 19 

𝑈 =
𝑄

𝐴𝑜∆𝑇𝑙𝑚
    (2) 20 

where ΔTlm is the logarithmic mean temperature difference and Q is the heat flow rate. The 21 

heat flow rate Q from Eq. (2), can be suitably determined by the energy balance, Eq. (3), for the 22 

fluid stream on the tube side. 23 

𝑄 = 𝑚𝑖𝑐𝑝,𝑖(𝑇𝑖,𝑖𝑛 − 𝑇𝑖,𝑜𝑢𝑡) (3) 

where Ti,in and Ti,out express the tube-side fluid bulk temperatures evaluated at the inlet and 24 

outlet sections, respectively. 25 

The energy balance can also be evaluated on the shell stream (Eq. (4)) but, in this case, some 26 

care is needed to measure the bulk temperature, as the temperature difference between the inlet and 27 

the outlet is quite small. 28 

𝑄 = 𝑚𝑜𝑐𝑝,𝑜(𝑇𝑜,𝑜𝑢𝑡 − 𝑇𝑜,𝑖𝑛) 
(4) 

The overall heat transfer coefficient is related to the tube side and shell side fluid convective 29 

heat transfer coefficients by Eq. (5). 30 

1

𝑈 𝐴𝑜
=

1

ℎ𝑖 𝐴𝑖
+ 𝑅𝑤 +

1

ℎ𝑜 𝐴𝑜
 (5) 

Where hi is the convective heat transfer coefficient of the water flowing in the tube and ho is 31 

the convective heat transfer coefficient of the water stream flowing on the shell side, Ai and Ao are 32 

the inner and outer heat transfer surface areas and Rw is the thermal resistance of the wall that 33 

separates the two fluids, expressed by Eq. (6) for circular tubes. 34 
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𝑅𝑤 =
ln (𝐷0/𝐷𝑖)

2𝜋𝐿𝑘𝑤
 (6) 

Where L the heat exchanger’s length, kw is the thermal conductivity of the wall material, 1 

which is approximately kw = 150 Wm-1K-1 [28]. 2 

The wall thermal resistance, Rw, can be assumed known and constant for a given heat 3 

exchanger and under a given operating condition. By using the internal Dh of the tested tubes as the 4 

characteristic length for the tube section, the internal side Nusselt number is expressed by Eq. (7). 5 

𝑁𝑢𝑖 =
ℎ𝑖𝐷ℎ

𝑘𝑓  
(7) 

Where kf is thermal conductivity of water inside the tube. 6 

It is not easy to predict which is the dominating thermal resistance in Eq. (5) in this case 7 

because the internal-side and shell-side heat transfer coefficient are of the same order of magnitude.  8 

In Eq. (5) both hi and ho are generally unknown and they can be suitably determined by 9 

adopting a parameter estimation technique under an inverse data processing methodology [29]. 10 

The tube and shell side heat transfer coefficients can be correlated in terms of the Nusselt 11 

number using Colburn’s analogy expressed as in Ref. [30]. 12 

𝑁𝑢𝑖 = 𝐶𝑖𝑅𝑒𝛼𝑖𝑃𝑟𝛽𝑖 

𝑁𝑢𝑜 = 𝐶𝑜𝑅𝑒𝛼𝑜𝑃𝑟𝛽𝑜 

(8) 

(9) 

It follows that the characterization of the studied heat exchangers can be described by 13 

assuming that in Eq. (5) the unknown variables are Ci, αi, βi, Co, αo, βo. In the present case water is 14 

the only working fluid. Thus, the Prandtl number does not vary significantly during the tests. 15 

Therefore, the value of the coefficients βi,o has been assumed equal to a classical value of 0.33 16 

present in many of the Nusselt number correlations that characterized the fluid flow inside straight 17 

tube [30]. Both hi and ho could be concurrently estimated under the parameter estimation approach 18 

by minimizing the squared errors of the prediction with respect to the experimentally measured 19 

values for U [29]. This implies to minimize, under the usual least square approach, the following 20 

function: 21 

𝑆(𝐶𝑖, 𝛼𝑖 , 𝐶𝑜, 𝛼𝑜) = ∑[(𝑈)𝑒𝑥𝑝,𝑗 − (𝑈)𝑐𝑎𝑙𝑐,𝑗]
2

          

𝑁

𝑗=1

 (10) 

Where N is the number of measurements which are performed by varying fluid mass flow rate 22 

for both the tube and shell side with the resulting and Ucalc is expressed as follows: 23 

𝑈𝑐𝑎𝑙𝑐 =
1

𝐴𝑜
(

𝐷ℎ,𝑖

𝑘𝑓𝐴𝑖
∙

1

𝐶𝑖𝑅𝑒𝛼𝑖𝑃𝑟0.33
+ 𝑅𝑤 +

𝐷ℎ,𝑜

𝑘𝑓𝐴𝑜
∙

1

𝐶𝑜𝑅𝑒𝛼𝑜𝑃𝑟0.33
)

−1

 

(11) 

Then, the parameter estimation procedure applied to the heat transfer characterisation of the 24 

studied heat exchanger is represented by the minimisation of the objective function S expressed by 25 

Eq. (10) by considering Re as the independent variable and Ci, αi, Co and αo as the unknown 26 

variables, and all the other properties and geometrical quantities to be known. 27 

2.3.2. Friction factor 28 

Regarding the pressure drop, the average Darcy-Weisbach friction factor was calculated as 29 

given by Eq. (12). 30 

𝑓 = 2
∆𝑝𝐷ℎ

𝜌𝑤2𝐿
    (12) 31 
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Where w is the mean fluid axial velocity and ∆𝑝 is the pressure drop along the tested section 1 

of length L. Due to the experimental setup configuration, a concentrated pressure drop is present 2 

and originates from strong cross sectional area variations that occur in the connectors. Therefore, 3 

the full pressure drop, Δp, in the test region is expressed by Eq. (13). 4 

∆𝑝 = 𝑓
𝜌𝑤2

2𝐷ℎ
𝐿 + 𝜉

𝜌𝑤2

2
   (13) 5 

The first term on the right hand side of Eq. (13) expresses frictional pressure losses, while the 6 

second term expresses the concentrated pressure drop. Here ξ is the vorticity [31]. 7 

As it is mentioned above, the concentrated pressure is caused by a change in cross-section 8 

area where the tested tubes were connected to the test setup and must be the same for all the 9 

investigated tubes. This type of pressure drop is caused by a change in kinetic energy of the fluid 10 

flow and can be addressed as minor losses, KL [31,32]. However, the fluid flow is no longer fully 11 

developed, once it passes any obstacle. To achieve a fully developed flow again, there must be a 12 

smooth region of a length of 10 Dh after an obstacle was passed. This is not possible to construct in 13 

the test setup and evaluate the pressure drop in the investigated tubes only. Thus, vorticity ξ was 14 

employed as a measure for eliminating entrance region effect on pressure drop. Vorticity ξ 15 

expresses how big the pressure loss would be until the flow is fully developed [31]. Therefore, 16 

pressure drop for a fully developed flow could be evaluated for all the tested tubes. It is important to 17 

separate the frictional and concentrated pressure drop in order to enable fair comparison of the 18 

friction factor in double corrugated tubes and the equivalent straight tube. Note that for the straight 19 

tube only frictional pressure drop component remains after subtraction of the concentrated pressure 20 

drop. On the other hand, the remaining pressure drop component for the double corrugated tubes 21 

contains frictional and additional pressure loss, caused by tube corrugation. Nevertheless, it is 22 

addressed as frictional pressure loss further in the text. 23 

In order to separate frictional and concentrated pressure loss, the ξ value must be determined. 24 

Since the influence of the construction of the test setup on the pressure loss is evaluated excluding 25 

the geometrical characteristics of the analysed tubes, the value of ξ is unique for every flow regime. 26 

For this reason, the experimental data obtained for the straight tube were analysed. Two well-known 27 

correlations were used to calculate friction factor f causing the frictional pressure drop. Namely, the 28 

Darcy friction factor, given by Eq. (14), and Colebrook correlations, given by Eq. (15), used for the 29 

laminar and turbulent flow regimes [32], respectively. 30 

𝑓𝑙𝑎𝑚𝑖𝑛𝑎𝑟 =
64

𝑅𝑒
   (14) 31 

1

√𝑓𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡
= −2.0 log (

𝑆𝑞 𝐷⁄

3.7
+

2.51

𝑅𝑒√𝑓𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡
)  (15) 32 

Where the relative roughness 𝑆𝑞 𝐷⁄  = 0.0026 was used for solving the Colebrook equation for 33 

f by using MATLAB routine, presented by Clamond [33]. The experimentally obtained pressure 34 

measurement data for the straight tube were sorted into laminar Re ≤ 2000 [32] and turbulent Re > 35 

3500 regimes, the range in between them was considered to be transitional. 36 

Once the frictional and concentrated pressure drop were separated, the ξ values were 37 

determined for laminar and turbulent flow regimes using a least square fit method. Friction factor 38 

for the experimentally investigated tubes was determined from the frictional pressure loss 39 

component that was obtained by subtracting the concentrated pressure drop from the full pressure 40 

drop. The obtained f values for all the tubes were fitted to the form given in Eq. (16) [25] using the 41 

nonlinear regression approach. 42 

𝑓 = 𝐾𝑅𝑒𝛾     (16) 43 
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The uncertainty of the predicted friction factor values is expressed in terms of standard error 1 

of estimate, 𝜎𝑒𝑠𝑡, as defined by Taylor [34]. 2 

𝜎𝑒𝑠𝑡 = √∑(𝑓𝑒𝑥𝑝−𝑓𝑒𝑠𝑡)
2

𝑁−2
   (17) 3 

2.3.3. Performance evaluation criteria 4 

The global performance evaluation criteria (PEC) at constant pumping power is the most 5 

commonly used approach to evaluate the overall performance of any enhanced geometry. The PEC 6 

is calculated as in Ref. [15]. 7 

𝑃𝐸𝐶 =
𝑁𝑢

𝑁𝑢0
⁄

(
𝑓

𝑓0
⁄ )

1
3⁄
   (18) 8 

To enable a straightforward comparison of the double corrugated tubes when designing heat 9 

exchangers, the presented Nu correlations are obtained using geometrical data such as surface area, 10 

As, cross-section area, Ac and hydraulic diameter, Dh, of an equivalent straight. Using this approach, 11 

the benefits of the enhanced surface area are already included in the comparison. Moreover, Bergles 12 

et al., [35] pointed out that it is more convenient to use a nominal geometry for identifying heat 13 

transfer augmentation, especially if the enhanced tube is used as a direct replacement of an existing 14 

straight tube. It must be mentioned that the maximum enhancement of the surface area in the 15 

investigated double corrugated tube was less than 16 %, thus it is of less importance. The penalty 16 

for the enhanced surface is evaluated via the friction factor, which is obtained from pressure drop 17 

measurements. 18 

3. Results and discussion 19 

The obtained experimental results for the tube side are presented in terms of correlations of 20 

Nu, f and PEC. The experimental results presented in this study are compared with other state-of-21 

the-art enhanced geometries. It must be acknowledged that most experimental studies published on 22 

enhanced heat transfer in laminar flow regime were conducted under uniform heat flux conditions 23 

[18,36–38]. This implies that, considering a straight tube, Nu is generally higher due to the 24 

experimental boundary conditions [30]. Thus, a more appropriate comparison of the thermal 25 

effectiveness of different kinds of enhanced surfaces could be done only by evaluating ratios of 26 

enhanced Nu. The experimental studies on AEA tubes and tubes fitted with helical screw-tape 27 

reported in Ref. [13,18] are chosen for the comparison because of the most suitable interval of Re. 28 

The Nu correlation for an AEA tube (𝑁𝑢𝐴𝐸𝐴) is given by Eq. (19) as in Ref. [13] and for a helical 29 

screw-tape (𝑁𝑢𝐻𝑆𝑇) by Eq. (20) as in Ref. [18]. 30 

𝑁𝑢𝐴𝐸𝐴 = 0.0615𝑅𝑒0.76𝑃𝑟𝑓
1 3⁄

(
𝑃𝑟𝑓

𝑃𝑟𝑤
)

0.11

  (19) 31 

𝑁𝑢𝐻𝑆𝑇 = 0.017𝑅𝑒0.996𝑃𝑟 𝑌−0.5437  (20) 32 

Where Y is the twist ratio (length of one twist/diameter of the twist). According to Ref. [18], 33 

the best performing helical screw-tape had Y = 1.95. Thus, this value was used for comparison. The 34 

Nu correlation reported in Ref. [13] is obtained for the AEA tube with p/Do = 2 and AR = 1.6. The 35 

correlation is valid for a Re range from 500 to 50000. The p/Do ratio of the double corrugated tubes 36 

reported in this study is from 1.1 to 2.9. 37 

Correlations for f for the corresponding AEA tube (fAEA) were given by Eq. (21) as in Ref. 38 

[13] and for the corresponding helical screw-tape (fHST) by Eq. (22) as in Ref. [18]. 39 

𝑓𝐴𝐸𝐴 = 1.54𝑅𝑒−0.32   (21) 40 
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𝑓𝐻𝑆𝑇 = 10.7564𝑅𝑒−0.387𝑌−1.054   (22) 1 

However, neither of the selected studies report correlations for Nu and f of their reference 2 

geometries. Moreover, the precise Pr number of the working fluid and the fluid layer close to the 3 

wall are not reported either. Thus, experimental data obtained in this study were correlated using the 4 

Eqs. (19 – 22) with the awareness of increasing uncertainty when comparing results. The ratio of Pr 5 

number of the fluid and the fluid layer at the wall in Eq. (19) is assumed to be 1. Due to above 6 

mentioned reasons, the PEC of double corrugated tubes is not compared with the PEC of AEA tube 7 

and helical screw-tape. 8 

A qualitative comparison of the experimental and numerical results is also provided in the 9 

discussion. The Reader is asked to remember that the modelling boundary conditions in Ref. [27] 10 

and the experimental conditions were different, thus quantitative comparison is not possible. 11 

Modelling showed that heat transfer performance increased with increasing AR and decreasing 12 

corrugation period. 13 

3.1. Heat transfer results 14 

The experimental heat transfer results for the straight tube were compared to both the Hausen 15 

(Eq. (23)) and the Sieder–Tate (Eq. (24)) correlations for the thermal entry region [39] in the 16 

laminar flow regime. 17 

𝑁𝑢𝐻𝑎𝑢𝑠𝑒𝑛 = 3.66 +
0.0668((

𝐷ℎ
𝐿⁄ )𝑅𝑒 𝑃𝑟)

1+0.04((
𝐷ℎ

𝐿⁄ )𝑅𝑒 𝑃𝑟)

2
3⁄
  (23) 18 

𝑁𝑢𝑆𝑖𝑒𝑑𝑒𝑟−𝑇𝑎𝑡𝑒 = 1.86 (
𝑅𝑒 𝑃𝑟
𝐿

𝐷ℎ
⁄

)

1
3⁄

(
𝜇

𝜇𝑤
)

0.14

  (24) 19 

Where μ is the dynamic viscosity of water. The term evaluating the ratio of dynamic 20 

viscosities is considered to be one, since the measured temperature difference measured in a straight 21 

tube is approximately 10 °C and the change in viscosity is minor. 22 

Figure 6 shows that the obtained results agree very well with the Hausen correlation, with a 23 

confidence of 85 %, and with the Sieder–Tate correlation, with a confidence of 95%. This is a good 24 

indication that the test setup and the method of data analysis are reliable. The entire estimation 25 

procedure was repeated for all the double corrugated tubes: the experimental conditions are reported 26 

the Data in Brief article and representative results are shown in Figure 7. 27 
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 1 
Figure 6. Comparison of Nu correlation obtained from experimental data for a straight tube and the Hausen and 2 

the Sieder–Tate correlations as a function of Re. 3 

The accuracy associated with the estimated values was assigned by the parametric bootstrap 4 

method [40,41]. In this procedure, the term Uexp has been substituted by the distribution: 5 

𝑈𝑒𝑥𝑝 = 𝑈𝑐𝑎𝑙𝑐 ∙ (1 + 휀) 
(25) 

Where Ucalc was obtained from Eq. (11) adopting the heat transfer coefficients found by Eqs. (8-9). 6 

In order to find the heat transfer correlations, the C and α values were estimated from the procedure 7 

described above. Moreover, ε represents a uniformly distributed random noise with zero mean and 8 

variance σ. The variance σ has been considered equal to the uncertainty related to the measured 9 

quantity ∆𝑇 = 𝑇𝑖,𝑖𝑛 − 𝑇𝑖,𝑜𝑢𝑡. Considering the overall heat transfer coefficient Uexp re-sampled from 10 

its probability distribution, as the starting value, the unknowns are calculated by the estimation 11 

procedure explained above; this process is repeated many times, and the results are processed using 12 

standard statistical techniques for evaluating 95 % confidence intervals (Figure 7). It also represents 13 

the uncertainty of the estimation procedure: in order to evaluate the overall uncertainty of the 14 

Nusselt number the usual propagation of errors procedure was used [42] considering, in addition to 15 

the error of the estimation technique, the uncertainty of temperature measurements, fluid properties 16 

and mass flow rate: they were assumed to be ± 0.1 K, 2 % and 5 % respectively). The obtained 17 

correlation coefficients and the uncertainty on Nu are given in Table 2. 18 

Table 2. Experimentally obtained correlation coefficients for calculating Nu inside the tubes and Nu uncertainty. 19 
Tube name Ci αi εNu  

AR1.6 p=7.5 0.039 0.88 ±8.0 % 

AR2.0 p=7.5 0.16 0.77 ±8.5 % 

AR1.6 p=20 0.056 0.75 ±9.0 % 

AR2.0 p=20 0.037 0.76 ±11.0 % 

AR2.2 p=20 0.016 0.91 ±9.0 % 

Straight 0.52 0.33 ±14.0 % 

Figure 7 shows that the higher Nu values are obtained for double corrugated tubes with 20 

shorter corrugation periods. One can see that thermal performance of the double corrugated tubes 21 

strongly depends on p while AR is a less significant factor. Generally double corrugated tubes with 22 

p = 7.5 mm show up to 35 % higher Nu than double corrugated tubes with p = 20 mm. Figure 7 23 

shows that the double corrugated tube with the AR = 1.6 and p = 7.5 mm outperforms the double 24 

corrugated tube with the AR = 2.0 and p = 7.5 mm once Re is above 2200. This signifies that more 25 
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intense corrugations are more thermally efficient at lower Re. This is in agreement with previous 1 

modelling results. 2 

  3 
Figure 7. Nusselt number distribution for the tube side and corresponding uncertainty. The Prandtl number used 4 

here is Pr = 3.5. 5 

However, the double corrugated tubes with p = 20 mm, show that higher thermal performance 6 

is obtained for tubes with lower aspect ratios. Namely the double corrugated tubes with AR = 1.6 7 

shows the highest Nu until Re exceeds 2000, then the double corrugated tube with the AR = 2.2 8 

outperforms it. It is noticeable that the double corrugated tube with AR = 2.0 shows somewhat 9 

lower thermal performance than tubes with AR = 1.6 and AR = 2.2. Numerical modelling predicted 10 

that performance of the AR = 2.0 tube should lie between AR = 1.6 and AR = 2.2. Several effects 11 

could be considered to explain the later findings. One of the contributing factors could be 12 

inaccuracy from the manufacturing process, especially geometrical variations on the inner surface. 13 

It is hard to manipulate the results since the quality of the inner surface of this tube is unknown. 14 

Another explanation could be effects related to transition to turbulent flow, which was not 15 

considered in the modelling. Flow visualization tests should be done in order to fully understand 16 

and finalize the findings in Figure 7. 17 

The ratio of Nu for the double corrugated tubes to the straight tube are shown in Figure 8, 18 

which demonstrates that the double corrugated tubes have up to a 500 % increase in Nu when p = 19 

7.5 mm and up to a 200 % increase when p = 20 mm compared to an equivalent straight tube. It is 20 

also noticeable that the Nu ratio increases with increasing Re. Figure 8 shows more clearly that the 21 

thermal efficiency of the double corrugated tubes with p = 7.5 mm is generally 100% higher than 22 

the double corrugated tubes with p = 20 mm. The performance of an AEA tube and a helical screw-23 

tape are also plotted on Figure 8.  24 
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 1 
Figure 8. 𝑁𝑢 𝑁𝑢0⁄  as a function of Re. 2 

Comparing experimental results of this study with the AEA tube correlation reported in ref. 3 

[13], it is seen that the double corrugated tubes with p = 7.5 mm show significantly higher thermal 4 

performance than the AEA tube. On the other hand, double corrugated tubes with p = 20 mm show 5 

similar, however, somewhat lower thermal performance. 6 

Figure 8 shows that the Nu ratio for the double corrugated tubes is lower than for the helical 7 

screw-tape [18]. However, it is worth noting that the Nu correlation for the tube with helical screw-8 

tape was obtained at a constant heat flux condition while the correlation for Nu0 was obtained in the 9 

tube-in-shell heat exchanger with water-water system because no equivalent straight tube 10 

correlation was given by Ref. [18]. Thus, the thermal efficiency for the helical screw-tape is to 11 

some extent over predicted. 12 

The agreements between experimental data and the correlation were checked in terms of the 13 

overall heat transfer coefficient, U. Figure 9 shows a comparison between experimental and 14 

correlated U values for the double corrugated tube with AR = 2.0 and p = 7.5 mm inside the tube (a) 15 

and inside the shell (b) and experimental values against correlated ones (c). It is found that 16 

experimental data and values derived from the correlations are in a very good agreement.  17 
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 1 

  2 

 3 
Figure 9. Global heat transfer coefficient U for the double corrugated tube with AR = 2.0 p = 7.5 mm measured 4 

experimentally and calculated using the obtained correlations as a function of Re in the tube side (a) and in the shell side 5 
(b). Comparison of the measured and predicted U values for the same double corrugated tube (c). 6 

3.2. Pressure measurement results 7 

Figure 10 shows a comparison of experimentally measured friction factors for the straight 8 

tube when the ξ value is subtracted from the measured values. The corrected experimental data for 9 

the straight tube were also compared with Petukhov’s correlation as given in Ref. [30], which is 10 

valid in a range of 3000≾ 𝑅𝑒 ≾5∙106. 11 

𝑓𝑃𝑒𝑡𝑢𝑘ℎ𝑜𝑣 = (0.790 ln 𝑅𝑒 − 1.64)−2  (24) 12 

Figure 10 shows an excellent agreement between the corrected experimental data and 13 

classical theoretical correlations. The determined values are ξ = 1.3 for the turbulent regime and ξ = 14 

2.9 for the laminar regime in a straight tube. The Re range from 200 to 3500 is considered the 15 

(a) (b) 

(c) 



17 

transition region for the straight tube and a spline curve is used to represent f in this region for 1 

plotting purposes when comparing friction factor in the straight tube to corrugated ones. The 2 

obtained ξ values agrees well with the data presented by Nakayama and Boucher [31]. It was 3 

pointed out by several authors that flow transition in corrugated tubes occurs much earlier than in a 4 

straight tube [13,25], finding that the Re transition value varies from 500 to 800 depending on 5 

corrugation intensity [25]. The experimental data presented in this study are in Re interval from 6 

1000 to 2500, thus the flow in double corrugated tubes is considered turbulent and a single value of 7 

ξ =1.3 was used to normalize the friction factor for the double corrugates tubes. 8 

  9 
Figure 10. Comparison of the corrected experimental friction factor with Darcy-Weisbach and Colebrook 10 

correlations for laminar and turbulent flow regimes in the straight tube, respectively. 11 

The pressure measurements were conducted at isothermal flow conditions on a dedicated rig. 12 

Figure 11 shows the corrected experimental f as a function of Re. The obtained coefficients of data 13 

fit and standard error of estimate are given in Table 3. 14 

Table 3. Data fit coefficients for friction factor and standard error of estimate. 15 
Tube name K γ 𝜎𝑒𝑠𝑡  

AR1.6 p=7.5 1.22 -0.17 ±1.97 % 

AR2.0 p=7.5 1.17 -0.12 ±2.24 % 

AR1.6 p=20 10.0 -0.57 ±0.35 % 

AR2.0 p=20 7.66 -0.54 ±0.94 % 

AR2.2 p=20 5.94 -0.52 ±0.73 % 

Straight (700≤Re <2000) 581 -1.31 ±0.81 % 

Straight (3000<Re≤6400) 0.21 -0.20 ±0.10 % 

Figure 11 shows the corrected experimental f for the double corrugated tubes and the results 16 

of nonlinear regression analysis. From Figure 12 it is clear that the highest f values are obtained for 17 

the most corrugated tubes. It can be seen that similar values of f are obtained for all the tubes with p 18 

= 20 mm regardless of AR. However, Figure 12 shows that, for the double corrugated tubes with p = 19 

7.5 mm, an increase in AR leads to greater f values. Figure 12 shows that for the most corrugated 20 

tube with AR = 2.0 and p = 7.5 mm, f increases up to 17 times at laminar-transition Re region, while 21 

for all the tubes with p = 20 mm, f increases up to 4 times at the same Re. 22 
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 1 

 2 
Figure 11. The friction factor, f, as a function of Re for double corrugated tubes. 3 

 4 
Figure 12. The ratio of f/f0 as a function of Re. Note that the transition Re is considered to be 2000 for the straight 5 

tube. 6 

The ratio of f for the double corrugated tubes is compared to other state-of-the-art geometries. 7 

Figure 12 demonstrates that the f ratio for double corrugated tubes with p = 20 mm and the AEA 8 

tube is similar, however, somewhat lower in the turbulent flow region. Moreover, with increasing 9 

Re, f decreases faster for the double corrugated tubes with p = 20 mm, than for the AEA tube. This 10 

finding shows that the smoother geometrical transition between ellipse-based flow cross-section 11 

leads to lower f in comparison with the geometry of the AEA tubes. It is noticeable that the 12 

experimental results were correlated with single expression in a range of Re from 800 to 7000 for 13 

the double corrugated tubes. This was also found by in Ref. [13] for AEA tubes. 14 
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The ratio of f for a tube fitted with the helical screw-tape [18] is somewhat similar, however 1 

lower when compared to the double corrugated tubes with p = 7.5 mm. This is especially noticeable 2 

in the turbulent flow region. 3 

The simulations, described in Ref. [27], were performed at constant Δp, thus the hydraulic 4 

performance of the double corrugated tubes was analysed in terms of volumetric flow reduction. 5 

Generally, the predicted flow resistance of double corrugated tubes increases for higher AR and 6 

smaller p. 7 

3.3. Evaluation of the global performance 8 

The overall performance of the double corrugated tubes was evaluated at constant pumping 9 

power using PEC. Figure 13 demonstrates that the overall performance of the double corrugated 10 

tubes is up to 160 % higher than the straight tube. It is noticeable that the double corrugated tubes 11 

with shorter period demonstrate higher PEC values than tubes with a longer period. Comparison of 12 

Figure 8, Figure 12 and Figure 13 suggests that the thermal performance of the double corrugated 13 

tubes is more significant than the friction factor when evaluating PEC of the double corrugated 14 

tubes with p = 20 mm. However, for the double corrugated tubes with p = 7.5 mm the friction factor 15 

compromises the PEC the most. 16 

 17 
Figure 13. PEC as a function of Re. 18 

Finally it is worth to mention that the predictions of numerical simulations reported in Ref. 19 

[27] generally agree with the experimental PEC results. Both experimental results and numerical 20 

predictions agree that PEC is the highest for the double corrugated tubes with AR = 1.6 when p = 21 

7.5 mm and AR = 2.2 when p = 20 mm. However, PEC values predicted by CFD modelling are 22 

lower than obtained experimentally. This is due to different boundary conditions of the model and 23 

experiment. 24 

4. Conclusions 25 

Five double corrugated tubes, whose geometry is inspired by vascular heat exchangers found 26 

in fish such as the opah, were experimentally investigated in a tube-in-shell heat exchanger at low 27 

Re and compared to other state-of-the-art enhanced heat transfer geometries. The double corrugated 28 

tubes, presented in this study, demonstrate superior thermal and global thermo-hydraulic efficiency 29 
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compared to AEA tubes, however thermal performance of the previous tubes is lower when 1 

compared to a tube fitted with a helical screw-tape. 2 

Experimental results demonstrate that the double corrugated tubes significantly outperform 3 

the equivalent straight tube in the tested Re region. The thermal performance of the double 4 

corrugated tubes is up to 500 % higher than a straight tube. The heat transfer benefit comes at a cost 5 

of increased pressure drop, but the global thermo-hydraulic performance is up to 160 % higher than 6 

an equivalent straight tube, indicating that the overall thermal performance is enhanced. 7 

Tubes with shorter corrugation period are shown to be generally more efficient. For the tubes 8 

tested, the corrugation period has a higher impact on the thermal and overall performance than the 9 

aspect ratio. The novel geometry of the double corrugated tubes demonstrates superior thermal 10 

performance in comparison with the AEA tubes, although somewhat lower than spirally corrugated 11 

tubes with twisted tape inserts. However, most of the reported experimental results on performance 12 

of enhanced surfaces were obtained in higher Re flow regimes, where data does not exist for the 13 

double corrugated tubes. In order to conduct comprehensible comparison of the performance of 14 

double corrugated tubes and other enhanced surfaces, deeper experimental investigation is required. 15 

Importantly, the first experimental results, obtained for double corrugated tubes, encourage future 16 

research efforts and provide the possibility of more detailed comparisons with other enhanced 17 

surfaces. Future studies on fouling behaviour, additional fluids, and two-phase flow could give a 18 

better characterization of the double corrugated tubes. 19 

Experiments show that the double corrugated tubes are a promising geometry for enhanced 20 

heat transfer. Although the geometry presented here is based on tubes, the concept of holding the 21 

hydraulic diameter of the flow cross section constant while varying the geometry can be applied to 22 

plate heat exchangers, porous media and other heat transfer applications. Further improvements in 23 

performance may be realized by optimization of the corrugation pattern or by using non-elliptical 24 

cross sections. 25 
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