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ABSTRACT 
The current experimental work focusses on the parallel 

channel instability and possible premature critical heat flux in a 
short, narrow multi-microchannel heat sink with and without 
individual channel inlet restrictions. The application was cooling 
of power electronics and the target footprint area was (10 x 10) 
mm2. The heat sink was fabricated in copper by micro-milling 

 high). 
The heat sink featured customized exchangeable PEEK inserts, 
which constituted the inlet and outlet plenums as well as 
featuring the individual channel inlet restrictions, which had a 40 
% area contraction compared with the channel area. Refrigerant 
R134a was adopted as the working fluid and the critical heat flux 
was measured at several different mass fluxes and different inlet 
subcooling at around 31 °C saturation temperature with and 
without inlet restriction.  

High-speed visualization was used to study the flow patterns 
and two-phase instability. The visualizations showed that the 
inlet restrictions stabilized the flow with respect to the parallel 
channel instability that was otherwise present at lower mass 
fluxes, thus avoiding vapour backflow into the inlet plenum. At 
higher mass fluxes, the visualizations did not indicate significant 
vapour backflow with or without individual channel inlet 
restrictions. Fourier analysis was used to study the instability at 
the lowest mass flux (339 kg/m2s) at a subcooling of 5.2 K 
without inlet restriction. Here the main frequency of the two-
phase oscillations was very fast (14  Hz) and systematic. The 
absolute pressure sensors captured twice this frequency: This is 
in good agreement since these sensors captured the vapour 
backflow from both ends of the channel row. The current high 
frequency two-phase oscillations led to a marginally lower 
critical heat flux (2-9 %) without use of the individual channel 
inlet restrictions.  

 
INTRODUCTION 

Two-phase flow boiling instabilities in multi-microchannels 
are commonly undesirable and believed to lead to poor heat 
transfer performance and premature critical heat flux (CHF) 
[1,2]. Bergles and Kandlikar [3] suggest that many studies on 
CHF in multi-microchannels were affected by two-phase 
instabilities prior to their review in 2005. Two-phase flow 
instabilities in multi-microchannels are commonly divided into 

static and dynamic nature. Typical static instabilities are: 
Ledinegg instability (flow excursion or excursive instability), 
flow regime transitions and CHF, which are characterised by a 
single-event departure from one unstable condition to a new 
stable condition. Typical dynamic instabilities are: density wave 
oscillation (DWO), parallel channel instability (PCI) and 
pressure drop oscillation (PDO), which are characterized by their 
continuous cycling through unstable conditions. DWO in a 
microchannel occurs due to the rapid expansion of confined 
bubbles towards the channel inlet and is characterised by short 
periods of oscillation in the order of 1-2 times the liquid transit 
time through the channel [1]. PCI results from interacting DWO 
in parallel channels and is more likely leading to vapour 
backflow due to the presence of parallel flow paths. Both DWO 
and PCI are “device level” oscillations in contrast to PDO, which 
is a “system level” oscillation. PDO occurs when operating on 
the negative-slope portion of the internal characteristic curve 
with an upstream compressible volume present in the system 
(system level, underdamped Ledinegg instability) and is 
characterised by longer periods of more severe oscillation in the 
order of several seconds [1]. Furthermore, PDO may occur with 
superimposed DWO or PCI, which makes the identification of 
the instability type difficult, for example in situations where 
PDO could be partly suppressed by an upstream throttle valve. 

Apart from the CHF instability itself, most literature on two-
phase flow instability in microchannels considers the dynamic 
instabilities. There is a tendency towards research on the 
instability phenomenon itself, i.e. in terms of providing stability 
flow maps [4–  or models that predict the instability 8] rather 
than providing data (or evidence) for premature CHF or lower 
heat transfer caused by the instability. Wang et al. [4] and 
Bogojevic et al. [5] developed stability maps in terms of heat flux 
versus mass flux, with stability transitions based on their ratio. 
Chang and Pan  developed a stability map based on the non-
dimensional subcooling and phase change numbers, originally 
proposed by Saha et al. [9] for a macrochannel stability map. Lee 
et al.  suggested the use of the instability parameter based on 
a modified version of Kandlikar [10] (backward evaporation 
momentum force versus forward liquid inertia force), and 
generalized the parameter to include channels having inlet 
restrictions as well as expanding channels. Lee et al. [8] carried 
out a parametric study of the oscillation frequency obtained from 
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Fourier analysis using pressure drop signals and indicated 
dependencies on the phase change number, subcooling number, 
liquid length versus hydraulic diameter as well as liquid Weber 
number. The obtained oscillation frequencies reflected the 
vapour backflow observed in the corresponding high-speed 
visualizations.  

As mentioned, few research studies have provided data for 
premature CHF caused by two-phase flow instability. Kaya et al. 
[11] reported CHF enhancements using deionized water in single 
round channel . By 
restricting the upstream flow area (25 and 12.5) % relative to the 

% depending on the diameter and the mass flux. A similar 
investigation was carried out by Tibiriçá et al. [12] using R134a 
in a single round channel having  inner diameter. By 
increasing the pressure drop from 100 to 200 kPa, the CHF could 
be increased by 25 %. et al. [13] investigated the effect of 
different inlet orifice lengths on the CHF using water in five 
parallel channels of (200 by m. Their results indicate that 
the effective CHF based on footprint area could be enhanced 

2 without inlet restrictions 2 with the 
longest inlet orifice. They developed a CHF correlation that 
included the effect of the orifice pressure drop relative to the total 
pressure drop. Qu and Mudawar [14] observed both PCI and 
PDO instability using water in 21 parallel channels (215 by 821) 

characterised as mild (high 
frequency and low amplitude) and severe (low frequency and 
high amplitude) instabilities, respectively. They found that the 
severe PDO instability could be virtually eliminated by the use 
of an upstream throttle valve.  

The current experimental work focusses on the PCI and 
possible premature CHF in a short narrow multi-microchannel 
heat sink. The first objective is to analyse the saturated flow 
boiling CHF with and without individual channel inlet 
restrictions. The second objective is to study the PCI by means 
of a high-speed camera and Fourier analysis in terms of grayscale 
values as well as pressure and differential pressure signals.  

EXPERIMENTAL METHOD 
The experimental test loop and test section are shown in 

Figure 1 and introduced briefly in this section. A gear pump was 
used to move the working fluid (R134a) from the receiver, 
through the subcooler, filter-drier, Coriolis mass flow meter, 

 and 
returning the fluid through the condenser back to the receiver. 
The upstream throttling was used to remove spurious system 
level PDO to focus the analysis on the effect of the device level 
oscillations. The test section was designed to accommodate 
interchangeable copper microchannel heat sinks. The current 
heat sink was fabricated in copper by micro-milling and featured 

a footprint area of (10 by 10) mm. Average roughness values 
were measured lower than 400 nm. The heat sink featured 
exchangeable PEEK inserts, which constituted the inlet and 
outlet plenums without flow restriction as well as the inlet insert 
with inlet restrictions. The inlet restrictions were 0.5 mm long 
individual channel orifice slits that restricted the flow to 40 % of 
the channel flow area. The fluid entered from the left and exited 

to the right (Figure 1b) through a stainless steel chassis that 
included inlet/outlet pressure taps and (2 by 2) 0.25 mm type-K 
thermocouples from the bottom. A borosilicate glass window 
was used to enable visual inspection using a high-speed camera 
(Photron Nova S9 with two 2x teleconverters and a ) 

heat resistant and transparent silicon layer was placed between 
the glass window and the microchannels to avoid boiling on top 
of the fins as well as channel-to-channel leakage flows. 
Additional PEEK inserts were used to minimize the heat losses 
from the copper heat sink through heat conduction. A 
customized platinum serpentine heater with four integrated 
resistance temperature detectors (RTDs) was vapour-deposited 
on a 350 um silicon chip and vacuum soldered onto the bottom 
of the heat sink. Thermocouples and RTDs were calibrated using 
thermal baths and a Rosemount standard platinum resistor, while 
the absolute pressure transmitters (Danfoss AKS) were 
calibrated using a dead weight tester. The differential pressure 
across the heat sink was measured using Endress-Hauser 

upplies were used to power the 
preheater and the serpentine heater. National Instruments 
CompactDAQ modules and Labview were used to record and 
control the test conditions. More details are provided in [15]. 
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Figure 1 Test loop (a) and exploded view of test section (b).  

(1) Stainless steel cover, (2) Teflon plate, (3) Cover glass, (4) PEEK inserts 

. 
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CHF detection and data reduction 
The critical heat flux detection was performed by gradually 

increasing the voltage of the power supply by 0.5 V until a sharp 
increase of the RTDs occurred, which immediately triggered a 
safety function utting off the 
power supply. When the CHF was detected, the voltage was 
reduced by 0.25 V and the measurement was obtained once 
steady state was verified. At the lowest mass flux values, the 
thermal response was not sharply increasing during CHF. 
Raising the voltage further in these conditions, did not increase 
the power uptake because the resistance of the platinum heater 
increased with increasing temperature. Therefore, the current 
decreased and as the power could not be increased further in 
these conditions, the CHF detection was obtained.  

The heat loss from the test section was determined from a 
series of single-phase liquid flow measurements through the test 
section and from a series of measurements with vacuum in the 
test section. The data indicated that the refrigerant mass flow had 
an insignificant effect on the heat loss compared with the 
temperature difference between the heater and the ambient. The 
estimated heat losses were in between (11.8 to 20.1) W for the 
current measurements. Considering the heat loss  the footprint 
heat flux was calculated by 

 =  (1) 

 
Where  was the voltage drop across the platinum heater,  

was the current through the heater and  was the footprint area, 
respectively. The critical (outlet) vapour quality was calculated 
by using the energy balance  
  = +

 (2) 

 
Where  was the channel width,  was the fin 

(separating wall) width,  was the heated length and  was 
the channel cross-sectional area, respectively.  was the 
enthalpy change of the inlet subcooled liquid and  was the 
latent heat of evaporation. The mass flux  was calculated by  

 =  (3) 

 
Where  was the mass flow rate,  was the channel height 

and  was the number of channels, respectively. 
 
Uncertainty 

The standard deviations of the microchannel width, height 
and separating wall are reported in Table 1 as measured with a 
confocal microscope (Olympus Lext OLS4000), together with 
some characteristic variables. Here  denotes the equivalent 
heated length, which was calculated by the definition of the 
hydraulic diameter, where the three heated sides was used as the 
perimeter.  

The experimental uncertainties resulting from the data 
reduction were calculated by using the single sample error 
propagation method by Kline and McClintock . In addition 
to the standard deviations obtained from the geometric 
characterization and the temperature/pressure calibrations using 
2  coverage factor (95 % confidence), an additional uncertainty 
was estimated to 0.5 V for the power supply considering the 0.25 
V resolution of the CHF detection method. Table 2 summarizes 
the absolute and relative single sample uncertainties based on 95 
% confidence interval as well as the measurement range. The 
uncertainty on the mass flux was relatively high due to the effect 
of dimensional uncertainties in small channels.  

 
Table 1 Microchannel characteristics  

        /  /   
  200 ± 8.08   5.89 25 

 
Table 2 Experimental range and uncertainties of variables 
Variables Range Relative unc. 

[%] 
Absolute unc. 

Mass flux,  [kg/m2s] 334 - 1254  22.  - 85.3 
Critical vapor quality,  [-]   0.43 - 0.   0.005 - 0.015 
Footprint CHF,  [W/cm2] 301 -  1.0 - 1.  4.  -  
Saturation temperature,  [°C] 30.2 - 32.4  0.08 
Inlet subcooling,  [K] 2.2 - 13.5  0.18 - 0.19 

RESULTS  
The experimental design space was parameterized in terms 

of mass flux and inlet subcooling at a single nominal saturation 
temperature of 31 °C. Nine different mass fluxes and four 
different inlet subcooling were considered covering the range 
from (334 to 1254 kg/m2s) and from (2.2 to 13.5) K, respectively. 
All parameter combinations were measured with and without the 
individual channel inlet restrictions.  
 
Visualization 

High-speed recordings were obtained at 10 kHz with 10 ns 
shutter time. The images were 
the channels including parts of the inlet and outlet plenums.  

Figure 2 shows an image at the lowest mass flux at 5.2 K inlet 
subcooling without the inlet restrictions. PCI instability is clearly 
demonstrated by the image. The upper part of the image indicates 
vapour backflow into the inlet plenum, which is growing while 
liquid is pushed through the channels in the lower part of the 
image. The growing vapour backflow eventually results in 
dryout incipience downstream, whose completion (or maximum 
extend) can be seen in the channels in the lower part of the image. 
A red curve indicates the liquid rich front that is pushed forward 
and eventually wets the all the channels in the bottom part of the 
image. However, due to bubble or vapour confinement during 
boiling inside the microchannels, the two-phase flow velocity 
reduces due to increased vapour shear and vapour pockets began 
to grow from the channel entrance into the inlet plenum, similar 
to that appearing in the upper part of the image, which results in 
PCI. The PCI observed was not judged random by observing the 
high-speed visualization, but appeared systematically alternating 
between the upper and lower parts of the image (both ends of the 
channel row).  

15th INTERNATIONAL CONFERENCE ON HEAT TRANSFER, FLUID MECHANICS AND THERMODYNAMICS

Page 1772 of 2339



 
  

Figure 3 shows an image with inlet restrictions at similar 
conditions as in Figure 2. The inlet restrictions virtually 
eliminate the PCI, judged by the removal of the large portions of 
vapour backflow. Very few tiny bubbles (not observed in the 
image) do occasionally flow back to the inlet plenum through the 
orifices randomly. The bubbles observed in the lower and upper 
parts of the inlet plenum have nucleated outside the channels, 
which occasionally occurred in the tests at low subcooling and 
mass flux. The inlet restrictions did not fully eliminate the two-
phase instability inside the channels or in this case more 
prominent DWI on a channel level rather than multi-channel 
PCI. These DWI/PCI flow oscillations were random and 
manifested in alternating full wetting by liquid rich flow and 
dryout incipience in the channels.  

 

 
Figure 2 HS image without orifices.  = 339 kg/m2s,  = 5.2 K. 

 

 
Figure 3 HS image with orifices.  = 339 kg/m2s,  = 5.2 K. 

 
Figure 4 shows an image at a mass flux of 52 kg/m2s and 
 K inlet subcooling without the inlet restrictions. As the image 

indicates, the vapour backflow was not occurring, which 
suggests that the liquid momentum caused by the higher mass 
flux removed the PCI. It should be noted that the critical quality 
is reduced significantly compared with the lower mass flux 
results and it means that the vapour void is reduced too. The two-
phase flow is however difficult to observe from the image, but it 
is clear that the many bubbles appearing at the channel entrance 
move forward, coalescence with other bubbles and turn into a 
bubbly/churn flow with many liquid vapour interfaces that 
reflect and/or obstruct the light from observing the two-phase 
flow. Downstream intermittent annular flows appear to a less 
extend than those observed in Figure 2 and 3, in which dryout 
incipience (and possibly completion) of the annular film occur 
intermittently.  

 

 

 
Figure 4 HS image without orifices. = kg/m2s, = K.

 
CHF results  

Figure 5 indicates the obtained footprint level CHF results 
with and without inlet restriction at the various mass fluxes and 
inlet subcooling. The results are very similar and indicate only 
slightly reduced CHF. Their ratio with respect to the CHF results 

percentage, the reduction in CHF is no more than 9 % at the 
lowest mass flux values, which also revealed the vapour 
backflow. At the midrange mass flux, the reduction is less (<2 % 
at low subcooling) and increasing slightly as the mass flux is 
further increased. 

the critical vapour quality. The curve indicates that there is a 
sharper reduction in the CHF versus critical vapour quality as the 
mass flux is reduced for the case without inlet restriction. This 
might be reflected by the PCI and vapour backflow in these 
conditions. The general trends in terms of mass flux, inlet 
subcooling and critical vapour quality is consistent with the 
literature, which sometimes shows significant or insignificant 
increasing effect on the inlet subcooling.  
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Figure 5  Footprint CHF with (W:left) and without orifice (WO:right)  

 

 
 

Figure 6  Normalized footprint CHF (WO/W) 
 

 
 

Figure 7  Footprint CHF vs. critical vapor quality 

Oscillation period and frequency spectrum analysis 
In order to obtain information on the PCI oscillation 

presented in Figure 2, repeated measurements were carried out 
in which the sample rate of the pressure and differential pressure 
signals was 1 kHz. Additionally, the high-speed visualizations 
were conducted for longer periods  in order to enable 
frequency analysis of these recordings. 

Figure 8 shows the transverse grayscale pixel values halfway 
through the second channel from the top of Figure 2 in time. The 
low grayscale values represent the dark areas with liquid rich 
flow, while the high grayscale values represent the light areas 
with vapour rich flow (or dryout). The figure indicates the cyclic 
behaviour of the liquid rich front with a time-period of around 
( .8 to .9) ms. The corresponding single-sided amplitude 
spectrum of the average grayscale is shown in Figure 9. The main 
frequency was obtained around 
the aforementioned time-period. The spectrum indicates that the 
liquid rich front moves very systematically around the same 
frequency, and does not appear to be random. Some higher 
harmonics are also present in the signal as indicated by the peaks 
at multiplications of the main frequency.  

 

 
Figure 8  Grayscale pixels halfway along second channel of Figure 2. 

 

 
Figure 9  Frequency spectrum of the average of Figure 8. 

 
The frequency spectrum of the corresponding inlet pressure 

signal is shown in Figure 10. The main frequencies are 
corresponding to twice that of the liquid front movement, or 
somewhat higher (305 to 330) Hz. This is in good agreement 
since the pressure sensor apparently captured the alternating 
vapour backflow from both ends of the channel row (upper and 
lower parts of the high-speed images). Actually, the outlet 
pressure signal indicates an almost similar frequency spectrum.  

The frequency spectrum of the corresponding differential 
pressure signal is shown in Figure 11 and indicates a smaller 
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peak at around (200 and 400) Hz and a larger one at 415 Hz. It 
appears difficult to explain the higher and different frequencies 
compared with the earlier results, especially since differential 
pressure drop is influenced by both upstream and downstream 
dynamics. These frequency spectrum analyses indicate that such 
methods should be employed very carefully, if they were to be 
used in prediction models for heat transfer or CHF. Furthermore, 
the placement of the pressure taps is likely to affect these results.  

 

 
Figure 10  Frequency spectrum of the inlet pressure signal. 

 
 

 
Figure 11  Frequency spectrum of the differential pressure signal. 

CONCLUSION 
The experimental study indicated parallel channel instability 

in the CHF measurements without inlet restrictions at lower mass 
fluxes. These were manifest by systematic alternating vapour 
backflow into the inlet plenum. The main frequency of the two-
phase flow through the channels (or the liquid rich front) was 
found to be  at a mass flux of 339 kg/m2s and an inlet 
subcooling of 5.2 K. This value corresponds somewhat to the 
liquid transit time of the main flow. The inlet and outlet pressure 
signals, however, captured the main frequencies twice as high or 
more, which revealed that both alternating vapour backflow 
pockets from both ends of the channel row were captured by 
those signals.  

The inlet restrictions eliminated the vapour backflow, 
however the high-speed visualization did indicate some two-
phase instability, which probably were density wave oscillations 
occurring in single channels rather than parallel channel 
oscillation. Finally, the CHF results did not turn out to be much 
different with or without inlet restrictions and the premature 
CHF values were (2 to 9) % lower without the inlet restrictions. 

This is believed to be a result of the very fast dynamics 
experienced in the current study.  
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