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A B S T R A C T

Flow boiling is an effective cooling technique for microelectronic systems. However, it presents flow instability 
issues, most of them associated with critical heat flux situations. In recent years, decreasing variable density 
microstructured heatsinks have been successfully tested, proving that with a suitable pathway design, the flow 
boiling instabilities can be mitigated. However, increasing variable density design remains largely unexplored, 
despite obtaining promising results in single-phase applications. The present work is an experimental study that 
analyzes the flow boiling performance of a novel increasing density pin–fin array with jet impingement tech
nology. Working with DI water at atmospheric pressure, for an inlet temperature of 75 ◦C (inlet subcooling of 30 
K), 3 flow rates (100–150–200 ml/min) were performed under heat fluxes up to 55 W/cm2. Focusing on the 
cooling device design, thermofluidic studies were carried out, supported by high-speed flow visualization. The 
results demonstrated that this unique cooling device reduces bubble blockage while enhancing bubble breakage 
and departure. In terms of flow patterns, bubbly, plug, slug and annular flow were observed. The main heat 
transfer mechanisms detected were single-phase convection, saturated boiling, nucleated boiling and film 
evaporation. The highest heat transfer coefficient (hth) was obtained for the 200 ml/min test and had a value of 
9323 W/◦C⋅m2. The maximum critical heat flux (CHF) achieved was 58.11 W/cm2 for the 200 ml/min test. A 
flow boiling performance evaluation was carried out using the dimensionless Boiling utilization (Bu) number. 
Compared to existing literature, this novel cooling device emerges as one promising solution.

1. Introduction

In recent decades, colling energy demand has increased dispropor
tionately. Sectors such as data centers, automotive, medical or defense 
work with a high thermal load, mainly due to the continuous minia
turization of advanced electronics. Consequently, an efficient and scal
able cooling solution is necessary.

Single-phase liquid cooling is out of question [1]. However, it pre
sents problems of thermal uniformity. The transition leads to two-phase 
cooling systems, such as pool boiling [2] and flow boiling [3,4], capable 
of removing a greater amount of heat. Despite being promising cooling 
techniques, the instabilities that arise during the boiling process, espe
cially the critical heat flux (CHF), make it difficult to implement it in the 
market.

Flow boiling research has widely studied different types of surface 
modification for heat transfer enhancement and instabilities mitigation 
[5–7]. In fact, microchannel structures have been extensively explored, 
studying changes in aspects such as cross-section [8–11], channel 

interconnection [12–14] or liquid supply configuration [15,16], among 
others. Besides, the introduction of inlet-restrictors [17] and cavitied 
regions [18,19] have mitigated reversal flow and triggered the onset of 
nucleate boiling (ONB), respectively. Other heatsink structures such as 
open microchannels [20], microchannels with pin–fin fences [21], 
manifold microchannels [22] or vapor venting technology [23] have 
also been successfully tested. In addition, important research in surface 
treatments has been performed in recent years, focusing on different 
types of coatings: same as surface material [24], alloys [25], carbon 
nano tubes [26] and foams [27]. Furthermore, studies on wettability 
properties have demonstrated the influence of the interaction between 
substrate material and working fluid in flow boiling performance 
[28,29]. Moreover, active control systems have also been tested [30,31], 
demonstrating their capacity to suppress thermal instabilities.

Micro-pin fin heat exchangers emerged as an alternative to multi- 
microchannels evaporators for two-phase cooling of high power- 
density electronics, as they enhance mixing and promote uniform flow 
distribution across the flow region. Pin-fins are one of the most 
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promising flow boiling technologies due to their high heat removal, fluid 
disturbance effect and their ability to provide extra bubble pathway 
escape routes, having a direct impact on reducing bubble blockage. 
Although it has been a very studied technology [32], recently several 
novel geometries have been developed. Deng et al. [33] presented the 
open-ring pin-fins, based on a double cut out ring geometry. This design 
triggered bubble nucleation and enhanced their escape. In parallel, 
Chien et al. [34] studied in a non-droplet columnar geometry the 
nucleation core’s size effect. Comparing samples of 15 and 45 µm 
opening width, results showed that the higher pore’s shrinkage pore, the 
lower wall superheat. The reason behind resided in the induction of a 
higher negative pressure regions in the internal pore, needing less 
temperature to boil. Furthermore, and inspired by the geometric vari
ability found in nature, Woodcock et al. [35] developed the piranha 
pin–fin. This design introduced an internal cavity too, in order to boost 
and provide more stable flow boiling. Tested with the dielectric fluid 
HFE-7000, this geometry could dissipate more than 700 W/cm2.

Moreover, Ma et al. [36] analyzed the size and row distribution ef
fects. This work made a comparison where the width and height of the 
square samples varied from 30 to 50 µm and 60 to 120 µm, respectively. 
In addition, in-line and staggered row arrangements were studied. Re
sults showed that the staggered distribution enhanced the heat transfer 
coefficient (HTC) due to their higher flow disturbance effect. In addition, 
it was concluded that the higher the size, the CHF achievement, caused 
by an enlargement of the heat transfer area. In parallel, Law and Lee 
[37] studied the repercussions of the distance between pin-fins. This 
investigation performed different flow boiling tests on oblique pin–fin 
arrays with a gap between structures of 0.15, 0.30 and 0.45 mm, 
respectively. Authors concluded that the larger the distance between 
pin–fins, the lower HTC was achieved, due to the vapor cluster and 
consequently local dry-out in the interconnection joints.

However, one of the most interesting pin–fin parameter designs is its 
density variability. Markal et al. [38] made a comparison between 
straight microchannels and decreasing variable pin–fin array. This work 
showed that this novel distribution could enhance the HTC from 371 to 
770 %, a part of reducing the wall superheat up to 89.5 %. In addition, 
the pressure drop could be minimized up to 45.7 %. In comparison with 
conventional microchannels, this novel design triggered ONB and pro
vided multiple passages to let bubble escape in an easier way. Besides, 
this pin–fin distribution intensified liquid rewetting and boosted enlarge 
bubble break up. Furthermore, Markal et al. [39] stated that the 
expanding density array, compared to a uniform pin–fin distribution, 
could enhance the HTC by 360 %. The reason behind was that the un- 
finned zone increased the unforeseen bubble growth between the 
heatsink outlet and this last region, generating a vacuum effect and, 
consequently, dragging vapor downstream. In addition, no reversal flow 
was observed, and lower inlet temperature wall fluctuations were ach
ieved, due to its bubble dynamics improvement. Moreover, Markal et al. 
[40] compared a uniform array with two different decreasing variable 
pin–fin density, focusing the flow boiling performance on the gradual 
density aspect. The unique difference between them was the total 
downstream regions: 3 and 4, respectively. Despite obtaining better 
results with decreasing variable density pin–fin arrays, authors stated 
that a deeper study was needed, with a focus on the relation between 
downstream cross-sectional area ratio and flow rate, in order to obtain a 
higher flow boiling yield.

As described, pin–fin variable density designs are promising solu
tions for two-phase flow. However, only decreasing variable density 
configurations have been extensively tested. The effect of increasing 
variable density remains unexplored, despite promising results in single- 
phase flow [41], as it progressively enhances both the convective heat 
transfer coefficient and the overall heat exchange surface along the flow 
path. To address this gap, this experimental study analyzes the flow 
boiling performance of a pin–fin array prototype, offering basic infor
mation for further advancements in boiling applications. Supported by 
high-speed images, bubble dynamics and flow pattern analysis were 

discussed. In addition, parameters such as boiling curves, both heat 
transfer mechanisms and performance, and flow boiling instabilities 
were assessed. Moreover, a flow boiling performance evaluation was 
conducted, comparing this novel cooling device with others from the 
literature that were tested under similar experimental conditions.

2. Experimental design and methodology

2.1. Test bench

Fig. 1 shows the experimental flow loop. It consisted of a primary 
circuit (where the test module was evaluated) and two secondary cir
cuits (one to heat up and the other to cool down the primary circuit). The 
chosen working fluid for all of them was deionized (DI) water, due to 
their high heat removal capacity, elevated vaporization latent heat, no 
toxicity, low cost and easy disposal.

In the primary circuit, the fluid was stored in a reservoir, opened to 
the air, and filtered in a 1-µm filter. The fluid circulated through a piping 
system made of high temperature resistant Teflon, which were insulated 
by a foam coating. Pumped and adjusted by a diaphragm pump, the flow 
rate was measured by a Coriolis flowmeter. To reach and maintain the 
desirable inlet temperature at the test section, a hot secondary circuit 
was introduced, that consisted of a hot thermostatic bath, a centrifugal 
pump and a heat exchanger. In addition, a preheater was also used to 
finally adjust the inlet temperature in a more precise way, thanks to a DC 
power unit supply and a solid-state relay. After the test module, and 
before returning to the storage unit, the outlet mixture was cooled down 
by a cold secondary circuit, with a similar configuration as the hot one.

In addition, the primary circuit was monitored by type-K thermo
couples, absolute pressure transducer and differential pressure trans
ducers. The first ones gave thermal values of the most important test 
bench positions (heating and cooling processes and test module). The 
second provided the absolute room’s pressure. And the last one let au
thors know the pressure given by the primary pump, the test module’s 
pressure drop and the differential pressure between the test section and 
the room. All the data was recorded by a data acquisition system. In 
parallel, flow visualization was performed by a high-speed camera and a 
lens, supported by a lightning unit.

More details from the experimental set up devices and sensors are 
shown in Table 1.

2.2. Test module

Fig. 2 shows the test module assembly. It consists of the following 
parts: platform (1), Bakelite insulation block (2), heater’s housing (3), 
heater (4), thermal paste (5–8), copper block’s housing (6), cooper block 
(7), heat sink (9), silicone sealing gasket (10) and distributor (11). In 
addition, threaded rods (12), washers (13) and nuts (14) were used to 
guarantee the correct assembly’s fixation and flatness. Furthermore, 
hydraulic fittings (15) within each Teflon pipe (16) were in the dis
tributor’s inlet and outlets.

Jet-impingement technology was chosen as an inlet/outlet arrange
ment due to its higher heat removal capacity, in comparison with a 
conventional configuration. So, the fluid entered to the section by an 
optimized slot [41] located in the centre of the heat sink, below the entry 
control volume of the distributor. After the flow impacted in the heat
sink, it was divided by two parts. Next to crossing the cooling devices, 
the fluid entered to the outlet volume and finally exited (Fig. 3).

A 100 µm layer of thermal paste (RS PRO 217-3835) was used to seal 
some parts of the cooling device. It was also in contact with the ceramic 
heater resistance (same as the preheater; specified in Table 1). In addi
tion, copper and thermal paste conductivity were considered constant, 
and their values were 398 and 2.9 W/(m⋅K), respectively.

Distributor, copper blocks and heater’s housing were fabricated by a 
resin printer (Original Prusa SL1S SPEED 3D printer) which had a res
olution of ±50 µm. A high-temperature resin (clear-type Siraya Sculpt 
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Tech) was used because it could perfectly work until 170 ◦C and pro
vided an excellent transparency for flow visualization. In parallel, the 
copper layer stored a total of 13 type-K thermocouple that measured the 
temperature distribution along the flow path. More details about this 
part and the other components can be found in a previous study [42]. 
Furthermore, all assembly parts were measured with a micrometre of 
±10 µm of uncertainty (RS PRO Metric electronic caliper, model 243- 
6616).

The heatsink was made of silicon and etched by lithography and 
Deep Reactive-Ion Etching (DRIE). The cooling device had 10 mm of 
width, 50 mm of length and a total thickness of 550 µm (Fig. 4). The pin- 
fins had a diameter of 200 µm and a height of 300 µm. The novelty of this 
design lied in achieving a uniform wall temperature, despite the tem
perature of the working fluid increased along the flow path. For this 
reason, by increasing the number of pin–fin rows in each region, a local 
convective area rise was attained. Specifically, there were 5 pin–fin 

regions (R1 to R5 in Fig. 4), where the space between them decreased 
from 3.2 to 0.37 mm. The number of regions was designed to introduce 
continuous variations in fluid’s velocity and dynamic pressure, pri
marily to enhance both bubble nucleation and departure. As a novel 
contribution, the authors explored a greater number of section than 
those commonly found in the literature, where most studies employ 3 
regions. In this work, five regions were selected to achieve a balance 
between regional flow boiling visualization and thermofluidic changes 
along the flow path. Additionally, the length and width were optimized 
to improve flow visualization and minimize edge effects on temperature 
measurements, respectively [42,43]. In parallel, heatsink’s conductivity 
was considered constant, with a value of 148 W/(m⋅K). Moreover, it 
should be marked that the distance between fin’s top and distributor 
bottom surface was 50 µm, to ensure the correct fluid distribution and 
avoid capillarity issues.

Fig. 1. Experimental test setup.

Table 1 
Details of the experimental devices and sensors.

Device Brand Model Specification Accuracy

Reservoir Festo CRVZS-10-G-1 10 l −

Filter Aguaplanet CLC-6295 1 µm −

Flowmeter Bronkhorst M15-AGD-22-0 0–5 l/min 0.2 %
Teflon tubes Cohiner 1005 T06-00 130 ◦C at max −

Primary circuit pump KNF Flodos NF-60 0.6 l/min at max 1 bar at max −

Secondary circuit pumps Xylem Flojet DC15/5 23 l/min at max −

Hot thermostatic bath Nickel-Electro NE1D-14 1000 W 0.1 ◦C
Cooling unit Nickel-Electro DC1-300 800 W 0.1 ◦C
Heat exchangers Xylem 144–9312 − 190 to 232 ◦C −

Cooler’s temperature probe RS PRO 124–1082 − 60 – 150 ◦C 0.5 ◦C
Cooler’s temperature controller RS PRO 124–1047 − 60 – 150 ◦C 0.1 ◦C
Absolute pressure transducer Omega PXM319-002AI 0–2 bars 0.25 %
Differential pressure transducer Omega PX26-005DV 0–0.34 bar 0.2 %
Differential pressure transducer Omega PX26-015DV 0–1 bar 0.2 %
type K thermocouple Omega TJC36-CPSS-020U-6 0–260 ◦C 0.75 %
High-speed camera Photron FASTCAM Mini AX50 50–2000 fps −

Lens Navitar 12X 12 mm fine focus −

Lighting unit GS Vitec MultiLED QX 12000 lm −

Heater and preheater Watlow Ultramic 600 CER-1-01-00004 0–154 W/cm2 −

DC power supply unit (1) METRIX AX 1360-P 180 W and 6 A 0.1 %
DC power supply unit (2) Elektro-Automatik EA-PSI-9500-10 T 1500 W and 10 A 0.1 %
Solid-state relay (preheater) Carlo Gavazzi RGC1P23V12EA 10 VDC and 15 A −

Data acquisition Keysight 34972A 3 Msps −

Slot Keysight 34970A 20 channels −
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2.3. Operating conditions and experimental procedures

The operating conditions of the experimental study were the 
following ones: inlet temperature of 75 ◦C (equal to an approximately 
30 K of inlet subcooling), volumetric flow rates of 100, 150 and 200 ml/ 
min (equal to a mass flux of 366.70, 550.06 and 733.41 kg/m2⋅s, 
respectively) and heat fluxes up to 55 W/cm2. In addition, the working 
fluid was deionized water at atmospheric conditions.

In parallel, the experimental procedure performed in every test is 
defined below: 

1) Degassing procedure to the working fluid.
2) Flow rate circulation and adjustment.
3) Adjust the hot thermostatic bath to the desirable inlet tempera

ture of the test module.
4) Hot circulating pump and preheater activation to obtain the 

desirable inlet temperature.
5) If necessary, adjust cold thermostatic bath circuit to achieve a 

better control of the inlet temperature.
6) Pressure sensors are powered by DC power suppliers.
7) When both flow rate and inlet temperature are stable, AC power 

is adjusted to reach the desired heat flux. An increment of 2 W/ 
cm2 is done in both single and two-phase regimes.

8) Once the wall temperature and pressure drop are in steady state, 
data is recorded at an interval of 1 s for 5 min. Flow visualization 
is also performed.

9) Steps 7 and 8 repetition until CHF is reached or the highest 
thermocouple temperature reaches 170 ◦C (test module damage). 
At that point, heat flux is turned off at the same time the flow rate 
is increased to cool down the test module.

10) Each test was repeated 3 times to give scientific validation to the 
experimentation.

3. Data reduction and uncertainties

3.1. Data analysis

The heat given by the heater (Qheater) is calculated as: 

Qheater = V⋅I (1) 

where V is the voltage and I the intensity given by the power supply unit.
The efficient heat (qeff) absorbed in the cooling device is: 

qeff =
Qheater − Qloss

Ab
(2) 

where Qloss and Ab are the heat losses and heating base area, respec
tively.

The Qloss parameter was determined by a habitual technique used in 
the literature [40]. In this method, the test section with no working fluid 
is subjected to a heat load. For each specified thermal load value, under 
steady-state conditions, the temperature differential between the mean 
wall temperature of the heat sink (Ta) and the ambient temperature (Te) 
is measured and recorded, represented as ΔTae = Ta − Te. Fig. 5 rep
resents the performed heat losses test.

In parallel, Ab is the heating base area, which is the product between 

Fig. 2. Exploded view of the test module.

Fig. 3. Sequenced jet-impingement configuration.
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the heat sink’s length (L) and width (W): 

Ab = L⋅W (3) 

In addition, mass flux (G) can be calculated, too. Due to the fact that 
the cross-sectional area of each region is different, in order to homog
enise the analysis, the section of the inlet distributor slot has been 
considered, taking into account that a unique distributor has been used 
for the whole experimentation. So, this parameter can be determined as: 

G =
ρ⋅V̇
w⋅l

(4) 

where V̇ refers to the flow rate given by the flowmeter, ρ is the working 
fluid density and w and l are the inlet slot’s dimensions of the distributor.

In parallel, from a thermodynamic point of view, the conduction 
thermal resistance (Rcond) between a copper’s layers thermocouple and 
the heatsink’s top surface it can be calculated as: 

Rcond = RTsensor − copper +RTIM +RSi =
eTsensor − copper

kCu
+

eTIM

kTIM
+

eSi

kSi
(5) 

where the parameter e and k are vertical distance between every 
component, and the thermal conductivity, respectively.

The wall temperature at specific location (Twall,i) is defined as: 

Twall,i = Ti − qeff˝⋅Rcond (6) 

where i refers to the position of each thermocouple.
So, the average wall temperature (Twall) can be determined as: 

Twall =

∑N
i=1Twall,i

N
(7) 

where N is the total number of thermocouples measuring in the heatsink.
Furthermore, since saturation temperature (Tsat) depend on the 

working fluid depend, its average absolute pressure and its mass ve
locity, further research is performed. The specific saturation pressure 
(Psat,i) was calculated as: 

Psat,i = Pabs −
xi⋅ΔP
L/2

(8) 

where Pabs is the absolute pressure at the distributor’s inlet, ΔP is the 
pressure drop at the test module and xi is the distance from the test 
section centreline to the specific thermocouple’s location.

Consequently, the average saturation temperature on the heatsink is: 

Tsat =

∑N
i=1Tsat,i

N
(9) 

Thus, Table 2 provides the saturation temperature for each performed 
flow rate.

Finally, the total heat transfer coefficient (hth) was determined as: 

hth =
qeff

Twall − Tin
(10) 

3.2. Uncertainty of key experimental parameters

Based on the standard method spread in the literature [44], the 
uncertainty of the key experimental parameters is listed in Table 3.

Fig. 4. Heatsink’s major dimensions (in mm). In blue, the 5 different regions of the variable density.

Fig. 5. Heatsink’s heat loss equation plot.

Table 2 
Saturation temperature of every flow rate performed.

Flow rate (ml/min) Mass flux (kg/m2⋅s) Saturation temperature (◦C)

100 366.70 102.13
150 550.06 104.86
200 733.41 104.26
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4. Results and discussion

4.1. Bubbly dynamics and flow patterns

High-speed flow boiling visualization is an important tool that hel
ped to identify and understand the different flow patterns and the basic 
flow events, characterizing and underlying that occurred during the 
different tests. As a general overview, the different patterns observed in 
all three tested flow rates were classified as: single-phase regime, bubbly 
flow, plug flow, slug flow and annular flow (Fig. 6). This classification is 
intended to be a global characterization of the device that results from 
the various physical processes that occur in each of the sections and their 
interactions. It should be remarked that flow visualization was per
formed in half of the heatsink because due to symmetry conditions the 
cooling scheme was hydraulically balanced throughout the different 
experimental tests.

In this design, following the behaviour described in the bibliography 
[40], most bubbles nucleated just after the pin-fins. In general terms, at 
initial stages, the nucleated bubbles hadn’t enough heat load to grow 
notoriously, so they were simply created and departed (bubbly flow). As 
the thermal load increased, a flow regime with more sizeable bubbles 
started, so bubble coalescence began to be a common phenomenon (plug 
flow). Therefore, although there were proportionally more small bub
bles than large ones, this new scenario exemplified a change in flow 
pattern. As the heat flux scenario moves forward, the bubble growth rate 
and its density also incremented. Both processes, being performed 
closely and simultaneously, raised the continuous appearance of a larger 
number of big bubbles. So, at this point, this proportion switched, and a 
flow regime based on big bubbles was consolidated (slug flow). Then, at 
some stage, distinguished portions of vapor slug were established in the 
heatsink, surrounded by liquid film, due to the heat flux scenario in
crease that implied to a fast evaporation of the working fluid (annular 
flow). Finally, in the final thermal framework, turbulent vapor slug with 
several dry-out regions was observed in the cooling scheme (CHF situ
ations). Fig. 7 plots the flow pattern distributions for each flow rate.

From Fig. 7, it should be mentioned that all flow patterns were 
visualized for each flow rate. However, the impact of the thermal load 
increase was greater in the sample with lower flow rate, causing a faster 
transition between thermal scenarios. So, in 150 and 200 ml/min tests, 
the transitions were softer and more predictable, facilitating flow 
pattern identification. In parallel, authors would like to remark that this 
characterization plot was an approximate analysis, since in some cases 
there wasn’t a completely uniform and continuous regime (especially in 
the 100 ml/min test), as can be seen in Fig. 8. Consequently, when 
analysing the samples in the transient situations, the most observed flow 
pattern that during the recording was chosen.

In parallel, for future research, it should be remarked that it will be 
important to consider that a lower flow rate allows to work with 
different types of regimes in a more immediate way, achieving an in
crease in energy transfer larger, for a small heat flux increment, than in 
situations of greater mass flux. So, depending on the range of powers to 
be dissipated, it seems interesting to evaluate the different scenarios.

From a microscopic point of view, this design provided a unique flow 
boiling pin–fin distribution that regionally changed the dynamic pres
sure and fluids velocity, favouring the bubbles nucleation and their 

movement along the heatsink. It should be remarked that punctually and 
for certain thermal scenarios, especially at the beginning of each regime, 
few bubbles get stuck in the heatsink due to surface tensions while most 
of them leave the heatsink. Bubble coalescence was identified as one of 
the two main mechanisms (the other one was the notorious increment of 
the bubble growth rate, compared to bubbly flow) which originated the 
creation of the plug flow. In parallel, this pin–fin array configuration 
helped to break up these big bubbles in the final regions (R4 and R5), 
avoiding bubble blockage.

Condensation and bubble collapse were punctually observed in the 
100 and 200 ml/min tests (Fig. 9). These phenomena occurred for both 
tests in slug flow regime (20.73 and 38.64 W/cm2, respectively), when 
big bubbles grew but didn’t reach the necessary hydraulic energy to flow 
across the heatsink. At first sight, in terms of kinematics, bubble for
mation’s growth rate was higher than fluid’s velocity. Furthermore, 
internal forces were induced by the interaction between evaporation 
momentum force and mixture’s surface tensions during bubble coales
cence. Consequently, during certain moments, bubbles located in the 
middle of the heatsink’s behalf were stuck in the heatsink, continuously 
growing. Since plug regime was the main flow pattern, several bubbles 
were being created at the same time, in the same region and under the 
same conditions.

Consequently, bubble coalescence led to radial and axial growth, 
particularly in R3 and R4, where greater spacing between microstruc
tures provided more room for expansion. As the bubble entered the 
bypass zone—marking the transition between regions—changes in dy
namic pressure and velocity became significant. At this point, the local 
dynamic pressure exceeded that of the pin–fin zone, and the resulting 
hydraulic forces facilitated the bubble’s movement, driving it forward 
slowly but effectively. So, bubbles collapsed due to condensation when 
entered to the next downstream region where there was a lower tem
perature. From a heat transfer perspective, this collapse increased the 
fluid temperature, ultimately reducing heat extraction efficiency.

In parallel, upstream compressible volume instability (UCVI), and 
their consequent reversal flow, were visualized in annular flow regimes. 
This phenomenon usually started in the most microstructured region of 
the heatsink (R5), either in its centre or in the sidewalls. Due to the rapid 
growth rate, bubble expansion overcame the hydraulic force and occu
pied almost half of the heatsink (Fig. 10). This instability induced a 
reversal flow that caused an increase in the fluid’s temperature and, 
consequently, deteriorated the heat extraction. It should be remarked 
that this instability was partially and completely observed during the 
different tests: firstly was detected in R5 and then, as the heat flux 
increased, was also observed in R4 and R3. The completely UCVI was 
observed in the last’s stages of the annular flow, before originating the 
boiling crisis. The uncontrolled bubble extension had so much superior 
growth rate that, helped by the high heat flux scenario, exceeds the 
hydraulic force and practically occupied the entire heatsink. The partial 
UCVI was intermittently identified, in R4 and R5, at the beginning of the 
final stages of annular flow (for all three tests) and, in addition, in the 
transition between plug and annular flow. Compared to the completely 
one, this last occurred due to a not enough bubble growth rate that, 
combined to the disturbance effect between this transition, couldn’t be 
able to hinder the entire occupation of the heatsink. 

• This vapor slug remained in the heatsink it due to the intermittent 
explosive nucleation boiling located in the sidewalls of heatsink, 
where the mixture was unstable. However, if this nucleation does not 
occur in either of the two lateral parts of the heat sink, the gas mass 
detaches from the lateral rows and the cooling fluid gradually 
manages to overcome the resistance coming from the gas volume, 
resulting in a general refilling (Fig. 11). It should be remarked that 
both processes (UCVI and refilling) periodically occurred during the 
transitional (200 ml/min test) and final stages (for all tests) of 
annular flow.

Table 3 
Uncertainty of the calculated parameters.

Calculated parameter Uncertainty

Qin 0.10 %
Qloss 0.72–1.62 %
qeff 0.11–1.35 %
V̇ 0.20 %
Twall 3.15–4.72 %
hth 4.80–6.15 %
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4.2. Boiling curves

A clear way to assess the flow boiling thermal performance of the 
different tests is to plot the boiling curves, that graphically represent the 

relationship between the wall superheat and the efficient heat (Fig. 12). 
For a heat flux scenario, the lower the wall superheat, the higher the 
heat removal performance. Since the inlet temperature was 30 K sub
cooled with respect to the saturation temperature, two main tendency 

Fig. 6. Flow boiling regimes (1) bubbly flow (2) plug flow (3) slug flow (4) annular flow.

Fig. 7. Bubble dynamics and flow patterns characterization plot.

Fig. 8. Regional bubble dynamics (1) 100 ml/min test under 14.87 W/cm2 (2) 200 ml/min test under 32.71 W/cm2 (3) 200 ml/min test under 48.37 W/cm2.

Fig. 9. Condensation phenomenon stages.
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thermal yields were identified: single and two-phase behavior.
As can be observed in Fig. 12 100 ml/min test had a different 

behaviour from the 150 and 200 ml/min. The reason behind this suc
cess relied on that in low flow rates, the change in slope between single 
and two-phase cooling was barely notorious due to the jet-impingement 
configuration, a cooling technique that, in comparison with a conven
tional inlet/outlet arrangement, intrinsically enhances heat removal in 

region R1. Added to this fact is that the fluid in the annular regime is not 
capable of consolidating under a large number of thermal loads 
(consequently, without taking advantage of their best flow boiling per
formance), the plot obtained at 100 ml/min don’t show a high slope 
[45].

Single-phase stage. Each of three tests show an almost constant slope 
until saturation, demonstrating a constant thermal resistance across the 
heat flux scenario. The onset nucleation boiling (ONB) phenomenon is 
identified for an efficient heat flux of 12.93, 18.76 and 22.81 W/cm2 for 
the 100, 150 and 200 ml/min tests, respectively.

Two-phase stage. When the two-phase regime was established and the 
bubbles occupy most of the heatsink, the change in the boiling curves 
was noticeable. The different wall superheat values when ONB occurred 
were 2.46, 3.29 and 6.20 ◦C for 100, 150 and 200 ml/min tests. It should 
be remarked that this phenomenon was delayed due to the fact that the 
hydraulic force given by the impact of the working fluid it didn’t allow a 
stable, uniform and continuous nucleation in the first stages just after 
entering in the saturation zone. This situation was accentuated as the 
flow rate increased, since the hydraulic force was greater. At the same 
time, one of the areas that attract the most attention is just after the ONB 
of the 100 and 150 ml/min tests. These were points that, even if satu
rated boiling was detected, were still in the transition zone (especially 
the 100 ml/min test). Therefore, until the bubbly flow regime was 
established, nucleation was neither uniform nor continuous. Conse
quently, the linearity of the curves was not as expected.

In parallel, high-speed flow visualization showed that, at initial 
stages, R3, R4 and R5 were the most suitable regions to achieve a 

Fig. 10. Steps of the UCVI phenomenon.

Fig. 11. Stages of the refilling process.

Fig. 12. Boiling curves of the micro-pin–fin heatsink under various flowrates.
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uniform and continuous bubble nucleation. Then, as the thermal load 
increased, stable flow boiling was consolidated in R2. Bubble departure 
could be boosted thanks to the regional design. This novel design pro
moted continuous changes in coolants velocity and dynamic pressure. In 
fact, the fluid’s velocity increases more and more, being counteracted by 
a constant decrease in its dynamic pressure. Related with this success, it 
can be noted that as the fluid progresses through the heat sink, where 
microstructure density is higher, an increase in pressure drop will result 
in a greater number of bubble nucleation events. Consequently, the two- 
phase regime had the best scenario as possible: the bubble nucleates, 
grows and moves away at high frequency, without significant bubble 
blockage.

Saturated boiling was observed in all of the three tests. In this situ
ation, dispersed bubbly flow was identified, and most of the bubbles 
were sporadically nucleated from the lasts regions of the heatsink. In 
parallel, stable nucleating boiling was recognized during plug and slug 
flow, where the nucleation became periodically uniform in the heatsink. 
From bubbly to slug flow, the two-phase regime kept constants for all the 
three tests. However, for the 200 ml/min test, in the initial stages of the 
annular flow, for an efficient heat flux of situations of 42.53 and 44.45 
W/cm2, turbulent UCVI and reversal flow situation occurred, raising the 
temperature in the heatsink. However, when the annular flow was 
stablished, a more vertical shape was obtained.

In addition, hysteresis was observed in all of the tests. This phe
nomenon occurs when annular flow was fully stablished in the heatsink. 
When this success happens, film evaporation occurs, enhancing the heat 
transfer and, consequently, abruptly decreasing the heatsinks wall 
temperature. Despite some literature related this phenomenon to the 
high subcooling degree [46], authors consider that in this configuration 
the subcooling effect did a smaller impact than the flow regime estab
lishment, due to the change of the heat transfer mechanisms during flow 
pattern transitions.

It should be remarked that no bubble confinement was detected. In 
fact, the regions with the highest pin–fin density, R4 and R5, broke up 
major bubbles suppressing bubble blockage. In addition, tip clearance 
had a considerable effect on avoiding this phenomenon [47]. Conse
quently, the CHF situations (32.31, 40.31 and 58.11 W/cm2, respec
tively) came from the local dry-out developed in the last stages of each 
test that increased and spread disproportionally, couldn’t be success
fully rewetted. This instability started for every test when, during 
annular flow, both UCVI and reversal flow occurred: first partially and 

then completely, ending up occupying practically the entire device. In 
the lasts regions of the heatsink, where the vapor core remained almost 
the whole time during these instabilities, dry-out regions appeared due 
to the sudden, fast and completely evaporation of the working fluid: 
firstly located non-uniformly and then globally scattered. Initially, these 
dry-out regions were continuously rewetted by a liquid film supply 
thank to capillary forces induced by the pin–fin array, a part of the 
continuous general refilling. However, as the heat flux increased and the 
instabilities were more turbulent and unstable, neither the rewetting or 
the partial refilling weren’t enough to cool it down and heatsink’s 
temperature raised (Fig. 13).

As previously stated, in every scenario of advanced annular flow, 
sporadic and disperses dryness situations occurred in the last regions of 
the heatsink. Fig. 13 clearly shows the rapid phenomena of local dry-out 
rewetting. In less than 50 ms, a regional rewetting cycle was completed. 
As can be appreciated, the liquid film encircled the micro-structures and 
the mixture flowed between them. It should be remarked that wetted 
area keeps almost constant due to the molecular interactions between 
the pin-fins and the fluid. In fact, in this stage, boiling areas were 
reduced to the multiple internal passages between the fins. Conse
quently, with an approximately 13 ms since the initial study stage, the 
firsts rows of the region were rewetted (marked in red) induced by 
mainly capillary forces, although the extra drag force provided by the 
explosive nucleate boiling have an impact to be considered. In addition, 
after 44 ms, a complete rewetting was obtained in almost the whole 
second half of the region, by surrounding the pin-fins with a liquid film 
again (marked in blue), thanks to the drag forces provided by the 
increasing pin–fin cooling scheme design.

4.3. Heat transfer

The variation of the two-phase heat transfer performance is drawn in 
Fig. 14.

In general, the 100 and 150 ml/min tests exhibited similar behavior, 
whith heat transfer increasing as heat flux increased, reaching a 
maximum value when annular flow was established. The subsequent 
decline in the heat transfer coefficient is attributed to the formation of 
UCVI and flow reversal, leading to CHF. The 200 ml/min test followed a 
similar trend until the transition between slug and annular flow 
occurred. However, after this transition, although the prototype reached 
a stable heat transfer value in annular flow, it remained lower than the 

Fig. 13. Local dry-out situations successfully controlled by capillary rewetting in the region 4 of the heatsink. Marked in red, local rewetting. Marked in blue, 
regional rewetting.
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maximum achieved in slug flow. This reduction is attributed to sustained 
flow instability, which impeded the establishment of an efficient annular 
flow regime.

Furthermore, as can be observed in Fig. 14 and related to Fig. 7, the 
heat transfer mechanism had a strong influence from both flow rate and 
flow boiling regimes. Dispersed bubbly flow was under saturated 
boiling. As the bubbly flow became continuous and uniform across the 
heatsink, nucleating boiling tended to consolidate. In fact, this heat 
transfer mechanism was fully established during plug and slug flow. 
Finally, in the course of annular flow, convective film boiling was 
observed (Fig. 13). In parallel, Fig. 15 was proposed in order to char
acterize, for every test, the heat transfer mechanism throughout the 
whole heat flux scenario.

From a macroscopic point of view, similar trends can be observed in 
Fig. 15. However, a detailed analysis of Figs. 12 and 14, supported by 
high-speed flow visualization, reveals several key findings. After the 
ONB, single-phase convection was progressively reduced across the 
heatsink until consolidating along the centerline, where up to near CHF 
situations regional film evaporation appeared. This effect was particu
larly evident at the highest flow rate, where the peak hydraulic force 
suppressed flow boiling formation. Saturated boiling was observed only 
during the ONB phenomena across all three tests. As the thermal load 
was increased, nucleate boiling emerged on the weaker side of the pin- 
fins [48] located in R3, R4 and R5. Additionally, at higher flow rates, 
nucleate boiling was enhanced due to bubble departure, driven by the 
rise in fluid velocity within the most populated regions. Finally, film 
evaporation exhibited significant differences in the 200 ml/min test, 
where flow instabilities—associated with upstream compressible vortex 
interaction (UCVI), flow reversal, and local dry-out (predominantly in 
R5)—disrupted optimal flow regime performance.

However, several boiling phenomena deteriorated the different heat 
transfer mechanisms. As described before, condensation and bubble 
collapse were occasionally detected in consolidated nucleate boiling for 
the 100 and 200 ml/min tests for a heat flux scenario of 20.73 and 38.64 

W/cm2, respectively. Due to the fact that this phenomenon was inter
mittently identified during the test, the impact on the heat transfer co
efficient was slightly noticeable. Graphically, situated in an increasing 
trend, it was plotted as a horizontal behaviour, breaking the tendency 
line. Furthermore, UCVI and reversal flow were the main mechanisms to 
perform a film evaporation deterioration (mainly in R3, R4 and R5). 
Since the fluid stayed more time in the heatsink than in ordinary sce
nario and considering that was an intensification of the heat flux, the 
convection exchange was poorer. In high heat fluxes scenarios, where 
theses instabilities shared the stage with non-rewetted local dry-out 
regions (with specific focus in R4 and R5), ended up deriving in CHF 
situations.

Moreover, from a quantitative point of view, the maximums heat 
transfer values achieved in all three tests were 5929, 7173 and 9323 W/ 
◦C⋅m2, respectively. So, compared to the first stages of bubbly flow of 
each test, where the mean values were approximately 4426, 4348 and 
6173 W/◦C⋅m2 during saturated boiling, the enhancement achieved was 
a 33.96, 64.95 and a 51.02 %, respectively. The reason behind the dif
ference of the performances between the 150 and 200 ml/min relies on 
the scenario full of instabilities in fully developed film evaporation, 
disabling a higher performance in annular flow.

4.4. Flow boiling instabilities

Due to the bubble nucleation phenomena, flow boiling technology 
intrinsically works in a fluctuate way. Consequently, parameters as 
pressure drop have an oscillatory behaviour during two-phase cooling. 
In this section, the transient behaviour was investigated to analyse the 
temporary bubble dynamics and their impact on the overall pressure 
drop across the heatsink.

The pressure standard deviation (σΔP) can be calculated as: 

σΔP =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N

i=1
(ΔPi − ΔP)2

N

√
√
√
√
√

(11) 

Figs. 16, 17 and 18 represent the transient behaviour of the pressure 
drop of each test under a heater’s heat flux of 24 W/cm2, 28 W/cm2 and 
34 W/cm2. The first scenario corresponds to the beginning of the bubbly 
flow of the 200 ml/min test. The second matches with different flow 
regimes in every test: annular flow (100 ml/min), slug flow (150 ml/ 
min) and plug flow (200 ml/min). And the third blends with the CHF of 
the 100 ml/min test and the peak value of heat transfer coefficient of the 
150 ml/min test.

As can be clearly observed in all figures, the transient pressure drop 
behaviour depends on the flow regime and its thermal scenario. In 
Fig. 16, the beginning of the saturated boiling in the 200 ml/min didn’t 
increase the oscillatory behaviour, due to the fast bubble departure 
induced by the hydraulic force in this stage in most of the heatsink (end 
of R2 to R5). In contrast, the consolidated nucleate boiling and film 
evaporation of the 100 and 150 ml/min, respectively, distinctly show a 
higher fluctuation. The reason behind this phenomenon relied on the 
bubble coalescence from R3 to R5, its movement and their consequence 

Fig. 14. Heat transfer coefficient curves under various flowrates in two- 
phase regions.

Fig. 15. Heat transfer characterization for the whole thermal scenario.
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disturbance effect, that increased the pressure drop fluctuation. Another 
reason for the more accentuated vibratory behaviour in the 100 ml/min 
test was the condensation phenomena during nucleate boiling, that 
intensified mixture disturbance.

In parallel, Fig. 17 shows an increase of pressure drop and a fluctu
ation intensification of the 100 ml/min test, that worked under film 
evaporation. In this situation, intermittent UCVI and reversal flow in R5 
induced a higher agitation of the flow boiling mixture, also contributed 
by the general refilling phenomenon. In parallel, the 150 ml/min test 
raised their oscillatory behaviour too, working under the first stages of 

slug flow on that thermal scenario. Furthermore, a slightly vibrating 
behaviour was distinguished in the 200 ml/min test, due to the estab
lishment of the bubbly flow (which was the beginning of the fully 
consolidation of the nucleate boiling).

In addition, Fig. 18 exemplifies the behaviour observed in the 100 
ml/min test under boiling crisis situations. Substantial increase of wall 
temperature and pressure drop, and the oscillatory nature of this 
parameter intensified. The reason behind this behaviour lied in the 
thermofluidic chaos that occurred in CHF situations, where the general 
refilling was no longer complete, the UCVI phenomenon intensified in 
multiple locations (most of them in R4 and R5, perhaps some observed 
in R3) and film evaporation performance decreased notably. Besides, the 
150 ml/min test also showed an important increase in its pressure drop 
behaviour. It should be remarked that this test was working under fully 
developed film evaporation in most of the heatsink, performing at its 
best in terms of heat removal. Consequently, a continuous film boiling 
and rewetting phenomena were operating in a continuous but alternate 
way. Furthermore, a noticeable oscillatory behaviour was detected in 
200 ml/min, corresponding to the consolidation of the plug flow and 
their bubble dynamics intensification effect (uniform and continuous 
nucleate boiling in almost the whole heatsink).

From a quantitative point of view, focusing on the standard deviation 
of every test, its being reaffirmed that a higher mass flux considerably 
reduces the oscillatory behaviour of the heatsink. Despite enhancing 
heat removal and mitigating the flow boiling instabilities, a flow rate 
increases mean an increment in the power consumption. Consequently, 
a trade-off between future energy savings and chip’s safety should be 
performed.

In addition, it should be remarked that the test module design in
cludes a 50 µm bypass. This gap between the pin-fins top and distributor 
provided an extra passage for bubbles formation, that certainly helped to 
avoid bubble blockage situations and enhance flow boiling stability. 
Consequently, authors consider than, in parallel with literature [49], a 
better flow boiling behaviour and higher heat removal performance was 
obtained thanks to the open heatsinks’ structure design, especially in 
thermal scenarios of advanced nucleate boiling and film evaporation, 
where large layers of gas continuously occupied the cooling device.

Moreover, inspired by the bibliography [50], a flow boiling insta
bility map was plotted in order to clarify the stable regions where the 
heatsink, under the specific described operating conditions, performed 
predictably and safely (Fig. 19). However, in this case, the chosen 
criterium varied. Unstable region was defined as an area where decon
trolled UCVI was detected, due to the fact that this instability couldn’t be 
mitigated with the current operating conditions.

Fig. 19 clearly shows a linear relationship between the efficient heat 
flux, the flow rate and the different tests. This result would be an 
important criterion for future analysis, when novel heatsinks operating 
parameter as flow rate, inlet subcooling, working fluid or bypass, among 
others, need to be evaluated.

4.5. Flow boiling performance evaluation

According to literature [51,52], an evaluation of the flow boiling 
performance could be obtained by a dimensionless number called 
Boiling utilization (Bu). This parameter represents the quotient between 
the heat flux dissipated in the two-phase and single-phase regimes, 
where thermofluidic successes as ONB heat flux and CHF intervene. 
Consequently, the higher the value, the better flow boiling performance 
of the cooling device under specific experimental conditions. 

Bu =
qCHF − qONB

qONB
(12) 

An innovative Bu map was presented in this section, where a com
parison between different geometries found in the literature was per
formed. With the main objective to be the most accurate as possible, 
were only chosen the works which were performed under similar 

Fig. 16. Transient pressure drop behaviour of each test under a heater’s heat 
flux of 22 W/cm2.

Fig. 17. Transient pressure drop behaviour of each test under a heater’s heat 
flux of 28 W/cm2.

Fig. 18. Transient pressure drop behaviour of each test under a heater’s heat 
flux of 34 W/cm2.
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experimental conditions as the ones of this study. These are the 
following: 

• DI water as a working fluid.
• Inlet subcooling of around 35 K.
• Mass flux around 350 kg/m2⋅s.

It should be stated that the reason behind choosing a mass flux 
around 350 kg/m2⋅s was that there were more studies that could fit in 
the comparison.

After a deep revision on the literature, different geometrical heat
sinks could be selected. Microchannels with inclined bottom grooves 
[53], leaf vein inspired three-tiered open microchannels [54], rhombus 
pin–fin array [55], microchannels with inlet restrictors [51], counter 
flow diverging microchannels [56] and ohm-shape microchannels [57]
could be evaluated and compared (Fig. 20).

As observed in Fig. 20, despite being inspired by a single-phase 
design and not optimized for flow boiling conditions, the current heat
sink has a Bu value of 1.50, which is higher than that of most geometries 
included in the Bu map. Only ohm-shape microchannels (slightly) and 
counter flow diverging microchannels (notably), which were specif
ically designed and optimized for flow boiling conditions, achieved 
better results. In comparison with a uniform pin–fin array, which almost 
have an identical mass flux, the Bu parameter was 3 times higher in the 
variable density pin–fin array. In addition, authors would like to remark 
than, in parallel as described in Camarasa et al. [7], the combination of 
two or more technologies boosted achieving better results.

For future work, the same major microstructure dimensions should 
be tested under identical experimental conditions to draw more defini
tive conclusions. The authors believe that this dimensionless parameter 
could serve as a valuable tool for an initial flow boiling comparison in 
further research.

5. Conclusions

The present study provides a novel investigation of an innovative 
increasing density pin-finned surface, which was experimentally tested 
under flow boiling conditions. Specifically, this cooling device combines 
jet impingement entrance and increasing pin–fin distribution. Two- 
phase experiments were carried out using deionized water at atmo
spheric conditions, working at 3 different flow rates (100, 150 and 200 
ml/min) and an inlet subcooling of approximately 30 K. The heat 
transfer and flow pattern characteristics were analysed. UCVI and 
pressure oscillations were also studied. The main conclusions are sum
marized below: 

• This unique design provided several changes in fluid’s dynamic 
pressure and velocity reducing bubble blockage. In parallel, jet- 
impingement technology promoted heat removal in initial stages. 
Consequently, the authors consider that implementing both tech
nologies enhanced the flow boiling performance.

• Single-phase, bubbly, plug, slug and annular flow were the main flow 
patterns identified during the experimental tests. Flow rate has a 
direct impact on bubble dynamics and flow patterns. Indeed, the 
lower the flow rate, the faster transitions between flow boiling re
gimes. Consequently, it needs to be considered for future 
applications.

• Showing slope changes during the boiling curves, different heat 
transfer mechanisms were recognized: single-phase convection, 
saturated boiling, nucleate boiling and film evaporation. For both 
100 and 150 ml/min tests, film evaporation during annular flow was 
the best mechanisms for heat removal. However, due to the unstable 
scheme in annular flow for the 200 ml/min test, the nucleation 
boiling during plug flow was observed as the best cooling scenario.

Fig. 19. Flow boiling instability map.

Fig. 20. Boiling utilization comparison map.
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• From a quantitative point of view, for the 100, 150 and 200 ml/min 
tests, the ONB occurred at 2.46, 3.29 and 6.20 ◦C of wall temperature 
and the CHF occurred at 32.31, 40.31 and 58.11 W/cm2, respec
tively. The maximum thermal heat transfer coefficients were 5929, 
7173 and 9323 W/◦C⋅m2. In comparison with their initial stages of 
bubbly flow, the achieved enhancement was of 33.96, 64.95 and a 
51.02 %, respectively.

• UCVI and its consequent reversal flow were the most problematic 
instabilities, leading to a boiling crisis when heat flux increase. A 
flow instability map was plotted to give an overview of the heatsink 
performance.

• The dimensionless parameter Boiling Utilization (Bu) was used to 
evaluate and compare the flow boiling performance of the proposed 
cooling device with similar works from the literature. Results indi
cate that the increasing variable pin-finned surface design is a 
promising solution, though it requires further development.

The results of this study may help researchers and designers to orient 
their flow boiling cooling solutions in pin-fins devices. However, nu
merical and experimental research is still needed to identify general 
guidelines that can facilitate finding one or more optimal designs.
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