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Thermal management of electronics is continuously challenged by increasing heat fluxes to be dissipated at 
minimum power consumption. This study investigated the pressure drops and the heat transfer coefficient of 
two low-GWP refrigerants, R1234yf and R1234ze(E), during flow boiling at high heat fluxes. The test geometry 
comprised 25 parallel microchannels, 200 μm wide, 1200 μm deep and 1 cm long, nominally. Inlet orifices were 
used to stabilize the flow. A parametric analysis involving the mass flux and heat flux was conducted for nominal 
saturation temperatures of 30.5◦C and 40.5◦C, resulting in a maximum confinement number 𝑁Conf of 2.16 for 
R1234yf and 2.52 for R1234ze(E). As the applied heat flux was increased from low to near-critical values, 
the two-phase heat transfer transitioned from a heat-flux-dominated mode to a convection-dominated one. The 
flow finally approached dryout, which led to the critical heat flux upon further heating. The experimental results 
were analysed through a regression with relevant non-dimensional groups, in particular the confinement number, 
𝑁Conf , the equivalent wall Biot number, 𝐵𝑖, the boiling number, 𝐵𝑜, the convection number, 𝐶𝑜, and the Weber 
number, 𝑊 𝑒. It was shown that 𝐵𝑜 and 𝐵𝑖 had a major influence in the heat-flux-dominated region, while 𝐶𝑜 and 
𝑁Conf determined the performance in the convective region, mainly due to the establishment of an intermittent 
annular flow. The total channel pressure drops were evaluated through the experimental measurement of the 
pressure drops in the inlet-outlet manifold, and the orifices. Due to the short channel length and the high heat 
fluxes, the pressure drops were dominated by the momentum change contribution, which accounted for at least 
60% of the total pressure drops in the lowest case. The flow-wise heat transfer coefficients and the channel 
pressure drops were compared with the predictions of existing correlations, showing generally a fair agreement.
1. Introduction

The continuous improvement in packaging capabilities by the man-
ufacturers of electronic devices represents a great challenge for thermal 
management systems, which need to dissipate higher heat fluxes at a 
minimum carbon footprint. Due to the rising level of heat dissipation, 
flow boiling in small-scale heat sinks has been envisioned as one of 
the most promising solutions to accommodate high heat fluxes in elec-
tronics. In fact, by relying on the relatively large heat of vaporization, 
two-phase pumped loops offer high heat transfer coefficients, compact 
design and low operating mass flow rates [1]. Low mass flow rates can 
minimize pressure drop, reduce the pumping power and therefore can 
pave the way to energy efficiency and low carbon footprint for thermal 
management systems.

* Corresponding authors.

The great potential offered by thermal management with two-phase 
cooling loops has promoted many investigations aimed at comprehend-
ing the heat transfer mechanisms and the pressure drops behavior of 
boiling fluids in small-scale channels, often also referred to as mi-
crochannels. However, as reported in the literature [2], thermal-fluid 
phenomena during boiling in microchannels are complex and have not 
been understood completely yet. While in conventional channels a clear 
demarcation has been observed between the flow phenomena associ-
ated to a nucleation-dominated behavior and a convection-dominated 
one, the same has not been found for microchannels. In fact, high heat 
fluxes and confinement of the vapor phase can lead to flow phenom-
ena that are not accounted for in the classic flow boiling methods [3,4]. 
These phenomena were identified as being the presence of elongated 
bubbles [5], strong flow instabilities due to vapor confinement [6] and 
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Nomenclature

Abbreviations

CHF Critical Heat Flux
CMOS Complementary Metal-Oxide Semiconductor
CNC Computer Numerical Control
GWP Global Warming Potential
HFO Hydro-Fluoro-Olefins
MAPE Mean Absolute Percentage Error
MPE Mean Percentage Error
PEEK PolyEtherEtherKetone
PID Process and Instruments Diagram
RMSE Root Mean Squared Error
RTD Resistance Thermal Detector
SD Standard deviation

Greek letters

Δ Variation
𝜖 Void fraction calculated with the homogeneous mixture 

model
𝜂 Fin efficiency parameter
𝜓 Two-phase heat transfer enhancement factor
𝜌 Density
𝜎 Surface tension or standard deviation

Latin letters

𝑚̇ Refrigerant mass flow rate
𝑧 Flow-wise coordinate, discrete
𝐵𝑖 Wall Biot number, ℎ𝐻2

ch∕(𝑤wall𝑘Cu)
𝐵𝑜 Boiling number, 𝑞∕(Δ𝑖fg𝐺)
𝐶𝑜 Convection number, (1∕𝑥 − 1)0.8(𝜌𝑣∕𝜌𝑙)0.5
𝑑 Thickness of the conduction layer
𝐷ℎ Channel diameter
𝑓 Pressure drop factor
𝐺 Channel mass flux
𝑔 Gravitational acceleration
𝐻 Height
ℎ Heat transfer coefficient
𝑖 Enthalpy
𝑘 Thermal conductivity
𝐿 Length
𝑚 Fin parameter
𝑁 Number of channels
𝑁Conf Confinement number, [𝜎∕𝑔(𝜌𝐿 − 𝜌𝑉 )]0.5∕𝐷ℎ

𝑁𝑢 Nusselt number
𝑝 Pressure
𝑞 Heat flux
𝑅𝑒 Reynolds number
𝑇 Temperature
𝑣 Velocity
𝑊 Width of the channels
𝑤 Width of the separating walls
𝑊 𝑒 Weber number

𝑥 Thermodynamic vapor quality
𝑧 Flow-wise coordinate, continuous
𝑧∗ Fixed flow-wise location

Subscripts

+ Refers to the difference between the case with and without 
inlet orifices

av Average, calculated on the geometric heated area of the 
channels

b channel bottom, i.e. at the root of the separating walls
ch Refers to channel or to the refrigerant flow along the chan-

nel
ch,tot channel total, i.e. comprising channel and expansion into 

the outlet plenum
contr Contraction
conv Convective regime
corr Predicted by a selected correlation, flow-wise
Cu Copper
diff Differential measurement over the inlet and outlet mani-

fold
eq Equivalent, i.e. using the thermophysical properties of the 

homogenous flow
exp,tp Area expansion from channel end to outlet plenum
fp At the footprint, after subtraction of heat losses of the test 

section
fr Frictional
h Hydraulic
hom Mixture properties calculated with the homogeneous 

model
in Inlet manifold
in,ch Channel inlet, downstream the orifice
j Generic index
l Liquid
loc Flow-wise, i.e. calculated along the channel at multiple lo-

cation (IR camera)
nom At nominal test condition
nucl Nucleation regime
or Orifice at the inlet of the channel
out Outlet manifold
out,ch Channel outlet, upstream the expansion
rev Reversible
sat At saturation condition
Si Silicon
Sn Tin
tp Two-phase local, i.e. calculated at a single RTD location
v Vapor
w At the wall, calculated on the heated area based on fin 

model
Wall Refers to the separating wall of the channel
wo Refers to the case with inlet orifices
the presence of nucleation in annular flows [7], the latter provoking 
both the enhancement of the heat transfer coefficient and the disruption 
of the liquid film at the walls of the channels. Among these phenomena, 
flow instabilities have received the greatest attention, but the triggering 
conditions have not been generalized yet. Nevertheless, several geomet-
rical solutions have been investigated to mitigate the effects of vapor 
confinement and improve the heat transfer performance of heat sinks. 
For example, Hedau et al. [8] studied the impact of inlet restrictions and 
nano-structured walls to cope with instabilities and pressure drop fluc-
2

tuations in microchannels, and concluded that both modifications could 
reduce the flow instabilities. In particular, nano-structures helped the 
re-wetting of the walls during the commencement of dryout and were 
more effective during the annular flow regime. On the other hand, inlet 
restrictions were more effective during the plug and slug flow regimes, 
since they limited the growth of slugs upstream. In a later study by the 
same authors [9], a flexible dampener was used to obtain a reduction 
in the flow instabilities in microchannel heat sinks. Compared to the 
inlet restrictions, the flexible dampener helped mitigating the instabili-
ties with no major pressure penalty. In Al-Zaidi et al. [10,11], the effect 

of channel aspect ratio and heat sink material on the two-phase flow 



G. Criscuolo, L.P.M. Colombo, B.B. Kanbur et al.

and bubble growth characteristics was investigated. It was concluded 
that channels with high depth-to-width ratio can be subject to higher 
fluctuations, and can experience larger pressure drops and larger bub-
ble diameters at departure - the latter being caused by stronger heating 
from the lateral walls. However, these fluctuations did not affect the 
heat transfer measurements. In their later study [11], aluminium and 
copper heat sinks were compared, showing that the copper heat sinks 
generated larger bubbles with lower departure frequencies, leading to 
more flow reversal and instabilities on the flow distribution. On the 
other hand, the aluminium heat sinks provided more nucleation sites 
and showed smaller bubbles being released with higher frequency.

Due to the multiplicity of phenomena occurring during boiling in 
confined geometries, the concept of macro-to-micro transition has been 
introduced in the literature to identify the conditions leading to a con-
fined flow [12]. However no general criteria have been identified yet 
for it, mainly due to a missing agreement on the predominant phe-
nomenology of this transition. In a study by Harirchian and Garimella 
[13] multiple channel widths and heights were compared during flow 
boiling to observe the triggering of bubble confinement and how it al-
tered the heat transfer mechanism. Cross-sectional area of the flow was 
identified as a significant parameter driving confinement. Their study 
also highlighted the possibility of the coexistence of two flow patterns 
in the same flow section and the unsteady nature of the flow patterns, 
which can hinder the identification of a single heat transfer mecha-
nism. Later investigations also showed that nucleation may be present 
during annular flow when high heat fluxes are applied, driving both the 
superposition of nucleation to convection and the onset of liquid film 
disruption from the heated walls [7]. As a consequence, various investi-
gations found disagreement in the dominating heat transfer mechanisms 
[2]. The impact of the surface roughness and wall wettability could 
also play a role in defining the flow patterns and thus the heat transfer 
mechanisms [1]. This has promoted the use of high-speed visualization 
and infrared cameras to identify flow patterns and select the most ap-
propriate prediction tools. Compared to the heat transfer, the study of 
pressure drops in microchannel has been object of a less extended de-
bate and its study has been mainly focused on the identification of the 
best prediction methods for the frictional pressure gradients in single-
tube setup. One of the challenging aspects of the study of pressure drops 
in microchannel heat sinks is the estimation of the pressure drops in the 
inlet and outlet manifold, as well as the inlet restrictions, which are of-
ten used to guarantee the absence of pressure fluctuations. A study by 
Huang and Thome [14] found that measured pressure drops in the out-
let manifold could be as high as 51% of the overall system pressure 
drops and therefore the experimental assessment of these losses was 
recommended instead of their estimation through singe-phase fluid-
dynamic methods. However, such an approach is scarce in literature. 
As described later in this section, investigations on pressure drops focus 
on a parametric analysis of the frictional pressure gradient and assess 
the prediction capability of existing methods, which often includes also 
the suitability of the homogeneous mixture model for the predictions.

1.1. Flow boiling of low-GWP fluids

Among the various cooling medium available for two-phase heat 
sinks, refrigerants represent an advantageous choice for electronics 
cooling [1]. However, concerns about their environmental impact and 
the consequent regulations [15,16] have shifted the attention of ther-
mal experts to hydro-fluoro-olefins (HFOs) with low Global Warming 
Potential (GWP). In this context, R1234yf and R1234ze(E) have been 
identified as replacements for R134a, which is one of the most ver-
satile refrigerant used so far. Low-GWP refrigerants were studied as 
drop-in alternatives in air conditioning systems [17,18]. Among the two 
low-GWP options, R1234yf has received more attention in flow boiling 
due to its use in automotive air conditioning. However, this fluid was 
mainly studied in single-tube setups at low heat fluxes and in channels 
3

in the millimeter range, which is very different than the conditions it 
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would be operated in electronics cooling at high heat flux. The study of 
R1234ze(E) is mainly limited to single-tube studies, as reviewed in the 
following sections.

1.1.1. Heat transfer coefficient

Saitoh et al. [19] studied the flow boiling of R1234yf in a 2 mm 
tube at a saturation temperature of 15◦C and observed a heat transfer 
coefficient completely dependent on the heat flux at low vapor qual-
ity. It eventually shifted to a convection-dominated condition at high 
vapor quality. For their experimental conditions, the heat transfer coef-
ficient was best predicted by the Saitoh et al. correlation [20], while the 
frictional pressure gradient was best predicted by the Lockhart and Mar-
tinelli correlation [21]. Del Col et al. [22] studied R1234yf in a 1 mm 
tube heated by a secondary fluid at a saturation temperature of 31◦C, 
reporting a heat transfer coefficient not dependent on mass flux and 
dependent on vapor quality just for values below 0.3. The correlations 
assessed over their data under-predicted the results. Choi et al. [23]
compared R1234yf with natural refrigerants in 1 mm and 3 mm tubes 
at saturation temperatures between 0◦C and 10◦C. Their heat transfer 
coefficient was dependent on the heat flux at low vapor quality and no 
effect was observed from the mass flux. Their data were used to develop 
a correction for the nucleate boiling suppression factor and convective 
enhancement factors, however their method was not verified against 
other data. Mancin et al. [24] studied the flow boiling of R1234yf and 
R1234ze(E) in an asymmetrically heated channel machined in copper 
at a depth of 4.6 mm. Heat flux was observed to control the heat trans-
fer coefficient and no noticeable effects of the mass flux or the vapor 
quality were observed. Their data were best predicted by the Yu et 
al. correlation [25]. Insights on the dewetting and rewetting phenom-
ena occurring during dryout were highlighted. Tapia and Ribatski [26]
studied flow boiling of R1234yf and R1234ze(E) in a 1.1 mm tube at 
saturation temperature of 31◦C and 41◦C. Influence of both the heat 
and mass flux was observed on their heat transfer coefficient. Their ex-
perimental data were best predicted by Kim and Mudawar [27] as well 
as Kanizawa et al. [28]. Jige and Inoue [29] investigated the heat trans-
fer coefficient of R1234yf in a 2 mm square channel. Similarly to other 
investigations, no effect of mass flux and vapor quality at low mass flux, 
while an influence was present at high vapor quality. Effects related to 
gravity were observed as well, possibly suggesting that no real confine-
ment was present during this investigation. Xu et al. [30] studied the 
flow boiling of R134a and R1234yf in a 1.88 mm tube, comprising heat 
transfer, pressure drops and flow visualization. The best heat transfer 
predictions were given by the Bertsch et al. correlation [31] as well as 
the Liu and Winterton correlation [32]. Li and Hrnjak [33] investigated 
flow boiling of R1234ze in a 0.643 mm multiport channel, including 
both heat transfer analysis and visualization. Their results showed that, 
for this diameter, the flow was mainly plug-slug and eventually tran-
sitioned to annular flow at higher vapor quality. Flow visualization 
showed that during the plug flow, the flow was homogeneous and 
plugs were moving uniformly with the liquid. For R1234yf, no effect 
of the mass flux on the heat transfer coefficient was observed and the 
heat transfer coefficient was mainly controlled by the heat flux. In this 
case, the Cooper correlation [34] overpredicted the experimental val-
ues, while the Gorenflo correlation [35] could better predict the data. 
The best predictions were achieved with the Bertsch et al. correlation 
[31]. A study involving a multi-microchannel setup was the one used 
by Hou et al. [36], where a thermal test vehicle was built to test two-
phase cooling of silicon carbide power electronics with R1234yf. By 
keeping the maximum chip temperature to 120◦C, a footprint heat flux 
of 526 W∕cm2 was achieved in a copper heat sink. Both single- and 
multiple-chip arrangements were investigated, showing the general fea-
sibility of the technique for high power-density applications. Another 
study by the present authors was conducted for R134a, R1234yf and 
R1234ze(E) in a 300 μm-wide channel to identify flow patterns and 
heat transfer mechanism during high heat flux flow boiling. Additional 

studies were concentrated on the flow boiling of other refrigerants, such 
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as the R1233zd or the HFE-7100. Fang et al. [37] studied the flow boil-
ing of R1233zd(E) in minichannels with a section of (1.5 x 1.5) mm2. 
They found that the onset of nucleate boiling depended on the mass flux 
and the subcooling. The best heat transfer coefficient predictions were 
given by Liu and Winterton [32]. Rui et al. [38] studied the perfor-
mance of HFE-7100 in novel microchannel configuration: a Tesla valve 
microchannel heat sink and a sector bump microchannel heat sink. It 
was observed that the vapor structures generated in the sector bump mi-
crochannel were smaller, and this also resulted in a better heat transfer 
performance. The sector bump microchannel also showed lower fluctu-
ations of the pressure drop, which were associated to the lower amount 
of vapor structures. Yang et al. [39] studied the flow boiling of ammonia 
in a diamond microchannel heat sink manufactured by laser ablation.

1.1.2. Pressure drop

To the best of the authors’ knowledge, no pressure drops studies 
for R1234yf and R1234ze in a multi-microchannel setup are present in 
the literature. The studies available refer to either single-tube setups or 
multi-channels with high GWP refrigerants. Agostini et al. [40] studied 
the pressure drops in a silicon multi-microchannel evaporator and found 
that the pressure drops increased with the square of the mass and the 
heat flux. The homogeneous mixture model was recommended for their 
evaporator, which comprised square channels with a nominal width of 
223 μm and a nominal height of 680 μm. Harirchian and Garimella [41]
studied flow boiling of FC-77 for different channel geometries and found 
that, for a fixed heat flux, the channel pressure drops increased with 
the mass flux. In their measurements for a multi-channel evaporator, 
the pressure drops increased with heat flux as well. Huang and Thome 
[14] studied the flow boiling of the low-GWP refrigerant R1233zd(E). 
In a later study by these authors, using a database covering three re-
frigerants, they proposed a modified version of the Chisolm parameter 
[42] to predict their experimental dataset. It was also highlighted that 
the Kim and Mudawar model [27] was the best performing in their sil-
icon heat sink. Al-Zaidi et al. [43] found that the method by Mishima 
and Hibiki [44] and the one by Keepaiboon et al. [45] were the best in 
predicting the channel pressure drops for their HFE-7100 in copper mi-
crochannels. In a similar experimental setup, Lee et al. [46] found that 
pressure drops were affected by the inlet sub-cooling and increased with 
the heat flux. Experimental investigations in a single tube show that the 
frictional pressure gradient increased with the mass flux and the vapor 
quality, while the impact of the heat flux was not observed. Anwar et al. 
[47] studied pressure drops in a vertical stainless steel tube with a di-
ameter of 1.6 mm and found that the frictional pressure drops increased 
with the vapor quality and decreased with the saturation temperature. 
By comparing the experimental data, they observed that the homoge-
neous model did not return accurate predictions, while the Mishima and 
Hibiki correlation [44] performed reasonably. Xu et al. [30] studied the 
flow boiling of R134a and R1234yf in a 1.88 mm tube, and found that 
the best pressure drops prediction was obtained by Zhang and Webb 
[48] and Friedel [49] correlations. Dario et al. [50] found that the pres-
sure drops increased with the mass flux and decreased with saturation 
temperature for R134a. Similarly to Anwar et al. [47], they observed 
that the homogeneous model was not suitable to predict the data, while 
the method by Mishima and Hibiki [44] was the best. Jige and Inoue 
[29] studied flow boiling in a 2 mm channel. They found that the pres-
sure drops increased with the mass flux and the vapor quality. Channel 
shape did not influence the pressure drops and the best predictions were 
obtained with the Friedel [49] and Müller-Steinhagen and Heck model 
[51].

1.2. Objectives

Despite the various solutions found to mitigate instabilities, the 
studies of low-GWP refrigerants in multi-microchannels are scarce and 
4

limited to relatively low heat fluxes, mostly in single-tube setups. Due 
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to channels interaction, multi-microchannel systems present more com-
plexities than single channels, such as flow maldistribution, premature 
critical heat flux and conjugate heat transfer, and they require dedi-
cated studies. It is believed that characterizing experimentally multi-
microchannels at high heat fluxes can help advancing the current 
knowledge on two-phase cooling of electronics to accommodate the fu-
ture development of efficient thermal management systems.

The objective of this study is primarily to contribute to the body 
of knowledge of high heat flux flow boiling heat transfer in multi-
microchannels by focusing on the scarcely investigated low-GWP re-
frigerants. This contribution was obtained by carrying out a parametric 
analysis on the flow-wise heat transfer coefficients and the channel 
pressure drops of R1234yf and R1234ze(E) in a multi-microchannel 
evaporator operated with wall heat fluxes up to 90 W∕cm2. Compared 
to the literature, the study extends the flow boiling analysis in multi-
microchannel to high heat fluxes in stable flow boiling conditions, ob-
tained by using inlet orifices. The pressure drops in the inlet orifices, as 
well as in the inlet and outlet manifold, were evaluated experimentally, 
allowing for an accurate evaluation of the channel pressure drop. The 
study was conducted in a multi-microchannel with a nominal width 
of 200 μm and nominal depth of 1200 μm, resulting in a nominal 
depth-to-width ratio of 6. Channels with a high depth-to-width ratio 
are particularly suitable to dissipate high heat loads, but have generally 
received less attention than the low depth-to-width counterpart. The 
heat transfer analysis was supported by high-speed flow visualization 
and the experimental results were compared to the predictions from 
methods published in the literature, to identify the correlations that 
best predict the data.

1.3. Outline of the study

The paper presents briefly the experimental setup, the character-
istics of the test section, and the geometrical features of the multi-
microchannel evaporator. Then, the methods used for the experimental 
analysis of the pressure drops in the orifices, as well as in the inlet 
and outlet manifold, are presented. The paper continues outlining the 
data reduction for the heat transfer coefficient and the channel pressure 
drop, together with the propagated uncertainties and the experimen-
tal procedures. The results are organized as follows: concerning heat 
transfer, a parametric analysis of the local heat transfer coefficient, 
the flow-wise heat transfer coefficient, and the non-dimensional heat 
transfer coefficient is presented for each fluid; the results are discussed 
starting from an analysis based on relevant non-dimensional groups. 
For the pressure drop, the following contributions are outlined and 
discussed: the differential pressure drops over the manifold, the total 
channel pressure drop, the momentum pressure drops and its ratio with 
the manifold and channel pressure drop, and the pressure penalty in-
troduced by the inlet orifices. Finally, the paper presents a statistical 
assessment of the existing prediction methods for both the flow-wise 
heat transfer coefficients and the channel pressure drop.

2. Experimental methods

This section begins by introducing the test rig and the methods used 
to measure the magnitude of the pressure drops in the orifices, and the 
inlet and outlet manifolds; then, it outlines the methods used to cal-
culate and analyse the flow boiling heat transfer coefficient and the 
channel pressure drop. In particular, Section 2.1 describes briefly the 
experimental setup and the test section. The geometrical features of the 
multi-microchannels are presented in Section 2.2. Section 2.3 summa-
rizes the experimental methods used for the evaluation of the pressure 
drops in the orifices and the inlet and outlet manifold. Finally, Sec-
tion 2.4 describes the data reduction of the heat transfer coefficient and 
the channel pressure drop, the related propagated uncertainties and it 

outlines the experimental procedure.
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Fig. 1. Piping and instrumentation (P&I) diagram of the two-phase pumped loop.
2.1. Test rig and test section

The experimental investigation was conducted with a test rig de-
signed and built at the Department of Mechanical Engineering of the 
Technical University of Denmark. The test rig was a pumped two-phase 
loop, where three functionally independent sections can be identified: 
the flow conditioning loop, the water loops and the test section. Fig. 1
shows the piping and instrumentation diagram of the test rig.

The test rig consisted of a pumped two-phase loop where a sub-
cooled liquid flow was heated to boiling conditions in the test section. 
A list of the main components is reported in Table 1. The heat transfer 
measurements in the multi-microchannels took place in the test section, 
where an imposed heat flux was applied to the footprint of the chan-
nels using a custom-built microheater connected to a power supply. 
Temperature measurements in the form of 2-D temperature maps of the 
micro-heater were obtained through an infrared camera with visual ac-
cess to the footprint of the multi-microchannels, where the micro-heater 
was vacuum-soldered. The infrared camera obtained the spatial temper-
ature distribution over the heated area of the micro–heater. Along the 
centerline, the flow-wise distribution of the temperature was calculated 
by a width-wise average of the temperature map in a region covering 20 
width-wise pixels from the centerline. The width-wise averaged temper-
ature profile was adjusted by a constant value to match the temperature 
value of the two central RTDs and a moving average calculated over 15 
pixels was used to remove artifacts resulting from edge effects between 
adjacent heating lanes. Further details on the processing of the tempera-
ture maps by the infrared camera can be found in [52]. The test section 
assembly is depicted in Fig. 2. The experimental setup also comprised a 
high-speed Complementary Metal-Oxide Semiconductor (CMOS) cam-
era Photron Nova S9 with a 60 mm lens and a double 2 × teleconverter. 
The high-speed camera was mounted above the test section, thus pro-
viding visual access to the flow in the channels through a borosilicate 
glass mounted on the top side of the multi-microchannels. For further 
details on the setup, the reader may refer to the authors previous pub-
lications [52,53].

The multi-microchannels were manufactured by micro-milling in 
an electrolytic tough pitch copper (C101/CW004A) substrate with a 
5

Computer Numerical Control (CNC) machine. The fluid accessed the 
channels through an inlet plenum that comprised flow restrictions at 
the entrance of each channel. Likewise, the flow exited the multi-
microchannels through an outlet plenum. The inlet and outlet plena 
were obtained by inserting micro-milled PolyEtherEtherKetone (PEEK) 
elements into the copper substrate, as shown in Fig. 2. Because of its 
low thermal conductivity (≈ 0.25 W∕mK), the PEEK inserts allowed to 
minimize heat dispersion to the flow in the inlet and outlet manifolds 
and the possibility of free bubble nucleation outside of the microchan-
nels. The use of inlet flow orifices increased the stiffness of the flow 
to parallel channel instabilities and vapor backflow, thus also improv-
ing the flow distribution [54]. The orifices were characterized by a flow 
area reduction of 65%. The high-speed visualization confirmed that the 
restrictions effectively avoided vapor backflow in the inlet plenum and 
minimized parallel channel instability, as no periodic oscillations in the 
pressure drops signal were observed during the investigation. The en-
tire test section was insulated with polyurethane foam. The assembly of 
the multi-microchannels in the test section is depicted in Fig. 3. Uncer-
tainties of the measuring instruments are reported in Table 2.

2.2. Multi-microchannel geometry

The microchannels used for the investigation were obtained by 
milling the copper baseplate using a cutting tool with a nominal width 
of 200 μm. 25 parallel microchannels with a nominal depth of 1200 μm
and nominal length of 1 cm were obtained. The dimensions of the man-
ufactured microchannels were evaluated using a confocal microscope 
Lext OLS4000 by Olympus. The measured height and width were, re-
spectively, 1167 μm and 198 μm, resulting in an hydraulic diameter 
𝐷ℎ of 338 μm (±25 μm). Overall, the microchannels had a heated area 
of 6.33 mm2 and a flow area of 5.78 mm2. Using a high magnification 
lens, the surface roughness resulting from milling the channels was mea-
sured on dedicated specimens using the same feed rate, cutting depth, 
and material for the test microchannels. The average roughness of the 
lateral sides of the channels was 360 nm. This value was in agreement 
with Young et al. [55], who presented roughness values for machining 

of copper.
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Table 1

Main components and instruments of the test rig.

Component Model

Pump Tuthill D-series gear pump
Pump inverter Danfoss VLT FC300
Thermocouples Omega K- 0.25 mm and T- type 0.5 mm
Flow meter Micro Motion Coriolis CMFS010M
Infrared camera FLIR a655sc + 50 μm close-up lens
High speed camera Photron Nova S9 + 60 mm lens + 2 × 2x teleconverters
Power supply TS Keysight N5770A
Microheater TS Custom made platinum serpentine
RTDs Custom made, integrated into the microheater
Pressure sensor Danfoss AKS33
Differential pressure sensor Endress-Hauser Deltabar PMD75
Data acquisition National Instruments CompactDAQ + Labview
Table 2

Instrument type and expanded uncertainties.

Instrument 𝑢 Units Range

Thermocouples, T-type ±0.15 ◦C 18–50
Thermocouples, K-type ±0.16 ◦C 18–50
RTDs ±0.09 ◦C 25-160
Low pressure transmitter ±0.025 bar 0–10
High pressure transmitter ±0.04 bar 0–21
Mass flow meter ±0.1% kg/hr 5–55
Power supply, voltage ±0.1%+ 0.15 V 0–150
Power supply, current ±0.1%+ 0.03 A 0–10

Fig. 2. Top view (a), bottom view (b) and exploded view (c) of the multi-
microchannels.

2.3. Evaluation of manifolds and orifice pressure drop

Since the pressure measurements on the test section were directly 
obtained right upstream the inlet plenum and right downstream the 
outlet one, the pressure drops in the manifolds, Δ𝑝in, and the orifice, 
Δ𝑝or , were both necessary to calculate the pressure at the inlet of the 
microchannels, 𝑝in,ch. An illustration of the pressure drops contribution 
to the test section is shown in Fig. 4. To calculate the channel outlet 
pressure, 𝑝out,ch, the pressure drops of the two-phase flow expanding 
from the channel to the outlet plenum, Δ𝑝exp,tp, and the pressure drops 
in the outlet manifold, Δ𝑝out , were used. The channel inlet pressure, 
𝑝in,ch, and outlet pressure, 𝑝out,ch, were calculated according to Eqs. (1)
and (2), respectively,

𝑝in,ch = 𝑝in − Δ𝑝in − Δ𝑝or (1)
6

𝑝out,ch = 𝑝out + Δ𝑝out + Δ𝑝ex,tp (2)
Fig. 3. Visual access of the high-speed camera to the top of the multi-
microchannels (a), visual access of the infrared camera to the bottom of the 
multi-microchannels (b), test section assembly (c).

The pressure drops of the outlet manifold, Δ𝑝out , inlet manifold, Δ𝑝in, 
and the orifice, Δ𝑝or , were evaluated experimentally with the aid of 
a dedicated baseplate with identical manifolds to the standard test 
baseplate, but without channels, as shown in Fig. 5a. The dedicated 
baseplate was mounted in a test section with a metallic top cover with 
a pressure tap at its center. This pressure tap was used to make dif-
ferential pressure measurements for the inlet and outlet manifold. The 
central pressure tap is shown in Fig. 5b.

2.3.1. Single-phase pressure drops in the inlet manifold

To measure the single-phase pressure drops in the inlet manifold, 
the differential pressure transducer was connected to the inlet manifold 
pressure tap and the central pressure tap in the top cover of the ded-
icated test section. In this way, neglecting the frictional losses in the 
straight passage of the copper baseplate, the measured pressure drops 
corresponded to the inlet manifold pressure drop. Single-phase mea-
surements were done with the three refrigerants R1234yf, R1234ze(E) 
and R134a at laboratory conditions. The liquid pressure drops factor in 
the inlet manifold, 𝑓in, was fitted with respect to the Reynolds num-
ber, 𝑅𝑒, calculated at the largest section of the manifold, as shown in 
Eq. (3). The R-square of the fit for 𝑅𝑒 < 7000 was 0.899, and the RMSE 
was 4.95.

𝑓in(𝑅𝑒) =
Δ𝑝in

1
2𝜌l,in𝑣

2
l,in

=
{

2.35 ⋅ 108𝑅𝑒−2.03 if 𝑅𝑒 < 7000
3.96 if 𝑅𝑒 > 7000 (3)

where 𝜌l,in and 𝑣2l,in indicate, respectively, the density of the liquid in 
the inlet manifold and the velocity of the flow at the largest section of 

the inlet manifold.
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Fig. 4. Illustration of the pressure drops contributions in the test section, top view and side view.
Fig. 5. Image of the dedicated baseplate without channels (a) and test section 
with the baseplate mounted together with the cover glass with a central pres-
sure tap (b).

2.3.2. Two-phase pressure drops in the outlet manifold

To measure the two-phase pressure drops in the outlet manifold, the 
differential pressure transducer was connected to the central pressure 
tap in the top cover and the outlet manifold pressure tap. In this case, 
the preheater was used as the heat source to modulate the vapor quality 
entering and exiting the test section during the pressure drops measure-
ments. Two-phase pressure drops measurements were done with the 
three refrigerants R1234yf, R1234ze(E) and R134a at laboratory condi-
tions, for a wide range of vapor quality and mass flow rates. The ratio, 
denoted with 𝑅, between two-phase pressure drops in the outlet mani-
folds, Δ𝑝out , and the dynamic pressure of the liquid-only flow, 12 𝜌𝑙𝑣

2
𝑙
, in 

the largest section of the outlet manifold was fitted with respect to the 
Weber number based on the homogeneous mixture properties, 𝑊 𝑒hom, 
and the outlet vapor quality, 𝑥out , for each of the refrigerant, as shown 
in Eqs. (4) and (5).

𝑅(𝑊 𝑒hom) =
Δ𝑝out
1
2𝜌𝑙𝑣

2
𝑙

= (45.87𝑊 𝑒−0.023hom 𝑥1.11out ) for R1234yf (4)

𝑅(𝑊 𝑒hom) =
Δ𝑝out
1
2𝜌𝑙𝑣

2
𝑙

= (564.2𝑊 𝑒−0.29hom 𝑥1.04out ) for R1234ze (5)

The R-square of the fit was 0.994 and the RMSE was 0.843 for 
R1234yf. For R1234ze(E), the R-square was 0.993 and the RMSE was 
2.36. This kind of fit was preferred to the two-phase liquid multiplier 
7

approach because it provided the lowest error.
2.3.3. Pressure drops in the inlet orifices

The pressure drops over the orifice, Δ𝑝or , was obtained by compar-
ing the overall pressure drops in the standard test section with and 
without the inlet orifice at the same refrigerant mass flow rate. In the 
former case, PEEK inserts without inlet restrictions were used. For the 
case without orifices, the pressure difference measured over the test sec-
tion in adiabatic conditions and single-phase flow, Δ𝑝dif f , was given by 
Eq. (6),

Δ𝑝dif f = Δ𝑝in + (Δ𝑝contr,f r + Δ𝑝contr,rev) + Δ𝑝ch + Δ𝑝exp + Δ𝑝out (6)

where the pressure drops due to the expansion of the single phase flow 
into the outlet plenum was denoted by Δ𝑝exp. For convenience, the pres-
sure drops over the contraction in Eq. (6) has been divided into the 
reversible (Δ𝑝contr,rev) and the frictional (Δ𝑝contr,f r ) contributions. When 
the orifices were present, the measured pressure drop, Δ𝑝dif f ,wo, corre-
sponded to Eq. (7),

Δ𝑝dif f ,wo = Δ𝑝in + Δ𝑝or,rev + Δ𝑝or,f r + Δ𝑝ch + Δ𝑝exp + Δ𝑝out (7)

Assuming Δ𝑝or,rev = Δ𝑝contr,rev, the difference in pressure drops in 
single-phase between the case with and without orifice is shown in 
Eq. (8),

Δ𝑝dif f ,wo − Δ𝑝dif f = Δ𝑝or,f r − Δ𝑝contr,f r (8)

By rearranging the terms in Eq. (8) and isolating the frictional pres-
sure drops in the orifice, the equation can be rewritten as in Eq. (9),

Δ𝑝or,f r = (Δ𝑝dif f ,wo−Δ𝑝dif f )+Δ𝑝contr,f r where (Δ𝑝dif f ,wo−Δ𝑝dif f ) = Δ𝑃+ (9)

It is shown that Δ𝑝or,f r can be obtained by the experimental value 
Δ𝑃+ and Δ𝑝contr,f r at different mass flow rates. Δ𝑝contr,f r was calculated 
according to Chalfi and Ghiaasiaan [56] and the values of Δ𝑃+ were 
regressed with respect to the dynamic pressure in the orifice 1

2𝜌𝑙𝑣
2
or . 

The final formula for the calculation of the orifice pressure drops Δ𝑝or,f r
was Eq. (10),

Δ𝑝or,f r = 𝑓or
1
2
𝜌l𝑣

2
or + Δ𝑝contr,f r (10)

where 𝑓or was a regression constant dependent on the fluid. The values 
of the constants were 1.25 and 1.39 for R1234yf and R1234ze(E), re-
spectively. The fit of the experimental data versus the constant for the 
orifice friction factor is shown in Fig. 6.

2.4. Data reduction

2.4.1. Pressure drop

The total pressure drops in the channel including the expansion 

losses in the outlet plenum, Δ𝑝ch,tot , was calculated as shown in Eq. (11),
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Δ𝑝ch,tot = 𝑝in,ch − 𝑝out,ch where
{
𝑝in,ch = 𝑝in − Δ𝑝in − Δ𝑝or
𝑝out,ch = 𝑝out + Δ𝑝out

(11)

where Δ𝑝in, Δ𝑝out and Δ𝑝or,f r were calculated according to Section 2.3. 
The sum of the momentum and frictional pressure drops contribution 
in the channel, Δ𝑝tp,tot , was calculated as in Eq. (12),

Δ𝑝tp,tot = Δ𝑝ch,tot − Δ𝑝exp,tp (12)

Pressure drops for the liquid-vapor mixture at the expansion from 
the channel to the outlet plenum, Δ𝑝exp,tp, were obtained by summing 
the frictional pressure drops and the reversible one. The frictional con-
tribution was calculated through the friction factor as presented in [56], 
while the momentum contribution was calculated using the homoge-
neous mixture model for the reversible pressure drops in the expansion 
as shown in Eq. (13),

Δ𝑝exp,tp = 𝑓exp,f r

𝜌hom𝑣
2
ch,hom

2
+
𝜌hom(𝑣2ch,hom − 𝑣2out,hom)

2
(13)

The calculated channel pressure drop, Δ𝑝tp,tot , corresponded to the
sum of the frictional and the momentum change pressure drops of the 
evaporating flow in the channels only. The momentum change pres-
sure drop, Δ𝑝mom, was estimated by calculating the mass flux 𝐺 and 
the homogeneous void fraction at the outlet (𝜖out ) and inlet (𝜖in) of the 
channels as shown in Eq. (14),

Δ𝑝mom =𝐺2{[
𝑥2out
𝜌𝑣𝜖out

+
1 − 𝑥2out

𝜌𝑙(1 − 𝜖out )
] − [

𝑥2in
𝜌𝑣𝜖in

+
1 − 𝑥2in

𝜌𝑙(1 − 𝜖in)
]} (14)

since the inlet conditions of the flow were sub-cooled, both the inlet va-
por quality and the inlet void fraction were considered null in Eq. (14).

2.4.2. Heat transfer coefficient

The data reduction of the heat transfer coefficient for the current 
setup was described in detail in a previous work of the authors [52]. A 
short summary is reported here for convenience of the reader. The inlet 
and outlet channel pressure calculated in Eq. (11) were linearly inter-
polated along the channel length to calculate the pressure profile of the 
flow along the channel. Since the channels were short, a linear inter-
polation was considered appropriate for the study. The linear pressure 
profile was combined with an energy balance along the channel to cal-
culate the temperature profile in the sub-cooled region and the vapor 
quality profile in the two-phase region. The temperature profile in the 
two-phase region was calculated from the pressure profile according to 
the saturation condition as shown in Eqs. (15)-(18),

𝑝ch(𝑧) = 𝑝in,ch −
𝑝in,ch − 𝑝out,ch

𝐿ch
𝑧 (15)

𝑖ch(𝑧) = 𝑖(𝑝in,ch, 𝑇in,ch) +
𝑄̇

𝑚̇

𝑧

𝐿ch
(16)

𝑥loc(𝑧) =
𝑖ch(𝑧) − 𝑖sat (𝑝ch(𝑧))

𝑖fg(𝑝ch(𝑧))
(17)

𝑇ch(𝑧) =
{

𝑇sat (𝑝ch(𝑧)) if 𝑥(𝑧) > 0
𝑇 (𝑝ch(𝑧), 𝑖ch(𝑧)) if 𝑥(𝑧) < 0 (18)

where 𝑧 denotes the continuous axial coordinate along the channel 
length, 𝑄̇ is the total heat rate absorbed by the flow and 𝐿 is the 
channel length. For the heat transfer analysis, two heat transfer coef-
ficients were calculated: a flow-wise heat transfer coefficients, ℎloc(𝑧), 
and a two-phase local heat transfer coefficient, ℎtp. Using the discrete 
temperatures at the bottom of the channels, 𝑇𝑏(𝑧), the separating walls 
were approximated to fins to calculate the heat transfer coefficient. The 
flow-wise heat transfer coefficients, ℎloc(𝑧), were calculated as defined 
in Eqs. (19)-(22) [10,13,54],

ℎloc(𝑧) =
𝑞𝑤(𝑧)

𝑇𝑏(𝑧) − 𝑇ch(𝑧)
(19)

𝑞fp ⋅ (𝑊 +𝑊wall)
8

𝑞w(𝑧) =
𝑊 + 2𝐻𝜂(𝑧)

(20)
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𝜂(𝑧) = tanh (𝑚(𝑧)𝐻)
𝑚(𝑧)𝐻ch

(21)

𝑚(𝑧) =

√
2ℎloc(𝑧)
𝑘Cu𝑊wall

(22)

where ℎloc(𝑧) was the flow-wise heat transfer coefficient at 24 discrete 
flow-wise locations 𝑧 along the channels, 𝑞𝑤(𝑧) was the wall heat flux 
and 𝐻𝑐ℎ was the channel depth. The two-phase local heat transfer co-
efficient, ℎtp, at the location 𝑧 = 𝑧∗ of an RTD located at 0.125 cm from 
the channel outlet, was calculated as given in Eq. (23),

ℎtp =
𝑞𝑤(𝑧 = 𝑧∗)

(T∗
b − 𝑇 (𝑧 = 𝑧∗))

(23)

where 𝑇 ∗
𝑏

was the temperature at the bottom of the channel and it was 
defined as in Eq. (24),

𝑇 ∗
b = 𝑇RTD −Δ𝑇Si − Δ𝑇Sn − Δ𝑇Cu (24)

where the terms 𝑇𝑅𝑇𝐷, Δ𝑇Si, Δ𝑇Sn, and Δ𝑇Cu denote the temperature 
measurement of the RTD and the temperature drop in the silicon mi-
crochip, the layer of tin and the copper substrate under the channels. 
The temperature drops in the silicon, tin and copper layers were cal-
culated by a one-dimensional conduction model. The two-phase local 
heat transfer coefficient was used to study the effect of the heat and 
mass flux on the local two-phase heat transfer coefficient, while the 
flow-wise heat transfer coefficient was used to highlight the effect of the 
flow-wise vapor quality and the heat flux on the heat transfer. To dis-
criminate quantitatively between the heat transfer mechanisms occur-
ring in the channel, a heat transfer analysis based on non-dimensional 
group was conducted. The non-dimensional analysis was based on the 
Boiling Number (𝐵𝑜), Convection Number (𝐶𝑜), Confinement Number 
(𝑁Conf ), Weber Number (𝑊 𝑒(𝑧)), and the two-phase heat transfer en-
hancement factor (𝜓(𝑧)) as given in Eqs. (25)-(30),

𝐵𝑜 =
𝑞av
𝐺Δ𝑖

(25)

𝑊 𝑒(𝑧) =
𝐺2𝐷ℎ

𝜌𝑙(𝑧)𝜎
(26)

𝐶𝑜(𝑧) = [ 1
𝑥loc(𝑧)

− 1]0.8(
𝜌𝑣

𝜌𝑙
)0.5 (27)

𝑁Conf =
1
𝐷ℎ

[ 𝜎

𝑔(𝜌𝑙 − 𝜌𝑣)
]0.5 (28)

𝐵𝑖(𝑧) =
ℎeq(𝑧)𝐻2

ch
𝑤wall𝑘Cu

(29)

𝜓(𝑧) =
ℎloc(𝑧)
ℎ𝑙

(30)

where 𝑞av was the average heat flux over the heated area of the chan-
nels, i.e. it did not depend on the fin efficiency, and ℎeq(𝑧) was the heat 
transfer coefficient calculated using the Dittus-Boelter equation [57]
with the thermophysical properties of the homogeneous two-phase flow 
and ℎ𝑙 was the heat transfer coefficient calculated by the Dittus-Boelter 
[57] as if only the liquid was flowing in the channels. Even if most of 
the operating conditions fall into the transition to turbulence regime, 
the use of a correlation for the liquid heat transfer coefficient based on 
a method for turbulent flow is preferred, as both the presence of the 
orifice, the short length of the channels and the boiling could promote 
strong mixing in the liquid phase.

2.5. Analysis of the uncertainties

Error propagation analysis was performed on the data reduction. 
Propagated errors were calculated as in [58] and doubled to expand 
the confidence level. The input uncertainty was calculated as the square 
root of the sum of the squared standard deviation of the measured 
quantity and the square of the systematic error. Since the channels 

were small and the heat fluxes were high, the channel dimensional 



G. Criscuolo, L.P.M. Colombo, B.B. Kanbur et al.

Fig. 6. Trends of 𝑓or for (a) R1234yf and (b) R1234ze(E).

uncertainty was the major source of uncertainty in the heat transfer 
coefficient. The second highest contribution came from the uncertainty 
in the wall superheat, which was related to the uncertainties of the 
RTDs used to zero-adjust the IR temperature profile. For the entire ex-
perimental database, the average uncertainty and its standard deviation 
for the ℎtp were 22.3% ± 5.7%, while for the wall heat flux, 𝑞𝑤, they 
were 5.75% ± 1.4%; the local thermodynamic vapor quality, 𝑥𝑙𝑜𝑐 , had 
an average uncertainty and a standard deviation of 5.2% ± 4%.

The total pressure drops in the channel had an overall average 
uncertainty and a standard deviation of 12.5% ± 7.7% for the mea-
surements with an outlet vapor quality above 0.05. The uncertainty 
was highest at outlet vapor quality close to zero and lowest at the high-
est outlet vapor quality, when the pressure drops in the channel was 
the largest. The uncertainty in the channel pressure drops was mainly 
dependent on the uncertainty of the channel width, the orifice friction 
factor and the channel expansion friction factor. On average, for the 
whole dataset, these three variables accounted for a share of 4%, 60% 
and 20% of the entire uncertainty budget.

2.6. Experimental procedure and test conditions

The experimental procedures are summarized by the flow diagram 
reported in Fig. 7 and described here in brief for the convenience of the 
reader.

Each test was characterized by three experimental conditions: the 
mass flux, 𝐺, the outlet saturation temperature, 𝑇out,ch, and the outlet 
vapor quality, 𝑥out . The outlet vapor quality was varied by increasing 
the heat dissipation at the microheater soldered at the bottom of the 
heat sink. The heat dissipation ranged from low heat fluxes, i.e., values 
above boiling incipience, to the critical heat flux (CHF). The CHF was 
achieved for outlet vapor qualities in the range 0.4 - 0.9, the highest 
value of CHF being obtained for a nominal mass flux of 1140 kg∕m2 s
and the lowest for a nominal mass flux of 418 kg∕m2 s. The signals from 
the sensors were recorded when the thermocouple signals’ moving av-
erage changed less than 0.05◦C over two minutes. The dissipated heat 
flux was increased at each step to obtain a thermodynamic quality vari-
ation at the outlet of 0.05–0.07, until the occurrence of the CHF, which 
resulted in a very steep wall temperature increase with time. An exam-
ple of such a steep temperature rise is shown in a previous paper by the 
authors [59]. Labview recordings were taken for 120 s, and their aver-
age values were used for the data reduction procedures. Temperatures 
and pressure signals were logged at a frequency of 10 Hz. When an ex-
perimental series was started, the inlet sub-cooling was set to a nominal 
value of 4 ± 1◦C. Due to slow thermal response of the preheater, the 
inlet subcooling was controlled with an accuracy of ± 1◦C, with higher 
values obtained at the higher heat fluxes. Throughout this work, a dis-
tinction is made between the nominal test conditions, which are used 
to describe the conditions in the plots, and the effective ones, which are 
reported in the plot of each experimental series. The objective of the ex-
9

perimental campaign was to obtain local heat transfer coefficients of the 
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Fig. 7. Flow diagram of the experimental procedure followed to get an experi-
mental series at a prescribed 𝐺nom and 𝑇sat,nom.

multi-microchannels for a wide range of experimental conditions. For 
each fluid, a parametric analysis was conducted with respect to four 
nominal mass fluxes, 𝐺nom, (416, 622, 909 and 1139 kg∕m2 s) and two 
nominal outlet saturation temperatures, 𝑇sat,nom, (30.5◦C and 40.5◦C). 
The resulting variation of the fin efficiency was between 0.68 and 0.92, 
while the resulting variation of the non-dimensional groups was the fol-
lowing: 0.0006 < 𝐵𝑜 < 0.0109, 1.99 <𝑁Conf < 2.56, 790 < 𝑅𝑒𝑙 < 2714 
and 6.24 <𝑊 𝑒𝑙 < 75.61.

3. Results and discussion

In Section 3.1 the results are presented as the two-phase local heat 
transfer coefficient (ℎtp) versus the wall heat flux (𝑞𝑤) and the flow-
wise heat transfer coefficient (ℎloc) versus the flow-wise vapor quality 
(𝑥loc). A regression of the results with the non-dimensional groups in 
Eqs. (25)-(30) was used to analyse the dominating heat transfer modes. 
Then, in Section 3.2, the pressure drops results are presented as dif-
ferential value over both the manifold and the channel, i.e. after the 
orifice and before the expansion in the outlet plenum. The relative 
magnitude of the momentum change pressure drops and the pressure 
penalty introduced by the orifice is highlighted. Finally, Section 3.3 is 
dedicated to the comparison of the results with the predictions of ex-
isting correlations. The comparison of the heat transfer coefficient was 
performed using the method presented in [52] to account for the asym-
metric heating conditions in the channels. Each subsection of the results 
is discussed independently.

3.1. Two-phase local heat transfer coefficient

Fig. 10a and Fig. 11a show the two-phase local heat transfer coeffi-
cient for R1234yf and R1234ze(E) for a nominal saturation temperature 

of 30.5◦C and four mass fluxes. The experimental data are divided into 
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Fig. 8. High-speed image and schematic illustration of the flow of R1234yf in 
the channels for a mass flux of 416 kg∕m2 s and a wall heat flux of 8 W∕cm2 . 
Boiling regime I.

Fig. 9. High-speed image and schematic illustration of the flow of R1234yf in 
the channels for a mass flux of 416 kg∕m2 s and a wall heat flux of 51 W∕cm2 . 
Boiling regime II.

three boiling regimes according to how the heat transfer coefficient 
changes with the heat and the mass flux. For boiling regime I, the mass 
flux does not affect significantly the heat transfer coefficient and the 
heat flux drives the heat transfer coefficient, which corresponds to a 
nucleation-dominated regime. In boiling regime II, the local heat trans-
fer coefficient changes with the channel mass flux and the heat flux. In 
boiling regime III, the heat transfer coefficient decreased steeply with 
the applied heat flux as a result of dryout inception and progression. 
High speed visualization of this boiling regime for 300 μm-wide chan-
nels was described in detail in [52].

Referring to the boiling regime I, Fig. 10a shows that, for a heat flux 
of 15 W∕cm2, the local heat transfer coefficient was, respectively, 20.3 
kW/m2K and 18.7 kW/m2K for a mass flux of 416 kg∕m2 s and 1138 
kg∕m2 s. A similar variation occurred for R1234ze, as shown in Fig. 11a. 
To discriminate the dominance of nucleation, the experimental growth 
rate of the heat transfer coefficient with the heat flux was compared 
with the exponent predicted by the Gorenflo correlation [35]. This is 
indicated by the blue line in Figs. 10a-11a. The presence of nucleation 
was also confirmed by the high-speed visualization. An high-speed im-
age of the flow for a mass flux 416 kg∕m2 s and a wall heat flux of 
8 W∕cm2 for R1234yf is shown in Fig. 8. For the boiling regime II, 
which occurred at heat fluxes in the range 30 W∕cm2 to 80 W∕cm2 for 
R1234yf and 40 W∕cm2 to 100 W∕cm2 for R1234ze(E), increasing the 
mass flux from 416 kg∕m2 s to 1138 kg∕m2 s corresponded to a varia-
tion in the heat transfer coefficient from 31 kW/m2K to 40 kW/m2K at 
a heat flux of 55 W∕cm2, for R1234yf. During this regime, the growth 
rate of the heat transfer coefficient with the heat flux departed from 
the nucleation-dominated condition. For this boiling regime, an unsta-
ble wispy-annular flow was observed in the channels. An high-speed 
image of the flow for a mass flux 416 kg∕m2 s and a wall heat flux of 54 
W∕cm2 for R1234yf is shown in Fig. 9. During boiling regime III, the 
heat transfer coefficient decreased with the heat flux due to intermittent 
dewetting of the channel walls.

The flow-wise heat transfer coefficients are shown in Fig. 10b for 
R1234yf at mass flux of 416 kg∕m2 s. For a wall heat flux lower than 54 
W∕cm2, the plot shows firstly a uniform heat transfer coefficient, which 
then increases with the local vapor quality. A similar trend is observed 
for R1234ze(E) in Fig. 11b. The plot also shows that, as the local vapor 
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quality grows, the heat transfer coefficient curves tend to collapse into 
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a single one as long as dryout does not take place. The independence 
of the flow-wise heat transfer coefficient with the heat flux and the 
collapse of the curves as the vapor quality grows can be associated to 
a convection-dominated condition. A dryout condition is indicated by 
dashed curves, which show an almost monotonic decrease of the flow-
wise heat transfer coefficient with the flow-wise vapor quality.

To discriminate the nucleation-dominated and the convection-
dominate region in a quantitative way, further insights into the heat 
transfer data were outlined by non-dimensionalization of the heat trans-
fer coefficients with the groups presented in Eqs. (25)-(30). Fig. 10c 
shows the non-dimensional heat transfer coefficient of R1234yf with 
respect to the 𝐶𝑜 for measurements before dryout inception. Fig. 11c 
displays the same for R1234ze(E). Both figures display how the curves 
are characterized by two regions: a region of almost horizontal curves 
for Co >> 1 and a decreasing region for Co << 1. The resulting plot is 
similar to the one originally developed for macro-channels [60], with 
which the current data show a qualitative agreement in trend.

Due to the reduced channel size, the impact of the 𝑁Conf was high-
lighted by regressing the experimental data with the non-dimensional 
groups presented in Eqs. (25)-(30). To extend the range of the 𝑁Conf , 
the current dataset has been combined with the data for a 300 μm-wide 
channels obtained in a previous study [52]. The comparison between 
the two geometries can be observed in Fig. 12b for a nominal mass flux 
of 415 kg∕m2 s. To identify how the non-dimensional groups controlled 
the two heat transfer regimes, data with Co > 4 were regressed for the 
nucleation-dominated regime while data with Co < 1 were regressed for 
the convection-dominated regione. The first subset of data with Co > 4
was regressed by Eq. (31),

𝜓nucl = 𝑐0𝐵𝑜
𝑐1𝑊 𝑒𝑐2𝑁

𝑐3
Conf𝐵𝑖

𝑐4 (31)

returning the following constants: 𝑐0 = 52.15, 𝑐1 = 0.565, 𝑐2 = 0.058, 
𝑐3 = 0.098 and 𝑐4 = −0.458. The second subset of data with Co < 1 was 
regressed by Eq. (32),

𝜓conv = 𝑐5𝐶𝑜
𝑐6𝑊 𝑒𝑐7𝑁

𝑐8
Conf𝐵𝑖

𝑐9 (32)

returning the following constants: 𝑐5 = 30.477, 𝑐6 = −0.43, 𝑐7 = −0.18, 
𝑐8 = −1.003 and 𝑐9 = −0.065. A final regression function for the full ex-
perimental range of 𝐶𝑜 was built as shown in Eq. (33),

𝜓 =𝑚𝑎𝑥(𝜓conv, 𝜓nucl) (33)

Fig. 13 shows an example of how the regression captured the exper-
imental data for the lowest mass flux tested. The power fit returned a 
MRSE of 1.42 for the experimental points with 𝐶𝑜 < 1 and MRSE of 0.92 
for the points with 𝐶𝑜 > 4. As outlined in Fig. 13, the non-dimensional 
heat transfer coefficient trends were captured well by the selected non-
dimensional groups. The regression highlighted that the 𝐵𝑜 dominated 
the heat transfer performance with a growth exponent of 0.565 for the 
high 𝐶𝑜 range, while the 𝑊 𝑒 was almost irrelevant and having an expo-
nent of 0.058. This agrees with what was observed in the analysis of the 
boiling regime I. On the other hand, moving to lower 𝐶𝑜 range, the non-
dimensional heat transfer coefficient grew inversely with the 𝐶𝑜 with an 
exponent of -0.43. The significance of the 𝑊 𝑒 increased in magnitude 
but still remained comparably small. Notably, both the bubble confine-
ment number 𝑁Conf and the equivalent 𝐵𝑖 changed significantly their 
importance as the flow transitioned from a high 𝐶𝑜 to a low 𝐶𝑜. The re-
gression suggested that the confinement 𝑁Conf influenced significantly 
the heat transfer behavior of the flow in the convective-dominated re-
gion, while the same occurred for the equivalent 𝐵𝑖 in the high 𝐶𝑜
region.

To complete the analysis, the impact of the saturation temperature 
on the local heat transfer coefficient was assessed by conducting ex-
periments at a nominal saturation temperature of 40.5◦C. The results 
can be observed in Fig. 12a for R1234yf at a nominal mass fluxes of 
908 kg∕m2 s and 415 kg∕m2 s. Both R1234yf and R1234ze showed an 

increase of the local heat transfer coefficient with the saturation tem-
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Fig. 10. Heat transfer trends of R1234yf (a) Two-phase local heat transfer coefficient versus the wall heat flux in W∕cm2 at the outermost RTD (z = 0.88 cm), (b) 
flow-wise heat transfer coefficient (c) non-dimensional flow-wise heat transfer coefficient. (For interpretation of the colors in the figure(s), the reader is referred to 
the web version of this article.)

Fig. 11. Heat transfer trends of R1234ze (a) Two-phase local heat transfer coefficient versus the wall heat flux in W∕cm2 at the outermost RTD (z = 0.88 cm), (b) 
flow-wise heat transfer coefficient, (c) non-dimensional flow-wise heat transfer coefficient.
Fig. 12. Comparison of the two-phase local heat transfer coefficient of R1234yf 
versus the wall heat flux at the outermost RTD (z = 0.88 cm) for (a) nominal 
saturation temperature of 30.5◦C and 40.5◦C, (b) for channel width of 200 μm
and 300 μm, labeled, respectively, with F and D in the plot.

perature at the lower heat fluxes, while the onset of the dryout regime 
was anticipated with increasing saturation temperature. This behavior
was in agreement with the transition from a heat flux dominated regime 
to a convection-dominated regime.

3.1.1. Discussion of heat transfer

The experimental data show that the heat transfer coefficient 
evolved following three main boiling regimes when the applied wall 
heat fluxes ranged from low to near-critical values. The first boiling 
regime is associated to the dominance of bubble nucleation in the heat 
transfer process: this was confirmed both by the growth rate of the 
heat transfer coefficient with the heat flux and by the visual inspection 
through the high-speed camera, an example of which is shown in Fig. 8. 
This condition occurred in the lower range of heat flux tested and finds 
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agreement with studies on single tubes performed at low heat fluxes 
Fig. 13. Non-dimensional flow-wise heat transfer coefficient and its prediction 
by the applied power fit in Equation 33 (black lines) for (a) R1234yf and (b) 
R1234ze(E) at a mass flux of 418 kg∕m2 s.

and larger diameters [22,47]. In spite of the relatively high 𝑁Conf , there 
is a quite evident demarcation of the nucleation-dominated condition 
from the convection-dominated one as shown in Fig. 10c and 11c. In 
the convection-dominated regime, the presence of an unstable wispy-
annular flow, as confirmed by the high-speed image in Fig. 9, drives 
the heat transfer performance. Non-dimensionalized results for both the 
200 μm and 300 μm channels were regressed with respect to relevant 
non-dimensional groups, in particular the 𝑁Conf , and the equivalent 𝐵𝑖, 
which accounted for the impact of the separating wall thickness on the 
heat diffusion through the lateral walls - this was deemed to be rele-
vant due to the high aspect ratio of the channels and the slender fins. 
The analysis through the regression of non-dimensional groups showed 
that, for large 𝐶𝑜, the 𝐵𝑜 and the equivalent 𝐵𝑖 drove the heat trans-
fer, as indicated by the magnitude of the power exponents in Equation 
(31). While the dominance of the 𝐵𝑜 agrees with the qualitative behav-

ior of flow boiling in macrochannels according to conventional theories 
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[3], it is notable that the wall 𝐵𝑖 was the second most important factor 
in the heat transfer performance. Since this number is associated to the 
heat diffusion in the separating wall by its definition, the wall thickness 
can play a significant role in the overall heat transfer performance. This 
is due to the asymmetric heating condition which evaporators for elec-
tronics cooling experience. Lower equivalent 𝐵𝑖 may be associated to a 
more uniform heat diffusion in the separating walls and, possibly, more 
nucleation sites activated at high 𝐶𝑜. Since it is related to the tempera-
ture uniformity along the height of the separating walls, the equivalent 
𝐵𝑖 is directly related to the efficiency of the wall in activating nucle-
ation sites. However, high-speed images do not allow to distinguish the 
number of active nucleation sites due to shades and reflections in the 
very narrow and deep channels. Very slender walls could lead to a poor 
heat flux diffusion and generate a situation in which the heat flux ap-
plied at the channel footprint remains confined to the bottom of the 
channels, possibly resulting in lower heat transfer coefficient at the en-
tire channel section. It is interesting to note that from the regression, 
at high 𝐶𝑜, the impact of the bubble confinement is actually weaker 
than the equivalent 𝐵𝑖, i.e. than the heat flux confinement. In fact, the 
exponent of the 𝑁Conf is about one fifth of the equivalent 𝐵𝑖. The sit-
uation is completely reversed when a convection-dominated region at 
low 𝐶𝑜 is considered. In this condition, the 𝐶𝑜 and the 𝑁Conf drove the 
heat transfer performance. Here the exponent of 𝑁Conf becomes around 
ten times the one of the equivalent 𝐵𝑖. It is believed that the domi-
nance of the 𝑁Conf arises from the instability of the wispy-annular flow, 
which is driven by the confinement of the high-inertia vapor phase into 
the microchannels, which has been identified a trigger of two-phase in-
stabilities as explained in Section 1. According to the regressions, the 
higher the confinement, the more deleterious is the instability of the 
flow for the heat transfer. Moreover, high 𝑁Conf implies that surface 
tension forces take more importance. On the other hand, the lower sur-
face tension, the higher the wettability. Hence, high confinement may 
result in a lower wettability of the walls by the liquid. In this situa-
tion, the impact of the 𝐵𝑖 on the heat transfer coefficient is limited, as 
the convection at the walls drives the heat transfer performance and 
not the nucleation. Limited heat diffusion in the walls may be a signifi-
cant effect for microchannel heat sinks, which operate with asymmetric 
heating and tend to have slender separating walls. Since the literature 
is missing an experimental study investigating this parameter, further 
investigations are recommended in this direction.

3.2. Two-phase channel pressure drops

Figs. 14a and 15a show the manifold pressure drops for R1234yf 
and R1234ze(E) at a nominal saturation temperature of 30.5◦C and 
four mass fluxes. The figures show that for both fluids the total channel 
pressure drops increased with the wall heat flux and the mass flux. It is 
interesting to note that, at high heat flux, the rate of change of mani-
fold pressure drops with the wall heat flux is higher than at lower heat 
flux. As an example for R1234yf at low heat flux, increasing the wall 
heat flux from 10.5 W∕cm2 to 20.7 W∕cm2 increased the pressure drops 
from 5.1 kPa to 6.6 kPa for a mass flux of 908 kg∕m2 s. Conducting the 
same analysis starting at a heat flux of 66.8 W∕cm2 and increasing to 
82.1 W∕cm2, the pressure drops went from 13.4 kPa to 16.6 kPa. By 
making reference to the heat transfer coefficients in Fig. 10a - 11a, 
showing that the heat transfer coefficient is decreasing, this steeper in-
crease in the pressure drops can be associated with the dryout occurring 
in the channels. The general increase of the pressure drops in the man-
ifold is driven by the increase in the mean velocity of the flow, which 
is proportional to the mass flux and the heat flux, affecting the mean 
vapor quality.

The total channel pressure drops Δ𝑝tp,tot and the momentum pres-
sure drops Δ𝑝mom are displayed in Fig. 14b-15b and Fig. 14c-15c, re-
spectively. For both fluids, these pressure drops are mainly increasing 
with the heat flux but are not influenced significantly by the mass flux. 
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As an example, for a wall heat flux of 65 W∕cm2, the sum of the fric-
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tional and momentum pressure drops is 10.7 kPa, 10.4 kPa and 10.7 kPa 
for mass fluxes of 1138 kg∕m2 s, 908 kg∕m2 s and 621 kg∕m2 s, respec-
tively. This behavior is associated to two counteracting effect taking 
place when the mass flux was increased at a fixed heat flux. On one 
hand, the momentum pressure drops in the channel increased, as dis-
played in Figs. 14c and 15c; on the other hand, the mean vapor quality 
decreased and this may lead to a reduction of the frictional compo-
nent of the pressure drop. It is interesting to note that, as displayed 
in Fig. 14d-14e for R1234yf and Fig. 15d-15e for R1234ze(E), the mo-
mentum pressure drops calculated with an homogeneous model for the 
void fraction accounts for around 30% to 60% of the manifold pressure 
drops and for around 60% to 130% of the total channel pressure drop. A 
share above 100% is possible due to the pressure recovery at the outlet 
of the channel, which occurs due to the expansion in the outlet plenum. 
The importance of the momentum pressure drops in the overall pressure 
change of the flow is significant. Compared to low heat fluxes applica-
tions, this condition occurs because of the high heat fluxes involved (i.e. 
relatively high change in momentum of the flow) and the short channel 
length (i.e. relatively low frictional pressure drop). Finally, Fig. 14f and 
15f display the ratio of the orifice pressure drops and the total channel 
pressure drop, i.e. the pressure penalty introduced by the orifices. It is 
observed that the magnitude of the pressure penalty increases with the 
mass flux and decreases with the heat flux. This penalty can range from 
20% to 500%, depending on the operating conditions.

The impact of the saturation temperature on the manifold pressure 
drops for R1234yf can be observed in Fig. 16a for nominal mass fluxes 
of 415 kg∕m2 s and 908 kg∕m2 s. Both R1234yf and R1234ze(E) showed 
a decrease of the channel pressure drops with the saturation tempera-
ture, mainly in the higher heat flux range. This can be associated to the 
reduced viscosity of the refrigerants and the lower shearing effect of the 
vapor over the liquid as the density difference reduces with higher sat-
uration temperatures. Fig. 16c shows the pressure drops for a mass flux 
of 415 kg∕m2 s in the 200 μm and 300 μm channels. The larger diam-
eters show lower pressure drops and they both increase with the heat 
flux. The difference between the two geometries is mainly associated 
to the different mean vapor qualities in the channel, driving different 
momentum pressure drop.

3.2.1. Discussion of pressure drop

The effect of the mass flux and heat flux on the manifold pressure 
drops results obtained for the two fluids is in agreement with other stud-
ies performed at lower heat fluxes in multi-microchannels [40,61,62]. 
The impact of the saturation temperature has not been highlighted be-
fore in multi-channels and most data available belong to single channel 
studies. We observed that there is an agreement with single chan-
nel studies [47] considering the impact of the saturation temperature. 
These impacts are mainly related to the reduction in dynamic viscosity. 
However, the observed effect was minor. A possible explanation to this 
is that the frictional pressure drops contribution is almost negligible in 
the current setup. This is also corroborated by the fact that, calculating 
the momentum pressure drops with the homogeneous void fraction - the 
homogeneous model was proven to be a suitable approach to micro-
channel geometries in a study by Ribatski et al. [63] - the estimate 
covers a very large share of the total channel pressure drop, as indi-
cated in Fig. 14d and 15d. This has indeed profound consequences on 
the driving factors of the pressure drop, being principally the mass flux 
and the outlet vapor quality as these influence the momentum pressure 
drop. By considering the pressure penalty introduced by the orifice, this 
study shows that for systems operating at high heat fluxes, the overall 
pressure drops are dominated by the orifice and the momentum change, 
relating the pumping power needed for the system to two main contri-

butions.



International Journal of Heat and Mass Transfer 220 (2024) 124882G. Criscuolo, L.P.M. Colombo, B.B. Kanbur et al.

Fig. 14. Pressure drops data for R1234yf (a) differential pressure drops over the manifold, Δ𝑃dif f , (b) channel pressure drops Δ𝑃𝑡𝑝,𝑡𝑜𝑡, (c) channel momentum pressure 
drops Δ𝑃mom , (d) ratio between momentum pressure drops and total channel pressure drops, Δ𝑃ch,tot , (e) ratio between momentum pressure drops and manifold 
pressure drops, Δ𝑃dif f , (f) ratio between orifice pressure drops and total channel pressure drops, Δ𝑃ch,tot .

Fig. 15. Pressure drops data for R1234ze, (a) differential pressure drops over the manifold, Δ𝑃dif f , (b) channel pressure drops Δ𝑃𝑡𝑝,𝑡𝑜𝑡 , (c) channel momentum 
pressure drops Δ𝑃mom , (d) ratio between momentum pressure drops and total channel pressure drop, Δ𝑃ch,tot , (e) ratio between momentum pressure drops and 
manifold pressure drop, Δ𝑃 , (f) ratio between orifice pressure drops and total channel pressure drop, Δ𝑃 .
dif f

3.3. Comparison with correlations

The experimental data of the present study, both heat transfer coef-
ficient and pressure drop, were compared to the predictions of literature 
correlations. For the flow-wise heat transfer coefficients, general corre-
lations based on the superposition of nucleate and convective boiling 
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were employed. In particular, the correlations by Bertsch et al. [31], 
ch,tot

Mahmoud and Karayiannis [64] and by Kandlikar [65] were used, since 
they were developed for microchannels and both combined the effect 
of nucleation-dominated behavior and the convection-dominated one. 
Together with these, also the Cooper correlation [34], specifically de-
veloped for nucleate boiling, was also considered for the assessment to 
highlight the impact of neglecting convection effects and boiling sup-

pression. Only local values referring to a saturated condition and for 
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Fig. 16. Comparison of the two-phase pressure drops versus the wall heat flux for (a) nominal saturation temperature of 30.5◦C and 40.5◦C for R1234yf, (b) nominal 
saturation temperature of 30.5◦C and 40.5◦C for R1234ze(E), (c) nominal channel width of 200 μm and 300 μm, labeled, respectively, with F and D in the plot, for 
R1234yf.
Fig. 17. Illustration of the physical distribution of the heat flux (red arrows) in 
the section of a round pipe uniformly heated (left) and in the section of a single 
high aspect ratio channel heated from below, typical of heat sinks (right).

measurements belonging to boiling regime I and II were considered for 
the comparison. These measurements were selected based on a thresh-
old value of the standard deviation for the outermost RTD of 0.014 Ω. 
Since most of the correlations were developed for uniformly heated sin-
gle tubes, the methodology presented in Criscuolo et al. [52] was used 
to account for asymmetric heating conditions taking place in the heat 
sinks. An illustration of the physical situation described by the correla-
tion and the one corresponding to this study is reported in the sketch in 
Fig. 17.

For the channel pressure drop, the frictional components was cal-
culated with the methods by Chisholm [42] and Müller-Steinhagen 
and Heck [51], since these methods were often regarded as suitable in 
predicting experimental results in previous studies on single tubes, as 
presented in Section 1.1.2. Moreover, the method by Huang and Thome 
[62] and Kim and Mudawar [66] were also considered as they were 
specifically developed for multi-microchannel setups. The momentum 
pressure drops in the channel was calculated by calculating the void 
fraction through the homogeneous mixture model.

The resulting parity plots are shown in Fig. 18 for the flow-wise heat 
transfer coefficients and in Fig. 19 for the channel pressure drop. The 
statistical assessment of the correlations is reported in Table 3 and Ta-
ble 4. The assessment showed that the correlations that best predicted 
the heat transfer coefficient were those by Bertsch et al. [31] and Mah-
moud and Karayiannis [64]. It is noteworthy to observe that, from the 
parity plots, all the correlations systematically over-predicted the exper-
imental data for large values of the flow-wise heat transfer coefficients. 
Due to the increasing heat fluxes, the correlations were predicting a 
higher heat transfer coefficients, but these increases were not measured. 
This is indeed connected with the presence of dominant convective ef-
fects and the intermittent behavior of the flow, as highlighted in the 
analysis of the experimental results in Section 3.1. Regarding the pres-
14

sure drop, the best methods to predict the data were the one from Huang 
Table 3

Statistical evaluation of the local heat transfer coefficient predictions 
by literature correlations.

MAPE MPE SD %30%

Bertsch et al. [31] 20.1% -0.04% 25.7% 78.1%
Karayannis and Mahmoud [67] 24.5% 8.1% 32.7% 73.5%
Cooper [34] 25.7% 3.5% 35.1% 66.4%
Kandlikar [65] 33.9% -9.8% 40.5% 46.4%
Kim and Mudawar [68] 147% 147% 115% 6.9%

Table 4

Statistical evaluation of the pressure drop predictions by literature cor-
relations.

MAPE MPE SD %30%

Huang and Thome [62] 22.2% 22.2% 19.2% 72.1%
Müller-Steinhagen and Heck [51] 22.8% 22.8% 19.4% 71.4%
Chisolm [42] 27% 27% 27.7% 72.8%
Kim and Mudawar [66] 72.2% 72.2% 49.6% 25.8%

and Thome [62] and Müller-Steinhagen and Heck [51]. It is noteworthy 
that, except for the Kim and Mudawar [66], the pressure drops corre-
lations gave relatively fair results. This could be a consequence of the 
fact that the frictional pressure drops have a minor influence compared 
to the momentum pressure drop. The main takeaway from the com-
parisons, therefore, is that calculating the momentum pressure drops 
through the homogeneous void fraction could return fair results for the 
test conditions considered.

4. Conclusion

This study presented an experimental investigation on the heat 
transfer coefficient and pressure drops of two low-GWP refrigerant flu-
ids, R1234yf and R1234ze(E), during flow boiling under high heat flux 
conditions, up to 90 W∕cm2 at the wall. The study was conducted in 
a multi-microchannel evaporator heated at its base by a microheater 
chip. The magnitude of the applied heat flux spanned from a boiling 
incipience level to the critical heat flux conditions, thus providing a 
complete picture of how the heat transfer and pressure evolve in the 
possible heat flux range. The impact of heat and mass flux on the flow-
wise heat transfer coefficient was analyzed and the effect of the relevant 
non-dimensional groups was assessed with a regression analysis of the 
results. The two-phase pressure drops in the channels was evaluated 
by deducting the experimental pressure drops in the inlet manifold, 
outlet manifold, and the inlet orifices from the differential pressure 
measurements over the test section. A dedicated test section was built to 
measure the pressure drops in the manifold and orifices. Finally, the ex-

perimental flow-wise heat transfer coefficient and the channel pressure 
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Fig. 18. Parity plot of correlations employed for the comparison with the ex-
perimental data.

Fig. 19. Parity plot of correlations employed for the comparison with the ex-
perimental data.

drops were compared to predictions from the literature. The findings of 
the study can be summarized as follows:

• During flow boiling in the multi-microchannel evaporator, the local 
heat transfer coefficient transitioned from a heat-flux-dominated 
condition to a mixed mass- and heat-flux-dominated one. Dryout 
eventually occurred in the channels leading to the decrease of the 
heat transfer coefficient until the critical heat flux was achieved. 
Despite the relatively high confinement number 𝑁Conf , in the heat-
flux-dominated conditions, the heat transfer coefficient increased 
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with the wall heat flux at a rate very similar to the predictions 
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by Gorenflo [35] for nucleate boiling. As the heat flux at the wall 
was increased, the effect of the mass flux and a deviation from 
the nucleation-dominated region was eventually observed. This 
was due to the intermittent establishment of a wispy-annular flow. 
Compared to the 300 μm wide channels, the local heat transfer co-
efficient was lower in the convection-dominated region.

• The heat transfer results were analyzed in a non-dimensional anal-
ysis. The non-dimensional heat transfer trends agreed well with 
macrochannel models, showing a transition from a flat nucleation-
dominated region to a steep convection-dominated one. Since the 
𝑁Conf was larger than 1, the results were combined with those 
obtained for a 300 μm wide channel and regressed to identify 
the impact of the 𝑁Conf and the equivalent wall 𝐵𝑖. By this ap-
proach, it was observed that the 𝑁Conf had an important role for 
the convection-dominated region, in particular through its impact 
on the flow instabilities. On the other hand, for the nucleation-
dominated condition, the heat transfer was influenced by the 𝐵𝑜
and the wall 𝐵𝑖, which was interpreted an indicator of the con-
finement of the heat flux to the bottom of the channels in case 
of asymmetrical heating. This approach also showed that the 𝑊 𝑒

did not influence significantly the heat transfer performance. Since 
evaporators for electronics cooling are in most cases only heated 
from one side, a further insight into the impact of the separating 
walls on the heat transfer coefficient is recommended for the fu-
ture.

• The study showed that the pressure drops over the test section 
increased with the mass flux and the wall heat flux, as both con-
tributed to increase the mean velocity of the flow. However, the 
evaluation of the channel pressure drops showed that, along the 
channels, the pressure drops were changing weakly with the mass 
flux and were mainly dependent on the heat flux. This effect was 
attributed to two counteracting effects: as the mass flux was in-
creased at a fixed heat flux, the momentum pressure drops in-
creases and the vapor quality decreases. By evaluating the momen-
tum pressure drops through the homogeneous void fraction, it was 
observed that, for this kind of setup operating at high heat fluxes, 
the relative magnitude of the momentum pressure drops compared 
to the channel and the manifold pressure drops can range from 60% 
to 130%. This indicated that, as devices are operated at high heat 
fluxes, the estimation of the momentum pressure drops becomes 
the most important to evaluate the pumping power.

• The flow-wise heat transfer coefficient and the two-phase chan-
nel pressure drops were compared against correlations available 
in the literature. The correlations by Bertsch et al. [31] and Mah-
moud and Karayiannis [64] performed the best, with a MAPE of 
20.2% and 24.5%, respectively. The two-phase channel pressure 
drops was best predicted by the methods by Huang and Thome 
[62] for the frictional pressure drop, combined with the momen-
tum pressure drops calculated using the void fraction based on the 
homogeneous mixture model. It is noteworthy that, for short chan-
nels at high heat flux like in this study, the momentum change 
dominated the channel pressure drops and, therefore, the most 
influencing factor for the prediction of the pressure change was 
related to how accurately the momentum pressure drops could be 
estimated.
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