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The current research aimed to investigate the dominant heat transfer mechanisms during flow boiling of HFE-
7100 in a single copper microchannel and use the data to assess predictive methods for the heat transfer coef-
ficient. The single microchannel had a height of 0.811 mm, a width of 0.753 mm and a length of 75 mm,
providing a hydraulic diameter of 0.7807 mm. Mass fluxes between 100 kg/m?s and 1000 kg/m2s were
investigated for heat fluxes up to 204.74 kW/m? at a constant inlet subcooling of 10 K. The inlet pressure was

varied from 1, 1.5 and 2 bar. Four generic flow patterns were identified, namely: bubbly, slug, churn and annular
flows, using a high-speed, high-resolution camera mounted on a microscope. Nucleate boiling was found to
persist to some degree in all flow regimes. The effect of heat flux, mass flux and vapour quality on the two-phase
heat transfer coefficient were considered and presented. The results were compared to existing heat transfer

correlations.

1. Introduction

Flow boiling in microchannels has many potential applications due
to possible high heat transfer rates that are a consequence of the large
heat transfer surface area to flow area ratios and the utilisation of latent
heat [1]. These applications extend to microelectronics cooling [2],
photovoltaic thermal management [3], cooling of power electronics
components and high-energy physics particle detectors [4]. The wide
adoption of microscale flow boiling in industry is dependent on the
ability to predict heat transfer rates and the consequent wall tempera-
tures, such that micro heat exchangers can be sized accordingly. Simi-
larly, the reliable prediction of the flow boiling pressure drop is essential
for thermal engineers to estimate the pumping power required by the
thermal management system that includes microscale heat exchangers.
Both the above, i.e. heat transfer rates and two-phase pressure drop
depend on the prevailing flow regimes in microchannels and a proper
understanding of these patterns is a necessary starting point. This study
aims to investigate microscale flow boiling heat transfer phenomena of
HFE-7100, including the prevailing flow patterns and the accuracy of
existing predictive models.

As previously mentioned, the understanding of heat transfer flow
boiling phenomena is dependent on the resultant flow patterns. Thus, it

is essential to first understand the resultant flow patterns in the micro-
scale and how they differ from the conventional scale. The flow boiling
regimes observed in conventional scale passages vary depending on the
orientation of the flow. The most frequently encountered flow patterns
in vertical flows at the conventional scale are bubbly flows, slug or plug
flows, annular flows, wispy annular and mist flows, see Hewitt [5]. Flow
patterns that occur during horizontal flows in the conventional scale, as
classified by Hewitt and Roberts [6,7], are bubbly flows, stratified and
wavy stratified flows, slug and plug flows, annular flows and mist flows.
Some researchers include the term “intermittent flows”, as in Taitel [8],
which has been subject to varied interpretations in the literature, even
within the context of the conventional scale. In references [9-12] the
term is used to describe flow patterns seen between bubbly and annular
flows, such as slug, plug, and churn flows. Others [13-15] apply the
term more narrowly, referring exclusively to slug or plug flows,
excluding churn flow. However, further clarification on the term
“intermittent flows” will be provided where relevant throughout the
subsequent discussion.

Flow boiling patterns in the microscale are found not to be as
dependant on flow orientation due to the suppression of the buoyancy
force that occurs as a result of the smaller geometry. This effect is evi-
denced by the flow pattern categorisations utilised by researchers for
both vertical and horizontal microscale flows. For example, Mahmoud
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Nomenclature
o Specific Heat at Constant Pressure [J/(kgK)]
fp Fanning Friction Factor [-]

g Gravitational Acceleration [m/s?]
h Heat Transfer Coefficient [W/m?K]
i Enthalpy [J/kg]

if Latent Heat of Vapourisation [J/kg]
k Thermal Conductivity [W/mK]

m Mass flow rate [kg/s]

n Asymptotic Index [-]

re Critical Cavity Radius [m]

oo Radius of 90° Bend [m]

q Heat Flux [W/m?]

x Vapour Quality [-]

y Vertical Distance [m]

z Distance from Channel Inlet [m]

A

Area [m?]
Bd Bond Number [-1, Bd = (p; — p,)gDw*/0
Bo Boiling Number [-], Bo = q"/(G-hg,)
Co Confinement Number [-1, C, = 1/Dny/0/[g(p; — p,)]
Dy Hydraulic Diameter [m]
E Enhancement Factor [-]
Fr Froude Number [-], Fr = G/p+/(G-Dy)
Fry, Liquid only Froude Number [-], Fr = G/p;+/(G-Dy)
G Mass Flux [kg/mzs]
H Height [m]
K Pressure Loss Coefficient [-]
L Length [m]
L, Hydrodynamic Entry Length [m]
M Molecular Weight [g/mol]
Neo Convection Number [-], N, = [(1 — x)/x]*8, [P/ P1
Nu Nusselt Number [-], Nu = hDy/k
p Pressure [Pa]
Pg Critical Pressure [Pa]
Pr Prandtl Number [-], Pr = uC,/k
Q Heating [W]
Rp Roughness Profile Parameter [-],
Re Reynolds Number [-], Re = GDy/u
Reg Gas Reynolds Number [-], Regs = GxDy/, g
Rey, Liquid Only Reynolds Number [-], Re,, = GDy, /iy
Reys Liquid Reynolds Number [-], Re;; = G(1 — x)Dy /iy
T Temperature [K]
w Width [m]
We Weber Number [-], We = G?Dy/(p-u)

Weg, Gas Only Weber Number [-], Weg, = G?Dy/ (/)g~ﬂg)
Wey, Liquid Only Weber Number [-1, We;, = G?Dy,/(py1;)

Dyl Plenum Diameter [m]

Greek

a Aspect Ratio [-], a = Hepn/ W,

ot Adjusted Aspect Ratio [-], @* = max (He, /Wen, Wen /Hen)
Sin Thermal Boundary Layer Thickness [m]

AP Pressure Drop [Pa]

AT Temperature Difference [K]

I Viscosity [Paes]
v Specific Volume [m®/kg]

P Density [kg/ms]

c Surface Tension [N/m]

@ Bubble to Wall Contact Angle [rad]
X

Martinelli Parameter [,y = [(dP/dz),/(dP/dz), |~

Subscripts

b Base

cb Convective Boiling
ch Channel

col Column

cu Copper

f Fluid

FD Fully Developed

g Vapour

in Channel Inlet

l Liquid

meas Measured

mod Modified

nb Nucleate Boiling
out Channel Outlet

pl Plenum

sat Saturation

sc Sudden Contraction
se Sudden Expansion
sub Subcooled

sup Superheat

sp Single-phase

tp Two-phase

ts Top Surface

w Wall

) Ambient

3 Adjusted for 3 Sides
90 90° Change in Direction

and Karayiannis [16] investigated flow boiling in vertical mini-tubes
and utilised the generic categorisations of bubbly, slug, churn and
annular flows. They went on to recommend correlations for the transi-
tion boundaries between these four generic flow regimes. Al-Zaidi et al.
[17] investigated the flow boiling of HFE-7100 in a horizontal micro-
channel heat sink and also utilised the generic categorisations of bubbly,
slug, churn and annular flows. The interfacial geometry, i.e. the resul-
tant structure at the liquid-vapour boundary, that occurs during these
flow patterns plays a key role in heat transfer rates and pressure drop
that occurs during flow boiling.

The interfacial structures that arise between the two phases signifi-
cantly affect heat transfer and pressure drop as they present different
heat transfer and pressure drop mechanisms. For example, a main driver
of heat transfer during bubbly flow is the agitation of the bulk fluid as

bubbles depart the surface [18]. This cannot occur if bubble nucleation
is suppressed, as it can be during some annular flows. Conversely, heat
transfer rates can be increased during annular flow by thinning of the
liquid film, which is not present during bubbly flows. With regards to
pressure drop, flow can almost be considered homogeneous during
dispersed bubbly flow, a flow pattern where small bubbles are sus-
pended in the liquid with a velocity equal to that of the bulk liquid. Here
there is not slippage or shear between phases [7]. Conversely, during
annular flows there is a significant difference in phase velocities and
significant shear occurs at the phase interface, thus greatly affecting the
pressure drop through an entirely different mechanism.

Understanding the distinct aforementioned mechanisms is essential
for developing accurate predictive models. The present study focuses on
the prediction of the heat transfer coefficients in microchannels, with
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the prediction of pressure drop being outside the scope of this paper. The
current methodologies for heat transfer prediction for flow boiling in
both conventional sized and microscale channels can be separated into
four classifications [19]:

(i) Superposition models, in which the two-phase heat transfer co-
efficient (h;) includes the individual components of the nucleate
boiling (h,;) and convective boiling heat transfer mechanisms (h).
An example of this is the correlation proposed by Chen [20] for
conventionally sized vertical tubes. The form of the superposition
models is shown in Eq. (1).

h[p = hpp + hep (€D)

(ii) Enhancement models, where the two-phase heat transfer coeffi-
cient is considered as an enhancement of the single-phase heat
transfer coefficient (hg,), with an empirical enhancement factor (E).
One example is the correlation suggested by Lee and Mudawar [21].
The enhancement model form is presented below in Eq. (2).

hyp = Ehgy )

(iii) Asymptotic models, which provide a similar form to the super-
position models with the exception of an asymptotic index (n), as
displayed in Eq. (3). A notable example is the correlation introduced
by Kim and Mudawar [22].

hqvn = hnbn + hcb" 3

(iv) Dimensionless models, where the two-phase heat transfer coef-
ficient is predicted as a function of various dimensionless groups,
commonly developed from empirical fits of data as follows:

ke

hy =f(Bo, Re, Bd, We, y,..., ...)
Dy,

G

The use of dimensionless models is particularly common, with the
most recent example of this provided by Zhang et al. [23]. The dimen-
sionless groups of Eq. (4) are given in the Nomenclature section.

The superposition models and the asymptotic models require
consideration of the nucleate boiling and convective boiling heat
transfer mechanisms. The nucleate boiling mechanism is dependent on
bubble nucleation and, as is true in pool boiling and flow boiling, heat
transfer coefficients increase with larger heat fluxes due to larger bubble
departure diameters, higher bubble generation frequency and an in-
crease in active nucleation sites [24,25]. The increase in bubble gener-
ation frequency and nucleation site density results in agitation and
greater mixing of the bulk fluid. Consequently, heat transfer coefficients
are dominated by the effect of heat flux during the nucleate boiling
regime, with minimal dependency on the mass flux effect.

The convective boiling mechanism is said to be dominated by the
characteristics of the liquid film, which occurs in some intermittent and,
particularly, in annular flows [26]. The term intermittent here refers to
the inclusion of slug, plug and churn flows. Heat transfer coefficients are
significantly affected by mass flux and vapour quality due to the
reduction of the liquid film thickness. The reduction in film thickness
causes a lower thermal resistance and a subsequent enhancement of
evaporation from the film to the core [27]. In consequence, heat transfer
coefficients are predominantly affected by the role of mass flux, with
little to no reliance on the heat flux [28].

There remains disagreement amongst researchers as to the dominant
flow boiling heat transfer mechanisms in microchannels, with some
researchers arguing that nucleate boiling dominates, [29,30] or is
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evident in all flow regimes, [17], other researchers [31,32] reporting
that the convective boiling mechanism dominates and a third group [21,
33-35] proposing that nucleate boiling dominates at low heat fluxes and
convective boiling dominates at higher heat fluxes, with a mixture of the
two mechanisms at intermediate heat fluxes. The lack of agreement
regarding the dominant heat transfer mechanisms has resulted in sig-
nificant difficulty in fully capturing certain parametric effects such as
wall heat flux and mass flux, when developing correlations. Therefore,
correlations are currently mostly only applicable to a specific fluid and
operating conditions [1].

This study seeks to report and explain the heat transfer characteris-
tics for newly obtained experimental data for HFE-7100 in a single
microchannel and to compare these data with existing heat transfer
correlations. The objectives of the present study are to help enhance the
understanding of the predictive behaviour of these correlations by
examining the heat transfer mechanisms and directly relating them to
flow patterns observed through high-speed, high-resolution flow visu-
alisation. This includes understanding the role of mass flux, heat flux
and system pressure on heat transfer coefficients for HFE-7100.

2. Experimental methodology
2.1. Experimental flow loops

A schematic diagram of the experimental facility is depicted in Fig. 1.
It consisted of a main closed flow loop and a separate auxiliary cooling
loop (dotted blue line). The electrical connections are also represented
in the schematic (dotted red line). A photograph of the facility is dis-
played in Fig. 2. The main closed flow loop consisted of a 9 L reservoir
tank, a brazed plate heat exchanger sub-cooler, a Tuthill micro gear
pump (controlled by a phase inverter drive), a Krohne Optimass Coriolis
flow meter, filter, sight glass, test section and brazed plate heat
exchanger condenser. The reservoir was wrapped in a tape heater and
fitted with a reflux condenser tube, attached to the reservoir venting
valve. The inlet pipe work was also wrapped in tape heaters and insu-
lation to achieve the desired level of sub-cooling. A gas-loaded hydraulic
accumulator was added to the system to eliminate undesirable pressure
fluctuations and a flexi hose to remove undesired noise from the Coriolis
flow meter.

Heating of the reservoir was used to both degas the fluid through
vigorous boiling and to adjust the system pressure of the system. The
sub-cooler was installed prior to the pump to ensure full condensation of
the fluid before entering the pump inlet, thus avoiding cavitation. A
brazed plate heat exchanger was placed after the test section to condense
the fluid entering the fluid reservoir. The reservoir tank tape heater and
preheater were controlled using two, individual Variacs. The test section
heater cartridges were controlled using a high voltage variable DC
power supply.

A water chiller was used to reject heat from the main closed flow
loop, capable of providing up to 14 L/min of water-glycol mixture with
outlet temperatures between 8°C and 35°C at a total cooling capacity of
7 kW. The secondary loop provided cold side flows to the brazed plate
condenser and sub-cooler. All instrument measurements, i.e. pressure
transducer measurements, thermocouple measurements and mass flow
rates, were collected using a National Instruments Data Acquisition
System (DAQ) at a frequency of 1 kHz. Flow visualization was conducted
using a Phantom MiroLab 110 high-speed, high resolution digital cam-
era at 6000 fps with a resolution of 512x512 pixels. A Huvitz HSZ-
645TR microscope and LED lighting system were used in conjunction
with the high-speed camera to facilitate flow visualisation.

2.2. Test section
A rendered Computer Aided Design (CAD) exploded view of the test

section assembly is presented in Fig. 3. The test section assembly con-
sisted of four main component groups, namely: the aluminium clamping
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Fig. 2. Experimental facility.

plates, the polytetrafluoroethylene (PTFE) housing, the clear poly-
carbonate viewing plate and the oxygen-free copper test section. The
aluminium clamping plates were used to hold the microchannel copper
block in place and prevent leakage from the microchannel. The PTFE
housing was used to house the copper block, limit heat loss and provide
a base for the cartridge heaters that were used to apply heat to the block.
The housing was fabricated in three parts to assist in ease of manufac-
ture. The housing components included the base housing, the front
housing and the back housing, which were fastened together using four
M5 bolts. Twenty-three 0.6 mm diameter holes were drilled into the
front housing to pass thermocouple wires into the copper block. Flow
was contained in the microchannel using a clear polycarbonate top
viewing plate, which also permitted flow visualisation and subsequent
categorisation of flow patterns. Two 1 mm diameter circular shaped
plena were milled into the polycarbonate viewing plate, each with 3
holes drilled into the plena for flow inlet/outlets, temperature

measurements and pressure measurements. A single cartridge heater
was used to heat the test section with a total heating capability of 500 W.

Fig. 4 displays two rendered CAD drawings of the oxygen-free copper
test section. It was designed with a total height of 95 mm, a base width of
84 mm and a base depth of 8 mm. A single 12.5 mm hole was drilled into
the 20 mm wide base of the copper block to insert a 500 W cartridge
heater. The microchannel, plena and o-ring groove were milled into the
block using a Hurco VM1 CNC machine, with a 0.5 mm end mill at a
rotation speed and feed rate of 8000 rpm and 200 mm/min, respectively.
The inlet and outlet plena were formed of two 1 mm diameter circles,
which aligned with the plena machined into the clear polycarbonate top
plate. An o-ring groove was machined on the outer lip to prevent any
leakage of the fluid or air entering the working fluid. The microchannel
was designed with a square cross section of 0.75 mm and length of 74.15
mm. Measurements taken using a Zeiss O-Inspect 01-442 multi-sensor
measurement machine found an average channel height, width and
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Fig. 4. Rendered CAD images of copper test section (left) front view with thermocouple hole diagram (right) isometric view with plena and microchannel.

length of 0.811 mm, 0.753 mm and 74.22 mm, respectively. These
measured values were used in the data reduction presented in the
following section. Twenty-three 0.6 mm diameter thermocouple holes
were drilled into the front face of the copper base, at a depth of 4 mm in
the arrangement shown in Fig. 4. This arrangement was developed to
assess the temperature distribution along the channel as well as the
vertical and horizontal heat flux in the copper base. The last row of
thermocouples was located 1.2 mm below the surface of the channel.
A Bruker NP Flex 3D non-contact, white light optical profiling ma-
chine, located in the Precision Manufacturing Centre at The University
of Nottingham, was used to measure the channel surface roughness

parameters. The average surface roughness, Ra, was 0.168 um, while the
area surface roughness, Sa was 0.172 um.

Flow boiling was investigated for mass fluxes between 100 kg/m?s
and 1000 kg/m?s for channel inlet pressures of 1 bar, 1.5 bar and 2 bar at
channel wall heat fluxes up to 204.74 kW/m?. The properties for HFE-
7100 at the three used inlet pressures are displayed in Table 1. The
percentage change between the thermophysical properties at 1 bar and 2
bar are also included in the table, which may provide further insight into
the mechanisms that cause any differences between heat transfer results
at higher system pressures. The most significant and noticeable changes
to the thermophysical properties include an increase to the vapour-
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Table 1

Thermophysical properties of HFE-7100.
Inlet Pressure Tsqr (°C) 1 (kg/ Pg (kg/ i (kJ/ Cpy (kJ/ Cpg (kJ/ H; (UPaes) He (uPaes) kg W/ kg (W/ 6 (N/m)
(bar) m®) m3) kg) kgeK) kgeK) meK) meK)
1 60.67 1420 9.52 116 1.19 0.925 393.7 19.84 0.06185 0.00859 0.0096
1.5 73.35 1383 14.03 112 1.21 0.954 341.6 20.61 0.05938 0.00920 0.0085
2 83.08 1353 18.53 109 1.23 0.976 312.2 21.22 0.05748 0.00983 0.0077
% Diff. - -4.7 % 94.6 % -6.0 % 3.4% 5.5 % -20.7 % 7.0 % -7.1% 14.4 % -19.8 %

phase density of 94.6 %, a reduction in the viscosity of the liquid-phase
of 20.7 % and a decrease of the surface tension by -19.8 %. A constant
channel inlet subcooling of 10 K was used for all experiments.

2.3. Data reduction

A linear relationship was obtained between the temperatures
recorded by each of the three columns of thermocouples in the test
section and the distance from the bottom surface of the microchannel,
see Fig. 4. This was then differentiated to give the temperature gradient
in the block and the heat flux for each column, q”,;, as follows:

chol
cu d_y o

q”cul = -k (5)

where k., T and y are the thermal conductivity of copper, temperature
and vertical length dimension, respectively.

The difference in the heat flux calculated for the three thermocouple
columns was found to be no greater than 6.7 % for all collected data
points and consequently, a one-dimensional heat flux in the vertical
direction was assumed as the arithmetic mean of three column heat flux
values, i.e.

q”col 1+ q”col 2+ q”col 3
3

The channel wall heat flux, q”,, was then calculated using the
calculated base heat flux with a uniform channel and plenum heat flux as
follows:

qp = (6)

q”bAb — Qmp
(ZHch + Wch)Lch + Ap

q“w = (7)

lheat

0.80

0.70

0.60

0.50

0.40

g (W/K)

0.30

0.20

0.10

0.00

0 10 20 30

where Ay, Apl,s Quoss, Hen, Wen and L, are the copper base cross-
sectional area, the total heated plena area, the heat loss through the
top plate, the channel wall height, the channel base width and the length
of the channel, respectively. The heat loss through the top plate was
calculated by finding the heat transfer coefficient as a function of the
difference between the external surface temperature of the test section
top wall, T;; and the ambient temperature T,, experimentally.

The microchannel was placed under vacuum conditions and low
power heat was applied to the test section. Vacuum conditions were
achieved by closing the valve downstream of the test section and
attaching a vacuum pump to the test section inlet connection. The base
heat flux was calculated as per Eq. (5) and Eq. (6) once steady state
conditions were reached. It was then assumed that the power lost
through the test-section top plate was equal to the product of the heat
flux measured in the vertical direction and the base cross-sectional area,
ie.

q”b Ab = Qmp = htop(TLs - Too) (8)
where hy, is the overall heat transfer coefficient of heat lost to the top
plate and is dependent on the difference between the test section top
surface temperature and the ambient temperature. This relationship is
shown in Fig. 5.

The mass flux, G, was calculated from the mass flow rate, m, using
the following equation:

_m
Hch Wch

)]

For single-phase validation, the experimental Fanning friction factor,

fsp» was found from:
o st 2
L J
L 4
ADay1
®Day2
40 50 60 70 80 90
T, ts'T @0 (K)

Fig. 5. Experimental heat transfer coefficient of heat loss from top plate.
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, = ey (10)
2Lcth:h

The pressure drop across the channel, AP, was calculated differ-
ently for the single-phase and flow boiling experimental cases through
consideration of pressure drops in the plenums. Note that the flow turns
at 90° to enter the plenum and subsequently contracts to enter the
microchannel. At the exit, the flow expands in the plenum and turns
again by 90° to exit into the flow pipe. The pressure sensors are located
at the inlet and exit pipes leading to the corresponding plena. The
pressure drop was calculated as follows:

APcp = APreqs — (Apin.go + APy + AP, + Apout,QO) 1
where APpeqs, APin oo, APge, AP, and AP, oo are the measured pressure
drop, the pressure drop due to a 90° bend in the manifold, the pressure
drop due to a sudden contraction between the inlet plenum and the
channel, the pressure drop due to a sudden expansion between the
channel and the outlet plenum and the pressure drop due to a 90° bend
in the outlet plenum, respectively. The single-phase plenum pressure
drop components were calculated using the equations presented in Eq.
(12) to Eq. (15), where Eq. (12) and Eq. (13) were proposed by
Remsburg [36], whilst the pressure losses due to sudden expansions and
contractions shown in Eq. (14) and Eq. (15) were proposed by Kays and
London [37].

KooGy?
APy 90 = 9207!)171 12)
1
I<90Gpl2
APoyo0 = T2 13)
1
_ Gch2 Ach 2
APy = 2, 1-— A—Pl + K¢ a4
2
_ Gch2 Ach 2
AP, = 2, 1- A—Pl + Ke (15)

Koo represents the loss coefficient for 90° changes in flow direction,
which was proposed by Phillips [38] to be 1.2 and p,; represents the
liquid density. K;. and K, represent the coefficients for a sudden
contraction and a sudden expansion, respectively. These values were
extracted from the figure provided by Kays and London and were found
to be 1.133 for sudden contractions and 1.0 for sudden expansions.

As mentioned above, constant channel inlet subcooling of 10 K was
used for all flow boiling experiments. Consequently, it was assumed that
the channel inlet was single-phase liquid and hence, Eq. (12) and Eq.
(13) were deemed suitable for estimating the pressure drop in the inlet
plenum. However, two phase pressure drop components were consid-
ered for flow boiling experiments. The sudden expansion at the outlet of
the microchannel into the plenum was calculated using Eq. (16), pro-
posed by Markal et al. [39], taken from Blevins [40] and Collier and
Thome [7].

AP, — Ut Xou (g = 00) [(Gpﬁ —Ga?) + <1 fﬁ) Gchz} (16)
2 Ay

The two-phase pressure drop due to the 90° bend of flow in the outlet
plenum was calculated using Eq. (17) and Eq. (18), which were proposed
by Chisholm [41], where rq, is the bend radius in the plenum and @, is
the diameter of the plenum.

G K
7%{1“" {Ci*l) (onuthxoutz+xout2):|} (17)

8

2.2 as)

International Journal of Heat and Mass Transfer 251 (2025) 127388

The local vapour quality was calculated using Eq. (19), where i(z),
i/(z) and ig(2) represent the local specific enthalpy, the saturated liquid
enthalpy and the enthalpy of vapourisation, respectively.

i(z) —ii(2)
i (2)

The local specific enthalpy was found using the energy balance
presented in Eq. (20), where i, is the channel inlet enthalpy.

x(z) = 19

n q"w(2Ho + Wen)z
m

i(2) =i (20)

There is a temperature increase between the thermocouple location
at the plenum inlet and the actual inlet to the microchannel. The fluid
channel inlet temperature was thus calculated using Eq. (21). Note that
operational parameters were adjusted at the time of experimentation to
maintain a constant channel inlet subcooling of 10 K.

q WAPIhear
2mcy,

Tin = inmeas 1 (21)

Two distinct regions in the channel were considered during two-
phase flow experiments: namely, the single-phase and the two-phase
region. In the single-phase region, the bulk fluid temperature was
calculated from:

q”w(zHch + Wch)z

T, =Tn ; 22
7(2) + ey, (22)
The length of the subcooled region was calculated using:
I Tsa - Tl
sub — mcpl( a n) (23)

N q”w(ZHch + Wch)

where Ty , is the saturation temperature at the location where the
thermodynamic vapour quality is zero. This is dependent on the pressure
at this location, which was calculated using Eq. (24). Therefore, an
iterative procedure as outlined below was used to calculate the sub-
cooled length due to its dependence on the local pressure which requires
knowledge of the subcooled length.

2fcp Gcthsub

29
PiDn

Psatar Loy (2) — Py —

The friction factor used in Eq. (24) was that proposed by Shah and
London [42], which is presented in Eq (25). The fully developed Pois-
euille number, fmpRe, and the subcooled dimensionless length, L*, were
calculated using Eq. (26) and Eq. (27), respectively. a* is a parameter
similar to the channel aspect ratio a. However, in this case, it is the ratio
of the shortest length to the largest length and always retains a value
between 0 and 1. K, and C are the dimensionless pressure drop number
and dimensionless correction factor proposed by Shah and London,
respectively. The values for K, and C were obtained from a table pro-
vided by Shah and London and were found to be 1.43 and 0.00029,
respectively.

3.44 fmRe+gp 31

fo= Re/T + (25)
€ Re (1 + LF,Z)

L — RLs]uJb (26)
eDp

fiRe=24(1-1.355a"+1.946a"* —1.7012a*> +0.9564a"* —0.2537a"%)
27

The saturated region length could then be found, after the iterative
process to find the subcooled region length, using Eq. (28).

Ly =Leh — Lap (28)
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The two-phase pressure drop could also be found after completion of
the iterative process to find the subcooled length and the consequent
pressure at that channel location, as shown in Eq. (29).

2fsp Gch 2 Lsub

APy, = AP, —
tp ch ﬂth

29
The reliance on parameters between Eq. (11) and Eq. (29) meant that
the data reduction was performed iteratively until a converged solution
was found. Therefore, it is necessary to present the parameters on which
the calculation of the heat transfer coefficient is dependent.
The local single-phase heat transfer coefficient in the subcooled re-
gion of the channel was calculated using:

q"w (30)

G P

The single-phase Nusselt number for validation of the experimental
facility could then be calculated from Eq. (31).

Len
— D, f
Ni- / hy (2)dz &)
0
The Reynolds number used for the single-phase validation of the
experimental facility was calculated using:

Re = P (32)
H
The local two-phase heat transfer coefficient was calculated as:
hp(z) = —— 1% (33)

Tw(2) — Tsar(2)

Finally, the average two-phase heat transfer coefficient was calcu-
lated using Eq. (34).

Lep
Ry — L / hy(2) da (34)
L‘P
Loup

All fluid thermophysical properties for HFE-7100 were obtained
using the Engineering Equation Solver (EES) software. Prior to experi-
mentation, the fluid was degassed by vigorously boiling the fluid in the
test section for one hour before a vacuum pump was used to remove any
trapped non-condensables from the reservoir. Full degassing was
assessed through temperature and pressure measurements in the reser-
voir and their comparison to the saturation curves found in EES. Ther-
mocouples and absolute pressure transducers were calibrated using an
ASL F250 MK II precision reference thermometer (accuracy of 0.25 mK)
and dead weight apparatus (accuracy +0.01 %), respectively. The
Krohne Optimass Coriolis flow meter was calibrated by the manufac-
turer (Krohne) at their facility and the differential pressure transducers
were calibrated by Omega prior to shipping and installation in the
experimental facility.

Uncertainties were calculated using the error propagation method-
ology outlined in Coleman and Steele [43] based on the generic equation
given below:

or 2 or 2 or 2
U, = —U —U. —Uxi 35
s} ) s {20 @)
where X1, X and X are the measured parameters with the uncertainties
of UXl: UXZ and ij.
The final uncertainty values of all measured and calculated param-
eters are presented in Table 2.
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Table 2
Experimental uncertainties.

Experimental Parameter Uncertainty

Inlet Temperature +0.011 - 0.039 K

Inlet Pressure + 0.038 kPa
Differential Pressure +0 0.080 - 0.168 %
Mass Flux +0.57 %

Local Vapour Quality +1.99 - 8.55 %
Heat Flux +2.39-410%

Wall Superheat

Fanning Friction Factor

Average Nusselt Number

Local Heat Transfer Coefficient
Average Heat Transfer Coefficient

+0.034 - 0.089 K
+2.44-11.61 %
+4.37-6.83%
+397-717%
+5.31-9.82 %

3. Results and discussion
3.1. Single-phase validation and reproducibility

Single-phase experiments were conducted to validate the instru-
mentation and experimental methodology. Fig. 6 and Fig. 7 presented
the experimental Fanning friction factor (fs, from eq. 10) and mean
single-phase Nusselt number (from Eq. 31) against Reynolds number
(given by Eq. 32), respectively.

The single-phase friction factor was compared to the correlations
provided by Shah and London [42] for both developing and developed
laminar flows in rectangular ducts. Surprisingly, the data found better
experimental agreement with the correlation for developing flows, but
the experimental results were located between the two correlations. The
hydrodynamic entry length for laminar flow in a rectangular duct can be
approximated using Eq. (36) [44].

L. ~ 0.05-Re-Dy, (36)

It is estimated that 63 % of the channel was hydrodynamically
developed for the lowest investigated Reynolds number (Re = 480) and
38 % was hydrodynamically developed for a Reynolds number of 1200.
The hydrodynamically developing region occupies the entirety of the
channel at a Reynolds number of 1920. It is therefore to be expected
from the above, that the data becomes more aligned with the prediction
for developing flows at higher Reynolds numbers due to the greater
percentage of the channel being occupied by hydrodynamically devel-
oping flow.

The MAE % between the experimental data and the correlations for
developing and developed flow was calculated using Eq. (37) and were
25.81 % and 8.36 %, respectively.

Xe - Xpred

1
MAE% = — 100% 37
=23 x 100% 37)

exp

The single-phase Nusselt number to Reynolds number is compared to
the correlations provided by Jiang et al. [45] and Lee and Garimella [46]
in Fig. 7. The experimental data were in good agreement with the cor-
relations provided by Jiang et al. [45] and Lee and Garimella [46],
producing MAE %s of 9.6 % and 9.27 %, respectively.

A repeatability experiment was conducted for a mass flux of 500 kg/
m?s at a system inlet pressure of 1 bar over 3 days. The boiling curves for
the repeatability experiments are presented in Fig. 8. The repeatability
of the experiment was very good with MAE %s between day 1 and 2, day
2 and day 3 and day 1 and day 3 being 7.36 %, 15.64 % and 6.82 %,
respectively.

3.2. Heat transfer results

3.2.1. Flow visualisation

Flow visualisation presented four generic flow pattern catego-
risations of bubbly, slug, churn and annular flows. The four generic
categorisations are presented in Fig. 9 for a mass flow rate of 400 kg/
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Fig. 7. Nusselt number vs Reynolds number.

m?s. The camera was located near the channel outlet for this sequence of
photographs taken at an increasing heat flux. Fig. 9 (a) presents bubbly
flow in the saturated region. In this saturated region, vapour bubbles
continued to grow, even when the bubbles did not appear to be in direct
contact with the channel walls. This phenomenon may occur possibly
due to the fact that the vapour bubble interface is in contact with a
superheated liquid film at the channel wall. It can therefore be inferred
that the superheated liquid film was able to evaporate into the vapour
bubble as the bubble moved along the channel and the liquid film. There
is no condensation when the bubbles enter the main stream liquid flow
as this is at saturation conditions, resulting in overall bubble growth.
The bubbles then coalesced with other bubbles to form large, confined

bubbles that were categorised as the slug flow presented in Fig. 9 (b).
However, bubbles were still able to nucleate in the film during slug flow.
This phenomenon was attributed to the rectangular cross section of the
channel, resulting in a larger liquid film at the corner of the channels.
This is displayed diagrammatically in Fig. 10. Note that, even during
slug flow, some localised dry spots were observed.

Eventually, the confined vapour bubbles of slug flow grew such that
the interface became unstable and resulted in a chaotic mixture of
phases. This resulted in the churn flow pattern shown in Fig. 9 (c). The
resettlement of the phases resulted in a periodic, unsteady annular flow
that is shown in Fig. 9 (d). During annular flow, a liquid film surrounded
a vapour core. Periodically, the liquid film would begin to thin and cause
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Fig. 8. Boiling curve for 500 kg/m?s mass flux with an inlet pressure of 1 bar at z/L = 0.5, demonstrating reproducibility of the results.

local dry-out spots. The increased vapour quality at the exit of the
channel resulted in plugging of the outlet plenum and the resultant
compressibility effects increased the channel inlet pressure. Eventually,
the pressure became relieved, and the upstream churn flow would rewet
the channel walls into the initial annular flow configuration. Immedi-
ately after the rewetting of the walls, the liquid film thickness was suf-
ficient that bubble nucleation in the corners of the channel was no
longer suppressed and small micro bubbles were departing from the
liquid film into the vapour core. As the liquid film thickness is reduced
and dry out spots occurred, this bubble nucleation became suppressed
once more. However, bubble nucleation was observed for all visualised
flow patterns.

It is worth mentioning that the flow development is different in
subcooled boiling conditions. In the subcooled region, bubbles began to
grow (initially again from the corner of the channels) as long as they
were in contact with the channel wall. However, once the bubble left the
channel wall, the superheated microlayer at the wall was no longer able
to evaporate and in the subcooled bulk fluid the vapour bubbles began to
condense. This phenomenon is presented in the sequence of images
shown in Fig. 11. As seen in the figure, bubble A remains attached to the
wall and continues to grow between t=0 ms to the end of the sequence
captured by the camera at t=9.516 ms. However, bubble B, appearing at
t=0.81 ms, leaves the wall and travels downstream in the main liquid
flow, which is at a temperature below saturation. Condensation of the

channel inlet pressures of 1 bar, 1.5 bar and 2 bar at the centre location
of the channel, i.e. z/L = 0.5. Temperature overshoot (TOS) was
observed for all inlet pressures. However, the presence of TOS did not
appear for all mass fluxes and its presence appeared randomly. The
likely cause of the absence of TOS was the possible concentration of
trapped vapour in the microcavities left from the previous experimental
run. If large amounts of vapour were trapped in the microcavities, i.e.
large embryos were present, the required wall superheat to activate
bubble nucleation was lowered and the TOS was not observed. An
example of this is observed in the boiling curve for 1000 kg/m?s for a
channel inlet pressure of 1.5 bar.

The results also showed that the wall superheat at the onset of boiling
(ONB) was lower for higher system pressures. This phenomenon can be
explained by considering the superheated boundary layer-based model
presented by Hsu [47] for the required wall superheat for cavity acti-
vation during pool boiling. Superheated boundary layer-based models
consider the thermal boundary layer at the heated wall and suggest that
nucleation occurs when the temperature of the liquid in the boundary
layer is equal to or greater than that of the vapour trapped inside the
bubble. Hsu predicted the wall superheat required to activate a cavity
containing trapped vapour using the superheated boundary layer-based
incipience model, proposing the quadratic equation presented in Eq.
(38) below.

Sen Sing AT,

8(1 + c05¢)6 Tsqr (Toup + Tou)

min) = 144/1 -
r.(max, min) 2 (1 + cosg) (ATxup + ATxub) | \/

vapour of the bubble occurs and it shrinks in size, as seen in the sub-
sequent timesteps to t=9.516 mm.

3.2.2. Heat transfer results
Local heat transfer rates and heat transfer coefficient were calculated
at 9 locations along the channel. Fig. 12 depicts the boiling curves for

O ATap

10

(38)

In Eq. (38), r¢(max,min) represents the maximum and minimum
cavity mouth radii in which a cavity with a trapped vapour embryo will
become active. Hence, any cavities with a cavity mouth radius between
these two values will become active for a given wall superheat. The
resultant relationship between cavity mouth radius and the required
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Fig. 9. Observed flow patterns in the saturated region with generic classifications.

Vapour slug (slug flow)/ Vapour core
(annular flow)
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Nucleation in remaining
liquid film

Fig. 10. Cross section of channel with simultaneous dry spots and bubble nucleation.

wall superheat is presented in Fig. 13 for HFE-7100 at 1 bar, 1.5 bar and boundary layer thickness, &, was estimated as the ratio of the liquid

2 bar. In Eq. (38), ¢ represents the contact angle between the bubble phase thermal conductivity to the single-phase heat transfer coefficient
embryo and the boiling surface. Hsu estimated that the contact angle (mean value of hg, calculated by Eq. 30). Finally, a subcooling of 5 K
was equal to 53.1° based on the assumption that the liquid temperature (average of the inlet degree of subcooling of 10 K and saturated condi-
is equal to the temperature at the top of the bubble. The thermal tions) was assumed to calculate liquid-phase thermophysical properties,

11



J.J. Widgington et al.

Flow Direction

International Journal of Heat and Mass Transfer 251 (2025) 127388

t=0ms .
Large bubble detaching from wall

(Bubble B)

Small bubble suspended in bulk fluid

(Bubble A)

t=0.81 ms

Large bubble completely detached from wall

(Bubble B)

t=2.74 ms

Small bubble attaching to wall
(Bubble A)

Small bubble attached to wall
(Bubble A)

t=6.774 ms
(Bubble B)
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Bubble growing when attached to wall
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Fig. 11. Bubble nucleation and departure at the channel outlet in the subcooled region (Pin = 1.5 bar, G = 500 kg/m?s, q",, = 19.79 kW/m?, Xou = -0.0072).

whilst the vapour-phase thermophysical properties were calculated at
saturation conditions.

The figure shows that, whilst the cavities with larger mouth radii are
unaffected, smaller microcavities become active at lower wall super-
heats as the system pressure increases. Therefore, the Hsu model pre-
dicts that more cavities are activated at lower wall superheats for HFE-
7100 at higher system pressures. This helps to explain two phenomena
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presented in Fig. 12. The first is that the ONB occurs at lower wall su-
perheats for higher system pressures, which is potentially a result of
smaller cavities that would not be active at lower system pressures,
become active. The second is the lower wall superheats, i.e. higher heat
transfer coefficients, that occur at higher system pressures. This is likely
aresult of a greater range of cavity radii becoming active, increasing the
bubble nucleation site density.
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Fig. 12. Boiling curves at z/L = 0.5: (a) for 1 bar; (b) for 1.5 bar; (c) for 2 bar.

Fig 12. also indicates that there is no clear effect of mass flux on the
boiling curve. This finding was not unique to this study and was also
observed by other researchers [17,48-50]. The local heat transfer co-
efficients are plotted against vapour quality in Fig. 14 for a mass flux of
400 kg/m?s at the three channel inlet pressures. The heat transfer co-
efficients were found to decrease with local vapour quality but increase
significantly with wall heat flux. This can be linked back to the flow
patterns observed in Fig. 9, with the transition boundaries included in
Fig. 14. As the flow patterns progress out of the bubbly flow regime the
presence of dry spots begins to occur. These dry spots decrease the local
heat transfer coefficient. However, the increased heat flux (increasing
wall superheat) results in more active nucleation sites in the liquid film
that may explain the strong heat flux effect, which persists in slug, churn
and annular flow.

Furthermore, the liquid film evaporation during slug and annular
flows may also be aided by the increased heat flux. Fig. 15 presents the
effect of mass flux on the local heat transfer coefficients with respect to
the non-dimensional length, which once again show no clear mass flux
effect in the two-phase region. It is also clear from the figures, that an
increasing mass flux will result in a larger portion of the test section
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being in single-phase with a subsequent effect on the local heat transfer
coefficient, i.e. lower value of the heat transfer coefficient compared to
values at lower mass flux where boiling was established.

Although a minimal effect of mass flux on heat transfer was
observed, the mass flux did have a small effect on wall temperature,
particularly at lower system pressures. This effect can be seen in Fig. 16,
which plots both the local fluid temperature and local wall tempera-
tures. The two-phase pressure drop was found to decrease with an in-
crease in channel inlet pressure and increase with mass flux. This meant
that the local fluid temperature decreased more dramatically along the
channel with higher mass fluxes. Therefore, the channel wall tempera-
ture was lower despite the local heat transfer coefficient being largely
unaffected in the two-phase region. This affect was found to be lowered
with an increase in channel inlet pressure due to the lower two-phase
pressure drop.

3.3. Comparison to existing correlations

Table 3 includes the heat transfer correlations selected in this study
for comparison with the new experimental data. The correlations were
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Fig. 13. Effective nucleation cavity radii with respect to wall superheat according to Hsu [47].

selected based on existing comparisons by Al-Zaidi et al. [17] and [25]
and Lee [51], as these correlations performed well in their analyses or
are new and have not yet been investigated in these studies. Correlations
that performed particularly poorly in their studies were omitted, as their
findings have already indicated that these correlations are not generally
reliable, even if they might perform well in their specific context.

A comparison of the new experimental data to the eight existing heat
transfer correlations shown in Table 3 is displayed in Fig. 17. The
compared correlations were developed for using data for conventional
size channels, multi-microchannel heat sinks and vertical mini-tubes.
Eq. (37) was used to determine the MAE % for each of the correlations
and the percentage of data points within the +30 % error region (030)
was also calculated.

A correction factor was applied to some of the correlations that were
proposed for fully heated channels, i.e. in which all sides of the channel
were heated. The new experimental data were obtained for a single
microchannel in which the top plate was not considered to be heated and
thus, the correction factor presented in Eq. (39) was applied, as previ-
ously adopted in other studies [17,52,53]:

Nu.
htzx mod — <1Tuj> htp

where hy, mog, is the modified two-phase heat transfer coefficient, Nus,
Nuy the thermally developed and developing single-phase laminar flow
Nusselt number for a channel with three and with four heated sides
respectively and h;, the predicted two-phase heat transfer coefficient.

The Nusselt number for thermally developed flow in a channel with
three heated sides and the Nusselt number for thermally developed flow
in a channel with four heated sides are shown in Eq. (40) and Eq. (41),
respectively, as proposed by Shah and London [42].

(39

Nuz = 8.235(1 — 1.833a" +3.767a’* — 5.814a"* +5.361a"* — 2a*°)
(40)

Nuy = 8.235(1 — 2.0420a" +3.085a"% — 2.477a"% +1.058a"* — 0.186a"%)
41
As seen in Table 3, Shah [54] proposed a flow boiling heat transfer

correlation for conventional tubes that selects the greater heat transfer
coefficient between nucleate and convective boiling. They related the
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nucleate boiling component (E) to the Boiling number and the convec-
tive component (S) to the Convection number. This correlation was
tested with experimental data for several fluids, such as water, R-11,
R-12, R-22, and R-113, in both vertical and horizontal channels with
diameters ranging from 6 to 25.4 mm. This correlation was only able to
predict 35.2 % of the current experimental data points within 30 % of
the predicted value and provided an overall MAE % of 58.47 %. The
poor prediction of the current experimental data is to be expected as the
correlation was developed using data for conventional sized tubes and
could not capture any microscale effects.

Warrier et al. [55] carried out an experimental investigation on flow
boiling of FC-84 in horizontal rectangular multi-microchannels. The
aluminium heat sink featured five parallel channels with a hydraulic
diameter of 0.75 mm. Their experiments covered heat fluxes up to 59.9
kW/m? and mass fluxes ranging from 557 to 1600 kg/m?s. The proposed
correlation, included in Table 3, incorporated the Boiling number and
vapour quality, along with a single-phase heat transfer coefficient for
fully developed laminar flow. It was valid for the ranges 0.03 < x < 0.55
and 0.00027 < Bo < 0.00089. The Bo number of the present experiments
was 0.0000136 to 0.0071. Consequently, only 55.14 % of data points
were within the valid correlation range. This correlation [51] performed
poorly in predicting the present experimental data, with only 38 % of the
points falling within 30 % of the predicted value and yielding a MAE %
of 48.20 %. This limited predictive accuracy can be attributed to the
narrow development conditions under which the correlation was
derived, specifically a single working fluid (FC-84), single-channel ge-
ometry and limited boiling number range, which limit its applicability to
broader microscale flow boiling scenarios.

Lee and Mudawar [21] conducted experiments on flow boiling heat
transfer using water and R134a in horizontal parallel rectangular
microchannels. The microchannels, made of oxygen-free copper, had a
hydraulic diameter of 0.348 mm. The experiments were carried out at
heat fluxes between 159 and 938 kW/m? and mass fluxes from 127 to
654 kg/m?s. As seen in Table 3, they developed three correlations for
different vapour quality ranges: x {( 0.05, 0.05 < x < 0.55, and x ) 0.55.
Their results showed that nucleate boiling dominated at vapour qualities
below 0.05, while convective boiling was more significant at moderate
and high qualities. The heat transfer coefficient was expressed as a
function of the liquid Weber number, Boiling number, Martinelli
parameter, and single-phase heat transfer coefficient. The correlation
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Fig. 14. Effect of heat flux on local heat transfer coefficient for a mass flux of 400 kg/m2s: (a) at 1 bar; (b) at 1.5 bar; (c) at 2 bar.

developed by Lee and Mudawar [21] was not well-suited to predict the
present experimental data, yielding a MAE % of 77.24 % and accurately
capturing only 18 % of the data points within 30 % of the predicted
values. This poor performance can likely be attributed to the correla-
tion’s segmentation of flow boiling heat transfer mechanisms, specif-
ically its distinction between nucleate and convective boiling regions
across different vapour quality ranges (x ( 0.05, 0.05 < x < 0.55, and x )
0.55). In contrast, the current data exhibit characteristics that demon-
strate nucleate boiling effects across all vapour qualities. The discrep-
ancy between the experimentally observed presence of nucleate boiling
contribution in all flow regimes and the correlation’s segmented
approach appears to hinder its accuracy, as the correlation assumes a
shift to convective boiling at moderate and high vapour qualities. As a
result, the predictive power of this correlation is limited in scenarios
where nucleate boiling persists to a certain degree throughout the entire
range of vapour qualities, as is the case with the current study.
Mahmoud and Karayiannis [56] examined the flow boiling heat
transfer of R134a in vertical tubes with diameters ranging from 0.52 to
4.26 mm. They developed an empirical correlation that included an
enhancement factor (F) based on an approach proposed by Chen [57].
Their correlation, given in Table 3, also utilised Cooper’s [58] pool
boiling correlation (hcp) to consider the effect of nucleate boiling. The
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correlation developed by Mahmoud and Karayiannis [56] demonstrates
strong predictive accuracy with a MAE % of 16.8 % and captures 87.6 %
of the data points within 30 % of the measured values, performing well
despite being developed for vertical tubes. This success can likely be
attributed to the correlation’s ability to capture the nucleate boiling
contribution through the Cooper [58] pool boiling component, Shcogp,
which aligns well with the characteristics observed in the current
experimental data. As illustrated in Fig. 18, Shcoop frequently dominates
the total heat transfer coefficient, underscoring the significance of
nucleate boiling across various flow conditions. This effective handling
of nucleate boiling enables the correlation to adapt well, even under
conditions that differ from its original development parameters.
Experimental results for multi-channels provided by Al-Zaidi et al. [17],
Fayyadh et al. [49] and Criscuolo et al. [59] and experimental results for
vertical minichannels by Anwar et al. [60] and Asim et al. [61] also
agreed well with this correlation for a wide range of refrigerants.

Lin and Jia [62] conducted an experimental investigation into the
flow boiling heat transfer of R134a in horizontal rectangular
multi-microchannels with a hydraulic diameter of 0.5 mm, heated on
three sides. They categorized their findings into three regimes: Regime I
corresponded to nucleate boiling, where the heat transfer coefficient
increases with increasing heat flux for all mass fluxes, although the
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Fig. 15. Effect of mass flux on local heat transfer coefficient for a heat flux of 50 kW/m: (a) at 1 bar; (b) at 1.5 bar; (c) at 2 bar.

influence of mass flux was minimal. They also noted a slight decline in
the heat transfer coefficient at higher heat flux levels. Regime II was
characterized by convective boiling, where mass flux had a notable
impact on the heat transfer coefficient, along with effects from heat flux
itself. Regime III, known as the dry-out regime, was defined by a
reduction in the heat transfer coefficient with increasing heat flux for
most mass fluxes. Based on their observations, the authors developed
two correlations to describe the nucleate boiling and convective boiling
dominant regimes given in Table 3. The correlations developed by Lin
and Jia [62] were not adequately suited to predict the experimental data
from the current study, resulting in a MAE % of 1529.29 % and
capturing only 13.6 % of the data points within 30 % of the predicted
values. This substantial discrepancy is likely due to the correlation’s
reliance on distinct flow boiling regimes, including both nucleate and
convective boiling, which may not align with the presence of nucleate
boiling observed in the current experiments in all flow regimes. While
their correlation attempts to account for varying influences of heat flux
and mass flux across different regimes, the clear presence of nucleation
sites across all flow regimes seen in our flow visualization and in the
experimental data suggests that the correlation fails to accurately
represent the heat transfer characteristics throughout the entire range of
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operating conditions. Consequently, the limited predictive capability of
this correlation highlights the challenges associated with applying
segmented approaches to scenarios where nucleate boiling has a sus-
tained presence.

Thiangtham et al. [63] investigated flow boiling of R134a in hori-
zontal multi-microchannels. They fabricated rectangular microchannels
with a hydraulic diameter of 0.421 mm. Their results showed that at
lower heat fluxes, the heat transfer coefficient increased with heat flux,
indicating the prevalence of nucleate boiling. However, at elevated heat
fluxes, the heat transfer coefficient was found to increase with mass flux,
suggesting that convective boiling took over. From their data analysis,
the authors developed a flow boiling heat transfer correlation based on
dimensionless groups, seen in Table 3. This correlation [63]was not
well-suited for the experimental conditions observed in this study,
yielding a MAE % of 181.53 and failing to capture any data points within
30 % of the predicted values. This lack of predictive accuracy likely
stems from the correlation’s development based on a limited set of
operating scenarios, which may not encompass the full range of condi-
tions encountered in the current experiments. Although the authors
identified distinct trends in heat transfer behaviour at varying heat
fluxes and mass fluxes, the specific conditions under which their
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correlation was formulated limit its applicability to scenarios of per-
sisting nucleate boiling presence.

In 2017, Shah [64] assessed a comprehensive dataset in comparison
to their earlier correlation from 1982. It was observed that this corre-
lation accurately predicted most of the data; however, some under-
prediction occurred at low mass fluxes, which was linked to the
influence of surface tension in those cases. To address this issue, the
original correlation was improved by introducing a new correction
factor (F) that incorporated the effects of the Weber number and Boiling
number. The updated correlation, included in Table 3, was validated
with an extensive dataset, which included thirty-one different fluids,
analysed both vertical and horizontal flow conditions, and accounted for
various channel geometries, as well as fully and partially heated chan-
nels with diameters ranging from 0.38 to 27.1 mm. The correlation
developed by Shah [64] exhibited significant shortcomings in its pre-
dictive capability for the present experimental data, resulting in a MAE
% of 244.32 % and capturing only 35.2 % of the data points within 30 %
of the predicted values. While Shah attributed discrepancies in heat
transfer predictions at low mass fluxes to confinement effects related to
surface tension, this explanation may overlook the complex role that
confinement can play in influencing dominant heat transfer mechanisms
in microchannels. Given that this updated correlation is essentially a
modification of the earlier 1982 correlation, it may be misapplying a
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convective boiling framework when the conditions observed in the
current study suggest a need for the inclusion of a nucleate boiling
model. Consequently, the limited scope of the modification could hinder
the correlation’s effectiveness in accurately predicting heat transfer
behaviour across a broader range of flow conditions and geometries.
Zhang et al. [23] conducted a visualization-based experimental study
to investigate the influence of hydraulic diameter on microchannel flow
boiling heat transfer characteristics. Their experiments utilized deion-
ized water as the working fluid, with microchannel diameters ranging
from 250 pm to 1500 pm. The study employed three parallel micro-
channels, with heat fluxes varying between 203 and 880 kW/m? an
outlet pressure of 101.325 kPa, and pressure drops ranging from
0.71099 to 18.021 kPa. The observed vapour quality spanned from
0.00183 to 0.37536. Due to discrepancies between existing predictive
methods and their experimental data, the authors developed a new
empirical correlation incorporating the liquid-only Reynolds number,
Boiling number, and liquid-only Weber number to improve prediction
accuracy. The correlation proposed by Zhang et al. [23] demonstrated
limited predictive accuracy for the present dataset, yielding a MAE of
51.5 % and capturing only 40 % of the data within +£30 % of the pre-
dicted values. This discrepancy is likely due to the fact that their cor-
relation was developed specifically for deionized water. While Zhang
et al. accounted for a wide range of hydraulic diameters, their
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Table 3

Existing flow boiling heat transfer correlations.
Author(s) Correlation Range of Applicability
Shah (1982) hyp = Max(E,S)hs, D = 6-25.4 mm

Warrier et al. (2002)

Lee and Mudawar
(2005)

Mahmoud and
Karayiannis (2013)

Lin and Jia (2015)

Thiangtham et al.
(2016)

Shah (2017)

Zhang et al. (2025)

S =1.8/N08

For1<N:

E = 230B0o"® (for Bo> 3 x 107°)

E =1+ 46Bo®> (for Bo< 3 x 107°)
For0.1 <N <1:

E — FBo05¢274N"°

ForN>1:

E — FBo0Se247N°1

F =147 (for Bo > 11 x 107%)

F =15.43 (for Bo < 11 x 107*)

N = N¢o (for Fri, > 0.04)

N = 0.38Fr;, %3N¢o (for Fri, < 0.04)

1
hy = [1 + 6Bol6 — 5.3(1 — 855B0)x"*]hy,

hyp = 3.856x%2hg, (for 0 < x < 0.05)

hy =

436.48B0°522 Wey, 0351 Y0665 b, (for 0.05 < x < 0.55)

hyp = Max{(108.671%5hg, o) hyp g}, (for 0.55< x < 1)

Nusk,
h

hype = (for laminar vapour flow)

k,

hopg = 0.023Regs°'8Prg°'4D—g (for turbulent vapour flow)
h

hy = Sheoop + Fhgy

heoop =

55P5° 12—0.210810Rp( — logio(Pr))
1

S =
1+2.56 x 10~ (ReyF1 25

0.64
Fe (1 + é)
X
A =2.812C, %48
For nucleate boiling regime:

055, 05~ 067
M°3q",,

)1.17

k
hy = 189B0%17Bd**Re* 12~
h

For convective boiling regime:

hy = 277.3B0%78Re, 09 (1 _x)o.47ﬁ

Dy
10'67B0o%3 Wey, 27k,
p = » 09
Rey®95 (J) Dy
Pg
hey = Fhshan(1982)
F =2.1- 0.008Wey, — 110B
IfF<1, UseF =1
W 0.00344Re;, 1 23629¢06715%
P = Bo0-32148 |y, 0467 Dy

Fluids (water, R11, R12, R22, R113, cyclohexane)
For saturated boiling in vertical and horizontal channels

Dy = 0.75 mm

Fluid (FC-84)

G = 557—1600 kg/m?s

q" = up to 59.9 kW/m?

For saturated boiling in horizontal rectangular multi-channels
Dy = 0.348 mm

Fluids (water, R134a)

G = 127-654 kg/m? s

q" = 159-938 kW/m?

For saturated boiling in horizontal rectangular multi-channels

D =0.52—4.26 mm

Fluid (R134a)

G =100-700 kg/m? s

q" = 1.7—158 kW/m?

For saturated boiling in vertical single tubes.

Dy = 0.5 mm

Fluid (R134a)

G = 373.33-1244.44

kg/m2 s

q" = up to 802.12

kW/m?

For saturated boiling in horizontal rectangular multi-channels

Dh = 0.421 mm

Fluid (R134a)

G = 150-600 kg/m2 s

q" = 3—127 kW/m2

Tsat =13,18, 23 °C

For saturated boiling in horizontal rectangular multi-channels

D = 0.38—-27.1 mm

Fluids (Water, CO2, R11, R12, R22, R32, R113, R123, R114, R123, R134a, R152a, R1234yf,
R236fa, R245fa, ammonia, propane, isobutane, carbon tetrachloride, isopropyl alcohol,
ethanol, methanol, n butanol, cyclohexane, benzene, heptane, pentane, argon, hydrogen,
nitrogen, helium)

G = 15—-2437 kg/m2s

For saturated boiling in vertical and horizontal (single and multi) channels

Dh = 0.25 - 1.5 mm

Fluid (water)

Re; <0

x<04

For saturated boiling in horizontal rectangular multi-channels

correlation may not fully capture the thermophysical differences be-
tween water and refrigerants, particularly in terms of surface tension,
latent heat, and viscosity effects. These differences could significantly
impact the dominant heat transfer mechanisms, leading to the observed
deviations in predictive performance. Furthermore, the correlation is
only applicable for exit vapour qualities less than 0.4, whereas the data
in this study far exceeds this.

Significant discrepancies exist between the performance of the
different proposed predictive tools, highlighting the complexity and
variability inherent in flow boiling heat transfer. However, among the
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various correlations evaluated, the empirical correlation developed by
Mahmoud and Karayiannis [56] emerged as the most accurate correla-
tion for heat transfer rates in flow boiling scenarios, consistently
demonstrating superior predictive capability. The current research un-
derscores the necessity for further research to refine and enhance these
predictive models, ensuring their reliability across a broader range of
operating conditions. Nevertheless, based on current evaluations, the
correlation by Mahmoud and Karayiannis is recommended for its robust
performance in capturing the dominant heat transfer mechanisms
observed in the present study and their effect on the heat transfer
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Fig. 17. Comparison of new heat transfer results to existing correlations.

coefficient.
4. Conclusions

HFE-7100 was used in this study to investigate flow boiling in a
single microchannel. In this study, four primary flow patterns—bubble,
slug, churn, and annular—were observed in the microscale flow boiling
process, each with unique characteristics tied to the flow dynamics
under microscale conditions. These distinct patterns help illustrate the
complex interaction between the liquid and vapour phases in confined
microscale channels, a critical factor for accurate modelling and pre-
diction in microscale heat transfer applications.
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The study calculated local heat transfer coefficients at nine locations
along the channel, revealing that temperature overshoot was observed
for all inlet pressures but appeared randomly across different mass
fluxes. The absence of TOS was likely due to trapped vapour in micro-
cavities from previous experiments. Results indicated that higher system
pressures lowered the wall superheat required for the ONB, activating
more cavities at lower superheats for the investigated fluid and test
section surface morphology.

No clear effect of mass flux on the boiling curve was observed in the
saturated region of the channel. The heat transfer coefficient increased
with wall heat flux and decreased with local vapour quality in the
saturated region. This was explained by the constant bubble nucleation
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Fig. 18. Comparison of predicted heat transfer mechanism components from the correlation developed by Mahmoud and Karayiannis [56].

that was a consistent feature across all flow patterns. Consequently,
nucleate boiling is seen to contribute to the heat transfer rates in all
observed flow patterns. The study also found that greater pressure drops
at lower system pressures resulted in lower fluid temperatures further
down the channel. While the heat transfer coefficient was unaffected by
mass flux, the fluid temperature decreased, leading to slightly lower wall
temperatures. However, this effect was not overly significant.

The correlation by Mahmoud and Karayiannis provided the most
accurate predictions among those tested, largely due to its incorporation
of the Cooper correlation, which accounts for nucleate boiling effects.
This correlation’s accuracy confirms the critical role of nucleate boiling
in microscale flow boiling scenarios for the investigated fluid and test
section surface characteristics, where traditional models may overlook
such effects. The success of this model underscores its applicability for
predictive purposes in microscale flow boiling, offering a valuable tool
for designing efficient heat exchangers and cooling solutions in small-
scale systems.
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