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a b s t r a c t

Experiments were conducted to investigate flow boiling heat transfer of R134a in a multi microchannel
heat sink. The heat sink consisted of 25 rectangular microchannels with nominal dimensions of 300 mm
wide, 700 mmdeep (Dh = 420 mm) and 200 mmseparating wall thickness. The heat sinkwasmade of oxygen
free copper by CNCmachining and was 20 mm long and 15 mmwide. The experiments were conducted at
6.5 bar system pressure and covered a footprint area-based heat flux range 11.46–403.1 kW/m2 and mass
flux range 50–300 kg/m2 s. A high speed camera was used to capture the flow patterns simultaneously
with heat transfer measurements. Three flow patterns were observed namely bubbly, slug and
wavy-annular flow when the heat flux increased gradually. The heat transfer coefficient increased with
heat flux and there was no mass flux effect. Assessing existing correlations indicated that the correlations
of Mahmoud and Karayiannis (2013) and Cooper (1984) predict the data very well with a mean absolute
error less than 20% compared to the other correlations.
� 2017 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Two phase flow boiling microchannel heat sinks have emerged
as one of the most effective solutions for cooling high and ultra-
high heat flux devices such as electronics systems. In addition,
Mudawar [1] reported that the applications of two phase
microchannel heat sinks is not limited only to electronics cooling.
He discussed and summarized other possible applications which
include: (1) cooling turbine blades, (2) cooling fusion reactor blan-
kets, (3) cooling the nozzles of rocket engines, (4) cooling power
electronics in avionics and hybrid vehicles, (5) cooling hydrogen
storage reservoirs, (6) refrigeration cooling, and (7) thermal control
in microgravity and capillary–pumped loops. Despite this wide
range of applications, two phase microchannel heat sinks are still
not commercially available. This arises from the fact that many
fundamental issues in flow boiling at microscale are still to be elu-
cidated, e.g. flow instabilities, dominant heat transfer mechanism
(s), critical heat flux and lack of generally accepted design correla-
tions. Research conducted in this area in the last two decades did
not reach comprehensive and universal conclusions about these
issues. Table 1 summarizes some of the previous experimental
studies that are relevant to mini/microchannels and the experi-
mental conditions covered in these studies. They demonstrate that
there is no common agreement on the dominant heat transfer
mechanism(s). For instance, one group of researchers such as
[2–6] concluded that nucleate boiling is the dominant heat transfer
mechanism. A second group, [7–9], reported that convective
boiling is the dominant heat transfer mechanism. A third group,
[10–13], reported that nucleate boiling mechanism dominates at
low vapour quality, while convective boiling mechanism domi-
nates at high qualities. These studies used conventional criteria
to infer the dominant heat transfer mechanism, i.e. heat transfer
coefficient depends only on vapour quality and mass flux in
convective boiling while it depends only on heat flux in nucleate
boiling. This discrepancy among research groups in terms of flow
patterns, heat transfer mechanisms and rates may be attributed
to the difference in experimental conditions, channel size, length,
material and surface finish, see Karayiannis et al. [14].

Some researchers conducted flow visualization simultaneously
with heat transfer measurements in order to understand the
prevailing heat transfer mechanism(s). For example, Chen and
Garimella [2] conducted a flow visualization study for flow boiling
of FC-77 inside a silicon-based multi microchannel heat sink. The
location of the high speed camera was at the centre of the heat
sink. At low heat fluxes, small bubbles were observed to nucleate
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Nomenclature

cpf liquid specific heat [J/kg]
C0 constant in Eq. (15)
d vertical distance between the thermocouple and the

channel bottom
Db bubble departure diameter [m]
Deq equivalent bubble diameter [m]
Dh hydraulic diameter [m]
fexp experimental fanning friction factor [–]
fsp single phase Fanning friction factor [–]
g gravitational acceleration [m/s2]
G mass flux [kg/m2 s]
h heat transfer coefficient [W/m2 K]
hfg latent heat [J/kg]
hexp experimental heat transfer coefficient [W/m2 K]
Hpred predicted heat transfer coefficient [W/m2 K]
Hch channel height [m]
i specific enthalpy [kJ/kg]
if specific enthalpy of saturated liquid [kJ/kg]
ig specific enthalpy of saturated vapour [kJ/kg]
iexit specific enthalpy at the exit pressure and temperature

[kJ/kg]
Ja Jacob number [–], see Eq. (25)
Kmi inlet manifold loss coefficient [–]
Kmo outlet manifold loss coefficient [–]
kc copper thermal conductivity [W/m K]
kf liquid thermal conductivity [W/m K]
Kð1Þ constant in Eq. (14)
L channel length [m]
Lba length of the axis of the bubble in the axial direction [m]
Lbt length of the axis of the bubble in the transvers direc-

tion [m]
Lsp single phase length [m]
m fin parameter,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2h=kcWth

p
M molecular mass [kg/kmol]
_m mass flow rate [kg/s]
N number of channels, number of data points
Nu Nusselt number [–]
PR reduced pressure [–]
Pr Prandtl number [–]
DP pressure drop [Pa]
Dpch channel pressure drop [Pa]
Dpsc pressure drop due to sudden contraction [Pa]

Dpex pressure drop due to sudden expansion [Pa]
Dploss pressure losses [Pa]
Dpmi pressure drop in the inlet manifold [Pa]
Dpmo pressure drop in the outlet manifold [Pa]
Dpm measured pressure drop [Pa]
Dpsp single phase pressure drop [Pa]
Dptp two phase pressure drop [Pa]
q00 base heat flux [W/m2]
Rp surface roughness [m]
Re Reynolds number (GDh/mf) [–]
td bubble departure time [s]
tw bubble waiting time [s]
T temperature [K]
Tf,in fluid inlet temperature [K]
Tf fluid temperature [K]
Tsat saturation temperature [K]
Tth thermocouple reading [K]
Tw channel inner wall temperature [K]
Tw;m wall temperature at mid location [K]
vf specific volume of saturated liquid [m3/kg]
vg specific volume of saturated vapour [m3/kg]
W heat sink width [m]
Wch channel width [m]
Wel liquid Weber number [–]
Wth channel separating wall thickness [m]
x vapour quality [–]
xmid vapour quality at mid location [–]
xexit exit quality [–]
xþ dimensionless axial distance, L/ReDh [–]
y vertical distance [m]
z axial distance [m]

Greek symbols
b aspect ratio or Small to large cross sectional area ratio,

±30% error band
h diffuser/nozzle conical angle [�]
g fin efficiency [–]
mf liquid viscosity [Pa s]
qf liquid density [kg/m3]
qg vapour density [kg/m3]
r surface tension [N/m]

Table 1
Summary of prior studies relevant to parallel rectangular multi mini/microchannels.

Author Material Dh [mm]/L[mm]/No. of channels Fluid/Tin [�C]/Tsat [�C]/Pin [bar] G [kg/m2 s] q00 [kW/m2]

Agostini et al. [8] Copper 0.336/20/67 R236fa/–/25/2.73 281–1501 36–2210
Balasubramanian et al. [13] Copper 0.504–0.4887/25, 20/40,16 Water/90/–/– 88–751 Up to 4200
Bertsch et al. [3] Copper 1.090/9.53/17 R134a/–/8.9–29/4–7.5 20.3–81 Up to 200
Bertsch et al. [4] Copper 1.090–0.54/9.53/17, 33 R134a, R245fa/–/8–30/- 20–350 Up to 220
Chen and Garimella [2] Silicon 0.389/12.7/24 FC-77/71/–/– 267–458 40–800
Harirchian and Garimella [11] Silicon 0.16–0.749/12.7/2–60 FC-77 /92/–/– 250–1600 Up to 4000
Harirchian and Garimella [15] Silicon 0.16–0.749/12.7/2–60 FC-77 /92/–/– 225–1461 Up to 3500
Leao et al. [6] Copper 0.167/15/50 R407C/DTsub = 5–15/– 400–1500 Up to 310
Lee and Garimella [12] Silicon 0.16–0.538/12.7/10–60 Water/90–95.1/–/– 46–126 100–3400
Lee and Mudawar[10] Copper 0.349/25.3/53 R134a/–/–/1.44–6.6 127–654 159–938
Madhour et al.[5] Copper 0.174./15/100 R134a/–/63/– 205–1000 25.7–1890
Mortada et al.[9] Aluminium 1.1/300/6 R1234yf, R134a/–/–/7.7 20–100 2–15
Qu and Mudawar [7] Copper 0.349/44/21 Water/30–60/–/1.17 135–402 400–,300,879–2400

Dh is hydraulic diameter, L is channel length, Tin is fluid inlet temperature, Tsat is saturation temperature, Pin is inlet pressure, G is mass flux, q‘‘ is heat flux.
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on the channel walls then grow, detach and move downstream
with a little chance of coalescence. As heat flux was increased, bub-
ble growth and coalescence rates increased resulting in confined
bubbles and slug flow. The slug flow was sustained over a narrow
range of heat flux. With further increase in heat flux, alternating
churn and wispy-annular flows were observed and continued until
dryout occurred. It is interesting to note that when the camera was
moved to the upstream side near the channel inlet, flow reversal
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was observed at the heat flux value corresponding to the occur-
rence of alternating churn and wispy-annular flow. In other words,
this alternating flow occurs due to flow reversal, [2]. Harirchian
and Garimella [15] investigated the effect of channel width and
mass flux on flow boiling patterns using FC-77 as the working fluid.
They reported five flow patterns, namely: bubbly, slug, churn,
wispy-annular and annular flows. The flow patterns observed in
channels of width 0.1 and 0.25 mm were found to be similar but
different from those observed in the channels of width �0.4 mm.
The difference is that bubbly flow was suppressed in the channels
of small width and instead, slug flow developed immediately after
boiling incipience. With increasing heat flux, intermittent churn/
annular flow occurred. By contrast, in the channels of large width,
bubbly and intermittent churn/wispy annular flows were
observed. Accordingly, Harirchian and Garimella [15] concluded
that nucleate boiling dominates in channels of width �0.4 mm,
while convective boiling dominates in channels of smaller width.

The above review demonstrates that more research is still
required in order to understand the flow boiling heat transfer char-
acteristics and mechanism(s) in microchannels. Therefore, one of
the main objectives of the present work was to carry out flow visu-
alization studies simultaneously with heat transfer measurements
to record and help elucidate prevailing flow patterns and related
heat transfer rates. At the same time flow instability and reversal
were to be studied. The working fluid was R134a and the channel
had a 0.42 mm hydraulic diameter. As mentioned above, validated
correlations are needed for the wide use of multichannel heat sinks
in cooling high heat flux devices. Therefore, the results of this
experimental study were used to assess proposed correlations
predicting heat transfer rates.

2. Experimental setup

2.1. Flow loop

The experimental facility consists of two closed loops. The first
one is the test loop using R134a refrigerant while the second is an
auxiliary cooling loop using R404a. Fig. 1 shows a schematic dia-
gram of the test loop including a close-up photograph of the test
section part. It consists of R134a tank, a gear pump, a sub-cooler,
two Coriolis flow meters with an accuracy of ±0.1% (one for low
flow rate (20–100 kg/h) and the other for high flow rate (100–
350 kg/h)), a pre-heater, the test section and a condenser. The sys-
tem includes two inline filters of 25 mm size and three sight glasses
in the upstream side of the test section, which were used to con-
firm that there is no boiling in the pre-heater. System pressure
was kept constant by controlling the R134a tank temperature
using an immersion heater controlled by a PID controller.

2.2. Test section

Fig. 2 depicts the details of the test section. It consists of an
oxygen free copper block with microchannels on its top surface,
polycarbonate housing, polycarbonate and quartz glass top cover
plates (not shown in the figure) and cartridge heaters. Twenty-
five rectangular microchannels were cut into the top surface of
the oxygen free copper block using a CNC machine with a feed rate
of 550 mm/min. The copper block has overall dimensions of 15 mm
width, 20 mm length, i.e. (20 � 15 mm2 as a base area) and 74 mm
height (64 + 10 mm, see Fig. 2(c)). The nominal dimensions of the
microchannel, see Fig. 2(b), are 0.3 mm width (Wch), 0.7 mm depth
(Hch), 0.2 mm separating wall thickness (Wth) and 20 mm length
(L). These dimensions were measured using an electron micro-
scope and the actual values are 0.297 mm in width, 0.695 mm in
height and, the separating wall was 0.209 mm thick. The surface
roughness was measured using a Zygo NewView 5000 surface
profiler. For roughness measurements, three channels were cut
on a slice of oxygen free copper using the CNC machine with the
same feed rate as for the test section. This was done because the
size of the test section (copper block) was larger than the allocated
space in the Zygo instrument. The surface roughness of the bottom
wall was measured and the Ra value was 0.301 mm. This value was
the average of measurements at three axial locations for each
channel. It was difficult to measure the surface roughness of the
side walls. Note that the feed rate of the cutting tool (550 mm/
min in this case) can affect the resulting surface roughness. Three
cartridge heaters of 175W heating power each were inserted hor-
izontally at the bottom of the copper block to provide the heating
power to the test section, see Fig. 2(a). The power was controlled
by a variac and measured by a power meter Hameg HM8115-2
with accuracy of ±0.4% for both current and voltage. Six T-type
thermocouples were inserted vertically along the centreline of
the copper block at 12 mm equidistance to measure the heat flux.
Three T-type thermocouples were inserted along the axial direc-
tion of the channel at 8 mm equidistance and 1 mm from the chan-
nel bottom to help measure the local heat transfer coefficient along
the channel. Another row of thermocouples parallel to these three
thermocouples and spaced by 12 mm vertical distance were used
to help verify that there is no heat flow in the horizontal direction
(direction of flow), see Fig. 2(c), i.e. the test section was adequately
insulated. All thermocouples were 0.5 mm diameter and inserted
at the centre plane of the copper block. These thermocouples were
calibrated with an accuracy of ±0.3 K. The copper block was
inserted into the polycarbonate housing and was sealed using
two O-rings as seen in Fig. 2. The housing consists of the inlet/out-
let plenums and manifolds. The fluid inlet and outlet temperature
were measured using T-type thermocouples of 1 mm diameter,
which were calibrated with an accuracy of ±0.5 K. The fluid inlet
and outlet pressure were measured using absolute pressure trans-
ducers located immediately before and after the test section. These
transducers were calibrated with an accuracy of ±0.15% and ±0.32%
for inlet and outlet respectively. Pressure drop was measured
directly across the test section using a calibrated differential pres-
sure transducer (PX771A100DI) with an accuracy of ±0.081%.
The depth of the inlet/outlet manifold is the same as the depth of
the microchannel. A number of holes (0.7 mm) were drilled
into the housing to pass the thermocouples wires through them.
A transparent layer of quartz glass with 8 mm thickness was
sandwiched between the upper surface of the housing and the
top polycarbonate cover plate. This layer was sealed using O-ring
embedded in the top surface of the housing. The top cover plate
has a visualization window of similar dimension as the microchan-
nels including the manifolds. Flow visualization was conducted
using a high speed camera Phantom V.6 with 1000 f/s at full
resolution 512 � 512 pixels. The field of view at this setting was
4 mm � 4 mm. The camera was integrated with a microscope
for better flow visualization. The data were recorded using
IMP35951 data acquisition and LabVIEW software after the system
reaches steady state, i.e. constant readings of temperature with
small oscillations. The experiments were conducted by keeping
the flow rate constant and increasing the heating power gradually.
The data were recorded for 2 min at a frequency of 1 Hz and then
were averaged to be used in the data reduction process.

3. Data reduction

For single phase flow, the net pressure drop along the micro
channel DPch is given by:

DPch ¼ DPm � DPloss ð1Þ
where DPm is the total measured pressure drop and DPloss is the
total pressure losses due to the pressure drop in inlet manifold



(a) 

(b) 

(c) dimensions in mm 

Copper block 

Fig. 2. (a) Test section, (b) microscopic picture of microchannel, and (c) dimensions of copper block.

Fig. 1. Schematic drawing of the test loop and closed-up photograph of the test section.
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DPmi, outlet manifold DPmo, sudden contraction DPsc, and sudden
expansion DPex, see Eq. (2) below.

DPloss ¼ DPmi þ DPsc þ DPex þ DPmo ð2Þ
The pressure losses in the above equation are given below, see

Remsburg [16].

DPmi ¼ ½1� b2 þ Kmi� � 1
2
G2v f ð3Þ

DPmo ¼ � 1
b2 � 1þ Kmo

� �
� 1
2
G2v f ð4Þ
The loss coefficients Kmi and Kmo depend on the manifold con-
vergence and divergence angle h and the values are summarized
in the textbook given by Shaughnessy et al. [17] in a table format
as a function of the area ratio b and angle h. The values are 0.134
for Kmi and 0.11 for Kmo for our design. In the above equations b
is the small to large cross sectional area ratio, G is the mass flux
and v f is the liquid specific volume. The mass flux is calculated
using Eq. (5) below.

G ¼ _m
NðWchHchÞ ð5Þ
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In the above equation, _m is the total mass flow rate and N is the
number of channels. The sudden contraction and expansion losses
in Eq. (2) are given by the following equations, reported in Ref.
[16]:

DPex ¼ � 1
b2 � 1þ ð1� bÞ2

� �
� 1
2
G2v f ð6Þ

DPsc ¼ ½1� b2 þ 0:5ð1� bÞ� � 1
2
G2v f ð7Þ

The contribution of the losses at the highest Reynolds number
(Re = 2936) due to the inlet manifold, the outlet manifold, the sud-
den contraction and the sudden expansion were 2.5%, 2.9%, 8.2%
and 12.3%, respectively. These values will be lower for lower Rey-
nolds number. The experimentally determined single phase fan-
ning friction factor is then calculated as:

f exp ¼ DPchDh

2Lv f G
2 ð8Þ

For two phase flow, the pressure loss due to sudden expansion
DPex and outlet manifold DPmo in Eq. (2) must be considered as two
phase flow. The pressure loss due to the outlet manifold can be cal-
culated using Eq. (9) below given by Liu and Groll [18].

DPmo ¼ 0:425G2ð1� b2Þ x2exit
qg

þ ð1� xexitÞ2
qf

" #
ð9Þ

The pressure loss due to the sudden expansion can be calcu-
lated using Eq. (10) given by Collier and Thome [19].

DPex ¼ 0:5G2ð1� b2Þv f 1þ vg � v f

v f
xexit

� �
ð10Þ

where vg is the gas specific volume. The exit vapour quality in the
above equation can be calculated as:

xexit ¼ iexit � if
ig � if

ð11Þ

where iexit , if , ig are the specific enthalpy of the fluid at the exit and
saturated liquid and saturated vapour respectively. These parame-
ters are estimated at the exit temperature and pressure. Since the
flow enters the channel as a single phase liquid, the channel pres-
sure drop is divided into single phase part, DPsp and a two phase
part, DPtp. Thus, the net two phase pressure drop along the channel
is calculated as:

DPtp ¼ DPch � DPsp ð12Þ
The single phase pressure drop along the single phase region

can be calculated from:

DPsp ¼
G2f spLsp
2v f Dh

ð13Þ

The length of the single phase region Lsp is calculated from an
energy balance as:

Lsp ¼ ðTsat � Tf ;inÞ
_mcpf
q00W

ð14Þ

where cpf , Tsat, Tf,in, q00, W are the liquid specific heat, saturation
temperature at the location of zero vapour quality, fluid inlet
temperature, base heat flux and width of the heat sink respectively.
The above set of equations enabled the calculation of the local
pressure at Lsp. The local pressure at the beginning of the boiling
region was then set equal to this value. The single phase friction
factor fsp in Eq. (13) is the apparent friction factor and is evaluated
using Eq. (15) below given by Shah and London [20] for developing
flow.
f spRe ¼ 3:44ffiffiffiffiffiffi
xþ

p þ Kð1Þ=ð4xþÞ þ ðfReÞfd � 3:44=
ffiffiffiffiffiffi
xþ

p

1þ C 0=ðxþÞ0:2
ð15Þ

In the above equation, xþ is the dimensionless axial distance
(L=ReDh). ðf ReÞfd, while Kð1Þ and C0 are constants that depend on
the aspect ratio. For the geometry used in the present study, the val-
ues are 0.931, 0.000076 and 19.071 respectively for Kð1Þ, C0 and
ðf ReÞfd. The Reynolds number is calculated as GDh/mf and the base
heat flux q00 is calculated from the measured temperature gradient
as:

q00 ¼ kc
dT
dy

ð16Þ

where kc is the thermal conductivity of copper and y is the vertical
distance. The local thermocouples were inserted at 1 mm distance
from the channel bottom. Thus, the readings of these thermocou-
ples (Tw,th) were corrected using the 1D heat conduction equation
to obtain the temperature at the inner surface of the channel (Tw),
as given by Eq. (17).

Tw ¼ Tw;th � q00d
kc

ð17Þ

The local heat transfer coefficient plotted in this paper was calcu-
lated at the midpoint of the heat sink using the mid thermocouple
Tw,m after correcting the reading using Eq. (17) and is given by Eq.
(18). Similar calculations were performed at the other two thermo-
couple locations, see Fig. 2(c).

h ¼ q00W
ðTw;m � Tf ÞðWch þ 2gHchÞN ð18Þ

If the midpoint is located in the single phase region, the fluid
temperature Tf is calculated using Eq. (19) below.

Tf ¼ Tf ;in þ q00Wz
_mcpf

ð19Þ

where z is the axial distance, g is the fin efficiency
(g ¼ tanhðmHchÞ=mHch), m is the fin parameter

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2h=kcWth

p
. The fin

efficiency was calculated with the assumption that the fin has an
adiabatic tip. If the midpoint is located in the two phase region,
the saturation temperature is used. This saturation temperature is
obtained assuming that pressure drop varies linearly along the
two phase region. This assumption was discussed in [21,22]. There
is a steeper pressure drop in the nucleate boiling region at boiling
incipience than the other flow regime regions of the passages. The
linear assumption can result in higher pressures, hence higher sat-
uration temperatures and as a consequence the actual heat transfer
coefficient will be lower than the calculated one. The difference is
probably small since the length of the nucleate region is much
smaller than the regions where the other flow patterns prevail. In
single passages this assumption can be removed by adding pressure
taps along the passage – something of course more difficult in mul-
tichannels, see [23] by the present group. Additionally, in multi
microchannels heat sinks, the channel length is very small com-
pared to the long passages in conventional heat exchangers and
thus the measured pressure drop across the microchannels is small.
Accordingly, the variations in the saturation temperature along the
channel will be small and the assumption of linear pressure drop
will not have a significant effect. The local vapour quality is calcu-
lated as:

xðzÞ ¼ iðzÞ � if
ig � if

ð20Þ

Experimental data were acquired at 6.5 bar system pressure
over the following range of parameters: mass flux G = 50–300 kg/
m2 s and heat flux q00 = 11.46–403.1 kW/m2. The propagated
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uncertainty analysis was conducted using the method explained in
Coleman and Steel [24] and the values were 2.5–2.39%, 2.7–3% and
14–40% respectively for heat flux, heat transfer coefficient and fan-
ning friction factor. The higher value of the uncertainty of the fric-
tion factor (40%) is due to errors in the flow and pressure drop
measurement at the lowest Reynolds number. The number of data
for this low Re is small, i.e. usually the first and second data points,
and does not affect the conclusion reached in this paper. It is worth
mentioning that the average heat transfer coefficient presented in
this paper is simply the average of the three local values. This is a
reasonable and possible approach because of the small differences
in the values of the heat transfer coefficient.

4. Results and discussions

4.1. Single-phase validation

Single phase experiments were conducted before boiling exper-
iments to validate the experimental system. Fig. 3(a) depicts the
measured friction factor compared with the Shah and London [20]
correlation for developing flow (Eq. (15)) and fully developed flow
(f ¼ C=Re). The constant C is 19.071 for the geometry used in the
present study. The figure demonstrates that there is a good agree-
ment with the correlations and the deviation is within the experi-
mental uncertainty. Fig. 3(b) shows the experimental Nusselt
number (Nuexp ¼ hDh=kf ) compared with the predictions from the
correlations of Shah and London [20] and Stephan and Preuber
[25] defined below by Eqs. (21) and (22), respectively. It is obvious
that the experimental values show a similar trend, i.e. the Nusselt
number increases with Reynolds number but the values are much
higher than the predictions from the two correlations. Note that
the correlations of Shah and London and Stephan and Preuber were
derived based on data for a single passage. However, the current
experimental results agree very well with the experimental results
of Agostini et al. [8] for amulti-microchannel configuration. Agostini
et al. [8] investigated flow boiling of R236fa and R245fa in a silicon
multi-microchannel heat sink consisting of 67 rectangular channels,
0.223 mm wide, 0.68 mm high (Dh = 0.336 mm) and 20 mm long.

Nu ¼ 1:953ðRePr Dh=LÞ1=3 ðRePr Dh=LÞ P 33:3
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4.2. Flow patterns

This section presents and discusses the effect of heat and mass
flux on flow boiling patterns captured at the middle of the heat
sink (the centre point) for system pressure 6.5 bar. The results
demonstrate, for the examined mass flux range (50–300 kg/m2 s),
that three major regimes are present, namely: bubbly, slug and
annular flow with bubbly/confined bubbly as a transition regime
between bubbly and slug flow. Fig. 4 depicts the observed flow pat-
terns for a mass flux value of 50 kg/m2 s as a function of the base
heat flux. At low heat flux (16.6 kW/m2), small bubbles were
observed in most channels with the majority of bubbles nucleating
near the channel corners, see Fig. 4(a). These bubbles detached
from the wall and moved downstream with a very low chance of
coalescence. The average bubble diameter was estimated using
the software of the high speed camera, which can measure the dis-
tance in pixels between two points. As seen in Fig. 4a, most bubbles
have an ellipsoidal shape. Thus, the length of the axis of the bubble
in the axial flow direction (Lba) and in the transverse direction (Lbt)
was measured (see the schematic drawing in Fig. 4f). The equiva-
lent spherical bubble diameter can be calculated using Eq. (23)
below.

Deq ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
L2baLbt

3
q

ð23Þ
The equivalent diameter is defined as the diameter of a sphere

that has an equivalent volume of the ellipsoidal shape. On doing so,
the equivalent average bubble diameter in Fig. 4a ranged from 90.2
to 112.7 mm (0.21Dh to 0.27Dh) and the length of the bubble in the
transverse direction was about 0.35 times the channel width (Wch).
In other words, the bubble size is much smaller than the size of the
channel. As the heat flux increased to 28 kW/m2 (Fig. 4b), the
equivalent average bubble diameter increased moderately in most
channels and ranged from 91.4 to 157.7 mm (0.22Dh to 0.38Dh) and
thus the flow regime is still bubbly flow. The length of the bubble
in the transverse direction ranged from 0.33Wch to 0.53Wch, i.e. it
does not reach the confinement size. It is worth noting that, at this
heat flux, some bubbles were observed nucleating on top of the
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Fig. 4. Flow boiling patterns as a function of heat flux at G = 50 kg/m2 s.
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separating walls among the channels; see the arrows in Fig. 4b.
This means that, the top transparent cover plate did not seal the
channels completely and there is a tiny clearance between the
top surface of the channels and the top plate. The number of these
bubbles is small and they do not contribute to the subsequent slug
formation or to the heat transfer rates to any significant amount.
As the heat flux increased to 47.16 kW/m2 (Fig. 4(c)), the bubble
growth and coalescence rate increased and some channels exhib-
ited confined bubble flow, where bubble size is such that it spans
the channel width, while bubble coalescence was observed in some
other channels. The equivalent average bubble diameter ranged
from 139 to 290 mm (0.33Dh to 0.7Dh) and the bubble length in
the transverse direction ranged from 144 to 277 mm (0.48Wch to
0.93Wch). Increasing the heat flux to 64.1 kW/m2 (Fig. 4(d))
resulted in slug flow in most channels. In this regime, small nucle-
ating bubbles are still observed in the liquid slug and near the
channel walls, see the arrows in Fig. 4d. With further increase in
heat flux to 110 kW/m2, the flow exhibits features of annular flow,
see Fig. 4(e). In this regime, the vapour flows in the core of the
channel with a wavy nature and it can touch the side walls of
the channels periodically. The nucleation on top of the separating
walls was also observed in annular flow. The same flow patterns
were also observed for mass fluxes 100, 200, 300 kg/m2 s. It is
worth mentioning that nucleation in the liquid film in annular flow
was also observed at higher heat flux (152.1 kW/m2) for
G = 100 kg/m2 s, see Fig. 5.
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4.3. Bubble nucleation

This section presents and discusses some features of nucleation
in microchannels for G = 50–300 kg/m2 s. The pictures presented in
this section were captured at the middle location of the heat sink
(the centre point). The focus will be only on a single active nucle-
ation site in one of the channels at very low heat fluxes in order to
avoid the interaction among the nucleation sites occurring at rela-
tively higher heat fluxes due to the activation of more sites. Fig. 6
depicts the effect of heat flux on bubble departure diameter (Deq),
bubble departure time (td) and the waiting time (tw) for G = 50 kg/
m2 s as a function of heat flux. The bubble departure diameter is
measured at the moment when the bubble is about to leave the
nucleation site. The departure time td (bubble growth time) is
defined as the time it takes for the bubble to grow before leaving
the nucleation site. The waiting time tw is defined as the time
between the departure of the bubble and the appearance of the
next bubble at the same nucleation site. Fig. 6 shows that as
the heat flux increases, the bubble growth rate increases and the
bubble growth time decreases. At q = 16.6 kW/m2, the equivalent
bubble departure diameter was 55 mm, the bubble growth time
was 7 ms and the waiting time was about 2 ms. This means that
bubble generation frequency (1/(tw + td)) at this heat flux was
125 bubbles per second. During the bubble growth time, the bub-
ble diameter increased by 79%, i.e. from the time it was possible to
record by the camera to departure. At q = 21.6 kW/m2, the equiva-
lent bubble departure diameter increased to 67.5 mm, the bubble
growth time decreased to 5 ms, the waiting time 2 ms and the bub-
ble generation frequency increased to 143 bubbles per second. The
bubble diameter increased by 74% during the bubble growth time.
Increasing the heat flux further to 28 kW/m2 resulted in the follow-
ing: the bubble departure diameter increased to 76.2 mm, the bub-
ble growth time decreased to 3 ms, the waiting time 2 ms and the
bubble generation frequency increased to 200 bubbles per second.
The bubble diameter increased by 132% during the bubble growth
time. Fig. 6 demonstrates also that the bubble does not depart
towards the centre of the channel after it leaves the nucleation site.
Instead, the bubble slides on the side wall at the channel corner for
a short distance before it moves to the centre of the channel. It is
sm4=t
(c) Nucleation cycle at q = 28 kW/m2

Fig. 6. Effect of heat flux on bubble nucleation cycle at G = 50 kg/m2 s.

Flow direction 

Nucleation in the liquid film

Fig. 5. Nucleation in the liquid film in annular flow for G = 100 kg/m2 s and
q = 152.1 kW/m2.
interesting to note that when the bubble departure diameter was
calculated using Eq. (24) below given by Cole and Rohsenow
[26], the value was 62.9 mm for R134a at 6.5 bar.

Db ¼ 0:000465Ja1:25
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
gðqf � qgÞ

s
ð24Þ

Ja ¼ cpfqf Tsat

qghfg
ð25Þ

This equation takes into account the saturation temperature,
fluid properties (liquid and vapour density, liquid specific heat,
latent heat and surface tension) and gravity and surface tension
forces. The predicted value is in rough agreement with the mea-
sured bubble departure diameter which ranged from 55 to
76.2 mm. The deviation could be due to the possible periodic vari-
ation in the mass flux within the channel and the fact that the cor-
relation does not take the effect of inertia into account. In order to
have an insight in the mass flux within the channel, the bubble
velocity was measured immediately after departure from the
nucleation site. The bubble velocity could be an indicator of the
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mass flux within the channel provided that there is no slip
between the liquid and vapour phases, i.e. the liquid and vapour
flow with the same velocity. This assumption is reasonable at very
low vapour quality, which is the case in our current discussion. The
velocity was measured by measuring the distance travelled by the
bubble over a time interval. On doing so, the bubble velocity ran-
ged from 0.056 m/s to 0.067 m/s for q = 16.6 kW/m2, which corre-
sponds to a single channel mass flux range 67.7–78.8 kg/m2 s (the
nominal mass flux value was 50 kg/m2 s). The variation in the mass
flux within the channel could be resulting from the difference in
nucleation characteristics from one channel to another which leads
to a variation in the pressure drop along each channel. The differ-
ence in pressure drop results in re-distribution of the flow among
channels. In other words, the calculation of channel mass flux
based on the assumption that the flow is uniformly distributed
may become invalid after boiling incipience.

Owing to the fact that the flow is not uniformly distributed
among the channels and thus the mass flux in the channels can
vary, it is difficult to understand the effect of mass flux on nucle-
ation using the nominal mass flux values 50–300 kg/m2 s. Instead,
the effect of mass flux on nucleation is explained herein using the
mass flux within the channel calculated from the measured bubble
velocity at the same heat flux. Fig. 7 depicts bubble nucleation for a
nominal mass flux value of 100 kg/m2 s at q = 28 kW/m2. The bub-
ble velocity was found to range from 0.023 m/s to 0.11 m/s corre-
sponding to a channel mass flux range 27–132 kg/m2 s. Fig. 7a
indicates that when the mass flux reaches its minimum value in
the channel (27 kg/m2 s), the bubbles move very slowly and thus
grow due to evaporation before the size increases further due to
bubble coalescence. It is very obvious that the bubble attains a
spherical shape and the bubbles depart towards the centre of the
channel without a sliding motion. The measured bubble departure
diameter is 51 mm and the bubble growth time is about 5 ms. At a
channel mass flux value of 78 kg/m2 s (Fig. 7b), the large bubbles
started to show distortion while the bubbles near the nucleation
site become elongated (ellipsoidal shape) with an equivalent bub-
ble diameter of 33 mm. At channel mass flux value of 132 kg/m2 s
(Fig. 7c), the nucleation site acts as a vapour jet and it is difficult
to measure the size of the bubbles at this condition. Form the
above discussion, it is obvious that it is difficult in multi micro
channel configurations to have a final conclusion on the effect of
mass flux on bubble size and frequency. They both depend strongly
on the distribution of the flow among the channels.

4.4. Flow reversal

A set of experiments were conducted at the same conditions
(P = 6.5 bar, G = 50–300 kg/m2 s) but the visualization was con-
ducted along the middle of the heat sink at a location that shows
the channels inlet and part of the inlet manifold in order to detect
flow reversal. The results demonstrated, for the examined mass
flux range, that the observed flow patterns were fluctuating
between single phase liquid, bubbly and elongated bubble flow
(slug flow). It was found that for G = 50 kg/m2 s, flow reversal
occurred at boiling incipience and continued for all heat flux val-
ues. Fig. 8 shows the sequence of pictures for flow reversal occur-
ring at boiling incipience for P = 6.5 bar and G = 50 kg/m2 s. It is
obvious from the pictures that the vapour patch stays for about
210 ms in the inlet manifold with back and forth motion before
its rupture into segmented bubbles that moved to the downstream
side. As the mass flux was increased, the heat flux at which flow
reversal occurs increased. Very mild flow reversal was observed
in the inlet manifold at a base heat flux value of 149 kW/m2 for
G = 300 kg/m2 s where the vapour patch stayed only about 10 ms
in the inlet manifold. Fig. 8 did not show nucleation in the channels
and the vapour patches seem coming from the side channels of the
heat sink (not shown in the field of view of the camera). It is impor-
tant to bear in mind that the field of view of the camera is
4 � 4 mm at resolution 512 � 512 pixels. For a given mass flux,
more nucleation sites become active and flow reversal is clearly
observed as the heat flux increases. For example, at q00 = 84 kW/
m2, the bubbles grow to the channel size and coalesce to form
vapour slugs, which exhibit periodic back and forth motion (the
period was about 65 ms for this heat flux), see Fig. 9. The expansion
of the bubble in both upstream and downstream directions is not
observed in the present study. Bubble expansion in both directions
observed by [27,28] may be specific for water not refrigerants.
Flow boiling studies using water in micro channels indicated that
the bubble can stay for a long time on the nucleation site and
expand significantly in both directions. The bubble can stay at
the generation location for more than 410 ms without departure,
see for example Bogojevic et al. [29]. Accordingly, the back and
forth motion observed in the present study may be attributed to
the significant variations in channel pressure drop, which is related
to the channel flow patterns. If the pressure drop is very high in
some channels or if the local pressure increased suddenly (negative
pressure drop), flow reversal will occur due to the redistribution of
the flow among the channels. Khovalyg et al. [30] investigated the
interactions between parallel channels during flow boiling of
R134a. They conducted the test in four single channels connected
in parallel having a square cross section 0.538 � 0.538 mm. Each
channel has a separate preheating section in order to control the
inlet vapour quality and the pressure drop was measured across
each channel. The channels were transparent and coated with a
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Fig. 8. Sequence of pictures for flow reversal observed at G = 50 kg/m2 s, P = 6.5 bar and R134a.
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Fig. 9. Sequence of pictures for flow reversal at G = 50 kg/m2 s and q = 84 kW/m2.
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Tungsten film such that it can be heated. The test was conducted
when one channel was heated (boiling in one channel) while the
other channels were in single phase flow. They reported that boil-
ing in a single channel affected the flow distribution and pressure
drop in the other channels.

It is worth mentioning that although flow reversal was
observed in the present study, the recorded pressure and temper-
ature signals did not show significant fluctuations. For example, for
the flow reversal reported in Fig. 8, the maximum deviation from
the mean value was 1.7% for pressure drop, 1.1% for the inlet tem-
perature, 0.15% for the outlet temperature and 0.13% for the wall
temperature. These fluctuations are small and thus the heat trans-
fer data presented in the next section are not affected significantly
by the reverse flow, i.e. the data are for stable flow.

4.5. Heat transfer results

In flow boiling studies with long test sections, it is very common
to plot the local heat transfer coefficient versus local vapour
quality. This was possible by measuring the local temperature at
several axial locations using thermocouples. On the contrary, in
multi-microchannel configurations, the channel length is very
small (10–20 mm) and it would be difficult to fabricate a multi-
microchannel heat sink with several drills to insert the thermocou-
ples at several axial locations. This can be done only with a large
number of integrated temperature sensors, which is very hard to
be fabricated with metallic channels. Accordingly, most flow boil-
ing studies in multi-microchannel configurations present the data
in the form of the classic pool boiling curve or heat transfer coeffi-
cient at one location versus heat flux or vapour quality at this loca-
tion, see the studies summarized in Table 1. The same approach is
adopted here in the present paper where the results are presented
as boiling curve or heat transfer coefficient versus heat flux or
vapour quality at one location.

Fig. 10 illustrates the effect of mass flux on the boiling curve
plotted based on the temperature measured by the thermocouple
located near the channel inlet, at the middle of the heat sink and
near the channel outlet. As seen in the figure, there is no



Fig. 10. Boiling curve at four different mass fluxes: (a) thermocouple location at 2 mm from the channel inlet, (b) thermocouple location at the middle, (c) thermocouple
location at 2 mm from the channel outlet.
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temperature overshoot for all mass fluxes and boiling started
smoothly at very low wall superheat (0.8–1.2 K). The temperature
overshoot depends on fluid properties and surface microstructure.
For smooth surfaces and high surface tension fluids, high wall
superheat will be required to start boiling, i.e. high temperature
overshoot. In the present study, the Ra = 0.301 mm and R134a has
small surface tension compared to other refrigerants and water.
Thus, it is expected that a small wall superheat is required at boil-
ing incipience. In order to justify this deduction, the well-known
nucleation criterion given by Hsu [31] was applied using the mea-
sured Ra value in the present study. The predicted wall superheat
is 1.6 K, which is in a reasonable agreement with the abovemen-
tioned value measured in the present study. The figure indicates
that the heat flux increased almost linearly with wall superheat
and the wall superheat at a heat flux value of 250 kW/m2 is about
5.2 K. It is worth mentioning that this experiment was not planned
to reach critical heat flux. Additionally, it is obvious from the figure
that there is no clear mass flux effect on the boiling curve.

Fig. 11 illustrates the effect of heat flux, mass flux and vapour
quality on the two phase heat transfer coefficient. The heat transfer
coefficient in this figure is calculated at one location at the middle
of the heat sink. It is obvious from Fig. 11(a) that the heat transfer
coefficient increases with heat flux and does not depend on mass
flux. Fig. 11(b) depicts the heat transfer coefficient versus vapour
quality for different mass flux. The figure indicates that the heat
transfer coefficient increases with vapour quality and mass flux,
which contradicts the conclusion that one can reach if only
Fig. 11(a) is assessed. This arises from the fact that, at one location,
it is difficult to let one variable vary and keep the other variables
fixed. For example, in Fig. 11(a), when the mass flux varies for a
fixed heat flux, the vapour quality also varies. For a fixed heat flux,
the vapour quality at a specific location decreases as the mass flux
increases. Similarly, in Fig. 11(b), for a fixed vapour quality, the
heat flux varies also with mass flux. Thus, the effect of mass flux
cannot be deduced from this figure because the vapour quality
and heat also varies with varying mass flux. Accordingly, the data
in Fig. 11 are summarized in Table 2 for G = 50–300 kg/m2 s to
show that the vapour quality varies in Fig. 11(a) and the heat flux
varies in Fig. 11(b). The results of Fig. 11 make inferring the dom-
inant heat transfer mechanism using the conventional criteria very
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difficult. Fig. 11(a) indicates that nucleate boiling dominates, while
Fig. 11(b) indicates dominance of convective boiling. However,
flow visualization demonstrated that bubble nucleation was
observed up to intermediate heat flux values (qb = 64.1 kW/m2),
i.e. bubbly and slug flow. The complex effect of mass flux in this
study could be attributed to the large variations in channel mass
flux as previously discussed. In other words, the results may differ
if the actual channel mass flux was used rather than the mass flux
calculated based on the assumption that the flow is uniformly dis-
tributed. Bertsch et al. [3] investigated flow boiling of R134a in a
copper multi micro channel evaporator having hydraulic diameter
1.09 mm over a mass flux range 20.3–81 kg/m2 s and reported sim-
ilar behaviour. They reported that there is no mass flux effect on
the boiling curve which agrees with the results of the present
study. When the average heat transfer coefficient in their study
was plotted versus exit vapour quality, a clear mass flux effect
was reported and the average heat transfer coefficient increased
with increasing exit quality and mass flux. Plotting the same data
against heat flux indicated that the heat transfer coefficient
increases with increasing heat flux but the mass flux effect was
very small. In fact, the heat transfer coefficient decreases slightly
with increasing mass flux, [3].

5. Comparison with exiting prediction methods

The measured heat transfer coefficient in the present work is
compared with the heat transfer coefficient predicted by the
correlations summarized in Table 3. We have compared in detail
past correlations and published extensively on this, see [32]-
where we compared with 21 correlations. We continue to compare
with a significant number of correlations proposed in the past. How-
ever, in this paper, there is no intention to compare with all existing
correlations and only, some correlations were selected to compare
with the current data. Extensive comparison with existing state-
of-the-art correlations will be conducted later when more data are
collected for wide experimental ranges and different fluids. The
accuracy of each correlation is estimated using the mean absolute
error percentage (MAEP) as follows:

MAEP ¼ 1
N

X hexp � hpred

hexp

����
���� � 100 ð26Þ
As shown in Fig. 12, the correlations of Lazarek and Black [33]
and Kew and Cornwell [34] predicted the experimental data rea-
sonably well at low heat and mass fluxes but the prediction gets
worse as mass and heat flux increase. Tran et al. [35] modified
the correlation of Lazarek and Black [33] by replacing the liquid
Reynolds number with the Weber number. This correlation slightly
under predicted the experimental data – but still within the ±30%
error band with a mean absolute error of 27.6%. Warrier et al. [36]
proposed a heat transfer correlation for micro channels which
includes the effect of boiling number and vapour quality. As seen
in Fig. 12(d), this correlation shows scattered data with a mean
absolute value of 53%. The correlations of Cooper [37] and Mah-
moud and Karayiannis [32] show the best predictions with a mean
absolute error less than 20%. It is worth mentioning that the corre-
lation of Mahmoud and Karayiannis was developed for mini/micro
tubes using R134a data based on the model of Chen [38]. They
modified the nucleate boiling suppression factor and the convec-
tive boiling enhancement factor and also used the Cooper [37] cor-
relation for the nucleate pool boiling part. This correlation takes
into account also the effect of channel diameter, which is embed-
ded in the enhancement factor. The similarity in performance
between this correlation and Cooper correlation and the agreement
with the experimental data means that the correlation can predict
the dominant mechanism well. In other words, the correlation pre-
dicts that there is suppression for the convective boiling enhance-
ment factor. The agreement with the Cooper correlation may be
considered as an indication of the existence of nucleate boiling
heat transfer mechanism for a significant range in this study. How-
ever, this requires further investigation.

6. Conclusions

Flow boiling experiments in a copper multi microchannel heat
sink using R134a were performed for a mass flux range 50–
300 kg/m2 s and heat flux range 11.46–403.1 kW/m2. Flow boiling
patterns were also studied using a high-speed high-resolution cam-
era. The main concluding points can be summarized as follows:

1. Three flow patterns were observed when the heat flux was
increased gradually in small steps. These patterns include bub-
bly, slug and wavy-annular flows. Bubble nucleation was also
observed in the liquid film in slug flow and wavy-annular flow.



Table 3
Flow boiling heat transfer correlations used for the comparison with experimental data.

Lazarek and Black [33] htp ¼ 30 kl
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Table 2
Data used in Fig. 11 for G = 50–300 kg/m2 s.

G [kg/m2s] q00 [W/m2] Tsat [�C] hexp [W/m2 K] Vapour quality [–]

50 11,458 24.30 5240 0.0290
11,973 24.30 4699 0.0424
12,171 24.34 4549 0.0315
16,571 24.32 4722 0.0450
22,040 24.30 4610 0.0865
28,737 24.26 5050 0.1039
35,592 24.42 5621 0.1448
47,162 24.45 6569 0.1617
64,078 24.66 7778 0.2214
64,591 24.81 7837 0.2567
80,407 24.21 8822 0.3776
116,060 24.03 9889 0.5506
152,484 24.57 11,235 0.6355
192,821 24.95 12,611 0.7415

100 12,131 24.30 3886 0.0211
14,549 24.30 3658 0.0250
17,997 24.32 4088 0.0376
22,832 24.28 4711 0.0433
26,082 24.35 5053 0.0559
29,648 24.40 5359 0.0760
32,818 24.47 5695 0.0765
38,404 24.64 6155 0.0931
43,593 24.77 6492 0.1043
53,309 24.12 7531 0.1461
63,969 24.01 8265 0.1879
79,223 24.05 9191 0.2371
112,142 24.07 10,441 0.3412
158,044 24.21 12,020 0.5358
189,912 24.56 13,169 0.5907
221,173 25.09 14,265 0.6555

200 12,130 24.40 2906 0.0141
21,641 24.43 3820 0.0292
31,547 24.59 4839 0.0474
46,608 24.26 6114 0.0667
76,675 24.48 7743 0.1116
131,656 24.24 9947 0.1841
214,818 24.06 12,620 0.3146
214,381 24.11 12,623 0.3168
252,980 24.31 14,154 0.3843

300 16,016 24.36 5250 0.0071
22,438 24.07 5514 0.0110
31,036 24.50 6122 0.0192
35,038 24.49 6525 0.0163
44,112 24.49 6930 0.0253
44,745 24.51 6783 0.0315
63,920 24.59 7626 0.0527
95,773 24.24 8820 0.0970
142,185 24.46 10,316 0.1453
189,732 24.65 11,676 0.1863
235,655 24.67 13,096 0.2234
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Fig. 12. Comparison of the measured boiling heat transfer coefficient with existing correlations.
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2. The bubble departure diameter and frequency were found to
increase as the heat flux increases. This was based on a close
observation of one nucleation site. Also, the bubble departure
diameter decreases as the mass flux increases.

3. The fundamental study of nucleation characteristics in multi-
channels is not easy and can produce varying results due to
variations in the mass flux in each channel, which in turn affects
the nucleation process and subsequently the prevailing heat
transfer mechanism(s). Therefore, using the mass flux effect to
infer the mechanism may not be appropriate in multichannels.

4. Flow reversal is very evident for the lowest mass flux (50 kg/
m2 s) at all heat flux values. As the mass flux increased from
100 to 300 kg/m2 s, the heat flux at which flow reversal occurs
increased. An in depth evaluation study of flow reversal and
flow instabilities is recommended. Such a study should include
their effect on heat transfer rates. Despite the flow reversal, the
recorded pressure and temperature signals exhibited insignifi-
cant fluctuations.

5. The heat transfer results demonstrated that the heat transfer
coefficient depends strongly on heat flux while it is a week
function of mass flux. However, plotting the heat transfer coef-
ficient versus vapour quality indicated dependence on vapour
quality and mass flux. Based on that, it would be difficult to
infer the dominant mechanism using the conventional criteria.
This behaviour could be specific for multi-channel configura-
tions compared to single channels due to the significant varia-
tions in flow distribution (mass flux) among the channels.

6. Comparison with existing macro and micro scale correlations
demonstrated that only the correlations of Mahmoud and
Karayiannis [32] and Cooper [37] predicted the experimental
data very well with a mean absolute error less than 20%.
The correlation of Mahmoud and Karayiannis is recommended
for design purposes, although further research and comparisons
are also advisable, because this correlation was developed for sin-
gle tubes.
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