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Enhancing critical heat flux (CHF) of flow boiling without escalating pressure drop is highly desirable in
thermal management of high power-density electronic devices. Usually, an improved CHF can be
achieved by restricting flow or at a higher mass velocity, leading to a higher pressure drop. In this study,
compared to the two-nozzle microchannel configuration, the improved microchannel configuration as
detailed in the Part (I) of this study can enhance CHF without sacrificing pressure drop. In this
part, CHF is experimentally evaluated together with the pressure drop with mass flux ranging from
120 kg/m2 s to 600 kg/m2 s. Compared to the two-nozzle configuration, our study shows that CHF can
be enhanced up to 32% with a �53% reduction of pressure drop at a mass flux of 325 kg/m2 s. The bubble
collapse-removal process is significantly improved because more micronozzles are integrated. The
enhanced pumping effect, which is created by rapid bubble collapse processes in the entire main chan-
nels, enables a more sustainable liquid supply and hence delays the CHF conditions. Moreover, two-phase
flow in terms of pressure drop fluctuations is more stable owing to the effective management of bubble
confinement in the entire channel.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Flow boiling in microchannels is one of the most promising
cooling techniques for microelectronics [1]. Using latent heat by
vaporization can significantly improve heat dissipation of high
power density electronic devices. However, the vigorous and rapid
generation of vapor through phase change leads to adverse two-
phase flows in microchannels due to the well-known bubble con-
finement effect [2], which can lead to unfavorable two-phase flow
instabilities in terms of low frequency and large amplitude of wall
temperature and pressure drop/flow fluctuations. These could trig-
ger premature CHF conditions and result in high pressure drop [2].
CHF and pressure drop are two of the most critical factors in eval-
uating flow boiling performance in two-phase microchannel cool-
ing. Usually, it is highly desirable to enhance CHF without
escalating two-phase pressure drop. Nonetheless, it is challenging
to achieve this goal that appears conflicting. In last decades,
numerous techniques have been developed to improve CHF by reg-
ulating bubble slugs [2,3], suppressing flow instabilities [4,5], mod-
ifying surface properties [6–11], and promoting liquid rewetting
[12–15]. A comparison of experimental CHF data has been reported
in our previous study [16]. The microchannels with inlet restrictors
(IRs) have been proved to effectively delay CHF conditions by
controlling vapor flow reversal, but the frequency of periodic
bubbles/vapor slugs growth-collapse process is low [2].

Promotion of bubble collapse/removal can provide a more effec-
tive approach to regulate the two-phase flows in microchannels.
Enhanced pumping effect, which refers to the high frequency
periodic growth-collapse of bubbles/vapor slugs, can facilitate
adequate liquid supply and eventually, delay CHF conditions.

In our previous study, a novel concept was developed by rapidly
collapsing confined bubbles [17]. With this concept, CHF is
enhanced by improving the liquid supply to main channels
through rapid bubble-collapse-induced jetting flows and the
resulting enhanced pumping effect [17,18]. However, the two noz-
zles located at the middle of each main channel cannot remove the
elongated bubbles effectively in the entire channel, particularly, in
the upstream. Thus, persistent vapor slugs were observed near the
inlet region during the fully developed boiling. To address this
issue, an improved design has been developed to extend the effect
of high frequency jetting flows on bubble collapse/removal to the
entire channel [19].

It would be highly desirable to enhance CHF without escalating
two-phase pressure drop. Numerous techniques have been pro-
posed to address this issue. These include using diverging channels
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Nomenclature

a channel aspect ratio
A area, m2

Cc parameter for exit effect
Cf frictional coefficient
D diameter, m
H height, m
hfg latent heat of vaporization, kJ/kg
f fanning friction factor, m
G mass flux, kg/m2 s
kd momentum correction factor, W/m K
L length, m
_m mass flow rate, kg/s
N number of pin fins
Dp pressure drop, Pa
P power, W
S slip coefficient
ST transverse pitch, m
u velocity, m/s
�u average velocity, m/s
W microchannel width, m
z coordinate, m

Greek symbols
a void fraction
b kinetic energy correction factor

c surface tension, N/m
h contact angle
l viscosity, kg/(s m)
q density, kg/m3

v vapor quality
ri interfacial stress, N/m2

s flow area contraction ratio

Subscripts
2/ two-phase
acc accelerational
c cross section
CHF critical heat flux
e exit
eff effective
exp experimental
f frictional
h hydraulic
i inlet
l liquid
m mixture
o outlet
sat saturated
v vapor
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[20,21], stepped fin microchannels [22] and taper channels [5,23].
However, these techniques did not consider rapidly removing the
confined bubbles. Since the accelerational and frictional pressure
drop would be elevated by the rapid bubble expansion, the man-
agement of bubble collapse/removal could be promising to reduce
accelerational and frictional pressure drop. In our previous study,
the two-nozzle configuration was shown to effectively remove
the confined bubbles in microchannels [17], leading a significant
reduction of pressure drop compared to the plain wall microchan-
nel with IRs [2]. A further reduction of pressure drops owing to an
efficient bubble removal has been demonstrated in our early study
of the improved four-nozzle design [19] and will be further studied
herein. A low collapse frequency of elongated bubbles and flow
reversal due to vigorous vapor generation in conventional
microchannels is the key factor resulting in an obvious increase
of two-phase pressure drop compared to single phase flow at a
specific flow rate [24].

Based on our previous studies in developing the two-nozzle
microchannel configuration [16,17], an improved microchannel
configuration with an aim at enhancing CHF without elevating
pressure drop is developed in this study. The global liquid supply
would be significantly improved owing to two more evenly-
distributed nozzles in each main channel. Pressure drop would
be effectively managed owing to increased bypass flow areas and
the enhanced pumping effect induced by high frequency bubble
growth-collapse processes.
2. Data reduction

2.1. Two-phase frictional pressure drop

Experimental frictional pressure drop (Dpf ;exp) is deduced from
the following equation [24]:

Dpf ;exp ¼ Dptotal � Dpacc � Dpi � Dpo � Dpplenum � Dpdistributor ð1Þ
where the total pressure drop (Dptotal) was measured by two pres-
sure transducers at the pressure-drop measuring ports; Dpdistributor ,
Dpplenum, Dpi and Dpo are the pressure drop of the flow distributor,
pressure drop of the plenum chambers, inlet minor losses and exit
minor losses, respectively. Accelerational pressure drop (Dpacc) is
given by:

Dpacc ¼ G2 1
qi

� 1
q2/;o

 !
ð2Þ

where mass flux is estimated from G ¼ _m=Ac; and the density of the
exit two-phase flow q2/;o is estimated by

q2/;o ¼ a � qv þ ð1� aÞ � ql ð3Þ
where ql and qv denote the densities of liquid and vapor, respec-
tively; the density of inlet flow is assumed to be the density of liq-
uid flow (ql � qi), and a is the void fraction, which can be estimated
by

a ¼ 1 1þ 1� v
v

qv
ql

S
� ��

ð4Þ

where S is the slip ratio, which is calculated based on Chisholm cor-

relation: S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� v 1� ql

qv

� �r
[25].

The inlet minor losses is estimated from the model developed in
[26]:

Dpi ¼ ql

�ul;i

2
1� b � s2 � C2

c � 2Cc þ 2Cc � Kd

Cc
ð5Þ

The exit minor losses is calculated using an equation developed
by Abdelall [26]:

Dpo ¼ qv
�uv ;o
2

1� 2Cc � sþ s2ðKd � 1Þ
2

� ð1� s2Þ
� 	

ð6Þ

where the parameter (Cc) is given by Geiger [27]:
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Fig. 1. Single phase friction factor of a smooth wall rectangular microchannel array
is calibrated using different correlations of friction factor. These correlations are
used to estimate pressure across the fluid distributor. The results show that Gaddis’
correlation agrees better with the theoretical model [28].

266 W. Li et al. / International Journal of Heat and Mass Transfer 115 (2017) 264–272
Cc ¼ 1� 1� s
2:08ð1� sÞ þ 0:5371

ð7Þ

�ul;i and �uv;o represent the average liquid velocities at inlet and exit,
respectively. They are estimated as �ul;i ¼ _m=ðAl � qlÞ and �uv;o ¼
_m � ve=ðAv � qvÞ. The momentum correction factor (Kd ¼ 1:33) and
b ¼ 2 are used for laminar flow [24]. s is the flow area contraction
ratio.

The pressure drop of the plenum chambers consists of two
components:

Dpplenum ¼ Dpi;plenum þ Dpo;plenum ð8Þ

where the pressure drop of the inlet plenum is estimated from

Dpi;plenum ¼ f l;plenum � ql
Lplenum
Dplenum

�u2
plenum

2
ð9Þ

and the pressure drop of the exit plenum is estimated from

Dpo;plenum ¼ f v;plenum � qv
Lplenum
Dplenum

�u2
v;plenum

2
ð10Þ

where Lplenum is the length of the plenums; and Dplenum is the
hydraulic diameter of the plenums. The friction factor is calculated
as

f plenum ¼ Cf

Replenum
ð11Þ

where Cf is adopted from [28].
The pressure drop of the flow distributors is given by

Dpdistributor ¼ N � f cross � ql
ST

ST � Dpin

� �2 �u2
plenum

2
ð12Þ

where N is the number of pin fins in a single row of flow
distributers; fcross was estimated by Gaddis’s method [29]; and
ST is the transverse pitch; and Dpin is the hydraulic diameter of
pin fins.

In this experimental study, the Reynolds number of vapor flow
is defined as,

Re ¼ qvðuv � ulÞDh

lv
ð13Þ

where lv is the dynamic viscosity of vapor.

2.2. Single phase friction factor in a smooth wall rectangular
microchannel

The friction factor in terms of the pressure drop and mass flux is
given by:

f ¼ qDpDh

2LG2 ð14Þ

where Dp is the pressure drop, Dh is the hydraulic diameter, L is the
passage length, and G is the mass flux. The friction factor is a func-
tion of aspect ratio for a rectangular passage. It can be determined
using equation from Shah and London [28].

f ¼ 24ð1� 1:3553aþ 1:9467a2 � 1:7012a3 þ 0:9564a4

� 0:2537a5Þ=Re ð15Þ

where a is the channel aspect ratio and Re is the Reynolds number
of liquid flow. One constraint for this equation is that the aspect
ratio must be less than one. If the channel aspect ratio is greater
than 1.0, the inverse is taken to use with Eq. (15).
3. Results and discussion

3.1. Calibration

To assure the accuracy of pressure drop measurements, the sin-
gle phase friction factor in smooth wall rectangular microchannels
is calibrated using several correlations in literature, and then com-
pared to the theoretical value [28] (as shown in Fig. 1). In Eq. (1),
the pressure drop induced by the flow distributor is relative larger
than other pressure drop components such as losses from plenum
chambers, inlet minor and exits. To find a suitable correlation, four
friction factor correlations (as listed in Table 1) for the flow distrib-
utor are compared to calculate Dpdistributor in estimating a single
phase friction factor. Fig. 1 shows that the single phase friction fac-
tor of the smooth wall rectangular microchannel using Gaddis’ cor-
relation [29] is closer to the theoretical values. Therefore, the
Gaddis’ correlation is selected to estimate the flow distributor fric-
tional pressure drop in this study.
3.2. Reduced pressure drop

The measured total two-phase pressure drop is mainly deter-
mined by frictional and accelerational pressure drops [24,33].
Fig. 2 shows the measured total single phase/two-phase pressure
drops versus effective heat flux and exit vapor quality, respectively.
Single phase pressure drop is determined by mass flux for a given
channel configuration. The slopes of pressure drop curves in two-
phase region dramatically increase with mass flux and exit vapor
quality. The change of flow regimes as indicated by exit vapor qual-
ity would be the main reason for the sharp elevation of two-phase
pressure drops. The uncertainty of measured pressure drop is
±7.1%. The uncertainty propagation is calculated using methods
developed by Kline and McClintock [34].

The comparison of total pressure drops is conducted between
the current design and the previous two-nozzle configuration
[17] to investigate the mechanism of pressure drop reduction.
Fig. 3 shows that a significant reduction of pressure drop, up to
56%, is achieved at a mass flux of 430 kg/m2 s.

In conventional microchannel configurations, the elongated
vapor slug is hard to be removed. Hydraulic resistance was reduced
by managing vapor slug expansion rate in our previous study [24].
The overall construction of the present design is identical to the
previous two-nozzle configuration, except for additional two noz-
zles and shared auxiliary channels [17]. With the additional two



Table 1
List of single phase friction factor correlations.

Reference Shape of pin fins Working fluid Correlations of friction factor

Gunther and Shaw [30] Circular Air
f ¼ 180

Re
4ST SL
pd2

� 1
� �0:4

dbG
ST

� �0:6
bG ¼ SL

d for in-line tube configuration

bG ¼ ST
d for staggered tube configuration

Gaddis and Gnielski [29] Circular All fluids

f ¼
280p SL

d


 �0:5
�0:6

� �2

þ0:75

� �
Re

SL ST
d2

�p
� �

C1:6

Where

C ¼ ST
d for in-line/staggered arrangement with

SL
d P 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ST

d þ 1
q

;

C ¼ Sd
d for in-line/staggered arrangement with

SL
d < 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ST

d þ 1
q

Short et al. [31] Circular
100 < Re < 1000
2 < ST=d < 6:41

1:83 < SL=d < 3:21
H=d ¼ 2:43

Air
f ¼ 140:4 SL

d

� ��1:3
ST
de

� ��0:78 Hfin

de

� ��0:55
Re�0:65 Lhs

deNL

Kosar [32] Circular Water
f ¼ 1739

Re1:7
Hfin=de

Hfin=deþ1

� �1:1
SLST
Ac

� ��0:3 þ 345
Red

1
Hfin=deþ1

� �2
SLST
Ac

� ��0:3
Red ¼ qf umaxdhe

lf

dhe ¼ 4AminLhs
Awet

, Awet ¼ NtAfin þ 2ðAt � NtAcÞ
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Fig. 2. Single phase/two-phase pressure drops versus effective heat flux and exit
vapor quality, respectively.

Fig. 3. A significant reduction of pressure drop is achieved in the present
configuration compared to the two-nozzle configuration [17] at 150 kg/m2 s (a)
and 430 kg/m2 s (b), respectively.

W. Li et al. / International Journal of Heat and Mass Transfer 115 (2017) 264–272 267
nozzles integrated, the vapor bubbles can be removed more effec-
tively, which could further reduce pressure drop owing to
increased bypass flow area. As shown in Fig. 3, the present design
can significantly reduce total pressure drops compared to previous
two-nozzle configuration [17].

3.2.1. Dominance of the frictional pressure drop
Fig. 4 shows a comparison of total pressure drop components

versus vapor quality at a mass flux of 430 kg/m2 s in the present
four-nozzle microchannel configuration. Frictional pressure drop
is the dominant component of the total pressure drop, which is
consistent with literature [24,35].

3.2.2. Reduced accelerational pressure drop (�Dpacc) and exit minor
loss (�Dpo)

Fig. 5 shows that the exit vapor quality of the present study is
lower than that of two-nozzle configuration at the same effective
heat flux. Two-phase flow density would be larger at a lower exit
vapor quality at the same heat flux. Eq. (2) indicates that a larger
two-phase density can result in larger accelerational pressure drop,
but a smaller value of �Dpacc (as shown in Fig. 6(a)). Besides the
accelerational pressure drop and exit minor losses, other compo-
nents in Eq. (1) are calculated as well. The inlet minor loss (Dpi)
is determined by mass fluxes. For example, Dpi are 1.43 kPa and
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Fig. 5. (a, b) A comparison of exit vapor quality against effective heat flux is plotted
at 150 kg/m2 s and 430 kg/m2 s, respectively.

Fig. 6. (a) The accelerational pressure drop (�Dpacc) and (b) exit minor losses
(�Dpo) of the present study are reduced compared to those of two-nozzle
configuration at a mass flux of 150 kg/m2 s and 430 kg/m2 s, respectively.
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11.74 kPa at mass flux of 150 kg/m2 s and 430 kg/m2 s, respec-
tively. However, the pressure drops induced by the flow distributor
and plenum chambers are very small, less than 1 kPa in this study.
3.2.3. Reduced frictional pressure drop
Fig. 7 shows that the frictional pressure drop is plotted versus

effective heat flux and exit vapor quality, respectively. A significant
reduction of �56% and �40% are achieved for a given effective heat
flux and vapor quality at a mass flux of 430 kg/m2 s, as shown in
Fig. 7(b) and (d), respectively. Two major factors are believed to
contribute to the pressure drop reduction. The first is the bypass
effect induced by additional auxiliary channels. It has been demon-
strated in our previous study that the frictional pressure drop can
be reduced by bypass effect through micronozzles and auxiliary
channels [17,18]. At the same exit vapor quality, the augmented
flow area can result in a substantial reduction of vapor superficial
velocity. For example, at a mass flux of 150 kg/m2 s, the superficial
velocity of vapor flow is 97.7 m/s at an exit vapor quality of 0.49
under a heat flux of 228 W/cm2. A reduction of �22% is achieved
in the present study compared to the two-nozzle microchannel
configuration. At a higher mass flux of 430 kg/m2 s, the superficial
velocity of vapor flow is 191 m/s at an exit vapor quality of 0.34
under a heat flux of 504 W/cm2. A reduction of �24% is achieved
as well. The reduction of superficial velocity of vapor flow leads
to such a significant reduction of frictional pressure drop compared
to the two-nozzle microchannel configuration [17] as shown in
Fig. 7(c) and (d).

The other factor should be the management of bubble or vapor
slug expansion, which leads to additional reduction of frictional



Fig. 7. The frictional pressure drops are plotted versus effective heat flux and exit vapor quality at mass flux of 150 kg/m2 s and 430 kg/m2 s, respectively. Drastic reduction of
frictional pressure drop is achieved with the present configuration compared to two-nozzle configuration for a given working heat flux or exit vapor quality.
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pressure drop as indicated by vapor quality and effective heat flux.
In microchannel flow boiling, the rapid growth and expansion of
confined bubbles toward upstream can hinder and block incoming
flows, resulting in a substantial increase of pressure drop [17].
Well-managed vapor slug expansion has an effect on reducing fric-
tional pressure drop [24]. Extended mixing in the entire channel is
also achieved by increased and well-distributed jetting flows. Fig. 8
shows that confined bubble shrinks with the effect of jetting flows.
Fig. 8. Mixing induced by rapid bubble collapse is observed in the present study at
a heat flux of 200 W/cm2 and a mass flux of 325 kg/m2 s. (Scale bar is 100 mm).
Usually, the contribution of the frictional pressure drop to the
overall pressure drop is larger at a higher heat flux and vapor qual-
ity [24,35]. In this study, the reduction of frictional pressure drop is
shown to be larger at a higher heat flux and vapor quality, as illus-
trated in Fig. 7(c) and (d). Under higher mass fluxes, the reduction
of frictional pressure drop is more significant. For example, the
reduction of frictional pressure drop is �26% at an exit vapor qual-
ity of 0.5 and a mass flux of 150 kg/m2 s; while such a reduction
increases up to 40% at an exit vapor quality of 0.34 at a mass flux
of 430 kg/m2 s. In the low mass flux scenario, as shown in Fig. 7(c),
when the exit vapor quality is less than 0.4, the difference of fric-
tional pressure drop between the present study and two-nozzle
configuration is minimal. As vapor quality reaches above 0.4, the
difference of frictional pressure drop becomes more significant
and shows higher differences with increased vapor quality. The
reduction is up to 26% at a vapor quality of around 0.5.

3.3. Two-phase flow instabilities

Fig. 9 shows the comparison of the Dp-G curves between the
present study, the two-nozzle microchannels [17], and microchan-
nels with IRs [2] at a heat flux of 150 W/cm2 and 250W/cm2,
respectively. The slopes of Dp-G curves for microchannels with
IRs are positive, which enabled high CHF by suppressing two-
phase reversal flows, but at a cost of pressure drop. In the two-
nozzle microchannels [17], the slopes were greatly moderated
compared to the microchannels with IRs and the slopes of Dp-G
curves at 150 W/cm2 are even positive. In the present configura-
tion, the slope of Dp-G curves is similar with that of the classic
Dp-G curve, but not so steep.



Fig. 9. Comparisons of Dp-G curves of flow boiling between the present configu-
ration, the two-nozzle configuration [17] and microchannels with IRs [2].
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Fig. 10 depicts the classic Dp-G curve in microchannels [36],
which is used to analyze the Ledinegg instability of the present
study. Notice that the Dp-G curves (Fig. 9) of the present configu-
ration are similar with the classic one in shape as shown in Fig. 10.
For a given heat flux, the pressure drop increases with increasing
mass flux in the regime of single phase flow before ONB. In the sec-
tion a-b, the slope of Dp-G curve is positive. Conversely, after
reaching the onset of flow instability (OFI) point, pressure drop
increases with decreasing mass flux in the regime of two-phase
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Fig. 10. Classic Dp-G curve of flow boiling under constant heat flux in plain wall
microchannels [17].
as shown in Fig. 10. In section c-e, the slope of Dp-G curve is neg-
ative. In microchannels, it has been argued that the OFI corre-
sponds to a mass flux only slightly less than the ONB. In this
study, the mass flux of onset of nucleation bubble (ONB) is
650 kg/m2 s at 150.6 W/cm2, and 900 kg/m2 s at 256W/cm2, as
shown in Fig. 9. As discussed by Boure et al. [37], when
@ðDpÞ
@G jchannel�pumping 6 0, the system is susceptible to the static Ledi-
negg instability mainly in the parallel channels. In addition,
upstream compressible volume instability can be significant at
microscale. Such type of two-phase flow instabilities is character-
ized by low frequency and large amplitude of flows, pressure
drops, and wall temperature oscillations and could result in pre-
mature CHF conditions. Microchannels with IRs [2] have been
employed and demonstrated as an effective method to mitigate
two-phase flow instabilities by reshaping the Dp-G curve such that
the curve is rectified into positive.

The flow instability of the system can be assessed by consider-
ing the negative slope of Dp-G curves. As the slope becomes stee-
per, the system is more likely to exhibit flow instabilities, leading
to a premature CHF condition. There are several factors that affect
the curve’s slope, including heat flux, saturation pressure, mass
flux, and channel hydraulic diameter. This can be expressed as fol-
lows [36]:

dðDPÞ
dG

¼ f ðPsat;G;DTsub;i; q00;Dh; L; fluidÞ ð16Þ

Using microfluidic transistors (auxiliary channel combined with
multiple micronozzles), up to 78% pressure drop reduction was
demonstrated in the two-nozzle microchannel configuration
[17,18]. A further 51% pressure drop reduction has been realized
in the present configuration. High frequency oscillations lead to
more stable flow boiling in microchannels. Therefore, in two-
phase regime (Fig. 9), the slope of Dp-G curves is still negative,
but remaining small. The microchannel integrated auxiliary chan-
nels combined with multiple micronozzles is mainly contributed
to the reduced negative slopes.

Fig. 11 shows the transient pressure drop of present microchan-
nels compared to that of the two-nozzle microchannels at an effec-
tive heat flux of �300 W/cm2, for a given mass flux of 380 kg/m2 s.
At such a high heat flux, pressure drop has been observed to fluc-
tuate within 1.4% (±0.6 kPa), which confirms a stable two-phase
flow achieved in the present microchannel configuration. The stan-
dard deviation of the present design is �28.9% lower than that of
the two-nozzle microchannels (in Fig. 11). Also, the two-nozzle
Fig. 11. Enhanced two-phase flow stability in the present study compared to the
two-nozzle configuration [17].



Fig. 13. Enhanced global liquid supply in the present study compared to the two-
nozzle configuration at a mass flux of 600 kg/m2 s and at heat flux of �600 W/cm2.
(a–c) Liquid can be effectively supplied to the main channel through jetting flows
through four nozzles when the inlet section of main channel is blocked by the vapor
slug. (d) Only a small area near the nozzle is rewetted by the jetting flows in the
two-nozzle configuration. (Number 1–4 represents the four locations of micronoz-
zles from inlet to outlet. All scale bars are 200 lm in this figure).
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design shows high amplitude oscillations of �0.5 kPa whereas the
four-nozzle design shows lower amplitude oscillations of �0.3 kPa
as illustrated in Fig. 11. High amplitude of oscillations would
escalate flow boiling instabilities. Hence, enhanced two-phase flow
stability is achieved in the present configuration. A better manage-
ment of the confined compressible vapor bubbles, which is enabled
by four evenly-distributed micro-nozzles, likely results in more
stable two-phase flows.

3.4. Enhanced CHF

In this study, CHF is triggered by the burnout and failure of the
tested device due to the crisis of liquid supply to the heating sur-
face. In experiments, it is determined by a spike wall temperature
reading. By generating high frequency two-phase oscillations, CHF
has been achieved to 1020W/cm2 at a mass flux of 1350 kg/m2 s in
the two-nozzle microchannel configuration [17]. The present con-
figuration aims to achieve better global liquid supply and to
enhance local rewetting through four evenly-distributed nozzles
along the side wall of each main channel. Noticeable enhancement
of CHF has been achieved as illustrated in Fig. 12. The enhance-
ment is up to ’35% at a low mass flux of 200 kg/m2 s, and then
drops to �10% at a higher mass flux of 600 kg/m2 s. The uncer-
tainty value of CHF is ±10W/cm2 [34].

In Fig. 13, the enhanced liquid supply in the present configura-
tion is visualized and compared with the two-nozzle configuration
[17] at mass flux of 600 kg/m2 s and heat flux of around
600W/cm2. The present configuration can enable more sustainable
global liquid supply with the high frequency jetting flows induced
from auxiliary channels (Fig. 13(a–c)). The increased number of
nozzles can maintain a sustainable liquid supply to the entire
channel under high work heat fluxes. This is different from
the persistent vapor slug near inlet section of main channel in
the two-nozzle configuration [17], leading to CHF conditions
(Fig. 13(d)). Equally important, the local surface rewetting in the
present configuration is significantly improved. For example,
Fig. 14 shows the local surface dryout and rewetting process near
CHF conditions at a mass flux of 180 kg/m2 s associated with a heat
flux of 264W/cm2. The channel surface is rapidly rewetted by the
jetting flows. However, we observed that the two-phase oscilla-
tions and jetting flows in the downstream are not as strong and
frequent as these in the upstream at a higher mass velocity as illus-
trated in Figs. 5 and 6 in the part (I) of this study. Fig. 12 shows that
the CHF enhancement decreases with increasing mass velocity. The
enhancement drops to �10% at a mass flux of 600 kg/m2 s. The
Fig. 12. Significant enhanced CHF is achieved in the present study compared to that
of the two-nozzle microchannels [17].

Fig. 14. The surface dryout and rewetting process was observed at a mass flux of
180 kg/m2 s and a heat flux of 264 W/cm2. (Scale bar is 100 lm).
main reason is that the increased inertia of the incoming flow
would suppress the two-phase oscillations in auxiliary channels,
resulting in degraded liquid supply in the downstream of main
channels. At the same mass fluxes, the fluid flow in auxiliary chan-
nels is higher than that of the two-nozzle configuration microchan-
nels owing to the augmented areas, resulting from the increased
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openings of micronozzles. To conclude, the four-nozzle configura-
tion can enhance global liquid supply and local rewetting effec-
tively and is primarily responsible for the increased CHF in the
present study compared to the two-nozzle configuration [17].

4. Conclusions

In part (II), the enhanced CHF with reduced pressure drops in
the present four-nozzle configuration has been experimentally
studied. The key conclusions can be drawn:

(a) The total measured pressure drop and frictional pressure
drop are significantly reduced in the present study com-
pared to the two-nozzle configuration. The reduction of fric-
tional pressure drop is mainly caused by the increased
bypasses owing to the integration of auxiliary channels
and by the enhanced pumping effect because of effective
management of bubble confinement.

(b) The two-phase flow in terms of pressure drop fluctuation
becomes more stable in the four-nozzle microchannel con-
figuration compared to that of the two-nozzle microchannel
configuration.

(c) CHF has been significantly enhanced in the four-nozzle
microchannel configuration compared to the two-nozzle
microchannel configuration. In addition, we observed that
such an enhancement degrades with the increase of mass
velocity.
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