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This study is the second part of a two-part study addressing the effectiveness of micro-channel evapora-
tors for space applications. The first part provided pressure drop and heat transfer data for FC-72 that
were acquired with a test module containing 80 of 231 lm wide � 1000 lm deep micro-channels. The
tests were performed in three flow orientations: horizontal, vertical upflow and vertical downflow over
broad ranges of mass velocity and heat flux. The present part uses these experimental results to assess
the accuracy of published predictive tools. The two-phase heat transfer coefficient data are compared
to predictions of 15 popular correlations, and pressure drop data to 7 mixture viscosity relations used
in conjunction of the Homogeneous Equilibrium Model (HEM), and 18 correlations based on the
Separated Flow Model (SFM). These models and correlations are carefully assessed in pursuit of identify-
ing the most accurate tools. In addition, three important criteria for implementing micro-channel flow
boiling in space systems are proposed: avoiding large pressure drop, avoiding critical heat flux (CHF),
and negating the influence of body force. It is shown that micro-channels require significantly smaller
mass velocities to negate body force effects than macro-channels, and are therefore very effective for
space applications.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Pressure drop and heat transfer characteristics of single-phase
micro-channel heat sinks have been the subject of extensive study
spanning three decades, especially in conjunction with electronics
cooling [1–6]. Aside from their very compact and lightweight
design, these heat sinks provide unprecedented enhancement in
heat transfer coefficient. Their thermal attributes are readily recog-
nized for laminar flow, where the heat transfer coefficient is inver-
sely proportional to hydraulic diameter. This implies the high heat
transfer coefficient can be increased simply by decreasing hydrau-
lic diameter. The advantages of utilizing a small diameter are also
achieved with turbulent flow. But because these heat sinks rely on
sensible heat rise of the coolant for heat dissipation, they typically
incur large temperature gradients in both coolant and device being
cooled.

This shortcoming is largely responsible for shifting focus in
recent years from single-phase to two-phase micro-channel heat
sinks. With phase change, far greater heat transfer coefficients
are achieved by capitalizing upon the coolant’s sensible and latent
heat rather than sensible heat alone. This helps greatly reduce
coolant flow rate when dissipating the same amount of heat as
from a single-phase heat sink, let alone the reduction in coolant
inventory for the cooling system at large. Reliance on latent heat
exchange also enables two-phase heat sinks to achieve superior
temperature uniformity.

For several decades, flow boiling has been examined in predom-
inantly macro-channel geometries as well as a variety of cooling
configurations, including pool boiling [7–10], channel flow boiling
[11–13], jet [14–17] and spray [18–21], as well as enhanced
surfaces [22–24]. Despite many similarities between the boiling
phenomena associated with these different configurations, extend-
ing this understanding to flow boiling in micro-channels is by no
means straightforward. Because of small hydraulic diameter, bub-
ble nucleation, departure and coalescence are far more influenced
by surface tension and wall confinement effects than macro-
channels. These influences have a profound effect on two-phase
regime transitions, pressure drop, heat transfer coefficient and
critical heat flux (CHF).

This paper is the second part of a two-part study concerning the
influence of orientation on pressure drop and heat transfer
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Nomenclature

b constant in Eq. (13)
Bd Bond number
Bo Boiling number
Cc contraction coefficient
cp specific heat at constant pressure
Dh hydraulic diameter
E coefficient in two-phase heat transfer coefficient corre-

lations
f Fanning friction factor
Fq fraction of wall heat flux consumed in converting near-

wall liquid to vapor
Fr Froude number
G mass velocity
g gravitational acceleration
gn component of gravity normal to heated wall
H mean thickness of phase layer
h heat transfer coefficient
Hb distance between upper and lower thermocouples
Hch height of micro-channel
Hp height of inlet/outlet plenums
Ht distance between bottom wall of micro-channel and

upper thermocouple
k thermal conductivity
L length; length of micro-channel
M molecular weight
m fin parameter
_m mass flow rate for single micro-channel

Nch number of micro-channels
Nconf confinement number
Nu Nusselt number
q00 heat flux
q00eff effective heat flux based on width of unit cell containing

single micro-channel
q00m critical heat flux based on heated perimeter
P pressure, perimeter
DP pressure drop
PR reduced pressure
Pr Prandtl number
Re Reynolds number
S suppression coefficient in two-phase heat transfer coef-

ficient correlations
Su Suratman number
T temperature
U mean velocity of phase layer
v specific volume
Wch width of single micro-channel
We Weber number
Wp width of inlet/outlet plenums
WW width between micro-channels
X Lockhart–Martinelli parameter
xe thermodynamic equilibrium quality

Xtt Lockhart–Martinelli parameter for turbulent liquid and
turbulent vapor flows

z stream-wise coordinate
z0 axial location where vapor layer velocity just exceeds

liquid layer velocity
z⁄ axial location parameter in Eq. (13)

Greek Symbols
a void fraction
b aspect ratio of micro-channel (Wch/Hch)
d vapor layer thickness
g fin efficiency
h flow orientation angle from horizontal flow, percentage

predicted within ±30%
kc critical wavelength
l dynamic viscosity
n percentage predicted within ±50%
q density
r surface tension
rc contraction ratio
/ two-phase pressure drop multiplier

Subscripts
A accelarational
b bottom thermocouple plane
c contraction
cb convective boiling
ch micro-channel
cir circumferential
d developing
e expansion
exp experimentally-determined
F frictional, wetted
f liquid, bulk fluid
fd fully-developed
fo liquid only
G gravitational
g vapor
H heated
nb nucleate boiling
pred predicted
s solid
sat saturated
sc subcooled boiling
sp single-phase
sub subcooling
t top thermocouple plane
tot total
tp two-phase
w wall

1232 H. Lee et al. / International Journal of Heat and Mass Transfer 77 (2014) 1231–1249
associated with flow boiling in micro-channels. This study is part
of NASA’s Flow Boiling and Condensation Experiment (FBCE),
which is projected for deployment in the International Space Sta-
tion (ISS) in 2017. In part 1 [25], the pressure drop and heat trans-
fer characteristics were examined experimentally for horizontal
flow, vertical upward and vertical downflow for different mass
velocities and orientations. The micro-channel module consists of
80 parallel 231 lm wide � 1000 lm deep micro-channels, and
operating conditions are provided in Table 1. This part will assess
predictive tools for pressure drop and heat transfer coefficient in
pursuit of identifying the most accurate tools. Also discussed are
criteria for negating the influence of body force when implement-
ing the micro-channel heat sink in reduced gravity space systems.
2. Assessment of heat transfer correlations

2.1. Heat transfer data reduction

As discussed in part 1 of this study [25], the local heat transfer
coefficient is calculated by applying energy balance to the control
volume of a unit cell consisting of a single micro-channel and



Table 1
Operating conditions of present study.

Horizontal Vertical upward Vertical downward

Pressure drop Heat transfer Pressure drop Heat transfer Pressure drop Heat transfer

G (kg/m2 s) 155.9–792.0 196.6–792.0 151.5–834.5 259.2–834.5 175.4–772.3 175.4–772.3
G/qf (m/s) 0.10–0.50 0.13–0.50 0.10–0.53 0.17–0.53 0.11–0.49 0.11–0.49
q00eff (W/cm2) 2.19–9.46 3.10–9.41 2.14–9.56 3.43–9.56 2.47–9.89 3.28–9.30

Pin (kPa) 188.1–297.3 188.1–297.3 187.8–292.2 187.8–292.2 189.3–306.5 189.3–306.5
Tsat (�C) 76.5–93.1 76.5–93.1 76.4–92.5 76.4–92.5 76.7–94.3 76.7–94.3
Tin (�C) 60.5–83.2 60.5–81.0 60.2–83.3 60.2–81.8 60.8–84.1 60.8–84.1
xe,in �0.29 to �0.09 �0.29 to �0.09 �0.28 to �0.10 �0.28 to �0.11 �0.29 to �0.09 �0.29 to �0.09
PR 0.09–0.16 0.10–0.16 0.10–0.16 0.10–0.16 0.09–0.17 0.10–0.17
Data points 97 65 80 65 97 86
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two half sidewalls, and applying the fin analysis method. The
method used here uses experimentally determined effective heat
flux, q00eff , and difference between the local micro-channel bottom
wall temperature, Tw,b, and local bulk fluid temperature, Tf.

h ¼
q00eff ðWch þWwÞ

ðTw;b � Tf ÞðWch þ 2gHchÞ
; ð1Þ

where q00eff , g, and m are the effective heat flux, fin efficiency and fin
parameter, which are defined, respectively, as q00eff ¼ ksðTb � TtÞ=Hb,

g ¼ tanhðmHchÞ=mHch, and m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2h=ksWW

p
. In these relations, Tb

and Tt are bottom and top temperatures measured by pairs of
thermocouples inserted in the copper block beneath the
micro-channel at five axial locations. As discussed in [25], the
micro-channel bottom wall temperature, Tb,w, and the bulk fluid
temperature, Tf, are given by Tw;b ¼ Tt � q00eff Ht=ks and
Tf ;nþ1 ¼ Tf ;n þ q00eff ðWch þWWÞDz=ð _mcp;f Þ for xe < 0, Tf = Tsat for 0 6 xe

6 1, and Tf ;nþ1 ¼ Tf ;n þ q00eff ðWch þWWÞDz=ð _mcp;gÞ for 1 < xe, where
the saturation temperature, Tsat, is determined from the local
saturation pressure. The thermodynamic equilibrium quality along
the channel is determined according to

xe ¼ �
cp;f ðTsat � Tf Þ

hfg
for xe < 0; ð2aÞ

xe;nþ1 ¼ xe;n þ
q00eff ðWch þWWÞDz

_mhfg
for 0 6 xe 6 1; ð2bÞ

and

xe ¼ 1þ cp;gðTf � TsatÞ
hfg

for 1 < xe: ð2cÞ
2.2. Assessment of correlations

The experimentally determined local two-phase heat transfer
coefficient, htp, is identified for the spatial span where xe > 0 and
compared to predictions of several popular correlations. As shown
in Table 2, there correlations are categorized into three different
types: (1) those based on either a nucleate boiling (nb) relation
or convective boiling (cb) relation [26–33], (2) those based on the
maximum of value determined from nb and cb relations [34–36],
and (3) correlations based on superpositioning of nb and cb rela-
tions [37,39–42]. It should be emphasized that, excepting the cor-
relation of Kim and Mudawar [42], all other correlations were
developed for circular channels with uniform circumferential heat-
ing, or rectangular channels with uniform four-sided heating.
When assessing the predictive accuracy of these correlations
against the present data for rectangular channels with three-sided
heating, the relation htp ¼ htp;cirðNu3=Nu4Þ is used [42], where htp,cir

is the value predicted from the original correlation, and Nu3 and
Nu4 are the single-phase Nusselt numbers for laminar flow with
three-sided and four-sided heating, respectively.

Nu3 ¼ 8:235ð1� 1:883bþ 3:767b2 � 5:814b3 þ 5:361b4 � 2:0b5Þ
ð3aÞ

and

Nu3 ¼ 8:235ð1� 1:883bþ 3:767b2 � 5:814b3 þ 5:361b4 � 2:0b5Þ:
ð3bÞ

Table 2 shows several of the htp correlations employ a relation
for the single-phase heat transfer relation, hsp, which is determined
from hsp ¼ Nuðkf =DhÞ, where, for three-sided and four-sided heat-
ing, respectively,

Nu ¼ Nu3 or Nu ¼ Nu4 for Ref < 2000 ð4aÞ

and

Nu ¼ 0:023Re0:8
f Pr0:4

f for Ref > 2000 ð4bÞ

The multiplier Nu3/Nu4 is not applied to the correlation of Kim
and Mudawar [42], which accounts for partial or full circumferen-
tial heating by the ratio of heated perimeter to wetted perimeter,
PH/PF.

Figs. 1–3 compare the experimentally determined local two-
phase heat transfer coefficient corresponding to xe > 0 at five
different axial locations where the copper block temperatures are
measured. The predictive accuracy of a correlation is determined
by mean absolute error, which is defined as

MAE ¼ 1
N

X htp;pred � htp;exp

htp;exp

����
����� 100%: ð5Þ

Two additional parameters, h and n, indicate the percentages of
data points predicted within ±30% and ±50%, respectively. Sub-
scripts T1 to T5 indicate the five axial locations, z = 12.7, 44.5,
76.2, 108.0 and 137.7 mm, where the copper block temperatures
are measured. The open symbols represent two-phase heat trans-
fer coefficient data measured during tests incurring severe pressure
drop oscillation [25]; these data points are excluded from calcula-
tions of MAE, h and n since the correlations are not intended for
unstable conditions.

Fig. 1 compares the experimentally-determined local two-
phase heat transfer coefficient, htp, at the five different axial loca-
tions with predictions of the first group of correlations in Table 2
that are based on a nucleate boiling (nb) or convective boiling
(cb) relation. Separate comparisons are shown for the horizontal
flow, vertical upflow and vertical downflow data. Notice that the
data designated by open symbols, which correspond to severe
pressure drop oscillation and are excluded from calculations of
MAE, h and n, show large deviations from both the other data
and predictions. Overall, the correlations in this group give poor



Table 2
Saturated boiling heat transfer correlations.

Author(s) Correlation Remarks

Correlations based on either a nucleate boiling (nb) relation or convective boiling (cb) relation
Lazarek and Black

[26]
htp ¼ 30Re0:857

fo Bo0:714 kf

Dh
, Refo ¼ GDh

lf
, Bo ¼ q00H

Ghfg

nb-Based, single circular copper tubes, Dh = 3.15 mm,
R133, vertical upflow and downflow, G = 125–750 kg/
m2 s, q00H ¼0–40 W/cm2, xe = 0–0.8

Cooper [27] htp ¼ 55P0:12
R ð�log10PRÞ�0:55M�0:5q000:67

H
nb-Based, pool boiling, stainless steel, copper, platinum,
nickel, aluminum, brass, circular, rectangular, wire,
hydrogen, deuterium, helium, methane, water, neon,
nitrogen, ethane, methanol, oxygen, propane, ethanol, n-
butane, benzene, R11, R12, R13, R113, R114, R115, R21,
R22, R13B1, R226, RC318, SF6, >6000 data points from
over100 sources

Tran et al. [28]
htp ¼ 8:4� 105ðBo2WefoÞ

0:3 qg

qf

� �0:4
, Wefo ¼ G2 Dh

qf r
nb-Based, single circular/rectangular tubes, Dh = 2.4 mm
for rectangular, 2.46, 2.92 mm for circular, R12, R113,
horizontal, G = 44–832 kg/m2 s, q00H ¼0.36–12.9 W/cm2,
xe = 0.2–0.94, 249 data points

Lee and Lee [29] htp ¼ Ehsp cb-Based, single rectangular, Dh = 0.784–3.636 mm,
R113, horizontal, stainless steel, G = 50–200 kg/m2 s,
q00H ¼1.5 W/cm2, xe = 0.15–0.75

hsp ¼ 0:023Re0:8
fo Pr0:4

f
kf

Dh
, E ¼ 10:3b0:398/0:598

f

/f ¼ 1þ C
X þ 1

X2

� �0:5
, C ¼ 6:185� 10�2Re0:726

fo , Refo ¼ GDh
lf

Warrier et al. [30] htp ¼ Ehsp nb-Based, multi (N = 5) rectangular aluminum,
Dh = 0.75 mm, FC84, horizontal, G = 557–1600 kg/m2 s,
q00H ¼0–5.99 W/cm2, xe = 0–0.5

E ¼ 1:0þ 6:0Bo1=16 � 5:3ð1� 855BoÞx0:65
e , htp ¼ 0:023Re0:8

fo Pr0:4
f

kf

Dh

Agostini and
Bontemps [31]

for xe 6 0:43, htp ¼ 28q002=3
H G�0:26x�0:10

e
nb-Based, multi (N = 11) rectangular aluminum,
Dh = 2.01 mm, R134a, vertical upflow, G = 90–295 kg/
m2 s, q00H ¼0.6–3.16 W/cm2, xe = 0.26–1

for xe > 0.43, htp ¼ 28q002=3
H G�0:64x�2:08

e

Li and Wu [32]
htp ¼ 334Bo0:3 BdRe0:36

f

� �0:4 kf

Dh

� �
, Bd ¼ gðqf�qg ÞD

2
h

r
nb-Based, single/multi circular/rectangular, Dh = 0.16–
3.01 mm, R11, R12, R123, R134a, R141b, R22, R236fa,
R245fa, FC77, FC84, water, CO2, propane, horizontal,
vertical upflow, G = 23.4–3570.0 kg/m2 s, q00H ¼0–
115.0 W/cm2, xe = 0–1, 3744 data points from 26 sources

Oh and Son [33]
htp ¼ 0:034Re0:8

f Pr0:3
f 1:58 1

Xtt

� �0:87
� �

kf

Dh

� � cb-Based, single circular copper, Dh = 1.77, 3.36,
5.35 mm, R134a, R22, horizontal

Correlations based on maximum of values determined from nucleate boiling (nb) and convective boiling (cb) relations
Shah [34,35] htp ¼ Max ðE; SÞhsp Single, circular, R11, R113, R12, R22, water, cyclohexane,

horizontal, vertical upflow/downflow, 780 data points
from 19 sources

S = 1.8/N0.8, hsp ¼ 0:023Re0:8
f Pr0:4

f
kf

Dh

for N > 1.0, E ¼ 1þ 46Bo0:5 for Bo < 3 � 10�5

E ¼ 230Bo0:5 for Bo > 3 � 10�5

for 0:1 < N 6 1:0, E ¼ FBo0:5 expð2:74N�0:1Þ
for N 6 0:1, E ¼ F Bo0:5 expð2:47N�0:15Þ
F = 14.7 for Bo P 11� 10�4 or F = 15.43 for Bo < 11 � 10�4

N = Co for vertical tube,
N = Co for horizontal tube with Frf P 0:04

N ¼ 0:38Fr�0:3
f Co for horizontal tube with Frf < 0.04

Ref ¼ Gð1�xÞDh
lf

, Co ¼ 1�x
x

� 	0:8 qg

qf

� �0:5
, Frf ¼ G2

q2
f

gDh

Ducoulomnier
et al. [36]

htp ¼ Max ðhnb; hcbÞ Single, circular stainless steel, Dh = 0.529 mm, CO2,
horizontal, G = 200–1200 kg/m2 s, q00H ¼1–3 W/cm2, 2710
data points

hnb ¼ 131P�0:0063
R ð�log10PRÞ�0:55M�0:5q000:58

H ,
for Bo > 1.1 � 10�4,

hcb ¼ 1:47� 104 Boþ 0:93 1
Xtt

� �2=3

 �

hsp;fo

for Bo < 1.1 � 10�4, hcb ¼ 1þ 1:80 1
Xtt

� �0:986

 �

hsp

hsp ¼ 0:023Re0:8
fo Pr0:4

f
kf

Dh

Correlations based on superpositioning of nucleate boiling (nb) and convective boiling (cb) relations
Chen [37] htp ¼ Ehsp þ Shnb Water, methanol, cyclohexan, pentane, heptane,

benzene, vertical upflow/downflow, over 600 data
points from 10 sourceshnb ¼ 0:00122

k0:79
f c0:45

p;f
v0:24

g

r0:5l0:29
f

h0:24
fg v0:49

f

� 
DT0:24

sat DP0:75
sat

E ¼ ð1þ 1
X0:5Þ

1:78, S ¼ 0:9622� 0:5822 tan�1 Ref E1:25

6:18�104

� �
E, S from Edelstein et al. [38]

Gungor and
Winterton [39]

htp ¼ Ehsp þ Shnb , hsp ¼ 0:023Re0:8
fo Pr0:4

f
kf
Dh

Circular, Dh = 2.95–32 mm, R11, R113, R114, R12, R22,
water, ethylene glycol, horizontal, vertical upflow/
downflow, G = 12.4–8179.3 kg/m2 s, q00H ¼0.03–262 W/
cm2, 4300 data points from 28 sources

E ¼ 1þ 24000Bo1:16 þ 1:37 1
Xtt

� �0:86
, S ¼ 1þ 1:15� 10�6E2 Re1:17

f

� ��1

hnb ¼ htp;Cooper

Liu and Winterton
[40]

htp ¼ ½ðEhspÞ2 þ ðShnbÞ2�
0:5

, hsp ¼ 0:023Re0:8
fo Pr0:4

f
kf

Dh

Same data as Gungor and Winterton [39]

for horizontal tube with Frf 6 0:05
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Table 2 (continued)

Author(s) Correlation Remarks

E ¼ Frð0:1�2Frf Þ
f

h i
1þ xePrf

qf
qg
� 1

� �h i0:35
,

S ¼ ðFr0:5
f Þ 1þ 0:055E0:1 Re0:16

fo

� ��1

for vertical tube and horizontal tube with Frf > 0:05

E ¼ 1þ xe Prf
qf
qg
� 1

� �h i0:35
, S ¼ 1þ 0:055E0:1Re0:16

fo

� ��1

hnb ¼ htp;Cooper

Bertsch et al. [41] htp ¼ Ehcb þ Shnb Circular/rectangular, Dh = 2.95–32 mm, R11, R113, R114,
R12, R22, water, ethylene glycol, horizontal, vertical
upflow/downflow, G = 20–3000 kg/m2 s, q00H ¼0.4–
115 W/cm2, xe = 0–1, 3899 data points from 14 sources

hcb ¼ hsp;foð1� xeÞ þ hsp;goxe

E ¼ 1þ 80 x2
e � x6

e

� 	
expð�0:6Nconf Þ, S ¼ 1� xe

hsp;fo ¼ 3:66þ 0:668
Dh
L Refo Prf

1þ0:04
Dh
L Refo Prf

� �2=3

 !
kf

Dh
,

hsp;go ¼ 3:66þ 0:668
Dh
L Rego Prg

1þ0:04
Dh
L Rego Prg

� �2=3

 !
kg

Dh

Nconf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
gðqf�qg ÞD

2
h

q
, Refo ¼ GDh

lf
, Rego ¼ GDh

lg

Kim and Mudawar
[42]

htp ¼ h2
nb þ h2

cb

� �0:5 Circular/rectangular, Dh = 0.19–6.5 mm, FC72, R11, R113,
R123, R1234yf, R1234ze, R134a, R152a, R22, R236fa,
R245fa, R32, R404A, R407C, R410A, R417A, CO2, water,
horizontal, vertical upflow/downflow, G = 19–1608 kg/
m2 s, xe = 0–1, 12,974 data points from 31 sources

hnb ¼ 2345 Bo PH PF

� �0:70
P0:38

R ð1� xeÞ�0:51
� �

0:023Re0:8
f Pr0:4

f
kf

Dh

� �

hcb ¼ 5:2 Bo PH
PF

� �0:08
We�0:54

fo þ 3:5 1
Xtt

� �0:94 v f

vg

� �0:25
� �

0:023Re0:8
f Pr0:4

f
kf

Dh

� �
Bo ¼ q00H

Ghfg
, PR ¼ P

Pcrit
, Ref ¼ Gð1�xeÞDh

lf
, Wefo ¼ G2Dh

qf r
,

Xtt ¼
lf

lg

� �0:1
1�xe

xe

� �0:9 qg

qf

� �0:5
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predictions of the closed symbols, corresponding to tests free from
severe pressure drop oscillation, with those of Lazarek and Black
[26], Fig. 1(a), Cooper [27], Fig. 1(b), Tran et al. [28], Fig. 1(c), Lee
and Lee [29], Fig. 1(d), and Warrier et al. [30], Fig. 1(e), underpre-
dicting the present data. The correlations by Oh and Son [33],
Fig. 1(g), and of Li and Wu [32], Fig. 1(h), show weak trends, evi-
denced by large MAE values. Only the correlation by Agostini and
Bontemps [31], Fig. 1(f), which was developed from vertical upflow
multi-channel data gives relatively good predictions, with
MAE = 17.2%, 16.1%, and 13.4%, for the present horizontal flow, ver-
tical upflow, and vertical downflow data, respectively.

Fig. 2 compares the experimentally determined local two-phase
heat transfer coefficient with predictions of the second group of
correlations, where the heat transfer coefficient is based on the
maximum value from nucleate boiling (nb) and convective boiling
(cb) relations. Both correlations yield fair accuracy, albeit with sig-
nificant scatter, with that of Shah [34,35], Fig. 2(a), yielding MAEs
of 27.8%, 26.8% and 24.1% for horizontal flow, vertical upflow and
vertical downflow, respectively, and corresponding MAEs of the
correlation by Ducoulomnier et al. [36], Fig. 2(b), of 25.7%, 24.8%
and 21.7%.

Fig. 3 compares the experimentally determined local two-phase
heat transfer coefficient with predictions of the third group of cor-
relations, which involve superpositioning of nucleate boiling (nb)
and convective boiling (cb) relations. The correlations in this group
show relatively good predictions for the different orientations, with
the recent correlation by Kim and Mudawar [42], Fig. 3(e), yielding
the best predictions, with MAEs of 19.0%, 19.9% and 16.9% for hor-
izontal flow, vertical upflow and vertical downflow, respectively.
The superior accuracy of this correlation can be traced to its reliance
on the largest consolidated database consisting of 10,805 mini/
micro-channel data points amassed from 31 sources, including 18
working fluids, hydraulic diameters of 0.19–6.5 mm, mass
velocities of 19–1608 kg/m2 s, liquid-only Reynolds numbers of
57–49,820, qualities of 0–1, and reduced pressures of 0.005–0.69.

Figs. 4–6 compare, for six narrow ranges of mass velocity, the
variations of experimentally determined local heat transfer coeffi-
cient with quality for horizontal flow, vertical upflow and vertical
downflow with the predictions of different correlations. Fig. 4
compares data with the first group of correlations based on nb or
cb relations. Fig. 5 shows comparisons with the second group of
correlations based on the maximum of values determined from
nb and cb relations. Fig. 6 compares data with the third group of
correlations based on superpositioning of nb and convective boil-
ing cb relations. Excepting the highest mass velocity range of
G = 607.6–644.5 kg/m2 s, the data show increasing xe causes an ini-
tial upstream decrease in htp, followed by an increase in htp down-
stream. However, Figs. 4 and 5 show that most correlations from
the first two groups of correlations fail to capture the trend of
decreasing htp for low xe. Correlations from the first group that
do capture this trend are those of Warrier et al. [30] and Agostini
and Bontemps [31], the latter being the one that proved most accu-
rate in the prediction of htp as shown in Fig. 1(f). Fig. 5 shows that
the correlations by Shah [34,35] and Ducoulomnier et al. [36] also
fail to capture the trend of decreasing htp for low xe. Fig. 6 shows
correlations from the third group are also unable to capture this
trend. Overall, the third group of correlations shows better predic-
tions with increasing xe and increasing G.

3. Assessment of pressure drop correlations

3.1. Pressure drop determination

As described in part 1 of this study [25], the total pressure drop,
DPtot, is determined from the difference in pressures measured by
absolute pressure transducers connected to the inlet and outlet of
the test module. The total pressure drop consists of several compo-
nents, including upstream contraction, DPc, upstream subcooled
liquid region, DPsp,f, where xe < 0, saturated two-phase region, DPtp,
where 0 < xe < 1, superheated single-phase vapor region, DPsp,g,
where xe > 0, and downstream expansion, DPe. It should be empha-
sized that not all components are encountered in a test. For exam-
ple, DPsp,f = 0 when the flow enters the channels in saturated liquid
state or as a two-phase mixture. Additionally, for most operating
conditions, DPsp,g = 0, since tests are terminated before wall dryout
or critical heat flux (CHF) are incurred.



Fig. 1. Comparison of experimentally determined local heat transfer coefficient at five different axial locations for horizontal flow, vertical upflow and vertical downflow with
predictions based on nucleate boiling (nb) or convective boiling (cb) correlations of (a) Lazarek and Black [26], (b) Cooper [27], (c) Tran et al. [28], (d) Lee and Lee [29], (e)
Warrier et al. [30], (f) Agostini and Bontemps [31], (g) Li and Wu [32], and (h) Oh and Son [33]. Open symbols correspond to data for severe pressure oscillation, which are not
included in the statistical assessment of correlations.

1236 H. Lee et al. / International Journal of Heat and Mass Transfer 77 (2014) 1231–1249
Depending on operating conditions, pressure drop for the
upstream subcooled region where xe < 0 can be further divided into
three sub-regions: single-phase liquid developing region, DPsp,d,
single-phase liquid fully-developed region, DPsp,fd, and subcooled
boiling region, DPsc. Pressure drop in the saturated region, DPtp,
is comprised of three components: accelerational, DPtp,A, gravita-
tional, DPtp,G, and frictional, DPtp,F .

For the conditions of the present study, the single-phase liquid
developing and subcooled portions of the subcooled region
account for only a small fraction of the total length of the micro-
channel. Therefore, DPsp,d and DPsc are combined into DPsp,f, and
total pressure drop is represented by

DPtot ¼ DPc þ DPsp;f þ ðDtp;A þ DPtp;G þ DPsp;g þ DPtp;FÞ þ DPsp;g þ DPe:

ð6Þ

Part 1 of the present study included relations used to calculate
DPc, DPsp,f, DPsp,g, DPe, DPtp,A and DPtp,G, which are also included in
Table 3. Discussed below are details of the two-phase frictional
pressure drop component, DPtp,F, which accounts for the largest
fraction of DPtot.

3.2. Two-phase pressure drop models

Two general approaches are used to determine pressure drop
for the saturated two-phase flow region: Homogeneous Equilibrium
Model (HEM) and Separated Flow Model (SFM). Following is a brief
discussion of these models and associated assumptions.

3.2.1. Pressure drop data comparison with predictions Homogeneous
Equilibrium Model (HEM)

By employing a variety of averaging techniques to evaluate
mixture properties, HEM treats a two-phase mixture as a pseudo
fluid that obeys standard conservation relations similar to those
employed with single-phase flow. Based on the assumptions of
negligible kinetic and potential energy changes and negligible
flashing and compressibility, the two-phase pressure gradient for
a channel with a constant flow area can be expressed as the sum
of frictional, accelerational and gravitational components.

� dP
dz

� 
tp
¼ 2

Dh
ftpG2v f ð1þ xe

v fg

v f
Þ þ G2v fg

dxe

dz
þ g sinh

v f þ xev fg
; ð7Þ

The two-phase friction factor, ftp, in Eq. (7) is obtained from
[42,43]

ftpRetp ¼ 24 1� 1:3553bþ 1:9467b2 � 1:7012b3�
þ0:9564b4 � 0:2537b5� for Retp < 2000 ð8aÞ

ftp ¼ 0:079Re�0:25
tp for 2000 < Retp < 20;000; ð8bÞ

ftp ¼ 0:046Re�0:2
tp for 20;000 < Retp; ð8cÞ



Fig. 2. Comparison of experimentally determined local heat transfer coefficient at five different axial locations for horizontal flow, vertical upflow and vertical downflow with
predictions based on maximum of value from relations for nucleate boiling (nb) and convective boiling (cb) according to (a) Shah [34,35] and (b) Ducoulomnier et al. [36].
Open symbols correspond to data for severe pressure oscillation, which are not included in the statistical assessment of correlations.
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where Retp = GDh/ltp, based on mixture viscosity ltp. Table 4 pro-
vides a summary of two-phase viscosity relations evaluated in the
present study. When calculating the two-phase frictional pressure
gradient in order to determine DPtp, Eq. (7) is integrated between
z = 0 and L.

Fig. 7(a)–(g) show comparisons of the experimental data with
predictions of the HEM using the seven mixture viscosity relations
from Table 4. The predictive accuracy is determined by mean abso-
lute error, which is defined as

MAE ¼ 1
N

X DPtot;pred � DPtot;exp

DPtot;exp

����
����� 100%; ð9Þ

as well as h and n, which are defined as the percentages of data
points predicted within ±30% and ±50%, respectively. Predictions
using the viscosity relations of McAdams et al. [46], Akers et al.
[47], Dukler et al. [50] and Lin et al. [52] show fairly good agreement
with the experimental data, while those using the relations of
Cicchiti et al. [48], Owens [49] and Beattie and Whalley [51] highly
overpredict the data especially for low mass velocities, but show
improved accuracy at high mass velocities. Of all seven viscosity
relations used in conjunction with the HEM, the relation by Lin
et al. shows the best accuracy, with MAEs of 22.0%, 28.9% and
22.8% for horizontal flow, vertical upflow and vertical downflow,
respectively.

3.2.2. Pressure drop data comparison with predictions of Separate
Flow Model (SFM)

Unlike the HEM, SFMs allow for differences between liquid and
vapor velocities, with each phase occupying a separate portion of
the flow area. Based on the SFM, the total pressure gradient for
steady flow in a channel with a constant flow area is given by [53]

� dP
dz

� 
tp

¼ � dP
dz

� 
tp;F

� dP
dz

� 
tp;A

� dP
dz

� 
tp;G

; ð10Þ

where
� dP
dz

� 
tp;A
¼ G2 d

dz
x2

evg

a
þ ð1� xeÞ2v f

1� a

" #
ð11aÞ

and

� dP
dz

� 
tp;G

¼ ½aqg þ ð1� aÞqf �g sinh: ð11bÞ

The void fraction, a, in the accelerational and gravitational
terms can be determined using Zivi’s correlation [45],

a ¼ 1þ 1� xe

xe

�  qg

qf

 !2=3
2
4

3
5
�1

: ð12Þ

The total pressure gradient, DPtp, is obtained by integrating Eq.
(10) between z = 0 and L using an appropriate correlation for the
frictional pressure gradient.

Table 5 summarizes popular correlations for the two-phase fric-
tional pressure gradient based on the SFM. The first eleven correla-
tions [54–64] were not specifically developed, but have been
widely used for micro-channel applications, while the last seven
correlations [53,65–70] were developed from mini/micro-channels
experimental data. Comparisons between the experimental data
and predictions of these correlations are provided in Figs. 8–10.
The predictions using the first eleven correlations are shown in
Figs. 8 and 9. The correlations by Lockhart and Martinelli [54],
Friedel [55], Müller-Steinhagen and Heck [56], Mishima and Hibiki
[58], Yang and Webb [59], Wang et al. [60], and Yan and Lin [61]
show fair predictions of the data, with MAEs in the range of
28.7–39.5%, 22.3–42.3%, and 31.5–40.0% for horizontal flow,
vertical upflow and vertical downflow, respectively. On the other
hand, the correlations by Jung and Radermacher [57], Tran et al.
[62], Chen et al. [63] and Yu et al. [64] yield far less favorable
predictions. Notice that these correlations show no obvious supe-
rior accuracy relative to flow orientation.



Fig. 3. Comparison of experimentally determined local heat transfer coefficient at five different axial locations for horizontal flow, vertical upflow and vertical downflow with
predictions of correlations based on superpositioning of nucleate boiling (nb) and convective boiling (cb) relations by (a) Chen [37], (b) Gungor and Winterton [39], (c) Liu and
Winterton [40], (d) Bertsch et al. [41], and (e) Kim and Mudawar [42]. Open symbols correspond to data for severe pressure oscillation, which are not included in the
statistical assessment of correlations.
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Fig. 4. Comparison of variation of experimentally determined local heat transfer coefficient with quality for horizontal flow, vertical upflow and vertical downflow with
predictions of nucleate boiling (nb) or convective boiling (cb) correlations for (a) G = 180.2–199.9 kg/m2 s, (b) G = 267.3–302.1 kg/m2 s, (c) G = 357.6–362.1 kg/m2 s, (d)
G = 455.0–456.6 kg/m2 s, (e) G = 550.8–573.0 kg/m2 s, and (f) G = 607.6–644.5 kg/m2 s.
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Fig. 5. Comparison of variation of experimentally determined local heat transfer coefficient with quality for horizontal flow, vertical upflow and vertical downflow with
predictions of correlations based on maximum of value from relations for nucleate boiling (nb) and convective boiling (cb) for (a) G = 180.2–199.9 kg/m2 s, (b) G = 267.3–
302.1 kg/m2 s, (c) G = 357.6–362.1 kg/m2 s, (d) G = 455.0–456.6 kg/m2 s, (e) G = 550.8–573.0 kg/m2 s, and (f) G = 607.6–644.5 kg/m2 s.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 6. Comparison of variation of experimentally determined local heat transfer coefficient with quality for horizontal flow, vertical upflow and vertical downflow with
predictions of correlations based on superpositioning of nucleate boiling (nb) and convective boiling (cb) relations for (a) G = 180.2–199.9 kg/m2 s, (b) G = 267.3–302.1 kg/
m2 s, (c) G = 357.6–362.1 kg/m2 s, (d) G = 455.0–456.6 kg/m2 s, (e) G = 550.8–573.0 kg/m2 s, and (f) G = 607.6–644.5 kg/m2 s.
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Table 3
Pressure drop components [44].

Correlation

Area changes
DPc ¼ G2v f

2
1
Cc
� 1

� �2
þ 1� r2

c

� 	� �
1þ v fg xe;in

v f

h i
DPe ¼ G2rcðrc � 1Þv f 1þ v fg xe;out

v f

h i
Cc ¼ 1� 1�rc

2:08ð1�rc Þþ0:5371, rc ¼ Wch Hch Nch
WpHp

Single-phase liquid and vapor regions DPsp;k ¼
2Lsp;k

Dh
fsp;kG2vk

for Rek < 2000 : fsp;k Rek ¼ 24½1� 1:3553bþ 1:9467b2 � 1:7012b3 þ 0:9564b4 � 0:2537b5�
for 2000 < Rek < 20;000 : fsp;k ¼ 0:079Re�0:25

k

for 20;000 < Rek : fsp;k ¼ 0:046Re�0:2
k

Rek ¼ GDh
lk

k = f for liquid, k = g for vapor

Two-phase region Accelerational:

DPtp;A ¼
R Ltp

0 � dP
dz

� 	
Adz

� dP
dz

� 	
A ¼ G2 d

dz
x2

e vg

a þ
ð1�xeÞ2v f

1�a

j k
Gravitational:

DPtp;G ¼
R Ltp

0 � dP
dz

� 	
Gdz

� dP
dz

� 	
G ¼ �qg sin h ¼ a

vg
þ ð1�aÞ

v f

h i
g sin h

Void fraction:

a ¼ 1þ 1�xe
xe

� �
v f

vg

� �h i�1
when used with HEM, a ¼ 1þ 1�xe

xe

� �
v f

vg

� �2=3
� ��1

when used with SFM [45]

Table 4
Mixture viscosity relations used in HEM.

Viscosity relation

McAdams et al. [46] 1
ltp
¼ xe

lg
þ 1�xe

lf

Akers et al. [47] ltp ¼
lf

ð1�xeÞþxe
vg
vf

� �0:5
� �

Cicchitti et al. [48] ltp ¼ xelg þ ð1� xeÞlf

Owens [49] ltp ¼ lf

Dukler et al. [50] ltp ¼
xevglgþð1�xe Þv f lf

xevgþð1�xeÞv f

Beattie and Whalley [51] ltp ¼ xlg þ ð1�xÞð1þ 2:5xÞlf

x ¼ xevg

v fþxev fg

Lin et al. [52] ltp ¼
lf lg

lgþx1:4
e ðlf�lg Þ
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The predictions of the correlations developed from mini/micro-
channel data are shown in Fig. 10. Overall, these correlations show
better accuracy than those in Figs. 8 and 9. The correlations of Lee
and Lee [65], Hwang and Kim [66] and Zhang et al. [69] slightly
underpredict the data, while those of Sun and Mishima [67] and Li
and Wu [68,70] overpredict. These correlations to do not appear to
provide superior accuracy relative to any particular flow orientation.

Among all the correlations examined in Figs. 8–10, Kim and
Mudawar’s [53] shows the best predictive capability, with MAEs
of 24.2%, 30.3% and 24.1% for horizontal flow, vertical upflow, and
vertical downflow, respectively. The superior accuracy of this corre-
lation can be attributed to reliance on the most recent and most
comprehensive consolidated database consisting of 2378 mini/
micro-channel data points from 16 sources. The database encom-
passes 9 working fluids, hydraulic diameters from 0.349 to
5.35 mm, mass velocities from 33 to 2738 kg/m2 s, liquid-only Rey-
nolds numbers from 156 to 28,010, qualities from 0 to 1, reduced
pressures from 0.005 to 0.78, and both single-channel and multi-
channel data.

4. Design criteria for reduced gravity space systems

4.1. Rationale

Three important criteria for implementing micro-channel flow
boiling in space systems are:
(1) Avoiding the large pressure drops associated with two-
phase flow boiling in micro-channels to minimize power
consumption in a space vehicle’s thermal control system
(TCS).

(2) Avoiding critical heat flux (CHF) in the TCS evaporator.
(3) Negating the influence of body force on two-phase flow and

heat transfer.

Discussed below are means to simultaneously achieve these
criteria.

4.2. Avoiding high pressure drop

High pressure drop is a primary concern when implementing
flow boiling in micro-channels. This concern stems from both the
use of small hydraulic diameter, and appreciable vapor production
within the micro-channel, especially when dissipating high heat
fluxes.

In the first part of this study [25], pressure drop data were pre-
sented for flow boiling in micro-channels in three different orien-
tations. Two-phase friction, followed by two-phase acceleration
and single-phase liquid friction, were identified as dominant com-
ponents of pressure drop. As shown in [25] and Eq. (8) of the pres-
ent study, these three components of pressure drop are
proportional to G2. In addition, both the two-phase frictional and
accelerational components increase with increasing xe, i.e., increas-
ing q00eff . Compounding operation at high G and q00eff are two-phase
instabilities. Given the predictive tools presented in this study for
two-phase pressure drop, the designer of a space vehicle’s TCS
can conduct a parametric study of evaporator design by exploring
different combinations of operating conditions, overall evaporator
surface area, and micro-channel shape and size to minimize pres-
sure drop and to avoid instabilities.

4.3. Avoiding critical heat flux (CHF)

Critical heat flux (CHF) is unquestionably the most important
design parameter for any two-phase system that is subjected to a
prescribed heat load, and avoiding CHF requires maintaining heat
flux safely below CHF. Recent studies at the Purdue University



Fig. 7. Comparison of measured total pressure drop for horizontal flow, vertical upflow and vertical downflow with predictions of Homogeneous Equilibrium Model (HEM)
using two-phase viscosity models of (a) McAdams et al. [46], (b) Akers et al. [47], (c) Cicchitti et al. [48], (d) Owens [49], (e) Dukler et al. [50], (f) Beattie and Whalley [51], and
(g) Lin et al. [52].
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Boiling and Two-Phase Flow Laboratory (PU-BTPFL) have yielded a
detailed model for CHF in both Earth gravity [71–76] and micro-
gravity [77,78] with both subcooled and saturated inlet conditions.
Using the mechanism of interfacial lift-off as a basis for CHF, Zhang
et al. [78] developed the following relation for CHF based on heated
perimeter of the channel.

q00m ¼
b
Fq

qgðhfg þ cp;f DTsub;oÞ
4prd

qgbk2
c

sinðpbÞ
 !�����

z�

" #1=2

; ð13Þ

where b = 0.2, d is the mean thickness of the vapor layer formed along
the heated walls of the channel. In Eq. (13), Fq is the fraction of the
wall heat flux that is consumed in converting near-wall liquid to
vapor (remaining fraction is consumed in overcoming liquid subcooling),

Fq ¼ 1�
qf

qg

cp;f DTsub;o

hfg
0:00285

qf U
2Dh

r

 !0:2
2
4

3
5: ð14Þ

Also in Eq. (13), kc is the critical wavelength of instability of the
interface between a vapor layer of thickness Hg (=d) and velocity
Ug, and liquid layer of thickness Hf and velocity Uf,

2p
kc
¼

q00f q
00
gðUg � Uf Þ2

2r q00f þ q00g
� � þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q00f q00gðUg � Uf Þ2

2r q00f þ q00g
� �

2
4

3
5

2

þ
ðqf � qgÞgn

r

vuuut ; ð15Þ

where q00f ¼ qf cothð2pHf =kcÞ and q00g ¼ qgcothð2pHg=kcÞ and gn is the
component of gravity perpendicular to heated wall. A separated
flow model is used to determine the axial variations of Uf, Ug and
d along the channel. Hf for a rectangular channel with three-sided
heating can be derived from Hf ¼ ½ð1� aÞHchWch�=½2fðHch � dÞþ
ðWch � 2dÞg�, and q00m from Eqs. (13) and (14) based on the values
of d and kc at z� ¼ z0 þ kcðz�Þ, where z0 is the location where the
vapor layer velocity just exceeds the liquid layer velocity. Details
of the separated flow model are provided in [75,78].

4.4. Negating influence of body force

Zhang et al. [72] derived two dimensionless parameters, Bo/We2

and 1/Fr, for macro-channel flows whose magnitude has to be
maintained below specific values to negate body force effects per-
pendicular to, and parallel to the heated wall, respectively. The cri-
teria developed by Zhang et al. are valid for subcooled inlet
conditions (xe,in = 0). More recently, Konishi et al. [76] extended
these criteria to conditions involving a saturated liquid–vapor mix-
ture at the inlet; i.e., for xe,in > 0. Using xe,in = 0 in the Konishi et al.
criteria gives

Bo

We2 ¼
ðqf � qgÞðqf þ qgÞ

2rg

q2
f q2

gðG=qf Þ
4 6 0:232 ð16Þ

and

1
jFrj ¼

ðqf � qgÞgDh

qf ðG=qf Þ
2 6 0:02: ð17Þ



Table 5
Correlations for two-phase frictional pressure gradient.

Author(s) Correlation Remarks

Correlations not specifically developed for mini/micro-channel flows
Lockhart and

Martinelli [54]
dP
dz

� 	
F ¼

dP
dz

� 	
f /

2
f

Adiabatic, circular, Dh = 1.49–25.83 mm, air–water, oils,
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/2
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X þ 1
X2, X2 ¼ ðdP=dzÞf

ðdP=dzÞg

h i
Cvv ¼ 5, Ctv ¼ 10, Cvt ¼ 12, Ctt ¼ 20

Friedel [55] dP
dz

� 	
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2
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and Heck [56]
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Radermacher
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horizontal, 886 data points
for Bd� < 2:5, X ¼ 0:0333Re0:45

fo

Re0:09
g ð1þ0:4 expð�Bd� ÞÞ

for Bd� P 2:5, X ¼ We0:2
H

ð2:5þ0:06Bd� Þ, Bd� ¼ gðqf�qg ÞðDh=2Þ2

r

Yu et al. [64]
dP
dz

� 	
F ¼

dP
dz

� 	
f /

2
f , /2

f ¼ 18:65 qg

qf

� �0:5
1�xe

xe

� �
Re0:1

g

Re0:5
f

� ��1:9 Circular stainless steel, Dh = 2.98 mm, water, horizontal, 327 data
points

Correlations specifically developed for mini/micro-channel flows

Lee and Lee [65] dP
dz

� 	
F ¼

dP
dz

� 	
f /

2
f , /2

f ¼ 1þ C
X þ 1

X2
Adiabatic, rectangular acrylic, Dh = 1.02–9 mm, air–water, horizontal,
305 data points

Cvv ¼ 6:833� 10�8k�1:317w0:719Re0:557
fo , Ctv ¼ 3:627 Re0:174

fo

Cvt ¼ 6:185� 10�2Re0:726
fo , Ctt ¼ 0:048Re0:451

fo

w ¼ lf jf
r , k ¼ l2

f

qf rDh

Hwang and Kim
[66]

dP
dz

� 	
F ¼

dP
dz

� 	
f /

2
f , /2

f ¼ 1þ C
X þ 1

X2
Adiabatic, circular stainless steel, Dh = 0.244, 0.430, 0.792 mm, R134a,
horizontal

C ¼ 0:227Re0:452
fo X�0:32N�0:82

conf

Sun and Mishima
[67]

dP
dz

� 	
F ¼

dP
dz

� 	
f /

2
f

Adiabatic/diabatic, circular/rectangular, Dh = 0.506–12 mm, R123,
R134a, R22, R236ea, R245fa, R404a, R407C, R410a, R507, air–water,
CO2, horizontal, vertical, 2092 data points from 18 sources

for Ref < 2000 and Reg < 2000,

/2
f ¼ 1þ C

X þ 1
X2, C ¼ 24 1þ Ref

1000

� �
1� exp �0:153

0:27Nconfþ0:8

� �h i
for Ref P 2000 and Reg P 2000,

/2
f ¼ 1þ C

X1:19 þ 1
X2 , C ¼ 1:79 Reg

Ref

� �0:4
1�xe

xe

� �0:5

Li and Wu [68] dP
dz

� 	
F ¼

dP
dz

� 	
f /

2
f , /2

f ¼ 1þ C
X þ 1

X2
Adiabatic, circular/rectangular, Dh = 0.148–3.25 mm, R12, R134a, R22,
R236ea, R245fa, R32, R404a, R410a, R422d, ammonia, propane,
nitrogen, horizontal, 769 data pointsfor Bd 6 1:5, C ¼ 11:9Bd0:45

for 1:5 < Bd 6 11, C ¼ 109:4 BdRe0:5
f

� ��0:56

for Bd > 11, HEM using Beattie and Whalley [51] mixture viscosity model
is recommended
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Table 5 (continued)

Author(s) Correlation Remarks

Zhang et al. [69] dP
dz

� 	
F ¼

dP
dz

� 	
f /

2
f , /2

f ¼ 1þ C
X þ 1

X2
Adiabatic/diabatic, circular/rectangular, Dh = 0.07–6.25 mm, R12,
R113, R22, R134a, R404a, water, ammonia, air, N2, 2201 data points
from 13 sources

C ¼ 21½1� expð�0:142=Nconf Þ�

Li and Wu [70] for Bd < 0:1, Adiabatic, circular/rectangular, Dh = 0.148–3.25 mm, R12, R134a, R22,
R236ea, R245fa, R32, R404a, R410a, R422d, ammonia, propane,
nitrogen, horizontal, 769 data points

dP
dz

� 	
F ¼

dP
dz

� 	
f /

2
f , /2

f ¼ 1þ C
X þ 1

X2 , C ¼ 5:60Bd0:28

for 0:1 6 Bd and BdRe0:5
f 6 200, dP

dz

� 	
F ¼

dP
dz

� 	
fo/

2
fo ,

/2
fo ¼ ð1� xeÞ2 þ 2:87x2

e P�1
R þ 1:54Bd0:19 qf�qg

qH

� �0:81

for 200 < BdRe0:5
f , HEM using Beattie and Whalley [49] mixture viscosity

model is recommended

Kim and Mudawar
[53]

dP
dz

� 	
F ¼

dP
dz

� 	
f /

2
f , /2

f ¼ 1þ C
X þ 1

X2 , X2 ¼ ðdP=dzÞf
ðdP=dzÞg

Adiabatic/diabatic, circular/rectangular, Dh = 0.349–5.35 mm, R12,
R134a, R245fa, R410a, FC72, ammonia, CO2, water, horizontal,
vertical, 2378 data points from 16 sources� dP

dz

� 	
f ¼

2f f v f G2ð1�xeÞ2

Dh
, � dP

dz

� 	
g ¼

2f g vg G2 x2
e

Dh

for Rek < 2000,

f k ¼ 16Re�1
k for circular

f kRek ¼ 24½1� 1:3553bþ 1:9467b2 � 1:7012b3 þ 0:9564b4 � 0:2537b5�
for rectangular

for 2000 6 Rek < 20;000, fk ¼ 0:079Re�0:25
k

for 20;000 6 Rek , fk ¼ 0:046Re�0:2
k

Ref ¼ Gð1�xÞDh
lf

, Reg ¼ GxDh
lg

for Ref < 2000 and Reg < 2000 (vv)

C ¼ 3:5� 10�5Re0:44
fo Su0:50

go
qf

qg

� �0:48
1þ 530We0:52

fo Bo PH
PF

� �1:09
� �

for Ref < 2000 and Reg P 2000 (vt)

C ¼ 0:0015Re0:59
fo Su0:19

go
qf

qg

� �0:36
1þ 530We0:52

fo Bo PH
PF

� �1:09
� �

for Ref P 2000 and Reg < 2000 (tv)

C ¼ 8:7� 10�4Re0:17
fo Su0:50

go
qf
qg

� �0:14
1þ 60We0:32

fo Bo PH
PF

� �0:78
� �

for Ref P 2000 and Reg P 2000 (tt)

C ¼ 0:39Re0:03
fo Su0:10

go
qf

qg

� �0:35
1þ 60We0:32

fo Bo PH
PF

� �0:78
� �

Refo ¼ GDh
lf

, Sugo ¼
qgrDh

l2
g

, Wefo ¼ G2Dh
qf r

, Bo ¼ q00H
Ghfg

Fig. 8. Comparison of measured total pressure drop for horizontal flow, vertical upflow and vertical downflow with predictions of Separated Flow Models (SFMs) by (a)
Lockhart and Martinelli [54], (b) Friedel [55], and (c) Müller-Steinhagen and Heck [56], (d) Jung and Radermacher [57], (e) Mishima and Hibiki [58], and (f) Yang and Webb
[59].
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Fig. 9. Comparison of measured total pressure drop for horizontal flow, vertical upflow and vertical downflow with predictions of Separated Flow Models (SFMs) by (a) Wang
et al. [60], (b) Yan and Lin [61], (c) Tran et al. [62], (d) Chen et al. [63], and (e) Yu et al. [64].
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Fig. 10. Comparison of measured total pressure drop for horizontal flow, vertical upflow and vertical downflow with predictions of mini/micro-channel Separated Flow
Models (SFMs) by (a) Lee and Lee [65], (b) Hwang and Kim [66], (c) Sun and Mishima [67], (d) Li and Wu [68], (e) Zhang et al. [69], (f) Li and Wu [70], and (g) Kim and
Mudawar [53].
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Both criteria must be tested simultaneously to determine the
corresponding range for G/qf; the dominant criterion for specific
operating conditions is the one that yields the larger G/qf value.
Eqs. (16) and (17) can also be used to determine G/qf for say Lunar
gravity (0.17ge) or Martian gravity (0.38ge). Using these two equa-
tions for Earth gravity yields G/qf P 0.98 m/s and G/qf P 0.43 m/s,
respectively. Therefore, gravitational effects for macro-channel
flow can be eliminated with G/qf P 0.98 m/s.

As shown in Fig. 5g of part 1 of this study [25], orientation
effects are negated altogether for the present micro-channel flow
with G/qf P 0.22 m/s, which is significantly smaller than the value
of 0.98 m/s required for macro-channels. This demonstrates the
superiority of micro-channels at negating body force effects for
space systems compared to macro-channels. In effect, the Bo/We2

and 1/Fr criteria given by Eqs. (16) and (17) provide a high upper
limit for the value of G/qf required to negate body force effects.

Therefore, using the predictive tools presented above, optimum
design of a micro-channel evaporator for a space vehicle can be
achieved through a trade study aimed at simultaneously (1) reduc-
ing pressure drop, (2) maintaining heat flux safely below CHF, and
(3) negating the influence of body force.

5. Conclusions

Using data for pressure drop and heat transfer coefficient for
flow boiling in micro-channels at different orientations from part
1 [25], the present part of a two-part study examined the accuracy
of published predictive tools. Also examined is the effectiveness of
micro-channels at negating the influence of body force in reduced
gravity space systems. Key findings from the study are as follows:

(1) The two-phase heat transfer coefficient data are compared
with predictions of 15 popular correlations. These correla-
tions are grouped into three distinct types: (i) correlations
based on nucleate boiling (nb) or convective boiling (cb)
relations, (ii) correlations based on maximum value pre-
dicted using nb and cb relations, and (iii) correlations involv-
ing superpositioning of nb and cb relations. Overall,
correlations of the first type show poor predictions, with
the exception of Agostini and Bontemps’ [31], which yields
MAEs of 17.2%, 16.1%, and 13.4%, for horizontal flow, vertical
upflow, and vertical downflow, respectively. Correlations of
the second type provide fair accuracy, but with appreciable
scatter. And correlations of the third type generally provide
fair to good predictions, with Kim and Mudawar’s [42] yield-
ing the best predictions, with MAEs of 19.0%, 19.9% and
16.9% for horizontal flow, vertical upflow and vertical down-
flow, respectively.

(2) The pressure drop data are compared with the predictions of
the Homogeneous Equilibrium Model (HEM) in conjunction
with 7 mixture viscosity relations, and 18 Separate Flow
Models (SFMs). Using the HEM, the relation by Lin et al.
[52] shows the best accuracy of all 7 mixture viscosity
relations, with MAEs of 22.0%, 28.9% and 22.8% for horizontal
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flow, vertical upflow and vertical downflow, respectively. Of
the 18 SFM-based correlations, Kim and Mudawar’s [53]
shows the best accuracy, with MAEs of 24.2%, 30.3% and
24.1% for horizontal flow, vertical upflow and vertical down-
flow, respectively.

(3) Three important criteria for implementing micro-channel
flow boiling in space systems are proposed: (i) avoiding
large pressure drop, (ii) avoiding critical heat flux (CHF),
and (iii) negating the influence of body force. By requiring
sigificantly smaller mass velocities to negate body force
effects, it is shown that micro-channels are far more effec-
tive for space applications than macro-channels.
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