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Abstract

In view of practical significance of a correlation of heat transfer coefficient in the aspects of such applications as engi-
neering design and prediction, some efforts towards correlating flow boiling heat transfer coefficients for mini-channels
have been made in this study. Based on analyses of existing experimental investigations of flow boiling, it was found
that liquid-laminar and gas-turbulent flow is a common feature in many applications of mini-channels. Traditional heat
transfer correlations for saturated flow boiling were developed for liquid-turbulent and gas-turbulent flow conditions
and thus may not be suitable in principle to be used to predict heat transfer coefficients in mini-channels when flow
conditions are liquid-laminar and gas-turbulent. By considering flow conditions (laminar or turbulent) in the Reynolds
number factor F and single-phase heat transfer coefficient /,, the Chen correlation has been modified to be used for
four flow conditions such as liquid-laminar and gas-turbulent one often occurring in mini-channels. A comparison
of the newly developed correlation with various existing data for mini-channels shows a satisfactory agreement. In addi-
tion, an extensive comparison of existing general correlations with databases for mini-channels has also been made.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction This brings up the question of channel definitions. The
distinction between conventional channels, mini-chan-

With advance of state-of-the-art micro-scale technol- nels and micro-channels is not clearly established in

ogies and demands for more high cooling efficiency in
such practical applications as the cooling of diverters
of fusion reactors, high performance electronic chips,
compact heat exchangers and other heat transfer de-
vices, research work on thermal-hydraulic characteris-
tics of mini-channels is gaining increasing attention.
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the literature although many related studies have been
done. Based on engineering practice and application
areas employing these channels, Kandlikar [1] proposed
the following limits by hydraulic diameter: conventional
channel (Dy, larger than 3mm), mini-channel (D), be-
tween 200pm and 3mm), micro-channel (Dy, between
10 and 200 um). Mehendale et al. [2] also gave a rela-
tively complete definition for heat exchangers in terms
of hydraulic diameter. This study focuses mainly on a
channel with the hydraulic diameter of the order of mag-
nitude of the Laplace constant, or smaller than that.
And we simply name it as a “mini-channel”. As well
known, the Laplace length scales a bubble size and the
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Nomenclature

Bo boiling number, ¢/(h¢,G)

C Chisholm parameter or constant in friction
law

C1—Cs constants in the Kandlikar correlation

Co convective number, (llxecr1)0'8(,0g/pf)0'5

Cp specific heat capacity

Dy hydraulic equivalent diameter of flow
channel

dp/dz  friction pressure gradient along channel axis

F Reynolds number factor

f friction factor

Fr fluid-dependent correction factor

Fre, Froude number with all flow as liquid,
G*l(psgDy)

G mass flux

g gravitational acceleration
h heat transfer coefficient
hgg latent heat of evaporation
k thermal conductivity

L length from channel inlet

n exponent in friction law

Nu Nusselt number

P pressure

Apgat difference in vapor pressure corresponding
to ATy

ATt superheat, Ty — Tsa¢

Pr Prandtl number

q heat flux

Re Reynolds number

Rey liquid Reynolds number, G(1 — Xeq)Dn/pis
Re, gas Reynolds number, G+ xeqDy/itg

S suppression factor

T temperature

T film temperature, (7, + T7)/2

X Martinelli parameter

Xeq thermodynamic equilibrium quality

Greek symbols

p coefficient of expansion

n aspect ratio

u dynamic viscosity

o density

o surface tension

¢ two-phase friction multiplier

v heat transfer component

Superscript

! substitute before taking maximum

Subscripts

b bulk liquid

cal calculational value

Collier Collier correlation

exp experimental value

f saturated liquid

fc forced convection

fg difference between saturated liquid and
vapor

fo all flow taken as liquid

g saturated vapor

in channel inlet

m value corresponding to film temperature, T}y,

nb nucleate boiling

sat saturated state

sp single-phase

t turbulent

tp two-phase

v laminar

w wall

Mathematical symbols
fn function
MAX  maximum

Taylor instability controls many crucial interfacial proc-
esses in conventional channels. Hydrodynamic phenom-
ena governed by the Taylor instability, however, may
not occur in mini-channels.

Significant differences in transport phenomena have
been reported for mini-channels as compared to conven-
tional ones [1-4,16-28]. Among various factors distin-
guishing flow boiling in mini-channels from that in
conventional channels there are two most important to
our understanding. The first one is due to the effect of
surface tension. As pointed out by Mishima and Hibiki
[3], the effect of surface tension becomes more important
in defining the two-phase structure and bubble dynam-
ics. Triplett et al. [4] explained that due to the domi-
nance of surface tension, stratified flow is essentially

absent, slug (plug) and churn flow patterns occur over
extensive ranges of parameters, and the slip velocity
under these flow patterns is small. In such flow patterns,
most of the liquid flows in a thin liquid film along the
wall and the vapor flows mostly in the core of the chan-
nel due to the effect of surface tension. Since the channel
size is small, it can be anticipated that at low flow rates
the thin liquid flow is of characteristics of laminar flow.
The second one is due to the effect of evaporation. As
explained by Kandlikar [1], the effect of evaporation
on flow pattern transitions is considered to be quite
small in conventional channels. This is one of the rea-
sons why the flow pattern studies on adiabatic gas-liq-
uid systems could be extended to diabatic systems. In
mini-channels, however, the effect of evaporation could
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be quite significant. It alters the pressure drop character-
istics. For instance, an accelerational pressure drop com-
ponent could be quite large at high heat and mass fluxes
due to the small channel dimension.

Traditional heat transfer coefficient correlations for
saturated boiling with the liquid-turbulent and gas-tur-
bulent flow may not be suitable in principle to predict
heat transfer coefficients in mini-channels due to the pos-
sible effect of liquid flow laminarization. Therefore, the
effect of the flow channel size on the flow boiling heat
transfer should be carefully examined in detail.
Although many analytical and experimental studies [1—
4,16-28] related to flow boiling heat transfer in a mini-
channel have been performed for the past decades, in
the current status of this subject, sufficient systematic
and accurate data bases are still unavailable to under-
stand flow boiling characteristics in a mini-channel,
and a reliable heat transfer coefficient correlation appli-
cable to a wide range of conditions in mini-channels has
not been developed yet.

For this purpose, this study is aiming at providing a
literature survey of existing heat transfer correlations
and the current understanding of flow boiling heat trans-
fer characteristics in mini-channels, constructing a data-
base, evaluating the applicability of existing
correlations, and developing a heat transfer correlation
for saturated flow boiling in mini-channels. The newly
obtained correlation is compared with existing experi-
mental data taken under various experimental condi-
tions such as different channel geometries (circular and
rectangular), flow orientations (vertical and horizontal),
and test fluids (water, R11, R12, and R113).

2. Previous analytical and experimental works

2.1. Existing correlations for predicting saturated flow
boiling heat transfer coefficients in conventional channels

In what follows, some correlations for predicting sat-
urated flow boiling heat transfer coefficients in conven-
tional channels will be reviewed briefly. As well
known, flow boiling heat transfer is governed mainly
by two important mechanisms: nucleate boiling and
forced convection. So far it is not well understood yet
how these two mechanisms are superimposed in the flow
boiling field. Three kinds of models exist in the litera-
ture, one by Chen [5], using addition of two components
corresponding to the two mechanisms with a suppres-
sion factor and a Reynolds number factor, one by Shah
[6], selecting the greater one of the two components with
the use of the boiling number Bo and the convective
number Co, and another one by Kutateladze [7], com-
bining two components by a power-type asymptotic
model. A number of flow boiling correlations published
in the last three decades are only variations of these

models. Up to now the correlations by Chen [5], Shah
[6], Winterton and co-workers [8,9], Kandlikar [10],
and Steiner and Taborek [11] are among the widely used
correlations.

An additive concept was first suggested by Rohsenow
[12] that the flow boiling heat transfers associated with
forced convection and nucleate boiling could be added.
By using the additive concept in principle, Chen [5] for-
mulated the first general correlation for flow boiling heat
transfer as [13]

hy =S8 huy + F - by, (1)
where,

for 1/Xy > 0.1, F=2.35(1/X, +0.213)"7°, (2)
for 1/X, <0.1, F=1, (3)
hyp :(1023R4Wf%?4(£i), 4)
S=1/(1+2.53x10"°Re}"), (5)
hm-—0&”22(—JZZ%fﬁgi—>A70“Apm9 (6)

05 H?.zo h(f)é24 pg'24 sat sat 2

0.1
Xy (1 xeq)o'g (&) " (ﬂ) _ (7)
Xeq Pr :ug

Here Chen introduced two dimensionless factors, the
suppression factor S and the Reynolds number factor F,
to account for the smaller effective superheat due to
forced convection as compared to that in a pool boiling
case, and for the increase in convective turbulence due to
the presence of vapor phase, respectively. This correla-
tion is widely used and taken as a benchmark in the
literature.

To correlate flow boiling heat transfer coefficients
Shah [6] proposed a different approach, where the nucle-
ate boiling component was represented by the boiling
number Bo, while the convective number Co was used
for the forced convection component. He first used a
graphical chart, later curve-fitted equations, to select
the greater one of the two components, as follows:

hy

sp

= MAX('/’nb?'wac)v (8)

where the nucleate boiling component ¥/,,, = fn(Bo) and
the convective component . = fn(Co).

His method is easy to apply because two compo-
nents, nucleate boiling and forced convection, are simply
represented by Bo and Co, respectively, rather than
appropriate correlations. However, this simplicity re-
stricts the range of applicability and accuracy, especially
for pressure effects [11].

The correlation proposed by Gungor and Winterton
[8] is a modification of the Chen correlation as follows:

iy =S - by + F - hp, 9)
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where S = fn(F, Rer) and F = fn(Bo, Xy). Liu and Win-
terton [9] pointed out the deficiencies of this correlation,
and developed a new approach by using the Kutateladze
power-additive model [7], as follows:

1/2
hy = (F- hsnfO)z +(S- h"b)z} ’ (10)

where the Cooper pool boiling correlation [15] is used
for calculation of /.
Kandlikar [10] developed a correlation in the form of

By = hey(C1Co > (25Fr5,) + C3B0%Fy). (11)

Corresponding to the forced convection and nucleate
boiling regions, respectively, two sets of constants C;
through Cs were established by careful regression analy-
sis, using a large bank of water data. The heat transfer
coefficient at any given condition is evaluated using the
two sets of constants for the two regions, and the higher
of the two heat transfer coefficient values is the choice.
In addition, when tested on a refrigerant, a fluid-depend-
ent correction factor Fy is introduced. Therefore a new
factor Fr is needed when this correlation is used for
any new fluid beyond the tested ones.

Steiner and Taborek [11] followed the power-type
addition model proposed by Kutateladze [7] for two
boiling components and built a heat transfer correlation
for flow boiling based on an extensive databank.

The single-phase heat transfer coefficient, i, (or
hspto), utilized in all the above-mentioned correlations,
is obtained from a correlation for turbulent flow, e.g.
the Dittus—Boelter correlation [14], which means the
use of these correlations for laminar flow conditions in
principle with some reservation.

2.2. Existing experimental works in mini-channels

Schrock and Grossman [16] conducted an experimen-
tal investigation of water flow boiling heat transfer and
pressure drop in a small tube with the diameter of
2.95mm over a wide range of pressures from 0.25 to
2.92MPa, high mass fluxes from 1245.0 to 2939.0kg/
m?s, and heat fluxes from 306 to 2076 kW/m?. Since their
database included local pressure measurements and was
referenced later by Chen [5] and others, it can be used as
a benchmark for developing a new correlation.

Lazarek and Black [17] measured local heat transfer
coefficients, pressure drops, and critical heat fluxes for
saturated boiling of R113 in a round vertical tube with
the inner diameter of 3.15mm at pressures from 0.13
to 0.41 MPa, mass fluxes from 125.0 to 750.0kg/m’s,
and heat fluxes from 14 to 380kW/m?>. They correlated
their local heat transfer coefficient data only with the lig-
uid Reynolds number and the boiling number since the
mechanism of nucleate boiling is dominant in their
experiments, as follows:

Ny = 30RelS Bo" ™, (12)

where Nuy, = hy,Dulky, Reg, = G- Dylyg, and Bo = g/
(G hyy).

Cornwell and Kew [18] investigated the types of flow,
heat transfer coefficients and pressure drops on a com-
pact multi-channel plate. Their experimental work has
led to the clear identification of three types of flow: iso-
lated bubble, confined bubble and annular-slug flow re-
gime. A strong relation between the flow pattern and the
heat transfer coefficient was also observed in their exper-
iment. Subsequently they [19] proposed an approach to
modeling flow boiling heat transfer in mini-channels,
corresponding to their proposed flow patterns. Based
on the observation, they pointed out that the heat trans-
fer to a fluid evaporating in a narrow channel might be
through one of four mechanisms: (a) nucleate boiling,
(b) confined bubble boiling, (c) convective boiling, and
(d) partial dryout.

Wambsganss et al. [20] performed a study on boiling
heat transfer of refrigerant R113 in a small diameter
(2.92mm) horizontal tube over a range of heat fluxes
(9-91 kW/m?), mass fluxes (50.0-300.0 kg/m>s), and equi-
librium mass qualities (0-0.9). Then, Tran et al. [21] re-
ported some experimental investigations of flow boiling
heat transfer to refrigerant R12 in a small, horizontal,
rectangular channel (Dy =2.40mm), representative of
flow passages in compact heat exchangers. Later, they
[22] performed a similar experiment in a small circular
channel (Dy, =2.46mm). Subsequently, Yu et al. [23]
conducted an experiment of flow boiling heat transfer
to water in a small horizontal tube with the 2.98 mm
inner diameter at the pressure of 0.2MPa, and mass
fluxes of 50-200kg/m?*s. A common feature of the above
experiments by Wambsganss and co-workers [20-23] is
that nucleate boiling is dominant in most cases, no mat-
ter what fluids (R12, R113, and water) and channel
geometries (circular and rectangular) were tested. As a
consequence, they reported that their data can be pre-
dicted well by the correlation of Lazarek and Black [17].

Kureta et al. [24] studied flow boiling heat transfer of
water in tubes with the diameters of 2mm and 6 mm at
the atmospheric pressure and provided a database of
saturated flow boiling over a range of mass fluxes from
100 to 1000kg/m?s, heat fluxes up to 3638kW/m>.
Moreover, they also investigated single-phase heat
transfer in mini-channels. They found that the heat
transfer may be suppressed in a small-diameter tube
since vapor bubbles moves one-dimensionally in it,
and as a consequence, the heat transfer enhancement
due to turbulent mixing agitation by vapor bubbles
may be suppressed.

Bao et al. [25] experimentally investigated flow boil-
ing heat transfer coefficients for Freon RI11 and
HCFC123 in a smooth copper tube with the inner dia-
meter of 1.95mm. The parameter ranges examined are:
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heat fluxes from 5 to 200kW/m?, mass fluxes from 50.0
to 1800.0kg/m?s, vapor qualities from 0 to 0.9, and sys-
tem pressures from 0.2 to 0.5 MPa. They found that the
heat transfer coefficients were a strong function of heat
flux and system pressure, while the effects of mass flux
and vapor quality were very small in the ranges exam-
ined. Therefore, they concluded that the heat transfer
was mainly via nucleate boiling. The correlation devel-
oped by Lazarek and Black [17] works well for their
R11 data.

Lee and Lee [26] experimented flow boiling heat
transfer through horizontal rectangular channels with
low aspect ratios (D;, ranging from 0.78 to 3.64mm)
using R113 as a test fluid. The mass fluxes varied from
51.6 to 209.0kg/m>s and heat fluxes were up to 16kW/
m?”. The uncertainties of the heat transfer coefficient ran-
ged from £5.22% to *18.1% in their experiment. Their
experimental conditions were similar to those by Wam-
bsganss and co-workers [20]. However, they claimed
that the flow pattern appeared to be annular and thus
forced convection was dominant in their experiment,
contrary to what Wambsganss and co-workers con-
cluded. They correlated their data, in the range of
Rer < 200, only by using the forced convection compo-
nent in the Chen correlation but with a modified form
of the Reynolds number factor F, which is a function
of the two-phase multiplier ([)?, and a geometry parame-
ter. For other data with Re;> 200, they reported the
Kandlikar correlation works well.

Sumith et al. [27] surveyed flow boiling heat transfer
of water experimentally in a vertical tube with the
1.45mm diameter, which is less than the Laplace con-
stant, under the atmospheric pressure over a range of
mass fluxes from 23.4 to 152.7kg/m?s, heat fluxes from
10 to 715kW/m? and qualities up to 0.8. Large heat
transfer enhancement was observed and existing flow
boiling correlations largely under-predicted the heat
transfer coefficients especially for the low heat flux con-
ditions lower than 200kW/m?. The under-prediction
gradually decreased with increasing heat flux. The dom-
inant flow pattern in the tube was slug-annular or annu-
lar flow, and consequently the liquid film evaporation
was found to be dominant in heat transfer.

Qu and Mudawar [28] measured saturated flow boil-
ing heat transfer in a water-cooled three-side-heating
micro-channel heat sink with 21 parallel channels having
a 231 x 713 pm cross-section over a mass velocity range
of 135402kg/mzs, inlet temperatures of 30 and 60°C,
and an outlet pressure of 0.117 MPa. Their results indi-
cated an abrupt transition to annular flow near the point
of zero thermodynamic equilibrium quality, and re-
vealed the dominant heat transfer mechanism is forced
convection corresponding to annular flow. Contrary to
trends in conventional channels, the heat transfer coeffi-
cient was shown to decrease with increasing thermody-
namic equilibrium quality. Then they introduced an

annular flow model with droplet entrainment and depo-
sition effects to predict the observed unique tendency.

3. Results and discussion

3.1. Databases used to develop correlation for saturated
flow boiling heat transfer in mini-channels

All available datasets for saturated flow boiling heat
transfer in mini-channels were shown in Table 1. There
are 13 collected datasets and 1203 data points in our col-
lected databank, covering a wide range of system pressures
from 0.101 to 1.21 MPa, mass fluxes from 23.4 to 2939kg/
m?s, heat fluxes from 2.95 to 2511 kW/m?, and hydraulic
diameters of channels from 0.78 to 6.00 mm. The test fluids
include water, and refrigerants (R11, R12 and R113),
flowing in a single circular or rectangular channel at the
condition of vertical or horizontal flow orientation.

Fig. 1 shows all collected data in the form of the lig-
uid Reynolds number against the gas Reynolds number.
Symbols used for each database are depicted in Table 1
and are common in Figs. 1-3. Four flow conditions are
divided as Lockhart and Martinelli [29]. When
Rer <1000 and Re, < 1000 (condition vv), both liquid
and gas flows are laminar. There are only 19 data points
belonging to this condition. When Re;> 2000 and
Re, <1000 (condition tv), the liquid flow is turbulent
whereas the gas flow is laminar. Fig. 1 shows there are
only four data. When Re; < 1000 and Re, > 2000 (condi-
tion vt), the liquid flow is laminar whereas the gas flow is
turbulent. Most of our collected data is located in this
condition. In total, there are 716 data points falling into
this condition. Since most of existing experimental inves-
tigations on mini-channels used low mass fluxes and
small hydraulic diameters, the Reynolds numbers for
each phase are small from their definitions. The low
Reynolds number is an important indicator of flow lam-
inarization in a mini-channel. When Rer> 2000 and
Reg > 2000 (condition tt), both liquid and gas flows
are turbulent. All the data from Schrock and Grossman
[16] are located in this condition. There are 288 data
points falling into this condition. The corresponding
forms of the Martinelli parameter (X,y, X, Xy, and
X)) and values of the Chisholm parameter C for each
condition are also shown in Fig. 1. The hatched parts
are transition regions between the defined conditions
by Lockhart and Martinelli [29]. The values of the Mar-
tinelli parameter and the Chisholm parameter can be
determined by an interpolation method.

3.2. Comparison of existing correlations with collected
data for mini-channels

There are the following six heat transfer correlations
for saturated flow boiling frequently used in the



Table 1
Collected database for saturated flow boiling heat transfer in mini-channels
Symbol Reference Fluid Dy, (mm) » (MPa) G (kg/m?s) g (kW/m?) Orientation Geometry Point
of flow number
O Sumith et al. [27] Water 1.45 0.101 23.4-153 32.0-715 Vertical upflow Circular 161
] Kureta et al. [24] Water 2.00 0.101 500, 1000 402-2302 Vertical upflow Circular 8
Y Schrock and Water 2.95 0.290-1.21 1245-2939 306-2076 Vertical upflow Circular 173
Grossman [16]
& Yu et al. [23] Water 2.98 0.200 103 5.00-163 Horizontal Circular 35
Q Kureta et al. [24] Water 6.00 0.101 100, 500, 1000 151-2511 Vertical upflow Circular 43
< Bao et al. [25] RI11 1.95 0.294-0.470 167-560 52.0-125 Horizontal Circular 82
@] Tran et al. [21,22] R12 2.40 (1.70 x 4.06) 0.825-0.866 54.6-396 4.10-33.7 Horizontal Rectangular 97
O Tran et al. [22] R12 2.46 0.825 63.3-300 7.50-59.4 Horizontal Circular 61
O Lee and Lee [26] R113 0.780 (0.400 x 20.0) 0.101 104-209 2.98-10.0 Horizontal Rectangular 91
A Lee and Lee [26] RI113 1.90 (1.00 x 20.0) 0.101 51.6-208 2.95-15.0 Horizontal Rectangular 179
0] Wambsganss et al. [20] RI113 2.92 0.124-0.160 50.0-300 8.80-90.8 Horizontal Circular 90
103 Lazarek and Black [17] RI113 3.15 0.170 502 64.0-178 Vertical up Circular 14
and down flow
> Lee and Lee [26] RI113 3.63 (2.00 x 20.0) 0.101 51.7-182 4.52-15.8 Horizontal Rectangular 169
Total Water, R11, 0.780-6.00 0.101-1.21 23.4-2939 2.95-2511 Vertical, Circular, 1203
R12, R113 Horizontal Rectangular

PSLS
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literature: the correlations by Chen [5], Shah [6], Gun-
gor—Winterton [8], Kandlikar [10], Liu—Winterton [9],
and Steiner—Taborek [11]. Here an extensive comparison
is made for these existing correlations with 13 datasets
taken in mini-channels. It should be noted that all these
existing correlations are extendedly used out of their
applicable ranges in the original forms with the Dit-
tus—Boelter-type correlations for turbulent flow
although physically it may not be consistent with the
flow conditions of vv, tv and vt. The comparison results
are shown in Table 2. The mean deviation defined below
the table is used as a measure of predictive accuracy. The
underlined figures in the table are the smallest mean
deviation among all by the existing correlations. In gen-
eral, the Chen correlation gives the best predictive accu-
racy of 20.1% among the six existing correlations. The
second is the Liu—Winterton with a mean deviation of
21.8%, followed subsequently by the Kandlikar with
23.2%, the Shah with 26.6%, the Gungor—Winterton
with 37.3% and Steiner-Taborek with 66.0% finally.
As for five databases using water as a test fluid, the
Liu—Winterton correlation presents the best predictive
behavior among six existing correlations with the four
smallest mean deviations. The second is the Chen. The
Steiner—Taborek correlation failed to give a reasonable
prediction for Sumith’s database due to the ineffective-
ness of the built-in single-phase heat transfer correlation
when Rep < 1000. As for the other eight databases using
refrigerants (R11, R12, and R113) as test fluids, the
Chen correlation shows the best predictive behaviors
among six existing correlations with four smallest mean
deviations. The second is the Liu—Winterton, followed
by the Kandlikar, the Shah, the Gungor—Winterton
and the Steiner-Taborek subsequently. The Steiner—Ta-
borek correlation also failed to predict the Lee data for a
channel with the hydraulic diameter of 0.78 mm.

From the above comparison, it is concluded that the
Chen correlation gives the best prediction accuracy
among the six existing correlations in total for this col-
lected databank. For datasets using refrigerants as test
fluids, the Chen correlation is also the best whereas the
Liu—Winterton correlation works best when water is
used as a test fluid. The Chen, Liu—Winterton and Kan-
dlikar correlations could be recommended for use under
tt conditions in mini-channels. It should be also empha-
sized here that large deviations from some correlations
are not necessarily related to weaknesses in the correla-
tions themselves, but more to the operating conditions
of the datasets falling outside the recommended applica-
ble ranges for most correlations.

3.3. Development of correlation for saturated flow boiling
heat transfer in mini-channels

From the comparison in the last section, it is clear
that the Chen correlation still works the best among

the six tested correlations although most of the collected
databases are out of its applicable ranges. In addition,
from the viewpoint of physical mechanisms it is still
the most reasonable one in the literature so far, although
other correlations may also give good predictions based
on the regression analysis of a large amount of data-
bases. Since the Chen correlation was developed for tt
conditions, it may not be consistent to use it under other
flow conditions. For this reason, the present study is
aiming at providing a general and physically sound ap-
proach to extend its use to other flow conditions.

3.3.1. Applicability of Chen correlation for flow boiling
heat transfer in mini-channels

As already shown in Section 3.1, most of the existing
data taken in mini-channels fall into vt conditions in-
stead of tt conditions in which the datasets used in devel-
oping the Chen -correlation were located. As a
consequence, the applicability of the Chen correlation
should be evaluated physically again if applied for flow
boiling heat transfer in mini-channels. In addition, this
correlation was based on the assumption that two-phase
flow convective heat transfer could be described by the
Dittus—Boelter type equation. The validity of this
assumption is quite questionable when used for other
conditions since the Dittus—Boelter equation is applica-
ble only for turbulent flow. Therefore, the whole forced
convection component, consisting of the terms of the
single-phase heat transfer coefficient /g, and the factor
F, should be changed when applied for other flow
conditions.

As for the nucleate boiling component in the Chen
correlation, since the nucleate boiling mechanism could
be dominant for flow boiling in a mini-channel as ob-
served in many experiments [17,20-23,25], bubble nucle-
ation can still occur in it and thus the similar nucleate
boiling mechanism as pool boiling can also be assumed.
As a consequence, the correlation by Forster and Zuber
[30], Eq. (6), may still be valid to predict the nucleate
boiling heat transfer coefficient /. The suppression fac-
tor, S, defined as the ratio of the effective superheat to
the total wall superheat, can be expressed as a function
of the local two-phase Reynolds number, and it ap-
proaches to unity at the flow rate of zero. In mini-chan-
nels, it is postulated that the bubble nucleate situation
may be similar to that in pool boiling system when the
two-phase Reynolds number is small. For this reason,
the real suppression factor should also approach unity,
in accordance with the tendency in the Chen correlation.
Therefore, we assume here that the factor S in the Chen
correlation may still be applicable for other conditions.

3.3.2. Modification of Reynolds number factor F

It was pointed out in the preceding section that the
Chen correlation is inconsistent when used for other
flow conditions than turbulent-turbulent (tt) one, since



Table 2
Comparison of correlations with datasets

Symbol First author D, (mm) Fluid Orientation® Data points Mean deviation® (%)

Shah Gungor—Winterton Kandlikar Liu-Winterton Steiner-Taborek Chen Present study

O Sumith 1.45 Water V 161 40.7 59.6 31.6 223 - 255 183
m Kureta 2.00 Water V 8 77.1  118.7 59.7 35.9 40.1 420 36.6
\% Schrock 2.95 Water V 173 18.6 253 17.1 22.9 27.2 159 181
<& Yu 2.98 Water H 35 36.3 48.2 37.9 8.6 46.4 434 107
Q Kureta 6.00 Water V 43 67.1 65.4 29.9 17.0 254 37.1  28.6
< Bao 1.95 R11 H 82 11.3 47.0 26.0 24.8 138.1 256 239
@] Tran 2.40 RI2 H 97 41.8 15.1 28.4 31.2 92.6 144 16.1
O Tran 2.46 R12 H 61 37.9 22.6 22.7 24.8 108.0 17.0 135
O Lee 0.780 R113 H 91 20.5 20.5 19.8 19.7 - 2477 16.0
A Lee 1.90 R113 H 179 19.4 28.4 20.6 24.1 49.6 167 203
0] Wambsganss  2.92 R113 H 90 253 74.5 29.5 23.7 152.4 247 183
o Lazarek 3.15 R113 V 14 1.1 59.5 31.1 20.1 92.2 209 215
> Lee 3.63 R113 H 169 14.4 25.1 11.4 13.2 43.3 9.6 16.1

Total 26.6 37.3 23.2 21.8 66.0 20.1 183

2 V: vertical, H: horizontal.
® Mean deviation is defined as (1/N) 3" |(Bup.exp — hipcar) /ip.exp| X 100%, bold figures denote the smallest mean deviation among all including the present study, and underlined
figures are the smallest among all except the present study.
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the two-phase forced convection heat transfer is de-
scribed based on the Dittus—Boelter correlation which
was originally developed for a turbulent flow. For a
laminar flow, especially in mini-channels in which flow
laminarization is important, some new approach should
be made taking account of flow conditions. Therefore,
the forced convection component in the Chen correla-
tion, consisting of /g, and F should be reexamined. In
what follows, the Reynolds number factor in the Chen
correlation will be reexamined and modified for use to
other flow conditions.

Since the Reynolds number factor F is introduced to
account for the increase in convective turbulence due to
the presence of vapor phase, it should be related to the
two-phase friction multiplier. Note that the right-hand-
side of Eq. (2) can be approximated as
F =235(1/X +0.213)"7¢

~0.64(1+20/X +1/X,)". (13)
Since the two-phase friction multiplier, ¢}, according
to Chisholm [31], can be expressed by
20 n 1
X X 1217

()b?,n =1+ (14)

the Reynolds number factor can then be expressed in
terms of the two-phase friction multiplier as

0.5
Fa 0.64(453,11) = 0.64¢, (15)
namely,

0.5
F = 0.64<¢?_n> = 0.64¢ (16)

where F’ denotes the approximation of F and is used
temporarily as the substitute of factor F. Noting that
the conditions in Egs. (2) and (3), namely, the factor F
in the Chen correlation should be larger than unity,
combining Eq. (16) with Eq. (3) leads to

F = MAX(F', 1), (17)

which is easier to be used in computer programming and
has the same function as Eqgs. (2) and (3).

From the above recast, it is found that the Reynolds
number factor F in Chen correlation is actually propor-
tional to the factor ¢ for tt flow condition. The essen-
tial aspect of the Reynolds number factor F in Chen
correlation is an analogy of the root of the two-phase
multiplier, ¢y To extend the applicable ranges of the
Chen correlation, it may be reasonably assumed the
relationship between the Reynolds number factor F
and the root of the two-phase multiplier ¢¢ holds for
other flow conditions. Therefore, Eq. (16) may be recast
again by a general form for four conditions according to
Chisholm [31], as follows:

F' = 0.64(¢})™ = 0.64¢;, (18)

c . 1
¢§:1+)?+)7’ (19)

where, according to Lockhart and Martinelli [29], the
definition of the Martinelli parameter X is given by

Y= dpid),

and the values of Chisholm parameter C are given in
Fig. 1 in terms of Re; and Re, (for the hatched parts
in Fig. 1, an interpolation can be applied to obtain the
values of C). Since the single-phase frictional pressure
drops for liquid phase and gas phase can be represented,
respectively, by

201 _ 2
(d_p) _Yr (1~ x) (1)
dz £ Dy, Pr
and
2f, G*x2
() 2.5 )
dz g D], pg

the Martinelli parameter X can be denoted by

0.5 0.5
=) =26 &
fg Xeq Pt
Lockhart and Martinelli [29] assumed the following
friction law to be used for both liquid phase and gas
phase in Eq. (23):

Sfi=Cx-Re", (k=forg), (24)

where, for laminar flow in a circular channel
(Rex < 1000) C =16 and n =1, whereas for turbulent
flow (Rei > 2000) Cy = 0.046 and n = 0.20.

However, for laminar flow in a rectangular channel
(Rey < 1000), the following equation [32] may be more
appropriate:

24
fi == (1—3.55n + 1.947¢> — 1701y’
€x
+0.956n* — 0.2541°), (25)

where 7 represents the aspect ratio, defined as the ratio
of the height with the width of channel cross-section.

For 1000 < Re < 2000, friction factors can be ob-
tained by an interpolation method.

It should be noted here that selection of a friction-
factor correlation for laminar flow is flexible in our ap-
proach and should depend on the channel geometry,
boundary conditions and so on. For other cases, an
appropriate correlation may be found in related text-
books. All modifications of the Reynolds number factor
are listed in Table 3.

The reason why the Reynolds number factor could be
correlated by the two-phase friction multiplier d)? may
be simply explained by the Fanning-type friction—pres-
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Summary of generalized Chen correlation

Basic equation: g, =S hy, + F - hg,

N

hnb

F

hgp

§=1/(1+2.53x 107°Re}17)

k?.79c().‘_45 U0.24

- pf g 0.24 A ,0.75

hap = 0.00122 <W) AT G0 Apgy
f g °f

F=MAX(F.1), F =064, 7 =1+ S+ L

For Re; <1000 and Re, < 1000, X = X,,, C=5; For Rey > 2000 and Re, < 1000, X = X,,, C = 10;
For Rey <1000 and Re, > 2000, X = X,;, C=12; For Re;> 2000 and Re, > 2000, X = X,,, C = 20;
For other regions of Rey, (k = f or g), interpolate the above values of C.

@),/)]

/ .
v :@)0'5<ﬂ> <&>0.5’
g Xeq Pr
The follow equations are applicable to both phases (liquid and gas):
16/Rey, for circular channel and Re, < 1000;
24
fo=q g (1-3556+ 1.947p% — 1.7018° + 0.956* — 0.2548%), for Re, < 1000 in rectangular channel;
€k

0.046Re; %2, for Rey > 2000;
For 1000 < Re < 2000, interpolate the above values of fi.

Nu;pv = 4.36 for circular channel; Nug,; = 0.023Re(f"8Pr?'4;
Nl = 8.235(1 — 2.0428 + 3.085> — 2.47656 + 1.058* — 0.186f8°) for rectangular channel;

0.25 2 3 0.1
Nutcotier = 0.17ReL P (Pr_t) {g B o} ﬁ( v f)} ;
f

w

5 MAX (Nu

’
Sp.v?

ho =3 B
k¢
Dy

Nucmlm); if Rer < 2000 for vertical flow;
SEMAX (Nuy,, Nty ), if Rep < 2300 for horizontal flow;

Nugy ¢, if Rer > 2300 for both vertical and horizontal flows;

For vertical flow at 2000 < Re; < 2300, interpolate the values of /g, for vertical flow at Rey= 2000 and Re; = 2300.

sure-drop equations such as Egs. (21) and (22). For lig-
uid-phase flow, Eq. (21) with Eq. (24) leads to

(%lz)) f ~ fn(Rer). (26)

For two-phase flow, provided that the homogeneous
model and the Fanning-type pressure-drop equation
could be applied, the following relationship could be
obtained:

dp
(E) . ~ fn(Rey,). (27)
From Egs. (26) and (27), it can be obtained
dp/dz
Wp/d)y _ 42 fn(fﬁ) (28)
(dp/dz), Req

On the other hand, it is recognized that the Reynolds
number factor F in the Chen correlation was deduced in
the similar way and is a function of Reynolds numbers
as follows

0.8
Fe (R_) . (29)
Ref

Therefore, from Egs. (28) and (29), it can be reason-
ably obtained that the Reynolds number factor F may be
a function of the two-phase friction multiplier d)? .

3.3.3.  Modification of single-phase heat transfer
correlation

Since the Dittus—Boelter correlation, Eq. (4), is devel-
oped for single-phase turbulent flow and its applicable
range is 10* < Rep < 10° and 1 < Pre< 10, it may not
be suitable to predict single-phase heat transfer coeffi-
cients when flow is laminar, especially in mini-channels.
For this reason, it would be better to replace it by single-
phase laminar flow equations, as follows:
For a circular channel under uniform heat flux
conditions:

N, = 4.36. (30)

sp,v

For rectangular channel under uniform heat flux condi-
tions, the simplified equation proposed by Hartnett and
Kostic [32] can be used, as follows:

Nul,, = 8.235(1 — 2.042y 4 3.0857" — 2.4765
+1.058%* — 0.1861°). (31)
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Two sets of correlations are selected in terms of flow
orientation due to the difference in the effect of gravity.
First, for vertical channels, when Rer < 2000, in order to
take account of the effect of mixed convection, the fol-
lowing equations can be used to evaluate single-phase
heat transfer coefficients [33].

Nusp,v = MAX (Nu'sm, NuCollicr) ) (32)

where Nucoier 1S given by [34]

P\ 025
Nucoltier = 0.17Re‘f)-33 pr?.43 ( PTt )
w

0.1

5 {g-ﬁ~p% Dy (Ty — Tf)}

! .
Ky

(33)

Here f is the expansion coefficient of liquid phase and
B = (pr—pm)[pm(Tin—Tp]. When Rer > 2300, for sim-
plicity, the following Dittus—Boelter correlation could
be utilized,

Nug,; = 0.023Re?‘8Pr?'4. (34)

In the region of 2000 < Rer < 2300, a linear interpolation
in log scales between Eqgs. (32) and (34) can be em-
ployed, as follows:

log Reypy log Reve
_ TogReq, —Tog Reve Tog Reyp, —Tog Reve
Nug,ir = | Nuye Nuy,

log Nugy, —log Nuye

Tog Rey, —Tog Reve
- Re;*™ , (35)

where Rey. = 2000, Rey, = 2300, Nu,. denotes Nusg,, at
Reye, and Nuy, represents Nug,  at Rey,.

Second, for horizontal channels, when Rer > 2300,
the Dittus—Boelter correlation, Eq. (34), could be ap-
plied. Considering the laminar flow developing length
from channel inlet is usually longer than that of turbu-
lent flow, and each phase in flow boiling system is never
fully developed, the following simple equation may be
appropriate in the region of Rer < 2300.

Nitgyy = MAX (Nu;pﬁv,NuspO. (36)

It should also be noted that, selection of the heat
transfer correlation for laminar flow, as in the case of
the laminar flow friction factor, is flexible in our ap-
proach and should depend on the channel geometry,
boundary conditions, channel length and so on. The
above correlations were selected for this collected data-
base. All modifications of the single-phase heat transfer
correlations are listed in Table 3. For other cases, an
appropriate correlation may be found in related
textbooks.

3.4. Comparison of generalized Chen correlation with
experimental data

3.4.1. Comparison with all experimental data

In this section, the generalized Chen correlation is
evaluated by the existing data listed in Table 1. First,
the newly developed correlation is compared with all
data for each condition to show the whole behaviors
of prediction. Fig. 2(a)—(d) show in turn the comparison
results for vv, tv, vt and tt conditions. The results shown
in Fig. 2 are in the form of the ratio of the heat transfer
coefficient predicted by the generalized correlation to the
experimental value as a function of the liquid Reynolds
number. Although very few experimental data points are
located in vv and tv conditions, it is also useful to check
the behaviors of the correlation for these conditions.
The mean deviations are around 30%, and there are
no systematic prediction errors by the generalized corre-
lation. As for a channel with the inner diameter of
1.45mm, this may not be a bad result, as shown in
Fig. 2(a) and (b). For these two conditions, more data
and further experimental investigations will be needed
to verify the correlation. Fig. 2(c) shows the comparison
results for vt conditions. It indicates that most of the
predictions by the correlation are within the error bands
of £30% and there are no significant systematic tenden-
cies observed. Even for a channel with the hydraulic
diameter of 0.780mm, most of predictions fall into the
error bands of +30%. Considering large measurement
errors in experiments of mini-channels, different geome-
tries, flow orientations and test fluids, the prediction re-
sults appear to be reasonably good for all data in this
condition. Fig. 2(d) shows the comparison results in tt
condition. Actually, since only a recast of the Reynolds
number factor F in the original Chen correlation has
been made, the generalized Chen correlation should
work as well as the original one. To check the validity
of the recast, a database obtained by Schrock and
Grossman [16] was also included in our collected data-
bank, which was originally used in the development of
the Chen correlation. The predictions of the correlation
for the database by Schrock and Grossman are well cen-
tered and within the +30% error bars. This means our
recast of the Reynolds number factor F is successful.
A small part of experimental data taken from mini-
channels in recent years are also located in this condition
and can be predicted very well by the generalized corre-
lation. This further indicates the successful recast,
although the good prediction behaviors in this tt condi-
tion are almost completely due to the original Chen cor-
relation. Table 2 shows in detail the comparison of the
generalized Chen correlation with the six existing corre-
lations for each database. Bold figures in the table de-
note the smallest mean deviation of prediction among
all including the present work. For four databases, the
generalized Chen correlation works best. The database
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by Lee for a channel with the smallest hydraulic diame-
ter of 0.780mm in our databank is best predicted by the
generalized correlation. The database taken by Sumith
for water flow boiling in a tube with the diameter of
1.45mm is also best predicted by the generalized correla-
tion. Eight among 13 databases are predicted within the
accuracy of 20%. In total, the generalized correlation
gives the smallest mean deviation of 18.3% among all
as well. The total prediction behavior of the generalized
Chen correlation for all collected data under the four
conditions is shown in Fig. 3. The heat transfer coeffi-
cients spanning almost three orders of magnitude are
well predicted within +25% error bars. Although the
prediction of the newly developed correlation could
not improve predictive accuracy much from the original
Chen correlation for the existing data in mini-channels,
actually this work generalized the Chen correlation for
the four flow conditions, provided a physically sound
approach to predict flow boiling heat transfer in mini-
channels without bringing in any empirical constants,
gave an general analogy of the Reynolds number factor
in the Chen correlation to the root of the two-phase fric-
tion multiplier, and connected the prediction of heat
transfer coefficient tightly with that of pressure drop.

3.4.2. Comparison with boiling curves

In what follows, the predictions by the new correla-
tion are compared with boiling curves available in some
databases. Since most of databases are given in the fig-
ures of A, versus x.q with some system parameters, en-
ough information for boiling curves could not be
available. On the other hand, owing to nucleate boiling
mechanism dominant in many experiments [17,20—
23,25], the effect of mass flux on boiling curves is not
clear in those experiments. Therefore only boiling curves
obtained by Kureta et al. [24] and Sumith et al. [27] are
presented here. Three typical datasets taken at different
mass fluxes by Kureta et al. were shown in Figs. 4-6.
Since their database also included the single-phase heat
transfer data, it may be useful to check the validity of
the single phase heat transfer correlations used in the
generalized correlation and thus the figures are shown
in the form of heat flux against wall temperature instead
of wall superheat. The figures indicate that the correla-
tions for single-phase flow built in the generalized corre-
lation can predict single-phase heat transfer coefficients
in mini-channels reasonably well. This makes the newly
developed correlation physically sounder to be applied
in mini-channels. From Figs. 4-6, it can be observed
that the curve in the nucleate boiling region moves to-
wards higher wall temperature with increasing mass
fluxs from 100 to 1000kg/m?s. This tendency is more
remarkable at higher qualities and mass fluxes. This
may be due to the effect of local pressure. As pointed
out by Kandlikar [1], in mini-channels, the effect of
evaporation could be quite significant. It alters the pres-

10! —
I Data by Kureta et al. (1998)
| Fluid: Water, Channel: Vertical Tube
- p=0.101 MPa, D,=6.00 mm, T}, =293 K,
L=355 mm, G=100 kg/m’s
=1
o 100 s
E O Exp. Data
= Present work
=)
S
E’ xeq:O
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10! 10°

Wall Temperature, T, [K]

Fig. 4. Comparison with boiling curve at mass flux of 100kg/
m?s [24].

10 —r rr
Data by Kureta et al. (1998)

Fluid: Water, Channel: Vertical Tube
p=0.101 MPa, D,=6.00 mm, 7; =293 K

L=355 mm, G=500 kg/m’s

—
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£ :
B O Exp. Data .
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= IOO 3 Yeq =0 3
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=
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s E
1075 3
10 10

Wall Temperature, T [K]

Fig. 5. Comparison with boiling curve at mass flux of 500kg/
m?s [24].

sure drop characteristics by introducing an acceleration
pressure drop component that can be quite large at high
heat and mass fluxes due to the small channel dimen-
sion. Since the outlet of the test section is kept near
the atmospheric pressure, the local pressure at the loca-
tion of thermocouples will become higher than the
atmospheric pressure with increasing mass flux or qual-
ity due to a considerable pressure drop in mini-channels.
The figures indicate that the new correlation can also
predict saturated flow boiling heat transfer coefficients
in mini-channels reasonably well. Fig. 7 shows the
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Fig. 6. Comparison with boiling curves at mass flux of 1000kg/
m?s [24].
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Fig. 7. Comparison with boiling curves by Sumith et al. [27].

comparison with boiling curves given by Sumith et al. in
the saturated boiling regions. In both cases of mass flux,
the prediction could agree well with the experiments
data.

It should be mentioned here that since the original
Chen correlation is applicable in the quality range of
approximately 1-70%, the newly developed correlation
should also obey this applicable range. As pointed out
by Collier [34], the Chen correlation could be used in
the subcooled region as well, if we use the following
modifications:

q:S'hnb(waTsal)"’F'hsp(TW*Tb)v (1,)

where F=1 and S=S(x,q=0). At extremely high
quality, dryout will occur and the mechanism of heat
transfer may be different. Application of the correla-
tion may lose physical meaning in the very high qual-
ity region.

4. Conclusions

In view of practical importance of a heat transfer cor-
relation for flow boiling, a generalized Chen correlation
has been developed for saturated flow boiling heat
transfer in mini-channels. The obtained results are as
follows:

(1) Existing general correlations and experimental
studies related to saturated flow boiling heat trans-
fer in mini-channels were extensively reviewed. An
extensive database was collected for saturated flow
boiling heat transfer in mini-channels under various
experimental conditions such as different channel
geometries (circular and rectangular), flow orienta-
tions (vertical and horizontal), and test fluids
(water, R11, R12, and R113).

(2) It was shown that a common feature of flow boiling
heat transfer in many mini-channels is liquid-lami-
nar and gas-turbulent flow. All existing correlations
were developed for liquid-turbulent and gas-turbu-
lent flow conditions, and thus it may be inconsistent
to use them under other flow conditions in
principle.

(3) An extensive comparison of the existing
correlations with the collected database shows
that the Chen, the Liu—Winterton and the Kan-
dlikar correlations work well for saturated flow
boiling in mini-channels although physically they
are not sound when liquid phase flow may be
laminar.

(4) It was found that the Reynolds number factor in
the Chen correlation is proportional to the factor
¢ry for tt flow condition. A general form of the
Chen correlation has been deduced for four flow
conditions divided as Lockhart and Martinelli.

(5) The generalized Chen correlation gave physically
sound and good predictions for the four flow condi-
tions, and can be recommended to predict saturated
flow boiling heat transfer coefficients for mini-
channels.
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