Proceedings of the ASME 2010 3rd Joint US-European Fluids Engineering Summer Meeting and
8th International Conference on Nanochannels, Microchannels, and Minichannels

FEDSM-ICNMM2010
August 1-5, 2010, Montreal, Canada

FEDSM-ICNMM2010-30603

AN ANALYSIS OF SATURATED CRITICAL HEAT FLUX IN MICRO/MINI-CHANNELS

Zan Wu, Wei Li*, Zhike Wang

Zhejiang University, Department of Energy Engineering, Hangzhou, Zhejiang 310027, China
*Corresponding author, Tel: 86-571-87952244; Fax: 86-571-87952244; E-mail: weili96@zju.edu.cn

ABSTRACT

This paper verified the macro-to-micro-scale transitional
criterion BoRe,"* = 200 proposed by Li and Wu [W. Li, Z. Wu,
A general criterion for evaporative heat transfer in micro/mini-
channels, International Journal of Heat and Mass Transfer 53
(2010) 1967-1976] because data points where BoRe,™* < 200
and BoRelO‘5 > 200 show very different trends for the entire
database (1,672 data points). For the 859 data points with
BoRe™® < 200, the boiling number at CHF decreases greatly
with length-to-diameter ratio L;/dy. when Ly/dy. is small, while
Ly/dy. presents negligible effect on the boiling number when
Ly/dy. > 150. For the region where L;/d;. < 150 and BoRe® <
200, a simple saturated CHF correlation was proposed by using
the boiling number, length-to-diameter ratio, and exit quality.
Heated length and heated equivalent diameter were adopted in
the length-to-diameter ratio, considering the actual heat transfer
conditions. A combined dimensionless number We,,Ca,”® was
introduced to correlate the micro/mini-channel database for the
region: Ly/dy. > 150 and BoRe*® < 200. The new method can
predict the overall micro/mini-channel database accurately on
the whole. It can predict almost 95.5% of the non-aqueous data
and 93.5% of the water data within the + 30% error band.
Keywords: Microchannel, Boiling number, Saturated critical
heat flux (CHF), Length-to-diameter ratio, Weber number,
Capillary number

1. INTRODUCTION

Flow boiling in micro/mini-channels is encountered in
energy and process systems including miniature heat
exchangers, cooling of high-powered electric systems, catalytic
reactors, miniature refrigeration systems, fuel injection systems
of some internal combustion equipment, and evaporator
components of fuel cells, among others [1]. However, one of the
limiting operating conditions with flow boiling is the critical
heat flux (CHF) or burnout, which refers to the replacement of

liquid being in contact with the heated surface with a vapor
blanket. Thus, a wet-wall, high heat transfer coefficient
operating condition transitions to a dry-wall, low heat transfer
coefficient condition, resulting in the sudden increase of the
heated surface temperature and possible failure of devices. The
ability to predict CHF is therefore of vital importance for the
safe operation.

CHF generally occurs at the channel outlet. According to
whether the bulk fluid at the channel outlet is subcooled or not
when CHF occurs, flow boiling CHF can be classified as either
subcooled CHF or saturated CHF. In saturated CHF, the
thermodynamic equilibrium vapor quality at the channel outlet
is greater than or equal to zero but less than one, which is
typically encountered at low mass velocities, at low inlet
subcoolings and in channels with a relatively large length-to-
diameter ratio.

Recently, for saturated flow boiling in micro/mini-channels,
Warrier et al. [2] and Qu and Mudawar [3] observed that flow
pattern developed into annular flow quickly. Sumith et al. [4]
and Petterson [5] also presented a dominance of annular flow. In
such flow patterns, most of the liquid flows in a thin liquid film
along the wall and vapor flows mostly in the core of the
channel. It is then reasonable to suggest that saturated CHF is
most likely caused by the dry-out of the annular liquid film near
the channel outlet. At low flow rates in micro/mini-channels,
this type of CHF may be prone to occur due to the thinner liquid
film thickness. Roday and Jensen [6, 7] studied the CHF
condition of water and R123 during flow boiling in micro-tubes.
The typical dry-out type behavior was seen in high-quality
saturated region when the flow is completely annular. The
annular flow patterns in the visualization study of Kosar and
Peles [8] and Kosar et al. [9] also supported that dry-out is the
mechanism of saturated CHF in micro/mini-channels.

A tricky aspect in micro/mini-scale studies is how to identify
the macro-to-micro-scale threshold. That means, how small a
channel could be called a micro/mini-channel that its behavior
starts to deviate from the predictions of conventional macro-
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channels. Mehendal et al. [10] proposed a classification based
on fixed channel hydraulic diameters as follows: micro-channels
(1-100 pm), meso-channels (100-1000 pm), macro-channels (1-
6 mm) and conventional channels (>6 mm). Kandlikar and
Grande [11] also tried to identify the conventional-to-
micro/mini-channel threshold by arbitrarily adopting an
absolute diameter of 3 mm based on the characteristic tube
diameter in distinct applications. It is important to highlight the
fact that such criteria do not reflect the influence of channel size
on physical mechanisms. Kew and Cornwell [12] proposed an
approximate physical criterion for macro-to-micro-scale
threshold diameter based on the growing bubble confinement as

follows:
4 1/2
o
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According to this criterion, the macro-to-micro-scale
transitional diameter may vary from a value as high as 5 mm for
water at low reduced pressures to values smaller than 1 mm for
CO, at reduced pressures higher than 0.8. Although considering
the surface-tension forces in this criterion, Kew and Cornwell
[12] ignored the viscous forces, and did not present a careful
comparison against thermal and dynamic behaviors for flow
boiling in macro- and micro-channels. Recently, Li and Wu [13]
analyzed an evaporative heat-transfer database and proposed a
new transitional criterion by introducing the Bond number and
the liquid Reynolds number, taking into account the differences
in two-phase flow and heat transfer processes between
micro/mini-channels and conventional channels. The combined
non-dimensional number BoRe® = 200 was set as the
conventional-to-micro/mini-channel criterion. When BoRe*® <
200, micro/mini-channel phenomenon dominates; when BoRe,>?
> 200, conventional macro-channel theory can explain the
experimental data. Further, Li and Wu [14] collected a pressure-
drop database and provided support for the BoRe® = 200
criterion.

We collected a large number of experimental data of
different fluids for saturated flow in small channels to calculate
saturated CHF for both multi- and single-channel
configurations. Then, the database was analyzed by using
various existing correlations to verify their respective
accuracies. In addition, the BoRe”® = 200 transitional criterion
proposed by Li and Wu [13] was verified in saturated CHF
analyses. Finally, generalized correlations were developed
according to different length-to-diameter ratios, for various
working fluids, channel sizes, and operating conditions.

2. REVIEW OF EXISTING DATA AND CORRELATIONS

2.1 Literature review

There are published papers [4, 6-8, 15-40] discussing
saturated-flow boiling critical heat flux (CHF) in small

channels, covering the fluids R134a, R123, R236fa, R245fa,
nitrogen, R12, and water at various mass fluxes, exit qualities
and heat fluxes. There are two types of channel geometries:
circular channels in highly conductive metal (copper, stainless
steel) [4, 6, 7, 15, 16, 22, 24, 27-35, 37-40] and rectangular
channels in silicon or metal substrate [8, 17-21, 23, 25, 26, 36,
37]. The latter can be heated non-uniformly. Tests were
conducted for single-channel [4, 6, 7, 15, 16, 22, 24, 27-36] or
multi-channel [8, 17-21, 23, 25, 26] configurations. For
channels with hydraulic diameter larger than 3 mm, the flow in
channels is vertical upward flow [28-30, 32-38]. In addition,
boiling instabilities are a vital issue in flow boiling and can lead
to premature CHF. Upstream compressible volume instability
and excursive instability [41] are two major instabilities
detected in micro/mini-channels. In single-channel arrangement,
excursive instabilities can be cured by installing a throttle valve
in the inlet line [6, 7, 16, 24, 27]; however, inlet orifices are
needed to suppress the upstream compressible volume
instability in multi-channel arrangements [8, 17, 18, 23, 26]. It
is insufficient to install only a throttle valve before the header in
multi-channel configurations [19-21, 25]; that will cure only
one type of instability but not the other.

Table 1. Descriptions of Four Empirical Existing Correlations.

Author Equation
Katto [45] 0.133 0333
BI:O.IO[&j [ ! j !
£ We, 1+0.03L, /d,
Qu and L11 -036
Mudawar [25] Bl =33.43 (&J We,, ' (ij
P dp

Wojtan et al. 0.073 L -0.72
[24] Bl = 0.437 [&J We,, (—hj
P d,

Qietal.

0.133 1 0.333
[27] Bl =(0.214+ 0.14C0)[&] [—]
e We,,

1
1+0.03L, /d,

Reliable prediction methods are needed in equipment
design. Revellin and Thome [42] developed a model to predict
CHF by solving the continuity, momentum and energy
equations for an annular flow without interfacial waves. It is
complicated because of the iterative procedure. Moreover, it
was not wholly validated for rectangular micro-channels [43].
Kandlikar [44] also obtained a scale analysis based theoretical
force balance model. The constants in the model were calculated
from the available experimental data. Compared with the
theoretical methods, empirical methods are simpler, but they are
usually based only upon selected sets of experimental data or
their own data. Table 1 lists several existing empirical
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correlations. The Katto correlation [45] is a correlation for
macro-channels. Qu and Mudawar [25] developed a correlation
based on the saturated CHF results of water flowing in
rectangular multi-microchannels. Wojtan et al. [24] investigated
CHF characteristics of R134a and R245fa in tubes with 0.5 and
0.8 mm internal diameter, and proposed a saturated CHF
prediction method by modifying the Katto-Ohno correlation.

2.2 Database description

A saturated CHF database for small channels was obtained
with 1,672 data points from 28 different datasets, covering 7
different working fluids. In the present work, the datasets which
explicitly reported simultaneous values of exit quality, heat flux,
mass flux, and saturation pressure were included. For the
published datasets which reported length-to-diameter ratio or
the heated length and not quality, only the ones presenting inlet
sub-cooling values simultaneously were considered. Therefore,
the information of the CHF can be recreated with certainty. In
addition, some data points were not included because the data
points immediately following them at nearly the same
conditions had not yet achieved the CHF.

The distribution of the database against heated equivalent
diameter (dy.) is shown in Fig. la. Heated equivalent diameter
(dye) covers a wide range of 0.223 < dy. < 6.92 mm. About 350
data points have heated equivalent diameters smaller than 0.5
mm, and 38.6% of the data points display a heated equivalent
diameter smaller than 3 mm.

Figure 1b shows the repartition of the database against mass
flux. The range of G is comprised between 23.4 and 5,200
kg/m’s. Almost 72% of the data points are in the region: G <
1,000 kg/m’s, among which 63.5% are in the region: G < 500
kg/m’s. Only 41 data points have mass fluxes larger than 3,000
kg/m’s.

Figure 2 presents the combined non-dimensional number
BoRe"® versus the Bond number. The horizontal solid red line
represents the macro-to-micro-scale transition developed by Li
and Wu [13], which identifies the micro-scale region when
BoRe™® < 200. Based on this criterion, about 51.4% of the
entire database belongs to the micro/mini-scale region.
Although the hydraulic diameter is as large as 6 mm, the
combined non-dimensional number BoRe,** can be smaller than
200 for water, which is the fact in experiments of Kim et al.
[33]. While the vertical dashed red line corresponds to the
macro-to-micro-scale transition proposed by Kew and Cornwell
[12], which defines the micro-scale region when d, < dg,
yielding Bo < 4.0. According to this criterion, 48.0% of the
overall data points are located in the micro/mini-channel region.

Among the entire database (1,672 data points), there are 462
non-aqueous data points, and 397 data points for water, with
values of BoRe™® < 200, comprising the micro/mini-channel
database.
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Fig. 1. Distribution of the Database Against Different Parameters.
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2.3 Data comparison

The four saturated CHF correlations mentioned in Table 1
were evaluated by comparing them against the experimental
database (only data points with BoRe,”* <200 were included). It
is of importance to say that properties of the fluids were taken at
the outlet of the channel. Results of comparison of the data for
non-aqueous fluids and water with existing prediction methods
are depicted in Tables 2 and 3, respectively. The Wojtan et al.
[24] correlation is the best among the three ones, predicting
69.3% of the micro/mini-channel database within the + 30%
error band. It performed well for its underlying data, Cavallini
et al.’s data [15], Agostini et al.’s data [26], and Park and
Thome’s R134a data [23]. This correlation predicts Kosar and
Peles’s R123 data [8] with less accuracy, predicting 80.0% of
the data points within the £ 30% error band. The Katto
correlation [45] predicts 83.3% of Park and Thome’s R245fa
data [23] within the + 30% error band. While the Qi et al.
correlation [27] can only predict its underlying data, about
80.6% of the data within the + 30% error band.

As shown in Table 3, neither the Wojtan et al. correlation
[24] nor the Katto correlation [45] can obtain reasonable
predictive values. The Qu and Mudawar correlation [25]
performed accurately for its underlying data and Steinke and
Kandlikar’s data [16]. However, it can only predict 18.4% of the
overall micro/mini-channel database within the + 30% error
band, so it can not be used as a predictive tool for a large
database.

It is important to emphasize that deviations from the
experimental trends are not necessarily related to weaknesses in
the correlations themselves, but more to the unique nature of
flow boiling in micro/mini-channels. New predictive tools must
be developed to yield more accurate predictions.

3. RESULTS AND DISCUSSIONS

As mentioned above, data points with BoRe,”> > 200 were
not adopted in the development of the new correlation because
they are not located in the micro/mini-scale region. Heat flux is
non-dimensional with mass flux and latent heat in boiling
number Bl. Since Bl combines two important parameters, q and
G, it is widely used in empirical treatment of flow boiling.
Figure 3 shows that boiling number at CHF, Bl has a strong
relationship with length-to-diameter ratio L;/dh..

Blchf = Oy / (G'hlv,e) 2
hIv,e = th(Pe)

Jenr 18 the internal wall heat flux at CHF conditions.

As shown in Fig. 3, boiling number at CHF (Bl) decreases
greatly with length-to-diameter ratio L;/dp. when L;/d;, is small.
This phenomenon can be explained from several aspects. First,
Celata et al. [47] presented that the functional dependence

between the CHF and length-to-diameter ratio may be due to the
incompletely thermal boundary layer for short channels. While
Tong and Tang [48] discussed that the heated length effect
comes from the entrance turbulence effect. In addition, in case
of liquid film dryout CHF (saturated CHF) mechanism, heated
length effects become more obvious and can exist up to longer
tubes (Moon et al. [49]). Further, in experiments carried out by
Nariai et al. [50] for short tubes, the smaller length-to-diameter
ratio gave a larger CHF value with other system parameters
being kept the same, and this effect becomes more significant
for smaller channel diameters. That means the heated length
effect is more noticeable in micro/mini-channels, different from
that in conventional channels.
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Fig. 3. Bl vs. Ly/dy. When BoRe,"* < 200.

A relatively smooth trend occurs when L;/dy. > 150. That
means the length-to-diameter ratio presents negligible effect on
boiling number when Ly/dy,. > 150.

On one hand, for the region Ly/d;. < 150, a function can be
obtained by regression method.

Bl =0.364(L,/d,,)"" 3)
Function Y1 is defined as:
Y1=BI,, /(|_h /d )" )

The dependence of function Y1 on exit vapor quality x. was
presented in Fig. 4 for the entire database. From Eq. (5), the
effects of inlet subcooling and outlet pressure on saturated CHF
are partly attributed in exit quality.

1 qchf -
e K ' (F - CpI 'ATsub) )

Cy =Cy (M), T=(Tu(P)+T,)/2
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Table 2. Experimental Non-aqueous Database Compared With the Prediction Methods When BoRe.°'5 < 200.

Authors Fluid No. of data Wojtan et al. [24] Katto [45] Qietal. [27] New correlation
points A ex  oxn A ex  On A ex  On A ex  On
Cavallini R134a 7 100.0 12.7 2.5 0.0 543 1.1 0.0 51.0 3.8 100.0 148 3.0
etal. [15]
Roday and Jensen R123 96 344 160.1 1885 448 856 1204 0.0 7633 427.0 87.5 19.7 22.
[6-7]
Kosar and Peles [8] R123 30 80.0 186 190 533 271 173 0.0 3747 1128 90.0 12.0 14.6
Park and Thome R134a 76 96.0 109 133 329 351 114 0.0 1877 36.1 100.0 114 8.87
(23]
- R236fa 81 77.8 181 226 50.6 283 194 0.0 2230 435 1000 84 8.1
- R245fa 84 53.6 269 206 8.3 203 238 00 3064 8.1 1000 87 6.9
Wojtan R134a 29 932 132 142 0.0 386 3.6 0.0 1622 216 1000 7.1 3.6
et al. [24]
R245fa 4 100.0 4.8 7.1 250 351 6.0 0.0 220.6 29.7 100.0 9.2 11.6
Agostini R236fa 24 100.0 83 7.7 250 367 9.6 0.0 2419 496 100.0 44 53
et al. [26]
Qi et al. [27] Nitrogen 31 645 237 180 0.0 701 75 806 228 181 80.6 20.5 223
462 693 46.1 1051 437 460 69.1 54 3134 3125 955 12,6 149
el ¥ {(Blmf Jear — (Bl )m}m e, =L'§ (Blay)en = Bla )| |00 o (Blada = Bladey 0[Sl e | o
Ny 5 (Bliy ey Np &5 (Blyy )exy (Blipt )exp ' N, -1

For the data points with BoRe® < 200, function Y1 was was obtained for the data points with BoRe"® < 200. Thus, for
strongly dependent on exit quality x. from Fig. 4. When x. the region where Ly/d. > 150 and BoRe™ <200,
increases, Y1 increases. A correlation was determined using
least square fitting with experimental data. Bl,, =1.16x107*(We, Ca*)™"'® ®)
2
Y1=0.62x>% ©) we 8% L x 1-x
p mo- p m pv pl

While for the ones with BoRe"® > 200, there is no apparent

relationship between function Y1 and x.. The difference

demonstrates the  macro-to-micro/mini-scale  transitional e

criterion BoRe,™® = 200. e BoRe,’* > 200
Finally, for the region where Ly/dy,. < 150 and BoRe*® < I

— T T T T T — T T T T

o BoRe’® <200

200, a new simple CHF correlation was developed.

Y1[-]

Bl =0y /(G-h,.)=0.62-(L, /d, )" -x* @)

Iv,e e

0.1

On the other hand, for the region L;/dy. > 150 where heated
length effects can be ignored, Fig. 5 presented the dependence A e ) »
of the boiling number on the combined non-dimensional 0.1 1
number We,Ca’® by considering the entire database. A log X [-]

linear relationship between the boiling number Bl and We,,Ca>®

T T
Ll

Fig. 4. Y1 vs. x, for L,/dy. < 150.
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Table 3. Experimental Database for Water Compared With the Prediction Methods When BoRe,"® < 200.

Author No. of data Wojtan et al. [24] Katto [45] Qu and Mudawar [25] New correlation
points A ea  on A ex  On A ex  On hy ex  On
Roday et al. [16] 15 0.0 419.0 1228 0.0 181.7 66.7 13.3 66.5 69.3 80.0 21.5 18.3
Roday and Jensen [6-7] 27 0.0 1935 1979 333 758 117.5 333 44.4 49.7 92.6 14.7 16.9
Kosar et al. [17] 4 0.0 2509 70.2 0.0 1305 572 0.0 68.3 21.0 100.0 10.2 9.3
Kuo and Peles [18] 25 0.0 2359 o618 0.0 161.6 66.0 0.0 76.6 159 100.0 154 6.2
Sumith et al. [4] 6 0.0 1924 757 0.0 1534 100.0 16.7 48.8 1.1 100.0 13.0 3.0
Kuan and Kandlikar [19- 6 0.0 185.0 28.0 0.0 1229 46.0 16.7 35.1 4.4 100.0 18.3 1.2
20]
Steinke and Kandlikar [21] 5 0.0 2959 46.6 0.0 1262 199 100.0 133 17.1 60.0 233 28.8
Yu et al. [22] 27 74 1083 733 519 440 52.9 51.9 39.0 44.2 92.6 27.0 2.6
Qu and Mudawar [25] 18 0.0 2955 174 0.0 188.0 247 100.0 5.1 6.0 100.0 11.1 7.3
Kim et al. [33] 84 0.0 3322 48.8 0.0 316.1 553 22.6 2089 1914 893 15.7 13.8
Kureta et al. [34] 56 0.0 3733 1424 10.7 2173 230.1 3.6 61.6 19.2  100.0 9.8 8.9
Kureta et al. [35] 8 0.0 3140 1103 0.0 133.6 450 0.0 62.8 11.1 87.5 20.2 10.3
Mishima et al. [36] 43 0.0 1090 319.2 0.0 1432 6773 4.7 112.8  63.0 100.0 9.4 6.2
De Bortoli et al. [37] 49 0.0 2434 1022 0.0 3240 159.6 0.0 2759 1804  93.9 15.0 14.2
Becker et al. [38] 11 0.0 156.8 40.8 0.0 57.1 17.5 0.0 1509 508.0 63.6 30.3 27.6
Firstenberg et al. [39] 5 0.0 1659 76.1 0.0 1882 1242 0.0 631.5 1764 100.0 20.1 1.1
Weatherhead [40] 8 0.0 1949 56.2 0.0 90.9 33.7 0.0 1465 306.2 100.0 9.3 12.8
397 0.5 365.6 2812 7.3 3212 4387 184 431.6 1051 93.5 18.6 19.1
10-‘ E LARERLLL NEESEEALLL DER ISR LS R ALL, LSRR ”"‘:
Bl = 0.001 16(WemCaF'B)'O'1E Table 4. Evaluation of the Two Proposed Correlations When
; | BoRe,’* < 200.
10'-‘ E < Correlatio Number of data er ea oN A
—_— § n points
E‘ (@) Ly/dye < 150
i) : Eq. (7) 726 23 102 137 968
: o E (b) Ly/dye > 150
f © BoRe ™ =200 Eq. (8) 133 59 161 205 820
- & BoRe*>200 1
10" 10" 100 100 100 100 10°

We Ca’[]

Fig. 5. Bl vs. We,Ca,”® for Ly/dye > 150.
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Equation (7) is a general micro/mini-channel correlation
applied for channels with L/dp. < 150, while Eq. (8) is the one
used for relatively long channels with L/dp. > 150. When
evaluating the newly developed correlations against the
collected micro/mini-channel database, Eq. (7) and Eq. (8) were
adopted for L;/dy. < 150 and L/dy. > 150, respectively. The
results of the comparisons were described in Tables 2 and 3. The
underlined figures are the largest among the percentages of data
within the + 30% error band predicted by the four existing
correlations for saturated CHF. It is obvious that the new
method is the best one, which predicts almost 95.5% of the non-
aqueous data points and 93.5% of the water data within the +
30% error band. It performs well for the micro/mini-channel
database. It can accurately predict saturated CHF in micro-
channels with refrigerants, water, or nitrogen. It is important to
notify that all fluid properties should be taken at the outlet of the
channel.

As shown in Table 4, 726 data points were predicted by Eq.
(7), about 96.8% of them were located in the = 30% error band,
and 133 data points were evaluated by Eq. (8), 82.0% of them
were located in + 30% error band.

Figures 6a and 6b compare Eq. (7) and Eq. (8) with the
micro/mini-channel database of different Weber number Wep,
for Ly/dp < 150 and Ly/dp. > 150, respectively. The heated

length was used in the calculation of Wey,.

We, =G’L,/(p0) )

All fluid properties are also taken at the outlet of the
channel. Almost all values of the ratio of the predicted boiling
number (Blgyf)ca by the new method to the experimental boiling
number (Blgg)ep, are within the region from 0.7 to 1.3. In
addition, there is no obvious relationship between the Bl ratio
and the Weber number Wey,,. In conclusion, the new method is
able to predict different working fluids flowing in various
micro/mini-channels with dissimilar hydraulic diameters under
different operational conditions.

Figure 7 shows the comparison between four existing
correlations and the newly proposed correlations against four
experimental datasets with heated equivalent diameters of
0.383, 1.042, 2.75, and 4.58 mm for three different fluids:
R236fa, nitrogen, and water, respectively. The datasets in Figs.
7a, 7c, and 7d all have length-to-diameter ratios smaller than
150, while the length-to-diameter ratio in Fig. 7c is larger than
150. The Katto correlation [45] under-predicted Agostini et al.’s
R236fa data [26], and it largely overrates Mishima et al.’s [36]
and De Bortoli et al.’s [37] water data. The Qu and Mudawar
correlation [25] also over-predicts Mishima et al.’s [36] and De
Bortoli et al.’s [37] water data greatly. However, the new
method can predict the datasets well on the whole, and is more
consistent than the other four correlations.

(Blchf)caI!( Blcnf)exp [-]
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Qietal. [27]

nitrogen, d, =1.042mm
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#« Qietal
A Wojtan et al.

® New correlation
1E-4 s s s PR T S U |
1E-4 1E-3

(B!chl)exp [-]
(b)

oo DeBortolietal. [37] ]
" water, dh=4.58mm

P =34.5bar, L =0.24m 1

0.01

< Katto ]
I Qu and Mudawar|
® New correlation 7

1E-3 = . P R . s
1E-3 0.01 0.1

0.1 e : — —
1 Mishima et al. [36]
water, dh=2_?5mm

I’L-—]_Ulbar_ l_“-—tJ_S()m E

+30%

I Katto
o Qu and Mudawars
| ® New correlation 3

1E-3 0.01

(Blr.hf)exp [&]

(d)

Fig. 7. Verification of the Newly Proposed Method Against
Experimental Datasets. (The four empirical existing
correlations are shown as a reference of comparison).

4. CONCLUSIONS

1) A database (1,672 data points) of saturated critical heat
flux (CHF) in micro/mini-channels from a variety of
sources were compiled and analyzed. Among it 859 data

points with BoRe™® < 200 were compared with four
empirical correlations. The Wojtan et al. correlation [24]
can predict 69.3% of the non-aqueous data within the +
30% error band. The Qu and Mudawar correlation [25]
performed accurately only for its underlying water data
and Steinke and Kandlikar’s water data [21]. The Katto
correlation [45] presented drastically different results for
different datasets.

2) The boiling number at CHF, Blyy, decreases greatly with
length-to-diameter ratio Ly/dp. when Ly/dy. is small. While
the length-to-diameter ratio presents negligible effect on
boiling number when Ly/dy. > 150. For the region where
Li/die < 150 and BoRe>® < 200, a simple saturated CHF
correlation was proposed by using the boiling number,
length-to-diameter ratio, and exit quality. A combined
dimensionless number We,Ca’® was introduced to
correlate the micro/mini-channel database for the region
where Ly/dy > 150. It should be noted that all properties
should be taken at outlet of the channel. The new method
can predict the overall micro/mini-channel database
accurately on the whole. It can predict almost 95.5% of the
non-aqueous data and 93.5% of the water data within the +
30% error band.

3) Considering the entire database, data points where BoRe’
< 200 and BoRe>® > 200 show very different trends, as
shown in Figs .5 and 6, which provide strong support to
the macro-to-micro/mini-scale criterion proposed by Li
and Wu [13].

NOMENCLATURE

Bl boiling number, q/(Ghy,) (-)
Bo Bond number, g(pl-pg)dh2/0 )
Ca Capillary number, w,G/(pio) (-)

Cpl constant-pressure specific heat of liquid (J/kg-K)

dp channel hydraulic diameter (m)

dhe heated equivalent diameter (m)

din macro-to-micro-scale threshold diameter proposed
by Kew and Cornwell [12] (m)

ea mean absolute error (%)

G mass flux (kg/m*s)

g gravitational acceleration (m/s?)

hyy latent heat of vaporization (J/kg)

Ly heated length (m)

P pressure (Pa)

q heat flux (kW/m?)

Re liquid Reynolds number, G(1-x)dy/w;, (-)
We Weber number, G*dy/(po), ()

X thermodynamic vapor quality, (-)
Y1 parameter used in Equation (4)

Greek symbols

A percentage of data within + 30% error band (%)
p dynamic viscosity (Pa-s)
p density (kg/m®)
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c surface tension (N/m)
oN standard deviation (%)
AT inlet subcooling temperature (K)
Subscripts
cal calculated
chf critical heat flux
e exit
exp experimental
in inlet
1 saturated liquid
lo liquid only
m average
sat saturated
v saturated vapor
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