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Abstract

In view of practical significance of a correlation of critical heat flux (CHF) in the aspects of engineering design and prediction, this
study is aiming at evaluation of existing CHF correlations for flow boiling of water with available databases taken from small-diameter
tubes, and then development of a new, simple CHF correlation. Available CHF databases in the literature for flow boiling of water in
small-diameter tubes (0.33 < Dy, < 6.22 mm) are collected, covering wide parametric ranges. Three correlations by Bowring, Katto and
Shah are evaluated with the CHF data for saturated flow boiling, and three correlations by Inasaka—Nariai, Celata et al. and Hall-
Mudawar evaluated with the CHF data for subcooled flow boiling. The Hall-Mudawar correlation and the Shah correlation seem to
be the most reliable tools for CHF prediction in the subcooled and saturated flow boiling regions, respectively. In order to avoid the
defect of predictive discontinuities often encountered when applying previous correlations, a simple, nondimensional, inlet conditions
dependent CHF correlation for saturated flow boiling has been formulated. Its functional form is determined by the application of
the artificial neural network and parametric trend analyses to the collected database. Superiority of this correlation has been verified
by the database. The new correlation has a mean deviation of 16.8% for this collected databank, smallest among all tested correlations.
Compared to many inordinately complex correlations, this new correlation consists only of a single equation.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction in recent years. However, the definition of mini-channel

has not been clearly and strictly established in the literature

In order to meet increased demands for dissipating high
heat fluxes from plasma-facing components in a nuclear
fusion reactor, solid targets of a high power accelerator,
high performance electronic chips and compact heat
exchangers, development of new cooling technologies has
been under way for the last two decades. Mini-channel
cooling technologies have attracted considerable attention
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although many related studies have been done. Based on
engineering practice and application areas employing these
channels, Kandlikar [1] proposed the following limit of
mini-channel by hydraulic diameter: 200 pum < Dy, < 3 mm.
However, for compact heat exchanges, Mehendale et al. [2]
gave a relatively loose definition in terms of hydraulic
diameter: 1 mm < D, < 6 mm. Thus, this study will focus
on the channels with diameters ranging roughly from
200 pm to 6 mm, called small-diameter channels after-
wards. There are many practical merits of the application
of small-diameter channels such as high heat transfer coef-
ficients, small thermal resistances between the device and
coolant, reduced inventory requirements, low capital cost
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Nomenclature

A’ parameters in empirical correlations
Bo boiling number, ¢./(/,G)

C,C’  parameters in empirical correlation
C—Cs parameters in empirical correlation
p specific heat capacity

Dy, hydraulic equivalent diameter of flow channel
fi—f>  parameters in correlation

Fr liquid Froude number, G*/p?gD,,
G mass flux

g gravitational acceleration

hig latent heat of evaporation

Ah;, inlet subcooling

K inlet subcooling parameter

k thermal conductivity

L heated length

p pressure

Per critical pressure

Dr reduced pressure, p/per

Pe Peclet number, GDyc,i/k¢

Pr Prandtl number

qec critical heat flux

Geo critical heat flux for zero inlet subcooling
Re Reynolds number, GDy/ s

T temperature

AT temperature difference

Wep, ~ Weber number, GZDy/(app)

We;,  Weber number, G°L/(apy)

Xeq thermodynamic equilibrium quality

Y parameter in Shah’s correlation, PeFr’*
(pelpg)™°

Greek symbols

{1-{s parameters of correlation

u dynamic viscosity

14 intercept of linear equation

Y density

g surface tension

W parameter in empirical correlation

C empirical parameter

Subscripts

cal calculational value

exp experimental value

f saturated liquid

fg difference between saturated liquid and vapor

g saturated vapor

in channel inlet

0 channel outlet

sat saturated state

sub subcooling

Tong corresponding parameter in Tong’s correlation

Mathematical symbol
fn function

and compact physical size. In order to dissipate higher heat
fluxes with small-diameter channels while maintaining
practical limits on the surface temperature of device and
pressure drop, flow boiling is an optimum option to be
applied as compared to single-phase flow. Forced convec-
tive flow boiling can achieve extremely high heat transfer
coefficients at the cost of small wall temperature rises.
The wall temperature’s magnitude is generally determined
by the saturation properties of the cooling fluid. However,
the limiting factor for most forced convective boiling is the
critical heat flux (CHF). CHF refers to the heat transfer
limit causing a sudden decrease in the heat transfer coeffi-
cient and possible catastrophic failure of a device in which
evaporation or boiling is occurring. For a heat flux-con-
trolled system, exceeding the CHF can lead to a sudden
large increase in the wall temperature, which, for most
coolants, can lead to a catastrophic system failure. The
ability to predict the CHF is therefore of vital importance
to the safety of flow boiling system.

CHF generally occurs at the channel outlet. According
to whether the bulk fluid at channel outlet is subcooled
(represented by xeq.o <0) or not when CHF occurs, flow
boiling CHF can be classified as either subcooled CHF or
saturated CHF. For the subcooled CHF, several theories
have been proposed to explain its mechanism: intense boil-

ing causes the boundary layer separation from the heated
wall and the resulting stagnant liquid depletion [3,4], bub-
ble crowding within the boundary layer inhibits liquid
replenishment near the wall surface [5], and dryout of a
liquid sublayer beneath vapor blankets causes the apprecia-
ble rise of local wall temperature [6]. For the saturated
CHF, the liquid film dryout near the channel outlet is
widely regarded as the trigger mechanism [7]. At low flow
rates in small-diameter tubes this type of CHF may be
prone to occur due to the thinner liquid film thickness.
As the transport process behind the flow boiling CHF is
extremely complex, CHF prediction relies heavily on empir-
ical correlations derived from experimental CHF databases.
Traditional flow boiling CHF correlations may not be suit-
able to predict CHF in small-diameter channels since the
databases from which they were derived may not include
enough databases taken from small-diameter channels
and thus the accurate effect of channel dimension on CHF
may not be reflected. Therefore, the applicability of existing
CHF correlations to small-diameter channels should be
carefully examined in detail. Although many analytical
and experimental studies [14-28] related to flow boiling
CHF in small-diameter channels have been performed for
the past decades, in the current status of this subject,
sufficient, systematic and accurate databases are still
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unavailable to understand CHF in small-diameter channels,
and a reliable CHF correlation applicable to a wide range of
parameters for small-diameter channels has not been devel-
oped yet. For this purpose, the present study is aiming at
providing a literature survey and evaluation of existing
CHF correlations with available experimental databases
for flow boiling CHF in small-diameter channels, and then
developing a CHF correlation based on the databases. The
newly obtained correlation will be verified with the collected
database covering wide ranges of experimental conditions.

2. Previous analytical and experimental works
2.1. Existing CHF correlations

2.1.1. Existing correlations for saturated CHF

In what follows, some well known existing correlations
which could be used to predict the saturated flow boiling
CHF will be reviewed briefly.

There are many correlations in the literature that apply
exclusively to water. Among them, Bowring’s correlation
[8,9] seems to one of the most verified and convenient to
use. The correlation is dimensional and expressed by the
following equation:

A"+ 0.25D,GAR;,
q. = C+L ) (1)
where ¢ is critical heat flux in W/m?, Ah;, is inlet subcool-
ing in J/kg, Dy, and L are tube diameter and length in m,
respectively, G is mass flux in kg/m?s, and 4’ and C’ are
functions. This correlation was derived from data covering
the following parameter ranges: 0.2 <p,<19 MPa,
2<Dp<45mm, 150<L<3700mm, and 136<G<
18,600 kg/m? s.

Katto’s correlation [10,11] is one of the most verified
general predictive correlations. On the presumption that
the hydrodynamic condition is responsible for CHF and
with the aid of the vectorial dimensional analysis, Katto
[10] found the following functional form to correlate flow
boiling CHF data when the inlet subcooling is zero for
the uniformly heated tubes:

9co pg L>
—=2—=fn(—=, WeL,— |, 2
G- h <Pf YDy @)

where Wep = G°L/(pg). A large amount of experimental
CHF data for many test fluids taken from many sources
were analyzed and correlated in four distinct main regimes
called the L-, H-, N-, and HP-regimes. Considering that in
many cases a linear relationship between CHF and inlet
subcooling enthalpy holds, inlet subcooling was taken into
account as follows:

q. = qco(l +KAhin/hfg)v (3)

where K was determined empirically from the data for each
regime. Katto et al. have further tested and improved this
correlation in several subsequent publications. The Kat-
to—Ohno version [11] appears to be the most improved

and recent one, and thus will be selected for evaluation in
this study.

Shah presented initially in graphical form [12] and later
also in equation form [13] a general correlation of CHF for
subcooled and saturated boiling in vertical tubes. Shah’s
final correlation consists in essence of two correlations,
namely, the upstream conditions correlation (UCC) and
the local conditions correlation (LCC). The UCC covers
the situation where CHF at a location depends on the
upstream conditions, e.g., inlet subcooling and distance
from tube inlet. The LCC relates CHF to the local quality,
except for very short tubes. The UCC and LCC were
expressed by the following equations, respectively:

Upstream condition correlation (UCC):

9 L
=fn|—,Y in | 4
G - Iy n<th 1 Xeq, ) (4)
Local condition correlation (LCC):
9 L
=f|—,Y,Xeqo:Pr | 5
G- hy, n(Dh’ 1 Xeg, P) ()

where Y = PeFrO"‘(yf/ ,ug)o'6, Peclet number Pe = GDyc,ilky,
liquid Froude number Fr = G*/p?gD,, and reduced pres-
sure p; = p/pe. This correlation was verified with a wide
variety of data which included 23 fluids (water, halocarbon
refrigerants, chemicals, liquid metals, helium and other cry-
ogens), L/Dy, from 1.3 to 940, Dy, from 0.315 to 37.5 mm,
reduced pressures from 0.0014 to 0.96, mass fluxes from
3.9 to 29,051 kg/m?s, inlet qualities from —4 to —+0.85,
and outlet qualities from —2.6 to +1. All data from 62
independent sources were correlated with a mean deviation
of 16%.

However, the above correlations are quite complex hav-
ing many equations, many constants, or conditional state-
ments for switching over equations, which bring about
severe discontinuities in magnitude at each boundary
between the adjoining two equations. In view of this, the
present study aims to develop a simple, nondimensional
correlation consisting of a single equation with as few con-
stants as possible for saturated CHF.

2.1.2. Existing correlations for subcooled CHF

In what follows, some existing correlations for the sub-
cooled CHF will be briefly reviewed.

Using the concept of boundary layer separation from a
permeable flat plate with gas injection, Tong [4] proposed a
CHF correlation as follows:

G- h
q. = CF@gga (6)
where the Reynolds number is defined as Re = GDy/uy. By
comparing Eq. (6) to the experimental CHF data of water
taken under pressures as high as 6.9-13.8 MPa, Tong
determined the parameter C in Eq. (6) as a function of
the exit thermal equilibrium quality:
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C = 1.70 — 7.43x¢q 0 + 12.22x2 (7)

eq,0°

Tong’s correlation agreed with the data within +25% for
pressures higher than 7.0 MPa.

Inasaka and Nariai [14] modified the parameter C using
CHF data at pressures ranging from 0.1 to 7 MPa as
follows:

C | 52.3 4+ 80xeq0 — 5007, @)
60.5+ (10p,)"*

CTong

where Cropg is the parameter C in Eq. (7), and p, is outlet
pressure in MPa. Eq. (6) combined with this modified
parameter C is referred to as the Inasaka—Nariai correla-
tion afterwards in this study for the convenience of narra-
tion. Inasaka and Nariai verified that this correlation could
predict CHF within +20% in the ranges of following
parameters: 0.1 <p <20 MPa, 2 <D, <20mm, 30<L <
2000 mm, 1300 < G < 20,000 kg/m2 s,  —0.46 <xeqo <
—0.001, and 2 < ¢, < 18 MW/m>. About 430 data points
in all were used to verify this correlation.

Celata et al. [15] also modified Tong’s correlation, Eq.
(6), on the parameter C, together with a slight modification
of the Reynolds number power, in order to give a more
accurate prediction in the range of pressures below
5.0 MPa. The modified correlation is

C
Bo = ]W, (9)
where Bo = ¢q./(G - ), and C is a function of both outlet
pressure, p,, and quality, Xq o-

The modified correlation was verified using a total of
1865 data points covering wide parametric ranges:
0.1 <p,<84MPa, 03<D,<254mm, 0.1<L<0.6l
m, 2<G<90.0 Mg/m®s, and 90 < ATy, <230 K. The
modified correlation presented a root-mean-square error
of 21.2% in the CHF prediction of all 1865 data points.
Celata et al. concluded that the modified correlation is
the best correlation compared to other three existing corre-
lations in their assessment of correlations and models for
the prediction of subcooled CHF. This modified Tong cor-
relation is referred to as the Celata correlation in this study
for the convenience of narration.

Hall and Mudawar [16] provided a comprehensive
review of the current state of the knowledge of subcooled
CHF for water flow boiling in channels, and designed a sta-
tistical correlation with five parameters based on almost all
available subcooled CHF databases in the literature:

5o — C1PED (pi/p0) L1 = Calpe/ py) “xeqin
L +4C\CaWe; (pr/pg) " (L/Dy)

; (10)

where the Weber number Wep, = G*Dy/(pso), C; = 0.0722,
C,=-0.312, C3=-0.644, C,=0.900, and Cs=0.724.
The correlation was developed using a total of 4860 data
points and predicted CHF with a root-mean-square error
of 14.3% in the following parametric ranges: 0.1 <p, <
20 MPa, 0.25 < D, <15.0 mm, 2 < L/Dy, <200, 300 < G <

30,000 kg/m?s, —2.00 < Xeqin < 0.00, and —1.00 < xeq <
0.00.

2.2. Existing experimental work on mini-channels

In what follows, some recent flow boiling CHF
experiments on small-diameter tubes will be reviewed
briefly.

Nariai et al. [17] conducted CHF experiments of water
for subcooled flow boiling at nearly ambient pressure in
vertical narrow tubes with the inner diameters from 1 to
3 mm and lengths from 10 to 100 mm in the range of mass
fluxes from 7000 to 20,000 kg/m*s. The CHF data were
compared with four existing empirical correlations, show-
ing that on the whole the agreement was unsatisfactory.
Then, with the object of experimentally clarifying the effect
of tube diameter on CHF in the quality region and explain-
ing the discontinuities of CHF characteristics between the
subcooled and quality region, Nariai et al. [18] performed
an experiment on the flow boiling CHF in narrow tubes
with 1-3 mm inner diameters using water under ambient
pressure as a testing fluid. Subsequently, Inasaka and Nar-
iai [19] experimented on the CHF of water under pressures
from 0.3 to 1 MPa in a tube of 3 mm diameter and 100 mm
in length.

In order to meet the needs of fusion reactor technology
which calls for a knowledge of heat transfer under very
high heat loading conditions, Celata et al. performed a ser-
ies of experimental and analytical works on subcooled flow
boiling CHF in small-diameter channels. Celata et al. [20]
conducted experiments of flow boiling CHF with water at
pressures from 0.1 to 2.2 MPa, mass fluxes from 2000 to
33,500 kg/m2 s in vertical tubes with 2.5, 4.0 and 5.0 mm
diameters. The heated length is 0.1 m, the subcooling at
the locations of CHF ranging from 15 to 120 K. Their data
were compared with eight existing correlations, revealing
general inadequacies in CHF prediction. Subsequently,
Celata et al. [21] conducted an experimental study of sub-
cooled CHF with water at pressures of 0.6-2.5 MPa,
masses fluxes from 11,000 to 40,000 kg/m2 s and outlet sub-
cooling from 50 to 136 K in a vertical tube of 2.5 mm diam-
eter (L/Dy, = 40). The obtained CHF data were compared
with six existing empirical correlations, including the Tong
correlation modified by themselves [15] and three mecha-
nistic models. The good agreement was obtained by their
modified Tong correlation. Then, Celata et al. [22] dis-
cussed the relationship between the CHF and tube diame-
ter based on the existing experimental data.

Lezzi et al. [23] performed an experiment on CHF for
forced convection boiling of water in a horizontal capillary
tube with the inner diameter of 1 mm and L/Dj, approxi-
mately equal to 250, 500, and 1000 at low mass fluxes from
800 to 2700 kg/m? s and pressures from 1.9 to 7.2 MPa. In
many cases the exit qualities were high and the CHF was
reached through liquid film dryout. They reported that
their CHF data agreed well with predictions by Katto’s
correlation [11].



1062 W. Zhang et al. | International Journal of Heat and Mass Transfer 49 (2006) 1058-1072

Vandervort et al. [24] studied experimentally flow boil-
ing CHF in tubes with diameters of 0.3-2.7 mm, L/D,, from
2.0 to 50.0 in a wide range of mass fluxes from 5000 to
40,000 kg/m? s, exit subcooling from 313 to 408 K, and exit
pressures from 0.2 to 2.2 MPa. A complicated statistical
correlation was developed based on their obtained data
and compiled data.

Roach et al. [25] experimentally investigated saturated
flow boiling CHF in four channels, all 16 cm in length.
Two uniformly heated channels are circular and their
diameters are 1.17 and 1.45 mm, respectively, and the other
two represent flow channels in a micro-rod bundle with a
triangular array, having 1.131 mm hydraulic diameter.
The tested parametric ranges were as follows: mass fluxes
from 250 to 1000 kg/m?s, exit pressures from 0.344 to
1.043 MPa, and inlet temperatures from 322 to 346 K.
They reported that the Bowring correlation [8] could pre-
dict their data with reasonable accuracy.

Since most of CHF data have been obtained at high pres-
sures, it necessitates accumulating data and investigating the
effect of various factors on CHF at a relatively low pressure,
under which some cooling systems may operate. In view of
this, Kureta [26] conducted experiments with water under
the atmospheric pressure in tubes with inner diameters rang-
ing from 1.0 to 6.0 mm, L/Dy, from 1 to 113, inlet water sub-
cooling AT, in from 0 to 90 K, and mass fluxes G from 0 to
19,740 kg/m? s. The highest CHF reached in his experiment
was 158 MW/m?>. His subcooled CHF data were compared
with the modified Tong correlations proposed by Inasaka
and Nariai [14] and Celata et al. [15], respectively. The data
were under-predicted by both of the modified correlations,
especially for channels with very short heated section.

Mudawar and Bowers [27] conducted an experiment on
ultra-high critical heat flux for subcooled water flow boil-
ing in narrow tubes with diameters from 0.406 to
2.54 mm, L/Dy, from 2.4 to 34.1 over a wide range of mass
fluxes from 5000 to 134,000 kg/m2 s, inlet temperatures
from 18 to 70°C, and outlet pressures from 0.25 to
17.2 MPa. The highest CHF value, 276 MW/m?, hereto-
fore for uniform heating in the literature was reached in
their tests. Subsequently, Hall and Mudawar [28] devel-
oped a subcooled CHF correlation for high heat flux flow
boiling, through examining parametric trends exhibited by
a small fraction of the database. The correlation had a
root-mean-square error of 19.5% for all collected dat-
abases, lowest among the correlations they tested.

3. Results and discussion

3.1. Collected CHF Database for flow boiling in
mini-channels

Available datasets for flow boiling CHF of water in
small-diameter tubes are shown in Table 1. There are 13
collected datasets in all. Only taking data for tube diame-
ters less than 6.22 mm, and then eliminating duplicate data
and those not meeting the heat balance calculation, the

Table 1

Collected database for flow boiling CHF of water in small-diameter tubes

qc.exp [Mw/mz]

Xeq,0 [0 "]
0.113-21.4

Xeq.in [O (’]

Po [MPa] G [kg/m®s]

L/Dy [-]

Dy, [mm]

1.02-5.74
1.30-4.78
3.93-6.07

No. of data (sat®)

Reference

Symb.

0.167-41.6
1.59-5.66

—44.8 t0 99.9
—3.02 to 99.1

0.086-96.7

—29.1 to —0.032

—235 to —0.031
—67.5 to —23.4

13.0-1.57 x 10*
27.1-3.42 x 10*
470-5.45%x 10°

0.101-0.690
1.13-6.97

0.103-19.0

11.7-792
25.0-250
164.8-382

449 (445)
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1149 (779)
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Fig. 1. Distribution of parameters in collected database: (a) tube diameter, (b) length-to-diameter ratio, (c) outlet pressure, (d) mass flux, (e) inlet quality,
(f) outlet quality, and (g) critical heat flux.
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collected database is reduced to a total of 3837 data points
(2539 points for saturated CHF, and 1298 points for sub-
cooled CHF), covering a wide range of parameters, such
as outlet pressures from 0.101 to 19.0 MPa, mass fluxes
from 5.33 to 1.34x 10° kg/m2 s, critical heat fluxes from
0.094 to 276 MW/mz, and hydraulic diameters of channels
from 0.330 to 6.22 mm, length-to-diameter ratios from 1.00
to 975, inlet qualities from —2.35 to 0, and outlet thermal
equilibrium qualities from —1.75 to 1.00.

Fig. 1(a)—(g) shows the statistics of the collected database
over the entire range of parameters including diameter,
heated length-to-diameter ratio, pressure, mass flux, inlet
subcooling, outlet subcooling and critical heat flux. Bar
charts are shown for each parameter. The height of a bar
represents the number of data points contained within the
range of the parameter corresponding to the width of the
bar. In some cases, when the height of a bar is very high, a
break of axis is employed to make the other bars visible.
From Fig. 1(a), the data numbers distribute almost evenly
in the entire range of diameter from 0.330 to 6.22. From
Fig. 1(b)—(g), most of the data are located in the range of
low heated length-to-diameter ratios (L/Dy, from 0 to 200),
low outlet pressures (below 1 MPa), mass fluxes from 0 to
10 Mg/m? s, high inlet quality from —0.5 to 0, outlet quality
around zero and critical heat fluxes below 20 MW/m?.

3.2. Evaluation of existing correlations with collected data

3.2.1. Evaluation of correlations for saturated CHF
Among various existing correlations for saturated flow

boiling CHF available in the literature, there are the fol-

lowing three frequently referenced in the literature: the cor-
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relations by Bowring [8], Katto and Ohno [11], and Shah
[13]. Here an extensive comparison is made for these exist-
ing correlations with the collected dataset.

The comparison results with each database are tabu-
lated in Table 2. As utilized by Shah [13], the mean devia-
tion, whose definition is given below the table, is used as a
measure of predictive accuracy. The underlined figures are
the smallest among the mean deviations predicted by the
three existing correlations for saturated CHF. For satu-
rated CHF, Shah’s correlation has a total mean deviation
of 20.6% for all saturated CHF data, smallest among the
three existing correlations, and presents the smallest mean
deviations for six datasets among the total ten. The second
is the Katto correlation having a slightly higher total mean
deviation of 26.4% and the two smallest mean deviations.
Finally, the Bowring correlation gives a total mean devia-
tion of 29.3% and the two smallest mean deviations.
Although all of the three correlations work very well for
some old databases, e.g., those by Thompson and Macbeth
[29], by Becker et al. [30] and by Griffel [32], they behave
unsatisfactorily for some recent databases. Moreover, since
each of these existing correlations consists of many equa-
tions and empirical constants, discontinuities or large devi-
ations of the CHF prediction from the corresponding
experimental data are often encountered when switching
over the adjoining equations. This defect makes these cor-
relations unreliable to be applied in some parameter
regions although they may appear to work well in total
for the whole dataset.

Figs. 2-4 compared graphically the predicted CHF
values by Bowring’s correlation, Katto’s correlation
and Shah’s correlation with the experimental values,

Table 2
Assessment of CHF correlations for flow boiling of water
Reference No. of Databases
data (sat.) Mean deviation® [%)]

Correlations for saturated CHF Correlations for subcooled CHF

Bowring’s Katto’s Shah’s | New Inasaka—Nariai’s  Celata et al.’s ~ Hall-Mudawar’s

[8] [11] [13] correl. [14] [15] [16]
Thompson and Macbeth [29] 1149 (779) 123 15.2 12.6 17.8 18.7 21.8 7.68
Lowdermilk et al. [31] 449 (445) 324 21.9 15.7 11.2 30.3 13.2 32.7
Becker et al. [30] 306 (306) 5.51 7.14 10.0 11.5
Griffel [32] 59) 5.61 5.47 4.43 17.2 4.48 21.3 5.97
Nariai et al. [17,18] 209 (54) 73.8 35.7 21.8 29.0 16.4 314 17.8
Inasaka and Nariai [19] 29 (0) 9.25 17.1 7.48
Inasaka [33] 95(3) 81.2 37.1 14.3 38.3 18.9 28.0 21.7
Celata et al. [21] 78 (0) 23.2 28.7 14.8
Vandervort et al. [24] 210 (19) 82.5 16.9 429 16.7 17.3 24.6 29.6
Lezzi et al. [23] 87 (87) 323 7.84 15.3 9.40
Kureta [26] 930 (736) 52.5 51.9 37.9 20.2 42.7 47.0 35.6
Roach et al. [25] 1(51) 18.6 33.5 164 18.0
Mudawar and Bowers [27] 174 (0) 83.5 38.7 18.8
Total (13 databases) 3837 (2539) 29.3 26.4 20.6 16.8 30.5 30.1 19.2

* Mean deviation defined as (1/N) Y- |(qc.exp

— e cat)/Geexpl X 100%, a bold figure denoting the smallest of mean deviations predicted by four corre-

lations including a new correlation, and an underlined figure being the smallest except for the new correlation.
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Fig. 3. Evaluation of Katto’s correlation with saturated CHF data.

respectively. Symbols for each dataset are depicted in Table
1. For low CHF values, shown in Fig. 2, the Bowring cor-
relation correlated generally well the experimental CHF
values, although there is a slight over-prediction. For high
CHF values, however, the Bowring correlation fails to cor-
relate the experimental CHF values. A large scatter of pre-
dictions can be observed and many of them tend to deviate
systematically from the experimental values. Fig. 3 shows
the behavior of Katto’s correlation. Although the correla-
tion correlates all the data successfully within a relatively
small scatter, it seems that there exist some slight over-pre-
dictions for most of the CHF data. Fig. 4 shows the eval-
uation of Shah’s correlation. For low CHF values, the
predictions by the Shah correlation have a very small scat-
ter and most are centered within the error band of +30%.
For high CHF values, the Shah correlation tends to predict
CHF with some scatter.
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Fig. 4. Evaluation of Shah’s correlation with saturated CHF data.

3.2.2. Evaluation of correlations for subcooled CHF

Here presented is an assessment of three correlations for
subcooled flow boiling CHF: one is a statistical correlation
by Hall and Mudawar [16], the other two are modified
Tong correlations (one by Inasaka and Nariai [14], and
another by Celata et al. [15]). It should be mentioned that
the Inasaka—Nariai and Celata et al. correlations are local
conditions correlations (LCC). These two correlations
require a prior knowledge of local quality (i.e., thermo-
dynamic equilibrium quality) at CHF to predict CHF
values. Since the local quality is a dependent parameter
and unknown, the heat balance equation, which needs
upstream information, e.g., inlet quality, is used in this
study to obtain the local quality. Therefore, our evaluation
method for the Inasaka—Nariai and Celata et al. correla-
tions is a HBM (heat balance condition method). This
method gives better evaluation than the DSM (direct sub-
stitution method) according to Inasaka [33].

The comparison results are also tabulated in Table 2.
The mean deviation is used as an indicator of predictive
accuracy as well. Underlined figures in the table are the
smallest mean deviations. In all, Hall-Mudawar’s correla-
tion presented the best predictive accuracy with a total
mean deviation of 19.2%, smallest among the three correla-
tions. For a total of 10 datasets of subcooled CHF, this
correlation provides the smallest mean deviations of five
datasets, most among the three existing correlations for
subcooled CHF. For six databases by Thompson and Mac-
beth, Griffel, Nariai et al., Inasaka and Nariai, Celata
et al., and Mudawar and Bowers, the Hall-Mudawar cor-
relation predicts the CHF with the mean deviations less
than 20%, three of them even less than 10%. The correla-
tion by Celata et al. has a total mean deviation of 30.1%
for all subcooled CHF data, and the smallest mean devia-
tion for one dataset. The Inasaka—Nariai correlation pre-
dicts the CHF with a total mean deviation of 30.5% for
all data, a little larger than that by the Celata correlation.
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However, four mean deviations are lowest for all 10 data-
sets. Through further examination of the mean deviations,
it can be found the Inasaka—Nariai correlation works satis-
factorily for many datasets except for the two datasets, one
by Kureta and another by Mudawar and Bowers.

Figs. 5-7 illustrate graphically the comparison of the
calculated CHF values by Inasaka—Nariai’s correlation,
Celata et al.’s correlation and Hall-Mudawar’s correlation,
respectively, to experimental CHF values. Symbols for
each dataset are represented in Table 1. As shown in
Fig. 5, the Inasaka—Nariai correlation correlates the exper-
imental CHF with some scatter and tends to over-predict
the data for high CHF values. Fig. 6 shows the prediction
behavior of the Celata correlation. For low CHF values,
the correlation predicted the experimental data with a
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Fig. 5. Assessment of Inasaka—Nariai’s correlation with subcooled CHF
data.
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relatively large scatter. For high CHF values, it tends to
under-predict the CHF, although with a small scatter of
prediction. Fig. 7 shows the performance of Hall-Muda-
war’s correlation. All the data are correlated satisfactorily
with a relatively small scatter. From the figure, no system-
atic deviations of prediction from the experimental data
can be observed.

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

3.3.1. Determination of nondimensional numbers

Six variables (or their alternatives) are often considered
as CHF experimental parameters. They are channel diam-
eter, Dy, heated length, L, mass flux, G, pressure, p, inlet
thermal equilibrium quality, Xcq in, and outlet thermal equi-
librium quality, Xeqo. As they should agree with the heat
balance equation, therefore there are only five independent
variables relating to the CHF in experiments. Generally, a
CHF correlation is classified as either an inlet conditions
correlation based on inlet independent variables such as
inlet enthalpy and heated length, or a local (or outlet) con-
ditions correlation based on a dependent variable such as
outlet quality. Although the outlet conditions correlations
are more useful in nuclear engineering since they can satis-
factorily account for separate effects, such as axial flux dis-
tributions and spacer grids in reactor, this study will focus
on developing an inlet conditions correlation for the reason
that all the collected data in this study are from experi-
ments in which the uniform heat flux is employed, and inlet
conditions correlations are usually more successful to cor-
relate CHF data from uniform heat flux experiments than
outlet condition correlations.

Through combining physical properties with CHF
experimental parameters, CHF correlations can be
expressed in nondimensional forms. However, there exist
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many functional forms to correlate CHF in the literature.
For instance, for the relation between CHF and mass flux,
Tong [4], Katto [10], Shah [12] and Groeneveld et al. [34]
employed different nondimensional numbers. Here selec-
tions of nondimensional numbers are made on the basis
of the application of an advanced information processing
technique, the artificial neural network (ANN). The
ANN has the capability to learn complex relationships
from a set of associated input-outs [35]. It has been verified
that the backpropagation neural network (BPN), one of
simple but powerful ANNs, could provide a powerful alter-
native to current techniques for estimating and analyzing
the CHF [36]. The applicability of ANN to predict CHF
was also verified in this study. The ANN indeed could pre-
dict this collected database with high accuracy, such as a
total mean deviation as small as 8.83%. However, due to
lack of transparency and insight into the physical mecha-
nism of CHF, this study is aiming at applying ANN not
to predict CHF directly but to select nondimensional num-
bers which have significant effects on CHF prediction.
Since any functional relationship can be approximated by
a BPN if its sigmoid layer has enough neurons [35], an
architecture-fixed BPN (layer and neuron numbers fixed)
may be utilized to pick out a set of nondimensional num-
bers which can well correlate CHF. One set of nondimen-
sional numbers have been found based on ANN as follows:

Bo = fn(L/Dy, Wen, py/ prs Xeqiin)- (11)

Since Katto [10], based on the dimensional analysis,
showed that CHF could be correlated by using similar non-
dimensional numbers (Weber number, We;, defined based
on the channel heated length L instead of the diameter Dy,),
and Groeneveld et al. [34] utilized Weber number (Wep),
density ratio (p,/py), and local thermal equilibrium quality
(Xeq,0) to successfully develop a nondimensional CHF look-
up table, therefore it is determined that the nondimensional
numbers in Eq. (11) are used to develop a CHF correlation
in this study.

3.3.2. Determination of functional form

Since the mass flux has a significant effect on the CHF, it
would be better to draw the plot of Bo versus Wep as a first
step to analyze the relationship between the CHF and mass
flux. Fig. 8 shows the tendency of Bo against Wep with
L/Dy, as a parameter under atmospheric pressure. The data
used are taken from Thompson and Macbeth [29], Lowder-
milk et al. [31], Nariai et al. [17,18], and Kureta [26]. From
the figure, it can be observed that for low values of Wep,
Bo keeps almost constant. For high values of Wep, how-
ever, a linear relationship between Bo and Wep appears
to hold. Two asymptotic equations were found based on
CHF mechanisms. At low values of Wep, it may be pre-
sumed that dryout of an annular liquid film flowing along
the tube wall is mainly responsible for the occurrence of
CHF in this regime, and therefore a correlation form sim-
ilar to the equation for a condition of the complete exhaus-
tion of liquid at the tube exit with a uniform heat flux
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Fig. 8. Tendency analysis under atmospheric pressure.

should be valid in this regime [10]. This regime may belong
to the L-regime as proposed by Katto [10]. It is found that
the following equation may predict the CHF in this regime:

Bo = 0.00139(p,/p;) /|1 +0.0032(p,/p;) " "°L/Dy).
(12)

For high values of Wep, since the relationship between Bo
and Wep is almost linear on a log-log scale, therefore the
following preliminary equation may work for this case:

Bo = 0.0075Wey™*. (13)

The predictions by Katto’s equation [10] for the H-regime
are also presented in the figure. To check the validity of
the above two simple equations, data taken under the pres-
sure of 7.00 MPa are plotted in Fig. 9. It shows that Eq.
(12) also works for this case, however, the coefficient and
exponent in Eq. (13) should be slightly modified from
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Fig. 9. Tendency analysis under pressure of 7.00 MPa.
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0.00750 and —0.29 to 0.0116 and —0.329, respectively, for
data of L/Dy, = 150. Therefore, a much more accurate cor-
relation is desirable and ought to be developed subse-
quently in place of Eq. (13).

From Fig. 9, it can be observed that there is a small
dependency of Bo on L/Dy,. At the fixed Wep, Bo decreases
with increase of L/Dy. To check this dependency, data is
plotted in the figure of the ratio of Bo to Wep"** as a func-
tion of L/Dy, as illustrated in Fig. 10. It should be men-
tioned here that only the data of exit qualities less than
0.4 are used in Figs. 10-12 because such data may all fall
into the H-regime and could be based on to develop the
more accurate correlation for the H-regime. Under the
pressure of 7.00 MPa, the relationship between the ratio
of Bo to Wep™® and L/Dj, is nearly linear on a log-log
scale for fixed inlet qualities, as shown in Fig. 10(c). In
other words, the ratio of Bo to Wep** is nearly propor-
tional to L/D,°*. This relationship holds as well for data
taken under other two pressures (3.00 and 14.0 MPa, see
Fig. 10(b) and (d)), and may be assumed to be valid under
atmospheric pressure although there exists some scatter, as
shown in Fig. 10(a). Fig. 10 illustrates that there also exists
an inlet quality dependency. Thus, the above ratio
(Bo/Wer*?) is further divided by L/D; "%, and then data
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are plotted in the figure of the new ratio, i.e.,
Bo/(Wep**L/D;,**), versus the inlet quality, Xeqin. The
results are illustrated in Fig. 11. It could be observed that
a linear relationship holds between the new ratios and the
inlet qualities, and the values of the slope of the linear
equation are almost the same and may be fixed to a con-
stant of —0.0015 for the four cases of pressure. The values
of the intercept, &, of the linear equation vary with pressure
and can be determined under the four different pressures,
as illustrated in Fig. 12. It is a function of pressure as
follows:

&= 0.155(p,/p)"*". (14)

Therefore, a new equation for the H-regime can be con-
cluded as follows:

Bo = ¢ - Wep" ¥ (L/Dy) **°
-[0.155(py/p)"** = 0.0015xeq.], (15)

where ¢ is a constant of 1 according to the above deduc-
tion. However, since only a small part of data in the H-re-
gime was utilized to find the above functional form of
the correlation, its coefficients can be further improved
by use of the regression method based on all the data in
the H-regime. Thus, ¢ may be set to a constant of 1.38.
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Fig. 10. Determination of length-to-diameter dependency under pressures of (a) 0.101 MPa, (b) 3.00 MPa, (¢) 7.00 MPa and (d) 14.0 MPa.



If taking the minimum between Egs. (12) and (15), one

yields

Bo = min(Eq. (12), Eq. (15)).
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(16)

All the CHF data with Dy, <6.22 mm and x.q, > 0 can be
predicted by the above equation with the total mean devi-
ation of 22.1%. Further, it was found that the following
function form may predict the whole tendency of Bo
against Wep in all the regimes, as shown in Fig. 8,

Bo = fi(Wep + f2)"", (17)

where f; and f, may be constants or functions of p,/pr,
L/Dy, and xeqin, and {; may be deemed as a constant close
to the exponent of Wep, —0.329, in Eq. (15). Since Eq. (17)
should reach the two asymptotic equations, Egs. (12) and
(15), for low and high values of Wep, respectively, there-
fore it can be reasonably assumed that the following func-
tions are valid for fi and f5, respectively:

i = G(L/D)* G/ pr)”* = Xeqin), (18)
fo=G(L/Du) (py/ 1) (19)

By applying the regression method, eight parameters, {;—(s,
can be determined and therefore the following new simple
equation for saturated CHF may be concluded:

Bo = 0.0352[Wep, + 0.0119(L/Dy)** (p,/pp)" %1702

- (L/Dy) "1 2:05(py/ p)™ ™ = Xeqinl. (20)
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3.4. Comparison of new correlation with saturated
CHF data

In this section, the new CHF correlation, Eq. (20) will be
evaluated by the collected database for the saturated CHF
tabulated in Table 1. Table 2 shows in detail the compari-
son results of the new correlation with the three existing
correlations by Bowring [8], Katto and Ohno [11]and Shah
[13] for each dataset. Bold figures in the table denote the
smallest of mean deviations predicted by four correlations
including the newly developed one. From the table, the new
correlation works the best for three datasets, by the small-
est mean deviations. For a total of 10 datasets for saturated
CHF, seven of them are predicted within the mean devia-
tion of 20%. In all the new correlation has the total mean
deviation of 16.8% for this collected database taken from
small-diameter channels, smallest among the four correla-
tions. Fig. 13 further compares the new correlation with
the experimental data graphically. CHF values predicted
by the new correlation are plotted against their correspond-
ing experimental values. From the figure, it can be
observed that the values of CHF spanning almost three
orders of magnitude are well predicted within the error
bars of +30%, and no systematic deviation occurs.
Fig. 14 illustrates that the tendencies of Bo against Wep
could be smoothly and well predicted by the new correla-
tion for a variety of length-to-diameter ratios (L/D;, from
5.0 to 200). The data used are taken from Thompson and
Macbeth [29], Lowdermilk et al. [31], Nariai et al. [17,18],
and Kureta [26]. Therefore, the new, simple correlation
overcomes the defects of predictive discontinuities often
encountered when applying existing correlations. Fig. 15
showed the evaluation of the new correlation with the data
by Lowdermilk et al. [31] in the plot of CHF versus mass
flux. For different channel diameters (D), of 1.30, 3.12
and 4.78 mm), the predictions by the new correlation agree
well with the data in the whole range of x.q, from 0 to 1.
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Fig. 13. Evaluation of new correlation with all data for saturated CHF.
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Fig. 16 showed the further evaluation of the new correla-
tion with the data by Kureta [26]. For channel diameters
ranging from 1.00 to 6.00 mm, the predictions by the new
correlation also agree with the tendencies of the data in
the wide range of xq, from 0 to I.

4. Conclusions

In view of practical importance of a CHF correlation for
flow boiling in the aspects of engineering design and predic-
tion, this study reviewed some existing correlations and
experimental studies related to saturated and subcooled
flow boiling CHF of water in small-diameter tubes, and
collected an extensive CHF database under a variety of
experimental conditions, and developed a new simple satu-
rated CHF correlation for small-diameter tubes. The
detailed conclusions could be drawn as follows:

(1) An extensive comparison of the existing correlations
with the collected database demonstrates that for
the saturated CHF region Shah’s correlation corre-
lated the data best, and for the subcooled CHF
region Hall-Mudawar’s correlation is the most reli-
able approach to CHF prediction for this collected
database and may be recommended for prediction
of subcooled CHF in small-diameter tubes.

(2) The dominant nondimensional numbers for CHF
correlation can be determined based on the artificial
neural network. Through the parametric tendency
analysis of the existing data, a new, simple correlation
is developed for saturated CHF in small-diameter
tubes. In sharp contrast to other correlations, this
new, dimensionless CHF correlation consists only
of a single equation, avoiding the defects of predictive
discontinuities often encountered when applying
existing correlations.

(3) The new CHF correlation presents the satisfactory
predictive accuracy for this collected databank cover-
ing wide ranges of parameters. The total mean devia-
tion is 16.8%, smallest among all tested correlations
in this study. It may be recommended for use to pre-
dict CHF of saturated flow boiling in small-diameter
tubes.

At present, the new CHF correlation developed in this
study may not be suitable to predict CHF for the cooling
channels under circumferentially and/or axially nonuni-
form heating conditions. Further study is desirable to
introduce some correction factors to this correlation or
develop a new mechanism-based correlation for such
channels.

For subcooled flow boiling CHF in mini-channels, the
Hall-Mudawar correlation may be deemed as one of the
best prediction tools so far since it was based on almost
all available subcooled CHF databases in the literature
and presents satisfactory predictive accuracies. Our data-
base contains only about 1300 data points, less than one

third of the Hall-Mudawar database (4860 data points),
and only one new dataset (Kureta’s dataset). Further work
to collect datasets from the literature is needed. Therefore,
this study did not develop a new CHF correlation for sub-
cooled flow boiling. In addition, since the Hall-Mudawar
correlation is a statistical correlation, it may be desirable
to develop a mechanism-based CHF correlation for sub-
cooled flow boiling in the future. Mechanism-based CHF
correlations may be applied in many cases, e.g., cooling
channels under circumferentially and/or axially nonuni-
form heating conditions.
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