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Abstract

A phenomenological model of critical heat flux (CHF) applicable to both pool boiling and subcooled forced
convection boiling is developed using the dry-spot model proposed recently and existing correlations for active site
density, bubble departure diameter and heat transfer coefficient in nucleate boiling. For the active nucleation site
density Kocamustafaogullari and Ishii’s model is used including the concept of a suppression factor. The Chen
correlation is used for the estimation of total heat flux in nucleate boiling. Comparisons of the model predictions
with experimental data for pool boiling of water and subcooled upward flow boiling of water in vertical, uniformly-
heated round tubes yield an averaged CHF ratio of 0.93 and a root-mean-square error of 41.3%. The data set
compared for CHF in subcooled forced convection boiling covers wide ranges of operating conditions
(0.1 < P<14.0 MPa, 0.00033 < D <0.0375 m; 0.002 < L <2 m; 660 <G < 90,000 kg/m? s; 70 < Ah; < 1456 kJ/kg).
By the modification of the suppression factor only the predictive capability of the present model is greatly improved

with a r.m.s. error of 20.5%. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

The accurate prediction of CHF in pool and forced
convection boiling is of importance in a wide variety
of process equipment. A great volume of experimental
and analytical studies on the CHF have been con-
ducted by many researchers during the last several dec-
ades. State-of-the-art overview of the phenomena and
prediction models and correlations are available in the
literature [1,2]. Generally, the CHF under forced con-
vective conditions is classified into two groups: depar-
ture from nucleate boiling (DNB) at subcooled or low-
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quality regions and liquid film dryout (LFD) at high
quality. The physical mechanism of the LFD is rela-
tively well understood. However, the detailed aspects
of the DNB mechanism have not been clearly under-
stood [3-6].

Extensive research efforts have been devoted to the
modeling of the DNB. However, due to the difficulty
in performing detailed visualization of the phenomena
occurring at the interface between fluid and heating
surface, most of the published models have been based
on postulated mechanisms. Generally, the major theor-
etical approaches to DNB can be classified into five
groups according to the basic mechanism postulated as
the main cause of the CHF occurrence: liquid layer
superheat limit model [7], boundary layer separation
model [8], liquid flow blockage model [9], vapor
removal limit and near-wall bubble crowding model
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Nomenclature

A cell area [m?]

CHFR predicted to measured CHF ratio

Cp specific heat [J/kg K]

D tube diameter [m]

d bubble diameter [m]

dqy time-averaged bubble diameter [m]

Amax bubble diameter at departure [m]

F parameter

G mass flux [kg/m? s]

g gravitational acceleration [kg/m s7]

h heat transfer coefficient [W/m? K]

he convective heat transfer coefficient [W/m?
K]

hg latent heat of vaporization [J/kg]

hng nucleate boiling heat transfer coefficient
[W/m? K]

Ah; inlet subcooling enthalpy [kJ/kg]

k thermal conductivity [W/m K]

L tube length [m]

N average density of active sites [sites/m?]

n number of active nucleation sites

ne critical active site number

P probability function defined by Eq. (3) or
pressure [N/m?]

Pr Prandtl number

q heat flux [W/m?]

v heat transferred by single bubble site [W/
site]

qnb heat flux fitting the nucleate boiling data
[W/m?]

Retp two-phase Reynolds number

R, ideal gas constant [J/kg K]

S suppression factor defined by Eq. (11)

T temperature [K]

AT wall superheat [K]
AT, effective wall superheat [K]

t time [s]
X quality
Xy Martinelli parameter
z axial coordinate [m]

Greek symbols

u viscosity [N s/m?]

o density [kg/m?]

o surface tension [N/m]
¢ contact angle [deg]
Subscripts

f liquid phase

g gas phase

sat saturation condition
sub subcooled condition
w wall

Superscript
! dimensionless quantities

[10,11], and liquid sublayer dryout model [12-14]. A
detailed discussion of the above models has been given
in Refs. [3—5]. Currently, among the models mentioned
above, only the bubble crowding model and the liquid
sublayer dryout model are receiving significant atten-
tion. According to Chang and Baek [6], Weisman and
Pei model [10] shows good prediction for the high
pressure region relevant to pressurized water reactor
conditions, while the Katto model [13] or Celata et al.
model [14] for low-pressure, high-flow conditions rel-
evant to fusion applications.

In spite of good agreement of the models and exper-
imental data within the applicable ranges of each
model, there are some reasons which make one to
doubt the validity of the physical features of the
models. Bricard and Souyri [5] have critically reviewed
existing DNB models by taking into account the exper-
imental observations published in the literature. And
they concluded that the mechanisms postulated by
Weisman and Pei [10], Lee and Mudawar [12] and
Katto [13] are not precisely related to experimental ob-

servations and that the basic mechanism of DNB is
tightly linked to the phenomena of bubble nucleation
based on the following facts: no change of flow struc-
ture at DNB encountered in bubbly and slug flow, the
coalescence of bubbles and an appearance of intermit-
tent local vapor film in bubbly flow, and the nucleation
of bubbles and their coalescence in the sublayer in slug
flow.

The other problem involved in many existing DNB
models is that most of the models make use of empiri-
cal constants or tuning factors deduced from a best-fit
procedure through available CHF data sets. The
empirical constants or tuning factors tend to cloud the
mechanism of CHF. Therefore, to develop a model
without any tuning factors is very important to clarify
the fundamental understanding of the process. Celata
et al. [14] tried to eliminate all the empiricisms through
rationalization of liquid sublayer dryout model pro-
posed by Lee and Mudawar [12] and Katto [15]. The
liquid sublayer dryout model is based on the macro-
layer dryout model [16] postulating the onset of CHF
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due to the dryout of a thin liquid layer (macrolayer)
underneath a vapor blanket. However, the macrolayer
dryout model has some problems on the physical
features of the model as pointed out by Ha and No
(17]

In addition, most of the DNB models assume
specific CHF mechanisms for specific ranges of par-
ameters in subcooled forced convection boiling.
However, the form of the CHF variations as a func-
tion of local quality does not change when the local
quality changes as noted by Bricard and Souyri [5]. It
may support that the CHF mechanism would be the
same in subcooled forced convection boiling. Del Valle
and Kenning [18] observed that the change of flow
regime from bubbly to slug flow before CHF does not
affect the shape of the boiling curve.

The boiling phenomena in subcooled forced convec-
tion boiling are quite similar to those in pool boiling
in the view of the following facts: (1) the distribution
of active site density and an increase in active site den-
sity as wall superheat increases; (2) the coalescences of
bubbles and formation of dry area in nucleate boiling;
(3) no change of bulk flow pattern at CHF; and (4)
the CHF is affected by the influences of fluid side as
well as by the influences of heater side.

Summarizing the facts discussed above, the CHF
may be related to certain phenomena at very near-wall
region and may be linked to the phenomena of nu-
cleation of bubbles and their coalescences. Also, the
similarity in boiling phenomena between pool boiling
and subcooled flow boiling may support that the basic
CHF mechanism of subcooled flow boiling is also simi-
lar to CHF in pool boiling.

From these view points, a phenomenological dry-
spot model has been developed for CHF. prediction in
pool boiling and subcooled forced convection boiling
by the authors [17,19]. The model has been based on
the mechanism that CHF is caused by the accumu-
lation and coalescences of dry spots formed through
dryout of the microlayer under a bubble. One of im-
portant features of this model is that CHF is con-
sidered as an process not independent of nucleate
boiling but its extension. In other words, if infor-
mation on boiling parameters such as active site den-
sity and bubble departure diameter, etc. in nucleate
boiling is known, CHF can be determined from the
extension of this information as a function of wall
superheat.

The aim of the present paper is to develop a CHF
model in pool boiling and subcooled forced convection
boiling using the dry-spot model and existing corre-
lations for boiling parameters in nucleate boiling. Due
to our limited understanding on active site density and
bubble diameter for given boiling conditions [20], in
the present study, emphasis will be placed on the fun-
damental understanding of the CHF mechanism and

finding a CHF model applicable over wider operation
conditions without tuning factors rather than the pre-
diction accuracy of the present model. By assuming
that the applicable ranges of each correlation for boil-
ing parameters can be extended to the range of the
CHF data selected in the present study, the CHF pre-
dictions from the model will be compared with data in
saturated water pool boiling and subcooled upward
flow boiling of water in vertical, uniformly-heated
round tubes. Also the parametric trends of CHF in
subcooled forced convection boiling will also be inves-
tigated.

2. The dry-spot model

The dry-spot model is based on the boiling phenom-
ena in nucleate boiling such as Poisson distribution of
active nucleation sites and formation of dry spots on
the heating surface. It is hypothesized that when the
number of bubbles surrounding one bubble exceeds a
critical number, the surrounding bubbles restrict the
feed of liquid to the microlayer under the bubble.
Then an insulating dry spot of vapor will form on the
heated surface. The CHF is caused by the accumu-
lation and coalescences of the dry spots. The basic
mechanism of the CHF is the same in both pool boil-
ing and subcooled forced convection boiling.

The overall heat flux is expressed by the following
equation:

q=qN(1 — P(n=n)), (1)
where
ne—1
P(nzn)=1- Y P(n), )
n=0
Py = VA" )
n:

gy is heat transferred by a single bubble site, N is
active site density, and 7. is a critical site number to
form the dry spot under a bubble and determined by 5
in Ref. [17]. A4 is cell area. The diameter of the cell is
taken as twice that of the bubble, i.e. A:ndgv. Time-
averaged bubble diameter d,, is representative of the
diameter of bubbles for coexisting bubbles of all ages.
The physical meaning of notations used in above
equations are described in detail in Ref. [17]. In water
pool boiling and subcooled forced convection boiling,
the calculation of the quantities, N, d,, and gy, in the
above equations will be presented in the following sec-
tion.
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3. Existing correlations for boiling parameters in
nucleate boiling

3.1. Pool boiling

The active nucleation site density N is obtained from
the pool Dboiling correlation  developed by
Kocamustafaogullari and Ishii [21]. The correlation is
expressed as

N'=f(p R, )

where the dimensionless nucleation site density, N’, the
dimensionless cavity size, R., and the pressure depen-
dent function, f(p’), are defined as

N'=Nd?

max?

Ré = 2Rc/dmax; (5)

S0y = 2157 x 1077 p"32(1 +0.0049p )", (©)

where p’=(pr—p,)/pe, and the cavity radius, R., and
the bubble departure diameter, dy,.x, are expressed as

donax = 0.0012(p")*? dl, (7)

20
Re = 5 (14 py/pi)explhn(Ty
- Tsat)/Rg Tg Tsat)/Rg Tg Tl = 1)71 ’ ®

In Eq. (7), dr is the bubble departure diameter of Fritz
given as dp=0.0208¢(c/gAp)" % For the pool boiling
Ty—Ts=ATq, is used [21]. The correlation for bubble
departure diameter, Eq. (7), is applicable for water
over a pressure range of 0.1-14.1 MPa [22]. The con-
tact angle ¢ in Fritz’s equation represents the charac-
teristic of the combination of liquid and surface.
Active nucleation site density N is predicted using Eqs.
(4)—(8). Time-averaged bubble diameter d,, is calcu-
lated from Eq. (7) assuming that the bubble diameter
varies with times as ¢ /2 [23], i.e. dyy=2/3dmax-

To obtain the heat transfer ¢y, in Eq. (1), the follow-
ing heat transfer correlation proposed by
Kocamustafaogullari and Ishii [21] is used:

/—0.125

h = 140N V(prcorAT ) pehee] PP N 9)
Assuming that if there is no generation of dry spots on
the heating surface, heat flux will increase along the
extension of nucleate boiling and that each bubble site
has uniform heat duty, ¢, can be evaluated from the
following equation:

_ hAT gy

3.2. Subcooled forced convection boiling

In the case of subcooled forced convection boiling,
there are very few experimental data providing quanti-
tative information on active nucleation site density.
Based on the concepts of the mechanistic similarity in
bubble nucleation between pool boiling and convective
nucleate boiling, Kocamustafaogullari and Ishii [21]
postulated that the active nucleation site density corre-
lation developed for pool boiling, Eq. (4), could be
used in forced convective boiling by using effective
superheat AT, rather than actual wall superheat AT,
because the temperature gradient through a liquid film
in which bubbles grow is affected by the hydrodynamic
flow field. To evaluate the vapor temperature T, in Eq.
(8), they introduced the concept of a suppression fac-
tor S proposed by Chen [24]:

S= (ATe/ATsat)O'QQ’ (11)

where AT.=T,—Tg. S can be calculated from fitting
Chen’s representation for S

S=1/(1+ 1.5 x 107 Rerp), (12)

where Rerp is two-phase flow Reynolds number
defined by

Rerp = [G(1 — X)D/u]F ', (13)
where

F=1.0 for X,>10,

F=2350.213+1/X)"7 for X, < 10. (14)

For simplicity the power 0.99 in Eq. (11) is replaced
by 1.0 and the effective superheat is calculated by

AT, = SAT . (15)

Chen’s heat transfer correlation has been proved to be
reliable in subcooled and saturated nucleate boiling [1].
For the subcooled boiling, the total heat flux in nucle-
ate boiling, ¢,, can be represented by the following
equation:

quo = hng(Ty — Tsar) + he(Ty — T1(2)), (16)

where

ATIFAPLPS, (17)

k0'79C0'45 0.49
g :0.00122( Lo Pt 0247 p07

5,029 p70.24 024
GO P H )P0

he = 0.023(G(1 — X )D/ ) (uep /)y (ke /DYF ). (18)

S and F are given by Eqgs. (12) and (14), respectively,
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and X, is the Martinelli parameter [1]. According to
Collier and Thome [1], for subcooled boiling, the
nucleate boiling coefficient sng is evaluated from Eq.
(17) with the value of S obtained from the single-phase
liquid Reynolds number and the convective heat trans-
fer coefficient /. is obtained from Eq. (18) with F set
equal to unity. Since the suppression factor and in
turn the effective superheat at given wall superheat
decreases with increasing mass flux or decreasing qual-
ity, the active site density decreases with increasing
mass flux or decreasing quality. Based on the CHF
mechanism proposed in the present model, when the
active site density decreases at given wall superheat, a
further increase in wall superheat is needed to reach a
critical heat flux conditions. Therefore, it is expected
that CHF will increase with increasing mass flux or
decreasing quality. The heat transfer ¢, for convective
boiling can be obtained by substituting Eq. (14) into
Eq. (10) with hAT,, replaced by ¢,p.

3.3. CHF prediction procedure

The basic CHF calculation procedures using Egs.
(1)—(3) are the same for pool boiling and subcooled
forced convection boiling. In the case of pool boiling,
since the correlations for active site density and heat
transfer coefficient are given as a function of wall
superheat explicitly, the boiling curve showing the
dependence of the heat flux on wall superheat is
plotted by substituting Eqs. (4)—(10) into Egs. (1)—(3).
The maximum value of heat flux is taken as the pre-
dicted CHF. The calculation procedure for subcooled
forced convection boiling depends on the form of
given CHF data set. Generally, the CHF data is given
in two different forms: the inlet conditions form and
the local conditions form. For the case of inlet con-
ditions form, the CHF data are given for fixed system
pressure (P), mass flux (G), tube length (L), tube di-
ameter (D) and inlet subcooling (A#4;). For the case of
local conditions form, the CHF data are given for
fixed P, G, D and local quality (X) assuming that the
tube length has a small effect on the CHF.

For the data given by inlet conditions form, to pre-
dict the CHF at a known P, G, L, D, and Ah;, the
steps are as follows:

1.1. Calculate necessary physical properties and d,,
at saturation pressure.

1.2. Set a value of heat flux ¢,, in Eq. (16) as a
known value. In the beginning, ¢,, should be larger
than the heat flux at which the heater surface tempera-
ture lies above the saturation temperature.

1.3. As the critical condition of subcooled forced
convection boiling of uniformly-heated round tubes
generally occurs at a point near the tube exit, calculate
liquid bulk temperature at the exit of the tube by the
following heat balance equation:

1 4qnbL ]
Te(L) = Tsa + — — Ah; |. 19
(L) At+cpf[ b= — A (19)

1.4. Calculate wall temperature using the Chen cor-
relation, Eq. (16).

1.5. Calculate ¢, and N for the calculated wall tem-
perature, and in turn P(n > n.) by Eq. (2) using N and
dyy.

1.6. If N decreases with an increase in wall superheat
or the wall temperature is larger than the critical tem-
perature, CHF cannot be predicted by the present
model. Even though the present analysis is limited to
subcooled boiling (X < 0), the quality corresponding
to ¢np, may be larger than zero in case of overestima-
tion of CHF from the present model. In this case,
active site density can decrease as wall superheat
increases when the influence of quality is more domi-
nant than that of wall superheat on effective wall
superheat in Eq. (15).

1.7. Calculate heat flux ¢ using Eq. (1).

1.8. If the CHF condition is not reached, increase
heat flux ¢y, and iterate steps 1.3.—1.7.

For the data given by local conditions form,
although the overall procedure is similar to the above
one, an iteration procedure to meet given local quality
is needed. The calculation procedure is as follows:

2.1. Put a value of L as a known value and assume
Ah;.

2.2. Calculate heat flux by the present model and
quality at the exit (X,) and check whether the con-
dition of CHF is reached or not through steps 1.1.—
1.8.

2.3. When X,=X, the calculated heat flux is the
critical heat flux.

2.4. If X, # X, adjust Ah; and iterate steps 2.1.-2.3.
until X, =X.

4. Results and discussion

The applicable ranges of the correlations used in the
present study are summarized in Table 1. During the
selection of experimental CHF data for comparison
with predictions from the present model, only the
pressure range of the CHF data is limited within a
valid range of the correlation for bubble departure di-
ameter. As for the ranges of other independent vari-
ables of the CHF data, it is assumed that the
applicable ranges of each correlation can be extended
to the range of data selected.

4.1. Comparison with CHF data in pool boiling
The predictions from the present model are com-

pared with the water data from Kazakova [25]. The
data at CHF were obtained by Kazakova with a
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Table 1
Range of conditions for correlations used in the present study

Correlation Flow mode P (MPa) G (kg/m®s) AT (K) q (MW/m?) Heater geometry
Bubble departure diameter [22] pool 0.1-14.1 saturation

flow subcooled (12 K)
Active nucleation site density [21] pool 0.1-19.8 saturation

flow 0.5-5.0  457-1720 13-85 0.4-5.0 plate

Chen correlation [24] flow

0.06-3.4  54-4070

saturation (X = 0-0.7) 0-2.4 tube annulus

10 mm diameter disk heater with contaminated sur-
face. As for the contact angle, Hsu and Graham [26]
reported that contact angles between most industrial
metals and water lie within 40-60°. Fig. 1 shows the
comparison of the predictions with the experimental
data for various contact angles. The model predictions
for contact angle 45° show the best agreement with the
data. Although the contact angle was not given by
Kazakova, it is expected that contaminated surface has
a smaller contact angle compared to clean surface
based on the fact that the contamination of the surface
improves wettability of the surface [20]. The model
predictions well represent the trends of CHF depen-
dency on system pressure except for high pressure
above 10 MPa. At high pressure, the model generally
tends to overestimate the data. This overestimation
seems to result from the inaccuracy of the bubble
departure diameter correlation caused by the lack of
available experimental data at high pressure [22].

4.2. Comparison with CHF data in subcooled forced
convection boiling

The present model is compared with the CHF data
from KAIST CHF database [27]. The KAIST database

10
L ¢ =40 deg.

CHF (MW/n)

Pressure, P(MPa)

Fig. 1. Comparison of predictions with data for pool boiling.

consists of the CHF data for water flow in vertical
round tubes, annuli, rectangular channels and rod bun-
dles. For the vertical round tubes, over 14,000 data are
compiled from world wide sources. Among them, 2438
subcooled boiling CHF data for upward flow of water
in uniformly-heated round tubes are selected for the
present study. The selected data set cover the following
operating ranges: 0.1 <P <14.0 MPa, 0.00033 <D
<0.0375 m; 0.002<>L<2 m; 660<G<90000
kg/m? s; 70< Ah; < 1456 kJ/kg. Fig. 2 shows a com-
parison between experimental and calculated CHFs
at inlet conditions with contact angle 50°. 1492 data
points out of 2438 (61.2%) are calculated. 946 points
are not calculated because active site density decreases
or wall temperature approaches critical temperature
as noted previously. About 80% of calculated data
points are predicted within +50%, with a r.m.s. of
41.3%. As the contact angle increases, average pre-
dicted to measured CHF ratios (CHFR) decrease and
calculated data points increase. For example, the calcu-
lation shows calculated data points of 1237 and 1731,
and r.m.s. errors of 41.6 and 38.9%, for contact angles
40 and 60°, respectively. This is due to the fact that
the present model largely depends on NA. The bubble

1000 ¢
F cal data points : 1492 +50%
r average CHFR : 0.93 -
L r.ms. (%) :41.3
E o T -50%
= 100 ¢ o .
2 b .°
E | a9 ‘1’6;30
2 10 E S
2 F °
& o o
- o]
F o0
L ° o®
00 <
1 Lidaiatal I R L
I 10 100 1000
Measured CHF (MW/m’)

Fig. 2. Experimental vs calculated CHF with contact angle
50°.
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Table 2

The capability of the present model compared with existing correlations

Reference Calculated points CHFR r.m.s. error (%) Cumulative data distribution within error intervals
+10% +20% +30% +40% +50%

Present model 1492 0.93 41.3 20.5 38.5 55.8 69.0 79.8

Bowring [28] 1184 0.81 32.1 459 59.0 65.3 68.8 77.4

Katto and Ohno [29] 2174 1.24 39.0 25.1 48.5 65.6 75.9 81.6

Katto [15] 698 1.03 17.4 55.4 76.2 93.0 96.8 97.7

diameter increases as the contact angle increases in Eq.
(7). And larger bubble diameter results in an increase
in NA. As a result, premature CHF takes place. When
¢ approaches to zero, the CHF predicted by the
present model approaches to infinite value contrary to
experimental observations because the bubble depar-
ture diameter predicted by Eq. (7) approaches to zero.
This is due to the limited applicable range of ¢ in the
bubble departure diameter of Fritz. Prediction accu-
racy for contact angle 50° is compared with well-
known CHF correlations and a CHF model in Table
2: Bowring [28] and Katto and Ohno [29] correlations
and Katto model [15]. The comparison is limited to
the data within the applicable range of each correlation
or model. Fig. 3 show the ratio of the calculated to
measured CHF for pressure, mass flux, tube diameter

4
i [e]
[
3¢ o
© [ 8 5
% 2 c'o g
@] ig ___________
1 o
0 TR RETT| Lo T
0.1 1 10 100
P (MPa)
4

CHFR
1o

0 i lIIlIII RN Lo 1Lty
0.0001 0.001 0.01 0.1

D (m)

and length, in order to check possible systematic effects
of the model on CHF prediction. No systematic effect
of the pressure on CHF prediction is observed, while
the slight underprediction of the CHF can be observed
for mass flux lower than 3000 kg/m” s, for a tube di-
ameter lower than 0.002 m, and for a length to diam-
eter ratio lower than 10.

4.3. Parametric trends in subcooled forced convection
boiling

The parametric trends of subcooled CHF vary
according to the thermal-hydraulic conditions and
geometric parameters. The parametric trends of CHF
for local conditions hypothesis can be summarized as
follows [1,30,31]: (1) CHF increases with pressure,

HF
o
5
oo o

o o)

0 Loasuy o ® Pran
100 1000 10000 100000
G(kg/mzs)
4
3

CHFR
1o

O Lol I B NEET

1 10 100 1000
LD

Fig. 3. Ratio of the calculated to experimental vs pressure, mass flux, tube diameter and length.
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10
Groeneveld et al [32]
8 5 l
e
oy T
© r G = 2500 kg/m’s Present model
, [ D=0008m
C X=-0.2
0 R R S T S S SR S R RS S
0 5 10 15

Pressure, P (MPa)

Fig. 4. Pressure effect on CHF.

passes through a maximum, and then drops off; (2)
CHF increases as mass flux increases; (3) CHF
decreases as the exit quality increases; and (4) CHF
increases as tube diameter decreases.

Figs. 4-7 show the parametric effects on CHF pre-
dicted by the present model. The figures also show a
comparison with data of 1995 CHF look-up table [32].
Fig. 4 shows that the present model provides the simi-
lar trend of CHF vs pressure over a pressure range of
interest in the present study. Figs. 5 and 6 show CHF
plotted against mass flux and exit quality, respectively.
The CHF increases with mass flux and decreases with
exit quality. On the contrary to the general obser-
vations on the tube diameter effect, the CHF increases,
although the degrees of the dependency on tube diam-
eter are different from system pressures, as the tube di-
ameter increase as shown in Fig. 7. There are two

16 ¢
14 F P=10MPa
12 E D=0.008 m Groenevek et al. [32]
- £ X=-0.2
10 F
z b
§, 8 F
E o6
© E
4 F
E Present model
2 F
O:llllllllIlllllllllllllll

0 1000 2000 3000 4000 5000
Mass Fhx, G (kg/m’s)

Fig. 5. Mass flux effect on CHF

12

10
Groeneveld et al. [32]

CHF (MW/n)
[=)%

P=10 MPa T
4 G = 2500 kg/m’s
’ D=0.008 m Present model
0 AL . 1 1 1 1 1 1 1 1 1 1 " N
-0.6 -0.4 -0.2 0
Exit Quality, X

Fig. 6. Exit quality effect on CHF.

reasons for an increase in CHF as diameter increases
in the present study. Firstly, the suppression factor
used in this study is dependent on Reynolds number
only. The suppression factor decreases because
Reynolds number increases as the tube diameter
increases. Thus, the active site density in Eq. (4)
decreases and the CHF increases. However, the
assumption made in the suppression factor proposed
by Chen [24], which was developed under saturation
boiling condition, may not hold any longer for sub-
cooled boiling. As observed by Treshchev [33], the sup-
pression of active nucleation site under subcooled
boiling conditions is more sensitive to the degree of
liquid subcooling than the flow velocity. Secondly, the
effects of tube diameter on bubble diameter are not
considered in Eq. (7). As noted by Bergles [34] and
Nariai and Inasaka [35], it is expected that as tube di-
ameter decreases, the diameter of bubble becomes

12
- G = 1500 kg/m’s, X = -0.2
10 ¢ ——P=10MPa
e s —+—P=0.5MPa
~ 8 r
£ :
3 r T
= 6F
E [ Groeneveld
5 4; etal [32]
2t \
- Present model
0'||.||.|.|1|1|‘|||||
0 0.005 0.01 0.015 0.02

Diameter, D (m)

Fig. 7. Diameter effect on CHF.
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Fig. 8. Experimental vs calculated CHF with a modified sup-
pression factor.

smaller due to the intense condensation effect by sub-
cooled liquid in the core region. Unfortunately, well-
established quantitative information is limited. Further
works for the effects of tube diameter on bubble diam-
eter and the suppression of nucleation in subcooled
boiling are required.

4.4. Modification of suppression factor

As mentioned in the previous section, the suppression
of active site density may depend on the degree of
liquid subcooling as well as the flow velocity in sub-
cooled forced convection boiling. At the present time
none of quantitative information on this is known. To
investigate the possibility of the improvement of the
predictive capability of the present model by the modi-
fication of suppression factor, it is postulated that the
suppression factor can be expressed as a function of
thermodynamic equilibrium quality X as follows:

S=04+X/12 for X > —0.3, (20)
and
S=0.15 for X< -0.3 (21)

As we know, the thermodynamic equilibrium quality
depends on thermal hydraulic conditions and geo-
metric parameters. Fig. 8 shows the comparison
between the data and the predictions using the modi-
fied suppression factor. This figure shows very good
agreement with experimental data. 2421 points out of
2438 (99.3%) are calculated. 36.0, 71.7, and 82.3% of
predictions lie within +10, +£20%, and +25%, respect-
ively. And a global r.m.s. error is 20.5%. The CHF
prediction by a modification of suppression factor pro-

duces better results than that by the suppression factor
proposed by Chen [24]. Therefore, the predictive capa-
bility of the present model can be improved with
further investigation on the suppression factor in sub-
cooled flow boiling.

5. Summary and conclusion

1. A study has been performed to predict CHF in pool
boiling and subcooled forced convection boiling
using the dry-spot model presented by the authors
and existing correlations for heat transfer coefficient,
active site density and bubble departure diameter in
nucleate boiling.

2. Comparisons of the model predictions with exper-
imental data for pool boiling of water and sub-
cooled upward forced convection boiling of water in
vertical, uniformly-heated round tubes have been
performed and the parametric trends of CHF have
been investigated. Without any tuning factor, 1492
data points out of the CHF data set (2438 data
points) covering wide ranges of operating conditions
0.1<P<140 MPa, 0.00033<D<0.0375 m;
0002<L<2 m 660<G<90000 kg/m? s
70 < Ah; < 1456 kJ/kg) are calculated with a r.m.s.
error of 41.3% and about 80% of the calculated
data points are predicted within +50%. It is also
shown that by a modification of suppression factor
in subcooled boiling, the predictive capability of the
present model is improved, i.e. 2421 data points
(99.3%) are calculated with a r.m.s. error of 20.5%
and 82.3% of the calculated data points are pre-
dicted within +25%.

3. The results of the present study strongly support the
validity of physical feature of the present model on
the CHF mechanism in pool boiling and subcooled
forced convection boiling.

4. To improve the prediction capability of the present
model, further works on active site density, bubble
departure diameter and suppression factor in sub-
cooled boiling are needed.
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