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Abstract-This paper presents an analysis of the critical heat flux (CWF) of subcooled tlow boiling based 
on the liquid sublayer dryout mechanism, assuming that it is a similar phenomenon to CHF in pool boiling 
except for apparent differences between forced and natural convection. Employing the same formula of 
sublayer thickness as that derived for CHF in pool boiling, a physcial model of CHF is derived with an 
empirical coefhcient relating to the velocity of a vapor blanket sliding on a thin liquid sublayer. Pm&ted 
CHF values are compared with experimental data for water, R-12, R-l 1, nitrogen, helium, and R-l 13, 

respectively, suggesting propriety of the present model. 

1. INTRODUCTION 

FOR THE critical heat flux (CHF) of subcooled or low 
quality flow boiling, various models have so far been 
considered in its analytical or data correlation studies. 
Roughly speaking, however, they may be classified 
into five groups which can be arranged in the follow- 
ing chronological order. 

(1) Liquid layer superheat limit model (1965). Tong 
et al. [l] assume that CHF occurs when the liquid 
layer adjacent to the wall has a critical superheat 
caused by the difficulty of enthalpy transport across 
the overlying bubbly layer. 

(2) Boundary layer separation model (1958-1975). 
The studies of Kutateladxe and Leont’ev 121, Tong [3, 
41, Purcupile and Gouse [Sl, and Hancox and Nicoll 
[6] are associated with this model, where flow stag- 
nation due to injection of vapor from the wall is 
assumed to originate CHF. Though it has a different 
appearance, the model of Thorgerson et al. [I also 
may be regarded as a peculiar modiication of this 
group, because of paying attention to the role of the 
friction factor. 

(3) Liquid flow blockage model (1980-1981). This 
model postulates that CHF occurs when the liquid 
flow normal to the wall is blocked by the flow of vapor. 
There are two versions: Be&son [S] considers a 
critical velocity raised by the instability of the vapor- 
liquid interface, while Smogalev [9] considers the 
effect of the kinetic energy of vapor flow overcoming 
the counter motion of liquid. 

(4) Vapor removal limit and bubble crowding 
model (1981-1985). Hebel et ai. [IO] BsJume that 
limitation for the rate of the vapor removal by axial 
transport of vapor bubbles leads to the shortage of 
liquid, that is, CHF. Wcisman and co-workers [11, 
121 consider a critical value of void fraction in the 
bubble layer adjacent to the wall, which is brought 

about through the balance between the outward flow 
of vapor bubbles and the inward flow of liquid at the 
bubble-layer/bulk-flow interface. Their CHF model 
made with two empirical constants gives good pre- 
dictions for various kinds of fluids under slightly sub- 
cooled and low quality conditions. The model of 
Yagov and Puxin [13] may be regarded as a special 
species belonging to this group. 

(5) Liquid sublayer dryout model (1988). The 
recent study by Lee and Mudawar [14] presents a 
model postulating the onset of CHF due to the dryout 
of a thin liquid sublayer underneath a vapor blanket 
flowing over the wall. Their model made with a con- 
stant and a coe&ient, both determined empirically. 
can predict CHF of water fairly well over a consider- 
ably wide range of subcooling. 

Meanwhile, existing experimental studies have 
revealed the following phenomena associated with 
CHF in subcooled or low quality flow boiling. 

(1) Existence of vapor slugs or thin vapor layers 
near the wall. Through photo~aphy or other means, 
Tong et uf. [IS], Fiori and Be&es [la], Molen and 
Galjee [17), and Hino and Ueda [ 181 observed the 
liquid-vapor flow configuration near CHF for water 
at 0.1-0.2 MPa and R-113 at 0.1-0.36 MPa. Their 
results, associated with comparatively low pressure 
systems, show the appearance of vapor slugs near the 
wall. Meanwhile, Mattson et al. [19] performed an 
experiment for R-l 13 at higher pressures of 0.69-2.4 
MPa, which suggests that vapor bubbles are small 
in high pressure systems, but thin vapor layers are 
observed on the wall at CHF. 

(2) Fluctuant phenomena observed prior to CHF. 
Fiori and Bergles [16] have reported the observation 
of the wall temperature fluctuation prior to CHF in a 
uniformly heated channel. 

(3) No change of bulk flow pattern at CHF. Matt- 
son et al. [19] describe an experimental fact that there 
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% specific heat of liquid at constant u, homogeneous flow velocity at distance 6 
pressure from wall 

; 

i.d. of tube X true quality 
friction factor for homogeneous flow X, local thermodynamic equilibrium 

c mass velocity quality, (L - L)l& 
hrc forced convection heat transfer xe.N x, at the incipience of net vapor 

coefficient generation. 

Hr* latent heat of evaporation 

IL local liquid enthalpy (function of T’,) 

rsat enthalpy of saturated liquid Greek symboIs 
k vapor velocity coefficient, equation (8) void fraction 
LB length of vapor blanket : sublayer thickness 

PrL Prandtl number of liquid, pLcpL/dr. AL thermal conductivity of liquid 

4 heat flux p viscosity for homogeneous flow 

9s critical heat flux PL viscosity of liquid 

4e fraction of q for boiling Il” viscosity of vapor 

qFC fraction of q for forced convection P density for homogeneous flow 
Re Reynolds number for homogeneous flow, pL density of liquid 

Wp density of vapor 
TL local liquid temperature (function of iL) i surface tension 
T sat saturation temperature r vapor blanket passage time 
TW wall temperature 7, wall shear stress of homogeneous 

& vapor blanket velocity flow. 

is no abrupt visible change in the bulk flow pattern at In the present paper, an analysis of subcooled flow 
CHF. boiling CHF will be attempted relying on physical 

(4) Effect of wall thickness. The effect of wall thick- principles similar to the foregoing three basic prin- 
ness on CHF has long been known, but Del Valle ciples for pool boiling CHF. 
M. 1201 confirms it rather systematically for CHF in 
subcooled flow boiling on a s~ciently thin wall. 

2. PHYSICAL MODEL FOR THE ONSET 
Now, it is widely admitted that CHF of subcooled OF CHF 

or low quality flow boiling has strong similarities to 
pool boiling CHF, both in mechanism and in behavior A flow configuration illustrated schematically in 

(see Whalley [21]); and in fact, a popular name of Fig. 2 is assumed in the present study to explain the 

DNB (departure from nucleate boiling) has long been onset of CIIF in subcooled flow boiling. Through 

used for this type of CHF. If attention is paid to this accumulation and condensation of the vapor fur- 

matter, it seems worth attempting such analyses of nished from the wall, a thin vapor layer or slug (which 

CHF for both pool and subcooled flow boiling as is termed ‘vapor blanket’ below) is formed overlying 

based on common physical principles. 
a very thin liquid sublayer adjacent to the wall, and 

On this point, it may be of interest to note that 
CHF is assumed to occur when the liquid sublayer of 

Haramura and Katto [22] have already presented a 
physical model of saturated pool boiling CWF based 
on the sublayer dryout mechanism. Basic principles 
associated with the foregoing model of Fig. 1 are as 
follows : (1) mean length LB of vapor slugs blanketing 
a heated surface is governed by the hydrodynamic 
ins~bility of the vapor-liquid interface, (2) residence 
time T of a vapor slug on the sublayer is dominated 
by the motion of the slug, and (3) initial thickness 6 
of a liquid sublayer, determined as a critical length of 
tiny vapor jets anchored to active sites on the heated 
wall, is given by the following generalized equation : 

6P” = z(O.o284’1(~~‘( 1 + pv). (I) ‘VAf’OR JET ’ LIQUID SUBLAYER - 
5 FXG. I. Saturated pool boiling near CHF conditions. 
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VAPOR LAYER 

FIG. 2. Subcooled tlow boiling near CHF conditions. 

initial thickness 6 (see the top part of the vapor 
blanket shown in Fig. 2) is extinguished by evapor- 
ation during the passage time of the vapor blanket 
T = L&J,, where La and U, are the length and vel- 
ocity of the vapor blanket, respectively. 

2.1. Initial thickness of liquid sublayer 6 
The liquid sublayer underneath the vapor blanket 

is generally very thin, so it may be assumed to be in a 
situation similar to that of Fig. I : in other words, 
equation (1) can be used to evaluate 6 in principle. 
However, in the incipient stage of the development of 
a new vapor blanket near the wall, during which a 
liquid sublayer is gradually separated from the bulk 
region, boiling is caused by a fraction qe of the total 
heat flux q in the case of subcooled flow boiling. 
Hence, q in equation (1) is replaced by qs as 

g _ n(O.O584)Z py ‘.’ 
2 (--) (l+~)~~~~ (2) 

with 

qS = q-qFC (3) 

where qFc is the part of the heat flux transferred by 
forced convection of subcooled liquid. In this paper, 
qFc will be evaluated relying on the study of Shah [23], 
who investigated a general correlation for subcooled 
Bow boiling heat transfer of water, refrigerants and 
organic fluids over a wide range of subcooling 
T rt - T,, = 0- 153 K. According to Shah, qrc is 
written as 

4FC = h&‘-w - TL) (4) 

where hfc is the single-phase forced-convection heat 
transfer coefficient given by the well-known Dittus- 
Boelter equation 

hwd Cd ‘.’ 
-y-=0.023 ‘;;;: Prt4 (51 

L 0 

and T,- TL, the temperature difference between the 
wall and liquid, can be predicted by the following 
equation : 

where 

Y o = 230(q/G&J”~‘. 

2.2. Length of vapor blanket LB 
As has already been mentioned, the liquid sublayer 

adjacent to the wall is generally thin so that it can be 
approximately assumed to rest on the wall, while the 
vapor blanket flows at a mean velocity Ua (Fig. 2). If 
it is then postulated that the mean length Ls of vapor 
blankets is equal to the critical wavelength of 
Helmholtx instability of the liquid-vapor interface, LB 
is readily given as 

LB = 
2dP” +PL) 

P”PL.u: * 
(7) 

It may be of interest to note that subs~nti~ly the 
same procedure as above has already beem employed 
by Lee and Mudawar [I43 to evaluate the vapor 
blanket length in their CHF model based on the sub- 
layer dryout mechanism. 

2.3. Velocity of vapor blanket 
In the case of subcooled flow boiling, the vapor 

blanket formed near the wall is comparatively thin 
because of being subject to condensation by the sub- 
cooled core flow. Accordingly, it can be assumed that 
the moving velocity U, of the blanket has some close 
relations to the local velocity of homogeneous two- 
phase flow U, at a distance b from the wall, and hence 

U, = kU, (8) 

where k is a coefficient, the value of which is pre- 
sumably less than unity because of the situation that 
the vapor blanket is mainlined through continuous 
supply of vapor from the stationary wall or the stag- 
nant liquid sublayer. The magnitude of k will be 
analyzed later in Section 3. The velocity U, on the 
right-hand side quation (8) is evaluated as follows. 

2.3.1. Magnitude of true quality x. First, according 
to Saha and Zuber [24], the true quality x of the 
subcooled two-phase flow in a heated tube can be 
evaluated by the following equation : 

Xc - Xe.N exp 
XC _- 

X= 
( ) 

1 
xx,N 

l-XcNexp t-1 
( > 

(9) 

In this equation, X, is the thermodynamic equilibrium 
quality defined by 
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where iL is the enthalpy of subcooled liquid at the 
location where CHF takes place, and i,, the enthalpy 
of the saturated liquid. Meanwhile, x*.~ in equation 
(9), the thermodynamic equilibrium quality at the 
location to initiate the net vapor generation down- 
stream of the incipient nucleate boiling point, is evalu- 
ated by 

-r,.!.J = -0.00224 
d 

AH,, WCpLPd 

for PeL = Gc,,dj& < 70000 

for PeL = GcpLd/& > 70 000. (11) 

For the calculation of equation (I l), physical prop- 
erties of the saturated liquid are used for simplicity in 
this paper. In addition, equation (9) gives x = 0 when 

-% = &.N * * and it can be assumed further that 

.x = 0, if _& < Xc.,+ (12) 

2.3.2. ~~g~itu~ of p and p for homogeneo~ flow. 
For the homogeneous two-phase flow of true quality 
x, the fluid density p is generally given by 

while the viscosity y will be evaluated in the present 
paper by the following equation recently presented by 
Beattie and Whalley [25] : 

p = pya+pL(l-a)(l+Z.Sa) (14) 

where a is the void fraction to be evaluated by 

X 

cr. = x+(1 --x)(P,/P,)’ (15) 

2.3.3. ~ug~it~~ of velocity U,. For the homo- 
geneous turbulent flow in a tube with fluid density p 
and viscosity JJ, the velocity U, at a distance 6 from 
the wall surface can be evaluated by the Karman 
velocity distribution as 

if O<Y,+<:S, IJ: =vb’ 

if S<yz <30, V$= 5.0-l-50in(y,+j5) (16) 

if 3OCys+, uz = 5.5+2.5lnyb+ } 

where 

Yd’ = ~JWPMdP) 

u: = uat JwP). I 
(17) 

The magnitude of the wall shear stress r, in equation 
(17) is given by 

where the friction factor f can be evaluated through 
the well-known Prandtl-Karman formula 

l/Jf=2.0log,,(ReJf)-0.8 (19 

where Re is the Reynolds number defined by 

Re (G/p@ Gd 
=m=-F- mo 

It may be of use to note that the Reynolds number 
of equation (20) has been checked for all of the exist- 
ing experimental data of subcooled flow boiling listed 
in Table 1, revealing an interesting fact that they are 
entirely in the turbulent flow regime without excep- 
tion. 

2.4. Critical heat j7ux 
LB and V, given by equations (7) and (8), respec- 

tively, determine the passage time of a vapor blanket 
r as 

T = LfJUfp (21) 

Then the minimum heat flux q’ necessary to extinguish 
a sublayer of initial thickness S by evaporation during 
the period 7, is 

4 ’ = h.Ht-& (22) 

and q’ is equal to the heat flux q, which has been 
included in equations (3), (6), and (1 1), when q is the 
critical heat flux. Thus, for given conditions of tube 
diameter d, pressure p, mass velocity G, local value 
of subcooling T,,- TL, and equilibrium quality X, 
contending to the subcooling, the critical heat flux 
q can be predicted by an iterative procedure through 
the foregoing equations (2)-(22). 

3. VELOCITV COEFFICIENT k 

3.1. Correlation of velocity coeficient k 
In the foregoing CHF model, the velocity coefficient 

k in equation (8) is not fixed, its ma~itude is pre- 
sumed to be less than unity and to vary to some extent 
depending on the two-phase flow conditions. In the 
present study, therefore, an analysis of k will he 
attempted based on a total of 374 data points of 
suhcooled flow boiling of water included in the tabular 
CHF data of the USSR Academy of Sciences [26] (see 
Table 1). 

Three hundred and seventy-four data points of k 
value thus derived through equations (Z)-(U) so as 
to fit each of the foregoing tabular CHF data, are 
divided into fOUF groups by void fraction a, and then 
analyzed carefully leading to the results of Figs. 3 
(a = 0.7-l.O), 4 (a = 0.25-0.7), 5 (a = O-0.25). and 6 
(a i= 0), where k- ReO.* is plotted against the vapor/ 
liquid density ratio pv/pL. A rather systematic change 
in character will be noticed between these four figures. 
The mean values of k are 0.16,O. 13,0.094, and 0.055 
for Figs. 3, 4, 5, and 6, respectively, being certainly 
less than unity as presumed in Section 2.3. 
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Table 1. Experimental conditions and prediction accuracy for CHF data analyxed 

No. Data 
of of d 

Fluid data K < 0.7 (mm) (&a) (kgm’z s-r) p(R) a(R) Ref. 

Water 374 306 8 2.9-19.6 500-5000 O-75 O-O.835 1.003 0.190 [26] 
Water 29Ot 263 1.14-Il.07 2.1-13.8 350-15 560 1.8-97.6 0.01-0.493 1.068 0.163 [271 
R-12 53$ 53 5 1.9-3.4 770-5400 0.2-10.4 00040.264 1.159 0.247 [28,29] 
R-11 37 37 12.5 M-2.5 1390-8800 18.3-61.3 0.155-0.619 1.182 0.247 [30] 
Nitrogen 51 51 12.8 OS-l.7 550-2260 3.0-26.2 0.041-0.477 1.337 0.215 [31] 
Helium 11 11 I 0.199 35-90 O-O.159 0.021-0.191 1.614 0.294 [32] 
Helium 4 4 1.09 0.194-0.199 78-104 O-O.198 0.034-0.216 1.641 0.337 [33] 
R-113 35 35 10.2 0.9-2.2 1280-5600 0.47-30.8 0.005-0.544 1.632 0.411 [34] 

t Clearly nine abnormal data points have been omitted from the original data. 
$ Data points of&/p > 0.03 have been omitted from the original data. 

The present model based on the assumption of 
homogeneous flow is of course inapplicable to CHF 
in annular flow, and annular flow is usually assumed 
to be bounded near a = 0.8. In this paper, therefore, 
excepting the data of Fig. 3 for a = 0.7-1.0, cor- 
relations of k are derived from the rest data of Figs. 
4-6 as follows : 

for a = 0.2.5-0.7 

6.4 x 10’ 

k = l+87.3(p,/~L)‘.28 
&-0.8 

(23) 

for a =0-0.25 

k= 
1.5 x lo4 

1+87.2(p,/p,)‘.” 
&.-0.8 

(24) 

for a = 0 

k= 
6x 10’ 

1 +254(p,/pL)z~*3 Re- 
0.8 

(25) 

where a and Re are given by equations (15) and (20), 
respectively. Of course, it is recommended that the 
above three equations (23)-(25) be employed within 

PJPL PJPL 

FIG. 3. Velocity coefficient (void fraction: 0.7 d K < 1.0). FIG. 5. Velocity coefficient (void fraction : 0 < ix c 0.25). 
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FIG. 4. Velocity coefficient (void fraction : 0.25 d x < 0.7). 
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doI. 

FIG. 6. Velocity cwfficient (void fraction : a = 0). 

the region of vapor/liquid density ratio py/pL greater 
than 0.01 (see Figs. 4-6). 

3.2. Predictive procedure of CHF 
In the preceding section, correlations of k were 

obtained separately for three individual regimes of 
void fraction a. Hence, if these correlations are 
employed to predict CHF, an inconsistent situation 
can appear near the boundary of two adjacent regimes 
of a: for example, if k of equation (23) for a > 0.25 
is employed, it predicts CHF at a < 0.25, whife if k of 
equation (24) for a < 0.25 is employed, it predicts 
CHF at CL > 0.25. 

However, this problem can be solved by intro- 
ducing an averaging procedure. Namely, as for the 
states predicted by equations (2)-(22), let three sets 
of void fraction a and critical heat flux q= obtained 
with k of equations (23), (24), and (29, respectively, 

be written as (a,, qr), (a,, q2), and (a,, qJ. Then, 
denoting the final value of CHF to be determined 
from the above three values of q by (Ic, the following 
calculation procedure can be composed. 

(a) Start the calculation by employing k of equation 
(23) for 0.25 c a < 0.7, which gives a, and q,. 

(a-l) If 0.7 < a$, the present model is inapplicable. 
(a-2) If 0.25 6 al -C 0.7, put qC = q, and stop the 

calculation. 
(a-3) If 3, c 0.25, proceed to the next step (b). 
(b) Make the calculation with k of equation (24) 

for 0 < a < 0.25, which gives a2 and qt. 
(b-l) If0.25 Q a2, put qC = (q, +qz)/2 and stop the 

calculation. 
(b-2) If 0 < a2 < 0.25, put qE = q2 and stop the cal- 

culation. 
(b-3) If a2 = 0, proceed to the next step (c). 
(c) Make the calculation with k of equation-(25) 

for GL = 0, which gives a3 and q3. 

(c-l) If 0 < r3, put qC = (qt+q3)/2 and stop the 
calculation. 

(c-2) If 51) = 0, put qC = q3 and stop the calculation. 

It may be useful to add here that the same procedure 
is also applicable to evaluate the magnitude of the 
quantities such as 6, LB, and U,,. 

3.3. Accuracy of prediction 
The accuracy of the foregoing predictive procedure 

is checked for all of the USSR subcooled flow boiling 
data [26], giving the result of Table 2, where R is 
defined as 

R = (predicted cl,)/(measured qJ (26) 

and p(R) and a(R) are the mean value and the stan- 
dard deviation of R, respectively ; INTER-l and 
INTER-2 are the intermediate regions where qC is 
determined by the foregoing averaging procedure of 
(b- 1) and (c-l), respectively. 

It is noticed from Table 1 that the present predictive 
procedure has good accuracy over the whole range of 
subcooled conditions in the USSR tabular CHF data. 
Since the Lee-Mudawar model 114) is based on the 
sublayer dryout mechanism, its .prediction accuracy 
for the same data groups as above is also shown in 
Table 2, for reference. 

3.4. Magnitudes of 6, LB, r/,, and r 
As for the magnitude of 6 (sublayer thickness), LB 

(blanket length), V, (blanket velocity), and 7 (blanket 
passage time) appearing in the present model. the 
distribution range and mean value of the data ob- 
tained in the course of the calculation for Table 2 are 
listed in Table 3, omitting INTER-l and INTER-2 
regimes for simplicity. Though there are no existing 
experimental data to be compared with the predicted 
values of these quantities, it will be noticed that the 
mag~tudes of 6 and LB, for example, seem to be of 
rather reasonable order judging from a physical sense. 

For reference, Table 4 shows the results of the Lee- 
Mudawar model for the same conditions. As com- 
pared with the case of Table 3, the magnitudes of 6, 
LB, and T in Table 4 are excessively small. 

4. GENERALITY OF CORRECTION OF 

VELOCITY COEFFICIENT k 

The USSR tabular CHF data [26], from which the 
correlation equations (23)-(25) of k have been derived 
in Section 3, are restricted to the conditions of tube 
diameter d = 8 mm and water only. However, the 
foregoing correlation equations are expressed in 
generalized forms, respectively, so it is of interest to 
examine their generality by compa~ng the predicted 
CHF with the measured value for diameters other 
than 8 mm as well as for non-aqueous fluids. 
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Table 2. Prediction accuracy for water data of ref. [26] 

No. of Present work Lee-M&war 
data B(R) e(R) 1c(R1 e(R) 

0.7 C a 68 - - - - 
0.25 d a < 0.7 94 I .055 0.199 1.025 0.140 
INTER-l 63 1.071 0.124 1.090 0.178 
0 < a < 0.25 0 978 0.199 1.222 0.435 
INTER-2 

4: 
0’999 
0:945 

0.092 0.969 0.139 
a= 0 61 0.110 1.474 0.569 

Total 374 

Table 3. Magnitudes of 6, Ls, Ua, and T predicted by the present model under conditions of water data [26] 

No. of 
data 

fi (rml 
range mean 

LB (mm) 
range mean 

Us (ms-‘1 r (msl 
range mean range mean 

0.25 C a c 0.7 94 23.0-661 192 3.88-20.2 10.3 0.0625-1.60 0.447 3.24-261 44.6 
0 < a < 0.25 65 50.9&2 214 3.53-l 1.0 6.59 0.0813-0.942 0.260 5.62-l 19 36.5 
a-0 61 49.5-953 341 2.35-13.3 5.78 0.0756-0.999 ,0.242 3.86147 47.3 

Table 4. Magnitudes of 6, LB, U,. and r predicted by the Lee-Mudawar model [14] under the same conditions as Table 3 

No. of 
data 

6 (rml LB tmm) U, (ms-‘) r (ms) 
range mean range mean range mean range mean 

0.25 d a e 0.7 94 0.294-40.8 10.9 0.141-4.31 1.61 0.328-3.52 1.19 0.307-9.28 2.36 
0 < a < 0.25 65 0.008-18.7 3.59 0.003-1.30 0.409 O.W.60 1.41 0.0007-3.32 0.557 
a=0 61 0.010-6.02 0.926 0.003-1.06 0.127 0.467-4.60 2.08 0.0907-0.927 0.109 

4.1. Effect of diameter on CHF variation of CHF with diameter for the condition 

Experimental data of CHF obtained for different of p = 13.79 MPa, G = 2065 kg m- * s- ‘, and 
diameters fixing all other conditions are scarce : three x, = -0.146 ; and its average trend is indicated by a 
data points plotted in Fig. 7 are those found with thick line. It can be noticed in Fig. 7 that the predicted 
some difficulty from the CHF data of water compiled CHF agrees fairly well, not only with the three data 
by Thompson and Macbeth 1271, being restricted points mentioned above, but also with the empirical 
within a very narrow range of pressure p = 13.79 rule of qc cc (I/d) ‘I* recommended in connection 
MPa, mass velocity G = 2034 - 2101 kg m-* s-‘, with the USSR tabular data for d = 0.8 mm [26]. In 
and equilibrium quality x, = -0.142 u -0.149. addition, Fig. 7 shows an interesting fact that the void 
Meanwhile, thin lines in Fig. 7 represent the predicted fraction a (or the true quality x) at CHF conditions 

UATER 
p = 13.79 MPa 
6 = 2065 kg nr~4-c 

3 T,,t - TL = 25 K 
'ts 2- x4 = -0.146 
t 

2 - 0 EXPERIMENTAL DATA 

4 6 10 20 4DsD 100 
DIAMTER d (nm) 

FIG. 7. Variation of critical heat flux with tube diameter. 
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102 103 105 103 10’ 107 108 

MEASURED CHF q, (W ms2) 

FIG. 8. Comparison of predicted and measured critical heat 
Rux. 

varies noticeabIy with the change of tube diameter 
even though equilibrium quality X, is fixed. 

For a further check of the applicability of the pre- 
sent predictive procedure to diameters other than 8 
mm, the predicted CHF values are also compared with 
290 data points of subcooled flow boiling included in 

the foregoing Thompson-Macbeth compilation [27]. 
The results of p(R) and a(R) in this case are shown 
on the second column of Table 1 along with the extent 
of diameter, indicating good accuracy similar to that 
for the USSR tabular data [26] shown on the first 
column of the same table. 

4.2. CHF of non-aqueous fluids 
Next, the predicted values of CHF will be compared 

with the experimental data of subcooled flow boiling 
obtained for R-12 by Katto and co-workers [28, 291, 
R-l 1 by Purcupile et al. [30], liquid nitrogen by Papell 
et al. [31], liquid helium by Katto and Yokoya [32], 
liquid helium by Ogata and Sato [33], and R-l 13 by 
Cotiield et al. [34], respectively. Among the above, 
the data of R-12 are those based on the inlet pressure 
of the uniformly heated tube, accordingly such data 
with pressure drop Ap through the heated tube as 
high as Apjp > 0.03 have been excluded in the present 
paper to assure correct values of physical properties 
at the tube exit end where CHF occurred. 

fluids if one only is prepared for a certain measure of 

In Figs. 8-10, comparisons of the predicted values 
of CHF with the data of non-aqueous fluids are pre- 
sented, together with comparisons with the data of 
water of the USSR Academy of Sciences (Fig. 8) and 
those of Thompson-Macbeth (Fig. 9); and p(R) and 
a(R) for each case are presented in Table 1. It may be 
concluded from these results that the present model 
is useful to predict CHF for water over a wide range 
of subcooling as shown in Table 1, and at the same 
time, is applicable to predict CHF for non-aqueous 
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FIG. 9. Comparison of predicted and measured critical heat 
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FIG. 10. Comparison of predicted and measured critical heat 
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reduction of accuracy to some fluids. Anyhow, this 
result for non-aqueous fluids may be regarded as 
astounding if it is recalled that the present model has 
been developed with a very simple framework. 

5. CONCLUSIONS 

A physical approach has been attempted to CHF 
of subcooled flow boiling in tubes based on the liquid 

._ __, _ ~~~~ 

sublayer dryout mechanism. The subtayer thickness 
is evaluated by the same equation as that derived in a 
previous analysis of CHF in pool boiling [22]; and 
the length and velocity of a vapor blanket sliding on 
the sublayer are then estimated on the assumptions of 
Helmholtz instability and homogeneous flow, respec- 
tivelv. A coefficient. that is introduced to connect the 
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blanket velocity with the homogeneous flow velocity, 

is correlated empirically as a function of Reynolds 

number and vapor/liquid density ratio relying on the 

USSR tabular CHF data [26]. A problem, which arises 

from the discrete correlations of the foregoing co- 
efficient in three finite regimes of void fraction, is 
solved by employing an averaging procedure near the 
boundary of two adjacent regimes of void fraction. 
The CHF model thus developed can predict CHF 
of water with good accuracy over a wide range of 
subcooling, and besides, an interesting fact has been 
found that the void fraction at CHF conditions varies 
with the change of tube diameter under a fixed con- 

dition of equilibrium quality. Finally, if one only per- 
mits a measure of reduction of accuracy to some 
fluids, this model is capable of being used for approxi- 
mate predictions of CHF of non-aqueous fluids. 
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UNE APPROCHE PHYSIQUE DU FLUX THERMIQUE CRITIQUE DE L’EBULLITION 
AVEC ECOULEMENT SOUS-REFROIDI DANS LES TUBES CIRCULAIRES 

R-On presente une analyse du flux thermique critique (CHF) d’ibulhtion avec &couiement sous- 
refroidi, B partir du micanisme d’assechement de la sous-couche liquide, en supposant que c’est le m5me 
phenom&re que le CHF en reservoir P l’exception de diff&rences entre convection for&e et convection 
naturelle. En employant la meme formule d’epaisseur de sous-couche que celle d&t%& pour Se CHF 
d’ebullition en reservoir, un modble physique de CHF est obtenu avec un coelBcient empirique relit a la 
vitesse d’une couche de vapeur glissant sur la mince couche liquide. Des valeurs de CHF prtklites sont 
cornpar& a des dontrees exp&imentales pour eau, R- 12, R-l 1, azote, helium, et R-l 13, ce qui suggere la 

convenance du present modtle. 

EINE PHYSIKALISCHE BETRACHTUNG DER KRlTISCHEN WARMESTROMDICHTE 
BEIM UNTERKUHLTEN STRbMUNGSSIEDEN IN KREISRUNDEN ROHREN 

Zusammenfaesung--Diese Arheit stellt eine analytische Betrachtung der kritischen Warmestromdichte 
beim unterklihlten Striimungssieden vor. Ais Grundlage dient der Mechanismus des Austrocknens der 
fliissigen Unte~hicht. Es wird angenommen, daB das Phiinomen Sihnhch dem der l&is&en W&me- 
stromdichte beim ~h~ltersiede~ ist-abgesehen von offensjchtlichen Unterschieden zwischen erxwun- 
getter und natiirlicher Konvektion. Durch Verwendung derselben Gleichung fir die Grenxschichtdicke, 
die filr die kritische Wgrmestromdichte beim Behiltersieden abgeleitet wurde, ergibt sich ein physikalisches 
Mode11 mit einem empirischen KortBxienten ftir die Geschwindigkeit der iiher die diinne Fliissigkeits- 
unterschicht gleitenden Dampfstreifen. Berechnete Werte der kritischen WIrmestromdichte werden mit 
entspmchenden experimentellen Daten fiir Wasser, R-12, R-l I, Stickstoff, Helium und R-1 13 verglichen, 

wohei sich die Giiltigkeit des vorgestellten Modells zeigt. 

QMSM~ECKMfi llOLD(OA K OfIPEJ&JIEHIIK) KPMTIVIECKOF0 TEIUTOBOI-0 IIOTOKA 
IIPM KHDEHHM HEBOI-PET-Oft XCM~KOCTM, ~BHXY~EftCSi B KPYFJIOEt TPY6E 

Armoramm-Ha ocrroae brexaHH3Ma ocymesinn XHL~K~~O ~OACAOI~ aHanii3wpyercn ~p~~mtecxifg Teruro- 
BOB notof (KTH) nprs K#rneHmi nBa%tyyiueiica iieaOrpetOB IKHAKOCTH. ~~~OAa~a~X, wo Aamoe 

SBAeHHe CXOAHO C Kfm3ZtCDM KHI!CHHR B 6OJlbHIOM 06%CW C YSTOM &WlX’iH~ biP%Ay BbliQ’?KACWfiOii H 

CCTeCrfWiHO~ KOHBCKUH& kkXOAK H3 @3pMyJlbI TOJIlJlHHbl IIOACAOR, Kbi=AeHHO@ Mf KTTI npH 
xuneunrr II 6onbmou o6%eMe, nonyreua t$anmrecxaa MoaeJtb KTI’I c %.inirpmfecx~~ tcoo@#mtrenrobr, 
OTH~CSUHMC* I c~opocr~ cttonb~ettan napoaotl otloxorrn no ~0~~0bfy noncAom XrHAKOcTn. Paccuir- 
TaHHble 3fiaYeHHR KTn ~BHH~!OTCll C 3KCllePHMCtiTWlbHMMH AaHHbiMH AJlR BOAbl, R-12, R-l 1,83OTa, 

reAH1 H R- 113. 


