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Abstract---CHF (critical heat flux) fluid-to-fluid scaling has become an established experimental method 
of investigating the CHF behaviour of prototype fluids (usually high pressure water) by employing low 
cost testin.g with modelling fluids. In most cases the modelling fluids are refrigerants at low pressures 
and saturation temperatures just above room temperature. Because of the low heat of vaporization for 
refrigerants, the power requirements are only 68% of that in water. This paper examines the various 
limitatiom of CHF fluid-to-fluid scaling. These limitations include larger flashing rates at higher flow rates, 
and greater conversions from enthalpy into kinetic and gravitational energy in refrigerants, resulting in 
larger qua.lity gradient and dissimilarity in quality distribution in equivalent systems between water and 
refrigerants. The friction heat at high flows can make a more significant contribution to the overall heat 
generation in refrigerants. Finally critical flow (‘choking’) tends to occur in refrigerants at lower flow than 

in an equivalent water system. 

INTRODUCTION a study is needed because the use of the scaling tech- 

The critical heat flux (CHF) is an upper limit of heat 
nique beyond its demonstrated range of validity may 

flux for the nucleate boiling region. Most heat-flux 
result in large errors in CHF predictions. Groeneveld 

controlled systems are limited by CHF occurrence 
[3] has referred to the potential limitations in scaling 

because of the :potentially-large temperature excur- 
due to flashing and frictional heat but has not quant- 

sions accompanying the CHF phenomenon. Measure- 
ified these concerns. This paper provides a systematic 

ments of CHF for water during flow boiling at high 
study of various factors limiting fluid-to-fluid scaling 

pressures (such ;as for example a nuclear fuel-bundle 
accuracy and quantifies these factors for the working 

simulator) are complex, and require large amounts of 
and modelling fluids so that the application range of 

power. To reduce the expense and complexity of CHF 
the scaling technique can be defined. 

testing with high-pressure steam-water, modelling 
fluids can be used. CFC-12 (trade name Freon-12) GENERAL THEORY 
has been used successfully in many heat transfer lab: 
oratories as a CHF modelling fluid with resulting cost 

Generally, to simulate CHF from one fluid to 

savings of around 80% [l]. However, because of the 
another fluid, three basic similarities are required. 

large ozone-depletion potential (ODP) of CFC- 12, 
They are : (1) geometric similarity, (2) hydrodynamic 

replacement fluids such as HCFC-22 (having an ODP 
similarity and (3) thermodynamic similarity. The geo- 

of 5% of that of CFC- 12) are becoming more popular 
metric similarity usually can be achieved by using the 

[l, 21. 
same L/D ratio for both fluids. For the hydrodynamic 

Although it is now well-known that refrigerants 
similarity, the same density ratio of liquid to vapour, 

can model the water CHF quite accurately for many 
or p’/p”, is needed for both fluids as well as the same 

conditions (refs. [l, 2]), no study had yet been made 
dimensionless mass flux, or I-, in both fluids, where I- 

of the limitations of the CHF scaling technique. Such 
is derived based -n a dimensional analysis and can be 
expressed in different forms, depending on the inves- 
tigators (e.g. Stevens and Kirb; [4], Ahmad [5] and 

TAuthor to whom correspondence should be addressed. Groeneveld et al. [6] .) 
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NOMENCLATURE 

Boiling number. defined in equation 

(4) 
inner diameter [m] 
friction factor 
gravitational acceleration [m se21 
mass flux [kg m-* s-‘1 
enthalpy [J kg-‘] 
kinetic energy [J kg-‘] 
heated length [m] 
loss of work [N m kgg’] 
pressure [N mm’] 
potential energy [J kg-‘] 
heat input [J kg-‘] 
entropy [J kgg’ K-‘1 
temperature ]‘C] 
internal energy [J kg-‘] 
specific volume [m’ kg-]] 
work [N m kg-‘] 
thermodynamic quality 
axial location [ml. 

Greek symbols 

; 

void fraction 
dimensionless parameter for turbulent 
mixing 

l- dimensionless mass flux 
A change from inlet to outlet of the 

heated length 
AH hf-h (e.g. AH, = hf-h,) [J kg-‘] 
e transit-time ratio, defined in equation 

(38) 
/I heat of vaporization [J kg-‘] 

p viscosity [kg m-’ s-‘1 

P density [kg m-‘1 

; 

surface tension [N m-‘1 
heat flux [W mm’] 

* Katto’s dimensionless parameter, 
G(D/p’/a)“*. 

Superscripts 
saturated liquid 

<, saturated vapour 
mean value for homogeneous two- 
phase mixture. 

Subscripts 
1 upstream condition of a control 

volume 
2 downstream condition of a control 

volume 
a acceleration 
C critical heat flux condition 
ch choking condition 
f friction 
F flashing 

fg change from liquid to vapour 
fo liquid phase 

g gravity 
H enthalpy increase 
i inlet condition 
M modelling fluid 
0 outlet condition 

;P 
heat input 
two-phase mixture 

W working fluid. 

Thermodynamic similarity can be achieved when 
the thermodynamic quality in both systems is the same 
at any axial location (z/D) along the heated length, 
i.e. 

X(Z), = X(Z), (1) 

where the thermodynamic quality X(z) usually is cal- 
culated by the heat balance equation, i.e. 

X(r) = 4(&)(;)- (A5) (2) 

where 

AH, h/-hi 
-= A n=x (3) 

and the h’ and /z are based on the outlet pressure 
condition. From equation (2), if the Subcooling num- 
ber (AH,/i) and Boiling number (&/GA) are the same 
in both fluids, then the thermodynamic quality should 
be the same for both fluids at the same dimensionless 
axial location (z/D). Since 

is prerequisite in equation (2) to achieve equation (l), 
the CHF, or &, for the working fluid thus can be 
calculated if 4c for the modelling fluid is known, i.e. 

(5) 

QUALITY DISTRIBUTION 

For a uniformly heated flow channel, the ther- 
modynamic quality at CHF location, or X, (critical 
quality), can be calculated from equation (2) or 

x = h,+Ah-h’ 
c L (6) 

where Ah is the enthalpy increase from the inlet to 
the CHF location (usually the outlet). As shown by 
Groeneveld [3] in Fig. 1, which is a pressure-enthalpy 
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Fig. 1. Enthalpy changes with pressure in a heated channel (Groeneveld [3]). 

diagram, path l-3 is used by most investigators. They 
simply add the heat input (q) to the inlet enthalpy h,, 
i.e. Ah = q. The FVr is the friction heat or the thermal 
equivalent of the work done by the frictional pressure 
drop defined as 

where 

dW, = -v~dP+vdP,+vdP, = -vdPr. (8) 

The two terms v dP, and v dP, can reduce the quality 
by converting enthalpy (flow energy) into potential 
energy and kinetic energy. A more accurate cal- 
culation for Ah is the path 1-2, where 

A(PE) =/;d(PE) = -[;vdPg (9) 

and 

A(KE) = 
I 

3 d(KE) = - 
3 

vdP, (10) 
I s I 

where PE is the potential energy and KE is the kinetic 
energy. 

For water CHF, path l-3 is accurate enough to 
calculate the critical quality because the heat of vapo- 
rization for water is much greater than A(PE), A(KE) 
and W, Friction heat and the changes of PE and KE 
affect the calculation of the thermodynamic quality, 
which can be neglected without a significant loss of 
accuracy for a water-cooled system. However, in a 
refrigerant system, the effects of A(PE), A(KE) and 
W, may have to be considered because the heat of 
vaporization for refrigerant is about l/l5 of that for 
water while the magnitude of A(PE), A(KE) and W, 

could be of the same order as those of water. At high 
mass flow rates and pf/pg < 30, the friction heat W, 
can be much greater than the sum of A(PE) and 
A(KE). This may have a significant consequence in 
fluid-to-fluid scaling when using refrigerants to simu- 
late water CHF because the friction heat W, can be 
considered as extra heat generated in the fluid near 
the channel wall. This would have the same effect as 
reducing the heat flux required to reach CHF. 

The flashing effect can also cause a dissimilarity 
between refrigerant and water due to a reduction in 
pressure (frictional and accelerational) and the cor- 
responding reduction in saturation temperature along 
the channel, which results in a quality change. For 
example, for adiabatic two-phase flow at similar con- 
ditions of p//p”, f and L/D for water and HCFC-22, 
the quality increase from inlet to outlet for HCFC-22 
is approximately three times as high as for water. The 
larger drop in saturation temperature and increase in 
quality for HCFC-22 results in a different upstream 
history than for water. This difference in dX/dz due 
to flashing will also cause differences in axial and 
radial void fraction distributions in heated channels, 
which in turn results in different dryout behaviours in 
water and the modelling fluid. 

The vapour generated in a heated channel depends 
on contributions to enthalpy generation from the fol- 
lowing sources : heat input. flashing, friction and the 
changes in kinetic energy and potential energy, i.e. 

(11) 

where 

(q. = (z)q-(~)KE-fE)p~ (12) 
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Although the frictional effect is not shown in equation 
(12), as illustrated in the later derivation (i.e. equation 
(14)), frictional heat has an effect on the internal 
energy calculation. Friction further changes the 
entropy, pressure and thus the fluid properties com- 
pared to the case without friction. For a high-pressure 
steam-water system, the effects of PE, KE, friction 
and flashing are negligible. However, in a low pressure 
refrigerant system, these effects become important at 
high-flow, high-quality condition. As a result, the 
quality distribution along the heated length will differ 
from that of water so that equation (1) cannot be 
satisfied. The difference in axial quality gradient 
between water and the modelling fluid can cause a 
dissimilarity of phase distribution in both systems and 
thus may limit the validity of the fluid-to-fluid scaling 
technique. A better understanding of the limitation 
of the scaling technique may be obtained if we can 
formulate the axial quality gradient by including vari- 
ous effects, e.g. friction, kinetic energy change, poten- 
tial energy change and flashing. In the present study, 
the quality gradient along the flow channel thus will 
be studied by solving a differential energy equation 
including all the above effects. To achieve this, the 
energy equation for an irreversible process will be used 
because of the frictional effect. 

FORMULATION 

To derive the equation for the thermodynamic qual- 
ity and quality gradient, the following assumptions 
are made : 

(1) The flow is one-dimensional with thermal equi- 
librium. This assumption is not valid for subcooled 
boiling but is reasonable for the high-flow and high- 
quality conditions of interest. 

(2) The pressure gradient can be evaluated using 
the homogeneous flow model. For the high-flow 
and high-quality conditions of interest, the flow 
approaches a homogeneous mixture. 

From the second law of thermodynamics for a control 
volume, the entropy increase for a system can be writ- 
ten as 

6LW 
ds=$+Y. (13) 

In a flow channel, most of the loss of work is due to 
the friction, i.e. 6LW = 6 IV,. After combining with the 
important thermodynamic relation, Tds = du + P dv, 
and dividing by dz (a differential increment), equation 
(13) becomes 

du 6q _=_-p$+~. 
dz dz (14) 

Because the test data used in the present study are 
obtained from uniformly heated test sections, the con- 
stant heat flux condition is used in the following deri- 
vations. The 6q in equation (14) is than equal to 
(q/L)Gz, i.e. 6q/6z = q/L. For the convenience of the 

equation derivation, the path dependent function 6 is 
replaced by d in the following derivations. Sub- 
stituting the differential form of equation (8) for d II’, 
into equation (14), gives 

(15) 

where - P(dv/dz) and - v(dPr/dz) depend on whether 
the flow is single-phase or two-phase. From this point, 
the formulation will be divided into two sections: 
single-phase region and two-phase region. 

Single-phase region 
The specific volume v can be determined by P, and 

T, as a subcooled liquid or can be approximated as a 
saturated liquid based on T,. From Collier [7], the 
compressibility of the liquid phase (dv/dz) can be neg- 
lected and the frictional pressure drop (dPr/dz) can be 
expressed by 

where 

f fa = 0.079 GD -“‘+ 
( > p 

(17) 

Therefore 

u2 = u, +Au = u, + ;A, 

AZ (18) 

when u2 > u’, the flow has entered a two-phase region. 

Two-phase region 
In the two-phase region, the internal energy u for 

homogeneous flow is expressed as 

ii = u’(1 -X)+Xu” = u’+Xu,,. (19) 

The specific volume for homogeneous flow is cal- 
culated from 

B=XvN+(l-X)v’ = v’+Xv,,. (20) 

Substituting equations (19) and (20) into equation 
(15), gives 

Neglecting the compressibility of the liquid phase, 
dv’/dz, equation (21) can be rearranged to 
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where 

du,,_ du,, dP du’ du’ dP dv” dv” dP _~_. -_= - _= 
dz dP dz dz dP dz dz dP dz 

and 

(23) 

dP dPr dP, dP, -_= 
dz dz+dz+dz. (24) 

The relation of equation (24) can be seen in ref. [7]. 
From Butterworth [8], the accelerational pressure 
gradient for homogeneous flow is written as 

Substituting equation (20) into equation (25) and neg- 
lecting the compressibility of liquid phase (dv’/dz), 
results in 

df’, 
dzzz -G2 (26) 

The gravitational pressure gradient is written as 

dP B= - 
dz 

For a vertical flow, 6 = 90”, equation (27) becomes 

Substituting equations (24) and (28) into equation 
(26) and rearranging it, gives 

(1 +G'Xg)f$ 

= -G’fa,$ +XgE -p-g)]. (29) 

Collier [7] concluded that 

therefore, equation (30) is simplified to 

dP,_ 
dz - -G2 

(30) 

m 
>I 

. (31) 

For - dP,/dz in the two-phase region, from Collier 
[71, 

dP, ---= 
dz (32) 

where 

f TP = 0.079 CD -“4 
( ) P 

and 

1 X 1-X -=-+Jr‘ 
P p” $ 

(34) 

Therefore, substituting equations (23), (28) and (31)- 
(34) into equation (22), gives 

(Cl +c,x)~+c, (1 :‘c;;;,,4 (c6+cJ+cJ2) 

+ 
c,+c,ox+c,,x2 

1+c4x 
-; = 0. (35) 

The coefficients c,-c, ,, which are listed in the Appen- 
dix, are calculated based on local pressure and tem- 
perature conditions. Equation (35) is an ordinary 
differential equation, which can be solved by using a 
numerical method such as the Runge-Kutta method. 

RESULTS OF CALCULATION 

To use the Runge-Kutta method for equation (35), 
the increment of length is set for 1 cm. Once the quality 
(X) and quality gradient (dX/dz) along the heated 
length are calculated, the quality distribution from the 
inlet of the heated length to the CHF location can be 
seen by plotting the quality (X) against the dimen- 
sionless axial location (z/L). The CHF data used for 
this calculation are based on experiments in HCFC- 
22 and water CHF, in an 8 mm inner diameter tube 
with vertical up-flow (Tain [9]). The heated length for 
both fluids are 1.15 and 1.61 m. To save space, only 
the calculation results for the 1.61 m heated length are 
shown in the paper. The ranges of these parameters 
are : 

p’/p”: 20.3 and 12.4 (7 and 10 MPa of water-equivalent 
pressure) 

Mass flux for water: 2.6, 3.9, 5.2 and 7.8 Mg me2 s-l 
Mass flux for HCFC-22 : 2.3.4 and 6 Mn me2 s-’ 
$ :,::;97, 129 and 194 (for’7 kPa of watk-equivalent pres- 

$: 80, 121, 161 and 241 (for 10 MPa of water-equivalent 
pressure) 

L: 1.61 m 
D:8mm 

Katto’s parameter, $, described by Groeneveld et al. 
[6] is used for the dimensionless mass flux F in the 
present work. Figures 2 and 3 illustrate the com- 
parison of the thermodynamic.quality distribution vs 
the dimensionless axial location between water and 
HCFC-22 with the identical L/D and nearly identical 
p’/p” and F. Since it is difficult to obtain an identical 
X, experimentally, the values of 1 Xi,,,,,, - Xi,HCFC_22j 
x0.01 are used. Note that the Xi used in Figs. 2 and 
3 is calculated based on the h’ and 1 at inlet pressure 
condition because the quality distribution represents 
the local phenomenon. 
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COMPA.RISON AND DISCUSSION 

As discussed previously, the quality increase in a 
heated channel is attributed to the effects of flashing 
and enthalpy increase, i.e. equation (11). The quality 
gradients due to the effects of flashing and enthalpy 
increase for water and HCFC-22 are also calculated 
separately and compared with each other. The com- 
parison of [dX/Ci(z/L)], at CHF location between 

water and HCFC-22 is illustrated in Fig. 4, where the 
[dX/d(z/L)], for HCFC-22 is greater than that for 
water at all flow conditions and the trend increases 
with increasing $ (i.e. mass flux). The dissimilarity of 
flashing effect between water and HCFC-22 also 
results in a hydrodynamic dissimilarity in a flow chan- 
nel : the changes of density ratio over the whole heated 
channel, A(p’/p”), between water and HCFC-22 are 
compared as illustrated in Fig. 5, where the density 



2202 R. M. TAIN et al. 

. ..” 

3 
I 

r‘ 
2 2.5- 
zi 

Q 2- 

F 
jj 1.5- 

‘E5 

D-8 mm, L-l .81 m 

p’lp”eO.3 

X 

X 

X 

cod300 
0 VV 

0 VV 

Water HCFC-22 

+ P Jr-85 
m V $997 

0 0 Jr-120 

0 X $I’194 

+ + -J+ ++ 

0.1 0.2 
CritIcal qualii, x, 

0.3 ( 

1.2 , 
D-8 mm, L-1.81 m 1 p’Ip”d2.4 

X 

X 

P- 
if! 
3 0.8- 

s 
F 

X 
X 

X 
0 

Water HCFC-22 

+ A 

m V 

0 0 
0 X 

e 0.3- 
0” 

0 

o” O 0 v 0 vvv 

0 
Cl 0 

0 

O0 @i” mm 

V 

f 

++ 

AA AAA 

+++ 

01 
0 0.05 0:1 0.15 0.2 0.25 0:3 0.35 

critical quality, x, 

4 

(b) 
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ratio change over the whole heated length of HCFC- 
22 is greater than that of water for a given X, and 
$ for all flow conditions. This implies that perfect 
hydrodynamic similarity between water and HCFC- 
22 is hard to maintain. 

The quality gradient due to friction, kinetic energy 
and potential energy changes affects the enthalpy 
gradient (i.e. equation (12)) for water and HCFC-22 
and can be calculated, e.g. 

dX (-> -vdP, 

dz wy =Idz. (36) 

To save space, only the quality change over the whole 
heated length of the frictional effect and the combined 
effect (i.e. AXW,+KE+PE) for water and HCFC-22 are 
compared as illustrated in Figs. 6 and 7. Figure 6 
shows the comparison of mass flux effect on AXwf vs 
X, between HCFC-22 and water, where the AXwf for 
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HCFC-22 is larger than that of water for all mass flux 
conditions. The ligure also shows that the AXwr 
increases with increasing $ at a fixed X,, presumably 
because of an increase of friction with increasing mass 
flux. From Fig. 7, the quality change over the whole 
heated length of the combined effect for HCFC-22 is 
greater than that for water. Figure 7 also shows that 
the quality change increases with increasing mass flux 
for both fluids, p:robably because of an increase of 

frictional heat and kinetic energy change with increas- 
ing mass flux. 

The mass fluxes or I(/ values of the present study 
result in very small magnitude (order of 10P3) of the 
quality change over the whole heated length of the 
combined effect compared to the effects of heat input 
(order of 10-l) and flashing (order of lo-*) over the 
whole heated length. Therefore, for the range of mass 
flux or II/ in the present study, the quality change over 
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Fig. 7. Comparison of the quality change for the combined effect between HCFC-22 and water for various 

conditions. 

the whole heated length of enthalpy increase can be 
approximated by the effects of heat input and flashing, 
i.e. AX = AX,+AX,. As shown in Fig. 8, the quality 
change over the whole heated length from the flashing 
effect (AX,) for HCFC-22 is greater than that for 
water. This may affect the similarity of AX, between 
the two fluids and thus results in different X, and Bo 
for both fluids as shown in Figs. 2 and 3. 

The Bo ratio of HCFC-22 to water as shown in 
Figs. 2 and 3 indicates the scaling accuracy of CHF 

from HCFC-22 to water, where the maximum error 
is about 15% under the highest flow (or $) condition. 
Assuming that the 15% difference of Bo between 
water and HCFC-22 is a maximum permissible error 
for HCFC-22 to scale the water CHF, the values of IJ 
at 194 for p’lp” = 20.3 and tj at 241 for p’jp” = 12.4 
correspond to the maximum $ value that will keep 
the accuracy within 15%. Both $ values (194 and 241) 
correspond to the mass flux of 6 Mg m-* SK’ for 
HCFC-22 and about 8 Mg m-* s-’ for water at both 
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Fig. 8. Comparison of the quality change due to the flashing effect between water and HCFC-22 for various 

conditions. 

pressure conditions (7 and 10 MPa water-equivalent). 
Therefore, for HCFC-22 at the conditions of mass 
flux beyond 6 Mg rnp2 SK’ and p’jp” = 12.4-20.3, 
caution must be exercised when converting the 
HCFC-22 CHF to water CHF for a satisfactory 
accuracy. 

To calculate the quality gradient (dX/dz) and the 
thermodynamic quality by using the differential equa- 
tion, the pressure distribution along the heated length 
is required. However, this was not available during the 

CHF test. The pressure distribution is thus calculated 
using the existing pressure drop correlations (e.g. 
equation (16) for single-phase friction, equation (32) 
for two-phase friction and equation (24) considering 
for all effects). Separate pressure drop data for water 
measured by Leung [lo] have been used to assess the 
validity of the correlations. The average and R.M.S. 
error of the pressure drop calculation from the cor- 
relations are - 7.87% and 9.65%, respectively, based 
on 18 measured data. Similar errors are also present in 
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evaluating the changes of the saturated liquid enthalpy 
and the enthalpy of vaporization. However, the sen- 
sitivity study shows that the effect of this error on the 
calculation of quality change ( ~0.3%) as well as the 
CHF simulation (<2.5%) is small. 

LIMITATION DUE TO CHOKING PHENOMENON 

The previous analysis has shown that the CHF sca- 
ling for water can be achieved by using the fluid-to- 
fluid scaling with satisfactory accuracy for wide ranges 
of parameters. For example, the mass flux has been 
tested up to 6 Mg mm2 SK’ for HCFC-22 and 8 Mg 
m-’ s-l for water in the present experiment and the 
dissimilarity caused by the effects of flashing, friction 
and the changes of kinetic energy and potential energy 
remains satisfactory (< 15%). However, at low pres- 
sure and high flow, the critical flow or ‘choking’ may 
occur when the flow rate can not be increased any 
further while the pressure drop is still increasing due 
to an upstream high pressure head and a very low 
downstream pressure. The maximum flow rate at 
choking is the critical flow rate or the critical mass 
flux (GJ. The critical mass flux may be quite different 
in water than in modelling fluid and this difference as 
well as the magnitude of Gch will be examined in this 
section. 

The cause of the ‘choking’ phenomenon in two- 
phase flow is mainly due to the existence of vapour in 
the flow. For a single phase (gas only), the phenom- 
enon has been studied extensively and it may be con- 
sidered as well understood. In two-phase Row. the 
critical flow phenomenon is more complex. According 

to Isbin [ll], there is no single, best estimate model 
for predicting the two-phase critical flow rate. The 
two-phase critical flow condition is often encountered 
during the blow-down of a high-pressure system con- 
taining a high-temperature liquid or two-phase 
mixture. In such an application, the flow passing 
through the pipe or the channel is usually not heated 
and the vapour generated in the flow channel is mainly 
due to flashing effect. Most two-phase critical flow 
models are thus developed for such non-heating appli- 
cations. They are categorized into : (1) homogeneous 
equilibrium models ; (2) homogeneous non-equi- 
librium models and (3) two-fluid (separate flow) 
models. These models vary from very simple to very 
sophisticated for predicting the critical two-phase flow 
rate (refs. [12, 131). 

Figure 9 illustrates the comparison of critical mass 
flux at various pressure (density ratio) conditions 
between water and HCFC-22 based on Henry’s model 
[14]. In this figure, the critical mass flux for HCFC- 
22 is less than the equivalent mass flux for HCFC-22 
converted from water Gch at the same IJ value. The 
results shows that modelling fluids are more prone to 
‘choking’ or critical flow condition than water: the 
CHF mass flux scaling factor is within the 1.2-1.6 
range, while the critical mass flux scaling factor is 
within the 2-3 range. However, Henry’s and other 
models for critical flow may not be applicable to the 
CHF case because they do not consider the effect of 
heat input. The actual critical mass fluxes for water 
and HCFC-22 in a heated channel will be lower than 
those shown in Fig. 9 because of the presence of wall 
vapour generation. The effect of quality on the critical 
mass flux of HCFC-22 and water is illustrated in Fig. 

0 Water, from ref. (141 
+ Equiv. G for HCFC-22 from water G&via I# 
A HCFC-22, from ref. [14] 

D=8 mm, lJD~100, AH, /A=0 

No CHF possible for water 

180 180 2 
Density ratio at the choking plane (p’lp” ) 

Fig. 9. Comparison of the critical mass fIux between water and HCFC-22 at the choking plane for various 
pressure conditions. 
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Fig. 10. Erect of the quality on the critical mass flux for water and HCFC-22 at the choking plane for 
various pressure conditions (from Chisholm’s equations [13]). 

10, based on Ch.isholm’s equation (ref. [13]) : Gch 
decreases with increasing quality for both fluids and 
Gch for HCFC-22 is less than that of water at the same 
quality condition. 

Figure 9 also ibows that the critical mass flux for 
HCFC-22 is less .than that for water for all pressure 
conditions. This i:s due to the fact that HCFC-22 can 
generate more vapour than water from the flashing 
effect. As shown in Fig. 9, at pr/pg = 20.3, the critical 
mass flux for HCFC-22 is about 27 Mg m-* s-‘, which 
has exceeded the operating capability of most test 
rigs. However, at lower pressure (e.g. pf/pg = loo), the 
critical mass flux is below 10 Mg m-* SK’, which is 
more likely to occur during the test. The critical flow 
phenomenon is thus a physical limitation regardless 
of the thermodynamic, hydrodynamic and geometric 
similarities between two fluids. More work needs to 
be done to providl: better predictions of the two-phase 
critical mass flux, especially when heat input is 
involved. 

OTHER POTENTIAL LIMITATIONS OF THE CHF 
SCALING TECHNIQUE 

CHF fluid-to-fluid scaling may also be affected by 
transverse mixing in rod bundles and flow strati- 
fication. The transverse mixing is the transport of 
mass, momentum and energy between the adjacent 
subchannels and is mainly caused by the radial pres- 
sure gradient. For two-phase flow in rod bundles, the 
radial pressure gradient between adjacent subchannels 
may be the res,ult of differences in subchannel 
hydraulic resistance, in subchannel heat input, onset 
of boiling, etc. The turbulent mixing usually is 
expressed by a dimensionless parameter, /3, which 
represents the ratio of transverse mass flux to the axial 

mass flux. Doerffer and Cheng [15] have evaluated 
various correlations for p and concluded that the gen- 
eral function form for /I can be expressed as 

B = f(DIL Re) (37) 

where the ratio D/L is a general notation for the geo- 
metric similarity. For the same p’/p”, mass flux scaling 
parameter and geometry for water and HCFC-22, the 
viscosity used in the Reynolds number (Re) for water 
is about half of that for HCFC-22. This will result in 
a Re for water about 2.5 times as high as that for 
HCFC-22 and mixing will be more efficient in water. 
Doerffer and Cheng concluded that mixing in complex 
geometries may increase the CHF in water for that 
geometry and may further limit the CHF scaling tech- 
nique although the impact is expected to be small. 

In a horizontal flow channel, stratification is due to 
the asymmetric phase distribution and possibly phase 
separation by the gravitational force. In intermediate 
and low flows, the stratification force, due to p’-p”, 
can lead to a maldistribution of void and thus result 
in a severe effect on CHF. Wong et al. [16] have 
analyzed the ratio of the transit time for a droplet or 
a bubble travelling across the channel (bottom to top) 
to the transit time for travelling along the channel. 
The transit-time ratio, 8, is a function of the following 
parameters 

0 =f(G, Jp’orJp”, l/J(p’-p”),cl,X, L, D”*). 

(38) 

At the same p’/p” for water and HCFC-22, the value 
of p’-p” for HCFC-22 is higher (about 50% higher) 
than that of water and f3 is smaller for HCFC-22 than 
that of water for an equivalent mass flux, void fraction 
and geometry. This indicates that the effect of the 
buoyancy force on CHF for HCFC-22 is larger than 
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that of water for the same parameters. However, at 
high flows, stratification becomes suppressed because 
of the much higher turbulent forces ; stratification can 
be safely ignored at water-equivalent mass velocities 
greater than 3 Mg m-’ SK’. 

CONCLUSIONS AND FINAL REMARKS 

A new methodology has been established to deter- 
mine the limitations of the CHF fluid-to-fluid scaling 
technique. The calculations of X and dX/dz from 
equation (35) indicate that the critical qualities are 
not equivalent with the use of the same X, in identical 
L/D, p’/p” and r for working and modelling fluids 
because of the different upstream histories (e.g. flash- 
ing, friction, etc.) especially at the high flow condition. 
The flashing effect also is linked to hydrodynamic 
dissimilarity (i.e. A(p’/p”)/AL) between water and 
HCFC-22. This dissimilarity of the upstream history 
affects the downstream CHF behaviour. Within the 
flow parameter range studied, it could affect the results 
(boiling number) as much as 15%. The quality chan- 
ges due to the effects of flashing, friction, kinetic 
energy change and potential energy change were 
quantified in the present study and the results showed 
that all these effects for HCFC-22 are greater than 
those for water. The study also concludes that the 
quality change of the combined effect (i.e. 

Ax, +KE+PE IS smaller than those of flashing and heat 
inpu; for bot)h fluids. 

The ‘choking’ phenomenon is another limitation 
for CHF fluid-to-fluid scaling which relates only with 
the experimental capability and regards the limit to 
be one of the parameters (i.e. mass flux). The limi- 
tation of CHF simulation caused from the critical 
flow problem has not been addressed previously in the 
literature. Flow stratification also limits CHF fluid- 
to-fluid scaling at low flow, where gravitational forces 
become more important, e.g. G < 3 Mg m-* SK’. 
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APPENDIX 

Coefficients in equation (35) 
du’ 

c, = Pv,+u,-G’v,~ 
I, 

cz = -G2qglg-PG2vlg- 

c) = _0,~58;& 

c =% 4 1” 

du dv” c 8 = -GZ’8__PGZ 
dP dP 

da’ g 
c’=-dpo’ 


