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Abstract-The main difficulty in interpreting critical heat flux (CHF) at low velocity and pressure conditions 
arises from the fact that the burnout phenomenon under such conditions is vulnerable to the effect of 
buoyancy and flow instabilities. This study is intended to provide some systematic understanding on CHF 
at low velocity and pressure conditions. Data obtained in the previous experiments for water in an annulus, 
rectangular ducts and a round tube are briefly reviewed and augmented in collaboration with existing data 
and correlations to extract more generic information. The effect of channel geometry on CHF is then 
discussed. The effect of channel geometry turned out to be remarkable at intermediate mass velocities. The 
difference in CHF at these mass velocities between a round tube and the other channel geometries 
was attributed mainly to the existence of an unheated wall which cause a non-uniform distribution of 

liquid film. 

1. INTRODUCTION 

THE IMPORTANCE of critical heat flux (CHF) data for 
water at low velocity and pressure conditions has been 
pointed out earlier [l, 21 in relation to the loss-of- 
coolant accident (LOCA) characteristics of low vel- 
ocity, flow stagnation and how reversal. It is known 
that the burnout phenomenon at low velocity and 
pressure conditions is complicated because the effect 
of buoyancy becomes remarkable at low velocities 
and the flow becomes less stable at low pressures. 
This, in fact, has been a main difficulty in interpreting 
CHF at low pressures systematically. 

Recently, Mishima and co-workers performed low- 
flow CHF experiments for water at atmospheric pres- 
sure employing three different channel geometries, i.e. 
an annulus [3], rectangular ducts [4] and a round tube 
[5]. The dimensions of the channels are shown in Table 
1. The experiments were conducted with a test rig as 
shown in Fig. 1. Ion-exchanged water flowed through 
the test section and the heater (stainless-steel tube or 
plate) was directly Joule heated. The test section was 
kept at about atmospheric pressure. 

In the annulus and rectangular ducts, the flow 
regime at the occurrence of burnout was visually 
observed and the CHF was measured. In the experi- 
ment with the round tube test section, more emphasis 
was placed on the effect of flow instability on CHF. 
The difference in CHF between upflow and downflow 
was also investigated for the rectangular ducts and 
the round tube test section [4,5]. 

In the present study, the results for each channel 
geometry are briefly reviewed and augmented in col- 
laboration with existing data and correlations to find 
more generic conclusions. The effect of channel 
geometry is then discussed. 

2. EQUATIONS PERTINENT TO CHF 

When a heated wall is submerged in a pool of water, 
pool-boiling CHF occurs due to departure from 
nucleate boiling (DNB) at an excessive high heat flux 
despite sufficient ambient liquid. Kutateladze [6] inter- 
preted pool-boiling CHF as a hydrodynamic phenom- 
enon. Based upon a non-linear Euler equation of 
motion and energy equation, and making use of a 
dimensional analysis, he obtained the following 
dimensionless correlation for pool-boiling CHF : 

& = qcp / kg (&v&) ‘? = const. (1) 

Zuber [7] also arrived at the same equation theo- 
retically considering hydrodynamic instabilities which 
occur above a heated horizontal wall. The constant on 
the right-hand side ranges from 0.13 to 0.19 depending 
upon the geometry of the heated wall. 

On the basis of the above equation, CHF data are 
plotted in terms of dimensionless heat flux q* and 
mass velocity G* defined by 

q* = q/(&&p,&)) (2) 

G* = G/ J(+,sAp) (3) 

where the length scale 1 of the Taylor instability is 
given by 

A= JGJ/@&Q>. (4) 

The dimensionless expression in equation (2) is equi- 
valent to that in equation (1). 

When liquid flows through a heated channel, mis- 
matching between the liquid circulation and the heat 
input can cause a burnout or dryout of the heated 
wall. Let Ahi be the liquid enthalpy subcooling at the 
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NOMENCLATURE 

A flow area qcp pool-boiling CHF 

An heated area 4* dimensionless heat flux, equation (2) 

C constant in the Wallis correlation for q$ dimensionless CHF due to flooding 

flooding qrL dimensionless CHF in the Katto L-regime 

C, distribution parameter given by equation q& dimensionless pool-boiling CHF 

(12) or equation (13) s gap of annulus or rectangular duct 

D tube diameter or characteristic length r,, inlet water temperature 

D* dimensionless tube diameter, equation (8) w width (wider span) of a rectangular duct 

DH heated equivalent diameter & exit equilibrium quality 

Di diameter of the inner wall x,, critical quality 

DO diameter of the outer wall X eR critical quality obtained from the Katto L- 

G mass velocity regime correlation. 

G* dimensionless mass velocity, equation (3) 

G, critical mass velocity to stagnate bubbles, Greek symbols 

equation (11) [ parameter for flooding CHF correlation 

9 gravity 1 length scale of the Taylor wave 

h latent heat of evaporation 
Afii inlet enthalpy subcooling :, 

wetted perimeter 
heated perimeter 

L heated length pk density of k phase (k = g or 1) 

P pressure Ap difference of the density between two 

4 heat flux phases 

4 cF flooding CHF fJ surface tension. 

STEAM DISCHARGE 

Ill COOLING COIL 

UPPER PLENUM 

DOWNCOMER 

1 _ f LOWER PLENUM SURGETANK’ 

BYPASS 

@ TURBINE FLOW METER 

@ PRESSURE GAUGE 

@ THERMOCOUPLE 

FIG. 1. Schematic diagram showing the test rig employed in previous studies. 

inlet and x, the exit quality, then the energy balance celled out if the equation is rewritten as follows : 
equation in the heated section gives the following 
relation between q* and G* : 

Boiling number = & = $ = + (6) 
fP H 

(5) 

In this sense, use of the boiling number may be more 

Although the gravity term is included in the dimen- appropriate for a dimensionless group when the effect 

sionless group q* and G*, the CHF in this case does of gravity is not important. Nevertheless, we use here 

not depend upon it, because the gravity term is can- the q*-G* coordinate scheme since our objective is to 
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Table 1. Dimensions of the test sections employed in the previous experiments 

Internally 
heated 

annulus 
[31 

Rectangular ducts [4] 

Heated from Heated from Round tube 
one side two sides [51 

Dimensions of the 
cross-section (mm) 

Heated length L (cm) 
Flow area A (cm*) 
Heated area A, (cm*) 
Hydraulic diameter 

D (mm) 

D, = 20.45 2.4 x 40 2.4 x 40 
D, = 25.96 5” = 30.0 &, = 60.0 D 6.0 = 

59.69 35.0 35.0 34.4 
2.008 0.96 0.96 0.283 

383.5 105.0 210.0 64.8 

5.509 4.528 4.528 6.0 

observe changes in CHF as a function of the mass 
velocity among different channel geometries. 

When x, = 1, all the liquid entering the heated sec- 
tion is evaporated and dryout occurs at the outlet. 
Thus CHF is limited by liquid circulation. In reality, 
burnout occurs due to dryout or breakup of liquid 
film in the annular flow regime. The CHF in this case 
is usually close to the condition given by equation (5) 
with x, = 1 at relatively low flow rates where liquid 
entrainment is not much. This is called, therefore, 
high-quality CHF. When the mass velocity and the 
heat flux is high, the amount of liquid entrainment 
increases and accordingly the flow rate in the liquid 
film decreases. Then, the CHF becomes lower. This is 
called entrainment-limited CHF. 

At the boiling condition with the bottom end closed, 
one may observe a countercurrent flow, i.e. the vapor 
flows up from the heated section while the liquid falls 
down from the upper plenum due to gravity. When 
the heat input is sufficiently large, the vapor flow 
causes countercurrent-flow limitation (CCFL) or 
flooding at the top, which leads to a liquid deficiency 
in the heated section. Hence the CHF is limited by 
flooding, which we call flooding CHF. Flooding CHF 
is estimated approximately by using the Wallis cor- 
relation [8] together with the energy balance equation. 
Therefore 

A C%g&,&D) 
%F = -- 

A, [I+ (P,lPd""l . (7) 

In equation (7) the constant C depends upon the 
geometry of the test section and is determined empiri- 
cally. It has been pointed out also that the constant 
C includes the effect of surface tension which is ex- 
pressed in terms of the dimensionless hydraulic dia- 
meter D* [9] 

D* = D/A. (8) 

Therefore, it may not be unreasonable to write 
equation (7) in a dimensionless form which includes 
D*. Using equations (2t(4) and (8) the following 
equation is obtained : 

,*F 
A 

4 
PJD* 

= A,’ [l +(p,/p,)“4]2. 

Usually the flooding CHF is much lower than the 
pool-boiling CHF given by equation (1). When the 
length-to-diameter ratio L/D is small, however, the 
flooding CHF approaches the pool-boiling CHF. 

It probably occurs in upflow at a certain low mass 
velocity and a heat flux that even when all the liquid 
entering from the bottom is evaporated until it reaches 
the outlet, liquid can fall down from the upper plenum 
and a countercurrent flow arises in the upper portion 
of the heated section. The CHF is then limited by 
liquid circulation and flooding [3]. 

It was observed in the experiment with an annular 
test section [3] that dry patches on the heated surface 
were quenched by the passage of liquid bridges in the 
churn flow regime. Burnout occurred, however, due 
to dryout of liquid film just after the flow regime 
changed from churn flow to annular flow. The con- 
dition for this flow regime transition was obtained by 
Mishima and Ishii [lo]. The approximate equation for 
the boundary between those flow regimes in a low 
pressure system is expressed in terms of q* and G* as 
follows : 

(10) 

The first term is equal to the flooding CHF, equation 
(9). The second one is the heat required to bring 
subcooled liquid to saturation which is obtained from 
equation (5) with the condition x, = 0. It is seen, 
therefore, that the annular-flow boundary given by 
equation (10) approaches flooding CHF at very low 
mass velocities, whereas the boundary comes close to 
equation (5) with the condition x, = 0 at high mass 
velocities. 

3. EXISTING DATA 

AND CORRELATIONS 

3.1. CHF in annuli 
In the previous study [3], CHF at relatively low 

mass velocities has been investigated. The results are 
shown in Fig. 2. They are compared with equations (1) 
(5), (9) and (10) as well as with existing correlations 
for high-quality CHF. The Katto correlation scheme 
[ 1 l] and the Barnett correlation [ 121 are employed as 

c-a:oc TMH 
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MiSHiMA et al. 

- KATTO 

--- EARNER 

FIG. 2. CHF for upllow at low mass velocities in an internally heated annulus [3]. 

the high-quality CHF correlations. The Katto cor- 
relation scheme consists of two correlations, i.e. L- 
regime and II-regime correlations. The former cor- 
responds to the high-quality CHF and the latter to 
the entrainment-limited CHF or CHF due to flow 
instability 

Figure 2 indicates that the CHF at low mass vel- 
ocities is much lower than the high-quality CHF and is 
correlated well by the annular flow boundary equation 
(10). The CHF at stagnant flow and very low mass 
velocities approaches flooding CHF which is pre- 
dicted by equation (9) with C = 0.8. In Fig. 2, CHF 
data due to flooding fall in the region where the exit 
quality is larger than unity. The reason for this is that 
the exit quality is calculated based only upon the inlet 
mass velocity and the heat balance, and consequently 
the amount of liquid falling down from the upper 
plenum is not taken into account. 

Since the tested ranges of the parameters in the 
previous study are limited, the data are supplemented 
by other available data from other sources 113,141. 
They are compared with the above equations and 
correlations in the same manner as shown in Fig. 2. 
The comparison is also made with the subcooled- 
boiling CHF correlation, for example the Zenkevich 
correlation [ 151. 

CHF data for low pressure water in annular test 
sections (Q = 13.1 mm, r>, = 22, 25, 30.2mm, t = 
480 mm) were obtained also by Rogers et al. [13]. 
Their data at high mass velocities as well as low mass 
velocities are shown in Figs. 3 and 4. They include 
data of CHF in the subcooled region. 

It can be seen from these figures that their result at 
low mass velocities is consistent with those in Fig. 2 
and that the CHF at higher mass velocities in the 
subcooled region is correlated reasonably well by the 
subcooled-boiling CHF. Figure 4 shows the data for 

small L/D,, in which case the flooding CHF 
approaches the pool-boiling CHF. It should be noted 
that most of the data are plotted in the region where 
the churn or slug flow regime is predicted, which 
is consistent with the observation by Rogers et al. 

1131. 
Another set of CHF data is available from a report 

prepared by the Japanese Society of ~~hanical 
Engineers (J;sME) [14]. The experiments were per- 
formed independently at several universities and insti- 
tutions with a test section of the same design 
(Oi = lOmm, D, = 19mm, L = 300mm). The results 
at inlet water temperatures 95,85 and 70°C are shown 
in Figs. 5, 6 and 7, respectively. 

It is observed in Fig. 5 that the CHF data are 
divided into two groups, i.e. higher CHF data and 
lower CHF data at a given range of flow rate, although 
they were obtained under apparently the same con- 
ditions. The lower CHF data fall along the annular- 
flow boundary, whereas the higher CHF data are in 
the middle of the annular flow region. The discrepancy 
between the two groups was not interpreted satis- 
factorily. It was pointed out [14], however, that flow 
instability had been probably involved in the lower 
CHF data. Loop characteristics, such as inlet throt- 
tling and pump characteristics may have varied even 
in the same test loop. 

Figure 6 shows the data in the intermediate region 
between the subcooled-boiling CHF and the CHF in 
the annular-flow regime. Figure 7 shows that the data 
in the subcooled-boiling region are well reproduced 
by the Zenkevich correlation [ 151. 

Looking at Figs. 2-7, it is suggested that a change 
in burnout mechanism occurs when the exit quality is 
near zero. At such a condition, a small change in flow 
rate, heat flux, inlet subcooling, etc. causes either rapid 
formation or collapse of bubbles. The flow pattern 
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1. 
2. ZEL 
3. CHURN-ANNULAR 
4. ROQERS et al. 

I- 

ANNULUS 

POOL BOIL. 

I+ : 20.2 

D, : 0.0238m 

Ah,fh,, : 0.139 

P : 0.158 MPa 

FIG. 3. CHF data of Rogers et al. 1131 for upflow in an internally heated annuius. 

10 

1 

9’ 

0.1 

0.0 1 

ANNULUS 

Ah, fh,, ~0.175 

P : 0.158 MPa 

FIG. 4. CHF data of Rogers et al. [13] for upflow in an internally heated annulus with small I,,‘& (legend 
as shown in Fig. 3 unless otherwise stated). 

(two-phase flow regimes and the stability of the flow) 
varies quickly. The burnout process changes as a 
consequence. 

3.2. CHF in r~ctQ~g~l~r ducts 
3.2.1. Upfiow. Figure 8 shows the results for a rect- 

angular duct heated from one side [4]. The data are 
compared with equations (1), (5), (9) and (10) as well 
as high-quality CHF correlations (the Katto cor- 
relation scheme [16] and the Macbeth correlation 
[ 17]), and s&cooled-boiling CHF correlations (the 
Mirshak correlation 1181, the Labuntsov correlation 
[19] and the Kutateladze correlation 1201). The Mir- 

shak correlation [IS] was developed originally based 
upon data for downflow. 

The results for upflow are summarized as follows : 

(I} A minimum in CHF is observed at flow stag- 
nation with the bottom end closed, where burnout 
occurs due to flooding. The minimum CHF can be 
calculated using equation (9) with D = 2~ and 
c = 0.73. 

(2) At intermediate mass velocities, CHF increases 
along the line with approximately constant exit qual- 
ity which we call the critical quality. The CHF with a 
constant critical quality lies in the region between the 
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q* 
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FIG. 5. CHF data of JSME [14] for upflow in an internally heated annulus at inlet water temperature 95°C. 
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SHIP RESEARCH INST. 
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FIG. 6. CHF data of JSME [I41 for upflow in an internally heated annulus at inlet water temperature 85°C. 

high-quality CHF as an upper limit and the annu- 

lar-flow boundary as a lower limit. In this case, 

burnout occurs due to liquid-film dryout in the annu- 
lar flow regime. 

(3) It is known that the subcooled-boiling CHF 
correlations [ 18-201 are appropriate in the subcooled 
region at high mass velocities. Therefore, it is deduced 
that the CHF curve would merge with those curves at 
high mass velocities. 

velocities less than the critical value to stagnate steam 
bubbles in the heated channel. Resultant CHF is mini- 

mum. The critical mass velocity for bubble stagnation 
is calculated based upon the drift Rux model ]21] and 
is given by 

G, = -J2(p:egAp)“4/C, 01) 

where the negative sign means downflow. The dis- 
tribution parameter Cc is given by [21] 

3.22. ~~~n~~u~. Figure 8 exhibits the data For 
downflow as well. The results are summarized as 
follows [4] : 

(1) Burnout occurs due to flooding at low mass 

C0 = 1.2-0.2J(P,lP,) 
for annuli and round tubes, and 

c, = 1.35-0.35J(p,/p,) 

for rectangular ducts. 

(12) 

(13) 
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FIG. 7. CHF data of JSME 1141 for upflow in an internally heated annulus at inlet water temperature 70°C 
(legend ai shown in Fig. 6 unless otherwise stated). 

o UPFLOW 

v DOWNFLOW 

lci’ 1. KATTO 

2. MIRSHAK 

3. LABUNTSOV 

CHURN-ANNULAR 4. MACBETH 

5. KUTATELADZE 

FIG. 8. CHF for upflow and downflow in a rectangular channel heated from one side [4]. 

(2) At intermediate mass velocities beyond the criti- 
cal mass velocity G,, burnout occurs at about zero 
exit quality. In this region, vigorous flow oscillations 
arise whose amplitude increases with increasing mass 
velocity and heat flux. The upper plenum may have 
worked as an energy storage mechanism to excite flow 
oscillations. Due to flow instability, CHF decreases 
substantially. 

3.3. CHF in round tubes 

water in a round tube [S]. Since the effects of the upper 
and lower plena and the inlet restriction are studied 
in the experiment, the loop conditions are also shown 
in the figure. The ‘stiff’ condition means that the 
bypass was closed and the inlet restriction was large, 
whereas the ‘soft’ condition means that the inlet valve 
was fully open and the bypass was open halfway (see 
Fig. 1). Thus the flow is more stable in a ‘stiff’ system. 
In this sense, the flow condition in the above men- 
tioned experiment with an annulus and rectangular 
ducts is ‘soft’. 

3.3.1. CJpJEow. Figure 9 shows an example of CHF The results are compared with equations (1), (5) (9) 
data obtained in the previous study for low-pressure and (10) as well as with high-quality CHF correlations 
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q* 

-: 
10 
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UPFLOW 

Ahilh,,= 0.13 

PLENUM STIFF SOFT 

YES 0 A 

NO . A 

1. KATTO 
2. LOWDERMILK 
3. MACBETH 
4. ZENKEVICH 
5. CHURN-ANNULAR 

FIG. 9. CHF for upflow in a round tube [5]. 

(the Macbeth correlation [ 17]), the Katto correlation 
scheme [22] and the Lowdermilk correlation [23]), and 
a subcooled-boiling CHF correlation (the Zenkevich 
correlation [ 151). 

Although no visual observation was made in the 
experiment with the round tube, we will refer to the 
minimum CHF as ‘flooding CHF’, i.e. q$ because of 
the similarity in the behavior of CHF. The minimum 
CHF then can be reproduced by equation (9) if we 
use the empirical value of C = 1.66, which is much 
larger than those for the other channel geometries. 

In summary, the following conclusions are drawn 
for upflow CHF in a round tube : 

(1) There is a minimum in CHF at stagnant flow 
with the bottom end closed. The minimum CHF is 
calculated by equation (9) with C = 1.66. 

(2) Low flow CHF is well correlated by con- 
ventional high-quality CHF correlations [ 17,22,23], 
which indicates that the CHF is attributed to liquid- 
film dryout. 

(3) At intermediate mass velocities with a positive 
exit quality, there is a region where CHF is almost 
constant as a function of mass velocity. The flow in 
this region appears to be largely affected by the densi- 
ty-wave oscillation. The CHF decreases as the flow 
becomes less stable. 

(4) At sufficiently high mass velocities, burnout 
occurs immediately after the onset of flow excursion. 
The CHF is slightly lower than that calculated from 
the condition x, = 0 and is close to the subcooled- 
boiling CHF. 

3.3.2. DownJlow. One of the results for downflow 
in the round tube is shown in Fig. 10 [5]. They are 
also compared with several CHF correlations 
[15,17,22,23] and equations (l), (5), (9) and (10). The 

summary for the CHF in downflow is as follows : 

(1) In a stiff system, the downflow CHF is as much 
as 30% lower than the upflow high-quality CHF at 
very low flow rates, however, the difference disappears 
as the flow rate increases. This may be attributed to 
the effect of gravity. 

(2) At intermediate mass velocities, there is a region 
where the CHF is almost constant as a function of 
mass velocity, as is the case in upflow. The CHF is 
lower as the flow becomes less stable. When the loop 
has a plenum at the top (inlet of the test section), the 
CHF curve moves down to the annular-flow bound- 
ary as shown in Fig. 10. 

(3) At sufficiently high mass velocities, burnout 
occurs due to flow excursion. CHF is close to the heat 
flux which is calculated from the condition x, = 0. 

4. EFFECT OF GEOMETRY ON CHF 

4.1. Minimum CHF 
At stagnant flow with the bottom end closed or 

very low flow conditions, burnout due to CCFL or 
flooding appears to be common to all the geometries 
tested in this study. This type of burnout is important 
because it results in a minimum CHF. The minimum 
CHF is usually much lower than the pool-boiling 
CHF unless the ratio L/DH is small. The relation 
between the CHF due to flooding and the pool-boiling 
CHF was discussed previously [3]. It was pointed out 
there that the CHF due to flooding increases with 
increasing diameter and decreasing heated length until 
it reaches the pool-boiling CHF. 

Some variation in the burnout phenomenon due 
to flooding was observed between different channel 
geometries. In an ammlus [3], falling film is formed on 
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q’ 
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FIG. 10. CHF for downflow in a round tube [S]. 

both the heated and unheated walls almost unifo~ly, 
and burnout occurs when the liquid film on the heated 
surface dries out due to flooding. The CHF is well 
reproduced by equation (9) with C = 0.98 and by 
using the hydraulic equivalent diameter, i.e. 2s (two 
times the gap of the annulus) as the characteristic 
length. As regards to the characteristic length, there 
exists some disagreement among investigators. 
Richter [24] used the average circumference of the 
annulus, i.e. (Oi+D,)/2, whereas Ueda and Suzuki 
[25] used the hydraulic equivalent diameter. Further 
studies are needed on this point. 

In a rectangular duct with a large aspect ratio [4], 
the falling film is not uniform around the channel. 
The major portion of the liquid flows down along the 
narrower side walls, not along the heated wall (wider 
wall). As long as a sufficient amount of liquid flows 
along the narrower side walls, dry patches on the 
heated wall are quenched by the passage of large dis- 
turbance waves and lumps of liquid broken off from 
the liquid film. Permanent dryout of the heated surface 
occurs when a sufficient amount of liquid is not sup- 
plied to the heated section due to flooding. The CHF 
in this case is correlated using equation (9) with 2w 
(two times the channel width) as the characteristic 
length and C = 0.73. 

In a round tube [S], the minimum CHF is given by 
equation (9) with C = 1.66. This value of C is much 
larger than those for the other channel geometries. 

Equation (9) is compared with some existing data 
[3-5,26-291 plotted in terms of q& and the parameter 
5 given by 

AJD" 

i = A”[1 +(P,/PJ’T 

Using equation (14), equation (9) can be rewritten as 

q& = C”[. (15) 

The results are shown in Fig. 1 I. A reasonable 
agreement is observed between the data and equation 

(1% 

It turned out that the behavior of CHF at low and 
intermediate mass velocities was different between a 
round tube and the other geometries. Figure 12 illus- 
trates the overall trend of CHF in a round tube. At 
stagnant or very low flow condition, the CHF 
approaches the flooding CHF. At low mass velocities, 
the CHF occurs due to almost complete evaporation 
of the liquid entering the heated section. Hence, the 
critical quality is close to unity, and the CHF is well 
reproduced by the high-quality CHF correlations. At 
inte~ediate mass velocities, there is a region where 
CHF becomes almost independent of the mass 
velocity. The CHF is lower when the flow is more 
unstable. The annular-flow boundary may be the 
lower limit of the CHF in this region, while the high- 
quality CHF is the upper limit. At high mass veloci- 
ties, the CHF is well correlated by the subcooled- 
boiling CHF correlations. 

On the other hand, in annuli and rectangular ducts, 
the overall trend of CHF appears to be as illustrated 
in Fig. 13. At stagnant or very low flow conditions, 
there appears to be no difference in the behavior of 
CHF between different channel geometries. At low 
and inte~ediate mass velocities, however, the effect 
of channel geometry becomes remarkable. The CHF 
stays close to the flooding CHF or the annular-flow 
boundary, instead of increasing along the high-quality 
CHF curve. The critical quality is rather small because 
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FIG. 11. Comparison between equation (15) and the data of CHF due to CCFL. 
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FIG. 12. Overall trend of CHF vs mass velocity for a round tube. 

a substantial amount of liquid remains on the 
unheated wall even at CHF. 

The critical quality for a channel with unheated 
walls, which we call a reduced critical quality, is 
approximated by the following equation [30] 

&Z = X&5,/5. (16) 

Here x.+ is the critical quality in a round tube and can 
be estimated from the Katto L-regime correlations 
[ 11,16,22] given by 

GPI 
0.043 

&It = (-1 . G2L (17) 

Using the reduced critical quality, the modified Katto 
L-regime correlation can be written as 

4 * - ;(x,fAhi/h,)G*. CL - 
H 

(18) 

There are some data for an annulus (3 l] which agree 
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FIG. 13. Overall trend of CHF vs mass velocity for an annulus and a rectangular duct. 
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FIG. 14. Comparison between equation (18) and the data of Kuroyanagi and Iwamura [31]. 

reasonably well with equation (18) as shown in Fig. 
14. From these results, it is deduced that the CHF for 
annuli he somewhere between the curve given by the 
reduced critical quality and the annular-flow bound- 
ary. However, this should be limited to a low pressure 
system, because there are some data indicating that 
the Katto L-regime correlation [I I] reproduces CHF 
data for annuli at high pressures well. 

The same argument can be followed for rectangular 
ducts. Comparisons between CHF data for the rect- 
angular ducts and equation (18) are given in Figs. 15 
and 16. For rectangular ducts, however, the reduction 
of the critical quality may not be given only by the 
geometrical consideration of equation (16) because 

the liquid film on the unheated walls (narrower side 
walls) is much thicker than that on the heated wall. 
Therefore, a certain parameter would be needed to 
account for the effect of the non-uniform distribution 
of film flow for more accurate critical quality. 

From the above discussions, it can be seen that 
the difference between different geometries in the 
behavior of CHF at low pressures and low mass vet- 
ocities is mainly attributed to the amount of liquid 
flowing along the unheated wall at the occurrence of 
burnout. 

At high mass velocities, burnout occurs when the 
exit quality is near zero or slightly negative. The CHF 
can be reproduced by the subcooied-boiling CHF cor- 
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FIG. 16. Comparison between equation (I 8) and the previous data for the rectangular channel heated from 
two sides 141. 

relations. Thus, the effect of channel geometry on tube appears to be larger than that for an annulus and 
CHF is small at high mass velocities. a rectangular duct. 

5. CONCLUSIONS 

The results from this study are summarized as fof- 
lows : 

(1) There is a minimum in CHF which occurs due 
to CCFL (flooding or Bow reversal) at flow stagnation 
with the bottom end closed. If the flooding CHF is 
correlated by equation (9), the value of C for a round 

(2) The behavior of CHF as a function of mass 
velocity differs between round tubes and the other 
channel geometries with the unheated wall at low and 
intermediate mass velocities. The overall trends of 
CHF are illustrated in Figs. 12 and 13. The difference 
is mainly attributed to the existence of the unheated 
wall. The effect of the unheated wall may be explained 
by using equation (16). 

(3) The less stable the flow is, the lower CHF is 
observed at intermediate mass velocities. The upper 
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limit of CHF in this region is the high-quality CHF, national Heat Transfer Conference, Miinchen, Vol. 4, 

whereas the lower limit is the flooding CHF and the Paper No. FB28 (1982). 

condition x, = 0 or the annular-flow boundary. 14. F. Tachibana et al. (Editors), Report on burnout mech- 

(4) At high mass velocities, the CHF is correlated 
anisms : 1965 research for peaceful uses of atomic energy, 

well by the subcooled-boiling CHF correlations. The 
JSME Report (June 15, 1967), in Japanese. 

15. B. A. Zenkevich, The generalization of experimental 
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1.13&133 (1959). 
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EFFET DE LA GEOMETRIE DU CANAL SUR LE FLUX THERMIQUE CRITIQUE 
POUR L’EAU A BASSE PRESSION 

R&urn&La difficulte d’interpretation du flux critique (CHF) a faible vitesse et a basse pression provient 
de ce que le phbnomene de brfilage dans ces conditions est perturb& par les effets de convection naturelle 
et d’instabilite d’ecoulement. Cette etude est men&e pour foumir une comprehension de ce probleme. Les 
resultats des experiences pour l’eau dans un espace annulaire, dans des canaux rectangulaires et un tube 
circulaire sont analyses et completes pour extraire une information maximale. On discute l’effet de la 
geomitrie du canal sur le CHF. Cet effet est remarquable pour des vitesses intermediaires. La difference 
des CHF entre le cas dun tube circulaire et les autres geometries est principalement attribube a l’existence 

dune paroi non chautTee qui cause une distribution non uniforme du film liquide. 
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DER EINFLUSS DER KANALGEOMETRIE AUF DIE KRITISCHE 
WARMESTROMDICHTE VON WASSER BE1 NIEDRIGEM DRUCK 

Zusammenfassung-Die Hauptschwierigkeiten bei der Beurteilung der kritischen Warmestromdichte 
(CHF) bei kleinen Geschwindigkeiten und niedrigen Driicken ist die Tatsache, dal3 das burnout-Phlnomen 
bei derartigen Bedingungen sehr sensibel gegen Schwerkrafteffekte und Stromungsinstabilitten ist. Diese 
Studie beabsichtigt, einige grundlegende Vorstellungen iiber die kritische Warmestromdichte bei kleinen 
Geschwindigkeiten und niedrigen Driicken zu vermitteln. MeBdaten, die in einem Ringspalt in rechteckigen 
Kaniilen und in kreisrunden Rohren gewonnen wurden, werden in kurzer Form Gesichtet und zusammen 
mit vorhandenen Daten und Korrelationen gesammelt, urn daraus allgemeingiiltigere Informationen zu 
erhalten. AnschlieBend wird der Einflug der Kanalgeometrie auf die kritische Warmestromdichte diskutiert. 
Es stellte sich heraus, dag der Einflug der Kanalgeometrie bei mittleren Massenstriimen von Bedeutung 
ist. Der Unterschied in der kritischen Wiirmestromdichte bei diesen Massenstrijmen zwischen einem 
kreisrunden Rohr und den anderen Kanalgeometrien wurde hauptsiichlich auf das Vorhandensein einer 

unbeheizten Wand, die eine Ungleichverteilung des Fliissigkeitsfilms bewirkt, zurilckgefiihrt. 

BJHDIHME FEOMETPMH KAHAJIA HA KPMTH9ECKRH TEIIJIOBOH HOTOK AJIlr 
BOfibI I-IPM MAJIOM &ABJIEHHH 

&tHOTa~~CHOBHaff TpynHOCTb npa mirepnperanmi KpriruvecKoro rennosoro noroza (KT~) npn 
MaXOfi CKOpOCTLi &i HH3KOM LlaBJIeHBH COCTOHT B TOM, YTO Ha KTI-I OKa3bIBaW)T BJIHIIHEie IIOLl%eMHbIe 

CHlbIU HeyCTOiiYABOCTbTeSeHHR. &SH 0630~ HCCJIeAOBaHIiiiIIO TeYeHHlO BOlIbI B KOJIbLIeBhIX H IIpSlMOy- 

rOlbHbIX KaHaJIaXII KpyrJlOfi rpy6e, KOTOpbIe AO~OJIIieHbl UMelOlJUiMHCIILIaHHUMH HCOOTHOlLIeHHRIUIK 

no.3yYemin dome IIOJIHOB UH@OpMaUUH. 06CyWIaeTCIi BnUPHHe reoMeTpHH KaHaJIa Ha KTH, KoTopoe 

OKa3bIBaeTCR 3HaWfTeJIbHbIM IIpIi IIpOMe~yTOYHbIXMaCCOBbIXCKOpOCT~X.Pa3JIH%iK B KTn IIpH yKa3aIi- 
H~IXM~CC~B~IXCKO~~CTKX eKpyrnoi%Tpy6euBKaHanaxnpyroil(PophmcB~3aHo B0~~0BHO~ccynlecT- 

~OBaHHeMHeHa~eTOiiCTeHK~,KOTOpa~B~3~B~eTHeO~HOpO~OepaC~peAe~eH~e~CHKH~~~K~T~. 


