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Abstract--For the critical heat flux in HP-regime, that is high-pressure regime, almost no data having been 
published for fluids other than water, an experimental study is attempted on R-12 boiling in 5- and 3-ram 
dia. and 1000-mm long tubes. Critical heat flux qc is measured in the range of pressure p = 19.6--34.3 bar 
(vapor-to-liquid density ratio pc, loL = 0.109-0.306), mass velocity G = 1100-9000 kg/m2s, and inlet subcool- 
ing enthalpy &Hi = 0-65 kJ/kg. Depending on the condition of G and Ani, CHF takes place with natures 
which can be divided into two categories, regular and anomalous. For regular CHF, critical condition is 
detected first at the exit end of heated tube and a linear q c -  AHi relationship holds, whereas anomalous 
CHF initiates its critical condition upstream of the tube exit and exhibits involved relationship between q~ 
and AH~. Experimental data of regular CHF are found to agree fairly well with the predictions of two 
different generalized correlations proposed recently by Katto and by Shah respectively although some 
systematic differences proper to each correlation exist. 

1. I N T R O D U C T I O N  

Many experimental studies have been made on critical heat flux (CHF) of forced convection 
boiling in uniformly heated vertical tubes fed with subcooled water to clarify the fundamental 
natures of CHF in connection with their application in nuclear reactors. Compared with this, 
the studies on CHF of boiling water at high pressures and high mass velocities, as connected 
with steam generators or conventional steam boilers, are not necessarily numerous. Neverthe- 
less, the pioneer studies of Peskov et al. (1969), Becker et al. (1972), and Campolunghi et al. 

(1974) (see table 1 for their experimental conditions of heated tube length l, tube diameter d, 
vapor-to-liquid density ratio PdPt ,  and mass velocity G) have revealed that when the mass 
velocity is high, CHF at high pressures exhibits different characters from those observed at low 
to moderate pressures. In addition, empirical equations for predicting CHF of water at high 
pressures have been presented by Peskov et al. (1969), Lee (1970), and Becker et al. (1972) 
respectively, and these give very high accuracies. In the paper of Becker et al. (1972), the lower 
limit of the mass velocity to originate the high-pressure regime is also given as a function of 
pressure. 

Meanwhile, for existing data of CHF obtained for different fluids in uniformly heated tubes, 
two generalized corrleations were recently proposed by Katto (1978, 1979, 1980a) through a 
formulation method and by Shah (1979) through a graphical method, including the above- 
mentioned high-pressure regime. The former correlation classifies CHF into four characteristic 
regimes called L, H, N and HP, where L-, H- and N-regime appear when the mass velocity is 
low, moderate and high respectively, while HP-regime is the regime which replaces N-regime 
when the system pressure is sufficiently high corresponding to the above-mentioned high- 
pressure regime. The latter correlation may be considered to give the high-pressure regime for 
reduced pressure Pr --> 0.6 although a special narrow transition region exists for Pr = 0.3 to 0.6. 
These two correlations are possibly inferior to Peskov, Lee and Becker correlations as regards 
the accuracy for predicting CHF of water at high pressures, but are in the generalized forms 
capable of predicting CHF of the fluids other than water. It must be noted, however, that 
almost all existing data of CHF obtained for very high Pa/PL ratios are of water except for the 
restricted data of liquid helium obtained for low lid ratios less than -50 (see Katto 1979, 
1980a). Namely, in addition to the above-mentioned water data of Peskov et al., Becker et al. 

and Campolunghi et al., there are water data belonging to the high-pressure regime obtained in 
the experiments of Chojnowski & Wilson (1974), Watson et al. (1974), Doroschuk et al. (1975) 
or Levitan & Lantzman (1975), and the old data compiled in tables 11-14 of Thompson & 
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Table l. Main conditions of cited experiments for verticaltubes 

Main Author Fluid Z(cm) d(cm) Z/d pv/pZ G(kg/m2s) Remark 
Regime 

89.0- ill- 0.144-0.366 1110-5000 Slow and small temp. Peskov et ai.1969 Water 210 0.80 263 rise CHF* 

200- 200- 0.140-0.347 1000-7000 Beeker et ai.1972 Water 500 1.0 500 

Campolunghi et ai.1974 Water %1100 1.2 ~937 0.0902-0.176 1100-2600 
HP 

ChoJnowski-Wilson 1974 Water 762 3.2 238 0.243 682-1462 

Watson et ai.1974 Water 549 3.78 145 0.271 407-2034 Upstream CHF 

Doroschuk et ai.1975 150 0.80 188 0.201-O.271 1500-3000 

Levitan-Lantzman 1975 Water 150 0.80 188 0.201-0.271 1500-3000 

Thompson-Macbeth 1964 Water 69.6 0.191 365 0.171-0.285 1940-3780 Data in Tables 11-14 

Near 

HP 

Upstream CHF for G = 
Waters et al.1964 Water 366 1.12 327 0.0493-0.0853 6690-9320 6690-9320 kg/m2s 

Upstream CHF for g = 
244- 240- 0.0484 1340-9480 6900-9300 kg/m2s Matzner et ai.1965 Water 488 1.02 480 

24~ 194- 0.0487 950-6500 t~stream CHF for G = Merilo 1977 R-12 8 1.26 387 5500-6500 kg/m2s 

194- Merilo-Ahmad 1979 R-12 103- 0.53 0.0487-0.0768 1600-8100 Upstream CHF for G = 
305 575 8100 kg/m2s 

H and N Groeneveld 1972, 1974 R-12 138 0.78 177 0.0h98 1330-8100 Upstreamslow CHF CHF** and 

0.30- 200- 0.109-0.306 1100-9000 HP Present study R-12 I00 0.50 333 

* in cane of high pressure and small ~H i. ** for mixed inlet conditions with G > 4050 kg/m2s. 

Macbeth (1964) include some water data in the high-pressure regime (see table 1 for high values 
of PdP,~ of these data). Hence, as far as the high-pressure regime is concerned, both Katto 
and Shah correlations, although generalized, are virtually based on the water data such as 
mentioned above, and their applicability to the fluids other than water has not necessarily been 
confirmed. 

Now, figure 1 illustrates the criterion for the onset of CHF in HP-regime proposed in the 
generalized correlation of Katto (1980a), where pG is the density of vapor, pL the density of 
liquid, l the length of heated tube, d the I.D. of heated tube, cr the surface tension, and G the 
mass velocity. Outlines of the process to deduce figure 1 will be explained afterward in Section 
4.1. Within the region on the r.h.s, of a heavy curve in figure 1, if the value of dimensionless 
group cr&JG21 is lower than the indicated value, then CHF in HP-regime takes place there. 
This region will be hereafter referred to as HP-possible-region. According to Katto (1980a), the 
experimental data listed in table 1 from the first to the eighth line satisfy the above-mentioned 
criterion for the onset of HP-regime, and hence they are listed together under a mark of HP. 

In connection with HP-regime, also attention must be paid to the experimental studies on 
CHF of water or R-12 made by Waters et al. (1964), Matzner et al. (1965), Merilo (1977), and 
Merilo & Ahmad (1979) for vertical tubes under conditions from the vicinity of the boundary of 
the HP-possible-region to the neighboring region in figure 1 (see table 1 for the conditions of lid 
and PdPL adopted in the studies). These studies, carrying out the experiments up to very high 
mass velocities, reported the observation of the phenomenon of upstream CHF, that is, the 
initiation of CHF condition upstream of the exit end of heated tube, in the ranges of or at G 
noted in the far right column of table 1. In addition, Groeneveld (1972, 1974, 1979) reported the 
observation of upstream CHF for G>4050kg/m2s in his experiment of R-12 made under 
conditions far from HP-regime (see table 1 for the conditions of lid and pc,[pD and with mixed 
inlet conditions. In the experiment of Groeneveld, slow CHF was also observed at high mass 
velocities, instead of the usual CHF temperature excursion, while Peskov et al. (1969) reported 
the observation that the wall temperature excursion at the onset of CHF declined noticeably 
with increasing pressure and decreasing inlet subcooling. 
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Figure I. Criterion for the onset of CHF in HP-regime (Katto 1980a), and the experimental conditions 
adopted in this study. 

In the present study, therefore, experiments are made for CHF in HP-regime employing 
R-12 as coolant (see the bottom line of table 1 for the experimental range) with three main 
purposes: (i) to provide CHF data of R-12 for HP-regime where most existing data are limited 
to those of water, (ii) to examine the two generalized correlations proposed recently by Katto 
and Shah on the generality of HP-regime correlation virtually based on water data alone, and 
(iii) to clarify the circumstances of generating anomalous phenomena such as upstream CHF, 
low temperature excursion and the like. 

2. E X P E R I M E N T A L  A P P A R A T U S  

The experimental apparatus employed is shown schematically in figure 2. Among the liquid 
of R-12 flowing out of a circulating pump, a part passes through flow meters and an electric 
preheater successively to enter the test section under subcooled conditions, and then the 
vapor/liquid two-phase flow leaving the test section flows into a pressurizer, that is a 200-ram 
dia. and 650-mm high vessel. Meantime, the rest of the liquid flowing out of the circulating 
pump passes through a cooler (4-pass concentric tube, counter flow heat exchanger cooled by 
water), and then the greater part of it returns to the circulating pump through a filter, while the 
rest is sprayed into the pressurizer to condense the vapor coming from the test section. The 
pressurizer, equipped with a water-cooled condenser and an electric heater in it, adjusts the 
temperature of saturated liquid in the vessel, and thereby the system pressure is kept at a 
prescribed value. Finally, the liquid flowing out of the pressurizer joins the subcooled liquid 
coming from the cooler to return to the circulating pump. 

The test section, a stainless steel tube of I.D. d = 5 mm and 3 mm with wall thickness of 
1 mm for both cases and length of heated section 1 = 1000 mm, is heated by direct passage of a 
d.c. current. As shown in figure 3, eleven 0.l-ram dia. Chromel-Alumel thermocouples are 
spot-welded to the outer wall of the heated section, and the temperature of these thermocouples 
are measured during the experiment. Besides, a CHF-detector is set to operate automatically 
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Figure 2, Experimental apparatus (P: pressure gauge, and TC: thermocouple). 

for shutting off the d.c. current when the thermocouple TCI near the exit end of heated section 
detects the wall temperature rise of 60°C higher than the saturation temperature. In case of 
upstream CHF, the d.c. current is shut off manually. 

3. EXPERIMENTAL RESULTS 

Experimental results obtained will be presented with the aid of figures to save the space (the 
tabulated data are obtainable from the authors if necessary). 

3.1 Data [or 5-mm dia. tube 
For the heated tube of d = 5 mm and l = 1000mm, experiments are made at pressures 

p = 34.3, 29.4, 24.5 and 19.6 bar, which correspond to the points A, B, C and D in figure 1 
respectively. The results are presented in figure 4, which shows the variation of critical heat flux 
qc with inlet subcooling enthalpy AHi for fixed inlet pressure p and mass velocity G. 

In figure 4, open circles represent the data of CHF detected by the thermocouple TC1 near 
the exit end of heated tube, while solid circles represent upstream CHF. The number of 
thermocouple (see figure 3), with which critical condition is detected first, is indicated by the 
side of solid circular data point partly for p = 34.3 and 19.6 bar alone to avoid complexity, 
showing the trend that (i) the range of AHi to originate upstream CHF becomes wider with 
increasing p and G, and (ii) the location initiating critical condition moves gradually toward the 
inlet end of heated tube with decreasing AH~. The broken curves in figure 4 have been drawn to 
indicate the boundary of the region of linear qc - AH~ relationship, and it is noted that upstream 
CHF appears in the region on the l.h.s, of the broken curve. 

For the upstream CHF shown in figure 4, the wall temperature rise at the onset of CHF is 
observed to be lower than that of the regular CHF detected by the CHF detector. In addition, 
even for the data of regular CHF at G = 1100 to 3300 kg/m2s in figure 4, the trend of the 
reduction of CHF temperature excursion is observed under the conditions of AH~- 0. These 
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Figure 3. Test tube in case of d = 5 mm and the positions of thermocouples (unit of length: ram). 

circumstances of wall temperature rise observed at the onset of CHF may be regarded as 
similar to the observation of Peskov et al. (1969). 

Figure 5 shows the ratio of the pressure drop - h p  through the test tube to the inlet pressure 
p, observed just before the onset of CHF. 

3.2 Data for 3-ram dia. tube 
For the heated tube of d = 3 mm and l = 1000 ram, experimental results of both qc and - h p  

obtained at p = 34.3 bar (point E in figure 1) are shown in figure 6. Experiments were also made 
at p = 19.6 bar (point F in figure 1) with qualitatively similar results to figure 6, but the pressure 
drop through the test tube was extremely high so that the presentation of the data is omitted 
here. 

For the heated tube of a diameter as small as 3 ram, upstream CHF does not take place 
within the experimental range, but a somewhat anomalous character for qc - AHi relationship is 
observed in the region on the l.h.s, of the broken curve in the top diagram of figure 6. 

In the case of d = 3 mm, it is also observed that for the greater part of data shown in figure 
6, the wall temperature rise at the onset of CHF is lower than that measured for the regular 
CHF in 5-ram dia. tube. However, this phenomenon may probably be due to the effect of heat 
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Figure 5. Pressure drop -Ap through test tube just before the onset of CHF for R-12, d = 5 mm, and 
1 = 1000 ram. 

conduction through the tube wall at the exit end of heated section, because the wall thickness 
of 1 mm is considerable as compared with the tube diameter of 3 mm. 

4, ANALYSIS OF DATA 

4.1 Preparation 
From the generalized correlation equations of CHF proposed by Katto (1980a), equations 

necessary in this chapter will be abstracted below, writing critical heat flux qc for inlet 
subcooling enthalpy AHi as: 

q~ = q~o(l + K AH~] HLG/ [1] 

MF Vol, 8, No. 2--F 
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Figure 6. Experimental results of q~ and -Ap for R-12, d=3mm, and /= 1000mm (p =34.3bar 
corresponds to point E in figure I). 

where HLG is the latent heat of evaporation. First, for qco on the r.h.s, of [I], H- and N-regime: 

Pco [pG~O'I33[GDL \h'3 1 
OHLo=O'IO~-~L) [G-~) 1+0.0031 l/" [2] 

qco {PG'~"'33[o'&I °'33 ( l /d)  °'27 
G/4L~- 0.098k~1 ~,~-q) ] +o.0o31 t/d [31 

HP-regime: 

q~o =0.0384 Po 1 
GHLa pL ~--G-~] 1 +0.280(¢pdG21)°2331/a " [41 

Next, for K on the r.h.s, of [1], 
K corresponding to qco of [2]: 

5 0.0124+ d/l 

g 6 ~PG ~LI ~ PL! , 
= -  /~  /~  ~0.133/'O-~ iG21~u3. [5] 

K to qco of [3]: 

0 416 (0.0221 + d/l)(d/l) °27 
K = .  , / \o i-~3,,o. /G21,,o433. 

[PG PL) " - [ PL !"  
[6] 
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K to qco of [4]: 

1 r~ 1"52(°'P L]G21)°'233 + d]l 
K = ,.,~(DG/PL)O.60(OrpL / G21)o 173" [7] 

Boundary between H- and N-regime relating to [3] is given by 

cr L _ "0 77" 2.70 

Figure 7 illustrates the mutual relations between equations of [2] to [4] and [8] for fixed 
pa/pt, and lid. The prediction line of [2] intersects that of [3] at an open circle point, while two 
prediction lines of [2] and [4] intersect at a solid circle point P. For a given value of lid, [8] fixes 
the horizontal position, that is the value of trpL/G21, for a vertical broken line A-A in- 
dependently of pa/pL, and thereby the prediction of [3] is divided into two parts, H-regime and 
N-regime. Now, qc~IGHLG of [2] is proportional to (pG/pL) °'133 while that of [4] to (pJpL) °'6°, and 
hence the point P appears on the r.h.s, of A-A for sufficiently high pJpL ratios as shown in the 
upper diagram of figure 7, while the point P moves to the l.h.s, of A-A, as in the lower diagram 
of figure 7, if pa/pL reduces. Under these circumstances, it is assumed in Katto correlation that 
for the upper condition of figure 7, HP-regime predicted by [4] is realized starting the point P 
and the dotted line of [3] does not materialize, while for the lower condition of figure 7, 
N-regime predicted by [3] appears and the dotted lines of [2] and [4] do not materialize. In this 
way, when the mass velocity G is high, HP-regime can take place if the pressure (or polpD is 
high, while N-regime appears if the pressure (or PG/PL) is lOW. The boundary line of the 
HP-possible-region shown in figure 1 has been obtained from the condition of coincidence of 
the horizontal position between the point P and the line A-A in figure 7, neglecting the transition 
zone which should exist between HP- and N-regime, for simplicity's sake. 

4.2 Classification of CHF data to characteristic regimes 
The marks (HP), (H) and (N) attached to the experimental data in figures 4-6 represent the 

classification of data to HP-, H- and N-regime respectively on the basis of the criteria explained 
in figure 7. The pressure conditions of p = 24.5 and 19.6 bar in figure 4, however, correspond to 

,% 
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,.'~+~O~. k'5+~ =.u .I~/d = const. 

Eq.(4)  P 
........................... 0 .... 

s , .  + - / j   coos. 

A (0-C/a~) 

Figure 7. Criterion for the onset of HP- and N-regime. 
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the points C and D in figure 1. In other wards, they are in the vicinity of the boundary of the 
HP-possible-region. Strictly speaking, it means being in a transition zone lying between HP- 
and N-regime, and this is the reason why question marks are attached to (HP) at p = 24.5 bar 
and to (N) at p = 19.6 bar respectively. 

In figure 4, the data classified to H-regime show the linear q<- AHi relationship throughout 
the experimental range of AH, whereas the data in N-regime deviate from the above 
character. These are in accord with the respective characters of H- and N-regime assumed by 
Katto (1978). On the other hand, the data classified to HP-regime in figures 4 and 6 have the linear 
q< - AM relationship when G < 3800 kg/m2s, but exhibit anomalous trends in the region on the 
l.h.s, of the broken curve when G > 3800 kg/m2s. In a preceding paper (Katto 1978), HP-regime 
was assumed to have the linear qc-  AHi relationship on the basis of the experimental data of 
Chojnowski & Wilson (1974) for G <  1500kg/m2s as well as of the empirical correlation of 
Becker et al. (1972). According to the results of figures 4 and 6, however, it seems likely that if 
G is increased extraodinarily, the linear qc -AH~ relationship deteriorates in the range of small 
AHi. 

4.3 Upstream CHF 
Figure 8 shows the experimental data of CHF obtained by Waters et al. (1964) for water 

boiling at p = 104 bar in a heated tube 11.2 mm in diameter and 3660 mm in length, where open 
symbols refer to regular CHF, while solid symbols represent upstream CHF. These are nothing 
but the data which Collier (1972) cited in his book as the anomalous effects due to ultra high 
mass velocities. 

The experimental condition of figure 8 (Po/PL = 0.0853 vs l/d = 327) is found to fall in the 
HP-possible-region, but is located near the boundary in figure 1, so that the situation is similar 
to the case of p = 24.5 bar in figure 4. Besides, it is noted that the experimental results in both 
cases of figures 8 and 4 are very similar in character, not only for the relation between qc and 
AHi but also for the circumstances of generating upstream CHF. In addition, the experiments 
of Matzner et al. (1965), Merilo (1977), and Merilo & Ahmad (1979), in which upstream CHF 
was observed at very high mass velocities, are of the same order as that of Waters et al. for I/d, 
pa/pL and G. All the facts mentioned above may be regarded as suggesting that the character of 
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Figure 8. Experimental results of qc for water, pa/pL = 0.0853 and lid = 327 (Waters et al. 1964). 
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CHF such as shown in figure 4 is common to R-12 and water. At the present state, however, it 
seems premature to discuss the relation to the upstream CHF of Groeneveld (1972, 1974), 
because this upstream CHF is the one observed under conditions considerably far from 
HP-regime and for mixed inlet conditions (that is AHi < 0) alone. 

4.4 Regular CHF with linear qc - A N  relationship 
Experimental values for qc and K on the r.h.s, of [1] can be determined from straight lines 

in the region of linear qc -AHi relationship in figures 4 and 6, and they are compared with the 
predictions of q~o and K given by [2]-[7] in figures 8-10. Physical properties used are those of 
the saturated condition at inlet pressure p. Presenting the data on log scale, as in figures 8-10, 
may not be fair as regards accuracies, but it is more important at present to seize the character 
of the qco and K data, for which log scale is suitable. 

First, in figure 9, open circles represent the measured values of q,, determined from the 
data't of figure 4, while heavy lines indicate the predicted qco, for which characteristic regimes 

-3 
10 

5 

o 

,~ 5 

o 
o~ 

16 4 
IO-B 

10 3 

~ 5 

Lb 

16 4 
10-8 

i0 3 

P = 3 4 . 3  bar ~ . ~ ~  

o o o o o o o o o 

I J J l J I l , I  , , , J , J ~ l l  , , , I . . . .  
5 10 7 5 10 6 5 10 -s 

p = 29.4 bar 

-- E q . ( 4 )  ( ~  

o o 
o o o o 

o 
o 

0 0 

5 10 .7 5 10 .6 5 10 s 

lO' 
1£~ e 

16 3 

P = 2 4 . 5  bar 

_ _ ~ E q  (41 " J ?  

- o o ° / ~  
o o o o 

o LS- ~ 

5 1(~ ? 5 10 .6 5 10 5 

P= 19.6 bar / ~ o , . ~  

__~(_E q. (41 × 

~ o o 
o~ Eq.( ) 

i 

1541 t f f l  , * l J l ~ '  L ~ I t ~ , ~  ~ , , , ,  
l d  e 5 107 5 10 6 5 10 s 

o /c2 2 
Figure 9. Comparison between the measured and the predicted qco (R-12, d = 5 mm, and / = 1000 mm). 

tAdditional data obtained for G = 1600, 2700, 3800 (or 3900), and 4800 (or 4900) kg/m2s, which are omitted from the 
presentation in figure 4 to avoid complexity, are also used. 
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Figure 10. Comparison between the measured and the predicted K (R-12, d = 5 ram, and I = 1000mm). 

determined in figure 4 are shown with the same marks: (HP), (H), (HP) and (N). For p = 34.3 
and 29.4 bar (points A and B in figure 1), the agreement between the measured and the 
predicted qco is fairly well. For p = 24.5 bar (point C in figure I), the measured qco in the range 
of ooL/G21 < 3 x 10 -7 lies between the predictions of [3] and [4], suggesting the trend of transition 
from HP-regime. Then, for p = 19.6 bar (point D in figure 1), the measured qco in the range of 
o.pL/G21<3 x 10 -7 agrees with the prediction of [3], exhibiting the clear separation from 
HP-regime. However, it should be noted that this does not mean the appearance of N-regime in 
its pure form, because the values of q~o determined through the extrapolation as AM ~ 0 of the 
data for p = 19.6 bar in figure 4 are represented by crosses in figure 8 showing a deviation from 
the prediction of [3] for q~o in N-regime. 

Next, in figure 10, triangular symbols representing the experimental values of K determined 
from the data of figure 4 are compared with the predicted k given by [5]-[7], showing quite the same 
character as that of figure 9 in the relation to the characteristic regimes. It is noted in the case of 
p = 19.6 bar that the experimental data of q~o for o'odG21 < 7 x 10 -7 in figure 9 agree well with the 
prediction of [31, whereas the corresponding data of K for oprJG:l < 7 x 10 -7 in figure 10 are near 
the prediction of [5] than that of [6] which corresponds to [3]. A similar result has already been 
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Figure 11. Comparison of the measured qco and K with the predicted qco and K (R-12, d = 3 m m ,  and 
/ = 1000 ram). 

obtained in the preceding study of one of the authors (see Section 3. I of Katto 1980b), and hence 
the use of [5] instead of [6] seems preferable for predicting the approximate values of K in 
N-regime. 

Figure 11 shows the comparison of the experimental values of qco and K obtained from the 
result of figure 6 (point E in figure 1) with the predicted q~o and K. The experimental values 
agree fairly well with the prediction, and the general feature is similar to that in the case of 
p = 34.3 and 29.4 bar in figures 9 and 10. 

Finally, three broken lines drawn in figure 8 represent the prediction of qc calculated 
through [1] and the correlation equations [4] and [7] for HP-regime. They show some deviations 
from the experimental data, but it may be rather natural because the experimental condition of 
figure 8 is in a transition zone from HP-regime to N-regime as has been mentioned in Section 
4.3. 

4.5 Shah generalized correlation and regular CHF data 
So far regular CHF data have been analyzed on the basis of Katto correlation. Next, the 

prediction of Shah correlation is compared with the regular CHF data in figure 12 in quite the 
same manner as in figure 9. Each curve in figure 12 represent the prediction of qco derived from 
Shah correlation for the conditions of R-12, d = 5 mm, l = 1000 mm and A ~  = 0, while the 
experimental data are the same as those in figure 9. It is noted from figure 12 that Shah 
prediction agrees fairly well with the data all over the experimental range of pressure from 34.3 
to 19.6bar, and particularly the agreement is satisfactory at p =24.5bar. However, a 
systematic difference of trend is observed in the range of low ~pL/G21 in figure 12 that the 
prediction curve keeps nearly an identical form throughout the experimental range of pressure, 

whereas the data points line almost horizontally at high pressures (p = 34.3 and 29.4 bar) and they 
line on a slant at low pressures (p = 19.6 bar). As has been stated in Chapter 1, Shah correlation 
assumes that the lower limit of the reduced pressure to generate the high-pressure regime is 0.6, 
which corresponds approximately to the condition of p = 24.5 bar in the present case. Therefore, it 
may be said that Shah correlation exhibits the highest accuracy near the boundary of HP-regime, 
that is, near p = 24.5 bar, whereas Katto correlation gives the lowest accuracy there. 
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Figure 12. Comparison of the measured qco with the prediction of Shah correlation (R-12, d = 5 ram, and 
/ = 1000 mm). 

4.6 Change of physical properties due to pressure drop 
Figure 13 shows the variation of physical properties of R-12 corresponding to the pressure 

drop -/~p produced over the test tube. 
For Katto correlation, [4] and [7] indicate that the physical properties affecting CHF in 

HP-regime are HLG, PO/PL and o'pL. However, if the change of & is now neglected for 
simplicity's sake, they may be reduced to HLc, PG and o-. It is noted from figure 13 that the 
change of ~r is exceptionally great in HP-regime (p = 34.3 and 29.4 bar). However, as is seen in 
figures 9-11, both qco and K in HP-regime hardly change with the change of crpiJGZl, so that 
the effect of o" on CHF in HP-regime may be neglected for rough purposes. 

In the case of Shah correlation, CHF is affected by the physical properties CpL/kL, t~L/IZ6, PL, 
HLG together with the reduced pressure p, (which may be substituted by P~/OD, where CpL is 
the specific heat of liquid, kL the thermal conductivity of liquid, /zL and /~G the dynamic 
viscosity of liquid and vapor respectively. As is seen in figure 13, the change of /ztJ/zG is 
significant in HP-regime, but Shah correlation seems to be constructed so as to give little effects 
of #L/#G on CHF in HP-regime. 
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Figure 13. Change of physical properties of 1t-12 due to pressure drop [broken line: A(#cl#a)/(#dl~a), 
chain line: -A(CpL/kL)/(cpdkL)]. 

Now, if a limited range of mass velocity, say, G < 3800 kg/m2s, is considered, then the linear 
q,. - AHi relationship holds invariably for A/-//> 0 (see Section 4.2), and it follows that - Ap/p < 
0.03-0.04 for HP-regime in figures 5 and 6, and consequently AHLdHL6, -Apdpc, and 
A(cpL/kD/(cpL/kD<O.1 in figure 13. Principally, therefore, such a mass velocity range as 
mentioned above should be taken as the basis on which both Katto and Shah correlations of 
CHF in HP-regime are constructed with the assumption of constant physical properties. 

4.7 Wall temperature rise at the onset of CHF 
The circumstances to generate a lower wall-temperature excursion than the normal one at 

the onset of CHF have been described in Sections 3.1 and 3.2. However, if compared with the 
slow CHF observed by Groeneveld (1972), it seems preferable to say that the temperature rise 
measured in the present study is sharp rather than slow. 

5. CONCLUSIONS 

From the experimental study made on CHF of forced convection boiling of R-12 in 
uniformly heated tubes of diameter 5 and 3 mm and length 1000 mm, the following conclusions 
are drawn. 

(1) For mass velocity G less than about 3800kg/mZs, critical heat flux.qc in and near 
HP-regime exhibits a linear relationship to AH,. in the range A/-/~ > 0. For G > 3800 kg/m2s, the 
linear qc - AM relationship holds for A M > k, where k is a positive value increasing with G, 
while anomalous relation between qc and AH; appear for k > A/--/~ > 0. 

(2) Through both regions of G < 3800 kg/mEs and G > 3800 kg/mEs, the CHF with linear 
q~- AM relationship is always of the regular nature that the critical condition is detected first 
at the exit end of heated tube. 

MF VoL 8, No. 2--G 
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(3) The regular CHF data obtained for R-12 at points A, B, C, D and E in figure 1 agree 
fairly well with the prediction of Katto generalized correlation except for point C, near which 
the transition between HP- and N-regime is presumed to take place. Meanwhile, Shah 
generalized correlation exhibits a good agreement with the data throughout the experimental 
range of pressure, excepting some slight systematic deviations. 

(4) In the case of 5-mmdia. tube, the anomalous CHF observed under conditions of 
G > 3800kg/m2s and k > AM > 0 is upstream CHF. When the tube diameter is reduced to 
3 ram, the anomalous region reduces considerably and upstream CHF disappears. 

(5) Regular CHF takes place with a sharp wall-temperature excursion, whereas upstream 
CHF shows a comparatively low temperature rise at the onset of CHF 
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