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Abstract - In this paper, a graphical method is evolved to give a generalized birds-eye view of the existing 
data for critical heat flux (CHF) in vertical tubes with zero inlet subcooling. For this purpose 946 data points 
obtained from 47 sources are used, including 14 different fluids (water, ammonia, benzene, ethanol, freons, 
helium I, parahydrogen, monoisopropylbiphenyl, nitrogen, and potassium), tube length from 0.0109 to 
8.82 m, tube diameter from 0.00109 to 0.0381 m, and density ratio of vapor/liquid from 0.000270 to 0.413. As a 

result, a regular nature is elucidated for the CHF under study. 

NOMENCLATURE 

constant, equation (5); 

I.D. of heated tube [ml; 
mass velocity [kgm-’ s- ‘I; 
latent heat of evaporation [Jkg - ‘1; 
enthalpy of inlet subcooling [Jkg - ‘I; 
parameter for the effect of inlet subcooling, 
equation (1) ; 
length of heated tube [m] ; 
critical heat flux [Wmm2] ; 
q, for AHi = 0 [Wm-?]; 
inlet subcooling temperature [K]. 

Greek symbols 

PI? density of liquid [kgm- “I; 

Pw density of vapor [kgme3] ; 
0, surface tension [Nm- ‘I; 

x9 quality (x,,; exit quality corresponding to 
critical condition; xin: inlet quality). 

1. INTRODUCTION 

RECENTLY, Shah [l] and the present author [2-41 
attempted developing generalized correlations of ex- 
perimental data for critical heat flux (CHF) in uni- 
formly heated vertical tubes. However, a birds-eye 
view of CHF data cannot be obtained from these 
studies, because Shah’s graphical correlation was 
made taking quite different forms for two regions of Y 
>< 10’ where Y is a dimensionless parameter pro- 
portioned to G’.*, while the author gave the analysis of 
CHF data separately for four characteristic regimes 
called L-, H-, N-, and HP-regime*. This is certainly 
inconvenient for observing the general features of 
CHF. In the present paper, therefore, a generalized 

* In a rough sense, it seems that Shah’s region of Y < 10’ 
corresponds to Katto’s L-regime while Y r 10’ to other three 
regimes. 

graphical representation of the existing data is evolved 
on the basis of the author’s correlation principle at a 
little sacrifice of accuracy. 

For the author’s correlation [2-41, critical heat flux 
qc in case of inlet subcooling enthalpy AHi is written as 

qc = qeo (1 + K AHJH,,) (1) 

and qcO on the RHS of equation (1) is correlated in the 
following form : 

(2) 

Then, according to the preceding study [4], a dimen- 
sionless parameter K in equation (1) can be evaluated 
theoretically in many cases only if the functionf( ) on 
the RHS of equation (2) is known. Therefore, the 
correlation of q,, alone will be dealt with in this paper. 

2. COLLECTION OF q_, DATA 

2.1. Method of obtaining q0 data 
Utilizing actual experimental data from a number of 

sources [5-521, as listed in Table 1, qEO data for 
pulsation-free upflows are obtained, mostly by the 
following normal methods (i) and (ii), and partly by 
some exceptional methods (iii)-(v) to extend the range 
of experimental conditions. 

(i) As for the data providing the variation of qc with 
AHi for fixed G, if there are enough data points (qc - 
AHi), qcO can be obtained by the method of extrapo- 
lation (or interpolation, occasionally) as AHi -+ 0. The 
same principle also applies when ATi or xin is used 
instead of AHi. In the special case of experiment made 
with AH, which is zero substantially, qeo can be 
obtained immediately from the data. 

(ii) As for the data providing the variation of qc with 
xex for fixed G, the relation of q, vs AHi can be derived 
through the well-known heat balance equation for 
uniformly heated tubes : 
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4% 1 AHi 

GH,, d H,, Lx’ 

Therefore, the method (i) is applicable. In this case, 

however, there are occasionally papers giving yc only 
for high degree mixed-inlet-condition (AHi < 0), and 
the presumption of q,, as AHi - 0 from such data is 
avoided because of the ambiguity of the flow pattern 

given at the tube inlet. 
(iii) References [l&24,35] give the data of sharp 

wall-temperature rise position for subcooled or satu- 
rated inlet condition (AHi 2 0). In this case, if the axial 
length between the above-mentioned temperature rise 
position and the computed position of x = 0 is taken 

as I, the experimental CHF is regarded as q,,. 

(iv) References [47,48,51] give the data of sharp 
wall-temperature rise position for mixed inlet con- 

dition (AHi < 0). In this case, the I determined by 
means of the method (iii) becomes an imaginary 

length, but the preceding study [4] has shown that the 
above-mentionled I can be used to correlate data 
without serious error so far as L-regime (see Section 

3.2) is concerned. 
(v) References [13,45] give the data for indepen- 

dent sets of G, AHi and q,. Therefore, q,, is estimated 
through equation (1) with semi-theoretical value of K 

derived in the preceding study [4]. In this case, if the 

value of KAHJH,, is small compared with unity, 
serious error does not arise for the estimation ofy,,. TO 
supplement the data in L-regime [13] is used while 

[45] provides the data of R-22 in H-regime. 

2.2. Note on the dutu 
The data of [7?10] are those referred to by Collier in 

his book [59] while the data of [l I] are those referred 
to by Rohsenow in Handbook of Heat Transfix [60]. 
As for [15], the data of thick-walled tube in Fig. 2.9 are 
used. For [21] the data for I = 1.57 m are discarded 
due to considerable scatter of data, and for [25,26] 
actual experimental data shown in graphs are utilized, 
discarding recommended CHF values which assume 

non-influence of I and of inlet parameters for l/d > 20 
(N.B. 493 data points from the latter were used in the 
correlation of Shah [ 11). As for [27], only one data at p 
= 200atm is utilized due to the scarcity of data for 
fixed G. In [35], the data in case of AHi = 0 alone are 
used for simplicity. Miscopies found in tabulation of 

Ref. no. 

5 --24 
25, 26 
27 
28-30 
31 
32-34 
34 
35- 37 
38 

Table 2. Symbols used to specify the fluids in Fig. 1 

Fluid Symbol 

Water 0 
Water 
Water : 
Water 0 
Ammonia Om 
Benzene 0 
Ethanol + 
He 
HZ i 

Ref. no. Fluid Symbol 

31 MIPB 
;8, 39 N, 

+ 
n 

4G44 R-12 n 
42 R-21 v 
45 R-22 0 
46 -48 R-113 A 
49 R-114 v 
50-52 K x 

[45] and [49] have been corrected (cf. [2] and [3]). 
As was mentioned in [2,3] as VL-regime, it seems 

likely that if l/r/ is small and if the inlet velocity is \ery 

low, ordinary pool boiling is apt to prevail. From this 
point of view, the data of [33] in the range of op,/G’i :, 

3 x lo-’ (cf. Fig. 10 of [3]) and a part of H, data of 
[38] (cf. Fig. 9 of [2]) have been discarded. For the 

same reason, among the data of [39]. upflow data at 

the highest velocity (3.5 m/s) alone are adopted for 
information. The data of Cheng and Ng [53] are not 
considered, because they are clearly in the regime 

suffering the effect of pool boiling. 
Finally, the data of Borishansky rt ul. [54], Dorosh- 

chuk and Lantsman [55], and Smolin [56] cannot be 
utilized due to the lack of information of 1. Elim- 
inations of data other than those mentioned in this 

Section have not been made in the present study except 
those cases with clear reasons such as unstable flow. 
anomalous condition, etc. 

3. GRAPHIC REPRESENTATIOb OF q,,, DATA 

3.1. Representation of q,, data 
The experimental data of q,, collected in Section 2 

are listed in Table 1 along with the kind of fluid, 

the range of experimental conditions, and the 
number ofcollected data, where physical properties for 
monoisopropylbiphenyl alone are those estimated by 
the method of [57,58]. Then, assuming the possibility 

of correlating the data in the form of equation (2). 13 
graphs are prepared for distinct values of l/d as shown 

in Fig. 1, and the data of q,,/GH,, are plotted against 
up,/GZ1 (the division of data by l/d to each graph and 
the treatment of p,/p, effect will be explained in Section 
3.3). Data symbols shown in Table 2 are used in Fig. 1 
to discriminate the kind of fluid. When many data 

gather together to the same place, plotting a part of 
data is eliminated to avoid the confusion. 

3.2. Representation of the uuthor’.\ c,orrelation 
equations 

Based on the results of the preceding study [2,3]. the 
characteristic regimes L, H, N, and HP, the correlation 
curves (a) to (e), and the boundary (f) between H- and 
N-regime are shown in Fig. 1 applying the following 

equations : 
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FIG. 1. Generalized graphic representation of qc, data. (L) : L-regime, (H) : H-regime, (N) : N-regime, (HP) : 
HP-regime, a: equation (4), b: equation (5), c: equation (6) with P~/P~ = 0.048, d: equation (7) with ,uJp, = 

0.048, e: equation (S), f: equation (9). 
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FIG. l.-continued 
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Table 3. Experimental range of lid and p,/pl in each regime for the data of Fig. 1, excluding the data of Table 4 

Nominal HP-regime 
1 I /‘\ 
d d 

x lo* 
l’i 

10 
15 
25 _ 

50 

75 

100 

150 145 27. I 123. 161 I .79 -9.28 

200 188-206 14.0-36.1 175-214 2.41 13.1 

250 23X 24.3 229-268 4.84&9.X8 

300 300 14.0-34.7 271-m360 2.4OC8.05 

H and N-regime L-regime 
I /‘\ 

x 10: 
d /‘I 

10.0 1.03 
13.6 16.0 0.979 6.42 
20.0-33.4 1.W7.82 
39.2-59.2 1.79 13.5 

67&X3.5 2.41 11.2 

90.2-l 12 1.79 11 

500 500 14.0-34.7 480 4.84 
800 940 4.81 

20.0&30.0 
40.2~601 

62.5 -83.0 

86.X 105 

123 159 

17x 224 

249 -268 

2% 337 

528 569 
792 882 

* Italic numbers indicate the references which give HP-regime data 

0.105~7.10 
0.0623- 13.5 

0.0820 -4.82 

0.0270 2.07 

0.0736G4.85 

0.0623%4.82 

0.404~ 9.81 

0.293 4.86 

0.614 -2.28 
1.47-2.21 

Ref. no. * 

3’ 

3;, 33-34 
6.12,22,3X,39,40.41,52 
7.X.9. 10,12, 13. 16.21, 
‘7 35 40,42,50.51.52 _i,__. 
7.X.13,16,19,21,40. 
4 1,42.46,49,50,52 
5.12,13,16.19.22.40. 
42.49.S1,52 
7.X.10 17 13 15 19,22. . -1 > 3 
30.40.41,42,45,49,5 1 
5.X.12, 13,25,L75,26,_‘h. 
27> 28.40,42,43,51 
1’,13.14,29,L9.41,44. 
47.4X 
7.X.1’,13.14,17,1X.‘3, 
24,283 40.42,47,48, S 1 
13,14.‘&47,48,51 
1 3,20.47,4X 

L-regime, 

(a) : ~2k- = 0.25L 
GH,, l/d ’ 

or x,+ = 1 (4) 

Y0 
0.043 1 

(b): up= 
-- GH,, W 

(5) 

where 

C = 0.25 or 0.34. 

H- and N-regime, 

where 

pJp, = 0.048 for (c). 

(l/d)‘.” 

’ m:m (7) 

where 

p,,/p, = 0.048 for (d). 

HP-regime, 

1 
63) 

Boundary between H- and N-regime, 

(0 : (9) 

In Fig. 1, the lines (a) and (b) for L-regime are given 

independently of pJp, [see equations (4) and (5)]. The 
intersecting point between (a) and (b) appears at 

op,/G=l = 7.84 :< lo-~’ (10) 

which is determined by eliminating ycO from equations 
(4) and (5) with C = 0.34 for l/d = 755800 as seen in 

Fig. 1. Next, the lines (c)and (d) for H-and N-regime in 
Fig. 1 show the prediction of equations (6) and (7) in 

case ofp,/p, = 0.048 corresponding to saturated steam 
and water at 68.5 bars for example. It should be noted 
that l/d does not exert its influence on the lines (c) and 

(d) so much as on the lines (a) and (b) [cf. equations 
(4)-(7)]. Finally, the curves (e) for HP-regime of Fig 1 
show the prediction of equation (8) for p,/p* = 0.140, 

0.234, 0.271, and 0.347. 

3.3. Eflicts of p,Jp, 

The data points plotted in Fig. 1 can be classified 

according to the regimes of L, H + N, and HP 
determined in Fig. 1, yielding the result of Table 3 with 
the range of l/d and p,/p, covered in each data set, on 
the condition that a small number of data in the regime 
of H + N with comparative high or low values of [IV/p, 
are omitted from Table 3 to be shown in Table 4. 

Now, as for L-regime data in Table 3, it is noted that 
the value of pv/p, shows a variation as much as 500 
times (= 13.5 + 0.0270). However, the data points of 
CHF plotted in L-regime in Fig. 1 show no mutual 
discrepancies owing to the difference of pJp,, and this 
independence of pv/p, agrees with the character of 
equations (4) and (5). 
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‘lable 4. Data with comparatively high or low values of&/pi 
in H and N-regime 

Nominal H and N-regime 
1 I PV - x lo2 No. of Ref. 
d d PI data no. 

5 
5.0 0.124 2 [ill 
5.14 15.1 1 c351 

10 

15 

25 

50 

200 

7.86-10.9 21.1 2 [351 
10.0 0.675 3 c321 

15.0 0.124 1 [ill 
12.5 0.151 1 [351 

25.0 0.124 9 
21.8-31.2 15.1-21.1 4 [::I 

25.7 15.1-41.3 5 c371 

35.9 15.1 1 c351 
50.0 17.0 
51.4 15.1-41.3 : [:!I 

188 15.4-20.1 7 [25,26] 
Total 42 

Next, H- and N-regime data in Table 3 change the 
value of pv/pt in some degree above and below the 
value of 0.048 (cf. Section 3.2). However, the data 
points of CHF plotted in H- and N-regime in Fig. 1 
appear along by the lines (c) and (d), supporting 
equations (6) and (7) on the point that the effect of pv/pI 
on CHF is only in the degree of (py/p,)o,133. It should 
be noted here that correction of experimental value of 

qEOby (PJPJ ' 133 in plotting the data in Fig. 1 has not 
been done, mainly because of avoiding artificial modi- 
fication of data as far as possible, and partly because of 
the difficulty of dealing with the data near the boun- 
dary between L- and H-regime with different character 
as to the effect of pv/p,. However, the correction of 
multiplying [0.048/(pJp,)]“.133 to qeJGH,, has been 
made for the small number of data of Table 4, because 
the difference of pv/pl from 0.048 is comparatively large 
and the data are sufficiently apart from L-regime. 

Finally, HP-regime data in Table 3 are subject to a 
strong influence of pJp, as is noticed in Fig. 1, so that 
the curve (e) representing the prediction of equation (7) 
is drawn in Fig. 1 for every experimental value of p,/pl 
on the condition that pv/pt = 0.361, which cor- 
responds to only one data of water [27], is omitted for 
avoiding the confusion of representation. 

4. DISCUSSION OF THE RESULT OF FIG. 1 

(I) It is of interest to know that a large number of qc,, 
data obtained from various independent sources 
[5-521 indicates such a regular nature as shown in Fig. 
1 for a wide range of l/d, suggesting the importance of 

* Notice that the H-HP boundary defined by equation (19) 
of the preceding study [2] is kept unchanged. 

the dimensionless group ap,/G’l for this phenomenon, 
(N.B. the comparative deviation of two benzene data 
for l/d = 15, indicated by thick arrows in Fig. 1, is 
unaccountable as was mentioned in the preceding 
study [3]). In connection with this point, it may be of 
use to add that this type of dimensionless group, which 
is composed with the length of heated surface mea- 
sured in the direction of forced convection, can play an 
important role for correlating CHF in forced flow of a 
jet over a heated surface [61-641. 

(II) It may be said from the result of Fig. 1 that the 
author’s correlation equations (4)-(8) express the 
general trend of experimental data on the whole. 

(III) In the author’s preceding study [3], the con- 
stant C in equation (5) was tentatively determined as C 
= 0.25 for 5 x 10m4 < ap,/G21 and C = 0.34 for 
ap,/G’l < 5 x 10-4, and this character is fairly 
observed in Fig. 1, too. However, a detailed obser- 
vation of Fig. 1 reveals a better formulation that C = 
0.25, for lfd < 50, C = 0.34 for ljd > 150, and a 
transition between C = 0.25 and C = 0.34 takes place 
in the range of l/d N 75-100. 

(IV) Correlation equation (8) for qeo in HP-regime 
agrees with experimental data fairly well as shown in 
Fig. 13 of [2]. However, there is still an anxious matter 
found in [4] that the parameter KHP for the effect of 
inlet subcooling on CHF in HP-regime derived 
theoretically from equation (8) is slightly higher than 
the experimental data of K,,. Therefore, it is naturally 
impossible to derive the ultimate criterion for the onset 
of HP-regime from the result of Fig. 1 based on 
equation (8). However, it may not be useless for the 
present to give the following tentative criterion. If it is 
assumed that the curve (e) of HP-regime in Fig. 1 can 
appear only originating itself on the line (c) of H- 
regime*, the lowest value of pv/pI for permitting the 
onset of HP-regime occurs when the intersecting point 
between (e) and (c) [determined by eliminating qco/- 
GH,, from equations (6) and (8)] agrees with the 
intersecting point between (c) and (d) [determined by 
eliminating q,JGHfe from equations (6) and (7)] to 
give 

PV 

C 

1 16(1/d)-0.134 + 0.976(1/d)0.324 1.93 
-= 
PI 0.254(1/d) + 82 1 > (11) 
and Table 5 shows the computed result of equation 

(11). 
Then, the circumstances for the appearance of HP- 

regime in Fig. 1 are explained as follows. First, CHF in 
HP-regime is not observed for l/d = 25 and 50 in Fig. 1 
in spite of the experimental value of pv/p, as much as 
0.413 (see Table 4), but it is natural because the lowest 
values of pv/pr given in Table 5 for l/d = 25 and 50 are 
much larger than 0.413. On the other hand, HP-regime 
is observed for l/d = 150-500 in Fig. 1, and it is also 
natural because the values of py/pr listed in the column 
of HP-regime in Table 3 are on the whole larger than 
the respective lowest values of pv/pl in Table 5, though 
some minor discrepancies are observed. 
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Table 5. Lowest limit of p?-ip, for the appearance of CHF in HP-regime 

l,fd 5 10 15 25 50 75 

ILIPL x lo2 129* 106* 93.8 78.X 59.0 47.8 

100 150 200 250 X)0 501 i mi 

40.0 29.x 23.7 1x 7 Ii-l X.3) -r :“‘ 

* Values of p,,/or > 1.0 mean nonexistence of HP-regime. 

(V) It is noticed in Fig. 1 that experimental data of 
freons have a trend to be slightly lower than those of 
water in H- and N-regime for l/n 2 50. This trend 
coincides with the indication given in the preceding 

paper [3] (see the discussion of mass flux scaling 

factor). It is also noticed in Fig. 1 that experimental 

data in H-regime for l/d 2 250 seem to have slower 
gradient than the line (c). In addition, it should be 

mentioned that the data of potassium exist in L-regime 

alone, while the data for HP-regime are only of water. 

5. CONCLUDING REMARKS 

Dealing with CHF of forced convection boiling in 

uniformly heated tubes with zero inlet subcooling, a 
generalized graphical representation of 946 data 

points listed in Table 1 has been made giving the result 
of Fig. 1, and thereby the following quantitative 
informations are obtained: (a) the behavior of con- 

stant C in equation (5) as described in Section 4(111), 

and (b) the lowest value of p‘s/p, for the onset of HP- 

regime as given by equation (11). 
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ASPECT GENERAL DU FLUX CRITIQUE EN CONVECTION FORCEE 
DANS DES TUBES VERTICAUX, CHAUFFES, AVEC UN 

SOUS-REFROIDISSEMENT NUL A L’ENTREE 

RksumC ~ On dCveloppe une mCthode graphique qui, en un clin d’oeil, rassemble les donnCes connues pour 
le flux critique (CHF) dans les tubes verticaux, sans sous-refroidissement ;i I’entrte. On utilise 946 points 
expkrimentaux provenant de 47 sources et concernant 14 fluides (eau, ammoniac, benztne, Ethanol, freons. 
helium I, parahydrogkne, monoisopropylbiphenyl, azote et potassium), une longueur de tube allant de 0,0109 

$ 8,82m, un diamttre de tube de 0,00027 $ 0,413. On digage une nature rtguli&e du flux critique. 

HAUPTMERKMALE DER KRITISCHEN WARMESTROMDICHTE (KWD) 
BEIM SIEDEN BEI ERZWUNGENER KONVEKTION IN GLEICHFORMIG 

BEHEIZTEN SENKRECHTEN ROHREN BE1 EINER 
EINTRITTSUNTERKiiHLUNG VON NULL 

Zusammenfassung---In diesem Aufsatz wird eine grafische Methode entwickelt, urn einen allgemeinen 
fjberblick iiber die vorhandenen Daten fiir die KWD in senkrechten Rohren bei einer Anfanrsunterkiiblune 
von null zu geben. Zu diesem Zweck wurden 946 Versuchsergebnisse aus 47 Quellen verwendet. Diese 
umfassen 14 verschiedene Fliissigkeiten (Wasser, Ammoniak, Benzol, lithanoI, Freone, Helium I, 
Parawasserstoff, Monoisopropylbiphenyl, StickstoN und Kalium), RohrlHngen von 0,0109 bis 8,82 m, 
Rohrdurchmesser von 0,00109 bis 0,0381 m und Dampf/Fliissigkeit-Dichteverhiltnisse von 0,000270 bis 

0,413. Als Ergebnis wird ein regularer Verlauf der untersuchten KWD erhalten. 

KPMTMYECKME TEIIJIOBbIE IIOTOKM HPM KMIIEHMM B YCJIOBMRX 
BbIHYx,JJEHHOI? KOHBEKUMH B PABHOMEPHO HAI-PEBAEMbIX BEPT+iKA.JIbHbIX 

TPYGAX fIPM OTCYTCTBMM HEAOI-PEBA HA BXOAE 

AHHOT~UHM- npenJIOx(eH rpa@iWKH8 MeTOil o60611rensa AMClOWiXCII RaHHbIX n0 KpMTH'fCCKOMy 

TennoBoMy no~oKy B Bep*HKanbHbrx -rpy6ax npH OTC~TCTBH~~ nenorpesa na sxone. C ~TOA uenbw 

UCnOJlb30BaHO 946 3KC"epHMeHTanbHblXTOVZK A3 47 NCTO'IHHKOB NISI 14 pa3JlEiVHbIX XW,KOC~efi(BOna, 
aMMkiaK, 6ewon. TwaHOn, +peoHbr. reJI&ifi-I, napasouopou. .MOHO&i30npOnHJI6W$eHWI. a301 H KaJIFiii) 

B Tpy6ax nnanofi OT 0.0109 no 8.82 M. uuaMerpoM OT 0.00109 no 0.0381 M npe OTHonreHilRx 

~JIOTHOCTR napa K ~JIOTHOCTH WCHLIKOCTH B npenenax 0.000270--0.413. BbIaBneHbI 3aKoHoMepHoc~a 

JAR KpHwvecKoro TennoBoro no_roKa B HccneayeMoM nnana30He napahle-rpos. 


