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Abstract-Experimental studies of critical heat flux (CHF) on a heated cylinder in a cross flow have so far 
been made within a narrow range of vapor-to-liquid density ratios p,/p, = 0.00064.005. In the present 
study, systematic experiments of CHF on a d.c. electrical current-heated, 1 mm diameter cylinder have 
been performed over a very wide range of p,/p, = 0.0006240.306, employing water at 0.098 MPa, R-l 13 
at 0.098-0.490 MPa, and R-12 at 0.98-3.43 MPa. An empirical generalized correlation, which can predict 

CHF satisfactorily in saturated boiling over the foregoing wide range of p”/p,, is presented. 

1. INTRODUCTION 

CRITICAL heat flux (CHF) on a uniformly heated cyl- 
inder in a forced cross flow of liquid, that is the CHF 
in one of the most fundamental boiling systems of 
external flow type, is an important phenomenon 
related to the basic study of CHF as well as to the 
design of heat exchangers such as shell-and-tube type 
evaporators. 

Vliet and Leppert [l] experimented on CHF with 
nearly saturated water at atmospheric pressure for 
electrically heated stainless steel wires or tubes of 
outer diameter d = 0.25448 mm and bulk liquid vel- 
ocity u = 0.37-2.9 m s- ‘. They then postulated CHF 
to be caused by dryout of liquid which penetrates into 
the rear portion of a cylinder covered with a massive 
vapor wake region, and derived the following equa- 
tion for critical heat flux ycO in a cross flow of saturated 
liquid : 

(1) 

where k is the thermal conductivity of liquid, AtSat the 
superheat of wall, f the fraction of heat transferred 
directly to vapor while bubbles are on the cylinder 
surface, c( the thermal diffusivity of liquid, u the bulk 
liquid velocity, and d the cylinder diameter. McKee 
and Bell [2] carried out experiments with electrically 
heated stainless steel tubes of comparatively large 
outer diameter d = 6.4-18.0 mm for water at atmo- 
spheric pressure and u = 1.0-l .7 m s- ‘, showing that 
their results of CHF are considerably different in trend 
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FIG. 1. Configurations of escape vapor flow at high heat fluxes 
near critical heat flux : (a) pool and intermediate flow boiling 
with bubble-like escape flow of vapor; (b) forced flow boiling 

with sheet-like escape flow of vapor. 

of qCo vs d from those of Vliet and Leppert. Cochran 
and Andracchio [3] carried out experiments with R- 
113 as well as water at atmospheric pressure for elec- 
trically heated nichrome wires of d = 0.49-1.81 mm 
and comparatively low velocity u = 0.1(M.81 m s-‘, 
disclosing that when u is low, vapor escape flow takes 
a configuration of Fig. 1 (a) due to the effect of gravity, 
while when u is sufficiently high, a sheet-like con- 
figuration of Fig. l(b) appears. They regarded equa- 
tion (1) as applicable to CHF appearing with the 
sheet-like vapor escape flow of Fig. 1 (b). 

Lienhard and Eichhorn [4] experimented on CHF 
with isopropanol at atmospheric pressure employing 
electrically heated nichrome wires. They analyzed the 
phenomenon of CHF in a cross flow by introducing 
a new concept of mechanical energy stability criterion, 
and derived the following semi-empirical generalized 
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NOMENCLATURE 

d diameter of cylinder [m] qco critical heat flux at AH = 0 [W m-‘1 
G mass velocity of bulk liquid flow, u velocity of bulk liquid flow [m s- ‘I. 

up, [kg mm ’ s- ‘1 
Hrg latent heat of evaporation [J kg- ‘1 
AH subcooling enthalpy of bulk liquid [J kg- ‘1 Greek symbols 
K coefficient of equation (7) [-_I PI density of liquid [kg mm ‘1 
m index of equation (7) [-_I P” density of vapor [kg m- ‘1 

4c critical heat flux [W mm ‘1 0 surface tension [N m- ‘I. 

correlation for qco accompanied by the vapor escape 
flow configuration of Fig. I(b), taking account of 
experimental data of their own for isopropanol 
together with existing data for water [l, 3, 51, 
R-l 13 [3], and methanol [5] 

where pv is the density of vapor, Hfg the latent heat of 
evaporation, p, the density of liquid, and cr the surface 
tension. Meanwhile, Yilmaz and Westwater [6] con- 
ducted experiments of boiling of R-l 13 near atmo- 
spheric pressure on a steam-heated copper tube of 
d = 6.5 mm for u = 2.468 m s- ‘, showing that the 
following relationship holds for their data : 

4co 

pvH,gu 

Hasan et al. [7] carried out experiments of CHF in 
boiling of isopropanol and methanol at atmospheric 
pressure on an electrically heated, horizontal ni- 
chrome wire (d = 0.51-1.5 mm) in a cross flow for 
cases of both upflow (U > 0) and downflow (u < 0) in 
a range of u = -2.4 to 2.57 m s- ‘, proving that if the 
absolute value of u is high enough, the effect of gravity 
becomes negligibly small making the data for both 
conditions of u > 0 and u < 0 identical. They took 
account of experimental data of their own for iso- 
propanol and methanol at sufficiently high velocities 
together with existing data in other sources (Vliet and 
Leppert [I] for water, and Yilmaz and Westwater [6] 
for R-l 13), to give the following correlation : 

(4) 
This equation is regarded as a revised version of the 
preceding one, equation (2). Multiplying both sides 
by (p,/p,)/x, equation (4) is readily rewritten as 

4co 
0 000292 + 0.00477 GH,= . 

where G = up,. Equation (4’) is characteristic in sug- 

gesting that qco/GH, is a function of ap,/G2d only, 
being independent of pip,. 

On the other hand, Katto and Haramura [S] 
analyzed CHF with a concept of critical liquid film 
thickness 6, (cf. ref. [9]) on a heated wall of heat flux 
q, which is given as 

6, (q/H,,) 
~=0.00536(;~4(l +;) (5) 

OP” 

and derived generalized correlations of CHF for the 
two cases of Figs. l(a) and (b), respectively, with no 
assistance of empirical constants. Among the above 
two correlations of CHF, the one for the forced con- 
vective case of Fig. l(b) is written as 

$$ = 0.151(;J467( 1 + ;>‘:‘($>‘:‘. (6) 

According to the study of Katto and Haramura [8], 
the foregoing peculiar data of McKee and Bell [2] for 
large diameters of d = 6.4-18.0 mm is regarded as 
corresponding to CHF in the situation of Fig. 1 (a). 

All the experiments of CHF mentioned so far have 
been conducted at or near atmospheric pressure only, 
restricting the vapor-to-liquid density ratio to a very 
narrow range of pv/pl = 0.006-0.005 ; and besides, the 
bulk liquid velocity u is less than 2.9 m s- ’ except for 
the experiment of Yilmaz and Westwater [6], which is 
a rather special one made with a steam-heated copper 
tube. Moreover, existing experiments of CHF for sub- 
cooled liquid flow, including that of Vliet and Leppert 
[lo], are few, being carried out only for water at or 
near atmospheric pressure. 

With the purpose of broadening the field of vision, 
therefore, the authors have recently conducted experi- 
ments of CHF for u = 0.59-7.1 m s-’ over a wide 
range of pJp, = 0.0060.31 by employing water, R- 
113 and R-12, as partly reported in refs. [I l-131. This 
paper reports the result of analyzing CHF data for 
saturated liquid flow obtained from the foregoing 
experiments. In order to fix conditions, CHF dealt 
with in this paper will be restricted to the one on a 
uniformly heated horizontal cylinder in an upward 
forced cross flow of saturated liquid. 

2. DESCRIPTION OF THE EXPERIMENT 

The experimental apparatus employed is sche- 
matically illustrated in Fig. 2. Part of the test liquid 
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FIG. 2. Experimental apparatus. 

FIG. 3. Test section. 

flowing out of circulating pumps is fed, through a 
turbine flow meter, an electric heater (with eight 
sheathed heaters regulated by four variable auto- 
transformers), and a water cooler (concentric tubes, 
counter flow type), to the test section at prescribed 
values of flow rate and subcooling. System pressure 
is set at a prescribed value by adjusting the satu- 
ration temperature of fluid in a pressurizer. 

Details of the test section are illustrated in Fig. 3. 
A test cylinder located at the center of Fig. 3, that is 
a stainless steel rod of diameter d = 1 mm and length 

Table 1 

Fluid 
Pressure 

(MPa) PVlPl 

Velocity, u 
(m s- ‘) 

water 0.098 0.000624 0.95-6.5 
R-l 13 0.098XI.490 0.00473-0.0245 0.59-7. I 
R-12 0.98-3.43 0.045-0.306 0.72-7.0 

I = 26 mm, has been brazed to copper rods on both 
ends, and is heated by the direct passage of a d.c. 
current. A thermal expansion adjuster in Fig. 3 is a 
device designed so as to prevent the bending of the 

test cylinder due to thermal expansion, satisfying other 
requirements as well, such as electric insulation, pre- 
vention of the leakage of the test fluid, and prevention 
of the slip out of the left side copper rod pushed by a 
force due to the pressure difference between the inside 
and outside. A safety device is also equipped to cut 
off power input when CHF condition is detected, with 
a purpose to protect the test cylinder and fluid from 
excessive temperature rise and thermal decomposi- 
tion, respectively. The time required from the start 
of CHF condition up to the cut off of power input is 
about 0.15 s. A rectangular nozzle exit of 3.6 x 30 mm 
is located 5 mm below a test cylinder, providing the 
cylinder with a uniform upflow of the test liquid. 
When a test fluid is exchanged for the other one, 
cleaning and evacuation of the loop are repeated to 
remove residual substances of air, moisture and the 
previous test fluid. 

Experiments have been carried out with water. R- 
113 and R-12 in the ranges shown in Table 1. Part 
of the experimental data of critical heat flux qc thus 
obtained are plotted against the subcooling enthalpy 
of bulk liquid AH in Fig. 4. Roughly speaking, when 
the value of pV/pI is low (pV/pI = 0.0006~.005) and 
very high (pJp, = 0.1550.3 l), the relation of q, vs AH 

is linear and approximately linear, respectively. For 
middle values of pJp, (p,/p, = 0.00940. I I), however, 
the relation of qc vs AH is rather complicated, par- 
ticularly so when the value of G is high, as is seen in 

Fig. 4. However, it is beyond the scope of this paper to 
go further into CHF in subcooled boiling, accordingly 
further details of qc are omitted here. 

3. ANALYSIS OF CHF FOR SATURATED 

LIQUID FLOW 

3.1. CHF data in saturated boiling 

As can be noted from Fig. 4, the value of critical 
heat flux qco for saturated liquid flow (AH = 0) is 

readily determined by extrapolation of AH -+ 0 for 
each set of G and pJp, values. All the data of qco thus 
obtained are plotted in Fig. 5 in a generalized form of 
q,,/GH,-, vs ap,/G ‘d. It will be noted from Fig. 5 that, 
under a fixed condition of pJp,, the following relation- 
ship holds approximately : 
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(7) 

where K and m are constants, respectively, depending 
on the fixed value of pJp,. 

Meanwhile, Fig. 6 which is in a similar form as that 
of Fig. 5 represents the existing data of water by Vliet 
and Leppert [ 1, lo], those of isopropanol by Hasan et 
al. [7], and those of R-l 13 by Yilmaz and Westwater 
[6]. The data of methanol by Hasan et al. [7] have been 
omitted from Fig. 5, because of slight irregularities. It 
will be noted that all of the data in Fig. 6 satisfy the 
relationship of equation (7). 

According to the experimental results of both Figs. 
5 and 6, the following interesting facts can be found. 

(I) Two independent data groups of water 
(pJp, = 0.000624) in Figs. 5 and 6 agree fairly well 

R-12 

p= 1.47 MPa 

G (kg/m%) 
* 7716 
0 6327 
0 5201 
s 4429 

l 3812 
0 3164 
- 2405 
0 1944 
l 1535 

61187 
. 873 

FIG. 4. Examples of experimental data of critical heat flux qc. 

! 

with each other, though they are the data obtained in 
different experiments a,nd for different cylinder diam- 
eters (1 .O mm against 3.18 mm). 

(2) The data of isopropanol (pJp, = 0.00299) plot- 
ted in Fig. 6 suggests that K and m in equation (7) are 
functions of pJp, alone, respectively, independent of 
the difference of cylinder diameter d = 0.5, 0.81 and 
1.5 mm. 

(3) If the data of isopropanol (p,/p, = 0.00299) in 
Fig. 6 are replotted in Fig. 5, they appear in the vicinity 
of water data, showing approximate matching with 
the result of Fig. 5 as to the data variation with 

changes of pJp,. 
(4) Broken lines in Fig. 6 represent the prediction 

by equation (4’), indicating that this equation agrees 
fairly well with the data of water (p,/p, = 0.000624) 
and isopropanol (p,/p, = 0.00299) ; and judging from 
the result of Fig. 5 including much higher values of 

1305 
I I t I I I I 

5 l@ 5 10-3 5 10-2 5 ltT1 

d P,/G*d 

FIG. 5. Correlation of experimental data of critical heat flux qco for saturated liquid flow obtained in the 
present work. 
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FIG. 6. Correlation of experimental data of critical heat flux qcO for saturated liquid tlow from 
sources. 

p,/p,, equation (4’) is regarded as applicable within a 
range of low pJp, values less than 0.00473 at the 
highest. 

(5) Three data points of R-l 13 (py/pl = 0.00490, 
d = 6.5 mm) in Fig. 6 are found to give much higher 
values of qCO than those of R-l 13 (pJp, = 0.00473, 
d = 1 .O mm) in Fig. 5 in spite of nearly the same value 
of p,/p,. One may not deny the possibility that this 
discrepancy is caused by the great difference of diam- 
eter, but it seems more likely to depend on the cir- 
cumstance that the former data are those obtained by 
Yilmaz and Westwater [6] with a steam-heated copper 
tube, which provides a condition for the wall tem- 
perature considerably different from that of an elec- 
trical current-heated cylinder. 

3.2. Generalized correlation of qCO data 
Values of K and m in equation (7) can be readily 

determined from every straight line drawn along each 
data group in Figs. 5 and 6. K and m thus obtained 
are plotted as functions of pv/p,, respectively, in Fig. 
7, where two thick solid lines represent the following 
equations derived empirically so as to fit the data of 
K and m, respectively : 

K = 0.00588+0.500(p,/p,)‘~” (8) 

m = 0.42(pv/p,)o.0428. (9) 

It will be noted from the result of Fig. 7: (i) that 
both equations (8) and (9) agree surprisingly well with 
experimental data over a very wide range of py/p,, in 
spite of simple expressions ; (ii) that a relative change 
of the value of m with changes of pJp, ratio is very 
small as against that of the value of K; and (iii) that 
K has an interesting character that it is kept nearly 
constant when pv/pl is very low, whereas it increases 
nearly in proportion to Py/p, when pv/pl is very high. 

On the other hand, if equation (6) is compared with 

existing 

equation (7), it immediately gives 

K= 0.151(p,/p,)“~467[l+(pJp,)]“3 (10) 

m = l/3. (11) 

These two equations are represented by broken lines in 
Fig. 7, indicating that they do not agree so well with 
experimental data. However, rough coincidence can 
be assumed of the foregoing two equations and experi- 
mental data over a wide range of py/p, = 0.0005-0.4. 
This may suggest that a simple model from which 
equation (6) is derived (cf. ref. [8] for details) has 
something valid in principle about fluid behaviors 
near the heated surface. 

4. CONCLUSIONS 

(1) Employing three kinds of test fluids, experiments 

of CHF on a d.c. electrical current-heated, 1 mm 
diameter cylindrical heater in a forced cross flow of 
u = 0.59-7.1 m s- ’ have been performed in a range 
of p,/p, values extending from 0.000624 to 0.306. 

(2) The obtained data of qCO are found to match the 
existing data for low pv/p, values (pv/p, = 0.000624- 
0.00299) ; and the following generalized correlation 
has been derived empirically, showing good agree- 

ment with the data over a wide range of p,/p, = 
0.0005-0.4 

where 

and 

K = 0.00588+0.500(p,/p,)‘~’ ’ 

m = 0.42(p,/p,)“.0428. 
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FIG. 7. Values of K and m plotted against vapor/liquid density ratio p”/p,. 

(3) A semi-~mpi~cal correlation, equation @‘), is 
regarded as applicable within a range of low py/pl 
ratios less than 0.00473 at the highest. 

(4) A theoretical correlation of qcO, equation (6), 
which is based on the cancept of critical liquid film 
thickness, does not agree so well with experimental 
data, but still shows rough coincidence with the data 
over a wide range of pv/p, = 0.0005-0.4. 

(5) Three data points of R-l 13 for d = 6.5 mm in 
Fig. 6 are inconsistent with other data. This dis- 
crepancy seems to be caused by the difference in heat- 
ing conditions: that is, steam heating for the above 
data points against electrical current heating for all 
other data. 

(6) Interesting results of Fig. 7 for cylinders in a 
cross flow suggest the need to make a similar study of 
qGO for flat plate heaters in a parallel flow, which is 
different from the former system in having no wake 
region. 

Acknowledgement-The Ministry of Education, Science and 
Culture is acknowledged for the financial support to this 
study under Grant in Aid of Scientific Research No. 
58420025 (fiscal 1983 and 1984). 

REFERENCES 

1. G. C. Vliet and G. Leppert, Critical heat flux for neariy 
saturated water flowing normal to a cylinder, Trans. Am. 
Sot. Mech. Engrs, Series C, J. Heat Transfer 86, 5967 
(1964). 

2. H. R. McKee and K. J. Bell, Forced convection boiling 
from a cylinder normal to the flow, A.I.Ch.E. Symp. Ser. 
65(92). 222-230 (1969). 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

II. 

12. 

13. 

T. H. Cochran and C. R. Andracchio, Forced-con- 
vection peak beat Aux on cylindrical heaters in water and 
refrigerant 113, NASA R-7553 (1974). 
J. H. Lienhard and R. E. Eichhorn, Peak boiling heat 
flux an cylinders in a cross flow, In&. J. Heat Mass 
Transfer 19, 1135-1142 (1976). 
T. K. Min, Boiling on cylinders in cross flow-low vel- 
ocity peak heat flux measurements for water and meth- 
anol, M.Sc. Thesis, University of Kentucky, Mech. 
Engng Dept. (1975). 
S. Yilmaz and J. W. Westwater, Effect of velocity on 
heat transfer to boiling Freon-l 13, Trans. Am. Sot. Mech. 
Engrs, Series C, J. Heat Transfer f02,2&31 (1980). 
M. Z. Hasan, M. M. Hasan, R. Eichhorn and J. H. 
Lienhard, Boiling burnout during crossflow over cylin- 
ders, beyond the influence of gravity, Trans. Am. Sac. 
Me&. Engrs, Series C, J. Heat Tran.$r 103, 478-484 
(1981). 
Y. Katto and Y. Haramura, Critical heat flux on a 
uniformly heated horizontal cylinder in an upward cross 
flow of saturated liauid. ht. J. Heat Mass Transfer 26, 
1199-.I205 (1983). _ 
Y. Haramura and Y. Katto, A new hydrodynamic model 
of critical heat flux, applicable widely to both pool and 
forced convection boiling on submerged bodies in satu- 
rated liquids, Int. .J. Heat Mass Transfer 26, 389-399 
(1983). 
G. C. Vliet and G. Leppert, Critical heat fiux for sub- 
cooled water flow normal to a cylinder, Trunns. Am. Sac. 
Me&. Engrs, Series C, J. Heat Transfer 86,68---74 (1964). 
Y. Katto and S. Miake, Critical heat flux on a cylindrical 
heater in a cross flow at high pressures, Proc. 21st Natl 
Heat Transfer Symp. of Jupan, pp. 415417 (1984). 
Y. Katto and M. Taniguchi, Critical heat flux on a 
uniformly heated cylinder in a cross flow, Proc. 22nd 
Nat1 Heat Transfer Symp. of Japan, pp. 22-24 (1985). 
Y. Katto, Critical heat flux and critical liquid film thick- 
ness. In Heat Transfer in High Technology and Power 
Engineering (Edited by Wen-Jei Yang and Y. Mori), pp. 
17.5-186. Hemisphere, Washington (1987). 



Critical heat flux on a uniformly heated cylinder in a cross flow of saturated liquid 1977 

FLUX THERMIQUE CRITIQUE SUR UN CYLINDRE UNIFORMEMENT CHAUFFE 
PLACE DANS UN ECOULEMENT FRONTAL DE LIQUIDE SATURE, POUR UN LARGE 

DOMAINE DE QUALITE DE VAPEUR 

R&u&---Des etudes experimentales de flux thermique critique (CHF) sur un cylindre chaud place dans 
un Bcoulement frontal ont et& men&es ulterieurement pour un domaine restreint du rapport de masse 

volumique vapeur-liquide, soit p,/p, = 0,00064,005. Dans la presente etude, des experiences systematiques 
du CHF sur un cylindre chauffe par courant Blectrique continu, et de 1 mm de diambtre, ont ite faites pour 
un tres large domaine de p,/p,, soit 0,000624-0,306, avec eau a 0,098 MPa, R-l 13 a 0,0984,490 MPa et 
R-12 a 0,98-3,43 MPa. On presente une formule g&n&ale empirique qui peut predire CHF de facon 

satisfaisante dans l’ebullition satur&e pour un large domaine de p,/p,. 

DIE KRITISCHE WARMESTROMDICHTE EINES GLEICHMASSIG BEHEIZTEN, MIT 
GESATTIGTER FLUSSIGKEIT OUERANGESTROMTEN ZYLINDERS IN EINEM 

SEHR GROSSEN BEREICH DES VERHALTNISSES VON DAMPF- ZU 
FLUSSIGKEITSDICHTE 

Zusammeofassung-Experimentelle Untersuchungen der kritischen Wlrmestromdichte eines beheizten 
querangestriimten Zylinders wurden bisher nur in einem sehr kleinen Bereich des Verhlltnisses aus Dampf- 
und Fliissigkeitsdichte p,/p, = 0,0006-0,005 durchgefiihrt. In dieser Arbeit wurde die kritische Wlrme- 
stromdichte an einem Gleichstrom-beheizten Zylinder mit 1 mm Durchmesser ilber einem sehr grol3en 
Bereich von pJp, = 0,0006240,306 systematisch untersucht. Es wurde Wasser bei 0,098 MPa, R113 bei 
0,0984,490 MPa und R12 bei 0,98-3,43 MPa benutzt. Eine verallgemeinerte Korrelation wird vorgestellt, 
mit der die kritische Wiirmestromdichte beim gesittigten Sieden im oben genannten Bereich von pv/p, 

geniigend genau berechnet werden kann. 

KPHTH9ECKkI$I TEl-IJIOBOtl I-IOTOK HA I-IOBEPXHOCTH PABHOMEPHO HAl-PETOl-0 
HMJIHHJIPA B I-lOl-IEPErIHOM IIOTOKE HACMIIIEHHOB )KHJIKOCTkI B IIIHPOKOM 

AklAIIA30HE H3MEHEHIUI OTHOIBEHHEi I-IJIOTHOCTEB I-IAPA II XHHKOCTH 

AeeoTamu+IIpoaenerio 3ncnep~enranbrioe risynerisie nenmmnhi ~pe~swcnoro rennoeoro noroxa na 
nonepxnocre nonepeqno o6TercaeMoro HarpeToro nnnHimpa B UIHPOKOM nHana30He H3MeHemiK OTHO- 

meHmx nnoTHocrH XH~KOCTH K ~JIOTHOCTH napa p,/p,=O,ooo60,~5. B pa6ore ormcbrnarorcff pe.3ynb- 
TaTbI CHCTeMaTHWCKHX 3XClIePHMeHTOB n0 O~neneHHIo BenH¶HHbl KpHTHWCKOrO TelIJlOBOrO IIOTOKa 

Ha noeepxnocru minsirinpa ,nnahfeapoM 1 MM R narpesaehforo nccroffrinbIM 3nercrp~ecmiM TOKOM B 

IUHPOKOM nsiana3oHe 83bfeHeH&ia p,/p,= 0$300624-43,306. Pa60YHMH ~H~KOCTRMEI IIBnnmTCn Bona npH 

0,098 MIIa, R-113 npn 0,098-0,490 MIIa H R-12 npn 0,98-3,43 MITa. ~I~HBO~HTC~~ ae.nmpn~eckan 0606- 
malomaa 3aBECHMOCTb, KOTOpaK uO3BOJIKeT y~OBneTBOpHTeJIbH0 paCC'fHTaTb YpHTHWCKAk TellJIOBOii 


