
Int. J. Heat Mass Transfer, Vol. 5, pp. 667-672. Pergamon Press 1962. Printed in Great Britain. 

A STATISTICAL ANALYSIS OF NUCLEATE-POOL-BOILING DATA 

G. A. HUGHMARK 

Ethyl Corporation, Baton Rouge, Louisiana 

(Received 27 June 1961 and in revised form 18 December 1961) 

Abstract-Nucleate pool boiling experimental data have been analyzed with a statistical technique 
to obtain an eight variable equation for the heat flux. The dimensional derived equation considers 
only the thermodynamic properties of the liquid and vapour and neglects the effects of the surface 
condition, the geometry and orientation. The equation has no theoretical justification but it does 
indicate the best agreement with the experimental data that can be obtained when only the thermo- 
dynamic properties are considered as products of powers. An average absolute deviation of 40 per 
cent is obtained between experimental and predicted heat flux for a range of materials from boiling 

hydrogen to boiling mercury. 
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NOMENCLATURE 

specific heat, Btu/lb “F; 
thermal conductivity, Btu/h ft2 “F per ft ; 
latent heat of vaporization, Btu/lb; 
absolute pressure, lbf/fP; 
heat flux, Btu/h ft2; 
absolute temperature, OR; 
Tw - Ts, “F; 
P w - Ps, lbf/ft2 ; 
viscosity, lb/ft h; 
density, lb/ft3; 
surface tension, lbf/ft. 

Subscripts 
L liquid ; 
R reduced temperature or pressure; 
S, at saturation temperature; 
K vapor ; 
W, at wall temperature. 

A WEALTH of experimental data has been 
published for the nucleate pool boiling of liquids. 
Many equations have been proposed to predict 
the heat flux as obtained from these experimen- 
tal data, but no general equation has been 
developed. 

Several recent publications [l-3] have pro- 
posed correlations for heat flux based on the 
system’s physical properties, the temperature 
difference between the heated surface and the 
saturation temperature, and the pressure differ- 
ential corresponding to the superheat. These 

correlations are based upon dimensionless 
groups derived from theory. The correlations 
are in fair agreement with some of the data but 
are several hundred per cent out from other 
experimental data. 

Other recent papers have included the study 
of the heating surface as a variable [4, 51. A large 
amount of work is in progress to determine the 
effect of the nature of the heat-transfer surface 
on the flux. 

The object of the work covered by this paper 
is to apply a statistical analysis to obtain an 
equation for heat flux with a minimum deviation 
from the published experimental data. This 
analysis considers only the thermodynamic 
properties of the liquid and vapor and neglects 
the effects of the surface condition, the geometry 
and orientation. Such an analysis is a brute-force 
technique and is devoid of physical interpre- 
tation, but it is useful when a large amount of 
experimental data are available, because it 
does provide : 

(1) the optimum result if only the thermo- 
dynamic properties are considered as 
product of powers; 

(2) an estimate of the maximum and the 
average deviation which can be expected 
between predicted and experimental 
results. 

A statistical method of analysis is reported 
for the related problem of burnout heat flux for 
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water in circular pipe [6]. A least-squares 
technique was used to fit the experimental data 
with four independent variables and a sixteen- 
constant polynomial equation. 

STATISTICAL ANALYSIS 

The heat flux for nucleate pool boiling can be 
considered as a variable, dependent on many 
independent variables. The independent variables 
can be divided into several different categories: 

(1) Physical properties of the liquid and vapor 
at the temperature of the heated surface 
and at the saturation temperature. 

(2) Temperature and pressure of the system. 
(3) Temperature difference between the heated 

surface and the saturation temperature. 
(4) Pressure difference corresponding to the 

superheat of the heated surface. 
(5) Physical characteristics of the surface. 

Categories (l-4) are readily defined for a system. 
The characteristics of Category (5) are difficult 
to determine, and surface measurements are 
included for only a limited amount of the ex- 
perimental data. Therefore, this analysis is 
applied to only the first four categories and shows 
what can be considered as the best agreement 
for a correlation including these variables. 

The variables can then be written as follows: 
~~~_~;;----- --- 

At 
At wall temp. saturation 

temp. 
cffregory (1) ( p 3 IV (PL)S 

(/W)lV fW)S 
(PL - pr-)lV (PL - Pl-1s 
W W @Lh 
0 iv 0s 

(pvf if’ (CLvh 

(c-v) IV (Cv)s 

(kv)rv (kv)s 

(Cdrt (CL)S 
tkd it (kds 
LTV LS 

cafegory (2) Trf7, Ts, TR based on Tw 
and TS 

Pw, Ps, PR based on Pw 
and PS 

Category (3) dT=Tw-Ts 

Category (4) AP = Pw - Ps 
---.p ____. _-__- 

The total number of variables is thus determined 
to be thirty-two. A multivariate correlation 
program available for the LGP-30 computer is 
limited to fourteen independent variables. An 
elimination process was used as follows to reduce 
the number of variables. 

(a) As nucieate-boiling heat transfer is con- 
sidered to be transfer from a hot surface 
to liquid, elimination of vapor viscosity. 
vapor specific heat and vapor thermal 
conductivity appears justified. This reduces 
the variables by six. 

(b) Liquid density, liquid density minus vapor 
density, specific heat, latent heat and 
absolute temperature do not change 
appreciably from Tw to Ts. Eliminating 
these variables at TS reduces the variables 
by six. 

(cj Reduced temperature and pressure also 
do not vary appreciably from TW to TS and 
PRJ to Ps. Arbitrarily eliminating TR and 
PB at TW and PW reduces the variables by 
two to a total of eighteen remaining. 

(d) Multivariate correlation with a portion of 
the data indicates that TR, AT, Pw and I’., 
are not significant variables. Elimination 
of these reduces the number of variables to 
the following fourteen : 

(pti w LW 

tPv)w h)s 

( pr, - WI w (YL)S 

w TV 0s 

otc’ TW 

(CL) w AP 

(kd w’ PR 

The fourteen variables were used as the inde- 
pendent variables and heat flux as the dependent 
variable. Heat hux data from the literature, as 
shown by Table 1, were plotted versus AT. 
A line was drawn through the data for a constant 
system pressure. The end points and an inter- 
mediate point were taken from each of these 
lines and were used as data points for the 
correlation. A total of 340 points was obtained 
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Table 1. Nucleate-pool-boiling data 

Material Pressure (lb/in2)* Reference 

log q = log a, + a, log dP + a2 

+ 03 log (P&V + 04 log (PL 

Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Methanol 
Methanol 
Ethanol 
Ethanol 
Ethanol 
Isopropanol 
Isopropanol 
n-Butanol 
n-Butanol 
n-Butanol 
Benzene 
Benzene 
Benzene 
Propane 
Propane 
n-Butane 
n-Pentane 
n-Pentane 
n-Heptane 
n-Heptane 
n-Heptane 
Styrene 
Butadiene 
Acetone 
Acetone 
Methyl ethyl ketone 
Diethyl ether 
Methvl chloride 
Carbon 

tetrachloride 
Freon 12 
Freon 113 
Sulfur dioxide 
Mercury 
Mercury 
Oxygen 
Nitrogen 
Hydrogen 

1.28-14.7 
14.7-2465 
14.7 
14.7-1015 
40 mm Hg-33 lb/in2 
14.7 
14.7 
14.7 
0.54-22.4 
2.28-14.7 
14.7-1425 
1.25-20 
14.7 
14.7 
14.7-115 
15-265 
200 mm Hg-14.7 lb/in2 
14.7 
200 mm Hg-14.7 lb/in2 
14.7 
125 mm Hg-24 lb/in2 
14.7-265 
15-215 
14.7 
17&475 
80 
23 
14.7415 
14.7 
235 mm Hg-33 lb/in2 
6.6215 
14.7 
32450 mm Hg 
60-90 
14.7 
15-115 
14.7 
14.7 
48-60 

3-19 
48.1-71.2 
15-40 
29-46.5 
14.7-44 
14.7 
14.7 
14.7 
14.7 

I71 
181 
I91 

tto1 
[ill 
WI 
1131 
1141 
I151 
I161 
[I71 
[I51 
WI 
WI 
1101 
[I91 
[I61 
I61 

H61 
WI 
[I51 
DoI 
1191 
I201 
WI 
t211 
WI 
[lOI 
WI 
V11 
1101 
I131 
[ill 
[ill 
WI 
[I91 
[lsl 
W?l 
1211 

D51 
WI 
[I91 
I251 
I231 
[241 
[251 
[251 
I261 

* Unless otherwise stated. 

in this manner. A least-squares calculation was 
made with the LGP-30 computer to obtain the 
best fit to the equation. 

log (PL) w 

- PV>W 

+ a5 h(h)w + a, log (cL)w + a, log Lw 

+ a, log 0. w + a, log C/U) w + a,, log 2-w 

+ a,, log 09 + $2 log (cLL)S + a13 log (PV>S 

+ a14 log PR. 

The Pearson correlation coefficient for the least- 
squares fit was 0.925, which indicates a high 
level of significance of the fit of the equation 
to the data. 

Standard deviations for the coefficients of 
each of the variables were obtained as part of 
the computer program. The coefficients for 
(PL) W, (WW, UW, US, WS and (PV)S were 

found to be less than twice the standard 
deviation for the coefficient. This indicates that 
these variables are not statistically significant. 
A calculation was then repeated without these 
six variables. The Pearson correlation coefficient 
was found to be 0.923 with the eight remaining 
variables. Coefficients for the remaining variables 
were all significant at the two-standard deviation 
level. Calculations were repeated for each 
combination of seven of the remaining eight 
variables. In each case, the correlation co- 
efficient decreased appreciably which confirmed 
that the eight remaining variables are significant. 

The resulting equation is then 

4 = 2.67 x 10-O 
&I.667 (pL _ pv)w2.27 (CL)w0.945 Tw1.616 

(pv)w1~335 Lw1.15 (pL)w1.630 PRO.202 * 

The data points are plotted as Fig. 1. The 
average absolute deviation of the predicted 
values from the experimental values is 40 per 
cent. 

The experimental data were correlated with 
several combinations of the significant variables 
into dimensionless groups. In all groups the 
average absolute deviation was considerably 
greater then the 40 per cent obtained for the 
dimensional equation. 

Although correlation with part of the data 
indicated that TR, AT, Pw and PS were not 
significant variables, these four variables were 
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FIG. 1. Correlation for heat flux with nucleate pool boiling. 

combined with the eight significant variables 
from analysis of all of the data and a least- 
squares fit was obtained for all the data and the 
twelve variables. The correlation coefficient was 
only slightly different from that obtained with the 
eight variables. 

Table 2 shows the absolute deviation between 
predicted and experimental heat fluxes for several 
systems averaged for the three points of the 
smoothed data. The deviations between ex- 
nerimental and nredicted values are also shown 
‘for the methods of Forster-Greif, Levy and 
Nishikawa-Yamagata. 

The derived equation has no theoretical 
justification; in fact it does not contain liquid 
thermal conductivity which is essential to 
theoretical derivations. The 40 per cent average 
absolute deviation does show the best agreement 
that can be obtained with the experimental data 
when only thermodynamic properties are con- 
sidered as products of powers. Consideration of 
other variables, such as surface effects, appears 
to be necessary to obtain a better fit with the 
experimental data. 

SUMMARY 1. 
A statistical technique has been used to obtain 

an equation for heat flux in nucleate pool 
boiling. An eight-variable equation was found 2. 
to describe the heat flux with an average absolute 
deviation of 40 per cent by comparison with the 

3. 

experimental data reported in the literature. 

REFERENCES 
K. E. FORSTER and R. GREIF, Heat transfer to a 
boiling liquid-Mechanism and correlations. Trans. 
ASME, c 81,43-53 (1959). 
S. LEVY, Generalized correlation of boiling heat 
transfer. Trans. ASME, C 81, 37-42 (1959). 
K. NISHIKAWA and K. YAMAGATA, On the correlation 
of nucleate boiling heat transfer. Znt. J. Heat Mass 
Transfer, 1, 219-235 (1960). 



A STATISTICAL ANALYSIS OF NUCLEATE-POOL-BOILING DATA 671 

4. 

5. 

6. 

7. 
8. 
9. 

10. 

11. 

12. 

13. 

14. 

15 

Y. CHANG and N. W. SNYDER, Heat transfer in 
saturated boiling. Chem. Engng Progr., Symp. Ser. 
No. 30, 56, 25-38 (1960). 
P. GRIFFITH and J. D. WALLIS, The role of surface 
conditions in nucleate boiling. Chem. Engng Progr., 
Symp. Ser. No. 30, 56, 49-63 (1960). 
R. T. JACOBS, J. A. MERRILL and R. J. NERTNEY, 
U.S. Atomic Energy Commission Rep. IDO- 
(1958). 
R. H. BRAUNLICH, Thesis, M.I.T. (1941). (See [27]). 
J. N. ADDOMS. Thesis. M.I.T. (1938). (See 1271). 
F. C. GUNTHER and F.‘KaEIrH, Progr. Rep. ko:4-120, 
Jet Propulsion Laboratory, Calif. Inst. Tech. (1956). 
(See HI). 
M. T. CICHELLI and C. F. BOMLLA, Heat transfer to 
liquids boiling under pressure. Trans. Amer. Inst. 
Chem. Engrs, 41, 755-787 (1945). 
C. F. BONILLA and A. A. EISENBERG, Heat transfer 
boiling styrene and butadiene and their mixtures 
with water. Zndustr. Engng Chem. 40, 1113-1122 
(1948). 
C. F. BON~LA and C. H. PERRY, Heat transmission 
to boiling binary liquid mixtures. Trans. Amer. Inst. 
Chem. Engrs, 37, 685-705 (1941). 
W. E. DUNN, JR., and J. SCHAFFNER, Thesis, Johns 
Hopkins (1943). (See [ll]). 
P. S. DUNN and A. D. VINCENT, Thesis, M.T.T. 
(1931). 

transfer in natural convection evaporators. Zndustr. 
Engng Chem. 3L487-491 (1939). 

17. V. M. BORISHANSKII, The coefficients of the transfer 
of heat to boiling water at excessive pressure. 
Energomashinostroenie, 7, 5-9 (1958). 

18. A. S. PERKINS and J. W. WESTWATER, Measurements 
of bubbles formed in boiling methanol. J. Amer. Inst. 
Chem. Engrs. 2.471476 (1956). 

19. R. B. M&L& and J. T. BANC~ERO, Effect of super- 
atmospheric pressures on nucleate boiling of organic 
liquids. J. Amer. Inst. Chem. Engrs, 4, 102-113 (1958). 

20. D. F. NEILON and C. E. MCCORMACK, Thesis, M.I.T. 
(1932). 

21. J. E. MYERS and D. L. KATZ, Boiling coefficients 
outside horizontal tubes. Chem. Engng Progr., Symp. 
Ser. No. 5,49, 107-114 (1953). 

22. H. B. CLARK, P. S. STRENGE and J. W. WESTWATER, 
Active sites for nucleate boiling. Chem. EngngProgr., 
Symp. Ser. No. 29, 55, 103-l 10 (1959). 

23. C. F. BONILLA, Y. S. BUSH, A. STALDER, N. S. 
SHAIKHMAHMUD and A. RAMACHANDRAN, Reactor 
Heat Transfer Conf, New York, (1956). (See [l]). 

24. R. E. LYON, A. S. FOUST and D. L. KATZ, Boiling 
heat transfer with liquid metals. Chem. Engng Progr., 
Symp. Ser. No. 17, 51, 41-47 (1953). 

25. G. G. HASELDEN and J. I. PETERS, Heat transfer to 
boiling liquid oxygen and liquid nitrogen. Trans. 
Znstn Chem. Engrs, Land. 21, 201-208 (1949). 

*<. D. S. CRYDER and A. C. FINALBORGO, Heat trans- 26. L. WEIL and A. LACAZE, Echanges de chaleur dam 
mission from metal surfaces to boiling liquids: 
Effect of temperature of the liquid on the liquid 

l’hydrogene bouillant sous pression atmospherique. 
Societe’ Franeaise de Physique Pro&-Verbaux et 

film coefficient. Trans. Amer. Inst. Chem. Engrs, 33, Resumes des Communications No. 9, 890 (1957). 
346-362 (1937). 27. W. H. MCADAMS. Heat Transmission (3rd Ed.). 

Table 2. Average absolute deviations between predicted and experimental heat fluxes 

Per cent average absolute deviations 

Pressure Data Method Method Method This 
Material (lb/in2) reference [II PI* [31 paper 

Water 2.28 16 33 61 87 35 
Water 642 16 31 67 71 13 
Water 14.7 16 32 61 40 12 
Ethanol 14.7 10 163 46 60 36 
Ethanol 55 10 24 27 65 34 
Ethanol 115 10 28 16 55 44 
n-Pentane 415 10 30 76 96 15 
Propane 170 10 210 70 15 19 
Propane 475 10 450 390 178 13 
Mercury 14.7 23 27 90 13000 23 
Nitrogen 14.7 25 190 49 93 32 

* It is assumed that l/& is multiplied by 10-5, rather than 1O-6 as shown by 
the reference. 

16. G. A. AKIN and W. H. MCADAMS, Boiling heat McGraw-Hill, New York (1954). ’ 
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R&u&-L’ttude statistique des dontrees experimentales sur l’tbullition nucl&e a permis d’etablir 
une equation de flux thermique a 8 variables. L’equation dimensionelle ne tient compte que des 
proprietes thermodynamiques du liquide et de la vapeur, les effets de la condition de surface, de la 
geometric et de l’orientation sont negligts. L’equation n’a pas de justification theorique mais est 
verifiee au mieux par les domrees experimentales quand on considbre uniquement les proprietes 
thermodynamiques comme produits de puissance. La divergence moyenne absolue entre les flux 
determines par l’experience et le calcul est de 40% pour une serie de corps allant de l’hydrogene au 

mercure. 

Zusammeufass~g-Nach einer statistischen Methode wurden Versuchsergebnisse der Blasenver- 
dampfung bei freier Konvektion analysiert und eine Gleichung fOr den Warmefluss mit 8 Variablen 
ermittelt. Die erhaltene Beziehung berticksichtigt nur die thermodynamischen Eigenschaften der Fliis- 
sigkeit und des Dampfes und vemachllssigt Obetllachenbedingung, Geometrie und Orien- 
tierung. Die Gleichung llsst sich nicht theoretisch rechtfertigen, vermittelt aber die bestmdgliche 
Ubereinstimmung mit Versuchswerten soweit die thermodynamischen Eigenschaften als Potenz- 
produkte betrachtet werden. Fur einen Bereich siedender Medien von Wassersfoff bis Quecksilber 
ergibt sich als mittlere absolute Abweichung zwischen theoretisch und experimentell ermitteltem 

Wlrmefluss ein Wert von 40 %. 

hHOTBqWJI--C nOMOIIlbI0 CTaTHCTHYeCKRX npI&iOB PICCJIe~OBaHbI 3KCIIepHMeHTaJIbHbIe 

;[aHHbIe IIO nY3bIpbKOBOMY KMIIeHIIIO II nOJIyYeH0 J'paBHeHHe TenJIOBOrO nOTOKa C BOCbMbH) 

IIepeMeHHbIMIf. BbIBeAeHHOe pa3MepHOe J'paBHeHW YYHTbIBaeT TOJIbKO TepMOJWHaMRYeCKMe 

CBOtiCTBa WElAKOCTH El napa. He J'YTeHO BJIHRHHe YCJlOBdi Ha nOBepXHOCTH, eti EOMeTpHR 

~pacnono~eH~~.~paBHeHReTeOpeTHYeCKLlHeO60CHOBaHO,HO~a~THa~~~Y~e~COOTBeTCTBlle 

C 3KCnepHMeHTaJIbHbIMH AaHHbIMH. CpeAHRR a6COJIIOTHaR nOPpeIlIHOCTb MeFKKHJ'3KCnepHMeH- 

TajIbHbIMB M paCYi?THblMH 3HaYeHIIRMEI TenJIOBbIX nOTOKOB paBHa 40% JJJtn pa3.?HYHbIX 
BeqecTB (0~ nunnmero nonopona 20 minnmeZt PTYTM). 


