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Semiempirical equations are obtained for calculating the relative
values of the maximum and minimum heat loads and the correspond-
ing temperature differences over a wide range of pressures in the case
of pool boiling.

The existing generalized formulas for the maximum
and minimum specific heat fluxes gy ax and gy can
be used for surfaces with a particular configuration,
roughness, wettability, etc. The experimental values
of Gy ax and Qypj, Obtained for boiling at surfaces dif-
fering in size, cleanliness, and roughness and heated
in various ways differ strongly from the calculated val-
ues and, as a rule, lie outside the limits of uncertainty
of the constant coefficients in the generalized formu-
las. We lack reliable analytic relations for calculat-
ing dmax wnder different boiling conditions. By means
of the theory of thermodynamic similarity the method
of relative calculation of the maximum and minimum
heat loads on the saturation line and the corresponding
temperature differences can be successfully extended
to any real systems.

Thermodynamic similarity was first employed by
Lukomskii to calculate the thermodynamic propertiesof
pure substances on the saturation line and for boiling
heat transfer.

Subsequently, the method of generalization of the
experimental data on the basis of the theory of thermo-
dynamic similarity was used by such investigators as
Rozen, Rychkov, Borishangkii, Novikov, Mostinskii,
Schrock, Lienhard, etc., who obtained such useful
relations as qumax = flp/pe) and dmin = filp/Ae) for pool
boiling. Novikov [1] and later Schrock and Lienhard
[2] obtained equations for the maximum heat load re-
lating g, 5« with the critical parameters pe, T, the
w~lecular weight, and the reduced pressure p/fe.
These relations cannot be used to generalize data for
dmax Obtained under different experimental conditions.

The method of generalization based on a broadened
interpretation of the law of corresponding states, pro-
posed by Borishanskii [3], makes it possible to com~-
pare data on the maximum heat fluxes for any surface-
liquid combinations. Inthis case the scale of comparison
is not the critical parameters, as in [1,2], but the
value of the similar quantity gf,ax at a selected arbi-
trary distance (with respect to pressure or tempera-
ture) from the critical point of the liquid-vapor system
(px/pe = idem or Ty/T, = idem):

Tax = Gmax b (P 7 P)- (1)

The function F(p/,) can be determined from the ex-

perimental data in the form
Flp/pd= A/ pd"(1—p/ p) (2)

The coefficient A and the exponents m and n were cal-
culated by I. L. Mostinskii [4] for p, = 0.03p,. The
choice of py depends on the pressure range of interest.
Finding the function F(p/,) in form (2) for different
px and the values of gy ip, Aty axs and Aty charac-
terizing boiling crisis is of undoubted practical inter-
est. As far as we know, there has so far been no such
generalization of the experimental data for the mini-
mum heat fluxes q,,,;,, and the temperature differences
Atmax’ Atrnin'

Our experiments in pool boiling on the saturation
line enabled us to generalize gy, in, Atmax, and Atyin
over a broad range of pressures, including the neigh-
borhood of the critical point of the liquid-vapor sys-
tem. The experimental apparatus was described in
[6,6]. Boiling crisis in carbon dioxide and sulfur hexa-
fluoride [5, 7] was studied near the critical pressure
(p/pg = 0.65—0.99) using various heaters: rounded
and horizontal polished brass tubes (approx. 4 mm
diam.) internally heated by a heat transfer agent, and
platinum wire (approx. 29 p diam.) heated by direct
current. The boiling of n-pentane and n-hexane [6] was
investigated using a horizontal copper tube (approx. 4
mm diam.,) internally heated by a heat transfer agent,
over a broad pressure range from atmospheric to crit-
ical. The available data of other authors, obtained un-
der different experimental conditions, were also used
in the generalization.

Figure 1 presents our data for n-pentane and n-hex-~
ane boiling on horizontal tubes [6], and the data of
Morozov [8], Cichelli and Bonilla, Kazakova [9], Hoene
and Huber [10] for other liquids boiling on heaters of
different configuration, different size, and different
surface quality. The experimental data for substances
differing in their critical parameters and sharply dif-
ferent conditions of investigation are generalized with
a spread of +15% in Gy ax/Aimax = F1(p/he) coordinates,
where q?nax is the value of the maximum specific heat
load (for the corresponding substance and heater) at
px = 0.31p,. We selected this pressure because it cor-
responds to the greatest value of q;ﬁnax and the error
in determining it will be much less than at py, = 0.03pg
[3]. The equation for the maximum heat load has the
form [11]

Tmax” e = 210/ p)*® (1 —p / p)™°,
p. =031 p.. (3)
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Fig. 1. Generalization of experimental data on maximum specific
heat fluxes gy, 5% for pool boiling (p, = 0.31pg): 1,2) n-pentane and
n-hexane (horizontal tube), authors® data; 3,4) ethyl and methyl
alcohols (horizontal plate) [8]; 5) methyl alcohol (nichrome wire)
[8]; 6,7,8) ethyl alcohol (horizontal plate of different orientation)
[8]; 9,10,11,12,13) ethyl alcohol, n-pentane, n-pentane (dirty sur-
face), n-heptane, benzaene (chrome-plated copper plate), data of
Cichelli and Bonilla; 14) water (horizontal plate) [9]; 15) benzene
(horizontal tube) [10]; I) from Eq. (3).
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Fig. 2. Generalization of experimental data on the minimum

specific heat fluxes qy,i, for pool boiling (p, = 0.31peg):

1, 2) propyl and ethyl alcohols (horizontal nichrome plate)

[12]; 3,4) n-pentane and n-hexane (horizontal tube), authors’

data; 5) isooctane (horizontal rod) [13]; 6) water (nichrome
wire) [14]; I) from Eq. (4).

If one of the values of the maximum heat load (g ax
OT Qfnax) is known, we can easily find the qpy g for
any pressure from formula (3). For the case of pool boil-
ing on a horizontal plate one of the values of the maxi-
mum heat load can be calculated from the generalized
relations of Kutateladze, Sterman, Kruzhilin, Labun~—
tsov, Alad'ev, Borishanskii, et al. Inthe case ofboil-
ing on surfaces of different configuration it is most
reliable to determine one of the values of 4% in (3)
from experiment. The effect of the geometry factor,
which takes into account the roughness and configura-
tion of the heat transfer surface, the method of heat-
ing, etc., is excluded.
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In Fig. 2 we have plotted our experimental data for
n-pentane and n-hexane over a broad pressure range
in Quin/Amin = F2(p/bo) coordinates, together with the
data of Morozov [12], Borishanskii [13], Petukhov and
Kovalev [14] for other substances obtained under differ-
ent experimental conditions (p/pe < 0.6).

For p«/pg = 0.31 on the basis of (2), considering
that Ay in/dinin = 0 at p/Pe = 0 and p/pe = 1, in the
range p/pe = 0—1 correct to £30% we have [11]

G G = 167 (0 p " * (1 —p 7 p)"®,

pe = 0.31 p,. 4
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Fig. 3. Generalization of experimental data on temperature dif-
ferences corresponding to maximum specific heat fluxes (p, =

= 0.9pc): 1, 2) n-pentane and n-hexane (horizontal tube), authors'
data; 3) n-hexane (tube with wide fins), authors' data [6]; 4, 5,

6) carbon dioxide (rounded tube, platinum wire, horizontal tube),
authors' data; 7) sulfur hexafluoride (horizontal tube), authors'
data; 8) ethyl alcohol, inside vertical tubes [15]; 9, 10) ethyl al-
cohol and n-pentane (horizontal plate), data of Cichelli and Bonil-

la; I) from Egs. (5) and (6).
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Fig. 4. Generalizafion of experimental data on the temperature
differences corresponding to the minimum specific heat fluxes
(p* = 0.9pg): 1) from Eq. (7); 1-7) see Fig. 3.

The large difference in the values of gy ax (dmin)
for different experimental conditions here is much re-
duced. The scatter of the experimental points is not
greater than 15% (30%).

The data on the relative temperature differences
corresponding to the maximum specific heat fluxes,
obtained for boiling under a variety of conditions, lie
close to the averaged curve (Fig. 3). The same graph
includes the data of Lukomskii and Madorskaya [15] on
ethyl alcohol boiling in a vertical tube at low circula-
tion rates and the data of Cichelli and Bonilla for ethyl
alcohol and n-pentane boiling on a horizontal chrome-
plated copper plate. Our values of Aty ax for carbon
dioxide boiling on various heaters and sulfur hexafluo-

ride were obtained only near the critical pressure (p/i)c >
>0.6), so that the scale value of the temperature dif-
ference At;;aax was taken at py = 0.9p,. On the pres-
sure interval up to p/pg = 0.3 the dependence of Atyax
on reduced pressure takes the form

A tmax / A t*

max

=374/ p.) "% p, =09 p,. (8

At p >0.3pe the data are generalized by a straight
line:

At /AL

max max

=842(1—p/p), pe =09 p,. (6)

Correct to +20% (about 110 values were used) the
temperature difference Aty,;, (Fig. 4) corresponding
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to the cessation of film boiling is given by the equa-
tion

At /AL

min

=9.0(1—p/p), pe =09 p,_. (7

One of the values of At ;, in Eq. (7) is determined
for the given pressure either by experiment or from
Berenson's formula [16] for the corresponding boiling
conditions.

The method of generalization of the experimental
data using scale values is particularly rational and
promising. It permits the comparison and calculation
of Ay axs 9mins Abmaxs and Aty,j, at any pressure
for thermodynamically similar substances in the sat-
uration state. Data on the specific heat fluxes and tem-
perature differences can be obtained for cases of
boiling on surfaces of different size, configuration,
roughness, etc.

NOTATION

Amax and Ay, are the maximum and minimum
specific heat fluxes (first and second critical heat flux
densities); At . and Aty are the temperature dif-
ferences corresponding to qmax and qpin; Atpax =
= tmax = ts, Atmin = tmin ~ ts; tmax and tpjp are
the wall temperatures corresponding to the maximum
and minimum of the specific heat flux along the isobar;
tg is the saturation temperature; p, and T are the
critical pressure and temperature; p, is the scale
pressure; diaxs Uiins Athaxs Athin are the values
corresponding to scale pressure,
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