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EXPERIMENTAL INVESTIGATION OF THE THERMODYNAMIC
CRISIS OF FILM BOILING

V. G. Pron'ko and L. B. Bulanova UDC 536.423.1

It is shown on the basis of experimental data that the thermodynamic crisis of film
boiling depends on the material at the surface of the cooled solid. A theory sub-
stantiating the effect of the thermophysical characteristics of the surface on the
crisis temperature in steady-state film boiling is proposed.

Reduction of the cooling time for metal structures washed by low-boiling liquids con-
stitutes a pressing problem involving many cryogenic systems and devices. In cooling objects
to operating temperatures under conditions where the vapor temperature near the vapor film—
dispersoid boundary is close to the saturation temperature, the total cooling time can be
reduced by diminishing the relative share of the wall's heat resource taken off during film
boiling, i.e., by switching to intermediate, more intensive types of boiling at a tempera-
ture higher than T = TZp'

Many investigators have noted on the basis of experimental results that the film boiling
crisis, the transition to nucleate boiling, depends on the material at the surface of the
cooled solid [1-5}. In particular, it has been found that coating of the solid to be cooled
with a thin film of a material possessing a low thermal-conductivity coefficient sometimes
leads to a higher temperature of thermodynamic crisis of film boiling. With the exception
of [1], the many attempts at explaining this phenomenon were unsuccessful. In our opinion,
this is due to a lack of a sufficient amount of experimental data and the contradictory na-
ture of the data on the relative effect on the film boiling crisis of coating the parts to be
cooled with various materials. It has been proved [3] that a stationmary model cannot be
used to explain the effect of coatings (or the effect of the material at the surface). On the
other hand, in many cases an increase in the coating thickness (beyond certain values) had
a similar effect on the cooling rate of a solid, as in the case of the stationary model. This
necessitated new theoretical and experimental investigations.

Figures 1 and 2 show the effect of various coatings and of their thickness on the cool-
ing time of specimens in liquid nitrogen. The cooling is accelerated as a result of passage
to efficient types of boiling (in comparison with stable film boiling) at higher mean tem-
peratures of the specimen.

The experimental values of the mean-mass temperature of a solid cooled in liquid nitrogen
corresponding to the crisis of stable film boiling are obtained by processing the cooling
curves T(t) for the experimental specimens, the dimensions of which are determined (on the
basis of theoretical estimates, using the similarity theory and regular conditions) with an
allowance for the virtual absence of a temperature gradient along the wall thickness; i.e.,
Bi« 1 and Ty, = Ty, . The temperature of the experimental specimen at the time of sharp change
in the slope of the cooling curve is used as the temperature boundary of the thermodynamic
crisis of film boiling (Fig. 3).

The absence of a clearly defined temperature boundary of change under the heat-transfer
conditions is a characteristic of the film boiling crisis. This cannot be explained only by
the adopted method of experimental data processing; it is connected with the complex effect
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Fig. 1. Cooling curves for a horizontal St Kh18N9T
P56 x 2 cylinder with an FP-734 coating. 1) § = 0;
2) 6 =80 um; 3) 120um; 4) 240 um; Ty, °K; T, sec.

of the thermophysical

of the cooled surface.

2 oz G4 7 %
Fig. 2. Comparison of the experimental data with
data from [6] on the reduction of the cooling time
of specimens with the following coatings: 1) Vas-
eline; 2) Teflon; 3) asbestos; 4) FP-734.

characteristics of the material and with the hydrodynamic conditions
In order to determine the surface temperature corresponding to the

"film boiling crisis, it is necessary to repeat the experiments many times and use the sta-
tistical method of data processing. The values obtained both experimentally and theoreti-
cally, corresponding to the maxima of the distribution curves for the stochastic boundary of
the film boiling crisis, are given in Table 1.

The strongly pronounced effect of the thermophysical characteristics of the surface ma-

terial is noteworthy.

An attempt was made in [7] to explain the dependence of the temperature boundary of the
second boiling crisis on the thermophysical characteristics of the cooled surface by the ther-
mal contact between the surface and the liquid. The authors indicate [7] that the contact
time in this case must be equal to 0.01-0.008 sec.
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cooling of vertical cylindrical specimens.
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3) @ 30 x 2, St Khl8N9T with FP-734; & = 240
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The experimental data on Tgr for cryogenic liquids under conditions of free or forced
convection are generalized with a scatter of 307 by means of the following equation in [7]:

T —=Ts _ 165 + 2.5[1"6—7‘)L]0'25+ lpch), (L)
T*— Ty . (pchw (0ch) v

In spite of the fact that our earlier experimental data are in satisfactory agreement
with both the experimental data and the above dependence (1), we considered it advisable to
process the experimental data and explain the causes of the thermodynamic crisis of film boil-
ing on the basis of a two-stage heat-transfer model accounting for the nonwettability of the
wall by the liquid, i.e., accounting for the fact that heat is transmitted from the wall to
the liquid through a vapor film which steadily blocks the wall surface.

The analysis is based on the following assumptions.

The thermal resistance to heat transfer from vapor to the liquid can be neglected be-
cause it is small in comparison with the thermal resistance to heat transfer from the wall to
vapor; i.e., oyFy/ajF; « 1. The vapor temperature in the flow core is equal to Ty = Tg. The
vapor velocity and temperature are constant along the core thickness; the vapor discharge
through the laminar sublayer can be neglected.

It is important to note that these assumptions presuppose that the vapor temperature at
che boundary of the laminar sublayer is equal to the saturation temperature, so that the tem-
perature head of heat transfer from vapor to the liquid can be neglected.

In our opinion, the confirmation of this is to be found in the nonuniformity of the lay-
er — the saturation of the turbulent part of the flow with minute liquid droplets. The exis-
tence of such a gas—liquid dispersoid should strongly affect the temperature distribution
pattern in the layer. The presence of a highly developed phase interface in the layer re-
sults in the fact that vaporization actually occurs here in the volume rather than at the
boundary of the liquid core. The vaporization sources cause a sharp increase in the effec-
tive specific heat. Moreover, if we consider that the presence of a heavy suspension (liquid
drops) in the vapor causes the effective thermal conductivity to increase, we can assume that
the entire temperature drop (Ty, — Tg) pertains to the laminar vapor film — the molecular ther-
mal-conductivity layer. These assumptions are in good agreement with experimental data [8],
which indicate that the thin boundary layer of vapor is responsible for most of the thermal
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TABLE 1. Film Boiling Temperatures for Certain Materials

Material at the cooled sur- Temp, of film Material of cooled sur~ Temp. of filin
face boiling crisis, °K face boiling crisis, °K
Copper 110 Ice (water) 130

Lead 113 Wax 146

Kovar 111 Graphitic Teflon 172
German silver 114 FP-134 fluoroplastic 180
Stainless steel 115

resistance, while the temperature gradient is close to zero in the remaining part of the vapor
film.

The heat-transfer process is complicated substantially by the fact that the vapor film
actually experiences oscillatory action under film boiling conditions, while the interface
between the vapor— liquid dispersoid and the liquid has a periodically varying wave form
rather than a smooth, fixed shape. The mean oscillation frequency of the vapor film at the
surfaces of horizontal and vertical cylinders with d = 60 mm and 7 = 200 mm is equal to 25-
50 Hz for benzene and normal hexane according to data from [9]. The rising motion of the
vapor and the oscillations of the dispersoid surface lead to oscillatory wave motions of the
interface between the laminar sublayer and the dispersoid. In any of the cross sections in
question, the thickness of the boundary laminar sublayer changes periodically in time at a
frequency equal to the oscillation frequency of the vapor—liquid dispersoid. The wave char-
acter of the vapor flow in the laminar sublayer produces two important results: 1) The sur-~
face area of the interface at the boundary of the laminar sublayer increases considerably; 2)
depending on the laminar film thickness, the coefficient of heat transfer varies periodically
in any section. As was mentioned in many papers [10, 11], a sharp increase in the heat-trans-
fer coefficient is possible as a result of vortices in wave troughs. The increase in the
surface area is reflected in the thermal flux increase in comparison with the theoretical
value for a smooth interface.

Although it should not substantially influence the mean value of heat transfer (because
of the small surface area and the short contact time), the sharp increase in the local heat-
transfer coefficient over the cross section at the time of wave passage leads to a response
reaction of the surface of the solid — fluctuation of the surface temperature.

If we assume that the amplitude of these oscillations reaches a considerable value in
certain cases, the effect exercised by the thermophysical characteristics of the surface ma-
terial could be explained in the most general way as follows (Fig. 4). Since the maximum of
the local surface temperatures is equal to the temperature of the solid at a sufficiently
large distance from the surface, where temperature disturbances are virtually absent, the
upper envelope constitutes the curve of the mean-mass temperature of the solid. So long as
the temperature of the layers adjacent to the surface is sufficiently high, the minimum local
temperature values at the surface of the solid stay above the limiting overheat temperature
T7ps which ensures stable film boiling. As soon as the temperature of the layers adjacent to
the cooled surface drops to T < Ty7,, conditions are created for surface wetting by the liquid,
the vapor film loses its stability over individual surface sections, and the film boiling con-
ditions are replaced by transitional forms and finally by nucleate boiling. Thus, the thermo-
dynamic crisis temperature of film boiling is related to the temperature fluctuations at the
surface of the solid by the following simple expression:

Ter = Typ+ ATy, (2)

If we consider the formal analogy between the temperature fluctuations of the cooled surface
under film boiling conditions and in the case of steady-state periodic variation of the am-
bient temperature, we can use the rigorous mathematical solution for an approximate estimate.

As is known, the amplitude of surface temperature oscillations in general form for the
case of stationary-periocdic variations of the ambient temperature is expressed as follows:

AT, *
Ap= 500 (B'* = ?) .
"TTAT, F{Bi V hepw ?

Assuming (momentarily, for the purpose of a rather rough estimate) that the values of o
and w are invariant and that they are independent of the thermophysical characteristics of
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Fig. 4. Local temperature variation at the surface
of the cooled solid: 1) zone of transitional and
nucleate boiling; 2) zone of stable film boiling.

the surface, we obtain the following approximate expression for the ratio of the amplitude
of surface temperature fluctuations for two'different materials:

‘ o~ (ACPE .
V' Geo), )

The ratio of the above data, obtained experimentally and by calculation, for Teflon and
stainless steel surfaces has the following value:
Tre =Ty, 180—107
Ty —Th, 115—107

sst

According to (4) this ratio equals

e~ Ty e 1/9.5.0‘068-7900 105
Tse —Ty (AeP)Te 0.22-0.15. 1400 h

We can say that, with an allowance for the assumptions made, the obtained values are in
good agreement with each other. Such an approximate correspondence is observed for all the
investigated materials at the cooled surface under film boiling conditions. Thus, it can be
said that the thermophysical characteristics of the surface exert a considerable effect on
the temperature boundary of the second boiling crisis.

However, Eq. (4) can be considered only as an approximate estimate of the effect exerted
by the thermophysical characteristics of the surface, since the problem of the limits of vari-
ation in the heat-transfer coefficient and the frequency of surface temperature fluctuations
with regard to different parameters of film boiling conditions require further elucidation.

NOTATION

T, temperature; 1, time; p, density; A, coefficient of thermal conductivity; c, specific
heat; a, heat-transfer coefficient; F, surface area; d, diameter; I, length; w, angular fre-
quency of oscillations. Indices: Ip, limiting process; w, wall; wo, wall surface; 7, liq-
uid; cr, film boiling crisis; s, state of saturation; i, phase interface.
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HEAT TRANSFER FOR A LIQUID BOILING IN A BED OF
GRANULAR MATERIAL

G. F. Smirnov UDC 536.423.1:541.182

An approximate analytical model is given for heat transfer during boiling in a bed
of granular material, and this is used in a generalization from the published data.

Boiling in granular beds is a promising technique for the .design of heat-transfer sys-
tems [1, 2] and other types of process plant [3-6]. This requires a better understanding of
the physical processes in such beds. There were marked differences between the conditions
of [1, 2] and of [3, 4, 7], as Fig. 1 shows, since H/b« 1 in [1, 2] for pg/p' >» 1, whereas
H/b » 1 for py,/p' = 1.5-3 in [3, 4, 7]. Therefore, one assumes that there was gravitational
pressure of tﬁe particles on the wall in [1, 2]. On the other hand, in [3, 4, 7] the par-
ticles near the wall were largely relieved from the pressure of the overlying layers, H/b » 1,
and so they were probably displaced from the wall. In [7], this displacement was detected
photographically. If one assumes that the main heat-transport mechanism is determined by the
processes at the wall for boiling in a bed, then there should be an analogy with a process in
a horizontal slot having an equivalent width which is proportional to the particle size.
Comparison of [3, 4, 7] with [10, 11] confirms that the behavior of the heat~transfer coef-
ficients is much the same in both cases. On the other hand, boiling in a bed differs from
that in a horizontal slot in that the gas— liquid mixture migrates in much the same way as
in fluidization. The smaller the particles and the shallower the bed, or the higher the ther-
mal loading, the greater the influence of fluidization. The particles can be completely sus-
pended by a thermal fluidization mechanism, and then the main heat~-transfer mechanism would
be as for a free volume of liquid. The particles have an effect via the effective thermo-
physical characteristics of the liquid—particle medium (viscosity ug, thermal conductivity
e, specific heat ce, etc.). Therefore, standard equations for heat transfer in boiling can
be used with the effective constants and the semiempirical relationships for horizontal slots
[10, 11] to construct an approximate model for boiling in a displaced granular bed. It is
then very important to define a criterion that determines the contribution from any particu-
lar mechanism. This is possible if we compare the characteristic boiling rate u = q/rp" with
a characteristic of the fluidization, namely, the critical fluidization speed u.y = Ccrgdz-
(pg-— p')/u" [12], where C.y is a numerical constant dependent on the mode of flow around a
suspended particle. Therefore, we have for the total heat flux in this granular bed that

g == g, (1 — ¥} + g4, 1

where q; is the heat flux transported in the process analogous to boiling in a horizontal
slot and q¢ is the heat flux transported by the nominal process analogous to that in a free
volume of liquid with the effective thermophysical parameters, while { is an interpolation
factor, which is the ratio u/u.,, which can be put in the following form on passing to the
limit:

u
v Yoy U - @

Further, qo is dependent on the working conditions, the physical and geometrical parameters,
and soon [13-15, et al.]. A semiempirical relationshipfor q; has been derived from the experimen-
tal data of [10, 11] by means of a physical model for boiling in a horizontal slot. The basic
features of this model are as follows.
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