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A mathematical model of film boiling with forced convection of the liquid is discussed. A
solution is obtained on a computer and is represented in the form of nomographs and approxi-
mation relations. The computed results are compared with experimental data.

There are three possible regimes associated with forced-convective film boiling: 1) annular- (or core-)
flow; 2) slug-flow; 3) mist- {dispersed-, spray-) flow[1, 2]. The present study is concerned with the annular-
flow regime of film boiling in a pipe, where the liquid core is separated from the wall by an annular vapor
film.

We consider a one-dimensional steady-state model of film boiling with liquid flow in a circular pipe
having an arbitrary lengthwise distribution of the wall temperature (Fig. 1). The liquid moves in the form of a
turbulent jet, which is separated from the pipe wall by a turbulent vapor film. The phase interface is assumed
to be smooth and axisymmetrical. The interfacial temperature is equal to the saturation temperature Tg; i.e.,
the rate of the phase-transition processes is assumed to be infinitely great, and the probability of metastable
thermodynamic states to be negligibly small. :

The heat flux is directed from the wall to the phase interface through the vapor film due to turbulent heat
transfer and results in heating of the liquid (if Ty, < Tg) along with evaporation.

We disregard pressure variation along the pipe, longitudinal heat conduction, dissipation, and radiative
energy transfer.

In addition to these customary constraints, we adopt the following assumptions:

1. Interphase slip does not occur (Uy =Up,=U); this assumption is valid for large flow velocities and
small pressure differentials along the pipe, such that Uy/Ug, ~1.
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Fig. 1. Schematic diagram
of film boiling in a pipe.
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Fig. 2. Nomograph for calculation of the dimen-
sionless film thickness, m=0.75,n=1. 1) py/pL=
0.2; 2) 0.1; 3) 0.
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Fig. 3. Comparison of experimental and com-~
puted heat-flux values,

2. The hulk-mean temperature of the vapor is equal fo the saturation temperature Tg; i.e., it is as-
sumed that the main thermal resistance of the vapor film is concentrated in a narrow domain close to the pipe

wall,

3. The heat transfer from the wall into the vapor film obeys the law
Nuyy = A Rey, (1)
where, by analogy with an annular duct, twice the thickness of the vapor film is adopted as the space scale.

4. The heat flux qg, in the liquid does not depend on the vapor content and is determined solely by the
process of turbulent heat conduction in the liquid jet. The heat transfer into the liquid obeys the law

Nu; = BRel} )
in which the diameter of the liquid core, D1,=D — 24, is adopted as the space scale,
With the foregoing assumptions in mind, we write the continuity and energy equations in the form
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Determining the two-phase flow velocity U from (3) and inserting it into (4), we obtain a differential equa-
tion describing the variation of the film thickness along the pipe
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subject to the initial condition
2= 0; §.=0. (6)
We introduce the dimensionless governing parameters
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Now Eg. (5) is transformed as follows:
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where b=28/D is the dimensionless thickness of the vapor film and
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If E does not depend on H, the differential equation (9) is reduced to the integral
b :
db (12)
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In the general case, E depends on H, because the parameter H is a monotonically increasing function of
the z coordinate and the dimensionless group E includes the quantities B and (T, — Tg), which in general also
depend on z. However, computer calculations related to the numerical integration of Eq. (9) show that the
dimensionless film thickness in a given cross section is determined only by the values of the parameters H and
E in that cross section. This result can be explained physically as follows. If the fraction of heat that goes into
the liquid (E) is sufficiently large, then the prior history of the flow (H) has little influence on the heat-transfer
process, because in each cross section the vapor film acquires a thickness such that the heat flux required by
the liquid is in fact transmitted. With an increase in the fraction of heat used for evaporation, the influence of
the flow history (H) on the heat-transfer process and film thickness becomes significant, but in return the de-
pendence of these factors on the fraction of heat transmitted into the liquid (E) abates.

Expression (12) enables us to determine the dimensionless vapor-film thickness b as a function of the
dimensionless parameters H, E, py/p 1, and to compute the heat flux according to the equation

W= 4 (UL |
o= MIT) g (224, 0, 13)

in which
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We integrated expression (12) numerically on an M-220 digital computer for the case m=n=0.8. The
computational results are displayed in the form of a nomograph, which permits the values of b and ¢ 5 (b} to be
determined. We also approximate expression (12) in the ranges H=10"%to 5, E =0 to 4, pV/pL=O t0 0.2, b=
0.5 by the equation

b= {{1.53H""° + 0.94 (1 — pyp ) exp (02E)[E — 0,12 (1 — g, fp; ) exp (— 0.26 E)JF} 2. (15)

To compute the parameters H, E and the heat flux gy, it is necessary to assign a specific form to Egs. (1)
and (2).

We assume that the heat flux carried from the wall by the vapor can be calculated according to the equa-
tion for heat transfer to a gas in an annular duct [3]

Nuy = 4 Relf® = 0.0198 Re{;® Prij* (}TL)“‘)'“ , (16)
s

and the heat flux into the liquid according to the well-known expression for heat transfer into a liquid in a

circular pipe

Nu, = BRe{'® = 0.023Rej* Pr]** f (/D). 17

We compare the heat fluxes calculated in this way with our earlier experimental data [4]. The compari-
son of the experimental and computed results shows that the computation affords valid order-of-magnitude
estimates of the heat fluxes, albeit with rather large scatter (+ 50%). It is important to bear in mind, however,
that the computations are based solely on the standard empirical formulas for single-phase media.

The computational error can be substantially reduced by using the empirical film-boiling heat-transfer
relations proposed in [4] in the role of relations (1) and (2)

Nuy= ARey ™ = 0.0078 Rey, "® Pr, [1+3-107%4 1.3 exp (— 1107 )j; (18)
Nuj, = BRej, = 0.0012Re; Pri"* f, (z/D). 19

The results of numerical integration of (12) for the case m=0.75, n=1 are given in nomograph form in
Fig. 2 and are approximated by the expression

b= {(LABH™"F = 1—py/oy )exp (0.13 E)LE — 0.2 (1 — py/py. ) exp (— 0.35 E) )2 (20)

The heat fluxes computed on the basis of relations (18)-(20) are compared in Fig. 3 with experimental
data obtained in the nonsteady cooling of preheated copper and steel pipes (inside diameter 4 to 20 mm, length
up to 100 diameters) by a descending liquid-nitrogen flow. The scatter of the experimental points does not ex-
ceed +30%; i.e., it scarcely differs from the error of the approximation relations (18) and (19). This fact
recommends the nomograph of Fig. 2 for the calculation of heat transfer associated with film boiling in pipes
in the following ranges of regime parameters: Rep, =8 104t0 1.5-108% z=7 to 100; Pr1,=1.9 to 3.3; P/Por =
0.06 to 0.63; k1,=0.02 to 0.95; ky =0.9; 6 =cy(Ty, — Tg)/r =9.

NOTATION

A, constant in Eq. (1); B, constant in Eq. (2); b=23/D, dimensionless thickness of vapor film; ¢, specific
heat at P=const; D, diameter of heat-transfer surface; E, dimensionless parameter in Eq. (8); f(z/D) =(1 +4
NuLO/ReLOPrL'Z/D)‘ig £1(z/D)=1+1.22 exp (—0.038 z/D); H, dimensionless parameter in Eq. (7); m, power ex-
ponent in Eq. (1); n, power exponent in Eq. (2); Nu, Nusselt number; Nuy, =q,(D—26)A,{Tg—T1); NuV:qWZG/
Ay (TywTg); Pr, Prandtl number; q, specific heat flux; r, specific heat of vaporization; Re, Reynolds number;
Rey, =ug,(D—256)/v 1; Rey=uy - 28/v vi: T, temperature; U, velocity; z, axial coordinate; 8, thickness of vapor
film; A, thermal conductivity; v, kinematic viscosity; p, density; o, surface tension. Indices: L, liquid; V,
vapor; s, saturation; w, wall; 0, entry.
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INFLUENCE OF HEAT FLUX AND PRESSURE ON HEAT
TRANSFER ASSOCIATED WITH FULLY DEVELOPED
NUCLEATE POOL BOILING

V. K. Andreev, V. I. Deev, UDC 536.248.2 :546.291
A. K. Kondratenko, V. I. Petrovichev,
V. E. Keilin, and I. A. Kovalev

Heat transfer in the pool boiling of helium is investigated experimentally, The dependence of
the heat-transfer coefficient on the heat flux and pressure is determined for the fully developed
nucleate boiling regime.

The problems of heat transfer in liquid helium hold a special place in the thermal stability analysis of
composite conductors used in the coils of superconducting magnets. Accordingly, we have conducted a systemat-
ic investigation of the inlfuence of various factors on the heat transfer and critical heat fluxes associated with
helium pool boiling. The main factors investigated in our work include the heat-flux density, the prior "history"
of the boiling process, the saturation pressure, the finish of the heating surface, the material of the heat-trans-
fer surface, and the orientation of the surface in the field of gravity. The experiments were conducted with
plane working test sections of various materials shaped into a disk with a diameter of 25 mm or a square plate
with a cross section of 30 x30 mm. The pressure was held constant in each experiment, while the heat input
to the heating surface was gradually increased or decreased to produce the appropriate variation of the tem-
perature differential. An analysis of the experimental data shows that the dependence of the temperature dif-
ferential on the heat flux can be multi-valued in the nucleate boiling of helium, indicating the existence of
different boiling regimes. For each surface it is possible to discern the most fully developed boiling regime,
wherein the heat-transfer rate attains its maximum value for the given conditions. In that regime, the relation-
ship between the heat flux q and the temperature differential AT is described by the power law

= CAT™. 1)

As in the case of other liquids, the proportionality factor C depends on the saturation pressure, and the value
of the exponent n can be taken as roughly constant for different pressures. Also, C and n vary appreciably with
the surface conditions.

In the present article we give the results of a study of fully developed nucleate boiling of helium in the
pressure interval (0.33 to 2.13) - 10° N/m? on only two surfaces, one of copper and one of aluminum., The sur-
face of the copper section (square plate) was polished to class 13 purity [according to All-Union State Standard
(GOST) 2309-68], and the finish of the aluminum surface (disk) corresponded to class 10. For the copper heat-
transfer surface, we obtained data both for horizontal (heating surface facing upward) and for vertical orienta-
tion, while for the aluminum surface we used only the horizontal orientation. In experiments on a rougher
aluminum surface, the value of the exponent n in Eq. (1) is 1.5 for all investigated pressures, which is in good
agreement with the data of other authors for copper [1, 2] and platinum [3] heating surfaces. The dependence
of the heat flux on the temperature differential on the polished copper surface in our experiments is described
by the power law (1) with exponent n =3.33. The relationship between the heat-transfer coefficient & =q/AT and
the heat flux in this case is consistent with the well-known dependence for ordinary liquids: o ~q%7.
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