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Results are shown of a study concerning the critical film boiling of various cryogenic liguids.
The physical mechanism of this process is analyzed and recommendations are made for calcu-
lating it.

In several studies concerned with the second critical boiling mode it has been shown by experiment
that the critical temperature Typy depends on the properties of the wall material and is in many cases
higher than the critical temperature of the boiling liquid Ty [1-3]. This evidence can be explained neither
by the thermal resistance of the wall nor from the standpoint of hydrodynamic and thermodynamic me-
chanisms of the critical boiling mode.

In this study the authors have developed a physical model of the phenomenon and test results are pre-
sented here relating to the critical film boiling of cryogenic liquids under nonsteady cooling conditions. *

The necessary conditions for critical film boiling are that the interphase boundary becomes hydrody-
namically unstable [4] while the liquid remain thermodynamically stable upon contact with the wall [5]. The
character of the critical mode depends on which of these two factors is the governing one.

If the interphase boundary becomes unstable at a sufficiently high wall temperature, then there will
occur intermittent contacts between liquid and wall. At the contact boundary the temperature will then reach
some level T}, which, to the first approximation, can be found by solving the problem of transient heat
conduction for semiinfinite layers of liquid and a semiinfinite wall with initial temperatures Ty and Ty,
respectively [6]:
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If the local temperature at the contact boundary between liquid and wall exceeds the limit of meta-
stable superheat Tjg, then momentaryeffervescence will occur. ¥ If Tch = Tjg, however, then the time of
contact between liquid and wall will be longer and the thermal flux will increase as a result of transient heat
conduction into the liquid and as a result of bubble boiling — the flux having sufficient time now to develop.
When bubble boiling occurs, T.p becomes lower than estimated according to Eq. (1), Consequently, critical
film boiling is possible at T,p, = Tyg even if the mean wall temperature Ty, = Ty > Tig.

The preceding analysis suggests that the temperature of critical boiling Typy may depend on the thermo-
physical properties of the liquid and of the wall, on the state variables of the liquid, and on the conditions
of its contact with the wall (wettability, surface roughness, geometry). The aim of our experimental study
was to establish the relation between Ter; and all these factors.

*Results obtained in the first part of this study were presented in [8].
tIn the case of cryogenic liquids, a contact lasts for 107°-107% sec and the effervescing layer is 107°-10~¢
cm thick,
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The tests were performed in thermally insulated containers under atmospheric pressure. The test
liquids were nitrogen, oxygen, Freon-12, Freon-13, and Freon-22. The active container segments were
vertical tubular or annular channels made of various materials (stainless steel, copper, duralumin,
magnesium and titanium alloys, and Teflon-coated steel), of various shapes, and of various degrees of
surface roughness. On the thermally insulated (outside) surface of the tube wall were stuck copper-con-
stantan thermocouples with size 0.1 mm (diameter) wires.

A test container initially at the temperature of stable film boiling was immersed into the liquid.
While it was cooling down, the temperature of the tube wall at 8-12 sections and the temperature of the
lignid were measured and recorded, as functions of time, with a model OT-24 oscillograph.

Typical curves of temperature and thermal flux variations with time during cooling are shown in
Fig. 1.

Critical film boiling was assumed to start at the time 7oys corresponding to the minimum value of
derivative dTy/d7. The temperature drop across the tube wall was accounted for according to the solution
to the reverse problem of heat conduction [7]:
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(the plus sign referring to boiling on the outside tube surface and the minus sign referring to boiling on the
inside tube surface).

For the case of boiling on the outside of a tube with a wall thickness 6y, and coated with a layer of
thickness 6,,,¢, We have derived the following formula
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where Dgy denotes the diameter to the boundary between base material and coating.

Each series of test data obtained under the same conditions was evaluated statistically. The error
in determining Top due to leakage along the wall was estimated according to the formula

A< LA
b uzcr ( dt )max (4:)

with ucy denoting the rate of the critical boiling mode along the tube and calculated by a graphical differen-
tiation of function T, = £(2).

Including the accuracy of measurement and data evaluation, the nominal error in calculating the
temperature difference (Terz—T) did not exceed +20%.

Preliminary tests have shown that the temperature of critical boiling does not depend on the depth
of tube immersion in the liquid nor on the axial coordinate of a section. The effect of surface roughness
was examined on the same active container segment of grade 1Kh18N9T steel tubing with an initial surface
finish V6, first polished to V14 and then roughed to V1. No relation between the Tors point and the surface
roughness was detected during boiling of liquid nitrogen. This could be explained by the fact that the sur-
face asperities were smaller than the mean thickness of the vapor film. In the ecase of cryogenic liquids
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Ten " Fig. 2. Temperature of critical
200 film boiling of liquid nitrogen, as
/ a function of the thickness of grade
0 - / FP-3 Teflon coating on a stainless
/,/ steel tube 6 m).
%0y 40 & 120 o

with a wetting angle @ close to (° in contact with the wall, the valleys were completely filled with liquid
and were thus eliminated as additional vapor nucleation centers.

The effect of geometrical factors on critical film boiling was examined on liquid nitrogen in tubes 4,
6,10, 20, and 40 mm in diameter as well as in annular gaps 1.7, 2.7, and 4.7 mm wide (Dg 3.4, 5.4, and
9.4 mm respectively), also in a large pool around a tube with an outside diameter D = 1.6 mm. In the last
case and in gaps of an equivalent diameter Dg > 6 mm, critical boiling occurred at the same Ter; point.
In gaps with Dg < 6 mm, the Teypp point dropped as the diameter was decreased. This could be explained
by a higher frequency of contacts between liquid and wall at a gap size approaching the capillary constant
for a given liquid substance vo/g(eL—pv), which determines the geometrical parameters of surface waves.

The effect of subheat on the temperature of critical boiling for a given liquid was examined while steel
surfaces were cooled in liquid nitrogen, Freon-12, and Freon-22. We have found that the effect of subheat
may become weaker with a decrease in the parameter (pc))y, inasmuch as the effect of thermal flux {due to
already developed bubble boiling) on lowering the Tgyy point becomes stronger. The effect of the thermo-
physical properties of the wall material was examined with liquid nitrogen and Freon-13 boiling in con~
tainer segments of various materials. It has been found that the Tepy point rises with increasing subheat
of the liguid and with a decreasing thermal activity coefficient v (ccA)y of the wall. As the subheat increases
(i.e., as the temperature of the liquid drops), the same T}, temperature at the contact boundary between
liquid and wall will be established at a higher mean wall temperature Ty,. A wall material with a lower
value of V(pcA)y will reach the same T, temperature at a higher Ty, temperature than a wall material
with a higher value of v (pc))y-

_rcrz ~Ts / }:
T -7,
c /
147 —
e { v
98 3 &/—’/ /:{ ® —9
7 // o & — 17
rd * — [
(A 4 Pl
+15% //#ﬁ/ * N— 2 o — 2
94 — 2 x V— 4 x —/3
Pt o— 5 ¢ — %
L~ Z R 6o —17 a—§F & —f
a2 — 2 bh— 7 4 — 5
“10° Vi 10

1/P33L
pea,
Fig. 3. Generalization of test data pertaining to the
temperature of critical film boiling: copper and nitro-
gen (1), Freon-13 (2), Freon-22 (3), Freon-12 (4),
steel tube and nitrogen (5), Freon-13 (6), Freon-22
(7), Freon-12 (8), grade FP-3 coating and nitrogen
(9), Freon-13 (10), aluminum and water (11), steel
and water (12), glass and water (13), aluminum and
ethanol (14), steel and ethanol (15), glass and ethanol
(16), calculations according to Eq. (1) (I). Each point
on the graph represents the average value from all
tests with a given value of the ratio (peX)1,/(ecA)y.
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The relation between the Tgpy point and the thickness 0pgat of a low-(thermal) conductivity grade
FP-3 coating on a stainless steel tube was examined in a special experiment. The test results shown in
Fig. 2 indicate that the Tcr, point ceases to depend on 8,5, When 5coat = 90 pm. An explanation for this
can be found inthe Fourier number for the coating Foggat = @coat Te/Oeoat = 0.25 with8p0at = 90um andactual
contact times T, between liquid and wall under such conditions. In this case the thermal signal does not
have sufficient time to reach the metallic base and the coating behaves as if it were infinitely thick.

When 8ppat < 90 pm, then Fo > 0.25 and, because of the heat coming from the metallic base, the
contact is interrupted within a time shorter than 7o. The heat fransfer abates and, consequently, the Tery
point drops. The condition that Fo = 0.25 for {405t = 90 pm has yielded an approximate lengthof 7, = 0.01 sec.
The test values for the Tqy point of five eryogenic liquids and six wall materials (including coatings with
Fogppat < 0.25) have been generalized by the equation

TCI'Z_TO — 1.65+25[ (p[”;")L l0,25+ (Pc}\:)L . (5)
Ty —Th (och) () y

This is shown in Fig. 3.

Formula (5) is applicable to the following range of parameter values:
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In Fig. 3 are also shown test data from [3], obtained in a study of critical film boiling in the spheri~
cal state. A very interesting fact has been established in these experiments over this entire range of para-
meter values, namely that the ratio of Toypy—T, to the temperature difference corresponding to the maxi-
mum thermal flux point on the boiling curve gy = £(Tyw—Ty) is constant and that (Tery—T)/(Tepi—Ty) = 1.6
within a £20% accuracy. The Ty point is usually regarded as the temperature of critical bubble boiling.
With Eq. (5), it now becomes possible to calculate Topy as well. The Teyy point is found from tests, as
the point on the Ty, = £(T) curve where 8T,/8T and gy are both minimum (Fig. 1).

NOTATION
T is the temperature, °K;
p is the density;
c is the specific heat;
A is thermal conductivity;
a is the thermal diffusivity;
0 is the wall thickness;
T is the time;
Z is the axial coordinate;
o is the coefficient of surface tension;
r is the latent heat of evaporation.
Subscripts
w refers to wall;
cb refers to contact boundary between liquid and wall;
L refers to liquid;
A’ refers to vapor;
cr refers to critical mode;
o refers to outside surface;
coat refers to coating;
e refers to equivalent dimension;
1s refers’to limit of metastable superheat;
n refers to beginning of time count.
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