CRITICAL HEAT-TRANSFER CHARACTERISTICS
FOR THE BOILING OF HELIUM I IN A CENTRIFUGAL FORCE
FIELD

Yu. A, Kirichenko, S. M. Kozlov, UDC 536.248.2
and N, M. Levchenko

The critical heat fluxes and critical differential temperatures associated with the boiling of
helium in a centrifugal force field on a flat copper heater are investigated in the range of rela-
tive accelerations 1-2280.

The timeliness of heat-transfer studies in helium in a centrifugal force field is dictated by the consider-
able promise of developments in superconducting machines and devices [1]. For the analysis of the cooling sys-
tem for a rotor equipped with a superconducting field coil it is necessary to know the characteristics of the
boiling of helium under the conditions of large relative inertial accelerations 1 =g/g,. Of special significance
in this connection is the determination of the upper limit of the nucleate boiling regime, because the transition
to film boiling can cause overheating of the coil and departure from the superconducting state.

The few papers published on the critical heat-transfer characteristics of the boiling of helium Iin a field
of centrifugal forces report studies in the ranges 7 = 179 |2, 3] and n =126 [4], i.e., for values far below those
realized in the rotor cooling systems of superconducting oscillators. The resulis of studies of high-boiling
liquids at sufficiently high relative acclerations [5, 6] cannot be used, without suitable testing, to analyze the
heat-transfer process in helium. These studies have been carried out at much lower reduced pressures than
those at which helium exists in rotating cooling systems. An urgent need therefore exists for the investigation
of the critical heat-transfer characteristics associated with the boiling of helium I at relative accelerations far
exceeding those actually attained, i.e., n >102,

Here we report a study of the characteristics of the first and second critical points for the boiling of
helium (critical heat fluxes q,,q @nd qepg @nd the corresponding critical differential temperatures ATy and
AT .0s).

cr2

The investigations were carried out on a special centrifuge (Fig. 1) consisting of two main assemblies:
the stator 1 and a rotor with a vertical axis of rotation. The hollow shaft 2 of the rotor is packed in rubber
seals 3. Two working chambers 5 are mounted diametrically opposite one another on the center block 4, Each
working chamber is thermally insulated by the vacuum shield 6 and the protective dewar 7. A constant influx of
liquid helium into the working chambers is supplied through the stationary siphon tube 8, which is connected to
the rotating siphon tube 9. The liquid level is held constant in the working volume (10 mm above the heat-trans-
fer surface of the heater 10) by draining off its excesses through the overflow tube 11.

The heat-transfer surface is the end of a copper cylinder with a diameter of 15 mm, finished to purity
class 11 (GOST-2789-173).

The temperature of the heat-transfer surface of the heater as well as the temperatures of the liguid and
the vapor in the working volume were determined with germanium resistance thermometers within 0.02°K
error limits. The electrical signals from the temperature sensors were sent to the stationary instrumentation
by means of a special slip-ring assembly. Electrical power is supplied to the heater in the working volume
through a power contacting device.

The increment Ap of the hydrostatic pressure of the liquid and vapor in the centrifugal forces (0=Ap< 8.2-
10* Pa) is taken into account in calculating the pressure at the heat-transfer surface.
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Fig, 1. Experimental apparatus,

?cr i [ ] | &
WA i
2 i LOf T c./o
/04;!;/“‘9' ® €7cr171222_"_}%../
5! | .’.D"f/i‘ E
4 t
o4 SE T Yo 7T o —; AT ] T ;
— R T
/0.7 l I I a—J a in -.i, 9 Fy ° eof ¢ ? Y3 l!o '!0
- g B 1 %
Ten ] 2 1l A s | ’ P
lméﬁﬂ*i ik g8 @%@J@@vwarg—f’fa—@g—(r
z O g9 o B e ; 8.8
peheTe o7 | [ ] |v 10 7 ¢ B
2 e 58 I oo —7 1 8.
7 o] % > e
g By o, T 2T
! 1 ’ | |
0 » 1 L
8 3 4 A= %?b&ﬁ
L e | . N e A
2l tale A & | — NS
17 | | ‘ <} b i ‘ :
Wz 4602 460°2 46072 02 460 2 46082 460 2
Fig. 2 Fig. 3

Fig. 2. Critical heat fluxes qqyy (light points) and g,y (dark points), W/m?, versus relative ac-
celeration for heater orientation ¢, =0. a) Experimental dependence of q.,. on n; b) "pure"
dependence of the reduced first critical heat flux; ¢) "pure" dependence of the second critical heat
flux on the relative acceleration; 1) flat copper heater, data of this study; 2) flat copper heater,
data of [4]; 3) tubular stainless steel heater, data of [2]; 4) Kutateladze function Gy =102

Fig, 3, Critical differential temperatures ATcpy (light points) and AT,y (darkpoints), °K, versus relative
acceleration for heater orieatation ¢, = 0, a) Experimental dependence of AT on m; b) "pure" de-
pendence of the reduced first differential temperature; 1) data of this study; 2) data of [4],

The experiments were carried out for three different orientations of the heater relative to the centrifugal
acceleration vector (i.e., different angles ¢,, between the centrifugal acceleration vector and the outward normal
vector to the heat-transfer surface): a) orientation I: heat-iransfer surface facing the axis of rotation (¢, =0),
distance of the heat-transfer surface from the axis of rotation r=301 mm, thickness of the liquid layer above
the heater h=10 mm, relative-acceleration range 7 =1-2280; b) orientation Il: heat~transfer surface parallel
to the radius of rotation (¢,=90°), r=300 mm, h=9.5 mm (measured to the center of the heat-transfer surface),
1 = 1-1185; ¢) orientation IIl: heat-transfer surface facing away from the axis of rotation {p,=18C), r= 312
mm, h =21 mm, n =1-250.

The results of the experimental study of the critical heat fluxes for the case of orientation I (g, =0) are
shown in Fig. 2a for various relative accelerations. The variation of g, and q,.9 asthe relative acceleration
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Fig. 4. Critical heat fluxes gy (light points) and
dere (dark points), W/m?, versus relative ac-
celeration for different heater orientations. a)
OrientationTl, ¢, =90°; b) orientation III, ¢, =180
1) data of this study; 2) [7] (n =1), ¢ =90°; 3) [7]
(n=1), ¢ =180°.

is increased exhibitsa nonmonotonicbehavior, The functions q,p (n) and g, () are determined both by the
influence of the relative acceleration per se and by the increase of the hydrostatic pressure of the liquid and
vapor column at the surface of the heater.

Approximating the experimental data (Fig. 2a) in the intervals of monotonic growth of the critical heat
fluxes by the least-squares principle in accordance with the eqiuiation

Geri,e = Aiﬂﬂhl 2 )

for qgpq We obtain A;=(1.14£0.03) - 10* W/m?, k; =0.228 £0.007 (1= 7 <1500) (the rms deviations are indi-
cated).

On the other hand, the ratio of these quantities Cq(n) =Qapa(n )/qcri (n) should not depend on the increment
of the hydrostatic pressure, because the pressure variations of g, and g, are approximately identical [7].
It is evident from Fig. 2a that the quantity Cy (7n) increases with the relative acceleration, varying roughly from
0.17 to 0.75 as the relative acceleration is increased from 1 to 2200, This behavior corresponds to a stronger
dependence for 4, (n) in comparison with Qopt (1) for the intervals of monotonic growth of the critical heat
fluxes, as has been observed in the case of noncryogenic liquids in [8].

To determine the influence of the actual relative acceleration on g,y (i.e., to find the "pure" dependence
of gop on ) we use the procedure proposed in [6]. The dependence of 4., on the relative acceleration 7 and
the pressure increment Ap is written in the form

Ger (0, Ap) =g, (1, 0)¢n 0, @)

where dgp. (1, 0) is the value of the critical heat flux under steady-state conditions (7 =1) at atmospheric pres-
sure (Ap=0); ap is the variation of g, under steady-state conditions with an increase in the pressure:

~ 1, A
qp — qCI‘ ( p) ; (3)
Tex (1’ 0)

and 'cYn is the sought-after variation of q,,. for a constant pressure (Ap=0) and an increase in the relative ac-
celeration;
~ q_cr m. 0) _ Ya (m, Ap) — n* )

In = —

7 (1, 0) ., (1, 0 gp

We determine ap according to the data obtained in [7] on a copper heater.

We have confirmed experimentally the virtual absence of subcooling of the liquid for heat fluxes close to
the critical values, making it unnecessary to introduce a correction for subcooling (proposed in [6]).
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Figures 2b and 2¢ show the experimental data after reduction according to (4), i.e., the relative critical
heat fluxes corrected for the variation of ¢, due to growth of the hydrostatic pressure.

The results shown in Figs. 2b and 2c¢ indicate that the experimental functions q,,q (1) and deps (7) Temain
nonmonotonic even after the pressure correction, i.e., this nonmonotonicity is not caused by the influence of the
pressure, but solely by the influence of the relative acceleration. It is conceivable that the function g, (1) will
differ for different reduced pressures.

The dashed line in Fig. 2b represents the function a'.,’ (n) obtained from the hydrodynamical theory of
critical points [9]: al?? = y%25 In the interval 1=7% <1000 it approximates with satisfactory accuracy the rela-
tive values of the first critical heat flux obtained in this study. The maximum deviations of the points from the
line 4 in Fig. 2b do not exceed 32%. The values of 81'177 =op1 (0 )/deri (1) fall between the data of [2] and [4].

The "pure" dependence for the second critical heat flux in the interval 1= 7 <1500 is approximated by
the following equation obtained by the least-squares principle: Gy =nks where ke =0.393 £0.007 (Fig. 2¢).

The nonmonotonicity of the "pure® functions qgpn) and qgpe(n) at sufficiently high relative acceler-
ations and the stronger dependence of qopy(n) in comparison with qggpy(n) cannot be explained within the
scope of the hydrodynamic model of the critical points for boiling regimes, The critical point in this
case is possibly of a thermodynamic nature [although the thermodynamic model of the critical points
also fails to account for the confirmed behavior of qgp(n)]. Here the temperature of the heat surface Ty
must attain maximum possible superheats of the liquid T,,4. In fact, the experimentally determined values of
Ty not only exceed Ty, but also the critical temperature T.

Figure 3a shows the values of the critical differential temperatures AT .. for orientation I. The values
of the differential temperatures AT are determined in the form AT = Ty — Tgy, where Tgy is the liquid satura-
tion temperature corresponding to the pressure at the heater. The values of AT,y obtained in [4] are in good
agreement with the data of this study. The behavior of ATy, with variation of the relative acceleration is
analogous to the function q¢p(n); for n > 1000 both AT,y and AT are observed to decrease, and their values
tend somewhat to converge as the relative acceleration is increased.

We have attempted to determine the "pure" dependence of AT, on the relative acceleration by analogy
with the case of dpt

AT = AT (m, 0) _ (ATCM(”(], Ap) ) ( ATer, (1, Ap)) L ) 6
ATCL':(I, 0) N A%rx(l’ 0) ATCI1(1v 0)

The values of ATgp (1, Ap) are obtained by means of the equation
AT, (1, Ap) = B —T,/T.)/6, (6)

Cr:

in which B=3.3°K. Equation (6), which was postulated in [10], satisfactorily generalizes the results of various
authors on heat transfer in helium. Least-squares processing of the experimental data according to expression
(5) yields in the investigated range of relative accelerations 1 =0.213 £0.004. The large values of AT 4 ob-
tained in this study and in [4] for the boiling of helium at large relative accelerations can be attributed to the
fact that even before the onset of the first critical point of heat transfer stable seats of film boiling are formed
on the heating surface, coexisting there with the nucleate boiling process on the rest of the surface. The mean
surface temperature (recorded with a thermometer) is determined by the ratio of the areas occupied by nucleate
and film boiling and can greatly exceed the surface temperature for nucleate boiling. As the heat flux is in~
creased the fraction of the surface occupied by film boiling increases, and its mean femperature can exceed the
critical (thermodynamic) temperature well before the onset of the critical heat-transfer point over the entire
surface (in this study the temperature of the heater surface at the onset of the first critical point attained
6.4K).

This kind of process has been observed in the boiling of helium on a stainless steel heater under steady-
state conditions (7 =1) [11]. Here AT,y attained values of 6~-11°K (in this study and in [4] AT ¢gp =1-2K). In
{11] it was possible for the emerging seats of film boiling to persist owing to the poor thermal conductivity of
the heater material. In the case of boiling at high relative accelerations the preservation of the seats of film
boiling is promoted by the relatively large heat-transfer coefficients associated with film boiling.

We have investigated the influence of the orientation of the heat-transfer surface on the critical heat flux.
In the case of orientation II {¢,,=90) the dependence of ¢y on 7 is practically invariant in comparison with
the dependence for ¢, =0 and can be expressed by relation (1) with Ay =(2.09 £0.04) " 10° W/m? and ke =0.331
0.004 in the interval of relative accelerations 2= 71 <1000 (Fig. 4a). On the other hand, the dependence of Q.4
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on 7 for @,=90° is much weaker than in the case ¢, =0 [in expression (1) A;=(8.1%0.2)- 10} W/m?, and k =
0.158 £0.005 for 2= 1 <1000]. In this orientation, as in the case ¢, =0, the values of ggp 2nd q¢ps tend to con-
verge as 7 is increased.

Figure 4b gives data on the variation of g4 and ¢ with the relative acceleration for orientation III
{¢,,=180°) in the interval n =2-250. For a constant orientation of the surface relative to the cenfrifugal ac-
celeration vector E’w(%, =180°) inthe interval of small relative accelerations, its orientation relative to the vector sum
—g+=Ta; +§;1 will change, where—g,:n is the earth's gravitational acceleration. With a variation of the relative centri-
fugal acceleration from 1 to 20 for ¢, =180 the angle ¢ characterizing the position of the heater plane relative
toE varies from 135 to 177°. This variation of the angle @ will necessarily decrease the value of g, by ap-
proximately 1/2.4 if we assume that this variation corresponds to the law qcm“'(190°——cp)1 2 [12]. The variation
of ¢ for ¢, =0 produces only a slight increase in the values of gcyy, while in the case of orientation I (@ =90°)
the heat-transfer surface is situated in such a way that the vectors ay and_g'n lie in its plane and the angle ¢
does not depend on the relative acceleration and is equal to a constant 90°.

The variation of the real inclination of the heater surface as the relative acceleration is increased can
account in large measure for the abrupt decrease of qgp in the case of orientation Il in the interval 1 < 1 <20,
A decrease of gy with increasing relative acceleration has also been observed for n = 40 in experiments with
water [13]. It is evident from the data in Fig. 4b that for sufficiently large relative accelerations (n > 40) the
value of q,,4 increases with the relative acceleration,

The nature of the variation of qopp with the relative acceleration for ¢,,=180° is the same as for oyt
the function Qgpy(n) has 2 nonmonotonic behavior with 2 minimum around 7 ~40. When the relative acceleration
is increased to 250, the ratio qgpe/qop comes close to unity.

Also shown in Fig. 4b are the values of q, obtained under steady-state conditions (7 =1) [7] for ¢ =90
and ¢ =180°. These values delimit the range of variation of q,.(7) in the interval of relative accelerations n =
1-20.

In this study we have obtained a result that differs qualitatively from those of previous investigations,
namely nonmonotonicity of the first critical heat flux as a function of the relative acceleration (of the actual
relative acceleration after correction for the increase of ¢, induced by the increase of the hydrostatic pres-
sure with the relative acceleration). Clearly, this effect shows up only under the particular experimental con-
ditions realized for the first time in this study, i.e., with the combination of high relative accelerations (of the
order of 10% and high reduced pressures (above 0.4).

The high values of the temperature of the heating surface at the critical boiling point, exceeding the value
of the critical temperature, and the function ATy () must be related to the observed "anomalous™ hehavior of
the function Qept (7). This relationship can only be determined after the mechanism of the critical boiling point
has been established; for large relative accelerations and reduced pressures it clearly cannot be described by
the hydrodynamic model. This model also fails to account for the growth of the ratio qch/ deypi With the relative
acceleration, as established in this study.
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CRITICAL HEAT-FLUX DENSITY IN OPEN CHANNELS COOLED
BY HELIUM II /

V. G. Pron'ko,* V., V., Gorokhov, UDC 536.423.1
and V. N, Saverin

A generalized dependence is given for determining the critical heat-flux density in uniformly
heated open channels cooled by He II. '

Earlier [1], the basic results obtained for uniformly heated open channels cooled by naturally circulating
helium II were given:

1) the quantity ¢, depends significant ly on the temperature in the bath, and has a maximum at T= 1. ¥K;
2) the value of ., increases with change in slope of the channel from ¢ =0 to ¢ =9(°;

3) the value of q,,,. decreases with increase in relative length of the channel, dep~(L/d) 1.5,

4) the value of g, does not depend on the immersion depth of the open channel in the bath;

5) propagation of the heat-transfer crisis over the whole length of the channel occurs practically instan-
taneously.

In the discussion and analysis of the experimental data, it was necessary to take into account that there
are in fact two current trends in investigating the heat transfer in He II.

The first is the investigation of heat transfer at the liquid~solid boundary, including the investigation of
various conditions of so-called nonpellicular boiling (conditions of "Kapitsa resistance" being one such), The
results of [1] may be written, when speaking of the simplest examples, in various forms of functional dependence
on the ratio AT/T

' AT
=057 () W
\ _
, — J67%kpp@E p (;w_t) T, , @)
15hpgwt wy

Here the power index on T is sometimes significantly different from those in Egs. (1) and (2) [2, 5].
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