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1. INTRODUCTION 

The excellent heat removal capability of pressurized superfluid helium, He- 
IIplVg, has led in recent years to its use as a coolant in fusionlo and acceleratorll 
magnets where the operating temperature is typically in the range of 1.8 to 2. 
K. More recently, He-IIp has been proposed as the coolant for a polarized proton 
target at temperatures as low as 0.5K12. In all cases the HeIIp acts as an a- 
intermediate fluid between the heat source (magnet winding or target bead) and 
the heat sink (saturated He-II in the case of the magnets or saturated helium-3 in 
the case of the polarized proton target). The heat sink fluid may be vaporized in 

.- a jacket external to the magnet vessel13, in a heat exchanger which is immersed 
in the He-IIp14, or in a separate bath in which is immersed an He-IIp filled fin 
which extends from the heated reservoir. In the latter configuration a single 
heat sink can serve multiple heat sources l5 It is this latter arrangement which . 
is considered here and which is pictured schematically in Fig. 1. We proceed 
to analyze the flow of heat in the cooled channel. This is in contrast to the 
considerable work which has been done for the insulated channe1.2p16-18 
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2. INTERNAL CONVECTION MECHANISM 

The large apparent thermal conductivity of He-II (or He-11~) is explained by 
the two fluid model as an internal convection in which there is a counter flow 
of the normal and superfluids with no net mass flowlg. At very small temper- 
ature gradients the flow is laminar and the heat flow and temperature gradient 
are linearly related 2o With significant temperature gradients, the flow becomes . 
turbulent and is dominated by a mutual friction force which has been shown by 
Gorter and Mellink21 to be proportional to the third power of the relative veloc- 
ity between the two fluids and remarkably independent of channel size. When 
this term is incorporated into the Navier-Stokes equation and combined with an 
energy equation which states that the heat is transported in the fluid by the 
motion of the entropy carrier and with a continuity equation which enforces the 
zero net mass flow condition, one finds that the temperature gradient and heat 
flow are related as follows’” 

(1) 
Recently Kamioka, Lee and Frederking 22 have shown that the temperature de- 

- pendence of the mutual friction parameter A is accounted for by 

(2) 
and that the experimental data are well represented over a wide pressure range 

by KGM = 11.3. The temperature gradient thus becomes 

or conversely the heat flow is 

(4) 

3. HEAT TRANSFER MODEL 

(3) 

The arrangement of the source and sink are shown in Figure 1. A low tem- 
perature liquid volume at TH is pressurized above the vapor pressure by a source 
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of saturated liquid at one atmosphere pressure and cooled through heat exchange 
with a saturated liquid at TB. Heat inputs to the liquid at TB include internal 
heat generation &I, heat transfer via the pressurizing fluid Q2, and heat transfer 
from the environment 93. All of this heat is transported to the saturated bath 
at TB via a channel of circular cross section. Heat loss QR, from the channel 
to the bath at TB, is in the radial direction and is limited only by the Kapitza 
resistances at the two surfaces. The thermal resistance of the channel wall is 
assumed to be negligible. The channel, therefore, behaves like a fin with the 
exception that the temperature gradient along its length is related to the third 
rather than the first power of the axial heat flow. A detailed heat transfer model 
is shown in Figure 2. A heat balance on the small element leads to 

Qz=&~+A~+ QR (5) 

All three of the terms in equation (5) are functions of the local temperature and 
*- in the case of the axial heat flows, its spatial derivative as well. The axial heat 

flows, QZ and QZ+~Z are expressed by the product of equation (4) and the cross 
sectional area of the channel. The strong temperature dependence of the fluid 

- _ - properties is thus reflected in the heat flow. 
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The radial heat flow, QR, is the product of the overall conductance, the 
circumferential area, 2nrodz, and the local temperature difference, T - TB. The 
overall conductance is 

1 
ro. 1 (6) 
mgiyj +& 

where the temperature dependent Kapitza conductances, hki(T) and ~&TB), 
are computed from 

T3 
hk = j-jj ( ) hk(1.9) 

. (7) 

3.1 BOUNDARY CONDITIONS 

The temperature boundaries are at z = 0, T = TH and at x = L, T = TL. 
An additional assumption must be made regarding the heat flow at x = L. The 
end may be insulated or as in the present case there may be a heat loss limited 

*- by Kapitza resistance. 

3.2 SOLUTION PROCEDURE 

The solution begins at x = L and proceeds in the negative x direction. At 
_ - 

each element the temperature and its spatial derivative at x + AZ are known 
from the values of the previous element at x. The temperature at x is 

Tz = T,+A, - -Ax (8) 

The fluid properties and Kapitza conductances are evaluated at the average tem- 
perature of each element. The heat flow at x is computed from eq (5) and the 
spatial derivative of temperature at x from eq (3). The step size is varied to keep 
the temperature change at each step in a prescribed range, typically within 0.002 

to 0.01 K. The calculation is terminated when the local temperature reaches TH. 

4. RESULTS 

The source temperature TH, was varied from near TX to 1.2 K which ap- 
proaches the lower limit of eq (1). In all cases the sink temperature TB, was 
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chosen to be 0.1 K less than the source temperature TH. This is representative 
of what one would choose for an optimized system. The end temperature TL, 

was varied from near the source to near the sink temperature. Channel inside 
diameters were varied from 0.1 to 10. cm. For diameters less than one cm, the 
outside diameter was taken to be 0.1 cm greater than the inside diameter. For 
diameters one cm and larger, the outside diameter was assumed to be 0.2 cm 
greater than the inside. Results are shown for surfaces having Kapitza conduc- 
tances at 1.9 K of 0.1, 0.2 and 0.8 W/cm2K. In all cases the same values at 1.9 

K are assumed for the inner and outer surfaces. 
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The heat flow density at x = 0 is plotted in Figures 3 and 4 as a function 
of source tem perature for diam eters from  .l to 10. cm and for two values of the 
Kapitza conductance. The strong dependence on source tem perature is apparent 
particularly at the small diam eters. For a 0.1 cm diam eter the heat flow density 
changes by nearly an order of m agnitude as the tem perature changes from  1.2 
to 2 K . A t a 10 cm diam eter the change is m uch less pronounced. 
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Fig. 6 Aspect Ratios For One 
Cm Diameter Channels 

The m uch weaker dependence of the source heat flow on diam eter is seen in 
Fig. 5 where qz=o is plotted versus inside diam eter. 

The length to diam eter ratio needed to achieve a given approach of the tem - 
perature at x = L to the sink tem perature is plotted in Fig. 6 versus TL - TB  
for a few source tem peratures and an inside diam eter of 1.0 cm. For exam ple at 
1.8 K with hK(1.9) = 0.1/cm 2K, 140 diam eters are required to achieve an ap 
preach of 0.05 K  to the sink tem perature whereas 600 diam eters are required for 
an approach of 0.005 K. The corresponding lengths for hK(1.9) = 0.8W/cm2K 

are 29 and 130 diam eters. Inspection of Figures 3 and 4, however, indicates that 
little is to be gained in terms  of heat flow at the source from  a close approach to 
the sink tem perature. 
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5. CONCLUSION 

The influence of diameter, length, Kapitza conductance and temperature on 
the heat carrying capacity of an externally cooled, circular He II filled channel 
with zero net mass flow and of negligible wall thermal resistance is shown. With 
these results one may choose appropriately sized channels for the extraction of 
heat from an He IIp cooled device operating in the temperature range of 1.2 K 
to TX. 

6. NOMENCLATURE 

A 

hK 
c- KGM 

L 

i- 

r 
S 
T 
X 

1 
P 

Gorter-Mellink Constant 
Kapitza Conductance 
Dimensionless constant 
- as defined by eq (2) 
Channel length 
Heat flux per unit area 
Heat flux 
Channel radius 
Entropy 
Temperature 
Length coordinate 
Viscosity 
Density 

B 
H 
i 
L 
n 
0 

R 
S 
x 

Subscripts 

Saturated bath 
Source 
Inside 
Low temperature end of channel 
Normal fluid 
Outside 
Radial direction 
Superfluid 
Superfluid/normal fluid boundary 

7. REFERENCES 

1. R.A. Madsen, Heat transfer to an unsaturated bath of liquid helium, “Ad- 
vances in Cryogenic Engineering Vol. 13,” Plenum Press, New York (1968). 

2. C. Linnet, “Limiting Heat Current Densities of Insulated Vertical Channels 
in Helium II Under Pressures Between the Saturated Vapor Pressure and 

7 
--, 



3.3 Atmospheres,” Ph.D. Dissertation, University of California, Los Ange 
les, Calif., 1971, University Microfilms, Ann Arbor, Michigan, 72-5843. 

3. S. Caspi, and T.H.K. Frederking, niple-phase phenomena during quenches 
of superconductors cooled by pressurized superfluid He II, Cryogenics 
19:513 (1979). 

4. G. Claudet et al, Superfluid helium for stabilizing superconductors against 
local disturbances, IEEE Trans. on Magnetics Mag-15340 (1979). 

5. H. Kobayashi and K. Yasukochi, Maximum and minimum heat flux 
and temperature fluctuation in film boiling states in superfluid helium, 
in“Advances in Cryogenic Engineering Vol. 25,” Plenum Press, New York 
(1980). 

6. H. Kobayashi and K. Yasukochi, A sample configuration effect on the heat 
transfer from metal surfaces to pressurized He II, b “Proc. 8th Intl. Cryo. 

a- Engr. Conf.,” IPC Science and Technology Press, Guildford (1980). 

_ 7. S.WI Van Sciver and R.L. Lee, Heat transfer to helium-II in cylindrical ge- 
ometries, b “Advances in Cryogenic Engineering Vol. 25,” Plenum Press, 

- - -New York (1980). 

8. D. Gentile and M.X. Francois, Heat transfer properties in a vertical channel 
filled with saturated and pressurized helium II, Cryogenics 21:234 (1981). 

9. R.P. Warren and S. Caspi, Measurements of heat transfer to He II at 
atmospheric pressure in a confined geometry b “Advances in Cryogenic 
Engineering Vol. 27,” Plenum Press, New York, 1982. 

10. R. Aymar et al, Test of a model coil of TORE SUPRA, IEEE Trans. on 
Magnetics, Mag-17( 1):38 (1981). 

11. C. Taylor et al, Design of epoxy-free superconducting dipole magnets and 
performance in both helium I and pressurized helium II, IEEE Trans. on 
Magnetics, Mag-17(5):1571 (1981). 

12. V.W. Hughes and K.P. Schuler, SLAC Proposal E138, “New Measurements 
of Asymmetries in Polarized Deep Inelastic Scattering”, Yale University, 

8 
-- 



Sept. 1982. 

J.C. Lottin, He II experimental facilities at Saclay, b “Advances in Cryo- 
genie Engineering Vol. 27,” Plenum Press, New York, 1982. 

R.P. Warren et al, A pressurized helium II-cooled magnet test facility, h 
‘Trot. 8th Intl. Cryo. Engr. Conf.,” IPC Science and Technology Press, 
Guildford (1980). 

J. Adam et al, “Torus II Supra”, Association Euratom-CEA, EUR-CEA- 
FG1021, Oct. 1979. 

R. Bertman and T.A. Kitchens, Heat transport in superfluid filled capilar- 
ies, Cryogenics 19:36 (1968). 

G. Bon Mardion, G. Claudet and P. Seyfert, Steady state heat transfer 
in superfluid helium at 1 bar @  “Proc. 7th Intl. Cryo. Eng. Conf.,” 
IPC Science and Technology Press, Guildford (1978) Also, Cryogenics 1:45 
(1979). 

13. 

14. 

15. 

16. 

17. 

c- 

)8. 

- - 
19. 

20. 

21. 

22. 

S.W,Van Sciver and 0. Christianson, Heat transport in a long tube of He 
II, & “Proc. 7th Intl. Cryo. Eng. Conf.,” IPC Science and Technology 
Press, Guildford (1978). 

J. Wilks, The Properties of Liquid and Solid Helium”, Clarendon Press, 
Oxford (1963). 

F. London and P.R. Zilsel, Heat transfer in liquid helium II by internal 
convection, Phys.Rev., 74:1148 (1948). 

C. J. Gorter and J.H. Mellink, On the irreversible processes in liquid helium 
II, Physica, 15:285 (1949). 

Y. Kamioka, J.M. Lee and T.H.K. Frederking, The Gorter-Mellink con- 
stant associated with counterflow convection in pressurized superfluid He 
II (He*), b ((Proc. 9th Intl. Cryo. Engr. Conf.,” IPC Science and Tech- 
nology Press, Guildford (1982). 

-- 


