COOLING OF HORIZONTAL POROUS TUBES BY A LOW TEMPERATURE
HELIUM FLOW

G. I. Bobrova and L. A. Dragun UDC 536.423

Heat transport during flow of low temperature helium in a metalloceramic tube
is studied. The effect of free convection on temperature fields and Nusselt

number is considered. Expressions are presented for evaluation of local heat
exchange.

The effect of free convection on turbulent flow in horizontal tubes for Re > 10 with
no mass removal on the wall has been studied quite fully [1-5]. Under certain conditions
this phenomenon proves to be quite significant, manifesting itself in a change in velocity
and temperature fields over the tube section. This is especially significant in the motion
of a liquid the density of which is strongly dependent on temperature. For example, for
flow of carbon dioxide in horizontal tubes temperature differences of the order of hundreds
of degrees have been recorded between the upper and lower directrices of the tube [1].

Computation formulas which consider the effect of free convection in constrained motion
of flowthrough tubes were presented in the reviews [1, 2]. But those expressions all con-
sider essentially impermeable tubes, i.e., cases where there is no removal of mass through
the wall during flow. ‘

Free convection also has a significant effect on the temperature field over tube sec-
tion and the Nusselt number in forced motion of a flow in heated horizontal tubes with
mass suction through a permeable porous wall. These effects were measured experimentally
for flow of low temperature helium in a horizontal metalloceramic tube, prepared by sinter-
ing of bronze powder with particle dimensions of 0.25-0.315 mm. The tube had inner and
outer diameters of 13 and 17 mm, respectively, a length of 600 mm, and maximum pore size
of 190 um.

The experimental apparatus used was a conventional horizontal helium cryostat with
working volume in the form of a tube 40 mm in diameter and 3000 mm long. The porous metal-
loceramic specimen, enclosed within a screen, together with a preconnected hydrodynamic and
thermal stabilization unit 2000 mm long was located in the center of the working volume.
The specimen was heated by a dc electric current. Excess heat flow along the tube perime-
ter was excluded, since the thermal conductivity of the sintered bronze was low, 15.6 W/
(m+K) at 20 K.

Temperatures of the flow and wall were measured by copper (copper—iron) thermocouples.
To measure the former the thermocouples were inserted in thin medical needles 0.4 mm in
diameter, and installed at several points at various sections as well as the input and out-
put of the tube. To record the wall temperature thermocouples were calked into four points
on the periphery of the porous tube in four different sections along the tube length, such
that their junctions were located flush with the internal surface of the tube. To monitor
temperature across the wall thickness thermocouples were installed at three points spaced
1 mm apart in two sections.

When an electric current is passed through the porous tube a power UI is dissipated,
which is partially compensated by the flow of helium moving within the tube, and partially
by helium which is extracted through the wall, which latter can be defined as q = MgcpATg,
where Mg is the mass of gas suctioned, Cp is the specific heat, and ATg is the difference
in temperature of the suctioned helium behind and ahead of the porous wall, which quantity
could not be measured, since it varied within the limits of measurement accuracy (0.2-0.3 K).
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Fig. 1. Wall temperature distribution over circumference of
horizontal porous tube, G = 0.8:107° kg/sec: q = 320 W/m®:
1) zero suction; 2) 50% suction; 3) 90% suction; q = 2700 W/
m?: 4) zero suction; 5) 50% suction; 6) 907 suction. T, K.

Fig. 2. Nusselt number distribution over porous tube length.

Fig. 3. Nusselt number along upper directrix of porous tube
vs suction through wall. Gg, kg/sec.

Therefore, the thermal flux density was defined as the power referred to a unit internal sur-
face of the porous tube.

The physical parameters in the calculations of local heat exchange coefficients were
referred to the temperature of the gaseous helium in the given section.

A relatively small range of flowvelocities was studied, defined by Reynolds number at
the tube input Rej, = (1-5):10% with the condition that the thermal flux density over tube
length was constant.

Cases were considered in which the entire flow was forced through the tube without
suction at the wall, where a portion of the flow was suctioned, and finally, where approxi-
mately 907 was suctioned, 107 passing within the tube.

Local heat exchange coefficients along the perimeter and  length of the tube were deter-
mined. As is evident from the results shown, the effect of free convection proved signifi-
cant. Figure 1 shows wall temperature distribution over tube circumference for one and the
same flow rate at the input, equal to 0.8:1073 kg/sec, and thermal fluxes of 320 and 2700
W/m? for various values of through-wall suction. The temperature difference between upper
and lower directrices reaches several degrees, and is larger, the higher the thermal flux
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density. For q = 2700 W/m2? the helium densities along the upper and lower directrices
differ by a factor of almost two, which leads to wall temperature differences of 10 K.
For one and the same helium flow rate, increase in suction can decrease this difference,
reducing the effect of free convection on temperature distribution over the tube circum-
ference.

The maximum temperature difference between upper and lower directrices is found for
zero suction, with the minimum at 90% suction (Fig. 1). The case of 50% suction is inter-
mediate. From this we may conclude that radial filtration of a portion of the flow signi-
ficantly smooths nonuniformity of the temperature distribution over tube circumference.

The differing intensity of the heat exchange process on the upper and lower direc-
trices is clearly illustrated by the values of the Nusselt number for the top and bottom
of the tube. Figure 2 shows calculations of local heat exchange for conditions where the
helium flow rate at the tube input is constant at 0.8:107% kg/sec, at a constant thermal
flux of 320 W/m2. Over its time of passage through the porous tube practically the entire
flow is suctioned through the wall. The total effect of free convection and radial fil-
tration is shown by the fact that the Nusselt number along the lower directrix is almost
twice as high as on the upper, and constant along the length. But while in impermeable
tubes at x/d > 20 these curves diverge [1], i.e., depend significantly on length, in a
permeable tube because of radial mass suction on the wall heat transport upward and down-
ward at x/d > 20 is practically independent of length.

The effect of suction on the temperature distribution over the circumference, shown
in Fig. 1, allows evaluation of the Nusselt number as a function of the amount of suction
with other parameters being equal (Fig. 3). We see that radial filtration has a signifi-
cant effect on heat exchange. Increase in suction from zero to 907 doubles the Nusselt
number, with more intense growth occurring for increase from zero to 407, with the growth
rate then decreasing.

In [1] the effect of free convection on heat exchange for turbulent stabilized flow
in horizontal tubes was evaluated by the ratio of the Grashof number, calculated for param-
eters in the flow section, to Gry, defined by the expression

Gry = 3-1075Re?73 Pro.5 [1 + 2,4Re~0-125 (Pr2/3 — )] (1)

The authors of that study estimated the effect to be very small, if the ratio Gr/Gry < 30.
In the present experiments this ratio did not exceed that value, but as is evident from
the results presented, the effect of free convection proves to be very significant, leading
to variation in the Nusselt number over tube circumference.

The experimental data can be generalized quite well by the empirical equations present-
ed in [1]:

Nu,/Nu, = [1 4 (Gr/Grq 31" %*%, (2)
Nug/Nu, = 1+ 0,035(Gr/Gr.y)** (3)

where Nuy is determined by the equation [6]
Nu, = 0,041Re};* Pro-43 [1 4 0,06 (Re ¢ /Re; )", (4)

The accuracy of the experimentally obtained Nusselt numbers comprises 307.

NOTATION

x, distance from beginning of heating, m; d, tube internal diameter, m; ¢, thermal flux
density, W/m?; G, mass flow rate, kg/sec; Ty, tube wall temperature, K; ¢, angle measured
from tube upper directrix; a, heat exchange coefficient, W/(m?/K); T; helium temperature,
K; p, helium density, kg/m3; XA, helium thermal conductivity coefficient, W/(meK); B, helium
volume expansion coefficient, K~!; a, thermal diffusivity coefficient, m?/sec; v, kinematic
viscosity coefficient, m?/sec; Pr = v/a, Prandtl number; Gr = gB(T, — Ty)d®/v*, Grashof
number; Nu = ad/A, Nusselt number; Rey, = wd/v, Reynolds number; w, helium velocity, m/sec.
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TRANSFER COEFFICIENT OF MULTICOMPONENT AIR WITH SUBLIMATION
PRODUCTS OF GRAPHITE

V. V. Ryabov UDC 536.22

An economical method of calculating the viscosity, thermal conductivity, binary
diffusion coefficient, and thermodiffusion coefficient is proposed, for a mix-
ture of dissociated air and subliming graphite.

1. In investigating the heat transfer in a high-temperature viscous shock layer close
to a graphite surface which is undergoing breakdown, the transfer coefficients (viscosity,
heat conduction, diffusion) of multicomponent air with an admixture of the sublimation prod-
ucts of graphite must be determined.

Calculations of the characteristic parameters of molecular transfer both by kinetic
theory [1] and by approximate methods [2, 3] are based on data regarding the elastic inter-
action potentials between the mixture components. Experimental investigation of the trans-
fer coefficients to date has been restricted to the range T < 2000 K [4, 5], and, as noted
in [6], rigorous quantum-mechanical calculation of elastic-interaction processes is only _
possible for atoms and molecules with a simple electron structure [7]. The basic sources
of information on the interaction of molecules at high temperatures are experimental re-
sults on the scattering of fast molecular beams. Numerous data on the molecule—molecule
and atomrmolecule interaction were obtained in [8-11], for example. The first investiga-
tions [11] were based on the assumption of an inverse power dependence of the interaction
potential V = K/RS on the distance between the centers of mass of the molecules. At the
same time, analysis of the experimental conditions in [9] shows that s is not constant.
Evidently, the most preferable form of repulsive potential is the exponential approximation
V = Aexp (—BR). This approximation has been successfully used to describe the interaction
of identical atoms (especially of inert gases [9]). The additive-potential method, proposed
in [11] for approximate calculation of V(R), gives good accuracy in calculating the parame-
ters of the atomrmolecule and molecule—molecule interaction. According to this method, the
interaction potential of the molecules AB and CD is written as follows [9]

V(R) =V (ry) +Virg +V(r,p) + Virgp) (1

where r is the interatomic distance.

The potential in Eq. (1), averaged over equiprobable orientations, determines the ef-
fective spherically symmetric potential corresponding to the point force center. Here, it
is possible to choose parameters of the exponential function approximating cumbersome analy-
tical expressions for the mean potential. This procedure was described in detail in [12,
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