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Fig. 1 Exhaust plume for a cold air jet exhausting into

still air; Pj/Pm = 12

P? = Static Pressure Behind Intercepting
Shock Wave

Fig. 2 Variation of the pressure behind the intercepting
shock wave for the plume shown in Fig. 1

The characteristics program was used to obtain Fig. 2,
which shows a plot of the pressure behind the intercepting
shock wave vs x/dj for the exhaust plume shown in Fig. 1.
As can be seen, the pressure first increases and then decreases
until an apparent minimum is reached. It is hypothesized
that the location of the normal shock wave coincides with the
point of minimum pressure. Results from the characteristics
program have been compared with existing experimental
data, and all results indicate this hypothesis to be correct.

Figure 3 shows a typical comparison of the hypothetical
normal shock location with experimental data.3 Also shown
is the predicted normal shock location calculated by applying
the method of Adamson and Nicholls2 to results from the
characteristics program. As can be seen, this method pre-
dicts that the normal shock will occur at a point further
downstream than experimental results indicate. Adamson
and Nicholls present a similar curve. However, their curve
was obtained using an approximate method to calculate the
pressure distribution down the centerline of the exhaust
plume. This accounts for the difference between the curve
shown in Fig. 3 and the curve shown in Fig. 7c of Ref. 2.

Experiment, Fig. 8 (d), Ref. 3
__ Calculated Assuming Shock Occurs at Point of

Minimum Pressure
—— Method of Adamson and Nicholls,

Ref. 2

£ = Distance From Nozzle Exit to
Beginning of Normal Shock

Little experimental data for the case of a jet exhausting
into a moving external stream are available. However,
comparison of available data with results from the character-
istics program indicates that the preceding hypothesis also
can be used to locate the normal shock for this type flow.

The exact reason for the shock becoming normal, as opposed
to striking the axis obliquely, is not known. However, if the
normal shock occurs at the point of minimum pressure, there
are two important ramifications:

1) The characteristics program assumes in viscid flow, and,
therefore, the normal shock is not induced by viscous effects
or mixing along the boundary but is determined by the in-
viscid flow field. Refs. 2, 3, and 5 also reach this same
conclusion.

2) The characteristics program is not affected by the flow
downstream of the normal shock, and, therefore, the shock
location should not be influenced by the flow region behind
it. However, Ref. 4 shows that a flame front located behind
a normal shock may cause the shock to move upstream.
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Measurements of Thermal Conductivity
of Porous Anisotropic Materials

0. E. TEWFIK*

Corning Glass Works, Corning, N. Y.

Measurements of the thermal conductivity along
several directions and at various average tempera-
ture levels of a stainless steel, woven-wire, porous,
anisotropic material are described. The material
was 0.040-in. thick and was made out of two screens
of mesh counts 50 X 250 and 16 X 64 wires/in, by
calendering and sintering. Estimated error in the
results is dz2%. When compared with the pre-
dictions of the thermal ellipse, the results agreed
within 1%.

Fig. 3 Comparison of the theoretical and experimental
normal shock locations for a cold air jet exhausting into

still air; Mj = 2.5
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Fig. 1 Anisotropic slab with heat generation

I. Introduction

POROUS materials recently have received considerable
attention because of their applications in transpiration

cooling. Frequently it is desired to determine the tempera-
ture distribution inside such materials, and hence it is neces-
sary to specify the thermal conductivity.

A common type of porous materials is woven from stain-
less steel wire into a screen. Usually two screens are put
one on top of the other and rolled and squeezed between hot
calenders. The process results in the sintering of the screen
wires at points of contact and also in making the final sheet
more compact in one direction than in another. Conse-
quently, the thermal conductivity of the sheet will not be
isotropic in general but will depend upon the direction of heat
flow. Such anisotropy will be particularly more pronounced
if the original screens are woven with different wire counts
along their length and width.

In this note, measurements of the thermal conductivity
along varied directions and at various temperature levels
of a markedly anisotropic sample of a woven-wire porous
material are described. The results are compared with the
predictions of the thermal ellipse.1

II. Method

At any point in an anisotropic material, the heat flux and
the temperature gradient have different directions in general.
Hence, the thermal conductivity may be defined either as
the heat flux divided by the component of the temperature
gradient in the direction of the heat flux or as the component
of the heat flux in the direction of the temperature gradient
divided by the temperature gradient. These two quantities
will be denoted by k and k1, respectively, and in general they
have'different magnitudes.

Figure 1 shows an infinite slab of anisotropic material of
thickness 26 in which heat is generated at a uniform rate
per unit volume q and whose faces are maintained at a uni-
form temperature TI. From symmetry, it is seen that the
temperature in the slab is a function of the y coordinate only
under steady-state conditions, and the temperature gradient
has the direction of the y axis. Let the principal axes of
conductivity1 £ and 77 make an angle a with the x and y axes,
respectively, and the corresponding principal conductivities be
k% and kr,, respectively. A heat balance on the indicated
volume element results in

sin% + kr, cos2a) = -q (1)

From its definition, kl can be determined easily in terms of
the principle conductivities, and the result is

k1 = k%

Hence Eq. (1) reduces to

h, cos2« (2)

= q/kl (3)
Solving Eq. (3) subject to the boundary condition T(±b) =
TI results in the following relation for the centerline tem-
perature Tc:
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Fig. 2 Thermal conductivity apparatus

If a slice is cut off from the slab in Fig. 1, such that two
of its sides are parallel to the direction of the flow of heat,
and the other two sides coincide with the isothermal slab
faces, neither the temperature field nor the heat flow field
will be disturbed, and so the slice can be used as a sample to
measure the thermal conductivity along the direction of the
temperature gradient from Eq. (4).

III. Apparatus, Measurements, and Discussion

The porous material was made out of two calendered and
sintered wire screens of AIST stainless steel type 304 and
of mesh counts 50 X 250 and 16 X 64 wires/in. The samples
were rectangular sheets, 0.040 in. thick, about 6 in. long, and
2 in. wide. Figure 2 shows the apparatus assembly. Heat
was generated in the sample by passing a direct current
through it from a Hobart welding generator. Two heavy
copper electrodes were soldered to the ends of the sample for
electric connections and were cooled by passing two identical
streams of water through them.2 An electrically heated
metal guard cylinder was installed around the sample. Its
ends were cooled by the same cooling water running through
the sample electrodes. The power input to the guard cylinder
was adjusted until the temperature in its middle point
matched that of the sample middle point within about 0.2 °F.
Moreover, the space between sample and guard cylinder was
filled with silica aerogel, and the assembly was placed in a
box surrounded by aerogel on all sides. Thus the heat
exchange between the sample and the surroundings (other
than the electrodes) is negligible.2

The apparatus was calibrated by measuring the con-
ductivity of a lead sample of 99.99% purity. The results
agreed within ±1% with the International Critical Tables.

Next the thermal conductivity of the porous material was
measured. The £ axis was chosen arbitrarily along the
direction of the wires of count 64/in. in the coarse side of the
sample. The principal conductivities k$ and kr, were deter-
mined first at various average temperature levels defined as
(Ti + Tc)/2. The rest of the porous samples were cut such
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Fig. 3 Thermal conductivity for five various directions

thermal ellipse through A 81 B

Fig. 4 Variation of thermal conductivity along the tem-
perature gradient with direction for woven wire material

12 X 64/250 X 50

that their longer sides make angles of 30°, 45°, and 60° with
the r? axis. These are also the inclinations of the heat flux
in the respective samples, since heat is supposed to flow
parallel to the longer sides of the sample (Fig. 1). With
the direction of the heat flux now known relative to the
principal axes of conductivity, the direction of the tempera-
ture gradient was computed for each sample. The electrodes
then were machined so that their edges were normal to the
direction of the temperature gradient and then soldered to
the sample. The thermal conductivity was measured at
various average temperature levels, and the results are plotted
in Fig. 3. The error in measurement is estimated to be
±2%.

Dividing Eq. (2) by k1 results in

If at any point in the sample a radius vector of length (k1) ~1/2

is measured along the direction of the temperature gradient,
the locus of the tip of the radius vector relative to the prin-
cipal axes of conductivity will be given by

1 = K.£2 _u fr .r,2 (&\JL — n/£ tj ^^ /Vji /y V.'-'/

Equation (6) represents an ellipse with semi-axes of lengths
&£~1/2 and kr)~112 along the £ and TJ axes, respectively. This
ellipse is called the thermal ellipse and is drawn in Fig. 4
with its principal axes computed from the measured values
of &£ and kr,. The directions of the temperature gradient in
the various samples also are indicated. Along each, a length
is measured equal to (&1)"172, where k1 is the respective
thermal conductivity taken from the faired curves in Fig. 3
at 120 °F. The experimental points deviate by less than
1% from the thermal ellipse. Thus the method of measuring
thermal conductivities of metals in the form of a thin sheet
by heat generation, originally expounded for thin walled
tubes3 and extended here to the case of anisotropicr materials,
seems to be a satisfactory as well as a convenient method.
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Recovery of Water or Oxygen by
Reduction of Lunar Rock

BRUCE B. CARR*
Gallery Chemical Company, Gallery, Pa.

The production of water or oxygen on the moon
is considered from a process viewpoint. Although
water would be the most desirable raw material,
the actual requirement for either life support or
propellant use is primarily oxygen, based on
weight of material required. Since almost half the
weight of the moon must be oxygen, there can be no
doubt about the supply available. Several processes
are considered for producing water or oxygen on the
moon. The approach suggested is not dependent
completely on our knowledge of moon composition,
and yet it can take advantage of the optimum raw
material, water, if it can be found. Processes con-
sidered vary in technological difficulty from simple
rock dehydration to reduction of silicates, the objec-
tive being maximum simplicity of operation even
at a cost of increased power requirement and tech-
nical problems. The criteria of weight payout time
is suggested for process evaluation. This is the time
required to produce a weight of product equal to the
weight of plant required. A weight payout time of
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