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Abstract—An experimental investigation was conducted to determine the order of magnitude of
thermal diffusion across a laminar and a turbulent shear layer. A short length of a cooled free jet was
passed through stationaiy gas and subsequently recaptured into a continuous circulating system.
Various mixtures of helium and nitrogen were investigated. With temperatures of 78°K in the jet and
310°K in the surrounding chamber, steady-state helium concentrations in the laminar jet were as
much as 7 per cent smaller than in the surroundings. The experimental results are in good agree-
ment with a simplified analysis.

With a turbulent sheat layer between the jet and surroundings, the helium concentration inside
the jet increases to within 0-1 per cent higher than the chamber level. The thermal diffusion ratio
(i.e. thermal to mass concentration diffusion coefficients) in the turbulent shear layer was thus at least
two orders of magnitude smaller than in the laminar case and of opposite sign. It is suggested that
similar separation effects are to be expected for other steady flows with closed streamlines, such as

base flows and flows past cavities.

NOMENCLATURE e, thickness of concentration layer;
¢, mass concentration of helium; 87, thickness of temperature layer;
cm, molar concentration of helium; ¢, 7,7, similarity variables;
Cp, ¢ Cpye + (I — C)cpy,, specific heat of A, Pl pipa;
mixture; My viscosity;
cp;, specific heat of i (/== helium or v, w1/ p, kinematic viscosity ;
nitrogen); P density;
D, coefficient of mass diffusion; a, (1 — ) em(l — cm)
5 non-dimensional stream function; = [1 4+ (M21 — V)c]?/Mau;
J» mass flow rate due to diffusion; P, stream function;
k, thermal conductivity; ( Yo, on dividing stream tube;
kr, thermal diffusion ratio; ( )1, 1inside jet;
L, length of jet; ( )2, in the surrounding chamber;
Le,  pépD/jk, Lewis number; ()4, turbulent flow;
i, mass flow rate of helium; (), mean value, [( )1 + ( )2]/2.
M21, molecularweightratio, My .,/ Mue = 7-0;
n, frequency in concentration meter;
P, pressure; 1. INTRODUCTION
Pr,  uép/k, Prandtl number; IF A TEMPERATURE gradient is set up in a motion-
r radius; less, homogeneous mixture of gases, the mixture
Re,  piuiL/u1, Reynolds number; will begin to separate. Usually the lighter com-
T, temperature; ponent will tend to migrate towards the higher
u, v, velocity component in axial and radial temperature, the phenomenon being known as
directions respectively; thermal diffusion. Until a few years ago, it was
V, output voltage; assumed to be negligible in problems connected
x,y, coordinate in axial and radial direc- with fluid mechanics. However, the large
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tions respectively;

temperature gradients which are encountered in
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hypersonic boundary layers, together with the
suggested use of low density gases to protect the
surfaces can result in conditions under which
thermal diffusion is no longer negligible. For the
case of a laminar boundary layer, theoretical pre-
diction and experiment agree reasonably well [1].

For the turbulent boundary layer, theories
such as by Tewfik [2] and Culick [3] usually
take into account thermal diffusion only within
the laminar sublayer. Tewfik shows that in
some cases the effect of thermal diffusion can be
fairly high. Furthermore, theoretical predictions
do not always agree well with experiments as
shown in Culick’s Fig. 10 [3]. It was therefore
planned to directly determine the order of magni-
tude of thermal diffusion in turbulent flow by
separating an initially homogeneous mixture of
gases.

In the laminar case, the magnitude of the
thermal diffusion ratio can be computed from
the kinetic theory of gases if the force laws
between the molecules and the characteristics of
the latter are known. It is important to notice
that thermal diffusion, being a second order
effect, cannot be predicted with ‘*‘simple”
kinetic theories and that there is a strong depen-
dence on the force laws of the interactions
between molecules. This suggests that a theoreti-
cal prediction of thermal diffusion in turbulent
flow would require a detailed understanding of
turbulence beyond that now available. Therefore
an experiment was conducted to ascertain the
order of magnitude of thermal diffusion in one
special kind of turbulence situation, namely that
of a turbulent shear layer. The question of how
well such results can be transferred to other
kinds of turbulence, e.g. the outer part of a
turbulent boundary layer, cannot be answered
without further experiment or detailed know-
ledge of the behavior of turbulence.

The experiment to be described was conducted
with a cooled axisymmetric jet. First, a descrip-
tion of the basic experiment as well as an approxi-
mate theoretical result for the laminar case will
be given. Thereafter the experimental setup and
results are presented.

2. DESCRIPTION OF THE BASIC
EXPERIMENT
Usually, thermal diffusion effects are small
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when compared with ordinary mass diffusion. It
follows that it is quite difficult to distinguish
between the two contributions experimentally,
especially if very small effects are anticipated as
in the turbulent case. Furthermore the effects in
a turbulent boundary layer may be masked by
thermal diffusion in the laminar sublayer adja-
cent to any surface. To circumvent these dif-
ficulties the experiment shown in Figs. 1 and 2
was planned. It consists essentially of a closed
loop formed by a jet, a blower, a cooler and a
nozzle. The gas mixture in this loop is cooled
with liquid nitrogen to about 78°K. An outer
container surrounds an open section of the loop,
it being filled with the same gas mixture and at
about room temperature. In steady-state opera-
tion, the mass exhausting from the nozzle will be
equal to the mass entering the intake, inde-
pendent of the latter diameter. The part of the
cooled loop extending from the nozzle to the
intake will therefore be contained within some
dividing streamtube as indicated in Fig. 2.

Initially, the entire system, contained a homo-
geneous mixture of nitrogen and helium. When
the mixture inside the jet is relatively cold the
temperature gradient imposed over the shear
layer gives rise to a thermal diffusion transport
of helium across the dividing-streamtube and
thus into the outer container. A concentration
difference is then built up between the jet and the
container, the concentration inside the jet being
the smaller. This concentration difference gives
rise to a helium transport due to “‘concentration”
diffusion which is directed back into the jet. In
the steady state thermal and ‘‘concentration”
diffusion are in balance and the measured con-
centration difference between the jet and the
container furnishes a direct measure of the rela-
tive importance of the two effects.

The mass transport of helium across the
dividing streamline is

L
m = 2m _frojodx
0
where rg is the radius of the dividing streamtube.
From kinetic theory the diffusional mass trans-
port across the streamtube surface is

o= — po Do | €4 o*2T
Jo==po Doy Tory],
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FiG. 1. Experimental arrangement: (a) overall circuit, (b) detail of nozzle and intake: 1. Motor; 2. Blower:

3. Heater; 4. Insulation; 5. Liquid nitrogen; 6. Cooler, 6 tubes, 6-4 mm, i.d.; 7. Intake; 8. Cooled copper

nozzle; 9. Lucite ring; 10. Concentration probe, 5 holes; 11. Flow straightener, 3-2 mm D. straws;
12. Screens, 12 mesh/cm, 0-3 mm D. wire; 13. Thermocouple.

Here, p is the density, T the temperature, D the
mass diffusion coefficient, k¢ the thermal dif-
fusion ratio and c¢ the helium concentration. The
subscript ( )o indicates that all values are taken
on the dividing streamtube surface. If it is
postulated that the mass transport due to dif-
fusion in turbulent flow is partly due to a con-
centration gradient and partly due to tempera-
ture gradient as in the laminar case, there can be
defined analogously,

. ¢ kLeT
= =m0y g+ o T,

Here D¢ and k. determine the magnitudes of
mass and thermal diffusion, which in detail are
determined by the flow field. They must therefore

be transferred with some care to other configura-
tions,

For shear layers which are thin compared with
ro, similarity is expected in both the laminar and
turbulent cases. As the flux vanishes in the steady
state, i.e. jo(x) = 0, there follows

0c\ g ke (O
(8r o T (5; 0

for the laminar case and

(& -

for the turbulent case.
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FiG. 2. Detail of jet flow.

An order of magnitude of the separation
effect may be found by observing that (see
Fig. 2) the gradients may be approximated by the
overall changes across the layer thickness, i.e.

('3_6‘ ~Cz—C1 oT ~Tz—T1
orle ™ 6 ’'\orle”™ S

and that the thickness, in turn, vary with the
transport coefficients as

(vk)

8¢ ~+/D, 8¢ N—_Pép
CpD Ty + T
Le=P£ , 10 = 12 2.

Here, subscripts 1, 2 are used for the condition
in the cold jet and the warm surroundings

respectively. The following expressions then
result when the flux vanishes

Te—T
¢z — c1~—ookr, jﬁ} (v/Le) (laminar) (1)

T~ T
Ca— €1~ — ap k‘To t2o (v/Le;) (turbulent)

To
9))]

They define a thermal diffusion ratio which can
be determined if the remaining quantities are
either measured or calculated.

For the turbulent case, the following considera-
tions will give some indication of the effects to
be expected. The equation describing the con-
servation of helium is

(pvc) o] oj

o(pc) | dpuc) 9 Y
ot ox oy ~  ox ov
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In turbulent flow, the density, velocity com-
ponents and concentration are time dependent.
Using the continuity equation and defining in
the usual way

p(t) = p+ p'(1), u(t) = a + (1),
o(t) = b+ v'(t) c(t) = ¢ + ¢'(t)

one obtains for the steady state
e =, oc - = o oc
(pa+pu) 5 +(po+ Pv)ay'

6]_ a‘._ T o7 - =77
=~ oy [Puc + @ p'c’]

A I
—ay[pvc + 7 p'c’]

The fluctuations in j are negligible as j itself is
small compared with g v'c’.

In the case of an homogeneous mixture both
the left-hand side and the terms on the right-
hand side explicitly containing ¢’(= 0) vanish.
Thus turbulent flow in of itself does not give
rise to an additional transport in the classical
sense, and thus does not separate an initially
homogeneous mixture of gases. However, these
considerations do not exclude the possibility
of an additional mass transport due to a tem-
perature gradient if concentration gradients are
present. Of course, it does seem very unlikely
that the effects are large compared with ordinary
turbulent mixing.

3. ANALYSIS FOR A LAMINAR SHEAR
LAYER

As the laminar jet supplied a check on the
experimental setup, more detailed analysis was
carried out for that case. The equation governing
the flow in a shear layer thin compared with the
radius of the jet are identical with the boundary
layer equations given in reference [4].

Ap) | opn)
Ox %

o, oc_of o
Plox T PPy~ aw |P 5-)'—
@_{_ ou  op
P¥ ox Pvay__—?);c

+=2=0 3

22 o

0 ou
+5@@)‘”
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oT oT & ( oT op
puc,,a +pDCpay 5(k5}—))+uax+

oc  kreT
(o + ) o= emd g, ©

representing mass, component mass, momentum
and energy conservation respectively.

The length x is measured along the dividing
stream tube surface and y normal to it as shown
in Fig. 2, u and v being the corresponding velocity
components in the x and y direction. If the dia-
meter of the intake is correctly matched to the
jet diameter and if the radius of curvature of
the intake wall is small compared with the jet
diameter, most of the shear layer develops in a
region of constant pressure. For the length to
diameter ratio of 2-45 used in the present tests,
the same is reasonable as well for a slightly
mismatched intake diameter. The pressure
gradient in the momentum and energy equations
then vanish. Introducing the usual similarity
transformations

:?J%;)T .

and the non-dimensional stream function

N
/= omd
with
_ o __n%
u—pay and v——Pax

then reduces the conservation relations to the
following set of ordinary differential equations
in which A = pp/p1p1

a2\ | fdf
dn(dn) 2dp =" @
d e (de krdT fde
s e T a) | =0 ®
1 d [ édl]  fdT  Ale[dc  krd
épdn | Prdy 2dy ' Pr dn+aTa;
Cone — Con, AT
% dn_o. )
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The boundary conditions for the shear layer are

=—w: ¢c=¢ T=T, =0
7=20 f=0 c'=——ok—;T’
n=-+4w: c=c T=T =1

The boundary conditions at n = 0 are derived
from the facts that the mass flowing within the
dividing streamtube (p =0 for r=r¢) is
constant and that in steady state the net trans-
port of helium across that streamtube will
vanish. In order to avoid lengthy numerical
calculations, Pr=Le= A =10 were used.
This is to be compared with typical values (for
¢1 = 0-18) which are

Pr; =039
Ley = 067

Pry = 0-42
Les = 0-68
pip/popz = 1-47.

The approximation will be discussed below.

As the separation effects are expected to be
small, c1 will not differ much from ¢z and ¢, and
okp can be assumed to be constant. The latter
simplification was evaluated by a calculation
of c2 — ¢y based first upon ok and then upon
ooky. For ¢ &~ 0-7 the error introduced was less
than 2 per cent. Furthermore, it is in the nature
of the present problem that the diffusion trans-
ports are small (and cancel exactly on the stream-
line » = 0). Therefore the third term in equation
(9) can be neglected and equations (7)-(9) reduce
to

f

f’l' + 2 fll — O (10)

T’
C”—i—gc'-i-aokq' (7)'=0 1y
T" + gT' = 0. (12)

The solution of equation (10) satisfying the
above boundary conditions is available from
Christian [5]. The solution of equation (12) is

T=Te+ (1 —To).f (13)
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and only equation (11) need be integrated
numerically. Results are shown in Fig. 3.

In order to get some feeling for the effect of
the approximations implied by equations (10)-
(12), the case for Le =1, Pr— co was also
considered. Physically this means that both the
temperature and the concentration fields will
vary in a layer (near y = 0) which is much
thinner than the shear layer. Introducing a new
indepdendent variable

=P (Vf)

with f, = 0-587, and using again Le = A = 1,
¢p and okp constant, equations (8) and (9)
reduce to forms identical to (11) and (12) but
with f replaced by 7 and the prime referring to
differentiation with respect to the latter.

The boundary conditions after equation (9)
now require f' = 0-587 for all % in place of the
previous £, f’ conditions.

For (Th — T2)/T « 1 the solutions to the
energy and concentration relations are now

Th+Te Ti—T2 1 b
T="m—t "%
2 =2
J exp (— %) dy
’ r (19)
_ate 1 k Th— Tz
¢y Tk g
7
72 P2\
J(5-1) e (=75) o
]

This result also is plotted in Fig. 3 and indicates
that (c2 — ¢1) is only 17 per cent larger than the
corresponding case with Pr =1, this despite
the fact that a radically different flow field exists
for the two cases. In one case (Pr = 1) the velocity
varies from 0 to 1, while it remains constant
over the region of importance for Pr == co This
insensitivity to changes in the flow field is due
to the fact that heat and mass are transported
in the same way by convection {u and » appear
only in the convection terms on the left-hand
sides of equations (4) and (6)] and that it is
the ratio ¢’/7”’ which is important for mixture
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FiG. 3. Concentration distributions within the laminar shear layer, Le —= 1-0.

separation. The above analysis for a cooled
laminar jet then predicts

Ty — T
ez —c1 > — 05 ook —2?1 (16)

in place of equation (1). Although for the actual
test Pr, Le and A deviate appreciably from unity,
equation (16) does furnish the correct order of
magnitude for the coupling effect.

In the case of turbulent shear layer D! and &,
are of different orders of magnitude, leading to
different laws for the growth of the shear layer.
However, the balance between thermal diffusion
and concentration diffusion which determines
{c2 — c1) is the same as in the laminar case. It is
therefore expected that equation (2) will also be

corrected by a factor of approximately two,
unless k£ or Df vary in an extreme manner
across the shear layer. This appears to be un-
likely since the assumption of constant eddy
viscosity leads to velocity profiles which are in
good agreement with experiments (see, e.g.
Schlichting [6]).

4. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. It
consisted essentially of a cooled loop and a
container at room temperature. The cooler
contained liquid nitrogen such that the mixture
passing through it emerged at 78°K. It then
passed through a settling chamber and nozzle.
Between the nozzle and a downstream intake
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the flow formed a free axisymmetric shear layer
across which the individual components could
be exchanged with those in the container (see
Section 2). The container consisted of a Lucite
cylinder, the ends of which were closed by means
of two end plates. The plate at the upper end
carried a 3-2 mm thick copper plate with an
embedded heater sufficient to replace the heat
lost by the container to the cooled loop. A
second heater was located at the bottom of the
container. When the jet was operated so as to
be laminar, only the upper heater was used, as
free convection induced by the lower heater
disturbed the sensitive laminar jet.

The concentrations in the container and the
jet were measured at the locations marked with
c1 and ¢2 in Fig. 1. Gas samples were then
passed through a constant temperature bath,
concentration meter, diaphragm pump, flow
meter and cold trap and finally back into either
the container or the cooled loop. Both the con-
centration meter and the constant temperature
bath were carefully insulated. Usually their
temperature did not change more than 0-2 degC
per h,

The concentration meter is described in detail
by Brown [7]. It consists essentially of a tube,
I5in.longand I in.inner diameter. A microphone
was located at each end of the tube, one being
used to generate a sound field while the output
of the other was a measure of the sound field
amplitude. By varying either the tube length or
the frequency, the system can be tuned to maxi-
mum outlput conditions. Such resonant condi-
tions then imply the speed of sound on the basis
of calibrations for length and the frequency.
Together with the measured temperature of the
sample, the concentration of helium can be
calculated. Since the concentrations ¢; and ¢
were expected to differ by only a few per cent.
some care was taken to measure the small dif-
ference with reasonable accuracy. To do so, the
Iength of the resonance tube was kept constant
and the frequency was varied. A counter was
used to measure the frequency to an accuracy
of 2 parts in 10 000. As it was difficult to deter-
mine the frequency of the maximum output
(Fmax) to a sufficient degree, the output voltage
}” was measured as a function of the frequency ».
Near the maximum output A/(FPmax — V) was
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quite accurately a linear function of n and this
relation proved suitable to determine n(Fay).
As the temperature of the concentration meter
was essentially constant during the time samples
were taken, the repeatability of the readings
corresponded to -+ 0-02 per cent of helium
concentration.

The temperature in the cold loop was meas-
ured in the settling chamber; the temperature in
the container was measured near the heated
upper copper plate. In both cases iron-constan-
tan thermocouples were used.

The jet velocity was calculated from the pres-
sure drop across the nozzle evaluated with an
oil manometer readable to 0-001 in. of oil. For
the smallest speeds an extrapolation of Ap
versus rev/min of the motor was employed, the
rev/min being measured with a stroboscope.

The test procedure was as follows. The
container was filled with a mixture of helium
and nitrogen, each being passed through a cold
trap. Then the blower was started, the cooler
filled with nitrogen and the heater turned on.
Within a few minutes the temperatures came to
equilibrium. In the laminar case the concentra-
tion difference would then build up to a steady
state within 10-15 min. Upon increasing the
speed so as to achieve a turbulent jet, the con-
centration difference was found to decrease at a
faster rate than was readable on the concentra-
tion meter, i.e. asymptotically within less than
I min. Once equilibrium was attained. ¢; and ¢»
were read alternately until the difference could
be determined within the desired accuracy.

5. RESULTS AND DISCUSSION

The experimental setup was checked first by
operating the jet with an uncooled mixture. The
result is shown in the upper part of Fig. 4.
Both ¢1 and c» agreed with the mean value within
4 0-01 per cent of helium concentration. The
jet was then run cooled but with nitrogen only
and again ¢; and ¢z were equal within +0-01 per
cent (lower part of Fig. 4). In the laminar case
the jet was heated only from above. Therefore,
the gradients of temperature and concentrations
normal to the heated plate at the top were
determined. By introducing smoke into the
container it was observed that the streamlines
passing near the probe and thermocouple form
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the outer edge of the jet. The result of the con-
centration measurements are shown in Fig. 5
where it is seen that both the variation in ¢ and
T are small when compared with (cz — c2) and
(Ts — Th) respectively.

When the jet was cooled, water vapor was
found to condense in the jet and showed up as
fog. Such condensate usually appeared when
the temperature dropped below 180 to 130°K,
indicating a very low moisture content in the gas
mixture. No correlation between the tempera-
ture at which the fog formed and the concentra-
tion difference was found. The fog proved to be
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quite convenient, making possible a continuous
visual observation of the jet and indicating either
the slightest misalignment between jet and intake
or an unstable jet condition. Figure 6 shows a
picture of the cooled laminar jet taken during
one of the actual runs. Some indication of the
steadiness of the flow is obtained by noting that
the exposure time of the picture was 20 s.

In the turbulent case it was necessary to
introduce smoke for jet visualization, as the ice
crystals were insufficiently dense due to their
transport normal to the dividing streamtube by
the turbulent diffusion process. Figure 7 shows

¢» (OUTSIDE JET) /’o o)
¢, (WITHIN JET) X X
C/‘/e
UNCOOLED, Ab —He MIXTURE
7, =T, = 298°K
0219 | | |
00002 . | : :
b o st o N COOLED, PURE A,
o 7,=79°K, 7, = 293 £10°K
-0-0002 ! ! L ‘ h |
0 25 50 75 100
TIME MIN

FiG. 4. Experimental concentration checks on operation without thermal diffusion effects. (a) laminar test,
Rer = 1:6 x 103, for ¢+ < 75 min; turbulent test, Rer = 4 X 104, for r > 75 min; (b) turbulent test, Rer = 105.
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Fi1G. 5. Concentration and temperature distributions normal to the upper wall, laminar jet.
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a picture of an uncooled turbulent jet. The
transition from a laminar to a turbulent shear
layer is clearly seen. In the laminar part of the
shear layer the vorticity diffuses much faster
than the smoke particles (Brownian motion).
At the transition point the laminar shear layer
is therefore much wider than indicated by the
smoke layer. After transition, the smoke is
moved by turbulent diffusion and in a short
length fills the entire width of the shear layer.
This explains the apparent kink in the visible
outer edge of the shear layer in Fig. 7. Due to
experimental difficulties and lack of time a good
picture of the cooled turbulent jet could not be
taken, but it was observed that the transition
point occurred at about 0-2 nozzle diameters
from the exit at the highest Reynolds number.
In Fig. 8 the measured concentration dif-
ferences are compared with the theoretical
result for a thin laminar shear layer. Taking into
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account that Le, Pr and (pu/pip1) differ from
unity, that the shear layer in fact is not thin
compared with the radius, and that the effects
of free convection were neglected, the agreement
between theory and experiment is good. A
concentration profile was measured in the radial
direction. The result is shown in Fig. 9 and in-
dicates that the shear layer is indeed no longer
thin compared with the radius. This direct
measurement of (ca — ¢1) with the probe also is
indicated as a triangle in Fig. & and is in good
agreement with the previous results.

In the turbulent case, a very small concentra-
tion difference was measurable (Fig. 8). The
results were identical regardless of the initial
level (smaller, same, or larger) of helium in the
jet before steady state was achieved. As the
difference (c2 — ¢1) has opposite signs in the
laminar and turbulent cases, the difference
cannot be due to the short length of laminar

0-08 T [ T T
P4
007 |- —
AMINAR
3x10%< e, < B8 x10%
006 |- —
4]
005 |- EQ. (16) —
b4
004 |- X 3 —
[0y
~
Q)
003 |- O —
002 |- ]
001 =
0 q —C D % —3 ! s
~_TURBULENT
2x109¢ Re, < 2x 105
-001 ! l | 1
fo) 0-2 0 4 06 0-8 10
cHe

Fic. 8. Mixture separation for laminar and turbulent shear layers, 71 = 78°K, T2 = 310°K.
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Fic. 9. Concentration distribution in laminar jet shear layer, Rer = 4 x 103.

shear layer which was always present near the
nozzle exit. As (c2 — c1) was very small, any
influence of Reynolds number was within experi-
mental scatter if present at all.

6. CONCLUSIONS
For a cooled recirculating laminar jet the
concentration difference between the jet and the
surroundings amounted to about 7 per cent.
This value was in reasonable agreement with a
simplified analysis.
Similar separation effects can also be expected

for other steady flows with closed streamlines
such as laminar base flows and flows in cavities.

For a turbulent jet, the concentration dif-
ference was at least two orders of magnitude
smaller than in the laminar case and of opposite
sign.

ACKNOWLEDGEMENTS
This research was sponsored by the U.S. Air Force
Office of Scientific Research under Grant No. 62-407.
Mr. Thomann was on leave from the Aeronautical
Research Institute of Sweden during the course of this
study.



466

1.

2.

4.

REFERENCES

J. R. BaroN, Thermodynamic coupling in boundary
layers, J. Amer. Rocket Soc. 32, 1053-1959 (1962).

O. E. Tewrik, E. R. G. EckerT and C. J. SHIRT-
LIFFE, Thermal diffusion effects on energy transfer in
a turbulent boundary layer with helium injection,
p. 42. Proceedings 1962 Heat Transfer and Fluid
Mechanics  Institute.  Stanford University Press
(1962).

. F. E. C. CuLick, The compressible turbulent boundary

layer with surface mass transfer. Mass. Inst. of Tech.,
Naval Supersonic Laboratory, Rpt. 454, AFOSR TN
60-1094 (1960).

J. R. Baron, The binary-mixture boundary layer

. H. SCHLICHTING,

HANS THOMANN and JUDSON R. BARON

associated with mass transfer cooling at high speeds.
Mass. Inst. of Tech., Naval Supersonic Laboratory,
Rpt. 160 (1956).

. W. J. CHRrisTIAN, Improved numerical solution of the

Blasius problem with three-point boundary conditions,
J. Aero-Space Sci. 28, 911-912 (1961).
Grenzschicht-Theorie, p. 447.

Karlsruhe (1951).

. J. R. BRowN, Design calibration and analysis of a

helium concentration meter. Mass. Inst. of Tech.,
Naval Supersonic Laboratory, Rpt. 416, AFOSR TN
60-39 (1959).

. J. R. Baron, Thermal diffusion effects in mass trans-

fer, Int. J. Heat Mass Transfer 6, 1025-1033 (1963).

Zusammenfassung—Um die Grossenordnung der Thermodiffusion durch eine laminare und turbu-
lente Schicht einer Scherstrémung zu bestimmen, wurde eine experimentelle Untersuchung durchge-
fiihrt. Ein kurzes Stiick eines gekiihlten freien Strahles wurde durch ein ruhendes Gas geschickt und
anschliessend in ein System mit kontinuierlichem Umlauf geleitet. Dabei wurden verschiedene
Gemische von Helium und Stickstoff untersucht. Bei Temperaturen von 78°K im Strahl und 310 °K
in der ihn umgebenden Kammer war die stationdre Konzentration des Heliums im laminaren Strahl
um 7Y%, geringer als in der Umgebung. Dieser Wert steht in tragbarer Ubereinstimmung mit einer

vereinfachten Analyse.

Bei einer turbulenten “Scherschicht” zwischen dem Strahl und der Umgebung steigt die Helium-
konzentration im Strahl und liegt bis zu 0,19 iiber dem Kammerniveau. Das Thermodiffusions-
verhéltnis (d.h. das Verhiltnis des Thermodiffusionskoeffizienten zum Massendiffusionskoeffizienten
auf Grund der Konzentrationsunterschiede) in der turbulenten ‘‘Scherschicht” war somit um
wenigstens zwei Grossenordnungen kleiner als im laminaren Fall und hatte entgegengesetztes
Vorzeichen. Man darf vermuten, dass dhnliche Trenneffekte fiir andere stationdre Stromungen mit
geschlossenen Stromlinien, wie Bodenstromungen und Strémungen hinter Hohlrdumen, zu erwarten

sind.

AsHOoTAIMA—IIPOBOANIIOCH BKCIEPUMMEHTANBHOE MCCIIEOBAHHE IO ONIPEJENeHUI0 MOPAAKA
BeJIMUYNHBL TepMoxupdyann B JaMHHAPHOM M TypOyieHTHOM BsskoM moroke. Hoporkas
X0J0gHAaA CBOGOAHAS CTPYA IPOIYCKAJNACH Yepe3 CTALMOHAPHBIA a3 M 3aTeM BHOBH BO3-
Bpalajach B HeNpepHBHO LMPKYJIMPYOILylo cucreMy. McciaemoBanuchk pasiM4yHHE CMeCH
reaus u asora. IIpu remueparype 78°K B crpye n 310°K B raMepe paBHOBECHAA KOHI[EHT-
palMA Tenus B JIAMMHAPHON cTpye OblIa HA 7 IPOLIEHTOB MEHbBILE, YeM B OKpY:Rawmei
cpefie. DKCIIEPUMEHTAJIbHEIE JAHHBIE XODOIIO COIVIACYIOTCA C TPOBEEHHBIM YIIPOIEHHEIM

AHAJIU30M.

Ecnu mexkay crpyeit 1 orpyskawomeil cpeod HaX0aUTCA Ty pOyTeHTHBI MOrpaHKYHELA CI0,
KOHLEHTPAUMS TeJIUd BHYTPU cTpyHu yBeauunsaerca Ha 0,1 9 1o cpaBHEHHUIO ¢ KOHLEHTpaLue
B kamepe. Tepmoguddysuonnoe oTHoUIEHNe B TypOYIeHTHOM TIOTPAHMYHOM CII0O€ MO KpaikHeit
Mepe HAa IBAa IIOPAAKA MEHBIIE, YeM B JAMMHAPHOM, M MMEET IPOTHBOMOJOMHEIL 3HAK.
BBICKa3BBAETCA NPEINOI0MKEHNE, YTO MOZ0OHOe BJIMAHME CPHIBA NOTOKA CIeXyeT OKHAATH
B JPYI'MX CIy4YaAX YCTaHOBMBIIMXCA TeYeHMi! C 3aMKHYTHIMU JIMHMAMH TOKA, TAKMX KaK

NOHHBIE M KaBUTAUMOHHEE TEYEHHUA.



