
MARCH 1974 TECHNICAL NOTES 403

ou

50

40

30

20

,oc

EXPERIMENTS
REF.

— 0 8
D 1 1

0 12
L_ A 10

PRESENT CALCULATION
METHOD O

^_ k 1
fe 2
• 3

— D

D

' i~cP

I 1 1

•

A

k

I

Fig. 4 Spreading parameter.

with a mean-dilatation correction factor and the normal
momentum equation. In Method (3), an average value at a given
x station, defined as

F(x)=\ Fdy/(y2~yi)

has been used to avoid numerical difficulties. A typical computed
variation of F is shown in Fig. 1 and the corre_sponding F which
was used in the calculations. This average F was taken only
over the portion of the shear layer where momentum diffusion
is important as indicated by region between yv and y2 in Fig. 1.
Outside of this region the small values of momentum or velocity
gradient caused the diffusivity_correction to be of no significance
in the solution. The value of F was found to vary from 0.703 at
x = 7.3 cm to 0.553 at x - 24.4 cm.

Predicted mean axial velocity, static pressure, and spreading
parameter a are shown in Figs. 2-4 respectively.11'12 <r has been
defined by the relation4 a = 1.32/Afy where A^y is the angular
distance between two rays ^ and r\2 defined by
["(*/i)~ "«]/("«• ~ "00) — (0.1)1/2 and ["(ffa) —"oo]/("e~"oo) =
(0.9)1/2. The inclusion of the normal mean momentum equation
alone, without considering effects of pressure variation on the
turbulence structure itself, does not improve the prediction. But
simple mixing length theory with a mean dilatation effect
correction, though it lacks sound analytical backing, predicts the
turbulent free shear layer surprisingly well as can be seen in
Figs. 2 and 4. It should be noted that the inclusion of the mean
dilatation "correction factor" is in some sense a crude attempt
to include the influence of the important p' dM//dxf term which
appears in the compressible form of the turbulent kinetic energy
equation. This term is expected to reduce 1717 and one would
expect that generally dulldxi would be proportional
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Effect of Finite Chemical Reaction
Rates on Heat Transfer to the Walls

of Combustion-Driven Supersonic MHD
Generator Channels
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Germany

THE effect of finite-rate homogeneous chemical reactions on
heat-transfer rates to rocket nozzles is well known. It has

not been widely recognized, however, that these effects may be
important in combustion-driven supersonic MHD power
generators, where conditions are similar to those in rocket
nozzles. Data taken at the Institut fur Plasmaphysik in
Garching, Germany, and preliminary boundary-layer calcu-
lations done at Stanford Univ. indicate a significant reduction
in wall heat flux due to finite rate effects.

Finite reaction rates may manifest themselves in two ways.
First, the expansion process may be rapid enough to cause
freezing in the bulk of the flow; secondly, gradients in the wall
boundary layer may be severe enough, especially in turbulent
flows, to cause freezing in the wall region. Comparison of
reaction times1 and the various flow characteristic times indicates
that it is the latter case which is likely to occur for the
experiments considered here.
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Table 1 Data of the combustion MHD generator

Fuel
Oxydator
Seed material
Seed rate
Total mass flow rate

Combustion chamber
Pressure

Channel entrance
Pressure
Gas temperature
Mach number
Cross-sectional area
Distance from nozzle throat

Channel exit
Cross-sectional area

Channel length

JP-1
liquid oxygen
potassium octoate (C7H15-COOK)
3% by weight of K in fuel + seed mat.
1.5 kg/s

15 bar

4.5 bar
2850 K
1.5
20cm2

l l cm

60cm2

1.6m

In conclusion, a substantial decrease in heat-transfer rate to the
walls of a combustion-driven supersonic MHD power generator
was observed which appears to occur because of chemical
nonequilibrium in the developing wall boundary layers.
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The experiments were performed on the 200 kWel combustion
MHD generator of the IPP-MAN association.2 The data of the
facility are presented in Table 1.
The channel, of the Hall type with circular cross section, was
composed of axially segmented copper disks (9.5-mm thick).
These segments were isolated both electrically and thermally
from each other with 0.5-mm-thick insulating foils.

The density of the heat flux to the wall qw was measured for
various axial positions via the temperature increase in the channel
wall as a function of time. All measurements were performed
without an applied magnetic field. The measured values of qw
are plotted vs the distance x from the nozzle throat in Fig. 1.

Measurements were also performed with a diagonal wall
channel with rectangular cross section. The entrance and exit
cross-sectional areas and the length of this channel are the same
as for the circular one. All the other data were very similar in
the experiments with both channels. The values of qw measured
in the rectangular channel are also presented in Fig. 1.

A limit study was performed at Stanford for the conditions
of the IPP experiment using the Patankar-Spalding3 turbulent
boundary-layer program. For comparison with the experimental
values the results for the equilibrium and frozen limits in the case
of a round channel are plotted in Fig. 1. (Rectangular channel
results are virtually identical.) The behavior of the two theoretical
distributions of qw directly reflects the influence of the specific
heat cp. For the temperature at the channel entrance (T ~ 2850 K)
the finite-rate effect leads to a large difference between
cp,frozen an^ c

p,equ.> whereas for the temperature in the exit region
(T ~ 2500 K) this difference is small. As can be seen, the data
indicate that measured heat-transfer rates fall close to the frozen
limit. It should be noted that catalytic wall effects would raise
the heat transfer rate.
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Torque Development on a Spherical
Body due to Spin Up of the Concentric

Spherical Container
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Nomenclature
A = a function as defined in Eq. (24)
D = a parameter as defined in Eq. (28)
h = gap height between the two spheres, R0 — Rt
k = a parameter defined as (a/2v)1/2

N = viscous torque on the inner sphere
n — an integer variable
Rt = radius of the inner sphere
R0 = radius of the outer sphere
r = radial coordinate
t = time
vr = velocity component in /--direction
ve = velocity component in ^-direction
tfy = velocity component in 0-direction
x =r-R{
z = Cartesian z-coordinate, selected along the axis of rotation of the

spherical container
a = frequency in radians per unit time
P =nn/h
d = a parameter defined in Eq. (29)
e = phase angle in the harmonic motion of the spherical container
6 = angle 9 in spherical coordinates
H = viscosity of fluid
v = kinematic viscosity, n/p
£ = a dummy variable for integration
p = density of fluid
T = shear stress in fluid
<t> = angle </> in spherical coordinates
\fj = a function as defined in Eq. (25)
Q = angular speed of the outer sphere
Q0 = maximum value of Q
a> = angular speed of the fluid

Subscripts
r = r-direction in spherical coordinates
0 = ^-direction in spherical coordinates
$ = ^-direction in spherical coordinates
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Fig. 1 Heat flux along the walls of the IPP-MAN round and square
channels.
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