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I. Introduction

Phe advantages, disadvantages, and possible
applications of H2-02 combustion driven '•+HD power
generators have been discussed previously (refs.
1-4). Of prime interest to the NASA Lewis H2-02
MHD program is the developme:.t of lightweight,
multi-megawatt MHD power supplies. The major dif-
ficulty in their _,evelopment is their small size
which makes surface losses (thermal and electrical)
a significant fraction of the power generated. To
o v ercome these losses, these generators must be
operated at high Mach numbers and high magnetic
field. Therefore, our initial experimental pro-
gram is directed toward evaluating the performarc,
of H2 -02 generators at high voltage, i.e., high
Mach number (2), and high magnetic field (7 Tesla).

Two facilities are being used in the NASA
Lewis H2-02 experimental program. The primary fa-
cility is the MHO power generation facility which
was previously described in reference 1. The main
feature of this facility is a liquid neon-cooled
cryomagnet capable of a 7 Tesla peak field. At
present, construction of this facility has been
completed and systems checkout is in progress.

The second facility is a rocs, test facility
for testing t ySD hardware and performing diagnostic
tests on the alkali-metal seeded combustion plasma
and MHD duct. This facility has no magnet and,
therefore, diagnostic measurements are made with
applied electric fields. This facility is shown in
operation in figure 1. Shown are the injector-
combustion chamber-nozzle and a prototype MIM Hall
generator. At present, over 1000 test runs for
times ranging from a few seconds to 20 seconds have
been performed in this facility. These tests were
performed to develop int^relectrode insulating ma-
terials, to measure heat losses, and to measure the
fluid dynamic and electrical properties of MHD
ducts an_ 'he cesium seeded H 2 -02 working fluid.

II. Combustion Chamber-Nozzle heat Loss Tests

Pun initial concern with the water-cooled cop-
per combustion chambers (including supersonic noz-
zle) was that these chambers were designed to op-
erated steady state with wall temperatures some-
what beyond the boiling point of water, but con-
siderably below the condensation point for CSOH.
These chambers therefore have two undesirable fea-
tures due to the law wall temperature; possible
high heat loss and condensation of CSOH which could
the: short out the MHD channel by streaming down
the channel as a liquid. To alleviate these prob-
lems, a second set of combustion chamber-nozzles
was constructed with a 0.006-inch graded mixture of
zirconia nichrome flame sprayed on their inner sur-
face. This provides an allowable surface tempera-
ture well above the condensation temperature of
CSOH.

The net heat loss from these two designs was
determined by measuring the cooling water flow rate
and temperature difference from inlet, to outlet.
The measured values are shown in figure 2 as a
function of combustion chamber pressure. Surpri-
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singly the heat transfer to the hot wall ceramic-
coated chambers is higher than to the cold wall cop-
per chambers. Optical pyrometer measurements in the
supersonic portion of the combustion chamber-nozzle
verified that the ceramic coating did produce a sur-
face temperature of approximately 15000 H in this
region.	 y

To gain sume understanding of these results, a
simplified heat transfer calculation based upon xi-
accelerated flows was carried out. This simplifica-
- on leads to an overestimate of the heat flux in
the accelerating-deaccelerating region around the
throat of the nozzle. However, since the surface
area of this region is relatively small compared to
that of the total surface area of the combustion
cha mber-nozzle, the effect upon the net heat trans-
fer should be small. (For a discussion of this
point see ref. 5.) If one assumes fully turbulent
flow ttroughout the combustion chamber-nozzle, the
heat flux, q, is given by

q = 0.026 D (Re)0.9(rr)0.3(Tad - Tw )	 (1)

where; k is the thermal conductivity
D is the duct diameter at the point at

which the heat flux is evaluated
Re is the Reynolds number
Pr is the I randtl number
Tad is the adiabatic temperature

T + (Pr; 1/ 3 (Ts - T)	 (2)
T is the static temperature of the

flowing gas
Ts is the stagnation temperature of the

flowing gas
is the comoustor-nozzle wall tempera-„	

ture
and k, Pe, and Pr are evaluated at the referen-,e
temperature condition,

Tr = T + 0.5(Tw - T) + 0.22(Tad - T)	 (3)

The above equations are those of reference 5
for --ia^_celerated flows except they are for a heat
transfer coefficient based upon temperature rather
than enthalpy. This was done so that tabular data
from reference 6 could be used to evaluate viscos-
ity, thermal conductivity, and heat capacity.
These coefficients were evaluated assuming chemical
equilibrium through +, he boundary layer.

The heat flux from the gas (eq. (I)) is then
equal to the heat flux through the chamber wall
given by

q =	

Tk	

T1	 (4)

(' K	 +(10cu JJcoat 	hl

where; T1 is the temperature of the cooling water

(K)	 and ^`K) are the thickness/
coat	 cu

thermal . , onductivity for the ceramic
coatin g, and copper wall, respectively
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is the film coefficient for the cooling
water
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The properties of the flowing gas are deter-
mined by integrating the pressure and temperature
equations for the flowing gas through the contour
of the combustion chamber-nozzle. These equations
include heat transfer (eq. (1)), friction (smooth
pipet and equilibrium chemistry (ref. 7). The
problem of the singular point at Mach . 1 is re-
moved by integrating subsonically until (1 - Mach)
< 0.001 and then ,dumping across to Mach =1.001.
The integration technique is Runge-Kutta-Merson
(ref. 6; whose variable step size allows the treat-
ment of the singularity to be programmed into the
logic.

The heat transfer at each station of the inte-
gration is determined by iteratively solving equa-
tions (1) to (4) for the unknown temperatures 'led,
Tw, Tr, and the heat flux q. Note that T an..
Ts are given by the gas dynamic calculation and
cooling water temperature T1 is taken to be room
temperature.

The results of this calculation are shown by
the solid lines in figure 2. The agreement with
experiment is good and indeed the theory predicts
that the total heat transfer to the hot wall
ceramic coated combustors is greater than that to
the cold wall copper combustors. Examination of
the results of the theoretical calculations indi-
cated that the reason for this apparent anomaly is
that while the factor Tad - T w (eq. (1)) decreases
with increasing wall temperature, i.e., for the
ceramic coating, this decrease is more than off-
se- by the increase in the thermal conductivity
resulting from the increase in Tr (eq. (3'.).

III. Fluid Diramic Tests

Another concern was with the fluid dynamic
performance of the nozzle. The design was adapted
from a previous rocket program and involved a com-
promise between achieving a low weight and per-
fectly tarallel flow. Careful pressure probing at
0.635 cm (0.25 in.! intervals from the end of the
nozzle to a point approximately B cm downstream in-
dicated the presence of a pressure disturbance ap-
proximately 5 cm downstream of the nozzle exit.
The data a-e shown in figure 3. The symbols un the
figure correspond to the following channel configu-
rations.

1. C 12-0.635 cm (0.25 in.) electrodes with
pressure taps on electrodes 1, 3, 5, 7, 9, and 11
as numbered from the nozzle

2. x 2.54 cr (1 in.) spacer between nozzle
and the above channel

3.0 channel as in 1 except turned end for
end

4. + 30-0.127 on (0.5 in.) electrodes with
2.54 cm spacer between nozzle and channel with
pressure taps on all but electrodes 10, 11, and 20

To understand the nature of this disturbance,
the experimental conditions were analyzed using a
three-dimensional supersonic nozzle analysis
(ref. 9;. This is a modification of the scheme of
reference 10 which is an exact solution t„ the
characteristic equations and is accurate to se.^ond
order in the grid Bracing. While the analysis

smooths out the sharp changec across a shock wave
and ignores all dissipative effects, reference 9
shows that it predicts the location and magnitude :,f
strong compressions fairly well. The theoretical
prediction (shown in fig. 3) is seen to agree well
with the experimental data as to the location and
magnitude of the first oblique shock. Some recent
data taker in a MRD duct built for initial tests in
our mag:.st facility are also shown by the crossed
points in figure 3. While the data are of insuffi-
cient resolution to establish the exact structure
of the downstream pressure disturbances, there is
evidence of at least quantitative agreement with
theory.

Also shown on figure 3 is a one-dimensional
iOM channel calculation including friction, heat
transfer, and chemistry. This calculation is simi-
lar to that described in the previous section with
the exception that in keeping with the results ob-
served by others (ref. 11 and references included
therein), the skin friction coefficient was in-
creased by a factor of 3 over the smooth wall value
to compensate for the rough wail structure of the
segmented MRD duct. Again, the agreement is good.
Note that the agreement is not with an average
through the data since the distance over which the
shocks occur is small compared to the distance be-
tween shocks. Therefore, the theory should be more
heavily weighted by the points in the :alley rather
than the peaks of the pressure disturbance (compere
1-D isentropic and 3-D nondissipative,

'chile the observed pressure disturbances do not
appear to cause additional pressure drop over that
resulting from rough walls, their effect upon the
performance of the duct in the presence of a magne-
tic field is open to question. The pressure dis-
tnrbances can lead to nonuniformities in the elec-
trical conductivity and'or Fall parameter which in
turn may lead to a deterioration in performance of
the generator !.n the presence of a magnetic field.
Such deterioration has been predicted t,ieoretically
for plane, layered nonuniformities in these param-
eters (see ref. 11 and references cited therein).

IV. Electrical Conductivity Tests

Electrical conductivity tests were performed
in constant area, heat sink, cylindrical, Hall type
MD channels. The electrical conductivity was L^_
sured in the classical manner (see ref. 12) by ap-
plying a voltage across the ::harnel from one end
electrode to the other, measuring the current, and
using the inner electrodes as probes to monitor the
voltage distribution along the channel. Typical
voltage profiles are shown in figure 4 as a function
of time. The channel used in this test consisted of
12-1.27 cm (0.5 in.) wic:e electrodes separated by
synthetic 7-ica insulators. It is noted from this
figu -e that there are voltage drops at both ends of
the ,hannel. with a linear region in the central por-
tion. The voltage drops are associated with the
current flow across the cold boundary layer and then
into the larger area associated with uniform current
flow through the channel. Therefore the linear re-
gion is representative of the electrical properties
of the gas and hence was used to infer the average
electrical conductivity of the gas from
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.where: a is the electrical conductivity
A is the cross sectional area of tta	 !

channel

AV/AX is the voltage gradient dete.mined
from the voltage curves

I is the measured current

For the test data shown in figure 4, the
working fluid was a stoichiometric mixture of
H2 -02 at a combustion pressure of 1,034x10 6 N/M2
(150 psla). The Mach 2 flow was seeded with a 75%
solution of CSOH dissolved in water. The solution,
was sprayed into the oxygen feed line. For this
test the following data were obtained.

Time (sec) a(MHO/M) I (Amp) 9/V (volts/M)

?.,08 12.62 1.762 72.4
3.08 13,16 2.037 80.3
4.08 12.89 2,112 85.0

where _1sV /AX is the value in ti p linear region
(electrodes 3-8).

It is noted that the value of the gas conduc-
tivity does not change appreciably during the run.
However, the measured current varies from 1.762 to
2.112 amps due to the increase in 6'J/ ,̂ X. This is
a result of the decrease in the electrode voltage
drop at the ends of the channel. This decrease in
voltage drop is the result of the increasing wall
temperature of the heat sink channel with run time
and the consequent increased temperature of the
boundary layer.

In figure 5 the results of several conduc-
tivity measurements are given. The solii curves
are theoretical values calc ulated uz ing the chem-
istry of reference 7 to calculate the free elec-
tron density taking into account a 3% heat loss in
the combustor-nozzle and a 1% heat loss in the
channel. The calculated values are the local val-
ues at the midpoint of the channel. The only im-
portant contributions to the collision frequency
are from H2O and cesium comr^,inds. The H2O cross
section was taken frcrr reference 13. Cesium and
its compounds u-1- given the cross section from
reference lti. Cross section values were assigned
to aiu other species, but due to their unimpor-
tance and number (31' they will not be referenced.

The seed fractions over which conductivity
data has so far been taken is limited by the size
of the seed flow meter. Therefore as noted in
figure 5, the range changes as we increase the
combustion pressure, i.e., H2-02 mass flow. How-
ever, the following conclusions can be drawn. For
a combustior pressure of 2.069x10 6 Nl,%? ('00 psia)
the experimental data are in good agreement with
theory. At a combustion pressure of 1.034x10
N/M2 (150 psis) the experimental data agree with
theory up to a seed fraction of approximately 0.05
at which point it decreases well before the expec-
ted maximum at a seed fraction of 0.15. The ex-
perimental points at a combustion pressure of
5.17x105 (75 psis) are nearly a factor of 5 below
theory and show no dependence on seed iYaction.

The lower than predicted electrical conduc-
tivity at higher Feed fractions and/or lower pres-
sures :s thought to be due to poor atomization of
the seed as the ratio of seed mass flow/oxygen
mass flow increases. This effect is well known
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from studies of two-fluid atomizaLi-ir., e.g,, ref-
erence 14, where it is shown that the droplet size
increases rapidly as the ratio of liquid to gas
mass flow increases. In our experiment these
larger droplets may be of sufficient size that they
are not vaporized during their residence time in
the combustor. This effect would be increasingly
noticeable at lower pressures as is observed in our
experiments,	 -

V. Concluding Remarks

This study has shown that flame sprayed cera-
mic coatings on combustion chamber and nozzle walls
permits operation with hot walls, thereby elimi-
nating possible problems associated with seed con-
densation. However, under the conditions of our
experiment the net heat transfer was unexpectedly
increased over that of cold copper walls. Further
work will be concerned with comparing the electri-
cal conductivity of the gas at the exit of these
nozzles.

Pressure disturbances associated with oblique
pressure waves have been measured in our M.HD chan-
nel. These disturbances are due to a rocket-type
nozzle which was designed to achieve low . -3ht
rather than perfectly parallel flow at the exit. A
new nozzle with parallel flow at the exit has leen
designed and will be used in our magnet fa,.il';,y
along with the previous nozzles to study t.- effect
of t'e pressure disturbances upon the performance
of the MHD generator.

Electrical conductivity measurements were
found to be in good agreement with theory except at
low combustion. pressures and/or high ratios of
seed/oxygen mass flows (seed was injected into oxy-
gen flow line,. The discrepancy is believed to be
the result of poor atomization of the seed at high
ratios of seed/oxygen ^lass flows which results in
droplet sizes which do not completely vaporize dur-
ing them residence time in the combustor. This
problem is being analyzed spectrogr.phically.
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