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Fig. 2 Comparison of computed and measured pressure transients.

tion is computed by solving a one-dimensional heat conduc-
tion equation in the propellant. Critical ignition temperature
criterion is applied to determine the point of ignition. Follow-
ing ignition in the impingement and head-end regions, the
mass flux generated from the propellant surface in these re-
gions is calculated at every instant from the known burning
rate law of the propellant. Based on the mass fractions of the
igniter products and the generated gases at the motor propel-
lant, the effective specific heat and temperature of the result-
ant mixture is calculated and is input at the left boundary for
the downstream region.

Results
Computations have been performed using the method and

the results compared with available test data. The test motor
has a 8.6 m monolithic grain of AP-PBAN-A1 propellant
system. The port is a six-pointed star configuration. The
motor employs a canted-impingement-type pyrogen igniter
with a cant angle of 45 deg. The impingement area amounts to
6% and the head-end area to 12% of the total initially exposed
propellant burning surface area. The downstream region con-
stitutes 87% of the grain length. A nozzle diaphragm,
designed to burst at 0.6 MPa, is provided. Figure 2 compares
the measured and computed pressure transients at the motor
head end. The computations show a more rapid pressure drop
upon nozzle diaphragm burst; this may be a consequence of
assuming instantaneous diaphragm burst resulting in imme-
diate availability of the full throat area for exhaust of combus-
tion products, whereas the actural mechancial system may in-
volve a small but finite time delay of a few milliseconds. The
computed rate of pressurization is seen to be higher than the
test values. This may be due to the limitation of the one-
dimensional flow analysis, which implies instantaneous cir-
cumferential flame spread. The prediction procedure may be
improved by a two-dimensional flow analysis.
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Cesium Density Measurements
with a Laser Diode in a

Magnetohydrodynamic Generator
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I. Introduction

T HE development of magnetohydrodynamic (MHD) gen-
erators as a topping cycle in electrical power plants in-

volves many aspects. Plasmaphysics, gasdynamics, and power
electronics are the main topics. The work performed at the
Eindhoven University of Technology is concentrated on the
generator itself. Therefore, as many measurements as possible
are carried out to obtain data of the plasma inside the channel.

In this Note, the cesium density measurement is described in
detail. Other diagnostics are discussed elsewhere.1 In the
closed-cycle blowdown generator as used in our laboratory
cesium is added to the argon gas to enhance conductivity. The
amount of cesium can be adjusted as a weight fraction of the
argon. The distribution of cesium in the generator, however, is
unknown. By means of line absorption the density inside the
generator can be measured, i.e., the ground state density of an
atom is measured by the absorption of a resonance line. In the
case of cesium there are two options: 894.4 and 852.1 nm, i.e.,
the near infrared. The lineshapes of these transitions are
strongly influenced by collisions with the argon atoms. Ac-
curate experimental data for the argon-cesium case are
available.2 The best signal-to-noise ratio is obtained from the
experiment with a wavelength of 854.6 nm, i.e., 2.5 nm in the
red wing of the 852.1-nm cesium line, as is pointed out in
Ref. 1.

This wavelength is close to the wavelength of the GaAlAs
laser diode. Since the wavelength of these lasers depends
strongly on the temperature, some of them have a built-in Pel-
tier element for temperature stabilization. This element can
also be used to tune the wavelength within a region of several
nanometers, thus obtaining the desired wavelength for the ab-
sorption measurement.

II. Laser Stabilization
The laser used here is a TXSK 3501 made by AEG-

Telefunken with a nominal wavelength of 850 nm and a maxi-
mum output power of 10 mW at a current of 150 mA. Built in
are a Peltier element, an NTC resistor, and a monitor diode.
The laser is multimode. Its mode spacing is approximately
0.25 nm, and 10-20 modes are present depending on the out-
put power. The wavelength is selected with a 1-m Jobin-Yvon
monochromator, and the intensity is measured with a photo-
multiplier with a GaAs cathode (Hamamatsu R636). Using a
slit width of 0.1 mm, this monochromator selects the wanted
mode. A disadvantage could be that 90% of the output power
of the laser is not used, but for this experiment the remaining
10% is satisfactory.

When the laser is cooled with the Peltier element the wave-
length shifts toward the red. The wavelength of maximum
power can thus be tuned from 838 to 862 nm, according to the
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Fig. 1 Experimental setup.

specifications. A thermistor (NTC-resistor) is used for active
stabilization of the temperature. This is done with a home-
built proportional-integral controller. The time constant of
the Peltier element with the thermistor is about 7 s, so the time
constant of the circuit is set to 10 s to prevent oscillations.
After tuning to the desired wavelength several readjustments
are necessary at intervals of some minutes. Then the output is
stable within 1% for several hours. Since the measuring time
for one run is only 1 min, the stability is satisfactory. Read-
justments must be made when the output power of the laser is
changed, but once a good working point is known, it repro-
duces easily and almost exactly. The wavelength accuracy is
0.01 nm. This error is due to the monochromator.

III. Experimental Setup
For the transmission of optical signals from the badly acces-

sible MHD channel quartz fibers with a core of 0.2 mm are
used. No special treatment has been given to the front surface
of the fiber so its insertion loss is about 5% for the air-glass
transition. Because of the low specific loss (0.012 dB/m at 850
nm) a fiber of 30 m is used, with the advantage that the photo-
multiplier is easily shielded from the magnetic field. Com-
pared with the previous setup with many mirrors, lenses, and
beamsplitters the transmission of this system is increased by a
factor of 100.

In Fig. 1 a schematic drawing of the setup is given. The out-
put beam of the laser (1) is chopped (2) in order to distinguish
the laser light from the light originating from the generator.
Then the light is collected by a system of achromatic lenses (3)
with an aperture of f/1, which focuses the light on the fiber
(4). At the channel wall an aspherical lens (9) is mounted (f = 8
mm, <t>= 12.5 mm), which makes the beam parallel. Sapphire
windows with a diameter of 25 mm are fixed gastight to the
wall. The laser beam crosses the channel (8) and enters into
another aspherical lens that focuses the light into the returning
fiber. A lens couples the light of this fiber with the optimum

aperture into the 1-m monochromator (10). The signal of the
photomultiplier is directly recorded with a high-speed tape re-
corder (12) (Ampex FR 3000, DC-500 kHz) and an A/D
(analog-to-digitai) converter (13) with a sampling frequency of
4 Hz (filtered at 2 Hz). Behind each sapphire window there are
three lenses with fibers. With the second the intensity of an
He-Ne laser is monitored through an interference filter, giving
an indication of the decay of the window transparency during
the measurements. The third fiber is used for the measurement
of radiation coming from the plasma.3

The measurements reported here have been carried out dur-
ing measurement series 8 of the Eindhoven MHD Blow-Down
Facility. More details about the experimental conditions can
be found in Refs. 4 and 5.

IV. Results and Discussion
In Figs. 2 and 3 two pictures are given of signals recorded

with the A/D-converter. Figure 2 is made with the laser diode.
The cesium injection is started at /= 18 s and stopped at / = 57
s. The difference between the signals at the beginning and the
end of the picture is an indication of cesium condensation on
the saffire windows. AU = 71 s a valve is closed to prevent fur-
ther condensation. Figure 3 is from a previous measurement
where a xenon lamp is used. The cesium injection is started at
t = 28 s. The increase of the signal between t = 33 and t = 60 s is
because of the emission of the plasma during power extrac-
tion. During this run window transparency strongly decreased.
In Fig. 2 nothing is seen from the background light of the gen-
erator, whereas in Fig. 3 the influence of the power extraction
can be recognized in the signal between / = 36 and 62 s. This
means that here the light originating from the generator is
stronger than the light of the lamp. This is because in the ex-
periment with the lamp a V* -m monochromator had to be used
with a slit of 0.6 mm in order to obtain enough signal from the
lamp. This leads to the conclusion that the spectral power den-
sity of the laser is about two orders of magnitude higher than
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Table 1 Cesium density measured in the MHD generator for several runs
Run la Run la Run la 3C

702
704
705

0.11
0.14
0.13

0.17
0.24
0.19

805
808
809

0.06
0.10
0.07

0.14
0.22
0.15

817
823
825

0.09
0.07
0.05

0.27
0.28
0.24

aAveraged value obtained from the injected mass. Value obtained from the absorption measure-
ment using the xenon lamp. cAs b, but with the laser diode. All values are in percentages of the
number density of argon.

(au)

Fig. 2 Example of the absorption signal taken with the low-frequen-
cy A/D converter using the laser diode as source.

(au)

Fig. 4 Signal of the absorption measurement directly recorded with
the Ampex using the diode laser as source. Trace (a) is taken before
cesium is added. Trace (b) is with cesium and during power extraction.
The electrical signal is filtered at 30 kHz.

(au)

Fig. 3 Example of the absorption signal taken with the low-fre-
quency A/D converter using the xenon lamp as source.

time (s)

Fig. 5 As Fig. 4, but with a filter frequency of 1 kHz.
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that of the lamp (in the region transmitted by the monochro-
mator).

The average cesium density calculated from these pictures
shows a discrepancy with the density calculated from the
amount of cesium injected (see Table 1). In the latter case a
uniform distribution is assumed, which is certainly not the
case. For this calculation the width of the channel is taken
from wall to wall. However, in the former case the line of sight
between the two sapphire windows is much larger. Both ef-
fects lead to a higher value of the cesium density for the ab-
sorption measurement. This is confirmed by the results given
in Table 1. The increasing discrepancy between columns 1 and
3 for the last three runs is explained by the decreasing window
transparency, which leads to larger experimental uncertain-
ties. During the last 15 runs of the measurement series this
transparency decreased by a factor of more than 100 for a pair
of windows.

Pictures made from the signals recorded directly on the
Ampex show an unexpected behavior (see Figs. 4 and 5).
There are large fluctuations in the absorption signal on a time
scale of 1 ms. These fluctuations are present with and without
power extraction. Fourier transforms of the signals show a
more or less constant spectrum between 30 and 1000 Hz and a
rapid decay beyond 1 kHz. Figures 4 and 5 show two signals:
a) before cesium addition and b) during power extraction.
From t = 0 to t = 16 ms the chopper is open; beyond t = 16 ms
the chopper is closed, and no light from the generator is re-
corded. In Fig. 4 the signal is filtered at 30 kHz, in Fig. 5 at 1
kHz. The high-frequency noise in Fig. 4 originates from the
tape recorder. The cesium density corresponding to the maxi-
mum and minimum of the absorbed signal varies by a factor
of two.

V. Conclusion
Replacing a high-pressure xenon lamp as a light source for

absorption measurements by a GaAlAs laser diode yields a
substantial improvement. Temperature stabilization with the
built-in Peltier element and thermistor is easily achieved. The
single mode with the highest intensity is selected with a
monochromator. The stability of the output power in this sin-
gle mode is better than 1% for several hours. The spectral out-
put power density is about 100 times higher than that of the
xenon lamp. The spontaneous emission of the plasma is not
detected when the diode laser is used as the source in a cesium
density measurement in an MHD generator. This allows a de-
termination of the cesium density during the power extraction,
and the signal is strong enough to obtain a high time resolu-
tion. A demonstration of the power of this measurement is the
observation of fluctuations of a factor of two in the cesium
density, within a millisecond, in an MHD generator during
power extraction.
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Steady Flow Combustion Model for
Solid-Fuel Ramjet Projectiles
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Nomenclature
cp = specific heat at constant pressure
h = heat of formation
/zvap = heat of vaporization per unit mass
h = total enthalpy
k — turbulence kinetic energy
M = molecular weight
m =mass fraction
m = mass flow rate
n = stoichiometric air/fuel mass ratio
h — normal direction
p = static pressure
q = heat flux
W = universal gas constant
R = reaction rate per unit volume
r = radial direction
r = solid fuel regression rate
Sc = Schmidt number
T = temperature
u = velocity component in the axial direction
K = magnitude of the local velocity vector
v = velocity component in the azimuthal direction
w = velocity component in the radial direction
z = axial direction
F = diffusion coefficient, ^f/Sc
e = turbulence dissipation rate
K - thermal conductivity
jn = viscosity
p = density
</> = general flow variable
\l/ = stream function
co = vorticity

Subscripts
eff = effective
fo = fuel-oxidizer
fp = fuel-products
fu - fuel
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