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TEMPERATURE DISTRIBUTIONS OF A CESIUM-SEEDED
HYDROGEN-OXYGEN SUPERSONIC FREE JET
by Shih-Ying Wang* and J. Marlin Smith

Lewis Research Center

SUMMARY

Radial distributions of temperature were determined spectroscopically in a cesium-
seeded, hydrogen-oxygen plasma jet. The plasma was generated at combustion cham-
ber pressures ranging from 0.5 to 2. 0 megapascals and for various seed ratios (1 to
10 percent). The plasma was observed as the atmospheric exhaust from a NASA Lewis
Mach 2 rocket test facility.

Transverse profiles of the absolute integrated intensity were measured with the
optically thin CsI lines (0. 5664 and 0. 5636 pm) at a range of axial positions downstream
of the 5-centimeter-diameter combustor-nozzle exit. Radial profiles of the emission
coefficient were obtained from the measured transverse profiles of intensity by Abel
inversion. Temperatures were then determined from the emission coefficients for con-
ditions of local thermodynamic equilibrium using particle densities generated by a two-
dimensional free jet computer program. Temperature results show the inherent ef-
fects of compression and expansion pressure waves characteristic of a free jet exiting
from a supersonic nozzle.

INTRODUCTION

Optical spectroscopy is frequently used to determine particle temperatures and
- densities in dense plasmas because it is one of the few diagnostic methods which does
not disturb the plasma. The development of such optical diagnostics is therefore highly
desirable for advanced combustion systems where physical probes cannot survive due
to the severity of the environment, or where their sizes severely disturb the flow.

This report discusses the spectroscopic measurement of emission intensities in a

*National Research Council - National Aeronautics and Space Administration Re-
search Associate.



cesium-seeded, hydrogen-oxygen plasma free jet with a primary emphasis on deter-
mining the radial temperature profiles in order to assess the spatial uniformity of in-
jected seed.

EXPERIMENTAL APPARATUS AND PROCEDURE

A rocket test facility (ref. 1) at the NASA Lewis Research Center is being used to
generate a combustion plasma. This plasma is a stoichiometric mixture of hydrogen
and oxygen seeded with an aqueous solution of cesium hydroxide (CsOH) (75 percent
CsOH, 25 percent HZO by weight) that is atomized in the oxygen flow line before enter-
ing the combustion chamber. The plasma is accelerated in a Mach 2 nozzle and then
expanded to atmosphere at the 5-centimeter-diameter exit. The sequence of gas injec-
tion and ignition is controlled by a repeat cycle programmer to cover the running time
from 5 to 20 seconds. Test-condition data such as flow rates and pressures are auto-
matically sampled and processed by an IBM 360 computer; they are also recorded on a
high speed oscillograph. Detection of the cesium spectral lines is accomplished with a
scanning monochromator having a reciprocal linear dispersion of 1.6 nanometer per
millimeter. Two optically thin CsI lines (0. 5664 and 0. 5636 pm) and a continuum at
0. 5704 micrometer (for continuum correction) are found appropriate for absolute inten-
sity measurement (see appendix A).

The optical system is shown in figure 1. Plasma radiation first strikes the sta-
tionary mirror, which is inclined at a 45° angle to both the optical and vertical axes.

A second mirror is mounted below the stationary mirror on a motor-driven rotating

Free jet plume~_

’_’——~‘\~"’—T~“\“ H2+Ozgas
x-Axis - 1 =~ CSOH seed

' < Nozzle, combustor, injector

Monochromator »
7

. + Photomultiplier
Optical table . I tube ~~_  To recorder /
. \I \\ I /
Rotating I A [~ 1 e
. mirror 4
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mirror —-|. ' Lens |1 Motor

Spectrograph CS-78782

Figure 1, - Orientation of spectrographic equipment.



base in such a fashion as to be also inclined at a 45° angle to both the optical and ver-
tical axes. Thus, in traversing the mirror system, the radiation undergoes two 90°
rotations, one about the vertical axis and one about the optical axes. Thus, the plasma
image is focused on the spectrometer entrance slit such that the plasma x-axis is
parallel to the slit.. With reference to figure 2, the slab of plasma with radiant inten-
sity Qy therefore has a width Ay defined by the spectrometer slit width. A fishtail
diaphragm at the entrance slit is used to define the plasma length Ax irradiating the
spectrometer optics.

The rotating-mirror platfdrm scans the plésma image across the slit and thereby
provides a transverse profile Qy(y). The photomultiplier response to this transverse
scan is recorded on both a memory oscilloscope and the high speed visicorder. System

s

> —Q

y

\
)

(@) Cross section of cylindrical plasma column.

!

Intensity, Qy

T Ymax
|

y-Axis
b) Transverse profile of intensity.

Figure 2. - Plasma profile.



calibration for absolute intensity measurements is accomplished with a tungsten ribbon
filament lamp mounted in place of the plasma on the plasma axis,

Spectrometer entrance slit widths are characteristically 30 to 60 mlcrometers,
with corresponding exit slit widths being 600 to 1200 micrometers.

SPECTROSCOPIC METHOD

A gas is said to be in a condition of local thermodynamic equilibrium (LTE) when
the electrons, atoms, molecules, and ions are in equilibrium with themselves, but not
with the photons. In order that the plasma be in LTE, it is necessary that the collisional
rates which populate and depopulate the various energy levels of the plasma species ex-
ceed the corresponding radiative rates. Cool (ref. 2) has shown that LTE exists in an
atmospheric potassium-seeded plasma for an electron temperature of 2500 K and an
electron number density of 1014 per cubic centimeter. In this case the rates of radia-
tive deexcitation and recombination were well below that of electron collisional deexcita-

“tion and recombination. These conditions approximately represent the conditions of the
present experiment, “except that the major plasma constituent is water vapor rather than
air. However, the radiative/collisional rate ratio for water is less than for air, thereby
further justifying the assumption that the present plasma is in LTE,

Line emission is determined by bound-bound transitions between upper level m and
lower level n. The radiated power per unit volume, per unit solid angle, and per unit
wavelength interval is (ref. 3) :

_ he
€y = LA Nm (1)

A nm
4nh0

where L)\ is taken to be the normalized Lorentz profile from reference 4:

2W1/2/7T
)2

L, = (2)

40 - rg? W,

0
- for a line center at Ao with halfwidth Wy /2 A is the transition probability between
lower level n and upper level m, and N, is the number of denS1ty at upper level m
related to the total number density N sn of neutral cesium atoms by the Boltzmann re-
lation
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Ny = Ngp —Z— exp( ) (3)

Relating the transition probability Anm and the absorption oscillator strength fmn

by
2
8n“rhc g
_ 0 n .
A= . 1 (4)
>‘0 €m

gives the emission coefficient radiated over the bandwidth AX of a spectral line as

2 .
2rhroc“ g f  N__F -E
Qr= / e)\d?&= 0 nmn sn exp m (5)
AX V4 3 kT
S .. Ao

where

A

N ©)
A

The function F is plotted in reference b as a function of the volumetric absorption
cpefficient pKv and the ratio of bandwidth to halfwidth A)\/Wl /2 and is approximately
equal to one for the present experiment. The number density of neutral cesium atoms
Ny obtained from the ideal gas law, is given by

F

da

/ €, dx
A by
A

Ny, = 7. 24x10%2 %S | (7)

where p is the gas pressure in pascals, T the temperature in kelvins, and S the mole
fraction of neutral cesium atoms as calculated by a chemical equilibrium composition ~
program (ref. 6). Values of the energy of the upper state E the statistical weight at

the lower state g, and the oscillator strength fmn are found in references 7 and 8.



ABSOLUTE INTENSITY CALIBRATION

As mentioned previously, the optical system is calibrated using a tuhgsten ribbon
filament lamp mounted such that the filament is on the plasma axis. With the spectom-
eter set at the wavelength of the cesium lines, a series of measurements are made at
increasing filament brightness; each measurement consists of a photomultiplier signal
voltage and a filament brightness temperature determined with an optical pyrometer.

It is desired to formulate a spectrometric calibration function which will relate the
photomultiplier signal voltage me to Qs’ the radiant power flux per unit solid angle
within the bandwidth AX of the spectrometer at the test wavelength )\t.’ Recognizing
that for calibration purposes the test radiation is rising from the tungsten filament, Qs
is given by

QS(At) = T()\t)E O‘t, Tt)Q‘p(Kt’ Tt)Ah (8)

where T(At) is the transmittance of the lamp glass envelope, e(ht, Tt) the spectral emis-
sivity of the tungsten filament, Qp()\t, Tt) the Wien form of the blackbody radiation func-
tion, and AX the bandwidth of the spectrometer. -

The true temperature Ty of the tungsten filament is obtained from its brightness
temperature Tb, observed by a pyrometer of effective wavelength Ap. Since the py-
rometer is calibrated in terms of a blackbody, it follows that

Qrps Tp) = T pler, Tt)Qp(Ap, T,) (9)
from which it follows that
11 M '
===+ 2In[r( Je(r , T)] - (10)
- Ty Tp C4 pop

Thus, from equations (8) and (10) values of QS are obtained for each brightness temper-
ature measurement which, together with the corresponding V m values, yields the
desired spectrometric calibration function by a least squares fit in the form

2

QS(At) =cq+ C1me + cszm +cgV

pm (11)



ABEL INVERSION

Generally 18 to 32 data points (Q,, y) are obtained from a transverse scan of a
plasma profile (fig. 2(a)). Following the method of Cremers and Birkebak (ref. 9),
these data are divided into three zones and a least square fourth~degree polynomial is
fitted to each zone. The zones overlap one another by four data points, and the criterion
for selection of the intersection between the zones is based on which intersection yiélds
the best fit to the data. :

Analytically, the Abel transformation of Qy to radial emission coefficients Q - is

accomplished by the relation
R
d%l/dy
dy (12)

Q=" .(yz ] 1‘2)1/2

SR P

For digital computer processing, however, the numerical technique of Nester and Olsen
(ref. 10) is employed. In this technique both the radius and the y-axis are divided into
increments ''a'’ such that

Iy = ka (13)
y, =na (14)
and
Ypax = Na (15)
where Ymax is the value of y where =0 as shown in figure 2(b). From the geom-

etry of the inversion process shown in figure 2(a), it is seen that Ym is numerically

equal to R.
With these identifications, equation (12) may be manipulated into the form

ax

%=-£§ Bk,nQn (16)

ma n=k



where

TEMPERATURE PROFILE RATIOCINATION

From equations (5) and (7) it can be seen that the emission coefficient is functionally

dependent on temperature, plasma static pressure, and the mole fraction of neutral
cesium atoms:

_ pr)s(x) Em]
M~ eXp[kT(r)

Obviously, the radial temperature profile can be determined from Q(r) only if p(r) '
and S(r) are known from other sources. For this work, p(r) was obtained from a two-
dimensional supersonic free jet computer program which uses the method of character-
istics (ref. 11 and private communication with A. R. Bishop, NASA Lewis Research
Center) to relate pressure to temperature, input composition, and nozzle geometry.
S(r) was obtained from a chemical equilibrium program (ref. 6) which thermodynami-
cally relates S(r) to T(r) and input composition. The relations pr(Tr’ composition,
geometry), Sr(T-r, composition), and Qr(Tr’ P Sr) were iteratively solved for that
Tr yielding a self-consistent solution.

RESULTS AND DISCUSSION

A set of profiles in sequence of integrated intensity, emission coefficient, pressure,
and temperature is shown in figures 3 to 6, respectively, for combustion chamber pres-

8



Intensity, Wimée-sr

Emission coefficient, wim3-sr

'mF Run x, Seed fraction,
cm percent
B2 3.8 5.2
1N —-=-= 13 1.6 - 60
‘\ —-— 384 1.4 5.1
\ —--— 30 15.2 50
\ — — 38 19.0 4.6
a—
\
\I
|
) 3
y-Axis, ¢m
Figure 3. - Integrated intensity as function
of y-axis at combustion pressure of 10
newtons per square meter.
-3
2510 Run x, Seed
cm  fraction,
percent
™, B2 38 5.2
207 ~--—-®3 16 60
\ —-— 34 11.4 5.1
‘\ —--— 30 15.2 50
Ls— ——— 38 19.0 4.6
' \
\
1.0— \

Radius, ¢m

3

Figure 4. - Emission coefficient as functjon
of radius at combustion pressure of 10

newtons per square meter.



Pressure, Nim2

Temperature, K

Run x,
cm
B2 38
1 —===— 33 1.6
2.0(_0_5 11.4
15.2
19.0
1.6
1.2
i
.8
.4
: L [ ]
0 1 2 3
Radius, cm
Figure 5. - Pressure as fungtion of radius at ,
combustion pressure of 10° newtons per
square meter.
Rdn X, Seed Centerline
cm fraction, temperature,
percent T,
K
B2 38 - 5.2 2682
—-———1393 1.6 6.0 2161
— - 34 11.4 5.1 2696
—=--— 390 15.2 5.0 2181
——— 38 19.0 4.6 a3
3300—
3100
2900
2100
2500
\
| | |
23000 1 2 3

Radius, cm

Figure 6. - Temperature as function of radius
at combustion pressure of 10° newtons per
square meter.



sure of 1.0 megapascal. Each figure contains five curves representing'data taken at
different axial positions downstream of the nozzle exit. The plume nodes occur at po-
sitions 3.8 and 19. 0 centimeters, approximately. The shapes of the temperature pro-
files in figure 6 reveal the inherent effects of compression and exXpansion pressure waves
characteristic of a supersonic free jet. The centerline temperatures vary from about
2900 to 3200 K. The free boundary contour of the plasma plume has 2. 4 to 2. 8 centi-
meter radii as defined by a temperature of about 2400 K, below this the intensity is too
small (<1.0 W/m2 - sr) to record.

The effect on the temperature profile of lowering the chamber pressure from 1.0 to
0. 5 megapascal is shown in figure 7. The profile is generally steeper and the plume
size is smaller (radii, 1.8 to 2.1 cm). The corresponding pressure profile is shown in

Run x, Seed Centerline
cm fraction, temperature,
percent T,
K
1.8 207
1.3 216
8.2 243
9 206
9.8 &75
3300
3100
po4
T @ 2900
E
©
2 2100
\;}\\
|
2500 \
1
' | |
2300
0 2 3

Radius, cm

Figure 7. - Temperature as functjon of radius
at combu stion pressure of 5x10” newtons per
square meter.
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figure 8. Raising the chamber pressure to 2. 0 megapascals results in the plume‘ radii
increasing to 2.7 to 3.7 centimeters, as shown in figure 9, while some of the tempera-
ture profiles decrease from their maximum of about 3000 K to approximately 2600 X at
the centerline. The corresponding pressure profile is shown in figure 10. -

The effect of seed fraction can be seen from figure 11 for the same chamber pres-
sure and axial position. The rate of change of peak intensity decreases with increasing
seed fraction. .

Temperature profiles were also measured for some of the previous operating con-
ditions using the CsI 0. 5636-micrometer transition. One such typical measurement is
shown in figure 12. On the average, temperature measurement using the 0. 5636-
micrometer line agree to within 4 percent with those obtained using the 0. 5664-
micrometer line. ' '

The experimental uncertainty in temperature due to intensity measurement, data
reduction, and calibration procedures is estimated to be about 5 percent.

2.0x10°
X,
cm
3.8
1.6 7.6
11.4
15.2
o 19,0
£ 12
g
3
2
2 8
A
| I |
0 1 2 3

Radius, ¢m

Figure 8. - Pressure as functign of radius at
combustion pressure of 5x10”° newtons per
square meter.
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Temperature, K

Pressure, NIm?

3300

3100

Run x, Seed Centerline
c¢m fraction, temperature,

percent T,

K

453 3.8 2.0 B3

———= 45 1.6 20 2835

— —-— 457 1.4 1.8 219
—--— 462 15.2 L7 2761
——— 48 19.0 1.7 2830

Radius, cm

Figure 9. - Temperature as function of radius at combustion
pressure of-b(lo6 newtons per square meter.

4.000°
0xrl_0 Run x
/‘\ Acm
- \\ 453 38
~=—== 45 .1.6
3.2 \ —-— 457 11.4
\ —--— 462 15.2
19.0

Radius, cm ]

Figure 10. - Pressyre as function of radius at combustion
pressure of 210° newtons per square meter.
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1 107111
. 0
Continuum plus 100
53— line at 56 640 nm
N
£
=
>
% 105/106
s 114115
£
=
& - Continuum at 57 040 nm
, I | I - J
0 .02 .04 .06 .08 .10
Seed fraction
Figure 11. - Peak intensity as function of seed fraction at
combustion pressure of 10° newtons per square meter
and x = 5.4 centimeters.
Run Seed Wavelength,
fraction, A
3100[—- percent pm
382 5.2 0. 5665
———= 312 5.0 .5636
200,

Temperature,” K
o3
=

500

Radius, cm

Figure 12 - Radial temperature profiles at
0.5664 and 0.5636 micrometer wave-
lengths, combustion pressure of 10
newtons per square meter, and x =
3.8 centimeters.
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CONCLUDING REMARKS

Results of the spatially resolved temperatures have demonstrated the feasibility of
the diagnostic technique of absolute intensity measurement for the seeded combustion
plasma jet, if the density profile is known. The work provides a tool to study the ther-
mal field of an axisymmetric MHD duct.

If the plasma were measured from side and top (i. e., at different angles in the
plane perpendicular to the flow axis), the axisymmetry would be better assessed.

The reader may ask why temperature was not measured using a two lines method
so that density might be determined using T(r) as the independently measured quantity.
This was tried, but the fluctuations in the temperatures so obtained were intolerably
large. These fluctuations may have arisen from two sources: (1) the errors in the
Abel inversion technique, or (2) the fact that sequential rather than simultaneous scans
were measured due to instrumental limitations. The failure of this initial approach
dictated the development of the semi-theoretical approach herein described.

Lewis Research Center, .
National Aeronautics and Space Administration, °
Cleveland, Ohio, November
506-25.
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APPENDIX A

METHOD FOR ESTIMATION OF THE OPTICAL THICKNESS

The 0pt1cal thickness estimation has been reported before (refs 12 and 13) by cal-
culating the volumetnc absorption coeff1c1ent

2 f g “[-E\ - :
pKv = ¢ mn_aN sn exp<J> : . (A1)
. Zneomecz Av, 8 kT .

where the lme halfwidth is dominated by Lorentz broadening. This pressure broademng
by different gas partlcles is given in references 14 and 15 by

2 L1y o
Av =2Q 27RT [—— + — (A2)
¢ opt gJ (M M> . _

sn g

An experimental value for the optical cross section Qopt of the CsI 0.8521-

micrbmeter line is given in reference 15 in the form Qopt/Tl/ 5 The optical cross

sections of other CsI lines can be obtained from this using the following relation from
‘reference 16:

2/5
2
_ Qopt __ B (rf - xf) (A3)
, 2/5 2/5
Q C 2 _ 2
_ Pt 0.8521 pm  O-8521 pm (v - =i )o. 8521 ;um

where C is the van der Waals constant of interaction. The quantum mechanical average
of the square of the so-called "'radius'' of the initial (¢ = i) and final (« = f) energy
states is given in reference 3 as

2
- a E E
r?y:—g( H )5( H >+1-3la(la+1) (A4)
2 \E,-E/| \E,-E, o

where Ey = 13.595 electron volts, E_, = 3.893 electron volts, and la is-the orbital
quantum number of the state i or f.
For a gas temperature of 3000 K the cross sectlons of the CsI, 0.5664 and 0. 5636

16



micrometer lines are 6.2 and 7.9 square nanometers, respectively. For Sf = 0. 001,
pKv =< 0. 15 per centimeter for both lines, which are considered approximately optically
thin.

17



APPENDIX B

. SYMBOLS
A nm - transition probability
a, constant (ref. 3, p. 99), first Bohr radius, 0.52917 A
Bk, n | deﬁned in ref. 9
C i Van der Waals constant
c speed of light
Cor €12 Cg» C ' defined by eq. (11)
¢y 1. 44x10°2 (m)-(K)
Dk, K2 Dk, o’ Dk, n-1 Gefined by egs. (14) to (16)
EH, E_ first ionization potentials of H and Cs atoms, respectively
Em energy of upper level
e electron charge
F. : ratio of spectral line energy in bandwidth AX to total spectral
line energy '
fmn absorption oscillation strength
€m>’ &n statistical weight of upper and lower state
8o statistical weight of ground state
h Planck'sc 6n stant
k Boltzman's constant
Lk Lorentz broé.dening spectral line profile
2, orbital quantum number of state o
M g - molecular weight of gas
Msn atomic weight of Cs seed
m, electron mass
Ng number density of gas barticles
Nm number density of Cs atoms at upper level
NSn number densityA of neutral Cs atoms
Y pressure

—
[ e]



o

opt

’;UI';UQOmO._;O_éO

ol &
ol AU ) )
.-:‘N|

optical cross section
Planck function
emission coefficient
defined by eq. (8)
integrated intensity
radius

universal gas constant

classical radius of electron

square of classical electron radius of states i and f
mole fraction of neutral Cs atoms
temperature

brightness temperature

true temperature

photomultiplier tube voltage output
spectral line width at half height

axial position downstream of nozzle exit
axis perpendicular to x

partition function of Cs atom (=2)
emission coefficient

wavelength at line center

effective wavelength of pyrometer
bandwidth

volumetric absorption coefficient
transmittance

collisional broadening halfwidth in wave numbers

19
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