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TRACER MOLECULE SPECTROSCOPY APPLIED TO TURBULENT REACT( LOWS*
Clayton LaPointe™

and
Philip €. Maite?
Gas Dynamics Laboratories
Department of Aerospace Engineering

The University of Michigan
Ann Arbor, Mlchigan

Abstract

The development of an experimental technique
employlngy gaseous hydrogen fluoride as a tracer
molecule, spectrally active in the infrared, to de-
tect mixing rates and temperatures in turbulentand
reacting flows is presented. Several Initial inves-
tigations were undertaken. Subsonic air jeis in-
jected with hydrogen fluoride tracer were examin-
ed. Concentration profiles and mixing layer
widths were obtained for coid, transonic, coaxially
mixing jets of hvdrogen with air and nitrogen with
air. Ultimately the technique is to be applied to
investigations of supersontc mixing and combustion.
Supersonic combustion of hydrogen and air in a
free coaxially mixing jot system has been obtained
using a high pressure three phase arc heater to
preheat the air, Preliminary temperature and
mixing rate determinatlons using hydrogen fluoride
speciroscopy and schlieren-photography are pre-
sented,

Nomenclature
8, spectral absorptance
A area
b Lorentz half width

' BV(T) Planck black body function

{(J, T} state population factor

F function defined by Eq. (11)

glv - ¥") monochromator slit function

epectral radiance

rotational quantum number (lower state)
absorpticn coefflcient

egullibrium constant

optical path coordlnate

optical rith iength

molecular weight

ZH P ~RF L

Mach aumber

] partial pressure

Py effective broadening pressure

T radial coordinate

Ro universal gas constant

R jet radlus :

] gpectral line strength .

T temperature

w mass flow rate

w equivalent width of spectral line

X non-homogeneous optical depth {Eg. (12))

¥ perpendicular distance from jet ¢center-
line {o optical path *

a, . broadening effectiveness of specles

¥ ratio of specific heats

P fluigd denslty

v wavenumber

Ay slit width

Subscripts

e reference state

HF hydrogen flueride moncmer

HFV potymerized hydrogen fluoride vapor

m spectrai line center

° reference state

t total

TG inner jet test gas

Superscripts

(M measured quantity .

o incident

1. Introduction

The need for noninterfering diagnostic teche
niques to investigate flows with compressible

“work performed under Contract F33615-67-C-1122, Air Force Aero Propuxélon Laboratory,

Wright Field, Chio,

*Presently with the Scientific Research Staff, Ford Motor Company, Dearborn, Mithigan.
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turbulent mixi. d combustion is critical. Em-
ployment of immersed probes (Chemical samplers,
pitot tubes, thermocouples, hot wires) may be
tmpossitle, difficult or ambiguous in compres-
sible and reacting flows, Flow field modification
due 10 the probe’s presence in supersonic flows is
extensive, Chemical composition is altered by the
probe's surface catalytic effect. As incicated by
Cohen and Guilel, the determination of high tem-
peratures, such as those encountersd in 2
hydrogen-oxygen flame, can be accomplished only
by optical means. Spectroscaopy offers an impor-
tant method of determining chemical composition
and thermodynamic state of a flow system ina
noninterfering manner. .

The modification of fluctuation fields by phys-

* lecal probes is alse a serious consideration in soroe

ailuations. For example, consider the enhance-
ment of turbutent mixing in flows with combustion,
Eschenroeder? kas shown that turbulence is inten-
sified by chemical heat release and Eschenrpeder
and Chen? have subsequently shown that eddy dif-
Iusivity ts substantially increased. Their results
depend on the phase relation between density flue-
tuations and chemical heat release (also expres-
sible ag a phase lag between density and pressure
fluctuations) and in final form depend directly on
{p'/p}. The concept of pressure -density phase
coupling has been extended to the hydrogen-oxygen
reaction in 2 mixing [ayer by Malted, It appears
that the correlation between density and pressure
fluctuations may be a controlling factor in the
chemical jntensification of turbulence. Receat ex=
perimental studies by Glass” demonstrated the
controlling effect of acoustle feedback on the
sgpreading rate of underexpanded jets.

A neninterfering infrared spectroscopic tech-
nlque using hydrogen fluoride as a tracer motecule
has been designed, build, and tested at The Univer-
sity of Michigan Gas Dynamics Laboratories. The
technique is well-suited for application to fuel -air
mixing situations, With measurements of absorp-
tion and emission of radiant energy from a free
mixing jet system it is possible to determine the
temperature and spatial extent of the fivid which
has been tagged with the spectrally a¢tlve hydro-
gen fluoride tracer.

Hydrogen flucride was chosen a5 the tracer
gas f{or a number of reasons. U is a strong ab-
sorber in its fundamental vibration-rotation band
centered at 2.5p. The R-branch {Fig. 1) of this
band extends into spectral regions devoid of atmos-
pheric Interference by €Oz and H20, which are
also common combustion products. The spectral
tine spacing 18 such that a singie line may be eas-
ily isolated with monochromators of moderate
resolutlon, Spectral line strengths and widths are
known. Finally, lts strong chemical bond aljows
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Fig. 1. HF Fundamental Vibration-Rotatlon Ab- '

sorpiion Band {R and P Branches). Speciral Loca-

tlon of Water and Carbon Dioxlde Absorption Bande
indicated.

lts use at high temperature.

Thig report, which Is a summary of Ref. 6 and
7, presents a description of the experlmental teche i
nique and results of investigations wherein hydro~ !
gen fluoride Lufrared absorption speciroscopy was
used to obtaln concentration profiles and tempera-
tures In free submerged air jets injected with !
hydrogen fluoride tracer., Also, free, coaxially .
mixing streams of hydrogen and nitrogen with air
have been examined. The data have been obiained
in the subsonic and transonic regimes, Further-
more, supersonic combustion of a submerged jet
has been gbtained employing central injection of
fuel {Hy) along with the hydrogen fluoride tracer
ino the arc heated air. These tests lndicate that
absorption and emisston hydrogen flucride spec~
troscopy can be utilized to obtain temperature and
densiiy in reacting supersonic flows. Ignition and
reaction times can then be inferred.

II. Mathematical Formulation o

Consider a cyllndrically symmetrie, non-
homogeneous medlum upon which radiation, 1,9, s :
directed as shown in Fig. 2. The medium is char- i
acterized by phenomenclogleal emlssion and ab- 1
sorption coefficients which are related to molecular
and thermodynamic properties of its constttuents.
The spectral radiance emerging from the boundary
nearest the obseryer 18 then glven by the radiatlve
trans{er equatlon

*[ e B¢ ° dt )
(1}

In this formation, the coagitlon of focal
thermodynamic equilibzium has been lmposed by
the use of Kirchhoff's law relating the emission
and absorption coefficienta to the Planck function,
B .

v

Pure Absorption

For gases at low temperatures, B ls small
and the pet relative logs of energy experienced by
the incldent beam ls sitmply
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In most infrared applications, the detecting
instrument does not possess sufficient resolution
te measure an uwndistorted llne coptour. The
measured absorptance, 3, Is related to the actual
absorptance by means of the monochromator's slit
function, glv - v},

el MY tde
O g(v-v)av dv (3}
Here, the slit function ls definied such that
g0} =1 and fg(y - '} dv = &p, the spectral slit
width. T1f the spectral line width, b, is much
smaller than &y, then &, acts llke a delta funce
tion situated at the line position, pp,. Thus, for
an isglated line,

b, by = gly - vm)fnv' av 1))
from which it follows that

Wffa_vdv=fay'dv‘ﬁw‘ (5

That is, the area encompassed by the measured
absorplance profile equals the area under the ac~
tual absorptance profile. This area 18 termed the

e e TR

A = o
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equivalent width of the line, : onochromators
with equal sized exit and entra... . slits, gly - vy
is very nearly a triangle. Thus W may be cbtained
from a measurement of the peak absorptance, a_.;,
and a calfbration of Av versus mechanical slit

“width, i.e. W = a3, dv.

To relate W to the thermodynamic and molecy-
tar conditions at a point along the submerged op-
tical path, the actual line profile, ky, and the
mechanisms of line broadening must be taken into
account. At moderate pressurey and temperatures
and Ln the infrared portion of the spectrum, colli-
sion broadening is the major broadening mechane
ism. It is described by the Lorentz dispersion
contour”,

k=3 L] ®
v #b2+(v—v )2
m

S=fkvdv , n

is the line strength.

where

Combining Eq. (2}, (5), and (6} and perfolming
the integration assuming a homogeneous isothermal
path leads to the familiar Ladenburg-Reichel
curve of growth,

W=2zbx e [J () - 15, 0x1) L. (@)

“for which there are the linear {weak line) and

square root (strong 1ine) approximations;

W = pSL, X< 1))
and .

W=2VopSL (x> 1) oy

regpectively, la the abave x =pSL/2sbaad J_, J

are Bessel functions of the first and second otder.
The awkwardness of Eq. (8) has lead {0 a number

of simplified analytic approximatigns®* to it even

in this homogeneous case., The complete lntegra-
tion of the corresponding non-homoegeneous equa- i
tions to obiain a generalized curve of growth is not
possible if b = bix). Simmons?? has suggested the
following approximation for the non-homogeneous,
non~igothermal Loremz contour.

b
T TR (i)
I:ne + {y - vm)

where F is a function which accounts for the varla«
tion of b{x) in the Lorentz contour: F =blx)/be in -
the gtrong line limit and ¥ = 1 in the weak tine lmig,
Here, be i8 the Lorentz hall-widih at some refer-
ence state. With thls assumed contour, an approxi=
mate non-homogeneous Ladenburg-Relche (modi-
fied L-R} curve of growth {s obtainable and {8
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identical to Eq.( ith b replaced by be and x
replaced by

1
st | pSFar (12)
X, 7% e[

The weak and the strong line approximations
may be readily extended to the non-homogeneous
case without restricting the b variation.

L
w:f pSat (x, << 1) 13
]
W2 :
LA :f bpSdt by, >> 1) 14
0

Note tht the weak line approximation is independ-
ent of line width. I the line width is assumed
constant along the path, the expornential in Eg, (2)
may be expanded In series, the order of lntegra-
tien reversed in Eq. (5) and the resulting expres-
sion for W integrated term by term'. The resuit,
to ftrst order, is a nearly-weak curve of growth
{or constant b.

L
w
]PS‘“: 5. 078
h - 1-Tpew
i 15
(0<xL§].5)

In Fig. 3, the weak, nearly-weak and strong line
approximations arce compared to the Ladenburg-
Reiche curve of growth, The weak and strong line
approximations may be applied directly 1o the
determinationof density and temperature in their
respective regions of applicability, The nearly-
weak and the modified L-R form require some
prior estlmate of be, In practice, by was evalu-
ated at the calculated centerline conditions.

LADEHOURG- REVEKE

$TRONG LINE

NEARLY WEAK LINE

e z'GLi'. .f pired
Flg. 3. Comparison of Line Growth
Approximations.

Radizl Profiles

We wish to infer radial temperature and den-
sity distributions [rom the radizl profiles of the
spectroscopic quantities which give rise to the
measured path-integrated equivalent width. To do
50, one must first perform an Abel transforma-
tiond3 of the transverse variation of W. Symbol-
ically, we have the following correspondences:

Mode of

Growth Enput Transform
Weak wiy) = pln)sind
Nearly-weak _svt(ll'?s = prSin
1- —‘b-'—'W(Y)
e
wiiy)
Strong S = blrip(risir)
L
Modified -l =1
L_Re wy 2o, ‘0[ pEFdL 2Fhep{r)S{F}F{r)

The latter case requires the use of a plot of the
L-R function (Eq. (8)) to obtain

Li{y)
1
EI psFdi
- Q

from the measured W(y).

Inspection of the table shows that there are a
number of ways to iaterpret the transformed data
depending on the mode of line growth. I b 13
accurately known, the modified L-R curve of
growth can generaily be used to determine the
mode. [t is usually the case, however, that
b <X ap and therefore the line must be strongly
absorbed to be detected at ail. In that case, the
measurement is of the product, ¥rip{r}S(r). The
radial variation of this product is due to the varia-
tion of temperature, density (partial pressure) of
the absorbing species and io some extent the den-
gity of species colliding with the absorbing species,
Several independent measurements must therefore
be made [n order to solve for each unknown: pir),
poltl, and T4 This may be accompiished by
meaguring W(y) for several individual speetral
lines. There may also be conditions under which
the radial variation of bpS is due mainly te the
varlation of one parameter, such as p{r), and a

" considerable simplification in data interpretation
results.

in the data peduction process, the Abel inver~
sion technique of Nestor and Olsenld was programe
ed for digltal computation, Where only centertine
values are needed, a graphical technlque‘s miy be

e e e e e~ R a - m =t mammm o mesemea

employed with good accuracy.

The following section describes the tempera-

* ture and pressure dependence of S and b for colli-

alon broadened rotation-vibration llnes arising
from hydrogen fluoride abserption.

Line Strength and Lorentz Line Width

The ¢computation of a diatomic molecule's
rotation-vibration line strength in terms of mo-
lecular properties involves the solution of the
quantum mechanical wave equation employing an
appropriate internuclear potential. Once the wave
functions are ebtained, they, along with an experi-
mentally determined dipole moment expansion,
are used to form the dipole moment matrix. The
dipole moment matrix Is, in turn, related to the
line strength by means of the Einstein transition
probabilities, or alternatively, the oscillator
strength. These operations are outlined by
Perner? for general diatomie transitions. They
have been performed, for the HF meolecule, by
Meredith and Keat’ ® who employed the HF data of
Lovell and Hergct1 and two assumed molecular
models: the anharmonic oscillator and the Morse
oscillator. The line strengths are calculated for
temperatures betwe en 2739K and 3000°K for sev-
eral vibrational sands including the fundamental.
These calculations have been extended to lower
temperatures for the R branch of the hydrogen
fluoride fundamental vibration-rotation band
assuming ho phage change (dilute gas)°. The var-
tation of line streagth with temperature is shown .
la Flg. 4.
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Fig. 4. Hydrogen Fluoride Line Strength versusg

Temperature, Fundamental Vibration-Rotation

Band, R-Branch Rofatlonal Quantum Number a
Parameter,

The classical billtard ball { on model
leads {o the following expression 1wr self-broadened
Lorentz line width8,

T
-y B 9
b=b 5 = {16}
]
where the subscript signifies a reference state. A
better approximation at low temperature is the
resonant dipole-billiard ball (RDBB) collision model
of Benedict, et all%. Simmons18 has applied the
RDBB model to the HF molecule and obtains an em-
pirical expression for the Lorentz line width for
multl-specie broadening: *

Pe [}
b<byp YT 15T am
where
Pe=) &P, effective broadenlhg pressure

as =broadening effectiveness of species, &

and £{J, T) is a state population factor. The tem®
perature dependence of b/p, for HF fundamental
R-branch transitions 1s ghown in Fig. 5.
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Fig. § Collislon Brondened Spestent Line Halfs

Width for HF Molecules in the RDBB Approxima-

tion; Rotational Quantum Number (R-branch) a
Parameter.

Since bpS, for a partlcular line, is quadratic
in p in the self-broadened case, the line ratio
technigue may be used to determine, T(r}. For
this purpose, plots (Flg, 6) of b{TIE(D)/0{J"8{F")
a8 & functlon of T may be constructed from
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Fig. §. HF Line Width-Strength Raties, R-Branch
Rotational Quantum Number a Parameter.

Fig. 4 and 5. Here J and J' refer to twolines
characterized by their lower state rotational quan-
tum numbers., Knowing T, the HF partial pres-
sure may then be determined from

pz _ (bpS) measured

18)
b
? (TIS(T)

Pure Emission

tn hot reacting flows, induced and spontaneous
emlission will oceur. The emissive quantity which
is analogous to the quivalent width is the total line
radiance, F=Iy Ay, The mode of growth which is
znalogous to the weak line approximation is the 80-
called "thin gas" approximation, Although the
instrument resolution may still be such at &y >» b,
the radiance may still be detectable provided the
gas is suificlently hot, 1.e. By(T) is large. Inthls
approximation, the radiative transfer equation
leads to

(¥}

) «| poB 48 (as)

Abel transformation of this equation yields the
radial varlation of the product, pSBy and the line
ratlo technlque may be used to solve {or T{r) using
the line strengths reported earlier. Inorder to
determlae plr), an absolute ingtrument callbration
18 then required.

In the event that aelf-absorption is not neglig~
lble, mora elaborate technigues {nvolving

measurements with and without inclident radlation,
1,%, may be employed®.

Ill. Experimenial Apparatus

The experimental set-up consists of an infra-
red spectrometer mounted on a servo-operated
spatial scanning platform. Exhausting vertically
through a hole in the platform Is a coaxial mixing
jet. A hydrogen fluoride Injection system supplles
either pure HF or HF mixed with ancther gas to the
center outiet of the coaxial mixing jet. The entire
system is remotely controlled.

Spectrometer Installation

A schematic of the spectrometer installatioa
and data gathering system is shown in Fig- 7. A
tungsten light source is focussed by an £/12 mirror
system onto the transverse median plane of the jet.
The emerging radiation is coliected by a similar,
but antisymmetric, mirror system and breught to
a focus, after filtering, on the entrance siitof a
Perkin-Elmer 98G monochromator. The spectrally
resolved radiation is detected by an uncooled PbS
cell, In absorption experiments, the radiation is
chopped (100 Hz) at the source. For emlission
measurements, the chopper Is located at the mono-
chremator's entrance slit. Translation of the op-
tical platform is in the y-direction of Fig. 2. Axia
scanning is accomplished manually by reposttioning
the platform between runs.

» A PAR 120 lock-in amplifier synchronously
Hetects the chopped radiation and displays it on
both an x-y and an x-t recerder. The x-t recorder
is used for wavelength scanning while the x-y re=-
corder 15 used for spatial scanning. Also display-
ed is the totzl source radiance. To further reduce
noise In supersonic combustion experiments em-
rloying the arc heater, the PbS ce]l signal is pre~
amplified at the morochromalor.

Fig. 7. Block Diagram of Optical Instrumentation.

- - e——-

Mixing Jets

Two coaxial mixing jet systems have been
employed: cold subsonic and arc-heated super-
sonic. Both exhaust verticaily into still air at
atmospherlc conditions. Figure 8 illustrates the

subsonic mixing nozzle and flow field, The outer
jet is room temperature air suppiied by compres=-
sors. The inner jet is hydrogen fluoride, alone or
premixed with either nitrogen or hydrogen. The
mixing layer reglon ts the reglton extending from
the exit plane to the tip of the wedge-shaped poten-
tial annulua.

Fig. 8. Coaxiat Free Jet Mixing Configuration for
Absorption Experiments.

To apply the hydrogen fluoride tracer mole-
cule technigue to supersonle turbulent mixing with
combustion, the previously described experiment-
al setup, modified for emission spectroscopy, is
utilized with a high pressure three phase AC arc
heater system typically generating gas tempera~
tures of 1500°K to 3000CK at pressures of 60 to
200 psig. A complete descriptlon of the arc heat-
er and ita performance is given by Geister1%. The
exit nozzle of the arce heater is of plug type. The
supersonic plug nozzle, described in Ref. 7, fea-
tures a water c¢ooled centerbody where the fuel-
hydrogen fluoride mixture can be lnjected into the
hot arc-heated supersontc air stream. Expansion
of the arc heated zir to ambient pressure is pri-
marily accomplished by a Prandil Meyer expan-
sion,

HF Injection

Rydrogen fluoride is shipped In steel cylinders
a8 a liquid under its own vapor pressure which is
approximately one atmosphere at room tempera-
ture. In order to pump the HF gas, the cylinder
is immersed in a temperature controlied water
bath. Anupper limit {a tmposed upon the pres-
sure attainable by this means because a new

‘ftuoride is important.

cylinder will become 1iquld~1u(.‘ pproximately
140°F. The vapor pressure associated with this
temperature 18 44 psia. Because of this low max-
imum driving pressure, care had to be taken to
minimize the pressure drop throughout the injection
piping. Monel pipe (0.302 in. I.D.) was used as
much as pessible, A small pressure drop orifice
is used to measure HF flow rate”. Pressures and
temperatures were measured by gold-plated dia-
phragm {ransducers and Inconel-clad thermo-
couples, respectively.

Premixing of the hydrogen fluoride and test gas
occurs at an ejector located several feet upstream
from the nozzle exit. The center jet of the ejector,
which consists of test gas, is expanded to low pres-
sure supersonic flow, so that it can mix with the
low pressure gaseous hydrogen fluoride. This mix-
ture travels through 3 ft of 3/8 in. thin walled tube
before mixing with the air jets for the cold experi-
ments, and through approximately 2 {t of , 30 in.
pipe for the combustion experiments 1o insure
fu)ly developed pipe flow at the nozzle exit. To
utilize the tracer nature of hydrogen fiuoride its
partial pressure in the inner jet ls kept below s%.
Heating tapes are wrapped around the separate HF
and test gas lines to help prevent HF condensdtion.

For subsonic jeis the nozzle exit pressure is
equal to atmospheric pressure; the necessary flow
parameters at the nozzle exit are calculable. By
assuming that the hydrogen fluoride is a perfectgas
and that it Is mixed unifermly with the test gas, the
molecular welght of the inner jet is

w
m = (20
*urv | Y1g S
"yrv 16

The inner jet Mach number is determined from the
following expression of conservation of mass ag~
suming no heat transfer

¥urv 16

(Wpow * Yot
HFV TG meey Drg

2,2 '
- A 2 y=-1,,2
’—’P-~—ROT Mgt v (21)

where the area, A, {8 that of the inside of the 3/8

" in. laner jet infector tube modified for the actual

velocity profile, The temperature, density, -and
velocity of the inner jet are then easily determin-
able.

Knowledge of the vapor state of the hydrogen
It is reported by Simons<?
that hydrogen fluoride vapor 18 in a polymerized
state; for thermodynamlic purpases the HF
monomer may ve conaldered in equllibrium with

KXY
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its hexomer, &
6HF = HGFS

Simons résults are based on vapor density meas-
urements; the apparent molecular weight of the
polymerizéd “'periect gas™ can be determined from
the equilibrivm censtant,

49,000

log g K=jgmgp -43.145 . (22)

where the equillbrium constant, X, is related to
monomer partial pressure, pyy, by

Pyp =
5 1o
Kp =——Aiz (23}

e

and p =pHF + PHgFg the total vapor pressure.

" The temperature, '16, is expressed in 2K and the
pressure and reaction rate constant are expressed
in mitlimeters of mercury. The molecular weight
of the vapor is determined using Eq. (22) and (23),
with the assumption that the individual species HF
and HgFg are both perfect gases; i. e,

P
. HE
Mygpy =20 (6 -5 —F] (28

The melecddar weight of the monomer gas HF is 20,

The equilibrium HF monomer partial pressure
is shown in Fig, 9 plotted versus vapor pressure
{for the range of prescat operating temperatures.
For typical conditions of hydrogen fluoride vapor
in the heated cylinder, i.e. T =1009F andP=25
psia, the fractional monomer partial pressure is
0. 65 and the vapor molecular weight is 55. Once
the hydrogen flueride is mixed with the nitrogen or
hydrogen gasy its partial pressure is reduced to a
few percent.  Thus, if residence times are suffi-
cient, the hydrogen fluoride should exist mainly as
monomer HF with a2 molecular weight of 20 at the
nozzle exit.

Speciroscopic measurement of the HF monom-
er partial pressure in the potential cores of the
hydrogen and nitrogen cold jets showed that the
hydrogen fluoride was chemically frozen at its
initial unmixed composition. Only in the wake
formed from the tube boundary layer was the HF
partial pressure somewhat higher — Indicating
chemical relaxation due to the longer residence
times.  However, the inclusion of the forelgn gas
did prevent the hydrogen fluoride from cordensing
at the low temperatures (below its atinospherie
boiling point of 67F) encountered in the flow. For
combustion experiments the high temperatures
should ¢liminate any uncertainty concerning the
hydrogen fluoride vapor state —the hydrogen
fluoride exists as a monomer. However, for

Fig. 9. Hydrogen Fluoride Equilibrium Vapor State.

further cold jet investigaticns it is planned to con~
struct a heated stagnation chamber downstream of
the ejector sufficient for relaxation of hydrogen
{luoride to a monomer composition, before eXparis
sion and subsequent mixing.

V. Experimenatal Results

HF-Air Subsonic Mixing Studies

To test the adeguacy of the experimental meth-
od, absorption spectra were obtained with HF cen-
trally injected into a cold subsonic air jet. Trange
verse equivalent width profiles of the first five R-
branch lines were obtained at an axial position
downstream of the potential region. The experl-
mental conditions are summarized In Table 1. The

Table 1. Experimental Conditions

HF AlIR
1.04 .92
0. 159

Mass Flow Rate
Initial Jet Radius

Stagnation
Temperature

gm/sec
1.46 cm
300 242 %
Static Temperature 27¢ 275 °k
Exit Mach Number 0.36 0.33 :
Exit Velocelty Laxiot Lix1od cm/sec

Axial Location of
Transverse Scan
In Terms of Iaitlal
Radius

37 L3

untransformed transverse data 1s shown In Fig. 10,

i eah
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Flg. 10. 'Fransverse Profiles of W 2/4.
Since the spectral resolution is such that only
strongly absorbed lines are detectable, the appro-
prlate Abel transformation program input is
W2(y)/d. The corresponding program output is
bpS, the radial variation of the line strength-
collislon width product which, for smabll tempera=~
ture variation, is proportional {o pyp“. The
square root of this quantity is normalized to its
centerline value and shown in Fig. 11. The reason
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Flg. 11, Radial Yariation of HF Partial Pressure
Normallzed to Centerline Value (k = 20¢/R).

it is plotted on semi-log paper versus the radial
index squared is to clearly indicate its gaussian
behavior. Note that all curves exhibit gausslan
radial depedence between the centerline and the
point where bpS Is approximately 20% of the

centerline value. Beyond this f. another gaus-
sian, of different slope, could be fitted. This be-
havior is analopous to that reported by Becker

et alZl for the concentration field of smoke par-
ticles in a2 subsonic air jet. Indeed, these curves
all reflect (some better than others) the radial var-
iation of HF conceniration. To see this, the tem-
perature must first be obtained by the line ratio
technique.

The ratio of the two most widely separated
(J =4, J' =0) line strength-width products provides
the most accurate temperature measurement. Thls
ratio was obtained, point-by-point, as a function of
radius and the curve ¢of Fig. § used to determlne
T(r). The resulting temperature distribution isg
plotted In Fig. 12. Note the increasing scatter,

TEMPERATUNE PR
H

RAADIAL DDEX, %

Fig. 12. Radial Variation of Temperature Calcu-
lated from J =4, J* = 0 Strength-Width Product
Ratio (k =20r/R, R = 3.39 cm).

due to decreasingly accurate measurement of both
numerator and denominator, as large radius is
approached. Near the center of the jet, however
the temperature is constant at gpproximately 2'!6516
This temperalure is, within a purely absorptive
measurement's degree of accuracy, equal to the
static temperature of the surrounding air jet, 1t -
indicates that the HF has come into thermal equl-
librium with the much greater mass of alr. It alse
indicates that temperature does not vary signifi-
cantly, from an absorption peint-of -view, in the
radial direction. The entire variation of bpS Is
therefore due to the variation of HF number den-
sity or, equivalently, partial pressure.

Khowing temperature, one Is now in a posltion
to calculate Nir) and plr} in the billiard-ball colli=
sion approximation. The curves of Fig. 1i may
be formally identified with N(r)/N(Q) or p(r)/p(®)
provided the billiard-ball collision approximation
is valid. The centeriine values of N and p are
compiled for the lines J =1, 2, 3,4 in Table 2.

o)
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Table 2. H( .terline Number Density and
Partial Pressure

I N@) (em™ pl0) (atm)
1 1.81 x 10'8 L0650
2 1.87 x 101% L0678
3 1.79 x 10*2 . 0649
4 1.61 x 10'% . 0656

Mixing Layer Studies; Hg, Ng, Alr

In another series of experiments inner jets of
nitrogen and hydrogen, premixed with tracer a-
mounts of hydrogen fluoride, have been examined
while coaxiatly mixing with an outer air jet. Atten-
tion was centered ¢n the mixing layer between the
Llaner and puter jet cores. The growth rate of mix«
ing layers between parallel streams and in the
initial regions of submerged jets is influenced not
onty by streamwise velocity differences and den~
sity levels but 2lso by free stream turbulence and
the wake formed [rom the initial boundary layera.
Also, the effect of molecular weight may be im-
portant in the mixing and combustion of air with
low molecular weight (Hg) fuel.

Nondimensional HF partizl pressure profiles
are presented in Fig. 13 and 14 for mixing layers
petween nitrogen and air jets; Fig. 15 and 16 show
mixing beiween hydrogen and air jets. The Mach
numbers of the nitrogen and hydrogen jets were
varled from 0. 3 to 0. 9, while the outer alr jet
Mach number was varied from 0.3 to 1.1. The
iight beam was centered 3. 78 injector radii
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Flg. 13. Coaxlal Mixing Between Inner Np-HF
.o Jet and Quier Air Jet.

downstream of the injector exii. The radius of the
injector tube was 0.156 in. Experimentally oh-
tained path-integrated absorptances were Abel in-
verted using the nearly-weak and the strong llne
approximation where applicable. The Lorentz
half-width was estimated from temperature znd
flow rate measurements of the hydrogen fluoride
and test gas. Ideally, number density ratio, HF
monomer/test gas, should be constant across the
mixing layer. The HF concentration profiles are
assumed equal to corresponding profiles of the test
gas with which the HF |3 premixed because the
turbulent motions are assumed to make no distine-
tion between gas type and molecular diffusion is
negligible.

The concentration profiles all exhibit the game
general shape; throughout most of the mixing layer
the decrease in partial pressure is linear. As

_shown by Abramovich2? one expects 2 linear de-
¢rease in concentration through subsonic mixing
layers. Near the outer edge of the mixing layer a
“more gradual approach to the outer air conditions
i noted. Concentration profiles obtalned at like
_flow conditlons were slightly higher for the J =0
HF spectral line than for the J =4 line. This is an

effect probably resutting from mlnor data reduction-

or spectroscopic approximations.

The inner jet core is taken to extend from the
jet system centerline to the polnt where the partial

pressure profile begings to drop-off rapidly, indicat-

ing the start of the mixing layer. Some scatter is
seen in the values of HF partlal pressure meag-

ured in the core. The maximum value of HF partial

pressure generally existed at the point which 1s
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Fig. 14. Coaxial Mixing Between lnner Ny-HF
Jet and Quier Alr Jet.
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Flg. 15. Coaxial Mixing Between Inner Ha-HF
Jet and Outer Air Jet.

taken to be the core edge. This value gave the
best results for nondimensionalization of the pro-
files. The peax .a the profiles, at the core edge,
is probably due to increased HF monomer result«
ing irom longer residence times in the boundary
layer of inner jet. B
Mixing layer widths are plotted versus non-
dimensional mass flux difference In Fig. 17. The
data is taken from Fig. 13 to 16 as well as from
additional experiments. In general, the results
show increased mixing layer width for increaged
mass flux difference, and decreased mixing at In-
creased Mach number. The mixing layer widths
are taken to be the distance from the peak partlal
pressure to the point where the partial pressure is
2% of Its peak value. The widths obtained are
mueh larger than those predicted by mixing layer
growth rate formulas. Thus, it appears that {ree
stream turbulence and the wake formed from the
Initial boundary tayers dominate the mixing. Only

- at large values of nondlmensional veiocity differ-

ence do the results approach values predicted ug-
ing the growth rate expreaslons {corrected for
density) given by Abramovich“®, Furthermore,

" the mixing layer widths are {falrly insensitive to

gas type,

Since the selection of the "correct” mixing
layer width Is sensitive to the shape of the HF
partial pressure profile in the vicinity of the inner
and outer jet cores, the partial pressure half-
radius, being more casily gelected, was dotere
mined. The hali-radius, defined as the point
where pyy I8 equal to one-half its peak value ig
plotted in Flg. 13 versus a mixing parameter that
corrects the atandard velocity difference formula
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Fig. 16. Coaxjal Mixing Between Inner Hg-HF
Jet and Quter Alr Jet.
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Fig. 17. Mixing Layer Wlitha Between [nner Jets
of Nitrogen and Hydrogen Mixing with an Cuter
Alr Jet,

for the difference In stream densities. A linear
inerease with mlxing parameter ls lndicated. The
half-radii of the hydrogen mixing layers are
larger than those for the nitrogen jets, Thus, for
gimilar mixing layer widths, the areal extent of
mixed hydrogen and alr |8 greater than that for
mixing of nitrogen and air. For zero velocity dif-
ference, the mixing layer half-radil appear to
orlginate from the radius of the inner jet Lnjector
tube a3 {ntultively expected, Half-racli for mix-
ing layers of submerged Nz and Hj jets are also
shown; the values are consistent with those of mix«
ing layers between coflowing jets.
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