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INFRARED DETECTION OF HF TRACER GAS IN INERT AND COMBUSTING FLOWS*

P.C. Malte** and J. A. Nicholls
Aerospace Engineering, The University of Michigan
Ann Arbor, Michigan

Abstract

A noninterferring diagnostic technique that
employs menomeric hydrogen fluoride, HF, as a
passive tracer gas has been developed. Infrared
absorption by HF is used to infer turbulent mixing
rates in inert and combusting flows. Dala are
presented on the turbulent diffusion of HF seeded
streams of air, heated air, Hg, and COg into an
outer coaxial air stream. Combustion of CoHg
and air in a free jet configuration has also heen
investigated with the HF tracer. In most of these
flow situations, the HF exhibited apparent rota-
tional nonequilibrium. Development of the experi-
mental technique and methods for data acquisition
and analysis are discussed.

1. Introduction

Infrared absorption by trace amounts of HF
offers a new and quantitative means of gasenus
flow "visualization”. The optical HF diagnostic
technique is applicable to experimental research
on turbulent mixing phenomena in both inert and
combusting flows. For instance, turbulent mixing
between two streams can be "mapped"” without flow
distortion due to physical probes. Likewise,
turbulent diffusion in combustion flows, such as
the primary zone of a gas turbine combustor liner,
can be studied without the use of water cooled
sampling probes.

The general experimental technique, as
applied to cylindrically symmetric flows, is sum-
marized below. Trace amounis {typically 3 molar
per cent) of monomeric hydrogen fluoride, HF,
are injected into a sclected gas stream. Down-
stream, in a resulting, turbulently mixing flow,
either inert or combusting, tracer concentrations
are determined by spectroscopic observation of
the R-branch of the fundamental vibration-rotation
band of the HF spectrum. Transversc optical
scans of the gas jet are made and path integrated
absorptances at the peak of selected isolated HF
spectral lines measured. The situation is illus-
trated in Fig. 1. These data are numerically

Abel inverted and radial distributions of tracer
concentrations are determined. The required
computation technique cmploys a generalized ex-
tension of the Ladenburg—Reichol curve-of -growth.
The methoed is applicable to nonhomogencous flows
with foreign gas broadening of "weak™ fo "nearly-
strong’ speelral line absorptances,

Hydrogen fluoride has been chosen as the
tracer gas for a number of reasons, It is a strong
absorber in its fundamental vibration-rotation band
centered at 2, 5. The R-branch of this hand, as
shown in Fig. 2, extends into spectral regions
devoid ol interference by HoO and Oy, as well as
most hydrocarbons and olher combustion productsd
i.¢., CO, NO, cte. Strong bonding between hydro-
gen and fivorine atoms allows its use at high
temperature.  The spectral line spacing is such
that a single lite may be easily isolated with meno-
chromators of moderate resolution.  Finally, spec-
tral line strenpgths and half-widths of HE are fairly
well know.

The chemical and thermodynamic properties
of hydrogen fluoride make it somewhal less desir-
able o use as a tracer gas. To ensure tracer
inertness, the following chemical characteristics
of hydrogen fluoride must be considered and their
effeets minimized: its strong affinily for liguid
water, adherence to and reaction with melal sur-
faces, and moleeular polymerization of the gas at
conditions near its saturated vapor state. Mono-
mer thermodynamic non-ideality is additionally
possible due to van der Waals forces3. Further-
more, the slow relaxation of gasecus HF to
thermodynamic equilibrium with resultant rota-
tional population distributions differing from
Maxwell-Boltzman statistics is indicated as pos-
sible for the experiment ation reported herein.

The detailed development of the HF diagnostic
technique is given in Rel. 4,5,6, and 7. Tatest
nethods concerning experimental technique and
data acquisilion and analysis are given in this pre-
sentation. Most recent data have heen obtained to
verify the preciseness of the HF technique.

*The research reported here constitutes, in part, the Ph. D). thesis of P. C. Malte who was sup-
ported by a NASA and an NS¥ traineeship. Suppert was alse received from the university's Institute

for Environmental Quality.

Farlier work and much of the experimental apparatus were derived from

contracted work with the Aero Propulsion Laboratory, Wright-Patterson Air Force Basce, Ohio.

**Advanced Technology Staff, Rohr Corporation, Chula Vista, California.



Results are presented for non-hurnine free cn-
axial jet mixing experiments wherein 11 seeded
jets of awr, heated atr, Hy, and COg mix wilh a
uniform outer stream of air. For this flow con-
fizuration, both the centertine velocity and outer
strows velocity are approsimately 10 v ers/see,

Conzervaiean Of HE mases oW b L jue oioms
is estabitsned und radial tracer conevnlraiion pro-
fites ore covpared with koown mixioy tnoer and

jet similarity profiles. The degree of thermody-
namic nooequilibrium of the HF is discussed.

A flame experiment with an acetylene-air-HF
mixture substituted for the inner jet, and still us-
ing the equal velocity outer air jet, was also con-
ducted. The combustible mixture was spark ig-
nited and the flame "stabilized'™ at the ha<o of the
inmer jet tube wall. Measurements of the turbu-
lent spread of the HF tracer, flame temperature
distrilwitions, and HF rotational thermndinamic
statc are discussed.

1. Optical Method ~

Couligurction and Apparatus

The experimental configuration necessary for
the optical absorption measurements is illustrated
schematically in Fig. 1. The nonhomogeneous
circular jet is seeded with apectrally active tracer
gas. Radiant energy, Iuo, ig directed from the
light scurce, attenuated by the gas jet, and col-
lected and measured at the monochromator. Ab-
sorption of radiant energy by the HF tracer at
discrete wavelengths near 2.5 (also expressible
in wave numbers as 4000 ¢cm-1) is shown in Fig.
2*¥. The amount of absorption at the center of
each isolated spectral line is related to the tracer
concentration and iis molecular state in the gas
jet. 1In this case, it must be noted that effectsare
integrated along the nonhomogeneous active optical
path delimited by the gas jet boundaries.

Major optical components, as shown in Fig. 3,
include 4 {ungsten light source, 100 hz chopper,

- {/12 mirror system, and graling monochromator

(Perkin-Elmer Model 88G) with an uncooted lead
sulfide photoconductivity cell delector (Kodak
Ektron Type N). Tiese optical components are
mounted on a platform. Motorized movement of
the platform factlitates jet seanning. The height
of the optical platform relative to jet axial posi-
tion is set manually, Signal measurement, with
required electronic nstrumentation, follows
standard practices® and is illustrated in Fig. 4.
The primary component is a lock-in-amplifier
(PAR Model 120} for signal demodulation and

amplification. A move dorailed account of the
optical set-up and instrumeatation is given in
Rel. 6, : 3 )

Scetral line measuroments of emission of
rodiogt energy from hol coces are also obtained
Wile PLEE systeny. ino i oo the vhnpp{‘r is
phat cooneduedintely proveding the monochrontor
crivease slit,

Mathomatical Formulation

The radiative transfer equation is utilized to
mathematically describe the above optical arrange-
ment. The equalion includes absorption and emis-
sion coctficients which are related tothe molecular
and ther modyn'muc properties of the gas. Witk
reference to Fig, 1 and 3, the radiant energy, 1,
cruerging from the jel boundary nearest the
obvevs s {monochromator) is given by the radia-
tive trunsier equationgs 10 45

1. .
0
I =1%exp —ka af
v v v
0 .
L ¢
+f ka Bv exp __[ka d¢ d¢f (1)
0

o A

The gas is assumed to be in local thermodynamic
equilibrium with emission and absorption coeffi-
cients related by Kirchhoff's law®: 10, Eq. (1),
the term P is the partial pressure of the spectrally
active gas, v is the radiation frequency in wave
numbers, k, is the absorplion coefficient, By is
the Planck black body function, and £ is the dis-
tance along the optical path of total length L.

The second term on the right-hand side of
Eq. (1) represents the spontanecus emission of
radiant energy, Iye, while the loss of radiant
energy of the incident light beam is expressed by
the absorption. .

-1 L
a =1-%2—YC 1 exp -f Pk de] (2

1° . v

v 4]

For gases at low temperature, the Planck black
body function is small and consequently I, exhib-
Its o negligible value. At increased temperatur.,
one must measure both 1, (light source on) and
Ive {light source extinguished) in order to deter-

~mine the true absoxphon ap.

*For spectral line R(J), the HI‘ molocule, upon abqo:p*mn of radiant energy, undergoes a transi-
tion frem molecular vibrational ground siate {v =0 to the firet vibrational lovel (v = 13, Simultan-
cousty, the nwlecular redadon chavges foonn stabe J o 4 - 1.
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The Jimiting expressions for F are oblained since
the umiting values ol the eqmvalent widih, for
non-livinogencous medin, can also be obtnined us-
ing the standard unmodified Lorentz coutour,

Eq. (6). Furthermore, for values of yI, butween

0 and 5 (weak throuch intermediate strength ab-
sorptances) the Ladenburg-Reiche curve-~of-growth
can be closely appr O\mnted ‘by the following ex-
pression:

1+0.0701y

W =220, ¥, 170, 5884y, ;
0<y, <5 (19

Comparison of Eq. (9),
illustrated in Fig. 5.

(11}, {12), and (13) is

Experimental Procedure and Analysis

Ag indicated above, the experimental tech-
nique relies on the measurement of the transverse
distribution of aye. During experimentation, the
optical platform is positioned at the desired jet
axial location, and the monochromator signal is
"neaked" at the selected spectral line center, A
transverse scan of the peak absorptance is then
obtained by motorized optical platform movement,
as illustrated by Fig. 1. Usually absorption scans
" for several different R-branch HF spectral lines
are measured at each axial jet location. As will
be shown, this is required for the determination
of the molecular state of the tracer; necessary
information for the calculation of tracer concen-
tration from absorption measurements.

Tata analysis of the transverse distributions
of s "uc is initiated by digilizing recorded trans-
verse profiles. Typically, the half profile of aye
is divided into 20 zones. Zonal values are labeled
5'“. Corresponding values of equivalent width are
determined via Eq. (3). The slit width Ap, which
is a function of frequency, v, is determined by
previous monochromatar catibrafion. With initial
estimates for byy, via Eq. {7, usinyg lemperature
and partial pressure estimates, Eq. (12) is solved
to oblain the transverse distribution, yy,. Abel
inversion of the vy, distribution yields the radial
digital distribution of the integral of Eq. (9), i.e.
(PS)y.

With ben values cvaluated at the center of
each optical path, Ly, the following "universal"
relation is valid: :

F:'l- {14)

howledge of the HHF molecular state and the
gas kinetie temperature, together with (PS8 values,
yiclds a determination of tracer partial pressure
radial distribution. Egquation (7 is then uscd to
re-evaluate bep values, followed by a firstiieration
of tie above computation technique. Converoenee
ta 0. 1% aceuracy usnally oceurs in 3 to 4 iterations
for sen-burning flows. ¥or spectral lines of weak
and intermediate strengths uncertainties in spec-
tral line half-widths, the conditional validity of
Eg. (9), plus the effect of HF thermaodynamic non~
equilibrium exert a negligible to small effect on
the calculated values of {PS),.

For HF at kinetic temperatures less than
approximately 2000°K, the quantity PS depends

" solely on the number density of the lower guantum

state (Ng corresponding to the observed radialive

transition. The relation is -~
1re2
PS:———Z—Nﬁ_ fﬂu {1%)
me

The quanuty e /mc2 has a constant value of

8.83 x 10713 ¢ for HF, while fgy is the absorp-
tion oscillator strength. The parameter ¢y
possesses a different constant value for each spec-
tral line; values for HF R-branch gpectral lines
are given in Ref. 15,

In practice the total tracer number density, N,
at a selected position can be closely determined by
summing correspounding N¢ values for all observ-
able spectral lines in the R-branch o the funda-
mental band. However, for the invesdgations re-
ported herein the HF tracer usually exhibited
rotational population distributions according to
"rotational' temperature Ty. With knowledge of
rotational temperature Tj, the Maxwell-
Boltzmannl0 population distribution can be used to
obtain a measurement of total number density for
the condition that all molecules exist in the ground
vibrational state (implies tlat T < 2000°K for HF).
The rélation ts given as follows:

f_ﬂ__li-l_ (27 + D exp (- EJ/k TJ) 1)
N N~
E (23 + 1) exp (- EJ/k T
J=0
where Ej is the quantized rotational eneryy of
state J and k is the Boltzmann constant. As shown

in Ref. 4, Eq.
so that

{15) and (16) can then be combined

“-——“"5' (17

1.013 x 10

The parameter TS is only a function of rotational
temperature and rotational quantum number
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The rotational temperature is determined by
plottins {n[N¢/2J + 1] versus J(J + ) from data
obtained for at least two speetral line measure-
ments. The straight line slope is ealculated via
the following eqguation:

d 0[N, /25+ 1] -he B .
TUED T T, {18)
Equation (18) is derived using Eq. (15} and (16)
with the definition
Ej=he By J(T + 1) . (19)

where By is the rotational constant of the molecule,
h is the Planck constant, and ¢ is the speed of
light. ¥or complete thermodynamic vguiiibrium
Ty cquals the kinetic temperature T, a condition
that was ravely satisfied for the reported experi-
ments,

II. Tracer Preparation and the Flow System

In the current experimentation careful prepar-
ed samples of gascous hydrogen fluoride monomer,
HF, are obtained by heating quantities of polymer-
ized liquid-vapor until complete vaporization and
polymer “cracking' occur and the gaseous mono-
mer state is confirmed. At moderate tempera-
tures and pressures, gaseous hydrogen fluoride
can exist as a combinatior® of the monomer, HF;
dimer, HoF9; teframer, H4F4; and hexamer,
Hg¥g. The hexamer is the dominant polymer
spectes. In Fig. 6, pressure P is plotted versus
apparent association Z' for several temperatures
of gascous hydrogen fluoride. The apparent asso-
ciation is defined so that :

PR, T

P=——upe (20}
mHF Z

where p 1s the gas densily, Rg the universal gas
conslant, and myy the monomer molecular weight.
To a small degree, the factor Z' also includesthe
effect of van der Waals forces for each molecular
form of gaseous hydrogen fluoride.

Commerctally available hydrogen {luoride is
obtained in steel eylinders. Controtled heating of
a cylinder in an oil bath to a temperature of
approximately 50°¢ yields a vapor pressure of
about 2 atmospheres. This vapor is allowed to
flow into an evacuated copper ceylinder. The eylin-
der is then heated, thercby vaporizing and "erack-
ing” a controlled quantity of hydrogen {luoride,
Prepared monomer samples usually exhibited a
gas pressure of about 6 atm at 1259C for the
experimentation reported herein.  The monomer
stale s confirmed by observing perfect gas be-
havior cf the pressure-temperature histery during
the latter stages of heatuy,

Once the sample is prepared, tracer meas-
urements can be performed. With the current
system, tracer flow rate is maintained constant
with a caorrosive eas rerulator {(Matheson Model
B15-330) constructed with nickel coating, Morel
nye Gl and o Kel-F diagpariem.  Flow rate isimon-
iterod with a Teflon-Kel F rotometer manuficiured
by Rlace Corporation {Mode! 960)., Tubing and
valves are constructed of Monel metal and Tellon
to further limit system corrosion. Corrosion is
additionally reduced by keeping the system dry.
With this system, negligible corrosion was ob-
served for 200 hours of exposure to pure hydrogen
fluoride. Also, lhe delivery flow line, Including
rexulator and rotometer is heated to a temperature |

controlled at approximately 100°C to prevent poly-

marization,

.A schematic of the developed experimenta) llow
sysiem for HF preparation and delivery is shown
in Pig. 7. Mixing of the HY with the selected test
gas (air, €Oz, Hz, or C2113 in these experiments)
is accomplished at a venturi section. Mixing is
cotpleted in a "well-stirred” tank. For the cvr-
rent experiments, the mean residence time of gas
in the “well-stirred™ tank is about 1 second;
furthermore, 95% of the gas molecules remained
in the tank for time durations greater than 0. 3
seconds. Mixing in the tank is accomplished by
using several small nearly-sonic orifices.

The coaxial jet system is shown in Fig. 8.
The jet nozzle exit is localed 15 cm downsiream
of the "well-slirred” tank exit. With the configur-
ation illustrated in Fig. 8, considerable turbulence
is available from the wake formed at the base.cof
the inner jet tube wall and from the center jet
siream issuing from the "well-stirred' tank, The
diameter of the outer air jet is 2,93 cm, while the
inner jet i.d. is 0.746 cm with a2 0. 38 mm wall
thickness. For flame measurements, the wall
thickness is increased to 0. 67 mm for a tube 1. d.
of 0.635 cm. In all-experiments, both the center-
line and uniform outer stream velocities are
approximately 45 meters/second. '

Besides the tracer absorption measurements,
distributions of kinetic temperature, using ther-"
mocouples, and axial velocity, using impact probes
are also measured in the jet flows. Dry nitrogen
is substituted for the HT flow during Impact probo
niensuremetits, In combusting flows, thermo-
couple measurements arve corrected for radintion
losses and velocity is measured in correspanding
cold jet {lows with equal flow rates and initial
conditions,

1V. Experimental Results —-Nonburning Mixine
o Layer Studies

First experiments were conductoed with fieer
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jets of air sceded with HY and mixing turbulently
with the outer coaxial stream. Data was obtained
at several axial jet locations. Figure ® presents
results that show (within experimental error} sim-

silar mixing layer behavior following Ly a jet tran-
sition region, Nondimensional axial and radial
distanees are denoted by z/v, and r/r.. vespec-
tively., Mass cofcentration 18 denoted by « and
all initial {exit) jot conditions show a subscript
"o". Beyond z/r0 = 16 the uniform character of
the outer stream ceased due to mixing with its
quicscent environment; the resullant mixing situ-
ation was more complicated than useful for these
"check-out" experiments and therefore was not
analyzed.

_ For this data, radial profiles of tracer con-
centration, velocily, and kinetic and HF rotation-
al temperature are shown in Fig. 10. Data at the
"near' station exhibit the following characteris-
ties;

1. HF concentration —a uniform center core
followed by a typical mixing layer spread.

2. Velocity —a nonuniform inner jet velocity
profile along with a velocity deficit region
near the tube wall base.

3. HF rotational temperature, Ty, not equal to
the kinetic temperature, T, except near the
outer region of HF spread.

At the "far" position, the tracer concentration
exhibits a nearly -fully developed turbulent jet
profile, while the gas velocity is nearly constant
at 42 meters/second across the spectroscopically
examined {low region. Some trend towards rota-
tional relaxation of the HF to the local kinetic
temperature is indicated at this position,

Constancy.of tracer mass flow with increas-
ing axial distance was observed in the jet system,
thus indicating tracer chemical inertness. How-
ever, for the current experimental system these
values were always aboul 40% less than the HF
mass flow measurements obtained with both the
rotometer and calculated from the nearly iso-
thermal "cracker" {copper cylinder used for HF
preparvation) bBlowdown. This indicates a loss of
HF tracer in the internal flow system viz adher-
ence to metal surfaces or chemical reactions at
these surfaces.

Similar experiments with different inner jet
gascs and temperatures were conducted. Results
are shown in Fig, 11, 12, and 13 for heated air,
11z, and CO2, respectively. For Lhe healed air
and cold Ho inner jot cases sufficiently rapidmix- .
Ing occurred to establish a fully developed turbu-
lent inner jet in (he length allotted for uniferm
outer stream flow. As expected, most rapid mix-
ing lover spread accurred with the Mg jet.

The above experimental results have been
compured with the classical turbulent mixing lager
similarily selutions of Tollmien'® and Gortler!d,
Tollmicn and Girtler mixing layer solutions are
derived for incompressible planar flows; further-
more, the Tollmien solution is strictly valid mly
whenever the outer stream has zero velocity, i.e.
initial portion of a submcrged jet. However, as
verified in Ref. 20 and 21, these solutions are
empirically valid for general incompressible mix-
ing layers., Furthermore, the Taylor## vorticity
analogy is utilized?C to extend these solutions for
velocity distribution to the case of admixture
{tracer concentration) spread.

Agreement between the present expériments

. and the-classical solutions is shown in Fig. 14.

The turbulent similarity parameler, ¢, definedfor
velocity, is zero at the hali-velocity point, i.e.

u - up/ug, - e = 0.5, The subscripts ¢ and e
denote, respeciively, the inner edge of mixing

" layer (jet @, value) and the outer edge. Present

experiments yield a measurement of concentration
rather than velocity spread; the corresponding
radius at the "half-concentralion point is ry, and
accordingly, ¢ obtains the algebraic form shownin
Fig. 14. The turbulent spread parameter, o, is
determined by matching the measured concentra-
tion profile with the classical solutions in the
vicinity of the mid-point, i.e. '

a(x/f((i')/ar
o=(z+ zo) dfx?x@?dgb

(21

The virtual origin of the mixing layer is denoted
by 2.02. At k/xg, = 0.5, the classical solutions
yield?0 a siope d(k/kg)/d¢ = 0. 40.

The spread of excess temperature is also
shown {or the heated air experiment. Since
'I‘aylm.“sz2 vorticity analogy prediets equivalence
of the turbulent spread of heat and mass (temper-
ature and admixture concentration) one would
expect egual values for corresponding o's and
zo's. The differcnces result since the initial
temperature profile at the jet exit was nonuniform
due to wall cooling effects while the tracer con-
centration profile was very nearly uniform across
the inner jet exit.

For the mixing layer measurements summar-
ized In Fig. 14, the relatively low ¢ values indi-
cate ropid mixing which resulls from the high
initial turbulent levels in the flow system., Since
these measurements have been conducted to inves-
tigate the preciseness of the HF tracer technique,
the following favorable results are summarized:

o i

SR

The HF tracer is chemically inert in the free
flow syslems.
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nonideal and pressure depondent thermodynamic
relaxation. Figure 17 indicates that for pressures
below 0.01 atmospheres, thermedynamic equilib-
rium is nearly complete,

An acetylene-air flame, exhibiting an initial
velocity field equivalent to that of the nonburning
coaxial mixing experiments, has been examined
using HF spectroscopy. The inner jet, consisting

of a pre-mixed fuel-air compasition with an equiva-

lence ratio of 2.8, was again seeded with the HF

tracer. The resultant spark ignition flame is shown

in the schlieren photograph of Fig. 18.

Ouly radiation resulting from the HT tracer
has teen measured. The cxamined region, delim-
ited by the schlieren photograph, exhibited "pre-
mixed" combustion; the wide annular outer or dif-
fusion {lame rogion emitted characteristic blue and
violet radiation%, with some turbulent fiuctuations
noted at its outer boundaries, Significant amounts
of CyHz in lhe central portion of the jet system re-
mained unburned until the "downstrean' portion of
the flame was approached. The beginning of this
region, which also coincides with the cessation of
the uniform veloclty field of the outer stream, is
noted in the top areas of Fig. 18. Burning in the
"downstream' region was rich in luminous carbon
particles and exhibited a very turbulent and wide-
spread diffusion —t:ype?'5 burning zone. Further
examination of the schlieren photograph shows a
wetll defined ilame {ront in the "near-in" {low
region with visible, nearly vertical, extension to
a height of approximately z/r, = 15.

Upon introduction of trace amounts of HF no
significant change in flame shape or visible emitted
radiation was noted. Furthermore, flow tempera-
ture measurements using a thermocouple vielded
equivalent temperature field measurements (with-~
in experimental error} with and without the HF
present.. Thus, the combusiion inhibition tenden-
cies of halogen compounds, referred to briefly in
Ref. 25, appear to be unimportant in the present
situation employing trace amounts of HF.

A typical transverse scan of HF line absorp-
tion and emission is shown in Fig. 19. The pro-
files indicate a relatively cold jet centerline fol-
lowed by low absorption levels in the flame and
ouler flame regions. The measured absorptances
were Abel inverted with spectral line half -widths
determined, in part, from the thermocouple meas-
urements of kinetic temperature. Radial mapping
of tracer concentration and kinetic temperature is
shown in Fig. 20. Distributions of tracer concen-
tration were determined from PS profiles and
knowledze of kinetic and UF rotational tetapera-

tures. Rotational temperature was again deter -
mined by comparing several different spectral
lines.,

Examination of Fig. 20 shows a nearly simi-
lar mixing layer and indicates moderate mixinein
he mid-regions of individual radial profiles §ol-
lowed by Intensificd spread, at low concenirations
in the outer flame region. This effect is espo-
cially noticeabie for z/ry > 10.0; In the flame
front or peak temperature region, the nondimen-
sicnal tracer concentration is typically 0.2 to 0. 3.
For the mixing layer the following values are
determined for tracer concentration spread;
2o/t = 6.3 and ¢ =62.0. Furthermore, the ex-
perimental mixing layer similarity profile, neg-

"lecting the extreme outer flame region, is in

excellent agreement with the classical solutions
of Fig. 14. o

Comparison of the burning results with tho»
above measurements of tracer concentration pro-
files in nonburning coaxial flows is interestin,:.
With o = 62.0 the combusting jet mixing layer cx-
hibits the least spread. However, the resull is
somewhat misleading, since the combusting case
also exhibits the greatest turbulent spread of the
outer boundary of the HF seeded inner jef.

Again, the HF mass flow rate was found to be
nearly constant in the jet system. As previously
siated, velocitics were measured in an cqual flow
rate inert system. About a 40% loss {n HF flow
rale In the internal flow system was agaln
observed,

Measurements of kinetic and rotational tem-
peratures are shown in Fig. 21 and 22 for
2/ro = 2.56 and 17. 43, respectively. For the
"near' position, z/ry = 2.50, atiempts  to deter-
mine flame kinetic temperature based on emis-
sion-absorption pyrometry” were fairly success-
ful, The compuintion technique, similar to the
methods desceribed in Ref. 23, Included the sy -
nificant effect of self-absorption of the emitted
radiation. A stightly higher value for the prak
flame temperature is determined with the pyro-
metric measurements, i.c. 1600°K versus 14 oY
K with the thermocouple scan,  This differenc.,
in part, resulls from calibration errovs for e
present optical system.

The HF rolational temperature was deter -
mined using the R{1), RO, and R rpectral
lines, Excellent straipht dee fits to plots of 15,
versus J, t.e. following the tame procedure ;oor.
trayed in Fig. 16, vwere vliamed from the gl
centerline to r/r,, - 1. 1. Thereafter, due to the
low values of Mg und pussible npa-Maxwell-
Boltmann populations it the flame reglon cudy the
RN /R ratio bt covveptatle o o

e e . e



of rotationil temperature. The measurements
indicated a relaxation of UF towards the flame
temperature conditions in the recirculation zone
situated at the base of the inner jet tube wall,
Again, the centerline HF rofational temperature
is ncar 400°Y; followed by some I‘(?ll\ﬁti("l to-
wards the colder center region temporaturs in the
jet flow.

At increasing downstream axial positions ther-
mocouple measurements were relied on completely
to determine T. Duc to emission profile asym-
metry {see Fig. 19) and the influence of turbulent
temperature fluctuations on measurecd emission,
measurements of kinelic temperature by emission-
absorption were increasingly unsatisfactory.
Temperature measurements at the “far"” position,
z/To = 17.43, are shown in Fig. 22. Whiic the
centerline kinetic temperature increased to ap-
proximately 8009K, the IF rotational temperature
appears to remaln at approximately 400°K in the
central region of the jet. Rotatioazl temperature
measurements using the three HF lines (1), R(3),
and R(4) were in agreement {rom centerline to
r/rg = 2.0; however, only trends at increascd
radial distances are indicated. Furthermore, the
indicated increase in HF rotational {emperature in
the outer-flame region is believed to result, in
part, from the streaming of rotatiocnally excited
molecules from the upsiream recirculation zone.

Uncertainties in HF rotational state and tem-
perature, as shown in Fig. 21 and 22 for r/rg >
1.1 and 2.0, respectively, did have an unfavorable
effect on number density determinations in these
regions. The problem was lessencd somewhat by
using the spectral line with the least Ty depend-
ence for number density determination, i.e. R{4).
Also, only small tracer number densities were
observed in the regions of Ty uncertainty, and
therefore, the absclute effect on tracer r adialdis—
tributions was small. Nevertheless a 50% error
in concentration measurement is estimated for
the regions of TJ uncertainty.

V. Conclusions

This study was undertaken to develop and
evaluaie HT tracer molecule diagnostics for appli-
cation to turbulently mixing and reacting flows,
For cold, radiatively absorbing flows the tracer
technique appears to be precise and very useful.
Most likely, the ultimate utility of the HF diagnos-
tic technique s lor turbulent mixing studies in
reactive flows. In such situations the molecular
state of the UF tracer is uncertain. Thorefore, a
detalled spectroscopic exantination, using many of
the obscrvable R-branch spectral lines, is neces-
gary. While those measurements would be tedi-
ous, their experimental potential cannot Lo over-
looked., In combusting flows the tracer techaique

yields turbulent mixing rate data and response to
changes in macroscopic flow properties; local con-
conlrations of fuel, oxidizer, and product gases and
their detailed thermodynamic states are not meas-
ured.
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Due to {inite monochromator resolution, most
isolated infrared speetral lines cannot be meas-
urcd without some degree of distortion.  With the
recording monochromator centered at frequency v,
the measurced {or apparent) absorption is express-

ed as:
=l fow-Da a 3
v =Ry bu-u}dyu (3

slit

The menochromator slit function is g{v - 7). By
definition g{0} is unity and the integral of (v - 1)
over v is equal to the slit width Av (width of slit

function at half-height).

Frequently, the monochromator stit function
can be assumed trianguinru However, asimpler
appreoximation assures that the spectral line true
absorption profile appears as a Dirac delta func-
tion to the slit function. Accordingly, one obtains

Vi
ek e
s

Equation, (4) is sufficient for present purposes;
that is, the apparent absorption, as measured at
frequency v, is the average of the truc absorption
integrated over the slit width. The integral in
Eq. (4) represents the equivalent width, W, of a
spectral line; that is

J

Ve _
W='_f avdu=achv (5
. 7

The extra subscript “'c'" denotes the "centering" of
the monochromator on a "narrow" spectral line
satis{ying the condition imposed by Eq. (4).

‘Evaluation of the integral in Fq. (5) yields
the curve-of-growth for an isolated spectral line.
The evaluation jnvolves the use of Eq. (2}, which
in turn necessitates a formulation for the ahsorp-
tion coeifficient k. Spectral lines in the infrared
are usualtly broadened by collisional proces.Sc:sg;
the resuitant profile for the absorption coefficient
is described by the Lorentz contour!?2

TR S (6)

—2
¥ wbl (v—V)
"\

The spectral line strength is &, while the line half-

, width al half -height is b, Summing the collisional .

effects of all perturbers yields the following
expression for line half -width;

lbzyzasps ' - {n

The suhseript s denotes species type, while o
denotes the species broadening effectivencss rela-
tive to self-broadening. Varilous g-values for HF
broadened by selected gases are given in Ref. 13.
These values possess a weak temperature depend-
ence al muderate temperatures. Also, for a
given dpectral line, the parameters S and ¥ are
only toreperature dependent; the temperature
dependencics are plotted in Ref. 4 and 6.

Substitulion of Eq. (6) into Eq. (2), followed by
integration of Eq. (5) yields the well-known
Ladenburg -Reichel curve-of -growth if the gaseous
medium is homogeneous. As shown by Simmonsl4,
it is possible to extend the Ladenburg-Reiche
curve-of-gzrowth Lo the case of non-homogencous
media. A modified Lorentz contour for the ab-
sorption coefficient, k,, of collision broadened
spectral lines is utilized

SF 1

v b )
el+(u-v)

. b

e

(8)

The parameter be is an appropriate representative
value of the spectral line half~width and is defined
as Invariant along the non-homogeneous optical
path. The local half-width, b, is related to b
through the parameter ¥, which is assumed inde-
pendent of v,

"Integration of Eq. {5), with the use of Eq. (8},
ylelds the mathematical expression for the
Ladenburg-Reiche curve-of-growth, now general-
ized for a non-homogencous path.

Vbon

W= a_ dv
_ v
v-c0
—orb oy e Pliyen )] O
e YL, oVt YL
The functions Iy and Iy are modified Bessel func-
tions, and yy,, formulated below, is the curve- -of-
growth param eter

L
-1
- 0
Vi, S 5T f PSF df {10)
€0

Two limiting expressions for Eq. {9} that are
widely uscd are the weak line approximation

¥y~ 3 WwfI’SdE T -1 (1Y

and the, strong line approximation
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Accurate, mathematically similar turbulent -
mixing layer profiles agrecing with classical
solulions have been obtained.

Furthermore, results pertaining to turbulent mix-
ing in yencral are summarized:

A capected, initial turbutornee levels and
recireulation zones significantly cabance
mixing.

For low subsonic velocities, profiles of tur-
bulent mixing between dissimilar gases, as
indicated by present experintents, still'obey
the classical incompressible formulations.

Mixing rate increases with increasing density
Cdifferences between sireams for the exumined
flow configuration.

Rotational Relaxation of HE

The rotational relaxation of HT in the non-
hurning flow system has heen examined in detail.
Results are presented in this section, while the
rolational behavior of the tracer in combusting
flows is discusseéd in the next section. TFor = jet
flow condition nearly identical to that described by
Fig. 10 for the "necar’ position, i.e., HF seeded
air mixing with air for T = 3039K and u = 45
meters/second at z/ro = 2.5, all observable HF
R-branch spectral lines were monitored. The
wavenumber scan shown in Fig, 2 was taken dur-
ing this experiment. Radial distributions result-
ing from Abel inversion of the measured absorp-
tances are presented in Fig. 15, The "off-
center' peaks exhibited tn these profiles for the
Jower valued spectral lines, particularly the R(0)
line, result from apparent thermodynamic non-
equilibrium of the HF and indicate rotational
relaxalion towards kinetic temperatures in the
jet flow.

A plet of HF number density for individual
states versus rotational quantum number is given
in Fig. 16 for three radial flow positions. At the
jet centerline {(bottom plot) the solid straight line
fit yields a rotational temperature of 4200K, e, g.
see Eq. (19). This temperature is nearly equal
to that of the "cracker' and HF pipine system.
Based on system errors and uncertaintics in spec-
tral line parameters, the most probable error
limits bave been deiermined and are ndicated in
Fig. 16, bottom plot. The vesultant uncertainty
in measured centerline rotational temperature ig
360°K to 460°K. The dastied line in Fig. 16 indi-
cates thermodynamic equilibrium at the jet conter~
line kinetic temperature of 3039K, plus expected
number densities based on the upstream roto-
meter measurement of HEF mass flow rate, In-
deed, the HTF appears to exhibit a rotational

At sy v,
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popuintion distribution not in eqguilibrium with the
kinetie temiperature, plug an apparent [oss in num-
ber density oceurring between the rotometer and
frec jot system, *

Tossible corrections {or HF spectral tine half-
widihs uud strengths have been caleulated hased on
uncertatarieos {n the measurcments reported in
Ref, 23 and 24, The vorrections for line strength
were [ounnd to be relutiveiy small, while for lize
hall-width, including uncertainties in foreign gus
breoadening effectiveness, corrections of -20% were
determined to be possible. Accordingly, with’
these corrections, the HF number densities were
re-evaluated; results are shown in the middle plot
of Fig, 16. The rotation state dppears to be popu-
lated according to Ty = 4059K if the spurious be-
havior of the weak R{H) mcasurement is negleciod.

Also shown in Fig. 16 (top plot) arc the number
density distributions nreasured at a radial position
of r/ry = 0.87 and at the previously mentioned “off -
center” peak obvious in Fig. 15. Examination of
the top rlot indicates increases in the ground state
populaticns (RO} line) comipared to respsctive
values lumsed on rotational temperatures. A rota-
tional population distribuiion differing from Max-
well-Bolizmann statistics with an apparent singular
relaxation of the ground state towards the local
kinetic temperature of 303°K is indicated.

Measurements of rotational temperature,
determined via Eq. {19) using at least three sepa-
rate spectral lines at o single field location, are
summarized in Fig. 17 for all nonburning experi-
ments. In Fig. 17, measured rotational tempera-
tures are plotted versus HF partial pressure, as
measured spectroscopically. Considerable scatter
is noted in Flg. 17; nevertheless, lower values of
HT partial pressure, usually implying flow expan-
ston on the profile wings and at downstream loca~
tlons, yields rotational temperatures nearly equal
to the average jel kinetic temperature of J057K.,
However, measurementis (Experiments 4 ang 7 for
submerged single jets) al conterline locations near
the nozzle exit for reduced relative HF flow rales
and thercfore reduced IIF partial pressures show
the same trond. -

If the HF rofafional relaxation {n these experi-
ments was a tinie depetident phenomena, one esild
expect most of the HF moleeules to allain thermo-
dynaniic equilibrium in the "well-stirred” tank
which exhibifs a temperaturc of about 3207K and a
mean residence time of 1 second, eompared to the
order of 1 millisecond residence time in the free
jot system. {Also, it is interesting to note that{or
Experiment 7, a straight soctjon of tublng, witha
relatively small residence time, was substituted
for the *“well-stirred” tank.) Increaged refaxation
of the 1IF at low partial pressures indicates
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Fimure 19. Measured Line Radiation in HC Flame
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