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(Received 29 September 1975 and in revised form 6 September 1976) 

Abstraet--A new technique is presented for simultaneously measuring temperature and concentration 
profiles in diatomic gases during transient flows. Using a continuous argon laser, rotational Raman 
scattered light from the sample gases is dispersed by a single-pass spectrometer; the resulting spectra 
are detected by an image intensifier and a low-light-level television camera every 0.033 s. 

A system based on this technique was developed and temperature and concentration distributions 
determined in a right circular cylinder during axial injection of deuterium at 200 atm and 430 K into 
deuterium at I00 atm and 300 K. Temperature and concentration profiles are presented at selected times 

during the injection process. 

NOMENCLATURE 

Be, equilibrium molecular rotational constant 
[~- ' ] ;  

Bo, molecular.rotational constant (molecule in 
the vibrational ground state), = B e -  1/2~e 
[~- ' ] ;  

c, speed of light; 
C, system sensitivity constant; 
D, vibrational influence coefficient, = 4B~/co~, 

and inlet tube inside diameter; 
Es, energy of the Jth rotational energy level 

[ergs]; 
h, Planck's constant; 
I, light intensity; 
J, rotational quantum number; 
k, Boltzmarm's constant; 
L, length of laser beam imaged onto detector 

N, number density of gas molecules [cra- 3]; 
Q,, rotational partition function; 
R", nuclear spin influence coefficient, = s/(s + 1); 
s, nuclear spin; 
S, separation distance between gas inlet and 

laser beam I-mm]; 
S j, rotational line strength (transition 

probability); 
T, absolute temperature I-K]; 
y, position along the laser beam, measured 

from the axis of the test cell [mm]. 

Greek symbols 

~e, molecular anharmonicity constant [cm-  ~]; 
7, rotational-vibrational interaction 

coefficient, = 2Be~toe ; 
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0, characteristic rotational temperature, 
= hcBo/k [K];  

vo, laser frequency I-cm- 1]; 
v j,  frequency of the Jth rotational Raman 

transition [cm- ~]; 
tr, rotational Raman cross section [cm2/s] ; 
Z, experimentally determined constant used 

in the calculation of the line-strength 
correction factor, f j ;  

f2, solid angle subtended by the collection lens 
[sr]; 

toe, molecular vibration constant [cm- 1 ]. 

INTRODUCTION 

MEASUREMENTS of static temperature distributions 
in flow fields are frequently required in heat-transfer 
research and design. In many cases it is undesirable 
or impossible to use a conventional probe, such as a 
thermocouple. Therefore, remote-sensing optical tech- 
niques have received considerable attention in recent 
years. Examples include the use of interferometry, 
schlieren techniques, and i.r. absorption in known 
density fields to infer static temperatures. Although 
these are remote methods, they suffer the major defect 
of integrating over a path (or field of view) and hence 
are limited to two-dimensional flow fields. 

The availability of lasers has added the possibility 
of utilizing the Raman scattering effect for temperature 
and species concentration measurements [1]. When a 
laser beam is focused into a small volume of particulate- 
free gas,* the gas (stationary or flowing) will not be 
perturbed if the incident-radiation power densities are 
low enough to preclude stimulated Raman scattering 
[3] or ionization [4] and the individual photon energy 
is less than the dissociation energy. The quantum 
mechanical explanation of the Raman effect is that 

*The interaction of the laser beam with particulates and 
its effects on Raman measurements are discussed in [2]. 
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when a photon of frequency Vo and energy hvo interacts 
with a molecule, it can be scattered either elastically 
(Rayleigh scattering) or inelastically (Raman scatter- 
ing). In inelastic scattering, the photon either gives up 
part of its energy to the scattering system or takes 
energy from it. The photon can exchange only amounts 
of energy that are equal to the energy differences 
between the stationary states of the system. The require- 
ments for efficiently producing and collecting Raman 
scattered light from small gas volumes have been 
established by Barrett and Adams [5]. Since the in- 
tensity of the Raman scattered light is low, relatively 
long observation periods are normally needed. This 
time may be shortened by collecting light at many 
wavelengths simultaneously by using an image intensi- 
fier and television camera as demonstrated by Bridoux 
and Delhaye [6]. An alternate technique developed by 
Widhopf and Lederman [7] to make fast measurements 
of species concentrations incorporated a pulsed ruby 
laser and a photomultiplier tube. 

Over a moderate temperature range centered around 
room temperature, practically all of the molecules of 
diatomic gases are in the lowest, or ground vibrational, 
energy level. They are, however, distributed through- 
out many of the available rotational energy levels. 
This distribution is dependent on the temperature. For 
example, the remote determination of temperatures in 
nitrogen from rotational Raman spectra was investi- 
gated by Salzman, Masica and Coney [8]. The results 
of these investigators suggested that it should be 
possible to incorporate a high-powered or pulsed 
laser, an image intensifier, and a low-light-level tele- 
vision camera into a Raman scattering system which 
would be capable of measuring local static tempera- 
tures in both steady and transient gas flows. The 
objective of the study described herein has been to 
develop such a system with the additional capability 
of measuring the temperature distribution over a few 
centimeters. A cylindrical gas cell with provision for 
axial gas injection was selected to demonstrate the 
capabilities and to investigate the limitations of the 
rotational Raman temperature and concentration pro- 
file measurement system. 

ROTATIONAL RAMAN SCATTERING THEORY 

The Raman effect is an electromagnetic-radiation- 
scattering phenomenon in which the scattered radiation 
is shifted in frequency from the incident radiation 
frequency, the shift in frequency being governed by 
the nature of the scattering species. Though such 
scattering may be produced in solids, liquids or gases, 
the present discussion will be limited to diatomic gases 
since they yield particularly simple rotational spectra 
and constitute a fluid medium of widespread practical 
importance. 

Rig id  ro ta tor  
The stationary states or permitted rotational energy 

levels of a diatomic molecule idealized as a rigid 
rotator are found by solving the Schrodinger equation 

[9]. These levels are given by (see Nomenclature lot 
definition of terms) 

Ej = hcBo,]t ,I  ± I ) l 1~ 

in which .1 can have values of 0, 1.2 .. 
The selection rule for the rigid rotator is A.] ~ 2 

[10], which gives the allowed transitions between 
energy levels. Conventionally. A.I = , I ' - J" .  where ,J' 
always refers to the upper state and .1" the lower xlatc. 
Hence, AJ can only be positive. 

ANTI STO K~ 
. . . . .  J ~ 6 

J 5 4 ~ 2 1 0 0 1 • ~ d 5 

r L • I- ~I I i I i 14Bt6Br~B- I~B!  I ! I I 

INTENSITY DISTRIBUTION 

[qeL 1. Rolational energy level diagram and Raman ~pec- 
trum intensity distribution for a diatomic molecule. 

This behavior is illustrated in Fig. 1 in terms of a 
series of discrete energy levels whose energy increases 
quadratically with increasing J, a condition which 
gives rise to a spectrum of equally displaced lines. 
Because of the selection rule, the frequency shift is 
given by 

jAvl = Bo(.l + 2)(J + 1 + 2 ) -  B o J l J  + !1 = 4Bo(J  +- ~) 121 

in which J denotes the lower state and the primes have 
been deleted for convenience. The spectral lines associ- 
ated with the transitions that decrease the energy of 
the incident photon and hence increase the energy of 
the molecule are called Stokes lines. Spectral lines due 
to increases in incident photon energy are known as 
anti-Stokes lines. 

The intensities of the individual rotational Raman 
lines are given by [10] 

l j = CNAv, ~ A~')~S~ i3) 

where Ij is the intensity of the Jth rotational line: (" i~ 
a system-dependent constant accounting for incident 
light intensity, Raman cross section for interaction, 
scattered-light collection efficiency, etc.: N, is the 
number of molecules in the initial energy level. Note 
that Av is negative for Stokes transitions and positive 
for anti-Stokes transitions. The number of molecules 
in the initial energy state is given by the thermal 
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distribution [l l] among the rotational levels 

NJ = F (W + 1) exp( - E,/kT). 
I 

(4) 

Here Q, is the rotational partition function, given by 

Qr = 5 R”(2J+ 1) exp[ -J(J+ l)hcB,/kT]. (5) 
.I=0 

The line strength used in equation (3) was determined 
by Placzek and Teller [12] as 

s 
.I 

= 3(5+1)(~+2) 
2(2J+3) ’ 

(6) 

In homonuclear molecules (e.g. Hz, LIZ, Nz, etc.) the 
exchange of nuclei with nuclear spin s occurs but does 
not necessarily lead to a completely identical state 
since the nuclei may still differ by the orientation of 
their spins. The spin vectors form a resultant that is 
the total nuclear spin of the molecule. The ratio of the 
statistical weights of the antisymmetric and symmetric 
rotational levels is given by the nuclear influence 
coefficient R” where n = 1 for para modification and 
n = 0 for ortho modification. Note that, for hetero- 
nuclear molecules, II must be taken as zero. 

Nonrigid rotator 
For molecules with large rotational constants (such 

as deuterium), or at high temperatures, the stretching 
of the molecule due to centrifugal force changes the 
rotational speed and must be taken into account. 
Equation (1) then becomes ([lo], p. 103) 

EJ = h&o i J(J+l)-;[J(J+l)y i (7) 

The frequency shift given in equation (2) is modified to 

IAvI = (4B,-6D)(J++j)-8D(J+$)3. (8) 

Not only must energy-level changes be accounted 
for but, as James and Klemperer [13] have pointed 
out, the transition probability of a rigid rotator must 
be modified by a correction term 

fJ = l+$(J”+3J+3). (9) 

This term must be used as a multiplier of the line 
strength, .S,, given by equation (6). The x term in 
equation (9) is an experimentally determined constant 
that may be derived from line intensity ratios in the 
Raman rotational-vibrational spectrum. Details of this 
measurement and calculation for D2 are given in [14]. 
The x value for Dz was found to be 0.44&0.08. 

Including the above modifications yields the follow- 
ing expressions for the Stokes intensity: 

I 
CR”N~J(J+~)(J+~)(V,-AV)~ 

Stole?, = 
QS2J + 3) 

x ~exp(-iJij+1)[I-$J(J+l)]jorTjj. (10) 

Substituting 5+2 for J in the exponential term yields 
a similar expression for anti-Stokes intensities. 

The gas temperature and concentration can be 
determined from experimental intensity values. For 
this purpose the partition function Q, was approxi- 
mated by a relation of the form Ae-““’ (with A 
= 17.658 and H = 352.8 the maximum error is about 
1% for deuterium over the temperature range of 
300-500 K). The result can be written in the form 

In _____ 
R”h(J+- l)(J+2)(~,-Av)~ 

-In & (II) 
( ) 

Plotting the left side vs the first term on the R.H.S. 
of equation (11) on semi-logarithmic coordinates yields 
a straight line of slope --O/T. A least-squares routine 
was used to determine the best slope through the data. 
This technique uses all of the available data from the 
Stokes wing of the pure rotational Raman spectrum. 
Researchers in the past [15,16] have taken the ratio 
of two regions of the Raman spectrum. Data from the 
anti-Stokes wing could similarly be used. 

The last term in equation (11) contains the number 
density N and is the ordinate intercept of the straight- 
line fit to the data. The number density is thus given by 

(12) 

where h is the intercept. Recall that the constant A is 
from the relation used for the partition function; the 
constant C is a system constant determined by the 
experimental arrangement. Therefore, if measurements 
are made at a known density of a pure species, the 
value of C may be determined. 

Spectral line shape 
The shape ofthe individual rotational Raman lines 

is the result of the interaction between the Doppler- 
broadened incident photons and the natural line and 
pressure-broadened molecular energy levels. This 
actual line shape is further changed by the imper- 
fections ofthe analyzing and recording equipment [17]. 

A fused-quartz etalon was used within the laser 
cavity, thus yielding a laser line width of only 
O.O024c1r-~ within the 514.5rn-n laser gain profile. It 
should be emphasized that the laser line width was 
reduced to permit the use of an iodine absorption filter 
and not to improve the laser spectral purity for resolu- 
tion purposes. 

Natural-line broadening results from the uncertainty 
associated with the values for the initial and final energy 
levels. Murray and Javan [18] found the natural line 
width of deuterium to be 0.053 cm-r. The natural-line 
shape is Lorentzian. The pressure-broadened line width 
in these experiments was of the order of 0.35cn-’ 
and is essentially Lorentzian. 

The total Raman-scattering line width (of an indi- 
vidual line) is the integral of the product of the 



9(!2 J. R. Svut H and W. H. GIEDI 

distributions for the Doppler-broadened, natural-line 
broadened and pressure-broadened contributions over 
all frequencies. Such an integration must be carried 
out numerically. However, the sum of the individual 
contributions may be used to estimate the total line 
width. (This simple technique always yields estimates 
that are slightly larger than the integral method. There- 
fore. the total Raman line width is taken to be about 
0.40 cm ~.1 

]'he spectrometer entrance slit width was 200p, a 
value which corresponds to about 7 cm-* for the dis- 
persion used. Thus the spectrometer distortion is the 
dominant  factor in determining the Raman line shape 
in this study. An evaluation of the transmission char- 
acteristics of the spectrometer suggested the use of a 
Gaussian slit function. The spectral intensities as a 
function of wave number for the Stokes wing of D2 
\~ere computed for three different temperatures as 
shown in Fig, 2. 

resolution of the laser beam. The configuration de- 
scribed yields a long, nearly cylindrical beam of light 
of approximately 50-p dia. Within this cylinder of 
light, all the Raman scattering takes place. 

Perpendicular to the focused laser beam and on axis 
with the test cell, a camera lens with an 85 mm focal 
length and an)"/l.8 aperature collects the scattered light. 
The collection lens focuses an image of the scattering 
volume (defined by the focused laser beam) onto the 
entrance slit, and within the ,#/6.3 acceptance cone, of 
a spectrometer. The spectrometer used was a Ja r re l l  
Ash" 3/4-m, single-pass instrument which utilized a 
Bausch and Lomb" 1800-groove/mm grating specially 
selected for low-ghost characteristics. The plane of 
polarization of the incident laser beam coincided with 
the axis of the collection optics in such a way as to 
decrease the Rayleigh-scattered light [5]. 

In order to further reduce the magnitude of the 
Rayleigh-scattered light entering the spectrometer, an 

o 

'zF 
L T = 500K . . . .  

, 400K 

T -  300K . . . .  

0 ~ -< 

gi 
r 

i 

o, lr ~ : '  

O 
L 1 8 7 9 4  

1 

J=3 

18 9 0 7  

L 

J=2 

J~l 

JL_  L 
1 9 0 2 2  19159  

I .f 

J=0 

t9 257 

WAVE NUMBER (cm -1) 

I-.qG. 2. Rotational Raman spectrum of Stokes wing for Dz. 

EXPERIMENTAL EQUIPMENT AND TECHNIQUE 

The components and the optical path of the system 
developed are illustrated schematically in Fig. 3. A 
high-power continuous wave argon laser* was used to 
produce 3.5 W of monochromatic light at a wavelength 
of 514.5 nm.t  The laser beam was focused at the center 
of the test cell by a lens of 100ram focal length. The 
TEM0o (transverse mode with Gaussian intensity dis- 
tribution) laser beam, together with the diffraction- 
limited focusing capability of the lens, makes it possible 
to describe precisely the shape of the laser beam within 
the test cell [5]. It is important that this arrangement 
be used because it controls the location and spatial 

*Spectra-Physics" model 170-03. 
tlnitial use of a pulsed-ruby laser which would have 

made possible a time resolution of about 1 ms, was un- 
successful due to test chamber window fluorescence at 
694.3 nm from residual chromium in the sapphire window. 
This fluorescence thus added to the apparent Rayleigh line 
intensity making rotation Raman spectra detection very 
difficult using a ruby laser. 

iodine filter cell (which has a sharp absorption tran- 
sition within the 514.5nm laser gain profile) was 
placed between the collection lens and the spectrometer 
entrance slit. An iodine filter in conjunction with an 
etalon-tuned argon laser can absorb several orders of 
magnitude of the Rayleigh-scattered light without sig- 
nificantly decreasing the rotational Raman scattering 
[19]. The tilt of the etalon tunes the laser to operate 
in a single longitudinal mode at the iodine absorption 
frequency. This technique was used at the expense of 
nearly 50~0 of the laser output power but resulted in 
significant improvements in the signal-to-noise ratio. 

The spectrum from the spectrometer was focused by 
another lens of 85-mm focal length onto a 3-stage 
image-intensifier tube.* This 40-ram diameter tube has 
a spatial resolution of about 25 line pairs per mm and 
a maximum radiant power gain of 100000. The image 
intensifier was typically used at a gain of 20-30000 
where it yielded better signal-to-noise ratios. The 

*RCA" 8606 image intensifier. 
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FOR CLARITY) 

SCHEMATIC OF OPTICS FOR ROTATIONAL RAMAN PROFILE SYSTEM 

Fro. 3. Schematic of optics for rotational Raman profile system. 

intensifier was coupled to a low-light-level television 
camera* by a coherent fiber-optic bundle 25 mm long. 
This bundle length is necessary to prevent arcing 
between the television camera and image intensifier 
which are at large electrical potential differences. Only 
the central 25 mm of the image intensifier was used to 
avoid excessive pincushion distortion. The low-light- 
level television camera was modified to use a SIT tube 
(silicon intensified camera tube) for additional sensi- 
tivity. The television camera used the standard com- 
mercial format, i.e. 2:1 interlace of 525 horizontal scan 
lines at 30 frames per second. This means that the odd 
lines of the 525 total lines are scanned for the first field, 
then even lines for the second field. The time required 
to scan each field is 16.7ms, but the time between the 
scanning of any given line is twice this amount or 
33.3ms. Therefore, such a system, when used with a 
continuous laser, has at best a time resolution of 
33.3 ms. 

No exit slit is used on the spectrometer. This allows 
the entire rotational Raman spectrum to be seen 
simultaneously without moving the spectrometer 
grating. A view of the television monitor as shown in 
Fig. 4 has as coordinates, wavelength in the horizontal 
direction and position along the laser beam in the 
vertical direction. Each television scan line represents 
a separate rotational Raman spectrum corresponding 
to a specific location within the test cell. With the a i d  
of the theoretical relationships between intensity and 
temperature, and intensity and concentration de- 
veloped in the previous sections, a single frame of 
television data yields temperature and concentration 
profiles along the path of the laser beam. 

The test cell used in this experiment was a right 

* Westinghouse ~ model 606. 

circular cylinder with a maximum working pressure of 
340atm. The most notable feature of the cell is its 
conical sapphire collection window which is so shaped 
as to maintain the entire window in compression at 
the working pressure. The I.D. and length of the test 
cell is 25.4mm. The face of the end plug is threaded to 
accept various tubes that are used to change the dis- 
tance between the inlet and the laser beam. All the 
tubes used in this experiment had 2.0mm inside 
diameter and 5.0mm O.D. 

The high pressure plumbing arrangement used a 
source vessel (accumulator) with a volume of 120 cm ~, 
while the test cell had a volume of 12.9 cm 3. All of the 
tests were run with 100 atm initial pressure in the test 
cell and 200 atm in the accumulator. Thus the source 
pressure decreased less than 10~ during the filling 
process. The method used for injecting warm gas was 
by electrically heating the last 100 mm length of tubing 
immediately adjacent to the test cell. The injected gas 
temperature was 430-440 K during most of the fill 
process, but tended to rise to nearly 450 K as pressure 
equilibrium was approached. A multiple-holed orifice 
was placed between the accumulator and the heated 
section of the transfer tubing to slow the gas flow. The 
resulting transient gas filling characteristics versus fill- 
ing time are shown in Fig. 5. No special precautions 
were taken to remove particulates from the gas. 

Te.st procedure 
After 10min of heating to ensure uniform tube tem- 

perature, an air-operated valve was opened (actuation 
time 20-40 ms), allowing the test cell and the accumu- 
lator to come to pressure equilibrium. A light-emitting 
diode located within the spectrometer was illuminated 
for 10ms when valve actuation was started. This 
provided a video signal at start time. The valve 



.I.R. SMIlu and W. H. Gl~l)l 9 0 4  

FI~ ,. 4. Tote\ ision monitor xicw of Stokes rotational Raman spectrum of De (top of test cell nl bollon: 
of stitCh due to inxerlmg optics oJ'the image intensifier). 

remained open for 10 s. As shown in Fig. 5. the fill time 
for the test cell was about  2 s. Dur ing this time, the 
rota t ional  Raman  spectra were recorded on a I 2-in 
video tape recorder.* Prior  to each transient  fill, the 
tempera ture  is measured  by a cal ibrated ther- 
mocouple,  and the gas pressure by a cal ibrated 
pressure gauge in the test cell. These video frames of 
the D 2 spectra at known  tempera ture  and density are 
used as the cal ibrat ion spectra to account  for var ia t ion 
in system sensitivity as a function of wavelength and 
time. 

Seal I ering ,sigmd esl imat e 

An estimate of the fraction of incident light that is 
scattered in the Raman spectrum may be made by 
using the relat ion [7] 

I ........ ~d = ( V i  ]4 N L o f 2  

For  rotat ional  scattering Ei ~- v0  N is the number  of 
molecules per cm ~, equal to 2.69 × 10t°/cm-~ area: :7 is 
the rotat ional  Raman cross section for D 2, which is 
- 2 . 2  × 10 3°cm2/s : i  {) is the solid angle subtended 
by the collection optics, which is 0.067 sr for the / 1 . 8 ,  
,q5mm focal length lens used: and I, is the length of 
laser beam that  is being imaged onto the detector. The 
total length of laser beam viewed was 1.2cm which 
was imaged onto  some 60 scan lines (of one television 
field) of the television camera. Since alternate lines 
were not used, L = 1.2cm 120 lines - 0.01 cm. Exakl- 

ating equa t ion  (13) yields I , I~  = 3 × 10 ~s area. This 
is the fraction of the incident light that  falls on the 

*Sony ~ model 365(t video tape recorder. 
+This is an estimate based on the rotational Raman cross- 

section for nitrogen of [20] and the polarizai)ilil3 of 
deuterium of [21 ]. 
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ua 
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I I~; 5 I c:,l cell pressure. Reynold> mmlbcr and ink'[ 
I e l n p e r a t u r e  ~s t in ]c  

entrance s/it of the spectrometer.  Est imating the 
th roughpu t  of the spectrometer  at 30!'~. the t rans-  
mission of the iodine ceil at l O"i, and the t ransmission 
of the imaging lens between the spectrometer  and  the 
image intensifier at fr5",, gives the fraction of light 
incident on the face of the image intensifier as l , , , ' I  i - 8 

× 10 *" per area. 
Of the 3.5 W of incident laser powei, approximately 

3 W passes through the test cell. The difference is due 
to focusing-lens losses and window and mirror  trans- 
mission losses. Note that  the intensity decrease due to 
Raman scattering is trivial since it is of the order of 
10 Scm, even at 150 ama densities. Since the television 
camera tube is scanned 30 times per second, the incident 
energy dar ing one scan is ( 1 / 3 0 s ) ( 3 W ) =  0.1J. This 
corresponds to 2.58 × 10 ~v photons  at 514.5 nm. There- 
fore. the number  of photons  incident on the image 
intensitier is about  20per  amagat  density. The quan tum 
efficiency of the photo cathode of the image intensifier 
is nearl> 15% at 514.5nm giving a photoelect ron 
production of about  3 per amagat  density. 

These estimates of the photoelectron product ion 
reveal ~hy  it is necessary to operate at high densitie> 
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when both very good spatial resolution and moderately 
good temporal resolution are desired. Even at 100 ama 
densities, the statistical variation of the video signal is 
large since it is proportional to the square root of the 
number of photo-electrons produced, or about + 6%. 

SYSTEM CALIBRATION AND DATA 
REDUCTION PROCEDURE 

A very large amount of spectral data was obtained, 
and a comparatively lengthy calculation procedure was 
involved in determining local temperature and concen- 
tration. A typical test required a minimum of 50 frames 
of video data. Each frame has 60 lines of data that 
were digitized into 2048 intervals. Thus a single test 
involved over six million data points. All data had to 
be examined to determine the individual rotational 
Raman line intensities for use with the equations 
developed in the Rotational Raman Scattering Theory 
portion of this paper in order to compute temperature 
and concentration profiles during the filling process. 
To accomplish this task, a special digitizing system 
and a large digital computer were used. After each 
frame (including 20 pretest calibration frames) had been 
digitized, an effective baseline was determined, thus 
accounting for spatial sensitivity variation of the optical 
system--largely attributable to the image intensifier. 
This method of calibration also compensates for any 
non-uniform absorption of the Raman spectrum by the 
iodine filter. The procedure is described in detail in [-14]. 

The dynamic spectra were time-averaged over three 
frames and space-averaged over every pair of adjacent 
scan lines. Time-averaging of three frames gives a time 
resolution of 0.10s and the spatial-averaging of ad- 
jacent scan lines results in some loss in space resolution 
- - a  compromise made to achieve better photon 
statistics. The resulting spatial resolution is 0.2ram 
along the laser beam. 

EXPERIMENTAL RESULTS AND DISCUSSION 

An example of a rotational Raman spectrum of 
deuterium as recorded by the television system is shown 
in Fig. 6. This is the video signal from a single scan 
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line of the television camera. Both Stokes (left side) and 
anti-Stokes wings are shown. The Stokes wing was used 
because of its stronger signal. 

An important aspect of any new measurement tech- 
nique is its accuracy. In order to determine the accuracy 
of the temperature computed from the rotational 
Raman profile system, a series of measurements were 
made with quiescent deuterium at 150atm pressure 
and room temperature prior to each test. A chromel- 
constantan thermocouple near the center of the test cell 
was used to determine the actual gas temperature. 
Temperatures at various locations were calculated from 
the spectra of each test. One standard deviation of the 
temperature error is 9.2 K, and the bias of the mean 
from the true temperature is - 2.4 K. 

The absolute accuracy of the density measurements 
is about + 10%, based on an estimate of the combined 
precision of the recording and digitizing equipment. 
The relative density (i.e. that within a given profile) is 
probably much better. 

Temperature and density profiles 
Temperature and density profile data were taken 

with seven different axial injection flow configurations. 
The length of the inlet tube was varied to give profiles 
at distances ranging from 0.49 to 7.82 tube diameters 
from the laser beam to the tube inlet. All tests were 
done with the same initial conditions of deuterium at 
200 atm source pressure and 100 atm test-cell pressure. 
Temperature and density profiles for all seven test cell 
configurations are presented in [14]. 

The experimental temperature profiles for S/D = 
0.94, S/D = 4.06 and S/D = 7.82 are presented in Figs. 
7-9. Although data were taken continuously from the 
time of valve opening to 5 s afterwards, only a few of 
the 50 profiles obtained during this time are presented. 
The early time (0.1-0.8 s) profiles are for a.condition 
of essentially constant inlet Reynolds number. The first 
few of these profiles are at times comparable, to the 
period over which the spectral data were averaged 
(0.1 s). The late-time profiles (1.5-5 s) give an indication 
of the decay of the jet when pressure equilibrium is 

FIG. 6. Rotational Raman spectrum of D2 at room temperature. 
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reached (at about 2.0 s) and the temperature slowly 
decreases back to room temperature. 

The density profiles show a strong correlation with 
the corresponding temperature profiles for all times and 
distances from the jet inlet. The density profiles are 
plotted in an inverse manner to make this correlation 
more clear. The density profiles for the test configur- 
ation of S/D = 4.06 are shown in Fig. t0. 

lnferred flow field 
Even though extensive data were taken, the complete 

specification of the flow field is so complex as to 
require an overwhelming amount of additional data 
from regions beyond those where data  were obtained. 
Thus, great care must be taken in deducing the probable 
flow field from temperature profiles. However, the 
following general trends can be inferred from the 
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measured profiles. All axial injection configurations 
show a well-defined jet region near the axis of the test 
cell during the first 2s of the filling process. The 
center of the jet is marked by the highest temperature 
and lowest density, while the jet boundaries are marked 
by the return of the temperature to values near those 
found at the extremes of the spatial range (i.e. tem- 
perature values at the y displacement extremes). 

A warm region is almost always found above the jet, 
and sometimes there is a smaller warm region below 
the jet. This pattern is thought to be caused by 
recirculating flow in the following manner. As the warm 
jet flows along the cylinder axis, a portion of it hits the 
end wall, flows back around the sides of the cylinder 
(where it is cooled significantly by heat transfer to the 
room-temperature walls), and then turns toward the 
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inlet region. There, entrainment of some of this cooled 
gas results in coflow with the jet, an occurrence 
indicated by the presence of a cool region above and 
below the incoming warm jet. The concurrent presence 
of a warmer region also above and below, but farther 
from the jet occurs because the lower-velocity peri- 
pheral portion of the warm jet does not impinge on 
the cell walls and this is cooled much tess. This gas is 
thought to be rolled into a loroidal vortex between the 
end wall and the inlet. As an example of the flow-field 
changes with time, the flow inferred from the tempera- 
ture profiles obtained at 4.06 diameters from the inlet 
are shown in Fig. 11. 

diameters, with a core diameter of 0.68 inlet diameter 
at the same location. 

The point where the temperature is one-half the 
temperature difference between the centerline and edge 
temperatures makes an angle with the jet centedine of 
about 9 degrees. Tollmein's analysis [231] of the axially 
symmetric fiee jet predicts a thermal spreading angle 
of 7 8 degrees. 

The late-time temperature profiles show a probable 
transition to laminar flow in the jet at 1.5 2s. This 
occurrence is indicated by the narroxv, high-tempera- 
lure jet at 1.5s in Fig. 8. At still later times, lhe 
temperature profiles are dominated by the residual 

T~=OA s 

T:O.8 s 

T : 2 . 5 s  

T:O.2s 

T= 1.0 s 

T:O.4s T :O.6  s 

T:  1.5s T :2 .0  s 

T=3.Os T=4.Os 

F Ki. 11, Inferred flows from profiles at 4.06 diameters from inlet. 

Comparison of the early-time temperature profiles 
of Fig. 7 (S/D = 0.94) and Fig. 9 (SD -- 7.82) indicates 
a slight upward curvature of the ,jet from the test-cell 
axis of symmetry. The late-time temperature profiles 
for all configurations suggest significant upward flow 
as the inlet jet velocity approaches zero. This etTect is 
due to buoyant force on the lower density jet. 

Since the inlet valve was not closed until long after 
pressure equilibrium was achieved, cooling of the test- 
cell gas at late times by heat transfer to the cell walls 
causes a very slow laminar jet to continue to be 
injected. The typical angle between these thermally 
induced laminar jets and the test-cell centerline is of 
the order of 18 25 degrees. Again, this deflection is 
thought to be caused by buoyancy of the warm jet. 

Comparison oJdata with fi'ee-jet characleristic:, 
In the region near the test cell centerline at early 

times, the flow field is dominated by the .jet. The 
boundaries of the core of the jet are clearly visible in 
the early temperature profiles at 0.94 diameters from 
the inlet (Fig. 7). The core diameter in this region is 
about 1.2ram, or 0.6 of the inlet diameter. Corrsin and 
Uberoi's [22] data on a similar hot, turbulent, free 
(unconfined) jet indicate a core length of about three 

toroidal flow field, which gives rise to the characteristic 
double-peak profile. Lateqime profiles usually show a 
considerable temperature variation, with warm gas at 
the top of the test cell. Regions at the cross-sectional 
centers of the toroid tend to keep the jet eenterline 
temperature from decreasing as fast as that of a free jet. 

SUMMARY AND CONCLUSIONS 

A system utilizing rotational Raman scattering has 
been developed to simultaneously measure static ten> 
perature and concentration profiles in diatomic gases 
during transient flow. The nonrigid-rotator molecular 
model of deuterium used is in good agreement with 
the rotational Raman spectra taken. The system re-- 
corded spectra every 0.033s with time resolution of 
0.1 s, and a spatial resolution of 0.2 m m  Temperature 
accuracy was of the order of :~ 10 K, and concentration 
accuracy was of the order of + 10%. 

The rotational Raman profile system has been 
applied to the measurement of temperature and con- 
centration profiles during the transient filling of a right 
circular cylinder by axial injection of warm (430 K) 
deuterium at 200 arm into room temperature (300 K) 
deuterium at 100atm. On the basis of the measured 
temperature profiles, the transient filling process for 
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the geometry used appears to result in a varying flow 
field that exhibits a jet region near the inlet and a 
toroidal flow field midway between the inlet and the 
end wall. Although the jet region behaves like a free 
jet, free-jet theory does not describe the main region 
of the jet because of the presence of recirculating flow. 

The jet makes a transition from turbulent to laminar 
flow about 1.5 s after the start of the filling process. 
Also noted at late times was the growing influence of 
buoyant forces causing the warmer gas to drift upward 
in the cylinder; and even though the pressure equalizes 
between the source vessel and the test cylinder at about 
2 s, a toroidal flow field persists for as long as 4-5  s. 
At all times, the temperature and concentration pro- 
files show a strong correlation which is consistent with 
the nearly uniform pressure field within the test 
cylinder. 
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PROFILS DE TEMPERATURE ET DE CONCENTRATION DANS LES ECOULEMENTS 
GAZEUX INSTATIONNAIRES PAR LA DIFFUSION RAMAN ROTATIONNELLE 

R~sum6--On prbsente une technique nouvelle pour mesurer simultan6ment les profils de temp6rature et 
de concentration dans les gaz diatomiques en 8coulement instationnaire. Utilisant un laser continu '/t 
argon, la lumi6re diffus6e par effet Raman h travers les gaz 6chantillons est dispers~e par un spectrom~tre 
/l un seul passage; les spectres r~sultant sont d6tect6s par un intensificateur d'image et une cam6ra de 
t61~vision h faible niveau de lumi~re, h intervalle de 0,033 s. 

Un syst~me bas6 sur cette technique a 6t6 r6alis6 et des distributions de temp6rature et de concentration 
ont 6t6 obtenues pour un cylindre circulaire droit et une injection de deuterium a 200atm et 430 K dans 
du deuterium h 100 atm et 300 K. Des profils de temp6rature et de concentration sont pr6sent6s ~i des 

6poques diff6rentes pendant l'injection. 

BESTIMMUNG VON TEMPERATUR- UND KONZENTRATIONSPROFILEN IN 
INSTATION~REN GASSTROMUNGEN MIT HILFE DER ROTATIONS-RAMAN-STREUUNG 

Zusammenfassung--Es wird eine neue Technik zur gleichzeitigen Messung von Temperatur- und 
Konzentrationsprofilen in 2-atomigen Gasen bei instation/irer StrOmung vorgestellt. Unter Verwendung 
eines kontinuierlichen Argonlasers wird Rotations-Raman-Streulicht aus den Probegasen in einem 

HMT Vo. 20, No. 9--B 
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Einweg-Spektrometer gestreut; die resultierenden Spektren werden in Zeitabsttinden yon 0,033s tiber 
einen Bildversttirker und eine schwachlichtauflSsende Fernsehkamera  aufgenommen.  Ein auf dieser 
Methode basierendes System wurde entwickelt und damit  die Temperatur-  und Konzentrat ionsver-  
teilungen in einem Kreiszylinder bei axialer Einspritzung von Deuter ium bei 200 atm und 430 K in 
Deuterium yon 100 atm und 300 K bestimmt. Ftir ausgewtihlte Zeitpunkte w~ihrend des Einspritzvorganges 

werden Temperatur-  und Konzentrationsprofile angegeben. 

DPOOt ' I f lFI  T E M F I E P A T Y P B I  H KOHL~EHTPAI.IHFI 
B H E Y C T A H O B H B R I H X C ~ I  F I O T O K A X  FA3A,  F IO. r IYqEHHbIE  M E T O ~ O M  

BPAIIIATEJII~HOITI COCTABJI~/ IOII IEf i  P A M A H O B C K O F O  P A C C E ~ H H , q  

All~Ol'allllsl- PaccMaTprlBaeTca ttOBbl~i MeTO~I O~rlOBpeMenHOFO H3MepeHH~! npo~Haei~ TeMHepa- 
Typbl H KOHUeuTpauHa B HeyCTaHOBHBmHXC~ nOTOKaX £tByXaTOMHmX ra3oB. I-[oayseHHas c HOMOLRbIO 
aproHoBOI'O J~a3epa HenpepbIBHOrO ]I~CTBHI~I BpamaTeJlbHa~ COCTaBZI~IIOI/ta~ PaMaHOBCKOrO pac-  
c ¢ ~  o6pa3ROB ra3oB aHaJ1a3HpyeTc~ O~IOKaHanbHbIM CrleKTpOMeTpOM, IIpHtleM c~IeXTpbl ]IeTeK- 
THpyloTC~I Ka~21bIe 0,033 ceK. c nOMOUlbiO 3J]elcTpOHHOFO BHJ~eoycHJIHTeJI~I H TeJIeBH3HOHHOH yCTa- 
HOBK~ BblCOKOB pa3petua}omei~ CnOCO6HOCTH. 

H a  OCHOBe 3TOFO MeTO,/Ia ~blJIa co3~latta cttcTeMa H OllpeLte.rleHbI npoqbHna TeMIlepaTypbI H KOHIleH- 
Tpattrm a KpyrnoM tmnnHape  npaamlbHoit  dpOpMb! BO BpeMIt nnxeKtmn  ~Iei~Tep~a B aKCHa.rII,HOM 
n a n p a a n e n m l  npH 200 aT n 430 K B ~iei~Tepni~ npa  100 aT a 300 K. Flpoqb~mH TeMnepaTyp],i n KOn- 

lleI-ITpal~Hlt Ilpe2ICTaBneHbl ~Ulfl onpe~eaermmx MOMeHTOB BpeMeHH B npottecce na~eKtmn.  


