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Velocimetry and Thermometry of Supersonic Flow
Around a Cylindrical Body

Peter F. Barker,* Amberyn M. Thomas,” Timothy J. McIntyre,* and Halina Rubinsztein-Dunlop®
University of Queensland, Brisbane, Queensland 4072, Australia

The supersonic flow around a cylindrical body has been studied using two optical techniques. For both sets of
measurements, the cylinder was mounted from the side of the tunnel, allowing investigation of the bow shock region
as well as in the wake. A new technique, laser-enhanced ionization flow tagging, was used for streamwise velocity
determinations behind the body. From these measurements, it was found that the downstream velocity outside the
wake was (1.90 = 0.06) km/s, whereas inside the wake the velocity was about 0-500 m/s in the upstream direction.
Planar laser-induced fluorescence of nitric oxide was employed for temperature determinations. It was established
that the freestream temperature was (2120 = 100) K, decreasing to around (1550 + 400) K in the wake.

Nomenclature

E = energy

H,; ;» =Honl-London factor

I = laser pulse energy

J' = rotational quantum number for the lower rotational state
of the coupled transition

J” = rotational quantum number for the upper rotational state
of the coupled transition

k = Boltzmann constant

R = ratio of two laser-induced fluorescence signals from
different lower rotational levels

T = temperature

AE  =energy difference between the two lower states

Introduction

PTICAL techniques have the capability of yielding two-di-

mensional information in complex supersonic and hyper-
sonic flows. Through the interaction of a laser beam with a given
species in the flow, quantities such as rotational and vibrational
temperatures,2 densities** velocities; and species concentra-
tions® have been determined. Such measurements are important in
the study of high-speed aerodynamics, for which the conditions can
be simulated in a range of shock tunnels and expansion tubes. Re-
centstudieshaveconsideredthe flow over spheres,’ cylinders ?-° and
wedges.’ Principally, temperature measurements have been used to
characterize the conditions in the freestream and behind the bow
shock in the flow. Good agreement has been obtained with numeri-
cal modeling.

The present study consists of an investigation of a nonreacting
supersonic flow around a cylinder. Its purpose is twofold. First, the
applicability of a new technique, laser-enhanced ionization (LEI)
flow tagging, has been investigated in a complex nonuniform flow.
In this method, a laser beam is used to tag a region in the flow
by ionizing a selected atomic species, and its motion is monitored
by the use of another laser beam fired at a known delay after the
first beam. The translation and deformation of the line provides a
direct measurement of the streamwise component of the velocity.
Second, temperature measurements have been obtained using pla-
nar laser-induced fluorescence (PLIF) to provide a more detailed
characterization of the flow. In particular, this has focused on the
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wake region behind the cylinder, which, due to the cylinder’s being
mounted from the side of the test section, can be examined with
minimal outside interference. These measurements provide experi-
mental datathatcan be used for comparisonwith computermodeling
of the flow. Successful comparison of experimental and numerical
studies in a nonreacting flow precedes planned work where both
the experimental and numerical techniques will be used to study
high-enthalpy,chemically reacting flows.

Facility

All experiments were performed in a small shock tube called the
Drummond tube, shown in Fig. 1. This is a cold-helium-drivenfa-
cility suitable for generating flows with velocities around 2 km/s.
The tube is 4 m long, with a 3.25-m driven section. The driver has
a double-diaphragm configuration that consists of two sections, a
large reservoir and a smaller reservoir. The purpose of the smaller
reservoir is to provide a simple means for firing the shock tube.
Aluminum diaphragms were used, which allowed the use of driver
pressures of around4 MPa. The shock tube has a circular cross sec-
tion with a transition to a square cross section upstream of the test
section. It is instrumented with pressure transducers and thin-film
temperature gauges for shock speed calculations and timing pur-
poses. The test sectionis 50 mm square, and three of the four faces
are fitted with a quartz window mounted flush with the inside tube
surface. The windows have a usable diameter of 20 mm. A 3.7-mm-
diam cylinder was sidemounted from the fourth face, which is the
face opposite the detection window. Because of this geometry, the
region before and after the cylinder was able to be imaged with
only minimal interferencefrom the model support. At the end of the
shock tube, thereis a large dump tank to absorb the expandingdriver
gas. Table 1 contains the calculated conditions of the flowfield in
which these measurements were performed. They are determined
from experimental measurements of the shock velocity and initial
gas pressure using chemical equilibrium assumptions. The repeata-
bility of the flow in the tunnel is good, with measured velocities
deviating by less than 2% from shot to shot.

For velocity measurements, trace amounts of sodium were seeded
into an airflow from a second small sodium-coated cylinder placed
upstream of the test section. The addition of this small object into
the freestream was found not to significantly alter the measured
flow speed.!® The probed species for the PLIF temperature mea-
surements was nitric oxide. Although not produced in an airflow
with the moderate-strengthshocks producedin the Drummond tube,
nitric oxide is commonly used for diagnostic purposes as it is often
present in high-enthalpy airflows and in combusting flows. It is a
suitable species for such an investigation because of its relatively
well-known spectroscopic constants. In the experiments described
here, NO was introduced into the flow by using a test gas with a
composition of 5% NO in nitrogen.
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Table1l Conditions expected in the Drummond tube flow
assuming chemical equilibrium

Freestream Normal shock
Parameter Air 5% NO in N, Air 5% NO in N,
Pressure, kPa 89 85 390 330
Temperature, K 2130 2220 2990 3120
Density, kg/m? 0.15 0.13 0.44 0.36
Enthalpy, MJ/kg 3.7 3.8 3.7 3.8
Velocity, km/s 1.8 1.7 0.56 0.63
Mach number 2.0 1.9 0.53 0.57

Quartz Windows
Helium Driver :[:]: Shock Tube [ ?"Lzlmmlg
I
Te§t
Double Section
Diaphragm

Fig.1 Schematic diagram of the Drummond tube.

Flow Tagging by LEI

Flow tagging by laser excitation has previously been employed
to measure the velocity of a number of high-speed gas flows.!! 13
In these techniques, a well-defined region of the flow is differenti-
ated from its surroundings by creating either a long-lived species or
an excited state by laser excitation. The displacementof the tagged
region with time is used to calculate a flow velocity. This time-of-
flight measurement requires little calibration or detailed knowledge
of the flowfield. Tagging in supersonic flows has previously been
accomplished by Raman excitation of O, (Ref. 11), photodissocia-
tion of water and hydrocarbon fuels,'? and photoionization of UF4
(Ref. 13). However, these techniques are not readily applicable to
the high-temperature air flows produced in our shock tubes, due to
either thermal dissociationof the species to be tagged or, in the case
of Raman excited O,, thermal population of the excited state.

Instead, we have developed a technique that generates a tagged
region by ionization of atomic sodium that is seeded into or natu-
rally contained in the flow.!% !* This type of tagging scheme can be
applied to a larger variety of flows provided thermal ionization is
insufficient to decrease the contrast of the tagged region.

In the tagging scheme presented here, a resonant two-step ex-
citation procedure was employed to tag a region of the flow by
selectively promoting ground state sodium atoms in a small region
to an excited state close to the ionization limit. Following laser ex-
citation, efficient ionization occurs when the excited sodium atoms
gain a total energy greater than that required for ionization through
inelastic collisions with surrounding molecules. Figure 2a is a dia-
gram presenting the two-step LEI process employed to tag sodium
in the flow. In the first step of this excitation scheme, a laser pumps
atoms from the ground electronic state to an intermediate excited
state (3p;/») using light at a wavelength of 589 nm. Immediately,
a second laser pumps atoms from the intermediate excited state to
the 7d state that is approximately 0.2 eV below the ionization limit.
For this second step, light at a wavelength of 449 nm was employed.
Collisions then serve to ionize approximately 80% of the irradiated
atoms in the duration of the laser pulse.!* To detect the tagged re-
gion, PLIF of the neutral sodium was performed and the tagged
region was observed as a reductionin the signal in the PLIF image.
Thus, the ionized tagged region was seen as a hole in the otherwise
bright background of the neutral sodium fluorescence. Figure 2b is
a diagramrepresenting the LIF excitation scheme used to detect the
tagged region.

Optical Arrangement for Flow Tagging in the Shock Tube

The two laser beams required for the two-step LEI process were
provided by a two-color dye laser system constructedin-house. The
combined two-wavelength output of this system is termed the de-
pleting beam. A third dye laser was used as the probe laser to de-
tect the depleted ground state of sodium by exciting the remaining
ground state atoms to the 3 p3, state and monitoring the resonance
fluorescence at 589 nm.

A\

7d

449 nm

— 3pan —

589 nm 589 nm

3512

b) PLIF detection
Fig.2 Excitation and detection scheme for velocimetry.

a) LEI excitation

Prior to performing velocity measurementsin the shock tube, the
depleting lasers and the probe laser were tuned to the absorption
line center of the transitions by using an air/acetylene flame seeded
with sodium. In this procedure, the first-step LEI laser and the probe
laser were tuned so that maximum fluorescence was observed from
the 3s,,,-3 p3/, transitionin sodium. With the first-step laser fixed at
this frequency, the second-steplaser was tuned while monitoring the
resonance fluorescence from the first excitation step (3s,,,-3p3/2).
Line center operation for the second step was determined when a
minimum in the fluorescence signal was detected. This indicated
maximum transferral of atoms to the ionized state via the upper
state of the second excitation step.

For measurements in the shock tube, the depleting and probe
laser beams were directed through the top and bottom windows of
the test section, respectively. These two counterpropagatingbeams
were expanded into thin sheets of light approximately 2 mm thick,
and the sheets were oriented at right angles to each other. Both the
depleting beam and the probe beam were shaped by a combination
of spherical and cylindrical lenses. In this simple beam shaping
scheme, a spherical lens is used to form a focus at the center of
the test section, while the cylindrical lens diverges the light in only
one plane to form a diverging sheet of light. A spherical lens of
+500-mm focal length was used in both the tagging and probe
beam shaping optics. For the depleting beams, a cylindrical lens of
+50-mm focal length was employed to expand the beam to a sheet
approximately 8 mm wide, with its width perpendicularto the flow
direction. A cylindricallens of focal length +25 mm was employed
to expandthe probe beam to a larger width of approximately25 mm.
The 25-mm width of the excitation sheet was chosen to fill the field
of view of the windows and was aligned to be parallel with the tube
flow. A depleting beam shape in the form of a sheet was employed
to limit the transportof untagged flow into the tagged region, where
the depletionand probe sheets intersect. Transport of neutral sodium
into this region has the effect of reducing the contrast and, hence,
the visibility of the tagged region. This planar shape also acts to
maintain tagged line visibility when the probe sheet is skewed at
some angle away from the flow. In this case, displacement of the
taggedregion out of the plane of the probe sheet can occur when the
width of the tagging beam is not much greater than the thickness of
the probe sheet.

The orientation of the detection optics and equipment around the
test section is shown in Fig. 3. In this arrangement, one of the side
windows was used to monitor the convection of the tagged flow.
A /4.5 uv Nikkor lens was placed outside this window to collect
and image the planar LIF signal from the untagged sodium atoms in
the flow. This image was detected by an intensified charge-coupled
device (CCD) camera (Princeton Instruments ICCD-576) and sub-
sequently stored in the computer. A Schott glass OG-550 cutoff
filter was placed before the lens to allow only fluorescence at 589
nm to be transmitted, thereby removing any scattered blue light at
449 nm from the tagging beam. Although scattered light at 589 nm
could not be removed, interference from this source was found to
be small compared with the measured LIF signals. The final precise
alignment of the depletion and probe beams was accomplished by
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Fig. 3 Optical arrangement around the shock tube test section for
velocimetry.

Fig. 4 PLIF images of the tagged flow, tagged region highlighted by
dark line, flow left to right, at creation probe delays of a) 40 and
b) 176 ns

introducing a small, sodium seeded, butane flame into the test sec-
tion. Good overlap of the laser beams within the test section was
indicated by detecting, with the ICCD camera, a line of depletionin
the otherwise uniform fluorescencefield created by the probe beam.

Velocity Measurements in the Wake of a Cylindrical Body

Prior to measurements of the velocity in the wake of the cylindri-
cal body, the freestream velocity was measured by performing LEI
flow tagging velocimetry. These results were in agreement with the
velocity determined from shock speed measurements.!” Flow tag-
ging velocity measurements were then performed in the wake of a
cylindrical body placed in the seeded freestream flow by measuring
the streamwise velocity at various locations across the flow.

Figures 4a and 4b are images of the flow behind the cylindrical
body containing the depleted tagged region. They correspond to a
depletion-probedelay of 40 and 176 ns, respectively. Although these
two images were taken in two consecutive shots, presuming shot-
to-shot reproducibility, they show the displacement of the tagged
region that would occurin a time interval of 136 ns in one shot. The
light circular region in each image is the outline of the cylindrical
body. The shadow of this cylinder extends to the bottom of the
page and is produced by the probe laser sheet directed toward the
bottom of the page. A difficulty encountered during the experiment
was obtaining uniform seeding of sodium into the flow. As can
be seen, the fluorescence signal is very nonuniform. Nevertheless,
the depleted regions are easily identifiable in the raw images and
are here shown with a dark line to emphasize their location. The
nonuniform seeding is, therefore, not seen as a major drawback to
the technique,althougha method for more uniformseeding would be
desirable.

Figure 5 is a plot of the position of the tagged lines in the wake
of the cylindrical body for four creation-probe delays. The outer
portions of the flow show a smooth evolution with time and can be
used to determine the streamwise component of velocity. Immedi-
ately behind the cylinder, the velocity is much lower, and in places
the gas is seen to move in an upstream direction. There is a strong
velocity shear between these two regions. The curve for a delay of
580 nsillustrates a problem that occurred during the measurements.
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Fig. 5 Position of the center of the tagged line for four creation probe
delays.
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Fig. 6 Measured average streamwise velocity across the flow 2 mm
behind the cylinder.

As is seen, the velocity distribution is not symmetrical about the
cylinder. It appears as if the freestream velocity was not axial along
the tube. Inspection of the original images shows that there is some
variation in the location of the wake. One possible explanation is
that the method of seeding sodium into the flow (by the introduc-
tion of a coated object into the flow upstream of the cylinder) is also
causing flow disturbances. This could be eliminated by developing
a better seeding method or moving the object farther upstream.

The average streamwise velocity was calculated by using the im-
ages with delays of 40, 176, and 380 ns (the 580-ns image was
discarded because of the asymmetry). For each position across the
flow, the axial position of the tagged region at each delay was de-
termined and a velocity obtained by a linear fit. Figure 6 shows
this velocity distribution. Away from the cylinder, the velocity is
about 1.6 km/s. The flow is seen to accelerate as it passes around the
cylinder, reaching a maximum velocity of (1.90 & 0.06) km/s just
outside the shear layer. Within the wake, the velocity lies between
0 and 500 m/s in an upstream direction. The uncertainty in the fit
is also shown in Fig. 6. The largest uncertainties are in the shear
layer itself. In this region the average measured velocity is not a
true representation of the flow as the velocity varies greatly during
the time of the measurements. To obtain the total velocity (as op-
posed to the streamwise velocity) in nonuniform regions, the flow
must be tagged with a mesh of points instead of lines. This could
be implemented using the two-step LEI flow tagging technique but
was not investigated here due to the small size of the optical access
windows. The method is currently under investigation.

PLIF Thermometry

PLIF is a species-specific, nonintrusive diagnostic technique
that has found application for a variety of flow and combustion
studies.!>*16 In PLIF, a laser that is tuned to a transition of a species
of interestis formed into a sheet and passed through a flow. A frac-
tion of the subsequent fluorescence can be collected at 90 deg to
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the interaction plane, and this plane can be imaged onto a sensitive
two-dimensional detector, yielding a spatially resolved PLIF im-
age. Using a pulsed laser with a pulse duration of the order of 10 ns,
high-temporalresolutionis achievable,evenin very fast flows. With
certain limitations, it is possible to determine a two-dimensional
temperature map by using two PLIF images resulting from excit-
ing transitions within the same molecular band.'® This is because a
PLIF image containsinformationabout the populationof the probed
species in the lower state of the transition, which is related to tem-
perature via the Boltzmann distribution. It has been successfully
demonstrated for determinations of important physical parameters
in supersonic flows, including temperature and velocity.'® PLIF
thermometry of nitric oxide has been employed for both rotational
and vibrational temperature measurements by judicious selection
of lower energy levels in shock tube and tunnel flows.!:2+:3:% In this
paper, PLIF thermometry of NO is employed for rotational temper-
ature determinations in the supersonic flowfield around a cylinder
placed in the Drummond tube. The two-dimensional temperature
field obtained includes the region behind the cylinder.

PLIF thermometry theory is well established, and it will not be
presentedin detailhere. It can be shown under certain circumstances
thattheratio R of two temporallyintegratedlinear LIF signalsresult-
ing from the excitation of transitions originating in different lower
rotational levels of the same vibrationallevel and promoted via laser
absorption to the same upper vibrational level can be used to obtain
the following expression for the temperature of the flow!®

_ R*11,"Hyrym
- AE)/kf( Ip"Hygn ) @

where AE is the differencein the energies of the lower states of the
laser coupled transition, /;; and I, are the laser pulse energies for
each excitation,and H; and H,~ are the Honl-London factors for
the transitions.

In reducing the expressions for the two fluorescence signals to
the expression from which the temperature is calculated, certain
assumptions must be made. The transitions chosen for excitation
must be free from spectral interference from neighboring lines, as
well as from other species. The spectral overlap of the laser and
absorption line shapes must also be the same for both PLIF images.
The fluorescence yield must be the same for both transitions. For
the A2X ™ state of nitric oxide, the total quenching rate coefficient
and the radiative lifetime is J’ independent, so that this criterion is
satisfied.!’”!° To eliminate the problems of laser beam attenuation,
the strength of the transitions for excitationis a consideration. The
laser spectral intensity must be such that the fluorescence is in the
linear regime to avoid saturation effects. Ideally, the energy level
separation of the two lower levels should be approximately equal to
the temperature of the flow to ensure good temperature sensitivity.

Experimental Arrangement for PLIF

The experimentalarrangement for PLIF thermometry is shownin
Fig. 7a. There are three distinctparts: the laser system, the beam pro-
file monitoringsystem, and the image detectionsystem. The exciting
laser was the frequency-doubledoutput of a Nd: YAG pumped dye
laser operating with the dye coumarin 47. The pulse energy was
approximately 500 pJ at 226 nm, and a fraction of this was used
in the laser sheet (~100 nJ). The 226-nm light was focused using
a cylindrical lens (f=30 mm) and a spherical lens (f= 500 mm) to
a sheet 500 um x 2 cm in the test section. To perform laser sheet
energy corrections to the PLIF images, a beam profile monitoring
system was employed. Before the test section, a quartz plate redi-
rected a fraction of the laser sheet to a dye cell containing a very
strong solution of rthodamine B, which fluoresced under 226-nm
excitation. This visible fluorescence, which represented the beam
profile, was imaged with an Electrim EDC-1000 CCD camera. A
Princeton Instruments ICCD camera fitted with a Nikkor quartzlens
(f= 104 mm) was used for detecting the PLIF signal. A Schott glass
UGS filter was placed before the ICCD to reject scatteredlaser light.
This filter also served to eliminate possible problems due to radia-
tion trappingas the filter rejects fluorescencein the (0, 0) vibrational
band. The form of the image is shown in Fig. 7b.

Table 2 Transitions, Honl-London factors, and
lower-state energy levels

Energy of J” level,

Transition Honl-London factor cm™!
P> + Q12 (8) 2.968 229.756
P (29) 6.1836 1503.299
P> +PQ12(39) 11.201 2714.978
ICCD Test
Camera ‘
ection
l
Timing
Control l
and Beam
Data Profile —1—
Acquisition Monitor  Cylinder

Beam
Dye Shaping
Laser Laser Doubler Optics

~452 nm  ~226 nm

Fig. 7a PLIF arrangement.

Flow
Direction
—>

Laser
Beam
Direction

Cylinder
and
Shadow

Imaged Region

Fig. 7b Imaged region.

The experimental system consists of a one-laser, one-camerasys-
tem, so that it is possible to obtain only a single PLIF image, from
exciting one transition, during each shock tube run. To obtain tem-
perature it is, therefore, necessary to record images in successive
shock tube runs and assume flow reproducibility. In multiple shot
measurements, the collection optics efficiency is assumed not to
change during the course of the experiments. Both the beam profile
monitoring system camera and the ICCD camera were operated in
their linear regimes.

To maximize signal to noise in the temperature measurements,
the energy difference between the lower levels of the two selected
transitions should be approximately equal to k7', where T is the
anticipated temperature of the flow. In a flow where the temperature
has a wide range of values, good sensitivity over the entire range
can best be obtained by employing a range of lower states. For this
work, the three lines P, +7Q;,(8), P, (29), and P, +7Q,,(39) in the
A?%T — X2I1(0, 0) band of nitric oxide were excited. As well as
providing good signals for the wide temperature range expected,
these lines were chosen because they are free from spectral interfer-
ence from neighboring lines. The Honl-London factors have been
calculated from the expressions given in the literature?® and are
quoted together with the energies of the lower states in Table 2.

Prior to performing measurements in the shock tube, the lines
were investigated and identified in an air/acetylene flame. Figure 8
shows an excitationscan around the P;(29) transition. Similar scans
were obtained for the other lines. This system was later used for
tuning the laser immediately prior to a shock tube run.

Thermometry Results

Raw images and beam profiles were obtained for the three lines
at the conditions given in Table 1. Example single-shotimages for
the different excitations are presented in Fig. 9. They show flow
from left to right over the cylinder with the laser sheet propagating
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Fig. 8 Excitation scan in an air/acetylene flame around the P;;(29)
transition; NO lines in this region are identified and labeled.
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Fig.9 Single-shotraw images of the flow (left to right) over a cylinder;

the excited transitions are a) P, + £Q2(8), b) P1(29), and ¢) P, +
PQ12(39).

from bottom to top. (The shadow of the cylinder can be seen at the
top of the images.) In each case, the shock wave is clearly evident,
as well as structure in the wake of the body. The signals in these
images were very repeatable with no evidence of unsteadinessin the
flow being observed. This is in contrast to the LEI images, where
the direction of the wake was observed to vary from shot to shot.
This lends support to the explanation that the unsteadiness in the
LEI measurements was due to the influence of the body upstream
of the cylinder used to seed sodium into the flow rather than some
inherent unsteadiness of the flow over the cylinder, as has been
observed elsewhere® Also note that the uniformity of the signal in
the freestream indicates that there is no significant laser absorption
across the image.

The raw single-shot images were corrected for camera back-
ground, as well as for the laser beam profile, and then normal-
ized by the Honl-London factor for the particular transition. The
corrected images were then averaged and the intensity ratios deter-
mined for each pixel in the images. Equation (1) was then evoked
to obtain a temperature map of the flow. With the three lines,
P, +%Q1,(8), P;(29), and P, + Q5 (39), it is possible to determine
the temperature using three different ratios. The temperature maps
obtained using these ratios are shown in Fig. 10. These temperature
maps were obtained using averages of five images for each line ex-
ceptfor the P, + Q5 (39) line in which six were used. Figures 10a,
10b, and 10c show the temperature maps for ratios of the lines

Table3 Experimentally measured temperatures, degrees Kelvin

Line ratio Freestream Bow shock Wake
29/39 2040 2880 1350
8/29 2200 3140 1770
8/39 2110 3000 1540
Average 2120 3000 1550

3800

2100

400

Temperature
(K)

Fig.10 Temperature maps determined using ratios of images; flow is
from left to right. The excited transitions are a) P, + *Q,(8) and P, +
PQ12(39),b) P> + *Q12(8) and P;(29), and ¢) P; (29) and P, + £ Q,(39).

P, + Q2(8) and P, + PQ1,(39), P, + PQ12(8) and P;(29), and
P,(29) and P, + ?Q},(39), respectively. These temperature maps
compare well to each other and reflect the expected temperature
variationaround the model. Of particularinterestare the temperature
measurements in the wake of the body and the visualizationof shear
layers and shock waves. The wake is significantly cooler than the
freestream due to convectiveheat loss to the surface of the cylinder.
There is some variationin the determined temperature maps, par-
ticularly behind the shock and inside the wake. Table 3 lists the tem-
perature obtained using the three different ratios in different areas
of the flow. The freestream temperature is consistent between the
images. Averaging the data for the three ratios yields a freestream
temperature of (2120 100) K, compared with the calculated value
of 2220 K in Table 1. The uncertainties quoted are estimated from
inspection of variations in each of the three temperature profiles.
The temperatures obtained in the shock-heated region are less
consistent than in the freestream. The average of the three measure-
ments yieldsa temperatureof (3000 £ 200) K, whichis in agreement
with the predicted value of 3120 K shown in Table 1. This region
is characterized by high pressures (above 300 kPa), so that broad-
ening could lead to errors in the determined temperatures because
transitions in the wings of the chosen lines may contribute to the
PLIF signal. This would be most significant for the P;(29) line be-
cause it is a relatively weak line and has a strong neighboring line
[Qi; + 9P, (21)]. It would be expected, therefore, that the ratios
of P,(8) and P(29) and P, (29) and P,(39) would be the most af-
fected by this influence of neighboring lines. In this shock-heated
region, where quenching is significant, the population reduction of
lower J” levels may cause increased uncertainty in the tempera-
ture maps determined using lines originating from less populated
levels, i.e. P,(8). Another important consideration in this region
is the constancy of the fluorescence yield, which for these deter-
minations we have assumed is J’ independent. This assumption is
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Fig. 11 Temperature profile across the flow 1 mm behind the cylinder.
The excited transitions are a) P, + YQy,(8) and P, + ¥Q;,(39), b) P, +
Ple(s) and P1(29), and ¢) Py (29) and P; + PQ12(39).

based on previous studies in which high J’ levels have not been
investigated 3~

Figure 11 shows cross sections of the temperature maps taken
approximately 1 mm behind the cylinder across the wake. The tem-
perature profile is seen to decrease from the freestream value of
2120 K to a temperature of 1400 K just outside the shear layer.
The cross sections obtained from the different line pair ratios in
the regions outside the wake compare reasonably well. Between the
shear layers, inside the wake, the agreement for the different line
pairs is poor. The average temperature obtained in this region using
data from all three line pairs is (1550 = 400) K. In the wake, where
significant cooling has occurred due to convective heat transfer, the
populationreduction of higher J” levels may cause increased uncer-
tainty in the temperature profiles. The variation in the determined
temperaturesin this region could also be attributed to saturation ef-
fects, which may become important because of the lower pressures
in this region. Other possibilities for the discrepancy in this region
are nonequilibriumeffects and flow unsteadiness. An investigation
of the flowfield using computational fluid dynamics codes (CFD)
is currently in progress, and this will be used to further analyze the
temperature field. Emphasis will be placed on determining the cause
for the temperature variations obtained in the wake of the cylinder.
The results in other regions of the flow, for which the agreement
between temperatures obtained using different line pairs is good,
provide experimental measurements that can be compared with fu-
ture calculations of the flow to facilitate important CFD model val-
idation.

Summary and Conclusion

The LEI flow tagging technique was successfully applied to the
measurement of velocities in the wake of a cylindrical body. The
experimental arrangement employed to achieve flow tagging in the
shock tube flow was described, and velocity measurementsbehind a
cylindricalbody placedin the freestream flow were presented. From
these measurements, it was found that the downstream velocity out-
side the wake was (1.90 £ 0.06) km/s, whereas inside the wake the
velocity was in the range 0-500 m/s in the upstream direction.

Temperature maps of the flow around a cylinder were obtained us-
ing PLIF thermometry of nitric oxide. The temperature profiles ob-
tainedusingdifferenttransitionpairs comparewell in the freestream,
yielding a freestream temperature of (2120+ 100) K. Behind the
model, the temperature was seen to decrease from the freestream
temperature to around (1550 & 400) K in the wake inside the shear
layers. There is variation in the temperature fields obtained in some
regions of the flow, particularly in the wake of the cylinder, which
may be due to saturation or nonequilibriumeffects. This is the sub-
ject of a current study that aims to investigate the properties of the
flow using CFD codes.
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