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Comparison of Planar Fluorescence Measurements and
Computational Modeling of Shock-Layer Flow

A. E. P. Houwing*
Australian National University, Canberra 0200, Australia
1. L. Palmer,! M. C. Thurber,! S. D. Wehe,! and R. K. Hanson?
Stanford University, Stanford, California 94305-3032

and

R. R. Boyce®
University of Queensland, Saint Lucia, Queensland 4072, Australia

Planar laser-induced fluorescence is used to image transient and quasisteady flow phenomena associated with an
impulsively started supersonic jet incident on a circular cylinder. The transient phenomena observed are consistent
with established theoretical work on the development of nozzle flows in a shock tunnel and with well-understood
shock reflection processes. The technique is also used to measure the rotational temperature in the jet and in
the shock layer on the cylinder after the establishment of quasisteady flow conditions. The inviscid flow between
the bow shock and the edge of the boundary layer and the viscous flow within the boundary layer are modeled
numerically using an iterative scheme. Good agreement is achieved between the computational and experimental
results for most of the imaged field, except for the region near the shock vertex, where flow nonuniformities near
the centerline perturb the shock from the shape expected for a uniform incident flow.

Nomenclature

A = effective spontaneous emission rate for states directly
and indirectly populated by laser excitation

B = stimulated absorption coefficient

Cup = calibration constant determined from ratio of
fluorescence signals at a known temperature

d = diameter of cylinder

E = laser energy fluence; energy per unit area

F = rotational energy of lower laser-coupled state

fr = fractional population of lower laser-coupled state

g = spectral overlap between laser and absorption line
profiles

J" = rotational quantum number of lower laser-coupled state

k = Boltzmann constant

M = Mach number

M; = Mach number estimated from wave angle

M;.: = Mach number estimated from wave angle and corrected
for image misalignment

Npe = number of photoelectrons produced at photodetector
element of two-dimensional array

no = number density of absorbing species

P = pressure

0 = effective electronic quenching rate for states directly
and indirectly populated by laser excitation

Tab = ratio of fluorescence signals

S/N = signal-to-noise ratio

T = temperature

V. = collection volume imaged onto detector element
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v”,v" = quantum numbers of lower and upper vibrational states,
respectively

x = distance measured parallel to nozzle centerline in flow
image

y = distance measured perpendicular to nozzle centerline
in flow image

o = angle that wave makes with nozzle exit plane

n = overall collection efficiency of optics and detector

0 = angle streamline makes with flow centerline at nozzle
exit plane for source flow

A = wavelength

¢ = fluorescence yield

Subscripts

a,b = lower laser-coupled states

i = number identifying wave at nozzle exit

S = conditions in nozzle supply reservoir

1 = initial conditions in shock tube driven section, nozzle,
and test section

00 = conditions in freestream at nozzle exit during

quasisteady flow

Introduction

CCURATE prediction of the various physical and chemical
phenomena that accompany the hypervelocity flows associ-
ated with the re-entry phase of aerospace flight is extremely im-
portant to the design of the next generation of reusable spacecraft.
Computational fluid dynamics (CFD) modeling of the flowfields
encountered during re-entry is hence of paramount interest. CFD
codes, however, must be validated against experimental data before
they can be used with confidence in a design environment. In this
regard, the visualization of transient and quasisteady flow features
and the measurement of rotational and vibrational temperatures and
chemical species densities in ground-based testing facilities is very
important. Of the various optical techniques developed in recent
years, planar laser-induced fluorescence (PLIF) has proved most
widely successful in imaging and thermometry over a range of flow
conditions and has been applied previously to a shock-layer flow
over a sphere.!
One of the aims of the work reported here was to image the
transient phenomena associated with the nonstationary flow created



HOUWING ET AL. 471

when a supersonic jet impinges on a circular cylinder; another was to
apply the two-line PLIF method to the measurement of the rotational
temperature in the quasisteady bow shock flowfield, to demonstrate
the suitability of the technique for the validation of computational
methods and physical models. The experiments were undertaken in
a small-scale shock tunnel, providing a pilot study that would form
the basis for subsequent work in a larger facility.

Fluorescence Imaging and Thermometry

Fluorescence Signal

With the PLIF method, the narrowband output from a pulsed
laser light source is normally tuned to a rovibronic transition in a
molecular species of interest. Using appropriate optical elements,
the output of the laser is spread into a thin rectangular sheet and
directed through the flow, exciting a fraction of the molecules in the
lower laser-coupled quantum state. The subsequent fluorescence is
imaged onto a digital camera, thus producing a map of the fluores-
cence intensity for a cross section of the field. The intensity of the
recorded fluorescence depends on a number of factors, including the
optical collection efficiency, rotational and vibrational redistribution
rates, collisional quenching rate, radiative lifetime, self-absorption,
laser intensity, molecular constants, and the initial level population,
which is, in turn, a function of the local values of the species temper-
ature(s) and density. For a weak (nonperturbing) laser pulse, the total
number of photoelectrons N, produced at a photodetector element
of a two-dimensional array from a collection volume V, imaged
onto the element is>~>

Npe = nVcn()f_]"BEg¢ (1)

where 7 is the overall efficiency of the collection optics and the
detector (photoelectrons produced per photon emitted), f;» is the
fractional population of the lower laser-coupled rotational state J”,
and E is the energy fluence (energy per unit area) of the laser. Here,
¢ is defined as

¢p=A/(A+ Q) @)

Temperature Measurements

In the current work, two-line PLIF imaging® is employed for tem-
perature measurements. This method involves sequentially exciting
transitions with different initial states, so that the local rotational
or vibrational temperature may be determined from the ratio of
the fluorescence signals. Nitric oxide (NO) was selected as the di-
agnostic species because of its relatively strong absorption cross
section, good fluorescence efficiency, and convenient spectroscopic
and collisional properties.® Table 1 lists the three NO A2%+ «
X2T1(0, 0) band transitions used in the PLIF experiments, along
with their unshifted wavelengths A and lower level rotational en-
ergies F. These transitions were chosen because they are spec-
trally isolated and originate from rotational levels whose energy
difference is sufficiently large to give good temperature sensitivity,
while maintaining adequate signal levels with high signal-to-noise
ratios.”

The ratio of two fluorescence signals from the same volume is
given by

[Npla  Bu2J)+1 [FUJ))— FUNI]

Fah = =0 T € - (3)
[Npels Bp2Jy +1 kT

where the subscripts a and b identify different lower laser-coupled

states within the same vibrational level and -the rotational popu-

lation fractions have been assumed to follow a Boltzmann distri-

bution characterized by a temperature T equal to the translational

Table1 Data for NO A2%* — X?TI(0, 0)
transitions used in PLIF experiments

Line A, nm F, cm™!
Q21 + Ri1(6) 226.09 80.9
Q1+ Py (18) 225.86 602.3
Q01 + Py (25) 22543 11283

temperature of the gas. Since the same optical setup is used for
each transition and the wavelength ranges concerned are similar,
the collection efficiency dependence is removed in taking this ratio.
A filter that discriminates against scattered laser light and emission
from the laser-excited rovibronic band, while passing emission in
the red-shifted (0, 1), (0, 2) bands, etc., eliminates potential prob-
lems associated with radiative trapping, since these bands terminate
in states without significant population at the temperatures encoun-
tered. Furthermore, the effects of rotational energy transfer (RET)
and vibrational energy transfer (VET) are removed, as the entire
ultra-violet spectrum above ~230 nm is collected. It is also as-
sumed that fluorescence yields cancel in the ratio r,;, because the
quenching cross sections®~!* fluorescence lifetimes®!! and fluores-
cence branching ratios'* '3 for the AL+ (v = 0and 1) states of NO
are insensitive to rotational quantum number. The overlap integrals
may be eliminated if shot-to-shot fluctuations in the laser spectral
profile are insignificant and the broadening and shift of the absorp-
tion line are independent of rotational level, as is the case presently.
Provided laser intensities are sufficiently low to avoid saturatijon ef-
fects, the signals can be accurately corrected for temporal and spatial
fluctuations in laser intensity, by monitoring the laser sheet profile
and pulse energy during the experiment. Hence, the temperature at
a particular volume imaged onto an element of the photodetector is
given by

I "
7 = U = FU,)I @
k e"’(rab/cab)
where the spectroscopic terms have been incorporated into a con-
stant Cp.

Consideration of the expected flow temperatures and the energy
separation between different lower laser-coupled states indicates
that PLIF images produced by Q; + P,;(18) and Q> + R;(6) ex-
citation are suitable for thermometry in the freestream, in the lower
temperature regions of the shock layer, and in the wake of the body.
Images produced by Q; + P»;(25) and Q| + P,;(18) excitation are
also suitable for thermometry in these regions. The best sensitivity
over the entire temperature range is provided by combining images
produced by Q; + P,;(25) and Q5 + R;(6) excitation. In the analy-
sis of the results, temperature maps from all possible combinations
of line pairs are presented for comparison.

Experimental Facility and Procedure

Shock Tunnel Facility

Previous work!® has described the details of the reflection type
shock tunnel facility used in the current investigation. Figure 1 shows
a schematic of this facility and the PLIF imaging system, and Fig.
2 illustrates the details of the flow studied. The length of the driver
section of the shock tunnel is 1.5 m, whereas the length of the
driven section is 4.5 m. The interior cross section of the driven tube
is 76 x 76 mm. A converging—diverging nozzle with a conical exit
section was used to generate a supersonic stream that impinged on
a circular cylinder whose axis was normal to the flow direction. The
diverging section of the nozzle, which was 94 mm in length, had a
throat diameter of 17.5 mm and an exit diameter of 30 mm, whereas

Fig. 1 Schematic of experimental facility with associated optical and
electronic components for PLIF imaging: A, driver section; B, driven
section; C, dump tank; D, excimer laser, dye laser, and frequency dou-
bler; E, beamsplitter directing fraction of beam to pulse monitor; F,
sheet-forming optics; G, beamsplitter directing fraction of beam to laser
sheet monitor; H, ICCD camera; I, pressure transducer; J, triggering
electronics; K, camera/intensifier control; L, electronic pulse to laser
trigger; M, thin-film gauges; and N, data transfer to storage.
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Fig.2 Schematic showing details of flow geometry and PLIF imaging
region; bottom left corner of the imaging region is at (x, y) = (0, 0); top
right corner is at (34.4 mm, 51.8 mm); and center of the cylinder is at
(17.30 mm, 26.35 mm): a, 17.5 mm; b, 30 mm; c, 8.8 mm; d, 9.5 mm;
and e, NO PLIF imaging region 384 x 578 pixels (34.4 X 51.8 mm).

the diameter of the cylinder was 9.5 mm. The cylinder was placed
8.8 mm from the nozzle exit. Ultraviolet grade fused silica windows
were mounted in the walls of the test section to provide optical access
to the flow under investigation. No diaphragm was used between the
nozzle and its supply reservoir. Hence, the conditions in both these
regions were identical prior to the operation of the shock tunnel. The
filling of the driver gas and the rupture of the shock tube diaphragm
were monitored by a pressure transducer located in the wall of the
driver section. A number of thin film gauges measured the time
of arrival (and hence the average speed) of the primary shock at
different locations along the length of the shock tube.

Helium was used for the driver gas, whereas the test gas was a
mixture of 0.05% NO in argon (Ar) initially at room temperature and
a pressure P; = 8.0 kPa. Using one-dimensional shock theory and
the measured speed of the primary shock wave (1.0 & 0.01 km/s),
one finds that the pressure Ps and the temperature T in the nozzle
supply reservoir were 440 & 5 kPa and 2500 & 30 K, respectively.'6
The nozzle geometry was designed according to one-dimensional
isentropic expansion theory to produce a Mach number M, of 3.0 at
the nozzle exit, once quasisteady flow had been established. From
the imaging results, however, it was found that the flow deviated
significantly from ideal one-dimensional behavior. Measurements
of the shock stand-off distance in the quasisteady flow and com-
parisons with CFD predictions of the shock shape (discussed later)
indicate that the Mach number was in fact close to 3.5 £ 0.2. This
value of M, was thus used to determine the values of the freestream
temperature (Too = 492 £ 42 K) and pressure (P = 7.5 £
1.9 kPa), by assuming that the expansion was isentropic and one
dimensional.

PLIF System

The frequency-doubled output of a pulsed tunable dye laser, using
Coumarin 450 dye and pumped with a XeCl excimer laser, was
employed to excite transitions at wavelengths of ~226 nm in the
A?T* « X?T1(0, 0) band of NO. The laser linewidth [full width
at half-maximum (FWHM)] was 0.35 =+ 0.05 cm~ and the laser
energy was approximately 1 mJ per pulse. The optical elements
shown in Fig. 1 were used to spread the laser into a thin sheet and
to direct it through the flow in the midplane of the nozzle, where it
had an approximately Gaussian profile with a FWHM of ~40 mm
and a thickness of ~0.4 mm. The fluorescence was imaged with an
f/4.5 uv lens onto a cooled intensified camera with a 384 x 578 pixel
array, mounted perpendicular to the laser sheet as shown in Fig. 1. A
2-mm UG-5 Schott glass filter, placed in front of the lens, blocked
light resonant with the laser as well as visible emission from the
test gas. The laser was tuned prior to a series of PLIF experiments
by maximizing the fluorescence signal from a low-pressure NO/Ar
mixture, monitored with a photomultiplier tube.

The timing sequence required to fire the laser/intensifier/camera
system has been described previously by Palmer and Hanson.!” In
the experiments reported here, the time delay that initiated the trigger
sequence was varied over a range of values, so that the transient
shock phenomena associated with the flow development could be
carefully studied. For the thermometry experiments, the delay was
chosen so that the flow was quasisteady at the time of measurement,
470 us after the arrival of the primary shock wave at the entrance
of the nozzle.

Data Analysis

The raw data images were corrected for camera background, laser
scattering, laser sheet intensity variations, and nonuniform collec-
tion efficiency using the methods described by Seitzman et al.’ and
Seitzman and Hanson.'® The validity of.the image correction pro-
cedure depends on the assumption that the fluorescence signal is
linearly dependent on laser intensity, as was verified experimen-
tally. The image pixels were then binned into superpixels consisting
of 2 x 2 original pixels to improve the S/N in the single-shot im-
ages and to reduce blurring induced by the motion of the molecules
during the fluorescence lifetime,® while retaining acceptable spatial
resolution. Based on a fluorescence lifetime of ~200 ns and a flow
speed of ~1.4 km/s, the maximum motional blur in the freestream
is determined to be about 3 pixels or 1.5 superpixels. Negligible
blurring occurred in the shock layer.

For the transient flow experiments, Q,; + R;(6) excitation was
used, whereas for the quasisteady flow thermometry, all of the tran-
sitions listed in Table 1 were used. To further improve the S/N in
the case of the quasisteady flow, the signals resulting from excitation
of the Q21 + R1(6), Q1 + P»:(18), and Q; + P»(25) transitions
were averaged over 16, 17, and 10 PLIF images, respectively. The
rotational temperature was determined from combinations of these
averages, using Eq. (4) and a calibration process to determine the
constant C,, in the manner described in earlier work.>?

The inferred temperature field is subject to a number of potential
systematic errors that are introduced through errors in the image pro-
cessing procedure, shot-to-shot fluctuations in the laser spectral pro-
file in both its center frequency and lineshape, the nonlinear depen-
dence of the inferred temperature on the fluorescence signals, and
error in the calibration constant C,;,. Compared with other contribu-
tions, the last two sources are the most important in the current study.

The calibration procedure nearly eliminates the effect of differ-
ences in laser tuning and linewidth along the jet axis and in regions
of the flow with small radial velocity. Shot-to-shot fluctuations in
the laser spectral profile are monitored indirectly by examining the
symmetry of the signal about the axis of the jet.” If the laser is tuned
to the absorption line center (and the laser line shape is symmetric
or close to it), the signal will be symmetric about the axis of the jet.
Little asymmetry was found to arise from laser attenuation, because
the NO concentration was very low. By using only symmetric im-
ages for the temperature calculations, one can ensure that the overlap
integrals approximately cancel, as the absorption line shape is not a
function of rotational level for NO (Ref. 19). Residual effects will
be reduced by frame averaging, and the anticipated error is less than
+1% throughout the flowfield.!?

The nonlinear dependence of the fluorescence signal on temper-
ature may also introduce systematic error into the inferred tem-
perature fields. Uncorrelated random errors in the individual PLIF
images, which propagate through the data reduction process, may
result in a net positive bias in the average inferred temperature if the
sensitivity of the signal ratio to temperature is poor and the S/N of
the images is low.>® Because the flow studied here is steady, how-
ever, frame and/or spatial averaging may be used to reduce the shot
noise in the PLIF signals before the signal ratio is formed and T
is inferred. The resulting systematic error is negligible, compared
with the remaining random error level in the inferred temperature
field. Spatial averaging, applied to the temperature fields to reduce
the noise in the final results, introduces additional systematic er-
ror only in areas with large temperature gradients, such as across
a shock wave. Errors introduced through the determination of C,,
depend on the S/N in the calibration region and the uncertainty in
the reference temperature. The magnitude of these errors, based on
the observed S/N in the images, is assessed in the next section.

CFD Calculations for the Quasisteady Flow

The CFD code used for the calculation of the quasisteady flowfield
within the shock layer was developed by Mundt.? To economize on
the use of computer time, the calculation made in the code is divided
into two parts. The first involves the calculation of the inviscid part
of the flow (the region between the boundary layer and the shock
wave); the second involves the viscous part (the boundary layer
on the blunt body). The Euler equations are solved in the inviscid
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region starting from an initial guess for the shock shape and inviscid
flowfield. Second-order boundary-layer equations are solved using
a finite difference space-marching method. Both calculations are
mathematically simpler and numerically much less intensive than a
full Navier—Stokes solution. They are coupled iteratively; the output
of one used as the input for the other. Even though the code can take
into account chemical nonequilibrium effects, such as dissociation
and recombination processes, perfect gas behavior was assumed in
the calculations for this investigation.

Results
Transient Flow Features

Figure 3 shows a series of single-shot PLIF images illustrating
the transient flow induced when the shock wave expelled from the
nozzle collides with the stationary cylinder. Black templates of the
cylinder and the outer walls of the nozzle have been superimposed
on the images; areas of the flow where solid objects blocked the
laser sheet as it traversed the field of view from top to bottom have
been masked with white. The signals in these shadow regions are
very low, with only small contributions arising from scattered laser
light and fluorescence.

A strong fluorescence signal is produced in the stationary room
temperature gas surrounding the cylinder, and there is a significant
decrease in the signal across the shock as a result of the decrease
in Boltzmann fraction with the increase in temperature!® and the
increase in the collisional quenching rate. Hence, the position of the
shock wave is easily visualized as the boundary between high and
low signals. At the points where the shock wave strikes the cylinder,
a reflected shock wave is produced, causing a further increase in
temperature and pressure, between the cylinder and the reflected
shock and a further decrease in fluorescence intensity. The vortical
structures and the expansion fan at the nozzle exit are made visible
by the rapid decrease in flow density, which causes a noticeable
reduction in fluorescence intensity at their location.

Fig. 3 PLIF images from @»; + R1(6) excitation showing flow devel-
opment and transient shock features; delays from time of arrival of
primary shock at nozzle entrance; with a-c coordinate system as de-
fined in Fig. 2: a) 97 us, b) 100 us, c) 115 us, and d) 4 times enlargement
of ¢ showing Mach reflection behind cylinder.

Figure 3a shows the interaction of the shock wave with the cylin-
der 97 pus after the arrival of the primary shock at the nozzle entrance.
Close examination of the reflection region near the cylinder suggests
that the shock wave configuration is one of Mach reflection. The
associated Mach stem grows as the expelled shock moves farther
downstream. Because the reflecting surface is convex, however, the
Mach stem diffracts as it moves along the cylinder. This is clearly
evident in Fig. 3b, which shows an image obtained at a delay time of
100 us. The triple point of the Mach reflection configuration is well
resolved, as are all of the major features associated with this type of
reflection. In particular, the slipstream can be seen extending from
the triple point down to the surface of the cylinder. After the Mach
stems on the upper and lower surfaces of the cylinder diffract around
the body, they collide, giving rise to another reflected shock config-
uration. This is clearly observed in Fig. 3¢, which shows an image
acquired at a delay time of 115 ps. The curved shock to the right of
the cylinder is the Mach stem that was initially formed as a result
of reflection at the cylinder and has now become the incident shock
in this new Mach reflection process. A small Mach stem is evident
downstream of the cylinder on the flow centerline in Fig. 3d, which
shows an enlarged view of the flow behind the cylinder in Fig. 3c.
The resulting reflected shock wave can be seen to intersect the slip-
stream produced by the previous Mach reflection. Furthermore, the
initial stages of the formation of a wake can be seen between the
two reflected shock waves directly behind the cylinder.

The interpretation of the shock wave reflection phenomena shown
in the PLIF images of Fig. 3 is consistent with the generally un-
derstood theory of nonstationary shock wave reflection.?!~2* The
existence of vortical structures at the nozzle exit, which are also
visible in these images, can be explained by theoretical work on the
diffraction of shock waves at the exit of tubes or nozzles.?6-%

Quasisteady Flow

After a sufficiently long delay, the transient features associated
with the nozzle starting process® and the reflection process at the
cylinder are swept downstream, leaving only the reflected shock
to form the bow shock over the cylinder. The position and shape

- of this bow shock remain constant over a period of ~500 us, in-

dicating that quasisteady flow has been established. PLIF images
of the quasisteady flow are presented in Fig. 4, where single-shot
and frame-averaged images from two sets of excitation transitions,
Q2 + Ry(6) and Q; + P»;(18), are shown. As already discussed,
averaging was performed to improve the S/N and was possible at
the quasisteady flow condition because the positions of most of the
flow features were constant. Turbulence was evident in the wake
flow in the individual PLIF images; however, it was smoothed by
the averaging process.

The random error in the PLIF images, primarily resulting from
shot noise, was evaluated by examining the statistics of single-shot
and frame-averaged signals in various regions of the flow. Results
for three regions are presented in Table 2: a region in the freestream
about halfway between the nozzle exit and the vertex of the bow
shock, a region in the shock layer about halfway between the shock
vertex and the stagnation point on the body, and a region close to
the stagnation point.

Rotational Temperature Measurements

Figure 5 shows gray-scale contour maps of the rotational temper-
ature fields obtained by applying Eq. (4) to the ratio of fluorescence
intensities from different PLIF images. A 0.36 x 0.36 mm area di-
rectly in front of the cylinder was chosen as the calibration region
for determining the constant C,;, because the temperature is equal
to the flow stagnation temperature, which for a perfect gas equals
that in the nozzle supply reservoir. A region of apparently low tem-
perature directly downstream of the cylinder results from a small
misalignment of the cylinder’s axis with respect to the optical axis
of the imaging system. Because of this misalignment and the cylin-
der’s large aspect ratio, some of the fluorescence originating from
the wake region was obstructed.

The propagation of random error in the PLIF signals through
various stages of thermometry processing has been discussed previ-
ously by McMillin et al.® In the current work, the resulting random
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Table 2 Shot-noise errors in PLIF images after 2 X 2 binning

Percentage shot-noise error

Type of image Flow region Q21 + R1(6) Q1+ P21(18) Q1+ P31(25)
Single Freestream 7.7 11.7 15.4
Single Shock layer 113 9.6 6.0
Single Stagnation 304 28.7 18.0
Shot average Freestream 3.1 32 4.2
Shot average Shock layer 29 35 22
Shot average Stagnation 8.8 9.3 72

Fig.4 PLIF images of quasisteady flow over cylinder, coordinate sys-
tem is as defined in Fig. 2: a) single image from 0»; + R;(6) excitation, b)
single image from @ + P21(18) excitation, c) average of 16 images from

011 + R1(6) excitation, and d) average of 17 images from Q; + P»;(18)

excitation.

errors in the measured temperatures are smallest for measurements
made from the combination of shot-averaged PLIF images with the
largest energy difference between the lower laser-coupled states. In
particular, for this case, the errors are approximately +2% in the
freestream, £4% in most of the shock layer, and £10% near the
stagnation point on the cylinder. For temperatures measured from
other combinations, these errors are approximately +4, +8, and
13%, respectively.

Systematic errors resulting from the nonlinear propagation of
uncorrelated (shot-noise) errors are most significant in the shock
layer.®! The largest error of this type occurs for temperature maps
obtained from the ratio of single-shot PLIF images with lower laser-
coupled states with the smallest energy difference. For these, the
error is estimated to be +9%. In all cases, the error is insignificant
for temperatures determined from shot-averaged images (less than
+1%). The most significant systematic error was that resulting from
the uncertainty in the calibration constant C,,. The percentage error
in its value is approximately equal to the percentage error in the
value of r,;, in the stagnation region. The resulting systematic er-
ror in the measured temperature can be determined by propagating
the uncertainty of C,, through Eq. (4). This error is significant in

Fig.5 Temperature maps of quasisteady flow over cylinder, coordinate
system is as defined in Fig. 2: maps from a) single @7 + P,1(18) and
Q21 + R1(6) PLIF images, b) averaged Q1 + P,1(25) and Q; + P21 (18)
images, ¢) averaged Q; +P»1(18) and Q>; +R;(6) images, and d) averaged
Q1 + P»1(25) and Q»; + R;(6) images.

the shock-layer flow for temperatures determined from single PLIF
images (about +14%). For measurements involving shot-averaged
data, howeyver, it is reduced to below +2.5% in the shock layer and
to less than 4+-0.1% in the freestream.

Figure 5a shows the temperature distribution produced from the
combination of a single Q; + P,;(18) PLIF image and a single
Q21 + R;(6) PLIF image. The high level of shot noise in the indi-
vidual images resulted in alow S/ N in the inferred temperature field.
Figures 5b—5d display temperature-distribution maps produced by
the application of Eq. (4) to shot-averaged PLIF images. Because
of this averaging, significantly less noise is present. Figure 6 dis-
plays temperature profiles along three vertical cuts for temperature
maps derived from single-shot and frame-averaged PLIF images and
demonstrates the improvement in S/ N that can be achieved through
shot averaging. Figure 7 displays a number of temperature profiles
to demonstrate the improvement in S/N that can be achieved by
convolving the temperature maps with a 0.54 x 0.54 mm averaging
function. Ideally this process should be applied to the PLIF images
before the application of Eq. (4), although negligible error is intro-
duced here by applying the convolution at this point. By determining
the rms noise and mean temperature in a 0.54 x 0.54 mm region on



HOUWING ET AL. 475

freestream
freestrearn

_nozzle

a) x (mm) b)

r T 1T 111
0 10 20 30 40 50

) y (mm)

Fig. 6 Temperature profiles in quasisteady flow over cylinder determined from ratio of Q1 + P31(18) and Q33 + R;(6) PLIF images with xy coordinate
system defined in Fig. 2; dashed lines are from ratio of single images, solid lines from ratio of shot-averaged images: a) horizontal cut aty = 26.35

mm, b) horizontal cut aty = 31.55 mm, and c) vertical cut at x = 22.94 mm.
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Fig. 7 Measured temperature profiles at x = 11.65 mm using Q1 +
P21 (18) and Q331 + R1(6) excitation, with xy coordinate system defined
in Fig. 2; dashed lines are values of T determined from single PLIF im-
ages, solid lines are values determined from shot-averaged PLIF images:
a) without additional spatial smoothing and b) with additional spatial
smoothing by convoelving with a 0.54 X 0.54 mm rolling average.

the centerline in the shock layer, it is found that for the case of the
shot-averaged data, S/N = 10 before the additional spatial averag-
ing, whereas S/N =~ 35 afterwards. This improvement, of course,
comes at the expense of a loss in spatial resolution.>

Freestream Conditions and Flow Uniformity

Although the nozzle was designed for a conical flow with a nom-
inal Mach number of 3, the flow emanating from the nozzle was
far from ideal and contained various waves that appeared to origi-
nate within the nozzle. Figure 8 presents these waves in a schematic
that was obtained by thresholding the shot-averaged PLIF image
obtained with O, + R;(6) excitation. If one assumes that the flow
divergence is very close to a source flow in the region enclosed by
the leading characteristics of the expansion waves at the corners of
the nozzle, it is possible to estimate the Mach number from the an-
gles of the waves labeled i = 1-4 in Fig. 8. The angles «; that these
waves make with the nozzle exit plane are given in Table 3. The
assumed source flow is estimated from the nozzle geometry. Hence,
at the nozzle exit plane the streamlines are expected to make the
angles 6; with the centerline as given in Table 3. The Mach number
M; at the nozzle exit plane listed in this table has been calculated
from the values of 6; and «;. The asymmetry in the distribution of
«; is likely caused by a misalignment between the template of the
nozzle exit and the true position of the nozzle or by a tilt in the noz-
zle exit plane with respect to its centerline. If the flow is assumed
to be axisymmetric, the distribution is given by the values of M; ¢,
listed in the table.

As a result of the nonuniformities in the flow, the Mach number
varied throughout the freestream; however, the CFD calculation as-
sumes a uniform Mach number distribution in the jet. To obtain an

Table 3 Measured wave angles, assumed streamline directions, and
calculated Mach numbers at nozzle exit plane

Wave, i 1 2 3 4
o;, deg 71.3 74.0 77.8 73.5
6;, deg 38 1.9 1.9 3.8
M; 2.61 3.25 4.10 2.88
M cor 2.74 3.63 3.63 2.74

Fig.8 Schematic showing waves emanating from nozzle and interact-
ing with bow shock on cylinder; figure is to scale, with cylinder diameter
d=9.5mm.

Fesa.
4.75 mm

4

Fig.9 Computed and experimentally observed shock shapes; plot sym-
bols indicate shock positions measured from PLIF images, solid line
gives calculated shock shape for M, = a) 3.0, b) 3.25, ¢) 3.5, and d) 3.75.

estimate of an average Mach number M, for the incident flow, the
CFD code was run for a range of Mach numbers between 3 and 4,
with increments of 0.25, and the predicted shock shape compared
with the observed shape, as shown in Fig. 9. The best fit between the
experimental and numerical results occurs for M, = 3.5. The com-
puted shock shape for M, = 3.25 gives reasonably good agreement
for the shock standoff distance at the stagnation streamline, but dif-
fers markedly with the measured standoff elsewhere. For M, = 3.5,
the agreement between the computed and observed shock shapes is
much better, except close to the stagnation streamline.

The difference between the actual Mach number and the nominal
value is the subject of further investigation. One explanation being
considered is related to the presence of vortical structures and shocks
at the throat of a nozzle with a sharp edged inlet. These features
can significantly reduce the effective throat diameter and produce a
larger Mach number flow at the nozzle exit.* Furthermore, because
of the large streamline curvature resulting from the flow circulation
at the throat, weak shock waves are established downstream of the
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freestream
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Fig. 10 Computed and measured temperature profiles where the measured temperature has been convolved with a 0.54 x 0.54 mm rolling average
and xy coordinate system is defined in Fig. 2; thin line computed, thick line from [Q; + P2;(25))/[Q; + P21(18)], thin long-dashed line from [Q; +
P21(25)1/[Q21 + R1(6)], and thin short-dashed line from [Q1 + P21(18))/[Q21 + R1(6)]; for vertical cuts at: a) x = 6.81 mm, b) x = 10.22 mm, ¢) x = 12.01

mm, d) x = 13.80 mm, e) x = 15.59 mm, and f) x = 17.39 mm.

Table4 Comparison of results from different methods of
calculating quasisteady conditions

From Moo T, K Py, kPa
Nozzle geometry 3.00 625 13.6

Shock fitting 35+02 492+ 42 75+19
PLIF temperature 3.36 + 0.06 524 + 14 8807

throat to turn the flow parallel to the nozzle walls. These shock
waves weaken further as they extend into the flow and reflect off the
walls to produce waves that are observable in the nozzle exit flow.
The observation of waves that originate within the nozzle suggests
that this occurred; however, further experimental confirmation is
required. The nozzle used in the current work was designed with
a finite curvature at its inlet, but it is possible that the curvature is
still too large to avoid the occurrence of strong vortical structures
already described.

CFD and PLIF Comparisons

Figure 10 displays computed and measured temperature profiles
in the quasisteady flow along several vertical cuts. Figure 10a shows
temperature profiles near the nozzle exit. A temperature spike near
the flow centerline is readily apparent. The average flow temper-
ature in the jet was determined from a 3 x 25 mm region in the
freestream, midway between the nozzle and bow shock, and found
to be 524 + 14 K. This average temperature can be used to estimate
the quasisteady freestream conditions, by assuming an isentropic
expansion from the nozzle supply reservoir. Table 4 shows the re-
sults of such a calculation compared with the conditions expected
from the nozzle geometry and those estimated by the shock-fitting
method. Note that, for the calculations based on the shock-fitting
method, Py, is less than P, and the flow is thus predicted to be
overexpanded. The shock-fitting method, however, used only a lim-
ited number of cases (M., = 3.00, 3.25, 3.50, 3.75, and 4.00) and
is, hence, expected to produce a less accurate estimate of the qua-
sisteady conditions than that made from the measured freestream
temperature. It is therefore expected that the flow is underexpanded.

In Figs. 10b and 10c, the CFD calculation overpredicts the flow
temperature in the shock layer by about 15% on the centerline.
Larger discrepancies between the numerical and experimental re-
sults near the shock front are a consequence of the incorrect predic-
tion of the bow shock’s location near its vertex. This observation is
consistent with the fact that the CFD code uses uniform conditions
in the freestream, whereas, in reality, the flow is nonuniform. In su-
personic flows, the flow speed varies inversely with and less rapidly
than the temperature. Hence, an increase in freestream tempera-
ture on the nozzle centerline produces a decrease in Mach number,

yielding a larger shock standoff distance and a smaller temperature
ratio across the shock. At positions in the freestream off the flow
centerline, one expects significant departures from source flow be-
havior, so that the component of the Mach number normal to the
shock may be significantly different from that expected. In fact,
the reduction in temperature observed as one moves away from the
centerline is consistent with an expansion that would increase the
magnitude of the angle that the streamline makes with the flow cen-
tetline, causing a reduction in the Mach number component normal
to the shock and a reduction in the temperature ratio across the
shock. When coupled with the reduced freestream temperature, this
would cause a significant reduction in the postshock temperature,
below that predicted by the CFD code.

In Figs. 10c and 10d, good agreement is achieved between the
CFD code predictions and the temperature determined from the
[Q1 + P51 (25)] to [Q21 + R;(6)] fluorescence ratio. This result,
however, is bracketed by the temperature profiles obtained from the
[Q1+ P (18)]/[Q21 + R1(6)] and [ Q1 + P2 (25)1/[Q1 + Pu (18)]
fluorescence ratios. The cause of the discrepancy between the three
different measurements is not known at this stage and is too large
to be a result of systematic errors introduced through random un-
certainties in the determination of the constant C,,. In Fig. 10f,
significant deviations between the experimental and numerical re-
sults can be seen to occur for y > 40 mm. The observed reduction
in the inferred temperatures below the predicted values is a result
of the expansion flow at the shoulder of the nozzle exit intersecting
the bow shock on the cylinder.

Conclusions

The PLIF experiments described in this paper allowed the tran-
sient flow phenomena associated with the establishment of qua-
sisteady supersonic flow over a circular cylinder at the exit of a
shock tunnel nozzle to be clearly visualized. In particular, the im-
ages revealed highly resolved cross sections of the flow, rather than
projections resulting from integration along the line of sight. The
transient phenomena observed were consistent with established the-
oretical work on the development of shock tunnel nozzle flows and
well-understood shock reflection processes.

PLIF thermometry was also successfully applied to the measure-
ment of NO rotational temperatures within the flow surrounding
the circular cylinder. The measured temperatures were compared
with CFD calculations performed assuming a uniform incident
freestream. Good agreement was achieved between the computa-
tional and experimental results for most of the imaged field, except
for the region near the shock vertex, where flow nonuniformities
localized around the centerline perturbed the shock from the shape
expected for a uniform incident flow. Clearly, the assumption of a
uniform freestream adopted in the CFD calculations was not valid
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for these flow conditions. To overcome this inadequacy in the mod-
eling it will be necessary first to model correctly the quasisteady
flow in the nozzle to determine the distribution of flow parameters
(Mach number, temperature, pressure, streamline direction) in the
nonuniform jet impinging on the circular cylinder. Second, the CFD
code used in this investigation needs to be modified to account for
the nonuniformities in the jet. Work to improve the modeling is cur-
rently in progress. Improvements to the nozzle design to avoid the
presence of perturbing waves in the flow are also being considered.
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