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Particle Image Velocimetry in Mach 3.5 and 4.5
Shock-Tunnel Flows

J. Haertig,¤ M. Havermann,† C. Rey,‡ and A. George§

French– German Research Institute of Saint-Louis, 68301 Saint-Louis, France

For the � rst time, a particle image velocimetry (PIV) system was used to study high-Mach-number � ows in
a shock-tunnel facility with velocities of more than 1.5 km/s and measuring times in the millisecond range. An
application of PIV to such a transient high-speed � ow is considerably more dif� cult than to a continuous � ow
because no online adjustments of the optics and the particle seeding can be done. Additionally, a proper seeding
and timingof the facility is crucial. First we will discuss the measured velocity � eld behind a contoured Lavalnozzle
(design Mach number 4.5). The measurement data show that the � ow� eld at the nozzle exit is parallel to the nozzle
axis and homogeneous as expected from supersonic nozzle theory. The average measured velocity corresponds
very well to the calculated � ow velocity. The results are compared to measurements made with a conical Mach
3.5 nozzle that exhibits a diverging � ow� eld. A wedge was further introduced into the parallel Mach 4.5 nozzle
� ow to study the seed particle performance downstream of an oblique shock. The measured results are also in
good agreement with calculated velocities from oblique shock theory. PIV has, therefore, proven to be an ef� cient
measurement method for high-speed and short-duration simulation facilities.

Introduction

P ARTICLE image velocimetry (PIV) has gained an important
role in modern � ow� eld diagnostics during the past decade.1

Concerning supersonic � ows, PIV systems have been used to
measure � ow velocities in supersonic blow-down wind tunnels
at the French– German Research Institute of Saint-Louis (ISL).2;3

Humphreys et al. used PIV at the NASA Langley Research Center
hypersonic blowdown tunnel to measure a Mach 6 � ow� eld with
velocities up to 930 m/s (Refs. 4 and 5). Lang applied PIV to study
the vortex � ow around a delta wing at a freestream Mach number
of 2 in the trisonic blowdown wind tunnel of the Aerodynamisches
Institut Aachen in Germany.6;7 Ünalmis et al. applied PIV to mea-
sure velocity � uctuations in a boundary layer at a freestream Mach
number of 5 (velocityof 765 m/s) in the supersonicblowdown wind
tunnel of the University of Texas at Austin.8 Supersonic freejets of
nominal Mach numbers up to 3 were studiedby several authors (for
example, Yüceil et al.9 and Alkislar et al.10 ).

Because of the low-stagnation states, the static temperature and
pressure of blowdown facility � ows do not correspond to real � ight
conditions in the lower atmosphere. To get real � ow conditions
for lower atmospheric � ight at even higher Mach numbers, it is
convenient and economical to use a shock-tunnel facility. Its main
disadvantage is the short measuring time, which is of the order of
milliseconds. Because the preparations for one experiment require
severalhoursof workanda considerableamountof gas, a high infor-
mation density for each experiment is desirable.The PIV technique
allows an instantaneous and two-dimensional measurement of the
velocity� eld. For these reasons it was tested at the ISL shock tunnel.

ISL Shock-Tunnel Facility
A shock tunnel is a short-time-durationwind-tunnel facility con-

sisting of a shock tube with a supersonicnozzle (Fig. 1). The nozzle
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exit is connected to a test chamber with optical access from three
sides. The test chamber opens into a dump tank for catching the
shock-tube gases. The ISL shock tube has an inner diameter of
100 mm and is divided into a 2.7-m-long, high-pressuredriver tube
and a 18.4-m-long,low-pressuredriven tube.The drivergas consists
of a mixtureof hydrogenand nitrogenat a pressureof up to 50 MPa,
whereas the driven or test gas consists of pure nitrogen at a pres-
sure of up to 0.5 MPa. The two sections containing the stagnant gas
are separated by a steel diaphragm (thickness up to 4 mm) before
the experiment starts. The shock-tube operation is explained in the
following and can well be illustrated by a wave diagram (Fig. 2).
After the diaphragm bursts, a left-traveling rarefaction wave prop-
agates into the high-pressuregas, and a right-travelingshock wave
propagates at a supersonic speed (typically 1000 m/s) into the low-
pressure test gas. The interfacebetween the driver and the test gas is
called the contact line; it moves behind the shock wave at a slower
speed.The testgas behindthe shockwave is accelerated,and its tem-
perature and pressure rise according to the one-dimensional shock
theory. The shock tunnel can be operated either with or without
shock re� ection depending on the nozzle design used.

For the � rst case, a convergent– divergent nozzle with a throat
(Laval nozzle) is used. The moving shock wave is re� ected at the
beginning of the convergent entrance section of the nozzle, which
coincides with the end of the driven tube. The shock travels back
through the accelerated test gas, brings it nearly to rest, and further
increases the test gas pressure and temperature. Thereby a highly
compressed and heated quiescent gas volume with a pressure of up
to 25 MPa and a temperature of about 1300 K is produced. These
conditions determine the stagnation conditions of the nozzle. The
durationof the stagnationstate of the � ow is maximized if the return-
ing shock wave crosses the arriving contact line without producing
a re� ected shock or expansion wave at the interface (tailored inter-
face conditions). Then the test time is limited by the arrival of the
expansion waves that were produced in the driven-tube section at
the diaphragmburst and that were re� ected at the high-pressureend
wall. It is normally necessary to use a mixture of gases in the driver
tube to obtain such tailored interface conditions; here a fraction of
13% nitrogen is mixed with hydrogen.

In the case of the nonre� ection operation of the shock tunnel, a
divergent nozzle without throat (full-capture nozzle) is attached to
the end of the driven tube.The shockwave � rst acceleratesand com-
pressesthe test gas and then travels throughthe nozzle into the dump
tank.The test gas followingthe shockmust have been acceleratedto
a supersonicspeedbefore entering the divergentnozzle to be further
accelerated to a higher supersonic speed in the nozzle. In this case,
the test time is either limited by the arrival of the expansion fan or
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Table 1 Freestream � ow conditions in the shock tunnel � ow
for nitrogen at a Mach number of 4.5

Flow Atmospheric Static Static Density,
condition height, km pressure, kPa temperature, K kg/m3

1 2.5 77 270 0.96
2 5.5 50 252 0.70
3 8.5 33 235 0.47

Fig. 1 ISL shock-tunnel facility.

Fig. 2 Wave diagram of shock-tube operation: ——, shock wave; –¢ –,
rarefaction wave; and – – –, contact line.

the arrival of the contact line followed by the driver gas, whatever
occurs � rst.

For both modes of shock-tunnel operation, the measuring time
is of the order of 1–2 ms. These values were both calculated and
determined experimentally by means of pitot tube measurements.

The advantageof a full-capturenozzlecomparedto a Lavalnozzle
is that it is easier to manufactureand that it has a larger exit diameter
for a given Mach number.On the other hand, the nonre� ection mode
requires a considerably higher driver pressure than the re� ection-
mode operation. Therefore, it is convenient to use a full-capture
nozzle for lower Mach numbers and a Laval nozzle for higherMach
numbers.

The stagnation conditions for both modes of operation are ac-
curately recalculated for each run using the measured shock-wave
speed in the driven tube becausethe diaphragmburst pressurevaries
slightly from shot to shot.

In the shock-re�ection mode, a contoured Laval nozzle (throat
diameter of 50 mm, exit diameter of 220 mm) is used here. The
� ow is accelerated to a Mach number of 4.5 at the nozzle exit,
and a parallel freestream is produced. The freestream pressure and
temperature can be adjusted by varying the driver and driven gas
pressures to match real atmospheric conditions at heights between
2.5 and 8.5 km above sea level (Table 1). Because of the simu-
lated temperature variation at these heights, a Mach number of 4.5
corresponds to � ow velocities between 1500 and 1400 m/s for the
nitrogen test gas, respectively. Alternatively, a conical full-capture
Mach 3.5 nozzle without shock re� ection can be used.

The nozzle exit diameter is 250 mm, and the cone half-angle
is 8.5 deg, so that a slightly diverging � ow can be expected to
occur. A Mach number of 3.5 corresponds to � ow velocities be-
tween 1170and 1090m/s for the mentionedatmosphericconditions,
respectively.

PIV Velocity Measurements
To measure the freestream � ow velocity a PIV system was in-

stalled at the shock tunnel (Fig. 3). The velocities of more than
1 km/s encountered in this � ow imposed the use of a double-pulse
laser system with a pulse separation time in the microsecond range.
For this purpose, two frequency-doubledNd-YAG-lasers (Quantel

Fig. 3 PIV system mounted at the ISL shock-tunnel facility.

Twins)with a pulse energyof 150mJ each were used in combination
with a synchronizer.The pulse separationwas checkedwith a high-
speed photodiode (5 ns rise time) connected to a 200-MHz digital
oscilloscope(TektronixTDS 420 A). No timing errorsrelative to the
synchronizersettings could be detected. Triggering of the synchro-
nizer was accomplishedby a fast-responseheat � ux probe mounted
in the driven-tube wall. The probe detects the arrival of the shock
wave propagatingin the tube, and an electronicdelaycircuit triggers
the lasers exactly at the point when the � ow is quasi-stationary at
the nozzle exit.

A laser light sheet (0.2 mm thick, 300 mm wide) perpendicular
to the nozzle axis was created by means of a telescope and re-
� ected vertically into the test section. The imaging charge-coupled
device (CCD) camera (TSI PIVcam, 1000£ 1016 pixels, pixel size
9 £ 9 ¹m) is capable of acquiring two images within a pulse de-
lay in the microsecond range. It was mounted on the horizontal
axis to view the illuminated� ow� eld behind the nozzle exit. Differ-
ent Nikon camera objectives were mounted to the CCD camera to
change the � eld of view. The image data were analyzed after each
run with a cross-correlationtechniqueusing the TSI Insight2.0 soft-
ware. The correlationwindow was set to 64 £ 64 pixels with a 50%
overlap shifting during the analysis.With these settings, the percent
of valid vectors was in the range of 95–98%. Because timing errors
of the Nd:YAG laser could be excluded, the velocity measurement
accuracydependson the correlationpeak estimationerror.A typical
value is §0.1 pixel for the algorithms used by the TSI software.

TiO2 particles were used to seed the test gas in the driven tube
before the experimentwas triggered.The nominal particle diameter
dp given by the supplier was 0.32 ¹m. An electron microscopy
analysisyieldeda mean diameterof about0.4 ¹m, however.For this
diameter, the theoretical particle relaxation time ¿ was calculated
with Eq. (1) (Ref. 11, p. 293) to 2.1 ¹s:

¿ D ½ pd2
p

¯
18¹ (1)

Particle density ½p D 4200 kg/m3 (Ref. 11, p. 305), and the coef� -
cient of viscosity for nitrogen at 293 K is ¹ D 1:8 £ 10¡5 kg/m ¢ s.
The particles were injected simultaneously with the nitrogen test
gas into the driven tube by means of a � uidized-bed seeder. To
avoid larger agglomerated TiO2 particles entering the tube, a cy-
clone separator controlled the size distribution of the particles, al-
lowing only smaller particles to pass. The seeding density of TiO2

was optimized by several preliminary experiments, and good re-
sults were obtained for a mass ratio (particles/gas) of approximately
0.15%,which correspondedto a theoreticalseedingdensityof about
10,000 particles/mm3 in the driven tube before the shot. Approx-
imately 10 – 20 particles were present per interrogation window.
However, the particle density varied considerablydue to the strong
density gradients in the � ow.

Experimental Results
Mach 4.5 Nozzle Flow

Three freestreamconditionscorrespondingto atmosphericcondi-
tions at heights of 2.5, 5.5, and 8.5 km were studied for the re� ected
mode Mach 4.5 Laval nozzle (� ow condition numbers 1, 2, and
3, respectively). The nozzle exit velocities were measured by PIV
and compared to calculatedvalues obtainedfrom a one-dimensional
shock-tube/nozzle code, which took into account real gas effects.
The PIV system recorded two images with a pulse delay of 1.5 ¹s,



1058 HAERTIG ET AL.

Table 2 Calculated and measured (PIV) velocities of the nozzle � ow

Average Difference
Flow Mach Calculated measured measurement
condition number velocity, m/s velocity, m/s calculation, %

1 4.5 1510.8 1519.1§ 14.4 C0.5
2 4.5 1455.1 1439.7§ 17.0 ¡1.1
3 4.5 1414.2 1424.6§ 15.3 C0.7

Fig. 4 PIV measurement of the horizontal � ow velocity behind the
Mach 4.5 Laval nozzle (� ow condition 2).

and the � eld of view was 200 £ 200 mm using a camera lens fo-
cal length of 50 mm and an aperture of -4. The optical system
calibration factor was determined to 201 ¹m/pixel so that a max-
imum particle displacement of about 11 pixels could be expected
for a velocity of 1500 m/s. The spatial resolution was estimated to
32 £ 32 pixel (D6:4 £ 6:4 mm) corresponding to the 50% overlap
of the correlation window size. The cross correlation performed by
the TSI software yielded the two-dimensional velocity distribution
of the imaged � ow� eld, which is shown in Fig. 4 for the horizon-
tal velocity component u (condition 2). The results show a rather
homogeneous � ow� eld in the center of the nozzle � ow. In the up-
per part, the horizontal � ow velocity is lower because the � ow is
underexpandedand slightly diverged at the nozzle tip.

The data for all � owconditionsstudiedare summarizedin Table 2,
and it can be seen that the averagemeasured velocity is very close to
thecalculatedvelocity.The relativestandarddeviationfor allcases is
about §1%, which is comparable to the correlationpeak estimation
error of §0.1 pixel (D §13.4 m/s) of the cross-correlationsoftware.

Mach 3.5 Nozzle Flow
The conical full-capture nozzle has an exit diameter of 250 mm

and a nominal exit Mach number of 3.5. Because of the conical
nozzle shape with a constant divergenceangle of 8.5 deg, the � ow-
� eld cannot be expected to be as homogeneous and parallel as the
� ow� eld of a contoured Laval nozzle. It is, therefore, dif� cult to
predict the velocity � eld downstream from the nozzle exit using
one-dimensional theory.

The nozzle� owwas measuredbyPIV onlyforone � owcondition,
correspondingto 2.5-kmheight.A � eldof viewof about90 £ 90mm
lying above the axis of symmetry was imaged on the CCD array
using a camera lens focal length of 105 mm with an apertureof -11.
The -number was increased because the laser light sheet width
was reduced to 200 mm for this experiment. The optical system
calibration factor was measured to 97.6 ¹m/pixel so that the pulse
separation time had to be lowered to 0.8 ¹s to obtain a maximum
particle displacement of about 10.6 pixels for a � ow velocity of
1300 m/s. The spatial resolution correspondingto the 32 £ 32 pixel
overlap window size was estimated to 3:1 £ 3:1 mm.

The measured horizontal and vertical velocity components are
shown in Figs. 5 and 6, respectively. Both components show a

Fig. 5 Horizontal � ow velocity componentof the conical Mach 3.5 noz-
zle (nozzle exit at x = 0 mm).

Fig. 6 Vertical � ow velocity component of the conical Mach 3.5 nozzle
(nozzle exit at x = 0 mm).

nonuniform and divergent � ow� eld. The horizontal velocity com-
ponent is decelerated with increasing radial distance from the cen-
terline, whereas the vertical velocity component is accelerated.

It is remarkable that the measured mean velocity range of
1250 m/s along the nozzle centerline is higher than the theoreti-
cally predicted velocity of 1170 m/s at the nozzle exit. The velocity
measurement accuracy was estimated to §12.2 m/s, corresponding
to §0.1 pixel.

Mach 4.5 Wedge Flow
To study particle lag effects, some experiments were conducted

using the Mach 4.5 Laval nozzle and a wedge (half-angle 10 deg).
In supersonic � ow, an oblique shock wave occurs at the wedge tip,
where the � ow is turned in parallel with the wedge surface. The
shock-wave angle is a function of both the Mach number and the
wedge angle and can be calculated according to the gasdynamic
equations.

To increase the spatial resolution, the � eld of view of the CCD
camera was reduced to 84 £ 84 mm (camera lens focal length of
105 mm/ -2.5), and the laser pulse separation was further reduced
to 0.6 ¹s. With the measured optical system calibration factor of
84.2 ¹m/pixel, a maximum particle displacement of 10.7 pixels
was calculated for a � ow velocity of 1500 m/s. The 32 £ 32 pixel
overlapwindowsize resultedin a spatial resolutionof 2:7 £ 2:7 mm.

The PIVcam picture in Fig. 7 shows the particle distribution in
the � ow over the wedge. The particle distribution is very homoge-
neous, and the density jump across the shock can be clearly seen.
The measured shock wave angle of about 20 deg coincides with the
theoreticalvalue for a Mach numberof 4.5. Figures8 and 9 show the
measured horizontal and vertical � ow velocity distribution for � ow
condition2. The shock wave can be clearly distinguishedin the PIV
measurements. The mean value for the horizontal and vertical ve-
locity components of all correlation windows inside the shock was
calculated.A comparison between these measurementsand the pre-
dicted velocities is given in Table 3, and a good agreement between
theory and experimentcan be observed.The standarddeviationsare
close to thevelocitymeasurementaccuracy(§0.1 pixelD §14 m/s).
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Table 3 Calculated and measured freestream velocity before the shock and horizontal u
and vertical v velocities of the � ow over a wedge after the shock

Before shock After shock

Flow Calculated Measured Calculated Measured Calculated Measured
condition velocity, m/s velocity, m/s velocity u, m/s velocity u, m/s velocity v, m/s velocity v, m/s

1 1518.0 1498.7§ 28.5 1424.1 1416.0§ 10.3 251.1 249.7§ 19.0
2 1453.7 1446.5§ 10.6 1364.3 1331.0§ 9.3 240.6 234.7§ 12.6
3 1434.9 1433.1§ 10.8 1346.7 1331.9§ 10.1 237.5 234.8§ 22.6

Fig. 7 PIVcam picture of the � ow over a wedge with wedge half-angle
of ® = 10 deg; shock-wave angle ¯ can be measured from this picture.

Fig. 8 PIV measurement of horizontal � ow velocity of wedge � ow (� ow
condition 2).

Seed Particle Performance
The seed particle performance is important for all particle-based

laser measurement systems such as laser Doppler velocimetry,
global Doppler velocimetry, and PIV.12 For high-quality measure-
ments, the particle lag should be small compared to the geometrical
scale of the model. The ef� ciency of the seed particles can be stud-
ied from wedge � ow measurements using the oblique shock theory.
The velocity vector v can be split in a normal, un , and a tangential
componentu t with respect to the shock wave (Fig. 10). The tangen-
tial component of the � ow velocity is preserved across an oblique
shock wave, and for the normal velocity component the relations
for a normal shock can be applied. The acquired PIV images of the
wedge � ow were � rst rotated with the angle of the shock wave ¯

Fig. 9 PIV measurement of vertical � ow velocity of wedge � ow (� ow
condition 2).

Fig. 10 Oblique shock at a wedge; shock wave coordinate system
(xs –ys ) and corresponding velocity vector decomposition (ut–un , res-
pectively).

Fig. 11 Normal and tangentialvelocity lines with respect to the oblique
shock.

and then reanalyzed. Several lines perpendicularto the shock wave
were chosen, and both the perpendicular and parallel velocity dis-
tribution with respect to the shock are plotted in Fig. 11. They show
that the normal velocity component is deceleratedwithin a distance
of about 3 mm. The calculated relaxationdistance using a particle’s
relaxationconstantof 2.1 ¹s and the standard Stokes law for sphere
drag was calculated to 2 mm. The difference can be explained by
agglomeration of TiO2 and by the limited spatial resolution of the
PIV correlation method.
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The tangentialvelocity component remains unchangedacross the
shock wave as expected by theory. These results con� rm the ef� -
ciency of the PIV measurements and show that particle lag effects
are within the spatialresolutionof the system.To improve the spatial
resolution, it is planned to use a more sophisticated software incor-
porating a high-resolution mesh-free algorithm for the PIV image
processing.13

Conclusions
A PIV system was used at the ISL shock tunnel to measure high-

speed velocity � elds. First, the � ow� elds of a Mach 4.5 contoured
Lavalnozzleanda Mach 3.5conicalnozzlewere measuredandcom-
pared. The � ow� eld of the Mach 4.5 nozzle was homogeneous as
expectedfrom theory,whereas the � ow� eldof the conicalnozzleex-
hibited a � ow divergence.It was found that the measured freestream
conditionsof the Mach 3.5 conical nozzle did not correspond to the
theoretical one-dimensionalnozzle exit conditions.

The measured velocities for the Mach 4.5 nozzle seem to be the
highest measured by PIV to date. The velocity range was slightly
varied between 1425 and 1519 m/s by changing the stagnationcon-
ditions in the shock tube.

The parallel Mach 4.5 � ow was further used to produce a two-
dimensional� ow over a wedge. This kind of � ow is ideally suited to
studythe seedparticleperformance.It was shownthat the � owovera
wedge also agreed very well with calculatedvelocities.The particle
relaxation length was found to be of the same order of magnitude
as the size of one correlation window.

The PIV methodhas, therefore,proven to work ef� cientlyand ac-
curately in high-speedshock-tunnel� ows for the � rst time. Because
PIV is a planar technique that yields two-dimensional quantitative
results, it is ideally suited to be compared to numerical calcula-
tions. Therefore, it is planned to use the PIV method in the ISL
shock tunnel to study more complex � ows such as � ow–lateral jet
interactions,shock formationacross spikedmodels, and nozzle � ow
performance. However, for this purpose the spatial resolution must
be increased.The spatial resolutionis primarily limitedby the corre-
lation window, which in turn depends on the particle displacement.
Therefore, for high-speedapplicationsthe laser pulse delay must be
reducedfurther,which requiresthe useof an improvedCCD camera.
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8Ünalmis, Ö. H., Hou, Y. X., Bueno, P. C., Clemens, N. T., and Dolling,
D. S., “PIV Investigation of Role of BoundaryLayer Velocity Fluctuations in
Unsteady Shock-Induced Separation,” AIAA Paper 2000-2450, June 2000.
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