
JOURNAL OF THERMOPHYSICS AND HEAT TRANSFER

Vol. 14, No. 2, April–June 2000

Measurement of Shock Standoff Distance
for Sphere in Ballistic Range

Satoshi Nonaka,¤ Hiroyasu Mizuno,¤ Kazuyoshi Takayama,† and Chul Park‡

Tohoku University, Sendai 980-8577, Japan

The shock standoff distance for a sphere is measured in a ballistic range in the intermediate hypersonic regime.
The measurement is made for hemispheres of nose radius of 7, 14, and 15 mm, � ight speeds between 2.44 and
3.85 km/s, and ambient pressures between 5.6 £ £ 102 and 2.0 £ £ 104 Pa. The shock waves and � ow� elds over the
spheres are visualized by shadowgraph or schlieren method using a pulse Nd-YAG laser as light source. The effect
of contamination in the test air on the standoff distance was examined by using a turbo-molecular pump in setting
the initial gas pressure. Shock standoff distances vary with the ambient pressure. Its variation from those in the
ideal gas analysis clearly demonstrates the effect of the thermochemical nonequilibrium. The data are compared
with the results of the previous investigation. The present data showed slightly larger standoff distance than those
of previous experiment, indicating the effect of test gas contamination.

Nomenclature
R = radius of sphere
c = speci� c heat ratio
D layer = shock-layer thickness
D s = shock standoff distance along the stagnation streamline
q = density

Introduction

D URING theatmospheric� ightofspacevehiclesat a hypersonic
speed, the air molecules in the shock layer are vibrationally

excited, dissociated,and ionized.High-temperaturereal air absorbs
the kinetic energy of moleculesand thereby reduces the gas temper-
ature and hence increases the density. As a result, the thickness of
the shock layer is reduced. The real-gas effect drastically changes
the pressure distribution over the vehicle from that predicted in
ideal gas analysis and thereby its aerodynamic characteristics, i.e.,
lift, drag, and pitching moment should be determined by consider-
ing these effects.1 To design an ef� cient hypersonic vehicle, these
high-temperature real-gas effects must be accurately accounted.

The real-gas effects can be characterized fairly accurately in a
thermochemical equilibrium state because equilibrium states are
well understood.2 When high-temperature � ows are not in equi-
librium, their characterizations become dif� cult and would be in-
accurate because nonequilibrium of the chemical reactions in the
high-temperature� ows are not yet understoodwell. This is because
notonly the ratesof relaxationof vibrationalexcitationand chemical
reactions, but also the coupling mechanism between vibration and
dissociation would dominantly govern the high-temperature � ow
characteristics.3

Presently, it is customary to predict the aerodynamic character-
istics of a hypersonic vehicle using computational � uid dynam-
ics (CFD). The high-temperature� ow in thermochemical nonequi-
librium associated with simultaneous dissociation and vibrational
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excitation can be handled in CFD by commonly introducing a
two-temperature model that assumes a vibrational temperature
among different molecules that is different from the translational
temperature.4,5 At high hypersonicspeeds, i.e., at Mach numbersex-
ceeding 15, oxygen molecules completely dissociate immediately
behind the shock wave, and air becomes approximately a binary
mixture of N2 and O. Because this mixture has only one molecular
species, � ow properties can be characterizedreasonably accurately
using the two-temperaturemodel. The model has already been val-
idated for this high hypersonic speed range.5

In the intermediatehypersonicrange from a Mach-number range
from 8 to 15, hypersonic vehicles with airbreathingpropulsion sys-
tems are planned. In this regime O2 and NO molecules exist in
substantial concentrations in addition to N2 . The vibrational tem-
peraturesof these three species cannot in general be the same. Inter-
actions among the threevibrationalmodes of these species and their
couplingwith the translationalmode would complicate the problem
further. There is no assurance that the two-temperature model can
adequately describe this � ow regime. This is partly because exper-
imental data are scarce in this speed range. Experiment is needed
� rst to produce the reliable data for validation of CFD solutions in
this speed range.6,7

Characteristics of hypersonic aerothermodynamics are studied
experimentally using high-enthalpy shock tunnels or expansion
tubes.8 ¡ 11 However, because chemical reactions are frozen in ex-
panding regions, the � ows in the test sections of such facilities gen-
erally containvibrationallyexcited and dissociatedgas species.The
extent of such a chemically frozen state is not well known. More-
over, uncertainly concerning the freestream conditions and devia-
tions from the undisturbed � ow make the data unreliable.1 There-
fore, it is necessary to calibrate the measured data in such facilities
before they can be used to validate the CFD solutions. For this pur-
pose reliable data that can calibrate the � ow� elds must be collected
by comparing � ows over simple geometries. That is, reliable exper-
imental data would serve not only for validating CFD solutions but
also for calibrating a high-enthalpy facility itself.

One of the most appropriate reference quantities is the shock
standoff distance over a sphere because the real-gas effects behind
a detached shock wave signi� cantly affect the shock standoff dis-
tance. Hypersonic � ights achievable in a ballistic range should be
capable of producing reliable data. In it a model is launched at hy-
personic speed into quiescent gas so that the initial condition and
the constitution of test gases is exactly controlled.1,12

Such measurement has been already made by Lobb in the 1960s
(see Fig. 1).13 As seen in Fig. 1, most of the data were taken at ve-
locities above 4 km/s because this experiment was aimed at study-
ing space vehicle reentry conditions. Presently, the data required
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for the development of hypersonic airbreathing vehicles are the
shockstandoffdistancein the stronglynonequilibriumregionbelow
4 km/s. The purposeof the present study is to measure, in a ballistic
range, the shock standoff distance for a sphere in the intermediate
hypersonic regime.

One potential major source of error in the measurement of shock
standoff distance is the pulse duration of the light source. This is
because images of high-speed projectile become blurred over an
irradiation time of the light source. Lobb’s experiment was carried
out by using a light source of relatively long pulse duration. A
geometrical error is also introduced that is inversely proportional
to the model size. The models used in Lobb’s experiment had a
diameter of 12.7 mm. Hence it is worthwhile to � rst con� rm the
accuracy of Lobb’s data. In the present study a Nd-YAG laser of
short pulse duration is used as light source for visualization. The
model size is also larger than that used by Lobb. As a result, the
potential error involved in the present optical measurement is much
improved over those in Lobb’s.

Test Facilities and Conditions
Ballistic Range Facility

The experimentwas conducted in the ballistic range in the Shock
Wave Research Center of the Institute of Fluid Science, Tohoku
University.The facility is shown schematicallyin Fig. 2. The facility
has been designed and constructedas a two-stage light gas gun and
consists of a powder chamber, a 60-mm inside diameter (i.d.) pump
tube3 m in length,a high-pressurecoupling,a 4-m-long launch tube,
anda test chamber.Launch tubesof 14 and 30mm i.d.were prepared
and selected depending on model size. The test chamber has a 700
mm i.d. and is 1400 mm in length. The inside wall is cleaned after
each shot so that contamination can be kept at a very low level.

The ballistic range is operated as follows. A high-density
polyethylene piston is accelerated along the pump tube by high-
pressure gas generated by the combustion of smokeless powder.
The piston compresses a light gas, such as hydrogen or helium that
� lls the pump tube. The resulting high-pressure light gas ruptures
the steel diaphragm, inserted between the pump tube and the high-
pressure coupling and accelerates the projectile along the launch

Fig. 1 Shock standoff distance for sphere measured by Lobb.13

Fig. 2 Schematic of the ballistic range in the Shock Wave Research Center.

tube. The model is launched into the test chamber and eventually
terminateson a steel bumper. The velocityof the model is measured
by the time of � ight of the model between two laser beams placed
at 1 m distance apart in the test section.

Optical Arrangement

Shadowgraph and schlieren methods were used to determine the
shock standoff distance. The former was used for tests in high-
pressure conditions, and the latter was used in a low-pressure case
because of high sensitivity.Figure 3 shows the optical arrangement
of the schlieren method. To minimize blurring of the images of
models moving at hypersonic speed, a light source of a extremely
short duration is required. The available light source is a Nd-YAG
laser of second harmonic wavelength of 532 nm with a 5-ns pulse
duration and 770 mJ energy. For a 15-mm nose radius model mov-
ing at 4 km/s, the model moves only for 0.02 mm during a pulse.
The relative error in the shock-layer thickness caused by the model
movement is estimated to be no more than §1%. The model succes-
sively passed two pressureports installed1 m apart along the launch
tube near its exit. One of the pressure transduceroutput signals was
used to trigger the laser. A delay circuit was used to determine the
appropriate time interval.

The image of the model was recorded on a 100 £ 125 mm sheet
� lm AGFA-GEVAERT 10E56, which is sensitive to light at a rel-
atively narrow region of wavelength around 560 nm. The lumines-
cence generated at the shock layer and also during the impact of
the model on the steel bumper produced a broadband spectra so
that the present � lm is insensitive to it. The recorded photographic
images were then magni� ed and digitized by processing them with
an optical scanner. The shock standoff distance was deduced from
the digitized data.

Test Conditions

The degree of thermochemical nonequilibrium is characterized
by the Damköhler number. In a � ow where two-body reactions
are dominant, this parameter is proportional to the product of the
freestream density q and the body radius R. Therefore, the chemi-
cal reactionprocesses in the shock layer around the stagnationpoint
can be correctly simulated by reproducing the parameter q R. The
Reynolds number is proportionalalso to the product of density and

Fig. 3 Optical arrangement of schlieren method.
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characteristic length. In hypersonic similarity, not only the Mach
number M but also the Reynolds number Re should be equaled,
which eventuallyresults in making q R identical. q R is hencecalled
the binary scaling parameter.Therefore, ballistic range experiments
can reproduce the Damköhler number and also the Reynolds num-
ber of various � ight conditions simply by changing the model size
and the test gas pressure. To measure shock standoff distances for
a sphere, values of q R of 1.0 £ 10 ¡ 4, 2.0 £ 10 ¡ 4 , 4.0 £ 10 ¡ 4 , and
1.7 £ 10 ¡ 3 kg/m2 are chosen by changing the test gas pressure from
5.6 £ 102 to 2.0 £ 104 Pa and the model nose radius R from 7 to 15
mm. The present models were made of AZ-31-F magnesium alloy
and machined in the shape of hemispherecylinderswith radius of 7,
14, and 15 mm. The correspondingweights of each were 4.0, 10.0,
and 18.7 g, respectively.

In the present experiments smokeless powder between 60- and
100-g weight was used. The high-densitypolyethylenepiston con-
tained a copper cylinder with a total weight of about 1550 g. The
diaphragms inserted between the powder chamber and the high-
pressurecouplingwere 1.0-mm-thickstainless steel and 2.0- or 2.5-
mm-thick steel, respectively.The helium pressure in the pump tube
was between 6.9 £ 105 and 7.8 £ 105 Pa, and the gas temperature
in the test section was about 293 K. To purge the contamination in
the test section, � rst it was evacuated by a turbo-molecular pump
to below 0.1 Pa. Uncontaminated dry air was then supplied. The
test-section pressure was measured by a mercury manometer.

Results and Discussions
Figures 4 and 5 show typical examples of shadowgraph and

schlieren photographsobtained for � ow over a 15-mm-nose-radius
model. Figure 4 is for a velocity of 2.93 km/s, q R = 1.0 £ 10 ¡ 4

kg/m2 , and Fig. 5 is for 2.61 km/s, q R = 4.0 £ 10 ¡ 4 kg/m2 . The
shape of the detached shock wave can be clearly seen in both im-
ages.

In Fig. 6 the shock standoff distances measured from the pho-
tographs are plotted along with the data reported by Lobb.13 The or-
dinate is the shock standoff distance normalized by the nose radius
D s / R, and the abscissa is the projectile velocity in m/s. The results
obtained from the numerical solutions of Van Dyke and Gordon14

along with the Hilsenrath et al.15 tables are also shown in Fig. 6.
The upper solid curve designates the analytical results for an ideal
gas of c =1.4 corresponding to q R =0. The lower ones give the
predicted D s / R in chemical equilibrium at two different ambient
pressurescorrespondingto q R = 1 . The domainbetween these two
sets of curves represents the nonequilibrium region for � nite q R.
Values of the present data are summarized in Table 1. In addition
to the model movement during the pulse duration, the resolution in

Fig. 4 Schlieren of a � ow� eld over a 15-mm nose-radius sphere model
� ying at 2.93 km/s: initial pressure = 560 Pa.

Table 1 Shock standoff distances and test conditions

Binary scaling
parameter Flight velocity, Model radius, Normalized shock Error,
q R, kg/m2 m/s mm standoff distance §%

1.0 £ 10 ¡ 4 2470 15 0.1408 1.15
2630 14 0.1350 3.15
2670 14 0.1345 2.68
2930 15 0.1372 1.10
3570 7 0.1251 3.96
3850 7 0.1212 1.82

2.0 £ 10 ¡ 4 2540 15 0.1383 1.58
2560 14 0.1370 1.90
2630 14 0.1332 1.84
3150 15 0.1287 4.97
3250 7 0.1277 2.58
3360 7 0.1285 2.53
3640 7 0.1137 2.99

4.0 £ 10 ¡ 4 2500 15 0.1324 2.57
2610 15 0.1328 1.05
3190 7 0.1187 3.79
3370 7 0.1163 1.63
3490 7 0.1129 1.33

1.7 £ 10 ¡ 3 2440 15 0.1278 2.19
2560 14 0.1243 2.09
3160 7 0.1040 4.31

Fig. 5 Shadowgraph of a � ow� eld over a 15-mm nose-radius sphere
model � ying at 2.61 km/s: initial pressure = 2240 Pa.

Fig. 6 Normalized shock standoff distance for sphere: m , present,
½R = 1.0 £ £ 10¡ 4 kg/m2; j , present, ½R = 2.0 £ £ 10¡ 4 kg/m2; , present,
½R = 4.0 £ £ 10¡ 4 kg/m2; . , present, ½R = 1.7 £ £ 10 ¡ 3 kg/m2; ¦ , Lobb,13

½R = 5.0 £ £ 10¡ 5 kg/m2; n , Lobb,13 ½R = 1.0 £ £ 10¡ 4 kg/m2; and u ,
Lobb,13 ½R = 2.0 £ £ 10¡ 4 kg/m2 .
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reading shock position on the � lm causes some possible errors. As
the result, the averaged error of the normalized shock standoff dis-
tance so far measured is about §2%.

As shown in Fig. 6, the present data exhibit nonequilibrium
effects. In the case of binary scaling parameter of q R =1.0 £
10 ¡ 4 kg/m2, measured data lie close to the theoretical curve for an
ideal gas. At low initial pressureschemical reactionsbehind a shock
wave are generally frozen. As a result, the shock standoff distance
nearlyagreeswith an idealgas value.However, for q R = 2.0 £ 10 ¡ 4

and 4.0 £ 10 ¡ 4 kg/m2 experimentalpoints are located in the middle
of thenonequilibriumregime.This indicatesthatnonequilibriumef-
fects become signi� cant even in the intermediate hypersonic speed
range while keeping q R constant. As the value of q R is increased,
the shock standoff distance approaches the predicted equilibrium
values.

Comparing the present results with Lobb’s data,13 we found the
present experimentsgave larger standoffdistances that are closer to
the frozen value and in a higher velocity region. Figure 7 shows the
comparisonbetween the present data and Lobb’s ones in the case of
the binary scaling parameter of q R = 1.0 £ 10 ¡ 4 kg/m2 . The curve
� tted by Lobb is also shown. Presumably this discrepancy may be
attributableto thecontaminationof the test gas in Lobb’s experiment
because of the use of an oil-sealed rotary vacuum pump or a diffu-
sion pump. To recon� rm this effect, the shock standoffdistancewas
measured with the test gas evacuated by an oil-sealed rotary vac-
uum pump. Figure 8 compares normalizedshock standoff distances
obtained both with the test gas arranged by an oil-rotary vacuum
pump and by a turbo-molecularpump. The effects of oil vapor con-

Fig. 7 Comparison between the present and Lobb’s data13 for ½R =
10 £ £ 10¡ 4 kg/m2: m , present, ½R = 1.0 £ £ 10¡ 4 kg/m2; and n , Lobb,13

½R = 1.0 £ £ 10¡ 4 kg/m2 .

Fig. 8 Effect of oil vapor on shock standoff distance: n , uncontam-
inated, ½R = 1.0 £ £ 10¡ 4 kg/m2; u , uncontaminated, ½R = 2.0 £ £ 10¡ 4

kg/m2; m , contaminated,½R = 1.0 £ £ 10 ¡ 4 kg/m2; and j , contaminated,
½R = 2.0 £ £ 10¡ 4 kg/m2 .

Fig. 9 Normalized shock-layer thickness over a 15-mm-nose-radius
sphere: � ight velocity = 2.61 km/s, initial pressure = 2240 Pa.

Fig. 10 Normalized shock-layer thickness over a 7-mm-nose-radius
sphere: � ight velocity = 3.49 km/s, initial pressure = 4850 Pa.

taminationappear to reduce the shock standoffdistanceat the initial
pressure by 7–15% in comparison to the uncontaminated air. The
contaminantmolecules have relatively large molecular weights and
are vibrationallyexcited and dissociatedbehind a shock wave. This
effect absorbs heat so that the shock standoff distance is shortened.

In Figs. 9 and 10 the shock shapes are presented in the form of
the normalized shock-layer thickness D layer / R as a function of the
polar angle measured from the center axis. Figure 9 shows a 15-
mm nose radius model moving at 2.61 km/s and with the initial
pressure =2240 Pa. Figure 10 is for a 7-mm-nose-radius model at
3.49 km/s, and the initial pressure =4850 Pa. For these conditions
the binary scaling parameter q R =4.0 £ 10 ¡ 4 kg/m2 . Figures 9 and
10 also show the D layer / R values measured in the upper and lower
sides of the axis of symmetry. Numerical values for frozen and
equilibrium� ow are also plotted for comparison.The frozen values
were calculatedusing a two-temperaturecode,7 in which the chem-
ical reaction and vibrational excitation were prohibited to obtain
frozen solution. The equilibrium values are obtained by an existing
equilibrium � ow solver.16

In Figs. 9 and 10 the D layer / R values from the upper and lower
sides of the photograph agree well with each other. This would
indicate that the procedure of determining shock standoff distance
was conducted accurately. The difference of shock-layer thickness
between frozen and equilibrium � ows become larger at the higher
velocity. The measured D layer / R values lie between the frozen and
equilibrium limits and approach the equilibrium values toward the
downstream, as expected.

Conclusions
Shock standoff distances for a sphere have been measured using

a ballistic range, and the following conclusions were drawn. The
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difference in shock standoff distances between frozen, nonequilib-
rium, and equilibrium � ows are clearly recognizedeven in interme-
diate hypersonicspeed range.The shockstandoffdistancesobtained
in the present experiment are larger than previous values obtained
by Lobb. This is attributable to the level of oil vapor contamina-
tion in the test gas of the previous study. The measured shock-layer
thicknessesare in the nonequilibriumregime and approach the equi-
librium shapes toward the downstream.
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