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Plasma and Aerothermal Measurements
on a Hypervelocity Re-Entry Vehicle

Kenneth M. Chadwick¤

Calspan SRL Corporation, Buffalo, New York 14225

A laboratory measurements programhas been performed in the Calspan 96-in.Hypersonic Shock Tunnel, which
has provided a database on the effects of an ionized � ow� eld about a re-entry vehicle on rf propagation. Electron
number density measurements were made by using swept-voltage thin-wire electrostatic probes in a rake over the
various receiver stations on the bluntnose-cone test vehicle. In addition, aerothermal measurements were made
along both leeward and windward sides of the test vehicle at all con� gurations. Test model orientations included
pitch, yaw, and combinations of pitch and yaw, which resulted in test model angles of attack at 0, 2, 6, and 13 deg.
The hypersonic test environmentcorresponded to high-altitude42.6km (140,000ft) re-entry conditionsat 4.26km/s
(14,000 ft/s). The simulations produce a laminar � ow over the full-scale re-entry vehicle test model.

Nomenclature
Ii = ion current
iC = current normalization factor
j = current density
m = mass
n = number density
r = radius
T = temperature
V = voltage potential
"0 = vacuum permittivity
¸D = Debye length
Âp = nondimensionalprobe potential

Subscripts

e = electron
F = � oating
i = ion
p = probe

Introduction

T HE potential for signal quality degradation in electromagnetic
propagation through the � ow� elds surrounding hypervelocity

vehiclesduring re-entryis of speci� c interest to guidancesensor ap-
plications.Aerodynamicphenomena introducedensity and temper-
ature gradients into the nonplanar � ow� eld behind the bow shock,
and aerothermal phenomena introduce plasma levels as a result of
thermal ionization processes.

Therefore,electromagneticradiationwill experienceattenuation,
phase shift, and scattering in propagating through such environ-
ments. The severity of these effects on guidance performance will
depend on the magnitude of the signal frequency relative to the
plasma frequency and the collision frequency, as well as their gra-
dients. These plasma–microwave interaction effects will further be
rendered more complex by the asymmetry of the � ow� eld plasma
due to vehicle maneuvering. Antenna window heating can also
present critical problems in the � ight case as high heat transfer rates
can initiate softeningor meltingof the material leadingto shapedis-
tortion, ablation, and changes in refractive index. Microwave signal
processing must account for all of these perturbationeffects to pro-
vide reliable homing/guidance updates.1¡7
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It is evident that guidanceerrors can result from aerodynamicand
aerothermaleffects, and homing conceptdevelopmentmust address
all of these issues.Therefore,codesmust bedevelopedandvalidated
to ensureanunderstandingof and a predictivecapabilityfor theanal-
ysis of all phenomenacapableof affectingmicrowavesensorperfor-
mance. Such validation tasks necessarily require a database. Such
a database can be obtained from dedicated experiments performed
in a test facility that is capable of generating some of the aero-
dynamic and aerothermal conditions wherein plasma–environment
isues, includingangle-of-attack(AOA) effects,can bequantitatively
examined in a well-conceived laboratory measurements program.

This paper summarizes the experimentdesign,performancetech-
niques, and the results of a test program whose objective was to
develop a database on the interaction of L-band (rf) electromag-
netic radiation with the ionized � ow� eld about a re-entry vehicle,
for purposes of analytic code validation. However, presented here
are the results obtained from the electrostaticprobe surveys and the
aerothermalmeasurements.The experimentswere performed in the
Calspan 96-in. Hypersonic Shock Tunnel wherein plasma condi-
tions were generated aerodynamically, in the test vehicle � ow� eld
under laminar � ow conditions appropriate to high-altitudere-entry.

Design of the Experimental Program
Experimental Facilities

This experimental program was conducted in Calspan’s 96-in.
shock tunnel at nominal freestream Mach number of 9.3 and at a
Reynolds number of 1:5 £ 105/m (0:5 £ 106/ft). A photograph of
the facility is shown in Fig. 1. This facility is a large conventional
re� ected shock tunnel in which the � ow is initiated by rupturing
a double diaphragm, permitting high-pressure hydrogen from the
driver section to expand rapidly into the driven section containing
the test gas (air). This sudden release of pressuregeneratesa normal
shock, which propagates through the low-pressure air, producing a
region of high-temperature,high-pressureair between this normal-
shock front and the gas interface (the contact surface) between the
driver and drivengases.When the primary,or incident,shockstrikes
the end of thedrivensection, it is re� ected, leavinga reservoirregion
of almost stationary, high-pressure, heated air. This air is then ex-
panded through a nozzle to the desired freestream conditions in the
test section.The duration of the � ow in the test section is controlled
by the interactions between the re� ected shock, the interface, and
the leading expansion wave generated by the nonstationaryexpan-
sion process occurring in the driver section. It is standard operating
procedure to control the initial conditionsof the gases in the driver
and driven sections so that the gas interface becomes transparent
to the re� ected-shock interaction.This is known as operating under
tailored-interfaceconditions.Under these conditions,the test time is
controlled by the time taken for the driver/driven interface to reach
the throat, or the leading expansion wave to decrease the reservoir
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Fig. 1 Calspan 96-in. Hypersonic Shock Tunnel.

Fig. 2 Full-scale re-entry vehicle test model with changeable nose tip.

of pressure behind the re� ected shock. Thus, the � ow duration is
either driver-gas limited or expansion-wave limited, respectively.

Test Model Description
The model used in this experimental study was a 7.8-deg half-

angleconewith interchangeablenose tips.On thebasis of bluntbody
� ow� eldanalyses,themodelgeometryselectedfor the tests used the
sphericallyblunted cone with a nose radius of 4.32 cm (1.7 in.). The
total test model length is about 1 m (3 ft). The model was supported
in the shock tunnel test section by a specially designed crank-angle
sting installedinto the test sectionmount.All test modelorientations
were effected via pin location selection, which permitted a choice
of crank angles of 0, 2, 6, and 13 deg. The sting could be rotated to
allow combinations of pure pitch, yaw, and combinations of both.
A photograph of the test model is shown in Fig. 2.

Aerothermal Instrumentation
The test model was instrumented with a total of 26 heat transfer

gauges and 20 high-frequencypressure transducers.The instrumen-
tation locationsare shown in schematic in Fig. 3. The hemispherical
nose had � ve pressure locations including the stagnationpoint. The
nosewas also � ttedwith � ve coaxialthermocoupletypeheat transfer
gauges. The remainder of the heat transfer gauges distributedalong
the conical surface of the model were Calspan fabricated platinum
thin-� lm resistance thermometers.The model surface also included
six circular-section� ush-mounted current collecting probes.

Thin-Wire Electrostatic Probe Instrumentation
Thin-wire electrostatic voltage-swept probes were used to mea-

sure the electron temperature and number density in the shock layer
and the boundary-layer regions of the test model � ow� eld. Each
probe consists of a short length of tungsten wire approximately
0.076 mm (0.003 in.) in diameter with a length to diameter ratio
of 80. The probes were oriented so that they were always aligned

Fig. 3 Schematic of the test model instrumentation and antenna loca-
tions.

with the � ow direction during a test run. In operation, the volt-
age applied to the probes was swept from ¡5 to C3 V to record
both the ion collecting and retarding � eld regions of the probe
characteristic.Under suitable conditionsof collision frequency, the
current-probe behavior in these regions provide both the ion num-
ber density and the electron temperature. The choice of wire size
affects the important ratios of probe size to electron neutral and ion
neutral mean free paths, which will in turn determine whether free-
molecular, transitional, or collisional sheath considerations would
have to be invoked for proper data reduction. The selection of test
conditions for this experimental research program allowed the ap-
plicationof collisionlessfree-molecularprobe theorydata reduction
techniques.

The point determination of the electron number density ne and
temperature Te in a moving plasma is an intrusive measurement,
performed by means of a swept-voltage, thin-wire probe. Several
such probes may be installed in a common rake; each probe aligned
with the local � ow direction and positioned at different distances
off the vehicle surface so as to measure the number density pro� le
through the boundary layer.

A linear voltage ramp is simultaneously applied to each probe,
swept over a voltage range, e.g., from ¡5 to C3 V suf� cient to
record both the ion current and the electron retarding � eld regions
of the probe characteristic.An illustrativesketchof a complete elec-
trostatic probe characteristic is shown in Fig. 4.

In the interpretation of the probe characteristic, the ion current
collectedby theprobeat a selected(nondimensional)probepotential
is used, in conjunction with the measured electron temperature, to
derive the local ion number density corresponding to the collected
ion current.Probe data reductionfollows the theoryof Laframboise8

for the case of a collisionless (free-molecular) sheath.
A nondimensionalprobe potential Âp is de� ned by

Âp D .e=kTe/.Vp ¡ V1/ (1)

which is the dimensionless difference between the probe potential
Vp and the plasma potential V1. The latter is the potential at which
the probecollectsboth ions and electrons (randomcurrents) without
the aid of electric � elds. In the equation for Âp , e is the electron
charge,k is the Boltzmannconstant,and Te the electrontemperature.

Laframboise’s results from the collected ion and electron current
densities at negative values of Âp are written as

ji D ene.kTe=2¼m i /
1
2 iC (2)

je D ene.kTe=2¼me/
1
2 Âp (3)
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Fig. 4 Sketch of the electrostatic probe characteristic.

where iC is a normalization factor representing the increase in the
collected ion current over the random kinetic ion � ux to the probe at
Âp ! 0, i.e., at the plasma potential. The factor iC is a function of
Âp , the ratio of the probe radius to Debye length r p=¸D , and the ratio
of ion to electron temperatures. The Debye length (in centimeters)
is given by

¸D D
³

"0kTe

nee2

´ 1
2

¼ 6:9
Te

ne

(4)

When the voltage applied to the probe is swept from negative
toward positive values, Âp ! 0 and the electron current collected
by theprobesincreasesrapidlybecausethe higher thermalvelocities
of the electronsenable them to reach the probe surface in spite of the
repelling voltage. This region of the probe characteristic is called
the retarding-�eld region. DifferentiatingEq. (3),

d . je/

dVp

D
e

kTe

(5)

i.e., the slopeof a semilogplotof retarding-�eld regionprobecurrent
vs probe voltage is e=kTe , which is the basis for the determination
of the electron temperature. Then

Te D 11;600
e=kTe

(6)

The ionnumberdensityis obtainedfrom the ion-currentportionof
the probe characteristic at large negative values of Âp .Âp < ¡10/,
via Eq. (2). The calculation of number density from the measured
ion current density is seen to involve the ion mass m i , hence, the
identity, of the collected ion. In a pure-air plasma, this may be as-
sumed to be NOC. In re-entry vehicle boundary-layer� ows, alkali-
metal contaminant ionization from ablating surfaces can become a
predominant free-electron source. In the case of � ight diagnostic
measurements, therefore, the probe voltage ramp excursion should
be extended suf� ciently to record the electron-sheathed region of
the probe characteristic.

At positive probe potentials, the electron number density ne is
measured independentlyof the nature of the collected ion. Because
ne ´ ni for a neutral plasma, this can further afford a means of cor-
roborating the identity of the ion in the � ow. Such use of thin-wire
electrostaticprobeshasbeenstudiedin shocktunnel� ows.9 Therein,
the charged-particledensitiesdeterminedfrom the ion-sheathedand
electron-sheathedportions of the probe characteristicwere in good
agreement with each other and with independent microwave inter-
ferometer measurements.

In relating Âp to the corresponding probe potential Vp , it can be
dif� cult to de� ne the plasma potential Vp from the probe character-
istic with precision. Instead, the nondimensional probe potentials
can be referred to the � oating potential VF , which is readily identi-
� able on each probe characteristic as the probe voltage for zero net
collected current.

Thus, by equating Eqs. (2) and (3) at Â D ÂF ,

eÂF D .me=m i /
1
2 iC (7)

or

ÂF D .e=kTe/.VF ¡ V1/ D 1
2 .m e=m i /iC (8)

Because the effect on ÂF is small, iC is taken as unity. Then,

Âp D .e=kTe/.Vp ¡ V1/ C ÂF (9)

and

Vp D
Âp ¡ .m e=m i /

1
2

e=kTe
¡ VF D

Âp C 5:4
e=kTe

C VF (10)

for the NOC ion.
The ion number density cannot be obtained directly from Eq. (2)

because iC depends on r p=¸D , which is also dependent on number
density.The determinationof the numberdensityusing the theoryof
Laframboise8 has followed the method of Sonin,10 which eliminates
the need for an iterative calculation.From Eq. (2),

neiC D .1=e/.2¼m i =e/
1
2 ji (11)

which, following substitution for ne in terms of the Debye length
[Eq. (4)] can be written

.r p=¸D/2 D r 2
p "0 .2¼m i=e/

1
2 .e=kTe/

3
2 ji (12)

where "0 is the vacuumpermittivity(8:854£10¡12 F m¡1). As noted
by Sonin, this expression is not explicitly dependent on the number
density. In terms of the quantities measured using the electrostatic
probes, where ji D Ii=2¼r p¸D , Eq. (12) can be rewritten as

.r p=¸D/2iC D .1="0/.m i=2¼e/
1
2 .r p=¸ p/.e=kTe/

3
2 Ii

D 25:1.r p=¸p/.e=kTe/
3
2 Ii (13)

for the NOC ion, where Ii is the ion current (in microamperes) at
large negative Âp .

From computed values of .r p=¸D /2iC, the corresponding values
of iC for given Âp are obtained from a plot of Laframboise’s8 results
for thecase Ti =Te D 1:0. The valueof iC is, in fact,notverysensitive
to the value for Ti =Te . Therefore, once e=kTe is determined from
the probe characteristic[Eq. (5)], the probe potential corresponding
to the selected negative Âp is evaluated from Eq. (10). The value of
.r p=¸D/2iC is calculatedusing Eq. (13) and the correspondingvalue
of iC is obtained from plots of .r p=¸D/2iC vs iC at selected Âp . The
ion number density per cubic centimeter is then determined as

ni D 1=e
3
2 .m i=2¼/

1
2 .e=kTe/

1
2 .1=r p¸D/.Ii=iC/ (14)

or

ni D 1:4.107/.e=kTe/
1
2 .Ii =iC/.1=r p¸D/ (15)

for NOC and Ii in microampere, r p¸D in centimeters squared.
The slope measurement for the determinationof e=kTe should be

madeat a pointwhere the ion currentis negligible.It has been shown
that the net current to the probe is essentially equal to the electron
current when the latter is about twice the ion current collected at
large negative Âp . In the reduction of the electrostatic probe data
from these experiments, the ion currents employed were for probe
potentials corresponding to nondimensional Âp values of ¡15 and
¡20. The slopes of the semilog I p vs Vp plots were then evaluated
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Fig. 5 Photograph of the thin-wire electrostatic probe rake.

Fig. 6 Test conditions for the experimental tests with pitot pressure
measurements.

at probe current at least twice the magnitude of the ion currents
measured at the negative Âp values.

A � ve-probe rake was employed for these studies. The rake was
alwayspositionedin the � ow� eldover thecone surfaceoppositethat
containing the active rf antennas so as not to interfere with the rf
measurements. A photograph of the rake is shown in Fig. 5. The
rake was moved during the course of the study to provide pro� le
measurements at different axial locations along the model for vari-
ous vehicle orientations. In addition, a two-probe rake was located
in the wake region behind the model.

Results and Discussion
Test Stream Diagnostics and Condition

In additionto the testmatrix justdescribed,a seriesof air� ow tests
were conducted to describe the freestreamquantities and quality.A
highly instrumented air� ow survey rake included: stagnation heat
transfer probes and pitot pressure probes. In addition to the air� ow
series, a Navier–Stokes computation of the nozzle expansion was
calculated from the reservoir (driven tube) to the freestream core
� ow. These results are plotted with pitot values from several of the
air� ow tests in Fig. 6. Repeatability of the test point is considered
to be quite good, as can be seen from these measurements of the
pitot. In addition to the pitot values, a plot of the exit plane Mach
number and velocity are included.The test point to which these data

Fig. 7 Schematic of the experimental con� guration in the shock
tunnel.

Fig. 8 Test model orientation and sign convention.

correspond is a simulation of 140 kft (42.7 km) density altitude at
14,350 ft/s (4.4 km/s).

Aerothermal Surface Measurements
A total of 33 test runs were made in the basic test program with

the test model. The matrix is shown in Table 1. The matrix includes
variation of AOA with several combinationsof pitch and yaw. Also
included was a single test with a sharp nose to give a baseline for
the absence of signi� cant plasma number density in the � ow� eld.
Figure 7 shows the experimentalsetup in the Calspan 96-in. Hyper-
sonic Shock Tunnel, and Fig. 8 illustrates the test model orientation
and sign convention used for the experiments.

Figure 9 shows the pressure data for the 0-deg AOA case. The
data indicate the results for three separate test runs and show good
repeatability of the test � ow� eld. Figures 10 and 11 show the data
for the 2- and 6-deg pure pitch cases.The results indicate clearly the
differences between the leeward and windward sides of the model
and also repeat very well. In general, repeatability of the pressure
data was very good.The surface heat transferdata are presented in a
manner similar to the surface pressuredata (Figs. 12–14). Wherever
possible,repeat test runs are incorporatedinto the same plot to show
the consistency in the data set.

Electron Number Density Measurements
Electron number density pro� les were obtained with thin-wire

electrostatic probes. Two pro� le locations were selected that cor-
respond to the forwardmost antenna location (ES-1) and the mid-
point between the second and third in-lineantennapositions (ES-2).
Figure 3 shows thelocationof theprobesin relationto the rf antennas
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Table 1 Experimental test matrix

Model position, degTest run
number Attack Pitch Yaw

1 0 0 0
2 0 0 0
3 0 Sharp Nose
4 2 2 0
5 2 2 0
6 2 2 0
7 6 6 0
8 6 6 0
9 2 ¡2 0
10 2 ¡2 0
11 6 ¡6 0
12 6 ¡6 0
13 2 0 2
14 2 0 2
15 6 0 6
16 6 0 6
17 6 ¡4:2 4.2
18 6 ¡4:2 4.2
19 2 ¡1:4 1.4
20 2 ¡1:4 1.4
21 2 1.4 ¡1:4
22 2 1.4 ¡1:4
23 6 4.2 ¡4:2
24 6 4.2 ¡4:2
25 0 0 0
26 6 ¡6 0
27 6 ¡6 0
28 6 ¡6 0
29 2 ¡2 0
30 2 ¡2 0
31 13 ¡13 0
32 13 13 0
33 0 0 0

Fig. 9 Measured test model pressure at 0-deg AOA.

and from the nose of the test model. Essentially, the data were ob-
tainedby ramping a voltage linearlyfrom ¡5 to C3 V over a 100-¹s
time period. Four of these ramps were sequenced during a single
test run to ensure synchronizationwith the steady test � ow interval.
During the performance of the tests, the timing of the air� ow over
the model provided in many cases two of the input ramps during the
test period. Selected pro� les are presented here to show the trends
and typical pro� le behavior.

Figure 15 shows the electronnumberdensity pro� les for test runs
25 and 33. These test runs represent repeat data for the 0-deg AOA
case at the forward position identi� ed by ES-1. This position is 19.8
cm (7.8 in.) along the surface from the nose of the hemisphere/cone
model. These two tests give a good indication of the repeatability
of the test � ow. The pro� le shapes from the two runs are nearly the

Fig. 10 Measured test model pressure at 2-deg AOA.

Fig. 11 Measured test model pressure at 6-deg AOA.

Fig. 12 Measured test model heat transfer at 0-deg AOA.

same with the peak number density level located approximately
0.25cm (0.1 in.) abovethemodel surfaceat a density levelof slightly
greaterthan1:0e1011 cm¡3 . Figure15also shows thenumberdensity
data for 0-deg AOA for the ES-2 position, which is located 47 cm
(18.5 in.) from the nose of the model. In this case, the data are some-
what sparse; however, the number density levels are nearly the same
as in the ES-1 position data with an indication of a thicker plasma
layer, possibly up to 0.4 cm (0.16 in.) above the model surface.
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Fig. 13 Measured test model heat transfer at 2-deg AOA.

Fig. 14 Measured test model heat transfer at 6-deg AOA.

Fig. 15 Measured electron number density at 0-deg AOA.

The following discussion regarding electron number densities at
variousAOAs follows the conventionshown in Fig. 8. Positivepitch
indicateselectronnumber densities measured on the windward side
of the vehicle, and negative pitch relates to leeward measurements.
In general, the windward layer is thin relative to the leeward layer,
and also it is thin in some cases relative to the resolutionobtainable
with the probe rake used to collect the data.Therefore, in some cases
the resolution of the windward data is not suf� cient to completely

Fig. 16 Measured electron numberdensity at +2-deg AOA, windward.

Fig. 17 Measured electron numberdensity at +6-deg AOA, windward.

Fig. 18 Measured electron number density at ¡ 2-deg AOA, leeward.

describe the pro� le shape. Figure 16 shows the windward data col-
lected for the C2-deg pitch orientation. At the ES-1 position, the
peak level is approximately 2.5e1011cm¡3 and the peak level is de-
creased back to the ES-2 position to 1.1e1011 cm¡3. The distance
above the surfacefor the peak level is not very discernibleat this po-
sition. The C6-deg pitch or windward data include two test runs and
are shown in Fig. 17. At the ES-1 positionat peak level slightly less
than 1011 is indicated.A slightly higher level is shown for the ES-2
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Fig. 19 Measured electron number density at ¡ 6-deg AOA, leeward.

position; however, the resolution for these pro� les is most likely
insuf� cient to describe the layer completely because the thickness
of the layer appears to be less than 0.5 cm (0.2 in.).

On the leeward side of the model, the plasma sheath is thicker
and better de� ned by the thin-wire probe measurements. Figure 18
shows the data collected for the ¡2-deg pitch case. At the ES-1
position, a peak electron number density of 1:1e1011 at 0.14 in.
(0.35 cm) above the surface is observed. Farther back, at the ES-2
position, the peak in the pro� le is seen to have moved out near 0.4
in. (1.0 cm) from the surface. The ¡6-deg pitch data (Fig. 19) show
similar peak numbers at slightly greater than 1:0e1011 cm¡3 at the
ES-1 positionat 0.4 cm above the surface of the model. At the ES-2
position, an indication of a thickening of the layer with the peak
number density observed approximately 1.0 cm off the surface at
the same level (1.0e1011 cm¡3 ) as the ES-1 position.

Conclusions
A comprehensive shock tunnel program has been performed on

the quantitative measurement of the plasma environment about a
full-scale hypervelocity re-entry vehicle. The shock tunnel operat-
ing conditions generated freestream test � ow velocity at approxi-
mately 4.3 km/s (14,000 ft/s), with an equivalent density altitude of
42.7 km (140,000ft). The measurements,performed in laminar � ow
conditions,comprise a databaseof the � ow� eld plasma pro� les and
test model surface aerothermal properties.

The overall experimental objectives were achieved in providing
a comprehensive database on the effects of AOA of a hypersonic
vehicle on the measured electron number density pro� les in the

shock layer, the measured surface pressure, and heat transfer rate
distributions. The data exhibited both good repeatability and were
fully consistentwith the responses expected for the change in � ow-
� eld environment produced by the changes in vehicle attitude.
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