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Investigation of Remote Antenna Assembly for Radio
Communication with Reentry Vehicle

I. F. Belov,¤ V. Ya. Borovoy,¤ V. A. Gorelov,† A. Y. Kireev,‡ A. S. Korolev,¤ and E. A. Stepanov‡

Central Aerohydrodynamic Institute, 140180, Moscow Region, Russia

Consideration is given to the experimental investigation of the original method of providing radio communi-
cations with a reentry vehicle along the trajectory section when a vehicle is surrounded by plasma of the ionized
shock layer. The method suggests placing of the antennas in special small containers. The containers are located at
about zero angle of attack on a pylon ahead of the bow shock wave generated near a vehicle. Because of the small
container bluntness low level of ionization near the antennas could be provided. But many problems connected
with heating and thermal protection of the container and pylon arise in this case. Therefore along with the mea-
surements of ionization near the container, heating and thermal protection of the container and pylon and their
in� uence on the vehicle aerodynamicswere investigated.The experiments were performed in four hypersonic wind
tunnels of different types in Mach-number range from 6.5 to 20.5. Various measurement methods were used. The
investigation shows that the remote antenna assembly can provide uninterrupted radio communication with the
reentry vehicle.

Nomenclature
Ci = rolling-moment coef� cient
CL = lifting coef� cient
Cm = pitching-moment coef� cient
Cn = yawing-moment coef� cient
d = diameter of remote antenna assembly

container, 0.08 m
F = model planform area
G = total mass-� ow rate of injected gas
H = � ight altitude
i = gas enthalpy
K = correlation parameter for nonequilibriumionization
L = model length
M = Mach number
m = local mass-� ow rate of injected gas, ½wvw

n = concentrationof particles
P = pressure
q = heat � ux
R = nose bluntness radius
Re0 = Reynolds number for stagnation temperature

viscosity, ½1 V1 R=¹0

Re1L = Reynolds number for undisturbed � ow
viscosity, ½1 V1 L=¹1

S = distance from stagnation point along surface
T = temperature
t = time
V = � ow velocity, � ight velocity
vw = injection velocity
X cg, Ycg = center-of-massposition coordinate
y = shock-layer coordinate normal to the surface
® = angle of attack
¯ = sideslip angle
3 = nonequilibriumionization parameter
½ = density
9 = dihedral angle of wing
19 = angle of wing de� ection
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! = radio signal frequency
! p = plasma frequency

Subscripts

e = electron
eq = equilibrium
i = ionization, ions
j = injected gas
max = maximum
t = total
w = wall conditions
0 = stagnation point
1 = for unit Reynolds number
1 = freestream

Superscripts

L/D = lift/drag
R/L = right/left

I. Introduction

R ADIO communicationduring the vehicle reentry in the Earth’s
atmosphere is a vital challenge posed by the practice of space

� ights. Radio communication is known to be affected by plasma
formations that occurred near the vehicle at high � ight velocities.
Interactionof electromagnaticwaves and plasma layer can result to
communication blackout between the vehicle and relevant tracking
stations.

Severalmethodscanbeused to eliminatethe plasmashieldingand
thus to provide radio communication with the vehicle. First of all,
a frequency band proper for radio communication must be chosen.
But achievable frequencybands are usually limited by the technical
possibilities of radio facilities. Radio communication can be im-
proved if the antennas are located in zones with minimum electron
concentration.Particularly for vehicles � ying at large angles of at-
tack, there is a rationale to place the antennas in the separationzone
on the lee side of the vehicle and use a satellite for retranslating.But
at smaller angles of attack (i.e., at higher lift/drag ratios) and at ma-
neuvers, the conditionsfor radio communicationsthrougha satellite
can become worse. In the 1970s the possibilities of active impact
on the ionization level were investigated with the help of injection
electrophilic liquids or gases into the shock layer1 and creation of
magnetic � eld in the ionized layer surroundingthe antenna.2 Use of
thesemethodsmeets signi� cant dif� cultieswhen applied to a hyper-
sonic large vehicle having large-scalenose bluntnessradiusbecause
of the large thickness of the ionized layer. Another approach to the
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Table 1 Used regimes of wind tunnels

Diametera (square)b Unit Reynolds
of jet cross section, Mach number Total pressure Total temperature Test

Wind tunnel Type m (m2 ) number, M Re1 , m¡1 Pt , bar Tt , K duration, s

IT-2 Hot shot 0.53a 19.6 1.4 £ 106 740 2400 0.1
17.9 5.7 £ 106 930 1600 0.1
20.5 1.5 £ 105 250 6500 0.1

T-116 With resistance heater 1£1b 3.0–9.7 10.2–5.7 £ 106 1.1–80 300–1100 350
T-117 With arc heater 1.0a 18.7 0.3 £ 105 150 3000 60

14 0.1 £ 106 100 2000
T-122 With arc heater 0.13a 6.5 1 £ 105 5 5000 1800

Fig. 1 Photograph of the vehicle model with RAA.

problem of radio communication is investigatedhere. It is based on
application of remote antenna assemblies (RAA) mounted at zero
or small angle of attack on a pylon in the nose of fuselage (or on the
wing ends). RAA presents itself as a cylinder containing antennas
and having a conical nose. The antennas are placed ahead the bow
shock of the vehicle, i.e., outside the thick shock layer created by
the vehicle. Of course, the container generates a shock wave, too,
and the antennas are streamlined by plasma. Nevertheless, if the
bluntness radius and angle of attack of the container are small, the
ionization level around the container can be low enough to provide
direct radio communicationbetween the vehicleand groundstations
in centimeter and decimeter ranges of wavelengthswithout the help
of satellite retranslate. The described method of radio communica-
tion with a hypersonicvehicle with the help of RAA was suggested
in the USSR in the 1970sby Yu. Khodotaev,expertof the Aerospace
Corporation“Energia.”RAA was supposedto beused on the vehicle
“Buran.” The main idea and the design solutionsshouldbe tested on
the large � ying model “Bor.3” Two RAA should be symmetrically
mounted in the nose of Bor as shown in Figs. 1 and 2. In connection
with development of RAA for the vehicle Bor, extensive research
was carried out in TsAGI. The following problems have been inves-
tigated: the possibility of achievement at an acceptable level of air
ionization near the container; dependence ionization level on RAA
dimensions and distributed gas injection intended for heat protec-
tion; in� uence of the RAA on the aerodynamic characteristisof the
vehicle; peculiaritiesof aerodynamicheating of the pylon and con-
tainer caused by interferenceof shock waves; the possibility to save
the shape of the RAA nose by the help of distributed gas injection.
The main results of these studies are presented in this paper.

The experimentalinvestigationshave been performedin TsAGI’s
four wind tunnels (see Table 1). All of the aerodynamic facilities
just mentioned, except IT-2, present themselves blowdown wind

Fig. 2 Scheme of RAA con� guration on the vehicle model nose part:
1, vehicle model nose part; 2, RAA pylon; and 3, antenna container.

tunnels with ejector exhaust. The IT-2 facility is a Hot Shot wind
tunnel. Electrical discharge in its plenum chamber results in release
energy accumulatedin condenserbattery.Additional characteristics
of the facilities are presented in Ref. 4. The complex investigations
performed demonstrate the possibility to solve all of the main prob-
lems associated with the creation of remote antennas assemblies
providing radio communication with a vehicle throughout its � ight
trajectory.

II. Peculiarities of Ionization Process Near RAA
The ionization level near the antenna container depends to a

great extent on the gas ionization intensity in the shock layer
at the stagnation point near the RAA nose. With the small nose
bluntness radius, viscous and nonequilibrium processes are of sig-
ni� cant importance in the ionization. At the stagnation point the
nonequilibrium ionization effect can be characterized by parame-
ter 3i D ¿i =ts »D ¿i ¢ V1=R, (¿i - is the characteristic ionization time
behind the shock wave (see, e.g., Ref. 5; ts is the gas � ow time in
the shock layer), while the viscosity effect can be characterizedby
the Reynolds number Re0 D V1½1 R=¹0. Reference 3 states that a
maximum ionization level at the stagnation point for bodies with
a spherical bluntness in a viscous shock layer depends on the cor-
relation parameter K D Re0 ¢ 3i =.32

i C 1/, i.e., ne0=ne0eq D f .K /,
where ne0 is the nonequilibriumelectron concentrationat the stag-
nation point and ne0eq is the equilibrium concentration. Figure 3
presents maximum values of ne0 at the stagnation point of RAA for
the catalytic surface of the nose with bluntness radii of 5 and 20 mm
for Buran and Bor reentry trajectories.The trajectory parameters V
(at V > 4 km/s) and H are summarized in Table 2.

The resultsgiven in Fig. 3 are obtainedusing the correlationfunc-
tion ne0=ne0eq D f .K /. The symbols refer to check calculations of
ne0 in numerical simulation based on the full Navier–Stokes equa-
tions (NEQNAST code3). When a RAA with a bluntness radius of
R D 5 mm is used in the Buran vehicle, the values of ne0 can be four
ordersofmagnitudesmaller than equilibriumionizationlevelsne0eq.
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Table 2 Buran and Bor
reentry trajectories

V , km/s

H , km Buran Bor

80 7.2 7.3
70 6.6 7.2
60 5.0 6.8
55 4.2 6.2
50 — 4.0

Fig. 3 ne0 as function of � ight altitude for Buran and Bor vehicle
trajectories.

Even when R D 20 mm, a value of ne0=ne0eq the order of 10¡2 is
predicted.As for Bor vehicle decelerationat lower altitudes, the ap-
plicationof the RAA is not so effective.But in this case the valuesof
ne0 are alsomore than the orderof magnitudesmaller than respective
equilibrium values at the stagnation point of the Bor vehicle nose
when a maximum value of ne0 is attained at an altitude of the order
of 55 km for R D 5 mm. Figure 4 demonstrates the NEQNAST-
based calculations of maximum electron concentrations ne max in a
viscous shock layer along S of the RAA spherical-conicalpart for
the Bor vehicle � ight at 55 km. It is seen that ne max

»D 109 cm¡3 at
the antennalocationon the RAA (S=R > 40). This makes it possible
to realize radio communications through the RAA over centimetric
and decimetric bands of electromagnetic waves. However, for real
conditions of applying the RAA on the vehicles it is also necessary
to consider the in� uence of distributed cold gas injection (air or
nitrogen) into the nose (see Sec. IV.C), used to provide thermal pro-
tection of the nose with a small bluntness radius, on air ionization
in the shock layer near the RAA. The intense injection results in an
increasedshock wave standoffdistancefrom the RAA nose surface.
The analysisof picturesshowing� ows over theRAA (see Sec. IV.C)
has revealed that with the intense injection the shock wave curva-
ture radius near the nose can be risen several times. To assess the
injection effect on gas ionizationnear the RAA, some experimental
investigations were carried in the IT-2 Hot-Shot wind tunnel. It is
impossible to ensure full simulation of nonequilibrium ionization
processes at hypersonic velocities in modern wind tunnels. Only
approximate simulationproblems can be considered for some � ight
conditions. In Ref. 3 the principles of approximate simulation of
ionization processes near the RAA in the IT-2 wind tunnel are set
forth for the case of a hypersonicviscous shock layer using the cor-
relation parameter K . Model reproduction in the IT-2 wind tunnel
of absolute values of ne0 in the viscous shock layer near the RAA
demandssatisfying the equalities K D K 0 and ne0eq D n0

e0eq (the left-
hand sides of the relations refer to full-scale conditions, whereas
the right-hand sides with the superscript 0 concern the laboratory
conditions), which can be achieved for individual � ight trajectory
points only. In investigating the injection in� uence on ionization

Fig. 4 Calculated ne;max in a shock layer.

Fig. 5 Measured (¨) and calculated electron concentration vs coordi-
nate y along stagnation line.

near the RAA, it became possible to accomplish simulation of ne0

at an altitude of 70 km for Buran � ight trajectory (V1 D 7:2 km/s).
This outcome is illustrated in Fig. 5, which presents the calculated
distribution of ne in the viscous shock layer at the stagnation point
of the RAA with a bluntness radius of R D 5 mm. Curves 1 and 2
represent the distribution of ne in � ight conditions for catalytic and
noncatalyticRAA nose surfaces,respectively,and curve3 shows the
calculation results for � ows over the RAA model in the IT-2 wind
tunnel (Tt D 6500 K, Pt D 250 atm, M D 20:5, noncatalytic model
surface). Figure 5 also presents the value of ne0 measured using a
wall electric probe installed at the stagnationpoint of a model made
from an insulating material. The diameter of the probe placed � ush
with the model surface is 2 mm. This probe was used to measure
the ion concentrationat a distanceequal to the probe layer thickness
of 0.2 mm. The probe measurements were processed relying on the
results of special methodical studies.6 In general, our probe mea-
surement method is similar to that used in Ref. 7. The measurement
accuracyis shown in Fig. 5. Measuredvaluesof ne0 at the stagnation
point of the model with a radius of 160 mm were of the order of
1013 cm¡3, while the electron concentration in gas � ow at the IT-2
nozzleexitwas “frozen”at the level ofne1 » 108 cm¡3. As a whole,
the backgroundgas � ow ionizationlevel in the IT-2 impeded the ion-
ization simulation near the RAA because at R D 5 mm and S=R>1
the calculated values of ne under the simulation conditions are less
than the concentrationof ne1 in the freestream� ow. In view of this,
the experimental investigationsof the injection in� uence were of a
qualitative nature. The main objective of these investigations is to
show that in case of intense injection the electronconcentrationnear
the RAA at the antenna location does not exceed the critical level
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Fig. 6 Measured electron concentrations in shock layer near RAA
model with and without cold gas injection vs coordinate y.

of the order of 109 cm¡3 , which provides transmissionof centimet-
ric and decimetric electromagnetic waves through plasma near the
RAA.

The experimentswith injection were carried out in the IT-2 wind
tunnelusinga full-scalemodel. A nose from porous Ni-Cr alloy was
installed in the model (see Sec. IV.C) to provide nitrogen injection
at 290 K and 3 atm. In this case full-scale injectionparameterswere
simulated: P0 j =P 0

0 D 102. A gas-distributing device for scheduled
distribution of the injected gas mass � ow along the nose generatrix
was placed in the internal cavity of the porous nose.

The electronconcentrationdistributionin the shock layer near the
RAA was measured using a rake with cylindrical electric probes.
Eight probes were placed at an equal distance of 5 mm from each
other, the probe electrode diameter being 0.7 mm. Their end-face
section was isolated by conical fairings. The probes were operated
in the mode of collecting ion and electron current in the transition
regime in terms of the Knudsen number. Preliminarily,peculiarities
of the cylindrical probe operation in supersonic � ows were studied
in detail.8 The probe rake was used to measure distributionsof ne in
the shock layer in section S=R D 50 corresponding to the antenna
locationzone in the RAA. Figure 6 shows measured distributionsof
ne near the RAA (S=R D 50) without nitrogen injection (points and
curve 1) and with injection (points and curve 2). Injection results
in a considerable increase in the plasma formation thickness near
the RAA. Maximum values of ne with injection slightly differ from
respective values of ne without injection not exceeding the level of
the order of 109 cm¡3 , which is critical for the RAA operation in
conditions under study.

III. In� uence of RAA on the Vehicle’s
Aerodynamic Characteristics

Various techniques of arranging the antenna container ahead of
the bow shock wave front of a large-scale Bor-type vehicle in the
lifting body con� gurationare studied.3 The symmetric arrangement
of two antenna containers on remote antenna assemblies placed in
the body nose is an optimal variant for vehicles of such a type
(Figs. 1 and 2). The aerodynamic con� guration of this vehicle is
chosen from the condition of providing its trimming at hypersonic
velocitieswhen anglesof attack are high and close to critical values.
Rotatable outboard wings and a small-area vertical tail are used as
stabilizing surfaces on the vehicle. The chosen RAA arrangement
variant is shown in Fig. 2. To provide self-trimming of the vehi-
cle with the RAA at hypersonic velocities when ® D 50–55 deg is
an important problem in developing radio communication through
plasma. At these angles of attack, the RAA must be oriented in the
� ight velocity direction (®RAA D 0 deg.). It is also desirable that the
aerodynamiccharacteristicsof the vehicle with the RAA and with-
out them be close to each other. The estimates reveal that the most
complete solutionof these problems for the vehicle under study can
be obtained by choosing a relevant center-of-mass position, by ar-
ranging the outboard wings with the dihedral angle of 9 D 40 deg,
and by using additional gasdynamic control engines in the yaw

channel. To verify experimentally the in� uence of the RAA on the
vehicle’s aerodynamic characteristics,a test series is carried out in
the TsAGI T-116 wind tunnel4 for the vehicle model with the RAA
and without them. The vehiclemodel is tested at ® D 30–60 deg and
¯ D ¡4–C6 deg. In this test series the experimentaldata are also ob-
tained as concerns the effectivenessof differentiallyde� ected wing
outboards by angles 19R=L D §5 deg and 19R=L D §10 deg and
the aerodynamiccharacteristicsof the vehicle model with the RAA
in some unscheduled situations.

The forcesandmomentsactingon thevehiclemodelaremeasured
by a six-componentstrain-gaugebalance.In calculatingthe aerody-
namic force coef� cients, the body planform area F D 0:07167 m2

is taken as a characteristic size, whereas the pitching-, rolling-, and
yawing-momentcoef� cients are calculatedfor the same area, length
L D 0:4389 m, and span l D 0:2195 m, respectively.

The pitching-, rolling-, and yawing-moment coef� cients are cal-
culated for a conditional center-of-mass position with the coordi-
nates Xcg D 0:56 L (from the body nose); Ycg D 0:08 L (from the
central part of the lower body surface). According to the results
of the statistical analysis of multiple tests, the errors NS of aerody-
namic characteristics of the vehicle model with the RAA over the
test range of Mach numbers M1 and angles of attack do not exceed
the following values:

NScD D §0:00694 NScY D §0:00159

NScL D §0:00505 NScn D §0:000334

NScm D §0:000769 NScl D §0:000444

The investigationsof the vehicle model’s aerodynamiccharacteris-
tics show that for M1 D 3 : : : 9:7 and Re1L D .3:43 : : : 2:5/ £ 106

the RAA arrangement does not exert any in� uence on the lifting
properties; it causes a slight increase in the drag and pitch-up mo-
ment increments, which rise as the angle of attack increases. At
M1>7 such variations in the moment characteristics at the start
of pitching results in a favorable shift of the trim angle of attack
toward greater values. As an example, Fig. 7 gives functions CL ,
L=D D f .®/, and Cm D f .®/ at M1 D 9:7; Re1L D 2:5 £ 106 for
the vehicle model with the RAA and without them. It is seen that
at this Mach number and a speci� ed center-of-mass position the
vehicle model is self-trimmed with the RAA at ® D 52 deg, while
without the RAA at ® D 44 deg.

To provide self-trimming of the vehicle with the RAA at
® D 55 deg, the centerof mass must slightlybe shiftedaft by 0.2%of
thebodylength(Fig.7). The useof theRAA on thevehiclemodelex-
erts a destabilizingeffect basically on the directional static stability
(Fig. 8). To provide the vehicle control in yaw and roll along the

Fig. 7 Lifting coef� cient, L/D ratio, and pitching-moment coef� cient
of the vehicle model with and without RAA vs angle of attack.
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Fig. 8 Yawing- and rolling-moment coef� cients of the vehicle model
with and without RAA vs sideslip angle at angle of attack 55 deg.

Fig. 9 Yawing-, rolling-, and pitching-moment coef� cients of the ve-
hicle model with RAA vs angle of attack at differential wing console
de� ection: , W R==L = 40/40 deg, D W R==L = 0 deg; £ £ , W R==L = 35/45 deg,
D W R==L = §§ 5 deg; and ² , W R==L = 30/50 deg, D W R==L = §§ 10 deg.

atmospheric trajectory segment, differential de� ection of the wing
outboards by angles up to 19R=L D §10 deg can be accomplished
along with the use of gasdynamic control engines. The investiga-
tions reveal that the wing outboards effectiveness increases with
rising angle of attack (Fig. 9). Additional pitch-up moments caused
by differential wing outboards de� ections by 19R=L D §10 deg
cause a decrease in the trim angle of attack by 1® D 7:5 deg. This
change in the vehicle trim angle of attack is within permissible
RAA orientation angles (®RAA D §10 deg) with respect to the ve-
locity vector (Fig. 9). Similar investigations are carried out in dif-
ferent wind tunnels as applied to the Buran orbiter using its models.
These investigations show that because of relatively small sizes of
the RAA designed for arrangement on the wing outboard tips their
in� uence on the integral aerodynamiccharacteristicsof this orbiter
is very small to manifest itself only over a suf� ciently narrow range
of transonic velocities.

IV. Heating and Heat Protection
of the Remote Antenna Assembly

To investigate heat transfer and heat protection, different ap-
proaches are used. As for heat transfer, the main similarity parame-
ters are the Mach and Reynolds numbers, as well as the temperature
factor. In the present report heat transfer is investigated at Mach
numbers up to M1 D 19:6, Reynolds numbers based on the pylon
diameter up to Re1;d D 0:16 £ 105, and at the ratio of the model sur-
face temperature to the total temperature Tw=Tt D 0:12 (respective
enthalpy ratio ¼0:1). These values are close to respective parame-
ters at a real � ight of Bor-type vehicles.The angle of attack is equal
to 55 deg.

To investigate the vehicle heat protection (heat protection of the
container nose only is considered in the present report), it is nec-
essary to reproduce full-scale values of the total enthalpy and the
stagnation pressure behind the normal shock. Besides, investiga-
tions of heat protection demand long-duration tests. Starting with
a certain value (of the order of 5), the Mach number exerts a weak
in� uence on the thermal state of the model. In the present report the
tests are carried out at the Mach number M1 D 6:5, total tempera-
ture Tt D 5000K (enthalpyit D 14:9 mJ/kg), andstagnationpressure
P0 ¼ 0:04£ 105 Pa, which are less than the � ight conditions under
simulation.

A. Flow Pattern Near the Remote Antenna Assembly
The main peculiaritiesof the � ow patternare revealedby analysis

of schlieren pictures taken during the experiments in the IT-2 wind
tunnel at M1 D 19:6. The additional information is obtained in the
T-117 wind tunnel at M1 D 18:7 using a � ow-washed paint applied
to the model surface in the form of discrete points.9

The � ow pattern is shown in Fig. 10. In the lower part of the
pylon (Fig. 10b), the bow wave AF, generated ahead of the vehicle
body, interacts with the pylon-generatedshock CE with the forma-
tion of a bridge-like shock system involving almost normal shock
AE. The supersonic � ow, which passed through the bow wave near
point A, decelerates additionally in the oblique shocks AB and BK.
Impingementof this high-pressurejet on the pylonsurface results in
the formation of a zone of increased pressure and heat � ux near the
point O1. The second similar pressure and heat � ux zone forms at

a)

b)

Fig. 10 Flow scheme.
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the other end of the bridge-likeshock near the point O2 as a result of
successiveair compression in the shocks CE and ED. From stagna-
tion pointO1, part of the gas � ows toward the containerto encounter
with the � ow going from the point O2 in the opposite direction; a
convergence line S forms between the points O1 and O2 . The other
part of the gas � ows from point O1 downward. The high-pressure
jet reaches the pylon base where the stagnation point O5 forms.

In the upper part of the pylon (Fig. 10a), the container-generated
cone shockHG interactswith the shockwave GC generatedaheadof
the pylon. Because of small angles of inclinationof these shocks, a
VI-type interference� ow, according to the classi� cation suggested
by Edney,10 forms near the point G. In this case a fan of rarefac-
tion waves and a surface of tangentialdiscontinuityemerge from the
pointG. The rarefactionwaves cause a decrease in the heat � ux den-
sity. However, pressure and heat � ux increase considerably above
the rarefaction zone (near the point O3 ), where the � ow is com-
pressed in two oblique shocks GH and GK. The pylon-generated
shock KG gives rise to the laminar boundary-layer separation on
the container. The separation zone induces the oblique shock MK
with a small angle of inclination (6–7 deg). Near the point K, a � ow
similar to the � ow near the point G forms.

B. Aerodynamic Heating
Zones of increased heat transfer are revealed in the T-117

wind tunnel using thermal sensitive paints and ablating materials.
Figure 11 exempli� es the picture of the model tested in the T-117
wind tunnel at the following � ow parameters: total pressure Pt D
100 £ 105 Pa, total temperature Tt D 1800 K, Mach number
M1 D 14. Replaceable ablating cover plates are mounted on the
pylon, which enclose the pylon framework in the front and on the
sides. The plates are made of acrylic plastic (polymethylmethacry-
late), which decomposes at 500–550 K. A deep cavity O1 and a
smaller cavity O2 are noted. A sharp rib correspondingto the mini-
mum heat � ux forms between them. Regions O3 and O4 merge into
one region (as in the picture of the model tested using thermal sen-
sitive paints) because of a small distance between regions O3 and
O4 and of approximately the same heat-transfer level in them. A
high-pressure jet, formed in the shock system at the lower bundle
of the bridge-like shock, is also responsible for increased heating
of the pylon base (at the point O5 ). Besides, there occurs a local
increase in heat transfer near the pylon base on the leeward vehicle
body surface(detectedusing thermal sensitivepaints). In spiteof the
complicated� ow behaviorin this region, the heat-transferpattern at
the pylon base is similar to the � ow pattern near the cylinder placed
on the plate in longitudinal � ow.

Most comprehensive and reliable quantitative data on heat trans-
fer are obtained in the IT-2 wind tunnel. The heat � ux density
is measured by the thin-wall method. The thin wall is made of
0.2-mm-thickstainless-steelfoil.Kopel thermocouplewires 0.1mm
in diameterare weldedto the internalsurfaceof the foil by spotweld-
ing. At the welding spot the wires are � attened to the thickness of
0.03 mm over the length of several millimeters. The thin wall and
the thermocouplewire constitute a thermocouplecalorimeter gage.
The diameter of its active spot is estimated at almost 0.5 mm. The
model had 45 thermocouple locations 1.8 mm apart on the leading-

Fig. 11 Model with ablative cover after test.

Fig. 12 Relative heat � ux distribution.

edge surface of the pylon and 23 locations 3.3 mm apart on its side
surface. The sensitivity of each gauge is determined by calibrating
some gauges and introducing individual corrections,which give an
account of the real thickness of each gauge (the thickness is mea-
sured with an accuracy to about 2.5 ¹). The heat � ux density is
found from the derivative of the gauge signal with respect to time.
Investigationsshow that errors in the heat � ux measured by the help
of the thin-wall method constitutes about 10 %.

The experiments in the IT-2 wind tunnel are conducted at M1 D
19:6 and Re1;d D 0:16 £ 105 . The initial pressure in the discharge
chamber is 81 £ 105 Pa, maximum total pressure is 740 £ 105 Pa,
initial temperature is 290 K, and maximum temperature is 2400 K.
To producea hypersonic� ow, a conicalnozzlehaving the half-angle
of 5 deg, throat diameter of 3 mm, and exit diameter of 526 mm is
used. The measured heat � ux values are related to the calculated
heat � ux q0 along the divergence line of the cylinder. It is assumed
that the cylinder is in an undisturbed � ow, and its diameter is equal
to the bluntness diameter of the pylon leading edge (d D 11:6 mm).
With time the value of q0 decreases signi� cantly because of the gas
pressureand temperaturedrop.The resultsgivennextare obtainedat
the time moment ¿ D 20 ms and related to the value of q0 calculated
for the same time moment (q0 D 61 w/cm2).

Figure 12 shows distribution of the heat � ux ratio q=q0 along the
forward pylon generatrix.The coordinate S is also measured along
the forward generatrix and related to the pylon bluntness radius
R D 5:8 mm. The values of q are obtained by averaging the results
of 17 experiments.The heat � ux distributionon the pylon surface is
characterizedby a number of maxima and minima correspondingto
the � ow peculiarities just outlined. The principal maximum refers
to the high-pressurejet, which impinges at the stagnation point O1.
Here the heat � ux is (1.8–2.0)q0 . The greatest scatter in the heat � ux
values obtained in different experiments (§15%) is recorded at the
pointO1 . Such scatteris likelyto be causednotonlyby the test condi-
tion instabilityand measurementerrors,but also by the � ow instabil-
ity and displacementsof the high-pressurejet on the model surface.
The second maximum, corresponding to gas deceleration near the
point O2, is much smaller (q ¼ 1:1q0 ). The maximum heat � ux val-
ues at the pylon base (the point O5 ) and in the zone of the container-
generatedshock impingement(the pointO3 ) are close to each other:
q ¼ 1:0q0 . The heat � ux generatedon the container at the end of the
separation zone: q D 0:9q0 (the point O4 ) is slightly smaller. The
heat � ux distribution similar to that shown in the � gure is obtained
for the side generatrix of the pylon. The peak value of the heat � ux
at the point O1 is smaller almost by 25% than that on the forward
generatrix.For the remainingpoints the difference is, as a rule, less.

A localmaximum of the heat � ux is recordedon the uppervehicle
body surface immediately at the pylon base. This local maximum
is almost 0.6q0, which is much smaller than the heat � ux maximum
at the base of the cylinder placed in a hypersonic � ow on a plate
in longitudinal � ow where it exceeds q0 greatly.11 The difference is
explained by the fact that in this case the obstacle, i.e., the pylon
base, is located in the separated � ow region.
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The quantitative data on heat transfer are also obtained in the
T-117 wind tunnel by using thermal sensitive paints and surface
thermocouples at M1 D 18:7 (description of the method is given
in Ref. 9) and by measuring the ablation rate for acrylic plastic at
M1 D 14. In going from the ablation rate to the heat � ux value, the
effective enthalpy of acrylic plastic is determined by measuring the
ablation rate for the frontal surfaceof a sphericallybluntedcylinder.
Error in theheat � uxmeasuredby thehelpof thermalsensitivepoints
is about15–20%. Error of theablationmethodis evenhigher.Taking
this in account, one concludes that the heat � ux values measured by
different methods are in good agreement. Also, the measurements
reveal that ablation rate in zone O1 does not change with time in
spite of changes in the pylon con� guration. In zones O2 and O3 –O4,
the ablation rate increases with time. In real conditions, however,
when the � ight time in the dense atmosphericlayersdoes not exceed
200 s, theexpectedcavity sizes are small, and a decreasein the pylon
sizes may not result in a considerable rise of the heat � ux.

The heat � ux values measured in the IT-2 wind tunnel are com-
paredwith the resultsof approximatecalculations.To do this, theex-
perimentalshock inclinationvalues, inferredfrom the schlierenpic-
tures, and the relationshipsfor plane shocksare used.The calculated
maximum relativepressurevalue on the pylon is Pmax=P0 ¼ 3:5. As-
suming, based on a number of experiments, that the increase in the
heat � ux in interference zones, when the � ow is laminar, is pro-
portional to square root of the pressure ratio, a maximum relative
heat � ux value q=q0 ¼ 1:9 is obtained, which is in agreement with
the experimental data at the point O1. Similarly, at the point O3 the
calculated relative heat � ux value q=q0 D 1:1 also agrees with the
experimental data.

As a whole, the investigation of heat transfer shows the chosen
conditions, namely, at a vehicle angle of attack of ® D 55 deg and
at a pylon inclination angle 45 deg. Relative to the direction of
undisturbed � ow, the shock wave interference does not result in a
catastrophic increase in the heat � ux recorded under other condi-
tions (see, e.g., Ref. 10) and does not present insuperable barriers
in developing the pylon heat protection.

C. Heat Protection of the Container Nose
The container nose under study is a cone having half-angle of

10 deg and spherical bluntness of R D 5 mm. The equilibrium tem-
perature of the bluntness surface during the � ight of Bor-type ve-
hicles exceeds the failure temperature of the applied materials. At
absence of heat protection, uncontrolled nose melting leads to a
rapid increase in the effective bluntness radius and hence in an im-
permissible growth of the electron concentration in the � ow near
the container.The only method to retain the nose con� guration un-
changed is its active heat protection. For reasons of simplicity and
reliability, preference is given to the variant with a porous nose and
injection of a gaseous coolant through it into the external � ow. This
method of heat protection is much studied; therefore, it is possible
to perform suf� ciently justi� ed calculations of the thermal state of
the surface to be protected, to estimate needed total coolant mass-
� ow rates along the � ight trajectory, and to determine its required
distribution along the coordinate S. Such calculations were carried
out using the available information concerning heat transfer at the
stagnationpoint,12 heat-transferdistributionon blunted cones,13 in-
� uence of gas injection into the laminar boundary layer on heat
transfer14 taking into account gas rarefaction.15 The length of the
protected nose part along the axis is taken to be equal 100 mm, the
maximum allowable surface temperature is Tw D 1000 K, angle of
attack is ® D 0 deg, and nitrogen is used as a coolant. Permeability
must be changeddrasticallyalong the coordinateS, especiallyin the
region of matching of the sphericalbluntness with the conic surface
portion. It follows from the theoreticaldistributionof the mass-� ow
rate necessary to provide constant nose temperature. To simplify
the problem, the theoreticaldistributionwas approximatedby three
sections. Within each section the mass-� ow rate m is taken to be
constant.This mass-� ow distributionis shown in Fig. 13 by straight
lines in the form of the ratio m=m0. The porous sample must meet
the requirements not only on distributionof the ratio m.S/=m0, but
also on m0 at a speci� ed pressure inside it, i.e., ultimately on the
total mass-� ow rate. To solve this problem, a special sintering tech-

Fig. 13 Relative mass-� ow rate distribution.

nology is developedfor Ni-Cr-alloy powder of porous nose samples
118 mm in length. This technology suggests sintering of separately
manufacturedsphericalsection (porosity60–65%) and conicalnose
section(porosity23–25%). Owing to this technology,it becamepos-
sible to meet both global and local hydraulic characteristics. In all
cases air is used for injection. The mass-� ow rate was changed at
the experiments by controlling pressure inside the models. Corre-
lation of required and actual distributionsof the relative mass-� ow
rate for one of the models is shown on Fig. 13. The data have been
obtained by the help of a special probe. The main part of this probe
is a differential pressure gauge. It has a tube with a tip pressed dur-
ing the measurements against the model surface at the test point. It
is assumed that the local gas mass-� ow rate m.S/ is in proportion
to (P1 ¡ P2/1=2 , where P1 and P2 are pressures respectively in the
working and reference chambers of the pressure gauge. The data
scatter at � xed S re� ects nonuniformityof the mass-� ow rate distri-
bution along different model generatrices. It is seen in Fig. 13 that
correlationbetween the requiredand actual mass-� ow rates is good
except for the aft part of the model surface.

In the course of the wind-tunnel experiments, the normal opera-
tion of the chosen heat protection variant is veri� ed, and the mass-
� ow rates necessaryfor heat protectionduring the long-duration(up
to 6 min) experimentswere determined.Figure 14 presents the � ow
patternwithoutand with injectionat the totalmass-� ow rate G D 8:7
g/s. A lamp with the � ash duration of 3 micros is used as a light
source. The pictures are obtained in the IT-2 wind tunnel at total pa-
rameters Pt D 930 £ 105 Pa, Tt D 1600 K, freestreamMach number
M1 D 17:9. The relativemass-� ow rate is NG ´ G=½1u1 F D 0:32,
i.e., somewhat lower than the level NG ¼ 1 required for the real � ight
of the Bor-type vehicle (F is the area of the model middle section).
Injection results in a noticeably greater thickness of the boundary
layer and in an increase in the effective radius of the nose bluntness.
Comparison of the results obtained leads also to the conclusionthat
the � ow is nonstationaryat gas injection.The high-temperaturetests
intended to verify the serviceability of the heat protection method
understudyhavebeencarriedout in theT-122wind tunnel.A conical
nozzlewith the exit section of 130 mm has beenused.The tests were
conductedat Pt D 5 £ 105 Pa, Tt D 5000 K, M1 D 6:5, and the stag-
nation pressure P0 ¼ 0:04 £ 105 Pa. These parameters are chosen
in order to approach the � ight conditions even though the heat � ux
at the stagnation point q0 ¼ 0:3 kW/cm2 is still much less than the
design maximum value under � ight conditions (almost � ve times).

The injected air is supplied to the model from a high-pressure
receiver through a pressure-reducing valve and a throttle ori� ce.
The throttle ori� ce is necessary to stabilize the mass � ow because
the drag of the porous model depends greatly on its temperature.
The mass-� ow rate is determined from the pressure drop rate in the
receiver. The measurement error at a mass-� ow rate of G D 1 g/s
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Fig. 14a M 1 = 17:9; G = 0 g/s.

Fig. 14b M 1 = 17:9; G ¼ 8:7 g/s.

and a maximum test time of 6 min is §5%. During the tests, an
attempt is made to estimate the temperature of the model surface
using thermal sensitive paints with melting temperatures of 570,
870, and 1020 K. In all, � ve models were tested. One of them is
manufactured by the conventional technology; therefore, the nose
permeability was insuf� cient. This model was used as a sacri� ce
with the aim to investigate the failure process at an insuf� cient
mass-� ow rate (G ¼ 0:1 g/s at the initial time moment). The model
failure, starting in several seconds after the model was introduced
into the � ow, is followed by an increased mass-� ow rate through
the nose with respective increase in the effective bluntness radius,
and, as a consequence, further failure slows down. From 5 to 26
tests with the duration from 3 to 6 min were carried out with each
remaining four models. In all of the cases heat protection is ensured
at G ¸ 0:7 g/s. In some experiments the model retains unchanged
within 3 min at G ¼ 0:5 g/s, while the surface temperature on the
aft model part exceeds870 K as judged from melting of the thermal
sensitive paint. Note that the data obtained are in good agreement
with the calculationsjust considered.According to the calculations,
at G · (0.7–0.8) g/s the surface temperature increases drastically to
attain 1000 K, i.e., the failure temperature, at G ¼ 0:5 g/s.

Some scatter in minimum mass-� ow rates providingheat protec-
tion of the test models is basically explainedby a nonstationaryarc
heateroperationmode and by changesin the model permeabilitybe-
cause of model heating and “bombardment” by particles contained
in the � ow. Nevertheless, the experiments carried out have con-
� rmed both the capability of realizing the heat protection method
under study in principle and the validityof the used estimates of the
effectiveness of the coolant injection into the boundary layer. As a
conclusion of the experiments, note also that the practical imple-
mentation of porous materials in the active heat protection systems
necessitatesconsiderationof problems related to the dependenceof
permeability on contamination and temperature.

V. Conclusions
1) The study shows that acceptable ionization level near the an-

tennas necessary for radio communication with a reentry vehicle
can be provided by the help of remote antenna assembly.

2) Experimentalstudy of RAA anglesof attackvariationand cold
gas injection through RAA model nose showed a relatively small
impact of these factors on electron number densities in a shock
layer.

3) The suggested variant of RAA location in the nose part of the
vehicle providesa good aerodynamicvehicle characteristicsand es-
sential conditionsfor radio communicationon the plasma trajectory
portion.

4) The investigationof heat transfer shows that under chosencon-
ditions, namely, at a vehicle angle of attack of ® D 55 deg and at a
pylon inclination angle 45 deg relative to the undisturbed � ow di-
rection, the shock wave interferencedoes not result in a catastrophic
increase in the heat � ux recordedby many authors under other con-
ditions and does not present insuperable barriers in developing the
pylon heat protection.

5) Active heat protection of the container nose using distributed
gas injection through porous wall have been investigated in high-
temperature� ow. The tests approvenormal operationof chosenheat
protectionvariant.The experimentalvalueof mass-� ow rate provid-
ing heat protection is in a good agreement with the calculated one.

6) The gained experience in the investigations involving the de-
veloped investigation techniques can be applied to developing the
radio communications system for reentry vehicles of other con� g-
urations with relatively small bluntness radii of the structure noses
and edges.

Acknowledgments
The authors wish to thank L. Yakovleva, Yu. Khodatayev, M.

Gladyshev,Yu. Zhilin, S. Chernov, and S. Shilenkov for their assis-
tance.

References
1Schexnayder,C. J., “Electron Density Reduction in Re-Entry Plasma due

to NitrogenAtom Removel,” AIAA Journal, Vol. 8, No. 2, 1970,pp.375–377.
2Rybek, J. P., and Chirchill, R. J., “Progress in Reentry Communication,”

IEEE Transactionson Aerospace andElectronic System, Vol. 7, No. 5, 1971,
pp. 879–894.

3Gorelov, V. A., Gladyshev,M. K., Kireev, A. Y., Korolev, A. S., Yegorov,
I. V., and Byzov, B. N., “Computational and Experimental Investigations of
Ionization Near Hypersonic Vehicles,” Journal of Spacecraft and Rockets,
Vol. 33, No. 6, 1996, pp. 800–806.

4Czajkovski, E., “Russian Aeronautical Test Facilities,” ANSER Center
for International Aerospace Cooperation, Arlington, VA, 1994, pp. 1–197.

5Park, C., “Review of Chemical-Kinetic Problems of Future NASA Mis-
sion, I: Earth Entries,” Journal of Thermophysics and Heat Transfer, Vol. 7,
No. 3, 1993, pp. 385–398.

6Gorelov, V. A., Gladyshev, M. K., and Kildusheva, L. A., “Experimen-
tal Study of the Electrostatic Wall Probes,” Trudy TsAGI, No. 2177, 1983,
pp. 193–202 (in Russian).

7Hayes, D. T., “Electrostatic Probe Measurements of Flow Field Char-
acteristics of a Blunt Body Reentry Vehicle,” AIAA Paper 72-694, June
1972.

8Gorelov, V. A., Kildusheva, L. A., and Kireev, A. Y., “Ionization Partic-
ularities Behind Intensive Shock Waves in Air at Velocities of 8–15 km/s,”
AIAA Paper 94-2051, June 1994.

9Borovoy, V. Ya., Brazhko, V. N., Maikapar, G. I., Skuratov, A. S., and
Struminskaya, I. V., “Heat Transfer Peculiarities in SupersonicFlows,” Jour-
nal of Aircraft, Vol. 29, No. 6, 1992, pp. 969–977.

10Edney, B., “Anomalous Heat Transfer and Pressure Distributions on
Blunt Bodies at Hypersonic Speeds in the Presence of an Impinging Shock,”
Aeronautical Research Inst. of Sweden, FAA Rept. 115, Stockholm, 1969.

11Borovoy, V. Ya., Gas Flow and Heat Transfer in Zones of Shock Wave-
Boundary Layer Interference, Mashinostroyenie, Moscow, 1983, pp. 1–93
(in Russian).

12Fay, J. A., and Riddell, F. R., Theory of Stagnation Point Heat Transfer
in Dissociated Air,” Journal of Aeronautical Sciences, Vol. 25, No. 2, 1958,
pp. 73–85.

13Bashkin,V. A., and Kolina,N. P., “Calculation ofViscous Drag and Heat
Flux on Spherically Blunted Circular Cones in Supersonic Flows,” Trudy
TsAGI, Aerodynamic Heating at Hypersonic Flow Velocities, No. 1106,
1969, pp. 192–267 (in Russian).

14Mills, A. F., and Wortman, A., “Two-Dimensional Stagnation Point
FlowsofBinaryMixtures,” InternationalJournalofHeat andMassTransfer,
Vol. 15, No. 5, 1972, pp. 969–987.

15Provotorov, V. P., and Stepanov, E. A., “Numerical Investigation of a
Viscous Shock Layer in the Vicinity of Stagnation Point with Gas Injection,”
Uchenye Zapiski TsAGI, Vol. XVI, No. 4, 1985, pp. 44–53 (in Russian).

I. D. Boyd
Associate Editor


