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Theoretical and Experimental Modeling
of Real Projectile Flight Heating

Friedrich Seiler,* Udo Werner,” and Gunther Patz*
French-German Research Institute of Saint-Louis, F-68301 Saint-Louis, France

A projectile with a conical nose flying at Mach number M., >1 in the atmosphere develops a bow shock around
its nose by which the incoming airflow is turned parallel to the projectile surface. Across the shock wave, the air is
compressed, heated, and accelerated from upstream air pressure p, ,upstream air temperature 7, ,and u , which
is equal to the projectile flight velocity u,, to the downstream parameters p,, T, and u.. Consequently, a heat flux
develops from the hot airflow along the projectile surface which is directed into the projectile material. This heat
flux causes a temperature increase that depends on the projectile speed, the flight time, the structure of the surface
material, and its geometry. A boundary-layer model is applied, and the gas heat flux into the projectile nose cone
is analytically determined. To predict the heating of the solid projectile cone, an analytical solution, coming from
the heat conduction equation, is used to obtain the surface temperature distribution. Experimentally the projectile
flight in the atmosphere is modeled in a worldwide unique aerothermoballistic high-pressure facility built at the
French-German Research Institute of Saint-Louis, where the heating during several seconds of atmospheric flight
is duplicated with a flight in compressed gas resulting in the same heat flux for a flight time of some milliseconds.
In this facility the cone surface temperature is measured by detecting the intensity of the infrared emission coming

from the cone surface.

Nomenclature

transfer factor

function of n

heat capacity of projectile material
drag of projectile

b heat capacity of gas flow

constant factor

Prandt number

static gas pressure

heat flux

spherical coordinates

gas temperature

recovery temperature

time

velocity components

Cartesian coordinates
boundary-layerthickness
momentum thickness

projectile material thermal conductivity
kinematic viscosity

dynamic viscosity

gas density

skin friction

= factor concerning gas compressibility
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Subscripts

= flow around cone

flow outside of boundary layer
gas flow

projectile

cone surface

= flow upstream of bow shock
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Introduction

HE aim of our work is to model theoretically and experimen-
tally the heating of a projectile as it appears during its hyper-

Received 25 July 2000; revision received 3 February 2001; accepted for
publication 10 April 2001. Copyright © 2001 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved.

*Professor, Shock Tube Department, 5, Rue du Général Cassagnou.

TResearch Scientist, Accelerator Department, 5, Rue du Général Cassag-
nou.

*Senior Scientist, Shock Tube Department, 5, Rue du Général Cassagnou.

497

sonic flightin Earth’s atmosphere. By bow shock heating an extreme
heat flux develops toward the projectile surface, followed by high
surface temperatures. In this study, the temperature increase at the
nose of these hypersonic projectiles is investigated.

Surface temperature measurements in flight are very difficult to
carry out. For this purpose a special ground-test facility was built,
which consists of a preaccelerator and a test tube into which the
projectile under investigationis injected. After injection, the sharp-
nosed body is flying at supersonic velocity in compressed gas, for
example, air or nitrogen at ambient temperature. The facility, de-
veloped at the French-German Research Institute of Saint-Louis
(ISL), is unique worldwide and is called an aerothermoballistichigh-
pressure facility.

Using a similarity law, the heating for a flight in the atmosphere
at condition (1) and the flight in the test tube at condition (2) can be
related to each other by the following relation:

pifiur, 1) = pay fr(ua, 1) (1)

The two functions f; and f> depend on the flight histories u (¢;)
and u,(1,), as well as on the flight times ¢, and t,. The parameter p,
is the pressure in the atmosphere, and p, is that in the test facility.
By bow shock compression, the incoming flow is heated and di-
rected parallel to the nose cone surface of the projectile, as shown in
Fig. 1, in the reference frame of the projectile. At the cone surface, a
turbulent boundary layer develops, as shown in Fig. 2, according to
the existent wall boundary conditions w and those at the outer edge
of the boundary layer, e for the flow velocity and gas temperature.

For calculation purposes, usually, the whole conservation equa-
tions of mass, momentum, and energy have to be taken into account,
including skin friction and heat conduction. Numerical methods
have to be used to solve this complex system of differential equa-
tions. In this study, a fast running procedure was developed to find
solutions from the conservation equations for the boundary-layer
formation at the surface of a projectilein flight. We used the bound-
ary layer estimation of Prandtl (see Ref. 1) to get solutions in terms
of analytical relations, which are described in the next section.

Theoretical Description
Boundary-Layer Prediction
In airflows at very high Reynolds numbers, a thin boundary layer
developsat the surface cone of the projectile forebody (cone shape).
Herein, viscosity and heat conduction are important factors, and
the boundary-layertheory can be applied for cone flow prediction.
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Fig. 2 Boundary layer at the nose cone.

Fig. 3 Projectile’s nose in spherical coordinates.

Across this layer, the velocity increases from zero at the cone sur-
face to the velocity u, outside. The gas temperature changes from
temperature 7, at the surface of the projectile nose to the gas tem-
perature 7, at the border of the boundary layer, formed at the nose
cone of the projectile behind the bow wave existing in supersonic
flow as shown in the schematic of Fig. 2.

For a theoretical description of the formation of the boundary
layer considered herein, the discussed system of conservationequa-
tions containingthe mass, momentum, and energy equations have to
be applied. Furthermore, due to high Reynolds number, the airflow
is turbulent, and a turbulence model must be fitted into this set of
equations.Itis difficult to find a theoretical solution for this complex
system of differentialequations,and in most cases the solution must
be found numerically. An analytical solutionis sometimes less exact
than the solution of the full set of conservationequations, but illus-
trates the influence of importantparameters. Therefore,a scheme for
solvinganalyticallyPrandtl’s boundary-layerequationshas beende-
veloped for predicting the formation of the turbulentboundary layer
at the surface of the projectile nose cone. The boundary-layerequa-
tions are consideredin spherical coordinates with its origin located
atthe tip of the projectile’s nose (Fig. 3). Because the boundarylayer
becomes turbulent, the parameters considered in the conservation
equations are written as time-averaged mean values p, i, v, and 7.
The projectile flight speed history during atmospheric flight will
be approximated with a time-step procedure? In this analysis, the
flow around the cone is treated as stepwise time independentand so
the time dependence is not considered in Prandtl’s boundary-layer
equations. In spherical coordinates, r, ¥, and ¢, this set of differen-
tial equations! is written as follows.

Mass:

0 (")+1 0 (")+2(") 0 ()
—(pu —-—(pv —(pn) =
ar p r oY p r p

Momentum:

__oi 1__du 1 0 ( oa
pU—+ =pU—— = ———| U= 3)

Energy:

( T)+1 ( 7 19 Aaf +1 o :
c, v c,T)=—=—| A— —
; P ; 29 \ "o M\ o9

@)

The differential equations (2-4) have to be solved using the
boundary conditions in Eqs. (5) for temperature 7 and velocity
components # and v:

T@rv.)="T, (52)
T(r,9,) =T, (5b)
u(r,9,) = u, (5¢)
w(r,9,) =0 (5d)
v(r, 9,) =0 (5e)

For finding a solution, Egs. (2-4) are transformed with the fol-
lowing relations:

% = BlIr@ — v,)/v7 (62)
o= V3/Vr{w(x) — 27} (6b)

When Egs. (6a) and (6b) are introducedin Eqgs. (2-4) a new set of
differential equations results. This procedure is explained in detail

by Hantzsche and Wendt.?
Mass:
L8 Gy + —<pw> =0 7
2 dy
Momentum:
pij 9 __oa 8 oa
- — +tpw— = —\| u— 8
2 dx pw X ax (Max> ®)
Energy:
gy 9 9 [ oT 9ii \’
- = ‘)T o ~ )T A= - 9
) 3)((61 )+,0w (Cz )= X( 3X>+M<3X> ©

From a formal point of view, Eqs. (7-9) are similar to the
boundary-layer equations valid for the flat plate boundary layer.
In this case, the simplified conservationequations are given for the
two-dimensional plate geometry in Cartesian coordinates (Fig. 4)
as follows.

Mass:
0 __ a __
—(pit) + —(pv) =0 (10
0x ay
Momentum:
__ou n __ou 0 ou an
u— V— = —| u—
p 0x p ay ay May

Fig. 4 Flat plate in Cartesian coordinates.
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Energy:

( T)+ ( T)= 2 ABT + AN (12)
c, v c, — —

! p ! ay ay H ay
Transforming the plate boundary layer Eqs. (10-12) with

=y/ (13a)

/

=
<
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gives the following new set of boundary-layerequations describing
the boundary-layerformation on a flat plate as follows.
Mass:

—=— — =0 14
2d (p )+ (pv) (14)
Momentum:
ouy ou  _~ou 0 ou
X pv— = —\ p— (15)
2 dx ax ax ax
Energy:
. - N2
PLx ( )+ < Fy= L (331 4 2
- c, v c, — —
2 ! P ! ax \"ox ) M\ ox
(16)

Regarding the transformed set of boundary-layerequations (7-9)
for the cone boundary layer and Eqs. (14-16) for the plate boundary
layer, we see that both systems appear to be equal. However, the
difference between them can be found in the different meaning of
the coordinates y for the plate and x for the cone. There are also
differencesin the velocity component definitions of v (plate) and w
(cone).

The similarity between the transformed cone boundary layer
equations (7-9) and those for the plate boundary layer [Eqs. (14—
16)] shows that with a solution for the plate boundary-layer for-
mation and the coordinate transformations, Egs. (6) and (13), the
cone boundary layer and the plate boundary layer can be related to
each other. Hantzsche and Wendt® gave some data on these rela-
tions concerning laminar boundary-layerdevelopment. In our case,
the flow is turbulent, and the transfer factor was determined with
experimental data given by Chien.*

From considerationson the similarity between the cone and plate
boundary-layerequations, it is justified to solve the plate boundary-
layerequations(10-12) instead of the more complex cone boundary-
layer equations (2-4). However, the results must be transformed to
the given cone geometry by appropriate transfer data.*

A solution for the plate boundary-layerequations (10), (11), (12)
can be found by Schlichting and Gersten,! that is, by determining
some integral data that are obtained by integration of the boundary-
layer equations along the coordinate y inside of the boundary-layer
thickness. Integration of the momentum equation (11) from y =0
(wall) up to y = § (outer border of the boundary layer) gives

5 _ _
__ou __ou
/ pu— + pv— |dy =1, (17)
v=0 0x 0x
ou
= 18
M(ay> (18)

When the velocity component v is replaced in Eq. (17) using the
conservationequation of mass (10), then for the wall shear stress 7,
along the plate’s coordinate x, the following differential equation is

with

obtained, in which the flow parameters are integrated inside of the
boundary layer from y =0 to y =& (Ref. 5):

B B
d o _ du, _ _

Ty = — pu(u, —u)dy + — (pette — pu)dy  (19)
dx J, dx J,

In turbulent boundary layers, velocity profiles are described ap-
proximately by the power-law equation, as discussed by Schlichting
and Gersten,!

ifi, = (y/8)"", 5<n<10 (20)
When Egq. (20) is introduced into Eq. (19), a differential equation
for the boundary-layerthickness § as a function of x along the plate

is obtained:
2/(n+1)
dé Vo
— 21
dx 6** B )<u 6) 2D

This differential equation is solved with the outer core flow con-
ditions e, that is, flow speed u,, pressure p,, and temperature 7,
giving the boundary-layerthickness § (x). With 7, = 7,,(§) (Ref. 5)
and using the Reynolds analogy as

gy = [e,(T, = THPr 3 [, ], (22)

the analyticalsolutionfor predictingthe heat flux g, at the surface as
a functionof the coordinate x along the cone surface of the projectile
is given as

G (x) =ap(n+1)/(n+3)Y"P[Bn)p]" V"I (T, — T,)
Pr_%pe(S**/ﬁ)z/("+3) ﬁ(n+1)/(n+3>(ve/x)2/<n+3> (23)

All of the parameters used in Eq. (23), such as n, B(n), ¢, §,
o, T,, T,, ¢, p., and v,, are defined in the Nomenclature and
in more detail by Seiler.’ To take into account the heat flux ¢,
for the sharp-cone geometry of the projectile nose, the calculated
flat-plate heat flux of Eq. (23) is transformed to cone geometry
using the transfer factora . A theoretical estimation of this factor is
not available for turbulent flows. To determine a, the heat flux ¢,
Eq. (23) is fitted to the experimental heat transfer results of Chien,*
which were obtained at hypersonic flow conditions,as in this study.
The experiments of Chien* have been performed in a wind tunnel
using a sharp cone with a five-deg cone half-angle at a freestream
Machnumber M, =7.9. The bestagreement with Eq. (23) is found
with ay =1.07 usingn =9.

Heat Conduction Equation

The heat flux g, (x) calculated from Eq. (23) is found to be prac-
tically less depending on the cone’s coordinate x. Therefore, the
one-dimensional heat conduction equation was applied inside the
wall region (depth y) at each location x along the cone surface:

— =k— with k (24)

I
B

By integrationof Eq. (24) with the given boundary conditions,an
analytical solution for the temperature change AT, at the cone as a
function of the heat flux ¢, (x) can be obtained as

AT, (x,y,t) = F/y/pci
X [2(V1/3/7) exp(—y? J4kt) — (v /) exfe(y /2v/kD)] - (25)

The analytical solution (25) is applied for calculating the tem-
perature distribution 7,,(x, y, t) inside of the projectile nose as a
functionof the heat flux g, (x). When g, (x) of Eq. (23) is introduced
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in Eq. (25) by assuming that the heat flux at the surfaceat y =0 is
equal for both the gas and the wall side, with

F=q,)=q,(x,y=0) (26)
the temperature distribution
T,(x,y,0) =To + AT, (x,y,1) 27

inside the nose cone material can be calculated.

Heating of Projectile Nose Cone

With the procedure described, differentflight scenarioshave been
calculated to demonstrate the range of temperature increase at the
nose for a projectilein real atmospheric flight scenario. Four projec-
tile types are considered, with the masses m and drag ¢p as follows:
1) high-speed German hypervelocity projectile (HFK), m = 120 kg
and cp =0.35;2) 120-mm kinetic energy projectile (KE), m =4 kg
and cp =0.35; 3) 30-mm full caliber projectile, m =360 g and
¢p =0.20; and 4) 155-mm full caliber projectile, m =45 kg and
cp =0.20.

The flight trajectory was calculated for each of the four projectile
types with the assumption of constant projectile drag c¢p. The result
for the projectile speed u, vs flight time is given in Fig. 5 with two
time coordinates. The upper one is valid for the HFK projectile, the
KE projectile, and the 30-mm full caliber projectile, the lower one
is valid only for the 155-mm full caliber projectile.

InFig. 6, the predicted cone surface temperature variationat loca-
tionr = 10 mm upstreamof the cone tip is shown as a functionof the
flight time for the four projectile types considered. For all cases, it is
assumed that the nose is made of steel with density o = 7840 kg/m?,
heat capacity c =458 J/kg K, and heat conduction A =50 W/m K.
For the HFK projectile, a maximum temperature of about 940 K is
reachedafter a flighttime of 2 s. The 120-mm subcaliberKE projec-
tile is heated to about 650 K during 4-s flight time. A lower surface
temperature is calculated for the 30-mm full caliber projectile. We
obtain from Fig. 6 a maximum temperature of 420 K after 1-s flight.
The 155-mm caliber projectile maximum cone surface temperature
is in the range of 350 K after a flight of 3 s.
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Fig. 5 Projectile speed scenarios vs flight time.
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Fig. 6 Nose temperature at r =10 mm from nose tip.
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Fig. 8 Nose temperature at r =35 mm from nose tip.
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Similar temperature histories develop for the positionr =20 mm
upstream from the nose tip (Fig. 7), as well as for r = 35 mm (Fig. 8).
Additionally, in Fig. 8 the result of a thermocouple measurement
in flight is introduced for the 155-mm full caliber projectile.” The
temperature measuredis in very good agreementwith the theoretical
prediction. It must be taken into account that the thermocouple was
not made of steel, which was used for calculating the cone heating.
Therefore, some differences between measurementand theory must
appear.

The temperature distribution along the cone surface is given in
Fig. 9 for a flight time of 1 s. We see, as already discussed, the tem-
perature development for the strongly heated HFK projectile nose,
for the KE projectile, the 30-mm caliber projectile, and (lowest) the
155-mm full caliber projectile. The outcome of Fig. 9 shows that
the temperature increases toward the nose tip to infinity for r =0,
which is theoretically given by the boundary-layertheory.

Transformation Equation

The goal of our investigationsis to model the heat flux presentin
flightin the aerothermoballistichigh-pressurefacility, at the nose of
a projectile. Relating the real flight condition (1) and the modeling
conditionsin our test facility (2) with Eq. (23) requires the condition
of equal integral heat flux during the flight time ¢:

/ qg_l(x)dtzf Ggo(x)dt (28)
t=0 t=0
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Then, for differentflight cyclesin the atmosphere at condition (1)
and in our ground-testingfacility at condition (2), relation (28) can
be fulfilled if the condition in Eq. (1), namely,

prfi(ur, 1) = pyfauy, 1)

for pressure p; and p,, as well as for the functions f; and f5, is
balanced. The functions f; and f> must be calculated stepwise in
time from Eq. (23) (Ref. 2). In case of constant projectile speeds u,
and u,, Eq. (1) evaluates as

P = Pt 29)

However, the exact conditionsfor operationof the aerothermobal-
listic ground-testing facility, that is, gas pressure p, and test-flight
time f,, must be calculated according to the exact relation, Eq. (1),
using the given atmospheric pressure p; and the real flight cycle ¢,.

Experimental Modeling
Aerothermoballistic High-Pressure Facility

In the aerothermoballistic ground-testing facility, the bow wave
heating at the nose of a projectile, flying for several seconds ?,
some kilometers in the lower atmosphere at p; ~0.1 MPa (normal
pressure), can be modeled in compressed gas at p, with a flight time
t, of some milliseconds. This facility consists of a powder gun for
accelerating the projectiles to a muzzle velocity up to 2000 m/s,
followed by a test tube into which the projectile models are injected
(Fig. 10).

The test tube is placed between the two damp tanks, seen in
Fig. 10, with all of the equipment necessary for operation: 1) valves
for gas filling, 2) pressure gauges for wall pressure measurement,
and 3) electromagneticsensors for determinationof projectile posi-
tion. The compression tube has a length of about 5 m and is closed
by diaphragms at both ends. A detailed description of the facility
is given by Seiler et al.® The test tube is designed as a two-caliber
tube with five inner rails for projectile guiding and is filled with
compressed gas in the range of 2 MPa and higher. The outer caliber
is 44 mm, and the inner rail caliberis 30 mm. A cross section of this
high-pressure rail tube is given in Fig. 11. In the decelerator tube

Fig. 10 Powder gun, two tanks, and rail tube in between.

Fig. 11 Cross section of rail
test tube with five rails.

30

28 degrees 30 mm diameter
total cone angle body
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Fig. 12 Geometry of projectile used.
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Fig. 13 Projectile flight in the compression tube.
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Fig. 14 Speed distribution in high-pressure test tube.

at the end of the facility, a piston is located, equipped with inner
replaceable steel plates for projectile catching.

As an example for the condition in our high-pressure ground-
testing facility, with a flight time of about 3 ms, the fill pressure
must be higher than atmospheric pressure to model the same heat
flux at the projectile cone surface as present for atmospheric air
flight. With Eq. (1) we calculate for a 1-s atmospheric flight a test
gas pressure of about 2 MPa or more.

Firings Performed

In our high-pressure ground-testing facility, we fired projectiles
with a mass of about 150 g at a projectile speed of about 1730 m/s
into the high-pressure test tube. The projectile is designed with a
solid magnesium body, which is equipped with a full 28-deg steel
nose cone. The projectile dimensions in millimeters are presented
in Fig. 12 showing the fore-, the mid-, and the afterbody.

Test firings have been performed in a 2-MPa up to §-MPa N,
atmosphere with the projectile shown in Fig. 12. It is fired into the
compression tube and, as mentioned, a boundary layer develops on
the surface of the projectile (Fig. 13) as it develops in free flight in
the atmosphere. Therefore, in the test facility, the flow around the
projectile behaves similarly to atmospheric flight conditions.

Because of projectile drag, the projectile speed u, decreases dur-
ing the flight time #,, that is, u, =u,(%,). As an example, in Fig. 14
the projectile speed diminution is shown for firing 271 in 2-MPa
compressed N, atmosphere and for firing 273 in 6-MPa N,. A ve-
locity decrease of several hundred (m/s) develops that must be taken
into accountin the calculationof the transferfunction f, = f> (us, 1)
in Eq. (1).

The nose cone temperature histories calculated for the heating
during projectile flight inside of our test facility are shown in Fig. 15
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Fig. 15 Projectile nose heating in the test facility.
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Fig. 16 Pyrometric measurement.

for filling pressures of 0.5-, 1-, 2-, and 6-MPa N, at r =20 mm. The
timescalein Fig. 15 is in milliseconds for the test-facility flight time
and in seconds for the HFK and the 155-mm projectile atmospheric
flight.

The outcome shows that in the case of 6-MPa N, in the ground-
testing facility the nose temperatureincrease is comparable with that
given for an HFK projectile. For lower cone surface temperatures,
as are present in flight of a 155-mm full caliber projectile, the fill
pressure in our high-pressuretest tube has to be adapted to less than
0.5 MPa. In varying the fill pressure p,, a wide range of heating
scenarios can be modeled beginning at low surface temperatures at
a 155-mm full caliber projectile up to high temperatures present on
the surface of high-speed projectiles (Fig. 15).

Cone Surface Temperature Measurement

For surface temperature measurement, we detected the intensity
of the steel surface emission at wavelengthsof 3.7 and 4.5 um. Two
wavelengthmeasurementsare chosen for comparing and controlling
both measurements by each other. This surface emission is regis-
tered, as outlined in Fig. 16, through a sapphire window placed near
the tube end using fast infrared (IR) detectors at the time of projec-
tile passing. The recorded outputsignal of the IR detectoris givenas
voltage U vs measuring time ¢:U = U (¢). Using a calibrationcurve
T =T (U) (Ref. 2) the surface temperature 7' can be evaluated vs
the measuring time ¢ of projectile passage at the measuring port,
that is, the sapphire window, resulting in the temperature history
T=T().

Comparison

The surface temperatures are compared, both theoretical predic-
tions and measured, for firing 271 with 2-MPa N, fill pressure in
Fig. 17. We used N, as test gas instead of air because the radiation
of excited O, air molecules may disturb the IR emission coming
from the cone surface giving a nonnegligible measuring error. N,
molecules behave inertly, having practically the same physical gas
nature as air only. The experimental result included in Fig. 17 is
given for the 3.7-um-wavelength emission.
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Fig. 17 Comparison for 2-MPa fill pressure.
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Fig. 18 Comparison of experiment and theory.

The relative measuring error (see error bars in Fig. 17) occur-
ring for the temperature distribution is assumed to be about 10%,
resulting from an analysis taking into account all of the measuring
uncertainties present in our measuring device.

In Fig. 17, the measured and calculated surface temperatures are
in good agreement, so that it can be assumed that the theory for
predicting the temperature development at the nose of a projectile
flying in our test facility can be successfully applied for predicting
the projectile heating during flight in our aerothermoballistic test
device. From this outcome we further assume that our theoretical
model can also predict correctly the surface heating for flight sce-
narios in Earth atmosphere, though atmosphere pressure p; is lower
than that in our test facility at p,.

Adopting the fill pressure p, according to relation (1), the flight
scenario of interest can be experimentally reproduced in our test
facility, as outlined in Fig. 15. The applicationof the transformation
law (1) established for the operation of our high-pressure testing
facility can be confirmed considering the following explanations
for Fig. 18, which compares the measured temperature distribution
of Fig. 17 with calculated ones for real-flight scenarios. For this
purpose, the direct comparisonof experimentand theory as outlined
for Fig. 17 is given again in Fig. 18 for fill pressure p, =2 MPa
and flight time #, = 3.5 ms. Additionally, two predicted temperature
distributions are also included, which are theoretically modeled for
the HFK projectile and for the KE projectile, as seen in Figs. 6-8.
From this comparison, it can be concluded that in the high-pressure
facility, the measured projectile surface temperature is in the range
of real surface temperature histories as given during flight in Earth
atmosphere (Fig. 18) for HFK projectile temperature history (flight
time #; =0.5 s) as well as for the KE projectile for a flight time
t=12s.

This outcome confirms that our high-pressure ground-testing fa-
cility has the capability to model the heating of a projectile during
its atmospheric flight of some seconds with a flight in compressed
gas of some milliseconds.

Conclusions

A ground-testing facility was designed and built for modeling
the real heat transfer at the conical nose of a projectile flying in
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the atmosphere. In this facility, the projectile is traveling through a
compressed gas to obtain within some milliseconds the same sur-
face heating as present during an atmospheric flight of some sec-
onds. To date this high-pressure facility is unique worldwide for
modeling this phenomenon. Using the similarity law (1), the heat-
ing for the flight of some seconds #, in the atmosphere at pressure
p; and that for the model flight time of some milliseconds #, in
the test tube at a higher pressure p, are equal if relation (1) is ap-
plied for determination of pressure p, for modeling a desired flight
scenario.

For calculating the temperature distributionat the surface, itis as-
sumed that a compressible and turbulent boundary-layer develops
at the conical projectile nose surface behind the bow wave. Us-
ing Prandtl’s boundary-layer equations of mass, momentum, and
energy, a theoretical model has been developed to calculate the
boundary-layer development, as well as the heat flux from gas to
surface. Using an analytical solution resulting from the heat con-
duction equation, the temperature distribution at the cone surface
and in depth is calculated. This procedureis based on the similarity
of cone and plate boundary layer. Herein, the solution for the heat
flux from the plate boundary layer is used and transformed to that
on the conical nose of a projectile.

We investigated the projectile nose heating using an aerother-
moballistic high-pressure test facility for a 30-mm caliber. Special
projectiles are accelerated to velocities up to about 1700 m/s, flying
in compressed nitrogen at gas pressures of 2 MPa and more. The
compression tube used has a length of about5 m with an inner two-
caliber bore. The outer caliberis 44 mm and the innerrail caliberis
30 mm for projectile guiding. To measure the surface temperature,
we look for the surface emission at wavelengths of about 3.7 and
4.5 pm, respectively. This surface emission is registered through
a sapphire window placed near the test tube muzzle using fast IR
detectors at the time of projectile passing: U = U (¢). The surface
temperature 7T is given by a calibration function 7 =T (U) as a
function of the surface emission.

Experiment271 with 2-MPa fill pressure shows the good applica-
bility of the theoretical procedure for predicting the cone boundary-
layer formation. Furthermore, the capability of our aerothermobal-
listic test facility to model the temperature distribution along the
projectile’s nose cone as compared with atmospheric flight cycles,
for example, HFK projectile flight or the flight of a KE projec-
tile was explained. Summarizing, real surface temperature histories
arising during atmospheric flight are modeled and obtained in our

test facility, as outlined for some typical flight scenarios using actual
projectile types.
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