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A METHOD FOR SIMULATING THE ATMOSPHERIC EN’I“RY OF LONG-RANGE
BALLISTIC MISSILES*!

By A. J. Eaagrs, JR.
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In order to clarify the basic requirements of a simulator,
this study is initiated with a review of some of the more
important causes and effects of aerodynamic heating of long-
range ballistic missiles. Following this review, the conditions
of simulation will be set forth in a mathematical form de-
signed to facilitate the choice of a practical simulator. ,

MOTION AND HEATING OF LONG-RANGE BALLISTIC MISSILES

It is a fundamental characteristic of ballistic missiles
(see ref. 1) that speed begets range, with the result that
hypervelocities in excess of 10,000 feet per second are required
in order to obtain long ranges in excess of 1,000 miles. A

long-range ballistic missile first attains hypervelocities near

the end of powered flight. In this phase of flight and through-
out the large majority of unpowered flight the vehicle should
pass more or less unimpeded through the rarefied upper
atmosphere of the earth, corresponding to altitudes in excess
of several hundred thousand feet.? Its trajectory terminates,
however, with a very rapid descent through all or part of
the earth’s relatively dense lower atmosphere. In this phase
of flight, termed the atmospheric entry, retardation and
severe acrodynamic heating of the missile can almost cer-
tainly be expected to occur (see ref. 2).

Retardation during atmospheric entry is caused by the
combined action of pressure and viscous forces, while aero-
dynamic heating stems in the main from work done by
viscous forces. In both cases it is aerodynamic rather than
gravity forces which play the predominant role, with the
result that motion and heating of the missile emerge as
closely related phenomena. Thus changes in missile shape
which affect motion will also affect heating. This fact can,
as discussed in reference 2, be exploited in the design of
missiles with reduced aerodynamic heating. The potential
for excessive heating remains, however, as an unavoidable
property of the long-range ballistic missile which enters the
earth’s atmosphere at hypervelocity.

Excessive heating can have several effects. First and
perhaps most serious of these effects is the development of
high thermal stresses in the structure of the missile. These
stresses tend, for example, to far overshadow the pressure
induced stresses. In addition, there is the natural weakening
of the missile material at high temperatures, so that struc-
tural failure may occur during atmospheric entry. There is,
of course, the further possibility that intense aerodynamic

21t Is presumed that the missils is, unlike the usual meteor, so large (say of the order of feet

in typlical dimension) that fres molecule phenomens play a minorrole in its motion and heating, °
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heating will, as with meteors, cause bummg and the ultimato
destruction of the missile. s

These, then, are some of the important causes and effects
of aerodynamic heating of a long-range ballistic missile
entering the atmosphere. They suggest that an atmosphere
entry simulator might logically include means of simulating
missile velocity, missile configuration (e. g., shape), and the
lower portion of the earth’s atmosphere. We will proceed
from this suggestion to formulate our conditions of simula-
tion. ;

CONDITIONS OF SIMULATION

The analysis to ‘follow tacitly presumes the validity of
many time-tested assumptions of aerodynamics, thermo-
dynamics, and solid mechanics. In addition, however, it is
predicated on the assumptions that during atmospheric
entry (1) radiation has a secondary effect on missile heating,
(2) gravity has a secondary effect on missile motion, (3) the
flow-field freeze principle of Oswatitach (ref. 3) holds for the
missile, and (4) the thermal properties (e. g., specific heats)
and transport properties (e. g., thermal conductivity and
viscosity) of air are functions of temperature only. The
first two assumptions are suggested by the calculations of
references 1 and 2,2 while the third assumption hinges essen-
tially on the requirement that the square of the hypersonic
similarity parameter for a missile be large compared to 1
during entry (i. e., M?sin® §>>>>1). For missiles of normal
slenderness, the hyperspeed of entry tends to insure the
satisfying of this requirement with the result that flight
Mach number loses its significance as an important similarity
parameter.* The last assumption is restrictive only in the
event air tends to dissociate (or possibly ionize) and it will
therefore be treated in a discussion of these phenomena
later in the paper (see section on “Performance Limitations”).

Now it is convenient in discussing similitude to imagine a
model counterpart to the missile and a test chamber counter-
part to the atmosphere. Furthermore it is permissible for
our purposes to proceed from the simplified equations of
reference 2 for the convective heating of ballistic missiles.
Thus for an isothermal atmosphere (which eclosely approxi-
mates the earth’s lower atmosphere, see ref. 2)

L NSpLY. 1
Po ¢ ()
and there follows:

(a) Heat absorbed per unit mass at altitude y’ \

10/
L (E)wa-ry @)
where
Cpp,Ad
Vimy g Fmean ®

3 The first assumptlon 1s, of course, best salted to *‘relatively light’ missiles which are de-
signed on the so-called “heat sink’” principls, or, more generally, which are deslgnod to main.
tain relatively cool surfaces.

4 It is demonstrated in reference 3 that Mach number and stream angle in the disturbod
flow are independent of flight Mach number, provided A2 sin? 8>>>1, and provided the alr
behaves ideally. In the event nonideal behavior, like changes {n the spocific heats, occurs
as a result of high temperatures In the disturbed flow, then flight velocity tends to replaco
flight Mach number as the Important index of motion since it is through this volocity (via
kinetio energy) that high disturbed air temperatures are created.

’
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(b) Average rate of heat transfer per unit area

3 _Cprod .,

dHu 0_{, PoV 3 3 Bm sin 0, (4)

—-— =____‘ e"‘ﬁb"e

dt 4

(c) Rate of heat transfer to stagnation point

8y 3 Cppd
dH J;'VSG 2 ¢ 2ﬂmsln8.ﬁ' (5)

dt

According to equation (1) the density of the air in the test
chamber must vary exponentially with the distance corre-
sponding to altitude in the atmosphere. The more general
implication is, of course, that the test chamber must duplicate
variations of p/p, in the atmosphere, whatever they may be,
although the absolute magnitudes of p and p, may be quite
different from those in the atmosphere. The static tempera-
ture of the air in the test chamber is, as in the case of the
atmosphere, presumed to be small- by comparison to missile
recovery temperature (see ref. 2 in connection with this point
28 it relates to the derivation of eqs. (2) through (5)).

It will be stipulated now that model and missile be geome-
trically similar in structure and configuration, and made of
the same material. Furthermore, the condition is imposed
that the model enter the test chamber at the same speed and
temperature as the missile enters the atmosphere. Finally,
it is required that model and missile have the same Reynolds
numbers (based on local conditions outside the boundary
layer) at corresponding points gy’ in their trajectories. By
corresponding points it is meant where the product gy’ is the
same for model and missile. It should be recognized, of
course, that, in general, 8 and ¥’ will individually be grossly
different for model and missile.

It follows from these requirements and equation (2) that
the heat transfer per unit mass @Q/m to model and missile
will be the same at corresponding points By’ provided V is
the same, since 0/ and C/S/CpA are the same. But from
equation (3) the velocity V will be the same at corresponding
By’ only if Cpp,A/Bm sin 6, is the same. If the subscript mo
refers to model and m? to missile, then the last provision may
be written.

(PoD)mt /—Dmi (y'/SlIl ac)mo (6)
(P6D) mo \Dmo (' [s1n 0,) s

But model and missile Reynolds numbers, velocities, and
disturbed air temperatures ® are the same, hence

(06D mi= (poD)mo ()

and equation (6) may be written

(sm 6 )ma ( )m, D,,,,) ®

J ’I'hls observation with regard to disturbed air temperatures is easily verified by considering
flow near the surface of a missile with a stagnation point. Assuming for simplicity that air
in the disturbed flow behaves Ideally, we have at the stagnation point T == V2C, since
M1>>1, Then the temperaturs of the air just outside the boundary layer is given by the

] —
expression Tr—i%-(l-l-:fz—lMx’)-i- Hence if V and M:are the same for model and missile.
P

then Tt and Vi are the same, Independent of amblent air temperature, We are assured of
equal My's by the freeze principle (seo footnote 4).
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This expression fixes the length L of the test chamber in
terms of the portion of the atmosphere to be simulated
therein and the ratio of model to missile size.! If equation
(8) and the previously set forth requirements are satisfied,
then model and missile should experience equal heat transfer
per unit mass, and hence equal average temperature rise at
corresponding points in their trajectories. These quantities
are significant, of course, because they tend to determine
whether & missile will melt or perhaps burn during flight.

The next question is how do the heat-transfer rates com-
pare in the case of model and missile? It is easily deduced
from equations (4) and (5) and the conditions for equal
heat transfer per unit mass that

>m Dy (dH,, > i ©)

()22 )

at corresponding points Sy’. That is to say, the average
and stagnation point heat-trangfer rates are higher for the
model in proportion to the ratio of missile to model size.
But perhaps the foremost importance of heat-transfer rates
is, as discussed earlier, in how they influence thermal stresses
in the missile structure and, for example, lead to ablation
of surface material. Evidently, then, it would be most
desirable if equations (9) and (10) implied equal thermal
stresses in model and missile. This possibility is easily
checked using modified equilibrium thermal-stress equations
for an unrestrained isotropic elastic body (see ref. (4) and
sketch). .

and

Z
4
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¢ Sincs model and missile velocities are the same at corresponding points in their trajectories,
it follows from equation (8) that the time of flight in the test chamber is reduced below that of
atmospheric entry by the ratio (Dud/Dmi)2.
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where the stresses are not true thermal stresses, but rather
they are the stresses produced by the ‘“body forces,”
—aFE 2T
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and the boundary conditions are
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The heat-flow equation is (see ref. (5))

T T, 2T 1 0T
o7 o ot K ot (13)

V=

with boundary conditions
(Tean) tnttim=known )

2T . dH
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surface

1
and (probably) T (14)
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Now the thermal stresses are given by superposing the
“hydrostatic’ pressure «ET/1—2» on solutions to equations
(11) consistent with the compatibility and boundary con-
ditions (egs. (12)) and the solution to the heat-flow equation
(13) along with its bourdary conditions (egs. (14)). But if
equations (9) and (10) along with the requirements necessary
for their development are satisfied, then equations (11)
through (14) (and the “hydrostatic’” pressure) are mathe-
matically identical for model and missile. Hence, the ther-
mal stresses must be the same in model and missile at corre-
sponding By’ in their trajectories.

Necessary conditions for simulating aerodynamic heating
and resulting thermal stresses in & ballistic missile are then,
according to this analysis, as follows. First, model and
missile must be geometrically similar and made of the same
material. In addition, they must have the same flight
speeds and Reynolds numbers (based on local conditions
outside the boundary layer) at corresponding points in their
trajectories. Finally, in order to meet these conditions and
to insure equal heating of model and missile, the test chamber
must contain air at relatively low temperature and with
variations in p/p, along the model flight path equal to those
in the atmosphere along the missile flight path.

With this knowledge we are in & position to consider the
practical problems of simulating atmospheric entry.

~ A PRACTICAL ATMOSPHERE ENTRY SIMULATOR

It is appropriate to determine first how to provide a model
with the correct initial hypervelocity required for simula-
tion., For this purpose it is suggested that a hypervelocity
gun can be employed. Several such guns have been developed
(see e. g., ref. 6) to launch small models at speeds above
15,000 feet per second. These speeds correspond to those of
ballistic missiles (see ref. 1) with ranges of the order of 2,000
miles and greater. Both speed and range fall, then, into
the categories of interest in this paper.

The next question is how to provide a model test chamber
which simulates the lower portion of the earth’s atmosphere.
For this purpose it is suggested that a special supersonic
nozzle can be used to advantage. To illustrate, it was found
in reference 2 (see fig. 4 therein) that the major part of the
gerodynamic heating of a ballistic missile entering the atmos-
phere occurs over a range of about 100,000 feet in altitude.
In this altitude range p/p, varies by a factor of about 10-2
A corresponding variation in density can be obtained be-
tween the settling chamber and exit section of a Mach
number 5 supersonic nozzle (see ref. 7). Imagine, then, a
hypervelocity gun positioned to launch & model upstream
along the axis of such a nozzle. The nozzle is designed to
provide an essentially exponential variation in density along
its axis, the density decreasing from a very high value in
the settling chamber to a very low value at the exit. Accord-
ingly, a model proceeding upstream through the nozzle en-
counters an increasingly dense atmosphere like that pre-
sented by the earth to a descending ballistic missile. Now,
to be sure, unlike atmospheric air, the air in the nozzle is in
motion. However, the air velocity is small by comparison
to the hypervelocity of the model, and therefore this differ-
ence between nozzle air and atmospheric air should mar
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Fiaure 1.—Example atmosphere entry simulator.

only slightly the function of the nozzle as a test chamber.”

The combination of hypervelocity gun and supersonic
nozzle merits attention, then, as an atmosphere entry simu-
lator. An example simulator of this type will therefore be
considered next.

EXAMPLE SIMULATOR

Consistent with the previous discussion, & Mach number 5
nozzle is chosen to simulate the earth’s atmosphere over 100,-
000 feet of altitude. Now let us assume that ballistic missiles
with up to 4,000 miles range are to be studied with this simu-
lator. The corresponding range of atmospheric entrance an-
gles 6, is from 45° down to about 30° (see ref. 1). The length
of the nozzle is fixed according to equation (8) by the maxi-
mum values of (¥.//sin 85)m: 80d DypofDmi.  This value of
(¥s'/sin 8,)ms is, from the above specifications, 190, g 89
200,000 feet. The maximum value of Dy,/Dy, will be dic-
tated by the size of the largest model which can be launched
by the special gun available and by the size of the smallest
missile to be simulated. For the purpose of this discussion
it suffices to observe that the model size will probably be of
the order of a fraction of an inch, while the missile size will
probably be of the order of several feet. It follows that the
maximum value of D,,./Dm: should be of the order of 10,
In this event we have from equation (8) that the length of
the nozzle is of the order of 20 feet, and from equation (7)
the nozzle stagnation density is of the order of 100 times sea
level air density. A missile 3 feet in diameter and weighing
5,000 pounds would thus be simulated by a model 0.36 inch
in diameter and weighing 0.005 pound.

On the basis of these considerations our example simulator
might appear something like the one shown in figure 1. The
required nozzle stagnation densities are obtained for running
times of the order of a second by using a settling chamber
charged with high pressure air. A wide range of settling-
chamber pressures and, hence, densities makes it possible to
vary the range of altitudes simulated. The storage heater
in the settling chamber maintains the air temperatures above
those for which liquefaction can occur in the nozzle. The
nozzle contour will tend to have very small slopes in the

7 It i3 interesting to note that tha supersonic nozzle when used in the proposed manner has
compensating features; namsly, as model veloclty decreases, the air veloclty decreages and,
as model recovery tempernture decreases, the alr static temperature rises up toward atmos-
phorio oir temperature, These features are, of courss, favorable to simulating atmospheric
entry in that they tond to preserve the required similarity between atmospheric alr and nozzle |

air. In this manner, too, the possibility of correcting for small differences betweon these
medin 1S enhanced,

streamwise direction. Hence it is anticipated that flow in
the nozzle will not depart radically from the one-dimensional
type. Air from the nozzle passes into a vacuum tank which
is of sufficient size to maintain the nozzle compression ratios
required for supersonic flow during the course of a test. Ob-
servation windows are located at short intervals along the
nozzle side walls to permit photographing models in flight
and determining effects of aerodynamic heating. In this re-
gard it would quite likely prove desirable to employ & spec-
trometer to identify the sources of radiation energy emitted
in the vicinity of models. The simulator would be instru-
mented for measuring settling-chamber pressure and temper-
ature and, of course, the time-distance history of models.
Models would be launched from a hypervelocity gun located
at or near the end of the nozzle, and they would be arrested
in & catcher located in the settling chamber. The damage to
models in the catcher should be negligible for low impacting
velocities, thereby permitting the study of recovered models
to determine changes which occurred during atmospheric
entry.

We have, then, some 1dea of how the proposed simulator
might be employed in practice. It is important, however,
to be aware of the points of difficulty which may limit the
performance of the device as a simulator.

PERFORMANCE LTMITATIONS

First, it should be noted that pressure-induced stresses in
the model will be higher than those in the missile by the
ratio Dpmiyf/Dme. This point may prove troublesome, al-
though not unduly so if these stresses are very low (as they
tend to be) in the missile. It should be remembered too
that by proper model design (e. g., the use of internal
pressurization or other bracing) this problem can be mini-
mized. Careful attention must, of course, be given to both.
model and sabot design from the standpoint of minimizing
stresses in the model during launching.

Another point of difficulty may be encountered if material
properties (e. g., vield point) are a significant function of
time under rapid heating conditions. There is some indica~
tion (see ref. 8 and papers cited therein) that at the very
high heating rates of long-renge ballistic missiles (corre-
sponding to temperature-rise rates of the order of 100° F/sec
and more), the importance of time is small. It is indicated
too that this remains true, and, more important, that
material properties remain essentially the same at the much
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higher heating rates produced in the simulator.® Far more
information is needed, however, before the significance of
time in the sense of this discussion can be fully assessed.
A further question which should be raised is whether or not
& body can distort fast enough with changes in temperature
to remain in stress-strain equilibrium (i. e., acceleration
terms negligible) as was assumed in deriving equations (11)
and (12). This situation would be more serious in the case
of the model than in the case of the missile. A crude check
on the matter is easily obtained for a body which behaves
elastically. To illustrate, the time required for the model
to make small adjustments in stress-strain equilibrium
should be of the same order as the time required for an
elastic wave to travel the length of the model. For atypical
steel model (D=¥ in.) in the simulator, this latter time
would be about 10~® seconds. If we assume that the model
experiences & total temperature rise of 1500° F while traveling
through the simulator, then 107® seconds is also the time
required for only about 1° temperature change in the model
material. Accordingly, only small adjustments in stress-
strain equilibrium are evidently required in this time, and
hence equilibrium should tend to be realized in model as well
as missile. If time-dependent plastic deformation should
become significant, then this statement obviously no longer
holds.® Thus, for example, the simulator may not (in view
of its foreshortened time scale) duplicate more than quali-
tatively a fracture process (see ref. 9) although it should tend
to duplicate thermal deformation up to and including the
beginning of fracture. If fracture occurs on & molecular
scale, like ablation by sublimation, then the phenomenon
will tend to be properly reproduced in the simulator provided
the sublimation rate is proportional to heat-transfer rate.
There is, too, the possibility of a missile being aerody-
namically heated to temperatures where it will burn during
descent through the earth’s atmosphere. The simulator
should tend to duplicate conditions leading up to this
phenomenon; however, there is & question as to how well
burning would be duplicated. The complexity and lack of
complete understanding of metal burning (see, e. g., ref. 10)
preclude the possibility of obtaining a quantitative answer
to this question at the present time. From the qualitative
viewpoint it is reasonable to expect that the effects of
§ This discussion should not be construed to mean that materlal properties are the same
under conditions of high rates of heating as they are under steady state conditions (see ref. 8).
? Thus with a slow process, ke creep, model deformation would not simalate missile
deformation (sce, e. g., ref. 8), but rather, it would be less by the ratio of (Dmof/Dmi)? dus to the
foreshortened timo seale in the simulator. Even in the case of the missile, however, the

entry time may be so ghort (of the order of geconds) that creep plays a minor role in deforming
the vehicle.

REPORT 1378—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

-increased partial pressure of oxygen (acting to increase

burning rate) and the reduced model size (acting to decrease
the amount of material to be burned) should combine in the
simulator to compensate for its foreshortened time scale,
thereby more nearly providing simulation of missile burning.
Burning should be accurately simulated for cases where
burning rate is directly proportionsal to the partial pressure
of oxygen.

As a final point, it is appropriate to consider the matter of
dissociation and association of the oxygen and nitrogen in
air. The simulator produces essentially the same disturbed
air temperatures as the missile, entering the atmosphere.
Accordingly, the potential for dissociation and agsociation is
duplicated by the simulator. At the present time, however,
it is felt that these two phenomena obey different rate laws
(see Appendix). In this event, neither the phenomena nor
their effects on heating of a ballistic missile can be duplicated
except by 1 to 1 simulation (i. e., the equivalent of flight tests
with the full-scale missile). An indication of the possible
error that this situation may introduce in tests with the pro-
posed simulator can be obtained from the calculations of
reference 11'which suggest that the net effect of equilibrium
dissociation and association in free flight may be to increase
the rate of heat transfer to a stagnation point by only about
50 percent.’® This increase should be well within the design
safety factor of a missile.

CONCLUDING REMARKS

It has been found that an atmosphere entry simulator con-
gisting of a hypervelocity gun combined with a special super-
sonic nozzle may be used to study the conditions of extreme
heat transfer and thermal stress which introduce such serious
problems in the flight of & long-range ballistic missile. The

, effects of aerodynamic heating on the model can be observed

with relative ease, and further, the tests can be conducted at
a cost which is negligible by comparison to that of flight
tests. Indeed, in the simplest test, the simulator could pro-
vide with one photograph of a model rather substantial evi-
dence as to whether or not the corresponding missile would
remain essentially intact while traversing the atmosphere.

AMES AERONAUTICAL LLABORATORY
Namionar, Apvisory CoMMITTEE FOR AERONAUTICS
MorrerT Fierp, Caur., Sept. 15, 1956

1 Dissoclation and assoctation may have especially marked effeots on stagnation point heat
transfer since thess phenomens can strongly affect both the fnviscld and viscous flows in this

region.
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APPENDIX A
DISSOCIATION AND ASSOCIATION RATES

The dissociation of O, and N, is thought (see, e. g., refs. 12
and 13) to obey the linear law

dN
i C(T)N (A1)

where /V is the concentration (or density in particles per unit
volume) and Cy(T) is the rate constant which usually de-
pends only upon temperature. On the other hand, the cor-
responding association process (e. g., 0+0—0,) is thought
to obey the second-order law!

dN

=GN ’ (A2)

Now disturbed air velocities are the same in the case of model
and missile, while disturbed air densities are higher in the
case of the model by the ratio of Dyy/Dm,. It follows then
that the simulator will tend to duplicate a rate process in
which the percentage rate of change of concentration of a
given type of particle is proportional to the concentration of
that particle, namely,

1 dN
Na =C(T)N (A3)
But the simulator tends to duplicate temperature and type
of particle; hence, it should duplicate the ‘‘association’ rate
process given by equation (A2) since O(T)=C:(T). It will
apparently not, however, duplicate the ‘‘dissociation’ rate
process given by equation (Al).

1 Actuslly thero is some question as to the correctness of either equation (A1) or (A2) (see
¢, €, ref, (14)) for pure media and there is the further complication of impurlties which could
lead, for example, to a third-order rate process.

REFERENCES

1. Eggers, A. J., Jr., Allen, H. Julian, and Neice, Stanford E.: A Com-
parative Analysis of the Performance of Long-Range Hyper-
velocity Vehicles. NACA TN 4046, 1957 (Supersedes NACA
RM A541.10). ‘

2. Allen, H. Julian, and Eggers, A. J., Jr.: A Study of the Motion
and Aerodynamic Heating of Missiles Entering the Earth’s
Atmosphere at High Supersonic Speeds. NACA TN 4047, 1957
(Bupersedes NACA RM A53D28).

3. Oswatitsch, Klaus: Similarity Laws for Hypersoniec Flow. KTH
Aero. TN 16, Royal Inst. of Tech., Division of Aeronautics,
Stockholm, Sweden, 1950.

4. Timoshenko, S., and Goodier, J. N.: Theory of Elasticity. Me-
Graw-Hill Book Co., 1951, pp. 423—-424.

5. Carslaw, H. S., and Jaeger, J. C.: Conduction of Heat in Solids.
Oxford Univ. Press, 1948, p. 8.

6. Charters, A. C., Denardo, B. Pat, and Rossow, Vernon J.: Devel-
opment of a Piston-Compressor Type Light-Gas Gun for the
Launching of Free-Flight Models at High Velocity. NACA
TN 4143, 1957 (Supersedes NACA RM A55G11).

7. Ames Research Staff: Equations, Tables, and Charts for Compres-
sible Flow. NACA Rep. 1135, 1953.

8. Heimer], George J., and Inge, John E.: Tensile Properties of Some
Sheet Materials Under Rapid-Heating Conditions. NACA RM
L55E12b, 1955.

9. Nadai, A.: Theory of Flow and Fracture of Solids. MeGraw-Hill
Book Co., 1950, pp. 395-397.

10. Coffin, Kenneth P.: Burning Times of Magnwum Ribbons in
Various Atmospheres. NACA TN 3332, 1954.

11. Eggers, A. J., Jr., Hansen, C. Frederick, and Cunningham, Ber-
nard E.: Theoretical and Experimental Investigation of the
Effect of Yaw on Heat Transfer to Cylinders in Hypersonio
Flow. NACA TN 4229, 1958.

12. Bethe, H. E., and Teller, E.: Deviations from Thermal Equilibrium
“in Shock Waves. BRI Rep. X-117, Aberdeen Proving Grounds,
1945.

13. Krieger, F. J., and White, W. B.: The Composition and Thermo-
dynamic Properties of Air at Temperatures from 500 to 8000° K
and Pressures from 0.00001 to 100 Atmospheres. RAND Rep.
R-149, 1949.

14. Prutton, Carl F., and Maron, Samuel H.: Fundamental Principles
of Physical Chemistry. The Macmillan Co., 1944, pp. 610-611.



