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PROBLEM STATUS

This progress report covers the work of the
participants in the Hypervelocity Kill Mechanisms
Program. Work on this problem is continuing.

Authorization

NRL Problem No. F04-~11
ARPA Order Mc. 149-60 - Amendments 1 thru 9

SECRET ii




SECRET
SUMMARY
W.W. Atkins - M,A, Persechino
U.S. Naval Research Laboratory
INTRODUCTION

Progress Report No, 17 is a semiannual technical progyress
report covering the work of the participants in the Hy»er-
velocity Kill Mechanisms Program for the period beginning
31 March 1964 to 30 September 1964. Reports covering the work
completed during and prior to this reporting period are listed
in Section Y,

The work of this program has involved comprehensive studies
designed to evaluate the feasibility of defeating the mission
of an intercortinental ballistic missile by fragment impacc and/
or by subsequent re-entry heating effects, These effects
include: direct kill by impact, extent of aggravation or in-
crease in damage caused by aerothermal effects on an R/V during
re-entry, aerodynamic instability of nose cones caused by
damage to the heat shield and structure, impact and thermal
damage to internal components and warheads, and perturbations
on the performance of ICBM booster vehicles. The HKM Program
is divided into the following four phases of work:

1. Impact Damage. Initially BRL, NRL, AVCO and the
Canadian Armament Research and Development Establishment werc

selected to study the effects of hypervelocity impacts on re-
entry body materials and structures, Aerojet-General was
selected to study the impact effects on propulsion systems.

The work of Aerojet has been completed and the final report has
been distributed. The impact work performed by AVCO has also
been completed and a final report was included in Progress Report
No. 13. The work completed by CARDE was reported in Progress
Report No. 11. BRL is preparing a final report for their work
on impacts into ablative structures. ©Only NRL is presently
engaged in impact work for the HRM Program.

2, Aerothermal. In the early stages of the program,
AVCO performed a multitude of experiments on cratered heat
shield materials using rocket exhaust and plasma jet facilities
in order to determine the thermodynamic effects on a damaged
vehicle during -re-entry. In the later stages of the program,
punctured vehicles (vented and unvented) were analyzed. GE
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and AVCQO performed analytical and experimental studies on
coupled and uncoupled flows, jet impingement, jet diffusion,
and the determination of orifice coefficients for perforated
re-entry vehicles. GE conducted an analytical study to deter-
mine the aerodynamic effects on a damaged vehicle during re-
entry (the aeroballistic ranges and the wind tumnels of NOL
and AEDC were utilized to provide experimental data). An
effective kill mechanism did not evolve from these studies.
During the latter part of the second year's effort ARAP was
added to the participants in the aerothermal work and, at

this time, a strong fundamental research effort on internal
heating was established to determine a rationale for coupled
and uncoupled flows, impinging jets, and wall jets. A flight
test program employing a NASA propulsion and recovery system
has been completed and the details of this program are described
in Item 21 in the list of reports of Section Y. These tests
provided both external and internal heating data under actual
and simulated environmental conditions.

3. Vehicle Vulnerability. The vulnerability work
initially conducted to determine the vulnerability of re-entry
body, warhead, and associated arming and fuzing compcnents
by BRL and Picatinny Arsezmal has been terminated. A final
report on the vulnerability of nuclear warheads to aero-
thermal effects has been prepared by Picatinny Arsenal and
distributed (See Item 22, Section Y).

Aerojet-General, under the techuical management of
the Weapcns Laboratories, Detachment 4, RTD, Eglin AFB has
completed the¢ investigations to determine the vulnerability
to fragment impact of both liquid and solid rocket propulsion
systems. An analysis of the vulnerability of both the United
States and other vehicles is included in the Aerojet final
report (See Items 24, 25 and 26).

4, Intelligence. The intelligence phase of the wovk was
designed to provide information and guide lines for the work
performed in the other phases of the HKM Program. A report
entitled '"Soviet ICBM Re-Entry Body Study' F=ss been prepared
by Raytheon. This report provides a descriptinn of the
Soviet ICBM based on early Soviet missile tests in the Pacific
(See Item 1). Additional intelligence data are described in
Section T of previous HKM Progress Reports,

PROGRESS
The work described below is a summary of the technical

progress in the remaining phases of the HIM program fur the
period ending 30 September 1964,

2 SECRET
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1. Impact Damage Phase

The investigation b»v the Ballistic Reseaarch Latora-
tories of impact damage to cumposite fargebs utilizing jet
pellets fired from aw inhibitoed jet charge is completad and
a final report describing this work will be included when
available.

The impact work conducted at NRL during this reporting
period has been directed primarily toward the development of
a theoretical understanding of the mechanisms involved in hypere
velocity impact damage to the ablative structure of re-ontry
vehicles, Two-~dimensional wave analysis, utilizing hand cal-
culations, was applied to obtain wave diagrams of shock transe
mission through the structure and erergy and momentum transfer
from projectile to target. Pressure-time recordings were also
made in large scale ablative experiments at impact angles of
45° in order to guide the theoretical approach into more
realistic impact situations.

In the experimental aspects of the program comparisons
were made of large and small scale impacts of steel and
aluminum projectiles fired into various thickness phenolic-
refrasil targets with steel back+«up structures. In geuneral
it was found that gross damag=> effects on flat-plate ablative
structures can be extrapolatzd from smaller scale experimeats
However, extension of hole-size data to large scale impacts
at high angles of impact indicates a sizable change in trends.

Three energy regimes for producing holes in ablative
structures have been analyzed, These regimes are thoe low
energy vegime where only the ablative is -rforat“d the trane.
sition region where both the ablative and the metallic hack-up
structure are perforated but litnla or ne snergy is digsipated
behind the target; and the oxuzess energy region where the hole
size in the back-up is equal to or greater than the hole sizs
in the ablative. The power of the energy~thickness ratio in
the hole size correlation varies 1rom about two-thirds to enee
third depending upon the energy regimes considered. The ex-
cess energy regime is of the greater meortance because
impact damage to compoments located inside a realistic target
is considered lethal only for the wxouess onergy perforation
condition. It is significant o wone that in this regime the
power of the energy-thickn:ss Lerm Is cmsiderably less than
the power for this term in the Lransition region, indicating
that once the excess energy region is veached considerobly more
energy per unit thickness ot material is vequired to produce
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the same size hole. It is only in this reglon that significant
energy is contained in the residual or spall fragments to cause
serious damage to re-entry vehicle components; and as a conse-
quence, a smaller percentage of the initial impact energy is
transferred to the ablative structure.

In the scaling experiments conducted for 45° angles
of impact in the excess energy regime, the results show that
the power of the energy-thickness term is greater than that
for 90° impacts indicating that:

a, At angles of obliquity larger holes are produced
in the ablative than for normal impacts.

b. More of the initial impacl energy is transferred
to the ablative structure and less into residual or spall
fragments. In these experiments it was also noted that for
ablative thickness to projectile diameter ratios of 0.7 more
energy per unit thickness was required to produce the same
size hole in structures with thickness ratios equal to 1.4,
indicating a chin plate effect.

The results for 90° impacts (excess energy regime)
into astrolite targets with steel back-up structure were in
good agreement with the hole-size correlation presented by NRL
at the Sixth Symposium for steel impacts into various ablative
materials .

2. Aerothermal Phase

A seven test program was recently completed in the
Malta Rocket Exhaust Facility to determine internal heat trans-
fer to re-entry vehicle models with large perforations.
Machined holes were variad to simulate hypervelocity impact
damage and these results were compared with actual impact damage .
Relatively large perforated models were tested in the high
pressure, high enthalpy, ablating enviromment. Details of the
first five tests were discussed in Section H of HKM Semiannual
Progress Report, No. 15, for the period ending March 31, 1964,
A summary report on all seven tests has been pub}ished and
appears as Item 29 in the list of ARPA 149 technical reports
in Section Y.

Details of the sixth and seventh tests are presented
in Section H of this report and will be briefly summarized
below. The Malta Rocket Exhaust Internal Heating Test Program
was completed with Tests No. 6 and 7. The principal objective
of these two tests was to determine the heat protection
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characteristics of a lightweight 3 1lb/cu ft rigid urethane
foam when used as ¢ filler material in a re-entry vehicle.
Pre-test and post-test photographs of the models are shown

in Figures 4 thru 7 of Secticn H. Temperature~time histories
are shown in Figures 8 and 9, and plots of foam recession vs
time are shown in Figures 10 and 12.

The thermal performance of the foam was character-
ized by an effective heat of ablation Q* = fE//M, where
AE = total energy entering perforation cavity and
M = weight of foam removed by ablation., Values of Q¢ for
two different density foams were determined from tests Nos.
5, 6 and 7. These values are about 2000 Btu/lb for densities
of 3.0 1b/cu ft and 3000 Btu/1lb for 7.8 1lb/cu ft.

A principal achievement of the internal heating
program was the establishment of a correlation of the rate of
energy influx through a heat shield perforation. The applica-
tion of the correlation to a high-performance unfoamed R/V
indicates that an internal heating load of about 200 Btu per
square inch of perforation area is accumulated by 50,000 f=et
altitude for a perforation occurring at 100,000 feet altitude.
The final correlation equation for the rate of enmergy ab-
sorption by a re-entry vehicle structure is:

dE/d8 = 0.0105 -y EP
= vratio of specific heats
P = local external static pressure, psia
U = local external velocity, ft/sec
A = perforation area, in?
J = 778 ft-1b/Btu

The equation in this form neglects the effect of per-
foration enlargement during re-entry, hence calculations for
energy absorption by the R/V are considered conservative.

The above empirical correlation is in good agreement with the
results obtained by Donaldson using a turbulent shear layer
mixing analysis and is good over a range of three decades in
the correlating parameter and for two widely different test
environments as well as for irregularly shaped holes,

An iniiial study was begun in August 1964 with the

objective of developing an understanding of the heat pro-
tection characteristics of large variely of lightweight toams
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of densities less than 15 Ib/cu fi. IwmpaclL tests have shown
that foam fillers placed behind ablative structures are also
effective in absorbing the impact energy, therefore the use
of internal foam will serve a dual purpcse. Since no thermal
performance data for this class of material are presently in
existence, the study is being conducted in two separate but
related phases. Phase 1 is a concentrated effort on the basic
understanding of ablation phenomena associated with cavity
heating and phase 2 is a study in the GE 5-megawatt air arc
of the response of selected foams with simulated impact
cavities, The foam response for two densities of urethane
foam will also be determined in threc different facilities in
order to determine the effects of widely varying test en-
vironments., ‘

A thermostructural kill study is also being conducted by
GE to formulate a simplified computational moda2l for determin-
ing thermostructural kill of perforated re-entry vehicles
(both hardened and urhardened). Seven vehicle conf%gurations
with ballistic coefficients from 1700 to 4400 1b/ft4 have been
selected for investigation.

A major analytical study of the characteristics of free
shear flow was completed by ARAP during this reporting period.
Expressions have been derived for a free shear flow which
develops when a free stream of gas moving at some velocity
passes over a cavity of stagnant gas. A shear which develops
between the moving and still gas causes a mixing region to
develop downstream of the initial encounter of the two gases.
It is now possible to solve problems of this type with two
different gases, one in the mainstream and the other in the
cavity. A principal part of this experimertal program has been
the thorough investigation of jet impingenent. Detailed re-
sults of this investigation will be presented in two reports.
The first of these reports is complete and appears @s Volume II
of this Report. IL covers the free jet and normal * Jingement
studies. A second report covering results for obli.ue im-
pingement is nearing completion and will be published and dis-
tributed at a later date. Most of the pertinent results of
both these reports have been reviewed in previous status reports,

The work reported in Section K by AVCO is in the area of
instrumentation and investigation of instabilities in the high
temperature 1.5 megawatt air arc. Apparatus constructed for
measurement of gas enthalpy, composition, velocity and density
of a free compressible, turbulent, high enthalpy jet are dis-
cussed. Experimental results from this high velocity facility
will be utilized by ARAP in evaluating the associated mixing
parameter, K, by means cf the two-gas mixing analysis des-
cribed in Section L.
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SUMMARY

The theoretical understanding and prediction of dam-
age both to the ablative skin and to the interior structure of
a re-entry vehicle for any impact situation is currently
being studied at NRL. In the experimental phase of this
program projectile masses (saboted steel and aluminum)
range from a few grams to about 366 grams. Impact ener-
gies are as high as four megajoules. In generalgross dam-
age to flat plate ablative structures extrapolates quite well
from smaller scale experiments; however, extension of
impact data at angles of obliquity into the megajoule range
indicates a sizable change in trends.

A hole-size theory is given which compares favorably
with an empirically determined equation. To reinforce this
study, wave analysis is used to deduce relative distribution
between axial and radial momentum in the developing im-
pact situation. The theoretical shock wave components are
studied in impact experiments where pressure sensors are
placed at various points in and around the composite skin.

PROBLEM STATUS
Thisisa Semiannual Technical Progress Report. Work
on this project is continuing.
AUTHORIZATION
NRL Problem F04-11B

ARPA Order No. 149-60
Amendments 1-9

Biv
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HYPERVELOCITY KILL MECHANISMS PROGRAM
ARPA ORDER NO. 149-60

IMPACT DAMAGE PHASE
{Unclassified Title,

INTRODUCTION

The U.S. Naval Research Laboratory under sponsorship of the Advanced Research
Projects Agency and Office of Naval Reseurch has been engaged in a study of hyperve-
locity impacts in various re-entry vehicle materials and structu~1l elements. Informa-
tion about the basic deformation process and formulas predicting damage under a wide
range of limpact conditions have resulled, The objectives of this work are twofold. The
first goal is to determine the feasibility of hypervelocity fragme * impact as a kill
mechanism, and the second goal is to provide criteria for hardening or increasing the
resistance of re-entry vehicle structures to impact damage. The work discussed in this
paper is also directly applicable to spuce vehicle technology. | .uch of the previous
hypervelocity ablative work at NRL was conducted using projectile masses of only a few
grams. Some doubt as to the validity of extrapolation of these data to large mass im-
pacts has existed in view of different empirical formulas which were developed from
small scale work at various laboratories (1-3). In order to obta*a data for large mass
projectiles, an 8-inch hypervelocity light-gas gun range was designed and installed at the
U.S. Naval Research Laboratory (see Figure 1). A total of seven shots in the megajoule
range have been made to date into spaced structure elements and into ablative targets.

This paper will deal with both large and small scale impacts with particular empha-~
sis on phenolic refrasil targets and steel and aluminum projectiles.

WAVE ANALYSIS FOR HYPERVELOCITY IMPACT
INTO A COMPOSITE STRUCTUR™

The problem of normal impact of a plastic cylinder on a1 - ve surface backed up
by a steel plate (Figure 2) was chosen as a first step in the th. . cal consideration for
ablative structure impacts.

This impact problem 1s considered as a wave propagation problem in three dimen-
sions. If the projectile has an axis of symmetry coincident with the velocity vector and
normal to the target suriace, then the problem can be ideally reduced to a two-dimensional
case. The methods outlined in References 4 and 5 could then be applied if the variation
'~ gtre- line cross se + with time durir~ the in° 1ct proce  is known (convenient
-nock wave relations .. .amediate characweristic treatment of the materials desired
were not avuilable; in addition, steel has unique multiple-valued wave transmission prop-
erties at high pressure). As a first approximation, it was decided to use acoustic approx-
imations of linear superposition of amplitudes (6) assuming Equations (1) and (2) to be
usable approximatiuns of the true physical situation where P, and ., were determined
from Hugoniot curves:
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[
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It is to be noted that Equation (2) is in vector form and as inclined waves develop due to
finite boundary conditions u and ‘u; will consist of both normal components u, and
radial components u,. The Hugoniot relating pressure and the density function of obligue
tape wound phenolic nylon (TWPN) and steel were taken or computed from References 7
and 8, The impuact model is shown in Figure 2.

Consideration of Tape Wound Phenolic Nylon

A tape wound phenolic nylon ablative (TWPN) was assumes for both a square cylin-
drical projectile and the ablative surface. A Hugoniot Curve was not available for this
material but Reference 7 gives the following equations from which shock equations can be
used to generate the applicable Hugoniot Curves shown in Figures 3 and 4:

u a' « b'u (3)
L O 4)
‘o T (5)

A -1y -

p —_—
(K- %) (©)

TWEN Po:284 KB TWPN_|

TWPN Py : 100 KB

SHOCK PRESSURE P ( MEGABARS}

u,{KM. StC)

Figure 3 - Shock pressure vs particle velocity
(Hugoniot for pressure determinations)
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Figure 4 - Pressure vs fractional change
in density (Hugoniot relationships)

for TWPN the above constants are;

1020 (KB)

a' 17 (km/sec) A
5 3.88.

- 3.1
b’ = 1.3 K

o

The relationship connecting shock pressure with particle velocity for iron and TWPN
was plotted as Figure 3. The Hugoniot for iron copied from Reference 8 was plotted in
reversed form (right to left) from origin points at values of particle velocity v = 3.125
and 6.25 km/sec. Also the Hugoniot for TWPN was plotted with initial pressures of 100
and 284 KB at the origin u: 0. Standard procedures were used to deduce sound velocity
from the curves relating pressure and .. (Figure 4) with the help of Equation (7). Con-
sidering the material as a compressible fluid the sound velocity a_ is given by:

since
i I (8)

_ ‘/.\l‘r
“() - T YR ) (9)
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From Figure 4, P .. was determined and Equation (9) was solved for the velocity of
sound over the range of values of .. shown in Figurc 5 for both iron and TWPN, An in-
teresting feature of the curve for iron is the discontinuity in sound velocity at 5.9 km/sec
exhibited ... . = 0,054 which would be reached at a pressure of about 130 KB in iron.
When .. is 0,21, or the iron pressure is about 380 KB, a sound velocity of 5.9 km/sec is
again attained. The shaded region in which sound velocity falls below that in unpressur-
ized iron can lead to interesting consequences in wave propagation as reported by other
observers (11). In the study of wave transmission through the steel buck-up it was felt
that little physical departure from reality would be experienced if the boundary rarefac-
tion was assumed to be a single shock traveling at the local speed of sound through the
plate. The plate is relatively thin compared to the model projectile and ablative covering
and furthermore the spalling criterion which would result from a more exact study is not
the objective of this analysis.

Stepwise wave solution of the impact model shown in Figure 2 is now undertaken.
For impacts of like materials u (1 2>,  3.125 km/sec. Referring to Figure 3, it is
observed that a shock pressure of 284 KB is necessury for a particle velocity of 3,125
kny, sec to be developed in stationary TWPN, From Equation (10) (conservation of mass)

Go (KM /SEC)

0 0. 0.2 03 0.4 05 0:6 0.7 o8 09 10

P
M Po |

Figure 5 - Dilatational wave velocity vs density increase for Foe and T'WEN
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(u,~Uy (u-t)y - . . - 1.737. (10)
Hence, in the fixed coordinate system, the shock velocity in the projectile is U = 1,125
km/sec, and U,y = 6.256 km/sec + 1,125 km/sec = 7.375.

Fimure 6 shows the shock situation which has developed 0.8 ,:sec after impact. The
wavy line A in this figure is the contact surface separating the projectile from the im-
pacted target ablative material, A compression shock is traveling back in the projectile
as a plane wave B (edge effects are neglected) and into the ablative material as a plane
wave designated by the straight line C. Since tensile forces are negligible, a rarefaction
wave (assumed to be a rarefaction shock to simplify calculation) originates at the surface
and proceeds inward radially as shown by E. The radial rarefaction originating at the
junction of the shock B and the cylindrical surface of the projectile induces a solenoidal
radial expansion motion which is normal to the rarefaction wave E and may be at any
angle depending upon the angle of the wave E. The components of velocity of the con-
tacting materials perpendicular to the curved surface of contact are finite so there is
an effective collision velocity of 2.22 km/sec which must be restrained (after initial re-
duction of pressure to zero) in order to avoid overlap of projectile and ablative mate-
rials. This region is shown a5 a dark triangular region in Figure 6, A transient pres-
sure wave E' of about 120 KB is generated in this region by the interference and main-
tained until Bernoulli flow, necessary to maintain boundary pressure over the flow region,
is established. Below the region of free expansion of the projectile in the interference
zone there exists a high velocity hydrodynamic flow region where the projectile and tar-
get material are subjected to a series of expansion waves until Bernoulli velocity u,

=== _— - -
I} ADVANCE AFTER IMPACT
Ug UNSHOCKED PROJECTILE Ug
(ABLATIVE MATERIAL)

\ﬁ@ ’ ® PROJECTILE -ABLATIVE
~® = INTERFACE
® © )

TARGET
é ‘\— ABLATIVE-BACKUP INTERFACE j?
«—AXIS_OF_SYMMETRY 1:08 uSEC

Figure 6 - Early stage of wave study, t = 0,8 ..sec
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satisfies the Bernoulli equation , ;u.’ 2~ P is reached by the ejecting material, Com-
putation shows u, to be 6.79 km/sec.

The total change of velocity "u,_ of ejectu when the ejecta velocity is normal to the
original ablative surface is 6.25 - (-6.79) km/sec or 13.04 km/sec. A sample calcula-
tion on mass flow of ejecta to maintain the initial 280 KB of pressure over the inter-
ference ring follows from Newton's law.

w - PA
Aug

280 gm = 9,81 cm~ 10% » 3.1416 - 0.625 cm?

em? sec? 13- 10° em-sec

4.15 - 10° gm sec

where

>
n

. = Area of interference ring = 2-r.r = 0,625 cm?

= 1.25 em (radius of projectile)

-
I

0.25 cm.

n

Ar

After 1.7 .. sec (Figure 7) the approximate average mass of ejecta = W. 1t = 4.15-1.7 -
10°' = 0.71 gm (where the mass flow rate is the average between time zero and 1.7 ..sec).
This sample calculation was carried out for each figure .nd gives a reasonable check

with computed mass loss from the computation from observed momentum augmentation.
This enlarging propagation pattern continues from ahout 1.7 .. sec when the compression
wave reaches the steel back-up surface as shown in Figure 7.
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® _NTERFACE

®

v
\ i \ /
} ABLATIVE-BACKUP INTERFACE ;

b=17uSEC

-—— AXIS OF SYMMETRY

Figure 7 - Wave study (shock arrival al back-up) t = 1,7 ..sec
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A sample of the dynamic values 1.7 xsec after impact in the numbered regions of
Figure 7 are given in Table 1. Initial conditions just prior to impact are %, = 14.9 gm,
E, = 201 kj, M, =93.1 gm-km/sec. At the laminate rear surface one has an interface
problem which must be reduced to 4 pure impact problem to apply methods of Reference
8. This condition is satisfied if one pictures a statically compressed ablative which is
then impacted by the steel back-up plate moving at the particle velocity u, as only the
frame of reference is changed in the situation considered. This situation is shown in the
two curves for TWPN and Fe and are plotted in Figure 3 in the manner for impacts with
dissimilar materials with TWPN starting at the precompressed pressure of 284 KB, For
the area marked 1' in Figure 7, the intersection of the two curves in Figure 3 is at 610
KB which is the predicted pressure wave which must propagate into the iron at about 9.3
km/sec. It is noted that this is exactly the pressure attained if steel were impacted
directly with TWPN at 6.25 km/sec. (Right re intersection, Figure 3). This is greater
than the 284 KB incident wave, so an additional compressive shock G of 326 KB must be
propagatad back into the ablative surface as shown in inner part of shock front F in Fig-
ure 8, For the area between E, O and E' and above F, the ablative pressure is approxi-
mately zero. The intersection of the bottom TWPN curve of Figure 3 is at about 200 KB
which is the amplitude of the reflected pressure wave around G. In the region below F
bounded by E' and K a pressure of 120 KB is added to raise the total pressure in this
area to 320 KB, The reflected component F traveling in a direction normal tc the target
surface at a shock velocity consistent with the local speed of sound of the region gener-
ates from its free end an expanding oblique compression wave J and a rarefaction K as-
suming the applicability of Huygens principle (these lines assumed to be straight for
simplification of calculations would not exist with a sharp gradient but there would be
rather a rarefaction {ront originating at the reflection boundary). The central inner

| |

I
I | > ADVANCE AFTER IMPACT
| |

|

i UNSHOCKED PROJECTILE “e/

55—
'\/® ~
i WU \/Q&PTS#E%&&“BL“WE

% ® Tre® o ® “*( ©)
'\ N2 8 / fata AN\ O A/
S O\/ > S }f f { (:)X_/@\— ABLATIVE-BACKUP iNTzERFACE
\ 3
t=2.3 uSEC

x‘-—-AXIS OF SYMMETRY

Figurc 8 - Wave study (reflected shock at
projectile-ablative interface) t = 2.3 .csec
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counterpart of these radial moving oblique waves arce the respective components M and L
originating at the ends of G which are the junctions of the 326 and 200 KB reflected shock
waves. Oblique wave com: onents are considered negligible between a 200 and 280 KB
junction along F. The radial momentum of the material is increased by this oblique wave
action. In Figure 8 another significant wave action occurs, The amplitude (negative) of
the solenoidal converging wave E rises as the inverse of the radius (similar to a conver-
gent cylindrical wave) (6) so that a point near the center is reached where tensile forces
break down the material and a cavity starts to form. From this point an inner boundary
is continually formed, and the wave is returned as a compression shock whose initial
amplitude must fall off us the inverse of the radius, The amplitude of the advancing wave
D also (alls off as the inverse square of the radius. The cavity must grow as the mate-
rial gains radial momentum outward.

New regions which arose due to growing intersecting wave patterns were nuiibesed,
and computations were made of their volume, mass, kinetic energy, and momentum
(both normal and radial). Resultant values were summed for each wave diagram for
graphical presentation. The numbers and tabular details have been deleted in order that
wave details can be presented with greater clarity.

In Figure 9, 3.3 .sec alter impact, the compression wave in the back-up plate has
reached the back boundary and was reflected us u rarefuction wave which has just reached
the junction between the ablative and the back-up accelerating the back-up to 2,25 km/sec
at the impact center. Shock F (oviginaled at ablative-steel boundary) has just reached
the expanding cone of the projectile surface which was initially cylindrical. The cavity
in the TWPN continues to grow as decomposed gas and particles fill the void with high
pressure.

_——— = = ==
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Figure 9 - Wave study {cavity formation) v = 3,3 scc
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In the {inal wave diagram, Figure 10, at 3.6 .. scc after impact the plate moves away
from the nearly stationary ablative as the gas in the cavity continues to be produccd and
expands into the voids with high pressure, At this point, the wave  'ensity of D in the
ablative has fallen (due to radial attenuation) to about 103 KB wher  .ock velocity is
less than that in steel where the low amplitude shock continues at about 7 km/sec. This
tends to loosen the steel from the ablative bonding and allows further pressure action by
the captive gas in the expanding void. The dimensionless subtotals of energy and mo-
mentum for the projectile, ablative, and back-up material are presented in graphic form
in Figure 11 along with the overall totals. These values are plotted in terms of percent
of initial energy and moimentum against the fractional time in terms of the time it takes
the projectile to advance a distance of one diameter using its initial velocity. The energy
and momentum of the projectile material fulls off at an increasing rate as the projeciile
advances into the target. The energy and momentum in the ablative increase rapidly at
first then rise more gradually. The energy in the ablative falls slightly when the projec-
tile has advanced 0.9 diiumeters, - = 0,9, The back-up plate momentum rises to 0.7 ot
the original projectile momentum when the projectile has advanced 0.8 diameters, Abhout
19% of the original projectile energy appears in the back-up material at :  0.9.

The total momentum is about 145 of M, which is about that to be expected experi-
mentally from impacts into relatively thick, low-strength materials. Total energy falls
slowly at first and then quite steeply to aubout 657 of the original projectile energy when
the projectile has advanced 0.9 diameters. This is to be expected since about 107 of the
initial kinctic energy has been carried off in ejecta which leaves about 257, of the energy
in the ablative and trapped gases in the form of potentiul energy, which is still increasing.

In Figure 12 consideration is next given to the increase of the value of scalar sum-
mation of radial momentum in the projectile, ablative, and back-up material. The growth

|
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Figure 10 - Wave study (back-up ablative separation) t - 3,0 scec
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Figure 11 -~ Energy and momentum vs “ime (wave study summations)

in the value of this scalar summation of radial momentum is most rapid in the ablative
due to immediate high-pressure radial propagation of the initial shock. A maximum of
62.5 gm-km/sec of scalar radial momentum is reached when the projectile has advanced
0.85 D . The rise in scalar radial momentum in the projectile is less rapid, reaching
slightly over 50 gm-km/sec when the projectile has advanced 0.9 p,. It appears that the
back-up may attain a maximum of 20 gm-km/sec sometime later. In Figure 13 consid-
eration is given to the growth of total scalar radial momentum whose rise is at first
gradual with 50% of the original value reached when the projectile has advanced 0.5 D_.
The growth in scalar radial momentum is then quite rapid with a maximum of nearly
140% M being reached after advance of 0.9 of the projectile. This is in agreement with
radial momentum in spall observations on moderately thick, low-strength targets (1,9).

To conclude the wave portion of the study, it is noted that, in spite of extremely sim-
plifying assumptions (i.e., rarefaction shock, linear superposition, amplitudes propor-
tioned per inverse of radius) the wave study gives good resuits in predicting momentum
multiplication, observed forward ejection of material back along the trajectory at high
velocity, and growth in radial momentum leading to opening of the target skin. The growth
of a large pocket of heated ablative gas between the ablative and back-up which will later
propel bits of the shattered ablative back along the trajectory is certainly in accord with
photographic observations of impacts on ablative targets. There can be no doubt of the
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Figure 12 - Increase of radial momentum with time

extensive chemical decomposition of the phenolic compounds under the action of high
amplitude multiple shocks. The extensive deposition of condensed carbon following a
massive ablative shot indicates that there was abundant carbon freed from hydrogen-
carbon bonding so there should also be released corresponding amounts of free hydrogen.

Seven models oi the cracking out of ablative beyond the extreme pressure zone close
to the impact point have been considered. One model of a developing petaling action and
ablative shearout is shown in Figure 14. The trapped gas cavity B developed by wave
processes (also shown in Figure 10) has continued to expand and to eject material through
the central impact zone where small ruptures developed in both the ablative and back-up
structure, The ablative and back-up plate are pushed apart by the high pressure gas
developed in the immediate impact zone, by ablative breakdown into gaseous constituents
and by the energy absorbed from the high-pressure shock. It is assumed that though
small cracks develop in the accelerating ablative, they interlock so that gas is still con-
tained and forces are transmitted to maintain an effective plate area for the gas to act
against. The force F developed by gas pressure P, is held by shear resistance S of the
ablative in the growing gas pressurized ablative disk until some critical diameter equal
to p, is reached at which cracking and shearout of the shock conditioned material occurs.
This situation may be described mathematically by Equation (11),

¥ P\l 4“ D:ITMS‘ (11)
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Since E_ is the only source of energy to releasc ablative gas, this leads to expressions
in Equation (12), where there is sufficient excess energy to cause rupture of the back-up
in time to allow her.ispherical gas expansion prior to ablative failure

v,k E, and v, k,D}. (12)

¥ " i a
Solving Equations (11) and (12) and n, gives Equation (13).

o T e

-q

it . 7 "
There are transition cases where the back-up does not rupture in time to allow cf-
fective hemispherical gas expansion because the shock is overtaken by the rarefactions
originating first at the sides and then at the back of the projectile, Usually in this regime
the plate is given a strong shock pulse which is attenuated at some stage before the shock
can make the entire traverse through the plate and then back as a rarcfaction to enable
the plate to acquire the full velocity necessary to quickly achieve a full petaling type of
rupture needed to achieve the hemispherical type of gas expansion postulated in the ex-
cess energy theory for ablative hole formation. Deep rounded bowing of the back-up in-
cluding moderate petaling occurs in the final stages of this energy-thickness regime for
a given ablative thickness. It appears that in this case shear and viscous forces restrain
the high velocity center and a high velocity transverse wave is generated which moves
out radially augmenting the impulse from the ablative wave so that in the early stages a
disk-shaped cavity is opened such that the volume can be approximated by

Ve 5 gD (14)

Solving Equations (11), (12) and (14) as before gives Equation (15) for the low energy
transition regime.

D, ky (E, Tp' (4 (:5)

EXPERIMENTAL RESULTS

When the wave model was conceived the only complete set of Hugoniot curves avail-
able for ablative materials was for TWPN. The wave development, however, is valid
qualitatively for any ablative up to Equation (11), except for metallic projectiles where
there will be a set of reflection interactions which will raise the pressure of the inter-
posed ablatlive by a set of step increments. This is shown experimentally in pressure
recordings in a later discussion. The multiple extreme-pressure shocks can raise the
temperature of the interposed region in excess of decomposition temperatures for most
ablative components. Most phenolics under this condition will release hydrogen and
gaseous carbon in amounts which will vary directly with the size of the impact and also
with ablative characteristics. Choosing astrolite as an ablative muterial fixes s and K,
to values valid only for astrolite. In the proliminary examination concerned with getting
a gross answer covering the general class of ablatives, the scatter in data was as great
as the variations in the factors
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so that for ‘....» ¢ considerations, the best fit for the whole of the ablative data (2)
for impacts in th  exeess .mergy regime and angles over 307 was

16

b2 (f) . (16)

As more data are accumulated for vulcanized rubber honds between astrolite and
back-up, much of the scatter is being eliminated. With these data, the effects arising
from change of backing material, incidence angle, and ablative material are more appar-
ent. From the more recent astrolite data, the best fit for hole sizes resulting from nor-
mal impacts is given by Equation (17) from which the value of . for decomposed astrolite
can also he determined

w41
D, 1.55 (\;ﬁ)
(17)
T?_lf_i a1 1.18
Substituting this value ot . in Equation (15) gives
D, K, Tp " (18)

a relationship which was derived for determining hole sizes only in the low energy tran-
sition regime,

The combination shock and ablative-gas pressure type of ablative removal from an
approximately circular region following a 90° impact is oaly one of several rerioval ac-
tions observed, but is perhaps the most common in the excess energy regime. This
regime is of primary interest in the study because it is only in this regime that signifi-
cant impact damage cun be accomplished behind the structure. Ablative hole size pre-
diction is also very important in the evaluation of thermal damage to components behind
the structure. This is a complex task due to the many different ablatives with different
cratering characteristics and types of holes created, as shown in Figure 15.

A case of a low energy impact, insufficient to penetrate the back-up is shown at the
top of Figure 15. Noting the right side of the ablative hole, it is seen that holes were
opening up in the laminate structure a little behind the projecting tips and indicate a near
rupture at th's point. Only a slight increase in projectile energy would have made con-
siderable ditierence in observed hole size. The center inset also shows a rupture section
at the right and underneath a thin, casily broken ledge indicating possible onset of iracture
at this point. Both of these cases show why scatter on observed values of hole size for
identical shot parameters can be plus or minus 10%. A type of back-up failure, charuc-
teristic of magnesium back-ups, is shown in the lower inset. Large front spalls, shown
in the lower two insets, occur in the low encrgy regime for certain ablative-projectile
combinations.

There are three main energy regimes of ablative hole damage and are shown sche-
matically in Figure 16, The first two sketches (@ and b) show nonpenetrated ablative
structures with holes formed primarily by cratering. In the minimum energy case, the
linle is formed by the intersection of the erater and rear spall, which is usually pulverized
and expelled by back-up rebound. Sketch b shows the eratering-spall hole ereated just
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Figure 15 - Photographof the various effects of
hypervelocity impacts on ablative structures
for complete performation of the ablative
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Figure 16 - Sketeh of varivus ciergy regiimes in hypervelocity impact: (a) start
of cratering regime at v, (b) beginning of transition regime at v, {c) model of
backup motion during 1ronsition, (d) transition regime hole, (c) start of excuss
energy regime, (f) excoss energy repime

before the cratering region touches the back-up, In both cases, the high amplitude por-
tion of the incident shock has been relieved by side rarefactions from the projectile be-
fore the shock can enter the back-up.

The two center sketches (¢ and d) illustrate essential features of a transition zone,
whero high pressure gas 1s ereated by o shock unattenuated by projectile rarefactions.
The decomposition products are confined to a radial expanding zone between the ablative
and a slowly receding buck-up which dues not rupture or open up until after the gas pro-
pelled ablative fractures over a high foree gradient zone. The back-up does not acquire
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high velocity because the unattenuated pressure pulse traversing the back-up plate is
overtaken in the back-up by the side and end rarefactions from the projectile. This
regime is characterized vy very prominent bulges and cracking up to a minimum type of
petaling where D, « D,. The resulting radial type of gas expansion has been discussed in
the preceding section on theory and leads to an energy-thickness ratio exponent of about
0.7 in the ablative hole size relationship.

The sketches e and [ show the excess energy regime where b, > D, and the back-up
velocity was sufficiently high to insurc rupture and approximately hemispherical gas ex-
pansion before full, effective radial expansion of the ablative gases could occur, This
brief analysis then leads to consideration of ablative hole-size versus energy-thickness
ratio for the various energy regimes.

The ablative hole size versus energy-thickness ratio for 90° impacts into astrolite
with steel back-up is shown in Figure 17, First to be considered is the establishment of
the maximum hole size limit curve for low and minimum energy impacts. From Refer-
ence 2, a minimum perforation energy was chtained for a steel projectile impucting
astrolite with a steel back-up, for ablative thicknesses of 1.27 and 2.54 cm, Under mini-
mum perforation conditions several hole sizes in the ablative were examined for the two
thickness, This approximately established the end of the low energy or cratering regime
and the beginning of the transition regime, shown at the upper right of the shaded zune of
scatter in Figure 17. The left-hand limit point was established by considering that spall
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Figure 17 - Hole size vs energy-thickness ratio for
steel-backed astrolite (90° impacts)
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formation would complete the ablative hole with impact energy sufficient to form a crater
depth about 0.7 of the ablative thickness, and hole size was assumed to vary as (F T, "
The hipgh energy cur o wuas then drawn in to give the best fit with data for fully developed
petals. The transition curve was then construeted to connect each of the upper left-hand
points (eginning of transition regime) with the experimental excess energy curve. The
transition curve was constructed with a slope determined by the energy thickness ratio
to the 0.7 power per Equation (18). It is to be noted that if the transition curves were
inappropriately extended above the excess energy regime intercept, considerable error
would be made in hole size predictions, The excess energy curve for 90”7 impacts on
astrolite with aluminum and steel projectiles is given by Equation (17) in which hole size
is proportional to energy-thickness ratio to the 0,41 power. There appears to be one
curve within present experimental error for ablative thickness ratios of 1, b, above 1.5
in the excess energy regime as contrasted with o curve for each thickness in the low
energy and transition regimes. The formula for the excess energy region for astrolite
impacts at 90" for energy-thickness ratios ranging from 25 to 125 kj. cm gives hole size
predictions in good apreement with the general ablative gross effect formula presented
at the Sixth Symposium (2),

Large Mass Impacts

A four- foot square roller-mounted ablative target is shown in Figure 18, The abla-
tive was 4.2-cm thick with a 0.63-cm thick steel rubber-bonded back-up mounted 45 to
the trajectory. The impact produced a 35-cm ablative hole and the back-up received ex-
tensive petaling damage as shown by the photo at the left, The center edges of the front
and rear photo show matching edges of the target and petaling can be seen to be asym-
metric in the direction of the projected component of projectile motion along the plane of
the back-up,

ASTROLITE GOMPOSITE

BACK FRONT

Figure 18 - Massive fmpact (4.1 megajoules)
into stecl-backed astrolite target at 45°

In Figure 19 is presented a graphical summary ol 45° impaets into astrolite bonded
to a steel back-up with vulcanized rubber, The upper points are the 4.1 and 1.2 megijoule
impacts with respective 366-pgm aluminum and 100-gm steel spheres. The lower points
cach represent shots where target and projectile dimensions were scaled by a tuctor of
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Figure 19 - Hole size vs energy-thickness ratio for
astrolite targets (45° impact)

0.16 of the corresponding massive impacts. Considering the line for the steel projectiles
first, it is noted that the intermediate energy shots fell very near the connecting line even
though they represented impacts at a higher velocity (7.8 km/sec) and an ablative-thickness
ratio of about 2.5. The line connecting the massive and the scaled aluminum shots did not
fall upon the line for the steel shots even though they all are in the excess energy regime.
This could be attributed to a thin plate effect for the low ablative thickness ratio (T, D, =
0.68), or the effect of change in projectile material or a combination of these effects. Of
major interest is the fact that the hole diameters for these angled shots appear to be pro-
portional to the energy thickness ratio taken to about the 0.54 power. This represents a
departure from the excess encrgy curve for 80° impacts. One change which would ocecur
in angled impacts would be that multiple wave reflections between the back-up and the
metal projectile would no longer be normal to each surface. Another effect is that the
point of the projected collision between the projectile and the back-up is not at a point of
maximum back-up velocity from the preceding wave action.

Pressure Instrumentation in Ablative Material

Though the theoretical model discussed previously is for TWPN impact by a TWPN
cylinder at 80°, the model and methods outlined in the graphical wave representation can
be approximated to apply to an impact such as the large aluminum projectile impacting
at 45° and 4.57 km/sec into the astrolite target. In this experimcent, pressure data were
obtained using carbon-resistor pressure gages (10) placed in the center of the ablative
about 2.11 em in from the ablative face and about 25.4 em from the impaci center at 90"
from the trajectory (see front of target in Figure 18). To properly evaluate the pressure
recorded, reference is made to the model shown in Figure 8. Had the projectile in this
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figure been of a higher specific acoustical impedance, an increase of pressure would
have ceenrred when the reflected shock wave component from the back-up interacted

with the projectile matcrial interface. This reflected component then would have been
propagated in a spherical manner back toward the steel back-up. When this projectile
reflected shock component reached the steel back-up, a second shock component reflec-
tion will occur and will propagate back into the ablative, The actual massive impact
problem is further complicated by the 45° ungle of attack so that no attempt is made to
predict pressure wave values and the effcct of all possible ray paths of propagation. The
pressure-time record of these wuaves in the massive impact experiment does show pres-
sure magnitude and arrival time of these components, In Figure 20, P, represents the
maximum value of the direct pressure wive from the impact already under the influence
of the rarefaction ray from the surface. Rarefaction attenuation continued to predominate
until shock reflection from the back-up started to act at P, just 0.405 ,.sec after the main
wave arrival or scope triggering. At about 1.1 ..sec after the scope triggered, signals
from the projectile reflection of the back-up reflection wave started to act and reduce the
rarefaction effects. Pressure rosc slightly to a maximum value P, before surface rare-
factions again predominated. The {inal compression wave from the back-up reflection of
the projectile reflection component reached a maximum value of p,.

CONCLUSIONS

It has been shown that a simple two-dimensional wave analysis can be applied to gain
a good idea of momentum transfer from the projectile to the target, Augmentation ratios
predicted are consistent with observed momentum augmentation, and radial momentum
determined from behind the target cratering studies (1,9) are in line with early stage
predictions based on wave analysis, Future work is necessary to adapt wave analysis
techniques to impacts made at incidence angles less than 90°, and experimental pressure-
time recordings can do much to guide the theoretical approach into these more realistic
modes of attack.

® (KB}
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Figure 20 - Pressure-time curve for a
massive astrolite hmpact (25,4 cm from
impact point)
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Three regimes of ablative hole damage exist: low energy, transition, and excess
energy. In the transition »egime there is a separate curve for each ablative thickness,
and the ablative hole size varies as the energy-thickness ratio to the 0.7 power. Inap-
propriate extension of this curve beyond the point where high energy transition occurs
can lead to large errors in hole size prediction. The excess energy regime is of greatest
interest because of the impact damage potential to components located behind the target,
The curve for 90° impacts into astrolite with steel back-up show that the hole size is
proportional to the energy-thickness ratio to the 0.41 power in the thickness range where
2.8 ~ T, D, > 1.4. Values of hole size in the 25 to 125 kilojoules/cm range are very close
to those presented in Reference 2 for impacts into ablatives in the excess energy regime.

The experimental shots made at 45° have shown that hole size is proportional to
energy-thickness ratio to the 0.54 power. This increase in power could be due to a
change from the normal wave interaction between back-up and projectile which occurs
in 90° impacts. Hole sizes from shots made with aluminum projectiles at T,/p, < 0.7
fell below the curve for ratios greater than 1.4, indicating a thin plate effect.
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M,, egm-km/sec
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LIST OF SYMBOILS

empirical constant

empirical constant

dilational wave velocity (other than shock)
empirical constant

diameter of hole in ablative

diameter of hole in back~up

diameter of projectile

energy in impacting projectile

force

acceleration of gravity

constant dependent upon target and projectile material, »=3y-2
constants empirically determined

constant empirically determined (dependent upon target and
projectile material) « = 1/3y-1

constant empirically determined (low energy transition)
L =1/2y-1

momentum of impacting projectiles

axial momentum of ith ring of particles

radial momentum of ith ring cf particles
number of waves passed at chosen time and place
pressure in material at given location and time
initial pressure in material

pressure of gas in ablative cavity

incremental change in pressure due to ith wave
time

shock wave velocity (reference to undisiurbed region)
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u kmy sec¢
u,  km/sec
u km/sec

u,  km/sec

u, km/sec
Su; km/sec

1t R |

¥ il

W gm/sec

W, gm

gm/cm?

cm
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particle velocity in material at given location and tine
initial velocity of material or projectile

velocity of projectile and target ejecta

axial particle velocity of ith region

radial particle velocity of ith region

incremental change in particle velocity due to ith wave

voluine of cuntalned ablative gus

rate of material ejection

weight in ith wave region

ratio of specific heat (decomposed ablative gas’
ratio of densities, . . |
— 1
incremental change in ..

density of shocked material under pressure

distance projectile advances into target divided by b, diam-
eter (assuming u, constant)

thickness (depends on scale factors of the experiment)
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SUMMARY

Work has continued under the Aerothermal Phase of the program with em-
phasis on the thermal performance of foam-filled axdsymmetric models having
simulated hypervelocity impact perforations,

The Malta Rocket Exhaust Internal Hewdng Test Program was concluded
with the completion of Tests Number 6 and 7, The principal achievements of this
program were the establishment of a correlation for the rate of energy influx
through a heat shield perforation and the determination of the thermal performance
of rigid urethane foam within perforated models, Metailed results of Tests Number
6 and 7 ave presented herein, together with a summary of the overall program and
princlpal resulls, The application of the correlation to a high performance ICBM
re-entry vehicle indicates that an internal heating load of about 200 btu per square
inch of perforation area is accumulated by 50, 000 feet altitude for a perforation
occurring at 100, 000 feet aliltude, The pariicular foums tested showed an energysn
absorbing capability of about 2000 and 3000 btu/1b for densities of 3,0 and 7.8 1b/ft",
respectively.

Two new tasks were added to the program in August, Under the first task,
an extensive investigation of the thermal performance of lightweight foams having
simulated hypervelocity impact damage will be conducted, Axisymmetric foamed-
filled models will be tested in the GE-RSD 5 - Megawatt Air Arc and Malta Rocket
Exhaust facilitics. The chofce of foams will be bagsed on screening tests performed
in a blowtorch stream, Calorimeter models have been fabricated, and the arc
shroud model configuration is being designed, A tentative list of promising foam
candidates has been formulated,

Under the second new task, a thermostructural kill study is being conducted,
with the objectives of (1) formulating a simplified computational model for thermo-
structural kill of ICBM re-entry vehicles due to hypervelocity impact perforations
and (2) applying the computational model to selected advanced re-entry vehicle de-
signs of two general classes: (a) hardened and (b) unhardened, Initial study under
this task has resulted in the selection of seven vehicle configurations having bal-
listic coefficients from 1700 to 4400 1b/ft2,
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I. MALTA ROCKET EXHAUST INTERNAL HEATING TEST PROGRAM

A, gg_neral

The Malta Rocket Exhaust Internal Heating Test Program was completed
with the performance of Tests Number 6 and 7, The general objectives of the
program and detailed results of Tests Number 1 through 5 were presented in the
preceding semiannual progress report (Ref, 1), A condensed summary report of
the entire program was also published (Ref, 2),

The test agenda and objectives of the program are sunmarized in Table 1,
The tests were conducted on identical sphere~cone models of 9, 8 inches hase diwm-
eter congisting of a laminated phenolic nylon heat shicld hard-bonded to an Incoicl
structure, A single perforation was located on the conical skirt of each model,
Tests Number 1 through 4 tentured open internal compartments, while Tests Numa-
ber 5 through 7 feat.red foan:-filled internal compartments, In Tests Number 1
through 5, 30 thermocouples were used to measure heat flux distribution to the
structure, For Tests 6 and 7, instrumentation was modified to include 10 thermo-
couple probes positioned within the foam to indicate the foam surface recession
history.

TABLE 1. MALTA ROCKET EXHAUST INTERNAL HEATING TEST SUMMARY
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Nominal test conditions for all tests are shown in Table 2,

TABLE 2. MALTA PIT FOUR TEST CONDITIONS

Free-stream Mach number 3,0

Model stagnation conditions:

Pressure 170 psia

Enthalpy 3250 btu/1b

Temperatuic 5650 °R
Cone static pressure 22 psia
Test medium Exhaust gases

( - 1,2, mol, wt, == 25)

The model for Test Number 7 is shown mounted on the pit number four test stand
in Figure 1, prior to gimbaling the rocket exhaust nozzle into position for test,

Figure 1. Model on Test Stand (Malta Test No, 7)

H-4

SECRET



SECRET

B, Results of Tests Number 6 and 7

1. General

The principal objective of TestsNo, 6 and 7 was to determine the heat
protection characteristics of a Hghtweight urethane foam within axisymmetric
models containing simulated hypervelocity impact damage, In each test, the foam
used was a 3 1b/ft3 rigid urethane foam (Hetrofoam 368) made by the Hooker
Chemical Co,

To accomplish this objective, thermocouple beads were mounted at the
eod of 0, 2h-inch diameter probes wade of GE Series 163 ablation material which
were instialled within the foam at ten locations as shown in Figures 2 and 3. The
probes were threaded into the Tnconel streucture and were arreanged to minimize
interference between adjaeent probes,

Cross-sections of the simulated impact cavity for each test are also
shaown in Figures 2 and 3. These cavities were idealized representations of
hypervelocity impact damage into phenolic nvlon-steel targets backed by urethane
foam (Hetrofoam 368), The impact tests wero performed by the Naval Research
Laboratory.

The tests were intentionally run for a long cnough time (15 seconds) to
completely remove the foam during the test, thereby causing heating of the Inconel
structure following foam removal by ablation, Structure temperatures were
monitored by 20 thermocouples located on the structure at the shield-structure
intertace, Four statie pressure taps were used to measure pressure within
ecach model. Thermocouple and pressure tap locations are shown in Figures 2
and 3,

Pre-test and post-test photographs of the models for Tests No, 6 and 7 are
given in Figures 4 through 7.

Figure 7 shows a longitudinal crack 0,25 inch in width that developed
downstream of the perforation in Test No, 7, Fastex movies showed that the
crack occurred at 12 seconds during the run, A similar crack developed during
Test No, 2 (see Ref, 1), In Figurce 5, scale doype sits can be seen on the backplate
within the model. Similar deposits were present in Model No. 7.

Typical probe thermocouple temperature histories for Tests No, 6 and 7 are
shown in Flgures 8 and 9, Due to the low thermal conductivity of the foam, no
significant temperature response occurred until the foam surface receded to the
thermocouple location, The thermovoiples thus funetioned ae ahiation sensors
by locating the foam surface at various times during the test, After the foam
surface receded past the thermocouples, their readings appear to level off in
approximate equilibrium with the local gas recovery temperature at 1500 to
2200°F.

Plots of foam surface recession vs, time as determined from probe
thermocouple records are given in Figures 10 and 11 for Tests No, 6 and 7,
In several cases, the final surface location for a given thermocouple ray was
obtained from the response of thermocouples mounted on the structure in line
with the probe thermocouples,
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6 - Pre-Test View

Malta Test No.

Figure 4,
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Figure 5, Malta Test No, 6 - Post-Test View
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Malta Test No. T - Pre-Test View
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Figure 7, Malta Test No, 7 Post-Test View
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2, Thermal Performance of Hetrofoam 368

Figures 10 and 11 were used to construct approximate foam surface
recession contours as shown {n Figure 12 and 13, These contours were used
to approximate the weight of foam removed ul various times during the test. The
foam cavity cross-section in a plane perpendicular to the cavity axis was assumed
to be elliptical, with a variation of b/a (b major axis, a - minor axis) corres-
ponding to the final foam cavity shape of Test No, 5,

The thermal performance of the foam was characterized by an effective
heat of ablation Q* defined as:

* &F .
Q* . M (1)

in which Ak  total energy entering perforation cavity and
AM - weight of foam removed by ablation,

Values of AM at various times during the run were determined as described in

the preceding paragraph, Values of AE were determined by assuming a constant
rate of enerpy addition of 135 btu sec to the cavity, based on the result obtained

in Test No, 2 for the same size perforation, Therefore equation (1) is an arbitrary
definition for @* in which the effects of perforation area enlargement and foam
decomposition gases generated during the test are included in the definition,

The results of the analysis described above are given in Table 3. The
result given for Q* for Test No. 5 supersedes the value given in Ref. 1, which
was incorrect due to an error in the calculation of ablated foam volume, Con-
sistent results were obtained from computations performed for times of 2 and 4
seconds, using the contours of Figures 12 and 13,

TABLE 3, VALUES OF FOAM HEAT OF ABLATION Q* FOR
HETROFOAM 368

TEST NO. 5 6 1
Foam density (1b/ft3) 7.8 3.0 3.0
Q* (btu/1b) 2900 2300 1800

These values of Q* are subject to uncertainties on the order of +25 percent due
to uncertainties in the exact values of AE and AM.

In Tests No, 6 and 7, the structure heat flux distribution following ablation
of the foam indicated that the maximum heating occurred downstream of the per-
foration, rather than opposite the perforation as in Tests 1 through 4. This shift
in internal heat flux distribution is attributed to the thinner downstream edge
caused by ablation during the longer runs, Exact heat fluxes and rate of energy
absorption could not be determined following foam ablation due to the deposition
of scale formed from the melted Inconel structure adjacent to the perforation,
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(See Figure 5.) The scale had a relatively thick, crusty appearance, and con-
stituted a significant added thermal resistance which reduced the local heat flux
due to increased surface temperatures. This effect was verified experimentally
by subjecting scaled and unscaled areas of the backplate to identical heating con-
ditious from a blowtorch, The temperature response of a thermocouple on the
back-face of the scaled area indicated a heat flux of approximately half that for the
unsciled area,

3. Perforation Enlargement Due to Ablation

Tracings and measurements of the perforation contours were made
directly from the models after testing for Models No. 4 through 7. Pre-test
wiid post-test cuntour » ol the periorations in the heat shield and structure are
shown in Figure 14, More heat shield material was removed than metal structure,
despite the greater heat of ablation of phenolic nylon relative to that of Inconel,
This effect is due partly to the higher heat flux near the upper corner, but may
also be the result of poorer ablation performance due to high vorticity in the re-
attachment region of the separated shear layer which develops over the perfora-
tion. The steep rradient in ablation of the downstream edge of the perforation
is <hown in the sketeh, which is typical of results for Tests No. 5 through 7.
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It is scen from Figure 14 that significant perforation enlargement due to
ablation occurred for the longer test durations of Tests No. 6 and 7. Computa-
tions for these cases yielded the results shown in Table 4.

TABLE 4. PERFORATION ENLARGEMENT DUE TO ABLATION

TEST NO. 6 7
Percent increase in heat
shield perforation area 43 3

Percent increase in Inconel
liner perforation area 19 18

4. Pressure Measurements

The pressure measurements for Test No, 7 are plotted in Figure 15,
Little pressure rise was observed for tap locations on the backplate, due to
clogging by pieces of foam, The taps located directly beneath the upstream
edge of the perforation recorded a pressure history quite similar te that which
was obtained for Test No, 2, Thus, it appears that the presence of foam de-
composition gases within the model has no sipnificant effect on the pressure
history.
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5. Foam Characteristics

The results of Tests No, 5, 6, and 7 shown in Table 3 indicated relatively
good performance of Hetrofoam 368 for the Malta rocket exhaust environment.
This observation prompted additional laboratory investigations of the structural
and thermal degradation characteristics of this foam,

Compressive tests of 1 inch cubes were performed on an Instron universal
testing machine to determine the modulus of elasticity and ultimate stress in the
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foam-rise direction and perpendicular to it. The test results arc shown in Table 5,
and indicate higher strength in the foaming direction, as well as increased strength
with increased density,

TABLE 5. COMPRESSIVE TEST RESULTS FOR HETROFOAM 368

Densit Modulus of | Ultimate
(1b/ 1t Elasticity Strength Loading Condition
(psi) (psi)
3.0 1800 60 Direction of foaming
3.0 700 G2 Perpendiculas lu direction of foaming
7.3 4900 152 Direction of foaming
7.3 3300 115 Perpendicular to direction of foaming

Thermal degradation tests were performed by heating rectangular samples
to 1000°F by means of a Nichrome wire connected to a Variac, In the grst test,
the temperature was Increased slowly (from room temperature to 1000°F took0
2 hours); in the second test, a more rapid heating rate was used to reach 1000°F
in a few minutes, Samples of both densities (3,0 and 7, 3 1b/1t3) reacted similarly;
they warped, discolored, charred, and finally broke due to spring tension induced
by the heater wire. Charring began at a temperature of approximately 500°F,

The foam smoked considerably in the higher heating rate tesi, but no sign of com-
bugtion was observed. It was noted that the foam burned in the flame of a match,
but was self-extinguishing upon the formation of a char layer on its surface.

C. Final Correlation of Internal Heating to Open Volumes

In Ref. 1, a semi-empirical correlation of wind tunnel and rocket exhaust
test results was developed for the rate of energy absorption by the walls of axi-
symmetric models having single perforations. The correlating parameter was
baged on the compressible turbulent shear layer analysis of Chow and Korst (Ref. 3},
and included the Crocco number C and a mixing similarity parameter o.

Further study of the results showed that the effect of C and ¢ can be in-
corporated into the empirical proportionality constant with little loss in accuracy,
due to the compensating effect of Mach number on these terms. The resulting cor-
relation is shown in Figure 16, and is considerably simpler to evaluate than the
previous correlation, The correlating parameter used in Figure 16 is equivalent
to the simple result obtained by Donaldson (Ref. 4) by means of a turbulent shear
layer mixing analysis, with the constant adjusted to agree with the experimental
results, The success of this method of correlation over a range of 3 decades in
the correlating parameter and for two widely different test environments lends
credence to the shear layer model for the case of a single perforation,

The resultant correlation equation for the rate of energy absorption by the struc-
ture is;

dE/dp = 0105 2 pYA @)
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with symbols being defined in Figure 16, The scatter of the hevelled and impact
perforation results about the mean correlation line for cylindrical perforations
indicates that the correlation is a reasonable representation for actual impact
perforations,

D. Application of Results to ICBM Re-entry

Equation (2) was applied to the C-1 Advanced Target Vehicle design of Ref, 5.
This hypothetical re-entry vehicle is a slightly blunted cone with the following

characteristics:
Rallistie cocfficient: 3000 1by/ft2
Semli-vertex angle: 11 degrees
Re-entry velocity: 25, 000 feet/second
Re-entry path angle: 23 degrees
e T ]
tabin -l apeciiie heats
o Loal eatopad statie pressure, i
o doeal e nl velaeggy, 1osee
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Figure 16, Corrclation of Internal Heating Results
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The results are shown in Table 6, and apply for a single perforation anywhere on
the cone, assuming intercept to occur at an attitude of 100, 000 feet,

TABLE 6. ENERGY INFLUX THROUGH PERFORATION FOR C-1 VEHICLE

Z -Altitude(ft. ) 70, 000 50, 000 30, 000

E/A integrated energy per unit
perforation area, (btu/in®) from 50 170 315
100,000 ft. to Z ft,

These results neglect the effect of perforation enlargement during re-entry. From
calcul.tions of this type, lethal perforation areas were presented in Ref, 1 for
various structural designs of the C~1 class of vehicle as a function of vehicle size,
intercept altitude, and kill altitude.

Estimates of weight penalties to a given vehicle design by the use of internal
foam for hardening against thermal effects can be obtained by use of a foam heat
of ablation on the order of 2000 to 3000 btu/lb, as obtained in Tests 5 through T, *
However, choice of foam density must ke related to foam compressive strength
considerations, Cone pressiures for high ballistic cocfficient vehicles will be
several times higher than that of the Malta environment, such that compressive
collapse of the lighter foams may occur,

*This result {3 strictly applicable only for conditions simulated by the Mal{a test
environment, Higher values of Q* would be expected for higher enthalpy levels
of flight, This effect will be pursued in a new phase of the program, as discussed
in Section II which follcws,
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II. THERMAL PERFORMANCE OF FOAMS

A one-year study was begun in August 1964 with the objective of developing
an understainding of the heat protection characteristics of lightwelght foam having
simulated hypervelocity impact damage.

The use of lghtweight foams has been proposed as o means of heat pro-
tection for the interior of a re-entry vehicle whose shield/structure may be
perforated by hypervelocity impact, Since impact tests have demonstrated that
foam fillers placed behind outer shells are effective in absorbing the impact energy,
the use of internal foam would appear to have a dusl purpose,

1 order to avoid excessive weight penalties, foam densities of less than
15 Ib/ft? arc desirable, Essentinlly, no thermal performance data for this class
of materinl exist W vresent.

The study is being condueted under two separate but related phases:
Phase 1,  study f Fundamental Ablution Process for Cavity Heating
Phase &, Response of Selected foan:

In Phase 1, effort will be «oncentrated on the understanding of the basic
ablation phenomena associated with cavity heating, In Phase 2, the response of
selected foams having simulated impuct cavities will be determined in GE-RSD's
5-Megawatt Air Ave Facility, A detailed description of each phase of the program
is given below,

A, Program Plan
1. Phase 1, Study of Fundamental Ablution Process for Cavity Heating

In this phase of the program, experimentil studies will be conducted
according to the test program shown in Table 7, using the model configurations
shown in Figure 17, Emphasis will be placedon developing an understanding of the
basic ablation process for lightweight foams having simulated impact cavities, A
discussion of each group of tests follows:

Tests 1 and 2: Calorimetler models will be tested to determine the
calorimeter heat flux distribution withih various shapes of cavities.
External pressure measurements will be made from which local flow
conditions approaching the cavity will be determined,

Tests 3 through 8: Foam response for two densities of urcthane foam

e determined in three different facilities in order to determine the
effeets of widely varying test environments, The characteristics of these
facilities are shown in Table 8,

Tests 9 and 10: The effect of simulated impact cavity size and shape on
foam performance will be determined for a given foam in a given test
environment, The foam degradation will be correlated with the calorimeter
heat flux distribution of Test 1 for cach cuvity shape,
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TABLE 7. THERMAL TEST PROGRAM - PHASE ONE

Test Density | ZPACt)  est Test
No. | Foam | /3 VILY | Facility Objective
1 1,2,3 |Arc Shroud Model Calibration
(Calorimeter heat flux
pressures),
2 1,2,3 [Arc Tunnel
3 Urelthane| 7.5 Arc shroud
Determine effect of
4 Arc Tunnel test environment on
foam respunse for two
5 Malta Pit One | densities of urethane
foam having a given
6 3.0 Arc Shroud impact cavity.
7 Arc Tunne!
8 Malta Pit One
9 Arc Shroud Determine effect of
impact cavity size and
10 shape on foam response
(comparison includes
Test No. 6),
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NO. 1 2 ,9 /. f
EXAMPLES OF IMPACT CAVITIES
TABLE 8, THERMAL TEST FACILITY CHARACTERISTICS
GE-RSD GE-RSD
Facility 5 MW 5 MW Malta Rocket
Arc Tunnel Arce Shroud Pit One
Stagnation enthalpy 6000 - 20, 000 6000 - 20, 000 3250
(btu/1b)
Model Stag, press, (atm) 0.1-1.0 1-5 8
Free Stream Mach No, 5-~1 Subsonic 2.5
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2, Phase 2. Response of Selected Foams

A review of available foams will be made to select several possible materials
suitable for this application, Based on present knowledge, it is expected that foams
of the following classes will be considered: (a) epoxy, (b) silicone, (c) urethane,

(d) phenolic, (e) ceramic, and (f) composites such as ceramic backed with urethane.
In addition, consideration will be given to lightwelght materials such as bhalsawood
(fire-retardant impregnated) and Insulcork.

The capacity of a foamed solid to serve as a thermal barrier is a function
of a number of interrelated variables, including: (a) composition of material,
(b) wall size, (¢) pore size, (d) pore size distribution, and (e) flammability of the
foam, The materials chosen for thermal evaluation will provide a broad spcetrum
in anticipated structure and potential thermal performance. As an example, one
or more specific formulations will be varied to produce a range of densities, with
corresponding variations in structural, mechanical and thermal properties.

Promising foam candidater will be evaluated in a thermal test program as
outlined in Table 9. An initial screening phase will be conducted in which flat
samples will be subjected to a blowtorch test to determine relative performance,
The more promising foams will be tested in axisymmetric model configurations
(Figure 17) according to the test schedule of Table 9, Simulated impact cavities
will be provided in the foam, A discussion of each group of tests follows:

Tests 1 - 20: Flat circular disk specimens of foam will be screened
for thermal response in a blowtorch stream,

Tests 21 - 26: The relative performance of several foams will be
determined for a given simulated impact cavity in a given test
environment.

TABLE 9. THERMAL TEST PROGRAM - PHASE TWO

Test Foam Density | Impact Teast Test
No. |(Choices are for | Wb/ft3 | Cavity | Facility Objective
illustrative No.
purpose only)
1 - 20{ Miscellaneous 3 ~-15 None Blowtorch 2 Screen candidate
q = 20 btu/It foams for further
sec testing., Flat test
P=1 atm. samples,
21 Epoxy 3 1 Arc Shroud Determine relative
performance of
22 Epoxy 7 several foams hav-
ing a given impact
23 Silicone 10 cavity --- (com-
parison includes
24 Ceramic 10 Tests No, 3 and 6
of Table 7).
25 Composite 10
26 Phenolic 3
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In all tests, thermocouples will be placed at selected locations to monitor
the heat flux reachiny the metal substructure due to internal heating, Final foam
degradation will be measured and correluted with the measured calorimeter heat
flux distribution for the given cavity shape to determine the effective heat of abla-
tion for the foam. In addition, arrays of thermocouples will be embedded within
the foam on selected tests to obtain approximate recession rate histories,

B. Progress to Date

1. Phase 1

The urc shroud calorimeter model has been designed and fabricated and

is shown in Figure 18, This model will be used to determine the convective heat
flux distribution to three simulated impact cavities, In Figure 18, cavities num-
her 1 and 2 are peometrically similar to check scale effects, while cavity number
3 represents the anticipated effect of an oblique impact, The cavities have been
located fairly far back on the model in order to fucilitate transition to a turbulent
boundary layer upstream of the cavides, The heat flux distributions obtain.d in
the calorimeter model test will be used in the anulysis of the ablation performance
of foams having the sime initlal impact cavity shapes,

The basic arce shroud foam test models huve bheen deslgned,  The external
configuration for the models will be the same as the calorimeter model of Figure
18, including a simulated impact cavity; bowever, the internal portion of the
models will be hollow to contain various foums for thermal evaluation, The model
shell will consist of a one-piece phenolic nylon heat shield of 0, 25 inch thickness
bonded to an 0, 080 inch aluminum stru.ture. A graphite shroud will channel the
arc flow over the model as shown schemuatically in Figure 17, The shroud is
being designed to provide a sonic flow at the location of the base of the model,
with a high subsonic flow at the cavity location,  An analysis is underway to deter-
mine the effect of heat loss from the flow to the model and shroud surfaces, The
mold design for the foams for these models is in preparation, The tests will be
run for from 5 to 10 seconds to obtiain approximately one inch of recession of the
foam surface,

2. Phasell

A review of availuble high-temperature lightweight foams is in progress.
The seminar on Cellular Plastics was attended at the University of Michigan
(August 3-7). As a result of this and other contacts, additional new foams have
been agded to the list of promising candidates, Samples of o thermally stable
2 1h/ftY high-temperature urethane foam have been received from the Amoco
Chemical Corporation, A list of foam candidates for the screening tests is given
in Table 10,

The fabrication procedures for producing urethane foams of CPR~18 have
been determined, and density variations have been established, By removing the
outer one inch areas of a foamed block, the variations in density are held to within
0.5 lb/fta. This foam will be supplied to the Naval Research Laboratory in
12-inch cubes for hypervelocity impact testing.
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The Linde torch equipment is being readied for the screening phase of the
program, Agre.ment was reached on the design of the sample holder and tempera-
ture monitoring. Design of a fixture for installing thermocouples in the foam
samples prior to exposure to the Linde torch {8 being pursued so that the resultant
data may be meaningful and consistent. This fixture should be able to double as
a device capable of measuring recessjon rates in future testing, Tests will be
performed to characterize promising foams by determining significant temperature
ranges for mass loss and phase transitions,

TABLE 10, FOAM CANDIDATES FOR SCREENING TESTS

Class Specific Material Density .'.b/ft:J Max. Temp. “F

1. Epoxy Ecco-foam EFB 10, 15 300
2, Epoxy Ecco-foam EFF 10, 15 300
3. Silicone DCR-7002 14 +500
4, Ceramic Ecco-foam LM=-43A 15 1000
5. Ceramic Ecco-foam Q (or equivalent) 12 2500
8, Ceramic Foamglass 9 1000
7. Urethane CPR 18 8-15 350
8. Urethane CPR 18 + Fire Retard. 8-15 350

g, Urethane CPR 18 + Fire Retard.
+ Hollow Glass Fibers 10-15 350

10, Urethane CPR 18 + Fire Retard,
+ Flake Glass 10-15 350

11, Urethane CPR 18 + Fire Retard.
+ Ecco-gpheres Si 10-15 350
12, Urethane Hetrofoam 368/269 4-15 350

13, Urethane Balsawood (Fire Retardant
Impregnant, as is and as

plywood) 6-8 .
14, Composite | 4 or 5 backed up with 15 10-15 »350
15, Urethane Hetrofoam HLR-250 « PAPI 4-15 »350

16, Composite | Glass Phenolic Honeycomb
+ Glass backing, all backed
with Urethane foam 15 or 7. 330

17. Urethane Hetrofoum HLR-250 (or
equivalent) + PAPIl + Hollow

Glass Fibers 10-15 350

18. Phenoliz Tetrafoam 10 ~350

18, Urethane Amoco Chemical Corp. 2 500
H-28
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III. THERMOSTRUCTURAL KILL STUDY
A one-year study was begun in August with the objectives of:

1, the formulation of a simplified computational model for the determination
of thermostructural vehicle kill due to hypervelocity impact perforations; and

2, the application of the computational model to selected advanced ICBM
re-entry vehicle designs of two general ciasses: (a) unhardened; and
(b) hardened.

A. Program DPlan

This aspect of the continuing work under the HKM program comprises
the following subtasks,

Subtask 1: Approximate heat shield and structure designs will be prepared for
several advanced ICBM re-entry vehicle configurations having ballistic co-

efficients greater than 1500 psf, Cone angle and length will be varied over
representutive ranges of interest. Three types of structure design (e.g., monocoque,
ring-stiffened, and honeycomb-sandwich) and two materials (e.g., steel and
aluminum) will be considered for each configuration. The designs will be ‘'un-
hardened' per the following definition: no foam within the internal compartments

of the vehicle, standard aft cover design, and no nuclear blast loading requirement,

Subtask 2: Approximate structure designs will be f)repared for selected
conflgurations of Subtask 1 which are "hardened" per the following definition:
foam within the internal compartments of the vehicle for shell stiffening, aft
cover designed to withstand cone pressure, and various levels of nuclear blast
loading requirement,

Subtask 3: Structural failure criteria will be formulated for forecone and aftcone
regions which have been perforated, for unhardened and hardened designs. These
criteria will be based primarily on existing analytical techniques, with a minimum
of additional cylinder buckling tests similar to those reported on in Reference 1
being performed if required,

Subtask 4: An approximate model will be formulated for computing structure
temperature rises and foam ablation rates due to internal heating of perforated
compartments. The model will include the effects of perforation growth during
re-entry and non-uniform internal heating distribution. Simplified relations will
be employed in order to express the internal heating rates as functions of free-
stream quantities. Approximate trajectories and pressure distributions will be
used in an attempt to obtain closed form solutions for internal pressure and
structural temperature rise as functions of ballistic coefficient, re-entry velocity
and path angle, and altitude at which perforation occurs.

Subtask 5: Parametric computations will be made for the vehicle designs of
Subtasks 1 and 2 to determine perforation size required for thermostractural kill
as a funciion of altitude at which perforation occurs and altitude of kill, The
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computations will assume a single perforation in either the forecone or aftcone
region. Approximate heating loads to exposed payload and components following
thermostructural kill will also be determined. Results for the "unhardened' class
of vehicle will include the effect of 5 and 10 percent weight additions in the form
of foam for thermal hardening only,

B. Progress to Date

Subtask 1

Initial study under this task has resulted in the selection of seven vehicle
configurations having ballistic coefficients from 1700 to 4400 psf, with cone half-
angles from 8 to 12 degrees and lengths from 100 to 267 inches. A summary of
these configurations is given in Table 11,

TABLE 11, SUMMARY OF VEHICLE CONFIGURATIONS

Configuration Haﬁ(-)gjigle Length w/c DA
Number (degrees) (inches) (psf)
1 8 125,0 2470
2 8 1583.5 4375
3 8 2617.3 3410
4 10 99.7 1720
5 10 133.7 2675
6 10 213,2 2335
7 12 176,9 1690

Subtask 4

A review of calorimeter heat transfer and perforation ablation measure-
ments obtained during the AEDC Tunnel C and the Malta Rocket Exhaust Internal
Heating Test Programs is in progreas, Turbulent shear layer theory will be
applied to this data to formulate a correlating parameter for the rate of perforation
enlargement due to re-entry heating,
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ABSTRACT

This report discusses work performed on contract NONR 3307(00) in
the period March to September 1964. The major portion of the effort
expended to date has been in the area of instrumentation and investi-
gation of arc instabilities., Descriptions are presented of the
apparatus constructad for measurement of gas enthalpy, composition,
velocity aud density of a free compressible, turbulent, high enthalpy

jet.
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NOMENCLA TURE

The list below defines the principal notations used in the report.
Those symbols that were used infrequently, are defined in the text.

Symbols
Cp

E

3

-

P
Subscripts

Specific heat at constant pressure
Voltage applied to arxc

Enthalpy

Current

Turbulent Exchange Parameter for Velocity
Turbulent Exchange Parameter for Temperature
Mach number

Pressure

Radial distance

Jet nozzle radius

Temperature

Velocity

Weight flow rate

Axial distance

Specific heat ratio

Density

Subscripts
Ambient conditions S Stagnation conditiuns
Coolant 0 Jet exit conditions
Jet centerline 1 - Probe entrance
Gas sample 2 Probe exit
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I. iL/iRODUCTION

The work to be accomplished at Avco/RAD under this program consists
cf an extensive experimental study of the characteristiecs of a high
enthalpy jet mixing with a stationary ambient atmosphere., Velocity,
enthalpy, and density distributions obtained under a variety of jet
operating conditions, along with pressure and heat flux distributions
measured on a flat plate held normal to the jet, will be correlated
with existing theories in order that a capahility for the prediction
of heat transfer may result. '

A high enthalpy jet is produced by an electric arc heater. This
jet is probed with an enthalpy probe, which, together with an assumption
that the gae in the jet is in thermal equilibrium, resulls .o sulficient
information to deduce the desired enthalpy, velocity, and density values.
The resulting data on turbulent jet mixing is intended to produce values
of the turbulent exchange coefficient (related to the eddy viscosity) in
a regime of temperature and Mach Number for which such information is
not presently availabkle.

In addition to the determination of the aerodynamic properties of
the flow and our ability to predict them, the heat transfer to a flat
plate placed normal to the flow will be investigated. Pressure distri-
bution on a flat plate in the jet will be measured and used to determine
the stagnation point velocity gradients, which will in turn be used to
calculate the expected heat flux. These calculated values of heat flux
will be compared with measured values.

Ultimately this effort is intended to result in a procedure whereby
the heat transfer from a jet of specified properties to a flat plate held
normal to the jet axis may be predicted., The program being undertaken
1s thus primarily experimental, including an attempt to correlate data
with prediction.
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A, 1.5 Medgawatt Facility.
I General

The facility employed in producing the high enthalpy.
compressible jet to be investigated 1o the 1,5 Megawatt Plasma Generator
shown in Pigures 1 & 2, Basically the 'rc heater consists of an exit
nozzle anode assembly, an arc¢ chamber, and a cathode assembly, Although
the arc can be modified to give three different configurations (1), the
system to be used in this study is the gas stabilized arc configuration
{with the option of magnetically driven arc roots! shown schematically
in Figure 3, The facility has the capability of being operated over a
larqge range of chambker preseurce (1) thuu making it possible Lo produce
both subsonic and sonic jets with various degrecs of undercxpansion., At
pressure levels to be considered in this program it 18 nnt. necessary to
drive the arc roots with magnetic fields. hence for i1ts present appli-
cation the fagility may be considered to be gas stabilized,

Gas enters the plasma yenerator through a series of inlet
holes in the arc chamber and is heated to a high enthalpy by flowing
through the discharge which passes across the gap between the cathode
and anode. The heated gas then exhausts to the atmosphere through the
exit nozzie.

The working fluid to he empluyed 1n all experiments con-
ducted in the program is nitrogen. The use of air was not considered
since i1t would result in erosion of the cathode assembly thus contamiat -
L .7 the exhauvst jet, Simulated air {(1.e.. using nitrogen as the primary
fluid, passing it through the arc column. and then adding oxygen tc the
hot gas in.a plenum chamber between the anode and exit nozzle to produce
simulated air) was not considered since the amount of mixing using this
technique has not been established; hence it would not be possible to
insure that the exhaust jet would be homogeneous in nature. Nitrogen as
a working fluid has several advantages in that the arc may be run for
extended periods of timn, the amount of contamination is kept to a mini-
mum, and it simulates air to a reasonakle degree.

A major portion of the investigations in this program. i.e.,
measurement of axial and radial profiles of jet density velocity. com-
position and enthalpy, are to be conducted with an O 753-inch diameter
exit nozzle. Hence, the jet will be considerably larger than the diag-
nostic probes (described below) required to obtain these quantities,
Operation of the arc facility takes place i1n a region of mass flow rates
and gas enthalpies such that the jet Reynolds Number 1s well above the
value of approximately 1500 (2) required for production cf a turbulent
jet.

Operating conditions for the facility are tabulated
below.
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TABLE I
1.5 MEGAWATT PLASMA GENERATOR OPERATING CHARACTERISTICS

Voltage, volts 500=750
Current, amperes 500-1500
Power, kilowatts 250-1125
Efficiency, % 45-60

EXIT NOZZLE DIAMETER, 0.75=-INCH

Gas Enthalpy, H/RTq 75-165
Gas Temperature, °K 4000-7000
Gas Density, 1b/ft3 5 X 10"3-2,5% 103
Mach No. .9 = 1.0
Gas Velocity, ft/sec. ) 3750-5000
Reynolds Number 18,000~8,000
Exit Pressure Ratio 1-2
-




2, Jul Stability Studies

In the determination of mixing parametcrs which would
allow one to predict jet decay it i1s extremely important that mix-
ing of the jet and ambient fluid should be the result of turbulent
shear mechanisms and not caused by jet instabilities peculiar to the
particular device employed, Relatively large scale jet fluctuations
such as flapping and/or "on-off" instabilities may cause a prube
mounted in the stream to be periodically immersed in the jet and
ambient £luids. Due to the response time of the probes, the measured
quantities, such as impact pressure. gas enthalpy, and composition,
would be time averages# of the jet and ambient fluid variabkles. Data
of this nature would indicate that the axial decay., and radial spread
of the jet would be more rapid than that of its steady counterpart.
Hence, mixing parameters obtained with an unsteady jet would be ex-
tremely difficult to interpret. Therefore. it is essential that the
jet have a high Strouhal number, i.e., any instabilities in the flow
should have a low amplitude and a high frequency.

_ An investigation of the time dependent rharacteristics cf
the 1.5 Megawatt Plasma Generator exhaust jet has been initiated.
Stability of the high enthalpy jet was examined by high speed, motion
picture photographs (2,000, 4.000, and 8,000 frames/second). The
initial studies were performed with the arc having the configuration
shown in Figure 3. A typical sequence of film (8,000 frames/second)
from this test series is presented in Figrre 4, The films demonstrated
that the jet had both flapping and on-off instabilities. both of which
were believed to be associated with the location of the anode arc roots.
A significant portion of the arc discharge was occurring within the
nozzle throat and in the vicinity of the downstream face of the exit
nozzle, This phenomena was responsible for the bright region immediately
downstream of the nozzle (see Figure 4 ).

Subsequent to these experaments, the arc configuration (as
shown in Figure 3.) was modified by the additicn of a plenum chamber
between the anode and nozzle. 1In addition, the length of the exit
nozzle was increased. Both alterations made it possible to eliminate
the discharge occuring within the throat and to move the anode arc roots
upstream of the plenum chamber. The location of the plenum between the
arc discharge and exit nozzle made 1t possible to reduce the jet in-
stabality. A typical sequence of high speed motion picture £ilm (8,000
frames/second) for the modified generator 15 included in Figure 4. Al-
though there are some fluctuations still present in the jet t) -
flapping instability has been essentially eliminated and "on-off" in=-
gstabilities have been considcrably reduced.

At present the arc is being further modified by addition
of a weak magnhetic field. It is expected that the field will help to
produce a more diffuse arc column and hence increase the' jet stability.

Further information on the mechanism of jet decay and
stakility can be obtained by measurement of the jet acoustic power
gspectrum, Jet mixing caused by turbulent shear mechanism produces a
"white" noise, i.e., the sound pressure level (SPL) would be constant
over a wide range of freguencies. whereas mixing produced by jot

-7 -




Figure lh«-High Speed Film Sequence ot 1.% MW Plasma Cenerator Exhaust Jet,
Without Plenun (left), With Plerum (risht): Camera Speed (:,000 tpet )
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instability results in a peak in the SPL at various frequencies assoclatod
with the particular apparatus, i

Measurements were made to deterxmine the SPL of the jet
produced by the 1.5 MW Arc facility {with plenum chamber). In addition
to the alterations described above the arc was modified further by
addition of a large diameter plate in the exit plane of the nozzle so
as to simulate a jet issuing from a hole in an infinite wall. Measure-
ments were made at arc operating conditions identical to those employed
in the last series of high speed motion picture tests isee Figure 4.).
Data obtained were limited to tape recordings of the jet noise which
conld then he analyzed in the laboratory The following cquipmoent was
employed in these experiments:

Ampex Tape Recorder, Model 601

Massa Microphone, Model M-213, S/N 33
Massa Amplifier and Power Supply, Model M-185

Massa Pre-Amplifi=r, Model M-114B, S/N 572
Massa Microphone Base, Model M-218

The microphone was oriented for normal incidence with respect to the jet
nozzle and in the plane of the baffle plate. The microphone was clamped
on a stand which rested on the concrete floor. Sheets of rubberized
horse-hair packing material, approximately two inches thich, were placed
on the floor in the vicinity of the microphone so as to reduce sound
reflection from the floor to the sensor., Facing upstrearm. the microphone
was located in the third quadrant,

Recordings obtained in each test were analyzed with a 1/3
octave frequency analyzer by running a continuous loop of the tape through
the spectrum analyzer and examiniag the noise level obtained with cach
filter separately. Two loops were analyzed for cach experiment and the
results were corrected to that which would be obtained with constant band-
width filters. The output of a General Radic Noise Generator Model 1390B
wag recorded and analyzed to determine the deviation of the tape recorder
from flat response. Noige level of all equipment associated with the arc
facility (without the arc running) was also measured and analyzed.

The results of thsse experiments in the form of SPL or db
with reference tn 0.002 dyne/cm“ as a function of frequency are presented
in figures 5 through 7., Comparison of the data obtained on the noise
level of the auxilliary arc equipment and that produced by the jet indicate
that the rise in the SPL of the jet at frequencies below 100 cps and above
8000 cps may be the result of ambient noise. The results indicate that
the jet audio output was relatively flat over a wide range of Erequency.

No single bandwidth had noise levels greatly different from the mean SPL

indicating that no resonant characteristic of the arc showed up significantly

in the exhaust jet.
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B GAS_PROBES

For a censiderable period of time a company sponsored probe develop-
rent program has been underway at Avco/RAD. The purpose of this program
has been to develop thermodynamic and calorimetric probes for diagnostic
studies 1n all facilities which provide high enthalpy gases for laboratory
use. Probes have been developed to determine local enthalpies, gas com-
positions, mass flow rates, heat fluxes, and both static and impact
rressures.

Of the facilities available for test purposes, the most severe conaiticns
are encountered in the 10 Megawatt Arc(3). For that reason i1t was felt
that, if the probes could withstand the high heat £lux at the LU Megawat:t
Arc without meltaing. then there would be nc duestions about their ability
to withstand the environments produced by other plasma generators.

Early in +he probe development program it was decided to use copper
for all su' races that are in a contact with the hot gases. Despite the
fact that copper has a relatively low melting point, it was felt that
with a proper design of a water-cooling system, advantage could be taken
cf the high thermal conductivity of this metal.

L.) Prototype Water Cooled Probe

In the initial phase of this probe development program a proto-
type prokbe (Figures B & ?%)was constructed and placed in the 10 Megawatt
Arc exhaust jet.Experiments performed with an 0,25-inch diameter probe
proved successful in that_the device could withstand estimated heat
fiuxes of 18 X 10® Btu/ft2hr with a water coolant pregsure of 280 psig,

In view of the favorable experience in the 10 Megawatt facility
4 series of waterccoled calorimeters for measuring heat flux have been
designed and are in operation. The calorimeters vary in size from % in.
dirareter and larger. depending on the requirement. Emphasis is being
t.aced 1n future design cn miniaturization, fast response and reduction
~f error due to heat lcsses

2.) Mass Flow Probes

Probes designhed to measure the local mass flux in a superscnic
g4% < ruwwis have been, cpngtructed and tested in the exhaust of a 30
k1lowatt arcjet engine. 't7he mass~flux probes were 0.250 inch in cu:cr
diameter and had various diameter (0.042+0.062 inch) gas sampiing tubes
Located on the probe axis. In contrast with the prototype calorimetric
rrobe, the mass flux probes have a conical front face which comes to 3
sharp edge at the junction with the gas sampling tube. Cone half anagles
used in these probes were 200 and 45~. A typical mass flux probe is
shown in Figure 10.

Experiments conducted with the mass £lux probe (200 nose angice®
were performed in the 30 kilowatt arcjet engine. The probe was placed
a8 close as possible to the exit plane of the engine and operated success-
fully to within 0.10 inch of the jet's axis of symmetry. Experience with
this probe indicated that when a reasonable pressure difference was miain-
t41ned across the probe gamp.ing tube, all shocks in the stream tube

13
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being sampled occur within the proke. 1.e., the probe shock was
“swallowed '.

A typical mass flux profile obtained in the arcjet engine exhaust
by using water cocied and carbon mass flux probes in a plane 0.0625 inch
from the nozzle exit 1S presented in Figure 1ll, The nature of the mass
flux profile was i1n agreement with prediction and the total integrated
rass flux was within 17% of the flow to the engine.

Future experiments to he conducted with the supersonic mass
flux probes are to investigate the effects of probe nose angle and
sampling tube diameter on the ability to swailow the probe bow shock.

3.) Pressure Probes

Flat nosed impact pressure probes were fabricated and tested in
the 10 Megawatt facility exit jet. In general the pressure probe was
nf the same shape as the prototype water=cooled probe (Figures 8 & 9).
The pressure prcbe operated satisfactorily at heat flux levels up to
18 X 106 Btu/ft® hr.

In addition a water cooled probe (Figure 12) designed to measure
static pregsure within a high enthalpy. high velocity, gas stream has
been developed. 1In brief. the probe has four pressure ports on the side
of the instrument to measure Static pressure within a plane perpendicular
to the direction of gas fiow. The openings are edqually spaced around the
surface of the probe. FPressure lines leading from each pressure port
open 1nto a cormon plenum within the probe body. hence the static pressure
measured with this device wil. be an average value,

4 ; Enthalpy Probes

The neasurenent of gas properties at atnosgheric pressures and
very high temperatures has long been a difficult probler. Recently.
water coolied probes capable of steady state operation in such environ-
ments have been developed '3%) These probes have the capabilaity of
determining total pressure. composition and. in some cases. mass flun
as well as entha.py A diagram of such a proke is given in Figure 13
Such probes are based on the principle that the rate of heat loss ky the
gas f.owing through the procbe is equ~' to the rate of heat input t2 the
cociing water. Errcrs due to heat i t from gas which does not flow
thrcugh the probe are effectively eliminated by perforring a “tare-
measurexent. that 1s. by recording the coolant temperature rise when no
gas flows through the probe and subtracting it from the temperature
rise cf the coolant when the sample 1is allowed to pass.

Two types of enthalpy probe have received primary consideration
for use 1in this program., The first 18 termed the “single-jacketed"
enthalpy probe. A probe of this type was developed by J Grey at Princeton
and 1s described 1n detai1l in Reference 5 One of these probes was pur-
chased from the Greyrvrad Corp In addition  a probe of this type was con-
structed at Avco 1n crder to allow the use of lower water pressure than
are required for operation cf the Greyrad probe.

al7a
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The Avco 8ingle jacketed enthalpy, Figure 14, 0.187 inch o.4d.,
was tested in the exhaust of the 30 kilowatt arcjet engine. The probe
was initially teated six inches downatream from the engine orifice and
then moved gradually to three inches. The impact pressure at Lhe probke
tip was sensed without difficulty, and the coolant temperature rise was
also measured with sufficient accuracy once the coolant flow rate was
reduced to a low enough value. This initial experiment with the single-
jacketed enthalpy probe proved that reasonable values of stagnation
enthalpy may be determined with this device.

Nevertheless, in all runs made with this probe, the tare reading,
or coolant temperature rige with no tlow through the probe, was a mini-
mum of 80% of the coolant temperature rise with the probe opened. Be-
cause of the necessity of subtracting large numbers during the enthalpy
calculation, it is difficult to visualize the possibility of accurate
determinations of the total enthalpy with this device. It is obvious
that a small error in measuring the tare will cause a relatively large
error in computing the enthalpy. Such amall errors in determining the
tare may be inherent in the technique since the tare which is measured
when there is no gas flow through the tube is not the same "tare" that
exists when there is flow., The difference between these two tares,
however, may bhe 80 small that for practical purposes it may be ignored.

In order to reduce these difficulties as much as possible and
to gain the greatest accuracy possible in the enthalpy determination, a
double~jacketed probe termed a "split-flow" enthalpy probe was designed
and constructed. This probe is shown in Figure 15. This probe is 0.218
ineh o.,d, and is believed to incorporate a significant improvement over
the single-jacketed probe. 1In this probe the tare values can be reduced
to an insignificant portion of the total heat gain by the water and thus
greater accuracies may be expected in determining the enthalpy of the
gas. A schematic drawing of this Avco probe is shown in Figure 16.

The probe consists of four concentric tubes. The innermast tube
is open to permit gas flow through it. The annulus between the second
snd third tubes is used to admit the water coolant. At the tip of the
probe the water flow is split, hence the designation "split-flow". The
outer water is used to cool the cuter probe surface while the inner
water ig utilized to cool the gas which is tested, With this design
the tare is proportional only to the temperature rise of the test-gas
water coolant when there is no gas flow through the center of the probe,
Since the outer water flow rate can be adjusted so that its temperature
rise is egual to that of the inner water, there should be no heat trans-
ferred between the outer water colant and the test-gas coolant.

For mass~flow measurements, the tip of the probe can be made
knife-edged to '"swallow" the bow shock when the flow is supersonic.
It is expected that the same probe can be used to determine impact
pressures, mass flow rates and enthalpies.

Before un enthalpy probe is used, it should be calibrated. Wwhen
an arc facility is employed, the arc itself may be utlized as the stand-
ard calorimeter. In a instrumented arc generator the total energy to
the plasma may be determined by subtracting the losses from the total

-21-
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electrical input. This value is then compared to the integrated value
of the individual points indicated by the probe when the plasma jet is
traversed radially. The difference between the integrated value arnd
the computed input to the plasma is assumed to be the prohe error.

The mathematical relationshi . for determining the percent error is

as follows: r ]
[(La’ﬂ‘(‘euhdr)—'(EI‘ \bccpbj'g)] 100

. M
EI b W‘, CP ATC

Errer =

mY .

The velalive merit of the "split-flow" probe as coumpared to

the "tare" instrument was determined by testing the "split-flow" device

in the Model 500 ARC facility (6). This facility produces a subsonic
exhaust jet at gas enthalpies ranging from 3,000 to 11,000 Btu/lb. with
stagnation point heat transfer rates of 2,000-4,000 Btu/ft2 second to
conical bodies having a spherical nose radius of 0.125 inch. The energy
balance technique used to dutermine the exhaust gas enthalpy has been
found to be accurate for this facility, (6) hence the Model 500 is believed
to be an excellent device for probe calibration.

A "split-flow" probe (0.218 in outside diameter) was placed in
the Model 500 exhaust jet, 1In this particular series of tests, nitrogen
was employed as the working fluid. The arc heated gases exhausted to
the atmosphere through a nozzle having an exit diameter of % inch as
a subsonic jet with a Mach number of 0.70. A series of enthalpy measure-
ments were made at axial distances between 9 and 24 nozzle radii (Figures
17 and 18). The probe was not moved closer to the exit nozzle since
the measured temperature rise of the probe coolant indicated that boil-
ing was imminent at the smaller axial distance. This heat transfer
limitation of the probe was a result of the low water pressure available
at the facility (200 psig) and the restriction of the coolant flow by a
0.006 inch outer water passage within the probe. The "split-flow" probe
hag been rodesigned to provide greater coolant flow through the outer
water channel. Two probes of this type have been constructed and will
be usad in conjunction with a high pressure water supply system (200-
1,000 psia) for the remainder of this program. These probes are to be
calibrated using the Model 500 Arc as a reference,

It is significant that tare values considerably less than the
minimum of 80% found with the single-jacketed probe were recorded during
these tests. A facsimile of a typical recorder trace obtained during
operation of the split-flow probe in the arc facility is shown in
Figure 19. Tare measurements were reduced to values between 30 and 60%
of the final gas coolant temperature rise. This was so even though no
effort was made at that time to minimize the tare by adjustment of the
inner and outer flow rates. Since this feature is expected to provide
a greater increase in the accuracy of the enthalpy determinations at
the expense of very little added probe complexity, the Avco "split-flow"
enthalpy probe has been chosen ag the primary experimental tool to be
employed in this program.

Although the positioning of the probe within the arc exhaust
jet was not to the accuracy required for the measurements to be made in
this program, jet mixing parameters were determined using the method
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by Warren(7). The analytical curves (Figures 17 and 18) were found by
extrapolating and irterpolating between Warren's results for the appropriate
temperature ratio and Mach number. Values of the mixing paraweters K and

Kp were determined to provide the best fit to the Model 500 data. <Calculated
mixing parameters found were a factor of two larger than predicted with
Warren's correlation. It should be noted that since the accuracy of the
positioning device used in these tests is an unknown factor, und that it

was not possible to use the enthalpy probe close to the jet exit plane

the results obtained in the Model 500 experiments should be viewed with
caution.

4.) Calorimetric Probes

The calorimetric probes are used to determine the heat flux from
a hot-jet which comes in contact with the calorimeter surface. From
equationd derived from theoretical heat transfer analysis(8) it is also
possible to compute the enthalpy of the ga3 when the pressure and heat
flux are known. It is to be noted that whenever these calorimetric probes
are used in a reacting gas, the catalytic activity of the wall surface
must be considered (reference 9). Some experimenters helieve that the
the discrepancies in certain reported data are due to the differences in
the catalytic activity of the surfaces of the calorimetric devices used
in the various experiments,

It is convenient to divide these calorimeters into two main groups:
(a) Steady vtate calorimeters and (b) transient state calorimeters.

(a) Steady State Calorimeters

The steady state calorimeters are usually made of copper
and are water cooled, They are generally designed gso that only the sur-
face normal to the jet is exposed to the gas. To insure this condition,
a water copled copper guard is used. As shown in Figure 20, the calori-
meter and guard are in the form of two concentric tubes closed at the
ends.

The heat flux is determined from measurements of the water
flow rate, temperature difference between water in and water out of the
calorimeter, and the area of the calorimeter surface exposed to the hc~
gas., (This method is sometimes called the "cold wall method" because £
the relatively cool contact surface). The temperature of the water in
the guard is measured and the flow rate is adjusted to minimize the
temperature difference between the adjacent wall of the calorimeter and
the guard ring.

Calorimeters of this type have been usged at this laboratory
for several years with relatively good results. PHowever, it is believed
that they must be re-designed to reduce heat loss errors and also miniatur-
ized so that local values may be determined. The re-design of this
calorimeter is in progress at the present time.

Another type of steady state calorimeter is now being
developed. In this calorimeter, as shown in Figure 20, a resaistor to
heat transfer, in this case constantan,is sandwiched between two copper
plates. One of the copper plates is water cooled while the other plate
is in contact with the hot gas. zghe copper plates and the constantan are
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in effect a copper-constantan thermocouple with the "hot" junction on
the gas side and the "cold" junction of the water side of the constantan.
By connecting the two copper plates, through copper leads, to a
potentiometer the emf developed due to the temperature difference at

the junctions .is measured. Since the emf i3 approximately proportional
to the heat flux, the calorimeter can be calibrated to indicate the

heat flux supplied to it.

(b) Transient Calorimeters

Transient calorimeters have been used successfully, at
this laboratory for guite some time (Reference 10). The heat flux
18 measured by determining the rate ot temperature rise of the surrace
of the solid exposed to the hot gas., In general, the calorimeter
consists of a copper cylinder of known mass and dimensions. One end
surface of the cylinder is exposed to the hot gas while the other sur-
faces are insulated. It is assumed that the heat flow is undidirectional
and that all unexposed surfaces are adiabatic. The disadvantage of this
calorimeter is that it can be used only for a brief period of time (up
to several seconds) bef.re corrections must be made, in some cases, for
heat losses at the calorimeter rear face. 1Its important advantage is
that it can be readily used, because of its simple design, on various
shapes to measure local heat transfer rates,

Based on the above described calorimeters, the determination
of heat fluxes can be readily made and cross-checked using the steady
state and transient stale cvalousrlmetric techniques.

Probes to be employed specifically on this program include
the following:

a,) Split Flow Enthalpy Probes to determine the axial and radial
variations in jet properties, i.e., enthalpy, velocity, composition,
and density.

b.) Static Pressure Probes to measure the jet static pressure which
will be used in conjunction with the impact pressure measurements tc
determine local jet velocity.

c.) Calorimetric probes (transient device) to measure the heat

flux distribution obtained from high enthalpy gas jet impinging

upon a plate. In addition, the heat flux as cdetermined by steady
water cooled probes on the jet axis of aymmetry can be employed

with standard heat flux correlations(8) to determine gas enthalpy.
The latter measurements would be used to provide a check on enthalpy
determinations made with the split flow enthalpy r. ‘“es.

C. Probe Support Edquipment

In order to use the probes described previously to their full ad-
vantage various pileces of support equipment such as a probe posgition-
ing mechanism, 2 high pressure water collant system, and a gas collect-
ing system have been constructed. A brief description of these items
is given helow.
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A.) DProbe Positioning Mechanism

ln order t+o obtain reliable and reproducible probe measure=-
ments it is important to have a means of positioning the probe in some
known location relative to certain convenient references such as the
arc nozzle exit plane and nozzle axis., To accomplish this end a probe
positioning table has been constructed;a photograph of the table is
shown in figure 2, With this table ¢ various probes can be moved in
all three directions in a precise and controlled manner.

The bottom most plate consists of a ardwond table upon
which all the structure above is either directiy or indirectly fasten-
cd. This bottom plate can be moved vertically by means of four jack
screws whose motion can he arcemplished hy meanscf a single drive shaft,
This drive shaft can either he moved manually or turned by a motor. The
motor emploved is oi the gear reduction type given a drive-ghaft speed
of 5.7 rpm. The gearing of the jack screws is 3uch that eight turns
of the motor shaft moves the table one inch. The vertical position of
the bottom table can be varied over a range of some eleven inches.

At present it is envisioned that the vertical degree of freedom
will be used to position the various probes a* the correct height relative
to the nozzle axis. The radial profiles are .0 be taken in the horizontal
direction, If it proves to he desireable to make radial precfiles using
the vertical degree of freedom, a microswitch has been positioned relative
to the drive-shaft which serves the function of automatically stopping
the motor after a half-turn of the drive shaft or after any multiple there-
of. A half-turn of the drive shaft changes the vertical position of the
probe 0,0625 inches, Dynamic breaking is employed so that there is no
coasting after the power to the motor is interrupted.

The next plate up is made of alumin ., % inch thick and is
constrained to move in the axial direction, 1.e., along the axial
direction of the jet, This plate rides on four matching precision
roller bearings along two ground case-hardened steel shafts having
a nominal diameter of 1 inch. The tolerance hetween the shaft and the
bearing is 0,001 inches. This plate 18 driven by a 25 rpm gear-re-

duction motor through a lead screw having a ~h of 10 threads per

inch., The axial motion of the plate can be . d over a range of 32
inches 80 that without moving the table, an . profile can be obtained
which starts from the nozzle exit plane and . ds some 43 nozzle dia-
meters (0,75 inch diameter) downstream, The - 1l lead screw is fitted

with a microswitch so that the axial motion c¢ be made in units of
0.05 inches.

The next plate, also made of aluminum, is 3/8 inch thich
and is constrained to move in the horizontal di-ection., The slid-
ing apparatus is similar to that for the table below and differs
¢ .y in that shafts have nomir. .l diame r of 3/4 inch., This
plate moves re.ative to the plate below by means of a hydraulic piston
which has an 8 inch stroke. The purpose of this piston is to have
the capability of positioning the probe and the jet impignment plates
(described below) in and out of the exhaust jet much more rapidly than
can be obtained with the lead screws which are primarily used for con-
trolled positioning., A displacement transducer is mounted in such a
way as to monitor the piston travel to ensurethat identically the
same piston stroke occurs. 32~
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The top plate upon which the various prohes are to be fastened is
made of aluminum, 3/8 inch thich, and is also constrained to move in
the horizontal direction. The sliding arrangement for this plate is
identical as for the plate below. This plate is driven with a 14 rpm
motor and a lead screw having a pitch of 20 threads per inch, This
lead screw is also fitted with a microswitch so that the horizontal
motion can he made in units of 0,025 inches. The total travel is
10.5 inches,

A control panel has been huilt whichallows the probe positioning
table to be operated from the control room of the arc facility., Through
the use of counters on the control panel the position of the probe with-
in the jet can be established from the control room. A subsidiary con-
trol panel is mounted on the end of the probe positioning table to
facilitate probe alignment and other preparatory procedures.

B.) High Pressure Water Supply

A high pressure gas-driven water supply has been fabricated; a
schematic is shown in figure 22, Basically it consists of a pressure
tank, a heat exchanger, a collecting tank and a flow meter. The system
as designed will provide chemically clean water, frea of particles
larger than 5 microns, at operating pressures up to 1000 psi. The pre-
ssure tank holds approximately 40 gallons which should provide a run-
ning time of an hour,

c.) M e _Instru ation P fo

A compact mobile instrumentation platform has been designed and
built. All auxilliary equipment, with the exception of the probe
positioning and coolant systems, reguired for operating of the probes
to be used.in the course of this program it provided for on the plat-
form. It thus provided the capability of moving and setting up a
probe experiment in the shurtest possible time. The instrumentation
platform is shown in Figure 23, Located on the lower shelf can be seen
“he constant volume tank, the vacuum pump, and array of six solenoid
valves (two pair of which are arranged in series opposition), and a
thermos bottle which provides the reference ice junction for the
thermcouple which reads the temperature of the gas in the tank. Located
on the top platform are gauges to read probe impact pressure and vacuum
tank pressure (to be replaced by transducers), a micrometer needle valve
to regulate the mass flow rate of gas through the prohe and into the
tank, an array of sample bottles, each of which disconnects for analysis
of the romposition of the yas collected therein, and, on the extreme
right, Lhe gas inlet to which the probe is connected, A schematic
diagram of the lines and instrumentation located on the mobile plat-
form is shown in Figure 24. Yet to be added to the assembly are a
remote switch box for operation of the solenoid valves, a timer con-
nected to solenoid #3, and an inert gas bottle for flushing probe lines
gnd bringing gas sample bottles up to atmospheric pressure prior to

isconnect.

In operation, vacuum i3 first established in the tank and the
sample bottle (figure 24) with valves one, two, five and six open.
The initial temperature and pressure in the tank are recorded. The

.3'5.
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valves are then shut and the probe is exposed to the jet to be in-
vestigated. The impact pressure and the temperature rise of the
inner coolant with no gas flow (the "tare") are recorded at this
time. Valve three is then opened, allowing a sample to flow through
the probe (the needle valve having been preset). During this time,
the temperature rise of the inner coolant, the temperature of the gas
at the probe exit, and the temperature of the water leaving the outer
probe cooling jacket (in order to prevent damage to the probe), are
recorded. At the conclusion of the test, valve three is shut and

the temperature and pressure of the gas collected in the vacuum tank
are noted, Valves one and two are opened, thus filling the sample
bottle. Valves three and four are opened to purge the lines with
inertgas and to bring the sample bottle to atmospheric pressure, sub-
sequent to which the bottle is disconnected and its contents analyzed
for the ratio of 0 to N. This is done using the Abcor Model WB=7
Radio Frequency Mass Spectrometer shown in Figure 25,

The enthalpy of the gas being probed is found from the following
formula:

h's : h‘s A \\AN)LS CP" (A-‘;'Meu: - A.T"u no “u'-o) ®)

The known gas composition along with initial and final values of
temperature and pressure in the tank and the time of the run allow a
simple calculation of Wg using the perfect gas law. The measured gas
exit temperature, gas composition, and the known equation of state
for nitrogen-air mixtures provides a value of h2,. The other quantities
are directly measured and hlg is easily determingd.

An Avco computer program for the thermochemical properties of
nitrogen-air mixtures has been utilized for the preparation of Figures
26 through 30, These charts given dimensionless enthalpy vs entropy.
temperature, density, specific heat ratios, and speed of sound.
Pressure is one atmosphere in all cases. The atom ratio of oxygen to
nitrogen is a parameter on all curves. Thus the known values of
enthalpy and composition., along with the assumption that the gas 1in
the jet is in equilibrium, provide values of temperature, density,speed
of sound, and specific heat ratio. The measured values of stagnation
pressure and the value of ¥ read from the charts, give the Mach No. from
the isentropic flow relationship.

) L

P a4 M? .
S_(u»,zs%M (3)

Finally, the Mach No. and the speed of sound give the local velocity.

The assumption that the static pressure in the jet is everywhere equal
to one atmosphere will be checked frequently with the static pressure

probe described above.
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D. Pressure and Heat Flux Distribution Plates

Flat copper plates, nine inches in diameter, have been constructed,
One is designed to determine the heat flux distribution produced by
the irmpinging jet; the other, the pressure distribution. The pressure
distribution plate 18 water-cooled ntilizino 2 number of concentric
cocling passages. The heat flux plate is uncooled, and is instrumented
with a number of transient calorimeters. The pressure distribution plate
has undergone preliminary testing in the Avco Hydrogen-Oxygen Rocket
Motor Facility in order to determine its ability to withstand the high
heating environment. Pressure taps are now being added to the plate.
A total of eleven taps are being provaded. one in the center, seven on
one radius, and three others to insure that the jet and plate axes of
symmetry are coincedent,

The plate designed to¢ Jetermine heat flux distribution has also
been completed. Eleven 3/16" transient copper calorimeters are located
in such a manner that none disturbs the radial flow passing over another.
Each calorimeter consists of 3/16 inch diameter and 1% inch long copper
cylinder into which a thermocouple has been brazed in place. The
thermocouple consists of 10 mil chromel-alumel wire contained in a 2-
hole alumina rod. all placed in a stainless steel sheath. The thermo-
couple has been brazed into the copper slug by means of a 20 KW vacuum
induction heater. The location of the thermocouple is such that what-
ever temperature the thermocoupie senses 1s the surface temperature
of the copper sluaq without the presence of the therrccouple. Once the
surface temperature-time hastory is determined for the one dimensional
heating of the copper slug. an IB4 program 1s employed to determine
the heat flux to the copper calorimeter as a function of time. This
calorimeter 18 mounted in a copper sleeve with an annular air gap between
the calorimeter and the sleeve.

The flat plate pressure distribution will be utilized to £ind the
radial velocity gradient at the stagnation point of the plates., Follow=-
ing Bade(l2)., the velocity distribution produced by normal impingement
of a free jet upon a flat plate can be represented approximately by
the analytical form

u:@r(u-c.r") (<)

in which W is the component of the velocity parallel to the surface

at the edge of the boundary layer v 18 the radial distance from the
stagnation point @ is the stagnhation point velocity gradient and

C, 18 a coefficient with the dimensions of an inverse length. Using
the measured pressure data and assuming isentropic flow., the ratilo

of local velocity to free strean jet velocity ( W /M« ), i8 calculated
for each port location. The non-dimensional parameter K (r) = (Dyt/r )
{ W/ hee ) is computed for each experimental pressure reading. K(r)
18 then plotted against v and the experimental points are fitted with a
straight line equation of this line 1s

K(r) = ( Dyet/ue) @( 1+ Cir) (8)

b




The intercept K(o) of the fitted line at r=o therefore gives the
coefficient in the velocity gradienl relation

B = K(0) (Uee/ Dyer) (&)

The stagnation point velocity gradient so determined will be used in the
Fay=Riddell (8) equation for stagnation point heating in order to calculate
the heat flux to the plate. Such calculations will be compared with the
measured values of heat flux obtained as described ahove.

IIT. ANALYTICAL

During the technical information meeting of 21 July 1964,Aeronautical
Research Associates of Princeton presented an analysis of turbulent mix-
ing along a plane free et boundary. Both incompressible and compressible
cases were considered, The flow model and nomenclature used in the analysis
are shown in Figure 31, In this manner it was possible to relate all of
the flow properties cf interest, including the turbulent ex-tange coefficient,
to the spreading parameter a=8/%x, a quantity which can be experimentally
determined, An important assumption made in this analysis igs that the
particular form of the assumed velocity profile across the mixing region
does not greatly atffect the turbulent exchange coefficient determination.
Thus, for simplicity, a linear profile, U=z Ue+4/% was chosen. In order
to provide a single check on that assumption, an alternate sinusoidal
velocity profile (which should be chosen to reality), was choun:ﬁalﬂm(‘{ﬂ&&!)
Thelincomprensible results obtained under each assumption are sho in the
table beiow.

VELOCITY PROFILE

Straight Line Sinusoidal
do/Ue 2/3 .692
0 a/3 3a/8
R :%E -5a/8
15, /ue a/6 a/8
™ -.090a -a/16
K ,063a .067a

It can be seen that the expression for K is changed only slightly
by the alternate velocity profile assumption, thus suggeating that the
original assumptions of a straight line profile is sufficient and that
K ig not sensitive to the particular profile chosen.

Iv., PLANS FOR THE NEXT QUARTERLY PERIOD

During the next quarterly reporting period it is intended that a
good portion of the axial and radial surveying of the jet be completed.

wllifra




S/SA7ENY ON/IXIW UINTINGINL 23000 MOy [E 70N

z Z
\un % L .k\.Sh w7+ 7 =p S IVAONT QINNSSY )
2
\ .
”
s
2 V
b \
/y, xA..I.I\
~ “
L7 A 4
W).\v#\.v\”h S - T )
2, — — /
AR =N ) ) I,
QE ~ - >
€ \\ (/4
: —
P
\V\ Y
- 4

7=




This will be preceded by completion and calibration of the prohes to be
used, and final construction of the instrumentation platform, the position-
ing mechanism, and the high pressure water supply. Data reduction con-
nected with these surveys should also be substantially completed., It is
intended that a computer program bhe written in order to make such data
reduction fast and accurate, requiring only directly measured quantities
plus values read from the nitrogen-air mixture diagrams as inputs.
Aeronautical Research Associates of Princeton will be consulted regard-
ing the calculation of turbulent exchange parameters arising from these
survey results, in order that the exchange parameters determined may
have maximum application to all portions of the program and to future
investigations, ‘

In addition, significant progress should be made in the determin-
ation of flat plate heat flux and pressure distributions. These quantities
will be irvestigated at various axial positions in both properly ex-
panded and underexpanded jets. These tests will be grcccdod by completion
of the revised plates and further testing of their ability to withstand
the high heating environment to which they are to be subjected.

L8
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UNCLABSIFIED

SUMMARY

The work perlcrmed by ARAP 1n asslsting NRL in the
monitoring of the Acrothermal Phase 1s revliewed, Deveral
experimental atuiles deslgned to provide back-up infor-
matlon for the more extensive eflforts of the other groups
Involved are desceriiud, Recent developments in ARAP's own
baslce research progsram, including the completlion of reports
covering the stuwiv of Jet lmpingement phenomensa, are also
dlscussed,
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outgassing of tiv bondlng materlal, a pressure tap and a
thermocouple were Inserted 1In the bonding material directly
beclow the Implngement polnt, Other thermocouples were
provided at 1ntervals away [rom thls point co that the
temperature-time hictory could be recorded throughout the
heated reglon, IFarller tests of thls kind whleh were not
Instrumented had shown that a fallure due to bond decompo-
sltlon could occur, but the composite material in that case
was altered to Induce such an elfect by using a very thin
aluminwn layer, On applylng the flame to the lnstrumented
saumple ol unaltered materlal, 1L was [ound Lhut the thermal
deflormatlons whilch were apparently of different magnltude
In the 2luminum and phenolic nylon layers were sufficilent
wien combined witi, the decreased hond streongth nt higher
temperatures to cause the mechanical separation of the
layers before any apprecilable pressure bulld-up could occur,
As a result, a further test was planned using a sample
mounted rigidly in a frame which both cealed and clamped
the edges 1n order to avold over-all mechanlical deformation,
It 18 felt that this arrangement will cimulate bester the
cage of =z large expanse of materlal surroundling a spot of
locallzed heatilng,

Another study whilch has been undertaken under the
management and coordinatlon portlon of ARAP's effort 1s one
desgligned to estimate the magnltude of rertaln interference
effects which may be encountered in the course ol the free
and mpinging arc-Jjet studles belng conducted by AVCO,

Two principal effects appear to be of possible lmportance.
The flrst of these 1s a locallzed effect due to the presence
of the probe itself in the flow, Inh a uhear flow such as that
in a Jet, a probc produccs local flow distortlons which can
result in erroneous readings, The maghltude of sueh errors,
in turn, depends upon the slze of the probe relative to the
flow, Another vnotentlal source of interference is the entire
geometry of tne test setup. In thils case, the whole Jel

Tlow fleld can be distorted as 1t passcs nearby obJjects,

This effect can be complicated by asymmctries produced 1in
the entralnment [low [leld by other parts of fhe apparatus.
In order to check the magnitude of guch effceto, ARAP has
begun a cerles of measurementsc uslng probes of the AVCO
design in ceveral slzes, By making comparicons between each
cf' these probes and a referencc probe, 1t should be possible
to lsolate the probe size elfect, In additlon, a test scotup
desligned to simulate AVCO's will be used and compared to one
of different geometry in an attempt to evaluate the over-all
Interference effect,
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lxperimental, The principal part of ARAP's cxperlmental
program under the Acrothermal Phase has been the thorough
Investigation ot Jou Ilmplngement phenomena, This study has
been particularly iwmportant In view of the role of heat 2/3
transfeor by Jet lmplngement for both small hole (low A/V )
and large hiole or "coupica" (large A/Ve/3) conditions of
the punctured rcentry vehlele, Durdng the past six-month
perlod, the primary clfort has been dirccted to the comp-
letlon of this experimental phase and the preparation of

two vowmprehenslive reports In which the ictalled results are
presented. The rUlirst ol these reports 1o complete and 1s

to be lssued ac ARAP Report No, 03, It covers the free Jet
and normal iuplngement studles which constitute the bulk of
the program, A second report coverlng results for oblique
impingement is to be issued as ARAP Ruport No, O and 1s
now hearing completion., Most of the pertinent results of
these studies have been reviewed in previous status reports,

In view of the Increased understanding galned 1n recent
monthic of the pgeneral nature of the [free shear layer ag
applicd to the coupled ['low problem, 1t has been declded to
vlace less emphasis on {urther experimental studles in thils
arca at the present tlime, However, a correspondingly more
thorough investlgatlon of the behavior of [ocam packing
materials has been planned and 1ls about tc begin.,

UNCLABSIFIED Lk

oDk a1




7.

10.

11.

12.

13.

14.

ARPA 149 TECHNITAL REPORTS

Raytheon Company, '"Soviet ICBM Re-Entry Body Study,"
BR-1065, 21 November 1960 (S-RD)

Progress Report No. 1, "Hypervelocity Kill Mechanisme
Program,'" NRL Memorandum Report 1136, January 1961 (8-RD)

AVCO Corporation, "Feasibility Study of a Flight Test
Aggravation Program, Hypervelocity Kill Mechanism Program-
Aerothermal Phase," TAD-TR-29-61-4. 13 February 1961 (S)

Progress Report No. 2, '"Hypervelocity Kill Mechanisms
Program," NRL Memorandum Report 1161, April 1961 (S-RD)

Progress Report No. 3, "Hypervelocity Kill Mechanisms
Program,'" NRL Memorandum Report 1209, July 1961 (S-RD)

Summary Report, "Fifth Hypervelocity Kill Mechanisms
Progress Meeting," of 29-30 June 1961, NRL Memorandum
Report 1220, August 1961 (S=RD)

Progress Report No. 4, '"Hypervelocity Kill Mechanisms
Program," NRL Memorandum Regort 1240, Quarterly Progress
for Period Ending 20 September 1961 (S-RD)

"Force Tests on Modified General Electric Mark 111 Nose
Cone Models at Mach Number 18," AEDC-TN-61-151, von
Karman Gas Dynamics Facility, ARO, Inc., November 1961 (S)

Progress Report No. 5, "Hypervelocity Kill Mechanisms

Program," NRL Memorandum Report 1261, Volume I and Volume II,

Annual Technical Progress Report December 1961 (S-RD)

Progress Report No. 6, "Hypervelocity Kill Mechanisms
Program," NRL Memorandum Report 1269, Quarterly Progress
for the Period Ending 20 December 1961 (S-RD)

NRL Memorandum Report 1314, "Inveltiiation of ICBM
Vulnerability to ARPAT Dart," 30 April 1961 (S-RD)

General Electric Company, '"Hypervelocity Kill Mechanisms
Feasibilicg Study-Internal Heating," Document No. 628D560
28 May 1962 (S)

Progress Report No. 7 "Hypervelocity Kill Mechanisms
Program," NRL Report 5813, Semiannual Technical Progress
Report for period ending 20 March 1962 - June 1962 (S<RD)

Progress Report No. 8, "Hypervelocity Kill Mechanisma

Program,'" NRL Report 5840, ?uatterly Progress Report for
Period ending 20 June 1962 (S-RD)

Y




—
[Pl

16 .

15,

(%)
)

26 .

27.

Progress Report Noo 9, "Hypervelocity Kill Mechanisms
Progran,’” NRL Report 5913, Aunual!l Technical Progress
Report for period ending 30 September 1962 (S-RD) Vols. 1
and 11

Progress Report No. 16, "Hvpervelocity Kill Mechanisms
Program,” NRL Report 5931, Quarterly Progress Report for
period coding 20 December 1962 (S-Rb)

Ceneral Klectric Cnmpdpy."Rcsults of Rocket Exhaust HKM
Internal Heating Tests, Document No. 638D54 of
20 Mav 1963 (S)

Propgress Report No o 11, "Hypervelocity Kill Mechanisms
Progran’s NRiC Report 5990, Semisnovual Technical Pregress
Report four Period Ending 20 Mavrch 1963. (S-RD)

Proyiess Report Noo 12, "Hypervelocity Kill Mect :nisms
Frogran, NRL Quarterly Progress Report 6011, August 1963(S)

NRL Report No. 6032 "Hypervelocity Impact Damage to Spaced
S$tructures by Massive Projectiles,” October 1963 (8)

teneral Flectric Company, "Results of Wallops Island HKM
Internal Heating Flight Tests,'" Document No. 63SD385,
4 Novemter 1963 (S)

Picatinay Arsenal T.R. No. 3118, "Vulnerahility of Nuclear .
Warheads to Aerothermal Effccts,”" Docember 1963 {S-RD)

Progross Keport No. 13 "Hypervelocity Kill Mechanisms
Program’| NKL Report 6077, February 1964 (S)

"Propulsion System Damage Study", Volume I, Summary,
Conclusions, and Recommendations; ASD-TDR-64-2,
January 1964 (S)

"Propulsion System Damage Study'", Volume II, Vulnerabilirty
Analyses; ASD-TDR-64-2, January 1964 (S)

"propulsion System Damage Study', Volume IIl, Impact-Damage
Studies; ASD-TDR-64-2, January 1964 (S)

"A Damapge Effccts Investigation on g 10-Degree Half-Angle

Cone at Mach 10" TDR No. AEDC-TDR-64-80, von Karmen (as
Dynamics Facility, ARO Inc. May 1964 (S)

Progress Report No. 15 "Hypervelocity Kill Mechonisus Progrom,
NRL Report 6214, Semianvaal Techaical Progress Roport res .
Pe-icd Ending 31 March 1964 (S)

Yl




29, Summary Report; Malta Rocket Exhaust Internal Heating

Tests, HKM Program, Document No. 64SD891; D,E. Nestler;
July 17, 1964,

Y2




SECKET DISTRIBUTION LIST

Director
Advanced Researcih Pro{ectl Agency
Washington, D.C. 2030

Director of Defense Research and Engineering
Washington, N.C., 20301

Director

Weapons Systems Lvaluation Group
Room lE 875, Penragon
Washington, D.C. 20301

Central Intelligence Agency
Washington, D.C. 20505

Lefense Documentation Center
Building #5, Cameron Station
Alexandria, Viis,inia 22314

Commander
Ballistic Systems Division, AFSC, USAF
Norton Air Force Base, Calif.

Commander

Space Systems Division

AFSC, USAF, AF Unit Post Office
Los Angeles, California 90045

Commander

Hq. AFCCDD (ESRB)

LG Hanscom Field
Bedford, Mass. 07131
Attn: MAJOR Hippler.

Commander
Detachment &4, ASD, AFSC
U.S. Air Force
Eglin Air Force Base, Florida 32542
Attn: Mr., Dale Davis
Technical Library (PGTRI)

Commander
Alr Force Special Weapons Center
Kirtland Air Force Base, New Mexico 87117
Attn: MAJOR M.R. Nedler, (SWRA)

CAPT. Gillespie (S WRA-3175)

Commander

Field Command

Defense Atomic Support Asoncy (DASA)
Sandia Base, P.O0. Box 35800
Albuquerque, New Mexico 87115

2-1

No. of Copies
6

20

SECRET




SECRET

Air University Library
U.S. Alr Force

Maxwell Air Force Base
Alabama 36112

Commander

Aeronautical Systems Division, AFSC, USAF
Wright-Patterson Air Force Base, Ohio 45433

Attn: ASRCEA/LT D.L. Wells
ASRNGW=1 Leo Krautmann

AF Technical Information Center

Headquarters
United States Air Force

No. of Copies
1

Air Force Technical Applications Center/TD, Wash, D.C.

Director
Ballistic Resecarch Laboratori

Aberdeen Proving Ground, Aberdeen, Maryland, 21005

Attn: Dr. R. J. Eichelberger
Dr. C. Glass

Officer in Charge
U.S. Continental Army Command

Office of Special Weapons Developments

Fort Bliss, Texas 79916
Attn: CAPT. T.W. Love

Commanding Officer

U.S. Army Air Defense Combat Development Agency

Fort Bliss, Texas 79916
Attn: CAPT. J. Monza

Commanding Officer

Armg Material Command RD
Washington, D.C. 20315
Attn: Mr. G. Stetson

Ccmmanding Officer
Picatinny Arsenal
Dover, New Jersey 07801
Attn: Mr. Fred Saxe
Dr. A. Nordio

Commander

U.8. Army Missile Command
Redstone Arsenal
Huntsville, Alabama 35809

2=2

W

SECRET




EEEEEEEE——

SECRET
No. of Coples

Chief of Naval Operations (OP=-761) 1
Department of the Navy
Washington, D. C. 20350

Chief of Naval Operations (OP9221D) 1
Department of the Navy

Waghington, D. C,

Attn: Mr. E., Cecil 20350

Chief

Bureau of Naval Weapons (RTAD) 1
Attn: D.J. Brockway

Washington, D. C. 20360

Commanding Officer 1
U.S. Naval Air Development Center
Johnsville, Pennsylvania

CONnandin? Officer 1
U.S., Naval Weapons Evaluation Facility
Kirtland Air Force Base
New Mexico
Attn: Code 3432 -
Mr. C.B. Massengill

Director k)
U.8. Naval Research Laboratory

Washington, D. C. 20390

Attn: Mr, W, W, Atkins

Director, National Aeronautics & Space Administration
Langley Research Center, - 1
Langley Field, Virginia 23365

Attn: Mr., R, Hopko

Univernita of California 1
Lawrence Radiation Laboratory

Technical Information Division

P.0. Box 808, Livermore, California 94557

Attn: Clovis G. Craig

Aeronautical Research Associates of Princeton, Inc. 2
50 Washington Road

Princeton, N. J. 08540

Attn: Dr. C. duP. Donaldson

Aerospace Corporation 4
P. O, Box 95085
Los Angeles 45, California
Attn: Library Technical Documents Group
Dr. D, Singer
e, J. Brown
r. R, B, Mortensen

2-3 SECRET




SECRET

No. of Copies

AVCO Corporation 2
Research and Advanced Development Division

201 Lowell Street

Wilmington, Massachusetts 01887

Attn: Mr. R.S. Timmins

Battelle Memorial Institute 2
505 King Avenue

Columbus I, Ohio 43201

Attn: Rattelle - Defender

Bell Telephone Laboratories, Inc. 1
Whippany, New Jersey
Attn: Mr, D, Pope

Douglas Aircraft Company, Inc. 1
Missiles and Space Systems

3000 Ocean Park Bouiavard

Santa Monica, Califoruia

Attn: Mr, T.J. Wolinski

General Atomic 1
P.0O. Box 608

San Diego 12, California

Attn: Mr. A. J. Navoy

General Electric Comﬁln{

Missile and Space Vehicle Department
3198 Chestnut Street

Philadelphia, Penna. 19104

Attn: Mr. D. Nestler

Hughes Aircraft Company 2
Culver City, California
Attn: Mr. G. Henry

Institute of Defense Analysis 1
1666 Connecticut Avenue, N.W.
Washington, D. C. 20009

Rand Corporation 1
1700 Main Street
Santa Monica, California 90406 Attn: Library 79

Shock Hydrodynamics, Inc. 1
15010 Ventura Boulevard

Sherman Oaks, Calif. 91403

Attn: Mr, K.N, Kreyenhagen

Z-4 SECRET




SECRET

Boeing Aircraft Company
Box 3703

Seattle, Washington
Attn: Mr. Ray Elam

2=

No. of Copies

1l

SECRET




Security Classification

DOCUMENT CONTROL DA 7A - R&D

(Socurity classitication of title. body of sbatract and indaning annntation must be entered when the overall repnrt in ciaruilied;

! ORININATING ACTIV'TY (Canporete author) 28 ACPARY BECUMITY G LASSIFICA TION
U.S8, Naval Rescarch Laboratory SECRET
Washington, D,CG, 20390 16 anous 4 Tt

3 REPORT TITLE
Progruess Report No, 17, *Hypervelocity Kill Mechanisms Program,” Semiannual
Technical Progruss Reporst, for period cnding 30 Septembor 1964,

[4 DRSCAIBTIVE NOTED (Trpe of repart and inciusive #aies)
Somiannual technical progross report for period cndirg 30 September 1964,

S RUTHOR(E) 1T a3t name, firat name, initial)

No specific authors as this volumc containe contributions from many sunrers,

¢ REPORT DATE 78 TOTAL NG OF BASKD 78 NO OF ALFS
gguinbur 1964 X 148 57 A
s CONTRALT OR GRANT NU P8 OMIGINATOR'S REPOMT NUMBEASS)

ARPA Order No, 149-60 NRL Report 6265 - Vol, 1

h PROJELY NO

NRL Problem Fodall
¢

b QTHER n’lanv NO/8) rARY other numbers thas ~ay he sesigned
1a report
'

4

TS RVATCRBICITY LMITATION NOTICE  AlL distrib ition of this report is controlled. Qualified
DDC uscre shall request through Directar, U,S, Naval Research Laboratory,
Washington, D,C, 20390

11 SUPPLEMENTARY NOTRS Thig report COﬂtIinr'. SR ANBORING MILITARY ACTIVITY

svmiannual progruss reports from = ARPA
scveral contributors to this program,

- —_—

1 Amstaact (SECRET)

The work of this program has involved comprehensive studics designed to
evaluate the feasibility of defeating the mission of an intercontinental ballistic
missile by fragment impact and/or by subscquent re-cntry heating effects. Those
eftects include: direct kill by impact, extent of aggravation or increase in damage
causced by acrothermal coffects on an R/V during re-entry, acrodynamic instability
of nosc concy causcd by damage to the heat shield and structure, impact and
thermal damage to internal components and warheads, and perturbations on the
performance of ICBM booster vehicles,

DD ™. 1473 4 SECRET . __ . -

-1 T RGN Clannification




SECRET
Securltz Classification

b KEY wORDS

Y T

LINK A
hoLK

LiNke
ROLE Al L&

wt

Hypervelocity Kill Mechaniams
Intercontinental Ballistic Missiles
Fragment Impact

Reeentry Heating

Acrothermal Effects

Aerodynamic Instability of Nose Concs
ICBM Booster Vehicles

Impact Damage to ICBM's

1, ORIGINATING ACTIVITY: Lnter the name and addres::
of the cantractor, subcentravtor, grantes, Departinent of Di.
fenne activity of other organization feomutate author) issuing
the repon,

28, REPORT SECU TV CLASSIFICATION: Enter the over.
atl necutity classificntion of the teports Indicate whether
"Rusteicted Data' is inciuded Marking is to he in accords
ance wiil appropriate secusity regulations,

2k, OROUP: Automatic downgrading is specified in DoD Di.
rective 8200, 10 and Asmed Foeces Industrinl Manual, Enter
the group number. Alno, when applicable, show that uptional
markings have heen unmi for (roup 3 and Ciroup 4 us uuthors
ed.

A REPORT TITLE: FEntet the complete repont title in all
capitel lettern, Titlen in all cusen uhould be unclassified,
It o meaningful title cannot be selected without classificas
tion, show title clansification in all capitaln in parenthesin
immediately following the title,

4, DESCRIPTIVFE NOTES: If appropriste, enter the type of
PEpey, e, IRLEMIM, pPogrenn, summary, annual, or final,
Oive the inclunive dates when s specific reporting period in
vovered,

S AUTHORR): KEnter the name(u) of authons) ss shown on
or in the report.  Enter Jast name, firut nume, middle initist,
If mifitary, show rank snd branch of service, The name of
the peincipal suthor 1w an ahnotute minimum requirement,

6, REVORT DATE:  Enter the date of the report an day,
month, yesr; or month, yean If more than one dute dppears
on the reporl, use date of publication,

Ya. TOTAL NUMRER OF PAGKS: The total page count
should follnw normal pagination procedures, i e, enter the
numbet of pages containing information

7h, NUMBER OF REFERENCEK Knter the total number of
teferencen cited in the report,

Bu. CONTRACT OR QRANT NUMBER: Y mppropriste, enter
the applicible aumber of the contract or grant under which
the repurt wan writtens

b, h, & Hd. PROJFECT NUMBER: Enter the appropriste
mil tary department idestification, such #s project number,
subproject number, nyw em numbern_ tusk number, atc,

Ya. ORIGINATOR'S REPORT NUMBER(Y): Enter the offi-
cial report number by which the document will be identified
and controlled by the otiginating sctivity. ‘This number must
be unique 10 this repoet,

96, OTHER REPORT NUMBER(S). If the report han been
wunighitid uny ather report numbers Coither by the otigihelor
ar by the sponsot), wino enter thin numbet(n).

10, AVAILABILITY/LIMITATION NOTICES:

Enter any lime

itotionn on fw.we dinseminstion of the report, other thun thone

INSTRUCTIONS

imponed Ly se upity clunaification, using e w. N
such as:

() *“Qualilied requesters may obta . st s

report from DDC,
“Fureign snnouncement snd dit seminativy f -
report by DDC is not authorize:."

U, 8, Government agencies - v rblaal i
this report directly from DDC, ¢ tavt que'itied & -
users shall request through

(%3]

3

U, 8, military s gencies may obtain copl s <! \h
teport directly from DDC. Othor qualifies users
shall request through

(4)

1ALl distribuion of this report in controlled Qu-
ified DDC users shall request through

L]

’

If the report han been furnished to the Office ¢ f Techn:

Servicen, Department uf Commerce, for nale to the public, »
cate this fact and enter the price, il known

11, SUPPLEMENTARY NOTES: Use for additior al expla...
tory notem

12, SPONSORING MILITARY ACTIVITY: Enterihe name
the deparimentul project office or 1aboratory spontoring (pa
ing lot) the reseatch and development. Include address.

13. ABSTRACT: Enter an abstract giving o brief end fuct.
summary of the dovument indicative uf the teport, sven thu,,
it may also appear 2'sewhere in the body of the technical 1

port. If sdditional space is requii. . a continuation sheet 1!,
be attached,

It in highly desirable that the sbutract of clesnified res »
be unclessified. Each paragraph of the abstract nn ¢
an indication «f the military necurity classificatica 10,
formation in the paragraph, represenied an (£ ¢ ¢

There in no Himitation on the length of the abi+ t.
ever, the nuggented length in from 180 t5 278 wond-

14. KEY WORDS: Kiy words are technicatly nea ofu! o
ot whott pheanes that charscterize @ tepo't and may be wsed
ihdex enti.os for cataloging the report. Key wordy muat Y
nelocted Ko that no security clussification in requ. ed. it
tiern, wuch un squipment model designation, trade rame r
projodt code name, grographic location, may be usid ., b
words but will be fultowed by an indication of techaical  ».
text. The ansignment of Links, r8les, and weights s 10 oone

Z-8

o 4,

K
“ .

Security Classifics on

]

.-

—— . -



TN 13 2007

Naval Research Laboratory
Technical Library
Research Reports Section

DATE: December 20, 2002
FROM: Mary Templeman, Code 5227
TO: Code 6300 Dr Gubser
CC: Tina Smallwood, Code 1221.1 /ﬂ //él/ﬁ 3
SUBJ: Review of NRL Reports
- Dear Sir/Madam:

Please review NRL Report 6214, 6077, 6011, 6265-V1 and 6265-V2 for:

él;ﬁossible Distribution Statement

Possible Change in Classification
Mary Templem

(202)767-3425 ‘

maryt@library.nrl.navy.mil

The subject report can be:

E" Changed to Distribution A (Unlimite )
P& Changed to Classification W

L] Other:
8 cv////?/ti/JZ )/ Z/f{?
Sighafure” /7 Date



