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DPG WIND TUNNEL MODIFICATION AND EVALUATION

E.G., Peterson, E.E.Covert, D,L. Hansen
Deseret Test Center, Fort Douglas, Utah

ABSTRACT., The wind tunnel facility at Dugway Proving Ground, Utah, has been
used to calibrate chemical samplers, The samplers were challenged with an agent
generated by a particular munition., The wind tunnel has been modified to improve
the reliabilicy of the calibration procedure, Thus, the tunnel could be used
primarily as a facility to calibrate sampling apparatus, The following steps
were taken to eliminate or reduce as many of the uncontrolled variables as possi-
ble from the calibration procedure,

a, Speed rings were installed to determine the wind speed in the test
section,

b. Nonuniformities in the wind stream were reduced by modifying the tunnel
inlet section. It was extended 3 feet to hold a set of plastic tubes that serve
as flow straighteners. Immediately downstream to dampen out small-scale distur-
bances, This installation consisted of two screens about an inch apart. These
modifications reduced the fluctuations in the ind speed at the test section
from 20 percent to less than 1 percent. The nonuniformities were reduced from
7 to about 1 percent, -

¢. A turbulence grid was placed 6 inches downstream of the last copper
screen to mix the agent with the air during its passage from the generator to
the test section., The intensity of the turbulence produced by this grid is
about 50 percent near the point where the agent is introduced and about 2-percent
turbulence at the sampling plane.

d. An isokinetic sampling probe was designed to operate at any wind speed
in the tunnel. By controlling the pressure difference between the inlet to the
isokinetic sampler and the free stream, the inlet velocity ratio of this probe
is held at unity, within experimental error, The test results indicare that
the isokinetic probe operates in the design mode, Consequently, this sampler
was used as a standard to determine the sampling efficiency of all glass impinger
(AGI), the British chemdical impinger (CBI), the snoot sampler, and the chemical '
impinger (CI) using CS 233 the agent. : . o e o e L

FOREWORD, This study was conducted as authorized in letter AMSTE-TS-M, U.s. '?
Army Test and Evaluation Command, Aberdeen Proving Ground, Maryland, 18 September
1970, subject: Wind tunnel Modification and Evaluationm.

g Vet

Deseret Test Center was responsible for the conduct of the study and ;
preparation of the report.

The engineering and technical efforts of Mr., K.R. Lind, Mr, Charles Warnecke,
and Lt, C,E, Sperry were greatly appreciated during the modification and evalua- u
tion period,

The remainder of this article was reproduced photographically from the ~ﬁ
antkh-~'g manuscript, 3
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SECTION 1. SUMMARY

3

1.1 BACKGROUND

Prior to conducting field tests, chemrical samplers must be
calibrated and checked to determine their efficiency and their ability
.to collect the particular agent to be disseminated. The efficiency was
based on the concept of a mass balance, In the past, the extsting wind
tunnel facility at Dugway Proving Ground (DPG), Utah, has been used to L
perform this function. The calibration data obtained from these tests ,,//'
have beeu analyzed. The results indicate that the tunnel facility had -~
many uncontrolled factors that limited its usefulness. Nonuniformities ‘ -
in the wind stream and agent concentration were considered to be the
main contributors to the uncertainty of the results. An attempt was
made to average out the uncontrolled factors by using R.A. Fisher's
latin square method. This method improved the calibration procedure,
but only relative efficiencies could be determined. The procedure be-
cap~ more complex with the introduction of pyrotechnic munitions such :
as che XM~-100.

In April 1970, a meeting was held to determine the Future
requirements of the DPG tunnel. It was decided that no testing would Ge
done in the tunnel until it has been evaluated and modiffed to eliminate
uncertainties caused by the tunnel flow itself. The effectiveness of
the modification was assessed in two ways: (1) by the uniformity and )
steadiness of the flow in the wind tunnel and (2) through the use of an ;
isokinetic sampler. The isokinetic sampler could also be used as a i
standard in determining the eificiencies of field samplers. The con- '
cepts involved in the isokinetic sampler are consistent with the work
. done at Suffield and Porton.‘?»?

R

¢ : T

1.2 OBJECTIVE

The objective of this project was to evaluate the existing
DPG wind tunnel and, if necessary, modify it for use as a primary sampler .
Ucalibration faciiity. The base Iine or reference to compare the per~ o
formance of the modified tunnel was the existing tunnel. - If necessary,
procedures would be developed to determine ccllection efficiencies of
chemical samplars in the tunnel.

1.3 CONCLUSIONS

1.3.1 The wind speed profile across the sampling plane in the
test section can be made uniform to about 1 percent.

1.3.2 Fluctuations in the wind speed were reduced to below 1
percent. They were as high as 20 percent before the modifications.

-392-
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1.3.3° No further modificactions to improve the*uniformityfbf the
air stream are necessary until other uses of the facility require a

lower level of turbulence in the air flow or until it becomes necessary
to conduct tests in any kind of weather.

1.3.4 The isokinetic sampler can be used as a standard for
calibrating field samplers. Care must be taken to make sure the pad
used in the 1isokinetic sampler does not overload. This can be checked
by recording the unbaiance in the pressure difference between the inlet

plane of the sampler and the static pressure in the test section during
the calibration.
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- As shown in Figure 2, this section was constructed as a sepatate unit
.and could be rolled back from the existing tunnel entrance. The lcuvres

SECTION 2. DETAILS CF STUDY

“3.1 SCOPE

The project was divided into two phases. The purpose of
Phase II was to provide a standard probe and calibration. Phase I
consisted of evaluating problem areas in the tunnel facility, making
corrective modifications, and running control studies after each modifi-
cation. Phase II included developing the isokinetic sampling probe,
validating the isokinetic probe, irstalling a turbulence grid for mixing
purposes, and comparing the standard probe to other samplers to determine
sampler efficiencies.

2.2 PROCEDURES

2.2.1 Preliminary Evaluation

The preliminary evaluation was that the air flow in the tunnel
could be improved enough to calibrate chemical samplers. The concept of
a standard probe in a low-turbulence air flow was based on the use of
an isokinetic sampler. This would be used as a reference in determining
the efficiencies of field samplers. This concept 1is consistent with
work by H.H. Watsoi of Suffield K.R. May and H.A. Druett of Porton,
and J.E. Mayhood.

(3)

2.2.2 Modifications and Results

© Each modification shown in Figure 1 will be discussed in
derail. -

2.2.3 Tunnel Inlet Modification : o

The wind shield was moved back 9 feet to allow for the con-
struction of the flow-straightener section at the tunnel inlet. The
flow~straightener and dampening section was designed to remove the un-
controlled large velocity fluctuations at the test section of the tunnel.

that were located on the old entrance were removed and relocated on the
new entrance of the strdightener section to provide limited control over
test-section velocity profile. A set of plastic tubes with inside
diameters of 1 inch and lengths of 30 inches were installed 4 inches
downstream of the louvres. These Lubes serve as flow straighteners and
average out large gusts of wind. A layer of 18-mesh ordinavy copper
window screening was installed immediately downwind of the tubes. A
second screen was located about an inch downstream from the first.

These two Screens are used to further break up the surviving eddys and

-394~
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dampen the intensity of turbulence downstream from the plastic tubes
according to the relation‘®’ ‘

A

Ua'/Uy " = 1/(1 + k)2 Eq. (1)

where 1 and 2 refer to stations ashead of and behind the dampening screens,
-U' refers to the root mean square velocity fluctuation, n is the number
of screens, and k is the pressure-drop coefficient for one screer. For
" 18-mesh screen, k has a value of 1.0 at 10 miles per hour,

Equation (1) can be used to show that the two screens have

the effect of reducing the turbulence downstream from the tubes by s
factor of 2.

2.2.4 Test Section Instrumentation

Sixteen pitot tubes were installed in the center of the test
section. The test section is located at the standard sampler plane, as
shown in Figure 1. The pitot tube configuration (Fig. 3) was used to
measure dynamic pressure profiles across the test section before and
after the new inlet section was added to the tunnel.

. 60" >

® ©@ © 6
© O O® 06

e e e s

e o ‘

$doeo [*
12" i

© ofo o L

18" 1l

Figure 3. Fitot Tube Configuration at the Test Section (Downstream

View)
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Figure 4. Dynamic Pressure Measurements Before and After Modification

2.2.5 Test Results Before and After Inlet Modification

Measurements taken before and after the straightener-dampening
section was added to the tunnel are shown in Figures 4, 5, and 6. The
results shown Iin Figure 4 are the dynamic pressures measured by the
pitot tubes at a motor speed of 950 r.p.m. This corresponds to about
15 miles per hour. The number shown above each pitot tube reading in
Figure 4 corresponds to the number shown in Figure 3. The data shown
in Figure 4were reduced to velocity, and the results were used to
construct the contours of constant 74V shown in Figure 5. Figure 6
shows the fluctuations in velocity before and after the straightener
section was added to the tunnel. The data indicates that the added
section reduces the velocity fluctuations from 16 to 3 percent at about
‘ 4 riles per hour and 12 to 1 percent at 15 miles per hour., As shown in
Figure 5, the %AV variations were reduced from 7 percent to 1 percent at
about 15 miles per hour. The dynamic pressure data for 250 and 600
r.p.m. show the same trend as Figure 4.
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2,2.6 Turbulence Grid Modification

) A 2-inch turbulence grid was installed about a foot downstream
from the last copper screen. The downstream turbulence decay from a
grid in low turbulence air flow is well known.‘*? The turbulence grid
was installed to introduce uniform large turbulent eddies to promote
rapid mixing immediately downstream of the grid. The lattice was
designed not only to accomplish the mixing by tl.. eddies formed from
the air stream passing through the lattice, but also to reduce the
magnitude of these eddies at a suitable decay rate., This insures that
the introduced turbulence has little effect on the air stream in the
test section, The dimensions of the grid were determined using the graph
in Figure 7.'*) The grid was designed using 2-inch lath slats with
2-inch square openings between the slats. In Figure 7, x refers to
downstream distance from the grid, Vx' is the root mean square cf the
velocity, V¥ is the mean velocity, b is the bar width of the grid, and
the ratio V. /V is defined as turbulence intensity. The distance (x)
from the grid to the test section is about 480 inches, and the bar
width of the grid is 2 inches. This gives an x/b ratio of 240, and ;
when applied to the graph shown in Figure 7, the turbulence 1ntensity
is about 2 percent. The mixing effect can be estimated using the same {
value for b and a value of 8 inches for x. This gives a turbulence
intensity of 40 to 50 percent near the point of release of the agent,
To a2stimate the cloud spread from a point source near the grid, the
Smith-Hays model'®) for isotropic turbulence was used in the form

s f

Using Equation (2) and Figure 7, the cloud spread 480 inches downstream
was calculated to be 1 foot for 1 0 1f the munition were fired down-
stream. In the calibration trials, the munition was fired upstream to
increase the cloud spread.

2.2.7 Speed Ring Description, Installation, and Calibration

The first speed ring was installed downstream from the turbu-
lence grid as shown in Figure 1. The locations of the first speed ring, ¢
second speed ring, and test section will be referred to as positions 1,
2, and 3, respectively. Bernoulli's equation is used to obtain the
relation between the static pressure at positions 1 and 2 and the dynamic
pressure at position 3. The ring at position 2 is placed far enough
upstream of the test section to avoid any effects on the static pressure
measured at that point when samplers are removed or installed in the
test section.

Prem—

Eq. (2)

soa

~av
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2.2.8 Theory of Speed Ring

) Because of a small pressure drop between the 2 speed rings, .
the total pressure at position 2 will be slightly smaller than that at

. position 1. Using ky as the loss coeffici?nc of the section between

rings, Bernoulli's equation can be written'®’

PP+ @ = ps - kiqa +qa Eq. (3)

whcre p and q are static and dynamic pressures, respectively, The mass
flow rate at any location in the wind tunnel is given by

m = pAV

where (p) is the density of the air, (A) is the section area, and (V)

is the mean wind speed. The mass flow rate at positions 1 and 2 are the
‘same, and the relationship between the velocity and cross-sectional area

is given by

Vi Az

a— E . 4
a I q. (4)
The dynamic pressure is defined by
q= _Lva_ » Eq. (5)
2
Using Equation (4), Equation (5) becomes
Q@ = kaqa ) Eq. (6)
where kg = A3 /A3
Likewise, 92 = kaqa Eq. (7)
~403-
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where ky = A3/A3
Using Equations (6) and (7), Equation (3) beéomes

93 = ke (P2 - pa) ~ Bq. (8)
. . : :
(1 -k - ka)k

where ke =

2.2,9 (Calibration of the Speed Ring

K The wind tunnel was operated at various speeds with p; - pa

- and q3 recorded using the Baratron output. The dynamic pressure (q3) was
' obtained using the average of 16 pitot tubes located at the test section.
The results of the cali{bration test are shown in Figure 8,

.16 T T L4 L

3
-
N
]
1

o
@
T
1

Dynamic pressure q (inches of H,0)
o y
3
1
]

0 L I 1 L
0 .02 .04 .06 .08 .10

AP (inches of H,0)
Figure 8. Calibration of Speed Rings
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2,2,10 Velocity Determination

. The mass flow rate through the test section remains the same

“with or without samplers. When samplers are placed in the test section,
the cross-sectional flow area (A;) decreases, and the average flow
velocity at the sampler plane increases. This relation is given by

<

C UV (AgmbAg) = VaAy f Eq. (9)

In Equation (9), Vi refers to the mean air velocity with samplers in

the test section, V4 is the mean air velocity without samplers in the
test section, and M3 is the solid blocking area presented by the
samplers to the air at the plane of the irlet to the samplers, The
mean air velocity without samplers (V,) can be determined by (1) using
the speed rings and (2) using a standard pitot tube centered in the test
section about a foot upstream from the samplers. The velocity Va, using
the speed rings, i{s given by

k ' s
V3 ’<2.521 . 10”‘) (T +P46°) (%) Eq. (10)

where Ap = p, - p, (static pressure differential measured in inches
of water)

g
]

barometric pressure in millibars

air velocity at the test section in miles per hour

o3
.

°

|
L}

temperature in °F
k“- slope of the line shown in Figure 8 (k, = 1.463).

If a pitot tube 1is used to set the velocity at the test section,
Equation 11 is used

2. 1 ‘ T + 460

Vs <a.7o97x10"‘) ( P 9  Eq. (D)
where q, is the dynamic pressure measured by the pitot tube in mm Hg,
and P and T are as defined in Equation 10,
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2.2.11 Operation Procedure to Set Tunnel Speed

The most convenient way to set the wind speed in the tunnel is
as follows:

8. Use the pitot tube to set the speed. ~ « L
b. Measure the barometric pressure in millibars.
¢. Measure the outside temperature in °F,

d. Use Eq. 11 to find the dynamic pressure in mm of Hg for
the given air velocity.

e. Set the dynamic pressure using the dial setting in the
Baratron.

f. Adjust the speed of the tunnel fan so that the Baratron
output needle reads 0 (zero).

g. The tunnel can be operated with outside gusts of wind ;
that do not change the dynamic pressure more than +10 percent. This ;
corresponds to about *0.5 miles per hour in the test section.

2.2.12 ]Isokinetic Sampler

2,2.12.1 Description of Sampler. The isokinetic sampler was
based on a Massachusetts Institute of Technology design. The novel ?
feature. of this design is the static pressure tap at the inlet of the :
sampler. The static pressure measured st the inlet is compared with i
the ambient static pressure to insure isokinetic operation as closely HE
as possible. The sampler is8 located in the test sections (Fig. 1). °
Figure 9 is a detailed sketch of the instrumentation required for the
isokinetic sampler and Figure 10 shows the actual design. The relation-
ship between the average stream velocity (Vo) and the inlet velocity

(V) of the lampler (Fig 9) is given by o C T N ;~.“f~'§

e g L

p et e e

; . ‘ i ‘ V= v N[ﬁi 4 PP e Eq. (12 -
; ’ 99

where pe = average static pressure in the air stream at the test
section as measured by the static pressure ring shown in

Figure 9

qo ™ dynamic pressure of the air stream

p = static pressure just inside the entry orifice of the sampler.
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The MKS Baratron was ugsed to measure the static pressure difference
(Po = p). The static pressure ring shown in Figure 9 failed to operate
as constructed, so the static pressure (p.) was measured using the

" < static pressure tap of the no. & pitot tuBe shown in Figure 3. The

sampler is isokinetic when the aspiration rate of the isokinetic sampler
is adjusted so that py - p = 0. This {s done by adjusting the valve
shown in Figure 9 and watching for the zero bolance on the Baratron.

2,2,12.2 Results of Calibration of Isokinctic Sampler. The design
of the isokinetic sampler was validated by measuring the flow rate
through the sampler. The flow rat: was measured using a Brooks rota-
meter. The wind tunnel was operated at a set wind velocity, and the
sampler was balanced for the isokinetic conditions, using the Baratron
as shown in Figure 9. The flow rate through the isokinetic sampler was
then calculated using the product of the velocity in the tunnel and the
inlet area of thc sampler. The results are shown in Figure 11. At
velocities above 11 miles per hour, critical flow develops in the vacuum
1ines and prevents isokinetic operation of the sampler. This can be
overcome without difficulty by using larger tubing and a larger pump.
The results indicate that the design of the isokinetic sampler is adequate
and that it operates isokinetically over the range of interest for cal-
ibrating field samplers.

In all tests, the isokinetic sampler was checked for alippage
through the sampler by placing an AGI sampler in the vacuum line during
the sampler trials. This check showed no significant slippage.

2.2.12.3 Method Used to Determine Sampling Efficiencies. The
physical model used to determine the comparative sampling efficiencies
of field samplers versus the isokinetic probe is shown in Figure 12,
The terms shown in the diagram of the physical model are defined below:

Va ® the wind speed at the test section of the wind tunnel

Co = the unperturbed concentration of agent immediately in
front of the sampler

Vg = the air speed immediately inside the orifice of the
¢ field sampler - . oL

Ay = the orifice area of the fleld almpler : o

A, = the orifice area of the isokinetic probe.
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Figure 11, Flow Rate Through the Isokinetic Sampler
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Figure 12, Model for Determination of the Collection Efficiency
of Candidate Field Sample-
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The masses collected by the two samplers are given by

ﬁs - I VgAgCgdt - Eq. (13)

m = _f VaApCodt ‘ Eq. (14)
Equation (13) can be rewritten

C
. = £5 I_cf_ Code : Eq. (15)

where f, 18 the flow rate of the field sampler (fs = VgzA;). If the
ratio C4/Co is constant, Equation (15) becomes '

my = £k j Codt - Eq. (16)

and the efficiency of the field sampler is determined using Equations
(14) and (16) in the form

Eq. (17)

(&)

< . ce B
. A . 3

Equation (16) can be used to estimate the average concentration for a
given sampling time by

G =3 Eq. (18)
£ KAT

where AT is defined as the sampling time.
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2.2.13 Sampler Calibration Analysis

] The analysis is divided into two parts.
was conducted for the primary purpose of demonstrating the use of the
isokinetic sampler as a standard.

Once the isokinetic sampler was es-
tablished as a standard, the second anal.ysis was performed to determine

The first analysis

the sampling efficiencies of various samplers, differences between
 samplers, and effect of wind speed and sampling times on sampler eff-
iciency. The second analysis was also used in support of the work

discussed in reference

8.

2.2.13.1 First Analysis. AGI and CI samplers were calibrated

using isokinetic samplers as a standard.

The purpose of this analysis

wag to demonstrate the technique of using the isokinetic sampler to

calibrate field samplers.

The testing array shown in Figure 13 was
used in 21 trials. The munitions used for these trials were the pyro-

technic XM~100 cannister and the Mark-9 (S2 disseminator. The results

of these trials are presented in Table 1.

trial was 30 seconds.

The sampling time for each

The estimates of K are derived by the data re-
duction technique presented in paragraph 2.2,12.3.
analysis wes performed on these data.

O—7

12"

VoY
A d

12"

—b

¢

‘ L

O Pield sampler

@ 1Isokinetic sampler

No statistical

Figure 13, Sampling Array for First Analysis
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Table 1. Preliminary Calibration of the AGI and CI Sampler
) ) Agent Wind o B 4
1 Sampler Munition Released Velocity 8 (effi-
Trial Type Type (gm) (mph) mp clency)
1 AGI m-loo 54-4 Aao s e se
2 " " 54.4 3.6 . .-
3 " " 13.6 7.9 .14 .95
4 " " 27.2 8.2 14 .99
- 5 " " 40.8 8.2 .13 .97
j 6 y " 54.4 8.2 15| .93
i ) 7 " MK~-9-CS2 5.0 8.1 14 1.01
8 " " 10.0 8.3 .17 1.20
‘ 9 " " 15.0 8.1 .15 1.07
i 10 " M-100 54.4 11.1 .11
! 11 " " " 11.0 ayJ| 10
12 CI " " 11.1 .11
H
: 13 ct " " 11.1 .10f| 1-00
i 14 AGI " " 7.2 201 1 09
; 15 AGI " " 6.9 .20
: 16 C1 " " 7.1 .20}
‘ & 17 c1 n " 7.1 26| 197
; 18 AGI " " 5.1 27| g
i 19 .| AcI " " 5.1 .30,
: 20 c1 " " 5.1 .32 %%
; 21 cI " " 5.1 250

b 2.2.13.2 Second Analysis. The data for the second analysis were

i obtairad from a statistical design with four levels of sample time (5,

' 10, 15, and 30 seconds), three levels of wind speed (4, 8, and 11 miles

i per hour) and three samplers (CRI, CI, and AGI). The sampling efficiencies
of the CBI, CI, and AGI samplers were determined by comparing the amount
of agent collected by these samplers with the amouat collected by isokinetic
samplers. The sampler array is shown in Figure 14. The physical model
‘used to determine the comparative sampling efficiencies of the CBI, CI,

s “ and AGI versus the isokinetic particulate samplers and the mathematical
: relationships involved are presented in paragraph 2.2.12.3. The average
¢ concentration for these tests was of the order of 1 to 3 x 10-* milligrams

per cubic centimeter. The concentrations were obtained by use of pyro-
technic XM-8 CS cannisters. The data obtained from these trials, to-
gether with the values obtained by the data-reduction technique explained
in paragraph 2.2.12.3 are presented in Table 2. Statistical analysis

. performed on the collection efficiency estimates (Table 3) provided

: the following results:

a. Table 4 indicates the absence of significant differences

for wind speeds or sampling times for trials of the CBI sampler.
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| o
. , o
J> -t a3
‘ . 8" O Field sampler
f @ 1Isokinetic sampler
; )\ N 3
Figure 14, Sampling Array for Second Analysis ;
b. Table 5 indicates no significant differences for either ' =
wind speeds or sampling time for trials of the CI sampler.
¢. Table 6 indicates highly significant differences in both
c wind speed and sampling times for the AGIl sampler.
d. .Table 7 presents a combined analysis of variance for the <, - .
foe entire test. When all data are combined, no significant differences: . '
o - were lttribucable to any of the main effects or interactions.
e, Since CBI and CI samplers showed no significant differences :
awong wind speeds or sampling times, all data over the range of trial P
conditions were combined, and the data were fitted, for each sampler, by it
. me&ns of regression anzlysis. Since the predicted lines should intersect ) ; .
. at coordinates (0,0), the data were fitted to the equation form
y = Kx . Eq. (19)
where y = sampler reading, mg-min/i
K= slope (efficiency estimate)
/x » {sokinetic reading, mg-min/%.
-

§ e e = 4 e

B /;j.A—“,A

“w .




s et 9 v s s e

o « / , L e - PR
o R ot T ‘o
& P / .
S
¢ A
Table 2., Test Summary for Sampler Collection
Sseple [Wind | oo0r pgekinettc 1 ltaskinetie acl | 1nokinette \
Time | Speed |, . X favg. v, N K JAvg. K |, . K |Avg. K
(sec) | ooty | /O (m/t) /0 (237 (n/1) (/1)
30 4 oan 141 1.2 13 119 .98 an 258 1.05
30 A an 268 1.22 136 138 T 263 233 1.13
30 4 100 .19 1.07 263 218 1.3
0 s 1 ae .176 g e 138 1.19] 3.08 | .200 | - 220 1.22 | 1.6
t1s & a ] e 1.06 i 036 041 .90 150 143 1.08
13 & | a0 0% 1.12 028 025 1.18 189 150 1.08
1 6 | .09 082 1.17 .063 063 .96 167 147 1.1
. 6 ]. 080 1.09 | 1.10 | .06l 048 80 2 ] an 148 .22 e
10 4 | .08 4083 1.08 .038 .041 o1 098 .083 111
10 4] on 087 1.27 036 033 1.0% 093 079 1.18
10 4 | .01 0711 |1 048 047 Y .107 .107 1.00
10 4 | .01 076 1.05 | 1.12 | .03 0% 1.19] 102 | .12 097 115 1.1
s 4 | .05 | - L0%0 1.08 .020 018 1.37 .00 046 1.09
s 4] o8 039 1.17 013 014 1.04 048 046 1.04
3 | o8 038 1.19 .029 .020 1.4 .0%0 043 1.18
] & 1 Loe0 .037 1.06 | 1.13 | .020 026 8| tae | Lony 046 1.03 | 1.08
0 s | .o 117 w8 A% 202 .96 J149 .140 1.06
3 s | .07 085 .90 173 .163 1.06 134 113 1.16
30 8| a6 144 1.01 176 .206 .83 .7 .168 1.0
0 s ] .09 108 9| 0] aw A2 80 .92 | .138 131 1.03 | t.07
13 o | .oe2 041 1.03 0% 0% .96 +090 100 .90
18 8| .08 026 1.09 087 081 1.09 081 076 1.06
15 s | .00 064 1.09 .103 .00 11,04 .108 109 .97
13 8 | 0% .041 117 | tae | 072 .076 L9 101 | .09 083 1.10 | 1.0t
10 s | .ok0 041 1.00 .069 074 .9 049 1060 .82
10 ] ... 082 08 |1.08 048 1043 1.08
10 8 | .0%9 .0%¢ 1.06 074 061 .21 082 048 1.06
10 s | 0w 031 1.8 | 1,09 | .06 016 1.28 | 1.13 | .0% 048 1.04 | 1,00
3 s | o 024 .88 0N 036 .87 .013 017 3
s s | .o .018 1.00 030 .01 .97 .010 .009 1.15
3 s | .o20 .029 1.00 .033 028 1.17 021 .023 .93
3 o | .02 .016 1.28 { 1.06 | ... . eee | 1,08 | J013 012 1.06 | 0.98
30 1 o164 .98 ves 139 124 1.12
30 1 181 1.13 .188 198 K o182 o124 1.4
20 11 166 1.07 178 156 1.2
3 n .116 1.16 | 1,09 | .28 am IR BN T TTS .13 1.0 | 111
13 1 066 1.01 111 .106 1.08 4038 031 1.13
15 1 082 .06 116 .09 1.26 .038 038 .98
13 11 .107 107 1.00 087 038 .99
13 1 o | 206 | an .09 11.02] 1.08 | .04 041 1.09 | 1.08
10 n 033 1.0 029 028 1.06 .021 019 1.09
10 1 041 1.16 043 036 1.26 022 026 .9
10 1 062 1.12 T 0% - | .83 .030 033 gl
10 1 042 1.21 | 113 | .08 071 o1{ .97 | 027 .026 1.04 | 0.99
s 1 026 N7 036 032 1.12 021 019 1.08
5 1 019 .16 038 +029 1.23 017 017 1.00
s 1 022 1.13 027 026 1.12 00 .033 .93
s 1 021 1.10 | 1.07 | .027 021 1,29 | 119 | .o 020 1.06 | 1.02
]

*Ia this teble, n is defined ss rwas of C3 in »{lligrame, end { s defined ae flow rets in liters per sinute,

the isohinetic sampler, f equals $.343 times the windspeed in sph.)
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Table 3. Sampler Efficiency (Percent) for the Particulate Collectors
in Test C-136, Phase II, Wind Tunnel Trials

C e = i <

’ Percent Efficiency for Indicated Sampler and Wind Speed
" Sampling Time CBI cI AGI
(sec)
4mph | 8mph|11mph | 4mph | 8mph| 11mph| 4mph | 8mph | 11mph
5 ~113 ] 104} 107} 116 104 119] 108 98 102
10 112 109 113 | 102} 113 97} 111} 100 99
15 1101 114 104 97} 101 108} 111} 101 105
30 113 90§ 109 | 106 92 98} 116 { 107 111
Table 4. Analysis of Variance for the CBI Collector - Test C-136,
Phase II, Wind Tunnel Trials
Degrees
of Mean
Source Freedom Sum of Squares Square F Ratio
Mean 1 140400.3333
Wind speed (A) 2 120.1667 60.0834 *1.273
Sampling time (B) 3 86.3333 28.7778 “0.610
AxB 6 282.6667 47.1111
Total 12 140890.0000
*Not significant.
Table 5. Aralysis of Variance for the CI Collector - Test C-136,
Phase II, Wind Tunnel Trials
c. - Degrees Pt
— of , : . Mean
Source Freedom Sum of Squares Square F Ratio
Mean 1 130834,0833
Wind speed (A) 2 22,1657 11.0834 *0.1669
Sampling time (B) 3 338.2500 112.7500 *1.6976
AxB 6 398, 5000 66.4167
Total 12 131593,0000
*Not significant.
=416~
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Table 6. Analysis of Variance for the AGI Collector - Test C-136, ’
Phase II, Wind Tunnel Trials
' Degrees
of Mean
Source Freedom Sum of Squares Square F Ratio
Mean o 1 134196.7500 | . T '
" Wind speed (A) 2 213.5000 | 106.7500 | *37.312
Sampling time (B) 3 139.5833 46.5278 | 16.2621 !
AxB 6 17.1667
Total 12 134567.0C00
—
Significant at o = (,0005.
®Significant at a = 0.005.
Table 7. Combined Analysia of Variance for the CBI, CI, and AGI
Pesrticulate Collectors - Test C-136, Phase II, Wind Tunnel “
Trials .
Degrees
of Mean .
Source Freedom Sum of Squares Square F Ratio
Mean 1 405344 . 4444
Sampler (A) 2 86.7222 | 43.3611 | “2.299
Wind speed (B) 2 ‘ 280.3889 140.1944 | *2.816
AxB 4 75.4444 18.8611 | "0.566
Sampling time (C) 3 49.1111 16.3704 | “0.329 -
AxC 6 515.0556 ’ .85.8426 ‘2.575 )
BxcC 6 298.7222 - | 49.7870 | *1.493
AxBxC : ‘12 400.1111 | 33.3426
< i “ .
Total 36 407050.0000
*Not significant,
=417~
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The K velues (estimsted percent efficiency for the respective camplet)
with 95-percen: confidence limits are presented in Figure 15.

The AGI data could not be analyzed in this manner because
of the significant differences in both wind speeds and sampling times.
Instead, these data were plotted in Figure 16 to indicate the signifi-
cant differences between the two main effects: wind speeds and ssmpling
time,

The first analysis showed a dependence of sensitivity of
samplers on sampling time. The second analysis was performed in more
detail and showed that the concentration of agent, rather than time,
was the parameter on which sensitivity depends. For these tests, the
dossge ranged from approximately 0.020 to 0.250 mg-min/f, ssmpling
times ranged from 5 to 30 seconds, and wind speeds ranged from 4 to 11
miles per hour. The samplers were considered to measure concentration

isokinetically with an average efficiency of 1.05.

2.3 REVIEW OF OTHER WORK

Previous experimentation has been conducted using 1¢okinet%c
samplers and particles of various sizes, 1In a paper by H.H. Watson,
several asignificant relationships are presented., Figure 17 shows the
relationship between C/C, and U /U as a function of particle size, where
C =~ measured concentration, Cy = true concentration, U = inlet air speed,
and Uy = stream velocity.

A similar graph (Fig. 18) depicts work done by Mayhood and
Langstroth. The results are essentially the same as those obtained by
Watson. The AGI and CI samplers were checked over & range of values
Uo/U from .5 to 2.5. The values for C/C, were approximately 1 for all
values of Uy/U. These data are consistent with Figures 17 and 18 for
particles 1 micron in diameter. Figure 19 depicts the relationship
between C/Co and the angle between the inlet tube and wind direction.

“ This graph shows the effect of turning the sampler at various angles

to the windstream., This has very little effect on the efficiency up to
angles of 30 degrees.

Figure 20 is taken from & report by‘K.R;lHay and H.A. Drueﬁt(z)

which shows how the intake efficiency of the AGI with a preimpinger changes’

with wind speed. Figure 20 shows that for l-micron diameter particles,
the eéfficiency is approximately 1 for all wind speeds, even though the
preimpinger intske orifice is on a 45-degree angle with airstream.

This is consistent with the results of Mayhood (Fig. 19).

2.3.1 Relationship of Present Results to Other Work

At Uy/U = 1.5 for 12-micron diameter particles, C/C; = 1.1 in
Pigure 17 and 1.15 in Figure 18. It can be concluded that a scatter of
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Figure 17, Work Performed by watson'?
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5 percent, at most, i3 likely in experiments of this kind. The values
obtained for K in this analysis do not differ significantly from the
previously reported values. (See Tables 1 and 2 for K estimates for

(~‘thil analysis.) Figure 19 indicates that the scatter in K is not

caused by the irregularity in the air flow. Before the tunnel was
modified, sampler effici?gcies of 0.75 and 0.63 were determined for the
CI and the AGI samplers. ) In interpretating these results, it must
be remembered that the airstream was very irregular and only three
samplers were used; hence, it was difficult to get an accurate mass
balance. 1In both the present tests and in those reported in reference
7, the source of the agent was a pyrotechnic munition. This procedure
introduces added uncertainties in the experiment. Nevertheless, im-
proving the quality of the air flow seems to lead to reproducible agent
concentration profiles, as determined by repeated experiments.

2.3.2 Summary

The modifications that were made to improve the uniformity of
the air stream are shown to be adequate for sampler calibration until
the time that other uses of the fac’lity require a lower level of turbu-
lence in the air flow.

The isokinetic sampler functioned as designed. The preliminary
calibration of the AGI, CI, and CBI samplers indicate all esauplers have
an efficiency of about one over & velocity range from 4 to 12 miles per
hour. The results obtained for these samplers using the isokinetic
sampler as & standard are consistent with the results of previous in-
vestigators. 353) 1t is therefore recommended that the isokinetic
sampler developed in this study be used as a standard to calibrate field
samplers at DPG. However, the AGI sampler collected significantly

different amounts of agent as wind speeds changed and also as the sampling

times changed. No such difference was noted with the CBI and CI samplers.
The ratio of the amount of agent collected by the field sampler and that
collected by the isokinetic sampler is used to determine the efficiency
of the field samplers. The calibration then becomes independent of the
amount of agent released, provided the samplers are not overloaded with
agent. Thus, the concept of using an isokinetic sampler eliminates many
of the uncontrolled varisbles that create difficulties in application

of the mass-balance cachnique of sampler calibration. '
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TECENIQUES FOR TAIL LENGTH ANALYSIS

James J. Filliben
National Bureau of Standarcs
Washingtc.a, D.C.

This paper concerns itself with the problem of estimating from
a set of data the tail leagth of the underlying distribution. A
probability plot technique for such distributional analysis is
developed which makes use of order statistic medians. The probability
plct correlation coefficient r_ for a distribution D is introduced
which gives a statistical measure of probability plot lineerity. The
ontput from a computerized version (written in machine-independent
ANSI Fortran) of the proposed tail length analysis procedure is
illustrated. Three examples are discussed.

Keywords: Statistics; Data Analysis; Distribution Analysis; Tail

Length Analysis; Probability Plots; Correlation Coefficient; Prob-
ability Plot Correlation Coefficient; Ordered Observations; Order

Statistics; Medians; Order Statistic Medians; Normality; Lambda

Distribution; Tukey T.ambda Distribution; Symmetric Distributions,t
‘Estimation; Fortran Subroutine. .
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Introduction

The purpose of this paper 1s to present various techniqueé for
the problem of determining, for a given data set, what the appropriate
underlying distribution is. Although we shall ostensibly be con-
straining ourselves to the univariate problem where

response = unknown constant + ran&om error, (1)
the results obtained and the procedures advocated are applicable
through residual analysis to a wide variety of more general response
models,

Let us first of all review briefly the typical measurement
process situation. We start of course with data. The goodness of the
data in reflgcting the phenomenon under study is a function of the
experimental design and of the expertise of thecexperimenter. The
n observations colle;ted are our only real cantact‘;ifh tié
phenomenon under study. In effect our data says to us: "I want to

tell you about such and such a phenomenon, and, incidentally, about

. such and such an experimenter." Considered 1nrthis light, our data

is seen as something to Be(analyzed and not just summarized. Anyhow, '

let us assume at the beginning here that we have n independent (a
problem unto itself) observations Yl’ YZ, ooy Yn; this constitutes

our data set.
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At this point the statistical approach is imposed which assumes

that there exists a random variable Y with some unknown distribution

. which corresponds to the population of all possible responses for the

phenomenon under study. This distribution has some location and scale,

defined by the arbitrary parameters u and o, say.
Frequently at this stage the experimenter is content to con-
centrate on inquiries about the tﬁo parameter values only. He says

in essence: '"Look, u and ¢ are the only things I am interested 1in;

these are the cnly things I report; so who cares about other details."

The response to this twofold: 1) knowledge of y and ¢ does
not uniquely characterize a distriubtion -- we can have an infinity
of different distributions, with a wide assortment of probability

function or density function shapes -- but with the same values for

o

p and o, Knowing only two pileces of informatfon (location and scale)

3
B e

L;ields only partial knowledge of our measufemeht ?rocess;( It 1s of

interest in itself from both a physical and statistical point of view

to know as much about our measurement process as possible. This is

'1nformation which ls presently obtainable - all we have to do 19

take the time to ask, and to ask the right questions. 2) In general,

of course, u and ¢ will never be known exactly -- we would need an
infinity of observations under constant experimental conditions to

have this -~- thus we must estimate p and o, But not all estimators

are equally good and the goodness of a particular estimator is a

function of what the actual unknown underlying distribution is (see

=427~
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u (and o).

references 4 aqd 6). Porreiample. as shown in exhibit 1, the
co;monly used sample mean 1; excgllent forcfhe moderate~tailed

normal distribution, but 1s poor for the short-tailed uniform
distribution and is very po&r for the long-tailed Cauchy distribution,
Similarly, the sample midrange is good for short-tailed distributioms,
but poorer for longer—tailedfdistributions, and the sample median is
good for long-tailed distribhtions, but poorer for shorter-tailed
distributions. Thus, if we ?o not know what the underlying
distribution 1is, or we do nﬁ% thoroughly inquire as to what it is,
then a given estimator of lo;ation, say, the sample mean for example,

may or may not efficiently e?timate u; based on no distributional

information, it will simply be a pot luck situation. However, 1if

we do know what the underlying distribution is, or if we can fairly

: : | )
accurately "estimate" what‘tﬁe underlying distribution is, then by

making use of standard matheﬁatical statistical estimation results,

_we can choose an estimator which we know will efficiently estimate

[ . .

<
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Probability Plots and Probability Plot Correlation Coefficients
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i, and so the plot of x1 versus 1oc(x D) will be approximately linear.

Having concentrated on the necessity of a detailed distribution/

tail length analysis, we now address ourselves to the problem of how

“to estimate the tail length of the underlying distribution. What we

have had success with and recommend as a procedure for "estimating"

the underlying distribution is based on probability plots (see references
2, 3, 5, 10, and 13), order statistic medians, and Tukey's lambda
distribution family (see references 6, 7, and 9)., As used in this paper,
a probebility plot for a given distribution D is defined as a plot of
the 11 ordered observation X, (that is, the 1P order statistic) versus
some measure of location 1o¢(xi;n) of:the ith ordered observatiod from
that given distribution D. The ith ordered x1 is, of course, a function

of our data set; the location loc(xi;D) of the ith ordered observation

from a given distribution D is not a function of our data set -~ it is

a number.computed from matheoatical statistical considerations and is

:dependent only oh the value of 1, the sample size n, and the hypotheaized :

distribution D. 1f, in fact, nur data set was generated from the

hypothesized underlying distribution D, then aaide from an unimportant

If our data set was generated from another underlying distribution

D' ¥ D, then xi will not approximate loc(xi;D) for all 1 and so the plot
will tend eo be non-linear (but of course in this latter case, Xi will
approximate loc(xi;D) and so the probability plot for D' will tend to be
1inear). Probability plots are thus obtainable for any distribution D

in which loc(xi;D) is computable.
=429~
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Oge(reason why non—normalrprobability plots have not;in the past
been commonly used is because E(Xi;D) (the(expectéa valpe of the 1Fh'
ordered observation for a distribution D) has been used for loc(xi;D)

- buﬁ‘the use of the expected value has the distin;t disadvantage of
requiring a special 1ntegratioﬁ technidue for each different distribution
D. Also, E(Xi;D) does not always exist for some of the longer-tailed
distributions, These problems may be circumvented by the use of the

h ordered observation from a distribution D for

median med(xi;D) of the 1%
ldc(xi;D) rather than using the expected value. First of all, we have no
existence problems with med(Xi;D) -= the median exists for all i, n, and D.
Secondly, to compute med(xi;D) -- for any given i, n, and D, we need only
transform (via the percent point function (see references 6 and 7)

GD(p)‘- FD.I(p) of the given distribution D) the corresponding order

statisic medians of the uniform distribution on [0,1]; that is,

'med(xi;D) - GD(med(Xi;U))

', where GD(p) is theppercent'pbint function (the inverse cumulative

distribution function) of the distribution D and where ned(xi;U) is the

median of the ith ordered observation from the uniform distrib+*ion on the
“interval of 0 to 1. Thus ée have a theoretiéailj uﬁifiéd; as well as a

_computationally simple, approach to forming probability plota for any

distribution D.
These probability plot considerations have been implemented into a

machine-independent ANSI FORTRAN subroutine. Probability plots for 4

~430-
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basic symmetric distributions of widely differing tail length are

genefated: the uniform (short-tailed), the normal (moderate-tailed),

- the Tukey A - -0 5 (moderate-long—tailed), and the Cauchy (long-tailed)

In addition, in order to get a more detailed and global picture of the
distribution space, we have made use of the probability plot correlation
coefficient, T which for a given distribution D 18 here defined as the
product moment correlation coefficient of the ordered observations and
the medians of the ordered observations from distribution D; more
preciselj,

- COrr(xi,mi) : (3)

= IX-D)(m-m)

(%, 25 my -0 (4)
where xi is the observed ith ordered observation and where

m, = med(xi;D) is the median of the ith ordered observation from the

i

distribution D. (Simpler expressions for The making use of symmetries,

do exist but are extraneous to the central theme and so will not here

< <

be presented.) The rationale behind the probability plot correlation
coefficient is of course that probability plots indicate affirmative

results when they are linear, and a simple measure of linearity is the

'c0tre1ation coefficient. In the above mentioned subroutine, the :b

‘ probability plot correlation coefficient has been computed for 44<

syrnetric distributions -- ordered by tail length from very short-tailed
U-shaped distributions to extremely long-tailed distributions, "Standard"
distributions such as the uniform, normal, logistic, double exponential,

and Cauchy have been included; the remaining distributions are from the

Tukey A distribution family.
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Example 1. Josephson Junction cryothermometry voltage counts.
700 counts were observed; each count was proportional to voltage

output from a Joeephson Junction in a cryothermometry experiment. To give

<

the reader a "feel" for the da:a, a plot of the data versus time is

included (exhibit 2). The principle fea;ure exhibited in the data plat(is
the discretness of the data set - thefe are only 8 distinct values which
the counts have taken on. The first page (exhibit 3) of the automatic
outpue from the computerized tail length analysis focuses on the specific
assumption of normality. Five commonly used test statistics are included.
In addition, the normal probability plot correlation coefficient is also
included. On the basis of the standardized test statistics (given in column

4), there are conflicting and inconclusive indications of normality and

non-normality. However, we really should not be attempting to conclude that

a data set wa-c generated from some particular distribution 1n the first

_ place; rather, we should be attempting to determine an admigsible set ofC

distributions (all of more or less the same tail length) from which it is
plausible that the observed data set could have been generated. Hence,

although the normal test statistic results are informative, they are not

to be weighted as heavily as the following probability plot considerations.

Uniform, normal A= -0 5, and Cauchy probability plots are shown in

exhibit 4. The discretness of the data is also evident here. More important,

from the plots and from the associated probability plot correlation

coefficients (given at the bottom of each plot), it is clear that the under-

lying distribution is apparently near-normal. This conclusion is substantiated

=432~

. TR Y SO 3 R .
» N ST -

.




st R

in exhibit 5 in’vhich we:s;ecthe probaﬁility ﬁlot correiktion
coefficient remaining fairly stable in the short-tgiled region,

. maximizing itself in the quetate-tailed region, and thenkdecreasingr
in the moderate-long and long-tailed region. Although the maximum
correlation happens to be for the normal distribution, a more
reasonable conclusion than exact normality is that underlying
distribution is simply near-normal. This conclusion is important
in itself; further, applying this conclusion to the problem of
locationland scale estimation, we may thus feel reasonably safe in
using the sample mean of sample trimmed mean (with only a small
amount of trimming) to efficiéntly estimate i, and to use the sample
standard deviation to efficiently estimate 0. Better yet, if we
consider the set of 11 distributions from A = +0.7 to A = ~0.1

as an admissible set (where the criterion of admissibility was the

 “probability plot correlation coefficient being in excess of 96

C ' percent) thén a valid alternative course of action which would

protect us even more is to use a robust estimator over the

fﬁgdmissible set:(see refeience 6). - S s

<
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Zxample‘ 2. \ Wipd Velocities.
‘1200 coded wind velocities taken at one tenth of a ucond‘ intervals
were observed. The data plot (exhibit 6) indicates a possible drift
" and/or a possible shift in location in the ‘second halfiof tﬁe data.
Other analyses (not here described) detected the existeace of non-
randomness and low frequency components; these findings will be ignorecf
for the present for the sake of illustrating the point at hand; viz,,
the tail length analysis procedure. We first note the normal test
sta:istnics in exhibit 7 -~ they are inconclusive. From the 4 prob-
ability plots of exhibit 8, we see that the data set as & whole appears
moderate~tailed in spite of the fact that the randomness assumption
18 untenable. Also, since the uniform probability plot is nor shaped,
whereas the A = -0,5 probability plot is "S" shaped, this implies that
the linear crossover will occur 1n‘ the set of distributions between
the uniform and the A = -0,5 distribution. Exhibit 9 shows that this
s n fact the case: the probablili‘ty plo; correlatioﬁ c:oeftiicién: ‘
is maximized by the A = +0.3 distribution which is a moderate-tailed
distribution very close to the normal distribution. For this data
‘ get, we therefore ;nightr conclu:de( th;u; /the'u;xderl)y»ir,x—g ‘disjtrribtitioﬁ .
- 1im mdérate-tailed or possii:ly short-moderate-tailed. The sample
mean and sample standard deviation will probably be fairly efficient
though not optimally efficient. For this particular data sef, of
course, where there is obviously much inherent structure to be taken
into account, a more detailed analysis (on, say, the Jifferencea
Zi - Yi - Yi-i) is recommended, “
=434~
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° Fxample 3. Deflectfons of a Steel-Concrete Beam.

200 coded deflections of a steel-concrete beam when subjected to
a periodic force by an attached piston were observed. The data ploc (
.1s given in exhibit 10. Five of the 6 normal test statistics 1n
exhibit 11 are in excess of 4 standard deviations from their expected
value, thus suggesting non-normality. From exhibit 12 we see that the
uniform probability plot is more linear than any of the others; also,
we note that the provability plots are "S" shaped for all 4 distributions
indicating that no intermediate crossover will take place and that the
"true" underlying distribution is even shorter-tailed than tce uniform.
Exhibit 13 confirms this conclusion; it 1s seen that the maximum prob-
ability plot correlation coetficient is given for the A = +1.5
distribution which is a finite-domain, short-tailed, U-shaped distri-
bution. The use of the sample mear and sample standard deviation
in this case would have been extremely ipefficient -~ the sample midrange
and sample range are preferable. Other analyses (not here included)

indicated a strong non-random sinusoidal component; this corroborates

‘ he tail—length analysis because when the generating model is cyclic, Lo

as detected, then it is chatacteristic for the distribution of the

responses to ba U-shaped.
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Concluding Remarks

Data analysis techniques based on probability plotu, order
statigtic medians, Tukey's lambda distibution, and probability
plot correlation coefficients have been proposed. By use of
such techniques, useful informatioﬁ may be obtained regarding
the distributional structure of a given data set. Such distribu-
tional information provides important guildance in the choice of
efficient estimators of location and scale. The implementation
of these techniques into an internally-documen:ed, machine-inde-
pendent FORTRAN subfoutine allows such an analysis to be easily

and routinely performed.
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CRITERIA FOR A BIOCELLULAR MODEL - BIOCELLULAR COMMUNICATION

George 1. Lavin
Vulnerability Laboratory
Ballietic Research Laboratories
Aberdeen Proving Ground, Maryland

We are interested in the design, construction and testing of a model
which could be used for the assessment of absorbed energy on biocellular
systems, Previous reports to this Conference have had to do essentially
with the methodology available for this purpose. However, from time to time
an attempt has been made to describe a model.

We do not have to go far afield for the model criteria, Obviously, it
is that particular animal or animal system under consideration, The diffi-
culty of course is that we really know very little about the biochemistry of .
behavior. The analytical data available (on soft tissue) indicate the pre- i
sence of proteins, nucleic acids, polysaccharides, lipoids, phosphorus con-
taining cerebrosides....Also the general impression is that these materials
"act" as sources of energy for the various physiological processes or as
enzymes (catalysts).

It is obvious that no attempt is being made at the moment to apply the
above to models, The present paper 1s designed to call attention to an-
other aspect of performance which should be taken into conmsideration in
the design of models. That is, Biocommunication (nerve transmission),

In order to have a dimensional concept on which to speculate, let us
consider the example of a man sighting an object and then reaching for it.
The following are involved: Brain, Nerve, Muscle, The Visual SystemsS......

We now have a dimensional ensemble which performs a definite task
which we can use for the application of "Biocellular Numbers." That is to
day we are in a position where we can make an assessment of the mechanism
and utilization of absorbed energy....By a corsideration df the effects ¢n
the task specific compounds.

To come back to our original subject, that is Biocommunication, we can .
make the assumption that the performance of a task is the result of the pre- '
sence and intercommunication of a series of animal organs, the extent of per-

formance being regulated by feedback processes - subject to specific emergy . -~ > ¢

interchanges, . . s < e

It is obvious that the above is not a complete '"recipe” for a Biocellular
Model. It is intended, however, to be a step along in the hope that by such
thinking a working simulation can eventually be attained...Only God can make
a tree,
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EQUATION~-OF-STATE AND SHOCK INITIATION EXPERIMENTS
ON EXPLOSIVES USING PULSED ELECTRON BEAMS

L., Avrami and P, Harris
Picatinny Arsenal, Dover, New Jersey
J. Shea
Physics International Co.

ABSTRACT, Pulsed electron beam energy deposition experiments were
carried out on porous granular primary and secondary explosive pellets,
Experimental techniques and shock theory were developed to obtain energy~
pressure coupling data and aound velocities, The deposition conditions
for shock initiation also were investigated and the initiation levels for
lead azide and KDNBF were determined.

Experimentally an effective Gruneisen parameter was obtained by rear
surface response, and the measurements were correlated theoretically with
pulse time and the structure of the porous explosive, The experiments re-
vealed a strong dependence un density ratios, '

INTRODUCTION. During a recent program studying the effects of a radia-
tion pulse on explosive materials using pulsed-electron beams (Ref,l) experi-
mental techniques were initiated (1) to obtain energy-pressure coupling data
and sound velocities on porous granular explosives, and (2) to determine the
energy deposition conditions for shock initiation of explosives.

Although a fair amount of infermation is available on the static pressure

. properties of materials the emphasis has shifted to determine the dynamic high

pressure properties of materials, not only solid or liquid, but also porous.
In the latter case, any material which has a mass density less than the maxi-
mum possible equilibrium mass density at a given pregsure and temperature is
called a porous solid, The example used here is the less than crystal density
granular explosives pressed into pellets,

There are thr-e ways to cause a shock wave to occur in a material., An
already existing shock in one medium can be propagated into a second material
simply by having the two materials be in contact, .Sollds can be caused to
impact each cther at high velocity resulting in shock waves propagating out
from the point of impact, Lastly, thermal energy can be stored in a material
in a spatially inhomogeneous manner; since thermal energy is equivalent to a
pressure, and since 3P/3x is equivalent to a force per unit volume the inhomo-
geneous energy deposition combined with a nonlirear equation of state will re-
sult in a propagating shock., This paper describes the results utilizing the
last method,

APPROACH, High intensity, high vol:zage, pulsed electron beams can be
used to produce a sudden increase in energy (and pregsure) throughout a sub-
stantial volume of a solid without shock compression, With this method the
problem assoclated with the local thermal non-equilibrium aspects of shock
loading of granular explosives need not be congidered, Furthermore, the

Preceding page Llank
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states attained by sudden volume heating are well removed from the Hugo- -
niot, thus affording the opportunity to evaluate the adequacy of the
equation-of-state models under conditions not associated with shock
loading.

In order to characterize the state of a material following constant
volume heating, the pressure-energy coupling relationship must be known,
This relationship is determined through the Gruneisen coefficient, I, of

the material, This parameter appears in the Mie-Gruneisen equation of state
(Ref. 2) and can be written in the form

P = £QV) +on 1)

where P is the pressure, V is the specific volume, and E is the specific
internal energy.

The Mie-Gruneisen equation of state is generally employed in the
finite difference computer codes that are currently used to calculate dyna-
mic response of homogensous material (Ref, 3). However, when materials with
porosity are encountered, one cannot continue to consider them as homogeneous
media, On the other hand, the convenience of the finite difference computer
codes is such that it is desirable to define constitutive relationships in
such a way that they are treated as if they were homogeneous, and average
values for pressure, volume and energy are given correctly., Such formulations
have been developed by Hermann (Ref. 4) and Seaman and Linde (Ref., 5).

An effective Gruneisen coefficient can be defined for solid materials,
including porous substances such as granular explosives, by

; 2p ‘
r -QV (ﬁ (2)
v

where the volume is considered in a macroscopic sense, {.,e. bulk material

. plus any voids. The coefficient thus defined is expected to be energy depen-

o

dent for porous materials, since internal pressure relief (still at constant
volume) can occur due to the collapse of voids, especially as the shear
strength of the material generally decreases with increasing temperature,

If the pressure in a substance is determined as a function of energy
under constant volume conditions, value of the Gruneisen coefficient can be

- obtained as a function of energy by differentiation (Equation 2),

- High~intensity pulsed electron beams are well guited for- producing sudden
volume heating, so that: the Gruneisen coefficient can be evaluated. When the

irradiated sample (slab geometry) is thick enough to absort all of the incident

electrons, a compressive stress wave propagates from the heated, high-pressure
region toward the rear (away from the source) of the sample,

A transducer, such as a plezoelectric material or manganin gauge, located
just beyond the deposition depth, can be used to record the stress pulse, Al-
ternatively, the displacement or velocity of the rear surface may be observed
using optical techniques, A relatively straightforward procedure involving
material response calculations can be used to infer the initial pressure dis-
tribution from the experimentally measured stress history, provided the con-
stitutive relation is reasonably well known.
tion profile is then sufficient to determine the Gruneisen coefficient.
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° constitutive relation

* in aluminum is given in Figure 1, -

By locating the|transducer just beyond. the deposition region, the effects
of uncertainties in the Hugoniot, dispersion, or attenuation are minimized.
Moreover, since the e%tire stress profile is obtained, serious errors in the
if present, will be detected,

EXPERIMENTAL RESULTS. Experiments to determine the pressure-energy
coupling were performed on PETN (pentaerythritol tetranitrate), KDNBF (Potassium
dinitrobenzefuroxan), lead axide (PbNG), and RDX, The PEIN wafers were pressed

from a very fine powder (grain diameter .003mm) to densities ranging from
1,48 to 1,57 grams/cm3 (Ref. 6). KDNBF pellets of 5/8 inch diameter pressed
with & tons (p=1,67gm/cc) and 5 tons (p=1.60gm/cc) and PbNg pellets pressed
with 3 tons (p=2.92gm/cc) and 5 tons (p=3,27gm/cc) were tested, The nominal
thickness of the specimens was 0.070 inch., Electron beam irradiations of
the gspecimens were performed with both the Model 312 Pulserad and on the
Model 738 Pulserad, Stresses generated in the specimens were measured with
piezoelectric (X-cut) quartz stress gauges, The gauges have a nominal read
time of 0.5 usec before internal reflections perturb the output, The active
area of the gauges is 1/2 inch in diameter,

In the initial series of tests that were performed with the Physics Inter-
national Model 312 Pulserad, specimens were bonded directly onto the quartz
gauge, In order to deep the duration of the stress pulse to less than 0,5 usec.,
the electron range, R, in the specimen was limited to a value less than ¢ x 0.3
usec, where c 1is the‘specimen sound speed., For preliminary calculations, c was
assumed to be 0,2 cm/usec; thus R < 0.1 cn. This criterion dictated a maximum
mean energy of 0.5 MeV for the least dense of the materials under test, The
elactron beam was controlled by a low pressure background gas, Fluences were
monitored between data shots by inserting a graphite calorimeter into the test
chamber at the specimen location. Nermalized dose profiles were obtained at .
intervals with an aluminum depth dosimeter, A typical normalized dose profile

A quartz transducer record obteined for the pressed PETN 1s shown in Figure
2, For KDNBF and lead azide the records are shown in Figures 3 and 4. The first
signal is a short pulse due to the electron bremsstrahlung radiation incident
upon the cables for the transducer. This provides a precise fiducial point for
the energy deposition, The compressive stress pulse arrives shortly thereafter
and is recorded well within the 0.5 usec reading time of the transducer, With
this record a measurement of the scund speed in the material can be obtained .
whern  the sample thickness and energy deposition profile is known, :

The record stress levels were comparatively low: further, a consequence of

- the Seaman and Linde model for porous solids (Ref, 5) is that the propagated

stress pulse resulting from energy deposition in a porous solid will not exceed
half the crush strength, provided the voids are not filled and no vaporization
takes place, Therefore, linear equations were used to compute the material
response,

The results for all the PETN samples are summarized in Figute 5 where the
peak initial pressure deduced from the measured stress is shown as a function
of peak dose., Linear relationships are found for samples with densities of
1,59 + 0,01 gtam/cm3 and 1,54 *+ 0,01 gram/cm3, The Gruneisen coefficients for
these materials are computed to be 0,51 and 0,15, respectively., Greater un-
certainties are associated with the data of the low density sazples, 1.47
gram/cm3, and 1.54 gram/cm3, as a result of the lower densitie§ and sound velo-
cities producing stress pulses that slightly exceed the nominal read time of
the quartz gauges, Therefore an extrapolation of the records was necegsary.
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The pressure that was observed from the 1.47 gram/cm3 dense sample ex~
posed to a dose of 16 cal/gram falls within an expected region, The other
1.47 gram/cm3 dense sample, however, produced a pressure that is highqp than
anticipated. It falls slightly above the data for the 1.54 gram/cm” dense
samples. This discrepancy was not reselved. 3

The datum point for material with a density of 1.67 gram/cm” indicates a
value for the Gruneisen coefficient of 1.2 * 0,2 which is considerably higher
than that of the lower density materials. Since the Gruneisen coefficient is

‘expected to be sensitive to density, this result was anticipated.

The sound speeds obtained from the oscilloscope traces for the 1,59
gram/cm3 and 1.54 gram/cm3 samples were found to be 2,4 * 0.1 mm/usec and 1.8 *
0.3 om/usec, respectively, These agree with data reported by Roth and Blackburn
(Ref., 12) for PETN in the same density ranges. The measured sound speeds for
the 1.47 gram/cm3 and the 1,67 gram/cm3 samples were 1.7 * 0.3 mm/usec and 2.8
mn/usec, respectively, The complete results of the measurements are summarized
in Table 1. -

The measured stress profile is compared with a computed stress profile
based upon the energy deposition profile, a sound speed of 2.4 mm/usec and an
assumed value for the Gruneisen coefficient of 0.31 (Figure 2) and shows satis-
factory agreement.,

For the lead azide and KDNBF, similar work is now in progress. Besides
using the technique describes above a second series of tests are being performed
employing a somewhat different quartz gauge technique. In this technique a buf-
fer of fused quartz is sandwiched between the sample and the quartz gauge, With
this configuration, the mean electron energy is chosen high enough so that deposi-
tion occurs through the entire specimen and into the buffer, Ideally, the speci-
men-buffer interface should lie at about half-rang~ (or less), Since fused quartz
has a very low Gruneisen coefficient (I' < 0.035, Ref 7) compared to most materials,
it produces very little stress. The stress pulse that is obtained from the con~-
bined package thus will usually exhibit a large step corresponding to arrival of
stress from the rear surface of the specimen. In any case, the egunation of state
for fused silica is well known (References 3 and 4) and the arrival time for
the pressure signal from the test material can be uniquely determined.

This technique has several advantages. First, gauge read times are of
little importance since the step, which is the signal of interest, is generally
the first detectable signal to be read by the gauge. Second, one-dimensional
read times and stress reverberation time ({.e. multiple reflections hetween the

" sample front surface and the buffer) do not affect the amplitude of the step.

And third, the normalized dose at about half-range is least affected by slight

~variations in the electron energy spectrum,

Preliminary results obtained using both techniques are listed in Table 2,
For 'KDNBF the results indicate so far that for the two types of samples the
sound speeds and effective Gruneisen parameters are the same at the two densities.
Additional tests are being conducted to determine if a density ratio actually
does exist, For lead axide the sound speed value of 0.35 *+ 02 cm/usec and a pro-
bably Gruneisen constant of 0.25 + 03 were obtained for the 5 ton pellets with
a density of 3,29 grams/cm3,

DISCUSSION OF GRUNEISEN RESULTS. There are two possible definitions of
the Gruneisen parameter, one microscopic and the other macroscopic. The micro-
scopic involves a model for irteractions on an atomic level, while the macro-
scopic definition involves measurable parameters.
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In the macroscopic definition, the Gruneisen constant, ', is defined by:
o 1 - S i
== ( 2 (2)
p [} . : .
where p is pressure, o is mass density, and E i1s internal energy. Equation 2
says that if one deposits thermal energy in a time small compared to the time
necessary (defined below) for significant mass motion, then the pressure in the
solid changes, The quantity I' determines the change in pressure, and is a pro-
perty of the structure of the material.
The time criterion mentioned above is usually taken as the time necessary

for an acoustic wave to traverse an electron scattering mean free path in the
solid, Let such a time be tl. If the pulse duration is T, then the constant

volume definition of Egq. 2 requires:

T < t;. 3)
Physically, this means if Eq. 3 holds, then any energy inhomogenities intro-
duced by the electron beam are not relieved by acoustic signals before the
energy is deposited, In other words, the energy can be considered as deposited
instantaneously if Eq. 3 holds.

Considering that the average dimensions of the granular explosive parti-
¢les are small compared to the appropriate radiation mean free path, it can be
readily seen that the time criteria of Eq. 3 is, in general, not valid for a
porous material. In the case of small particles, the energy deposition-~ induced
thermal stresses are relieved by thermal expansion prior to completion of the
energy deposition process, Table 3 below lists some electron energy absorp-
tion mean free paths for a variety of materials and energies (Ref. 8).

As contrast to the typical dimension of 103y, 1.e., 0.1 cm, of Table I, an
acoustic wave propagating at 3 x 10° cm/sec can relieve the stress to the center
of a 180u particle in 30 nanoseconds. Consequently, an electron beam machine
‘having a pulse width of 30 nanoseconds (FWHM) would not be able to utilize the
criteria of Fquation 3 for experiments with porous solids having particle sizes
,of 180u or less, It is interesting to note that the 30 nanosecond figure is
typical of the faster machines in use today. The average grain size of the PETN
was observed to be 250u. The electron beam was at 0.4 Mev with a pulse width of
25 nanoseconds (FWHM). Thus, if the PETN in question was porous enough so that

"a significant number of grains were not in intimate contact along a grain

boundary, then the time criteria of Equation 3 would be invalid,
Consequently, the ' measured was not the true constant volume Gruneisen para-

meter as defined by Equation 2, Exactly what detailed microscopic physics corres-
ponds to the measured I' is a very difficult question in porous solid mechanics
which remains unanswered, While the measured "effective I'" is a worthwhile ex-
perimental variable in that it characterizes the gross behavior of the material,
unfortunately it does not allow for distinguishing between all possible porous
materials as a function of material parameters,

The same conclusions were evident in flyer plate experiments (Ref. 9) where
Harris analyzed the PETN results and the flyer plate experiments of Boade (Refs
8, 9). Wave propagation in porous materials was considered in detail and Harris
concluded that in such materials macroscopic measurements can not always be used
to determine microscopic parameters. In support of this, the porous material
is considered to act as a diffraction grating with respect to a shock wave, and
that unidirectional one-dimensional strain does not hold., Also the role of sur-
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face energy effects was considered since the measured pressures were in the
fraction of a kilobar range and the loading pressures for the pellets were
in the one to ten kilobar range.

Experiments are scheduled to conduct the same type of expériments with °
large single crystals of RDX and PETN, Mazzella et al (Ref. 11) have proposed
a Gruneisen parameter for a porous material given by

I'==5T, (4)

c
8

where ry is the parameter for the voidless undeformed solid, with Cy being the

propagation velocity corresponding to a pure bulk modulus wave in the voidless
undeformed material., c¢ 1is the corresponding velocity for the porous solid.

Whether a correlation can be made 1s not known, but it seems that Equa-
tion 4 is valid for those experimental situations where the energy deposition
is so large in time that the porous medium is able to continuously adjust its
density on a microscopic scale without affecting the macroscopic density,
Other factors such as relaxation time will have to be considered.

Conparisons are also being made with the relationship

= -—-—-Bk ! '
r DCP ' ) .
where B is the volume expansion coefficient, k is the adiabatic bulk modulus
and cp is the specific heat at constant pressure, Values are being determined

for single crystals and pressed pellets and the Gruneisen parameter compared
to those obtained with the energy deposition technique.

SHOCK INITIATION RESULTS, Shock initiation experiments were performed on
lead azide and KDNBF, Also some preliminary results were obtained on lead
styphnate and LMNR (lead mononitroresorcinate). ) o

The lead azide wafers were 1/4 inch diameter and 0,040 inch thick with a
density of 4.0 grams/cm3. These wafers were bonded with Silastic 732 RTV ad-~
hesive to aluminum overlays that were 3/4 inch diameter and 1/8 inch thick, The
lead azide samples were irradiated with a pulsed 900 kev electron beam; the
energy deposition was entirely in the explosive.

The stress pulse in the aluminum could be computed from the energy deposi-

.tien profile, -the beam intensity, and the equation of state for aluminum. . The

L~sttess transmitted to the explosive depends upon the relative acoustic impedances

of. aluminum and the explosive, 1In addition, the bond layer must be quite thin
to avoid significant attenuation,

A test was conducted to check the experimental configuration, and, in parti-
cular, the effect of the adhesive bond on the transmitted stress pulse. In this
test a quartz gauge was bonded to an aluminum sample using the Silastic 732 RTIV
adhesive, the sample was irradiated, and a comparison was made between the pre-
dicted and measured stress hisotires. There appeared to be a 20 percent attenua-
tion of the stress pulse due to the bond, This factor was used in the subse~
quent analysis to estimate the stress transmitted to the explosives,

The experimental results obtained for lead azide are summarized in Table 4
and in Figure 6. Seventeen samples were irradiated; six samples initiated and
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eleven samples did not. The temperatures indicated in column 4 of the table
are the final temperatures that the aluminum overlay achieved due to the
‘energy deposition, These values are upper bounds; any thermal losses were
neglected. The highest temperature achieved at the aluminum-lead azide inter-
face was approximately 120 C, This value is signiflcantly below the lowest
value of 297 C for thermal initiation threshold of the lead azide. The data
indicate a stress initiation threshold of 3.6 kbar for the lead azide, assuming
a sound velocity of 0.25 cm/usec for the explosive, The stress pulse width was
approximately 0,2 usec, However in the equation-of-state work on lead azide
the sound speed for lead azide with a density of 3,29 grams/cm3 was .35 cm/usec.
If this value is used the initiation threshold is 4.4 kbar,

These results are in reasonasble agreement with some small-scale gap tests
which obtained threshold initiation levels of 4 to 6 kbar for lead azide (Ref-
erence 13); they are also consistent with an experiment performed by Roth (Ref~
erence 14), who observed an initiation in 95 percent lead azide, 5 percent Teflon
(p=2,7 gram/cm ) subjected to an 8,5 to 10 kbar shock loading,

Only a limited amount of data was obtained on lead styphnate and IMNR, One
initiation was achieved in lead styphnate. Assuming a sound speed of 0.25 cm/usec
and a density of 2,75 gram/cc the stress transmitted to the lead styphnate that
produced initiation is estimated at 4,3 kbar, while the highest stress that did
not produce initiation was 3.1 kbar, Pulse duration was in the order of 0.4
usec, With ILMNR with the same type of pulse no initiations were achieved with
the highest stress transmitted to the LMNR being in the order of 8 kbar.

The shock initiation experiments were performed on KDNBF pellets of 1/4
inch diameter and 0.044 *+ 0.003 inch thickness, The density of the pellets was
1.75 * 0.03 grams cm3, Thermomechanical stress pulses were produced by rapid

electron energy deposition in aluminum disks, 3/8 inch in diameter and 1/8 inch
think, The stress pulses propagated into KDNBF pellets, which were bonded to
. the rear surface of the aluminum disks with phenol salicylate. (salol).

Due to the different acoustical impedances of aluminum and KDNBF, only part
of the shock wave was transmitted into the KDNBF and the remainder was reflected
The transmission coefficient, T, can be calculated from the formula

2
TeTTIE, ©

where 21 and Zz are the acou1tic impedances of aluminum and KDNBF, respectively,
For sluminum, ’ ' -

Z1 = pu_ = 2,71 grama/cm3 x 0,57 cm/usec

= 1,54 grams/cm2 usec

where ug is an average value of the shock velocity in aluminum for the range

of pressures of interest (about 50 kbars).

For KDNBF, using the experimentally
determined sound speed of 0.30 cm/usec,

Z2 = pc = 1,74 grams/cm3 x 0.30 cm/usec

= 0,525 gram/cm2 Hsec
Thus T = 00510
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_where p is the sample density, I' is the Gruniesen coefficient for aluminum,
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The electron beam environment for this experiment was provided by the
Model 738 Pulserad. Machine parameters were set to produce an electron beam
of approximately 1 MeV mean energy and approximately 50 nanosecond duration,
Such a beam produces a peak normalized dose of about 4,5 (cal/gram)/(cal/cmz)
and a range in aluminum of about 0,085 inch, Since the aluminum overlays were
0.125 inch thick, no electrons were deposited into the KDNBF, The electron
beam was controlled by gas focussing in a low pressure background gas; a metal
beam guide consisting of a copper pipe was used for the fluences below 50 cal/cm?
and a copper cone for the higher fluences., Normalized deposition profiles in
aluminum were obtained with an aluminum depth-dosimeter. Fluences for each
data shot were monitored by a set of graphite calorimeters surrounding the speci-
men in the case of the copper pipe, and by a Rogowski coil net current monitor
in the case of the copper cone, ‘

Peak stresses generated in aluminum for each data shot were calculated
using the formula

o, = 1/2 ple (1 - 52-;{) (kbars) (%))

¢ is the peak dose (0.04186 E if E is in cal/gram), ct is the relief depth,
i.e. the product of the sound speed, ¢, and the energy deposition time, T,
and R 18 the range in aluminum, For this experiment,

e < A trt i e -

1 grams/cm3

¢cal/gram
7 cm/usec
05 usec
0,085 inch

4010

2,
2,
4,
0.
T =0,
. R

hence
' op = 0,477 ¢ (kbars)

- where ¢ 18 the fluence in cal/cm2, ~ ° ° © e ¢ c

- 'Table 5 contains a summary of the results obtaified in the experiments, The
third column contains the peak stress in aluminum calculated for each shot using
Equation 7, In the fourth column, the peak stress in KDNBF has been calculated
from the stress in aluminum utilizing the transmission coefficient [Equation 6].
The last column indicates the observed effect on the explosive, The results are

lpresented graphically in Figure 7. The dats indicate that shock initiation may
occur at pressures of 20 to 30 kbars, This conclusion shouid be regarded as ten-

tative since one specimen clearly did not initiate in this pressure range and
another specimen apparently exhibited only a low-order initiation or burning at -
a8 pressure of approximately 50 kbars, It is conceivable that at higher fluences,
initiation could have resulted from late-time heating of the specimen by thermal
conduction through the aluminum overlay, However, front surface spall probably
removed much of the deposited energy., Late~time heating effects in future experi-
ments could be detected by instrumenting the overlay with a thermocouple. If pre-
sent the heating could be eliminated by including a second disk of aluminum in

the sample package with’a "strengthless" bond to the first disk of aluminum,
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SUMMARY AND RECOMMENDATIONS. In summary using pulsed electron beams we
have experimentally obtained an "effective" Gruneisen coeffieient for PETN
which reveals a strong dependence on density ratios, Preliminary data has
been obtained also on KDNBF and lead azide,

The elastic sound velocities for each of these materiale have been found
concurrently.

Further work has to be done to explain theoretically the results obtained
since the time dependence criteria is not being met; only the gross behavior
of the explosive is characterized.

In the shock initiation work a technique has been developed to determine
the shock initiation of explosives, especially in the 0-20 kilobar range.
Regults for lead azide are consistent; in the range above 20 kilobars modi-
fications have to be considered for temperature effects and spallation,

The results for KDNBF seem to bear this out,
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INITIATION OF KDNBF PELLETS BY A 0.37 USEC
THERMOMECHANICAL STRESS PULSE
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"~ TABLE 2

SUMMARY OF PRESSURE-ENERGY COUPLING EXPERIMENTAL RESULTS

Explosive
S-ton KDNBF

4-ton KDNBY
S-ton PbN s

3-ton PbN6

(Preliminary)
Densgity 3 Sound Speed
(gram/cm”) (cm/usec)
1.67 0.30 ¢ 0.02
' 1.60 0.30 ¢ 0.02
329 10.35 & 0.02
2.92 Undetemined
<471~
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Probable

Gruneisen

0.4  0.15
0.4 £ 0.15

0.25 ¢ 0.03
< 0.06 (7
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TABLE 3

ELECTRON MEAN FREE PATH AS A FUNCTION OF ENERGY

Material Mean Free Path Electron Energy
Al 100 u © 0.4 Mev
PETN 500 u 0.4 Mev
Be © 1,000 0.6 Mev
Quartz Crystal 4,000 p 2 Mev
PEIN 1,000 u 4 Mev
Lead Styphnate 1,000 & Mev
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=472~

"




IN €1
IN 0°1
IN A t1: M
IN 8t
IN 9°z
IN FAd |
IN (A |
IN 1°1
IN <9°
I 9°t
IN 0°¢t
pt°y
1 L 2 ]
1 1°S
1 Ty
I 99
IN 9°¢
1 8y
luccom-um G¥qi)
. IV
pPe] uy

882138 Rwagq

.ﬁﬂﬁ.

z3awnb uy $sa13% panduo) P

231enb ujy ssaz3s paanseIy

uou:vucwuw z3aenb/puoq/unuunie - Joys uo}ILIQYITED

o

q
POITIITUS-UON » IN (PIIPIITUI = I .

Lt 119 .81 %9
no.ﬂ (5] - #ﬁ .Hoﬂ
11 sy A €Y L8LET
9°¢ %6 8t 7
A {8 9€ €1
9°1 €S L1 9 y8LEL
9°1 ss A t°9
7”1 1 $9 . ST $°S
¥8° g - 88 . Tt 11:74% 4
Ly €6 . 08 kA TESLT
6°¢ 8L 19 11 €S '
o5t £’ 9¢ 1] 4 qOtsLT Q
8°s . 80T 19 L1 L8t 3
9°9 8I1 oL 61 L IAYA
s 8¢ . AS . S1 T TSI
L°s to1 039 91 L ZAYAS
Ly 88 . 0§ €1 €L
9 SO1 39 - L1 T,CLT
B > N =7 LM ey
wnujunyy Aw13z9a0 asoq vouInia oys
ut 982138 ‘wnuypanly 3o xwag aBeaaay
SuyaeBedoxyg *dma] yPuUlq .
xwaq )

Ay on 0 NOLIVILIKI  JDOHS

y T1EvL




INITIATION OF KDNF PELLETS

TABLE 5

BY A 0.37 MSEC THERMOMECHANICAL
STRESS PULSE IN ALUR{IINUM OVERLAY

SHOT  FLUENCE  STRESSIN AL
NUMBER (cal/cm?2) {(kbar)

20410  25.5(10%)° 12.1(15%)*
20411 332(10%) - 16.8(16%)

20412 40.4(10%) 19.3(15%)
‘20414 38.2(10%) 17.3(15%)
‘20415 28.0(10%) 13.4(15%)

20420  205(20%) 98(25%)

20421  198(20%) 84iz5%)
‘423 107030%)  EuwK
20424 119(25%) 57(25%)
*ESTIMATED UNCERTAINTY
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STRESS IN KDNBF
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AN ANALYSIS OF 5.56mm ALUMINUM CARTRIDGE CASE
- "BURN~THROUGH" PHENOMENON

Walter H, Squire and Reed E. Donnard
Frankford Arsenal, Philadelphia, Pennsylvania

ABSTRACT, The use of aluminum alloys as small arms cartridge case
material is precluded by a catastrophic failure process previously iden-
tified as "burn-through”. To determine engineering solutions which
would enable the use of aluminum allovs, instead of the conventional
cartridge brass, a combination experimental and theoretical program was
designed and conducted to identify this failure process,

Postmortem analyses of cartridge cases which evidenced ''burn-
through" lead to the premise that this phenomenon occurs only when there
i3 a path for the high energy propellant gases to exit any unsenled
opening in the cartridge case, Since the natural occurrence of this
process 18 reduced significantly by advanced processing and super
strength alloys, it was necessary to provide gas paths to study the fail-
ure dynamics, The experimental program was designed to allow a parametric
investigation relating size and location of the induced orifice and pro-
pellant gas pressure and flow time to the amount of damage inflicted to
the cartridge case.

An analytical model was constructed from existing solutions of the
physical processes occurring during "burn-through”. The gas dynamics of
flow in a small bore, boundary layer effects, transient heat conduction,
and change of phase processes were all considered., Utilization of the
analystical model allowed determination of the local temperature pro-
files in selected regions of an aluminum cartridge cage and permitted
the generalization that the failure process is ablation. Given gas flow,
it was easily shown thar portions of the aluminum cartridge case undergo
melting, However, further use of the model demonstrated that the total

_amount of aluminum ablated from the cartridge cage was not correctly pre-

dicted by a classicsal melting theory, |

°  High speed motion pictures taken at the surface of the cartridge case
showed the existence of a localized exothermic chemical reaction, When
this additional energy source is considered together with the classically
derived heat flux,‘the agreement between theory and experiment is excellent.

INTRODUCTION, The United States Army ~ SASA, MUCOM, and Frankford
Arsenal - is engaged in an exploratory development program to determine
the engineering parameters requirmrd to utilize aluminum cartridge cases
in high-pressure, small-caliber ammuniti:zi orstems., This work is based
on the need to create lightweight ammunition/weapon systems in near future
applications, Conservation of copper resources is an added benefit to
be gained from success in this effort,

" To date, a significant fact which has precluded the acceptance of
aluminum cartridge cases in the logistic system is the nature of the fail-
ure prccess - heretofore identified as "burn-through', When a mechanical
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case failure 18 encountered during the firing of aluminum-cased ammuni-
tion, particularly with high-pressure, high-performance weapon systems,
the failure of an aluminum cartridge case is characterized by a large
efflux of very luminous gases at the breech of the weapon, the serious
erogion of the cartridge case, and often, the inability of the weapon
to function properly thereafter, Thus, this failure may result in

‘ .serious harm to the rifleman and damage the weapon,

In order to investigate the failure dynamics, as a basis for finding
a solution or solutions to this problem, it was found that a small hole
drilled in the head region of an aluminum cartridge case, or a four
thousands deep longitudinal scratch would, upon firing, result in "burn~
through". As a result of this simulation of the failure process, it
was concluded that a gas path must be available for the otherwise un-
restricted flow of propellant gases from the interior of the cartridge
case through the path in the case wall and to the atmosphere. Figure
1 18 a photograph of the results’ of firing brass and aluminum cartridge
¢ases with a 0.0135 inch (diameter) hole in the head region of each case,
The two brass cases seem unaffected after firing. However, the two
aluminum cartridga cases show the typical erosion in the head region;
the unfired aluminum cartridge case can be used to compare the damage
after firing with its initial, drilled condition., This paper is add-
ressed to a discussion concerning the peculiar results when propellant
gases are allowed to pass through an induced fissure in an aluminum
cartridge case, '

STATEMENT OF THE PROBLEM. Using a pre-placed gas path in an alum=

inum cartridge case as a vehicle to study this phenomenon, the mathematics -

which follow describe the heat flux resulting from the fast moving pro—
pellant gases through the induced orifice and allow determination of

the temperature profiles in selected regions of the cartridge case,
Emphasis is placed on the gas/solid interface - the interior surface of

. the induced orifice, To test the accuracy of the r \thematical model,

"the appropriate physical conetants of the case mat¢:'ials under conui—

deration, along with values obtained from an exper! :ental program,
were substituted into the equations, Temperature profiles and total
erosion values were thus calculated, This analytical tool was used

_ to investigate the premise that portions of the aluminum cartridge

~case undergo melting and that the total smount of aluminum ablated from

the certridge case is correctly predicted by a classical melting theory.
The same mathematics, when applied to the flow through a brass cartridge
case, should indicate minimal metal removal.

In order to facilitate a closed-form solucion of the mathematical
model, thereby enabling a parametric investigation of the critical factors
affecting "burn-through' and vervification with experimental data, the
following assumptions were employed:

(1) The dimensions of the induced orifice remain constant until

melting,

(2) Propellant gas behaves as an ideal gas,

(3) Classical heat conduction equation describes the dissipation

of enerzy in the solid until melting,
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(4) The physical properties of the cartridge case material are
constant during the experiment,

(5) 1t is possible to identify an average operating pressure
(Po = 25,000 psi), and .

(6) The gas temperature is the adiabatic flame temperature
(T, = 5040°R). -

EXPERIMENTAL. To obtain pressure vs time data, a thick-walled test
barrel was drilled and threated to accept a 607A Kistler Gauge., This
gauge was positioned midway along the longitudinal axis of the cartridge
case to measure the gas pressure, Figure 2 shows the pressure-time his~-
tory of the propellant gases inside a 5,56mm cartridge case which con-
tained the charge of 27,0 grains of WC846 propellant,

In addition to the pressure-~time curve, it was desired to monitor
the initiation and the duration of the gas flow from the orifice, Hence,

. positioning a photoelectric cell in the same horizontal plane and at

right angles to the induced orifice provided the desired information,
That 1s, by recording the output of the photoelectric cell on the screen
on an oscilloscope, it is possible to determine when the gases first
exit the orifice and for how long the flow continues,

An experiment was designed which allowed a parametric investigation
of peak chamber pressure, initial hole size, and the effect of these para-
meters on the damage sustained by an aluminum cartridge case as a result
of "burn-through”, 1In order to relate quantitatively the damage inflicted
to the cartridge case, the cases were weighed (to four decimal place
accuracy) before and after firing; the amount of metal lost is indicative

" of the severity of the erosion. The initial hole sizes ranged from
.0.0135 to 0,0625 inch in diameter, To obtain peak chamber pressures which

ranged from 22 to 58K psi, the charge of WC846 propellant was varied from
21,0 to 28,0 grains, Figure 3 shows the results of this work - each data
point is the average of five firings per condition of the experiment. As
is shown in the plot, for a given particular pressure level, the least

_amount of damage - that 1s, cartridge case weight loss - occurs with the

smallest hole size (0.0135 inch). Examining the data, a8 trend is. estab-
lished for increasing hole sizes of 0,0250, 0.0312 & 0,0400 inch in
diameter, Namely, {t is apparent that as the hole size is increased, the
damage is correspondingly increased, However, the curve for the 0,0625
inch hole falls within the envelope defined by the 0,040 and 0,0135 inch
holes, This 1s perplexing until one realizes that the peak pressures
experienced during Firing of these cases (0,0625 inch diameter hole) are
lower than those resulting from firing the same charge with a smaller
hole size, This brings up the second important consideration gained
from this study., Namely, for any particular hole size, the effect of
‘-rreasing chamber pressure is to increase the damage sustained by the

cartridge case,

ANALYSIS, The mathematical analvsis is directed to that portion of
the cartridge case shown in Figure 4., Since the hole is drilled in the
most massive region of the case, and since the length to diameter (L/D)
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' constant area.
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ratio of the hole 1s approximately 5, a reasonable approximation to the
region of the case where the hole is drilled is that of a small hole in a
medium of infinite extent in the radial direction. Distance along the
axis of the bore is specified by the variable Z, and distance from the
center line of the bore in the radial direction is given by the variable r,
It 18 first necessary to describe the flow of propellant gases from
the interior of the cartridge case through the induced fissure, To do so,
it is important to select the most representative gas dynamic model, based
upon bore size. With a L/D ratio of aporoximately 5, the relatively small
opening of 0,0135 inch in diameter, and the rapid rate of pressurization,
the flow may be assumed to be choked, The additional assumption 1s made
that the flow is developed to the point where it consists of a well de-
fined boundary layer and a central, core region, Figure 5 is a drawing

depicting this flow process, The temperature, pressure, density, and

velocity as a function of position in the core region can be determined
with the appropriate flow model, Determination of the nature of the
boundary layer, laminar or turbulent, can be accomplished by an examina-
tion of the magnitude of the local Reynolds number.,

Lee and Sears (1) suggest an adiabatic treatment of the flow be con-
sidered providing the bore is not too long (less than ten bore diameters),
Admittedly, the flow process should account for the substantial transfer
of energy to the bore's sidewalls since melting has been hypothesized to
occur, The adiabatic assumption of the flow does not contradict the hypo-
thesized fact that there is substantial energy transfer, The analysis of
the core region merely permits a determination of the gas conditions - i.e.

- temperature, pressure, density and velocity - external to the boundary

layer. It must be remembered that it 18 across the boundary layer that

the energy is transferred to the bore's sidewalls, Thus, the gas dynamics

in theé core will be treated as adiabatic flow with friction in a duct of
Shapiro (2) has developed a series of working formulas to describe

such a flow process, Momentum, energy, and mass equations are written

for the flow of a perfect gas through an elemental control volume,

_Since the reservoir (chamber) conditions are available and since choking
1s assumed to occur at the exit, these formulas may be used to predict

the temperature, pressure, velocity, and density at any position along
the bore's axis, .

' The Mach number as a function of position along the bore's axis must-
first be determined. Lee and Sears (1) give a relationship for the bore
length L, required for the flow to pass from a Mach number, Ml’ to a Mach
number, M2, as

4fL  4f 4f :
T "D Mmaxy <5 Cuaxdy, @

where f is the friction factor, and D is the diameter of the bora,
The friction factor £, 1s defined by the Reynolds analogy as
Zh
cz

f= E;E; (2)
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where hcz is the heat transfer coefficien;)p is the gas density v is
the gas velocity, and cp is the specified heat as constant pressure,

Since at this point in the analysis, values for hcz' p and v are

| all unknown, a value for the friction factor must be assumed, An itera~

tive technique can be used later to identify a correct friction factor,
once more information on the fluid properties within the central core
region is8 available., Shapiro (2) states that friction factors in the
range of 0,001 to 0,004 are realistic for the type of flow with which
this analysis is concerned. Keenan and Kaye's (3) gas tables for the
adiabatic flow of a perfect gas through a constant area duct with fric-
tion, in conjunction with equation (1), are used to determine the Mach
number as a function of position throughout the bore for friction fac-
tors of 0,001, 0,002, and 0,004, These data are presented in Figure 6,
Now that the local Mach number is available, it is possible to

evaluate both the free stream and stagnation values for the temperature,
pressure, and density at any point along the bore's axis, The chamber
conditions ~ those describing the combustion of the propellant grains
inside the cartridge case - to be used through-out this analysis are:

T = 5040°R, P_ = 2,5x10° psi, R = 64,372 £t-1b./1b_°R
o o f ' m
3
Po ™ 11.09 lbm/ft , and y = 1,24
To obtain the gas properties at the beginning of the bore - the
inlet, an isentropic process is thought to be valid. Shapiro (2) pro-

vides the following governing equations for an isentropic process:

-

, . K : o ,
T. - - ’ (3)
1 +'1'2'-1- M
: Po~ B
S — o )
Ca+t u?)Y/r-1 |
o]
oy ™ 2 (5)

a+ ]_;_1_ M2)1/7-1

where the free stream conditions and the stagnation states are identified
by the subscripts = and o respectively. The local value for the gas velo-
city may also be determined from formula:

v = MART . ~ (6
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In order to determine the axial dependency of the free stream tem-
perature, pressure, density, and velocity, equations (3), (4), (5), and
(6) are again used, The appropriate value for the local Mach number is
obtained from Figure 6. These calculations are performed for a friction
factor of 0.002 at positions where the Mach numbers are 0,09 and 0,95,
and 1,00 and are shown in Figure 7, Although a detailed treatment of
the fluid mechanics has been addressed, Figure 7 shows that the free
stream conditions do not vary appreciably along the axis of the bore.

The groblem which is being studied is that of flow and heat trans-
fer in a small bore. Kreith (4) states that for very short tubes or
rectangular ducts with initially uniform velocity and temperature distri-
bution, the flow conditions along the wall approximate those along a flat
plate, Hence, the original two dimensional cylindrical geometry ( r,Z)
can be replaced with a two dimensional cartesian system (x, y). Further
justification for the flat plate treatment of the problem may be cbtained
by showing that the boundary layer displacement thickness is small com~
pared to the bore's radius. This fact implies that the boundary layer
is essentially localized near the surface of the bore,

To determine the nature of the boundary layer, turbulent or laninar,
the local Reynolds number is needed. The Reynolds number, based on length,
is given by Rez = ypZ/u where the values of the velocity, v, and the gas

density, p, for a particular value of Z are obtained from Figure 7 and
the absolute viscosity, u, is 4.72x10,0"3 lbm/ft-sec. Kreith (4) re-

ports that the flow over a flat plgte is turbulent where the local Rey-
nolds number is approximately 3x10-', Comparing 3x10° with the calculated

values of 1.26x10° (Re, = 0,030 inch) and 2.40x10° (Re, = 0.062 inch), .

it {8 concluded that the flow is indeed turbuient,

It 18 now possible to calculate the boundary layer thickness at any
point along the axis of the bore, Rohsenow and Chol (5) report that the
boundary layer thickness, §, for turbulent flow is

[ e N L e e

< o - ¢ wT )  - ,._'L o o ’70.3’7'. o . 0 Cela : .C . o C,\ . c, c.
T e ee— : @
Sweprs T

For the flat plate assumption to be valid it 1ia necessary to show

L]
N (8)

where a is the bore's radius and $* is the boundary layer displacement
thickness, Olson (6) states that the boundary layer displacement thick-
ness for turbulent flow is given by &/8; hence, equations (7) and (8)

may be combined and evaluated, For example, at Z = 0,031 inch-the bore's
midpoint~ 6*/a is 0,0128, which 1is very much less than one, thereby justi-
fying the flat plate treatment of the bore's surface.
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The| energy transport to the bore's sidewall occurs principally by

forced convection,

11ttle to the net heat flux,

The effect of radiation can be shown to contribute °

It 18 therefore important to define the

Nusselt number in terms of the Prandtl and Reynolds numbers. With tur-
bulent flow over a flat plate, Olson (6) states that a reasonable value
for the Nusselt number may be cbtained from

Nu, = o.ozsa(Pr)1’3(Rez)“/5

9

where Nu, implied that the Nusselt number is a function of position
along the bore's longitudinal axis,

classical definition of the Nusselt number, Nu,

Combining equation (9) with the

= hczZ/kg, where kg 1s

the thermal conductivity of propellant gas, it is pcssible to identify
the convective heat flux to the bore's sidewall as

|
|
!
|

~0.0288(pr) /3

(Rez)blskg (Ts - Tg)

q-

(10)

where Tg i3 a characteristic gas temperature and Ts is the surface tempera-

ture of the solid.

The gas properties used in the evaluation of the Rey-

nolds and Prandtl numbers must be evaluated at a reference temperature,
T*, detetmtned empirically be Eckert (7) to be

I
i

|

T e - T + 0. '50 (T

RN

c

- T“)o

L] L d

Consideration of the recovery factor permics substitution of the adia-
» by the stagnation temperature so that the

batic wd;l

temperature, Ta.w.

above equation becomes

}
|

T* = T +0.72 (T, = T,).

The heat flux described by equation (10) is incident to the bore's
By showing that the thermal layer does not penetrate the
solid to any significant depth during the interior ballistic cycle, it
1is possible to treat the conduction problem as a one dimensional slab
instead of as a region exterior to a cylindrical hole of diameter, D,

‘sidewalls,

and extending to infinity in the radial direction,

The heat conduction

i~ then reduced to a one dimensional, time-dependent problem subject to
a Newton's lLaw of Cooling boundary condition of the third kind, Rohsenow
and Choi (5) provide a solution to such a problem and further point out
that the heating of a thick body by a hot fluid at the surface approxi-

mates this case during the early stages of the transient,

tion is 23 follows

T -T
8

Tg—Ti

= [erfc (—--—) -
2/5¢

xh

/
/

<z, _xt

exo(
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where X and ka’ are the thermal diffusivities and conductivities of the

metal in question, T
the time variable,

4 is the initial temperature of the solid, and t is

DISCUSSION, The analytical model, developed previously and culmina-
ting in equation (11), allows determination of the bore surface tempera-
ture given gas flow, To investigate the performance of brass and alumi-~
num alloy cartridge case, it is a simple matter to substitute the appro-
priate physical parameters -y and k8 - and calculate the surface tempera-

‘ture at several axial positions as was done to prepare Figures 8 and 9,
Figure 8 implies that the surface of an aluminum bore ( x = 0) reaches
the melting temperature after approximately 0,35 milliseconds; the brass
bore's melting temperature (Figure 9) is approached only late in the
interior ballistic cycle.

To predict the total amount of metal removed during a "burn-through,"”
equation (11) is solved using a forward difference-in-time technique with
the additional condition that for any point to be removed, it must real-
ize a local temperature equal to the melting tempecature plus an additional
amount of heat to cause an elementa. mass, Am, to liquify. Therefore, the
total heat flux required to cause melting, hence metal removal, will be
(12)

. q £

where Hf is the heat of fusion, Figure 10 shows the results ofvéuch an

melt

removed = AEC;(T ) = Ty) + tuk

sxercise (labeled classical melting) and the results of an experimental
effort wherein the amount of metal lost during "burn-through"” has been
correlated with p:ak chamber pressure., A comparison shows that the experi-
mental results sce not predicted entirely by a classical melting theory.

Since this analysis has been initiated upon the premise that the case
degradation is the result of thermal energy transport, it is necessary to
determine if any additional energy sources are present, This search is
based upon the knowledge that aluminum is a very chemically reactive
metal and that there is a large, bright gasecus discharge attending this
event, It violates our intuitive understanding of the phenomenon, how-
ever, to accept that there is sufficient energy feedback to the case

from the exterior cloud to account for the additional damage.

In order to determine if any additional energy sources were present
during an aluminum cartridge case "burn-through”, high speed motion pic-
tures and still photographs were taken of this phenomenon. Figure 11(a)
shows the characteristic plume resulting from propellant gases, generated
in a combustor, passing through a 0,0135 inch (diameter) hole in an alumi-~
num test specimen, Thils discharge has been chanceled into a plexiglas
cylinder and produces a bright incandescence throughout the entire cylinder.
However, when the cylinder was flushed with nitrogen, the major portion
of gaseous discharge has been quenched as is shown in Figure 11(b). All
that remains as a result of the inert atmosphere is a small localized re-
gion in close proximity to the specimen, It is interesting to note that

-482-

A




although a major portion of the discharge has been eliminated by the
nitrogen atmosphere, the damage (metal removal) inflicted to each test
specimen 1s the same, Als>, it is apparent that the "buran-through”
plume occurs in two separate phases - a large secondary cloud existing
exterior to the aluminum specimen (identified as the oxidation of alu-
minum to aluminum oxide) and a localized primary reaction zone existing
in close proximity to the specimen.

Since the ignition a:d combustion of aluminum has been we;l investi~
gated, the literature provides some insight into the nature of the pri-
mary reaction zone, A doctoral thesis by Brzustowski (8) of Princeton
University enables the identification of this zone as a vapor phas: re-
action between freshly exposed aluminum and the combustion gases. Also,
Brzustowski (8) has correlated the ignition of the protective oxide
coating on the wire, This fact will be used later in the discussion,
Hence, it 1s concluded tha. the localized primary reaction zone 1s respon-
sible for additional metal removal and must be considered in the mathe-
matical model.

To assure that the understandings developed in a combustor are appli-
cable to a gun environment, a test weapon was placed in an air tight box,
. The test weapon was modified so that a direct observation, with a high
speed motion picture camera, could be made of the exit plane of a drilled
hole in ar aluminum cartridge case, It is possible to use the fact that
discharging the secondary plume into an inert atmosphere will quench and
reduce the intensity of the secondary cloud, The elimination of the ex~
ternal cloud would permit a close observation of the hole where the
localized primary reaction zone is occurring. Figure 12 is a photograph
of the test weapon in the box, After the 1id is put in place and clamped
down, the interior of the box is filled with helium, This gas is allowed
to flow continually throughout the box assuring a one-hundred percent
atmosphere of the test gas.

Figure 13 shows a series of selected frames abstracted from a high
speed motion picture study of the firing of an aluminum cartridge case,
In this photograph, the induced hole is observed at the left of the frame
and the discharge throughout a viewiug slot iu the test weapon.. In the
flames identified t = 0,000+ t> t = 0,286 milliseconds, propellant gases-
as indicated by their orange giow = are observed exiting the orifice
This is the heat-up period. The flame identified t = 0,357 milliseconds
shows the first evidence of our localized primary reaction zone. This re-
glon of exothermic reaction continued for the remainder of the experiment
time shown. WHnwever, the presence of ihis zone in a gun enviromment has
been experimentaily verified together with the correlation of Brzustowski
(8). "Namely, that in order to initiate the vapor phase reaction, the
aluminum must undergo melting, The time of 0.357 milliseconds, from the
" "high speed motion picture study, compares quite favorably with the model's
prediction of 0,35 milliseconds, It is therefore concluded that as the
propellant gas flows throughout the induced hole, the bulk aluminum
situated below the protective oxide coating, which lines the surface of
the hole, is melting. Due to the continuing efflux of propellant gases,
the protective oxide coating can no longer maintain its structural
integrity and gets washed away because the bulk aluminum {mmediately be-
low has melted, Once fresh aluminum is exposed to the propellant gases,
the protective oxide layer is unable to form and a vapor phase reaction
is initiated.
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To determine the magnicude of the heat flux resulting from the pri-
mary reaction zone, a double disk arrangement of aluminum and brass test
specimens was used in the combustor, There were two variations of this
experiment, First, the aiuminum was placed closest to the combustor and
the brass faced the atmosphere, In the second experiment, the orilenta~
tion of the two test specimens was reversed. The data obtained from this
experiment are shown in Figure 14, It 1is possible to account for the

.drastic differences in these data, If the aluminum disk first witnesses
flow of propellant gas, the.localized exothermic reaction will be exposed
to the brass specimen, 7The final result being that the brass specimen is
exposed to much more heat flux than would be expected if the aluminum
specimen were not present, If, on the other hand, the propellant gas
first passes through the brass specimen and then the ‘aluminum, the exo-
thermic reaction associated with the aluminum will be carried (by the
fast moving propellant gas stream) to the atmosphere. There will be no
material on which the exothermic reaction can act, By measuring the
amount of metal removed from the brass specimen under both cases of the
experiment and by using equation (12), it 1is possible to calculate the
additional energy flux to the brass specimen as a result of the exother-
mic reaction, The brass specimen, in a sense, 1s being used as a calori-
meter for the primary reaction occurring with the aluminum specimen, Once
determined, this additional energy flux is used as a corrective factor to
the melting theory., Figure 15 shows a comparison between the experimental
results and the theoretical predictions when augmented by the heat flux
from the primary reaction zone, The agreement is favorable.

CONCLUSIONS., This work was aimed at understanding the "burn-through"
problem that has impended orderly engineering development and application
of aluminum alloy cartridge cases in high-performance ammunitfon since
the 1890's, It has been shown that a gas path through the wall of an
aluminum case, and through which propellant gas can flow during the inter-
nal ballistic cycle, is a precursor to the "burn-through' phenomenon,

Once this gas path has been established in an aluminum cartridge case,
melting of the path surface starts early in the flow cycle, On the other
hand, the melting point of a similar surface in a brass case is only
approached late in the cycle, Hence, the key factor in an aluminum
cartridge case, is the onset of melting early in the interior ballistic
cycle, This melting is almost instantaneously followed by primary, exo-
thermic chemical reactions of propellant gas molecules with available
aluminum alloy material, This exothermically aggravates the ablation of
.the aluminum case surface and adjacent steel weapon surfaces over which
the conglomerate molten snd reacting material flows, This primary re-
action is followed by a secondary reaction which consists of the oxidation
of unreacted case material that is blown into the atmosphere,

Armed with this knowledge, solutions to this problem have been found
that either prevent propellant gas flow through a path in the case that
develops unintentionally during firing of the ammunition, or alter the
effect of propellant gas flow through such a gas path, GSince an engineering
understanding of the "burn~through" phenomenon is avallable, work is cur-
rently underway to demonstrats the feasibility of aluminum cartridge cases
thereby advancing the program from exploratory development to advanced
engineering development.
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STATISTICAL MODELING OF PROPAGATION LOSS DATA
M. Acker, R. D'Accardi, D. Dence and C. Tsokos?®

U. S. Aroy Electrconics Command, Fcri Monmouth, New Jersey

ABSTRACT. Since 1962 under Project SEACORE the US Army Electronics Command
and the Advanced Research Projects Agency have supported investigations and
measurements in Southeast Asia and the United States to improve communication
electronics system performance in heavily forested environments, The present
report deals with one aspect of these investigations, namely, the statistical
characterization of path loss data which was collected by Jansky and Bailey,
The object of the present study is thrzafold: First, we briefly discuss

some of the findings which are zcucained in previous presentations of South-
east Asia propagation data, Secondly, we compare some of the previous
findings which viewed the data a3 a deterministic phenomena with a more
realistic stochastic formulation. Thirdly, we cet forth recommendations for
further defining the statistical character of propagation data.

The study shows that the propagation loss data exhibits strong random
fluctyations, especially ahove 100 MHz; and the deterministic equations do not
properly describe the statistical character of the path loss data. In our
investigation we rely solely on statistical modeling of the propagation loss
data to account for these random fluctuations, Non-parametric statistical
techniques are employed to analyze the data for specific configurations of
transmitter antenna height, receiver antenna height, distance, frequency,

and polarization.

The information obtained from the statistical modeling of the data has been
extremely useful in the feasibility and the design of communication-elec~-
tronics equipment and systems,

‘1, ~ INTRODUCTION. In recent years extensi e investigations and measurements

have been made in Southeast Asia and the United States to determine the
communication conditions that exist in forest environments., Studies were
initiated in 1962, spcnsored by the Advanced Research Projects Agency and
performed under the direction of the U. S. Army Electronics Command as part
of the Southeast Asia Communications Research (SEACORE) Program. The overall
aim was to hLelp over-come severe radio communications problems occurring in
Southeast Asia. The present report deals with one aspect of these investi-
gations, namely, the measurement and analysis of path loss data. This path
loss information was obtained by Jansky and Bailey (a division of Atlantic
Research Corporation), one of the prime contractors engaged in the SEACORE "
Program, and involved making extensive measurements at various locations in o
Thailand. The path loss measurements covered the frequency range from 100 kHz
to 10 GHz encompassing a wide range of antenna heights, locations and

seasonal rainfall variations.
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L £4~’{d\ - path length in miles, i = 1 2,.......n,

The aim of our presentation is threefold: Firat, we shall mention briefly
some of the findings which are contained in the presentation of the SEACORE
path loss data, contained in references (1,2)., Secondly, we shall be con-
cerned with spot check statistical analysis ot the information in the
frequency range 2-400 MHz the results of which are then compared with
previous results. Thirdly, we shall set forth recommendations for futher
defining the statistical character of propagation loss data consistent with
the original objectives of the SEACORE Project.

In Section 2 we shall briefly discuss the presentation of some very important
and basic concepts given by Jansky and Bailey. Primarily, we shall be con-
cerned with the manner in ﬁhich the data was normalized to a common distance,

A more realistic presentation of the analysis o{ the propagation loss data
from a statistical point of view will be given in Section 3. 1In additionm,
we shall compare our spot check statistical analysis of the path loss
information with that obtained by J & B,

In Section 4, we shall present a summary of our preliminary findings,
including recommendstions for further analysis.

2, COMMENTS ON PREVIOUS STATISTICAL ANALYSIS OF PATH LOSS DATA. There are
many points which one should take into consideration with respect to the
manner in which the data was presented in the reports by J & B, There was
limited resources available to J & B to delineate statistical techniques
for processing and analyzing the data, Therefore only very limited statis-
tical analysis was performed from a rigorous point of view. To increase
the data base from which statistical observations could be drawn, J & B
normalized all the data to a distance oi one mile.

A 3

To accomplish this normalization they utilized the analytical expression,

<«

Y - xi—ao log d, ‘ (1)

where: Yi = normalized path loss,

X = measured path lcss over distance d

i

which supposedly describes the path loss as a function of distance. This
analytical approach is applicable when one views the jungle as a deterministic
environment., Previous analytical studies (3,4) by various researchers have
shown that in the frequency range 2-<100 MHz the main mechanism which guides
the energy from the transmitter to ithe receiver is a lateral wave which
exhibits a distance power loss of 40 log d. This particular theoretical
behavior occurs when one characterizes the electrical characteristics of the
jungle from a deterministic viewpoint. The fact that the data exhibit
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large random fluctuations lIndicates that a statistical normrlization procedure
is more desirable than the deterministic approach, This statistical procedure
will be discussed in the subsequent sections. It should be noted, however,
that differences of 10 dB and larger occurred quite frequertly when using

the deterministic characterization of the path loss data.

In an attempt to determine whether or not the propagation loss varied from
a wet season to a dry season, J & B categorized the data into two effects,
namely, wet and dry. This classification was based on less than scientific
guidance obtained in Thailand as to what months constitute the different
geasons, Certain minor discrepancies were noted in that the data was not
correctly categorized using this procedure., It was noted that the wet
seagon contained many periods with little rainfall and vice versa, and it
was almost impossible to resolve the question without further study.

It should be mentioned that it was not a specific objective of the measurement
program to determine whether or not the propagation loss in wet vegetation

is the same as that in dry vegetation, though attempts were made to impact
available data on as many questions as possible. In this case all the
variables were not controlled sufficiently to answer this question. For
example, 1f a slightly different path were used to measure the path loss

under wet conditions than under dry conditions, the effect of rainfall could
be easily masked by the difference in losses caused by the different paths
themselves. Further analysis, utilizing a more realistic classification,
will be presented in subsequent sections.

3. STOCHASTIC CHARACTERIZATION OF THE PATH L0SS DATA. One of the major and
most important points in the analysis of the SEACORE data is the manner in
which one attempts to normalize the propagatiocn loss to a common distance.

As mentioned previously, J & B used x = 40 log d as the normalizing procedure.
This is the theoretical distance behavior of the propagation loss when one
considers the electromagnetic environment to be deterministic in nature.

In our analysis, we have found a strong indication that the information dic-

< tates otherwise, especially above 100 MHz,

The information collected by J & B was logarithmically transformed prior

to their normalizing the data to a common distance, This transformed data
was obtained by ECOX and analyzed (with the results set forth in this paper).
It should be recognized, however, that a fundamental question which must be
considered 1s the extent to which this transformation altered the statistics
of the data. Time did not sermit this question to be fully considered.

Some preliminary estimates yielded results which indicated that the logarithmic

transformation did not significantly alter the statistics. Nevertheless,

' this question should be considered in the future by performing a more complete

analysis,

Therefore, in our preliminary analysis, for specific configurations of
frequency, transmitter antenna height, receiver antenna height, polarization,
distance and wet and dry classifications, i.e. (f, T, R, P, d, c) we
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obtained an estimate of the path loss distance dependency, g0 in such a
way that the variance associated with the estimate will be minimum, The
expression that we obtained for the estimate of "al" is given by:

. ©

N
L x, log (d.
- %y 8(1)
A=]
A = o (2)
1 N ‘ ©
' z logZ(di)
i-l
where: al = estimate of the distance dependency coefficient,
xi = meagured path loss data in dB,
di = distance corresponding to the path loss data,

We made spot checks of the 8, 's for radial A data to determine the best
estimates for the following &requencies: 2, 6, 12, 25,5, 50, 100, 250%*,
and 400* MHz, and for various combinations of transmitter and receiver
antenna heights at distances of .2-2.0 miles. The data were classified as
wet or dry by two criteria: (1) rainfall greater or less than 3 inches
per month
(11i) rainfall greater or less than 6 inches
per month,
The calculated best estimates, a , for the gselected configurations are
given in Tables Ia, and Ib. ’

c

*The samples containing the measurements for 250 MHz and 400 MHz may be
somewhat biased, (1). ‘
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We have found that for specific configurations of t;m parameters involved,
there is a fluctuation from 13.3 to 52.5 dB. It is clear from Tables Ia and

‘Tb that the estimates, @, , behave as a random varisble. These preliminary

findings indicate that the media should definitely not be considered as a
deterministic phenomena and that a deterministic presentation of the data
would give misleading results with respect tor further characterization of

the propagation loss as a function of the various independent parameters.

When one utilizes the deterministic formula one can not help but force the
data to accept the theoretical behavior of a deterministic phenomena. Thus,
the resulting conclusions would be consistent with previous theoretical
efforts. That is, the resulting conclusions are forced to be consistent to
those which the deterministic theory dictates.

Results shown in Table IT reveal a mean A of 35.7 dB for the dry
classification with a standard error of 6 dB, and for the wet classification
a sample mean of 34.8 dB with a standard error of 9.0 dB. These values of

standard error indicate that the respective averages for dry and wet classi-

fications are not adequate. F\xrthermore,' if we combihec the wet and dry data,

(we will discuss the feasibility of combining the data in subsequent remarks)
we obtain a sample mean T, , of 35.3 dB, and a standard deviation of approx-

imately 7.6 dB. This simply indicates that if we are a]lowed to combine the

wet and dry propagation losses, that is ’ ii‘ there 13 no signiflcant d:.fference

between the two data sets, we should be utilizing, as a rough estimate of gq,
approximately 35 dB to normalize the data with respect to distance. Since
previous investigations employing a deterministic formulation (3,L) have
shown that the distance dependency of the path loss varies as LO log d in

the frequency range 2-200 MHz, the data was separated into two sets, namely,
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2-100 MHz and 250-400 MHz, and examined. Table II shows g, = 37.9 dB with
a standard error = 4.6 dB for the 2-100 MHz range and @, = 27.2 d3 with a
standard error = 9.2 dB for the 2507h00 MHz range. This indicates that the

deterministic LO log d more closely fits the 2-100 MHz range. In view of

the above remarks one should consider the following equation for normalizing

the propagation losses referenced to a common distance:
Zy = X; ~q logdy, 1 =1,2,.....n, (3)

where Z; is the normalized path loss data.

The second most important phase of obtaining a complete statistical
analysis of the data, having now obtalied an acceptable normalizing proce-
dure, is to investigate the type of probability distribution function which

characterizes the normalized experimental information. Since we are con-

fining our analysis from .2-2.0 miles, we are restricting ourselves to the
amount of data available for analysis. 1In most cases, this is around 10
measurements for each configuration. Presently, we have no evidence that the
normalized information of the wet and dry classification can be combined

to increase our sample size, thus facilitating the reallzation of a speciflc
probability distribution function, pdf, to characterize our path loss data,
Z2j. With respect to obtaining a specific pdf,” we have conducted a goodness-
of-flt test to selected normalized data transformed by L0 log d, that is,
according to the J&B approach, and also to the data which we trunsformed
using our statistical approach. The results are shown in Table III. In
the J&B case, the hypothesis that the path loss information can be char-
acterized By the log-normal distribution was rejected at the 5% level,

whereas for ourq, approach H, was accepted. It is noted that a random
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variabie is said to be log-normally distributed if the pdf of the logarithm

of the variable is normal.
The rejection of the hypothesis that the LO log d transformed information

did not follow the log-normal distribution is not really surprising, since
this undesirable normalizing factor was used. We should mention that in the
selected configurations we investigated using our distance ndrmalizing | |
approach, we accepted the hypothesis that the information can be charzcterized
by the log-normal disiribution. However, this decision may also be somewh#t
shaky due to a sample size of less than 20 observatiore.

In view of the above comments, we have no alternative but to increase the
sample size so as to be more elegant in our presentaf:ion of the analysis. It
is extremely important to establish whether or not there is ‘a’ significant
difference between the wet and dry propagation loss, keeping in mind that the
original experiment was not intended for this purpose. If there is no sig-
nificant difference in the propagation loss between the two cla:_ssifications s

then one can combine the infomation, thereby increasing the sample size,

enabling atronger conclusions to be obtained regarding the behavior of
propagation loss under different configurations. If {ihe propagation loss
during wet seasons is not the same as that during dry seasons,'wé may not

want to combina our wet and dry 1nfomat10n to analyze the path lcss data

. from a non-parametric approach, (i.e. a distribution free a.nalysis) At

this point, we utilized non-param..tric statistical analysis to answer the
guestion: "Is there any significant difference between the mean propagation
loss for the wet classification and thé mean propagation loss for the dry
classification?", which is important primarily for the systematic presenta-

tion of our proposed statistical modeling.
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