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PREFACE
On 30 September 1992, the U.S. Army Ballistic Research Laboratory (BRL) was

deactivated and subsequently became part of the U.S. Army Research Laboralory (AL} on
1 October 1992.
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1. INTRODUCTION

The US Army Batlistic Research Laboratory (BRL) is currently modifying an existing shock
tube located »! the Aberdeen Proving Grounds to demonstrate Large Blasty/Thermal
Simulator technologies and to provide high fidelity air blast environmants for nuclear
effects testing. This facility will be the first large shock tube to use heated driver gas to
achieve desired air blast waveforms in the test section. The driver gas must be heated
and the driver quickly pressurized to minimize heat loss to the driver wails; this required
innovative solutions to pumping hot gas.

Under BRL sponsorship SPARTA developed and demaonstrated a driver filling method
which pumps liquid nitrogen (LN) through a previously heated Pebble Bed Heater (PBH)
thereby vaporizing the liquid and raising its temperature to the desired value in one pass
(Figure 1). A bypass system allows precise control of the output gas temperature by
selectively mixing LN with the heated gas exiting the Pebble Bed Heater. This approach
has the advantages that: pumping a liquid is more efficient than pumping a gas (if indeed
pumping a hot gas can be done at all), the LN pump is much smaller and much more
robust than a gas compressor system and the constant displacement pump mass flow
rate is independent of back pressure.

SPARTA installed a 22 ton Pebble Bed Heater working unit at BRL and successfully
demonstrated its performance (Reference 1). Manually operated valves were used to
route the liquid nitrogen to the Pebble Bed Heater in these initial tests. However, an
automatic control system is preferable to manual operation for safety, precise gas
temperature control and efficiency of operation.

1.1 Objectives

The objectives of the present study were to design an automatic contro! system which
meets established requirements, analyze its perfcrmance, prepare drawings and provide
a system cost estimate.

1.2 Requirements

Four driver gas design conditions were established by BRL (Table 1). The driver filling
strategy is to pump a constant temperature gas (at or above the design temperature) unti
the driver gas reaches the design pressure (Reference 2). During the filling process, the
PBH back pressure will rise from ambient to the peak value approximately linearly
(depending on the magnitude of the heat loss to the walls).

1.3 Scope

Valves and valve properties were selected from vendor supplied information. Appropriate
valve settings were established based on a thermal hydraulic model which considered
pressure drops in the primary and bypass paths. Control system response was
established based on analytical models of the valve/actuator motion. Cost estimates were
based on vendor quotes and engineering estimates by expenenced personnel.

1
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2. GAS SUPPLY CONTROL SYSTEM DESCRIPTION

The control system analysis stants with a control system layout and performance
characteristics of the specific vaives used to direct the flow to the PBH and the bypass
system.

2.1 Control Systen. Layout

Liquid nitrogen is pumped from a tank through a series of pipes and valves to the Pebble
Bed Heater. Numerous diagnostic measurements, exhaust valves, check valves and
control vaives are used to control the fluid flow as indicated in Figure 2 which is taken
from Reference 3. The PBH control vaives denoted as V7 and V8 are of specific interest
to this study.

The PBH controis perform the functions of regulating the outlet temperature of the PBH
mixer to a specified setpoint. The PBH operates by receiving LN from the high pressure
pumping system and branching the LN flow into two subsystems, the primary pebble-bed
and the bypass thermal mixer. Precise control of valves 7 and 8 in the primary and
bypass lines is required to produce a stable outlet temperature of the PBH.

2.2 Control Valves

Globe valves have been selected for the PBH valves because of their rugged
construction, cryogenic rating and high capacity. Valve position controi is achieved by the
use of a closed feedback contro! loop to the actuators using the outlet temperature of the
mixer as the feedback sei.sor point. Valtek Mark One valves and Linear Spring actuators
were chosen to develop valve performance characteristics and establish cost estimates
(Reference 4).

TABLE 1 DRIVER GAS DESIGN CONDITIONS

CASE NUMBER | MAXIMUM MAXIMUM GAS GAS
BACK BACK TEMPERATURE | TEMPERATURE
PRESSURE PRESSURE
(MPa) (ATM) {K) (R)
1 12.8 129 663 1193
2 7.8 79 468 842
3 2.9 29 361 650
4 0.98 10 288 518
3
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3. THERMAL HYDRAULIC ANALYSIS

Engineering procedures were developed from analytical models based on conservation
of fluid momentum and energy. All Pebble Bed Heater thermal hydraulic processes are
relatively slow so transients are not important.

3.1 Model

The relationship defining the temperature of the nitrogen gas leaving the thermal mixer
is

MAC,T+h) = my(C,Tog +h) +myC, T, £Q (1)

Conservation of mass gives

My~ o+, EQ (2)

Substituting (2) into (1) and solving for temperature gives

m, h
T- TPB—_f;‘-?"a" { Tog- TLN**E: ) EQ (3)

T P

For convenience we define a reference temperature

h
Ta= Teg= Tin* 'C—v EQ (4)

P

Both m, and m, are a function of time during the operation of the PBH due to changing
back pressure and, near the end of the run, changing PBH exit temperature. Control
valves located on the primary PBH supply line (V7) and the mixer bypass supply line (V8)
are assumed identical with respect to flow capability.

The mass flow rates are determined by equating the pressure drops in the primary and
bypass legs. In the primary system the pressure drops are due to the pipes, vaive 7, the
elbows and the PBH; in the bypass system the pressure drops are due to the pipes and
valve 8. Following Reference 5§ we have for the primary leg

Pipes

2
DELP1 - P :7 f 715- - C1 Uy EQ (5)




Elbows
p U2 E
DELP2 - N 5 fo = C2 U,2 Q(6)
Vaive
2 -2
DELP3=[.‘3%ZV_AE] -cs{%} U, 2 EQ (7)
X
Pebble Bed Hea'er
P Upg’
DELP4 - —== fg - C4 Upg? EQ (8)

Here the pressure drop constant was selected such that the pressure drop equalled 20
psi based on BRL measurements on the existing PBH.

For the bypass leg
Pipes

2
pELps - P Y

f _'3. - C1 U EQ (9)

and

Vaive

-2
} U,? EQ (10)
Summing pressure drops

-2 -2
urlcr+c2+c3al X | ~ca)-uzics+ce| X | ] EQ(Y
L L,

Equation 11 can be rewritten as




U2 C7 (x) = U2 C8 (%) EQ (12)
and therefore
12
% _icr EQ (13)
U, Cc8

where it is understood that the terms C7 and C8 are functions of x.
Since the liquid nitrogen is essentially incompressible, Equation 3 can be rewritten as

72

U %]

T=-Topm — % T.=~T,.-(1+|22 T EQ(14)
A (o-07 " e~ *[07] )" Ta

which gives the output gas temperature as a function of valve position. Setting the output
temperature at the desired or set point control temperature
T=T,

and performing a bit of algebra, there resuits

C 172
3 e o o,
[.__."__-1}(0& ca(l] ) - (C1+ C2+ C4)
Tog -1, L

3.2 Calculations

Sampie caiculations are made to indicate nominal valve settings and their sensitivities.
The basic procedure is to set one valive (e.g., V7) at a single setting and control the PBH
output temperature with the other vaive (V8). It is desirable that the valves be operated
in mid range, if possible, simply to avoid fine settings and/or slamming into the stops
unnecessarily. The design test conditions are addressed first at their peak back
pressures. Then the effect of back pressure is considered.

3.2.1 Design Test Conditions

A broad range of PBH output temperatures are achievable if the PBH is heated to 2000
°R (1110 °K). The peak design temperature of 1193 °R (663 °K) is achieved with a
secondary vaive relative opening of 0.2 to 0.5 as the primary vaive relative opening
ranges from 0.25 to 1.0 (Figure 3).




‘ainjesadwel J9[iN0 Jaxill uoneiado Had Jdg ¢ 8inbig

N3dJO NOILOVHA 8 IATVYA
I 60 80 L0 90 SO0 +0O €0 20 10 O
mNO 1 t 1 L 1 [ ] ,OON
/ L.
00¥
0S50 — -0C9
il
008 =
ot -0001 m
N3dO f b
NOILOVHA 00cl <
L ANWA 0oy M
Y
L0091
WLV 0E1 = MOved 0
H 0002 = Had1 0081
L 0002

FHNLYHIIWAL 1T11NO HIAXIN
NOLLVYHIdO Hdd T4d




Considering each design case individually, the sensitivity to outlet temperature is
established by calculating the required valve settings for the nominal design condition and
for the next lowest outlet design condition (Figures 4 to 7). Initial bed temperatures were
picked based on enthalpy scaling from present test results (i.e., thermal energy required
is proportional to the mass and temperature of gas required). However, while technically
feasible to operate at PBH temperatures near the desired outlet temperature for the lower
pressures, a minimum bed overheat of 500 °R was evolved by trial and error to insure
robust valve cortrol (see for example, Figure 8 compared to Figure 6 and Figure 9
compared to Figure 7).

3.2.2 Effect of Back Pressure

All of the pressure drop mechanisms considered except the PBH assumed that the
nitrogen was liquid; therefore, only the PBH pressure drop will be a function of back
pressure. We have

DELP4 - f (Re) _‘2’. U.2 EQ (16)

The Reynolds number range considered is about 10 to 1000 and according to Reference
5, the pressure drop across a porous media is not a strong function of Reynoids number
in this range. Further, the mass flow is constant and the nitrogen gas phase follows the
perfect gas law which results in

DELP4 - _; EQ (17)

Thus, at a given bed temperature, the pressure drop is inversely proportional to the back
pressure. Figures 10 and 11 indicate valve setting combinations required at a lower back
pressure for each of the elevated design temperature conditions. While there is some
effect (e.g., the required V8 relative opening is lowered about 0.1 for a 70 percent V7
opening), the required valve positions are well within the operating capability of the gas
supply system and the long pumping cycle (order of minutes) allows plenty of time for the
automatic control system to adjust.
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4. CONTROL SYSTEM DYNAMIC ANALYSIS

A dynamic model of the valve operation and control system was developed to assess
automatic valve performance.

4.1 Modei

Once the primary valve has been set, the mass flow rate through the bypass valve is

m, - MFR f_j}l EQ (18)

where MFR = mass flowrate with the valve fully open (back pressure dependent).

The valve seat is positioned by a spring loaded pneumatically actuated piston. Modern
globe valves are fast acting and highly damped so the actuator is modeled as a damped
spring mass system. The force balance equation for the pneumatic actuator is

mx+ fx+ kx=F(t) EQ (19)
Defining a vaive position forcing function as

x -2 EQ (20)

and defining the following constants

o, - l K EQ (21)
m

g - 1o EQ (22)
2«} km
Equation 19 becomes
%+ 2L X+ 0 x = X (1) o EQ (23)
The Laplace transform of EQ 23 is
18




x(s) =

2

2+ 20 @, S+

n

2
X/(s) o, + (5+20w,)x(0) _ (X,(s) N (S*ZC""‘)X(O)JG(S) EQ (24)

where X(s) is the transformed valve position forcing function, x(0) is the valve actuator
initial position determined from Figures 4 to 7 and

w;

G(s) = EQ (25)

s+ 20w, S+ 0p

Since pumping time (minutes) is long compared to the valve response time ( ~ seconds)
and valve damping is high, a proportional control system was selected. Setting the
actuator forcing function proportional to the difference between the measured output
temperature and the control or setpoint temperature

X, - K(T-T) EQ (26)

Substituting (EQ 18) into (EQ 3) gives

T, x(1) EQ (27)

Taking the Laplace transforms of (EQ 26) and (EQ 27) and combining with (EQ 24) gives

T(s) = Tpyls) - (2’:’: ’Z TRJ G(s) {K(T(s)— T.(s) + (s*2§wn)x(0)} EQ (28)

T o,
or
T (5) = Togls) + K, Gl(s) [Tc(s) - Ty - 2'50")’"3"(0’} EQ (29)
where the nondimensional
K~ K r"r’:f’z T, EQ (30)

Solving for T(s) in (EQ 29) gives

19




Tes (8)+ K, G(S)T.(s)  K,(s + 2Cw,) X(0)G(s)
1+ K, G(s) Ko 2(1+K,G(s))
Because T, (the setpoint temperature; is a constant value, the Laplace transform is

T(s) - EQ (31)

T, (s) = = EQ (32)

The temperature of the outlet gas of the PBH (primary flow), T, entering the thermal
mixer can also be considered a constant because

1. This temperature will be maintained at a nearly constant value until the pebble-bed
temperature at the end (bottom) of the pebble-bed starts dropping. This typically
would occur when approximately 80 % of the process flow has been used.

2. During the last 20% of the flow period, the gas temperature at the outlet will
decrease slowly compared to the response rate of the control valves.

Thus, the Laplace transform of T,g is

Toa(s) = 22 EQ (33)

Substituting (EQ 32) and (EQ 33) into (EQ 31) gives

1 (TPB* K1 TC G(S) J N K1 (S+2cmn) x(0) G(S) EQ (34)

T -
(<) S 1+ K,G(s) Ko2(1+ K,G(s))

and taking the inverse transform of (EQ 34) gives

T(t) - TFB+K1 Tc - [’(T(TPB* TC) }<1 x(o)j} *

1+K1 1 + K1 K EQ (35)
e [cos(w,tf 1+ K,~ 2 )+ S sin(o [ 1+ K- T )
*-J 1+ K- g

High gain (K, >> 1) is required to result in the steady state value of T approaching T..
Inspection of EQ 35 indicates that for T, of the order of 2000°R and T, of the order of
1000 °R, K, must be of the arder of 50 to achieve controiled mixed gas temperatures
within 5 percent of the desired temperature T

20




e

The resutting solution for valve position (from EQ 27) becomes

x(t) _ mr__ K(Teg~T.) .
L MFR T, 1+K,

1 —(1 - ﬁl_@.] g [cos(m,,r,} 1+ K -02)= S sin {1+ K-G)

31*Kt—€2

EQ (36)

where the nondimensional

—
+
X

x| ~
S

]
-~

4.2 Calculations

Example calculations were made to demonstrate valve performance using the following
characteristics from Valtek literature:

@, = spring cylinder actuator natural frequency = 2.5 cps
g = damping ratio = 0.7

Selecting an initial position of the primary valve as 70 percent open, the peak design
condition of 2000 °R and 129 atm back pressure, an initial vaive position of half open and
a K, of 50, the setpoint temperature is achieved in less than a quarter of a second (Figure
13). Note that the valve motion is minimal due to the excellent choice of initial position;
Figure 14 provides a better view of the motion by changing the scale of the ordinate.

21
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5. Cost Estimate

Components of the control system are itemized in Table 2 along with a suggested vender
and catalog prices. Unburdened hardware costs total $56,000. The estimated price to
procure, assemble, program, install and checkout the system is $200,000. Inciuding
hardware purchases, the period of performance is expected to be six months.
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6. Summary

Conclusions and recommendations reached as result of this design study are summarized
below.

6.1 Conclusions

* An automated control system for the BRL 1/6th scale shock tube is
feasible and practical using off the shelf hardware.

* Globe valves of the type selected for vaives 7 and 8 give positive control over
the output gas temperature with reasonable valve actuator positions.

* Driver gas backpressure has a small effect on control valve position based on
the Pebble Bed Heater pressure drop model developed here.

* The analytical models should be calibrated with test data for each design
condition.

6.2 Recommendations

* Assembly, programming, installation and checkout of an automated control
system should begin immediately.

* The time dependent driver gas filling model developed in Reference 2 should be
coupled to the gas supply system quasi-steady and dynamic control models in a
system simulation to develop detailed control strategies for each test condition.
This simulation should be used to establish test procedures, train operators and
analyze test data.

* Pebble Bed Heater and mixer nozzle pressure drop data should be obtained for
a variety of flow conditions and a more detailed model developed for use in the
control system model.

* A control system analysis should be performed for the existing valves which are

being retrofitted for automatic control and the modets shouid be calibrated with test
data.
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PB  pebble bed

P pipe

T total

90 elbow

LN hquid mitrogen

R reference

C control




INTENTIONALLY LEFT BLANK.

32




No. of

Copies Organization

2

{Unclass. only){

Administrator

Detense Technical Info Center
ATTN: DTIC-DDA

Cameron Station

Alexandria, VA 22304-6145

Commander

U.S. Army Materiel Command
ATTN: AMCAM

5001 Eisenhower Ave.
Alexandria, VA 22333-0001

Director

U.S. Army Research Laboratory

ATTN: AMSRL-OP-CI-AD,
Tech Publishing

2800 Powder Mill Rd.

Adelphi, MD 20783-1145

Director

U.S. Army Research Laboratory

ATTN: AMSRL-OP-CI-AD,
Records Management

2800 Powder Mill Rd.

Adelphi, MD 20783-1145

Commander

U.S. Army Armament Research,
Development, and Engineering Center

ATTN: SMCAR-IMH

Picatinny Arsenal, NJ 07806-5000

Commander

U.S. Army Armament Research,
Development, and Engineering Center

ATTN: SMCAR-TDC

Picatinny Arsenal, NJ 07806-5000

Director

Benet Weapons Laboratory

U.S. Army Armament Research,
Development, and Engineering Center

ATTN: SMCAR-CCB-TL

Waterviiet, NY 12189-4050

Commander

U.S. Army Rock Island Arsenal

ATTN: SMCRI-IMC-RT/Technical Library
Rock Island, IL 61299-5000

Director

U.S. Army Aviation Research
and Technology Activity

ATTN: SAVRT-R (Library)

M/S 219-3

Ames Research Center

Moftett Field, CA 94035-1000

No. of

Copies Organization

1

{Class. only)1

(Unciass. only)q

10

33

Commander

U.S. Army Missile Command
ATTN: AMSMI-RD-CS-R (DOC)
Redstone Arsenal, AL 35898-5010

Commander

U.S. Army Tank-Automotive Command

ATTN: ASQNC-TAC-DIT {Technical
information Center)

Warren, Ml 48397-5000

Director

U.S. Army TRADOC Analysis Command
ATTN: ATRC-WSR

White Sands Missile Range, NM 88002-5502

Commandant

U.S. Army Field Artillery School
ATTN: ATSF-CSI

Ft. Sill, OK 73503-5000

Commandant

U.S. Army Infantry School

ATTN: ATSH-CD (Security Mgr.)
Fort Benning, GA 31905-5660

Commandant

U.S. Army Infantry School
ATTN: ATSH-CD-CSO-OR
Fort Benning, GA 31905-5660

WL/MNOI
Eglin AFB, FL 32542-5000

Aberdeen Proving Ground

Dir, USAMSAA
ATTN: AMXSY-D
AMXSY-MP, H. Cohen

Cdr, USATECOM
ATTN: AMSTE-TC

Dir, ERDEC
ATTN: SCBRD-RT

Cdr, CBDA
ATTN: AMSCB-CI

Oir, USARL
ATTN: AMSRL-SL-I

Dir, USARL
ATTN: AMSRL-OP-CI-B (Tech Lib)




DISTRIBUTION LIST

No. of

Copies

1

Qrganization

Director of Defense Research &
Engineering

ATTN: DD/TWP

Washington, DC 20301

Assistant Secretary of Defense
(Atomic Energy)

ATTN: Document Control

Washington, DC 20301

Chairman

Joint Chiet's of Staft
ATTN: J-5, R&D
Division

W ashington, DC 20301

Deputy Chief of Staff for Operations and
Plans
ATTN: Technical Library
Director of Chemical
and Nuclear Operations
Department of the Army
Washington, DC 20310

European Research Office
USARDSG (UK)

ATTN: Dr. R. Reichenbach
Box 65

FPO New York 09510-1500

Director

Detense Advanced Research Projects
Agency

ATTN: Technical Library

3701 North Fairfax Drive

Arlington, VA 22203-1714

Director

Federal Emergency Management Agency

ATTN: Public Relations Office
Technical Library

Washington, DC 20472

Chairman

DOD Explosives Safety Board
Room 856-C

Hoftman Bldg. |

2461 Eisenhower Avenue
Alexandria, VA 22331-0600

No. of
Copies Qrganization

1

10

34

Director

Defense Intelligence Agency
ATTN: DT-2/Wpns & Sys Div
Washington, DC 20301

Director

National Security Agency

ATTN: RIS, E. F. Butala

Ft. George G. Meade, MD 20755

Director
Defense Nuclear Agency
ATTN: CSTI, Technical Library
DDIR
DFSP
NANS
OPNA
SPSD
SPTD
Washington, DC 20305

Commander
Field Command, DNA
ATTN: FCPR
FCTMOF
NMHE
Kirtland AFB, NM 87115

Central Intelligence Agency
DIR/DB/Standard

ATTN: GE-47 HQ (10 ¢cps)
Washington, DC 20505

Commander, USACECOM

ATTIN: AMSEL-RD
AMSEL-RO-TPPO-P

Fort Monmouth, NJ 07703-5301

Commanader, USACECOM

R&D Technical b..arary

ATTN: ASQNC-ELC-IS-L-R. Mver Center
Fort Moanmouth, NJ  07703-5000

Director

US Army Missile and Space Intethigence
Center

ATTN: AIAMS-YDL

Redstone Arsenal, Al 35898-55(10)




DISTRIBUTION LIST

No. of
Copies Organization
1  Commander

US Army Foreign Science and Technology
Center

ATTN: Research & Data Branch

220 7th Street , NE

Charlottesville, VA 22901-5396

Director

US Army TRAC - Ft. Lee
ATTN: ATRC-L, Mr. Cameron
Fort Lee, VA 23801-6140

Director

US Army Research Laboratory
Materials Directorate

ATTN: AMXMR-ATL
Watertown, MA 02172-0001

Commander

US Army Strategic Defense Command

ATTN: CSSD-H-MPL, Tech Lib
CSSD-H-XM, Dr. Davies

P.0O. Box 1500

Huntsville, AL 35807

Commander
US Army Natick Research and
Development Center
ATTN: AMDNA-D, Dr. D. Sieling
STRNC-UE, J. Calligeros
Natick, MA 01762

Commander

US Army Engineer Division
ATTN: HNDED-FD

P.O. Box 1500

Huntsville, AL 35807

Commander

US Army Corps of Engineers

Waterways Experiment Station

ATTN: CEWES-SS-R, J. Watt
CEWES-SE-R ,J. Ingram
CEWES-TL, Tech Lib

P.O. Box 631

Vicksburg, MS 39180-0631

No. of
Copies Qrganization
1 Commander

US Army Corps ol Enginecers
Fort Worth District

ATTN: CESWF-PM-}

P.O. Box 17300

Fort Worth, Texas 76102-0300

Commander

US Army Research Office

ATTN: SLCRO-D

P.O. Box 12211

Research Triangle Park, NC 27709-2211

Commaander
US Army Nuclear & Chemical Agency
ATTN: ACTA-NAW

MONA-WE

Tech. Lib.
7500 Backlick Rd. Bldg. 2073
Springtield, VA 22150

Director

HQ, TRAC RPD

ATTN: ATRC-RPR, Radda
Fort Monroe, VA 23651-5143

Director

TRAC-WSMR

ATTN: ATRC-WC, Kirby

White Sands Missile Range, NM
88002-5502

Director

TRAC-FLVN

ATTIN: ATRC

Fort Leavenworth, K§ 66027-5200

Commaander

US Army Test & Evaluation Command
Nuclear Effects Laboratory

ATTN: STEWS-TE-NQO, Dr. J. I.. Mcuson
P.O. Box 477

White Sands Missile Range, NM 88002

Chiel of Naval Opcerations
Department of the Navy
ATTN: OP-031EG
OP-985F
Washington, DC 20350




DISTRIBUTION LIST

No. of
Copigs Qrganization

i

Commander

Naval Electronic Systems Command
ATTN: PME 117-21A
Washington, DC 20360

Commander

Naval Sea Systems Command
ATTN: Code SEA-62R
Department of the Navy
Washington, DC 20362-5101

Office of Naval Research

ATTN: Dr. A. Faulstick, Code 23 (2¢ps)
800 N. Quincy Street

Arlington, VA 22217

Officer-in-Charge (Code L31)

Civil Engineering Laboratory

Naval Coanstruction Battalion Center
ATTN: Technical Library

Port Hueneme, CA 93041

Commanding Officer (Code L51)
Naval Civii cagineering Laboratory
ATTN: J. Tancreto

Port Hueneme, CA 93043-5003

Commander

Dahlgreen Division

Naval Surtace Warfare Center
ATTN: Code E23, Library
Dahlgren, VA 22448-5000

Commander

David Taylor Research Center
ATTN: Code 522, Tech Into Ctr
Bethesda, MD 20084-5000

Officer in Charge

White Oak Wartare Center Detachment
ATTN: Code E232, Technical Library
10901 New Hampshire Avenue

Sitver Spring, MD 20903-5000

Commanding Officer

White Oak Warfare Center
ATTN: Code WAS0!, NNPO
Silver Spring, MD 20902-5000

No. of
Copies Organization

1

36

Commander (Code 533)
Naval Weapons Center
ATTN: Technicat Library
China Lake, CA 93555-6001

Commander

Naval Weapons Evaluation Fac
ATTN: Document Control
Kirtland AFB, NM &7117

Commander

Naval Research Laboratory

ATTN: Code 2027, Technical Library
Washington, DC 20375

AL/LSCF
ATTN: J. Levine
Edwards AFB, CA 93523-5000

OLAC PL/TSTL
ATTN: D. Shiplett
Edwards AFB, CA 93523-5000

Air Force Armament Laboratory

ATTN: AFATL/DOIL
AFATL/DLYYV

Eglin AFB, FL 32542-5000

RADC (EMTLD/Docu Library)
Griffiss AFB, NY 1344]

Phiilips Laboratory (AFWL)
ATTN: NTE

NTED

NTES
Kirtland AFB, NM 87117-6008

AFESC/RDCS
ATTN: Paul Rosengren
Tyndall AFB, FL. 32403

AFIT
ATTN: Technicat Library, Bidg. 640/B
Wright-Patterson AFB, OH 45433

AFIT/IENY
ATTN: LTC Hasen, PhD
Wright-Patterson AFB, OH 45432-6583




Pl

DISTRIBUTION LIST

No. of

Copies

t

Qrganization

FTD/NIIS
Wright-Patterson AFB, Ohio 45433

Director

Idaho Nationai Engineering Laboratory
ATTN: Spec Programs, J. Patton

2151 North Blvd, MS 2802

Idaho Falls, ID 83415

Director
Idaho National Engineering Laboratory
EG&G Idaho Inc.
ATTN: R. Guenzler, MS§-3505
R. Holman, MS-3510
P.O. Box 1625
Idaho Falls, ID 83415

Director

Lawrence Livermore National Laboratory
ATTN: Dr. Allan Kuh!

5230 Pacific Concourse Drive, Suite 200
Los Angeles, CA 90045

Director

Lawrence Livermore National Laboratory
ATTN: Tech Info Dept L-3

P.0. Box 808

Livermore, CA 94550

Director
L.os Alamos National Laboratory
ATTN: Th. Dowler, MS-F602
Doc Control for Reports Library
P.O. Box 1663
Los Alamos, NM 87545

Director
Sandia National Laboratories
ATTN: Doc Control 3141
C. Cameron, Div 6215
A. Chabai, Div 7112
P.O. Box 5800
Albuquerque, NM 87185-5800

No. of
Copies Qrganizapon
I Director

37

Sandia National Laboratories

Livermore Laboratory

ATTN: Doc Control for Tech Library

P.O Box 969

Livermore, CA 94550

Director

National Ae¢ronautics and Space
Adminisiration

ATTN: Scientific & Tech Inro Fac

P.O. Box 8757, BWI Airport

Baltimore, MD 21240

Director

NASA-Langley Research Center
ATTN: Technical Library
Hampton, VA 23665

Director

NASA-Ames Research Center

Applied Computational Aerodynamics
Branch

ATTN: Dr. T. Holtz. MS 202-14

Motfett Field, CA 94035

ADA Technologies. Inc.
ATTN: James R. Butz
Honeywell Center, Suite 110
304 Inverness Way South
Englewood, CQ} 80112

Altiant Techsystems, Inc.

ATTN: Roger A. Rausch : MN48-3700)
7225 Northland Drive

Brooklyn Park, MN §5428

Appiied Research Associates, Inc
ATTN: I. Keefer
N.H. Ethridge
P.O. Box 548
Aberdeen, MD 21001

Acrospace Corporation
ATTN: Tech Into Services
P.O. Box 92957

Los Angeles, CA 90009




DISTRIBUTION LIST

No. of
Copies Organization
3  Applied Research Associates, Inc.

ATTN: R. L. Guice (3¢ps)
7114 West Jetrerson Ave., Suite 305
Lakewood, CO 80235

Black & Veatch,

Eungineers - Arcitects
ATTN: H. D. Laverentz
1500 Meadow Lake Parkway
Kansas City, MO 64114

The Boeing Company
ATTN: Acrospace Library
P.O. Box 3707

Seattle, WA 98124

California Research & Technology, Inc.
ATTN: M. Rosenblau

20943 Devonshire Street

Chatsworth, CA 91311

Carpenter Research Corporation
ATTN: H. Jerry Carpenter
27520 Hawthorne Blvd., Suite 263
P. O. Box 2490

Rolling Hills Estates, CA 90274

Dynamics Technology, Inc.
ATTN: D. T. Hove

G. P. Mason
21311 Hawthorne Blvd., Suite 300
Torrance, CA 90503

EATON Corporation

Defense Valve & Actuator Div.
ATTN: J. Wada

2338 Alaska Ave.

El Segundo, CA 90245-4896

FMC Corporation
Advanced Systems Center
ATTN: J. Drotleff

C. Krebs, MDP9Y5
Box 58123
2890 De La Cruz Blvd.
Santa Clara, CA 95052

No. of
Copics Qrganization

33

]

(28]

Goodyear Aerospace Corporation
ATITN: R. M. Brown, Bidg 1
Shelter Engineering
Litchfield Park, AZ 85340
Kaman AviDyne
ATTN: R. Ruetenik (2 ¢cpsi
S. Criscione
R. Milligan
83 Second Avenue
Northwest Industrial Park
Burlington, MA 01830

Kaman Sciences Corporation
ATTN: Library
P. A. Ellis
F. H. Shelton
P.O. Box 7463
Colorado Springs, CO 80933-7463

Kaman-Sciences Corporation
ATTIN: DASIAC (2¢ps)
P.O. Drawer 1479
816 State Street
Santa Barbara, CA 93102-1479
Ktech Corporation

ATTN: Dr. E. Gaitney

901 Pennsylvania Ave., N.E.
Albuquerque, NM 87111

Lockheed Missites & Space Co.
ATTN: J. J. Murphy,

Dept. 81-11, Bldg. 54
P.G. Box 504
Sunnyvale, CA 94086

McDonnell Douglas Astronautics
Corporation
ATTN: Robert W. Halprin
K.A. Heinly
5301 Bolsa Avenue
Huntington Beach, CA 92647

MDA Eungineering, Inc.
ATTN: Dr. Dale And rson
S00 East Border Street
Suite 401

Arlington, TX 76010




DISTRIBUTION LIST

No. of
Copies Oreanization
1 Orlando Technology, lac.

ATTN: D. Matuska
60 Second Street, Bldg. §
Shatimar, FL. 32579

Physics International Corporation
P.O.Box 5010
San Leandro, CA 94577-0599
R&D Associates

ATTN: G.P. Ganong

P.O. Box 9377

Albuquerque, NM 87119

Science Applications International
Corporation

ATTN: J. Guest

2301 Yale Blvd. SE, Suite E

Albuquergue, NM 87106

Science Applications International
Corporation

ATTN: N. Sinha

501 Office Center Drive, Apt. 420

Ft. Washington, PA 19034-3211

Science Center
Rockwell International Corporation
ATTN: Dr. S. Chakravarthy
Dr. D. Ota
1049 Camino Dos Rios
P.O. Box 1085
Thousand Oaks, CA 91358
S-CUBED
A Division of Maxwell Laboratories, Inc.
ATTN: C. E. Needham
L. Kennedy
2501 Yale Bivd. SE
Albuquerque, NM 87106

S-CUBED
A Division of Maxwell Laboratories, Inc.
ATTN: Technical Library
R. Duff
K. Pyatt
PO Box 1620

[.a Jolla, CA 92037-1620

No. of
Copies L gunizaion
1 Sparta, Inc.

39

Los Angeles Operations
ATTN: L B. Osotsky
3440 Carson Street
Torrance, CA 903503

Sunburst Recovery, Inc.
ATTN: Dr. C. Youny

P.O. Box 212y

Steamboat Springs, CO 80477

Sverdrup Technology. {ac.
ATTN: R.F. Stuarr

P. O. Box 884
Tullahoma, TN 37388

Sverdrup Technology, Inc.

Sverdrup Corporation-AEDC

ATTN: B. D. Heikkinen

MS-900

Arnold Air Force Base, TN 37389-9998

SR International
ATTN: Dr. G. R Abrahamson
Dr. 1. Gran
Dr. B. Holmes
333 Ravenswood Avenue
Menlo Park, CA 94028

Texas Engineering Experiment Station
ATTN: Dr. D. Anderson

301 Engincering Rescarch Center
College Station, TX 77843

Thermal Science, Iac.
ATTN: R. Feldman
2200 Cassens Dr.

St. Louis, MO 63026

TRW
Ballistic Missile Division
ATTN: H. Kormau,

Mail Station 526/614
P.O. Box 1310

San Bernadino, CA 92402




DISTRIBUTION LIST

No. of No. of
Copies Qrganization Copies Organization
1 Battelle I Stanford University

ATTN: TACTEC Library, J. N. Higgins
505 King Avenue
Columbus, OH 43201-2693

California Institute of Technology
ATTN: T.J. Ahrens

1201 E. California Bivd.
Pasadena, CA 91109

Denver Research Institute

ATTN: J. Wisotski
Technical Library

P.O. Box 10758

Denver, CO 80210

Massachusetts Institute of Technology
ATTN: Technical Library
Cambridge. MA 02139

University of Minnesota

Army High Performance Computing
Research Ceanter

ATTN: Dr. Tayfun E. Tezduyar

1100 Washington Ave. South

Minneapolis, Minnesota 55415

University of New Mexico
New Mexico Engineering Research Institute
(CERF)
ATTN: Dr. J. Leigh
Dr. R. Newell
P.O. Box 25
Albuguerque, NM 87131

Northrop University
ATTN: Dr. F. B. Safford
5800 W. Arbor Vitae St.
Los Angeles, CA 90045

Southwest Research Institute
ATTN: Dr. C. Anderson
S. Mullin
A. B. Wenzel
P.O. Drawer 28255
San Antonio, TX 78228-0255

40

ATTN: Dr. D. Bershader
Durand Laboratory
Stanford, CA 94305

State University of New York
Mechanical & Acrospace Engincering
ATTN: Dr. Peyman Givi

Buffalo, NY 14260

Aberdeen Proving Ground

]

1

Cdr, USATECOM

ATIN: AMSTE-TE-F, L. Teletski
Cdr, USATHMA

ATTN: AMXTH-TE

Cdr, USACSTA

ATTN: STECS-LI




USER EVALUATION SHEET/CHANGE OF ADDRESS

This Laboratory undertakes a continuing effort to improve the quality of the reports it publishes. Your
comments/answers 1o the items/questions below will aid us in our efforts,

1. ARL Report Number ARL-CR-46 Date of Report _April 1993

2. Date Report Received

3. Does this report satisfy a need? (Comment on purpose, related project, or other area of interest for
which the report will be used.)

4. Specifically, how is the report being used? (Information source, design data, procedure, source of
ideas, etc.)

5. Has the information in this report led to any quantitative savings as far as man-hours or dollars saved,
operating costs avoided, or efficiencies achieved, etc? If so, please elaborate.

6. General Comments. What do you think should be changed to improve future reports? (Indicate
changes to organization, technical content, format, etc.)

Organization

CURRENT Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

7. If indicating a Change of Address or Address Correction, please provide the Current or Correct address
above and the Old or Incorrect address below.

Organization

OLD Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

(Remove this sheet, fold as indicated, tape closed, and mail.)
(DO NOT STAPLE)

_



DEPARTMENT OF THE ARMY

OFRCIAL BUSINESS

BUSINESS REPLY MAIL

FIRST CLASS FERMIT No 0001, APS, WD

Postage will be paid Dy acdressee

Director

U.S. Army Research Laboratory

ATTN: AMSRL-OP-CI-B (Tech Lib)
Aberdeen Proving Ground, MD 21005-5066

I

NC PCSTAGE
NECESSARY
tFEMAILED
IN THE
UNITEC STATES




