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Chapter 1

INTRODUCTION

Based on numerous studies of laser system applications in recent
years, important applications of pulsed laser operation of all types of
lasers have been apparently identified. The pulsed operation of a high
energy gas laser presents special problems in the area of shock wave
generation due to the sudden energy deposition and the interaction of
these waves with other components of the laser system. These problems
are present in both closed and open cycle laser systems and in all gas
lasers such as electric discharge, chemical, and gas dynamic lasers when
operated in a pulsed mode. In addition to shock wave generation, other
transient gas flow thermodynamic problems are involved during the start
up of a high energy gas laser system from a room temperature, zero flow
initial condition until the establishment of "steady" flow conditions
corresponding to sustained pulsed operation. These start up transients
are characteristic of all high energy gas laser systems, both pulsed and
CW and both open and closed cycle to varying degrees. The purpose of the
work reported here is to investigate some of the major transient fluid
and thermal characteristics of high energy pulsed laser operation and to
study methods of reducing or eliminating the problems associated with such
systems. The pulsed closed cycle electric discharge laser (EDL) was used
as the basis for study in this work since it has most of the major fluid
and thermal operating characteristics associated with all high energy gas
laser systems. The following major technical issues were determined to be
associated with the development of the pulsed closed cycle high energy

laser system:




A. Transients

1. Start up recirculator
2. Start up laser input power
3. Acoustic waves/Attenuation
B. Boundary Layer Interaction
C. Heat Exchanger Performance
D. Medium Quality, Clearing Time
E. Plasma - Chemistry Stability

To answer some of these issues, fundamental knowledge of fluid and thermal
characteristics of the recirculating gas flow in the closed cycle circula-
tor during the laser operation is considered essential and necessary as
one of basic engineering design tools.

To the best of our knowledge, experimental data and theoretical
understanding directly attributable to the gain of fundamental knowledge
and the substantiation of technical feasibility are lacking for the re-
circulating gas flow peculiar to the pulsed laser operation. At present,
some of the major technical problems associated with the laser develop-
ment of this kind are related to the questions of flow and thermal stabi-
lities of the recirculating gas, plasma formation, pressure and thermal
waves attenuations. For these reasons, a program was initiated at the
Army Missile Command to design and fabricate a unique small scale closed
cycle gas circulator for repetitively pulsed electric discharge lasers
at 200%k temperature and high pressures in order that these potential
problem areas can be identified and investigated at relatively low cost
and risk. Results of this small scale program may, through comparison
with other programs of larger scale circulators, contribute to the estab-

Tishment of a realistic similarity law for the design of the full-scale
2




circulator at a saving of weight and volume.

As a part of the overall team effort in the program under the di-
rection of the Army High Energy Laser Directorate, the UAH team has ex-

pended best-possible efforts in the following areas of concern.

(1) Design and fabricate a subscale closed cycle laser gas cir-
culator to be incorporated with the Army's single pulsed E-beam
controlled laser to conduct simulation experiments.

(2) Design and fabricate an acoustic attenuator (or muffler) and
acoustic reflectors to be installed in the closed cycle circulator

in order to study the wave attenuation and interaction characteristics.
(3) Develop an instrumentation system including capabilities to
measure and record pressure, temperature and velocities of the flow.
(4) Experimentally investigate fluid and thermal characteristics

of the recirculating flow associated with the pulsed wave propagation.
(5) Experimentally determine the effects of muffler and reflectors
upon the wave attenuation of both acoustic and thermal types.

(6) Study experimentally the effectiveness of the blower and
simulating heat exchangers as interacting elements with acoustic

and thermal waves.

(7) Develop computer models to numerically simulate the recirculating
gas flows in laser operation, including steady flow case, unsteady
flow case, and one-dimensional wave analysis.

(8) Assist in the design of a laser cavity to be incorporated with
the Rocketdyne-built circulator from the standpoints of gas dynamics

and thermodynamics.

To the best of our knowledge, the experimental results reported here

are the first to show the transient fluid and thermal characteristics of
3
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a pulsed electric discharge in a functioning closed cycle gas

circulator. These results should be of interest to those concerned
with the design and operation of all types of pulsed gas Tlasers
either closed or open cycle and including the electric discharge

and chemical laser systems.




Chapter 11

NUMERICAL SIMULATION OF THE RECIRCULATING AND UNSTEADY
GAS FLOW IN LASER OPERATION

The experimental pregram described in ChapterIII was supplemented
by a numerical investigation of the fluid-thermal behavior of the gas.
The numerical simulation work involved three computer programs. The
first to be described is the steady state program which is a modifica-

tion of a computer program which was available at UAH but needed modi-

fications to accommodate the low temperature operating range. This
computer program is designed to predict the steady state performance of
the system which means that the pulsed operation of the system could
only be simulated by assuming an average power input.

The second computer program to be described is designed to simulate
the unsteady flow resulting from the sudden deposition of energy in the

cavity. This program is capable of predicting the pressure, temperature,

and velocity waves generated at the cavity.

The third computer program is the result of a one-dimensional
analysis of the unsteady flow generated at the cavity. This program was
used to provide estimates of the pressure and temperature environments
expected in the cavity region.

A. Steady State Computer Program

The basic steady state computer program was first developed by

( AVCO for application to the MTU. This program was modified at UAH under
a previous contract in order to accommodate a different heat exchanger
design than originally employed in the program. Under the present con-
tract, this program was modified further to simulate the 200 K gas system

under consideration in this work.




The basic computer program is adequately described in Reference 1

and will not be covered in this report. A listing of the program with
the current modifications is given in Appendix A. The results for a
typical run is given in the tables which follow. Table 1 shows the

input list used to generate the results. The system dimensions are those
which correspond to the system being built by Rocketdyne. The computer
program calculates the fluid-thermal characteristics at eleven points

around the system. The stations are located as follows:

Station Location
1 Cavity Entrance
2 Cavity Exit
3 Diffuser Exit
4 Constant Area Duct
5 Heat Exchanger (Room Temp.) Inlet
6 Compressor Inlet
7 Compressor Exit
8 Constant Area Duct
9 Constant Area Duct
10 Heat Exchanger (200 K) Inlet
1 Heat Exchanger Exit

The gas is loaded with energy at the cavity at the rate of 450 KW. This
corresponds to about 900 J/2 on a continuous basis. The results for
this run are presented in Table 2.

The results show that the pressure in the system doesn't vary a
great deal and the thermal load can be accommodated on a steady state

basis with the heat exchanger loads shown.
6




The gas properties for the range of temperature and pressure en-
countered by the gas in traveling about the system were investigated care-
fully to ensure that large errors were not made. No major difficulties
were encountered since the pressure remains near atmospheric and the
temperature is above 200 K. This investigation also revealed that the
system could likely be operated at even a lower temperature without danger
of CO2 snowing out of the gas. This can be seen from the phase diagrams
for the laser gas mixtures given in Appendix B. This work was performed
by Mr. David Washington as an exercise in an advanced thermodynamics
course taken at UAH.

B. Unsteady Flow Case

1. Theoretical Considerations

Fluid and thermal characteristics are to be studied along the
recirculating gas flow path as a function of time and space. As the
laser pulses, energy will be input into the laser gas. The effect of
the pulse will be felt along the fluid loop. Disturbances in the form
of shock waves will travel out from the cavity, as well as other thermal
changes that travel with the fluid particles.

The basic equations which are combined into the governing equations
are one-dimensional fluid mechanics and thermodynamics. Together with
the accompanying boundary conditions and initial conditions, these equa-
tions form a mathematical model of the fluid and thermal characteristics
of the recirculating laser gas flow.

Based on the principles of similitude, the pertinent quantities of
the flow are in non-dimensionalized form and presented as follows. The

continuity equation is written in the form

(o5

=

J % , % , B . u 3 _
8 ot g X B X * o 0 (1)
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and the dynamical equation of motion is given as

u_, du_ _ 1 9P fulul

— u = —

ot ax T Tp Tox 2D (2)

Combining the first and second laws of thermodynamics gives
dS = C .| R .J%l_ (3)
The rate of change of entropy may be a function of position and time

as shown implicitly below,

S
B = f (6t a,u, ) (4)

Normalizing and rearranging the above equations yield a set of partial

differential equations governing the transient flow in one-dimension.

B2 = f(6 T, AU, (5)

fL
S (2 - 34nd &S DS . o
8T (Y-] o U) el 9f iR 8t *Re-Ai A br - 20 ufuf

(6)

where
6+

—_— = a

St T

i 8 (7)
Since two of the governing partial differential equations are hyper-

bolic, tiey possess "characteristics," invariants in time. At each point

in time and space, there are two invariants moving away from the point.

A numerical solution can take advantage of this very fact and is thus

called, the method of characteristics. It uses invariants from nearby

known points to calculate other points. These characteristics are called

P and Q.




FIGURE 1. DETERMINATION OF FLOW CONDITIONS AT "LATER" OR AT :
"EARLIER" POINT FROM GIVEN INITIAL CONDITIONS.

4 _ (U, +0)+(V3+As)
ar” =

(€,,t) (5, )

FIGURE 2. CHARACTERISTIC DIAGRAM FOR THE FLOW ANALYSIS.
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reference length (ft)

reference speed of propagation (ft/sec)
one-dimensional space coordinate (ft)
time (sec)

entropy (Btu/1bm - 'R)

flow velocity (ft/sec)

gas constant

ratio os specific heats

speed of sonic wave propagation (ft/sec)
heat transfer (Btu/lbm)

pressure (1bf/ft2)

density (slug/ft3)

temperature (°R)

(yRT)?

area ratio

friction factor

speed of sound

fluid particle velocity
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S = fluid particle entropy

Q' = fluid particle heating

£ = coordinate distance

T = coordinate time

P = right moving characteristic of governing equation
Q = Tleft moving characteristic of governing equation

Their respective mathematical definitions are:

_ 2 h S aena | (e - Q§ .
Let 1= —3 A+ U; Ny AU == 5 Ng = As Ne = (8-DA 52)5 N
8 (1) = Ny +N, =S (S)+N.+N
51 AT "B ot c™ "D
6 (1) = (N + N + Np) 8T + 8 (S) Ng
In finite difference form, Eq. (9) becomes
AT = (Ny+ N+ Nplaye A T+ 8 S (Ng)_ o

Let the characteristics be given as
7
P—-Y—_TA"'U

Q - ;:T A-uU

Now the governing equations can be applied to the numerical solution of %

the unsteady one-dimensional flow in the circulator.

_fLy Uyl
2D

(8)

(9)

(1)

(12) 3




2. Numerical Analysis
To apply a numerical scheme, the governing equations are
written in the finite difference form. Equation (5) then becomes (13)

and Equation (6) produces Equations (14) and (15).

DT = o (Es T, A’ Ua S) (]3)
s, P 5,5 L. UjU|
;AR dLna . DS 0
—ST— = - AU 5E + A 5T it (Y']) A Dt =¥ 2D (]4)
8§ Q S L. Ulu|
Tee LN it DS i 0
B - T g F Gl B o F g (15)
where
p = sl A+ U moving at (j&;) = U+ A
y-1 dt P
= _2__ - i _d{ = =
Q = o A - U moving at ( 4t )Q Uu-A
: d¢ "
and a particle moves at (—al—) = U.
S

Two known points are used to calculate a third new point, located
at (53, 73). The P characteristic from ({], 1]) intersects with the Q
characteristic from (£2, rz), since the slopes of the invariants, called
Riemann variables, are known. By knowing that the P and Q are constant,

they must exist at (53, 13). Now we can calculate U3 and A3 by
R M
3= TN

A= L (P,

12




[teration of this principle continues as follows with Eq. (16), (17), and

(18) representing Eq. (13), (14), and (15), respectively.

. DS
S3=3, ¢+ (Dr )43 (13 - 74) (16)

3" l' 813 Yia <8 - (03/0])>* (v=1) A5 (’g‘i‘) : fé%ao
83 7 & 13 13

Urz 1U;3 |l (13 - 1y) + A3 (S5 - 54) + Py (17)

3 an (Dy/0,) £
R 3/0; | DS 235
Q3 = [ A3 Up3 < o )* (v=1) Ays (F)m " 70

23
Uz [Up3 ll (13- 1)) + Ay3 (S3-5,) + (18)
Then,
Py = @
Py =y
U, 5 (19)
= = t]_
a; = Loy vy (20)

Test for iteration:

A

0.001 (21)

A

0.001 (22)

where the primed quantities are the newly calculated ones.
Once the method of characteristics solution is completed, the thermo-

dynamic quantities can be calculated. The thermodynamics equations are:
13




. 2 da  ds ;
dnp = =) = R density (23)
a2
T = §ﬁ§; temperature  (24)
P = pRT pressure (25)

Equations (23) to (25) are modified according to the numerical scheme of

calculation of the unknown point as

A

Py = Py €Xp [§%T on <7K%—> -y (53 - S]) density (26)

)2

-t
1

A, a

3= (A3 a))" / (v Rg) temperature  (27)

32.17 lbm)

3 = p3 R T3 (—T—sTag—— pressure (28)

Now the solution scheme moves on to two more known points to calculate
a third. Finally, an entire new line is calculated. It, in turn, is
then used to generate another line, and so on.

The method of characteristics only breaks down when it must cross a
shock wave or contact surface. Any discontinuity requires special
attention. The solution must find the intersection of the discontinuity
with the characteristics and "jump" across to a new point to continue as
before. This "jump" across the characteristics is accomplished by using
Eqs. (29) and (30) which are derived from the Rankine-Hugoniot relations
for the case of shock waves and Eqs. (31) through (34) for the case of

contact surfaces as illustrated in Figures 3 and 4.
14




FIGURE

3. CHARACTERISTIC DIAGRAM FOR SHOCK WAVE.
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CHARACTERISTIC DIAGRAM OF CONTACT SURFACE.
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Each shock wave and interface must be continually followed and
updated as the solution progresses. The "cut off" known point must be
replaced by a new point on the other side of a discontinuity to continue
the method of characteristics.

A flow diagram is presented in Figure 5 to illustrate the numerical
procedure for the solution.

The final results should be a location-time history of the velocity,

pressure, density, and temperature of the unsteady flow in the circulator

as shown below.
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5. FLOW DIAGRAM OF THE NUMERICAL SOLUTION OF UNSTEADY FLOWS
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The computer program is attached as Appendix C.
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C. One-Dimensional Wave Analysis

Following the work of Foa (Ref. 2), a one-dimensional analysis
was performed on the waves produced by the energy deposition in the
cavity. The initial conditions are assumed to result from an instantaneous-
constant-volume heating of a region of gas of length L in a constant
area duct. The energy deposited goes into heating the gas according to

the following equation

= dTt
C? Pl
Using the perfect gas law, p = oRT, and using the fact that the initial

and final density are the same, we obtain the following relationship for

the change in pressure

where q is the energy per unit mass deposited. Thus, the equations above
can be used to find the initial temperature and pressures produced by
the energy pulse.

The over pressure at the boundaries of the region cause a shock
wave to propagate away from the cavity. The Mach number of this shock
wave is determined uniquely from the pressure ratio using normal shock
relations. For a pressure ratio of P]/PO, the following relationship

holds

(k+1) 11 -

(@]
x| =
+| 1
i,
/-\
=
wn

|

—_—

2k
—_ k-1

The value of MS is found numerically.
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The wave propagation is shown sketched in Figure 6 for flow from left
to right. The shock waves travel in both directions away from the cavity.
Behind the shock is a hot-cold interface which initially moves in the
same directions as the shocks. Behind the interface is an expansion fan
which moves in the opposite direction of the shocks. The expansion fans
cross at the center of the cavity (for no flow case) and then interact
with the hot-cold interface which was generated at the opposite end of
the cavity. This intereation has the effect of stopping the outward
movement of the hot gas.

A computer program was developed to calculate the shock speed,
pressure ratios, temperatures, and expansion of the hot gas region.

This program is given on the next page. The results are given in the table

following the program. The notation is as follows:

Qv = the pulse energy in J/¢

U3MUT = velocity in region 3 minus the velocity in region 1

FM = MS, the shock Mach number

PIVPO = the initial pressure ratio p]/P0

TIVIO = the initial temperature ratio T]/T0

P3VPO = the pressure ratio across the shock

T3VTI0 = temperature ratio across shock

T2VT0 = temperature of hot gas with respect to initial temperature
PO,P1, etc. = pressure in respective region, N/m2

T0,T1, etc. = temperature in respective region, K.

EXPAN = 1¥L , @ point at which the hot-cold interface is inter-

sected by the expansion wave, thereby stopping the
expansion of the hot gas region. The value is normalized

with respect to the cavity length, L.
21




Qv=0",0
POZ1447
"ACK = 0,000001
T0=200.
Rﬂ00=1.7658
csusvs718.285
GAMMA=1,4
WAT=222,4
TFAC = 1,15
WRITE(L,100) ACK,RHOO,CSUBV,GAMMA,WAT
100 FORMAT(IHT 59X, "LASER SHOCK' /60X, '===mmceue-m S ol gl ol s 36K
T Y ACK 12X, TRHOO L 10X, TCSUBV Yy 10X, *GAMMA ' L 11X, "WAT ",/ /426X,

2 SENSeb0l 0l ol ol o/ ol 312X 4'QV" 311X, 'USMUT" , 12X, 'FM',11X,'PI1VPO",
3 10X, "TIVTO', 10X, "P3VPO’, 10X, "'T3VTO', 10X, 'T2VT0"',/,12X,"'P0",
A A YT T S TP i LT 5 T [T RS s L SO, [ TR e (e

S 'EXPAN')

b0 20 J=1,100
QV = J*S50. T
QF = QV*FAC
A0S SGRT(GAMMAZE314434*TO/WAT)
PIVPO=QF*1000+/(RHOO*CSUBV*TO)+1,0
TIVTO=P1VPQ
T6=2,*GCAMMA
GMI=GAMMA=1,0
CPISGAMMA+1,0

FM=1,0
9 FMS=SART(GMT/TG+(GP1/TG) *TIVTIO*(140-(GMT1/GP1)*SQRT (1. /TIVTO)+
1 (FM=1/FM))*»*(TG/GM1))
 FCH=ABS(FMS=FM)
FM=FMS
I‘(FCN'ACK)1L'1C';
10 P3VPO=(TG*FM*FM=GM1)/GP1 7
TIVTZ = (PIVPO/P3VPN) 22 (GM1/GAMMA)
TeVTO = P1VPC/TIVTR
TIVTC = PIVPC*(1.0+4(GM1/GP1)*P3VPO)/(P3VPOSGMI/GPT)
A1 = AO*SQRT(PIVPO)
T3=T3VTQ»TO
P3=2P3VPOSPU_
P1=T1VTO=PO
T12TIVTQ*TO
T2 = T2VT0#*T9D
USMUI=(2.%A0/GP1)* (FM=1,/FM)
EXPAN = A1/ (AT=-U3MUT)=1,0
WRITE(E,101) AV, ,UIMUT,FM,PIVPO,TIVTO,P3VPD,T3VTO,T2VTO,P0,T0,
1 P1,T1,P3,T3,T2,EXPAN
101 FORMAT(IHC 12X 48E15e6,/43%X,8E15.6)
20 CONTINUE
STOP
END
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D. Muffler Design Considerations
Mufflers are described as devices to reduce the transmission of

sound while at the same time allowing the free flow of gas in a duct or
pipe. An ideal muffler for a pulsed laser system would be a device which
would reduce considerably the transmission of the shock waves produced
by the high energy deposition while at the same time allow for the free
unobstructed flow of the laser gas. Mufflers of this type employ holes
in the side of the duct which connect to a closed region. Through proper
design, the pressure wave energy can be directed from the gas flow, through
the side holes, and into the dissipation region without disturbing the
steady flow of the gas in the duct. Mufflers of this type are called
volume resonators. Parameters of importance in the design of such mufflers
are: the frequency of waves to be attenuated, the volume of the resonator,
the size of the holes in the duct, and the length (if other than zero) of
the tubes which connect the holes with the resonator vo]ume.4 As is typical
of muffler design, the geometric parameters are dependent upon the fre-
quency of sound to be attenuated. For example, the required resonator
volume is inversely proportional to the frequency. For this reason, high
frequency sound can often be attenuated by simply making the duct walls
out of acoustic tile or other commonly employed sound proofing materials.
Low frequency pressure waves require volumes much larger than can be
accommodated in wall coverings. Thus, for low frequency sound, the duct
must have openings along the side which connect to the large volume
resonator.

As discussed in previous sections, the ideal one-dimensional pressure

wave generated by the laser pulse will appear as a square wave pressure

25




pulse traveling through the system. The square wave can be approximated
by an infinite series of sine and cosine waves. Thus, the muffler must
be able to attenuate waves over a wide band in frequency to be effective
in pulsed laser operation. In order to make the muffler effective over
a wide band, it was decided to couple the duct to the resonator volume
through the use of horn amplifiers rather than the tubes normally used.
The straight tube design would be effective at only one frequency while
the horn has the potential for a wide band of frequencies.

The ideal exponential horn amplifier has the characteristic of a
high pass filter with no reflection. The geometry of the area variation
of the ideal horn is

_ Bx
A(x) = AO e

where A(x) is the area at a position x away from the throat, Ao is the
area at the horn throat, and B is the exponential factor. The cut off
frequency of the horn is determined by the value of B and the total
length of the horn. For zero reflection, the ideal horn must be in-
finite in length. For a finite length horn, the reflected energy is
frequency dependent, with the reflection increasing for the Tower fre-
quencies. For example, if the exponential factor B is such that the

radius of the horn of circular cross section at the exit, ro» Were to be

e
e B

then the reflection at w/B = 4 x 104 is 10% but at w/B = 2 x 104 the

reflection is 30%. If, however, the relationship were

=i
e B

4

the reflection at w/B = 4 x 107 is 25% and at w/B = 2 x 10% the reflection

is 55%. Thus, the horn geometry for a finite horn has considerable effect
26




on the filtering and reflection capabilities of the horn. The table below
gives a more complete picture of the geometric influence on the horn
characteristics.

For pulsed laser operation at 200 pulses per second maximum, all of
the energy in the resulting pressure waves is expected to be in the fre-
quency range above 200 Hz. Thus, a horn designed for 200 Hz should re-
move from the flow all the pressure wave energy in the 200 Hz and above
range since a horn acts as a high pass filter. Consider a design in

which w/B = 4 x 10%

and B " 2/B which gives a 5% reflection as seen in
the table. If this design were to be effective at 200 Hz,

4

B = 1257/4x10% = .037 cm”!

and
Fa ® 63.66 cm

The length of the horn is given by

" Qn( Ae/Ao 2

B
where the length is seen to be dependent upon the throat area Ao. Take

the throat area to correspond to a radius of 1 cm and we obtain

i (83.66/1)2 - 276.9 cm

which shows that a horn 9 ft long is needed to be 95% effective at 200 Hz.
Ap effective length of 9 ft could likely be obtained in a folded horn
design which would occupy a reasonable volume and thus be applicable for
pulsed laser systems. Therefore, theoretically, the horn-coupled-resonator
muffler appears to have the potential for the wide band performance re-

quired in the pulsed laser systems.
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Table of Percent Reflection as a Function of w/B for Three Exponential
Horn Shape Factors

cm/sec  w/B re 1/B 4/38B 2/B
2 x 102 55% 40% 33%
4 x 10, 25% 12% 7
6 x 10, 15% 8%
8 x 10, 119 5% g
16 x 104 6 3% g
24 x 10, 49 29 %
32 x 10 39, 1% g

A horn-coupled-resonator was designed and built for the purpose of
investigating experimentally the performance of such a muffler in the UAH
subscale recirculation system. Available materials were employed which
limited the length of the horn to 6.5 cm. The horn was designed to be two
dimensional with a rectangular cross section rather than circular. The
width at the opening was limited to 11.5 cm plus the throat width. Thus,
with these geometric constraints, the horn expansion factor was restricted
to be approximately .3 for values of throat width of about 1 to 2 cm. For

example, for a throat width of 1.5 cm,

B = = .33

2n Ae/Ao - (13/1.5)
£ 6.5

For this value of B, the value of w/B for 200 Hz becomes,

w . 1252 _ 4
—B—~ T— 42 x 10 s
at 1000 Hz, this becomes
oy o 6283 _ 4
-—B‘—~ ——'g—— 2] X]O
and at 2000 Hz,
. 18570 | 4
B S T 4.2 x 10

Thus, we expect the horn described above to be effective for frequencies

above 1000 Hz based on the w/B ratio and reference to the table on

percent reflection. 28




Chapter II1I

EXPERIMENTAL INVESTIGATION OF SUBSCALE CLOSED CYCLE
LASER GAS CIRCULATOR

A recirculation system was designed for use with the MICOM 53 single

pulse laser. This system was built for the purpose of investigating
experimentally the transient flow and heating problems characteristic of

a high energy laser system. The equipment employed in this work is de-
scribed in Section A of the following which includes a description of the
recirculation apparatus, a muffler used in wave attenuation tests,
acoustic reflectors, and the instrumentation employed in the experimental
program. The experimental data collected by this system will be described

in general in Section B.

A. Description of Experimental Equipment
1. Recirculating Flow Apparatus
The recirculation system consisted of a blower, PVC piping,
mounting flanges for attachment to the 53 laser, an E-beam mask, and a
plastic structure which was mounted inside the 53 cavity. A schematic
of the system attached to the S3 laser is given in Figure 7. The flow
through the cavity region is from right to left in that figure.
a. Blower Specifications
The blower is a Dayton Model 4C108 with a 10 5/8" wheel.
The inlet is 6%" in diameter. The outlet is 24" square. The outside
of the blower casing is approximately 13" in diameter.
The motor is connected directly to the blower wheel. The motor is

a 1 hp Dayton Model 6K232 operated at 3450 rpm.
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b. PVC Piping
The majority of the piping consisted of 3109662 “Certain-
Teed Plastics” 4" PVC 1120 Schedule 40 220 psi ASTMD-2665. This pipe
has 4" ID and 4%" OD. The 90° turns were achieved using standard PVC
fittings which have a 4" radius of curvature along the center line of
the 90° bend. A number of couplings were employed throughout the path
length to accommodate assembly, disassembly, and modification during the
testing.
Also shown in Figure 7 is a cross-over or by-pass pipe with valve.
This pipe was J24G264 1" PVC 1120 Schedule 80 630 psi at 73°F ASTMD 1785.
The pipe was 1" ID and 1%" OD and was attached to the 4" PVC through
a standard 4" to 2" tee with a reducer used to bring the size down to
1". A 1" gate valve was used in the 1" line.
c. Dimensions
The piping dimensions are shown on Figure 8 in centimeters.
Total path length around the 4" circuit is approximately 1140 cm (37 ft.)
d. Flanges
Special flanges had to be constructed in order to attach
the PVC pipe to the blower and to the 53 laser. For the blower attach-
ment, a 6" to 4" reducer was used on the inlet side and an aluminum
piece was machined to go from the square to the circular cross-section.
The flanges for attachment to the S3 were constructed from alum-
inum consisting of 4%" diameter holes with suitable bolt circle and o-
ring groove.
e. E-~beam Masks
The purpose of the E-beam mask is to contain the E-beam to

within a specified region of the cavity. Figure 9 shows the dimensions

of the three masks employed in this work.
3
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