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Chapter 1

INTRODUCTION

Operation of a high energy pulsed laser presents problems of acoustics

and thermodynamics owing to the generation of shock waves and a heated ~as

slug which are a result of sudden energy deposition and wave interaction

with other laser components . In additio~i , other transient problems of

fluid dynamics and thermodynamics are involved during the s tar t—up of a

high energy laser gas circulator from a room temperature , ze ro flow initial

condition until the establishment of steady flow conditions for a sustained

repetitive pulsed operation. Thes e start up transients are characteristic

of all high energy gas laser syste ms , both pulsed and cw , and both open

and closed cycle to vary ing degrees . The main purpose of this project is

to investigate transient fluid and thermal characteristics of high energy

pulsed laser operations and to develop methods of reducing or eliminating

the acoustic and thermal problems detrimental to the laser beam quality .

In this technical direction , a program was initiated at the Army Missile

Command to design , fabricate and test a unique small scale closed cycle

gas circulator for repetitively pulsed electric discharge lasers to establish

a tech nology data base f or understanding the laser operation . Technical

issues relating to operating such a system will be identif ied and methods

of solving these technical problems may be developed and tested . The cir—

culator , with a 28 ,000 rpm compressor , operates at 200 — 300 °K and 0.8 —

1.2 atm pressure. Complementing this Army e f fo r t , the UAH project was p lann ed:

to develope computer programs modeling the recirculating gas flows in pulsed

laser operat ion including steady and unsteady cases; to perform theoretical

1
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analysis of the unstable resonator with tilted spherical mirrors ; to conduct

an experimental investigation of transient fluid and thermal characteristics

of the recirculating flow associated with the pulsed laser operation using

a subscale circulator; and to experimentally determine the effects of mufflers,

screen packs and honeycombs on acoustic and thermal waves propagated in the

recirculating flow.

Some of these e f fo r t s  are improvements and modifications of the efforts

noted in the previous year ’s report. Results of this project are useful

as a technical guide fo r the development of the Army Closed Cycle Circulator

as well as of direct interest to those concerned with all types of pulsed

laser systems.

Contributions to this report were made by: G. R. Karr in Chapter IV ;

3. F. Perkins in Chapter V; David Walker In Chapter III; W. Dahm in Chapter

II , under general technical direction of C. C. Shih ,

2
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Chapter II

EXPERIMENTAL ANALYSIS OF SUBSCALE CLOSED CYCLE
LASER GAS CIRCULATOR

The closed cycle gas circulator used in this study was designed for

use with the MICOM single pulse e—beam controlled CO 2 laser. It was ori-

ginally developed to Initiate an experimental investigation on the transient

flow and heating problems characteristic of high average power pulsed laser

operation in closed cycle systems . The effort reported herein is an ex-

tension of the work performed in the year 1976—77 that includes design im— -

‘

provements in the cavity section and two perforation type mufflers and two

sizes of screen packs .

A. Experimental Apparatus Description

1. Recirculating Flow Syst em

The recirculation system consisted of a blower , poly viny l

chloride (PVC) piping , mounting flanges for attachment to the e—beam laser ,

an e—beam mask, and a plastic structure which was mounted inside the laser

cavity . The .1.aser was made by Systems Science and Software (S3). A sche-

matic of the system attached to the S3 laser is given in Figure 1. The

f low through the cavity region is from right to left in that figure .

a. Blower Specifications

The blower is a Dayton Model 4ClO8 with a 10 5/8” wheel.

The inlet is 6½” In diameter. The outlet is 2½” square. The outside of

p - 
the blower casing is approximately 13” in di ameter .

The motor is connected directly to the blower wheel. The motor is

a 1 hp Dayton Model 6K232 operated at 3450 rpm .

3
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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 4½” OD. The 90° turns were achieved using standard PVC fittings

which have a 4” radius of curvature along the center line of the 900 bend .

A number of couplings were employed throughout the path length to accommo-

date assembly, disassembly, and mo-U.fication during the testing.

Also shown in Figure 1 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 1¼” 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 dimetisions are shown in Figure 2 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 tc attach

the PVC pipe to the blower and to the S3 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—

m u m  consisting of 4½” diameter holes with suitable bolt circle and o—

ring groove.

e. E—beam Mask

For this test series, an E—beam mask of 45 cm by 10 cm

(height) was used with an improved method of base line g~s flow and leak

control using simple structural changes with taping and caulking with

-
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f. Cavity Structure

The cavity structure serves to box in the discharge region

in the vertical and longitudinal directions and also to provide a support

f or the PVC pipe. Since the wave distortions discovered in the previous

test s were determined to be attributed to pressure leaks from the structure ,

a special caution was applied for sealing the cavity structure in contact

with the sustainer electrode as well as the 45 cm E—beam mask. A sketch

of the cavity structure is shown in Figure 3.

2. Mufflers

A horn— coupled muff le r  and a c~ nnister type muff le r  was

designed , const ructed and tested on the acoustic test bench and then in

the circulator. Detailed dimensions of the mufflers are shown in Figures

4 and 5 , respectively. On the acoustic test bench, each muffler was

subjected to sound waves of fixed frequencies ranging from 100 HZ to 110

KHZ for determining its effectiveness as an acoustic attenuator. The

test setup shown in Figure 6 provides the means of using the same acoustic

source for pipe sections with and without the muffler of interest. This

will prevent any nonuniformity in wave characteristics from two different

sound sources even though the indicator shows that they are the same.

This setup also allows for the monitoring of the input to the system since

the input wave form is also put on the oscilloscope. Thus, any drift in

the amplifiers can be corrected during the experiment . Results of a—

coustic bench te sts for both horn—couples and cannister m u f f l e r s  are pre—

sented in Figure 7 . Both mufflei s were found to perform well in the low

frequency reg ion with peak d~ d i f f e rence of 20 to 30. The horn—coupled

muffler shows a flatter response in the low frequency region than the

7
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cannister type. The cannister muffler shows an effective damping at the

400 HZ point. Above 2000 HZ, neither muffler shows significant muffling

characteristics. B & K test equipment was used on the acoustic test bench

for the acoustic measurement.

3. Screen Packs

The use of screen packs has been accepted as one of the most

common methods of conditioning or suppressing the level of turbulence in

a confined fluid stream such as a wind tunnel test section. At the sug-

gestion of Poseidon Research, two screen mesh sizes (60 mesh pet inch

with 0.004 in. wire size at 55% open area ; 34 mesh per inch with 0.0065

in. wire size at 55% open area) shown in Figure 8 were tested on the

acoustic test bench in the same fashion as the mufflers. The screen packs

were constructed using two sheets of screen at two spacings , 203 mm and

305 mm. Thus, four test pieces were constructed and tested on the bench.

Both the fine (60 mesh) and coarse (34 mesh) screens were tested

using the wide (305 mm) spacing. The results of testing over the frequency

range from 1 to 20 KHz are presented in Figure 9 for the coarse (34 mesh)

screens on 305 mm spacing and in Figure 10 for  the f ine (60 mesh) screens

on the same spacing. Note that the vertical axis are reversed in sign in

the two figu res.

The results show that the fine (60 mesh) screen is generally more

ef fective over the frequency range tested . Figure 10 shows a d B di f ference

between the straight pipe and the pipe with screens of about 4 on the

average while Figure 9 shows only a 2 d~ difference for the coarse (34 p

mesh) screens. Both screens show different peaks at 16 and 13 KHz with a -:
general increase also in the 7 — 10 KHz region . Both screens also show a

r ive value in the 4 — 6 KHz range .

16
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4. Instrumentation System

a. Pressure Measurement

The instrument used for pressure measurements is a battery

of four Piezotron pressure sensing units each of which consists of a

piezoelectric pressure transducer (Type 20135) and a coupler (5498) con-

nected with a 128M cable. The unit Is then connected to an oscilloscope

for the readout of voltage signals. Specifications of the Piezotron

miniature pressure sensor or transducer , the Plezotron coupler, and the-

Textroni x oscilloscope are pre sentei  in Appendix A .

The pressure of up :o 100 ~si was sensed by the mini—ga ge which gives

a direct , high level , voltage si gna l -~ith 1es.~ than 100 ohms output in-

pedance and high frequency response of 50 KHz and low trequenc~v response

of 0.005 HZ. The scn~~~ then converts the pressure into electrical voltage

with bias of up to 11 ± 2 volts. The power required by the transducer to

operate is supplied by the coupler , and the signal from the transducer

to the readout equipment is transmitted through the coupler over a single

inexpensive cable. This eliminates all of the inherent piezoelectric high

impedance problems of electrical leakage, cable noise and signal attenuation

and allows the tranducers to be used in contaminated environments and with

long and moving cables at low noise and without use of charge amplifiers.

The calibration of the transducers was performed at the factory ,

and the values of the calibration were noted to be , on the average for all

probes , 50 my per psi for the pressure measurement up to 100 psi. The

calibration curve relating the voltage output and the pressure is noted

to be quite lenient.

S .  
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b. Temperature Measurement

Due to the extremely transient nature of temperature varia-

tion in the recirculating flow as a result of the pulsed laser operation ,

a sensor of high frequency response in excess of 1 KHz is considered

necessary for the temperature measurement. Search of an adequate sensor

resulted in the selection of a hot—wire sensor made of 0.00015 in. diameter

tungsten wire coated with platinum powdery film. The hot—wire sensor is

connected to the Temperature and Switching Module (Thermo—Systems Model p

1040) which is in turn connected to the power supply (Model 1031—IOA) .

The Module consists of a bridge circuit and amplifie~ in an open

loop configuration so the hot—wire sensor which is ordinarily used as an

anemometer probe can be switched to function as a resistance thermometer.

Since there is a linear proportionality between the voltage output and

the temperature , the calibration can be simply performed by adjusting the

zero and gain set potentiometers to a desired temperature range using the

calibrate pots of two temperatures.

c. Velocity Measurement

For the measurement of velocities , hot—wire probes the same

as those used for the temperature measurement is applied . The probe is

connected to the constant temperature anemometer module (Model 1O1OA).

The amplified output signal from the anemometer is sent to the Linearizer

(Model lOO5B) so that the voltage signal is processed in such a way that

it became linearly related to velocity of the gas flow.

The use of these modules ensures the frequency response above 500

KHz with power output as high as 1.5 amps. The noise associated with the

anemometer is noted to be less than 0.007% equivalent turbulent intensity.
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Frequency response to the Linearizer is found to be up to 400 KRz and

the accuracy of linearization can reach ± 0.2%. With these special features

of the instrument , it is able to measure both average velocity and turbulence
4-

in one—dimension.

Calibration of the probe is performed by using a Thertno—Systems

Calibrator (Model 1125) in accordance with the furnished instructions.

The readout system for both temperature and velocity is the Tektronix type

oscilloscope (Type 564—3A74—3B3).

B. Presentation of Experimental Data

An experimental run typically involved firing the S3 laser and

recording pressure, temperature , and/or velocity at various locations in

the circulator. In addition , the laser discharge current was also moni-

tored for each run in order to determine the power put into the gas flow .

Data collected from each run were recorded with two Polaroid photos: one

f or laser energy deposition and one for fluid and thermal characteristics ,

along with readings from other indicators. Plates 5381 to 5523 presents

the data and complete information regarding the test runs on one figure

to a test run basis. These plates are presented in Appendix B.

The tests were designed to investigate the fluid—thermal disturbances

produced by the sudden energy deposition in the cavity section of the

circulator.

A list of all test runs , with appropriate details , made dur ing this

project period is attached as Appendix B.

Based on the previous experience, pure nitrogen gas was found ade-

- - quate  for  approximating the laser gas characteristics in the experiment of

- - interest. Thus, nitrogen was used in all test runs for the sake of con—

venience and economy .
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4.

C. Discussion and Analysis of the Data

The S
3 laser without lasing action merel y provided the de—

position of energy in the cavity section , thereby simulating the energy 1
1

pulse generated in such a laser. The B—beam was operated at 90 Ky, the

sustainer voltage was varied between 15—30 Ky , and the pulse width was

varied between 2 and 3u sec .

As pertains to the fluid dynamics of the cavity flow , the ene rgy

deposition is considered instantaneous and , therefore , the process can be

described as an instantaneous constant volume heating process. The gas

pressure and temperature are instantaneously increased by the energy de-

position while the density remains unchanged . As the flow transports the

heated slug of high pressure gas away from the cavity, the frictional re-

sistance and thermal diffusion will take place in the heated slug of gas,

causing its deterioration of fluid and thermal characteristics.

Detailed discussion and analysis of the data of some typical test

runs are presented in Chapter VI, Sections 2, 3, and 4.

‘
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Chap ter III  p

NUMERICAL ANALYSIS OF TRANSIENT FLOW PROBLEMS RESULTING —

FROM PULSED ENERGY INPUT

A. Theo retical Considerations

As an input of pulsed energy is made into the laser cavity .

disturbances in the form of shock waves and thermal changes will travel

out from the cav ity ,  overriding the recirculating laser gas flow. These

phenomena are modeled by a set of governing equations of fluid dynamics

and thermodynamics with the one—dimensional assumption .

Details of the theo retical model including the governing equations ,

boundary and ini tial condi tions , formulation of the method of characteris-

tics , finite difference schemes and the flow diagram are delineated in the

UAH Research Report No. 199 (March 1977), pages 7 through 24. For the sake

of brevity , they are no t repea ted here , and their reference is made to the

1977 report. The computer program modified from the 1977 version is pre—

sent~d in Appendix C.

B. Presentation of Numerical Results

After several modifications and improvements of the computer

program pertaining to the transient flow problems of interest , the program

has been developed for calculating the flow field quantities including

all the flow and thermal properties as functions of temporal and spacial

coordinates . The results also include the analysis of shock waves pro—

pagating both upstream and downstream from the cavity as well as the heated

slug of laser gas bounded by two contact surfaces overriding the recircula—

ting flow in the circulator. Samples of the numerical results are presented

graphically and also in tabular form as shown in Figure 11 and Table I and IA ,

21
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respectively . These results demonstrate the capability of the program

to numerically simulate the flow phenomena with a reasonable accuracy and

a considerable flexibility for varying system parameters such as energy

input , cavity dimensions , circulator dimensions and gas properties , pro-

vided that coefficients associated with the parameters are properly se-

lected .

22
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FIGURE 11 GRAPHICAL PRESENTATION OF A TYPICAL NUMERICAL SOLUTION FOR
TRANSIENT FLOWS IN THE CIRCULATOR , —
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NUMERICAL ANALYSIS OF STEADY FLOWS IN THE

CLOSED CYCLE CIRCULATOR
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The overall program consists of the MAIN calling program which is

aided by the ENPUT, GASP, AIRP, MACH, SThZ~, LIQP, and OUTPUT subroutines .

Data transfer is conducted through common blocks VAR and WAR. All of the

real data is stored in VAR and the integer quantities are stored in WAR.

Figure 1. illustrates the overall tunnel and coolant system, and

identifies the assignment of station numbers referenced in the computer

simulation.

DESCRIPTION OF THE COMPUTAT IONAL PROCEDURE -

PRIMARY EMPHASIS ON MAIN AND ENPUT

At statement number two MAIN calls upon ENPUT to read in the

NANELIST case data and alphanumeric title. In the liAR simulations the

control variable NTAM = 0, so that temperatures TA1, TIC, TO2G, TO6G,

TO7G, Tl, T2, T3, T4, T6, T8, TlO, T14, T16, Tl8, T20, and TA2 receive

either specified input values or built-in values by default. Blower

pressure ratio (BPR) and cavity inlet velocity (VI) are also obtained

from input or default conditions. Cavity inlet pressure (PIG) is converted

to psi, air relative humidity (RH) is converted to a decimal number , laser

output efficiency (EFFL) is converted to a decimal number, and cavity

inlet hydraulic diameter (DC) , height (HI) , width (WT1), and length (CL1)

are all converted to feet. The AIRP subroutine is called with TA1, PAT ,

and RH so that air molecular weight will be available for the subsequent

air density (RØA1) calculation for the radiator inlet. Air mass flow rate

is next determined using R9~Al, TAI, and the input value of corrected air

volumetric flow rate (CWA) . Pin thermal conductivities for all heat ax-

changers are converted into BTU/sec.-ft2-(°P/f t) and the number of coolant

fluid passes in each heat exchanger is converted from integers to real

numbers .
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Although cavity inlet area is a routine input, it is again calculated

from Rl and CL1. An estimate of the volumetric flow rate at tunnel

station 6 is obtained from VI and A(l). The input list and case title

are printed and control returns to MAIM.

With control again in MAIN, the following relationships provide

starting estimates for certain tunnel static temperatures:

T2G = T02G
T5G = TO2G
T6G = TO6G
TIOG = TØ7G

The loopcmunters JV and II are initialized at zero, and GASP is

entered with TIC and FN providing values for GANIG, CPIG, and GNU. The

decision variable ]CPRO is consulted to determine whether cavity inlet

pressure or density should remain fixed at its input value. If JCPRO~~O,

then

PIG = ROl*TIG/(.O93l78~~NLT)

if JCPRO ~ 0, then

aOl = .O93l78*PIG~GNU/TIC

Calculations for mass flow rate (WG), inlet Mach number (FM1),

and inlet stagnation temperature (TOIG) are now performed ; and TOIG serves

as an estimate for the static temperature at tunnel station 11 (Tu G).

The AMP and BMP arrays are set to zero and heat exchanger calculations

begin .

In the following, only calculations related to the first tunnel

heat exchanger (IVC1) will be outlined , since the calculation pertinent

to (HX2) ,  (HX3 ), and the outside radiator assembly are essentially similar .
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On the coolant side of the heat exchanger, the bulk average

temperature (THI) is determined from the arithmetic average of the inlet

and outlet temperatures:

TMI = .5*(T2 + T4)

On the gas side of the heat exchanger, the bulk average temperature

(TGNI) is defined as the log-mean averag e temperature determined from :

TG~~ = TMI + (Zl — Z2)/( ln  Zl - in Z2)

where Zl = T5G - T4

and Z2 = T6G-T2

However, if either Zl or Z2 0., then

= •5* (T50 + T6G)

GASP is now entered with TGMI and PN, and it provides the constant

pressure specific heat (CPGI) , Prandtl Number (PRGI) , viscosity (GIN!!),

and molecular weight (GNU). LIQP is similarly called with TNT and PC,

providing the coolant viscosity (ZIMU) , Prandtl Number (PRI) , and

specific heat (CPI) .

The gas side overall frontal area (AFRGI) is given by

AFRGI = DL (l) * DH(l) , and the gas stream mass velocity

(CCI) is determined from

CCI = WG/ (DSIG (1) * AFRGI)

where DSIG( l) represents the dimensionless ratio of free~ f low area

to frontal area.

For the coolant side ,the overall frontal area per pass (APRI) is

given by

29

- 
- 

. - ~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~ 

.-



- _ _

AFRI = IM(l) * DH(l)IDNP(l)

The coolant stream mass velocity (GI) is determined from

GI = WI/(DSI(l) * AFRI)

where WI is the input value of coolant mass flow rate and DSI(l) is the

dimensionless ratio of free—flow area to frontal area .

Representative Reynolds Numbers for the gas side (REGI) and coolant P

side (RET) are given by

REGI = CCI * DDHG(l) /GIMU - -

EEl = CI * DDH(l)/ZIMLJ

For the gas side, the data on Figure 2 was employed in the con-

struction of functions expressing the dependence of the mean friction

factor (GFI) , and the Colburn 3 factor (GJI), on REGI. For the liquid

side, the Colburn J factor (ZJI) was related to REt on the basis of

the data presented in Figure 3 .

It should also be noted that the three heat exchangers have identical

plate— f in core structures, whereas the gas side data for a radiator is

presented in Figure 4. The coolant side plate-fin structure of a

radiator is identical to that of the three tunnel heat exchangers. Coolant

friction factors were not computed, since current UAM simulations do not

examine pressure drops in the coolant circulation system.

The unit conducta nces for the thermal convection heat transfer on

the gas side (HGI) and on the liquid side (HI) are given by

HGI = CCI * CPGI * GJI *

HI = GI * CPI * ZJI * (PRI~~
2”3
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The fin effectiveness parameters on the gas and coolant sides are

denoted by GMI and CMI, respectively.

2 * H C I

DK(l) * DDEL(l)

where DDEL (1) represents the gas side fin thickness in feet. Similarly,

2 * H ICMI = DK(l) * DA(i)

where DA(l) represents the liquid side fin thickness in feet. It should

also be noted that the identical thermal conductivities used in the expressions

for CMI and GN1 imply that fins on both sides of the heat exchanger are

constructed from the same material (currently aluminum).

Since the fins extend from wall-to-wall, it has been assumed

that the effective fin length is given by one half of the wall spacing.

On the gas side, the fin efficiency (ATFI) is given by

- 
TANHIGNI*DSL(1)1

- GNT * DSL(l)

where DSL(l) represents the gas side fin length in feet. Similarly, the

liquid side fin efficiency (ATF1L) is computed from

ATF1L — 
TANHfGNI*DSLL(l) ]

- CMI * DSLL(l)

where DSLL(I) represents the liquid side fin length in feet.

The total surface temperature effectiveness of the heat transfer

surfaces on the gas side (ATOI) is given by the weighted average of

the 100% effectiveness of the prime surface and the less effective fin

surface .-p
ATOI = l .-DAFO A(l) * (1.~~~~ I)

where DAFO A( 1) represents the ratio of fin area to surface area.

On the liquid side, the total temperature effectiveness (ATOI) is

computed from
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AIO1 = 1.— DAFAL(l) * (l.— ATF1L)

where DAFAL( l) represents the ratio of fin area to surface area.

The overall conductance for heat transfer for the first heat

exchanger (UI) is given by

UI = 1.1(1.1 (ATO I*H GI)÷AB(l)/DK( l)*(l._DAF OA(l) ) )+ DALG(l) / (DAlI (l)*RI*ATO1) )

where AB( l) represents the parting plate thickness in feet , DALG(l) is

the gas side heat transfer surface area to volume ratio in

l/ft ., and DP1LF(l) is the ratio of liquid side heat transfer surface

area to volume in 1/ft.

In the final calculations related to the heat exchanger effectiveness

estimation, the coolant and hot gas capacity rates are evaluated and

compared to establish the appropriate minimum and maximum values identi-

f ied by CNIN I and CMAXI, respectively. Having defined ACt as the surface

area on which UI is based, the number of heat transfer units (TIJNI) is

now given by

TUNI = ACt * UI/CMINI

The heat exchangers and radiators have been assumed to correspond

to the multipass overall-counterflow configuration; and the number of

coolant passes in each unit is contained in the DNP array. Kays and

London (Reference 1) have observed that the effect on performance of

fluid mixing, either within passes or between passes , is not significantly

• . different from cases where there is no mixing at all, hence the single-

pass effectiveness (ESSI) is computed from

ESSI = 1. -Exi’ - TOWI*CMAXI/CNINI

~
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where

TOWI = l.-EXI’ _T!JNI*CMINI/(CNAX I*DNP(l))

The overall effectiveness (EPSI) is now given by the following

sequence of calculations

EPSI = ((l._ESSI*CMINI/CMAXI)/(l._ESSI))**NP(l)

EPSI = (EPSI-l.)/(EPSI-CNTNI/CMAXI)

h owever, if CNINI/CMAXI is greater than .9999, then

EPSI = DNP(l)*ESSI/(l.+ESSI*(DNP(l)_l.))

Tunnel calculations continue with the determination of station 1

stagnation pressure using known values for Mach number, specific heat

ratio, and static pressure. Since the cavity design control parameter

NDSGN was always set at a value of two, the calculations are forced to

assume a constant area cavity. Although A(2) is an external input, it

is now set equal to the cavity inlet area. Assuming constant specific

heat for the gas flowing in a heated duct , the temporary variable Zi re-

presenting stagnation temperature for a choked/heated cavity at a station

where the Mach number is postualted equal to one, is obtained from

2
- 

T0~~*(1~~~~~~~~MI2) T 
*

- 

2*(GAMI G÷l .)*~M12
* ~~~ 

GMIIG- l. *FM].2

Next, Zi is redefined as TO2G/T 0*; and if Z]>l the message

“Choked Cavity-Read New Data” is printed and the case is aborted.

If the test on Zl was satisfactory, then the static temperature

loop counter is initialized at a value of zero and GASP is entered with

known vah.~~ of T2G and FN. GASP returns values for GAII2G, CP2G and GNU

(which is fixed for the case since it only depends upon the gas mixture

specified initially).
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Under the assumption that GANIG ~ GAII2G

2 ‘
~‘2

1 22 (
~ 2~~~ 

M~ (1+ 
~~ 

= Zl
(ii. ‘

~
‘
2

where and M
2 

have been employed as shorthand forms for GAN2C and FM2,

respectively. This convention will also be adopted for other tunnel

stations. Upon defining

Z2 2 Zl — 2 - 2

and

Z3 ‘
~
‘2 (Zl—l) + 1

we obtain the following equation that must be satisfied by N2

2 2
Z3 

~~ 
+Z2

N2
2
+ Z l = 0

Finally, N2 is given by the square root of a positive solution < 1

determined for the above equation. However, if Z3 = 0, then M2 is simply

determined from

- ZlM2~~~ Z2

The current value of T2G is now stored as the variable T2GOLD, and

a new value of T2G is computed from

T2G = 
T02C

y2
_l

If the new value of T2G is within a . 5 degree (Rankine) neighborhood of

T2GOL D, then the solution cont inues . If T2G does not pass this test but

the loop counter has not been exceeded, then the static temperature loop

34
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is reentered at statement number 12000 using the current value of T2G .

If the above two conditions have not been satisfactorily met , then the

message “Failure to Converge in Static Temp. Loop 1” is printed , also

recording the temperature err or and number of loop cycles . The run is

subsequently aborted.

A successful pass through the above criteria is followed by the

computation of static (P2G) and stagnation (PO2G) pressures at the cavity

exit. -

Using the fixed value of total pressure loss coefficient (~F23) for

the first diffuser, the exit stagnation pressure is given by

P030 = PO2G - CF23*(PO2G_P2G )

Using estimated values of Y3 
and N3 the MACH subroutine is called

in conjunction with known values for DELM, NLIM, PO3G, TO3G = TO2G, WG,

GNU, A(3), and FN . Internally, MACH calls upon GASP to provide values for

C (T) and y (T); and MACH iterates on N.3 until a value of N.3 is found that

lies within DELM of the computed on the previous pass through MACH.

By-products of the MACH subroutine are values of GAII3G, CP3G, static

temperature, and static pressure at station 3.

It should be noted that since is computed after MACH number

F convergence , “conve rg ence” in MACH is actually obtained with slightly in-

consistent values of T3G and y~ . If the number of iterations in the MACH

subroutine equals NLIN and convergence has not been obtained then the

error messa~ a , “Failure to Converge in MACH No. Subroutine”, along with

the error value , is printed; and control returns to the main progr am

(the run is not aborted).

With the assumption that stagnation temperature from station 2 to

station 5 is constant , the calculati ~ns for gas flow properties at stations
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- . 4 and 5 are obtained in a manner analogous to the calculations performed

for station 3.

- The density at station 5 (R05) is given by

R05 = .093178 * P50 * G?41/T5G

The counter for Density Loop 1 is initialized at a value of zero and

initial estimates for R06, M6, and 
~6 

are obtained from

R06 = R05
0AN60 = GAM5G

FM6 = WG*DSQP,T(T060/GAN5C/GM!J) / (20 .7774*P05G*A(6))

The value of R06 is stored in the dummy variable Zl and the stag-

nation pressure at station 6 is predicted from

P060 = P050—GOT
2 

* ((l .+DSIG (l) 2) * (R05/R06_l).i.CFI*DALC(l)*I~i(l)*

R05/(5*DSIC(l) * (R06 + R05)))/9266 .ll*R05)

- 

Having P060 and P060, MACH is called to provide values for the static

temperature and static pressure at station 6 . These values are used to

- - compute a new value for R06 . The absolute value of the duimny variable

- - Z3 = R06 - Zi is compared with ROLDI, to determine if convergence has
- been attained . If the compari son is not satisfacto ry and the loop counter

t - .

is less than NLIM, then the loop is reentered with the current value of
-

- 
- R06. If the loop counter equals NLIM and convergence has not been obtained ,

then the error message “Failure to Converge in Density Loop 1” is printed.

The error is also recorded and the run is not aborted . For situations of

1 satisfactory convergence, the message “Density Loop 1-cycles (number of

I passes through loop) — error (Z3)” is printed and calculations continue .

H 36
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Using the current value of P070 as an approximation for T7G, and a

subsequent call to GASP, results in an approximation for GAM7G . The

stagnation pressure at station 7 (P070) is computed from

P07 0 = P060 * BPR

and the counter for the pressure loop is initialized at a value of 0 .

The MACH number at station 7 (FM7) is estimated from

FM7 = WG*DSQRT T07G/ (GAM7G~~NU) / (20 .7774*P070*A(7)) 
S

P 
The estimates of FN7 and GSAN7G plus other currently known quantities

are used with a call to the MACH subroutine, whose convergence yields a

value fo r the static pressure at tunnel station 7 (P7 G) . To go from

station 7 to station 8, the heat exchanger equations are solved for the

third heat exchanger. Since the diffuser pressure loss coefficient CF89

is a known quantity, the stagnation pressure at tunnel station 9 (PO9G) is

computed from 
P09C = P08G — CF89 * (PO8G — P8G)

Under the assumption of a constant stagnation temperature existing

between stations 3 through 11, the above technique is also exploited in

the successive evaluation of corresponding flow properties for stations

9 through 10. The density for station 10 (ROb ) is given by

ROb = .093178 * P1OG * OMU/T100

Starting estimates are obtained for the MACH number FN11 and density

(ROll) at station 11; and the counter for the second density loop is

initialized at a value of zero .

The value for ROll is also stored in the dunmiy variable Zi, and the

stagnation pressure at station 11 (P0110) is g iven by
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PO11G = P0100 - 00112*((l.÷DSIG(2)
2)*(R0b0/ROll_l.)+GFI*DALG(2)*IXJ(2)*

RObO/(.5 *DSIG(2)*(ROlO+ROll)))/ (9266 .ll*RObO)

A call to the MACH subroutine, assuming that P0110 = TO1G and letting

GAM100 be an initial estimate for GAM11G, results in values for P110,

P110, FM11, CAM11G, and CPllO , upon convergence.

A new value for ROll is now computed from

ROll = .093l78*P1IG*GMU/TI1G

and the dunmiy variable Z3 is defined by

Z3 = ROll - Zl

The absolute value of Z3 is compared with ROLIM to determine if

convergence has occurred in the density loop. If 1Z3 1 > ROLIN and the

current value of the loop counter is less than NLIN, then the 1oop is

reentered with the present value of ROll. If the loop counter equals

NLIN and convergence has not been attained , then the error message “Failure

to Converge in Density Loop-2” is printed . The error is also recorded

and the run is not aborted. For situations of satisfactory convergence,

the message “Density Loop-2-Cycles (number of passes through loop) -

Error = (Z3)” is printed and system calculations resume .

Next , FM11 is reestimated from other known quantities :

FN11 = WG*DSQRT(TO1G/(GANIG*GNU))/(20. 7774*pO b lG*A(ll))

and the MACH subroutine is again called to provide refined values of

-
• 

P110, P110, F}flb , OAN11G, and CP11G.

If the decision variable JCPRO > 0,then a new dummy variable Zl is

defined by

L . -
~~ 

-
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Z1 = ROl*TIG/(.093178*GMU)*(l.÷(GANIG_ 1.)*FN1
2
/2)**(GAMIG /(GAMIG_ l.))

and subsequently, Zl becomes

Z1 = PO11G - cFlll*(p0l1G_PllG) - Zl

However, if .JCPRO < 0, then the variable Z1 is defined by

Zl = P0110 - GFlll* (POlio - P110) - PO1G

Note that if Zi > Q there is an implied overshoot of inlet stagnation

pressure as determined by the flow conditions at station 11. Since Zi

will probably never turn out identically zero in the computations , flow

stagnation pressure adjustments are necessary:

Polio = P0110 - Zl

P0100 = P0100 - Zi

P090 = PO9G - Zl

P080 = PO8G - Zl

2070 = P070 - Zl

The known static temperature at station 6 is used with a call to

subroutine GASP so that values will be available for GAN6G and CP6G.

The desired blower pressure ratio (BPR) can now be computed from

S BPR = P070/PO6G

and the volumetric flow at station 6 (Q60) is determined from

Q60 = 60 .*A(6)*c’N6*DSQRT(GAN6G*T60*32 .174*b545 .43/GMU)

Having specified the volumetric flow rate , the number of blower sets , and

the blower rpm, the blower pobytropic efficiency ( ATAB) is given by
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AIM = 73- 7 .09843*(DABS (Q6G/BRPM/NBS— .5355) )**2 .080 14

The above efficiency function is also presented in Figure 5.

Hence, TO7G can be recomputed from

P070 = T060*(BPR** ( (G.AM6G- 1.)/ (ATAB~~AM60)))

The pressure loop counter .1 is incremented by one, and the magnitude

of the stagnation pressure error at station 11 is compared with the

pressure error tolerance PLIN. If IZl ~ < PLIM, then calculations resume

at statement number 85. If )Zi~ ~ PLIM and J < NLIM ,then the pressure

ioop repeats itself from statement 80. Alternatively, if J = NLIM and a

pressure error still exists, then the message “Failure to Converge in

Pressure Loop-Error = Z1” is written and the calculations continue at

statement 85, where AZRP is called to determine the constant pressure

specific heat of ambient air . The message “Total Passes Through Pressure

Loop = (value of J) - Error = (value of Zl)” is next recorded.

Subroutine AIRP is called to determine the constant pressure specific

heat and specific heat ratio for radiator exhaust air. Similarly, sub-

routine LIQP is called 11 times to establish specific heats associated

with the coolant temperatures existing at the various reference locations .

Until the call to Sfl1~, all subsequent calculations are associated with

the determination of the values for the elements of the 18 by 18 [A~~ ]

matrix and the 18 x 1 {B~ffJ  matrix used in performing the simultaneous

solution of all system temperatures .

The matrix equation [A~ff] ~ = [BMr ] denotes the 18 equations used

to establish energy balances across system components expressing a change

in enthalpy between entering and leaving fluid streams. Energy balances

across the heat exchangers and radiators are supplemented by effectiveness/

40
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temperature change relationships. The elements of the (A)~~) and (BMfl S

matrices are identified in Table II, and the 18 x 1 solution vector

returned by SI~~ is an updated estimate for the following temperatures:

POlo, T02G, T060, TO7G , Tl , P2 , P3, P4 , P6, P8, PlO, T14, P16, Tl8, T20,

TA2, TO8G, and T7.

It should be noted that the equivalence statement preceeding state-

ment number 2 in the MAIN program immediately loads the elements of X

into the appropriate locations of C0M~4DN VAR . Hence, each time SD~ is P

called by MAIN all the sytem temperatures represented in the vector I

are updated .

The Final Mach Loop counter .1.1 is initialized at a value of zero

and the duimny variable Z2 is set equal to FM1.

The cavity inlet static temperature is now determined from the

revised inlet stagnation temperature

TIG = BMr(1)/(l.+(GA~,lIG_ l.)*FN1
2/2.)

and GASP is called to provide values for GAKIG and CPIG consistent with

PIG.

If JCPR0 > 0, then the cavity inlet static pressure becomes

PIG = R0l*TIG/(.093l78*GMU)

If JCPRO < 0, then the cavity inlet density is given by

RO1 = .093l78*PIG~~14J/TIC

The gas mass flow rate (WG) is determined from

WG = ROl*VI*A(l)

41
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and a new cavity inlet MACH number is given by

— .. 
FML = WG*DSQRT(TIG/(GMfIG~~MIJ))/(2 0 . 7774*PIG*A(l) )

The counter J.J is incremented by one and the dummy variable Z3 is defined

by
Z3 = Z2 - FM1

If the absolute value of Z3 is less than DEL1~1 then calculations

resume at statement 7. If MACH number convergence has not been attained

and 33 < NLIM, then the current value of FM1 is used in reentry of the

Final Mach Loop at statement 6 . However, if the MACH number is not

within tolerance and .13 = NLIN, then the message “Failed to Converge

in Final Mach Loop - Error = (value of Z3)” is written and calculations

- again reach statement 7. Statement 7 writes the message “Total Passes in

Final Mach Loop = (value of 33) - Erroi = (value of Z3)” .

If the value of the error indicator KS defined in STh~ is one, the

program goes to statement 91 and writes the error message “Singular Matrix”

- - and aborts the case.

The eighteen elements in the array NN are set equal to —1, and

TD]P (KS) = SVR(KS) - BI,W(KS)

where KS = 1, 2, ...16 is a new dummy variable, SVR is the array composed

of system temperatures before calling SIW~, arid BM~ is the system tem-

perature array provided by the call to SD1~.

If the absolute value of any of the elements in the TDIF array is

greater than the corresponding value input into the temperature con-

vergence tolerance array CONy, then the appropriate element in the NN

T array is set equal to one .
42



The temperature differences recorded in array TDTh are now presented

under the heading of “State Variable Errors .” The message “End of SIMQ

Pass No . (value of II) ” is recorded ; and if II > NLIM then computations

resume at statement 92 where the warning “Failure to Converge in State

Variable Loop” is printed , and the solution continues at statement 90

without having guaranteed convergence on temperatures.

However, if II ~ NLDI, then each element of the NN array is examined

to determine whether it is zero or positive. If any element of NN satisfies

this test then calculations resume at statement 95, where the SVR array

is reset with corresponding values from the B~~ array, and the case re-

peats from statement 10. If all elements of NN fail this test, then the

case continues at statement 90 where FM6 is estimated from

FM6 = WG*DSQET(TO6G/ (GM,~G’~ NU ))/ (20. 7774*P060*A(6))

This calculation is followed by a call to MACH so that convergence on

FM6 can be obtained.

Af ter converting the number of blower sets and the number of blowers

per set from integers to real numbers , the cavity inlet velocity correction

GC is determined via the following six equations S

DPSS = ((P0 7G_P060)*T060*28 .966) / (PO6G*BRPMkBRPM*5l8. 7~~NU*FNBPS)

DPSB = .8396_3.2323*(DABS(Q60/(uRpr~rA~’NBS)_ .46875))**/.42327

DPSE = DPSB * 1. E-9

ERR = DPS B -DPSS

CC = 11.661 E_7/(BRPMkFNBS) + 11.589 E_5*VDf**.667/(BRPMkBRPItkFNBPS)

CC = ERR/GC

Note that the calculation of DPSB is derived from the empirical I

blower pressure data presented on Figure 5.
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The velocity 1oop counter JV is incremented by oi’ie before the

message “Pass No (value of JV) Through Velocity Loop , Correction = (value

of CC)” is printed .

If I CC I < VLIM, then calculations resume at statement number 502 .

If i v >  NLIM, then calculations resume at statement number 503,

where the error message “Failure to Converge in Velocity Loop-Error =

(value of CC)” is recorded before calculations resume at statement number

502 . -

If CC < 0 and Q6C/(BRPMkFNBS) < .46875, then the message “Blowers

are Choked - Process Next Case” is printed and the run is aborted .

For all other situations, before repeating at statement number 501,

the cavity inlet velocity is updated in the following manner

VIM = V]24 + CC

VIM = VIM * 3.281

At statement number 502, the following revisions are made to chosen

stagnation temperatures:

P03o = TO2G

= TO2G

P050 = P020

= P070

T090=T0 7G
- 

TOlOG=TO7G

TOllG = TOla

The blower power required in horsepower (BLPR) is given by

BLPR=WG*.5(CP6G4CP7C)*T06G*(BPR**((l._2./(GAM60~f0AM70))/ATAB)_l.)*778./550.
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whose kilowatt equivalent (BLPRM) becomes

BLPRN = BLPR * 7457

It should also be noted that since this investigation centered on

the recirculating laser gas flow in the wind tunnel, the coolant friction

factors and pressure drops were not computed .

The radiator inlet air density (RO A1 is computed from

ROA1 = 144.*PAI*A?~~/(1545 .32*TAl)

The radiator exit air density (R0A2) is initially assumed the same

as the inlet air density and the radiator density loop counter (LL) is

initialized at a value of zero. After setting the dummy variable Zl=R0A2

the exit air static pressure (PA2) is computed from

PA2 = PAI_GA*GA*((l.~i~DSIG(3)**2)*(R0Al/RóA2_l .) +

3*D G(3)*~J(3)*RO~~/( 5*DSIG(3)*(RO~~+RO~~) ) ) /

(ROA1*2 .*32.174*l44.)

• The outlet air density is now recomputed from

ROA2 = l44 .*PA2*ANL/(1545.32*TA2)

The loop counter is subsequently incremented by one and the dummy variable

- - 
Z3 is defined by

Z3=R 0A2-Zl

If 1Z3 1 < ROLII4, then density convergence has been attained and

the calculations resume at statement number 38 . If 1Z3 1 > ROLIN and

• LL < NLIM then the density loop is repeated at statement 37 , using the

~~. 45
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current value of ROA2 as the initial guess in the loop . However, if

IL = NLIN, then the error message “Failure to Converge in Aux. Density

Loop - Error = (value of Z3)” is recorded before resuming at statement

number 39 . The run is not aborted .

When convergence on density has been attained, the message “Total

Passes Through Aux. Density Loop = (value of LL) - Error = (value of Z3)”

is printed before resuming calculations at statement number 39.

The fan power required in horsepower (PF) is given by

PF = WA*CPA2*TA2*( (PAI/PA2 )**((l.1./GAN2A) / AIAP)_ 1 .)*778 ./55O .

whose kilowatt equivalent (PPM) becomes

PPM = PP * .7457

Tunnel gas density at station 6 (R060) is determined from

R060 = .093178 -* P60 * GMU/T6G

and the corrected volumetric flow rate at this station (QCORR) is given

by

QCORR = 60 .*jJG*DSQRT(1.4*GMU*518. 7/(GAM6G*28 .97*T06C))/R060

The elements of the SVR array are given values matching values in

corresponding elements of the B~ff array arid the total heat transfer rate

in BTU/HR for the first heat exchange (QDI) is computed from

QDI = WI * l800.*(CP2 + CP4) * (T4-T2)

The heat transfer rates for the second and third heat exchanger and radiator

system are given , respectively , by
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QDII ~~~ * 1800 . * (CP2+CP6)*(T6_T2)

QDIII = Will * 1800 . * (CP2÷CP7)*(T7_T2)

QDA. . = W3 * 1800 . * (cP 3+cPl)*Cr3_T1)

The complete program flow charts are presented in Table II. An Input List

for a typical example and the corresponding Output Results are presented

in Table III. Appendix D presents the Program Listing.

Appendix E presents some sample results obtained for flow variables

around the system for the case of three heat exchangers. We show the re—

sults for static temperature (Figure El), total temperature (Figure E2),

density (Figure E3), static pressure (Figure E4), total pressure (Figure E5),

velocity (Figure E6), and Mach number (Figure E7). The results are for

the following :

PLKW = 5 0  
- 

PIGA= 1

TA1F = —50
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TABLE II 
Si

Start

SVR()=T( )
~

T2G=TO2~~1
T6G=TO6G
T5G=T020
T1OG=T08 G

[Jv~~o1 P
50l~~

I ii = o

CALL GASP —

TIG, FN=~GANIG,< PIG,GMU

No

Compute ROl Compute PIG

Compute -

WG, FM1, TOIG, TIIG

Set A~ff and BMI~ array
[ elements to zero

Compute “ average” temperatures
for ax ’S and radiator fluids and
gases . Obtain all fluid proper ties
necessary for hea t transfer

~~~~ ‘~~~
_ 

- 
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Compute representative Reynolds
Numbers and obtain appropriate
heat transfer performance and
friction parameter for Hx5 and
radiators

I 
COMPUTE PO1G

Cavity Options
Go To (30 , 40, 50) , NDSGN
(NDSGN 2 used for const area
cavity - • - - - -

40

Constant Area Cavity
A(2) = A(l)

H Z = TO2G/T *

No 
_ _

~ I -~~‘ F’CHoKED CAVITY- IL - ] DATA’~J
l2OO0~ _____________

[ 1 = 1 + 1 1  I G o  To 2 1

CALL GASP: T2C, FN= > GAM2 G , CP2G
Z2 = 2 Y20 Z1 - 2 ~

‘2G - 2

Z3 = y~0 (Z1 - 1) +1

~~~~~~~~~~~~~~~ 

Yes

1COMPUTE j Z4 = (-Z2+ 4 - 4 Z1 Z3)/2Z3
Z5 = (-Z~ - 4 - 4 Z1 Z3

Z6 = DMIN 1 (Z4, Z5)

L _  

I 

_

-

) 
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= Z6 1 Z6 = DNAXl (Z~ , Z5)

I
I COMPUTE FM2 I

T2G0LD = T2G

RECOMPUTE T2G

T2GD]F = T2GOLD - T2C

No T2GD1Pf < 
Yes

11
No 

~ 
Yes COMPUTE

P2G & PO2G

“Failure to Converge Go To 12000
In Static Temp Loop 1
- Cycles = I - Error
- T2GDIF”— 

. First Diffuser

P030 PO2G - 0F23 (P020 - P2G)
j, Assume :

PM., = P112 A(2)/A(3)
Go To 2 J GA1~ G=GAN 2G

- 
Call MACH: For a typical station i,
MACH aided by GASP, iterates on FM. up
to NUN t imes holding FN , DELM, NL±M,
POic, P0I.G, A(i) , GI4U, WG is constants ,
while primary values f or GAMiG , PiG , TiC ,
CPiG

[Repeat above techniques
for second and third diff users

I

- 
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10002 
________________________

Zi = R08
PØ8G = PO7G — GGIII GGIII etc.
Assume GAN8G = GAN7G
Call MACH
Compute RØ8 Density loop

= ~ + 1 #3 across third

Z3 = R08 — 
heat exchanger

NO YES
� ROLl’-

NO YESI < NLIM

FAILURE TO CONVERGE IN Go To 10002
DENSITY LOOP 3 - ERRO R
= (Z

3
)

I
.5

• 51
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‘I
COMPUTE R05
ASSUME R06 = R05
COMPUTE APPROXIMATE FM6

[I= 0

70

Z1 = R06 
- 

Density Loop #1.
P06 G = PO5G - CCI + CCI ~~~~ 

Across the first
Assume GAM6G = GAM5G heat exchanger
Call MACH
COMPUTE R06

1 = 1 + 1
Z
3 = R06G-Z1 

-

No Yes

~z3 I < ROLIN

No I < N L 1M  Yes

“FAILURE TO CONVERGE ~~ Go To 70
DENS ITY LOOP I - ERROR
= (Z

3
)”

71 
___________________

~~ Assuming T7G = TO7G Call GASP to
Lobtain GAN7G and CP7G -

Write “DENS ITY LOOP l-CYCLES= (I)
- E R R O R = ( Z )”
PO7G = PO6G ~BPR)

_ _ _ _  P

~~ = °  I
80
ESTIMATE FN7

Call MACH to obtain converged
values for PN7 , GAN7C, P7G, T7G,
CP7G
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7-7
[Using techniques employed for first

diffuser, perform similar calculations

[~~r thermal stations 8, 9, and 10

3
Compute RO1OG
Assume RO11G = RO100
Estimate FMI 1

3
[~~~= o

75 
I

Zl = ROI1G I Density Loop #2 ,
P0110 = POlOG - CCII*GCII*etc . across second
Assume GAN11G = GAN100 I Heat Exchanger
Call MACH I

compute ROll
1 = 1 + 1
Z 3 = R O I 1 G - ZI I

No 

-~~~~~~~~~R0LTh 
Yes

“Failure to Converge I Go to 75
In Density Loop 2- 1~~

Error = (Z
3)” 

76 
_____________________

Estimate PMll I
I

WRITE : “Density Loop 2-Cycles= (I)
- Error = (Z3)”

Using PO11G, T0llG, estimated FM11,
and GAN11G Call MACH to Converge
on PHil, GAMI1G, P11G, TuG , and
CP11G.

Yes 
_ _ _

Compute Zl 
Zl=POI1G-CFI11(PO11C-

I - 
e e ne I P 11G)-POIG•--

_ _ _ _ _ _  
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POlio = pOlio - ZI
— 

P0100 = P0100 - Zi
P090 = P090 - ZI.
P080 = p 08C - Z l
P070 = P070 - Zl

Call GASP WHR T6G to
- obtain GAM6G & CP6G

P 
- 

(
Compute BPR, Q6G, ATAB, T07G

4• L j = J + l  I

- 

~~~~~~~~~~~~~~~~~~~~~~~

Write : “FAILURE TO CONVERGE L Go To 80
IN PRESSURE LOOP-ERROR = (Z )“ I

- 

1~~~~

- 85
TWRITE: “Total passes through pressure loop = (3) - error=

- (Z1)” Call A1RP twice and L1QP ii times to obtain
specific heats at the reference locations pertaining to
heat exchang~ s and radiation

Set up AMP and BMT arrays
and call SI?~~

3 3 = 0
~~-

.~~ 6
[Z., PHI.

- C&npute TIG
S TIG and Call to GASP = > new GANIC & CPIG

S
a.
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COMPUTE ROIG f COMPUTE PIG 1
COMPUTE WG & FM1

33 = JJ + 1
Z3 = Z2 - PHi

No Yes

~~cJZ3 I~3I
<7

2—

~No 33 < ~~~~ 
Yes

WRITE: “FAILURE TO CONVERGE - [ Go To 6
I IN P INAL MACH LOOP - ERROR

(Z3)”
7 

_ _ _ _ _ _ _ _ _ _ _

WRITE : “TOTAL PASSES IN F INAL MACH LOOP =

(33) - ERROR = (Z3)”

II = II .4- 1

DO 93 KS = 1 16 [WR~~~ “SINGULAR
NN (KS) = - i. 

‘ 

- I f MATRD~”
TDW (KS) = SVR(KS)- BMr(KS)I

L -i _ _ _ _ _

P 

Go To 2

- No Yes

H
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93

CONTINUE

WRITE: THE TDIF QUANTITIES AS “STATE VARIABLE ERRORS”
WRITE : “END OF SD4~ PASS NO. (II)”

No 
~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~ Yes

DO 94 KS=1, 16 ______________________________________

WRITE “FAILURE TO CONVERGE IN STATE
No Yes VARIABLE LOOP”

NN ( K S ) > O  —I

[
~~

O 9 6  KS=i,16 j

CONTINUE [ivR (KS) =BMP (Ks) j

Go To 10

Go T o 9O 9~ ____________

Estimate FM6 from TO6G, PO6G and GAN6G
Call MACH to converge on PM6, GAM6C,P6G
T6G. and Cp 6G
Compute DPSS , DPSB, ERR and GO
JV = JV+l

I
WRITE “PAS S NO . (311) THROUGH VELOCITY
LOOP, CORRECTION = (CC)”

No Yes

~~ ITE “FAIL~~~ :CO~~~ RC~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

To 502 J
VELOCITY LOOP- ERROR=(GC)” 00<0 . andNo - Yes

5o2
~~ 

Q6G/BRPM’~FNB S~ .46875
CONTINUE 

______________ 
504

TO3G = TO2G t Vi:Vi(3.28l) ~~~~~~~ ~~T040=T020
T050=T02G _ _ _ _ _ _ _ _ _

L 
TO9G = TO8G f 

Go To 501 
] 

Go To 2 P

T01OC=
TO11G=

_ _ _  
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Compute : BLPR, BLPRN, DPI, DPII, DP, ROA,
Assume ROA2 = ROA 1

[ L L = O

— 37
Z
1 = ROA2 -

PA2 = PAT - etc .
ROA2 = 144 * p~~ * A1IL/1545.72 * TA2
LL = LL + I
Z3 = ROA2 - Zl

38 _LL _ NLIM [
I WRITE “TOTAL PASSES THROUGH AUX. I
L~~

ITY LOOP - ERROR = (Z#)” ]
WRITE “FAILURE TO CONVERGE IN Go To 37
AT.IX. DENS ITY LOOP - ERROR = (Z 3)”

Go To 39

PF, PFN, RO6G, QLORR j

r Set SVR array elements equal to
B?,ff elements

1 
5-

COMPUTE QDI , QDI1 , QDA

[CALL OUTPUT]

[~ o T o 2 I
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Chapt er V

ANALYSIS OF OPTICAL RE SONATORS WITH TILTED SPHERICAL MIRRORS

This study has employed closed—form analytical studies (of a two—

dimensional approximation), extensions of previously existing computer

codes, and newly prepared three—dimensional computer programs. This

report will be concerned primarily with a summary of major aspects of

the study and its conclusions ; details have been furnished separately .

The work has been coordinated with a MIRADCOM experimental investigation

employing interferometry ; the theoretical—computational and experimental

results are in satisfactory agreement .

The development of theoretical and computational methods not only

affords insight Into observed trends , but provides a capability for de-

termining expected optical quality properties of additional detailed

designs without the need for an experimental study for each such design.

The Investigations were primarily concerned with the effect , on an

initially collimated beam , of one complete passage from convex to con—

cave mirror , as indicated schematically in Figure 1. The two types of

configurations , distinguished by the dif ference in relative signs of

tilt angles of the two spherical mirrors , are referred to as “U—type ”

- . and “Z—type.” The basic design equations, as given in Reference 1, do

-. not distinguish between these two types of configurations . One of the

pu rposes of the present stud y was to compare opt ical—qual i ty  properties

of the two types. It turns out that the Z—type configuration is clearly

to be preferred to the U—type configuration as regards output optical

quality.
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Two—Dimensional Approximation

By using a local wave front curvature approach in the two—dimen-

sional approximation , it was possible to derive a closed form approximate

expression for the optical path difference, here labelled z, as a function

of lateral displacement y, and of other parameters of the resonator :

2 = [ R~ j sin 0i ± R2 sin 02] 
~~

R2 cos 02

The above expression is perhaps deceptively simple in appearance , since

the value of 02 which appears in it must be determined from additional

equations , which are given in Reference 1. The points to which attention

are here drawn are:

( 1) The z—dependence is of the form C03 y 3 , i.e. of third power in

transverse position y.

(2) The choice of signs in the numerator is such that the Z—type

configuration is clearly better , as regards optical quality , than the

U—type configuration

(3) The dependence on mirror radii of curvature is, roughly speaking,

of inverse—square type.

In addition to the closed—form analysis leading to the equation given

above, two—dimensional numerical calculations were carried out , which

tended to confirm the above conclusions.

The equation given above could be rewritten in the form

S -i ~ 
z
cp = C 03 Y3
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where Y is used to represent the maximum value of y ,  measured from center

to edge , and the subscripts cp refer to the center—to—peak deviation .

‘1The optical quality is essentially determined by root—mean—square values

of the optical—path deviations; these depend , of course , on the reference

plane with respect to which they are measured . We will use z tom s  ,nt

refer to rins values with no tilt of the reference plane, i.e., the re

ference plane is chosen as strictly perpendicular to the output central

ray. The actual optical properties will be determined by the rms deviations

with respect to a reference plane whose tilt is optimized ; the corresponding

value of z will be labelled as z - It was found that in the two—rms ,opt

dimensional approximation, the following equations apply:

z = 0.378 zrms,nt cp 
. 

-

z =0. 4 zrms ,opt rnls,nt

-1
Specific numerical predictions of the above two—dimensional equations

are listed in Table I for a situation corresponding to an experimental

study, for a range of values of convex—mirror tilt angles 0
~
. Three—

dimensional predictions for the same cases will be given below for

comparison.
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Table 1.

Two—Dimensional Approximate Predictions of Optical Path Differences in
Microns, for a Z—Configuration Travelling Wave Resonator with R1 

= —290
cm, R = 675 cm , Y = y = 7.62 cm , for Various Values of Convex Mirror
Tilt ~ngle e1. 

max

The second column gives the center—to—ed ge values, the third column

gives the rms OPD for an untilted reference plane , while the fourth column

gives the rms OPD relative to an optimally—tilted reference plane.

0 (deg) z z z1 cp rins,nt rms ,opt

10 0.393 0.149 0.059

20 0.855 0.323 0.129

30 1.481 0.560 0.224

45 3.168 1.198 0.479

50 4.165 1.574 0.630

55 5.614 2.122 0.849

60 7.866 2 .973 1.189

70 19.233 7.270 2.908

-

-
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Three—Dimensional Calculations

The major portion of this study has been concerned with developing

and applying three—dimensional ray—tracing computational methods.

A collimated beam is assumed to be incident on the convex mirror .

Given x and y coordinates of an incident ray measured relative to the

cent ral ray , the computer program calculates the path of the ray through

the system and determines (a) direction cosines after reflection from

the concave mirror , measured in a coordinate system with the positive

S 
z—axis parallel to the central ray and (b) the optical path difference

(OPD) between the ray considered and the central ray. The OPD ’s are of

primary interest , and are calculated for a position close to the concave

mirror . It was found necessary to utilize double precision arithmetic

in order to obtain reliable values of OPD’s.

Included in the input data are half—widths , in the x and y directions,

of the desired output beam and the number of mesh points along x and y

(usually 9 x 9). Coordinates x and y of incident rays are obtained by

dividing corresponding desired coordinates of output rays by magnifications

and M , which are computed by the program from input values of R1, R2,

and 0
l• Unless otherwise specified , the program uses the values of mirror

spacing L and of concave mirror tilt angle 0
2 which result in a collimated

output beam , values of these parameters being determined by an initial

portion of the program. The first page of computer output is a table of j
ca lculated OPD ’s over the specified mesh ; the OPD ’s are given in microns ,

while mirror spacing and radii of curvature are in centimeters.

It was found that there is a good deal of order in the calculated

OPD’s as mig ht  be expected , and that their functional dependence on x and

y can be rather well represented by a relatively small number of terms of
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3a Taylor s expansion . Of primary importance are terms C
03 y and C21

x 2
y; values of the coefficien ts C03 and C21 are no t the same. The quad-

ratic terms C20 x~ and C02 y
2 
can, of course , be impor tan t if the sys tem

is not proper ly adjusted . These terms have been included in the function

fitting process in order to be able to investigate the effects of ad-

justing L and 02 to values slightly different from their ideal values.

Also allowed for Is a cross—term C22 x
2 
y
2 as well as fourth—order terms

of the form C40 x and C04 y -

The computer program evaluates the series coefficients from the

table of calculated OPD’s and prints these. It also calculates and prin ts

a table of residuals showing the difference between the directly calculated

OPD ’s and values obtained from the truncated series expansion; these seem

typ ically to be of the order of one percent or less of the OPD ’ s them-

selves. The coefficient C~~ 1 
corresponding to a reference p lane def ined

by z = C .1 y, which minimizes the ms OPd , is also de term ined and printed .

Also a table is printed of the ms values of OPD for  various values of

reference beam tilt measured in uni ts  of the optimal value.

If L and/or 02 are set to values which are incremented slightly from

their proper values there will be wave—front curvature in either or usually

both the x and y directions , i.e., C20 and/or C02 will differ appredably

f rom zero. Expected values of these coefficients  can be derived analytically

and compared with results of the function fitting process applied to the

ray tracing OPD calculations. Agreement noted between analytically pre-

dicted and “function—fitting ” calculated values is felt to be a confirmation

of proper functioning of the computer program.

The primary experimental data regarding optical quality from tilted—

spherical mirror resonator are in the form of interferograms . While
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providing very previse and detailed information about the optical systems ,

interferogram s do not immediately (without an intervening measurement and

data—reduct io n process) lead to quantities predicted by the calculations.

For the purpose of comparing experiment and calculations , it , therefore ,

seemed useful to convert the calculated OPD results into the form of com-

puter simulated quasi—interferograms. For this purpose , the computer

generates a fairly large (49 x 49) array of OPD’s ob tained b y evaluation

of the truncated series expansion at each of the array points. The array

of numerical values is then converted to an array of al phabetic characters

or blanks and used to generate a one—page printer plot whose general

appearance simulates that of an interferogram . Successive characters of

the alphabet correspond to incremental OPD ’s of one wavelength (0.6328

micron). The interspersing of blanks with letters of the alphabe t has

the result tha t (at least in the central por tion of the plo t ) ligh t areas

are interspersed with dark areas , and hence , simulate an interferogram .

An example of a computer generated quasi—interferogram is given in Fi gure

2.

-L
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Figure 2. A Typical Quasi—interferogram . Here L and 9 are properly
adjusted and reference beam tilt has its opt~aal value .Note the symmetry of the pat tern , a p roperty which was
fou nd to be typical of prop er adjus tment  of L and
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The computer program will optionally produce multiple quasi-inter—

gerograms, corresponding to a specified set of reference beam tilts , from

a single set of OPD calculations. The observed progression of shapes as

tilt is systematically varied has proven interesting and useful since,

of course, reference beam tilt can also be varied experimentally.

Inspection of quasi—interferograms leads to some interesting ob-

servations f or a properly—al igned system (which was treated coinputationally

prior to investigating effects of incremented values of L and 0
2):

(1) There is symmetry in x, as would be expected since the entire

optical system is assumed to have such symmetry.

(2) For Z— type configurations , the pattern is s -mmetric in y to

a fa i r ly high degree of approximation (the OPD ’s are approximately anti—

symmetric).

(3) For Z-type configurations there is a regular progression of

shapes as reference beam tilt is increased from zero to its optimal

value and beyond . Specifically, the pattern changes from a single central

oval to a pair of ovals, symmetrically spaced about y = 0, which move

further apart and are separated by an increasing number of fringes.

The properties just noted should be useful in experimental adjust-

S .  ment of L and 
~2’ 

since the symmetry in y seems to be a rather good

“signature.” Calculations made with values of L and/or 0
2 
which are in—

-. cremented from their ideal values produce quasi—interferograms which are

quite noticeably lacking in the y—symmetry property .

A number of calculations were made for = 450~ for various values

of d~L and ~~ 
(as well as reference beam tilts). One can reduce to zero

the coefficient of either the ~2 or y2 term by suitable choice of one of

— the increments,(i.e., L~L or A02), when the other is specified . Reduction
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to zero of the C20 x2 term shows up most clearly; one notes from the plot

that there is very little OPD variation along x for y = 0. When the co-

efficient of y2 is reduced to zero, the corresponding quasi—interferogram

• is somewhat more involved , since there is still an appreciable amount

of aberration present associated with other expansion terms . What is

especially noticeable is that the y—symmetry is decidedly absent; this

emphasizes usefulness of the y—svnlmetry property in making experimental

adjustments. If one reverses the signs of both L~L and 
~~2’ 

the y2 coef f ic ient

still vanishes , there is still a lack of y—symmetry , and the plot is

essentially just the mirror image of the plot obtained without reversal

of signs. This mirror image property applies for any pair of magni~udes

of ~L and 
~~~ 

In the special case of zero magnitudes cf both these in-

crements , the mirror image of the pattern is simply (to a rather good

approximation) identical ~;ith the pattern itself; that is to say, the y—

symmetry property is charac ter istic of proper adjustment of L and

For cases where comparisons have been made , it appears that the

three—dimensional ray tracing calculations predict optical quality para-

meters which are not greatly different from those obtained by the much

simpler approach based on the two—dimensional approximation . Some

specifics will be given for one case. For the mirror parameters associated

j  with the experimental studies , three dimensional ray tracing calculations

have been carried out for a range of values of results are listed in

Table II. These results may be directly compared with the two—dimensional

predictions of the same case as given in Table I. The 3D predictions of

the optimized rms OPD range from only some 25% to some 50% larger than

the 2D predictions .
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Table II.

Three—Dimensional Ray Tracing Predictions of Optical Path Differences ,

in Microns, for a Z—configuration Travelling Wave Resonator with R1 
=

—290 cm, R = 675 cm , x = y = 7.62 cm, for Various Values of Convex2 max max

Mirror Tilt Angle 0
~
.

The second column gives the center—to—ed ge values (taken along y

for x = 0); center—to—corner values are somewhat larger but are not

- 
-- listed here. The third column gives the miss OPD for an ultilted refer-

ence plane, while the fourth column gives the m s  OPD relative to an

optimally—tilted reference plane.

B (deg) z z1 cp rms,nt rms ,opt

10 0.393 0.230 0.091

. 20 0.855 0.496 0.194

30 1.481 0.848 0.330

45 3.171 1.764 0.678

-. 
50 4.171 2.287 0.876

55 5.626 3.031 1.157

60 7.892 4.159 1.582

70 19.450 9.529 3.667
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Summary

1. A closed form expression was derived and confirmed for optical

path difference in a two—dimensional approximation as a function of

various resonator parameters.

2. The closed form expression was confirmed by numerical cal-

culations in both two and three dimensions.

3. It was found that the Z—type configuration is clearly to be

preferred to the U—type configuration as regards optical quality.

4. For the two—dimensional case, expressions were derived for the

root—mean—square optical path difference , which is the proper measure of

optical quality degradation . It was found that the rms deviation is

substantially less than the maximum deviation .

5. A computer program was prepared for three—dimensional ray

tracing calculations of optical path di f ferences .

6. The 3D computer program was checked in various ways, including

comparison to separate 2D calculations , and comparison to analytical

predictions for ef fects  of vary ing L and 
~2 f rom their proper values .

7. The 3D program was extended to extract Taylor’s series ex-

pansion coefficients for OPD’s and to use these to generate large (49 x

49) arrays of OPD’s for various values of reference beam tilt angle.

8. The program was arranged to plot quasi—interferograms from the

large arrays of calculated OPD’s.

9. Var ious effects were investigated by performing series of 3D

compute r runs.

10. For properly adjusted L and 
~2 ’ the quasi—Interferograms were

found to range from a central oval to a symmetrically arranged pair of

ovals as the reference beam tilt is increased .
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11. Improper adjustment of L was found to result in introduction

of wave front curvature of the same sign in both x and y coord inates.

12. Improper adjustment of 
~2 was found to result in introduction

of wave front curvature of opposite signs for x and y coordinates.

- 13. Reversal of sign of incremental values of L and was found

to result in inverting the quasi—interferogram along the y dimens ion.

— 14. Proper adjustment of L and 
~2 was found to lead to quasi—

interferograms which are symmetric in y (as well as x). The y—symmetry

property seems to be a useful “signature” for use in experimental adjust-

ments.

15. Numerical predictions were made for  tins OPD variations for

selected cases. It was found that the full 3D rms OPD’s were typically

- some tens of percent larger than the 2D values.

4

72

ii; 
_ _ _ _ _ _ _ _ _ _ _  _ _  _ _

ht—- ~~~~ ~ _~~~~~~~ 5_S5~~55 - --- 5 — -—5 -— -   _ _ _  _ _ _

~~~~~~i. 
- 

- - ‘
~~~~~

- - —-------
~~~~ - — - - 

~~ —_ -
~~~

.“----- - -



r5- 
-

~~ 

“s— - - 
-~~~~~~ 

—55-__—-5__— ~~~~—S- ~~5_5-5~~~55__- 
55~ 5-5~~-555557555 ~~~~~~~~~~~~~ - 

- -~~~~ — 
- — 

-~~~~~~
---— 

- ———— .55---

-4-

REFERENCES

- 1. Cha r les Cason , R. W. Jones, and J. F. Perkins , “Optical Resonators

with Tilted Spherical Mirrors,” U S. Army MIRADCON Technical Report

H— 77—9 , Sept. 1977. Also published in Optic Letters , 2, Page 145—147,

June 1978.

r

I

73

_ _ _  ~~~~~~~. _ _ _  
• 

-~~~ •- - - 
- 

~~~~ --~~~~ -
55 ~~

--
~~~~~

- -



-----55 — - - - - - — - - -—-~~~~~~~~~~~~~~~~~~~~ - - - - - —~~~~~~~~
- -

~~~~
—--- -

~~~~~~~~~~~~~ 
—- --

~~~~~~~~~ 
-

~~“ - ‘ T ~~.~ ~~~~~~~~~~~~~~~~~ 
—

~~~~~~ 
-
~~~~~~~

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Chapte r VI

CONTRIBUTIONS TO TECHNICAL CONFERENCES

Section 1 —— Gas Dynamic and Acoustic Management for Visible Wavelength
Laser s by Cornelius C. Shih and Charles M. Cason

Section 2 —— Investigation and Management of Acoustical Waves in Closed
Cycle High Energy Pulsed Lasers by G. R. Karr , C. C. Shih ,
Charles Cason and A. H. Werkheiser

Sec tion 3 —— Non—Linear Wave Propagations in a Pulsed High Energy Gas
Laser by C. C. Shih , G. R. Karr , and Charles Cason

Section 4 — — Measurements of Fluid and Thermal Characteristics of Re-
circulating Laser Gas Flows in a Closed Cycle Circulator for
Pulsed Lasers by Cornelius C. Shih , Gerald R. Karr and Charles
Cason

Section 5 —— Fluid and Thermal Characteristics of Closed Cycle Flow Sys tems
for High Power Lasers by G. R. Kart , C. C. Shib , C. ~~. Cason,
and Vernon Ayre

74

- -—-- --
~~~ 

~~~~~~~~ 
~~~~~~~~ ~~~~~~~~~ - - ~~~~- - - -- -

~~~~~~~~~~~~~~~~~ r - ~



r~~ 

-

~~~

-‘--•

~~~ ~~~~~~~~~~ 

—_ - - - - --- -‘-5-- - -5-- - —
;~~~~~~~~~~‘—- S 

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~

Section 1

Presented at SPIE Advances in Laser Technology 1978, Bellingham , Washington , March 1978. , -

GAS DYNAMIC AND ACOUSTIC MANAGEMENT FOR VISIBLE WAVELENGTH LASERS
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- - c i  l i c  i_ -n t  oper at  ion of t ist- ‘ . ‘ i j ’ I c  -.s i v c l e i t ~~t i t  pu l s e d  lasers  r e m n h m i ~~ sc- r t , - ums i t t O t i t  ion t o  c ’ s  ovi t is ic  a. :
I c o m i s i I i ) s l i i s i ) S L ft t t t  01 T i l tS i a-c r  e i S a  Ii I N C  loi~ s n — t e a s  . !he l I s a 5  -,\ s5~~~5 es t e r  c ’ I t - - t O l i t  s - ’ o  c rh er

00011 t - l o t 5 — joi5ii i or  c loses t  cy c l e  i c i t c u l i t - ’r I  t \ -j ’e.  l i e  poi~er i n p u t  for t i a c s - n  l osers of In t er e s t  i s  I i t t e d
- - - i c t i c i l l ’ .  at about l i l t )  J o u l es -  - - - z -  l i t e r  o f Cai - i t v  vo l i u mi e  t in der ‘ . - m r i o i i s  C o c i s i t  i c - s m u i i  c o i t st r a i n c . a i l e  t he
- o n a t h  - u t ~ l a ser  C i v i t v  a long  th e  i ’t ict i l  d \ I S  i s  chosen at  1) 1( 1 i_~m L i s t -  s l e s c ot  — t t i l v .

T h i s  r iper is intended Tm locus at t e n t i o n  on t e c h n i c a l  i s suc s~~~’c rt  i l i en t  t _  tllt ~ gas dynamic anu 5ic - t a - t I C

S 

- — -lunagenn- nt for r hc - f1oi~- ~ ‘ - a t v - -c ms of the l u _ - h  f-osi- r a - i -  i l ’t e  1, clVC l Cn Ctll  l a s c i  si  th  rcpc’t i t  m v c l v  p u l s e  --io k- s
-o n _ - ra t  ‘ii under th e  mN. ’ . -c ten t  motied cons t r a  ins  on the laser  p u i r r m t e t c r - a  - pt -e i l i s t l i v , i s .t i c s  to s n li  -

is~ c-d sire is - l o l  l o t s — :  meoiiul i  !iuhilol Zeni _ - i  t ’ c r i t e r i a ;  nii _ ’th od ol ogv 0 1  O I l S  s I V t t I i i t ! C  an a l OCOU- ’ t I C  5011150 - S t  -I i
t he  - - m ~~ - l  no f b i. ; i - r i t s  ot  open and c lose t cyc l e  f i n’ s - s O s t O f l I S

in t ii i s tudy , the enc’ r gv dor m — i t  ion in t u e  l iscr i 1 1  - sV l i v  is as- suiiicd to ‘c for the n i u r a t  ion oi cue
second as the 

- ~ iUii ~ to g houn ’ a t ~- c o n d i t i o n  r t s i r e  ;es~t ..a lee of ~leS i rio Ic  e-i ’caj n . e-hp ~in p lus  d i s e h i r o s -  . -or no’. —

Te r r i s i l i - :n t t i a t t - d  flh ~\ approaches . lt o i~ever , p rob le rn ~ ol ~ c le ct , - i c- - m u t r - i i ’~~~, m i - c i n g  I l i n t —  mIld /u i h i e t I c
-s i i i  S (or speci t i c  e l e c t r i c  d isch arts c la—t ’r  gas 5 - - n b  ‘is are not coits i I n -r c.1 in  the paper -

SR/I 1,1 738 4 i ina”..f~s fl L su . s .  T i—i ’ s -  m~ iu9~ E~ .PO~isizinq G~ ssous nase ’s , 7978, 75
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SH) H~ LASON

h it-d i ne i - l o w h o m ogene i ty  C r i t c o r i s i

F luid  and the rma l prop er t i e s  govern ing  the basel ine  f low honto zc -n c-i t ~ of hi i t ! i  5ni_ -ei - l t t s e r c  t i - c c l o s e ly
assoctated w i t h  the rad i at  ion i n t en s i t y  r at i o  in d e f i n u r u ~ the beam l f U i i t l t ~ - INc i n t e n s i t ~ r a t  i t t , T . I O in
the far  f ie ld  i_-here I refers to the d i f f r a c t i o n  l i m i t c i l  t a r  f i e l d  cen t ra l spot i n t o n s i t c  m d  i Ienote

0 -

— the reduced in tens i ty  due to in nlm ice d ab e r ra t ions .  For sma l l  r and dots-n f l u c t u a t i o n , i t  i~ i i r t c t l v  rc m t n - i
to the square of the rms f r ac t iona l  dens i t y  f l uc tua t ion , st4~/ . h s s t e s n a t i c , l a r g e - s c a l e  ordered v a r i a t  i- -as
in the dens i ty ,  c- , caus e the op t i ca l  p a t h lc n g t h s  a long the r u  pa ths  to vary , w h i l e  smooth ordered r
variations produced in the f lo w tha t  causes a spa t i a l  t i l t  plan e erro r in the phase f ront  whi ch is a
fundamental loss. Linear p lane errors in the spatial  phase , s- , can he corrected by care fu l resonator
mirror alignment to require the optical pathlengths along the rays to he the -‘ irnc.

Relat ively  small randomized densi tv f l u c t u i t i o n s  in the f l o w  f i e l d  can cau se  s p a t i a l  ‘ i t i s - c , S , l l t i c t t t t t t i o n s
tha t have no simp le tempora l tuid sp a t ia l  order.  -\ q uzi l i t a t i i_ - e  e st it n a t c  a t  the al lo i5able (~- c/- ~~ cart he
made for small phase aberrat ions  by use of the Strehl c r i t e r ion ,

t / I ~ = exi s 1 - t ~~ a- ) - I - , l I t  
- I

at the point that  errors become si g n i f i c a n t  because higher  order rant s  - ir a  ncmt i -c - : t c - !  in I i i .  1 , - O s

S p e cif y i n g  this op t imiza t iona l  po in t  reu n i  res 1 - -~~ 0 .8 .  ftc ~p at  i i i  ‘l ou i s e  f r o n t  c r i t e r i a  l’ r -cci-scs

where is the op t i ca l  usa i _ - e l en g th .  Ps i ng t h i s  c r i t c r i a  t o  d e t c i o ’ t t ~o i lti- I s o a x i i l tuirt m i l o w a h I c -  rrs
path length g ives a usefu l med ium i t a l i t y  parameter  in  terms of gas d a is i  t i  i- r i o t  ion :

I . JT’ l — o r e f/ a ’- I I
077 5 mi l l S

Is l ic re I. is the opt tea l  pa t h ic s ’gth , fo r resonator ’ ‘. i t l i  la rge e t i t - c o t ir i n g ,  -~~~~~-~~ ii - I uc: tc- ie  to is  the
m dcx of r e f r a c t  ion , 3 the G l a d s t o t u e - l l a l e  -con stant • cs the p:m s dens i t s . - re t  t he  t c nn  t o  m t °I 1’ c oas t i  -

l ions. U sing the given requ i rement  for the m e dium q u a l i t y  for 2 sI t s  t s p s t c s t l vi s ib l e l it-er m i x t u r e s  c t _ e s
I t b t/ o  

~~~~ 
to he 5 2  x 10~ 

1cm , 1. 1 x l O-~ cm and 1 . 2  x 10- cr1 of K r ) . ~ci , :mod l~Cl , respect b c - I c  i n \r s000
it 2 at m .  ~~l toes of (~ p a  I icr most ft beaj im Plnnpe d 

~r mixtures s i t e  t h e r e l o i c  aisprox l a s t  c I a  i t ~ and - -

-

for TEA discharges in lIe (~ r -/o I i s  aio ” r ox imate lv  10- - for I. = I P 11 nOt -

Reducin g the scale of the den s i t y  t l u c t : s s t  ions fu r the r  reaches s i f o  m t  Is - lit -re I l  the t a r  f i e l d  i nt en s i  ‘ is
:-graded by scat t e r in g ~~~ 

~~‘ a port ion of t h e  op t i ca l beam h e m  the  r e s o n a t o r .  I l i m s  ~~~ i s o  of th e  S t i r  -

laser energy w i l l  appear as a von-v -i-oad f l a t t ened  background in the  f a r  F ie ld  to he added ts the  pi -o-
ts rtionally reduced Frauri hoffer  pa t t e rn .

The approxima t ions used to determine the t i  lowed ~ / ) for  -‘p -c i fled values -‘t I provide little

beyond a i i t a  1 i t a t  ive feel for h i g h  s t a i n  tens hai_ ’ ing l a rge  a t i t O s i l t  c o i i p i  i n c .  Real  csises a l a  i r i l’p sc - c rc
st r i n g en t  i- c-, ’~ requirements .  N u m e r i c , i  c a l c u l a t ions to eorr ec- t i v  I~ t e l -m ine  the  p h i s e - p e r t i t r h e d  cu l v i t -rms -

p r ap or t  tes i s o t i i d  be expensive and should he -se ry  carefu l Is  r a mm ed ’ ‘ ~~
. I -sea-er , t h e ecia i s i s - i  r a n t  ~a

a d v a n t i o c  of the H e l i u m  di luent over .-\rgon resents a Ib is- m eslitri !u~m l I tv  o f  ‘.. = 10 mae toe o b t , i n s t u - e
for 100 man lie mixtur es .

the medium homogeneitY m a  ex p m - ess- d i n s icoias t  IC term-i f o r  the  tm- U l as e r  stsiscs , s i  111151 and \ i s t a i m  it to
-\ P-I tinder the  norma l  laser c o n d i t i o n s .  The i - 

- / r )  
~a- for the two gsa-cs sire csI rc~~-’e l gr a p h  le~ l i v  in tea ’s

of the di i c ing  sound pressure lev el  in  F i g r i r c  1. I t  shows tha t a c a t m s t i e a l energy IT ’ H e l i u m  s i l l  ‘reduce
~ loose r  ( f t / s  t

~_~s than the same level  in  ARgon laser.

ci  i t _ u - i l l  est a h l  I sjwxl in t e n ts Cl ~ /c list- i _ a r  oi l s -  V i s  i N I  e ss l i _ - L l m - f l ’ i  Ii l ; s _ i m s  t\1\ i 1 i i i ’  051 s - i m l  ‘ii t l i c
,c ui - i t t _ i l i t -  S n - l I l t  r o - ’ ’ i c t i t s , ; m t t n l  t i l t _ p  a rc ’ a nt i s  i I c r u l s i v  i— c - S i  t i n t  i e , si l i t i t i l  l ist) U l n I l . I S  m i t  1 L t ~~ t i  t a l e  i l l i t l t e r
lian m i ’ —c t i t h e d  t~~ ‘he pu l sen i  ei m c m n i c s i l  l i -a i r — . T h i s I U i l ; i i o i t ) s l c  s i l t - S m o  i s — sta h l j l i ed  In ‘Ito f:mct

nw ‘ - t i - _ I t  n mntih e n - -a of sih m ~ t t 0 ~ or t h e  \ W l _  s um - c toted t o  ft I t - g e t -  l i i i  l - r r i ’— t  i t t - n - , -  ‘ m t i s t _ -d N I . .
- - - - . isIS i_ s-ins - i —  i s  the t 5 s - t I i S  c o n c e r n i ng  t h m  sources o) med i um i n i t m m m m t o t i e i  i v  i t  t h e  0s m s e i  tnt ’ l i n t5  t ue  so

• -i ‘u ls so is  sd I as the pa-i dynami c m d  a c o u s t i c  management of the , o t u r l a t  10115 h i s  been g iven  in t h i s

I s -  t~~-namie  t ad \ c o tm - s t m c  Phenomena in t h e  Pulse d I - c r  f te ra t  en 
—

- - 5- - : 5  i l - I -  to r a p t - I  -:ml i- ’stric b e t t i n g  takes place ui  S S i  u l s I n i g  sOc m I i s t  t i s e  i c o l — t c
— r ’ - — r r - l ; ’ ~i _ o i y  i t - ~ , SD so 011 i i  - c-c

- - a â ?~~~’ n t ss ~ - i- ’- h “i’ ~~~ Empnasi zmng Gaseous Lase rsm (1978/
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• GAS DYNAMIC AND ACOUS TIC MANAGEMENT FOR V ISI B LE WAVELENGTH LASER S

i F I I I II~~ I I I ,_ r I I i I I
I l i e  1j u l 7 7

• l~~ l t  — ‘ = 2  \ l a l

~ 120 — — Fiq. 1 : Sound Pressure
\rgon Level Versus
p = A i M  for Helium and Argon at

• 
~.. 2 atm.

~ 1 _I ll — —

~0a

1)10 — —

B-

i i )  I I 1 1 1 1 1 1 1  I I 1 1 1 1 1 1 1

a 
l a

_ 1 111 ’

l A P / P I nts

.- \ l t h ou gh it has been dete mn inem h that  t h i s  ; i c o i i s t i c a l l v  a i g n i f i c i i r t  rs ’npe rm-
ture  r i s e  occurs on a r e l a t i v e l y  long t ime  comp :mri t rg  is- i t h  t he pnl -a e I t i r - i i  ion -of s a a b ’ - s i t  i s -  — cc . s i r  r i s
short for significant changes in the liter size f low system mt tire c ivit - - N- ms . tire -a-sin--nt on ~f -:enst-inr
vo lmut ie heat ing of the gas in the  c a v i t y  is reasonable i u t t i h i e . l  far  the ‘- is  l a n u t f l r t c  -m n sila- a I-s ‘f the flow - 

-

svstcrs 5 under the pul sed opera t ion .  The t em p er - a t t i re  r i se  cou p led  s i f t , ‘m - m’ --s ut e  - i r s c  in  ftc s l u ~ ~f I mso r
gas in the c a v i t y  generates the fo rm at ion  of shock waves rind expans i on  s s iv m-  isiu ch 1ca ~t -

_ ‘sh e ussmia nc e  ioI an
in te r face  or so-ca l l ed  contact sur face  hioticeet i them.  Propaga t ions  and r e f l e c t i o n s  of t h e s e  p r essu re  waves

- comp l icated by the exis tence of tire intc-rface seprirat ing tire hcatei.i gas  ft-om the coi l i t t  t i t e  f low -v s t e m
s--,ntribimte the isa in source of tltenmio-acoustical proh l ems in suirsequic’nt p lu ses . ) im a l i t i t  ice Jcser tnt ions of

• these thermo - au coust ic  phenomena are presented gr ap h i c a l l y  in space vs . t Ore t ’ i a n e  in  I N g l i r e  2 and in space
vim . thennoit’-namic properties foi i_-arious time frames in Figure iheime t z r s r ph ica l  p r e s e n t a t i o n s  wi-re dcccl-

• oped from nianerical results of computer tnode limimt of the laser gas iloms cvstc-rst i n h ” r  pulse d opera t ion  hased on
the method of characteristics. The computer code devises a simultaneous sipp toxima tc solution of the coup lei
s ta te , continuity, momentum and energy equations including the e f f ec t  of I r i c t i c - n  for the time-dependent one-
d imensional flow of the pulsed laser gas system centered arou nd the laser caVitv t~~ .

• Sources of random medium inhom ogen eitv i c c u m m u m l a t i v e i a -  con t r ib u tes  a d d i t i v e  i-m s e lements  th at  beg r as ies  the
• beam qua l i ty .  I t  is expressed in terris of f t/ c  as fol lomss :

a 1/2 i s

to tal  (~ /i) (
~~

)_ 
- 

+ 
- 

i S )
0 i—v ri-is ri-li’ i-n.

Thermodvn rmmm ics 1 t t r h m m l  once -‘icous t I c— a

where

* 
-- ( ‘~~~~~~ ( “ I  f o r -  t e n m p o r a t m i t c  h l m t c t m m r t t ions  in Iso m i n t lu t ra  i soo r -a  , i n t e ’uues’ ’ I Pba / \ t / and other f l o w  components .ri-t im u-i-i c

The rmodynamics  
-

(
~ am-’ 

- - ~ ‘~~~ ( ~~~~~~~~~~~~ free sa tream tmir hitl encc -

Imithulence , 1 *I, . C f 
1 -

~
- or botmndrirv lacer tum -b luleri ce I 1
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Fi g. 2 :  icace Propagation am i d i n t e r a c t i o n  i~ me Fi g .  5 : lh ic - mrioi l y mr; u r t ic  Proper t y  ‘ s m r i s m t  i ons  Versus
to Pulsed Energy In out  Sr aIce for Var ious  Time  Francs

ls o rumm d tira ’  lacer I isp  lacc orr ent t i m  ick ur es t a

bou ndary I suo - er c h a r a c t e r i s t i c  l e n g t h

C1: skin-friction coefficient

0 1 5  i~ eraee flow velocity in the cs un m t o

li : t ki c l m number in  the c a v i ty
ri-is l o n g i t u d i n a l t m u r h u l e n t  n -c- icc i t f i t  sc t i  sm t i o i t

( a : ) I ~ i2) _ _ _ ~_i_ _ for shoc k m ’ s u v n
- -  roll s ~~= ‘ r i i - I )
\coust Ic :’ -

- for r i c o u m s t i c  waves -- a t t n-r e  ‘I = 1 S ’
‘~~ I’ a

In  order to a t t s s i n  time beam m itmnu l t o  r e q t t i r c d , t ine t o t a l  1 ° / s t  ‘i a -a t  m m-i t t ime n m ~i i cr :l ‘f ~ for
KrF anti XcF in Argon and l0 -- for  iP.\ clischnirges in lid ~iUi t and lb c~I l  i mr \ r g o mm , respect iv o l a - -

~ s i n c_ s i I d l i  I -

irnges -Ire evident  in the m e t h o d o l o g y  for gas d vi-i amic and r ico l t s t  Ic m anrr m t et n ent  of these ~tc- . i ir s ’  lt ’sooc-n ’ : t - i t  s n e ’ t a n a s  . -

r am the ) t i r i l m t u t : l t i t - e  v i c wp i ’ i l l t  0 e x ce s s i v e  e n e r g i e s  , c—msi i m m i m m t f  i n  the f b i . — a t emn f i ~ I l i t  S o t ,
coin ‘c- rep re setit ed Nv time f o l l o w  tu g c-m )u i :u t  isO derived front i t O  c - i n c — r i s e  ‘si i immcc  un i t  tb i c t ’ s i m ’  I ’ l i s t  i c - _ i  m t  al l 5~ t p s—
of t he  f low sys tem:

- 
-
~~ ~~ 

[ I  * - 11 l)~~)~~~~ 1 S - \ e n t u s t i c  l nn- i~~’- R :t t i o  ( P t

where

= I i n  I I. : I b e m r m i n i n g h i r c r ~ n Ha t i o
- - h o I . ~
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GAS DYNAMIC AN D ACOUSTIC MANAGEMENT FOR VIS IB LE WAV EL E1IGI! + lASE RS

I
Ac ous t i c  cn l c , - t :a to  Ire m~m ut: I g cci  - s l ’ m s t -  i - r i  o s i i s e i t

i t : I nc-re ’- of t ire I ’ :t sel inc low h I - S • p r i m t j c  ed i t  s I t  0
• 0 0 -1

i in S Pulsed energy inp iu t

d
Time above r e l n l t i o n s l u i l s  is  g r : i p h i c r i l l v  pre sented in I i n - l u r e  I !~or \ s i r v s a- ‘ - 0 t I l l -  \ ln I  of a t o m  - a = t  - t i l e

ab ove Cqm u rt t ion 4 is m o d i f i e d  ium d imens ions i l  fon t  w i t h  t hue  c i a - t m  -
‘ nh I i a t - i  --:-a - i : t e mi  i n  i g u i r e  w m t ! m

j energy inp u ut  in - J o u l e / l i t r e  versus a c o m t s t i c  energy e f f i c i e n c y . ! in arc -at for si r an ge  - i f  em~er g v  i n r i r
p ecul iar  to the VW1~~~~.

4
Magnitudes of the remna in ing  enermi es ida i to h 151st he m tman age i l  ti re km m o i~m m to se aho mi ’ s  t I m ’S of t i m c  t ” t a  I energy

inpu t while about 105 of the energy hecoune ra lasod emme rg y out n ’n:t  fr-oi , s t b -  e r i c  i to . F: i - t i c  ~ shots-s that the
acoustic energy is about 40~ of the input  energy.  T h e  i - c m a i n i t m g  is  the th c- i -m~t 1 energy tdrich “-‘1st 1’c re
moved by heat exchangers .

-

~~ ‘ I I I I 
‘ I I I

B

— Si t  — —— s • — ( m . - p . m — 1 1 R.l I - —

• R e  
~~u~~~~1 m ten

Fi g. 4 :  \coust ic  itne u -gy Ra t io  Versus Renma i n i n g  F i g .  5: - \ c om u s t i e  Pn er gv i~lie  iencv \ e r s lm s  !rir s :t
linergy Rri t io for Various Spe c-i f i c  heat Rat ios b n e r c v  iem r -i Cases

‘!ethodolngy of Cst s Pyn r amics and \crci . a t i c - i~ , i , on - r dn t

Since time main  sources of in is ’~ mo ’ten e i t y  sure  e r i c  i i m s i t e  I f inns  t i t c -  t t i r ° - t t h i ’rd ’ - c , o r - c r o i t t i r c  f I  i1i~~ • a 1  i m C  a

- 4 r r e s s - ~ure a r t v c - s’ , m — --’a: - - i - t I -)  I ru-sot—c t ivc — ‘o ltit ton i111 ’ro:ft -llc-- - I n  n : I m l m m l N  i l i I r 5  m a  1s t  I l  l ,~ - , s i  l o w s :

• I t  u N t i l  c’u~~e
A

I I b i f i — t o t s ‘st ~ f ree  - i i  t- e num ti t t i r l ’ m u l e m m c e  ma mi ‘ n / t i  - s on i c me - i l m i i m — l lc  i n u a t e ~ i i ~ I m o l t  ~~~ 5:

,
S (

~
) 
~

l I m e  v e l o c u t y  I i n c t i i a t  ion , I ±S 
, ca in - c c o t m s a u d e r a h i n -  rc: iuuee-i  ‘v . l i j i i ~rce s  i n g  t o m ,  h - t i l n -r r cc- mtI ~- ’t  re -~ s ‘i ri: -

h o l d e r er ic  i t ’ - . ‘ t o m -  t n - - -h n c l i i - -  to  s m m ) - ~t rn - - ~-~ t i me ~u u r ”i u l t - rmc e  b o r i s  d i l l  o i l  k a n t - i  m b r u s h  :-r ’i:eim c l fet~ n e  ‘ m - ’  i c i -
l a r I c  in  t l t e  - n : n d  tunn e l - r a n t  i o - . P si-  - s t ~ i s m r ’ m , r n g  — - — rd-ens ‘ l i d I  t O  I m r s t m -  I ~~~ i t c  a -- il mm di t / t  i5
an et  ~m -u it - c m t —th ou of t , i r i s i u l e n c o  t l i ~p i  s - s i m i a n . W i t b t o i u ’ s  a m )  ia-t t inn  ‘ 1)  h i S  t o r t - i n !  ~st nr  I O : i :~~ - - t i m .
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velocity f luc tua t ions  in a clot/ ed cycle c i r c u l a t o r  could he -at least 1!) - a t  a Mach nIsrr ) ’cr ar ou utd t)~ 5.  With
the use of properly designed con t rac t ing  entrance to tire c a v i t y ,  and corrcc- t i m -  s i zed  r ni - rc-i~n r’;mclo- , a sophis-
ticated turbulence management system could suppress the turbulence Iowa to the level be l ow I l ~~. For

0 .5 , ~ o/e can be lowered to 0. 125 x l0~~ w i t h  some moderate ef for t  in t h i s  problem area .

Another source of turbulence exists  in the boundar>- layers on the mi r ro r s , t h e i r  p ro t ec t ive  window s and
cavity walls. Since the Reynolds nianber of the flow in the cavi ty region is Jeter ’srined to  h-ue -oiho t -e j p I

,
using M 0.5, the boundary layer is d e f i n i t e ly  t u rbu l en t .  Numerous experiments on t u r b u l e n t  boundary
layers save confirmed that density fluctuat ions caused by boundary lacer t imrhu lencc  or eddies- -ire larger than
those due to freestream turbulence. A s impl i f ied  expression of the r e l a t ionsh ip  is :t i ’.en Nv t i t i a t  ion 6:

*
:~~~ M2

0 f~~ ~.

Since Cf 6* 
= f (N X) where denotes the Reynolds nu mmb er along the bounda~~ lac er , N RY =

X the space coordinate along the flow direction. A coarse e s t i m a t e  of Ac / a  based on t ire v a l u e  of C1
from SchlichtingW) for Mo,, = 1 .5 and = l))~ becomes

0.5 x 10~~ —~~--- 151 1

Equation 10 indicates that  i f  the distance X from the s’irt i u a l  o r i g i n  of the boundary l o u v e r  is It-- ’ -~ t iun i m m
twice the boundary layer charac ter i s t ic  length which is comparable to tIme l ay er  t h i c k n e s s , the f r o u t t i o u m a l
density f luctuat ion can be kept under control  even for Argon flows . In nrae t icc , t h is a-ar 1’e r mc~ onsoi ° l i s l ue d
by careful design of the cavity entrance or the a p p l i c a t i o n  of boundary bleed along the cavity walls.

Temperature Fluctuations

The t emperature rise in the heated s lu g  of gas in tire l aser  -c a v i t y  after the pulsed c-rt t-: - c-v i r s o u t  jim cx-
pected to he about 30% of the o r i g i n a l  temperature for 100 - ‘oules  per l i t e r  of I - i  :ind u h o t i t  tor ii 2 11)
Joules per l i t re .  Since the temperature of the base l ine  f l ow , F1, , j n  expected to he siboui t ~ nm °K . tire t ir ermn t a l

energy added into the slug of gas does not exceed 20 )) J o t u l e s  ocr l i t r e .  T h i s  amolun t  of t i esi t  in  t ime h o m s ej i n e
flow even at M~ 0.5 is easi ly  manageable w i t h  e f f i c i e n t  l i g h t  w e i g l m t  heat cxch am ig er - ’ .

As for t h e  temperature f luc tua t ions  in the boundary layers  r u t  the  m i r r o r s , t h e i r  ; - r o t c c t i n - e  w ind ouss , and
the cavity walls , a prel iminary study shows that the t eimiperature at the boundary scmrf ace could  r i se  not
more than 10% for the boundary layer flow previously def ined  i f  A - /e is to he l i m i t e d  under I la - . -\~m i a i n
cooling the boundary surfaces can he accomplished w i t h  the e x i s t i n g  means.  f le ta i led  a n a ly s i s  of I’oundarv
layers should be deferred unless found necessary from the exper iment a l  me~m s1m r enm m ent s .  The removal of input
energy is a problem for time closed cycle type hut is no concern for the open cycle f low sy stem.

Pressure Waves

• Pressure waves generated due to the pulsed energy in pn ut  at the c a v i t y  in tire flow sy s t em  in clude  Ircs~ k
waves and expansion waves . Realizing t lma t  propagation , r e f l e c t i o n , t r - a m m s l n i s s i o r m , and a t t e n t i a t  ion of these
waves must he treated -it leas t  w i t h  n o n l i n e a r  aco cmst ic t ine orv  i m r  t i t e  cmmer gy i n p u u t  r:t ni ’e 01 1 1) 0 to ~~ t ’  -Io uk - s
per I i  t r e (  9 ) the concept smnd m a t e r i a l  im for  time n i t t c m m l i : t t i ’n - im - -n I i ’ti - a i u i ’~~id he b i , u i ~Vi! omm t i ’e 01 m m I imm c - a r . l co l m s a t it -

• • cons idera t ion  rather  than ti t e :ut -ru i I : u h l e  1 ir me a r  ac-ou S t ic t im eor y amm i l  ) : m t n i .

F i r s t  ‘ r IO  due to the shock wave i s  represented w i t h  lire 1~ I i o w i n m t  eq t ua t i on  for - = l .~~ , a t y p i c a l  d i l u e n t
gas , and ~~ 1.15 for Ei = 200 -loule s per l i t e r  and .i ’/ n ° = 0 . l O S sI!

- l b

-° 2 * M~ i ~~
- 1) (11 )

Thus —~~~~— becomes 0.221 and obviously renuires su tter ci— ution of a strand measmire .

~~ the other  hand , so/c for I c en i s t  ic waves under the  i s en t rop ic  roce t N e

[ 
- 
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GAS DYNAMIC AND ACOUSTiC MANAGEMENT FO R ViSi B LE WAVELENGT H LASERS

0

< 1< ~ required.

Thus —i2~— must be less than 1.67 x l0~~ in order that tire med ium homogeneity is acceptable.p

tinder these stringent requirements for acoustic management , an effort is c u r r e n t ly  in progres s at the
• Un i ve r s i ty  of Alabama in h u n t s v i l le  to develop reactive a t t em u tu a t o r s  such as a m iu f f l e r  w i t h  exponent ia l
C horns as shown in Figure 6. Attenuation characteristics of tire muffler is presen ted in l-igure for fre-

quencv t—ersus attenuated dR .  I t  shows that this particular type of muffler design kill he effective in the
• frequency range up to I K112 and most effect ive in the 200 500 i 1 .

There are many other reactive at t eny~~ors Q0 ’ ~9y~d i3l,rS Q rh~nQ mat e~ i om ~~ for r r re ssm m r e damp ing om a t tenuat ion
as reported i n num merous l i tera tures (i _ j, ( 1~~~, ( m s )  , I i~~~ , I 1 ) ,  anu (m I , however ut is important  that  the
a t tenuat ion  charac te r i s t i cs  wi th  respect to time wave frequency I n luu st  he c a r e f u l l y  matched w i th  time pressure
waves generated in the laser flow system s so that the attenuation will ire effective.

— 
,
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F i g .  6: React ive A t tem m uato r  (~l i m f f l e r  I I i c~. \tteiriu~ut ion l i msur s t e t  - c r , s t  ic - S ~fl dO Versus
Frequ ency of  mire ~bjifler

Couus ideratien of Open Cycle and Closed Cy cle F low -  S--stems

For del ivering the laser gas suitably conditioned to meet hotriogeuueits- criteri a at the cavity , a neces nar--
• flow system could be the open cycle or the closed cycle type. (‘hoice of a ~vstem depends on various factors

~ucim as size and weight limitations , sources of gas simpp lv . capabilities of gas dynamic — nd acoustic manace-

• mnrent , lasing energy outpumt , min d pul se rate restriction .

Hi g h  enerev laser technolor>- has a-m ined cons iderable  advances in ten-in s of experience , knowled ge , mi es i Cn ,
• and fabr i c- i t ion so far  in the open cycle flew system for p u l s e - I  ls t se rs  t s i ~ot 1a h numerous p r oj e c t s  such a~ —

t O I L . ~kmrd inger , CCEBL , e t c . ;  iro wever , the closed cycle flow sy s tem - i n -  c : r c t u i s t t o r  t in s not 1’een - s - i - l ied  t a
h i g h power pulse lasers e x t e n s i v e l y  to the nm tm tirors ~ knowledge , eS :cctr t t mm one he in c  developed by the  A mnm v
and being tested currently at Rocketd’.mc. Technical illustration mind genera l v iew of t ire Army closed Cy cle
a-us recirculator  are presented in Figures  8 and 9.

Comn ara tuve  eva lua t ion  of tire two systems is rather nremat m ut - e s i t  t h i s  t itle lime te i t s  1:10k ci s u f f i c i e n t
da t a  for a n a ly t i c a l  comparison;  however , some of the s ien i  f i c a n t  c c umn mp :ui - sit ive fe at n i re s  of t I re two -~v s t t - rrls ire
noteworthy for system development considerat ions .

t~~ p C ’ -’c1e Flow System

- i i  No heat exchanger is requ ired sit downstream side of the c u t - i t m s m mcc the 1 mesu t -m- I ust s wj ~ be b te i - rn  niOlSTi
in to  the s lmsh ien t .
hi in the acoust ic  mmr n sm ee men r t , as ide fr i ar  t r ot -er sit’r l icat ion of resist ole - m d  C - l e t  it e  - i t t  yn:n i :ita- u-~~mn I t he
c a v i t y , serious at t e n t i o n  h

O g iven to  t i r e  p o s s ib l e  wave r e f l e c t i o n  ~f n o n l i n e a r  r r : i t s n t e  -at the  - y - o t e m  exi t. 4
which cmiv ~e -a serious rannicement rrobim ’r .
cl  t re we u g b i t  and size --f rh-c t o t a l  ~- - ~~tem inc lmid inc the mOms s-tiO F b v tirm y be less f l ex  j i b  ~~r - :ot s—n s i t  o n  -

~) t i r e  din --it ion of oP erat ion mnl v I-c l i - r i r - c i Nv t he  -n iz e  of gas s t u t n I n .
el Thu- r - - a t e n r i a l  fo r  hig her rep etitive pulse rsitc exi StS .
ft Pecondi tionm nmi or repurif ic .-it ia n time -s a r a is not reauiired.

_________________ - - - 
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Cl OSCmt i . vt I e F I om~ “ s n t d ’ l t

a I Economy in gas cons immpt i ) t l  lilt ! smippl  v I s cv imi euu t
h i  C~is dyn astic cra mm miz em ermt m l  t i t e  b a s er  gas i t m t en-nti s of u-us- cnrt d i t i-a nt  t o t -  tC ’  k’s ~ t a b l e t e t mt t c r :mt um - e , crc -ssuirc ,
veloc i ty , mind t u rbulence is a chi t I b e n g i m i e  t :m s k r euuu i  r i o - s  :t ~I I  i t i o n s u b  I t e s I t  e w c hn t uu sers

— c) Rep uri  f i ca t  ion o~ the gas ‘nnav me re qt u i  red iia sot”e svst et tn alepc ’u )d i u u g  on r i te  r a t e  of d e g r m t - h s i t  ion imr. l  t h i emal
env i ronment .
d) .-\ c o t mst ic  n ’nmmn agem nu ent of the pre ss ure waves is as di  i f i c u l t  sim m t h a t  of the u -i -en cy c l e  t v n v , mt it lacks the
_ orucerfl  for time wave r e f l e c t  ion n- i s i rm t I r e  cx I t .
eb (lp t im i : 5 it ion  of the -~m s t c - mr s~c i 1 t t  and s i z e  is ‘more ‘r o mi s  i t u g .
ii The pulse rate may he less f l e x i b l e  for increase.

ARMY CLOSED CYCLE GAS RECIRCULATOR ~
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INVES ’ I ’  I GATI ON At-l b -h MANM ;1-:Nl-~NT Din- AU!~ S’1 I CAl . ~AVRS I H C1 OSl~l) C YC l E ii ECu
I -NER G Y P U LS EI )  LASERS - 

-

C. R. Karr an d  C . C. ShUt
The University of Alabama i n  hiunt- wille

hiurmts viUe , A labama 35807
and

C har l e s  Cason mind A. H. Werkheicor
hi. S.  A r m y  M i s s i l e  R e s e a r c h  and Deve1opm~~r i t  Command

Redstone Ar sEtna~~, A l a b a m a  35809

Abs trac t

To investigate the acoustic problems in high en e r g y ,  c 1u . sod cyc le ,

pulsed lasers . a closed cycle system was fabricated and attruci m ed to ama

existing E—beam controlleti single pulse laser system. Elcc’trical e n e r g y

was i n p u t  to one a t m .  f l o w i n g  gas m i x t u r e  typical of  t h a t  r e q u i re d  by

CO
2 

and excimer lasers . A frequency pnwer spectrum i _ i f  t he  p r o d u c e d

acoustic pulse was measured and com p a r e d  w i t h  t h e  f r eq u e n cy  power spectrum

of acoustic energy tran :~mitted and reflected by time muffler. Tire results

showed the muffler attenuated the input wave nearl y 40 db at near 500 Hz

and 12 ilb at  5000 H z .

Resume

En vime d ’~~tudier les probl~ rnes acoustiques thins les lasers puls~ s a

haute energie op~rant en cycle ferm ’~. un system a cycle ferm~ a ~~t t ~ eon—

struit et rattach~ a un laser o~~rant en pulse unique et contr~ l~ par un

faisceau ~lectroni que. L’~ nerg ie ~lectri que a ~~t t~ app liq u~ e a un f l ow de

melange gazeu typique de celui exig~ par les lasers CO2 et exc imer. Le

spectre de puissan ce de l’ impu lsion acoustique pr oduite a ~~~~ mes srs et

compar~ avec le spectre de puissance de l’ m~nergie acoush ique transmise st

r~ fl~chie par le th~f l- ’cteur . Los r~ sumL tat s acntrent quo le d~~f1ecteura

a t t~ nue l’onde d ’ en tr~ e par pr~ s de 4( 1 db autour  de 500 Hz et par pr t ~s de

12 dh m i u t o u r  do 5000 H z .
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Introduction

The energy input into the cavity of a pulsed h igh energy gas laser

causes shock waves and expansion waves which propagate ;Iway from the

cavity and interact with system componentJ.’
2
~~hi~ acoustical energy , if

unmanaged , will interact with gas in the cavity , thereby seriously de-

grading the output laser beam quality. The work reported here describes

experiments which identif y the nature of the acoustic environment and the

e f f e c t i v e n e s s  of aco u st i c  c o n t r o l  devices  in man rtging acoustic waves .

The sequence of operation of a pulsed h i g h en e r g y  gas laser  co n s i s t s

of (1) the l a se r  gas media  f l o w s  i n t o  t h e  c a v i ty  region; (2) energy is

deposited in the gas at a magnitude of 102 — l0~ J/>~ in mi tot-i l t ime of u s

magnitude 10 6s; (3) shock waves and expansion waves travel throughout

the system at speeds of magnitude lO~ m/s; (4) the process is repeated

as soon as new gas lasing media flows into the cruv ity. An experimental

program was initiated to investigate the nature of t h e  a c o u s t i c  ene rgy

put into the laser gas and devices were  tested wh i ch were  des i gned to

remove these disturbances from the system .

Description of Experiment

Experiments were performed employing a high energy laser of the e—

beam electric discharge type having the capability of depositing energy

of the order 100—1000 JR in a single pulse of order 10 6s duration . No

attempt was made to extract laser power from the system and net power

i n p u t  to  t h e  gas was assumed to eq u a l  the  e l e - t  ri cal iua pi jt to  t h e  c a v i t y .

A c losed cycle  recirculating system was attached L the laser to

move gas through the cavity region at a speed of about 3 rn/s. Pressure

transducers capable of following the pressure rise associated with shock

waves were placed nit four locations in ti m e re c ircum lati on s stem . Time

S m u  I t a neo t i s  m r t u t p u t  of  a l l  f o u r  t r a n s du c er s  were rv --corded on p h otographs

of t t ne  f o u r  t r a c e s  ma de on an oscilloscope)
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The rec i rcu latiiag systemul had prov is ion f o r  in t r o d uc  log a c o u s t i c

management dev ces i n t o  the  r e c i r c ul a t o r  flow . l)evices employed included

honeycomb structures , screens , and a muffler designed to extract the

acoustic energy without introducing a pressure d r o p  in the flow . Since

only the muffler proved effective in the tests p-~r f o r m e d , the m u f f l e r

design and test results will be discussed in the following section.

Muffler Design

The acoustic wave produced by the laser inp ut is represented approx-

imatel y as a square  wave pressure pulse .  Since t im e  square  wave can  be

approximated by an infinite series of sine and cosine waves , si m u f f l e r

must be ab le  to a t t e n u a t e  waves over a wide band i n  f r e q u e n c y  in order

to be effective. An additioumal requirement for the m u f f l e r  is t h a t  i t

present  a low pressure  loss to the f low of gas s ince energy mu s t  be ex-

pended to counter n-mv pressure drop. In order to satisfy the two major

requirements of the muffler , a horn coupled resonator was designed and

built. The resonator volume is placed outside the f low f i e l d  so t h a t

interference with the main flow is avoided .  An ex p o n e n t i a l  horn  is used

to couple the resonator volume to time flow since tlais horn design has

the p o t e n t i a l  to act  as a high pass filter. The muffler design is shown

in F igure  1.

Resul ts

Time pressure records were analyzed to find the nature of t he acous—

tic energy produced by the inscr hOu se arid to u l e t c r u u i i n ’ ’  ti n - u ’ I f u c t  iv~-ulesS

of the muffler in removing the acoustic disturbance. By analyzing the

record from two probes mounted a known distance apart , the traveling

acoustic wave could be accurately determined . This wave was examined fo r

its frequency content and the results of the power spec t r a l  ana l y s i s  of

the laser produced acoust ic  wave is shown in F i g u s r e  2 .  The r e s u l t s  sh ow
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tha t the  ener gy  peaks in the  5000 lIz r ange  w i t h  -1 s h a r p  d r o p  off on

both  s ides .

The pressure  records  were exam ined to f i n d  t ime  e f f e c t i v e n e s s  of the

mu f f l e r  by examining the power spectrum of the wi’Je leaving the muffler.

The r e s u l t s  of the m u f f l e r  e f f ec t i v e n e s s  is g iven in Fi gure 3 which

shows that the muffler attenuated time input wave nearl y 40 db at near

500 Hz and 12 db at 5000 Hz.  The m u f f l e r  is found  to be effective and

to p resen t  no measurab Le p r essure  drop  fo r  t he  m a i n  f l o w  due  to the

s t r a i g h t  pi pe d e s i g n .
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NON—LINEAR WAVE PROPAGATIONS IN A PULSED HIGH ENERGY GAS LASER

C. C. SHIM AND C. R. KARR
The Un iversity of Alabama in Huntsville , Huntsville , Alab ama

CHARLES CASON
US Army Missile Res ear ch and Deve lopment Command , Red stone Arsenal , Alabama

\TRODUCT ION

In the recent development of pulsed high energy lasers , problems of non-
linear waves of both acoustic and thermal nature propagating in the laser gas
media have attracted considerable research interest because of their effects on
the fractional density gradient which , in turn , relates to the optical quality
of laser beams . One of these lasers uses a closed cycle circulator to provide
an acoustically and thermally conditioned flow of the laser gas suitable for
lasing at the laser cavity on a continuous basis of operation .

The closed cycle circulator consists of a compressor , heat ex chang ers ,
acoustic attenuators , fl ow regulator and diverter , ducting . con trol and instru-
mentation systems along with a laser cavity for the purpose of maintaining a
recirculating flow of the laser gas. Reconditioning the  laser gas with gas
dynamic , acoustic and thermodynamic means is necessitated by the abrupt deposition
of energy at a repetitive rate in the recirculating flow of laser gas at the
cavity, causing severe spacial and temporal variations of fluid and therma l
characteristics throughout the flow . These variations are results of shock
waves and expansion waves which propagate away from t he  cavity , foll owing the
e—heam controlled pulsed energy d ischarge. The transient pressure, t emperature ,
and velocity gradients are responsible for producing acoustical and thermal
perturbations which are directly related to density fluctuations of the laser
media . Optical beam qual ity is known to be degr aded by the density fluctuations
as noted by previous investigations particularl y for Co2 iasers (1’

~~
). Eff icient

operation of the laser requires serious attention to gas dynamic , thermodynamic ,
and acous t ic managemen t of the laser media in the rec i rc ulating flow system based
on meaningf ul measuremen ts and analysis of fluid and thermal chara cter is tics of
the flow in the pulsed laser operation .

A study has been made to determine the characteristics and propagation of
the waves generated by the input power pulse characteristic of high energy laser
sys tems . The study has consisted of an analytic prediction based on one—dimen—
sional flow theory and are also used to stud y the  propagation and interaction of
the waves with the system .

The sequence of operation of a pulsed h i g h  energy gas laser consists of
(1) the laser gas media flows in the ca vity re gion ; (2) energy is deposited in
the gas at a magnitude of 102 — l0~ .7/P. in a total time of magnitude l0~~ s;
(3) lasing action and laser power extraction occur in total time of magnitude
10_6 s; (4)  shock waves and expansion waves travel throug hout the sys t em at
speeds of magn itu de i03 mIs; (5) the process Is repeated by the pulse repetition
rate which is governed by the flow rate and t ime needed to dissipa te waves .
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The quality and magnitude of th~ las~ r output is governed by rho qual i ty
of the flow present in the cavity just prior to the energy deposition. Thus .
waves which were generated by the previous laser pu lse must he dicsipated so
tha t the quality of the flow is not disturbed . The work reported here examines
the i n i t ia l  shape of waves gene rated  b y the pul se and the changes of t h i s  wave
as It propagates. This information will find application to the design of de-
vices to dissipate the wave energy by linear and nonlinear wave interactions.

THEORY

Since the energy deposi t ion in high energy lasers in much faster than the
rate at which acoustic signals can travel typical cavity dimensions , the gas is
considered to he s ta t ionary during the energy input. The net energy into the
gas (total input energy minus the laser energy extracted) is then assumed to be
represented by an ins tanea neous , constant volume heating process. The energy
deposition causes an instantaneous rise in pressure and temperature in the
cavity region . The pressure discontinuity causes shock waves to propagate both
ups t ream and downst ream and corresponding expans ion  waves in towards  the  cav i ty
cen te r .  The expans ion waves pass t h r o u g h the  c a v i ty  and i n t e r a c t  with each other
and w i t h  the  hot cold gas i n t e r f a c e  l e f t  b y the  energY pu l se .

These phenomena of n o n l i n e a r  wave p r o p a g a t i o n s  imposed on the  laser  gas f low
are  app rox ima te ly  model ed w i t h  a set of o n e— d i m e n s i o n a l  unsteady equations as
fo l lows :

—~~— —~~-~~— + -~~- —~~~~-- + —~~~~ — + —~~-- ~~~~ = (‘)o cut  c~ ~3x ~x A ~x

1 ~P u HI+ U — 
p 

- 
2 ~ 

(2 )

ds = Cv ._~L — R _
~L_. (3)
P

and impl ic i t ly  the r a t e  of change of en trop y may he a function as shown ,

= f (x , t , A , u , s) (4)

N u m e r i c a l l y  s o l v i n g  t h e  above eq u at i o n s w i t h  t h e  m e t h o d  of c h a r a c t e r i s t i cs  has
y i e l d e d  a o n e — d i m e n s i o n a l  d e s c r i p t i o n  of t h e  wave form ation structure as shown on
a t ime versus  d i s p l a c e m e n t  p l o t  g iven  in Fi gu re  1. On e — d i m e n s i o n a l  u n s t e a d y gas
dynam ics is successf ully employed to pred ict the pr ess ures , temperatures , and
veloc ities in the various repions of interaction .

A comput er program was prepared to solve the one—dimensional unstead y f low
equations. The program requires the initial pressure . P0, temperature T0

, and
v e l o c i t y ,  U0, of the gas and the net energy Input to the gas , Q. This is suffi-
cient information to find the pressure and temperature resulting f or the energy
input for constant volume heating as given by
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where p is the density and C the specific heat. The computer program then ob-
tains solutions for P2. T2, P3. T~ , etc.

FUNDAMENTAL FREQUENCY DETERMINATION

The flow axis mode pressure waves are propagated from the g e n e r a t i n g  ex-
c i t a t i on  cavity. Fundamental flow •ixis mode frequencies of the waves are esti-
mated to f irs t order by the given cavity dimensions and propagation speed as
shown in the following equation for an organ p ipe open at both ends:

C
21

where f fenotes the flow axial mode frequency, C the wave propagation speed ,
and 1. the excitation d imension along the flow . The fundamental flow axis fre-
quency can also be found approximately from the wave pressure trace recorded
in one experiment , using the equation be low ,

f~~~~ L
2T

where r represents the period of overall pressure rise as shown in Figure 2.
In order to perform a detailed frequency spectrum analysis of the waves ,

the method of Fourier Transform Analysis may be employed . A computer program
for performing the Fourier Transform Anal ys is coupled with a A—D converter
capable of providing a sufficiently high sampling rate , has  bee n used to analyze
the wave frequency spectrum.

Since the gas flow velocity in relativel y small circulators is not negli-
gible when compared to the acoustic wave speed , and the pressure probes are
mounted stationary in the flow , a Dopp ler correction is required to the organ
pipe equation ,

EXPERIMENTAL APPAR ATU S

1. Closed Cy c l e  C i r c u l a t o r

The closed cycle circulator designed and fabricated for this studs’ is
a l—D simula t ion having a full scale flow axis d imension and a mirror optical
axi s. It uses a controlled pulsed discharge that is capable of delivering
pulsed energy up to 500 .loules per l it e r in a single puls e of order i0~~ s
duration . The instrumentation system for transient flow measurements of flow
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axis characteristics may he determined at tho pr elimin ary level of the full size
circulator development. Transverse frequ ency mode components wilt he very hi gh
in compar ison to the flow axis modes . There was no attempt made to extract laser

• power from the system. Net power input to the gas was assumed to equa l the
electrical input to the cavity. The cavity reg ion was tightl y sealed in all
bu t the flow direction . The cavity had dimensions of 11 cm x 11 cm in the
planes perpendicular to the flow direction and a foil length of 45 cm in the f low
direction , bu t e—heam spreading added an additional 10 cm to this length .

Componen ts of this circulator shown schematically In Figure 3 are listed
as follows : a blower (Dayton Model 4Cl08) with a hO 5/8 in. wheel driven by a
electric motor of one horsepowe r operated at 3450 RPM ; PVC piping of 4 in. dia-
meter including 1 in. by—pass pipe ; e—beam masks for containing the e—beam to
wi thin a specified region of the casity; cavity structures to box in the dis-
charge region in the vertical and long itudinal directions; mufflers; reflectors ,
The blower is capable of producing flows with velocities up to about 100 ft/sec
by adj uisting the by—pass pipe. Figure 3 also shows the relative locations of
instrumentation probes in section numbers. The c—beam system was manufactured
by Systems Science and Software of (-hayward , California.

2. Instrumentation System

a) Pressure Measuring Instrument

The pressure transient of up to 10 psi was sensed by the minigage
(Kistler Quartz Pressure Sensor Model 20lB5) which gives a direct , high level ,
voltage signal with less than 100 ohms output impedance and high frequency re-
sponse of 50 KHz and low frequency response of 0.005 Hz. The sensor then con-
verts the pressure into electrical voltage with bii .s of up to 11 ± 2 volts.
The power required by the transducer to the readout equi pment is transmitted
through the coupl er over a single inexpensive cable . This eliminates all of
the inherent piezoelectric high impedance problems of electrical leakage , cable
noise and signal attentuation and allows the transducors to he used in contaminated
environments and with long and moving cables at low noise and without use of
charge amplifiers.

The calibration of the transducers was performed at the factory, and the
values of the calibration were noted to be , on the average for all probes , 50
my per psi for the pressure measurement up to 10 psI. The calibration curve
relating the voltage output and the pressure is noted to he linear to ± O.5%•

b) Temperature Measuring Instrument

Due to the extremely transient nature of temp er at iu r ’ vari ation in
the recircul ating flow as a result of the pulsed laser operation , .1 sensor of
high frequency response in excess of 500 Hz is considered n€cessarv for the
temperature measurement. Search of an adequ iate sensor resulted in the selection
of a hot—wire sensor made of 0.00015 In. diameter tungsten wire coated with

— p l a t  i nuim powdery f i lm . The hot—w i re sensor is Conni e t ci to the Temp erature and
Sw i t ch i ng Modii Ic (The rmo—Svs t ems Model 11)4!)) w h i c h  is , in t turn • conner ted to the
power su ppl y (Model 1031—WA ) .

The Module cons i s ts  of a b r i d g e  c i r c u i t  and imp h i t  icr  in an open loop con—
figuration so the hot—wire  sensor which Is ordinarily used is an anemometer
probe can be switched to function as a res is tance thermometer. Since there is
a linear proport ionality between the voltage outpu t and the temperature , the
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calibration can he simpl y performed by ad~ tu sti ng the z r o  and gain set potenti-
ometers to a desired temperatur e range using thu cii ihr.ito pots of two temperatures.

c) Velocity Measuring Instrument

For the measurement of velocities , hot—wire probes the same as
those used for the temperature measurement is applied . The probe is connected
to the constant temperature anemometer module (Model m b A ) . The amplified
output signa l from the anemometer is sent to thu Line -irizer (Model 10058) so
t ha t  the  vo l t age  s igna l  Is processed in such a way that i t  became l i n e a r l y
r e l a t ed  to ve loc i ty  of the gas f l o w .

The use of these modules ensures the frequency response above 500 KHz with
power output as high as 1.5 amps. The noise associated with the anemometer is
noted to be less than 0.0077. equivalent turbulent intensit y . Frequency response
to the  L in e ar iz e r  is found to be up to 400 Khiz and the accuracy of linearization
can reach ± 0 .2 % .

RESULTS

The wave s t r u c t u r e  expec ted  f rom o n e — d i m e n s i o n a l  u n s t e a d y  f low theo ry  is
shown in F igures  1 and 4 .  The shock wave t r ave l s  at  a “bach number  of between
1.1 to 1.5 causing pressure , temperature , density , and velocit y rises which are
a funet ion of the input energy level. The quantit it’s rt~ma in constant tint ii re—
duced by the expansion wave w h i c h  has traveled f r o m  the outer edge of the cavity.
They then again remain constant until reduced by other expansion waves which
criss—cross the cavity reg ion . The quantities and the times at wh i ch the waves
arrive at a point are predicted based on the one—dimensiona l theory , dimensions
of the davity, and the location of the probe.

Figure 5 shows the recorded outputs of pressure , temperature , and velocity
probes at various sections in the circulator for a typical firing. The first
gauge which is closest to the cavity reg ion is seen to record the expected wave
form with sharply defined shock and expansion wave si gnals. The output of the
other two probes show , howeve r , that the wave structure changes to simply a
sharp press ure r ise f o llowed by a smooth decay.

Figure F, shows a plot of the results obtained for the pressure rise across
the shock wave as a function of input energy density. Also shown is a p lot of
the results obtained from the one—dimens ional computer program . The results
show general agreement with the theory . One source of error is due to non—
uniform energy deposition.

Figure 7 shows traces of pressure waves measured at position 7. Figure 3 ,
f or two levels of power input , 54 and 34 J/ 9 , respectivel y. Wave frequency
spectra of the two waves are also presented as a result of Fourier Transform
Analysis. A slight increase in the frequency it hig her harmonics was noted due

- - 
to the decrease in power input. Nonlinear effects arc’ not apparent at t h e
fuindam enta I f r e q u en cy .

F i g u r e  8 p r e s e n t s  p re s su re  wave t r aces  of a wave p a s s i n g  t h r o u g h  a 90
0 

b end
• . in  t h e  c i r c u u l i t o r .  The wave  fo rms  b e f o r e  and a lt er  t h e  bend a rc  d i st  i n c ’ t t v c l v

a l t e r e d  mos t ]  y in t he  I r e q u e n c y  s p e c t r a .  The wave  a I t er  t in ’  bend s ’ems to  re-
duc e  i t s  f u n d a m e n t a l  f r e q u e n c y  f r o m  about  28 1) l i z  to 230 H z .  No e f f e c t s  a rc
noted at the fundament al frequency .

Fi gure 9 delineates the atten u ation effects of a muffler. Results of the
frequency spectrum analysis demon strate that the muffl e r is effective in reducing
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the wave pressure amp litud e by 19 dB in 5.5 flow diameters and changing the
frequency distribution at the higher harmonics.

Figure 10 presents temperature traces of the tiuerrna l pul se passing (see
Figure 1) through a resistive attenuator (Ceramic honeycomb ) of 10 cm in thick-
ness. It shows the heat absorbing nature of the honeycomb , signif y ing that the
resistive acoustic attenuator may he used as a h e at  sink at the same time .
Forty cm of material was found to eliminate all traces of the therma l wave.

CONCLUS IONS

Based on the preliminary results of this study , some qualitative conclusions
may be deduced as f ol lows :

a) Nonlinear charac teristics of the acoustic waves  for excimer levels of
i n p u t  ene rgy  are best seen in the  f r e q u e ncy  d i s r r  ih i , t  ion of a c o u s t i c  energy
changes in the high harmonics due to the wave pr p ag at  ion  in the  d u c t , t h r o u g h
bends and mufflers.

b) Only minor changes are found in the fundamental frequency due to form
changes and propagation effects in the circulator.

c) Most of the energy is found to be stored in t h e  fundamental frequency.
d) Design of the attenuators for closed cycle circ u lators should be

effective and conservative ly based when the fundament al Flow axis mode frequency
is used and linear acoustic methods are applied . Low pressure loss structures
providing about a 40 dB one way attenuation should he effective at relatively
high repetitivel y pulse rate applications .
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LIST OF SYMBOI,S

A area of flow cross section

C speed of sound

Cv specific heat at constant volume

f Frequency

P pressure

0 heat

R gas constant

s entropy

T t e m p e r at u r e

t t ime

u velocity

x length in flow axis

I- length

p density

I period

friction factor

Subscr ipts

0, 1, 2, 3 . . . regions in the f’ow field
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Section 4

Presented at Dynamic Flow Conference 1978 in Baltimore , Maryland , September 1978

Measurements ef Fluid and Thermal Characteristics of
Reci rcu la t ing  Laser Gas Flows in a Closed Cycle Circulator

- - 
fo r  Pulsed Lasers

by
I

Cornelius C. Shih and Gerald R. Karr
The University of Alabama in Huntsville

and

Cha rles Cason
U . S. Army Missile Research and Development Coimnand

Int roduction

A closed cycle circulator associated with electrically pulsed lasers

consists of a compressor , heat exchangers , acoustic attenuators , flow re-

gulator and diver ter , duc ting , control and instrumentation systems along

with a laser cavity for the purpose of maintaining a recirculating flow

of laser gas suitably reconditioned for lasing at the cavity . Recondi-

tioning the laser gas with gas dynamic , acoustic and thermodynamic means

is necessitated by the abrupt deposition of energy at a repetitive rate

in the recirculating flow of laser gas at the cavity, causing severe spa—

cial and temporal variat ions of fluid and thermal characteristics through-

out the flow. The resulting pressure, temperature, and velocity gradients

are responsible for producing acoustical and thermal perturbations which

are direc tly related to dens ity fluctuations of the laser media . Optical

beam quality is known to be degraded by the density f luc tuat ions  as noted
(1) , (2 )  , (3) , ( 4 )  , (5)

by previous invest igat ions pa r t i cu la r ly  fo r  CO 2 lasers

Therefo r e , design improvement as well as e f f ic ien t  operation of the lasers

requires serious a t tent ion  to gas dynamic , thermodynamic, and acoustic

management of the laser media in the rec i rcula t ing  flow system based on

meaningful measurements and analysis of fluid and thermal characteristics

of the flow in the pulsed laser operation .
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Tnis paper presents some of the efforts and findings pertaining to

the measur emen ts of uns teady flow quantities , namely pressure , temperature

and velocity of the recirculating flow in the closed c’,~cle circula tor at

various locations for several levels of pulsed energy ±nput . Special em-

phasis is made on the technique development for the measurement of temper—

ature fluctuations in the highl y t rans ient  f low where hi gh f r equency  re-

sponse of the instrument is required .

Experimental Apparatus

1) Closed Cycle Circula tor

The closed cycle circulator designed and fabr icated for this study

is of subscale size and intended for use with a single pulse genera tor

(S3 laser) capable of delivering pulse energy up to 500 Joules per litre,

so that the adequacy of the instrumentation system for  transient flow

measurements of pa rticular interest may be determined at the preliminary

level of the ful l size circulator development.

Components of this circulator shown schematically in Fig. 1, are

listed as fo llows : a blower (Dayton Model 4C108) with a 10 5/8 in. wheel

driven by a electric motor of one horsepower operated at 3450 RPM; PVC

piping of 4 in. diameter including 1 in. by—pass pipe; E—beam masks for

con taining the E—beam to within a specified region of the cavity ; cavity

structures to box—in the discharge region in the vertical and longitudinal

d irections: mufflers; reflectors. The blower is capable of producing flows

wi th veloc ities up to about 100 f t/sec by adj usting the by—pass pipe.

2) I n s t rumen ta t ion  System

a) Press ure Measuring Ins trumen t

Th e press ure of up to 100 psi was sensed by the mini—gage which

gives a dir ect , hig h level , voltage signal with less than 100 ohms output

108
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impedance and h igh freq uency response of 50 KHZ and low frequency r&cy~ r-~se

of 0.005 HZ. The sensor then converts the pressure into electrical volr14e

with bias of up to 11 ± 2 volts. The power required by the tra’.sd ucer to

the readout equipment is transmitted through the coupler over si~ c1e in-

expensive cable . This eliminates all of the inherent piezoelec::ic hig h

impedance problems of electrical leakage, cable noise and signa az:enuation

and allows the transducers to be used in contaminated environrie:;:~ ~~~

with long and moving cables at low noise and without use of ch arge am~ l i f i e rs.

The calibration of the transducers was performed at the fac to ry , and

the values of the calib ration were noted to be , on the average fo r  all

probes , 50 my per psi for the pressure measurement up to 100 psi.  The

calibration curve relating the voltage output and the pressure is noted to

be quite linear .

b) Temperature Measuring Instrument

Due to the extremely transient nature of temperature variation

in the recirculating flow as a result of the pulsed laser operation , a

sensor of high frequency response in excess of 500 HZ is considered nec-

essary for the temperature measurement . Search of an adequate sensor re-

su lted in the selection of a hot—wire sensor made of 0.00015 in. diameter

tungsten wire coated with platinum powdery film. The hot—wire sensor is

connected to the Temperature and Switching Module (Thermo—Syste ms Model

1040) which is in turn connected to the power supp ly (Model l0 3 1— 1CA ) .

The Module consists of a brid ge circuit and ampl if i e r  in an open loop

con f i gu rat ion so the hot—wire  sensor which is ord inar i ly  used as nm anem o— -
- -

mete r probe can be switched to funct ion as a resis tance the rmo m ete r .  Since

th ere is a linear proport ional i ty  between the voltage output and the  tem~’er—

atti re , the calib rat ion can be simp ly performed by adjusting the zere ;imd
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gain set potentiometers to a desired temperature range using the calibrate

pots of two temperatures.

c) Velocity Measuring Instrument

For the measurement of veloci t ies , hot—w ire probes the same

as those used fo r the temperature measurement is applied. The probe is

connected to the constant  tempera ture  anemometer module (Model 1O 1OA) .

The ampl i f i ed  output  signal f rom the anemometer is sent to the Linearizer

(Model 100SB) so that the voltage si gnal is processed in such a way that

it became linearly related to velocity of the gas flow .

- The use of these modules ensures the frequency response above 500 ~U1Z

with power output as high as 1.5 amps . The noise associated with the ane-

mometer is noted to be less that 0.007% equivalent turbulent intensity.

Frequency response to the Linearizer is found to be up to 400 KHZ and the

accu racy of linearization can reach ± 0.2%.

d) Calibration of Temperature Probes

Examination of preliminary experimental data of temperature

measurements of the flow laden with shock waves , thermal waves and acoustic

waves in the circulator resulted in a finding tha t the tempera ture probes

were not as sensitive as the pressure and velocity probes responding to

waves of hi gh frequency or gradient .  Thus , an ex~ ensive calibration of

the p robes to relate the probe characteristics and environmental temperature

to the frequency response became necessary for establishing a corrective

procedure to ensure the measurement accuracy .

A calibration device consisting of a circular disc with two 1 in. by

1 in. windows at the opposite sides rotating at various fixed speeds , a

heated gas f low sou rce and a probe support as shown in Fi g. 2. Proper

adjustment of the flow temperature and rotation speed enabled the device
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to sirnilate the thertn~ l environments surrounding the probe for a ~4ven

duration due to the thermal waves and shock ~nves laden on the recirculati;~c,

f low .

Based on theoretical consideration of th~ probe characte ristics , fn—

strumental pr inciples and thermal conditions of the flow , it was deduced

tha t  the probe f requency response may he de l ineated  b y the following

(6)
e cuZ i t iU n

T
s — 1 

iT 1 + K we

where T denotes the temperature sensed by the probe , T
e 

the environmental

temp eratu re , w the thermal wave frequency , and K the probe characterist ic

coefficient expressed as a function of Te and ci.

Results of the calibration are presented with the ab ove parameters

and variables in Fig. 3. These calibration curves for various T can be

applied for correcting the temperature measured by the probe. The coeffi-

cient K was found to be highly dependent on T
e 

and ~ for  a given probe.

Theoretically , it is known that the smaller the diameter of the probe ,

the hi gher the frequency response.

e) Calib ration of Velocity P robes

The p r obes we r e calibr ated b y using a Thermo—Svste ms Cal ibra tor

(Model 1125) following the furnished instructions . Results of the calibra—

ticr ~ were ana l ’.zed wi th  the aid of a computer program med fo r the s tandard

data  analysis .

f )  Data Reco rding System

To amplif y and record experimental data f rom these measurements

—. ~‘i th  proper t ime sweep , Tektronix oscilloscope (Type 564—3A74—3B3) with

~-emn ry , equipped with a Polaroid camera , was emp loyed.
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P r e s e n ta t i on  of Experimental  Data

A typ ica l  tes t run involved the S3 laser and recording temporal varia-

tions of ~ressure , t emperature and velocit  at v a r i o u s  loca t ions  in the

c i r cu l a to r .  In add ition , the laser d ischar.i~ c~.rrent was mcnftored in

order to determine the energy put into the laser me-~ia. For b r e v i t y , few

typical recorded data are traced from the o~ ic~ r icn photos presented

in Figures 4 , 5 , and 6.

Figu r e 4 shows time—dependent pressure , ve~ oci:v and temperature at

Sec tion 1 in the circulator recorded at Channels 1, 2 and 3 , respectively.

The sweeping time of 2 m sec per div . in the oscilloscope was fast enough

to capture the shock wave propagating at the ‘lach number of 1.1 in terms

of pressure , velocity and temperature.

Figure 5 depicts the passing of a thermal wave at Section 1. The

wave was measured to be traveling at about 100 ft. per sec. Diffusion of

the wave at the section was noted to be rather significant , resulting in a

considerable decrease in temperature (24°C) from the one (74°C) initiated

at the cavity. The volume of the heat gas was diffused to almost three

times the initial volume.

Figure 6 shows the decay of pressure waves across a muffler installed

in the circulator. More than 19 db in acoustic attenuation was noted for

this case.
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i ’m a laser cavi tv and heaL exi -h .-rnge-rs . t ie Li lu u g h  i-at ~~~~ i i i-
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~~ ‘1
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thermri I clma rac te rist irs due t o  t h e c han g e s  c m l  h e - a t  inpu t

Resu Its of this ~tmid v pro~’ ide a des ign t oo t I~or 1lm ~ dcv ’ topmcnt of hi ~~i
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vest I gaL l i ~ i) 01 tiimsicad v phenomena ‘ i s  i ng a qti ;is i— ste :olv ’mie t h u  I I antI h - s i  s

I NTRODL’CT I ON 
-

T u e  hig h power i:iSeF -‘1 eIi- u:t r i ’~ di:-t - 1tii r~ m - I ’) , t  o n u h - r  t h i s  s t i l l ’ . I t S  t b .

laser gas r e - c i r c u l - i t t t i g  I t t  :1 c-lo sed eve-Ic f luuw ’svsr un m t - h i d i n g .  1 I - t: - i ~r c 1 i l v

intl lieu ox c l t a n g cr s .  • Iii tIur lasor c;iv I tv s e ct  i o n , I hut’ 1 - - t  r i o  d i— tri u ur g i t —

• o r  v iSe ’s 1 u e  I t - t ” pi -  rat ore ui I l i t  - 1 u - t i  - ‘ , 4 i t t i i i  . I I I S  lii - i i  0 - t O  i i i  I - t ’ i  - - c  - I t  10

w i l l  lmtiv ~ t h e  u l t i r l t t u u -ti t i i  e f l u i l i l l  f j ~ I i t s  I t o  I, ~~- , -t t- t u e - t uy l u - ’ : - 1 - - 1 l b 1  00 ,
I nd r Su I I i t g  in i~ - - i -  I —rn u t u - I - i t - i —  - _ I I l l  i l  I — - — - - - — • - - j — — - - u I — - - t — — - —

L frosheb . Poc I r - ud t t  ing flow i s ulu - , c - s ; - u r - . I ’m - - t i s )  a U t h ’ -  a - ‘ i t  l t i -~~~ ‘ c l i —

m I l l i e  1)1 the lj s e r a t  h i g h  rower levels wi tl i u ti t. the us-ti to : ‘ r o v i u l - - l F - ~ C V M l u i t l ’ C s
Ot  ~~I S .

( . 1) 1 in g ‘f i _ h i -  h i s  : u t  ; ‘ r t - - - t s u i r —  i l’ s’ . t ( i t ’ ; ; l c t — i  t —  r~ 
‘-- i n

y i n  i — I t  j S 5 , 5  1,511 l u :  II 1W 01111 V -r I. i I l f l  W i t  I I I  ri ;’ ‘ mm S l i  t Ii - i v  I t _ si I - ‘ ‘ ‘ ‘ I I  Ii

~
.l5 ‘sit i - I t  has hi- -n r e - -c I - i  t l t r n t c :bi  t I n’  i iu - .- i l  xt I i u t i g ’ i i  . h i s  c ,? ‘-h ’ f ri - il in C

Is stun&- r m r l u  h0 ml o w — I , ’ v i i  t \ - ; u i - or or -t i  r v -  e s-: --t t i - n i  I r u t  t ime ~~t m t t ; ’ -  jo t
g .I s  d c ’ f l , ’ l t l -, tn u I t t u - r  , ‘r ~ ’ i n c ’ r r h n o  - n - -t t t -  r u t  i - u r i s .

~ 
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T h e  c losed  cy c i  i . I i~~~ - < ‘ t ; I n m is  h i t s  i - t i  I -‘ s I ; tu i I . i r  I ’  a suu Dv u nl I ti n i  I u nite - I
hut differs f rom it b- , iui ~ i’ - ‘I t h e  ov -r  - -  lit’ ; ut in 5 I o u  - n - I  log  ‘1 i i i ’ -  r~~ i r o i l
t i ng  gas  t i n d e r  t i m e  l ’s’ e 1 u u ’ r u t  l a g  p r o s - n i l - . O t t  Hi I - - n i  u u r . -s e l  l i t , -  s - S t - t i  s m -  t i u u

h ea t  j o g  t h a t  oc cu rs  i n  t l u i - c iv  i t v  r i g  I t u i i  , I n 1 - 1 1 , 1 1  I u t g  I I u ; i t  u i t ’r or s  I i i  t i n -  - i c - t i )
e x c h a n g e r s , and  t h e  h I e ’ w t -r s  s i t  i r l i  ma h i t  i i ii lu ’  f l o w .

The 01) j e c t  i ves  n i  th Is s t u d y - - i r e :  t i  d ev i l u l l i  u u ’ ’ u l . p i u l ’i  model -rh i , °i

capai1e of  c a 1 c t i l n t ~~ng ~ l u i i d  - 111( 1 t l i e r t i i ; i 1 ~u u i i u I  i t -  l u c o s  u u l  h~’ 1, -i ’ I  r o t i  l i t  l o g  l o s
at  v ar  ious  s t a t  ion s i n  t h e  c I  o-t t c l c ’iu . i e sod wi t I t t  I : ;  - t j e u h  1 e of .i m i u  I u t  h u t  —- j :  ~u i r
e l e m e n t  a r t a n g e m t n t o  t u u t c i  m : ln g i - s  of  i n p u t  pri i v u m t i e — 1  u - c - : :  I - ‘  vt - r i  Iv  t i i t ~ m u l l  :- t l u
expe r  i ifiCli t i l l d a t a  on I l i - u  t~ - i l  f r o m  .u L i  n i l  t ~-d esp , - i I i n - u i  t o  u ’Vtl I u t i  t~ ’ i - i S  i c i i  i 1’’
of t he  r e cy c l i n g  c o n ce pt  and  1.o e s ti m at e  t h e  I u n  i t - i l  t h y  o l l er o t  1 r i g r ; i n lg e  0)

such a sys t e m .

NI -T 1101)

Coo p I i r i g  t I t s ’ o i i c — d I mu n m ; n on  I. o p t in  I I c i i i  S m l  cu ’i ii i c i ’ u  i t ‘: , m i i i  I ‘n • - T o - r - g -: • t t -  - 1

t r a n s f e r  f o r  hea t c x o b u n n g c r s  , co ltl p r o s s cu r p e r f u u r i n ; u i i - , :ut I gas b t i - i  l u S  ml is

l a s e r  c a v i t y ,  a c o m p u t e r  urop i- tim was div ho p e-i t c t - i - f  ‘ n - — u on I c i i l  - I l  H - i s  ‘ ‘n —
on a slead\- — i- iLnttf ’ op -c:i t io n s o i t m i  j i m  f u u r  j  ‘ I s u - , )  c i ,  f l u l l s  - ‘ — t i i tt

d e f i n e d  i i i  t e r m s  ot~ l a t t e r  O i l t 1 u t i t  powe r at i u l  ‘ -I 1 1 1 - 1 , -i t - -: , u t  i - u ; t 1 ’- ‘s it i u u t l  ,
h e - i t e x c i t t u n g e r s , and c- x t e r l i a  I r a l  l O t u ) i — s  , L o i n - I  ci I i t t - - c i s  I u m ;  , Ii I ‘i s . - r  ) ‘ r e - ;~~u ; i —
loss C O t f f  I C  i e n t s  , h lu ’s - er  p e r f o r m a n c e  cI - i t : i  , ou to l ant I uw r a t S , — i n t l  u - I  H t i t ’ :  un
of  t h e  u ’x t c ’r n . ’i 1 bo i l  s ’ i m r ’ c’s c c i u i p l c s  t o  l i m e  e o u u i u u i t  I l ’s’ . l’e — t L i - , t N  t i i t . -

c o l m u t  i on  i s  o h t : m i n e c l  f u r  :i f i : - : u . ’d i n l e t  t h - n - t i t r v ic  c - i -t n - t i m - at tl t c u ; i : i Y :  r i —

t r an c e .  A s i m p l i f  l ed  I l u u w  c h a r t  of l i c e  ‘ s i n l u m n i  i - I  a r c t I c - on is p ri -sen t e l  i n  Ci
I to d e s u -  r I he t h e  f l o W  01 cvi n I  t i t 0115.

R ’ i t l t  referoo :o t u u  t h i u ’ I l u u w  - h i - u t  i n  - i t it i r u - 1 , t i c - - . i l u t i l  i t .  i u i l  i t -  ; t .i rte u I h ’ :
i n p u t s  i f  i n i t i a l  a :-tsonte~h v n i l i i , - - - I l u r u u c i u t l i t c i t t i t i -  sv-~N-iii . -Iiim e the 5 ( e n u ; l y ’ t t ,  I t s ?

o p e r a t i n g  - h a r a c t i - r  i s t  l u S  t u c t -  c l , ,- p e n d t - n t  g u l l  l i t ’  S ot l I T  I u i r t t T r c i ’ t t t r - . , - i t t  .‘ u i ) 5 -
110w -:ar i ab  I e can he spec 1 ,1 led ‘It one I ‘u -nt ’  i o n  in t l i e ’ :-, a.  I i i  t t t , i t t  : h i

c nc r -: g ’:stems , 11w’ m a- fit ’.’ i n l e t  p r u t - s s m i r m :  or  i l o n sj t  I s  u i t t u ’ t I  t u ’  o t c n t  c i i  I l l s -
sy s t e m  ;nm d t h a t  is w b t v  0110 of t h e - s c ’  p r o p i ~’r t  Los is chuu .u~ , -it us spec - if Is-’I t u  b e t :  ui

t h e  c a i o u l a t i o n .  R a s - ~- h  on L i n e  ; i s m - i t u m c - h  i l i p i m t  h o w  p : i r ’ i m ~- t c r s , t h e  g i - - t  I term u—
d y n a m i c  a n d  p i i v s  t e a  ~

. p r o l u s ’r t  j c ’s ir e  c : i j r u u  t i t l e d  toid n i l !  bt - tm t e x c h a n g e r  b r i c i  i o n
1.-ic to r s a n d  h e a t  t r an s  f o r  I _ m o  f f 1  c i  en Is - ire  c c snnuui t ed

The gas e n te r s  t h e  (- t i v i t s  r e g i o n  nui d  i s  su i b  j e u - t - ’ i  t o  l i i i  r-tt Vi ii.’ u - i t  t r i g

n l t , i r n c t e r i ’ - i t i c  of h i ~~Ii L-nm- r~~’.’ l a s e r  sy s t e m . The u v i v i t ’ :  i r a  ~ l i ; m i i - ~o i n  the flow
c i ;  rc -c  t ion nay he  of a rh  I I r - -nrv  sh ap e  u ) r  one w I n i oh ‘ m v  I b - s  I - r  eons t a u t  I-Ni h ti tti t —
h er  t h r o u g h t he  c a v I t y  reg i o n .  i ’Iio d u c t  flow losses n i n t h t eai . e x c i m ; t o g ’ r j n h i t i - -d
-h n u i g e s  i n  prc’ssiirr ; i o u l  t u ’ : np i ’r a t o r e  n m r e  c n l - - t i l  a t n u i  . h - - r h  i ’ m r u n n - i~ ( I i i — ’:,- — ‘ i  t h i s
o l u w e r  t h e n  p r o v i i e s v ; m l i i i - i - t  l i t ’ t h e  o u t le t  I c i — ess i r e  n i  t - m b u e r r l t u n ; e  f o r  n l - i - t u r c u

ma im s f l o w  r .-m t c- . A d u l t  i n  o i l  u l u c t ,  f l o w  and  l u i ’ a t  exc isi n g - c losses n- i - s o i l  ‘ol - iL e l
to  g i : -  flow p r o p e r t  l o s  a t  l i m o  m v  itv 111 1 et  . I f  l i t -  u n i l  u - t m  1 , 1 1  i d  r I n d  ; i - ; - t ’ i i ’, t e - h
i n l e t  P r i u h t ( ’ r t r o s  c l i l f u - r , ~ low  I l u u w r i t e  anul l u e l u - t  t u - t t t h l u - r : u t o r t -  i n  u ’ i u u ’ ~~- - i n  . m m i u h

—- 
I m t u r , u i u ” iS  r - p e - : i t  i d  u u u u l  I I  ‘ i l V i i ’ u l i - i -  I t ;  i ’ , n i u h , - l . ( u . I t i b r !  m l  l e o  ‘ h  - ;- : - ; m , - : - ~ -0, - c c -_ v

Iua  I - i i i  - - - i i i  I c cu ss - 1 t I t  - i I I’ i - - - S i l l S ’  m m l i i )  ‘h lo tt ‘~ ‘ I I I i  I I u - - n ‘ - - t I -uu i  i c ’ i  I - i t t . , - - i i  - - i i i  —

. - I t  u i  ‘ - I  . p o  C 1 1 i t ’ l i t  - a , V i S i - o  I t v , a 11,1 i i  - n i t  I r ti n s I - i - u u ’ i ~~t’ I i t -  I en I - ;  - t r - r - -c  - I - -

i : t t  - u h  - u t  i hi ~ co t l i  i t  ~I I: l u l l  c r c - i - i  - i s
I t  I t t’ Iu ~ . iml) ion t ii I i I ‘ l ’t 1u u ’r i i  u I r c  — pr  u - r ~ -n i r i , am i I r - - b i t . I y e  I t  i ’ , u I ’ t l t  - _ I - _ - - — i n

r Tn v
~

- r g t - n c 0  of  t h e  m : i l r m i l : i I  ions is nm tl a itn-d w h o - n  i ’ I m ’ i l t l t -- -t I t m  !~~ ~ -~~-t l - t i m l i” ) u - l u i t  i r i s

m d  n i i t p T  L- ine-n t ;mr -,- ri- s su m r u - , (Il- i t s l i v , t u  m j u c : r n i t t t n - o , ‘ s - l u , - I t  ‘. , -‘oi- b I - h u h  f l i n t - s r
lil I -.5- i t l m i n  p r - s ; ’ u  ‘ i f  1. - i  I , m h i ,- r ;ii i , ’ _ ,- i-; . 1liu ’ u -l o in - - I I -  11 - t i - - t i c t i n i e r st i u i ’ :

i s  s l i u 141i S i l u t m i t  i t - n i l  I - .— j i m  I- I g c u , - i , l-5’ i t  h t i c , ’  I d e-nt It c n i t  l u s t  ii t ; — t b -r- - t 1 -gm - - - - i l  i u t ; t

- 
- 

— . the ‘ - 1 - i t  I u u r i s  - h r  c - q , u t c t u o t u - i  u - i l -  m l i i  ‘ i i ’ : t i r e  u i - r i o  I . 
-

In  t i~~ n i i t i u - n i u : i i t ;u h ,- ‘‘ i - - u i  - k i ng I i i , ’  - , , t  u I  I t i i  —b - i l , u t t ’ u t u ~~I b - i - .’
r i -p r l ip  t iw- I t o  r -~~~i - 1~ v i— - ‘ i r :c i l ; i t l i i ; ~ t i l l  h i m u ’ t t  l : t t i i t t  i t  t l u ’  u i c , j ) ~~~~,

m lie ‘ -, - a t  1’’ in  net i i u W i  0 c - u  I ‘ii ts’ R S  ( f l l~~ I s -i- c - i l  i I nm: WI t h  I l l - - l i i  II i - u 1 1 -‘r~- I n g
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conil it I u m u m  tim t in I - - I P t  m’ -’ O m m u ’  t ( - t - - t  n i l ;  - ~‘ q i m a  I 1 c m  , u t i t  I ~i 1 u . i  m :iil tm ’ ( e r - n I l l  I H i -  u I -

lo o m . ls’ ion t I i i -  i t t l  u - t f l  - uw m u m , 1  1 1 I otis t i i ~ - I :-: -ui • l It - It - ts r o’ csS’ r t i l t  Ii ml a nil
effici en t’’:, I i u l l i i d  m ’ i u o l n m i u t ’  I’ l u ’ s ’  c n m t _ i- , gi u n  p r u j u s ’ i — t I i t t u l  n’ :steun g u - u u n h i - 1  r ’:
d e t e r m i n e d , t i t u n a ~~i l  i t i’m b r  t ic- r - q i m I ru-mI u i - a t  t ’ - t u l i an g e ’r  c - f l e d - I l  ~S:l1eS5. is
w e l l  as t b u e  n u m b e r  u u l  u s - n i t  t r ; m m t s I t ’ r m i t , - ; , .- i n d  f u u r  l i i ’ I i I s-,’ , ’l  - s - - t t n r -  i - n i t  i , u
can be (IodtiCcd .

RESULTS

Simulat ion of i Ii 1gb  e n e rgy  (O~ i-let - i r i , di m - hart :- .- I asi c vi t i m  n u n  i - — h u - r ~m w:is
employed  to  i l l u n s t t - .- m t u ’ l i i i ’  s t u : m u h :  slate u ) p Q i t l L I u i l )  u u l  s t t u h i  ~m i m ’c t t O t i i . I b i s -  r u - s n u i l l t - i
a re  p r e s en t e d  in  F i g i u r - - ;  I t h u  i m u l m b : ! m 7 f o r  L i i i ’  is,’ t ; i  u- t im v i- I t tu - i i - ,- , i l c n s l  t ‘ - , I u t t ; i l

t e m h i u -’r , it ur e s , St at  E u ’ 1e r s - ns u r e - , t u l l d  total pr s - s : ; I i r e - , r u - s - c ; u e ’ u - i . I v , - l v . ‘lIm e in ‘ - (

s t a t i c  p re s s u re  is - : u - 1 u t  t h e  stone i i i  I h o - s  i S - t - t c i  Its.
1n 

~~ rn 3 shows hi ’ vi - l uu m I iv v;i lun ~-s c i ,  L :1 I ~u ’tI I cc lii I i t , ’ I e a ~I . S t n t  - t m _ - u t - u
for 3 ranges of h ea t  dt - p o s  i t u o d i i i  the c-nv I L v  mc ’g i u u n  t o - l u . ’, I I ’ r - t i n : m  I , , u c t - h  (si d i ’
n o m i n a l )  . The vol or i.t : : m t t Im e otiv I t y  h i m  1 , - I I u c r  t I m e ’ su i t  I t u t u  I - l n $  I 1 - 4 , - i  I t ’  t u c : t —
d i r n e n s it , n a l i z e  L I n e  r-o i-iit l i_ s wh ii - Ii arc - p l o t tttul t c , ’ I ; i t  lvi- l u )  t h u  l u u - : m t  l u - i t  ; m i u i i t j i b
t he  ri- c u r cu l a t i o r i  s e n t - - r n .  At  t I 1 t ~ b o t t om I i i  t in’ b i g i c i t -  him S (l l v I c i n g  c i  i i i  S i t - —
chincns ionim l crnss sect inn of  t h e  s’.- st s ’m m u s e d  i n  t h t u ’ - u c t t p i i ; t t l t i O m l . I i - - - - r i v i  I v
cross sect ion was t:mken ;ts constant fu ir the r c t i m I  t~~ ~‘re .’ns-mnIc d u s - r e .  h i m - - i u t-; ~ .
acl c h i t  i o n  at  t h e  c ’ a v i  t - .- i s  s e t - n i  t u u  c a u s e  b i i ~- r s ’;is ,-d v t - I o n’ l i v  i t t  (h m ~ - -i v -4 i : - ’ i l t  u p t o

t i n s ’ first h eat: excIi ;ing~- u ’, li m e im 1 gb vci u~~- i t  — / I u  g i n  I m - l n m l u s - r r t t I r s - :. : ;us t - n u ’c c ’ u n l l, - r - -i
i n c r t ’am-so d t € ’ s i s t : I ac o  a t  t h u  first i t t - n i t e’~ . I i n t i m g m - r  ; u n  t h e  m t -ni t i n i p t t n  t u c  I b i u ’ sVSi - -I n
is In c  r ease sI . -

I- ’ig u m c e  4 shows lh tt’ v t i b i t - s  -‘ 1 u ie’ t t’: i t ’ ’  t l i r c u u l g l u u c m i t  t i m e  t- ; e t t  ~- t m  S i  tb t i - - - l e n s  i t :
it . I I m ~ c- t iv i i-i i m m I , -t  i u ~ r t h 5 - n u ’mni na l— hiu-:u t_ - t i n s ’  n n~~t - c l  I u m  I m I c t i — u l  I t n u ,- l t s  i u u n ; n  1 1  , t u  t h i s -
r e s u l t s .  The re sults si m ~cs’ t lun t  the ti ut ;m I i n i t c - g r . n t  cu l  ;t -t ss itt t h e  s :st  t~tfl n i , ( t ~ ,- : t 5L ’5
as  tl n — _t he-at i n p u t  to t i t i -  cavit’: is In c r t -t ts em l . lt i l r i i t t :  s t - i I t  u I’ o1 t I n - - 4 ,’s teuti
Iron a zero  heat i n p u t  t c t  ‘t l it o u ’ ; l v i t ’ : , t I m e r e n i i l  LS s l i c - ’,5 - t h a t  v t ; v  i M  t m’:e I - ‘  he
ta ken from the  sy st e m  i i  cu-ins t ant in I iot pr - s s t i r e  i s  ost-d ; u t ~ a c- I t t  r o b  I o r  t i m e
syst c-mn .

Figure 5 shu iwim it i~~1ot  of t i n t ,’ t o t _ n i I t s - l l l l ) c 0 a t ’ u m r c ’  t l u i ’ u u i u g I i ~~c ; I  I b i s ’ gv~~t t il t m i m i n g
a fc i r—n mat s imilar Lit ~,F I t — I c e s  ~3 -m il d 4. u\s u - : - : p s - t - t u - i l  , b u u - ; i t u l u S l i c S  I t i - - I  i n  I m t  , ‘ av  it -

causes an i nc re ;i se  in  the t o ta l  t i ’ m p o r t l t T i r u o  oh t h i s -  g n u s .  l i i - I i  m t  h i s - a l  c x —
ch anger ri-moves time m:ljc r it~’ of  t I ne  l u - n t  i n  t h e  e x ; t t n ~’ l t -  ‘ t In s  in i- ru -t I b i e r - . ‘Ib ue
blower i s seen to  f , i m ’r i -t i s e  t h i n t : n t a l  t e t : i l t e r n i t i m r s  o f  t h u m  i t - I S . ‘ l u  in tt -m n p c -ra t umr e

risc ’ is m— e m o v c d  1w’ t h e  secon d  heat ex c - b tan g t - r -

F i g u t r e  6 shows a p l ot of t h e  s t a t  jo p r e s s u r e  t h m v u u m n .t l n u u u m t  t i m e  s - : sL 5 n  f o r  t h e
t h r e e  h e a t i n g  r i n s e s.  1 1 m m- Im res:4i re n i t  St ; i l i n n  1 i s  ti n - ‘t n- I s ’ l’ c u r t b  I I n - o t i s ,  5 .

L I in i t  c-cl i’xpe r inert Lii i (I n I n i was nv ;i  i lab I s ’ I t’cnn I h o -  v—u - 11 i m n u l u . - n ’ ,s I a t ;  t n t  I a c t  n I n t h
t iu ~ res mil t im a rc  shown mm t h i s  f igu ir e by Lli c ’ ilark ci rt- I u ~~~. 1111’ f - ’ 5 I t i  t ,  sh u t .,’
good agreement f o r  ~I luO ’ z e r o  Ill-i t case  e X u ,’ cp t ’  t i c - a r  St ;mI ion ~ wit I I -h is thi n reg l i til
of t h e  1 80° t u i r l i  i rig cif t hi t ’ flow .

1:1 t ire 7 shows t I me ’ ro u t I t  s of the I u m p u m t ’ e - l ’ ni p ill l i t  I c ’ it I c r 1- c ’ - u p s t  e
f m r  tlu - zctro an d  Ililill i~mn I ti -at lo g c’a:~~- cii i ’: . ‘b hc - atn u i - - u -  I - -~su-s in I I 

t o i l lag are S u -e l i  I n b u - it I lit ’ t wcu hit - ti I -,- i- i- - c i i i  Os ’ r . - - I u u s  5~ - - ; I t t  I i t  - - i - 1
,ao~l to rn i r i g  r u g  l imit s am . - se-c ii t u t , u - ;t t ’ t u I I . b- m r liii - i t -  ‘a - i n  a I u - n t  i n : :  . - - i n ’  - , t i - - r
li -u. an i t l d i - d  si i:il i IH’ a lit loss of tu e tn i l ‘rc- t-mslmT - , - Ii) (lii’ - ‘ - iv i t- . , t i ’ ’ ll ‘ -. h t M ’ u  I:
bI o s-e r  m u s t  ovcrc’ctm e . lime hi e -tl t iog in t im e cavit y act— i s  a I l - I t t  t i e ’  t - 5 s ’fl

w i t  L i -h u ~~mi r ( S au d e d  h lower :1,-s r
Fign i ru ’s 8 and 9 a re  r e - m i l L s  ol t i n t ’  H i v e - s t  i : n m t  ‘i t  cf hi - c f li - , t  ‘t l  - t ~ ’ t i t i n ~~

c ’ i ’ n d i t i u u n s  fur i t f f  n ’m itt ; i I i i u - ; i t I l i g  a n u l  i n l e t  ) r ~~~ S i I t  - , r s - 5 1u , - , - t  i . ’~ 1’ -’ . - I
. tin ’ in I ot  ‘r t — s s i ; re  i s  bc  I I  ‘ s in s  I t i n  - t i n  I i i ’  i - , u  I. i l ip s  I i - . 1 , 1  . t , i ~ I — - —

st i lt i n n  -fi; in er ’ s in i n  I t  ‘ : u - l o , ’ it’ : , t u l : ’ l ’ - r t t t . u i i ’ , t l t u u l  c u s S  I t ’ s ’  I ’ 1 ~- 1 , 0  l 0~
an n i f t  m o ’  t l u l l )  t i  I i  - -  ‘ m i l l m l  t i  I n  I i ’  - n t t i l l ’~ . Hi e — ‘ u I t - n  n I i - I - - ,~~~~~

-  -_ , i - - _ -,_ m
-: e’ I ~u i I I .‘ - on - I i t t .  i n n s t l ’ s- r - u It - ‘ I - e t c ’-’ I i i 1 ~

- I u - - I e c l i i  - r ml c, eu hi ~ - In I ~- !
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c ui iu l it j out th ai l o b e -  I i- ni mm ii- f -i - -t nu m e - u i m u ; i  I I’, u m u i t . i n I I’; i n l u t i m ’  s - r n  u t  I I - u ‘ l u c ’s u l
]oo~l . Is’i u e n  tb ic - m l  ~ I I h e w  c u ’ tm u l I I sums ;u m -  - I I t - n - - c l  , t im , - I ;u , s -  r p cs- u -r - ‘ i i i  - t m I - : t u i
elf ic jento’: , I I - i i i  Id t ’c nc I n m u i  t’ I I ill s ’ riLe • g i n  p r c c p e r l  I i ’- ; m i t c h  in . n t ciii g t ’ i u r t i u  1 i ’:  t i r e -

determined , t h i s ’n a t I c  l o t  I u u i i  b r  t li c- r - ’ mi m I r d  l i t - i t  e :-: u - I u a i i u ’ e - r  c - f  ( s - c l I C’ u : t l ( ’ i n i n, m s
well as t Im e- ntum t r m b e r u f  l i e -a l t r a n s f e r  n u l l  i t n ; , ;i ncl l u i r t h i s ’ I t  I t s  I n t -n - ; u i m - U I I  l it
ciii lie d educed .

RESULTS

Simulat ion of a I uig hi energy CO , s- H-m t riu - d Is e ’lm n m ‘ge- I :m si- i ’ ni tim  :u mt ~‘ — i i c - s t n stu n ;

e-mp loved to il l u m s t n ’,—i t u ’ l i i i ’  ‘ - u . t u - t i c i - i  ~~t_ n i t e ’  ops’ ra t ion c i  s i t u - l i  i i  in ~t -‘a . F h t u -  - ull ~
ar e  p r e s e n t e d  in Fi guirt ’s I t ’I i m oni i; l n 7 f o r  L i i i ’  n v t t t i - u i i  v t - I t o h ‘, i l c n s i  I v , t u t l n i l
t em p er a t u res , stat ii ’ 1 um’ ç’nsu i r i - , and t c t t a l  pr e - s n m i u r u ’ , rt’s I u u- u -I : i v e - l v . ‘lIm e m l  u ’ t
static’ pr e’ssurs’ is I-:e - t ui tIc s s nip e  i i i  I h o n e -  r i- s u i l ts.

F I gor e  3 s i m o ws  I hu e ’ v u  - I n c i  Iv  vi I un- s u t b i  L i i  u m t ’ m l  I rc ,ui t I i t -  n t  e ; m ’ i .- st  n t  - - p r- ’ n : r - l i ’i
for 3 ranges of meat s l u - p u l s  I ted in h u e  civ I tv rc’g ii n i I :‘c - i - o , m n i n n i n n m  I , m i t - i  t n ’ i c c ’
nomin al ) . -1 - l i t .’ v u —I ~m u ’ it : mt tIm e’ - - n m v I t y I n  I — - I , ’ u ’ t h~ 5 ,-tic i n  - I I i- tm nm- I u-i i n - t b  t u u
dimensi i )n ,-ll i ze Lhmc - resul Is whiiohi tire p l u c t l t i m l  i - - i n t l  i - i - -  h - i  tb , l , u c ; u t  i - n i  n m t - , s n t i ’ t
ths’ reel m ’cu l at i  on -i 5 \ ’St e ’nii . .-~t tI me httt touti u ci tb: , I I i t u m r m -  i — n  a c l m n n w i i t : ’  ~~~ l i e  c u t s- —
chimc nsion ,-il cross si-’r t  j n~ of t i m e  s v s te n it  u sed I n  rI m , ’ - i t n p T i n t n i t  i o n .  ‘ I h i t -  u - a v l  lv
c r u ss sect inn was take-n as constant f ur t h e  re,iim cu t i-i ! ‘r -  n t ~ - t t t e d  l u c r e . ‘ I b m - - h u e - t n t
,-mdd i t  jon at t h e  c - a w l  t — ,’ i s  s e , - m i  t o c a u se  i n s ’ r s - n m n t - u I  vu-I or i t ’ :  m u  t i m - - -n v — t i - - i l l  c u p  t~~
tim e ’ first i u e , a t s-xe- h nuumg ~-r , l i e  Iii g il ~‘ c - 1u~~’ i t  - - - l i t  1 g m 1 s - m u t t - r a t  ‘ u n -  t i n t s  o i t , ’c” c i t t - r -n
i ncr c ’a s e d  r e s i st an c e  m t  the f i r s t  l m m ’ a t  i-x c i u n t i i g i - r  n u t  n bt ~- imc ;i t i um h cm m n ,  I c  t I u t ’  S ’v ’ n -  - ‘In
is m ere-aimed . - .

l - i g u n r e  4 chews  t , I n t ’  v t u  H u e ’ s  - ‘ 1 d c — u n i t ’ :  t hurmungl uu c ’ it I t , - - ; t s - t m i  -,~ j i i ;  I i ,  - h - n s I t
,it thi s ’ c—a w l Lv b n l , - t ’  I u r  T u e  n i ’ t i i i i t n l — h u ’ t i t c - n i n e  t n — n i - c l  t i m  m i e n — - I  i n a u : r i s i u t n n n l I - t u -  t I m e -  . -

r e s u l t s .  ‘lime r i - s t i l t s  s i m ~ uw t h a t  t u e  t o t a l  h i t t e - i ’ m : n t s - - h  n t - u - n -; nt  1. 1 ; -  s :-~ t s - r ’t n i ~ - c r u : - t i s c s
as the h e a l  I m i p n t  to t i n -  c : m v i t ’ :  i - i  i n r m , - : n n c m l . b ; i u r h i t ~ : -n I u r t  i l l ’  ~ t h u. - - - n - , -- - t t c - m t i
lmom a z e r o  heat i r m p i i t  to ‘t h e  - - ; m v i  I ’,- , l i i i ’  r e t - o i l  t s  s h u t - ’,5- I h t m L  , : n m t m  s - l b  I I i  i ’:ct’ t - ‘ htt
taken from time sy s t e m  lb c on s ta n t  i n l u ,’t p r e s n t m r e  i s u s c - s i  as nt control t o r  t I m e
s y s t e m .

F ign ir e 5 slm eu ws a 1 b , i t  o i l  th e- tot _ n i l t s -m p -r a t ’ t m r t -  thi u ’ omu gii - u i n t  t i c ’ ~ vnt c - l i t  u sing

,t f c i r m , — m t  s i m i l a r  t o :,I-’ i - n : t t c e n 3 au md 4. At u - x p c u I - -ul l u e ’;m t u l e - p n s i  I s - e l  m t  t I c - . ’ ‘awl I. e
c,-ieises an in c r e ; i se  iii the tot _ n i l tc’r n p u- rn m t mi i ’e oil the s t u n .  ‘ h o -  f i r s t  I u s ’; c I  c x —
s n h i a n i g e r r e m o v e s  Lime  mut b r  its’ of t lie heat in t h e  e x ; u i n i ’ l c -  i ons  i s i s - r u - n b  bier - . ’ . ‘i ’hi e

b l o w e r  i s  n n e e ~n L i t  i nu ’re -nm se t im tm t t :t l te ’t :lbte’ r -nt ure of t b -  g i n .  I b i s  I s ’ u i l I i u - r t i l i i i ’c

risc- is removed by t h e  secot~ci btea L excl ua ii gt ’ r
Fi gure 6 shows a p l o t  of  t I m e  s t a t i c  p r e s su r e  I t t n o u m t t l t c t u m t  t i t e  —i ’:- t s  t~i l u ir the

t t nree b c - n u t  l o g  cases .  Iii ,- pres:;imre n it St;m t ion I i s  t i n ’  s a u t e  I c c r . t I I  I n e ’ u ’:i ss-in .
L i’ai t c - - u I u ’<per in m e n t a  I dat - t  was av ;i  I I tib I- a Irm - ir,m time in’,’s l u - u t  i i nt l u -n ’ si uutu c m i t  cau t and
th c e resm il Is  nm r c sl iumwr i mm t~~I f  S I ignme by L I u m ’  mI,m rk c i ri It’s . ‘I b is- r - -s u n l  tt, s h i m ’ ’ ,’
good ;tgrc-emeIlt f o r  t~i i s ’’ z e ro  lit-at Oi5C eX’’cpt t i c - a m -  St n i l l o l l  I wli i ( ’ ! i  l i t  the roll l om i
of the 1 80~ tu ’ rtm I rig of lit ’ f I u m W

Fl g- crc 7 s i t  ‘‘win t hu e ’ ret-; i i  1 t s of  i I u~ t m  i m p i  m t s r  t I nit i I - m l  i ‘ ‘ i t  I - u r I -~~‘ - i  e
for I lii’ a e rem and n i i  nut i~ t a  I hmu ‘nut lit ~ C ; m n ; e - ci t  I y . ‘h ci - ma - c r I sm’ in ~ll I u u ’ in n I cat ‘- i t i m
r ‘ i he_a t i t i  g are- —n - - c - i t  t i e  - - - u t tI mu - I wit Iii a I - -  n—n - - h i  - i i  go r - - . I d  - - I i t t  t I i  - - - I - , - - t -;

~aos1 t i m r n i n g  r i - g i c i t s  - i c ’  - — n i - i - u  t u t  b — u -  n ; t i c , c l  I , b :u c r t h u t ’  u n eim uhmi n m l h u e - n i t  b r m ; t  - - m n ’ , h i - ne
is an ,adu,l e-d sign i f  i - a l I t  lost-i c f  I - u t _ ni l ‘u - u -s m n i i r e  in t i m , - - . i v i t ’ :  r e g i u t i l  ‘ l u m u  t i m e -

b l o w er  mu st - ‘ v u : r - , - n e .  The  h u e - n i t  l o g  in tim i - cavity tints us a lu -sd ‘n t Ine :im ts -rn
w it H -hi u .- ‘l~~i r - ~ 

n l , t - h t ” I  b lowe r :‘owt-r .
F ig ui r - — s 8 and 9 ‘mr - ’ re- im eil t i m  of tl u e in vest I tt- a t i- ’ o oh u t -  u - f f e ’~~~t ‘ m m - c i n ’ r , m t  i n g

r m - m t e h I t i i c t i - ;  f u i r  off ri ’m imt ;i l u - t i ling ninth i m m l - t  p S I t u . NinIi~~
t ’ l I’ ,’ ’ i:. t~ [itt i mre ’

~~~, t t m - ~ i n l r - t ‘r, --n ni; re is h i - I - h  i o i I t s t ; i n t  m n ;  I u s ’  I n - i l  i T m I ’ u m m  i s ’ :n i r  lu’ ,h. b i t e  r- - —

~; tc itI mt i’ c ’ t m , - i l i cz u ’—; m m  lit l u - I . v , — l u u e ’ i t ’ :, t u tu ’ ‘ 1 ’ . u t n n — e , t i m i d  n n , u n s  I I - ’’_
~- r i , ’ nm ’ - “ I , ’t t u ’cj

- i t  i ‘ u i ’  j u r n  of  - v mm i ml I - ‘ c i  I n  hi , n t  t i ’ m  ,~ I h u e ’ n’ “ n t  I I - n u ’  I I I - ‘ ‘ i  r i  ‘,bn - i-n n i l
b t u , - ‘ie’I m i ’it y n n i l , i  n ; m s ’ —t I !u ’ tt i’n m t e ’ l u - c  - r — - n m i — n i ~- Ii  I I t - I ‘ m u ’ I , --i n ’- ’i ’ - m l  u i ’, i i i  t h u  i n  I - -
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gas in cr o ’ ;m s st s  ins  t I m e  b i e ’ t m l i o b liut , Co th u- ’ i n s v  it ’ ; is i i u t ’ i ’ - - , u i m , ’ u i  —

Figure’ 9 shows r u t -  r- ,- su l  Is  on ye- I nc i i  a’ , I s - t t n h u , - r n u t u i i s ’ , t i i t t i  m a n s  I I - - - ,; n - u i ’ ’
(for constant ‘um v it v I “n i  I I i tg  n i t  t i m e  mmmii  I n  :t I  vn i I u u e  - )  n t t t  I l i e ’ m l  c-I l ire - - i- - n i l r u - v i m  - -s

TIme resu mi ts sh ow t b i n t l’ ;tl 1 Ih nru ,i u - qu int It i - - s  j iiu i~t ’ ,i su’ i t  t I m e  p r -s ;u r - - nit

c a v i t y  in let is a l l o w e d  1 m m  iume -r( -t ts e.

-* 
C(}i-bCI,USII)NS

l’lte results p r c ’ m- t l t  ei l  i l l  ci I it ui’IlS j ct rllc n -;’n 1cm - cu i ’ u ’ r t t m ’i u e ,’r :i h u t l t b c h t u ’ti t i~~n n u - i ’V C

as an i i n t p o r t a n t  tool in tIme omlg ir i ec ’ r img dc-s h ut s tb hi i n ub e - n e - r g - ’  I i n n s - n  n v - n i  - ‘ i .
TIme results a l s o  r r o v i i ’  an  i i n i l e r s t : t u u d i n g  o f  I - l i ’ ’  n i ’ u -n mms Icr i n i t i t  roi l 1 l u g  i i  I t

4 _ u i n t l  i t i non wi m i ’ ’lm , i n  lii i — m • s-o u t I i— c I t Im , - 1 ; uu-u t - r c c i t t b’ mi fuc ri , u u ’ s — b e ’  i’ - t - i i n ~ ‘ ‘ -

r m ~~im rc—s -‘-I l I ’id b rev - ; i I t h i : m l i i t h i ’ t  t e i u u l i e - m : t t u u r m ’ ‘ ‘ - - i t t  u u u h  u ’ i — i m u u i  i’s’s - - n n ; - n r5 - i ’ d
h eat  i np u n t  v a r  i -i t I c t mt m l ’ i l~’~~i~5 i t s -  5 I )~~ 

l i t  i’ stab I et s~u ’ i i  t i m  I
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APPENDIX A

Typical PIEZOTRON® Pressure Sensing Syst em

- - -t COUPLER - ‘201 SERIES MINI-GAGE I ~ - 

~ 

-

~ I
128M (x) CABLE -

201 TRANSDUC ER READOUT

Couplers
To complete the system a wide choece of couplers es of fered en the 548 and 549
series. Optional f i lters and severa l types of power inputs are avai lable , Model 587D
Coupler provedes increased capabil i ty. Please refer to our Coupler Data Sheet for
details.
In addi f eon Models 583 . 5030 and 5040 Laboratory Amplifiers are offered with
extensiv e versatility and many options for more complete pressure stud ies.

Sp.clflc.IIon.  Mod.I Variation
PERFORMANCE UNITS 201B1 201B2 201B4 201B5 -

Pressure Rang., 5V out psi 5.000 500 200 100
OVer ifiQS psi 7,500 750 300 150-‘ Resoluti on (noise) psi rms 0,05 0.005 0.002 0.001
Maximum Pressur e psi 15,000 5 ,000 2.000 1,000
Sensitivity mV/psi 1 10 25 - 50
LIn.arlty. 6.F.$.L. I ri - a 1 1
Resonant Frequency, nom. kHz 500 500 500 250
Rls. TIm., 10-90% ~a sec 1 1 1 2
Tims Constant , R.T. .~~~~~ sec 1,500 400 200 100
Low Frequency Response, — 5% Hz 0.0003 0.001 0.0025 0.005
High Frequ .ncy Response . +5% Hz 100,000 100,000 100,000 50,000 

-
ENVIRONMENTAL Common Specs

Vibr ation Sineit ivity, max. ~~~~~ _ ps i/g 0,002 0,002 0,002 0.002
Shock, 1 me - . g 5,000 5,000 5 ,000 5,000 -- 

‘ Vibrat ion Limi t . g 500 500 500 500
Tempe rature Range F —65 to 280 —65 to 280 —65 to 280 —65 to 280
Temperature S.ns it lv ity Shift / F 0,03% 0.03% 0,03% 0.03%

ELECTRICAL
Output Current, m m .  mA 2 2 2 2
Polar ity, pressure Increase -  Negative Negative Negative Negative

• Blu Voltage V 11 ±2 11 ±2 11 ~ 2 11 ±2
Circuit Return Case Case Case Case
Output Impedance, mix. ohms 100 100 100 100 

-

• MECHANICAL
Weight gms <10 <10 <10 <10
Ca.. and Diaphragm Material  Stainless St. Stainless St. Stainless St. Ztainleaa St.
Mounting Torque in-lb 24 24 24 24
Seal ing All Weld ed All Welded All Weld ed All Welded

POWER SUPPLY
Constant Current Source mA 4 ±1 4 ±1 4 ~~1 4 ±1
Supply Ripple. max . mV rms 25 25 25 25

- a Supply Voltage , no lo d  VOC 20-30 20-30 20-30 20-30

— 
Source Impedance , nor ~. ohms 250 k 250 k 250 k 250 Ii -

130

A

‘
~~~- “

~~~~~
--  

“~~ -~~~~~~~~~

- -  

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ - ~~~ 
- _ _ _



~~~~~~~ :-‘ —--—- ---
~~~~ n_ - 

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~

- APPENDIX B

4.
I

F 
131

‘~~ 

!.
_
, _ 5_ _

__ a 
~~~~~~~~~~~~~~~~ C ~~~~~~~~~~~~ 

— -,j.U- 
~~~~



_______  ____________ .

r

Reference Date of Blower Muffler Energy of
Number Test Status Location Pressure Temperature Velocity Pulse, J

5381 6/26/78 Off  2 1,6,5A 7 — 33.80

5382 
- 

Of f  “ 1 ,6,5 . 5  7 — 106.4045

5400 Off 1, 6 , 5A 7 — 56.59535
- 

5402 Off 1,6,5A 1 — 49.01
5403 On l ,6,5A 1 — 34.06202

5408 7/11/78 On “ 1 ,5A ,6 1 — 71.70709
5410 Of f “ 1,5 5,6 2 — 64 22
5411 1,6,5 5 2 — 72 67
5412 “ O f f  1, 6 ,5 5 2 — 67 6

1 5413 “ Off  “ 1,6,5 5 7 — 67 6
5414 Off “ 1,6,5 5 3 — 60 84

1 5415 II  1,6,5 5 3 — 57 46
5416 “ On 1,6,5 5 3 — 72 67

5420 “ Off  1,6,5A 7 — 23 66
5421 CC Off  1,6,5A 7 — 57 46
5422 C C  On 1,6,5A 7 — 60 84

5423 “ On 6 ,5A , 4 7 — 60 84
5424 1,6 , 5 5 3 — 64 22

5425 Off  1,6 , 5 5 — 62 53
- 5426 On “ 1 ,6,5 5 — 64 .22

5427 Off — 1,6,5 5 — 62.53

5428 CC On — 1,6 ,5 5 — 67.60

- 5430 On — 1,6 ,5 5 — 37.18
5431 “ Off — 1,6,5 4 — 54.08

5433 On — 1,6 ,5 4 — 59.15

[ 5435 Off  — 1 ,6,5.5 3 — 59.15

5436 On — 1,6 , 5 5  3 — 65.91

1 
5 4 3 7  

CC On — 1,6 ,5.5 3 — 65.91

5438 “ Off  — 1 ,6 ,5 2 — 60.84*

5439 On — 1 ,6,5 2 — 64.22*

1 5441 On — 1,6 , 5 2 — 72.67 *

5443 C C  Off  — 1,6,5 1 — 67.60*• 1
132
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Reference Date of Blower Muff ler  Energy of
Number Test Status Location Pressure Temperature Velocity Pulse , J

5444 7/11/78 — 1 ,6,5 1 — 77 74*

5445 On — 1,6 ,5 3. — 77,74*

5446 “ On — 1,6 ,5 1 — 67.60*
5448 7/12/78 On 2 1,5 ,6 1 — 60.84
5449 “ 0ff 2 1,6 ,5 2 — 55.77
5450 “ Off — 1,5 ,6 2 — 64.22
5451 On — 1,5 ,6 2 — 59.15
5452 Off — 1,5 ,6 3 — 64.22
5453 On — 1,5 ,6 3 — 67.60
5454 “ On — 1 ,5 ,6 3 — 74.93643

5456 Off — 1,5 ,6 4 — 67.60
5457 On — 1,5 ,6 4 — 64.22

5459 “ On 1,2 1,5 ,6 4 — 72.67

5460 Of f H 4 , 6 ,5 5 — 60 84*

5461 Off I I  4 , 6 ,5 5 — 62 53*
5462 “ On “ 4,6,5 4 — 64 22*
5463 “ On “ 4 ,6 , 5 5 — 57 46
5464 “ Off  “ 4 ,6 ,5 6 — 57 46

5466 On 4 ,6 ,5 6 — 57 46

5467 On “ 4 ,6 ,5 6 — 57.46

5468 “ O f f  “ 4 ,6 ,5 1 — 60.84

5469 On C C  4 ,6 ,5 1 — 60 84
5470 “ On C C  J , 6 ,5A 1 — 55 77

5471 “ On “ 4 ,6 ,5 1 — 64 22

5472 On “ 4 ,6 ,5 1 — 67.60

5473 1 4 ,6 ,5 1 — 60.84

5474 U 1 4 ,6,5 1 — 67.60

5475 “ On 1 4 ,6 ,5 1 — 62.53

5476 “ On 1 4 ,6 ,5 1 — 64.22

5477 C~ 1 4 ,6,5 2 — 46.475

5478 On 1 4 ,6 ,5 2 — 60 .84

5479 “ On 1 4 , 6 ,5 2 — 59.15

f 
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- .  Reference Date of Blower Muffler Energy of
- - Number Test Status Location Pressure Temperature Velocity Pulse , J

5480 7/12/78 Off  1 4 ,6 ,5 3 — 59.15

5481 “ Off 1 4 ,6,5 3 — 55.77

- 
5482 “ On 1 4 , 6 ,5 3 — 59.15
5483 On 1 4 ,6 , 5 3 — 66.755

5484 “ On 1 4,6,5 4 — 65.91

5485 “ 1 4,6,5 5 — 60.84

5486 “ Off 1 4 ,6 ,5 5 — 64.22
5491 “ Off 1 4 ,6,5 4 — 62.53

‘a 5492 C C On 1 4 ,6 ,5 4 — 54.08
5493 “ 1 4 ,7,5 7 — 64.22
5494 “ Ott 1 4,7,5 7 — 64.22

5496 “ Off 1 4 ,7,5 7 — 33.80
5497 C C  Off 1 4 ,7,5 7 — 54.08
5498 Off 1 4,7 ,5 7 — 50.70
5500 CC Off  1 4 ,7,5 4 — 54.08

5501 CC Off 1 4 ,7,5 4 — 54.08

• - 5502 “ On 1 4 ,7,5 4 — 62.33
5503 “ On 1 4 ,7,5 4 — 69.29

5504 C C On 1 4,7,5 4 — 70. 135
5505 ~ ‘ On 1 4,7 ,5 5 — 67.60

- 
5506 On 1 4 ,7 ,5 5 — 65.065

- .  
5507 On 1 4 , 7 ,5 5 — 70.135
5508 “ O~ f 1 4 , 7 ,5 5 — 65.91

5509 CC Off 1 4 ,7,5 5 — 54.08

- 5512 On 1 4 , 7 ,5 4 — 64.22

5517 7/14/78 On 1 4 ,5 4 1 65.065
5518 On 1 4,5 5 1 55.77
5519 “ On 1 4 ,5 5 4 87.035
5521 On 1 4 ,5 5 4 67.60
5522 On 1 4,5 5 4 80.275

‘

~ 
5523 On 1 4,5 4 5 67.60

‘ 1
* Assumed Va lue ,
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PVC Circulator Experimental Data
Page 1’~.5No. 5381

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 26 June 1973

- 

Gun Data
1. Upper Trace

Voltage 1~~~~/div
- Time Scale IV /div

Inverted?~~~~ No

2. Lower Trace

• Voltage 5V /div
V

Time Scale 1,isec /div

Inver ted? Yes

- Attenuation ________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P
1 Ch. 1 O.02V /div

- 
P

6 ~~~ 
2 U.fl2V /div

- 

~5A 
Ch. 3 O .02V /div

T7 Ch. 4 O.05V /div

Time Scale 2msec /div
- - - Sustainer Voltage 25 .9kV

- 
- 

Flow ? On
Gas Type N2
Notes : 1 muffler only

Analyzed Da ta:

E = 33.80

H ] T~

_ _  

-

-

- 
;-~~~~~

‘ - - - 
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PVC Circulator Experimental Data
Page 136
Nc. 5382
Date 26 June 1978

- - Gun Data

1. Upper Trace

Voltagesootnv / div

- 
1~~ Time Sca1e5OOnse~div

Inverted?~~~~ No

2. Lower Trace

I 

Voltage 2V /div
Time Sca1e50Onse~div

1U1 - , 

_______

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P
1 
Ch. 1 O.02V /div

- - 
P

6 
Ch. 2 O .0 2V /div

- 
P

5
Ch. 3 O.02V Idly

-~ - 
-

- 
T7 ~

h. 4 O.O5V /div

Time Scale 2msec /div
Sustainer Voltage 26.2kv

Flow ? On
- - - - -—  

Gas Type N 2
Notes : _________________

Analyzed Data:

E = 106.4045

i I  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _
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PVC Circulator Experimental Data
Page 137
No. 5400
Da te 

___________

Gun Data

. 

1. Upper Trace

Voltage IV /div

Time Scale 2~secJdiv

Inverted?~~~~ No

- 
2. Lower Trace

Voltage 5\T /div

Time Scale 50Ons~~~iv
Inver ted? Yes

-. 
Attenuation 

________

Voltages

Ch. 1 O.02v /div

P
6 

Cli. 2 O .02V /div

- ~~~~~ 
1~~~~~~

’ T
7 

Cli. 3 O .1 OV /div
- 

~~~~~~~~~ 
P.
A
Ch. 4 O.02v /div

Time Scale 2msec /div
_. _ i _  -~~ -— -.~~- 

.

-- ~~~~~~~~~~~~~~~~~ ~~~~~~ — -
Sustainer Voltage 28.8kv -

Flow? On Of f

_________________________________________ 
Gas Type N2
Notes : 

______________

Analyzed Data:

~
) ~• E — 56.59535 

. 

. .
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PVC Circulator Experimental Data
Page 138
No. 3402

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 
___________

4

Gun Data
1. Upper Trace

Voltage 1V /div

Time Scale 2usec/diV

Inverted?~~~~ No

C 2. Lower Trace 1

Volt age 5V /div

Time Scale500nseMiy -

Inverted? Yes

- — Attenuation 
________

Voltages

_____ 

_________________  

Cli. 3 O.OSV /div

- 
_____________________  

T1 Ch. 4 O.O5V /div

Time Scale 2msec Idly

Sustainer Voltage 25.9kv

Flow? On - -

Gas Type N,
Notes : 

_______________

Analyzed Data:

E — 49.01

J - -  
-5-- --- 

-~~~~ -~~~~~~~~ 
- - 5- --- -- 

_
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PVC Circulator Experimental Data

Page 139
No. 5403
Date 

__________

- , Gun Data
1. Upper Trace

- 
- 

“
~~~~~ 

- Voltage j,~~jdiv

- Time Scale 2-~gec Idly

Inverted?~~~~ No

- - - 2. Lower Trace

Vol tage 5V /div

Time Scale SOO isec/div

Inverted? Yes
- 

- Attenuation 
________

‘1 Vol tages

P
1 Cli. 1 O.02V /d~ v

- 

~~~~~~~~~~~~~~~~~ 
~~~~~ 

P
5 

Cli. 2 0. 02V / div

- - ! 
~~~~~~~~~~~~~~~~ ~5A Cli. 3 0. 02V /div

+~~ . i e e ~~I~~~ T
1 

Cli. 4 p.05y /div

— 
‘
~~~~~~ !i . r — ~~ Time Scale 2msec /div

___________________________________________ Sustainer Voltage 26.0kV

_ _ _ _ _  
_ _ _ _  

Flow? Of f

______________________________________________ Gas Type N
2

Notes : 
________________

I
Analyzed Data:

E = 34.06202 . P

_ _ _  

~~~~ 5A

T -
~~~

. [  ‘ 
~6

1

_ _ _ _ _ _ _ _ _ _ _  
_ _ _ _ _  - - _ _ _ _ _ _ _ _
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PVC Circulator Experimental Data
Page 140
No. 5408
Date 11 July 1978

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Gun Data

--  1. Upper Trace

- Voltage IV /div

- 
- - 

Time Scale2,Jsec_/div
V 

~
, Inver ted?~~~~~ No

‘ 2. Lower Trace
-
. Vol tage ~~ jdiv
- 

Time Scale 500nsec/d iv

Inverted? Yes

- - Attenuation 
________

• 

Voltages

P
1 

Cli. 1 0.02V /div

P.. Cli. 2 0.02V /div

Ch. 3 0.02V /div

- T
1 

Cli. 4 0.05V /div

- Time Scale 2rnsec /div

Sustainer Voltage 26.7kv

- ,  - - - - , F1ow?~~~~~ O f f

Gas Type N
2

Notes : 
________________

Analyzed Data:

E = 71.70709

. . -

1: P
1

T
1

—-
~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ • - 

- -

~~~

-

~~~~~~~ . ~~~~~~~~~~~

—

~

-

~~

—-- — 
- 
---- -— - 
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PVC Circulator Experimental Data
Page 141
No. 5410
Da te 11 July 1978

- Gun Data

1. Upper Trace
— 

- 

- 

Voltage 1V /div

Time Scale 2~isec/div

Inverted?~~~~ No

2. Lower Trace

-; Voltage 2V /div

— Time Scale SO0nsec./div

Inverted? Yes c~1~— 
— At tenuation 

________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P
1 
Ch. 1 O.02V /div

P
5 

Cli. 2 O.02v /div

P. Cli. 3 O.02V /div
b

T
2 

Cli. 4 0.05v /div

Time Scale 2m~ec Idly

Sustainer Voltage 25.3kV

- - - - - Flow? On

Gas Type N 2

Notes: 
_________________

Analyzed Data:

E — 6 4 . 2 2  C

5.5

T2 . 

~~~~ 

[ 1 -

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - --- - -- -— -5— --
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PVC Circulator Experimental Data
Page 143
No. 5412

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 11 July 1978

5 Gun Data
1. Upper Trace

Voltage IV /div
- Time Scale 2I~1SeC /div

_____ 
Inverted? ’ No

2. Lower Trace

I ~! I Voltage 2V fdiv

III I Time Scale SOOnsec/div

Inverted? Yes

Attenuation 
________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P
1 
Ch. 1 O.02V Idly

- Cl-i. 2 O.02V /div

? Ch. 3 0.02V /div

T , Cli. 4 0.O5V/djv

Time Scale 2msec /div 

Sustainer Voltage 25.8

- 
- -- 

-~ - - - - 
Flow? On
Gas Type 

________

Notes : 
_________________

Analyzed Data:

E = 6 7 . 6

T2 

~~~~~~~ 1 -
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PVC CIrculator Experimental Data
Page 144
No. 5413

- Date 11 July 197d

Gun Data

1. Upper Trace

~~~- Voltage IV /div
Time Scale 2~jsec /div

II4 ~~~~~~~~~~A~~~~~~~~~~~ 
Inverted?~~~~ No

- 
- 

2. Lower Trace

r Voltage 2\T /div

TIme Scale SOOnsec/div

Inverted? Yes
Attenuation _________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P
1 
Ch. 1 0 .02V /div

- 
P

6 
Cl-i. 2 0.02V /div

P5 5 Ch. 3 O.02V /d iv

- T_ Gb. ~ O.05v /div

Time Scale 2tnsec /div

- 
- Sustainer Voltage 25.8

Flow? On

Gas Type N 2
Note s: temp . unit o f f

Analyzed Data: T
3

E = 6 7 . 6

L -

~~~~~~~~~~~~~~~

•

~~~~~~~~~~~~~

$ 1
- 
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PVC Circulator Experimental Data
Page 145
No. 5414
Date 11 July L97 8

Gun Data
1. Uppe r Trace

Voltage IV /div
Time Scale 2psec/div

“C - ’

Inverted?~~~~j No

-: ~~~ 1 2. Lower Tracea. ‘ Voltage 2V /diva Time Scale SOOnsec/ciiv

•, ,  , Inverted? Yes (

Attenuation 
_________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

Ch. 1 O .02V Idly

Cli. 2 O.32\’ /div

3O.02v__/d iy

‘ C 
T
3 

Cli. 4 O.05V Idly

Time Scale 2rnsec “div

Sustainer Voltage 25.8

- - - - - - - - Flow? On

Gas Type N ,
Notes : _________________

Analyzed Data: T 3

E SO .84
I - P 5.)

-
--

-

I 

_ _

T 
_ _

F
l I • 1 6

V
_ _ _ _ _ _ _ _ _ _ _  — •~~~~~ ~~~~~~~~

- - - -  - —----—— 
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PVC Circulator Experimental Data
Page 146
No. 5415
Date 11 July 1978

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Gun Data
1. Upper Trace

Vol tage 1V /div
- 

- Time Scale 2IJSeC/djv

• — I 
Inverted? (~~~) No

- 2. Lower Trace

Vol tage 2V /div

- 
Time Scale 500nsec/ciiv

U 
Inverted? Yes (~~‘~

- Attenuation 
_________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

F , Ch. 1 O.02\’ /div

- 

- - 

— 

- 
- 

- — P
6 

Cl-i. 2 0.02v /d iv

P. Ch. 3 O.02V /div
).

- 
• .   - I 

Cli. 4 O.05V ,‘div 

- - Time Scale 5msec /div
- - Sustaine r Voltage 25.3

- 
- 

- Flow ? Off
Gas Type N ,

Notes: _________________

Analyzed Data:

E = 57.46 
-

. p -

~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ -- ~~~~~~~ - - - - -~~~- — ~~~~-
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PVC Circulator Experi~ enrai Data

T Page 147
No. 54 16

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 30 June 1978

Gun Data
1. Upper Trace

- - a ,. Voltage 1V /div

Time Scale 2~jsezfdiv

Inverted?~~~~,~ No

~~~ 2. Lower Trace

IUI~ 
- Voltage 2V /div

Time Scale SOOnsecJ aiv

RI ‘
~~~~,, Inverted? Yes

Attenuation 
_________

Voltages

P
1 
Ch. 1 O.02V /div

P
6 
Cl. 2 O.02V /div

P
5
Ch. 3 O.02V /div

Cli. 4 O.05V /div

Time Scale 5tnsec /div
Sustainer Voltage 25 .8

Flow ? Off
Gas Type N~
Notes : 

_________________

Analyzed Data: T
3

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
1

E = 72.67

- ~~ - -5’ - - -  
__,1 :~~~~~~~~ 

- 5-  - -  - 
-~~~ ~~~-- 



- ----- -5 — — -- — -~~~~~~~~~~~~~~~~~~ - 
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PVC Circulator Experimental Data
Page 148
No. 5420

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 11 July 1978

Gun Data
C ,  - -~~

1. Upper Trace

Voltage200mV/ div

Time Scale 2insec/div

Inverted?~~~~1 No

2. Lower Trace
Voltage 5V /div
Time Scale 500nsec/uiv

Inverted? Yes

- Attenuation 
-

, 

Voltages

Ch. I O.02V /div

P
5 

Cli. 2 O .O2V/d iv

~5A Cli. 3 0.02V /d iv

T., Cli. 4 O.O5V Idiv

Time Scale 2msec !div
Sustainer Voltage 25.8kv
Flow? On
Gas Type N,

Note s: M u f f l e r  (II )

Analyzed Data:

E = 2 3 . 6 6   

LT;

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ 
-—- - 

~~~~~
- 5’

~~~~~~~~~
- - - 

- - 

~~~~~~~~~~~ ~~~~



-
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- ___________

I
PVC Circulator Experimental Data

_ Page 149
No. 5421
Da te 11 July 1978

1. Upper Trace
Voltage 200mV/div

- 

C.: Time Scale 2msec /div
-- - - Inverted?~~~~ No

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Gun Data

2. Lower Trace
-• Voltage 2V Idiv

1 Time Scale 500nsec/div

- ~‘I I ,, Inverted? Yes

- Attenuation 
_________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

Cli. 1 J.O2V /djv

P
5 

Cl-i. 2 O . 02 V  Idly

~5A Cli. 3 
O.02V Idly

T7 
Cli. 4 0.33V /djv

Time Scale 2msec idly

- 
Sustainer Voltage 25.3kV

Flow? On
Gas Type N .5
Notes : 

_________________

Analyzed Data:
4

E — 57.45 1 ~5A

I _ j .  

_ _

_ _

~~FItN&.C I,’~ 
~~~~~~~~~ 

_ __________

.:;

~~~~

:

~

.. 
~ 5,i - L~~~~~~~~~~~~ ::1._: 1 -a’-- --- -- - . -



~~~—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~
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PVC Circulator Experimental Data

Page 150
No. 5422

Gun Data
C -

1. Upper Trace

Voltage lOOmV/d iv

Time Scale 2msec/div

- 
Inverted?~~~~ No

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 11 July 1978

2. Lower Trace
- Voltage 2V /div

Time Scale SOOnsec/div

Inverted? Yes

- Attenuation 
________

, 

Voltages

P
1 
Ch. 1 O.02V/div

F, Cli. 2 O.O2VIdiv
0

P
5~ 

Ch. 3 O.O2VId iv

T
7 

Cli. 4 O.O5VIdiv

Time Scale 2msec /div

Sustainer Voltage 25.8kv

Flow? Of f
Gas Type N 1

Notes: Muffler (II)

Analyzed Data:

p E = 6 0 . 8 4
~~~~~~~~

— --— 
- 

~~~~~~~~~~~~~~

- 

~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~ 

- ~~~~~~~~



— 

~~~~~~~~~~~~~~~~~ 

-

PVC Circulator Experimental Data
Page 131
No. 5423
Date ii July 1973

Gun Da ta
1. Upper Trace

• Voltage lOOmv/div
- Time Scale 2mseq’djv

Inverted?~~~~l No

- 2. Lower Trace

Voltage 2V Idi’i

I lime Scale SO3n sec/div

I * 
Inverted? Yes

- Attenuation 
________

, 

Voltages

P
5 

Cli. 1 O.O2V/div

P Ch. 2 O.O2VIdiv

P~ Cli. 3 O.02V /diV
4

T~. Cli. 4 O.O5V /div

Time Scale 2msec /div

Sustainer Voltage 25.3kv
Flow? c:6~

-
~ Off

Gas Type N
2

Notes: Muffler

I
Analyzed Data: T

3 
T
4

P ‘

E = 6 O . 8 4  ~5A

1 T 7 ‘~~6

---~ -~~~~~~~~~~~~~~~~~ . 
- “ — -

~~~~~~



— - ---,--~~~~- ---- - -- -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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PVC Circulator ExperImental Data
Page 152
No. 5424
Date 11 July 1978

- 
Gun Data

- 
‘ - 

1. Upper Trace
Voltage lOOny/ div

Time Scale 2~ sec/div
Inverted?~~~~ No

2. Lower Trace
- Voltage 2V /div

U Time Scale SOOnsec/div 
- -

I 
Inverted? Yes

- 
Attenuation 

________

Voltages

Ch. 1 O.02V/djv

P
6 

Cli .  2 O.O2V/diy
—

P5 5 Cl. 3 O.O2V/dt’~’

— 

~~~~~~~~~~~~~~~~~~~~~~ T 3 Gb. 4 O.05V/div

Time Scale 2msec/d iv

_____________________________________________ Sustainer Voltage 25.8
Flow? On Of f

Gas Type N
2

Notes : amp out

Analyzed Data: T3

E = 64.22 )
5 .5

C 

_______ 

H

_ _ _ _ _  ~~~~~~
.•--



~~~~~~~~~~~
-
- --—-~~ -- - — ~~~~~~~~~~~~~~~~~

PVC Circulator Experimental Data
Page 153
No. 5425

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 11 July 1978

Gun Da ta

~: 1. Upper Trace

VoltagelOOmV/div

Time Scale 2msec /div
Inverted? No

2. Lower Trace
Voltage 2V /div
Time Scale SOOnsec/div

Inver ted? Yes
Attenuation 

________

, 

Vol tages

P
1 
Ch. 1 O.02V /div

Ch. 2 O.O2V /div

P,. Cli. 3 O.O2V /div

T . Cli. ~ O.OSV Idiv
D

Time Scale 2msec /div

Sustainer voltage 25.8kv

Flow? On
Gas Type N,~

Notes: Muffler (II)

- - 

Analyzed Data: T T
3 4 ‘F

5

E = 62.53

T
2 ___r _ _ _ _

~ 
.j  .

_ _ _  
~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ X



- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~

PVC Circulator Experimental Data
Page 154
No. 5426

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 11 July 1978

- 

Gun Data

1. Upper Trace

- - 
Vol tage200mV/d iv

~ 
Time Scale 2msec/div

- I Inverted?~~~~) No

2. Lower Trace

Vol tage 2V /div

U1 Tine Scale SOOnsec/div

II , 
Inver ted? Yes

- Attenuation 
________

N  

Voltages

P1 Cli. 1 O.02V /div

- 
Cli. 2 O.O2V /div

P
5 

Cli. 3 O.OZV Idly

T
5 

Cli. 4 0.05V Idly

Time Scale 2msec !div
Sustainer Voltage 25.8kv
Flow? Off
Gas Type N,
Notes: _________________

Analyzed Data:
- - 

T
5 ~

E=64 .22 
. . .

- ~.r . ‘
~~~~ 6

1~ ~ L
1’

~~ - 1 T~~~--~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~  

- 

±- 
.-
-1

~~~~~~~~~



5-~~~ :*:~~ -
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PVC Circulator Experimental Data
Page 155
No. 5427
Date 11 July 1978

Gun Da ta
1. Upper Trace

Voltage 200tn\J/div

Time Scale 2msec /div

“ Inverted?~~~~ No

2. Lower Trace
- Vol tage 2V /div

Time Scale 500nsec/civ

Inverted? Yes

Attenuation 
_________

, 

Voltages

Ch. 1 O.02V/div

P
6 
Ch. 2 O.02V/div

P
5 

Ch. 3 O .02v/div

Ch. 4 p .p~ yIdiv

Time Scale 2msec/d iv
Sustainer Voltage 25.8kV
Flow ? On
Gas Type N 1
Note s: No Muff le r

Analyzed Data:

___________________________

_ _ _ _ _ _ _ _ _ _

E = 6 2 . 5 3  
C

~~ •1 •

~~~ ItL~ .A 
~~~~~~~~~~~~~~~~ — —

---- 
~~~

-5__ ____ . _ — 
~~~ — 1



-

~~~~~~~

-

~~ 

- -~ —
~~~~

I
PVC Circulator Experimental Data

— Page 156
No. 5428
Date 11 July 1978

- Gun Data
A - 1. Upper Trace

- 
Voltage200mV/div

~~ 

_[ Time Scale 2msec/div
Inverted?~~~J No

4111 11 i! fl 2. Lower Trace

~II~ II Voltage 2\T !div

Time Scale 500nsec/div

, 

Voltages

P1 Ch. 1 O.02V Idly

P
5 

Cli. 2 O.O2V /div

- P Ch. 3 0.02V ,1d i’,
)

- 
T~ Gb. 4 O.O5V /div

Time Scale 2msec Cdiv

Sustainer Voltage 25.8kV

Flow? Of f
Gas Type N 6
Notes : 

________________

- - 
Analyzed Data: T

5

E= 67.6

1 T7 
H~~6

_ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  T~~~~

- 



~ 
T :~~~~~~r~~~~~~~

’—
~~~~~

--- - - - -——--- _~~~~~~~~~~V~~~~~~~~~~~~~~~~~~~~~~~~~~~
- 
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PVC Circulator Experimental  Data
Page 157
No. 5430

,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 11 July 1978

-. - Gun Data
1. Upper Trace

4 Vol tage 200mV/div
- Time Scale 2msecidiv

— Inverted?~~~~ No

LI ‘ - -
~ 2. Lower Trace

11111 Voltage

Time Scale 500nsec/div

- 
Inverted? Yes

- 
——— --—- - Attenuation 

_______

Voltages

P
1 

Cli. 1 O.02V Idly

F , Cli .  2 O.02V / d ly

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ---- -5-—— Cli. 3 0. 02V td iv

T
5 

Cli * 4 0. 05v / div

Time Scale lOmsec /div
Sustainer Voltage 25.8kv

• 
_ _ _ _ _ _  _ _ _ _  

F1ow?~~~~~

Notes : 
________________

I Analyzed Data: TT
3 

T 4

E = 3 7 . 1 8  I

I 
_ _ _ _

-  

T
2 

~~~~ 

. 

~P6

~~ ~~~~~~~~~~~~~~~~~ 

-: :—:
~~- -- --: 

~~~~~~~~~~~~~~~~~ 

. -
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- 
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PVC C i r c u l a t o r  Experimental Data
Page 158
No. 543 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 11 July 1978
I

Gun Data
4 ’

1. Upper Trace
Voltage 2mV /div

. - ‘ - I
i 

Time Scale 2msec/div
‘I 

Inverted?~~~~) No

UL 
2 . Lower Trace

Vol tage 2V /div

I Time Scale SOOnsec/div -

I ‘• ‘ Inverted? Yes

- 

- Attenuation ________

• 

Voltages

P
1 

Cli. 1 O.02V /div

P
6 

Cli. 2 O.O2V /div

P
5 

Cli. 3 O.02V /d iv

T 4 Gb. 4 O.05V /diy

- Time Scale Stnsec idly

Sustainer Voltage 25.8kv

Flow? On

Gas Type N
2

Notes : 
______________

Analyzed Data:
T3 

T
4 

T
5

E = 54.08

T
2

_ _  ‘ I~ 6

- - - - - -
- -—--~~~..-



-T -- —rr - ,~~ -
- - - 
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PVC Circulator Experimental Data
Page lsg
No. 5433
Da te 11 July 1978

- 
Gun Data

- 

Voitage 200inV/div

Time Scale 2mse~1div

~ i!A1MUUR Inverted? No

IUrI~IUI 2. Lower Trace
Vol tage 2V /d iv

C 
Time Scale 500nsec/div

1111 Inver ted? Yes
- Attenuation 

________ -

Vol tages - 
-

Ch. 1 O.O2V /div

P Gb. 2 O.O2V ,’div
— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —- 6

P _  Ch. 3 O.02V /d iv

- - Cli. 4 0.05V Idly

— Time Scale 2Omsec idly

Sustainer Voltage 25.8kv

Flow ? O f f

Gas Type N
2

Notes : ________________

Analyzed Data:
— 

T
3 

T ,

E = 59.15 
. . •

T ,

___  

1 T~ 

~~~

.

I~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

.i  j~~
_ 

—:-~—



-~~ — 
___  

—=—~-~~~~~~~~ - 
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PVC Ci rcula tor  Experimental  Data
Page 160
No. 5435 —

Date 11 July 1978

- Gun Data
- 1. Upper Trace

U UUU Voltage 20000/div
Time Scale 2u sec/ div
Inver ted?~~~~~ No

2. Lower Trace

Voltage ~~~j div

R IUkIUI - 
Time Scale 50Ons~c/djv

II II~I1~ _ _

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

Ch. 1 O.O2V /div

P
6 

Cli. 2 (L02V Idly

P_
5
Cli. 3 ~~~~~ Idly

T Gb. 4 o.osv Idly

Time Scale 5msec /div

Sustainer Voltage 25 .8kV
Flow? On ~O f f i
Gas Type N . .
Notes : No m u f f l e r

Analyzed Data: T
3

E = 59.15

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_______

‘C



— — - - - - - -- - 
~~~

--------,- 
~~~~~~~~~~~~~~~~ ______

PVC Circulator  Experimental Data
Page 161
No. 5436

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 11 July 1978

~~~~~~~ Gun Data
1. Upper Trace

- Voltage200mV/div
Time Scale 2usec Idly

Inverted?~~~~~ No

11~ ~ 2. Lower Trace
Voltage 2V Idiv

- Time Scale SOOnsecldiv

IIIIU~ U~ 
Inver ted? Yes
At tenuat ion 

________

, 

Voltages

P
1 

Cli. 1 O.02 V Idly

P.  Ch. 2 O.02V /div
0

P5 5 Ch. 3 O.02V /div

T
3 
Gb. 4 O.O5V /div

- Time Scale Snisec idly

Sustainer Voltage 25.8kv

Flow? Of f

Gas Type N
Notes : N~ m i i f f l p r

Analyzed Data: T
3

E = 65.91 
C

. 
_ _  .



- ______

PVC Circulator Experimental Da ta
Page 162
No. 5437

- 
Date 11 July 1978

Gun Data

Voitage 2~~~~ /div

I ~ 4iii i~1I II IU~ UIY a!!I1• 2. Lower Trace
Th~. :age ~ j~~/d iv

Ui i~~ 
- Ticie Scale SOOnsec ‘dlv

1111 1 . Invert Yes

Attenuation 
_________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P
1 
Ch. 1 0.02’! /di-;

P
6 

Ch . 2 0 . 02 V  /div

P
5

Ch. 30.02V_ Idly

T
3 

Gh. 
~ 0.05V 

Idly

- 
- Time Scale 5msec -‘div

Sustainer Voltage 25.8kv
- Flow? O f f

Gas Type N~
Notes : amD. not in c i r cu i t ,

no mu f f l e r

Analyzed Data: T 3

E = 65.91 1 ~
iP 5 .5

• ~.~iicfd ,
~~ 4 1 • 

I .

L - =--

~

-
-

—

~~~~

-

-
~~ 

- -— 

~~~~~~
-
~~~~~~

- - -
. - 

~~~~~~ 

- 
~~~~~~~~~~~~~~~~~~~ 

- 
~~~~~~~~~~~~~~

- - - 
- -

~~~~~~~~~~~
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PVC Circulator Experimental Data
Page 163
No. 5438
Data ii July 1978

~~~~~~~~~~~~~~~~~
!ii I 1. Upper Trace

Ii~~~i1IiUI 2. Lower Trace

_•lIU~~T&IIU~ • Time Scale SOOnsec/div

IIII ~~~U~ 
- 

Inverted? Yes

- Attenuation 
________

Voltages

P
1 
Ch. 1 O.02V Idly

P Gb. 2 O. 02V /d iv
6

P
5 

Ch. 3 P.02V idly

T 1 Gb. 4 p - p ~y I div

Time Scale 2msec Idiy

____________________________________________ Sustainer Voltage 25.8kV*

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Flow? On

______________________________________________ Gas Type _______

Notes : 
~~~~ r n i a f f 1~~r

Analyzed Data: p
5

- - ‘ E=60 .84* 
-

T
2~~ T 1. ] . • 1 P

6

* 
P ________

Assumed value

~~~~~~~‘ _ _ _ _ _ _

--  - —  -
- - -~~~- . -~~ --



—5-5- -- - J r ’ ~~~~~~— -- ~~ _55-- --
- - -~~~~~~~ -~~-~ ~~~~~~~ -? ~~~~~~~~~~~~~~~~~~ — — -

r r -__--- -- - - - -  - - --— — ---—-5 - - 
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PVC Circul ator Experimental Data
Page 164
No. 5439
Da te 11 July 1978

- Gun Da ta
1. Upper Trace

- 

- Time Scale 2usec/div

i~&J lt•~ Inverted?~~~~~ No
• 

ii:i ~~~~

. 2. 
Vol tage .2~_../div

UiUiUI!.1 T ime Scale SOQmsec/dj v

U~ IIU Inverted? Yes

AttenuatIon 
________

Vol tages

P
1 
Ch. 1 0.O2V /dj~,

__________ 
~~~~~~~~~~~~~ 

P
6 

Ch. 2 O . O 2 V / d iv

-UI~~9 P.. Gb. 3 O.02V/div

— ~~~~~~~~~~~~~~~~ — 
- T2 

Gb. 4 0. 05V Idly

_______ Time Scale 2msec /d iv
Sustainer Voltage 25.8kv*

Flow ? Off
Gas Type N6

Notes: no muf f l e r

Analyzed Data:

E = 64.22 *

T
2 

_ _
r 

_ _C
- . . L 1~ 6

*Assumed value

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
——

~~~~

. - --=

~~~~

•-  -

~~~~~~~~ 
-
~~~ 

--

~~~~ ~
.-

~~~
-- - -  .



-- - 
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PVC Circulator Experimental Data
Page 165
No. 5441
Date 11 July 1978

Gun Data
1. Upper Trace

- 
- - 

-
~~ Voltage ~~Q~~/div

- 

- Time Scale 2~isec_/div

Inverted?~~~~, No

- •tIUI~iI~I 2. Lower Trace

- ~ IUI~I ~~ 1 tage 2 v i ’ div

UIiIiU~ 
- 

Time Scale 500nse c/ d iv

NUIRI .~~ !nver ted? Yes

At tenuation 
________

Voltages

____________________________________________ Ch. 1 0.02V idly

P Cli. 2 O.02V /dly

Cli. 3 0.O2v /div

— 

~2 
Gb. 4 0.02V /div

____________________________________________ Time Scale 2msec Idly

-- 
Sustainer Voltage 25.8kV *

_l_

- - - ..- Flow? cOn Off
—-----~~~~~~~~~~~~~~~~

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 2
U Gas T’.-pe N

2
No tes: no muffler

Analyzed Data:
P

5

* 
.

E = 72 .67
$

.1 -
~

__r ___H
• 1  .

*As m d value

1

C’ 

______  ______  -



-

~~~~~ 
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PVC Circulator Experimental Data
Page 166
No. 5443 —
Date 11 July 1978

-~~~ 
, Gun Data 

-4 .
— - 1. Upper Trace

III Vol tage 2~~~~~div
Time Scale 2psec /div -

~~~ 
Inverted?G ? No

I~II~~II 2. Lower Trace

I~ IIImU Voltage 2v fdiv

UUiURE~ 
Time Scale 500nsec/div

•.III 
~~- •• - Inverted? Yes (

~j )

Attenuation 
________

Voltages

P Ch. I O.O2v /div1

- P Cli. 2 O.02v /div
______ 

6

_______________________ P Cli. 3o .o2v_ /d iv

- ~~ ~~~~~~~~~~~~~ T
1 
Gb. 4 p - p ~

y ,‘dlv

Time Scale 2msec Idly

Sustainer Voltage 25.8kv*

- - .‘.-- - 
Flow? On

__________________________ Gas Type N
2

Notes : no muffler

Analyzed Data:
5

E = 6 7 . 6 0 *

* 

‘

~~
‘

P 

.

Assumed value 1

- —- - - ————-:—— — 

— - 
- - - -

~~
-—----- ---- -— ..-.--—- ,- - - -

— 
- — - — -~ — — —4 ——
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PVC Circulator Experimental Data
Page 1~~7
No. 5444

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 11. July 1978

- Gun Data
- *  

1. Upper Trace

~~~~~~IIII - 
Voltage

I~~~U Time Scale 2usec Idly

Inverted?~~~~ No

IIUI “
- 

2. Lower Trace

- .•.UUI~ Voltage 2 V /  dlv

UUUIU m Time Scale SOOnsec/div

Inverted? Yes

Attenuation 
________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P
1 
Ch. 1 O.O2V /dly

- 
P

6 
Cli. 2 O.02V /div

P
5 

Ch. 3 O.02V /diV

- - T
1 

Cli. 4 O.05V /diy

- 
Time Scale 2msec Idly

Sustainer Voltage 25.8kV*

- - - 
• 

Flow? On Off
Gas Type N

2
Notes: no muffler

Analyzed Data: p

E = 77 74* r
-

. I 1
U 

*Assumed value 
T 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
--.-- --

~~
- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ -

PVC Circulator Experimental Data
Page 168
No. 5445 —

Date 11 July J978

Gun Data

___ 
1 TT 1’

~.~pper ~race

~~~~~~~~~~~~~~~~ 
- Vol ta~e 2OOmV/div

‘I 
~~

• - 1~~ 
—

‘ I I~V~ Time Scale 2~isec / div

.‘~~~~
“1 Inverted?~~~~ No

RI 2. Lower Trace

Ulill. Voltage 2V Idly

- 
- Uii.i ~~~ Time Scale 500nsea/div

Inyerted? Yes

Attenuation 
________

Voltages

Cli. 1 O .02V /diy

____ _______ 
P Cli. 2 p 02V Idly

6

P
5 

Cli. 30 .02’!__/div

Gb. 4 p - py I div

Time Scale lOmsec ,‘d iv

Sustainer Voltage 25.8kV*

Flow? Of f

Gas Type N,

Notes : no m u f f l e r

Analyzed Data:
P5

t . .
E = 77 74*

‘

~~~~~ 

1 

.

* Assumed value

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -
~~~~~~~~

‘ T  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

‘
~~~~~~~~-~~~~~ 

- _
~__l
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PVC Circulator Experimental Data
Page 169
No. 5446

fl 

Date 11 July 1978

Gun Data
4 S

1. Upper Trace

Voltage 200mV/div
- Time Scale 2usec /div

-
~ ______ Inverted?G~~ ’ No

Ii 1 2 Lower TraceI,II1 L~U Voltage 2V idly

:llI ~ii Time Scale 500nsec/div

lUll ~~~~~~~ Inverted? Yes

Attenuation 
________

Vol tages

Ch. 1 O.02V /div

__________ P Cli. 2 p .OZV ,’div
6

P.. Ch. 3 o . 0 2 v/ d i v

Ch. 4 p 2 py I div

Time Scale lOmsec /div

Sustainer Voltage 25.8kV*

F1ow~ ~‘1~~~ ~~~
Gas Type N6

Notes: no muffler

- - 

Analyzed Data:
C -  5

E = 67 .6 O *

* ~~~~~~~~ l F  
] •

Assumed value

~~~~~~~~~~ ~~~~~~~~~~~~~~~
- - 

~~~
- -

~~~~~~

- 
-— - - 

-
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PVC Circulator Experimental Data
Page 170
No. 5448 —

Da te 12 July 1978

___ Gun Data

1. Upper Trace

Voltage 200nV/diy

:- I i UU~ Time Scale 2Ljsec Idly

4~4A~~UU Inverted?~~~~~ No
I
— 

~~~~~ 2. Lower Tracej U~ UIUh1 Vol tage ~~~~ Idiv

~~~~~~~~~ Time Scale 500nsecldiv

•~~~U1U ~~~~~~ 
- Inverted? Yes

Attenuation 
________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Vol tages

Ch. 1 O.02v  Idly

- 
P

5 
Ch. 2 p .p 2 vI d iy

P
6 

Cli. 3 O.02V/div

T Ch. 4 O.05V/dIv

Time Scale 2msec Idiv

Sustainer Voltage 25.8kv

- - 

- 
Flow? Off

- Gas Type N,

Notes :

Analyzed Data:

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

E=60 .84

-

~~~~~~~~~~~~~~ 

r 
~~~~~~~~~~•

~~~~~~~~~~~ 
----

~~

- 
- 

T~~

-- -

~~

-- - 

~~~~~~ --~~~~~~ 
5-

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~
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PVC C i rcu la to r  Exper imenta l  Data
Page 171
No. 5449
Date 12 July 1978

.
~~~~ Gun Data

1. Upper Trace

UII .~UII Vol tage 200mV/d iv

~~~~~~~~~~~~~~~~~~~ 
Time Scale 2’~sec /div

Inverted?~~~~~ No

2. Lower Trace

U~JUU&!~IU Vol tage 
~Ljdiv

- l~I: ii~~~ Time Scale 500nsec/div -

RiI ll I~~~ 
. Inverted? Yes

- Attenuation _________

Voltages

P Ch. 1 O .02 V id ly

Cli. 2 p . 02V ,‘div

P
5 

Ch. 3 (L02V Idly

~~~~~~~~~~~~~~~~~~~~~~ T , Cli. 4 o - n sv ,‘div

Time Scale 2msec /d iv
-Sustainer Voltage 2 .8kV

Ix - . 
Flow? On

‘
- T 1~k~~~~~~ Gas Type N2

Notes: 
________________

Analyzed Data:
5

E=55.77

_ _ _  
__ _ 

~~~~~~~~~~~~ 

~~~~~



- -

1

I
PVC Circulator Experimental Data

Page 172
No. 5450

fl 

Date 12 July 1978
-I I

I 

Gun Data

I . pper race
- Voltage 2mV /div

- 

~~ UU•~ Time S ca~~~~~us ed div

Inverted? 
~~~j~~

) No

2. 

/div

U~ URiI~~ 
- Time Scale 500nsecldiv

- 
- - - ~1UUW~ N~ 

- Inverted? Yes
- ____________ - 

Attenuation 
________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P
1 Cli. 1 O.02V /dly

- P5 Cli. 2 0.O2V idly

P
6 

Ch. 3 O.02V idly

- 
- - - - T

2 
Ch. 4 0.05’! Idly

- 
Time Scale 5msec /div
Sustainer Voltage 25 .8kv

- - - Flow ? On
- Gas Type N

2
Notes: 

________________

Analyzed Data:
0

E= 64 .22 

. . • i.
T 2~~ T 1

_ _  

. p P6
P

1

C- - 

--—--- — 
—
. 

~~~~~~~~~~~~~~~~~~~~ -~~~~ 

--

~~~~~~~~~~~~~ —•--------~~~~~~~~~ —



- 5- --
~

.
~

C - -
~~~~

-,——-5 ----- -S 
- -  _ 5 -_

~~~~~~~~~~~~~
5-

~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

PVC Circulator  Experimental Data
Page 173
No. 5451

- 1 U T r eI~E~ 
- Gun Data

- ~~~~~~~~~~~~~~~ - Voltage 2mV /div

Time Scale 2Usec/div

~4 ri i. Inverted?~~~~~ No

n 

Date 12 July 1978

2. Lower Trace

ltJU l~II1I Vol tage 2 V /  div
- - UUi~~ IVA1 Time Scale SOOnsec/div

Inverted? Yes

- - Attenuation 
________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Vol tages

Ch. 1 0.02’! ,‘div

- 

- 

P5 Cli. 2 0.02’! Idiv

P6 
Cli. 3 O.02V Idly

T
2 

Cli. 4 0.O5V Idly

- - Time Scale Smsec /div

Sustainer Voltage 25.8kv
- 

- - - -  
- 

- -  - - Flow ? Off
Gas Type N 2
Notes : _______________

Analyzed Data:
5

I

E = 5 9 . 1 5

T, 
_ _  _ _  

—5-—-—— - - 
~~~~~~~~~ 

- - __
~~~~~:

- 
— — —~~ 

—— — 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  5- ~ ~~~~~~~~
=

~~~~~~~~~~~~~-~~~~
‘-- —— ~~~~~~~~~~~~~~ 
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PVC CIrculator Experimental Data
Page 174
No. 5452
Date 12 July 1978

Gun Data
-- 1 U TU . pper race

Voltage 2mV /div

Time Scale 2~isec /div

Iuverted?~~~~ No

~ U~~~LV~~IU 2. Lower Trace

Vol tage 
~
y /  div

al5 iai,i Time Scale 500nsec/div

Inverted? Yes
- - 

Attenuation 
________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P
1 

Cli. 1 O .02V /div

P5 Ch. 2 0.02’! /div

P
6 

Cli. 30 . 02 V _ /div

T
3 

Gb. 4 0.05V /div

Time Scale 5msec /div

Sustainer Voltage 25.8kv

- 
Flow? On

- Gas Type N~
Notes:

Analyzed Data:
5

E = 64 . 2 2  
C

1 

.H
- ‘~~

- —
~~~~~~~~~~~Ei. ~~~~~~~~~ 

- S 

- ~~~~



PVC Circulator Experimental Data
Page 175
No. 5453
Date 12 July 1978

~ii iii ii iii. Gun Data

r 

- 
1. Upper Trace

V 1 2

~~!IIii i
2 Lo r

ipi:ii
~
j . 

_ _

____________ 
- 

Inverted? Yes

- 

- - At te nuation 
________

Voltages

P
1 

Cli. 1 0.O2V Idiy 
-

- ~~~~~~~ P5 Cli. 2 0. O2v idly

P
6 

Cli. 3 p.p2y Idiy

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T3 Cli. 4 p psy /d iv

Time Scale 2msec /diy

_________________________________________ Sustainer Voltage 25.8kv

______ Flow? ~~~) 
- 

Off
- Gas Type 

~2
- 

Notes: _______________

Analyzed Data: T p

E = 67.6 1 
.

r 
.

i’1 L

~~~~~JTI~~~ 
- - -

- 

- 

~~~~~~

--



— —~~~-—-~-— -- —- ~~~~~~~~~~ ~~~~~-~~—-~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

PVC Circulator Experimental Data
Page 176 

—

No. 5454
Date 12 July 1978

Gun Data

- 
- 

1. Upper Trace

Voltage 2mv ldiv 
-

~ 
e ca e Ilsec a v

~~~ 1 ~~I~*~E’1 Inverted? Yes NoV-il Wil l 2. Lower Trace

Vol ta e 2V / div

~~~IU~•~• - Time Scale SOOnsec/div

— u l l~~~11~ Inver ted? Yes
- 

Attenuation 
________

Vol tages

P
1 
Ch. 1 0.02’! idly

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ P 5 Gb. 2 P M2V /dly

Ch. 3 p~~p~~i Idly

- 
T

3 
Gb. 4 p pçt•y Idly

- Time Scale Smsec Idly

- 
Sustainer Voltage 26.0kV

- - - 
- 

Flow? Off

Gas Type N6
Notes : —

Analyzed Data: 
F
3 5
. . . 

~1S = 74.93643

-~T • f ~~~~~~~

. ~ 6 J

~~~~~ 
-
~~~

. - - .
‘

~~~~
-- -

~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~ 
:_~ 

—

~~~~~~~~~~~~
.. ~~~~~~~~

—
~~~~~~~ -
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PVC Circulator Experimental Data
Page 177
No. 5456
Date 12 July 1978

Time Scale 2~s:c/div

I 

~~~~~~~~~~~~ 2 

_ _

. ~
- II. ~~~r. 

- Inverted? Yes

- 
Attenuation 

________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Vol tages

Cli. 1 0.02V /div

Gb. 2 p .02y/diy 
-

P
6 

Ch. 3 p p?y/div

T , Cli. 4 0.O2Vidiv
4

Time Scale 5msec /div

Sustainer Voltage 25 .8kV

- - 
Flow? On

- - Gas Type N ,

Notes: __________________

Analyzed Data: T

E = 6 7 . 6  I 
_ _ _  ~i~i

__ 

•



- ~~~~~~~~~~~~ - - -  - E~
-
~
--

~ 
_ _ _ _  -J

PVC Circulator Experimental  Data
Page 178
No. 5457
Date 12 July 1978

Gun Data

1. Upper Trace

- Voltage 200mV/div
i

f
-

., 
Time Scale 2~sec

1div
- Inverted?~~~~ No

2. Lower Trace

- Voltage 2v idiv

Time Scale 500nsec/div

Inverted? Yes
- - Attenuation 

________

Voltages

Ch. 1 O.02V /div

P5 Gb. 2 0.02V /div

P6 Ch. 3 O.O2V idiv

T, Cli. 4 O.05V /div

Time Scale SOmsec /div
Sustainer Voltage 25.8kV

______________________________________________ Flow? Of f

Gas Type N ,

Notes: 
_________________

Analyzed Data: T
4 5

E=64.22

~~~~~~~~

_

_ _ _  . 

H6

~~~- --



_ _ _  -- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~

PVC Circulator Experimental Data
Page 179
No. 5459
Date 12 July 1978 4

,- ., 4 -

- -a-
1. Upper Trace

- ‘ 
- 

Voltage 200mV/div

Time Scale 2usec /dly

Inverted?~~~~~ No

- 2. Lower Trace

U Voltage 2V /div
- 

Time Scale SOOnseciaiv 
-

- 

- Inverted? Yes (

- Attenuation 
________

Voltages

Ch. 1 0.02V /div

- P5 Cli. 2 O.02V/div

P
6 

Cli. 3 O.O2V /dix

- 
T, Gb. 4 0.05’! Idly

Time Scale SOmsec /diy
Sustainer Voltage 25 . 8kv - -

F low? O f f
— .~~~~_ 1__ ~~~~~~~~~~ 

- 
—S 

“W!~~T’~~~ 
-- ‘

Gas Type N
2

Notes: both mufflers in

Analyzed Data: 14

E = 72.67 .

2 .[ 1 . H~~~

~1 I 

—- - I-



_____  
——- —-5- —5- — -~

- -5-— - .~— --C- -~~~~ ~~~~~~~~~~~~~ - — 
- 

_____

PVC Circulator Experimental Data
Page 180
No. 5460

____________________________________________ Date 12 July 1978

Gun Data

1. Upper Trace

- Voltage 200mV/div

Time Scale 2~sec idly
- Inverted?~~~~ No

r - 2. Lower Trace

Voltage 2V Idiv

Time Scale 500nsec/d iv

— 

- 
Inverted? Yes

Attenuation 
________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Vol tages

P, Ch. 1 0.02’!  Idiv

Cli. 2 0.02V Idiv

P.. Cli. 3 p .02y /diy

Gb. 4 O .0 5V /dly

Time Scale 5msec Idly
Sustainer Voltage 25 .8kV *
Flow ? On

- 
Gas Type N~
Notes: bnth mtifflerg in

Channel 3 was hi t  by pulse
at tr igering time

Analyzed Data: P
4 5’ 5

E = 60 .84* 1

.H~ * 
_ _

Assumed value

-~~_ --- - ~~~~~~ — - — —-- -~~~~~~~ 

1



5-

PVC Circulator Experimental Data
Page 181
No. 5461

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 12 July 1978

Gun Data

1. Upper Trace

Voltage 100mV/div 
-

-- Time Scale 2~sec/div
- 

Inverted?~~ No

2. Lower Trace

Voltage 2V /dly

Time Scale SOOnsec/div

Inverted? Yes

Attenuation 
________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P4 Cli. 1 p.02v /diy

P
6 

Cli. 2 p .p 2y Idiv

Cli. 3 0.P2V IdiV

T5 Ch. 4 p p ~y/dly

Time Scale Smsec /diy

Sustainer Voltage 25 8kv*

Flow? On

Gas Type N
2

Notes: same as 5460 with
stable channel 3

Analyzed Data: P P T4 5’ 5

E = 62.53*

j .1 ~~~~~ .~~~~~~~i P 6

*AssuIned value

_ _ _ _ _ _  

-

-

- - 

~~~
..



PVC Circulator Experimental Data
Page 182
No. 5462
Date 12 July 1978

Gun Data
4 -

1. Upper Trace

Vol tage2oomVidiv

,:~ ___ Time Scale 2psec Idly

Inverted? No

2. Lower Trace

Voltage 2V /div

Time Scale SO0nsecjdiy

Inver ted? Yes
- - Attenuation 

________

Voltages

P
4 

Cli. 1 0.O2V idiv

P
6 
Ch. 2 0.02V ,C div

Ti —--- I —L~~~4-- ---4----~ ‘ ~ 
- P,~ Ch. 3 p .p 2 v ldiv

~~~~~~~~~~~~~~~~~~

_ - C —- T~ Cli. 4 p .p sy / d i v

Time Scale S0msec Idly
± ~~~ U i- —- . *Sustainer Voltage 25.8kV~

- Flow? c~i:) Off
~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~

--  Gas Type N
2

Notes : _________________

Analyzed Data: T P P
( 

4 ’ 4  5

E = 6 4 . 2 2 *

1 ]
*Assumed value



- - 
‘ ~~~~~ -~~~~~~=~~~~~~~ -- --‘~~~~~~~~ 

--

PVC Circulator Experimental Data
Page 183
No. 5463

__
__________ Date 12 July 1978 

-

C ~~~ - -

4 .  
Gun Data

1. Upper Trace

- - Voltage IOOmV/dlv

- Time Scale 2~isec idly

- 
Inverted?~~~~ No

2. Lower Trace

Voltage 2V /div

Time Scale 500nsec/div

Inver ted? Yes
— - - - 

- - - - 
AttenuatIon 

_________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P4 Ch. 1 0.02’! /div

P
6 

Cli. 2 0.02’! /div

P
5 

Cli. 3 o.Q2vJdiv

- T
5 

Ch. 4 p .05y Idly

Time Scale 5msec/d iv

Sustainer Voltage 25 .8kV

- - - 
- 

Flow? Off

Gas Type N
2

Notes : _________________

Analyzed Data: P5,T5
.
~~~~~~~~~

\\ ‘f
.

E = 57.46

- - -  
-

- 

-

~~~~~~ 

. 

r i -  

~~~~~~~ P6
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PVC Circulator Experimental Data
Page 184
No. 5464

- Date 12 July 1978 -

4 - Gun Data
V
. 1. Upper Trace

Voltage iOOmVdiv

TLne Scale 2usec /dly
- Inverted?~~~~ No

- 2. Lower Trace

Voltage ~~~~ Idiv

Time Scale 500nsec/div
• C 

Inverted? Yes

Attenuation 
________

Voltages

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ P , Ch. 1 0.02V /div
C-.

P
6 
Ch. 2 O.O2V /dly

- - 
P5 Ch. 3 O.02V /div

T Cli. ~ o.osv idly

Time Scale Smsec /div

Sustainer Voltage 25.8kv

- - 
- - 

- 
- _i_ _ - - 

- Flow? On

Gas Type N 2

Notes : ________________

Analyzed Data: P-. - 4 5

2 
E = 5 7 . 4 6

2 . 
.

_ _ _ _  

—

~~~~~~
- ‘

~~~~~~~~~~~ 

- —5- - ~~~ , 
—

- 
-

~~~~
--

-—-
--~~~~~

- 

—5-- - --- 5-— - - - -  

- 

- - - - - .  - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~



_ _ _ _ _ _ _  - - - ----- ------------ - - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~

PVC i r cu la to r  Exper imen ta l  Data
Page 185
No. 5466

- Gun Data

1. Upper Trace

- Voltage lOOmVidiv
J~ 1 - - - 

C 

Time Scale 2~isecidiv

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 12 July 1978

~
- Inverted?~~~~ No

4 2. Lower Trace

Voltage 2V /div

Il Time Scale 500nsec/’div

~uI 
- - - Inverted? Yes

- 
- - Attenuation 

________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P4 Ch. 1 0.02V idiv

Gb. 2 O.02V Idiv

- P~ - 
Cli. 3 O.02V /d iv

T
6 

Cli. 4 0.05v idly

Time Scale Smsec/div

- Sustainer Voltage 25.8kV

C Flow? Of f

Gas Type N ,

Notes : _________________

Analyzed Data: p
4 5

E = 57 .46

- -  - 

- __ _ i_ 
- _____-
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PVC Circulator Experimental Data
Page 186
No. 5467 —

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 12 Ji.ily 19 78

Gun Data

1. Upper Trace

Voltage lOOmV/ div
Time Scale2~.isec_/div

Inverted?~~~~ No

2. Lower Trace

Voltage 2V /div

Time Scale SOOnsec/div

4 Inverted? Yes

Attenuation 
________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P4 Ch. 1 O.02V /div

P6 Gh~ 
2 O.02V /div

P5 
Ch. 3 O.02V fdiv

~b . 4 p p ~y /div

Time Scale 5Omsec Jdiv

Sustainer Voltage 25.8kv

Flow?~~~~ Off

Gas Type N2 4

Notes : heat pulse test

Analyzed Data: P4 5

_ _  

1T6



- - -J T~~.: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

PVC Circulator Experimental Data
Page 187
No. 5468
Date 12 July 1978

Gun Data

1. Upper Trace

Voltage lOOm\I’div

Time Scale 1O~isec/div

Inverted?~~~~ No

2. Lower Trace

Voltage 2v /div

, 

Voltages

P. Ch. 1 O.02V /div
4

P5 Ch. 2 O.02V/diV

Ch. 3 (LO2V/div

T 1 Ch. 4 0 p5y/diV

• Time Scale 2msec /div

Sustainer Voltage 25.8kV

• Flow? On

Gas Type N..

~otes:

Analyzed Data: P4 5

E=60 .84

‘ I
~~~~~~~~~~~ ~~~t~~~J



‘~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — 
—
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PVC Circulator  Experimental  Data
Page 188
No. 5469
Date 12 July 1978

• • 
Gun Data

1. Upper Trace

Voltage lOOmV/div

Time Scale 1O~secJdiv

Inverted?~~~~) No

2. Lower Trace

Voltage 2V /div

Time Scale 500nse c /div

Inverted? Yes
• 

• 
Attenuation 

_________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P4 Ch. 1 O.02V /div

P6 
Ch. 2 O.02V /diV

• 
- - • - • P Ch. 3 cLO2V /div

T1 ~h. 4 0 20y /div

Time Scale lOmsec /div

Sustainer Voltage 25.8kv

Flow? (~~ I Off

Gas Type N8
Notes : Preston amo set on

100Hz bandwidth

Analyzed Data:
• 4 5

E = 60.84 

T
1 L ~~~~P

6

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ ~~~~ •~~~~ - ;~~~: 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

.

~~



_ _ _ _ _ _ _ _ _

PVC Circulator Experimental Data
Page 189
No. 5470

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 12 July 1978

Gun Data
• 

1. Upper Trace

Voltage iO Om’Idiv

~ .~~!‘ Time Scale lOuseddiv
• 

• 

0 

Inverted? No

r 2. Lower Trace

Voltage dy /div

Time Scale 500nsecfdiv

- . 
Inverted? Yes c~

)
- • 

- • - Attenuation 
________

2 

Voltages

P1 Ch. 1 0.02V /div

• 
• ;‘ ~~~ : - : . : .~~~~~~~~~;:~: 

- P Gb. 2 0.02V/div
i • 

0 
• 6

• 

• 
• P

SA Ch. 3 0.02V/div

T1 Ch. ~ 0.20V/div

Time Scale 50msec /div

- - - • 
Sustainer Voltage 25.8kv

- Flow? Off

Gas Type N,
Notes: Preston amp on

Analyzed Data:
• • 4 5

E 55.77

-

r _ _

T~ J

~~~~~~~~~~~~~~~~~ 

. • • •

~~~~~~~~~~~~~~~~~~ -
•
~~~~
---~~~ ~~~~~~~~

.-• •

~~~~ -~~~~~~~~- •-



-• 

— •~~~~~~~~~~~~~~~~~~ • • -~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

PVC Clrculator  Exoer imental Data 
0

Page 191
No. 5472

0 0 
Date 12 July 1978

• •
1 

0

• Gun Data

1. Upper Trace

Voltage lOOmV/div
Time Scale lpuseddiv

0 

Inverted?~~~~) No 0

2. Lower Trace 0

Voltage 2~~~
/div

0 Time Scale SO0nsec/div

Inverted? Yes0 0

Voltages

P Ch. 1 0.02V /div

— 
Gb. 2 0.02V /div

0 P
5 Gb. 30.02V_ fdiv

T Gb. 4 0.05V /div

Time Scale .lsec Idly

Sustainer Voltage 25.8kv

Flow? Of f

~~ Gas Type N
2

Notes: 
_________________

Analyzed Data: P P4 5

E = 67.6 

. _ _ _

• I . I- -

4

L,.

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
•
~~~~~~ - .-



~~~
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~w -- -~~~~ — -~—-•- --0--- ~~~~0 ~~~~~~~ ~~~~~~~~=• • . - 0  ~~~~~~~~~~~ - -. . ,  -

PVC Circulator Experimental Data 0

Page 192
No. 5473

:. 
Date 12 July 1978

~~~~~~ 
_________ Gun Data

• 
~~~~~~~~~~~~~ 

‘
~~~~~: 111 1 1. Upper Trace

_ _ _ _ _ _  _ _ _ _ _ _  

Voltage lOOmV/div
• •0_ ~~~• Time Scale lOpsec/div

~~~~~ ,4~: _ _ _ _ _ _  _ _ _ _  

Inverted? No

• _ _ _ _ _  • Voltage 2V /div

• 
• J1Ir 

¶ ‘
~~~ .

• 
_ _ _ _ _ _  _ _ _ _  

2. Lower Trace

• E • 
_ ___ ____  Time Scale 500nseo/dlv

- • ~~~~~~~~~~~~~~~~~~~~~ ;

__

~~~~~~~

• _ _______

• Inverted? Yes (,~~
)

• _ _ _ _ _  
Att enua tion  

_ _ _ _ _ _ _ _

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

Ch. 1 O .02V /div

P 6 Gb. 2 0 .02V /div

P 5 Gb. 3 0 .02V /diV

Gb. ~ p ,j~~y /div

Time Scale 2msec /div

Sustainer Voltage 25.8kv

Flow? •)n Off

Gas Type N~
Notes : Horn muffler

Analyzed Data: p 
_ _ _ _ _  

p
4 L\\\~1 ~

1~~~~ 
. 

_ _ _ _

E = 60.84 L~s\X\1

T
~~~~ 

1 
-

_ _  
I ~~~~~~~~~

• a— ~~



~~ 0~~ ~~~~~~~~~~~~ _ _ _ _  
_ _ _ _ _ _ _ _ _

PVC Circulator Experimental Data
Page 193
No. 5474

• • Date 12 July 1978r •
.~ Gun Data

V - 1. Upper Trace
- Voltageloonjv/div

Time Scale1O~sec/div

• 4 
Inverted?~~~~) No

2. Lower Trace

Voltage 2V /div

• Time Scale S0Onsec/div

• • . Inverted? Yes

• Attenuation 
________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P4 Ch. 1 0.02V /d iv

0 P6 Gb. 2 0.O2V /div

• -‘ P~ Cli . 3 0.02V /div

Gb. 4 0.05V /div

- 
Time Scale 5msec /div

Sustainer Voltage 25.8kv

Flow? On Of f

Gas Type N
2

Notes : Horn muffler

Analyzed Data: p  P• 4 N~~N ~
E 67.6 h~~~~N

~~~ 

-_;i;; 
____________ . 

-L



— -  ---- ‘ -
~~~ —----- r -- ‘

~~~~~~~~~~
- 
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PV C Circulator Experimental Data
Page 194
No. 5475

• Date 12 July 1978

Gun Data
• 0
- . 1. Upper Trace

Voltage 1QQrnY/div

- 
..:~~

. 
Time Scale lpuseo’div

4~
. . i~l:1 • 

Inverted?~~~~~. No

2. Lower Trace

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Voltage .2L...j div

~~~~~~~~~~~~~~~~~~~~~ ~~~ 
Time Scale S00nsec/div

~~~~~~~ Inverted’ Yes

- .
•
. ~~~~ .~~~ ~~~~~~~~ 

~~~~. 
. . AttenuatIon 

________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P4 Ch. 1 O.O2\~ Idly

P6 
Cli. 2 O.02V /div

P5 Gb. 3 O.02V /div

Gb. 4 p.osv /dlv

Time Scale 2msec /div

Sustainer Voltage 25.8kV

Flow? Off
0 

- 

Gas Type N
2

Notes: Horn muffler

Analyzed Data: 
_____ P

4 •’~ 5

E = 6 2 . 5 3  

T~ _ _ _ _ _

_ _ _ _ _  
- - - -~~~~~~~~~~~~~



• ------ -~~~~~~~------— -~,- •-~- 0~~~~~~~~~
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— 0_ 0~~~_~
_______ 

0 - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

I

PVC C i r cu L a t Dr  Experimental Data
Page 195
No. 5476
Date 12 July 1978

Gun Data

Vol:agelOOrnV/div

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
,
~~~ 

Time Scale 1O~ sec/div
- : ~ :. Inver ted?~~~~~ No

~~~~~~~~~i!A ~~~~ 
• 2. Lower Trace

Voltage 2V /div

4 Time Scale S00nsec/div

~~~~~~~~~~~~ ~ 
Invert cc’ Yes

Attenuation 
________0. —,-- ~~~~~~~~~~~~ 

~~~~~~ ~~~~~~~~~~

Voltages

- 
P4 Ch. 1 0.0 2V /d iv

P 6 Cli . 2 O. O2v /div

__________ ‘ P5 Cli - 3 0 .0 2V / div

Cli. 4 0 .2OV /div

- 
_ _ _

Time Scale lOmsec /div

Sustainer Voltage 25.8kv

Flow? (Ofl) Of f

Gas Type N 2
Notes : Horn muffler

Analyzed Data:

. I \\\\\1-

E = 64.22

• 
T~ 

[ 

1 .

• ____________ - •000 ___ _0000 • ___ — 0•_ 0 • • •

_ _ _ _  _ _ _  ~~~~~~~ 
- - k ~~~ ~= — — 

_;:z~-



~:~~~~~~~ — -- - —
~~ 

---- --— .—
~~~~
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PVC Circulator Experimental Data
Page 196
No. 5477
Date 12 July 1978

~~~~ 

Gun Data
- I.

- • .. 
1. Upper Trace

• 
• Voltage IOOmV/ div

- “~.s .
,w

t _ —

-
• 

- -~ 
Time Scale 10~iseddiv

~~
J

~~~~~~~~~ II~~~3 ~~~~~~~ 
Inverted?~~~~~ No

A ~~~~ 
•

• 
2. Lower Trace

Voltage 2V /div
Time Scale 500nsec/div

k-~~’~: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~ • Inverted? Yes

- — 

- • .

-

- Attenuation 
________

, 

Voltages

P~ Cli. 1 O. 02V /div

p
6 
Ch. 2 0.02V/div

P
5 

Ch. 3 0.02V/div

T Cli. 4 p p ~y/div

Time Scale 2msec /d iv
Sustainer Voltage 25.8kv

Flow? On Of f
- Gas Type ~

Notes : Ho rn muf f l e r

Analyzed Data: p 
_____ 

p
4 

~~~~ 
5

~~~

. 

E = 46.475 

T2 - 

. . 

L

a 1.
0
,I _____________________________

T~~~~~ J ,~~~~~~~~ • •~~~~~~~~~~~~~~~~~~~~~ ~~~~~ ••
- -~~~~~~~~~~~~~

--—
~~~~~~~~~~~~~~~~~~~~ ~~~~~~~

• •



‘ Z _
~~~~~~~~~~~~~~~~~~~~~— ---- ~~~~~~~~~~~~~~

PVC C i r cu la to r  Exper imental  Data
Page 197
No. 5478

- 
— Date 12 July 1978

~~~~~~~~~~~~~~~~~~~ 

Gun Data
- 1. Upper Trace

• ~~~~~~~~~~ 

0 • 

Voltage lOOmV/div

Time Scale IOusec/div

____ 

• Inverted?~~~~) No

____ 

2. Lower Trace

!~~J !II - _____ ~~• Voltage 2 V /  div

• 
~iI ~~~~~~~~~ 

• Time Scale 500ns ec /d iv

~~~
. ~*:j~~ 

;~~
J

~~~ ~~~~~~~~~~ ~~~~~• Inverted? Yes

Attenuation 
_______

~~~~~~~~ ~~~~~~~~~~~~
‘ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Vol tages

F, Ch. I O•02V /div

P6 
Ch. 2 O.02V /div

- P 5 
Ch. 3 O . 02V !div

T2 ~h .  4 0.05v /div

Time Scale 2msec Idly

Sustainer Voltage 25.8kV

• Flow? Off

Gas Type N,
Notes: Horn muffler

Analyzed Data: P
• _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

E = 6 0 .84 N~~~~T

T 2 _ _  _ _

f 

).( . 

_ _ _ _ _ _  

. 1 6

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~---~~~~-~~~~~~~ ~~~~~~~~~~~~~~~

I0’
~_i -1t

_



- -
~~~~~~~~~~~~~~~~~~

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~i:: 
~~0 0 ~~ _  

— —
-~~~~~~~~~~~ 
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PVC Circulator Experimental Data
Page 198
No. 5479
Date 12 Julyj~78

~~~~~~~~~ ~ • Gun Data

~~ 
•
__

- 1. Upper Trace

- 
•
~ 

•
~~ 

-. ower ~ace

s . ~~ ~~~~~~ ~~~~~~~~~~~~~~ 
• 

- 
Voltage 2v /div

- ~9~I ~~~~~~~~~~~~~ Time Scale 500nsec/div

.)~ _ _ _ _ _  

Inverted~ ‘es

~~~~~ -__

.—- -- --
~~ • .

~~ 
•.~~~ .- At tenuat on ________

Voltages

• - 
P. Ch. 1 0 •  02V i’div

____________________________________________ Cli. 2 O . 0 2 V  /div

_____ P Cli. 3 O .02V /div

Cli. 4 p .p 5y /div

- — -

Time Scale 2Omsec Idly

Sustainer Voltage 25.8kv

• Flow? Off

Gas Type 
~~~~

Notes : Horn ciuffler

Analyzed Data: P
4 5

E = 5 9 . 1 5

T 2
. [ 1

• • 1 1 •

I
f



0~ 
~0~ •p• -- — 

~~~~~~~~~~ ~~~~~ .~~~~
:•—

PVC Circulator Experimental Data
Page 199
No. 5480
Date 12 July 1978

-
• 

- 
Gun Data

— 1. U pper Trace

: • 
Voltage m V / d i v
Time Scale ipuseddiv

• .1 - 
Inverted?~~~~~j No

- .~~~~~ 2. Lower Trace

- 
Voltage 2V /div

- Time Scale 500nsec-/div

Inverted? Yes

• 
•. 

~~~~~~~~~~~~~~ — ~~~~ • Attenuation 
________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

Ch. 1 O .02 V Idly

Cli. 2 (LO2V /diV

P
5 

Gb. 3 p p ~~~!div

T3 Cli. 4 0 0çy / div

Time Scale Smsec fdiv

Sustainer Voltage 25.8kV

Flow? On

Gas Type N 2
No tes: Horn muffler

Analyzed Data: T P
3

E=59. 15

2 . 1  ]

L ~~~~~ ~~
— - -

~
- - - —  

T -E• • - 

~~~~~~~~~ —-a ~~~~



-— - -~~~. ~~~~~~~~~~~~~~~~~ -~~~~~~~~~-~~~~~~~ - - 
_____

PVC Circulator Experimental Data
Page 200
No. 5481

;.~~ 

Date 12 July 1978

• 0  , -~ 
Gun Data

1. Upper Trace

Voltage lOOmV/div

Time Scale 1O~secJdiv
Inver ted?~~~~~ No

2. Lower Trace

Voltage 2V /div

Time Scale 500nsec/div

• .. 0 Inverted? Yes
Attenuation 

________

Voltages

P, Ch. 1 O. O2V /div

P6 
Cli. 2 O.02v Idly

P5 Gb. 3 O.02V Idly

T
3 
Gb. 4 O.05V /div

Time Scale .lnisec/div

• Sustainer Voltage 25 .8kv
Flow? On

Gas Type N,
- Notes : Horn muf f l e r

Analyzed Data: T P p
3 5

E = 55.77

u 

-  
-

1•
4

-~~~• - - - -- ~~~~~~~~~~~

- 
A 

- - -‘
~~ ; -: .~~~~~~~~~~~ ~~~~~~~~~~~~~



— -‘~~~~~ - ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~

?VC Circulator Experimental Data
Page 201
No. 5482

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 12 July 1978

- Gun Data

1. Upper Trace

• Voltage lOOmV/div
- - Time Scale 1O~sec/div

tnverted?~~~~ No

- II ~IL 0 2. Lower Trace
• 

~

- 
Voltage 2V /d iv

- 
- 

Time Scale 500nsec/div
(
~~)

_  

Voltages

P4 Gh 1 O .02V /div

P
6 
Gb. 2 O•02V /div

P
5 

Cli. 3 CLO2V /div

T3 Gb. 4 o osv /div

Time Scale lmsec/div

Sustainer Voltage 25.8kV

Flow? Of f
Gas Type N.,

Notes : _______________—

Analyzed Data: 
T p

E = 59.15 I\X\\\1

_ _ _ _ _ _ _ _
t o  - ____________

2 .  .

(.

- - • 
0 ~~~ : T~-



~~~~~~~~ 0 0  . 0 ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _

PVC Circulator Experimental Data
Page 202
No. 5483

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 12 July 1978

Gun Data
1. Upper Trace

Voltage lOOm’Idiv

Time Scale ipuseddiv

• AL&I . 
- Inv~ rted?~~~~ ) No

2. Lower Trace

• Voltage 2V /div

Il ls Time Scale 500ns~c/div

- Inverted? Yes
• 

— 
~~~~~~~~~~~~~ Attenuation 

_________

- 
‘ 

0 Voltages
~~0~~~0 

-

• P Ch. 1 O O2V/ d iv
0 

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ P Cli. 2 O . 02v/ d i v• 6
- • 0 

• P c Cli. 3 O . O2 V / d i v
•0 •

• 
- - -

- T 3 Gb. 4 O.O5V/div
~~~~~~~~~~~~ ~‘r~- • 0 

Time Scale S0msec /div
0 

Sustainer Voltage 25.8kV

• Flow? Off

- - Gas Type N.,
• Notes : Horn m uif l ei ......

Analyzed Data: T P
53 ______

E = 66.755 j

2 - 
1 

- 
~6



~~~~~~~T~~~~~~~~~ I J ~~~~~~~~~~~~~
0 

-
:- -

~
— - --

~~~~~
• 

____

PVC Circulator Experimental Data
Page 203
No. 5484
Date 12 July 1978

f Y”~~ ~~~ - Gun Data

1. Upper Trace

Voltage lOOuiV/div

Time Scale 1O~seo’diV
Inver ted?~~~J No

2. Lower Trace

~~~~~~~~ 

- Voltage 2V /div

Time Scale 500nsec/div
0 

Inverted? Yes
• 

0 • 
Attenuation 

_________

-~~~~~ • . - - - ,~~ 
0 - 

- - Voltages

—:~~ 
- -

- •  - • 
- , 0 

- P Ch. 1 O .0 2V /div

• 

0 
• • 

•
-
~ Ch. 2 O .02V /div

• P 5 Cli. 3 (LO2V /diV

Cli. 4 OMsy Idiv

- Time Scale 5OmsecJdiv

Sustainer Voltage 25 .8kv

• Flow? Of f

- - Gas TYpe N
-
~ 

0 T 
- • ‘ • 0 Notes : Horn m u f f l e r

Analyzed Data:
T,,P, _____P

E = 6 5 . 9 1  _____

H 1 1 - 
L~ 6

L - 

0 

~~~~~~~~~~~ 
- 

~~~~- t ~~~~~~• - T~~~~ :- ~~~~~~~~~~~~



~~~~TI 
- 

~~~~~~~~~~~~~~~~~~~ — , -  T - ~~~
— 

_ _ _ _ _

PVC Circula tor  Experimental Data
Page 204

• No. 5485
- - 

Date 12 July 1978

Gun Data

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1. Upper Trace
Voltage lOOmV/div
Time Scale l0useddiv
Inverted?~~~~~ No

2. Lower Trace

- 

0 
Voltage 2V /d iv
Time Scale 500nsec/div

~~~ • . Inverted? Yes

- 
Attenuation 

________

Voltages

I 
___________ 

~~~~ 
~~~~~~~~~ :~~~_ E~~~~~~E

~~~~ ~4~t4’ Time Scale 2msec Idly

_. 
____

______ Sustainer Voltage 25 .8kv
- 

_____ ? ~~~~~~~~~ 
y Flow ? On Of f

_ _ _ _ _ _

- 

_ _ _  

~::e~~~~ 

N2

Analyzed Data: P ,T
4 \\ \  5 5

E 60.84 I 
- -

~ . -j j .  -k €

- •  ., ~~ 0 : - 0 -~~~~~ 

- 

-~~~ - - -



~ 
~~~~~~ • 

-

— 

- - —

~~ 

-
- -

~~~~~
- - - 

-

~~~~~~~~~~

—

~~~
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PVC Circulator  Experimental Data
Page 205
No. 5486
Date 12 July 1978

4
Gun Data

1. Upper Trace

Vol tage IOOmV/div

• 0 Time Scale lOiisecj div

- 
0 

-
‘ 

Inverted? (y~~ No

2. Lower Trace

-~ 
- Voltage 2V /d iv

I -~~~ Time Scale 5~0n~~ c/d iv

5 - Inverted? Yes ~NO~

- 
- - 

- 
- - Attenuation 

________

• ~~~~~~~~~~~~ ~~~~~~~ Voltages

__________________________ ~~ _ _ _ _

~ ~~~~~ 
~~~ Cli 3 0 o 2V /d iv

_________ ____ 
t Ch. 4 0. Q5y /div

~~~~~~~~~~~

jp
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Time Scale Sms ec Idly
- 

- 

Sustainer Voltage 25 .8kv

- - 
I 

- Flow? On

- •  - _ _ _ _ _ _ _ _  

Gas Type N 2
Notes : Horn muffler

Analyzed Data: T P4 \ 5 5

E=64.22 

- .
~~

j 
~1-~

1

, - -—
~~~~~~~~ —~~~~~~~~~~~~ --- - - - — — •~- - . 

~~~~ 0 _________ 
--  

0 ~~~~~~
• ••

~~~~~~~~~~~~~
• -



~ 
— - , 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~

PVC Circulator Experimental Data
Page 206
No. 5491
Date 12 July 1978

‘ 0
1, 

- 
• Gun Data

1. Upper Trace

• 
0 

VoltagelOOmV/d iv

- 
Time Scale1O~isec/div

• A - • Inverted?~~~~ No

-
~ 2. Lower Trace

Voltage 2V Idly

Time Scale SOOnsec/dlv
0 

- 

____ 

•• - Inverted? Yes No~
• At tenuation 

_________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

• P4 Ch. 1 O.O2V/div

P6 Ch. 2 O.02v/div

0 

0 
- P5 Cli. 3 O.O2 V/ d iv

• - T , Cli. 4 O . O SV/div

Time Scale Smsec /div

- Sustainer Voltage 25.8kv
—Th

n ow? On
Gas Type N .,

Notes : 
_________________

Analyzed Data: 
~ T P
4’ 4 r- -

-

E = 62.53

- 
1 

-

j
- -~~~~~~~-~

1_ . -•-• --- - 
-~ •-•

--
.-

- 

•- 
•~~~~~~~~~~~~~~~~~ - - -~~~~~ ~~~~ ~~~



PVC Circulat or  Experimental  Data
Page 207
No. 5492
Date 12 July 1978

- 
Gun Data

1. Upper Trace

• 

- VoltagelOOmv/div

Time Scale lOpsee/div
Inverted?G~~ No

2. Lower Trace

Voltage 2V /d iv

ik . USI ~~. Time Scale 500nsec/div
V. - - 

Inverted? Yes

Attenuation 
_________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P, Ch. 1 O .02V /div
4

P 6 Ch. 2 O.02V /div

P 5 Gb. 3 O.O2Vidiy

• 
0 

- T, Cli. 4 O.05V ,‘div
.4

Time Scale Smsec/div

Sustainer Voltage 25 .8kv

Flow? Of f

Gas Type N .,

Notes: Horn muffler

Analyzed Data: T ,P 
______4

• - L’~~\-~ 
-

E — 54.08

- 1 -

- --- ------- ~--- ~~~~~~~~~~



PVC Circulator Experimental Data
Page 208
No. 5493~i ,~,u. Date 12 July 1978

Gun Data

V 1. Upper Trace

~~~ Voltage lOOny/d iv
Time ScalelOusec/div

• Inverted? Yes No

2. Lower Trace

IJtJ I 4 
- .

- 

- Voltage 2V /div
- •  •fl I~~1 : - Time Scale 500nsecldlv

Inverted? Yes (:I~:)
- • 

- 
- 

• Attenuation 
________

U 

Voltages

P 4 Ch. 1 O.02 V Idly

• 
- 

P 7 Ch. 2 O.O2V Idly

P5 Cli. 3 O.02V/ div

. ~ ; Cli. 4 O.05V (div

Time Scale 5msec /di ;

Sustainer Voltage 25.8kv

Flow? ~~~~~~~ Off
Gas Type N,
Notes: Horn muffler

Analyzed Data: P

~~~~~~~~~~

E = 6 4 2’.

~~~~~ 2 • 
I 

.

L

I-

_____ _____________________________—• • — — — -  - - - _0•__ _ _0__ •_•___ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

•0~ ~-~~~ ---- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- 
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PVC Circulator Experimental Data
Page 2fl9
No. 5494
Date 12 July 1978

1. 

_ _

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

2 . ~~~~~~~~~~~~ 
/ div

~~~~ 
Time Scale SOOnsec /d iv

~ I~91~1~1~ _ _  

.~~~~~~ Inverted? Yes

- 

- 

0 

- 
Attenuation ________

Voltages

• 

— 

P 4 Ch. 1 O.02V Idly

P Cli. 2 O. 02V (div
_ _ _ _  

_ _ _ _I

P 5 Gb. 3 O.02V/div

_________________________________________ 
T 7 Cli. 4 ~ p5v (div

L

r 

Time Scale imsec (div
• - 

— .
Sustainer Volta2e 25.8k\~

-- 
Flow? Off

- Gas Type N2
Notes: Horn muffler

Analyzed Data: P

E— 64 .22 

.

.

~~~~~~~

T .,P.

I

- -a- ~~~~~~~~ 
-

~~~~~~



—~~ -
~~~~

PVC CIrculator Experimental Data
Page 210
No. 5496

— - Date 12 July 1978

~~~~~~~~~ 

- 0 Gun Data
-• . 0 

• 
1. Upper Trace

Voltage lOOm\Vdiv

11151 5 0 
Time Scale lOused div

I.s.5I~ Inverted?ç~~~) No

2. Lower Trace

tJII L1LIR~~ 
Voltage 2V /div

I Time Scale 500nsec/div

-~~ 
Inverted? Yes (No .

• - - - Attenuation 
________

~~~•“•- -•u~- — -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P4 Ch. 1 O.02V /div

• P7 Cli. 2 O.02V Idly

P
5 

Cli. 3 O .O2V/div

- T
7 

Cli.  4 O.05V Idly

Time Scale • 5msec/div

Sustainer Voltage 25 .8kv

Flow? On (o~ç.
Gas Type N

2
Notes : ________________

Analyzed Data: P4 ______•• 0 
_ ________________________. K \ \ \ \ . 1

E 33.80 • .\-‘ \ \ \  -

__________ 
I

5~~~ . . H
T

7
.P

7

t

-
~1~~ 0 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ -~~~--~~~~~~~ 

-



PVC Circulator Experimental Data
Page 211
No. 5497
Date 12 July 1978

- 

Gun Data
I•  V

1. Upper Trace

• Voltage b Ony/div

— - 
Time Scale lOiisecJdiv

• 
Inverted?~~~s. No

- 2. Lower Trace

Voltage 2V /diy

• - Time Scale 500nsec/d iv

5 .•• Inverted? Yes ,~ o

- . Attenuation 
________

___________________________________________________ Voltages

P4 Ch. 1 O .02V ,‘div

P— Cli. 2 O .02V Idly

: 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ T7 Ch. 4 

O.O2V/di: -

•

Time Scale .Smsecjdiv

Sustainer Voltage 25.8kv

:low? On •O t f ’

Gas Type N
2

Notes:  Horn mu f f l e r

Analyzed Data: p p
V 

~1~\ \\—~ ~
_ _ _ _ _ _ _  I

E = 54.08

• 2 . r

T 7 1 P 7

; II
--- :- -- 

-“  • 
~~~~~~~~~~~~~~~~~~~~~~~~~~ 0



~ 
-

. 

-- 
~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~
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PVC Circulator Experj  ~~~~~~~~~ Data
Page 212
No. 5498

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 12 July 1978

- 
- 

Gun Data

v * ~~~~~~~ 1. Upper Trace

Voltage 100mV/div

U Time Scale lOusec/div

Inverted?~~~~~ No

0 - 2. Lower Trace
• 

- U5~~ Vol tage 2V /d iv
Time Scale SOOnsec/div

- , Inverted? Yes k No 0

- — - 

~ Attenuation 
________

___________________________________________________ Voltages

- -  P4 Ch. 1 O .0 2V /diy

— 

P 7 Ch. 2 O . 0 2 V  /dly
—~~~ 

_0

IT— —1 Ch. 3 O.O2V______________ 
— 

Time Scal: hn:ec / dj v
--- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Sustainer Voltage 25.8kv

Flow? On ‘ f

- - - ---- Gas Type N .,
No tes: Horn mu f f l e r

Analyzed Data: P P

E = 5 0 . 7 O  E
i _

T7,P .

—

I 

~

— -• ••=---
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PVC Circulator Experimental Data
Page 213
No. 5500

• 4

Gun Da ta
1. Upper Trace

Voltage lOOmV/d iv
Time ScalelO~sec/div

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 12 Juiy 1978

~~ 
Inverted?~~~~ N~,

- 
2. Lower Trace

Voltage 2V /div

55 ~ Time Scale SOOnsec!div

55 • ,  Inverted? Yes ~~~
— -  0 Attenuation 

________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P, Ch. 1 O.02v 1’di’;
4

P
7 
Ch. 2 O.02V ‘di-i

• P 5 Ch. 3 O.02V/d iv

• T, Cli. 4 0.05V Idly
4

- • 0  
- 

- - -  
Time Scale 5tnsec Idly

Sustainer Voltage 25.8kv 0 ,

- - 
Flow? On
Gas Type N ., 0

Notes: 12—1” honeycomb 0 

-

sectlons(6 coarse ÷ 6 -

f i ne )  1 KHz low pass
Analyzed Data: fi l t~ r T P4’ 4 5

.~~~~~~~~\\\i . I
E=54.08 _~~~

• 

~~~~~~~~~~~~~~

- r  
j . H  H

_ _  
0



- _

~~~
i _

~~~~~~~~~~~~~~~~~~~~~

_

~~~~~~~~~~

_ _  

~~~~~~~~~

PVC Circulator Experimental Data
Page 214
‘~~~. 5501

Gun Data
• V

1. Upper Trace

Voltage lOOny/div

• Time Scale b0~sec/div
I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 12 July 1978

Inver ted?~Yes~ No

2. Lower Trace

Voltage 2V /div

Time Scale 500nsec/div

I , .  Inverted? Yes

0 

. Attenuat ion  
________

P Ch. 1 O.02V /dly
~~~ - 

P 7 
Cli. 2 O .O2V (div

P 5 Ch. 3 O. 02V /div

• 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

Cli. -
~ O.05V Idly

- - - -  
Time Scale 5msec idly

SustaIner Voltage 25.8kv

• 0 
- 

Flow? On
Gas Type N.,

Notes : 12— 1” honeycomb
sections (6 coarse +

6 fine) 1 K}i2 low pass
filter

Analyzed Data: T P4’4 5

E = 5 4 . 0 8  7

0

’ 

l

~~~~~~~~~~~~~~

.T

_

L _ _ _ _ _ _ _ _ _ _  - --
, .  

- —~~~~~ 

- ________



-~~~~ ~~~~~~~~~• •
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PVC Circulator Experimental Data
Page 215
No. 5502
Date 12 ~u1v 1978

Gun Data

1. Upper Trace

Voltage bOOmV/div

Time ScalebOusec/div

Inverted?
~~ 

No

2. Lower Trace
- 

Voltage 2y /div

Time Scale SOOnsec/div

Inverted? Yes
• . 

- - 
- Attenuation 

________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P
4 Cli. 1 O.02V (d iv

P7 Ch. 2 O.02V /div

P 5 Gb. 3 O .02V/div

T~ Cli. 4 O.O5V /div 
I

Time Scale Smsec (div

Sustainer Voltage 25.8kV

- 0 Flow? 19n:~ 
Off

Gas Type N~
Notes : 12—1 ” honeycomb

(6 coarse + 6 f ine)
1 KHz low pass f i l ter 

0

Analyzed Data: p T P4’ 4 5

• E= 62 .53 • 0

_ r  _

_  •
1 •

L P
7

L • 
_ _ _ _  

~~~~~~~~~~~~~ 
•
• 

~~~~~~~~~~~~~~~~~~~~



_______  ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~

PVC Circulator Experimental Data
Page 216
No. 5503

fl 

Date 12 July 1978

-• 
Gun Data

1. Upper Trace

55 Voltage 100mV/div 0

Time ScalelOusec]div

Inverted?(Yes No

:, 2. Lower Trace

555 0 Voltage 23~~~/d iv
0 0 Time Scale S0Onsec/div

-
~~~ 

:
~~~~~~~~~~

e5

__

No

- • 
0~ 5~~~• 4

P, Cii. 1 O.02V (d iv

P
7 
Cli. 2 O.02V /div

P Cli. 3 O.02V (div

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ?oltages

T Cli. 4 O.05V (div

Time Scale O.2sec/div

Sustainer Vol tage  25 .8kv

Flow? Off
- 

Gas Type N 2
Notes : 12—i ” honeycomb

(6 coarse + 6 fine)
1 KHz low pass f i l t e r

Analyzed Data: S

E 69.29 3 4 5
5A

— I

_ _  
7 6

• , - - - -  .
•- 

.
~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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PVC Circulator Experimental Data
0 Page 217

No. 5504
Date 12 July 1978

Gun Data

0 0 
1. Upper Trace

Voltage bQQ~~/div

Time Scale lOpsec/div

2. Low: : Trace 

No

5 5lI~ I Vol tage 2V /div

5 5 • Time Scale 500nsec/d iv
• 

- Inver ted? Yes No

- 
0 Attenuation 

________

Voltages

? , cli. i O. 02V /div
4

P _  Ch. 2 0.02V idly

P.. Ch. 3 0.02V /div
-

-- 

T
4 

Cli.  ~ O .02V (d iv

~~~~~~~~ ~~~~r~—it — ~~~ — Time Scale 0.2sec/div

Voit;ge 25.8kv 

0

Gas Type N- ‘ 2 0
Notes : 12—b” honeycomb 0

(6 coarse + 6 f ine )  • 0

100 Hz low pass filter

Analyzed Data:

3 . 4 - H \~N 5 -
E = 70.135

1. 

_________  

7.

_ _ _  - - --
V — 

-

~~~~ •
‘ --

~

-- 
- 

~~~~~~~ - -
-

~~~ - -- —---
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0 PVC Circulator Experimental Data
Page 218
No. 5505

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 12 July 1978

4
- - Gun Data

1. Upper Trace

Voltage lOOinV/div

Time Scale 1O~ sec/div

• • 0 Inver ted?~j No 0

2. Lower Trace

Voltage 
~jLjdiv

Time Scale SOOnsec/div
Inverted? Yes NO

• - Attenuation 
_________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Vol tages

P
4 

Cli. 1 O.02V 1’div

P 7 Ch. 2 O .02V /div

P ,. Oh. 3 0 .02V /diy

Cli. 4 O.02V (div

0  - 0 Time ScaleO.2sec_(div
-  - 0 - Sustainer Voltage 25.8kv

Flow? ) Off
Gas Type N.,
Notes: 100 Hz bandwidth

low pass f i l t e r  12— 1” -

honeycomb ( 6  coarse +

Analyzed Data: 6 f ine)

• 3 .  4 .

E— 67.60

• • • - 

- 

- ‘ 
- --- -—-

~~~~~ 
-
~ 

~~~~-_ ---— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
_
~Li
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PVC Circulator Experimental Data
0 Page 219

No . 5506
Date 12 July 1978

Gun Data

1. Upper Trace

Voltage IOOmV/dlv

- Time Scale bOusec/div

tnverted?c~~~ No

2. Lower Trace

Voltage 2.~ jd
iv

Time Scale 500nsec/div

Inverted? Yes No
- -  

- Attenuation 
________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P , Ch. 1 O.02v (div

P
7 

Cli. 2 O.02V /d iv

P. Ch. 3 O.02V /d iv

T Cli. 4 O.05v (div

0 Tthe Scale 5m~~ c (div

Sustainer Voltage 25 .8kv

- - 0 - 
Flow? ~On I  Of:

S Gas Type N
2

Notes : 12—1 ” honeycomb
(6 coarse + 6 f ine )

0 1 KHz low tass filter

• Analyzed Data:

0 

- — 

3 .  4 . ~~~~~\\\1 . 5

E = 65.O65

2 
_____1 

~~~
‘

~~~~~~~~~~~~~~~
-- •~~~ 

-

~~~~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~
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PVC Circulator Experimental Data
Page 220
No. 5507

fl 

Date 12 July 1978 0

4

a Gun Data

I

i. Upper Trace

S ~oltage 1Q~~. 
div

Time S al _____

~

div
0 Inyert:d?~~~~s N o

~ VIII . ower i. race 0

• I Volta e 2V (div

5~~I55~~& Time :cale soonsec,div

• Inverted? Yes

Attenuation 
_________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

F, Ch. 1 O.02v Idly
‘4

P7 Oh. 2 O.02V Idly 
0

0 5 P _ Ch. 3 O .O2V (d iv
) 

S

T Oh. 4 O.05V idly S

- 

Time Scale 2msec (div

Sustainer Voltage 25.8kV

• Flow? •~~~~~ Of:
Gas Type N~
Notes : 12—1 ’ honeycomb

(6 coarse + 6 f ine)
1 KI-Lz LPF 0

Analyzed Data:

I ~~~~
. 4 ~~~~~~~~~~~~~~~~~~~~~~~~~ f

E = 70.135 

- 

S

I 6~

-

_ _  

H
lI

~~~~~~

1 . 7 . I

- 0 -~~--~~~~ 

0 

• • • 1~
- • •~~ff



—— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~• 4 ~~— -~ _____- 
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~~~~~~.

PVC Circulator Experimental Data
Page 221
No. 5508
Date 12 July 1978 -

N~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

5 Gun Data

1. Upper Trace

Voltage lOOmV(div

Time Scale l0jise&div

5 Inverted?(~~~ I No

2. Lower Trace

I 

Voltage 2V /div

Time Scale SOOnsec/div

• Inverted? Yes
— 

Attenuat ion

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Vol tages

P4 
Cli. 1 O.02V (d iv

P7 
Gb. 2 O.02V I dly

P Ch. 3 O .02V (div• _ _ _ _

- 
T

5 
Cli. 4 0.05V Idly

lime Scale 2nsec ‘div

Sustainer Voltage 25.8kv

0 - Flow? On
S Gas Type N ,

- 

Notes : 12— i”  honeycomb
(6 coarse ÷ 6 f ine ) —

1 K}iz LPF
- 

Analyzed Data:
- 

3 . 4 ~ \ \ \  \\ 
S 

- 5
E 65.91

1~~~~

0 
— _ _ _ _  6

- — .  .~~~~~ 
1. 7 -  -

_____  - 
0 5 

~~~~~ ~j i~~~TT~~ :T 
I j-- -
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PVC Circulator Experimental Data
Page 222
No. 5509
Date 12 July 1978

- I 
Gun Data

V .  • ~ 1. Upper Trace
Voltage 100mV/div

Time Scale 1O~ secJdiv

• Inverted? ,~~~~ No

2. Lower Trace

Voltage 2V /div

Time Scale 500nsec/div

Inverted? Yes No .

• At tenuat ion 
________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Voltages

P Cli. 1 O .02V Idly
4

P Cli. 2 O .02V (d iv

P 5 Cli. 3 0 .02V (div

T Cli. 4 0.O5v Idly
0

Time Scale Smsec ,/diy

Sustainer Voltage 25.8kv

0~ - 
Flow? On
Gas Type N1
Notes : 12—1” honeycomb

(6 coarse + 6 fine)
I KHz LPF

Analyzed Data:

3 .  4 k \ \ \ \ N5 ~

E = 5 4 . 0 8

~~< 1 .  ~~ 7 .  
~ 6i

~~ 
.
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PVC CIrculator Experimental Data
Page 223
No. 5512

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 12 July 1978 - -

Gun Da ta
I.

1. Upper Trace

Voltage 100mV/dlv

Time Scale lOij sec/div

- 

I 
- Inverted?~~~~s No

- 2. Lower Trace

Vol tage 2V /d iv
- Time Scale 500nse c/d iv

Inverted? Yes No

• 
- I Attenuation 

________

Vol tages S

P~ Ch. 1 O. 0 2V (div

- P7 Oh. 2 O. 02V (d iv

P 5 Ch. 3 O.02V/ d iv  
S

T Ch. ~ O .O5v /dly

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Time Scale O.2secldiv

~~~~~~~ 

Sustainer Voltage 25.8kv
_____ - - ~~~~~~~~~~~~~~~ Flow~ ‘6~’ Of

~~~~~ __I • ~~~~~~~~~ ~~~~~~~~ 
—

~~ 
— — —I— — — —

~ 
— . 

— I - ‘

___________________________________________________ Gas Type N2
Notes: 4—1” honeycomb

(2  coarse + 2 f i ne )
1 KHz LPF

Analyzed Data:

• 3 .  4 .
~~~\~N 5

E = 64 .22  j .

_ _ _ _  1 6

�
~~ 

1. 
_ _ _ _

- -5- 
- ,, .

~~~~

- 
- -~~~~~~~~~~

•
-~~~~

=- I :-:.~~~ 
- 

~~~~~~~~
• .
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PVC Circulator Experimental Data
Page 224
No. 5517

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 14 July 1978 -

- Gun Data
I I I,

- 1. Upper Trace
Vol tage lOOny/div

- Time Scale lOuseddiv

- 
- 
.1* 

Inverted?(~~~ , No

• 2 . Lower Trace

- 
Voltage 2V /div

Time Scale 500nsec/d iv

. •• Inverted? Yes .~o.
• Attenuation 

________

Voltages

P
4 

Ch. 1 O.02v /div

. - - P
5 

Cli. 2 O.02V (dlv

1 
Oh. 3 0 - 2 OV Idly

Cli. ~ O.02V Idly

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Time Scale 0. 2sgçldiv
~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ Sustainer Voltage 25.8kV

I Flow? ‘On Off

Gas Type N2
Notes: 4—1” honeycomb

(2 coarse + 2 f ine)
I KHz LPF

Analyzed Data:

t 

3. 4 .~ ,\\ ’\\~ . 5

E = 65.065

2
L 

_____ 

16
1

- ~~~
- 1. 7 . H

L

—--I- ~
IS__ — -—•—- •---—- I - • --- - •-- --- ---

- 
-.

~~~
-----

~ 
- - i-t~ ~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~
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PVC Circulator Experimental Data
Page 225
No . 5518
Date 14 July 1978

S - 
Gun D a ta

,,

1. Upper Trace

Vol tage lOOmV/ div
Time Scale iOi~se&div- p-.

~~ 
ii 

-

~~~~~~~~~~~~~ 1 
Inverted? ~~~~~~~~ No

- 2 . Lower Trace

~IIII 
Voltage 2V /div

VIII Time Scale 
______

ll 5I~ 
.~~~~ Inverted? Yes No5

- Attenuation 
________

Vol tages

F , Oh. 1 O.02V (d iv
4

F .. Cli. 2 O.02V (div
0

V
1 

Ch. 30.20V_ (d iv

T . Ch. 4 O,02V (d iv
I

Time Scale O.2sec  /div -

~g j j
~ ~~~~~~~~~~~~~~ Sustainer Voltage 25.8kv -

Flow? O ff  
-
~ S

______________________________________________ Gas Type N~
Notes: 4_1~

I honeycomb

(2 coarse + 2 f i ne )
1 KHz LPF

Analyzed Data:

3 .  ~~~~~~~~~~~ 5

E = 55 .77



PVC Circulator Experimental Data
Page 226
No. 5519
Date 14 July 1978

~~~~~~ ~~~~ 

- -

~ Gun Data

1. Upper Trace

- ‘ 
Time Scale lOijseo”divI,

’ Voltage lOOny/div

Inverted? Yes, No

~~~ 

2. Lower Trace

• Voltage 23L (d iv

U - Tine Scale 500nsec /d iv
• ‘-  Inverted? Yes No~

- 
- - - 

Attenuation 
_________

Voltages

P, Cli. 1 O.02V ,‘div 

- -  P 5 Cli. 2 0.02V /d iv

V , Ch. 3 o.iov (d iv

— - - — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
-

- 

~~ Oh. 4 0.02V Idly

—- Time Scale 0 - 2sec/d iv

Sustainer Voltage 25.8kv

_______ Flow? ~~~~~~ Of f
Gas Lype N~
Notes : 4—F ’ honeycomb
all small (fine) 1 K}iz
LPF

Analyzed Data:

._? _ S

E = 87.035 

2 
___________ 

L

-

~~~ 

~~~~~ 1. 

r

- ~~I 
- 

- -
~~~~~



~~~ 
T . . ‘

~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~

PVC Circulator Experimental Data
?age 226
No. 551 9 -

Date 14 July 1978

- -

~ 

- 

Gun Data

I. Upper Trace

Voltage lOOny/div

Time Scale 1O~jseo’diV

Inverted? Yes, No

2. Lower Trace

Voltage Z~~~ /div

Tine Scale SOOnsec (div

• ‘.  Inverted? Yes No~

- 
Attenuation _________

Voltages

P4 Cli. 1 O.02V /div

P5 Cli. 2 0.O2V Idly

V 4 Ch. 3 0 . iOv (div

— - .r~ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - -

- - -  Cli. ‘~ O.02V Idiy

Time Scale 0. 2sec/div -

Sustainer Voltage 25.8kv

Flow? Q f l S  Off

Gas Lype N2
Notes: 4—F’ honeycomb

all small ( f i ne )  1 K}iz
LPF S

Analyzed Data:

3 - 4. 1 - I

E = 87.035 [
5j 1. 

-r H ’
6

- 
- 

- - -  

~~~I I • I



PVC Circulitor ExperImental Data
Page 227

- - 
No. 5521
Da te 14 Ju1y 1978

S - 
Gun Data

1. Upper Trace

• Voltage 1~ Q~y/div

- . 
Time Scale 1Oijse~’dlv

• ‘ I:Ag Inver ted? (
~e~

’ No

- 
J II ~j~ 2. Lower Trace

VII1gL~ - Voltage L/div

1 Tim e Scale 500nsec/div

Inverted? Yes No.

Attenuation —______

Voltages

P, Ch. 1 O.02V (d iv
4

- - P.. Ch. 2 O .02r  Idly
0

Cli. 3 0.02V(div

- T
5 

Cli. 4 0.O2V (div

I 
- Time Scaie 5msec Idly

I Sustainer Voltage 25. 8kv

Flow? -On Off

Gas Type N
2

Notes : 4—1 ” honeycomb
1 KHz LPF small ( f ine)  -

Analy zed Data:

3 .  4 . ~~~~~~\\~~~ \ ’S
55~~~~ . 5

E — 6 7 . 6 0

~~7. !

-- 
~~~~~~~~~~~~ ~~~~~~ 

-
~~~~~~~~~ ~~~~~~~~~~ .~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 
- ~r .



PVC Circulator Experimental Data
Page 228
No. 5522

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 14 July 1978

~~~ I~ I Gun Daca

1. Upper Trace

Voltage 1QQ~y/div

• - Time Scale 1O~ sec/ div
—

5Inverted? (i~es- No

I I~ 2. Lower Trace S

VIVU Voltage 2V (div

VII Time Scale SOOnsec/div

4 Inverted? Yes

Attenuation _________

• 

Voltages S

P
4 

Cli. 1 0.02V /djy

P Cli. 2 O.02V /div

Ch. 3 0 . lV tdiv

- T
5 

Cli . 4 
— 

O . 02 V / d iv

- Time Scale 5msec ldlv

Sustainer Voltage 25.8kV

Flow? Off
Gas Type N

2
Notes: 4—1” honeycomb

1 KFIz LPF small

Analyzed Data:

3. 4 •
~~~~~“~~~~~

\ N •  
~~

E = 80 .275

2~ 

2 
____



_________________ -- _,- ---- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- ---~
----.- -

~~~——-~
-—--- - - - -- -- - - -

I - — -  
- 

— — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

PVC Circulator Experimental Data
Page 229
No. 5523

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 14 July 1978

I - - - 
- Gun Data

1. Upper Trace
Vol tage ~~~~ /div
Time Scale IOusec/div

Inverted?(.~~~~ No

- 
2. Lower Trace

V Vol tage 2V Idiv

I Time Scale SOOnsec/div -

I Inverted? Yes ç~~ S

S 
- - Attenuation _________

S 

Voltages

P Oh. 1 O.02V (div 
—- - -- - - -

______________________________________________ 
P
5 
Cli. 2 O.02V Idly

V5 Oh. 3 O .IOV ,’div 
S

1
4 

Cli. 0 .0 2V /d iv

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~ Time Scalep .2sec /div

______________________________________________ Sustainer Voltage 25.8kV

Flow? ~On Of f
___________________________________________ Gas Type 

~~~~1

Notes: 4—1” honeycomb
all fine 1 Kz LPF -

S ~nalyzed Data:

I t 3 .  ~~~~~~~~~~~~~~~~~~~~~~ 
5 

I
E=67 .6O 

2 
_______ 6 1

~~~~~
1 .  ~~~7 . ‘ I

L~ ~~~ 
I ~~~~ ~~~~~~~~~ • 

~~~~~~~
.. 

-



- 

~ 
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5 — y~ ~~~~7 I~~~~~~~~ T- :?~~-~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C ~~~~~~~~
(. C J ’~~~ kE A I T -~ ~V C ’ _ E~~~~ ETT 

(:~~~)

~ :T~~ S:~-~~1Ii 4

~~~~~~~~~~ ~~ = :3
p~~;:. T:, ‘~=1

_
?~~~~ -‘ETE~ I~~~ ISE ’~~

l

~~~~~-~ E T E F~ ~ = 1~
PA PA-lt T~~ ~~~~
C C
~~

-
~
O
~’- 

/- .~C/ ~~~~~~~~~~~~~~~~~~~~~~
C~~~i ’ - O N  / A S P T I  ~~~~~~~~~~
CC’ M~~~~ CN  / ~~/ 3IC (’~’)
C0~” ’O\ fC C~~ST / X~’ ,X F
C~~~~

IV
~~V Q I \S  i~ c~ i ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C C ’ 1~’~C~ / . L L /  CSL (N Z ) ,CS~~(N Z ),SL (’.),Sr (.~) 
S

~~~~~~~~~~~~~~~ / ~~ / c(..- ,::,JJ )

~~~~~~~~~~~~ x 1 ( - ) ,x (~’),X 3 (- )
o:. ~~~~~ ~ c 1  ~ ) ,~~C 2 ( ~~)

~ I - C’~ 3~~( r .)
C 3E F NE C C - .i~~;~~ T S

I C ~~i I — 1

M J~~J J — 1
C S T ~~ ~F I~ ’DE PE \7 ’E’ JT V~~R I~~~LES
L (~~E~ ‘~r IE ~,~ ‘ ,~M E T E P S  ~ L S D )

CP D.2 ’.

~ F~~~3 •

x U = 1 9 f .
A L~ 1. ?

~ S C • 3
x x :  ~~~~~
F L A  3~~—~ C • 0
X T Z ~~ .,. ~
A E S  - •

DTI M E~~3~~.3E— ~~t
X F ~~c. • C
X T I  ~C •
XT O J • C
IC 3. ~

-. )~V A ~~— 1 .C

231

- 
~~~~~~~~~~~ ~~~~~~~ ~~I I -~~ 

- ij
__

~~
___ _ ___ __ r - . -~~~~~



-~~~~~~~

C E~~) O F  I 5 - O E P E ~~D E J T  ~ 4 R I A ~~L E S
F X  F

~ C 1 ~~~~~~~~~~~~~
— C 2 1~~S~~~~~z G / T i -+-~~C 11

D I  3 = 1 )  * A

xST (X XS T / ~~/RR ) / (A /~~L)
XD X X D / X L
TZ ~~~*X T Z / X L
A~~~TZ -

ES X E ’ I ~~/ I R
I I~~~- X T ~~/’~L.

X T X I P / X ~~~Q/ ~~
A~~~~~ T (C* f~.~~T)
j= C ‘<U / ~. )

I = * C T I P /

C ~~~~~~~~~~~~~ C J ’ . )~~~I~~~O~~ S ( L E r I )
-i C i (1 ) 9C 11
.3C 1 ( ) = ~~L -~~
~C1 (3)=u
~ C 1  ( 4 ) = ~~/~
3d (~~)~~~~S

~ci ‘o ’.=~~sT

~ C 1  ( 7 ) = x D

~ C 1  (~~)=xP
;c 1 N) = ’ < R 0
~ C1 (1O )x 1

~ C 1 
~~~ 

)~~~ F
3 C 1 ( 1 2 )  X ’ . F

C ~~~~~~~~~~ C C ’ ~ .’ I I I O ~.2  (~~I 3hI)
d C 2 (1)= ~~C 1
.3C~~(2)~~FL~~G
3C2 (3 )=U

3C~~(~~) E 3

~ C~~(6)=XST

3C 2 ( E ) X P
S ~ C 2~~~~~ xR O

3C 2 (1O )= A I
I 

I *
C L ? A C ~C~ ’?~C A ~~Y ~o~~~:T:Dt~5

• 
~~ ‘, 5  j 1, J j

S I
c ’ ( K  , i ,J)~~7C 4 ( K )
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11. CO~~~~ ’-U

C C ’~I I I ~~L CC~~D~~T:0~.S
i~~
=

PCi ,j,1 =~~ (1 , : . - 1  , 1) - ‘-CX

~~~

~~r C  C .. ) = ’ ~
~~~C ( 3 ) = .

~~:c
3C C (5) E3
j I C  ( ó ) X 5 1
3Cc
31C (fl XP
3 I C C - ,’ ) X C’

I3 I C  ( i : 5 ) x T

::C  (i1 )= ~~3 :c , : ) =x ~.~C L ’ ) ? 3  I~~~I I I ~~~L C J N D : I : 0  S
3C 17 C , ~~C
30 it  K 2 , ”

1~ C 0\’~I.1.~E
17 C O N ’ I \ L E

C C~~-iII~ ~ l~~T C’ i 3 (L- ~~ P~~c A ’A L Y S I S )
31 ° I C (  ~)
3~~~~IC~~~

)
T1 IC (1 ,, )
.. =(  ~~/C1 )* (i •C/3 i.1 73~~)
D S~~~ /

A2 $Q-~T (~5*~~*I2) /4
S2= (2.~~/ (I_ 1 .O))*~~LOG (.A2)_ (i.C/~~)*ALO ~3 (P2/EIC (E ))4Sl
C A L L  X P PE S (P 2 ,~~IC (E ) ,A2, 2 IC (~~) ,G,~~F IE S )
x A = 1 . O . (  (G+1 .G)/ (C ’—l  .0) )* ‘RE$
X— = (G~~i •~~)/ (— i  • 5 j ) +~~~~~~~~~~~

I E ~~P ’ r~E I S / D E N S
S PE E S~~cI (IE~-i P)

C S~~C C K  A A V E
S ~ ( 1 )  = A / •
S~ ( 2 ) r  I C  ( 2 )
S~~( 3) S’~~ T (CA .C2 *PF~ES )
SS~~(4) CC * (S~~(fl_ i.C/S* (3) )+3iC (3 )
S ~ C f ) = 3 I C  ( ~ )
S~~C~~)P ~~ES* 3IC (~~)

• S S~~(7)= ~~rC (~~)
5IA (~~)= C E r ~S *BIC (I~)
S~~(~~) = ~~: C C f l

- - S~~( 1~~) I ; - ’D *~~~ C ( 1 0 )
S~~(11)~~~ 1C (1~~)
S~~C 1 2 ) f P E E D *~~~C (6)
S~~(i3)~~~ iC (4)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

‘ 1
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~~~~~~~~~~~~~~~~ - — - ~~~~~~~~~~~ ---- ‘----~~



FI T~~~~~ 
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 
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-
~~~

-
~~~ 

‘~~~~~— __________

S~ ( 1 5 ) = ~~~ C C S )
S L (1) = 5 -

~ C 1) — 3 I S
SP (i)=S .~(1 )+DIS

~ I = SL (1)
S~ (1)

00 2 ;~~= , -.
SL ( IK) S . 4C I < )
S ~ C Ir-. ) S ~ (1K)

$ 2  CO .4TI~~u~
S L ( ? ) — S . 4  ( $ )
SLC 4) :IC(3) CC *(S *C3 )_ 1.O /S4 (3 ))

C C O S 4 T A C T  S U P  F A C E
p? 2 pZ ~~ ’ * E C  ( 3 )
CSL (1 ) 5L (1)
CSL (2) SL (2)
CSL C 4)=—1 .2
C A L L  C C S I T (  C S L ( ’ )  , P22 , 3 I C ( ~~) , C S L ( ! )
C S~ (1 )=S - (i )
C S ~ (2 )=SR C. . )
O C R  (4) =~~i •
C A L L  C c— .T ( C S~~(-.) , P 2 2  , ~~~ I C( c )  , CSP(3 ) )

, 2~~~ )
?~ F C~~.1AI C 1h i )

~ P I I E ( ~~ , .~O C )
3 2~ F C  ~ ‘A l C x , ‘ LC- C ~T I 0~ , - A , ‘ II~~E ‘ , A ,  ‘ ~ AC f-4 ‘ ,lO x , ‘ u 2  ‘ 1 o x ,  ‘U i’  , 1 UX

1 • , 1 ..x , ‘ ~ i ‘ , 9 ’< , ‘ 
~o2 ‘ , °x , ‘ ~0i

~ I I~ (t  ,301)
3~? 1 F C~ ~A I (14 ~ , ‘ TO ’ , 1 CX, • Ti’ , 12  X , ‘A? ‘ , 1 CA ~ ‘A l ’  , l O X  ‘3 2 ’  , l O x , ‘ ~ 1’)

4 P ; IE(~~ , i ?; )  SL
N~~I TE (ô, 1 O - ~) S~

11- Fc R ’~AT ((1X ,’ 5.4= ’ ,2X ,9(2 X ,EiO. 4), Y , ’~’SA I N ’)/ )

~~ ITE (6,2C 1 ) CSL

~P .ITE (t,Z01) c S~
221 FC~~MAI (2x ,h I\TE R F A C E ’,5X ,4C 2 A , E 1 O . 4 )

C SE T UP C A V I T Y  C O N O I T I O N S
30 3 I V = i , I I
h JX P (1,IK ,1)

IF (’-HX. :E.SL (l ) .A \3.h~~X .LE .S~~(i ) ) KK= i
1 ( ’ < K )  33,33,34

~~(4 , I K , 1 ) = ~~2
P(3,I~~,1)=S2
P ( ~ , I ’c  ,i ) P 2
P (1’,I

~~
,1 ) T

33 CCN T I NL E
C SO L U T IO 5.

1C t S E ~~/2
I * IS~~1
CC 13 ~ =1 ,~- J

I I
I -- D C  1~ 3~~=i 

,~ :
1’

I F( C .~~E.~~~
) :=~~z

30 13 c 1 , -

i~~
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C A L L ~~ C ( ,<i ,Ik 2, X 3 ,SL ,~~R )
D (

~ 
h i  

~ = 1 ,
:21
.J~~l
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~~~

IF C V (1) • E l  • F A C ~ C i )  • AN) . v C 2) . - • P A C E  C2 ) ) ~O To : C
( )

S C s 1 .C / ’ r C S
3 C I ~~ FA C 7 C 2 )_ C C E * F ~~CE ( i )
2 ( 3 )  = C A ( 3 )  •V ( .3 ) )  / • 3

,, : C ) = ~.C3 )
C A L L  3 5 u C ’ -’ ,x ,v , z , a~~)

( 2 .  C / C  5—1 • 1 ) )  * <  ( 4 )  A (3)
-
. = ( C  . ~ / C C — 1 • C ) ) ~ V ( C ) — ~ ( :- )
5L X( 5 )
S’~~~~C 5 )

CL ( 3  U * p ) * T A N N C C A L) •

V L ( P L —
~~

L ) / 2 . O

C L - .25~~C I 3 — 1  • 3 )  * (I’L+~~L)C 5 r c .25* (~~— i .0)*C PP +1 2 )
V O.5 * C V L + v ~~)

~ IG~11 L~~C~ -D’~LY
S2~~~C: (2)— Y C 2 )  )/ (1 (1)-V (1))
323 Y (C )_ 5 2 3 * Y C 1  )

(~~~~C E — I I I 2 3 )  / ( . ~ 3 — C C S )
1 5  2!~~E+s23
I ( E . ~~~~. 2 C 1 )  ,A , -~D . E . L E . v ( 1 ) )  -3 0- 2 10 1
CD T~ 1 C 2

13 1 C ” N T I \ L c
~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1 ’)

9 F C P V A T ( 2 X ,3C . . X ,F 1 2 . 4 ) , S X , I C C S  2 ’ )
A~~~~2 E ( t , ~~2 )  X CII ) ,X ( 4 )  , V ( 3 )  ,V (6) ,SL ,SS
.4~~j E ( 5 , ~~~~) ~ L ,~~R , V L , V , i I , C A L
IN:1 1
Y V C 1 ) E
V Y C )=T

~~( 3 ) v
• YV(4) CL

Y Y C ~~)= x C 5 )
C A L L .  4~ C A T C Y Y ( i )  ,y

~~C )  , ~v C 7 )  • y v ( 4 ) ~~ y y ( ~~ ) , y v ( ~~~) ‘

Y V C ” ) A D

y Y ( 1)~~~ F
C A L L  C C 5 C~~,

( , V Y , Z )
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.4~~I~~
E C t , 1 )  F A C E

FOR T(ZX , I., T E r F L C E ~~,5X ,6C2 .k ,E1 i j .~~) )
30 TO :rc c

122 C 3 N ’ I N L E
C LE~~~ L E G  “U L Y

5 1 C = C C C  2 ) — x~C C ) ) / C = C I ) — A C 1))
31 2 = x C C )— E 1 ~~~ X (1 )
E ( ~~C S — ’ r i 2 ) / ( 5 1 2 — S O S )
T= 312~~E-’i 1 2
I~~(’.0:.A ( 1) .A ’~:.~~.LE. :(1)) ~c T~, 1~ I3

30 ¶ 3
153 C C \ ’ r I N L S

V . A I T E C t ,1 )  x C 3 ) ,x C 4),vC 3 ) ,Y (4),SL ,SIR

~ PITE C~~,9Q) -lL , PR, V L , V~~,~/ ,CA L
I N = 1 C 3
XX ( 1)
X X C )=T
X A C : )  C

x x C S ) = Y C 5 )  S
C A L C EAT C ~ X ( 1 )  , x ~ CC ), X ~ ( )  , X -~ ( 4 )  , A ~< ( 5 )  ,~~x C t )

X x C ) = Y C , )
xx C 1 1 ) = x F
C~~L L  c S S ( I I• , X X , Y , 2 )

F t . C E ( 1  ) E

~R 1TE (~~,1) F A C E

~~~2
El j R  N

3 N 3

SL’ 3 ‘CUT:. S CCV C ‘4\ ,Cl , 0 ,  C 3)
C ~ 5N 5  I O :~ C i  (~~S -

~ 
) C (  -~ ) , C ! ( ~1 -. )

~ = (02(1)—Cl C l ) ) / (Cli (1)—Cl Ci ))
D C  10 I ! ,I~~N

0 2 ( 1 )  =~~~* C 3 (I) • (1 , O— ~ ) •C 1( 1)
IC  C C - ~,T N C E

R E T P
E’.D

SU~ ~C iU T IN CCI c~T ( X 4 ,P2 , Rl ,Y.,)
CD”-~~0N / 3 0 ) 1  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
3 : c E S = P : / P 1
I F (’RES .LT. i .3) p C 5 1 ~~0/pp S

— YA C R F S _ i  I)

V C : (2 +i •3)* ’PES
YD= 3 _ i .  C
y~~~v A * E r~~TC y E / ( y C + y D ) )
I : I~~~~~. L’r .D. ) Y 3= ’ J— YF
1 C (  ~~ I . . 2 T . C . 3 )  Y 0 ~~L~~ Y F

I

- 
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I~~PL IC1 T 3 5 A L * A  (A — i-i ,C—Z )

~~~~~~~~~~~~~~~~~~~~~~~~~ N~~C 13 ) , SV R(1~~), T C I F ( 1 5) , E~~TC 4 S )
CQ~~~0N 

/ I ~~~~~~R /  7315 , T025, T)5~~, ~~~~~ Ti , 12, T 3 ,  T 4 , T~~, IS,
4 110 , 114 , T l~~, 11’, 120, TA 2 ,  T03.3, T7 ,

~ 1032 , TC4C , T 0 5 G , T C ’ Y G ,  10103, T O l l S ,  T 5 , I T , T i l ,
O 112, 11 3,  TI !, l~~, Tl 9 , T I ,  T !G, T3G , T 4G, 5G, T~~G ,  173,
C T~~G ,  T 5 , T1~~G , 111(3 , ~~ l, E F F L, ~01G , PO 2G, P033, ~C~~-:, ~O 5L ,
3 PO~~3, p5373 1 ~C 5G, PC~~G , FC 1 - J G , P011 (3 , P15, P2 (3, P~~G, P~~3, PSC-,
F P 5 3 , C 73, ? ( 3 ,  ~9O, P 1 3 3 , P11~~, PC40 ), A C C ~~~), VC C 2 C ) ,  C~~i ,
(3 f M ~~~, F”!, FM ~~, F~~5, F~”o , F”7 , ~~~~ F~~9, F~’1~~, Fy 11 , A (11) ,
H 3 A M I C ,  GA ~~:3, . A M ! G ,  G A - ’4G , 64 5 (3, C-A M6G , GA-’17(3, CA G, GA M G,
I GA ~’i l C G ,  GA :-~1 1G , TO -M I, TG~~I I ,  Tj-~3, T~~A , ~~~~~ G I I ~~U, C~~~U, A ” i U ,
1 P~~G I ,
3 P~’CII, PP33 , ~RA , C C C I ,  C PGI I, CPG 3 , CP A , 1”I, TYIl, T ’III , 1”’,

1 Z I V L , 211 4 tJ , :3~~L, Z~~U,
K p R I , P P I I ,  F RI l l ,  P~~, C PI, C P I I ,  C R 1 1 1 ,  CP , C C I ,  :~~:I, ‘G I I I ,
l G ~~, CI, C I I ,  3 1 1 1 ,  (3, P 3 21 ,
L ~~~~~~~~~~~ ~~~~~~~~~ ~~~A , ~I t I ~~ 31 1, R2~~~I, RE, ~~FI,  S F 1 1 ,  S F 1 1 1 ,
C 3~~~0’./YA 3/ A r ,  2 1 , ~I ,  ,

~~J I ,  6 3 1 1 1 ,  A J ,  2 3 1 ,  2311 , 2 3 1 1 1 ,  ZJ , c-4~3 ,  ~~ II, M C I I I ,  HA ,
1 HI , c - cu , b I l l ,  ~ , C C I ,  C CII. C C I I I ,

C~~, C l , CI~~, C I ~~I , C, UI, U C I ,  U l l I ,  U, A c - I ,  ~G II, A G I I I ,  AA ,
1 T~~.., TU~~I~~, TU-I l l i ,  IUr’ ,
0 T’~~1, 3..Ij, T-j .. ,~ , T O S A I , E~~S I ,  C P S I I ,  E P S .~~, E PSA , ~SS I, E SS II ,
1 3 33 3 , E S S, ~~~~~~~

~~~C , C C C R R , : 2
~~~~~, ALT , PA T , 3A 2 , PH , F P’1 (4), EV ~~L~~, V I ,  v : r ,

~; p ’~~~, ~ 1’ , C L 1
~~, 1HT1~~, DCV , CLPP , EL PP”l , CP P , CPP~ ’ , p2 , PFA I ,

R P Ci , 2L~~.”, ,~I, *11, * 111 , -..E, W V , ..V1, *V ?, ~~~~ , . .S,  -. .A , IP , C C I
S
~~~,

S ~.
- , -.V1 , C v C ,  -ME, ~~~ C R 2 3 ,  C R 3 4 , CF ’~~, C F7~~, C FI5 G , C2~~10

C O ’ I ’ 0 ’ i /~~A R C / C  F i l l , ATA ° , Hi , CL1 , WT1 , A C N ( 2-’)) , 3C, DL (’.)
A D ’ - ( ’ ) ,  C w ( . ) ,  O ) r i G C 4 ) ,  D4 L2(4), CA FCA (4 ) , DSIC (4 ) , “D~~L (4),
3 DA (4 ) , D K C 3 )  , DSL (6) , DS IC ’) , DA L F( 4), DDH(4) , C C~~V C 1 5 ) ,  DEL M ,
C 9I 3~~~~ J~~~’ , PLI~~, F3 , TITLE(25) , 0~~, DPI , DP II , D P III , PPR , ~~~~~
C T A 1 F , R~~P , IIG~~, D K H C 4), 311 (3, ETO2S, ET 0~~G , ETO 7C , FT 1 ,
3 312, 513, ET4 , Plo, ETE , 3110, ET14 , S I l o,  ET i~~, ET2O , E TA ~~,
1 9 T0~~G ,cT7 ,
F ~~~~~ C ..A, C \ P C 3 ), C D I ,  C D I I ,  10 1 11 ,
1 ~.DA , EV I ’~, . RO Y , V L ’ , P0~~1 ,
G P — A ,DA F AL (C),DSLL C4 ),A~~C4)
Cc~~ ’C - , /UA ~~D / •C , ;CG, C P:,CPo ,W3 ,c~~3 ,C P l ,FII:, IU N 3
O C r  ‘S b c S, / I V A P /  ‘~TA ? , NC S N , ~CS , ~- I ,  KO , ~LC ” ', N~~C6) ,

1 ~.ES, ~,5PS, J C P R O
P 0 U I V ~~L5~~CE C Sv ’C 1) ,I C 1 G )
..R I T C C C , 1 0 0 2 1 )T O 1 ; , T02G, T3~.3, 107 (3, 11 , 12, 1!, T4 , T~~, TE ,

111 0 ,  T i l . , 114,  Ti: , T~~L , T A 2
1 0 0 2 1  F C P ’ A T C 1 N C , 3 A , ‘c - O i 3= ’ ,E15 .7 ,5 X , ‘T 0 2 3 = ’ , 1 5 .7 ,  5 x , ’ T O ~~3= ’ , E 1 S . 7 ,

1 5 X , ’1 0 7 ( 3 = ’ , E 1 3 . ’, / 3 x , ’ T 1 = ’ , 3 1 5 . 7 , S A , ’ 1 2= ’ , 3 1 5 . ’, 5 x , ’ T 3 = ’ , E 1 5 . ” ,
5x , ‘T~~= ’ ,E l 5 •7 , E x , ‘Tt= ’ , E i 5 , 7 ,~~X , / / 3 X , ‘TE ~~’ , E i S . 7 , 5 X , ‘T i .. ’

3 3 1 5  .7 , 5  ~ , ‘ i i  ~~= ‘ , E l 3  • 7 ,5 x , ‘ T i  s= ‘ , ~I 5.7 ,5 x , / / 3x , ‘ Ti  2 ,r 1 5  • 7,5 X
C ’ T 2 = ’ , E 1~~.7 , 5 X , ‘“ ~A 2 ’ , E 1 5 . 7 )

2 
2 C~-LL E~~~ J T
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3U~~’UL. TC:.E CLT (
P A ~ A ’ E T~~P l S EG ~~i

-• P A R T~~~ l I S ~~,~-~1
P~~P 4~’ETEP JJ 23
p4~ 4 ,~I I - = 1?
C 0V 5 ’ c~~~ , I P / ~ (- , I I , J J )
D = “~ E~.S 1 D’~ ~

. ( ) , C ’ - )  , C C ’

~~ 2=1 .3 5— C c

45C r C p V A T C 1 ~~1)
•~~~~~5_5~~~~~5 . 5~
~
DC- 453 J 1 ,j~

• E (i)=X x
L 0

IX C
DO 4 5 1  I 1 , I 0
I~’l I-~1
I F ( XX . GT .P (l ,I ,J) •A N D . x X .LT . ?(i , .~~i ,J )) L 1
IF C ~2 S  C ‘x—P (i , I ,J ) ) .L:.ZZZ) C X C I

451 CC ’d TI .U
16 ( I L )  6 5 2 , 45 ,6!C

632 ILP IL- , ’

D C  63~ LX 1, (

A C L  5~~ ) C F  ( L X  , I L ,J )
C (LX ) (Lx, IL ’,J)

.55 CO N T I’ UP
C A L L  CC - - ( ~~ , A , , C )

452 I r (IX )  65~~,45~~,455
4 5  ~ 5 L X 1 , 1

E (LX) k (LX ,I X ,J )
457 CC N 7 I ’,UP
434 CflN T I~~L i

~~~ 1T3 (~~~,45~~ ) p(l),~~(2) ,PC3 ),E (~~
),P (?),~~(lD), IL ,iX

45~
1 CX , ‘S O C ’ , F C  • 6, 2 A , ‘T~~~, F~ • 3 ,4X , ‘ I L  ‘ , I’, X , ‘ IX= ‘ , I.)

4 5 - 2 C0N ‘ r I N U E
H ST C ~R N
E N D

I

S 
245

~

-~~~ 
—

~~~~
- 

~~~~ 
0~~ 

~~~~~~~~ •



5 ~~~~~~~~ ~~~~~~~~~ - ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ---~~--~~~~-~~~~~~~~~--
-- - -- -- --

~~~~~~~~~~~~~~~~~~~~~

--

~~~ 1 -

N~~ITE(b , 13- 3 22 )13
103 22 F ~‘ATC1 ~~0 ,3X ,’TC’ - u ’ ,thi5 .7 ,3X ,’~~F Tr R SU~~P C U T~~~E 5 N - T ’ )

D N P C O ) DI4PC1 )
,,~~~ T5 (4 ,i231 2)CNP(2)

1 2 C 1 2  FO P A T ( - b 0 , 3A ,  2\ oC~~) ’ :i2.5)
U

1~~2 TO CS
T5 S T S~~~~G

71~ ~~T3~~
J ~ =0

u1 1 1 C C

~ AL L G A~~P C T ~~U, •N, A ”I . , C°~ 
,,  , ~ i , ~~~

‘ U)
12 C J C r~20 .GE . C )

1 F 3 R Q l * T I 3 / ( .~~~3 l 7 3 *~2 d tJ )
F (JO PRU •LT. C)

1 P n l = .0 31 7~~*PI -~*G~’U /TIG
. . S I= P C l * V I * AC 1 )
F d l C* C S~~R T ( ’r I C / C G A~~IG*6 5. U ) )/C 2D. 7 7 7 6 * P IG *ACi))
1-C l CC ’ 1 3 w  C l  • * F “'1 * ~ ~l * C c -  ~~~~ i ~— i • ) / 2 •
~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~S ~~~ 2CP~ ’A T( l ,_, ’, 3 x ,  ‘R O 1 ’, 15. 7 , 5 x , ‘ E 5 ’ U = ’ , E i 5 . 7 , X , ‘ 2~~~~~~~~~~~

1 S A , ’~~~C= ’ ,ElS. !)
111 ~~~~C I u

10 DC .3
D C  C J 1 ,i~

C
3 I~’ T C I ) = .C

T~~I .5w(T2~~T4)
1’

T ” I I I
..111 ~ I I
T - ’= •5* (T!+T1 )

~1 = T S i — ”.

IF (21 .LE . 0. •0~~. Z2 .LE. ~ .) 33 TO 11
12 (Ii •EC ~ 22) (3 0 TO- l~
IC r~ 1= .- l+CZl _ Z2 )/()LO 3 (:1)_ LC~~(Z2))
GO- “C 13

11 T S _ _ . i * ( T ! 3 5
~~,5 ~ i)

GO T O 13
12  TC .d 1 .5*(T5 ;~~T~~3)
1: i l C ~,—Tt

z2=~~i 1C — 1 2
F Cl i .L .E.  C. .OR . CC .LE. C.) Co IC 1.. •

5

12 Cl i .3~~. 12 ) c-C TO 15
Ti3~~1I T’~II+( Zi— ZC )/ (-0L0C(Zl )—CLO3( Z2 ))
G O TO 1~

1~ T’ .s I I . 5 ’ (T1CC-~~T i l G )
S 

~C 
1~~~ 15

15 IG~~II= .5 * C T 1 C G + T l l G )
1~ Z1 1 1—141

22 = 7 3— 1 42.

I F (Z1 .LE . . .OR . 22 •LE • C.) (30 10 17
2 (21 • E ,  ~~~ 30 T’~ l~

T”A T’-’ _ (Zl~~Z 2 ) / C 0 L 0 c C Z I )—2L- D C ZC ))

~~ ~O 1~ - 

248

- 
~~~~~~~~ .

- 
I



_ _ _ _  ~~~~~~~~~~~ —------- - - - --- —-~-—- — ~~~ 
- -

~~ 
-
~~ 

— _________

17 T ’ A . 5 * (T41*T~~Z)
(33 ‘!3 1 -

1 . T1~A . 5 ~~(T~~1+ ”~~2)
1~ ~~~~ ~,. S r ( T 2 - ’ I ,  FN , 21 , C P L I ,  PR~~I, 3Ir ~U, C~~u)

I i  17 ” — 7 7
2 2  C TI2 - — T2  S

FCZ 1 .25. 3 •0-P . 21 .LiS . 3) 30 TO 20
IF (11 .3.. 22) .CQ TO 21

= -‘III + C :1— Z f l / ( D L C 3 C Z 1 )— C L O C - C Z 2 ) )

~C “ C  22
2L T-3 -~ ! = •5~~CT7G +T~~G)

~c 
‘
~O 2

21 T•E - ’~ = .5 *(T73i.T,~(3)

2. CC-N’I NU S
C A L L  3A 5P (TG ~~1I, F~~, 11, C P G I I ,  P °GII , G 11~~U, ~~‘U)

CA L L  CASF (T 3~’3, FN , Ii , Cr 33 , p~~
-
~
7 , 3!”i t , ~~ u)

~PITE (~,, l C 5,) 3I:’~U, GII Y U ,V I
-~~~ F 0 P ~~~A~~~V~~~I3I ,3 X , ‘ G I ~/IJ ’ ,E15.7 ,~~X , ‘SI1’~L= ’ ,A l5.7 ,!~~, ‘vI= ’,515 .7)

C A L L  A . R~~C 74l , 2A T , TV A , ~~~~~~, ~~ A , A - ’U, C R 4 , :1 , ~~ L)
C~~LL L : ..C (T’~ I, F ,~, Z I ~’U , P R I ,  C C I )
C A L L  ~~ C R C T ~~~l , F 5, ~~~:V .j, P P I I ,  S P II )
C A L L  LL C P C T M C I , FC , Z3”'U, P~~III, C PI I I)
C .’- LL L I C r ( T ” , F 5 , Z~~U , ~P, C?)
A F~~5I 3 L C 1 )* 3 b (1 )
A P R  3II C~. (C) •L H C C )

E3~ I =~ C / C D SI S Cl )  * ~ F R  c- I )
3:1 ~~~A 3 /  (CS : ~ ( 2 )  *A F F G I  I)
3 ( 31  I I G C l I
-~ 

A A / (C - SI ~ ( •) ~~ F ~ A)
A c~~I=D ~~C 1 )* ,.~(1 )/C~~P C 1 )
A 2 P I I  C ~ (2) * H C 2 )  / -

~ ~-J P C C )
A F S A (4) * ~ (4) / 3 N P (3)
31 = ~ I / C C S 1 (1) * A ~ P I)
GII W I I /  C)S1 CC ) *A P R I I  )
(~I I  I C ~I
P I I 5 C 4, 1 .j 0 ~ A I I , 0 51 C ~ ) , A F P I I

~ R I T E C 4 ,i0 C i  3 ))AC2 ) ,D ’1C 2 ),DN PC )
l C C C - ~ F O R M A T C I H C , 3A ,  ‘~~Il= ’ ,El 2 .e- ,5X , ‘031C 2 )= ’ ,3l2 .4 ,5x , ‘A F R I I ’ ,Ei2.6) N

1 0 3 1 0  ~CP ~
A T C ’ ~ O , 3 X , ‘ C-~ C C )  = ‘ , 11 • 5,5 A, ‘C ~ (2) = ‘ , E l  2 . ~ , S x , ‘3 N ~ C l ) = ‘ ,Ei 2 • )

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I
; ;

C * !/  C D S ;  (
~~

) *4 F R )
.-~~ 3 1 = ( 3 C : * D D r~,,~(1 ) / C I • ”U rP E G  II C G I I * D O H G C L )  / c - I  IMU
R E G 3 ~~~EE I I
? !A A * D i ..~

.
~(3 C’ . ) / A ~~U

RE 1 L - I * D D H ( i  ) / Z I :~u
P3I G I1*D HC 2 )/LII~~U
p E I I I R E I I
F I TA Cc , 1 ‘~ uO ~) ~ I ,(3II , P I, ~ 311

1 C C  C ~ FO R ‘A C l  ~O , 3 x , ‘(3 .1 = ‘ ,E1 S • 7 , 5  X , ‘GII C ’ ,El 5.7, 5 X , ‘ P P  j C ’ , E1 5.7 ,5 x
‘‘~~E I I ’ ,E15.7 )

R E G * C C H C 4 ) / Z V U

~ R I 13 C , 1 7) FE E l , P Sc - I I , RE A , PS I , P51 1, P 5
1 .7 F T ( C ,3~~,’P 3 3 I = ’ ,E13 .t, 4x ,’~~E2II= ’ ,E1 I .c,4y ,’R E A = ’ ,E13 . L, 6x ,

5 1 ‘ ~1C ’ ~~~~~~~~~~~~~~~~~~~~~~ ‘H E I I C ’ ,513 .~~,”x ,  
‘ Q 5 C ’ ,c13 .t )
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I
Z _75~~.Z ...~~*~~2c .2Q 2 5 * z l _ 2 1 C .5C7,,*z1* *2+’.3. 754 *Z’**3— 4 .25303 4*Zi*

3 Fl 3 C :1)
Zl _ 32 C .4 2...3 5  • 76*:l—1 2 .  l4 6w 2l* *~~~2,~.~ 34”Q *Zl ** 3_ 2. ,‘~i 1 ,~~*Z1 *

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
G~ I =C~~x~~(:i )

l = _ 7 5 C . 2 - ~~~~ 5 + ~~~2 C . 2 O 2 E * Z l _ 2 1 c . S C7 ~~~*Z 1 w * Z + 4 O .  ‘ 5 A R * Z i * * _ 4 . 5 3 C 3 C * Z i *

1*4~ • C 3 2  * 21 **5— • ~ 0 ~4 ~~~ *21

C Fj 1 1 = 0 2 1 1
Zi _3

~~0.A224*!35.276 * l i _ 1 2 .i435* Zl*w 2+ 2 ~~.2C’.59w Z 1w *Z_ 2. ,51195*Zl*
1* 4* .1 7.’~~744* ~~ *-*~~~~ — .0043 z.574!*Z1 **5
O J I I D E X P C Z 1  )
SJ I I I~~~J 1:
Z1 t’LCG ( REA )

Z2 _7 .
~~524~~2+~~,235772 *Zl_ 1.7l 5lE 7 * Z1**2 + .i754li?I,.l1*w 1_ .CC42373O ~~*

1 2 1 * *~~~

A R C  OS XP (CC )

11 *~~~~ **4
A J C x P (2 1)
Ii = C S L O  (3 (P F I)
z1=_ z: . 5C~~4s2 .12.~~4cEO*zl_ :.1::~~s~~*Cl w * 2 + .!1 !i1 5 2w 2 1 *w 7_ .C l l O l O 3 l *2

11 * * 4

Z 31 CO S X P (  21 )
Z i = D L C C - ( P E I I  )
Z1 —2 2 • C’.452 12. • ~4~~~E *Z1—3. 12235 2*Zl**2+ . 3 1 5 c 1 5 2 w 1 l w *  ~~~~ C 1 l 5 1 2 3 7~~Z

~~ I I C E ~~P(Zi )
ZJ I r= :J ~
2 31 IIC ZJ Ii

= -3L0 CR: )
Zl= _ 22 • C~~452’12 .~~~9~~~*Zl~~! 

.1: 205 2 *Zl** 2+ . 3l S Q 1 5 2 * :l**~~— . 01 161 23 7*2
11 * * 4

ZJ= O E X P (11)
TO!  =— 2 • / 3 .

H c , 1 1 2 c - I I * C P G I I * S J I I * P Q G I I * * T 0 3
r 4 3 1  I= H(3 II

* PA *T03
91 31*C I~ 13 1*PP I**T03

~ :ICG :1*c ~~:I *:JI:*PC 1I**TC3
-1III HI I

~ FI TS Cc- , iC- J O 7) 23 II, CPU, PP.11
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~ )/l75.IJ (2 )=u ( )*1 ,11 7 2E_ 5 

- -

C
I F (1 .LE. 600.)

1 C (3 ) .l95+(1— 45O. ) * (4 .853— 4~~l15 ) / l S 3 .
I F  CT .61. ~~ 3. •A ’~D. T .LE. 750.)

1 C (3 )=6 .~~53+(T—o3C.
)*C5 .O45—4.553 )/1 5 3 .

IF (1 .27. ~ 5C. )
1 C (3) 5 ,O4 5+CT ~~75O . )* (5 .3S5—5.O 45)/l5 ,) .
C(3) C ( )*P/*~’C3 )

-~~~~ C

1-I
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IF (1 .L E .  ~ t~C .)
1 F K ( ! ) = . E i + ( T _ 4 2 5 . ) * ( 1 . 3 2 _ .~~2 ) / l 7 5 .
12 (1. LE. • 140.) FK (3 )=5 .“1 ~ E— 3
I F CT .31. 5(33.)

1 F K (3)C1.32 . (T_tCO .)* (2 .12_ i .32)/253 .

F (1 • L 3 .  423~~)
I G (3) 1 •33 4aCT_ ~~O0 ,)*(i .3l5—1.334 )/5 ’ .
IF CT .31. 650. •A ND . 1 .LS. 550.)

1 -~ (3)=1 .315+
(T_

~~5Q .)* (1.2~~0_ l. 315 )/i0O.
12 (1 .31. 530. .AND. I •LE . 63~~.)

1 G (3) 1 .236+ (T—5 50.)*C1.2645—1,556)/100.
I F CT .37. 650. •AND. I .LE . 750.)

1 G(3)=1 .2845+CT—6 50.)* (1.243—i,2545 )/103.
IF (1 .0-1. 750. •AN D . I •LE . 530.)

1 G (3)=1 ,24~~+CT_ 75 Q. )* (1 .235_ 1.24~~)/1OO.
IF (1 .31. 550.)

1 3(3 )=1.235 .(T_ oSO. )* (1.2295_ l.535 )/5 ,J ,

IF CT .L~~. 575.)
1 U (3) = • ~i 73 + (1—45’) • ) * (1.152— . 3175 )/ 125.
F (1 .61. 5 7 5 .  .A ~.D.  I .L~ . . 7 0 0 . )

1 U (3 )= 1 .132+ (T—575. )* (l .375_ 1.132 )/i2S.

F (1 .21. ‘ 3 0.)
1 U( 3 )=1.3?5 aCT~~7C3. )* (1.5’ .1—1.375 )/l0C.
U C 3 )=U C!) *9,20575—8

L

FT= FN Cl ) + F -
~~ (2.) ~ 2 

~ (3)

IF (FS-: (4) .Ls. 0.) GO 10 10
F T FT+ FN (i. )

NC A 5 4

F CT .L3. 5’.0 . )
1 C (4) 3.503 .CT—4CC .)* (3 .506— 3.5Ji )/i40 .
IF CT .61. 540. .AN D . I •LE . 5.30.)

1 C (4)=3 .506+ (I_ 5 40.)* (3 .513_ 3.SCO )/90.
IF CT .GT. 630. .AND. I •LE . 72.0.)

1 C (4)= 7 ,513_ (T_ S TC .)* (7 52~~—~~.5l 3 )/9 0.
IF (I .T . 7CC . •A ND. I •Lt. ~10. )

1 CC4 )= 3 .5 9+ (T_ 72C.)* (3.552—!. 52Q )1 r .
F CT .01. 31C .)

1 C (4)= 3 •5 52 + C T_ â i 0 .) * (3.5 ~~3— 3 . 5 5 2 ) / 9 C .
c (4 )=c (4)* .07O~~9dg

C
12 CT •L3 . 540.)

1 U C 4 ) = ..3 4 + ( T — 6 0 3 . ) ( l . 0 7 5 . A4 ) / 1 ’ 3 .
IF (1 .cT. 5~~’3~ •A ND. I .LE . 7 2 3 . )

1 U ( 4 ) 1 .C 7 5 + ( T _ 5 6 0 . ) * ( 1 . 3 4 _ l . 0 7 5 ) / l S O .
IF CT .61. 720.)

1 U ( 4 ) 1 .3~. + ( 1~~7~~O . ) * ( i . D 7 S 1 . 3 4 ) / l E O .
0C4) UCL. )*1 . 1 1 3 2 5 — 5
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I F (I .L2. 5:0.)
1
IF CI .51. 530.)

1 3(4) i. Oe(T—5 350. )* (1 .3~~55 1.4 )/370.

IF CT .L~~. 5— 0.)
• - 1 F K C L . )  C 5 2 5  . C T — 0 - 0 • ) * C 1 • 0 ~ 7— • 5 2 5) / 1 ~ C

I F CT .31. 54-1. .4-ND. I •LE. 721.)
1 F~~C4 )=1.C37 .- C T_ 34O .)*C1. 3 35—1.J 7)/130.

S I IF (1 .51. 720.)
1 F KC 4)=1 ,3~~5 + C T — ’20.)* (1.665—l. 3E 3 )/1~~0.
FK(6) FKC 4) * .3l3 .+2/363C.

C
10 C~~~C.

D A M  Q •
G A ,~’ =O .
Sj V C

(3 ’U C
— 7 =

CD 11 1 1 , N G A S
3 (1 )=1 • ~*T~ C )  *1 •

~ (I) ‘. C 11 / 2

11 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~ 3 50 1=1 , N GA S

C C = C P .C5.C: )*C (1 )

C ~~~j V 
~C (I) * C C :; / (3 ( : ) *

‘ - — — 5 - .

C C  ~~
I- (J .‘ ~~~. 1) -~ -3 IC
P C i .
A “ = 1
30 10 2~

12 D C X ( J ) / X C I )
S~~~S ..RT (SCI ) *S (J ) )
-3 g = ’ J C I )/a) (J)

~ 2 C C .~~ CJ )/* 51C I )) ** .25
P C *C 1 .+~~S;qT (LP )*~~R).*2 / IARl
A ’ = . 2 5 * D * ( 1 . . D S ; F . 1 ( U R * n ** 3 * ( T + S C I ) ) / ( T + S ( J ) ) ) ) * * 2 * ( T + E ) / ( T + S ( i ) )

Z~ z1=:i +~
-. Z2=Z2.- ’-A~

3C CONTI~~L-E
Z! Z3+ F ” C I ) / Z S
J Y U

~~+L (I )/Z1
SC CON TI’4 CE

3 3 A ~~~~~= G 4 S V / D 4 ~~~

- S ?P CP*L ”/Z3
R E T U R N
E’
~
D
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S - - ~~~ 
____________

s U s P o u T : N E  l A C k ( )E L M , N L IM , FOG , G A ” , FM , ICC-, ~3, G~~U, A, ~ G ,
T3 ,FN ,CP )

I - P L I C I ’ 3E AL *- (~~—~-‘ ,C—7 )
D~~~EN5I (- N F\(L)
DA T A  KO /5/
1:0

I L  F~~ G C F ’

-~PITE( 5, l 1  ~~~~~~~~~~~~
11 F O R M A T (1 F i 0 , 3X, ‘P0c3= ,E15.7 ,5A , ‘1~~= ’ ,E15.7 , S x , ‘G A ’= ’ ,315.7 )

PG~~~’C3ITG** ~~~~~~~ • ) )

1(5=10(3/IC
F~~~~C* 3SQRT (T0/ (3A,i *G~~U))/(20.7774*PG*A )

~R I T E C o , 1 2 ) P 3 ,I G , FM
12 F 0P TMA T (~~ iO, 3 X , ‘P5:’ ,E15.7 ,SX , ‘1-3 = ’ ,E 15 .7,5X ,’F I ” = ’ ,E 15. 7)

C A L L  G A S P C T 3, F~.,-3$~~,C P , D U~~,D u .M , 5’lU )
1=1 41
FV G 1 F 5  2

IF C C A - e S C F V C 1 )  .LT . DEL ’ ) R E T L R S -,

IF (I •LI. No!’ ) (30 17 10

~ R j ~~E (K0 ,1 Q C )  F~~C 1
1C C ’ F 0~~

S-’AT( ‘ FA LL IRE ¶0 CC N ,’ER 53 IN M A C H  NO . SU~~R JL :1IN~~’

‘ — ER ~~0R ‘ ,E12. 5)
RET UP’.
EN D

SC~~40UT 1NE A I R P C T A M ~~, RAM S , 1, R i , P~ A M L ,  C P A , C A M , AM L)
I~~PLIC I1 RE A L * 5  (A— H , — Z )
12= D 3 X P ( — 3  2 • 33 .~ 73.• 1 05 7402 * TA “S — . 674 ~ ~ 4 E — 4 * T A T M  ~ * T A  ~I B )
* F = ~ h * ~ 

:. • 01 6 * 12 / C 2 ~ • 96 ~ * C PA  Me~~T2 ) )T I  = 1*1
~ =~ 5 5 5 2 + . 134 5 3 E — 2 * I — . 0 3 1 E _ 4 * T 2 + .2 2 6 s 0 E _ ~~*T *12
A~~U: i . 3_ 5 + , 1 7 5 E _ 7 * C T _ _ 0 O . )
C D A C . 2 ~~2 1 _ . 3 o l 5 5 _ 2 * T + 2 . E _ ~~~ T 2
3 1- ~! A C  PA / C C P A — . I) 6 2 5 5  4 3 )
C~~-n C . 1.5 0S. — . 0 0 5 ~~E—2* T+ .0005E— 4*T2

~~~:M = C p A / C C p A — .i1O22)
A W  F-*C PW
à= (1 ._ IF) *CPA
C P A w F * C P*~ C 1 • —~~ F ) * C P A
GA ~~:CA a - ~)f C A / G A ’~n +a/C~sA M A)
A ’L = 1~~.0l5*4 F- ~2S.3e,5* (1.

_ w F )
R E T U R N
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S U ~~~Q U1Th E L11~~(1 , F3 , J M , ~~~~~~, CP )

I M PL IC I T ~~ A L ~~-~ (a...~4 , 0 — Z )
C T /l.~~

_ 2 7..
F C F C - W FG

s F :13C 1./( ; ;i.3Ta3.1s 55*C c_ 23. )o .7j5~~s *Cc_ 2o. )**2 )
j--’ = D E x p (—:.Oll ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

F K = l ,* (F~a -’- C * (1 ,—16O.3- -~33’~FG+ .O.533* F — F K ) / 1 T h C . )
U -~ C .  0 1 4 C  El

= 1 .CE3*u:~*C~~/FK

R E T U R N
E ’- D

SL~,~~C U1IN ~ 5~~ ’ (~-~, 3’, ~,., k’S)
F- PL IC T 2E A L ~~ C~~—H ,C- — Z )

C S I~~~ SOL VES  A- S Y S T E T M  CF L I N E A R  E~~UA1 1 0 N S  A~~~

C IN PUT S
C A — ~ A T 1A O F  C C E C F I C I E N T S  S T O R E O  C 0 L U~1NA I S 5 .  D E S T R T Y D  I~
C CC~~ - L T A T i C N  -

-2 - 3 —  V E C~~0 O F 3-~ I 6 I N A L  C O N S TA N T S .  DES T R O Y E D  C -3”PUT A T I C N
C S O L U T I O N  IS ~ ET UP -’~E C  IN

-\ — NUi-35P O F E’CIjATI0 ~.S A N D  V A . ~I A - P L E S
C KS — CL T P -J T FLAG O ’ I3R~1AL 1 SI’~~U L A R  SET Q F  E 1 V A ~~I-’NS
a-

DI f r E N S I O N  4 ( 1 ) , ~ C 1 )
a-

C F-D R~~A R D  SOLUTI ON

TCL :c. • C
5 0

J J =
7 0  65 J C 1 ,~~
~J v = J - ’-1
J J = J J + N * 1
B I G  A C  • -7
IT: J J —

~~
30 30

C
C S E A 2 C ~-’ ~CR “-~~X 1M L~ C0~~F F I C I E ~~T IN COLW ’IN

I’-,
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~~~~~~~~~~~ ‘—‘—5- 1~~~~~~~~~ - _ -r—-_—--
5 5— — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

IJ T+ I
I F (OAcS(01 G 4 — A E S (A U J f l )  C,3~j,37

20  ~~I G A C A - ( J )
I ‘A X 1

S L) C ONT I ’.U2

C T E S T  F C~ I V O T  LESS TLA ~. TOLE 4N CE (SI~~3LLs
D 9A ~~~ I X )

IF (D A:S (~~2 6A )—T3 L) 33 , 35, ~~-)

35 KS~~1

~ EIUR\

C 1 \ 1E R C h 4N’S E F0*S IF N E C E S S A R Y

40 I1 J+ .N* (J~~2)
IT IM A X _ J
DO SC- ~ = J , ’,,
:1=11— - ,
1 2 C 1 1 . ’ - I T
S A . V E C A ( I 1)

A (I?) = S A V S
a-

C C I v I C S  E -C UA T ICN ~ Y LE~~C’ING C - C - E F F C I E \ T

SC A (5 i )= .~~I1 )/~~I A
S A V E :c~~~A X )
3 C I ~ ’ A X ) B ( J )  •
3 C J ) S 4 V E / C I G A

C E L I ”- I N M T  N E X T  ‘~A 3 2 A E L E  
S

IF (i— - .) 55, ~C , 55
5 5  flS N * (J_ l ) S

00 55 IX JY ,N
IX J =I CS- ’-IX
11= 0—I x
D C  60 J X C J Y ,’.

I X J X :N * C J X — 1 ) + I X
JJ X :IXJX + IT

‘-3 A C I Y J X ) A C I X J X ) _ C A C I X J ) * A C J J X )  )
53 -3 (IX) :3’C IX )_ (~ (3) *A C ~~x J )  ) 

‘I ’

C
C b A C K  SOLU TION
L

7C ~I Y ’ ~— l
IT N*N S

2-0 50 o =l ,~~~~~~
I A T_ J
I? N — 3
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IC =
D C  ~C K:1 ,J

I .
-~ 0 IC C C_ i

R E T O R N
2 N D

4

~~~~~~~~~~~ 60
IM PLICIT c E A L *~ (A — H ,O—Z )
DI ME N SIC: N ~C (l l ) , ~ C G C 1 1 ) , D P C C 1 1 ) , C~~CR(I 1 )
)I~~E N S 1 O ~. V (3 (11 ), 46 (11), PP(11), PC- (1i ) , ~O 3 C 1 1 )
C -3M’~’CN /V A R /  101 (3, 1026, TOsS, Io7G, 11, 12, 13, 14 , TO , T3 ,

A 11-3 , T14 , T1-5 , T1~~, 120, T A2 , TOsS , 17 ,S 
B TC- 3 (3 , 1046 , 1053 , 109(3, T O 1 0 ~~, T 011 2 , 15 , 13 , 111 ,
C 11 2 , 113 , 115, 117 , 1Y~, II~~, 120 , 136, 14 (3, 150 , T 6~- , 173,
- T - :e, ~~~~~ Tl~~6 , I i i .

, l A l ,  :~~~2 L , ~O1(3, PO~~~, ~~~~~ C4,~, 
6~~5 G ,

3 P 0 c C , p076 , PD~~G ,  P 0 - 3 0 - ,  PO lD ~~, ~C l 1 G ,  F I G ,  ~~~~ P36- , F4~~, P50 ,
C, P9(3, Fl OG , P 1 1 0 • F C C ” )  , A C (2 0) , VC ( 2 0 - )  , 2M 1

f
I
~~~5 ,  2 ! a . 3 ,  F” -4 , ~~~~ F~’-6 , F - ~7 , F~ ’5, F’- 9 , ~ ‘‘1C , F ” 1 1 . ~~ I 1) ,

~ ‘3~~~~~G ,  C-~~ i 6 ,  -S A - S - 3 G ,  (3A~~4G, u A. ’S G , S A T M S G ,  3A ~~. ’5 , C~A
M s (3, ~~~~~~~

I G A-~~1CG, GA ~~1 l - 6 , T C~~I ,  T G X I 1 ,  T 3”3, T SV~~~~~, 6 i~~L’ , G I I T M U ,  S 3M U ,  A ”~U,
1 P F G I ,
3 P~~CII , P~~G3 , P— ~A , C~~G I, C R 0 - I l ,  CF G 3, CP A , 1’-’:, T’ I, I~~III, TM ,
1 Z I ~1u, Z I I - ”o, Z3~~U, 

Z S -~J ,
K P~~I. 

D
~~~I 1 , PR I II , P P , C C I ,  C FI , CP II I, C~~, S~.I, 0- 631 , ~G II I,

1 64 - , CI , C I I , -6 11 1, C , ~ E G I ,
L R E G l I , ~ E G 3 , ~E 4- , PS I, R E I I ,  R E I I , FE , 52j , 5F~~~ , 0 - F I j I ,
COr ””O N /vA ~~t3f A F , Fl ,  2 11 , F , ~J I , 

S

0- 311, G J I I 1 ,  A J ,  231 , 2 3 11 , 2 3111, ZJ , -iG , H2II, r~G I ! , ‘1 4- ,
1 n I,  k~~~~, H I l l ,  ‘~~, C CI , C~~II, C — ~III,

CA ,  CI, C I I ,  C I j I ,  C, UI, uI~~, Ul li, U , A - -.~i, ~~ I I ,  ~GI II ,  4-A ,
I TUr\ I , TIJ NI I, TU NI l I , TUN ,
7 TJ~- !, I C A I I ,  IQ~~3, 1-3w , E ?SI, C P SI I , EP S3 , EPSA , E S S I , ~S S I I ,
1 ESS3, ESS, ~ - ,
~ 68(3, 6 C C R R , 3PS , A L T , P A T ,  P4 -2 , RH , ~N (6) , EF F L ~~, ~I. vi M~.
; FI3~- , H1~~, CL1 M , ~~~~~ DC M , E L P~~, b L P R M ,  CP° , ~~~~~ 

F2 , P~~~ ,

~ P31 , ~~~~~ ~.I, .11, ~111, ~3’, ~~
“ , ~V 1 ,  -~ v I ,  * 2 ,  wS, ~~~~~ , 3~~, -~~~~~~

“ ,

S ~~~ ~.y l , ~v:, ~3, ~ S, C c 2 3 ,  C r 3 6 , C F 4S , C F 7T, C 2 5 , C - 1C ,

C O ~~TM (3N /~~A P C / C F 1 1 1  , A I A P , Hi , C L 1  , ‘~Tl  , ACN(.. 0- ) , DC, ~L (4),

A D ’-1C4) , C~~~(6) , D -Cb 0C6 ) , DAL , (4) , D A F C A ( 4 )  , 1-51 6 (4 ), DDEL (4),

3 3 4 - C ’ - ) , D~~C 3 ) ,  C S L ( 4 )  , D S I C 4 )  , C A L ~~C6) , C~~~
(4) , CC N’~ (1 6), D E L -M ,

C R O L I ~~, PLI M , FG, T ITLE (28) , C p, DPI, DRI I, D P III, ~~~~ PPR~~,
C TA 1~~, Ra-4 P , 11GM , D KH(6), ET IO -, ETO G, ETOS3 , E TO G , E l i ,
3 312, El !, 514 , rT6 , E T~~, ET 1C, 3114 , ET 13, 3115 , 3120, ~T A2. ,

S I E TOSG,51 7 ,
F t - P ~~, C ’nA, D~.P(3), C D I ,  ~ D I 1 , -1 3111 ,
1 - .DA , 2VI~~, -~ R P M , V L i S ~~, Q e l l

6 ~ -7AZ, 0A FA L ( 4 ) , D S L L C L - ) ,AB (4)
Co c N / V A p C/ -; C, -;cC ,C P:,Cp6 ,43 ,C P3,C P1 ,FIII, TJ \!
C o ’ ” C . / 1 , 4 - R I  N TA TM , N O S O N ,  N Cc , K I, KO , N LI , N P ( L .)  , ~FULL ,

1 
~~~~ 

‘.~~
25S , J C Ø R O
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~ F C ~< ~4-T (1 ~ 0 , S X , 

‘ 
~ 1 ‘ , 512. . 6 , 5 x , ‘ C~ 2 = ‘ , E l  5 • 7 ,5 x , ‘ C ~5 = ‘ E l  S • 7, 5x

1’  Ts= ’ , 5 . 7 , I/ ’x ,‘ T= ’ , El 5.7 , Sx , ‘03: ‘312.6, 5x , ‘ CP3C ‘ ,El 5 •~~ , 5~
2’ C P 1 = ’ ,313 .C’ ,// x , ‘ 13:’ ,315 . 7, ~ X , ‘ Ti :’ ,515. 7)

~~~~~~~~~~~~~~~~~~~~~~~~~~~
1 - 3 32-- FO R ~~A 1 (1L ~O ,3~(,’~.DII ’ ,E l2 . 6,3X , ’G DA ’,E12. 8)

C K C , 130 )

~ R I T E C ~~C ,1O 1 )  TITLE
.~~ IT E C K 0 ,. .C0)

.0-o Fc-R~~A T C ’ 0  IN PUT LLST’/’ C A V I T Y  * LASER S~~E C 1 F I C A T I ON S ’/
1 ‘ DE S C RI PT ICN ’,24X ,’ NA M E  V A L U E  UN IIS ’ )

~ -cI T5 (K0 ,403) P 134 -
403 FO R T M A I C ’  IN LET P R E S S U R E  ‘ ,lC (’ . ‘),‘P IGA ‘,“12 . -6 ,’ AT M ’)

~~ ITE (KC,4O4) H1~’
4U~ F O S V A T C ’  INLET I-1EI~~HT 

‘, 1 3 C ’ . ‘), ‘HlV ‘ ,C .l2 .~ - , ’ C TM ’ )

~~ ITE (KO ,405 ) .-,I1
..-~5 FC-R ’- A T C  ‘ ~ ICT H IN FLOW D I R E C T I O N  ‘ ,E C  ‘ . ‘ ) , ‘ “ 1’-’ ~~~~~~~~

1 ‘ C ’ -

~3iT E (KC ,43~~) C L1 ”
LENGT H ‘ ,ló(’ . ‘), ‘CL1 ~ ‘ ,612 .5 ,’ C T M ’ )

~~ ITE (KC ,4O3) DC ”
4~~ -: F C ’ a ” A - T (  INL ET ~ Y D R A U L I C  D IA ~ ’ E T E R  ‘,7 (’• ‘),‘CC. -~ ‘ , -~12.6,

I ‘ C” ’ )

~~ I’E(~ 0 ,407) FL~~’*
.37 FCR ~~A T( ’ LASE R CUI~~CT PO~.ER • • ‘ ,3(’ . ‘),‘PLK ~ ‘ ,a -~l2 .s ,

1 ‘

9~~ I T E ( K - D , 4 G l  ) E 2 F L P
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~
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~~ ITE ( K-’ ,412)
412 F OR  ‘AT C 3 X , ‘ F T  ** C

S C * ITE (r.C ,413) FN
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1 ‘ HE TO NC IC’ Cc 2 TO C O ’ )
n R I T E C K O ,414)
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