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Chapter  I

INTRODUCTION

Based on numerous studies of laser system applications in recent

years , important applications of pulsed laser operation of all types of

lasers have been apparently identified . The pulsed operation of a high

energy gas laser presents special problems in the area of shock wave

generation due to the sudden energy deposition and the interaction of

these waves with other components of the laser system. These problems

are present in both closed and open cycle laser systems and in all gas

lasers such as elec tric discharge, chem ical , and gas dynamic lasers when

operated in a pulsed mode . In addition to shock wave generation , other

trans ient gas flow thermodynamic problems are involved during the start

up of a high energy gas laser system from a room tempera ture , zero flow

in itial condition until the establishment of “steady ’t flow conditions

corresponding to sustained pulsed operation . These start up transients

are charac teristic of all high energy gas laser systems , both pulsed and

CW and both open and closed cycle to varying degrees . The purpose of the

work reported here is to investigate some of the major transient fluid

and thermal characteristics of high energy pulsed laser operation and to

study methods of reducing or eliminating the problems associated wi th such

systems . The pulsed closed cycle electric discharge laser (EDL) was used

as the basis for study in this work since it has most of the major fluid

and therma l operating characteristics associated with all hi gh energy gas

laser systems . The fol l owing major technical issues were determined to be

assoc i ated w it h the develo pment of the pulse d close d cycle high energy

laser sys tem:



_______________________________ 
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A. Transients

1. Start up rec i rculator

2. Start up laser i nput powe r

3. Acous tic waves/Attenuation

8. Boundary Layer Interaction

C. Heat Exchan ger Performance S

0. Medium Quality , Clearing Time

E. Plasma - Chem i stry Sta bil i ty

To answer some of these issues , fundamental knowledge of fluid and thermal

charac teristics of the rec i rculating gas flow in the closed cycle circula-

tor dur ing the laser opera tion i s consi dered essen tial and necessar y as

one of bas i c engineering design tools.

To the bes t of our knowle dge, experimental data and theoretical

understanding directly attributable to the gain of fundamental knowledge

and the substant ia ti on of tec hnical feas i b i li ty are lack i ng for the re-

circulating gas flow peculiar to the pulsed laser operation . At present ,

some of the major techn i cal problems assoc i ated with the laser develop-

ment of this kind are related to the questions of flow and thermal stabi-

l ities of the rec i rculating gas , plasma formation , pressure and thermal

waves attenuations. For these reasons , a program was initiated at the

A rmy Missile Conxi~and to design and fabricate a unique small scale closed

cycle gas circulator for repetitivel y pulsed electric discharge lasers

at 200°K temperature and high pressures in order that these potential

problem areas can be identified and investigated at relatively low cost

and risk . Results of this small scale program may, through comparison

with other programs of larger scale circulators , contr ibute to the estab-

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

-— -~~~~~~~~~ - .  —- - - -~~~~~~~- ~~~~—~~~~~— — — - - .  ~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~ S -~~~~~~~~~~~~



circulator at a saving of weight and vo l ume .

As a part of the overall team effort in the program under the di-

rection of the Army High Energy Laser Directorate , the UAH team has ex-

pended best -possible efforts in the fol l owing areas of concern .

(1) Design and fabricate a subscale closed cycle laser gas cir-

culator to be incorporated with the Army ’s single pulsed E-beam

controlled laser to conduct simulation experiments.

(2) Desi gn and fabricate an acoustic attenuator (or muffler ) and

acous ti c reflectors to be i ns tal le d i n the close d cycle c ircula tor

in order to study the wave at tenua tion and interac tion character i st i cs .

(3) Develop an instrumen tation system including capabilities to

measure and recor d pressure , temperature and vel ocities of the flow .

(4) Ex perimentally investigate fluid and thermal characteristics

of the rec i rculating flow asEociated w ith the pulsed wave propagation.

(5) Ex perimentally determine the effects of muffler and refl ectors

upon the wave attenuation of both acoustic and therma l types.

(6) Study ex per imentally the effectiveness of the blower and

s imulat ing hea t exchan gers as interac ti ng elemen ts with acoust i c

and therma l waves.

(7) Develop computer models to numerically simulate the recir culating

gas flows i n laser opera ti on , i ncludi ng steady fl ow case , unstea dy

flow case , and one-dimensional wave analysis.

(8) Ass ist in the design of a laser cavity to be incorporated with

the Rocketdyne -bui lt circulator from the standpoints of gas dynamics

and thermodynamics.

To the best of our knowledge , the exper i mental res u lts reporte d here

are the f i rs t to show the trans i en t flu id and therma l character i st i cs of
3
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a pulsed electric discharge in a functionin q closed cycle gas

circulator. These results should be of interest to those concerned

with the design and operation of all types of pulsed gas lasers

either closed or open cycle and including the electr ic discharge

and chemica l laser systems .

4
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Chapter II

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

The experimenta l program described in Chapter llI was supplemented

by a numerical investigation of the fluid-therma l behavior of the gas.

The numerical simulation work involved three computer programs . The

first to be described is the steady state program which is a modifica-

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

fications to accorwnodate the low temperature operating range . This

computer program is designed to predict the steady state performance of

the system which means that the pulsed operation of the system could

onl y be simulated by assuming an average power input .

The second computer program to be described is designed to simulate

the unsteady flow resulting from the sudden depositi n of energy in the

cavity . Th is program is capable of predicting the pressure , tempera ture ,

and velocity waves generated at the cavity .

The third computer program is the result of a one -dimensional

a n a l y s i s  of the unsteady flow generated at the cavity . This program was

used to provide estimates of the pressure and temperature environments

expected in the cavity region .

A . Steady State Computer Program

The basic steady state computer program was first developed by

AVCO for application to the MTU. This program was modified at UAH under

a previous contract in order to accommodate a different heat exchanger

design than ori ginal ly emp loyed in the program. Under the present con-

tract , this program was modified further to simulate the 200 K gas system

under consideration in this work .
S  
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The basic computer program is adequately described in Reference 1

and will not be covered in this report. A listing of the program with

the current modifications is given in Appendix A. The results for a

typical run is given in the tables which follow . Table 1 shows the

input list used to generate the results . The system dimensions are those

which correspond to the system being built by Rocketdyne . The computer

program calculates the flui d-therma l characteristics at eleven points

around the system. The stations are located as fol l ows :

Station Location

1 Cav ity Entrance

2 Cavi ty Exit

3 Diffuser Exit

4 Cons tant Area Duct

5 Hea t Excha nger ( Room Temp.) Inlet

6 Compressor Inlet

7 Compressor Exit

8 Constant Are3 Duct

9 Constant Area Duct

10 Heat Exchanger (200 K ) Inlet

11 Heat Exc hanger Exit

The gas is loaded with energy at the cavity at the rate of 450 KW. This

corresponds to about 900 J/ 9~ on a continuous basis. The resul ts for

this run are presented in Table 2.

The resu lts show that the pressure in the system doesn ’t vary a

great deal and the therma l load can be acconinodated on a steady state

basis with the heat exchanger loads shown .6
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The gas properties for the range of temperature and pressure en-

countered by the gas in traveling about the system were investigated care-

fully to ensure that large errors were not made. No major diffic ulties

were encoun tered since the pressure remains near atmospheric and the

temperature is above 200 K. This investigation also revealed that the

system could likely be operated at even a lower temperatur e wi thout danger

of CO2 snowing out of the gas. This can be seen from the phase diagrams

for the laser gas mixtures given in Appendix B. This work was performed

by Mr. David Washington as an exercis e in an advanced thermodynamics

course taken at UAH .

B. Uns teady Flow Case

1. Theoretica l Considerations

Fluid and thermal character i stics are to be studi ed alon g the

recirculating gas flow path as a function of time and space. As the

laser pulses , energy wi l l  be input i nto the laser gas . The effec t of

the pulse w i ll be fel t alon g the fluid loop. Di s turbances i n the form

of shock waves will travel out from the cavity , as well as other thermal

chan ges that travel with the fluid particles .

The basic equations which are comb ined into the governing equations

are one-dimensional fluid mechanics and thermodynamics . Together with

the accom panyi ng boundary con diti ons and ini ti al condit ions , these equa-

tions form a mathematical model of the fluid and thermal characteristics

of the recirculating laser gas f low.

Based on the principles c f  similitude , the pertinent quantities of

the flow are in non-dimensionalized form and presented as fol lows . The

cont inuity equation is written in the form

5_L~ ~~~~~~~~~ + + -ÀY— + .Y- ~~L = ( 1)

7
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and the dynamical equation of motion is given as

+ ~ ~u = - 
1 ~P - 

fu I u 2p ~x 20

Combining the first and second laws of thermodynamics gives

dS C —
~~~~~

--- - R —
~~~~

--- (3)v I p

The rate of change of entro py may be a func tion of pos i t ion and ti me

as shown imp licitly below ,

—
~~~~

-— = f (x , t , a , u , S) (4)

Normalizing and rearranging the above equations yield a set of partial

differential equations governing the transient flow in one-dimension.

_ _ _ _ _  = f (
~~ , T ,  A , U , S) (5)

—F~--~ (i1- 
A+ u) = - AU ~2.nd + A + (y-l) A - 

~~~~~ 

UjU (

E (6)

where
—

~~~~~

-- = -
~~~~

--— ÷ (U + A ) (7)

Since two of the governing partial differentia l equations are hyper-

bolic , t iey possess “characteristics ,” invariants in time . At each poin t

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

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

calle d , the method of characteristics . It uses invariants from nearby

known points to calculate other points . These characterist ics are called

P and Q. 8 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - . 
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FIGURE 1 . DETERMINATION OF FLOW CONDITIONS AT “LATER” OR AT
“EARLIER ” POINT FROM GIVEN INITIAL CONDITIO NS .
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FIGURE 2 . CHARACTERISTIC DIAGRAM FOR THE FLOW ANALYSIS .
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A = ~~~~~~~ = .a.. P = . A + U

U À!_ —
~~

.— Q =  —
~~
-

~
- A - U

S =  
~~~~~~~ 

u =

A = :L~i~ (P + Q)

L0 
= reference length (f t )

a0 
= reference speed of propagation (ft/sec)

x = one-dimeflsional space coordinate (ft)

t = time (sec)

s = entropy (Btu/lbm - ‘R)

u = fl ow velocity (ft/ sec )

R = gas constan t

= ratio Os speci f ic  heats

a = speed of sonic wave propagation (ft/sec)

q = hea t transfe r (Btu/ lbm)

p = pressure (lb f/ft
2)

p = density (slug/ft 3)

T = temperature (°R)

a = (~y R T ) ~
2

= area ratio

f = friction factor

A = speed of sound

U = fluid part icle veloc ity
10



S = fluid particle entropy

= fluid particle heating

= coordinate distance

-r = coordinate time

P = ri ght moving charac teris ti c of govern i ng equa ti on

Q = left moving characteristic of governing equation

The i r res pect i ve mathemat i cal def i ni t i ons a re:

Let I = —
~~~~

- A+ U; NA = - AU ; NB = A; NC 
= (~-DA 

~~
-
~~

) ;  N0 
= 

~ L0 U J U J

-
~ç~ 

(I) = NA + NB ~~~~~~~ 
(s ) + N c + N

0 
(8)

5 (I) = (NA + Mc + N0) Ai + 5 (S) NB

In f inite dif ference form , Eq. (9) becomes

A I = (N
A + Nc + N0) A T + A S (N B) (10)

Let the characteristics be given as

P =  ~~~~~~
- A + U  (11)

A - U  (1 2)

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

the unsteady one-dimensional fl ow in the circulator .

11

-— 5- ~~~~~~~~~~~~
-—

~~ 
--—- -

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



2. Numerical Analysis

To app ly  a numerical scheme , the gove rni ng equa t ions are

written in the finite difference form. Equation (5) then becomes (13)

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

= o (~~, i, 
A , U , S) (13)

6 P  ~~S L U I U I
= - AU ~~~~~~ + A + (~ -l) A OS 

- f 0
20 (14)

6 5  L Uj U j
-i-— = - AU + A -

~~~~
— + (y-l) A - f 0

20 (15)

where

_L. A + U  mov ing at (— ~~L-_~ = U + A
y -l \ d T f~

Q = 
~~~~ 

A - U movin g at (—
~

---) = U - A

and a particle moves at (—p—) = U.
-‘ S

Two known points are used to calculate a third new point , loca ted

at (~ 3. T3). The P characteristic from (r 1 , T i ) intersects with the ~
characteristic from (E~2, 12), 

since the slopes of the invariants , c a l l e d

Ri emann var i ab les , are known . By knowing that the P and Q are constant ,

they must exist at (r,3, 13). Now we can ca lculate U3 and A3 by

3 2

A 3 = . Lj 1L (P + Q).

- - - ---I-- --- - -5-- 
— 5 
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iterat ion of this principle continues as follows with Eq. (16), (17), and

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

= s4 + (~ ) (1
3 

- 14 ) (16)

/ ~ Qn (03/01) \
P3 

= - A 13 U13 
~~ 

- 

~ 
)+ (y-l) A 1~ (

~~
)
13 

- 

2 013

U13 IU~ II (r 3 - 1 1 ) + A13 (S 3 
- S1 ) + P 1 (17)

_ _ _ _ _ _ _  ~ 
f L

- - 23 U23 
~ ~3 

- 
~2 

)
~ 

~~- 1) 23 I%,DT)23 
- 

2 023

U23 U23 1 (T
3~~ 

r 2) + A23 (S3 
- 

~~ 
+ (18)

Then ,
P - Q

3 2

A~ = 
~j

1- (P 3 + Q 3
) (20)

Tes t for iterat i on :
U~ - U

< o.ooi (21)
3

- A
< 0.001 (22)

3 
_

5

where the prime d quantit ies are the newly calculated ones .

Once the method of characterist ics solution is completed , the thermo-

dynami c quantities can be calculated . The thermodynamics equations are :
13

—. 
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d ~n 
~~ 

= 
~~~~~~~~ 

-.
~~~~

-— - —4,~-— density (23)

2
I = temperature (24 )

P = p R T pressure (25) I
Equations (23) to (25) are modified according to the numerical scheme of

calculation of the unknown point as

p3 
= p

1 exp ~n 

~~~~~ 

- y (S 3 - S l)1 density (26)

T3 
= (A

3 a0)
2 

/  (y Rg~) temperature (27)

P3 
= p3 R T3 (~~~~ u~~m ) pressure (28)

Now the solu tion scheme moves on to two more known points to calculate

a third. Finally, an entire new l ine is calculated . It , in turn , is

then used to generate another line , and so on .

The method of characteristics only breaks down when it must cross a

shock wave or contact surface. Any discont inuity requires special

attention . The solu t ion must find the inters ect ion of the di scont i nuity

with the characteristics and “jump ” across to a new point to continue as

before . This “jump ” across the charac teristics is accomplished by using

Eqs . (29) and (30) which are derived from the Rankine-Hugoniot relations

for the case of shock waves and Eqs. (31 ) throug h (34) for the case of

contact surfaces as i l lustrated in Figures 3 and 4 .
14 
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tanh (S L 
- SR )J (31 )

= 
~L 

+ 
~R 

- 

~L 
( 32)

P-Q

2 2

= 14_ 
~~ 

+ 
~~ 

(34)

Each shock wave and interface must be continually followed and

updated as the solution progresses. The “cut off’ known point must be

replaced by a new point on the other side of a di sco ntinuity to continue

the method of characteristics.

A flow diagram is presented in Figure 5 to illustrate the numerical

procedure for the solution.

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

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

as shown below .
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p = P (~~ ,t )  = P (x ,t)

p = 1 (r ,r) = p

I = T (F~,r) = T (x ,t)

U = U (-~,r) = U (x ,t)

The computer program is attached as Appendix C.
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C. One-Dimensional Wave Analysis

Follow ing the work of Foa (Ref. 2), a one-dimensional analysis

was performed on the waves produced by the energy deposition in the

cavity . The initial conditions are assumed to result from an instantaneous -

cons tant-vol ume heating of a reg ion of gas of length L in a constant

area duct. The energy deposited goes into heating the gas according to

the following equation

c dT
v dt

Using the perfect gas law , p = iRT , and using the fact that the initial

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

the chan ge in p ressu re

P C T
0 V 0

where q is the energy per unit mass deposited. Thus , the equa ti ons above

can be used to find the initial temperature and pressures produced by

the energy pulse.

The over pressure at the boundaries of the region cause a shock

wave to propaga te away from the cav i ty. The Mach numbe r of th is shock

wave i s determ i ned uniq uel y from the p ressur e ratio us i ng norma l shock

rela ti ons . For a p ressure ra tio of P1 /P0, the follow i ng relat i onshi p

holds

P1 = 
2 k  M5

2 
- k + 1

0 
(k÷1 ) [1

_ 

~~~
(Ms

_ _

~_)I 
1~T

The value o f M5 is found numerically.
20
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The wave propagation is shown sketched in Figure 6 for flow from left

to right. The shock waves trav el in both directions away from the cavity .

Behind the shock is a hot-cold interface which initially moves in the

same directions as the shocks. Behind the interface is an expansion fan

which moves in the opposite direction of the shocks. The expansion fans

cross at the center of the cavity (for no flow case) and then interact

with the hot-cold interface which was generated at the opposite end of

the cavity . This intereation has the effect of stopping the outward

movement of the hot gas.

A computer program was developed to calculate the shock speed ,

pressure ra tios , temperatures , and expansion of the hot gas region .

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

following the program. The notation is as follows :

QV = the pulse ener gy in J/~2.

U3MU1 = velocity in region 3 minus the velocity in region 1

FM = M , the shock Mach number

P1VPO = the initial pressure ratio

T1VTO = the initial temperature ratio

P3VPO = the p ressure ra ti o ac ross the shock

T3VTO = temperature ratio across shock

T2VTO temperature of hot gas with respect to initial temperature

PO ,P1 , etc. = p ressure i n res pec ti ve regi on , N/rn2

TO ,Tl , etc. temperature in respective region , K.

EXPAN = -4~-- , a po i nt at wh i ch the hot-col d interface i s i nter-

sected by the expansion wave , thereby stopping the

expansion of the hot gas region. The value is norma l ized

with respect to the cavity length , L.
21
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_  
- .5  5

QV : V~.O
P0*14.7
A C K  = O , 0 0 0 0 c 1
10= 200.
Ri400 1 .7658
cs up~~~ T7~ ~;z8 5 - - - - - --

G A M MA 1 .6
wAY *22.4
F A C  1 ,15
W R I T E ( c - , 1 0 0 )  A C K  , OO,C~~LJ Li V ,GA~1MA ,~~A T

100 F C R M A T ( 1 H 1 , 5 ’ ~X ,’ L A S E R  S~4 0 C K ’  ,I, 6 O X ,’ ‘ ,/,/ ,/,/, 34x ,
1 ‘A CK ’ ,12X ,’RHOQ’ ,1Ux, CSUBV ’ ,10X ,’ G A M M A ’ ,11X ,’ W A T ’ ,/ ,/ ,2 6X ,
2 5E15.6 ,/,/,/,/,/,/, 12x, ’Qv ’ ,11 x , ‘u3Mu1 ‘ ,12x, ‘FM’ ,ll X , ’P lVP O ’ ,
3 10x , TIvTO ’ ,lOx, ’P 3vPO ’ ,lO x ,’13vT0’ ,t 0x , ‘T 2VTO ’ ,/,1~~X ,’P0’ ,
4 1 2 X ,’T C’ ,14A , ‘ P1 ’  ,12~~, ‘T i ’  ,13~~, ‘ P3 ’  ,13x , 13’ ,1~~x ,’ T 2 ’  ,12x ,
5 ‘~~x P ~~~ ’)

- 
DO 2~ J:1 ,10U 

-.

QV
QF Q V * F A C
A O S ~~RT ( G A P ~M A * ~~3 14 .3~~* T O / W A T )
P 1V P O=QF*1 (~OO ./(RNO0 *CSU~jV *T P),1.O
T l V T O P 1V P O
1G 2. *GAM ~~A
G~11 ~,AM MA—1 .0
GPI .GAMMA +1 .0

FM2 1. 0
ç ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

r 1 (FM—i. /FM ))** (1G /GM1 ))
F C H :AF ~S C FM S—F M)
F~~~F~ S
I F C FC ~i — A C K  ) 1 ~~

- , I 0,9
10 P 3 v P O = ( T G * F M * F M _ ( 3 M 1) ,c , p 1

T 1 V 1 2 : ( P 1V P U I P 3 V P ~~) * * ( ( ~M 1/ ( ~A p , M A )
T2 V T 0 : Pl v P C ’/T 1 v T~T 3 V T C = P 3 V P 0 . C 1 . O . ( G w 1  / G P I ) * P 3 V P O ) / ( P 3 V P A . G M 1 / G P 1 )
Al  A ( * S Q R T ( P 1 V P 0) - -

13: T 3 V T O * T G
p
~~= P3 V ;-

~ 0 * P 0
P l= T 1vT O * PO
Ti =11 vi 0*10
12 12V70*T0
u3 P~ui = ( 2 . * A 0 , u P i ) * ( F ~~— 1 . / F M )
E X P A N  A l / ( A i — u 3wu1 )—1. O
w~ IT ECt ,lO1 ) ,4V ,U~~MU 1 ,F M ,P l V P O , T 1 V T 3 , P 3 V P ~) ,T 3 V T ~~,T 2 V T 0 ,PO ,TO ,

1 P1~~11 ,P3 ,13,T 2 ,EX PA N
101 F0RM~ T(1I~C ,2x ,d~ i5. 6,/,3x ,8E15 .6)
20 CONTI N uE

STO P
END
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0. Muffler Design Considerations

Mufflers are described as devices to reduce the transmission of

Sound whi le at the same time allowing the free flow of gas in a duct or

pipe . An ideal muffler for a pulsed laser system would be a device which

would reduce considerably the transmission of the shock waves produced

by the hi gh energy deposition while at the same time allow for the free

unobstructed flow of the laser gas. Mufflers of this type emp l oy holes

in the side of the duct which connect to a closed region. Through pro per

design , the pressure wave energy can be directed from the gas flow , through

the side holes , and into the dissipation region without disturbing the

steady flow of the gas in the duct . Mu fflers of this type are called

volume resonators . Parameters of importance in the design of such mufflers

are : the frequency of waves to be attenuated , the vo lume of the resonator ,

the size of the holes in the duct , and the length (if other than zero) of

the tubes which connect the holes with the resonator volume .
4 

As is typical

of muffler desi gn , the geometric parameters are dependent upon the fre-

quency of Sound to be attenuated . For example, the requi red resonator

volume is inversely proportional to the frequency . For this reason , high

frequency sound can often be attenuated by simply making the duct walls

out of acoust ic tile or other commonly emp l oyed sound proofing materials .

Low fre quency pressure waves req ui re volume s much l a r ger than can be

accommoda ted in wall coverings . Thus , for low fre quenc y soun d , the duct

mus t have openin gs along the s ide which connect to the large volume

resonator.

As discussed in previous sect - ions , the idea l one-dimensional pressure

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

25 
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pulse traveling through the system. The square wave can be approximated

by an infinite series of sine and cosine waves . Thus , the mu ffler must

be able to attenuate waves over a wide band in frequency to be effective

in pulsed laser operation . in order to make the muffler effective over

a wide band , it was decided to couple the duct to the resonator volume

through the use of horn ampl i f iers rather than the tu bes normal ly  used .

The straight tube design would be effective at only one frequency whil e

the horn has the potential for a wide band of frequencies .

The ideal exponential horn amplifier has the characteristic of a

hi gh pass fi l ter with no reflection. The geometry of the area variation

of the ideal horn is

A(~ ) ~~A 0 e BX

where A(x )  is the area at a position x away from the throat , A0 is the

area at the horn throat , and B is the exponential factor. The cut off

frequency of the horn is determined by the value of B and the total

length of the horn . For zero reflection , the ideal horn must be in-
- - 

- finite in length . For a finite length horn , the refl ected energy is

frequency dependent , wi th the reflection increasing for the lower fre-

quencies . For example , if the exponential factor B is such that the

radius of the horn of circular cross section at the exit , re~ 
were to be

2

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

refl ection is 30% . If , however , the relationship were

re B

the reflection at w/B 4 x lO~ is 25% and at w/B = 2 x ~~ the reflection

is 55%. Thus , the horn geometry for a finite horn has considerable effect
26
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on the fi ltering and refl ection capabil i t ies of the horn . The tab le below

gives a more complete picture of the geometric infl uence on the horn

characteristics.

For pulsed laser operation at 200 pulses per secon d max imum , a l l  of

the energy in the resulting pressure waves is expected to be in the fre-

quency range above 200 Hz. Thus , a horn designed for 200 Hz should re-

move from the flow all the pressure wave energy in the 200 Hz and above

range since a horn acts as a high pass filter. Consider a design in

which w/B = 4 x 1O~ and re = 2/B which gives a 5% refl ection as seen in

the table. If this design were to be effective at 200 Hz ,

B = 1257 /4xl 04 .037 cm~
and

re = 63.66 cm

The length of the horn is given by

L = 
Qn (Ae/Ao )

B

where the length is seen to be dependent upon the throat area Ao . Tak e

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

L £fl (63 ,66/ 1) 2 
= 276.9 cm

which shows that a horn 9 ft long is needed to be 95’- effective at 200 Hz.

Ap effective length of 9 ft could likely be obtained in a folded horn

design which would occupy a reasonable volume and thus be applicable for

pulsed laser systems . Therefo re , theoretically , the horn-coup led-resonator

muffler appears to have the potential for the wide band performance re-

quired in the pulsed laser systems .

27 
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Table of Percent Reflection as a Function of wIB fo r Three Ex ponen ti al
Horn Shape Factors

cm/sec w/ B”Nj~ 1/B 4/38 2/8

2 x lO~ 55~ 40~ 33~
4 x l0~ 25 /  12% 5i . ;

6 x l0~ 15% 8% 3~-8 x l0~ 11% 5% 2~
16 x 1O~ 6% 3% l~2 4 x l 0 ~ 4% 2% 0% -

32 x 10 3% 1%

A horn-coupled-resonator was desi gned and built for the purpose of

investigating experimentally the performance of such a muffler in the UAH

subscale recirculation system . Available materials were employed which ¶ 1

limi ted the length of the horn to 6.5 cm. The horn was des ig ned to be two

dimensional wi th a rectangular cross section rather than circular. The

width at the opening was limited to 11.5 cm plus the throat width . Thus , — -

wi th these geometric constraints , the horn ex p ans ion fac tor was res tri c ted

to be approxima tely .3 for values of throat width of about 1 to 2 cm. For

exam p le , for a throat width of 1.5 cm ,

B 2.n Ae/Ao 9.n (13/1.5)
L 6.5

For thi s va l ue of B , the va l ue of w/B for 200 Hz becomes ,

1252 4
—~~-— —

~~
--— = .42 x 10 ,

at 1000 Hz , this becomes

w 6283 4
—h’-— —

~~
--- = 2.1 x 10

and a t 2000 Hz ,
- 12570 _ 

~r .~~~ 

- .2x

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

above 1000 Hz based on the ~/B ratio and refe rence to the table on

percent ref lection. 28
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Cha pter I I I

EXPERIMENTAL INVESTIGATION OF SUBSCALE CLOSED CYCLE
LASER GAS CIRCULATOR

A recirculation system was designed for use with the MICOM single

pulse laser. This system was bui lt for the purpose of invest igat ing

experimentally the transient f low and heating problems character is t ic  of

a high energy laser system . The equipment employed in this work is de-

scribed in Section A of the following which inc ludes a description of the

recirculation apparatus , a muff ler used in wave attenuation tests ,

acous tic reflectors , and the instrumentation employed in the experimental

program. The experimental data collected by this system will be described

in general in Section B .

A. Description of Experimental Equipment

1. Recirculating Flow A pparatus

The recirculation system consisted of a blower , PVC piping,

mounting flanges for attachment to the S3 laser , an E-beam mask , an d a

plastic structure which was mounted inside the S3 cav ity . A schematic

of the system a ttache d to the S3 laser is given in Figure 7 . The flow

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

a . Blower Spec i f i ca ti ons

The blower is a Dayton Model 4C108 with a 10 5/8 wheel .

The i n le t is 6’2 ’ in diameter. The outlet is 2’2” square . The outside

of the blower casing is approximately 13 in diameter.

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

a 1 hp Dayton Mode l 6K232 operated at 3450 rpm.

29 
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b. PVC Piping

The majori ty of the pi ping consisted of 3109662 “Certain-

Teed Plast ics ” 4” PVC 1120 Schedule 40 220 psi ASTMD-2665. This pipe

has 4” ID and 4½” OD. The 900 turns were ach i eved us i n g stan dar d PVC

fitt ings which have a 4” radius of curvature a long the center line of

the 90° bend . A number of couplings were employed throug hout the path —

length to acco mmodate assembly , disassembly, and modification during the

testing.

Also shown in Figure 7 is a cross-over or by-pass pipe with valve .

This pi pe was 324G264 1” PVC 1 1 20 Sche dule  80 630 ps i 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 va l ve was used in the 1 ’ line.

c. Dimensions

The p i p in g dimensions are shown on F ig ure 8 in cen ti meters .

Tota l path l ength around the 4” circuit is approximately 1140 cm (37 ft.)

d. Flanges

Specia l f l an ges had to be cons tructe d in or der to a ttac h

the PVC p ipe to the b l ower an d to the S3 laser . For the blower attach-

men t, 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-sect ion.

The flanges for attachment to the ~3 were constructed from alum-

m u m  consisting of 4~” diameter hol es with suitable bolt circle and 0-

r ing groove .

e. E-beam Masks

The purpose of the E-beam mask is to contain the E-beam to

~‘ith in a specified region of the cavity . Figure 9 shows the dimensions

of the three masks employed in this work.
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1 100 cm. 10 cm.

FI GURE 9 E-BEAM MASKS USED ON S3 LASER FOR UAH TESTS.
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f. Cavity Structures

The cavity structures serve to box-in the discharge region

in the vertical and longitudinal directions and also to provide a

sup port for the PVC p ipe. Two s truc tures were emp l oyed in  th i s work ;

the 15 cm structure was used with the 15 cm mask while the 100 cm structure

was used with both the 45 cm and 100 cm masks.

A sketch of a cavity structure is shown in Figure 10. Bo th the 15

an d 100 cm structure were cons truc ted i n t he same manner w it h only the

dimension of the opening being di fferent .

2. Muffler

In consulta tion with Mr. Cason of MICOM , a muffler was de-

signed , construc ted , and tested in the recirculation system. The location

of the muffler in the system is shown on Figure 8. The muffler has no

obstructions to the flow and was constructed to attach easily to the 4”

PVC system . The physical dimensions of the muffler are shown in Figure 11.

3. Reflectors

The reflectors tested are shock wave attenuat i ng an d/or

reflecting materials with frontal configurations of honeycomb and square .

The honeycomb is made of alumi num and the square is made of THERMACOMB

alumi na ceramics . Table I presents the measured and calculated physical

properties of the materials.

Ta b le I

Type of Specimen No. of Openings Wall Percent Hyd .Rad.
Openings Th ickness(in) per linear in. Thickness(in) Open Area per Open .(in)

Honeycomb 2.0 4.5 0.00075 92.86 0.0245

Square I 0.5 9 0.0044 85.14 0.0146

Square II 1 .068 7.5 0.0090 74.29 0.0170
34
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ACT I V I~ R E C I O N ~ C A V I T Y  O P L i N I N G  (15cm OR 100cm)
I I

\ :~ ______

f-L 
_ __ _ _ _
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4’ PVC2

StJST:\ I Ni R I i i  C I Rfl 1) l: ( -\ V I TI S 1’RI JCT I JRE

S~~ LA SLR \ 
_ _

/

>
- - / 

S3 e-heam ~itta ches
‘~~—~~~~~to this face.

1~N l )  V I l ~W

FI GURE 10. SKETCH OF CAV ITY STRUCTURE AND INSTA LLATION INSIDE THE
S3 LA SER HOUSING.
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FIGURE 1 1. SKETCH OF MUFFLER.
Curved pieces constructed 01 4” PVC piping .
sides of box constructed of ~~~

“ plywood ,
and end pieces constructed of ~ , ‘ plexiglass.
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Calculate d values of the hydraulic radius (Wette d~

’

~~rimeter ) 
and

percent open area are base d on an ave rage of the a pp ro p r i a te measure d

values. Frontal appearances of these gratis ma te r i a l s  are shown i n

Figure 12 . These refl ectors are placed in the fl ow apparatus for a series

of tests to determine the effectiveness of wave attenuation.
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4. Instrumentation System

a. Pressure Measureme n t

The ins trumen t use d for pressure measurements is a battery

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

piezoelectric pressure transducer (Type 2OlB5) and a coupler (5498) con-

nected with a l28M cable. The unit is then connected to an oscillos cope

for the readout of voltage signals. Specifications of the Piezotron

miniature pressure sensor or transducer , the Piezotron coupler , and the

Textronix oscil loscope are presented in Appendix D.

The pressure of up to 100 psi was sensed by the mini -gage which gives

a direct , high level , voltage signal with less than 100 ohms output im-

pedance and high frequency response of 50 K HZ and low frequency response

of 0.005 HZ . The sensor then converts the pressure into electrical

voltage with bias of up to 11 + 2 vol ts . The power required by the trans-

ducer 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 transducers to be used in contami-

nated environments and with long and moving cables at low noise and with-

out 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

a l l  p ro bes , 50 my per psi for the pressure measurement up to 100 psi .

The calibration curve relating the voltage output and the pr~ss u re is

noted to be quite lenient,
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b. Temperature Measurement
I’ 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 res ponse in excess of 1 K HZ 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 wi th platinum powdery film. The hot-wire sensor is

connected to the Temperature and Switchin g Module (Thermo-Systems Model

1040) which is In turn connected to the power supply (Model 1031-b A).

The Modu le consists of a br idge circui t  and amp l i f i e r  in  an open

loop configuration so the hot-wire sensor which is ordinaril y used as

an anemometer probe can be switched to function as a resistance thermo-

meter. Since there Is a linea r proportionality between the voltage out-

put and the temperature , the calibration can be simply performed by ad-

j usting 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 velocit ies , hot -wi re probes the same

as those used for the temperatur e measurement is applied. The probe is

connected to the constant temperature anemometer module (Model 1O1 OA) .

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

(Model 1005B) so that the vol tage 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

K HZ with power output as high as 1. 5 amps. The noise associated with

the anemometer is noted to be less than 0.007% equiva l ent turbulent in-

tensity . Frequency response to the Linearizer is found to be up to 400 K

HZ and the accuracy of linearization can reach + 0.2%.
40
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With these special features of the instrument , i t is able to measure

both average velocity and turbulence in one-dimension .

Calibration of the probe is performe d by using a Thermo-S ystems

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 or velocity at various locations in the

recirculat ion system. Besides the pressure , temperature and velocity

data , the laser discharge current was also mon itored in order to deter-

mine the power put into the gas. Each firing of the ~3 laser  was logge d

with respect to the sequence number. The firs t UAH experiment began with

sequence number 3043 on December 7, 1976 and the last experiment was with

shot number 3238 on February 2, 1 977 . The lo g of a l l  the UAH shots is

given in the table.

The tests were des i gned to investigate the fluid-thermal disturbances

produced by the sudden energy deposition in the cavity region . In the

follow i ng sections , we describe the wave forms produced by the laser ,

the wave interac tions with the system components , and the wave attenuations

with in the system. Each of these topics will be divided into the pressure

wave results and the thermal -velocity wave results if appropriate.

1 . Wave Forms Produced by the High Energy Laser

The S3 laser was operated as norma l exce pt that no attempt

was made to produce lasing action. The S3 laser merely served to deposit

energy into the gas at the cavity section , thereby s imula t i ng the energy

pulse that takes place in such a laser. The E-beam was operated at 90 Ky ,
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LOG OF UAH SHOTS

Reference Date of ~~~ b lo w e r Energy ol

Numb e r TeAt Usi-d St a t u - s  PuI e 2 i P
~flLosc 

c f Test.

3043 12/7/ 76 N
2 

0(1 Pressure wave propagation with
no o b s t r u c t i o n s

3044 “ ‘‘ On 41

3045 “ “ 26 .45

3046 ‘‘ ‘‘ (II I I (I . LI

304 1 “ “ “ 2t-~.’2,’

s04H ‘ ‘ ft 2~ . 21 ft

3051 1 2 / 8 / 1 6  ‘‘ O i l  I’ r ’ - -~.ur w.~ve p r ( I p d ~~It  ion  w i t h

— 
.~ rg&’ po re me I I honeycomb - -

‘3054 “ ft On p l;ieed a t  h e a t  ex c h an ge r  l o c a t i o n s

‘3058 12/9 /76 “ — 9 .4(. h’ ( c ’ ~~~ (Ire ~ tempt’ rrlttire wave pro—
p;Ig;I t ion t e s t s  w i t h  l a r g e  pore

1059 “ “ On 15.5 1 metal honeycomb at  heat  exchanger
l o c a L  ions

3060 “ ft “ l8. /
~’, 

“

306 1 ‘‘ 0 ‘ I 5 .  R

3062 “ “ ‘ 1 I.8b

3064 0 0 j / , . 61

3065 ‘‘ 0 . In . mm

3064 “ ‘ “ I D .  13 “

3(16/ ‘ ‘  0 1 4. i

3068 ‘ ‘  0 0 l4. (~7

3069 “ ‘ — II . Si)

30/1) “ ‘‘ of I 1 1 . 0(1

30/1 ‘‘ ‘‘ (in 13 .32

3075 12 /10/76 Ar  011 56 .65

3076 “ On ‘th .  65

3077 ,, 0 0

If  
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R e f e r e n c e  l)ate ot (~,45 b l ow er  l- .l1t ’r h;y of
(~~‘ Nu mber Test Used Status Pulse ,__J Pur p ose  of  ‘test

3079 0 “ 8 . 2 0  P re s su re  wave t e s t s  w i t h  two
27 mm sections of cot honeycomb
be tween  s t a t i o n s  3 and 4

3080 I, ( I I I  9.24 0

1082 0 /.04 0

3081 
0 0 8.8(1 0

3084 lIe 8.67

“ ti~5 “ On 9. 35 0

1086 12 91

3087 “ 12 97

3088 ( ( If  19. 59

3089 0 0 0 1 2 . 0 7

3090 Ar On 3 0 .12

3092 0 0 2 6 . 6 0

3093 0 0 

~~I 1 22 .6 1  0

3094 0 0 2 6 . 1 0  0

309 5 ( )~~ 2 7 . 9  -

3096 12 /14 /76  “ 39 . 2 }‘ re’~sure wave propag.It ion t e s t s
w i t h  6 s e c t  L OUS o f  cer  honeycomb
between s t a t i o n s  3 and 4

3097

3098 ‘, off 1 / . 87

3099 0 13. 32

3 100 0 9.75

3101 1 2 /17 /1 6  On 1 9 . 7 6  t’ t ( s s u r I ’  W~ V ( ’ ~~l o p a g It  Len t e s t s
w i t  Ii m u ffler placed between
s t a t i o n s  3 and 4

3102 0 •1 21 . 88

3103 0 0 1 2 . 00 0
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R eference  Da t e of ( a  B l o w er  En er g y  of
Number Test U sed S t a t u s  P u l s e , J Purpose of Test

3104 12/ 17/76 Ar 0f f  9.93

3105 “ “ 18.5 1~

3106 “ I’ 27.28 0

3107 12/20 /76 “ “ 4 2 . 9 0  P r e s s u r e  wav e propagation
t h r o u g h  m u f f l e r  to get good

3108 “ 51. 73 
record of wave history

3109 0 49 07

l ti, l0 0 0 0 54 75 “

1111 IS  0 49 07

3112 On 32 55

3113 ‘S 26 35

3114 “ I’ 13 78

3115 37 40

3116 “ “ 25 6

3117

3119 12/21/76 off 58 88

3120 “ 62 06

3121 “ 70 40

3122 IS  “ 55 15

3123 “ 50.17

3124 “ 61.60

3125 0 0 66 67

3127 “ “ On 58 61

3128 “ 60 00 0

3129 “ “ 53 40

3130 “ “ 54.40
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Keferenc e l)ate of (;as blower (-nt’rp,y oI
Number Test Used St ,itu~ Pu1se~ J Purpose of Test

3131 12/22/76 Ar 0 f f  9 1.87 P ressu re  wave t e s t s  with new
probe l o cat i o n  near  m u f f l e r  and
t L m ~ delayed si gnals

3132 0 “ 83.33

3133 “ “ 79 .12

*

3134 “ 98 . 5 8  “

3135 “ “ On 6 6 . 7 5  0

3136 “ “ “ 52 13 II

3137 “ “ “ 40 13*

3138 N 2 5 3 . 6 7  II

3139 0 0 35.00 0

*
3140 0 0 0f f  48 .42  0

3141 be On 55. 73 0

*3142 “ “ 4 5 . 6 8  0 5

*3143 “ “ oil S2.70

*
Enlarg ements made of scope t races for purpose of data analysis

I

I
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Re fere n ce  Da le  of ( ; i ~ B l o w e r  Energy of Pu rpose of Test
Number Tes t Used S ta tus  Pulse , .1

3144 1/7/7] N2 O f f  All four pressure probes put

3145 II 50.0 
at same l o c a t i o n  to test
relative responses.

3146 “ 4 9 . 9

3147 “ 5 3 .  
_____- —__________________________

3150 1 /25 /77  Argon 51.3 I n s t a l l e d  new probe at up—

3151 “ 0 32.0 s t r e a m  of d i s c h a r g e  to test
e f f e c t  of c o r n e r .

3152 “ On Also , the rma l  wave t es t s .

3153 “ “ “ 30.7

3154 0 0 30.8

3155 1/ 26 / 77 N2 
“ 4 7 . 6

3156 “ “

3157 1/27 /77 “ “ 23.1

3158 “ 17.8 Corner  and thermal wave test

3159 N
2 

O f f  17.5 in N
2
.

3160 “ 0 0 Therma l wave a t  d i f f e r e n t

3161 0 “ On 29.0  locations around sys tem.

3162 “ “ ‘I 34.8

3163 “ “ 22 7
3164 “ “ 0 26 .9

3165 0 0 34.0 Wave near muffler.

3166 “ “ On 2 6 . 5

3167 “ “ 25 .3 —~_______________________________

31,68 “ [lo 52.8 Wave propagation and therma l

3169 “ “ “ 1.8.0 wave.

3170 “ “ “ 20 .7

3171 “ 0 0 38.5 
-~~~~~ ______________

3172 1/ 28 / 77 N
2 

“ 62 .0 M u f f l e r  inci dent and r e f l e c t i o n

3173 0 53.6 t e s t  and the rm a l wave .

3174 N 7 
( 1ff  39 6

3175 “ 0 
3 1 . 2

3176 “ 0 f f  2 5 . 3

ALL OF TIlE ABOVE ‘~~~N USED A 15 (~f cAvity REG I ON
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Reference Date of (as Blower Energy of Purpose  of Test
Number Test Used Status Pulse , .1

TILE FOLLOWI N(; ‘lES I’S W~E A 100 CM CAV I TY REGIO N

3177 2/1/77 N2 >>126 Muf f le r  in cident re f lec t ion
tests and thermal wave tests.

3178 “ “ On 208

3179 “ “ “ 312

3180 “ ‘ 182

3181 “ “ On 186

3182 300 Corner test and thermal wave.

3183 “ N 2 303

3184 “ “ 308

3185 “ “ On 280 - ,

3186 “ “ “ 288

3187 “ “ Off 303 Co r n e r  t e s t  w i t h  probes
r ev e r s e d .

3188 On 325

3189 0 0 221 M u f f l e r  t r ansmis s ion  t e s t .

3190 “ 165

3191 “ N~ On 187

3192 “ “ “ 194

3193 “ “ 184

3194 “

3195 I I  “ 294

3196 “ “ 128

3198 “ 290 M u f f l e r  r e f l e c t i o n  and
in c i d e n t  t e s t

3199

3200 N 2 On

3201 2 / 2 / 7 7  Ar gon On 333

3202 “ “ 277
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R e f e r e n c e  Da t e  o f Gas Blower  Energy of Purpose of Test
Number Test Used S ta tus  Pulse , J

3203 2/ 2/77 Argon 280

3204 “ “ On 23 2

3205 “ “ “ 242

3206 “ “ “ 294 M u f f l e r  t r a n s m i s s i o n  test

3207 “ “ 239

3208 “ 0 305 -:

3209 0 260 Thermal wave tes ts

3210 400

3211 “ Argon On 390 Thermal wave and
corner test

3212 0 0 347

3213 “ ‘ “ 372 Thermal  wave and Fan
Ref lec t i on  Tes t

3214 “ “ “ 260

3 215 “ “ “ 371

3216 “ “ 0 307

3217 “ “ 322 Fan t r ansmiss ion  te st
and thermal wave test

3218 “ “ 300

3219 “ “ 289

3220 “ “ 350

48
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Reference  Date  of Ga s b lower  Energy of Purpose of lest
Number Test Used Status Pulse , J

3221 2/2/77 Argon 146 Fan transmission test and
thermal test

3222 “ “ 154

3223 0 158

3224 0 0 183 Fan r e f l e c t i o n  and
i n c i d e n t  t es t

3225 0 0 128

3226 “ On 172 Corner  t e s t  and the rmal
wave t e s t s

3227 “ 0 0 154

3228 0 135

3229 0 “ 131 Muffler reflection and
i n c i d e n t  t e s t

3230 “ ‘ 197

3231 “ 0 0 179

3232 0 0 0 171

3233 0 0 0 203 M u f f l e r  t r a n s m i s s i o n  tes t

3234 “ “ “ 168

3236 “ “ “ 205

3237 ‘S ‘ 104 Corner test

3238 0 0 0 122

T I l E  AB OVE ’I ESTS USE A 45 CM CAVITY REGION

49
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the sustainer vo ltage was varied between 15-30 Ky , and the pulse wi d th

was varied between 2 and 3 ~ sec . As pertains to the fluid dynamics of

the cavity flow , the energy deposition is instantaneous and , therefore , the

process can be described as an ins tantaneous constant volume heating

process. The gas pressure an d tem perature are instantaneousl y increase d

by the energy deposition while the density remains unchanged . The fol-

lowin g describes waves found produced by these initial conditions .

a . Pressure Wave Form

The pressure wave produced by the energy deposition con-

sists of a sharp pressure rise followed by a sharp pressure drop and a

negative phase. This is illustra ted in Figure 13 where the pressure shown

is positive in the negative direction since this is the way the data

from the pressure transducers are recorded on the scope pictures. The

width of the positive pressure pulse is typically 1 m sec and the nega-

tive phase has about the same width . The amplitude of the positive phase

was a func tion of the energy deposited in the gas which varied between

7 and 100 J for the 15 cm cavity , between 120 and 400 J for the 100 cm

cavity , and between 100 and 205 for the 45 cm cavity . (See log). The
— 

ampl itude of the negative phase was generally proportional to the ampli-

tude of the positive phase. Figures 14. l5 ,and l6show a typical pressure

wave for the 15 , 45 , and 100 cm cavity len gths respectively. Figure 14

for the 15 cm cavity shows the wave for the three different gases used

in those tests (N2, Ar , and lie). Only Ar gas was used in the 45 cm tests

and a typical wave form is shown in Figure 15. Both N2 and Ar were used

in the 100 cm tests and these results are shown in Figurel6 . The 100

cm wave form shows two additional positive pressure pulses following the

negative phase of the wave. This feature is not present in the 15 or 45

cm results. 50
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FIGURE 13. PRESSURE WAVE FORM CHARACTERIST ICS.
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All the results shown in Figures 14 , 15, and 16 are for the case with

the fan on. The character of the wave generated by the laser with the

fan off is shown in Figure 17 for the 15 cm case and He gas.

b. Therma l Wave Form

The pressure waves described above travel away from the

cavity , both upstream and downstrea m , at speeds greater than sonic. The

pressure in the cavity region is adjusted back to a value near ambient

in a short period of time . The temperature di scontinu ities created by

the energy deposition do not , however. A hot region of gas remains long

after the pressure waves have tra ve l ed away . The center of this hot

region of gas moves away from the cavity at the speed of flow of the gas

through the cavity . In measurements made very near the laser cavity .

the hot region of gas was found to have the genera l shape as sketched in

Figure 18.

Figure 19 shows the actual measured profiles for the 15 cm cavity

for the N2~, Ar , an d He gases . The probe was located at l ocation

which is 143.5 cm away from the center line of the discharge reg ion.

Figure 20 shows the profile for the 45 cm cavity using Ar gas. Fi gure 21

shows the measured temperature profiles for the 100 cm case for N2 and

Ar gas.
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Shot # 3227
Date 2/2/77
Vertical Scale .O lv/d
Hori zontal Scale 1 msec/d

Notes
Argon ( 45 cm)
Fan On
Corner Tes t

I

FIGURE 15 . EXAMPLE OF PRESSURE WAVE FORM GENERATED BY 45 CM CAVITY USING
Ar GAS .
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Shot ~ 3181
Date 2/1/77

Vertical Scale .02v/d
Hor i zon tal Scale 1 msec /d
Notes

- N ( 100 cm)
F~n On
A After Laser
B Before Muff

Shot # 3211
~~ ~~~~~~

__

;~~~~~~~~~

‘ ~~~~~~~~~~~~~~~~ - 

~~ Da te 2/2/77
- Ver tical Scale .O l v /d

- 

~:
:0nta 1 Scale 1. msec/d

~~~~~ 

- Argon (100 cm)

Corner Test

FIGURE 16. EXAMPLES OF PRESSURE WAVE FORM GENERATED BY 100 CM CAVITY
USING N

2 
AND Ar GASES.
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Shot # 3143

Vertical Scale .02v/d
Scale 2 msec /d

I

FIGURE 17. EXAM PLE OF PRESSURE WAVE WHEN FA N ~S OFF. THIS IS FOR 15 CM
CAVITY AND He GAS .

56

-

- 5 -



I-

Magnitud e depends on
I -  powe r leve l

_ _ _  ] 

H --

— 
- - -—— - --5-—- — 5 -  

\~~_~~~~~ ~~~~

I time , t
b... Width depends on

cav i t y  length Ij~

FIGURE 18. THERMA L WAVE FORM CHARACTERISTICS.
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Sho t # 31 54
Date 1/25/77
Vertica l Sca le on p ic ture 

- 
-

Horizontal Scale 10 mnsec/d
Notes
Argon
Fan On

Shot # 3155
Date 1/26 /77
Vertical Scale
Horizontal Scale 10 msec/d

Notes
‘2

Fan On

Shot # 31 70
Date 1/27 /77
Vert i cal Scale

— 
Horizontal Scale 10 msec/d

Notes
He
Med . power

FIGURE 19. EXAMPLES OF THE RMAL WAVE FORM FOR THE 15 CM CAVITY WITH Ar ,
N 2 ,  AND He GAS.
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Shot # 3226
Date 2/2/77
Ver tical Scale below
Horizon tal Scale .1 sec/d

Notes
Argon
T @O~ .lv /d

P8 @~~~.O2v/d

~c 
@Q.02v/d

FIGURE 20. EXAMPLE OF THERMAL WAVE (UPPER TRACE) GENERATED BY 45 CM
CAVITY USING Ar GAS .
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2. Wave In terac t ion w it h Blower

The b l ower i s the fir s t system componen t the waves encounter

upon leaving the downstream side of the cavity . The ex per i mental resul ts

show that much of the pressure wave is reflected back toward the cavity .

The thermal wave passes through the fan without reflection but is re-

duced in amplitude and spread over a larger distance.

The general charac ter i st ic of the pressure wav e in terac ti on w ith

the fan is illustrated in Figure 22. All these features can be seen

on a typ ical trace shown i n F i gu re 23 w here the u pp er trace is from a

probe on the upstream s id e of the fan an d the secon d tra ce i s from a

probe on the downstream side.

The thermal wave interaction with the blower is illustrated by the

data shown in Figure 24 for shot numbers 3217 and 3219. For shot number

3217 , the temperature probe is on the upstream side of the blower while

for shot number 3219 the probe is on the downstream side of the blower .

The power levels for the two shots are 3223 and 2893 respectively.

3. Wave Attenuation with Respect to Distance

Fi gure 24 illustrates the effect of distance of propagation

on the therma l wave in the record for shot number 3217. The t ime swee p

was set at .1 s/div so that the second passage of the wave could be

observed a t this same location . The experiment shows that the therma l

wave took ebout .5 sec to travel around the system and was reduced in

magn itude by a factor of about 8 after a single pass.

The attenuation of the pressure wave as it travels around the open

system is shown in Figure 25 for shot number 3079 which shows the pressure

probe records at the four major locations in the system . The effect of

distance is seen by fol lowing the wave that travels upstream from the
61
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FIGURE 22. CHARACTERISTICS OF THE PRESSUR E WAVE INT E RACTION W I T H  THE
BLOWER .
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Shot # 3117
Date 12/20/ 76
Vertical Scale .02.v/d
Hor izontal Scale 2 msec/d
Notes
A rgon
Muff ler
Fan On

FIGURE 23. EXAMPLE OF PRESSURE WAVE INTERACTION WITH FAN (15 CM CAVITY
ARGON GAS).
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Shot 32 17
Date 2 / 2 / 77
Ver t ica l  Scale below
Horizontal Scale .1 sec /d
N o t e s
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Medium Power
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Shot 3219
Date 2/2/77
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FIGURE 24 . E XAMPLES OF INTERACTION OF THERMAL WAVE WITH THE FAN . LOWER
TRACE OF ~32l7 IS TEMPERATURE PROBE UPSTREAM OF FAN WHILE
UPPER TRACE OF 3219 IS TEMPERATURE PROBE DOWNSTREAM OF FAN .
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FIGURE 25. EXAMPLE OF PRESSURE WAVE PROPAGATION IN OPEN SYSTEM WITH THE
FAN ON
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cavity beginning at station 4 then appearing at station 3 and finally

at stat ion 2. Taking the amplitude at station 4 as a reference , the

positive phase ampl i tude at 3 and 2 is .718 and .684 respectively. These

resul ts are with the fan on . For the case when the fan is off , refer

to Figure 26 which shows the results for shot number 3083. In this case ,

the amplitude at 3 and 2 relative to 4 is .814 and .804 respectively.

Th is comparison shows that the pressure wave attenuation is much greater

when the wave is traveling against the flow as compared to when there

is no flow .

4. Pressure Wave Interaction with Ceramic Reflectors

The ceramic reflectors were installed between stations 3 and

4 in the recirculation system. The thin walled metal honeycomb was found

to have no measurable effect on the wave propagation. The pressure wave

was found to be attenuated by the square celled ceramic. They were not

found to cause any measurable reflection of the pressure wave , however .

Examples of the results are shown in Figure 27 for shot number 3097 with

the fan on and number 3098 wi th the farm off. For these shots , all four

sections (8 cm in total length ) of the square celled ceramic were placed

between stations 3 and 4. Using the amplitude at station 4 as the re-

ference , the amplitude ratio across the ceramic was .562 with the fan on

and .632 wi th the fan off. Compa red with the same ratios discussed in

part 3 above , the ceramic is found to reduce the amplitude of the pressure

wave by a factor of .78 compared to the open pipe .

5. Pressure Wa ve In teraction with Muffler

The muffler was found to have a dramatic effect on the pressure

wave as can be seen in Figure 28 which shows the results for shot numbers

3102 and 3106 for fan and no fan respectively. The pressure wave

66 
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F IGURE 26. EXAMPLE OF PRESSURE WAVE PROPAGATION IN OPEN SYSTEM WITH THE
FAN OFF.
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Shot # 3097
Date 12/14/76

Vert ical Scale .O2v/d
Hor i zontal  Scale 10 msec /d
No tes
Argon
4 sec ti ons of cer , fi ne

& coarse

Sho t ~ 3098

Ver tical Scale .02v/d
Hor izontal Scale 5 msec/d

Notes
Argon

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Date 12/ 14/ 76

-- 
- 

Fan Off
- 4 sect i ons of Cer Honeycomb ,

Coarse & Fine

FIGURE 27. EXAMPLES OF PRESSURE WAVE PROPAGATION THROUGH CERAM iC ~E-
FLECTORS WITH FAN ON (~ 3O97) AND FAN OFF (*3098).

68

- —  — -  —-



~~

, ~~~ ~~~~ 4flJ~_%~~~ Shot 31 02
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FI GURE 28. EXAMPLES OF PRESSURE WAVE PROPAGATION THROUGH THE MUFFLER
WITH THE FAN ON (# 3102) AND FAN OFF (#3106).
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amplitude ratio across the muffler is found to be .143 wi th the fan on

(#3102) and .181 wIth the fan off (#3106).

Pressure probes were relocated nearer the muffler and a more de-

tafled study was made of the pressure wave interaction with the muffler.

This study showed that there is a negative phase pressure wave reflected

from the muffler when the pressure wave travels into the muffler. The

positive phase of the pressure wave is attenuated considerably in the

muffler while the negative phase Is not reduced as much. A sketch of

the pressure wave Interaction is given in Figure 29. Figure 30 shows data

which supports the general view of the muffler interaction as shown in

Figure 29. In Figure 30, data from shot numbers 3172 and 3143 are shown .

For #3172, the two pressure probes are placed at the same side of the

muffler spaced about 22 cm apart. In the lower trace of #3172, the re-

flected negative wave is on top of the negative phase of the incident

wave. In the top trace, the reflected negative wave is seen separated

from the Incident pressure wave. The data on shot #3143 was taken wi th

one pressure probe on each side of the muffler. The upper trace shows

the transmi tted wave and the lower trace shows the incident wave. The

second negative phase wave on the lower trace of #3143 is the reflected

negati ve phase wave as has been di scusse d .

The performance of the muffler was investigated in more detail with the

assistance of Mr. Cason and Dr. Werkheiser of MICOM . They provided a

pressure spectrum of the pulse which is typical of that generated in a

laser pulse shown in Figure 30a . This figure shows that much of the energy

in the pressure pul ce is contained In the 100 to 1000 Hz range. The pressure

wave data taken in laser firings Number 3134, 3137 , 31 39, 3140, 3142 and

3143 was photographically enlarged and over 100 data points taken from
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FIGURE 29. CHARACTERISTICS OF PR ESSU RE WAVE INTERACTION WITH MUFFLER.
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Shot 3172
Date 1/28/77

Vertical Scale .02 v/d
- 

- 
Horizontal Scale I msec/d

Notes
Both de layed 8 msec
N , Fan On
M~f f  Test

~~v

~~~~~ 

Shot 3 143 
- 

- 
Date 12/22/76

Ver t ica l  Scale .02 v/d

I 

E::tal 

Scale 5 msec/d

FIGURE 30. EXAMPLE OF PRESSURE WAVE I ~TERACTION WITH MUFFLER . #3172
SHOWS THE INCIDENT AND REFLECTED WAVE , #3143 SHOWS THE
TRANSMITTED WAVE.
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each trace. These data were input into a computer program to obtain the

power spectrum density of the incident and transmitted waves. From this

data , the attenuation characteristics of the muffler was determi ned as a

function of frequency . The results are shown in Figure 30b for three

different gas mixtures .

The results show that nearl y 40 db attenuation was obtained at the

low frequency end and a 12 db peak at near 500 Hz. The firs t peak is

likely due to the large vo l ume available for resonance and the 500 Hz

peak is likely resulting from the horn characteristics. The results show

a need to design for the 100 to 200 Hz frequency range since this muffler

had little effect on energy in that range. The range above 1000 Hz can

likely be increased by lining the duct or other standard approaches for

high frequency energy .

6. Pressure Wave Interaction with 900 Turns

Data was taken on the p ressure wave at a locat i on before

and after it passed a 900 turn. No measura ble change in the wave form

could be observed and no measurable reflection could be observed . Samples

of the data are presented in Figure 31 which shows data for shot numbers

3211 and 3238 for the 100 and 45 cm cavity cases with the fan on. The

upper traces show the wave form before the corner and the l ower traces

show the wave form after the corner.
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FIGURE 30b. ATTENUATION AS A FUNCTION OF FREQUENCY FOR THE HORN-COUPLED-
RESONATOR MUFFLER WITH THREE DIFFERENT GAS MIXTURES .
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I, ••

F i- ;~~E 31 . EXAMPLES O F PRESSUR E WAVE INTERACTION W ITH CORNER. TOP TRACES
SHOW WAVE BEFORE CORN ER AND LOWER TRACE SHOWS SAME WAVE AFTER
~1)RNFR.
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7. Veloci ty Wave Form

A l i m i t e d  amount  of data was obtained from the ho t wire on

veloc i ty waves in the system. An example of the results obtained on the

velocity wave is shown in Figure 32 for shot num ber 31 25 . The th i rd

trace shows the velocity as measured at station 1 . The upper trace is

the pressure record at that same location. The results show the sudden

change in velocity caused by the shock , the decay in velocity caused by

the expansion wave following the shock , the sudden velocity increase

caused by the shock traveling back past station 1 after reflecting off

the fan , and the decay in velocity due to the travel i ng ex pans ion fan . 
- 

-
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FIGURE 32 . EXAMPLE OF RESULTS OBTAINED ON VELOCI TY WAVE TAKEN AT
STATION # 1 NEAR THE EXIT TO THE LASER.
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Cha pter I V

DESIGN OF LASER CAVITY

The UAH team assisted Mr. H. C. Tom in the engineering design of

the laser cavity to be incorporated in the laser system un der design and

construction. Periodical meetings were held to provide technical in-

fo rmation and design guidance in the detail flow calculatiors , thermo

ana lysis , and configuration design of the laser cavity . Some laboratory

analyses using a water table was employed during this period in obtain-

ing pertinent technical data for the design.
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Chapter V

CONCLUSIONS

The theoretical and experimental program which was begun during the

dura ti on of this  contrac t i s no t com p lete a t th i s t ime but the fol l owin g

conclusions have been drawn based on the subscale testing and the numerical

model ing work.

1. Impulsive hig h energy deposition in a flowing gas , characteristic

of a h igh  energy laser pulse , produces shock waves which trave l at super—

sonic speeds , both upstream and downstream , away from the cavity . The

energy pulse also produces a region of hot gas which tra vels with the

flow ing gas .

2. The shock waves travel throughout the rec i rcul a ti on system ,

travel around 900 turns with little or no attenuation , reflect off a

compressor with l ittle or no attenuation , and can likely be absorbed by

mufflers of sui table design.

3. The hot gas region (or therma l wa ve)moves at the flow velocity , is

attenuated by the compressor , and w i ll retu rn to the cav ity i n one re-

circulation cycle unless suitable heat transfer takes place in the circuit.

4. One dimensional modeling of the transient flow behavior is able

to predict the major qualitative characteristics of pulsed operaticm

(i.e., the shock wave and thermal wave generation) but quantitative com-

parisons show a need for improved gas dynamic modeling of the transient

behavior.

5. Acoustic absorbers of the honeycomb type tested in this work

were foun d to be of l itt le i nf luen ce i n the attenuation or reflection of

the shock wave ‘~r the thermal wave. Either a much more closed honeycomb
80
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or many more of the ones employed would be required to attenuate the

shock wave . This would be at the expense of significantly higher pressure

drop.

6. A low- pressure-drop muffler can likely be designed to eliminate

the shock waves produced by the pulsed laser operation. The muffler

tested in this work was successful in attenuating the shock wave by 40 db

and better performance can likely be ob tained by redes i gn an d further

testing .

7. The numerical simulation of steady state operation and transient

flu id and thermal behavior needs further development which could come

about from imperial relat ions based on actual system performance. The

subsca le sys tem employed in the work reported here was not appropriate

for deve lopment of the data needed on start up transients and heat ex-

changer performance.

The work reported here has rev ealed the major transient fluid and

therma l characterist ic of high energy gas laser systems operated in a

pulsed mode. While the closed cycle EDL has been the basis for the

study , the resul ts should be of interest and application to the desi gn of

both close d and open cycle systems including electric discharge , chem i cal ,

and gas dynamic h i g h  energy systems . The closed cycly system presents the

most severe envir onment in terms of pulsed operation since waves can travel

around the system or reflect back to the cavity and thus spoil beam quality

or otherwise degrade the gas properties desire d for efficient laser

operation . Wave attenuation is required in order to prevent waves from

return ing to the cavity region or from traveling into the upstream regions

of the system. Such attenuation can most likely be performed using high

pressure drop screens , honeycomb material , or orifice plates . The overall
81
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efficiency of the laser system is , however , reduced by the use of high

pressure drop devices and a better solution would be to employ low pressure

drop muffler concepts . The muffler concept employed in the work re-

ported here was of the straight flow type having no structure to impede

the flow of laser gas. The waves are attenuated by designing resonate

cav ities and horn amplifiers to transmi t the A. C. energy in the flow to be

disipated in acoustic absorbing material while not effecting the D. C.

energy contained in the flow . Improvements on th is conce pt an d des i gn

are confidently predicted and such devices should find wide application

in pulsed laser operation.
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) .MA IN
I M P L I C IT  R E A L * 8  (A— H , O—Z )
DI M ENS ION AM T (i~ ’,16), NN (16) , SVR (1&), TD I F (16) , PMT (16)
CO M M O N /VAP / ~O 1G , Tu 2G, 1060, 10 76 ,  Ii , 12, 13, 14 , 16, 1 8,

A 110, 116 , 116 , T i c , T ? C ,  TA ? ,
P 1036, 1046, 1C56, b EG, T 0 9 6 , 10106, 10116 , T 5 , T7 , Tc , Til ,
C 112, 113, 115, T i ? , 119, 116 , 126, T36 , T4G, 156, 166, 176,
0 18(3 , 196, 1106 , i l i r ’, TA 1 , EF F L ,  P016, P026 , P036, PO4G, PO 5G ,
E P066, P076, P086, P096, P0106, PO11 C -, PIG, P2G, P36, P 4 G , P56 ,
F P66 , P76, PPG, P 9 G , P1CC~, P11 6 , P(20), AC (20), vC (20), F M 1 ,
6 FM2 , Fr~3 , FM4 , FM ~ , FM6 , F M 7  , FM 8 , F~~9 , F~ 10, F’.~1 1 , A (11)
H C A M I G , GAM 2G , G A M 3 G ,  CA M 4G , G A M 5 G ,  G A M o G ,  GAM7 G, G A G , GA M 9G,
I 6A f’~1GG , G A M 1 1 C , TGMI , T G M I I , T M A , GIM U , G I I M U , AMU, PRG I,
J P R G I X ,  PRA , CPC,l, C P G I I ,  CPA , TMI, TMII, TM , ZIMU, ZIIMU, ZMU ,
K PRX ,  PR I1 , PR , CP I, CPu , CP , 661, 6611, C-A , 61, G I l ,  6, RE GI ,
L R E 0 I  I, P E A , R E X ,  ~~~E I I  , R E , G F I  , c r 1 1 ,  A F  , F l ,  F I X ,  F , GJ I
M G J I I ,  A J ,  Z J I ,  Z J I I ,  7.1 , Hu l , H GI I ,  H A , H I , H Il , H , CCI , C G I 1 ,
N CA , CI ,  C I I ,  C , U I , U l l ,  U, A G I ,  A G I l ,  AA , TO NI, TUP~1I, T O N ,
o TOwI , TOWlI, TOW, [PSI, EPS II, EPSA, ESSI, E SS II , ESS, W G,
P Q6G , Q COR P , BPR , ALT , P A T , PA?, R H , FN (6) , EFFLP , V I, VIM ,
0 PI (3A , H i M , CL 1 M , WT 1M , 0CM , bL PR , BLPR M , CPP , C PPM , P F , P F M ,
P P01, P L K W , W I , t~I I ,  v.P , ~M , W V 1 ,  WV2, WE, W S , ~ A , O R , (A CM ,
S G M , G V 1 , 0V2 , G E , QS, CF2 3, C r 3 4, Cr 45 , CF 7P , CFE 9 , Cr 910
COM MON / VA R /  CF I11 , A T A F , H i , C li , WT 1 , A C N (20), DC , 01(3),

A DH (3), Dw (3) , DDHG (3), DAL G (3), DAF OA (3), DSIG (3), DDEL (3),
B DA (3), DK (3), DSL (3), DSX (3 ) , D A L F (3), DD~4(3) , CONV (16), DELM ,
C R O L I~~, P L I M , FG, TITLE (?8), DP , D P I , DP II , PPR , PPRM,
o lA i r , R HP , 11GM , [~KH (3), E T I G ,  ETO2G, ETO 6G, ETO7G , E l i ,
E £12, Fl!, ET4 , ET~~, E18, [110, ET 14 , [116 , ET 1E , ET?O , ETA2,
F E F P P , C WA , DNP (3) , CDI, C D I I , L DA , FV IM , PRPM , V L I M , R O A 1 ,
6 R O A 2 , DA F A L (3 ) ,DSLL (3),A~~(3)
COMM ON /IVAR / NTAM , NDSGN , N C S , KI , KO, NL IM , NP (7), NF IJLL,

1 Ne S, N B P S ,  J C P R O
E Q U I V A L E N C E  (SVP ( 1) , T O 1 G )

2 CA L L  EN P IJT
T 2 G T O 2 G
T 6 G  10 66
150 1026
1 1 0 6 = 10 7 0
.1

501 1 1 0
CALL GAS P (TI6, [N , GA M I G ,  CPIG , Zi , Z I ,  GMu )
IF (JC PRO .GE. ~ )

1 P I 6~~~0i*11G / C .093178*GMU)
IF (JC PRO .LT. fl)

1 ~c-i= .09’17EaPIc3 *G~’u /T IGw G = P O 1  * V ~~ *~~ ( 1 )
FMI w ( *DSOR T (1IG/ (GAMIG*GMU ))/ (2C.7774*PIG*A (1))
T O 1 G~~1IG* (1.+FM i*FM1* ( (,A M1G—1. )/2 .)
11 1G IO1G
hRIT [(~~,198 )R’~)1, U,PI 6,T l G

1~~e~ FO &M A T( 1 HO , ~x, o1= ,E15. 7 , 5 x , 6~~U= ,Ei c .7,~~x , oIG= ,E15.7 ,
1 ~ x , T 1 C = ,F 1 c .7)

10 DO 3 1 :1,16
DO 4 J=1 ,1~

4 A M T ( 1 , j ) = O .
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3 EI4T (1)ZO.O
W R I TU 6 , 12 2 )

122 FORMA T (1HO ,3X ,’T O 2 G~~ ,E15.7 )
~ RITE (~~,l2i ) Ti ,T2,T3,T4 ,Te, T 8 ,T1O, T14 ,T1 6 ,T 18 ,T 2 0

121 ~~~~~~~~~~~~~~~~~~~~ ,T2,T3 ,14 ,To,TP, T l f l ,T 14 ,T16,T1P ,T20 ,/ ,3X ,
9E13 .e,,/,3X ,2E13.6 )

TMI .5* (T2+14)
TMII .5* (T2+16)
TM .5* (T3+T1)
Z1 TSG— T4
Z 2 T 66— T2
IF (~~1 .LE . 0. .OR . 22 .LE. 0.) GO TO 11
IF (Z1 .EQ. Z2) GO TO 12
TGMI= TM I + (Z1— 22 )/ (DLOG (Z1)—DLOG (Z2 ))
GO TO 13

11 TGMI= .5* (T5~~+T6G )
GO TO 13

12 TG !~I= .5* (T5G+T6G)
13 z1=T100—T6

Z2=T1 1G—T2
IF (LI ,LE. 0. .OR. Z2 .LE. 0.) GO TO 14
IF (Li .EQ . Z2) GO TO 15
T G M I I T~”II +(Z1—Z2 )/(DLOG (Z1 )— DLOG (Z? ))
GO TO 16

14 TGMII . 5* (T1OG+T1 16)
60 TO 16

15 TGMII .5* (T1OG+T1 16)
16 Z1 T i— T A 1

Z 2 = T 3 — T A 2
I F  (21 .LE. C’. .OR. Z2 .LE. C. ) GO TO 1?
IF (21 .EQ. 22) GO TO lb
TMA = T~~— (Z1—Z2), (DLOG (Z1)— DLOG (Z2 ))
GO TO 19

17 TMA = .5* (TA1 +TA 2 )
GO TO 19

1E T~~A= .~~* (TA 1 + T A 2 )
19 CALL GAS P (TGMI, FN, 21, CPG I , PRG I, G IMU, SM U )

C A L L  G A S P ( T G M I I ,  FN, 21, C PGI I, PRG II , G IIMU, GMU )
WR ITE. (6, 199 ) GIMU , GIIMU, VI

1 99 FO PMA T (1HO, 3x, G I~~u= ,El5 .7 ,5x , GIJ ~~u= ,E15 ,7,5x , vI= ,E15.7)
CALL A I P P (TA l ,  P A T , T M A , RH , P RA , A TM U , CPA , Zi , A M L )
CALL  L IQ P (TM I, F G , Z I ~~U , PRI, CP I )
CALL LI QP (TM II, FG , ZIIM U, PRII , CPu )
CALL LIQP (TM , FG , ZMIJ , PR , CP )
A FRG I DL (1) *~~~~ (1)
AF R G I I DL (2) *OH (2)
A F R A ~~DL (3)*OH (!)
GGI= W G / (DS IG (1)*AFR CI )
GG II WG / (DSIG (2 )*AFP GII )
GA ~~~AI  (OSIG (3) *A F R A )
A F R I DW (1)*DIl (1)/DNP(1)
A F R I I DW (2 )*DH (?)/D~JP(2 )
A F R ~~D W ( 3 ) . D H ( ’ )
G I~~W 1 / ( D S I ( 1 ) ~~A F k I)
61! W I! / (DS I (2) *AFR II)
W 3~~w I ~~~ I +W p +W M + W V 1  +wV 2+W E +W~
GaW 3/ ( D S I  ( 3 )  * * F P )
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REGI~~GGI *DDP1G (1 )/GI~~U
RE Gil G Gil * D D H 6(2) / Gil MU
R EA GA *OD HG (3 )/AMU
RE I ~ G I  * D D H  C i )  IZ
RE I
RF G*ODH (3 ) / Z ~’U

lIE (6, 197) REG I , R EG II, PEA , REI , R E IX, RE
197 FOR MAT (1HO ,3x ,”PEG1 ,E13.6,4X , RE GII = , E13.6,4X , REA ~~~,E13.6,4X ,

RE1= ,E 13.6,4X , RE11 ,E13.6 ,4x, RE= ,E13.6)
2 1 ~ DLO G ( R E G I
Z2=— 750.2946+629 .20?b *Z1—2i9.5279*Z1**2+40 .7569*Z1**3— 4.2~~3fl34*Zl *

1 *4+ • 23 ~~432 *Z1** 
5_ . ~O5 1.662 98 *21* *6

G FI DEXP (Z2 )
Z 1~~—3 6O.4224+335.276*Z1—129. 1436*21 **2+26.20469*Zi**3—2. 961 196*21 *

1* 4+ • 176674 5*2 1~~* 5— . 004345 743 *fl* *6
GJ I~~DEXP (Zi )
Z1 D L O G ( R E G I I )
z 2~~—750 . 2946+ 629. 2028*2 1— 219 . 52 7 9 * Z 1*  *2+40. 7569*Z1**3— 4 • 253034* 71*

j*4+ .2364432*Z1**5~~,O Q5466298*Zl**6
G FII~~DEXP (l2)
Z1=—360. 4224+335 .276*Z1—129.143~~*Z1**2+2 6.20469*Zl**3—2.961196*z1*

1* 4+ • 1 7 6 6 7 4  5 * Z 1* *  5— . 004345743 *21**6
G J I I D E X P ( Z 1)
Z 1 D L O G ( R F A )
z2=—7. 652462+6 .2O6772*z1—1.?151Q7*z1**2+ .175 6196*z1**~~

_ .OO6?07806*
1Zi**4

A F D E X P ( Z 2 )
Z1=2 .123751—I . OP 373~~*Zi— . 05205 297 *Zl* *2~ • 01 ~4666i*Z1**3— . 00078 2202

1 1* Z 1* * 4
AJ ~~DEXP (Z1 )
Z I ~DLOG (RE I)
Z1=_ 2? .04452+12 .8490b *Zi_ 3.122052*z1**2+ .31C 9152*Z1** 3_ .01161237*z

11** 4
ZJ I DEX P (Z1 )
Z1~~D L O G ( R F I  I)
z 1~~— 2 2  • 044  52~ 12 • 84 9 P E *2 7— ’ • 12 2 0 5 2 * Z 1 * * 2 + . 3159152 * 21**~~— . 01161237 *2
I
ZJ II DEXP (Z1 )
21 DLOG (RE)

11** 4
ZJ~~DE XP (ZI)
103 —2./3.
HGI GGI *CPGI *G J I*PRGI**T03
HG ! I GGI I *Cp GI I*GJ II *PRGI I **T03
HA~~GA * C PA *AJ *PRA **T03
HI GI* C PI *ZJ I *pp~~**TQ~
H11 011 *CP II * ZJ II *PRI I ** T0 3
H G *  CP~~Z j  *pR**T03
Gf~I=DSQ RT (2 .*HGT/( DK (1)*DDEL (1)))
GMII DSQRT (2. *HGII/ (DK (2)*DDEL (2)))
A F~= &SQ kT (2. *H~~I (DK (~~)*DDEL (3 )))
1O~~= GM I *D SL (l )
AT F I  ~DTANH C TO’) /103
T 03=GM II*D SL (2 )
AT FII= DTA P4H (103 )/T 03
T03=A M*DSL (3)
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AT F A DTAN H (T03) /103
A T O I~~1
A T O I I~~1 .— DA FOA (2)*( 1 .—ATFI I )
ATO 1.— O A F O A (f l *(l. — A T F A )
GM1 DS G~RT (2. *HI/ (DK(1)*DA (1)))
GM 2 D S Q R T ( 2 . *k I 1 I (D K (2 ) * D A (2 ) ) )
A MN DSQRT (2. *H/ (DK (3)*DA (3)))
TO3=GM 1*DSLL ( 1)
AT F 1 L DTANH (103)/T03
T03 GM 2*DSLL (2 )
ATF2L ~~~TANH (TO3 ) /103
TO 1 AMN *DSLL (!)
A 1FA L~~DTANHCT O3 )/TO3
A TO1 1.—D AFAL (l )* (1. — AT F 1 L )

• AT 02 1.— DAFA L (2 )* (1. — AT F2L )
A T OL 1.—DAFAL (3 )* (l .— A T F A L )

.1 (1 •/(A TO I*HG I ) +A p( l )/(DK (1 )* (i .— DAFO * (1 ))) +DALG (1 )/ (DALF (1
1 )*H1* A T O f l )
UII~~1 . / (l . / (A T 0 I I * H G I I ) +A B (2 ) / ( D K (2 ) * (1 . — D A F O A (2 ) ) ) + D A L G (2 ) / (D A L F (

12)* HI *ATO2 ) )
U=1. / (l ./ (A TO*HA)+AR (3)/(DK (3)* (1 .— DA FOA (3 )))+DALG (3)/(DALF (3)*HI*

1ATOL ))
CG I W G *C PGI
CGI I WG *C PG II
C A WA*CPA
C I=W I *CP I
CII W I I*C PII
C = w 3 * C P
CM I N I~~DMI N 1 (CGI,C I )
C M A X I~~&M A X i (CG I,C I )
C MINII DMI N 1 (CG II, C II )
C MA X II DMA X 1 (C GII, C II )
C M 1N DMIN 1 (CA ,C)
CMA X ~~~M A X l  (CA ,C)
A GI~~DL (l )*DH (l)*DW (1 )*DA LG (1 )
A GII DL (2 )*DH (2 )*Dw (fl*DALG (2)
AA~~DL (3) *D H (3) *DW (3) *DA LG ( 3)
lyNX AG I *UI /CM INI
TUNI I ~AG I I *(J~ I /C M IN II
TUN A A * U /C M I N
TOw 1~~1.—DE X P (—TUNI*CMI ,~I/ (C r~AX I*DNP (1 ) ))
TOW II~~i. — DE X P (— T u N i I * C M I N I u / (C MA X I I * D N P (2 ) ) )
TOW= 1. — DEX P (— TUN*CMIN/ (CMAX*DN P (3 )))
ES S I ~~l .— DEXP (—T0WI* CMAx I/CM1NI )
ESS I  I 1  .— DEXP (— TOW I I*CMAX II /CM INII )
ESS~~1 .—DE XP (— TO w *CMA x /C M IN )
IF (C M 1 N I / C M A X I  .GT. .9999) GO TO 31
E PS I= ((1. —E SS I * C PI IN I /CM A XI )/ (1. — ES SI ))**NP (1)
E PS !z(EPS I_ l. )/ (E PSI_ CMINI /CMAX I )
GO TO 32

31 E PSI DNP (1)*ESSI/ (1 ,+E 5Sj* (DNP (1)—1,))
32 IF (C~~I N I I / C M A X I I  .GT. .9999) GO TO ‘3

EP S II~~((1.— E S S 1 J * C M I N I I / C M A x 1 I ) / (l. — ESS II ))**NP (2)
EP S I~~: (E PSII _ 1. )/ (EP5I1 _ CM Ir ~I 1 /C M A X I I )
GO TO 34

33 EPS II=DN P (2 ).EsSII/ (1 .+ESSI i* (DPIP (2)—1 .) )
34 IF (CMIN/ C r ’iAx .GT. .9999) GO TO 35
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E P S A = ( (1 . — E S S * C r I N I C M A X )/(1. —ES S)) **N P(3)
EPSA (E PSA— l .)/ (EP SA—CM IN /CMAX )
GO TO 36

35 EPSA DNP (3)*ESS/ (l .+ESs* (DNP (3)_ 1 5))
‘6 CON TIN U E

TO3~~FM1 * Fr1
PO1G P1G* (1.+T 03* (GAMIG—1. )/� .)** (GAMIG / (GAMIC .—l. ))
GO TO (30, 40, 50), NDS GN

CAV I T Y  OPTION 1 CONS I . MACH N UM BER
30 FP~’2 FM1

A (2 )~~A (1 )* (TO2G/TO1G )** ((1. +GAM 1G*TO3 )/2 .)
GO TO oO

C C A V I T Y  OPTION 2 CON ST. AREA
60 A (2) A( 1)

Z1 TOlG* (1 .+GA ~~IG*TO3 )**2/(2 .* (GA P~IG+I.)*TO3*
1 (1 .+TO 3 * (GAMIC—1 .)/2.))
21 :1026 /il
IF (zi .61. 1.) GO TO 10000
I=0

12000 1 1+1
CALL GA SP (T2G , E N, GA M2 G, CP2G , TO3 , T03 , GMU )
z2 2.*GAM 2G *Zl— 2. *bA ~~2G~~2.
Z!:GA~~2G *GA Y 2G * (Z1~~1 .)+l .
IF (Z ~ •NE. 0.) GO TO 41
FM 2 DSQRT (—Z I /22)
GO TO 60

41 Z4= (— Z2+DSQRT (Z2*Z2— 4 . *Z1.z 3) )/ (2.~~Z3)
25 (_ ?2 .DSQRT (Z2*Z2_ 4 . *71*Z3))/ (2. -*Z3)
Z6 DMIN1 (74, 25)
IF (Z6 .11. 0.) Z 6 D ~1A ~~1 (Z4 , L5)
WRITE (6,174)TO2C .,T03,PR

174 FORMAT (1H 0 ,3X , T02G= ,E 15.7,5X , TO3~~~,El5 .7 ,5X , PR= ,E15 .7)
w RIIE (6 ,173)Z1 ,Z2,Z 3,Z4 ,Z5 ,Z6

173 FOR MAT (1HO ,!X , ?1: ,E15 .7,5X , z2= ,F15.7 ,5x , 23= ,E15.7,5x ,
1/, 4x , 14= ,E15. 7,5x , Z5: ,E15.7 ,Sx , Z~~= ,F15.7)
FM2 :DSQ RT (Z6)
GO TO 60

C C A V I T Y  OPT ION 3 GENERAL SHAPE
50 Z5= (G AMI G+GAM 2G )/2 .

Z6~~FM1 * FM1
N :NCS~~i
DO Si j=1 ,P..
21 — 2 .* (1.+26* (ZS—1 .)/2.)/ (1.— Z 6)
Z 2 = ( 1  .+ Z 5 * Z 6 ) * ( — . 5 * Z 1)
Z3 (AC Pø (J+1)—AC N( J ))/ (~~.* (AC N (J+l )+AC N (J )))
Z4 : (TO2G_ TO1G )/ ((NCS_ 1. )*TOI~~

_ (J_ .5)* (l02G_TO1G ))
Z6:Z6*(1 ,+z3*7l+Z2*74 )
IF ‘2 6  .LF.  1.)  60 ru 51

10000 W PITE (KO, 105 )
105 FO RMA T (41H **** CHOKED C A V I T Y  — READ N EW DATA ****.*)

GO 10 2
51 CONTINUE

F!~2~~DcQP T (Z~ )
A (2) A CN (NL S )

60 T2GOLD=T2 G
T2G :TO2G/ (1.+F~112* FM2* (6AM 2G_ l. )/2 ,)
T2G DI F=T 2GOL D— 12G
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IF (DA8S (T2GDIF).LE..5D0) 60 10 11000
IF (I.LE.NLIM ) GO 10 12000
PRINT 13000,I,T2GD IF

1~~GOC FORM AT (5~~H **** FAI LUR E TO CONVERGE IN S T A T I C  T EM P .  L O O P  1 — CYCLES
— = ,13, — E R ROR ’,E12.5 )
GO TO 2

11000 P2G=W G *DSQ RT (T2G/ (GAM2G*GMU ) )I (20.7774*A (2)*FM2)
PO2G=P2G* (1. +FM2*FM2* (GAM2G—1. )/2 .)** (GAM 2G/ (GAM 2G—1. ))

FIRST DIFFUSER
P030 P026—C F23* (PO2G— P26)
FM 3 FM2 *A (2)/A(!)
GA N 36 = 6 A M  2 U

CALL MAC H (DFLM , NLI~~, P036 , GAM3G, FM3 , 1026, W G, GMU,
1 A (3), P36 , 13G ,FN ,CP3G )

C SECOND D I F F U S E R
P046=P036—CF34 * (PO3G— P36)
FM 4= FM 3*A (3) /A (4)
GA M4 G 6 AM 36
CALL MAC H (DELM , NLIM , PO4G , GAf ~14G , FM4 , TO2 (~, wG, G MU ,

I A (4), P4G, 14G,FN ,CP4G )
C THIRD DIFFUSER

PO5G=P046—C F4c* (P045—P46)
FMS FM4*A (4) /A (C)
GA MSG GA M 4G
CALL MA CH (DFLM , NL IM , PO5G , GAM5 G , FP’S, TOLG~ WG , GMU ,

1 A (S), P5G, T56,F N,CPSG )
R05 .093178*P5G*GMU /T5G
RO 6 ROS
F M6 WG*DSQRT (TO 6G /GAM5G/GMU )/ (20 .7774*PO5G*A (6))
1 6

70 Z1=R 06
PO6G POSG_ GG I*GGI * (C1 . +DSI& (i)*DSIG (1))* (RO5/R06—1 .)+

I GFj *DALG (I) *DW (1)*RO5/ (.5 *DSIG (1 ) * (RO6 +R 05 )))~
2 (9266.i1*RO5)
GA M6G :GA MS G
CALL M A C H (DEL~~,NLIM ,PO6G, GAM 6C~,FM6, TO 6G,WG ,GMU ,A(6) ,P66 ,T6G ,FN ,

* CP6G )
R06 .093178*P66*GMU/IoG
I= 1+1
Z’ R0 6—Zi
IF (&A ES (Z3 ) •L F, R O L I M )  GO TO 71
I F (I .LT. NL IM ) GO TO 70
W RITE (KO, 101) 2’

101 FORMA T (53H**** FAILURE TQ CONVERGE IN DENSITY LOOP 1 — E R R O R  =

1 E12 .5,6H******)
71 CALL GASP (TO 7G, EN , GAM 7U, CP7C, T03, T03, GMU )

WRI TE (K O , 150 ) I, Z3
150 FORM AT (10 X , DFN S IIY LOUP 1 — C Y C L E S  :,13, — E R R O R  ~~~,F12 .5)

PO7~~=PO6~~*BPR
J~~O

80 FM7 WG* DS QRT(TO 7G/ (GAM?G*GMU ) )I (20.7?74*PO7G*A (7))
CALL MA CH (~~ELM , NL IM , PO7 (~, GA M7G , FM? , TO7G , WG , GMU ,

1 AC? ) , P70, T7(,,FN,CP? G )
FM~~:FM7*A (7)/AU )
PObG PO7G—C F7P* (PO7G—P76)
GAM8G GAM 7U
C A L L  M A C H (D F L M , NL IM , PObG, GA M SU , FM~~, TO76 , WG , GMU ,
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1 A (E), P86, T8G,FN,CPbG )
POOG PO8G— C F89* (PO8G— P8G)
FM 9 FM8*A (8) /A(9)
GAM9 G GAM8G
CALL ~‘AC H( DE LM , NLIM , P096, GA M9 G , FM 9 , 1076, WG, GMU ,

1 A (9), PIG, TQG ,FN ,CP9G )
P01 OG=P096—C F91 O* (PO9G— P9G)
FM1 O FM 9*A (9)/A (1O)
GAM1 OG GAM 9G
CA L L  M A C H (DELM , NL IM , P0106, GA r ~1OG , FM1O, 1076, wG, GMU, —

1 A (10), P1OG, T1OG ,FN ,CP1UG )
POlo : .0931 78*p lCG *GMU/ T 106
RO II ROI C
FM11 WC,*DSQ RT (TO 11G/GAM1OG/GMU )/(20 .7774*PO1OG *A (1O ))
1 0

75 Z I=R0i1
PO11G PO 1OG—GGII *GGI I* ((1. +DSIG (2 )*DSIG (2 ))* (RO1O /RO11—1. )+

1 GFI!*DALG (2 )*DW (2)*RO10/ (.5*DSIG (2)* (RO10+RO11)))/
2 (9266.11*RO10)
6AM 1G= GA M1 OG
WRITE (6 ,1&3)PO 11G,G AM I1 G ,FM 11 ,TO 1G , WG

183 FO R MA T (1H0, 3X , P0116
#,E1 5.7,5x, GA ?~11G= ,E15 .7,SX , FM i ,= ,

1 E i5.7 - 5X ,~~TO IG~~~,E15 .7,5X , WG~~~,E15.7 )
CA L L  MAC H (DELM ,NL IM ,P O 1 1 G , G A M 1 1 G , FM11 ,TO1G ,W G,GM U ,A (1O ),P1iC ~,

* T I1 G ,FN ,C PIIG )
RO l 1 .093178*Pi 1G *GMU/T 11G
1— 1 +1
2 3 = R o l l— 2 1
IF (DAi-S (23 ) •LE. ROLIM ) 60 TO 76
IF (I .LT. NL IM ) GO TO 75
W R IT E (KO,120) 23

120 FORMAT (53H**** FAILURE TO CONVERGE IN DENSITY LOOP 2 — ERROR =

1 E12 .5,6H******)
76 FM 1=W C *D SQP T (TO1G/ (GAMIG*GMU))/ (20.7774*PO1 1G*AC11 ))

W P I T E (KO ,l5l ) :, Z3
151 FO~~MA 1 (iOX ,’DFN ~~ITY LOOP 2 — C Y C L E S  ~~~,I3, 

— ERROR ,E12.5 )
CALL MAC H (DELM , NLIM , PO11G ,GAM11 G ,FM1I , b i G , WG , GMU,

1 A (1i ), P116, T1 1G, FN ,CP 11G )
IF (JCPPO •GE. 0)

1 ZI RO1*TIr ,/ (.09317E*GMU )* (1 .+ (GAMI G_ 1. )*FM1 *F M1/2.)
2
Z 1 :P O 1 1 G — C F 1 1 I * (PO i1G_ P I1G)_ Z 1
IF (JCPPO .LT. C)

1 Zi PO 11G~~C F111* (PO11G— P11G )_ PO 1G
P01 1G PO1 16—2 1
PO10~~= PO1O&— Z 1
PO9G:PO Q G_ Z i
PO8G=P 0~~G~~z 1
PO7G PO 7G— Zi
CALL GASP (T6G ,FN , GAM6 G , CP6G ,Z2,Z2,GMU )
BPR PO?G /PO6G
Q6G:6O.*A (c )* FM ~~*DSQRT (GAM 6C*T 6G*32 .171.*i54S.43/GMU )
A T A H = .730—7.C Q843* (DABC (C~6G /BR PM /NB S— .535S ))**2.O8014
AT A b O.6
UP I TE (6,186 ) 21 , P076 , POoG , Q6G

186 FORM AT (1HO, 3X , 71= ,E15.7,5 X , PO7G= ,E15 .7 ,5X ,’P06G~~~,Ei5.7,5x,
1 Q6G~~~,Ei5.7)
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WR ITE (6, 1~~7) TO6G,BPR ,GAM 6G , ATA R
187 FORMA T (1HO, 3X, 106G= ,E15.7,5 X , BPR ’, E15.7 ,5X , GAM 6G~~~,E 15.7,5X ,

A TA B~~~,E1S .7 )
TC7G TO 6G* (BP P ** ((G A~’6G—l . )/ (ATA B *6AM 6G )))
WRITE (6,180) TO 6G,f3PR ,GAM6 G , A TAB ,T076

180 FC R f~AT (lH0, 3X, T066= ,E15 .7 ,5X , BPR~~~,El5.7 ,5X , GAM 6 (,~~~,E i5 .7, SY ,
ATA B~~~,E1 5.7, 5x , T07G= ,E15.7)

J=J +1
IF C DA B S (Z1) •LT. PLIM) GO TO 85
IF (J .LT. NLI M) GO TO bO
W P ITE (K O ,l03) zl

103 FORMAT (52H **** FA I LU k E TO CONVERGE IN PPESSUR I~ LOOP — ERROR
E12.5 ,6H******)

85 CALL A IR P (TA 1 , FAT , TA 1 , PH , 22, 22, CPA 1 , 72, AML )
WR ITE. CKO ,15? ) J, 21

152 FOR MA T (10X , TOTA L P A S S E S  THROUGH PRESSURE LOOP ~~~,I3,
— 

— E R R O R  ~~~,E12 .5 )
CALL  A J R P (T A 1 ,  PAT, TA~~, RH , 71 ,Zi , CPA ? , GPM 2A , AM L )
CALL LI Q P(T1 , FG , 21 , 21 , CP1 )
CALL LIQP (T2, FC’, 21 , Zi , CP2 )
CALL L IOP (T3 , FG , 21 , Z1, CP3 )
CALL  LIQP (T4 , FG , Li , ~i, CP1.)
CA L L  L IQ P (T6, Fr- , 21 , Li , CP6 )
CAL L  LIQ P (T~~, FG , Zi , Li , CP8)
CALL LIQP (TiO, FG ,Zi , Li , CP IO )
CALL LIQP (T14 , FG,Zl , 11 , CPI4 )
CALL LIQP (T16, FG,Z i , Li, CP16 )
CALL LIQP (T1b , FG ,Z1 , Li , Cr1 0 )
CALL L1QP (T?O , FG ,Zl , Zi , CP~ 0)
AM T( 1 , 1 ) W 6* (CPIG+CP2G )/2.
AMT ( 1 , 2) —A M T (1,1 )
BMT ( 1) QS— .948*PLKW* (1 ./EFFL— 1. )
AM T (2,2):CGI
A M T (2,!) —AMT (2,2)
A MT (2 , C. ) WI * . 5* ( CP2 +C P4)
AMT (2 ,~.)=—AMT (2,6)
AMT (3 , 2) ~EPS I*CMINI~~CGl
A MT (3,6):— EPSI*CMINI
A PT (3,3) CGI
A MT (4,4 ) 1
AVT (1.,~~)=— (PO 7 0/p O 6G )** ((GA MC G—i. )/ (A TA B*GAM 6G ))
AM T (5,4): C 6II
A M T (5,1) :—AMT (5 ,4)
AMT (5,6) W II* .5* (CP?+CP6)
AM T (5 ,9) z—AMT (5 , 6)
AM T (6,4) EP S I I * C M I N I I ~~CGII
AM T ( 6, 6) _ E P S I I * C M I N J I
A M T (6,1) CG T I
A M T (7, 7) W3 * .5* (CP1 +CP3 )
AM T (7, 5)=—AMT (7 ,7)
AMT (7,16)=—CA
RM T (7):AMT (7 , 16 )*TAI
AM T ( ~~~, 7 ):FPSA *CMIN
A? V T (E ,16 ) :_ CA
8MT (b) : (EPSA* Ci ~ IN— CA )*TA1
A M T (9, 5)=W3* ~5* (C P1+CP2 )
AM T (9,6) :—AM T (9,5)
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BNT (9) =— QP
AMT (1O,8) —W I* .5* (CP4+CP3)
AM T (1O,9)~~~W I I * .5* (CP6+CP3 )
A M T (i f l ,13 )_WM * .5* (CP16+CP3 )
AM T (1O ,6) _WB* .~~* (CP2+CP3 )
A N T ( 1 0 , 10 ) — W V1 * . 5* ( CP8+CP3 )
ANT ( 10 , ii ) =—W V2* . 5* (CP1O+CP3)
A M T ( 10 , 14) —WE* • 5* ( CP1B+CP3 )
A M T (10 , 15 )=—wS * .5* (CP2G+CP3 )
A frT (1O ,7) —A MT(i 0 ,S )—A M T (1O , 9)—AMT(i0 ,1~~)— A M T (ifl ,6)—A NT (1O ,iQ)~

* ANT (1~~, 11 )—AM T (10 , 14 ) — A M T C 1 D ,15)
ANT (11 ,6)~~~M* .5* (CP2+CP14)
A N T (11 ,12 ) —A M T (11 ,6)
BMT (i 1 )— Q CM
AM T (12, 12 ) W M * .5* (CP14+CP16)
AM T (1? ,13 )=~~AM T (12 , 12)
e M T ( 7 2 ) : ~~QM
AMT (1’ , ~‘)=wV l * ,5* (CP2+CP8)
A N T (13 , 10) —A M T (13 , 6)
EMT (1’) =~~Qv1
A N T (14 , 6) :W V2* 5* C CP2+ CP 1O)
A N T (16 ,11 ) :~~AM T (14 ,6)
&MT (1 L )=—Qv 2
A MT (15 ,6) W8* .5* (CP2+CP18)
AMT (15 ,14) —A M T (15,6)
BMT (1 S )=—QE
ANT (16 ,6) wS* ,5* (CP2+CP2O )
AN T (16 ,15 ) :_AMT (16, 6)
E~NT (16 ) —QS
CALL SIMQ (AMT , PMT, 16, ~S)
W R ITE (6,122) TO2G
J J =0

6 Z 2 F M 1
TIG bMT (1)/ (l .+ (GAM IG_ i. )*FN1* FN1/2. )
CA L L  GASP (TTG , FN , GAM IG , CP IG , Zi , 21 , GNU )
IF (J~~PRO .GE . 0)

PIG RO1 *TIG /( .0931?8*GMU)
IF (JC PRO •LT. 0)

R 01 .093178*P !G*GNU/T1 6
WG~~RO 1 *V 1 *A (1)
WRITE (6,160 )T I G ,GA M I U ,GMU, *G

160 FO RM A T (1HO ,3X , T I G ’,E14.6,5)( ,‘cAM I r = ,E14 .~~,5x , GMu= ,E14.~ - ,5x ,
WG ,E14.6 )

WR ITE (6,162)
162 FORM AT (1HO,8X , S V R  , 16X, 8MT )

UP ITE (6 , 161) (SVP (NP) ,BMT (NP) ,ME ?=1, 16)
161 FO RM A T (3X ,[14 .6, 5x ,Ei4.6)

F M1 wG *DSQRTCTIG / (GAMIG *GM U ))I (2Ci. 777 4*PIG*A( 1 ))
J J J j + 1
Z3 Z2— FM1
IF (DABS (Z3) .LT. DELM ) GO TO 7
IF (JJ .LT.NLIN) GO TO 6
W RI T E ( K O ,400) 7’

400 FO R M A T (r 4H**** FA I L U 1 ~E TO CC,NV~~P0E IN F I N A L  M A C H  LOOP — EPROR =

1
7 URITE (KO,3 01) JJ , 23

301 FOR MA T (10X , TOTA L PASSES IN F INAL MACH LOOP ‘,13, — E R R O R  ~~ ,
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1 F12.5 )
11=11 +1
IF (KS •EQ . 1) GO TO 91

~o c3 KS 1, 16
NN (KS )— 1
TO IF (KS) SVR (KS) — BMT (KS)
IF (DABS (TDIF (KS)) .61. CONV (KS )) NN (KS ) 1

93 C O N T I N U E
WR IT E (KO ,201 )

201 FO PMAT (10X , STATE V .A R I A F L E  E R R O P S )
WRIT E  (KO,300) 101 F

300 F O R M A T  (lOX , 1 OF 1? .4)
WR IT E (KO, 153 ) I I

153 FO R N A I (10X , END OF SIMQ PASS NO. ,13 /)
IF (II .61. NLIN ) GO TO c2
00 94 K S=i ,l6
IF (NN (KS) .GF. 0) 60 TO 95

94 C O N T INUE
GO TO 90

92 WR I T E (KO ,104 )
104 FORM AT (48H***. FAIL U R E  TO CO NVERGE IN STATE V A R IA e L E  LOOP * ,

1 & H * * * * * * )
90 FN6 W G *DSQRT( TO~~6/CGA N 6G *GM U ))/ ( 2 C ~. 7 7 7 4 * P O 6 G * A ( 6 ) )

C A L L  M A CH (DEL ?, NL IM , P066 , GAM 6G , FN6 , T06r-, UG, GNU,
1 A C o ), P66, T66, FN ,CP6G )
flIERS ‘0 FLOAT (NEPS )
FNB S = D F L OA T (NBS)
DPSS ( (PO76—P066)*TO6G*28.96~~)/ (PO6G*PRPM*E ~PPf~*51S .7*GMU *FNP PS )
DPS b= ,~~396_ 3 .2323* (DA8S (Q 6G/(BR PM*FNb S)_ .46P75))**i.4?327
DPSEi DF S B*I .E—9
E RR= DPSB—DPSS
GC 11.661E~~7/ (BRPM*F NBS )+11.589E_ 5*V IM** .667/ (8RPN*8RPM*FNBPS )
GC :E RR/GC
J V = J V + 1
W R I T E (K O ,204 ) JV, GC

204 FORM A T (5X, PA ~~S NO . ,13, THROUGH VELOCITY LOOP, CORRECTION
1 E 12.S )
w RITE (0, 175 ) 066 , B R P ~~, F N B S

175 FO RMA T (IHO , 3X , 06G= ,E15 .7 , 5X , PRPM= ,E15 .7,SX , F NBS= ,E15 .7)
G C = 0 • O
IF (DA f- S (G C ) .LF. VLI N ) 0-0 TO 502
IF (JV .GE . NL I~~) GO TO 503
GO TO 506
IF (GC .LT. 0. •AN D. (~66/ (8RPM *FN BS ) .LT. .46875) GO TO 504

506 CONTINUE
VIM = VI M. + 6 C
V T V IM *3 .2b 1
GO TO 501

504 W PITE (KO,205 )
205 FOP MAT( 50H**** FL O W E R S  ARE C H O K E D  — PROCESS NEXT CASE * * * ** * )

GO TO t
503  ~PI1L (KO,?0~~) GC
203 FOR MAT( 52H **e e FA I L U h F  TO C O N V E R G E  IN V E L O C I T Y  LOOP — ERROR =

1 E 1 � . 5 , 6 H * * * * * * )
502 CONTIN UE

T036=To?G
1046 102&
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105 G TO2G
TOEG TO?G
TocG=To76
101 OG=TO7G
TO 1IG TO 1G
B L PR W G * .5* (CP6 ~~+CP 7G ) *TO6 G * (PPP ** ((1. _ 2 ./ (~~A N 6 G + GA M 7 G ) )

1 IA TAb )—I. ) * 7?8 ’./550.
BLP PM 8LPR* .?657
DPI 4.317E_ 4*GI*GI*FI*DL (1)*DN P (1)/ (ROLI*DDH (1))
DPI I 4 • 31 7 E — 4 * G il * 6 I I * ~ I I * DL (2) * ON PC? ) I (P0 L II * D OH (2))
0P 6 .317E_ 4*G*G*F*DL (fl*DN P (3 )/ (ROL*DDH (3 ))
R 0A 1 1 44.*PAT* A ML/ (1545.32*TA1 )
ROA2 POA1
L L O

37 Z 1 R 0A 2
PA 2 PA T~~6A*GA* ( (1 .+DS IG (3 )**2 )* (ROA 1 /POA 2—i • ) +

1 A F * D A L 6 (3 )*Dw (3 )*poAi/ (.5*DS1r ~(3 )* (pOA 1+RcA2 )))/
2 (ROA 1*2 . *32.174*1 64.)
ROA2 144.*PA2*A M L/ (1545.32*1A2)
LL LL+1
Z3= R OA2 ~~Z 1
IF (DAPS (Z1) .LT. ROL IN ) GO TO 38
IF (LI .LE . N L IM ) GO TO 37
wPI T E (K O , 401 ) 2’

401 FO RMA T (49H**** FA I L U R E  TO CONV E R G E  IN AUX. DENSITY LOOP —

1 E R ROR ~~~,E12.5,6H****** )
GO TO 39

38 W RI T E (KO,20?) LI, 2 -
202 FORM A I ( 1 C X , TOTA L PASSES THROUGH AUX. DFN S ITY LOOP :,I3,

1 — 
— E R R O R  = ,F12 . 5)

39 P F=WA*CPA2 - *TA2 *((PAT/PA2)** ((1. _ l ./GAN 2A )/A TAP)—l .)*778./550.
PFM .745 7 *P F
R06G .093178* P66*GMU/ToG
Q COP R oO.*WG *DSO PT (1.4*GMU*51P .7/ (GAM6G*28. 07*T066))/R066
DO 99 KS:1 ,16

99 SVR (KS) BMT (KS )
QDI WI*1800 .*(CP2+CP4 )* (14—T2)
Q DII WII*1800.*C CP2 +CP6)* (T6—T2 )
QDA ~~W3*180O .*(CP3+CP1)* (T3— Tl )
CA LL OUTPU T
GO TO 2

95 DO 96 KS :1 ,16
96 SVR (KS ) BMT (KS)

GO TO 10
91 W PITE (KO ,102)

102 FOR MAT (’ S ING UL A1 ~ M A T R J X )
GO TO 2
E’ID

E N PU I

99 
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) .ENPUT
S U B R O U T I N E  F N P U T
IMP LICIT REAL* 8 (A—H ,O—2 )
DI M ENSION  SVR (1C )
DI M E N S I O N  ~SVR (16 )
COM MON /VAk / 1016 , TO?0, TO~~G, 1076, T i , 12, 13, 14, 16, 18,

A 110, 114 , T16, T 18 , 120, TA ?,
P 1036, TO4G, 1056, TO~~G , 1096 , 10106, 1011 6, 15 , 17, T 9 , T l1 ,
C Ti ?, 113 , 115 , 117 , T19 , 116 , 126, 136 , T4G, 156, 166, 176 ,
O TEG , 196 , 110 1- , Tu G , T A 1 ,  E F F L ,  P016, P026, P036, P046, PO5G,
E P061-,. P076, PO 8 C - , P090, P0106, P0116, PlC ., P26, P3 6, P46 , P56,
F PEG , P76 , P86, P96 , P106 , P11 6 , P (2fl), AC (20), VC (20), FM ,
O FN2 , FM 3 , FM 4 , EMS, FM6 , FM? , FME, FM9 , F M 1O , FM 1 1 , A (il ),
H GA N IG ,  GA M 2G , GAM 3G , GA~~4G , GA M 5 G ,  GAM 6G, GAM?6 , GA M~~G , G AM Q G,
I G A M 1 L G , G A M 1 1 G , TGMI, TGMI1 , TMA , G IMU, GII MU, AMU, PRGI,
J PRO II, P RA  , CPG I, CP~~I I , C P A , TMI , TMI I, TM , 71 ~U, 71 IMU, ZMU ,
K PHi , PRI I , PR , C P T ,  C P I I ,  CR , 661, 6611, GA , 61, GIl , 6, PE GI ,
L R E G I I ,  P E A , PF I ,  PE I I ,  R E ,  6F 1, G F I I ,  A F , Fl, F I l ,  F , GJI ,
N G.)1I, AJ , ZJI, Z J I I ,  ZJ, HU l , H G I I ,  HA , HI, H II , H , 061, C 6II ,
‘.4 CA , C I, C I X ,  C, UI, 011, U, AG I , A G I 1 ,  A A ,  TONI, TU NI I, Tim ,
O TO U T ,  TOwlI , TOW , EPS I, EP SII, EPSA , ESS 1, ESS II , ESS , W 6,
P 060, O C O R R , ERR , A L T , PAT , PA?, RH , FN (4), EFFLP , V I, VI M ,
Q P IGA , HiM , C L 1~~, W T1 M , 0CM , L,LPR , 9L P R M , CPP , LPP M , PF , PFM ,
P P01, PLK~~, W I, W I !, ~~~~7 , UN , w V i ,  WV ’ , WE, WS, A A , QP , 0CM ,
S ON , QV 1 , QV2, QE, OS, CF 23, Cr34 , CF4 S , Cr78, CF89 , CF9 1O,
COMMON /V AR /  C r 1 1 1 , A T A P , Hi , CL 1 , W Il , ACN (20), DC , DL (3),

A DH (3), Di (3), DDHG (3), DA L U (3), DA FOA (3 ) , DS IG (3), DDEL (3) ,
P OA (3) , DK (3) , DSL (3 ), DSI (!), DA LF (’), DD’-i (3), CONV (1~ ’), OELM ,
C POII~~, P L I M , EU , 1ITLE (2~~), DP , DPI, DPI !, PPR, PP RM ,
O TA 1 F , RH P , 11C M , t)KH(3 ) , E T I G ,  FTO2 c-, E1066 , EbO ?G, Eli,
E ET2 , ET3 , ET 4, ET6, ET8, ET 1O, E T 1 4 , ET16, ET18, E120, ET A 2 ,
F E B P R , CWA , DNP (3), 001, 0011, QDA , EV IN , ~ R P M , VL IM , P O A 1 ,
G R O A 2 , DA F A L (3) ,DSLL (3),AP (3)
CO MM ON / I V A P /  N IA N , N C SC ’N , ‘~. C S , K I , KO , NLI~’, NP (fl, NF U L L ,

1 P~b S, NHPS , JC PRO

ECiUI ~J A L E N C E  (FSVR (i ) , ET IG )
E O U I V A L E N C E  (S V P (1 ) ,T O i G )
NA N EL IST /FPT/ NTA M , TA 1 F , P 1 KW , ET IG , ETO2 G, ETO 6G , ET .~7G, Eli,

A E12, ET3 , E T 4 , E T 6 , ET A ? , 1T14 , E T 1~~, ETE , ETIO , E11 3, ET2O,
E F F IP , ~.I , w i l ,  W E , ~.t1 , W V 1 , WV 2, WE, WS , CWA ,

C (.P , ~~~~ OM , ~~~~ QV 2, QE , (~S, C F2 3 , Cr34 ,
D C F 4 S , CF78, CF89 , CF9 10 , C r 1 1 1 ,
E EV IM , A T A P , P I G A , H i M , C L 1 M , W T 1 M , FN, A C N , DON ,
F DL, OH , OW , DDHG, DA IG, DA F O A , 0516, DO EL,
6 DA , D KH, t)SL, DSI, D A L F ,  DDH , NP ,
H P A T , R HP, EE P p ~, A , CON y , DFL ’~, NUS GN, NCS ,
I N u N , ROL IM ,  PL IM , FC, , B H PM , V LIM , N E S , N B P S , J C P R O ,  P01 ,
J D A F A L , D S L L , A P

(1:5
K C 6
R EA D ( KI,2C 0 ) (ITTLE (J ) , J 1 ,1 4)
R F A D ( K 1,2 00 ) (TITL E (j~~,J 15 ,2~~)

200 F O R M A T C 1 3 A 6,A? )
RE A D  (K I, FPT)
TA 1 T A 1 F + 4 5 9.69

~0O
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T I G = T A 1  +20.
1026=1 11+210.
T O 6 G T A 1  +30
1076 TA1 +7[~
Ti ‘TAl +21
T2 :TA 1 +20.
T3 :TA 1 +4(,~
T4:TA1 +55,
T6 TA1 +30.
TPtT A 1 +65.
T1L T A 1+ 6 5
T1 4 :TA1 +30.
T16 TA1 +75 ,
Ti  8~= T A 1  +65.
12 0=TA1 +~~5
1A2 :TA 1+30 .
bPR = 1  .17
V I M 1  ?C
DO 30 K’1 ,16

30 I F  (E S~~R (K) .61. 0.) SVR (K ) E SVR (K )
I F  (E~~PR .UT. C. ) PR EB PR
IF (Lv I ~ •U T. C .) V IN E V I M
IF (N TAN .11 . C) CA LL  E X I T
IF (NTAM .LE. 0) 60 TO 10
DO 20 J = 1 , i 9

20 SVR (J ) TA 1
10 CONT INU E

PIG :PIGA*1 4 .7
RH :RH P* .01
E F F L = F F F L P * .Ou
V l :V I N* 3 .2 E l
DC :00 M* • 0 3 2 8 1
HI H1M* . 032 81
W T1~~vT iM * .032 P1
C L 1~~CL 1M* . 0 32 P l
C A L L  AI PP (TA 1 , FAT , T A 1 , ~ H , X , X , X , X , A ’ .~L)
ROA 1 P A T * A M L *  • 0~~3l 7 / T A  1
W A R O A 1 * C W A * D S Q P T ( T A 1 / 5 1 b . ? ) / 6 0 .
DK (1 ) ~~ DKH (1)/~~tO0.
DK (2 ) DKH (2 )/~~o0O .
O K ( ! )  D K H ( 3 ) /~~60D .
DN P (1) ‘NP (1)
DNP (2 ) ’N P (2 )
DNP (3 ) ‘NP (3)
A ( 1)  ‘Hi * CL 1
G 6 6 V 1 * A ( 1  ) * 6 1 ,

~iP lIE ( K O , 1 0 2)
102  F C P M A T V 1 )

W R I T E  ( KO ,F P T )
101 F O R M A T ( 2 1 X ,1 4 4 6 )

WR IT E  ( K O ,  101)  T I T L E
R E T U E ? ~
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,GAS P
SUBROUT I-N E GASP (T , EN , 6AM , CR , PR , UN , GNU )
IM PLICIT R E A L * E  (A—$ ,O— Z )
DT M E N S I C N  FN (4) , W M (4), TP (4), C (4), U (4), FK(4) ,

1 6(4), X (4), CN (4) , 5(4)
1 HE
2 = N?
3 = C 02
4 C O
D A T A  T b /4.?i~~D C ,77.4Du,194.66D0,8i .5D0/
DATA WM /4.fl000,ZP.01 600 , 44.fl 1O DO~ 28.01000/ , P /1.~~~646D0/

C (i) 1.2406

IF (T .LE. 650.)
1 FK (1):(.~~+(T_ 475.)* (.97_ .E)/1 75.)* .i
IF (1 .61. 650.)

1 F K ( i ) (.9 7+(T_ ó5 Q.) * (1 .13 ~~.9 7) / 2 0 fl .)* .1
FK (1 ) FK(1)/3600.

6(1 )=1 .6667

u (i )=i .12+ (T_ 40fl .)* (1 .9cS_ 1 .12)/500 .
U (l )=U (1 ) *i .E— 5

IF (T .LE. 600)
1 C(2)=~~.50?+ (T— 4OO .)* (3.~~065—3.5O2 )/200.
iF (1 .61. 820. .AND . 1 .LE . ~0O.)

1 C(2 ):3 .5U65+ (T— 6O ~~.)* (3 .5315—3.5O65 )/200 .
IF CT .61. 00.)

1 C (2) 3.5315+ (T_ 800.)* (3 .559— 3 .53i5)/100.
C (2) =C (2) *R fUN (2)

IF CT .LE. 651- .)
I F K(?) .9~~5+ (T— 450.)* (1.255— .’~?5 )/2Ofl.
IF C T .61. 650.)

1 FK (2 ):1.265+(T—650 .)* (1.573—l .265)/200 .
F K (2 )~~~K ( 2 )* 1 . 4 E — 2 f 3 6 O G .

G (2 )= 1 • 1.

IF (1 .CT. ~00.)
1 G (?)=1 .4+ (T—6CO. )* (1 .!91— 1. 4)/300.

IF (I .LE. 550.)
1 U(? )= .933+ (T— 450.)* (1.u ~~

7_ .933 )/iflG.
IF (1 .61. 551-. .A ND. I .LE . 725.)

1 u (2)’1.O~~7+ (T—553 .)* (1.33—i. 0~~?)/175 .
IF C T . G T .  725 )

1 LJ (2 ) 1 .33+ (T— 725 .)* (1 .545—i.33 )/i?5.
U (2)=U (2)*1 .1172E—5

I F (T .LE . 601-.)
1 C (3) 4 .19c+ (T—450 .)* (4.t~53—4 .i95 )/150.
IF C T .GT. 6O~~. .AND . I .11. 750.)

I C (3)~~4.65~~+ (T— 6OO .)* (c .04S—4 .653 )/1cC.
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iF (1 .61. 750.)
1 C (3 ):5.O45+(T—750.)* (5,’65—5.O45 )/1~~0.
C (3 )=C (3)*R/WM (3)

IF CT .LE. 6O~~.)
1 FK (3 )= .&2+( I— I.25 .)* (i.32—.E?)/175.
IF (I .LE .140.) EK (3)=5 .714E— 3
IF (I .GT. 600.)

I FK (3) i.3?+ (T~~oO0.)* (2 .l2—1 .32)/25O.
F K (3) F K (3) * P • 407 E — 

~ / 3600 .

IF (1 .LE. 450.)
I G (3)=1 .334+ (I—4CO.)* (i.315—l. ~~34)/5C.
IF CT .GT. 450. .AND. I .LE. 550.)

1 G (3 ) 1 .315+ (T— 450 .)* (1.286—l .315 )/1CO .
IF CT .GT. S5 fl. .A N D .  I .LE. 650.)

1 6 ( 3)’i .286+ (1-550. ) *  (1 • 2645-1 .286) /100.
IF CT .GT. 5fl • .AND. I .LE. 750.)

1 G (3)=l.2645+(T—650. )* (l.~~48— 1.2645 )/lOO.
IF (I .GT. 750. .AND . T .LE. 850.)

1 G (3):1.248+(T—750 .)* (l,235—1•248)f100.
IF (I •GT. 85fl. )

1 Gc 3 )=i .235+CT—850 .)* (1 .2295—L 235 )/so .

IF CT .LE. 575.)
1 U (3)= .9175 +(T— 450.)* (1.152— .9175)/i25.
IF CT •GT. S75. .AND. T •LE. 700.)

I U (3 )’1.152+CT—575.)* (1,375— 1.152)/125.
IF Cl .61. 700.)

1 U (3):1.375+ (T—7O0 .)* (l.~~41—i.375 )/1rO .
u (3) ‘U (3) *9.2O67E~~6

FT FN (i )+FN(2)+FN(3)
NGA S 3
IF C F N C 4) .LE. 0.) 00 TO 10
F I F T + F N (4)
NGA 5=4

IF (I •LE. 540.)
1 C (4) 3.SO!+(T— 400.)* (!.506—3 .SC3)/14C.
IF (I .GT. 541-’. .AND . T .LE. 630.)

1 C (4)=3 .506+(I—540 .)* (3 .513—3.506)/9fl.
IF (1 .61. 630. .AND. I .LE. 720.)

1 C C 4)=3.513+ (T— 630.)* (3.529—3.513)/90.
IF CT .61. 720. .AND. T .LE. 810.)

1 C (4)=3.529+ (T—7?ID.)* (3 .552—3 .529)/90 .
IF CT .61. 810.)

1 C (4)’3 .552+CT—810 .)* (3.583—3 .552)/90.
C (4) C (4) *.0708989

IF (1 •LE. 540.)
1 U (4) .84+(T—4flO .)* (l.075— .~~4)/14O.
IF (1 .61. 540. •AND . I .LE. 720.)

1 U (4)=1 .07c+ (T—540 .)* (1 .34—1 .O ?5)/180 .
IF CT .61. 720 .)

1 U (4) 1 .34+ (T—720 .)* (1 .575—1 .34)/1RO .
U (4)=U(4 )*1 .1132E—5
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IF CT .LE . 530.)
6(4)’l.4

IF CT .0-I. ‘530.)
G (4):1.4+C T_ 53O .)* (1.~~bP5_i,4)/!70 .

IF CT .LE. 540.)
FK (4)= .22c +(T—400.)*Cl.0O— .825 )/i40.

ir CT .Gl. 54~~, •AND. I .LE. 720.)
FK (4) 1 .0P7+(T_ 540.)*C1.385—1.087)/180.

IF (1 .61. 720.)
FK (4) l .3Q5+(T_ 720 .)*(i .665_ 1 .385 )/180 .

FK (4) =FK (4) * .01 342/3600.

0 CP O.
D A M ~~O.
GA M’U.
UM C.
GMU :O .
Z3=0 .
DO ii 1 l , N G A S
S (I )’l .5*TBCI )*1 .8
X C I )’FN(I)/FT

• 1 GMU 6M0+X (I)*WM (1)
DO 50 I i , N G A S
CN (1) X (I) *WM CI) /GMU
CP CP +CN (1) *0 (I)
GAM CW (I )*C (I )+GAM
DA M =CN (I )*C (I )/G(I )+~~A r .
Z1 C.
Z2 0.
DO 30 J ’l,NGAS
IF (J .NE. I) 0-0 10 1 2

P=1
A M 1
GO TO 29

2 D X (J )/X (I)
E DSO RT (SCI)*S (J ) )
UR U (1 ) /0 (J)
W R 1 :DS Q RT (8. *(i. +WMC I )/Wr .i(J )))
WR :(WM (J )/WM (I ))** .25
P~~D * (1 • +~~5QR7 ((J P ) *wR )**2/wp 1
AM .25*D* (1. +DSORT (UR*wp**3* (T+S (I))/ (T+S (J))))**2* (T+E )/ (T+5

9 Z1=Z1 +P
Z2=Z2 +A M

O C O N T I N UE
Z~~’Z3 + FK (I )/Z?

O CONTINUE
GAM= (,AM /DAM
P P C  p*~~~/73
RE TURN
E N D

PP
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• A I R P
• S UBROUTINE AI R P (TAMB , P A M B , 1, RH, P , AMU, CPA , GIN , A M L )

IMPLICIT R E A L *8 CA — H ,O— 2 )
I2=DEXP (—3ø.OQ 873+ .1C57 4C2*TAM E~

_ .674864E_ 4*TAMB*lAMp )
W F RH* 18 .0i 6*T2/C28, 96 6*C PA Mb_ T ? ))
12=1* 1
P .5552 + .i34633F_ 2*T_ .O3iE_ 4*T2+ .2066~~E_ 8*1*T2
AMU 1 .E—5 + .i75E— 7* (T—400.)
CPA .2421— .0015E—2* T+2.E—8*T2
GA M A C  PA ! (CPA— .0685545 )
CPw .4509— .0054F—2* T+ .CO L.PE—4*I2
GAM W C PW/ (CPW— .11022 )
A W F *CP W
e’(l .—WF )*CPA
CPA WF *CPW + (i .— wF )*CPA
6AM (A + B ) / CA / G A M w + ! ~/GA.~A )
AVL :19 .O16 *WF + 2~~.966 *C i . — W F )
R E T U R N
E N D

C H
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M A C H
SUPROUTIN E MA C H (DEL M , NL IN , P06 , CA N , FM , TOG , WG, GMU , A , P6,

1 T6,FN ,CP )
IM P L I C i T  RE AL *? (A —H ,0-Z )
DI M E N S I O N  F N C 4 )
D A T A  XC /6/
I=0

10 FMG= F M
TG 1.+FMG* FM G * (GA M—l .)/2 .
W R I T E  (o ,11 ) P0G ,TG , G A M

ii FO P MA T (1H O , 3 X , ’POG= ,[15. 7,5X , T 0: ,E1 5.7 ,5~~,~
’ G A M ,El5 .7)

PG PO G/ T G ** (G A M / C G A M — 1  •))
TG TOG /TG
FN WG *D SQRT (TG / (GAM*GM U ))/C2~~.7774* PG*A )
UP I IE (6,12) P6, IC-, FM

12 FOR M A T C 1 H C ,  3X , PG’ ,E15 .7 ,5X , TC - ,E 15 . 7,5X , FM ’ ,E15.7)
C A L L  GASP (T r,, FN ,G A M ,CP ,DUN ,Du~~,G M U )
J I+i
F MC 1= F M G — F M
IF CDA b S (FM G 1 ) .LT. DELM ) R E TU R N
IF CI .LT. NL IM ) GO TO 10
W R I T E  (KO , 101) FM G1

00 F O R MA T V  F A I L U R E  TO CO N V E R G E  IN r~A C H NO. SU~~RO U T IN E ,
1 — — E R R O R  ,F12 . c)

R E T U R N
E N D

OP
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LIOP
SUb ROUTINE LIQ P (T , F(,, UN , P R , CP )
IMPLICIT R E A L * 8  C A — H ,O—Z )
C’T/l .c—273 .
f :~~~~~* FO
CP :l. _ .4 65 * F G + C * (. i O i l S_ .00135 * (1. _ F G )**3.0r96)
s F= 1 3 O l . / (998.33+8.1E55*(c—23.)+ .OO585* (C~~20.)**2)
UM :DEX P (—3 .01174+ .40287*F6+ (2.30854+1 .18556*FG+ .806*F )*SF)
FK i37 .~~82.9i66 7*FG+17.91667*F
F K i . * (FK+C* (166 . _ 1f~u .~~P33 *FG+ 4Q .08~~3*F _ FK )/10O.)
UM~~ • 014881
PR l .0E3 *UM * C P / F K
U M :IJM* .000672
RE TURN
E N D
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SIM Q
SUB R O U T I N E  SIM G (A , B , N , KS )
IM P L I C I T  P € A L * P  (A—H ,O— Z )

SIM ~ SOLVE S A SY STE ” CF L It.EAP E Q UA T I O N S  AX= P

INPUTS
A — M A T R I X  OF C O E F F I C I E N T S  S T O R E D  CO LUM NW ISE. D E S T R O Y E D  IN

C O M PUTAT I ON
— V E C T O R  OF O R I G I N A L  C O N S TA N T S .  D E S T R O Y E D  IN C O M P U T A T I O N

S O L U T I O N IS RE T UI- ~. N~~D IN u
N — N U M B E R  OF E O U A T I O N S  AND V A R I A P L O S

— OUTPUT FL A G  G ’N ORMAL 1 S I N G U LA R  SET OF E Q U A T I O N S

DI M E N S I O N  A (1), 8(1)

F O R w A R D  SOL UTION

TCL (J.u
K S O

GO 6~ J 1 ,N
jv ’j+l
J J J J +f~4+~
BIGA O .O
IT J J — J
DO 30 1 J , N

S E A R C H  FOR “A ~~IM UM C u E F F I C I E f ~.T IN COLU M N

I J I T ~~I
IF (DA B S (BI GA )— DABS (AQJ ) ) ) 20,30 ,31-

20 b IG A A( IJ )
I ~ A X~ I

30 CONTIN UE

TEST FOR PIVOT LESS THAN T O L E R A N C E  (S INGULAR M A T R I X )

IF C DA B S (B IGA )—T1- L ) 35 , 35 , 40
35 kS’i

R E T U R N

INTERC H A N G E  ROWS IF N E C E S S A R Y

40 I1 :J+N * (J—2 )
II = I M A X  —J
DO 50 K J ,N
I1 ’Il +N
12 =11 +11
SA V E A (11)
A (I1 ) A( 12 )
A (I?) ~ S A V E

D I V I D E  E (.U(.TI~ ’~ UY L~~A~~I~~C C O E F F I C I E N T

50 A C I 1 )~~A (I 1  )/PT (,A
SA V E F C I M A X )
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8(1 MAX )  6C J
B (J )’SA VE/ BIGA

ELI M I N A T E  ~.EX T V A R I A b LE

IF ( .1— N) 5 5 ,  7C ,  55
55 IOS N * (J_ 1 )

DO 65 IX ’JY,N
1 X J  ‘105
IT :J~~IX
DC 60 J X J Y ,N
I X J X N * (JX —1 )~~rY
J J X I M J X +IT

60 A C I X J X ) = A (I X J X ) — C A C I X J  )*A (JJX ))
65 8 (I X )= E ( I X ) — ( B CJ )*A C 1 X J ) )

PA C K SCLUT ION

70 NY N—1
I I = P~ * N
00 80 JM ,NY
II’ I T—J
IS’ N —J

DO 80 K 1 ,J
B (I B) ‘B (I B) —A C I ~ ) *8 (IC )
IA ‘lA—N

80 I C ’ I C — l
R E T U R N
E N D

T P U T

09



.001 PUT
SU B ROUTINE OUTPUT
IM P LICIT R E A L * E  (A— 14 ,O—Z )
C I M E N S I O N  V G (i i ) , 6 (11 ), Q C ( ? u) , 006 (20) , DPC (20 ), D PCR (20)
DIM E NSION P06 (11 ) , PP (lfl, PC (~~fl) , P0 (11 ), ~OG (11)
COM MON /V A R /  1016, 1026 , 1060 , T O 7 C , 11, 12, T3, 14 , T6, 18,

A T10, T 14 , 116, T 1 8 , 120, TA ?,
5 1036, TO4G, 1056, 1080-, T O~~G , 10106, 10110 , 15 , T7 , 19 , 111,
C 112 , 113, T iS , Ti? , 119, 11 6, 126, T3G, 146, T5 6, T60, 176 ,
O TPG , 196 , 1100-, 111 6 , TA 1 , F F F L ,  P016, P026 , P0’G , P()46, P050,
E P06 6 , P 0 7 6 , P086, PO iG, P0106, P0116, P I G, P26 , P3 6, P46, P56 ,
F P6 6, P76, PPG , P96 , P 10 6, P11 6, P(2fl), 10 (20), VC (20), FM 1 ,
6 FM ? , FM 3 , F M4, FM5 , FM 6, F M7 , FM8, FM9 , FM iO ,  F y 1 1 , 1 (11),
H GA M IC, GAM 2G , GA M 3U , GA M4G , G A M S G ,  GA ”oG , G AM 7 G , GA M oC- , GA M 9G ,
I GA M 1 C G , G A M 11G , TGMI, TGM II , T M A , G IMU, GI IMU, A M U ,  PRG I ,
J P R G I 1 ,  P R A , C R 61 , C R O I X ,  CP A , TM I , TM I I ,  TM , 71Y 0, ZIIM U , ZMU,
K PHI , PR II , PR , CP I , CPU, O P . 66 ! ,  6 6 1 1 ,  GA , 6 1,  GI l, 6,  ~ EG I ,
L P E G I 1 ,  P E A , R E I ,  R E I I ,  Pt , G E l , G F I I ,  A F , Fl, F I I ,  F , G J I ,
N G J 1 I ,  4.1, ZJ I, 7.111, 7.1, H (,I, M CII ,  HA , HI , Hi!, H , CG I , COI l ,
N C A , CI , CI I, C, UI , 011, U, AGI ,  1611 , IA, TUN I , TLJNII , TUN,
O IO WI, TO~~II, TOw , EPS I , EPSI I , EPSA, ESSI, ESS II , ES~~, WG ,
P 060 , 000RR , ERR , A LT , P AT, PA? , RH , FN (4), EF F L P , V I, VIM ,
O PICA , HiM , C L 1 M , WT 1M , 0 C M , B L P R , BLP PM , CPP , CPP~~, PF , PEM ,
P PCi , PLKU , W I, W i l ,  ~~~ UN , W V 1 ,  W V ? , WE, US, W A , OR , ~ C N ,
S ON , L~V i , QV 2 , Q E, OS, Cr23, C r 3 4, Cr45 , CF7 P , CF89 , CF9 1O,
COM MON / V A R /  C F 1 1 1 , A T A P , Hi , C L 1 ,  WT 1 , A C N C 2 O ), DC , DL (3),

A DH (3) , DW (3) , DDHG (3), DALG (3 ), DA F O A (3 ), DSIG (’), O DEL (3),
P DA (3 ) , D X ( 3 ) , D S L C ~~), DSI (3) , DAL F (!), D D ~~(3 ), CON V (1 6 ) , PELM ,
C ROLIM , PLIM, FG , T ITL E(’~.), UP , 1 - PI , DP I I , PP R , PP R N ,
O T A l E , RHP , l ION , U K H ( 1 ) , E T I G ,  E T 0 20- , E T O ~-G , ETO’ 76, Efl ,
F ET2 , ET3 , ET4, ET6 , ET8, [110, ET 14 , F T 1 6 , ET 1E , FT ?O, E TA ~~,
F EBPP , CWA , DNP (3), 001, 0011 , 001 , E V I M , P R PM , V L I M , Poll,
6 ROA2, D A F A L (3) ,DSLL (3) ,AB (3 )
COM ”ON /IVA P/ NTAM , N O SO N , N C S , KI, KO , N L IM , NP (fl , N FULL,

1 NP S, \BPS, JC P R O
W R I T E  ( Ic 0, lul )
WRITE (xO, 1O 1 ) T I T L E
W R I T E  (K0 ,4 00 )

400 FO RMA T V O  INPUT L IST / C A V I T Y  * LASER S P E C I F I C A T I O N S /
1 - D F S C R I PT ION ,?4X , N A M E  V A L U ~ UNI TS )
WPIIE (KO ,603) P164

403 FOR MA T V  INLET  P R E S S U R E  ,1 2 C . ), P I G A  ,612.6 , A T M )
W RI TL (KO ,404) HIM

404 FO P MA T V  INLET HLIU HT ,13V. ), H1M ,Gi2 .6, CM~~)
W R I T E (KO ,405 ) wT1M

405 FO P M A T V  W I P T H  IN FLOW D I R E C T I O N  ‘,PV. ), w T 1 M  ‘,612 .ô,
1 — CM ’)
WR I T E  (KO ,4U’ ) CL iN

406 FO P MA T V  LENGTH ,itV. ), CL 1M  ,G1?.6 , ON ’)
W R I T E C K O ,4 08 ) D O N

408 FOP MA T V  I N L E T  H Y D R A U L I C  D i A M E T E R  ,7V . ), DCM ,G12 .~~,
1 - cM ’)

U P I T E ( K O ,4 U 7 )  P L K ’ *
407 F O~~M A TV  LA ~~U R OUTPUT P C A F R  . • ,~~(. ),‘PL~~ ,G12.~~,

1 —

w P I T E C KCI ,401) E F F L P
401 FO RMAI ( L A C E R  E F F I C I E N C Y T h 1 1 V .  ), EF F L P ,G12.~’ ,
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1 — PE R c E N T ’)

WRITE (KO ,409) NDS GN
409 FORMA T V  DESIG N OPTION ,13V . ‘), N D S G N  ,17,Sx , — ‘)

IF (N C - SO N .NE. ~) GO TO 51-
U R I T E C K O ,410) NCS

41G FOR MA T V  N U M b ER OF A R E A S  (I~DsGN=3 ) , ‘( ‘ . ), NCS — ,

1 i 7 ,~~x ,
’ — ‘)

WR ITE (XO , 411) (A CN (K) ,K 1 ,N C S )
411 FORMAT ( A R E A S  ,i7V . ‘),‘A C N  ‘,6(Gi2 .6, IX) ,

1 !(Slx ,6(612 .6 ,lx)))

~ P !TE (KO , 4i2)
412 F 0 R M A T C ~55X , FT**2 )
50 WRIT E (KO ,413 ) EN

413 FORNAT (’ GAS M I X T U R E  ,1 4(’. ), FN ‘,4F6.2,
1 — HE TO N? TO C02 TO C0 )
W RI I E (~ . 0 , 41 4)

4 14  F 0 F ~M A T (’O IN I T IA L  E S T I M A T E  OF S T E A D Y  STAT E Q U A N T I T I E S ’,
1 !6X , I F  O.,1 S E S ’)
WR 1TE (K O , 4 1 5 ) E T I G

415 F O RM A T V  GAS S T A T I C  TEMPE R A T U R E  — S T A T i O N  1. , 3 C . ),‘ETIG —
,

1 012.6 ,’ DEC P ,1 O X , IA l + 20.’)
*RI TE ( XO , 4 16 ) E T O 2 G

616 FO R M A T V  GA S TOTAL T E M P E R A T U R E  — S T A T I O N  2 ‘,3V. ), ETC2G — ,

1 C . 12 .~~, D E C- P ,10 X , TA 1 + 210 .’)
WRITE (1(0,417) ETO6G

417 FORMAT ( GAS TOTAL T E M P E R A T U R E  — STATION 6 ‘,‘V. ‘),‘ETOóG —
,

1 G 1~~.6, DEC P ,1OX , T A 1  + 30 . ’)
W R I T E  (KO ,41R ) ETO7G

61~ F O R M A I C ’ G A S ’ TOTAL T E M P E R A T U R E  — STATIO N 7 ,3(’. ‘), ETO7G
1 012.2 ,’ D E G  P ,10X , TA 1 + 70.’)
W RI T E (K O ,419) Eli

~RITE (K0 ,42O ) El?
W RI T E (KO, 4~~1 ) E13
W R I T E C K O , L.22 ) ET4

*PITE (K 0, 62 3 ) E T 6
W R I T E C K O ,424) ET8
WRITE (xO, 425 ) ETIO
.~R ITE (KO ,426) ETi4
U RITE (x O , 427) ET16
W PITE (,~J),42P ) FIlE
W R I T E  (KO ,42 9) E T 2 0

‘.19 F O P M A T ( ’ C O O L A N T  T E M P E R A T U R E  — STATION 1 ‘,~~C ’. ), ET1 — ,

1 612.6, ’ bEG R ’,1OX , TA I + 20. )
420 F CRMA T V  COOLANT T E M P E R A T U R E  — STATION 2 ‘,3V. ),‘E12 - ,

1 612.6,’ bEG P ,1OX , TA 1 + 20. )
421 F C R M A T C ’ COOL ANT T E M P E R A T U R E  — S TATION 3 ,‘V. ‘), E13 -

,

1 012. 6,’ D E C  P ,1C)X ,’T A l  + 40 ,_ )
422 F OR M A T V  COOL ANT  T E M P E R A T U R E  — STATION 4 ,~~( .  ‘), ET4 -

,

1 612.2.,’ DEC P ’,1OX ,’T A 1  + 55 . )
423 FORM A T (’ COO L A N T  T E M P E R A T U R E  — STATION 6 ‘,3(’. ),‘ET6 -

,

1 612.6,’ D E C  P ,itD X ,’TA l + 30. )
62 4 FO R M A T (  C O O L A N T  T E M P E R A T U R E  — STAT ION 8 ,3(’. ‘), ETS

1 ~,12.( , D E C  P ,1 fl x , 1A 1  + ~5 • )
425 F C PM A T V  CC ,OL .AN I T E W P I R A T U R E  — S T A T ION 10 , 3V .  ), ET 1O

1 ~~~~~~~ DEC R ’,lOX ,’TA l + ~5 .)
426 FO R MA T V  CO O L A N T  TE M P E R A T u R E  — STATION 14 ‘,!V. ‘), ET lA — ,

1 612.6,’ bEG R ,1CX , T A 1  +
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427 F O P M AT V  COOL ANT T E M P E R A T U R E  — STATION 16 ,3V. ), ET1 6 — ,

1 612.6,’ D E C  R ,iOX , T A 1  + 75. )
42~ FO P MA T V  COOLA NT T E M P E R A T U R E  — STATION 18 ,3(’. ),‘E T 1 8

1 C1~~.t ,’ DEO P ,1~~x ,
’TA 1 + 65. )

429 FO PMA T (’ CO O LA NT TEM PE kA T U ~~F — STATION 20 ‘,3C ’ . ‘) ,‘ET2O — ,

1 612. 6,’ DEC P ,1O X , TA1 + 65. )
UPI T E C XO ,430) ETA?

430 FORMA IV AIR T E M P E R A T U R E  A F T E R  R A D I A T O R  ,4(’. ‘), ETA ? —
,

1 612.6,’ DEG P ,10X , TA 1 + 30.’)
W R I T E (K O , 431) E~~PR

431 F O R M A T V  P L O W E R  P R E S S U R E  R A T I O  ,9V. ), E P P R ‘,O12.6,
1 — — ‘,i4X , ’1.17 )
WPI TE (K O ,4 02 ) E V I M

402 F O R MA T V  INLET VELOCITY ,12 ( . ), F V I M  ,612.6 , M /SEC ’,
1 1GX , 120. )
W R I T E  (xO ,432)

432 FO R N A T V O C O O L IN C ,  S Y S T E M  FLO W S )
wR IT E (K O ,43!) W I

433 FOPMA TV HEAT E X C H A N G E R  1 (LIQUID ) ,7V .  ),‘~~I 
— ,

1 012.6,’ LB /SFC )
W R I T E (KO ,434) WII

434 F O RMA T V  H E A T  E X C H A N G E R  2 (LIQUID ) ,7V. ),‘~~1x 
— ,

1 612. 6,’ L8/SE C )
W RI T E (K O ,435 ) UP

435 FO PM A T V  MI RROR L Y P A S S  ,13 ( . ),‘WB
1 612,6,’ LB / S F C )
WRI T E (KO ,436) W?

436 FO PM A T V  M I R R O R  ,io (’. ‘), wM — ,

1 012.6 ,’ LB / S F C )
WP ITE (KO ,437 ) wvl

437 FORMAT( VACUUM PUMP 1 ‘,13 (’. ), WV1 -
,

1 612.6,’ Le /SEC ’)
W R IT E (K O ,43R ) bV 2

438 F OR MA T V  V A C U U M  PU~’P 2 ,i3 (’. ), WV 2
1 C’12 .6 , LB/SEC )
W R IT E (KO ,439) WV

.39 FO R MA T V  F — B E A M  ‘,16 (’. ), wE — ,
1 612.6,’ LEi/SE C )
W R I T E C K O , 440) wS

4O FORr ’ATV SUS T A IN E R  ‘,iS(’. ),‘wS —
,1 612.6 ,’ L B I S E C )

WR I T € (u Q , 44l ) CWA
.41 FO RMA TV CORR E C T E D  FAN FLOW (AIR) ‘,7(’. ),‘C W A  - ,

1 612.6,’ C F M ’)
WRITE (KO ,4 4 5 )

445 FORNA T (’ G S P E C I F I C A T I CjNS OF BLO~~E R S ’)
WRI T E  (u c.O ,44?) lIAR
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442 FOR r . A TV ~LO~~ER P 0LY 1~~OP IC E F F I C I F ~~C Y  ,~~V . ), PTA P -
,

1 Gi2.6, — ‘)

W R I T E  (KO ,446) BPPM
446 FO R N A T V  BLOW ER S PEED ‘,13 (’. ), PRP M ,612. 6,’ R P M ’)

WR I T E C KO, 447) N~~S
467 F C R M A T V  NUML3ER C F B L O W E R  SETS ‘,9V .  ),‘NPS ‘,16 ,6X ,

1 —

W R I T E C K O , 44~~
) N E P S

448 FO kMAT ( N UM BER OF BLOWERS PER SET ‘,7(. ), NE’PS —
,

1 I6 ,6X ,’ — ‘)
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W R I T E  (1(0,543) VL IM
563 FORMATV INLET VELOCITY T O L E R A N C E  ,7(’. ‘),‘V LIM - ,

1 612.6,’ M /SEC )
WRI T E  (1(0,4 4 4 )

444 FO PM A TV O T U N N E L  A R E A S ’)

~PITE (K0, 443) A
443 FO R MA T V  STATION I T O  STATION Ii ,BV . ), A  — ,

1 6 (1X ,G12.6 )/50X ,5(1X ,6i2.ô ),‘FT**2’)
W RITE (1(0,100 )
W RI T E  (1 (0,10 1 ) T I T L E
W R I T E  (1(0, 500 )

SOC FOF ~MA T (’C INPUT LIST (CONT.) )
W RI T E  (1(0, 501)

501 FO R MA T V O H EA T  E X C H A N G E R  S P E C I F IC A T I O N S ’,23X ,’EX C H A N G E R  1’,SX ,
I ‘EX C H A N G E R  2’,7X, ’R A D I A T O R ,3X ,’UNXT S )
WR IT I (K 0,S0? )

502 FO R M A T ( 9X , DE S C PI PT ION ,25X , NA M E ,EX , (1) ,1 3 X ,’(Z)’, 1 4X , ’(3) )
W P ITL (KO ,503 ) D L

503 FOR ?~AT(’ CORE LENGTH (GAS ) ,11 ( . ), DL —
,

1 3 (2X,612.6,2X) , F T )
W R IT E (KO ,504) DII

504 FOPMAT V COPE HE IGHT ,1~~V. ), DH ,

1 3 (2X ,G1�.6 ,2X ), F T )
WPI TE (KO ,50S ) DW

505 FO R MA T V  COPE WI DTH (LIQUID ) ,1OV. ‘), D W  — ,

1 3 (2X ,612 .6,2X ) , F I )
URI IE (kO,506) DDHG

506 F O R M A T V  H Y D R A U L I C  D I A M E T E R  (GAS ) ,7V. ), DDHG — ,

I 3 (2X ,G12 .6,2x ), F T )
W R 1 T E (KO ,507) DA L G

507 FO RM A T V  S U R F A C E  AREA ! VOLUME (GAS ) ‘,6V. ), D A L G  —
,

1 3 (2x ,G12 .6,2X ) ,‘i/FT )
WR1 TE (K0 ,508) DA F OA

508 F O R M A T (’ F I~: A R E A  / S U R F A C E  A R E A  (GAS ) ‘,SV. ‘),‘D A F O A ’,
I !(2x ,Gl2. 6 , 2 X ) ,

_
— _ )

W R I T E  (1(0,509) DSIG
509 F OR MA T V  FRE E  FLOW A R E A  / FA C E  A R E A  (GAS ) ,3( . ), D5IG —

,
1 3 (2X ,G12.6 ,2X ) , — )
W R IT E (KO,510) DDEL

510 FO RM A T V  FIN THICK NESS (GAS ) ,10 (’. ), D D E L  — ,

1 3 (2X ,Gi2 .~- ,2X ) , F T )
WPI TE (1(O ,511) DSL

511 FO PMAT ( FIN LENGTH (GAS) ,i1 V . ) , DSL — ,
1 3(2X ,612.6, 2X ) , F T )
W P ITE (KO,516) DDH

516 FO RM A T V  H Y D R A U L I C  D I A M E T E R  (LIQUID ) ,6V. ), DDII —
,

1 ‘(2X ,Oi2. 6,?X ) , FT ’)
UPITE (K0,51 4 ) D A L E

51 4 FO R N A T V  S U R F A C E  A R E A  / VOLUME (LIW U ID ) ‘,4(’. ), D ALF ‘,
1 3(2X ,Gl? .6,2X ), i /F T )
WRITE (K0, 550) Dl FAL

550 FOR MA T V  FI~ A R E A  / S U R F A C E  A R E A (LIQUID ) ,‘V. ),‘DA F A L ,
13 (2x ,612.6,2x ) , — ’)
W R I T E (K 0,515 ) Dr i

515 FO R ~~AT (’ FRE E  FLOW A R E A  / F A C E  A R E A  (LIQUID ) ‘,2(’. ),
I ‘OS ! ,3(2Y ,0i2.6,2X ),’— )
WPIIE (KO, 51? ) DA
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512 F OR M A T V  FI N TH I CKNESS (LIOU ID ) ,~~V. ), 01 — ,
1 3 (2Y ,G12 .6,2X) ,‘F T ’)
WRIT E (KO ,551 ) D~~L L

551 FO RMAT (’ FI N LENGT H (LiQ UTU ) ‘,iCV . ), DSLL —
,

13(2x ,612 .6,2X ) , F T ’)
WPI T E (1 (0,55?) A~-

552 FO P NA TV PART I N G  PLATE T H I C K N E S S  ,~~V. ), AE — ,

13 (2X,G i2 .6,2X ), F T )
WRI I E ’ KO , 541) NP

541 F 1 - R M A T V  NUMBER OF L I Q U I D  P A S S E S  ,8V. ),‘NP —
,

1 3 (5x ,14 ,7X ) , — )

~.RITE (KO ,51’ ) Ouc H
51! FO RM A TV  FIN T H E R M A L  C O N D U C T I V I T Y  ‘,7V. ‘), DKH —

,

1 3(~~X,G12 .6,?X) , BTU /HR — F T — D E G  FV)
W R I T E  (1 (0,517)

517 FC R M A T V O H E A T  IN PUT R A T E S ’,39 X ,’V A L U E  U N ITS ’)
WR I T E ( KO ,5l~~) O P

5i~ . F ORr ~A TV  PUMP ,i7V. ‘),‘QP — ,

1 2X ,61?.6 ,2X ,~~~TU/ SEC
)

W P ITE (KO ,519 ) 0CM
519 F ORM A T V  M I R R O R  CONTROL ‘,12V . ), QCM - ,

1 2X ,G12.6 ,?X , PTU/SEC )
W RI TE (K0 ,52~~) Qfr

520 FOR MAT (’ M I R R O R  ,1oV. ) , QM  — ,

1 2X ,612.6 ,?X , ~~ TU/ SEC ’
)

W P IT E (1(O,52l ) OV 1
521 FOR M AT (’ VACUUM PUMP 1 ,13V . ),‘QV l - ,

1 2x ,G12.6 ,2x, ~ IU/SEC )
WP ITE (KO ,52?) 0V2

S22 FOR MA T V  V A C U U M  PUMP 2 ,13 (’. ‘), 0V2 — ,

1 2 X.,012 .6,2 X ,~~~1U /SEC’)
W PI TE (KO ,523 ) OF

523 FO HMA T ( ’ F— B EAM ,16V. ‘), QE ‘
,

1 4X ,G12.6 ,2X , FTU / S E C )
W PI T E (K O ,524) OS

524 FO R M A TV  S U S T A I N E R  ,15(’. ),‘QS —
,

1 2X ,G1?.6 ,2X , ’P T U / S E C )
WRITE (xO ,5 2 5 )

525 FO R M A T V O D I F F U S F R  LOSS C O E F F I C I E N T S ’)
W P I T E (K O ,526 ) C r2 3
W R I T E  (1 (0,527) CF34

526 FO R MA T V  ST A T I O N  2 TO S T A T iO N  3 ‘,7(’. ), CF2 ’ ‘,
1 2X ,612.6 ,?X , 

_
— _ )

W PI TE (KO ,544) CF 1 1 1
WR I T E (KO, 531 ) CF9 1O
W R I T E  (1(0,530) C F8 9
wR I T E  (KU , 52~~) CF78
W R I T E (KO ,52~~) Cr 45

527 F OR MA T V  STATION 3 TO STATION 4 ‘,7V .  ), CF34
1 2 X ,612.6,ZX ,

S2E F O R M A TV  STATION 6 TO STATION 5 ,?V. ‘), CF45 —
,

1 ~ X ,G1? .~~,2X, — )
529 FOR M A TV  S T A T I O N ? TO STA T I O N  8 ‘,7V . ),‘C F 7 ~ 

-
,

1 2x ,r,l?.6,2x , — )
530 FO P M A T (’ STATI O N  8 TO STAT ION 9 ,7V. ), CF8Q —

,

I 2X ,G1 2.6,2X, ’— )
531 F C R N A TV STA T I O N  9 TO S T A T I O N  10 ,?V . ),‘C Fc l /,
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1 2x ,G12.6 ,2X , ‘— ‘)

544 FORMA TV STATION 11 10 STATION 1 ‘,7V . ‘),‘C F l l l ,
1 2x,G12 .6 , 2X, ‘— )

W R I T E  (1 (0,532)
532 F C R N A T V C A M B I E N T  C O N D I T I O N S ,  D E C I S I O N  V A R I A B L E S ,  AND C O N V E R 1 - E N C E ,

1 T O L E R A N C E S ’)
WPITE (KO ,533 ) TAlE

533 FO RM A T (’ AMBIENT T E M P E R A T U R E  ‘,lOV. ),‘TAlF ,2 X ,G12.6 ,2X ,
1 ‘DEC F ’)
W PITE (K0,534) PAT

534 FO RM AT ( AN PIENT P R E S S U R E  ‘,ilV. ), PAT ‘,2X ,G12 .6 ,2X ,
1 P S ! A )
WR IT E (KO ,535 ) RHP

535 F O RNA T V  RELATIVE HUMIDITY ‘,ll ( ’. ‘), RHP ,2X ,G12 .6 ,2X,
I ‘PERCENT ’)

W R I T E ( K 0 , 5 4 2 )  FG
542 FO R M A T V  F R A C T I O N  OF GLYC O L IN COOLING LI Q UID • EG

1 612.6, — — ‘)

WRITE (1(0,536) N u N
536 FOR NA T (’ MAX I M U M  N UM BER OF LOOP CYCLES ‘,5V . ), NLIM -

,

1 5X ,13,8X ,’— ’)
UPITE (1(0,537) P u N

537 FO R NA T V  PRESS U R E  T O L E R A N C E  ‘,IOV. ‘),‘PLIM ,2X ,612.6,2X,
1 ‘PSIA )
W P ITE (KO ,538) DELM

538 F O R M A TV  MA C H  NUMB ER T O L E RA N C E  ‘,9(’. ‘), DELM ,2X,G12 .6,2X ,
I — ‘)

W R I T E  (1(0,539) RO L IM
539 FORNAT (’ DEN SITY T O L E R A N C E  ,11V . ), PO L I M ,ZX ,C12.6,2X,

1 LB /E T * * 3 )
W R I T E (K O ,540) CONV

540 F O RMA T V  STATE V A R I A B L E  T O L E R A N C E S  ‘,7(’. ), CONV - ,

1 5(2 X ,G12.6 ,1X ),2(/50X ,S(2X ,612.6, 1X ))/50X,2X ,612.6,2X ,
2 D E G  R ’)
WRITE (1(0,100 )

100 FOR MATV1 ’)
WRIT E (KO ,IO 1 ) TITLE

101 FOPMAT (21X, 14A6 )
CALL GA SP (T IG, EN, GAM IG , 2, Z , 2, GNU )
CALL GA S P (T2G , EN , GA M 2G , 2, 7 , 2, G M U )
CAL L  GA S P (T3G, EN, GA M 3G, 2, 7 , 7, GNU )
CALL  C- ASP (T6G, EN , G A P 4 C~, 2, 7, 2, GNU )
CALL GASP (T5G, EN, GAMS G , 2, 7 , 7 , G N U )
CALL GASP (T6G, FN , GAN 6G , 7, Z , 7 , G N U )
CALL GAS P (T76, EN, GA N 7G , 2 , Z , Z, G N U )
C A L L  G A S P (I~~6, EN ,GAM ~~G , 7, Z, i, G N U )
CAL L . CASP (T96, EN ,GAM96 , 7 , 7, 7, G N U )
CALL  GASP (T1OG, EN , G A M 1O G ,  2, 7, 2, GMU )
C A L L . GASP (TI1G, FM , CA M 1 1 G ,  2, 2, 2, GNu )
C0N 32.174* 1545.43/GNU
VC (1 )*FM1 *DSQR T (GAMI G *CO N *T IG )
V6 (2)~~F M 2 *DSQR T( GAM2G *CO N *T 26 )

3) :1 M3 *~~ cO RT ( (,AM1O*(ON *1 30)
( 4 )  N4*D SQ PT ( GA M A  G~ CON *T 40)

VG (5 )~~FM5 *D SQ R T (GAM 5G*C ON *T 5 0)
VG (t ) FMo*DSQ PT (GAM 6G*CON* T6 6 )
VG (7)= FM7*DSQRT (GAM7G*CON* T70 )
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VG ( 8) ~FM8*DS QRT ( GA M PG *  CON ~T
v6 (9 )= FM 9*DSQ PT (GAM 9G*CON* T cG )
VG (10) FM 1 O * D S Q R T ( G A M 1 C G * C O N *T106)
VG (11)~~FM11 *D S C P T (G A M 1 1 C .*C O N * T 1 1 6 )
01- 2~ K 1 , 11

2~ ~.G (K) vG (K )*A( K )*~~O.
WRIIE (KO ,102) A LT

102 FO R N A T ( ’O A L T I T U D E  ,20V. ‘),1X ,G1?.6,’ (K FT) )
WRI TE (uK O ,103 ) PA T

1 0! F C R M A T V  A M B I E N T  P R E S S U R E  ,16(’. ‘),lx ,G12 .6, (PSIA ) )
W R I T E (K O ,1U6 ) T A l E

10 4 F O RNA T V  A M B I E N T  T E M P E R A T U R E  — ,15 (’. ),1X ,G12. I’- ,’ (UFG F)’)
wP IT E (KO ,105 ) R H P

105 FO RMA T (’ R E L A T I V E  HUMIDITY ~ ,16
(’. ),lx ,G12.6 ,’ (PERCENT)’)

W RII E (K0 ,107) PIGA
1~J7  F O P~~A TV  L A r E P I N L E T  PRE SSU ~~E ,14 (’. ‘),1X ,G1? .6 , (ATM ) )

T I G M~~T IG /1 .~
W R I T E  (1(0,1 Q P

168 F O R M A T V  L A S E P  INLET T E M P E R A T U R E  ‘,l3 (’. ),1X ,(12.6, ’ (DEG K)’)
Z= (T026—T O1G )/1 .s
WR I TE (1( O,142) 7

142 FO PMAT ( ’ T E M P E R A T U R E  R I S E  A C R O S S  C A V I T Y  ,QV . ‘),1X ,G12 .6,
1 — (D~~6 K ) )

W E  l IE  (1(0,109) VI M
109 FO R MA T V  LA S E R  INLET V E L O C I T Y  ,14V . ),l X ,G1?.6 , (M/SEC )’ )

WRI T E  (1(0,110 ) PLKW
110 FO RMAT ( — L A S E R  OUTPUT POWE R .  . ‘,13V . ),1X ,G12.6 ,’ (1(W )’)

w P I T E (u c O ,1 41) E F F L P
1 41 F O R M A T (  L A S E R  E F F I C I E N C Y  ,16V. ),1x ,G12 .6, (PER CENT ) ’)

WRI T E (KO ,114 ) W O
11 4 FOR MAT (’ L A S E R  G AS ~ A S S  F L O W R A T E  ‘,12V. ‘),1X ,612 .6,

1 ‘ (LE/sEc )’ )
W RI T E (KO ,115 ) Qf(,

115 FO R I ~AT ( — V O L L F ~F. F L O W  R A T E  AT BLOWE ° INLET ‘ ,~~
. (‘ . ),1X ,612.Lc ,

1 - (CF ~~V)
W R I T E (K O ,1 1 I’) Q C O RR

116 F O R~~AT ( — C O R ~~EC TFD VOLUME FLO W R A T E  AT BLOWER IN LET ‘,3V. ~~,
1 1)(,G12.6,’ (CFM ) )
WR I T E (KO ,139 ) WA

13c FC R MAT ( — C O O L I N G  A IR F L O W R A TE ‘ ,16 (’. ),1X ,612.6,
1 - (U /SFC)’)

~R I T E ( KO ,l 40 ) C W A
140 F O R M A T ( — C O O L I N G  AIR FLO W R A T E  ,14(’. ),1X ,G12.6,

1 ‘(CFM )”)
WP ITE (KO ,117 ) BPR

117 F O P M A T (  — P L 0 L ~LR PRESSU RE R A T I O  ,1 4V . ‘),1X ,612.6,’ ( — ) ‘ )
‘~.PITE (1 (O,111 ) R L P R M , PL P R

11 1 F O P M A T (  — B LO~~ER POWE R P E G U I R E D  ,1 4V . ‘),lx ,612.6, (KU) ’,
1 ~ X ,G12.6, 1X , (HPV)
WPJ I E (K O ,112 ) P P R M , PPR

112 F O R M A T (  — C O O L I N G  PUMP POWE R R E Q U I R E D  ,11(’ . ‘) ,1X ,612.6,
1 — 

~~~~~~~~~~~~~~~~~~~~~ ( H P ) ’)
h P I T E (K O ,11~~) PFM , PF

11! FO E M A T V  C O O L I N G  F A N  PO~~E P R E Q U I R E D  ‘,llV . ),1x ,~~12.6,
1 — (YW )’ ,8X ,G1?.6 ,lx , (HP) )
WR! TE (1 (O,106) EN

106 FOP MAT( ’ L A S E P GAS M IX I I R L  ‘,16 (’. ‘),1X ,F5.2,3 (’ TO ’,F5.2 ),2X ,

117

_ _ _ __ _ _ _ _ _ _ _ _ _ _ _  ~~~~~ ---- . ..



1 ‘(HE TO N2 TO C02 TO CC~))
IR I T E C K O , 14 3 ) GNU

143 FOR MATV MO L E C U L A R  WEI GH T OF GAS ‘,12 (’. ),1X ,G12.6 ,
1 —

W R I T E (,c O ,11 ° )

1l~ Fe A TVO ,~~X ,
’
~~E A T  ~X C H A NG(k V A R I A P L E S ’,l 5x ,’E X C H A N G E R  1 ‘,~ -X ,

1 E XC FI A N G ER 2’,7X , ‘R A t  I A T O P ,8X , UN ITS ’)
W PITE (KO ,119 ) 001, 0011, 001

119 F C RMA T V  HEAT T R A N S F i R  PA TE ‘,IlV. ‘),2x ,3 (G12.6 ,c~~),
1 - bTL/HP ’)

~.R l T E (KO ,12~~) DPi , ‘~P I I ,  PP
1?0 F O R N A T (’ LI’)UID P R E S S U R E  D R O P  ,10 (’. ),2x ,3 (r-12.E ,~~x) ,

1 — P S I A ’)
UP ITE (K O ,12l ) P.R

121 F CR MA T V  NU M B ER OF L I Q U I D  PA SSES ,9V . ),2x,3 (6X,12 , 9X ) , — ‘)

N FULL
IF (f. FLLL .NE. ~

‘ )  
~R t T U P N

w R I T E  (1 (~~, 12 ?) T~~I, T M I I ,  TM
122 FO R MA T (’ M E A N  T E M P E R A T U R E  ,5(’ . )  , (L IQU ID ) ,4V. ),2 X ,

1 3 (612.6 ,5X ) ,’ DEC R )
WP I T E (K O , 12t ) TGMI, TG M I I ,  TMA

123 F O R M A T (32X , ‘(OA C ) ’,lL, X ,3 (012. A ,cx) )

~R 1 T E ( K 1 ,12 6) ZINU, Z I IN U ,  ZMU
12 4 FO R M A T ( ’ VI S C O S I T Y  ‘,1~~V.’) ,

‘(L IQUIO ) ,4V . ‘) ,2X ,!(G12.~ - ,5X ) ,
1 L B / F T— S E C )
WPITL (KO, 12!) GIMU, G1I M U , A MIJ
W P1 TE (KO ,125 ) PPI, PR II, PR

125 F O R M A T V  P R A N D T L  NUM uE R ,1IV. ),’(LIQU IO ) ,4V. ),2X ,
1 3 (G12.6,S X ),’ — )
W P I I E (KO ,123) PP(,I, P R O Z L ,  FRI
W PI TE (KO, 12~~) C R 1 ,  C P I I ,  CR

126 FO RMAT (’ S P E C I F I C  HEAT ‘,12V.’), (LIQ UIDV ,4V . ‘),ZX ,
1 3 (612.6,51), ’ BTU/L B— DEG R ’)
WPI T E (K O ,12’) CR01 , CN. 1 1 ,  CPA
W R I T L (1 (O,I27 ) 61, 611 , 6

127 FORN A I (’ M AS S  FLU X ,1ÔV. ), (LI QU ID ) ,4V . ),2X ,
1 3(012.6,51),’ L~~/F T * * 2 — S E C )
WRIT E (1(O,l2~~) GG I, GG I I ,  GA
W R I T E (KO ,128 ) R E X ,  R E I I ,  RE

12~ FO R N A T V  PE Y N O L D S  r4 t J M P E R  ,1U (’.), (LlCu ID ) ,4V. ),2X ,
1 3 ( 0 1 2 . 6 , 5 1 ) ,’ — _ )

~P I T 1 ( u O , 1 23) R E G I ,  K E L I I, P E A
W R ITE (KO, 129 ) F!, F I X ,  F

129 FO R N A TV  FRICTI O N  F A C T O R  ‘,10 (’.),’ (LIQUID ) ,4V . ‘),2X ,
1 3 (612.6,51) ,’ - ‘)
WPI T E (KO, 121 ) GE l ,  1 - F I X ,  A F
w R I T ~~(KO ,13fl ) ZJI , Z J II , ZJ

130 FORM A TV  H E A T  T R A N S F E R  F A C T O k  ,5V. ), (LIQU ID ) ,4V. ),2X ,
1 3 (G12.6, SX ), — ‘)

W R ITE (1 (O,123) GJ I, GJII , A J
W R I T E (IcO, 131 ) HI, M u ,  H

1~~l F O R M A T ( HEAT T R A N S F E R  C O F F .  ‘,6(’.),’(LTQUI D ) ,4(’. ‘),?x,
1 3(012.6, 51) ,’ E~TU / F T * * 2 — s E C — D E G  R ’)

W P T T E ( X O ,12 ’ )  HOl, ~G 1 l ,  HA
W P I T L ( W O ,13? ) C l ,  C I I ,  C

132 FO F .?ATV FLUID C A P A C I T Y  R A T E  ‘,~~V .), (LIQt!D) ,4(’. ),2X ,
1 3 (612.6,5 Y), E i T U / S F C — D E G  H ’)
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WR ITE (K 0,123 ) CCI, C o i l ,  C A
WR ITE (KO, 133 ) UI, UII , U

133 F O RNA T V  O V E R A L L  HEAT T R A N S F E R  COEF. ‘,7V. ‘),2x,3 (612.6,5x),
1 — B T U / F T * * 2— S F C— D E G  R ’)
WR ITE (K O ,134 ) *61, lOll , A l

13 4 FO RM A T V  GAS H E A T  T R A N S F E R  S U R F A C E  A R E A  ,5(’. ‘),2x,
1 3(G12.6,51), FT* *2’)
WR IT E (KO , 135 ) TUN I, TU N T I , T U N

135 F O R M A T (’ NUM B ER OF T R A N S F E R  UNITS ,PV. ‘),2 X ,
1 9 (612 .6,5 1),’ — ‘)

W P I T E (K O , 136) TO WI , 10~~11, TOW
13 6 F OR M A TV  CAP f .A MMA ‘,16V. ),2 X ,3 (C12.6 ,~~X),

’ —~~)
wR ITE (KO ,137 ) ESSI, ESSII , ESS

137 FO RMAT V SINGLE PASS E F F E C T I V E N E S S  ,~~V. ‘) ,2X ,
1 3(612.6,51),’ •- _ )

W R J T E (1 (0,13F ) E P SI , LP SII, EPSA
138 FO R M A T V  TOTAL E F F E C T I V E N E S S  ,11 (’. ‘),2X ,

1 !(C1~~.6,5X ), 
—

~~~~ )

W R I T E  (1 (0,100 )
WR ITE (K O , 1O1 ) T I T L E
W R I T E  (KO , 200)

20C FO R NATVO ,16 X , GAS FLOW SY STF N V A P I A P L F S  BY STATION ’)
WRI TE (K O , 2 u 1  )

201 FO R M A T (’O STATION N u M E E R ,1~~X ,
’1’,13X ,2 ’ ,13 X , ‘3’ ,13X , 4 ,

1 13x, 5’,13X , 6 /37X ,’7’,13X , P’,13X ,’9 ,1 2 X ,’1O ,12X , 11 )
W R ITE (KO,204) PO1G , P026 , P036 , P046, P056, PO6G, P076 , P086 ,

1 P09 6 , PO1OG, P0116
204 FORMAT (’O TOTAL PRESSURE (PSIA ) ’,

1 6 (1X ,G12.~ - ,lX )/3 1x ,5 (1X, 612 . 6,1X ) )
W R ITE (KO , ?03 ) PIG , P26, P36 , ~4G, P 5 G , P6G, P76, P86, P96, P106,

1 P116
203 FOR MA T (’O STATIC PRESSURE (PSIAV,

1 6 (1X ,G12.6, 1X )/31 X ,5(1 X ,G12 .~~,1X ) 
‘
~

WR IT [(KO, 206 ) TO1G , 1026, 1036 , 1046, 1056, 1066, TO?G , 1086 ,
1 T O 9 G , 10106, T 011 6

206 F O R M A T (’O TOTAL TEM P. (DEC P ) ,
1 6(1X ,G12.6, 1X ) /3 1X ,5 (1X ,G12.6 , 1X ) )
WRITE (KO,205) TIG, 726 , T36, T46, 156, 166, T7G, 786, T9G, 7100,

1 T u G
205 F O RM A T V O  ST A T I C  T E M P E R A T U R E  (DEC P)’,

1 6 (11 ,612.6 , 11 )/311 ,5 (11,012 .6, 1 1))
WP ITE ( KO,207 ) FM 1 , FM 2, F~~3,  FM 4 , F M 5, F M 6 , F M 7 , FM? , F N 9 , FMlt ~,

1 EM il
207 FORMAT (’O M ACH NUMBER (—) ,

1 6(1X ,G12 .6,1X )/3IX ,5 (11,012 .6, 11))
WR1TE (1 (O ,20°) VO ’

208 FORMA I (’O V E L O C I T Y  (FT /SEC ) ’,
1 6 (11 ,612,6 , 1X) / 3 1X ,5 (lx ,012.6, 1X ) )
WR ITE (KO ,2U9 ) 06

209 FO RM A T (’O VOL . FLOW RA T E  (CFN )’ ,
1 6 (1X,G12 .6 ,I X )/31X ,5 (lX,612 .6,1X ) )
Z~~GN U * .0931 78
ROG ( 1 )~~P l G * Z /T 7 G
kOG ( 2 )= P2G~~Z / T 2 G
P0CC 3)~~P3G *Z/T3G
P0CC 4) P46*Z/T66
ROG ( 5 )=P5G *Z,TcG
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ROG ( 6)~~P 6 G * 2 /T~~G
ROG ( 7)~~P 7 G * Z /T 7 G
P0CC 8)=pSf,*z/TPG
ROG ( 9)=P9G*Z/T GG
P06 (10 ) ~P1 06 *7/Ti 06
PCG ( 11 ) = P 1 1 G * Z / T 1 1 G
W R I T E (XO,220) RO G

220 FORNAT (’O DENSIT Y (Le/FT**3)’ ,
1 6(11 ,C~i2.6, iX )/31X ,5 (1X ,G12.6,1X ) )

WP I T E ( K O , 2 1 2 )  A

~12 FO R M A T (’0  A E F A
1 6 (1X ,G12.6 ,1X ) / 3 1 X ,5 (1X ,0 12. 6,1X ) )
W R I T E (K0,213) G A M I G , GA M 2G , G AM 3G , GA M 4G, GA M 5G , GAN66 , GAN7 G,

1 G A M~~C , G A M 9G , GA M 1O G , G A M 1 1 G
213 FORMAT ( ’O GA M M A  C— ) ’,

1 6 (11 ,612 •~~~, 1 1 )/311 ,5 (lx ,G1Z .6,11))
P 0 ( i)  ( P G 1 6 ~~PO 2 G ) * 2 7 . 7
PD (2)= (PO2G ~~PO3o )*27 .7
P0(3) = (PO3G ~~PO4C )*27 • 7
PD (6) = ( P046—P056) *27.7
PD (5 ) =C P056—P066) *27 .7
PD (4 ) = C PO6G—P 07C ,) *27 • 7
P0(7)z (PO7G_ POPG )*27 .7
PC (~~)= (PO?0_ PO9C .)*27 .7
PD (9)= (PO9G— PO1OG )*27.7
PD (IO )= (PO1OG—PO 11G )*27.7
PD (1l )=(PO 1lG ~~POl G )*?7.7
DO 27 x=1 ,11

27 PP (K ) F- D (K) /(77.7*PO6G)
W P ITE (KO,?1fl ) PD

210 FO R M A T V O  PRESSURE DROP (IN M20)’,6X ,
1 6(i X ,G12.6,1X ) /37X ,5 (1X ,G12 .6,1X ))
WRITE (KO ,211) PP

211 FOR ?~A TV0 PRF S SUPE DPOP / PO~
1 6 (iX ,G12.~~,1X )/37X ,~~(1x ,0l2.6, 1x))
W R I T E  (1 (0,214)

214 FO R N A T V O ’,121 , CO OL IN G AIR V A R I A P L F S )
WRITE (1 (0,215)

215 F O R M A T (’O STATIO N N tJMBE R ’,18X , 1 A ,12X , 2A ’)
WR l T E (K O , 2 1~~) PA T , PA?

216 FO PMAT ( ’C PRFSS u ~~L , 12X , (PS!AV ,2(i X ,61~~.~ ’ ,1X))
W PT TE (xO, 217 ) T A l ,  TA ?

217 FO RM AT ( ’O T E M P E R A T U R E ,8X , ‘(DEC R ) ,2 (1x,612 .6, 1X))
W R I T E (KO ,21~~) POA 1 , R OA2

218 FO RM AT ( ’O D E N S I T Y ’,9x , ‘( L~~~~ / F T * *3 ) ’ , 2 ( 1X ,G 12 .6 ,  lx))
Dr PA = (FAT— PA2)* ?7.7
W R I T E ( KO ,21 9) DPPA

219 FO R MAT ( ’l) PR r S S U P E  DROP (IN H2OV ,7x ,G12 .6)
WRITE (1(0, 100)
WRITE (KO ,l u l ) T I T L E
W R I T E  (1(0,300 )

300 FC A T ( G’,16X , C O O L IN ~. SV ST [~ V A R I A B L E S  PY STATION ’)
W R I T E  (1 (0, 3C 1

301 FO P NA TV C  S T A T  ION N~~~bF R ,1 c,X , 1 ,13x ,’2 , 13x , 3 , 1 3X ,’4 ,131 ,
1 ‘5’ , 1 3x, ’ , 17x, ’7’I 3 ?x ,~~ - ,1’x , ’Q’ ,12 X ,’1 O , 12 x , 11 ’ ,17x ,
2 1 2 , 12X , 13’ ,l ?x , 14 , 1 37x , 1 5 , 121 , 16 ,12 1, 17’,12X , 1° ,
. 12x ,’19’,12x, ’2J’)
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W R I T E (KO, 10? ) P
302 FO R M A TV O  PRESSU R E C P S I A ) ,

1 7(1X ,G12.6 ,1x )/31X ,7(1X ,612.o,1X )/31X ,6(1X ,G12.6 ,1X ))
W R I T E  (1(0,303) Ti , T 2 , T3, 14 , 15, 16 , T~~, 

70 , T9 , 110, T i l , 112,
1 113, 114 , T 15 , 116 , 117 , T 1~~, 119, 120

303 EO RMA T V O  T E M P E R A T U R E  (DEC P) ,
1 7 (1X ,G12.6,IX )/31X ,7(1X ,612.o,1X )/3lX ,6 (1X ,Gi2.6, 1X ) )
W R ITE (KO ,304) vC

304 FORM AT ( ’O VEL O C I T Y  (FT/SECV ,
1 ? (1X ,612. ’,1X )/ 3 1X ,7 (1X ,012 .6 ,1X )/3lX ,6 (1X ,G12 .6,1x ))

WR I T E ( ~- O ,3 0 5 )  O C
365 FC PM AT ( ’O VOL. FLO W PATE (FT **3/SEC ) ,

1 7(1X ,G12.6 ,1x )/31x ,7(1x ,012.6,1x )/31x ,6 (11 ,G1? .6,lx ))
W P I T E C K O ,306) 0CC

306 FOR NAT (’O VO L . FLO W RATE (GAL/M IN )’ ,
1 7(1x ,G1?.~~,lX )/31x ,7 (1x ,C12 .4, 1x )/31X ,6(1Y ,G12 .6,1x ) )
WRI I E (K O ,!07) DPC
W R I T E (1(0,309) AC

309 FO RM A T V G  A R E A  (FT**?) ,
1 7(1x ,G12 .6, 1X)/3 11 ,7 (1X ,G12.o ,1X )/31X ,6(1X ,612 .6,1X))

307 FO R M A T (’O PRESSURE DROP (PSIA )’ ,
1 7(1X ,Gi?.6, 1 X ) / 3 1 X ,7 (1X ,612.6,1X ) 131x ,6(1.X ,G 12 ,6,lx ) )

WR I T E ( K O ,!Ofl 0 P C R
30~ FO P MA T V O  PRE S S U R E  OROP / P1 ( — ) ‘ ,

1 7 (1X,612.6,l X )/3 1x ,7(1 X ,61 2 .6,1X )/31x ,6 (lx ,G12 .6,1X ) )
R E T U R N
END
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S FPT
N T A M = +0
T A 1 F  = — . 1 2 J O O 0 ~~O06 C~~OG~~C C 0 o + C 0 3

.SOL0000000000000000+002
ET IC .C flLOOC’ C 00fl000O3”~CCo+O00

~T02G .OOC0000006C00000000 +000
(1066 .000000000000003000D4000
ETO7G .OOL0000600C0000000 0+000

~T 1 •0~ CDO00O 00Cfl0O00O0O4U0C
TZ •uCC000Ci000C0000000c .+000

E T 3  • L C 0 0 0 0 0 0 0 0 0 0 C 0 0 0 0 0 L + 0 3 C
C T 4 .Ofl00000000C0000000o+000
FT 6 •070000000000000000 0+LOtJ
ETA? .D000000OO~~OnOO000OD+00O
F T 1 L , .000000C00001-0000000+000
~T1o .uOCOCflU 1 - O flO 1- O flOO O O0~~O OC
F T ~ • L O L 0 0 0 f J 0 0 0 0 0 0 0 0 0 L O D + 0 0 0
ET 1C .COCO OO0 OO flCOC~0000O~ +OO0
F T 1~ .OI100000000000000000+000
F120 .OOC0000000000000oOD+000
F F F L P  .1oLrccuoO eoeooo0ca ~ +002

•1OLO0O 00OCO fl000~ CjCL+O0 1
~ lI .c17 !~~9999c9Q9999c9~~+53O
W H .500000000000000000D+000
WM = .90S000000000000000o+C0O

~v1 = .90S’999999999999Q990—C01
WV? .~~1~~CCC~)O000flOOT~n 0fl o+ C P0

• rcCu 00 Oo~~”C~a~~4CrO
.4~ 41-c9999c9Q 99Q 9~~ D+ 0C1

C .~A = .5O’~fl0CGOOOO C0O~~ C0o+005
OP .3cC0OC 0JOO00 OCD ~ 0Oo+001
QCM .95000000000C)0000COD+000

= .47299999999Q999~~i 9O+QO1

~v 1 = .4730CC00CO0 flOOC~0~ C~ +00O
Gv2 = • 4 ? 5 9 c 9 c Q c q 9 c Q c 9 0 ~~c~~+ 1

= .4729999999999990990+001
as .237O0OuCO0O OC00OUC~~+0C2
CF23 .7999999 999999990990—001
C F 3 4 = .1 CC 0O O0fl0 O O~~~üC~~+C~~C
t E A S
CF7 c •1S0 0 00uOO C 0 0 00Y C 1 -D+C flU
C F 8 9  = .15OOOC0OOOO0C0O ~ 0C +C~~O
CF 91P .300000000000 CO JOGCL—OO 1
C Fill = . 1 SC 00000000 C 0 or  ‘

~ C C o .0 1- 0
F V IN .2 C G 0 0 O O f l r C C 1 -~i C C .C~~
~ IAfr 7r n ucu n O o o ro ~~~ - r D + ( ~

. .
r 

~ c A • 1 n L 0 c u 0 c ~c ~ ‘2 r + r

H iM •S0GOO0O000OOC0~~’CCD .OOiCL 1M .4OoOoOO0OOOc3DoC .~ r~~+O~ 2
UT 1M .50CO 000OO flOCOOCC~~O~~+C C1

.3r L f l o o 0 1 - C n C c , 2~rur~~4Cn 1 , •200COOC0000r000m 00 0+001 ,
.Sn000000000000002rD+CrO

P I C N  • C C [ D U f l J f l ( Jñ C r C C ~Y’ j L,.LJCU , .260000000000000000D+cro,
.C f ) U000000 0 000C ’  )~~~ f ~.u2u, .0OOO0OOOO 0OOOC0fl O 0D~ 01-L,

.ooocoooo~ o ooor o o~ ro+o~ o,
.000 1-31- ~ 00 00000 0 ~oC. ~ + 

~ n o ,  • COO 00000000 ~ u 0CC ~ 00+ C no ,
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•000000000000000’JUUD+UUU ,
.DOC 0 Q eli 000000000000 + COo, • 00000000 COO 00000000 +000,
.00000000000000C000o+000, •000000000000000000o+Cfl0,
.00 U0000fl0~~C 0001)0 COD + 000, • C 0 00 0 1- 0 0 0  ~0 “0000000 + DC ~~,

• COO 00 00360 C 0000000 0 +000 , • 00000 1-0000000CC 0 iC D +00 u,
.00 CO C 0000000000000 ~ +000, • 000001-00000000000 CD. 01- ~

~CM .86259999909c9999990+001
CL .200000000000003000D+O01, .20000000000000000CD+001 ,

.22~~125O0 OOO 0OO Ofl0 O D+OO 1
H • ~ ‘~66 6 6 9 9 9 99 9 9 9  ~Q90 D+000, . 664,6669999999990990 +U~’C

• 1 97929 i70000000000D+002
= • 2 f l U ’ 2 O C 0 0 O 0 O 0 U 0 0 O L C~~+ O O 1  , • 2 O 0 O C f l O O O f l 0 1 - 0 0 O f l 0 C D + O~~1

•604166999099999099D+OOu
L I D UG = •255000000000000000o—002 , .2020000000000000u0D—O1-2,

•7~~1 99999999099999&u—Cfl2
= .244 6L 63001-0O0OUC LCD +O ’~3 , .24460A 0000000r300300+003,

• 3~ 67599Q999c9Q~~999o+003
P A F GA • & 631-000 flOOL000 : 0 0 0 o + C f l u ,  • 863 ~C O O f l o 1 -c r O r O r 0 f l D + o~’0 ,

•8OEc9999999c99~~9c9o+OOO
)S TO = . 76c8973899999 90°990+C)O0, • 769?973~~9999999Q 99D+O flU ,

.o58!65?°9 999999999D~~OOO
r O E L  = .499c9999999c~999~~~90~~c1-3, .49999Q9999999c999cb ~~or3 ,

.6999999990009990%co—003
= •A 999999~~99Q 9999099tj— u03, •4999999999c’~9cc’9Q c 0— oC .~.,

• 4999999999909999900—003
)KH .100600C00000000000D+003, •1000000000000000000+0 3,

.100000 00000CC 0 0 000 +003
DO L .2?45CCO ’2O flCGCO 0~~O0O~~C fl1 , .2?65000C0201-u000000—001 ,

.1 C45b~~u 0O P1 -O O C1 )0CCu— UO1
PSI •7?717 99099c~~99~~99 0o—O O1 , •7?7170999 9999999c,C D_ O n 1 ,

.1~~3 2 8 O 0 O O O 0 C C O D 0 0 O ~~+ O O O
D A L E  .7?71799 99999999°99D+002, .7?7179999999999Q990+O”~~,

.1 33280000000J0000000+003
D D H  •99’,99 9 9 9 9~~9 °9 9 9 9 9 7~~— C O 3 ,  . 90 9 99 ~~9 9 9 Q 9 9 9 9 9 ° 9 7 D — O ’ ~3 ,

.3°c 9cc9gc~~
c
~~c~~c’~99L—c .C2

+1 , + 1 , +4
PAT .1 449OC000C00000C000+[j1-2
PHP •1OO000o000Ofl0O0~~ono + 0 ’23
F~~PR = . 0 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 D + 0 0 0
A . 21 52 9 921 700 1-0 6 ~. 1 - 5 2  o + C ~o, • C 0000 ‘ 01- 0 1-0 ‘~ 0 ~ 0~~0 o + ~

.545199~~99ccQ 9c~~n99~~+o rO, .5 653 o r ~ccQo9c9oço ., cD + G r L,

• 5 4 5 Z 9 9 9 9 9 c c Q 9 ~~~~~~c 0 4 0 C Q ,  . 3 4 Q l O ~~O O 0 O O ’ 2 C f l C f l u C o + C~~~,
•545399999999999~~’~9o+ C flO, .545399999990999999D+000,
.5453999099909999990+000, •5453999999999999990+OnO,
.4305 5641 6001-0000 ~ Do + 300

= • S f l U 0 C O 0 0 0 O 0 f l 0 1 - ) 0~~fl~~+ C f l 0 ,  •5flO 0C~~O00fl 0?0COn 0CD+OC u,
.S~~0 0 O ’ 2 U f l O f l C C ’ O O O f l L T h~+0 f l L ,  . 5 0 C 0 O ’ 2 0 P 0~~0 f l C O O O C C ’ D + O C 0 ,
.Sflu0U OoO 0C0 r 00n~~Lr~.+~~no, .sn000m000000000000D+003,

.500000000000000000D+000,
.50G0OCQ~ O COC O O O 1-C1 - o + C0O, .S00000000000000000D+000,
.S00000000000000900o+030 , .500000000fl000COOuOD+000,
.5flUOC 0~~2O 0C1U fl C fl C fl 0+OC0, .Sfl0000000000000000D+CflC ,
.5 ~ 0001- 01-01-000 fl 1) 1- ~ + 0~ 0, • 500000 C 00000000000 0+000

C L v • 9° 99 ~ 
Q 909 0 9 9 (# ~d 7 D— L0 3
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= •l0000000000r0000000_0C4
PL IM = . 9Q99cc9ccgcc9c90~~7D— op 3

000000 0000 00000 flUO 3+ 000
‘~ RPM = .1l~~oceoo oon rcoJ

n 0oo+ons
VL IM  = .S0000006000000J1-00D+000

~,13S = +7
NO PS = +2
J C P R O  = —1
Pal = .41500000000000’)1-000—002
D A F A L  .507999999090999099o+OCC , •507 999999999-,i999990+COC ,

• 507 999999999999999 o+ 000
D S L L  = •2 il66 7 CO O flO OG C J’ 2 U C~~— 0O2 , .2116 670000000000000—Cm2,

.211 667000000C00000 0—002
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L A S E R  T E S T  C A S E
D E C E M b E R  1 q76

INPUT LIST
C A V I T Y  * L A S E R  S P E C I F I C A T I O N S

D E S C R I P T I O N  NA ME V A L U E  UNITS
I N LET P R E S S U R E  PIGA .10001-0.001 A T M

INLET HEI GH T H i M  .500000.001 CM
W I D T W  IN FL OW D I R E C T I O N  W T 1 M  .cCr0 ’~04GC1 C M

LENGTH CL 1 M .40C000+CC2 CM
IN L E T  H Y D R A U L I C  DI A~~ET ER  O C ’ ~ °o2o1-0 .Qr1 CM
L A S E R  OUTPUT POW ER PL KW •S00000 .C1-2 K W
L A S E R  E F F I C I E N C Y  E F F L P  .100000+01-2 PE Q C F N T

D E S I G N  O P T I O N  • N DSG N 2 —

G AS T M I X T U R E  EN !.0Q 2. ’C .~~O
.50 HE TO N2 TO C02 TO CO

I’.ITI AL E S T I M A T E  OF S T E A D Y  S T A T E  Q U A N T I T I E S  IF r

GAS S T A T I C  T E M P E R A T U R E  — STATION 1   £ 110 .1-00000 DEG P ~~~1 + 20.

GAS TOTAL TE M P E R A T U R E  — S T A T I O N  2    ETO2G .000001- D E l- P T A 1  + ~ i 1- .
G A S  TOTAL IEMPER ATU I. E — S T A T I O N  6    ETO 6G .000COO DEG P TA 1  ‘ 3C.
GAS T O T A L  T E M P E R A T U RE — S T A T I O N  7  • • ETC’7G • 1 - c C C 1 - 0  ‘)El- P 

~~~1 +

C O OL A N T  T E M P E R A T U R E  — S T A T I O N  1   • FT 1 . 0 0 1- 0 1- C  DEl - I 1*1 +
COOL A N T  TE~~P F R A T U RE — S T A T I O ~ ’ 2 •   £12  .1- 0 1- 0 1 - C  DE C P T A 1  + 2” .
COOL A N T  TE’~P E R A T U R E  — S T A T I O N  3    £13 .1-0001-0 D E C  ~ T A 1  + . 0 .

C O O L A N T  TE M P E R A T U R E  — S TA T I O  4 •   £14 .1-C0000 D E C  P IA 1  +

C O O L A N T  T E M P E R A T U R E  — STATIO N 6 •   ET6 .~~0OOOO DEC 1 1*1 + 31- .
C O O L A N T  T E M P E R A T U R E  — S T A T I O N  ~  •  ET ~ •~~CCC”0 DEC P T A 1  ~
C O O L A N T T E M P E R A T U R E  — S T A T I O N  10    £1 10 .1- C C C~’C D E C  P T A 1  +

COOL ANT T E M P E R A T U P ~E — S T A T I O N  14    £1 14 . 0000C D E l -  ~ T A 1  +

C O O L A N T  T EM P E R A T U R E  — STAT IC ” 16    ET 1 D . 1- 01 - 00 0  DEG ~ T A 1  +

C O O L A N T  T E M P E R A T U R E  — S TA T IO N  1~  •  E T 1 ~ .000000 DE C P T A1 +

C O O L A N T  T E M P E R A T U R E  — S T A T I O N  20    ET 2~ .000000 DEC ~ TA 1  •
A~~ T E M P E R A T U R E  A FT [° PA r ) I A T r R      [TA2 •1-

~~~~~~J D E C- P T A 1  + 3~~.
PL0~~F k P R E S S U R E  R A T I O  E L ’PR . :c ro ~c — 1.1 7
INLET V E L O C I T Y  E~~I M •?50000•L’2 Y / C E C  1 1 - C .

C O O L I N G  S Y S T E M  F L O W S
HE AT E X C H A I ’ G E R  1 (LIQ UID ) wi .11-1-3 00401-1 L b / S E C
H E A T  E X C h A N G E R ? (L IQU I D) ~.II .c17 4 O + 1 - ’ O  L D / s r C
TM I P R O R  D Y P A S S  .~~1- O0 1-C~~C 0O Li~ / S ~~C
M I R R O R  •~~C P C T C 4 0 C L[~/ S F C
V A C U U M  PUMP 1 w v l  .Q 1 1 - C C O — C O 1  L U / S E C
V A C U U M  PUM P 2 wv 7 •~~1~~1- 1- r ’ 1 - f l O  L E / S F C
E — R E A M  W E .RCF020+000 L B / S E C
S U S T A I N E R  . S ~~O C . . 1 - 1  L b / S E C
CO P RI CT EI ) F A N  FL O * (AIR ) C .A j CC j f l C~~0~~5 C I V

S P E C I F I C A T I O N S  OF B L O W E W S
E L O W E R  P O L Y T RO P I C  E F F I C I E N C Y  AT A B .7GCC ~~O+C~’C —

e L C W E R  SPEED F I ~ PM .112LCJ0s O ’~5 PR’~
N UM O E R  OF DL OW E R SETS N .-5 7 —

N UM b ER OF O L O W E R S  PE~ S E T  ~~~~ —

I N L E T  V E L O C I T Y  TOLF F~A N C E  V L I M .~~01 -O~~O+O ”1- . ~ /~~~ C

TUNNEL A R E A S
S T A T I O N  1 TO STATION 11 • . . . . . . .  A .?15299’I~0 .� 1 5 1 - c O + 3~

.545400+000 .5454OO’O ~.0 .545400+000 .349100+COO

.545400+000 .545400+000 .545400+000 •5454C0•Oij O .4305c6+000FT..2
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C 3 ( a C ) Ca CJ C ) C C C
Z . — Q ’ C C C C ) C) O’ ( 3 C , CC aJ c) *’ C) ’ 0 p .l .— Q _I L , Q C ,a 0 0 0 0
C L i C~~a, CD (.. ’ C C  G ( C ., M i C~~.— tC) r- Cl .a..’ P . , C’ C L C ” C” C’ C’ C

~ C) 0 t.) il -4 i’ i 0’ CC ii C) 1’. u P. 1) — tO (3 > C) a ,) Pt’) P1) ,Q p.
Li C) 0 C. (0 ‘4 ‘C) is (~ (‘a C Cal Li CU C,) ~

— C, C. a ii. F— F— (ti F’- a .
C ‘C C a i C’J I’al C a N C L , — r ’- - iO N-- u”t CJ taa ‘— P1) 0’ ’A 4.3 ,4 (La

ax
U) ‘3 -~ —3 0 ,J ‘~- ‘C ,J

. ,.. i U~~~~~~ ia_ ,J 1 _a u, .-.. ~ a 1. ~
‘C _ a l  J < a x a n a n o’ C a x ) < a )  J (A, i i  a o~~~~ C >

C (3 (3 (3 (3 (3 (3 aL Li c., (Ca Mi (3 0 0 C . 0 (3 C’ (3 (3 (3 C Li

C

— 3
Mi 00
a.) 

‘-‘ . . . o Z.. -a
LI la. i n— ’

(3 . •
— in 0 C ( 3 ( 3  ,J ‘C
an an . . . C L - U ).  .~~~~~~~~~~~o . . .
ti ax 3 4 .3 Ca C A-

— U) 0 • (OLi  C C • 0 ‘~~ C C (/) tO fr
m -i C is — Mi to Mi

F- CC (a) C Isa • J ta C Mi 0 . U’ (0 >
( i s O  ‘C ‘•-‘ I  .* ,_i ~~~~A ’C L i —t .~~~an t—i
Vt is. Li • • -‘ S C ,— .3 C C) -‘ ~~ C F’
< u s  ,—. z s a a x _ i a1 a ,,) s ,.J~~ sa U_ 0 0 i,, i Q. (J

as . is -. • .-t isa 00  ‘C Mi C a_-i -. -. -.
I- — Vi 3 > C . aJ ’. F> J 3 ] 0 O
Z Li .~ C • O w  U- Li a.) is) U, ‘., (3 — -‘ -

.

o w C) — ~ -
~ tax ax ax ~~ ‘- ax ax — .3 C)

Li 0. i.-. Li • Ca .5 .3 U) ~~- CC C C) U) in (3 Li • 0 • .- CU
Li Vt F- Li .4 C ~~ a,) Li ‘C Vt C in F- — (0 ax

0. 1 — C U) C isa a us a as ‘C a) _ is,. . F- . a a,
Pt- ‘C .- I— I I ax ‘-. ~ I ax .. Z I _J ‘C F- .C A, .
Ut UI Cr iD i, — C) C I v p— a C 3 ~ .— C. U- A a . C • .3 • it

(3 Li Z .—. Ca i—i ‘C 0 Li C) —‘ ‘C 0 as 3 0 ax ax iS a, 3, 51
_J Z i n u ) W t — 4 a ) w u , _ a . . ,. , a u i U, ,J ._. Z L) us

< 0) 1  • _ ) L i a x U .z a s . 3 a s ( x M i r w , Cas x — a x C I ... i —
F- I C  ‘ C C C  )-‘ , J . 5 C a  F- ... i . - aa P- C
3 iS iii a Mi C U. a) (C Mi Ia) F- U) tC (C, ax ax ,i C) F-
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0 00 0 00 0  300 00  0 0 0 0 0 0 c C ’o (3
0 00000 0 000 0 0  0 0 00 0 0 0 0 0  Ii)
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1 0
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C ii. ~~~~~~~~~~~~~~ 000
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U . .U - U , U- U -  O < < I aO 3 _I i i J QO  000
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0 00
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APPENDIX B
(David Washington)

Phase Diagram for a Mi xture of (a) Carbon Dioxide and (b) Nitrogen ,

at (P = 1 atm) Pressure

Condition for Phase Equilibrium

1 2

or, at equilibrium the fugacity of a given component is the same in each

phase . In general ,

= = = . . for all phases

= 
“

~
‘
~~ = = . . for all phases

for all components.

Pure Carbon Dioxode at 1 atm pressure will exist as a vapor or solid ,

depending on the temperature (See P-T diagram). Pure Nitrogen at 1 atm

pressure can exist in all three phases (vapor, liquid , solid), depending

on temperature (See P-I diagram). However , the fugacity of compressed

liquids and solids can be treated alike , as fol lows.

For a pure substance at constant temperature ,

R I (d ln = v d

integrating between saturation state on Pressure P,
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R I I d (in 
~~ 

= f v d

f
SAT ~SAT

Assume constant
specific volume (v)
for liquids and
solids.

R I in SAT v (P - pSAT)
f

v (p~p5AT1

SAT ~~ e
f

Since v is small for liquids and solids , the quantity v (P - p5AT) is

small for moderate changes of pressure . Therefore,

f ,. . o _

a liquid
and

solids

or

fL fSAT , fS fSAT

For Nitrogen at ,

T= 2 00°R

~SAT = 226.853

v .02613 ft3/Lbm

R + V5 )5 ft-Lbf

Lbm0R
P =  l atm
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fSAT 
— e b072 

= 93

Therefore, f .~~~~ fSAT with 7% error at this check point.

From the P-T chart for Nitrogen , it is observed that only a small

portion of the liquid phase is invol ved (since 1 atm is near the triple

point). Also , since the fugacity of liquids and solids are calculated

alike (f
L 

= f
S,~ fSAT) it is felt that the Nitrogen component can be

considered in two phases (solid and vapor) for this problem . Consequently,

for this problem (1 atm), consider a Binary Solution (vapor and solid)

of two components (A- Carbon Dioxide , and B-Nitrogen). Therefore,
=

N2 N2
Condition for Equilibri um

‘f— S -

CO2 
- 

CO2
Additional Assumptions

1) Assume Ideal Solution .

Y~ 
f~

where 
= phase

i = component

= fugacity of component (i) in phase (q)

f~? = fugacity of Pure (i) in the same phase as the
mixture on the same temperature and pressure

= mole fraction of (i)

or
5 V

ZA fA ~A~~A

Z8 f~ ~B~~B
133



- -  . — ~~~~~~~~~~~~~~~~~~~ .- -- I

where ,

ZA 
= mole fraction of (A) in Solid Phase

ZB 
: mole fraction of (B) in Solid Phase
= mole fraction of (A) in Vapor Phase

= mole fraction of (B) in Vapor Phase

2) Assume ,

f
S 

= 
SAT

A A 
As discussed earlier

f
S - fSAT
B B

3) Assume that pure saturated vapor at T and ~SAT behave as an

ideal gas. Therefore,

f
SAT 

= ~SAT (Vapor Pressure)
A

f~AT = ~~AT (Vapor Pressure)
B

4) For the Vapor Phase , assume that pure gas (A) and pure gas (B)

behave as i deal gases at T and P. Therefore ,

= P

f~ 
= p

Combining (1), (2), (3), and (4),

ZA ~ 
SAT 

= p Known as (RAOULT’S LAW).
Good for systems at Low

~ 
SAT = 

‘~
‘B ~ 

Pressure .
B B
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Conthined with , 

~:: : : = ~gives a system of four equations and four unknowns (ZA , ZB, ~~

Combining final equations ,

(1) ZA ~A 
= 

~A ~

(2) ZB ~B ~
‘B ~‘

(3) ZA
+ Z

B 
= 1

(4) 
~~~~~ 

= 1

~~SAT ~~SAT

A P B P -

SAT

A SAT - 
A 

- 

~SAT
B

SAT
-, ~A 1 — P
4A ~~SAT 

- - SAT
B

~~SAT
- B

L
A 

- 

~~SAT ~~SAT
A B

SAT
= ZA 

‘_‘

~~
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CRITICAL POINT AND TRIPLE POI NT PROPERTIES
OF PURE N ITROGEN AND CARBON DIOXIDE

(B) (A)
NITROGEN CARBON DIOXIDE

(N
2

) (CO
2)

MOLECULAR WEIGHT 28.013 44.01

Z~ .291 .275

CRITICAL T

c 
126.2°K 304.2°K

POINT
T
c 

227p1 °R 547.5°R

IC -232.57°F 87.8°F

PC 33.5 atm 72.9 atm

492. Lbf/in 2 1071 . Lbf/in 2

TRIPLE TTP 63.15°K (-210°C) 216.55°K (-56.6°C)
POINT

TTP ll3.67°R 389.79°R

TTP -345.6°F -69.88°F

PIP 94 .01 mhg 3885.1 ninhg

PIP .1237 atm 5.112 atm

~TP 1.818 Lbf/in2 75.126 Lbf/in 2

SATURATION T l39.255°R (L-v) 350.3°R
DATA AT SAT
P 1 atm -320.415°F (-195.786C) -109.3°F (-78.52°C)

77.364°K 194.63°K
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Phase Diagram for a Mi xture of (A) Nitrogen and (B) helium , at (P = 1 atm)

Pressure

Solution

Assume a binary solution (solid-vapor) at two components . Assume

an ideal solution and using Raoult’s Law , as in Appendix A , we have ,
(solid ) (vapor)

SATZA PA 
=

RAOULT’S LAW
SAT -LB

r
B 

-

Combine with , ZA + ZB 
= 1

= 1

yield 
~~_~~~SAT

B
— 

~ SAT ~ SAT
A B

~~SAT
- z  A

~A A P - ‘
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Phase Diagram for a Mixture of (A) Carbon Dioxide and (B) Helium at

(P = 1 atm) Pressure

Solution

Assume a binary solution (solid-vapor) of two components. Assume

an Ideal sol ution and using Raoult’s Law, as in Appendix A and B , we

have,

(solid ) (vapor)
SATZA PA — y~~P RAOULT ’S LAW

Z8 ~
‘B 

= 

~B ~

Combine wi th, ZA + ZB 
= 1

= 1

SAT
1 ~
LA 

~ SAT ~ SAT
A B

SAT 
a

- z  ~A
~A A P 

-

a
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P***pq ETEp M’112, ~JJ~41 15E6—ID’O .II~ I5€b.1 P4:19
C~~NpqØp, /000/ 6,CP ,Cv,I~F ,R ,R~ ,U ,I~,CA ,CB,CC ,HI ,AZ ,ZERO ,F ,XL

PAR AMETER N Z 4
DI ME N SION CSL INZ ) ,CSR INZ )
COMMOP /OLL / CSL ,CSR,SL,SR
DO 50 L 1,2

C DEF IN E C0~~~~~~
-T A4~~~~ S

IFIL .EO.1) XNN :1.O
IFIL.EQ.2) XNN :—1.O
SE G I 5(6
IC:I1 — 1
MI~~II ‘2
MJ:JJ-1 -

BC1I:t.O
8C2 1: 200 .0
x :BC2 1—BC 11
D X :X/ 5(6
015:6.0
CP:0. 24
6:1 •4
RF;53 .34
XP:21 16.8
XD :O. C0234
xU:1O C.O
AZ :0 .  C
ZERO: C.O
HX :4. C
F:0.02
XL 1’ C
CV :CP /6
RR~ RF /778.161
p:~~p* 32.1739
XT : X p /XD /R
A :SQR T 46 * R .X T )
U XU/ A
C A : ( & - 1 . 0 ) / ( 2 . O . & )
CBZ 6 .1.0)/(2.0*6)
CC:2. C/ 4 6.2.0)

C BOUNDAR Y CONDITIONS .EFT)
BC 1 (1 ) BC 11
~c 1 2  ):—10.0
BC I (3 ):~
BC 1 (4 );1.O
BC I (5 )~ 0.O
BC I (6 ):Q~ Q
BC L ( 7 ):O.25
BC 118 ~:XP
BC 1C 9 ) X0
BC111 e :X T
B C l t i  1):0.2

C BOUNDARY CONDITIONS (RIGHT)
BC2 ( 1 ):9C21
8C2 12 ):—jQ~ Q
8C2 (3 ):U
6C2 -1 4 ):1.0
BC2-( S j= 0•0
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~~~~~~
~C~~(t ) •aC 5
8C2(8 j:Xp
BC2 (9 ):XD
BC Z4  3 C ) : X T
BC 2 ( 1  I) :O.2

C FLOW DIRE CT IONS
BC1 (3 ):BCI (3) *~ P4~4
BC 2( 3 ) 8C2 (  3 )* XN N

C LOAD BOUN DAR Y CONDITIO N S
00 15 J:1,MJ
00 14 K 1 ,M
P(k.. 1 .J)ZBC1 (Ki
P 01,1 I,JFBC2 (i(. )

14 CONTIPPUE
15 CON TI PUE

C iNITIAL C ONDITIONS
00 18 I:2,IC
Isi I—i
P Ci,! ,1) :PC1 ,INI ,1 ,Dx -

‘

18 CON TZP ,UE
B IC (2 ):Q.~3
81CC 3 ):U
BIC Ie ):]•~3
BIC(S);0.0
BIC (6 ):O.0
BIC (7 1:0.25
BIC (8 ):xp
BIC (9 ):X0
8.IC (1 C):xT
BLC (L1 );O.2

C FLOW DIRE CTIONS
BIC (3 ) 81C (3 }*XNN

C LOAD INITIA L CONDITIO NS
00 17 2:2,IC
00 16 K:2,P4

- .. .. P41.,I,1-)i4U4k).
lb C~

.JP4 ’1~~~JE
17 CONTL IU E

C SHOC K W A V E
S W I I) :100.0
SW (2 ) : 0.0
SW 3): i .i3

1. 323
0EP45: 1.221
TEMP : 1.084
$PEED :S QRT (T (M P )
DI BIC (9)
S1 81C(5)
T1:B! C C 10)
00:12
Q:(QQ /01)*(1.O,32.1739)
DS:O/ 11
T 2 Q I CV .T 1
P2;D1 *R*T2
A2 :Sg RT CG *R *12 )/A
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i~~~~~~S~~i3 )— 1.0/SW (3))•BIC (3)
SW ( 5 P 81 C 4 3)
SW ( 6) PRE S*BIC (8)
SW (7I BIC (B)
SWI8) DENS*PIC (9)
Sb i(9 ) - B IC( 9 )  - ‘

SW i l l  ):BJC (lO)
SW (12 ):SPEEO* B ICC4 )
SWI 13 ):SIC (4)

k SH :CP*ALOG (TEMP )— RR *ALOG (PRES)
5W (IM )z$ 4/&/RR4BIC (5)
SW( 15):8IC (5)
sW 116):BIC (6)
SW (17) :B IC (7)
5151 18 ):BIC( 11 )
sLu :SWU — oIs
5R (1);SW (1).OIS
DO 32 IK :2,N
SL CX M ):SW (IK)
SR (1 1( ):5W (IK

32 CONTIPUE
SL 4 3) :—SW (3)
SL (q ):SW (5)•(2.O ,(G ,1.O),s(SL ( 3J—1, O ,SL (3H

C CO NTAC T SUR FACE
YA :PRES—1.0
yB :2. C/G
YC :(f, 41.0)*PRES
YD :G— 1.0
YF YA4S QR T (YB /(Y C ,YD ))
Y F :O ,C
C SL t 1 ):SL(1
CSL C2 )ZSL(2)
C SL CJ ):U-yf

a C SL (4,:—1 ,O
CSR (1):SR (1)
C SR (2 ):Sp-42)
CSR (3 ):U.YF’
CSR (4 )~~~1.0WR ITE (6,300)

300 F O R N A U 8 x ,’LOC A T IoN ’,8x ,’TI ME’ ,8x ,’MACH ’,1Ox, ’U2 ’,1Dx , ’U l’,10~,‘p2’ ,1OX . ’P1’ ,9X , ’RO2’ ,9X , ’RO1’,
WRITE 46,301)

301 FOR MA I (14X , ’T 2’,1C X ,’Ti’ ,1OX ,’A2’ ,1OX ,’A 1’,1QX ,’52’,1O X , ’S1’ ,
7X, ’DS/DT’ ,4X ,’DI AM(T ER ’,4X ,’FP ICT ION ’)

W RI TE (6 , 109)  ( 5 1 5 ( I )  ~I 1,18)
W RITE (6,109 ) 51

a WRITt.(6,109 3 Si
109 FOR M A J((1 X ,’S W:’,2X , 9 (2X , L1O ,4) ,ZX ,’MAI N ’)/ )

00 33 1(4:1 ,11
HL :SW (1)—D IS
HR :SW(1 J ,OIS
HHX P (1,1 (4 ,1)

IF ( HH* .GT .HL.AND. HHX. LT .HR ) 14(4:1
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U(HH X.fQ.Pfl. .OR.HP4X.EQ.NR ) KK: 1
IF’ ( K 1 4 ) 3 5, 3 3 , 3 4

311 P (4,I(4 ,1l :A2
PC 5 ,1 , 1 :~~2

-‘ P (8,1 .1):P2
P410 , IK ,1 zT2

T0 33
35 P44 ,1(4,1) :SPEED*B IC (4)

8 4 : C P * A L O G ( T E M P ) - P R S * L O S C P R E S )
P IS ,IN ,1):B H/G/RR ,BI C S)
P(8,IK,1):PRES*81C48)
P49 , 1(4,1) :DENS*BIC ( 9)
P 41 0, I(4,1):TENP*BIC (10)

33 CONT IPP U E
U: X N N ‘U

C SOLUTIO N
I s: I 5 (~ / 2IW~ IS .1
00 13 j: i,~~.j

D O 12 IZ :1 ,M I
1:115—12
IF (IZ .GE.I~~) 1:12
DO lu Kzi, M
X 1 (K )  P (K ,I,J)
IP2 1.2
x2 (14 :P(l4 ,IP2 ,J)

10 CONTI NUE
00 30 LI:1 ,N
wL (LI ) :sLCLI )
w Rl ~Lfl:SRU.I

30 C0 N T 1 k~~(

CALL FI6 (M ,X 1 , X 2 ,X 3 , WL ,W R )
DO 31 LI:i,N
SL (LI ):WL (11
SP (LI):W R 4 L I )

31 CONTI N UE
00 11 *~ 1,M
IP1 : 1.1
JP1 :,J,1

P (14,1 P2,J) :X2I (4 )
P (14 ,1FI, JP 1) : X3( )

11 CONTiNUE
12 CO NTI N U E
13 CONTI NU E

C END SOLUTIO N
C PR INTOUT

WRIT I 46, 1)
1 FO RM A II1H1 ,6X , ’AR RAY P ($.,I,J)’)

WRIT E ~6’200) XNN
200 FOR MA1( 2X ,’XNN ’,F10.3)

DO 20 J :1,JJ ,10
00 19 1:1,11
W R I TE  (6 , 2)  ( I ,J ,  ( P  (14 ,I,J) ,14:I,MI)

2 FO R M A I C 2 X ,13,2X,13 ,12 12X, (8.3) )
19 CONTI N UE

(ND

L 
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SUBROUTI NE RAN (NP4,B81,8B2,PR ,XX )
CO MMO N /DDD / 6,CP ,CV ,RF ,R ,RR ,U,A,CA ,CB ,CC ,HX ,AZ ,ZER O ,F,XL
D I MEN S IO N  B 8 1 ( P 4N ) ,B 82 (NN )

)CA :1.C ,H6 ,1.0)/(G—1.Q))*PR
X 8 (6  -I.0iI (6—1.0).PR
BB2U ):BB1(l)
8S2~ 2 ):8B1 (2)
882 (6 ):881 (b)
882 (7 ):BB1(7)
8B2 48 ):Pp*$$1 (8)
882 (9 );B~~1i 9) * tX A 1XB )
$8241 C) :881 C 1O )*PR * I X~ / X A )
8B2 (1 1):B81( 11)
V 1 :SQ~ T (C A .CB~ PR )
V2 :V 1* (BB 1 (9)/8B2 (9))
8B2 (3 ):U ,XX *IV 1—V 2 )
B82 (4 1;SQRT (G*R *,882 (10))/A
BH CP*A LOG (8B2 (1O )/BB 1 (l0 )) RR *ALO G (PR )
BB2 1~~);BH ’G/RR .BB1 (5)
RETU R P
END

SIJBR O IiTINE ~U 8 (N,A B,C I
COM MON /OLL’ C5L ,C~ R ,5L ,SR
DIME N SI ON A (N ),B (N ) ,C (N )
NM:0
CALL CCSIN,A ,B ,C ,C.L , NM )
IF INM I 109,109,107

109 CONTINUE
MM 0
CALL CCS (N ,A,B,C,C SR ,MM )

— IF IM M ) 110 ,110 ,107
110 CONTINUE

CALL SSS (N~ A ,B ,C)
107 CONTINUE

- END

1 Cc? ~,e514~3 ;E~ lNN )
p:(C20)—C141 ))/4C3 (i)—C1 (1) )
00 10 I:3,NN
C2 41) PsC3 (I)•41.0—P)*C1U)

10 CONTI N U E
RE TUR N
END

SUB ROUTINE PPP (NN ,A A1 A A 3 )
COMMO N 1000/ G,CP ,CV ,~ F ,R ,Rp ,U,A ,C*,CB,CC ,HX ,AZ ,ZERO,F,XL
DIME NSION AA 1 (P4 N ) ,A * 3 (NN )

I C2 : (AA 3 (5)—AAl (s , (*6
1.,,~~A 3 (9 ):*A~ 4 9)*jçj—C2.j.Q)

A *’T (1C ) :AsAS AA 3 (4 ,.AA 3 (q),G ,p
1*346 ):AA3 (9).R.A13410,
RET UR P
(NO 148
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SUS ROLTINE CI4KL (NN ,AA l ,A A 2 , A A3 ,AA4 ,SW ,1U~
COM M O N  /000/ G ,CP ,Cv, RF ,R ,RR ,U ,A ,CA ,CB,CC ,HX ,AZ ,ZERO ,F,XL
PARA M E TER M~~12, N:18
DIMENSIO N B 2(M ) ,831M ) ,Cl CM ) , C3 C M )  ,D1 C M ) ,02 (M )

DIME N SION AA1 (NN ) ,AA2 (NN ) ,*A 3(NN ), AA 4 (N Pd ) ,SWCN )
DIME NSIO N E2 (M ~~,E 3 (M ) ‘61 CM ) ,F2 (M )

- 10:0

IOL:O.
100:0

!V~(Aa9 (2 —AA1 (2~~/ (AA 2 (1 )—AA1 (1,
8K :AA 1 (2 )—S K *AA 1 (i )
C ALL 6EO (N N,AA1, AA2 ,AA 3 ,AAI4I

~~~~~~ 3M
NN

j~
A3
!~~~

2,S W,C3 ,I0R )

100 R*:AA2 (3)+**244 .)
SA :1. C/PA
bA :C3 (2) — 5A *C3( 1)
C l i i )  :(BA—B I ()/I5j(-SA )
C1 12 - ) :S$4.Cl(l).B ((
C ALL COM (N N ,A A 1 ,C1 ,AA2 )
CALL SU$ 1 NP4,C 1 ,A *2 ,C3 )
SW (S ) :C3 (3)
515 17 ) C3 (g)
$15 49 ) :C3 (9)
515 (11 ):C3 (13)
515 (13 ) C3 (4)
515 (15 ):C3(S)
SH:CP*A LO 6ISW (10 )/Sw (ll ~~~_ RR .A LO 6 (SWI6 )ISW (7))
SW 114 ):SH/$/RR’iSW (lS)
WRITE (6,109) (SW (I),I :1 ,18)

109 FORM A 1 ((1X , ’SW :’,2X ,9 2x ,E1O .’4I, 2X ,’109L’ /
PR :Sw (6 /SW 17 )
CALL RAN (NN ,C3 ,02,PR,XN )
CA LL $IM L (NN ,AA i , AA 3, SW ,83 ,ICL )
IF (IDL ) 104,104,103

103 R8 :AA 1(3 )—AA 1 (4)
SB :1 .C/RB
88:83 (2 ~—S B* B3 (1 )
B2(1) :(88—BM )/f 5K—SB)
82 ( 2) :514 SC IC 1) .8(4
CA LL COMC NN, A A 1 ,B2 ,AA 2 )
CALL SUB INPI, AA1 ,82 ,B3)
5 1 5( 5 )  $3 ( 3 )

~~~(7) 83 (8)
515(9) :83 (9)
5151 11 (:83(10)
SW (13 ):83 (q)
SW (1S ):83(5)
$H:CP 4A L OG(S WU O )/SW (11 ))_ RRSALOG(5W(6), SW (7 ))
$15 41 4 ) 5 N /6/RR ,SW (15 )
W R ITL (o.11OI l515 (1 ,I:1.18)

110 F O R M A TI ( 1K ,’SW:’,2X, 9 (2X ,E10.4),2X ,’11 0L’ /)
PR:Sw (b )/ SW 1 7 )
CALL ~AN (N N ,B3 ,Ol ,PR , XN)
60 TO 104

101 C ALL SIML (P4N ,A A 1 ,AA 3 ,5w,E3 ,IOD )
. iT (IOC) 104 ,104 ,99

99 F2 (1):SW (1
F2 42 :SW (2 )
F 2 43 ) :515 (5 )
F2 (41 :SW (13 , 149



F2 (5) :SW (15 )
F2 (6) :5W (~~~)
F2 (7) :SW (17)

F2 t1 0 ) S 15411 )
F2UI ):S15 118
F 2 (12 ):—~ .Q
RC :A A 1( 3 )—AA 1 (4 )

• C/PC
BC :F 3 12 )—SC *E 3 11 )
SS:(F212)—AAI (2))I (F2(1)— *A 1I1))
BS :A A 14 2 )— S S *AA 1(l)
(2 (1) :(BS—BC)/ ISC— S5 (
£ 242) :5s*E241).BS
CA LL COM 4NN ,AA I, E2, F2)
CALL SUB (N N ,AA I, (2,E 3,
SW (S) (3 (3)
SW (7 ) E 3 1 8 )
515 (9) E3 (9)
5~~(11 ):E3 (i 0)
SW4 13 ):E344-)
515 (15 ):E3 (5)
SH;Cp4*LO6 (515 (1Q) /5W (11 ))— p R *ALO6 (5W (b )/515 17 ))
SW (14):SH/G/RR.SW (15
W RITE (6, 111 ) (SW il ), 1:1,18)

~ll FOR M A T((1X , ‘S W :’,2X ,9 (2X ,E1 0.4),2X ,’111L ’)/)
PR:5~ 461/S15~ 7)C A LL ~AN (NN ,( 3,6 1,PR , XN)

104 1F 1j~~ •LE. 0 .AND . 100 .L(. 0) 60 TO 105
1F (IDR .61. 0 .AN D . 101 .LE. 0 60 TO 106
IF (TOR .61.0 .ANO . 101 .61. 0) 60 TO 107
IF (IOR •LE . 0 .AND . 100 .GT. 0) 60 TO 108

106 CALL SUB LNN ,.AA1,D2~ AA 31
ID :IOE
60 TO 105

107 CA LL SUB NN ,D 1,D2 ,A A 3 )
Io:10 7
60 TO 1O~

1(1.8 CALL. SLLB (NN,61. *A2 .AA3)
10:108

105 RETU RN
END

SUBROLTINE CH (1R1~~N .*A 1 A *2 *A3 AA4 SW ID ,
COMM0~ ~‘DU0/ 5,Cr ,CV , R? ,R ,~ R ,u ,’A ,ci ,C ~ ,CC,H X ,A Z ,Z (RO ,F ,XL
PA RA MET ER M:12, P4:18
DIME NSION 8201 ,B 3 1M) ,C 1 (M) ,C3 (M ) ,D 1 (M ) ,02(M)
DIMENSION A A I (NN ), A A 2 1P4N ) ,AA3 (N N )  ,AA N (NN ) ,SW 1N )
D IME NS ION E l (M ),E 3 (MI ,62 M ,FI4M )
10:0
IDL:Q

100:0
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XN : I • C
S,1:(* A2 (2 )— A A I 2 H / (A A 2 ( 1 )— A A 1 U H
6K :AA 14 2 ) — S I ( * A A 1 (  1)
CALL GEO (NN ,A AI ,AA 2 , A A3 ,AA 4 )
CALL SIMR (NN ,A A 1 , A A 3 ’ 5 W , 8 3 , I D L )
IF’CIOL ) 101,101,100

100 RA:A * ) 4 3 ) — A A 1 4 1 1 )
SA :i.C/ RA
BA :83 (2)—SA .83 (1I
B2 (1): (8A— B K )/( SK— S*
B2 (2 ) :5(4.824 1).BK
CALL CO M ( P4N ,A A 1 , B 2 , A A 2 )
CALL 5U9 4 N N ,A A 1 , B 2 , 8 3 )
SW (SI :83 (3 )
SW (7) :83(8)
5 1 5 ( 9 )  :$3 (9 )
S W i l l  ):B 3 ( 1 O )
5 1 5 ( 1 3  ) : 8 3 (4 )
SW ( 1 5 ) : 8 3 4 5)
SH:C p ,A L OG (SW (1O )/5W (11 ) )—RR ,A LOG (5W (6 ) /$W (7 ))
SW (1 4 ) : S H / G/ R R.S w t 15

W R IT E 46 ,109 ) (S W II ),1 1 , 18 )

109 FOR M A T ((IX , ’SW : ’,2X,942X ,E10 .11 ,2X , ’109R’?/
PR :Sw16)/SW (7)
CALL kAN (NN, 83 ,D1 ,PR ,XN )

CALL SI M R IN N  AA3 AA2 , 515 ,C 3,IDR )
IF (IDR ) 104 ,104 ,103

103 RB :AA 2 3 ).AA 2 (4 )
58 :1. Cl Pb

BB :C 3 (2 )— S8*C3 (1 )
C1 ( 1  ; IBB— B K) / S K— SB , )

C 1 ( 2 )  : S K * C 1 ( 1) , B p (
CA LL COM (P4N ,AA 1 , C 1 ,AA 2 )
CALL SU$ (P4N, C 1,AA 2 ,C 3)
515 45 ) C3 (3)
~~~~~ C3 (8)
515(9.) C319)

515 4  11) : C3 (  10)
515 (13 ):C3 (9)
5 1 5 (1 5  ):C 3 ( 5)

SH:CP 4AL OGI 5151 10 )/SW (11))~~RR .ALOGISW (6 )/$W (7)
SW (1 4) :S H /G/ RP .S w ( 1 5)

W R I TL (6 ,1 1O )  (S W ( I ),I:1,18)

110 FORMA T ((iX , ’SW:’,2X,9(2X,El0.4,,2X ,’1lQR’)l,
P R:SW (b )/SW ~~~~

7)
C A LL ~AN (NN ,C 3 ,D2 ,PR ,XN)
G O  T O  104

101 CALL S JMR (N N ,AA 3 ,A A 2 ,S W ,E3 ,I00 )
IFIIOC ) 104 ,104 ,99

99 F1 (1) : S W 1 l )
P 1( 2 )  ; S W ( 2 )
P 1 ( 3 )  : 515 (5 )
P 1 ( 4 )  : 515 ( 13 )
P 1 ( 5 )  :SW ( 15
P 1 (63  :s15(1b )

P 1 (7 )  :5 1 5 (17 )
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P 1 (1 0  ):SW(I1)

P 1 (1 1  ):S15118

P 1 4 1 2  ) — 1 .O

RC :AA 2(3 .AA 2 (4)

SC ;1.C/RC
BC :E 3 12) -SC*E3U
SS :4F l C 2 I~~A A2 (2 )) / (F141 )— *A 2 (1 ) )
B B A A 2 (2 )‘$5*AA 2 (1)
(1~~1) :(gB—BC )/($C—$S)
(1 (2) :SS.El (1).BB
CALL GOM(N1 4,F1 ,E1,AA2 )
C ALL SuB (N ~~,El ,AA2, E3 )
5154 5) (3 (3)
515 (7) :E3 (B)
SW (9) ~(3(9)
SW i l l  ):(3 (iQ)
SW4lII :(344 ) -•
SW I 15 ):(3(5)
$H:Cp $A LQ G ($)fl 10 ),SW (1 1 ) )_ RR *ALOG(SWib)/ $W (7 ) )
SW (1 4 ):SH/6/RR ,SW (15)
W R I TL (6,111) (SW(I),I:1,1 8)

11 1 F O R M A 1 ((1X , ’Sw:’,2X ,9 (2X, (10.4),2X ,’111R ’)/)
P R : S W ( 6)/ S W(7)

CALL RA N (NN ,E 3,G2,PR ,XN )
1 011 IFUDL.LE .O.A ND.I0O.L .D . GO T O 105

I F ( ID L .G T .O .AND.IDR .L (.D) Go TO 106
I F (1 OL •GT . O.AN D .I O R.GT . 0 )  60 10 107

IFI I DL .LE .0 .AN D .IO D .G T . 0)  60 10 108

106 CALL 5UB (P4N,D 1 ,AA2 v A A 3 )

GO TO 105
107 CALL SUB I NN ,0i,02 ,A A3 )

ID :1O 7
GO TO 1O~~

106 CALL SUB ( NN ,A (1 ,&2 ,AA3 )
ID:108

105 RETU RN
END
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SU8RO L TINE GEO (NN ,AA 1  AA2 ,A A3 ,A A 4 )
DIMENSION A A1 (NN ),AA 2~ NN ) ,AA3 ( NN ),AA 4IN N )
P13 :4 *A 14 3) ,AA 1 (4 )+AA3 (3 ) .AA 3 (11 ) (/2.0
513:1 •O/R13
R23 : (*A2 1 3 )— A A2 t11I+A A3 (3) — A A 3 (11 ) l / 2 .Q
523:1 .O/P23
B 13 :A 1 142 )— 51 3 *AA 1 (1 )
823:A *24 2)— 5 2 3 SAA2 I 1)
A A 3 (1):(B23 B 13 )/(S13— 523 )
AA3 1 2  ):s13 sAA3 (1j+Bl3
S12:( AA 1 (2 )— A A 2 (2 ) ) / ( A A 1 (1 )— A A 2 (1 ) )
812:A A 14 2 —51 2*AA 1I 1
p 3&4: (AA 3 (3) ,A *4 (3 ))/2.O
53q:1.O/R34
834:1 A 3 (2 )— 534 *AA 3 ( 1)
AA 4 (1 )~~(B12—B 34 )/ (S34—S12J
AA 4(2):5 34*AA ’e(1) +834
p F :(AA 2 (1 )—AA 4 (1 ))/ IAA2 (1 )—AA 1 (1 ))
AA 4 (5 ): (l .0— PF) *AA 2 (5) ,PF *AA1 (5 )

C HEATING
XK :0.C
(1:10 .0

(0:15.0

AA3 (6):0,Q
A A 4 I b  (:0.0
IF iAA 311 ) .GE.(1. A N D .AA3 (1 ).LE.EO) AA3i6 ) :x K
IF (A A4 ( 1 .GE.EI.ANO .AA 4 (1 ).LE.E0) AA 4 (6 )— X K
PH:1AA 2 (1 )—AA3 (13 )/(AA 2 (1 )—AA 1(1) 3
A A 3 1 1 1 ) (1 .0—PH )*AA2 ( 11) +PH *AA 1 ( 11)
AA IL7):D.25
A A 4 (7  (:0.25

5Ua~~QV T INE SI M L (NN AL AR SW AA ,1D
CUP~P!U Pi /DUD/ 6,CP ,eV,4F ,~~,P~~,U,A , CA ,CB ,CC ,HX,AZ ,Z (R0,F,XL a

PARAMET ER N:18 -

D I M E N S I O N  A L (N N ) , A R (NN ),5 W (N  ), A A (N N )

10:0
IF (AL (1).E Q .SW (1 .AND.sw (2).(Q .az) Go TO 108
IF (A R (1) .EQ ,5WU .AND .Ap( 2).EQ,SW (2) ) 60 10 108
IF (AL (1).GT .SW (1 ) ) GO TO 108
OOx:s~~4 11—AR 111
IF (DD X .GT .HX) GO TO 108
01.8:0 .25
S :4A LC 2 )— A R (2~~~/ A L (1 )~~A R (1 ) )
8:*L( 2)— S*AL (1)

C INITI ALISE
15*5 S 1 5 3
VA = 5 15 ( 11 )
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LL:O
101 CONTINUE

VB5 : VA S
V8 VA

- P 8 : P A
LL LL .1
LMAX :5
LN :LL -L MAX
IF IL N)  103’103 ,105

103 CONTINUE
R2:0. 5s(SW(3)+VBS~~SW (S)
52 l.0/R 2
132 : 5 W 4 2 ) - S 2 * SW I 1 )
*A 11 :1B2—B (/(S—5 2 )

IF (D IS .LT .ZERO ) GO TO 108
VAS :’ (CA ’sCB *IPBI PPJ)** 0.5
VP:CC * ( V A S l . 0 / V A S )
VA : VP •S 15 (5)

C CO NTIN U ITY FOR A STANDI N G SHOCK
V IzVA S
V2 :V 1- VP
D~~~;~~~15(9)ip15~~~/15~~

X 1 :S151 6)/SW (8 )
x2 :O .5* (SwC 4).SwI4)*A *A )
X 3 :0.5 .(VA*VA *A .A) * (i.0 ,D ISsF/D IA )
p * :02* (X 1 ,X2—X3 )

C TEST ROUTINE
TX :0 .C2 5
11:0
RV: (V A— V B )/V A
RP :(P l—PB )/PA
IFI *B S (RV ) .GT. T X ) I1 11,1
IF (Ab -S (RP ) .6T.TX ) 11:11,1
IFIX I ) 102, 102,101

102 CONT iN UE
105 CONTINU E

IF4 AA (1).GE.AL( 1) .AND . A A (1 ) .LT .A R C I )  ) 10:1
IF 4 I O )  108 ,108 ,107

107 AA (Z) :SeAA (1) .$
C R (0 (FIN~ SHOCK

515 (1) :AA (1)
515 (2 ) :AA (2)
515 (3) :VAS
515( 43 VA
515 (6) :PA
515 (81 02
SW (10):PA/4D2 *R )
SW (12):S QP T (6*R*SW 1IO ))/A
SW d l a ):O.O
SW (17 );O.25
SW ( lab ):O.2

i~~9 F OR M A I ((1X ,’S W:’,21 ,9 1 2X ,E1O ,Ie ) ,2X , ’SIML’ )/)
IF’ (LN ) 108,1 08,104
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104 CONTI NUE
W R I T E  (6 ,106) TX ,R V , RP , SW (1) , SW ( 2) , LMAX

106 FO RMA T (1X ,5 42X ,E 10.4),3X , 1LM A X :~~,I5,2 X, SIM L~~)
108 CONTINU E

RE T U R N
(P40

SU~ RO L Ty NE $Oi (iui.~,AA 1 AA 2, A A 3  A A4 HH3)
COMMON 000/ ~,CP,CV, I~F,R ,RR ,ö,A,~ A ,CB ,CC,Hx ,AZ,Z ERO ,F ,xL
D I M (N S IO N  A A 1 (N N ) ‘A A 2 (N N ) ,A A 3 (N N ) , A A4 (N N ) , H H3 (N N )

DO 10 I:i,NN
HH3 (i ):AA3 ( i )

10 CONTI NUE
S4 :AA 4 (5)
0543; 1.8*11 (63 .14143 ( 6) ) /2 .0
T3:HH 3(2)
12 :AA 242 )
P 1:12 .O / ( G— 1 . 0)) * AA 1 (4) .A A1 ( 3)

Q2 (2 . O / (G —i . O )) *A A 2 (4 )- .A A 2 (3)

A13 :(*A 1 (le) ,HH3 (4))/2.0
A 2 3:( .AA2 (4 )  .HH3( 4)) /2.0
U13 :(AA1 (3) ,HH3 (3H/2 .0
U23 :1AA2 13) ,HH343)-)/2.0
D3 :HH 3(7

D1 :AA 1 (7)
D2 ;AA2(7)
E3 :HH3 (1)
E 1= A A I U

‘
~~fi~ Il i1 (6) .HH3(6) (/2.0
0S2 3: IAA2 (6)+HH3 C6 ) (/2.0
~13 :(AA 1(11).HH3 (11H/2.0
P23:4 AA2 ( 11 ) +141434 11) ) /2.0
013:1 *A 1 (7)•HH3 (7))/2.0
D23 :C AA2 4 7 )+NH 3 17~~~/2.OT3:HH 3 (2)
T1 :AA 1 (2)
T2:AA 2 (2)
T4:AA 111 2 )
Sl :AA1(5)
52 :AA 2CS )
53:S4 .0S43* (T3—T4)
P 3:P1.I IG—1.O (*A13 *0S13 

a

— (F1 3*XL/ (2.O .013 ))*U13 *AB 5 (u1 3)).(T3— T1) ,A13 * (S3_ S1)
03:02 .1 (6— 1 .0)*A23*OS23

— 1F23*XL/ (2.O*D23))*U 2 3**BS (U2 3~~~*IT 3—T2 ) ,*23*153—S2)
AA3 (3 ):4p3—03),2 ,fl
AA3 ( 4- ):(G—1.0).(P3.03 /le.0
.8*3 (5 J~ S3

20 FOR M A IC 2X , 3 C 3(4 ,E2C ~. 12))
RETUR N
(ND
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,A A A 3 , SW t ,SW R )

DIM ENSIO N A A A 1 I N N N ) , A A A 2 4 N N N ) , A A A 3 1 N N N )
PARA M ETER NX :15
DIMENSI ON A AIIN X- ) A A 2 4~~X ) ,AA3 1N X ) ,AA 4 (N ~~)DIME NSION SW L (N ) ,~ W P C N )

N N N~~N-DO 1U I:1 ,NN
AA I (1 1 :AAA I (13
AA2 (I ) A A A 2 ( I~10 CO NTIP4JE
I’(AA 1 (2).LT. (0.0)) AA 1 (2 ):A A2 (2 )
IF IAA 2 (2).LT.iD.O33 AA2 C 2 :AA 1 (2)
AA3 (3 ) :(A *1(3 ) ,AA2 (3) (/2.0
AA 3 (-Ie )( AA1i4 )+AA 2 (4 ) (/2.0
AA 4 (3 ) AA3 (3)

CA LL CH(4R (NN ,AA 1 , AA2, AA 3, AA I4 ,SW R ,NM)
XF (NM ) 109 ,1.09,107

109 CONTINUE
N M D
CALL CHKL (NN ,AA 1 ,AA2 ,AA 3 ,AA 4 ,SW L, M M )
IF (MM ) 110,1 10,107

110 CONTINUE
CALL SUB NN ,AA I ,AA2 ,AA 3)

107 CON TiNU E

A A A 2 4  I) :AA2 (I )
A A A 3  I) :AA 3 (I)

11 CONTI NUE
WRITE (6,2) A A A 3

2 FoRp4A 1-L1M~ 1.2(2x,E.8.31)RETURN
(NO

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
PARAMETER P4:18
D I M E N S I O N  A L ( N N~~~,*R 

(N pO,SW (N ) , A AC N P 4 )

10:0
IF ( A R (1).EQ .S W (1 ) .A N D .SW (2 1 .(Q .-AZ) GO TO 108
IF CAL (1).EO.SW (1).AND.AL (2).(0.S 15( 2 ) ) 60 10 108
IF (AR (1) .LT. SW (1)) 60 10 108
DD,X;AL.( 13— 5 15 (1 )
IF (O 0X .GT .HX ) GO TO 108
DIA :0 .25
S IA L I2 )—A R 4 2 ) ) / ( A L (1 ) A R ( l ) )
B ;AL ( 2)—S’AL (1 )

C INIT IA L ISE
W A S : 5W 1 3 ) a

= 515(4)
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PA 515(6)
PP:Sw (7)
11:0

101 CONTINU E
1585 : VAS
158 15*
P8 IA
LL :LL .1

LIl A (4:5
LN :LL -L M A X

IF (LN ) 103’103,1O5
1~~3 CON I INU E

R2:O. 5* 4 51513 ) • v85 ) ‘515 (5
$2
82 = S W C2 ) - S 2* SW ( 1 )

A A (l )  (B 2— B )/ ( $ —5 2 )

DIS A *4 1  )— S W l  1)

IF (D1 S.L T .ZERO ) 60 TO 108
~dAS ICA .C8*IPB/PP))**D.S
V P CC *4 V A S I .O iv*s

•Sw(5
C CONTINUI T Y FOR A STANDING SHOCK

VI VA S
152 15 1 —VP
02:515 19 )*V1 /V2
x 1:Sw (6)/SW ( 8)
X2 :O. 5*4 $1544 (*515 (4) *A *A )
X3 0 .5* (VA*VA *A *A)* (1.0+D jS*FIDIA (
PA: 02. (x1.x2—X3)

C TEST ROUT ‘NE
TX O . C25
‘‘:0
P15 1 V  1 -V B ) /V A

~p : (P * P $ )  /PA
IF (* 8 SIRV ) ~GT •T X ) 11 :11+1
IF ( A8 5 (R P ) .G T . T X)  11:11+1

IFUZ 3 102, 102,101
102 CONT iN UE
105 CONTI NUE

IF ( AA (1 .GI.AL (1 ).AN D .A A U  ) .LE.ARU ) 10:1
IF C I D )  1 08,1 08,107

1 07 AA (2 ) :S *AA (1 )+B
C REDEFI NE SHOCK

515 (1 ) :AA (1)
$151 2 ) :AA (2)
515 (3 ) :~,A$
SW (4) :15*
515 (6) :PA
515 (8) 02
SW (  ID ) P A / (D 2 *R )

$15 112 );SQRT (G*R *SWI 10) (/A
515 (16 ):O.O
515 (17 (:0.25
SW L 1 8 ):O.2

1 09 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

IF (LP4 ) 108,1 08,104
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CA CB CC HX AZ 2 (RO F XL a ’

P A R A M E T E R  N 7 4
P A R A M E T E R  N X IS a
D I M EN S i O N  X i M ) , Y C M )  ,Z(M)
D I M E N S I O N  P A C E  (NZ ),A B  (P4(4 ) ,YY (N X )

1 N 0
XHX 4 .0
JF (Y ( 1) .LT.FA CE (1 )) 50 10 200
XX L :X (1 )—PACE ~i )
I F C X X L .G T .xHx ? 60 TO 200
1F (X (1).E0. FACE(1).AND.X 42) .EQ.FACE 2) 60 TO 200
Ic (Y (1 1 .(Q .FACE (1) . AND .Y 2 .EQ .FACE ~~2n (,Q TO 200
2 (3): (XC 3 •Y ( 3 ) ) /  2.0
Z(4): CX (4) ‘V (43)12.0
ABC  3) :2 (3)

c

S2 3 :(2 (2 )—Y (2H/(Z (1)— Y( 1))
B23 :Y 12 ) S2l *Y (1I
RCS :F *CE (3)
SCS :1 .0/RCS
8CS~ F ACE 42 )— SCS *FA C E41
E:( BC S_ B 2 3 )/ (S2 3— SCS )
1:523 *E .823
I F (E . G E.Z ( 1 ). AN 0 . E .Li . Y (1 ) )  60 10 101

60 10 102
101 CONTINUE

IN:1D 1

~p: (2 .0/16—1 • 0)) *~~~ (4) —Y (3)
SL:X 1 5)
sR :v 5)

CAL :0 .25*16—1 .O)* (SL— SR ,?
QL :(PL+QR *TA PIIH CC A L +QR
PR: (Q R— O L  ) +PL
~:(Pp -013/2.0

Y Y( 1) E
YY (2 ) :T
yy (3 )  :~
y ~ (4) :C
(~~(5 3 :(4(5(
YY ( 6 )  :0.0

Y Y (7 ) 0.25

YY (11 ):O.2
CALL SSS (M ,X ,YY,Z)
p A C p 1  3 ) (
F A CE (2 ) : T  - 1
FACE 4 31 :15
W RITE (6,1) F A C E
F O R M A T(1X ,4 12 X ,(l fl .4),ZX ,’INT E R F A C E ’ )  

-

‘

102 C ON TI NU E
200 CONTI NU E

RETUR N
(140 158
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104 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ T X ,RV ,RP ,SW( 1) ,SW (2) ,LMAX

106 F O R M A J ( l x ,54 2x ,E 1D .N ) ,3X ,’LMAX :’ ,15 ,2X ,’SI MR ’)
108 C ON T i N U E

RE TUR N
END

~~~~~~~~J E
*

P
~~

A
~ ~~~:U~~1N N l

0114(14 SION HH3 (15) ,*A 4 (15)
AA R (3  );*A3 (33
A A3 (3 ) :(AA I (3 ) .AA 2C 3H /2 .0
A A 3 ( 1 e  (:4*1144)41*2 (4) (/2.0
11:0

14~~1 CONTI NU E
11 L1 41

J .MAX 5
LN :LL -LIlA (4
IF (L14) 103~~103,105

j03 CONTINUE
CALL CEO NN ,A *1,AA2 ,*A3 ,AA 4 )
CALL SOL NN ,A A 1 , A A 2 , A A 3 , A A 4 ,hH3

C TEST ROUT INE
TX:0. COl

11:0
Pv :(A *3 (3)—N H 3 3 ))/A A3(3 )
RA (AA 3 (L1 )—W44 3 (4 )) /AA3 (4 )
IF (A 8 S (RV) .GT.TX 1 11 1I’l
IFt A b~~(RA ) .61 .1 (4) 11:11.1
IF (Ii ) 102,102 ,101

102 CoNTI NUE
GO TO 104

105 W RI TE I6,106) TX ,R V , R A ,A A 3 I 1 ) ,AA3 (2 ), LMAX
106 Fo pM A I(lx ,s (2x ,E 1 0.q),3x , ’LMAX :’,Is,2x , ’sss’)

j ul; 
~ 9~~~~~~~~(NN ,AA 1 , A *3)

AA3 ( 1 2):Lt..
RETUR N
(ND
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APPENDIX 0

Typical P IE ZOTRON ® Pressure Sensing System

a COUPLER - ‘ -

201 SERIES MINI-GAGE ~a - - - - ‘
~

‘

~~~

201 TI-1ANSDUCER READOUT

Couplers
To complete the system a wide choice ot coupler s is oltered in the 548 and 549
ser ies. Optional filters and several types of powe, inputs are available Model 5870
Coupler provides increased capa t i l i ly .  Please refer to our Coupler Data Sheet b r
details ,
In addition Models 583 , 5030 and 5040 Laboratory Ampliliers are off ered with
extensive versatility and many options for more complete pressure studies ,

SpecifIcations Mod.$ Variation
PER FORMANCE UNITS 201B1 20182 ~J164 20185

Pressure Range . 5V out psi 5.000 500 200 100
Overrange psi 7,500 750 300 150
Resolution (noise) psi r m s  0,05 0005 0.002 0.001
Maximum Pressure psi 15,000 5.000 2,000 1,000
Sensitivity m V / ps 1 10 25 - 50
Linearity, B.F.S.L. 0 

~
- I ‘ 1 , “1 1

Resonant Frequency, nom. - -  kHz 500 500 500 250
Rise T im e, 10~9O% ~ sec 1 1 1 2
Time Constant , R.T. Sec 1,500 400 200 100
Low Frequency Respon se , —5% Hz 0.0003 0 001 0.0025 0.005
High Frequ ency Respon se , +5% Hz 100,000 100,000 100,000 50 ,000

ENVIRONMENTAL Common Specs -‘

Vibration Sensitivity, max. p s u / g  0.002 0.002 0.002 0.002
Shock , I ma g 5,000 5.000 5,000 5.000
Vibration Limit - - q 500 500 500 500
Temperature Range F —65 10 280 —65 10 280 —65 to 280 —65 to 280
Temperature Sensitivity Shift - - / F 0.03% 0.03°!. 0.03% 0.03%

ELECTRICAL
Output Current . m m ,  mA 2 2 2 2
Polarity, pressure increase Negative Negative Negative Negative a

Bias Voltage V 11 ±2 11 ±2 11 ±2 11 ±2 ‘

Circuit Return Case Case Case Case
Output imp.danc., max. ohms 100 100 100 100

MECHANICAL
Weight gms < 10 < 10 <10 <10
Case and Diaphragm Material  Stainless St. Stainless St. Stainless St. Stainless St.
Mounting Torque in-lb 24 24 24 24

a Sealing All Welded All Welded All We lded 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
Supply Voltage, no load VOC 20-30 20-30 20-30 20-30
Source impedance, rtom, ohms 250 k 250 K 250 K 250 K
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