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. FOREWORD
This ﬁanuallprovideé the necessary background for successful oper-
qtion of the Mgltiple Expan;ion Plug Nozzle Design computer program.
The manual was prepared under Contract NAS9-2487, Digital Computer'Pro—
gramé fo? Roéket Noizle Design and Analy;is,;with the NASA Manned Space-
craft Center; Hégstbn, Téxas, and is the ninth éf ten volhmes‘specified

in Parts T and IT of the contract.
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ABSTRACT
The nccessary infofmétlon for succe sfﬁl operation of the Multiplé

‘Expansion Plug Nozzle Design computer progrém is presented in this manual.
Design critcria for the,construction of a perféct plug noézle and second-
ary contour and the order of calculations of the Computer program are
élven w1th'a discussion aﬂd flow dlagfém of each subroutine. The input
required by the program is described and a sample output given.

- No attempt is made in thlS manual to dérlve the equations used by
“the program. A general derivation of the basic equatxons, along withv

appllcatlons, is given in Volume I of thls GCort

iv
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SECTION T -
“INTRODUCTION

The Multiple:Expansion Plug Nozzle Design computer program mathe-
matically constructs the supersonic nozzle contours of a perfect plug

nozzle and secondary contour and calculates the corresponding perform-

ance, The method of characteristics for steady, supersonic potential

"flow is used in constructing‘tﬁe flow field. Thermodynamic:propérties

can be either based on an ideal gas, wherc the gas properties of the
combustion products are known, or approximated by a perfect'gés.

Design criteria and a detailed descriptién of the order of calculations
are presented herein. Each of the subroutines used in  the program is
discuésed,and flow diagrams are given for clarification. The input and
6utput formats for_the program are included with recommended procedures
to use in the event of unsuccessful runs.

Construction of the contours for a perfect multiple expansion plug
nozzle requires that the throat flow be expanded to a uniform flow at
the exit., However, the 1eng£h and weight of sﬁch a nozzle may be ex-
cessive for use in any practical space vehicle. A significant reduction

in weight and length can be effccted with little loés in thrust by simply

truncating the plug.
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SECTION IT _
TECHNICAL DESCRIPTION

In the design of a supersonic multiple expansion plug nozzle, the
annular throat flow is expanded toward the centerline of the nozzle

and then undergoes a second expansion at the end of the secondary

contour or shroud, thereby turning the flow to an axial direction. The

expansions occur in a manner such that uniform,'shock—free flow is
obtained at the exit of the mozzle, The initial starting condition,
exit Mach number, and gas model are required parameters for constructing
the contours of the perfect nozzle when the ibcatibn of the first secondary
contour point is specified., The method of characteristics fofftwo—
dimcnsional or axisymmetri@ potential‘flow is used to construct ghe
necessary flow field.
.h§ main program of the deck is used to control the order ofAcalcu—
lations,rwhile calculations such as determining the fluid properties
at an interior poiqt in the flow field or perfofmance paramétérs aléng
the constructed nozzle contours are made in gﬁbroutines that are
"called" by the main program or other subroutines. The functions of
the main prograwm and calculatiqns made therein are described in Para-
graph B, aﬁd descriptiéns of the individual subroutines are'given in
Pa;agraph C.
A, DESIGN CRITERTA
A typical supersonic multiple éxpansion plug nozzle is shown .in
figuré 1. The initial expansion occurs along the éntire secondary

contour, S1 S with the point of expansion located at the beginning

27

of the primary or plug contour, G The second point of expansion is

1

located at the end of the secondary nozzle with the flow expandihg

11-1 - -
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C. is a

2

transition region in which little or no variation in the flow exists.

being located at (0, 1).

1. Gas Model

“All parameters are nondimensionalized within the program, the point S1

In many cases, the thermodynamic properties of the nozzle exhaust may

be approximated by assuming a perfect gas;

in which case only the specific

heat ratio, vy, must be input and the thermodynamic properties are calcu-

lated using perfect gas relationships.

For this condition, the local

velocity is nondimensionalized with respect to the maximum velocity

(V ), and the critical
max

rat.io at the throat are

Vsonic

\Y
max

sonic =

and

psonic

Fo

velocity ratio (i.e., where M = 1) and density

1

I

vy -1

v +1

A
S¢nilc

The flow field for an ideal gas (usually equilibrium or frozen flow)

may be calculated by specifying the thermodynamic properties (in tabular

form) as a function of specific impulse.

These properties may be obtained

* from conventional one-dimensional combustion programs*, and consist of

pressure, density, local frozen sound spced (optional), and specific

~impulse. The SONICP Subroutine "beam fits" these properties as a function of

*Zelenik, F.S., and S. Gordon, NASA TN D-1454,
7090 Computer Program for Computation of Chemical Equilibrium Compositions,

YA General IBM 704 or

Rocket Performance, and Chapman-Jouguet Detonaticns.”

I1-3
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’ specific impuléé'gna deterﬁipes ther%onic Qélocity‘and deﬁsity at.éhé
' th?oat.r The local velocities are then nondimensionalized with respéct
to the sonic velocity and the thermoaynamié properties are beam fit as
- a function of the vglqcity ratio. | )
T2, StartingtCondigions
” The starting conditions (i.e., fhe fiow bropertiesrélong S1 Clrin
figure 1) can-be specifiéd byrany of tﬁe folxowiﬁg methoas. |

- 1" Uniform flow. This type of flo@ can be obtained when the slope

of tbe velocify vector at point.Sl, figure 1, is zero;
2. VA constant Mach numberlliﬁe. When the slope of the velocity Qectbr

at S, is nonzero, a line of constant Mach number or velocity ratio

1
gs developedr(gee TFLOW Subroufine).
- 3. A given Mach 1ine,thé”§oordin8fes and_flo& properties of which
- are known along the line. A

| For all of these meLhods, the initial startiné line must be slighély
supe%sonic.; |
3. Design Mach Number 7

' Although parametézg such as tge nozzle area ratio, design pressure
ratio or the mass flow r;Ee may be used to déscriberthé'exit conditions,
this program uses the Mach nuﬁber at the exit of the nozzle as a design
Vpgrameter. - (An area ratio option'cén be used with a perfect gas.) The
input parameter used to describe the design Mach number is EMI.
5. FLOW FIELD CONSTRUCTION [ e

The first function of the @ain prograﬁ ig‘to callrtﬁe IﬁRUT Sub-

_routine, which initializes paramcters and reads in the input data. After

the fluid properties at the exit of the nozzle are cdlculated, the TFLOW

-4
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“Subroutine is used to develop the initial Mach line (if the Mach line

ié not iﬁpug).and to calcuiate thé ﬁotal maQS'flow tﬁrough the nozzle,
To begin the flow field constructioﬁ, the flow atrthe throat is

expanded through a small increment of velocity ratio, W, using the .

pfoceduré in EXPAN Subroutine. For circular expansion, this requires

that a down Mach line (I1 B, in figure 2a) from the initial Mach line be

1

constructed such that the change in velocity ratio is within the ex-

“pansion tolerance of WEXPAN, From the expansion point, an up Mach line

(B1 Bn in figure 2a) is constructed by calculating the interior point

. intersections with down Mach lines from points on the initial Mach line

(INTX Subroutine). The construction using corner expansion is similar,

except that the coordinates of the point B, are the same as A, (figure 2b).

3

Since the mass flow between B Bn is less than the total mass flow for

1
the nozzle, this line must be extended. Assuming dW/dX constant, the

Mach line is temporarily extended, using the procedure in INTEG Sub-

routine, until the total mass flow is reached (Bi).

Figure 2a, Circular DIxpansion

I1-5
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Fiéure éb. Corner Exéansion
If the s{ope of the velocity yector at Bi is positive,rthe procédure
of expanding the flow and constructing up Mach lines is continuea. If
rthe slope is negative; ; test is made to determine if there has been'enough
ihternal expansion.‘ Assuming Bi éé be the lést point opithevsecondary
contour; the velééiﬁy vector corresponding to the design Mach number is
turned from its horizontal position to the slope of the vélocity'Vector
' at,Bi‘ If tﬁe compressed velocity is greater t han WBi, the internal ex-
pénsion is continued until the compréssed velocity 1is cqﬁal to WBi.
Depending on the value in the variable TIFLOW, the prégram will
either iterate to obtain a Specified cylinder height bf adjusting the
fhroat size or calculate a cylinder height from the throat mass flow.
VIn the latter instance? all calculations in the program will be discon- :
tinued if the calculated cylinder heiéﬂﬁ i;ia negatiQe number,
The exi; ﬁach line is not extended éévthe a#ig of éymmetry sinde,
=for axisymmétric flow, numerical diffiqultiesvarise dﬁe to dn inéetcr—A
.- . minate term at Y = 0 in the compatibility equationé. Therefére, a cylinder

of very small radius is placed around the axisl(figure 1). This cylinder

. - II-6
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permits the solution to be approximated quite accurately, while elim-

inating the instabilities that may occur when trying to determine the

v

riimiting value as Y—=0,. Although"this procedure is not required for two-

dimensional flow, it is usually used to eliminate problems that may arise

when éalculating succeeding down Mach lines,

When the option is used to converge on a specific cylinder height,
the throat mass flow is compared to the exit mass flow. If the two

mass flows are not within a specified tolerance, the throat size is ad-

justed and the development of the first section is repeated.

After satisfying the above iteration, or when the cylinder height is
to be calculated for given initial conditions, the minimum cross sectional

area is calculated from

* Q
A - - H
Psonic Ysodic

and the gross thrust coefficient at the first point on both the primary
and secondary contours is determined by integrating the rate of change of
momentum and static pressure forces along the initial up Mach line (CTGT

Subroutine),

Region II, deséribed by An Bn Bi in figure 3, conta?ns the con-
struction of the secondary contour. Up Mach lines are extended from
boints on An Bn by calculating the interior point intersections with
down Mach iines from Bn Bi' Each Mach line is extended until thg ac-
cumﬁlated mass flow exceeds the total mass flow of the nozzle and a
secondary contour point is then detérmined by linear interpolation on'rv

the total mass flow.

II-7 . s
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g o Region II

Figure 3.

The exit Mach line is developed'by extending a straight Mﬁéh line
from the last point on the secondary contour to the cylindér height at
‘the design Mach angle. The number -of points alongsghis line are determined
by the input mesh size; From the external expansion point at Bi (figure 4),
the‘flow is compreésedrby a small décrement in the velocity ratio (EXPAND
Subroutine) and a new down Mach line, Bi Pn—l’ is developed by interior
point intersections with up Mach lines from points on Bi Pn' The accuﬁu-
lated mass flow at each interior ﬁoint is obtained by summing the mass
flow across each up Mach line to the exit line with the accumulated mass
flow at the corresponding point on the exit Mach liAQ (MFLOWTVSubrgutine).
The new down Mach line is extendéd in this manner until the total mass flow
is exceeded; then a contour point on the primary contour ig'calculated by

linear interpolation on the total mass flow through the nozzle,

. I1-8
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Figure 4.
The procedure of compressing the flow in the external expansion
region is continued until the slope of the velocity vector at Bi is the

DA same for both Regions II and III (figure 5).
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The remainder of the primary contour and Region IV is calculated by
- extending dbwn Mach 1ine§ from points on C1 Bi. Interio; poinf ihter—:
séétions‘with up Mach lines from BiVC2 are used in the construction of
.the 1ipes wi;h the primgry contour points determined from the mass flow
balan;e procedure.

Havingrconstfucted both the primary and secondary contours, thé PERFM

Subroutine is used to calculate and print the following performance para-

meters for each contour:

1. X/R

2. Y/R

3. TAN THETA (Contour slope)

4. MACH NO.

5. P/PC ' , " (Local static preSsuré/chamber pressure)
6. CAMMA (Spe;ific heat ratio)

7. AS/A* . : (Lécal Surfacebarea/thfoat area)

8. CIG : -(Gross thrust coefficient)

9. CIN (Net thrust coefficient)
~ The combined effect of both contours is then calculated by the

MAIN program.

o I1-10
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C. SUBROUTINES
Since most of the qubroutlneq are used many times in constructlng a

flow field or calculating performance, they are dlscussed indlvxdually in

this section. The purpose of each subroutine, the equations used, and

low diagrams are given,
1. INTX Subroutine

Under certqin conditions, the npmeric;l solution of the characteristic
system becomes difficuit or impossibie in determining the intersection of
an up and a down Mach iine. These conditions may occur if the slope of
. one or‘bothrof the Mach lines is extremely large or small. ?he problem
can be eliﬁinated bj rotating the coordinate axis when solying the 7
physical characteristics,vand by hodifying the axisymmetric term in the
cqﬁﬁatibility eqﬁations.r Therphysicai characterisﬁic equations are in-
Vvériant under this trénsformation; ~The INTX Subroutine performs the fuyc—
1fiopvof determining_if rétafion i;:neeﬁed, the form required for the

axisymmetric term, and calls one of the following subroutines:

INT1 Subroutine - No rotation is used and the axisymmetric terms
of the compatibility equations for both up and

down Mach lineés use the differential dX.

INT2 Subroutine - The coordinate'system‘is rotated and the axi-
_Vsyﬁmetrig terms of thercompatibility quatibns

for both up and down Mach 1ines uée the dif-
ferent1a1 dx (for an up or down Mach line with

very small slope)

II-12
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INT3 Subroutine - The toordinate systém is rotated and the axi-
* symmetric terﬁs of the compatibility equations

.for both uﬁ and doﬁn Mach lines use the diff-

‘erential dY (for an up or down Mach line with

very large slope).

INTAVSubroutiné - The coordinate system is rotated and the axi-
ysymmetric term for the up Mach line uses dX
“and the down Mach liné dY (for an up Mach line
with very sméli slope combined with a down”Mach

line with very large slope).

INT5 Subroutine - The coordinate sysLem is rotated and the axi-
ymmetrlc term for the up Mach 11ne uses dY
" and the down Mach line dX (for an up Mach line

with very large slope combined with a down Mach

line with very small slope).

The coordinates and flow conditionms (W, tan B, and tan @) at the

‘points on an up and down Mach line must be stored into the variables

A(I) and B(I), respectively.

I1-13 . e
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2. INT! Subroutine - - - o ' o )

- Given the coqrdinétes éna floQ conditions-(w,vtan 8, and tén a) at
two points in the {low field not on the same Mach line, the‘INTl Subrou-
tine determines the coordinates and flow conditions at the intersection
of an up Maéh line from one point, and a down Mach_liﬁe from the other.:
The known coordinates aﬁd flow conditions at points 1 and 2 must be .
stored into the variables A(I) and B(I), respectively. The corresponding

properties at the interior point, 3, (figureG )y will be étoredrin'the

variable C(I).

Down Mach Line

Up Mach Line

Figure 6

Written in finite difference form, the characteristic system is

4y - ¥p) = Xy - %)

st

tan § + tan g
1l - tan ¢ tan B

and | o S e

tan 6 - tan

\4 - = (Z__ =
(5 - Yy [1 ¥ tan o tan 6, X3 - X)),

1

! - 1 tan « tan 8
W, -W)————1| - -te —_ = - X, -X
'( 3 l)[w taﬁ a]l (taé 63 q? 61)[L+tan2 9]1 G[(l—tan @ tan e);}l( 3 1)

- _;,.1 | - 7 ___‘__1_____ _ 1 _tan ¢ tan § i
vy wz)[w tan o,]z*(ta“ 83-tan 92)[ 2 6] - ‘{(Htan ¥ tan e)yL(}‘sz)'
| | o 2 ,

l+tan
The subseripts 1 and 2 indicate that the quantities in brackets are

‘evaluated at these points. o
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% o Solving equations (2,1) simultaneously, the coordinates at point 3
_ 7 are: ‘ . 7 . ;
i - . R .l tan §+ tan o | x _ v tan @ - tan o
oo . Yl' [1 - tan ¢ tan 6}1 1 X2+[1 + tan o tan élyxz
- o 3 _tan 6 - tan « _ tan 6 + tanra
, - -1l 4+ tan ¢ tan 8 5 1 - tan « tan 6 1
. .+ . and ; : - o T - (2.3)
_ _ can @ - tan o
. 1>,¥3 B YZ + (X3 XZ) [1 + tan ¢ tan 9}2'
Fléw conditions W3 and tan 63 are then obtained from ﬁhe simultaneous
- solution of equations (2.2). K. +K
Wa = 1 2
3 - T
7 W tan a‘; 17+ tan~ 6 » W tan o L 1 + tan™ 6 1
and ‘ - - ' - " (2.4)
- 1 ‘. 1 -
tan 63 = Kz + W3 [w tan d}l'[l‘+ tan2 6]1 ’
where: ' 1 ' tan ¢ tan @
7 W tan o 9 (l4+tan ¢ tan 8)Y 9
Ky =tan §) + W) 7=+ 0 (Xy - Xp) 1
. 2 2
I+tan 0 |, +tan 6|,
and
. 1 tan &« tan 6
7 7 W tan o 1 - (l-tan ¢ tan 0)Y 1
- o _ K2 =vtan 81 - Wl TZifTE“‘"“* + 0 (X1 - X3) ) ]
' . ’Ll+tanze 1+tan’g
- g 1 1
The tangent of the Mach angle (tan aj), which is a function of\Wj;fis
determined by the procedure described in TAGAL Subroutine for an ideal
. gas or by the procedure in the PRFCT Subroutine for a perfect gas.
N/ : ] ] '

I1-16
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B Sincé the evaluation of equations (2.3) and (2.4) gives firstrapprbxi—'

7> ‘matioms to X3, &;; tan 93, W3; and tan «,, improved solutions are obtained

by replacing the quantities in brackets with average values; that is,

‘ replace [tan 6 + tan a] by
- 1

l-tan o tan B

tan § + tan « - 1/2 tan 6+ tan ¢ + tan f + tan @
l-tan o tan 6 l-tan ¢ tan B l-tan ¢ tan B
1,3 1 3
This procedure for obtaining'the improved solutions is repeated until
3'are within a specified tolerance:

i i-1
X3- X3 .< XIOL.

II-17
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3. INT? Subroutine

0y

Given the coordinates and flow conditions (W, tan 6, and tan @) at -

two points in the flow field not on the same Mach line, the INT2 Subroutine

" determines the coordinates and flow conditions at the intersection of an

up Mach line from one point anara down Mach line from the other point,
Qﬁen the siope of eitﬁer Mach line is very smaLl; vThe knoﬁn coordinateé
and flow conditions at points 1 and 2 must be stored into the variables
A(I) and B(I), resDectiveIQ. The corrésponding properties at the inter-

section point, 3, (figure7 ) will be stored in the variable C(I).

Down Mach Line

, Up Mach Line
1 3[
o

(a) t - S (b)

Figure 7

The characteristic system is the same as for the INTI Subroutine

(equations 2.1 and 2.2), except that the coordinate axes are rotated.

" The coordinate transformation is given by the following:

XI

1

X cos ©4+Y sin @

1l

Y! Y cos © - X sin @,

R cH )

“tan 8' = (tan B - tan ¢) + (1 + tan B tan ¥)

‘where:

"the prime indicates the rotated value and @ the angle of rotation,

CTI-19
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Solving the physical characteristics (equation 2.1) simultaneously
using the rotated values, the coordinates at point 3' are determined.
The coordinate axes are then rotated back to their original position, and

the flow conditions Wé and tan 93 are obtained as in the INT1 Subroutine.

I1-20
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7 4, vINT3 Subroutinév
Given the coordinates and fiowrconditions W, ténrp,>and tanva) at
two points in the flow field not on the same Mach line, the INT3 Sub-
routine determines'thercoordinateé and-flow conditibns at the intersec-
tion of an up-Mach line from one point aﬂd,ardown Mach line from the other
point, when the slope of either Mach line is Qery large;' The knoﬁﬁ co-
ordinates and flow conditions at points 1 and 2 must be stored into the
,VvafiablesrA(I) andrBti); reSpéctivelf.' The-corresponding propertiés at

the intersection point, 3, (figure 8) will be stored in the variable C(I).

3V/Q————-Dowﬁ Mach Line—Qa-—f~”‘”:’~—ff’12

Up Mach Line

(a) I R ) - ®
~ Figure 8
The characteristic system is the same as for the INT1 Subroutine

(equations 2.1 and 2.2), excéﬁt that the axisymmetric term of the com-.

patibility equations have the form

tan o tan O 7 : : -
- 4,
© &tan 6 + tan o) Y]l (Y3 Yl) o l?
for an up Mach line, and
o _tan o tan O o f ) ) “ 2)‘
[(tan @ - tan ) Y]Z 3 .72 . RSE |

for a down Mach line.
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Because numerical solution of the physical characteristics is extremely
difficult when the slope of a Mach line is very large, the coordinate axes

must be rotated. The coordinate transformation and the calculation of flow

conditions are the same as presented in the INT2 Subroutine,

- o I1-23
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5. INT4 Subroutine

" Given the coordinates and flow conditions (W, tan §, and tan o) at

two points in the flow field not on the same Mach line, the INT4 Subroutine

determines the coordinates and flow conditions at the intersection of anm

up Mach line from one point and a down Mach line from the other point,
when the slope of the up Mach line is very small and the slope of the
déwn Mach line very large. The known coordinates and flow conditions

at points 1 and 2 must be stored into the variables A(T) and B(I), respec~

tively., The corresponding properties at the intersection point, 3, (fig-

ure 9) will be stored in the variable C(I).

|2
<«——Down Mach Line

Up Mach Line
o O\ 3

Figuré 9

The characteristic system is the same as in INT1 Subroutine (equa¥

tions 2.1 and 2.2), except that the axisymmetric term of the compatibility

equation for the_down Mach line is

tan ¢ tan § 7 , - :j o ' SN
0'[(tan - tan &) Y]z (23 - Y. . o - (5.1)

~ Because numerical solution of the physical characteristics 1s extremely
difficult when the slope of a Mach line is large, the coordipate axes must

be rotated, The coordinate trans formation and the calculation of flow

conditions are the same as presented in the INT2 Subroutine.

Tt :‘7",]1 I- 25
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6. INT5 Subroutine
- Given the coordlnates and flow conditions (W tan 6, and tan @) at two

points in the flow field not on. the same Mach 11ne, the INTS Subroutlne

‘determines the coordinates and flow COﬂdlLlOﬂS at the 1nte1qect10n of an

up Hach 11ne from one p01nt and a down Nach llhe from the other point, wheh
the slope of the up Mach 11ne is very 1arge and the slope of the down ‘Mach
line very small. The kno&n coordinates and flow conditions at points 1 and
2 must be stored into the varlables A(I) and B(I), respectlvely. "The cor;_
responding properties et the intersection p01nt,—3; (flgure 10) will be

stored in the variable C(I).

Down MachrLine' «—Up Mach Line

 Figure 10

The characteristic system is the same for the INT1 Subroutine (equations

2.1 and 2.2), except that the axisymmetric term of the compatibility equa-

tion for the up Mach line is B

[tan o tan 8 ] (75 - Yl)' : B - (6.1)
1 . B ' N

(tan 6 + tan o)Y

Because numerical solutiom of the physical characteristics 1is extremely

"difficult when the slope of a Mach line is large, the coordinate axes must

be rotated. The coordinate transformation and the calculation of flow con-

ditions are the same as presented in the INT2 Subroutine.

1T-27
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N 7. EXPAN Subroutine
. ' Depending on the vaiue stored in the variéble N3, the EXPAN Sub-
'routiné caléula;es the flow p?opér?ies after expanding about a sharp
- _ corner on a circular arc., The sharp corner expansion can be accomplished

by either turning the flow through a specified angle (N3 = 0) or by ex-
panding the flow through an increment in the velocity ratio (N3 = 1).
For sharp corner expansion through a small angle 6 (figure 11), the

expanded velocity ratio, W _, is found'
e -

Figure 11

by integrating : L

dw _ W tan &
d(tan §) 1 + tan? B

= f (tan 6, W). i ‘ , : (7-15_

Using the method of Runge - Kutta over ten intervals,

let - -
- 7 L tan GC - tan GA
‘ - 10
. tan @, = tan O
S A | A
and -
Wl = WA- _

11-29
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and are stored in the variable C(IL). Since the expansion occurs about a

sharp corner, the X and Y coordinates remain unchanged.

When expanding thfough an increment in the velocity ratio, the slope

tan 8 of the expanded velocity ratio, W., is found by intégratiﬁg

c c
d(tan B) 1 + tan? @
aw W tan «

= £ (W, tan B). (7.9)

By interchanging the values of W and tan 6, the previous method of
Runge - Kutta can be used.

.For circular expansion (N3=2), the flow is expanded by determining

‘the intersection of the down Mach line from point 1 (figure 12) with the

arc of a circle of radius R with its center at point (Xo, YO).'

I1-30
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Solve equations 7.2 to 7.8 as j =1, 10,
Kl | = f.(tan Gj, wj) h ) - (?.2?
‘4 iy 1. 7 - - - .
K, f (tan Gj + h/2, Jj + K1/2)h B (7 3)
K3 = f (tan Gj + h/2, wj + K2/2)h ) §7f4)
71<4 = f (t_an,ej + h, wj + 1\3)h - L (7.5)
A = + : . (7.6)
W 1/6 (kl + 2K, 2K,y + K;) . : - (7.6)
W+l =W, + 00 | (7.7)
3 J
tan O, . = tan 8, + h o . : ~ 7.8
Bt i ] .o ( )
. The properties corresponding to WC are
e S
tan o = f (wC)
tan GC = tan 611,
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Figure 12

By solving simultaneously the equation of circle and the characteristic

equation in finite difference form,-

Y3 K2/K1 4 ‘/K3

and -

) N tan B - tan @ ] .
TSI A )/ Il T tan g tan O

the coordinates of the intersection are

(7.10)

se -
+

K =1 + tan 8 - tan «

1 1 + tan ¢ tan 6} °’
tan 6 - tan @ B tan 6 - tan & ] ? - & ; % )l Yy
1 s tan ¢ tan 9 { 1 4+ tan ¢« tan B 1 1 o 1°

and ‘

2
1

tan 9 - tan « tan 8 - Lan o ] ( 2 92, 2\ -
R+ - - X, =X )Y
K ( ) [1 + tan O tan 8]{[ 1 + tan & tan © 1 Yo-R (Xl Xo) / 2?1( 1 g
5 o o K

1
The flow propertieé are
= Xo - X3

Y3 - Y0

Atan 83

S TI-31
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AN . o T 1 : tan é éanré 1 L
_ : ] — 1 1. X, + X))
(tap,el tan 63) {l+tan 8]1 [(1+tan & tan B)Y |, (X3 1
. w3=wl+A —— 7 [ - ] , —
g and
- ' . _tan a:3 = f (W3).
Improved solutions for the coordinates and flow properties are
obtained by replacing the quantities,ib brackets with average values and
repeating the calculations until
i i-1 -
X3 - X3 = 0,000005.
1\_/j;‘

- o ’ ' o TII-32
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8. EXPAND Subroutine s .

The EXPAND Subroutine calculaﬁesvthe flow properties at a point after
the flow has been compressed by a decrement in the velocity ratio (fighre 13).

The slope, tan QC, of the compre;sed velocity ratio, Wd, is found

'?5;

Figure 13

by integrating

d(tan @) _ 1+ tan” 8 _ . - ‘ ,
W = VW tan o £(W, tan e). . \8.1)

Using the method of Runge-Kutta over ten intervals,

let - -
o W - W,
10 }
, W =W
and

‘tan 91 = tan B, -

VSolve'equatigﬁs 8.2 to 8.8 és j =1, 10.
K1>,> .; = f(Wj,tanej)h ,-: 7 | :7 » _ f'_(8.i) 7
K, = f(gj'+ h/2, tan ej + K /2)h ,‘  . ‘ | o (8.3)
Ky = 00, + ﬁ/z, tan ej + K, /2)h . o :z} ‘f (8.4)
R, = 1< +h, tan ej")+ R,)h L ‘»A(T8.5_)
b(tan 6) = 1/6(K, +'2K2-+ 2%, +K) I (8.6)4
Fanvej+1 = tannej + ptan 9) | . (éi7)
W cWEn o T (s.®)

ey

11-34
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e , =Y,

n

. .
tdﬁ e f(hC)

n

tan 6C tan 911,
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. .and are stored in the variable C(I). "Since the compression occurs about

a sharp corner, the X and Y coordinates remain unchanged.
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Tor e n
wor e A
Al = Al

f

LIS YN SRVITI IR
PULW(s 3 DELR iR

Wix WOIDDTL WD .
1« TCLDSOFLTD

DS

CALL TAGAL
{Wi1,A81, TESTY

CONTINUE

-

WCOLD = WOLD4DEL W{4)
TOLD = TOLDH(T *{DFLTALTL TEn)e s (OELT()40EL TH ) eNEL TIR/b

CONTINTE

f '

l N e TCLD I

CALL TAGAL
ko, o0, TEST)

LALL PAFCT
TEL O CEL TEST,

]

¥
L ; ] .
ﬁmr | |
© -

I TEST » 0.0 I
~gp-

s . o 652001
T FO 10651
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N . 9. PLUGPT Subroutine
~ The PLUGPT Subroutine is used to determine points on the primary
contour by calculating the intersection of a down Mach line with the

° -- streamline corresponding to the total mass flow through the nozzle.

Down Mach Line
Under Construction

Previous Down
Mach Line

\

Contour ____d;:;h\\
Streamline —

) Figﬁre 14‘

Before entering this subroutine the total mass floﬁ must be stored

‘in TMF; the mass flow between the expansion point and pdint 1 must be

in ACM; and‘the flow cqnditiohs at poiﬁ;s i and 2 must be in B(I) and

BLINE (NEPP, 1), respectively. The calcula;ed values at point 3 are

stored inVC(I). :

Using therélope.ofithe previoﬁsly calﬁulated conﬁéur point as a first

guess for the sloﬁe of the streamline, the equafions for the characteristic
curve passing through poiét l-and the streamline through point‘2 are solved

' simultaneously to obtain the coordinates at point 3.

11-37



~calculated mass flow between points 1 and 3 is equal to

- Pratt & Whitney Rircraft

- : . - 1 e ) PWA FR-1021
‘ - S o Volume IX
Thus . '
: - tan 6 - tan g
Y, - Y, + X,Lt -
1 2 2[ an 9]2 Xl[l + tan « tan 9]1 . ’
X = )
.M - [tan 8] - tan § - tan ¢ (9.1)
o A 7 T2 1 + tan o tan 6],
ﬂand
Y, =Y, + (x3 - xz) [tan 6]2. s 9.2)

The velocity ratio at point 3 as obtained from the compatibility equation

is
] ' ) tan ¢ tan @
(tan e3 - tan 91) 2 O(Y3—Y1)[(tan f - tan a)%}
o : 1+ tanB 1
W3 = Wl - ’ 1
N S

. : ; Wt

_ 7 an o 1

: - : (9.3)
and

= J . i - °

. ;an 93_ f(u3)f | | (9.4)

Improved solutions to these equations are obtained by replacing the

" quantities in the brackets that are subscripted 1 with average values, and

repeating the calculations until

X - X < 0.0000001,

and

w,o - W < 0.0000001,

Obtaining a new value for tan 93 and replacing [tan 932'with the

- average value, [tan 9]2 s the above procedure is repeated until the
b

T™™F - ACM ‘

within the optional input tolerance, TOIMF.
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~ GUESS + C{"Y
oUEss: - T
vARYI s 8 {T [t ctvmcin)
. P PR VS S S LA O S AP A
S - - . var¥ys s lrnn it ecend
- vanrs . selran dJetsecia))
B - OMF r TMF.ACM .
- ) .
" CALL ¥RFCT
- T BRI, TEYTY CORTINGY
. T -
CALL BMEVAL
e IRMG L RUAP B8 Ma)
. . . . - WRITE GFTRUT TARE
— TTERATION FAIt 2 9P ON
- 1INE
. o nd PO
WP L REnesaene 2ot NE
TEMP L REresiaens Loty -
. TET 1
. TEMF o TEMPel ¢BI2
- - ClV » CINSLEL TR .
] DELTP « DELTS: ! o - ma
- Cly} = C{N-DF: 1B °
CONTINUT
THI » 8993,
TLOW « 9% o CALL PRFCT
- _ XA« BLINE[NEPP, If ~ T3 OO0 RED, TEST
- - - . R YA « BLINE{NFPP, I} o™
TA » BLINEINEPP, )
T3 s TA
- CAli BMEVAS
- ' X TRHO & AHUP A Cf1 -
i
Tio BO-BID] G eRIenysh
T2 = RO AR - B{SSe B ) TEMP ¢ RHDTCU {540 1
e P LIRS 13t
T4 = bfIBESIeRI4Y
VARY! « T1
VARY2 o TZ
VYARY1«TY
- - . . VARYA » T4
KQUNT » 0 TEMY s TEM g
- . LA
i — /] N
KOUNT » ROUNTH C{TEMESTIMP Y2
CUESS * 0.0 TEMT2e i) B
CUESSZ« R O —— '—‘
[ e ovrmee ]
" : - GUTPUT TAFE
- YNQ CONVERNYYNIE CN
- MASS FLOGW FTTRATION
T\
2 R{2YASKA ...
cny « B Tiow s Ciy
Teay = Tasfetin-xaleTs
- f r3.romwe foyagz)e
. - ctel » By - SN id PARYS- PN AITIARYL
APYs
- CALL TACAL
[Cra. Ctes, TEST]
N CALL FRFCT . d————-——{ TV = CIY-DELTH l
. [0, CH4L. CIS)L TEST] |
-
o ____L Cidr » (TLOWSTHIZ }g——
- NETATIVF 1K FLUGPT )
- _ . SUEPOUTINE" . -
I eon-cupss! d . T I N -
- 6800001 L - t
[ . RE1.
. . Tuay
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The PRFCT Stbroutine is made ub of four perfect gas relationships,

which are a function of velocity ratio and a constant specific heat ratio.

Depending on the value of the parameter (L), this subroutine calculates

either tan o, ratio of static to total density, ratio of static to total

pressure, or Mach number.

The following equations are evaluated by the PRFCT Subroutine,

t

p

P

M

N i - L=20
1
fo, = [1-wlY ot L=1)
v .
/B, = (1 - w2y v -l w2
= ___,Y-_,_l) T w=13)

1 - W2

B

The following is an explanation of the subroutine call list,

- Indicates parameter to be calculated
- The known or input value of velocity ratio V/V___

- Variable that will contain the calculated value

- An error signal in case of a subsonic velocity

I1-40



TS S i e R ARGNEL Fio R e 72w 0 e e SRR R T PRy ey

.

Pratt & Whitney Rircraft

PWA FR-1021
Volume IX

11. TAGAL Subroutine

For an ideal gas, the TAGAL Subroutine is used to calculate tan ¢ as

a function of a known velocity ratio (wrz'V/Vsonic)' For the option where

‘the local frozen sound speeds f{rom the table of gas properties are not used,

. _ !
an & = p ( ] .

2 dg/dg
dP/dW

T4

sonic

A beam fit evaluation of the gas properties is necessary to determine

~ the values of dp/dW and dP/dw,

If the local frozen sound speed option is used, then

: 1
tan o = s

(v w/c]2 -1

sonic

where the local frozen sound speed (c¢) is also determined from a beam fit

evaluation of the gas properties table,

The following is an explanation of the subroutine call list.

WVALU - The known value of velocity ratio
TVALU - Value of tan ¢ corresponding to WVALU
TEST - A signal that the input velocity ratic is subsonic. If

TEST = -1, subsonic; TEST = 0, supersonic.

I1-42



‘Subrautine TAGAL

FROZEN

CALL BMEVAL A
[ROF & ROPE @ WVALU,

i

CALL BMEVAL
TPRESS & PP @ WVALU]J

-

Pratt & Whitney Rircraft
PWA FR-1021
Volume IX

- 2
WVALU
T - 1,
1<) )

YVALUE = 1. /('.'.'sc»czmopm e

TVYALUE =/ YVALUE

e ]

=

R
Erupy

i

CALL BMEVAL
VSl & V52 @ WVALU]

wvaLu? 1.)

yvaLUE = 1.f(wsocze =

veie
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12. SONICP Subroutine
For an ideal ‘zas, the SONICP Subroutine is called to adjust the units,

determine the sonic values, and beam fit gas properties. Corresponding

1bf sec '

values of specific impulse, Tt

and local frozen sound speed, ft/sec, must be stored into variables w(1),

Ny . 5
; density, lbm/ft?; pressure, 1lbf/in";

RO(I), ?(1), and VS(I), respcctively.' The subroutine converts the units
1bE sec2

of pressure to ib_f/ft2 and density to ih

If the program is to calculate local sound speeds, the pressure and
density is beam fit as a function of specific impulse to calculate the
sonic velocity at the throat. The sonic IS is first bracketed by two values

of specific impulse and a halving process is used until

dp/dI_ '2 .
—_— =V
dp/dIS Visonic * O'QOOOlf
where:
. /g is the value of I_ at which dP/dI_ and dp/dI_ are evaluated.
sonic -0 ] : s s »

The velocity and density at this point are stored into variables SONICV
and RHOSON, respectively. All of the specific impulse values are converted
to velocity ratiosvby dividing each one by the sonic IS. The pressure and

density is then beam fit again as a function of velocity ratio.

For the option where the local frozen sound speceds are used, the curve
of ¢ vs W is beam fit for the purpose of evaluating the local speed of
sound throughout the flow field, Also, the iteration to determine the

sonic velocity at the throat is eliminated because this value is given in

_the input,
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N 13; REALV'Subroutiné
For an ideal.gas, the ﬁEALV Subrbutine calculates»£ﬁe velbcit? ratio

) forﬂthe Mach number given in the call list. TheAcorrespondiﬁé value
- ~ - of tan @ is calculated by
_' . t‘a‘na= 1.0/\/M27-_1 ‘

7 An iéeration is nécessary to'determine the velocity ratio. This is

accomplished‘by using the TA&AL'Subroptine for increasing val#es of W to
calculaté the corresponding ;alues of (tap a)G ugtil tan ¢ is-brécketed.r

Knowing the bracketed values of-W, a halving process is used; for each

guess on W, the corresponding value of (tan a)G is calculated until

(tan a)G = tan &¢ * 0,00005.

MNE N S U ——————— Y % RS AR = s e

3
¥
z
]
H
‘-
a
B
=
%
T



Pratt & Whitney Rircraft

PWA FR-1021
Volume IX

o S Subroutine SONICP

. _
. o H
(ONTINUE
oy
- e M
- WRITE QUTFLT TAPE
THE SONIC POINT
TTLT ONCT BE FOUND S
FIN » e PLI
AOLN) = RINIIL I )
LI
T CALL BMAIT
- CALL BMFIT - .
w
CALL BMMT
RO
CALL AMEVAL
{RHO L REOP O WD
CALL BKEVAL
{PRESS & PP & W} ——
-1 »
ETUR
e 174ewin}?
-PPIRMCR
N5 WINSONICY
FiN 144 oF(n
ASIN = ROINI32.174
WRITE OUTPUT TAPE
"THERE IS NO SONIC POINT"
! CUNTINVE
- am—
| TEST o 1 I - -t
-
wEUT e 1 G NV
CONIOY W SCTIOVENE 17
WS e SNTEVE
l SONIC « [WNES2 % POR)/ 2 '
PMTVAL
- N ROE @10
CALL BMFVAL
TAHO & RYOT B KNI
CALL BREVAL
IRRESS L TP 8 SONIC
PHO N - RED
WIOC2Z w (32, 1TAASGATC)E
CUNTINUE
$52001
FD 10650
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TALVIA = b,
wLOW 10

WIT = WD
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WHITE OUTFUT TAPE
“VELOCITY NOT I
FUEL TADLE"

WLOW ¢ VE!

VEL « (WLOWHVHD /2 '

CALL TAGAL
"VEL, TANAL, TEST .

| TALPHA-TANAL’
- 00658

i = VEL

-{

WRITE DUTFUY TAPE
“TANCENT ALFPHA NECATIVE
IN REALY SUBRGUTIVEY

652001
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“14. MACHNO Subroutine -

‘For a perfect gas, the MACHNO Subroutine calculates Mach number as
.a function of area ratio and specific heat ratio from the following
equation;
R _ y+1
9y 2(y-1)

ol

x 1/ 2
Ala - = M (y+1 JRVES

—

- Since the above equation cannot be solved explicitly for Mach number,
this subroutine uses Newton's iteration technique for the soldtion within

~a tolerance of 0.00001.



KOUNT =0
ENM =60

- Pratt & Whitn

?4 7 7 —

FOFM =((z. +rarqaeEMA)  ram) TOMUI  pyaar

DFOFM = ((2. +r*cM(z1ﬁ:M2]/FGM(n)'"G"‘““)"-uM-AR

EM = EM-FOFM/DFOFM
KOUNT = KQUNT+1

KOUNT « 50

WRITE OUTPUT TAPE
"CONVERGENCE FAILURE
IN MACHNDO SUBROUTINE"

|
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15. INTEG Subroutine
The INTEG Subroutine is used to extend an up Mach line assuming e

dW/dX is constant. This Mach line is extended until the mass flow across
the line is equal to the total mass flow through the nozzle.
The characteristic and compatibility equations can be written

dY ~ tan @ + tan &
dX = 1l-tan ¢ tan ©

and

d(tan 8) _f dW/dX tan & tan 0O ' N 2
dx ' ~{W tan ¢ -VC (1 - tan @ tan 8) Y (1 + tan”6).

Using the method of Runge;Kutta for two first-order differén;ial équétions,
the above equations are integraﬁed to obtain the Y coordinateé‘ana corfes—.
ponding values of tan B for points along the extended Mach line.

The increménts of &X énd veloc?ty ratio, W, are initially assumed
toibe the same as the last two points on the Mach line before the ex-

tension., If the number of points along the Mach line exceeds 200 before

the total mass flow is reached, the increment is doubled and the extension

is again calculated.
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Subroutine INTEG

’ M B ° W' o ey
. y Kinbd (RS £
. . [ER ¥y 4

§ : . . . vz n-‘nrnn OV ]
1 . TH A 22
i . LI RO .
M 1 e e
. 23 TRRT W) T !
. xie: AL (mnnu- -w-rn)
T e b . PN
. H « ALTNE @, 11-ALINE{I.1, NF oA R
RO - (ALINE (1, 43 uwr(( b BE A S EF DT " BRI
- . 1
. . . ~ e eeeT
- CoORE,GF, THEAT
<l .. . . CALL TN
- . TWF, AR, TERY
7T\
H 7T
'
1
:
3 . [ B s ALINE [T-1. 0 TF Al - /)
. B ALT » ALINE [, T Faa e AT a8 IEh
. | ( Fe Ly o
77154 {IFIAF
TN+ AR (7Y e 2 =7 s
CUY = AL Y [A7U 4 2 47202 “ 7730 “73bb
CALL MFLOW® ¢
TNA, TEST
ALINE(L Do CITY
- (1Y ALY 0
C{4) = AL4Y ¢ ["[H - A(11 * DWD3X
CALL PRFCT N )
N . 0. € R TESTD
- ALINE {1,861 2 aACM
- CALL TATGAL
fCla), CI8). TEST, -
—
R
L —.
T T
~ ALINE {1.8) = TMF 2
- TA T
N TFRT v 0
YF = a()
WF . A}
CAIL FRFCT A~
{0, wF, AF, TEST WRITE OUTFUT TAPE ' TAN
GENT ALPHa REFAME NEGATIVE
N INTES SUBRCUTING .
CALL TACAL
LW, AF, TEST! -
- .
" KNT « ENT 1
1y
- KNTT = ENTT o1
- MH.H* 2
IF » ADY - ATM » ALINE {1 &)
- R i Dlowox -, SFCONTAESTE) L1 rr) b o4
- AFPNT [T ATSTFIFYF
I7i 0 W ((TRaARV/L AI“TD)
71‘-A('1‘72!;l .
XF s A{I] 4 H, TR <.
WRITE OUTHFUT TAPEL CYTERDED
VP Ao (’“'“‘(”)' pwox UP MACH LINE FYCEEDED 200 -
- N s POINTS
CTALL PRFCT TALL TACAL - THET =1 @ ‘
O, WP, AT, TEST] Twk, AF, 1751} R
. . N .
TEST Yy
L . 652001
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‘16. TFLOW Subroutine

When the iﬁitial Mach line is not part of the input data, the TFLOW
:Sdbrouﬁine CaIculates the initial velocity rétié from the givén ﬁach pimber
- and then develops the initial Mach line; The total méss flow through the
nozzlg is éalculated for both optidns. ” |

1f the slope of the‘velocity vector at the first point on the sec-
ondary contour is zero, a straight Mach line having uniform properties
and e#tending to ghe inpﬁt throat heigﬁt‘is develéped; otherwise, a line
of constant velocity ratio is developedvusing the following procedure.

* The characteriétic equation for an up Mach line can be written

g& _ 1 - tan @ tan 6
. dy tan 6 + tan (

and the compatibility equation, assuming the velocity ratio constant,
is

d(tan 6) _ o fan ¢ tan 6 (1 + tan’0)

dy (tan 6 + tan @) Y

Using the method of Runge-Kutta for two first—order“aifferential equations,
these equations are integrated to obtain the X coordinate and tan 8 for
VXNTP points along the initial Mach line at specified AY increments.

The mass flow across a uniférm initial Mach line is PAV, while the
mass flow for an input Mach yine or .a constant velocity ratio Mach line
of nonuéiform values of tan B is determined by integrating andA albng
.hthe Mach line (MFLOW1 Subroutine). 7
The initial up Mach line of XNTP b-[rnointsv is stored in BLINE (I,J),

and the total mass flow through the nozzle is stored in TMF.
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17. MFLOW1l Subroutine

The MFLOW1 Subroutine calculates the mass flow between two points

along an up Mach line. After each interior intersection in Regions I and
" II of the flow field is calculated, this subroutine is called to determine

when the accumulated mass flow along an up Mach line has exceeded the total

mass flow through the nozzle.

To calculate the mass flow for axisymmetric flow,

Zd>= f(pw tan a\[J" tan26 211;.") dXx , | (17.1)

tan 6 - tan «
For two-dimensional flow, the 27Y term is eliminated.

The known conditions &t points 1 and 2 must be stored in the variables

A(I) and C(I), respectively.

Previous Up
fach Line

1

«— Up Mach Line
Under Comnstruction

Figure 15
The increment of mass flow between the first two points on therMach
line, which is indicated by the value in N4, is calculated by trapezoidal
integration. 1In equation (17.1), let Q represent the quantity inparentheseé;

then the first mass flow increment is found by

,.'— ’}'Q - R
wz“(fg‘3-3-)(xz - X)) (17.2)
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’ The remaining increments of mass {low, as illustrated in figure 16,
are determined by the parabolic integration of equation (17.1).
Q
A
. !
I
| ]
1 ] N
| ‘| I
I | |
I } I
I
| ¥ |
I I !
I AX ’ AX |
| i ! i+l | -
- Y
Figure 16
- ’ A A - .
IR T S § i\ [ B - By B
Bk t PRIV T Yiel o6\ AX, AX, . + OX,
i i+l i
The calculated mass flow is then added to ACM; if the resultant
value is greater than the total mass flow through the nozzle, a point
between points 1 and 2 corresponding to the total mass flow is calculated
by linear interpolation. The coordinates and flow conditions are stored
in C(I1) and a signal parameter, TEST, is set equal to ome (1.0). TIf
ACM isrleés than the total mass flow, TEST is set equal to zero.

JI-55



el

CALL BMEVAL
IR € DRIOD Y

CART PRFCT
T, ey, Rioi, TESTS

TEMP » J1 ALY

/0. «ATIeALS)
TMF »

FALY
HO1 AL AT TEMP

CALL BMAVAL
TRMOZ b DEHODW

CaLL PRFCT

[, C18), RKUL. TEST]

TEmp Vi S ot
TWMED ® RHL (4] C{ITTEMP

DELX1 + €O - Adl
OMTI e TVFE - TMFD
ACM - [ITMFL ¢ TMF212 JPDELYT ¢ ACK

TMFL + TMETALDRL

"
£
Topy

LE4Q

CALL BMFVAL
THHGI b DREODW

CALL PPFCT
Tl €44, RHGTI, TESTT

DEL™.! « T11-ALTY
< OMFZ e TMFI-TMFZ

| TMPY e TMPICOT L

Pratt & Whitney Rircraft
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Volume IX

DELN' = LFELNZ
TMF2u TMEY
OMFi & NMFZ
ACM 3 TEMPT

‘ CONTINUE

~—— -

oA
an v ae AR

CALL PPFCT
fo.cy, ctey, TEST!

et e — et

CALL TATAL
Tt CIS1, TEST?

WRITE OUTFUT TAPE
HTAN ALPHA BECAMYE
NEGATIVF TN MASS
FLrw SUBRCUTINE™

TEMIL e A w,,_.;_\:,.(furz;rur)

™

FLX ATME I GME 0L X2
TRHEANZT T

bl _"}

e
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T‘-’;"':;: ) 18.ZMfLCW2 Sﬁbrouf?neb
;The MFLOWZ Shbroutine calculates the mass flow between two points
along a down Mach line. Afterrtﬁe calculétion of each interior inter-
" section in RegioherII andVIV of the flow field, this subroutine is
" called to determine wheﬁrthe accumulated mass'flow-along a down Macﬁ

line has excceded the total mass flow through the nozzle.

To calculate the mass flow for axisymmetric f[low,

V1 + tan26

v = [0 ny I
® f(dtana D Tany 2wy)dy. (‘18.1)

For two-dimensional flow, the 2My term is eliminated ,

The same integration procedure as explained in the MFLOW1 Subroutine
is used for solving the preceding equation; that is, trapezoidal inte-
gration is used for the first increment on the Mach line and parabolic

integration is used for the remaining increments.

Previous Down
Mach Line .

Down Mach Line
Under Constructio

Figure 17

‘fhé ;éidulated mass flow is then addea to ACM; if thé resultant value
.is greater than the total mass flow through the nozzle, a point between
points 1 and 2 correspondipgrto thé total mass flow is calculated by linear
'iﬁferpdlation. The poordinates and flowrconditions are stored in C(I) and
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a signal parameter, TEST, is set equal to one (1.0). If ACM is less

than the toral mads flow, TEST is set equal to zero.
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-
T * ALL BMFVAL B
- . An1 A DRHOON @ Blal N
- . . R
- - CATL PRFCY
- T3, Ka, RHOE, TEST
TEMP /1803 -rea)
TMFIL » RHC 2 BI410B{V S TFMP
) TMFT « TMFI9A(
TALL RMEVAL
L RHOL A DAHGDS @ C(4
TEMP ¢ VI econtifics .ol
TMFZ = RHC 26C[410 5059 T
DELY: » C{21-B12
. - DMFL s TMFI.TMFI
ACK -((furlnur:),'z) STELYI
TOMPY » ACM
ACM =10
Saez
LT
Ll‘

Cain auRvaL
[FUOTADRHCDW B (0

CALL PRFCT -
1 C{s, RECY, TEST]

RS Temp Vi el .crs)
TMFY = REOIPCIAPCLI0 TEMP

. I - DELYZ « C[2)-B[ .
- ‘ CMFZ - TMFI-TMTZ E

DELYI * DELYZ
TMFI C TMFY
DMF1 1 DMFL
ACM s TEMFE

‘ TEMPI-AT] l -
RATIT v
FAFACH

CONTINUE

CALL TACAL
[Cl41. €18, TEST,

CALL PRFCT
10,644, COSL TESTT

wRITE OUTPUT TAPE
“TAN ALFHA RECAME -
NETATIVE IN MASS
Fi.0% SUBRCUTINE" -
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o 19, MFLOWT Subroutine
The MFLOWI Subroutine calculates the mass flow Between:two points on
- an up Mach line using trapezoidal integration.
. A —Expansion Point
«—Previous Down Mach Line
Down Mach Line ‘
Under Construction
3 .
, Up Mach Line
Figure 18
. The mass flow between pointS'O and 1 must be stored in the variable
ACM, and the flow conditions at points 1 and 3 must be stored into
A(I) and C(I), respectively. The integral for calculating mass flow
along anruﬁ Mach line for axiéymmetric flow is
: ‘ - 2.
. 1 + tan™ 8
\ = TYdX.
«w jﬁpw tan « 1 tan § tan & 27YdX
For two-dimensional flow, the ZﬁY term is émitted.

. The calculated mass flow is then added to ACM; if the resultant
value is greater than the total mass flow through the nozzle, a point
between points 2 and 3 corresponding to the total mass {low is calculated

- ri " by linear interpolation. The coordinates and flow conditions are stored
7 “in C(1) and a signal parameter, TEST, is set eqnai to one (1.0). If
'ACM is less than TMF, TEST is set equal to zero.

II-60 .
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CALL BME VAL
REICT & TEAGE W 6f4)

CALY VAYECT
T O RHOL, TRET

CALL PRECT
T AL RMOZ, TERT

T

AL RHEZmADf Afe L5 LI
LA

. - L XMED = VM a0y hd

NMFZ NN ma(n N N .

|

-

[ AU - ATMSALTE DR A I, 2 ]

ATM-THE

RATIO : TEMP-ATM
l TS50 I

v BN CIT BT
L Ny an S ]

CALY PPECT
[0, Cf~, €31, TEST!

TALL TAGAL
JOANL L, TEST.

WRITE CUTPUT TARE

TTAN ALFHA NLOGATIV:

FROM MPLOW? SUAROUT
5 e .

. . ) ‘ o es20m :
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20. CICT Subroutine | |
The gross tﬁrust coeffiéiént af the first poiqt on botﬁ the primary
--BAd secondary contaurs is caléulaﬁed byAtHe CIGT guﬁrbutine. In this |
subroutinc;>thq starting up Mach line is expeétgd to be stofed in TLIN?
(&,q), and the calcuiated thrustchefficient will be stored inrthé
variableVCTG.g E V‘ o S o ;1
- For a perfect gas and axisymmetric flow, the gross thrust coefficient
';is determined by integrating the fallowing equation aloﬁg fhe starting
Macb line: |

- 1 tan o 2 P
=1 = w oo 1)— oy dy.
CTGT J-A* [ tan & - tan O M vy I]Po Yy dY »

For an ideal gas and axisymmetric flow,

, ta 2
na owl vt ap
tan ¢ - tan 6 sonic —
T C '

For either gas model énd two-dimensional flow, the 21MY term in the above
equations is omitted. .

The same integration prdcedure as explaiged,ih the MFLOWI Subroutine
is used fo} solving the preceding equations; that is, use trapezoidal

integration for the first increment on the Mach line and parabolic

integration for the remaining increment.
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cLnsMre v . , .
AR s 4T - L TEING L, 4L HR, . 4 z
. aieowey
[P TEN l
AL TMTaT
FEOR TERITW N .
. WU [T
T - trR TR : THUeTnig e
TH R E L THI = PRI {1 .
NEINTH=}, 21 TRINE:NTHF
€76 = QTHIATHY (30 iYL
1aLRTR . o
h TR - (NTPHI]-T .
SEMPT @ TLINTIPK, 8 A{TLIE KE, T eT1 TNEAkR, &)
~ TRV PRLDY B
™~ - TLING K, o) -
ALt PEFCT . o
A
[ thy e Domr TR ¢ = - . -
TS T .
DE Y1 ¢ TUINFIRK, L-TUINEIFE3 8, D . ~
3G » ETCent sy eI Ta, DTLYE QBT Y NI OTIO DFLY, :
DY = DELYE . _ . T
DM« nan Lo i
THI e THT - - -
. CONTIST T - - )
[ T eTnoaTan J
. e, . 652001 -
: o . RIS . , FD 10632 i N
. . . . - LA .ot i el g -,
N . - v . - T . '
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After the points describing the primary and secondary nozzle contours

“are calculated, the PERFM Subroutine is called to cdlculate the perform-

ance parameters, The flow properties of each contour point are placed

in the variable C(I) before entering this subroutine, For parameters

that require integration, trapezoidal integration is used for the first

intersection, and parabolic integration for the remaining points. The

following are the nine parameters to be printed at each contour point,

PRF(1)
PRF(2)

PRF(3)

PRF(4)

PRF(5)
PRF(6)

PRF(7)

1

The ratio of the X coordinate to the radius of the initial

point on the secondary contour as stored in C(1)

The ratio of the Y coordinate to the radius of the initial

point on the secondary contour as stored in C(2)

The slope of the contour or tan § as stored in C(3)

The Mach number calculated by M = 1 +-——L——— , where

2
_ tan ¢
tan o = C(5)

The ratio of static pressure to chamber or total pressure;

a function of W as stored in C(4)

The ratio of specific heats that is input for a perfect

gas, but for an ideal gas ¥ = c2 p/p

S
The ratio of accunulated surface area to the throat area (A )

% %*
- For two-dimensional flow, AS/A = 1/A‘}rAs.

: ‘ % %
For axisymmetric flow, AS/A = 2n/A./CYds

théré: ds ; VQdX)27+ (dY)2 .
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The gross thrust coefficient where the value at the first

For axisymmetric flow, CTG = CIG + /”(P #A*) 2mydy.
. . : .. . . . -7 - o 4

For two-dimensional-flow, the 27Y term is omitted,
The net thrust coefficient, which is the CIG less (L fric-
tional drag along the contour, and (2) subsonic losses

For a perfect gas and akisymmetric flow, the frictional

drag coefficient 1is

Ce P M2 04
DRAG = 1/2 — j 27YdY,
PO An

where the coefficient of friction (Cf) at each point is

determined from

' \ -0,578
Y-1 2 ' ;
= 2 — t
€ = Cp, (1+o.7h<2)mj| L

The equation for two-dimensional flow is the same except

" the 2TY term is omitted. For an ideal gas

Ce W VZO o P B
DRAG = 1/2 s 2mYdyY.
P_ A

Again, the 27Y term is omitted for two-dimensional flow.

~ The subsonic thrust coefficient loss is an input parameter.
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VThe BMFIT Subréutine iS'uéed_to calculate sets of cubic coefficients

for a spline curve fit through a sevies of input points. This method of

curve fitting, commonly referred to as beam-fitting, is derived in Volume

I. The calling sequence for the subroutine is:

CALL BMFIT (L,N,X,Y,EO,EN,A,B,C,D),

where:

L - A fixed point variable denoting one of the'fpllowing moment or

N -

slope end-condition options

L =

L =

o=

A fixed

1, M,

]

EO and M =< EN . : R

EO

EO

M.

2

M,

M,
EO
EO

EO

and
and
and
and
and
and
and

and

point variable

My = Myo1

Y EN

-

= EN
" Myy
EN
= EN

et

Y! = EN

il

25 2 2 5

equal to the number of points to be fit

X - A single dimensional array containing the values of the independent

variables

Y - A single dimensional array containing the values of the dependent

variable

e

" EO - The moment or slope at the leading end as required:by the options

" L=1,2,3,7,8, and 9

(EO is zero for L = 4,5 and 6;)-1_

The moment or slope at the trailing end as required by the OpEions

L =1,3,4,6,7, and 9 (EN is zero for L = 2,5, and 8.)

Sy
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o T ”H{ - The moment at the 1th contour point
- o Yi - The slope at the'ith contour point.

A set of coefficients is calculated for the interval between each
input point and then stored in the one dimensional arrays A, B, C, and
o . .th | : -
R D. For the i interval,

Y = A.X3 + B,X2 +C X+ D,..
i i i i
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; 1 o : . ‘Subrorutine BMFIT

. KN = ¥ (L-L/3)-IL

- KO s [L.13/3
- [— B« O -BLNeNI-0) .

ALSY o N(D-N{I-1)
oLs = (Y(B-¥iI- n) Aln

. ’__L' OPEN- :_(EL TA « & AR
T™ « BLI-1N(

T w2 ¢[AreANan)
B{N} OPEW

B(* = 0.8 PN ¥
L TN & X[I1-13¢ (A
Xiwg
. : {
7% » Xena{N(n X (0L N
T !,0:§IN1"'-(N-1)'A(N~1) - TY = w( 1}9) {\mo(\(y: \(u 13
SLOREN = 5.0 A1) e -B{I- u)/n

.o D!M -)(v.n) smp:mum)/r T *

CIN-1}
I BN - AN-1VIT - €r-y - oo 'rx]v AX{T-1) TN-BII- IR TY-2. #X (Do TM}/ T

.- RT-1) v (TM-TN193 4T,
: DI-1) « (Tx'TNvTi'TM]ITAoY(J 1-X{F- 13T .
) 3« Nat
) 1 .2 - -

-

1- . z ! A(xyn(lm)) A(K1OB(KIT)

BIKY ' L.t}
. K- (6 -(-;um) D(K‘)—A(ku)nc(xu\)/x -

’ AUR » ALD

Bi{N = BN

citn « cn

- DIN * BN

- B{1} = SLOPED - CONTINUE
- BI2) = C{Zi-B{2y*BLT)
-
. \
1y « EOL051 0P FOY Tl ALy
M *{2 -B{2H
- Kie? ! e o N —
~ -J
By = S 2OAN- DA -ADYC) .- . . -
Y RAIA (M2 -B{))) . .
B{Z) « B ‘ - . . .
I * . ]
-~ - ) - P - . . .
: 7 L o h o S . 652001
’ T - : ) : FD 10639 -
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23, TIMEVAL Subroutine
‘After a curve that is represented by a set of input coordinates has
been fit by the BMFIT Subroutine, the BMEVAL Subroutine is used to evaluate

the curve and its first derivative for a given vélue of the independent

.3 2

‘variable. The subroutine solves the cubic equation Y = + BX™ + CX+ D

after searching for the set of coefficients corresponding to the given

value of the independent variable.

The eleven parameters that make up the call list of the BMEVAL Sub-

routine are as follows:

N - The number of coordinates describing the curve
X - Contains values of the independent variable in increasing

- order (maximum of 100)

Y - Corresponding values of the dependent variable (maximur of 100)
- VALU - Value of the independent variable at which the curve is to be
e&aluatedr
L - Error signal
L = -1, curve is out of range to the left
L =

0, curve is in range

L = +1, curve is out of range to the right

il

- Contain the coefficients of the cubic equation for }ntervals
between each input coordinate (these-coefficients are calculated

) iﬁrthe BMFIT éuSroutine)r

' YVALU - The calculated valuerof the dépendent variable corresponding to

VALU

DERIV - Calculated value of the first derivative corresponding to VALU

. 1I1-70
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[ YVALU = Y{J) ]

DERIV = X(m(a. X (N=ALTI42. *B(J’))%C(J’)

i

ETURN

TVALU » VALUS{VALUS(VALUSA(T-1} B(J-|D+C(J-1))+D(J-u
DERIV = VALU*(3. VALUSA[J-11+2. tB(J-l))m(Jd)

|

R
E
T
URN’

S11-71

652001
" FD 10625




. - Pratt & Whitney Aircraft
T S o . PWA FR-1021
' ' : ' Volume IX

S : ~ SECTTON IIT
e S " INPUT - OUTPUT

’

TﬁéLINPUT Subroutiﬁe is used to initiaiiﬁe éonétaﬁts and to load the
iﬁbét'data. -Affer loading the-required data, this sﬁbroutine reads any
-of the optional input with érscétter loading feature that termipaﬁes with
an END card. The following paragrabhs present a detailed outline of the
inppt procedure., A sample inpug sﬁeet, wﬂich cérresponds to the output

results given in paragrapH B;'is shown in figure 19.
A, TINPUT FORMAT

A11~datarcardsvﬁust ﬁéntain the FOR&RAN variable name in card columns
1'-’6 (édjustod to the left). For single-valued variables, the number
“must be in columhs 7 - 16, Depénding on the gas médel option, the
paraﬁéters under Required Inbut must"be in the order listed, The Optional
Input has no particular ovder and is ter@inated by a card with END in
columns 1 - 3, Each optional input variable will equal the built-in value,
unless another number is input. The built-in valuc is restored between

multiple cases,
1;: Required Input
‘égrlceneral

iTIfLE_ o= .Any inf;rmatiéﬁ to be printed at the beginniﬁg of thé

| butéuﬁ will be placed in columns 14 - 7?. A ééro must

be placed in c&lumﬁV12. | |

:b;‘ 543 Msdei Option‘

(i) Perfect Gas (Constant Sp;pifiéiﬂea; Ratib)
e oeM - | Spécific:héatrratio »

ARATIO - The design'afea ratio or ratio of exit area to annular
' throat arca, (If the exit Mach number is input, this

value is not neceséafy.j
' III-1



PWA FR-1021
Volume IX

Pratt & Whitney Rircraft

190yg 3nduy atdues "6l @indTjg

OB LI BLLLILSLVWLELULILOL A9 RP LIPSO VI CITO LV OPSC BS LS PE SCI LS LS IS OSSP QY LV PV SY PP CP EP LV OP AS QT LESESE VO COLC (COC AT BT LT PU ST PLCL CZ 1T OT SL DL ZE S SL VL TLZL LLOL &6 O L 9 S P £ L —_

TII-2

EEEEEEE AR RO AR R R R R R RN R R RS RN R R R RN
,,_h_W,A” .“,Aw _~M, ! t T A _,JA_;EA “A,“_hA_,wm; _,A WV“. ._m“‘__y,__
Lo i e o Do HEN b Yoo b ! i ' [ i b
R S S S A S A S AL S T . I N T R A e R A A B ) NEEEEEEERE
TR B R R N m“m ol BN R "Mw,,vw.mm_,‘A m_v_w_wfw
P ! [ Lo [ . S oy — ; ; Je — — } .
| R MA__tWIL_l.L“M _N ' T m_ R A T ~d , _mm A A PR
[T R D i [ ! . bl HE o | I i i R
i i LA - e 4 e i el dey ; 4
T EEEEEEEER RN EEEEN T BEERREE RN RN
. L ! [ [ Ll ! - . J - ! L , ;
g gy ooid s : . - :
RN IR wﬂ,;im P C b P L B P | P
| i ! I . . l_# ; ; ) - . iy
[ [ ' L - - e ” | + - : .
BEERE o _4__:‘,_” P ,“ | _
T T T S - - - !
RN REEREE EEREEEEEEE ! N
b [ [ [ T S S T A A | L B
EREEREEEE R Pl ERERREER 3
b _, | ! R ! - i
A.,»_,.,_ ; T ; A”
i i i I !
NEREEEEE [ | | RERERERN
(. = ; ‘
P Lo , D !
A EEREENEEE RN REERREEE N L
T T i T — R 1 = I
; N P k_¢ i ﬁ__ﬁw P
R R ! ] T Tt
RN R RN
. ol ———— W,v“_, | o
[ I i ! R [ P I
M.“,_ Lo “ﬁ ”__Vv.MMLA A,VA.,._WW,
A ] ] [ T B A A
SREE Do bbb e
: T LI T T ¥ : ! —
R B I , i
EEERURES EEEEEEREERREE
R R T R i o
e
R R B R O A S S e i e T T
e : Lo [ B [ | ; Co
e i | b B Lo | |
: . N H [ A S S - Tl T
' __A,M. | . v m.,“df_,_,, :
! Lo vl Lol R Cgd
_ R e
IR | P b C o
N (R T _.‘,V<4,,, T R
. MMMm“ﬂ | v“,, | ,‘_A_.W_"
RS NN | P : Ll
A T s e e e
P | po T [
poy ! o L I G .
T t SR aete B = +
T T T T
h . I TR T T |
R T _ T _,
L P u |
T T T , S i
,,_,,.ﬁ__ ! D_,HvA w ,_“_. i
[ o1 ISR ; e i
R A H#,_m_ NRERRRRE ||
i) {
NEEEE oL b L :
OO OF8LLLPLRLYLCLEL LLOLEY AP LY PISY VI CV LY L9 D 4G 45 LS IS CE WS CS LK LS CC 69 U9 Lv 97 S¥ Y% C# Z0 1y OF 68 B £€ 9T 5T ¥C £T 2 IC OC 6L L LWL SE VETL LL LLOT 4L 0L LLOLCLVLELELELOL 6 8 2 $ 6 2 C L L

"ON TIOYINOD 150D , . ‘ON 80r

IX3 | , HIINIONI , , INdANT TIdWVS , LSATIVNY
133K , A EEOL LNdNI l-—<mmzww ‘ 292 A3 LLi0) YMd

40



e R FEERRLU L - et fe e S A AT AR SNEFRRATNT ¢ e b e WAL PSR T
T

h - Pratt & Whitney Rircraft

PWA FR-1021
Volume IX

EMI - Exit Mach number (If ARATIO is input, this value is

P

e »"f - i caléulatcd by the program.)

(2) 1Ideal Gas (Table of Gas Troperties is required and must follow

- the END card.,)

(a) Local Sound Sﬁeéds Calculated by Program
XNFUEL - The number of cards in the table of gas propérties
PCH ~ - Chamber pressure, psi

EMT - Exit Mach number

(b) Local Frozen Sound Speeds from Tables of Gas Properties

FROZEN - Must be nonzero
XNFUEL - The number of cards in the table of gas prdperties‘

PCH

Chamber pressure, psi

EMT Exit Mach number

2, Optional Input

Name Built-in Description
Value

TIFLOW 1.0 ’ Indicates the type of starting line

TIFLOW

1

1.0, constant W starting line and

T correct value of YTH is calculated

TIFLOW

2.0, constant W starting line and

inPu; value of YTH is used

[l

1 TIfL0W 3.0, tﬁé starting Mach line to be

- 7v10;ded into TLINE (1,J) and inpuf
~- 7" “yalue of YTH is used

N |  ;YTH o Olé‘ 'Radius of plug at sgarring line

TT - 0.0 Slope of velocity vector at intersection of

starting line and secondary contour

IIT-3
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‘Name ~~ Built-in B Description
Ty Value .
"R B ~'.0.0 - Radius of circle for circular expansion in

the interﬁal expansion region (Must bé zefo:
'Vféf corner éxpénsion.) - | |
™ o A1.005  * Mach number along a constaﬁﬁrw startiné iine
ZNTP | OQOV'FV ﬁumber of boints‘bn startiné line (Must be input
only when starting line is input, TIFLOW = 3.0.)

T™SZ 0.0075  Mesh size in the Yrdifection_fo: a constant W

,fstarting line

Eﬁsz 0.025 Mesh sizé in the Y difectionrfof exit Mach line
FCON 1.0 FCON = 1.0, axisymmetric flow
FCON = 0.0, two-dimensional flow
FPRINT 0.0~ FPRiNT‘= 0.0, no flow field print
FPRINT = 1.0, f{low field print
iPRINT 0.0 If nonzero, all throat Mach line gueéseér

will be printed

RPRINT 1.0 1f nonzero, the regional dividing Mach lines

will be printed

ﬁﬁXPAN 10.0075 Velocity increment for internal expahsioﬁ
TOLY - rrpﬂOOOCOi Tolerance on intcrior point iteratioﬁ
VTOLl V ‘ 0.00QS Tolerance on tﬂroat size iteratibn

TOL2 © 0.0005  Iteratiom tolerancé wﬁen detefminiﬁg last,

“internal expansion Mach line

DELYT o O.Ql ‘ Increment éf AY for~sccqh8'guess on YTH
_TNO 20.0 Number of velocity decrements for external
expansion

P
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‘Name ;Builf-iﬁ>_ ) :‘Degcripfioﬁ 7
B Vglue "
7 WEXPD: .‘t f b.OOOi . Beéinningidecremeﬁt of Velocity éogrextefﬁal 7‘
“ . éxﬁansion |
G‘WEkMAX '0{005 7 'ﬁé#iﬁumbekternél.exbansi&n decremenﬁ
TOLMF _ . Q.OOOQOI Toleraﬁceronﬁmass flow balance 1in PLUGPf
| ; Subroutine |
DRAG - 0.011 " Subsonic thrust iossgs
CF1 0.003 Incompressibie coefficient of skin fficéion
| aloﬁg nozzle contour
A card with END in columns 1 - é must-follow'the laét 0p£ional input

card, -

For an ideal gas, a table of gas properties must be input, The first

card is a title card describing the gas model, and the sccond card con-

1bf-sec

1om ), at the throat,

tains in columns 2 - 15 the specific impulse, (
Each of the remaining cards must contain corresponding values of specific
: - N . 3y

impulse (____*ﬁ__), pressure (psi), and density (1bwm/ft”) in columns

2 - 15, 16 - 29, and 30 - 43, respectively, with the local sound speed

(ft/sec) in columns 58 - 71,

If a starting down Mach line is to be input, the values of X, Y,
tan B, W, and tan ¢ at each point on the line must be on a separate card
with the numbers in field widths;of ten beginning in column 7. The first =

§i§ columns of cach card are used to identify the FORTRAN variable (TLiNE).

III-5
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" B. OUTPUT DESCRIPTION

ks
$

The flrst page of the output 1ncludes the LlLle and values of important

:Vinput parameters. If there is no flow field printout, ‘the follow1ng pages

of the output include the nine performance parameters at points along the

contour for both the primary or plug contour and the secondary contour

.and the combined performance for both contours. The nine performance

parameters are explained in the PERFM Subroutine. A sample of the pro-

gram output is shown in figures 20a tl.rough 20f,
C. PROCEDURES FOR CORRECTING PROGRAM FAILURES

- When a program failure occurs, a thorough check of the input should
first be made. In most instances, a description of where the error

occurred will be indicated.

If the time usedrin running the program is éxtremely long with no
visible signs of error or if an iterétion failurg on the throat size is
obtained, the initial estimate on‘the throat size probably is below the
level of éccugacy acceptablé to therprogram. In such instances, a more

accurate approximation for YTH would probably reduce the running time and

-allow the program to continue,

When an iteration failure in INT2 Subroutine is obtained, the rotation

~angle, PHI, has possibly rotated the Mach lines to a position whére the

numerlcal solutlon of Lhe characterlstlc syetem 1s difficult or impossible
to obtain, By changlng the value of PHI, a solution usually can be

obtained. ’ P
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APPENDIX A
SYMBOL TABLE

Theoreticairthroat area
Local speed of sound
Coefficient of friction

Gross thrust>coefficieﬁt

" Net thrust coefficient

Specific impulse
Mach number

Pressure

Maximum velocity

Sonic velocity

Velocity ratio; either V/V
- X max

Mass flow rate

Mach angle

- Ratio of specific heats

Density

=1 for axisymmetric flow

$=O for two-dimensional flow

Pratt & Whitney Rircraft
PWA FR-1021
o - Volume I¥X

or V/V .
sonic

Angle between velocity vector and axis of symmetry
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APPENDIX B : - o :
\ FORTRAN SYMBOL TABLE ‘ e o
o (COMMON) ’ '
Variable =~ Dimension ‘Description
A7 5 o For storing X,Y, tan @, W, and tan o
' ' .usually represents the point on an up Mach
line
A2 .. 100 . Coefficients of X3 for Pvs W beam fit
A3 : 100 . Coefficients of x> for P vs W beam fit
AS © 200 Coefficients of X3 for AS/A vs X beam fit
A6 200 Coefficients of X3 for (Throat CTG-CTG) vs
‘ X beam fit : ' ’
A7 . . 200 . qufficients‘of X3 for DRAG vs X beam fit
A8 100 L Coefficients of X3 for ¢ vs W beam fit
ACM —_— (Accumulated mass flow
ALINE ) 200, 6 Variable used to store X, Y, tan B, W, and
o S tan ¢, and  along a Mach line
ARATIO — o Design area ratio or ratio of e\1t area to
annular throat area
ASTAR - Theoretical or wminimum throat area
B N 5 For storing X, Y, tan 6, W, and tan ¢;
- ’ _usually represents the p01nt on a down Mach
: " line
B2 4 . 100 © Coefficients of X2 for p vs W beam fit
. B3 . 100 - Coefficients of X2 for P vs W beam fit
B5 200 = Coeffiqients of lefor AS/A” vs X_beah»fit V
- B6 . - 200 ¢ !Coefficienté of Xz_for (Throat CTG-CTG) vs
) ' . ' {”X beam fit ) » o o '
fV—.: B7 - - 200 f ) Coefficients of X2 for DRAG vs X beam fit
B8 100  Coefficients of X° for c vs W beam fit
BLINE - 200, 6 Variable used to store X, Y, tan §, W,

tan o, ‘and &,along a Mach line

B-1
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Variable

c

- C2

C3
C5

C6
c7
Cc8.
CF1

CLINE

CIG

CYLHT

D2
D3~
D5
D6
D7V
D8

DELTR

DELYT

 DLINE

DRAG

EMI

© .EMSZ

Dimension

5

100
100
200

200

200

100

200, 6

" 100

100
200
200
200

100

" tan ¢ along primary contour

Subsonic thrust losses

Pratt & Whitney Rircraft
' PWA FR-1021
. - Volume IX

Description o ) ' '
For storing X, Y, tan 6, W, and tan ¢;

normally used in the calculation of a Mach
line intersection )

Cocfficients of X for p vs W beam fit
Cpéfficientsrbf X for P vs W beam fit

Coéfficients of X for AS/A* vs X beam fit

Coefficients of X for (Throat CIG-CIG) vs
X beam fit - .

Coefficients of X for DRAG vs X beam fit
Cocfficients of X for ¢ vs W beam fit
Incompressible coefficient of skin friction

Variable used to store X, Y, tan O, W,
tan ¢, and & along the secondary contour

Initial gross thrust coefficient

Value of Y/R at the last primary contour
point (cylinder height)

Constants for p vs W beam fit

Constants for P vs W beam fit
Constants for AS/A" vs X beam fit

Constants for (Throat CTG-CTG) vs X beam fit .

- Constants for DRAG vs X beam fit

Constants for ¢ vs W beam fit

Tncrement of tan 6

'l!Inc%emeht of AY for second guess on YTH

Variablé‘ﬁsedhﬁdvstore X, Y, tan 8, W, and

Exit Mach number

Mesh size in the Y direction for exit Mach
line ’
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Variable Dimension
FCON —

" FGM 15
FPRINT . —
FROZEN -
FTITLE 12
G’IvI —
IFLOW I —

JMIN —_
N —
NEP —
NO E —
NTP - -
P 100
PCH - —
PRF | 9
R —
RHOSON  ~ - —
" RO 100
" RPRINT - -

Pratt &Whitney Rircraft
PWA FR-1021

Volume IX

Destription

Indicates whether two- dlmen31ona1 or ax1symmetr1c

flow 15 con31dered

Various functions of GM - see Gamma Function

- Table in program listing

Indicates whether or not to plint the flow
field :

For an ideal gas this indicates that the
input values of local frozen sound speeds

are to be used

Variable used to store the title for the
table of gas properties : -

Specific heat ratio for a perfect gas
Fixed point variable for TIFLOW

The number of the first supersonic value of
W in the table of gas properties

The number of cards making up the table of
gas properties :

Number of points on the exit Mach line

Number of velocity decrements for external
expansion

Number of points on starting line

Contains the values of pressure for an
ideal gas :

Chamber pressure

Contains calculated performance parameters

Radius of circle for circular expansion in
the internal expansion region

» Density evaluated at the sonic velocity

Contains the values of density for an

ideal gas

Indicates whether or not to brint the .
regional dividing Mach lines
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Variable

SONICV

" TIFLOW
TITLE

TLINE

TMF

T™™SZ

TNO

TOLY

TOL1

TOL2

TOILMF

TPRINT

IT

Vs

WEXPAN

" WEXPD

- WEXMAX'

- WS0C2

Dimension

10

200, 6

100

100

B 7 Pratt & Whitiney Rircraft
' o ' "PWA TFR-1021
Volume IX

~ Description

The sonic velocity

Indicates the type of starting line

To store and print the title card

Variable used to store X, Y, tan 6, W,
tan ¢, and @ along the last internal
expansion line

.Mach number along a constant W starting

line ) -,
Total mass flow ﬁhrough nozzle

Mesh size in the Y direction for a constant
W starting line

Number of velocity decrements for external
expansion

Tolerance on interior point iteration
Tolerance on throat size iteration

Iteration tolerance when determining last
internal expansion Mach line

Tolerance on mass flow balance in PLUGPT
Subroutine

Indicates whether or not to print the
throat Mach line guesses

Slope of velocity vector at intersection of
starting line and secondary contour

Contains the values of local sound speeds
for an ideal gas '

Contains the values of velocity ratio for
an ideal gas ‘

Velocity increment for internal expansion

Beginning decrement of velocity for external

‘expansion

Maximum external expansion decrement

- - The sonic velocity squared

: B
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Variable Dimension ' . Description

s XNFUEL 7-— s Number of cards in the table of gas

L properties u ‘ I

i , r_XO » - . X/RS coordinate for‘center of expansion
T e . circle

LAV = YO e , Y/RS coordinateAfor center of expanéion

circle

D A g s,

: _ : YTH - T Radius of plug at étarting line

ZNEP , :——; ) ‘ ﬂNumberuéf points on exit Mach line

o et gl A

ZNTP -~ Number of points on starting line
>
i i
Ld -



