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This manual provides the necessary background for successful oper-

ation of the Multiple Expansion Plug Nozzle Design computer program.

The manual was prepared under Contract NAS9-2487, Digital Computer Pro-

grams for Rocket Nozzle Design and Analysis, with the NASA Manned Space-

craft Center, IIoustsn, Texas, and is the ninth of ten volumes specified

in Parts I and II of the contract.
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" ABSTP_CT

The necessary information for successful operation of the Multiple

Expansion Plug Nozzle Design computer program is presented in this manual •

Design criteria for the construction of a perfect plug nozzle and second-

ary contour and the order of calculations of the computer program are

given with a discussion and flow diagram of each subroutine. The input

required by the program is described and a sample output given.

No attempt is made in this manual to derive the equations used by

the program. A general derivation of the basic equations, along with

applications is given in Volume I of this report.

. • " ,,
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SECTION I

.... INTRODUCTION

_ The MultipIe,Expansion Plug Nozzle Ddsign computer program mathe-

matiealiy constructs the supersonic nozzle contours" of a perfect pl.ug

nozzle and secondary contour and calculates the corresponding perform°

ance. The method of characteristics for steady, supersonic potential

flow is used in co_structing •the flow field. Thermodynamic properties

Pratt & Whitney Aircraft
• PWA FR- 1"021

Volume IX

can be either based on an ideal gas, where the gas properties of tlle

combustion products are known, or approximated by a perfect gas.

Design criteria and a detailed description of the order of calculations

are presented herein. Each of the subroutines used in tl_e program is

discussed,and flow diagrams are given for clarification. The input and

output 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 length and weight of such a nozzle may be ex-

Cessive for use in any practical space vehicle. A significant reduction

in weight and length can be effected with little loss in thrust by simply

truncating the plug.

i

r

i.
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SECTION II

TECIINICAL DESCRIPTION

Pratt &Whitney Aircraft
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Volume IX

In the design of a supersonic multlple 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 tile secondary

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

expansions occur Jn a manner such that uniform, shock-free flow is

obtained at the exit of the nozzle. The initial starting condition,

exit Mach number, and gas model are required parameters for constructing

the contours of the perfect nozzle when the location of the first secondary;

contour point is specified. The method of characteristics for two-

dimensional or axisymmetric potential flow is used to construct the

necessary flow field.

The main program of the deck is used to control the order of calcu-

lations, w|iile calculations such as determining the fluid properties

at an interior point in the flow field or performance parameters alollg

the constructed nozzle contours are made in subroutines that are

"called" by the main program or other subroutines. The functions of

the main program and calculations made therein are described in Para-

graph B, and descriptions of the individual subroutines are given in

Paragraph C.

A. DESIGN CRITERIA :-

A typical supersonic multiple expansion plug nozzle is sho_¢n in

figure I. The initial expansion occurs along the entire secondary

contour, S1 $2' with the point of expansion located at the beginning

of the primary or plug contour, C I. The second point of expansion is

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

II-] =
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between C 2 and C 3 on the primary contour. The region C 1 S 2 C 2 is a

transition region in which little or no variation in the f]ow exists.

All parameters are nondimensionalJzed within the program, the point S 1

being located at (0, 1).

I , Gas Mode 1

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, N, must be input and the thermodynamic properties are calcu-

iated using perfect gas relationships. For this condition, the local

velocity is nondimensionalized with respect to the maximum ve]ocity

(V ) and the critical velocity ratio (i.e., where M = i) and density
max '

ratio at the throat are

and

Vsoni c _ -IWs°nic - V = +I

max

D
' sonic

PO

I

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 speed (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, "A General IBM 704 or

_ : - 7090 Computer Program for Computation of Chemical Equilibrium Compositions,

"'-I" Rocket Performance, and Chapman-Jouguet Detonations."

.... =

II-3 .



specific impulse and determines the sonic velocity and density at the
r

throat. The local velocities are then nondimensionalized with respect

to the sonic-vel0city and the thermodynamic properties are beam fit as

a function of the velocity ratio. : : '

2. Starting Conditions

The starting conditions (i.e., the flow properties along S 1 C 1

figure I) can be specified by any of the following methods.

Pra_ &Whitney Aircra_
PWA FR-1021

_ .:. .. Volume IX

k:-

in

1. Uniform flow. This type of flow can be obtained when the slope

of the velocity vector at point SI, figure I, is zero.

2. A constant Mach number line. When the slope of the velocity vector

Be

at S 1 is nonzero, a line of constant Mach number or velocity ratio

is developed (see TFLOW Subroutine).

A given Mach line, the coordinates and flow properties of which

are known along the line.

For all of these methods, the initial starting line must be slightly

i

\ /

supersonic. . . .

3. Design Mach Number : ._

Although paramete_ such as the nozzle ares ratio, design pressure

ratio or the mass flow rate may be used to describe the exit conditions,

this program uses the Mach number at the exit of the nozzle as a design

parameter. _ (An area ratio option can be used with a perfect gas.) The

input parameter used to describe the design Mach number is EMI_

B. FLOW FIELD CONSTRUCTION - -

The first function of the main program is to call the INPUT Sub- "

routine, which initializes parameters and reads in the input data. After

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

.... "" II-4 7
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Subroutine is used to develop the initial Mach line (if the Mach line

is not input) an.d to calculate the total mass flow through the nozzle.

To begin the flow field construction, the flow at the throat is

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

procedure in EXPAN Subroutine. For circular expansion, this requires

that a down Mach line (I1B I in figure 2a) from the initial Mach line be

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

- pansion to]erance of _XPAN. From the expansion point, an up Mach line

(B1B n in figure 2a) is constructed by calculating the interior point

intersections with do_n Mach lines from points on tile initial Mach line

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

except that the coordinates of the point B 1 are the same as A 1 (figure 2b).

Since the mass flow between B 1 Bn.iS less than the total mass flow for

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).

k

_ An _I f Bi

//

/

Bn

:_ A 3

1 A 2

Figure 2a. Circular Expansion

- II-5
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. "... " - An SI

AI 2.

cI

Figure 2b. Corner Expansion

/
/

If the slope of the velocity vector at B_ is positive the procedure
i

of expanding the flow and constructing up Mach lines is continued. If

the slope is negative, a test is made to determine if there has been enough

internal expansion. Assuming B. to be the last point on the secondary
I

contour, the velocity vector corresponding to the design Mach number is

turned from its horizontal position to the slope of the velocity vector

at B i. If the compressed velocity is greater than WB.,l the internal ex-

pansion _ continued until the compressed velocity is equal to WBi

Depending on the value in the variable TIFLOW, the program will

either iterate to obtain a specified cylinder height by adjusting the

throat size or calculate a cylinder height from the throat mass flow.

In the latter instance, all calculations in the program will be discon-

tinued if the calculated cylinder height is a negative number.

The exit Mach line is not extended to the axis of symmetry since,

for axis>_mmetric flow, numerical difficulties arise due to an indeter-

minate term at Y = 0 in the compatibility equations. Therefore, a cylinder

of very small radius is placed around the axis (figure I). This cylinder

11-6
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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

limiting value as Y-_0. Although this procedure is not required for two-

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

when calculating 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

Psonic Wsonic

and the gross thrust coefficient at the first point on bnth 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, described by A B B. in figure 3, contains the con-
n n I

struction of the secondary contour. Up Mach lines are extended from

points on A B by calculating the interior point intersections with
n n

down Mach lines from B B.. Each Mach line is extended until the ac-

cumulated mass flow exceeds the total mass flow of the nozzle and a

secondary contour point is then determined by linear interpolation on

the total mass flow.

11-7 _. _
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/

AI Region I

- .= SI " . :..' _/--- Region II

Bi

2

i.

Figure 3

The exit Mach line is developed by extending a straight Math line

from the last point on the secondary contour to the cylinder height at

the design Mach angle. The number of points along this line are determined

by the input mesh size. From the external expansion point at B i (figure 4),

the flow is compressed by a small decrement in the velocity ratio (EXPAND

Subroutine) and a new down Mach line B. P is developed by interior
' l n-l' _ "

point intersections with up Mach ]ines from points on B. P . The accumu-
1 n

lated mass flow at each interior point 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 line (MFLOWT Subroutine).

The new doll Mach line is extended in this manner until the total mass flow

is exceeded; then a contour point on the primary contour is calculated by

linear interpolation on the total mass flow through the nozzle.

, jj •

II-8
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A

' B_ '

• Pn-i Pn

__ C3

Figure 4o

The procedure of compressing the flow in the external expansion

region is continued until the slope of the velocity vector at B._ is the

same for both Regions II and III (£igure 5).

Figure 5.

II-9
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The remainder of thel primary contour and Region IV is calculated by

extending, down-_ Mach lines from points on C 1 B.._. Interior point inter-

= .

sections with up Mach lines from B i c 2 are used in the construction of

the lines with the primary contour points determined from the mass flow

balance procedure. . • , ,

Having constructed both the primary and ,secondary contours, the 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 MLACH NO.

5 P/PC (Local static pressure 'chamber pressure)

6 GA_D\ (Specific heat ratio)

AS/A*

CYG

(Local surface area/throat area)

(Gross thrust coefficient)

9 CTN et thrust coefficient)

The combined effect of both contours is then calculated by the

MAIN program.

• . ,.

II-I0
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SUBROUTINES
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C,

Since most of the subroutines are used many time's in constructing a

flow field or calculating performance, they are discussed individually in

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

flow diagrams are given.
,I

I. Ih_X Subroutine

\

Under certain conditions, the numerical solution of the characteristic

system becomes difficult or impossible in determining the intersection of

an up and a down Mach line. These conditions may occur if the slope of

one or both of the Mach lines is extremely large or small. The problem

can be eliminated by rotating the coordinate axis when solving the

physical characteristics, and by modifying tile axisymmetric term in the

compatibility equations. The physical characteristic equations are in-

variant under this transformation. The INTX Subroutine performs the func-

tion of determining if rotation is needed, the form required for the

axisymmetric term, and calls one of the following subroutines:

INTI Subroutine - No rotation is used and the axisymmetric terms

of the compatibility equations for both up and

do_ Mach lines use the differential dX.

INT2 Subroutine - The coordinate system is rotated and the axi-

-- symmetric terms of the compatibility equations

for both up and down Mach lines use the dif-

ferential dX (for an up or down Mach line with

very small slope).

II- 12

1



INT3 Subroutine - The coordinate system is rotated and the axi-

• symmetric terms of the compatibility equations

fo_ both up and do_ Mach lines use the diff-

' :erential dY (for an up or down Mach line with

very large slope).

I_4 Subroutine - The coordinate system

Pratt & Whitney Aircraft
PWA FR- 102 l

Volume IX

is rotated and tile axi-

symmetric term for the up Mach line uses dX

and the down Mach line dY (for an up Mach line

with very small slope Combined with a down Mach

line with very large slope).

INT5 Subroutine - The coordinate system is rotated and the axi-

symmetric term for the up Mach line uses dY

and the do_ 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 conditions (W, tan @, and tan _) at the

points on an up and down >[ach line must be stored into the variables

A(1) and B(1), respectively.

11-13
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2. INTI Subroutine

Pratt & Wh it n ey Iq i rc ra ft
PWA FR-I02I

• Volume IX

Given the coordinates and flow conditions (W, tan 0, and tan a') at

two points in the flow fieid not on the same Mach line, the INTI Subrou-

tine determines the coordinates and flow conditions at the intersection

of an up Maeh line from one point, and a down Mach line from the other.

The known coordinates and flow conditions at points I and 2 must be.

stored into the variables A(1) and B(1), respectively. The corresponding

properties at the interior point, 3, (figure6) will be Stored in the

variable C(1).

and

_ach Line

Up Mach LineI "

Figure 6

Written in finite difference form, the characteristic system is

tan 0 + tan _ [

!

(Y3 - YI ) = i - tan _ tan OJl (X3 Xl)

_ tan O - tan _ j X2 )
(Y3 - Y2 ) = [I _ t_n _ _an O 2 (X3

L ]I •I i

.(W3-WI) w tan i-(tan 03-tan Ol) tan 2 O
I tan _ tan @ ]

1

(2. t)

and

(W3-W2) tan 2+(tan 03-tan 02)

The subscripts 1 and 2 indicate that the quantities in brackets are

evaluated at these points,

II-!5 "
i .

(x3-xl)

• T

(2.2)

i e] I- tan O! tan e ]
l+tan2 2= o (l+tan _ t-aanO)YJ2(X3-X2 )"



i,

=

i

are:

,- , and

Y1 I-

X3 =

, Pratt &Whitney Aircraft
' " PWA FR- 1021

- _ " Volume IX

Solving equations (2,1) simultaneously, the coordinates at point 3

tan_.___ + tan c_ X 522. tan 0 - tan c_
1 - tan ce tan 0 1 1 1 + tan ee tan Oj2 x2

tan e - tan ff -- ? tan'_ _'_ 11 + tan _ tan 0 2

(2.3)

r can @ - tan _' ]

_, _ Y3 = Y2 + (X3 X2) L'l $ tan ff _aan 0]2" _

Flow conditions W3 and tan e3 are then obtained from the simultaneous

solution of equations (2.2).
K I + K 2

W3=

tan c_ i
]+[ ]

+ tan 2 0 2 W tan c_ [ + tan2 @ I

and

tqT 41
I "

+ i

(2.4)

tan 03 = K 2 + W 3 W tan c_ I i

where: [ iW tan

K I = tan 02 4 W 2 I-i+tan20

2
+ _ (X3

[tan tane]
L(l+tan _ tan e)YJ2

X2) ['l+t_n20] 2

and

[i]
W tan cz i

K 2 = tan 01 - W I
[. i

if+tan20] 1

+ _ (X I - X3)

I tan ff tan @ ](17t_n _ _an 0)YJl

.k

The tangent of the Mach angle (tan _3) , which is a function of W3, is

determined by the procedure described in TAGAL Subroutine for an ideal

gas or by the procedure in the PKFCT Subroutine for a perfect gas.

11-16
4 _
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. '_ .' Since the evaluation of equations (2.3) and (2.4) gives first approxi-

_:; .....mations to X3, Y3' tan 03, W3, and tan if3' improved solutions are obtained

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

tan 8 + tan _]
replace LinTa _ tan _Jl

by

+ tan &' =

Ll-tan _ tan i,3
L-_-ta_ _ tan e 3

This procedure for obtaining the improved solutions is repeated until

successive values of X3 are within a specified tolerance:

X - X 3 ..__ XTOL.

L _

f - .

11-17
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3. INT2 Subroutine

Pratt & Whitney Aircraft
PWA FR- 102 1

• . _ Volume IX

Given the coordinates and flow conditions (W, tan e, and tan _) at • -

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

determines the coordinates and flo_ conditions at the intersection of an

up Mach line from one point ana a do_-n Mach line from the other point,

when the slope of either Mach line is very small. The kno_n coordinates

and flow conditions at points I and 2 must be stored into the variables

A(I) and B(I), respectively. The corresponding properties at the inter-

section point, 3, (figure7) will be stored in the variable C(1).

1

2 3/_

_3 Up Mach Line-

-_ " .

(a) (b)

Figure 7

The characteristic system is the same as for the INT1 Subroutine

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

The coordinate transformation is given by the following:

X' = X cos _ + Y sin

Y' = Y cos _ - X sin _,

and ' .

tan 8' = (tan _ - tan _) + (I + tan 8 tan _0)

where:

(3.;)

the prime indicates the rotated va]ue and _ the angle of rotation.

II-i9
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Solving the physical characteristics (equation 2.]) 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 W3 and tan @3 are obtained as in the INTI Subroutine,

i k J

II-20
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4. INT3 Subroutine

" i 7

Given the codrdinates and flow conditions (W, tan 0, and tan if) at

two points in the flow field not on the same Mach line, the Ih_r3 Sub-

routine determines the coordinates and flow conditions at the intersec-

tion of an up Mach line from one point and a down Mach line from the other

point, when the slope of either Mach line is very large. The known co-

ordinates and flow conditions at points 1 and 2 must be stored into the

variables A(I) and B(I), respectively The corresponding properties at

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

3

1

Ca)

Down Mach Line

Up Mach Line

(b)

,2

<

.. Figure 8

The characteristic system is the same as for the INTI Subroutine

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

patibility equations have the form

\
-___j

[tan _ tan @ _] _ y )o _tan @ +tan _) I (Y3 i

for an up Mach line, and

_ 0[_ tan _ tan e ]
tan @ tan _) Y 2

for a down Mach line.

- . . . , .

(Y3 - Y2 ) -_ --'

- .-II-22
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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

conditiotis are the same as presentec] in the INT2 Subroutine.

°
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5. IN'r4 Subroutine . " .

Given the coordinates and flow conditions (W, tan 0, and tan a') ai:

two points in the flo_.: field not on the same Mach line, the Ih'-f4 Subrout__ne

determines the coordinates and flow conditions at the intersection of an

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

down Mach line very large. The known coordinates and flow conditions

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

tively. Tile correspond!ng properties at the intersection point, 3, (fig-

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

r

Up Mach Line--_

=

2

_----Downl Mach Line

3

! •

Figure 9

" The characteristic system is the same as in INTI Subroutine (equa-

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

equation for the down Mach line is

tan cY tan _ ]
o (tan 0 - tan _) Y-2 (Y3 - Y2 )"

(5.1)

Because numerical solution of the physical characteristics is extremely

difficult when the slope of a Mach ]ine is large, the coordinate axes must

be rotated. The coordinate transformation and the calculation of flow

conditions are the sarae as presented in the II_2 Subroutine.

• J
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6. INT5 Subroutine

Given tile coordinates and flow conditions (W, tan @, and tan _) at two

points in the flow field not on the same Mach line, the INT5 Subroutine

determines the coordinates and flow conditions at the intersection of an

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 large and the slope of the down Mach

line very small. The known coordinates and flow conditions at points 1 and

2 must be stored into the variables A(I) and B(I), respectively. The cor-

responding properties at the intersection point, 3, (figure I0) will be

Stored in the variable C(I). _

2

Down Mach Lin _--Up Mach Line

I

Pratt & Whitney 121ircraft

PWA FR-1021

" Volume IX

Figure I0

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

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

tion for the up Mach line is

e
_J (Y3 - Y1 )" (6.1)

tan tan

o (tan 0 + tan _) _

Because numerical solution of the physical characteristics is 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.

-,,._j
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Depending on'the value stored in the variable N3, the EXPAN Sub-

routine calculates the flow properties 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 e O) or by ex-

panding the flow through an increment in the velocity ratio (N3 = I).

For sharp corner expansion through a small angle 6 (figure !1), the

expanded velocity ratio, W , is found •
e •. - . - • .

l .,/ wc: wA

Figure Ii

by integrating

%,,__j "

dW W tan G
- = f (tan e, W).

. d(tan 8) I + tan 2 O

Using the metl{od of Runge - Kutta over ten intervals,

let

tan 0C - tan 0A

i0

tan eI = tan OA

and

W1 = WA .

(7.1)

.... 11-29
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Solve equations 7.2 to 7.8 as j = I, ]0. o

KI = f. (tan 0j, Wj) h

K2 = f (tan ej + h/2, W.3 + K1/2)h

K3 = f (tan @j + h/2, W.3 + K2/2)h

= f (tan.ej + h, W.j + K3)hK 4

&W = 1/6 (kI + 2K 2 + 2K B + K4)

W.+I =W. + AW
O J

= tan 8 + h
@j +I ]

tan

Pratt &Whitney Aircraft

PWA FR-1021

Volume IX

(7._)

(7.3)

(7.4)

(7.7)

(7.8)

The properties corresponding to W C are

W c = W ii

tan _C = f (Wc) -

tan 0C = tan _II'

and are stored in the variable C(i). Since the expansion occurs about a

sharp corner, the X and Y coordinates remain unchanged.

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

tan @C of the expanded velocity ratio, WC, is found by integrating

d(tan e_ = _ 1 + tan 2 _ = f (W, tan 0). (7.9)
dW W tan

By interchanging the values of W and tan O, 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 ).

II-30
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_i-. Line

• 0 0

r

Figure 12

By solving simultaneously the equation of circle and the characteristic

equation in finite difference form_, the coordinates of the intersection are

Y3 = K2/KI + vfK3

and - (7. ]0)

/ [tan 8 - tan _ ] ,
X3 + X1 ' (Y3 YI)I 1 + [an _ tan O i'

where

K

and

2

[tan 0 - tan _ e_1 1 + 1 + tan _ tan '

K2 |I + t-an _ tan 0 1 1 + tan _ tan i o
- (Xl - Xo)} + YI'

_ k. .

[ ] [ tan O - tan OL } (y__R2+(Xl_Xo) 2)_2Yl(X]_Xo)l+y_.2 tan 0 - tan ff [ I + tan O_ tan _ 1

3 - , KI .

k__j

r

The flow properties are

tan 8 3 = X° - X3 ,

Y3 - Yo

11-31
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and

W 3 = W I +

(tan @i - tan e3)

5

]i_W ]1 ÷

Pratt & Whitney lqircraft
• _'_ PWA FR-]021

Volume IX

(l+tan Oz tan O)Y 1 (x3 + xl)

l 1 ]can (_ 1

tan O_3 = f (W3).

Improved solutions for the coordinates and flow properties are

obtained by replacing the quantities= in brackets with average values and

repeating the calculations until

xi i-] _ 0.000005.
3- X3

II-32
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The EXPAND Subroutine calculates the flow properties at a point after

the flow has been compressed by a decrement in the velocity ratio (figure 13).

The slope, tan @C' of the compressed velocity ratio, WC, is found

m

/
/

Figure 13

by integrating

1 + tan 2_(t_n nl =
dW W tan

= f(W, tan e).

Using the method of Runge-Kutta over ten intervals,

let

h --

WC- WA

10

\

and

wI = wA

tan 81 = tan @A

Solve equations 8.2 to 8.8 as j = I, i0.

KI = f(_#j, tan ej)h

K 2 = f(W. + h/2 tan _ + Kl/2)h3 ' 3

K 3 = f(W. + h/2 tan O. + K2/2)hfl ' 3

K 4 = f(Wj + h, tan ej + K3)h

A(tan @) = I/6(K I + 2K2+ 2K 3 + K4)

tan e.+l = tan e. + £(tan @).-- . _3 J

wi+I = w. + h_ 3

II-34
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The properties corl-esponding to W C are

Wc = wlI

tan 0 C = tan 811 ,

Pratt & Whitney Aircraft

PWA ]q_- 1021

Volume IX

and are stored in the variable C(1). Since the compression occurs about

a sharp corner, the X and Y coordinates remain unchanged.

. L .

1
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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.

. . . v

Do_1Mach Line

Under Construction

Previous Down

___ I_ _Mach L_ne

Contour "_ _ \_
Streamline --_ _

3_-_

" " - Figure 14

-__j-

Before entering this subroutine the total mass flow must be stored

in T_; the mass fI0w between the expansion point and point 1 must be

in ACM; and the flow conditions at points 1 and 2 must be in B(I) and

BLI_ (N_PP, I), respectively. The calculated values at point 3 are

stored in C(I).

Using the slope of the previously calculated contour point as a first

guess for the slope of the streamline, the equations for the characteristic

curve passing through point I and the streamline through point 2 are solved

simultaneously to obtain the coordinates at point 3.

II -37
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X3 =

i

YI " Y2 + X2[tan 8]2 - X1 i + tan _ tan i

tan _ tan 1

T

Y3 = Y2 + (X3 - X2) [tan @]2"

(9.1)

(9.2)

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

is

_%.__j/ .

and

W 3 = W I -

(tan 8 3 - tan 81) I .]- o(y3_Yl)[itan (7 ta_! _ y_]
I + tan2@ i tan e - tan _) i

]1

tan ff I

(9.3)

tan _3_= f(W3)" (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

i- f-1
X3 - X3 _< 0.0000001,

.: - _ 0.0000001.

Obtaining a new value for tan 03 and replacing [tan @]2 with the

average value, [tan ()]2,3' the above procedure is repeated until the

calculated mass flow between points 1 and 3 is equal to

within the optional input tolerance, TOI_F.

Ii-38
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PRFCT Subroutine

The PRFCT S6broutine is made up 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 _, ratio of static to tot-al density, ratio of static to total

pressure, or Mach number.

The following equations are evaluated by the PRFCT Subroutine.

__1 - W2
tan _ W2 _-f-_-i)IY + i _ i "*

(L = O)

i

P/Po = [i - W 2] _ - I (L = I)

P/P =. [i - W2_ _ ...i ..... (L = 2)
o

M = __ (L = 3)

Vl _ w2

The following is an explanation of the subroutine call list.

L

Q

T

- Indicates parameter to be calculated

- The kno_ or input value of velocity ratio V/V
max

- Variable that will contain tile calculated value

TEST - An error signal in case of a subsonic velocity

D

II-40
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TAGAL Subroutine " :

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

a function of a kno_n velocity ratio (W = V/Vsonic). For the option where

the local frozen sound speeds from the table of gas properties are not used,

" tan _ 9 _ Ido/dW'_ '

V'- W_ / I - isonic _

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

the values of dp/dW and dP/dW .....

If the ].ocal frozen sound speed option is used, then

tan _

[Vsoni c W/c] 2 - i

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

eva'luation of the gas properties table.

The following is an explanation of the subroutine call list.

WVALU

TVALU

TEST

- The kno_m value of velocity ratio

- Value of tan _ corresponding to WVALU

- A signal that the input velocity ratio is subsonic.

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

If

II-42
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SubroutineTAGAL

CALl, BK_EVA L

[PRESS & PP @ W L

[

TVA LUE =_VALUE 1

RETUR N

TEST = -h

fC _I.L BK4FVAL

_rVALeE _ ,./(_SOCZ* _VALUZ
V£1 z

1
.... t.) 1
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12. SONICP Subroutine
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For an ideal 'gas, tile SONICP Subroutine is called to adjust the units,

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

Ibf  ensitYl m/ft 3, ; pressure, Ibf/in2;
values of specific impulse, -Ibm ;

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

RO(I), P(1), and VS(I), respectively. The subroutine converts the units
2

of pressure to ibf/ft 2 and density to lbf sec
ft4 '

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 I is first bracketed by two values
s

of specific impulse and a halving process is used until

v

dP/dl

s _ V2 ± 0.00001,
dp/dI sonic

s

-_lere:

Vsoni c/go is the value of Is at _ich dP/dls and dp/dls are evaluated.

The velocity and density at this point are stored into variables SONICV

and PdIOSON, respectively. All of the specific impulse values are converted

The pressure andto velocity ratios by dividing each one by the sonic I s .

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

For the option where the local frozen sound speeds are used, the curve

of c 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.

II-44
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13. REALv Subroutine
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"'. _.

For an ideal gas, the REALV Subroutine calculates the velocity ratio

(W) for the Mach number given in the call list. The corresponding value

of tan Cf is calculated by

tan _ = 1.0 2 l . --

An iteration is necessary to determine the velocity ratio. This is

accomplished by using the TAGAL Subroutine for increasing values of W to

calculate the corresponding values of (tan _)G until tan _ is bracketed.

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

guess on W, the corresponding _alue of (tan _)G is calculated until

(tan _)G tan _ + 0.00005.

i

\
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- 14. _CHNO Subroutine
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_ "For a perfect gas, the MACHN0 Subroutine calculates Mach number as

a function of area ratio aud specific heat ratio from the fo]lowing

equation: "f+! . . .

" A/A = : + ° " "

=

Since the above equation cannot be solved explicitly for Mach number,

this subroutine uses Newton's iteration technique for the sol_tion within

a tolerance of 0.00001.

)- , .

°_

- _. -.

]

II-48
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I -EM_AR

DFOFM = ((Z. 4.FG,k{ [_]'_EM Z) /FGM(I)) F C"M:(14) -I. '_]LM -A R

EM = EM-FOVM/DFOFM IKOIJqqT = KOUNT_,I

%'RITE OUTPUT TAPE

"CONVERGENCE FAILURE

IN ]_!AC}INO SUBROUTINE"

E TEST = 1.

i
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15. INTEG Subr0utine
. . > . •

The INTEG Subroutine is used to extend an up Mach line assuming

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
z

dY tan @ + tan

dX - 1-tan _ tan @

and

d(tan O) $ dW/dX tan _ tan _) _ (I + tan2e)
dX =[W" _ O_ (Y (i tan O_ tan O) Y_

Using the method of Runge-Kutta for two first-order differential equations,

the above equations are integrated to obtain the Y coordinates and corres-

ponding values of tan @ for points along the extended Mach line.

The increments of AX and velocity ratio, W, are initially assumed

to be 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.

1
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16. TFLOW Subroutine

When the initial Mach line is not part of the input data, the TFLOW

Subroutine calculates the initial ve!ocity ratio from the given Mach n,lmber

.q

and then develops the initial Mach line. The total mass flow through the

nozzle is calculated for both options.

If the slope of the velocity vector at the first point on the Sec-

andary contour is zero, a straight Hach line having uniform properties

and extending tO the input throat height is developed; otherwise, a line

of constant velocity ratio is developed using the following procedure.

The characteristic equation for an up Mach line can be written

__dX--= 1 - tan _ tan e

dY tan @ + tan

and the compatibility equation, assuming the velocity ratio constant,

is

= _ _ tan _ tan e (i + tan2e) .
dY (tan @ + tan _) Y

Using the method of Runge-Kutta for two first-order differential equations,

these equations are integrated to obtain the X coordinate and tan e for

XNTP points along the initial Mach line at npecified AY increments.

The mass flow across a uniform initial Mach line is f_AV, While the

mass flow for an input Mach line or.a constant velocity ratio Mach line

of nonuniform values of tan 8 is determined by integrating PVndA along

' the Mach line (MFLOWI Subroutine).

The initial up Mach line of XN_P points is stored in BLINE (I,J),

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

: :: II-52
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17. MFLOWI Subroutine

The MFLOWI 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 [he nozzle.

TO calculate the mass flow for axisymmetric flow,

_= f(_ tan fz + tan2@ 2_Y) dX (17.1)tan e - tan

For two-dimensional flow, the 2T_Y term is eliminated.

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

A(1) and C(1), respectively.

Previous Up _2

Mach Life___iUp Mach Line

• Figure 15

The increment of mass flow between the first two points on the Mach

line, which is indicated by the value in N4, is calculated by trapezoidal

integration. In equation (17.1), let Q represent the quantity in parentheses;

then the first mass flow increment is found by

_2 =('QI + Q2 )(x2 Xl). (17.2)
2

.... 11-54
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The remaining increments of mass flow, as illustrated in figure 16,

are determined by the parabolic integration of equation (17.]).

L .

i+l

_ _! 1
- --i I

" I

I
I
I
I
I
I

_X i AX[+ 1 J.

Q

Y

Figure 16

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 i and 2 corresponding to the total mass flow is calculated

by linear interpolation. The coordinates and flow conditions are stored

in C(I) and a signal parameter, TEST, is set equal to one (1.0). If

ACM is less than the total mass flow, TEST is set equal to zero.
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k.j 18. MFLOW2 Subroutine

i

Pratt & Whitney Aircraft

PWA FR-]021

Volume IX

The MFLOW2 Subroutine calculates the mass flow between two points

along a down Mach line. After the calculation of each interior inter-

section in Regions III and IV of the flow field, this subroutine is

called to determine when the accumulated mass flow along a dotal Mach

line has exceeded the total mass flow through the nozzle.

To calculate the mass flow for axisymmetric flow,

= /I_ tan (X +tan2e )tan e- tan

For two-dimensional flow, the 2_y term is eliminated .

(18.1)

The same integration procedure as explained in the }_LOWI 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 " ' "

Figure 17

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

iI1terp01ation. The coordinates and flow conditions are stored in C(I) and

•._ II-57



a signal parameter, TEST, is set equal to one (i.0).

than the total ma_s flow, TESTis set equal to zero.

Pratt & Whitney gli rcraft
PWA FR-1021

Volume IX

If ACM is less
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.... 19. MFLO_T£ Subroutine

° •

Pratt &Whitney Aircraft

PWA FR- 1021

Volume IX

• *=

an UP Mach line using trapezoidal integration.

" O_-Ex_ansion Point '

_Previous Dotcn Mach Line

Down Mach Line kk _ .....

Under Construction _

• . : _ . 2_ _ "_Ia_ " .
ch Line

- f

The }[FLOWT Subroutine calculates the mass flow between two points on

Figure 18

The mass flow between points' 0 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 an up Mach line for axisymmetric flow is

f _/l + tan20$0= pW tan (_ 1 - tan 0 tan
2.nYdX.

For two-dimensional flow, the 2nY term is omitted.

The calculated mass flow is then added to ACM; if the resultant

s"

value is greater than the total mass flow through the nozzle, a point

between points 2 and 3 corresponding to the total mass flow is calculated

by linear interpolation. The coordinates and flow conditions are stored

"in C(I) and a signal parameter, TEST, is set equal to one (I.0). If

ACM is less than TNF, TEST is set equal to zero.

=

°
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20. CTGT Subroutine

The gross thrust coefficient" at the first point on both the primary

i

and secondary contours is calculated by the CTGT Subroutine, In this

Pratt & Whitney Aircraft

PWA FR-1021

Volume IX

subroutine, the starting up Mach line is expected to be stored in TLINE

(I,J), and the calculated thrust coefficient will be stored in the

variable CTG. "

For a perfect gas and axisymmetric flow, the gross thrust coefficient

is determined by integrating the following equation along the starting

Mach !ine:

CTG,]? = A* tan (_ - tan O "f + I o
2nY dY.

For an ideal gas and axisymmetric flow,

e pw2 v2 P]
tan _ tan 8 sonic 2nY dY.

]A* PC

For either gas model and two-dimensional flow, the 2nY term in the above

equations is omitted.

The same integration procedure as explained in the MFLOW] Subroutine

is used for solving the preceding equations; that is, use trapezoidal

integration for the first increment on the Mach line and parabolic

integration for the remaining incre_nent.

"-% . .

f

• "i :. -

r, , .

.... °.,
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21. PERFM Subroutine

After the points describing the primary and secondary nozzle contours

are calculated, the PERFM Subroutine is called to c_Iculate the perform-

Pratt &Whitney Aircraft
PWA FR- 102i

Volume IX

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

in the variable C(1) before entering this subroutine. For parameters

that require integration, trapezoidal integ£ation 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) - The rat:io of the X coordinate to the radius of the initial

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

PRF(2) - The ratio of the Y coordinate to the radius of the initial

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

PRF(3) - The slope of the contour or tan 8 as stored in C(3)

/-

PRF(4) - The Mach number calculated by M = _/I

tan _ = C(5)

I

+ 2 , where
tan

PRF(5) - The ratio of static pressure to chamber or total pressure;

a function of W as stored in C(4)

PRF(6) - The ratio of specific heats that is input for a perfect

gas, but for an ideal gas )_ = c2 P/P

PRF(7) - The ratio of accumulated surface area to the throat area (A)

* _dFor two-dimensional flow, A /A = 1/A s.
S

.fy "Far axisymmetric fi.ow, A /A* = 2_/A ds
S

where: ds = _dX)2 + (dY) 2 .
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....PRF(8) - The gross thrust coefficient where the value at the first

point is stored in CTG

--For axisymmetric flow, CTG = CTG + P " 2_'dY.

For two-dimensional flow, the 2_Y term is omitted.

., -.,%

PRF(9) - The net thrust coefficient, which is the CTG less (i) fric-

tional drag along the contour, and (2) subsonic losses

For a perfect gas and axisymmetric flow, the frictional

drag coefficient is

1/2)(( c-f P M2= 27"rYdY
p A_

O

where the coefficient Of friction (C f) at each point is

determined from

[1 (T---_21) 2] -0"578Cf = Cf. + 0.72 M :
l

The equation for two-dimensional f].ow is the same except

the 2_Y term is omitted. For an ideal gas

_I Cf W2 V2 Pl
j sonic 2_YdY.DRAG = I/ ,

P A /
O

Again, the 2?rY term is omitted for two-dimensional flow.

7.

The subsonic thrust coefficient loss is an input parameter

i

.. ,.

° _
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22. BMFIT Subroutine

The BMFIT Subroutine is used to calculate sets of cubic coefficients
r

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

cur_-e 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 following moment or

slope end-condition options

=L = i, M I EO and =EN

L = 2, M I = EO and M h. = __i

L = 3, M I = EO and Y_ = EN

L = 4, M I = M 2 and MN = EN

L = 5, M_i = M2 and MN = MN_I

, ' = ENL = 6 M I = M2 and YN

I,= 7, Y'I = EO and M N = EN

L = 8, Y_ = EO and _ = MN.I

' = EO and Y_ = ENL = 9, YI

N - A fixed point variable 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 _ "--

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'.)

EN - The moment or slope at the trailing end as required by the options
, .

L = 1,3,4,6,7, and 9 (EN is zero for L = 2,5, and 8.)
-L
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_ M._ The moment at the ith contour point
1

th

]fi'" The slop_ at the i contour point

Pra_ &Whitney Aircraft
PWA FR-I021

Volume IX

=

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

D. For the ith interval,

y = A.X 3 + B.X 2 + C.X + D..
l i l i

-. - ,

i

J.
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23. _IMEVAL Subroutine

Pra_ &Whitney Rircraff

PWA FR-I021

Volume IX

r

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 value of the independent

• variable. The subroutine solves the cubic equation Y AX 3 + BX 2 + 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 (maximum of I00)

VALU - Value of the independent variable at which tile curve is to be

evaluated

L - Error signal

L = -i, curve is out of range to the left

L = O, curve is in range

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

- Contain the coefficients of the cubic equation for intervals

between each input coordinate (these coefficients are calculated

in the BMFIT SuBroutine)

YVALU -The calculated value of the dependent variable corresponding to

i

• VALU "

DERIV - Calculated value of the first derivative corresponding to VALU

11-'70
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ENTER

; =___f._

-._ I YVALU=,(_T) ]

DFRIV - X(_*(3.°XC_*A(_*Z.*B(m)+c(_

YVALU - VALU_{VALU*_VALUI'A(J-I)_ B(J-I_+C[3-1))÷D(3-1)

DERrV = VALUe'(3. *VALU*A[3-I]+2. m'B[3-1))c'C(J-I)
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SECTION III
INPUT - OUTPUT

• = .

Pratt & Whitney Aircraft
PWA FR- 1021

Volume IX

)

t

_: The INPUT Subroutine is used to initialize constants and to load the

input data. After loading the.required data, this subroutine reads any

of the optional input with a scatter loading feature that terminates with

an END Card. The following paragraphs present a detailed outline of the

input procedure. A sample input sheet, which corresponds to the output
i . -

-. results given in paragraph' B, is shown in figure 19.

A_ INPUT FO PdIAT

All data cards must contain the FORTRAN variable name in card columns

1 --6 (adjusted to the left). For single-valued variables, the number

•must be in columns 7 - 16. Depending on the gas model option, the

parameters under Required Input must be in the order listed. The Optional

Input has no particular order and is terminated 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 value is restored between

multiple cases.

1. Required Input

a. General

•TITLE -

"i,"

.7

...... ba

Any information to be printed at the beginning of the

output will be placed in columns 14 - 72. A zero must

be placed in column 12.

-t

Gas Model Option

(I) Perfect Gas (Constant Specific Heat Ratio)

"L"

GM Specific heat ratio

%, .

ARATIO -

- . ?

The design area ratio or ratio of exit area to annu!sr

throat area, (If the exit Mach number is input, this

value is not necessary.)

III-I
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-' EMI

Pratt &Whitney Aircraft
PWA FR- 1021

Volume IX

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

:, calculated by the program.)

(2) Ideal. Gas (Table of Gas Properties is required and must follow

the END card.)
L

(a) Local Sound Speeds Calculated by Program .

X_FUEL The number of cards in the table of gas properties

PCH ' Chamber pressure, psi

EMI - Exit Macb number

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

FROZEN - Must be nonzero

XNFUEL - The number of cards in t_e table of gas properties

PCH Chamber pressure, psi

o

EMI

Optional Input

Name Bu i It- in

Value

TIFIOW I. 0

- Exit Mach number

Description

Indicates the type of starting line

TIFLOW = 1.0, constant W starting line and

correct value of YTH is calculated

TIFLOW = 2.0, constant W starting line and

.... input value of YTH is used

.... TIFLOW = 3.0, the starting Mach line to be

loaded into TLINE (I,J) and input

.- YTH

TT

0.9

0,0

- _ '....value of YTH is used

Radius of plug at starting line

Slope of velocity vector at intersection of

starting line and secondary contour

III-3
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• Name

T

R

TM

zN_rp

T_tSZ

EP_Z

Built- in

Value

'0.0

1.005

0.0

0.0075

0.025

Radius of circle for circular expansion in

Pratt &Whitney Aircraft
_ PWA FR-1021

Volume IX

Description - _ .... _ . ,

%

the internal expansion region (Must be zero

for corner expansion.) _"

Mach number along a constant W starting line

Number of points on starting line (Must be input

only when starting line is input, TIFLOW = 3.0.)

Mesh size in the Y direction for a constant W

starting line

Mesh size in the Y direction for 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

TPRINT 0.0

FPRINT = 1.0, flow field print

If nonzero, all throat Mach line guesses

RPRINT

WEXPAN

1.0

0.0075

will be printed

If nonzero, the regional dividing Mach lines

will be printed

Velocity increment for internal expansion

TOLY 0.000001 Tolerance on interior point iteration

°

TOLl

TOL2

DELYT

TNO

0.0005

0.0005

0.01

20.0

Tolerance on throat size iteration

Iteration tolerance when determining last

internal expansion Mach line

Increment of Ay for second guess on YTH

Number of velocity decrements for external

expansion

111-4
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Name

!

• d

4'

WEXPD

WEm' X

TOLMF

DRAG

CFI

Bu_iIt -in

: Value

"7"

0.o001

0.005

0.000001

0.01]

O.003

Description

Beginning decrement Of velocity for external

' • , . . : ,

._ expansion "

Maximum;external expansion decrement

Tolerance on mass flow balance in PLUGPT

Pra_ &Whitney Aircra_
PWA FR-1021

Volume IX

Subroutine

Subsonic thrust losses

Incompressible coefficient Of skin friction

along nozzle contour

.... °.

A card with END in columns ].- 3 must follow the last optional _nput

card.

l

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 second card con-

tains in columns 2 - 15 the specific impulse, I Ibf-sec)Ibm , at the throat.

Each of the remaining cards must contain corresponding values of specifiC

impulse(Ibf-sec)Ibm , pressure (psi), and density (Ibm/ft 3) 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 0, W, and tan c_ at each point on th e line must be on a separate card

with the numbers in field widths of ten beginning in column 7. The first

six columns of each card are used t0 identify the FORTRAN variable (TLINE).

-- ! . - " :

. . • = : • : . }
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B. OUTPUT DESCRIPTION

Pratt & Whitney l::li rcraft

- " PWA FR- 1021

..... _' _ _ Volume IX

/ : _ .k

The first page of tt_e output includes tile title and values of important

input parameters. If there is no fl.ow field printout, the following pages

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

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

and the combi1_ed performance for both contours. The nine perfot_mance

parameters are explained in the PERFM Subroutine.

gram output is sho_n in figures 20a t_;_ough 2Of.

C. PROCEDURES FOR CORRECTING PROGRAM FAILURES

A sample of the pro-

i

Q

_qlen 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 used in running the program is extremely long with no

visible signs of error or if an iteration failure on the throat size is

obtained, the initial estimate on the throat size probably is below the

level of accuracy acceptable to the program. 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 M_ere the

numerical solution of the characteristicsystem is difficult or impossible

By changing the value of PHI, a solution usually can beto obtain.

obtained. _
.=, -

f



m

u_

Z

0

LU

LLI

7_

..0

lID
_.1

e,,

U.J

LU

_...I

w

_J

_i'D

(_3

I'--
L/'I

U.J
t.-.-

0

g
,sl

Ii
e,"

IJL

UJ

UJ)-

ik

I--

i

tk

0

eeeolee_

q

0
II II 14 II M If It II

7

I::b

=3 _. I.'_ '_K"_ k"-J "T-

L_ <2 c,') "f" _" _ I
,,:_" C) L.ZJ I U.J _ I--

t.,- _ _,,,, ,j,j ,L_I [.,Z. ,,,_[ _

O0 0 O_
O0 0 O0

9
_11t I I

II f| II If II II |l II

• , - . .

ili-7

Pratt &Whitney Rircraft

PWA FR-1021

Volume IX

O

oq

O

D

b_

.,4

i.-



k._/"

z

Pra_ &Whitney Rircra_
• - PWA FR-]02]

''-',- " - Volume IX

_9

iiiiiiiiiii lllllllllllllllllllllllllllll_llll It.

OOOOOOOOOO_OOOOOOO_OOOOOOOOOOO_OOOOOOOOOOOOOO_O.OO
000000000000000000_00000o000000000_00000000_0_000_

00oo00000o000_00o00oo00ooo0000000000000000000_0000

_! ODOOtDOOOOOOOOOOOODOOODO00000000 O_DO0000000000000000

0_00000000_00000000000_000_00000000000000000000_0_00

_q._.'.. q_ .qq..,_._._q_ ......................

0 00000000000000000000000000000000000000000000000000

Zgg4oggggYgg4ggggggggZggZ4gZggggZgggggZoog4
1111111111111111111111111i11111111111111111

_ggdggogggggggggggggggggggogggggggggggggYgggggggggg

,,. I I I . .... .. _, _ _,

- • izz-8
t . , . - ' . . '

0

C,!

0

t_



Pratt & Wh itney Iqirc raft
PWA FR-1021

Volume IX

O,.

OOOOOOOO O00000000000000000OO00000000000

..:

_gggggggdYggg_ggggggggggggggg4gggggggdgg
_llllllllllilllilllllllllllllllllUlllll

______(__ 000000000

_el_llellllle_leee_lleeel_eol_eeleoell

_0_00_00000000000000000000000000_000000

__o__

___._0_

__'___

teeleeeelllelltl

111-9

¢.1
0

04



/J

0.

Pratt &Whitney Iqircraft

PWA FR-102]

.Volume IX

0.___00__

iiiii!iiii!!1t!!t!!11 I

_0_0000000_0

_0_0000_0_000_00000000

_0

0

_J

bO

-,-4

_dgdgdgggg&gZdgdgggggdg

III-]O .



k,._j

Pratt & Whitney lqircraft
PWA FR-1021

Volume IX

f

0
.-"'4

t.n

.,4

I

i/.

,..u

0

k _

.°.°.°.°.___._._ _ _.t _.% °..
OOOOOOOOOOOOOO __.___

II!-ll



o

.0

Pratt & Whitney Iqircraft

PWA FR-1021

Volume IX

0

O4

OJ

bO
,,-4

, 000000 000000000000000 O0 _ _

III-12



|

i
i

1

1
I -

!

|
1

!

!
t

E_ p--._., -. o
rl _:,:_ , o o

t_L:._'_" _ _' _0_1

_r 4';' " _ _'

Pratt &Whitney Aircraft
PWA FR-I02I

Volume IX

• i

I

F:¸__̧I

65_001

FD IOt_4g



"" ". " t

A*

c

Cf

CTG

CTN

I
s

M

P

V
max

V
sonic

oi

P

(y

APPENDIX A

SYMBOL TABLE

' Theoretical throat area

- Local speed of sound

- Coefficient'of _riction

-T

- Gross thrust coefficient

- Net thrust coefficient

- Specific impulse

- Mach number

Pressure

- Maximum velocity

- Sonic velocity

Pratt &Whitney Aircraft
P_A FR- I021

Volume LX

Velocity ratio; either V/V or V/V
max sonic

Mass flow rate

Mach angle

Ratio of Specific heats

Density

=i for axisymmetric flow

=0 for two-dimensional flow

Angle between velocity vector and axis of symmetry

Q

7

4
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APPENDIX B

FORT_A_ SYM_OI,TABLE

(C_._O_)

Pratt 8, Whitney l=tlroraft
PWA FR- 102 l

Volume IX

w

Variable

A

A2

A3

A5

A6

A7

A8

ACM

ALINE

ARATIO

ASTAR

B

B2

B3

B5

B-6

B7

B8

BLINE

Dimens ion

5

I00

I00

2OO

2OO

200

i00

200, 6

5

i00

I00

200

200

200

I00

200, 6

Description

For storing X,Y, tan e, W, and tan G;

usually represents the point on an up Mach
line

Coefficients of X3 for P vs W beam fit

Coefficie1_tsof X3 for P vs W beam fit

Coefficients of X3for AS/A vs X beam fit

Coefficients of X 3 for (Throat CTG-CTG) vs

X beam fit

' XCoefficients of 3 for DPuAG vs X beam fit

Coefficients of X 3 for c vs W beam fit

Accumulated mass flow

variable used to store X, Y, tan _, W, and

_an _, and _ along a Mach line

Design area ratio or ratio of exit area to

annular throat area

Theoretical or minimum throat area

For storing X, Y, tan e, W, and tan _;

usually represents the point on a do_n Mach

•line

Coefficients of X 2 for p vs W beam fit

Coefficients of X 2 for P vs W beam fit

Coefficients of X2 for AS/A* vs X beam fit

Coefficients of X2 .for (Throat CTG-CTG) vs

X beam fit

Coefficients of X2 for DRAG vs X beam fit

Coefficients of X2 for c vs W beam fit

Variable used to store X, Y, tan e, W,

tan _, and _ along a Mach line

-- B-I .. --



I

i

V

t

Variable

C

C2

C3

C5

C6

C7

C8

CFI

CLINE

CTG

CYLHT

D2

D3

D5

D6

D7

D8

DELTB

DELYT

DLINE

DRAG

EMSZ

Dimension

.5

I00

i00

200

200

200

i00

200, 6

I00

i00

200

200

200

I00

Pratt & Whitney Aircraft

PWA FR- 1021
" " . Volume IX

Des cr ipt ion
t, • .' "

For storing X, Y, tan O, W, and tan (2;

normally used in the calculation of a Mach

line intersection

Coefficients of X for p vs W beam fit

Coefficients Of X for P vs W beam fit

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

Coefficients of X for (Throat CTG-CTG) vs

X beam fit

Coefficients of x for DRAG vs X beam fit

Coefficients of X for.c vs W beam fit

incompressible coefficient of skin friction

Variable used to store X, Y, tan 0, W,

tan (_, and c_ 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 c vs W beam fit

Increment of tan 0

Increment of AY for second guess on YTH

Variable_tlsed" to store X, Y, tan 0, _, and

tan _ along primary contour

Subsonic thrust losses

Exit Mach number

Mesh size in the Y direction for exit Mach

line

B-2 " -



g

Variable

FCON

FGM

FROZEN

FTITLE

Dimension

¢

15

m

12

. Pra_ & Whitney Aircraft

• PWA FR-102I
• Volume IX

De_tription

Indicates whether twoldimensional or axisymmetric

flow is considered

Various functions of GM -see Gamma Function

Table in program listing .

Indicates whether or not to print 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

GM Specific heat ratio for a perfect gas

IFLOW Fixed point variable for TIFLOW

JMIN The number of the first supersonic value of

W in the table of gas properties

N The number of cards making up the table of

gas properties

NEP Number of points on the exit Mach line

NO Number of velocity decrements for external

expansion

NTP Number of points on starting line

P

PCH

PRF

I00

m

Contains the values of pressure for an

ideal gas

Chamber pressure

Contains calculated performance parameters

R

RHOSON

RO

RPRINT

i00

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 print the

regional dividing Mach lines
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Variable

SONICV

TIFLOW

TITLE

TLINE

TM

_ TMF

TMSZ

TNO

TOLY

TOLl

TOL2

TOI_IF

TPRINT

TT

VS

W

WEXPAN

WEXPD

"_ "WEXMAX "

WSOC2

Dimension

om

I0

200, 6

I00

i00

m

Pratt &Whitney Aircraft
PWA FR _ ].021

Vo lume IX

Des'cr_ ption

The sonic velocity

Indicates the type of starting line

To store and print the title card

Variable used to store X, Y, tan @, W,

tan _, and _ along the last internal

expansion line

Math number along a constant W starting

line

Total mass flow through 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
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Variable

XNFUEL

XO

YO

q

YTH

ZNEP

Zh_P

Dimension

m

m

Description

Number of cards in the table of gas

properties

X/R S coordinate for center of expansion
i

circle

Pratt & Whitney Iq ircraft
PWA FR- 1021

Volume IX

Y/R S coordinate for center of expansion
I

circle

Radius of plug at starting line

Number of points on exit Mach line

Number of points on starting line
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