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FOREWORD

This manual provides the necessary background for successful operation

of the Single Expansion Plug Nozzle Design computer program. The manual

was prepared under Contract NAS9-2487, Digital Computer Programs for

Rocket Nozzle Design and Analysis, with the NASA Manned Spacecraft Center,

Houston, Te::as, and is the fourth of seven volumes specified in Part I

of the contract.
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ABSTRACT

r

The necessary information for successful operation of the Single

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

Design cniterJa for the construction of a perfect plug nozzle and the

order of ca]culations of the computer program is given with a discussion

and flow diagram of cac]i subroutine. The input required by the program

J s described and a sample output given.

No attenq_t is made to derive the equations used by the program. A

general derivation of the basic equations, alonll with applications, is

given in Volucle I of this report.
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SECTIOX I

INTRODUCTION

The Single Expansion Plug Nozzle Design computer program constructs

the supersonic nozzle contour of a perfect plug nozzle and calculates the

corresponding performance. The method of characteristics for steady,

supersonic potential flow is used in constructing the flow field. Thermo-

dynamic properkjes can be based on either an ideal gas, where the gas

properties of the combustion products are known, or approximated by a

perfect gas.

Design criteria and a detailed description of the order of calculations

is presented herein. Each of the subroutines used in the program is dis-

cussed and flow diagrams are given for clarification. The input and out-

put formats for the program are i.ncluded with recommended procedures to

take in the event of unsuccessful runs.

Construction of the contour for a perfect p]ug nozzle requires that_

the throat flow be expanded to a uniform flow at the exit. However, the

length and weiF, ht of such a nozzle may be excessive for use in any vehicle.

Since a thrust loss of about I% is obtained when the perfect contour is

truncated by 90%, a significant reduction in weight can be obtained with

a very small reduction in performance by simply truncating the perfect

plug nozzle contour.

I-i
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In the design of a supersonic plug nozzle the throat flo_¢ is expanded

to an axial direction in a manner such that uniform, shock free flow is

obtained at the exit of the nozzle. The gas model and exit Mach number

of the nozzle are the only parameters needed to construct the perfect

nozzle cont:our ',.:hen tt,.a location of the e>:,jan,_on point: on the end of the

afterbody section is specified. The method of characteristics for two-

dimensional or axisymmetric potential flow Js used to construct the neces-

sary flo',,: field.

The main program of the deck is used to, control the order of ca]cula-

tions, _:,hilu calculations such as determining the fluid properties at an

interior- point of the flo_/ field or performance parar:leters along the con-

structed nozzle contour are made in subroutines that arc "called" by the

main progrnm or oth_r subroutines. The functions of the main progra:n and

calculations n_acte therein are described in Paragraph B, and descriptions

of the individual st, broutines are given in Paragraph C.

A. DESIGN CRITERIA

A typical perfect single expansion plug nozzle contour is sho_n in

figure I. Expansion occurs along the entire supersonic nozzle contour,

CIC2, with the point of expansion, PI, located at the end of the after-

body section. Since all parameters are nondimensionalized within the

program, the point PI is considered to be at location (O,l).

II-i
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In many cases;, the thermodynamic properties of the nozzle exhaust may

be approximated by assumin? a perfect _{as; in which case only the specific

heat ratio, _f, must be input and the therulodynamic properties are calcu-

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

velocity is nondimensionalized with respect to the maximu_,a velocity (Vmax) ,

and Lhc' critical v_locity ratio (i.e., where M = I) and density ratio at

the thl:oat are

and

W
sonic

V

sonic _ _

v _ _+i
max

P

s°nic - [1 _ W2 . ]P sonic
o

7-1.

The flow field for an ideal gas (usually equilibriu_:_ or frozen flint) may

be calculated by specifying the thermodynamic properties (in tabular form)

as a function of specific i_pulse. These properties may be obtained from

conventional one-dimensional combustion programs*, and cons5st of pressure,

density, local frozen sound speed (optional), and specific impulse. The

SONICP Subroutine "beam fits" these properties as a function of specific

impulse and deter_,_ines the sonic velocity and density at the throat. The

local velocities are then nondimensionalized with respect to the sonic

velocity and the thermodynamic properties are beam fit as a function of

the velocity ratio.

*Zelenik, F. S., and S. Gordon, NASA TN D-IA54, "A General IBI'I 70t_ or 7090

Computer Program for Computation of Chemic'a] Equi!Jbrium Covnpositions,

Rocke.t Performance., and Chap_L_an-Jouquet I)etonations".

II-3
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2. Design Mach Number

Although par;m_eters such as the nozzle area ratio, design pressure

ratio, or the mass flow rate thr,_u,,11 the nozzle may be used to describe

the e::Jt conditions, this program ::ces the Hach number at the exit of

the nozzle. _Tlen used in conjunction with the gas model and the location

of the end of the vehicle afterbody, this parameter uniquely defines the

supersonic p]u_,, no::zle c(mt-_t_r Tile inp_:t _ara,:,etcr used to d_scrJbe thr,

design blach number is EN.

B. FLOW FIELD CONSTRUCTION

The first function of the main program is to call. the INPUT Subroutine,

which initializes parameters and reads in the input data. After calcu!attng

the velocity ratio at the e:tit and thro:_t of the nozzle, the mass flo_,,

through the nozzle is calculated from [2 V AlE. lhe exit Nach line is

then constructed using segments of equal length with uniform properties

along the line and the accumulated mass flot.: from P1 (figure I) calculated

at eaclt point.

The exit N_:ch line is not extended to the a:.:_s of symc_etry, since, for

axi.svmmetric flow, numerical difficulties arise due to an indeterminate

term at Y = 0 in the compatib[lity equations. Therefore, a cylinder of

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

permits the solution to be approximated quite accurately, M_ile elimim_ting

the instabilities that may occur when trying to determine the limiting

value as Y--O. Although this procedure is not required for two-dimen-

sional flow, it is usualIy used to eliminate problems that may arise

when calcu]ating succeeding down Hach lines.

II-4
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The throat area is a function of the mass flo_.:, and is calculated by

A_: _-_

Psonic Wsonic

To begin the flow field construction, the flow at the end of the vehicle

afterbody is compressed through a small increment of velocity using the

procedure in EXPAND Subroutine. From the expansion point, a down Mach line

from B 1 to Bn_ 1 (figure 2) is constructed by calculating the interior point

intersections with up Math lines from the points on the exit Mach line.

The accu_,_ulated mass flow at each interior point is obtained by summing

the mass flow across each up Mach line to the exit Mach line t..Tith the

accumulated mass flow at the corresponding point on the exit Mach line

(i.e., AIA3B3). A point on the plug nozzle contour is then obtained by

calculating the intersection of the streamline Chrotlgh A and the do_:n
n

Nach line B l B (PI,UGPT Suhroutine)n-1

_7('}_icle Afterbody

A)

B n _

Plug ContoL,r Point_

C 2

Ar]

Figure 2

II-5
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This procedure is u._ed in constructing the first five do'_en Mach

lines, after wlHch, the interior point intersections are calculated until

the accumulated ma._qs flow integrated along the down Mach line exceeds the

total mass flow through the nozzle. Tile contour point is then determined

by linear interpolation. The construction of new dovm Mach lines is con-

tinued until (1) the velocity at the coraprezsion (or expansion) point is

equal to the throat velocity, (2) the flo',_ becomes subsonic along the down

Mach line, or (3) the Y coordinate along the contour exceeds the value

of 1.

Having constructed the entire plug contour, the PERFO Subroutine is

used to calculate and print the following performance parameters:

1 x/p,

2 Y/R

3 TAN TtUCTA (Contour Slope)

4 MACH NO.

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

6 G/_A (Specific heat ratio)

7 AS/A* (Loca] surface area/throat area)

8 CTG (Gross thrust coefficient)

9 CTN (Net thrust coefficient).

II-6
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C . SUBROUTINES

Since most of the subroutines are used _aany times ill 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. IgrfX 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 Hach line. These conditions may occur if the slope of

one or both of the Hath lines is extremely large or small. The prob]em

can be eliu_inated by rotating the coordinate _.xis when solving the

physical ctlaract:_ristJcs, and by mndifyJng the axisymmetric term in the

compatibility equations. The physical characteristic equ_tions are in-

variant under this transformation. The INrFX 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:

INT1 Subroutine - No rotation is used and the a×isymmetric term

of the compatibility equations for both up and

down Mach lines use the differential dX.

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

symmetric term 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-8
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INT3 Subroutine - The coordinate system is rotated and the axi-

' symmetric term of the counpatibility equations

for both up and down Mach lJnes use the diff-

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

very large slope).

INT4 Subroutine - The coor3_nate system is rotated an,:] the a::i-

symmetric term of 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 of the up Mach line uses dY

and the do_cn Mach line dX (for an up blach line

with very large slope combined with a do_n Mach

line with very small s]ope).

The coordinates and flow conditions (W, tan O, and tan cz) at the

points on an up and down Mach line must be stored into the variab]es

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

II-9
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2. I_FI Subroutine

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

two points in the flow field not on the same Hach line, tlle INTI Subrou-

tine determines tile coordinates and flow conditions at the intersection

of an up Math line from one point, and a down Hach ]ine from the other.

The '" _,._no.,n coordinates and flow conditions at points 1 and o must be

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

properties at the interior point, 3, (figure 3) wil] be stored in the

variable C(I).

2_Do_n Mach Line

3

i Iach Line

Figure 3

Writken in finite di fference form, the characteristic system is

"l
tan 8 + tan c, |

(Y3 - Yi ) : I - tan _ tan 0Jl (X3 - xl)

and (2. l)

tan 0 - tan _ |

q

(Y3 - Y2 ) = i + tan s tan 8J2 (X3 x2)

- = _ (l-tan'.a tan 8) i (X3-XI)
(W3-WI) W tan _ I ]+tan 2 8 1

and (2.2)

(W3-W2) : tan _ 2 l+tan 2

_[ tan C_ tan @ l

= ,-k(>tan tan 8)YJ2(X3-X2 )"
2

Ti_e subscripLs i and 2 indicate that the quantities in brackets are

evaluated at these points.

II-11
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Solving equaLions (2.1) simultaneously, the coordinates at point 3

X3 =

] [
4 Can & Lan 0 2 1 - tan .2 Lan OJl

'cai'L 0 - tan , ]Y3 = Y2 + (X3 - X2) 1. + tan &' tan 0 2

(2.3)

Flow conditions W 3 and tan 03 are then obt:ained from the simultaneous

solution of equations (2.2).

W3 =

and

K 1 + K 2

E ]9 ?

W tan 4- tan- 0 2 W tan ,_ i i + tan- O i

[ II -- i + tan 2 ;
tan 03 = K 2 + W 3 W tan _ i I

(2._)

W tan Iz 2

KI = tan 02 + W2 [i 1 ]
+tan2@ 2

and

+ _- (x 3 x 2)

tan o tan 0 ]

K2 = tan 01 - W I

L G'; %)Y 1W tan

]+ tan2 l+t an20 1
i

Tile tangent of the Hach angle (tan c_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 PRFCT Subroutine for a perfect gas.

11-12
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Since the evalu:'.tion of equations (2.3) and (2.4) gives first approxi-

mations to X3, 'Y3' tan 03, I¢3, and tan 03, improved solutions are obtained

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

replace L1 ,n-.a_ + tan c¢ by
tan (9 i

L]-_an _ _an ji,3
l,.,;[tan 0 -_ tan ,>]

/Z] L-f-tan &_ tan _ i

n O_+ tan o

J- Ll-tan C_ tan _ 3

This procedure for obtaining the improved solutions is _:epcated until

successive values of X 3 are within a specified tolerance.

i

X 3

i-1

X 3 m XTOL

II-13
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3. Ihrf2 Subroutine

Given the c'oordinates and flow conditions (W, tan 0, and tan of) 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 and a down Mach line from the other point,

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

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 inter-

section point, 3, (figure 4) will be stored in the variable C(I).

1

(a) (b)

Figure 4

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 [ransformation is given by the following:

X' = X cos 9 + Y sin

Y' = Y cos g - X sin _,

and
(3.1.)

tan 0' = (tan 0 - tan _) + (I + tan 0 tan _)

where:

the prime indicates the rotated value and _ the angle of rotation.

II-15
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Solving tile physical characteristics (equation 2.1) si_:wltancously

using the rotated values, the coordinates at point 3' are determined.

The coordinate axes are then rotated back to ti_eir original position, and

the flo;," conditions W3 and tan _3 are obtained as in the INT1 Subroutine.

II-16
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4. INT3 Subroutine

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

two points in the flow field not on the same Mach line, the INT3 Sub-

routine determines the coordinates and fIow conditions at the intersec-

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

point, ::ben tI_t< ,_;]c_pe of either ",[,ich line is very ]ary, e. The kno<,'n 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 5) will be stored in the variable C(1).

L --Down Mach Line /

Up Mach Line N_.\

(b)

3

\

Figure 5

The characteristic system is the same as for the IN_£] Subroutine

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

patibility equations have the form

r tan _ tan e ] _ yl )_tan O + tan _) Y i (Y3

for an up Mach Iine, and

(4.1)

_[ tan ff tan e ] (Y3 - Y2 )
-[(tan 0 - tan o) Y 2

(4.2)

for a down blach line.

II-18
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Because numerical solution of the physical characteristics is extremely

t

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 S_Ibroutine.

11-19
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5. IN'f4 Subrout ine

Given the coordinates and flow conditions (W, tan e, and tan o') at

two points in the flow field not on the same Mach line, the IN'f4 Subroutine

determines the coordinates and flow conditions at the intersection of an

up Mach line from one point and a do_,ql Hach line from the other point,

when the slope of the up Mach line is very small anH the slope of the

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

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

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

ure 6) will be stored in the w_riable C(I).

Up MaChl Line--_

Figure 6

2

-_----Down Mach Line

3

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 c_ tan B ]
(t_n (_ -- tan _) Y 2 (Y3 - Y2 )'

(5.1)

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

conditions are the same as presented in the l_rf2 Subroutine.

11-2]
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6. INT5 Subroutine

Given the coordinates and flow conditions (W, tan 0, and tan c_) at two

points in the flow field not oll the same Mach line, the IN-f5 Subroutine

determines tile 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 7) will be

stored in the variable C(I).

Down Mach Lin

3

_---Up Mach Line

,I

Figure 7

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

rtan _ tan e ] (6.1)
o L(ta n _ + tan o')Y 1 (Y3 Y1 )"

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.

II-23
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7. EXPAND Subroutine

The EXPAND Subroutine ca]culatcs the flow properties at a point after

the flow has been compressed by an increment in the velocity ratio (figure

8) The slope, tan OC, of the compressed velocity ratio, WC, is found

Figure 8

by integrating

WA

d.(tan @) = ] + t:an2 @ = f(W, tan @). (7.].)
dW W tan

Usin Z the method of Runge-Kutta over ten intervals,

W C - W A
h = •

i0

let

and

wI : wA

tan 81 = tan 8 A

Solve equations 7.2 to 7.8 as j = i, i0.

K 1

K 2

K 3

K 4

= f(Wj, tan @,)hi

= f(Wj + h/2, tan ej + Kt/2)h

= f(W. + h/2, tan 0j + K2/2)hJ

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

£(tan {)) = I/6(K] + 2K 2 + 2K 3 + K 4)

tan _j+l = tan 8.] + /,(tan 8)

Wj+ I : W.] + h

(7.2)

(7.3)

(7.4)

(7.5)

(7.6)

(7.7)

(7.8)
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The properties corresponding to W C are

W C = WII

tan o C = f(Wc)

tan e C = tan ell ,

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

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

The PLUGPT Subroutine is used to determine contour points by calculating

the intersections of a down Mach line with the streamline corresponding to

the total mass flow through the nozzle,

ContourStre mti  - -X--_____ "X
3 --2

Figure 9

Before entering this subroutine the total mass flow must be stored in

TNFLOW; the mass flow between the expansion point and point 1 must be in

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

BL(NU!'.I, I), respectively. The calculated values at point 3 are stored in

C(I).

The necessary first guess of tan 03 is the slope of the streamline at

the last calculated point on the contour.

By solving simultaneously the physical characteristic equation and the

equation of the streamline, the coordinates at point 3 are calculated by

X 3 =

t_aan _ - tan Q,Y1- Y2 + X2[tan 8]2 - X1 1 + tan o' tan ]

[tan @ - tan _[tan @]2 - [i + tan _ tan 1

(8.1)

and

Y3 = Y2 + (X3 - X2) [tan @]2"
(8.2)
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The velocity at point 3 is

and

W 3 = W'1 -

(tan e 3 tan 01) 1 - O(Y3-Y )L itan ¢_) i- "_ i 0 - tan '

i + tan"0 1

(8.3)

tan _'3 = f(W3)"
(8.4)

Improved solutions to these equations are obtained by replacing the

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

repeating the calculations until

i-l[X 3 - X 3 _ 0.0000001,

and

w3i _ w3i- 1
< 0.000000!.

Obtaining a new value for tan 83 and replacing [tan 8] 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 ]I_iFLOW - #_iFLOW ]

within the optional input tolerance, TO_IF.
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The PR}:CT Subrtmtine is made up of four perfect gas relation.ships,

_dlich are a function ol vel_city ratio and a constant specific lmat ratio.

De_pending on the wllue of the parameter (L), titis subroutine calculates

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

I)FCSSUF_, of _'I_lc}l lll_l]!b_21".

The following equations arc evaluated by the PRFCT Subroutine.

1. - W-

tan c, = W2 [_'_ + 1 _
(L = 0)

1

0

p/p : rl W2_ v - 1 (L = 2)
O

H = (L = 3)

-- 1 - W2

The foilovziny is an explanation of the subroutine call list.

h

Q

T

- Indicates parameter to be calcu]ated

- The kno_¢n or input value of velocity ratio V/V
INaX

- Variable that _¢ili contain the calculated value

TEST - An error signal in case of a subsonic velocity.
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o +

L ' t--T = [I -0 2 ] GAMN'L,\ - 1.

__ G A M N_,AT = [l..QZ! GAMMA - 1.

TI£ST

1. _Q2

T = GAN{MA + 1 _ Q2_ 1.
(;ANIL'[A - 1

q 2. =:=G 2
T = GA._{N{A - 1.

l, - 0 2

_1

= -l. @TIT=

!

TEST = 0. [
#

!
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I0. TAGAL Subroutine

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

a function of a knot.rn velocity ratio (W = V/Vsonic). For the option vhere

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

V- W- - ]
,_on ic [dl>/ d_,';

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

the values of d;;/dW and dP/dW.

If the local frozen sound speed option is used, then

J Itan _ F\,' W/c "'2j
- sonic

- i

where the local frozen sound spee'd (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

TVALU

TEST

The kno_,m value of velocity ratio

Value of tan a corresponding to _LU

A signal that the input velocity ratio is subsonic.

TEST = -i, subsonic; TEST = O, supersonic.

If
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II. SONICP Subroutine

For an ideal gas, the SONICP Subroutine is calied to adjust the units,

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

values of specific impulse, ibf sec bm/ft 3
Ibm ; density,, 1 ; pressure,.

(ibf/in2); and local frozen sound speed, (ft/sec), must be stored into

variable, s W(1) , RO(1) , P(1) , and VS(1) , respectively. TILe subroutiue

2
2 ibf sec

converts the units of pressure to ibf/ft and density to
ft 4

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 u/_ed until

dP/dI

- V- ± 0.O0001,
d_/dl _otlic

S

where :

Vsonic/g o_ is the value of Is at which dP/dls and d_/dls are evaluated.

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 ratios by dividing each one by the sonic I . The pressure and
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.
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12. REALV Subrontine

J

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 el is calculated by

tan (_ = I.O/v/_M 2 - i

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

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

calculate the corresponding values of (tan O)G until tan ¢I J s bracketed.

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

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

(tan _)G = tan _ ± 0.00005
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13. MFLOW Subroutine

The MFLOW Subroutine calculates the mass flow between two points along

a down Mach line. After the calculation of the first five Mach lines from

the exit, this subroutine is called at each interior intersection in the

remainder of the flow field construction to determine when tile accumulated

mass flow along a down Mach line has exceeded the total mass flow through

the, no;:_" l e.

To calculate the mass flow for axisymmetric flow,

'r =/( °W tan c_ _I +tan2Qtan0 - tan c,' 2/TY)dY.

For two-dimensional flow, the 217Y term is eliminated.

(13.1)

Tile kno_m conditions at points 1 and 2 must be stored in variables

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

D,°d_rMcChsLirnetio- _

2

Figure I0

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 trapeToidal

integration. In equation (13.1), let Q represent the quantity in paren-

thesis; then the first mass flow increment is found by

&2 =(_)(X2- XI)" (13.2)
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The remaining increments of n_ass flow, as illustrated in figure II,

are deter_::ined by tile parabolic integration of equation (13.1).

Q i+ 11--

i_--/ [_Qi+I

i- ___I_ AQi

I !
I Ay i I
I I AYi÷ ]

Y

Figure ii

i+l i

The calculated :::ass f]ow _s then added to ;JdFLOW; if the resultant

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

tween points 1 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 (i.0). If

AMFLOW is less than the total mass flow, TEST is set equal to zero.
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14. MFIZ)WT Subrout _ ne

The MFLO_£ Subroutine calcu!ates the mass flow between two points on

an up M_ch line using trapezoidal integration.

ansion Point

Down Mach Line __Previous Down Math Line

Under Construction _'_j.,_

23_U_ Nach Line

Figure 12

The mass flow between points 0 an({ i must be stored _n variable A_IF].O_.r,

and the flow conditions at points 1 and 3 must be stored into A(I) and

C(I), respectively. The integral'for ca]culating _ng,ss flow along an up

Mach line for axisymmetric flow is

_I + tan2_= W tan cJ tan _ + tan ¢z 2/TYdY.

For two dimensional flow, the 2,,'/Yterm is omitted.

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

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

tween 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 (].0). If AMFLOW

is less than TMFLOW, TEST is set equal to zero.
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]5. PERFO Subroutine

After the ca]culation of tile points describing the nozzle contour,

the PERFO Subroutine is called to calculate and print the performance

parameters. The calculated contour points must be stored in CL(I,J) be-

ginning at the throat and BL(I,J) beginning at the exit.

The vacuum gross thrust coefficient is calculated by integrating along

the exit Mach line. For axisymmetric flow

I - Y2
o CH

CTG E = _T(,_.M_ + 1.0) P

P o A*

2
For two dimensional flow, replace Y CH with YCI["

The vacuum gross thrust coefficient at eac]_ point a]ong the contour is

then calculated by the fo]lowing equation for axisvmmetric flow.

CTG = CTGE -Po 277YdY.

For two dimensional flow, the 2[Y term is omitted. The integration begins

at the exit where trapezoidal integration is used for the first point, and

parabolic integration for the remaining points. The following ore the

nine parameters printed at each contour point stored in CL(I,J).

PRF(1) - The ratio of the X coordinate to the throat radius as

stored in CL(I,])

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

stored in CL(I,2)

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

PRF(4) - The Mach number calculated by

M = where tan _,....CL ,5)

tan ,o
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PRF(5) - The ratio of static pressure to chamber or total pressure,

a function of W = CL(I,4)
i

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

2
gas, but for an ideal gas _ = c p/P

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

For two dimensional flow, AS/A* = l/A* Ids

AS/A* = 2_/A* f YdsFor axisymmetric flow,

where ds = _(dX) 2 + (dY) 2

PRF(8) The vacuum gross thrust coefficient

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

drag along the contour, and (2) subsonic losses. For a perfect

gas and axisymmetric flo_,', the frictional drag coefficient is

fC_ 1_.I2 "

_There: the coefficient of friction (Cf) at each point is determined from

Cf = Cfi ] + .72 _2 M2 The equation for two dimensional flow

is the same except the 2TrY term is omitted. For an ideal gas, DI¾\G =

C W 2 V 2 P1/2 f sonic 2_YdX. Again the 2_Y term is omitted for two din_en-
Po A*

sional flow. The subsonic thrust coefficient loss is an input parameter.
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16. BMFIT Subroutine

Tile BMFIT Subroutine is used to calculate sets of cubic coefficients
c

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

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

I. The cal]ing sequence for the subroutine is:

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

'..;h_ ['Q :

I, - A fixed point variable denoting one of the following moment or

slope end-condition options

L = i, M 1 = EO and _ = EN

L = 2 H 1 = EO and M N = _-i

= ' = EN
L = 3 M 1 EO and YN

L = 4 M 1 = M 2 and M N = EN

= = M 2 and _ = __L 5, M 1 "N 1

L = 6 M 1 = M 2 and Y'N = EN

L = 7 Y_ = EO and _,_ = EN

L : 8 Y_ = EO and }_[N = 1_ -1

' = EO and YI_ = ENL= 9 Y1

N - A fixcd polnt 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 = ],2,3,7,8, and 9. (EO is zero for L = 4,5 and 6.)

EN - The mor:_ent 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.)
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.th
M. - The rnotnant at tile 1 contom17 point

1

• th
Y'. - The s]opE at the z contour point.

1

A set of coel_ficients is calcul;Itud for the interval between each

input point and then ._.;Lored ip, the one c'.i_:_ensional arrays A, B, C, and

th
I). For the J inteL-val,

X3 vY = A. q- t-',.X- -t- C .X + D..
1 1_ 1_ J-
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, : ,broutineB ,QFIT

e

J

©
! iKN : 3*(LoL/3) - 20L

KO = (L-I}/3

IA(J} X(J} - X(J-I)

D{J} : (Y( J)- Y(J- 1)} / A(J) ]

E

o<

.---J

]

t C{N3 3. :'(SL.O'DEN-D(N))/A(,%) ]

B(N) _0. 5

K_=N

--_ "l'= Z. _ (A (2,') _ A(.N- 11)BfN') : .q[.OPt-:N _ N

i

T:I, *A(N) _A(N- I)*A[N- 11SLOPEN :: 0. 0

|

C(N-I):(6 '-{D(?C}-D(N-IJ)-SLOPHN*A(N)} IT

B(N- I}:A(N-I)IT

K_N-I

}1.1=2

@..
K:N-J

T-2 *{A{H)+A[ H+I)}-A(K+I }_'B(K-_ 1)

B(N) =A(K)/T

C( V0-[6, *{D( K+ 1 )-D(K))-AIK+I )* C(K+I)}/T

1
|

B(I) =(6. _'(D{Z}-SLOPEO)-C(2)*A(2)}/{A(?.)*(£. -B(21)} ]

IK1 =2

, 11

i tl{l) : SIX)i'Fo [B{Zl : C(2)-B(2)_,B(I)

Z_(l}=(b 'c(D(31-D(al)-A{3)-:'C(JiH(3. *A(')*A(3)'_(2- -B(3))} [

B(Z):B( l } I

-,q

IB''L_-"J I

¢
TX - X{J}*{X(J)-X(J-t)-X(J-1))

TY = X(J-I)*{X(J)_X(J)-X(J-I)}

A{J-I) : {B(J)-B(J-I)I/TA

C(J-I):D(J}+(B(J)*(-TX}+2, *X(J-I}*TN-B(J-I)*TY-2 *X{JI*TM}/TA

B(J- 1) :(TM-TN)* 3. /TA

D{J- 1 ) -(TX*TN+TY*TMI/TA +YIJ- I )-X(J- 1 )*D(J)

E

T

U

R

N
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17. BMEVAL Subroutine

After a curve that is represented by a set of input coordinates has

been fit by the BHFIT 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 sear_cl_n! , for the set of coefficients corresponclin_ to the _,iven

value of the independent variable.

The e]even parameters that make up the call list of the BHEVAL Sub-

routine are as follows:

N - The number of coorciinatcs describing the curve

X - Contains values of the independent variable in increasing

order (ma:,:imum of I0())

Y - Corresponding values of the clcp_ndcnt wlrJabie (maxi_ntm! of 100)

VALU - Value of the independt_nt variable at whicll the curve is to be

evaluated.

L - Error signal

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

L = 0, curve is in range

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

A,B, - Contain the coefficients of the cubic equation for intervals

C,D

between each input coordinate (these coefficients are calculated

in the BMFIT Subroutine)

YVALU - The calculated value of the dependent variable corresponding to

VA LU

DERIV - Calculated value of the first derivative corresponding to VALU.
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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 is a detailed outline of the input procedure.

A sami)]c i_q_ut shc_t is shown in figtme 13, which corresponds to the out-

put results given in Paragraph B.

A. INPUT FORMAT

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 - ]6. Depending on the gas model option, the para-

meters 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 ] 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 -- Any information to be printed as a heading at the

beginning of the output will be placed in columns 7-72.

EM -- Design or exit Mach number

b. Gas Model Option

(1) Perfect Gas (Constant Specific Heat Ratio)

GAMMA -- Specific heat ratio

III-i



.

(z)

XN --

PC --

Ol)t ional Input

Name

FCOY

FM

CYI.,HT

XN t_l

WEXP/_N

EX I'M ,%X

DELTB

FPRINT

CFI

DRAG

Pratt & Whitney I::lircraft
PWA FR-1021

Volume IV

Ideal Gas (Table of gas properties is required and must follow

the END, card)

(a) Local Sound Speeds Calculated by Program

XN -- The number of cards in the table of gas properties

PC -- Chamber pressure, psi

(b) Loca] Frozen Sound Speeds from Table of Gas Properties

FROZ[.I:_ 3:ust be non-zero

The numbc_r of cards in the table of gas properties

Chamber pressure, psi

Bui].t-In De:scrip tion

Value

1.0

1. 005

.01

60.

.0001

0.0

.003

.Oil

FCON = ].0, axisvmmetric flow

FCON : 0.0, [wo-dimensionn] flow

Throat: Math nm,J)cr or Mach

number at which calculations end

Ratio of the plug height tc throat

radius at the exit

Number of points on the exit Hach

line

Initial increment of velocity for

corner expansion

Maximum expansion increment

Increment of tan 0 for bracketing

contour point: in PLUGPT Subroutine

FPRINT = 0.0, no flow field print

FPRINT = 1.0, flow field print

Incompressible skin friction coefficient

along nozzle contour

Thrust loss at the throat
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TOLMF

XTOL

Built-In

Value

.000001

.000005

Pill -. 5
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Description

Tolerance on mass flow balance

Iteration tolerance for Mach line

intersections

Angle of rotation for interior point

intersections (rad ians)

A card with END in columns 1 - 3 must follow the last optional 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, aal the second card contains

lbf-sec) at the throat:. Eachin column 2 - 15 tile specific impulse, ibm '

of the r_;maiE_in-,_ cards must contain corresponding values of specific im-

pulse ( lbf-sec/_rn / , pressure (psi), and density (lbm/ft 3) in columns

2-15, 16-29, and 30-43, respectively, with the local sound speed (ft/sec)

in columns 58 71.

B. OUTPUT DESCRIPTION

The lirst page of the output includes the title and values of important

input parameters. If ther_ is no flow field printout, the following lines

of output beginning on the next page are the nine performance parameters at

points along the contour, as explained in the PERFO Subroutine. A sample

of the program output is shown in figures 14a and ]4b.

C. PROCEDURES FOR COP,RECTING PROGRAM FAII, L_RES

If the flow field construction is close to the throat, it is normal

for the calculations to end due to a subsonic velocity before the desired

minimum velocity is reached. Even though a program failure is indicated,

the performance is printed beginning with the point of the smallest super-

sonic velocity calculated on the contour.
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Whenever any failure occurs, the performance of any portion of the

contour uhich has been calculated will be printed. If the smallest Mach

number is not reasonably close to Mach I, usually one of the following

procedures will allow the flow field to be constructed closer to the throat.

I. If the mesh is too large, increase the number of points on the

exit Mach line with a larger value for Xh_b_ and/or decrease the

expar-_ion i.ncrc:._cnt wit_L a :;_,'.a]]er vah'c _or EXP.',_AX.

2. For an iteration failure of the mass flow balance in the PLUGPT

Subroutine, adjust cylinder height and/or the iteration tolerance.

3. For high exit Mach number designs the f]ow is turned more than 90 °

at the expansion point. In this case, the program ends calculations

when the Y/R t coordinate on the contour i,,;greater than 1.0.
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M

APPENDIX A

S 57MBOL TABLE

Theoretical throat area

Local speed of sound

Coefficient of friction

Gross thrust coefficient

Net thrust coefficient

Specific impulse

Mach number

Pressure

Pratt &Whitney Iqircraft
P_¢A Fit-1021

Vo] u:ue IV

V
llla×

V
soFlic

W

O'

2

Naximum velocity

Sonic velocity

Velocity ratio; either V/Vma x or g/Vsoni c

Mass flow rate

Flach angle

Ratio of specific heats

Density

=I for axisymmetric flow

=0 for two-dimensional flow

Angle between velocity vector and axis of symmetry

A-I



Variable

A1

A2

A3

AL

.ZMFLOW

A

ASTAR

B1

B2

B3

BL

CI

C2

C3

CFI

CL

Dimension

i00

i00

IOO

200,6

JO0

IO0

iO0

500,6

I00

I00

100

500,6

Pratt &Whitney Aircraft
PWA FR-I02]

Volume IV

API'ENDIX B

FORTRA:,' SYM};01, TABI,E

(co}mIo_<)

Description

Coefficients of X 3 for c vs W beam fit

Coefficients of X 3 for f. vs W beam fit

Coefficients of X 3 for P vs W beam fit

Variable used to store, X, Y, tan e, w, tan cz, and

w on a dov_ Mach ]ine

Accumulated mass flow

For storing X, Y, tan r., W, and tan _,; usually

represents the point on an u[, I'lach line

Minimum throat area

X 2Coefficients of for c vs W beam fit

2
Coefficients of X for F_ vs W beam fit

2
Coefficients of X for P vs _,lbeam fit

VariabJe used to store, X, Y, tan 0, W, tan _ aild

_i'on a de;_nl Mach line

For storing X, Y, tan 6, W, and tan c_; usually

represents the point on a down Hach line

Coefficients of X for c vs W beam fit

Coefficients of X for $ vs W beam fit

Coefficients of X for P vs W beam fit

Incompressible coefficient of skin friction

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

and _b at calculated points along the contour

For storing X, Y, tan G, W, and tan c_; normal]y

used in the calculation of a Mach line inter-

section
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Vari able

CYLHT

D]

D2

D3

DEI/I'B

DRAG

EM

EXPH;C(

FCON

FM

F P R ] 2;T

FiIOZE[_"

NCP

N

NUM

PC

P

RHOSON

RO

Di mens icn

I00

lOO

100

I00

100

Description

Pratt &Whitney Aircraft
PWA FR-!0:'I

Volume ]_r

Value of Y/R at the exit contour point

Contains the constants from the beam fit of

sound speeds

Contains the constants from the beam fit: of

densi ties

Cont:ain._ the constant_ from the beam fit of

[) F _2 _ b; L; F t_' >;

Increm_ent of tan 6 for bracl:eting a contour

point in mass flow balance iteration

Value.' of accumulated drag along contour

Input value of exit Math number

Maximum incrcmc'nt of W for ct_ri,,t_r u:.:]_ansio_:

Indicates tw_-clJncnsic:_.al or a:,:is\,m,_:_,_tric f!c,,,s

Input .Math number for constank Hath numbe_

starti,n_; line

Indicat___s whether flow field is to be pripted

For an idea] _;a.';this indicates that input

values of local frozen sound speeds are usc:5

Specific heat rat:io \q}ICH cont;tant

The number of the first supersonic value of

W in table of gas properties

The number of calculated contour points

Number of cards making up table of gas pro-

perties

The number of points along exit Mach line

Chamber pressure, psi, [or ideal gas option

Contains the values of pressure for idea] gas

Density evaluated at the sonic velocity

Contains the valuus of density for ideal gas
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Variable

SONICV

TITLE

TMFLOW

TOIMF

VS

WFXPAN

W

WSOC 2

XN

XN[_I

XTOL

Dimens ion

10

100

I00

Pratt & Whitney Aircraft

PWA FR-102t

Volumc IV

Desc ript ion

The sonic velocity

To store and print the title cnrd

Total ma._s flow through the nozzle

Iteration tolerance on mass flow balance

Contains the values of local sound speeds for

ideal ,,_a ,,_

Starting increment of W for corner expansion

Contain,_ the values of velocity rat:io for ideal

gas
The sonic velocity squared

Floating point variable for N

Floating point varJa_,_]c for NUM

Iteration tolerance, for Math line int<_rsecti_,.ns.

I
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