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FORE WORD 

This document presents the results of work performed by 

the Fluid Mechanics Section of the Aeromechanics Department 
of Lockheed's Huntsville Research & Engineering Center. This 

report is Volume 1 of a four-part f i n a l  report, as required to 

f u l f i l l  Contract NAS7-761. 
Liquid Propulsion Section of Jet Propulsion Laboratories, Mr . 
Wolfgang Simon, Technical Manager. 

This work was sponsored by the 

This document constitutes Volume IV of a four-part final 

report. The other three volumes, printed separately, are: 

Volume I - llSummary Volume - Method of Char - 
acteristics Plot Program," LMSC-HREC 0162220-1 
Volume I1 - ITJser's Manual - Method of Character- 
is tic s Plot Program," LMS C -HRE C D 16 2220 -11 

Volume 111 - "Solution of'Non-Isoenergetic Super - 
sonic Flows by the Method of Characteristics," 
LMSC -HRE C 43 1 6 2220 -TU. 

REVISION NOTICE 

Lockheed Missiles & Space Company, hc . ,  Huntsville 
Research & Engineering Center Technical Report HREC-7761-1 

(D162220-I), entitled t l U s e r r s  Manual - Variable O/F Ratio 
Method of Characteristics Program for Nozzle and Plume 

Analysis,'' dated June 1971 is revised as indicated below, 

Revision A changes the document number from HREC- 
7761-1, 0162220-1 to HREC-7761-4, D162220-IV. 

Revision A affects title page and pages ii, 2-3,2-4, 2-6,2-7 
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SYMBOLS AND NOTATIONS 
Description 

Mach number 
Itgas constant" 

radial coordinate 
axial coordinate 

normal coordinate 
pr e s sur e 
temperature 
entropy 
velo c it y 

mass flow 
area ratio 

weight flow 
area 

isentropic exponent 
turning angle through shock 

shock angle 
flow angle 

Mach angle 
characteristic angle 

dens it y 

equation modifier 

operation function 

point description information 

f r e es t  r e a m  conditions 

s ta gnat ion c ond i tions 

boundary conditions 
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Section 1 

INT RODUCTZON 

A precise knowledge of local flow properties in nozzles and exhaust 

plumes is necessary for performance, radiation, attenuation, heat transfer 

and impingement analyses. All of these analyses are dependent on an  accu- 

rate kncwledge of the environment. 

Lockheed Missiles & Space Company, Huntsville Research 8r Engineering 
Center has developed, under the sponsorship of several governmeLLa1 agencies, 

a two-dimensional o r  axisymmetric method-of-characteristics program. 
program is applicable for problems involving supersonic flow of an inviscid, 

adiabatic reacting gas in thermal equilibrium. 

The 

Areas of particular interest a r e  modifications to the existing program 
to expand the capabilities and flexibility of the program. 
capability to handle O/F gradients within the flowfield has been incorporated. 

h particular the 

As a preliminary step in the plume analysis, an accurate knowledge of 

the nozzle flow field is  required. Both nozele and plume calculations are per- 
formed with the same program. This program is a versatile, user-oriented, 
analytical tool which is capable of producing all of the gas dynamic nozzle or 
plume data required for an impingement analysis. 
solution for a 

The user may choose a 

1. nozzle only, 

2. plume only, 

3. combination nozzle and plume, 
depending on the options and starling data selected. This program has been 

in use for several years and experience has led to  a continual refinement of 

the calculational procedure. 

1-1 

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER 



LMSC/HREC I3162220 -1V 

This document was prepared to facilitate operation and understanding 
of the program, 
Answers to any questions pertaining to the operation of the program should 
be found in this document or in the program listing. Questions involving 

initial assumptions made in applying the general theory can be answered by 
referring to Volume ZII of this document or to the Appendix. 

Descriptions of the individual routines are presented. 
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Section 2 

PROGRAM CAPABILITIES AND APPLICATIONS 

2.1 CAPABILITIES 

The nozzle and plume computer program described in this document 
can be used'to solve a wide variety of problems in real gas, supersonic, 

compressible flow. Capabilities were previously discussed in Ref. 1; how- 
ever, as improvements continue to  be made to the basic program 

capabilities evolve. 

existing program a re  outlined below: 

new 

Some of the more important, basic capabilities of the 

0 The gas mazy be ideal or real. If real, frozen or  equilibrium 
assumptions can be =de. 
considered. 

0 Two-dimensional or axisymmetric problem geometry can be 
used. 

0 Both upper and lower boundaries can be solid or free. 
solid boundary can be approximated by either a conic or  pdy- 
nomial equation. ) 

0 A nozzle wall may be curve fit with discrete points. 

0 One compression corner on the upper wall can be calculated. 
(Any number m a y  be considered if the problem is re-started 
each time. ) 

0 The number of Prandtl-Meyer rays to be computed around 
expansion corner discontinuities may be input. 

4 Any number of expansion corners can be considered on either 
the upper or lower wall. 

0 Various methods for obtaining an  initial start  line are utilized. 

1. The program will calculate a one-dimensional start  line 
anywhere in the nozzle. 

2. The program will calculate a start  line at points within 
the nozzle necessary t o  conserve mass. 

3. Characteristic data can be input at points across the flow 
field within the nozzle o r  in the plume. 

Oxidizer/fuel gradients m a y  be 

(A 
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4. Any right running characteristic line can be used for a 
start line. (See page 2-10.) 

5. Any left running characteristic line can be used (may be 
in combination with a normal start  line). (See page 2-10.) 

6. Any left running line m a y  be input with a right running 
shock crossing it. (See page 3- 15 .) 

0 Hypersonic or quiescent approach flow options may be used. 

0 Exit to  ambient pressure ratios f rom over expanded to highly 
under expanded a r e  possible. 

0 Viscous boundary layer approximations at the nozzle lip a r e  
available. 

0 Displacement of the a x i s  of symmetry from the center of flow 
(i. e., the plug nozzle flow field) is possible. 

(See page 3-25 and Appendix.) 

Reacting gas solutions have been facilitated by modifying the Chemical 

Equilibrium Composition Program (CEC) (Ref. 2) to provide binary tape and 
punched output of its equilibrium or  frozen real gas calculations at any desired 
O/F ratio(s). The Method-of-Characteristics program has the capability for se- 

lecting the proper case from alarge set of real gas properties cases stored on a 
master tape, Lockht:ed/Huntsville's master tape presently consists of approxi- 
mately 70 cases and is continually being expanded. The method of generating this 

master tape is outlined in the diagram on the following page. 

a re  uniquely identified by some chzracteristic of the particular gas under 
consideration. 

Cases stored 

For example, a LOX/LH2 system may be identified by the 

following: 

Gas Typs Mixture Ratio Chamber Pressure 

02/H2 O/F = 1.5 -8.0 PG = 546.0 

New cases of general interest m a y  be added to the master tape; however, 
ad hoc cases should be prepared on a separate tape. Tape preparation 

sequence and c anmunication with the Method-of -Characteristics program 
is diagrammed on the following page. 

Once t5e method-of -characteristics solution has been obtained, the 

output tape may be used to map the flowfield using the method of characteristics 
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..__-_ .. 

NASA/Lewis 

Binary Tape Containing Raw 
Gas Property Data 

Punched Data 

P 

Gas Name 

p&-, 

Nozzle 

I. .. 

Method of 

r +  Input Data 
Printed Characteristic + J  E 

Plume 
Solution 

Method of 

Characteristic 6 Radia l  Plot 
.) Characteristics Method of 

Plot Program P r og ram 

SC 4020 
OUtDUt 

W 
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Plot Program described in Volume III. 
Method-of -Characteristics Radial Plot Program (Ref. 3) which determines 
the radial variations of flowfield properties across the nozzle and plume flow- 

f i e lds  at constant axial stations. 
(Ref. 4) m a y  also be run todetermine the effects of the rocket exhaust plume on 

objects immersed in the plume. 

grams with the Method-of-Characteristics program is on the preceding page. 

The output tape may be used by the 

The Plume Impingement Program (PLIMP) 

Sequencing and communication of auxiliary pro- 

Two-dimensional or a r i a  ymmetric tvLlutions are selected by sirnply load- 

ing a control word in the program input iata. 
multiplied by the term containing (l/r) in the governing differential equation. 

By appropriate description of the flow boundaries, it is possible to change 
from a solid to free boundary on either the upper or lower walls. 

i t  is not possible to change from a free to a solid boundary on either wall. 

This integer (0  or  1) is then 

Conversely, 

Compression corners are allowed only on the upper wall. Because the 

program is restricted to a single shock within the flow field, the number of 
compression corners is limited to one, 

be handled, thus 

wall. 
can be inverted for this type of solution. Note that the programwill fortuitously 

handle two shocks i f  the first shock terminates by intersecting a lower free 
boundary before the second shock begins. 

Also, right-running shocks only can 
no provision exists for compression corners on the lower 

Remembering that a mir ror  image sohation is possible, the problem 

By choosing an input option, it is possible for the program to automati- 

cally reflect a shock which intersects the horizontal axis. 
illustrated in Section 2.2 and explained in the Appendix. 

The method is 

When a shock interszcts the horizotltal axis and the automatic reflection 

option has  not been flagged, the solution may be restarted by inverting the prob- 
lem and "regularly" reflecting the shock. A shock is "regukrly" reflected by 

inverting the problem and using start line options to initiate the reflected 

shocks (Sections 2.2, 3.1.1 and 3.1.2). 

which has terminated at a "Mach Disc," a boudary  equation simulating a cylin- 
d r i ca l  ltpipe" must be used t o  approximate the subsonic region (Section 2.2). 

When a restart is required for a sh.ock 
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Problem solid boundaries can be described by a set  of discrete points. The 

set of points is spline fit with individual polynomials for each pair of points; 
consistent with the polynomial boundary specification option of the program. 
SFcif ic  usage instructions for this option are included in the input Section 

(3.1.1). 

Shock wave calculations may be discontinued when the shock strength 
decreases to an insignificant value. 
in its usual manner until the change in stagnation pressure becomes less 

than a given input percentage. After the criterion is satisfied, the shock 

will no longer be iterated. If a value for the percentage change is not pro- 
vided in the input, the shock will be computed in its usual manner until the 

percentage change drops below 0 .l. 

for this option.) 

The shock will continue to be calculated 

(See Section 3.1.1 for description of input 

The program computes nozzle thrust by integrating the pressure dis- 

tribution along the nozzle wall, including the thrust increment between the 
last characteristic line inside the nozzle and the Prandtl-Meyer expansion 

at the nozzle lip. 
a t  each nozzle wall point is also calculated. 

The vacuum specific impulse and nozzle thrust coefficient 

A mesh control option exists whereby the maximum and n,inimum char-  
acteristic mesh size can be controlled by input to the program. Mesh control 
increases program accuracy in large vacuum plume calculations. A descrip- 

tion of mesh control is contained in the Appendix. 

Tke streamline at each characteristic data point is calculated and stored 
on the  output tape. 

2.2 APPLICATIONS 

The most cornmon applications of this program a r e  in the areas  of 

standard locket nozzles and axisymmetric plumes. 
f i e l d s  can be treated, however, if the user is famiiisr with the flexibility of 

Many other complex flow 
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the program and its options. Several problems are discussed in the remaining 
paragraphs of this section to illustrate the versatility of the program. 

Consider the boundary conditions given below. This problem w a s  run 
two-dimensionally (although it could just as well have been asixymmetric) 
for the purpose of program demonstration. 

The problem above, while being restricted to one compression corner, 
could have had more expansion corners illustrating a more complex case. 

Another problem depicting the program's versatility is the following: 

External Flow - Free Boundary 

Shock Waves 

uer Free Boundary 

Internal 
Flow 
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The restriction that the flow remain supersonic (inherent in the method- 
of-characteristics solution) must be observed through the flow field. 

External flow can be simulated by specifying the necessary stagnation 
conditions a d  inserting a two-dimensional or axisymmetric object in the 
flow field. 

- -  
0 \ 

f To = \ 

I- - 

- / Po - 1 R =  
Y =  L (External to Shock 
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The method of manually reflecting a shock "regularly" or through a 

"Mach rcflcction" is outlined below. 

a Initial Run (right side up) 
Plume Boundary J- 

.c, 

Incident Shock 
ated to axis of symmetry) 

Problem Termination 

Axis of Symmetry 

Solid Upper Boundary 
at Axis of Symmetry 

@ Restart (regular reflection) 

- -  
Exit 
Plane eflected 

Shock 

Nozzle 

@ Restart (Mach reflection) 

Nozzle 

- -  
Exit 
Plane 

Upper Bound 

eflected Shoc!. 

T-- 
\plume Boundary-/ 

'ree Lower Bound 
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When the automatic reflection option is selected and a shock terminates 

at the lower boundary the program will automatically reflect the shock as  out- 

lined in the diagrams below. 

Example of Automatic Restart 

Plume Boundary 

Shock Points 

Incident Shock 

Nozzle 

k- Initial Problem Termination 

Plume Boundary m 
Shock Points 

Incident Shock 

Nozzle 

k- Initial Problem Termination 

Symmet:y 

/Start Line is 
/ Determined from 

1 

1, 

Flow Field. Data 
Up to the Shock 

New Start Line Intersection with 
Lower Boundary 

/ ShocL Points 
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The subsequent sketches illustrate the start line options available to the 

uscr to begin the method of characteristics solution. 
normal start lines obtained by specifying the same axial location of the upper 
and lower limits of the start  line. Lines d ,  e and f a r e  right-running s tar t  

lines obtained by specifying different locations of the upper and lower limits 

of the s tar t  line. Lines g, h and i a re  left-running start  lines. All three 

types of s tar t  lines m a y  be input or  calculated by specifying the Mach number 
along the s tar t  line, the area ratio (A/A ) a t  the start line, or by using con- 
servation of mass and the Mach number at the upper wall. Lines a, d and g 

may not be calculated by area ratio since they initiate from the nozzle throat. 

Lines a, b and c a r e  

* 

The options available to manually input a s tar t  line for a reflected sho& 
case a r e  explained and illustrated in Section 3.1.2 (ICON(9)). 

2- 10 

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER 



P P 

LMSC/HREC D162220-IV 

Section 3 
DISCUSSION 

The program consists of 66 active subroutines and functions which per- 
form all the required calculations in the nozzle and plume. This building 
block approach simplifies troubleshooting, operation and modifications. 

Each of the 66 routines is explainec! separately. 
chart (Fig. 3.1) , and a breakdown or' the routines according to  function a r e  

In addition, a general flow 

presented. 

The input instructions and description of the Input FORTRAN symbols 
a re  covered in the input section. 

output section. Also included is a list of a l l  the common block variables 
along with a definition or use of each variable. 

The output interpretation is covered in the 

3 . 1  INPUT INSTRUCTIONS 

This subsection contains a detailed description of the program input 

instructions as follows: 

0 Detailed input guide 

0 Detailed description of the input F O R T W  symbols 
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3.1.1 Detailed Guide for Input Data to MOC-O/F Pro ram 
(Section 3.1.2 contains a detailed description o B each of the input variables) 

CARD NO. 1 Problem Title o r  Identification 

Format: l2A6  

COlS. 1-72 HEADER(1) Comment card, header information such 
as problem title may go on this card. It 
is printed at the top of each page of output. 

CARD NO. 2 Run Control Card 

Format: 1615 (right adjusted) 
Col 5 

Col 9 

Col 10 

c o  
c o  

ICON(2) 

ICON( 1) 1 Read cards for gas properties 

ICON(2) 0 Regular s tar t  line (other than right o r  

1 Right-running characteristic start  line 
2 Left-running ChLracteristics start line 
0 Straight start line M iven 
I Source start line A/A given 
2 Starting line input 
3 

Number of starting line points (50 max) 
Number of upper boundary equations including 
free boundary equation (100 m a )  

2 Read tape 10 (A6) for gas properties 

left running) 

$[ 

Starting line calculated by conservation of 
mass using a linear Mach number distributioi 

3) 
4) 

s 14, 15 ICON 
s 18-20 ICOh 

Option for ICON (4) when upper boundary ?s to  be curve fit 

Cols 17-20 ICON(4) 1000 t number of discrete points specifying 
upper boundary t 2,  w.here the 2 represents 
the nozzle throat equation and the free 
boundary equation 

(100 max) 
Cols 23-25 ICON( 5) Number of lower boundary equations 

Option for ICON(5) when lower boundary is to  be curve f i t  

Cols 22-25 ICON( 5) 1000 f number of discrete points specifying 
lower boundary t 2, where the 2 represents 
the nozzle throat equation and the free 
boundary equation. 

Col27 ICON (6) 0 The start line will not be output on 
punched cards 

1 The start line will be punched on cards 
in the form of Card 9. (This start l ine  
can be used to  manually restart an 
18automatic'8 shock reflection i f  the p ro  
blem terminates incorrectly after the 
shock is reflected by the program.) 
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(Card No. 2 Continued) 

Col 28-29 ICON( 6 )  

Col 30 ICON( 6) 

N The boundary equation at which it is 
desired to begin the characteristic 
solution to  automatically restart  a 
reflected shock. This must he an 
upper solid wall equation (see Section 
3.1.2) 

0 Only the flowfield data generated after 
a shock is automatically reflected wi l l  
be saved on the output tape. 

1 I h e  data generated before a shock is 
automatically reflected will be saved on 
the first file of the output tape and the 
flowfield data generated after the shock 
i s  reflected will be written on the second 
file of the flowfield tape.(This option re-  
quires the use of computer system routines 
which space past records on data tapes.) 

NOTE: ICON(6) is the controlling flag fo r  the "automatic" shock reflection. 
Cards 13, 14 and 15 are also required for "automatic" reflection. 

Col 39 

Col4U 

ICON( 8) 

ICON(8) 

Cols 41 -43 ICON( 9) 

Cols 44,45 ICON(9) 

Col35 ICON( 7) 0 Two -dimensional solution 

Cols 37-38 ICON( 8 ) 
1 Axisymmetric solution 
This option controls the type of output ob- 
tained after the problem has reached a f ree  
boundary equation. 
used ir, cols 37-38 as in 39 and 40. 
blanks are  used in Cols 37-38 then Cols 39 
and 40 wi l l  control the printout for the en- 
t i r e  run. (Ref. Section 3.1.2). 
0 Full output 
1 Limited output (Boundary, shock, input and 
P-M points) 
1 One line output 
(R, X, M, THETA,.S, Shock Angle) 
2 Two lines, above plus 
(Mach Angle, P, Density, T, V) 
3 Three lines, aboze plug 
(MWT,GAMMA,TO , PO , S*) 
No. of left-running points up to and in- 
cluding upstream shock point. 
ICON(2)> 20 and shock crosses startjng 
line. (See Section 3.1.2, p. 3-14.) 
Number of regular start line points i f  
ICON(2) =- 20 
0 Not presently used 
Case number (prints at top of each page) 
0 Calculate shock wave 
1 No rotation option 

The same scheme is 
If 

Used when 

Go1 50 ICON( 10) 
Cols 51-55 ICON( 11) 
Col 60 ICON ( 12) 
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(Card No. 2 Continued) 

Col 65 ICON( 13) 

C O ~ S  69-70 ICON ( 14) 

Col 74 ISTOP 

Cols 75 ICON( 15) 

Col 80 ICON ( 1 6) 

0 Do not use the visccus option to  set 
up the start line 

1 Use the viscous option to set up a start 
line at anoeele exit plane. 
Section 3.1.2 and Appendix)* 

N Number of Prandtl-Meyer rays to be 
used in expansions 

0 Program will determine number of rays 
to  be used. 

0 Single case is being run 
1 Multiple cases are being run 
0 Mesh control is  not desired 
1 Mesh control is desired 

(Ref. Section 3.1.2 and Appendix) 

(See Card 12, 

0 No printout ** 
1 Printout intermediate data 

lie 

** 
Entire start  line must be a regular s tar t  line a t  the exit plane. 

This option causes intermediate calculations to be printed out during shock 
and pitot pressure calculations. This option was used during program check- 
out and is not generally required except for debugging purposes. 
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CARDNO. 3 

Format: 

Col 1 

Col 1 

Col 1 

Col 1 

Describes physical boundaries of the flow 
field. 
ICON(5) < 100. 

For use when ICON(4) and/or 

11, 3x, 11, 
5X, 6E10.6 

IWALL 1, Conic equation rt. 
R=A* (SQRT (BtC" XtD*X"*2)fE) 
(See Section 3.1.2 pg. 3- 17 for an example 
and description) 

R=A*X** 4 t B*X**3 t C*X**2 + D*X + E 
IWALL 2, Polynomial equation 

IWALL 3, Free boundary equation 
P=PINF* ( ltE*X)*( ltGAMMAINF*(MINF*SIN*(THETAB 

(See Section 3.1.2 pg.3-17for an example and description) 
IWALL 

- THETAINF))**2 

6, Free boundary equation of s a m e  form 
as IWALL=3, except oblique shock solution 
is used to  generate plume boundary. 
number 6 for f ree  stream approach flow in 
range of Mach 1.5 to 5.5. 

Use 

NOTE: The problem uses a i r  with a molecular weight of 28.966 for these 
oblique shock c alcula t ion s . 

Col 5 ITRANS 0 No discontinuity follows this equation 
ITRANS 1 Expansion corner follows this equation 
ITRANS 2 Compression corner follows this equation 
WALLCO(1, 1, J )  A(Jf IWALL = 1 or  Z), PINF (If IWALL=3) (Psfa) 
WALLCO(1, 2, 5 )  B(If IWALL = 1 o r  2), GAMMAINF (If IWALL=3) 
WALLCO(I,3, J )  C(If IWALL = 1 or  2), MINF (Lf IWALL=3) 
WALLCO(I,4, J) D(If IWALL = 1 or Z), THETAINF (If IWALL=3) 
WALLCO(I,5, J) E(If IWALL = 1 o r  2), E(Lf IWALL=3) 

Cols 11-20 
21-30 
3 1-40 
41-50 
51-60 
61-70 XMA.22 Maximum X value for which this equation 

applie s . 
NOTE: The coefficients of each equation a re  contained on a single card. 

As many cards, i.e., equations, as necessary to describe the 
boundaries a re  input. The units of physical dimensions affect only 
the thrust- calculations in which units of feet are assumed. 
boundary information is given first .  Program assumes that starting 
line is bounded by solid walls and that the equations are ordered 
with XMAX monotonically increasing. 

Upper 
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CARD NO.3A 

Format: 
Cols 1-10 

11-20 
21-30 
3 1-40 

6E10.6 
RC 
RT 
THETA 
xo 

- -  
Optional, physical flowfield boundary con- 
dition for use when ICON(4) and/or ICON( 5) 
> 1000. 

Radius of curvature of nozzle throat 
Radius of nozzle throat 
Nozzle throat divergence angle 
Axial coordinate shift (Axial distance from 
the origin of the coordinate system to the 
throat) 

Cols 1-1u XIN(1) ' '-Each pair  of XIN(1) and YIN(1) 'represents 
11-20 Y IN( I) a discrete point f o r  spline-fitting of the 
21-30 XIN( It 1 ) nozzle solid boundary. As many of these 
31-40 points as necessary can be input to a 
41-50 X1N( 14-2) maximum of 100. Poi.;ts must be input 
51-60 Y IN( I+ 2) with XIN(1; monotonically increasing. 

YIN(1t 1) 

NOTE: The first point describing the wall must be downstream of the 
throat equation. 

Cols 1-10 XIN (It 3 ) 
YIN (It3) 

etc 

Format: 11, JX, 11, 
5X, 6E10.6 

Col 1 IWALL 3 Free boundary equation 

Col 5 ITRANS 0 No discontinuity follows this equation. 

Col 11-20 WALLCO PINF 
21 -30 I I  

31-40 I t  MINI? 
41-50 I 1  

51 -60 II E 
61 -70 II XNLAX 

GAMMAlNF 

THETAINF 

NOTE: Optional boundary description, Card Type 3A, is set up specifically 
for  a rocket nozzle. 
which is followed by cards containing sets of discrete points, tLree 
per card, describing the nozzle contour. 
matically spline-fit to fcrm equations for  the contour. 
that a f ree  Foundary equation follows the last nozzle point. 
types 3 and 3A may be mixed, i.e., the upper bouedary may be 
described by type 3A while the lower boundary is described by type 
3,  or  vice versa. 
for a given boundary. 

The first card describes the nozzle throat, 

The points will be auto- 
It is assumed 

Card 

Card type 3 and 3A may not be used simultaneously 
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CARD NO. 4 

Format: 4A6, 5X, A3, 

Cols 1-24 ALPHA 
6X, 12, 3X, 12 

Cols 30-32 UNITS 

Cols 39-40 IOF 
Cols 44-45 IS 

CARD NO. 5 

Format: 
Cols 1-10 

CARD N 0 . 6  

Format: 

Col 1-10 
Col 19,ZO 

CARD NO. 7 

Format: 

Cols 1-10 
Cols 11-20 

COlS 21-30 
Cols 31-40 
C O l S  41-50 

E10.6 
OFRAT 

E10.6, 8X,I2 
STAB 
IVTAB 

5E10.6 

TAB@, J, K, 1) 
TAB(1, J, K, 2) 

TAB& J, K, 3) 
TAB(I, J, K, 4) 
TAB(1, J, K, 5) 

Gas Identification and Gas Property Input 
C ont r ol 

Gas name, identification for real gas 
properties on tape. 
when gas properties a re  input via cards. 
ENG English units a r e  to be input (cards only) 
MKS Metric units (cards o r  tape) 
Number of O/F cuts, l ,min., 10 max. 
Number of entropy cuts (ignored for tape, 
1 for ideal gab, 2 max .for r e d g a s  via cards). 
O/F value of each table (must be input even 
if constant O/F case is run). O/F tables must 
be input with U / F  values monotonically inereasin,:, . 

May be any name 

Entropy value and number of velocity cuts. 
(Not  input i f  ICON(1) = 2, i.e., gas proper- 
ties via tape; 0.0 i f  ideal.) 

Entropy value 
Number of Mach numbers for this entropy 
value 13 max, (1 if ideal gas) 

This card(s) gives the Mach number and 
associated gas pmperties a t  that Mach 
number and entropy. 

Mach number 
Gas  constant (R) i f  UNITS = ENG, Molec- 
ular weight (MWT) If UNITS = MKS. 
GAMMA 
Temperature at this Mach number 
Pressure at this Mach number 
Units 

Pressure Atmospheres psfa 
Gas Constant (R) (Molecular 1545.2~ 

ENG - MKS - -- 
Tempeyature OK OR 

Weight) 3 2.2 /Mwt 
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(Card 7 continued) 

NOTE: I€ two O/F tables were input with 2 entropy tables and 10 velocity 
IIcuts'' for cach entropy the cards would be arranged as follows: 

Card 5 
Card 6 
Cards 7 (10 ea) 
Card 6 
Card 7 (10 ea) 
Card 5 
Card 6 
Card 7 (10 ea) 
Card 6 
Card 7 (10 ea) 

NOTE: Card6 number 5, 6, and 7 are omitted if gas Froperties are input 
via tape. 
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CARL) NO, 8 

Format: 
Cols 1-10 

Cols 11-20 

Cols 21-30 
C d s  31-40 
Cols 41-50 

COlS 51-60 
Cols 61-70 

CARD NO. 9 

Format: 

Cols 1-10 
Cols 11-20 
Cols 21-30 
Cols 31-40 
Cols 41-50 
Cols 51-60 
Cols 51-60 

c018 61-70 

Cols 71-80 

8E10.6 

CORLIP ( 1 )  

CORLIP (2) 

CORLIP (3) 

STEP( 5) 
CORLLP (4 

. 

CORLIP( 5) 
STEP(6) 

8E10.6 

PSI(K, 1 )  
PSW, 2) 
PSI(K,:3) 
PSI(K, 4) 
PSI(K, 5) 
PSX(K, 6 )  
STEP( 5) 

STEP(6) 

PSI(K, 8 )  

This card specdies the necessary irfor- 
mation for the starting line. (If IGON(2) 
f 2, 12 or 22) (Ref. Section 3.1.2) 

Axial coordinate of upper limit of start 
line. 
Axial coordinate of lower limit of start 
line. 
Mach number or A/A* for start line. 
Entropy level of start line. 
Area of nozzle throat (units consistent 
with boundary equations) (Must be input 
for  thrust coefficient calculation). This .------ 

must also be input i f  the start line i6 
generated b conservation of mass. 
Constant 0 7 F value 
Minimum A P  for discontinuing shock calc. 
If zero is used the program assumes 
,001 (Ref. Section 3.1.2) . 

These cards a re  used to read in  a known 
starting line (ICON(2) = 2, 12 o r  22). 
Omit when Card no. 8 is used. As many 
of these cards are input as specified by 
ICON(3) on the run control card. Used 
only if ICON(2) = 2, 12, or 22. (Ref. Section 
3.1.2) 

Radial coordinate of this point 
Ax ia l  coordinate of this point 
Mach number of this Doint 
Flow angle of this point 
Entrcpy level of this point 
Shock angle of downstream shock point. 
For last card only STEP(5) where STEP(5) 
is the area of nozzle throat (units consistent 
with boundary equations, must be input for 
thrust calculation). 
For last card only STEP(6) where STEP(6) 
is the minimum AP for discontinuing shock 
calculation. 
Value of O/F at each starting line point. 

NOTE: To use the variable O/F capability, supply a value of O/F for each 
input point. 
line input. 
set O/F constant on card 8. . 

Option 2 for ICON(2), must be selected for starting 
Tor constant O/F operation supply one O/F table and 
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CARDNO. 10 

Format : 
Cols 1-10 
Cols 11-20 
Cols 21-30 
Cols 31-40 

COlS 41 -50 

Cols 51 -60 
Cols 61-70 

8E10.6 
CUTDAT (1 ) 
CUTDAT (2) 
CUTDAT ( 3) 
CUTDAT(4) 

CUTDAT(5) 

CUTDAT (6) 
STEP(3) 

Cols 71 -80 TINF 

CARD NO. 11 

Format: 6E10.6 

Cols 1-10 DIV(1) 
Cols 11-20 DIV(2) 
Cols 21-30 DW(3) 
Cols 31 -40 DIV(4) 
C O ~ S  41-50 DIV(5) 
Cols 51 -60 DIV(6) 

CARDNO. 12 

Format: 

Col I 

Cols 4, 5 
Cols 11-20 

COlS 21-30 

Sl, 2x, 12, 
5X, 2E10.6 

NPOWER 

NBLPTS 
XL 

c u  

This card contains the necessary informa- 
tion to limit the calculations to those areas 
of interest. 
in order to make these limits efficient for 
the many problem orientations which are 
possible. Units should be consistent with 
those used on card 3. (Ref. Section 3.1.2) 

An unusual scheme is employed 

Radial coordinate defining upper cutoff. 
Axial coordinate defining upper cutoff. 
Angle cutoff line makes with horizontal, 
Radial coordinate defining downstream 
cutoff. 
Axial coordinate defining downstream 
cut off . 
Angle cutoff line makes with horizontal. 
Pnint Insert Criteria. 
axial distance between two characteristic 
lines along the a x i s  exceeds Step (3) a new 
characteristic point will be inserted. 
nothing is input the program w i l l  use 10,000. 
Free  stream temperatnre (OR). 
i f  IWALL=6 on card 3. 

If the change in 

If 

U s e  only 

Mesh control parameters, controls mesh 
size by inserting o r  deleting points. Use 
this only i f  ICON(15) on Card 2 i s  greater 
than zero. (Ref. Section 3.1.2 and Appendix) 

Length control abs. A1 insert 
Length control abs. AI delete 
Mach No. control abs. AM insert  
Mach No. control abs. AM delete 
Flow angle control abs. Ae insert 
Flow angle control abs. Ae delete 

This card contains the input information 
for the viscous boundary layer option. 
this card only i f  ICON(13) on Card 2 is  
greater thau zero. 
Appendix ) 

Use 

(Ref. Section 3.1.2 a r i  

Reciprocal of the exponent of the velocity 
profile in the boundary layer 
Number of boundary layer points specified 
A characteristic 
length) 
Conversion factor €or mixed units of length. 

length (usually nozzle wall 
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Automatic Shock Reflection (Cards 13, 14, and 15) 

If the automatic shock reflection option is used a namelist must be used 

t o  change some of the original input data. 

ICON variables of Card 2, cutoff data of Card 10, mesh control criteria of 
Card 11 and point insert criteria of Card 10. The cutoff data must be changed 

to indicate a reflected o r  inverted case. 
10 are input in radians on the namelist. 

It is possible to change any of the 

Angle cutoff parameters of Card 

CARD NO. 13 (For reflected shock cases only) 

Col 2-7 $INPT2 Control card for namelist 

CARDNO. 14 

Format: 

COl2-72 

Free Field 

Changes to  data consisting of for example: 

Mesh control array - DIV(6) 

Point insert - STEP(3) 

*Cutoff data array - CUTDAT(6) * * 
*Control array - ICON( 16) 

A typical example of the namelist card is: 

CUTDAT(1) = loo., CUTDAT(2) = 0.0, CUTDAT(3) = 0.0 

DIV(1) =40. ,  ICON(6) = 1000 
CUTDAT(4) = -loo., CUTDAT(5) = 100.’ CUTDAT(6) = 1.57 

CARD NO. 15 

Col 2 - 5 ,  $END End of data card. 

* 
Cutoff data array is mandatory change to reset problem limits. 
namelist changes are  optional. 

A.ll other 
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3.1.2 Input FORTRAN Symbols 

Symbol Des c ript ion 

HEADER@) This ar ray  contains the problem descrip- 
tion which is written at the top of every 
page of printed output. This header in- 
put with Card 1 of the input data. 

ICON( 1 ) 

IC ON ( 2 ) 

ICON(3) 

Units (i appl) 

N/A 

Used to tell the program if the gas proper- 
ties a r e  read in from cards (ICON(1) = 1)  
or  read from tape 10 (A6)(ICON(1) = 2) 
which was generated by the NASA Lewis 
Thermochem Program and Tapgen program. 
After the gas properties have been written 
on the output tape ICON(1) is  used by sub- 
rautines TABLE and FABLE for communi- 
cation. 

program is to calculate or read in from 
cards. 
The first digit is a 0, 1 or 2 for a normal 
start  line, a right-running start line o r  
a left-running start line respectively. 
The second digit is a 0, 1 , 2  o r  3 for a 
straight start  line Mach No. given, source 
start  line A/A* given, starting line input 
o r  starting line calculated by conservation 
of m a s s  respectively. The second digit is 
used in subroutine PLUMIN for a computed 
go to statement wkich calculates o r  reads 
in the starting line depending on the type 
desired, 
PHASE 1 to  initialize the starting line 
into a usable a r ray  for beginning the 
method-of - c ha r ac ter is tic s solution. 

N/A 

ICON(2) is  the type of starting line the WA 

ICON(2) consists of 2 digits. 

The first digit is used in 

The total number of starting line points 
input or desired to be calculated by the 
program. 
determining when the starting line 
pcints a r e  used up. 

Used as a reference for 
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S.ylllbo1 

ICON(4) 

ICON(5) 

ICON(6) 

IGON(4) 
meter. 
input an 
ICON(4) 

Description 

is a dual purpose input para- 
When it is not desired to 
upper boundary with points, 
is the number of upper boundary 

Units - 
N f A  

equations and ICON(4) is used to  read in 
the desired number of upper boundary 
equations. When it is desired to curve- 
fit the upper boundary ICON(4) is 1000 
plus the number of discrete points speci- 
iying the upper boundary plus 2 where 2 
represents the nozzle throat equation and 
the free boundary equation. 
fit case ICON(4) is used to  read In the 
information on the nozzle throat equation, 
the points representing the wall and the 
f ree  boundary equation 

to  the lower boundary equations. 

information necessary to  automatically 
reflect a shock which intercepts the 
horizontal axis.. ICON(6) . is  a fou-.zdigit 
number. The first digit is a 0 i f  it is not 
desired to have the start  line punched and 
a 1 i f  it is desired that the s tar t  line 
be punched. 
are the number of the upper boundary 
equation which the program wi l l  use in 
restarting the problem. The program 
uses the last point on this upper boundary 
as the first point on the starting line. 
fourth digit is either a one or a zero. 

If a-one is used, an end of fxe  mark is 
placed after the MOC &ta already on 
the output tape. If a zero is used, the 
MOC output created after the shock is 
reflected is written over the original 
output which was created before the re-  
flection. This option requires system 
routines to space past end-of -file marks 
on flowfield tape which a re  not a part of 
the MOC program and must be a part of 
the individual computer system. 

For the curve 

Same as ICON(4) except IGON(5) applies 

This parameter supplies the program 

NIA 

N/A 

The second and third digits 

The 
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Symbol 

ICON(7) 

ICON( 8 )  

ICON(9) 

Des c r ipt ion 

The type of flowfield solution which is 
to be performed. 
dimensional solution and a (1) for an 
axisymmetric solution. ICON(7) is 
used in the mass flow calculations and 
in the axisymmetric t e rm of the com- 
patibility equation used for the sdlution 
of each characteristic poinc. 

ICON(8) indicates the type of printed out- 
put desired by the user. ICON(8) con- 
sists of two pairs of digits. The first 
pair controls the type of printout after 
the program begins using a f ree  boundary 
equation for problem limits. The second 
pair indicates the type of output desired 
before the program begins using a free 
boundary equation or throughout the 
entire plume if nothing is input for the 
first  two digits. 
pair controls the output at interior points 
on a characteristic line. 
used the program will print out informa- 
tion at every characteristic point. I€ a 
one is used, printout will occur only at 
the boundary and shock points. 
second digit is a 1 , 2  or 3 for one, two 
or thl'ee line output at each point. (See 
output example. ) 

A (0) for a two- 

The first digit of each 

If a zero is 

The 

ICON(9) is a dual purpose control for 
starting the characteristic solution of a 
reflected shock case. 
digits a r e  used for inputting the start 
line for a reflected shock case in which a 
left-running characteristic is crossed by 
the shock. 
to ta l  number of left-running points up to 
and including the upstream shock point. 
The last two digits a r e  numbers of regular 
start  line points. Two examples of this 
input are illustrated on the following page. 

The f i r s t  three 

These digits represent the 

Units 

W A  

3- 14 

L OCKttc L O .  HUNTSVILLE RESEARCH & ENGINEERING CENTER 



P P 

LMSC/HREC Dl62220 -1V-A 

Upstream 

Downstr earn - - Shock --c poin7 ‘L, / Shock Point 

Symbol 

ICON( 1 0) 

ICON( 1 1 ) 

ICON( 1 2) 

IcoN(2  j=22 
ICON( 3)=8 

Start 
ICON(9) =00704 
ICON( 2)=22 
ICON(3)= 12 

Description 

A flag which tells the program if a 
radiance tape is desired. A zero 
indicates no radiance tape and a 1, 
one tape, a 2, two tapes. The sub- 
routines for generating the radiance 
tapes are called through ICON(10) but 
the routines a r e  presently dummied 
out.(Sce Capabilities section. ) 

The case number for the problem 
under consideration. This number 
is printed out at the top of eachpage 

A 0 allows the program to calculate 
a shock wave while a 1 will cause 
the program to skip the shod calcu- 
lation. 
ICON(12) and ICROSS is used as a 
test for shock calculations. 

of output. 

ICROSS is set equal to  

Units - 
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Symbol 

ICON( 13) 

ICON( 14) 

ICON( 15) 

ICON( 1 6) 

MALL 

De s c r ipt ion 

Flag which tells program to use a vis- 
cous calculation in setting up the 
starting line! A zero does not read in 
viscous card and does not call subroutine 
VISCUS. A(1)reads in boundary layer 
information and ca;ls subroutine VISCUS 
which calculates a boundary layer then 
merges the supersonic portion of the 
boundary layer into the starting line. 

Units - 
W A  

ICON(L4) is the number of Prandtl--%€eyer N/A 
rays to be used by the program in any 
expansions encountered in the solution. 
A zero will allow the program to calcu- 
late the number of rays. The program 
finds the limiting expansion angle then 
divides this angle into the number of 
rays to numerically integrate the 
Prandtl- Meyer expans ion equation. 
ICON(15) is a twodigit number. 
first digit is a flag which allows 
multiple cases to  be run. When it is 
a 1 subroutine DRIVER reinitiates the 
program fo r  the second case. A zero 
terminates the program after the f i rs t  
case has terminated. The second 
digit is used for reading in mesh con- 
t rol  criteria. If it is a 1, the mesh con- 
t rol  cri teria a re  read in. Jf it is a 
xero,no mesh control is used in the 
solution. 
A f lag  which is set to a 1 will result in 
intermediate printout in  the shock 
solution subroutines. There will be 
no intermediate printout if ICON(16) 
is a 0. This parameter is useful in 
program checkout. 

The type of boundary equation which is 
used in checking a characteristic 
point against problem boundaries . 
A 1 indicates a conic equation, a 2 
a polynomial equation and a 3 a free 
boundary equation. (See following page 
for description and example .) 

The 

* 
At nozzle exit plane only, 
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A typical uso of thc conic equation i s  the throat of a nozzle. A sketch ol 
a nozzle throat region shows the coefficients of circular throat. 

RC - radius of curvature of the 
circular arc  of the throat 

RT - Throat radius 
XO - Axial distance from the origin 

of the coordinate system to  the 
throat 

ing to the inaxitnun axial value for 
which the throat conic equation 
applies 

8 - Throat divergence angle ccrrespond- 

I 

b-i 
The conic equation for this case would have the following form 

A =  

B =  
C =  
D =  

E =  

-1 for an upper equation, t1 for a lower equation 

(-1 fo r  this case) 

RC2 - X 0 2  
2x0 
-1 

-(RC t RT) 
Xmax = RC sin 0 t XO 

AD example of a free boundary is shown below. 

The freestream approach flow is 
inclined at 15 deg to  the plume with 
a gamma ( Y )  of 1.4, a Mach No. 
of l o . ,  and a static pressure of 
0.1 PSFA. 

THETAIN= 

)’ - GAMMAINF 

P - 0.1 Plume 
Boundary 

P I N F  = 0.1 PSFA 
E = 0 (No pressure variation with axial distance) 

GAMMAINF = 1.4 
MINF = 10 

THETAINF = - 1 5 O  
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Symbol 

ITRANS 

WALLCO(5) 

XMAX 

RC 

RT 

THETA 

Description 

Indicates whether or  not a discontinuity 
follows a particular boundary equation. 
ITRANS is used by the program in 
flaging calculations which will put a 
characteristic point at the exact loca- 
tion of the discontinuity (expansion o r  
compression corner) so that a Prandtl- 
Meyer expansion or shock calculation 
may beg in. 

The coefficients of the equations which 
describe the physical boundaries of the 
problems. These coefficients (A, B, 
C, D or  E) and (PINF, GAMMALW, 
MINF, THETINF or E) a re  used in 
either a conic or polynomial equation 
(A, B, C, D or  E) o r  a free boundary 
equation (PINF, GAMMAINF, MINF, 
THETINF or E) depending onwhat w a s  
used for IWALL. 
XMAX is the maximum axial coordinate 
for  which any one particular boundary 
equation is valid. XMAX is used by the 
program to  test when the next boundary 
equation in the WALLCO(1 00,6,2) a r r ay  
should be used to check characteristic 
points against the physical boundaries 
of the problem. 
6th position of the WALLCO array. 
RC, RT,  THETA, and XO a re  used 
when it is desired to  curve f i t  an upper 
o r  lower wall equation. 
radius of curvature of the nozzle throat 
and is used in calculating the equation 
of the nozzle throat. 
RT is the radius of the nozzle throat. 
RT is used in calculating the equation 
of the nozzle throat. 

XMAX is stored in the 

RC is the 

The nozzle throat divergence angle. 
THETA is used to determine the maxi- 
mum axial coordinate for which the 
nozzle throat equation will be applied. 

Units - 
W A  

The radial and 
axial components 
of the equations 
should be con- 
sistent with units 
for  the particular 
problem being 
run. 

Same as above. 

Consistent with 
the units in 
which XIN and 
YIN are input 

Consistent with 
the units in 
which XIN and 
YIN are input 
Degrees 

3-18 

LOCKHEEO - HUNTSVILLE RESEARCH 6 ENGINEERING CENTER 



P 

LMSC/HREC D162220 -1V 

s y rnbol 

XO 

XIN 

YIN 

ALPHA 

UNITS 

Description 

If the nozzle throat is  not at the origin 
then XO is the distance from the 
origin to the nozzle throat. 

The axial coordinate of a discrete 
point which is to be used in spline 
fitting the nozzle solid boundary. 

The radial coordinate of a wall point 
associated with a XIN coordinate. 
The gas name identifying the rual  gas 
properties on tape, This name is  
compared with the names of gas cases 
appearing on a master gas tape. When 
the program encounters the same case 
the gas data is read from the tape and 
stored for use by the program. If gas 
properties are to  be read in from cards 
the only limit on the name is that it 
satiszy the format. 
written out at the top of the pages which 
contain the gas data written out. 
Either ENG or MKS. 
for  cards only while MKS can be used 
for either cards or  tape. 
properties a r e  in MKS units, sub- 
routine GASRD changes the gas proper- 
ties to ENG units. 

ENG and MKS units a r e  as follows: 

This name is also 

ENG can be used 

If the gas 

Units - 
Consistent with 
the units in 
which XIN and 
YIN a r e  input. 
The units of XIN 
and YIN should 
be the same as 
the units the pro- 
gram uses in the 
s olut ion. 

ENG MKS 

R OK 
0 Temperature 

Entropy ft2/s ecZ0R cal/gram°K 
Pressure psfa ATM 
Gas constant 1 5 4 5 . 5 ~  32.174 

MWT MWT (molecular weight) 

Note: These units are used only for in- 
putting gas properties. Program uses 
ENG units internally. 
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Svmbol 

IOF 

Is 

OFRAT 

STAB 

IVTAB 

Des c ription 

The number of O/F ratio tables in the 
gas data. 
reading in gas properties f rom cards. 
The number of entropy cuts being con- 
ridered for each O/F ratio table. 
used for setting limits on calculations 
and reading in gas properties from cards. 
The O/F value for each O/F table. 
OFRAT is stored so that subroutine 
FABLE can locate the proper O/F tables 
to  locate local gas properties in the flow 
field. 
An entropy value associated with a 
table of velocity cuts at an O/F 
ratio. 
gas properties. 

The number of velocity cuts associated 
with a particular entropy cut. 

Used by the program for 

Also 

Used in table lookup for local 

TAB(1, J, K,@ The mach no. associated with a particu- 
lar velocity cut and entropy for an O/p 
table. 
The gas constant associated with the 
mach number and entropy for an O/F 
table. 

GAMMA. The ratio of specific heats 
at  a Mach no. and entropy for au O/F 
table. 
The static temperature at the Mach no. 
and entropy for a n  O/F table. 

The static pressure at the Mach no. and 
entropy for an O/F table 
The axial coordinate of the upper limit 
of the start  line. 
when it is desired for the pro ram to 
set  up the start  line. GORL&(Z) is 
used to find the radial coordinate and 
flow angle at  this axial coordinate. The 
resulting point is  the f i rs t  point on the 
s tar t  line. 

TAB(1, J, K,O) 

TAB(& J s  KQ) 

TAB& J, K@ 

TAB (1, J, KO) 
CORLIP(2) 

CORLIF(2) is read in 

Units - 
N/A 

ft2 ENG - 
secZ0R 
cal 

--grarnUK 

1545.4 x 32.174 
MWT 

MWT - MKS 

N/A 

GR - ENG 
K . - M K S  0 

PSFA - EN(; 
ATM -bikes 

Consistant with 
boiindary equa- 
t ion. units . 
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Symbol 

CORLP (6) 

CORLlP(4) 

CORLIP(5) 

CORLIP(8) 

CORLIP(9) 

STEP(6) 

PSJC! M) 

PSI( 2, M) 

PSI(3, M) 
PSI(4, M) 
PSI(5, M) 

PSI(6, M) 

Description 

The axial coordinate of the lower limit 
of the start  line. Used for locating the 
lower point on ,ihe start line. 

The Mach no. or A/A* for the start  
line location. 
up using A/A*, subroutine AOASTR is 
called with A/A* and the Machno. for 
the starting line is  determined. 
starting line Mach no. is used in sub- 
routine hiASCON for determining a Mach 
no. distribution at  the starting line. 
The entropy level of the starting line. 
Only used if the program sets up the 
starting line. 
The area of the nozzle throat. 
used fo r  thrust coefficient calculations. 

If tho, starting line is set 

The 

This is 

A constant O/F ratio across the starting 
line. This \?due is used only if the pro- 
gram is setting up the starting line. 
Note: The CORLIP values are used only 
if the program is to set UF the starting 
line. 
The minimum percent change in pitot total 
pressure across a shock for discontinuing 
shock calculation. 
shock strength. 
oblique shock theory i s  less  than Step (6 ) ,  
then no iteration i s  performed by subroutine 
SHOCK, thereby keeping the shock strength 
the same. 
gram, Step (6) is set to . O O l .  
For  an input starr line this is the radial 
coordinate for a particular starting 
line point. 

The axial coordinate of each start  line 
point. 

This is used t o  test  
If the percent change from 

If nothing is read into the pro- 

The Machno. at each start line point. 

The flow angle at each s tar t  line point. 

The entropy level at each starting line 
point, 

The shock angle downstream of the 
shock point on the start  line. This 
value is input on f i rs t  card only for a 
reflected shock case. 

Units - 
Consistent with 
boundary equa- 
tion units. 

N/A 

f t  2/s ec20R 

Consistant with 
boundary equa- 
tions. 

N/A 

Consistent with 
boundary equa- 
tion. 

Consistent with 
boucdary equa- 
t ions. 

N/A 
Degrees 

ft 2/s ec 20R 

Degrees 
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Symbol Description Units - 
PSI(8, M) 

CUTDAT(1) 

The value of the O/F ratio at each 
starting line point. 

The radial coordinate defining upper 
cutoff of the characteristic solution. 

CUTDAT(2) The axial coordinate defining upper 
cutoff. 
calculated whose axial coordinate 
falls behind this coordinate the char- 
acteristic line i; terminated and the 
next line started. 

If a characteristic point is 

CUTDAT(3) The angle the upper cutoff line makes 
with the horizontal. 
from the point formed by CUTDAT(1) 
and CUTDAT(2). If a cnaracteristic 
point is calculated which falls above 
this line the characteristic line is ter- 
minated and a new line begun. 
The radial coordinate defining down- 
stream cutoff. If  a characteristic 
point is calculated whose radial 
coordinate falls below this coordinate 
the line is terminated and a new char- 
acteristic line started. 

The axial coordinate defining down- 
strear. I cutoff. 

This line initiates 

CUTDAT(4) 

CUTDAT(5) 

CUTDAT ( 6 )  The angle the downstream cutoff line 
makes with the horizontal. The cut- 
off line initiates from the point formed 
by CbTDAT(4) and CUTDAT(5). If a. 
characteristic point is calculated which 
falls beyond (and direct) this line the 
characteristic line is terminated and a 
new line be gvn, 

Note: The problem is terminated when 
a characteristic line is started beyond 
the limits set by CUTDAT's 1-6. 

3-22 

Cons istent with 
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R 1  

Example of Cutoff Limits 

@ Lines Terminated due to Cutoff Limits Alone 

I 

t . 
c 

Q Lines Terminated due to Cutoff Limits 
and Free (Pressure) Boundary 

R 1  - CUTDAT(1) 
XI - CUTDAT(2) 

- CUTDAT(3) 
R2 - CUTDAT(4) 

- CUTDAT(5) 

Q2 - CUTDAT(6) 

@ - Line Termhated 
because of Cutoff 
Limits 

0 - Line Terminated 
because oi Free 
Boundary 

Characteristic 
Data Pcints along 
left-running char- 
acteristic lines 

x2 
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Symbol 

DIV(1) 

DIV(2) 

DIV(3) 

DIV(4) 

Units -- D e s c r ipt i on 

The maximum change in absolute length 
(axial o r  radial) between either of the 
two base points and a new characteris- 
tic point. I€ the change in distance is 
greater than this maximum a new point 
is addei, by the program. 

The minimum change in absolute length 
(axial o r  radial) between either of the 
two base points and a new characteris- 
t ic point. 
less than this minimum the new char- 
acteristic point will be deleted. 

Consistent with 
boundary equa- 
t ions. 

Consistent with 
boundary equa- 
t ions. 

If any change in length is 

The maximum change in Mach no. be- 
tween either of the two base points and 
a newly calculated base point. 
change in Mach no. exceeds this maxi- 
mum a new point will be inserted which 
will satisfy the criteria. 
The minimum change in Mach no. be- 
tween either of the two base points ana 
a newly calculated base point. 
change in Mach no. is not greeter +ban 
this value the point will be deleted. 

If the 

If che 

The maximum change in flow angle be- 
tween either of the two base points and 
the newly calculated point. 
in flow angle is greater than the maximum 
a new point is added which will satisfy the 
criteria. 
The minimum change in flow angle be- 
tween either of the two base points and 
the new characteristic point. 
change in flow angle is less  than this 
minimum then the point is deleted. 

If the change 

If the 

Note: Mesh control explained in detail 
in Appendix. 

Degrees 

Degrees 
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I 

Symbol 

NFOW ER 

XL 

NBLTS 

cu 

Description 

The reciprocal of the exponent of the 
velocity profile in the boundary layer. 
This  exponent is used only i f  the Reynolds 
number calculated for the case a t  the exit 
conditions at the wall indicates turbulent f low. 
If the flow is found to be laminar NPOWER 
is set to 2 by the program. 

Units - 
W A  

A characteristic length which will be Ft 
used to calculate the Reynolds no. and 
the boundary layer thickness. This 
value is usually taken as the nozzle wall  
length. 

are desired in the bamdary layer. 
A conversion factor for mixed units of inches /ft or 
length. This conversion factor should as required 
be such that XL(ft) will be converted by boundary 
into the same units used in the boundary equation units. 
equation. If inches a r e  used in boundary 
equations, then CU will be 12. If boundary 
equations a r e  in ft., CU is 1. CU is used 
in calculating fie boundary layer thickness. 

The number of starting line points which N/A 

NOTE: A detailed description of the boundary l a y e r  option 
is explained in .the Appendix. 

STEP(3) Point in-sert criteria. Step(3) is the maxi- consistent 
mum change in axial distance between two with flow- 
consecutive characteristic lines on a lower field units 
wall. If this value is exceeded then a new 
left running characteristic lineis started at  
the lower wall. 

TINF R 0 Free  stream static temperature. This 
temperature is used for the oblique shock 
calculation of the plume free boundary 
when IWALL on card 3 is sot to a 6 .  
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3.2 FROBLEMS COMMONLY ENCOUNTERED 

This section is intended to aid the user in utilizing the program and 
avoiding some common problems. 
ing line points a r e  only initial guidelines. A ''feelingf1 for the starting line 

points and mesh control criteria will result as the user  becomes familiar 

with the operation of the program. 

The comments on mesh control and start- 

The following is a list of hints to the user: 

0 If an automatic res tar t  is not desired when a shock intersects the 
axis, set ICON(6) to zero in Cols 28,29 and 30 on Card 2. (Refer 
to Section 3.1.2 and the Appendix.) 

If it is desired to  keep the type of printed output the same through- 
out the entire plume use only Cols. 39 and 40 of Card 2 (ICON(8)). 
For inputting a start line for a highly expanded plume the start 
line points should be more highly concentrated near the nozzle wall. 

0 When setting up a nozzle wall with discrete points the first spline 
f i t  point must not be a part of the nozzle throat equation (i.e., the 
f i r s t  input point should be beyond the maximum axial coordinate 
for which the throat equation applies). 

0 In general, the mesh control cri teria can be relaxed as the 
number of s ta r t  line points increases. 

0 For highly expanded nozzles where a very large plume is to be 
generated an a 

values for Mach number and flow angle criteria would be about 
10 and 20° respectively. 
If problems in the solution a r e  encountered due to characteristic 
lines diverging, decrease the maximum mesh control cri teria so 
that more lines m a y  be added. 

0 When the messages "negative velocities encountered" or llsubsonic 
Mach number encountered,"firstcheck the input data. If no e r ro r s  
are noted in the input data decrease the mesh control criteria, or 
alter the number of s tar t  line points. 

0 

0 

roximate mesh control cri teria for the maximum 
Mach quadrilatera -=I--- size is 20 exit diameters. Corresponding 

0 
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3.3 BASIC LIST OF SUBROUTINES, SIMPLE P R O G U M  FLOWCHART 
AND COMMON BLOCK VARIAJ3LES 

0 General Flowchart 

0 Lists of Subroutines according to function within the program 

0 Definition of all comrnon block variables 
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1 ------- - ------- 
I 

I I 
I I 

I PREPARATION FOR SOLUTION 

START 

I I 

READ DATA 

I 

I 
I 
I 
I 
I 
I 
L-----, 

O U 1  PUT/INPUT 

CALCULATE 
KUNCOUNTERS 

. -  

- 1  EVALUATE c J ~ E C  rct.‘OR,Y ES 
SHOCK SHOCK 

di 
i r 

BOUNDARY 

4 # 
STOI’ . . D 

INPUT 
POINTS 

U P  
us En CAI,CUL:\TION 

+ 

SHOCK SETUP START YES 1 1 REFLECTION L I N E F O R  - ~ T E R c ~ p T S I U ( I S  
- 4 NO 

YES 

I1 

J U 
T E R MIN 11 T E I SOLU’I’ION 

Fig. 3 - 1  - General Flow Chart 
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3.3.1 Program Routines 

The following subsection contains a list of the routines according to 
their function performed within the program. Included are: 

0 General Flow Properties Routines 

0 Characteristic Solution Routines 
0 Shock Routines 
0 Logic Control 
0 Tape Madpdation Routines 
0 Start Line Setup Routines 
0 Problem Limit and Boundary Routines 

0 Input/Output Routines 
0 Utility Routines 
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Routine 

EMOFP 

EMOFV 
FABLE 

FNEWTN 

HYPER 

POFEM 

PRANDT 

RGMOFP 

RGYOFM 

RHOFEM 
TABLE 

THETPM 

TOFEM 

TOFV 

UOFEM 
UOFV 
VOFEM 

GENERAL FLOW PROPERTLES 
ROUTINES 

Function 

finds Mach number as a function of local static pressure 
and entropy. 
finds Mach number as a function of velocity. 

finds local gas properties as a function of O/F ratio 
with the aid of (TABLE) 
finds Newtonian impact pressure at the plume boundary. 

calculates the balanced pressure at  the intersection of a 
solid boundary and pressure boundary. 
finds static pressure as a function of Mach number and 
entropy. 

finds the Prandtl-Meyer expansion angle for a given 
boundary angle and divides the angle into a ser ies  of 
expansion "rays1'. 
mined for each ray". 
finds Mach number as a function of static pressure, 
entropy and O/F ratios. 

finds velocity as a function of Mach number, entropy 
and O/F ratio. 
finds density as a function of Mach number and entropy. 
finds local as  properties for  an entropy and velocity 
within an  O$F table. Uses tables of gas properties in- 
put to the program. 

performs a numerical integration to calculate properties 
through a Prandtl -Me ye r expans ion. 
finds static temperature as a function of Mach number. 

finds static temperature a s  a function of velocity. 
finds Mach angle as a function of Mach number. 

finds Mach angle as a function of velocity. 

finds velocity as a function of Mach number. 

Then the flow properties a r e  deter- 
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MOCSOL 

MONO 

ROTERM 
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CHARACTERISTIC SOLUTION ROUTINES 

Function 

provides all two-dimensional and axisymmetric methods 
of characteristic solutions. 

determines if the characteristic point locations are mono- 
tonic along left or right running lines. 
finds the geometrical factor used in the axisymmetric 
term of the compatability equation and as an interpola- 
tion parameter. 
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Routine 

CONK 

DELTAF 

ENTROP 

ESHOCK 

OVEREX 

SHOCK 

TURN 

W E A K  

SHOCK ROUTINES 

Routine 

solves for flow properties immediately downstream of 
a shock initiating from conic surface immersed in the 
flow. 

computes the turning angle through an oblique shock 
knowing the shock angle and the upstream Mach no. 
finds entropy r ise  across a shock as  a function of shock 
angle and upstream Mach nut-nber. 

uses an iterative solution to  perform equilibrium shock 
calculations. 
finds the shock angle at the nozzle lip for over expanded 
flow. 
iteratively adjusts the shock strength in order to satisfy 
the oblique shock relations and the flow field properties 
s imultaneoualy. 
solves for a shock wave which has a known turning 
angle. 
finds entropy and velocity downstream of the shock. 
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DRIVER 

IClKOFF 

PHASE1 

BLCKBX 
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LOGIC CONTROL 
Function 

provides highest order control for program execution. 
The initialization and logic subroutines are called 
from here, 
allows control to return to DRIVER if an error is en- 
countered in the calculations. 
provides the necessary logic to employ t h e  proper cal- 
culations at the proper time in order to describe the 
entire characteristic mesh. 
provides controlling logic for automatic restart of a 
reflected shock case. 
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TAPE 

Routine 

GASRD 

GASTAP 

UITAPE 

J W BTSS 

OUT BIN 

READB 

READF 

TAPMOV 

MANIPULATIONS ROUTINES 

Function 

reads gas properties from cards and converts gas 
properties from MKS to Ehglish (ENG) units if neces- 
sary. 
reads real  gas properties f rom tape generated by the 
NASA Lewis Thermochemical Data program and writes 
data on output tape. 

writes gas properties read from cards on flow field 
tape. 
finds flow properties at ea :h point a lmg the starting 
line for the automatic restart  of the reflected shock 
cas e. 
writes the calculated characteristic point data on the 
binary output tape. 
reads the position of the boundary points from the flaw- 
field tape. 
reads one characteristic line from the flowfield tape and 
saves flow properties at each point on the line. 
nioves the flowfield tape through the gas properties t o  
the beginning of the flowfield information. 
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Routine 

AOASTR 
LIPIN 

AMASCON 

SETUP 

VISCUS 

WOFA 

START LINE SETUP ROUTINES 

Function 

finds the Mach no. corresponding to a given area ratio. 

calculates information for starting line points setup 
by the program. 
calculates &ch no. distribution at any area downstream 
of the nozzle throat while conserving total mass flow. 

locates and distributes start  line points for  the automatic 
restart of the reflected shock case. 

calculates the boundary layer thickness at the nozzle 
exit and adjusts the starting line to  consider the boundary 
la ye r. 

finds weight flow per unit area as a function of Mach 
number. 
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Routine -- 
BOUND 

ITERM 

LIMITS 

SOLVE 

SWITCH 

THROAT 

PROBLEM LIMITS & BCUNDARY ROUTINES 

Functior 

finds the radial  coordinate and flow angle for a given 
axial coordinate on an  upper or lower solid boundary. 
tests each characteristic point to determine if it lies 
within problem lirnits. 

determines which bounbry equation to use in checking 
on problem limits. 
finds the coefficients of the nozzle wa l l  cubic equation 
described by points input to the program. 

transfers upper and lower boundary eqllations for 
automt ic  reflected shock restart  case. 

computes the nozzle throat equation for 3 nozzle wall 
described by discrete poincs. 
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Routine 

ERRORS 

OUT 

PAGE 

PLUMUU 

PLMOUT 

INPUT/OUTPU’L ROUTINES 

Function 

writes out various messages for errors which m a y  
occur during program execution. 
writes the calculated data at characteristic points along 
with the title and heading. 

page ejects and writes header comments and page num- 
ber on each page of printout. 
reads in the input data necessary to perform the method 
of characteristics solution 

prints data read by (PLUMLN). 
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Roatine 

ICHECK 

INITP 
WRSCT 

ITSUB 

MASSCK 

PRAiiDT 

SAVER 
THRUST 

MISCELLANEOUS RCUTINES 

Function 

this routine determines whether a characteristic point 
is added or  deleted depending on +he mesh control 
c rit e r  ia. 
initializes values for various control pa rme te r s .  
find intersection of t w o  straight lines. 

controls the iteration for any set  of equations that a r e  
expressed as a function of one variable. 

keeps a running check on the mass flow under each 
point along a characteristic line. 
finds the Prandtl-Meyer expansion angle f o r  a given 
boundary angle and divides. 
saves data at nozzle lip. 
computes the vacuum thrust produced by a two- 
dimensional or &symmetric nozzle. 
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3 - 3 2  Common Variables 

This subsection contains z list of the common block variables along with 
a description of each variable and the routines using each common block. 

Common 
Name Variables Definition Routines Using 

/CARDTI ICARD If ICARD is a 1 subroutine 
IDTAPE wili write gas data 
on output tape. If ICARD is 
not a one subroutine GASTAP 
will read the master gas tape 
or write the gas data on the 
output tape. (IGARD is used 
in  automatic shock reflection. ) 

Control flags used by the pro- 
gram curing the plume genera- 
tion. 

Input controls used by the 
program, 

/CONTRL/ IRUN( i o )  

ICON( 1 6 )  

/CRITER/ CONVRG(10) Array of convergence criteria, 

ITLIM(10) Array of iteration limits. 

BLCKBX 
GASRD 
DRIVER 

DRIVER 
ESHOCK 
FABLE 
GASRD 
GASTAP 
IDTAPE 
INITP 
KIKOFF 
LIMITS 
LIPIN 
MASCON 
MASSGK 
MOCSOL 
OUT 
PAGE 
PHASE1 
PLMOUT 
PLUMIN 
PRANDT 
RGMOFP 
RGVOFM 
SHOCK 
TABLE 
THRUST 
TURN 
VISCUS 
DRIVER 
INITF 
MOCSOL 
PRANDT 
SHOCK 
TURN 
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Co nim on 
Name Variables 

/CUTFO/ CUTDAT(6) 

/DATAR/ PHO(8, loo, 2) 

PH0(100,2) 

ApHO( 1 00,2) 

OFRAT (1 0 )  

STAB(10,2) 

IVTAB( 10,2) 

TAB( 10,2,13, 
5) 

WALLCO(100, 
6 a 2 )  

IWALL( 1 00 , 2) 

ITRANS (1 00, 
2) 

E Q N O W  ( 2 )  

Definition 

cutoff limitations (problem 
limits} 

Local gas properties array 
for all characteristic points 
on the line the program is 
calculating and the previous 
character is tic line. 

Type of characteristic point 
for each point on the new 
characteristic line and the 
previous one. 
Array which stores the Mach 
no. for e tch point on the new 
characteristic line and the 
previous one. 

O/F ratio fo r  each O/F table. 
Entropy values for each O/F 
ratio table. 

Number of velocity cuts in 
each entropy table for  each 
O/F ratio. 

Local gas properties for each 
velocity cut in each entropy 
table for each O/F ratio. 
Wall coefficients and maxi- 
mum X for each upper and 
lower wall  equation. 

Type of each upper and lower 
wall equation. 

Contains flag for each wall 
equation telling program 
whether an expansion corner, 
compression corner or  no 
discontinuity f d o w s  the 
equation. 

Counter on the upper and 
lower boundary equations. 

Routines Using 

DRIVER 
ITERM 
PLMOcTT 
PLUMIN 

BOUND 
DRINER 
FABLE 
FNEWTN 
GASRD 
GASTAP 
HYPER 
ICHECK 
D T A P  
IiVIT P 
11' M 
LIMITS 
MASSCK 
MOCSOL 
MONO 
OUT 
OUTBIN 
OVEREX 
PHASE1 
PLMOUT 
PLUMIN 
PRANDT 
RGMOFP 
RGVOFM 
SHOCK 
SOLVE 
TABLE 
THRCAT 
THRUST 
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Common 
Namc Variables Definition 

DEL Flag used for  printing out 
which of the mesh control 
cri teria a point has not satis-  
fied. 

/DEL/ 

DEGRE The distance, Mach no. or 
flow angle for the point which 
did not satisfy the mesh con- 
trol criteria. 
Mesh control parameters 
which control mesh size by 
inserting or deleting points. 

/DIVCRI/ DlV(6) 

T 

P 

SP 

/FLAG/ IFLAG 

JFLAG 

KFLAG 

/FORCE/ FORCEX 

FORCEY 

TORQZ 

EMASS 

Local temperature at point 
of interest. 

Local pressure at point of 
interest 

Local entropy at point of 
interest 
Determines if gas properties 
have been read into program; 
1 - not read in - 2 - have been 
read in, 
Indicates if last point was in 
plume; 2 - last point in plume; 
1 - last point not in plume. 

Indicates if present point is 
in plume; 0 - not in plume; 
1 - is in plume. 
Total axial force on nozzle 
up to the last calculated 
characteristic line. 
Total radial force on nozzle 
up to  the last  calculated 
characteristic line. 
Total moment about the origin 
due to FORCEX and FORCEY. 
Total mass flow passing 
through the nozzle, 

Routines Using 

DRIVER 
ICHECK 
PLMOUT 
PLUMIN 
FABLE 
TABLE 

BLCKBX 
JWBTSS 

DRIVER 
MASSCK 
THRUST 
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Common 
Name Vzriables 

/GASCON/ R 
GAMMA 

TO 
Po 
ASTER 

/HEAD/ HEADER(36) 

/INPUT/ PSI(8,lOO) 

Definition 

Local gas constant in plume 
Local isentrdpic exponent in 
plume. 

Total temperature. 
Total pressure. 
Flag which indicates whether 
gas properties are in table or 
not. 

Array containing the title of 
the MOC run. 

Local gas properties array for 
each point on the starting line. 

Routines Us in .  

DELTAF 
DRNER 
EMOFP 
EMOFV 
ENTROP 
ESHOCK 
FABLE 
GASRD 
MOCSOL 
OUT 
PHASE1 
PLMOUT 
PLUMIN 
POFEM 
PRANDT 
RGMOFP 
RHOFEM 
SHOCK 
TABLE 
THETPM 
TOFEM 
TOFV 
VISCUS 
VOFEM 
WEAK 
WOFA 
DRIVER 
GASTAP 
D T A P  
IMTP 
OUT 
PAGE 
P? XOUT 
P L u m  
DRIVER 
LIPIN 
MASSCK 
PHASE1 
PLMOUT 
PLUh4IN 
THRUST 
VISCUS 
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Common 
Name 

/IRECD/ 

/QUIT/ 

/SHCKPT/ 

Variables 

IREC 

WILE 

IGORN 

Definition 

A counter on the number of 
files written on the binary 
output tape. 
Flag which tells the program 
where to  begin writing on the 
binary output tape. 
Flag which causes a message 
to  be written out when the 
shock intersects the axis. 

ISTAR0(50,3) Cantains the point number of 

IREST 

YIN(100,Z) 

RC 

RT 

THETA 
xo 
ISTOP 

the beginning-of a new char- 
acteristic line which has been 
added dLe to mesh control. 
Also contains the point num- 
bers of the two points used to 
generate the new point. 

The line number identifying a 
characteristic which has been 
added clue to mesh control. 

Axial  location of points input 
to describe the upner or 
lower nozzle wall points, 
Radial location of points input 
to describe the upper or lower 
nozzle wall points, 
Radius of curmture of the 
nozzle throat. 
Radius of nozzle throat. 

Noz d e  throat divergence angle. 
Axial coordinate shift. 

0 - one case is to be run. 
1 - more than one case is 

Array which contains flow 
properties at the nozzle lip 
point or  last calculated 
nozzle wall point (used for 
automatic shock reflections). 

to  be run. 

Routines Using 

DRIVER 
TAPMOV 

DRIVER 
SHOCK 

PHASAl 
OUTBIN 

PLUMIN 
SOLVE 
THROAT 

DRIVER 
PLUMIN 

BLCKBX 
SAVER 
DRIVER 
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Common 
N a m e  Variables 

/STEPC/ STEP(10) 

/TAPEFO/ ALPHA(4) 

IOF 

zs 

/UIWLSS/ UNITS 

ENG 

EMKS 

/WHlCH/ KAY 

IWHAR E 

LLINE 

/XSICOM/ xsI(ioD 2, 
13D 2, 

Definition 

Array  containing floating 
point information used as  
controls by the program. 

Identification of propellant 
case. 
Number af O/F ratio tables. 
Number of entropy cuts for 
each O/F ratio table. 

The type of units the gas 
properties were read in as. 
Gas properties a r e  in English 
units. 

Gas properties a r e  in MKS 
units . 
The line on which the shock 
wave has intersected the 
axis. 

The boundary equation at 
which shock restart calcula- 
tions a r e  to begin. 

The type of printed output de- 
sired when the program begins 
using a free boundary equation 
for problem units. 
Total mass flow passing under 
each point on a characteristic 
line. 

Weighing factors for interpo- 
lating between velocity cuts 
over pressure and temperature. 

Routines Using, 

DRIVER 
HYPER 
INITP 
MASSGK 
PF&El 
PLUMIN 
PRANDT 
THETPM 
THRUST 

DRIVER 
FABLE 
GASRD 
GASTAP 
IDTAP 
PLMOUT 
RGMOFP 
RGVOFM 
DRIVER 
GASRD 

BLCKBX 
DRIVE'.U 
PLUWN 
PHASE1 

MASSCK 
OUTBIN 
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Common 
Name Variables Definition Routines Using 

/FINITE/ IFREE A flag which i s  used to deter- ESHOCK 
miae whether a free boundary FABLE 
is to be calculated using oblique FNEWTON 
shock theory. PHASE 1 

TURN 
TINF 

OF 

Freestream static temperature 

Not presently used 
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3.4  DESCRIPTION AND FLOW CHARTS OF INDIVIDUAL SUBROUTINES 

FUNCTION NAME: AOASTR 

DESCRIPTION 
This function finds the Mach number corresponding to a given area  

Real gas effects a r e  considered in this ratio by one-dimensional theory. 

calculation. 

CALLING SEQUENCE 

E M =  AOASTR (OF, S, AOA) 

where (EM) is the Mach number which exists, one dimensiondly, at an area 
ratio of (AOA), an entropy (S),  and at an O/F ratio (OF). 

UTILITY ROUTINES AND COMMON R E F E R E N C E S  

COMMON-None 

ERRORS 
FABLE 
ITSUB 
RGVOFM 
WOFA 

METHOD OF SOLUTION 

The weight flow per unit area at Mach one is evaluated. An initial 

guess for the desired Mach number is made and ITSUB is initialized. An 
iterative solution of the equation FOFEM = AOA - WOFAL/WOFA(EM), 
driving FOFEM to zero, is performed with the aid of ITSUB. 
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SUBROUTINE NAME: BLCKBX 

DESCRIPTION 

This routine contains the controlling logic for automatically restarting 
the method of characteristics solution for a reflected shock case. 

CALLZNG SEQUENCE 

Call BLCKBX 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/CARDT/ PLMOUT 
COMMON/DIVCRI/ IDTAPE 
COMMON/CUTFO/ GIC’TAP 

COMMON/STEPC/ TAPMOV 
COMMON/INPUT/ FABLE 
CO MMON/F LAG/ EMOFV 
COMMON/SHCKPT/ SETUP 
COMMON/DAT AR/ 3WBTSS 
COMMON/CONTRL/ SWITCH 
COMMON/WHICH/ 

METHOD OF SOLUTION 

Not applicable. 
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SUBROUTINE NAME: BOUND 

DESCRIPTION 

This subroutine finds the radial coordinate and flow angle (radians) for 
a given axial coordinate on an upper or lower solid boundary. 

CALLING SEQUENCE 

CALL BOUND (R, X, THETA, ITYPE) 

where (R) is the radial coordinate, (X) is the known axial coordinate, THETA 
is the wall angle and ITYPE indicates whether upper or  lower boundary equa- 
tions a r e  to be used. 

U T L I T Y  ROUTINES AND COMMON REFERENCES - 
GOMMON/DATAR/ 

UTILITY - None 

METHOD OF SOLUTION 

The block common region DATAR contzins boundary equations neces - 
sary to evaluate R, THETA. Two types of equations a r e  used; 

r = a [ JK~ t e ]  CONIC TYPE 1 

and 

POLYNOMIAL TYPE 2 4 3 2 r = a x  t b x  t c x  t d x t e  

The +put fixed point variable ITYPE has a one or  a two in the units position 

whizh selects the upper (2) or  lower (1) coefficients and control information. 

LEQNOW contains the number of the equation to  be used. 
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SUBROUTINE NAME: CONE 

DESCRIPTION 

This subroutine solves for the shockwave downstream properties formed 

at  a right circular cone immersed axisymmetric supersonic flow. 

CALLING SEQUENCE 

Call CONE (OF, SU, QU, ALPHA, SD, QD, EPS) 

where the input properties are (OF, SU, QU) the upstream O/F ratio, entropy, 

and velocity and (ALPHA) is the turning angle. 
(SD, QD) the downstream entropy and velocity and (E-) the shock angle. 

The subroutine returns with 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON - None 

FABLE 

TOFV 
FJHOCK 
EMOFV 

ITSUB 

ERRORS 

METHOD O F  SOLUTION 

The oblique shock relations and characteristic relations a re  solved in 

an iterative manner to obtain the downstream flow properties. 
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FUNCTION NAME: DELTAF 

DESCRIPTION 

This function computes the turning angle through an oblique shock wave 
knowing the shock angle and the upstream Mach number. 

CALLING SEQUENCE 

DELTA = DELThF (EX, EM) 

where (DELTA) the t u n i n g  angle is found from the shock angle (EPS) and 
the upstream Mach number (EM). NOTE: The a7propriate values of gas 

properties must be stored in common upon eatry to this routine. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/C ASCON/ 
UTILITY - None 

METHOD OF SOLUTION 

The oblique shock relations a r e  solved for the turning angle using the 

relations ; 
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SUBROUTINE NAME: DKNER 

DESCRIF'TION 

Driver provides the highest order control for program execution. 

Initialization and logic subroutines are called from here. Most all the 

cornmon storage needed in the remainder of the program is specified here. 

CALLING SEQUENCE 

CALL DRIVER 

where (K) is a control constant indicating whether or not errors exist in the 

execution of the program. (K= 1 for a detected error, K= 0 for PO errars.) 

UTLLITY ROUTINES AND COMMON REFERENCES 

COMMGN/CONT ROL/ 
COMMON/CRITER/ 

COMMON/GUTFO/ 
COMMON/ DATAR/ 

COMMON/DIVCRI/ 

COMMON/GASCON/ 
COMMON/HEAD/ 

COMMON/ZNPUT/ 
COMMON/STEPC/ 

GOMMON/TAPEFO/ 

COMMON/FORCE/ 

METHOD OF SOLUTION 

Not applicable for this subroutine. 

comoN/Quir/ 
COWON/XSICOM/ 

COMMON/CARDT/ 
COMMON/FLAG/ 
CO,MMON/SHCKPT/ 

COMMON/IR ECD/ 

COMMON/IRFEC/ 
COMMON/UMTSS/ 
INITP 
PLUMZN 
PHASE 1 

BLCKBX 
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FUNCTION NAME: EMOFP 

DESCRIPTION 
This routine computes the local Mach number as a function of Iccal 

pressure ( s t a t i c )  and the local entropy value. 

CALLING SEdUENCE 

EM = EMOFP(P,S) 

where (EM) i s  the resultant Mach number found from the pressure (P) and 
entropy (S). NOTE: The appropriate values of &&e gas properties must be 
stored in common upon entry to this routine. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/GASCON/ 

UTILITY - None 

METHOD OF SOLUTION 

Perfect gas relationships (thermally perfect) are used to find the 
Mach number. 
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DESCRIPTION 

This mutine finds Mach number as a function of velocity. 

CALLING SEQU 'FNCE 
~ ~- ~ 

EM = EMOFV(V) 

where (EM) is the local Mach number which is found as a function of (V) the 
loca3 velocity. - NOTE: The appropriate values of the gas properties must 

be stored in common upon entry to this routine, 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/GASCON/ 
TOFV 

METHOD OF S3LUTION 

Thermally perfect gas relati-nships are used J find tht: biach number, 
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DESCRIPTION 

This routine utilizes the oblique shock relations to find the entropy 

rise across a shock as a function of the shock angle and the upstream Mach 

numbe r . 
CALLING SEQUENCE 

SD = ENTROP(EPS, EMU) 

where (SD) is the entropy rise across the shock and is a function of the 
shock angle (E=) and the upstream Mach number (EMU). NOTE: The 

appropriate mlnes of the gas properties must be stored in commOn upoIl 

entry to this routine. 

UTILITY ROUTINE6 AF 4OMMON REFERENCES 

COMMON/GASCON/ 

UTILlTY - None 

METHOD OF SOLUTION 

The oblique shock relations are employed to find the entropy rise 
across the shock. 
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SUBROUTINE NAME: ERRORS 

DESCRIPTION 

This subroutine contains print messages for various errors which may 
occur. 

handle more print messages. 
This is an open ended routine in that it can easily be extended to 

CALLING SEQUENCE 

CALL ERRORS (I) 

where (I) selects the message to be printed, 

UTILITY ROUTINES AND COMMON REFERENCES 

None 

METHOD OF' SOLUTION 

Not applicable, 
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SUBROUTINE NAME: ESHOCK 

DESCRIPTION 

This subroutine employs an iterative solution to  perform the equili- 

brium shock calculations for a real o r  ideal gas. The real  and ideal gas 

calculations a re  similar, the difference being that an ideal gas case con- 

verges on the first iteration. 

CALLING SEQUENCE 

CALL ESHOCK (OF, S1, V1, EP, DELTA, SZ, V2) 

where the input properties are (OF) the upstream O/F ratio, (Sl, V I )  the 

upstream entropy and \elocity and (EP) the s5ock angle, The subroutine 
returns with (DELTA), the turning angle and (S2, VZ), the downstream 
entropy and velocity. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/CONTRL/ POFEM 
COMMON/GASCON/ DELTAF 

c OMMON/FINITE/ ENTROP 

EMOFV RHOFEM 
FABLE W E A K  

METHOD OF SOLUTSON 

The continuity equation coupled with the equations for conservation of 

normal and tangential momentum are solved in an iterative manner utilizing 

thermochemical property data to  satisfy the conservation of clergy. This 
set of 4 equations is expressed in terms of the 4 unknown quantities: 

E. - shock angle 

6 - turning angle 

S2- entropy downstream of shock 
V2- velocity downstream of shock 
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SUBROUTINE NAME: FABLE 

DESCRIPTION 
This subroutine utilizes real or ideal gas information obtained from 

the flowfield tape and a local O/F ratio to call subroutine TABLE to calcu- 

late thermodynamic gas properties locally in the flow. 

CALLING SEQUENCE 

CALL FABLE (OF,SS,V) 

where (OF) is the local O/F ratio, (SS) is the local entropy and (V) is the 

10cd velocity. 

UTILITY ROUTINES AND CO,MMON BLOCKS 

COMMON/GASCON/ 
COMMON/DATAR/ 

COMMON/FAB/ 
c OMMON/C ON TROL/ 
c OMM ON/FINITE/ 
TABLE 

METHOD OF SOLUTION 

The routine is entered with the local O/F ratio (OF), entropy (SS),  

and velocity (V). 

dynamic tables that subroutine TABLE should use to perform table lookup 
of the local thermodynamic gas  properties. Subroutine FABLE then uses 
the local thermodynamic gas properties obtained from TABLE to perform 
an interpolation between the O/F tables based on the local O/F ratio. 

The local ratio is used to determine which set of thermo- 
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FUNCTION NAME: FNEWTN 

DESCRIPTION 

This function solves for the Newtonian impact pressure along the plume 

boundary. The calculation is applicable for hypersonic free stream velocities 

or quiescent conditions 

pact pressure at a free 

CALLING SEQUENCE 

(i.e., M 
boundary is solved using oblique shock theory. 

= 0). There is also an option whereby im- 
cb 

= F N E W T N  (THETA3, X, ITYPEL) 

where (P,) is the hypersonic Newtonian impact pressure at the plume 

boundary, (THETAS) is the local flow angle at she boundary, (X) is the 
axial coordinate of the boundary point, and (TTYFE1) designates upper of 

lower boundary. (1 - lower, 2 - upper) 

UTILITY ROUTINES AND COMMON R E F E R E N C E S  

COMMON/GASCON/ 

COMMON/CONTROL/ 

COMMON/FLNITE 
TURN POFEM VOFEM 

JOFEM EMOFV 

METHOD OF SOLUTION 

The block common region - WALLCO contains the necessary informa- 

tion to evaluate the free  stream gas properties a t  the plume boundary point. 
The impact pressure is then calculated using the following equation 

If the oblique shock option is used the free stream gas properties and 
impact pressure a r e  calculated using subroutine TURN. 
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SUBROUTINE NAME: GASRD 

DESCRIPTION 

This subroutine reads in the gas properties. These properties m a y  be 

real or ideal and read in via cards or tape. The routine also converts input 

gas properties from MKS units to English (ENG) units if necessary. 

CALLING SEQUENCE 

CALL GASRD 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/XSICOM/ 
COMMON/CONTRL/ 
COMMON/DAT AR/ 
COMMON/GASCON/ 
COMMON/TAPEF~/ 

COMMON/UMTSS/ 
COMMON/CARDT; 
GASTAP 

IDTAPE 

METHOD OF SOLUTION 

The gas name (ALPIXA(1)). type units, number of O/F tables, and num- 

ber of entropy cuts a r e  read in from an inpu; card, I€ the gas properties a r e  

on cards, this subroutine reads the cards. If the gas properties a r e  on tape, 

control of the reading of properties is given to GASTAP. In either case, t'.e 

properties a re  converted from MKS to Ehglish (ENG) units by this subroutine 

if necessary. 
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SUBROUTINE NAME: GASTAP 

DESCRIPTION 

GASTAP retrieves the real gas properties generated by the NASA 
LEWIS THERMOCHEMICAL DATA program and provides instructions for 
writing this data on the MOC flow field tape. 

CALLING SEQUENCE 

CALL GASTAP 

UTILITY ROUTINES AND COMMON REFERENCES 

c OMMON/C ON TRL/ 
COMMON/DATAR/ 
COMMON/HEAD/ 

COMMON/TAPEFO/ 
ERRORS 

METHOD OF SOLUTION 

The gas name, (ALPHA(I)), specified on the input data is compared 
with available cases on the thermochemical data tape until a match is found. 

This particular case is then read, stored core in and written on the MOC 
flow field tape. 
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SUBIIOUTINE NAME: HYPER 

DESCRIFTION 

This subroutine calculates the balanced pressure at a corner point 

(i. e, , at the interseqtion of a solid bmndary and the pressure boundary), 

The pressure balance is determined for either the over or under expanded 

case with impact or  ambient freestream pressure. 

CALLING SEQUENCE 

CALL HYPER (PB, I, K, ITYPE) 

where (PB) is the boundary pressure, (I, K) locates the boundary point, and 
(ITYPE) indicates if upper or lower bcllndary is involved. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/DAT AR/ 
COMMON/ST EPC/ 
FABLE 
POFEM 
EMOFV 
FNEWTN 

OVEREX 
ITSUB 
THETPM 

ERRORS 

METHOD OF SOLUTION 

The boundary pressure (may be impact or ambient) is compared to 

static pressure of the corner point. 
indicates the flow is over or under expanded, a branch is made to (OVEREX) 
or (THETPM). 
boundary pressure with the flow field pressure at  the boundary. 

Depending on whether the comparison 

In either of these routines an iterative process balances the 
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SUBROUTINE NAME: ICHECK 

DESCRPTION 

This function checks on the absolute difference in distance, Mach no., 
and flow angle between the new point and both the right and left running base 

points. 

calculated. 

This check determines if a point is added, deleted, or left in as 

CALLING SEQUENCE: 

I D 0  = ICHECK (I, K, 11, J, 52, K) 

where (I, K), (11, J), (12, K) designate the new characteristic point, the right 

running base point, and the left running base point, respectively. 

UTILITY ROUTINES AND COMMON REFERENCES 
COMMON/DAT AR/ 
COMMOM/DIVCIU/ 
FABLL 
EMOFV 
VOFEM 

METHOD OF SOLUTION 

Not applicable. 
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SUBROUTINE NAME: IDTAPE 

DESCRIPTION 

This subroutine writes the gas properties which were input via cards 

on the flow field program tape, 

compatible with that used for real gas. 

The format used to write them on tape is 

CALLING SEQUENCE 

CALL IDTAPE (UNITS) 

where (UNITS) indicates whether the gas proberties are being read in with 
English (ENG) or MKS units. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/DATAR/ 
COMMON/TAPEFO/ 
COMMON/CONTRL/ 
COMMON/HEA~/ 

UTILITY - None 

METHOD O F  SOLUTION 

Gas property data is read in from cards. If not already in MKS units, 
the data is converted. 

tape (tape 13) .  

This converted data is then written on the. flow f ield 
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SUBROUTME NAME: INITP 

DESCRIPTION 

This subroutine initializes the values of various control parameters, 

thereby providing for proper operation of the program. 

include: 

1. the counter for the upper and lower boundary equations, 
2. the counter for the first zharactei5stic line, 

3. the initial number of degrees per Prandtl-Meyer ray, 
4. convergence criteria, 

5. maximum number of iterations. 

Tilese initial values 

CALLING SEQTJENCE 

CALL LNITP 

UTILITY ROUTINES AND COMMON REFLRENCES 

C9MMON/CONTRL/ 
COMMON/CRITER/ 

COMMON/DATAR/ 
COMMON/HEAD/ 
COMMON/STEPG/ 
UTILITY - None 

METHOD OF SOLUTION 

Not applicable. 
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SUBROUTINE NAME: INRSCT 

DES C R IP T IO N 

This subroutine finds the intersection of two straight lines. 

CALLING SEQITENGE 

CALL INRSCT (Rl ,  X1, BETA1, R2, X2, BETAZ, R3, X3) 

where (Rl,  XI, BETA1) and (R2, X2, BETA2) define the equations of the two 
straign: Lines which intersect at (R3, X3). 

U T I L I T Y  ROTJTINES AND COMMON REFERENCES 

None 

METHOD OF S O L U T I O N  

The equations of the straight lines are written 

r = tanBl(x - xl) t r l  

and 

x = cot&(r - r2) + x2 

These eqcat jms are solved for x but a test on the slopes is made to prevent 
indeterminate forms. If an indeterminate form is possible, the points are 
mapped one onto another, thus precluding the possibility of indeterminancy 
except when the lines are parallel. 
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FUNCTION NAME: ITERM 

DESCRIPTION 

- 

ITERM tests each character-stic point to  determine if it is within the 
predefined problem limits. 

characteristic line is terminated. 

initiation of a new line. 

If the point falls outside the limits, the present 

Control is then returned to  PHASE1 for 

CALLING SEQUENCE 

FYNCTION = ITERM (LP,K) 

wherr. (IP) identifies the characteristic point on the new (K) line. 

UTILITY ROUTINES AND COMMON REFEXENCES 

COMMON/CUTFO/ 

COMMON/DATAR/ 
UTILITY - None 

METHOD OF SOLUTION 

The angular orientation of a line drawn from the upper or lower cutoff 
coordinates to the characteristic point is determined. Comparing this angle 

to  the angle of the upper or lower cutoff line determines if the point is inside 

o r  outside the problem limits. 
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SUBROUTINE NAME: ITSUB 

DESCRIPTION 

This subroutine controls the iterative solution of any set  of equations 
which can ultimately be expressed as a function of one variable. 

can also be used to control an integration loop. 
The routine 

CALLING SEWENCE 

CALL ITSUB (FOFX, X, SAVE, CCNV, NTLMES) 

(FOFX) - function of X which is dr imn to zero 

(X) - variable which is iteratively solved for 
(SAVE) - program control, i.e., SAVE(11 ;s control counter, 

(CCNV) - convergence cri teria 

SAVE(2) is X increment 

(N’TIMES) - maximum number of iterations 

UTILITY ROUTINES AND COMMON REFERENCES 

None 

METHOD OF SOLUTION 

ITSUB modifies (X) in the proper direction by the decrement value 
(SAVE(2) ) until the root has been bracketed. 
is then used to modify X untii the solution is reached. 
entering ITSUB each time, the function is inspected for convergence. 
the  function has converged, a program control is set, and computer control 
is transferred to the calling routine. 

The method of false position 
Immediately after 

If 
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SUBROUTINE NAME: JWBTSS 

DESCRIPTION 

This subroutine performs all the flow field tape search operations for 
determining flowfield properties at each start  line point for the automatic re-  

start  of reflected shock. 

point on the start  line, and a linear interpolation w i t h  the characteristics 

mesh produces flow field data at the desired point. 

The routine is entered with the coordinates of a 

CALLING SEQUENCF 

CALL . I .  * RTSS (POINT) 

where 
Point (1) = radial or vertical coordinate of desired point 
Point (2) = axial coordia2te of desired point 

Point (3) = Mach number at desired point 
Point (4) = flow angle at  desired point 

Point (5) = entropy level of flow at desired poiut 

Point (7) = velocity at desired pornt 

UTILITY ROUTINES AND COMMON RESERENCES 

COMMON/DUMPCO/ 

COMMON/FLAG/ 
READB 

READF 
TAPMOV 

METHOD OF SOLUTION 

The main function of the routine is to  locate the start  line point within 

If the start  line point is found to the flow field or outside of its bowqdaries. 

be within the flow field, then flow field data is obtained at the location. 

search operation is outlined in a series of steps performed by JIi.I'BTSS, 
This 
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1. The routine first  rcads ia the flow- field bmndary points and deter- 

niincs if i t  is possible for the start  line point t o  bc inside the flow 

ficid. 
is returned to the calling routine BLCKBX, 

If this test is negative, a flag is set accordingly and control 

I€ the test  is positive, step 2 is taken. 

2. Characteristic lines a r e  read in (one at  a time) and retaired in 
storage, As the lines are bemg read, each characteristic point is 

checked in an effort to bracket the b d y  point, The search is con- 

ducted in a downstream direction, however, if the new point is up- 

s t ream of the previous point, the tape is backspaced six lines aud 

bracketing is again attempted. If the tape is searched one hundred 

lines downstream of the starting pcht,  or if the flow field boundary 
is reached, the tape is rewound and the search is started again. 

3. If the body point is bracketed, four to eight of the surrcunding char- 
acteristic points are used in a linear interpolation to determine Mach 
nuiiiber, flow angle, and entropy. 

Three flags a r e  used as indicators af the results of the tape search. 

1, IFLAG = 1 - indicates boundary has not been read in. 

= 2 - indicates b o u n & ~  has been read in. 

= 2 - indicates last  start line point was In flow field. 
2, JFLAG = I - indicates last start line point was not in flow field. 

3. KFLAG = 1 - indicates current start  line point is not in flow field. 

= 2 - indicates c i r ren t  s tar t  line point is in flow fieid. 
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SUBROUTINE NAME: =OFF 

DESCRIPTION 

This subroutine allows control to return to the Main program if an 
error in the calculation is encountered, and controls the execution of mul- 

tiple cases. 

CALLING SEQUENCE 

CALL KIXOFF 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/CONTRL/ 

CWMON/QUIT/ 

CRIVER 

KETHOD OF SCLUTION 

Not applicable (. 
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LIMITS 

DES C RI P TI0 N 

This subroutine tests the new boundary point to determine if it is within 

the limits of the current boundary equaticn. 
are: 

Depending on the test, the options 

1, use the current boundary equation, 

2. advance to the next boundary equation, o r  
3. the current equation is the last  one specified, 

CALLING SEQUENCE 

CALL LIMITS (I, K, ITYPE, IOK) 

where (I, I() represents the location of the boundary point in the PHO array,  
(ITYPE) tells if an upper or lower boundary is to be considared, and (IOK) 
is a control indicating if option 1, 2, or 3 is to be used. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/CCNTRL/ 

GOMMON/DATAR/ 
BOUND 

M E T H O D  OF SOLUTION 

The radius (RMAX) as! "oundary angle THETAMAX, at the limit 
axial value (XMAX) is calculated in (BOUND). (RMAX) or (XMAX) is compared to 

(R) or  (X) for the point in question. 
if option 1, 2 or  3 is to be used. 

The results of the comparison determine 
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SUBROUTINE NAME: LIPIN 

DESCRIPTION 

LUPIN calculates information for  the starting line points when the 
simplified straight s tar t  line option is used (i. e. , when IGON(2)f 2). 

CALLING SEQUENCE 

CALL LIPIN (COOR, s, INTOT, DELM) 

where (COOR) is the starting line information array,  (S) is +he entropy 

level of the start line, (L TOT) is the total number of input points speci- 

fied (50 MAX), and (DELM) is Mach number gradient along the s tar t  line. 

UTILITY ROUTINES AND 70MMON REFERENCES 

COMMON/INPUT/ 

COMMON/CONTRL/ 
RGVOFM 

UOFV 

METHOD OF - SOLUTION 

The s t a n  line input data is divided into the specified number of incre- 
ments. 

arc transformation is applied to the input line data points t o  concentrate the 

points near the outer boundary. 

Radial gradients in Mach number, X, 8, a r e  calculated. A circular 
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SUBROUTINE NAME: MASCON 

DES CRIPTIDN 

This subroutine calculates the Mach number distribution at an area 

downstream of the throat such that total mass flow is conserved. 

flow, calculated at the throat, is used as the constant for comparison. 
Mass 

CALLING SEQUENCE 

CALL MASCON (E, SE, DELM) 

where (E) is the input line a r ray  (CORLIP), (SE) is the input line entropy 

level, and (DELM) is the Mach number gradient along the start line. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/CONT RL/ 
RGVOFM 
RHOFEM 

ERRORS 
EMOFV 

ITSUB 

METHOD OF SOLUTION 

The mass flow rate at the throat (fn*) is calculated. This :A*) is com- 
pared to that at the input line location for an initial Mach number distribution. 

The Mach irumber distribution is then perturbed until mass flow is conserved. 

3-73 

LOCKHEED * HUNTSVILLE RESEARCH & CNGINEERING CENTER 



P 

LMSC/HREC D162220-IV 

SURROUTINE NAME: MASSCK 

DESCRIPTION 

This subroutine keeps a running check on the mass flow. h4ass flow 
at the starting line is calculated and compared with that crossing each 

characteristic line downstream. 

CALLING SEQUENCE 

CALL MASSCK (ILMT, ISTAJXT, K) 

where (ILAST) is the last point on the characteristic line, (ISTART) is a 
counter for characteristic lines which emanate from the star t  line, and (K) 
represents the characteristic line under consideration. 

UTILITY ROUTSNES AND COMMON REFERENCES 

GOMMON/DAT AR/ 
COMMON/INPUT/ 

COMMON/ST EPC/ 
COMMON/FORCE/ 
COMMON/WTSAVF/ 

CCMMON/COIV RL/ 

FABLE 

EMOFV 
RHOFEM 

UOFV 

METHOD OF SOLUTION 

The mass flow through the s tar t  line is calculated and stored. M a a s  
flow through lines downstream is calculated and these values compared with 
the initial value. A percent change in mass flow is printed for each charac- 

terist ic line. The total mass flow passiilg under each point on a characteristic 

line is stored so the mass flow can be written on the output tape to  permit 

streamline tracing. 
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SUBROUTINE NAME: MOGSOL - 

DESCRIPTION 

This subroutine provides all two dimensional o r  axisymmetric method- 

of-characteristics solutions. 

five possible types: 

Th.e new point being solved for may be one of 

1. interior p i n t  
2. upper wall point 

3. upper free boundary point 
4. lower wall point 

5. lower free boundary point 

CALLING SEQUENCE 

CALL MOCSOL (I,.K, 11, K1, 12, K2, LFLAG, ITYPE) 

where (I, K) identifies the storage location for the new point to be computo,d, 

(11, K1) identifies the right running (or upper boundary) known point, and 
(12, K2) identifies the left running (or lower boundary) known point. 
is an e r ro r  indicator and (ITYPE) selects the type calculation. 

(LFLAG) 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/CONTRL/ BOUND 
COMMON/CRITER/ ROTERM 

COMMON/DATAR/ VOFEM 
COMMON/GASCON/ RGMOFP 
FABLE FNEWTN 

INRSCT TOFV 
POFEM UOFV 
EMOFV RHOFEM 

ERRORS 

METHOD OF SOLUTION 

The four characteristic equations a r e  written a s  a function of five 

variables (R, X, 0, V, S). An additional relationship is obtained by assuming 
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the entropy (S) varies linearly between known data points. 

characteristic equations iu finite difference form, the routine solves for a 
new mesh point, knowing two mesh points of oppGsite family. 

Using these 

The solution is begun by setting the average values of properties over 

the step length equal to the known values at the base points. Subsequent 

passes in the iterative solution result in "updatedt1 average values. 

iterative solution is continued until the desired convergence on velocity or 
flow angle is yeached or until the maximum number of iterations is exceeded. 

The 

For  a detailed derivation of the characteristic equations and a descrip- 
tion of their application in finite difference form to  the solution of the char- 
acteristic mesh, see Vol.UI, Section 6. 
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- SUBROUTINE NAME: MONO 

D ICSCRIPTION 

This subroutine determines if the characterist ic point locations are 

monotonic along left or  right running lines. 

CALLING SEQUENCE 

GALL MONO (11, J l ,  12, JZ, 13, K3, IOK) 

where (11, Jl), (12, JZ), (13, K3) designate the right running base point, tke 
left running base point, and the new characterist ic point, respectively, 
is a flag returned to the calling program which is (0) if solutioii is monotonic, 

(1) i f  a non-monotonic condition has occurred along the right running charac- 

terist ic,  and (2) if one has occur re i  along a left running line. 

LCK 

UTILITY RCUTINES AND COMMON REFERENCES 

COMMON/DATAR/ 

UTLITY - None 

METHOD OF SOLUTION 

Envelope shock waves a r e  detected in  a method-of -characterist ics 

solution by  crossing of characterist ic lines which, mathematically, causes 
a discontinuity in the flow properties. 
as'a shock wave. 

resultant llew rr.esh point. 

exists , is detected. 

This discontinuity is interpreted 
This routine is supplied the two base points and the 

Using this information, a discontinuity, if it 

I11 
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Now 

and 

Effectively, this routine checks the sign of A and sets IOK accordingly. I’ LI 

e.g. ,  if AI, hrr L o IOK = 0 

if A I  0 IOK = 1 

if c o  IOK = 2 
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SUBROTJTINE NAME: OUT 

DESCRIF'TION 

This sut routine writes the calculated data at characteristic points 

along with the corresponding title and headings. 

CALLING SEQUENCE 

CALL OUT (11, 12, K) 

where (11, 12) re: :r to the point numbers of the points to be output (auy 
number of points may be output at one time). 
characteristic line ( takes on the value 1 or 2). 

(K) represents the current 

UTLITY RCJUTINES AND COMMON REFERENCES 

COMMON/CON TRL/  EMOFV 
COMMON~DAT AR/ IjOFRM 

COMMON/GAS CON/ Pi2FEM 
COMMON/HEAD/ RHOFLM 

PAGE TOFEM 
FABLE VOFEM 

ESHOCK 

METHOD OF SOLU'J ;ON 

Not applicable. 
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SUBROUTINE NAME: OUTBIN 

DESCRIPTION 

This subroutine writes the calculated characteristic point data on the 
binary output tape. This is done for any number of characteristic points. 

CALLING SEQUENCE 

CALL OUTBLN (11, 12, J) 

where (11, 12) identifies the range of points to be written on tape (I1 is fir: 
point, I2 is last). (J) represents the current characteristic line (1 or 2). 

UTILITY ROUTLIES AND COMMON REFERENCES 

COMMON/DATAR/ 
COMMON/WTSAVF/ 

C 0 MMON/IT APE/ 
FABLE 
EMOFV 

METHOD OF SOLUTION 

Not applicable. 
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SUBROUTINE NAME: OVEREX 

DESCRIPTION 

This subroutine solves for the shock angle at the nozzle lip when the 

flow is over expanded. 
for an upper or lower lip point. 

lating flow properties downstream of the shock 

Provisions are  made to calculate the shock angle 
Real gas effects are considered in calcu- 

CALLL;G SEQUENCE 

CALL OVEREX (PB, I, K, ITYPE) 

where (PB) is the freestream pressure at the boundary, (I, K) defines the 

location of the lip point in the characteristic data (PHO) array and (ITYPE) 
indicates whether an upper ar lower boundary is to be considered. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/DATAJX/ 
F A B L E  

EMOFV 

ESHOCK 

POFEM 
ITSUB 
UOFV 

METHOD OF SOLUTION 
An initial shock angle is assumed. This shock angle is perturbed in 

ITSUB and the result used to  calculate flow properties downstream of the 
shock, including static pressure. The calculated static pressure is com- 
pared with the boundary pressure and the difference is driven sufficiently 

close to zero to satisfy convergence criteria. 
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SUBROUTINE NAME: PAGE 

DESCRIPTION 

This subroutine page ejects and writes the header comments and page 

number on each page of printout. 

CALLING SEQUENCE 

CALL PAGE (LCNT) 

where (LCNT) is a counter which monitors the number of lines of printed 

output per page. (LCNT) is re-initialized in PAGE. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/HEAD/ 
COMMON/CONTRL/ 

UTILITY - None 

METHOD O F  SOLUTION 

When the maxim-um number of lines per  page ( 5 5 )  have beend output, (PAGE) 

is called to page eject. 

number, increments the page number and re-initializes the line counter. 

It then prints the identifying information and the page 
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SUBROUTINE NAME: PHASE1 

DESCRIPTION 

This subroutine provides the necessary logic to successively employ 
the proper calculation at the proper time in order to describe the entire 

characteristic mesh. 
out the nozzle and plume, and termination is achieved when a right running 

shock intersects the boundary or problem limits have been reached. 

Direction is given to calculate the flow field through- 

CALLING SEQUENCE 

CALL PHASE1 (IFINIS) 

where (IFINIS) is a flag to bring in additional logic routines for restarting 
the characteristic solution for reflecting a shock which has intersected the 

axis of symmetry. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/CONTRL/ UOFV =HOCK 
c OMM ON/GASC ON/ IT ERM SAVER 

COMMON/DATAR/ RGVOFM 
c OMMON/ITAPE/ HYPER 

COMMON/INPUT/ POFEM 
c OMM ON/D EL/ EMOFV 
COMMON/STEPC/ RGMOFP 
c OMMON/W HICH/ VOFEM 

COMMON/FINITE/ THETPM 
FABLE MONO 
OUT TURN 
THRUST OVEREX 
OUTBIN ERRORS 
MOCSOL STOCK 
LIMITS MASSCK 

BOUND ICHECK 
PRANDT 
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METHOD OF SOLUTION 

In general terms, the flow properties at an unknown characteristic 

point may be expressed as some operation (e)  on some number (@I, @z, . . . , 
em) of known points. 

unknown point to be calculated. 

dealt with o r  six operations (G) performed are: 

These operations (9) differ according to the type of 

Presently, the six types of unknown points 

1. starting line point (fro) 
2. interior point 

3. 
4. attached shock point ( I ) ~ )  

5. shock point ( ~ s )  
6. Prandtl-hceyer point (upper o r  lower, solid or  free) ( @ p ~ )  

Basically, PHASE1 contains the fixed point arithmetic necessary to perform 

the above mentioned calculations. Through this system of fixed point arith- 

metic, the necessary types of calculations a r e  performed on the proper known 

characteristic points to produce the new characteristic point. 

description of the fixed point arithmetic and examples of its use, see 

Appendix. 

boundary point (upper o r  lower} (#B) 

For a detailed 
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SUnROUTINE NAME: PLUMIN 

DESCRIPTION 

This subroutine reads in the input data (input via cards) necessary to 
This input information is perform the method-of -characteristics solution. 

routed by P L U M I N  to various supporting routines depending on the options 
selected. 

CALLING SEQUENCE 
CALL PLUMIN 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/CONT RL/ GASRD VOFEM 

COMMON/CUTFO/ BOUND RGMOFB 

COMMON/DATAR/ LIPIN CdECK 
COMMON/GAS CON/ AOASTR ITSUB 

COMMON/HEAD/ MASCON ERRORS 
COMMON/XNPUT/ RGVOFM VISCUS 
COMMON/ST E P G  UOFV 
COMMON/POINTS/ FOFEM 
co MMO N/DIV c RI/ PLMOUT 
COMMON/QUIT / THROAT 
COMMON/WHICH/ SOLVE 

METHOD OF SOLUTION 

Not applicable, 

METHOD OF SOLUTION 

Not applicable, 
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SUBROUTINE NAME: PLMOUT 

DESCRIPTION 

This subroutine prints the data read by (PLUMLN). 

CALLING SEQUENCE 

CALL PLMOUT (KP, LCNT) 

where (KP) is a control parameter which is set in PLUMIN, and (LCNT) is 
the printed line c u t e r .  

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/CONT RL/ 
COMMON/CUTFO/ 
COMMON/T APEFO/ 

COMMON/DATAR/ 
COMMON/GASCON/ 

COMMON/HEAD/ 

COMMON/INPUT/ 
COMMON/’DIVCRI/ 

PAGE 

FABLE 
EMOFV 

METHOD OF SOLUTION 

Not applicable. 
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12 IJNC'L'ION NAME: POFEM 

D b!S C RIP TI0 N 

This function computes the local static pressure as a function of Mach 
number and entropy. 

CALLING SEQUENCE 

P = POFEM(EM,S) 

where (P) is the resultant static pressure found from the Mach number (EM) 
and entropy (S). NOTE: The appropriate =lues of the gas properties must 

be stored in common upon entry to this routine. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/CASCON/ 
UTILITY - None 

METHOD O F  SOLUTION 

Thermally perfect gas relationships are used to find the pressure. 

Y 
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SUBROUTINE NAME: PRANDT 

DESCRIPTION 

This subroutine computes the Prandtl-Meyer expansion angle for a 

given boundary angle and divides this angle into a series of expansion 

IIrays1l (unless the number of rays has been specified in the input). 
flow properties at each angular increment are set and stored in the Char- 

acteristic Data (PHO) array. 

The 

CALLING SEQUENG'tC 

CALL PRANDT (I, J, THETAB, NPM, IFLAG, ITYPE) 

where 
(I) - represents the corner point 
(J) - indicates a characteristic line 

(THETAB)- is the boundary angle 
(NPM)- number of Prandtl-Meyer increments (calculated in PRANDT) 

(IFLAG)- e r r o r  flag 

(1TYPE)- indicates if upper (2) or lower (1) boundary 

UTILITY ROUTINES AND COMMON REFERENCES 

GOMMON/CIUTER/ 
GO MMO N/DAT AR/ 
GOMMON/G AS CON/ 

GOMMON/STEPC/ 
GOMMON/CONTRL/ 
FABLE 
THETPM 
UOFV 

METHOD OF SOLUTION 

The routine is entered with known flow properties at the point of dis- 

continuity along with the known corner and boundary flow angles. 
known angles and the preset number of degrees per ray, the number of 

From the 
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increments is calculated. 
a weighting function. Subroutine (THETPM) is entered with known initial 
conditions and the number of degrees per ray and returns with a velocity. 
These new conditions are then set into the (PHO) array. 

The distribution of P-M rays is then adjusted by 
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SUBROUTLNE NAME: READB 

DESCRIPTION 
Subroutine READB reads the position of the boundary p in t s  of the flow 

field. 

This information is read from the binary output tape for setting up the 

start line for automatically restarting a reflected shock. 

Subroutine JWBTSS uses this to determine boundary position of flow 

field . 

CALLING SEQUENCE 

CALL READB (X, R ,  ITOT1) 

X = X coordinate of last point on characteristic line 

R = R coordinate of last point on characteristic line 

ITOTl = Number of points on the line 

UTILIY ROUTINES AND COMMON REFERENCES 

None 

METHOD OF SOLUTION 

Not ap pli cab1 e 
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SUBROUTINE NAME: READF 

DESCRIPTION 

SUBROUTINE READF reads one characteristic line from flow field tape 
and saves the following data at each point: 

1. 

2. 
3. 

4. 

5. Entropy at the point, 
6. Velocity at the point, 

X position of the point, 

R position of the point, 
Mach number at the point, 
Flow angle at the point, 

This information is read from a binary output tape for setting up the 

start line for the aubmatic restart of a reflected shock. 

CALLING SEQUENCE 

CALL READF (J, ITOT1) 

J - number of characteristic line 
ITOTl - D u m b e r  of points in characteristic line 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/DUMPCO/ 

UTILITY - None 

METHOD OF SOLUTION 

Not applicable 
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FUNCTION NAME: RGMOFP 

DESCRIPTION 

This subroutine finds Mach number a s  a function of pressure,  O/F ratio 
and entropy. 

case the gas  properties a r e  not known pr ior  to entry. 
The difference between this  routine and EMOFP is that in this 

CALLING SEQUENCE 

EM = RG’..cOFP (P, OF, S )  

where (EM) is the resultant Mach number, (P) is the local static pressure,  

while (S) is the local entropy, and (OF) is the local O/F ratio. 

UTILITY ROUTINES AND COMMON F-EFERENCES 

COMMON/CONTRL/ COMMON/ DATAR/ 

COMMON/GASCON/ COMMON/TAPEFO/ 
POFEM VOFEM 
EMOFV EMOFP 

ITSUB ERRORS 
FABLE 

METHOD O F  SOLUTION 

The real gas tables have, as independent variables, O F  ratio, entropy 

and velocity. 
employed to find Mach number from pressure ,  entropy, and OF ratio. 

If the velocity is not known, an  iterative solution must  be 
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FUNCTION NAME: RGVOFM 

DESCRIPTION 

This subroutine finds velocity as a function of Mach number, entropy 

and O/F ratio. The difference between this routine and 

gas properties are not known prior to entry. 

CALLING SEOUENCE 

VOFEM is that the 

V = RGVOFM (OF, S, ELM) 

where V is  the resultant velocity computed from O F  ra io  (OF), entropy (S), 
and Mach number (EM). 

UTILITY ROUTINES AND COMMON REFERENCES 

FABLE 

VOFEM 
EMOFV 

ITSUfj 
ERRORS 

COMMON/CONTRL/ 
COMMON/TAPEFO/ 
COMMON /DATAII / 

METHOD OF SOLUTION 

The real gas tables have, as independent variables, O F  ratio, entropy 

and velocity. If the velocity is not known, an iterative solution must be 

employed to find the velocity from LMach number, OF' ratio and entropy. 
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This function computes the local density as a function of Mach number 

and entropy. 

CALLING SEQUENCE 

RHO = RHOFEM(EM,S) 

where RHO is the resultant density found from local Mach number and local 

entropy. NOTE: The appropriate values of the gas properties must 
be  stored in common upon entry to this routine. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/GASCON/ 

POFEM 

METHOD OF SOLUTION 

. Thermally perfect gas relationships are used to find the density. 
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F U N C T I O N  NAME: ROTERM 

DESCRIPTION 

This routine computes the geometrical factor (FI, FII) used in the axisym- 

metric term of the capability equation and as an interpolation parameter. 

CALLING SEQUENCE 

F = ROTERM(THETA, DELTA, EMU, R3, RI) 

where (THETA) is GI or gn (flow angles of the known points) 

(DELTA) selects quadrant 

(EMU) 

(R3 1 
(RI) 

is PI or E11 (Mach angles of the known points) 

5s YLLI o r  xnI (coordinates of new point) 

is rI or xI (coordinates of known point) 

UTILITY ROUTINES AND COMMON REFERENCES 

None 

METHOD OF SOLUTION 
~~ 

The method-of-characteristics solution uses this routine to determine 

This te rm (see Equation (6 -29) ,  Section a coefficient needed in its solution. 

6 of Reference 1) can be written as: 

By the proper choice of d (r or x), b and the sign of p ,  indeterminant 

forms a r e  eliminated in the evaluation. 

3-95 

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER 



P 

LMSC:/HREC 11162220 -1v 

SUBROUTINE NAME: SAVER 

DESCRIPTION 

This routine saves the flow properties at the nozzle lip for setting up 

the start line for the automatic restart of tEc? reflected shock case. 

CALLING SEQUL.;CE 

CALL SAVER (1,K) 

where I 
K 

is the l ip  point number on the characteristic line, and 
is the characteristic line on which the lip point was found. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/DATAR/ 

co MMO N/SH CKPT / 
UTILITY - None 

METHOD OF SOLUTION 

Not  applicable 
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SUBROUTINE NAME: SETUP 

DESCRIPTION 

For the automatic restart of a reflected shock this subroutine locates 
and distributes the start line points along a straight Line from the nozzle lip 

o r  first point on the original start line to the point where the shock has inter- 
cepted the axis. 

CALLING SEQUENCE 

CALL SETUP (COOR, INTOT) 

where COaR is the starting line information array, and 
INTOT is the number of start b e  points specified. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/INPUT / 
COMMON/CONTRL/ 

UTILITY - None 

METHOD O F  SOLUTION 

The reflected shock start line data is di+.&d into the specified number 

of increments. Radial grzdients in R, X and 8 are calculted. A circular arc  
transformation is applied to the input line data to concentrate the points near 

the outer boundary. 
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F U N C T I O N  NAME: SI-1OCK 

DESCRIPTION 

This subroutine i teratively adjusts the shock strength in order  to 

satisfy the oblique shock relations and the flow field properties simulbneously. 

The six different options are: 

1. 

2. 

3. 

4. 

5. 

6 .  

interior right running shock wave 

interior left running shock wave 

right running shock wave at wall 

left running shock wave at wall 

right running shock reflected from boundarv 

left running shock reflected from boundary 
NOTE: Options 2, 4 arid 6 currently not executed. 

CALLING SEQUENCE 

CALL SHOCK (IN, KN, IKL, IN1, JN, WH, I8FIN, I’IFIN, LFLAG, ITYPE,IOPT) 

where (IN, KN) is the location of the virtual point 

IKL is the first point on the KN a r r a y  

(IN1, JN)  is the location of the known shock point 

IJH is the last point on the JN a r r a y  

I8FIN is the final location of the upstream shock point 

I7FIN is the final location of the base point on the downstream side 

IFLAG is an e r r o r  flag 

ITYPE selects  the type of calculation 

11 for  case (1) 
12 for  case (2) 
21 for  case (3j 

ITYPE = 22 for case (4) 
31 f o r  case  (5) 
32 for  case  (6) 

IOPT = Parameter  for  controlling direction and magnitude of 
perturbations during iteration. 
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UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/CONTRL/ ERRORS 
COMMON/CRIT ER/ UOFV 
COMMON/GASCON/ MOSCOL 
COMMON/DATAR/ ROTERM 
COMMON/IRFEC/ ITSUB 

INRSCT ESHGCK 
FABLE 

METHOD O F  SOLUTION 

This subroutine is used to calculate the properties across  a n  oblique 

shock wave as a function of the local characteristic lattice. 

this routine instructs the calling routine as to the necessity of adjusting the 

counting scheme for network construction due t o  the presence of the shock 

wave, 

In its operation, 

Diagrams for the six options are given below. 

9' \ 

Case ( l ) ,  ITYPE = (11) Case (2), ITYPE = (12) 
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Case (3),  ITYPE = (21) CASE (41, LTYPE = (22) 

Case (5), ITYPE = (31) Gase (6),  ITYPE = (32) 
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SUBROUTINE NAME: SOLVE 

DESCRIPTION 

This subroutine solves for the coefficients of the nozzle wall  cubic 

equation described by points input to the program. 

CALLING SEQUENCE 

CALL SOLVE (ITYPE, M, YP) 

where I T Y P E  determines if the solution is for  an upper o r  lower wall, 
is the total number of input points describing the wall, and 
is the slope at the first point describing the wall. 

M 
YP 

UTILITY ROUTINES AND COMMON R E F E R E N C E S  

A series of third order curve fits is performed. Each curve fit uses 
3 consecutive input points and the slope at the first input point. 
for a polynomial wall equation are then determined from each curve fit. 

The coefficients 

METHOD OF SOLUTION 

Not applicable. 
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SUBROUTINE NAME: SWITCH 

DESCRIPTION 

This routine transfers the upper boundary equations into the lower 
boundary array and the lower boundary equations into the upper boundary 

array. 
so that the problem can be automatically restarted for a reflected shock case. 

The appropriate signs on the equation coefficients are a lso  changed 

CALLING SEQUENCE 

CALL SWITCH 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/CONTRL/ 
COMMON/DATAR/ 

UTILITY - None 

METHOD OF SGLUTION 

Not applicable. 
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SUBROUTINE NAME: TABLE 

DESCRIPTION 

This subroutine utilizes real or ideal gas information obtained from a 

master tape or  input cards to  calculate properties locally in the flow. 
maximum size of the array used by (TABLE) is limited to f i v e  gas properties 
(V, R, y ,  To, Po) at thirteen velocity "cuts8f for each of two entropy cute 
and 10 O/F cuts. 

The 

CALLING SEQUENCE 

CALL TABLE (SS, VV, IF) 

where (SS) is the .local entropy, (IF) is the O/F table of interest and (VV) is 

the local velocity at the point af interest. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/XSICOM/ 
COMMON/CONTRL/ 
COMMON/DAT AX/  

COMMON/GASCON/ 
COMMON/F AB/ 
TOFV 
POFEM 

EMOFV 

METHOD O F  SOLUTION 

The routine is entered with an O/F table (IF), the local entropy (SS) and 
velocity (VV). A test is then made to determine i f  the gas is real or ideal. If 
the test indicates an ideal gas, the local properties are set to those stored in 
the (TAB) common array. If the test indicates real gas, a double interpolation 
scheme is utilized to  locate gas properties between tabulated values of velocity 

and entropy. 

gas extrapolation from the last table value is made to determine the gas 
properties. 

In the case of an entry beyond the range of the tables, an ideal 
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SUBROUTINE NAME: TAPMOV 

DESCRIPTION: 

This subroutine moves the binary flow field tape through the gas property 

data to the start of the flow field information. 

CALLING SEQUENCE 

CALL TAPMOV 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/IRECD/ 
UTILITY - None 

METHOD OF SOLUTION 

Not applicable. 
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SUBROUTINE NAME: THETPM 

DESCRIPTION 

This subroutine performs a numerical integration to calculate 
properties through a Prandtl-Meyer expansion. 

final velocity o r  known final expansion angle m a y  be handled. 

Either the case of known 

- CALLING SEQUENCE 

CALL THETPM(OF,  S, DELTA, VF, VI, IT, ITYPE) 

where (OF) is the local O F  ratio 
(S 1 is the local entropy level 
(DELTA) is the total expansion angle 

(VF) is the final velocity downstream of the expansion 
(VI) is the initial velocity upstream of the expansion 

is a control parameter indicating if expansion to a solid 
wall o r  free boundaryis taking place 

(IT 1 

indicates if upper (2) o r  lower (1) boundary (ITYPE) 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/GASCON,/ XTSUB 

c OMMON/S T E PC/ TOFV 
FABLE ERRORS 

METHOD OF SOLUTION 

The integral equation 

(M' = V'/YRT) 
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is solved knowing either the final velocity (V ) o r  the expansion angle (AQ), F 
As can b e  seen, if the final velocity (VF) is known, the integration progresses 

straightforwardly t u  a soiution. However, i f  the expansion angle is known, 
an iterative procedure must  be employed to pick the velocity which produces 

the desired expansion angle. 
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SUBROUTINE NAME: THROAT 

DESCRIPTION 

This subroutine computes the nozzle throat equation coefficients. 

CALLING SEQUENCE 

CALL THROAT (ITYPE, YP) 

where (ITYPE) is  a 1 for an upper wall throat and a 2 for a lower wall 

throat. ( Y P )  is the slope of the first point on the next curve. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/DATAR/ 

COMMON/POINTS/ 
UTILITY - None 

METHOD OF SOLUTION 

The nozzle throat radius, radius of curvature, divergence angle and 
an axial corrdinate shift are used to find the coefficients for the conic 

e quation : 
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SUBROUTINE NAME: THRUST 

DESCRIPTION 

This routine computes the vacuum thrust  produced by a two-dimensional 

Addition of the thrust  at the throat and the integrated o r  axisymmetric nozzle. 

pressure along the nozzle wall yields the final thrust .  

CALLING SEQUENCE 

CALL THRUST (I, K, 11, Jl, ITYPE, ICALC) 

where (I, K) designates the unknovrn character is t ic  point and (11, 52) is the 
known characterist ic point. (ITYPE) specifies if the point is on the upper 

o r  lower boundary and (ICALC] is a counter wi th  the values of 1, 2 or 3. 

( 1  specifies integration at the throat, 2 - along the nozzle and 3 - at the exit.) 

U T I L I T Y  ROUTINES AND COMMON REFERENCES 

COMMON/CONTRL/ 
COMMON/DATAK/ 

COMMON/FORCE/ 
COMMON/INPUT/ 
COMMON/STEPC/ 
FABLE 

EMOFV 

POFEM 

RHOFEM 

METHOD OF SOLUTION 

Thrust  is found b y  first computing the momentum thrust  in the sonic 

a r e a  Gr throat of the nozzle. 

nozzle wall and the total thrust  found by summation of the p re s su re  and 

momentum terms. 
accounts for either two-dimensional or axisymmetric flow. 

The static p re s su re  is then integrated along the 

Inclusion of a factor in the incremental  force term 
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- C'IJNC'I'ION NAME: TOFKM 

This function computes the local static temperature as a function of 

Mach number. 
to entry. 
number or velocity i s  the known quantity. 

The gas properties at the point of interest are known prior 
TOFEM and TOFV are quite similar; the difference being if  Mach 

CALLING SEQUENCE 

T = TOFEM(EM) 

where (T) i s  the one-dimensionally calculated local static pressure which 
exists at the Mach number (EM). 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/GASCON/ 

METHOD OF SOLUTION 

The calorically perfect gas relationship 

0 T =  Y -  l M 2  
l + T -  

is solved for static temperature at the local Mach number. 
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DESCRIPTION 

This function computes the local static temperature as a function of 

velocity. 

TOFV and TOFEM a r e  quite similar; the difference being i f  Mach number or 

velocity is the known variable. 

The gas properties at  the point of interest a r e  known prior to entry. 

CALLING SEQUENCE 

T = T O W  (V) 

where (T) is the one-dimensionally calculated local static pressure which 

exists a t  the velocity (V). 

U T I L I T Y  ROUTINES AND COMMON REFERENCES 

COMMON/GASCON/ 
UTILITY - None 

METHOD OF SOLUTION 

The calorically perfect gas relationship 

is solved for static temperature at the local velocity. 
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SUBROUTINE NAME: TURN 

DESCRIPTION 

This subroutine solves a shock wave which has a known turning 
angle ( 8 ) .  A condition of known turning angle exists when the flow is turned 
through a compression corner on a solid boundary. Real gas effects are 
considered in calculating conditions downstream of the shock. 

CALLING SEQUENCE 

CALL TURN (PU, PD, DELTA, IFLAG) 

where (PU, PD) represent flow conditions upstream and downstream of the 
shock, (DELTA) is the turning angle, and (IFLAG) indicates if the solution 
wi l l  converge or not. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/CRITER/ ESHOCK 

COMMON/CONTRL/ ITSUB 
COMMON/F INITE/ CONE 

FABLE UOFV 
EMOFV 

UOFEM 

METHOD OF SOLUTION 

An initial shock angle is guessed. This shock angle is used to calcu- 

late a turning angle. 
turning angle and successive iterations on shock angle a r e  performed until 
the turning angle difference is sufficiently close to zero. 

The calculated turning angle is compared to the known 

3-111 

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEfRING CENTER 



P P 

b.1 I N C ' I ' I O N  NAIVE: UOFEM .-- 

DESCRIPTION 

This function computes the Mach angle at a local Mach number. A 
test  is made to  ensure that the Mach number is greater than one; prior to the 

cdcula tion. 

CALLING SEQUENCE 

EMU = UOFEM(EM) 

where (EMU) is the Mach angle which exists at the local Mach number (EM). 

UTILITY ROUTINES AND COMMON REFERENCES 

ERRORS COMMON - None 

KIKOFF 

METHOD OF SOLUTION 

The following equation 

is solved €or the local Mach angle. 
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I~’1JNCTION NAME: UOFV 

1) II‘,SC: 13 I l.”l’JON --- -- 
This function computes the Mach angle at a local velocity. 

CALLING SEQUENCE 

EMU = UOFV(V) 

where (EMU) is the Mach angle which exists at the local velocity (VI. 

UTILITY ROUTINES AND COMMON REFERENCES 
COMMON - None 
UOFEM 
EMOFV 

METHOD OF SOLUTION 

The local velocity is converted into a Mach‘number using (EMOFV). 
Function (UOFEM) is then entered with the calculated Mach number and the 
Mach angle obtained from the following equation. 
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S U B R O U T I N E  NAME: VISCUS 

D E S C R I P T I O N  

This subroutine calculates th- laminar r turbulent boundary layer  
thickness and velocity distribution at the nozzle exit. 

adjustment is made on the exit plane start ing line. 

portion of the boundary layer  is considered. 

This boundary layer  

Only the supersonic 

CALLING S E Q U E N C E  

CALL VISCUS (N, NBL, XL, CU) 
where (N) is the power of the velocity profile (V/Vedge = (Y/Yedge) 1/N) 

( N B L )  is number of boundary layer  points specified. 

length (usually the nozzle length). 

units of length in the boundary layer  calculation. 

(XL) is a character is t ic  

(CU) is a conversion factor for  mixed 

UTILITY ROUTINES AND COMM.ON REFERENCES 

COMMON/INPU T/ EMOFV 
C O M M O N / C O N T R ~  TOFEM 
COMMON/GASCON/ POFEM 
F A R L E  VOFEM 

UOFV 

METHOD OF' SOLUTION 

The number of start ing line points within the supersonic portion of the 

The velocity profile for  a laminar o r  turbulent boundary layer is specified. 

boundary layer is calculated and distributed to the start ing line points. 

points are then t ransferred to a right running character is t ic  line and the 
remaining inviscid portion of the start ing line is attached. 

These 
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FUNCTION NAME: VOFEM 

DESCRIPTIOIv 

This function computes velocity as a function of Mach numher. Ideal 
gas relations are used a d  the gas properties are known prior to entry. 

a .  

CALLING SEQUENCE, 

V = VOFEM(EM) 

where (V) is the local. velocity which corresponds to the local Mach number 

(EM). 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/GASCON/ 
TOFEM 

METHOD OF SOLUTION 

The ideal gas relationehip 

e / -  

(-) 
is solved for velocity. Local static temperature (T) is obtaihed from the 

input Mach number. 
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SUBROUTINE NAME: WEAK 

I 

DESCRIPTION 

This subroutine determines the independent variables (SD, VD) down- 
s t ream of a weak oblique shock. 

are known prior  t o  entry. 
The gas properties upstream of the shock 

CALLING SEQUENCE 

CALL WEAK (OF, SU, VU, ERS, DELTA, SD, VD) 

where (OF) is  the upstream O/F ratio, (SU, VU) a r e  the upstream entropy 

and velocity, (EPS, DELTA) a r e  the shock angle and turning angle, and (SD, 
VD) a r e  the downstream entropy and velocity. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/GASCON/ 
TABLE 

EMOFV 
POFEM 
RHOFEM 

E N T R O P  

DELTAF 

METHOD O F  SOLUTION 

F r o m  the known upstream entropy and velocity, the local gas properties, 

pressure,  density, and upstream Mach number are calculated. The entropy 
r ise  across  the shock is added to  the upstream entropy to  get total downstream 

entropy. Downstream velocity is calculated from the following relationship. 
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FUNCTION NAME: WOFA 

D E S C R I P T I O N  

This function computes the weight flow per unit area as a function of 

This calculation is only used in function AOASTR. Mach number. 

GALLING SEQUENCE 

WEIGHT FLOW = WOFA (EM) 

where (EM) is the local Mach number. 

U T I L I T Y  ROUTINES A N D  COMMON REFER ENGES 
COMMON/GAS CON/ 
UTILITY - None 

METHOD O F  SOLUTION 

Weight flow per unit area (<V/A) is calculated from ideal gas relations. 
The equation used i s  
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3.5 PROGRAM OUTPUT 

This subsection contains a description of the output scheme utilized 

by the program and a description of the error messages printed out by the 

program. 
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3.5.1 Description of Program Output 

The methods of characteristics program output is organized in a logi- 
cal fashion with the data presented in an easily understood form. 
pages consist of a pri-itout of the input data including the real gas tables ob- 
tained from the master tape. 

running characteristic lines with all the pertinent information printed for 
each characteristic point on each characteristic line. Numbered flags on 

the example printout sheets (pp. 3- 124 through 3- 127 ) correspond to numbered 
comments listed below. 

The initial 

Characteristic data a re  organized along left- 

GROUP I - IDENTIFICATION 

@ 
@ 

Case Number: Appears on each page - m y  be a maximum of five digits. 

- Title: Identifies particular run, appears on each page and m a y  be 72 

spaces. 

GROUP 2 - RUN CON?.’ROL 

@ Run Control Parameters: These 16 parameters control the execution 
of the program according to the options selected. 
FORTRAN symbols section for  explanation of individual parameters.! 

(See input/Output 

GROUP 3 - BOUNDARY EQUATIONS (See Input/Output FORTRAN Symbols 
for detailed description.) 

Type Equation: Identifies type of boundary equation selected. 

2 - poly, 3 - free bound) 

ITRANS: Indicates i f  a discontinuity follows this equation, 
0 - no discontinuity, 

(1 - conic, 

1 - discontinuity). 

Coefficients: Apply to upper or  lower boundary equations, 

XMAX: Maximum value of (x) for which preecnt equation applies. 
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Ci17OU P 4 - GAS 11)ENTIFICATION 

@ G a s  Identification: ..- Identifies gas  on master tape for which gas table 
is printed. 

GROUP 5 - REAL/IDEAL GAS PROPERTIES (See Lnput/output FORTRAN 
Symbol section) 

O/F  Ratio: Th-. O/F ratio for  the particular table. 

Entropy Cuts: May be two maxfmrm for each O/F table, value i.s 

relative to  f i rs t  entropy level in  each table. 

Velocity Cuts: May be 13 maximum at each entropy cut. 

"Gas Constant": Value associated with the particular velocity, entropy 

and O/F ratio. 

Isentropic Exponent: Value associated with the particular velocity, 
entropy and O/F ratio. 

Static Temperature: Value associated with the particular velocity, 

entropy and O/F ratio. 

Static Pres silre: Value associated with the particular velocity, entropy 
and O/F ratio. 

Note: Ideal gas format is similar (O/F) i s  as read in f rom card,  (S) 

and (V) a r e  generally ze ro  and only one value of R, y ,  To, Po 
i s  printed. 

- 

GROUP 6 - STARTING LINE INFORMATION (See Input/Output FORTRAN 
Symbol Section) 

@ - R: 
o r  non-dimensional). 

- X :  
o r  non-dimensional). 

Note: - The only restriction on units for X and R is that they be consistent, 

however thrust  and mass flow calculations assume feet. 

Radial d4stance to characterist ic point (may be any unit of length 

0 Axial distance to  characterist ic point (may be any unit of length 
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Mach Numbcr: Local value at particular R and X location (may be any 
supersonic Mlue). 

Flow Angle: Local mlue zt particular R and X location (degrees). 

Entrcpy: Local value at particular d and X location (ft  /sec - R). 

O/F Ratio: Local value at particular R and x Location. 

2 2 0  

- Note: The starting line may be obtained using various options (see 

Input Guide); however, the format an the printout remains the 

same. 

GROUP 7 - MESH CONTROL CRITERIA (See Inpct/Output FORTRAN Symbol 
Section DIV( 1) - DIV(6)) 

@ - DLI: Length insertion criteria. 

@ DLL: Length deletion criteria. 

@ 
@ 
@ 
@ 

- DMI: Mach number insertion criteria. 

DML: Mach number deletion criteria. 

- DTI: F I O ~  angle insertiori criteria. 

- DTL: F I ~  angle deletion criteria. 

GROUP 8 - RUN CUTOFF INFORMATION (See Input/Output FORTRAN Symbol 

@ 

Section CUTDAT( 1) - CUTDAT(6) 

- R: Radial coordinate of upper cutoff (units same as R on starting line). 

@ -  X: Axial coordinate of upper cutoff (units same as X on starting line). 

@ 
@ 
@ 

THETA: Angle of upper cutoff line (degrees) 

- R: Radial coordinate of Lower cutoff. 

-- X: Axial coordinate oi' lower cutoff. 

@ THETA: Angle of lower atoff line, 
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GKOUP 9 - T Y P I C U  LEFT CHARACTERISTIC LINE 

Charactcristic Line: Identifies line for which data is printed. 

Characteristic Point: Identifies point for which data is printed. 

Description: Describes the type of point. The options are: 

a. input point 
b. interior point (prints blank) 
c. wall point 

d. free boundary point 

e. shock point 
f .  Prandtl-me ye r point. 

- R: Radial distance to the characteristic point. 

X: Axial distance to the characteristic point. - 
- M: Mach number at the characteristic point. 

Theta: Flow angle at the characteristic poid (degrees). 

Entropy: Entropy level at the characteristic p i n t  ( f t  /sec - R). 2 2 0  

Shock Angle: Shock angle at the characteristic point (only prints when 

shock point) (degrees). 

Mach Angle: Mach angle at the characteristic point (degrees). 

Pressure: Static pressure at the characteristic point (psfa). 
3 Density: Static density at the characteristic point (slugs/ft ). 

Temperature: Static temperature at the characteristic point ( F). 

Velocity: Velocity of flow at the chaiaacteristic point (ft/sec). 

0 

O/F Ratio: O/F ratio at the characteristic point. 

Local Mw: Molecular weight at the characteristic point. 

Local Gamma: Ratio of specific heats at the characteristic point. 

- To.'': 
.e- 

Normal shock stagnation temperature at the characteristic point 
(*W. 
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t 
@ 

@ 

- Po : Pitot pressure - the normal shock stagnation pressure at the 
characteristic point (psfa). 

- S : Normal shock stagnatiou entropy at the characteristic point 
(ft2/sec - R). 
This is a comparison to the mass flow through the throat. The percent 

change should be near zero; any change is an indication of accumulated 
e r r o r  in the calculation. For a plume this is a comparison to the mass 
flow at the nozzle exit. The percent change will  approach 100% as the 

characteristic lines start further away from the exit plane. The mass 

flow printed out after the first characteristic line is in lb/sec if the 

units of the flow field a r e  infeet. Lf the flow field is in inches then 
divide the printed out value by 144 to get lbisec. 

* 
2 0  

@ 

@ This is a calculation of the components of net momentum thrust and 
pressure thrust at the particular wall point in the nozzle. 

FORCEX: Net force in the axial direction (lbf) 
FORCEY: Net  force in the radial direction. For  an axisyammetric 

nozzle FORCEY will  be zero (lbf) 
TORQZ: The net moment produced by the axizl and radial forces 

about the origin of the plume (ft-lbf) 
DELFX: Incremental force in axial direction (lbi) 

DELFY: Incremental force in radial direction (lbf) 
ISPVAC: The vacuum specific impulse (lbf-sec/lbm) 
CF-VAC: The vacuum thrust coefficient. 

ERRORS: and intermediate statement (see Subsection 3.4.2). @ 
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3.5.2 Statements from Subroutine Errors (Output) 

1. Illegal crossing of right-running characteristics; run is continued 
with point deleted. 

This statement occurs when the newly calculated chaiac - 
teristic point falls below the right-running characteristic 
line formed by the two base points. 

These points are  averaged and the 
average is used to replace the crossed 
points. 

2. Illeg 1 crossing of left-running characterist 

with remainder of line deleted. 
z s ;  run i s  cont iued 

This statement occurs when the new left-running charac- 
teristic line crosses the previous left-running characteristic 
line. 

This portion 
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3. Previously noted e r ro r s  have propaged to lower boundary or problem 

limits have been reached. Case terminated. 

The program has termirated properly, a shock has inter- 
sected the axis of symmetry, the problem limits set by 
the user  have been reached o r  an e r ro r  in the mesh con- 
struction which occurred somewhere in the field has 
propagated to the lower boundary. 

4. Lower boundary solution will  not converge. 

Program is unable to obtain a solution at lower boundary 
within a preset number of iterations. 

5. Interior solution wil l  not converge. 

Program is  unable to  obtain a solution zt m interior 
point within a preset number of iterations. 

6. Upper boundary solution will  not converge. 

Program is unable to obtain a solution at the upper 
boundary within a preset number of iterations. 

7 .  Shock solution will not converge. Line terminated. 

The program is unable to satisfy both oblique shock 
relations and flow field properties simultaneously within 
a specified number of iterations. 

8. ITSUB WNC in RGMOFP 

Real gas solution of Mach number as a function of 
pressure wil l  not converge in the preset number of 
iterations. 

9. ITSUB WNC in RGVOFM 

Real gas solution of velocity as a function of Mach 
number wi l l  not converge in the preset number of 
i te rations 
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IO.  ITSUB WNC in THETPM 

Unable to  balance the las t  Prandtl-Meyer point 
pressure with back pressure  at f ree  boundary o r  
flow angle at last  point with fiow angle at solid 
boundary within the preset  number of iterations. 

11. ITSUB WNC in AOASTR 

Unable to  balance the mass  flow at A/A8 with 
mass flow at throat within the preset  number of 
iterations. 

12. MOCSOL WNC 

The characterist ic solution for a new point is 
unable to be reached within the preset  number 
of iterations. 

13. SHOCK has problem 

This statement indicates that subroutine (SHOCK) 
is unable to reach a solution. 
the solutioii and t r y  again in most cases.  When this 
statement is  printed ant there  will also be a 2, 3,4, 5, 
6 or  7 written out f rom (SHOCK) which will indicate 
the type of problem. 

(SHOCK) will reinitiate 

2 

3 the shock has intersected the axis 

4 and 5 

6 insufficient downstream information - 

7 insufficient downstream information - 

the shock solution will not converge 

not presently used 

call  again with appropriate option 

call again with appropriate option 

14. ITSUB WNC in TURN 

Iteration for shock angle based on known turning angle 
cannot obtain convergence within specified number of 
iterations. 

15. ITSUB WNC in OVEREX 

Iteration for obtaining shock angle by balancing 
downstream pressure to back pressure . i s  unable 
to  converge within preset  number of iterations. 
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16. The following case cannot be found on Master Tape 

The program i s  unable to find the desired gas case 
among the cases present on the Master Tape. 

17. ITSUB WNC in HYPER 

Unable to balance the pressure at the expansion 
corner with the pressure at the pressure boundary 
within the present number of iterations. 

18. ESHOCK WNC 

Iterative solution of conbervation equations across 
a shock would not converge within the preset 
number of iterations. 

19. ITSUB WNC in  MASCON 

Iteration fo r  Mach number distribution using con- 
servalion of mass flow wonld not converge within 
the preset number of iterations. 

20. Subsonic Mach number encountered. 

The method of characteristics solution is unable 
to handle subsonic Mach numbers because of the 
use of the t e r r n d M z .  When this e r r o r  is 
encountered it is usually the result of the propa- 
gation of some upstream error.  

2 1. Negative velocity encountered. 

The initial guess for an iterative solution w a s  
bzd which resulted in a negative velocity. 
also have resulted from some e r r o r  in the 
boundary conditions. 

May 

22. Characteristic Lines diverge, line terminated, 

Unable to find a new characteristic point because 
of a very small difference in angle between two 
characteristic lines. (See figure on following page.) 
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cnce 

Right characteristic lines 

Left characteristic line 
4 

-7 Axis of Symmetry 
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3.6 SAMPLE PP.OBLEM 

’ 
Below is a listing of the sample problem. 

Card 1 
Card 2 
Card 3a 
Card 3b 
Card 3c 
Card 3d 
Card 3c 
Card 3f 
Card 3g 
Card 3h 
Card 3i 
Card 4 
Card 5 
Card 60 
Cord 71 
Card 7b 
Card 7c 
Cord 7d 
Card 7e 
Card 7f 
Card 7g 
Card f h  
Card 7i 
Card 7 j  
Card 7k 
Card 71 
Card 6b 
Card 7m 
Card 7n 
Car8 70 
Card 7p 
Card 7q 
Card 7 t  
Card 7s 

Card 7u 
Card 7v 
Card 7w 
Card ‘ix 
Card 8 
Card 10 
Card I 1  

Card 7t 

P O  
5 - I V  TESTS 

0-0  
=.n 

OOCI 
I .One 
I .nno 
2 . 1 4 A  
‘1.730 
3 237 
4.6% 
-5.749 
6.363 
f . R W  
8.710 

10.834 
1.46 

.0nn 
I . O m  
I .7?6 
2.157 
3.199 
3.i353 
4.214 
9.247 
=.7s4 
7.110 
7. P66 
9.7m 

-02/H2.9REL roCS 1 2  

I ?  
1 I .-sR 
I 1  e 6 9 1  
11 .P99 
I I .w5 
12.094 
12.096 
12.096 
12.096 
12.0S6 
1T.tWb 
12.006 
12.- 

1 7  
10.660 
10.831 
1 1 m 1 4 Q  
I 1.34- 
I I .On6 
12.OAh 

1Pin9b 
1 2 r 0 Q A  
1?.096 
12.096 

iP.ne5 

1e1437b 
I 1 J47A 
I I T7*CI 
I 17386 
1 .i?.7%7 
1.26618 
1 a28029 
1 a 3 1  154 
I .  -4i?lOR 
1.34329 
1.34937 
1.35837 

1 , W ~ l  
I .OM25 
1.004e;7 
1 . O W A T  
1. I l h S 1  
I .2?Rn4 
1.26196 
1.29R7R 
1.31 166 
I .  135?? 
1.34310 

3330 R1 
3141 -66 
77R4.51 
ELi94oAI 
17HP02~ 
12s4.56 
1084.4S 
760 09 
634.19 
426.43 
353 r 83 
232 r 9 4  

P 3 . R I  5995 
13.69!37?7 
4.763199 
2.3R 1 - 0 9  

2 R R  160 
el347632 
00238 I 6  
00047b3 
.00?7R? 
0000476 
0000238 
. 0 0 0 W R  

-na 
-w? 
-02 
-n3 
-04 
-oa 
-0- 
-0= 
- O h  
-ne 
-n7 
-n7 

0 0 20 0 1  0 

I000 . 
1000 . 
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Card 1 

Col s . 
1-72 

-- 

Card 2 

5 

9 
10 

14,15 

17-20 

25 

27-30 

35 

3 7 , 3 8  

39,40 

41-45 

50 

54-55 

60 

65 

Valuc -- 

I 

1 

0 

21 

1019 

1 

0 

1 

01 

13 

0 

0 

11 

0 

0 

D c s c r i pi ion 

Keader card with title of problem. 

ICON(?) - Gas properties will be 
input f-om cards.  
ICON(2) - Right running start line. 

ICON(2) - Straight s t a r t  line with 
the Mach number given. 
ICON(3) - 21 Start line points 

ICON(4) - The upper boundary will 
be curve f i t  by the program using 17 
points which describe the nozzle. 
there will be 19 upper  wall systems: 
One for the nozzle throat, 17 for the 
nozzle wall and a free boundary 
equation. 

ICON(5) - There is one lower wall 
equation. 
ICON(6) - Any shock intersecting 
the lower wall will not be reflected 
automa tic a l ly .  

ICON(7) - The problem is an 
axis yrnmetr ic cas e. 

ICON(8) - After the solution reaches 
the nozzle l i p  the output wi’l be full 
one line data. 
ICON(8) - The output f r the nozzle 
solution up to the i ip  will be limired, 
three line data. 

ICON(9) - The start line does not 
contain a shock point. 

N o t  presently used. 

ICON(11) - The case number for the 
problem is 11. 

ICON(l2) - The first shock encountered 
duricg the solution will be calculated 
ICON(13) - The viscous boundary layer 
option for the start line v . 3 1  not be used. 
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Card 2 (Cont'd) 

Cols .  - 
69.70  

75 

80 

Card 3a 

NOTE: 

1-10 

11 -21 

3 1-40 

31-40 

Card 3b 

1-10 

11-20 

21 -30 
31-40 
41 -50 

51-60 

Value 

20 

- 

1 

0 

Des cr iptim 

IGON(14) - Any Prandtl-Meyer 
expansion will be divided into 
20 Itrays." 

ICON(l5) - Mesh control will be 
utilized. 
ICON(16) - No tldebuggingll printout 
during the shock and pitot pressure 
calculations. 

3a - 3g are used because the nozzle wall curve f i t  
option has been selected for the upper bourdary of 
the problem. 

.4 5 RC - The radius of curvature of the 
nozzle throat is ,451 units. 

.3  RT - The throat radius is .3 units. 

0.0 THETA - The throat divergence 
angle is 0.0. 
will only be considered up to the 
minimum area of the nozzle. 

XO - The nozzle t t rozt  equation will 
not be shifted. 

The throat equation 

0 .o 

.1 

.325 

.2 XIN (2 )  

.375 YIN(2) 

.3 XW(3) 
-445 Y W 3 )  

XIN( 1) - Axial location of first  point 
describing nozzle wall. 

YW(1) - Radial location of first point 
describing nozzle wall. 

Cards 3c-3g 

These cards contain the coordinates of the rest  of the 17 points de- 
scribing the nozzle wall. 
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Card 3h 

Cols. 

1 

_I_ 

5 

11 -20 

61-70 

Card 3i 

1 

5 

11 -60 

61-70 

Card 4 

1-24 

30-32 

40 

45 

Card 5 

1-10 

Card 6a 

1-10 

Value D e  s c r i pt ion 

3 

0 

30.24 

WALL - The las t  upper boundary 
equation is a free boundary equation. 

ITRANS - N o  discontinuity follows 
this boundary. 
PINF - The nozzle will expand to  a 
free boundary back pressure of 30.24 

XMAX - The maximum axial coordi- 
nate for which this equation applies 
is 1000. units. 

psfa. 
1000. 

2 

0 

0 .o 

WALL - The lower wall equation is 
a polynomial equation. 
ITRANS - N o  discontinuity follows 
this equation. 

WALLCO(1)-(5) - The lower boundary 
equation is a straight line with zero 
slope passing through t h e  origin of 
the system. 
XMAX - The maximurn axial coordi- 
nate for which this equation applies 
is 100 units. 
ALPHA - Gas name and description. 

UNITS - The gas data is input in 
met r ic  units. 

IOF - There is 1 O/F t ab le  of gas data. 

1000. 

S-IV Tests 
-OZ/H2 PREL 

MKS 

1 

2 IS - There a r e  two entropy tables con- 
taking g a s  data. 

5 .O 

0.0 

OFRAT - The O/F ratio for this data 
is 5.0. 

STAB(1) - The entropy level of the 
first entropy table. 
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Card 6a (Cont'd) 

- Cols.  

19-20 

Card(s) ?a 

1-10 

Value 

12 

0.0 

11 -20 11.558 

21-30 

3 1-40 

41-50 

1.14376 

3330.81 

23.815995 

Description 

IVTAB - There are 12 velocity or  
Mach number "cuts'' of data in this 
entropy table. 

TAB(1, J ,K, l )  - Mach number for the 
first Mach number cut in the entropy 
table. 
TAB(1, J,K,2) - Molecular weight of 
the gas at this Mach number. 
units on Card 4 were ENG then this 
should be the gas constant R. 
TAB(I, J,K,3) - GAMMA for the gas 
at this Mach number. 
TAB(1, J,K,4) - Static temperature at 
this Mach number, OK. 
TAB(I,J,K,5) - Static pressure at this 
Mach number, Atmospheres. 

If the 

Cards 7b-71 

These cards  contain similar information to that on Card ?a except 
corresponding to different Mach number "cuts." 

Card 6b  

1-10 

19-20 

1.46 

12 

STAB(2) - The entropy level of the 
second entropy table (cal/gram-%) 
IVTAB - There are 12 velocity or 
Mach number "cuts" of data in this 
entropy table. 

Cards 7m-7x 

These cards  contain similar data as Cards ?a-71 except that this data 
0 was generated for an entropy level corresponding to 1.4 cal/gram- K. 

Card 8 

1-10 0.0 CORLIP(1) - The axial coordinate of 
the upper limit of the start line is 0.0. 
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Card I) (Con'd) 

Cols. 

11 -20 

21 -30 

31 -40 

41 -50 

5 1-60 

61-70 

Card 10 

1-10 

11-20 

21-30 

31-40 

41 -50 

51-60 

61-70 

- Value Description 

.0428 CORLIP(2) - The axial coordinate of 
the lower limit of the start line is 
.0428 units. 

CORLIP(3) - The Mach number of the 
flow along the start line. 
CORLfP(4) - There is zero  entropy 
level at the start line. 
STEP(5) - The area of the nozzle 
throat. 

CORLIP(5) - The O/F ratio along the 
start line. 

STEP(6) - The program will set  the 
minimum A P  for discontinuing shock 
calculations at -00 1. 

1.01 

0 .o 

.284 

5.0 

0.0 

100. 

0.0 

0 .o 

0 -0 

20.0 

90.0 

.2 

CUTDAT(1) - The maximum radial 
coordinate considered for this prob- 
lem will be 100. units at the upstream 
cutoff point. 

CUTDAT(2) - Each characterist ic line 
will cut off for any axial value less 
than 0.0.  

CUTDAT(3) - The angle the upper 
cutoff makes with the horizontal is 0.0. 
CUTDAT(4) - The minimum radial 
coordinate considered for this prob- 
lem will be 0.0 at the downstream 
cutoff point. 
CUTDAT(5) - The maximum axial 
coordinate for which calculations 
will be made. 
CUTDAT(6) - The angle the down- 
stream cutoff l ine makes with the 
horizontal is 90.0 degrees. 
STEP(3) - Anytime the axial distance 
between two characterist ic lines ex- 
ceeds .2 units a new left rurTing char-  
acteristic line will be st-rted. 
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Card 11 

Col(s) 

1-10 

1 1-20 

21-30 

3 1-40 

41-50 

51-60 

Value Description 

2.0 DIV(1) - Maximum change in absolute 
length between any two adjacent char- 
acteristic points is 2.0 units. 
DIV(2) - N o  points will be deleted be- 
cause of the minimum change in abso- 
lute length. 

DIV(3) - Maximum change in Mach 
number between any two consecutive 
characteristic points is 3.0. 
D N ( 4 )  - No points will be deleted 
because of the minimum change in 
Mach number. 
DIV(5) - Maximum change in flow 
angle between any two consecutive 
characteristic points is loo. 
DrV(6) - N o  points will  be deleted 
because of the minimum change in 
flow angle. 

0 .o 

3.0 

0.0 

10.0 

0.0 
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Section 4 
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Appendix 

MESH CONSTRUCTION FOR INTERNAL FLOW 

The calculations described previously are  point or small region 
Some process must be defined which successively employs solutions. 

the proper calculation at  the proper time in order to describe the entire 
field. In order to facilitate a description of the mesh construction process 
let @ represent the total knowledge of flow properties a t  a point in the field. 

Also let the expression 

stand for properties at  a 

(m) other points. There 

@oJ @I %’ ‘As’ ’&, *pMy 

new point which a re  computed a s  a function eL) of 

will  be basically six such functional operations 
which stand for input point, intezior point, bound- 

ary point, attached shock point, shock, and Prandt-Meyer points. In addi- 

tion the superscript (u) wil l  indicate that the operation is to be performed 

in the presence of an upper boundary while (L) indicates a 1ower.boundary. 

Due to the complexity of handling multiple shock waves, a single 
shock wave restriction will  be imposed. This shock wave is arbitrarily 

chosen to be of the right running family. 
frequently occur i n  cases of interest. 
the problem is simply inverted. 

This type of problem wil l  most 
If a left running shock wave occurs 

The choice of right running shock waves also dictates that left running 

characteristic lines be followed in the calculation. 
tain a minimum of information, i. e,,  a known characteristic line (hereafter 

referred to as (j)) and a line in the process of being computed (k). 

This allows one to r e -  

A- 1 CL 
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To begin the problem all necessary boundary conditions must, of 

course, be supplied. 

a re  designated an 
In addition a starting line containing N points which 

(n = 1, . . . N) must be supplied. 

Figure A-1 illustrates a flow field in which there a r e  no discontinuities 

and in which the mesh  construction is terminated when the region of interest  

has been computed. 

-/- 

l ine 

.. / 6 7 8 9 10 11 12  
x -  

Figure A-'1 
/ 

In  region I the left running characterist ic l i n e s  initia-e as input points 

and the mesh construction may be described by; 
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where n varies from 1 to N and ei, 
ith point on the k line. For instance, in calculating the fourth point on the 
fourth line shown in  the figure, line three is known i n  its entirety and line 
four up to and including the third point is known. The above set of relations 

says that point three on line four and point three on line three wi l l  deter- 

mine, through the interior point solution, the next point (four) on line four. 

represents the flow properties at the 

For region II we have; 

As a new line becomes completely defined i t  may be referred to  as j 
and the process continued indefinitely. 

It is possible to combine regions (1) and (2) into a more general 

scheme if a variable iN,is defined which takes on the value (1) i n  region I 
and (0) in region II. 

snd the number of points on the new line (i 

At this time the number of points on the j line (i ) 
j 

T 
) are  defined. Then; 

Tk 

. 
'k 

I 
but 

N i e= i t 2 i  
j 

T Tk 
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Obviously iT would have been izitialized to (-1) pr ior  to  the s t a r t  oi the 

calculation. When the line is ficisned iT is set to the current  value of i 
j 

. 
j Tk 

Thus the process  for computing the entire flow field for such a simpli- 

fied case is described by the s e t  of expressions (A-3). In  general, however, 

discontinuities will arise s o  that a more  flexible description is necessary. 

If ,  by some process ,  points w e r e  discarded f rom the (j)  and (k) a r rays  and 

the number of points lost  is is and i6 zespectively then (A-31 becomes; 
j k 

i = l  

i = 2, ... , i  -1 (A-4) 
Tk 

i = i  

ik = i-1 @ 4 @ik, k' ij, j) i j  = i-2iN+ 1 + 

- 1  Tk 
ik = i-1 cp 'i(@ik, k' ij ,  j) i j  = i-2i  +r tis i 'j k 

'i,k = i 
but 

t 2% -i8, - i6, 
j J 

T i ~ = = i  
Tk 

where the tilda over is and isk indicates that current  values a r e  to be used. 

These variables a r e  r e se t  to zero  at the beginning of each new line. 
j 

To il lustrate this,imagine that points (1) and (2) have been computed 
/ 

on line 11 and that after point(3) had been computed in the normal fashion 

i t  w a s  necessary to  discard it. The next point to be computed would then 

be (3'7 but i f  for some reason it was necessary to discard point S or. the 

(j)  line then the point (3') would not exist. 
deleted on each line (i- = i" 

(4) kdica te  that point (6)  on line (j) and point (2) on line (k) would be used 

in the computation of ( 3 )  on line (k). 

Therefore a point has been 
= 1) and the diagram ancl the se t  of equations 

'j 'k 
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It is now possible to include a shock wave into the logic scheme. 

Since it is a mathematical requirement that characteristic lines of the same 
fsmily as the shock are continuously intercepted by it, the ability to discard 
points was iecessary. If this was the only mechanism for discarding points 

then the logic process woald be; 

i =  1 

i = 2 ,  ... i 
'k 

(A-5) 

fi= i-1 l i = i  -is +2, ... i -1 
'k k Tk t l f i  + i  

ij = i-2iN Sk 'j 

where 

i + i T + 2 i N - i  - i  
Tk j 'j 'k 

and where is is defined in much the same fashion as i 
k Tk 

, which is; 

where i is the locatiG:. of the upstream shock point on the (j) line. 
j 

S 

A-5 

LOCKHEEO - HUNTSVILLE RESEARCH & ENGINEERING CENTER 



J 

LMSC/HREC ~ 1 6 2 2  20 -1v 

Figure A-2 illustrates the m e s h  construction when a shock wave 

is present. 

-Shock wave 

Fiwre -4-2 

in this example iN = 0 and i = 8 so that is = 7.  Also iT = 16 s o  

k j 
s. 

J 
that iT would normaliy a l so  be 16. 

and the shock solution is then employed. 

iinds that three points of the (k: line fall downstream of the shock (minimum 

is one) while two right r u m i c g  lines (points 10 and 11 on the (j; line) a l so  

are intercepted by the shock wave. Thus i n  this example is 

The set of equations (A-5) then says  that the double shock point should be 

points 5 and 6 on the (k) line and that  the total number of points on the (k) 
iine has decreased to  1.2. Note a l so  that the value of is to  begin the next 

The (k) l ine is computed up to  point 7 
IC 

In this case the shock solution 

= 2 and i6. = 2. 
k J 

line must be change to  5. j 

So f a r  no mention of how the shock wave begins has been made. 

There a r e  two types of shock waves considered; the attached shock wave 

A- 6 
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which arises duc to the flow being forced to negotiate a compression tamer 

on tha upper boundary, and the envelope shock. The first of these is easily 
detected from the boundary conditions and is initially of finite strength. The 
second type is detected by a mathematical discontinuity i n  the mesh c-n- 
struction (crossing of right running lines) and is initially of zero strength 

i.e., a Mach wave. An example of the compression corner  solution is given 
in  Figure A-3. 

j l ine 

F i g u r e  A-3 

The computation of the (k) line is completed without any prior  know- 

ledge that a cornpression corner exists. A check is made after the bound- 
a r y  solution and the boundary information indicates that a compression 
corner must be treated. A linear interpolation is performed between the 

boundary point on line (j)  and the fictitious boundary point on line (k) in 
order  to determine the flow properties at  point u. An oblique shock calcu- 
lation is made where  the turning angle is known. Using this point and point 
6 (iT -1) a new virtual point ( f )  is computed. i is set to i 

solutior illustrated in F i g .  A-4 is employed. 

the (k) line in the proper fashion. In this example iT = 6 and the next line 

and the shock 
k 'k Tk 

This shock solutiofi completes 

is computed as previously discussed. j 
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Figure A-4 - Solid or F r e e  Upper W a l l  Interacting with Reflected Shock 
Wave o r  Attached Shock Wave with Insufficient Downst ream 
Information 

The envelope shock is detected by a crossing of right running char- 

acter is t ic  lines as shown in  the figure below. 

Figure A-5 

in this example point (5) on the (k) line is found to f a l l  in a previously 

described region (the region between points (3) and (4) on the (k) line). This 

discontinuity in the solution is interpreted as a shock wave. If the grid s ize  

were chosen small enough the shock wave would initially be of zero strength. 

Point (5) on line (j) is chosen to be a point which lies on the shock wave and the 

shock solution is employed. The results of this solution are stored in the normal 

fashion on the (k) line. Obviously the only difference between this situation and 

treatment of a previously developed shock wave is to modify the (j) line such 
that it appears  to the logic scheme as though a shock wave crossed the ( j )  1 ne 
at point (5). 

A-8 



0 0 

LMSC/HRE C D 1 6222 0 

Figure A-6 illustrates the mesh construction in the vicinity of an expansion 

corner. 

Figure A-6 

In this case point (5) on line (k) is expected to be a boundary point. 

It is discovered however, that an expansion corner must be negotiated by 

the (k) line. A point (6) on the (j) line is found by interpolation. 
Meyer calculation is employed and the fan of points is stored in  the (j) line 

above (6). 
creased accordingly and the normal logic scheme will now cmnplete the 
new line. The next line is calculated in  the standard fashion. 

A Prandtl- 

The total number of points'to be expected on the (k) line is in- 

An expansion corner on a lower wall is somewhat a more complicated 
situation. 

wall expansion fan m a y  be stored i n  this area. 
tion (A-5) is modified to that of muation (A-6). 

Since the calculation no longer utilizes the input line, the lower 

The set of relations,Equa- 
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where 

d- i t (2- i l )  %-is j -  i 
‘k T j 6, 

i 

and where 

i <= i t ( 2 - i p ) k  - 1 
S 

‘k j 

for which i = i = 1 until all fan points are used up. P N  
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Mesh Control 

The mesh control utilized by the program is  a means of controlling 
the minimum and maximum changes in d i e ’ a c e ,  Mach number a d  f l ~ w  
angle between any two consecutive characteristic points on both left and 
right running characteristic lines. 
in plumes and nozzles where a great deal of expansion is encountered. The 

characteristic mesh size expands to a degree where large spaces may be 
encountered in the plume and insufficient data is present. 

The advantage of mesh control occurs 

Mesh control is employed by checking on the absolute difference in 

These Mach number and flow angle and the distance between two points. 
checks a re  made between both the left and right running base points and the 
newly calculated characteristic point. If these differences do not satisfy 
the input criteria the new point will  either be deleted or another pointed 
added. 
are altered to account for points which are added and deleted. 

The fixed point equations and counting schemes within the program 

The following two figures are examples of insertion and deletion of 
points as a result of mesh control criteria. 
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\3/ 

If (ABS(e4-e3)) is greater than DIV(5) 

or (ARS(M4-h;3)) is  greater than DIV(3) 

or (ABS(AL3-4)) is greater than DIV(1) 

a new left running paint 3A is added 

wluch starts a new left running charac- 

teristic line. 
example of the message printed out for 

this case: 

EXTRA L R C  NO. 1 HAS BEEN ADDED 

BETWEEN LINES 43 AND 44 BECAUSE 
OF A CHANGE O F  .20468+00 DID NOT 

SATISFY T H E  DISTANCE MESH CON- 
STRUCTION BETWEEN POINTS 4 AND 

The following is an 

Figure A-7 

44 

3. 

If (ABS(e3-S2)) is greater than DIV(5) 
or (ABS(M3-M2)) is greater than DIV(3) 

or  ( A B S ( L ~ L ~ - ~ ) )  is greater than DIV(1) 

a new right running point 3 will be added between point 2 and old point 3. 

point 3 then becomes point 4. 

out for this case: 

Old 

The following is s.n example of the message printed 

A N E W  RRC HAS BEEN ADDED BETWEEN POINTS 2 AND 3 ON LINE 
44 BECAUSE A CHANGE OF .20140+00 DID NOT SATISFY T H E  FLOW 

ANGLE MESH CONSTRUCTION. 

It is passible for more than one left running characteristic to be added as shown 
when a new left running point 6B w a s  added between points 5A and 6 on line 44A 

and 44. 
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Example of Deletion 

A- 8 

If (ABS(B34I2)) is less  than DIV(6) 
or ABS(B2-Bl) i s  less than DIV(6) 

or ABS(M3-M2) is less than DIV(4) 
or ABS(M2-M1) is less than DfV(4) 
or ABS(ALl-Z) is less than DIV(2) 
or ABS(A.L,Z-3) is  less than DIV(2) 
point (2) is deleted and a new point 2 is calculated using point 4 
on line 40 and point 1 on Line 41. 

The following message will occur for this example: 

THE POINT 2 ON LINE 41 HAS BEEN DELETED BECAUSE A 

CHANGE OF 1.5 DID NOT SATISFY THE MACH NUMBER MESH 
CONSTRUCTION. 
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Automatic Shock Reflection 

The method of automatically reflectng a shock begins when the shock 

The doamstream shock point and the last intersects the axis of symmetry. 
point on a specified boundary equation are connected with a straight line. 

The flowfield is then searched for flowfield properties which fall at certain 
points on the line as determined from the number of specified number 
starting line points. 
polation is performed to determine the flowfield properties at the point. 

Once the specified number of points are  found the properties at each point 
are  stored in the starting line array. The problem and boundary equation 

are then inverted and the problem in reinitiated. 

If no point is located which falls on the line, an inter- 
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Viscous Start Line Option 

The viscous start line option is for use in setting up a supersonic 

Subroutine VBCOUS one-dimensional start line at a nozzle exit plane. 
viscous 

is called 
with N, the inverse o,C the power of the profile, NBL, the number of points to 

be calculated in the viscous portion of the start  line, XL, the characteristic 

length (ft. - usually the nozzle wall length) and CU, a conversion factor for 

converting the characteristic length XL into the units of the flow field. 

A flat plate boundary layer formulation was used to  determine the boundary 
layer properties. Since the local flow properties vary greatly through the 
boundary layer of supersonic flow an average value of pertinent flow properties 
should be determined. A reference temperature obtained by Equation 1 (Ref. 1) 
is used t o  determine 

an averGge viscosity, where the viscosity is obtained from Equation 2. 

Using these reference conditions 2 local Reynolds number per foot is obtained 
using Equation 3. 

The Reynolds number determined from Equation 3 is checked to determine 
if the boundary layer is laminar or turbulent, 
1 milliorL is laminar and a Reynolds number greater than 1 million is turbulent. 

A Reynolds number less than 

Once the flow regime has.been determined it is then necessary to determine 
the boundary layer thickness. The boundary layer thickness is taken as that 
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distance from the surface at which the local velocity reaches 99 percent of the 

free stream velocity. 
layer thicknesses of a laminar or turbulent boundary layer, respectively. 

Equations 4 and 5 a re  used to determine the boundary 

5 6, = 5.2 XL*CW/Re (1 t .732FL) (4 1 

6 T. = .0188 XL*CU*Mi’25 ( 1  3. .176F)/Rp14 (5) 

FLand F are  terms used to adjust the boundary layer thickness depending on 
whether or not the nozzle is two-dimensional or axisymmetric. 

After the boundary layer thickness has been determined the subsonic 

portion of the boundary layer is eliminated from the calculated thickness. 

The starting line points (NBL) are then distributed through the boundary layer 
using an empirical equation of the form of Equation 6 (Ref. 2). 

N is assumed to be a 2 if the boundary layer is laminar. 

was found to be turbulent the value of N input by the programmer is used, 

(N = 7 to 9). 

If the boundary layer 

After the bounaary layer point.s ai’e distributed through the baindaq  1ajpr 

they a r e  transferred to a right running characteristic and the rest  of t h e  start 

line points a r e  adjusted to the edge of the bmndary layer. 
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cu - 
FL - 
F - 
M -  
N - 

e 

- 
ex P 

R - 

V - 

vex - 
XL - 
Y - 
6 -  L 

6T - 
6 -  el 

+ -  

Symbols for Viscous Start Line Option 

Conversion factor 

1 for axisymmetric nozzle, 0 for two-dimensional nozzle 
0 for axisymmetric nozzle, 1 for two-dimensional nozzle 
Mach number at edge of boundary layer 
Reciprocal of the exponent of the profile 

Static pressure through the boundary layer 
Gas constant 
Local Reynolds number 
Total temperature at edge of boundary layer 
Eckertls reference temperature . 

local velocity 
Velocity at edge of boundary layer 
Nozzle wall length - ft. 
Distance from nozzle wall 
Laminar boundary layer thickness 

Turbulent boundary layer thickness 

Boundary layer thickness with subsonic portion eliminated 

Reference viscosity 

References for Viscous Start Line Option 

1. Eckert, E. R,, "Survey of Heat Transfer at High Speeds," WADC 54-70, 
Wright Air Development Center , Apr il 1 954. 

2. Schlechting, H., "Boundary Layer Theory," McGraw-Hill Book Company, 
Inc., New York, New York, 1960. 
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