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ABSTRACT 

A time-dependent numerical method is presented that provides direct, exact, and 

unified solutions for axisymnetric flows about blunt nosed bodies of essentially 

arbitrary shape. The differencing scheme used ensures that the required stabi¬ 

lizing terms can be specified arbitrarily small and completely independent of 

the finite difference mesh sizes used. The method is shown to be more accurate 

than other reported time-dependent techniques. Computational procedures are in¬ 

troduced to enhance the computer efficiency obtainable with the time-dependent 

method. Extensive comparison with standard computational methods shows that 

the present method is comparable in both numerical accuracy and computer effi¬ 

ciency. A FORTRAN IV computer code and instructions for its use are provided. 

(Distribution Limitation Statement No. 2) 
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SECTION I 

INTRODUCTION 

t. STATEMENT OF THE PROBLEM f 

A direct, exact, and unified numerical method for predicting the inviscid 

flow about high performance blunt bodies of essentially arbitrary shape is pre¬ 

sented. This work was motivated by a requirement for extremely accurate defi¬ 

nition of the edge conditions used in detailed boundary layer analyses. Accurate 

boundary layer analyses for slender high performance reentry vehicles mist in¬ 

clude consideration of entropy layers, bluntness induced pressure gradients, 

boundary layer displacement effects and vehicle shape deformation due to ablation 

mass loss. This requires an accurate inviscid flow solution capable of consid¬ 

ering a “general class of body shapes. Blunt body solutions of sufficient accura¬ 

cy to be employed for these analyses are generally limited to body shapes 

defined by specific conic sections or power law profiles. Also, a description 

of the entire flow field usually requires the use of matched solutions from 

two or more numerical methods. A numerical method capable of considering the 

entire flow field is desirable, i.e., a unified solution procedure. An addi¬ 

tional objective of this study was to develop a numerical method which can be 

easily generalized to three-dimensions to treat thé angle-of-attack problem. An 

extensive development study considering three-dimensional problems is impractical 

due to the long computation times required to genérate these solutions. Also, a 

numerical method for these problems should first be validated for axisymmetric 

flow, where standard solutions and experimental data are readily available. 

Consequently, it is believed that significant advances in developing techniques 

for three-dimensional problems must be based on axisynmetric flow studies. 

2. THE SCOPE OF THIS STUDY —. 

The time-dependent method suggested by the present author in reference 1 is 

generalized to realize the objectives of this study. Stability arguments are 

used to establish a differencing scheme that can be considered to be exact for 

practical purposes. A general body oriented coordinate system is used that is 

applicable to the desired class of body geometries. Computational procedures 

are introduced that greatly improve the computer efficiency of the time-dependent 

method. Extensive comparison with available exact solutions and experimental 

data is accomplished to demonstrate the accuracy of this method. A FORTRAN IV 

computer code and instructions for its use are included. 

r- 
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SECTION II 

THE BLUNT BODY PROBLEM 

1. DESCRIPTION OF THE PROBLEM / 

The blunt body problem is described by a set of nonlinear partial differen¬ 

tial equations. These equations are elliptic in form in the subsonic region of 

the flow field and hyperbolic in the supersonic region. The mixed elliptic- 

hyperbolic form of these equations presents a formidable mathematical problem. 

In the supersonic region, the hyperbolic equations can be solved using the method 

of characteristics, once a starting line is established by a different numérica^ 

method. The method of characteristics has been generalized to three-dimensional 

flows, but with limited success. Solution of the elliptic equations in the sub¬ 

sonic region requires imposing boundary conditions at an unknown boundary, 

namely, the detached bow shock. The mixed elliptic-hyperbolic form of the 

governing equations has usually resulted in the use of two or more numerical 

techniques to describe the flow field. While a unified numerical solution is 

preferable to this matching procedure, a practical unified computational method 

for treating reentry vehicles of current interest has not been available. These 

other features can be identified as desirable characteristics for a blunt body 

solution. The solution should be direct, i.e., the body shape should be speci¬ 

fied exactly. The governing equations should be treated in their entirety with¬ 

out simplifying assumptions, i.e., the numerical method should be exact. Finally, 

a practical computational method must allow efficient utilization of the computer 

to avoid excessive cost in generating solutions. 

2. INVERSE TECHNIQUES 

The inverse technique (Ref. 2 and 3) circumvents the problem of the unknown 

bow shock location by solving the flow field behind a specified bow shock. The 

body shape associated with this shock shape is computed during the solution. 

When solutions for specific body shapes are required, the shock shape is changed 

after each solution to achieve an approximation of the desired body shape through 

an iteration process. Clearly, the exact body shape cannot be achieved. Also, 

the body shape is extremely sensitive to the shock shape used. Small changes in 

shock shape can induce large changes in body shape or even preclude the existence 

of a solution. Consequently, this method is generally limited to body shapes for 

which the shock shape is well-known. Usually, only the subsonic portion of the 

flow field is treated due to the difficulty of obtaining convergence when the 

supersonic afterbody region is included. 

2 
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3. /the me-.hod of integral relations 

/ The method of integral relations (Ref. 4) provides a direct solution to the 

blunt body problem. This method employs polynomial approximations to the flow 

field profile to reduce the governing equations to ordinary differential equations. 

The flow field is divided into strips to establish these ordinary differential 

equations. The number of equations that must be solved increases as more strips 

are used to improve the approximation. Further complication is introduced by 

the existence of movable saddle point singularities at the sonic line. The large 

number of equations that must be integrated through these singularities has gen¬ 

erally limited the method to 1 or 2 strip approximations. An auxiliary assumption 

is required, typically that the maximum entropy streamline wets the body. This 

assumption is of questionable validity when three-dimensional effects are con¬ 

sidered. Despite its limitations, the method of integral relations has provided 

some of the most accurate blunt body solutions reported to date. 

4. THE TIME-DEPENDENT TECHNIQUE 

The unsteady form of the governing equations are hyperbolic in form through¬ 

out the entire flow field. Consequently, the unsteady blunt body problem is a 

well-posed initial value problem. Several investigators (Refs. 1, 5-17) have 

employed the unsteady equations to advance the solution in time, asymptotically 

approaching the steady flow solution. Consequently, the unsteady equations be¬ 

come a means to an end. The additional complication of considering transient 

flows is justified by the relative simplicity of this problem as compared to the 

steady flow case. Additional terms must be introduced into the governing equations 

to stabilize an -explicit finite difference scheme. If the influence of these 

terms on the solution is negligible, the method can be considered exact. The 

method is direct and, in principle, can provide a unified solution. In addition, 

it is easily generalized to treat complex body shapes, nonequilibrium flows and 

three-dimensional flow problems. 



SECTION III 

THE TIME-DEPENDENT METHOD 

I. BACKGROUND 

The time-dependent method was suggested by von Neumann and Richtmyer (Ref. 5) 

for treating flow problems involving shock waves. Their numerical method was 

motivated by the fact that shock waves tend to thicken in the presence of dissi¬ 

pative effects. Artificial dissipative terms are introduced into the governing 

equations to spread the shock to a finite thickness. Then, a differencing scheme 

can be established for the entire flow field which requires no special shock point 

computations. Lax and Wendroff (Refs. 6-8) developed more sophisticated differ¬ 

encing schemes using the conservation form of the governing equations. While these 

differencing schemes were motivated by mathematical rather than physical reason¬ 

ing, the stabilizing terms used are, in effect, dissipative terms. Godunov, 

Zabrodin and Prokopov (Ref.9) applied the time-dependent method to the blunt body 

problem. Th^ir method uses the one-dimensional Riemann problem to model the wave 

interaction between computational cells and at a discontinuous shock boundary. 

Burstein (Ref. 10) applied various differencing schemes to unsteady multidimen¬ 

sional flows. Bohachevsky, Rubin and Mates (Refs. 11, 12) used this technique to 

consider blunt body flows including bodies with corners, nonequilibrium flows and 

angles-of-attack. Moretti, Abbett and Bleich (Refs. 13, 14) introduced a one¬ 

dimensional unsteady characteristics technique to treat shock and body points for 

flows in two and three dimensions. This technique can be considered to be a gen¬ 

eralization of Godunov's method where multidimensional effects are included 

through constant weighting terms. In reference 1, the present author suggested a 

differencing scheme which partially decouples the magnitude of the stabilizing 

terms from the finite difference mesh sizes used. This permits selecting the mesh 

sizes based on numerical accuracy requirements. Subsequently, the magnitude of 

the stabilizing terms can be established to properly model the inviscid flow 

problem. 

2. ADVANTAGES 

The governing equations for unsteady flow are hyperbolic in form. This 

results in a well-posed initial value problem. The unknown bow shock boundary is 

allowed to move in time until the proper steady-state profile is achieved. Since 

the procedure is applicable to the entire flow field, a unified solution procedure 

can be established. The method is direct and can be considered exact if the in- 

4 



fluence of the stabilizing terms is negligible. The method is easily programed 

for the computer, even when complex reentry phenomena are considered. While the 

time-dependent method is still in the early stages of development, no inherent 

limitations have been identified that would preclude its use for a practical 

computational method for generating exact, direct, and unified blunt body solu¬ 

tions. 

3. ' COMPUTATIONAL ACCURACY 

Time-dependent solutions reported in the literature often predict the cor¬ 

rect surface pressure distribution. However, enthalpy and density distributions 

are usually in serious error. The errors are caused by the influence of the 

stabilizing terms and by the methods used to impose surface boundary conditions. 

It is believed that an exact solution can be achieved if a differencing scheme is 

developed that allows the magnitudes of the stabilizing terms to be specified 

arbitrarily small. In addition, a technique is required to achieve exact compu¬ 

tations at points on the body surface. Since a solution to the blunt body prob¬ 

lem requires the use of different mesh sizes throughout the flow field, the mag¬ 

nitudes of the stabilizing terms should be independent of the mesh sizes used. 

While a partial decoupling was achieved in reference 1, it is apparent that com¬ 

plete decoupling must be realized to obtain a practical computational method. 

4. COMPUTER EFFICIENCY 

Time-dependent methods reported in the literature have required extremely 

long computation times and extensive computer storage. As a consequence, no so¬ 

lutions for slender high performance vehicles of practical length have been re¬ 

ported. Even the relatively efficient numerical solution reported in reference 

14 exhausted the storage of the IBM 7094 computer while treating the flow about an 

extremely short sphere-cone vehicle at angle of attack. The authors of reference 

14 suggest that the consideration of more nodes on a larger computer would result 

in computation times too long for practical computation. The reduced computa¬ 

tional field for axisynmetric problems will alleviate the computer storage prob¬ 

lem. However, the computation time required to achieve a steady state increases 

with the body length. Consequently, an attempt to treat practical high perfor¬ 

mance vehicles with available time-dependent schemes must result in unpractically 

long computation times. A significant reduction in the computer storage and com¬ 

putation times required by available time-dependent methods must be achieved to 

realize the full potential of this powerful technique. 

5 
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SECTION IV 

DESCRIPTION OF THE TECHNIQUE 

1. THE COORDINATE SYSTEM 

A body oriented coordinate system (Ref. 17) was selected for this numerical 

method. Body oriented coordinates allow a better finite difference nodal distri¬ 

bution than more conventional coordinate systems. As an example, the cylindrical 

coordinate system of reference 13 may be considered. The nodal spacing across 

the shock layer is reasonably good near the stagnation point of a blunt body, 

but the afterbody region for slender bodies must be treated with a very coarse 

mesh size in the axial direction. It is also apparent that a cylindrical after¬ 

body cannot be treated with the transformed coordinate system of reference 13. 

The body oriented system is generally preferable for a numerical solution intend¬ 

ed to treat a broad class of body shapes. The details of the coordinate system 

used in this study are illustrated in figure 1. The s coordinate is measured 

along the body surface from the stagnation point. The n coordinate is measured 

normal to the body srrface with n = o on the body surface. 

Figure 1. Body Oriented Coordinate System 
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It is easily shown that 

(s,n) - J* sin 6ds1 - n cos 6 
(1) 

z(s,n) - f cos 6 ds' + n sin 0 (2) 

The curvature of the body is given by 

K (s) = - dO 
ïïs (3) 

Defining 

* = 1 - Kn 
(4) 

Che curvature of any line of constant n is given by K/*. The metric tensor 

for this system can be expressed as 

G = 

«00 

0 1 

0 0 

0 (3) 

These coordinates can be applied to smooth bodies, only, and are restricted to 

bodies whose curvature is continuous. It will be shown later that the latter 

restriction can be relaxed by properly staging the solution. Consequently, bodies 

with discontinuous curvature, such as sphere-cones, can be treated with the pres¬ 

ent technique. It is convenient to introduce the following transformations 

7 



(6) 
(7) 

(8) 

f = s 

V = n/n (s) 
s 

T = t 
* 

/ 

where n (s) is the value of n at. the shock and t is the time. Transformations of 

this type were applied in references 1 and 13 with considerable success. The 

principal merit is the simplification of the finite difference solution. It was 

shown in reference 1 that this type transformation can lead to serious errors 

unless applied with extreme care. The domain of solution is shown in figure 2. 

DOWNSTREAM BOUNDARY 
) 

BODY SHOCK 

UPSTREAM BOUNDARY 

0 V 

Figure 2. Transformed Coordinate System 
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It is generally possible to use a constant number of nodes in the r¡ direction in 

the finite difference solution while maintaining a reasonably good node distri¬ 

bution. This greatly simplifies the numerical logic. Using equations (6) through 

(8) it is easily shown that 

3n 
_3_ jrj_s _a_ 

~ ng 3s dri 

3 1 0 (10) 

3s 
(9) 

3n n an 
s 

3 
3T 

n 

i —. 3 n -> _ 2. _a 0 
ar n 

s 3q 
(H) 

g 
where r- is the shock velocity component in the n direction. Equations (9) 

O t 

through (11) allow solution of the governing equations for the (s,n) coordinate 

space in the (<f,rç) coordinate space. 

2. THE GOVERNING EQUATIONS 

The governing equations for adiabatic inviscid flow in the (s,n) coordinate 

space are 

*rpt + (rPu>s + (*rpv)n = o 

K U +UU +KVU + —P = Kuv 
t s n p s 

KV +UV +KW +-P = -K,.2 
t s non “ 

kS + uS + kvS = 0 
t s n 

(12) 

(13) 

(14) 

(15) 

where the subscripts imply partial differentiation, p is the density, P is the 

pressure, S is the entropy and u and v are the s and n velocity components, 

respectively. Etjfcation (12) is singular at s = o and is replaced by 

K2pt + 2/c(pu)s + (#c2pv)n = 0 (16) 

Equation (16) is obtained from equation (12) by evaluating the limit as s 

approaches zero using L'Hospital's rule. 

For convenience, nondimensional variables will be employed. Defining 

K' = K/K 

P' = P/P 

(17) 

(18) 

9 



P' » p/p 

S' * (S - SJ/C 

x' * K X 
o 

q’ = q/(p«/p.) 
1/2 

t' = Ko(P./(>.)1/2t 

(19) 

(20) 

(21) 

(22) 

(23) 

where x refers to a general spatial coordinate and q refers to a general velocity 

component. It is easily shown that equations (12) through (16) remain valid for 

these nondimensional variables. The prime notation will be omitted in the re¬ 

mainder of this report, and all variables will be assumed to be nondimensional. 

To complete the set of governing equations, an appropriate state solution is 

needed. For a perfect gas, the appropriate form is 

P = p y EXP (S) <24) 

3. FINITE DIFFERENCES FOR INTERIOR POINTS. 

For interior poir*s, i.e., points not on the shock or body surface, central 

difference approximations are employed for the spatial partial derivatives 

lç-[HÇ+\t,r),r) - f(£-A ,T,,r)]/2A£ 

f„^ [f(f,r)+Arf,r) - f(£,i?-At),r)]/2Ar) 

(25) 

(26) 

and a forward difference approximation is employed for the partial derivatives 

in r . 

f — [f(£,q,r+Ar) - £(£>*)» r)] /Ar (27) 

It is known that equations (25) through (27) result in an unconditionally un¬ 

stable finite difference scheme when applied to equations (12) through (15). 

Von Neumann (Ref. 5) showed that stability could be achieved by including 

stabilizing terms in the governing equations. Denoting equations (12) through 

(15) by 

gt = f (s, n, p, u, V, P) (28) 

10 



where g isp, u, v or S, the stabilizing terms are added in the form 

8t>= f - $ (29) 

where 

i- • 

\ 

In reference l,p 

g, 

and fi are equal and are given by 

(30) 

(x) = y (Ax) 
At (31) 

where v is a constant and x refers to ^ or rj . Using equation (31), it was shown in 

reference 1 that the appropriate stability criterion is 

» * 

Ax 
A t < 

(32) - (q+a) 

where Ax is the smallest spatial mesh size, q is the corresponding velocity com¬ 

ponent and a is the sound speed. An outline of these calculations from reference 

1 has been included in appendix I. Although this stability analysis is extremely 

simplified, equation (32) proved to be s’xtremely accurate in predicting the time 

step allowable for stable computations (Ref. 1). The impressive success of 

equation (32) in the numerical method of reference 1 prompted an attempt to ex¬ 

ploit the simple stability analysis further to obtain a more sophisticated 

numerical method. First, equation (32) is inverted to predict the minimum value 

of v allowed for stability, 

,2 
v > [(q+a) At/AxJ 

Then equation (31) and (33) are combined to yield 

M(X) = (q+a)2 At 

(33) 

(34) 

Clearly, this decouples the magnitude of the stabilizing terms from the spatial 

mesh size. Equation (34) is now applied in the and rj directions to yield 

¢ - At [(u+a)2 g^ + (v+a)2 g^] (35) 

which results in the magnitude of ¢ being completely defined and minimized for 

any specified value of At. Equation (35) is applied at each node, independently 

in each coordinate direction, on each time iteration. As a result, the magnitudes 

11 
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/ 

of the stabilizing terms are minimized for all points and are proportional to At. 

The Courant-Friedricks-Lewy (CFL) stability criterion (Ref. 18) nust be satisfied 

. Ax 
- q+a 

(36) 

Consequently, any value of At between zero and CFL limiting value can be used. 

The stabilizing term effects can be reduced by decreasing At, but the computation 

time required to reach a steady state will increase accordingly. 

4. FINITE DIFFERENCES FOR BODY POINTS. 

For nodes on the body surface, the velocity component normal to the body 

must vanish. A popular technique for satisfying this requirement is known as the 

reflection principle (Refs. 1,11,12). Basically, this involves assigning values 

for the flow parameters at a dummy set of nodes inside the body. The values are 

identical to those at nodes above the body surface except for the normal velocity 

component which is assigned the negative of its value above the surface. Then 

the differencing scheme used at interior points is applied at the body point. 

It is difficult to assess the accuracy of this scheme. A more appealing approach 

would be to develop a stable differencing scheme for the body points which does 

not rely on empirical schemes. This would allow an assessment of the error in 

terms of the finite difference errors of the various derivative approximations. 

It is shown in appendix I that a backward difference at the body surface should 

be srable when vanishes. This proved to be true in practice and is the basis 

for the body point solution presented here. Equation (25) is used to approximate 

the partial derivative in £. The partial derivatives in rj were represented by 

forward differences (Note: this is equivalent(to a backward difference in n). 

rj-—[f(£,q+Aq,r) - f (£, *?, r)]/Aq 

(q) 

(37) 

At body points, ' was allowed to vanish, i.e., 

$ = \t(u+a) g « 
(38) 

and the velocity component normal to the body was required to vanish on the body 

surface. With these exceptions, the differencing scheme for interior points was 

applied for the body points. Comparison between this technique and the reflected 

boundary condition logic is given in the presentation of results. It will become 

apparent at that time that this approach is considerably more accurate. 

12 
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5. FINITE DIFFERENCES FOR THE STAGNATION STREAMLINE. 

For axlsynmetric flow, points on the stagnation streaoline, like the body 

points, are characterized by the vanishing of one of the velocity components. 

The stability arguments of appendix I should also apply to these points. Con¬ 

sequently, the procedure for interior points are modified by allowing fi 

vanish such that 

<£> to 

$ = At (v+a) g (39) 

The partial derivatives in £ all vanish at s = 0 except for u^. Since a forward, 

backward and central difference approximation for u^ are all identical at S = 0, 

it is of little concern as to which is applied. The velocity component, u, is 

required to vanish. The differencing scheme for interior points is modified to 

include equation (39) and applied at these points. Special attention is required 

at the stagnation point where the velocity vanishes. Equations (15) and (16) 

must be solved for entropy and density. The stability arguments of appendix I 

now indicate that both and can vanish, i.e., $ = 0. Then, equation (16) 

is solved using a forward difference approximation for the partial derivative in 

q. Equation (15) must be treated with care. The procedure used for equation (16) 

cannot be applied since equation (15) would then be degenerate. The proper value 

of entropy behind a steady normal shock could be imposed and held constant with 

advancing time. This would preclude the consideration of transient phenomena 

such as time varying free-stream conditions. An averaging procedure using entropy 

values at adjacent nodés was attempted, but resulted in longer computation times 

to achieve the steady-state solution. For steady-state solutions, the assignment 

of the value of entropy at the node upstream of the stagnation point at each' 

time step proved to be a successful approach. However, for transient solutions, 

this proved to be unreliable, usually resulting in the generation of indefinite 

values in actual computation. A procedure that allows transient problems while 

providing rapid convergence to the steady-state solution is as follows: 

S (o,o,r+Ar) = /X S(o,o, r) + (1 -p) S (o,Aq, r) (40) 

where 

P = 
["5(0,0, r) - S(o,Aq,r)l 
[^8(0,0, r) + S(o,Atj, r)J 

(41) 

13 



When the values of entropy at »7 = 0 and H - At) are essentially equal, the stag¬ 

nation point entropy is assigned a value approximately equal to its upstream 

value. When these values of entropy are quite different, the value is held 

approximately constant with a weak dependence on the upstream value. Since vis¬ 

cous effects predominate in this region in the physical problem, this procedure 

appears to be a reasonable way to obtain realistic transient solutions. 

6. COMPUTATIONS FOR THE SHOCK POINTS. 

The shock points were treated with a quasi-one-dimensional unsteady charac¬ 

teristics technique suggested by Moretti and Abbett (Ref. 13). This technique 

assumes that the variation in the flow variables normal to the shock are the 

relevant quantities for determining the shock behavior, while variations in the 

flow variables parallel to the shock can be assigned constant values for use as 

weighting functions. The method is quite similar to Godunov's method (Ref. 9) as 

applied in reference 16 except for the use of these constant weighting functions. 

The equations of motion are written for the shock fixed Cartesian coordinate 

system shown in figure 3, where ß is the local angle between the shock and the 
free stream velocity vector. Denoting the x and y velocity components by V and 

U, respectively, the governing equations are 

pc + Vpx + PVx = -A 

V + W + 7P = -B 
t x p x 

S 
t 

constant 

(42) 

(43) 

(44) 

where the y momentum equation has been omitted since the value of U is known from 

M and ft. A and B are defined by 
CD 

A = (pU)y 

B = UV 
y 

(45) 

(46) 

and will be treated as constants. In appendix II it is shown that the relevant 

characteristics can be defined by 

dx 
dt 

V + a (47) 

c 
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dx 
dt 

V - a 
(48) 



SHOCK 

\ 

Figure 3. Shock Fixed Coordinates 

Jr 

and the compatability equation associated with equation (48) is 

dp P dV ^ 
dt “ Lpa dt (49) 

It is shown in appendix II that application of this method on the symmetry axis 

requires that A be multiplied by 2. The problem can be visualized as a one¬ 

dimensional Riemann problem with equation (49) replacing the usual Reimann invari- 

ents. The physical phenomena is illustrated in figure 4 where W refers to the 
s 

shock velocity in the x direction. The problem is solved by an iteration proce¬ 

dure. The shock parameters are established from the Rankine-Hugonoit relations 

15 



Figure 4. Shock Wave x-t Diagram 

once satisfactory agreement between the Rankine-Hugonoit pressure prediction and 

the pressure prediction of equation (40) has been achieved. The Rankine-Hugonoit 

relations are applied in the form 

_ , v .,1/2 

* = Pf ps+ 41] <50) 
mV + P = mV + 1 

s s ® 

W = V - m 
s « 

m 
P = • 
s V - W 

s s 

(51) 

(52) 

(53) 
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Where a perfect gas has been assumed and the subscript, s, refers to a quantity 

behind the shock. The velocity component in the y direction is unchanged across 

the shock 

U 
s 

(54) 

where the subscript * refers to a free stream value. The entropy behind the 

shock is computed from the equation of state 

Ss = In (Pg) - yln(Ps) 

The iteration procedure is diagramed in figure 5. Starting with the shock para¬ 

meters at point 0 (Fig. 4) as an initial guess, point 2 is located by 

(56) 

and the flow variables at 2 are assumed identical to their values at 0, initally. 

Point 4 is located from equation (48) in the form 

X. = X- + (V0 - a9) At 
4 2 2 ¿ 

Then, the point 4 is redetermined from 

(57) 

X, = x0 + 4 (V, - a, + V. a2} 
(58) 

and an iteration on equation (58) is performed until successive values of X4 

agree to an acceptable degree. Using the known solution at time tQ, the values 

of A and B are determined at 4, averaged with their values at point 0 and used 

to solve equation (49). The pressure at 2 is compared with the pressure predicted 

by equation (49). If they agree within an acceptable error, the shock parameters 

are computed from equations (50) through (55) and the iteration loop is terminated. 

If the agreement is not satisfactory, a new pressure at point 2 is computed as 

the average of the resident value and the value predicted by equation (49). 

Other shock parameters required are obtained from equation (50) through (53) and 

the entire iteration loop is repeated, 

held constant throughout the iteration 

/8 = 0 - tan 
■iR ^sl 

The value of the shock angle,/3, is 

procedure, equal to its value at tQ. 

(59) 
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Figure 5. The Shock Point Iteration Scheme 
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The evaluation of the shock slope through the term containing the derivative of 

n with respect to Ç can be a source of serious error. When a central difference 

approximation is employed, the slope at any point is evaluated independently of 

the value of n at that point. If the initial guess for the shock shape is not 

carefully specified, a discontinuity in the predicted shock shape will often 

result. The present numerical scheme proved to be sufficiently reliable to avoid 

fatal errors in actual computer computations when this occured, but computation 

times were Increased by factors of 20 to 30. The necessity of requiring extremely 

accurate initial guesses for shock shape would greatly complicate the program 

operation. The problem arises at regions where the shock curvature is large such 

as the supersonic region on a hemisphere. The actual difference approximation 

provides a reasonable value for the shock slope despite the fact that the shock 

is discontinuous at the point under consideration. The use of a oackward differ¬ 

ence approximation eliminated this problem, but proved to be inaccurate. To 

obtain sufficient accuracy while eliminating discontinuities in the shock, an 

average of two backward differences and one forward difference is employed. 

^ - [ns(€-*AÇ) + "s<£> - 2ns(£--V;>] /3Ai 
(60) 

Satisfactory results are obtained at all points with this approximation while 

discontinuities in the shock are avoided. Introducing a dependence on the local 

value of n in the finite difference approximations acts as a damping influence 

on the computation. Moretti and Bleich (Ref. 19) experienced this problem for 

very blunt elliptical bodies. The shock shapes predicted in the reference are 

very similar to the type predicted with this method using the central difference 

approximation. It is probable that equation (60) could be used in their solution 

to avoid this difficulty. 

7. POINTS ON THE UPSTREAM BOUNDARY. 

Solution for nodes on the upstream boundary are treated by extending the 

solutioi linearly in f one extra mesh width. The interior point logic is then 

appliedVn its entirety. It is noted in appendix I that this is equivalent to 

employing backward differences for the partial derivatives in f and allowing 

.SO to vanish. Since the linear extension logic was numerically faster and 

simpler, it has been adopted for this numerical method. 

i 
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8. SELECTION OF THE TIME STEP. 

The proper choice of a value of At for numerical computations requires that 

the quantity p00 in equation (34) be small relative to the dynamic terms in the 

equations of motion, i.e., the effect of the stabilizing terms »ist be negligible. 

A simple estimate for the magnitude of the dynamic terms is given by the free- 

stream velocity. It is reasonable to require 

p(x) (61) 
LL c ^ 

o q. 

where p is a constant whose magnitude is small relative to unity. Using free- 

stream values for velocity and sound speed in equation (34) and combining that 

equation with equation (61) 

At 
w q o * 

(62) 
(q.+a.) 

Equation (62) has been used to predict At for a range of free-stream Mach numbers 

from 1.5 to 500. The percent error resulting from the stabilizing terms was 

essentially equal in all cases, indicating that equation (62) is a proper 

expression for computing At The computer code makes an additional check to 

ensure that the Courant-Friedricks-Lewy stability criterion, equation (36), is 

satisfied. A typical value for the constant, po, is 0.04. 

9 SEGMENTED SOLUTIONS 

A computational procedure has been developed that avoids the problems of 

long computation times and excessive computer storage requirements. When the 

steady-state flow over typical high performance blunt bodies with relatively long 

afterbody regions is considered, e.g., sphere-cones with axial lengths in excess 

of 50 nose radii; the procedure used will be referred to as the segmented approach. 

The flow field is computed in a series of discrete segments marching back along 

the body. The steady-state solution is obtained for each segment before proceeding 

to the next. The solution at the end of each segment is used as a constant 

starting line for the next segment. The computations on each segment are termin¬ 

ated at the downstream boundary with the linear extension procedure described 

previously. The lengths of the segments is arbitrary except for the first, which 

must include the subsonic region and terminate in supersonic flow. The nodal 

spacing along the body and the number of nodes across the shock layer can be 
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changed for each segment before starting the solution at that segment. Typical 

slender blunt bodies may require 5 nodes across the shock in the stagnation region 

while as many as 40 may be required far back on the afterbody, ftie number of 

nodes considered along the body can vary. Generally, far downstream on the 

afterbody a coarse nodal spacing using one computational node in the streamwise 

direction is the optimum choice for minimum computational time. An empirical 

expression to predict the physical time required for essentially steady-state 

solutions, r^, is 

rf = (C1 + C2L) ' (uo + ao) (63) 

where and C2 are constants, L is the streamwise length of the segment and uq 

and a are the velocity and sound speed at the body on the upstream boundary of 
o 

the segment. This expression has been used for segments of widely varying values 

of L and has always predicted proper values for r^. Equation (63) permits the 

segmented approach to be used in the solution without complicated input instruc 

tions. In practice, computations proceed until r exceeds rf. Then the shock 

velocity at all points is checked to insure that all values are less than 10 . 

If any shock velocity is greater than that value, further iterations are performed. 

As a result, the input instructions to the computer code are minimal. Since the 

exact number of iterations to be performed for a given problem is not known in 

advance, an accurate estimate of computer time is difficult. To avoid wasting 

large amounts of computer time due to a time limit termination, flow data for 

each segment is stored in sequential files on a magnetic tape. A simple restart 

option allows renewing computations at the first incomplete segment with little 

waste of computer time. A solution for a sphere-cone vehicle with a 10° cone 

half-angle and axial length of 50 nose radii was performed in under 6 minutes on 

the AFWL CDC 6600 computer using the segmented approach. To resolve the afterbody 

flow, 17 nodes across the shock layer were required. A mesh size of 0.15 was 

required to resolve the flow in the stagnation region. Without the segmented 

approach these two quantities would have had to remain constant throughout the 

flow field. Using the maximum value of the denominator in equation (63) to 

ensure the estimate of computation time would be a minimum, equation (63) and the 

known computational efficiency of the computer code resulted in a predicted 

computational time of 72 hours for the same computer code, without the segmented 
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approach, on the same computer. The estimate is probably less than the time which 

would actually be required due to the use of the maximum value of the denominator 

in equation (63). It is easy to understand why time-dependent solutions for this 

type of vehicle have not been reported previously. 



SECTION V 

PRESENTATION OF RESULTS 

1. INVESTIGATION OF THE STABILIZING TERM EFFECTS 

A value of the parameter ^ must be selected empirically. A comparison of 

the predicted stagnation point pressure, Pq, with the known stagnation pressure 

behind a normal shock, Pt2* was accomplished for this purpose. The error in P^ 

and the number of iterations required for an approximate steady state are shown 

in figure 6 for a range of vallfes of The case considered was Mach 4 flow- 

over a sphere with 5 nodal points across the shock layer. The errors shown in 

figure 6 include both stabilizing term effects and finite difference errors. 

Since the finite difference errors should be approximately constant for all 

values of the relative values of the errors indicate the effects of the 

stabilizing terms. For values of' > 0.05, the Courant-Friedricks-Lewy (CFL) 

stability limit was exceeded, causing the computer code to ignore the specified 

values of Based on the results presented in figure 6, a value of = 0.04 

was selected and used for all other cases presented in this report. The error in 

stagnation point pressure is 0.53 percent for this value of This should be 

adequate for most applications. Since the computation time required varies 

approximately as the inverse of requiring greater accuracy will greatly 

increase the computation time while accepting lajrger errors will not greatly 

reduce it. The importance of the stabilizing term effects is further demonstrated 

in figures 7 and 8, where the entropy and total enthalpy distributions on the 

body predicted by the present technique and the method of reference 1 are compared. 

The method of reference 1 was selected for this comparison since it was shown 

(Ref.l) that accurate pressure distributions can be predicted with that method. 

It is seen that the present method predicts constant entropy on the body while 
iejS* 

the method of reference 1 shows considerable variation in that quantity. The 

error in total enthalpy on the body is less than 0.5 percent for the present 

method, while reference 1 predicts errors greater than 8 percent for this quantity. 

Clearly, the validation of a time-dependent technique cannot be accomplished by 

examining pressure profiles only. 

2. UNSTEADY FLOW 
# 

By assuming an initial shock shape extremely close to the body surface, an 

approximate description of the flow over a body started impulsively from rest can 

% 
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be achieved. Figure 9 illustrates the results of this procedure for a sphere in 

a Mach 30 flow. It is seen that the shock propagates out fres» the body and 

stabilizes to its steady-state profile.after about 500 iterations. The stabili¬ 

zation of the shock shape has been used as a criterion for specifying an 

approximate steady state. This case demonstrated that this criterion is not 

sufficient since the flow field parameters had not stabilized after 500 iterations. 

Figure 10 illustrates the shock velocity at various times for this case. À 

reliable specification for achieving steady state flow was found to be the 
-3 

requirement that all shock velocities be less than 10 

?. BLUNT BODY FLOW AT VARIOUS MACH NUMBERS 

Many available solution procedures are extremely reliable for a limited 

Mach number range while experiencing difficulty at low and high Mach numbers. 

Figure 9. Shock Shapes At Various Times For Unsteady Flow Over A Sphere 



Figure 10. Shock Velocity At Various Times For Unsteady Flow Over A Sphere 
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Figure 11 illustrates shock shapes predicted for flow over a hemisphere at Mach 

numbers ranging ftom 1.5 to 500. No difficulties were encountered for any of 

these cases. Shock shapes predicted by the method of reference 13 are also shown. 

Since the shock point calculations for the present method are based on the method 

of reference 13, it is useful to ensure that both give the same results. 

4. VALIDATION OF THE METHOD FOR BLUNT BODY FLOWS 

To establish the accuracy of the present method for blunt body flows, the 3 

strip integral relations solution of Belotserkovskii (data taken from reference 

16) was used as a standard. Figure 12 illustrates the surface pressure distrib¬ 

ution for a sphere in a Mach 4 flow. It is seen that the present method and 

Belotserkovskii's solution are in excellent agreement. Also shown are several 

time-dependent solutions reported in the literature. The solution by Moretti and 

Abbett (Ref. 13) is in excellent agreement with the present method in the subsonic 

region but predicts higher surface pressures in the supersonic region than either 

the present method or the integral relations solution. Solutions by the Codunov 

method reported by Godunov, Zabrodin and Prokopov (Ref. 9) and Masson (Ref. 16) 

are also shown. The solution by Masson is seen to agree very well with 

Belotserkovskii's results and the present method. It is concluded that the 

present method and Masson's method provide the best predictions of the time- 

dependent methods presented. Figure 13 illustrates the surface density distribution 

predicted by the present method, Belotserkovskii and Masson. Agreement between 

the present method and Belotserkovskii's solution is excellent. It is seen that 

Masson's solution does not predict the correct density distribution. It is 

concluded that the accuracy of the present method is superior to other reported 

time-dependent methods and equivalent to the method of integral relations. 

5. AFTERBODY FLOWS 

To validate the present method for afterbody flows, comparison with the NASA 

inverse scheme-method of characteristics program (Ref. 3) was accomplished. Since 

the surface entropy has been shown to be constant and correct, comparison of the 

predicted surface pressure distributions is sufficient to establish validity. 

Figures 14, 15 and 16 show the comparison of predicted surface pressures for 

sphere-cone vehicles with various cone half-angles and Mach numbers of 4, 6 and 

10. Agreement between these methods is seen to be excellent. 
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Figure 13. Surface Density Distributions For A Sphere In Mach 4 Flow 
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Figure 14. Surface Pressure Distributions For Sphere-Cones In Mach 4 Flow 
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Figure 16. Surface Pressure Distribut ion For Sphere-Cones In Mach 10 Flow 
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6. ARBITRARY BODY SHAPES 1 

The previous solutions for sphere-cone vehicles employed internal relations 

in the computer code to define the body, geometry.- to validate the numerical 

computations used to define an arbitrary body shape from input data, ellipsoid- 

cylinder vehicles were considered for comparison with reference 3. Figure 17 

shows a comparison of surface pressures between these methods. It is concluded 

that the arbitrary body shape logic provides accuracy equivalent to reference 3 

for those cases where comparison is possible.^ 

9 

Figure 17. Surface Pressure Distributions For Ellipsoid-Cylinders In Mach b Flow 
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7. APPLICATION TO TYPICAL REENTRY VEHICLES ÏÏJ 
Since the accuracy of the present method has be^n established for the 

relatively simple problems normally used to demonstrAte the capAbiiity of a 

computational method, it remains only to attempt a practical teentry problem. 

The APWL version of the NASA computer code of reference 3 and the present method 

were used to generate a solution for a sphere-cone vehicle with a 10° cone half¬ 

angle in a flow with a Mach number of 20. The solution was carried downstream 

50 nose radii measured along the synmetry axis. The surface pressure distribution 

comparison is shown in figure 18. Some disagreement is seen in the strong 

expansion region. Additional reduction of the stabilizing terms and a solution 

not using the segmented approach were attempted but had no significant effect on 

the predictions by the present method. It was concluded that this minor disagree¬ 

ment could not readily be explained. A comparison of the surface Mach number 

predictions ip shown in figure 19. Except for the local disagreement in the 

strong expansion region, the solutions appear to be equivalent. To further 

Investigate the local disagreement, a comparison of surface pressure distribution 

predicted by the NASA program and the present method are compared to experimental 

data reported in reference 19. Figure 20 shows that the present method agrees 

better with the experimental data thaji the NASA solution. This closer agreement 

is undoubtedly fortuitous, but does indicate that the local disagreement between 

the two computational methods is insignificant when compared to expérimental 

data. The solutiqK ^hown in Figures 17 and 18 represents the only known solution 

for ä practical high performance reentry vehicle generated with a time-dependent 

method.^ The solution was generated in less than 6 minutes on the CDC 6600 

cooçuter and required only 40,000 octal locations for storage. As previously 

noted, the computation time required to treat this problem without the segmented 

approach is estimated to be in excess «tf 70 hours on the same computer. 
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Figure 19. Surface Mach Number Distribution For A 10 Sphere-Cone In Mach 20 Flow 
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Figure 20. Surface Pressure Distribution For A 25° Sphere-Cone In îiach 8 Flow 
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V 
SECTION VI 

THE FORTRAN IV COMPUTER CODE 

1. MACHINE ROUTINES 

The computer code employs 3 machine routines available on the CDC 6600 

computer. When a different computer is used, these routines may not be available. 

Substitute routines should be provided, as required, for the following routines: 

INT (X) - a FUNCTION routine which converts the floating point variable, X, 

to integer form. 

FLOAT (I) - a FUNCTION routine which converts the integer variable, I, to 

floating point form. _ 

SKFILE (FILE, N) - a SUBROUTINE which skips N files on a magnetic tape unit 

specified by the Hollerith argument FILE. To simplify the replacing of this 

routine, calls to it are contained only in the dummy routine, SUBROUTINE SKIP. 

2. DIMENSIONED VARIABLES 

The variable dimensions currently contained in the computer code allow up to 

15 nodes along the body and 40 nodes across the shock layer. To change these 

dimensions, new values for IMAX and NMAX should first be supplied in a DATA 

statement in the main program, where 

IMAX - specifies the maximum number of nodes along the body 

permitted by the dimension sizes. 

NMAX - specifies the maximum number of nodes across the shock 

layer permitted* by the dimension sizes. 
, « 

Then, the following CGMMON statements should be modified consistent with the 

values of IMAX and NMAX: 

CGMM0N/1/ V(IMAX,NMAX,4), D(NMAX,4), P(3,NMAX) 

V- , COMMON/2/ RB(IMAX), ZB(IMAX), TH(IMAX), CTH(IMAX), K(IMAX), 

NS(IMAX), WS(IMAX) , 

COmON/11/ MAXIT, ISTOP, ÍTD, TIME, SI(IMAX), NST(IMAX) 

COMMON/SPLINE/ C(4,IMAX) 

SUBROUTINES INTERP and INTEG contain a dimensional variable which should be 

dimensioned X(IMAX). 
« 

3. THE MAIN PROGRAM 

A. PURPOSE ; y 

The main programáis designated as PROGRAM BLUNT. It's major functions 

are: . 
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a) Initialize constants and some of the case data variables. 

b) Define values for the control variables to select the proper options. 
« 

c) Accomplish checks to detennlne if any errors were sensed while 

reading the input data. When errors are sensedt an error message is printed, the 

case terminated, and the next case started. 

d) Performs all flow field computations except for points on the shock 

and on the body surface. 

e) Schedules the flow field data output as requested by the user. 

f) Schedules the storing of the flow field data on magnetic tape. 

B. VARIABLE 

AMACH1 - 

AMUO - 

AVN 

i 

AVS 

A1 

BNOSE 

Bl 

CDEL 

CN 

CS 

CTH 

Cl 

C2 

C3 

C30 

DBET 

DELS 

DET 

DE2 

DKAP 

DN 

DR 

LIST 

M. 
equation (62) 

parameter used to introduce the stabilizing terms relative to 

the n coordinate. 

parameter used to introduce the stabilizing terms relative to 

the s coordinate. 

A, equation (49), evaluated at the shock, 

nose bluntness parameter 

B, equation (49), evaluated at the shock. 

- cos (/3-0) 

<«2pv) n 
- 2(pu) 

s 

- array of cos 0 values 

- u/(2Af) 
dn 

- 
u 

as X(v-w n) 
9 

X(v-W n)/(2n Aq) 

Is S 
2n Aq 

s 
array used for temporary storage of flow field parameters at 

r + Ar. 

ß - 0 * 
length of a body segment measured along the surface. 

Aq- _ 

2 Aq 

Ak = K Aq 

An ° 

Ar = An cos 6 
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DRSM - r at ^ - Af 
DRSP - r at f + A^ 

DT - Ar 
DTO - 0.9 / (q + a ). Used for CFL stability check. 

DTI - the value of Ar evaluated fron equation (62). 
DUM - dummy variable used for intermediate computations. 

DXI - Af 
DX2 - 2A£ 

DX3 - 3Af 

ERR - array specifying acceptable errors in convergence on n and P 

for shock iteration procedure. 

ETA - 17 

GAMA - (y+l)/2 

GAMB - (y-l)/2 

GAM1 - y 

HT1 - total enthalpy. » 

I - index specifying body station in DO loops. 

IGEGM - control variable. Specifies method for selecting the number 

of streamwise nodes to be used. 

IM - I - 1 

IMAX - maximum number of streamwise nodes allowed by the dimension 
* ' «i 

sizes. 

IMIN - value of I at which computations should start on the current 

segment. 

INTAP - the magnetic tape unit number to be used for flow-field input 

(when required). 

ï? - I + 1 

IPR - array specifying iteration numbers or times when flow field 

output is to be provided. 

IPRINT - iteration number when next flow field output is to be provided. 

ISEG - segment number. 

ISTOP - error indicator. 

IT - index on major iteration DO loop. 
-I 

ITD - total number of iterations performed for the current segment. 

JPR - array used for temporary storage of IPR. 

K . - array containing values of K. 

A3 



I 

KAP - K 

KHAR - (K(£+\£) + 2K(£) + K(£-Aí))/4 

KGEQH - control variable defining the option to be used for geometry 
m 

calculations. 

KSEG * index used to suppress the check on NSEG (see NSEG). 

KZERO body curvature at S * 0. Used to nondimesionalize all length 

parameters. 

L - specifies first index in the P array corresponding to 1. 

LM - specifies first index in the P array corresponding to D4. 

LP - specifies first index in the P array corresponding to IP. 

LPLUS - array used to specify LP. LP * LPLUS (L). 

M - dummy index. 

MAXI - total number of streamwise nodes employed to treat current 

segment. 

MAXIT - total number of iterations to be performed. 

MAXN - the total number of nodes across the shock layer. 

MI - MAXI - 1 

MN - MAXN - 1 

Ml - used for temporary storage of M^. 

N - index specifying nodes across shock layer in DO loops. 

NCASE - case number (see section VII). 

NFILE - number of the first segment to be treated (see section VII). 

NGEGM - control variable specifying method for selecting MAXN. 

NM - N - 1 

NMAX - total number of nodes across the shock layer allowed by 

dimension sizes. 

NMIN - MAXN - 2 

NOPT * control variable specifying method to be used in selecting MAXIT. 

NP - N + 1 
.. V , 

NPR - ind¿x used to select proper value of IPRINT from the IPR array. 
a y 

NS - array containing values of n^. 

NSEG - total number of segments to be treated. 
r 

NTAP - control variable specifying the method to be used ijor assigning 

initial conditions. 

OTAP - magnetic tape unit number on which flow field data should be 

stored. / 
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* 

PI 

PI2 

PN 

PS 

PT2 

PI 

P90 

Ql 

R 

RB 

RGAS 

RH01 

RN 

R SM 

RSP 

SDEL 

TCHECK 

TCRIT 

TDEL 

TH 
r 

THETC 

TIME 

TPR 

Tl 

V 

VA 

VIS 

VK 

VMIN 

VN 

VS 

array containing values of P at the 3 body stations required 

for local computations. 

»r 

s/2 
3P 
an 
ap 
dS 

total pressure behind a normal shock. 

P- I 
empirical constant used to assign initial conditions. 

q^ 

r 

array containing values of r at the body stations, 

gas constant. 

Pm 

scale factor used for dimensional output (see section VII). 

r at tf-AO 

r at (f+A© 

sin (ß-0) 

estimated value of r for steady statef equation (63). 4 , 

array containing constants Used in equation (63): ' 

tan (ß-0) 

array containing values of 0 at all body stations. ■ 
- j ,/ * * . 

cone half-angle, 

r 

amy containing values of r when output should be provided. 

T. "c ' \ 

array containing values of pt u, v and S at all nodes, 

array containing the values of averages used to introduce the 

stabilizing terms. 

1.0 - AVS - AVN. Used to compute averages stored in VA. 

Kv 
j * r 

array used to store streamwise derivatives required for shock 

computations. 

array containing values of derivatives with respect to n. 

array containing values of streamwise derivatives. 

y 
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I 

• a < 

* B 
n 

4 ^ 

i ' 

u 

VS1 

VT , 

ws 
WSH 

X10 

ZB 

ZRN 

ZZ 

• array containing values of derivatives with respect to r?' 

- array containing values of U for all streamwise stations. 

- componént of Wg(£) normal to the body. 

• value of ^ at start of segment. 

• array containing values of z at all body stations. 

- axial length (^/R^) for sphere-cones. 

- dumny variable used for intermediate computations. 

V / 
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FLOW CHART 

COMMOH, DIMENSION 

TYPE AND DATA 

STATEMENTS. 

ENTER MAIN PROGRAM. 

ISTOP « 1 

PRINT 1*5 7 
r 

! 
, 

I MIN « 1 

DBI5 « 0.0 

KZERO * 1.0 

BNOSE * 1.0 

XIO « ,0.0 

AMACÓ1* Ml 

J l! 

SET ERROR INDICATOR. 

START POINT FOR ALL CASES. 

PRINT TITLE. 

INITIAÜfcS BODY GEOMETRY 

CONSTANTS AND RECOVER THE 5 

MACH NUMBER READ ON THE PREVIOUS 
CASE. - \ V'v ' 

- \ -1 

i • 

RECOVER PRINTOUT ARRAY 

READ ON PREVIOUS CASE, 

47 
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2 

« 

CHAUGE UHITS OH 0 

TO DEGREES. 

LOAD CASE DATA. 

SAVE MACH HUMBER. 

STORE ^ AID 

FOR SHOCK COMP17T ATI OHS. 

W. 

COMPUTE HOHDIMEHSIOiAL 

FREE STREAM SOUND SPEED. 

COMPUTE GAS CONSTANT 

FOR USE IN DATA PRINTOUT. 



.y
 i

'.
, 
i'
mm
: 

HO 
WAS A FREE STREAM VELOCITY 

READ RATHER THAI A MACH 

HUMBER T 

COMPUTE FREE STREAM MACH 

HUMBER. 

COMPUTE FREE STREAM 

VELOCITY. 

COMPUTE TOTAL EHTHALPT 

STORE VALUE OF MAXIT 
READ IH CASE DATA. 

R£WIHD INPUT MAGNETIC 

TAPE UNIT. 

STORE PRINTOUT ARRAY. 
f 
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1 HEW CASE, RESTART OR 
ADDITIOHAL ITERATIOHS ? 

> 1 

HTAP -= ? i!2 

< 1 

LOAD THE SPECÍFTED 

NUMBER OF NODES IN 

THE £ AND n DIRECTION. 

MAXN < 5 ? 

STORE MAXN-1, MAXI-1 
AND MAXN-2. 

COMPUTE An- 
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SHOULD SPHERE NOSE BE TREATED 

WITH ORE OR T/0 SEGMENTS ? 

TWO SEGMENTS WILL BE USED. 

ONE SEGMENT WILL BE USED. 
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» 

CONVERT 0 TO RADIANS, 
c 

WAS THE NUMBER OF SEGMENTS 

TO BE TREATED SPECIFIED ? 

NO. COMPUTATIONS WILL STOP 

WHEN THE TOTAL LENGTH, ZRN, 

HAS BEEN TREATED. 

ARBITRARY BODY SHAPE 

OPTION. 
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COMPUTE CONSTANTS FOR 
STAGNATION PRESSURE CALCULATION. 

COMPUTE STAGNATION PRESSURE 

BEHIND A NORMAL SHOCK. 

PERFECT GAS. 

EMPIRICAL CONSTANT USED TO 
ESTIMATE INITIAL BODY PRESSURE. 



E 

a 

RESTART OR ADDITIOBAL ITERATIOSS ? 

NO. NEW CASE. INITIALIZE CONSTANTS 

FOR FIRST SEGMENT. 

SET UP BODY GEOMETRY FOR FIRST 

SEGMENT. 

WAS DATA ERROR SENSED IN 

SUBROUTINE GEOM Y 

INITIALIZE FLOW FIELD 

PARAMETERS FOR FIRST 

SEGMENT. 
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SET An AT S = O. 

An REQUIRED TO BE < 0.2 

»TAP <0, UNSTEADY PLOW CASE, 

DOES NOT EMPLOY AUTOMATIC 

NODAL SPACING OPTION. 

SET NODAL SPACING ACROSS 

SHOCK LAYER. 

STORE INPUT ARR-Y ON 

MAGNETIC TAPE. 
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RESTART OPT!OH. 

THIS OPTIOH REQUIRES 
IHTAP = OTAP. 

PRIHT ERROR MESSAGE. 

SET ERROR INDICATOR. 

READ NEXT CASE. 

LOAD DATA FOR RESTART. 

WAS DATA ERROR SENSED 

IN RESTART ? 

GO TO 9 TO COMPUTE PT2. 

36 



t 

ADDITIONAL ITERATIONS TO BE 

PERFORMED ON A CASE STORED 
ON MAGNETIC TAPE. 

OPTION REQUIRES INTAP * OTAP. 

PRINT ERROR MESSAGE. 

SET ERROR INDICATOR. 

READ NEXT CASE. 

LOAD DATA FROM MAGNETIC TAPE. 

> ' ' 

■ ' 

ERROR INDICATOR <17 IN THIS 

CASE, IT SIGNIFIES THE END OF 
THE CASE. 

GO TO 9 TO COMPUTE PT2. 
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COMPUfE CONSTANT, DTO, FOR USE 

IN CFL STABILITY CRITERION, 

EQUATION (36). 

EQUATION (62). 

COMPUTE CFL STABILITY LIMIT 

BASED ON AC- 

DOES DTI EXCEED THIS LIMIT ? 

YES. SET DTI * DT. 

SET TPR ARRAY FOR USE IN 
STEADY STATE FLOW OPTION. 



INITIALIZE SEGMENT NUMBER 

/ 

RESTART OPTION ? 

START OF SEGMENT COMPUTATIONS. 

INC ÜT SEGMENT NUMBER. 

SET UP INITIAL DATA FOR 

PRESENT SEGMENT. 

EQUATION (62). 

COMPUTE CFL STABILITY LIMIT 

BASED ON AC- 
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DOES DTI EXCEED THI ¿ LIMIT ? 

YES. SET DTI = DT. 

ERROR INDICATOR < 1 (THIS MEANS 

AN INPUT ERROR WAS SENSED OR 

THE CASE WAS COMPLETED). 

NOPT > 0 : NUMBER OF ITERATIONS 

SPECIFIED. 

NOPT = 0 : NO ITERATIONS. JUST 

PRINT FLOW DATA. 

NOPT < 0 : STEADY STATE FLOW 
SOLUTION. 

COMPUTE BODY PRESSURE AT 

START OF SEGMENT. 

COMPUTE BODY SOUND SPEED 

AT START OF SEGMENT. 
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ESTIMATE TIME REQUIRED FOR 

STEADY STATE SOLOTIOH, 
EQUATION (63). 

SET MAXIT TO ALLOW SUFFICIENT 

ITERATIONS FOR A MEANINGFUL 

CFL STABILITY CALCULATION 

BASED ON An. 

/ 

ESTIMATE ITERATION NUMBERS 

FOR WHICH PRINTOUT SHOULD 
BE PROVIDED. 

INITIALIZE PRINTOUT INDEX. 

\ 
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IPR(l) 

RO 

SET CONTROL VARIABLE 
FOR PRINTOUT. 

ARE INITIAL CONDITIONS 
TO BE PRINTED ? 

PRINT FLOW FIELD DATA. 

STORE 3A£. 

START OF ITERATION LOOP. 

COMPUTE An AT START OF 

SEGMENT; An = -n An. 
s 

COMPUTE Ar AT START OF 
SEGMENT; Ar * An COS (9). 
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COMPUTE Ar AT SECOWD MODE 

ALONG THE BODY FOR THIS 
SEGMENT. 

INITIALIZE INDEX FOR 
PRESSURE AT £. 

INITIALIZE INDEX FOR 
PRESSURE AT £+A£. 

COMPUTE PRESSURE ARRAY 
AT Ç. 

COMPUTE PRESSURE ARRAY 
AT É+AÇ. 

COMPUTE CFL STABILITY LIMIT 

BASED ON An. EQUATION (36) 

SHOULD At BE REDUCED 
BASED ON y ? 

o 
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INCREMENT TIME. 

IMIN * 2 WHEN THE SEGMENT 

UNDER CONSIDERATION DOES 

NOT INCLUDE THE STAGNATION 

STREAMLINE. 

COMPUTE SHOCK VELOCITY 

ALONG THE NORMAL COORDINATE. 

STORE FLOW VARIABLES AT THE 

SHOCK. 

COMPITTE CONSTANT FOR USE IN 

EVALUATING PARTIAL DERIVATIVES 

WITH RESPECT TO n. 

SET NODAL INDICES FOR 

STAGNATION STREAMLINE 

COMPUTATIONS. 

» V 
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COMPUTE AVERAGE BODY CURVA¬ 
TURE FOR STAG*ATIOR STREAM¬ 
LINE DIFFERENCES. 

SET 6, COS (ß), TAN (ß) , 

AND SIN (ß) FOR NORMAL 
SHOCK COMPUTATIONS. 

STORE ff. If. £ ff 
AT THE FIRST NODE INSIDE 

THE SHOCK. 

INITIALIZE n. 

COMPUTE Aí = KAn. 

COMPUTE i AT n = An. 

COMPOTE FOR USE 
3n 

IN EQUATION (l6). 

COMPUTE ^ FOR USE IN 
ds 

EQUATION (16). 
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COMPUTE r“ AT THE STAGNATION 

POINT. 1 

COMPUTE p(t^At), 
EQUATION (16). SET u*o. 

EQUATION (ul). 

COMPUTE S(t+At), 

EQUATION (UO). 

INITIALIZE «. 

START LOOP ON N FOR 
POINTS ON THE STAGNATION 

STREAMLINE. 
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IHCRÔŒST n. 

IHCREMEHT k. 

COMPUTE LOCAL SQUID 

SPEED. 

COMPUTE MINIMIZED 

STABILIZING TERMS. 

STORE A USEFUL PARAMETER. 

STORE INDICIES FOR THE 

NODES AT n+An AND n-An. 

COMPUTE 

3k2ov 
COMPUTE V--- 
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- 7 . 
VS(1) = C3»(V(1,HP,1; - V(1,NH,1)) 
V»(3) * C3»(V(1,NP,1) - V( 1 fNM,1)) 
vnfi.) » C3»(v(i,iip,i) - VUJDM)) 

~ ï — 
VA(1) » AVH«(V(1,NP,1) ♦ Vd.UM.l)) 

♦VIS*V(1,N,1) 
VA( 3) * AVN*( V( 1 ,NP ,3) ♦ V(lfNM,3)) 

♦VIS«V(1,N,3) 
VA(U) - AV!I*(V( 1 ,NPtU) ♦ Vd.MM.l*)) 

- r~ 
VT(1) = (CS+CS^CN/KAP) 

/KAP - WS(1)•ETA*VN(1) 

_ I 
VT(3) = DUM*VN( 3) ♦ 
C3*( P(L,NP) - P( L,NM) ) / 
V(1,N,1) 

~Z3ZT 
VT( M * 

DUM#VN ( 1* ) 

_ZH_ 
D(N,1) = VA(1) - VT(1)*DT 
D(Nf2) = 0.0 

D(Nt3) = VA( 3) - VT(3)"DT 
D(»,4) = VA(ii) - VT(U)*DT 

COMPOTE fe-, AND 

3s 
3n * 

COMPUTE AVERAGE VALUES 
OF p, V AND S TO INTRODUCE 
STABILIZING TERMS. 

COMPUTE . 
3i 

COMPUTE . 
à T 

COMPUTE 
3s 
3t 

SOLVE GOVERNING 
EQUATIONS. 

7 
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fl 

I 

SET IM TO INSURE PROPER FLOW 

VARIABLE STORAGE IN SUBROUTINE 

SHOCK. 

COMPUTE CONSTANTS FOR SHOCK 

CALCULATIONS. 

COMPUTE SHOCK PARAMETERS. 

SET U = 0 AT THE SHOCK. 

COMPUTATIONAL STARTING 

POINT WHEN IMIN = 2 
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STORE STARTING LINE 
PARAMETERS. 

D(N,M) * 

V(1,N,M) 

IP = I ♦ 1 
IM * I - 1 

~T~ 
nr * -N3(i) 

*DET 

OAR = 0.25 
*(K( IP) ♦ 
K(I)^K(I) 
♦K(IM) 

in 
LM = L 
L = LP 

LP=LPLUS(L) 

SET SHOCK VELOCITY COMPONENT 

NORMAL TO THE BODY TO ZERO FOR 
THE CONSTANT STARTING LINE. 

START OF LOOP TO TREAT POINTS 

NOT ON THE STAGNATION STREAMLINE. 

COMPUTE INDICIES FOR NODES AT 
C+AÇ AND C-AC. 

COMPUTE An. 

COMPUTE AVERAGE CURVATURE FOR 
FINITE DIFFERENCES. 

SET,.INDICIES FOR THE PRESSURE 
ARRAY. 
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COMPUTE PRESSURE FOR 
BODES AT 

COMPUTE 3kA; AT THE 
SHOCK. 

SHOCK SLOPE, EQUATION (6o) 

COMPUTE CONSTANTS USED IN 
SHOCK TRANSFORMATIONS. 

• n » 

3o 3u 3v 3a 
COMPUTE 3ç, AND 

AT THE FIRST NODE INSIDE 
THE SHOCK FOR USE IN 

^ta£UBROUTINE SHOCK. 



s 

■ 
/ 

V 

DUM * 

VS 0 UN D 

(PUA). 
vd.i.D) 

ZZ = (V(I,1. 
2)+DUM)* 

DT/DXI 

AVS = 

VIS = 

AVS = 
/ 

zz*zz 
1.0-AV 

0.5* 
AVS 

\ 1 
ETA = 0.0 

ï 
C30 = 1.0/ 

(NS(I)#DE2) 

zni 
C20 = 

(NS(IP)- 
NS(IM))/DX2 

zu: 
DRSM = DR 

DR = DRSP 

DRSP = -NS(H) 

*det*cth(i) 

J 

COMPUTE a AT BODY SURFACE. 

EQUATION (33). 

COMPUTE STABILIZING TERM 

COEFFICIENTS FOR BODY 

POINTS. 

INITIALIZE n. 

COMPUTE CONSTANT USED TO 

EVALUATE PARTIAL DERIVA¬ 

TIVES WITH RESPECT TO n. 

COMPUTE CONSTANT USED TO 

EVALUATE PARTIAL DERIVA¬ 

TIVES WITH RESPECT TO S. 

STORE Ar FOR C-A4, £ AND 
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COMPUTE A K * KAn DKAP * KBAB 

•EH 

ï 
CALL 

BODY 

(DH,DKAP, 

DR) 

NS(IM) = 

IÍS( IM) ♦ 
WSH#DT 

z] , 
WSH = WS(I) 

•CDEL 

[_ 
RSP = RB(IP) 

RSM = RB (IM) 

R = RB(I) 

KAP = 1.0 

I 
DO 30 

N = 2, MN 

ï 
ETA = ETA + 

DET 

R = R+DR 

KAP * KAP^DMP 

ï 
DUM = VSOUND 

(P(L,N), 

V(I,N,1)) 

5 

BODY POINT COMPUTATIONS. 

COMPUTE NEW SHOCK POINT 

LOCATION FOR £-AÇ. 

COMPUTE SHOCK VELOCITY 

COMPONENT NORMAL TO THE 

BODY. 

INITIALIZE r AT Ç+AÇ, 

Ç-AÇ AND £, AND k. 

START OF LOOP TO TREAT 

POINTS ALONG THE NORMAL 

COORDINATE AT 

INCREMENT n, r AND k. 

COMPUTE SOUND SPEED. 
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EQUATION (33) FOR Ç 
COORDINATE. 

EQUATION (33) FOR n 
COORDINATE. 

COEFFICIENTS FOR THE 

STABILIZING TERMS. 

COMPUTE USEFUL 
PARAMETERS. 

COMPUTE INDICIES OF 

NODES AT n+An AND 
n-An. 
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VH(M) * C3#(V(I,NP,M) 
- V(I,HM,M)) 

VS(M) * Cl*(V(IP,N,M) 
- C2* 

VN(M) 

VA(M) = AVS*(V(IP,N,M) 
♦V(IM,N,M)) ♦ AVN* 
(V(I,IIP,M)+V{I,RM,M)) 

♦VIS»V(I,N,M) 

COMPUTE PARTIAL DERIVATIVES 

FOR U, V AND S. 

COMPUTE AVERAGES TO 

INTRODUCE STABILIZING TERMS 

FOR p f U, V AND S. 

INCREMENT r AT 

AND Ç-AC. 
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ZZ » C20 
•ETA 

3rpu 
dS 

^icrPv 
9n 

3p 
3t 

i ap 
p 3n 



3_v 
at 

AND 
as_ 
at ' 

COMPUTE FLOW PARAMETERS 

AT t+At. 

END OF LOOP ON N. 
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COMPUTE CONSTANTS FOR 

SHOCK CALCULATIONS. 
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% 

CALL \ 

SHOCK \ 

IM = 1-1 

J 

/ DO 33 \ 

( N = l.MAXN / 

V_/ 

ï_ 

V(MI,N,1) = 

D(N,1) 

r 
V( MAX 

* ABS 

♦D(Nf 
V(IM. 

I.N.l) 
( D(N ,1) 

1) - 

N.l)) _ 

S) 

COMPUTE SHOCK PARAMETERS. 

END OF LOOP ON I. 

TRANSFER VALUES OF p FOR 

THE DOWNSTREAM SEGMENT 

BOUNDARY FROM TEMPORARY 

STORAGE. 

LINEAR EXTENSION FOR P. 

ABSOLUTE VALUES USED TO 

INSURE INITIAL GUESS WILL 

NOT INTRODUCE NEGATIVE 

VALUES. 
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COMPUTE NEW SHOCK POINT 

LOCATION AT DOWNSTREAM 

SEGMENT BOUNDARY. 

LINEAR EXTENSION OF SHOCK. 

SHOULD PRINTOUT BE PROVIDED ? 

PRINT FLOW FIELD VARIABLES. 

COMPUTE TOTAL NUMBER OF 
ITERATIONS PERFORMED ON 

THIS SEGMENT. 

WAS THE NUMBER OF ITERATIONS 

TO BE PERFORMED SPECIFIED ? 

HAS THE ESTIMATED TIME FOR 

STEADY STATE BEEN EXCEEDED ? 

80 



INITIALIZE I. 

' c 

* 

INCREMENT I. 

i ... 

IS THE MAGNITUDE OF THE SHOCK 

VELOCITY GREATER THAN 10-3 T 

ARE THERE MORE POINTS IN 
THIS SEGMENT ? 

STEADY STATE ACHIEVED. 

STEADY STATE NOT ACHIEVED. 
o ' 

SET MAXIT FOR 100 MORE 
ITERATIONS. 

SUPPRESS EXTRA PRINTOUT. 

START ITERATION LOOP. 

81 
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% 

ZZ * (TCHECK 

-TIME)/OT 

♦ 10.0 

MAXIT * 

INT (ZZ) 

IPR(M) * INT (TPR(M) 

•TCHECK/DT) - ITD 

ESTIMATE THE NUMBER OF 

ADDITIONAL mÇATIONS 

REQUIRED FOR STEADY STATE. 

JNVERT TÒ INTEGER FORM. 

EVALUATE NEW PRINTOUT 

ARRAY. 

«a 

INITIALIZE PRINTOUT 

CONTROL INDEX. 
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RESET NPR. 

/ 
SET PRINT CONTROL VARIABLE 

START ITERATION LOOP. 

SEGMENT COMPLETED. 

WRITE FLOW FIELD DATA 
ON MAGNETIC TAPE. 

SET IPRINT FOR FINAL 
PRINTOUT. 
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ISTOP * -1 

WRITE(OTAP)) 
ISTOP 

I 
ENDFILÊ 

OTAP 

ISTOP = 1 

FI MAL PRIITOUT FOR 

THIS SEGMEST. 

HAVE ALL SEGMENTS 

BEEN TREATED Î 

WRITE INDICATOR ON 

TAPE TO SIGNIFY END 
OF CASE. 

ENDFILE TAPE. 

SET ERROR INDICATOR. 

READ NEXT CASE. 

84 

END. 
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4. SUBROUTINE BODY 

A. PURPOSE 

This subroutine solves the governing equations at nodes on the body 

surface, except for the stagnation point. The special body point logic developed 

in section IV is employed. 

B. VARIABLE LIST 

All variables used in this subroutine have been defined in the 

description of the main program. 



C. FLOW CHART 

ENTER SUBROUTINE BODY. 

COMPUTE K AT n * An. 

COMPUTE r AT n = An. 

COMPUTE UrpV) . 
n 

COMPUTE ( rpu) . 
3 

COMPUTE pt. 

COMPUTE u . 
s 

COMPUTE S . 
s 

% 

« , 

I 
K 

i 
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COMPUTE AVERAGE VALUE OF o 
TO INTRODUCE THE STABILIZING 
TERM. 

COMPUTE AVERAGE VALUE OF u 
TO INTRODUCE THE STABILIZING 
TERM. 

COMPUTE AVERAGE VALUE OF S 
TO INTRODUCE THE STABILIZING 
TERM. 

'¡-A 

COMPUTE P 

COMPUTE U 

COMPUTE S 

TRANSFER o, U AND S AT 
S-AS AND t+At FROM TEMPORARY 
TO PERMANENT STORAGE. 
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ï 

SOLVE FOR o AT t+At. 

SOLVE FOR u AT t+At. 

SOLVE FOR S AT t+At. 

RETURN. 

END STATEMENT. 
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5. SUBROUTINE COEFF 

A. PURPOSE 

This subroutine generates coefficients for a cubic fit of the data 
/ 

supplied under the arbitrary body shape option. Conventional curve fit techniques 

such as least squares or spline fit techniques were .found to be inadequate for 
* * >A . . 

this application. The present curve fit procedure requires that the user supply 

a fairly complete description of the body geometry at all data points supplied 

(r, z, 0, and K).1 It is recognized that approximate methods may be required to 

generate this data for many body shapes of interest. However, this data is often 

known explicitly, but is not easily specified at equal intervals along the body, 

e.g., an ellipse. It was decided that an accurate technique should be incorpor- 

ated into the program, leaving the choice of more approximate schemes to the user 

when that becomes necessary. The cubic fit is accomplished using arrays which 

specify the values of x, y and at a number of points. The relevant constraint 

relations for a cubic fit can be expressed as 

4 

I 
i—1 

C 
ij j (64) 

(£) 1 (i-2) C 
.(i”2) 

(65) 

i=2 
ij “j 

V 

At end points of the array of Xy values, the values of y^ and (jJ)j at 2 adjacent 

joints are used to generaté the coefficient c^. Defining the matrixes 

1 

1 

0 

0 

1 

1 

2 

2XJ 

2X, 

3X. 

3X, 

(66) 

I 



! 

f I Fr / 

N 
(67) 

¿1) 
Mx'l 

(r1) Wz 

a matrix, [aJ, is generated from [b] by replacing the 1th column with [yJ 

the determinants |a| and |b| are used to generate 

and 

Cij “ lAijl /lBij 
(68) 

For interior points, the values of y at 2 adjacent points are used with the local 

value and slope to define 

[•ij] 

1 

1 

1 

0 

3 

2X, 3X, 

(69) 

i 

where the point under consideration is presumed to be X2. Using 

w- 

(áX) 
'dx'2 

(70) 

Equation (68) supplies the desired cubic coefficients for the interior points. 
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B. VARIABLE LIST 

A * [Aij] 

B - [Bij] 
c - [cij] 
DET - B| 

DETC - JA| 

DYDX 

I 

J 

K 

MN 

N 

NEX 

NL 

NM 

NN 

NP 

NPTS 

NU 

X 

Y 

YC 

- array containing values of 
^ dx 

- index for DO loops. 

~ index for DO loops. 

- index for DO loops. 

- index of last interior point. 

- index specifying the location of the point under consideration 

in the input arrays. 

_ integer exponent used in loading arrays. 

~ index of first point to be considered. 

-N - 1 

- index of first interior point. 

- N + 1 

- number of points to be considered. 

- index of the last point. 

- array containing values of X. 

- array containing values of Y 

-tYj] 
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C. FLOW CHART 

ENTER SUBROUTINE COEFF. 

COMPUTE TOTAL HUMBER OF POINTS 

TO BE CONSIDERED. 

WERE AT LEAST 2 POINTS 

PROVIDED ? 

PRINT ERROR MESSAGE. 

SET ERROR INDICATOR. 

RETURN. 

SET INDICES FOR FIRST 

POINT. 

r* 
V 
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LOAD THE YC ARRAY FOR 

THE FIRST POIHT. 

SET b11 AND b21. 

LOAD COLUMNS 2 TO 3 OF ROWS 
1 AHD 2 OF THE B ARRAY FOR 

THE FIRST POINT. 

LOAD REMAINING TERMS IN 

THE B ARRAY FOR THE 

FIRST POINT. 
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COMPUTE DETERMINAMT OF B. 

». 

LOAD A ARRAY FOR THE FIRST 

POINT. 

LOAD YC ARRAY INTO THE A 
ARRAY FOR COMPUTATION of ck 

102 



■ 
|PPfW*lffMIWK« 

« 
' 

í 

' 

■ 

YES 
U 

CALL \ 
DETUU \ 
(A.DETC) / 

C(K,N) = 
DETC/DET 

J ) 
MN « NU-1 

. /is 

-/npts = 1 / 

. NO 

NN « NL+1 

FT 
/ DO 

S 

NP = 

NM * 

H+l 

N-l 

O 

A 

COMPUTE DETERMINANT OF A. 

ti 

I 

COMPUTE C ’s FOR THE FIRST 
Iv 

POINT. 

WERE ONLY 2 POINTS PROVIDED ? 

START LOOP FOR INTERIOR 

POINTS. 
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c 

LOAD YC ARRAY. 

\ 

COMPUTE EXPONENT. 
/ 

t 

LOAD COLUMNS 2, 3 AND U 

OF ROWS 1,2 AND 3^. • 

LOAD REMAINING TERMS. 

k 

COMPUTE DETERMINATION OF B. 

«a • 

I 

104 



Ad, j) = 

Ad,K) = 

YC(I) 

LOAD A ARRAY FROM B ARRAY. 

TH 
LOAD YC VALUES INTO THE K 

COLUMN OF THE A ARRAY. 



i 

t * 

c. 



JU 

I 

i 

ï 

\ I 
I 

' \ 

4 



I 

! 
DO 13 ,. 

J - 1,U 

ZE 
A(I,J) * 

A(I,K) « 

YC(I) 

LOAD A ARRAY FROM THE B ARRAY. 

TH 
LOAD YC VALUES IHTO K 

COLUMN OF A ARRAY. 

K 

COMPUTE DETERMINANT OF A, 

108 
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COMPUTE C POR THE LAST POIHT. 
& 

RETURN. 

END 
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6. SUBROUTINE DATA 

A. PURPOSE 

This subroutine loads all o£ the Input data except for the arbitrary body 

shape data. It sorts the Inpit data by matching alphanumeric specifications on 

the data cards with known variable names and with special alphanumeric flags 

signaling the start and end of a data packet. Consequently, the number of cards 

provided and the order of these cards are arbitrary. Since the computer code 

does not alter the values of the input variables, only variables whose resident 

values are to be changed need be input by the user. This simplifies the input 

data required for multicase runs. The principal reason for including a sorting 

routine of this type was to\greatly simplify thé input data required without 

imposing unnecessary restrictions on the numerical method. In addition to the 

empirical constants required for the numerical method, several option control 

variables had to be included. For example, to apply this method as a practical 

computational technique, a restart option had to be included since the exact 

number of iterations that will be required cannot be specified in advance. Also, 

if a steady state is not realized for a problem, an option to recover the data 

and perform additional iterations should be available. Other input controls 

considered desirable are specifications for additional flow field outputs, 

dimensional output, ant| nodal geometry. A a result, 23 input variables were 

required for a completely general computational method. Most of these variables 

have been supplied initial resident values in the main program which will be 

adequate for the majority of the problems encountered. Consequently, while the 

capability of inputting values for all 23 variables is available, the input 

required is usually quite brief, typically 3 to 5 cards. It is easily seen that 
¿i 

without a routine of this type, a general input capability would be very compli¬ 

cated . 
c . . • 

B. VARIABLE LIST 

ENFILE - alphanumeric word LAST in AlO format. Used to check for the 

end of the data packet. 

I - index for an implied DO loop in a print statement. 

IERR - errorindicator. Called ISTOP in the main program. 

IV - array containing all integer variables in CGMMON block /INPUT/. 

K array used for temporary storage of the values of input integer 

variables. 
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I 

M 

T 

TITLE 

TLE 

V 

VAR 

ZZ 

- index used for various applications. 

array containing the alphanumeric names of all allowed input 

variables. 

alphanumeric word TITLE in A10 format. Used to identify the 

first card in a data packet. 

array used to read and print an alphanumeric title. * 

array containing all floating point variables in COMMON block 

/INPUT/. 
i 

- variable used to read the input variable name from data cards, 

variable used for temporary storage of the values of input 

floating point variables. 

A 
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C. FLOW CHART 

/’ 

ENTER SUBROUTINE DATA. 

SET ALPHANUMERIC TITLES 

OF THE CASE DATA VARIABLES 

FIRST CASE ? 

START A NEW PAGE. 

ERROR SENSED IN 

PREVIOUS CASE ? 

READ TITLE CARD. 

ENDFILE ENCOUNTERED ? 
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WAS TITLE INDICATOR 
CORRECT ? 

PRINT ERROR MESSAGE 

. - ' 

> v 
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« , J ■ Uí 1 ' o 

o ^ 

9 3 

/ 

READ CASE DATA CARD. ' 

LAST CARD IN THE CASE ? 

INITIALIZE INDEX, M, TO 
SEARCH TABLE OF VARIABLE 
V A WC rnn mi ITT n.._ 
*• •“ a ne« rnrjOLW r 

VARIABLE. 

; v i 
IS M WITHIN THE ALLOWABLE 
NUMBER OF CASE VARIABLES? 

VARIABLE NAME COULD NOT BE 
MATCHED WITH AN INPUT 

VARIABLE. PRINT ERROR MESSAGE. 

7 

! > 
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I 
'5 

"N 

NO / IS 
VAR*T(M) 

? 

DOES VARIASI£ NAME READ 
MATCH THE NAME STORED IN 
T(M) ? 

YES 
\ 

J 4 ' 
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INTEGER VARIAB If. STORE 

IN PROPER COMMON LOCATION. 

PRINT INPUT DATA. 

SET ERROR INDICATOR. 

RETURN. 

START PROCEDURES TO 

BYPASS ERRONEOUS DATA. 

SET ERROR INDICATOR. 
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READ DATA CARD. 

WAS AH EHDFILE 
EHCOUNTERED ? 

WAS A TITLE CARD 

READ ? 
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1. DETERMINANT SUBROUTINES 

A. PURPOSE 

SUBROUTINE DET44 computes the determinant of a 4 X 4 array. It accompLi- 

plishes a standard expansion by minors using the explicit determinant solution 

for a 3 X 3 array contained in SUBROUTINE DET33. 

B. VARIABLE LIST 

A - 4 X 4 array for which the determinant is to oe evaluated. 

B - 3 X 3 array containing various minors of the A array. 

DET - value of the determinant evaluated in both routines. 

DETl - determinant of the first minor. 

DET2 - determinant of the second minor. 

DET3 - detenninant ot the third minor. 

DET4 - determinant of the fourth minor. 

I - index used to load arrays. 

II - index used to load arrays. 

J - index used to load arrays. 

JJ - index used to load arrays. 

122 



C. FLOW CHART 

JJ « J+l 

IT 
B(I,J) - 

Adl.JJ) 

ENTER SUBROUTINE DETUU. 

LOAD 3X3 ARRAY FOR THE 

FIRST MINOR. 

EVALUATE FIRST MINOR. 
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? 
/ DO 

v; ,!V □ 
3(I,J) = 

A(1,J^1) 

J K 
CALL \ 
DET33 \ 
(DET2) / 

- r 

} Cl 
9(2,J) " 
A( 2 ) 

LOAD 3X3 ARRAY FOR 

SECOND MINOR. 

EVALUATE SECOND MINOR. 
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EVALUATE THIRD MI If OR. 

I 

3(3, J} = 

A(3,J«-1) 

DET = Ad.lJ'DETl 

-A(2,1)*I>£T2 ♦ 

A(3,1)#DET3 - 
A(1*,1)*DETU 

LOAD 3X3 ARRAY FOR 

THE FOURTH MINOR. 

EVALUATE FOURTH MINOR. 

EVALUATE DETERMINANT. 

RETURN. 

END. 

123 



SHTEF SUBROUTINE DET33. 

EXPLICIT SOLUTION FOR 

A 3X3 DETERMINANT. 

RETURN. 
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8. SUBROUTINE DMPOUT 

A. PURPOSE 

This subroutine prints the flow-field data for each segment. Printed 

outputs are provided as requested by the user through the input variable IPR, 

and after the last iteration for each segment. The output is printed in dimen¬ 

sional form (except for entropy) based on the values of PI, Tl, RH01 and RN 

supplied in the input data. When all of these variables are unity, nondimensional 

output is provided. The normal velocity component, the coordinate A and the 

shock velocity are defined positive outward from the body in the printed output. 

The printed output is set up to include as many streamwise stations per page as 

possible, based on a maximum of 60 lines per page. 

B. VARIABLE LIST 

All variables previously defined in the description of the main program 

have been omitted from this list. 

DAT - array containing the values of various body parameters for 

each station. 

DS - As 

IND - control variable specifying when a value of DAT should be 

included on a given printed line. 

IPAGE - number of streamwise stations which have been printed on the 

present page. 

M - index used in print statements. 

NPAGE - number of streamwise stations which can be printed on each 

page. 

NST - array used to store the pressure coefficient at each body 

station for later output. 

PREFIX - array containing the alphanumeric names of body parameters. 

Q - [p.p„]1/2 

QSQ - u2 + V2 

SI - array used to store the values of the ratio of local pressure 

to total pressure on the body for later output. 

VS - array used to store dimensional values of output values as they 
f 

are evaluated for later output. 

ZZ - dummy variable used for intermediate computations. 
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C. FLOW CHART 

/ 

ENTER SUBROUTINE DMPOUT. 

COMPUTE TOTAL NUMBER OF 

ITERATIONS PERFORMED ON 

THIS SEGMENT. 

WAS THE MAXIMUM NUMBER 

OF NODES ACROSS THE SHOCK 

LAYER EXCEEDED IN SUBROUTINE 
GEOM ? 

INCREMENT NPR. 

ARE ANY VALUES OF IPR 

UNUSED ? 

LOAD ITERATION NUMBER 

FOR NEXT PRINT. 
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A 

COMPUTE THE NUMBER OF STATIONS 

WHICH CAN BE PRINTED ON EACH 

PAGE. INITIALIZE IPAGE. 

COMPUTE SCALE FACTOR FOR 

DIMENSIONAL VELOCITIES. 

COMPUTE LIMENSIONAL AS. 

INITIALIZE 5. 

COMPUTE PRESSURES. 

STORE P/P . 
o 

INITIALIZE IND. 
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• 

J
"
 

i 

i. 

\ 
131 

COMPUTE LOCAL BODY 

PARAMETERS. 

INCREMENT IPAGE. 

START A NEW PAGE ? 

NEW PAGE. 

INITIALIZE IPAGE. 

INCREMENT S, 

fi, 

i 



PRINT S AND HEADING 

STORE PRESSURE COEFFICIENT 

AT THE BODY. 

COMPUTE An AND INITIALIZE n. 

INCREMENT IND. 

COMPUTE MAGNITUDE OF LOCAL 
VELOCITY. 

COMPUTE LOCAL TOTAL 
ENTHALPY. 

132 



IHCREMEHT n. 

COMPUTE p. 

COI'PUTE U. 

COMPUTE V. 

STORE S. 
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PRIST BODY PARAMETERS 

AND FLOW FIELD DATA. 

PRINT FLOW FIELD DATA. 

NEW PAGE FOR SHOCK AND 

BODY PARAMETERS ? 
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PRIHT HEADIHG FUR SHOCK 
AND BODY PARAMETERS. 

iL(,. 

PRIHT 12 

I 
VS(1) = XIO 

*RN 

1 r 
VS(D = 

VS(1)*DS 

L 
VS(2) = 

RB( I ) •RN 

L 
VS(3) = 
ZB(I)*RN 

r 
1 VS(U) = 
1 K(I)/RH 

r 

VS(5) * TH(I) 
•180.0/PI 

VS(6) » VS(2) 
-ÄS(I)*RH 
•CTH(I) 

INITIALIZE S. 

INCREMENT S. 

COMPOTE y AT THE BODY. 

COMPOTE Z AT THE BODY. 

COMPUTE K AT THE BODY. 

COMPUTE 0. 

COMPOTE y AT THE SHOCK. 
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COMPUTE Z AT THE SHOCK. 

COMPUTE SHOCK VELOCITY. 

PRINT SHOCK AND BODY 

PARAMETERS. 

RETURN. 

END OF SUBROUTINE DMPOUT. 
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9. SUBROUTINE GECM 

A. PURPOSE 

« 

This subroutine computes the body geometry parameters and the initial 

guess for the shock shape. An option for generating these parameters for a 

sphere-cone vehicle is available. Currently, other body shapes must be specified 

with data cards. These geometry data cards are read in this routine. A computed 

GO TO statement selects the proper option based on the value of a variable KGEGM. 

Explicit computations for body shapes other than sphere-cones could be incorporated 

by using additional values of this variable (currently, values of 1 to 3 are used). 

When the body geometry is read from data cards, several options are available. 

The data can be read in at specified equal intervals along the body or at a 

series of representative points. In the latter case, curve fit routines accomplish 

the necessary integrations and interpolations to specify the data at equal intervals 

along the body. The initial shock shape can be input or computed using empirical 

relations. The number of nodes to be used along the body and across the shock 

layer can be specified for each segment. These specifications will be ignored 

if these quantities were defined in the input read in SUBROUTINE DAiA. The body 

curvature can be changed between segments at the common segment boundary. If no 

specification for the number of nodes to be used along the body is provided, the 

number of data cards provided is used as the value for this quantity. An error 

check is accomplished to ensure that the number of points provided for a segment 

has not exceeded the dimension sizes. The segment number for which a current set 

of data cards has been provided is checked with the number of the segment under 

consideration. Data are skipped until the correct segment number is located. 

This allows the complete geometry data packet to be included in a restart, even 

though the first few segments will not be required. If a segment number greater 

than the value of the segment under consideration is used, it is considered as a 

data error. All data errors result in an error message and termination of the 

current case. An subsequent case will then be treated. 

B. VARIABLE LIST 

All variables previously defined in the description of the main program 

have been omitted from this list. 

A - array used for body shape computations under the arbitrary 

body shape option. 

ANS - variable used for temporary storaae of the value of n at the 
^ s 

end of a segment previously completed. 
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BLANK - alphanumeric blank under AlO format. Used to check for discon¬ 

tinuities in body curvature. 
D 

C - array used to store cubic fit coefficients for each data point 

under the arbitrary body shape option. 

DNS - change in n between body stations. 
s 

DR - change in r at the body between body stations for a sphere-cone. 

DUM - dummy variable used for intermediate computations. 

DZ - change in Z between body stations for a sphere-cone vehicle. 

IC - body station index at which integration with respect to r should 

be replaced with integration with respect to Z. 

IP - dummy index used for various applications. 

1ST - index of the downstream boundary body station for the previous 

segment. 

KSH - control variable specifying whether the initial shock shape has 

been specified on the data cards. 

M - dummy index used for various applications. 

NPTS - number of data cards to be read for the current segment. 

NST - array used for temporary storage of an initial shock shape 

specification as provided on the data cards. 

SI - array used for body shape computations under the arbitrary body 

shape option. 

SUM - result of a numerical integration. 

ZZ - dummy variable used for intermediate computations. 
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C. FLOW CHART 

ENTER SUBROUTINE GEOM. 

SAVE INDEX OF THE DOWNSTREAM 

BOUNDARY OF THE PREVIOUS 

SEGMENT. 

IS THE VALUE OF Ç AT UPSTREAM 

BOUNDARY OF THE LAST SEGMENT 

NEGATIVE ? 

WHAT GEOMETRY OPTION ? 

SPHERE-CONE; SPHERE TREATED 

WITH A SINGLE SEGMENT. 

HAS THE FIRST SEGMENT 

BEEN COMPLETED ? 
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YES 
WAS THE NUMBER OF NODES ALONG 

THE BODY PER SEGMENT SPECIFIED 

IN THE CASE DATA ? 

COMPUTE MAXI. 

COMPUTE AC. 

ARE DIMENSIONED VARIABLES 

LARGE ENOUGH FOR THE VALUE 

OF MAXI ? 
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zz » 
FLOAT(IMAX 
-2) 

zn 
DXI * DELS/ 

ZZ 

MAXI = IMAX 

MI * MAXI - 1 

HEZ 
XIO * -DXI 
K(l) = 1.0 
RB(1) * 0.0 
ZB(1) = 0.0 
TH(l) » PI2 
CTH(1)= 0.0 
ZZ * 0.0 

COMPUTE MINIMUM ALLOWABLE 
VALUE OF A£. 

SET MAXI TO MAXIMUM VALUE. 

COMPUTE INDEX OF DOWNSTREAM 
BOUNDARY NODE. 

INITIALIZE BODY PARAMETERS 
FOR STAGNATION POINT. 

INITIALIZE £ FOR SEGMENTS 
OTHER THAN THE FIRST. 
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/ 

START DO LOOP TO COMPUTE BODY 
GEOMETRY FOR A SPHERE. 

INCREMENT £. 

CURVATURE. 

0. 

V 

V 

COS(0). 

END OF LOOP. 
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SPHERE-COME VEHICLE WITH 
SPHERE TREATED WITH 2 
SEGMENTS. 

INITIALIZE XI0 FOR 
SEGMENT 2. 

SAVE SHOCK SLOPE AS COMPUTED 
AT THE DOWNSTREAM BOUNDARY OF 
SEGMENT 1. 

INITIALIZE BODY GEOMETRY 
PARAMETERS FOR UPSTREAM 
BOUNDARY OF SEGMENT 2. 

COMPUTE SEGMENT STREAMWISE 
LENGTH. 
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B 

COMPUTE THE HUMBER OF MODES 

REQUIRED TO GIVE THE SAME 

VALUE OF AC AS USED FOR 

SEGMENT 1. 

EXCEEDED MAXIMUM HUMBER OF 

KODES ALLOWED ? 

USE MAXIMUM HUMBER. 

COMPUTE AC, MI, MAXI AND THE 

CHANGE IN NS PER EACH AC 
BASED ON LINEAR EXTRAPOLATION. 
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CONICAL AFTERBODY. 

INCREMENT XIO. 

COMPUTE SHOCK SLOPE FOR 

UPSTREAM STARTING UNE. 

HAS THE INPUT AXIAL LENGTH 

BEEN EXCEEDED ON PREVIOUS 
SEGMENT ? 

CASE COMPLETED. 

WRITE INDICATOR ON OUTPUT 

TAPE UNIT TO SIGNIFY END 

OF CASE. 

ENDFILE OUTPUT TAPE UNIT. 

SET ERROR INDICATOR TO 

TERMINATE CASE (NO ERROR). 

RETURN. 
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CASE INCOMPLETE 

WAS MAXI SPECIFIED IN 

THE CASE DATA T 

ESTIMATE THE OPTIMUM 

NUMBER OF NODES FOR 

THIS SEGMENT. 

USE MAXIMUM OF 6 NODES. 

MUST HAVE AT LEAST 

3 NODES. 

ESTIMATE OPTIMUM 

VALUE OF AC. 
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AC > PREVIOUS VALUE 

AC < U.O. 

COMPUTE SEGMENT LENGTH. 

AZ = AC cos 0. 
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COMPUTE Z/RN AT THE END OF 

THE CURRENT SEGMENT. 

EXCEEDED SPECIFIED VEHICLE 
LENGTH ? 

REDUCE MAXI. 

ALLOWABLE VALUE ? 

USE 3 NODES TO FINISH CASE. 

COMPUTE AÇ REQUIRED TO 

COMPLETE CASE. 
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c 

a 

REQUIRE AC > 0.1. 

COMPUTE INDEX OP NODE AT 

DOWNSTREAM BOUNDARY; Ar, AZ 

AND An, BETWEEN NODES. 

ASSIGN BODY GEOMETRY 

PARAMETERS AT UPSTREAM 

STARTING LINE. 
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% 
* 

/ 

COMPUTE BODY GEOMETRY 

PARAMETERS AT REMAINING 

POINTS. V 

START SHOCK GEOMETRY 
COMPUTATIONS (ALL OPTIONS). 

COMPUTE 2A£. 

UNSTEADY FLOW OPTION. 

SHOCK SPECIFIED AS A 

CONSTANT DISTANCE FROM 

THE BODY OF O.Ol. 
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ESTIMATE SHOCK SHAPE POR FIRST 
SEGMENT, STEADY STATE OPTION. 

ESTIMATE SHOCK STANDOFF 
DISTANCE. 

ESTIMATE An BETWEEN NODES. 
8 

INITIALIZE C. 

INCREMENT £. 
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ESTIMATE SHOCK SHAPE 

FOR SEGMENT 1. 

MS(I ) = 

NS(l)-DNS 

*( (ZZ/DELS) 

••3) 

IM * MI - 1 

ZZ * K(MI)#DXI/2.0 

STil = SIN(TH(MI) ) 

RB>. MAXI ) »RB( MI )**»DXI * 

(S7H-ZZ*CTH(MI)) 

Z3(MAXI)*ZB(MI)*DXI* 

(CTH(Ml)-»-ZZ*STH) 

TH( MAXI ) =TH( MI )-fTH(MI ) 

-TH(IM) 

CTH(MAXI) = COS(TH( MAXI ) 

K(MAXI) * K(MI)+K(MI) 

-K(IM) 

FINAL SERIES OF 

COMPUTATIONS FOR ALL OPTIONS. 

SET SHOCK VELOCITIES 

TO ZERO. 

EXTEND BODY GEOMETRY PARAMETERS 

TO ADDITIONAL DOWNSTREAM NODE. 

RETURN RETURN. 



í 

* 

\ 

ï 

ï 

{ 

ANS ' * K( 1) 

! 

/ DO 26 \ 

V i * 2,mi y 

1 r 
ANS = ANS 

♦Kd) 

J 
ANS = ANS/ 

FLOAT(MI) 

ZZ * AHS**0.25 
DUM * XI(HO.5 

•DEIS 
ANS = DNS /2.0 

ï 

ENTRY POINT FOR SHOCK COMPUTATIONS 

WHEN STEADY STATE INITIAL SHOCK 

SHAPE IS TO BE ESTIMATED. 

COMPUTE AVERAGE BODY CURVATURE 
OF THE SEGMENT. 

FIRST SEGMENT ? 

1S5 

4> 



BETWEEN NODES ESTIMATE An 
8 

IS ESTIMATED VALUE SMALLER 

IN MAGNITUDE THAN HALF OF 

THE VALUE PFJSDICTED BY THE 

SHOCK SLOPE ? 

ESTIMATE SHOCK SHAPE FOR 

OTHER POINTS. 

ARBITRARY BODY SHAPE 

OPTION. 

READ FIRST DATA CARD FOR 

THIS SEGMENT. 
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CORRECT SEGMEHT HUMBER ? 

SEGMENT NUMBER READ, M, 

WAS LESS THAN THE CURRENT 

SEGMENT NUMBER. 

CLEAR UNHEEDED DATA CARDS 

AND RETURN TO 28 TO READ 

NEXT SET OF DATA CARDS. 

FATAL ERROR. SEGMENT NUMBER 

READ WAS GREATER THAN THE 

CURRENT SEGMENT NUMBER. 

PRINT ERROR MESSAGE. 

SET ERROR INDICATOR. 

RETURN. 
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/ 
' 

BHOSE « » ANS 

- 

AUS « 

HS(IST) 

WS * (IS(IS*|) 

-HS(IST-l)) 

/DXI 

CORRECT SEGMEHT HUMBER READ. 

SET IM TO READ GEOMETRY DATA 
POR I * 1, MI. 

WAS A HOSE BLUHTHESS 

PARAMETER PROVIDED ? 

LOAD HOSE BLUHTHESS 

PARAMETER. 

SAVE SHOCK LOCATTOH FOR 

UPSTREAM STARTIHG LIRE. 

SEGMEHT HUMBER 4 1. 

SAVE SHOCK SLOPE AT 

DOWHSTREAM BOUHDARY OF 

PREVIOUS SEGMEHT. 

HEED DATA FOR I * 1 ? 

CHARGE CURVATURE AT I = 1 ? 
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ASSIGN BODY GEOMETRY PARAMETERS 
FROM DOWNSTREAM BOUNDARY OF THE 
PREVIOUS SEGMENT TO THE UPSTREAM 
BOUNDARY OF THE CURRENT SEGMENT, 
SET IM TO READ DATA FOR I = 2, 
MI. 

ARE DIMENSIONED VARIABUS LARGE 
ENOUGH TO HOLD ALL THE POINTS 
REQUIRED ? 

PRINT ERROR MESSAGE. 

f 

SET ERROR INDICATOR. 

RETURN. 
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NO WAS MAXI SPECIFIED IN 

CASE DATA Î 

MAXI * NPTS 

1 
MI * MAXI -1 

YES 
IS 

MAXI < If 

L NO 

I STOP = -1 

. [ 

USE VALUE PROVIDED IN 

CASE DATA. 

IS MAXI UNSPECIFIED ? 

SET MAXI = NPTS. 

DIMENSIONS LARGE ENOUGH 

FOR THIS VALUE OF IMAX ? 

SET ERROR INDICATOR. 

PRINT ERROR MESSAGE. 

RETURN. 
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NO 
WAS MAXN SPECIFIED ON 
FIRST DATA CARD ? 

SET MAXN NEGATIVE TO 
INDICATE THIS VALUE 
SHOULD BE USED. 

HAS DATA BEEN PROVIDED 
AT EQUAL INTERVALS OF 

£ ? 

SET IC TO AVOID 
SINGULAR DERIVATIVES. 

IS IC WITHIN THE 
SPECIFIED NUMBER OF POINTS ? 

IS 0 > 0.1 ? 

162 
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HAVE LESS THAN 2 POINTS BEEN 

ALLOCATED FOR INTEGRATION 

WITH RESPECT TO Z ? 

\ 

HAVE ANY POINTS BEEN 

ALLOCATED ? 

REQUIRE AT LEAST 2 IF ANY 

WERE USED. 

ARE ALL INTEGRATIONS TO 

BE PERFORMED WITH RESPECT 

TO Z ? 

LOAD tan (| - 0) 

« 
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© 
COMPUTE CUBIC COEFFICIENT^ 

FOR INTEGRATION WITH 

RESPECT TO r. 

ERROR IN SUERCUTINE COEFF ? 

RETURN. 

COMPUTE 

COMPUTE Í- /l ♦ (^)2 
dr dr 

Iq4 

I 



COMPUTE CUBIC COEFFICIENTS 

FOR INTEGRATION WITH 

RESPECT TO r. 

ERROR IN SUBROUTINE COEFF 

INTEGRATE FOR £ AT I. 

WS(I) * 
WS(IM)+SUM STORE £ 



ARE ALL INTEGRATIOHS TO 
BE PERFORMED WITH RESPECT 

TO r ? “ 

COMPUTE 
dr 
dz 

COMPUTE COEFFICIENTS 
FOR A CUBIC FIT OF 
Z VS r. 

ERROR IN SUBROUTINE COEFF T 

o 

RETURN. 
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0 

■ 

I 

COMPUTE ^ ♦ (g)2 

COMPUTE 

COMPUTE CUBIC COEFFICIENTS 
FOR INTEGRATION WITH 
RESPECT TO Z. 

ERROR IN SUBROUTINE COEFF ? 
<* 

RETURN. 
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INTEGRATE FOR 4 AT I. 

STORE Ç. 

START INTERPOLATION. 

de 
LOAD -rr. 

dt 

3 
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COMPUTE CUBIC COEFFICIENTS 

FOR 0 VS £• 

ERROR IN SUBROUTINE COEFF ? 

RETURN. 

COMPUTE DELS AND AÇ. 



INTERPOLATE FOR 0 AT £. 

ERROR I ; SUBROUTINE INTERP ? 

RETURN. 

LOAD K AT ¢. 

0 

LOAD 8 AT Ç. 
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NS(1) = 

-COSÍ TH{1)) 

*K( 1 ) 

1 _ 

A( I ) = 

SIN(THd)) 

DUM = 

COS(THÍI)) 

*K(D 

r 

NS( I ) = -DUM 

50 

CALL 

COEFF (1, 

MI,SI,A, 
NS) 

5 

LOOP TO LOAD PARAMETERS 

IN EQUATION (1) TO 

INTEGRATE FOR R3(I). 

COMPUTE CUBIC COEFFICIENTS 

TO INTEGRATE FOR RB(l). 



ERROR IN SUBROUTINE COEFF ? 

RETURN. 

INTEGRATE EQUATION (l). 

STORE RB(I). 
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\ 

LOOP TO LOAD PARAMETERS FOR 

SOLVING EQUATION (2) FOR 

ZB(I}. 

COMPUTE CUBIC COEFFICIENTS 

FOR SOLVING EQUATION (2). 

ERROR IN SUBROUTINE COEFF ? 

RETURN. 
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« 

SOLVE EQUATION (2). 

STORE ZB(I). 

ENTRY POINT TO NON- 
DIMENSIONALIZE THE 
BODY GEOMETRY. 

SEGMENT NUMBER > 1 ? 

SAVE K(l) AND SET XI0 
FOR FIRST SEGMENT. 

i 

i 

k 
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CTH(I) = C0S(TH(I))# 
K(I) = K(I)/KZERO 
R3(I) = KZER0*RB(I) 
ZB(I) * KZERO*ZB(I) 

XIO * XIO*KZERO 

DNS * DNS 
*DXI 

NS(1) « ANS 

?» 

DXI * KZERO*DXI 
DELS = DE 15 «K ZERO 

COMPUTE COS (0) AND NON- 
DIMENSIONALIZE K, RB AND ZB. 

NONDIMENSIONALIZE DXI, DEIS 
AND XIO. 

WAS THE SHOCK SHAPE READ IN ? 

STORE SHOCK SLOPE AND NS AT 
THE CONSTANT STARTING UNE. 
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SEARCH FOR CORRECT 
IRPUT SHOCK VALUE. 

INTERPOLATE FOR 
POINT OF INTEREST. 

SET n . 
s 

SET DOWNSTREAM 
VALUE OF n . 

8 

SEGMENT NUMBER > I T? • . / 

o 

>. 

>■*> 
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1. LTST*Mr, 

r 
r 
r 

r. 

^tino^ijTT'JP r.ÇC»» (1ST) 

l 
■» 

e- 

7 

this otjtimf 
top 'a?!M OQOY 

C^PCOQHS 
SFGMéMî. 

TMP qCHY »HH SH0C< GÇOHETOy CÄLCULATICNS 

rnMM'jN 
'ÎOHHOM 

CINNIN 

COMMON 
"ÎOMms 
Cn»*HON 

/■>/ 
/1/ 
/•*/ 
t*>t 
/6/ 
/9/ 
'11/ 

9?; 15) ,29(15) ,TH(151 ,CTH(15) ,<(15) ,K'S(15) ,MS(l5) 
ï,MI, IHTNfMâXN,**H,KMTN 

TFFI»(T,MP9,<GECH 
nxi,9FT,0X?,nFP,0T 
C1,VS1,HT1,A1,B1 
T* -C, <Ti| ,0FL5,KZE°r,BKOSÇ 

•'A*TTflSTC?,TT0,TTHF,SI(15) ,NST(15) 
/INPUT/ ÇAMt,AH»CMl,TNFTC,Z«N,TCPIT(2),Pl,QM01,9N,AmJO,Tl 

tî®'»(6) ,INT**»,OTA0,NCPT,<CASE,NFTLF,NSFG,TGFÇM>MGE9M,HTAF 
rnUMlN /''OijÇT/ PI,i>I?fGAN«,GâNB 

/^ESM/ IMAV,NMAX » , 
COMMON /SPLINF/ C(4,15) 
OTMENSION 4(1) 
04TÄ OLANX/IIF / 
INTFÇF» OT4® 
TF4L N<,<,<ZF"C,NST 
F0UIV4LFNCE ( 4 *CTM) 
TSTrNI 

, IF (XTI.LT.3.]) XI0*9.f) 
GO T3 (1,?9,9), <GEOH 
TF (TSFG.GT.I) GO TO 11 
IF (lOFOM) 3,?,4 
77=0^15/1.15^2.9 
MIVÎ^tNT(ZZ) 
ZZ=FL0«T (**ftxI-?) 
nXT = 1FLS/7Z 
17 (MAXIME. TPiX) GO TO 5 
Z?=FLiaf(TNAX-?) 
nxj =OrLc/ZZ 
MAXI = î MÄX 1 ^ j 
MT=M4XI-t 
XT"=-OXT X 
<(î)=l .3 
Pn.'l) = 3.) u ^ ' ' 
70(1)=1.1 
Twft) sOT“» 
OTmid =i.,i 

7-/ = 1.1 
O'* TO 7 
Z7=xn 
'11 9 T = ’,**x - 
77=77^1XT 
<(T)=1.1 
Tod) =oi-»-Z7 
70(13=1.3-305(77) 
on(T) =ST'| (77) 
0Tn(I)=C1S(TMI) ) 

GECM 1 
GÇCH 7 
G€CM 3 
GECM 4 
GE CM 5 
GE CM e 

GE CM 7 
GF PM 9 
GE CM q 
GE CM H 
GEOM 11 

GECM 12 
,FGECM 13 

GECM 14 
GE CM 15 

GECM 16 
GFCM 17 
GECM 19 
GFCM iq 
GECM 21 
GECM 21 
GECM 2? 
GEOM 23 

- GECM 24 
GECM ?5 
GECM 25 
GECM 27 

GECM 29 
GECM 29 
GECM 39 
GECM 31 
GECM 32 
GFCM 33 
GFCM 34 
GECM 35 
GECM 36 
GECM 37 
GECM 39 
GECM 39 
GECM 49 
GECM 41 
GECM 4? 
GECM 43 
GECM 44 
GECM _45 

GEOM 46 
GECM 47 
GECM 48 
GFCM ,q 

GEOM Ç-3 
GECM 51 
GECM 52 

£ 



/ 

V T ’ r 1 •" L t 
"!r=i*,“CT“T) -N'(TST-l) )/T*I 

j ) TT.4;|5n 

< ( * ) = 1.1 
(l)=”*a(TSTj 

^•»(l » r7T;TST) 

^rut«)r~TM(JCT) 
":i'LS=3T'»_T^cT:-TrLS 
•'7-nrL«;/ )vj 
T=TNT(77) 
TC .T.LT.l) T = 1 
rc (Tr,rr*M#GT. )) Irl'îfrM.? 
Tc T=Ivav-? 
iv-^rLS/PL^at ill 
MT=I*l 
'*ayi = T*.^ 
"*vc = -3N»:*‘)xi 
n & 

VT,'rXTl + tíÇL^ 
'»»i«*: CNS(T«T) (TST-1) » /CXI 
TP CTt^T) ♦'».mt-ZRK) 17,17,)3 
TST03t-i/ 
K3TTr (''MP) TÇTOÍ» 
r*:rj rlLc .TTa° 
TSTn3=i 
■»CTljOU 
TP (K.p^t.GT.'!) G7 Tl 14 
mûxtstmt (¿».O/CXI) 
Tr ('Uvt.GT.c) ^4X1 = 6 
TP CMXT.LT.?) Maxi = ? 
•V|M-YT ’/t?. •) 
Ie nijM.GT.Txi) cxi=cum 
TP nxi.GT.4.:) TXT =4.1 
r7-PL°ar(M«xi-7) 
rjris=zz*Txi 
07=nxT*cTHcisn . 
TJM-?n (T >T) ♦77*07 
Ie. n:jM-75N) if ,16, 1*» 
MayT = »*ftVI-i 
IP (MaXT.GT.7) GO TO 14 
HavT=x 
0XT= ( 7*?N-Z0 (I?T) )/CTH(TST) 
TPCOXI.LT.I.l) OXI^O.l 
OPLSsOXT 
MI=MaXI-t 
n^iOXT’SINCTMETC) 
n7=0XT*CTM(TCT) 
INP^TNG’OXI 
NSm=NSCTSTl 
pq(l)rOq(IST) 
79(11=70(151) 
<(11=1.1 

r^r- 5x 
G'0:' 54 
G ' '**• Gr> 
r,r^M 
r.rrv 3/ 
re'*»» sn 
r = c M 60 
G61 
rc f” t « 
Gcr»» so 
GÇC** 67 
GÇ C** 64 
G -63 
GÇCM 66 
C-Pf*' 6 7 
G-P“ 60 
^ c « j 6 -¾ 

G-PM 71 

GrC»* 71 
G^P»* 7“* 
r,r rM 7X 
Cep** 74 

GPCH 75 
Gpp*» 7 ó 
r.'irv 7 7 

Gr p»* 71 
Gc P»* 79 
GcrM 17 
GTOM 91 
GPP»* fl? 
r.çr»* 87 
GPC” 94 
GPP»* 95 
G;C*t 86 
GP*'»' 9 7 

Gppm 89 
GÇ CM 99 
GTOM 91 
GF CM 91 
CzCM 90 
GPTM gx 

GPCM 94 
G“CM 95 
G€CM 96 
GPfH 97 
GPOM 99 
GT CM 99 
GPfi* 109 
G? CM 1 11 
GPCH 10’ 
GÇCM io? 

GECH 114 
GEPM 105 

GECH 106 
GCC** 13 7 
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Mt» 
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- • '1 *-* t * 
! »- r-t 
'T I !» = »«( ÎM» 
*’(!» - »■•(!••»»“’ 
T w { T » z^-*~ rZ 

^ C ! » ~ ■* . ^ 
">y- = »»*♦"»¥! 
* f CiTi^ï 
ï« 75 rs « f 

•«c:ii = -i. ]i 
r « TT •* f 

'>r*r ;ot»T rír^^/aNS) 
o• 'J im» : ]ï.> > 
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ît» 

N 

^ 1 
’r -» 

1« ■>•» Ts'*.'»! \ 
7Tr TT*"»T 

< I» =*»*■ (t ) -'*,kC* < (7T/rrLc> 

--CT» = t. » 

-»TMs^fKTMjMTn 
-í»Tt>'T»»“**I*t<‘™-Z7»nTH(»*T» I 

sTHí**l»^TMf*íIt»th11*» 
M^í»*tXT»= NS -NS (TN» 
--u( 1» VT I=^nc(thimavti» 
< {»-a VT )♦*(-!!-<( TM» 
Dr»>j y*1 
•y" 'ry.MT 
*.r = < in 
^»¿<-s\MC*<IÍ» 

t»- = vis/^LoaT «»»î» 
7c fTCc^.r-.î» S? Tr ?1 

■*7= ftMS •• t • Z'' 
•V»m-vt 1 ♦ »•TÇL" 
vj^r y •«■ 7y. t 
•ri“y IMS* /SU"» 
*F îlM^.SÎ.ÂNï* SNS = a»iS 
y" y T T = y,"I 
1-f T» =NS (I-t »»'NS 

r,*» r y vx 
jrfly rv, «tNri',“axT , T°,'cSHt aa^tCN?. 77 

_jr _2'*l7»îl- 
n n -=i,n^i.c 
yrr«n *-!, *»U" „ . 
s-» r*» y* 
-!3T»¡T AU 
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ST" t 3« 
. gtm tas 

G”?** tu 
r,*n" 111 
f-sch 117 
r-T" il7 
G=rp nu 
G-T" lis 
jc CM 11*» 
G T" tl7 
r,sr" 114 
G= T 113 
OT" tZl 
r. = r- i?l 
r-c" t77 
G-CP tzi 
GtC" 124 
GFC" l7S 
CFC'* 126 
een* 1^7 

GF»’" 17S 
GcCP î 2S 
GE T rn 
G=CH « 31 
g:1 !7 
G^TK 133 
GEC" T 34 
GE CH 1 35 
GE CH 13G 
G'GH 137 

. C,ÏC» 13« 
GE CH IIP 
GECH 141 
g"r” 141 
GCCH 14^ 
G"CP 144 
GcrH I47, 
GECH 145 
GCCH 146 
GECH 147 

, GEC" 143 
GCCP ! 4P 
GEC" 153 
GCC" 151 
GEC" 157 
G’CH 1 57 
G6CM »54 
GEr" 155 
G'CM 1^6 
GcrM 157 
GECM 153 
GErH 15P 
GEC" 161 
GCC" 161 
GF'•H 16? 
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<j 

imnn 

T’ im=o 
IF f&NS.-.f. J. )> aHOS^^tN' 

IF fI~FG.CT.tl DNS=fWS(ISTl-NC(IST-l)V/OXI 
TF ;iHIH.FQ.l.C».77.NF.3LafcO GO TO 31 
ZTfl^ZHtlSTl/XZEffO 
o«mi=Ra(iST)/ic7FPo 
THÍ1>=TMíIST! 
Kltl=K fISTT»K7E'?0 
IW=1 
TF ÍM^TS^TH.LE.IHaX) GO TO 3*. 
09TMT 6?*NPT<#IGEGtIH,IHax 
IST0®=-1 
9FTU9N 

34 IF (IOFOM.GT.O) HIXIsTGEOH 
TFfHaXT.LT.tl »*aXI=HPTS 
**i=Haxi-i 
IF fHAXI.LE.T***» GO TC 3G 
1ST 0°=-l 
PPTHT 6G 1 
PETUPN 

■»9 00 3G T = l,MPF« 
H=T♦IH 

•««, 9FA0 6t, 99fPl tZOfH» *TMfHÍ tK f**l »NST fKl 
xíOsfXIOfOELSl/fZFRO 
^Ç ! < » -rVTl 

*IPTS=HPTS4IK 
IH=TH*1 
00 37 T=TH#SPTS 
IF fTHfll.GT.l.Ol THfIl=THfIl•PI/180.0 

■»7 THfIl=aOSfTHfin 
IF fIP.GT.01 paxH=-ip 
TF fOX?.GT.O.OT GO TO 57 
IC=0 

38 10=10+1 
IF fir.LT.NPTS.ANO.TMICl .GT.O.tl GO TO 
TF fNPTS-IC.IT.2.ANO.NPTS-IC.KE.il IC=NPTS-7 
IF ÍIC.FO.II CC TO 42 
00 39 7=1fIC 

■»q afIl=TaHfPI7-TFtI)l 
CALL OOEcF ft,10,98,29,ai 

' IF fISTOP.LT.11 9ETU0N 
00, 41 1 = 1,10 
HS JH =SQ9T íl.3+AfII*AfIl 1 

41 AfTl=Af II *12.0*0 fT,Tl +8. 0*C f 4,11 *RB fH 1/NS fll 
3ALL 'OFFF fl,I0,93,NS,Al 
IT fISTOPJLT.il 9ETU9H 
no 41 1=2,10 , 
19=1-1 
CALL INTEG fIP,T,PB,SUHl 

41 MS fll =WS f INI +SLOT 
IF fTO.Ea.N°TSl GO TO 46 

4? 00 47 T=TC,NFT? 
43 A fII=T AN fTH fill 

G€CH 163 
GFCH 164 
GCCH 165 
GECH 166 
GFÕH 167 
GF OH 168 
GFCH 160 
GFCH 170 
GFCH 171 
GFCH 177 
GFCH 173 
GEOH 174 
GFCH 175 
GFCH 176 
GFCH 177 
GFCH 178 
GcOH 170 
GFCH 181 
GFCH 181 
GFOH 182 
GFCH 183 
GFCH 184 
GFQH IS? 

GFCfc 186 
GFCH 187 
GECH 138 
GFCH 189 
GFCH 100 
GEOH 191 
GFCH 197 
GFCH 193 
GECH 194 
GFCH 195 
GFCH 196 
GFOH 197 
GFCH 198 
GFCH 199 
GFCH ?n 
GECH 201 
GFCH ?fl7 
GECH 233 
GFCH 704 
GFCH 7flç 
GEOH 2 36 
GFCH 207 
GFCH 208 
GFOH 239 
GFCH 718 
GFOH 7ii 
GFCH 212 
GFOH 21? 
GECH 214 
GFCH 215 
GFOH 216 
GFCH 217 
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niL rnccc ( Ir. f SPTS . ZR 
yr ;isro3#LT.t> 
in 4^ TsTC,*»e»ç 
m>iT> ,»!*a di *a (in 
\:T>-a:T»*;?*l#Cî3fli»^*i#c*‘», 
raiinocrp (TCtNCTs.^g.N^.ai 
|C ( T'Tn^.LT.11 9ÇTU9N 

d »zaíii i /»ism 

nn u~i i = ic#Nct« 
T*=T-t 
'atl INT'C % IM »I•73 t SUH) 
w«;(ii=vi<;(tM) »«UH 
m 4T T=l,NPTÇ 

a:Ti^-<îI) 
eau coerr citKPTS#M*î*THta) 

rr (T^T0**.LT.1) PÇTU^N 
77=rioaT ï»*i-ti 
ncL«;=ws(seTSV-i*S(ii 
,lX7r^rL<>/Z^ 

:n =m«î en 
fin un Is'»,»!! 
«;Tm=si(T-i) »cti i 
cait TNTP9? ÍV«,Sim f »il'» *< ÎTÏ »K3TS1 
TF «inrnP.LT.11 PFTUFN 
00 uq T=?,il 
<cTi=-i<ni 
▼ H ( T 1 = R ( T 1 
tjqciis-co?rT»*cm*Ki n 
i:ii=stn;t»«iîi 

0° SI I*?.NT 
aai=^IMCTH(Tli 
Otl^sCOSîTHiIl 1*<CT1 

»ism s-oj* 
'‘SIL COE*r (1 «•'t » SI • ® 
TP (i^top.lt.il 9erj9H 

00 I = 
I**-T-l 
*:aLL INTFG (ir.î.sitSun 
on(T)ïpq(IH)♦SUH 
N5(llîC05(TH(tn 

a:i i =a;ii•< il i 
nn *;♦ I^.HT 
NS(I)=CPSCTH (Ill 

acu-a:ii*<ili 
can corrr (i.^1*SÏ*ns»R1 
rr (TST^^.LT.n <?ÇTUPN 
00 51 1= ■’»HI 

TM= T-l 
raui ISTPG (IP.I.SI.SUPl 
7 KT1 =?3:iHl iSUH 
IP (TGPG.GT.11 GO TO S5 

, <TrPO = «C(l> 
1ÍT 1 =-P«lfT 

O*' «iG T = 1 »HT 
rru(Ti =C"*S(Tvni ï 

o 

Gc CH 710 
GÇCH 719 11 
GeCt* 720 
r.cOH *>21 
GÇOH 222 
GPC*1 ’20 
GSCM ?ZU , 
GEO“ 725 
GECH 7?e 
GECM 2?7 
GECH 220 
GECH 729 
GE CM 231 
GEOM 231 
GECM 73? 
GFCM 233 
ÇECM 734 
GECM 235 
GECM 236 
GECM 737 
GE CM 230 
GFCM 239 
GF CM ?41 
GECM 241 
GECM 242 , 
GECM 247 
GECM ?44 
GECM 745 
GECM 246 
GECM 747 
GECM 240 
GECM 249 
GECM ?5fi 
GECM ?5i 
GECM 752 
GCCM 253 
GECM 254 
GECM 255 
GECM 756 
GECM 257 

GECM 250 
GECM 759 
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GEOM 264 
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10. SUBROUTINE INITIAL 
i .. 

A. PURPOSE t 
This subroutine provides initial conditions at all node, to start the 

solution. The shock jump conditions aré applied to the shock shape point para¬ 

meters. At body points, the surface boundary condition, an empirical pressure 

distribution (similar to modified Newtonian theory), conservation of total 

enthalpy and the known body streamline entropy supply the parameters. Inter¬ 

mediate points are treated by interpolation between the shock and body b»sed on 

2 ' ' / ' 

a variation proportional to 17 . 

B. VARIABLE LIST 

All variables previously defined in the description of the main program 

have been omitted from thi$ list. 

AMN - (H^sin/3) 

CBET - cos /3 

DUM - duü*ny variable used for intermediate computations. 

M - dummy index. 

MAXNST - specifies the number of nodes to be used across the shock layer 

(may be negative). 

PB - pressure on the body. 

SBET - sin /3 

U1 - component of the free-stream velocity parallel to the shock. 

VI - component of the free-stream velocity normal to the shock. 

V2 - component of the velocity at a shock point normal to the shock. 

ZZ - dummy variable used for intermediate computations. 

'Í f . 
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c. FLOW CHART 

\ 

ENTER SUBRO’JTINE INITIAL 

INSURE THAT THE INDEX OF THE 

SHOCK NODES IS POSITIVE. - 

A 

UNSTEADY FLOW INITIA^ 

CONDITIONS.o 

«fea. - 

"1 ‘ tj 

COMPUTE SIN Q. 

-A 

COMPUTE U 
OD 

COMPUTE V 

187 
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COMPUTE THE SQUARE OF THE 

MACH HUMBER HORMAL TO THE 

SHOCK. 

IS À» < 1.0 ? 

SET AMR = 1.01. 

COMPUTE p AT THE SHOCK. 

COMPUTE V AT THE SHOCK. 

CONFUTE U AT THE SHOCK. 

COMPUTE S AT TFT SHOCK. 



MODIFIED NEWTONIAH 

BODY PRESSURE. 

COMPUTE S AT THE BODY. 

COMPUTE p AT THE BODY. 

COMPUTE V AND U AT THE 

BODY. 

INITIALIZE n. 

INCREMENT n AND COMPUTE 

A SCALE FACTOR, n2. 
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COMPUTE p, U, V AMD S AT 

REMAINING NODES ACROSS 

THE SHOCK LAYER. 

RETURN 

STEADY STATE INITIAL 

CONDITIONS 

COMPUTE K AT THE SHOCK. 

190 



ZZ = 0.0 

SDEL = 0.0 

CDEL = 1.0 

SBET = 1.0 
C3ET = 0.0 

COMPUTE SHOCK GEOMETRY 

FOR STAGNATION POINT. 

TDEL = (SS(I-I) - 
NS(I«-1))/(KAP»DX2) 

COMPUTE SHOCK GEOMETRY 

FOR OTHER POINTS. 

ZZ * ATAN(TDEL) 

CDEL = COS(ZZ) 
SDEL = TDEL*CDEL 

DUM = TH(I)+ZZ 

C3ET = COS(DIW) 

SBET = SIN(DUM) 



5 

COMPOTE THE SQUARE OF THF 

MACH HUMBER NORMAL TO THE 

SHOCK. 

AMR < 1.0 ? 

COMPOTE p AT THE SHOCK. 

COMPUTE VELOCITY COMPONENT 

TANGENT TO THE SHOCK. 

COMPOTE VELOCITY COMPONENT 

NORMAL TO THE SHOCK. 
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COMPUTE S AT THE SHOCK. 

COMPUTE SIN 0. 

ESTIMATE BODY PRESSURE. 

CHOOSE MAXIMUM ENTROPY 

FOR BODY POINTS. 

COMPUTE p AT THE BODY. 

SET V * 0 AT THE BODY. 
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SET U AT THE BODY TO CONSERVE 

TOTAL ENTHALPY. 

INITIALIZE n. 

INCREMENT n AND COMPOTE 

SCALE FACTOR, n2. 

COMPUTE p, U, V AND S AT 

REMAINING POINTS ACROSS 

THE SHOCK LAYER. 

194 



6 

ZERO U AT I = 1 IF IT IS 

THE STAGNATION STREAMLINE. 

SET VALUES OF p, U, V AND 

3 AT LAST BODY STATION 

NODES. 
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RETURN 

END OF SUBROUTINE INITIAL. 
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11. SUBROUTINE INTAPE - 

A. PURPOSE 

This subroutine loads data and initial conditions from a magnetic tape 

unit. This type of initialization is used for restarting an unfinished case or 

for performing additional iterations on a completed case. 
> 

B. VARIABLE LIST 

Most of the variables in this routine are read from magnetic tape, only. 

Their definitions can be determined by matching their locations in the various 

conmon blocks with the corresponding variables in the main program. 

IRD - control variable specifying the type of read operation. 

=0 - read data in COtiON/INPUT/. 

>0 - read data required for a specific segment. 

ITAP - variable used for temporary storage of the input tape unit number 

M - variable indicating the end of a case, when a negative value is 

read. 



í 

C. FLOW CHART 

ENTER SUBROUTINE INTAPE. 

SAVE THE INPUT TAPE NUMBER. 

READ END OF OASE INDICATOR 

END OF CASE. 

RETURN. 

THIS FILE CONTAINS DATA 

FOR ANOTHER SEGMENT. 

WHAT TYPE OF DATA IS TO 

3E READ ? 
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t 

READ INPUT DATA AND CONTROL 
VARIABLES. 

RECOVER INPUT TAPE NUMBER. 

RETURN. 

r'J 

READ FLOW FIELD AND 

SEGMENT GEOMETRY. 

RETURN. 

END OF SUBROUTINE INTAPE. 

201 



‘J H
l 1

 b
 1
 

I 

fvKî^ira’K «•o'c-»-,C'»r'-»ir\C^«'0'C'»-r ^ -iir 
«>4v4v4«-<«^«-««-tr4v4w4fVl CNj ÍVJ CVi 

cac Qocacraoocopoaceonoana 

^ tC 

a 
<j 

2. 

C~ 
r 
i< 

U’ 
KT 
C 
7 
e 

c 

c 
—ï 
U." 
»—< 
U- 

o 
•f 

k-< a 

o 
U.' 

\r 
V 

o 
u 
ir 
2£ 

X 
«a 
a. 

o 
—» 
U 

vT 

«3 

Z 
CJ 
U 
C? 
X 

ÜJ 
Z 

-T 

cr 
X 
o 

c 
Q- 

b. 
O 

Lü O 
tr ^ — 
c *-• ir r 
"Z ^ 
c a w o 
•. o _i •> 

K 
€T 

Z \r 

U' 
Q 

l/> 
C 
d 

U 
rr 

J- 

Lf' 

U 
7 n 

c 
rv 

f^- ir cvj 
w ro w 
tr. ► Z 
O *- w 3 

ifv vf w io •— •> »—< a c~ 
i— ~ > — r - vy X 

— LL'«a 'V^ 
‘■»«Jt^U'l/ tr >- »- ►- 
oz*-ca»-4 D 

^ a z 
'v V •-» 2: C' 

c f j-i'' • 
VN.VV*VV^VVKb-*-l 

tr 
U. 

u 
c* 

a» 
» 

a <\i 

-T •■ 
► li- 

fO 

f*' a 
«ï o 
►- «T 

a 
«r 

C 
e 
c 

tr 
k—• 
a 

zî *- c 

rirsrzrzrzrz-j—*-* 
cccroccccCM r 
xxzzrzzrxrao'-' 
■«xrzrzxzzz«!« 

CT CC O C OOCC^U-U 
f * c; t-' f ' o o » ^ c: c* *-• o 

c 
z a 
tv 1-1 
3 ~ 

u a 
O' f-4 

»^ »-• Z ^ Z 
u a or 

C ^ 3 C 3 
ci ^ « K C 
U ^ LU U Z 
a _j a O' o u 

O r «-» CVj K 

202 



12. SUBROUTINE INTEG 

A. PURPOSE 

This routine uses the coefficients for a cubic fit generated by subrou¬ 

tine COEFF to integrate the function between 2 adjacent values of the independent 

variable. 

B. VARIABLE LIST 

C - array of cubic coefficients generated in subroutine COEFF. 

I - index of the point in the X array corresponding to the upper 

limit of integration. 

IM - index of the point in the X array corresponding to the lower 

limit of integration. 

SUM - value of the integral. 

X - array containing the values of the independent variable. 

XM2 - [X(IM)] 

XM3 - [X(IM)]3 

XP2 - [X(I>] 

XP3 - [X(I)]3 

XP4 - [X(I)]4 
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G. FLOW CHART 

ENTER SUBROUTINE INTEG. 

COMPOTE X2, X3 AND XU 
AT THE POINTS IM AND I. 

INTEGRATE THE FUNCTION 

DEFINED BY THE CUBIC 
COEFFICIENTS FROM X(IM) 

TO X(I). 

RETURN. 

END END OF SUBROUTINE INTEG. 
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13. SUBROUTINE INTER? 

A. PURPOSE 

This subroutine interpolates between data points for the valuer oi a 

function and it's derivative, using the cubic fit coefficients generated uy sub¬ 

routine COEFF. An input table of independent variable points is searched to 

locate the point closest to the desired point of interpolation. If the table is 

exceeded by a significant amount, an error message is printed and the current case 

is terminated. 

B. VARIABLE LIST 

C - array of cubic fit coefficients. 

DEL - difference between the values of the independent variable at 

the last 2 points. 

DYDX - 
dx 

1 - index specifying the location in the input array, X. 

1M - I - 1. 

ISTOP - error indicator. 

NPTS - number of points in the input array, X. 

X - array containing the input table. 

CX - value of the independent variable at which y and are to be 
viH ——.' 

determined. 

YC - value of y at XC. 
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C. FLOW CHAPT 

ï 
, f 

: 

., f 

: 

i 

i 

I 

ENTER SUBROUTINE INTErP. 

INITIALIZE I. 

INCREMENT I. 

DOES I EXCEED THE 

TABLE SIZE ? 

IS X(I) < XC ? 

STORE I - 1. 

IS XC CLOSER TO X(I) 

THAN TO X(IM) ? 
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i 
YC = Ci 1,1) ♦ íC 
*(C(2,D ^ X2* 

C( 3 ,1 ) ♦ XC»C(<.tlJ / ) 

COMPUTE DYDX 

RETJRK. 

EXCEEDED TABLE SIZE. 

CKEC; TO SEE IF XC EXCEEDS 
THE TABLE BY A SIGNIFICANT 

AMOUNT. 

SET I TO USE THE LAST 
POINT IN THE TABLE. 

208 



PRINTS ERROR MESSAGE. 

SET ERROR INDICATOR. 

RETURN. 

END OF SUBROUTINE INTERP 



T
K

U
"

 
T 
j
 T

 y
 ‘

j"
 

I 
N
 

T 
f 

0
 p
 

( 
x
 ,
 y

r
 ,
 Y

C
 »

H
 Y

P
 X
 ,
 K

P
T
 

) 
t
 \

 y
 F

 °
 

î'ïZïllï.Z'LZl.lll^ïtlït n n a e 
kk aJ lx. U. 

¿ * * * 

/ 

¿ 4. * ¿- *. ¿ *-** *- * 

U. 
r 

<x 
-> 

• 

Ui u. 
X u. 
*- u 

c 
e c 
t 
U- ï 

c 
(/• Q 

U lx 
y~ 
«= IA 
_j *- 
C' z 
a J.I 
O' •-• 
li. o 
>- »-. 

Z lx 
•—• u. 

l. 

z c> 
t—I 
►- L 

c •-• 
n -i 

o 
tr ir 
*-> 
X L 
*- T 

C\j 

C 

u 
IT 

»— J 

-X t: 
—■ » 

c: i_' 
» X 
o * 
X «3 
+ • 
—. m 

15 r' 

> 
U' 

< 
O' 

X 
o 

X 
c 

a 
o 

u 
♦- 
z 

lx 
z 

J’, 

u 

c 
c 

./ 

0 
tr — 
K l«* 

IA »- 
*-< • 
* J- 

X — 
jr 

X 
15 ^ — 
C' a u' 

V. _J X 
a 

«- Í- z 
X X c 

*—• 

•z -Z V 
r c z 
xxu 
7 X r c; 
CO*- " 
C_- f c *- 

^ * c* 
o 
X 
I 

o 
X 

o 
►- 

c> 
o 

c~ 

o 
IT 

w. « w (/- 
rr> 

L' 

X 

a 
z 

I-* X 

il U lx 

U» 

X 
I 

L* 
I X 

»- »- 
II 
5" lx 

«_} * 
—’ (_J 

* X 
o 
X —* 
♦ ►- 
A k 

*— r 

O CÎ 
z • 

X V 

I *- 
— 0 
ir Z 

3 
C' 
o 
c 
3 
(A — 

c 
Z lx) 
*- ¥- 

*s 
O X 
c *-• 

0 X 
O' 0 
UJ Ixl 
X *- 
iC 
O; tr 
» c 

X *3 
C- X 
^ J" 

X X 

X e 
I—I ll 
II c 

o X 
2 1 IV IT 

(_J 2 w e (A 
n(vxX*-0*- 
X 3 »I w c. *- 2 
C *- 3 Z *- 
>- ix* u ix il c a 
CO c O c 

I 
II z 
o rv 
O 3 
*- *- 
U-- lx 
*-• 0 

V 
*- c 
<J li' 
r a 
0 lx C 
C L¡ Z 
lx O 11 

» 

C O *' c_ r. I ■> IT 

210 

É
É

M
 

• 
' 



*1 

14. SUBROUTINE LOAD 

A. PURPOSE 

This subroutine loads data from a magnetic tape for use as initial 

conditions. The principal purpose of this option xs to allow additional 

iterations to be performed on a previous case which did not achieve a steady 

state. It is also useful when unsteady flows are being considered, allowing the 

solution to be advanced in time in stages to obtain printed outputs at the desired 

intervals. Also, if the supplied initial conditions are inadequate for a partic¬ 

ular problem, this option will allow different initial conditions to be supplied 

by the user without requiring alterations of the computer code. Case data 

variables that may be changed from the values used on the previous case are saved 

before the read operation and are recovered before returning to the main program. 

Two error checks are accomplished when this option is used. First, the number of 
"it 

iterations to be performed must have been specified (the steady-state option is 

not permitted - see section VII). Also, the input and output magnetic tape unit 

numbers must be different. This requirement has been included to prevent an 

accidental write operation which could erase data acquired on a previous run, 

possibly a raulticase ran which required extensive computer time. When either 

error is sensed, an error message is printed and the case is terminated. The 

case and segment numbers where computation should start are supplied in the input 

data (see section VII). ^ 

B. VARIABLE LIST X 

Variables previously described in the description of the main program 

have been omitted from this list. 

CH - array containing values of floating point variables in COMMON 

block /INPUT/ that are to be used rather than the values read 

from magnetic tape. 

I - DO loop index. 

ICH - same application as CH for integer variables. 

1ST - array used for temporary storage of the ICH array. 

M - indicator written on the tape that specified when the last segment 

has been completed. 

N - variable specifying the number of cases aid the number of files 

to be skipped. 

ST - array used for temporary storage of the CH array. 
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FLOW CHART 

ENTEF 3U3POUTINE LOAD. 

SAVE ALL INTEGER CASE DATA 

VARIABLE-. WHICH MAY BE 

CHANGED UNDER THIS OPTION 



/ 
i 

1 
i 

SA'fE ALL FLOATING POINT VARIABLES 
«THICH MAY BE CHANGED UNDER TilS 
OPTION. 

IS THE CASE TO BE LOADED THE 

FIRST CASE STORED ON THE TAPE ? 

COMPUTE THE NUMBER OF CASES 
TO BE SKIPPED. 

SKIP OVER N CASES. 

READ VARIABLE USED TO SIGNAL 
THE END OF A CASE. 
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SKIP 1 FILE ON THE TAPE. 

ARE THEPE MORE FILES FOR 

THE CURRENT CASE ? 

CORRECT CAJE HAS BEEN 

LOCATED. 

READ CASE DATA PREVIOUSLY 

USED FOR THE CASE. 

RECOVER THE OUTPUT MAGNETIC 
TAPE UNIT NUMBER. 

WRITE THE CASE DATA ON 

MAGNETIC TAPE. 

COMPUTE THE NUMBER OF 

SEGMENTS TO BE SKIPPED. 
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SHOULD COMPUTATIONS STAPT 

AT THE FIRST SEGMENT ? 

SKIP AN END OF **ILE MARK. 

READ FLOW FIELD DATA. 

STORE DATA ON THE OUTPUT 

TAPE. 

FIRST SEGMENT TO BE TREATED 

HAS BEEN LOCATED. 
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DO 5 

I * 1,6 

SKIP AN END OF FILE MARK. 

READ FLOW FIELD DATA. 

RECOVER INTEGER CASE 

DATA VARIABLES. 

RECOVER FLOATING POINT 

CASE DATA VARIABLES. 
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RECOVER REMAINING CASE 

DATA VARIABLES AND SET 

REQUIRED CONSTANTS. 

ERROR IN CASE DATA ? 

PRINT ERROR MESSAGE. 

217 



> 

SET ERROR INDICATOR- 

ARBITRARY BODY OPTION ? 

ALL DATA FOR THIS CASE WAS 

READ. CHANGE ERROR 

INDICATOR. 

RETURN. 

END END OF SUBROUTINE LOAD. 
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15. SUBROUTINE NMESH 

A. PURPOSE 

This subroutine establishes the nodal spacing across the shock layer. 

The nodal spacing used is selected according to the following order of priortiy: 

(1) The value, if any, specified in the case data. 

(2) The value, if any, specified in the body geometry data. 

(3) Empirical relations depending on the flow conditions, the initial 

guess for shock shape and the body bluntness parameter. 

The number of nodes selected is checked against the maximum number allowed by 

the dimension statements. If too many have been selected, the maximum number 

allowed is used. If this occurs, it will be indicated by a printed message in 

the output for the segment. The flow field variables are interpolated from the 

old nodal geometry to the new nodal geometry using first and second control 

differences in a truncated Taylor series. 

B. VARIABLE LIST 

Variables previously defined in the description of the main program have 

been omitted from this list. 

ANS - value of ng to be used to establish the nodal geometry under 

option (1). 

D - array used for temporary storage of the interpolated flow field 

variables. 

- variable used to store the value of Arj used in the old nodal DE 

spacing. 

DEL - , used for interpolation. 

1 [1VI2 - 
- "2 ^ > used for interpolation. 

- index of the first streamwise station to be considered. 

- index of the last streamwise station to be considered. 

- index for nodes across the shock layer in the old nodal geometry. 

- K-l 

- K+l 

- index specifying the proper flow parameters in the D array. 

- number of nodes across the shock layer used in the old nodal 

geometry. 

DEL 2 

11 

12 

K 

KM 

KP 

M 

NST 
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ti 

i 
VE - variable containing a term required for the first central 

difference. 

VE2 - variable containing a term required for the second central 

difference. 

ZZ - dummy variable used for intermediate calculations. 



C. FLOW CHART 

ZZ = -ANS/DEL 

MN * INT(ZZ) 

ENTER SUBROUTINE NMESH 

WAS *4AXN SPECIFIED IN 

THE CASE DATA ? 

WAS MAXN SPECIFIED WHEN 

THE BODY GEOMETRY DATA/ 

WAS READ ? / 

ESTIMATE MN. 

IS MN < 1* ? 

REQUIRE MN > U. 
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COMPUTE MAXN AND NMIN. 

HAVE DIMENSIONS BEEN 

EXCEEDED Î 

COMPUTE A NEW An. 

IS THIS An SMALL ENOUGH 

TO PROVIDE THE REQUIRED 

An ? 

INCREMENT MN. 

Í) 
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TL = FLOAT 
(M!ï) 

DE = DET 

DET = l.O/ZZ 

D(MAXN,M) « 

V(I,NST,M) 

SAVE THE RESIDENT VALUE OF 
An AND COMPUTE THE NEW 
VALUE. 

< 

STORE SHOCK CONDITIONS AT 

THE NEW N = MAXN LOCATION. 

INITIALIZE n. 

'S 
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I 

INCREMENT n. 

ESTIMATE THE VALUE OF THE 

INDEX OF THE NODE IN THE 

RESIDENT NODAL GEOMETRY 

CLOSEST TO THE REQUIRED 

VALUE OF n. 

IS K > NST T 

IS K < 2 ? 

COMPUTE KP AND KM. 

226 



compute nN - nK 

COMPUTE (nN - \)2 

2 (An)2 

compute nN - nK 

2An 

COMPUTE f(n+An) - f(n-An) 

COÍ4PUTE f(n+An) - 2f(n) 
f(n-An) 

2 
f * f + f An ♦ 1 f (An) 

on j nn 
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N = 2.MAXH 

TRANSFER p, U, V AND S FROM 

TEMPORARY TO PERMANENT STORAGE. 

COMPUTE 2An. 

RETURN RETURN 



MRU 
•WM 

DIMENSIONS EXCEEDED. 

USE MAXIMUM NUMBER OF 

NODES AVAILABLE. 

SET ERROR INDICATOR TO 

PROVIDE AN ERROR MESSAGE 

DURING PRINTOUT. 

MAXN WAS SPECIFIED WHEN 
BODY GEOMETRY WAS READ. 

USE THE VALUE READ. 

EXCEEDED DIMENSIONS ? 

r 

/ 

END OF SUBROUTINE NMESH. 

V 
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S'JBOTJTTNE N*eSH C>N^,Il>Tg,OELtWST> 

T^Iï >OüTINf :ûH?UTES THE ??OPC» NUH?E» OF NCOFS IN THE NOPNâL 
-*Tor~TI^N TO 9E EHPLOYEO BâSEO ON 0»T* FPOH RESET. 

:OHHON /1/ V:i5v43v4) ,0(41,4) ,P(3v<i3) 
00*m»l /?/ HaxIfm,lHlN,NâXN,MN,NMlN 
C^Mtriv V^/-nYTtqFT,qy?,Pr^,DT-- - ~~ 
■ÎOHMON /11/ HâxlT,rîTO?,ITO,TINf 
COmnom /INPUT/ A(13>,IV(13)«NGEON 
CONHON /*iesh/ ihax,nhax 
*1N = NGEOH-l 
TF (NGEOH.GT.O) GO TO 3 
IF (MAVN.LT.n) GO'TO q- 
ZT=-»HS/OEL 
MN=IHT(ZZ) 
IF (HH.UT.4) NK=4 
HAXN-NN«-! 
►1**IN = HN-1 
Ie (MAyN.GT.KMAY) GO TO 8- 

N-ESH, 1 
NNF^H > 
NPFSM 3 
NNESM 4 
NPFSK 5 
NNFSH 6 
NPFSH 7 
NNÊSH 8 
NNESH R 
NNESH 10 
NHESH 11 
NNESH l? 
NNESH 13 
Nmw 14" 
NPFSH 15 
NHESH 16 
N^ESH 1T 
NNESM 19 
NNESH 19 
NPfSH 20 

ZZ=FLOATîMN) 
OE=l•0/7Z 
IF (AHS*0E^0EL> ?,3,3 
HN=HN4l 
GO TO 1 
77=1X011 (PN)- 

NNESH 21 
NNESH 2? 
NNESH 23 
NHESH 24 
NNESH 2B 

-HPTSH 26 
OF=OET 
OET=1.0/ZZ ' 
OC 7 T=ir,X2 ~ 
no 4 H = i14 
n(MAXN,M)=VCI,KST,H) 
ctísTTT- 
00 6 N=’,HN 
FTA=ÇT A»OET 
ZZ=FT A/nF^l.5 
<=THT:Z7) 
TF (X.GE.NST) *( = NST-Ï 
IF ÎTTLT.TV X-i?- 
<»=<♦! 
XM=k.i 
ZZ=FLOAT(KH) “ 1 
0rLrFTA-7Z*0F 
DPI?=OFL*DEL/(TE’OE?)' 
on. =lFU7~nr?- 
00 3 H=l,4 
VF=vcTft<PtH)-V(r,NN,H) 
VF?=V(T,<P,H)-?.0*VCT,K,H)*V(T#XH,H) 
H(N,H)=VIT,K,N)♦WE*0FL»VE7*0FL2 
CONTINUE 
nn t-tts^hatr- 
ne 7 m=i,4 
V(I,N,M)=n(N,F) 

NHESH 27 
NHESH 28 
NHESH 29 
NHESH 30 
NHESH 31 

'NtfESN 3? 
NHESH 33 
NHESH 34 
NHESH 35 
NHESH 36 
NHESH 37 
"WTSH 38 
NHESH 39 
NHESH 40 
NHfSH 41 
NHESH 42 
NHESH 43 
WítSH 4TT 
NHESH 45 
NHESH 46 
NHFSH 47 
NHESH 48 
NHESH 49 
NPRH JT 
NHESH 51 
NHESH 52 

230 



■MMtfMMPI 

• ’T 'r T+ V T 

c T t : ■> * i 

•)i r*r JM ^ 
« F y_ « 

• ITA - i 
• ' ^ f ^ ^ 

^ T *> 7 

• ^ - <*• 

^•r M 1 YM. I 

. V ~ r * - •/ fc*. « 

t r %* 1 • YM-N'IÄ Y ) **•"**} 

C <~ M 
K'l* pew 

»J» ft w 
y vpeu 
• iwpew 

^►rrw 

fivpcw 

» w r rM 

» i»r•“u 
► eH 

►c w p r M 

K ► p e M 

r i 

S'* 

V ’ 

57 

5T 
5 1 
51 
o ' 

5** 

231 



16. SUBROUTINE OTAPE 

A. PURPOSE 

This subroutine performs all output operations to the magnetic tape unit 

specified for storing the flow field data. By isolating the READ and WRITE 

statements in subroutines, access to this logic from several locations in the 

computer code is possible, and it is easily assured the binary read and write 

operations are consistent. A control variable, IWR, specifies whether case data 

or flow field data are to be written on tape. This argument should not be 

negative since it is written on the tape. A negative value would be interpreted 

as the end of a case if the data were later recovered from tape. 
V 

B. VARIABLE LIST 

Most variables in this routine are written on tape only. Their definitions 

can be found in the description of the main program by matching locations in the 

various COMMON blocks. The control variable, IWR, has been described above. 

OTAP is the magnetic tape unit number on which the data is to be stored. 

t 

« 

232 

f 

. > 



FLOW CHART 

ENTER SUBROUTINE OTAPE. 

WRITE INDICATOR ON TAPE. 

IS THIS ENTRY TO WRITE 

FLOW FIELD DATA FOR A 

SEGMENT ? 

WRITE CASE DATA AND 

CONSTANTS. 

ENDFILE OTAP. 

RETURN. 

% 

* 
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b ** 

WRITE FLOW FIELD DATA 

FOR THIS SEGMENT. 

ENDFILE OTAP. 

/ 

RETURN. 

END OF SUBROUTINE OTAPE. 

\ 
\ 

\ 
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17. SUBROUTINE RESET 

A. PURPOSE 

This subroutine schedules the calculation of initial conditions ai^d 

body geometry parameters for all segments except the first. This data may be 

generated by calls to other routines or read from magnetic tape, depending on the 

option specified in the input data (see section VII). A maximum value of Arj is 

computed for use in subroutine NMESH. It is based on the signs of the pressure 

gradient and the normal velocity component of the first node above the body on 

the previous segment. If the number of nodes across the shock layer has been 

specified in the input data, this quantity will be ignored. 

B. VARIABLE LIST 

Variables previously defined in the description of the main program 

have been omitted from this list. 

DUM - array containing the value of £ at the starting line of a segment 
and the segment length, measured along the body. 

1ST - index of the last streamwise node on the previous segment. 

M - dummy index. 

NST - number of nodes across the shock layer used on the previous 

segment. 

- dumny variable used for intermediate computations. ZZ 



y 

C. FLOW CHART 

CALL 
SKIP 

(IHTAPfl) 

I 
CALL 
INTAPE 

(l,ISTOP) 

■' 1 ; .. 

, ï- 

ENTER SUBROUTINE RESET. 

INITIALIZE VARIABLES FOR 

A NEW SEGMENT. 

NEW CASE ? 

SKIP AN END OF FILE MARK. 

READ FLOW FIELD DATA 

FROM TAPE. 

END OF CASE ? 

YES. 

»WI—IW l."WW 

. ^ 

RETURN. 
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SET ERROR INDICATOR 

NEW CASE. 

COMPUTE BODY PRESSURE 
AT MI - 1. 
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COMPUTE BODY PRESSURE AT MI. 

COMPUTE P90. 

IS P90 < 1.0 ? 

REQUIRE P90 >1.0 

IS V POSITIVE AT THE FIRST 

NODE ABOVE THE BODY AT TOE 

END OF THE LAST SEGMENT ? 

WHAT IS TOE SIGN OF THE 

PRESSURE GRADIENT ? 
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FINE NODAL SPACING 
REQUIRED. 

COARSE NODAL SPACING 
ALLOWABLE. 

WILL An BE > 0.2 ? 

REQUIRE An < 0.2 

SAVE THE VALUE OF 
MAXN 

COMPUTE BODY GEOMETRY 
FOR THE NEXT SEGMENT. 

ERROR SENSED IN 
SUBROUTINE GEOM T 
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NO ERRORS 

CALL \ 

NMESH ( \ 
(NSCMI), IST/ 
IST,ZZ,NSTy 

/ “ \ 
MAXN / 

/ » 

v; Ï!) 
■ 

V (1,N,M) 

= V(IST,N,M) 

CALL \ 

INITIAL \ 

(NST) / 

( EH, ) 

ESTABLISH NODAL SPACING 

ACROSS THE SHOCK LAYER. 

TRANSFER THE VALUES OF THE FLOW 

PARAMETERS AT THE END OF THE 

PREVIOUS SEGMENT TO THE 1=1 

LOCATION IN THE ARRAY, V. 

COMPUTE INITIAL CONDITIONS FOR 

OTHER NODES. 

RETURN. 

END OF SUBROUTINE RESET. 
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18. SUBROUTINE RESTART 
t 

A. PURPOSE 

This subroutine recovers data stored on magnetic tape to restart an 

unfinished case. Since it is difficult to estimate the computation time required 

for a particular problem, this capability is necessary. Should the job be ter¬ 

minated prior to completion, computations can be resumed with very little loss 

of computer time. The magnetic tape is searched for the correct case, the case 

data input is read and files are skipped until the flow field data for the last 

completed segment is read. Computations resume for the next segment. 

B. VARIABLE LIST 

Variables previously defined in the description of the main program have 

been omitted from this list.1' 

J - variable read from magnetic tape. A negative value indicates the 

end of a case. 

L - array containing all integer variables in COHMON block /INPUT/. 

M - dummy variable in a subroutine call statement. 

A 
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C. FLOW CHART 

ENTRY 

r 
INTA? 

OTAP = 

NCASE 

NFILE 

= L(7) 
L(ö) 

= L( 10) 

= L(11 ) 

READ 
(INTAP) J 
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ENTER SUBROUTINE RESTART. 

SAVE CASE DATA VARIABLES 

WHICH ARE TO BE CHANGED 

FRO!-! THEIR VALUES ON TAPE. 

IS THE UNFINISHED CAS! 

THE FIRST ONE STORED 
ON THE TAPE ? 

DO LOOP TO SKIP ALL CASES 
PRIOR TO THE UNFINISHED 
CASE. 

READ END OF CASE INDICATOR. 

WAS THIS THE LAST FILÉ 
OF THE CASE ? 

> 



<¡ 

\ 

\ 

I / 

3KIP END OF FILE MARK 

AND RETURN TO 1 TO READ 
ADDITIONAL FILES. 

/ 

LAST FILE IN THIS CASE. 

SKIP END OF FILE MARK. 

-» CORRECT CASE HAS BEEN 
LOCATED. 

I 

READ CASE DATA AND 

CONSTANTS FROM TAPE, 

SKIP FILES TO THE 

ONE CONTAINING THE 

LAST SEGMENT COMPLETED. 

V 

l 

* 
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19. SUBROUTINE SHOCK 

A. PURPOSE 
1 

This subtoutine performs all computations for nodes at the shock using 

the method presented in section IV. 

B. VARIABLE LIST 

Variables previously defined in the description of the main program have 

been omitted from this list. 

A - weighting function, equation (45). 

- sound speed at the node defined by N. AA 

AE 

ANS 

AS - average of the sound speeds at points 2 and 4 (Fig. 4). 

ATSTAG- Assigned a value of 2.0 at the symmetry axis, and a value of 

da 
- the node defined by N. 

- W Ar 
s 

AX 

Al 

A2 

A4 

B 

B1 

DE 

DS 

DSO 

DTZ* 

DUM 

DX 
I 

. 

N 

NP 
c 

NM 

1.0 at all other points, 
da 

- ^ at the node defined by N. 

- value of A at the shock. 

- sound speed at point 2 (Fig. 4). 

- sound speed at point 4 (Fig. 4). 

- weighting function, equation (46). 

- value of B at the shoc|c. 

difference in rj between the node defined by N and other points 

at which interpolation is required. — 

- distance parallel to the shock, used to compute A and B. 

- intermediate valide of DS, used to ensure that DS is non-zero. 

- \r/2 ! 
♦ 

- dummy variable usedVfpr intermediate computations. 

- difference in f between the node defined by N and points at which 

interpolation is required. 

- NP-1 

- number of nodes across the shock layer. Identifies the node at 

the shock. • / 

- NP-2 
' 

NPLUS - distance between points 2 and 4 (Fig. 4). 
3P 

* *5n at the node defined by N. 
^P * ' • , 

■ at the node defined by N. 

PE 

PX 

248 



1 

P2 

P3 

P4 

RE 

RHO 

RX 

RO 

UE 

ÜÜ 

OX 

00 

01 

04 

VE 

W 

VX 

VO 

VI 

V2 

V4 

WSH 

zz 

i ' ., / . 

- pressure at point 2 (Fig. 4). 

- intermediate value öf P2. 
// 4 

- pressure at point 4 (Fig. 4). 

*P i ^ 
- fit the node defined by N. 

- average of the values of p at points 2 and 4 (Fig. 4). 

- ^ at the node defined by N. * 

- Value of p used to compute A. 
30 V 

“ at the node defined by N. 

- 0 at the node defined by N. 
30 , 

- ^ at the node defined by N. 

- value of 0 used to compute A. 

- free-stream value of 0. 

-value of 0 at point 4 (figure 4). 
3V 

" at the node defined by N. 

- value of V at the node defined by N. 
3V 

” ^ at the node defined by N. 

- value of V used to compute B. 
/ 

- free-stream value of V. 

- value of V at point 2 (Fig. 4). 

- value of V at point 4 (Fig. 4). 

- local shock velocity. 

- dummy variable used for intermediate computations. 

249 

F . » 

•• to 



i 

C. FLOU CHART 
I 

/ ' 

0 

\ 
\ 

» 

COMPUTE FREE STREAM VELOCITY 
COMPOHEHTS PARALLEL TO AHD 

NORMAL TO THE SHOCK. 

COMPUTE SOUND SPEED AT N. 

3P 

an AT N. 

an AT N. 

~ AT N. an 
I 

3V 

an AT N. I 

\ 
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3P AT ». 

iïï„D|ï„,. 

lïï«"- 

U AID y «I I. 



COMPOTE V AT THE SHOCK. 

STORE P AT THE SHOCK. 

STORE p AT THE SHOCK. 

COMPOTE a AT THE SHOCK. 

COMPOTE 

<5 î\* 
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STORE Xjj 

COMPUTE K ARD An 
BETWEEN X_ AND THE 

POINT (I,ï) 

COMPOTE ARD V^. 

COMPUTE NEW 

s» 

IS THE DIFFERENCE BETWEEN 

SUCCESSIVE VALUES OF X_ 

TOO LARGE T 
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. • 

EQUATION (1*9) 
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O'» 

b i 

DO TWO SUCCESSIVE VALUES OF 
SHOCK PRESSURE AGREE WITHIN 
THE ALLOWED ERROR ? 

AVERAGE THE TWO VALUES, 

IS THE SHOCK PRESSURE 
< 1.0 ? 

SOLVE RANKINE-HUGONIOT 
RELATIONS. 

COMPUTE NEW 

AT THE SHOCK. 

COMPUTE NEW VALUE OF NPLUS. 
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V(lMf!fP,M) 

* d(ip,m) 

CALL 
RAHHUG(Y1, 
P3,V2,WS(I) 

D(HP,1)) 

I 
D{NP,2) * V2*SEEL 

♦U1*CEEL 
D(HP,3) * V2*CDEL 

-U1*SEKL 

5 

PRESSURE AT THE SHOCK VAS 
< 1.0. SHOCK IS A MACH WAVE. 

SET IORMAL VELOCITY AID PRESSURE 
AT THE SHOCK EQUAL TO FREE 
STREAK VALUES. 

•Nv 

TRANSFER p, U, V AND S FROM 
TÖCPORARY TO PERMAHERT STORAGE 
AT IK.. 

\. 
V 

X \ 

. <) 
• - V 

SOLVE RAIKIIE-HUGONIOT 
RELATIONS. 

COMPUTE Ü AID V. 

\ . 

\ 

\ 

• h 
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COMPUTE S AT THE SHOCK. 

RETURJI. 
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SHCCX 13 
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»FSPPK 14 
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spcrx 16 
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56CCK 26 
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S'-PCK 65 
5^CC< 66 
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20. SUBROUTINE SKIP 

A. PURPOSE 

This subroutine has been included to isolate a call to a GDC machine 

routine which skips files on a magnetic tape. This machine routine requires a 

Hollerith argument which might not be accepted by the equivalent routine available 

to the user. Provisions for skipping files only on tapes 1 and 2, have been 

provided. This could easily be generalized to apply to other tape numbers. 

B. VARIABLE LIST 

NTAP - magnetic tape unit number. 

NSKIP - number of files to be skipped. 



C. FLOW CHART 

ENTER SUBROUTINE SKIP 

IS NTAP = 2 ? 

SET ARGUMENT TO SKIP 
FILES ON TAPE 1. 

SET ARGUMENT TO SKIP 

FILES ON TAPE 2. 

SKIP NS KIP FILES. 

RETURN. 

END OF SUBROUTINE SKIP 
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21. EQUATION OF STATE ROUTINES 

A. PURPOSE 

These routines provide the required equation of state conputations. 

Perfect gas equations of state are used. Real gas properties could be incorpor¬ 

ated into the various routines. The routines available are: 

SUBROUTINE STATE - computes the sound speed from values of density and 

entropy. 

FUNCTION VSOUND - computes the sound speed from values of density and 

pressure. 

FUNCTION TEMP - computes the temperature from values of density and 

pressure. Used only for printed output. 

FUNCTION HSP - computes the enthalpy from values of density and pressure. 

Used only for printed output. 

FUNCTION ENT.lOP - computes the entropy from values of density and pressure. 

SUBROUTINE RANHUG - solves the Rankine-Hugonoit relations for the shock. 

B. VARIABLE LIST 

Variables previously defined in the description of the main program 

have been omitted from this list. 

ENTROP - entropy. 

HSP - enthalpy. 

MOOT - mass flux, m 

P - pressure. 

P2 - pressure behind a shock. 

RGAS - gas constant. 

RHO - density. 

RH02 - Density behind a shock. 

TEMP - temperature. 

VSOUND - sound speed. 

VI - free-stream velocity component normal to the shock. 

V2 - velocity component normal to the shock and behind the shock. 
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C. FLOW CHART 

ESTER SUBROUTISE STATE. 

COMPUTE PRESSURE. 

RETURH. 

QjjT) EHD OF SUBROUTIIE STATE. 
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EHTEP FUSCTIOH VSOUSD. ( ENTRY J 

-~^r 
VSOUSD * 

S¾RT(CAMl•P/RSO) COMPUTE SOUND SPEED. 

RETURN. 

END OF FUNCTION VSOUND. 

ENTER FUNCTION TEMP. 

COMPUTE TEMPERATURE. 

RETURN. 

END OF FUNCTION TEMP. 
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OTTER FURCTIOM ESP. 

COMPUTE SPECIFIC EMTHALPY. 

RETURH. 

OID OF FUHCTIOH ESP. 

(ÜD 

ERTER FUR Cn OH ERTROP. 

COMPUTE ERTROPY. 
4 

I 

RETURH. 

/ 
/ 

A / 

N 
ERD OF FURCTIOR ERTROP. 



û 

ENTER SUBROUTINE RANHUG. 

COMPOTE a. 

COMPOTE V AT TUE SHOCK. 

COMPOTE V . 
S 

COMPOTE p AT THE SHOCK. 

RETURN. 

END OF SUBROUTINE RANHUG. 

X 
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SECTION Vil 

COMPUTER CODE USER'S INSTRUCTIONS 

1. INPUT DATA 

The computer code provided in section VI performs most of the decision making 

and scheduling required to apply the numerical method developed in section IV. 

Since t certain degree of uncertainty is always involved when applying a time- 

dependent method to the blunt body problem, a very general input capability has 

been incorporated. Should the internal logic or empirical constants prove 

inadequate for a particular problem, the user has several options available to 

over-ride the internal logic with direct input parameters. It should be noted 

that the internal logic has been adequate for all problems considered in this 

study. To avoid unnecessarily complicated data input while retaining the general 

input capability, all problem constants, empirical constants and control variables 

are loaded by a sorting routine, SUBROUTINE DATA. These data will be referred to 

as case data variables. An aribtrary number of these variables may be input in 

any order. The principal advantage of this data loading procedure is that initial 

resident values supplied for most of the case data variables by a DATA statement 

in the main program can be used. Consequently, the case data input required is 

usually quite brief, typically 2 to 4 variables, while up to 23 variables can be 

input if necessary. Case data input is also simplified for multicase runs, since 

onlyvariables whose resident values are to be changed need be included in the 

case data input. Some caution is required when relying on resident values from a 

previous case. The computer code accomplishes numerous error checks while loading 

the input data. When an error is seised, the case under consideration is termin¬ 

ated with a printed error message and a search for the first data card of the next 

case is initiated. This will usually salvage a multicase run, but some case data 

variables may not have been loaded. Thus, reliance on a resident value loaded in 

a previous case could result in solving the wrong problem. Since the case data 

input is usually quite brief, s« repetitions of data input for subsequent cases 

is advisable on long multi-case runs. Also, when relying on resident values from 

a previous case, the user must be aware of the source of these values. Usually, 

the resident values originate from the DATA statement mentioned previously and 

card input. However, under certain options described later in this section. 
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many case data variables are loaded trosi magnetic tape. When sphere-cone vehicles 

are to be considered, the case data completely specify the problem. Other body 

shapes are considered by inputting body geometry data. Basically, this data 

consists of values of r, z, 0 and K at points on the body surface. The body 

geometry data input is described in more detail later in this section. 

2. CASE DATA INPUT 

The computer code first loads the case data in SUBROUTINE DATA. The case 

data packet organization is as follows: 

First card: FORMAT (BAlO) 

Field 1 (columns 1-10) - the word TITLE, left justified in the field. 

This signals the start of the case data. 

Fields 2-8 (columns 11-80) - an alphanumeric title which will appear 

on the printed output. 

Cards 2, 3, . . . : FORMAT (AIO, E10.4, 6110) 

Field 1 (columns 1-10) - the variable name, left justified in the 

field. The order in which variables are input is arbitrary. 

Field 2 (columns 11-20) - the value oi the variable if it is floating 

point form. 

Field 3 (columns 21-30) - the value of the variable if it is integer 

form. 

Fields 4-8 (columns 31-80), 10 per field) - additional integer values 

for the dimensional variable, IPR(6). 

Last card: FORMAT (A10, E10.4, 6110) 

Field 1 (columns 1-10) - the word LAST, left justified in the field. 

This signals the end of the case data. 

The complete list of case data variable names and their definitions will 

now be given. An (I) and (F) will be used to signify integer and floating point 

variables, respectively. Initial resident values will be specified when they have 

been provided. 

M -(F). 

>0 - free-stream Mach number. 

<0 - free-stream velocity. The absolute value will be used with the 

values of PI and RH01 (below) to compute the free stream Mach 

number. Consequently, the units of these 3 variables must be 

compatible. 
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Z/RN 

THETA 

GAMMA 

NT AP 

MAXIT 

NSEG 

IPR 

(F). Specifies the body geometry option to be used. Initialized to 0. 

>0 - Specifies the axial length, in nose radii, for a sphere-cone vehicle. 

No body geometry data will be read. 

<0 - Arbitrary body geometry data will be read. 

(F) cone half-angle (degrees). Used only when Z/RN>0. 

- (F) ratio of specific heats. Initialized to 1.40. 

(I) specifies the type of initial conditions to be used. Initialized 

to 0. 

>0 - initial shock shape assigned close to the body and at a constant 

distance from the body. Used to model a transient flow essentially 

starting impulsively from rest. Should not be used when NSEG >1. 

~0 * Sitial shock shape selected empirically. Attempts to approximate 

the steady state shock shape as the initial profile. 

=1 - restart option (discussed below). 

=2 - load option (discussed below). 

(I), specifies the iteration procedure to be used. Initialized to -1. 

<0 - steady-state solution using equation (63) and the requirement that 

the non-dimensional shock velocities be <l(f3 as criteria for a 

steady state. 

=0 - no iterations are performed, but a complete printed output is 

' Provided- Useful for checking initial conditions or for obtaining 

dimensional output for a completed case. 

>0 - specifies the number of iterations to be performed for all segments. 

This option is required when NTAP=2. 

(I), specifies the number of segments to be considered. Must be input 

when the body geometry is read in. A value greater than 0 will 

over-ride the axial length specification provided for the sphere- 

cone vehicle option. Normally should be <0 for this option. 

Initialized to 0. 

(I).-dimensional variable providing up to 6 additional printed outputs. 

Since a printed output is provided after the last iteration, 

specifying that iteration number here will give 2 identical printed 

outputs and should be avoided. A negative value, or a value less 

than a preceding value will suppress further printed output except 

for the final. IPR(1)=0 will result in printing the initial con¬ 

ditions. All values initialized to -5. 



PI 

RHOl 

Tl 

RN 

MU 

MAXI 

MAXN 

INTAP 

MAXIT 0 - iteration numbers, in ascending order, at which printed 

outputs should be provided. 

MAXIT=0 - no effect 

MAXIT<0 - numbers between 0 and 10, in ascending order, specifying 

times when additional printed outputs should be supplied, 

where a value of 10 corresponds to the predicted time for 

steady state generated by equation (63). 

(F).- free-stream pressure. Initialized to 1.0 (thus will give non- 

dimensional output). 

M>0 - used only to supply dimensional printed output. 

M<0 - same as above plus used to compute the free-stream Mach number 

(see discussion of M, above). 

(F).- free-stream density. Same application as Pi and units must be 

compatible with Pi. Initialized to 1.0 (thus, will give nondimen- 

sional output). 

(F).- free-stream temperature. Used only to provide dimensional printed 

output. Units must be compatible with PI and RH01. Initialized 

to 1.0 (thus, will give nondimensional output). 

(F).- all length parameters are multiplied by this scale factor to 

provide dimensional printed output. Units are arbitrary. Normally, 

RN would be equal to the radius of curvature at the stagnation 

point. Initialized to 1.0 (thus, will give nondimensional output). 

• (F).- constant, in equation (62) specifying the magnitude of the 

stabilizing terms. Initialized to 0.04. 

. (I), specifies the number of nodes to be used per segment in the 

streamwise direction. A value >0 will over-ride other possible 

specifications for this quantity (see body geometry data for an 

exception). Normally, an empirical specification (sphere-cone 

vehicles) or a specification supplied in the body geometry input 

would be used. Initialized to 0. 

- (I), specifies the number of nodes to be used across the shock layer. 

A value >0 will over-ride all other specifications of th î quantity 

and the empirical specification generated by the computer code. 

Normally, this specification is not used. Initialized to 0. 

- (I), specifies the magnetic tape unit number to be used for input of 

initial conditions. Used only for NTAP>0. See discussion of 
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tape handling^ below. Initialized to 2. 

OTAP - (I), specifies the magnetic tape unit number to be used for storing the 

completed solutions for all segments. See discussion of tape 
jf 

handling, below. Initialized to 1. 

NCASS - (I). 

NFILE - (I). 

TCRIT1 - (F). 

TCRIT2 - (F). 

ERRORN - (F). 

ERRORP - (F). 

t > 
specifies the case number to be used in supplying initial conditions, 

where the cases are considered to be numbered in ascending order 

starting with 1 as they apear on the tape. Used only v.hen NTAP>0 

(see discussion of Restart and Lead options). Initialized to 1. 

must be equal to 1 unless NTAP>0. Initialized to 1. 

NTAP=1 : Specifies the number of the last segment-completed for 

an incomplete case. Restart initiates on the next seg¬ 

ment . 
i 

NTAP=2 : Specifies the segment number at which computation should 

start. All segments following this one will also be 

treated. 

constant, C^, in Equation (63). Initialized to 2.0. 

constant, in Equation (63). Initialized to 10.0. 

convergence criterion for the iteration on n in the shock point 

computations. Initialized to 10 

convergence criterion for the iteration on P in the shock point 

•8 
computations. Initialized to 10 . 

3. BODY GECHETRY DATA INPUT 

The body geometry data are loaded by SUBROUTINE GEGH when the case data 

variable Z/RN < 0. These data cards are arranged in packets, one for each 

segment considered, and are supplied imnediately after the case data cards. An 

exact specification of the body geometry at each point for the present coordinate 

system is supplied by values for r, z, # and K. It is recognized that not all of 

these parameters will be known for some problems of interest. However, it has 

been left to the user to select approximate numerical techniques for generating 

these parameters when necessary. This computer code supplies an exact solution 

for known body geometries. Since explicit expressions for arc length are seldom 

available, even for analytical body profiles, numerical procedures have been 

incorporated to generate the required parameters at equal spaced intervals along 

the body, based on their values at a representative series of points. For example, 

it is easy to define all of the required parameters at ai y point on an ellipse. 
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but considerably more difficult to compute their values at equally spaced intervals 

along the body. Since the geometry specifications for the representative series 

of points are exact, extremely accurate numerical integrations and interpolations 

are possible to obtain the equal spaced data. When computations start at a 

segment other than the first, NTAPX), all body geometry data packets can be 

included. The computer code skips the data for all segments up to the one at 

which computations start. Specifications for the number of nodes to be used 

along each coordinate direction can be specified for each segment considered. 

An initial shock shape can be read in. This option has been included since the 

user could encounter a problem for which the empirical relation used to generate 

initial shock shape is inadequate. The required parameters can be input at equal 

spaced intervals along the body, for direct use in the numerical solution, or at 

a representative series of points on the body. Each body geometry packet is 

arranged as follows: 

Card 1 : FORMAT (5110, 2E10.4, AlO) 

Field 1 (columns 1-10) - M. The segment number. 

Field 2 (columns 11-20) - NPTS. The number of data cards to follow for 

the current segment. If no additional specifications for the 

number of nodes to be used along the body are provided, the 

value of NPTS will be used as this specification. Also, see 
. nH——" 

field 7 of this card. 

Field 3 (columns 21-30) - MAXI. The total number of streamwise nodes 

to be used. Specifications of this variable in the case data 

will over-ride the present input. Also, see field 7 of this 

card. 

Field 4 (columns 31-40) - IP. The number of nodes to be used across 

the shock layer. Specification of MAXN in the case data will 

over-ride the present input. If no specification for this 

parameter is supplied, the computer code will determine one 

empirical based on the variable input into field 6 of this 

card. 

Field 5 (cloumns 41-50) - KSH. 

KSH = 0. Empirical relations used to determine initial shock 

shape. 

KSH t 0. Initial shock shape supplied on the following data 

cards. 
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Field 6 (columns 51-60) - BNOSE. A nose bluntness parameter. Used to 

establish the nodal spacing across the shock layer when it is 

determined empirically. The usual definition applies, e.g., 

for an elliptical nose BNOSE is the ratio of the semi-major 

axes squared. A value < 0 is ignored. For each case, BNOSE 

is initialized to 1.0. For downstream segments where nose 

bluntness effects have damped out, BNOSE should be set to 1.0. 

Field 7 (columns 61-70) - DX2. 

DX2 < - The body geometry data to follow will be specified for 

a representative series of body points, not necessarily equally 

spaced along the body. Numerical procedures will be used to 

obtain equally spaced data. 

DX2 >0 - The body geometry data to follow will be specified 

for points equally spaced along th*e body with a nodal spacing 

equal to the value read in this field. The number of stream- 

wise nodes to be used will be established by the value of NPTS. 

Other specifications for this parameter will be ignored. Thus, 

the body geometry data will be used directly in the numerical 

solution. 

Field 8 (columns 71-80) - ZZ. Any entry into this alphanumeric field 

will signify a discontinuity in body curvature at the upstream 

boundary of the segment. In this case, the body geometry data 

on card 2 will be identical to the data on the last card for 

the previous segment, except for the new value of body curvature. 

If this field is blank, no data for the upstream boundary should 

be input since all parameters will be saved from the previous 

segment. 

Cards 2, 3 . . . , (NPTS+1): FORMAT (8E10.4) 

Field 1 (columns 1-10) - RB(I). The body radius, measured normal to 

the synmetry axis, for the Ith point. 

Field 2 (columns 11-20) - ZB(I). The value of Z, measured from the 

stagnation point along the synmetry axis, for the Ith point. 

Field 3 (columns 21-30) - TH(I). The angle, 8, between the synmetry 

axis and a tangent to the body for the Ith point. 

TH(I) >0 - units are degrees. 

TH(I) <0 - units are radians. 
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Field 4 (columns 31-40) - K(I). The body curvature at the Ith point. 

Field 5 (columns 41-50) - NST(I). The initial value of ng at the Ith 

point (must be <0 when used). Ignored if KSH = 0. 

The above data packets are repeated for each segment, 1 to NSEG. The maxinum 

values of NPTS and MAXI (Fields 2 and 3 of Card 1) are limited by the dimensioned 

variable sizes (currently 15 streamwise nodes are available). MAXI must not 

exceed this value since it includes the additional downstream node used for linear 

extrapolation and, for segments other than the first, a node for the constant 

upstream starting line. In establishing NPTS, more care is required. When DX2 < 

0 (card 1, Field 7), the total number of body geoemtry data points (including the 

upstream boundary point for segments other than the first) must not exceed 15. 

When DX2 >0, the value of MAXI will be established from NPTS. Therefore, the 

total number of body geometry data points (including the upstream boundary point 

for segments other than the first) must not exceed 14. That is, all body geometry 

points input will be actual computation points. . Thus, an additional point will 

be required for the linear extrapolation at the downstream boundary. Should the 

user exceed the dimension sizes, the case will be terminated with a printed error 

message. 

4. MAGNETIC TAPES 

The computer code employs two magnetic tape units. The tape unit number 

specified by the case data variable INTAP is used as the source of initial con¬ 

ditions when NTAP >0. The tape unit number specified by 0TAP is used to store 

the flow field data for each segment as soon as the solution at that segment is 

completed. The computer code rewinds tape unit number INTAP inmediately after 

loading the case data. Tape unit number 0TAP is never rewound by the computer 

code. Thus, for multi-case runs, the 2 tape unit numbers normally should not be 

equal. However, when NTAP < 0, the computer code does not treat this situation 

as an error since it is often useful to have INTAP = 0TAP. When NTAP >0, the 

computer code terminates the case if the following restrictions are violated: 
• • 

NTAP = 1 : Requires INTAP = 0TAP 

NTAP = 2 : Requires INTAP ¿ 0TAP 

5. RESTART OPTION 

When the case data variable NTAP = 1, the computer code will restart an 

unfinished case using the data stored on magnetic tape. The case data variables 
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NT AP, UfT AP, OTAP,. NCASE and NFILE will retain the values present after the case 

data was loaded. All other case data variables will be read from magnetic tape 

for the unfinished case. As previously noted, INTAP = OTAP is required. This 

means the data up to and including the last segment completed (NFILE) will be 

skipped on the tape and the remainder of the solution will be loaded on the same 

magnetic tape. The option to restart an unfinished case is a necessity for a 

time-dependent method. When a steady state solution is being generated, it is 

difficult to estimate the computation time required, since it is quite dependent 

on the body geometry and reentry conditions. Recognizing that the computation 

time allotted by the user or available to him may not be sufficient, the restart 

option has been incorporated to prevent excessive waste of computer time. 

6. LOAD OPTIONS 

When the case data variables NTAP = 2, the computer code loads all initial 

conditions from magnetic tape unit INTAP. All data for the case up to but 

excluding segment number NFILE is transferred to tape unit number OTAP with no 

computation. As previously noted, INTAP ¿ OTAP is required. The case data 

variables NTAP, MAXIT, IPR, INTAP, OTAP, NCASE, NFILE, PI, RH01, TI, RN, MU, 

ERRORN and ERRORP retain the values present from the case data input operation. 

All other case data variables are read from magnetic tape. The above list of 

variables includes all of the case data variables the user can change without 

altering the basic problem stored on magnetic tape. The variable MAXIT > 0 is 

required, i.e., the number of iterations to be performed on each segment must be 

specified. The principal purpose of this option is to allow the user to perform 

additional iterations on a case when a satisfactory approximation to the steady- 

state flow was not realized on a previous attempt. Rather thar starting the case 

over with new values of TCRIT1 and TCRIT2, the user can use the previous solution 

as an initial guess for additional iterations. It should be noted that none of 

the »cases attempted in this study required use of this option. Other applications 

for this option can be identified. By setting MAXIT = 0 and specifying PI, RH01, 

Tl and RN, dimensional output can be obtained from the nondimensional data stored 

on magnetic tape for a completed case while no iterations will be performed. Also 

this option could be used to input initial conditions, should the empirical 

methods provided for this purpose prove inadequate for a particular problem. 

7. SEGMENT LENGTHS 

The choice of the length of the segment to be used can significantly affect 

the computation time required for the problem. The length of the first segment 
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will, generally, be specified by the location of the sonic line, since the 

downstream segment boundary must lie in supersonic flow. The lengths of other 

segments are arbitrary. It should be apparent that the use of shorter segments 

will reduce the computation time required for the problem. If a segment is 

treated with a single computational node (MAXI * 3), the length of the segment 

will have little effect on the computation time. It is easily shown that this is 

the optimum choice for the number of nodes per segment. Even for this optimum 

choice, reasonably short segments are recommended to pkovide greater numerical 

accuracy. Also, should the case require more computation time than was allotted 

by the user, shorter segments will result in more efficient restarts. That is, 
O* \ • • 

shorter segments require less computation time per segment. Consequently, less 

computation time will be lost when a restart is necessary. 

8. PRINTED OUTPUT 

The computer code provides a comprehensive printed output. After the case 

data is loaded, the case title and all case data variables are printed. After 

computations for a segment are completed, and at irtermediate iterations when 

requested by the user, complete flow field outputs are provided by SUBROUTINE 

DMPOUT. This printed output mry be nondimensional or dimensional (see case data 

variables PI, RH01, T1 and RN). The following nomenclature applies to the printed 

s' > 
output: 

TIME 

S 

N 

RHO 

U 

V 
. \ 7 

(S-S1)/CV 

p 

M 

T 

DH/H1 

RB 

THETA 

K 

ZB 

• nondimensional time. 

- streamwise distance. 

- distance normal to the body, directed away from the body. 

- density. 

- streamwise velocity component. 

- velocity component normal to the body and directed outward from the 

body, 

- nondimensional entropy. 

- pressure. 

- Mach number. 

- temperature. 

- erfror in total enthalpy. 
*» 

- body radius. 

- e 

- body curvature. 

- value of Z at a body point. 
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- shock radius. 

- value of z at the shock point.. 

- shock velocity, directed outward along the normal coordinate. 

- pressure coefficient at a body point. 

- ratio of the body pressure to the stagnation pressure behind the 

normal shock. / 

When the nodal spacing normal to the body is computed by the computer code, the 

computed number of nodes can exceed the dimension sizes of the arrays. When this 

occurs, the maximum number allowed will be used and a printed message will appear 

in the standard output. Currently, up to 40 nodes across the shock layer can be 

used. This number has been found to be adequate for typical problems even when 

the empirical relations predict that more are required. When this number of nodes 

is exceeded by the empirical determination, the shock layer is quite thick and 

the gradients of the flow parameters normal to the body are, generally, quite 

small. 

RS 

ZS 

WS 

CP 

P/PO 

9. SAMPLE PROBLEMS / 

Input data and computer outputs for 2 sampleVfroblems are provided on the 

following pages. The first problem considers a Maich 6 flow about an elliptically 

blunted cylinder with a nose bluntness parameter of 2.25. This case utilizes the 

arbitrary body shape option. The second case considers a Mach 4.0 flow about a 

sphere-cone vehicle with a cone bálf-angle of 40°. The internal logic for 

sphere-cone geometry is used for this case. These 2 cases were run as a single 

multicase job. 
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SECTION VIII 

CONCLUSIONS 

1. THE DIFFERENCING SCHEME 

The differencing scheme developed in this study incorporates a complete 

decoupling of the magnitude of the stabilizing terms from the finite difference 

mesh sizes used. Consequently, different mesh sizes for each coordinate direction 

and variations in mesh size can be employed. The mesh sizes can be selected 

based on finite difference accuracy requirements without regard to the stabilizing 

term influence. Since the stabilizing terms can be specified arbitrarily small, 

the ability to achieve a valid mathematical model of the inviscid flow problem 

is ensured. The stability arguments used to establish the differencing scheme 

should be applicable to any coordinate system. Thus, the differencing scheme is 

not limited to the blunt body problem. It should be useful for any problem for 

which the time-dependent technique is applicable. 

2. SURFACE BOUNDARY CONDITIONS 

The technique developed for treating points on the body surface is exact in 

the limit of standard finite difference approximations. This technique is appli¬ 

cable to any point for which a streamline and a coordinate line are coincident, in 

particular, the body points with a body oriented coordinate system. This technique 

has significantly improved the accuracy of.the blunt body solution. Since the 

general class of body shapes required to realize the objectives of this study 

can be achieved with body oriented coordinates, this exact method has been employed. 

However, definite restrictions on the magnitude of a negative body curvature 

result from this technique. The restriction to smooth body contours is fairly 

academic, since any finite difference solution for a body with corners will 

necessarily assume a finite curvature at the discontinuities (e.g., see Ref. 11). 

3. COMPUTER EFFICIENCY 

The segmented computation procedure developed greatly enhances the computer 

efficiency obtainable with a time-dependent technique. The computer storage 

required is minimal regardless of the body length. Confutation times are reduced 
» 

by factors in excess of 1000 when typical high performance vehicles are considered. 

It has been shown that even the relatively simple axisymmetric flow problem requires 

the type of computation time reduction realized by this procedure if a unified 



time-dependent solution is to be economically feasible. An equivalent three- 

dimensional solution without this type of improved computer efficiency would 

certainly be impossible with the computers currently available. This procedure 

should enable the aerodynamic!st to employ the time-dependent technique as a 

practical solution procedure for complex problems such as nonequilibrium and 

three-dimensional flows. Certainly, this procedure or another equally effective 

approach is required^ to transform the tiiise-dependent method from an interesting 

theoretical solution to a useful computational method. 

4. THE BLUNT BODY SOLUTION 

A practical computational method has been presented to treat axisymmetric 

blunt body flows. The computer code presented can consider a very general class 

of body geometries, sufficient to satisfy the objectives of this study. Since 

additional stabilizing terms are introduced into the governing equations, reference 

to this technique as an exact solution may be properly questioned. However, the 

differencing scheme assures that the effect of these terms can be made negligible 

relative to the numerical errors. Consequently, this question is rather academic. 

For practical purposes, the present technique is a direct, exact and unified 

solution procedure. This is believed to be the first technique reported which 

contains all of these features and still may be employed as a practical computa¬ 

tional method. Extensive comparison with other computational methods has been 

accomplished. The present method is clearly more accurate than other time- 

dependent techniques reported. In fact, the accuracy is comparable to other 

methods currently regarded as standard solution procedures. A calculation for a 

typical high performance reentry vehicle has been presented. The computation 

time and computer storage required was quite reasonable. This is believed to be 

the first reported solution for a problem of this magnitude generated with a 

unified time-dependent method. 
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APPENDIX 1 

STABILITY CONSIDERATIONS 

/'S 

.. REh “ . . \ if . LFEi.i .« ’ l 

In reierence 1 it was shown that useful results could be obtained from a 

stability analysis of a sinple linearized one-dimensional momentum f-cuation of the 

form 

+ Ku = /% (71) 
C A a*. A 

Employing a forward difference approximation for the partial derivative with 

respect to time and appropriate first and second central difference approximations 

for the spatial partial ;rrivatives, the von Neumann (Ft f. 5) stability analysis 

war. used. In this analy •u is replaced by 

u — uq + (8u) EXP (at-iß.\x) 

where the second term introduces an error into u. 

The differencing scheme will be stable if the errors decay exponentially in time, 

i.e., 

at . 
e <1 (72) 

The details of the analysis are given in reference 1. only the results of that 

analysis will be given here 

2/i At -2-v;2 
.2 

K sin2 0 + 

where 
Ox)' 

0 = /l\x 

[" (W 

(1 - cos 0) <1 >] 2<J (73) 

(74) 

It is easily seen that if p vanishes, the central difference scheme must be 

ji.stable for a finite, positive At, i.e., 

K sin2 0 < 0 

CVO 
Using a special relation for p 

¿kl2 

(75) 

p = y 
2At 

It was found (Ref. 1) that 

At< 
x/yAa 

(76) 

(77) 

\ 
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should result In a stable differencing scheme where v is a constant and 

0 < V < 1 (78) 

K was replaced by (u+a) to agree with the Courant-Friedricks-Lewy (CFL) stability 

criterion, which must always be satisfied. Experience with this expression 

showed that is was extremely accurate when applied to the multidimensional flow 

problem. The impressive success of this analysis in reference 1 prompted the 

attempt to generalize equation (77) discussed in section IV. The computational 

results presented in section V clearly demonstrate the validity of using this 

analysis. 

2. A STABILITY ANALYSIS FOR BACKWARD DIFFERENCES. 

A similar stability analysis will now be presented where u^ is approximated 

by a backward difference 

(79) [u(x,t) - u(x-Ax,t)] / Ax u 
X 

Introducing this difference approximation into equation (71) it is easily shown 

that 

11 - (1-cos 0) - (1-cos 0 + i sin 0)| < 1 (80) 

(Ax) 
is the appropriate stability criterion. 

By taking the absolute value of this complex expression, it is easily 

reduced to 

At < 
(81) 

In this case, if \i vanishes, a stable differencing scheme is still possible when 

K is positive. This accounts for the success of linearly extending the solution 

in the supersonic region to terminate the solution domain (Refs. 1, 11-15). It 

is easily shown that this procedure results in a backward difference in the 

streamwise coordinate with no stabilizing terms relative to that direction, i.e., 

the second derivatives vanish. The question of stability is more complicated 

when K vanishes. However, to achieve agreement with the CFL stability criterion, 

equation (81) must be written 

\ 
(82) 
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If /i and u vanish, we expect 

(83) 

will result in a stable differencing scheme. This will permit a backward 

difference approximation, together with the requirement that the normal velocity 

component vanish on the body, to be used to impose surface boundary conditions. 

Similar arguments using a forward difference approximation for u . result in 

Ax x 
At < (84) 

Ax 
which allows p to vanish when K is negative. As a result, the artificial dissi¬ 

pative terms could vanish in the streamwise direction at the stagnation stream¬ 

line for axisynmetric flow. 
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APP^WDIX II 

THE UNSTEADY SHOCK PROBLEM 

1. THE METHOD OF GODUNOV 

Time-dependent blunt body flows with discontinuous shock waves were consid¬ 

ered by Godunov (Ref. 9) using the one-dimensional Riemann problem to describe 

the wave interactions near the shock surface. Reference 16 contains an excellent 

description of this approach. The relevant wave phenomena are illustrated in 

figure 21. W is the shock velocity and V is the flow velocity behind a normal 
s s 

shock wave. The left running disturbance is the bow shock. The right running' 

disturbance definded by ^ = v+a be either a shock or a finite expansion wave. 
dx 

The wave defined by ^ = Vg is an entropy line. The shock jump conditions are 

expressed by 

m = ( z±àp 2 s 
(85) 

mV + P = mV + 1 (86) 
s s 

where m is the mass flow across the wave, the subscripts s and • refer to conditions 

behind the shock and in the free stream, respectively, and nondimensional variables 

with a perfect gas equation of state have been used. The Godunov method relies 

Figure 21. The One-Dimensional Riemann Problem 
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on two independent solutions for P based on independent jump relations for right 
s 

and left running waves. An iteration procedure is used to obtain acceptable 

agreement between the two predictions for P . The validity of the method appears 
s 

questionable for the general blunt body problem. Specifically, when the stagna- 
<r+- 

tion streamline for a spherical body is considered, this method does not model 
. * ■' C , ' Ç 

the problem correctly. This region is characterized by increasing pressure and 
"f . * t 

decreasing velocity as the body is approached from the shock. In the limit of a 

steady state flow, the flow inside the shock is isentropic. Then, m across the 

right running disturbance is given by 

m = -SCyPp) 
,1/2 

i -c 
where 

Ô = 
y- i 
2V 

(87) 

(88) 

£ is the ratio of the pressures behind and in front of the wave and P and 

are the pressure and density in front of the wave. Since £ is less than unity, 

m must be negative. Then, equation (86) requires that the velocity in front of 

the right running disturbance be greater than V . This is not in agreement with 
s 

* ° r 

the physical situation where V decreases with increasing X. To avoid this 

difficulty, some attempt to consider miltidimensional effects is required. 
♦ 

2. THE METHOD OF MORETTI AND ABBETT 

A method that includes multidimensional effects in an approximate manner 

was suggested by Moretti and Abbett (Ref. 13). The governing equations in the 
r - 

shock fixed coordinate system shown in figure 3 are 

i£ +pix + V i£ = . 3£u 
3t 3x Sx By 

¿í + tfW I¿P 
3t 3x p 3x 

- u 
3V 
3y 

(89) 

(90) 

and S is presumed constant inside the shock. The right hand terms in equations 

(89) and (90) are considered to be constant 

^ . <*> 

B = N (92) 
<*y 

A = 

For a rectilinear shock, A and B would vanish. It is reasonable to expect constant 

values for A and B to adequately model the curved shock problem. Multiplying 

both sides df equation (89) by — * 

. 

» Wä #1 
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(93) 
*1£ + w±££ + 
p n p âx 

dV a 

and rearranging equation (90) 

iV + viV + â2 iP = ,B 
dt oX P jX 

where 

(94) 

21 
dX ( 

dP 

/ s dX 

2 SP 
î’P / „ Sx ~ 9x (95) 

for isentropic flow. Adding and subtracting equations (94) and (95) 

, „¡»if].. (t.i. 
The + notation should be used consistently through the remaining equations. 

Defining ^ 

ÏÏT * 17 + (v±a> 

"y V 0 

dt dt ' — ' £-X 

Equation (96) can be expressed as 

dV + a dP 
- [B t Af ] 

(97) 

(98) dt - P dt 

This indicates that the directional derivative defined by equation (97) is the 

significant operator. This operator corresponds to a derivative along the 

characteristic directions 

dx 
37 - V ± a 

ftotifig that 

dP = (1P. dP = _1_ dP 

dt “ ^dP^,, dt 2 dt 
S a 

for isentropic flow 

‘ dp « TdV ^ /tl »a.l 
dt " pa idt - 

(99) 

(100) 

(101) 

is obtained. Equation (101) represents the compatability relation associated 

with the characteristic directions specified by equation (99). The pressure 

predictions from the Rankine-Hugpnoit 'shock jump relations and from equation (101) 

can be used in an iterative scheme to obtain the conditions behind a normal shock. 

It is easily seen that a clear parallel exists between this approach and the 

method of Godunov, the difference being that multi-dimensional effects have been 

considered in an approximate manner. 
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3. APPLICATION ON THE SYMMETRY AXIS ^ 

When the method of reference 13 Is applied on the symmetry axis, equations 

¢91) and (92) must be modified. The unsteady shock problem in axisymmetric flow 

becomes a three-dimensional problem at this point. It is easily shown thaf if 

Spu + _9£W 
A = 

'J X oZ 

B = 0P + W^ 
oy oz 

(102) 

(103) 

where z is perpendicular to x and y and W is the velocity component along z, all 

equations developed above are valid at the symmetry axis. For axisymmetric flow, 
r 

the second term in equation (102) is equal to the first term and the second term 

in equation ^103) vanishes. Condequently, the only modification required is to 
V < 

multiply equation (91) by 2 when computations are performed on the symmetry axis. 

Ü 
6 

305 



REFERENCES 

1. Aungier, R. H., A Time-Dependent Numerical Method For Calculating The Flow 

About Blunt Bodies, AFWL-TR-68-52, AF Weapons Laboratory, Kirtland AFB, IM, 

August 1968. — 

2. Garabedian, P. R. and Lieberstein, H. M., "On The Numerical Calculation of 

Detached Bow Shock Waves In Hypersonic Flow," J. Aeronauticál Sel.. 25, 109- 

118 (1958). 

3. Inouye, M., Rakich, J. V., and Lomax, H., A Description of Numerical Methods 

and Computer Programs for Two-dimensional and Axisymnetric Supersonic Flow 

over Blunt-nosed and Flared Bodies, NASA TN D-2970 Moffett, Calif., August 

1965. 

4. Bexotserkovskii, 0. M., "The Calculation of Flows Past Axisymmetric Bodies 

with Detached Shock Waves," Vvchislitel'nyi Tsentr Akad, Nauk SSSR (1961). 

5. Von Neumann, J. and Richtmyer, R., "A Method for the Numerical Calculation 

of Hydrodynamic Shocks," J. Appl. Phys. 21, 232-237 (1950). 

6. Lax, P. D., "Weak Solutions of Nonlinear Hyperbolic Equations and Their 

Numerical Computation," Commun. Pure Appli. Math. l_y 159-193 (1954). 

7. Lax, P. D. and Wendroff, B., "Systems of Conservation Laws," Commun^ 

Appli. Math. 13, 217-237 (1960). 

' I ' ' - 

8. Lax, P. D. and Wendroff, B., "Differencing Schemes for Hyperbolic Equations 

with High Order of Accuracy." Commun. Pure Appli. Math. L7, 381-398 (1964). 

9. Godunov, S, K., Zabrodin, A. V., and Prokopov, G. P., "A Computational 

Scheme for Two-dimensional Nonstationary Problems of Gasdynamics and of the 

Flow from a Shock Wave Approaching a Stationary State," Zh. Vychlslltelnoi 

Mat, i. Mat. Fiziki 1020-1050 (1961). 

10. Burstein, S. Z., "Numerical Methods in Multidimensional Shocked Flow,' 

AlAA J. 2, 2111-2117 (1964). 

11. Bohachevsky, I. 0. and Rubin,' E. L., "A Direct Method for Computation of 

Nonequilibrium Flows with Detached Shock Waves," AIAA.J. 4, 600-607 (1966). 

306 



\ 

12. Bohachevsky, I. 0. and Mates, R. S., "A Direct Method for the Calculation of 

the Flow About an Axisymmotric Blunt Body at Angle of Attack," AIAA J. 4, 

776-,'*.2 (1966). 

» j I 

13. Moretti, G. and Abbiitt, M., "A Time-dependent Computational Method for Blunt 

Body Flows," AIAA J. 4; 2136-2141 (1966). 
^fr • 

Û 

14. Moretti, G. and Bleick, G., "Three Dimensional Flow Around Blunt Bodies," 

AIAA J. 5, 1557-1562 (1967). 

15. Abbett, M. J. and Fort, R., "Three-dimensional Inviscid Flow About Super¬ 

sonic Blunt Cones At Angle of Attack," SC-CR-3728, Vol. Ill, Sandia Labora¬ 

tories, Albuquerquef NM, 1968. 

16. Masson, B. S., Two-dimensional Flow Field Calculations by the Godunov Method. 

Aeronutronic Report No. Ü-4137 (1967). 
* ■> 

17. Hays, W. D. and Probstein, R. F., Hypersonic Flow Theory. Vol. I (Academic 

Press Inc., New York, 1966). 
• i 

-- ' . r \ . 

18. Courant, R.,. Friedricks, K. 0.* and Levy, H., "über die Partiellen Differen¬ 

zengleichungen der Mathematischen Physik," Math. Ann. 100. 32 (1928). 

19. Bushnell, D. M., Jones, R. A., and Hoffman, J. A., Heat Transfer and Pressure 

Distribution on Spherically Blunted 25° Half-angle Cone at Mach 8 and Angles 

of Attack Up to 90°, NASA TN D-4792 (1968). 

\ » , 1 C 

1 

^ I 

307 



I 

This page intentionally left blank. 

308 

I 

I 



Unclassified 

I DOCUMENT CONTROL DATA - R & D 
1 Sfrutitv dm* mi licution ol tille, body of abxrarr and indemne annoMfion mu*f be etHe-ed »hen the o verali report 1* r lasBitied) 9 

It cn iC«N a TtFiG AC Ti vi T V <Co#pr»rafe MMifhof) 

I Air Force Weapons Laboratory (WLEE) 
I Kirtland Air Force Base, New Mexico 87117 

ie. REPORT SECURITY CLASSIFICATION 1 

Unclassified | 

2b. GROUP 1 

IJ REPORT TITLE 

1 A COMPUTATIONAL METHOD FOR EXACT, DIRECT, AND UNIFIED SOLUTIONS 
I FLOW OVER BLUNT BODIES OF ARBITRARY SHAPE (PROGRAM BLUNT) 

S I 

FOR AXISYMMETRIC ! 

1 « DESCRIPTIVE notes (Type ol report and inc lu* ire date*) 

1 May 1969 to December 1969 I 
Ts »u TmopiSi fFint name, middle initial, laat narre) I 

I Ronald H. Aungier, Capt, USAF I 

16 REPORT DATE 

1 July 1970 

7a. TOTAL NO OP PAi,ES 

318 

7b. NO OP REFS I 

19 
Isa. C ON T R » C T on GRANT NO 

I b. PROJECT NO 5791 

I c. Task 27 ' 

1 d 

9a. ORIGINATOR'S REPORT NUMBERISI | 

AFWL-TR-70-16 

9b. Ol HER REPORT NOIS) (Any other number* that may be aaaieyied 
Oil* report) 

1 10 distribution statement This document is subj 

1 transmittal to foreign governments or fore 
I approval of AFWL (WLEE), Kirtland AFB, NM 
I of the technology discussed in the report. 

ect to special export controls and each 
ign nationals may be made only with prior 
87117. Distribution is limited because 

AFWL (WLEE) 
Kirtland AFB, NM 87117 

[13. ABSTRACT < \ 

(Distribution Limitation Statement No. 2) 

A time-dependent numerical method is presented that provides direct, exact, and 

unified solutions for axisymmetric flows about blunt nosed bodies of essentially 

arbitrary shape. The differencing scheme used ensures that the required stabilizing 

terms can be specified arbitrarily small and completely independent of the finite 

difference mesh sizes used. The method is shown to be more accurate than other 

reported time-dependent techniques. Computational procedures are introduced to 

enhance the computer efficiency obtainable with the time-dependent method. Extensive 

comparison with standard computational methods shows that the present method is 

comparable in both numerical accuracy and computer efficiency. A FORTRAN IV computer 

code and instructions for its use are provided. 

FORM 
i nov es 1473 Unclassified 

Securin' Classification 



A r S C--C „ 0*-* AN Ar*. N M £ ■ 
Unclassified 

Security Classification 


