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This report describes work performed by Software and
Engineering  Associates, Inc. (SEA) under NASA contract
NASE-24974 "A  Shock Wave Capability for the Improved
Two-Dimensional Kineties (TDK) Computer Prograrc". The TDK
computer program is a primary tool in applying the JANNAF liquid
rocket engine performance prediction procedures. The purpose of
this contract has beern to improve the TDK computer program so
that it can be applied to rocket engine designs of advanced
type. 1In particular, future orbit transfer vehicles (OTV) will
require rocket engines that operate at high expansion ratio,
i.e. 1in excess of 200:1l. Because only a limited length is
available in the space shuttle bay, it is possible that OTV
nozzles will be designed with both relatively short length and
high expansion ratio. 1In this case, a shock wave may be present
in the flow. An objective of the present study has been to
modify the TDK computer program to include the simulation of
shock waves in the supersonic nozzle flow field. The shocks
induced by the wall contour can produce strong perturbations of
the flow, affecting downstream conditions which need to be
considered for thrust chamber performance calculations. Project
manager for this project has been Mr. Gary R. Nickerson. Dr.
Lanh Dang has performed the computer programzing and has
provided engineering support. The project was very much aided
by the helpful support of the contract monitor, Mr. Klaus W.
Gross, and by Mr. A. Kresbach, o
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1. INTRODUCTION

The Two-bDimensional Kinetics (TDK)1 computer program is a
primary tool in applying the JANNAF 1iquid rocket thrust chamber
performanre prediction me'chodology.2 This computer program and
the per.  ~mance prediction methodology were originally developed
under the auspices of the Performance Standardization
Subcommittee (PSS) of the JANNAF. The goal of the PSS is the
development of a methodology that includes all aspects of rocket
engine performance from analytical calculation to test
measurements, that 1is physically accurate and consistent, and

that serves as an industry and government reference.

Recent interest in rocket engines that operate at high
expansion ratio, such as most OTV design, has required an
extersion of the analytical methods used by the TDK computer
program. The primary objective of the study reported here has
been to equip the TDK computer program with the ~capability of
simulating a shock wave induced by curvature of the‘nozzle wall
contour. This capability 1includes the effects of chemical
reaction kinetics. For example when Hydrogen and OXxygen are
used as prop«lants, the dissociation of water behind an oblique

shock front is simulated.

In order to accomodate variation in mixture ratic from
streamline to streamline within the flow, it has been necessary
to revise the transonic analysis method used by TDK. No attempt
has been made to treat mixture ratio variation along streamline,
i.e. mass addition or diffusion effects. NO attempt has Dbeen

FeF— 7. Nickerson, G. K., Cvats, D. E., and Bartz, J. L.
"The Two-Dimensional Kinetic (TDK) Reference Computer

Program," Engineering and Programming Manual, Ultra-
sytems, Inc., December 1973, prepared for Contract Nc.
NASG-12652, NASA JSC.

Ref. 2. "JANNAF Rocket Engine Performance Prediction and Calcu-
1ation Manual®, CPIA 246, April 1975,
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made to  treat the interacticn 0" shockw:ves with slip
disccocntinuities, Instead, the approach hag becn to allow a
continuous varjation in mixture ratio to be specified transverse
to the flow, and to trace by construection methods the ahock path
- and flow interaction,

The work carried out {n the study is summarized below:

a) In the TDK program, the existing <clip line
method has been converted to a streamline
method to avoid unrealisti~ shock interactinn
with the slip 1line. Each streamline 1is
assigned a specific mixture ratio. Completely
coupled two~-dimensionai flow with finite rate
chemical kinetics is computed.

b) The existing TDK transonic modef1) has been
modified to analyze flow with variable
mixture ratio.

ﬁé ¢) The method of characteristic (MOC) concept
- has been modified to utilize the varying

“% properties of the streamlines.

=ﬁ= d) Various techniques ftor constructing the
= supersonic flow field with the MOC concept
oy have been investigated, and several shock
=8 construction methods have been examined. The
=y most efficient ones were selected for

incorporation int: the TDK program.

e) A set of supersonic flow control subroutines
1 were written to construct the supersonic flow
% field with shock waves included.

. f) The TDK program with shocks was checked out
- for flows with gas properties along
o streamlines that are either:
1) constant,
2) chemically frozen (i.e. fixed com-
o position, but properties varying with
= temperature), or
' 3) governed by finite rate kinetics,

g) The TDK program, coupled with a boundary
layer module, was adjusted such that the
€“fect of a shock wave undergoing regular

. reflection at the nozzle wall was accounted
. for.

N h) T: aniques were introduced for reducing
— ] (. 'puter time,.
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2. METHOD OF APPROACH

The TDK computer program described {in Refcrence 1 i8 the
JANNAF approved computer program used for the purpose of
calculating two-dimensional rocket nozzle flows. The prcgram is
hirhly accurate and contains many useful features, However, no
provisions have been made for including the effects on nozzle
performance caused by the occurrance of strong shock waves.,
Previously, it had been assumed that a nozzle wall which {nduces
a strong shock in the flow should be considered a poor design
and, thus, not a design of interest. More recently, nozzles
containing shock waves have become important. There are several
reasons for this. The foremost reason is that the engines
required for Orbit Transfer Vehiecle (0TV) propulsion feature
unusually high expansion ratios (A/7£%>200)., In an effort to
shorten the length of these nozzles, designs are peing proposed
that induce shocks in the flow. If the shock strength is
everywhere small, then the flow streamlines remains isentropic
and the TDK program will accurately compute the no2zle
performance. The basic reason for this is that the shock
strength, B8, defined as:

B = (P, - P1)/P1

2

effects a change in entropy in accordance with the following

well-known expression:

AS/R = Y + 1 8% + higher order terms.
12 v*

Thus, weak shocks are essentially isentropic.

= According to Hoffman (Reference 3, Volume II, page 14¢Y, the:
method used by TDK will yield npeasonable" results even for
relatively strong shocks, i.e. shocks such that B8<4,

Ret .3 Zucrow, M.J., and Hoffman, J.D., Gas Dynamics, Volume 1
and II, John Wiley & Sons, Inc., New York, 1976.




Novertheless, since OTV Mission requirements arec highly
sernajtive to the engines delivered specific impulse, it is
crucial that TDK be able to accura:ely compute the effects of
shcck waves on performance. Nozzle shock waves are inherently
two-dimensional in their character; 8O that it is necessary that
a two-dimensional analysis Dbe used to compute the. effects.
cince TDK s the approved JANNAF program for calculating the
effects cof two-dimensional phenomenon on nozzle performance (see
Reference 4), it is appropriate that {t be extended to include
shock waves. The method of approach used for achieving this

oijective 18 presented below.

It is required that TDK be able to accurately assess the
effects on performance of shock wives that arée induced by &
nozzle wall. This accuracy requiscement was an over:riding
consideration when selecting the approach to be used. Thus, the
numerical solution selected is pased on the Methcd of
Characteristics (MOC), since it represents the rost accurate
method available. Shock tracing (as opposed to shock capturing)

was also selected for reasons of accuracy.

Although eaccurate, the MJC with shcek tracing is not
suitable for flows that feature many shocks, since the logic toO
treat the reflection, intersection, and coalescence of many
shocks is intractable. 1t was assumed, however, that only a few
strong shocks are present, and that these originate from the
wall. Multiple regular reflections from the flow axis and t he
nozzle wall (see Figure 1a) were treated. pach reflections from
the flow axis or the nozzle wall (see Figure ib) were not
treated. It was assumed that Mach shocks, which include a

Relf .0 WJANNAF" Rocket Engine Perform:u:.ce prediction and
Evaluation Manual," CFIA publicat:. = 2u6, April, 197
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region of subsonic flow, will not effect nozzle performance.
T:.at is, if a Mach shock occurs, it is assumed that its' domain

of dependance does not include the nozzle wall.,

In the present study, it is also assumed that a shock
originates by the coelescence of Right Running Characteristics
(RRCs) cue to flow angle gradient change, or turning, at the
nozzle wall. The case where the shock starts attached to the
wall, due to an abrupt discontinuity in wall slope, is not
treated at this time. Only the more difficult induced shoek

case is treated.

Since the shock wave is very thin, it is assumed that the
chemical composition across the shock will be frozen. On the
downstream side of the shock, the reacting fiow wWill relax
towards a new equilibrium state at increased pressure. 1f the
flow is near equilibrium, this process can occur extremely fast,
causing numerical ¢ifficulties th.t can be severe. This problem
has been solved by utilizing a fully implicit numerical
integraticn method.,
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The version c¢f TPK thot 18

desceribed

in FHKefercnce & was

.resont [rogram. All of the

5 have been 1ncluded in

Dang,

L.D., "Improved

Two-Dimensional Kinetics (TDK) Computer Program", SEA
NASB-35406, October 1983.

i taker. ar the starvine point for tne
i capabilities deseribed in Refcrence
} the newer program.
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= 3, TECHNICAL DISCUSSION

The technical effort {8 discusscd under the four tcplces

fiven below:

! Transonic Modecl with Mixture Ratio Variation,
'% Selections of Shock Metheds,

; Shock Construction Methods, and

Techniques for Reducing Computer Time

.
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3.1 ",y‘an;‘c‘nic Model wi_th Miztipo 1t e o

—— ——

The transonic model used Ly TLK is described in References 1
ani 6, It is & first-ordcr perturbation analysis that is
based on the method of Snuer7. Tue method divides the flow into
regions of constant mixture vratio that arc separated by
8liplines. Each re¢cilon contaln, a specified fraetisn of the
total mass flow, This method, which i{s called the striated flow
eption, has Dbeen moaified so that flow: with mixture ratio
varfaticn can be analyzed. This variable mixture ratio option

is described below.

When the variable mixtu e ratio option is used, there are no
sliplines in the flow. 1Instead, the flow mixture ratio Py Will
vary from the axis (¥=0) to the wall (y=1) as specifiea by an
i nput table of r versus ¥. The gtreamline function ,v,
represents the mass flcw between the streamline and the axis,
divided by the total nozzle mass fiow. An ODK calculation is
done for each entry in the above table. Value. along the
initial data line for the MOC are obtained by interpolation in
the ODK results sing pressure and r:zdial coordinate position
»Y, 2as independent variables. The transonic analysis is usec
to prcvide a table of ¥ versus Y. The method used is describea

below,

The ODK program constructs tabies of flow properties
(¢y V, T, and ¢ ) as a function of pressure. These tables 3pan
the nozzle throuat regicn. An average expansion coefficient is
computed using these tables as

-

Y = ¢n (PQ/P‘)/ln (pQ/oi)

Ref .6 Nickerson, G. R., "Striated Flow in ¢ Converging-
Diverging Nozzle", Dynamic Science Report CS~2/71-1,
prepared for NASA JSC, February 1971%.

Ref .7 Sauer, R. "General Charuacteristics ¢f the Flow Through
Nozzles at Near Critical Speeds", NACA Tech., Note No.
1147 (1947).,

'




where the subseripts 1 and & refer to tne first and last table
entries, respectively. Values of Y are found from Y and frem

input to the transonie analysis

Y, = (Y Y4072 now 1,2,000N
and also

p = (P_+ P y/2

°n °n Ch-1

&n ¥n~ Ypo

Using these values, the transonic analysis calculates

Y Ll 0. Y ’ Y 'y oooY s Y

° N 2 N wall®

Tne above Yn values represent the radial ocation at which the

input mixture ratios

r . r r .....l"
° 1. 2 N

are 1located. In this way the input table of r versus ¥ S

converted to a table of r versus Y.

Next, the transcnic analysis is used to compute the

coefficients (B0 R B1 , C1 s C2 Y These are used to compute
n n n n
P(X,Y) and & (X,Y) in the transonic region (see Reference 1,

pp.2-20) at points n=0,1...N. Using eac: of these N + 1 values
of P as an independent variable, the corresponding values for
p»V,T, and ci are obtained by linear interpolation from the

corresponding table that was computed by ODK. These tables are

-

- —



then used to linearly interpolate for P,p,V,2,T, and c1 at each
MOC initial line point using ¢ as the independent variable.

The program will not funrtion properly if the spacing in the
mixture ratio tabdle, L is too large. The required spacing
depends on the chemcial system. As a rule each entry must
differ no more than 4 or 5% from its adjacent values, depending
on the stoichiometry of the system.

The average engine mixture ratio, r .., 18 alsc calculated:
Yvall “wall
r -I(")a:ﬁx[(‘)mﬁ
ave r+1 r+1
] [

where

r is the mixture ratio at posi‘.on ¥, and

10
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3.2 Selection of Shock Methods

Several techniques were investigated for constructing the
supersonic flow field using the Method of Characteristics (MOC)
concept. The MOC construction methods considered were:

1) Combinations of RRC, LRC, and Streamline

tracing,

2) Streamline Normal method,

3) Hartree schemea.

It was determined that streamline tracing must be wused
because of the numerjically stiff behavior of the finite rate
chemistry. Streamiines must be traced and a fully-implicit
integration method must be used in order to accurately compute
the reacting flow chemistry while maintaining a reasonable
integration step size,.

Since the shock waves to be analyzed come from the nozzle
wall, it is necessary to trace Right Running Characteristics
(RRC's). A shock wave {8 inititiated when adjacent RRC's
cross-over. Since computing the effect of these shock waves on
nozzle performance is a primary objective of the study, a RRC
construction method was c¢onsidered to be necessary. Since the
Streamline Normal Method and the Hartree scheme use
interpolation formulas to locate characteristic 1lines, those

methods were considered to be less accurate than RRC tracing.

It was concluded that Method 1, (combinations of RRC, LRC,
and Streamline tracing), must te wused if the effect c¢f an
oblique shock on engine performance {8 to be accurately
estimated.

Two shock construction methods were investigated:

a) Shock capturing, and

b) Shock tracing.

It was concluded that Method a, above, must be used, again

for reasons of numerical accuracy.

Ref .8 Fox, L., Numerica! Solvtion of Crdinary and Pa:tial

Differential Equztions, Pergamon Press, 1962.
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3.3 Shock Construction Methods

In order to construct supersonic nozzle flow fields
containing shock waves, a set of logic contrcl subroutines and &
set of point calculation procedure subroutines were developed.
The flow field point calculation subroutines are:

SHOBCK Basic running interior point
INPTR Right running intericr point
SHCKR Right running shoc¢ck point

SHCKA Axis shock reflection point
SHCKA1 Off-axis shock reflection point
SHCKL Left running Lhock point

SHCKW Wall shock reflec.ion point
SHCKW1 Off-wall shock reflection point

The flow field construction procedure is outlined below.

The mesh construction begins at the intersection of the
initial data line and the nozzle wall and ~RC's are constructed.
After the nozzle wall is reached, succesivz RRC's may cross. If
so, a shock is inserted into the flow field at the cross-over
point. Next, LRC's are constructed starting at the wall, and
tne region up to the cross-over point is filled in. The LRC
construction then continues with the first point on each LRC
being a right running shock point. When the axis is reached,
the shock 1is reflected as a left running shock. The program
then reverts *o a HRRC construction scheme and the shock is
traced until i+ reaches the wall. It is then reflected from the
wall, and is calculated as a right running shock propagating
towards the flow axis. Only one shock will be traced, but
multiple reflections are allowed.

&
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An example calculation is shown in Figure 2, which presents
the mesh construction for a source flow with 1 1/4 degree cone
half angle that enters a right regu.iar cylinder, A Right
Running Shock (RRS) wave occurs at the intersection .f the cone
and cylinder, 1In Figure 2 the shock s attached to the wall.
If the induced shock opt is wused (rather thar the attached
shock option) a shock w..s. be detected when the first RRC from
the cylinder crosses the RRC that {s immediately upstream. The
contrecl subroutine detects this crossing and inserts a RRS
point. The RRS is traced to the axis, reflected, and then
traced as a Left Running Shock (LRS) to tre wall, reflected,
etec. Four axis reflections and three wall reflections are shown
in Figure 2.

Strictly speaking, regular reflection from the axis
cannot occur in axisymmetric flow. This is because the term
(sin @)/r in the MOC relations becomes infinite behind the first
shock front; {i.e., r is zero, but © i8 not zero. Thus a Mach
shock will occur, However, as a practical matter, unless the
shock is strong, the Mach disk is very small and can be ignored.
In the computer program the Mach disk is ignored by reflecting
the shock based on assuming that the incident shock angle at the
axis is the same as at the previously calculated off axis shock
point.

The flow axis can be thought of as being a right cylinder
with zero radius. If the radius of this cylinder were non-zero,

regular reflection would be possible only if the radius exceeded

sorme minimum value. At each RRS point this condition |{is
checked, {.e. the Mach number is calculated behind a reflected
shock resulting in zero flow angle. The value must be greater
than one for the calculations to continue.
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Figure 3 shows Mach number vs distance fee th ee
Streamlines: the wall streamline, the median streamline, and the
axis. It can be seen that the shock is much stronger at axis
than at the wall., The strongest shock occurs at the first axis
reflection,. The Mach number behind the reflection is 1.58. A
very rapid steepening of the shock occurs near the axis, such
that in actuality, there 4{s a Mach disk at the axis with
subsonic flow downstream. This small region is ignored by the
computer program.

Figure 4 shows pressure versus distance for the same
streamlines as shown in Figure 3. It can be seen from these two
figures that there is a weakening of the shock front as the flow
progresses down the cylinder. Eventually, the flow in the duct
will be at constant pressure,

The shock wave is constructed using the point calculations
listed at the beginning of this section. Details of two of the
subroutires are presented below. The basie¢ shock wave
calculation, subroutine SHOCK, is wused to compute properties
across an oblique shock front that s inclined at an angle,B8,
with respect to the approach streamline. Subroutine SH@PCK 1is
descrived in Section 3.3.1. The Right Running shock point
calculation, subroutine SHCKR, is described Section 3.3.2. It
is used for shock initiation, as well as for RRS point
calculation.
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2.3.1 Subroutine SHOCK

Given the shock angle, £, and the properties zt point
? behiind the

l, this subroutine finds all valucs at point

oblique shock front, see¢ figures 5a and 5b, below.

(Step 1)

The quantities 4, 3, and M, are calculated as

u1 v1 sin R

v1 VvV, cos R

1

= 1/2
Ml = "’1 / (YlR'I‘l) .

The Mach nurber, Ml'

p(;) es follows (equation 128 of NACA 1135):

- (Y1 - 1) }/ (Yl +1).

(1)_ 2 . .2
P 2 Pl{ 2Y1Ml sin®g
(Step 2)
Using the relations,
&uy = o0,u,
~2 ~2
F +..lu1 P2+ ozu?
"131"1 = 0.323',,
3 U+n, = 2 T 4n,
P/p = RT , R =0L/M,
and
h = h(T)
18

Mass Conservetion

Normal Momentun

Tangential Momentum

Energy Conservetion

Gas Properties

is used to obtain a first estimate for

(3)

(4)

(5)
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Shockwave

FIGURE 53 Notation for Oblique Shock Wave, Left Running,

RRS
£ <0

FiGURE g

Notation for Obligue Shcck Wave, Rig

ht kunning.
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The following are calculated:
from (') and (2)

~ , ~d ~
u, = (Py=P, ¢+ Clul)/olu1
ftom '3)

h + h, -

= 1 1 w2
2 T3 173 Y

from () using subroutine TCALC

Tz = T2 (hz)
from (1)
y = P Yy u,
from (4)
(i+1) _
F2 02 R T2

Iterate on P2 until

p(i+1) _ ()|, péi) < €.

(Step 3)
Values at point 2 are calculated as follows:

o
"

arc tan (v2/u2) - arc tan (vl/ul)

8, = 8, +§

1

2

~ ~2,. 1/2
2 (u2 + \2)

<
L]

All other properties are obtained from Subroutine GPF.
If M, is returned from GP® such that

M2 <1 + em ’ nominally €, = 2,

an error meesage is printed and the run terminated,

B
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This subroutine calculates a pair of right-running
shock points, 3» and 3b, using the known points la, 1b, 4,
5, 6, and 7 shown in thc figure below.

; 3.3.2 Subroutine SHCKR
i
!

Y -

R
g e =t
) ! 3n,38
u“; ‘
4 ¥ 4
, The procedure used consists of 8 steps, &s follows: !
j 1) use point 5 if available, othervise 3
2| calculate from la and 4, using INPTRS, ; |
. .":t ) .
oy 2) using 4 and la, including B,, locate point 3 ‘

*
on line 4-5 .

2) Interpolate along 4-5 for all properties at |
3a.

4) Use shock subroutine to calculate properties
L at 3b from 3a.

- v Fcr the first shock point that is computed, Set g= -0
L where u= arc sin 1/M evaluated at the average of the folded
back point and point la.
21
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5) Interpolete for po.nt 2 between points 6 and
7. Set poin. 6 as lb for flrst estinate,

f) Relocate point 3 by intersection of RRC linc
2-3b and streamline 4-3a.

7) Calculete g from slop- of line 1-3,

€) Return to step 2 and iterate until
convergence.,

Details of this procedure are given below.

ftep 1)

Point 5 is celculated (unless available) from points la end
4 wusing subroutine INPTR just kbefore entering this
subroutine.

Points 1la, 1b, 4, 5, 6 and 7 are known points and
points 3a and 3b are the unknown points to be computed.
Initial wvalues (i=0) at point 3a for A, B, % ,Y , and € are
taken as the values at point &,

Double subscripts imply averaged values, €.1.

A 1 ("4 Ayg )
: hrnd + S ——————n ' etc.
C0S ¢ 43a 2 \ cos 94 cos 93a

Step 2)
Using points 4 and la, point 3 is located on the line 4-5,

=~
rJ




A -

- x,tan (E\+8,) - 1y * x,tan 6,c

(1) I 1
X3 " Tan 845 - tan (81+61a)

(1) _
. + (x3 x4) tan 645

Step 3)
Properties
integration along the line 4-5, as follows:

cC = (XB'X4) / (xs-XA)

at point 3a are determined by interpolatior and

(i+1)
63a = 64 + C (65-64)
(i+1) _ -
Py, = Pyt C (PgPy)
1V
(i+1) [y
iy o | F2a 2 ! - [ (e
3a 4 P4 COS 6 [43, 3a 4
[Y-l(i)
(i+1)l Y
. P 43a (1)
(i+1) 3a B (i+l)
T = 7 —_— exp - X -
2a 4 P, (cos 6)43a( 3a J
Next the gas velocity is calculated éas
(i+1)
ey I (Paa /Py ]
(1+1) \
In [Py "'/ Py
D,
) N(i+1)
2N(i+l) p p(?+l)
vt 2y MU T I
3a 4 N(i+1)_ 1 P P,
23
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r£i+l)

o (1+1)

The species concentrations at point 3a, i , are

calculated using the Species Ihtegration Subrout;ne, SINT,

(1+1) (i+1) (i+1)

and the gas properties at point 3a, A, ' B%a ' F3a '

+ + + + .
g; 1), Héi 1), ;; l), Yg; n , ere culculated using the
GPF subroutine.

step 4)
Calculate all properties al noint 3b from 3a using the

shock wave subroutine, SHOCK.

Step 5)
values at point 2 are determined by interpolation

between points é &and 7. Points 6 is initially assumed to be
point 1b and point 7 is the next pcint on the back LRC data

line.

The radial location of point 2 is calculated from

1]

-
eSO 4 (i+1) _ (1) (1) (1) _ (1)
r, [ = T, + Xq xc] tanﬁ[e + By - % %3p]
X=X : .
-1 5 1) (1) _ otV _ (1)
S e [o7" + &0 = % ]
1f r;i) > e point 7 becomes point 6 and t.e next point on

the back data 1line 1is point 7. The above calculation is

reperted until Te < r§i+l)< r,

The axial 1location, flow angles, and Mach angle of

point 2 are calculated from

(i+1)

r -r
C2 = r2 - T s
7 6
(i+l) _ _
x2 = ¥, ¢ C2 (x7 x6)
24
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(i+1)
©,

(i+1) - -
02 ae + c? (u7 aﬁ) )

Step 6) |
Relocate point 3 by the intersection of RRC line 2-3b and
streamline 4-5

1
LL1¥1) | =1, + x5 tan 5 (8,- a,+ By - 0q)) + 1, - X, tang g

- maafle

3 3
tan 5 (65- ay + 64y, = 03)) - tan 9,
,
(i+1) _ (i+1) _ .
r3 = r4 + (x3 x4) tan 645 ?
i
Step 7)

The revised shock angle is calculated from

- -~ = -el3a + arc tan (r1 - rgi“))/(x1 - x§1+1))

fy = 283 - 8 P
where |B3| > )
Step 8)
Return to Step 3.
The above integration equations are iterated (i=1,...)

——

- ——

until T3 + X3 0 83 ¢ P3 v Py T3, and V, converge to the

required accuracy.
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Teehrniques for Reducing Computer Time

Work was carried out on the
Purpose of reducing computer run time. Three
were carrird out 1) single
preci lon, 2) modification o/
3) modifications to the chemical

ST@ICC. Each task {s discussed below,

3.4, ODK Precision

It was found that double precis
linear equation solver, LESK, when
computers. The program was

ion i{s not needed in t:e
using PDEC 32 bit word

run with and without double precision
for a test case with high expansion

ratio. The results showed
nNo appreciable differences.

The change from double precision

to
Single precision in ODK saved about 30% of execution time,

3.4.2 IDK Matrix Inversion Procedure

The 1linear equation sojver used by TDK is

NESK. It is used to solve the linear equation ZX=b where the

vector, i. is the chemieal Species mass fractions. In an

attempt to reduce computer time the
that 3-1 was found and saved

Two methods were investigated.

subroutine

pProcedure was ¢changed so
for use on sucess!ve iterations.

In the first method 5-1 is computed by Gaussian

elimination and saved for successive iteration, This method has

26
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the advantage of being conceptually clear. However, {t pays o:f
only if there are at least some minimum number of iterations,
depending on the size of tne linear system. The approximate

numter of operations for the AX+b method and for the K~1 method
3 ] 2

are, respectively, gn and %n + (k-%)n » Where n is the size

linear system (i.e., the number of species) and k is the number
of iterations. Thus, for a system of 10 species, at least 4
iterations must be made before execution time is reduced.

A second method was investigated in which the sequence of
row exchanges and row operations in the Gaussian eliminations
were saved the first time, and the same sequence of operation
were applied to b on successive iterations., This method is
slightly more complex than the previous one, but has the
advantage that execution time is alwayvs equal to or less than
that of the straight Gaussian elimination at ‘every iteration.
Morever, additional savings in execution time can be achieved by
using scaled Gaussian elimination instead of unscaled Gaussian
elimination.

The following table shows the timing of the different
metnods for our test case.

—

METHOD TIMING (csec.) % SAVING
Present Method 164
Method 1 162 1.2%
Method 2 158 3.7%
(unscaled Gaussian)
Method 2 152 7.3%

(scaled Gaussian)
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The drawback of the new methods 1{s that they have not yet
taken into account the slight dependence [ A on the step s{ze,
which {s variable, Although this adjus:tment caa be done, the
added complexity and risk involved outweighs the small saving in
execution time. Thus, 1t was decided to leave the linear
eécuation solver in TDK the way it is.

3.4,3 Modifications to Subroutine S8ST@¢ICC

In order to reduce the number of calls to subroutine
STOICC, the stoichiometric coefficients are obtained at the

beginning of the run and then stored in various arrays. With
this change, the sutroutines DERIV, SDERIV, EF and EF2D do not
need to call STQICC repeatedly and, therefore, the execution
time is reduced. 1In our test casec the 8aving was about 5¢%.

28
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4. Coneclusions
The TDK computer program that s describec in Reference 5
.f| has becn modified to incorporate the work items a) through h)
B listed in Section 1. All of the capabilities described ir
Reference 5 have been retained.
i The TDK program has been given the cupability to detect an
o oblique shock wave induced by curvature of the nozzle wall, The
. shock is detected by a crossing of right runhing chracteristics.
'; The shock is traced through the flow field, including multiple
fﬁ regular reflections from the nozzle axis and wall. Only one
;s' such shock wave is allowed. Mach shocks are not allowed.
k
4 The chemistry of the flow with a shock can be either a)

constant properties, or b) frozen chemical composition or o)
finite rate kinetics. Equilibrium chemistry with a shock wave
is not aliowed. TDK has not been provided with a exit plane
option for flows with shock waves,

Strajited flow (i.e. dividirg the flow into regions of
constant mixture ratio separated by sliplines) is not allowed
-1th a shock wave. This is because shock-slipline interact:sn is

not provided in the progranm. The prograr can, however, be run
with a continuous variation in mixture ratio from streamline to
Streamline. The transonic analysis has been modified to provide
this capability,

{ S I L

L Modifications were made to the computer program to reduce
K computer run time and also to improve accuracy. Only a mcdest
(on the order of 5%) improvement in run time was achieved.
Progranm accuracy was 1increased by several means. Cermplete
energy conservation was achieved along streamlines in the MOC
module by computing the gas velocity directly from the energy
equation. The Bernoulli equation was used for a first estimate.
Conservation of mass flow was forced by adjusting the filow
pressure across each complete cuaracteristic surfece, The gas

density wies then adjusted wusing the gas law. These measures

29
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served Lo coonserve energy flux and momentum flux across the

flow. Accuracy was also improved by distributing points along
the MOC initial data 1line using a s8sinusoidal distribution
funeticon., This metho: provided an improved MOC grid spacing.

A revised User's “anual for TDK (i.e. Section 6 of Reference
1) has been prepared. This document has been attached as
Appendix A. The revised computer program and manual render
oiLsolete the earlier versions..presented in Reference 5.

30
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5)

6)

7)
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6.0 PROCRAM USER'S MANUAL..

sescription of the Computer Program Input.

Te TDK computer program consists of five modules, ODE, ODK, TRANS, MOC, and
‘M. All of these modules are required to perform a complete two dimensional
ron-equilibrium nozzle performance calculation with a boundary layer. Various
nptions exist in the program, however, which exercise the above modules alone, in
nart, or in combination.

Data is read by the program sequentially in the order required for the execu-
+ion of the modules. This order is as follows:

Tnesmodynamic data,

Data common to the modules,
ODE module inputs,

ODX module inputs,

TRANS module inputs,

MOC module inputs, and

BLM module inputs.

A more detailed description of these input data sets is presented in Table &-1.
e documentation in which each of the data sets is completely described is also

ndicated in Table 6-1.

Of the data sets listed in Teble 6-1, only the $DATA data set is required for
: very computer run. Input of the other data sets is required only if the options
-ney contain are to be used., For example, input of the thermodynamic data is not
~equired if an existing thermodynamic data file is to be used.




Table 6-1.

Input Data Set Description

sard Input Section No., Description
THERMO 6.1, thermodynamic¢ data cards, see Tables 6+ and 6-3
END
OW T CPHS 6.1.1, extension of thermodynamic data to temperatures
. below 300°K, see Table 6-5
™D LOW.T CPHS
Y 6.2, one or more title cards
CATA 6.3, .. data directive card
3DATA 6.3, data namelist for module selection, and gzometry
$END
REACTANTS 6.4, reactants directive card
. 6.4.1, reactants cards, see Tables 2-6 and 2-7
. 6.4.1, blank card required to end reactants cards
QMIT 6.4.2, cards to omit species
INSERT 6.4.2, cards to insert species
NAMELISTS 6.4.3, @DE directive card
30DE 6.4.3, fDE namelist
IPECIES 6.5.1, species cards for @DK
T_ACTIONS 6.5.2, reaction caris for @DK
L/ST REAX
1ERTS 6.5.2.6, 1inerts cards for @DK. (to inert those species that
. are not named in reactions)
6-2
R
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Card Irput Section No., Description
THIRD BODY 6.5.2.7, reaction rate ratios for third bodies
LAST CARD !
$ODK 6.5.3 @OK module namelist .
$END !
$TRANS 6.6 TRANS module namelist _
$END ;;
$MOC 6.7 MIC module namelist ¢1
. !1
$END |
$BLM 6.8 BELM module namelist ¥
$END -

lists the data sets in the order in which they must appear in the data deck, and
also shows the special cards which must appear in each set (first card, last card,
atc.) if the program is to function properly. The table is basically self-explana- 1
tory when used together with the detailed input descriptions which follow.

Table 6-1 can be used as a guide when preparing input for given problém. It -‘r‘
|
|
4‘

Certain special options to the 6ompu'ber program are described separavely in
Section 6.9. , .i

An input data card l.sting for a sample case is presented in Section 7, follo-
wed by the corresponding computer output. In prepatring input to the computer prog-
ram it is useful to review this input card listing.

. —

Successive cases can be run using the computer program but complete data should
be input for each case.

)
{
{
T
|
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5.1 Thermodynamic Data.

Ordinarily, a thermodynamic dat: file is available for use with the program,
and is assigned to logicial unit 25. The input described here can be used to gene-
rate a thermodynamic data file if one is not available.

This data set is identical to the THERMO DATA described in Appendix D of NASA
*D‘m (ioec Refet'ence 9)0

Using this data set, thermodynamic data curve fit coefficients may be read from
:ards.  The curve fit coefficients are generated by the PAC compyter program desc-
ribed in NASA TN D-4097 (i.e. Reference 22).

The thermodynamic data (i.e. C;T, etc.) are expressed as functions of tempera-

ture using 5 least squares curve fit coefficient (a1_5) and two integration
constants (ag_-) as £:1lows:

%
_Fi'?' = a1+a2T+a3T2¢a4T3+asT4

H°. azT a3T2 a 4'1‘3 1'1‘4

R IR R S Ay wa e S

S T2 a 4T3

Q
T e ull
R=a11nT+a2T+ 5+ 3 +

ty

For each species, two sets of coefficients (31_7 and a.;_.?) are specified for
“wo adjacent temperature intervals, lower and upper respectively. For the data
available in Reference 9 the lower température interve: is 300° to 1000°K and the
upper temperature in“erval is 1000%K to 5000°K.

Ref. 22, McBride, B.J.; and Gordon, S.; "Fortran IV Program for Calculation of
Thermodynamic Data", NASi TN-D-4097, Aug. 1967.
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The input format required for this thermodynamic data is defined in Table 6-2.
2ata cards for the 8pecies AR, H, Hz, Hzo. Na. O, OH, and O2 are listed in Table
=3 as examples, Thertiodynamic daza coefficients for many chemical species are

supplied with the computer program. A list of these species is presented in Table
6‘40

Data Tape Generation and Usage:

A computer run using thermodynamic data card input will generate a data tape on
-ogical wnit JANAF. This tape diay then be saved and

omitted......cm con e oooe e

If thermodynamic data cards ape not input,

dynamic data is on logical unit JANAF, Logical uni
value of 25.

the program assumes the thermo-
t JANAF is currently assigned &

o
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TABLE 6-2

FORMAT FOR THERMODYNAMIC DATA CARDS

Card Contents Format Card
order column
1 THERMO ' 3A4 1to 6
2 Temperature ranges for 2 sets of co-. . 3F10.3 1to 30
efficients: lowest T, common T, and .
highest T
3 Species narmie 3A4 1to 12
Date 2A3 19 to 24
Atomic symbols and formula 4(AZ2,F3.0) 25 to 44
Phase of species (S,L, or G for solid, | Al | 45
liquid, ot gas, respectively
Temperature range 2F10.3 46 to 65
Integer 1 .. 11§ 80
4 Coefficients a (t = 1 to 5) in equations 5(E15.8) 1to 75
(6-1) to (6-3) .
(for upper temperature interval)
Integer 2 15 80
5 Coeffic!ents in equations (6-1) to 6-3) 5{C15.8) iiv7s
. a for upper temperature intetrval .
% a,, a,, and a, for lowet)
1 2 3
Integer 3 15 80
6 Coefficlents in equations (6-1) to (¢-3) 4(E15,8) 1 to 60
68 for lower temperature in-
*eﬁ'ar’)
Integer 4 120 80
(a) f.epeat cards humbered 1 to 4 ln cc 80
for éach species
(Final | END (Indicates end of thermodynamic 3Aq 1to 3
card)| data)

aGase:ms species and condensed species with only one condensed phase can be
in any otrder. However, the sets for two ot more condensed phases of the same
specie: must be adjacent, U there are more than two condensed phases of a
species their sets must be either in increasing or decreasing order according

to their temperatute intervals.
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TABLE 6-3. THERMO DATA CARDS FOR-AN O,/H, PROPELLANT
" (Species AR, H, H,, 1,0, ﬁz.’o, OH, and 0,)

.

THERMO |
300,000 1000,000 85000,000
A L S/66AR 100 000 000 0G 300,000 S000.,000
0,25000000E 01 0, Oe 0. 0,
«0,74537502E 03 0,43660006€ 01 0,25000000¢ 01 O, 0,
. 0, “0,T4837498E 03 0,43660006E 03 .
" | J 9/65H 100 000 000 06 300,000 50004000 1
¢.2§000000€ 01 0. o. 0. 0... ¢
0,25471627E 05~0,46011763E 00 #,25000000¢ 01 O, 0. ‘
0, 0. 0:25471827€ 05<0,460131762E 00
N2 J3/6IH 20 00 00 0G 300,000 50004000

0431001901E 01 0,5S1119464E=03 0,52644210E=07«0,34909973E=10 0,36545348E=14

«0,BTI73B042E 03=0419629421E 0} 0,30576451€ 01 0,28765200E602-0,56099162E«¢5
o.552103915-08-Oo181327395-11-5.:3390&742 ga-o.zz:ovossesolo

H20 37614 20 100 006 06 00,000 5000,000
0,27167633¢ 01 0.39‘5137oe-ozsa,9022433‘5-09 a.fozégeaz:-oo.o.4ea121§se-1b A
0,2990SA26E 05 0,66305671€ 01 A,40701276¢ 01<0,11084499Ee02 0,41521180E«0S A
3,29€374 04008 0,80702103E-1244,30279722¢ 0540,22270044€ 82

N2 JOI/BSEN 20 00 00 O0G 300,000 5000,000
0,28963194E 01 0,15154866E=02=0,57235277E«08 0,99807393C610=0,45223555E«14

*0,90586184E 023 0.616158146E 0) 0636748261E 01°0012081500E%02 0+23240102E~05

©0.63217559E=09=0,22577263E=12=0,106115S88E 04 0,23580624E 0}

(] J 67620 100 000 OGO OG 3004000 50004000
0,25420596E 0190,27550619E=04=0,31028033E=08 0,45510676E«]11=0,43680515E15
0:,29230803€ 05 04492030B0E 01 4e29464287€ 01=0¢18381665E=02 0+26210316E=05 '

©*0416028432E=08 0¢38906964E=12 0629147844E 05 0429639949€ 0f

oM J 37660 IH _ {oo 000 06 300,000 S0004000
0,29106427€ 01 0,55031650¢=034,19441702E-06 0,13756646E-10 3.1«224562:-15
0,39353815€ 04 0,54423445E 01 0,38375943F 01.0,10778658E02 0,96830378E=06
0,168713972E«09=0,2257109¢E«12 ¢,36412623E 04 0,49370009€ 00

02 J 97680 20 00 00 O0G 3004000 $000¢000
0,3621953SE 01 0,73618264E-03=§41965222RE=06 0,36201558E=10-0,28945627€«14

«0,12019825E 04 0,36150960€ 01 ,36255085€ 0le0,18782184E«02 0,70554544F=05

«0,67635137€-08 0,21555993¢a11u0,10475226¢ 04 0,43052778¢ 01

END ) :
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AL(S)
AL&)
AL+
ALBO2
ALCL
ALCL+
ALCLF
ALCLF2
ALCL2
ALCL2+
ALCL2-
ALCL2F
ALCL3(S)
ALCL3(L)
ALCL3

ALF+
ALF2
ALF2+
ALF2-
ALF3(S)
ALF3(S)
ALF3

ALN(S)
ALN

ALO
ALO+
ALOCL
ALOF
ALOH
ALOE+
ALO}Li-
ALO2
ALO2-
ALO2H
AL2CL6
AL2F6
AL20
AL20+
AL202
AL202+
AL203(S)
ALZO3(L)
AR

AR+
B(S)
B(L)

B+

Table 6-4 .

BCL
BCL+
BCLP
BCL2
BCL2+
BCL2-
BCL3
BF
BF2
BF2+
*BF2-
BF3
BH
BHF2
BH2
B8H3
BN(S)
BN

BO
BOCL
BOF
BOF2
BO2
BO2-
BS

B2

B20
B202
B203(L)
B204
B303CL3
B3O3r3
BE(S)
BE(L)
BE

BE+
BEBO2
BECL
BECL+
BECLF
BECL2(S)
BECL2(L)
BECL2
BEF
BEF2(S)
BEF2(S)
BEF2(L)
BEF2
BEH
BEH+
BEN

SPECIES WITH THERMODYNAMIC DATA PROVIDED

BEO(S)
BEO(L)
BEO
BEOH
BEOH+
BEO2H2
BE20
BE20OF2
BE202
BE303
BRE404
BR
BR2(1.)
BR2
C(s)

C

C+

C-
CCL
CCL2
CCL3
CCL4
CF
Cr2
CF3
Cr4
CH
CH2
CH20
CH3
CH4
CN
CN+
CN-
CN2
CO
CCCL
CCCL2
CCF
COF2
Cos
COo2
CO2-
CcPp

Cs
Cs2:
C2
C2-
C2CL2
C2F2
C2F4

C2H
CZH?
C2H2
C2H4
C2N
C2N2
C20
C3
C302
C4

CSs

CL
CL+
CL-
CLCN
CLF
CLF3
CLO
CLO2
CL2
CL20
CSs(S)
cs(L)
CS

CS+
CSCT(8)
CSCL(5)
CSCL(L)
CsSCL
CSF(S)
CSF(L)
CSF
CSO
CSs2
CS2CL2
CS2F2
Csa2C

E

F

F-
FCN
FO

FECL2(S) XOH
FECL2(L) .KOH(S)
FECL2 KOH(L)
FECL3(S) k3
FECL3()  K20(s)
FECL3 LI(S;
FEO(S) LI(L)
FEO(QL) A
FEO LI+
FEO2H2(S) trcy ()
FEO2H2 LICL(L)
FEO3H3(S) 1icL
FE203(S) 11f (S)
FE3O4(S) 117 )
H K13
g* LIF2-
- LIFO
HALO LIH(S)
HBO LIE (L)
HBO+ LIH
HBO?2 LIN
HCL 110
HCN LIO-
HCO L10H(S)
HCO+ LIOH(L)
HCP LI0H
HF LION
HNO 112
HO2 Lt2cL2
H2 LI2F2
H20(S) LI20(S)
H20(L) LI20(L)
H20 LIZO
gggZ L1202

. 202H
H3B306 ,‘;‘,38,33 2
HE LI3F3
HE+ MG(S)
Kg) MG(L)
K(L) MG
K MG+
K+ MGCL
KCL(S) MGCL+
KCL (L) MGCLF
KCL MGCL2(S)
KF(S) MGCL2(L)
KF(L) MGCL2
KF MGF
KF2- MGF2(S)
K2F2 MGF2(L)
KO MGF2

Py

- L et e
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Table 6-4. (cont'd)

MGH

MGN
MGO(s)
MGO(L)
MGO
MGOH
MGOH+
MGO2H2

N

NP

NF2
NF3

NH
NH2
NH3
ND
NO+
NOCL
NOF
NOF3
NO2
NO2-
NO2CL
NO2F
N2

N2C
N2H4
N20
N204
NA(S)
NAQ)
NA

NA+
NACL(S)
NACL(L)
NACL
NAF(S)
NAF(L)
NAF
NAF2-
NAH
NAO
NAO-
NAOH(S)
NAOH(L)
NAOH
NA2
NA2CL2
NA2F2
NE

NE+

o

O+
O-
OH
OH+
OH-
02
02-
P

P(S)
P+
PCL3
PF3
PFS
PH
PH3
PN
PO
PS
P2
P4
S(S)
S(L)
s’

S+
SPF4
SF6
SH
SN
o)
SOF2
S02
SO2F2
SO3
82
si(s)
stiL)
St

St+
sic
SIC2
SiCL
SiCL2
SICL3
SICL4
SiF
SIF2
SIF3
SIF4
S1H
SIH4

SIN

S10
S102(S)
S102(S)
S102(S)
Sto2 (L)
S102
sts
St2
sf12C
St2N
S13

P LW -



6.1.1

Ordinarily this data set is not required. However,

lations it m:y be necessary to extend the curve
file (see Section 6.1).

supplied with the program 1s 300°K.

Thermodynamic Data below the temperature,

~28scribed below.
card 1 LW T CPHS
sard 2 ® ¢ ¢ 0o 0606 N
o 0 o 0
<ard T.K 1
3 K Co Hy Sy

card n«+2

(£inal
card)

THERMODYNAMIC CATA BELOW 300°K.

The lower temperature limit,

Tgx cFT n; s.‘; nth (14<ng3)

for low temperature calcu-
fit data in the Thermodynamic Data
'1‘2, in the Thermodynamic Data

Tys may be imput by data cards as

Directive for start ¢ low temperature
CPHS tables (col 1 through 10).

12 character species name, left justi-
fied, followed by the irteger, n,
punched in column 21. The itegrer n
must be such that 1<n<3 and represent
the number of Thermodyanmic Data
points to be input for this Species.

First Thermodynamic Data point for the
above species, input 4F 10.0, I5.

nth Thermodynamic Data point for the
above species, input 4M0.0, 1I5.

Repeat cards through n+2 above for each species to be input.

Temperature must be T<T<T<T .
172 3 ¢

END L#W T CPHS

end directive (col 1 through 14)




An example of this input is given in Table 6-5 which shows a card listing extending
Data in Tabie 6~5 is

the Mermodynanic Data for an O,/H, propellant to 100°K.

taken directly from the JANAF tables (Reference 23), except for Argon which is

taken from NASA SP-3001.

Tre quantity P@ i3 defined as

H,°r . (H°-Hgga)+ Ax-lgzge , cal/mole

and
‘%r , cal/mole - deg K

Sg y cal/mole - deg K

REf. 230 smll. D.RQ. Pl‘ophet, Ho’ et alo'

Bureau of Standards, June 1971.

[T T I

h=11

JANAF Thermochemical Tables, Second
Edition, NSRDS-NBS 37, National Standard Reference Data Series, National

v
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TABLE 6-5. LOW TEMPERATURE C°

LOv T CpHS
AR

100,0
200,0
N
100,0
200,0
I
100,0
200,0
"20
100,0
200,0
N2
100,0
200,0
6
100,0
200,°

OH
100,0
200,0
02
10000
20040

64,9681
84,9681

4,948
4,968

S$.393
6.518

7:961
7,969

T¢074
6,989

0666
834

T.567
7,309

6+958
6¢96])

END LOW T cPNS

T

, ”’°r' s‘;. DATA FOR AN oz/u2 PROPELLANT

2
=584,5 310556
z-‘5707 34,999
s1116, 514965
2 Sisle, S.408
«1265 244387
.5937&.9 364396
«58581,9 41,916
e
<1387,0 384113
2'&8‘0- 42,986
364790 32,466
9036, 36,340
2
1879, $50852'
8623, sl.021
e
=1381, 414395
=685, 46+218
6=12
A 2 ?,;'- o -

Nst ) e N Yo N o
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0.2 Title Cards

This input permits labeling of runs with elphanumeric information.
title cards as desired may be input in sequence. Card format is as follows:

col 1-5 col 677
TITLE any alphanumeric information

It is not necessary to input title cards.

6-13
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D3 DATA Directive and $DATA Namelist Innut.
_M___“m—.

The DATA directive and the $DATA Namelict input set described below must always

» input. It is required for all problems since it contains the input that cont-
r3ls which calculation modules are to be executed.

The first input item must be a sing.e card, called the DATA directive card.
%@ format of this card is as follows: the letters DATA must be punched in colums

° through 4. The DAT. card is used to inzorm the program that the $DATA namelist
iput is to follow.

The card following the DATA card rust conta! n the name $DATA, and all cards in
Z7e namelist input set must start in colum 2 or greater. Since Namelist input 1s

2ird interpretive, items can be input in any order. The last card in the set must
contain $END.

Users unfamiliar with Namelist input are referred to their FORTRAN reference
manual.,

Assumed
Z-em Descrirtion Units Value(s)
L.T DATA directive card =
3SDATA Namelist name, read in Subroutine -
PROBLYM

6-14
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5e3.1 Specification of Modules to be Executed,

If a module is to be executed, it is necessary to indicate the fict by input of
a module flag as described below. For example, if a problem requires that the ¢LE
wdule be run, it is necessary to input @DE = 1. Only certain combinations of
moc'ules are allowed. These are described in Table €-6. The module flags are:

Assumed
Item Description Units Valus(s)
JOB = Set #DE = 1 if the ODE module is to be none 0.
. executed.
PDK - Set PDK = 1 if the ODK module is to be none 0.
executed.
TOE = Set TDE = 1 if the TDE option of the none 0.
. MIC module is to be executed
TOK - Set TDK = 1 if the TDK option of the none 0.
g, MOC module is to be executed
- OF - Set TDF = 1 if the TOF option o' the none 0.
! MIC is to be executed
Y TKIL = Set TDKIL = 1 if the TDK option of the none 0.
“ MIC is to be executed with an initial
data line inmput as described in
= & &ction 6.9020
- BLM = Set BIM = 1 if the BLM option of the none 0.
e MIC module is to be executed
FGPPT = Set PFGIPT = 1 if the constant proper- none 0.

hd

ties option ¢f the MOC module is to be
executed. See Section 6.9.1 for input
instructions.

6-15
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Table 6-6:

Input

YDE=1,

JDE=1, @DK=1,

;‘:‘DK81 )

33531 ’ ¢DK=1 ’ Tm=1 3

¢DE=1, @DK=1, TDK=1, BlM=1,

ODE=1, @DK=1, TDKa1, BLMa1,
IRPEAT- ",

9DE=1 Y ¢DK=1 ? 'mK=1 ’ Bm31 ’
-RPEAT=2,

“OKIL=1,

ToE=1,

TE=1, BlM=1,
:DEg‘i’ BI.M’1' IRPM‘1 or 2.

Usage of the Module Flags

Mode of Execution

gDE is run alone. Options other than the
rocket (RKT=T) option are allowed. See
Section 5.4.3 and Reference S.

fDE is run. @Dk is run with @DE providing
start conditions. See Section 6.5.1.

@D is run alone with initial conditions
gupplied by the user. See Sections 6.5.1 and
0501 010

fDE 4is run. @DK is run with @DE providing
start conditions. TDK is run with PDK and
TRANS providing MIC initial data 1line
conditions. The rumber of @DE and ¢DK runs
will be equal to NZONES.

As above with a BLM run added.

As above with @DE, @DK, and TDK repeated
using the BLM results. See Section 6.8.4.
This option "s for including the BLM results
with regen cooling.

As above except that the PDE and @¢DK runs ave
not repeated because there is no heat input
correction due to regen cooling.

TDK is run with a MIC initial data line
input as described in Section 6.9.2.

#DE will be run for NZPNES. TDE is run with
wJE chemical equilibrium gas properties, and
with TRANS providing MPC initial data line
conditions.-.-

As above with BLM.

As above with TDE repeated.

6-16
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Table 6-6: Usage of the Module Flags (continued)
Input Mode of Execution
@DE=1, @DK=1, TDF=1, @DE is run. ©DK is run with GDE providing

@DF=1, @DK=1, TDF=1, BLM=1,
@DF=1, ODK=1, TDF=1, BLM=1,

IRrEAT=1 or 2,
BLM=1 ’

PFGOPT=1,

start conditions.

However, the @DK run will

have a frozen chemical composition. TDK will
also be run with a frozen composition.

BIM is run alone.

As above with BLM.

As above with TDF repeated.

This option requires a

large amount of input that is provided
automatically when BLM is run after TDE, TDK

or TDF.

The TRANS and MIC modules are run with
constant gas properties. See Section 6.9.1.

6.3.2 Inputs for Control for the Program.

Item

IRPEAT =

IRSTRT =

Description

Set IRPEAT = 1 or 2 to reguest that a
ToX (or TDE) calculation be automati-
cally repeated after the BLM module
has been used to calculate a displaced
nozzle wall.

If IRPEAT = 1, the ODE and ODK module
executions will be repeated with
adjusted enthalpies for regen cooling,
see Section 6.8.4.

If IRPEAT = 2, the ODE and ODK module
executions will not be reneated. The
system enthalpy will be unchanged.

The program allows for a 1limited
restart capability. If the MOC module

Assumed
Units Value(s)

none 0

has been run successfully and units 11,1%,(23 if TDE),

and 29 have been saved, then the run
can be continued by inputing

IRSTRT = 2,

This will restart the program after
the MOC calculaticn and before the BLM
calculation. The restart handles all
options involving BLM.

6-17
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Assumed i
Description Units Value(s)

Item

|

Number of zones, N, to be used in the none 1
anlysis. The ODE and @DK modules will

be executed N times. Zone 1 repre-

sents the flow adjacent to the nozzle

axis, and Zone N represents flow adja-

cent to the nozzle wall.

NZENES

1#¢ SI =0, English units are to be none 0
used for input and output. If Sl =1,

ST units are to be used for input and

output. The SI units required for

input are shown in parenthesis.

S1

1QFF... _.=.__ When BLM is run with the MOC module, 0
values defining the boundary layer 4
edge conditions; X_, Ye» Ue’ Te‘ and .
Pe are automatically calculated and
stored in the XIND, RIND, UEQ, TEQ,
and PE@ arrays. If IOFF is not input, |
then these values are stored starting Y
with the first entry in each array. 1

1f IQFF is input then these values are
stored starting in the IOFF + 1 entry
of each array. Values must then be
input into entries 1 through 10FF. ‘
The boundary layer calculations will )
start at position XING(:) of these ]
arrays using the $BLM input. This )
input allows the user to account for
the development of the boundary layver
in the nozzle chamber, upstream of
ECRAT. I@FF < 100.

P

If IQFF is input, do not input NXIND
in BLM.

B Sl
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3.3.3 Specification of nozzle peometry.

To eliminate redundancy, all geometry inputs that are common throughou- the
modules are input here, DNote that the center of the nozzle geometry coordina<e
system is at the centerline at the throat plane; and that all coorcinates are
normalized by the nozzle throat radius, Fg. Hence, axial positions upstream of the
-hroat are always negative numbers. In the figures describing the geometry, posi-
<ive angles are shown as counter=clockwise, and negative angles are shown as clock-

“ise.

Geometric area ratios at which gDE and @DK print out is be made are
specified using the input arrays ASUB(1) and ASUP(1).

The nozzle geametry is defined in Figure 6-1. The #DK calculations start at
the downstream end of the combustion chamber with a subsonic area ratio of ECRAT,
as shown. The ¢ircular arcs Rt and RWIU cannot overlap. Thus, it is necessary

that ECRAT, RI,RVN,and'IHETAIbeinputsuchthat
v ECRAT > 1 + (RI + RWIU) (14 - cos THETAI).

1f this condition is not met, subroutine PRES of @IX will print the terminal error

nessage:

INLET GEOMETRY INCOMPATIBLE WITH INITIAL CONDITIONS.

L+ addition, the transonic analysis requires that a value of RWIU > .5
input.

Te wall geometry downstre

one of several options.
1ius RWTD which extends from the throat

503.3.1-
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am of the nozzle throat can be specified using any
All of these geometries begin with a circular arc of ra-
point through an angle of THETA. Geomet-

~jes that can be input to both the ¢DK end MZC modules are described in Section
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RSI

ASUB(1)

ASUP(1)

NASUP

Description

Nozzle. throat radius, e

Subsonic area ratios at which informa-
tion will be printed.

Number of entries in the ASUB array
< 50. Intries muct be monotoni: decrezcing
T value,

Supersonic area ratios at which infor-
mation will be printed. “ntries must
be monctonic inereasing in value.-

Number of entries in the ASUP array
< 50.

ECRAT ——=...__Nozzle inlet contraction ratio for use

RI
! THETAI
WIU

TYPE

* Normalized by the throat radius,

in @DE and ¢DK calculations.
Normalized inlet wall rad:ius.
Nozzle inlet angle.

Upstream nofmalized wall throat radius
RWIU_> .5 is required.

Type of nozzle wall to be input.

ITYPE = 0, if the real wall contour is
{nput.

ITYPE = 1, if the potential flow wall
contour is input.

If IRPEAT = 1 or 2, then the nozzle
vall will be displaced by +s* as cal-
culated by BIM when the TDK (or TDE)
calculations are repeated. This dis-
placement is =g* for the real wall
(ITYPE = 0), or +6* for the potential
flow wall ( ITYPE = 1).

Ty

6-21
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Assumed f
Units Value(s)

in, 0.
(meters)

none 0. .
none 0.
none 0.

1

o

none 0. v

none 0. !

)

none* 0. ' {r

degrees 0. .

none* 0. ;

§

none 0. !

. .‘;

Iy

|

\

?

|

b

-




6.3.3.1 Exhaust Nozzle Geometry Specification, for @DK and the MAC Modules.

Assumed
item Descrintion Units Value(s)
IWALL = option flag for specifying the none 0
downstream wall.
= 1 cone option (input RWID, THETA; and
. EPS)
! - 2 parabolic nozzle contour option
(input RWID, THETA, RMAX, ZMAX)
, = 3 circular arc nozzle contour option
- (input as for IWALL=2)
= 4 nozzle contour (spline) option (in-
] put RWTD, THETA, THE, RS, ZS, NWS)
l% = 5 cone with specified end point.
f@ (input RWTD, RMAX, and ZMAX)
v: = 6 skewed parabola option. (input
- RWID, THETA, RMAX, ZMAX, THE)
- Tie items required for the various IWALL options are:
i T = downstrear wall throat radius of cur- none* O.
= vature ratio**
THETA = nozzle attachment angle
= ™E = nozzle exit angle (input if IWALL=d4, deg. 0.
] or 6)
s = nozzle expansion ratio (input if deg. 0.
IWALL=1 only)
- MAX = normalized radius at the nozzle exit none* o.
plane (input if IWALL=2 or 3)
MAX. = ... normalized axial position at the none* o.
nozzle) exit plane (input if IWALL =
2or 3

* Normalized by the throat radius ry

** If a corner expansion (i.e. Prandtl-Meyer fan) is desired, a value of RWID =
.05 is recommended. Experience has shown that values smaller than this give *ne
same result but are computationally less efficient.

i
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Item

RS(2)

28(2)

NWS

RZNORM

Description

table of normaliZed wall radii dowh-
stream of the nozzle tangency point
(input if IWALL=4). The input tables
RS and ZS start with the second entry
because the first entry is czlculated
automatically by the program, i.e.,
RS(1)=rq and 2S(1)=z; in Figure 6-1.

The wall angle at this position is
also calculated so that the spline
contour will be properly joined to the
nozzle throat contour.

table of normalized axial position
downistream of the nozzle. tangency
point (input if IWALL=U).

total number of entries in the RS, ZS
tables. Includes the .irst entry NWS
< 50 (input if IWALL=L). '

Optional normalizing factor for the
RS, 2S, RIN, ZIN tables. For example,
i{f RS, ZS, and RIN, ZIN were input as
dimensional number3, RZNORM would be
the throat radius in those units.

+ See the inpu: variable RZNORM.
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Assumed t
Units Value(s)
none” 0.
none” 0. y
|
N
.
none 0
!
‘1
none 1.
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6.4 @DE INPUT DATA (ALL PROBLEMS SPECIFYING @DE)

The @DE Input cata described here is exactly as defined in NASA SP-273,
Reference S, except namelists input SINPT2 and $SRKINP havé been combined into
a single list named $GZDE. Any type of equilibrium calculation availaile with the
computer program described ih Reference 9 can thus be computed using the $@ZDE

‘input data*. In this document, however, only the RKT option of namelist is
described. The RKT option differs from that of Reference 9 for problem typés
other then single zohe @DE,

The @DE input data consists of the following inhput groups:

1. REACTANTS directive card, followed by up to 15
data cards, followed by a blank card,
specifying reactants,

2. @MIT and INSERT directives to omit or insert species for
equilibrium/frozen calculations.

3. NAMELISTS directive card followed by input
namelist $@DE specifying input
case data.

6.4.1 REACTANTS CARDS

This set of cards is required for all YLL problems. The first card in the
set cortains the word REACTANTS punched in card columns 1 to 9. The last card
in the set is blank. In between the first and last cards may be any number of cards
up to @ maximum of 15, one for each reactant species being considered. The
catds for each reactant must give the chemical formula and the relative amount
of the reactant. For some problems, enthalpy values are required. The format
and contents of the cards are summarized in Table 6-7. A list of some REACTANTS
cards is given In Table 6-8

Relative amounts of reactants. - The relative amounts of reactants may be
specified in several ways., They thay be specified in terms of moles, mole fraction,
or mole percent (by keypunching M In card column $3) or in terms of welight, weight
fraction, or weight percent (blank in column 53).

Relative amounts of total fuel to total oxidants can also be input. For this
situation, each reactant must be specified as & fuel or an oxidizer by keypunch-
ing &an F or O, respectively, in column 72 of the REACTANTS card. The amounts

*These optior;§ include TP,HP,SP, TV, UV, or SV problems, Chap.nan~Jouguet de-
tonation problems, and Incident or reflected shock problems,
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TABLE 6-7 REACTANTS CARDS

{
!
,
3

P

i Order Contenits Formmt |Card columns

X First | REACTANTS A4 1to9
’ i Aty | One card for each tenctant species
o (makimum 15). Each eatd contains:

(1) Atomic s~mbals and formula num- | 5(A2, ¥7.5) 11048

! bers (maximum $ sets)®

| (2) Relative weight® or sumber of F1.5| 461082

i . mholes

L {3) Blank if (2) is relative weight or Al 83

; ’ M if (2) is number of moles

} (4) Enthalpy or iniernal snerpyd, F9.$ $4 to 62
N eal male

\Li (5) State: S, L. or G for salid. Al 63

1 liquid or gas, respectivelr ‘

; (6) Temperature associated with F8.5 64t0 71

enthalpy in (4)

e (N F if fuel or O if oxidant Al 72
< | (8) Density in & em (optional) f8.5| M

Y Last | Blank

al’rcn:x":\m will ealculate the enthalpy or internal energy (4) for snacies in
the THERMO data at the temperature (6) if zeros are punched in card
colunins 37 and 38. (See section Reactuant enthalpy fur addition:) in-
formation.) '

PRelative weight of fuel in total fuels or cxidant in tola! axidants. All
reactints must be giten either all in relative weirhts ur all in number

! of moles.
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TABLE -8 LISTING OF SAMPLE REACTANTS CARDS
REACTANTS
w2, 100, 0, 298,18 F
N (7808810 .209795AR, 0048682 100, *7,2020846298,3% 0
REACTANTS
N3, N, cLe. 04, 72,08 70730, S298,1% F
€, W 1,869950 ,0312%65 008418 16,58 =2999,082L298,3% F
TN 9,00 eC.0 g§298,1% F
. MGy, 04, 02 «443790, $296.1% F
M2, c 4. 46 ©66317,4 L298:1% ¢
REACTANTS
w2, oo 100, 8, €298,:% ¢
02, 00 100,90 - 1Y+ 8296,1% 0
REACTANTS .
N 2, W e, 50,0 12050, .298,:% B L,
F 2, 100, *30%0,892, A5,2¢ 0 1,54
' REACTANTS
: L, 100, 0, §298,3% F
: F 2. 100, 3030,893L 85,24 0 1,54
g
. REACTANTS
N 2, W4, 80, 12100, L298,15 F 1,003
- BEY, 20, 0.0 8258,1% F 1,85
LT "2, 0 2, 170, e44880, L2%6.,1% O 1,407

¥Listed above are six examples. Each example must end with a blank card,
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given on the REACTANTS cards are relative to total fuel or total oxidant rather than
total reactant,

There are four options {n the $@DE namelist for Indicating relative
amounts c! total fuel tc total oxidant as follows:
1. Oxidant to fuel weight ratio (@F s true)
2. Equivalence ratio (ERATIC is true)
3. Fuel percent by weight (FPCT is true)
4. Fuel to alr or fuel to oxidant welght ratio (FA is true)
For each option, except @DE with NZZNES=], the values are given in the
@FSKED array of $@DE (described In Section 6.4.3). For @DE with NZ@NES=1,
the MIX array is used as described In Reference 9.

Reactant enthalpy, Assigned values for the total reactant are calculated
dutomatically by the program from the enthalpies of the Individual reactants,
Values for the individual reactants are either keypunched on the REACTANTS
cards or calculated from the THERM{ data as follows:

Enthalpies are taken from the REACTANTS cards unless zeros are punched
in card columns 37 and 38. For each REACTANTS card with the "00" code, an

ent.alpy will be calculated for the species from the THERM@ data for the tempera-
ture given {n card columns 64 to 71.

When the program is calculating the Individual reactant enthalpy for
values from the THERM( data, the following two conditions are required:
1. The reactant must also be one of the species In the set of THERM{ data.

For example, NH,(g) is in the set of THERM@ data but NH,(¢) is not. Therefore,
i NH3 (g) is used as a reactant Its enthalpy could be calculated automatically,
but that of NH3(l) could not be.,

2. The temperature T must be in the range Tlowll.z sTs nghx 1.2 where

T,
low
to Thlqh is the temperature range of the THERM@ data.

For cases with NZ@NES > 1 (see Problem card, Section 6.3) it may be de-~
sirable to modify the enthalpy of each zone., This can be done by using the DELK
Input array, For the lth 2one the lth DELH entry will ve added to the system
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enthalp, as computed by @DE from the reactants cards (see above), For example,

overall system enthalpy of the propellants In the tank can be input through the reactants

cards and the work adaed or extracted per zone can be Input by the DELH entries,
An alternate method would be to tnput zero enthalpy on the Reactants cards and
lnput enthalpy per zone by the DELK entries.

6.4.2 @MIT and INSERT Cards

@MIT ard INSERT cards are optional. They contain the names of particular
species in the library of Thermodynamic Data for the specific purposes discussed
below. Each card contains the word @MIT (in card columns 1-4) or INSERT (in
card columns 1-6) and the names of from 1 to 4 species starting in columns 16,

31, 46, and 61. The names must be exactly the same as they appear in the
THERMJ data.

6.4.2,1 aMI™ Cards

These cards list species to be omitted from the THERM® data. T GMIT
cards ar. not used, the program will consider as possible species all those
species .n the THERM@ data which are consistent with the chemical system
being considered. Occasionally it may be desired to specifically omit one or
more species from considerations as possible species. This may be accomplished
by means of GMIT cards.

6.4.2,2 INSERT Cards

These cards contain the names of condensed species only. They have
been included as options for two reasons.

The first and more important reason for including the INSERT card option is

that, in rare instances, it is impossible to obtain convergence for assigned enthalpy

problems (HP or RKT) without the use of an INSERT card. This occurs when, by
considering gases only, the temperature becomes extremely low. In these cases,
the use of an INSERT card containing the name of the required condensed sgecies
can elir.inate this kind of conveigence difficulty. When this difficulty occurs,
the follcwing message is printed by the program: “"LOW TEMPERATURE IMPLIES
CONDENSED SPECICS SHOULD EAVE BEEN INCLUDED ON AN INSERT CARD",
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The second and less important reason is that if one knows that one or
several particular condensed species will be present among the final equiiibrium
compositions for the first assigned point, then ¢ small amrunt of computer
time can be saved by using an INSERT card. Those conriensed species whose
chemical formulas are included on an INSERT card will be considered by the
program during the {nitial iterations fcr the first assigned point. If the INSERT
card were not used, only gaseous spevies would be considered during the {nitial
iterations. However, after convergence, the program would automatically insert
the appropriate condensed species and reconverge. Therefore, it usually is
{mmaterial whether or not INSERT cards are used. For all other assigned points
the inclusion of condensed species is handled automatically by the program.

6-29




6.4.3 $ZDFE NAMELIST INPUT

The @DE subprogram contains namelist input sections $@DE

and $SHKINP, The Namelist $@DE must be preceded by a card with NAMELISTS
puhched in card columns 1-9, .

Tnhe SOODE Namelist is required if @DE =1, or TDK =1, in SDATA as
descrited in section 6.3.

For the (.DE problem type any of nine (9) different equilibrium problems can be
solved. These are TP, HF,SP, TV, UV,SV,RKT,LETN, and SHPCK. For the @&DE-
@DK, @DE-@DK-TDK, or TDE problem type, only the RKY problem can be
solved, In this section only the RKT tnput option is discussed. Reference 9 is
to be used to -repare Input for the other equilibrium problems.

The veriables input by the $&DE namelist are listed in.Table 6-9.
Additional information about some of these varlables follows:
Pressure units. - The nrogram assumes the pressure in the P schedule to be In
units of atmospheres unless either PSIA = true, or SI = true.
Relative amounts of fuel(s) and oxidizet(s). - These quantities may be specified by
assigning 1 t: 1§ values for either o/f, %F, £/8, or r. If no value Is assigned
for any of these, the program assumes the relative amounts of fuel(s) and oxidizer(s)
to be those specified on the REACTANTS cards, (See discussion in REACTANTS
Cards, Section 6.4,1)

RKT problem. - Only one value for chamber pressure, P, is to be input for cases
with NZONES > 1 (see $DATA input, Section 6,3). The stagnation pressure used for
the lth zone will be the value input for P multiplied by the ith value input in the
schedule XP....If not input, all XP entries are assumed equal to one, For TDK type
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problems, zone one is taken about the nozzle axis of symmetry and the Jact
zone is bounded by the nozzle weall, Stimilarly, the 8 zone will have a mixture
ratio equal to the lth entry in the QFSKED schedule,

Print out will be given for the chamber pressure condition (l.e. stagnation)
and the throat condition. Print out.may be requested at other conditions by use
of the PCP schedule and the SUBAR and SUPAR schedules,

The program will calculate both equilibrium and frozen performance unless
PRZZ = F or EQL = F are input. If FR@Z = F, only equilibrium performance will
be calculated. If EQL = F, only frozen performénce will be talculated.
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743LE 6-9 VARIABLES IN $S@DE NAMELIST

Variable No. of Type Value Definition and comments

entries before
réad .

RxT 1 L False Rocket problema

P 26 R 0 Assigned pressures: stagnation pres-
sure for rocket problems: values in
atm unless PSIA, or SI = ,T,, (see be-
low)

s . L False SValues in P atray are in N/m?

FZIA L Palse 8values in P array are 1n psia units

X 50 R i, Multipliers for the l?h zone Stagha-
tion pressure (zone 1 = inner zone)

¢r 1 L False..] Oxidant to fuel weight ratios are to
be inputd

ERATIZ 1 L False Equivalence ratios are to be input®

FPCT.. 1 L False | Percent fuel by welght are to be input®

FA 1 L False Fuel to air weight ratios are to be ix'xx:n.xt‘l

¢ PSKED 50 R 0 For a Rocket problem, and NZ@NES »1,

FSKED wil! be used rather than MIX
see Reference 9), Relative amounts of
total oxidant to total fuel are input as
defined by @F, ERATIZ, FPCT, or FA,
For ¢DE-Q@DK-TDK and TDE problem
types these values define the oxicdant to
fuel ratios for each zone (2one 1 = :
inner zone)

DELH S0 R 0 Corresponding to each zone this value
will be added to the system enthalpy
input thru the reactants cards. Units
are BTU/# f PSIA=,T,, joule/kilogram
if S1=,T., otherwise c:1/gram,

STLHL 50 R 0 Corresponding tc each 2one this velue

will be added to the system enthalpy.
These values can be used as a 1st est-
imate for the heat returned to the mair
combustion chamber by regen cooling
circuits (@FC input in SBLM). The BLM
will recaiculate these values and, if
IRPEAT =1 in SDATA, rerun the (DE, @DK,
TDK (or TDE) amalysis. Same units as
DELH.

i th zone.

* f variable is set to be true.

“rte:  For rocket problems, only one value stagnetion pressure can be input.
rmultiplied by the i th entry of XP will be used for the stagnation pressure of the

This value

T,

R
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Table 6-4 (cont'd)

Variable No. of

entrie:

Value
before
fead

Definition and comments

- RELERR 1 R

[ONS 1 L False
WFLAW_. 1 R 0

.0005

PCP 50 R 0

SUBAR 50 R 0
SUPAR 50 R

ECRAT 1 R 0

EQTHST 1 L False

EQL 1 L True

FRPZ 1 L True.

LISTSP 1 L False

KASE 1 I 0

Consider fonic s;aec:lesa

Input fozzle mass flow-option for FDE-
@DK-TDK ot TDE problems, If a value
for WFL@W {s input an expansion with
this mass flow will be computed. The
values input for P and XP &re used as
éstimates for computing stagnation pres-
sure for each zone. The program will
adjust these stagnation pressures to
obtain the desired nozzle mass flow
within a tolerance of RELERR, Units
are lbs/sec if PSI=, T, otherwise kilo-
gtams/sec.

Relative difference between requested
and computed mass flow rate, The pro-
gram stops if this erfor {s exceeded.

Compute and print solutions at these
values of chamber pressure to pressure
ratio (entries must be »1.)

Compute and print solutions at these
values of subsonic area ratios.(én-
tries must ¥ 1.)

Compute and print solutions at these
values of supersonic area ratio (en-
tries must ¥ 1)

Subsonic erea ratio to start @DK cal-
culations with computed equilibrium
conditions., The SUBAR input table
must include an entry equal to ECRAT,

To start @DK calculations with com-
puted equilibrium conditions at the
nozzle throat.®

Calculate rocket performance assum-
ing equilibrium composition during
expansionb,

Calculate rocket performance assum-
ing 1frozen composition during exgan-
siond,

List names and dates of all species ,
residing on thermodynamic data used-.

Optional assigned number associated
with case.

81t variable is set to be true.

bSet variable false if these calculations afe not desired,
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6.4.3

J.1 Variable Mixture Ratio Option

The MOC can be run with a variable mixture ratio option b
fetting VARMIX=,TRUE., and inputting values into the STREAM(1) tabt.e
as described below,

When the variable mixture ratio cption is used, there are
no sliplines in the flow. Instead, the flow mixture ratio will vary
from the axis (y=0) to the wall ( y=1) as specified in the tatles of
PFSKED vs. STREAM. Sliplines can not be used when the shock option
is invoked (SHZCK=1 in $M@C), because shock-slipline interaction is
not provided in the progranm. Thus, if the shock option is requested
and there is variation in mixture ratio from streamline to
Sireamline, then the variable mixture ratio option must be used.

The program will not function properly if the spacing in
the mixture ratio table, PFSKED(1), 1is too large. The rec:ired
spacing depends on the chemical system. As a rule each entry in
CFSKED(1) must differ no more than U4 or 5% from its adjacent values
depending on the stoichiometry of the systez. There are no spacing
requirements for the STKEAM (1) table. However, the first entry
must e 0 and successive entries must increase monotonically wit
the Zast entry equal to 1.

The tables XP(1,, DELH(1), and DELH1(1) of $8DE can be used,
in which case each entry corresponds to entrie: in PFSYED(1) and
STREEM(1).

If VARMIX=.TRUE.. the X¥(1) table of $2DK and $TRANS will
will be computed by the ; rogram and need not be input.
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Ascumed
Item Desceription Value(s)

————

VARMIX= If VARMIX=.FALSE., do not use F
variable mixture ratio option.

If VARMIX=,TRUE., the variable |
mixture ratio c¢ption is to be

used. The following must be

input:

NZONES in $DATA,

@FSKED(1) in $0DE and 4
STREAM(1) in  $ODE, below. L

STREAM(1)= If VARMIX=.TRUE., values must -
be input here corresponding to

- "

the O0O/F values input in
@FSKED(1).

The values input represent !
(O/F)i vs wi i=1,....NZ@NES :

Prmntion

where 1 represents the mass

flow between streamline i and
the axis, divided by the total b
mass flow.
Thus

— —

¢= 0 at the ax:., and
y 1 at tne wzll.
The ith entry of @FSKED is (O/F)i.

The ith entry of STREANM isd&

0 < vy <1 i =2,¢0.,NZONES = 50 )

and ¢i<¢i+1
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6.4.3,2 OPTION TO PUNCH TZELES FOR BOUNDARY LAYER PROGRAM INPUT

(DOES NOT APPLY TO BLM) '
Conditions computed along the nozzle wall can be output as punched cards

for input to the ELIMP, TBL, ot MABL boundary layer analysis computer programs.
These conditions are taken by the boundary layer computer program as being the
inviscid flow condition at the edge of the boundary layer, Tables to be punchred
are: x, y, and P/ Pc (t.e, the nozzle wall coordinates and the ratio of pressure

to chamber pressute along the wall). The tables are punched ih NAMELIST for-

mat readable by BLIMP (see the punched card lfsting given at the end of the sample

-output, Section 7),

A maximum of S0 entries upstream of the throat are saved and punched,
The wall point at the end of every characteristic is punched up to a maximum of
500 total table entries. The user may specify a number by which the punched table
will be offset. Thus, the first point may be output with identification 5 by input

- of 1gFF=4, The use of I@FF enables the user to extend the table by adding points

upstream.

K punched cards for input to a boundary layer program are required, the
following items must be lnput 2 part of the $@DE Namelist input:

Item Name Description
IPTAB = If IPTAB=1, one title card will be punched (this will

be the last title card input as described in 6.2)
followed by tables of X, Y, and P/P_ along the nozzle
wall, These cards are for input to e ELDMP or
MABL computet programs, The first point punched will
correspond to beginning of the converging section of
the nozzle (l,e. at ECRAT; see Figure 6-1, also
table 6-8),

1gFF = The first poin: to be punched will be numbered as
IgFF+1, .
IPTE. = If IPTEL end IPTAB=1, tables of M, T/T., C., V, and

p, will also be punched, These additidnel Bards are
required for input to the TBL computer program (i.e.
the December 21, 1973 version).

I a TDE problem {s specified, the following items mrust also be Input
when IPTAB=1: RSI, RWTU, THETAI, and RI in SDATA.

These items define the nozzle geomei-y from the combustion chamber through the
throat as shown In Figure 6-1., For a TDE option It is necessary that IPTBL=0,
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v 6.5 *DK_INPUT_DATA

DK input data is required if @DK =1 or TDK =1 in SDATA as described
in Section 6.3. The 0DK input data consists of three data groups as follows:

SPECIES data group

REACTIONS data group '
'

$ gOK data group

These data groups are described below in sections 6.5.1, 6.5.2, and 6.5.3,
respéctivly. 4

6.5.1 SPECIES

Species used by the computer program are determined In several possible i
g ways, depending upon the problem type. Methods used to determine chemical
o species for each probelm type are discussed below.

ZDK

(]

Py

1 % S 3

For @DK problems species names and concentrations must be input, see
Section 6.5.1.1.

@DE-ZDXK
For DE-@DK problems the initial start conditions for the kihetic expan-
gion are obtained from an equilibrium calculatioh. The species list generated by |

———

\
- YL |
s emm it wamre

]

1

a ‘
'., 6-35
1

gt ;ﬂ

T Y e e 2 ~e sk A



4
3
pa

S I RS

@DE-@DX problems. However, for multizone TDK cases it is necessary that

the equilibrium calculation generally contains many more species than the 40
species for which the @DK subprogram is dimensioned. Therefore a selection ‘
processeés Is.required to interface the @DE calculated equilibrium start conditions
with the @DX kinetic expansion calculations. This selection Is performed using
the following rules: '

Rulel If a species appears In a reaction, it {s selected for the kinetic
calculation,

Rule 2 If a species is specified using INERTS directive it is selected
fot the kinetic calculations.

Rule 3 If any specles has a mole fraction greater than an input eriterion,
it Is selected for the kinetic calculation.

Species which are selected but which du not sppeat in a reaction are treated as
Inert and listed as such on the output list of selected species,

JDE-@DK-TDK
For @DE-ZDK-TDK problems species are selected by the above rules for

each zone have the same specles list. Thus the INERTS input (see Section 6.5.2.7)
must be used to assure the same species are selected for each zone.

TDK with Input Initial Line Option

Species names and concentrations must be input as described in
Section 6.8.2 when TDKIL =] is input in $DATA.

6.5.1.1 DK OPTION FOR INPUT OF INITIAL SPECIES CONCENTRATIONS (APPLIES
ONLY TO THE @DK PROELEM TYPE

This Input begins with a single card with SPECIES In columns 1 through 7
and with efther MASS FRACTI@NS or M@LE FRACTI@NS in columns 9 through 22,
If the identifier for mass or mole fractions is omitted, mass fractions are assumed.

Up to 40 specles cards may be input. Only those svecies specified by input
species cards will be considerec for an ZDK problem. The order of the ihput

P R Pl
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species cards is independent of the order In which the species appear on the
master Thermodynamic Data file.

A chemical species is identified symbolically by 12 alphanumeric char-
acters and must correspond. identically with the species name as It éppears
on the Thermodynamic Data file., A complete list of the current specles names
are listed in Table 5-4 (condensed species, however, may not be specified in
the species list,) The species symbol may not contain the characters * or =,

Col

1-10
11-22.
23-30
31-60

61-80

6.5.2 REACTIZNS

Chemical reactions must be Input if ¢DK =1 or TDK =1 in $DATA.

1
Up to S0 reactions with an implied third body and a total 150 reactions may 1
)

Eunction
Not used
Speclies symbol (left justified) ;
Not used |

Value of initial species concentration (if zero
must be input as 0,0) free field F or E format

User Identification if desired

e et - et e

by input to the program. Only one card per reaction, and only one reaction per :
card i{s permitted. Cards specifying third body reactions must precede cards ’

specifying all other reacticns, Species names appearlhg in the symbolic reaction

set must correspond identically with the species names as they appear in the
master Thermodynamic Data (see Teble 6-4). A card listing for a sample reaction

i
set Is presented in Table 6-10. |
|

The syrbolic reaction set contains directive cards and reaction/data cards
in groups as outlined below: ‘

REACTI@NS

END T3R REAX

Directive for start of symbolic reaction
input

Reactions with implied third body speices
Directive for end of third body reactions

All other reactions

|
|
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3 LATT REAX Directive for end of reactions
-~ INERTS Spectfied Inert Species
. . THIRD B@DY REAX RATE RATI@S Directive for start of third body reaction
¥ rate tailos

) Third body reaction rate ratios

]

LAST CARD Directive for end of REACTI@NS Input
The content and format of each type of card is defined as follows:

6.5.2.1 The symbolic reaction set begins with a card containing the word

REACTI@NS in columns 1 through 9. Other columns on this card can be used
for comments.

6.5.2.2 Each card defining a reaction is divided Into five fields, separated by
commas, Each field contains:

field 1 a reaction
fleld 2 A = followed by a value of A rate parameters
field 3 N = followed by the value of N for the reactiol
field 4 B = followed by the value of B,

the activation energy (Kcal/mole)
field S available for comments

The general form of a reaction is:

Nl "'Syrnl:,cl1 + N2 *Symbolz +...= Na "Symbola + Nb "’Syrnbolb +...

where the left hand side represents reactants and the right hand side represents

products, The reaction can be either endothermic o exothermic.

The multipliers, N, must be Integers and represent stolchlometric co-
efficlents. If no stoichiormetric coefficient is given, the value 1 is assumed The
dimensioning currently in the program requ.res that:

ard

N8+Nb*... t‘lo

The chemical species (denoted by the word "symbcl" In the above general
form) can contain up to 12 characters each of which must match a specles name con-
tained in the thennodynamic data (see Table 6-2, card 3).
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Reaction Interpretation
NA++CL-sNACL - Na™ + C17= NaC1
B+2+@-2=Bg B 4+ @™ = g
BE+2+2*@H-=BEGHOH BE" + 2¢H" = Be(@H) )

The value assigned to A, N, B define the forward (i.e. left to right) reaction rate,
k, as

k=A-* 7N« -(10008/4T)
In units of cc, °K, mole, sec.

All three reaction rate parameters must be input. The numeric value of each para-~
meter may be specified (n either I, F, or E format, If E format is used the E must
appear before the exponent.,

"6.5.2.3 The reactions with ar. implied third body must precede other types of

reactions, and must be followed by the cirective (columns 1 through 12):

Coll
END TBR REAX

all reactions prior to the above directive will have a third body term added to each
side cf the reaction. E.g. '

H2=H+H,,..

END TBR REAX
defines the chemical reaction

Hz +M=H+H+M

where M is a generalized third body. Specific third body effects may be included
by Inputing specific third body reaction rate ratios as outlined in 6.5.2.8, Cards
encountered after the END TBR REAX directive card do not have a third body term
added,

All other reactions are input next, exactly as described under 6.5,2, 2.

6.5.2.4 After the last reaction has been defined, a card with LAST REAX in
columns 1 through 9 is input.

madad r Rai e VRV L VY SN (VN VN

R T Vs Lasde mhumpcte S K vmabe Sben R e Ty
VRPN W PN .



6.5.2.5 Reaction rate data for 13 dissoclation-recombinetion (implied third

body) reactions and 35 binary exchange reactions are listed in Table 6-10 for
propulsion systems containing elements C, Cl.. F, Nend O, These retes are
taken from Reference 16 (two adcitlonal reactions frem Refrrence 15 are included).
Cards can be abstracted from Table 6-10 for Input to the cumputer program. For
the implied third body reactions, the third body fcr which the rate applies s in-
dicated in parenthesis in the comment field (M represents a "generalized” third
body, see Section 2.2 for further details).

6.5.2.6 INERT SPECIES OPTION

Inert species (l.e. species not eppearing in reactions) can be included ia
the input by input of a card with INERTS in columns 1 through 6 followed by 2 list

of ineft species names. The species names must e:ch be {ollowed by a comma

and each name must written exactly as in the master Thermod:inamic Data, The
last comma must be followed by the word END. See Table 6-11 for an example.
The species list can continue on to the next card, but a species name can not
overiap onto the next card.

6.5.2.7 THIRD BODY REACTION RATE RATIOS

As described above in Section 6.5.2.2 for the jth reaction only one reaction
rate, k’, where

can be input, For three body recomblination rea:iions such as
I-I'i~¢’H-t~M‘=1-12¢+M1

the rate of reaction is in general different for each species, Ml' depending upon

the efficiency of the species, Ml' as a third body collision partner, As discussed

In Section 2.2 the temperature dependance of a recombinztion rate is approximately
Incependant of the third body, f.e. for the lth third body and jth reaction:

. -N, _-B,RT
ku s A“ T “je 7}
The twird body efficiency of the tth species fcr tle jth reaction is then defined as

myy ® Ay /A,
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TABLE 6-10 REACTIONS AND RATE DATA FOR C,CL,F,H.N, AND O SYSTIMS
. (FROM REFERENCE 16)

AFACTIANG COLFNNN  MAY Y=d 1072 JANNAF 95-6 taateenN. EXPL=100Q8/RT)
M w20 A

_ "o [ AsT SF23 » NE?2¢8 o ARQee (AR} NO, 1
* few = 0N o ARG, OFIA o NO1, o A%04e tAR) N0, 2
' fen =02 ¢ ABL1,2F17 o NBl, o ARG,y (AR) NOo 3
s FeoefF 8 F? s A85,TE1S o Nsle o RS040 (AR) ~0, &
' wetVf s wF o AB2,5E1R o NEY, o Ld T (AR) N0, S
e M ® % . ll‘.."" o NSt o 880, (AP} NO, [
F3 s 0 o Cn o B2,TE3D o NE4LS 4 ne 127,558, (Np) NO, 7
cen €O o 0830616 o Nu 5 o RB0e0 th) w0, @
NMell @ N2 o 881,0E1A o Nul, o RS0,y (n) N0, ¢
Neh =N o ABG,AF1h o Nu& ¢ BS0e0 BAULCH  IN3) NO, 10
€L e 8CLF o 483,0F16 o NES o RSO (M) N0, 11
w e L = WL o 88),0E10 o Ne,5 ¢ REgye tM)  NO, 12
€L« CL = CL? o 08],1€19 ¢ Nsl, o AS0.e (M) N0, 13
END THA RFAX

M2 o N g W o H2O o A82,10€13¢ N2l, ¢ ass; 1%, BAULCH NO, 21
oM o O B 0 & W20 o 485,.7SE12¢ Nmn, o BE.TRoy RAULCH NO, 22
Wetw =0 e M2 o 88T,33012¢ NROs 0 As?,3000 BauLCH NO, 23
N eNu 8w e 02 o AB1,AF1Y » N’Oo o B90,¢ BAULCW NO, 25
OM o CN # M o €02 o ASS,AEL) o NEO. o 881,000 BAULEN NC. &)
02 ¢ CN = 0 ¢ CO2 Aul ASES o h--.ssaon-65‘0200 NAULCN NG, 62
NeNN 8 0 o N o 083,1F13 o NBAe ¢ fE 3d6, MAULCH NO, o8
NoefD B0 e NA ¢ A86,43€9 ¢ NEe=l, o 826,2%0 BAULCH NO, 31
On o O s W2+ C2 o B=1.41E120 Nz, 018 B9, 264, NO, 24
_ HeF2 = WFeF o A85,3F12 o Nme,S o BEAL000 NO, 26
; H? o F a WFe M v 485,0€12 o NBp, o geS, 700 NO . 27
f W2 o F2 ® WFe NF o AB)oT8EJ0e NEe, S o 8339, 739, NO, 28
2N Mo CL? w MCLOCL o 883,0F16 o NBA. o 911.ooNo NO, 29
T M2 o 012 8 WCLeWCL o 1u] TSE1Ns New,8 o 8245,3 E4 ) NO. 30
- MeLe W 8 WPeCL o 8E6,2F11 ¢ Nue S o BE3.1000 NO, 2%
s MCLe F = WReCL o AB1,9F1? o Nme, 684 B2,0000 NO. 32
CLpe F 8 CLeCLF o 086,2612 « Nsa 6Re 88,5000 NO, 2%
CL o F2 8 F oCLF e ART.BE12 o NEa ARy AE 3000 NO, e
CLFe H = wWFeCL o ARL,BEL2 o NB= 68 83,200 XJ, 35
CLFe W & W oF s 485,812 ¢ Nme, A8, BS1.900¢ ND, 26
CLFe M2 & HCLewF o An],8F1g o NEeelS o 846,337, ~o, 37
F£2 o WL = WFeCLF s AB] BE1Q o« Nme 5 o 8839,627, N0, 3P
CLFe WCL = WFelL2 s Bml AELQ o Nm= S B866,02%, N3, 29
Fp o €17 8 CLECCLE o AR1,BE}G o NEoyS o /826,758, NCo 60
chre € s CheC o 881,1€11 o Nsa,S o 8%6, 965, NO, 03
C e Nu u Che o o A88,3F11 o N2, S & BsS,620, NO, o4
c o NO ® COe N v 8uS,AE1) o Nme S g=R, 303 NO, 48
gn?e N ® COND v AR1J1ELY o Ne=,S o BE59.810, NG, 46
» G e h> ®wECe 0 o BEBIELY o Nu=.S o B26,5824 NO, o7
- NG o NO ® NPe02 o+ AEL.OFI3 o NmA, ¢ B219.490, NO, o9
- N o NN = MOe M o AuS.IF1Y o NEe S o as% A28, Ne. S0
L O o F a Mee 0 o 882,912 o Nam bR, 88+20N00 N0, 52
- MPhe £ 8 WFend o ARL.OF10 o NEm bRy B8.A000 NO, 52

HCL o A4 W20eCL o AR1,OF1) o NE=4R "TIN.Y

O o CL = WCLeO « 085,061 o+ Ne= S o BFh.00

LASY BFX




Thus m; ia the ratio of the reaction rate with species M1 as the third body to
the reaction rate input on the reaction card described in Section 6.5.2,2,

If reaction rate ratios, mu, are to be input {or the digsoclation~recombin-
ation reactions, a card with THIRD BZDY REAX RATE RATIZS In columns 1 through
27 must be Input next, If this card ig deleted from the input, the program assumes
a_ll_mu_g_l_, If this card is included In the input, It must be followed elther by
& card with ALL EQUAL 1,0 in.columns 1 through 13 (which sets all mucl) or by
SPECIES cards as described below:

e m, can be input using a card wlti\hthe word SPECIES in columns 1 through
7. This word is followed by the name of the i species followed by 8 comma,
followed by the values m,, !.n F format, esch followed by a comma. These m, values
can be continued onto succeeding cards. Note that the t'nU values depend on the
order of Input of the reaction cards, i.e. the jt‘h réaction {s defined by the jth
card (nput after the REACTI@NS card,

Table 6-11 gives a sample Input for v Hydrogen/Oxygen system using third
body reaction rate ratios. In this example the three body recombination rates
are input with Argon as the third body., The rate with Hz as ¢ third body is a
factor of 5 larger then with Ar as a third body for the first three reactions.and a
factor of 4 lurger for the fourth (Hydrogen recombination) reaction,

6.5.2.9 At this point In the data Input deck a card with LAST CARD in columns
1 through 9 must be Input,
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TABLE 6-11

REACTIONS B
W e BW 8 W20
0O+ W o OM
N e O & (2
Heoe M s W

END TBR REA

M2 o O

N e OH
6 ¢ OW
LaSY REAX
INERTS NOJARGEND

*
i

¢
g Mo HW20O
OH ¢ O & 0 ¢ W2N
s 0
s M

M2
02

LISTING OF SAMPLE REACTIONS CARDS FOR AN OZ/H PROPELLANT

MAY
'

- ® e

1=4 1572 JANNAF PSw6
NE24¢6 o B8040

AT EF23
And  nE1 A
101:25}1
llb.‘ﬁ!?

AR2,16E13,
AﬂSo?SElZo
Ae?,33£19,
An],3F13 o

- @ @ &

THIRD RODY REAX RATE RATIONS
SPECIES AR¢Youlanlonles
'pEcrEs H2'§0'50050.‘09
SPELIES “?Ogeooosooqtonoo
SPECIES 0208¢605406,501,8¢

SPECLIES N2v8sobe9de0l,50

SPECIES My1245012650124%¢2540
SPECIES 00124591245112.54254
SPECIES 0Me1245012,8012,%502549

LAST CARD
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Ny o
N2l
Naj,
N‘d.
Neg e

N0,
NSp,

- LI
¢ BB0ye
v 820,40

8e6,18,
8'0790'
8‘7.300~
B88) 40

= e -

(AR)
(AR)
(AR)

(AR)

BAULCH
BAULCMH
RAULCH
BAULCH

NO,
NO,
NO
NC o

NO,
NO,
ND
NO o

~% as 2% ay
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£.5.3  SPDK NAMELIST INPUT,

$PDK Namelist input specifies the conditions for the kinetic expansion calcula-
tion. The input is read in subroutine @DKINP and consists of the following groups
.f aata as outlined below:

6.5.3.1 Specification of Nozzle Geometry
6.5.3.2  Integration Control
6.5.3.3 Print Control

6.5.3.4 Speciegs Selection and Mass/Mole Fraction
Check

6.5.3.5  @DK Problem Input

".5,3,1 Specification of Nozzle Geametry.

All of the rozzle geomotry is to be irput using the $DATA Namelist inpuv, see
Section 6.3.3 and Figure 6-1.

An QDX calculation will be carried out for each mixture ratio input in @FSKED
- $PDE whenever @DK = 1 or TDK = 1 in $DATA.

For a TDK problem, it is necessary that the @DK calculations be run past the
~ozzle throat. Usually it is not desirable to run the @DK calculations &ll the way

the nozzle exit because of the extra computer time and orint out that results.

nowever, if this is desired on a TDK problem, it can be requested by input of item
ZP as described below.

Assumed
tem Description Units Value(s)
DK = Neamelist, read in subroutine

PDKINP.
P = If MK =1 and a value is input none 0

here Zfor EP, then eacn ODK will be
run to expansion ratio EP.
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6.5.3.2 ITEGRATION CONTROL

The integration routina cantrol: the step size such that the relative
error in the dependent variable increments are less than a prescribed fraction, »
DEL. Only doubling or halving of the step size is permitted, and on cption,
either all the variables muy be considered (JF=0), or only the fluid dynamic b

variables (TF=]) may be considered,

When the flow becomes supersonic and the area defined ¢luid dynamic

equations are used, an additional check on continuity {s applied in the ferm "
)

s

(pVA) - (pVA),, .

(NJ;) N < cenprL .,g

l PVAI N +1 | {

where C@ONDEL is an iaput relative criterion.

The step size is held between the two input bounds HMIN and HMAN. A |

Fixed step cases may be run by setting input values for HI, HMAX, HMIN all

equal. Assumed o
[tem Description Units Value(s) §
.
i y
HI = initial step size none 01 D
HMAX = upper bound on step size none 0.10001 §
HMIN = lower bound on step size nene .005 i
DEL = fractional incremental none 00l i
error i
!1
|
o
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Assumed
Pescription Units Valuels)

o -
temperature L low which R Y

explicit integration will
start. Not recommended,

Ttem

n

TEXPLI

n

relative error criterion for none 1x10"6
—antinuity check for super-
sonic flow

C@NDEL

i3 = ( all variables considered none 0
for “tep siz. control

= 1 only fluid dynamic variables none
cons.idered for step size
Contml, i-‘:’., Hpu’ and 'I ‘1

6.5.3.3 PRINT CONTROL 4

Qutput from the Kinetic Expansion Calculation consists of complete

output for each print station selectec. The end point of the nozzle is always

prir-ed, Print stations are selected from one of the following¢ options:
Assumer
Item Description Value(s, 4
TPRNT = =2 print throat and input aree ratios (see ARPRNT) .2 i

= -] print at_internaliv st area ratios for conical
nozzle.* Printat colacted wall contour noints
for contoured nozzles. Feor the spline it ;

e " e T

option (IWALL=4), prirt out will occur &t |
e.ch entry in 28 of $DATA. For other con- ‘
tours (IWALL=z2 or 2), print out will

ocz2ur a+< 20 egually spacec axial lccations

along Lhe nozzle,

= 0 print at every integration step

+1 wrint every ND3rd step up to the throat and
then nomina! area ratios

e i . e < =

= +2 print every ND3id step over entire nozzle

*For TPINT ==-1 and a corica!l nozzle {i,e, IWALL = 1}, the {rtemally set area
ratics aro:
AFSINTWU) = 2,2,4,440.,32,40,%2,...,58,60,64,...216,120,128,.,..,200,210,

jaRoNg] \
LL\-'ooolé\.>

>
>
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1£ TPRNT is +) or +2, the following muet be input: |

Item Description

Nl = firat integration step to be selected for . -
print

ND2 & last {ntegration step to be selected for -
print

ND3 = print every ND3rd step between ND! and -

NDz2, ;

If TPRNT {5 =2, the following must be input:

tem Description ,
ARPRNT(1) = requested area retios for print, must be - o

monotonic increasing and greater than 1.9
If no values ure input, will use g
values froem ASUP of SDATA. 1

NJPRNT = number of area ratios requecsted for print - }
<100.

An extended print option may be selected as ‘ollows:

Item Value Description o
DYSCI = 0 no extended print requested 0 |

= 1 extended print optior. se.ected (not suggested) 3

}
|
|
!
!




6.5.3.4 SPECIES SELECTION AND MNLE/MASS FRACTION CHECK

In order to (nterface @ZDE equilibrium calculated start conditions
with the kinetlc expansion calculations, special gconsideration must be made
for inert species (these not appearing ir the reaction sct). Inerts may be select~
ed explicitly by use of the INERTE directive or by use of a relative gelection
criterion,

If A MULTIZONE TDK PROBLEM IS SPECIFIED INERTS MUST BE SPECIFIED
VIA THE INERTS DIRECTIVE, This 1s required so that the chemistry selected for
multizoneé cases will be compatible.

The INERTS directive 15 described in Section (6.5.2.6).

The relative selection criterion (BDK or 1 Zone TDXK problems,)
is desctibed below:

Item Name Function
EPSEL = all species which do not appear explicitly

ir the reaction set but whose mcle ‘ractions

are greater then the input value for EPSEL, will

be retained for the kinetic exransion. Species
selected under this criterion are treated as {neért.
The program a&ssumes EPSEL=1,0E-5, unless input,

In some instances it may be desirable to use input species concentrations
which do not sum to unity. Species concentrations, either input or from equili-

brium start conditions, are summed and the sum checked as described below.

tem Name Function
XMFTST = Input species concentrations are summed and checked

versus unity using this input criterion. H
l 1 -3 species concentrations |<xmrTST

then the test i{s passed. The species concentrations
will then be normalized such that
species concentrations = 1.

The program assumes XMFTST = 1,0E~3, unless input,

If the test is not passed, an error message will be given and the
run terminated,
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6.5.3.5 ©ODK PROBLEM INPUT

This input {8 required when PROBLEM @DK is specified on the
pioblem card. A kinetic expansion from {nput arbitrary start conditions is
to be computed. In addition to the input items described in section 6.5.3, an '
QDX problem requires {nput of those items described in sections 6.5.1 and 2.

ltem Name " Input Quantity Units 81 Units

FC - chamber pressurc PSIA N/M#
T - initial tcmperature R °r
v = initial gas velocity ft/sec m/sec _ 1
JPFIAG =0 préssure table nohe none ’
caleculated internally i
el pressure table input . }
ECRAT = {nitial contraction ratio none none ;

For JPFLAG = 0 option the following must be input:

Item Name Input Quantit Units 81 Units
38 = {nit{al pressure PSIA N/M? .
PESTAR = throat pressure PStA N/M?

e i e e e e ettt e

For JPFLAG = 1 option the following must be input:

Item Name Input Quantity Units %
|
PTB(1) = normalized pressure none ~
table entries* !
27B(1) = normalized préssure none l
table coordinates** | [
NTB . = number of pressure none i
table entries, s 127 :

2 = initial axial position none

* normalized to Input chamber pressure, PC
*+ normalized to input throat radius, RSTAR
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6.65.3.6  MASS AVERAGED ODK ISP

A mass averaged PDK ISP summary page may he obtained at the end of
the MDK calculations as described below:

MAVISP =] Spocifies mass averagéd ISP option
XM(1) - Ratio of mass flow rate of each zone (zone 1

‘= {nnef zone) to the total masas flow rate,
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6.6 $TRANS NAMELIST INPUT.

Wnen a MAC problem has been specified, the input data set $TRANS is required
for the transonia calaeulation.

t.em

$TRANS
XM(1)

ALI s

IBUG

The following input

Item

MP

Asaumed
Desaript.ion Valuo(s)
Namelist, read in subroutine TRAN
Ratio of mass flow rate of each zone (2one 1 50%0
= inner zone) to the total mass flow rate.
(need not be input if MAVISP = 1 option gpe~
cified and XM input in $@DK).
Number of degrees initial line will be disp- 0
laced downstream. The program assumes ALI
is zero. If ALI i{s not 2zero, a symmetric
throat is required (RWTD = RWTU).
If input is nonzero, intermediate transonic 0

sutput will be printed.

may be used to control the construction of the initial line:

Assuned
Description Value(s)
Number of pqﬁ?ts to be placed on the initial 50
line. .
A sinusiodal distribution of the following form
is used:

€

in
l”i = [l"wSin (N 5‘)] i = 0'1,20050N

where N = MP and £y is EXP1 described below.

Editing is done to control the spacing, see
DRMIN.

— ——— e




\
."1
Aesume !
1 em Pescription "alue(s)
EXP1 . € for cinusoidal distribution. 1.2
DRMIN e Editing eriteria for sinusoidal 01 |
distribution. The first initial line poliat
below the wall, ry, will be gpaced such that !
.
\
r, = ry > min [DRMIN * RWTD, .025] 5
j
Toovrlue o8 Y THeL O e to o dnput dn !
By A, et Tt 00 !
|
|
DRMIN? s Eciting criteria for sinusoidal 5"10'u E
distribution. Points on the initial 1line v
will be spaced such tha: ,
r -r > DRMIM z
n n-~1 L
$END |
|
|
i:
|
|

i
:
)
|
|
.

€~ 0
4.

e eun e
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0.7 EMOC_NAMELIST INPUT,

This data set containg the input items for the supersonic Methad of Character-
iztics (MOC) module. The items are divided into four types, which are described

in the following subsections,

6.7.1 Characteristics Meah Control
6.7.2 Inputs from SDER

6.7.3 Print Control

6.7.4 Exit Planc Option

Oftan no $MOC input is necessary since the default valucs are usually sufe

£icient.




6.7.1 Characteristics Mesh Control

Item Name
SMOC =
DE -
Dwwi -
EPW -
IMAX -
IMAXF = ]
or

IMAXF = 0
TEXPLI =
ETHI -
ES =
DTWI -

Input Quantity

Namelist name, read Dy subroutine
CHAR

insertions will be made such
thot succassive points along
streamlines will not be sep-
arated by more than DS,

insertion control parameter
Aew described In Section 5.9, 2.

the program will insert such
that the wall end point L3
jocated within a tolerance EFW,

the maximum number of intarations
to be allowed while attempting to
achleve & relative convergence for
the flow var! “les of $%10-9,

the program will terminate the case
if a printed point requires maximum
iterations for ccnvurgence,

program will continue the case after

IMAX iterations per pcint have occurred

input temperature below which explicit
integration for the species concentra=-

tions will be used,

e‘efor point editing as described in
Section 5.9.2, CNTRL.

€ for point editing as described in
Section 5.9.2, CNTRL.

Aat wcriteridn for insertion in sub-

routines INPT, DSPT as described
m section 5.90 2' CNMO

none

dagrees

none

none

none

[

Assumed
Values

e el e

°R, °K if SI Unitc

degrees

none

degtess

o
o
o




LT, Mo Dhoek Option

If the MOC ahocck option 18 requestad (;.Hﬁ(,','('“]), then the
eph  conpstructior  beging at the irtepsecticn of the initial datew

R PR U VA

i1 and tne nofzle wall, RREC's are conptructed,
LDt Ty o T b e mny anony, If mRo, & Ahocy 18
yneerted into the flow field ot the oroas=over polint, Next, LEC'C
are oconatructed  stapting  at the will, ana the repion  up Lo vhe
poanecver polnt da filled dn, The LRC eonctraction Lhey contituee
dth o the 1at poudnt on each LRC beine o pight running phoeok  point,
‘hen the axin §s roached, the sheeck a8 rofleeted an o deft runnirf
ThoCk, The pregrom then roverts to a [RO gonatrucyion neheme and thic
moek ia traecd until fv reoehed the wall. It io then refloeetaod
“rom the wall, &and {8 coleulated an a right  running HRIRRE Y
rropagating towardy the flow uxis. Only onc sheck will be trooed,
vut omultiple refleetions arde allowed,

ASSUMED

CTEM _LAME INPUT QUANTITY _VALUE
JHECK= 1f SHOCK=0, shocks will be igrored

e the MOC flow field will uee LRC 0

construction,

1f SHPCKe1, a shock will be inserted,

and traced as described above,
ISHCK= f 18K K=1, no special action raken 1

If 18HCK=S, crossing ¢f RRC's will be
ignored for all RRC's that originate
at the wall upstream of axifal coordi-
nate position XA. If the shock i8 too

strong, it cannot be {gnhored,

A= Axial coordinate position on wall dis- ¢

cussed under ISHCK, above.

Dl




€.7.2 Print Control
Assuned

Item Name Input Quantity Units Values

N1

N2

NC

MASSFL

NDs

flow parameters will be printed none
for every N1¥ interlor point a-

long characteristics selected

for print

every n2th characteristic wil} none
be selected for print

for NC ¥ 0 species concentra- fione
tions (partial densities) will be
%ﬂnted,wtﬂx the flow parameters,
NC=1 the quantitiss A, B,v,
heat capacity (BTU/Lb-°R), and
enthalpy (ft*/sec®) will be append-
ed to the species corcentration
print,

at the completion of each left running hone
Characteristic (LRC) the massfiow is

integrated.

If

MASSFL = 0 then no mass flow printed

MASSFL = 1 then total mass flow zad the
number of polnts on the LRC
are printed for each LRC

MASSFL 2_then mass flow for each point
along LRC is printed

MASSFL = 3 Same as MASSFL = 2 with the
addition of execution time at
the end of each LRC

see Section 5.8.1, CEAR

for NDS = 1 Dividing Streamline Points none
will be printec. (No:-inal)

for NDS =0 Dividing Streamline Points
will be sup:ressed,
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6.7.3

Item Neme
@FBAR -

ETABAR =

DRPISP_. ... =.

Inputs from DER, Reference 10,

nput Quantit

Overall mixture ratio in-
cluding condensed phases.
For print out only.

Overall evaporation efficlency,
l.e. the ratio of gas flow to
total pwfenant flow at the
?;:?.:;AR sp’ total = Isp,gas

Ratio of total condensed
phase momentum to the mass
flow at the throat. Not used,
reserved for future use,. .
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Units

none

none

1bf sec/1bm
(if ST Units then {
N sec/kg)
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6.7.4 Exit Plane Nption

On option, the TDK method of characteristics calculation will continue the mesh
construction through the exit plane of the nozzle and print a summary of the exit

plane properties.

Assumed
Item Description Value(s)
EXITPL = Exit plane o¢zlculation requested if set .FALSE.

.TRUE. not operational for shock option.

For the case whén two TDK runs are to be_
made, i.e.. when

TRPEAT = 1, cr .. in $DATA

then the exit plane will be computed for the
second TDK run, but not for the first TIK

run.

6.7.5 Punch Initial Line

Durirg any calculation generating an initial line, the initial line may be
punched :in a form suitable for running an input initial line option. The following

iriput is required.

Assumed
Item Description Value(s)
ILPUCH = Requests Punching of Initial Line if set .FALSE.
.TRUE.
IPUNIT =z The Fortran unit number assigned to the

PUNCH. (e.g., on Univac 1108 INPUNIT = -3,
on the other machines it may be 7, 8, etc.)

I'*PORTAIT NOTE
*e IPTAB = 1 option is selected, i.e., the boundary layer edge conditions punched

edge conditions punched cards.

$END

6-57

k:x-w;

for TBL input, the initial line junched cards will be interspersed with the TBL |

DT

o e " AT Y et




6.8 Boundary Layer Module (BLM) Input Data, $BLM

- This input data set is required if the BLM is to be executed, i.e., if BLM=1.0
was input in the $DATA namelist. Most of the data required by the BLM is communica-

ted automatically bty the @DE and/or M@C modules, or is preset as assumed values.
necessarily need to be input to the BLM module.

Hence, these data items do not
However, any value that i9 read in will override the assumed or communicated value.

The input data items to the BLM module are as follows.

Assumed |
Item Deseription Units Value(s) 1
$BLM = Namelist name, read in Subroutine 4
INPUTB o
}
ITYPE = flag to specify the type of bocy 1 !
geometry \
= 1, for an axisymmetric nozzle, re- *
quired by TDK
= 2, for an axisymmetric external flow
= 3, for a two-dimensional external s
flow starting at @ stagnation . .
point. : )
WDPT2D = Wiy, nozzle mass flow. If the MOC 1b/sec 1. i

module was not executed, a value _
can be input here so that a boun- . A
dary layer ISP decrement can be e

computed

— —
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6.8.1 BLM Gas Properties

Gas properties that are required by the BLM are v, Cp, ani W versus T, and a
value for the Prandtl number,. Pr'

If tables for Cp and Y are not input (see CPO, CKO, and TO, below) then the
orogram will prepare these tables using the @DE module. The tables are prepared
-sing a series of (T,S) equilibrium calculations, where T varies from 600°R to
7000°R at 200°R increments. The chamber entropy value is used for S. Values at
100°R are then extrapolated and added to the table. The table is printed wizh the
5LM cutput.

If constants defining the gas viscosity, W, and if the Prandtl number, P, are
not input, then they will be transmitted from the ODE module.

If the TD2P and @DE modules have not been run, then the data listed below must
be irput.

Assumed
Item Description Units Value(s)
CrO(1) = table of ratio of specific heats, none 101"1.4
Y, versus T.
Zo(1) = table of specific heat at constant ft/sec-R 101*6006
pressure, Cp, versus T
1) = temperatures corresponding to the °R 300y +44,7000

entries in CKO and CPO arrays,
above
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¥
Assum -4
Item Description Units Valu-.3)
NTAB s number of values entered in CKO, - 4
the CPO, and TO arrays. 3 < NTAB.
£ 101,
-l
RMUI = Reference viscosity, u o' where vis- lbm/ft-sec ,2F#%" "
cosity is expressed as
(st )
U= M, 'ro
TI = reference temperature, 'ro. for vis- °R 15¢¢C.
cosity. See RMUI, above. “
@MEGA = Viscosity exponant,w . See RMUI, - ;
above.,
PR = Molecular Prandtl number, Pn - L7¢ :
!
{
L
!
3,
|
l
|
|
¥ T Gosuwee 3 ovaiaer for EUETT,TI, 0000 R, 0 yund 08 0 are for air.,
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6.8.2 Boundary Layer Eige Conditions

fii The coordinates for the boundary layer are specified in the RIND versus XIND

the boundaryv-layer calculations.

<

Conditions at the wall must always be input here.

Ll

é »

; i Item Description Units

\ % XING(1) = x, axial coordinate none

!

- RINO(1) = Y+ radial cocrdinate none
1i UER(1) = Ug» 8as velocity at the inviscid rt/sec
d edge
f TEB(1) z T,, gas static temperature at the °r
5 inviscid edge
ff PEQ(1) = Pe' gas pressure at the inviscid psi
; edge

NXING = number of items in the XIN®, RIND,

20, TEQ, and FEQ tables.
3 < NXINO £ 201

6-61

Values of RINO versus XINO and the conditions at the inviscid edge of the boun-
dary layer will be automatically transmitted from the MOC module if it has been
run. Otherwise, they must be input here. See the description of IOFF in $DATA.

\ - et &-‘?‘ %_",‘ S - aw v wmmen

| i table. Conditions at the inviscid edge are specifed in the UE®@, TEQ, and PED versus
f XINZ tables. Conditions at the wall are specified in the TQW and CQW versus X7V
tables. The program will redistribute the input stations (up to 201
order to have 101 x-stations uniformly distributec per segment, except for the
firct five stations which are generated non-uniformly. The input
y,Ue,Te.Pe,‘rw (or qw). and (DV)w are interpolated at the hew x-stations and used in

total) in

values of

Assumed
Value(s)




Acsamea
Item Description Units Velua(sr
XTQW(1) = X , axial coordinate for the TQW none . nqg, .0, ,1000.
W
and CQW tables.
IHFLAG ] Flag specifying wall boundary con- - 1
dition input through TQW array.
IHFLAG = 3, for temperature
s *
’ IHFLAG = 1, for heat flux
TQW(1) = T;, wall temperature or qw. wall °r 201%0,
heat flux, depending in IHFLAG... or .
. RTU
For an adiabatic wall, set IHFLAG = ind-sec.
1 and all TQW(1) = 0.
. For a non-adiabatic wall with
5 prescribed heat flux, set IHFLAG= :
i 1, and note that for heat flux from ,
" the boundary layer tc the wall, the j
e TQW(1) entries will be negative.
¥ |
'% CQw(1) s (DV)w. mass transfer paramter at lbm/rtz-sec 201%0 )
& the wall k
" )
%} NTQW = Number of axia) stations, X, Each - 3

of the above tables must have this
number of entries.
3 < NTQW < 201,

*  Default values are set for an adiabatic wall, i.e., IHFLAG = 1, and
TQW(1) = 201*0,
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NSEGS

NISPS(1)

XSEG(1)

NTR

Integration Step Size Control.

Assumesd
Valu- z)

Description Units
Number of Segments, 1 < NSEGS € 10 none

The boundary Tayer wiiT be divided into
segments ¢« f equal lergth unless velucsu are
input into ASEG, below.

Number ~f Integration Steps per none
Segment, < 101 per segment.
Vector containing the axial (x) lo- none

cations which define the wall seg-
ments. The vector is always NSEGS
+ 1 values long. Default values
are:

XSEG(i) = z .+ (zm-zc) (i-1)/NSEGS i=1,2,...NSEGS+1

where zc and zm are the end of the

cylindrical combustion chamber, and
the end of the nozzle,
respectively, as shown in Figure
6-1 on page 6-20.

If the boundary layer is to be
extenzed upstream of 2y the usual

procedure is to input
XSEG(1) = XINO(1)

and XING(1) through XINO(IOFF),
ete., of $BLM are input by the user
as described in $DATA under input
item IOFF.

Station at which transition to none
turbulent flow is allowed. The

program starts with an assummed

boundary layer profile, and then

turns on the eddy viscosity terms

for turbulent flow at station NTR.

For & laminar boundary layer, set

NTR large, i.2. NTR > _'NISPS(I).
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£.3.4 Regenerative Cooling Heat Transfer.

Whc an engine is cooled using a regenerative device, propellant (usual.y fuel)
.8 routed around the nozzle so that heat is transmitted from the boundary layer to
<he coolant. This heat is then returned to the compustion chamber in the form of
increased propellant enthalpy. When the nozzle wail temperatures are assumed known
IHFLAG = O option), the BLM will calculate the heat flux from the boundary layer

% the wall, F\,(BTU/ft -sec). These values can also be input directly (IHFLAG = 1
~ption). If the coolant circuit extends from position Xq to position X and opera~
~2s at an efficiency, n, then the propellant enthalpy entering the chamber will be
increased by

AH = = nf R dA (BIU/1bm)

where

t!;.r is the total engine mass flow rate

dA is the nozzle surface area differential, 2mrdx

Using the method outlined above, the BIM will compute increments of propellant
enthalpy for up to 3 fuel or oxidizer circuits and print out the resultant enthalpy
increments. These can be added to a later computer run by using the DELH1(1) input
=rray. If BLM is to be automatically rerun, then the enthalpy increments will
zutomatically be stored into DELH1(1) for the second pass through ODE, ODK, and
“X. These enthalpy increments can be calculated in two ways. If the enthalpy in-
c~ease is distributed equally throughout the chamber, then

AHi = AH

i.e.

DELH“(") .AH| AH, sees EtC,
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The second method {3 to assume that a fuel circuit adds enthalpy only to fuel,
ind an o circuit adds enthalpy only to ax. It follows that

2ar a fuel circuit

r+1
LH, = (;1—“—) AH
and for an ox circuit
rel T4
AHi = (?'FT) = AH.

where ri is the mixture ratio of zone i and r is the overall chamber mixture ratio.

For either method, the steady state engine cycle balance can be approximated as
follows. First, calculate "adjusted tank enthalpies" for the fuel and for +he oxi-
dizer and input these on the reactant cards. These values must . oproximate the
energy contai.. 2f the propellant entering the main combustion chamber accounting
{or all energy grins and losses, except heat returned to the main combusticn cham-
z2r by the regen cooling circuit(s). Estimates for these amounts are to be entered
.sing the DELH1(1) input array. An estimate of zero is usually satisfactory. Cor-
~ected estimates will be calculated by BLM and stored in DELH1(1) for a second pass
chrough TDK (or TDE). 4 second pass using these values will be executed automati-
tally if IRPEAT = 1 was input in the $DATA namelist.
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Assumed

%f', ~em Deseription Yalue(s)

: XCo(1) 2 the Ith entry is the starting position for 3%0
the Ith cooling eircuit®,
XCE(1) s tre Ith entry is the ending pocition for 2%
the Ith cooling ¢.reuit®,
ETAC(1) ® the Ith entry is the efficiency for the Ith 3
cooling circuit.
gFC(1) = Type of coolant for the cooling circuit: 3%0
o OFC(I) = 0. {f there is no ith circuit
e @FC(I) = 1. 1if the Ith ecircuit is oxidizer
@FC(I) = 2. {f the Ith eircuit is fuel
I <3
. DISTRB(1) s Fleg for method of distributing AH incre- 3™,
" ments

DISTRB(I) = 0. for equal distribution of
heat to chamber

¢ (I o . = i -
N ,’-m:’f’f"q‘.' e LTI '” . _

DISTRB(I) = 1. for distribution of ox heat
to ox in chamber, and fuel
heat to fuel in chamber.

The Ith entry is for the Ith circuit.

I * Normalize¢ by the thr-at radius, rt.

i
{
i
i
'
4
L
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The input deacribed b:low is used <o control plot:

BLM Plotted Outnur,

Plot options available from BLM ares

Momentum thicknes:, 8+ vi. axial position.
Displacement thickness, ¢*, va. axial pesition.
Wall Temperature, Th. vs. axial position.

1)
2)
3)

b)
5)

Example
above.,

Iten

IPROF

APROF(1)

NPROF

STPLT

QITPLT

KTWPLT

ed ou'put, from the BLM, Tr.

Velocity profiles at specified area ratios, or at specified axial

locations.

Temperature profiles at specified area ratios, or at spzcified axial

locations,
Plots are presented in Figures 6-2 through 6-5 for types 1 through 5,

n

Descrigtion

If IPROF = 0, then supersonic area
ratios are input in APROF.

If IPROF =1, then axial loca-
tions, x/rt, are input in APRC:

Area ratios (or axial locations,
see IPROF) at which veleeity ratio
and temperature ratio profiles will
be plotted. Two frames per area
ratio will be plotted: U/U VS,
edge
y/y and T/T vs. y/y .
edge edge edge

Number of area ratios (or axial

locations) requested in APREF.
NPREF < 20,

If KCTPLT =1, then displacement
thickness, ¢*, vs. axial location,
X, will be plotted.

If KMTPLT = 1, then momentum thick-
ness, 8, vs. axial location, x,
will b= plotted.

If KTWPLT = 1, then wall tempe.'a-
ture, Tw’ vs. axial location will

be plotted.
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9 SPECTAL OPTIONS.

29,1 Constant Properties Gas Option.

The TDK program contains a useful option by which the real gas chemistry can be
replaced by constant properties -~ mistry. Multiple zones can he calculated. The
output includes the nozzle dive . ce efficiency, n DIV? (see Section 5, Subroutine

PRINT).

The constant properties gas option is run by input of PFGZPT = 1 in $DATA.
Sample inmput data for the constant properties gas option is listed in Table.6-12.

Only the $DATA, $TRAN and $MPC data sets are to be input. These data sets are
input as described in Sections 6.3, 6.6 and 6.7, respectively, with the following
required additions to the $TRANS Namelist.

G(1) = Valde of specific heat ratio, v, for each zone, inner to outer, the
number of zones is specified in $DATA.

PSA = Chanmber pressure in lbs/in®. (N/m? if SI wnits)
P(1) = (From Table 6~S) All assumed = 1, if not input.

22(1) = Chamber temperature, °R, for each zone, inner to outer. (%K if SI
units)

FGC(1) = Real gas constant, ft?/sec? °R, (i.e., 49721/%, = gHIM.985/M,) for
each zone, inner to outer. (tn2/sec:2 % if sI unts)

‘MW(1) = Gas Molecular Weight. If input then RGC(1) need not be input.
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Table 6-12: Sample Case for the Constant Properties Gas Optiom.

T1TLE SaveLE CASE OnC
DATA

$04aTa
PF3oPtzy,
NZIVESZS, :
RSI=2, !
RWTU32, ReTC:z,S, ’
THETAS3S5,67138,
tnaLLza,
NnSstt, 1
ﬂS(E)S ’.16§43'1.2547501.“'0100“733750?|0U900046“5930l
3,58226‘4.““772'5.1919506032u51p 4
28(2)2 39575, (53008, ,82905,1,19473,1,66923,¢2,32795, o
4,68717,7,58599,10,9601,13,3114, ;
tHE211,5813, )
SEND 1
$TRanS . i
621,23, !
PSAs100, i
T€35500, .
xMﬂ=20'
XMz,
ALI=O,
$END
$V3C

oy

e e
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6.10

in the subroutiné containing the Namelist tead,.

INITIAL VALUES FOR THE $@DK, SMNS, AND $TDX INPUTS

The following defines nominal values to which variables will be set if
tiot input, If a variable {s netdisted, no nominal value {s set, Variables are set

S$@DE, set in subroutine @DES

DELE(D)
ECRAT
EQL
EQTHST
ERATIZ
FA
FECT
FRPZ
I@NS
KASE
LISTSP
gr
FFSKED(I)
PO
PCP(I)
PSIA
RELERR
m .

st
SUBAR(D)
SUPAR(D)
WrL@W
Xp(1)

00‘

0.
..TRUE,
FALSE,
JFALSE,
+FALSE,
+FALSE,
.TRUE,
+FALSE,
0
+FALSE,
.FALSE,
0.

0.

0‘
.FALSE,
.0005
+FALSE.
+FALSE,
0.

0.

0.

1,
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$@DK, set.in subroutine @DKINP

$TRANS,

CZNDEL = 1,0E-6
DEL - = ,001
EFS = 0,
EFSEL = 1,0E-§
HI = ,01
EMAX = ,10001.
EAIN = ,00§
IDYSC1 = 0
IWALL e 1

J¥ = 0
JPFLAG = 0
JPRNT = -] ..
TECPL = 0,

XM (D) = 0,
XMFTST 1.0E-3
set In subroutine TRAN
ALY = 0,
1BUG = 0

MP = 50
PMCRIT = 3,
PMDEG = ],

XM (D) 0.

DRPISP =
DS

DTWi

DWWI =
EPW =
ES =

$TDK, set ir. subroutine CEAR

00
.15
2,
3.
01
+005
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$TDX (cent'c)
ETABA
ETHI
IMAX
IMAT
MASSTL
NC
NDS
N1
N2
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