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ABSTRACT

A computer program is described in detail for laminar,
transitional and/or turbulent boundary-layer flows of non-
reacting (perfect gas) and reacting gas mixtures in chemical
equilibrium., An implicit finite-difference scheme is developed
for both two-dimensional and axisymmetric flows over bodies
and in rocket nozzles and hypervelocity wind tunnel nozzles,

This report provides those interested in the computer
program with a description of the program, description of
the program subroutines, and variables, and description of
input and output data. Also included in the report is
the output from a sample calculation of fully developed
turbulent, perfect gas flow over a flat plate. Input data
coding forms and a Fortran source listing of the program
are included. Further, the report includes a descriptiomn
of the method for obtaining thermodynamic and transport pro-
perty data which are required to perform boundary-layer cal-
culations for reacting gases in chemical equilibrium.
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INTRODUCTION

The purpose of this report is to provide the user of
Computer Program LTBLCEQL with the necessary information
to utilize the program as a research tool in boundary layer
flow problems. The section "Description of Program LTBLCEQL"
is basic to any use of the program as the various capabilities
of the program are described in that section. Further, the
sections '"Description of Input Data" and "Description of Out-
put" provide the user with necessary information,

For applications in which only the perfect gas model
is required, the three sections mentioned above should pro-
vide the information that the user would require if no modi-
fications need to be made to the program for the particular
application, In order to utilize the capabilities provided
by the equilibrium gas model, the appendices provide an
explanation of the data required on the gas property and
expansion tapes as well as a description of a method of
obtaining the required data for the tapes,

The user who is interested in making modifications to
the program should find the sections "Description of Vari-
ables in Commen" and "Description of Subroutines and Vari-
ables not in Common'" particularly beneficial.

For all users and prospective users, a Fortran source
listing of the program is included.

The program was developed under contract NAS 1-9337
with NASA Langley Research Center. The name of the program
is an acronym derived from "Laminar and/or Turbulent Boundary
Layers in Chemical Equilibrium'".

In this report many details in the derivation of equa-
tions have been omitted. For the details of the theory and
derivations, the user is referred to the contractor report
by Anderson and Lewis [19711.



DESCRTPTION OF PROGRAM LTBLCEQL

Program LTBLCEQL has been developed to provide solutions
to a large number of boundary-layer flows. The program can
predict laminar and/or turbulent boundary-layer flows and in
addition transition models are included and described herein.
The geometries included in the program are those for either
2-D or axisymmetric blunt bodies, axisymmetric nozzles, and
wedges or flat plates. Modifications may be easily made for
other geometries. For example, sharp cones could be included
with the principal changes being the addition of two geometry
subroutines comparable to subroutines BLUNT1 and BLUNT2. The
geometry is specified by the variables NOSE (values of 1 for
a blunt body, 2 for a wedge or a flat plate, and 3 for a
nozzle) and XJFAC (0.0 for 2-D flow and 1.0 for axisymmetric
flow}.

Basic Equations

The program uses the basic compressible boundary-layer
equations which are valid for turbulent flow of either a
perfect gas or a gas in chemical equilibrium. The energy
equation is written in terms of the stagnation enthalpy and
the Reynold's shear and conductivity terms are given by an
eddy viscosity € and the turbulent Prandtl Number Pr.. The
boundary-layer equations are transformed by the Levy-Lees
transformation equations,

. 2
dE = PeHaleTy dx

and

PeleT J
dn = ———7--——-/W b dy
(2g)* Pe
where

0 for 2-D flow

LS 1}
]

]

1 for axially symmetric flow.



With the definition f' = u/ue and £ = J f' dn, the
continuity equation may be written as

n g
where .
2 (pv *+ p'v')x,)
Vs ——— [f' n_ + ]
PeHeUaTy (28]

With the further definitions F = f!', g = H/H

C = pu/p 1,
et = E/\j, e’ e'e

the energy and momentum equations can be written in the
following "standard" form;

o' 4 A BT+ A, 0+ A+ A

1 37 M %

where the prime denotes differentiation with respect to
n and the subscript & denotes differentiation with respect
to &,

For the momentum equation, ¢ = F, and the coefficients
are given by the following equations:

A:ED..+_(§9_3D_-L
1 C Ké AO
Az = —BF/AO
3 Pe
A, = 2_ %
3 Ao P
and
A4 = - ZgF/AO



where

A =C(l+¢e")

'and

K, = A/C.

For the energy equation, & = g = H/He, and the coef-
ficients are given by the following equations:

A:E:..U_+(Ao)n—:\£__
1 C x AO
0
A2 = 0
2 2
u Cc F FF
1 N N nn
A=--—e~——(1- ) FE + +
3 Hy P g nox x
| o) o] 0
- _ ZEF
Ay X
0
where
_C + Pr
AO"‘W(I'{"E P?t)
and
AO = AO/C.

With the equations written in the "standard" form,
solutions are obtained from subroutine SOLVE which uses
a three-point, finite-difference method. The solution
procedure may be fully implicit, fully explicit, or inter-
mediate {such as Crank-Nicolson). The most satisfactory
results have been obtained with the fully implicit pro-
cedure and it is recommended,



Eddy Viscosity Laws

For turbulent (and transition) flows, the Reynolds
shear term is given by an eddy viscosity. Two different
equations are used for the eddy viscosity. One equation
(referred to as the inner law) is used in the region of
the boundary layer near the wall, the other equation (the
outer law) is used in the outer region of the boundary
layer. The values given by the inner law increase from
zero at the wall and, when they exceed the values given
by the outer law, they are replaced by the values from
the outer law. The outer law, which follows Clauser's
work using Klebanoff's intermittency factor, gives values
which tend to zero at the outer edge of the boundary layer.
The program provides the user with two choices for the
inner eddy viscosity law. One follows the work of Van
Driest, the other is the eddy viscosity law derived by
Reichardt. In general, the results obtained from the
program using both laws have been equivalent, although
the calculations using the Reichardt law required less
computer time. Therefore, the Reichardt law is preferable
for most applications.

Transition Models

The user interested in utilizing either of the
transition models is advised that even though quite
satisfactory results have been obtained for transition
problems, caution must be exercised,

Satisfactory agreement has been obtained with
experimental results for several cases involving transi-
tion, but omnly by selecting appropriate values of the
transition parameters CHICRT and XBAR. Calculations
involving transition are most satisfactory when done ex
post facto, that is, when the parameters can be appropriately
adjusted to obtain agreement with the experimental results.

The first transition model changes the flow instan-
taneously from laminar to turbulent at the specified value
of x, and the x step size is reduced to 0.01. - Heat transfer
results obtained with this model show a much steeper rise
than occurs in experimental data and on this basis the
instantaneous transition model is not completely satis-
factory.

The second transition model provides a regime of
transition from laminar to turbulent flow. The calculation
is started with the flow laminar (et = 0) and at the



beginning of transition the flow is changed to turbulent
with the eddy viscosity attenuated by the transition inter-
mittency factor. As the intermittency factor increases
from zero to -unity as x increases, 'the eddy viscosity
reaches its fully turbulent value at some distance down-
stream of the point where transition begins.

The procedure which is used to indicate the beginning
of transition utilizes the vorticity Reynolds number X
which is given by the following expression:

2
=Y 2
X=5

-+

Sk

Transition is initiated when the maximum value of ¥, X

?
exceeds a critical value, Xerit (= CHICRT), which is max

generally in the range of 2000 to 4000,

The transition intermittency factor is given by the
expression

I' = 1 - exp (-AEZ)
where

A= 0,412
and

_ x—xo

g = 5

The value of X at the beginning of transition is xo and
A is a measure of the length of the transition region
which is given by Owen [1870] as

A= xlo_ 3 -x [._1 .
I“"E I‘—I
The values of X needed to calculate A can not be pre-
determined and an equivalent expression for A is used
instead, with A given by the expression

XO__
A=~I—-(X“l)

where X (=XBAR) is another measure of the length of tran-
sition which is such that



x ‘s = N ‘s .
end of transition X xbeglnnlng of transition

When the Van Driest inner eddy viscosity law is used, the
above expression is quite close to an exact equality. For
calculations with the Reichardt inner eddy viscosity law
equivalent results are obtained when X is increased by
about 65%. Then, however, the abové expression misses
equality by 65%. With the Van Driest inner eddy viscosity
law, 2.0 has been found to be an appropriate value for
XBAR for some cases and larger values of XBAR have been
required to obtain reasonable agreement with experimental
results in other cases, The values of CHICRT and XBAR
cited above should provide the user with reasonable ianitial
estimates of appropriate values of these parameters.

Normal Injection Model

The program contains provisions for calculating
boundary-layer flows with normal mass transfer through
a porous wall. For no mass transfer, the transformed
normal velodcity component, V, is zero at the wall., With
mass transfer the value of V at the wall (VW) is given
by -

— V2E O Ve

J
PeHelely

At the stagnation point of a blunt body (where rwJ = 0)
the equation for VW is

VW = o v /[ Yeuuly (3+1) .

In the equations above, VW is.calculated using the
injection rate p v, or equivalently CQ.

An alternative method of obtaining the value of V
at the wall is from the value of the stream function at
the wall. Also, V may be given by the equation



With fw = constant, VW = - fw since 9f/9&=0 along
the body streamline. If the value of fw (PINJ) in the

program is zero, VW is calculated from the injection
rate CQ; if both CQ and FINJ.are non-zero, VW is set
equal to -FINJ.

The beginning and end of injection are specified
by the variables KINJ and KNOINJ which are subscripts
for the array XSTA. Injection begins immediately after
XSTA(KINJ). For X less than or equal to XSTA(KINJ), CQl
is set equal to CQ and CQ is set equal tc zero. After a
sclution has been obtained at X = XSTA(KINJ), DX is reduced
to 0.01 and CQ is set equal to CQl, and the message "INJECTION
BEGINS" is written. After a solution has been obtained at X =
XSTA(KNOINJ), CQ is set to zero and the message "INJECTION
ENDS" is written. If the input values of KINJ and KNOINJ are
greater than IIMAX, they are set equal to IIMAX.

The value of CQ may be either constant or variable. If
the value of the variable KCQ is zero, CQ has a constant
value and the values of CQZ(J), J = KINJ, KNOINJ, are set
equal to CQ, the other valuesof CQZ(J) being set equal to
zero. If KCQ is non-zero, the value of CQ is obtained by
interpolation in the array CQZ if X is greater than XSTA
(KINJ) and less than or equal to XSTA(KNOINJ).

For turbulent flow, the Van Driest inner eddy viscosity
law includes the required corrections for mass transfer
whereas the Reichardt inner eddy viscosity law does not.

The normal injection model has been used for calculations
of boundary-layer flows over a flat plate (the conditions cor-
responding to the Danberg [1967] experimental data) for fully
laminar, fully turbulent and transitional cases. The agree-
ment with the experimental data was reasonably good (see
Anderson and Lewis [19711).

Flow Diagrams

The flow of logic in the program is controlled by
MAIN (see description of MAIN). To assist the user in
following the flow of logic in the program, two flow
diagrams of MAIN are included. Fig. 1 gives a flow diagram
of MAIN by the logical functions involved, while Fig. 2
gives a flow diagram of MAIN by the subroutines called. As
the major subroutines have particular logical functions,
there is a close correspondence between the two flow diagrams,



| READ INPUT DATA |
N 1

. - L
INITIALIZE NQ&-_S_HI{B_SEEI_P:FI‘ED VARIABLE

| WRITE INITIAL DATA |

| CALCULATE INITIAL PROFILES |

BEGIN MﬁRCHING INTEGRATION )

> BEGIN ITERATION LOOP |

|

[CALCULATE BOUNDARY CONDITIONS AT WALL

|

[ SOLVE ENERGY EQUATION |

[ SOLVE MOMENTUM EQUATION |

|

CALCULATE TRANSFORMED NORMAL VELOCITY
SKIN FRICTION AND HEAT TRANSFER

TEST FOR TOO MANY ITERATIONS, CONVER-
GENCE, NEED TO INCREASE 7, ,

CALCULATE BOUNDARY LAYER COEFFICIENTS
AND WRITE STATION DATA

1

[ CHANGE TO ‘EQUILIBRIUM GAS MODEL 7 ———

[ CALCULATE NEW X AND & VALUE |

[FINAL VALUE OF X ? |

END

Fig.1 FLOW DIAGRAM OF MAIN ROUTINE BY FUNCTION



[ sTART |

[ C‘ALI__ F_i_E[ADIN (1)

I

I_EIALL INIT I
I_EA_LI__ VISCO I
T—

o | CALL™ WRITEL (17 -

: v
iCALL READIN (ZLJ |CALL WRWEl(E)I
= - Lt —————— a
| CALL PRFILE | [ CALL READIN (2} ]
|
CALL WALL

| CALL. ENERGY |
I
| CALL MOMENT |

.
| TEST ON NIT3 |
T

| CALL DELTAS |
— 1

| CONVERGENCE TEST |
I

[ TEST oN uxlue AT EDGE |

['CALL ADDETA |

I
[ caLL coer ]

| CALL WRITE2 |

- ]
[ BEGIN EQUILIBRIUM GAS SOLUTION |

| CALL GEOM t

| CALL fHANGE_]E ‘&"[[LFW !
{ CALL DELTAS | [ cALL DERIVE |

END

Fig. 2 FLOW DIAGRAM OF MAIN ROUTINE BY SUBROUTINES CALLED
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Other Features of the Program

In the development of the program, generous use has
been made of comment cards. Most major transfers of con-
trol are marked by comments, and each subroutine is pre-
ceded by comments giving the subroutines called and the
subroutines by which it is called. In addition; brief
comments are included describing the subroutine function.

The common blocks have been structured so that most
free-stream quantities are in the labeled common block
FRSTRM, edge properties are in EDGPRP, transition regime
related quantities are in TRANS, etc. With certaln excep-
tions all subscripted variables in the program are in com-
mon blocks ARRAY1 or ARRAY2. The variables in ARRAY1 are
those which depend on the number of grid pcints (note that
DN, DN2, XN, and XN2 must have dimensions of at least IE+],
the other variables dimensions of at least IE), while the
variables in ARRAYZ2 are functions of x (e.g. ZA, RZi, PZ,
etc.}. The array CQZ occurs in common block INJECT instead
of in ARRAY2. In subroutines where arrays are in the sub-
routine argument, the arrays are dimensioned by 1 (as is
permissible on the IBM 360). There are three arrays (not
in common) in the program which depend on the number of
grid points; XMU in subroutine PROP and E and F in subroutine
SOLVE., If the variables in ARRAY1 are redimensioned, these
three variables must be also (unless the dimensions in
ARRAY1 are reduced). All other subscripted variables,
such as ZZ, have dimensions suitable to their function.

The program as listed is in single precision. This
precision is quite adequate on computers such as the CDC
6600. The six significant figures used in the IBM 360
single precision is adequate for only the very simplest
cases. Thus for use on computers such as the IBM 360, a
029 punch, double precision version of the program is
available.

-11-



DESCRIPTION OF VARIABLES IN COMMON

In this section, each variable which is included in
a.labeled commen block-is -given a brief descTiption. The
name of the labeled common block in which the variable
occurs is given to the left of the variable name,.

Common Variable Description of Variable
Block Name
NMLCRD ADTEST s Criterion for Increasing

ETAINF, (F(IE) - F(IE-4) is
compared with ADTEST)

EDGPRP ALP = UE**#2/TE or UE#**2/HESTAT
EDGPRP ALP1 = 1 + ALP/2
ERSTRM AMUINE =y, lbf-sec/ft’
REF AMUREF ’ Reference Viscosity Corresponding
to TREF1, 1lbf-sec/ftZ
GEOME ANGLE , Wedge Half Angle, in Degrees
(Converted to Radians)
TRANS ~ ATR , Transition Constant (=0.412)
ARRAY1 AO = Ag = C(1 + e+],-Momentum
Egquation
C + Pr .
= b7 (1 + ¢ ﬁ?zi, Energy
Equation
ARRAY1 AOB = A = Ao/cf where C = pu/peue
ARRAY1 AOBP = O
an
ARRAY1 T Al , Partial Differential Equation
Coefficient
COMWLL A1B , Derivative of U/U, at Wall
ARRAY1 A2 s Partial Differential Equation
Coefficient
ARRAY1 A3 R Partial Differential Equation
Coefficient
ARRAY1 A4 R Partial Differential Equation
Coefficient

-12-



Common Variable Description of Variable'
Block Name

EDGPRP BETA = B = ZE/Ue(dUe/dﬁ)
COMWLL B( = H/H
w o
ARR{“LYl C = PH/Pg Mg
CNVERG CCRNT = 1 - CRNI
CFPR CF ¥ Skin Friction in Transformed
Coor§1nates (= Cfm/EVD)
. ~ L
COEFF CFBAR = Cf =X JOCfm dt
COEFF CFBREX = ﬁf ¥REX
- _ 2
COEFF CFE‘ = Cfe = 2Tw/pevUe
' _ _ 2
COEFF CFINF = Ce = 2t /0,U,,
COEFE CFRES = CFREY
COEFEF CEFREY = Cf YREX
COEFF3 CF1 , Term Used in Computing CFBREX
COEFF cH L= C, = 9 . Where
b, P U, (Hw“han ’
Haw is the Adiabatic Wall
Enthalpy
COEFF  CHEDGE = C, = 9
h, PeUs (HwhHaw)
2 au
ARRAY1 CHI = X = L~ 5y » Vorticity Reynolds
- Number
TRANS CHICRT , Value of CHIMAX at which

Transition Regime Calculations
are Begun

-13-



Common
Block

.TRANS. -

COEFF

COEFF

REF

CNVERG

ARRAY1

SUTH

INJECT

INJECT
INJECT
CNVERG

VSCSTY
FRSTRM
ARRAY1
ARRAY1

COEFF

COEFF2
COEFF2Z
COEFFE

Variable
Name

CHIMAX

CHOCE

CHREY

CMSTD

CONVRG

CP

CPRIM

cQ

cQl
CQz
CRNI

CSTAR
CX

Cl
CIN

DEL

DELORF
DELOX
DELST

Description of Variable

Maximum Valugé in CHI Array
2 C, /C

he' "te
Ch REX

2]

Standard Molecular Weight of
Given Gas

Convergence, Criterion

aC

on

C*/T ,-where C* = 198.6°R

ref
PV Pt

Storage Value of CQ
Arra& of Injection Rate Values

Selector for Finite Difference
Scheme; 1.0 for Fully Implicit,
0.5 for Crank-Nicolson, and
0.0 for Fully EBxplicit

C* = 198.6°R

2

C Specific Heat, ftz/(sec -°R)

p!
1 - 1/PREQ

aCl

an

§, Boundary Layer Thickness
(Value of y where U/U, = 0.985)
§/reference length

§/x

§*, Compressible Boundary Layer
Displacement Thickness

-14-



Common
Block

COEFF

CNVERG

CNVERG

CNVERG

CNVERG

ARRAY1

ARRAY1

GEOME
COEFF2

COEFF

COEFF2
COEFF2
COEFF2
COEFF2

COEFF

EDGPRP
GEOME

Variable
Name

DELTA

DIF

DIFF

DIF1

DIFZ

DN

DN2

DS
DSAXOR
DSTARK

DSTODL
DSTORF
DSTOTH
DSTOX

DSTRAX

DUEDS

bX

I

1

Description of Variable

G/EVD

Maximum Difference in G or
F (or their Derivative at
the Wall) between Iterations
(Compared with CONVRG in
Convergence Test)

Local Difference in G or
F between Iterations

Difference in G {or its
Derivative) at the Wall
Between Iterations
Difference in the Derivative
of F at the Wall Between
Iterations

Array of An Values

Array of An Values (Used
only when ETAINF is Increased)

AE Corresponding to Ax
*®
Gaxi/reference length

Si, Incompressible Boundary
Layer Displacement Thickness

8§%/8
§*/reference length
§*¥/9
§®/x

szi = v {/1+28%/1r - 1}
(Zero for 2-D Flow)
dUE/ds

Ax, Step Size in X Direction

-15-



Common Variable Description of Variable
Block Name

GEOME DXMAX , Maximum Value of Ax Permitted
- - - - - ~in the C#zlculations
GEOME DXOLD , Previous Value of Ax
GEOME DX1 y Storage Value of Ax at the
First Station
ARRAY1 EPSO = eg, the Outer Eddy Viscosity
ARRAY1 EPSPL = ef, or €+, the Inner Eddy

i
Viscosity or the Combined
Inner and Outer Eddy

Viscosities

VSCSTY EPSVD = €YD =‘{uref/(pwaL)}%,-Whgre
L is the Unit Length in REINF

NMLCRD ETAINF » Maximum Value of n

COMWLL El , Matrix Invefsion Coefficient
Evaluated at the Wall

ARRAY1 FC = CRNI(F2-F1) + F1

ARRAY1 FCN = CRNI (F2N-F1N) +.FIN

ARRAY1 ECP = (F2-F1)/DS

COMWLL FF s Wall Boundary Condition on F

COMWLL FINJ = . fw, Value of Stream Function
at Wall

ARRAY1 F1 , Value of F (U/Ue) from Previous

Iteration or Station

ARRAY1 FIN - 3
on
azFl
ARRAY1 F1NN = 7
an
ARRAY1 E2 , Value of F from Solution of

Momentum Equation

-16-



Common
Block

ARRAY1

ARRAY1

COMWLL

EDGPRP
EDGPRP

TRANS

COEFF

EDGPRP
EDGPRP

EDGPRP
FRSTRM
FRSTRM

COEFF
COEFF3
COEFE3
COEFF

COEFF

REE

STAG
COMWLL

COMWLL

Variable
Name

F2N
F2NN

F2ZN1

GAMEFF

GAMMA

HAFCF

HALP
HE

HESTAT
HEXIT
HES

HG
HGFAC1
HGFAC2
HG1

HG2

HREF

HSTAG
HW

IADW

-H

Description of Variable.

3F2
an
32F2
an

Value of F2N at Wall from
Previous Iteration

Y = Cp/Cv

Effective vy Behind Normal
Shock (for Blunt Body)} (Same
as G for a Nozzle)

Transition Intermittency _,
Factor, I', T = 1 - exp (-AE"),
where A = ATR and & = XIBAR

wa/z
ALP/2

_ 2
Ho/Href’ where Href_ Uref

Static Enthalpy at Edge
Divided by H .

Loglo (H*/RGAS) at Nozzle .Exit
H_, ft2/sec?

QWAEPSVD

Term Used in Computing HG1
Term Used in Computing HG2
Heat Transfer Coefficient in
BTU/ (in%-sec-°R)

Heat Transfer Coefficient in
lbm/(inz-sec)
ref=Uw2, ftz/sec
Ho’ ftz/_sec2
Hw/Href

Indicator, 1 for Adiabatic
Wall, 0 for Nomn-adiabatic Wall

2

-17-



Common
Block

INTGR. .

NTEGER

INTGR

INTGR

NTEGER

ARRAY?Z

ARRAY?Z

NTEGER
INTGR
INTGR

INTGR

NTEGER
NTEGER
NTEGER

INJECT

Variable
Name

I IMAX
IM
IPFL

IPR

IPRFL

IPRINT
IPRNT
ISTOP

ITH

JJ

" K

KADETA

XCQ

Description of Variable

Number of Grid Points in
n Direction

Subscript for Array IPR

Maximum Number of Values in
Geometry Arrays (i.e. ZA,
XSTA, etc.)

IE - 1

Number of Values in Array
IPRFL

Array of Subscripts for
Array XSTA Giving Values of
x at which a Solution is to
be Obtained.

Array of Subscripts for Array
XSTA Giving Values of x at
which Complete Solutions
(with Profiles) are to be
Printed

Number of Values in Array IPR
Subscript for Array IPRFL

Number of Iterations Since
Last Converged Solution

Subscript in the Geometry
Arrays of the Throat Location

Integer Used in Computing DX
Station Counter

Indicator, if Zero, ETAINF is
Held Constant, if Non-zero,
ETAINF can be Increased

Indicator, Zero for Constant
Injection Rate, Non-zero for
Injection Rate Distribution Input

~-18-



Common
Block

NTEGER
NTEGER

NTEGER

INJECT

INTGR

INJECT

INTGR

INJECT

STRT

Variable -

Name
KEND

KEP

KES

KINJ

XL

KNOINJ

KPD

KPGRAD

KRSTRT

Description of Variable

Maximum Value Allowed for K

Subscript in EPSPL Array
Where the Inner and Outer
Eddy Viscosities are Matched

Indicator, Nom-zero for
Computing in the Program
Dimensional Free-stream,
Stagnation and Reference

Values and Dimensional Heat
Transfer and Heat Transfer
Coefficients, Zero to Bypass .
Computing Dimensional Quantities

Subscript in XSTA Array Giving
Location of Beginning of
Injection

Index for Profile Output DO
Loop, 1 Gives Qutput for Each
Grid Point, 2 for Every Second
Grid Point

Subscript in XSTA Array Giving
Location of End of Imjection

Indicator, 0 for Pressure
Computed by Program Based on
Nozzle Area Ratio, Non-zero
for Pressure Distribution
Input -

Indicator for Expression for
A* in Van Driest Inner Eddy
Viscosity Law; 0 for A¥ = 26,
1 for A* Corrected for Mass
Transfer, 2 for A* Corrected
for Pressure Gradient, 3 for

- A% Corrected for Both Mass

Transfer and Pressure Gradient

Restart Indicator; Zero for
Starting New Solution; Greater
than Zero Restarts Solution,
Next Solution obtained at

K = KRSTRT + 1, Scolution at

K = KRSTRT used as Initial
Values
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Common
Block

NTEGER

NTEGER

NTEGER

TRANS

NTEGER

COMWLL

INTGR

NTEGER

CNVERG

INTGR

INTGR
INTGR

NTEGER

Variable
Name

KSTOP-

KSTRT

KTPW

KTRANS

KTRNSN

KTW

KVSLAW

LAMTRB

NC

NEQIL

NEQL
NIT

NITTOT

Description of Variable

“Indicator, Ncrmally Zero,

Set to One when Solution is
Completed (X = XSTA(IIMAX))

KRSTRT + 1

Next Value of X at which the
Restart Tape will be Written

Indicator for Transition

Regime, Zexo for No Transition

or Instantaneous Transition,

One for Transition Regime

(Set to Two at "End of Transition')

Subscript in XSTA Array at Which

‘Instantaneous Transition Occurs

Indicator, Zero for Constant
Wall Temperature, Non-zero for
Wall Temperature Distribution
Input

Indicator for Inner Eddy
Viscosity Law, Zero for
Reichardt Law, Non-zero for
Van Driest Law

Indicator, 1 for Laminar Flow,
2 for Turbulent Flow

Specifies Convergence Test,
Zero for Test on Derivatives
at Wall, One for Test on
Functions at all Points in
Profile

Indicator for Gas Model, Zero
for Perfect Gas Model, Non-zero
for Equilibrium Gas Model
Storage Value of NEQIL

Number of Iterations at Cur-
rent Value of x

Cumulative Total Number of
Iterations in x Direction
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Common
Block

INTGR
INTGR

INTGR

INTGR

STRT

TAPENV
TAPENV
TAPENV

TAPENV

TAPENV

VSCSTY

EDGPRP

EDGPRP

FRSTRM

FRSTRM

Variable
Name

NIT1

NIT2

NIT3

NOSE

NRSTRT

NT1

NT2

NT3

NT4

NV

 OMEGA

PE

PESO

PEXIT

PFS

Description of Variable

If, after a converged solution
is obtained, NIT is less than
or equal to NITL, Ax is doubled.

If, after a converged solution
is obtained, NIT is greater than or
equal to NIT2, Ax is halved.

If NIT = NIT3 before a converged
solution is obtained, Ax is halved,
X and XI are recomputed and the
iteration loop is restarted with
the smaller values of X and XI.

Indicator for Geometry, 1 for
a Blunt Nose, 2 for a Wedge or
a Flat Plate, 3 for a Nozzle

Increment in K for which the
Restart Tape is Written

Tape Unit Number for Expansion
Tape

Tape Unit Number for Gas Table
Tape . :

Tape Unit Number for Restart
Tape .

Unit Number for Scratch Tape

Number of Variables Written
on the Gas Property Tape

w, Exponent for Power Viscosity
Law (If w=o0, Sutherland's law
is used.)

2

Pe/P where Pref = Pref Uref

ref’
PePref’ at s = 0

Log,, P at Nozzle Exit, P in
Atmospheres

Free-stream Static Pressure,

PSIA
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Common
Block

GEOME.

EDGPRP
CFPR

REF

ARRAY1
CFPR
CFPR

STAG

ARRAY 2

REF

STAG

COEFF
COEFF3

GEOME
GEOME
FRSTRM

COEFF

Variable
Name

PNC - - =

PP =
PR =

PREF =

PREQ =
PRL =
PRT =

PSTAG ,

PZ ,

POPRIM ,

P10 =

QDOT ,

Qw >
R >
REFLEN )
REINF ,

RETHET =

Description of Variable

jZE--;.,"Teim in Transformation
u_p.rT
e e w

of Normal Co-ordinate
dPE/dS

Pr, Laminar Prandtl Number

2

Uref

P = p

ref ref

Pr for Equilibrium Gas Model
PR
Prt, Turbulent Prandtl Number

Free-stream Stagnation Pres-
sure, PSIA

Local Pressure Array, P/P_ in
Input, P/Pref for Ideal GSS, P

in PSIA for Equilibrium Gas
Local Stagnation Pressure for
Ideal or Equilibrium Gas, PSIA

(Corresponds to Stagnation
Pressure on Expansion Tape)

Po/Pref -

Wall Heat Transfer, BTU/(ftZ—sec)

Heat Transfer Coefficient in
Transformed Coordinates

Gas Constant for Specified Gas -
reference length (May be any
value appropriate to user's
needs.)

Free-stream Reynolds Number
per Unit Length

Ree, Edge Unit Reynolds Number

Times 8
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Common Variable Description of Variable
Block Name

COEFF REX , Local Reynolds Number Based
on Edge Conditions

EDGPRP RGAS = R, Specific Gas Constant,
ftz/(sec2—°R)

FRSTRM RHOFS = S slugs/ft3
3
REEF RHOREF = Pref = Peos slugs/ft
REF RHOSTD s Density of Gas at Standard 3
Atmospheric Conditions, siugs/ft
STAG RHOSTG = P,» Reservoir or Local Stagnation
Dénsity, slugs/ft3
EDGPRP ROESO = pe/pref at s=o0
COEFF2 ROREFL = r/reference length
ARRAY1 ROROE = o/6,
EDGPRP- ROWE = Pe/Opos
EDGPRP ROWEP = pe/pref at Previous Value of x
ARRAY2 RZ = r, Array of Radius Values
GEOME RO =  r, Local Radius
GEOME SCF , Scale Factor used to Convert
Unit Length for REINF (REINF
is Computed per Foot if SCF=1;
per inch if SCF=1; per inch if
SCF=12,)
COEFF - STE = 9
Pele (Hy - Hy)
COEFF STIN = q
F Pty (A~ H)
COEFF3 SUM s Term used in Computing CFBREX
COMWLL TB = HW/He
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Common
Block

ARRAY1
ARRAY1
EDGPRP

EDGPRP
FRSTRM
ARRAY1

COEFF

COMWLL
COEFF2
COEFEZ
ARRAY1

GEOME

COMWLL
FRSTRM

REF

REEF

STAG
COMWLL

ARRAY?2

ARRAY1

Variable
Name

TC

TCN
TE

TESOD
TFS
TH
THET

THN1
THODEL
THOREF
THP

THSHOK

TH1
TIN

TREF

TREF1

TSTAG
™

TWZ

Tl

Description of Variable

CRNI (T2 - T1) + Tl
CRNI (T2N-TIN) + TIN

2
Te/Tref’ where T oot = Us /Cp

Te/Tref at s = 0

T °R

oca?

T/T,

0, Boundary Layer Momentum
Thickness

Value of THP at Wall
6/6
06/reference length

dTH
dn

Shock Angle, in Degrees (Con-
verted to Radians)

Value of TH at Wall

Tm/Tref

_ 2
Tres = U /Cp

Reference Temperature, °R
(Used in Computing REINF if
Input Value of REINF is Zero)

T,, °R

- a
T R or T /T,

w? ef

Array of Wall Temperature
Values, °R

Value of G (H/He) from
Previous Iteration or Station
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Common
Block

ARRAY1

ARRAY1

STAG

ARRAY1
ARRAY1
ARRAY1
COMWLL
COMWLL

EDGPRP

EDGPRP
EDGPRP
ARRAY?

FRSTRM

REF

ARRAY1

VSCSTY
COMWLL
GEOME

Variable
Name

T1N

TI1NN

TiQ

T2

T2N

TZNN

T2N1

T21

UE

UEROZ
UESO
UEZ
UFS

UREF

VC

VK
VW
X

Description of Variable

an

To/Tref

Value of G from Solution of
Energy Equation

3T2

an

5279

an

Value of T2ZN at Wall from
Previous Iteration

Value of T2 at Wall from
Previous Iteration

Ue/Uref

2j -
(Ue/Uref)r
Ue/Uref at s = 0

U, /Uy, Array

U_, ft/sec
Uref =U0_, ft/sec
n 9F
V = J (-2& 3% ° F)dn, Transformed
-Jo

Normal Velocity Component
CPRIM/TE
Value of VC at Wall

Local Surface Distance, X
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Common Variable Description of Variable
Block Name

-TRANS - - XBAR s Measure of Relative Length of
Transition
(i.e.

~

XEnd of Transition

XBAR*X )

Beginning of Transition
GEOME XI = E,Transformed Surface
Distance

TRANS XIBAR = - E, Transition Intermittency
Factor Coordinate & =
(X-XZERO)/XLAMDA, where
XLAMDA = (XBAR-1)* XZERO/4
and XZERQO is the value of x
at the start of transition.

GEOME XIOLD s Previous Value of XI

GEOME X12 = 2¥X1I

GEOME XJAY = XJFAC

GEOME XJEFAC s Indicator, Zero for 2-D Flow,
One for Axially Symmetric Flow

NMLCRD XKETA s Parameter Which Controls the

Grid Spacing in the n Direction
(1.0 Gives an Equally Spaced
Grid, a Value Greater than 1.0
Gives a Grid with a Smaller
Spacing at the Wall than at

the Quter Edge.)

VSCSTY XK1 ) Constant for Van Driest Inner
Eddy Viscosity Law

VSCSTY XK2 ,  Constant for Outer Eddy
Viscosity Law

EDGPRP XM ’ Me’ Local Edge Mach Number

FRSTRM XMA ’ M_, Free-stream Mach Number

EDGPRP XMUE = Mo/ Mg

EDGPRP AMUEP = “e/”ref at Previous Value of X

FRSTRM - XMUFS =y, 1bf-sec/ft?
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Common
Block

VSCSTY
REF

EDGPRP
ARRAY1
ARRAY1

GEOME
COEFF2

ARRAY?Z

ARRAY1

ARRAY1

ARRAY1

ARRAY1
GEOME
ARRAY?Z

GEOME

COEFFZ

Variable
Name

XMUINF
XMUREF
XMUSO
XN

XN2Z

XOLD
XOREFL

XSTA

YOVDEL
YOVTHT
YY

Z

ZA

ZOL

ZOREFL

- _Description of Variable

Mo/ Voo g

2
uref,vlbf-sec/ft
ue/uref at s = o
Array of n Values

Array of n Values (Used only
when ETAINF is Increased)

Previous Value of X
x/reference length

X, Array of Surface Distance
Values used to Specify Geometry

y/€eypn, Stretched Normal Co-
ordlnate

y/8

y/8

Y,—Normal Coordinate

z, Local Axial Coordinate

z, Array of Axial Coordinate
Values used to Specify Geometry

z/body length

z/reference length
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DESCRIPTION OF SUBROUTINES AND VARIABLES NOT IN COMMON

Following the subroutine index, each subroutine is given
a brief description. Included in the subroutine description
is a description of the variables used in the subroutine which
do not appear in common and a listing of the variables used in
the subroutine which appear in common and thus are described
in the preceding section "Description of Variables in Common".

Subroutine Index

Subroutine Subroutine Listing on Description
Labelt Page on Page
MAIN A 105 30
ADDETA B 109 31
BLUNT1 C 110 32
BLUNT?2 D 113 33
CHANGE E 114 34
COEF E 115 35
DELTAS G 117 36
DENSIT H 118 37
DERIV3 Al 154 38
EDGE I 118 38
EDGEL J 121 41
EFEMU X 123 43
EGPROP L 127 46
ENERGY M 127 47
EQLDTA N 129 47
FD3 AO 157 49
FD5 AP 158 : 49
GEOM 0 130 49
INIT P 131 49
INTERS3 AL 156 50
INTERS AM 156 51
INTERP AJ 155 51
INTRPS AN 157 52
MACH Q 132 52
MOMENT R 134 53
NOZLE1 S 135 54
NOZLEZ T 137 55
PRFILE U 138 56
PROP V 139 57
READIN W 140 58
- REFSUR X 143 - 59
RHOMU Y 143 60
SLOW Z 144 61
SOLVE AA 145 63
TLU AK 155 64
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Subroutine Subroutine Listing -on Description

Label+ Page on Page
VISCO AB 145 64
WALL AC 146 65
WDGFP1 AD 148 66
WDGFP 2 AE 150 67
WRITE1 AF 150 68
WRITEZ AG 152 69
ZRO AH 154 70

"See section "Fortran Source Listing of Program LTBLCEQL",

-20-



MAIN

The principal function of MAIN is to control the flow
of logic in the program. Also, some calculations are made
in MAIN. 1In general, the calculations in MAIN are such
that they cannot conveniently be performed in the subroutines
or they are not sufficiently similar to the calculations
made in particular subroutines.

Subroutine READIN is called first. If the input data
is from the restart tape, the calculations which normally
occur at the end of MAIN after subroutine WRITEZ is called
are made, the next section of the program is skipped, and
the marching integration is resumed. Otherwise, the initial
data and profiles are calculated and written by subrnutine
WRITE1l and the integration is begun, with the statement
DO 210 K = KSTRT,KEND. The boundary conditions at the wall
are calculated and the energy and momentum equations are
solved. The transformed normal velocity component, V, is
calculated as are the skin friction and heat transfer in
the transformed co-ordinates (CF and QW). The iteration
counters are incremented and NIT and ISTOP are checked. .
If ISTOP is greater than 100 the program is stopped. If
NIT equals (or exceeds) NIT3 the step size is halved, x
and £ are recalculated, and control is returned to the
beginning of the iteration loop. Otherwise, the next test
is the convergence test. If the convergence criterion 1is
not satisfied, control is returned to the beginning of the
iteration loop.

When convergence has been obtained, the velocity pro-
file is checked to see if n_ needs to be increased. If so,
subroutine ADDETA is called and control is returned to the
beginning of the iteration loop. If not, subroutines COEF
and WRITEZ are called. For equilibrium gas calculations
a perfect gas solution is obtained for the first stationm,
control is then transferred to a point before the marching
integration is begun, and the perfect gas solution provides
starting values for the equilibrium gas calculations.

New values of x and { are obtained and the present

values of velocity and enthalpy are assigned to the arrays
which contain the values for the previous station, and the
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iteration counters NIT and ISTOP are reset, I1f a solution
has been obtained for the final value of x, (or for K = KEND)
the program stops, otherwise, the program returns to the
beginning of the marching integration loop to obtain a
solution at the new value of x.

Description of Variables

ABRST = |F2(IE) - F2(IE-4)|. If ABST is greater
than or equal to ADTEST, n_ is increased.

CW » Pt/ Pk,

IPRIIM o= IPR(II-1)

KREADN , Indicator for Subroutine READIN, 1 for Input .
Data, 2 for Initial Data Written on Restart
Tape, 3 for Station Data Written on Restart
Tape

KRITE1 , Indicator for Subroutine WRITE1l, 1 for
Initialized Data, 2 for Recomputed Data
for Equilibrium Gas

N , Array Subscript

The following variables which are used in MAIN are
described in the section "Description of Variables in
Common'"; ADTEST, ALP, ALP1, A1B, C, CCRNI, CF, CFl, CONVRG,
CQ, CQl, CRNI, CSTAR, CX, DIF, DN, DUEDS, DX, EPSVD, FC,
FCN, ECP, FINJ, F1, F1IN, F2Z, F2N, F2NN, FZN1, G, HALP, HE,
HGFAC1, HGFACZ, IADW, IE, II, IIMAX, IPR, IPRNT, ISTOP, K,
KADETA, KEND, KINJ, KNOINJ, KSTOP, KSTRT, LAMTRB, NEQIL,
NEQL, NIT, NITTOT, NIT3, NOSE, NT3, OMEGA, PNC, PR, QW,
REINF, RHOFS, RHOREF, ROROE, ROWE, RO, SCF, SUM, TC, TCHN,
TE, TH, THP, TIN, T1, T1N, TINN, T2, T2N, T2NN, T2ZN1, UE,
UFS, UREF, VC, VK, VW, X, XI, XIOLD, Xi2, XJFAC, XMA, XMUE,
XMU¥S, XMUINF, XMUREF, XN, XOLD, XSTA, Y, YY.

Subroutine ADDETA

Subroutine ADDETA is used to increase ETAINF when
the value of F at the outermost grid point and the value
of F four points inward differ by more than the quantity
ADTEST. A new array of n values is generated with the
maximum value increased by five, Three point interpolation
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is used to obtain the values of velocity and enthalpy

(F and G) at the new grid points, whereas,at the grid

points lying between the new and old values of n_,F

and G aré Set equal to unity. First and second derivatives
of F and G are then calculated. The storage arrays for F

and G and their derivatives are updated and V is recalculated
using the new values of F and n. The arrays for y, T/Te’
p/pe, etc. are not updated in this subroutine but are
recalculated at the normal points in the solution procedure.

The subroutine provides the output of the intermediate
profiles following the message that n_ has been increased.
DX, XKETA, ETAINF, and ADTEST are also included in the
output.

USAGE:
CALL ADDETA

Description of Variable

DETA1 , An at Wall

ETA1INZ R New Value of n_
JC s Array Subscript
N s Array Subscript

The following variables which are used in subroutine
ADDETA are described in the section "Description of
Variables in Common'": AOBP, C, CHI, CP, DN, DNZ, DX,
EPSPL, ETAINE, ¥C, FCN, FCP, F1l, FIN, FINN, F2, F2N, FZ2NN,
IE, IM, ISTOP, KL, ROROE, TC, TCN, TH, T1, TIN, TINN, T2,
T2N, T2ZNN, VC, VK, XKETA, XN, XN2, YOVDEL, YOVTHT, YY.

Subroutine BLUNT1

This subroutine calculates the edge and reference
conditions at the stagnation point for a blunt body.
For a perfect gas, the properties are obtained from
perfect gas relatioms. For an equilibrium gas, the pro-
perties are calculated using the data on the expansion
and gas property tapes. The derivative of u_, with respect
to s is obtained using the five-point differentiation .
formula with two points reflected about the stagnation
point.
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USAGE;
CALL BLUNT1

Description of Variables

DUM , Dummy Variable

DUM1 s Dummy Variable

DUM?2Z s Dummy Variable

DUM3 R Dummy Variable

HESTJ R Array of Log10 (H*/RGAS) Values

J » Array Subscript

NERR ,'- Dummy Variable

PATMS s Pressure in Atﬁospheres

PEJ » Array of PL Valueé

PL = Log10 P, P in Atmospheres

TE1 s Dummy Variable

UEJ s Array of U Values

XS2 s X Coordinate Used to Obtain Stagnation DUEDS

XS3 "y X Coordinate Used to Obtain Stagnation DUEDS

ZZ R Dummy Array for Thermodynamic and Transport
Properties

The following variables which are used in Subroutine
BLUNT1 are described in- the section '"Description of
Variables in Common': ALP, BETA, CPRIM, CSTAR, CX, DUEDS,

G, HE, HESTAT, HFS, HREF, HSTAG, IIMAX, NEQIL, NT1, NT2,

NV, OMEGA, PE, PESO, PFS, PNC, PP, PREF, PSTAG, PZ, POPRIM,
P10, REINF, RGAS, RHOFS, RHOREF, RHOSTD, RHOSTG, ROESO, ROWE,
ROWEP, RO, SCF, TE, TESO, TFS, TREF, TSTAG, T10, UE, UEROQZ,
UBZ, UFS, UREF, X, XJFAC, XM, XMA, XMUE, XMUEP, XMUFS,
XMUINE, XMUREF, XMUSO, XSTA, Z, ZA.

Subroutine BLUNT2
For a blunt body, the edge properties required by
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subroutine DELTAS to calculate A are provided by subroutine
BLUNT2. For a perfect gas, the properties are calculated
from perfect gas relations, whereas, for an equilibrium gas-
the propefties are obtained from subroutine EDGE. In the
immediate vicinity of the stagnation point, z and r (for
both gas models) and Pe and dug/ds (for the perfect gas)

are calculated using five point interpolation with two
points reflected about the stagnation point.

USAGE:
CALL BLUNT2Z

Description of Variable

DUM R Dummy Variable
DUM1 , Dummy Variable
DUM3 , Dummy Variable
J s Array Subscript

The following variables which are used in subroutine
BLUNT2 are described in the section '"Description of
Variables in Common'': DUEDS, G, IIMAX, NEQIL, OMEGA, PE,
PP, PZ, P10, ROWE, RZ, RO, TE, T10, UE, UEZ, X, XMUE, XSTA,
Z, ZA. .

Subroutine CHANGE

Subroutine CHANGE adjusts the x step size when neces-
sary to cbtain a solution at the specified values of x.
For calculations of flows with normal injection, this
subroutine starts and stops injection at the appropriate
values of x, and writes corresponding messages.

Subroutine CHANGE is also used when calculations
are made with the instantaneous transition model. In
this case LAMTRB is set to two, the step size is reduced
and a message is printed.
USAGE:

CALL CHANGE

Description of Variables
IPRIIX = IPR(II)
-34-



TPRIIM = IPR(II-1)

The following variables which are used in subroutine
‘CHANGE are described in the section '"Description of
Variables in Common'": CQ, CQl, DX, DXMAX, DXOLD, DX1,
EPSVD, II, IIMAX, IPR, JJ, KINJ, KNOINJ KSTOP KTRNSN
LAMTRB NIT NITI NITZ X, XOLD XSTA,

Subroutine COEF

Subroutine COLEF calculates the skin friction and
heat transfer coefficients for the flow. It calculates the
Reynolds number, displacement thickness, momentum thick-
ness, and other dimensionless parameters. If x is zero
the calculatlons of this subroutine are omitted except
for z/L.

USAGE:
CALL COEF
Description of Variables
CF2 , Term Used in Computing CFBREX
DSUM , Term Used in Computing CFBREX
FAC1 s Dummy Variables
FAC2 s Dummy Variables
HAW , Adiabatic Wall Enthalpy
I ’ Array Subscript
N , Array Subscript
RECFAC s Recovery Factor
RESE = REX* EPSVD*%2
SQREX 5 Square Root of REX
STRES = CHREY
XMAE , Perfect Gas Edge Mach Number
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The following variables which are used in subroutine
COEF are described in the section "Description of Variables
in Common"; AlB, BO, C, CF, CFBAR, CFBREX, CFE, CFINF,.
CFRES; -CFREY, CFl CH CHEDGE CHOCF CHREY DEL DELORF
DELOX, DELST, DELTA, DN, DSAXOR DSTODL DSTORF DSTOTH
DSTOX, DSTRAX, DX, EPSVD, FC, G, GAMMA, HAFCF, HE, HESTAT,
HG, HGFAC1i, HGFAC2, HG1l, HG2, HW, IE, IIMAX, X, KFS, LAMTRB,
NEQIL PNC, PRL, QDOT QW REFLEN REINF RETHET REX
RHOFES, ROREFL ROROE ROWE, RO, STE STINF SUM, TE, THET
THODEL THOREF UE, UFS X, XJFAC XMUE XMUINF XOREFL
Y, YOVDEL, YOVTHT, YY, Z, ZA, ZOL, ZOREFL.

Subroutine DELTAS

Subroutine DELTAS calculates the transformed surface
distance & using integration by Simpson's rule. A value
of Af is obtained for each increment Ax from the equation

- 2j
dg = PeHela Ty dx.

The transformation factor, PNC,

/2

PNC = s
YePely

and the pressure gradient term, B8,

are also calculated.

USAGE:
CALL DELTAS

Description of Variables
HA = X - DX/2.
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ROWEHA = ROWE at HA

RP = RO at X

ROHA = RO at HA

UEHA = UE at HA

XMUEHA = XMUE at HA

X1 s Storage Value of X

The following variables which are used in Subroutine
DELTAS are described in the section ''Description of
Variables in Common'': ALP, BETA, DS, DUEDS, DX, HESTAT,
NEQIL, PNC, ROWE, ROWEP, RO, TE, UE, UERO2, X, XI, XIOLD,
X12, XJFAC, XMUE, XMUEP.

Subroutine DENSIT

Subroutine DENSIT calculates the density ratio p/p
corresponding to the pressure ratio P/2q and the tem-
perature ratio T/Tr g+ The formula for the density is

e P/2q
Y

- Y G-DT/T,

e ref

USAGE:
CALL DENSIT (RHO, P, T)

Description of Variables

G = v, Ratio of Specific Heats (from common)

GM1 = v-1
P = P/2q
_ _ 2 _ Z
T = T/Tref’ where Tref = (y -~ 1) M~ T =1U_"/C
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RHO = p/pe

Subroutine DERIV3

Subroutine DERIV3 uses subroutine FD3 to generate
the first derivative of a function which is given by the
array F. The array of abscissa values is given by X and
the derivative of F with respect to X is returned in the
array FP.

USAGE;
CALL DERIV3 (F, X, IMAX, IMIN, FP)

where F and X are the arrays of ordinate and abscissa
values, and where IMAX and IMIN are the upper and lower
subscripts for the .array FP.

Subroutine EDGE

The purpose of this subroutine is to define the
boundary-layer edge conditions for nozzles and blunt bodies
with the pressure distribution given or for mozzles in
which the pressure distribution is assumed to be that for
an isentropic expansion of the gas. The subroutine is
called for all equilibrium gas solutions having non-constant
edge conditions.

Nozzle - Isentropic Expansion

In this case, the indicator IJK is undefined for the
first call of the subroutine and subroutine EQLDTA is
called. Subroutine EQLDTA defines the stagnation, nozzle
exit, and reference conditions and calls subroutine EDGE1l
which reads the expansion data on unit NT1 and. writes the
edge conditions for the specified geometry on unit NT4.
Unit NT4 is a scratch unit and is recreated if the problem
is restarted. After return from subroutine EQLDTA the

indicator IJK is defined. Counter JX and indicator JJ

are initialized as 0. JK indicates the number of records
read on unit NT4 and JJ is an indicator to prevent reading
the end of the data set on unit NT4,
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At the start of the solution, the first five records
on unit NT4 are used for the interpolation of edge con-
ditions for Z <ZJ(4) and at the end of the nozzle the
last five records are used for Z>ZJ(3). Edge temperature,
density, and viscosity are determined  from interpolation
in subroutine SLOW,

Pressure Distribution Given

In this case, the pressure 1s a known function of Z
and the expansion data are read directly from unit NT1
(See Appendix A). When creating the data set on unit NTIL,
it i1s necessary to have two records.with values of PL less
than the minimum value specified in the input data.

Near the nose of a blunt body, the interpolation for
the edge conditions is obtained by reflection. With this
exception the subroutine is the same for both blunt bodies
and nozzles. It is noted that P in this section of the
subroutine represents pressure in PSIA., This should be
accounted for in the appropriate geometry subroutine if
additional body shapes are to be considered.

"It is noted that the computer program may be easily
modified to solve two-dimensional nozzle flows. The changes
which need to be made are the expressions for area ratio in
subroutines EQLDTA, EDGE1l and MACH.

USAGE:

CALL EDGE

Description of Variables

DUM , Dummy Variable
H = Logy, (H*/RGAS)
HEI » Dummy Variable
HESTJ » Array of H Values
HI , Dummy Variable
I » Array Subscript
IJK s Indicator (see text)
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J R Counter, or Index

JJ , "Inﬁégqtpr (see text)
-jﬁ , Counter {see-text)

K s Counter

M s Do Loop Index

NERR s Dummy Variable

P = Logyg, (P), P in Atmospheres or

= P in PSIA

PATMS , Pressure in Atmospheres
PEI R Dummy Variable

PEj , Array of P or PL

PI ,'  Dummy Variable

PL _ = Log10 P

ROWEJ = Logqy {p), p in Amagats
TEJ > Array of Temperature Values
U o Velocity, ft/sec

UEIL s Dummy Variable

UEJ s Array of U Values

Ul ,  Dummy Variable

XJ s Array of X Values

XMI ) Dummy Variable

MJ s Array of Mach Numbérs
XMUEJ , Dummy Array (Not Used)
XS R Dummy Vériable

I 3 Dummy Variable
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ZJ ) Array of Z Values
ZL , Dummy Array for Thermodyhamic and Trans-
port Properties

The following variables'which are used in subroutine
EDGE are described in the section "Description of Variables
in Common': DUEDS, HESTAT, HREF, IIMAX, KPD, NOSE, NT1,
NT2, NT4, NV, PE, PP, PREF, PZ, RGAS, RHOREF, RHOSTD, ROWE,
TE, TREF, UE, UREF, X, XM, XMA, XMUE, XMUREF, XSTA, Z.

Subroutine EDGE1l

The purpose of this subroutine is to match the expansion
data obtained from the Cornell Aeronautics Laboratory (CAL)
computer program developed by Lordi, Mates, and Moselle [1965]
to the nozzle geometry specified. The modifications which
were made to their computer program are described in Appendix
A. The subroutine is called only when solutions correspond-
ing to isentropic expansion of the gas are desired.

The expansion data obtained from the CAL computer pro-
gram provides the flow properties as a function of area
ratio, Since the flow is assumed to be isentropic, the
same expansion data are used for all nozzles having the
same reservoir conditions. Thus, to perform parametric
studies of nozzles with the same reservoir conditions it
is necessary to change only the nozzle geometry input data.

The solution obtained from the modified CAL computer-
program are written as unformatted records on unit NTI1.
The first record written on NT1l is the stagnation or
reservoir conditions, and it is necessary for the last
two records to have area ratios greater than that of the
exit area ratio of the specified nozzle.

To determine the edge conditions as a function of
the axial coordinate Z and surface distance X, five-point
Lagrange interpolation is used. In cases where the area
ratio corresponding to the second record on unit NT1 is
less than the area ratio at Z = Z(K) of the given nozzle,
the flow properties are assumed to be linear functions
of area ratio up to Z = Z{K), Nozzle exit conditions
are determined in Subroutine EQLDTA. The resulting edge
conditions are written on unit NT4.
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USAGE:

CALL EDGEl

A ;
ADASTR -
ASTROA ,
All ,
H =
HSTG1 =
HZ =
H1 ,
IMAX =
IMIN =
T1 ' =

KKK ,
ONEOA ,

PSTG1 =
PZ1 -
Pl ,
RX ,

R1 ,

Description of Variables
Area Ratio Read from Unit NT1
Area Ratio at Z = Z(K)
Inverse of the Area Ratio at Z = Z(K)
Array of Area Ratios
Logqg (H*/RGAS)

H at Stagnation Conditions

H at Z = Z(X)

Aifay of H Vailues

ITH if XM>1, = IIMAX if XM>1.
1 if XM<1, = ITH if XM>1

-1 if A is Monotone Decreasing, = 1 if A
is Monotone Increasing

Array Subscript

Array Subscript and DO Loop Index .
Indicator for Return

Indicator for Reading- Stagnation Conditions
Inverse of A

Log;g P, P in Atmospheres

P at Stagnation Conditions

P at Z = Z(K}

Array of P Values

Radius Corresponding to A

Array of RZI Values
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, Velocity, ft/sec

UZ = Uat Z = 72(K)

Ul s Array of U Values

XMZ , Mach Number at Z = Z(k)
XM1 , Array of Mach Numbers

XSTAlL , Subarray of Array XSTA

X1 = X Corresponding to A

ZZ ) Dummy Array of Thermodynamic and Transport
Properties

Z1 = Z Corresponding to A

The following variables which are used in subroutine
EDGE1l are described in the section '"Description of Variables
in Common': HEXIT, IIMAX, ITH, KRSTRT, NT1, NT4, PEXIT,

RZ, UE, UREF, XM, XMA, XSTA, ZA.

Subroutine EFFMU

Subroutine EFFMU calculates the terms in the coef-
ficients of the differential equations which contain the
gA

- . - O il 1
eddy viscosity. These terms are AO, A and Ol (or AO )

[}
where

Ay =C (1 +eh)

for the momentum equation, or

_C _+ Py
A0 © Py (1 +e Prt

for the energy equation, and

AO = AO/C
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and where

C = ou/p M, -

For the laminar case s+ = 0 and ‘the terms reduce to

AO = C or C/Pr

Kb = 1 or 1/Pr
and

Ko' = 0 or %ﬁ (%;)

The first portion of the subroutine calculates the
terms for the laminar case. For a perfect gas C is
calculated by Subroutine RHOMU and Pr is a constant. For
an equilibrium gas, C and Pr are calculated preV1ous1y in
Subroutine PROP,

The next portion of the subroutine calculates the.
vorticity Reynolds number

.yl B
v 9y
and for calculations with a transition regime initiates

transition and calculates the transition intermittency
factor T where

]

P =1 - exp (-0.412E%),

X =X
= O

E =4
(x - 1) x

o

and X, is the location of the beginning of transition

and X is a measure of the relative length of transition.
In the third portion of the subroutine the eddy

viscosity 1is computed for turbulent flow calculations
and the terms A, A , and A ' are. then computed.
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USAGE:
CALL EFFMU (LAMTRB, MOMEGY, II, DSTARK)

Description of Variables

APLUS = A = 26 if KPGRAD = 0
= 26 exp (-5.9 v, ') if KPGRAD = 1
= 26 [1 - 11.8 p*17% if KPGRAD =2 .
+
=26 { - T fexp (12.8 v,") - 1]
Vi
o=k .
+ exp (11.8 v, )} if KPGRAD = 3
ARG » Dummy Variable
- 9C -
DCDTH = 55 » wvhere 0 = T/Te
DELTA = 6/€VD, Boundary Layer Thickness in Stretched
Coordinates
DSTARK = Gﬁ, Incompressible Displacement Thickness
FAC
FAC1
FACZ R Dummy Variables
FAC3 N
FAC4
GAMEF = v, Outer Eddy Viscosity Intermittency
Factor
I ; Array Subscript
II R The Subscript in the EPSPL Array Where
the Inner and Outer Eddy Viscosities are
Matched
LAMTRB , Indicator for Laminar or Turbulent Flow;

1 for Laminar, 2 for Turbulent
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MOMEGY , Indicator for Momentum or Energy Equations;
1 for Momentum, 2 for Energy

N -3 Array Subscript

PPLUS = e %R v 1 (dimensional quantities)
p X p u+3 q

RHO = o/p,

RHOWL = p,/Pe

UPLUS = u+/uoo where u = VTW7p {dimensional
quantities)

VPLUS = vw+ = vw/u+ (dimensional quantities)

XLAMDA = A= (x - 1) x0/4 (See XIBAR)

XMU = u/uref

XZERO = X s Location of Start of Transition

YPLUS

+
y+ = %E— (dimensional quantities)

The following variables which are used in subroutine
EFFMU are described in the section '"Description of
‘Yariables in Common": ATR, AO, AOB, AOBP, C; CF, CHI,
CHICRT, CHIMAX, CP, CQ, DN, DX, DXOLD, EPSO, EPSPL,
EPSVD, FC, FCN, GAMMA, IE, IM, KPGRAD, KTRANS, KVSLAW,
NEQIL, OMEGA, PNC, PP, PREQ, PRL, PRT, ROROE, ROWE, RO,
TH, THP, UE, VK, X, XBAR, XIBAR, XI2, XJFAC, XK1, XK2Z,
XMUE, XN, Y,

Subroutine EGPROP

Subroutine EGPROP obtains the edge properties used
in subroutine DELTAS to calculate AEZ. The edge properties
are obtained from subroutines BLUNT2, WDGFP2, or NOZLEZ
depending on the geometry specified by the variable NOSE
which is passed through common. For a blunt nosed body,
NOSE = 1; for a wedge or flat plate, NOSE = Z; and for a
nozzle, NOSE = 3, '

USAGE:
CALL EGPROP
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Subroutine ENERGY

Subroutine ENERGY calculates the coefficients for

the energy equation. After the coefficients are calculated,
subroutine SOLVE is called and the new values of G = H/H
and its first and second derivatives with respect to n
are returned. The difference between the new and the
former values is obtained for either the wall or the

all points convergence test. New values of T/T_ and p/p
are calculated as are new values of the normal Eoordinates
y/L and y/LsVD. :

e

USAGE:
CALL ENERGY

Description of Variables

B 2
EAC = U /H
GFAC - (@ /H) (@ - 1/Pr)
J s Array Subscript
MOMEGY , Indicator, 1 for Momentum Equation, 2
for Energy Equation
N s Array Subscript

The following variables which are used in subroutine
ENERGY are described in the section "Description of
Variables in Common'': ALP, ALP1, AO, AOB, AOBP, Al,

A2, A3, A4, C, CCRNI, CP, CRNI, C1, CIN, DIF, DIFE,
DIF1, DN, DSTARK, EPSVD, E1, FC, FCN, F2NN, HALP, HE,
TADW, IE, IM, KEP, LAMTRB, NC, NEQIL, PNC, PREQ, PRL,
ROROCE, TB, TC, TCN, TH, THP, T1, T1N, TINN, TZ, T2N,
T2NN, T2N1, T21, UE, VC, X, XI, XN, Y, YY.

Subroutiﬁe EQLDTA

In this subroutine, the stagnation, nozzle exit,
and reference conditions are defined. The subroutine
is called only when solutions corresponding to isentropic
expansion of the gas are desired.
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The expansion data are obtained as described in
Appendix A. The data from this program are written as
unformatted records on unit NTl, To provide the neces-.
sary -data- for five-point interpolation, the area ratios
of the last two records on unit NT1 must exceed the
exit area ratio of the given nozzle geometry. The first
record on unit NT1 is the stagnation or reservoir con-
dition.

USAGE:
CALL EQLDTA

Description of Variables

A , Area Ratio Read from Unit NT1

AEXIT s Exit Area Ratio of Given Geometry

All » Array of A Values

H = Log10 (H*/RGAS)

Hl s Array of H Values

J : , Array Subscript

NERR s Dummy Variable

P , Ldglo (P), P in Atmospheres

P1 s Array of P Values

U T, Velocity, ft/sec

Ul s Array of U Values

XM1 B Array of Mach Numbers

ZZ s Dummy Array of Thermodynamic and Transport
Properties :

The following variables which are used in subroutine
EQLDTA are described in the section "Description of
Variables in Common": CX, HE, HEXIT, HFS, HREE, HSTAG,
IIMAX, ITH, NT1, NT2, NV, PEXIT, PFS, PREF, PSTAG, P10,
RGAS, RHOFS, RHOREF, RHOSTD, RHOSTG, RZ, TFS, TREF,. TSTAG,
T10, UFS, UREF, XM, XMA, XMUFS, XMUINF, XMUREF,
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Subroutines FD3 and FD5

Subroutines FD3 and ¥D5 use the first derivative of
the Lagrangian interpolating polynomial of second and
fourth order respectively to.provide the first derivative
of the function F at point X. The returned value 1is
denoted by FX, The interpolating polynomials are described
in the descriptions of subroutines INTER3 and INTERS.

USAGE :

CALL FD3 (X, X1, X2, X3, Fl1, F2, F3, FX)

or
CALL FD5 (X, X1, X2, X3, X4, X5, F1, F2, F3, F4, F5, FX)

where X1, X2, etc. are the abscissa values, and where F1l, F2Z,
etc. are the ordinate values.

Subroutine GEOM

This subroutine obtains the edge properties at the
initial value of x for the geometry specified by the
variable NOSE which is passed through common. The edge
properties are obtained from subroutine BLUNT1l for a
blunt nosed body (NOSE = 1), from subroutine WDGFPl for
a wedge or flat plate (NOSE = 2), and from subroutine
NOZLE1l for a nozzle (NOSE = 3).

USAGE:

CALL GEOM

Subroutine INIT
Many variables are given fixed initial values in the
program before the marching .integration procedure is
begun. The non-subscripted variables are given the initial
values in subroutine INIT. |
USAGE:

CALL INIT
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Description of Variables

JT Array Subscript.

The following variables which are used in subroutine
INIT are described in the section "Description of Variables
in Common': BO, CCRNI, CF, CHIMAX, CMSTD, CRNI, CSTAR, CX,
DS, DX, DXOLD, DX1, El, FF, G, GAMEFF, GAMMA, HGFAC1,
HGFACZ, IE, TIMAX, IM, IPRNT, ISTOP, JJ, KEP, KFS, KSTOP,
KTPW, KTW, LAMTRB, NEQIL, NEQL, NIT, NITTOT, NOSE,
NRSTRT, PR, PRL, QW, R, RGAS, RHOFS, RHOSTD, SUM, TES,
TSTAG, TW, TWZ, UFS, VW, X, XI, XIBAR, XIOLD, XI2, XJAY,
XJFAC, XM, XMA, XOLD, XSTA, Z. :

Subroutine INTERS3
Subroutine INTER3 uses a second-order Lagrangian

interpolating polynomial interpolating on the points X1
Xq, and Xz with the corresponding function values fl,

fz, and f3 to provide a value F corresponding to x.

The general form of the polynomial is
f
F(x) =) £ L, (x)’
21 k7k

where
Lk (x) is given by

X - X
m

3
m=1 *x ~ *n
k

Lk (x) =
m#

USAGE:

CALL INTER3 (X, X1, X2, X3, FL, ¥z, F3, F)

where X1, X2, and X3 are the abscissa values and Fl, F2,
and F3 are the function values.
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Subroutine INTERS5

Subroutine INTERS uses a fourth-order Lagrangiam
interpolating polynomial interpolating on the points
X9, Xy, Xz, X,, and Xc with the corresponding function
values £, f,, f;, f,7and £. to provide a value F cor-
responding td x. ’ ,

The general form of the polynomial is

5
F(x) = ) £ L )

=

whers

L (x) is given by

5
L (x) = T[] s
k . m=1 *k Xn
m#k
USAGE:

CALL INTERS (X, X1, X2, X3, X4, X5, Fl, F2, -F3, F4, ES, F)

where X1, X2, etc. are the absissa values and Fl, F2, etc. are
the function values.

Subroutine INTERP

Subroutine INTERP uses function TLU to linearly
interpolate in the array F2 for the value FF corresponding
to the value XX in the array XN. If XX is not within the
range of XN, a message is printed and FF is set equal to
F2(IE) where IE is the size of the arrays. XN must be a
strictly increasing array. ‘

USAGE

CALL INTERP (XX, XN, F2, IE, FF)
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Subroutine INTRPS

Subroutine INTRP5 uses five-point interpolation to
.obtain a value F0O in the array FI corresponding to the
value X0 in the array X1. The array X1 can be either
monotone increasing or monotone decreasing.

USAGE;

CALL INTRPS5 (X0, X1, F1, IMAX, IMIN, i1, F0) where
X1 and F1 are the arrays of coordinate values, IMAX and
IMIN are the maximum and minimum values allowed for the
subscripts of the arrays, and Il is an indicator (I1<0,
X1 is monotone decreasing; I1>0, X1 is monotoné increasing).

Subroutine MACH

The first time subroutine MACH is called, a table
of MACH numbers is generated. If a pressure distribution
is not part of the input data (KPD = 0} the MACH numbers
are calculated from the area ratios., In the range M = 0
to M = 2 the MACH number increment is 0.01. For M > 2
the MACH number increment is 0.05. If KPD#0, the table
of MACH numbers 4is generated from the pressure distribution
table.

After the MACH number table has been generated, five-
point interpolation is wsed to calculate the MACH number
which corresponds to the values of z and r passed through
the argument list.

USAGE:
CALL MACH (X,R,RT, ZTH)

Description of Variables

A = v +1

AR s Area Ratio

AR1 » Area Ratio Array
B = ¥y - 1
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c = A/2B

DXM1 , Mach Number Increment

FAC ] Dummy Variable

FAC1 s Dummy Variable

J ) Array Subscript

JKL , Indicator, Undefined for First Call, Then
Set to 235

N ) Array Subscript

R s Local Radius

RT s Throat Radius

X ) Local Axial Coordinate

XM1 s Mach Number Array

XTH ) Axial Coordinate. of Throat

The following variables which are used in subroutine
MACH are described in the section "Description of Variables
in Common'': G, IIMAX, KPD, PZ,_XM, ZA.

Subroutine MOMENT

The solution of the momentum equation is obtained
in subroutine MOMENT. The coefficients of the partial
differential equation are calculated and new values of
F = u/u_ and the first and second derivatives of F with
respect to n are obtained from subroutine SOLVE. The
difference between the new and the former values is
obtained for either the wall or the all points convergence
test. The derivative of F with respect to x is also cal-
culated.

USAGE:
CALL MOMENT

-03-



Description of Variables

MOMEGY , Indicator, 1 for Momentum Equatiom, 2
- o for Energy Equation

-N » Array Subscript

The following variables which are used in subroutine
MOMENT are described in the section "Description of Vari-
ables in Common': AO, AOB, AOBP, Al, AZ, A3, A4, BETA,
C, CCRNI, CP, CRNI, DIF, DIFF, DIF1, DIF2, DS, DSTARK, E1,
FC, FCN, FCP, FF, F1l, FIN, FINN, F2, F2ZN, F2ZNN, E2N1, IE,
IM, KEP, LAMTRB, NC, TH, VC, X, XI.

Subroutine NQZLE1

This subroutine calculates the edge and reference
conditions at the initial value of x for a nozzle. For
a perfect gas, the properties are obtained from perfect
gas relations. For an equilibrium gas, the properties
are calculated using the data on the expan51on and gas
property tapes,.

USAGE:
CALL NOZLE1l

Description of Variables

CPRIME = CPRIM

DUM s Dummy Variable

DUM1 s Dummy Variable

DUM2 , Dummy Variable

HESTJ ’ Array of HORL Values

HFSL s Free-stream Value of HORL
HI s Dummy Variable

HORL =

Log10 (H®*/RGAS)
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1JK , Indicator, Undefined for First Call, then

Set to 231
J » Array Subscript
NERR ,  Dummy Variable
PATMS , Pressure in Atmospheres
PEL , Dummy Variable
PI » Dummy Variable
pJ - s Array of PL Values
PL = Logy4P, P in Atmospheres
TE1l » JDummy Variable
Ul »  Dummy Variable
XMACHS = Ml
XMI » Dummy Variable
MJ »  Array of Mach Numbers
ZZ ,  Dummy Array for Thermodynamic and

Transport Properties

The following variables which are used in subroutine
NOZLEl are described in the section "Description of
Variables in Common": ALP, BETA, CPRIM, CSTAR, (X, DUEDS,
G, HE, HESTAT, HFS, HREF, HSTAG, IIMAX, ITH, KPD, NEQIL,
NT1, NT2, NV, OMEGA, PE, PESO, PFS, PNC, PP, PREF, PSTAG,
PZ, P10, REINF, RGAS, RHOFS, RHOREF, RHOSTD, RHOSTG, ROWE,
ROWEP, RZ, RO, SCE, TE, TESO, TES, TREF, TSTAG, T10, UE,
UEROZ, UEZ, UFS, UREF, X, XM, XMA, XMUE, XMUEP, XMUFS,
XMUINF, XMUREF, XMUSO, XSTA, Z, ZA.

Subroutine NOZLE2Z
For a nozzle, the edge properties required by sub-

routine DELTAS to calculate A£ are provided by subroutine
NOZLEZ. For a perfect gas, the properties are calculated
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from perfect gas relations. For an equilibrium gas, the
properties are obtained from subroutine EDGE. -

USAGE:
CALL NOZLE2

Description of Variables

J s Array Subscript

The following variables which are used in subroutine
NOZLEZ are described in the section "Description of Vari-
ables in Common'': DUEDS, G, IIMAX, ITH, NEQIL, OMEGA, PE,
PP, P10, ROWE, RZ, RO, TE, T10, UE, UEZ, X, XM, XMUE, XSTA,
7, ZA.

Subroutine PRFILE

Subroutine PRFILE calculates the array of n values,
XN, which corresponds to the values of IE, ETAINF, and
XKETA, The grid spacing is given by Ani = K Ani«l where

K corresponds to XKETA and thus at the i-th grid point

o oan K21 B
ni - nl K_l 1 = 0, 1, 2, 3, -cuN (N—IE"].)

where An, is given by
K-

R

K'-1

The initial profiles of velocity and enthalpy (F and
G} are calculated from the formulas

F

1 - exp (-n)

and

&
|

= H /H + (1 - H /H))F.
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The derivatives of F and G are also calculated as are
initial profiles for C, CP, e*, y/&, and y/6. Further,
the boundary conditions at the outer edge of the boundary
layer are set in this subroutine.

USAGE:

CALL PRFILE

Description of Variables

DETA1l

An at wall

N s Array Subscript

The following variables which are used in subroutine
PRFILE are described in the section "Description of Vari-
ables in Common'": BO, C, CP, DN, EPSPL, ETAINF, FC, FCN,
FCP, F1, FIN, FINN, F2, F2NN, IE, IM, PNC, TC, TCN, TI1,
T1N, T1NN, T2, VC, VW, XKETA, XN, Y, YOVDEL, YOVTHT.

Subroutine PROP

This subroutine is called by subroutines ENERGY and
MAIN for all equilibrium gas solutions. The subroutine
uses the correct values of F and T to call subroutine
SLOW. Subroutine SLOW returns the corresponding current
values of density, temperature, viscosity, and Prandtl
number.

USAGE:

CALL PROP

Description of Variables

HL , LoglO(HOR)
HOR , Local Static Enthalpy/RGAS, Degrees Kelvin
HSTAT R Locat Static Enthalpy, ftz/sec2
HSTGL ,  Local Stagnation Enthalpy, ft%/sec?
J s Array Subscript
NERR , Dummy Variable
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P ’ Pressure in Atmospheres

PL 3 nglO(P)

RHOIE , Density at Edge of Boundary Layer In
Amagats

THIE , Temperature at Edge of Boundary Layer in
Degrees Kelvin

ULOC s Local Velocity, ft/sec

XMU , Viscosity, 1b~sec/ft2

XMUIE , Viscosityzat Edge of Boundary Layer,
1b-sec/ft

ZZ s Dummy Array for Thermodynamic and Transport
Properties

The following variables which are used in subroutine
PROP are described in the section "Description of Vari-
ables in Common': C, FC, HE, HREF, IE, NT2, NV, PE, PR,
PREF, PREQ, RGAS, ROROE, TC, TH, UE, UREF.

Subroutine READIN

Subroutine READIN provides the input of data for the
program. The input data may come either from cards or
from a restart tape. The first card gives the restart
station number and the second card gives the tape unit
qnumbers. If the restart station number is zero, the input
data is from cards and is as described in the section
"Description of Input Data". If a restart station number
greater than zero is used, the input data comes from the
restart tape, and only the two cards described above are
read. With the exception of the two variables on-the
first card and some of the arrays (which are not needed
for a restart), all variables which are in COMMON in the
program are written on the restart tape. The order in
which the variables are written on the restart tape is
as they appear in the COMMON statements.

- The restart tape is also written by subroutine
READIN, The array LABEL and the variables in ARRAYZ arve
written at the beginning of the tape; the other variables
are written every NRSTRT-th station. The variable KREADN
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controls which part of the subroutine is used: for a
value of one, the input data are read; for a value of
two, the initial data are written on the restart tape,
and for a value of three the station data are written on
the restart tape.

If the input data is from the restart tape, subroutine
WRITE1l and WRITEZ are called to print the data which
has been read from the tape. Subroutine WRITEZ prints the
data from the last converged solution written on the tape
(corresponding to K-KRSTRT). When the restart tape is
written, a message is printed giving the current value
of K and the mext value of K for which the restart tape
will be written.

USAGE:

CALL READIN (KREADN)

" Description of Variables

J » Array Subscript

KREADN s Indicator for Part of Subroutine Used
KRITE1 , Indicator for Part of Subroutine WRITE1L
’ to be Used -

LST ] s Alphmeric Variable, Assigned Value of

'TLAST'" in a DATA Statement

All other variables are described in the section
"Description of Variables in Common', except for LABEL
and LSTC which are described in the section "Description
of Input Data'.

Subroutine REESUB

Subroutine REFSUB computes the free stream Reynolds
number for nozzle flow calculations and for other cal-
culations for which the input value of Re_ is zero. It
also calculates the dimensional quanties needed for the
heat transfer calculation. Values of p_, u,, and p are
needed to calculate Re_,. The value of u_ is obtained
from T _ and reference values of viscosity and temperature
using Sutherland's law. The value of u_ is obtained from
T, and M_, and p is obtained from P, and T_. If the value
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p, or T_ is not specified in
calculafed from M, and Py OT

- - For a nozzle, M~

the input data, it can be
from M_ and T, respectively.

is “taken to be tHe'ex1t MACH number

and is calculated from the nozzle geometry in subroutine

MACH.
input data,
is bypassed as are the other
using dimensional quantities

routine INIT will calculate u

Zero).

USAGE:
CALL REFSUB

Description

The following variables
are described in the section
Common". AMUINF, AMUREF, G,
SCF, TFS, TREF1l, TSTAG, UFS,

For other geometries, M_ needs to be part of the
If the indicator KFS is zero this subroutine

calculations in the progran
(one exception is that sub-
from M_ and T if u_ is

of Variables

occur in this subroutine and
"Description of Variables in
PFS, PSTAG, R, REINF, RHOFS,
XMA.

Subroutine RHOMU

Subroutine RHOMU calculates the density-viscosity

product C where |

c = PH
PeHe
If w # 0, the power law is used, i.e.
c =01 where 6 = T/T,

If w =
_ ,0.5 1 + VK
C =28 5+ VK
where VK = C*/Te and C* = 198.6°K.

0, Sutherlands law is used, i.e.

Also: dC/de6 is calculated.
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USAGE:

CALL RHOMH (OMEGA, TH, C, DCDTH, VK)

where OMEGA = w, TH = T/T_, and DCDTH = dC/do

Subroutine SLOW

The purpose of this subroutine is to determine the
thermodynamic and transport properties by interpolation
in tables written on unit IT., The data on unit IT are
obtained as described in Appendix B.

The sclution obtained for the thermodynamic and
transport properties at a given pressure are written on
unit IT as unformatted records. For each pressure, two
records are written. The first record contains the pres-
sure and the number of steps in the table of thermodynamic
and transport properties at the given pressure. The second
record contains the arrays of temperature, enthalpy, density,
viscosity, specific heat, and Prandtl number in that order.
Thesé arrays are dimensioned by 100 in the generating pro-
gram. The records are written with P decreasing and the
corresponding table of thermodynamic and transport pro-
perties is written with temperature decreasing. Five sets
of these reccrds are read in this subroutine and stored
as the array X and the three dimenhsional array Y.

A table of thermodynamic and transport properties
at the desired pressure is obtained by five point inter-
polation in the array Y and stored in the two dimensional
array Y2. Local values of the thermodynamic and transport
properties are obtained by five-point interpolation in the
array Y2 for a given temperature or enthalpy.
USAGE:

CALL SLOW (XX, Z, I1, S1, IT, NV, NERR)

Description of Variables
, Array Subscript
IJK , Indicator for Initial or Subsequent Call

to Subroutine, Undefined for First Call,
Then Set to 301
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IT
I1

JJ

J1

NERR
NV

XX

XX1

X1

Y2

Tape Unit Number (NT2)

Index of Array Z Indicating the Point in .

"Array

Y2 ‘@t which Tnterpolations are to

be Made

Indicator For Number of Steps in Property

Table

Index of Array Z Indicating the Property

Yalue

which is to be Returned by the

Subroutine

Array

Array

Subscript

Subscript

Array Subscript

Dummy Variable

Index which Indicates the Number of Arrays
Written on Unit IT

Array of Lpg10 (P), P in Atmospheres

Local

Value of X at which Interpolations

are made for Array Y2

Value

of XX for the Previous Call of the

Subroutine .

Dummy Variable

Three

Dimensional Array of Thermodynamic

and Transport Properties

Two Dimensional Array of Thermodynamic
and Transport Properties at XX

Array

where:

Z(1),
z(2),
z(3),
Z(4),
Z(5),
Z(6),

of the Calling and Returned Argument

Temperature, °K '

Log1 (H#*/RGAS), H*/RGAS has units of °K
Logyy (Density), Den51ty in Amagats
Vistosity, 1b-sec/ft2

Specific Heat/RGAS

Prandtl Number
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Subroutine SOLVE

Subroutine SOLVE calculates the solution for a
general parabolic partial differential equation when the
equation is written in the "standard" form

by * Ap byt Ay b+ Ag + Ay 6 = 0.

nn

In order to obtain a solution for the above equation,
values of ¢ and the first and second derivatives of ¢
with respect to n from a previous iteration or from a
previous X station are required. These are passed
through the argument list as the arrays W1, WIN, and
WINN. The new values of ¢ and the first and second
derivatives are returned through the argument list as
the arrays W2, W2N, and W2NN.

USAGE:

CALL SOLVE (WINN, WLN, W1, W2NN, W2N, W2, E1, F1l, CRNI)

Description of Variables

A ) , Matrix Inversion Coefficient

B s Matrix Inversion Coefficient

cC , Matrix Inversion Coefficient

D , Matrix Inversion Coefficient

E » Array of Matrix Inversion Coefficients
El ) Value of E at Wall |

F ) R Array of Matrix Inversion Coefficients
F11 . Value of F at Wall

KON s Array Subscfipt, Descending Order

N » Array Subscript

w1 s Value of ¢ at Previous Station

WI1N = 3¢/dn at Previous Station
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WINN = 32¢/3n2 at Previous Station
W2 , New Va;ue 0£ ¢ '

WaN ,  New Value of 3¢/9n

WZNN ., New Value of 3°¢/on

The following variables which are used in subroutine
SOLVE are described in the section 'Description of Variables
in Common": Al, A2, A3, A4, CRNI, DN, DS, IE, IM, XN.

Function TLU

Function TLU searches in the array X for the two
values which bracket XSTAR and linearly interpolates for
the corresponding value in the array Z. The returned
value is TLU. If XSTAR is not within the range of the
array X, TLU is set equal to zero -and the error flag is
set equal to one. The array X must be strictly increasing.
USAGE:

TLU (NTABLE, Z, X, XSTAR, NFLAG)
where NTABLE is the dimension of the arrays Z and X and
NFLAG is the error flag.

Subroutine VISCO

Subroutine VISCO calculates the viscosity ratio VAN
If w =20

£

corresponding to the temperature ratio T/Tref'

the power law is used, i.e.

L - )
“ref Tref

If w = 0, Sutherlands law is dsed, i.e.

U _ 1+C!

_ )1.5
Href T/Tref+

(T
1
G Tref
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USAGE:

CALL VISCO (OMEGA, T. XMU)

where OMEGA = w, T and XMU ate the temperature and
viscosity ratios, and C' = C*/Tref is provided through
common as CPRIM. C* = 198.6°R and T__, = (y-1M* T_
Uwz/Cp.

n

Subroutine WALL

This subroutine calculates the temperature and
enthalpy boundary conditions at the wall, If a wall
temperature distribution is part of the input data,
five point interpolation is used to obtain the value
of Ty corresponding to the local value of x. If KCQ
is non-zero, five-point interpolation is used to obtain
the local value of CQ. For an adiabatic wall, a value
of the wall enthalpy is calculated such that the enthalpy
gradient is zero at the wall. For a non-adiabatic wall,
the wall enthalpy is specified by the wall temperature.

USAGE:

CALL WALL

Description of Variablés

C11 R Intermediate Variable used in computing GW
GW = H /H
H = Hw*, ftz/sec2
HOR = H */RGAS), °K
HORL = Logl0 HOR .
HORLOG = Logl0 (HW/RGAS)
JT = Array Subscript
NERR , Dummy Variable
PATMS , Pressure in Atmospheres
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PLOG = Log,q P

PSTR . s Pressu?e,i;b[ft?

TSTR , i Wall Temperature, °K

ZZ s Dummy Array for Thermodynamic and Transport
Properties

The following variables which are used in subroutine
WALL are described in the section "Description of Variables
in Common': -ALP1, BO, CONVRG, CQ, CQZ, DIF, DN, DUEDS,
EPSVD, FINJ, HE, HREF, HW, IADW, IIMAX, KCQ, KINJ, KNOINJ,
KTW, NEQIL, NT2, NV, PE, PREF, R, ROWE, RO, TB, TC, TE, TH,
TREF, TSTAG, TW, TwWZ, T10, T2, T21, UE, VW, X, XJFAC, XMUE,
XSTA,

Subroutine WDGFP1

This ‘subroutine calculates the edge and reference
conditions at the initial value of x for a wedge or a flat
plate. For a perfect gas the properties are obtained from
perfect gas relations. For an equilibrium gas, the pro-
perties are calculated using the data on the gas property
tape.

USAGE:
CALL WDGFP1

Description of Variables

CPRIME = CPRIM

HOR = H*/RGAS, °K

HORL = LoglO(HOR)

J s Array Suﬁscript

NERR , Dummy Variable

PATMS s Pressure in Atmospheres
SINTH , Sin (ANGLE)
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TDGRK , Temperature, °K

XMACHS R

XMTHSK ,  M_ Sin (THSHOK)

XMTHSQ , Square of XMTHSK

ZZ , Dummy Array for Thermodynamic and Trans-

port Propertiés

The following variables which are used in subroutine
WDGFP1 are described in the section '"Description of
Variables in Common'": ALP, ANGLE, BETA, CPRIM, CSTAR,
CX, DUEDS, G, HE, HESTAT, HFS, HREF, HSTAG, NEQIL, NT2Z2,
NV, OMEGA, PE, PESO, PFS, PNC, PP, PREF, PSTAG, P10, R,
RGAS, RHOFS, RHOREF, RHOSTD, RHOSTG, ROESO, ROWE, ROWEP, -
RO, TE, TESO, TFS, THSHOK, TREF, TSTAG, T10, UE, UEROZ,
USEO, UFS, UREF, XMA, XMUE, XMUEP, XMUFS, XMUINF, XMUREF,
XMUSO.

Subroutine WDGFP2

For a wedge or for a flat plate the edge properties
required by subroutine DELTAS to calculate Af are pro-.
vided by subroutine WDGFPZ. The properties are constant
and have been computed in subroutine WDGFP1. A-value is
calculated for the wvariable Z; to the other variables are
assigned the values computed in subroutine WDGFP1.

USAGE:
CALL WDGFP2

Description of Variables

The following variables which are used in subroutine
WDGFP2 are described in the section "Description of
Variables in Common': ANGLE, DUEDS, ROESO, ROWE, RO, TE,
TESO, UE, UESO, X, XMUZ, XMUSO, Z.
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Subroutine WRITE1l

Subroutine WRITEl provides two sections of output.
The first section is the input data and other data
initialized by the program. The integer quantities are
written first in the same order as they appear in the
input followed by the injection parameters CQ and FINJ.
The next data written are the free-stream quantities.
If the indicator KFS is zero, the free-stream pressure
and density and the stagnation pressure and temperature
are not written. If the reference temperature, TREFI,
is zero, the reference temperature, the reference vis-
cosity, and the free stream viscosity are not written.
The transition parameters are then written and are fol-
lowed by a group of variables, most of which are from
the program input and appear in approximately the same
order. Next are written the integer arrays which con-
trol the values of x at which a solution is obtained
and at which full profile data is to be written. Finally,
the values of axial distance, radius, surface distance,
surface pressure, non-dimensional edge velocity, surface
temperature, and injection rate distribution are written.

The second section of the subreoutine is used when
calculdtions are made using the equilibrium gas model.
The stagnation, free-stream and reference conditions -
which have been recomputed for the equilibrium gas are
written following the message "BEGIN EQUILIBRIUM GAS
SOLUTION". :

USAGE:
CALL WRITE1l (KRITE1l)

Description of Variables
J s Array Subscript
KRITEL R Indicator for Section of Subroutine to
be Used, 1 for First Section, 2 for
Second Section
The other variables which appear in this subroutine

are described in the sections ''Description of Output" and
Description of Variables in Common".

-68-



Subroutine WRITEZ2

Subroutine WRITEZ provides the output of computed
results after a converged solution is obtained. The out-
put is in two sections. The first section is written at
every station at which a solution is obtained. The second
section is written for specified values of x. The. first
line of output contains the values of geometry related
variables (such as x, z, and &), the pressure gradient
. term, B, the number of iterations, and the station counter,
K. The second line contains the non-dimensionalized edge
conditions (such as Ts, Mg, and ue). The third line con-
tains the skin friction and heat transfer in the transformed
coordinates, the subscript in the eddy viscosity array
where the inner and outer eddy viscosities are matched,
and the cumulative total of the number of iterations. The
fourth line gives the first and second derivatives of
the velocity at -the wall and at the second grid point from
the wall, The remainder of the first section is omitted
if x = 0. The next line gives transition parameters and
the following line contains the Reynolds number or the
Reynolds number, the heat transfer rate, and two dimensional
heat transfer coefficients. In the remaining lines in the -
first section are skin friction coefficients, Stanton
numbers, the boundary layer thicknesses, and quotients of
boundary layer parameters.

In the second section of the output, some of the
variables which are functions of the normal coordinate
are written., The output of this section contains n, vy,
y/8 y/8, F(=u/ue), 3F/3n, 32F/dn2, e*, 3Ro/3n, G(=H/He),
9G/dn, V, T/Te, p/pe, C(=pu/peve), 3C/3n, and x.

After the second section of output is written, sub-
routine READIN is called with KREADN=3 to write the
station data on the restart tape if NT3#0 and if K=KTPW.
The first derivative of F at the wall is then tested for
a negative value and if 3F/8n at the wall is negative, it
is assumed that the flow has separated, a message is
written, and the program is stopped.

USAGE:
CALL WRITE2

Description of Variables

II Counter or Subscript for Array IPR
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IPRNT , Counter or Subscript for Array IPRFL
KL , The values of n and the functions.of n
" are written at every KL - th grid point.
KREADIN , Specifies READIN is Called to Write the
Station Data on the Restart Tape
XOLD Previous Value of x.

The above variables except for KREADIN are in common
and thus are also described in the section "Description
of Variables in Common''. The other variables which appear
in this subroutine (except for N, an array subscript) are
described in the sections "Description of Output' and
"Description of Variables in Common".

Subroutine ZRO

Subroutine ZRO uses subroutine INTERS5 to interpolate
in the arrays ZA and RZ for the values Z and RO correspond-
ing to the value X2 in the array XSTA. The arrays RZ,
XSTA, and ZA contain values of radius, surface distance,
and axial distance respectively for axially symmetric
geometry,

USAGE:
CALL ZRO (JJ, X2, Z, RO)
where JJ is the dimension of the arrays, Z and RO are the

returned values, and the "arrays RZ, XSTA, and ZA are
provided through common,.
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DESCRIPTION OF INPUT DATA

In the description of the input data, a card number
is given first, followed by the list of wvariables on that
card and the format under which the card is read. Then
each variable in the list is described, At the end of
this section are coding forms which may be used for cod-
ing the input data.

Card 1, XRSTRT, NRSTRT (4(7X,I3))
KRSTRT, Restart Indicator; Zero for Starting New

Solution; Greater Than Zero Restarts Solution,
Next Sclution Obtained at K = KRSTRT + 1

NRSTRT Increment in K for Which Restart Tape 1is
Written
Card 2. NT1, NT2, NT3, NT4 (4(8X,I2))
NT1, Tape Unit Number for Expansion Tape
NT2Z, Tape Unit Number for Gas Table Tape
NT3, Tape Unit Number for Restart Tape
NT4, Unit Number for Scratch Tape

For a perfect gas case, NT1, NT2, and NT3 are zero.
If NT3 = 0, the restart tape is bypassed.

Card 3. LABEL (18A4)

Alphameric Data for Identification of the Case.
Printed on the First Page of Output.

Card 4. NOSE, LAMTRB, KTRANS, KTRNSN (4(éX,IZ)
NOSE, Indicator for Geometry, 1 for a Blumnt Nose,
2 for a Wedge or a Flat Plate, 3 for a
Nozzle

A value of 0 iz reset to 1.

LABTRB, Indicator, 1 for Laminar Flow, 2 for Turbu-
lent Flow

A value of 0 is reset to 1.
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Card

Card

KTRANS,

KTRNSN,

5.
IADW,

KTW,,
XPD,

KFS,

6.

Indicator for Transition Regime, 0 for No
Transition or Instantaneous Transition, 1

for Transition Regime (LAMTRB Must be 1.)

Subscript for XSTA Array Giving Value of x
at Which Instantaneous Transition Occurg

A value of 0 is reset equal to IIMAX and a
value greater than TIMAX is reset equal to
IIMAX.

IADW, KTW, KPD, KFS (4(8X,I2))

Indicator, 1 for Adiabatic Wall, 0 for
Non-adiabatic Wall

If TADW # 0, BO is set equal to 1.0.

Indicator, 0 for Constant Wall Temperature,
Non-zero for Wall Temperature Distribution
Input

Indicator, 0 for Pressure Computéd by
Program Based on Nozzle Area Ratio, Non-zero
for Pressure Distribution Input

Indicator, Non-zero for Computing in the
Program Dimensional Free-stream, Stagnation
and Reference Values and Dimensional Heat
Transfer and Heat Transfer Coefficients, 0
to Bypass Computing Dimensional Quantities

NIT1, NITZ2, NIT3, NC (4(8X,I2))

NIT1, NIT2, and NIT3 are used in conjunction with
NIT (the number of iterations) to control the
variation in the x step size.

NIT1,

NITZ,

After solution comverges, AxX is doubled if
NIT is less than or equal to NITI.

A value of 0 is reset equal to 3. A value
less than zero is reset equal to 0,

After solution converges, Ax is halved 1f
NIT is greater than or equal to NITZ2.

A value of 0 is reset to 6.
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NIT3, If NIT = NIT3, Ax is halved, X and XI are
recomputed and the iteration loop is
restarted with the smaller values of X
and XI,

A valuewof 0 is reset to 9,

NC, Specifies Convergence Test, 0 for Test on
Derivatives at Wall, 1 for Test on
Functions at all Points in Profile
Recommended Value 1,

Card 7. IE, KEND, IIMAX, ITH (4(7X,I3))

1E, Number of Grid Points in n Direction
(Program Dimensioned for IE = 101 Which
is the Recommended Value)

KEND, Upper Index on X (the Station Counter)
Recommended Value, 300-600

IIMAX,‘ Number of Values in Geometry, Pressure
and Temperature Distribution Arrays; Arrays
Dimensioned for 500 Values (IIMAX is also
obtained from the number of cards read.)

ITH, " Subscript in the. Geometry Arrays of the
Throat Location (For NOSE # 3, the value
is arbitrary.}

Card 8. KADETA, KL, IPFL, IPRINT (4(8X,I12))

KAbETA, Indicator; if Zero, ETAINF is Held Constant,

. &£ Non- zero, “ETAINF can be Increased
—— TTme e

XL, Index for Profile Output DO Loop, 1 Gives
Output for Each Grid Point, 2 for Every
Second Grid Point.
A value of 0 is reset equal to 2.
TPFL, Number of Values in IPRFL Arra? (Maximum 100)
IPRINT, Number of Values in IPR Array (Maximum 100)
Card 9. KVSLAW, KPGRAD, NV, NEQIL (4(8X,I2)}

KVSLAW, Indicator for Eddy Viscosity Law, 0 for
Reichardt Law, Non-zero for Van Driest Law
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Card

Card

KPGRAD,

NEQIL,

10 Xcq,
Kcq, |

KINJ,

KNOINJ,

Indicator for Expression for A" in Van Driest
Inner Eddy Viscosity Law; 0 for A* = 26, 1
for At Corrected for Mass _Transfer,. 2 for -AF
Corrected for Pressure Gradient, 3 for A*
Corrected for Both Mass Transfer and Pressure
Gradient

Number of Variables Written on the Gas
Property Tape

Indicator for Gas Model, 0 for Perfect
Gas Model, Non-zero for Equilibrium Gas
Model

KINJ, KNOINJ (4(7X,I3))

Indicator, Zero for Constant Injection
Rate, Non-zero for Injection Rate Distri-

‘bution Imput.

Subscript in XSTA Array Giving the Location
of the Beginning of Injection

A value greater than IIMAX is set equal
to IIMAX.

Subscript in XSTA Array Giving the Location
of the End of Injection

A value greater than ITIMAX is set equal to
IIMAX

11 CHICRT, XBAR, ATR, CQ, FINJ (6F12.6)

CHICRT,

XBAR,

Value of CHIMAX at which Transition
Regime Calculations Begin (arbitrary if
KTRANS = 0)

Appropriate values have been found to be
between 2000 and 4000.

Measure of Relative Length of Transition

: : = %
Region (i.e. XEnd of Transition XBAR

)

XBegi‘nning of Transition

For Reichardt Law, XBAR should be about 65%

_greater than value used with Van Driest Law.

Recommended values are approximately 3.3
and 2.0, respectively.

~74-



Card

Card

Card

ATR,

Q=
FINJ =

12,
TES,

UFS,

XMA,

REINF,

13,
BO

il

PRL=

PRT=

OMEGA=

14.
XK1,

XK2,

il

Transition Constant 0.412
Py vw/pm-uw’ Injection Rate

£, Value of Stream Function at Wall
If FINJ is zero, VW is calculated from CQ.

TFS, UFS, XMA, REINF (6F12.6)

Free-stream temperature, °R
Free-stream Velocity, ft/sec

If input value is zero, UFS is computed
from TFS and XMA

Free-stream Mach Number

For a nozzle, TFS, UFS and XMA correspond
to exit conditions and are computed by the
program.

Free-stream Reynolds Number per Unit
Length

If input value is zero, REINF is computed

_in Subroutine REFSUB and KEFS must be non-zero

BO, PRL, -PRT, OMEGA (6F12.6)

HW/HO

Pr, Laminar Prandtl Number

A value of 0.0 is reset to 0.7.
Prt, Turbulent Prandtl Number

w, Exponent for Power Viscosity Law (If
w = 0, Sutherland's law is used.)

XK1, XK2, CONVRG, ADTEST (6F12.6)

Constant for Van Driest Inner Eddy Viscosity
Law

A value of 0.0 is reset to 0.4, the normal
value. ’

Constant for Outer Eddy Viscosity Law.

A value of 0.0 is reset to 0.0168, the normal
value,
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CONVRG, Convergence Criterion

A value of 0.0 is reset to 0.001.

ADTEST, Criterion for Increasing ETAINF (F(IE) -
. F(IE-4) is compared with ADTEST.)

A value of 0.0 is reset to 0,001, the
recommended value.

A

Card 15. DX, CRNI, XKETA, ETAINF, REFLEN (6F12.6)
DX, Initial x Step Size
CRNI, Selector for Finite Difference Scheme;

1.0 for Fully Implicit (Recommended)},
0.5 for Crank-Nicolson, and 0.0 for Fully
Explicit

XKETA, Parameter Which Controls the Grid Spacing
in the n Direction (1.0 Gives an Equally
Spaced Grid, a Value Greater than 1,0
Gives a Finer Grid at the Wall than at

the Outer Edge.) A value of 0.0 is reset
to 1.09, the value recoemmended for IE = 101.

ETAINE, Maximum value of n

A value of 0.0 is reset to 100 which is
the recommended value.*®

REFLEN, An arbitrary Reference Length (éee
"Description of OQutput')

Card 16, XJEAC, ANGLE, THSHOK, G (6F12.6)

XJFAC, Indicator, 0.0 for 2-D Flow, 1.0 for
Axially Symmetric Flow

ANGLE, Wedge Half Angle, in Deérees
THSHOK, Shock Angle, in Degrees

G= Y o= Cp/cv

*Note: ETAINF may be considerably larger than the value of
n corresponding to ¢; particularly for laminar flow. The
recommended values of IE, XKETA, and ETAINF are appropriate
for laminar, transition, and turbulent flows.,
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Card 17. TSTAG, TREF1l, PSTAG, PFS, AMUREF, SCF (6F12.6)

TSTAG, Stagnation Temperature, °R

TREF1, Reference Temperature, °R (Used in Computing
REINF' if Input Value of REINR is Zero)

PSTAG, Free-stream Stagnation Pressure for Ideal
Gas, PSIA

/

PFS, Free-stream Pressure, PSIA

AMUREF, Reference Viscosity Corresponding to TREF1,
1bf-sec/ft2

SCE, Scale Factor used to‘Convert Unit Length

| for REINF (REINF as Computed is per Foot
if SCF = 1.0; REINF is per Inch if SCF =
12.0)

‘Card 18. . POPRIM, CMSTD, GAMEFF, DXMAX ~(6F12.6)

POPRIM, Local Stagnation Pressure for Ideal or ‘
Equilibrium Gas, PSIA (Corresponds to
Stagnation Pressure on Expansion Tape)

CMSTD, ‘standard Molecular Weight of Given Gas:)

GAMEFF, Effective v (CP/CV) Behind Normal Shock
(for Blunt Body) (Same as G for a Nozzle)

DXMAX Maximum x Step Size Permitted in the

Cards 19 a, b,
IPR,

Cards 20 a, b,

IPRFL,

Calculation
¢, . . . (IPR(J), J = 1, IPRINT) (14I5)
Array -of Subscripts for Array XSTA Giving

Values of x at which a Solution is to be
Obtained (Array Dimensioned for 100 Values)

¢, . . . (IPRFL(J), J-1, IPFL) (14I5)
Array of Subscripts for Array XSTA Giving

Values of x at which Complete Solutions
(with Profiles) are Printed (Array

Dimensioned for 100 Values)

Each value of IPRFL must also be a valué
of IPR.
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Cards 21. ZA(J), XSTA(J), RZ(J), PZ(J), TWZ(J), CQZ(J),
LSTC (6E12.6, A4

The six -arrays are dimensioned for 500 valtés. ~

ZA, Array of Coordinate Values Along the Body
Axis

XSTA, Array of Coordinate Values Along the Body
Surface (Same as ZA for a Flat Plate)

RZ, Array of Radius Values for a Nozzle or a
Blunt Body

PZ, Array of Pressure Ratio Values - P/P (PO,
Local Stagnatlon Pressure)

TWZ, Array of Surface Tempgag@ure Values, R

CQzZ, Array of Injection Rate Values, pwlrw/pmuoo

LSTC, Alphameric Variable Used to Determine the

Last Card in Data Deck ('LAST' is Coded
on Final Card.)

For a flat plate, ZA and XSTA are both used and must be
part of the input and the array RZ should be zero. If

KPD is zero, the array PZ should be zero and if KTW is

zero, the array TWZ should be zero.
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Coding Form fOr Input Data
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BESCRIPTION OF OUTPUT

This section contains three subsections., The first
subsection describes the first section of the output which
is the input and initialized data. The second subsection
describes the data which is written for each station at
which solutions are obtained. The third subsection describes
the miscellaneous messages and data written by the program.
The output from a samplé calculation of turbulent flow over
a flat plate is included at the end of this ‘section.

Input and Initialized Data

LABEL , Alphameric Data for Identification of the
: Case (Written by Subroutine READIN)
' ~ _ 2
TI0 = To/Tref where Tref = UW/Cp
_ _ 2
P10 = PO/Pref where Pref = Pl
UESO = U,/U, at s =0
TESQ = T /T ¢ ats =0
PESQO = Pe/Pref at s = 0

The five variables above are written by subroutine
BLUNT1, NOZZLEL, or WDGFP1l, depending upon the body
geometry. The data in the remainder of the first block
is written by subroutine WRITEl and corresponds to the
input data with the following exceptions:

Line 5
TIN = To/Trof
XMUINF = Mo/ Wopog

Line 6
RHOFS = 0., slugs/ft>
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Line 7

AMUINE = = _ Hma,lbf-se.g/-fmt?

Note: Line 5 is written omnly if KFS#0. Line 6 is
written if TREF1>1.0.

Line 11
_ - L
EPSVD = Eyp = {uref/(pwUmL)} , Where
L is the Unit Length in REINF
Line 13
RHOSTD , Density of Gas at Standard
Atmospheric Conditions,
slugs/ft3
Line 14
CP = Cp’ Specific Heat
R = Gas Constant for Specified Gas

Next in the program output are the arrays IPR and
IPREL (which are described in the section "Description
of Input"). Following the arrays IPR and IPRFL are the
arrays ZA, RZ, XSTA, PZ, UEZ, TWZ, and CQZ with the array
subscripts. PZ in the output differs from the values of
PZ in the input in that for input PI is P/Po and is changed

by the program to P/P UEZ is the array of non-dimensional

ref’
edge velocities calculated by the program [Ue/Um). For a flat

plate, the values of UEZ are unity.

When the restart procedure is used, the input and
initialized data described above (except for T10, P10,
UESO, TESO, and PESO) are written preceded by the mes-
sage ''PROGRAM RESTARTED. KRSTRT = #". For equilibrium
gas solutions, free stream and reference conditions are
recalculated after a converged solution is obtained for
K = 1 using the perfect gas model. Thus for a restart,
these quantities as printed in this data group will cor-
respond to the values used in the equilibrium gas model
and not the input values. A particular example is PZ
which is recalculated for the equilibrium gas model
and is the dimensional pressure in 1bf/inZ2.
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Station Data

The station data are divided into two groups. The
first group of data is written for each value of x at:
which a solution is obtained. The second group--the
function profiles--is written only for the values of x
corresponding to XSTA (IPRFL). In the first group,
lines 5-13 are not written if x = 0. In the sixth line,
REX alone is written if XFS = 0. If XFS # 0, REX is
written followed by the wall heat transfer (BTU/ft2/sec
and two heat transf%r coefficients; one in BTU/inz"SeC' R,

the other in 1bm/in4-sec,

GROUP ONE

Line 1

S , Surface Dis?ance, X

X1 = E, Transformed Surface Distance

A , Axial Distance, z-

Z/L » Axial Distance/Body Length (Z/ZA(IIMAX))

RO » Local Radius, r, (Set Equal to One for a
Wedge or a Flat Plate)

BETA = B = ZE/Ue(dUe/dg)

pP ' = dPE/ds

NIT s Number of Iterations at Current Value of x

K , Station Counter

Line 2

TE = Te/Tref

UE = U/,

MACHE » Edge Mach Number

RHOE = /0,

MUE - ue/uref

PE - Pe/Pref

DUEDS = dUE/ds
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Line 3

CF . , Skin Friction in Transformed Coordinates
= €¢ leyp

QW » Heat Transfer Coefficient in Transformed
Coordinates

HG ) = QW #* EPSVD

% .

EPSVD = Eyp = {uref/(memL)}z, Where-L is the
Unit Length in REINF

cQ = o/ Pl

KEP » Subscript in EPSPL Array Where the Inner

and Outer Eddy Viscosities are Matched
(Zero for Laminar Flow)

NITTOT , Cumulative Total Number of Iterations in
X Direction

Line 4 (F = U/Ue; Prime Denotes 3/9n)
- 1
F2N (1) Fw ‘
F2N(3) = F' at Two Points from the Wall
= "
F2NN(1) E
F2NN(3) = F" gt Two Points from the Wall
Line 5
CHIMAX , Maximum Value of Vorticity Reynolds Number
A
GAMMA » Transition Intermittency Factor (Set to
Zero for Laminar Flow, Set to One for
Turbulent Flow)
XIBAR = ¢, Transition Intermittency Factor Coordinate,

Initialized as Zero, Calculated after
Transition Regime is Entered
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Line 6

REX . , Local Reynolds Number Based on Edge
Conditions

WALL HEAT TRANSFER AND HEAT TRANSFER COEFFICIENTS (If kFS#O)

Line 7
= q
STE pUg (H -Hy)
STIN = q
F 50 (H~H_)
s = q i
CHEDGE Ch ST ST ¢ Where Haw is the
e e e w aw
Adiabatic Wall Enthalpy
CHINF = Q. = 9
h,  PoU,H -H_J
CHINF#*SQRT (REX) = C, vREX
Line 8
- _ 2
CFE = Cfe = er/peUe
T _ 2
CFINF = Cfm.” 21 /UL
- 1 (X .
CF (TOTAL) = Tp=x2 J cfoo dt
’ o]
CFBAR*SQRT (REX) = T, vREX
CFINF#SQRT (REX) = C. vREX
Line 9
CFINF/2 = Cg /2
CHINF/ (CFINF/2) =  2C, /Cg
CHEDGE/ (CFE/2) = 2C, /Cg .
e e



Line 10
X/REFLEN"
ikﬁﬁﬁLEN
RO/REFLEN
DELTA/X
DELSTR/X

Line 11
THETA/REFLEN
DELSTR/REFLEN
DELTA/REFLEN
DELSTRAXI/REFLEN

Line 12

THETA/DELTA
DELSTR/DELTA
DELSTR/THETA

DELSTRAXI

Line 13
DELSTRK

DELSTR
DELTA

THETA

It

n

1

)]

x/reference length -

z/reference length
r/reference length
§/x
§®/x

6/reference 1ength
§*/reference length
§/reference length

azxi/reference length

6/6

§%/8

8%/

szi = v {/I+28%/r -1}
(Zero for 2-D Flow)

Gi, Incompressible Boundary Layer
Displacement Thickness

§*, Compressible Boundary Layer
Displacement Thickness

§, Boundary Layer Thickness (Value
of y where U/Ue = 0.995)

8, Boundary Layer Momentum Thickness
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RETHETA = Re

9° Edge Unit Reynolds Number Times ©

GROUP TWO - PROFILES
Bleock 1
ETA , n, Transformed Normal Coordinate
Y y Vs Correspoﬁdiﬁgfﬁﬁfsicai Coordinate
Y/THETA , y/8 (Zero for x = o)
Y/DELTA , y/8 (Zero for x = 0)
F=U/UE , Nondimensional Velocity
- - 9F
FP(N) = 55
T L2
FPP - 2L
an
EPS+ = e+, Eddy Viscosity (Zero for Laminar
Flow)
— +
AOBP = BAo ( = %%— for a Constant Prandtl
o
Number)
N , Grid Point Number
Block 2
ETA R (As Above)
G=H/HE , Nondimensional Stagnation Enthalpy
Y ‘
GP (N) =
n
= aF
vV = J (-2& 3F F) dn
0
T/TE = T/T,
RHO/RHOE = p/pe (=Te/T for Ideal Gas)
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RHOMU/RHOEMUE =  pu/p.u, (=C)
- _acC '
¢P T
CHI = ¥, Vorticity Reynolds Number (Zero
for x = o)
N , {(As above)

Miscellaneous Messages and Data

For an equilibrium gas solution several messages and
sets of data are written. For a nozzle, if the pressure
distribution is calculated by the program (KPD=0), subroutine
EDGE1l writes the message "EDGE CONDITIONS FOR EQUILIBRIUM
NOZZLE" and the values for the arrays Z, XSTA, LOG1l0P,
LOG10H, UE, and MACH. When the equilibrium gas solution
is begun, the appropriate geometry subroutine (BLUNTI1,
NOZZLE1l, or WDGFP1l) is called and the new values of TI10,
P10, UESO, TESO, and PESO are written. Subroutine WRITEL
is called to write the message "BEGIN EQUILIBRIUM GAS
SOLUTION" and the new reservoir, free-stream and reference
conditIons.

Subroutine READIN writes the message "RESTART TAPE
WRITTEN. K = # KTPW = #" after the station data has
been written on the restart tape. K is the current
value of K and XKTPW is the next value of K at which the
restart tape will be written. .

For transition regime calculations, subroutine
EFFMU writes the message "TRANSITION BEGINS'" at the
beginning of transition and the message "TRANSITION
ENDS' when XIBAR first exceeds 2.0 with the Reichardt
eddy viscosity law or when XIBAR first exceeds 4.0 with
the Van Driest eddy viscosity law. The message "TRANSITION
ENDS" was found to be useful when the Van Driest eddy viscosity
law was used in calculations but less useful with the
Reichardt eddy viscosity law. At best, the message
indicates only approximately where transition ends.
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For the instantaneous transition model, subroutine
CHANGE writes the message "TRANSITION BEGINS INSTANTANEOUSLY"
and the values of X and DX when transition is initiated,.

For the normal injection model, subroutine CHANGE
writes the message "INJECTION BEGINS" and the values
of X, DX, and CQ at the beginning of injection and the
message "INJECTION ENDS' and the value of X at the end
of injection.

If the iteration counter NIT reaches the value of
NIT3, the step size is halved, new values of X and XI
and new edge properties are calculated and the program
attempts to obtain a converged solution for the smaller
value of X. In this case, MAIN writes the values of
NIT, DX, X, F2N(1}, F2N1, and DIF.

When ETAINF. is increased, subroutine ADDETA writes
the message "INTERMEDIATE PROFILE DATA--ETAINF INCREASED
ISTOP = #", the values of DX, XKETA, ETAINF, and ADTEST,
and the function profiles. The function profiles are
as described above in the subsection "Station Data;
GROUP TWQ", ISTOP is the number of iterations since
the last converged solution was obtained.

If ISTOP exceeds 100, the message '"STOP ##%% ISTOP.GT.100"
is written by MAIN and the program is stopped. If after a
converged solution is obtained, the derivative of F at the
wall is negative, subroutine WRITE2 writes the message
"PROBLEM TERMINATED. NEGATIVE DF/DETA INDICATES THAT THE
BOUNDARY LAYER HAS SEPARATED" and stops the program.

Normal termination of the program is indicated by
the message "THE END X = XSTA(IIMAX)" or the message
"THE END K = KEND" which is written twice by MAIN,

In the above descriptions, all quantities which have

the apparent dimension of length have been non-dimension-
alized by the per unit length in REINF,
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PROGRAM LTBLCEGL (LAMINAR AND/OR TURBULENT BOUNDARY LAYERS IN CHEMICAL EQUILIBRIUM)
A PROGRAM FOR
2-D AND AXISYMMETRIC NONREACTING PERFECT GAS AND EQUILIBRIUM CHEMICALLY REACTING LAMINAR:
TRANSITIONAL AND/OR TURBULENT BOUNDARY-LAYER FLOW
BY
€Eo Co ANDERSON, Es We MINER AND Ca Ha LEWIS
AEROSPACE ENGINEERING DEPTe.
VIRGINIA POLYTECHNIC INSTIVUTE AND STATE UNIVERSITY
BLACKSBURG,y VA. 24061

o PHONE ~ (703)-552-6126 '
PROGRAM DEVELOPED UNDER CONTRACT NAS1-9337 WITH NASA LANGLEY RESEARCH CENTER ,

IV NIDTER

-

ST EOVd

SAMPLE OUTPUT CASE, FULLY TURBULENT FLAT PLAT, WITH KEND=8

TiO= 0454931510 00 PlLO= 0.9261958D0 00

UESD= 0;10000000 01 TESO= 0.49315110-01 PESO= 0014090030-01

KRSTRT = O+ NRSTRT = 24, NT1 = 0y NT2 = 0, NT3 = 0, NT& = 0.

NOSE = 2, LAMIRB = 2, KTRANS = 0, KTRNSN = 17, IADW = 0y KTW = 04 KPD = 0, KFS = i

NIT1

3, NITZ = 6,-NIT3 = 9, NC = 1, IE = 101y KEND =' 8, IIMAX = 17, ITH = 0

KADETA = 1y KL = 24 IPFL = 17, IPRINT = 17, KVSLAW = 1, KPGRAD = 0, NV = D, NEQIL = O

JkCO = 0y KINJ = 17, KNOINJ = 17y €CQ = 0.0 v FINS = 0.0

TFS = 546, 000000, UFS.= Bl57.279981s MINF = T.12000, REINF = 4,1017223D 05, TIN = 0.049315, XMUINF = 0. 165760
PFS = 1-528000{ RHOFS = 2,346838D~-04, PSTAG = 704840454y TSTAG = 6D8l.828480

CHICRIT = -2000‘000’ XBAR = 2.000000, ATR = 04412000

BO = DJ087767, PRL = 0,7100, PRT = 0.9000, OMEGA = 0.0 s XKL = 0.4000y XK2 = 04016800
CONVRG = 0.0100, ADTEST = 0.0010, CRNI = 1.0000, XKETA = 11,0900, ETAINF = 100.00

CPICY = 1. 400000, EPSVD = 0.003835, SCALE FACTOR = 12,00000, REFERENCE LENGTH = 1.0000
XJFAC = 0.0 r ANGLE = 0.0 + THSHOK = D40 + OX = 040100, DXMAX = 20,0000
POPRIM = 145280, CMSTD = 2B8.967000, GAMEFF = 1.400000, RHOSTD = 0,002506556

CP= 6010.05 FT2/{SEC2~DEGREE RANKINE)} R= 171716 FY2/(SEC2-DEGREE RANKINE) FREE STREAM MACH NUMBER= T.1200



IPR ' 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

|
}\) LPRFL 1 2 3 4 5 6 7 8 g 10 11 12 13 14 15 16 17

AXTAL POSITION IA RZ XSTA Pz UEZ TWZ coz
1 040 0.0 0.0 0.0 1.000000 740 0,0
2 3. 130000 0.0 2.130000 Ga0 1.000000 0.0 0.0
5§3 4.380000 Ge0 44380000 0.0 1.000000 D40 0.0
g 5¢6305000 UeD 5630000 0s0 1. 000000 0.0 0.0
s 6e 880000 0.0 64880000 0.0 1.000000 0.0 0.0
- 6 8.130000 0.0 84130000 0a 0 1.000000 0.0 0.0
Sa e 7 9.380000 0.0 94380000 0.0 1. 000000 0e0 0.0
N Eﬂ 8 10. 630000 2.0 10.630000 0.0 1.000000 B0 0.0
b 2 g 11.880000 0e0 11.8580000 0.0 1.000000 40 0.0
Eg 53 10 13.13C000 0.0 12.130000 0.0 1.000000 0e0 0.0
11 14.380000 0.0 14 380000 0.0 1.000000 7.0 0.0
w g: 12 15.630000 0.0 15, 630000 0.0 1. 000000 D40 0.0
7 ) 13 17. 380000 0.0 17.380000 0.0 1.000000 0.0 0, 0
o o 14 19,130000 0.0 19. 130000 0.0 1.000000 0.0 0.0
- 15 20.880000 0.0 20880000 0.0 1. 000000 0.0 OuD
o 16 22.630000 0.0 224630000 0.0 1.000000 0.0 0.0
125 17 24.3B0000 0.0 244380000 0.0 1.000000 De0 0.0
\ 5 = 0.00010, ,
w Xl = 0.00002y Z = 000010, Z/L = 0400000y RO = 1.00000,; BETA = 0.0 s PP = L1 1) s NIT = By K= 1
(W4
: TE = 0404932, UE = 1.00000, MACHE = 7.1200000, RHOE = 1.00003, MUE = 04165764 PE = 0.01409, DUEDS = 0 0
CF =  23.96969, QW = 6430086y HG = —0a241644D-01, EPSVD = 0.3835100-02, CQ = 0.0 + KEP = 5B, NITTOT = 8
F2N(1) = Oe414130, F2ZN(3} = Qatl5164, F2NN{1l) = 04303937y FZNN{3} = 0304071

CHIMAX = B+673126D 00, GAMMA = 1,00000CD 00, XIBAR = 0.0

REX = 4.101720 01 WALL HEAT TRANSFER HEAT TRANSFER COEFFICIENTS
3, 9565460 03 54549817003 2« 3114540~02
BTU/ { FTH%*2#SEC} BTU/CIN¥*2%SEC¥DEGREE R} LBM/{INXXx2%5EC)
STE = 4.822245D-02+ STINF = 4,8222450-02, LHEDGE = 5,403985D-02, CHINF = 5,4039850-02, CHINF#SGRT(REX) = 3.45609650-01

LFE

9.192613D0-02+ CFINF = 9,192613D-02, CF{TOTAL} = 1.8385220-01, CFBARX®SQRT{REX) = 141774760 00, CFINF%SQRT(REX)} = 5.887380D0~01
CFINF/Z = 44596306D=02y CHINF/(CFINF/2) = 141757230 00y CHEDGE/ (CFE/2) = 1.175723D 00

X/REFLEN = 9,999999D-05, IZ/REFLEN = 9.9999990-05, RO/REFLEN = 1,0000000 00, DELTA/X = 1,499149D 00, DELSTRIX = 9.9665230-01
THETA/REFLEN = 84850N0040-06, DELSTR/REFLEN = 9.966522D-05, DELTA/REFLEN = 14499149D-04, DELSTRAXI/REFLEN = 0.0

THETA/DELTA = 5,9033520-02y DELSTR/DELTA = 646481200-Gly DELSTR/THETA = 1.126160D 0ly DELSTRAXI = 0,0

DELSTRK = 5,30060D-05, DELSTR = 9.966520-05, DELTA = 1.49915D-D4, THFETA = B.B5000D-06, RETHETA = 3.430030 an
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ETA

0.0

0.003403
0. 007445
0.012248
0.017955
0024735
0.032790

0.042361 ;

0.053732
aR6T7241
0.083292
0el02362
0.125019
0.151937
0.183919
0.221917
0. 267063
0.320700
Qe3 84426
Qe 460139
0.550094
Qe 6569569
0.783948
0934811
1114052
1.327008
1. 580020
1.880625
2237773
24 662101
3a166245
3. 765218
4e 476858
5322358
643268%6
74520387
8,938375
10.623086
12, 624691
15.,002798
17.828227
21.185119
254173443
29. 911970
35.541814
424230632
504177617
59619429
T0.B83724T
844165135
100. ¢00000

Y

a0

0.000000
0. 000000
0. 000000
0.000000
0. 000001
0.,000001
C.000001
G. 000001
0.000002
0.000002
0. 000003
0.000003
0. 000004
0.000005
0.000006
0. 000008
0.0G0010
0.000013
0. 000017
C.000022
0. 000028
0. 000036
0,000045
0. 000057
0.000070C
0. 000085
0.000101
0.000116
0. 000130
0.000144
0. 000159
0.000175
0. 000193
0. 000218
0.000242
0000273
0.,000310
0, Q00355
0.000407
0.00046%
04 000544
0.000632
0. 000736
0.000861
0.001008
0.001184
0.001392
0. 001640
0«001934%
0.002284

Y/THETA

0-0
0.008345
0.018378
0. 130464
0045058
0.062727
0.084186
04110340
Qs 142340
0.181666
0.230229
0. 290516
0.,365779
D.460296
0.579717
0.731516
0925576
1. 174911
le 496486
le 912016
2e 448427
3.137313
44012252
5102313
64 420444
1.948236
94625292
11.358129
13.057173
14684270
162270725
17.909913
19. 728474
21.844915
24351685
274329570
30, 867594
35.071121
40.065330
454 998951
53.048686
6le 424476
71375752
83.198863
97e 245901
113.935187
133, 763728
157,322017
185, 311621
218.566069
25B.,075678

Y/DELTA

0.0
0.000493
0.001G85
0.001798
0.002660
0,C03703
0. 004970
0.006514
0.008403
0.010724
0.013591
0. 017150
0.021593
0027173
0. 034223
0., 043184
0.054540
0. 065359
0.088343
0e112873
04 144539
0.185207
0. 236857
04301207
0.379021
Qs 469212
0.,568215
0. 670510
0.770611
0.B6686%
0, 960518
1,057285
le 164641
1.289582
1. 437566
1.613361
1.822223
2070372
24365197
2o T1 5480
3.131651
34626103
4e 213562
44911522
5. 740768
64725995
7.896543
287272
104939597
12.902724
15.235115

F=U/UE

0.0

0. 001411
0.003092
0.005095
0. 007485
0.010337
0.013743
0.017816
0.022591
0.028534
0.035548
0.043981
0, 054141
0.066406
0. 081247
0095246
0.121128
0.147783
0. 180299
0.219972
0. 268288
0.326812
0.396918
Gu&T9224
0.572628
0.5673057
0.772628
0.860644
0.927363
0.969335
0. 990810
0, 998448

"0.999911

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1. 000004
1.000000
1.000000
L. 000000
1.000000
1.000000
1.000000
1. 000000
1.00006C0

FPIN)

0.414130
0415164
Ve416394
04417856
0419593
0.421658
0e424111
0. 427022
04430472
04434557
Ce 439382
0+445064
Qe451729
0459502
De 468497
Qe 4TBTIT
0. 490409
04503205
0.516814
0.530446
0« 542619
0550763
0550745
0e 536564
0. 5009506
0437729
04347355
De241332
0.141073
0.068289
0.025337
0.005878
0.000601
0.000011
04000000
0. 000000
0.000000
0. 000000
0000600
0.000000
0. G00000
0.000000
O 000000
0+000000
0.000000
Qe 000000
0.000000
0. 000000
0«000000
0. 000000
~ 0000000

FPp

0.303937
0.304071
0.304278
04304449
0.304550
0. 304534
0.204338
0.303872
0.303018
0,301619
0.299470
0,296307
0.291787
Qs 285467
04276772
0. 264945
04 248978
0.227517
0.198737
0160234
0109024
0. 041936
-0.043036
~0e143617
-0+ 248233
~D.332287
~0e 364129
-06325447
=0+ 229879
~-0.124970
=0.056397
~0.017378
-0.002759
-0.000131
-0.000000
—0s 000000
~D+000000
=0.000000
0.000000
Q.000000
G. 000000
0.000000
0.000000
0. 000000
0.,000000
0. 000000
=0.000000
-0+ 000000
-0,000000
~0.000000
-0.000000

EPS+

n.o
0.000000
0.000000
0. 000000
0.000000
0. 000000
0.000000
0.000000
0. 000000
0.000000
0. 000000
0.000000
0.000000
0. 000001
04000001
0.000002
04000004
0.000007
0. 000012
0. 000022
0.000040
0, 000075,
0.000151
0.000320
0. 000738
0,001881

0. 005290

0.0156632
0.043012
0. 062021
0.052526
0. 038493
0.024285
0. 013779
0,007319
0. 003700
0.001792
0.000835
0. 000376
0.000164
0.000070
0. 000029
0.000012
0. 000005
0.000002
0. 000001
0. 00NH00
0. 000000
0. 000000
0.000000
0. 000000

AQBP

~0e 000000
0.000000
0.000000
0. 000000
0.000000
0.000000
0. 000000
G.000001
0,000001
0.000002
N.000004
0. 000006
0.000009
0.000014
0.000020
0.000030
0. 000045
0.000067
D.0001D2
0.000158
0,000256
0.000435
0.000793
0.001572
0.003435
0.008271
0,021233
0.052219
0.097854

-0.014921

~0.021866

—-0.022735

-0.016420

—-0.009212

-0.004526

-0.00206%9

-0,000896

=0.00037C

-0.000146

-0.000056

-0,000021

-0.000007

=0.000003

=0,000001

-0, 000000

=0.000000

~0. 000000

=0.000000

-0. 000000

~0.000000

=0.000000
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ETA

0.0
0.003403
04007445
0.012248
0. 017955
0.024735
0032790
0.042361
0.053732
04067241
0.083292
04102362
0.125019
04151937
0.183919
0.221917
0.267063
0.320700
04384426
0.460139
0.550094
0.656969
0. 783948
0.934811
l.114052
1.327008
1.580020
1.880625
24237773
2.662101
30166245
3.765218
4y 476858
5.322358
60326896
7.520387
8.938375
10. 623086
12624691
15,002758
17.828227
21.185119
254173443
29,911970
35, 541814
42,230632
50. 177617
594619429
70. 837247
844165135
100,000000

G=H/HE

0. 087767
0.088726
0. 089871
0.091236
0.092868
0. 094820
0097157
0, 099960
0.103326
0107378
0.112267
0.118180
0.125354
0.134091
0e 144771
Q0. 157885
0.174065
0.194126
Ge219122
0« 250401
De 289655
0.338911
0e 400373
0475914
D+ 565953
0, 567570
0.772543
0. 867493
0.938652
0.980398
0.998153
1,001521
1. 000564
1.000042
1.000000

1. 000000 |

1.000000
1. 000000
1.000000
1. 000000
1.000000
1.000000
1. 000000
1.000G00
1., 000000
1.000000
1. 000000
1.000000
1.000000
1. 000000
1.0006000

GPUIN)

0. 281411
0.282433
0o 283651
0s285103
0.286834
0.288900
0.291367
Ne294313
0297834
0.302041
0.307071
0,313083
0.320266
0.328841
0.339058
0.351199
0.365555
0.382398
0, 401904
0.423997
04 448053
0u472363
0.493265
0. 504047
0.494387
00452360
0.371400
0.260383
0. 146886
04063505
00 017341
0,000420
-0.001226
-0,000219
=0.000004
~0. 000000
-0, 000000
-0.000000
-0, 000000
-0.000000
—0. 000000
-0.000000
~0. 000000
-0.000000
—0. 000000
~0, 000000
-04090000
-0, 000000
~0.000000
-0, 000002
~0.000009

v

D.0
-0, 000002
-0.000011
-U. 000031
-0,000067
=-0.000127
~0.000224
-0,000375
- 0. 000606
-0.,000952
~04001466
~0.002224
-0.003335
~00 004958
~D.007318
—0. 010746
~0.015719
~0.022929
-0e 033379
-0.048527
~0. 070482
-0. 102276
-0+148225
~0. 214334
—-0.308672
—0e441490
~0.624743
-0.870833
=1 190933
=14 594152
-21088923
—2e 685096
~34396295
=% 241773
~5e240311
—6+439803
~7. 857791
-94542502
—11. 544107
~134922214
=160 T47643
=20.104535
~-24.092858
-28. 831386
=344461230
~41.150048
494097032
~58, 538845
-69.756662
-83,084551
-98,919416

T/TE

0.977626
0. 388291
1.000959
1.01 6005
1.033873
1.055090
1.080280
1110175
1. 145644
1187699
1237525
1. 296488
1.366148
le 448244
14544653
1L.657281
1. 787848
1.93748%
24106039
2.290913
2+485283
2. 675605

24838783

24940536
24938594
24796086
24506345
24115015
1. 711608
14381423
la160384
1.047534
1.008070
1. 000475
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1. 000000
1.000000
1.000000
1.000000
1.000000
1.n00000
1.000000
1.000000

RHO/RHOE

1.022886
l.011848
D.999042
De984248
0. 967237
0.947786
0. 925686
0900759
0.872872
0. 841964
0,808065
0. 771314
04731985
04690491
0e647395
D.603398
04559332
0.516133
0+474825
Ce 436507
De402369
0.373747
0.352264
0.340074
0. 340299
Q357643
0.398987
0.472810
0.584246
0. 723891
04861784
0954623

04991994 -

04999525
1,000000
1.000000
1. 000000
1.,060000
1.000000
1.,000000
1.000000
1, 000000
1.000000
1. 000000
1.000000
1.002000
1.000000
1.000000
1. 000000
1,000000
1,000000

RHOMU/RHOEMUE

1.005242
1.002738
0. 999776
(e 996278
0. 992152
04987293
0.981582
0. 974888
0.96T067
0e 957966
Bea94T426
0.935293
0, 921430
(1.905728
C. 888135
D.86B677
0. 847495
0. 824881

G.801320°

0.777549
De754611
0733942
0. 717472
0.707730

O. 107913 N

0.721677
0.752240
0.800118
0.859691
0. 918457
00963856
0.989018
0. 998120
04999889
1. 000000
1.000000
1.000000
1. 000000
1,000000
1. 000000
1,000000
14 000000
1,000000
1.000000
14 000000
1.000000
1. 000000
1.000000
1,000000
1,000000
1.000000

ce

-N. 737555
~0.734427
-0. 730606
~-0.725933
—0.720213
-0.713209
=0s 704637
-0. 694166
~De68l4l4
=0.665956
=0. 647335
—D0.625084
=0. 598758
=0.567970
~0. 532444
~De 492052
=De446851
=0 397096
~0.343223
-0e285793
~0.225418
—-0.162681
~0. 098123
~0.032440
0. 032910
0.094388
Dalath24
0.1704567
0.160129
0.118777
0.0656249
0025432
0. 005931
0.000622
0.000011
0.000000
0.000000
0. 000000
¢.000000
0. 000000
0.000000
0. 000000
0.000000
0.000000
0. 000000
C.000000
0. 000000
N.000000
0. 000000
0. 000000
-N.000000

CHI

0.0
0.000044
0.000206
0.000544
D.001139
0.002097
0.003560
0.005713
0.008793
0.013101
0, 019020
0.027029
0.037736
0.051919
0.070589
0. 095105 .
0.127341
0.169980
0.226988
02304431
0. 411890
0e564998
04790037
1.132288
1.670331
2,535272
3.910056
5.891217
7.968090
8.673126
60334193
2.348178
0,323759
0.007837
04000081
0. 000006
0.000000
0. 000000
0.000000
-0, 000000
~04000000
-0.000000
-0. 000000
-0.000000
-04000000
~0.000000
-0. 000600
-0.000000
-0.000000
-0, 000000
-0.000000
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5= 0.01010,

XI = 0. 00167, 2 = 0.01010, Z/L = 0.,00041, RO = 1.00000, BETA = 0.0 s PP = 0.0 ¢+ NIT = S¢
TE = 0.04932y UE = 1.00000, MACHE = T.1200000, RHOE = 1.00000, MUE = 0.165T&4y PE = 0.01409.IDUEDS = 0.0
CF = 2.53603, QW = —0.6T31l4, HG = -~0.258156D~-02, EPSVD = 0.,3835100~02, CQ = 0.0 + KEP = 54, NITTOT = 13
F2Nil} = 0e 440340, F2NI(3} = 0e441521, F2NN{1} = 0. 346997, F2NN(3} = 0.347182

CHIMAX = 9.0204010 Ol, .GAMMA = 1,000000D 00, XIBAR = 0.0

REX = 4e142740 03 WALL HEAT TRANSFER HEAT TRANSFER COEFFICIENTS
4e2268930 Q2 54 9290310~04 24469393D-03
BTU/{FT*%*2#5EC) BTU/{ IN*%2*SECHDEGREE R} LBM/{ I Ne#2%SEC) .
STE = 54151744003y STINF = 5.1517440-03, CHEDGE = 5.7732340-03, CHINF = 5,773234D-03, CHINF#SQRT(REX) = 3.715891D-01

CFE = 9.725905D-03, CFINF

i

CFINF/2 = 4.862952D0-03, CHINF/{CFINF/2} = 1,187187D 00, CHEDGE/{CFE/2) = 1.187187D 00

K= 2

947259050-03s CF{YOTAL) = 1,116334D~02, CFBAR®SQRT{REX) = 7185183001, CFINF*SARTIREX) = 6.2599930-0)

X/REFLEN = 1.0102000-024 Z/REFLEN = 1.0100000~02, RO/REFLEN = 1.,000000D0 00, DELTA/X = 1.604908D-01, DELSTR/X = [.032528D0-01

THETA/REFLEN = 9.179497D~05, DELSTR/REFLEN = 1.,0428530-03, DELTA/REFLEN = 1.620957D-03, DELSTRAXI/REFLEN = 0.0
THETA/DELTA = 5.,6630110-02, DELSTR/DELTA = 6.4335630-01, DELSTR/THETA = 1,1360680 01, DELSTRAXI = 0.0

DELSTRK = 54309330-04, DELSTR = 14042850-03y DELTA = 1452096D-03; THETA = 9417950D-05, RETHETA = 3, 76517D 01
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ETA

0.0
0.003403
0. 007445
0.012248
0.017955
0. 024735
0.032750
0.042361
0.053732
0.067241
D.083292
0.102362
04125019
0.151937
0.183919
0221917
0.267063
0.320700
0s 384426
0.460139
04550094
0. 656969
0.783948
0.934811
1. 114052
1.327008
1. 580020
1.880629
2.2377T73
2662101
3166245
3, 765218
4e4T6058
5.322358
6326896
7.520387
8. 938375
10.623086
12, 624691,
154002798
17. 828227
21.185119
254173443
29,911970
35.541814
42, 230632
50177617
59.619429
704837247
B4s 165135
100,000000

Y

0.0
0.000001
04000002
0. 000003
0.000004
0, 000006
0,000008
0.000010
0.000013
0.000016
0.000021
0. 000026
0.000033
0. 000042
0.000052
0.000066
0. 000084
0.000107
0.000137
0.000175
0.000225
0. 000289
0. 000369
0.000469
0.000589
0.000726
0. 000874
0,001029
0.001185
0.001336
0.001485
0.001636
0. 001800
0.001989
0.002212
0.002477
0.002792
0.003166
0.003610
0.004138
0. 004765
0. 005510
0.006395
0. 007446
0.008696
0. 010180
0.011944
0.014039
0e 016528
00019486
0. 023000

Y/THETA

0.0
0.0080389
Q.017822
0. 029559
0.043747
0. 060948
0.081876
0.,107412
0. 138724
0.177287
0.225020
0.284428
0.358799
0.4524T0
0571181
0.722542
0.916627
1. 166701
1. 490023
1. 908585
2.449398
3.143578
49022927
54112263
60416603
T+ 907598
9.525703
11.21050%
12.904546
144559552
16177901
17.824633
19, 613444
21.670658
244100103
264985420
304413462
34, 486318
39.325279
45. 074448
51.905036
60. 020458
694662390
Bl. 117970
94,728345
110.838630
120120985
152,936945
1804, 056469
2124277175
250+ 558596

Y/DELTA

0.0

0. 000458
0.001009
0.0015674
0. 002477
0.003451
0, 004636
0,006083
0007856
0.010040
0.012743
0.016107
0.020319
0.N25623
0. 032346
0.040918
0, 051909
0. 066070
0.084380
0.108083

0.138710 .

0.178021
0.227819
0. 289508
0.363373
0. 447808
04539442
Oa 634852
0. 730786
0.824509
0. 316156
1.009411
1. 110711
1.227212
1l.364791
1.528187
1722318
1. 952964
20226995
24 552571
2.939388
3. 398965
3944989
42593719
5. 364476
5,280213
Te 368199
8:66083%6
10. 196617
12.,021280
14.18%9161

F=U/UE

0.0

0. 001500
0.003288
0.005420
0.007962
0.010998
0.014625
0.018965
DeD24162
0030394

. 0« 037881

0.046890
0.057754
0.070883
0.086786
0.1060986
0.129605
04156273
0.193280
00236022
0.2880T2
0.351034
0426152
0e 513481
0.610286
0.708552
0.793842
04 859631
0, 915067
04957032
0. 983433

0s 995953 .

e 999582
00999995
1.000000
1. 000000
1.000000
1.000000
1.000000
1. 000000
1. 000000
1.000000

1.000000

1.002000

1.000000.

1.000000
1,000000
1. 000000
1. 000000
1.000000
1.000000

FPIN}

Oe 440340
Gs 441521
Qe442925
O0e444595
0e 446580
0448939
0.451740
0. 4550606
04459008
0463674
0. 469183
0475667
0,483265
D+492115
0.502338
0.514012
04527123
0e541490
0556628
0571531
0. 584316
0«5915655

02587960 .

04564374
0508236
0406964
0272863
02185650
04127545
0074992
0035280

. 04011541

0.001942
0. 000085
-0.000000D
=0.000000

'—0,000000

~0,000300
=0.000000
-0<000000
-0«4000000
-3.000000
~0. 000000
=~0.000000
—0« 000000
~0.0000600
=0+000000
=0.000000
—-0.000200
=0 000000
~0.000000

FPP

04346997
04347182
0-347473
0347720
0.347884
0347905
04347702
0.347166
04346150
04344460
0e341 846
0.337986
04332467
0.324759
0,314173
0.299807
0. 280450
De254457T
Ce 219565
0172674
04109641
0025271
-04086077
~0s228170
-0.393810
-0.4530150
~04 439846
-04197918
-04145855
-0+102199
~0.,058758
~0.025247
-0s006396
-0, 000592
-0:0000056
—0,000000
~ 0000000
-0.000000

‘—00 000000

-0+000000
-0+ 000000
~0G00000
-0. 000000
~04000000
~0.000000
~0.000000
~=0+000000
—=0+ 000000
~0.000000
~0. 000000
=0.000000

EPS+’

0.0
0.000000
0.000000
0. 000000
0.000000
0. 000000
0.000000
0.000001
0. 000002
04000004
0. 000008
0.000017
6..00033
0. 000061
0,000112
0.000202
0. 000359
0.000635
0.001127
0.002026
0.003728
0.007118

0.014334

D.031047
0. 073690
0192052
0.5210%3
0e 736256
0.741234
0. 700290
0.610972
0e 471601
0.313139
0.183597
0. 099619
0.,051233
0, 025180
0.,0118689
0.005417
0.002391
0.001025%
04000429
0.000176
0.000070

‘04000028

0. 000011
0, 000004
0. 000002
0. 000001
0. 000000
0. 000000

AQBP

=0 000000
0.000000
¢.000001
0. 600002
0.000007
0.000017
0.000035
0.000068
0.000123
0.000212
0000348
0, 000554
0.000855
0.001293
0.001924%
0.002840
0004191
0. 006237
0009453
0014760
0.0240532
0.04154D
0.077334
04157783
0354470 .
0,841566
1le 464851
0.082045

~0.044359

=0.137119

-0 ] 209“63

-0.237841

~0e.193298

~0s117069

=-0. 059731

=0.027961

-0.012335

~0.005175

~-0.002079

-0. 000804,

—04000300

~0.000109

~0+000039

~0. 000013

~00000C4

-0.000001

=0+ 000000

=0.,000000

=0,000000

-0, 000000

No

1
3
5
7
9
il
13
15
17
19
21
23
25
27
29
31
33
a5
a7
39
41
43
45
&7
49
51
53
55
57
59
61
63
65
67
69
n
13
75
T7
T9
8l
83
as
ar
89
91
93
95
97
99

=0, 000000 101



a01- j

| -

ETA

0.0
0.003403
04007445
0.012248
D.017555
0.024735
0032790
0.042361
0.,053732
0.067241
0083292
0.102362
0.125019
0.151937
0.183919
0.221917
0.267063
0.320700
0+3B4426
0.460139
0.550094
0. 656969
0.783943
0934811
ke 114052
1327008
1. 580020
1.880625
24237773
24662101
3166245
3. 765218
4.4T76858
54322358
64326896
Te520387
8, 938375
104623086
124624691
15.,002798
17.828221
21.185119
254173443
294911970
35,541814
424230632
504177617
59. 619429
T0.837247
844165135
100,000000

G=H/HE

0.08776T
0.088797
0. 090026
0091493
0.093247
0095346
0,057859
0. 100876
0104501
0.108868
0.114141
0.120526
0, 128282
0.137739
0. 149318
0.163559
0.181159
0. 202024
0230319
Ds 264536
0307535
0.361507
0+428700
0510891
0. 605837

0. 706500 .

0.796148
0. 865404
0.923141
Qe 965601
0.990045
0.999397
1.000592
1.000101
1. 000000
1.000000
1. 000000
1.000000
1000000
1. 000000
1. 000000
1. 000000
1.000000
1. 000000
1.000000
1. 000000
1.,600000
1.000¢00
1. 000000
1.000000
1. 200000

GPIN}

0e302139
0.303303
04304690
0.306344
0.308317
0e 320672
0.313483
0.316842

© 0.320856

0.325655
0.331391
04338247
0e346438
0.356213
D.3467857
0.381684
0.2980290
0.417158
' 02439261
De 464163
0490967
0.517263
0.537707
0.541684
0.510659
0.422569
0.288588
0.194156
0131736
0. 073435
0.,030200
0.006889
-0.000251
~0.00034)
-0. 000016
9.,000000
0.000000
0 000000
0. 060000
0. 000000
0.000000
0. 000000
0.000000
d. 000000
0.000000
0.000000
0. 000000
0.000000
-0+ 000000
=0.000000
~0. 000000

v

G O
-0. 045503
~0.030014
~Q. EON0 3T
-0 Q080
-0. 030152
~0.000268
=04 0020448
=0.000723
=0.051137
=0, 0321753
"'0.0026 62
~0. 003997
=0. 005947
=-0,008791
-0, 012930
~0.018948
<0.027692
-0.040400
-0.058865
~Q.0B5686
=00124585
=0 180794
-0.261405
~0.375330
~00532000
~0D. 737532
=0 992337
—1. 204232
=1. 691043
-2,170701

. =2.758273

=30 465866
-4e312059
=5:316594
=6+ 510085
~T92B073
~9., 612784
~11+6146389
=134 992496
~164817925
~20s 174817
—24a 163141
-28.901668
~34,531512
~41.225330
~49, 167315
=58.609127
=694 826945
-83.154833
~9 84909698

T/TE

0.977626
0.989077
1.002680
1. 018838
1.038029
1,050821
1.087883
1.120007
1. 158126
1203332
1.25689%
1320297
1395199
1. 483462
1.537076
1.708026
1.848041
2.008111
20187662
24383205
2586253
2780463
24938528
3.020957
24982359
2. 795509

24491990 .

24148537
1.784312
1457619
1. 215670
1.073927
1.015086

1.001231

1.000005
1. 000000
1.000000
1000000
1.000000

1.000000.
1.000000 .
1.000000°

1.000000

1.000000

1. 000000
1.000000
1.000000
1.,000000
1000000
1.G300000

1.000000°

RHO/RHOE

1.022886
1011044
0.997327
0. 981511
0.953364
04942666
0. 919217

04892851

0. 863466
0.531026
04795609
0. 757405
0.716744
0o 674099
04630090
04585471
0.541113
04497981
0. 457109
04419603
0.386660
04359652
04340306
0.331021
04335305
0,35T717
04401286
04465433
00 560440
04686050
0. 822592
0931162
04985138

© 02998770

04999995
1.000000
1.000000

1.000000.

i« 000000
1.000000
1. 000000
1.000000
1. 000000

1.000000 .

1.000000
1,000000
1.000000
1.000000

1.000000.

1. 00C000
1.000000

RHOMU /RHOEMUE

1.005242
14002554
0999375
0995622
0.991197
0.9859688
0. 979871
0.972707
04964346
0. 954630
0943399
0. 930498
04915796
04899197
0.880671
04860276
0. 838194
04814775
0.790574
0s766411
04743439
0.723234
0.707919
0. 700299
0:703837
04721735
0e 753853
0. 1956 T4
0. 8468051
0.903978
04952016
0.983016
04996491
0.999713
0.999999
1.000000
1.000000
1,000000
1000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1,000000
1.000000
1000000
1.000000
1. 000000
1.000000

ce

-D.791882
-0, 788352
-0.784029
~0.778731
-0, 772230
-06764255
~0. 754482
-0, 742533
~0.727979
«0e TLO347
-04,689139
~04663859
~Qe 634048
-0.599337
~0s 559491

-0.5144560°

-0e 464404
-0. 409696
-0.350883
-0, 288506
-0.223489
-0. 156027
~{(} 086585
-0.015821

0.053425
0.110826 -

0137765
0.145338
0. 144405
0.118130
0.075064
0. 034204

0.009660 °

0.001295
04000041
~0.000000
<0, 000000
~0.000000
~0. 000000
04000000

-0.000000 .

~0. 000000
-0. 000000

-0, 000000 .

~0.000000
-0. 000000
-0.000000
~0. 000000
~0. 000000
-0, 000000
~0.000900

CHI

0.0
0.000463
0002172
0.005737
0.011989
0.022034
0.037329
0.059757
0.091730
0.136301
0.197311
0.279590
0.389249
0.534130
04724530
04974372
1.303112
1. 738911
24323954
3.123598
54242427
5.652707
8263053

11.885163

17. 419902

25,074756

334 5445TT

464806357

69,723220 .

8B, 136690
824895443
45,91 7732
11.053678
0632257
-0. 001488
~0.000045
-0, 000006
~-0,000001
-0.000001
~0. 000000
-04000000
-0.000000

-0.000000 .

=0, 000000
~0+000000
=0. 000000
~0.000000
=0.000000
-0+ 000300
=0.000600
-0. 000007

N

O = G g

11
13

17
19
21
23

27
29
31
33
35
37
39
41
43
45
&7
49
51
53
55
57
59
61
63 .
65
67
69
71
73
5
77
79
81
83
85
87
89
1
93
95
97
29
101


http:09987.70
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S = 0.02010,

I = 0.00333, 1 = 0402010, 2/L = C.000824 RO = 1,00000, BETA = 0.0 v PP = G0 ¢ NIT = 3, K= 3

TE = 0,04932, Uk = 1.00000, MACHE = T.l200000, RHOE = 100000, MUE = 0,16576y PE = 0.01409, OUEDS = 0.0
CF = 187774, QW = ~0.50068, HG = —-0.192015D0-02, EPSVD = D.383510D-02, CQ = 0.0 y KEP = 54, NITTOT = 16
F2n{1) = ' 0. 459947y F2NI(3) = 04461242, FZNN{L1) = 0.,3803164 F2NN{(3} = 0.380529
CHIMAX = {§i725450 02, GAMMA = 1.000000D0 00, XIBAR = 0.0
REX = 8.241460 03 WALL HEAY TRANSFER HEAT TRANSFER COEFFICIENTS

3.143950D 02 44409996 0-0% 1.836727D-03

BTU/ (FT*%235EC) BTU/(IN** 2% SEC*DEGREE R) LBM/ UEN*«®2%SEC}

STE = 3.8318520-03; STINF = 3.831852D-03, CHEDGE = 4,294115D-03, CHINF = 4.2941150-03, CHINF$SQRTIREX) = 3,8990140-01

CFE 7.2013270-03, CFINF = 7.201327D-03, CF{TOTAL) = 9,115823D-03, CFBAR®SQRTI(REX) = Be2770770—01, CFINFASQRT(REX) = 64.538734D-01
CFINF/2 = 3.606663D—03. CHINF/(CFINF/2) = 1.1925900 00, CHEDGES(CFEf2} = 1.192590D 00

X/REFLEN = 2,0100000-02, I/REFLEN = 2,0100000-02, RO/REFLEN = 1,000000D 00, DELTA/X = 1.1309340-01, DELSTR/X = T.460366D-02
THETA/REFLEN = 1,3242570-04, DELSTR/REFLEN = 1.499534D-03, DELTA/REFLEN = 2.353$TTD—031 DELSTRAXI/REFLEN = 040

THETA/DELTA = 5.5T789250-02, DELSTR/DELTA = 64317344D-01y DELSTR/THETA = 1.132359D 01, DELSTRAXT = 0.0

DELSTRK = T7.43856D-04, DELSTR = 1.499530~03, DELTA = 2.373680-03, THETA = 1.324260~04, RETHETA = 5,431730 01

§ = 0.04010,

1= 0.00665, Z = 0,04010, Z/L = 0.00164s, RO = 1.00000, BETA = 0.0 y PP = 0.0 y NIT = 3¢ K= &
TE = 0,04932, UE = 1.,00000, MACHE = 7.1200000, RHGE = 1.00000, MUE = 0,16576y PE = 0. 01409, OUEDS = 0.0
CF = le4125%, QW = —0,37824y HG = -01450580-02, EPSVD = 0.3835100-02, éﬂ = 0-@ + KEP = 53, NITTOT = 19
F2N{1) = 0.488721, F2N(3) = 0490189, F2NN{1l) = 04431215, FZNNlB; = 0,421400

CHIMAX = 1,855149D 02, GAMMA = 1,0000000 00, XIBAR = 0.0

REX = l.64%79D 04 WALL HEAT TRANSFER - HEAT TRANSFER COEFFICIENTS
2.3751000 02 3¢3315350-04 1.387557D-03
BTU/ (FTak2&SEC ) BTU/{IN**2%SEC*DEGREE R) LBH/ ( IN#%x2%SEL)
STE = 2.894776D~03, STJN€:= 2.8947760-03y CHEDGE = 3.243993D-03, CHINF = 3,2439930-03, CHINF*SQRT(REX) = 4,1604010-01

CFE = 5,4174050-03, CFINF = 5.4174050-03, CF{TOTAL} = 7.191686D~03, CFBAR¥SQRTIREX) = 9.223294D-01, CFINF*SQRT(REX) = 6.,947789D-01
CFINF/2 = 2.T7087030-03, CHINF/I(CFINF/2) = 1,197619D0 00, CHEDGE/{CFE/2) = 1,1976190 00 :

X/REFLEN = 4.0100000-02, Z/REFLEN = 4,0100000~-02, RO/REFLEN = 1.0000000 00, DELTA/X = '8,7362840-02, DELSTR/X = 5,4159200-02
THETA/REFLEN = 1.9311810-04, DELSTR/REFLEN = 2.171784D-03, DELTA/REFLEN = 3,5032500-03, DELSTRAXI/REFLEN = 0.0

FHETA/DELTA = 545125430-02+ DELSTR/DELTA = 64199341001+ DELSTR/THETA = 1,124588D D1, DELSTRAXI = 0.0

DELSTRK = 1,043410-03, DELSTR = 2.171760-03, OFLTA = 3,503250-03, THETA = 1.931180-04, RETHETA = 7.92117D 01



-Z0T-

§ = 0.08010,

Xi = 0,0132
TE = 0.04932, UE = 1.00000,
CF = 1.084454 QW = —0. 2
F2N{1} = D.530272, F2N(3)

CHIMAX = 2,7111080D 025 GAMMA

REX = 3.28548D 04
‘\\‘IE{

STE = 242341320-03, $ElNF =
¥

CFE = 4.1589640-03, CFINF =

CFINF/2 = 2.0794820-03, CHIN

0. 068010, 2/t = 0.00329, R0 = 1.00000, BETA = D.0 y PP = 0.1 v NIT = 3, K= &

892=
MACHE = 7.1200000, RHOE = 100000 MUE = 0.16576, PE = 0,01409, DUEDS = 0.0
9192y HG = -0,111953D-02, EPSVD = 0.383510D-024 CQ = 0.0 s KEP = 53, NITTOT = 22

0.532009, F2NN(L) = C, 510378y F2NN(2)} = 0.510728

= 1.000000D 00y XIBAR = 040
HEAT TRANSFER COEFFICIENTS

24571214D-04 1.070890D-03
BTU/L IN**2+SEC*DEGREE R) LBM/ LI N*%2%SEC)

WALL HEAT TRANSFER
1,833056D 02
BTU/ (FT*%2%SEC)

24 2341320-03, CHEDGE = 24503651D~03, CHINF = 2,5036510-03, CHINF*SQRT&REK) = 44538090D~01
44158964D~03, CF{TOTAL) = 5.5958470-03, CFBAR*SQRT{REX} = 1.014297D 00, CFINF¥SQRT(REX) = 7.5384920-01

F/(CFINF/2) = 1,203978D 00, CHEDGE/{CFE/2) = 1.203973D 00

X/REFLEN = B8.0100000-02, Z/REFLEN = 8,0100000-02, RO/REFLEN = 1.000000D0 00, DELTA/X = 6.574365D-02, DELSTR/X = 3.9704360-ﬁ2

THETA/REFLEN = 2, 853395D-04,
THETA/DELTA = 5.4184570-02,

DELSTR/REFLEN = 3.,1803590-03, DELTA/REFLEN = 54266067003y DELSTRAXI/REFLEN = 0.0
DEL.STR/DELTA = 6.039345D0-01, DELSTR/THETA = 1.1145880 01, DELSTRAXI = 0.0

DELSTRK = 1.46813D-03, DELSTR = 3,180360-03, DELTA = 5.266070-03, THETA = 2485340004y RETHETA = 1.,17038D 02

S = 0.16010,

G5 K= &

XI = 0.02654y I = 041560104 Z/L = 0.00657, RO = 1.00000, BETA = 0.0 v PP = 0.0 + NIT =
TE = 0.04932, UE = 1.00000, MACHE = T7.,1200000, RHOE = 1.,00000, MUE = 0;16576. PE = 0. 81409, DUEDS = 0.0
CF = 0.85488, QW = ~0423310, HG = -048939T70-03, EPSVD = D0.3835100-02, CQ = 040 ¢+ KEP = 52, NITTOT = 27

F2NL2} = 0. 590979, F2N(3)
CHIMAX = 420231740 02y GAMMA

REX = 64566860 04

STE = 1. 7840170-03, STINF =
CFE

3,2785310-03y CFINF =

= 0.593165, F2NN(1) = G.64220fo F2NN{3) = Ce 642719

= 1.000000D 00, XIBAR = 0.0
WALL HEAT TRANSFER

1+ 4637470 02
BTU/(FT*%2%3EC)

HEAT TRANSFER COEFFICIENTS
2.,053187D0-04 B4 551354004
. BTU/ZULNE#2%SEC*DEGREE R} LBM/ L IN®*2%5EC)
1.7840170~N3y CHEDGE = 1.9992350-03, CHINF = 1.9492350‘03| CHINF*SQRT(REX} = 54123216D-01

3,2765310-03, CFITOTAL) = 4.3537700-03, CFBAR¥SQRT{REX) = 1.115692D 00, CFINF*SQRT(REX) = 8.4015230-01

CFINF/2 = 1.6392650-03, CHINF/(CFINF/2) = 1.219592D 00, CHEDGE/{CFE/2) = 1.,219592D 00

X/REFLEN = 1,6010000-01, Z/REFLEN = 1.6010000-01, RO/REFLEN = 1.000000D 0D, DELTA/X = 5.006776D-02, DELSTR/X = 2. 940175D~02

THETAZREFLEN = 4.272234D0-04,

THETA/DELTA = 5,329734D-02,

DELSTR/REFLEN = 4.707220D0-03, DELTA/REFLEN = 8.0158480-03, DELSTRAXI/REFLEN = 0.0
DELSTR/DELTA = 5.872392D-01,4 DELSTR/THETA = 1.,101817D 0L: DELSTRAXI = 00

DELSTRK = 2,06483D-03, DELSTR = 4,707220-03, DELTA = B,.01585D-03, THETA = 4.272230-04, RETHETA = 1.76235D 02



§ = 0.24010,

XI = 0.03980, I = 0,249010, Z/L = 0.ND0985, RO = 1,00000, BETA = 0.0 v PP = 0.0 r NIT = 4y K= 7

TE = 0404932, UE = 1,00000, MACHE = 7.1200000, RHOE = 1.00000, MUE = 0.16576, PE = 0.01409, DUEDS = 0.0
CF = 0. 74717y QW = -0e2N513y HG = ~0a786708D-03, EPSVD = D.3835100-02, CQ = D.0 s+ KEP = 524 NITTOT = 31
F2NILlt = 0.632542, F2N{3) = 01, 635063, F2NN{l} = 0. 740800, F2NN{3} = 04741458
CHIMAX = 5,1034320 02, GAMMA = 1.0000000 09, XIBAR = 0.0
REX = 9.848240 04 WALL HEAT TRANSFER HEAT TRANSFER COEFFICIENTS

- 1,288110D0 02 le 8068220-0% T«52526TD-04

%% BTU/(FTHX2*SEC) BTU/{ IN*2*SEC*DEGREE R} LBM/{IN*%2% SEC)

T For

g? Sﬁéﬁ; 1.569951D-03y STINF = la5699510-03y CGHEDGE = 1, 759345D-03, CHINF = 1,759345D-03, CHINF*SQRT{REX) = 5,521157D-01

Eg CFE = 24865467003y CFINF = 2,8654670~03, CF(TOTAL} = 3.826509D-03, CFBAR®SQRT(REX) = 1,2008310 00, CFINF¥SQRT(REX) = 3'9923810_01.
§ CFINF/2 = 1.432734D-03, CHINF/{CFINF/2) = 142279630 00, CHEDGE/(CFE/2) = 1.2279463D 00 '

X/REFLEN = 244010000-01, Z/REFLEN = 24401000D-01, RO/REFLEN = 1.000000D0 00, DELTA/X = 4.3118010D-02, DELSTR/X = 24.484595D-D2
THETA/REFLEN = 5.457521D~04,; DELSTR/REFLEN = 5,9655140-03, DELTA/REFLEN = 1.0352630~02, DELSTRAXI/REFLEN = 0.0

THETA/DELTA = 5,2716260~02, DELSTR/DELTA = 5.7623150-01, DELSTR/THETA = 1,0930810 01, DELSTRAXI = 0.0

DELSTRK = 2,54132D-03, DELSTR = 5,9655LD-03, DELTA = 1,035260~02, THETA = 5.457520~04, RETHETA = 2,23852D 02

S = 0.32010,
:J 1 = 0.05306, 2 = 0432010y Z/L = 0,01213, RD = 1,00000, BETA = 0.0 ¢ PP = 0.0 s NIT = fy K= 8
& TE = 0,04932, UE = 1.00000, MACHE = 7.1200000, RHOE = 100000, MUE = 0.16576, PE =  0.01409, DUEDS = 0.0

CF = Da8322y QW = =04 18817y HG = ~0e T2165TD~03y EPSVD = D43835100-02,y £Q = 0.0 ¢y KEP = 51y NITTOTY = 35

F2NE1) = 0. 667848, F2N{3) = 0.67066By F2NN{1} = 0.828464y F2NN({3} = 0a 829249 '

CHIMAX = 6.090532D 02, GAMMA = 1.0000000 G0, XIBAR = 0.0

REX = 1,312956D 05 WALL HEAT TRANS¥ER HEAT TRANSFER COEFFICIENTS
11816000 02 1. 657422004 64903025004

. BTU/{FT#%2%5EC) BTU/ L IN**2%5EC*DEGREE R{ LBM/ LEN®*2%SECY
SYE = 1e4401360-03, STINF = 1.440136D=-03y CHEDGE = 1.6138100—03.'CHINF = 1.6138700—&3. CHINF*5QRT{REX) = 5.8478250-01
CFE = 24620217D-03y CFINF = 246202170-03, CF{TOTAL) = 3.5077210-03, CFBAR*SQR%(REXI = 142710160 00, CFINF¥SQRT{REX) = 9,494306D~01
CFINF/2 = 1.310109D-03, CHINF/{CFINF/2) = 1.2318590 00, CHEDGE/{CFE/2) = 12318590 00 : .
X/REFLEN = 3.,201C000-01, Z/REFLEN = 3,20010000-01, RO/REFLEN = 1.0000000D 05v GELTA/X = 3,8756200~02, 6ELSTRIX 7 2o 211976D-02
THETA/REFLEN = 645225660-04, DELSTR/REFLEN = T.0805350~03, DELTA/REFLEN = 1.240586D-02, DELSTRAXI /REFLEN = 0.0
THETA/DELTA = 5,2576500-02, DELSTR/DELTA = 5.707413D-01y DELSTR/THETA = 1.085544D 01, DELSTRAXI = Q.0

DELSTRK = 2.947680-03, DELSTR = T.080540-03, DELTA = 1.24059D-02, THETA = 6.52257D-04, RETHETA = 2,67538D 02

THE END K=KEND



FORTRAN SOURCE LISTING OF PROGRAM LTBLCEQL

In the following source listing, the subroutines in the
program are -listed alphabetically, except for MAIN which is
at the beginning of the list, and except for the inter-
polation and differentiation subroutines which are at the
end of the list.

. In each subroutine, the statement numbers are in
ascending order with an increment of 10, The cards in
each subroutine are sequence numbered in, columns 77
through 79. Further, the subroutines are sequenced by
an alphabetic label in columns 74 and 75. The first
subroutine, MAIN, is labeled A, the second subroutine,
BLUNT1, is labeled B, and the forty-second (and last)
subroutine is labeled AP. The interpolation and dif-
ferentiation subroutines with their alphabetic labels
are listed below.

Subroutine Alphabetic Label
DERIV3 AT
FD3 AO
FD5 AP
INTERP AJ
INTER3 AL
INTERS AM
INTRPS5 AN
TLU AK
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PROGRAM 'LTBLCEQL
(LAMINAR AND/OR TURBULENT BOUNDARY LAYERS IN CHEMICAL EQUILIBRIUM)

. A PRDGRAM FOR
2-D AND AXISYMMETRIC NONREACTING PERFECT GAS AND EQUILIBRIUM
CHEMICALLY REACTING LAMINAR, TRANSITIONAL AND/OR TURBULENT
BOUNDARY-LAYER FLOW

;24

Ee C. ANDERSONs £o. We MINER AND Co He LEWIS
AERDSPACE ENGINEERING DEPT,.

VIRGINIA POLYTECHNIC INSTITUTE AND STATE UNIVERSITY
BLACKSBURG s VA. 24061

PHONE - {703)-552-6126 ] i

. PROGRAM DEVELOPED UNDER CONTRACT NAS1-9337 WITH NASA
LANGLEY RESEARCH CENTER

MAIN ROUTINE

MAIN CALLS SUBROUTINES ALDETA, CHANGE, CODEF, DELTAS, DERIV3,
ENERGYy GEOMy INIT, MOMENT, PRFILE, PROPs READIN, VISCOs WALL,
WRITEl, AND WRITEZ.

MAIN PROVIDES CONTROL OF THE FLOW U# LDGIC‘IN THE PROGRAM AND
SOME CALCULATIONS.

STAGNATION ENTHALPY ENERGY EbUATIDN IN LEVY-LEES YARIABLES

COMMON /ARRAY1/ AOQ(101),A0B(101),A0BP(L01),AL{101),A2(101},A3(1D1)
1,A44(101),CL{L0Y),CINCIDY),C(201),CP{10)),CHI{101),DN{102),DN2{102}
24EPSO(101),EPSPL{10Y)FL{101),FIN(IOL),FINN{IGY),F2(101),F2NL101},
3F2NN{1DL) 4 FC(10L}+FCN{10L),FCP{101) 4,PREQ{101) ,RORDE(101),TL{101}, T
41N{201},TLINN{201},T2(101),T2N(.I0L),T2NN{10L},TC(1OL},TCN(IOL) ,TH{L
501) s THPLLOL) s VC{10L) o XNIIO2) ,XN2(1D2),¥{10L),YOVDEL (101}, YOVTHT(10
61 YY(101}

COMMON JARRAY2/ PZ{5D1}+RZ(501}),TWZI{501),UEZ(501},XSTA(SN]1),ZA(501
11+ IPR{10T), IPRFL{1O1)

COMMON /CNVERG/ CONVRGsCCRNI:CRNILDIF.DIFF,DIF1+DIF2,NC

COMMON /COEFF3/ CFl4HGFACY,HGFACZ2,QW,SUN

COMMON /COMWLL/ ALB4BOGEL yFF4F2NL sHW s TBsTHNL,THL s TWoT2N1,T21,VH+IA
1DW KTH

COMMON /CFPR/ CFsPRsPRL4PRT

COMMON /EDGPRP/ ALP,ALPLl,BETA,DUEDS,G+GAMEFF,HALP,HE HESTAT+PE.PES
17y PP¢RGASyROESD s ROWEJROWEPy TEs TESOyUEs UERQ2yUESOs XMy XMUE » XMUEP s XMU
250

COMMON /FRSTRM/ AMUINF sCXsHFSsHEXI T PEXITPFSsREINF s RHOFS»TFS +TIN,
1UFSy XMA, XMUFS

COMMON /GEOME/ ANGLE+DS sDX 4DX1 s OXMAX ,DXOLD,PNC,RyRO,REFLEN,SCF,THS
THOK ¢ X g X1 XI2 3 XTOL D9 XOLD o XJAY ¢ XIFAC 27,7001

COMMON FINJECT/ CQZ(S01}1:CQ+CQLlyFINJ,KCQyKINJKNBINJ,KPGRAD

COMMON /INTGR/ IE,TIMAX,IMyIPRNT,ISTOPsITH KLy KPD,KVSLAW, NEQIL,NEQ
1Ly NITeNIT1,NIT2,NIT3,NOSE

COMMON /NTEGER/ II;IPFL,IPRINTgJJ'KpKADETA,KENDyKEP,KFS KSTOP,KSTR
1T KTPW KTRNSN, LAMTRB,NITTCT

COMMON /NMLCRD/ ADTEST, ETAINF.XKETA

COMMON /REF/ AMUREF ,CMSTD,HREF,PO PRIM, PREF,; RHOREF, RHOST Dy TREF, TREF
11,UREF, XMUREF

COMMON /TAPENV/ NTL1 NT2,NT3,NT4,NV

COMMON /VSCSTY/ CSTARSEPSVD (OMEGA VK XKL ¢ XK2, XMUINF

KREADN=1
CALL READIN {KREADN}
IF (KSTRT.EQ.l) GO TO 20

UPDATE PROPERTIES FOR ‘RESTART

OR;,
O goﬂg B gt Ad}.j £

1Y,
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XGLD=X

X10LD=XI

CALL CHANGE

DO 10 N=1,IE
F1(N)=F2(N)
FIN{NI=F2ZN(N)
FLNN(N)=FZNN{N)
TLIN)=T2{N)

-TIN{NIST2NIN}

TINNIN}=T2NN(N)

CONTINUE

NIT=0

1 STOP=0

CALL DELTAS
CF1=240*XMUE*UE*C (1)} *A1B/PNC*EPSVD

RESUME MARCHING INTEGRATION WITH K=KSTRT

69 TO 90

CONTINUE

CALL INIT

TIN=140/((G=1 40} EXMARRD)

CALL VISCO {OMEGA,TINyXMUINF}
EPSVD=140/7(XMUINF*REINF ) ¥%0 .50
KRITELl=1

CALL WRITE1l (KRITEL)

IF {NT3.EQ.0} GO TO 30

WRITE INITIAL DATA ON RESTART TAPE

KREADN=2

CALL READIN (KREADN)

CONTINUE

[i=2

CQ1=CQ

IF {{II-KINJ)+LE.O) CQ=0.0 )
IF (ROJEQeDeD) VW=CQ/(EPSVD*SQRT{ROWEXXMUE*DUEDS* ( XJFAC+1.01))
IF {RO«NEaDo0)} VW=COQ*SQRT{2.0%XI}/(XMUE*RO**XJIFAC*ROWE*UEXEPSVD]}
IF {CQaNEeDeDeANDsFINJoNEs QWD) VH==FINJ

CALL PRFILE

XI0LD=X1

XoLD=X

ALP1=1.0+0.50%ALP

HALP=0e SO¥ALP

0O 40 N=1l,IE

THP(N)=ALPL*TCNIN)-ALP*FCI{N)*FCN{N)

CONTINUE

DO S50 N=1,sI1E

TH{N]=ALPL*TC {N}—HALP*FC{N ) **2

ROROE(N)=1.0/TH(N)

CONTINUE

GO T0 70

CONTINUE

NORMAL COORDINATE EVALUATED FOR EQUILIBRIUM REF CONDITIONS

REINF=RHOFS*UFS /XMUFS/SCF
EPSVD=SORT{XMUREFXSCF/ (RHOREF*UREF))
KRITEl=2

CALL WRITELl (KRITELl)

IF {NT3.EQ.0} GO TO 70

REWIND NT3

KREADN=2

CALL READIN (KREADN)

CONTINUE

Y(1)=0,0

YY{1i=0.0

D0 80 N=2.IE

Y{N)=Y (N-L)+PNC*(1.0/ROROE{NI+1+0/ROROE{N=-1))*DN{N-1)-/2.0
YY{N}=Y{N}%®EPSVD )
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130
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150
160

oo

CONTINUE
CONTINUE

BEGIN MARCHING INTEGRATIOQN

DO 210 K=KSTRTysKEND
ALPL=1,0+0.50%ALP
HALP=0,50%ALP
VK=CSTAR®CX/ (TEXUFS#%2)
Fli1)=0,00

F2{1)=0.00

FCI{1)=0.00

F2N{1)=1.00
T2N{1)=TCN{1}

IF (IADW.EQ.0) GD TO 100
T2{1)=TC(1}

BEGIN ITERATION LOOP

F2N1=F2N{1}

T2NL=T2N{1]}

CALL wWALLY

CALL ENERGY~

CALL MOMENT -

VCI{li=V¥

DO 110 N=2,1E
VOINI=VC(N-11~(XIZ*{FCPIN)+FCP {N~1) ) +FC{NJI+FCIN~1})*DNIN-1)}%*, 50
A1B=CRNI*F2N{1)J+CCRNI®FIN(1)

CW=C(1}

IF {PNC.LT.1.0E-8) GO TO 120

CF=2.0%XMUE XUE*CH*A LB /PNC

QW==X MUEX*HE*CW*TCN{ 1)/ ( PNC*PR)

CONTINUE

NIT=NIT+1

NITTOT=NIITOT+1

15TOP=15TOP+1

IF {ISTOP.GT.100) GO TO 230

IF {K<EQ.l} GO TO 130

IF {NIT.LT,NIT3) GO TO 130

WRITE (69240) NITDXeX

WRITE (6,250} F2N{1}),F2N1,DIF
IPRIIM=IPRI{II~1}

IF (ABS{1.-X/XSTA{IPRIIM)}.LEslsE-6) II=If~-1
X=XOLD#DX/2+0

DX=DX/2.0

NIT=0

CALL DELTAS

GO TO 160

CONTINUE

IF (NIT,LT.3} GO TO 100

If {DIF.GTLCONVRGH GO TO 100
ABST=ABS{F2{IE}-F2(IE-4)}

IF {KADETA.EQ.Q} GO TO 140

IF {ABSTLLTLADTEST! GO TQ 140

CALL ADDETA

GO TO 100

IF (KINJWEQeDeORJKINJWEQeIIMAX) GO TO 150

IFf (NIToEQele ANDoABS{140-XOLD/XSTA{KINI)}uLFaleE~6) GO TO 100
IF {KNOINJSEQeDeORJKNDINJLEQeIIMAX} GO TO 160
IF {NITeEQeleANDeABS{140-XOLD/XSTAIKNDINJ)Y)abEalaE~-6) GO TD 100
CONTINUE ;
CALL COEF

CALL WRITE?

IF {(NEQIL.EQ.1} GO TO 180

IF {NEQIL.EQ.0.AND.NEQL.EQ.0} GO TO 180

BEGIN EQUILIBRIUM GAS SCLUTION

NEQIL=NEQL
XI=040N
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XI0LD=0.,0 A 211
X=0.0 A 212
CALL GEOM A 213
X=X0OLD A 214
1¥ (NOSE.EQ.1) GO TD 170 A 215
1F (LAMTRB4sEQs2} CALL DELTAS A 216
170 CONTINUE A 217
HGFAC1={RHOESHJESHC X) L.{L.TTB.0kSCF**2) - A 218
HGFAC2=RHOFS*UFS¥32,1740/144%440 A 219
CALL PRODP A 22D
CALL DERIV3 (THyXNs IEs 1, THP) A 221
SUM=040 A 222
IPRNT=1 A 223
C . A 224
C RETURN AND OBTAIN EQUILIBRIUM GAS SOLUTION FOR FIRST STATION A 225
C A 226
GO TO 60 A 227
180 CONTINUE A 228
XOLD=X A 229
XI0LD=XI A 230
CALL CHANGE A 231
DO 190 N=1,IE A 232
FLINI=F2(N) A 233
FIN{N)=F2N(N} A 234
FLNN{N)=FZNN(N} A 235
TLI(N)=T2(N) A 236
TININ}=T2K{N) A 237
TLINNIN)}=T2NN(N) A 238
190 CONTINUE A 239
NIT=0 A 240
1STOP=0 . A 241
IFf {KSTOPLEQel) GO TQ 200 A 242
CALL DELTAS A 243
UEROZ =UE®RD** (2,0%X JFAC) A 244
XMUEP=XMUE A 245
ROWEP=ROWE A 246
CF1=24 3% XMUBXUE*C (1 )% AL B/ PNC*EPSVD A 247
200 CONTINUE A 248
IF (KSTOPL.EQ.0) GO TO 210 A 249
WRITE (642601 A 250
WRITE (64260) A 251
G0 7O 220 A 252
210 CONTINUE A 253
WRITE (6,270} A 254
WRITE (6,270} A 255
220 sSTOP A 256
230 WRITE (6,280} A 257
60 To 220 A 258
c A 259
C A 260
C A 261
240 FORMAT (1lHO+///76H NIT=,1545H DX=3ELlGabsaH X=9El4e6/) A 262
250 FORMAT {9H F2N{1}=,1PEl4eb,7H F2N1=yEl4ebe6H DIF=,E14u 6777} A 263
260 FORMAT (1HL,///7//50Xs9H THE END ,14H X=XSTA(IIMAX)) A 264
270 FORMAT {(1HLl,/////50X,9H THE END ,7H K=KEND) A 265
280 FORMAT {25H STOP ***x I(STOP.GT.100//}) A 266
END A 267~

-108-


http:X=,E14.61

o000 00

10

20

30

40

SUBROUTINE ADDETA
SUBROUTINE ADDETA CALLS SUBROUT[NES”INTER3 AND DERIV3.
SUBROUTINE ADDETA IS CALLED BY MAIN,

SUBROUT INE ADDETA INCREASES ETAINF IF F{IE}) AND F{IE-4) DIFFER BY
MORE THAN ADTEST.

GENERATES NEW ETA SPACING AND INTERPOLATES FOR NEW VELOCITY AND
ENTHALPY PROFILES. .

COMMDN /ARRAY1/ ADC101),A0B(101),A0BP(101),AR{101),A2(101},A3(101}
14A41101),CL(101),CIN(10L},C{201),CP{101},CHIC101),DNIE02),0N2(102)
2,EPSOC10L) EPSPL{LOLY,FL{102)FIN(101),FLINN{102),F2(101), F2N{101),
3FZNN(101},FC{101),FCN(1OL),FCP{101),PREQI101) 4RORDE(LOL) s T1{101),T
4LNC(LDOL) o TLNN(101),72{101),T2N{2101),T2NN{101), TCL101),TCN{101) s TH(1
5011y THP{101)4VCE101) , XN(102),XN2{102),Y{101),YOVDEL{101),YOVTHT (10
611,¥Y(101) -

COMMON /COMWLL, AlByBDsEL,FFeF2NLsHHyTBsTHNL, THLsTWyT2N1yT21l,VN1IA
10WsKTH

COMMON /GEOME/ ANGLE,DS+DX,0X1,DXMAX,DXOLD yPNCyRsRO4REFLEN,SCF ¢ THS
THOK ¢ X XTI p XI2 o XIOLD o XOLD $X JAY s X JFACy Zy ZOL

COMMON /INTGR/ IEsIIMAX+IMsIPRNTISTOPITHKLyKPDsKVSLAW, NEQIL (NEQ
1L sNITNIT1+NIT2+NIT34NOSE

COMMON /NMLCRD/ ADTEST,ETAINF,XKETA

WRITE {&6,80) IsSTOP

ETAINZ=ETAINF+5,0 i

IF {(XKETA,EQela0) DETAL=ETAINZ/FLOAT{IE-1)
IF {XKETAGNE«140) DETALI=ETAIN2*(XKETA~1.0}/{ XKETAXXIN=-1.0])
DN2(1)=DETAL

XN2{1)=0.0

DO 10 N=1,1E

DNZ(N+1)}=DNZ (N)¥XKETA
XN2{N+L)=XNZ{N)+DN2({N)

CONTINUE

DO 40 N=2,1E

iF [XN2{N)J.GELETAINF) GO TO 30

JC=0

JC=JC+1

IF [(XNZ2IN)+GT«XN{JC)} GO TO 20

IF {JC.LT.2) JC=2

If [JCaGTo(IE-1)) JC=IE-1

CALL INTER3 {XNZ{N} XN(JC-1)g XNLJC) o XN{JC#1),FLLJC-1),FI{JC)4F1LJC
L+1},yF2{N})

CALL INTER3 (XN2{IN) o XN{JC~=1) o+ XNCJCIoXN(JC+1)3TLL{IC-1)+T1{JC),T1LIC
1+1),T2I(N)}

GO 70 40

F2{(Ni=1.0

T2(NI=1.0

CONTINUE

CALL DERIV3 (F24XN2,1Es1,F2N}

CALL DERIV3 {FZNyXNZ2,1IE+1sF2NN}

CALL DERIV3 (T2,XN2,1E+1,T2N)

CALL DERIV3 (T2NyXNZ2,IEy1,T2NN)
VC{l)=VHW

DO 50 N=1,1E

DN{N}=DN2Z (N}

XN{NY=XN2 (N}

FLIN}=F2(N}

FININ}=FZN{N)

FINN{N}=F2ZNN(N)

TLIN)=TZ2(N}

TIN(NI=T2NIN)

TINN{NI=T2NN(N)

FCIN)=F1(N}

FCNINI=FIN(N)

TCLNI=TY(N} .

TCN(N)=TINN) ORIGIN" .
iz o o o O Pogg 4PASE 15
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VCIN)I=VCIN-L}—(F2IN}+F2{N-1) }*XDN{N-1)%0,50

CONTINUE

ETAINF=ETAIN2

WRETE (6,90) DXy XKETA,ETAINF4ADYEST

WRITE {64100}

DO 60 N=1,1E,KL ’

WRITE (651200 XNIN)YY(N}, YOVTHTIN) ,YOVDELIN) 4FCIN) ,FCNIN},F2NNIN)
1,EPSPL{N) s ADBP(N},N

WRITE (64120}

DO 70 N=1,IE,KL

WRITE (6+110) XN{N}sTCU{NIsTCNIN};VCINI; THINI,RORDEIN) yC (N} sCP{N}C
THIIN) 4N

CDNTINUE

RETURN

FORMAT (1HO,9X,42HINTERMEDIATE PROFILE DATA-ETAINF INCREASED,Z2X,6H
11ST0OP=, 13) _
FORMAT {1HO 2Xs3HDX=y F12e 63 1Xs6HXKETAR s F12464 1X THETAINF=,F124 6y 1X
1, THADTE$T=4F 124 6)

FORMAT (1HO,/124H ETA YIN) /L Y/THETA Y
1/DELTA F=U/UE FP (N} FPP EPS+

2 AOBP  44X,2H N/}

FORMAT (9F14e6, 15}

FORMAT (lHO,/123H ETA G=H/HE - GPIN])
1 v T/TE RHO/RHOE RHOMU/RHOEMUE cp
2 CHI  +5X+2H N/)

END

SUBROUT INE BLUNT1

SUBROUTINE BLUNTL CALLS SUBROUTINES DENSIT, FDS5, INTERS, MACH,
SLOW, AND VISEOD.

SUBROUTINE BLUNT1 IS CALLED BY SUBROUTINE GEOM. .
SUBROUTINE BLUNT1 CALCULATES THE EDGE AND REFERENCE PROPERTIES
FOR THE STAGNATION POINT OF A BLUNT BODY.

COMNMON /ARRAY2/ PZ(SD1).RZ{501},THZI501),UEZI501),XSTA(S501),ZA(501
1), IPR{LOL},IPRFL{LCL)

COMMON 7EDGPRP/ ALPyALPLl.BETA,DUEDSsG+sGAMEFF HALP,HE yHESTAT 4PE,LPES
10+PPyRGASyROESO,ROWE, ROWEP 4 TEy TESD JUE,UERD2,LUESD XMy XMUE, XMUEP o XMU
250

COMMON /FRSTRM/ AMUINF,; CXyHFSyHEXITyPEXIT+PFS+REINF s RHOFS+TFSTINy
IUF Sy XMA, XMUFS

COMMON /GEOME/ ANGLE,DS,DX,DX1,DXMAX,DXOLD,PNC,R,R0,REFLEN,SCF,THS
LHOK# X3 XT, X112, XIOLD XOLD s XJAYXJFAL s 2,208

COMMON /INTGR/ IE,IIMAXIMsIPRNT,ISTOP, ITH,KL 4KPD,KVYSL AW, NEQIL +NEQ
L oNIT4NITYI NIT2,NIT3,NOSE

COMMON /REF/ AMUREF, CHSTU'HREFQPOPRIH,PREF,RHUREF,RHDSTD,TREF,TREF
11, UREF y XMUREF

COMMON /STAG/ HSTAG:PIO,PSTAG!RHUSTGnTlOvTSTAG

CUHMUN'/SUTH/ CPRIM

COMMON /TAPENV/ NT1 INTZ2sNT3 ,NT4 4NV

COMMON /VS5CSTY/ CSTARJEPSVDUMEGA s VK XK1 3 XK2, XMUINF

DIMENSION ZZ{9), UEJ{3}, PEJ(3)y HESTJ(3)

IF (NEQIL.EQ.1) GO TO 20

[
Ll e 2 Hhakk P
PERFECT GAS STARTING AND REFERENCE CONDITIONSwm——==—=
e o o A o A ek ok el sk e o s el ek e sl ke ok ke s okokokalol kR *kkdokdkiok ki kR ki kk ki kkikk
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CPRIM=CSTAR/ (G140 )X MARE2¥TFS )
T10=0e50+1e0/({G~1s O} *XMAK%2)

PLO=({{{G+L Q) XMAXXMA) /240 1%%(C/{G=14001) 1¥{{{G+1,00)/(2.00%G*XMA
1#XMA~(G=1400) ) 3%%{1.00/16-1.00) } ) 7{GFXMAFXMA)

DO 16 J=1,.,1IMAX

CALL MACH {ZA(J)4DUMZ2,DUM2,0UM3}
PZL{JI=PZLJI*PLD
TEL=T10/(la0¢ (G-l o0} /2. 0%XMx%2}
UEZ{J)=SQRT(2.,0%(TLI0-TE1})
CONTINUE

2=D,0

RO=0,0

XM=0,0

PE=P10

TE=T10

UE=0.0

CALL DENSIT (ROWE,PE.TE)

CALL VISCO (OMEGA,TE, XMUE)
PP=0,0

CALL FD5 (Xg-XSTAGB)g-XSTA(Zl,XSTAlll,XSTA(Z]fXSTA(3),~UEZ(3)'-UEZ

2(2);UEZ{1 ) UEZ(2),UEZ(3),DUEDS}
UERD2=0.0

HE=T10

PNC=0.0

PNC=SQRT(XMUE/{ { XJFAC+1 .0 }*DUED S*ROWE))

BETA=1.0/(1.0¢XJFAC}
ALP=0.0
. XMUSO=XMUE

XMUEP=XMUE
ROESO=ROMWE
ROWEP=ROWE

TESO=TE

PESO=PE

HRITE {6,100) T10,P1D
WRITE {(64+110) UE,TELPE
RETURN

CONTINUE

Stk s e stk ek ek ok e ke e ol ook gk ok el e ok ol ook e ok ke ok e e S e o ook ke bk e ke ok ok

=== =—e———e—EQUIL. IBRIUM GAS STARTING AND REFERENCE CONDITIONS-=—---
sk ok ok ok ook dedede e ok kot kg golol R ok sk ko ke Rk R ek gk ok kojokok Rk Rk ok

REWIND NT1
DO 30 J=1,3

READ {NT1) DUM,DUML,UEJ{J}+PEJ{JI+HESTI(J]

CONTINUE

POPRIM‘IO.D**PEJ{11*2116.2240/144.0

PSTAG=POPRIM
HSTAG=104s O¥*HESTJ (1 }*RGAS*] .80
PL=PEJ{ 1}

Z2{2)=HESTJ (1}

DO 40 J=1,%

IF (J+EQe2) GO TO 40

CALL SLOW {PL+ZZy2+JsNT2,NV,NERR])

CONTINUE

TSTAG=ZZ(1}*=1,80
RHOSTG=1040%%ZZ (3 )¥RHOSTD
XMUSTG=7Z( 4)

DO 50 J=1,1IMAX
PZ{J)I=PZ{J}*POPRIM/PLO
CONTINUE

—~———~FREESTREAM CONDITIONS

PATMS=PFS5%144,0/211642240
PL=ALOG1QLPATMS)
IZ1i1)1=TFS5/1,.80

00 &0 J=2,5

CALL S5LOW (PL52Z,1+J¢NT2,4NV,NERR)

CONT INUE ORIGTv
HF S=10,0%#Z2{2) *RGAS*1 . 8D GIN Ay PAGRH
! LAG
{HERSIDIAI}~EEMHE:IS :(ugqytklﬁzggzkalﬁaégg

@@;@@@R G b
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RHOFS=10.0%%72{3 %R HASTD
XMUFS=2214)
CX=ZZ(5)*RGAS

————————— REFERENCE CONDITIONS - -

UREF=UFS
RHOREF=RHOF §

PREF=RHOFS*UFS##2

HREF=UFS*#%2 .

TREF=UFS##2/C X

XMUREF= (518460+198460)/( TREF+1984 60) ¥{ TREF /518, 60) %1, 50%3, 71 9E-07

XMUREF EVALUATED USING SUTHERLAND VISCOSITY LAW.XMUREF MAY BE CHOS
ARBITRARILY

XMUINF=XMUFS/ XMUREF
REINF=RHDFS®UFS/XMUFS/SCF

Z=0.0

RO=0.0

X=0.0

P1O=POPRIM*144+0/PREF

T10=TSTAG/TREF

HE=HSTAG/HREF

HESTAT=HE

TE=T10

PE=PLO

ROWE=RHOSTG /RHOREF

AMUE=XMUSTG/XMUREF

UE=0.0

PNC=0.0

PP=0.0

ALP=0,0

B0 70 J=1,3

UEJ(JI=UEJ{J}/UREF .
PEJI{.3)=10,0%kPEJ(J)*2116,2240/144.0
CONTINUE

REWIND NT1

J=1

J=Jd+1 . -

TF (PEJ{2].LT.PZ(J}) 60 TO 80

IF {JLTe3} J=3-. .

CALEL INTERS (PEJU2),4PZLJ-2},PZ{J=1YsPZlJ},PZ{d+1},PZ{J+2),XSTA{J-2
13 9 XSTALJ-1) o XSTALJ) o XSTALJ+1) ,XSTALJ+#2)4XS2}
J=1

J=d+1

IF {PEJ(3}.LT.PZ{J}) GO TO 90

IF {JoLTe3} J=3 ) ) )
CALL INTERS (PEJ(3)sPZ(JI=21,PZ(J~=1),PZLlJ),PZ{J+1)sPZ{J+2}4XSTA(I-2
1) o XSTA(I-1) o XSTALJ) o XSTA(J*1) 4 XSTA{J+2) 4X53)
CALL FDS {0aUs~X534<X5290e09 X529 XS3y~UEJ{3})y~UEI(2)+040,UEJE2) yUEY
1{3) ,0UEDS)
PNC=SQRTI{XMUE /U { XJFAC+1.0}*0DUED S¥ROWE) )
BETA=1.0/1(1,0+XJFAC}

XMUSO=XMUE

XMUEP=XHUE

ROE SO=ROWE

ROWEP=ROWE

PESO=PE

TESO=TE

WRITE {6,100) T1l0,P10

WRITE (64110) UEsTE4PE

- RETURN

FORMAT (1IH #2Xy4HT10=3E154 742X 4HP10=yE154 7/)
FORMAT (94 UESD= 4E1547+8H TESO= ,E15.749H PESO= ,E15.7]
END
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SUBROUTINE BLUNT2

SUBROUYINE BLUNT2 CALLS SUBROUTINES DENSIT, EDGE, FD5, INTERS,
MACH, VISCO, AND ZIRO.

SUBROUTINE BLUNT2 1S CALLED BY SUBROUTINE EGPROR.

SUBROUTINE BLUNTZ2 CALCULATES THE EDGE PROPERTIES FOR A BLUNT BODY
AT THE VALUES OF X AFTER THE INITIAL VALUE OF X.

COMMON /ARRAY2/ PZ(S5011+RZ(501),TWZ{501),UEZ{501) +XSTAI501}4ZA(501
1), IPR{101}), IPRFL(101}

COMMON /EDGPRP/ ALP,ALP1,BETA,DUEDS + G#GAMEFF, HALP, HE, HESTAT,,PE+PES
104PPyRGAS+ROESO,ROWEs ROWEP 4 TEs TESO UE sUERD2,UESO s XMy XMUE s XMUEP s XMU
250

COMMON /GEDME/ ANGLE+DS DX, DXI,DXMAX,DXULD.PNCvaRD REFLENySCFsTHS
LHOK X9y XTIy X124 X10LDy XOLD ¢ XJAY 4 XJFAC,Z4Z0L

COMMON /INTGR/ ITEsIIMAKs IMy IPRNT, ISTOPy ITHKL yKPD4KVSLAYyNEQILSNEQ
ILyNIT+NIT1,NIT2,NIT34NOSE

COMMON /STAG/ HSTAG,P10gPSTAG,RHDSTG,TlO:TSTAG

COMMON /VSCSTY/ CSTAR, EPSVD ,UMEGA yVKyg XKL XK29 XMUINF

IF (NEQIL:EQs1l) GO TO 40

F kbR Sk kAR A Sk kR kR ok ok gk R kR Rk kb ok ok ok sk ok ok
w=--~~EJGE CONDITIONS FOR PERFECT GAS SOLUTION

Fakofk R Bk kR ok kR dok dokkk ok e kok ok A ko dokok K kok kK Aok Kk kR Rk Rk

IF (XeLToXSTAL3)) GO TO 30
CALL ZRQ (IIMAX,X,Z¢RO}
J=0
J=Jd+l
IF (XGTXSTACGJY) 60 TO 10
IF {JsLT«3) J=3
IF {(JoGT4{IIMAX-2)) J=IIMAX-Z
CALL INTERS (XyXSTALJ-21,XSTA{JI-1),XSTA(JS} XSTA{J+1},XESTAL{I+2),PIL
1J-2) s PZLJ-11, P21, PZ{J+1),PL(J22),4PE]
UE=SQRT{ 2 0kT10*{ L. O {PE/P1OI*%({G-1,0)/G}) ]}
CALL FD5 (Xy4XSTA{J=2)+XSTA(J=L I XSTALJ I+ XSTA(JI+11 XSTALJ+2)UEZ{J~
12)4UEZ(J-1),UEZ{J),UEZ(J+1) ,UEZ{J#2} ,DUEDS}
CONTINUE
TE=T10-00 50%UEH%2
CALL VISCO {OMEGA,TE,XMUE)
CALL DENSIT (ROME,PE,TE}
P=—ROWE* UEXDUEDS
CALL MACH (Z,DUNM,DUM1,DUM3}
RETURN
CONTINUE
CALL INTERS (Xs=XSTA(3)s—=XSTA(2)+XSTA{L) 4 XSTALZ2) s XSYAL3},2A{3) +ZA(
121 ZAL1 )+ ZA{2) 5 ZAL3 ), )
CALL INTERS { Xo—XSTA{3) s—XSTAL{2),XSTA(L) 4XSTA{2] XSTA(3},RZ{3}RZ{
12) ,RZ(1},RZ{2),RZ(3},RO)
CALL INTERS {Xs—XSTA{3) ;=XSTA(2},XSTAIL} +XSTAL2)+XSTAL3),PZ{3),PIL
12),PZ{1)¢P2(2)4PZ{3),PE)
CALE FDS (Xe—XSTA{3)1s—XSTAL2V1+9XSTA{L)+XSTA(Z2)+XSTA(3)+—UEZ(3)s—UEZ
1{2),UEZ{1V,UEZL2},UEZ{3},DUEDS)
UE=SQRT(2.0%T10%{1,0~{PE/P10)*¥*{(G~1,0}/G})))
G0 TQ 20

ek skobok ek ok el iR ioR R de ko ol lok Rk ookl ok ok ok ok R Aok ko Rk skl g ek ok

~~~~~ EDGE CONDITIONS FOR EQUILIBRIUM GAS SDLUTIQN
Aok deok sofeote ok deat ok ok sk ok aokok ek Aok ok KRk & S e e ofe gl e Aok ok ek e Aok ok

CONTINUE

IF (X.LT«XSTAL3})} GO TO 60
CALL ZRO {I1IMAXsX,ZsRO)
CONTINUE

CALL EDGE

RETURN

CONTINUVE
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CALL INTERS {X;=XSTA(3},-XSTA{2)4XSTAL{L}sXSTAL{Z2)+XSTA(3),ZA(3)ZAl

1239ZAC1),ZA02),2A(3),1)

CALL INTERS (Xy-XSTA(3),-XSTA{2),XSTA(1)+XSTA{2),XSTAL3),RZ(3) ;R

121 2RZ{1}4RZ{2}3,RZI(3 },RO}

G0 T8 S50
END

SUBROUTINE CHANGE
SUBROUTINE CHANGE IS CALLED BY MAIN.

SUBROUT.INE CHANGE ADJUSTS THE X STEP SIZE IF NECESSARY TO DOBTAIN

A SOLUTIGON AT A SPECIFIED VALUE OF Xe

IF INSECTION WERE CONSIDEREDs SUBROUTINE CHANGE WOULG INITIATE OR
TERMINATE INJECTION AT THE SPECIFIED VALUES OF X.

WHEN INSTANTANEGUS TRANSITEION IS TO BE CALCULATED, THIS SUBROUTINE
CHANGES THE SOLUTION PROCEDURE FROM LAMINAR TO TURBULENT AND
RESETS DELTA Xe

COMMON /ARRAYZ/ PZ(SDllvRZiSDIIgTHZISDL}sUEZ(501)gXSTA(SOl):ZA(SDI
11 ,IPRE(1O1)+IPRFL{101)

COMMON /GEOME/ ANGLEsDSsDXsDX1,0XMAX,DXOLDsPNC, R-RO,REFLEN,SCF;THS
1HOK X o XTI ¢ X124, X10L Dy XOL Dy XJAY » XJFACs L4 ZOL

COMMON /INJECT/ CQZ{501).+CQsCQL+FINJSJKCQsKINJ ,KNOINJ s KPGRAD
COMMON /INTGR/ IE, ITMAXy IM; IPRNT¢ISTOP,ITH KL+ KPD,KVSLAW NEQIL sNEQ
1L yNIToNITLs NET2,NIT34NOSE

LOMMON /NTEGER/ 11¢IPFLyIPRINT s JJyKyKADETAKENDIKEPyKFSsKSTOP,KSTR
1T KTPWy KTRNSNs L AMTRB,NITTOT

COMMGN /TRANS/ ATR,CHICRT (CHIMAX, GAHMA,XEAR,XIBAR.KTRANS

COMMON /VSCSTY/ CSTAR,EPSVD,OMEGA,VK s XK1 XK24 XMUINF

If {XeEQo0e00010} DX=DX1

IF (X2LEe0.00010) GO TO 20

IF (NIT.GT.NITL) 60 TO 10

DX=2.0%0X

IF (DX.GT.DXMAX} DX=DXHAX

GO TO 20

IF {NIT,LT.NIT2} GO TO 20

DX=0, 50%0X

X=X+DX

1IF (JJe EQ.ZI DX=DXOLD

IF {JJ.EQe2) X=XOLD+0DX

IPRII=IPRI{II}

IF (XSTA(IPRIT).LT.0.0) KSTOP=1

IF {KSTOP.EQel} GO TO 60

IF {XeLEJXSTA(IPRII}) JJ=1

IF (ABS{lo0~=X/XSTA{IPRII}}eLEalaE-6) 1I=I1+1
EPRII=IPRIIL}

IF (XSTA{IPRII)aLT.0.0) GO TO 30

IF {{X=XSTA{IPRII})oGT.14E~86) Ji=2

IF (JJeEQe2) DXOLD=DX

IF (JJoEQe2) DX=XSTA(IPRIE)-XOLD

IF (JJeEQe2) I1=11+1

X=X0LD+DX

IPRIIM=IPR(II-1)

IPREI=IPRIUIT)

IF (JJeEQe24ANDs [ XSTALIPRTIM)+DXOLDY «GTL XSTALTPRITH) DXOLD=XSTA(IP
1RII)-XSTA{IPRIIM)

IfF (KINJoEQeOWeORKINJLEQ.EIMAX) GO TO 40
IF (ABS{1.0-XOLD/XSTA(KINJ)II}GTeleE-6) GO TO 40
cQ=CQl

DX=0.010

0X0LO=DX

X=XOLD#DX

WRITE {6+70) X:+DX,CQ

WRLITE (6,80}
IF (KNOGINJ+EQeOJORKNODINJEQeIIMAX) GO TO 50
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60
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T0

80
20
100

OOt Gan

IF (ABS{1,0-XOLD/XSTA(KNQINJ}}aGTealeE=6) GO TO 50
CQ=0. ¢

WRITE {6,90} XOLD

WRITE (&,80)

CONT INUE

IF {KTRNSNe EQeDsOR.KTRNSNaEQe.TIMAX) GO TO 60

If (ABS{1e0-XOLD/XSTA{KTRNSN))+GTaleE=6) GO.TO 60
GAMMA=1,0

LAMTRB=2

DX=0.010

OX0LD=DX

X=X0LD+0DX

WRITE (6,100} X,DX

WRITE {6+480)

CONTINUE

RETURN

FORMAT {1H1,20X,19H INJECTION BEGINS »//1Xs4H X =3F1246+5H DX =,F
1124694H CO=3F12.6)

FORMAY (1H1)

FORMAT (JH1,20X417H INJECTION ENOS #//3Xs3HX =3FLl2.61)

FORMAT (1H1,20X,35HTRANSITION BEGINS « INSTANTANEOUSLY,//1Xs3HX =,
1F1246,TH DX =4F1206}

END

SUBROUTINE COEF
SUBROUTINE COEF CALLS SUBROUTINE INTERP.
SUBROUTINE COEF IS CALLED BY MAINs

SUBROUTINE COEF COMPUTES FLOW COEFFICIENTS SUCH AS HEAT TRANSFER
CGEFFICIENT, SKIN FRICTION COEFFICIENT, ETCa
ALSO COMPUTES DELTA, THETA, AND DELTA%,

COMMON JARRAYL1/ AO{101),A08(101),A0BP{101},A1({101),A2{101},A3{101}
1,A44101)4,C1{101},CIN(2D1),C(101),CP{10L),CHI(101)},DN{202},DN2{102)
2+EPSDL101) ,EPSPLII0OL)LFL1{101},FIN(1D1}, FINN(1DY),F2(101),F2N(101),
3F2NN{101)sFC(101)FCN{101},FCP{101)+PREQ{101),RORDE(LOL),T1(101},T
LIN{101)  TINN{IQL) ,T2(101 ), T2N{101 ), T2NN(101},TC{102),TCN(1OL},TH{1
501} THP({101},VC{101),XN{102),XN2{102),¥(101),YOVDEL(LO1]},YOVTHT (10
61),YY (101} i .

COMMON /7ARRAY2/ PZ(501)sRZI501),THZA501),UEZ{501),XSTA(501),ZA(50]1
1},IPR{101}, IPRFL{101}

COMMON /COEFF/ CFBAR,CFBREX,CFE,(FINFsCFRES,CFREY+CH,CHEDGE yCHOLF
1CHREY yREL+DELST+DELTAsDSTARK +DSTRAX ¢ HAFCFy HGy HG1, HG2, QDOT,RETHET 4R
2EXs STEy STINF, THET

COMMON /COEFF2/ DELORFyDELOXy DS AXOR, DSTODL s DSTORF:DSTGTH,DSTOX,ROR
1EFL, THODELy, THOREF 4 XOREFE , ZOREFL

COMMON /COEFF3/ CFl,HGFAC1,HGFACZ2,QH,SUMN

COMMON /COMWLL/ AlB.BD,El, FF!FZNI:HH!TB.THNI)THl:TﬁrTZNlnTZlvVHvIA
1DW,XTHW

COMMON /CFPR/ CFsPR+PRL,PRT

COMMON FEDGPRP/ ALP,ALPL,BETA,DUEDS Gy GAMEFFy HALPyHE, HESTATPE,PES
10+PPsRGASYROESDyROWEsROWEP y TE s TESO s UE,UERDZ,UES D XMy XMUEy XMUEP s XMU
250

COMMON /FRSTRM/ AMUINFCX sHFSHEXIT , PEXIT 4 PFSyREINFs RHOFS, TFSeTIN,
1UFS, XRA ¢ XMUFS R

COMMON 7GEOME/ ANGLE+DS DXy DX1y DXMAX, DXOLDyPNCsRyROJREFLENySCFoTHS
THOK s Xo XE e XE2o XIOLD o XOLD o X JAY  XJFAC, Z, 201

COMMON /INTGR/ IEIIMAXs IM; IPRNT,ISTOPsITH +KL +KPDsKVSLAW,NEQIL ¢NEQ
LLyNIToNITLyNIT2,NIT3yNOSE

COMMON /NTEGER/ II4IPFLsIPRINTsJJsKsKADETASKEND 4KEP,KFS,KSTOP,KSTR
1T s KTPH s KTRNSN, LAMTRBNITTOT

COMMON /TRANS/ ATR, CHICRT,CHIHAX|GAHHA?XBAR:XIBAR:KTRANS

COMMON /VSCSTY/ CSTAREPSVD LOMEGA s VK XKL ¢ XK2 ¢ XMUINF

§ W&'@j : -115-
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201L=2/ZA{1IMAX)
IF (XeEQe0.0) RETURN

RESE=ROWEXUE#*X/XMUE
CFRES=CF*RESE**0, 50
REX=REINF2XMUINF*RESE
SQREX=SQRT{REX)
RECEAC=PRL**0 45+GAMMAX{PRL**%(140/3,0)-BRL¥X*(0.5).
T IF {NEQILYEQe Q) XMAE=UE/({G~1.0 )*TE}*%0,50
IF {(NEQILaEQeO) HAW=TE¥ {1+ O04RECFAC*{G=14Q)*XMAE¥*2/2,0)
IF (NEQILaNELQ) HAW=HESTAT+RECFACHUE*%2/2,0
HG=QW*EPSVD

AG=DIMENSIONLESS HEAT TRANSFER
IF {KFSNE«Q) QDOT=~HG*RHOFS*UFS5**3/778.,0
QDOT-HEATING RATE BTU/FODOT SQUARE-SECOND

HG1=HG/{HW-HAW) *HGFAC1
HG2=HG/ { HW=HAW ) *HGFAC 2

HG1-HEAT TRANSFER COEFFICEINT BTU/INCH SQUARE-SECOND-DEGREE R
HG2-HEAY TRANSFER COEFFICEINT LBM/INCH SQUARE-SECOND

STRES=—QH/ { HAW-HW } *RESE**{ ., 50
CHEDGE=—QWEPSVD/ (ROWERUE*{ HAW-HW } }
CFE=CF/(ROWEXUE**2 Y *EPSVD
CHOCF=CHEDGE/CFE¥*2,0

CFINF=CF¥EPSVD

CHREY=5TRES

CFREY=CFRES

IF (BOWNEJleD) STINF=—QWEEPSVD/ (HE~HHW)
IF {BDeEQeleD) STINF=0.0

IF (B04NEs1.0} STE=—QW*EPSVD/ (ROWEXUE*{ HE~HW))
IF (BDaEQele0) STE=0.0

IF {X.EQe0.0}) GG TO 20 .

CALL INTERP {0.99504FC,Yy IE4DELTA}

DO 10 I=1,IE

YOVDEL{IJ=Y(E}/DELTA

CONTINUE

CONTINUE

AVGs CF®SQRT{REX)

CFBREX=2 0%2.,0%%0,50%C{ 11*A1B
IF {KeEQel) GO TO 30

IF (LAMTRB«EQo.l) GO TO 30
CF2=CFINF
DSUM=0,50%DX*{CF2+LF1)
SUM=SUM+DSUM
CFBREX=SUM/X¥SQREX

CONTINUE

SUM=CFBREX*X/SQREX
HAFCF=CF#EPSVD/2.,0

IF (XeEQe0.0) GO TO 40
CFBAR=CFBREX/SQREX
CH=CHREY/SQREX

CONTINUE

THET=0,0

DO 50 I=2,1E
FAC1=FC(I)*{1l.0-FC{1)}
FACZ2=FC(1-1}¥(1.0-FC{I-1)}
THET=THET+0s 50%(FAC1+FACZ) *DN(I~1 } *PNC*EPSVD
CONTINUE

DELST=0.0

DO &0 I=2.1E
FAC1l=1,0/ROROE(I)}~FC{ )
FAC2=140/RORDE{I-1}-FC{I-1)
DELST=DELST+0.50% (FACL+FAC2)%DN{1~-1 ) *PNC*EPSVD
CONTINUE
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http:BO.NE.1.03
http:STRES=-QW/(HAW-HW)*RESE*0.5O
http:NEQIL.NE.0I
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RETHET=ROWE*JE®THET / ( XMUBKEPSVD*%2} F 116
DEL=DELTA%EPSVD F 117
ROREFL=RO/REFLEN F 118
XOREFL=X/REFL EN F 119
THOREF=THET/REFLEN F 120
DSTORF=DELST/REFLEN F 121
DSTOX=DELST/X F 122
DELOX=DEL /X F 123
DELORF=DEL/REELEN F 124
IF (XJFACLNEL0.0) OSTRAX=RO®{SORT(1.042.0¥DELST/RO)-1.0)} F 125
IF (XJFAC4EQa0s0) DSTRAX=04,0 F 126
ZDREFL=Z/REFLEN F 127
THODEL=THET/DEL F 128
DSTODL=DELST/DEL F 129
DSTOTH=DELST/THET F 130
DSAXOR=DSTRAX/REFLEN F 131
DO 70 N=1l,IE F 132
70 YOVTHT (N)=YY(N) /THET F 133
RE TURN - F 134
END F 135-

SUBROUTINE DELTAS

C
Cc SUBROUTINE DELTAS CALLS SUBROUTINE EGPROP.
C
C SUBROUT INE DELTAS IS CALLED BY MAIN AND SUBROUTINE INIT.
C
C SUBRBUTINE DELTAS CALCULATES DS - .DELTA XI, THE TRANSFORMATION
C FACTOR ~ PNCy AND THE PRESSURE GRADIENT TERM - BETA.
C INTEGRATION BY SIMPSONS RULE IS USED FOR CALCULATING DS.
¢ .
COMMON FEDGPRP/ ALP,ALPL.BETA,DUEDS s Gy GAMEFF, HALPs HEy HESTAT,PE,PES
10,PPyRGASROESO+ROWE s ROWEP y TE9sTESD s UE yUERDZ yUESD o X My XMUE X MUEP o XMU
250 . .
COMMON JGEOME/ ANGLE. DS, DXy DX1y DXMAX, DXOUD,PNCsRyRO,REFLEN SCF 4 THS
THOK e X X1 9 X1 2, XIOLD 4 XOLD s XJAYy XJFAC, 2, 20L
COMMON fINTGR/ IEsTIMAX, IMy, IPRNT, ISTOP I THKLsKPD KVSLAW, NEQIL oNEQ
ELoNIT4NIT1,NET2 4NIT3 4, NOSE
Cc
c
10 CAONTINUE
HA=X-DX¥0 4,50
X1=X
X=HA
CALL EGPROP
UEHA=UE
ROHA=RO

ROWEHA=ROWE
XMUEHA=XMUE
X=X3
CALL EGPROP
RP=RO
ALP=UE%%2/TE
IF {NEQIL.NELO} ALP=UE%**2/HESTAY
1F (XJFACLLT.0.0010) GO TO 20
G0 TO 30
.20 CONTINUE
RP=1.00
ROHA=1.00
30 CONTINUE
DS=(UEROZ¥ROWEP ¥ XMUEP+4¢ 00% UEHA® { ROHA®*2 } %R OM EHAXX MUE HA+U E* (RP**2 }
1%ROWE®XMUE) #DX/ 6400
" XI=XI[OLD+DS
X12=2400%X1 :
PNC=SQRT(X12 )}/ (UE*RP*ROWE}
BETA=XI2*#DUED S/ { ROWERXMUER {UESRP }#%2 )
RETURN
_ END
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SUBROUTINE DENSIT (RHO,PsT}
SUBROUTINE DENSIT IS CALLED BY SUBROUTINES BLUNTL, BLUNTZ, NOZLEL,
NOZLE2, AND WDGFP1l.

SUBROUTINE DENSIT CALCULATES RHO/RHOINF CORRESPONDING
TO P/2Q AND T/TREF.

COMMON /EDGPRP/ ALP,ALPl,BETA,DUEDS, Gy GAMEFF,HALP ,HE, HESTAT,PE,PES
10,PPRGASROE SOy ROWE ¢ ROWER,.TE  TESO ¢y UE yUERDZ yUESO-vX M3 XMUEy X MUEP s XMU

250

GML=G~1,00
RHO=G*P/ { {GML }*T)
RETURN

END

SUBROUTINE EDGE

SUBROUTINE EDGE CALLS SUBROUTINES EQLDTA, FD5, INTERS, INTRPS,
AND SLOM.

SUBROUTINE EDGE IS CALLED BY SUBRGUTiNES BLUNTZ, NOZILEl, AND
NOZLE2. ’

SUBROUTINE EDGE CALCULATES THE EDGE PROPERTIES FOR EQUIL IBRIUM
GAS SOLUTIONS OF EITHER NOZZLE GOR BLUNT BODY FLOWSs FOR A BLUNT
BODY, THE PRESSURE IS SPECIFIEDe FOR A NOZILEy THE EDGE PRESSURE
MAY BE SPECIFIED OR IT MAY BE CALCULATED BY THE PROGRAM FROM AN
ISENTROPIC GAS EXPANSION.

COMMON /ARRAY2/ PZ{501) ,RZ{501),TWZ(501),UEZ{501)},XSTA{501),ZA(501
1), IPR{101}: IPRFL{101) .

COMMON /EDGPRP/ ALP.ALP)1,BETA,DUEDS GyGAMEFF, HALP, HEy HESTAT,PE,PES
10,PPsRGAS+ROESO+ROWE, ROWEP y TEs TESO,UEs UERD2yUESOy XMy XMUE ¢ XMUEP s X MU

250 .

COMMON /FRSTRM/ AMUINF2CX yHFS+HEXIT s PEXITy PFS,REINF2RHDFSTFS2TIN,
LUFS, XMA 4 XMUFS

COMMON /GEOME/ ANGLE, DS DXy DX1, DXMAX,DXOLD,PNCsRyROREFLENs SCFs THS
1HOK y X o XT o X1 24 XIGLD ¢ XOLD s XJAY 3 XJFAC . Z 4, Z0L

COMMON /INTGR/ [Es TIMAXs IMy IPRNT, ISTOP o ETH KLy KPO o KVSLAW, NEQIL 4NEQ
TLoNETyNITL, NITZ yNIT3 ,NOSE .

COMMON /REF/ AMUREF,CMSTD,HREF ,POPRIM,PREF ,RHOREF RHOSTD, TREF+TREF
11 4UREF, XMUREF

COMMON /TAPENV/ NTL 4NT2 4NT3 4NT4 4NV

DIMENSION ZJ(5)s PEJIS), TEJ(5)s HESTJ(5), ROWEJ(5)s XMUEJLS5),s UEJ
1{5), XMJI{5)s XJ{5}, ZZ{9)

IF (KPDJNE.O} GO TO 130

IF (IJKeNEs6l) GO TC 10

IF (ZetTeZJ(2)4ANDLJKoLT46) GO TD 7O

IF (ZelToZJd(21)) GO TO 30

IF {leGEaZJ{2)eANDeZaLELZJ{4)) GO TO TO
IF (ABS{XMJ{5)-XMA).LEL.0,00010) GO TO TO
1F {2.GY.ZJ(5}) GO Ta 110

G0 TO 90

CALL EQLDTA

REWIND NT4

[JK=61

JK=0

JJ=0

4=0

J=J+1

-118-

IXTIrrIXIIrrrIrXrrITXTTITXX T

bt Pt Bt g el et bt bad bt e el bt b P bt et 4 bt et St b bt ot pood Pl bl bt e el b Rat g e 1 g P el ek Pt bt pand e had g o

DO =PI

-
Cp o=

(=]
-t

Pl P et et et i
- pWN

MNP = el
- 0o o

™~
N

NN
;W

NN
wo-lowum

W ouhw
N O

W ww
U W

W w
W -


http:IJK.NE.61
http:GM1=G-1.00
http:I0,PPRGASROE.SO

a0

40
50

&0
T0

a0

20

100

110
120

~ OO0

140

READ {(NT4) ZI+XS,PEI,HEI UET,XMI
JK=JiK+1

IF (Z1.L7.Z) GO TQO 20

IF (4aGT43) J=3

CONTINUE

DO 40 K=1,4

BACKSPACE NT4

JK=JK-1

CONTINUE

M=1

CONTINUE

DO 60 J=M45

READ INT4) ZJ{Jhe XJCJ) 4 PEJLIILHESTI{ D) JUESLI) o XMIL 3D
JK=JK+1

IF (ABS{XMJ{5)-XMA) LT, 0,00010} GO TO 70
IF {ABSI{XMJ{J}=XMA)LLT.G.00010) JJ=5
IF {JJeEQe5) J=5

IF (JJ-.EQ.5) GO TO 20

CONTINUE

CONTINUE

CALL INTRPS (Z,ZJ,PEJ4Sely14P)
CALL INTRPS (Z+ZJ+HESTJ45+1414H)
CALL INTRPS (Z+Z2JsUEJsS5+1+14UE} .
CALL FDS (X XJ{1)oXJ{2)eXJ{3)eXJ{4)s XJ{5},UEJ{L)UEJ{2]),UEJ(3),UEJ
1043 +UEJ(5) ,DUEDS)

CALL INTRPS {ZsZJsXMJySslelsXMi
Zz42})=H

DO 80 J=1,4%

IF (JeEQe2) GO TO 80

CALL SLOW (P,2Z429J4NT2,NV,NEFR}
CONTINUE
PE=10.,0%%P+21164.2240/PREF
TE=Z2{1)%1480/TREF
HESTAT=10,0%%H*¥RGAS*1. 8 /HREF
ROWE=10.0%%Z2Z (3 j*RHOSTD/RHOREF
XMUE=ZZ {4} /XMUREF
PP=+ROWE*UE*DUEDS

RETURN

CONTINUE

po 100 I=1,3

2T =2411+2)

XJ(I}=XJi[+2)

PEJITY=PEJ{I+2}

TEJUII=TEJEI+2)
HESTJ{I)=RHESTJ{I+2}

ROWEJ(I }=ROWEJ{E+2)
XMUEJ{ I }=XMUEJ{.I+2)
UEJ(LI=UEJ{TI+2)

XMI{L)=XMI(T+2)

CONTINUE

M=%

GO0 TO 50

CONTINUE

READ {NT4) Z1 4XSsPEI+HEI,UEL +XMI
JK=JK+1

I1F (Z.GTuZE) GO TO 120

J=3

GO0 TO 30

EQUILIBRIUM GAS SOLUTION WITH SPECIFIED PRESSURE DISTRIBUTION

CONTINUE

CALL INTRPS {(XyXSTA;PZ+IIMAX41y14P)

IF (XeGE.XSTA(2).0RNDSENMNESL) GO TO 140
CALL INTERS {Xs=XSTA(3)~XSTA{2),XSTAIL]+XSTA(2)sXSTA(3)PLE3),PL(
123.PZ{1),P2(2).+PZ(3),P)

CONTINUE

PE=P*1444,0/PREF

PATMS=P*144.0/2116.2240

PL=ALCGL10{PATMS)

If (IJK.NE« 61} GO TO 150

IF (PLaGTWPEJ(214ANDeJKWLT«6} GO TD 210

DRIGTINAL PAGE IS
POOR:

oLRO0R QUATEY
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150

160

170

180

190

200
210

220

230

240

250

260

270
280

GO0

IF (PLGTWPEJ(2}) J=6

IF (Ju.EQeS) GO TO 170

IF (PLeLEQPEJ{2) e ANDe PLoGESPEJI&} ) GO TO 210
IF {PLLLTLPEJ(5)) GO TD 270

GO TQ 250

REWIND NT1

{JK=61

JK=0

J=0

J=J+1

READ (NTLT DUMsXMIoUISPI,HI
JK=JK+1

IF {P1.GT.PL) GO TO 160

IF {JGTe3) J=3

CONTINUE

DO 180 K=1,J

BACKSPACE NT1

JK=JK~1

CONTINUE

M=1

CONTINUE

DO 200 K=M,5

READ (NT1) DUMs XMJ(K) ¢ UEJ(K}+PEJK) sHESTJI(K]
IFf (PLeGTWPEJ{2) . ANDeJKGELS} GO TO 150
CONTINUE

CONTINUE

CALL INTRPS (PLyPEJ¢XMJ354) 41 4XHM)
CALL INTRPS (PLPEJsUEJ»S+1414U)
CALL INTRPS ([PL4PEJ4HESTJ+55s1s1sH}
22(2}=H

po 220 J=1,5

IF {J.EQe2) GO TO 220

CALL SLOW (PL3ZZ24JsNT25HV+NERR)
CONTINUE

TE=ZZ(1)%1.80/TREF
HESTAT=10,0#FH*RGAS¥1le 8/HREF
UE=U/UREF
ROWE=10, 0%k 77 (3 )*RHOSTD/ RHORFEF
XMUE=Z2(4)/XHMUREF

K=0

K=K+1

IF (XSTA(K).LT«X}) GO TO 230

IF (K4LTe3) K=3

IF (KeGTa{IIMAX—2}) K=ITMAX-2

CALL FD5 (X, XSTA(K-Z):XSTA!K-llgXSTA(K),XSTA(K&I]sXSTA(K*Z!'PZ(K—Z

13 3PZIK=1}4PZIK) 4PZIK+1)sPZIK+2),PP)
IF (X GEoXSTA‘Zl.GR.NGSE-NEall 60 TO 240

CALL FD5 (X,—XSTA{3)y~XSTA(2),XSTA{1)XSTAL2) ,XSTAL3),PZ(3),PLI2),

1PZ{1)1PZ(2}4PLL3 ) +4PP)
CONTINUE
PP=PP*1 44N /PREF
DUEDS=~PP/(ROKE*UE)
RETURN

CONTINUE

DO 260 I=1,3
XMJ(I)=XMJ{I+2)
UEJE{I)=UEJ{(1+2)
PEJ{I)=PEJ(I+2)
HESTJ{(I)=HESTJ(I+2}
CONTINUE

M=4

GO TO 190

CONTINUE

READ (NTY1) DUMyXMI UIL.PT,HI
JK=JK+1

IF (Pls.GTePL) GO TO 280
J=3

GO TD 170

END
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SUBROUTINE EDGEL
SUBROUT INE EDGEL CALLS SUBROUTINE INTRPS,.
SUBRDUTINE EDGEL IS CALLED BY SUBROUTINE £QLDTA.

SUBROUTINE EDGE1 MAYCHES THE EXPANSION DATA ON UNIT NT1 TO THE

NOZZILE GECMETRY, THIS SUBROUTINE IS USED ONLY FOR EQUILIBRIUM

GAS SOLUTIONS IF THE PRESSURE DISTRIBUTION IS CALCULATED BY THE
PROGRAM FROM AN ISENTROPIC GAS EXPANSION.

COMMON /fARRAY2/ PZ!SDI)fRZ(501),THZ(50i)'UEZ(501)'XSTAISOIIvZA(501
1) +IPR{1O1)+IPRFL{LOL)

COMMON /EDGPRP/ ALP ALPL+BETA.DUEDS +GsGAMEFFsHALP +HE +HESTAT»PE . PES
10 +PPsRGAS yROESD s ROWE, ROWEP+ TE,TESDy UE, UERG 2, UESO, XMy XMUE y XMUEP » XMU
250 . .

COMMON /FRSTRM/ AMUINF,CXsHFS,HEXEIT,PEXIT,PFSyREINF,RHOFS TFS,TIN,

AUF S  XMA + XMUFS

COMMON /INTGR/ TE.IIMAX+IMsIPRNT,ISTOP,ITHKLyKPD,KVSLAW, NEQIL ,NEQ
1Ly NITyNITLyNIT2,NIT3,NOSE

COMMON /REF/ AMUREF,CMSTEsHREF,PDPRIM; PREF,RHOREF,RHOSTD, TREF+ TREF
11,UREFs XHUREF

COMMON /STRT/ KRSTRY4NRSTRT

COMMON /TAPENV/ NTL 4NT2 oNT3 + NT4 NV

DIMENSION Al1(5), XM1{5)}, UL{5}, PLI5}, HI{5)s R1{5}, ZZ{9)}, XSTAL
1{ 5} .

IF [KRSTRT.EQe0) WRITE {6,+150)

IF [KRSTRTL.EQ.0)} WRITE {(6,160)
REWIND NT4

READ (NTL) A:XM,UsP4H

PSTG1=pP

HSTGL=H

KKK=0

MMM=0

READ {NT1) A XM,U.PsH
RX=RZ{ITH)#*SQRT{A}

IF (RXeGT4RZ{1)eANDaXM.1LT,1a0) GO TO 80
K=0 .

K=K+1

IF (RX.LT4RZ{K})) GO TO 10

K=K-1

ONEDA=1,0/A

00 20 J=1,K

ACASTR={RZ{J) F/RZ(ITH} )¥%2

ASTROA=14 0/ADASTR
PI1=P={P=PSTGLl)/ONEOAX{ONEDA~ASTROA)
HZ=H=-{H~-HSTGL } /ONEDA* {QINEDA—-ASTROA)
UZ=y=UsGNEDA* (ONEQA-ASTROA!}
XMZ=XM-XM/ONEQOA% {DNEDA—-ASTROA}

UE=UZ JUREF

I1=2A(J)

X1=X5TA(J)

IF {KRSTRT4EQaQ) WRITE - {6s17T0) Z14X14PZ1,HZJUESXMZ
WRITE (NT4) 7114X1sPZ1oHZ UE,XMZ
CONTINUE

CONTINUE

IF (RXoGToRZ{IIMAX)wANDLXMeGTaleD) GO TO 140
IF (XMaGTale0) GO TO &0

IMAX=ITH

IMIN=1

I1=-1

G0 TO 50
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40

50

60

70

80

30

100
110

120

130
140

c
c
c
i50
160

170

CONTINUE

IMAX=TIMAX

IMIN=ITH

11=1

CONTINUE

CALL INTRP5 ({(RX, RZ,XSTA,IHAX.IHIN.II,XI'
CALL INTRPS lRX.RZ.ZAgIHAK,[HlN,IltZl)
CONTINUE

UE=U/UREF

IF (KRSTRTLEQ.0} WRITE (6,170) Zlels +HYUE XM
WRITE (NT4} Z1,X1,PsHsUE,XM

IF (KKK.EQel} RETURN

READ (NTL1) A,XM,UsP,H
RA=RZ{ITH)*SQRT{ A}

IF (RX.GT-RI(1).AND.XM.LT.1-0| GO 10 70
GO TO 30

REWIND NT1

READ (NT1) AyXM4UsPsH

K=0 -

K=K+1

READ (NT1) AsXMsU4P,yH
ADASTR={RZ{1)/RZ{ ITH) 1%%2

IF (A«GTeADASTR) GO TO 90

IF {KeLTe3) REWIND NT1

IF {KJ.LT«31 .60 TO 110

00 100 J=},3

BACKSPACE NT1

CONTINUE

CONTINUE .

IF (MMM.EQe1l} READ INT1) A,XMsUsP,H
DO 120 Jd=1,5

READ {NT1} AII(JJQXHI|J’9U1(J’!P1(J}1HI(J3
CONTINUE

CALL INTRP5 {ADASTR,AlY,XM1,541,1,XM)
CALL INTRPS {(ADASTRsA113Ul+5,1+1,U)
CALL INTRPS (ADASTRAl14P1,+5:,141,P)
CALL INTRPS5 (AOASTRsAllsHly541,1,H)
I1=ZA(1}

XI1=XSTA{1}

DO 130 J=1,5

BACKSPACE NT1

CONTINUE

G0 TG0 60

KKK=1

P=PEXIT

U=UREF

H=HEXIT

XM=XMA

I11=IA(IIMAX)}

X1=XSTAILIMAX)

GO TO 60

FORMAT (1HDO,40X,38HEDGE CONDITIONS FDOR EQUILIBRIUM NDZZLE)
FORMAT (LHOy5X31HZ 412X +4HXSTA+8Xs6HLOGLO P, 6X4 6HLOBGLOH, 86Xy 2HUE, 10Xy
14HMACH)

FORMAT (1HO,2X;1P9E12.4)
END
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SUBROUTENE EFFMU (LAMTRB,MOMEGY +II.DSTARK)
SUBROUTINE EFFMU CALLS SUBROUTINES DERIV3, INTERP; AND RHOMU¢
SUBROUTINE EFFMU IS CALLED BY SUBROUTINES ENERGY AKD MGMENT.

SUBROUT INE EFFMU CALCULATES THE RHOMU PRODUCT AND ITS DERIVATIVE
WITH RESPECT TO ETA.

CALCULATES THE TERMS AO, AOB, AND AOBP HWHICH, FOR THE TURBULENT

CASE, INCLUDE THE EDDY VYISCOSITY = EPSPL.

FOR THE TRANSITION REGIME, THE EDDY VISCODSITY IS REDUCED BY THE

TRANSITION INTERMITTENCY FACTOR - GAMMA.

COMMGN /ARRAY1/ AO(ID!)vAOB(lOlJ,AOBP(IOllvAllIﬂl)sAZ(lO!!,Ag(IOI)

1,A4(101),C2(101)+CIN{I01},C{101),CP(101),LHI{101),0DN{102)},DN2(102}

2¢EPSOL101)+EPSPL{LOL)yFLL{1O01}+FIN{LOL)}s FINN(1C1)sF2{101)y F2N(L1OL)}y
3F2MN{101),FCL102) ,FCN{101) ,FCP{101)+PREQ{101},ROROE(101),T1{101}),T
41N{10L)s TINN{1OL},T2{(101),T2N{101), T2ZNN{101),TC(101},TCN{1Q1) TH(1
501) s THP{101) s VC(101) ¢ XNE102) 4 XN2{102),¥(101)+YOVDEL{101 )y YOVTHT {10
611, YY{101)

COMMON /CFPR/ CFePRyPRLyPRT

COMMON /EDGPRP/ ALP+ALPl4BETALDUEDS, GyGAMEFFHALP,HEs HESTAT y PE+ PES
10 4PPyRGASYROESDy ROWESROWEP » TEs TESOS UEyUERDZ ¢ UESO 9 XMy XMUE » XMUEP 4 X MU
250

COMMON /GEOME/ ANGLE,;DS+DXsDXL,DXMAXDXULDPNCyR,RD 4REFLENsSCFsTHS
THOKs Xy XTI 9 X122 XI0L Dy XOL Dy XJAY s XJFAL o 7,200

COMMON /INJECT/ CQZ{5011}1,CQ,CQLsFINJKCQyKINJKNOINJSyKPGRAD
COMMON ZINTGR/ IE1IMAXeIMeIPRNT,ISTOPITH KL KPDyKVSLAKy NEQIL NEQ
1Ly NIT,NIT1,NIT2,NIT3,NGSE )

COMMON /TRANS/ ATRGCHICRT»CHIMAX GAMMA,XBARy XIBARy KTRANS

COMMON /YSCSTY/ CSTARLEPSVD 4OMEGA 5 YK 9 XK1 2 XK2 9 XMUINF

LAMTRB = 1 LAMINAR Bele =2 TURBULENT Bel.
MOMEGY = 1 MOMENTUM EQe s= 2 ENERGY EQe

IF (NEQIL.EQ.0) GO YO 10’
6G TO (304140}, LAMTRB
GO_TO (205140), LAMTRB~
GO TO {40,80%5 MOMEGY
GO TO (604100}, MOMEGY

LAMI NAR
CONTINUE
L =RHOMU/RHOEMUE, CP = DCDT *DTDETA
COEFFICIENTS FOR MOMMENTUM EQUATION
DO 50 I=1,1E
PERFECT GAS
CALL RHOMU (OMEGA.TH{I),ClI}+DCOTH,VK])
CPUI)=DCDTH*THP{I )
Ap{LIsCLD)
ADB(I)=1.0
AOBP(I}=0.0
CONTINUE
60 70 120
CONTINUE
EQUILIBRIUM GAS

CALL DERIV3 (CyXNsIEs1,CP)
DO 70 I=1,IE

iSaitict] _
A0B P\(_;I‘?;ﬁa.o ORICIN N AGE}Q.
| OF POOR QUALETH
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70

[p Nyl OO0
OO

90
ico

110

120

[ Xz X %]

130

[N gXy]
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CONTINUE
GO TO 120

COEFFICIENTS FOR ENERGY EQUATION .
DO 90 I=14IE
PERFECT GAS

CALL -RHOMU_(OMEGA,TH{1)4.CL.1)y DCDOT-H, VK- -
CPII)=DCOTH*THP(T)

AD(11=C{I)/PRL

ADB(T1}=1.0/PRL

AOBP(1)=0.,0

CONTINUE

GO To 120

CONTINUE

EQUILIBRIUM GAS

CALL DERIV3 {[CyXN,IEs+1,CP)
DO 110 I=1,IE
AD(I)=C{1)/PREQ{I)
ADB(I)=A0{I}/C(1)

CONTINUE

CALL DERIV3 (AOB,XNsIE,1,AQBP)
CONTINUE

IF (XalTalseE-T) RETURN
CHIMAX=0,

CALCULATES VORTICITY REYNOLDS NUMBER

DO 130 N=1,1E
RHO=ROROE(N) *ROWE

X MU=ROWE*XMUE*C (N)/RHO

CHT (N}=RHO# Y{ N) ¥%2%FCN{N)/ { EPSVD*PNC¥XMU/RORDE(N) }*UE
IF (CHI(N).GT4CHIMAX} CHIMAX=CHI(N]

CONTINUE J

IF (KTRANS.EQe0) RETURN:

IF (CHIMAX.LY.CHICRT) RETURN

INITIATES TRANSITION

LAMTRB=2

DX=DX/10.

DXOLD=DXOLD/10.

HWRITE (6,360}

WRITE {64370)

XZEROD=X
XLAMDA=( XBAR-14 } ¥*XZERO/4.

WHEN USING THIS TRANSITION MOOEL,THE VALUE OF XBAR SHOULD BE
SIXTY-FIVE PERCENT GREATER WHEN THE REICHARDT EDDY VISCOSITY LAW
IS5 USED THAN THE VALUE OF XBAR USED WITH THE VAN DRIEST EDDY
VISCOSITY LAW. THE USER IS ADVISED THAT THE TRANSITION MODEL IS
TENTATIVE ONLY AND THAT DUE CARE MUST BE EXERCISED IN INTERPRETING
THE RESULTS OBTAINED WITH THIS TRANSITION MODEL.

CONTINUE

IF (KTRANS.EQ.0} 6O TO 150
XIBAR=(X—~XZEROQ)/XLAMDA
GAMMA=14—EXP{-ATR*XI BAR¥*2)

IF (KTRANS.EQe2) GO TO 150

IF (KVSLAWe EQeDe ANDeXIBARLLT L2403 6O TG 150
IF {KVSLAWeNEeOeANDe XIBAR. LTe4+0) GO TO 150

KTRANS IS SET EQUAL TO 2 AT THE END OF THE TRANSITION REGIME
KTRANS=2

WRITE (6,380}
WRITE (64370}
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CONTINUE
TURBULENT

FAC1=0.0
IF (KVSLAWLNE.Q) GO TO 170
DO 160 I=1,IM

INNER EDDY VISCDSITY tAW, REICHARDT EQUATION

RHO=ROROCE(I}*ROWE
XMU=ROWE* XMUE*C (1) /RHO
FAC=CERRHO/ [ 2.0%EPSVD)
FACI=5QRT{(FAC}

EPSPLILIYI=0640%Y{1) /XMURFACL 4, 40&TANH{Y (T )*FACT/(11.D0%XHU)} ) *GAMMA

CONTINUE

GO TO 200

CONTINUE

FAC4=0,0
RHOWL=ROROE (L) *ROWE
DO 190 I=1,IM

INNER EDDY VISCOSITY LAW, VAN DRIEST EQUATION

RHO=ROROE{ I )*ROWE

XMU=ROWE* XMUE*C (I} /RHOD
UPLUS=(CF*EPSVD/{ 2.0%RHD} ) *¥0.5

YPLUS=Y {1 )%#RHO/ (EPSVD*XMU)*UPLUS
PPLUS=—-EPSVD*#2% PPk XMU/ [ RHO¥* 2% UPLUS*%3 }

VPLUS=CQ/ (RHDWL*UPLUS }

IF (KPGRADs EQe0) APLUS=2640

IF (KPGRADoEQel} APLUS=26,0%EXP(=549%VPLUS)

IF {KPGRADsEQe2) APLUS=26e0/{1,0~-11.8%PPLUS)I**0,5

IF {KPGRADeEQs3} APLUS=2640/{-PPLUS/VPLUS*[EXP{1l48%VPLUS)-1.0)+EX

1P(11.8%VPLUS) )**0 .5
ARG=-YPLUS/APLUS
FAC3={1.0~EXP{ARG) }%*2
IF (Y{I).EQ.D.0) GO 7O 180
FAC&={ XK1¥Y (I }¥RHO*UE } % 2%R 0%k X JFAC / ( XMU*XIZ2%¥0,50)
CONTINUE
EPSPL(I}=FAC4*FACI*FIN{I}/EPSVD*GAMMA
CONTINUE
CONTINUE
DSTARK=0,0
00 210 I=2.1E
FACL={1.0-FC(I))/RORCE(T)
FAC2=(1,0-FC{I-1}}/ROROE{I-1)
DSTARK=DSTARK+0.50%DN{ I-1) *{FAC1+FAC2)*PNC*EPSVD
CONTINUE

INTERPOLATE FOR DELTA WITH INTERP AND TLU

CALL INTERP {0e9950,FCsY,[E,DELTA)

CHIMAX=0,.

00 220 I=1.1E

RHO=ROROE (1 }*ROWE

XMU=ROWEXXMUE*C({ 1)/ RHOD

CHE(L)=RHO*Y{ I} ¥#2«FCN{L)/ (EPSVD*PNC*XMU/RORDE(I}I*UE
IF {CHI(IL)«GT«CHIMAX) CHIMAX=CHI(I)
GAMF=140/(1e0+5,50%(Y(I)/DELTA}**6}

OCUTER EDDY VISCOSITY LAMW

EPSO{I}=XK2*UEXDSTARK®RHO/ XMU*GAMF/EPSVD**2 XGAMMA
I[1=1E

DO 230 I=1,IE

IF (EPSPL{I)}.LT.EPSO(I)) GD TO 230

[I=1

GO Ta 240

CONTIEINUE

DO 250 I=II.IE
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250
260

om0

270

280
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300
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[z EgE+]

320

330

340
350

c
C
C
360
370
380

£ g

EPSPL(II=EPSO(I}
GO TO {260,310}, MOMEGY
CONTINUE

COEEFICIENTS FOR MOMMENTUM EQUATION

IF (NEQIL.NE.D) GO TO 280
DO 270 I=l.IE

PERFECT GAS _

CALL RHOMU {DMEGA,TH(I1)+C(1}4DCDTH,VK)
CP{I)=DCOTH*THP{I} ’
AD(T1)=CUL)*{L.O+EPSPLLI))
ADBLT)=AO(I}/CL D) -

CONT INUE

GO TO 300

CONTINUE

EQUILIBRIUM GAS

CALL DERIV3 {CsXN,IE;LsCP)}

D0 290 I=1,IE
AD{II=CUII*(1.0+EPSPL(I])
ADB{I}=ADII)/CLI)

CONTINUE

CONTINUE

CALL DERIV3 (AOB,XN,IE.1,A0BP)
RETURN

CONTINUE

COEFFICIENTS FOR ENERGY EQUATION

IF {NEQILeNE.O) GO TO 330
DO 320 I=1,1E

PERFECTY GAS

CALL RHOMU (OMEGA,TH(I)sC(I1),DCDTH,VK)
CP{I)=DCDTH*THP(IL}
ADLI¥=CUI)/PRL®(1.O0+EPSPL{I)¥PRL/PRT)
ADBLI)=AO(I}/CLI}

CONTINUE

GO TO 350

CONTINUE

EQUILIBRIUM BGAS

CALE DERIV3 (CeXN,IE;1,CP)

D0 340 I=1,IE
AD{IY=CLI)/PREQIIV*(1.0+EPSPLIT)}*PREQII }/PRT)
ADB{1I}=A0{I}/C(I)

CONTINUE

CONTINUE

CALL DERIV3 (AOB,XNyIEs1,A0BP}

RETURN

FORMAT {28H]
FORMAT (1H1}
FORMAT (26H1
END

TRANSITION BEGINS/]

TRANSITION ENDS/)
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SUBROUT INE EGPROP
SUBROUTINE EGPROP CALLS SUBROUT INES BLUNTZ2, NOZLE2, AND HOGFP2,
SUBROUT INE EGPROP 1S CALLED BY SUBROUTINE DELTAS.

SUBROUTINE EGPROP OBTAINS EDGE PROPERTIES FOR SPECIFIED GEGMETRY
FOR VALUES OF X AFTER THE INITIAL VALUE GF Xe

COMMON /INTGR/ IE+IIMAXyIMsIPRNTISTOP,ITH KL ¢ KPDsKVSLANW, NEQIL ,NEQ
1L,NIT,NITL,NIT2,NIT3,NOSE

GO TO {10,20,30), NOSE
CONTINUE

CALL BLUNT2

RETURN

CALL WDGFP2

RETURN

CONTINUE

CALL NOZILEZ

RETURN

END

SUBROUTINE ENERGY

SUBROUT INE ENERGY CALLS SUBROUTINES DERIV3, EFFMU, PROPs AND
SOLVE.

SUBROUT INE ENERGY 1S CALLED BY MAIN.
THIS SUBROUTINE PROVIDES THE SOLUTION FOR THE ENERGY EQUATION.

COMMON /ARRAY1/ ADI1D01),A0B(101},A0BP{101),41(102),A2(101},A3(101)
1,A4(101)+C1(1013,CINILOL) ,C(10L},CP{201),CHIC101),DN{102},DN2{102)
2+EPSO{LOL }+EPSPLILOLI,FLIL101),FINILOL),FINN(IOL)},F2(10L1},F2N(101),
3F2NN{101) ,FC(101),FCN{101),.FCP{101),PREQ{101),RORDOE{101),T1{101),T
IN(10E)  TINNC 1012, T2(201), T2N{1OL}, T2NNLLOY), TC{LI0L ), TCN{LQL) 4 THIL
SOL) o THPHLOL ) o VCIL01 ) XN(L102 )o XN2{102),Y{101]), YOVDEL(1QL), YOVTHT{1O
61),YY{101}

COMMON /CNVERG/ CONVRG!CCRNI'CRNIUDIFfolFF’DIFI'DIFZ'NC

COMMON /CDEFF/ CFBAR,CFBREX CFE+CFINF,CFRES,CFREY, CHy CHEDGE,CHOCF,
I1CHREYDEL+DELSTDELTAJDSTARKsDSTRAX s HAFCF, HG,HGI,HGZ.QDUT,RETHET'R
ZEX 9 STE,STINFy THET

COMMON /COMELL/ ALB+BOJEL 4FFeF2NLyHW s TByTHN] 4 TH1 s TH,T2N1, T2l VW IA
1OWsKTHW

COMMON Z7CFPR/ CF4PRyPRL, PRT

COMMON /EDGPRP/ ALP,ALPl ,BETAsDUEDS, GsGAMEFF,HALP+HE s HESTAT,PE, PES
10+PP+RGASSROESOyRONE yROWEP s TEs TESOUE S UERDZ ,UESO s XMy XMUE s XMUEP o X MU
250

COMMON /GEOME/ ANGLE.DS,DX+DX1yDXMAX:DXOLD+PNCsRyRO¢REFLEN,SCF,THS
LHOK s X9y X1 X124 XIOLDs XOLDy XJAY s XJFAC,Z4Z0L

COMMON JINTGR/ IE;IIMAX;IM: IPRNT,ISYOP, ITH KL KPDys KVSLAW,NEQIL ,NEQ
L e NIT NITLeNIT2,NIT3,NOSE

COMMON /NTEGER/ ITsIPFLe IPRINT ¢ JJsKyKADETASKEND+KEP +KFSo+KSTGP,KSTR
1T KTPHsKTRNSN, LAMTRB,NITTOT

COMMON /VYSCSTY/ CSTARSEPSVD OMEGA VK XK1 3 XK24 XMUINF

IF (NEQIL.NE.O} GO TO 10
4GEAC= (UE®%2 /HE) %(1.0~1.0/PRL}
G0 Ta 30
CONTINUE
FAC=UE*#2 /HE
00 20 J=1,IE
C1{d)=1.0-1,0/PREQ{J)

ORIG

OF, .POQ.R 95% -127-
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CONT INUE

CALL DEREV3 (Cl,XNyIEs+1.,C1N)

CONTINUE

MOMEGY=2

CALL EFFMU {(LAMTRBsMOMEGY,KEP;DSTARK)

ENERGY EQUATION SOLUTION

DO 60 N=2,IM

ALINI=CP(N}/C{N)+AOBPIN) /AQB(N}~ VCINL/ZAQIN)
AZ(N)=0.0

IF {NEQIL.NE.Q) GO TO 40

AIINI=GFACK{CPIN)/{C{N)*ADBIN) I *FCIN}*CN{N)+FCN{N} **2/A0B{ N} +FC (N

1) #F2NNIN)} JAQB (N))
G0 T0 50

A3 {N]= FAC*Cl(Nl*((CP(N)IC(N]+CIN(N!IC1(N)l*FC(Nl*FCN(N}+FCN(NI**2+

IFCINI*F2NN{N) } 7AGB (N}

A4 (N)=-2.0%XI*FCIN)/AO(N}

CONTINUE

CALL SOLVE (TINNsTINsT1sTZNN,T2NsT2+EL,TB,LRNI)
IF {NCJ4NE.O) GO TO TO

DERIVATIVE CONVERGENCE TEST AT WALL

DIF1=ABS{1.0-T2NL/T2N(1))
IF {1ADWNE4O} DIF1=ABS{140-T21/T2{1})
CONTINUE

IF {XeGT.0.00010) GO TO 90
DO 80 N=1,I1E

TLINI=T2(N}

TIN(NI=T2ZN{ N)
TINNINI=TZNNIN)

CONTINUE

DO 110 N=1,1E

IF {NC.EQ.0} GD 7O 100

ALL POINTS CONVERGENCE TEST

DIFEF=ABS{1+0-TC{N}/T2{N}}
_IF (DIFF.GT.DIF} DIF=DIFF
COGNTINUE

TCINI=T2 (N)*CRNI+T1 {N)*CCRNI
TON{NI=T2N{NI*CRNI+TEIN{N}I*CCRNI
IF {NEQIL.NE.O} GO TO 110

PERFECT GAS

THIN}=ALPI*¥TC {N) -HALP®*FC{N)*%2
ROROE(N)=10/TH(N)
THP{NF=ALPL*TCN{N}—ALP*FCIN)}*FCN(N} -
CONTINUE

IF (NEQIL.EQ.0) GO TO 120

EQUIEL IBRIUM GAS

CALL PROP

CALL DERIV3 {TH XN+ IE,1,THP)
CONTINUE

Y(11=0.0

¥Y¥{1)=0.0

DO 130 N=2,IEf
Y{N}=Y{N-1)+PNC*( 1l O0/ROROE{N) +1,0/ROROE{N~1) ) *DN{N-1) /240
YY{N)=Y{NI*EPSVD

CONTINUE

RETURN

END
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SUBROUT INE EQLOTA

SUBROUTINE EQLDTA CALLS SUBROUTINES EDGE1l,

INTRPS,

SUBROUT INE EQLDTA IS CALLED BY SUBROUTINE EDGE.

SUBROUTINE EQLDTA CALCULATES THE STAGNATION, EXIT,
CONDITIONS FOR A NGZILE. THIS SUBROUTINE IS CALLED ONLY FOR
EQUILIBRIUM GAS SOLUTIONS WHEN THE PRESSURE DISTRIBUTION IS
OBTAINED BY THE PROGRAM FROM AN ISENTROPIC GAS EXPANSIONe

NT1--——EXPANSION DATA ®xtxs
NT2~-—=GAS TABLE wukk

COMMON /ARRAY2/ PZ{501)+RZI(501),THWZ{501),UEZ(501)+XSTA(501),ZA{501

1), IPR{10O1), IPRFL(101)

COMMON /EDGPRP/ ALPsALP1,BETA,DUEDS Gy GAMEFFsHALPy HEy HESTAT,PE,PES
10 +PP+RGAS,ROESOsROWE +ROWEP o TE s TESO y UE sUERD 2 4 UESCy XMy XMUES XMUEPy XMU

250

COMMON /FRSTRM/ AMUINFCX,HFS HEXIT PEX1T,PFS.REINF, RHOFSTFS,TIN,

1UFSs XMA ¢ XMUFS

COMMON /INTGR/ IE,IIMAX, IM, IPRNT, ISTUP.ITH:KL,KPD:KVSLAH:NEQIL:NEQ

IL4NITeNIT1y4NIT2,NIT3,NOSE

COMMON /REF/ AMUREF,CHSTD,HREF'POPRIH,PREF'RHDREF'RHUSTDfTREFsTREF

11 sUREF ; XMUREF
COMMON /S5TAG/ HSTAG,PL0+PSTAGRHOSTG+TLO,TSTAG

COMMON /TAPENV/ NTL1:NT24NT3,NT4+NV
COMMON /VSCSTY/ CSTARfEPSVD:OHEGA:VKvXKIrXKZtXMU{NF

DIMENSION All45), XM1(5}), Ull5]1,

NERR=0Q

READ {NT1l) AsXMsUyP,H
PSTAG=211642240%10, QF¥P /144,0
HSTAG=10 +D*¥H¥RGAS¥1.8
ZZ{2)=H

DO 10 J=I1,3

IF (J«EQ.2) GO TO 10

CALL SLOW (PsZZ,2,J4NT2,NV,NERR)
CONTINUE

TSTAG=ZZ2(1)*1.E0
RHOSTG=10.0%*ZZ{ 3 ) *RHOSTD

NOZZLE EXIT CONDITIONS

AEXIT={RZ{IIMAXI/RZLITH) )%*x2
READ (NT1)} Ay XMsUsPoH

IF (XMeLEW1.0) GO TO 20

IF {A.LTLAEXIT) GO TO 20

DO 30 J=1,3

BACKSPACE NT1

CONTINUE

DO 40 J=1,5

READ INT1) AXE{JIoXMLL S}, UL{J)+PLLI)HLIL DD

CONTINUE

CALL INTRPS [AEXIT,A11,.XM1,45415]1,XMA}
CALL INTRPS (AEXIT;All,Ul,541+14UFS)
CALL INTRPS (AEXITsALLsPLySsl9l4P)
CALL INTRPS (AEXITsAl1l,H1l,5,1,1,H}

ZZ(2)i=H
DO 50 J=1,5
IF (J«EQe2) GO TO 50

CALL SLOW (PeZZs2¢44NT24NV4NERR)

CONTINUE
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PEXIT=P

HEXIT=H
PFS=211642240%10, 0%%P /144,0
HF5=10,0%¥H*RGAS* 1,8
TES=2Z{1}1%1, 80
RHOFS5=10,0%%22{3)*RHOSTD
XMUFS=11 (4} -
CX=22(5}*RGAS

REFERENCE COUNDITIONS.

UREF=UFS
RHOREF=RHOFS
PREF=RHOF S*UF S*%2
TREF=UFS**2/CX
HREF=UF S*%2

XHUREF—(518-60+198.60)/(TREF+198-60!*(TREFISIB.&Ol**1.50*3.7190—07

XHUINF=XMUFS /XMUREF
T10=TSTAG/TREF
HE=HSTAG/HREF
REWIND NT1

CALL EDGEl

RETURN

END

SUBROUTINE GEOM

SUBRCOUT INE GEOM CALLS SUBROUTINES BLUNT1, NDZILE1,
SUBROUTINE GEOM IS CALLED BY MAIN AND SUBROUTINE }NIT.
SUBROUTINE GEOM DBTAINS EDGE PROPERTIES FOR SPELIFIED GEOMETRY

FOR THE INITIAL VALUE DF Xe.

COMMON /INTGR/ IE,IIMAX,IM;IPRNT,ISTOP, ITH,KL,KPD,KVSL AW, NEQIL ,NEQ

i, NIT'NITI;NITZrN[TByNDSE

NOSE=1 BLUNT BODY
NOSE=2 FLAT PLATE OR WEDGE
NOSE=3 NOZZILE

GO TO (10,20,30)s NOSE
CALL BLUNTL

RETURN

CALL WDGFP1

RE TURN

CALL NOZLEL

RETURN

END
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SUBROUTINE INIT

SUBROUTINE INIT CALLS SUBROUTINES DELTAS, GEUH. INTERS, AND
REFSUBe

SUBROUTINE INIT IS5 CALLED BY MAIN.
THIS SUBROUTINE PROVIDES INITIALIZATION OF DATA-FOR THE PROGRAM.

COMMON FARRAY2/ PZ{5011}+RZ{501),TWZ{501),UEZE(501),XSTA(S0L),ZA(501
11+ IPRL101), IPRFL{101)

COMMON /CNVERG/ CONVRGyCCRNI,CRNI4DIF,DIFFsDIF1,DIF2,NC

COMMON /COEFF2/ CFl1 sHGFACL sHGFAC2, QW+ SUM

COMMON /COMWLL/ ALBsBOsELyFFaF2NLyHY»TBTHN1 o THLyTW,T2N1,T21yVH,IA
1DW,KTH

COMMON /CFPR/ CF4PR+PRL4PRT

COMMON /EDGPRP/ ALP+ALP14BETA,DUEDS +G+GAMEFF4HALP,HE yHESTAT 4+ PE4PES.
10,PP,RGASyROESD s RONE, ROWEP, TE, TESO4 UE, UERO 2y UESD 4 XMy XMUE ¢ XMUEP 5 XMU-

250

COMMDN /FRSTRM/ AMUINF.CX, HFS,HEXIT,PEXIT PFS,REINF ,RHOFS,TFS,TIN,
1UFS yXMA ¢ XMUFS

COMMON /GEOME/ ANGLE:DSsDX:DXl'DXHAX,DXULD;PNC,R,RO,REFLEN:SCF'THS
IHOK s X o X 1o X124 XIOLD9 XOL Dy XJAY  XJFAC+ 2,208

COMMON JINTGR/ IE+lIMAX,IMyIPRNT ISTOP, ITHyKLyKFDsKVSLAW, NEQIL ;NEQ
IL,NITyNIT1,NIT2,NIV3,NOSE

COMMON /NTEGER/ 1Ly IPFL»IPRINT3JJsK)KADETASKENDKEP4KFS+KSTOP4KSTR
1T+ KTPW. KTRNSNy LAMTRB,NITTOT

COMMON /REF/ AHUREF,CHSTD,HREF:POPRIH PREF yRHOREF 4 RHOSTDTREF 4 TREF
11 , UREF » XMUREF

COMMON /STAG/ HSTAG'PIO'PSTAG.RHUSTGsTlOrTSTAG

COMMON /STRT/ KRSTRT¢NRSTRYT

COMMON /TRANS/ ATRsCHICRT,CHIMAX,GAMMA,XBARyXIBAR,KTRANS

COMMON /VSCSTY/ CSTARSEPSVD,OMEGA ¢ VK ¢ XK1 3 XK2 s XMUINF

R=1,98674%778, 158%32, 1 74/CMSTD
RGAS=R
RHOSTD=2116,2240/{RGAS#491,670)
XM=XMA .

XSTA(TIMAK+1)==1,0

NEGATIVE XSTA TERMINATES SOLUTION
KTPW=NRSTRT

NEQL=NEQIL

KEP=0

NEQIL=0

XJAY=XJFAC

CSTAR=198460

IF {NOSE.EQ.3) CALL GEDM

IF (KF5.NE.O) CALL REFSUB

CF=1.00

G=GAMEFF

CX=R¥{G/({6-1.0))

IF (UFSeEQe0e0) UFS=XMA®(GETFS*R)*#0 .50
IF (KTWeNEJCG) BO=THZ(1)/TSTAG
VH=0,0

KSTOP=0

IPRNT=1

PR=PRL

QW=0.0

HGFAC1=040

HGFAC2=0.0

IF (KFSeNE.Q) HGFACl={RHOFS*UFS*CX)/(778,0%144,0)
1F (KFSeNEJO) HGFAC2=RHOFS*UFS$S#32,1740/144.0
SUN=040

2=0,00

X=0.00

XI=D.00

X12=2400%XI

X10LD=X1 GRIGIN ,
32525:0.0 }Zklg

DS=1.00 4&&?
f
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CCRNI=1.,00-CRNI

E1=0.00

FF=0.00

NIT=0

N1 TTOT=0

1STOP=0

CHIMAX=04.0

GAMMA=1,

IF (LAMTRB4EQe1l) GAMMA=0.0
XIBAR=0,

I'M=IE-1

44=1

CALL GEOM

DX1=DX

IF (NOSE.EQ.1}) GO TO 20
If {LAMTRBuNE«2) GO TG 20
X=e 00010

DX=X

XoLp=X

IF (KTW.EQe0) GO TO 10
JT=3

CALL INTERS {XsXSTALJT=2) e XSTALIT=1) s XSTA(JT }y XSTALJTH+L} o XSTALJTH2
1)y THZ(IT=2) s TWZLIT=1) o THZLIT) o THZ{JT+1 )}, THZ{IT+2),TH)
BO=TH/TSTAG

CONTINUE

CALL DELTAS
UERDZ2=UE*RG**(2,0*XJFAC])
XMUEP=XHUE

RONEP=ROWE

CONTINUE

RE TURN

END

SUBROUTINE MACH (X,R,RT,ZTH)
SUBROUTINE MACH CALLS SUBROUTINE INTER35.

SUBROUTINE MACH IS CALLEC BY SUBROUTINES BLUNT1, BLUNT2, NOZLEL,
AND NOZLEZ. .

SUBROUTINE MACH GENERATES A TABLE OF MACH NUMBERS AS A FUNCTION
OF AREA RATIOS FOR A SPECIFIED VALUE OF THE RATIO OF SPECIFIC
HEATS. THE SUBROUTINE ALSO INTERPOLAYES IN THIS TABLE FOR THE
MACH NUMBER WHICH CORRESPONDS TO THE LOCAL RADIUS AND AREA RATID.

If A PRESSURE DISTRIBUTION IS INPUT, THE TABLE OF MACH NUMBERS
1S GENERATED FROM THE INPUT VALUES GF PRESSURE.

COMMON /ARRAY2/ PZ(5D1),RZ{501},THZI(501),UEZ{501),%XSTA(501},ZA(501
1), IPR{101),IPRFL(101)

COMMON /EDGPRP/ ALP ALP14+BETAsDUEDS+GyGAMEFF ¢HALP +HE sHESTAT 4 PE 4 PES
10 +PPyRGASyROESD s ROWE, ROWEPy TE, TESO¢ UE, UERD 2, UESD s XMy XMUE » XMUEPy XMU
250

COMMON /ENTGR/ IE,TIMAX, IM; IPRNT, ISTOP.ITH KL +KPD,KVSLAWsNEQIL ,NEQ
Ly NIT4NIT14NIT2,NIT3,NOSE

COMMON /NTEGER/ [I,IPFL,IPRINTyJJ+KsKADETA,KEND:KEP,KFS+KSTOP,KSTR
1T ¢ KTPHs KTRNSN, LAMTREB,NITTOT

¢f§0HMGN /STAG/ HSTAG,P1D,PSTAG,RHOSTG,T10,TSTAG

DIMENSION ARL (7651, XM1{765}

IF (KPD.NEJD) GO TO 70
IF {JKL4EQa235) GO TO 40
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MACH NUMBER FROM AREA RATIO

N=1

XHI(I”O-
DXM1=0.010

A=G+1l.0
BxG-1.0
C=A/{Z2.0%B}

N=2
XM1(N}I=XM1{N-1)&+DXNL
FAC=({2.0+BF XML IN)*¥2)/ A
FAC1sFAC®*C
ARL(NI=FACL/XML(N)
ARLIN]I=1,0/ARL{NY

IF {XME{N}aGEL2.0) DXM1=0.050
N=N+1

IF {N.NE. 100} GO TO 3D
D0 .20 J=1,10
XHL{N)=1.0

AR1(NI=1,0

N=N¢1l
CONTINUE

CONTYINUE

IF {N.GT4T765) JKL=235
IF {NeGT.765) GO TO 4D
GO TO 10

AR={R/RT) %%2

AR=1.0/AR

THE IF STATEMENT BELOW SPECIFIES THAT THE AREA RATID CORRESPONDS
TG A SUBSCNIC OR A SUPERSONIC MACH NUMBER

IF {X<EQo2TH) XM=1,0

IF (X.EQeZTH) GO TO 60

IF {X«LEJITH} J=1

IF {(XeGTeZTH) 4=11l1

J=J+1

IF (XelEelTHsANDe AR«GT«ARL{J)) GO TO S0
IF {XeGToaZTHs ANDeARSLTLARL(JI} GO .TO 50
IF (JalTe3) J4=3

IF (JoGTaT63} J=T63

IF {XelTeZTHeANDeJoGT498) J=98

CALL INTERS (AR ¢ARI{J=2}+AR1{J-1)+ARL{J}sARI(I+1);ARI(JI+2Z} 4 XMIL U2

Lhe XMLOJ=1 ) XMLIEJY o XME(J41) 4 XML{J+2) 4 XM)
CONT INUE

RETURN

CONTINUE

MACH NUMBER FROM P/PSTAG

IF {JKL.EQe235) GG TO 90
FAC=1.0

IF {K5TRTeNEsl) FAC=1.0/Pl0
DD 80 J=1,IIMAX

XMLEII=12,0/ (G100} {IPZ{J}I*¥FACI**{~{G~1aC}/G)=1.0})%%0,5
CONTINUE

JKL=235

CONTINUE

J=0

J=3+1

IF {ZA(J}.LTaX) GO TO 100

IF [{JelTe3) J=3

[F (JeGT{IIMAX=2)) Jd=11IMAX-2

CALL INTERS (XgZA(J—Z)|ZA(J—1112A(J!'ZA(J+llyZA(J+2!,XH1{J-2),XH1('

L=11e XML{J ¢ XMI(J#1}, XNTLJ+2) 4 XM)
RETURN .
END
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SUBROUTINE MOMENT

SUBROUT INE MOMENT CALLS SUBROUTINES EFFMU AND SOLVE.

SUBROUTTINE MOMENT IS CALLED 8Y MAIN.

THIS SUBROUTINE PROVIDES THE SOLUTION FOR THE MOMENTUM EQUATION.

COMMON FARRAY1/ AO(101),AO0B(101),A0BP{101),A1¢(101),A2(101),A3(101)
1,A410101),C1(101),C1N(101),C{101),CP{102)sCHI(.101).,DN(102),DN2{-102)-
T 2yEPSO{L01},EPSPLI101) 4FL{101),F1N{101),FINN{1D1),F2{101},F2N{101},
3F2NN{ID1),FC(101), FCN{1D1),FCP{101),PREQ{101},RORDE{101},TL{101),T
41IN(1I01) , TINN(L1O1),T2¢101),T2N[101 ), T2NN{101),TC{10L}+TCN{201)y TH(1
501) THP{L101),VC{101) 4 XN(102},XN2{102),Y¥(101),YOVDEL(101), YOVTHT(10
61 1,¥Y(LOL)

COMMON /CNVERG/ CUNVRGfCCRNI!CRNI!DIF!DIFF'DIFI'DIszNc

COMMON /COEFF/ CFBAR,CFBREX,CFE:CFINFsCFRESCFREY,CHyCHEDGE CHOLCF,
1CHREY sDEL s DELST o DELT Ay DSTARK, DSTRAX ¢ HAFCFy HGy HG14HG2,QDOT,RETHET 4R
2EXsSTE9 STINF, THET

COMMGN /COMWLL/ AlBsBOIELsFFReF2NLsHWsTB yTHNL» THL TWeT2N1,T21 ,VH,1A
1DW.KTW

COMMON JEDGPRP/ ALP, ALPl;BETA:DUEDS,G;GAHEFF,HALP!HE,HESTAT,PE,PES
10 +PP+RGASyROESO s RONEyROWEP ¢ TE, TESO, UEyUERQZyUESQy XMy XMUE s XMUEP 4 XMU
250

COMMON /GEOME/ ANGLEsDSsDXsDX1LsDXMAX,DXOLD sPNCsR+RO,REFLEN,SCF,THS
1HOK s X g XT3 X12, XIOL Dy XOL Dy XJAY XJFAL,Z,Z0L

COMMON /INTGR/ IESITMAX IMsIPRNTISTOP, ITH,KLKPDyKVSLAW, NEQIL 4NEQ
ILyNITsNIT1eNITZ2+NIT3,NOSE

COMMON /NTEGERS I14IPFLyIPRINT, JJ.K,KADETA,KEND KEP+KFS,KSTOP+KSTR
1T+ KTPH KTRNSNs LAMTRB,NITTOT

MOMEGY=1
CALL EFFMU (L AMTRBsMOMEGYKEPsDSTARK) .

MOMENTUM EQUATION SOLUTION

DO 10 N=2,1IH
AL(NI=CP{N) /C{N)}+AOBP (N}/AOBI{N)-VC(N}/AD (N}
AZ2(N)=-BETA¥FC(N)}/ADQ (N} -
A3{NI=BETA/{AO(N}*ROROE{N}))

A4 (N}==2,0%XI*FCINI/AD(N)

CONTINUE

CALL SOLVE {F1NN.FINyF1,F2NN,F2NsF24E1,FF,CRNI}
IF {NC.NE.O) GO TO 2D

DERIVATIVE CONVERGENCE TEST AT WALL

DIF=ABS({F2N(1)-F2N1)
DIF2=DIF/F2N(1)
DIF=AMAX1(DiFl1,DIF2)
CONTINUE

IF {X«GT«0.00010} GO TO 40
pa 30 N=1,1lE
FLIN)=F2{N)
FIN{N}=F2NIN)
FINN{N)=F 2NN{N)
CONTINUE

IF (NC.EQ.B) GO TO 60
DO 50 N=24IE

ALL POINTS CONVERGENCE TEST

DIFF=ABS(1l«0—-FCINI/E2{N})

IF (DIFF«GT.DIF) DIF=DIFF
CONTINUE

CONTINUE

DO 70 N=1.,[E
FCPIN)=({F2{N)~-F1{N})/DS
FCNINI=F2NIN) *CRNI+FLN {N)%*CCRNI
FCUN)=F2{ N} *CRANI+F1 {N) ®*CCRNI
RETURN

END
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SUBROUTINE NOZLEL

SUBROUTINE NOZLEl CALLS SUBROUT INES DENSIT. EDGE, FD5, INTRPS,
MACH, SLOW, VISCO, AND ZROe

SUBROUTINE NOZLEL IS CALLED BY SUBROUTINE GEQM,.

SUBROUT INE NOZLEI CALCIM ATES THE EDGE AND REFERENCE PROPERTIES
FOR A NOZZILE AT THE INITIAL VALUE OF X,

COMMON /ARRAY2/ PZ{SD11,RZ(5011,THWZ(501),UEZ(501),XSTA{501)+ZA(501
1), IPR{LIOL),IPRFL(10OL} .

COMHMON /EDGPRP/ ALPsALPL,BETA,DUEDSG9GAMEFF yHALP yHE4HESTAT +PE s PES
10 3PP yRGAS sROESD y ROWE s ROWEP TE, TESO, UEy UERD 2, UESD 9 XMy XMUE s XMUEP 4 XMU
250

COMMON /FRSTRM/ AMUINF, CXysHFS; HEXIT,PEXIT,PFSsREINFsRHOFS,TFS,TIN,
LUF S » XMA » XMUFS

COMMON /GEOME/ ANGLE,DS,DX,DX!gDXHAX:DXGLD:PNC,R,RO REFLENySCF,THS
LHOK ¢ XsXT9 X124 XEOL Dy XOLD» KJAY s XJFAC,Z,70L

COMMON /INTGR/ IEEIMAX IMaIPRNToISTOP, ITHsKLyKPDy KVSLANWs NEQIL ¢NEQ
1L JNITyNITI4NIT2,NIT3,NOSE

COMMON /REF/ AMUREF,CMSTO, HREF, POPRIM,PREFsRHOREF,RHOSTD, TREF, TREF
11 ,UREF, XMUREF

COMMON /STAG/ HSTAG.P10,PSTAG,RHOSTG,T10,TSTAG

COMMON /SUTH/ CPRIM

COMMON /TAPENV/ NT14NT2NT34NT4 NV

COMMON /VSCSTY/ CSTAR,EPSVDSOMEGA VK XKL ¢ XK24 XHUINF

DIMENSION ZZ(9), XMJ(5)}s UJ(5}y PJ{S5)e HESTJ{5)

FIRST CALL ©F GEOM AND NGILE1l SPECIFIES THE NOZZLE GEOMETRY AND -~
COMPUTES THE TABLE OF £DGE PROPERFIES FOR EITHER A SPECIFIED~
PRESSURE DISTRIBUTION ALONG THE NOZZLE AXIS OR FN IDEAL EXPANSION

IF (NEQIL+EQel) GO TO 40

PERFECT GAS

IF {1JK.EQ.231) GO TO 20

CALL MACH (-ZA(IIMAX)oRZEEIMAX),RZ(ITH),ZA(TTH))
XMA=X M

XMACH S=XMA%*2

TES=TSTAG/(140+{G=1,0)/2,0%XMACHS)
CPRIME=CSTAR/ [{G—1400 J#XMACHS#TFS)

CPRIM=CPRIME

T10=0.50+14 00/ ( XMASXMA®{G-14001 )

-P10= (14 0+(G-2 40) /2, O#XMAKS2) ¥% (G/ (G~140) I/ (GEXMALEZ }
DO 10 J=1,1fMAX

CALL MACH (ZA(J1sRZ(J)RZ(ITH), ZALITH)
PEL=P10/({1,0+(G=140)/24 0XXMKE2) €% (6/4G=1201))
PZ{JI=PEL

TEL=T10/ {1 04(G-1401/200#XM&%2)
UEZ(4)=SQRT{ 2, 0% (T10-TEL) )

CONTINUE

I JK=231

RETURN

CONTINUE

CALL ZRO (IIMAXsX,ZRO)

CALL MACH {Z,R0,RZ(ITH),ZACITH]).

PE=PLO/ ({1404 (G14D1/2.0%XHA¥2) ¥*(G/{G~1401))
TE=T10/11404(G=1,0) /2, 0#XM&+2)

CALL DENSIT (ROWE,PE,TE}

CALL VISCO {DHEGA,TE,XMUE]

UE=SQRT{ 2. 0%( TLO-TE))
WRITE (6+130) T10,P10
WRITE (6,140} UE,TE,PE
XMUS0=XMLUE

XMUEP=XMUE

ROWEP=ROWE ORI INAJ, PAGE
PE 50=PE L ,POQR I8
TESO=TE QL. ALITY
PNC=000

BETA’0.0
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UERO2=UE*R0**(2.,0%XJFAC)

J=0

J=J+l

1F [UE«GTaUEZ(J}) GO TO 30

IF {Jal.T83) J=3

IF {JaGTe {IIMAX—-2)) J=ITIMAX-2Z .
CALL FDS (XeXSTA(JI=2) o XSTA{J~L) o XSTALJ) o XSTACJ#L 4 XSTA{J+2),UEZ(J-
12) sUEZ{I~1) JUEZ{J ) ,UEZ{J#L }5UEZ(J+2),DUEDS)
PP=—RONE*UE*DUEDS

ALP=UE**2/TE

'HE=T10Q

RETURN

CONTINUE

EQUILIBRIUM GAS

IF (KPD.NE.Q} GO TO 60

CONTINUE

CALL ZRD (IIMAX+XsZsROI}

CALL EDGE

PLO=PSTAG/PREF*1444 0
T10=TSTAG/TREF

HE=HSTAG/HREF

PNC=0a0

BETA=0.0

XMUSO=XMUE

XMUEP=XMUE

ROWEP=ROWE

PESO=PE

TESQ=TE

UEROZ=UE*RO**{2.0%XIFAC)
ALP=(E**2 FHESTAT

WRITE {6,130} T1l0,P10

WRITE {64y140) UE,TE,PE

RETURN

CONTINUE

DO 70 J=1,1IMAX
PZL{J)=PZ{J)*G*XMA**2%PFS
CONTINUE

PATMS=PZ{ TIMAX)*144,0/21164 2240
PL=ALOGLO {PATMS)

J=0

J=J+1

READ {NTL} DUMsXMEaUIsPI+HI

IF (PI.GT«PL} GO TO BO

DO 90 J=1,3

BACKSPACE NT1

CONTINUE

DO 100 J=1,5

READ (NT1} DUMsXNJ(J) fUJLJ) 4PI0Y) 4HESTILI])
CONTINUE

CALL INTRPS (PL+PJeXMJs5+1,14XMA)
CALL INTRPS (PL2PJsUJs591,41,UFS)
CALL INTRP5 (PLsPJIsHESTJe5y1s14HFSL)
ZZ{2)=HFSL

00 110 J=1.6

IF (J.EQe2) GO TO 110

CALL SLOW (PL,ZZ4+24JeNT2,NV+NERR)
CONTINUE

PES=PZ{1IMAX)

HF S=10,0%*ZZ(2)*RCAS*1.8
TFS=ZZ{11%].80
RHOFS=10.0%*ZZ({3)*RHOSTD
XMUFS=ZZ(4}

CX=ZZ{5 }*RGAS

PREF=RHOFS*UFS%%2
REINF=RHOFS*UFS/XMUFS/SCF
TREF=UFS*=27CX

RHOREF=RHOFS

UREF=UFS

HREF=UFS*#*2

REWIND NTL
XMUREF=({518e60+198,60)} /{ TREF+198, 60) %[ TREF/518460)%%1,50%3,T19E-07
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XMUREF EVALUATED USING SUTHERLAND VISCOSITY LAW,XMUREF MAY BE CHOS
ARBITRARILY

XMU INF=XMUF S/ XMUREF

READ (NTL)} DUM,DUML,DUMZ,PL,HORL
PSTAG=10.0%*PL*211642240/144,0
HSTAG=1040%*HORL*RGAS*1,80
ZZ12)=HORL

DO 120 J=1,3

IF (JoEQe2) 6O TO 120

CALL SLOW (PL4ZZ,2,34NT2,NV,NERR)-
CONTINUE

TSTAG=ZZ(1)%]1,80
RHOSTG=10,0%%72Z [ 3) *RHOSTD

REWIND NT1

GO 70 50

FORMAT (1H 42X44HTLO=9EL15e 7+2Xs4HPLO=4E15.7/)
FORMAT {9H UESO= ,E1547,8H TESO= ,£15,Ty9H PESO= 4EL5.Ti
END

SUBROUTINE NOZLE2

SUBROUTINE NOZELE2 CALLS SUBROUTINES DENSIT,s EDGEs FDSs MACH,
VISCO, AND ZIRDs

SUBROUT INE NOZLE2 IS CALLED BY SUBROUTINE EGPROP.

SUBRBUTINE NOZiLE2 CALCULATES THE EDGE PRGPERTIES FOR A NOZZLE AT
THE VALUES OF X AFTER THE INITIAL VALUE OF Xe

COMMON /ARRAYZ2/ PZIE501),RZ(501),THZ[501) ,UEZ{501) 4XSTA(501),2ZA(501
1)+IPRI1OL), IPRFL{101)

COMMON /EDGPRP/ ALP,ALP1,BETA,DUEDS,GsGANEFF,HALP,HEHESTAT+PEsPES
10+ PP, RGAS+ROESO+ROWE,ROWEP o TE, TESO5 UE,UERO 2, UESO, XMy XMUE s XMUEP o XMU
250

COMMON /GEOME/ ANGLE+DS+DX+DX1,DXMAXDXOLD3PNCsRsROsREFLEN,SCF,THS
THOKs X o XT ¢ X124 XTOL D XOL Do XJAY s XJFAC 2 2, Z0L

COMHON 7FINTGR/ IE,TIMAX+IMsIPRNT,ISTOPy ITH, KL KPDeKVSLAW, NEQIL 4NEQ

<AL NIToNIT1,NIT2,NIT3,NOSE

COMHON /STAG/ HSTAG+PLl0O,PSTAG,RHOSTG,T10,TSTAG
COMMON /VSCSTY/ CSTARLEPSVD,OMEGA, VK XKL 4 XK2 4 XNUINF

IF (NEQIL.EQe1l) GO TD 20
PERFECT GAS

CALL ZRO {TIMAXsXsZ,RO)}

CALL MACH (Z,RO,RZ{ITHI,ZA(ITH}}
PE=PlO/{(1a0+(G—1,0)/2. 0% XM¥%2) %% {G/{G-10)}}
TE=TLIO/ {140+{G~1s0)/2,0%XM¥%¥2)

CALL VISCO (OMEGA,TE,XMUE}

CALL DENSIT (ROWELPE,TE}
UE=SQRT {240* (T10-TE))

J=0

J=J+1

IF (UE.GT.UEZ(J)} GO TO 10

IF {Jal.Te3) J=3

IF {(JeGT o {IIMAX=21)) J=1IMAX-2

CALL FD5 (XyXSTA{J-2) +XSTACJ-1) s XSTACJ) s XSTA(JI+1) yXSTA{J+2),UEZ(J~
12),UEZ{J-1)UEI(J)+UEZ{J+L},UEZ(J+2),DUEDS)
PP=-ROWEXUE*DUEDS

RETURN

CONTINUE
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EQU[LIBR{QH GAS

CALL ZRO {IIMAXsXsZ,RO}
CALL EDGE

RETURN

END

SUBROUTINE PRFILE
SUBROUTINE PRFILE IS CALLED BY MAIN.

SUBROUTINE PRFILE GENERATES THE INITIAL VELOCITY AND ENTHALPY
PROFILES,.

COMMON /ARRAYLl/ AD(101),A0B(101}),A0BP(101),A1(101},A2(102),A3(101)
1,A4(101),C1¢101),C1N{101),C{101),CP(E0)),CHI(101),ON{LO2},DN2{102}
2,EPSO{101),EPSPL{101},F1(101},FIN{101},FINNL]IOL},F2(L01),F2N{101},
3F2NN(LO1},FC(101)},FCN{101}s FCP{101},PREQ{1IC1},RORDE(101),TL(101},7
4IN(101) » TINN(101),,72{101) 4 T2N{101),T2NN{101),TC{101),TCN{101},THIl
5013, THP{101},VC(101)4XN(102),XN2{102),Y(101),YOVDEL{101},YOVTHT(10
61),YY(101)

CCMMON /COMHLL/ AlBsBOEL+FF4F2NL yHW yTBaTHNL 4 THI yTW,T2N14T21,VH, IA
1DWKTH

COMMON /GEOME/S ANGLE,DS'DX,DXlgDKMAX,DXULD PNCy Ry RO REFLEN, SCFy THS
1HOKs Xe X1p X124 XIOLDy XOLD s XJAYs XJFACSZ,Z0L

COMMON / INTGR/ IE'IIHAX,IH,IPRNT:ISTOP'ITH:KL;KPD;KVSLAHyNEQIL,NEQ
IL4NITsNIT1l,NIT2,NET3,NOSE

COMMON /NMLCRD/ ADTEST. ETAINF,XKETA

IF {XKETA+EQel.0) DETAI=ETAINF/FLOAT(IE-1) .
IF {XKETAusNEsls0) DETAL=ETAINF#{XKETA~10)/{XKETA**IM~1,0}
DNt 2}=DETAL

XN{1}=D,00

¥{1)=0.,0

XN{IE}=ETAINF

DO 10 N=1.I1E
DN(N+1)=XKETA®DN(N)
XN{N+1)=XN{N)+DNIN)
Y{N)=PNCkXNIN}
FLIN)=1s0-EXP{-XN{N}}
FIN{N}=EXP({-XN{N))

IF {FINUN)«LEe1leD-25) FIN{N}=0,0
FINN{N)=-FLN{N) .
F2NN{N)=F1NN{N}
FCONI=F1(N)
ECNINI=FLIN(N)

FCP(NI=0,0
T1{N)=BO+{1.0-BO)*F1{N}
TININ}I={1.0-BOI*FLIN(N)
TINN{N)=(1a 0=BO)%FLNNIN)
TCEN)=TL (N}
TCNI{N}I=TIN(N)
VCINI=VH=XN (N}

C(N)=1.0

CPINI=0.0

EPSPL(N)=0,0

F2{N}=F1(N)
YOVDEL{N}=0.0
YOVTRTINI=0,.0

CHI(N)=0.0

CONTINUE

F1{IE}=1.0

Ti{IE)=1.0

F2{IE}=1.0

TZ(IE)=1.0

FCULIE)=1.0

TCLIE}=1,0
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FINLIEI=0.0
FINN(IE)=04.0
TIN{IE)=0.0
TINN{EE)=0.0
RETURN

END

SUBRDUTINE PROP
SUBROUTINE PRDP CALLS SUBROUTINE SLOW.
SUBROUT INE PROP 15 CALLED BY MAIN AND SUBROUTINE ENERGY.

SUBROUTINE PROP CALCULATES THE THERMODYNAMIC AND TRANSPORT
PROPERTIES FOR EQUILIBRIUM GAS SOLUTIONS.

COMMON /ARRAY1/ AO0{101),A0B{101},A0BPI101},A2(101},A2{101),A3{101)
1+A4(101},C2(201),CIN{101),C(10L}+yCP{101},CHI{101},DN(102),DN2(102)}
2+EPSOUL0L) 4EPSPLLLIOL) ,FLEL1OL),FINIIOL),FLINN(101),F2L1D1)sF2NI1O1D,
3F2NNI101)+FC{101)},FCN{101).FCP{101},PREQ(101},RORDE(1011,TL(101),T
4LNC10L) o TINN(LOL) p T2{101 24 T2N(101 ), TZNN{101), TCL1DL) s TCNI101) s TH(L
5011, THP(10L},VC(101) s XN{102), XNZ(IDZ),Y(IOI):YDVDEL(IOI);VGVTHT(IO
61},YY(101)

COMMON /CFPR/ CF,PR,PRL,PRT

COMMON /EDGPRP/ ALP,ALP1,BETA,DUEDS, GsGAHEFFgHALPfHE:HESTAT:PE1PES
10+PP+RGAS, RUESO'RGHE-RUNEP,TE,TESD.UE,UEROZ:UESO,KHvXHUE,XMUEP,XMU
250

COMMON /INTGR/ IE.I1IMAX, IM,IPRNT,ISTGP,ITHgKL,KPD.KVSLAH,NEQIL:NEQ
ILsNITNIT1sNIT2,NIT3,NOSE

COMMON /REF/ AMUREF yCMSTD,HREFs POPRIM, PREF 4RHOREFsRHOST Dy TREFs TREF
11,UREF, XMUREF

COMMON /TAPENV/ NT1 ,NT24NT3 ,NT4sNV

DIMENSION ZZ{9), XMU{201])

P=PE*PREF/2116.2240
PL=ALOG1O(P)

DO 10 J=1,1E
HSTGL=TC{J}*HEXHREF
ULOC=FC{ JI*UE*UREF

© HSTAT=HSTGL-ULOC*%2/2.0

HOR=HSTAT/{RGAS*1.8)

IF {HOR&4LTe35e0} HOR={TC{IE)*HEX*HREF~(FC{IEI*UEXUREF }*%2/2,0)/ {RGA
15%1480)

HL=ALOG10(HOR}

ZZ{2}=HL

CALL SLOW {PL,ZZ,2y1+NT2sNV+NERR)
CALL SEOW (PL+Z2Z+2+43sNT24NV(NERR)
CALL SLOW (PLeZZ9294sNT24NV4NERR}
CALL SLOW (PL3ZZ+24+6+NT24NV4NERR}
ROROE(J }=10.0%%Z7(3)

XMULII=ZZ (4}

PREQLJ}=ZZ(6)

TH{J}=221{1}

CONTINUE

FHIE=TH(IE)

RHOTE=RORCE(IE}

XMUTE=XMULIE)

Do 20 J=1,IE

TH{J)=TH{J ) /THIE
RORQE(J)=RORCE{J)/RHOIE

XMOL JI=XHUl J)} 7 XMULE
C{J)=RORCE{J}*XMU{J)

CONTINUE

PR=PREQ({1)

RETURN

END
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SUBROUTINE READIN (KREADN}
SUBROUTENE READIN CALLS SUBROUTINES WRITEL AND WRITEZs
SUBROUTiNE READIN IS CALLED BY MAIN AND SUBRDUTINE WRITEZe

SUBROUT INE READIN PROVIDES THE INPUT OF DATA FOR THE PROGRAMs
EITHER FROM CARDS OR FROM THE RESTART TAPE. ALSO, THE RESTART

TAPE IS5 WRITTEN BY THIS SUBROUTINE. . . - T

WHEN THE INPUT DATA IS FROM THE RESTART TAPE, SUBROUTINES WRITEl
AND WRITE2 ARE CALLED TO WRITE THE DATA FROM THE LAST STATION
{ K = KRSTRT J.

COMMON /ARRAYI/ A0(101) AQB{101),A0BP{201) ,AL{101),A2(101},A3(101)
1,A4(101),C1{101},CIN{101),C{201),CP{101),CHI(101)3DN(102),DN2(102)
2sEPSO(10L),EPSPL(LO1)+F1{101}, FIN(1OL1)},FINN(101),F2(201),F2N{101),
ZF2NN(101)+FC{101),FENL101),FCP{101),PREQ{10]1) ,RORDE(102),TL(10D1),T
SIN{101)}s TINN{(102),T2(102),T2N(101},T2NN{101),TC{201},TCN(10L)},THI(1
501) yTHP{101) ,VC(101},XN{1023,XN2{202},Y(101),YOVDEL{101), YOVTHT(10
613, ¥YY(101)

COMMON 7ARRAY2/ PZ{5D1)4RZ(50L)+THZ{50L),UEZ(501}+ XSTA{S0L}+ZA(501
1) +IPR(101 ), IPRFL{10L}

COMMON /CNVERG/ CONVRGy CCRNILCRNI+DIF4DIFF,DIF1,DIF2,NC

COMMON fCOEFF/ CFBAR, CFBREX,CFEsCFINF,CFRESyCFREY4CH,CHEDGE,CHOCF
1CHREY s DEL oDELST yDELTAsOSTARK+DSTRAX « HAFCF s HG» HG1 + HG2 » QDOT 4 RETHET.4 R
2EX s STEs STINF,THET

COMMON /COEFF2/ DELURF.DELDX:DSAXUR,DSTDDL,DSTDRF,DSTOTH,DSTGX-RDR.

1EFL, THODEL y THOREF 4 XOREF L » ZOREFL -

COMMON /COEFF3/ CF1,HGFACL, HGFAC2,0W, SUM

COMMON /COMNWLL/ AlB,BO,El4FF4F2NLsHW,TB,THN1,THL, TH,TZNl,TZl.VH;IA
1DW. KTH

COMMON /CFPR/ CFyPRyPRL,PRT

COMMON FEDGPRPZ ALP,ALP1,BETA,DUEDS,G,GAMEFF,HALP ,HE, HESTAT, PE, PES
10 4PP,RGAS s ROESO s ROWE, ROWEP, TE, TESOs UEy UFRO2Z5 UESO XMy XMUE y XMUEP 4 XMU
250

COMMON ZFRSTRM/ AMUINFs CXyHFES,HEXITyPEXITPFS 4REINF s RHOFS s TES,TIN,
1UFS 4 XMA , XMUES

COMMON /GEOME/ ANGLE2DSsDXyDX1sDXMAX,DXCLD ,PNCsRoRG s REFLEN,SCF, THS
LHOK X +XT s XI2, XIOL Dy XOL Dy XJAY s XJFACZ , Z0L

COMMON 7 INJECT/ CQZI501 1+CQsCOLsFINJSKCQrKINJ JKNOINJ sKPGRAD
COMMON /INTGR/ I1E,TIMAX,TM, IPRNT,ISTOP,ITH,KL ,KPD,KVSLAW, NEQIL,NEQ
1Ly NITsNITI,NIT2,NIT3,NOSE

COMMON /NTEGER/ I115I1PFLyIPRINTsJJsK,KADET AyKEND;KEP,KFS,KSTOP,KSTR
1T+ KTPH; KTRNSN,LAMTRB, NI TTOT _

COMMON ZNMLERD/ ADTEST ETAINF, XKETA

COMMON /REF/ AMUREF ,CMSTDyHREF,PDPRIM,PREF, RHOREF,RHOST Dy TREF, TREF
11, UREF XMUREF

COMMON /STAG/ HSTAGsP10, PSTAG.RHUSTG,Tlo.TsrAG

COMMON /STRT/ KRSTRT,NRSTRT

COMMON /SUTH/ CPRIM )

COMMON /T APENVZA NTL JNT2 ¢NT3 4NT4 o NV

COMMON /TRANS/ ATRsCHICRT,CHIMAX GAMMA¢XBARXIBARy KTRANS

COMMON /VSCSTY/ CSTARyEPSVO,OMEGAsVK s XK1y XK2y XMUINE

DIMENSION LABEL(18)

DATA LST/4HLAST/

IF {KREADN.EQ.3) GO TO 60
IF (KREADN.EQ.2} GO TO 50
WRITE {6570}

READ (5480} KRSTRT.NRSTRT
IF (NRSTRT.EQ.O0} NRSTRT=2
READ (59900 NTLsNT2,NT234NT4
KSTRT=KRSTRT+]

IF (K5TRTeEQel) GO TO 20
WRITE {62100) KRSTRT
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READ RESTARY TAPE

READ (NT3} LABEL

READ (NT3) CQZsPLyRI+THZUEZ9XSTASZALIPR,IPRFL

HRITE {6+120) LABEL

READ (NT3) K.KTPH

READ (NT3)

READ (NT3}

IF (KoNEs (KRSTRT-{KTPW-K))) GD TO 10

READ (NT3} K,KTPW

READ (NT3) AQ,AOB,AO0BP.C,CPsCHI+DNsEPSPLyF24F2NF2NN,FCFCNLFCP,PR
1EQsROROE, T2, T2NoT2NNyTC» TCNy THy-THP s VC s XNo Y, YOVDEL y YOVTHT, YY

READ (NT3} CONVRG,CCRNISCRNI+DIFsDIFFs0IF1,DIF24NCyCFBAR, CFEREX,CF
1E+CFINFsCFRES3CFREY ¢+ CHyCHEDGE 3 CHOCF CHREY 4 DEL s DELST yDELTA, DSTARK, D
2STRAX s HAFCF, HGy HG1y HG2 4 QDOT +RETHETyREX STE4 STINF o THET, DELORF yOELOX

3+DSAXORyDSTODLDSTORFDSTOTH,DSTOXy ROREFL, THODEL, THOREF, XOREFL 4 ZOR.

4EFL 3 CFLy HGFAC L, HGFAC 2y QW SUMsALB s BO»EL,FF yF2NL o HW o TBa THNL » THL s T, T
S2N19T21 9 ViWy IADW KTW CFy PRy PRLy PRTJALP,ALPLl,BETA,DUEDS G +GAMEFF,HAL
6P ¢ HE, HESTAT , PE+ PESO PP ,RGAS, ROESD ;ROWE , ROWEP, TE, TESO yUE.UERD2,UESD
T2 XMy XMUE, XNUEP ¢ XMUSOy AMUINF y CXy HF Sy HEXI T4 PEXI T4 PFS9yREINF y RHOFS,TFS
By TINJUFS 3 XMA XMUFS y ANGLE4DS s DXy DX1 4 DXMAX s DXOLDs PNCy Ry RO4REFLEN, SCF
9y THSHOKy Xs XI s XI 2 XIOLD ¢ XOLD 9 XJAY g XJFAC y Z 9 ZOL 9y CQo CQL s FINJo KCQe K INJ»
SKNOINJ s KPGRADy IEy TTMAXy IMy IPRNT , ISTOP, ITH KLoKPD o XKVSLAWNEQIL s NEQL
SaNTToNITL NITZ2  NITI+NOSEZ LI+ IPFLy IPRINT » JJ oK, KADETA,KENDyKEP+KFS,yXK
$STOP s KDUMKTPHs KTRNSNs LAMTRBNITTOT 4 ADTESTSETAINF o XKETA J AMUREF ,CM5
$TDyHREF» POPRIM, PREF s RHOREF, RHOSTDy TREF, TREF], UREF 4 XMUREF,HSTAG,P10
S+ PSTAG+RHOSTG » T10 s TSTAG yCPRIMsNTL o NT2 5 NT34 NT4 NV ATRs CHICRT 9 CHIMAX
$+yGAMMA 4 XBAR , XIBARyKTRANS CSTAR EPSVD yOMEGA s VK 5 XK1 ¢ XK2 ¢ XMUINF

KRITEL =1 .

CALL WRITEl (KRITEIl

CALL WRITEZ2

RETURN

CONTINUE

READ (5,110) LABEL
TITLE CARD

WRITE (6,120} LABEL

READ (5490t NOSEsLAMTRB4KTRANS s KTRNSN

READ (5,901 1ADW,KTWsKPD,KFS

READ (5490} NIT1,NIT2,NIT3,NC

READ (5480} IE.KENDsIIMAX,ITH

READ (5490) KADETA,KLIPFLIPRINT

READ {5+50) KVSLAHW,KPGRAD,NV,NEQIL

READ (5+80) KLQ.KINJ2KNOINJ

READ (54130) CHICRT,XBAR:ATR.CQ:FINJ

READ (54130} TFS,UFS,XMA,REINF

READ {35130} BO,PRL,PRT,OMEGA

READ (5,130) XK1,XK2yCONVRGyADTEST

READ (54130) DX,CRNIyXKETA; ETAINFsREFLEN
READ {54130} XJFAC;ANGLE,THSHDK .G

READ {5+4130) TSTAG,TREF1,PS5TAG,PFSs+AMUREFsSCF
READ {5+130) POPRIM,CMSTD,GAMEFF,DXMAX

READ (54140} [IPR{J}sJ=1,1PRINT]

READ {5,140) {IPRFL{J},J=1.+1PFL)

J=0

J=d+1

READ (5+150) ZA{J)}4XSTA(JIsRZ(J)4PZLJ)sTHZ(JI+CQILIILLSTC
IF [LSTCEQ.LST) GO TO 40 .

GO TO 30

IIMAX=J

IPR{IPRINT#+1}=1IMAX+1 JlL

1F (NIT1.EQ.0) NIT1=3

IF (NIT1.LT.0) NIT1=0 ﬁ%ﬁ;&gkg PAay 1

IF (NIT2.£Q.0) NI1T2=6 B

IF (NIT3.EQ.0) NIT3=9 @alnazliﬁf
IF (KL.EQeO) KL=2

IF (ADTESToEQeDo0) ADTEST=0.0010

IF {CONVRGoEQe0+0) CONVRG=040010

IF (PRL .EQ.0.0’ PRL"-‘O. 70
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IF {ETAINF4EQ.0e0) ETAINF=100.0
IF {(XKETA4EQ.D.0) XKETA=1.,09

IF (IADW«NELO)} BO=1.0

IF {LAMTRB.EQ.,0) LAMTRB=1

IF (NOSELEQeN} NOSE=1

IF (XK14EQeQaO! XKL=0e40

IF (XK2.EQeD4.0) XK2=0.01680

IF {KINJoGT<IIMAX) KINJ=IIMAX

IF (KNOINJoGT+IIMAX} KNOINJ=IIMAX
IF {KTRNSMN.GT.IIMAX) KTRNSN=IIMAX.
TF {KTRNSNe EQe0) KTRNSN=1IMAX

RETURN
CONTINUE

WRITE INITIAL DATA ON RESTART TAPE

WRITE (NT3) LABEL

WRITE (NT3) CQZ:PlsRZ:THZ:UEZrXSTAsZA;IPR:IPRFL
RETURN

CONTINUE

KTPW=KTPW+NRSIRT

WRITE STATION DATA ON RESTART TAPE

WRITE (NT3) K.KTPW

WRITE {(NT3) AO;ADB.ADBP.C.CP.CHI DNy EPSPL, F2, F2NsF2NNFC,FCNSFCP4P
1REQsROROE T2 T2Ns T2NNyTCoTCNyTHy THPy VCy XN+ Yy YOVDEL»YOVTHT , YY

HRITE (NT3) CONVRGyCCRNIZCRNI+DIFsDIFFsDIF1,0IF24NC,CFBAR,CFBREXC
1FE,CFINFsCFRESy CFREYs CHy CHEDGE, CHOCF,CHREY ; DEL » DELST,DELTA,DSTARK s
2DSTRAXsHAFCF y HG +HGL yHG2 QDO VY yRETHE T yREX + STE 4 STINF , THET 4 DELORF 4 DELD
3%+ DSAXOR,DSTODL s OSTORFy DSTOTHy DSTOXROREFL » THODEL » THOREF ¢ XOREFL 420
4REFLsCF) 4 HOFACL +HGFAC2 3 QW4 SUMyALB yBO s E1 FFy F2NLsHWy TBo THN1, THI, THy
S5T2N1sT21 9 Vi s IADW s KTHCF s PRyPRL s PRT3ALPALPLsBETAyDUEDS s GyGAMEFF4HA
6LPyHE, HESTAT +PE+PESO+ PPy RGAS, ROESQ 4 ROWE ROWEP ; TEy TESO4UE, UERD2Z 4 UES
T0 ¢ XMy XMUE s XMUEP ¢ XMUSO s AMUINF » CX ¢ HFS s HEXIT 4 PEXIT4 PFSs REINF,RHOFS,,TF
859 TINSUFS 4 XMA  XMUFS s ANGLE,DSyDX+DXY yDXMAX, OXOLD ¢ PNC 4Ry RO, REFLEN,SC
IF s THSHOK $ X 9 XTI s X I2 4 X TOL Do XOL Dy XJAY s XJFAC, 24 701 s CQs CQL+ FINJKCQo KINJ

$sKNOINJ g KPGRAD o IE s I IMAXy IMy EPRNT, ISTOP s ITHs KL KPDyKVSLAW . NEQILyNEQ

SLeNIToNITEy NITZyNIT3,NDSEy I1, IPFLoIPRINT s JJ 4K oKADETAKEND JKEP,KFSy
SKSTOP4KSTRT KTPWy KTRNSN +LAMTRBy NETTOT ADTEST ,ETAINF ¢ XKETA, AMUREF,C
$MSTDsHREF +POPRIM, PREF yRHOREF 4 RHOSTD s TREF 3 TREF 1 yUREF y XMUREF s HSTAG, P
$104PSTAGyRHOSTGs T10, TSTAG)CPR My NTLaNT2yNT3,NT4sNVsATRyCHICRT,CHIM
SAXsGAMMA s XBARSXIBAR+KTRANS CSTAR:EPSVD;CHEGA:VKvXKI’XKZ;XHUINF
WRITE €64160) K+KTPHW

RETURN

FORMAT (24X,83HPROGRAM LTBLCEQL [LAMINAR AND/GR TURBULENT BOUNDARY
1 LAYERS IN CHEMICAL EQUILIBRIUMI/60X,13HA PROGRAM FOR/22X,89HZ2-D A
2ND AXISYMMETRIC NONREACTING PERFECT GAS AND EQUILIBRIUM CHEMICALLY
3 REACTING LAMINAR,/42X49HTRANSITIONAL AND/OR TURBUL ENT BOUNDARY-L
4AYER FLOW/66X,2HBY/44Xs46HEe Ca ANDERSUNy; Eo. We MINER AND Co He
5 LEWIS/53X,27THAEROSPACE ENGINEERING DEPT4/41X,51HVIRGINIA POLYTECH
6NIC INSTITUTE AND STATE UNIVERSITY/56X:21HBLACKSBURG, VA. 24061/56
TX+22HPHONE - {703 )}-552-6126/29X+76HPROGRAM DEYELOPED UNDER CONTRAC
8T NAS1-9337 WITH NASA LANGLEY RESEARCH CENTER}

FORMAT (4(T7X,13)}

FORMAT (418X,12)}

FORMAT (1H0,2X,28HPROGRAM RESTARTEDs KRSTRT =, 14}

FORMAT (18A%)

FORMAT {1HO,38X,18A4///7)

FORMAT (6F12,6)

FORMAT (1415)

FORMAT (6EL2,6,A4) .

FORMAT {1HO,26HRESTART TAPE WRITTENs K =,14,2X,6HKTPH =,14/7//7)

END ¢
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SUBROUTINE REFSUB
SUBROUTINE REFSUB IS CALLED 8Y SUBROUTINE INIT.

CALCULATES TSTAG FROM TFS AND XMA
QR TFS FROM TSTAG AND XMA

UFS FROM TF35 AND XMA

PSTAG FROM PFS AND XMA
OR PFS FROM PSTAG AND XMA

RHOFS FROM PFS AND TFS

TREF1 AND AMUREF ARE USED TO CALCULATE REINF IF THE
INPUT VALUE OF REINF. 15 0.0

COMMON /EDGPRP/ ALP+ALP1+BETA,DUEDS Gy GAMEFFyHALPs HEs HESTAT,PE,PES
10.PP.RGAS,RGESO'ROHEvRGHEP:TE,TESO,UE:UERDZ:UESG.XH.XMUE'XHUEP'XHU
250

COMMON /FRSTRM/ AHUINF.CXrHFS'HEXIT'PEXIT;PFS REINFyRHOFS, TFS,TIN,
1UFS s XMA» XMUFS

COMMON /GEOME/ ANGLE, 054 DXyDX1yDXMAXy DXOLD,PNCsR,RO,REFLEN,SCF,THS
1HOK s Xs XTI o X[ 24 XTOLD s XOLD s XJAY 4 XJFAC 2, Z0L

COMMON /REF/ AHUREFsCMSTD'HREFoPOPRIM:PREF.RHOREF,RHUS?D,TREF,TREF
11,UREF ¢ XMUREF

COMMON /STAG/ HSTAGrPlO'PSTAG,RHOSTG.TIO,TSTAG

IF (TSTAG.EQe0s 0o ANDe TFSaNE&Oe0) TSTAG=TFS*{1.04({5~140)/2.0%XHA¥%*2
11

{F {TFSeNE40«0} GO 10 10

IF (TSTAG.NEaU.0} TFS—TSTAG/(1.0+(G-1.0l12.0*xHAt*2)

1IF (XMA4NE.0«0) UFS=XMA*{GKTFS*R)*#) 450

IF {PFSeNEeDeD) PSTAG=PFSk(1,04{G-140)/2,0%XMAR¥2)*¥{G/(G-1.0))

IF (PFSeNE.040) GO TO 20 .

IF (PFSeEQoDe0aANDe PSTAGeNEe 0o} PFS=PSTAG/{{1e0#(5-140)/2,0%XMA%X
121%%(G/ (G~1.01})) -7

IF {PFSeNEeGe0) RHOFS*PFS*144.0I(R#TFS)

IF (TREF1NEe0s0oANDLAMUREF (NEs0.0) AMUINF={TREF1+198.60}/{TF5+198
1. 60)% { TES/TREFL ) %#1 4, 50% AMUREF

IF {(TREFle.EQe0a0) AMUINF=0.0

IF (REINF.EQa0.0) REINF= RHOFS*UFSIAHUINFISCF

RETURN

END

SUBROUTINE RHOMU {OMEGA,TH,:C+DCDTH,VK)
SUBROUT INE RHOMU IS CALLED BY SUBROUTINE EFFMU.

SUBROUTINE RHOMU GALCULATES (RHO%#MU)/(RHOE#MUE} CORRESPONDING TO
T/TE.

IF {OMEGA +EQ. 0) USES SUTHERLAND LAW

IF (OMEGA .NE. 0) USES POWER LAW

IF {THelEeQa) TH=1leE-6
IF {OMEGAGNE.O.) 60 TO 10

SUTHERLAND LAW
C=TH#**045%{1le+VK)/ (THHVK]}
DCDTH=C*{ VK—~TH) /{ 2¢ ¥ THE { TH+ VK} }
RETURN

POWER LAW
C=THEk{OMEGA-1.}

DCOTH={ OMEGA—1+ } *TH** (OMEGA—24 }

RETURN
END
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SUBROUTINE SLOW (XX9ZsI19JL 41T +NVoNERR)
SUBROUTINE SLOMW CALLS. SUBROUT INE INTERS.

SUBROUTINE SLOW IS CALLED BY SUBRGUTiNES BLUNT1, EDGEs EQLDTA,
NOZLEls PROPy WALL, AND WDGFPl,. .

EACH CALL TO THE SUBROUTINE SLOW.RETURNS A THERMODYNAMIC OR
TRANSPORT PROPERTY VALUEe THE VALUE IS OBTAINED BY INTERPOLATION
FROM THE. DATA READ FROM THE GAS_PROPERTY TAPEe - SUBROUTINE SLGH
“IS”USED ONLY FOR EQUILIBRIUM GAS SOLUTIONS.

DIMENSION X(5), Y(5,6,100)}s 2(9}s Y2{6,100)

NERR=0

IF ([JKeNEL301) XXI=10e0%k20
IF {IJKeNE.301) GO TO 10

IF [XX«GToX{2)]! GO TO 10

IF {XXeGEaX(4)) GO TO 50
BACKSPACE IT

BACKSPACE IT

GO TO 20

REWIND IT

I JK=301

READ (IT) X1l.J44

READ (IT)

IFf {X1.GT.XX} GO TO 20

0O 30 K=1ly6

BACKSPACE IT

CONTINUE

DO 40 K=1,5

READ {IT} X(K),JdJ

READ (IT) ({YiK.sI,L)31=1,100},1=1,NV}
CONT INUE . -
CONYINUE

IF (XX« EQeXX1l) GO TO 80

DO 70 I=l.NV

DO 60 L=1,J4J

CALL INTERS (XXsX{1)eXU2)sXU3) o XUaha XIS s (1 alpbdaY(291+L)sY(341,L

23eY (4ol L )oY {SeIaLdeY¥2{ 1L 3} .
CONTINUE

CONTINUE

CONTINUE

MHM=0

MM=MM+1

IF (Z{I1}.LTeY2{1Ik4NMM}) GO TO 90
IF (Y2({1,MM)eLT+600,0) GO TO 100
IF (MMaLTo3) MM=3

IF (MMaGTolJd—21) MM=JJ-2

CALL INTERS (Z(I1)+Y2(E1,MM=-20,Y2{11sMM=1),Y2{ 1 +MM},Y2{TI2,MM+1) Y
12411 o MM#2) o Y2 {1 s MH=2) s Y2 {IL yMH-1 D5 YZ{ 2, MMy Y2(JL oMM+ 1) 4 Y2{ 14 MM+

22)+2041))
XX1=XX
RETURN
CONTEINUE

2{J1)=Y2(J1,MH]~ (YZ(JI;HH)-YZIJI'HH—I!ll(YZ(I11HH] =-Y2(I1lsMM-1})*(Y

12{I11, M) -2(11 )}
XX1=XX

REYURN

END
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SUBROUTINE SOLVE (WINNeWINeWiyW2NNsW2N,W2,E1,F11,CRNI)
SUBROUT INE SOLVE CALLS SUBROUTINE DERIV3.
SUBROUTINE SOLVE IS CALLED BY SUBRDUTINES ENERGY AND MOMENT.

SUBROUTINE SOLVE CALCULATES THE SOLUTION FOR A GENERAL PARABOL IC
PARTIAL DIFFERENTIAL EQUATION WHEN THE P,DsEs IS REPRESENTED BY A
SYSTEM OF IMPLICIT, THREE POINT FINITE DIFFERENCE EQUATIONS.

COMMON /ARRAYL/ AG(101),A0B(101),A0B8P{101) ,A1{101)+,A2{101),A3{101)
1,A4(101),C1{101),CIN{101}),C(201?,CP{101)},CHI{10L),DN{102),DN2(102)
2)EPSO(1011,EPSPL(101)5F1(101),FLN(LIDL),FINN{101),F2{101),F2N(101),
3F2NN{101Y9FCL{101),FCN{101)}+FCP(101},PREQIL01)4RORDE(10L),TL(101},T
4LN{101 ) TINN(IDL),T2{2102) T2ZN(LOL1), T2ZNN{L10L), TCL10L), TCN{1OL} » TH(1
501) s THP{LOL),VC(1O0L) o XN(LO2),XN2{1D2},Y{101), YOVDEL (101 ),YOVTHT {10
6l),YY{1l0L1)

COMMON /GEQME/ ANGLE,DS ¢ 0Xy DX14 DXMAX, DXOLD4PNCyRyRO4REFLENy SCFs THS
IHIK e X9 X1y XI 2 XI OLD 3 XOLD s XJAY ¢ XJFACZ Z20L

COMMON ZINTGR/ IEsIIMAX,IMy IPRNTISTOP,ITH KL, KPD:KVSLAN:NEQIL'NEQ
1L 4NITsNIT1+ NI ¥2,NIT3, NOSE

DIMENSION E{201), F{201)

DIMENSION W2NN{1}s W2N(1), W2(L1}, HlNNlllg‘ﬂlNIIL, WL{l)
E{1)=E1

F(1)=Fl1

DO 10 N=2.IM

A=(2400-A1( NJSDNEN) 1/ {DN{N= 1) % {DNIN) +DN{N-1) ) }#CRNT

B={ (~2.0+AL {N)* {DN(NI=DN{N—1) )}/ (DN{NI*ON{N-1) J+AZ2{ N} }*CRNI +A4(N) /
108

Ce= (2.00+A1(NI*DN(N~1)II(DNIN)*(DN(N)iDN(N-ll}i*CRNi
D-—(HINN(NI+A1(N)*HlN(Nl*AZ(N)*HlLNI}*(l.OO-CRNIl A3(N) +A4{N]*W1{N
Li/Ds

E{N)==CC/ (B+A%E(N-Y))

FINI={D-A*F{N=-11) /(B+A®E(N-1)}

W2(1E)=1.00

KON=1IM

DO 20 N=2.lE

WZ{KON)=E({KON)#*W2 (KON+1)+F{KON}

KON=KON-1

CALL DERIV3 (W2+XNsIEs} W2N)

CALL OERIV3 (HZN;XN,IE;I-HZNN}

RE TURN 8

END

SUBROUTINE VISCO (CGMEGA,T,XMUJ}

SUBROUT INE VISCO IS CALLED BY MAIN AND SUBROUTINES BLUNTL, BLUNT2,
NGZLEYl, NOZLE2, AND WDGFPl.

SUBROUT INE VISCOD CALCULATES MU/MUREF CORRESPONDING TO T/TREF.

IF (CMEGA «EQs O} USES SUTHERLAND (AW
IF {(OMEGA WNE. 0) USES POWER LAW

COGMMON /SUTH/ CPRIM

IF {OMEGA.NE-Os} GO TC 10

SUTHERLAND L AW g‘RIGIN ;
Y. Pogp 1+ PAGR
XMU= (14 +CPRIM}/ {THCPRIM)#{ THxk1, 5) : R@LMQ’@?

RETURN 5
POWER £ AH

XMU=TRx(MEGA

RETURN

END
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SUBROUTINE WALL

SUBROUTINE WALL CALLS SUBROUTINES INTERS AND SLON.

SUBROUTINE WALL IS CALLED BY MAIN.

THIS SUBROUTINE CALCULATES THE WALL BOUNDARY CONDITIONS.

COMMON /ARRAY1/ A0(1o1i,Aoat101&,AoBP(1o1),A1({01),A2(1011.A3(1011

'ZsEPSOIIOI)sEPSPL(lol)'Fl(101)1F1N(101)'FlNN(lOngFleOlloF2N(101)v

3F2NNI101),FC(301),FCN(101)},FCP{101),PREQ{101),ROROE(1I01},TL(10L),T
4LN{E0L}, TINN{LIDL),T2(1013,TON{10L), T2NN(1O01)},TC{I0L) 4 TCN(LOL) o TH(L
501} s THP(101) 4 VC{1001) o XN{102),XN2{202),Y{101), YOVDEL {101 )}, YOVTHTI(L10O
61),YY(1011}

COMMON /ARRAY2/ PZ(501)+RZ(501),TWZI(501),UEZ(501),XSTA{501),ZA(501
1), IPRO10L),IPRFL{LIOL)

COMMON /CNVERG/ CONVRG.CCRNI.CRNI:DIF,DIFFgDIFI'DIFZsNC

COMMON /COMWLL/ ALB+BOsELsFFe FENLyHW s TByTHNL s THL, THy T2NLsT21sVH, 1A
10W,KTH

COMMON /EDGPRP/ ALP,ALPL,BETA,DUEDSG+GAMEFFsHALPsHEHESTATPELPES
104 PPyRGASsROESD s ROWEyROWEP s TE4TESD UEL,UERD2yUESD s XMy XMUEy XMUEP o XM
250

COMMON /GEOME/ ANGLEsDSsDXsDX1yDXMAX,DXOLD ¢yPNC,R,RO,REFLEN,SCF,THS
IHOK ¢ Xe X1 9 X12 s XTOLD» XOLD ¢ X JAY »X JFAC, Z4-Z0L

COMMON /INJECT/ CQZI(5013,0Q,CQLyFINJyKCQyKINJ4KNOINJ +KPGRAD
COMMON /INTGR/ YIE2IIMAX. IMs IPRNT,ISTOP,ITH,KL,KPD,KVSLAN,NEQIL,NEQ
L yNIT4NITLsNIT2 4NIT3,NOSE

COMMON /REF/ AMUREF+CMSTDyHREF,POPRIM,PREF, RHOREF,RHOSTD,TREF,TREF
11 yUREF s XMUREF .

COMMON /STAG/ HSTAG.PLO+PSTAGyRHOSTG, TIO'TSTAG

COMMON /TAPENV/ NTL NT2:NT3,NT4,NV

COMMON /VSCSTY/S CSTARSEPSVODsOMEGAsVKeXK1+XK2y XMUINF

DIMENSION Z2(9)

IF (KTH.EQ.0) GO TO 20
CALCULATE TW

JT=0

JT=4T+1

IF [XeGTeXSTA(JT)) GO YO 10

IF (JTelTe3) JT=3

IF {(JT«GTa(IIMAX-2)) JT=TIMAX-2

CALL INTERS (XcXSTA(JT-2)vXSTA(JT-Li1XSTA{JT);XSTA(JT+1lyKSTA(JT+2
L)y THZLJT=2) s TWEZLJT=1) o THZEJTI s THZ(ST+1) s TWZ{LT+2) 5y TH)
BO=TH/TSTAG

If INEQILoNEsO) TW=TH/TREF

CONTINUE

IF {KCQ.EQ.0} GO TO 40

CALCULATE €Q
IF (XaLE+XSTA(KINJY) GO TO 40
IF (X.GT.XSTA(KNGINJI) GO TO 40
JT=KINJ
dT=JT+1

IF (X«GTaXS5TA(JT)) GO TO 30

IF (JTelTo{KINJ+2)) JT=KINJ+2

IF (JTaGTe (KNOINJ=2)) JT=KNOINJ-2

CALL INTERS (XyXSTAlJT-Zi'XSTA(JT-ll'XSTA(JTl,XSTA(JT+1)oXSTA(JT+2
1)sCQI{IT=2),CQZCIT-13,CQZ(JT ), CQZLITHL)4CQZIIT+2),CQ)

CONTINUE

IF (ROcEQeDeD) VW=CQ/(EPSVD*SQRT{ROWE*XMUE*DUEDS* [ XJFAC+1.0)})
IF (ROeNEaOs0) VW=CQ®SQRT{2.0%XI)}/ {XMUE*RO**XSFAC*ROWE=UE®EPSVD)
IF (CQusNEsQoDANDSFINJANELDWeO) VW==FINJ

DIF=CONVRG .

IF (1ADWeEQ.0) GO TO 60

ADIABATIC WALL
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T21=T2{1}

C11={DN{2)+2.04DN{L}) /{DN{1)*{ON{2)+DN{1})}
GW=TC(2)*(DN(2)+DN{1) )/ {ON{2)%DN(L1) b=TC{3)#DN(L1 )/ (DN{ 2} *(DN{1)+DN{(

12)))
GW=GW/CL11
IF [NEQIL.NE.O]l GO TQ 50

PERFECT GAS

THIL)=GW*ALP1
HW=TH{(1 ) #HE
T2{L)=CH
TB=GW

GO TO 80
CONTINUE

EQUILIBRIUM GAS

PATMS=PE*PREF/2116.2240
PLOG=ALOG10 {PATMS}
HW=GW
HOR=HW¥HREF/(R¥148)
HORL=ALOG10 {HOR)
LZ{2)=HORL

CALL SLOW (PLOGs2Z+2,1,NT24NV,NERR}
TW=ZZ(1}/TREF*].80
THELY=TW/TE

TBe=HW

60 TO 8¢

CONTINUE

NON-ACIABATIC WALL

TW=B80*T10 ’
IF [NEQIL.NE,O) GO TO 70

PERFECT GAS

HW=B0*HE
"TH{L)=TW/TE
T2(1¥=B0O
T8=BO

G0 TO 80

EQUILIBRIUM GAS

TSTR=TW*TREF/1. 80
22{1)=TSTR
PSTR=PE*PREF
PATHS=PSTR/ 2116,2240
PLOG=ALOG1O {PATMS)
CALL SLOW (PLOG.ZZ41,24NT2+NV,NERR)
HORLOG=2Z(2}
H=10.0%¥*HORLOG*R*1.8
TH{L)=THW/TE

HW=H/ HREF
T2{1}=HW/HE

TB=T2(1}

CONTINUE

TC{11=78

RETURN

END

-147-

OBy

o) @#@

AC 73
AC T4
AC 75
AC 76
AC 77
AC 78
AC 79
AC 80
AC 81
AC 82
AC 83
AC 84
AC ™ 85
AC 86
AC 87
AC 88
AC 89
AC 90
AC 91
AC 92
AC 93
AC 94
AC 95
AC 96
AC 97
AC 98
AC 99
AC 100
AC 101
AC 102
AC 103
AC 104
AC 105
AC 106
AC 107
AC 108
AC 109
AC 110
AC 111
AC 112
AC 113
AC 114
AC 115
AC 116
AC 117
AC 118
AC 119
AC 120
AC 121
AC 122
AC 123
AC 124
AC 125
AC 126
AC 127
AC 128
AC 129
AC 130
AC 131
AC 132
AC 133
AC 134
AC 135-

IQQGHB_Eg


http:TSTR=TW*TREF/1.80
http:NEQIL.NE.OI
http:TW=ZZ(I)/TREF*1.80
http:NEQIL.NE.0j

OO0 00

2R elz! o0 O

SUBROUT INE WDGFP1
SUBROUT INE WOGFP1 CALLS SUBROUTINES DENSIT, SLOWs AND VISCO.
SUBROUTINE WDGFP1 1S CALLED-8Y SUBROUTINE GEON.

SUBROUTINE WOGFP1 CALCULATES THE EDGE AND REFERE&CE PROPERTIES
FOR A WEDGE DR A FLAT PLATE "AT THE INITIAL VALUE OF Xe

COMMON /EDGPRP/ ALP:ALPI;BETA,DUEDS:G:GANEFF:HALP'HE,HESTAT PE, PES
10:??:RGAS:RUESOgRUHE'RUHEP:TE'TESOsUE'UERDZgUE$01XH'XHUE,XHUEP,XHU
250

COMMON /FRSTRM/ AMUINFgy CX!HFS;HEXIT:PEX]T PFSsREINF,RHOFS, TF5,TIN,
LIFS s XMA, XMUFS

COMMON /GEOME/ ANGLE'DS:DXQDXI'DXHAK:DXULD|PNC!R!RU:REFLEN:SCF,THS
IHOK s X+ XY s XI2 XIOLD » XOLD s XJAY 2 XJFAC,2Z,20L

COMMON / INTGR/ IEyIIHAXs}HQIPRNT!ISTUP’ITH,KL,KPD KVSLAW, NEQIL oNEQ
ILoNITSNITL,NIT2,NIT3, NOSE

COMMGN /REF/ AMUREF CMSTDsHREF, POPRIH’PREF'RHDREF!RHGSTD'TREF'TREF
11 ,UREF, XMUREF

COMMON /STAG/ HSTAGsP10,PSTAG,RHOSTG,T10+TSTAG

COMMON /SUTH/ CPRIM

COMMON /TAPENV/ NTLgNT24NT34NT 4NV

COMMON /VSCSTY/ CSTARLEPSVD,OMEGAV Ky XK19XK2y XMUINF

DIMENSION 2Z19)

IF (NEQIL.EGQel} GO TO 10
PERFECT GAS SOLUTION FOR A FLAT PLATE

T10=04 50+1. 0Q/{ XMAXXMA* (G—1,001})

PLO={{{(G¥+1s JERXMARXMAI/ 20 ) ¥R(G/ (G~La0)) I {{G+1e0)/{ 2. OFGRXMARXMA~
1HG~1e0) )} *% [ 1.0/(G-1e 0} } ) 7{ GEXMAXXMA)
XMACHS=XMA®*2

UF S=XMA* ( SQRT{G*TFS*R} )
CPRIME=CSTAR/{{G-1.001%XMACHS*TF S}
CPRIM=CPRIME

THSHOK=THSHOK*3, 1415930/180,0
XMTHSK=XMA*SIN{THSHOK }

IF {THSHOK.EQ.0.0] XMTHSK=1.0

XMTHSQ= XMTHSK*x%2
SINVH=SINC(ANGLE*3,141590/180.,0}
ANGLE=ANGLE*3,141590/180,0 )
UESO={1a0—40%{ { XMTHSO- 3,01 % (G XMTHSO+1a0} } 7L {G+1 o0 ) 22 B XMAREZERXMT
1HSQ) ) #¥0,50
TESO‘(Z.O*G*XHTHSQ-{G-I.OJ]*((G-I-O)*XHTHSQ+Z.O)/((G-l-O)*XHA**Z*(
16+140 )42 XMTHSQ) .

PESQO={ 2. 0%GEXMTHSA~(G=1.0) ) /{(G+1 .0} RkGRXMA%K2 )

TE=TESD

PE=PESO

UE=UESO

WRITE (6,40} T1i0,P10

WRITE (6,50} UESD,TESD,PESO

CALL DENSIT (ROWEsPEsTE}

CALL VISCO (CHEGAsTE, XMUE}

ROE SO=ROWE

XMUSO=XMUE

DUEDS=0.0

PNC=0e0

BETA=0.0

PP=04.0

R0=1.0

ALP=UE**2/TE

UERDZ2=UE

XMUEP=XMUE

ROWEP=ROKE

HE=T10

RETURN

CONT.INUE
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EQUILIBRIUM GAS SOLUTION FOR A FLAT PLATE AD T3

AD T4

PATMS=PFS#¥144,0/2116,2240 AD T5
PL=ALOGLO ( PATHS } AD 76
TDGRK=TFS /1. 80 AD 77
ZZ{LISTDGRK AD T8
DO 20 J=2,6 AD 79
CALL SLOW {PL,ZZs1,JsNT2,NV,NERR} AD 80
CONTINUE AD -81
HF$=104 0%%22(2)*RGAS*] .8 AD 82
RHOFS=10.0*%ZZ{ 3)*RHOSTD AD 83
XMUFS=27(4) AD 84
CX=ZZ(5)*RGAS AD 85
HSTAG=HFS+UFS*%2/2,0 AD 86
PSTAG=PF$*144,0+RHOFS*UFS*%2/2.0 " AD 87
PATMS=PSTAG/211642240 AD 88
PL=ALOG10O ({PATMS ) AD 89
HOR=HSTAG/{RGAS*1.8) AD 90
HORL=ALOGLO(HOR) AD 91
12{2)=HORL AD 92
00 30 J=1,.3 AD 93
IF {JaEQ42) GO TO 30 AD 94
CALL SLOW (PLsZ242+JsNT24NV,NERR) AD: 95
CONTINUE AD 96
TSTAG=Z2Z(1)*1,80 AD 97
RHOSTG=1040%%27 {3 }*RHOST O AD 98
HREF=UF §%%2 AD 99
UREF=UFS AD 100
RHOREF=RHOFS © AD 101
TREF=UF $*%2/CX AD 102
PREF=RHOFSHUFS*#2 AD 103
PATMS=PREF/211642240 AD 104
PL=ALDGIO(PATMS ) AD 105
HOR=HREF/ (RGAS*1.8} . AD 106
HORL=ALOG1O(HOR) AD 107
2Z{2)=HORL A AD 108
CALL SLOW (PL3ZZy2+49NT2,NV4NERR) - AD 109
XMUREF=2721{4) AD 110
XMU INF= XMUF S/ XMUREF AD 111
HE=HSTAG/HREF AD 112
HESTAT=HF S/HREF AD 113
P1O=PST AG/PREF AD 114
T10=TSTAG/TREF AD 115
PE=PFS/PREF*14440 AD 116
TE=TFS/TREF AD 117
‘ROWE=RHOF S/ RHOREF. AD 118
XMUE= XMUF S/ XMUREF AD 119
TESO=TE AD 120
PESO=PE AD 121
UESO=UE AD 122
ROESD=ROWE AD 123
XMUSD=XMUE AD 124
UERD2=UE AD 125
XMUEP=XMUE AD 126
ROWEP=ROME AD 127
DUEDS=0 .0 AD 128
PNC=0.0 AD 129
BETA=0.0 AD 130
PP=0.0 AD 131
ALP=UE**2/HESTAT AD 132
WRITE (6,40) T10,P10 AD 133
WRETE (6450) UES0.TESO,PESO AD 134
RETURN AD 135
AD 136

AD 137

AD 138

FORMAT {(3H ,2X,4HT10=,E15.7:2X,4HPLO=,E15.7/) AD 139
FORMAT {9H UESO= ,E15.7,8H TESO= ,£15.7¢9H PESO= ,LE15.7) AD 140
END AD 141-
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SUBROUT INE WDGFP2
SUBROUTINE HWOGFP2 IS CALLED 8Y SUPRPUTINE EGPROP,

SUBROUTINE WDGEPZ PROVIDES THE EDGE PROPERTIES FOR A WEDGE OR A
FLAT PLATE AT THE- VALUES OF X AFTER THE INITIAL VALUE OF X.

COMMON /EDGPRP/ ALP,ALP1sBETA, DUEDSy Gs GAMEFFy HALP.y HE4 HESTAT ,PESPES
104PP ,RGASsROE SO s RONE ROWEP y TE ¢ TES0 s UE o UERD2 s UESD s X My X MU E 9 X HUEP 5 XMU
250

"COMMON /GEOME/ ANGLEy DS sDX s DXLy DXMAX, DXOLD, PNC Ry RO»REFLEN, SCEy THS
LHOK 3 Xy XI5 XE 29 XIOLD ¢ XOLD 3 XJAY s XIFAC s Z 4 ZOL

EDGE CONDITIONS CONSTANT AND éOHPUTED IN WDGFP1

TE=TESCO
UE=UESO
ROWE=ROESO
XMUE=XMUSO
DUEDS=0.0
RO=1l.0
I=X*kCOSCANGLE)
RETURN

END

SUBROUTINE WRITEXL {(KRITEl)}
SUBROUTINE WRITEL IS CALLED BY MAIN AND SUBROUTINE READINa

THIS SUBROUTINE PROVIDES THE OUTPUT OF THE INPUT DATA AND THE
INITIALIZED DATA. .

COMMON /ARRAY2/ PZ(501),RZ(501),THWZI501),UEZ(501),XSTAIS0L1),ZA(50L
1), IPR{10L }, IPRFLI10OL}

COMMON /CNVERGS CONVRG,CCRNILZCRNI, DIF,DIFF,DIFI'DIFZ:NC

COMMON /COMMLL/ Al1B,BO,El.FF,F2N1, HH,TB,THNI,THI,TH:?ZNI:TZItVH,IA
IDW:KTHW

COMMON /CFPR/ CF,PR4PRL+PRT

COMMON /EDGPRP/ ALP+ALP1+BETAsDUEDS +GsGAMEFF sHALPyHE yHESTAT»PE4+PES
10 4PP+RGASyROESD 4 RONEs RONEPy TEy TESO4UEs UERD 2, UESD 9 XM 9 XMUE » XMUEP 4 XMU
250 .

COMMON /FRSTRM/ AMUINFs CXyHFSsHEXIT+PEXITPFSsREINF yRHOFS+TFS+TIN,
LUF Sy XMA » XMUF S

COMMON /GEOME/ ANGLE,+DSDXsDX1yDXMAX 4DXOLD ¢PNCsRyRO,REFLENsSCFsTHS
THOK: X X1 X124, XTIOLD+XOLD s XJAY 4 XJFAC, 2, 20L

COMMON /INJECT/ CQZ(501}.CQ+COL4FINJSKCQsKINJLKNOINJsKPGRAD

COMMON /INTGR/ IEsLIMAXsIMsIPRNT+ISTOPsITH +KLsKPDKVSLAW, NEQIL 4NED
1L +NIT+NITLsNIT2,4NIT3,NOSE

COMMON /NTEGER/ 11, IPFL,IPRINT!JJ'K'KADETA’KENDIKEP!KFS'KSTOP'KSTR
IT+KTPHs KTRNSNy LAMTRBy NITTOT

COMMON /NMLCRD/ ADTEST, ETAINF,XKETA

COMMEN /REF/ AMUREFsCMSTDyHREF,POPRIM,PREF,RHOREF;RHOST D, TREF,TREF
11 s UREFs XHUREF

COMMON /STAG/ HSTAGsPL10+PSTAGyRHOSTG.T10,TSTAG

COMMON /STRT/ KRSTRTsNRSTRT -

COMMON /TAPENV/ NTLyNT24NT3,NT4,NV

COMMON /TRANS/ ATR,CHICRT,CHIMAX,GAMMA, XBAR,; XIBAR,KTRANS

COMMON /VSCSTY/ CSTARSEPSVDOMEGA VK 3 XK1 3 XK2 4 XMUINF

IF (KRITEL.EQ.2) GO TO SO

WRITE (6+60) KRSTRTsNRSTRT ¢NTL,NT2,NT3,NT4

WRITE (6470) NOSE,LAMTRB,KTRANS KTRNSN,IADNW,KTWsKPDyKFS
WRITE (6480} NIT1oNIT24NIT3,NC,IE4KEND,ITIMAX,ITH

HRITE (6+90) KADETAKLy IPFL+IPRINT 4KVSLAW,KPGRAD, NV+NEQL
WRITE (6,100) KCQsKINJoKNOINJSCQoFINJ

WRITE (6,110) TFSsUFS¢XMAsREINF,TENy XMUINF
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IF {(KFS.NE.O) WRITE (&4120] PFS+RHOFS.PSTAG,TSTAG AF

IF (TREF1eGT4la0) WRITE {64130} TREF1,AMUREF,AMUINF AF

WRITE (6,140) CHICRT.XBARLATR AF
WRITE (64150) BOsPRL,sPRT,OMEGAsXKXsXK2 AF
WRITE (6+160) CONVRG+ADTEST +CRNIXKETA: ETAINF AF
WRITE (64170} GyEPSYD,SCF,REFLEN . AF
WRITE (654180} XJFACANGLE,THSHOK,DX1yDXMAX AF
WRITE {6:190) POPRIM,CMSTD,GAMEFF,RHOSTD AF
WRITE (64200} CXyRyXMA. AF
WRITE (64210) {IPR(JIoJ=1, IPRINT! AF

WRITE {64220) (IPRFL(J} 4J=1,5PFL) AF
HRITE {64230} AF

IF {KCQoNEJO} GO TO 30 AF

DO 10 J=1;1IMAX AF

10 CQZ{J)=0,0 AF
DO 20 J=KINJy KNOINJ AF

20 CQzZid)=CO AF
30 CONT INUE AF
0O 40 J=1,11MAX AF

t AF
IF {NOSEoEQe2) UEZ{JI=140 AF

c ] AF
c ddikkdke® FOR FLAT PLATE *kikskkkkikkkihkkrtkkfkhkiREkks AF
c . AF
WRITE (64240) JyZA(J) ¢RZ{2) $XSTA(J) 4PZLJIJUEZ(J ) TWZ(J),CAZ(J) AF

40 CONT INUE AF
WRITE {64250} AF

RE TURN AF

50 CONTINUE AF
WRITE (6,260} AF

WRITE (6,270} . ] AF

WRITE {6,280) PSTAGsTSTAG,HSTAG,RHOSTG AF

WRITE (6,290) PFS,TFSsHFESyRHOFS AF

WRITE (64300) UFS,XMUFSCX,REINF,XMA AF
HRITE (6,4310) PREF, TREF, HREF AF

WRITE {6,320} RHOREF+XMUREF JUREF AF
RETURN AF

c . AF
¢ AF
¢ AF
60 FORMAT (1HO ¢2X,9HKRSTRT = ,I3,11Hy NRSTRT = ,[248Hy NT1 = ,I12+8H,s AF
INT2 = ,1248Hy NT3 = ,1248Hy NT& = ,12) AF

70 FORMAT {(lHDs2X, THNOSE = ,I1,11H, LAMYRB = 4I1,11H,s KTRANS = ,I1,11 AF
1H, KTRNSN = ,1349Hs IAOW = ,I1,8H, KIW = ,I1,8H, KPD = ,11,8H, KFS AF

2 = ,1I1) . AF

80 FORMAT (1HD,2X,7HNIT1 = ,12,9Hs NIT2 = 412,9H, NIT3 = ,12,7Hs NC = AF
1 2i2¢7Hs IE = 4I3,9Hy KEND = 913410H, . I1IMAX = ;I3+8Hy ITH = 13} AF

90 FORMAT (1HO.2X,9HKADETA = 'ir_l'?H’ KL = ’I].'gH' IPFL = |l3111H1 IPR AF
1INT = ,I3s13Hs KVSLAW = oI1511Hy KPGRAD = ;I1,THy NV = ,12910H, NE AF

20IL = 411} AF

100  FORMAT (1HOD¢2Xy6HKCQ = oI1,9Hy KINJ = 2I3,11H, KNOINJ = ,13+7Hs CQ AF
1 = |F12-6f9H1 FINJ = tFlch} AF

110 FORMAT (1HO32Xy6HTFS = oF124648Hy UFS = sF124649Hy MINF = F9.5,10 AF
1Hy REINF = 91PEl4eT+8Hy, TIN = yOPFl0e6:111Hy XMUINF = ,F10456) AF

120  FORMAT (1HD,2X,6HPFS = 5F10,6+10H, RHOFS = ,1PE13.6:10H, PSTAG = 4 AF
10PF1244910H, TSTAG = #F1246) AF

130  FORMAT (1lHD,2X,BHTREFL = ,F12.6411H, AMUREF = ,1PE13.6,11H, AMUINF AF
1 = 'E13.6) AF

140 FORMAT {1HOs2Xs 1OHCHICRIT = 4F12.3,9H,; XBAR = 4Fl2.64BH, ATR = ,Fl AF
12.6) AF

150 FORMAT (1HO32X,SHBO = 2F9698Hs PRL = FTa%y8Hy PRT = yFTe%4y10H, O AF
1IMEGA = .F7.4!8H’ XKl = 'F7¢4,8H1 XK2 = 1F9.6’ AF

160  FORMAT (1HO 42X, 9HCONVRG = #FTef%s1iHy ADTEST = 4 FTe%s9Hs CRNI = ,F7 AF
la4s10Hy XKETA = ,F7e%s11H, ETAINF = ,F7.2) AF

170  FORMAT (LHD $2X48HCP/CV = 4F12.6+10Hy EPSVD = ,F1246,17H, SCALE FAC AF
1TOR = 4F945,21H, REFERENCE LENGTH = ,F944) AF

180 FORMAT {1HO;2X, 8HXJFAC = sFTe4s10Hy; ANGLE = 4F9.6,11Hs THSHOK = ,F AF
19463THs DX = 3sFTa4s10H, ODXMAX = ,F7a%]) AF

190 FORMAT (1HO,2Xy9HPOPRIM = 4F124%4,10Hy CMSTD = 3Fl046¢11H, GAMEFF = AF
1 yF9.6511Hy RHISTD = ;F12.9) AF

200 FORMAT (1HO,2X,3HCP=, FBW.2,1Xs25HET2/ {SEC2-DEGREE RANKINE) ,3X,2HR=, AF
o 1FB8e 291Xy 25HFT2/( SEC2-DEGREE RANKINE) 43X 24HFREE STREAM MACH NUMBER AF
Y 2=.FBaal/1111} AF
210 FORMAT (LHO$3X,; BHIPR+4X+2015+//7(11X,2015/}) AF
ORIGINAL, PAGE IS
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220
230

240
250
260
270
280
290
300
310

320

QOO0 O00

FORMAT (1HD3X,5HIPRFL2X42015,//{11X,20157))

FORMAT (1HO,3X,14HAXIAL PDSITIONs14Xe2HZA13Xs2HRZ »12Xs 4HXSTAL10X,
12HPZy13X+3HUEZ,12Xy3HTWZ,12Xy3HCQZ/)

FORMAT (9Xs13,10X,TF15.6}

FORMAT (1HO)

FORMAT (1H1}

FORMAT (1HO,50X,30HBEGIN EQUILIBRIUM GAS SOLUTION)

FORMAT (1HO,2X420HRESERVOIR CONDITIONSsS5Xy6HPSTAG=1PEL 2,69 1X, 6HTST
1AG=E12¢ 64 1%y BHH STAG=FE124 691Xy THRHOSTG=E1246)

FORMAT (1HO,2Xs22HFREE STREAM CONDIT.IONS 5Xy4HPFS=1PE124 6+ Xs4HTFS
1=E124 69 X s 4HHFS=E12 4641 X+6HRHOFS=E12,46)

FORMAT (1HD 92Xy 4HUFS=1PE124 691Xy 6HXMUFS=E124 641Xy 3HCP=E12.641X16HR
LEINF=1PE124641Xy4HXMA=EL24 6}

FORMAT (1HO,2X,20HREFERENCE CONDITIONSS5XySHPREF=1PE124641Xy5HTREF=
1E12469 1Xy SHHREF=E12,46)

FORMAT (IHD.ZX,THRHOREF*IPElz.ﬁqlx.7HXHUREF-E12.6:1X,5HUREF El2s 69
1/7777)

END

SUBROUTINE WRITEZ2
SUBROUTINE WRITE2 CALLS SUBROUTINE READINe

SUBRDUTINE WRITE2 IS CALLED BY MAIN AND SUBROUTINE READINe

THIS SUBROUTINE CONTROLS THE OUTPUT AFTER A CONVERGED SOLUTION IS
OBTAINED.

COMPLETE SOLUTIONS ARE WRITTEN ONLY AT SELECTED VALUES OF X,

Ie Ee AT X=XSTA{IPRFL).

ALL OTHER COMPUTED RESULTS ARE MWRITTEN FOR EVERY VALUE OF X AT
WHICH A SOLUTION IS OBT AINED.

SUBROUTINE READIN IS CALLED TO WRITE THE RESTART TAPE WHEN
APPROPRIATE,

COMMON /ARRAY1/ AC{101) ,A0B(101),A0BP{101),A2{101),A2(1011,A3(101)
1,A4{101),C1(101},CIN(101),C(201),CP{101),CHI{101),DN{102),DN2(102}
2,EPSO{101),EPSPL{101),FL(101),FINELIOL ), FANN{IOL),F2(10L)yF2N{1D1),
3F2NN{201),FCL101)sFCN{ 201D ,FCP{101},PREQ(101),ROROE(LIOL),T1{101),T
41N(101},TINN{101),T2(1D1),T2N{101),T2NN{L02), TC{101},TCN{101),TH(1
501+ THP(201},VE(101) +XNCID2) 4 XN2(102),Y{101), YOVDEL {101):YOVTHT{10
61),YY{101)

COMMON /ARRAY2/ PZ(501},RZ{501},THZ{501),UEZ{501),XSTA{501),ZA(501
1}, IPR{101)+IPRFL(101)

COMMON /COEFF/ CFBAR,CFBREX,CFE,CFINF4CFRES,CFREY,CH,CHEDGE,LHOCF,
1CHREY s DEL s DELST 9 DELT Ay DSTARK, DSTRAX y HAFCF ¢ HGy HG1s HG 2, QDOT 4 RETHET,R
2EXs STE STINF, THET

COMMON /COEFF2/ DELORF, DELOX,DSAXOR,0STODLsDSTORF; DSTOTH,DSTOX,ROR
1EFLyTHODEL s THOREF ¢ XOREF L4 ZOREFL

COMMON /COEFF3/ CFl,HGFAC14HGFAC2,Q4,SUM

COMMON /COMWLL/ AlBsBOsE1sFFy FZNLyHWyTBy THNLy THL, TH, T2NL,T21,VH, 1A
10WKTW

COMMON FCFPR/ CF3PR+PRL,PRT

LOMMON /EDGPRP/ ALP,ALPl,BETA,DUEDS, Gy GAMEFF, HALP, HE, HESTAT 4 PE,PES
10+PPyRGASyROESO sROWEs ROWEP s TE 4 TESO s UE ;UERD2 sUESD ¢ XMy XMUE4 X MUEP y XMU
250

COMMON /GEOME/ ANGL Es DS 90Xy DX1y DXMAX, DXOLDyPNG, RyROyREFLEN SCF, THS
1HOK, XfXFﬁXIZ:XIULD,XOLD,XJAY,XJFAC,Z,ZDL

COMMON /INJECT/ CQZ(501),CQsCQL,FINJsKCQsKINJ $KNOINJ yKPGRAD

COMMON /INTGR/Z TEsTIMAXsIMsIPRNT,ISTOP, ITHyKLyKPDsKVSLAW,NEQIL ¢NEQ
1L NIT,NIT1,NIT2,NIT3,NGSE

COMMON /NTEGER/ !I'IPFL|IPRINT:JJvKaKADETA.KEND:KEP:KFS-KSTOP,KSTR
LT KTPWKTRNSNy LAMTRBNITTOT

COMMON /TAPENV/ NTL1,NT2,NT3,NT4,NV

COMMON /TRANS/ ATRyCHECRT,CHIMAX,GAMMA, XBAR, XIBAR, KTRANS

COMMON /VSCSTY/ CSTARSEPSVD4OMEGA VK XK1 ¢ XK2 ¢ XMUINF
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117
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120
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10

20
3n

40

50

OO0

60

~ OO0

30
100
110

120
130

140
150
160
170
180

190

HRITE (6470} XeXIyZyZOLRO9BETAPP4NIT,,K

WRITE (6480} TEsUE,XM:ROWE +XMUE,PE, DUVEDS

WRITE {6590) CFoQWyHG+EPSVDLCQKEP,NITTOT

WRITE (65100) F2N{1)04F2N{3),F2NNIL1},F2NN(3 )

IF (X-EQeD.0) GO TO 10

HRITE {6,110} CHIMAX,GAMMAs XIBAR

{F {(KF5+.EQe0) WRITE (6,4120) REX

IF (KFS54NEaQ) WRITE {6,130} REX+Q00T,HGL sHG2
WRITE (64140) STE,STINF,CHEDGE,CH,CHREY

WRITE (6,150} CFE.CFINF,CFBAR,CFBREX,CFREY
ANALGY=CH/HAFCF

WRITE (6,160) HAFCF,ANALGYCHOCF

WRITE [64170) XOREFLysZOREFL ROREFLy DELOX,DSTOX
WRITE [64180) THOREFDSTORF ;DELURF 4DSAXOR

WRITE (64190} THODEL, DSTODL »DSTOT Hy OSTRAX

WRITE (6,200) DSTARK,DELST:DEL'THET,RETHET
CONTINUE

IFf {KsEQel} GO TO 20

IF (IPRFLUIPRNT).EQ, IPRIII-1)) GO TO 20

IF (ABS{140~XOLD/XSTA(KTRNSN})al.EelaE=6) GO TO 20.
GO TO 50

WRITE (64210])

DO 30 N=1,1EsKL

WRITE (&,220) XN{N),YY{N},YOVTHTIN) 4YOVDELI{N}FCIN) 4FCNIN},FZNN{N]}
1, EPSPLIN)IyAOBPI(N},N

HRITE {56,+230}

DO 40 N=1s1E,KL

WRITE {64220) XN{N}, TC{N), TCNIN)};VCIN} s TH{N),ROROE (N} ,CIN}+CPI{N],C
IHIE{N)+N

CONTINUE

IF {KeNEel) IPRNT=IPRNT+1

WRITE (6,240)

CONTINUE .
IF (NT3.EQ.0)} GO I0 60

IF (KTPWJNE.K} GO TO &0
WRITE STATION DATA ON RESTART TAPE
KREADN=3
CALL READIN {(KREADN)
CONTEINUE

IF {AlB.LT.0.0}) WRITE (64250)
IF {A1B.LT.0.01 STOP
RETURN

FORMAT {1HD 42Xs3HS =y F10a5¢1Hs /16Xy 6H XI =4F1045:5Hy Z =4FGa5,7Hy
1 2/L =3FB8e546Hy RO =9FBa5,8Hy BETA =,FBe5+6Hs PP =4FlZe5+8H, NIT =
2 1I3:5Hy K =513}

FORMAT {1HD 92X 44HTE =,FB8e5¢y6Hy UE =4 F8a539Hy MACHE =;F1lle 7y 8Hy RHO
1E =4F1la5sTHy MUE =4F By 546H, PE =4F11e5+9Hs DUEDS =4F11l.51}

FORMAT {IHGQZX,QHCF =:F11.5|6H' QH =.F11-5‘6H| HG =3514.619H' EPSV
1D =4E13.646Hy CQ =9E134647Hs KEP =413,10H, NITTOT =, 5}

FORMAT (1HO42X,8HF2N(1) =,F1246410H, F2N{3) =,F12.6,11H, F2NN{l) =
1,F1246,21H, F2NN(3) =,F12.6}

FORMAT (1HD,2X:BHCHIMAX =41PE13.6+9H, GAMMA =,E13.6,9Hs XIBAR =,El
13.6)

FORMAT (1HO+2X+5HREX =+ 1PE1Ze5])

FORMAT (1HD 92X 5HREX =,1PE1205,11Xs18HHALL HEAT TRANSFER,33X+26HHE
1AT TRANSFER COEFFICIENTS/23XyE13a6+27XsE134641TX,EL13.6/32X,15HBTY/
2(FTHRE2RSECY 421X 1 24HBTU/ (IN*®2 %S ECKDEGREE R )5 11Xy LSHLBM/ (IN**2%5EC)
3

FORMAT (1HD 42Xy 5HSTE =y1PEl3e6y9Hy STINF =yE13.6,10Hy CHEDGE =,E13
I1e6¢9Hy CHINF =,E1346419Hy CHINF#*SQRT{REX] =4 E13456)

FORMAT {1HD,2X,5HCFE =91PE1l3¢6,9H, CFINF =,E13.6,L3H, CFITOTAL} =,
1E1l3 .6, 19Hv CFBAR*SQRT(REX) =¢E1306419Hs CFINF*:SQRT(REX) =,+E1346)

FORMATLACLIHO 52 X» GHCFINF/2 =51PE1346,419H, CHINF/{CFINF/2) =,£13.6518
1H, CHEDGE/{CFE/2) =,E13s6}

FORMAT (1HD 42X,10HX/REFLEN =41PEL3e6,12H, Z/REFLEN =,4E1346413H,s RO
1/REFLEN =3E1346s11H, DELTA/X =4 E1346312Hy DELSTR/X =4EL3e6)

FORMAT (1HDy2Xs 14HTHETA/REFLEN =, 1PE1346,17Hy DELSTR/REFLEN =,E13.
16,16Hs DELTAFREFLEN =,El3.6,20Hy, DELSTRAXI/REFLEN =,E1346}

FORMAT (1HO,2Xs13HTHETA/DELTA =,1PE13,6,16Hs DELSTR/DELTA =,E13.6,
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116Hy DELSTR/THETA =,E1346413H, DELSTRAXT =,E1346} AG 124
200 FORMAT {(1HO+2X,9HDELSTRK =31PE12+ 5s10Hs DELSTR =,E12.5,9H, DELTA = AG 125

14£124559Hs THETA =,£1245,11H, RETHETA —,ElZ-SIIIl AG 126

210 FORMAT {1HO,/124H ETA . . Y/THETA Y AG 127
1/ DELYA F=U/UE FP{N) FPP EP S+ AG 128

2 ADBP  +4X.2H N/) - AG 129

220 FORMAT {9Fl4e6415) AG 130
230 FORMAT (1H0s/123H ETA G=H/HE GPINY AG 131
Y T/TE RHO/ RHGE RHCHU/RHOEMUE CcP AG 132

2 CHI  45X+2H N/} AG 133

240 FORMAT (1X,/7) AG 134
250 FORMAT {1H1,10X,83HPROBLEM TERMINATED4NEGATIVE DF/DETA INDICATES T AG 135
1HAT THE BOUNDARY LAYER HAS SEPARATED) AG 136

END AG 137~
SUBROUTINE ZRO (JJeX24Z4RO1} AH 1

c AH 2
c SUBROUT INE ZRO CALLS SUBROUTINE INTERS. :H 3
c . H 4
c SUBROUTINE ZRO IS CALLED BY SUBROUTINES BLUNT2, NDZLEl AND NOZLEZ2. AH 5
C . AH 6
c SUBROUTINE ZRO CALCULATES FOR AXI-SYMMETRIC FLOW AN AXIAL DISTANCE AH 7
c Z AND A RADIUS RO CORRESPONDING TO A SURFACE DISTANCE X2e AH . 8
c AH 9
COMMON /ARRAYZ2/ PZ(501),RZ{501),TWZI501),UEZ(501),XSTA{S01),2A(50]1 AH 1O

1)« IPR{101), IPRFL{101} AH 11

Cc AH 12
C . AH 13
J=0 . AH 14

10 J=Jd+1 . AH 15
IF (X2.GT«XSTA(J}} GO TO 10 AH 16

IF (JulTa3) J=3 AH 17

IF {JaGTo (JJ-2} ) J=JJ-2 AH 18

CALL INTERS (X2¢XSTA(J-2)3 XSTALJ=1) ,XSTALJ) +XSTALJ+1) 4 XSTA(J+2},RZ AH 19
10J=-2)sRZEJI-1) sRZ{J}4RZ(I4L),RZ(I+2),RO) AH 20

CALL INTERS {X2:XSTA[J—ZI'XSTA(J'II,XSTA(JIrXSTAlJ+1)1XSTA(J+2],ZA AH 21
1(d-2) 2 ZA0J-1) s ZA{U) ; ZALJ+L},2ZA0J42),2) AH 22

RE TURN AH 23
END AH 24~
SUBROUT INE DERIV3 (Fy Xy IMAX, IMIN,FP) Al 1

c . AY 2
C SUBROUTINE DERIV3 CALLS SUBROUTINE FD3, Al 3
C .- Al 4
c SUBROUTINE DERIV3 ES CALLED BY MAIN AND SUBROUT INES ADDETA, EFFMU, Al 5
c ENERGYy AND SOLVE. Al 6
C N Al 7
c SUBROUTINE DERIV3 CALCULATES THE FIRST DERIVATIVES OF F WITH Al 8
C ~RESPECT TG X AND RETURNS THE ARRAY FP. Al 9
c 3 Al 10
DIMENSION F{1}, X{1l), FP(1) Al 11

c Al 12
c Al 13
DO 10 J=IMIN,IMAX Al 14

K=d Al 15

IF (KelTe (IMIN#1)) K=IMIN+1 Al 16

IF {KeGTalIMAX-11) K=1IMAX-1 Al 17

CALL FD3 (X {J}yXIK-L1) o X{KI s X{K#L)s FIK=1),F{K),FI{K+1),FP(J}) Al 18

10 CONTENUE Al 19
RETURN Al 20

ENE Al 21-
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SUBROUTINE INTERP (XXeXNeF2+IE4FF}
SUBROUTINE INTERP CALLS FUNCTION TLU.
SUBROUT INE INTERP IS CALLED BY SUBROUTINES COEF AND EFFMUe

SUBROUTINE INTERP USES FUNCTION TLU TO INTERPOLATE IN ARRAY F2
FOR THE VALUE FF CORRESPONDING TO THE VALUE XX IN ARRAY XN.

IF XX oLTe XN{l} «ORe XX sGTe XN{IE), FF IS5 SET EQUAL TO F2{IE)
AND A MESSAGE IS PRINTED.

DIMENSION XN(1), F2(1}

FE=TLU{TEsF 2y XNy XXy NFLAG)
[F [NFLAGeNEs1l} RETURN
WRITE (6,410)

FF=F2{IE)

RETURN

FORMAT {(1HO+10X+38HINADAQUATE TABLE FOR SUBROUTINE INTERP+//1lXs43
1HSTANDARD FIXUP TAKEN — EXECUTION CONTINUING}

END

FUNCTION TLYU INTABLEsZ+X+sXSTAR,NFLAG)

FUNCT LON TLh 15 CALLED BY SUBROUTINE INTERP.

FUNCTION TLU IS A ONE-DIMENSIONAL- TABLE LOOK-UP PROGRAM.
CORRESPONDING VALUES OF X [ALWAYS INCREASING) AND Z ARE STORED
IN THE ARRAYS X{1)ueas X{NTABLE} AND Z{I)eesZ(NTABLE). USING
LINEAR INTERPOLATION, THIS FUNCTION WILL GENERATE A VALUE OF Z
CORRESPONDING TO A SPECIFIED VALUE OF X = XSTAR.

DIMENSION X{1}, Z{1) o . S

eeeese CHECK TO SEE IF XSTAR LIES WITHIN THE SCOPE OF THE
TABULATED VALUES X{l)esaXINTABLE) eesnes .

NFLAG=0

IFf (XSTARGLTeX[1)} GO TQ 10

IF (XSTARLLEX(NTABLE}) GG TO 20
NFLAG=1

TLU=0.0

RETURN

seaee SEARCH TO FIND TWO SUCCESSIVE ENTRIES, .
X{I=1) ANOD X{I)y BETWEEN WHICH XSTAR LIES seeses

i=1

IF (X(1)eGT<XSTAR) GO TO 40

IF {1+.GE.NTABLE) GO TOD 40

I=1+1

GO To 30

ssvee LINEARLY INTERPOLATE TO FIND CORRESPONDING VALUE OF I eeese

TLU=Z(I-l)+(XSTAR-X(I-1))*(Z(Ii-ill-l)l/ixill-xtl-lli
RETURN

END
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SUBROUTINE INTER3 {XsX1y4X24X3+F14F24F34F)

SUBROUY INE INTER3 IS CALLED BY SUBROUTINE ADDETA.

SUBROUT INE INTER3 INTERPOLATES FOR THE VALUE F CORRESPONDING TO
POINT X USING 3 POINT LAGRANGIAN INTERPOLATION.

ASSUMES X1 4LEe X oLEe X3a

Al=(X-X2)*( X-X3).
TA2={X=X1)*(X=-X3)
A3={X=X1)%k(X-X2}
D1=(X1-X2)*{X1-X3})
D2={X2=-X1)*(X2-X3)
D3=(X3-X1)*{X3-X2)
Cl=A1/D1

C2=A2/02

C3=A3/D3
F=C1*F1+C2%F2+C3%*F3
RETURN

END

SUBROUT INE INTERS (XyX1yX29X3sK4sX5:F1yF24F3,F49F5,F)

SUBROUT INE INTERS IS CALUED BY SUBROUTINES BLUNTL, BLU&TZ: EDGE 4

INITs MACH, SLOWs WALL, ZRDs AND INTRPRS,

SUBROUT INE INTERS INTERPOLATES FOR THE VALUE F CORRESPONDING TO
POINT X USING 5 POINT LAGRANGIAN INTERPOLATION FORMULA,.

ASSUMES X1 +LEe X oLEs X5

Al={X=X2)H{ X~ X3 )% {X-X&)}%x{X—X5)
AZ=(X—=X1 ) #{ X—X3 }* { X~ X4 } ¥{ X~ X5])
AB={X=XL)¥{ X~-X2 ) ¥ [X=X4 ) *{X-X5}
A4={X=X11*{ X=X2) % [ X-X3 )} *{ X-X5}
AS={X=XL)*[X-K2 }¥ {X=X31*[X-X4)

Dl=(XI—X2]*(K1—X3I*(Xl-X4l*lX1-xé).

D2={X2=-X1)* (X2-X3 )% (X2-X4 }*(X2~-X5}
B3={X3-X1)#{X3-X2)%{ X3~ X&)% { X3-X5)
DA={X4—XL 1R {X4—~X2 )% (X4=X3 Pk {X4—-X5 L.
DE={ X5~ XLI* (X5 XZ2I*(X5-X3}* (X5-X4}
Ci=A1/01

C2=A2/D2

C3=A3/7D3

Ca4=A4/D%

C5=A5/D5
F=Cl*Fl+C2*F2+C3%F34C4%F4+C 5%F5

RE TURN

END
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SUBROUT INE INTRPS (X0sX1leFLl, IMAX, ININ,I1,F0)
SUBROUTINE INTRPS CALLS SUBROUTINE INTERS.

SUBROUTINE INTRP5 IS CALLED BY SUBROUTINES EDGE,

AND NOZLEL,

.EDGEly EQLOTA,

SUBROUTINE INTRPS INTERPOLATES IN ARRAY F1 FOR THE VALUE FO

CORRESPONDING TO THE VALUE X0 .IN ARRAY Xl.
MONOTONE INCREASING OR DECREASING.

I11.1T40Dy X1 MONOTUNE DECREASING
I11sGE+Dy X1 MONOTONE INCREASING

DIMENSION X1(l). Fli1}

IF (IMAX4EQe5) J=3

IF (IMAX+EQe5} GO TO 40

IF (11.GE.0) GO TO 20
J=IMIN-1

J=J+l

IF {X1(J1.GTeX0) GO TO 10
IF (JalTe (IMIN®2)) J=IMIN+2
IF (JaGTalIMAX~2)) J=IMAX-2
GO TO 40

J=IMIN-1

J=dwl

IF (X1{JleLT«XD} GO TO 30
IF (JoLTa (IMIN+2}} J=IMIN#2
IF (36T (IMAX=-2)} J=IMAX-2
CALL INTERS
1-11eF1{J) sFL{ S+ 1) +FL{J+2) +FO)
RETURN

END

SUBROUTINE -FO3 (X ,X1,X2,X3,F1,F2,F3,FX}

X1 MUST BE EITHER

(XO:XI(J—Z),XI(J—llqu(Jl-Xl(J+l),X1!J+2),F1(J-2),FllJ

SUBROUTINE FD3 IS CALLED BY SUBROUTINE DERIV3.

SUBROUT INE FD3 CALCULATES THE FlkST OERIVATIVE-FX;CDRRESPONDING

TO POINT X USING 3 POINT LAGRANGIAN DIFFERENTIATION FORMULAS

ASSUMES X1 oLEe X olLEo X3
Al=2,0%X-X2~-X3
A2=2,0%X~X1-X3

A3=2, 0RX-X1=X2
DI=(X1-X2}#%{X1-X3}
D2=4X2-X1)*{X2-X3}
B3=(X3-X1)1%(X3-X2}

Cl=A} /01
C2=A2/D2
C3=A3/03
FX=Ci*FL+C2¥F2+C3%F3
RETURN
END
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SUBROUTINE Fp5 IS CALLED BY SUBROUTINES BLUNT1l, BLUNTZ2, EDGE,

NOZLEL, AND NOZLEZ.

SUBROUTINE FD5 CALCULATES THE FIRSY DERIVATIVE-FX-~CORRESPONDING

TO POINT X USING 5 POINT LAGRANGIAN DIFFERENTIATION FORMULA

ASSUMES X1 oLEs X <LEe X5e . . -
AL={X=XG ) ¥{ X=X5 } % {2, Q®X~K2= X3} +{ X=X2) %[ X=X3) % (24 Ok X~ X4—X5])
AZ={X=X4) ¥ (X=K5) % (24 0%X-X1—X3 J4+{X=X1 ¥ {X—-X3)*{ 2, 0%X~-X4—X5)
A= X=X4)¥{ X=X5) %{ 24 Ok X=X1= X2} +{ X~XL ) ¥R (X=X2) ¥ (2, 0%X~X4—X5}
AGo{X=X3 )X (X~X5) % {24 0%X=X1=X2 ) +{X=X1 )H{X~X2)¥(2,0%X-~X3-X5}
AS={ X=X3)#{ X~X4) ¥ {24 0% X-X1=X2} +{ X~XL )R { X=X2) * (2. 0*X~X3=X4 }
DI={XI=X2)HEX1~X3 )% {XL-X4 )% (X1=X5) .
D2={X2-X11*{ X2-X3 ¥ ( X2—-X4)x {X2=X5)
D3={X3-X1}*(X3-X2 )% (X3-X4)*[X3-X5}

Dé=( X4=XLIR{ N4—X2) ¥ { X4~ X3V ¥ {X4~X5)
D5=(X5=X1)*{X5-X2 )% X5-X3)*( X5~ X4}

C1=A1l/D1

C2=A2/02

C3=A3/D3

C4=A4/D4%

C5=A5/D5

FX=CL1*F1+C2*F2+ 3 ¥F3+C4*F4+L5%F5

RETURN

END
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APPENDIX A

Boundary Layer Edge Conditions for a Reacting Gas in Chemical
Equilibrium

The boundary-layer edge conditions are determined from
the solution of the inviscid governing equations using the
computer program developed by Lordi, Mates, and Moselle [1965].
Minor modifications have been made to this computer program
to present the data in the form required by the boundary-layer
program. These modifications and a listing of the modified
subroutines are given at the end of this appendix.

Boundary-layer flows In nozzles may be solved with
either a specified pressuré distribution or a specified
area ratio distribution. 1In the latter case, it is assumed
that the edge conditions correspond to a quasi-one-dimensional
expansion of the gas. The solution for a blunt body requires
that the pressure distribution along the surface be given.
For either case, the expansion data are obtained for a quasi-
one-dimensional flow through a nozzle of arbitrary shape
and the necessary geometry is supplied by the boundary-layer
programy 1t is not necessary to obtain néw expansion data
when the body geometry is changed if the reservoir or
stagnation conditions are held constant. This feature is
useful when parametric studies of different body shapes
are being made for a fixed reservoir or stagnation condition.

The edge conditions which must be specified by the
solution of the inviscid equations of motion are area-ratio,
Mach number, velocity, pressure, and enthalpy. The correct
geometry is obtained by interpolation with the area ratio
as the independent variable for nozzles having a specified
area ratio distribution (quasi-one-dimensional). For blunt
bodies or nozzles with the pressure distribution specified,
interpolations are made with the pressure as the independent
variable.

Modifications have been made to the MAIN program,
subroutines REED, and EQUIL in the computer program of
Lordi, Mates and Moselle. Listings of subroutine EQUIL
and the MAIN program with the modifications are included.
In subroutine REED, a read statement was added for the
molecular weight of the gas mixture at standard atmospheric
pressure and temperature. (FORTRAN symbol-STDMLN) was added.
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It is assumed that a listing of this computer program
and the report by Lordi, Mates and Moselle are available.

The velocity, enthalpy, and pressure are converted
to the form required by "the boufidary Tayer program as
follows:

1
U (Ro # 778.158 * 1.8 x To' x 32,1759/M)%

U =
PL = Log10 (P x Poj
HL, = Log10 (H x To' x Ms/M)

Fortran variables not included.in the Lordi, Mates and
Moselle program are given below.

MAIN Program

ARNX1 ' Area Ratio at Throat
AMACH1 , Mach Number at Throat
HOR = H!'/RGAS, °K

HORL = Logy o (HOR)

PL = Logg(®)

yuu ) Veiocity-in ft/sec

Subroutine EQUIL

HOR = H'/RGAS, °K
- Q
HORL = . LoglU(H X)
PL = LoglO(P)
R1 ' , Ratio of Successive Temperature Steps
uuu » Velocity, ft/sec

List of Symbols for Appendix A

g = H'M/ROTO'
g rEes- , Enthalpy, ftz/éecz
HL - Logy o (H'/RGAS)
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Ms

Po

Ro

RGAS

To'!

Ul

Molecular Weight at Reservoir Stagnatlon
Condltlons

Molecular_Weight at Standard Atmospheric
Conditions .

P/Po
Pressure iﬁ Atmospheres

Reservoir or Stagnation Pressure in
Atmospheres :

Universal Cas Constant

Gas constant at Standard Atmospheric
Conditions, ft 2/secZ - °K

Stagnation or Reservoir Temperatures, °K
Dimensionless Velocity

Velocity,ft/sec
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CAL STREAMTUBE VERSIGN M

C MAIN PROGRAM FOR NOZZLE FLOW SOLUTION

TMPLICIT REAL®8(A-H,0-2)

COMMON A, AA(22,24)y ACCHMI20), AFNTS, AFKX, ALPIJ(2uU,10)y AMACH,
1ARy ARBA, ARBB, ASUBL10}, ATP{5), B(64420)y BCLHI{64}, BE(64A},
2BET120), BETA(&64,20), BLBK(31), BSUBI31), BZERO, C, CAL{&4),
3CAPX(22)y CAPXTH(Z20)y CARB, CCPJ(20), CDIJ(20,+10), CEALT{(S4]),
4CECHIT{64),CGI{20), CGMU{2C), CHy CHA, CHI{64), CHII(2G),

SCLNLMC {64}y CLNPIL64)y CLNT, CHMs CMA, CMW{20), CRA, CRP, CRRB,CRS,
6CSTAy CTy CTAP, CTBs CTCy CTMAX, CTMXX, CTP, CTPL, CTT, CXsy CXBs -
TCXMAX, DATESTy -OBTESTs CELTL, DELT2, DELT3, DELTAX, DLNGA, DLOGR,
80T, ELJ{10,20), ELMENT(20)}, ENTs ETAIL(64}y ETAJ{201, FLUX,
9GELJ{10+20)y GJAL{20)y GJB{20}s GJCL20), GTEST, HDELX, HP{2D)

COMMON PCTy PCTEST, PERTGJ(20), PGJI20)s FI(64), PICHILGEA),
1PRES, PRESA, PRESB, PRESTH., PRHO, QM{20}, QQ{64), RHAP, RHO, RHOB,
2KRHCBAR, RHCC, RHCP, RHPL, RHTH, ROBARA, ROBARP, SAJL20), SCPG,
3SDCHI(64), SDELTX. SDTs SENs SENT(20), SFDELX, SHJ(20), SHJIAL2L),
4SHPGy SKIL{20)s SCy SLs SLE64, SM, SSI20), SU, SU2, SUKG, TB(31),
STEMPl, TEST, TESTB, TFA{20), TFB(20), TFC{20})}, TFO(2C)y TFEL20),
6TFKI20), THEV{20), TPRINT, TSTOPs TTEST, UP, XNJATI(2C), XNUI{64),
TANUTJ(64420)y XNULJP(O4,20), ZPy ZPA

COMMON  IC, IGJ{20}, IGM{20)}, IM, INEQ, INEQV, 1P, IRCEAR, IRUN,
1ISC, ISCP1, ISMC, ISMCNR, ISR, IS5y ISSNR,ISSP1,ISSP2,1S5P3,155P4

COMMON ISWlA, ISW1B, ISK2A, ISW2B, [SW3A, ISW3B, ISW4A, ISW4B,
1ISw5A, ISW5SB, ISW&6A, ISW6B, IZERD, ITB(S), IUPD, JJKs KHO, KKUR,
2KUR(64420)y LCs M1, NAFIT, NFIT, NIT, NNA, NAS, NQS5S, NOT, NTEST

COMMCN IK

DIMENSION AAA(22,24)s BTA(64+20)s CAPQ(31), CCI{20},y DGJ{20}, ~
164(20), SBJ(20), SDGJI{2G), SHJAP(20}, THEVP{20}

DIMENSICN IGJB(30)
COMMON/STDMLW/CMSTD

EQLIVALENCE ( AA{ 1).,A8A( 1)}, (BETA{ 1),BTA( 1)),
1(BLBKAL)yCAPQ{L) )y (CAPXTH{1)+CCI{1) )}y (GJAL1),DGILL} ) (CAPXIL},
2 GJ(1})y (SAJ{1),3BJ(1)}),4(55(1),50GJ{1}}y {SHJA(L),SKJAP(1}),
3MTHEVI1),THEVP(L1))

EXP(X)=DEXP(X)

SQRTIX}=DSQRT(X)

ABS(X)=DABS(X)

SIGNIX19X2)=DSIGN(X1sX2)

CALL ERRSET(26242564~1+140,262)

CALL ERRSET(2073:2564+~14+1+0+209)

~B 20 1=1,8330
25 ACOM(I1=0.0

ip=n
IPA=0

1u$) FORMAT(12H1 RESERVOIR-414//13H TEMPERATURE=,FS.2,9H CENSITY=,F11.8

14104 PRESSURE=yF9.3//10H ENTRALPY=y FB844y9H ENTROPY=,F9.4,18H MULEC

101 FORMAT{16H! FROZEN THROAT—,14//13H TEMPERATURE=4F9.64+11H FASS FLOW

1=yFBe4y9H DENSITY=yF9.6410H PRESSURE=:F9.61

1G2 FORMAT(9H1 THRDAT-,I4/13H TEMPERATURE=,F9e69L1H MASS FLCW=4FB4449H

E+DENSITY=yF9.6410H PRESSURE=+F346/10FK ENTHALPY=4FB.4,10H VELOCITY=
2¢1PEL2.4/7/11XsA69E11a3))

103 FORMAT (38H CISCRIMINANT NEGATIVE IN MAIN PROGFAM)
104 FORMAT{39H1 STARTING VALUES FCR DOWNSTREAM RUN - ,I4//)
165 FORMAT(13H TEMPERATURE=yFBe6+49H DENSITY=F9.46410H PRESSURE=4FFe6+/

1/10H ENTHALPY=yFBe4410H VELOCITY=,1PEL244,6H AREA=4,E11l.3,43H X=4E11
23/ /U1 X3A6,E1143))

16 FORMATI(20HL DENSITY FIT-ALPHA=,1PE1547s1CH CONSTANT=,E15.7)
10006

FORMAT {1HU9X +BHA/ASTAR=F104591Xs FHMACH NDo=F lUe 541X,
*1 THVELOCITY{FT/SECI=F12.541%X+14HLOGLO(P/PSTD)=F1045+1X,
*11HLOGLO0{F/R)=F10.5)

1 CALL REED

DO 2 J=1,18S8
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Q0391
nG31A
GN321
330
00340
N3350
1361
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CO3BL
60390
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2

129
121

39

169
i61

10
11

12

13

130

L3
TGIBLII=16d{J)
CALL INIT

WRITE(5+100) TRUN,CTAPy RHAP.PRESAsCHAgSEN'CHA'(HP(II,GJA(I).Izlv

£ [SS )

BEGIN PROGRAM MODIFICATIONS

PL=DLOGI1O(PRESA}

HOR=CH*CTAP/CMA*LCMSTD

HORL=DLOGLO (HOR)

UUU=SUSDSQRT( 15464 DO*CTAP%L . 8D0*32.1759D0/CHA)
WRITE(6,1000) AFNXyAMACH,UUU,PLyHORL

WRITE (20} AFNX y AMACH ULy PL y HORL

END PROGRAM MOGIFICATIONS

TF(ISWEA-IZERD) 17, 120, 17

IF{ISWIA-TZERD) 121, &, 121

CALL FROZEN

WRITE{64101) IRUNsCTMAXySMy;RHTHsPRESTH

DG 3 Jd=1,1IS85

164{3)=1G4B(J) .

CALL NRMAX :
WRITE(64192) IRUN,CTHAXsSMyRHTHyPRESsCHySUs (HPLI) 3G (I),1=1,18S)
BEGIN PROGRAM MODIF ICATIONS

PL=DLCGLO( PRES*PRESA)

HOR=CH*CTAP /CMA%CMSTD

HORL=DLOG10 ( HOR )
UUU=SU*DSQRT { 1546 « DO *CTAP¥] . 8D0%32, 175SCC/CMA |

AFNX1=1.0

AMACHI=1.0 '

WRITE{64+,1000) AFNX1,AMACHLl:UUU4PL + HORL

END PROGRAM MGDIF ICATIONS

IF{ISW3A-1ZERD) 39, 65 39

DO 40 J=1,1SS

16J(J3)=1GJBLI)

CALL EQUIL

tM=1

JJK=0

ISMCNR=1SMC

ISSNR=[SS |

D0 5 J=1,15§

164¢J1=1GJB(J)

IF({1SH2 A~1ZERG) 160, 17, 160

IF(1UPD-IZERO) 10,161 10

CT=CTMAX* (1,-DELT2)

PRES=PRESTH

DO 7 I=1,15%

CAPX(1)=CAPXTH(I)

CALL NEWRAP

AFNTS=SH/FLUX

TEMPL=BSUBI2 ) *BSUB(2)~4.*BSUB{3) *(BSUB(11-AFNTS)

IF(TEMP1) 8,5,9

WRITE(B,103)

CALL PDUMP

ST0P

CX=-(BSUB{2)—SQRT (TEMP1}}/{ 2. %BSUB(3))

WRITE (64104} 1RUN

WRITE(6,105} CToRHO,PRES,CH,SUJAFNTSCX, {HP{1},6J(1),1I=1,158S)
GO TO 16

DO 11 I=1,18%
CAPX{ I}=GJALI }ECMA
PRES=1.0

N=C
SUM1=DLOG(RHTH)}
A=4 o +8, *SUML
N=N+1
TF(N=50)13, 14,14
SUMZ=A+2.
SUM3=RHTH**A
D=SUM3%kSUM2-2.
D1=5SUM3% [ SUMZ*SUML+1.} ]
ATEST=A ., . ==

A=A-D/D1 ORIGIN o l.
IF(ABS (D)-.00001) 130,130,12 @ﬁﬁ@ﬁﬁu ;
IF(ABS (ATEST-A)-.00001) 14, l4s 12

00450
0046%
0na 7y

499

00519
Q0524
00530
00540
¢05590
onsed

00590
00609
00610
00620
00630
one4n
00659
006690

N0690
ceTos
00710
00720
nI730
00742
ca7sn
00760,
00770
00780
00790
60800
NO810
00820
no83n
C0840
00850
69869
C087D

¢08%0
00900
00919
00920
¢0930
0940
(0950
00960
©097Q



14 C={RHTH**2) %(1.~RHTH*®%A)

CT=1.0-BELT1

CALL NEWRAP

AFNTS=SM/FLUX
TEMP1=ASUB(2)*ASUB{2)-4¥ASUB{3)*{ASUB{1)-AFNTS)
IF{TEMP1)B,+15,15

15 CX=-{ASUB(2)1+SQRTITEMP1))/€2.*%A5UB(3)}

WRITE{&6,1056}A,C
IK=0

16 CALL NONEQ
. REWIND 9.

111

00O 800 K=14+1K

READ {95111} IRUN,CT

FORMAT {J64FlUes)

WRITE (6+111) IRUN,CT

READ (9,112) ((B{IyJ)}y J=154)s I=1,15R}

[

112 FORMAT (LPlZ2Eld.1)

WRITE (64112) {(Bl{I,Jiy J=1,4), I=1+ISR)

80U CONTINUE
17 IF{ISH4A)1 418,41
18 CALL EXIT

sTOP
END

SURROUTINE REED

IMPLICIT REAL*8{A-H,0-2} .

COMMON A, AA{22,24), ACGM{20), AFNTS, AFMX, ALPIJ(20,10)s AMACH,
1ARy ARBA, ARBB, ASUB(10}s ATP{5), B(64+2D)s BCHI(&4)}s BE(641},
ZBET(20}), BETA(64,20), BLBK{31), BSUB(31), BZERD, C, CAI(G4),
3CAPX{20)y CAPXTH(2D0}s CARBy CCPJ{20)s CDIJ(20,10)y CEACT(64),
4CECHII{6434CGI{20)s CGMU{20)y CHy CHAy CHI(64),y CHII(Z20),
5CLNLMCI64), CLNPI(64)y CLNT, €M, CMAy CMw{20), CRA, CRPs CRRB:CRS,
6C5TA, CTy CTAP, CTBy CTC,y CTMAX, CTMXX, (TPy CTPL, CTT, CXy CXB,
TCXMAXy DATEST, OBTEST, DELTl, DELT2,y DELT3, DELTAX, CLCGGAs DLOGR,
80T, ELJ(104+20)y ELMENT(20)s ENT, ETAT{(64)y ETAJ(20), FLUX,
SGELJ{10420)y GJAL20), GJIB(20), GJC(20)y GTESTs HDELX, HP(Z20}

COMMON PCTy PCTESTy PERTGJ(20), PGJI2U)s FIL64), PICHI(EL),
iPRES, PRESAy PRESB, PRESTH, PRHG, QM{20), QQ{é4), RHAP, RHOy RHOB.
2RHOBARy RHOC, RHOPy RHPL, RHTH, ROBARA, ROBARP, SAJ(Z0)s SCPGy
3SDCHE(S4) s SDELTXy SDTy SENs SENT(20)y SFDELX, SHJ{2CG)y SFJAL{20D]),
4SHPGy SKIL(20), SCy SLy SL64, SMy S5(2C}), SU, S5UZ, SUMGy TB{3QI),
S5TEMPly TEST, TESTBs TFAL(Z2Q), TFB(20)y TFL{20)y TFD(2U}y TFE(20),
6TFK{20}, THEVI20), TPRINT, TSTOP, TTEST, UP, XMJATI(20)s XNUI(64},

CTXNUTJ(64520)y XNUIJP(64,20)y ZP, ZPA

COMMON  ICy IGJ(20)y IGM(2C), IMy INEQs INEQV, TP, IRCGBARy IRUN,
1IS5Cy ISCP1l, ISMC, ISMCNRs ISR,y IS5Ss ISSNR,ISSP1,ISSP2+ISSP3,IS55P%4

"COMMON  ISW1lA, ISW1B, ISW2A, ISW2B, ISW3A, ISW3B, ISwad, ISW4B,
11SW5A, ISwW58B, ISW6A, 15KW&B, IZERO, ITB(S5)}, IUPD,s JJK» KHOs KKUR,
2KUR{ 64,20}y LCy M1y NAFIT, NFI1T, NIT, NNAh, -NNS, NQS, NOT, NTEST
‘COMMON/STOMLW/CHMSTD

DIMENSION AAA(2Z242%4)y BTA(64,20), CAPQ{31}, CCI(20}, DGJ{201},
1641420}, SBJL20), SDGI(20}, SHJAP{20), THEVP{20)

EQUIVALENCE { AA( 1),AAA(l 1}}, (BETA( 11,8TAC 1)),
1{BLBK{1}+CAPQ(1}},{CAPXTH{1),CCIL1)}}, (GJALL)4DGI(2) ), (CAPX{L),

2 GJd{1))y {SAJ(1),SBJI(I)},(SS{L1),S06J11))y (SHJACL)+SHJAP{1])]),
34THEV{1} s THEVP{1) )}

EXPLXI=DEXP (X}

SQRT{ X)=DSQRT(X}
ABS{X)=DABS(X}
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SIGNI XL, X2)=DSIGN{X1,X2}

FCRMAT(1614)

FORMAT(7F10.0)

FORMAT(A642F10.0)

FORMAT(4E1l4.8)

FORMAT(24F3.0)

FORMAT{301I1]}

FORMAT{5E14,8)

FORMAT(AGs4E14e 8, 12)

FORMAT(4(F3.0,E15.81)}
FORMAT{4E15, 7T/3E154 T+ 9X A6}

FORMAT (1246}

FORMAT[1H1,20A6///)

READ{-5,1) ISW1AsISW2A»I-SK3A+ISWAA ¢ISHSA,ISKEA,
1 ISW1B+ ISW2B, ISW3B» ISW4B,ISW5B,I5WEB
READ(S5,11} {ACOMLI),I=1,20) ’
READ{Sy 1) IRUNsISC+ISSeISRSICsNQS,IUPDINFIT,

1 KHO,KKURy NAFIT 4 INECV, IROBAR:
READ{5,2) CTAP+PRESA.CTVMXX,CXMAX,SLyBZERC,TSTOP,
1 TPRINTDELTAXDELT2+DELT3, TTESTLGTEST

READ{5,2) {(CECHYIT{I}sE=1,ISR}

READ(S5,3) (ELMENT(I)sCAPQ(I) +CMW(I)I=1,I5C()
READ{S5,4) (CAICI)},ETAT{I)},CEACTIII,QQII}Y,1=1,15R}
DC 13 I=1,18S

READ(S5,5) (ALPIJ(T4J}+d=1,150C)

B0 14 [=1,1ISR

READ(S5:5} (XNUITJP{I+J)+J=1,1I855}

DO 15 I=1,1I5R

READ{S5¢5) (XNUIJC(IsJ)ed=1,41551}

IF{KKUR) 164118016

DO 18 I=1.1I8KR

IF{QQ(I))17,18,17

READ(Ss6) (KUR(IoJ)J=1,155])
CONT INUE

IF (NAFIT)19520419

READ{5,7) {ASUB(I),I=1,10)

READ{S5,7} (BSUB(I),I=1,31)

READ{(S.+7) (ATP(I),1=1,5)

GO 10 21

READIS,7) (ASUB(I),1I=143)

READ{5,7) (BSUB{I),sI=14s3)
IFINFIT)24+22,24

DO 23 J=1,1558

IGJEJ)I=0

GO 70 25

READR(5,46) (IGJI(J)ed=1+1I85)

pR 28 J=1,18S

IF{IGJ(J))26427,26

READ(5,10) TFA(J) yTFBUJ)},TFCL{J),TFD(J),
1 TFE(J )« TFKIJ) o SHIAPL J) ,HPLJ)
IF(CTHXX)12T7,28,27

READ{5:8) HP{J) sETAJIJ)Y $SBJ{J) o THEVPIJ)} + SHJAP{J) L ICM(J)
K=1GM{J)

READ(599) (GELJUI+d)sELJ{T4d)sI=1,K)

2B CONTINUE

6360

6n01

IZERO=0

WRITE(64,12) (ACOM{I},1=1,20)
READ(5,6U0C0) CMSTD
FORMAT(6F12.61)

WRITE{6,6001} CMSTD
FORMAT( 1HOy 6HCMSTD=F 14, €}
CALL LIST

RETURN

END
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SUBROUTINE EQUIL
IMPLICIT "REAL*B8({A-H,0-7) . ’
COMMON A, AAL122,24), ACOM(20)s AFNTSs; AFNX, ALPIJ{20,10), AMACH,

1AR, ARBA, ARBBs ASUB{10}, ATP(5), Bl64,20), BCHI(64}y BE(£4),
2BET(20), BETA{64,20), BLBK{31), BSUB{(31}, BZERO,-C, CAI(64),
3CAPX{20)y CAPXTH(20), CARB, CLPJ(20), CDIJ(20,+10}, CEACTIG4),
GCECHIT(64),CGI(20)y CGMU{20), CHy CHAe CFI{&4), CHITIL20),
5CLNLIMCLE4]), CLNPILA4)y CLNTy CMy CMA, CMW(20)y CRA, CRP, CRRB,CRS,
6CSTAs CTy CTAPy CTBy CTCs CTMAXy CTMXXy CTPy CTPLy CTT, CX, 'CXB,

7CXMAX, DATEST, DBTEST, DELT1, DELTZ, DELT3, DELTAX, CLOGA, DLOGR,

8DTy ELJ(10y20), ELMENT{20)s ENTy ETAI(64), ETAJ(20),. ELUX, - -
= 9GELJ(10720T, GJALZ0), GJBI20), GJC(20)s GTESTs HDELXy HP(20)

COMMON PCTy PCTEST. PERTGJ(20}s PGJ(20}y PI(64]), PICHI{G4),

1PRESy PRESAs PRESB, PRESTHy PRHD, QM{20), QQ{64), RHAP, RHO, RHOSB,
ZRHOBAR, RHOC, RHOP, RHPLs RHTH., ROBARA, ROBARP, SAJ(20), SCPG,

3SDCHIt64)y SDELTX, SDT, SENs SENT{20)s SHRDELXy SHJ{2C), SHJA(2U),

4SHPGy SKIL(203}4, SCy SLs SL64, SMy 535(20), SU, SUZ, SUMG, TB(30},

STEMPl, TEST, TESTB, TFA{20}, TFB(20),y TFC(20), TFD(20)y TFE(Z20},

6TFK{20}, THEV{20), TPRINT, TSTOP, TTEST, UP, XMJAT(2G)s XNUI{64),

100
JRAL
162
1e3
104

TANUT J{ 64,200 » XNUIJP(644+20)» IPy ZPA

COMMON  IC, 1GJ(20), IGM{20}, IM, INEQ, INEQV, I?, jﬁUBAR, IRUN,
11SCy ISCPl, ISMC, ISMCNR, ISRy ISSy ISSNRsISSP1,]S53P2,I1S5P3,ISSP4

‘COMMON  ISW1A, ISW1B, ISW2A, ISH2B, ISW3A, ISW2B, 15w4A, ISm4B,

11SW5A, ISW5B, ISW6A, ISW&EB, TZERO, ITB(S5)y IUPDy JJK, KHOy KKUR,
ZKUR (64,201, LCy M1y NAFIT, NFIT, NIT, NNNy NNS, NQSs NOT, NTEST
COMMON/STOMLW/CMSTO

DIMENSION AAA{22,24), BTA(64520}), CAPQI31),s CLI(20), DGJ{LZ2C),
16J4{20}, 5BJ(20), SDGJ(20)y SHJAP{20}s THEVP{20)

EQUIVALENCE ( AA{ 131,AAA{ 1))s (BETA{ 1)+BTA{ 1)),
1(BLBK(L) sCAPQIL}) s {CAPXTH(1),CCI{1})y (GJAL1),DGI(1}),{CAPX(L),
2 GJU1))y {SASIL)oSBILL1Y I {SSL1),SDGI{LI), (SHJA(L),SHIAP(L}),
3(THEV{1},THEVP({L1))

SQRT(X)}=DSQRT(X}
ABS(X}=DABS(X)
SIGN(XL »X2)=DSIGN{X1,X2)

FORMAT{Z1HIEQUILIBRIUM SOLUTION//)}
FORMAT(1P4EL 4e5+EL164T92FE14454E16.7)
FORMAT{ 1P4F 144 54E164 7T42E1445)
FORMAT{1P13E12.3}

FORMAT{1H }

DO 1 J=1,185__

GJ{H)I=GJA(J}

PRES=1.0

CT=1.0

RHCBAR=ROBARA

OELT1=0.0025

TSTOP=0.0U01

RHO=1 4.0

SU=0,0

AMACH=0.0

AFNX=0.0

RHOB=1.0

PRESB=1,0

R=1.0

ip=3

IF(ISS-1031064+106,4105

WRITE(6,100)

IP=1P+1

IF{IROBAR)3 ;4,43
gglig(g'101)CTvPRES:RHD,SU,AHACH'SEN,AFNX.RHCBAR
WRITE(64102)CTPRESyRHO s SUyAMACH SENyAFAX
DO 6 N=141585,10

IQR=N
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1000

1001

c

.

61

€1aG
611

7L
72

TQQ=MIND(N+5.155}

WRITE(6+103) (GJIJ)eJ=1IGQR,1QQ)

CONT INUE . - .

BEGIN PROGRAM MODIFICATIONS

IF(AFNX. EQ.0.0) GO TO 1001
PL=DLOGLC(PRES*PRESA}

HOR=CH*CTAP/CMA®CMSTD

HORL=DLOGLO{HOR)
UUU=SU#DSQRT (1546 ,D0¢CTAP¥1.8D0*32, L 7159D0/CMA)
WRITE{6,1000} AFNXyAMACH,UUU+PL+HORL

WRITE(ZO} AFNXyAMACH UUU, PLHORL

FORMAT (1HOs 9X ¢ BHAZASTAR=FLZ45,1Xs SHMACH NO.=F10.5¢1X,

#1THVELOCITY(FT/SEC)=F12+5+1X414HLOGLO(P/PSTDI=F10.5s1Xy

*11HLOG10{H/R}=F10,5)

CONT INUE

END PROGRAM MODIF ICATIONS
WRITE(6y 104)
TF(KKK.NE.22) R1=0.01
KKK=22

CT=CT-RL*DELTL

R1=RL¥1,05

IF(R1.6T.1.0} Rl1=1.0
IF(CT-TSTOP 18,605 60
CONTINUE

CALL NEWRAP .
AMACH=SU*SQRT (RHO*ABS { DLOGIRHO/RHOB } /DLOG(PRE S/PRESB) )-/PRES)
AFNX=SM/ELUX

PRESB=PRES

RHCB=RHO

IF{1P=50161,61y7

[P=1P+3
[F(155-10)1611,611,610
IP=IP+1

68 TO 2

WRITE(6,100)

1P=3

IFUISS=10172472,71
[P=IP+1

6o TO 2

RETURN

END
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APPENDIX B

Thermodynamic and Transport Properties for a Reacting Gas
Mixture in Chemical Equilibrium

To solve the boundary layer equations for a reacting
gas mixture in chemical equilibrium, it is necessary to
provide a suitable method for determining the thermodynamic
and transport properties of the gas for a wide range of
pressure and temperature. These data may be given in
curve fit form or a table look-up procedure using an inter-
polation polynomial may be used.

In the present solution of the boundary-layer equations,
the primary emphasis has been to obtain solutions to pro-
blems where the ratio of the wall enthalpy to the stagnation
or reservolr enthalpy is small and for high Mach number flows.
In these cases, the coefficients of the polynomial curve fit
data may be inaccurate for part of. the range in pressure
and/or temperature (see Lewis and Burgess [1963]), Thus,

a table look-up procedure is used in the solution of the
boundary-layer equations. The tables of thermodynamic
and transport properties have been generated using a
modification of the Cornell Aeronautics Laboratory (CAL)
computer program for arbitrary gas mixtures developed by
Lordi, Mates, and Moselle [1965]. The table look-up
procedure has an additional advantage in that the tables
of properties are used directly without the necessity of
curve fitting the data. Thus, different gas mixtures may
be considered with a minimum of difficulty.

The modifications made to the CAL computer progranm
are described below, and a listing of the modified
subroutines are given at the end of the appendix. In
the discussion which follows, it is assumed that the CAL
program is available.

Thermodynamic and Transport Properties

The properties which must be specified are pressure,
temperature, enthalpy, density, specific heat, viscosity,
and Prandtl number. For a given pressure and temperature,
the enthalpy, density and specific heat are determined

-168-



using the reservoir calculation described in Section 2.1
of Lordi, Mates and Moselle [1965]. Subroutines have been
added to compute viscosity, and to obtain the Prandtl
number by interpolation.

To conform with the boundary-layer program, each
set of data is tabulated at a constant pressure with
temperature decreasing, the dependent variables are H,

p, u, CP, and PR. The data sets are generated with
decreasing pressure. The specific heat, CP, is determined
by numerical differentiation of H in each data set. To
provide the necessary data for five-point interpolation
in the boundary-layer program, at least two data sets -are
required both above and below the maximum and minimum
pressures of the given problem, and similarly for the
temperature in each data set.

The viscosity of the gas mixture is computed using
Wilke's semi-empirical formula

ISS Ci ”i/Mi

u =j_§1 TTS ) (B'l)
C.¢../M.
jzl J¢1J/ J
where
_ 2
M.y-% w.yks M.y%
_ 1 i i i
0., =L 1+ LT |14 [ (B-2)
o [ Mj] [“5] [Ml]

The viscosity of the speéies, u;, is approximated by
curve fit data of the form

cs (Ai 1nT + Bij
H: = € T gm/cm-sec (B-3)

The curve fit constants are determined by the fitting the
uj data obtained using the method of Yun and Mason [1962].
The constants used in the computer program were obtained
from Blottner [1964].
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The Prandtl number for air and nitrogen have been
obtained by interpolation of the data given by Hansen
[1958] and Ahyte and Peng [1962], respectively..

Description of Computer Program

The computer program used to generate the tables of
thermodynamic and transport properties of the gas mixture
retains subroutines REED, LIST, INIT, INTA, THERM, MATIN,
and SIMSOL of the CAL computer program, Listings of the
modified or added subroutines are included at the end of
this appendix. It is noted that the common block data in
the modified program are not the same as that for the CAL
program. However, their common block data may be used
without change., A description of the Fortran variables
used in the added subroutines which are not included in
the Lordi, Mates and Moselle program are given below.

MAIN Program

Description of Variables

AMU s Viscosity, lb-secfft2

APR ) s Prandtl Number (frozen)

CJ , Mass Fraction of the jth Species

CMLW s Molecular Weight of Gas Mixture

CMSTD s Molecular Weight of Gas Mixture at
Standard Atmospheric Pressure and
Temperature

COND , Thermal Conductivity (frozen) 1b/sec-°R

CP , Specific Heat of Gas Mixture at Standard
Atmospheric Comditions, ft2/sec2-°R

CTAP1 s Dummy Variable for CTAP

CTINIT s Maximum Temperature, °K

CTMIN s Minimum Temperature, °K

DELCT s Temperature Increment, Value is Negative
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DELTPL
GAMMA
HOR
HORL

I

IS

J

JPL

JCT

JCTZ
PL
PR

RGAS

RHOLOC
RHOLOS
RHOL
SPHTR
SPHTRF
SPHTOR

TEMP

Pressure Increment, Value is Negative

+ Ratio of Specific Heats

H'/RGAS, °K
Log10 (HOR)

- Array Index

Array Index
Array Index
Number of Tables to be Gemerated
Array Index

Number of Temperature Steps in Each
Table

" Dummy Variable

Loglo P, P in Atmospheres
Array of Prandtl Numbers
Gas Constant at Standard Atmospheric
Pressure and Temperature, ft2/secZ-°K or
ft2/sec2-°R
Density, Slugs/ft3
Density, Amagats
Loglop, p in Amagats
e
C,/R,s °K
Array of Cp/R0
Specific Heat of Mixture Cp/RGAS, °K

Array of Temperature, °K

Subroutine XMUPR

The purpose of this subroutine is to compute the
viscosity of the gas mixture using Wilke's semi-empirical

equation.

The frozen values of thermal conductivity and

Prandtl number are also computed but are not used.
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Usage:
CALL XMUPR (T, CP, R, CCPS,. CGI, .GJA, IS8S; HP, CMA, YMU,

" PR, CON)
Where

T s Temperature, °K

cP = C /R

R = 1 98726 gm- cal/gm mole-°K or BTU/1b-mole-°R

CCPJ , Specific Heat of jth Species

CGI , Molecular Weight of ith Species

GJA , Species Concentration moles/gm

1SS s Number of Species in Mixture

HP , Chemical Symbol for Species in Mixture

CMA , Molecular Weight of Gas Mixture at,
Given Pressure and Temperature

MU " Viscosity, 1b—sec/ft2 (returned)

PR , Frozen Prandtl Number (returned)

CON , Frozen Thermal Conductivity, 1b/sec-°R
(returned)
Description of Variables

Ai , Coeff1c1ent in Curve Fit Expression for
Viscosity

Bi , Coefficient in Curve Fit Expre551on for

: Viscosity

Ci s Coefficient in Curve Fit Expression for
Viscosity

CAPK , Intermediate Variable in Calculation of
Thermal Conductivity

EMU s . Species Viscosity

FACI s Dummy Variable

FACZ s Dummy Variable
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PHI Defined by Equation (B-2)

Subroutine PRANDTL

This subroutine interpolates in tgbles of Prandtl
numbers input to the program as functions of pressure
and temperature. Five point interpolation is used to
determine the Prandtl number at the given pressure and
temperature.

Usage:

CALL PRANDTL (PL, TEMP, PR, NTMP)

Where
PL = Log10 P, P in Atmospheres
TEMP » ~ Array of Temperature Values
PR s Array of Prandtl Number Values at Pres-
sure P
NTMP . Number of Values in Temperature Array
Description of Variables
IJK , Undefined for First Call of Subroutine,
and is Used to Read Prandtl Number
Tables '
J s Array Subscript
K , Array Subscript
NPL , Number of Tables to be Read
NTEMP s Number of Temperature Values in Each
Step
PL1 s Arrgy of Pressures at which the Prandtl
Numbers are Tabulated
PRPLT R Interpolated Values of Prandtl Number
at Pressure PL
TI s Array of Temperature Values at Which

Prandtl Number Values are Tabulated
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Subroutine DERIVS
This subroutine determines the first .derivative of.a-
function F with réspect to the independent Variable X.
The derivative of F is returned as FEP.
Usage:
CALL DERIVS (X, IE, F, FP)

Where X and F are the ordinate arrays, IE the number
of values in the arrays, and FP is the returned array.

The description of subroutines INTER5 and FD5 are
given with the boundary layer program.

Input Data Preparation

The card input data given below is to follow (in the
order listed) the data cards required by the computer
program described in (2).

Card 1 FORMAT (7F10.5,I5)
PLMAX Maximum Value of Log10 P, P in Atmospheres

DELTPL ' Increment in Lpglo P, Value is Negative

CTINT Maximum Temperature, °K

DELCT Increment in Temperature, Value is Negative

CTMIN Minimum Value of Temperature, °K

RHOSTD Density of Gas mixture at Standard Atmospheric

Pressure, slugs/ft3

CMSTD Molecular Weight at Standard Atmospheric
Pressure and Temperature

JPL . Number of Tables to be Generated -
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Caxd 2

GAMMA-

Card 3

A (J)
B (J)
C (1)

Card 4

NPL
NTEMP

.Card &

TL (K)

Card 6

PL1

Card 7

PR1

FORMAT (7F10.5,I5)

Ratio of Specific Heats at Standard Atmospheric
Conditions

FORMAT (7F10.5,I5)
Coefficients of Viscosity
Curve Fits, One Card for
Each Species Considered '

FORMAT (515)
Number of Tables to be Read

Number of Temperature Values
to be Read in Tl Array

FORMAT (8F10.5)

Array of Temperatures, Input .
in Increasing Increments. Use
as many cards as necessary.

FORMAT (8F10.5)
LoglOP, P in Atmospheres
FORMAT (8F10.5)

Array of Prandtl Numbers
Corresponding to PL1 and
the Temperatures Input in
Array Ti. The number of
cards is the same as card
type 5.
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List of Symbols for Appendix B

Coefficient in Viscosity Curve Fit
Coefficient in Viscosity Curve Fit
Coefficient in Viscosity Curve Fit
Mass Fraction of the ith Specie
C_/RGAS

o/

Specific Heat

Enthalpy, ftz/sec2
H'/RGAS, °K
LpglOH

Molecular Weight of the ith Specie
Pressure in Atmospheres

Prandtl Number

Gas Constant

Logyg ¢’

Density in Amagats

Speciés Viscosity;gm/fcm-sec)

Viscosity of Mixture, 1b-sec/ft2

-176-



C

i0i

200

100

10

300

il

EQUILIBRIUN THERMUODYNAMIC AND TRANSPORT PROPERTIES

IMPLICIT REAL%B(A-H,0~2)

COMMON Ay AA(22:24)y ACCM(20), AFNTSs AFNX, ALPIS(20,10), AMACH,
1ARs ARBAy ARBB, ASUB(10Q}, ATP{5), B(564,20), BCHI{(64), BE(64),
2BET(20), BETA(64,20}, BLBK{31), BSUB{31)y BZERCs Cy CAT(64)+
3CAPX(20} s CAPXTH{20)s CARBy CCPJ(20),s CDIJ{20,10)y CEACTI(E4),
4CECHTII(64):C61{20)y CGMU{20) s CHy CHAy CHI{64)}y CHIT(20),
S5CLN1LMC(64)s CLNPI{64)s CLNTy CMy CMA, CMW(2G), CRA, CRP, CRRB+CRS,
4CSTAs CTy CTAPy CTBy CTC, CTMAX, CTMXX, CTPy CTPLy CTTs+ CXs CXBs
TCXMAX, DATEST, DBTESTs DELTi+ DELTZ2, DELT3, DELTAX,y CLUGA, DLOGR,
80Ty ELJ{10,20), ELMENT{20), ENT, ETAI{64), ETAJ(20)y FLUX,
9GELJ(10,20t, GJA(Z201y GJBI20)y GJIC(20)s GTEST, HDELXs HF({Z20}

COMMON PCTy PCTEST, PERTGJE20)y PGJ(20)s PI(64)y PICHI{E4),
1PRES, PRESA, PRESB, PRESTH, PRHQ, QM{20), GG{(64)s RHAP, RHO, RHOB,
2RHOBAR, RHOC, RHOP, RHPL, RHTH, ROBARA, ROBARP, SAJ(20}, SCPGs
35DCHI(64), SDELTX, SDT. SENs SENT{20)}, SHDELX, SHJ(2C)s SHJA(20),
45HPG, SKIL(20)s SCy SLy SLE64s SM, 55(20), SU, SU2, SUMG, TB(30},
STEMPl, TESY, TESTB, TFA{(20), TFB(20C}, TFC{20), TFD{20)s TFE(20],
6TFK{20 )y THEV{20)s TPRINT, TSTCOP,; TTEST, UPy XMJAT(2G)s XNUI{64},
TXNULJ(64420)y XNUIJP(H4,20)s 2P, ZFPA :

COMMON  IC, 1G6J120), IGM(2C}, IM, INEQ, INEQV, IP, ITROEAR, IRUN,
1ISCy ISCPY, ISMCy ISMCNR, ISR, 155y ISSNR,ISSPL,ISSP2,I55P3,155P4

COMMOEN KKK, NODUMMY

COMMON DELT4

COMMON ISH1A, ISW1B, ISW2A, ISW2B, ISW3A, ISW3B, ISHW4A, ISH4B,
115W5A, I5W5B, ISW6A, ISW6B, IZERD, ITB(S), IUPL, JJK, KHO, KKUR,
2KUR{&4,20), LCy ML, NAFIT, NFIT, NIT, NNN, NNS, NQS, NCT, NTEST

DIMENSION AAA{22+24)s BTA{64420), CAPGI{3L)y CCI(20), DGJ{20], -
1GJ{(20), SBJL20)s SDGJLZ20), SHIAP(20}, THEVP(20}

DIMENSION TEMP{100),HORL{100 }sRHOL{100)SPHTOR{100),XMU{1C0),
#*PROLOO}, CHLW{100) ,ZCOMP(100}+CJ(20),IGJBE30} yHOR{L1CGO} »CONC(ICO ),
*SPHIRF{100} :

EQUIVALENCE { AA{ 1)4AAAL 1)), (BETAC( 1),BTA{ 1)),
LIBLBK(1) 4CAPQ{1) ) 4 {CAPXTHI(1),CCE(T) ), (GJA(LY,0GIL 1)) {CAPXIL),
2 GJL1)}s (SAJLY)SBULL)H,(S5{1)1,SDGJ{L1}}y (SHJIALL)SRJAPIL)),
3(THEV{1),THEVP(1)]

ABS{X)=DABS{X)
SORT(X}=DSQRT{X}
EXP{X)=DEXP{X}

EORMAT {12HO RESERVOIR™414//13H TEMPERATURE=;FS.2,9H DEMSITY=,Fl1.8
2ULAR WETGHT=,E7e4//{1Xs1Abs Elle3)}

CALL REED )

READ(5,100) PLMAXsDELTPL,CTINIT,DELCT,CTHIN, RHOSTD, CMSTC,JPL
READ (5,100} GAMMA . ;

WRITE{64200 ) PLHAX ¢ DELTPLyCTINIT,DELCTCTMIN, RHOSTD,CHSTD , JPL

FORMAT(1HO y1X;6HPLNAX*F1043 91X 7HDELTPL#F10 031X,y
1THCTINIT=F1043,1Xs6HDELCT2F 1043, 1Xs GHCTMEN=F10435
27HRHOSTD=F104T s 1Xs 6HCMSTO=F 1045, 1 X, 4HJPLE13)
FORMAT(7E10s5,15)

D0 10 J=1,1SS

1G6JB{JI=1GS(J)

CONTINUE )
RGAS=1,58674%7784158%32.174/CHSTD

CP=RGAS* {GAMMA/ {GAMMA~14))

WRETE(6,300) RGASsCP,GAMMA

FORMAT (1HO s 5HRGAS=F 10459 1Xs 3HCP=F 104 551Xy SHGAMMA=F 104 5}
RENIND 20

PL=PLMAX
CTAP=CTINIT
J=1 ,
D0 30 K=1sdPL
“EONT INUE ,iﬁzﬁgbv
PRESA=10, DO%%PL Op 5’0045

N
et

1!-177—-'

Q0299
(0300
£0310



CALL INIT
HOR(J)=CHA*CTAP/CMA*CHSTD
RHOLOC=RHAP*2,205D-3/1{3.5310-5%32.175900}
RHOLOS=RHOLOC /RHDOSTD
TERP(J}=CTAP
HORL{J}=DLOGIO(HORIJ))
RHOL{J)=DLOG1O{RHGLECS)
ZCGHP(JI=PRESA*2116.224DOI(RHULDC*TEHPIJl*RGAS )/1.8D0
SUM=0.,D0
-D0Q 15 1J4=1,155.-
SUM=SUM+CAPX (1J)
15 CONTINUE
CAPX{2)=1.DO~SUM+CAPX(2)
SUM=0,D0
0O 40 I=1,1SS
CJII)=CAPX{I}*CGIC(I)/CMA
SUM=SUM+CJ(I}*CCPI(])
40 CONTINUE -
SPHTR=SUM
CALL XMUPR{CTAP,SPHTR +CRAJCCPJ+CGIyGJAy ISS, HPy CMA. AMU ¢ APR, COND(J )
*)
c CONDF (J 1=COND{J)
SPHTRF{J}=5SPHTR
XMU(3)=AMU
PR{J)=APR
CMLW(J)=CNA
CTYAP1=CTAP
IF{CTAPl.LE. 600,00} GO TO 20
CTAP=CTAPI+DELLT .
IF{CTAP.LT.CTHMIN} GO TO 20
J=Jd+l
GO TO 11
20 CONT INUE
CTAP=CTAPL+DELCT
JCT=J
JCT2=J
I=J
25 CONTINUE
IF(CTAPL.LTL.CTHMIN} GO TO 2000
I=1+1
JCT2=1
PRESA=10.00%%pPL
SPHTOR(I)=CP/RGAS
SPHTRF(1}=5PHTOR{I)
HOR{ 1 )=SPHTOR(TI)*CTAP
HORL(T1)=DLOGLO{SPHTOR(I}*CTAP)
RHOLOC=PRESA*2116.224D0/{RGAS *CTAP*1.8D0)
RHOL(Y)=DLOGIO{RHOLOC/RHOSTD)
TEMPIT)=CTAP
LCOMP(1)=1.D0
CMLW(T)=CHSTD .
XMULTI1={518.6D0+198, 600}/ ({CTAP*1,8D0+198.6D0 )%
l(CTAP*1,800/51846D0)%%]1,.500%3, T19D-7
CTAPL=CTAP
CTAP=CTAP+DELCT
IF(CTAP.LT+200.00) CTAP=CTAP1-50,D0
IF(CTAP.LT+50.00) CTAP=CTAP1-5.D0
GO 10 25
2000 CONTINUE
CALL DERIVS{TEMP,JCT,HGRLSPHTOR)
DO 50 I=1,4CT
SPHTOR(I }=SPHTOR(I)*HOR(1)/DLOG1O(2.7182818284590450U)
50 CONTINUE
JCT=JET2
CALL PANDTL(PLeTEMP,PR,JLT}
WRITE(64150)PLLJCT
WRITE(64152)
"WRITE{6¢155) {TEMP{J),HORL{J)+RHOL (I}, XMULJ )y SPHTOR(J)»PREJ)
*CMLW{J} +ZCOMPUJ} s SPHTRF (J) +J=1,JCT)
~ WRITE(20} PL,JCY
WRITE(20) TEHP'HORL'RHGLaXHU.SPHTOR.PR
PL=PL+DELTPL
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http:CTAP=CTAPI-5.DO
http:IF(CTAP.LT.50.DO
http:CTAP=CTAP1-50.DO
http:IFCCTAP.LT.200.DO
http:IF(CTAPI.LE
http:SUM=0.DO
http:SUM=O.00

CTAP=CTIRNIT
IF{DELTPL.EQ.Q-D0) STOP
J=1
30 CONTINUE
150 FORMAT(1HO»BX+y29HLOGIO PRESSURE IN ATMOSPHERES 512X s3HPL=1PD16.8,
#¥5X s 21HNOLTEMPERATURE STEPS=13}

152 FORMAT{1HO, /115H TEMP H/R RHO XMU
* CP/R PRL MOLM 2 © CP/RF)
155 FORMAT{IX,1P9D13.6)
sTOP
END
SUBROUTINE INIT 63359

IMPLICIT REAL*8{A-H,0-1}

COMMON A, AA{22,24), ACOM(203s AFNTS, AFNX,s ALPIJ(20+10), AMACRH,
1AR, ARBA, ARBB, ASUB{10), ATP{(5)}; BLE4,20), BCHI(64)s BE(64],
2BET(20), BETAl64+20)y BLBK{31), BSUB{31), BZEROs Cs CAI(G4],
3CAPX(20)y CAPXTH{20), CARB,*CCPJ{20), CDI1J(2G,10},s CEACTIGS},
4CECHIE(64),C61(20), CGMU{20)s CHy, CHAy CHI(64)}, CHII{20),

SCLNIMC{ &%)y CLNPI{64)y CLNT, CM, CMAy CMW(20), CRAy CRP, CRRB/)CRS»
6CSTAy CT, CTAP, CTB, CTC, CTMAX, CTMXX, CTPs CTPL, CTT, CXs CXB,
TCXMAX, DATEST, DBTESTy CELT1, DELT2, DELT3, DELTAX, DLOGA, DLOGR,
8DT, ELJ{10,20)s ELMENTL20), ENTy ETAI{64), ETAJ(20), FLUX,
9GELJ(10+20)y GJAL20), GJB{20)s GJCL(20), GTEST, HDELX, HPIZ2U)

COMMON PCT, PCTEST, PERTGJ(20)y PGJ(20),y PIl64), PICHI{E4),
1PRESy PRESA; PRESB, PRESTH, PRHO, QM{20),s QQ{64)s RHAP, RHOy RHOS,
2RHOBARy RHOC, RHOPs RHPL, RHTH, ROBARA, ROBARP, SAJ{20), SCPG,
35DCHI{ 64}, SDELTXy SDTy SEN, SENT{20), SFDELX, SHJ{20), SHJA{2C],
4SHPGy SKIL({20}y SCy SLy SLO6&4y SMy $5(20}y SU, 502, SUMG, TBI30),
5TEMP1, TEST, TESTBy TFA(20), TFBL20)y TFC{20G)}s TFD{2U)y TFEL20),
6TEK{ 20}, THEV(20}, TPRINT, TSTOP, TTEST, UP, XMJATI2U)s XNU1{b4),
TXNUTJ(64+20)y XNULJP{64,20)y ZPs ZIPA

c
C .
COMMON ICs 1GJ{20), IGM{20}s IM, INEQ, INEQVs IP, L[RCBARs IRUN,
1iSC, ISCP1l, ISHCs ISMCNR,s ISRy 15S, ISSNR,ISSPL,ISSP2,155P3,185P4
c .
COMMON TKKK,NDUMHY
COMHON DELT4
COMMON 1SWlA, ISW1B, ISW2A, ISKHZB, [SW3A, ISW3B, ISWad, [SW4B,
1ISW5Ay ISW5By ISHBA, 1SH6Bs IZERQ, ITB(5}, IUPDy JJK, KHOy KKURy
i 2KUR (644200 LCy MLy NAFIT, NFIT, NIT, NNAh, NNS, NQS, NOT, NTEST
c
DIMENSIGN AAA(22424)y BTA(644+20)y CAPQ{31), CCI(20), DGJI(20),
1641201+ SBJL2D), SDGJ(20)s SHIAP(20), THEVP(20)
c
EQUIVALENCE { AA{ 1}),AAA{ 1)}y (BETAU 1}+BTAL 1)),
1(BLBX(1) yCAPQIL3) o {CAPXTH{1)+CCI{1))s {GJA{1),DGJ(1)},{CAPX(1]),
2 GJI1))Y, {SAJUY}4SBIU1}){SS5{2),SDGJ{L)}s (SHJA(L)sSHJAP(L}),
B3(THEV(1) s THEVP(1}}
c

DIMENSION TFBl(20),TFC1(20),TFDI{20),TFEX{2G) ,ELJ41(10,20)
DIPENSION THEVPLU20)sSBJIC20)ySHJAPL(Z20)

ABS{X)=DABS(X)

SQRT(X)=DSQRTIX}

EXP{X)=DEXP (X}

ALOGU X)=DLOG{X)

IF(IJK+EQ-34) GO TO 50 f?

CTMXX1=C¥MXX

TSTOP1=TSTOP z@m‘

DO, 500 K=1,ISS -Poo ,
TFHL (K)=TFB (K} 2 @5‘4@@@
TFC1(K)=TFC{K) i e@%{
TFD1(K)=TFD(K)

TFEL(KI=TFE{K)
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http:IF(IJK.EQ.34
http:IF(DELTPL.EQ.O.DO

500

501

50
c

SHJAPLI{K )=SHJAPIK)

THEVPL IK}=THEVP (K}

SBJI{K}=5BJ{K)

CONTINUE

DO 501 I=1,1ISS

K=IGM{I)

DO 501 L=1,K

ELJLILT)=ELJI(L, 1)

IJK=34 ’
. CONTINUE -

CTMXX=CTMXX1/CTAP
TSTOP=TSTOPL/CTAP
IF{TSTOP-4011849,9
8 TSTOP=,01
9 ARBA=5.0
ARBB=0,0
JJK=0
CT=1.0
IKKK=0,0
IM=1
CRA=] + 38647
CRP=CRA*CTAP
CTPL=ALOG{CTAP)
ISMC=185~I5C
IFINFIT) 143,1
1 T1=CYAP
T2=T1%T1
T3=T1*T2
T4=T1#%T3
D0 2 I=1,ISS
TFBL{I)=TFBL{1)*T}
TEC(I)=TFC1{I)%T2
TFO(I=TFDL{I)%*T3
TEE(II=TFEL(I1*T4
CONTINUE
IF(KHG}44+ 644
D2 5 I=1,1S58
SAJ(1)=SBJI{I)+{1.5+ETAJ(I}}%CTPL
THEV{I)=THEVPL(I}/CTAP
K=1GM(I)
DO 5 L=14K
ELJ{L, I}=ELJLIL,I}/CRP
DA 7 I=1,1IS8S
SHJA{TI=SHJAPLII)/CRP
ISMCNR=ISMC
ISSNR=ISS
CALL INTA
RETURN
END

N

-

SUBROUTINE INTA

IMPLICIT REAL*8{A~H.,0~-21}

COMMON Ay AA(22524)s ACGM(20)s AFNTS, AFNX, ALPIJ{20,101s AMACF,
1ARs ARBAs ARBB, ASUB{10)s ATP{5), B{64,20), BCHI(64), BE(&4},
2BET(20), BETA(64,420)s BLBK(31), BSUB{31), BZERO, C, CAll6%),
3CAPX{20), CAPXTH(2(0)y CARB,y, CCPJL20),y CDIJ(20,+10G)},; CEACTL64);
4CECHIE{64),C6It200, CGHU{20)y CHsy CHA, CHI(64), CHII(20),
SCLNLIMC{64)y CLNPI(64)y CLNT, CMs CMA, CMW(20), CRA, CRPs CRRB4+CRS,
6CSTAy CTy CTAP, CTBy CTCy CTMAXy CTMXXy CTPy CTPLy CTTy CXy CXB,
TCX¥AX, DATEST, DBTESTy CELT1s DELT2, DELT3, DELTAX, DLOGA, DLOGR,
80Ty ELJ{10420)s ELMENTU(Z20), ENTs ETAL(64), ETAJ(20},y FLUX,
9GELJ(10+20)s GJAL20)y GIBL(20)y GJCL20), GTEST, HDELX, HP(2G}
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03400
03477
03480

03500
03510
9352v
03530
03549
(3550
03567
03579
03530
03590
03609
0361
11362

0363

0364

03659
93660
3679
0368

(369

037090
03710
0372

03730
0374

03750
03760
G3770
n3ran
063790

03819


http:TSTDP=.O1

.COMMON PCY, PCTEST, PERTGJ(20), PGJ{20), P1(64), PICHI(64 ),
1PRES, PRESA, PRESB, PRESTH, PRHO, QM{20), QQ{64). RHAP, RHO, RHOB,
ZRHOBAR, RHOC, RHOP, RHPL; RHTH, ROBARA, ROBARPy SAJ(20}, SCPG,
3SDCHI(64), SDELTX, SDT, SENs SENT(20), SHDELX, SHJ{20), SHJA(20),
4SHPG, SKILI20)}, ST, SLy SL64y SM, S55(20) SUs S5U2, SUMG, TBI30i,
S5TEMPL, TESTy TESTH, TFA(20), TFB{20}, TFC(20), TFD(20), TFE{20),
6TFK(20)s THEVI201, TPRINT, TSTOP, TTESTs UP, XMJAT(20), XNUILE4),
TXNUL J{564420) ¢ XNUIJP{&44+20)e ZPy 1IPA

COMMON  ICy 1GJ{20}, IGM{20)}s IMy INEQs INEQVs IP, IROBARs IRUN,
11SCy I1SCP1, ISMC,y ISMCNR, ISR, 155, ISSNR,ISSPL,I15S5P2,1S55P3,ISSP4

COMMON  IKKK, NDUMMY

COMMON DELT4 )

COMMON ISH1A, ISW1Bs ISW2A, ISH2B, ISW3A, ISW3Bs TSWaAs ISk4B,
11SW5A, ISHSB, ISW&A, 1SW6By IZEROs ITBIS}s IUPD. JJK, KHO¥ KKUR,
2KUR(64520)y LCs M1, NAFIT, NFIT, NITy NNh, NNS, NQS. NCT, NTEST

DIVENSION AAA{22+24)y BETA{64,20)s CAPW(21l}y CCI{20Q0)y DGJ{20),
164{20)y SBJ(20}, SOGJ{20)y SHJAP{20), THEVPI20)

EQUIVALENCE { AA( 1), AAAL 1)), (BETAL 1),8TA( 1)1,
1({BLBK{1) ,CAPQ{1}) o LCAPXTH(1),CCI(1}), {GJA(L),DGJ{1) ), (CAPX{L},
2 GJELMy {SAJCL}sSBILLY)(55{1),5DGU{1))y (SHJIA(L) +SHJAP(1)),
3{THEVI1) ,THEVP(1))

ABS{X)=DABS{X)
SQRT (X1 =DSQRT (X)
EXP{ X)=DEXP{ X)
ALOG(X}=DLOGIX]

DO 1 I=1,IS5C
DO 1 J=1,15C
1 BTA(IsJi=ALPIJ(I4J)
CALL MATIN (BTA,I15(C,64)
DO 3. I=1,15MC
L=I+15C
DO 3 J=ly15C
COTJ(Iydi=0.0
DO 2 K=1,ISC
2 COLSCI+J)=COTIH T4 +BTALKJ)#ALPTIJIL K]
3 CCNTINUE
DO 5 [=1,ISMC
BET(I}==1.0
PO 4 K=1,15C
BET(I)=BETII)+CDIJ{I K}
CONT INUE
SUH=0,0
B0 7 I=1,]15C
QM{I)=0,0
DO & K=1,]15C
6 QMIT)=QM{T}+BTA(K,I}*CAPQ(K}
SUP=SUMECM(T)
7 -CONTINUE
P 8 I=1,15C
QMITI }=QM(I)/SUM
CCI{1}=0,0
00 8 J=1,1ISC
8 CCI(IY=CCI{T)+ALPIJIIJ)4CHHII)
IF{IC-1ZERD) 80,81,80
80 CAPX(1)=,001
G0 TO 82
81 CAPX{1}=QH(1)
82 CONTINUE
DO 9 I=2,1SC

LS

CAPX(1}=QM{I} ﬂ%
CGMULI)=ALOGICAPX(I}) ) %

9 CGE(II=CCI(]) s o
CGMU{1)=ALOG(CAPX{1)) ‘900& 2
CGI(11=CCIIL} t%ﬁ&é?
DO 11 I=1,fSMC ! .
SUM=0,0

03820
0383y
3840
33850
03880
03870
03880
{3890
03900
63910
43920
03930
03940
¢3950
03960
03979
03980
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04010
04020
04030
04040
N4050
C4060
24070
04D8BY
G4090

N4120
04130
04140
64150
04160
04170
04180
04190



DO 10 K=1,I5C
10 SUM=SUM4+CDIJ(I,K}I*CGCIIK}
IL=I+ISC
CGI(IL b=SuM
11 CONTINUE -
IPA=ALOG{PRESA}
CLGT=ALAOGILT}
CTP=CT*#CTAP
CLNT=ALOG(LTP}
. . DO 70. $=1,I55
56 XMJATISI=TFA(J)I*(1e—-CLNT} =TFRK(J}-CTH{TFBLII+CTH{TFC(J) /2. 4+
XCTH{TFD(J} /3. +CTH=TFELJ) /4« V) )+ SHIA(J) /CT
SHITJII=SHIACI IFCTHITFALIIHCTHITFB(J)FCTRITFC IS} +CTH(TED (J)+
XCTHTEE(JINID)Y
CCPJ(J)=TFA(JI+CT*(2.0*TFB(JI+CT*(3-O*TFC{J)+CT*(4-0*TFDFJI+CT*
X{5.0%TFECJI)N D)
172 SENT{JI=SHJ{J}/CT-XMJAT (J}
79 CONTINUE
DO 13 I=1,ISMC
IL=1+1ISC
CHITUL}=-XMJATCIL )+ZPA*BET(I)
00 12 J=1,1ISC
12 CHIT(TID=CHIIC I}+XMJIAT(JI*CDIJL],J)}
13 COATINUE
DO 15 I=1,ISMC
SKIL({I)=CHII(I}
DO 14 J=1,I5C
14 SKIL{TI)=SKIL{E)+CDIJ{I,J¥CGMULJ)
L=1+1SC
CGMUIL)Y=SKIL{I)
SKIL(T)=EXP(SKIL(I})
15 CAPXULI=SKIL(I}
MLl=1SC+1
N=0
16 N=N+1
00 18 J=1,ISC
AALJ M1 }=QM{J I-CAPX(J)
DO 17 E=1,ISMC
17 AACJyMI =—{COTJ(I4J)-QMIIIRBETAI) )#SKILLIF)+AA(S, ML)
18 CONTINUE
D0 23 J=1,ISC
DO 23 K=1,15C
IF{J-K)20419520
19 AA(J+K)=CAPX{J)
G0 TO 21
20 AA(J,K)=0.0
21 DD 22 i=1,ISHC
22 AA(IIK)I=AA(S 4K+ (CDISCT,K)*(CDTJL{1,J}-QM{JI*BET(I) )*SKIL(I})
23 CONTINUE .
CALL SIMSOL(AAs1SC,22)
00 26 K=1,I5C
ZA=1.+AA(K, ML}
IF(ZAY24424425
24 CAPXIKI=CAPX{K}/2.11
COMULK) =ALOG{CAPX(K))
GO YO 26
25 CAPX{K)=CAPX{K}*ZA
CGMU(K)=ALOG(CAPX(K) )
26 CONTINUE
DO 28 I=1,ISMC
SKIL{I)=GHIL(I}
DO 27 L=1,ISC
27 SKIL{I)=SKIL{I)}+CDIJ{I L ):COMU{L)
J=1+ISC
CGMULJ)Y=SKIL(T)
SKIL(I)=EXP{SKIL{I)}
CAPX(J)=SKIL{I}
28 CONTINUE
DO 29 K=l,1SC .
IF(ABS{AA(K,M1]) )-TEST}29,29,280
280 IF(N-NTEST)16+16.,32
29 CONTINUE
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04220
04239
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04250
0503n
45040
~ 0505y
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65110
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65139
05149
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04270
04289
04299
C43G0
C4310
64329
04330
04349
04350
04360
04370
04380
04390
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04419
04420
04430
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04450
044690
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044 81D
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04500
04519
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04530
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04550
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04580
04590
04600
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066210
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04640
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04660
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http:CAPX(K)=CAPX(K)/2.11

139
110
111
115

20

3n

39

31

32

CHA=0.0

SEN==1PA

CM=0,0

D0 30 I=1,155S
SEN=SEN+CAPX(I}=(SENTL{I}~CGHNUI(I))
CHA=CHA+CAPX(1)*SHI(I)
CH=CN+CAPXI(I)*CGE{I)

CMA=CHM

CRRB=SEN/CMA

SEN=CRRB*CRA

CH=CHA

0D 31 I=1,IS%

GJALT)=CAPX(1)/CMA
ROBARP=PRESA*CMA/(CTAP*41.3G558%CRA)
RHAP=RO3ARP/ (1, +ROBARP*BZERG}
ROBARA=RGBARP/RHAP
CHA=CHA+{ROBAKP /RHAP-1.)

RETURN

WRITE( 6,33}

FORMATI35H TOO MANY NEWTON-RAPHSON ITERATIONS)
sTap

END

SUBROUTINE XMUPR{T,CPyRyCCPJIsCGT yGJA,ISS HP,CNA,XMU, PR, CONY
IMPLICIT REAL*8{A-H,0-Z) . )
DIMENSION A{20) +B{20},C(20),EMU(20),CCPJIIL),CEI(1),CJAI1),HP(L])
IF{1JK.EQ.552} GO TO 1
READ{5,100) {A(T)}4B(I),C{I},I=1,I1SS)

WRITE(64110)

WRITE(6y111)

WRITE(69115) (HP(I)yA{I}yB{I},C{I1)sI=1,15S)

FORMAT( 3F20.10) )

FORMAT ( 1HO, 13X, 29HVISCOSITY CURVE FIT CONSTANTS)

FORMAT{1HC ,5X,10HSPECTES {1} ,8Xo4HA{ 1) 414X ,4HB{T) 15X, 4HC(1))
FORMAT{ 1HO, 4X+A 8y 1P3D204 6}

1JK=552

TL=DLGGLT)

XMU=04 DO

CON=04D0

DO 10 1=2,1SS§

EMU(1)=DEXP{C( L) I*Tex(A([)+TL+B(I))
EMU{II=ENUT)*S.60=3%12.C0/32.1T4C0

CONTINUE

D0 30 1=2,15%

CAPK=EMU(T}*(CCPJI{1)41.2500)/CGI{ 11#R%TT8.15800%324 17400
FAC1=0.D0

NG 20 J=2,1SS )
PHI=(14D0+(EMULT Y /EMU{S)I5%045D0% (CGT(JI/CCI(T ) )**0. 2500 ) %2/

#(8oDO*(1.D0+CGI (1 }/CGT{J))}%%0,5D0
FAC1=FACL+GJA(J}*PH]I
CONT INUE
FAC2=GJAL T} /FACL
XMU= XMU+EMU (I ¥ FAC2
CON=CON+CAPK*FACZ
CCNTINUE
PR=CP*XMU/CONXR*778.158D0%32, 1 74D0/CMA
UNITS OF VISCOSITY{XMU) LBe~SEC./FT.*#2

CONDUCTIVITY{CON) tLBe/{SEC-DEG.RANKINE} ﬁzér
RETURN f@@ %
END g 44z7
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04810
04829
04839
G4840
04850
04860
04870
04880
C4899
C49050
049170
04920
4930
04940
04950
04960
04970
G4980
04981
U4982
24984
64999


http:FACI=O.DO
http:CON=O.DO
http:FORMAT(IHU,4XASlP3D20.61

30
40

50

60

TO

8¢

SUBROUTINE PRNDTL(PL:TEHP:PR:NTHP)

IMPLICIT REAL#*8(A-H,0-Z} .

DIMENSION TEHP(I),PR(lloPLI(lll,TllSO):PRliII,SU]yPRPLT(ﬁOI
IF(1JK.EQe3) GO TO 40

1JK=3

READ(5,5) NPL, NTEHP

READ(5+10) (TL(K) K=14NTENP)

DO 30 J=1,NPL

READ(S,10) PLL(J)

READIS+10Q} {PRI(J+K)+K=14NTENP)

CONT INUE

CONTINUE

J=0

JeJ+l

IF(PL.LT«PL1{d)) GO TO 50

IF{J.LTa3) J=3

“TFtJeGTLINPL-2}) J=NPL-2Z

DO 60 K=1,NTEMP

CALL INTERS(PL4+PL1(J=2),PLI{Jd=-1)4PLL(J)+PLL(J+1),PLL{J%2),
1PRI{J=24+K) 4y PRLICJ- I'KIsPRllJyKllPRI{J+1sK)1?81(J+2,Kl,PRPLT(K)l
CONTINUE

B0 80 K=1,NTMP

J=0

J=J+1

IF(TEMP{K}.GT.T1{J})} GO TO 70

IF(J.LTe3) J=3

IF(J.GT{NTEMP-2}}) J=NTEMP-2

CALL INTERS(TEMP(K) ¢ TL{3-21yTi(Jd=1},ThLJ),TI{J+1),T2(J+2),
IPRPET(J=2) s PRPLT{J=1) 4y PRPLT{J) s PRPLT{J+1)4PRPLTLJ+2]) 4PRIK)}
CONTINUE

RETURN

FORMAT(515}

FORMAT{8F10.6}

END

SUBROUTINE INTERS{XsX1eX29X33X45X5:F19F2sF39F4,F54F)
IMPLICIT REAL*8{A-H,0-1)

C XleLEaXLE.X5

AL={X=X2 ¥ {X~X3 ) * (X-X4& } % {X=X5)
AZ={ X=X11H{ X=X3 )R {X—X& ) {X~X5)
A3={X-XL)*{X~X2)*(X-X& )% {X-X5)
AG=(X=X11#(X=X2 )% (X=X3 } * (X~X5 )
AS=(X=X1)1%{ X=X2 ¥ { X=X3} ¥ ( X X4)
D1=(X1~X2}*(X1=X3)}*(X1—X4 )%= (X1-X5)
D2=( X2~ X1)*{ X2=X3 1% ( X2~ X4 )#{ X2-X5)
D3=(X3=-X1)#(X3~X2 }* (X3-X4 ) ¥ (X3-X5)
D4={ X4=X1)*{ X4—X2)*( X4=X3) ¥ X4~X5)
D5=(X5=XL)#* (X5-X2)*(X5=X3 )* (X5-X4& )
C1=A1/D1

C2=A2/D2

C3=A3/D3

C4=A4/D4

C5=A5/D5
F=C1*F14C2%F2+C3%F3+C4*F4+C5%F5
RETURN -

END
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http:Xl.LE.XLE.X5
http:IF(IJK.EQ.31

SUBROUTINE FDS({X s XLeX2¢XB3eXa9X54F1F29F3,4F44F5,FX}

IMPLICITY REAL*B{A-H,0-2}

Al={X=X4}* (X-X5}* {2, DO*X—X2-X3 J+(X=X2 ) *{X~-X3)3#{ 2.DO*X~X4~X5)
A= X=X& ) X=X5) % {24 DO* X~ X1- X3 ) +{ X-X1 )} * [ X~X3 )% (2. DO*X%-X4-X5)
A3=A{X=X4 )} * {X-X5 ) * (24 DOXX=X1=-K2 ) +{X-X1 J#(X-X2}#{2.D0*X=X4~X5)
AG= [ X=X p*(X~X5) % {2, DORX-X1-X2 )+ ( X=XL I ¥ {X-X2) % (24 DO*X~X3~X5)
AS={X=X3JEIX-X4}¥ (2. DOEX=X1~K2 ) +{X=X1 ) ¥ {X~X2)* (2. DO*X=X3-X4)
DI=(XI-K21¥{X1=X3)*(XI=X4)*{X1=X5}
02={X2-X1}*{X2-X3 1% ({X2-X4})*{X2-X5)

D3=( X3=X1)*( X3-X2) ¥ {X3=X4)*{X3-X5)
D4={Xa=X1 ¥ {X4-X2 1 ¥*{ X4~ X3 )*{ X4~X5)
DO={X5~X1 ¥k (X5=X2-}* (XS-X3 }*(X5-X4)

Cl=A1/01

C2=A2/D2

C3=A3/D3

C4=A4/D4%

C5=A5/05

FX=Cl*F1+L2%F2+(3%F3+L4%F4+C5%F5

RETURN

END
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