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ABSTRACT

"' “Viscous effects in low-density nozzle flows were investigated

numerlcally, and comparisons were made with experimental data. The
numerlcal method of Patankar and Spalding was modified to solve the
internal laminar boundary-layer equations for two-dimensional flow or
axisymmetric flow with or without transverse curvature. A listing is
given of the computer code. Boundary-layer displacement thicknesses
for'typical nozzle geometries and flow conditions are presented.
Solutions were obtained for specific conditions corresponding to experi-
menfal data. The result is a relatively fast, simple to use numerical
procedure, which is shown to give results in good agreement with
experimental data.,
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SECTION 1
INTRODUCTION

Investigations of viscous effects in low-density gas flows in two-
dimensional and axisymmetric channels and nozzles have been con-
ducted during the past few years in support of the design of low-density
wind tunnel facilities and small microthrust rockets used for space-
craft attitude control. In addition to these areas of interest, there are
two other areas where attention to viscous effects is required. One is
that of internal boundary-layer scaling. When the nozzle and/or plume
flow of a rocket engine is to be investigated in a wind tunnel or space
chamber, it is usually necessary to significantly reduce the size of the
nozzle used. To achieve adequate simulation, the model nozzle viscous
effects must appropriately simulate those of the actual rocket. A spe-
cific example of this problem is found in the laboratory study of rocket
exhaust plumes interacting with the free-stream (Ref. 1). The other
area of interest is associated with the study of gas dynamic and chemi-
cal lasers (Ref. 2). The total laser power output is influenced by the
static gas pressure in the optical cavity just downstream of the nozzle
exit. Since the nozzles used are small and since they operate at rela-
tively high total temperatures, the nozzle viscous effects significantly
influence the nozzle static pressure distribution. Although numerous
comparisons with experimental data from low-density wind tunnel
nozzles will be presented to check the accuracy of the results, the
present investigation was motivated by the current interest in rocket
nozzle scaling and the viscous effects on the operation of gas dynamic
and chemical laser systems.

Some previous investigations of the design and analysis of low-
density wind tunnel nozzles are given in Refs. 3 through 5. The
method of Potter and Carden (Ref. 3) was developed to design nozzles
for particular test section flow conditions. It is based on an integral
technique which uses the similar solutions of Cohen and Reshotko
(Ref. 6). Although the work of Potter and Carden (Ref. 3) has proved
successful for the design of nozzles to produce desired flow conditions,
it is not directly applicable to the analysis of specified nozzle geometry.
Also, non-similar solutions presented in Ref. 4 indicate that similarity
does not exist in nozzle flows, particularly near the throat, and as a
consequence, inaccuracies may result from the use of similar solutions
for relatively short nozzles.
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The method presented in Refs. 4 and 5 solves the non-similar
laminar boundary-layer equations with or without first-order transverse
curvature (referred to as second-order in Refs, 4 and 7), with or with-
out velocity slip and temperature jump boundary conditions, and it has
been shown to be accurate. However, the method has certain disadvan-
tages: (1) the numerical integration scheme is that of Jaffe, Lind, and
Smith (Ref. 7) which requires a relatively large amount of computer
time, (2) the computer program is large and not necessarily simple to
use, (3) the transformation variables are not amenable to internal flow
problems, and (4) large flow expansions frequently require interpo-
lating the solutions, changing the numerical step size across the nozzle,
and resuming the calculations. These disadvantages discourage the use
of the method described in Refs. 4 and 5.

The methods described in Refs, 3 through 5 assume that the nozzle
flow consists of a viscous region and an inviscid (core) region. Some
previous investigations which are not restricted to such flows, but per-
mit viscous effects across the entire channel, are described in Refs. 8
through 10, These investigations are more suitable for the study of
flow in microthrust rockets where the flow may be fully viscous, How-
ever, these methods also have certain disadvantages for the present
application. The works of Adams (Ref. 8) and Williams (Ref. 9) are
based on similar solutions, the conditions for which are not likely to be
satisfied by a large class of practical problems. The work of Rae
(Ref. 10) is a significant contribution to the study of low-density nozzle
flows, and this method will be discussed further in this report.
Numerical results from Rae's method will be compared with results
from Ref, 5, results obtained in the present investigation, and experi-
mental data, Rae's method was shown to give good results for fully
viscous flows (Ref. 10); however, it will be shown herein to be less
accurate than the method of Refs. 4 and 5 or the present method for the
flow regime of interest in this investigation,

The objectives of the present investigation are: (1) to provide
results for estimating the viscous effects in low-density converging-
diverging nozzle flows based on certain flow parameters and nozzle
geometries, and (2) to provide a fast, simple to use method for calcu-
lating viscous effects in low-density nozzle flows. To meet these ob-
jectives, the numerical integration scheme of Patankar and Spalding .
(Ref. 11) was used., In fact, the program used for this work was taken
directly from Ref, 11 and then suitably modified for internal, low-
density flows., The resulting program is similar to that of Mayne
(Ref. 2) except for the numerical scheme used near the wall. Also, the
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present work is based on a set of dimensionless equations which reduces
the amount of input and provides more convenient solutions in the sense
that they are applicable to flows which satisfy certain parameters

rather than specific inputs of pressure, temperature, etc.

The following section describes the governing equations and boundary
conditions, the variables used to nondimensionlize the equations, and the
transformed equations. Section III describes briefly the numerical solu-
tion as well as some of the computational difficulties which have been
encountered with this program. Section IV is devoted to numerical re-
sults and Section V to comparisons of the present results with previous
theoretical investigations and experimental data. Some conclusions are
given in Section VI,

SECTION 1t
BASIC EQUATIONS

The governing system of equations and the boundary conditions are
presented in this section. Certain dimensionless and transformation
variables are introduced and used to transform the governing equations
for convenience of the numerical solution. Also, the boundary-layer
displacement thickness is derived in the transformed plane. Although
the program will solve the two-dimensional equations or axisymmetric
equations with or without transverse curvature, only the equations
appropriate to the latter with the transverse curvature terms retained
are considered here in detail because they are more general. The two-
dimensional equations can be obtained from the equations considered by
setting r = 1, and the axisymmetric equations without transverse curva-
ture can be obtained by setting r = ry,.

2.1 GOVERNING EQUATIONS
The governing system of equations is taken as that obtained by
Probstein and Elliott (Ref, 12), The equations in curvilinear coordinates

are:

Continuity Equation

dlpur) . dlpvn) =
Tax t Ty 0 (1)
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Momentum Equation

(2)

Total Energy Equation
aw, o _ 19§y an (-2 aa]
puax P‘ay_ray)r Pray+# —Prua}'g

The total energy equation is obtained by multiplying the momentum
equation by u and adding the result to the static energy equation. The
coordinate system is defined in Fig. 1 (Appendix I) with the r(x,y)
term defined for internal flow as

(3)

r(x,3) = r (x) — ) cosa (2)

Probstein and Elliott (Ref. 12) obtained Egs. (1) through (3) by an
order of magnitude analysis of the general forms of the continuity equa-
tion, Navier-Stokes momentum equations, and energy equation. The
assumptions made in the analysis were that the ratio of the boundary-
layer thickness to the longitudinal radius of curvature of the body sur-
face was small compared to unity, and the ratio of the boundary-
layer thickness to the nozzle radius was on the order of unity.
Therefore, Eqgs. (1) through (3) are valid for nozzles which have a
longitudinal radius of curvature much larger than the nozzle radius.
This stipulation is normally satisfied by axisymmetric convergent-
divergent nozzles used for low-density wind tunnels, rockets, and
gas dynamic and chemical laser systems.

The axisymmetric boundary-layer equations without transverse
curvature terms correspond to those which can be obtained from
Egs. (1) through (3) by replacing r(x, y) with ry(x) as stated above.
Because ry,(x) is a function of x only, it can be eliminated from Egs. (2)
and (3), and therefore appears only in the continuity equation., The re-
sulting set of equations can be used to describe internal or external
boundary layers. It was shown in Ref, 5, by solutions with and without
the transverse curvature terms, that the effect of transverse curvature
is important for &/ry(x) ~ 0(1),
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Implicit in Eq. (2) by the use of the total derivative of p with re-
spect to x is the y component of the momentum equation as given by

dy (5)

The validity of this equation is sometimes questioned for thick laminar
boundary layers. However, the analysis of Probstein and Elliott

(Ref. 12) indicates that this equation is consistent with the other equa-
tions in the governing set. Equation (5) was used in Refs. 4 and 5,

and good agreement between calculated and measured boundary-layer
profiles was obtained for flow conditions where 99 percent of the cross-
sectional area of a nozzle was boundary layer,

For the boundary conditions at the edge of the boundary layer, it
was assumed that an isentropic core flow exists along the nozzle center-
line, from which the flow properties at the edge of the boundary layer
can be calculated. The boundary conditions at the nozzle wall were
taken as zero velocity and a prescribed wall temperature distribution
or a prescribed wall heat-transfer distribution. Solutions were pre-
sented in Ref, 5 with and without velocity slip and temperature jump
boundary conditions. For the conditions investigated in Ref., 5, it was
found that the nozzle flow merged (that is, the boundary layer com-
pletely filled the nozzle) before velocity slip and temperature jump
became significant. Therefore, no-slip wall boundary conditions were
assumed adequate for this investigation.

The system of equations is completed by using the equation of state,

p = pRT, and expressing the viscosity as some function of T, ¢ = u(T).
The governing equations are next made dimensionless.,

2.2 NONDIMENSIONALIZED EQUATIONS

Dimensionless variables are used to nondimensionalize the govern-
ing equations as follows:

=L (62 pep (6a) P T},—”)——— (6g)
T ;‘T po
- v — i
y = = (6b) I = —}c (6e) = (u)y (6h)
A%
T=L (62 _
= c i _:_ (6£) - (61)
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Using these equations in Egs. (1) through (3) gives for the continuity,
momentum, and total energy equation, respectively,

dp t u) . dpr v)

% 5 - (7)
Sedi L gudi & @F 19 (Fﬁﬁ
Jx oy ax  RegeTay \ oy (8)
and
g, oo @% 19 { I:F au F( 1)Eau]
u 3= = = o = = = = - == =
X dy Re . T dy Pr dy Pr, Y @)
where
plan )%t
€ » = —
o,r " (10)

A few comments are in order concernlng the choice of the dimen-
sionless variables, Note that (Hp) 1/2 a5 used to normalize the velocity
components u a}1d v instead of the more commonly used maximum
velocity (2H, )1 The motivation for this was to recover the same
form of the boundary-layer equatlons in dimensionless variables as in
physical plane variables. If (2Hg) 1/2 were used in Egs. (6h) and (6i) in
place of (H,) 1/2 , then the term Z [1 - (1/Pr)]udu/8y in the right hand
side of Eq. (9) would be 22 [1 - (1/Pr)]udu/ &y, Whlch would not be the
same as in Eq. (3). The maximum velocity (2H, )1/2 was used in the
definition of Rey ,* for convenlence This introduces the term (2)~1
as a coefficient of Req, p*, but since Reg, r* is a constant for each
solution, the constant (2) 1/2 causes no inconveniences 1n the numerlcal
solutions. Note that by defining a new viscosity, # = (2) 1/2 E/ Reg, r*,
Eqgs. (7) through (9) are identical to Eqs, (1) through (3). This, in fact,
was done in the numerical computations.

For a given set of initial conditions, boundary conditions, v, Pr,
nozzle geometry, etc., the solution to Eqgs. (7) through (9) depends
only on Re, ..*if a power law viscosity variation with temperature is
assumed, 1.e , E=T¢ = (T/T0)§ However, if, for example,
Sutherland's viscosity law is assumed, then the solutions will also
depend on the absolute value of temperature. Because the calculation of



AEDC-TR-72-52

viscosity is carried out in a separate subroutine in the computer pro-
gram, it is convenient to use any viscosity law desired. Solutions will
be presented for both Sutherland's law and power law variations of
viscosity.

2.3 TRANSFORMED EQUATIONS

Equations (7) through (9) were transformed from the dimensionless
physical X - ¥ plane to the § - v plane by the transformation variables

&x) = x (11)
and
o YED - U
R (12)

where ¥(X,¥) is the stream function which identically satisfies the con-
tinuity equation, Eq. (7), i.e.,

oY —

a—7 = =pvVvr (13)
and

o

3 = PuT (14)

The transformation used is that due to von Mises with w introduced to
restrict the integration across the boundary layer from zero to unity.
The subscripts I and E denote the inner and outer edge of the boundary
layer, respectively, and 7 and yg are functions of X only. The
operators (8/98%) and (8/9y) are given by

dadn B d 3 (G b Wy o WE) 9
o O T3 30 "9 T\WI T & Ty &/ow (15)
and

9 _9w 9 _dwdyd

Jy " Or 0w _ 0% 9y dw (16)
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Using Egs. (12) through (14) in Egs. (15) and (16) and applying them to
Egs. (8) and (9) give for the momentum and total energy equations

| att (EPR-T) v % 8 (TEIE. d5| 1 &
a; ¢E-¢] aﬁ) - neo,r: 3&) (')[I —¢])2 aﬁ.) - iJ-l— dx (17)
and
i Mt ol -Th) gi % §o [v5wg o
0? I/IE—l/ll 3m “eo,r. ) (L"E-L',’])z Pr 30 (18)
2 _ _2
. d|r pug (1__])a(u/2)
am ('I:"E-l.b])? Pr 3m
where
&y _.
d_;_ =T rlml (19)
and
dy .
a5 - TTEME (20)

and where £(X) has been replaced by X. Except for the constant

(2)1/2/Req, p*, Egs. (17) and (18) are identical to the momentum and
total energy equations for external flow which are solved numerically
by the method of Patankar and Spalding (Ref. 11), The calculation of
the mass transfer fluxes mj and mp will be discussed in Section III,

The boundary-layer displacement thickness was used to calculate
an effective nozzle geometry which in turn was used to calculate an
axial pressure distribution. The displacement thickness, 6*, which
takes into account transverse curvature is expressed by Probstein and
Elliott (Ref. 12) as

L] Yy

o E
j; 2nr ppup dy = j'o 2mr(ppup ~ pudy (21)
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Solving Eq. (21) for 5" gives

%
- =2 2 cosal7. 7 ?E2°°5“ Y- ¥
5 Tw w T frosalyg w= 2 - PEVE (22)
2 ]

™

A quadratic equation for &* must be solved to obtain Eq. (22) from
Eq. (21). The positive sign was chosen so that §*/r™ < T/ cos a.
The displacement thicknesses for axisymmetric flows without trans-
verse curvature and planar flows can be obtained by using (rw)" in
place of r in Eq, {21). The displacement thicknesses are then given

by

o Wg =¥y
=Y - T V5.5

rw) PEE (23)

-|.| (7]

where v = 0 for planar flows and v = 1 for axisymmetric flows without
transverse curvature.

SECTION Il
NUMERICAL SOLUTION

The numerical solution of Eqs. (17) and (18) is discussed in this
section. The basic scheme is briefly described and a listing of the
computer code is presented. A description of the necessary inputs to
the program is given, and some computational difficulties which have
been encountered with the program are discussed,

3.1 BASIC SCHEME

As previously stated, the basic numerical integration scheme of
Patankar and Spalding (Ref. 11) was suitably modified and used to solve
the governing internal flow equations pertinent to the present investiga-
tion. Because the flow regime of the present investigation was entirely
laminar, some subroutines of the computer code listed in Ref, 11 which
were associated with turbulent flow were removed for the present code.
Also, most, but not all, statements pertaining to turbulent flow were
removed. The computer code as used for the present investigation is
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listed in Appendix III, Essentially this same program was used on two
different computers at AEDC, a Scientific Data Systems (SDS) 2300 and
an International Business Machines (IBM) 370/155, The code in
Appendix III is the one used on the IBM 370/155,

The basic numerical scheme used by Patankar and Spalding is dis-
cussed in detail in Ref, 11, One of the primary features of this finite
difference technique is that the set of linear algebraic equations which
must be solved has only three unknowns in each equation, and this set
can be solved by simple successive substitution (Gauss reduction, or
elimination, Ref, 13) rather than by matrix inversion, This technique
provides a saving in computational time, For example, the time re-
quired to solve the algebraic equations by elimination (at a fixed X
location) is proportional to the number of unknowns, whereas the time
required to solve the equations by matrix inversion is proportional to
the square of the number of unknowns (Ref, 13), On the IBM 370/155,
a solution at a fixed X location required approximately 0, 6 sec using
200 grid points across the boundary layer (w direction) in single pre-
cision. The corresponding time required on the SDS 9300 was approxi-
mately 10 sec. The IBM 370/155 carried 8 digits in single precision,
whereas the SDS 9300 carried 12,

The general method of solution consisted of matching the inviscid
and viscous flow regions in the nozzle by iterating on the axial pressure
distribution, An initial guess of the axial pressure distribution through-
out the nozzle is made, and a solution is obtained. The displacement
thickness calculated in this solution is used to obtain an effective nozzle
geometry which in turn is used to calculate a new pressure distribution
from one-dimensional, perfect gas, expansion theory. A typical itera-
tion and convergence process is fllustrated in Fig., 2, The use of one-
dimensional perfect gas expansion theory as opposed to a method-of-
characteristics solution, for example, seems justified on the basis of
the agreement with experimental data in Section V. The same iteration
process as used here and some suggestions for choosing the initial pres-
sure distribution are discussed further by Whitfield and Lewis (Ref. 3).

The symbols and subroutines used in the Patankar and Spalding
code are clearly defined and discussed in Ref, 11, Therefore, the
remainder of this section is directed toward the modifications and
additions which have been made to the code of Ref. 11,

10
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The input requirements to this program are particularly simple.
The input was modified somewhat from that of the original code (Ref, 11),
and the input variables are described below in the order they are read-
in in the present code (Appendix III),

SYMBOL

KRAD

IDIMEN

NEQ

KEX

DESCRIPTION

This input permits the treatment of plane flows
and axisymmetric flows with first-order trans-
verse curvature, Also, although not pointed out
in Ref. 11, axisymmetric flows without trans-
verse curvature can be treated by setting

KRAD =0, Plane flows can be treated by set-
ting KRAD = 0 and 7y (X) = 1 (or a constant).
Axisymmetric flows including first-order trans-
verse curvature are treated by setting KRAD =1
(at least not zero) and using the actual geometry

Tw(@.

If the nozzle considered is two-dimensional, set
IDIMEN = 0. This sets Ty (x) = 1 in subroutine
RAD, If the nozzle considered is axisymmetric
set IDIMEN =1,

This is the number of partial differential equations
to be solved, The code of Ref, 11 also includes
the solution to the equation for the conservation

of chemical species. However, this equation was
never considered in this investigation and only the
momentum and total energy equations were used,
in which case NEQ = 2, The chemical species
equation is, however, retained in the present
code,

This input specifies the type of E boundary. It
can be either 1, 2, or 3, according to whether
the E boundary is a wall, free boundary, or a
symmetry line, respectively. However, in the
present investigation KEX was always 2, i.e.,

E was a free boundary, and certain modifications
must be made to the present code if anything
other than KEX = 2 is used.

11
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KIN

IHEAT

REQRS
ZETA

PR(1)
GAM
ALPHA
XR

USUP

This is similar to KEX except KIN specified the
type of I boundary. Ior the present code KIN =1
must be used; otherwise certain modifications
must be made.

This is used in subroutine I'BC and indicates a
wall temperature boundary condition if IHEAT =1
and a wall heat-transfer rate if JHEAT # 1, In the
present code, the only wall heat flux considered
was zero, i, e,, an adiabatic wall, If a heat flux
other than zero is prescribed, then a few state-
ments in subroutine SLIP must be modified (see
Ref. 11). The only wall temperatute distribution
considered in the present work was Ty,/Ty = con-
stant. However, subroutine FBC is easily modi-
fied to accommodate any desired variation of Ty,.

This is the number of strips across the boundary
layer, i.e., in the w direction. It must always
be at least three less than the dimensions of the
arrays of the variables across the layer, e.g.,
the maximum N which can be used with the di-
mensions of the arrays in the present code is 197,

Reservoir Reynolds number, Rey ,.*.
?

Exponent in the power law variation of viscosity
with temperature, 4 ~T

Prandtl number, Pr
Ratio of specific heats, 7
Nozzle wall half-angle, a

Longitudinal radius of curvature of the nozzle up-
stream of the throat, R

Termination condition for the computations, maxi-
mum value of X

This input controls the location of the E boundary.
It is associated with the entrainment rate and it
will be discussed in the following subsection,
USUP was varied from 0. 99 to 0. 999, and was
usually 0. 995,
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YSTART Initial velocity and total enthalpy profiles were
calculated from the expressions u/upz = 2n-n2 and
H/Hg = Hy/Ho + [1-(Hy,/Hy) lu/up where n = y/yg
and y- = YSTART. Suggestions for choosing
YSTART will be given in the following subsection.
A typical value of YSTART is 0, 3.

TWTQ Ratio of wall to total temperature, T,/Tg

XSTEP Specification of the integration step~size in the
X direction in terms of local wall radius, e.g.,
step size, DX, is given by the product of XSTECP
times ¥y, A typical value of XSTEP is 0. 05,

LMAX Number of X locations where an input pressure is
specified,
XX(L) Array of x locations where an input pressure is

specified. Array goes from 1 to LMAX,

POP(L) Input pressure for corresponding X location, XX(L).
Array goes from 1 to LMAX,

The last three inputs, LMAX, XX(L), and POP(L), arc read-in in
subroutine PRE, the other inputs are rcad-in in subroutine BEGIN,

Because of the nature of the process involved in iterating on the
axial pressure distribution, it is important to input a smooth initial
pressure distribution, For the present computations, the initial pres-
sure distribution was calculated using the actual geometry at and up-
stream of the throat and some effective inviscid nozzle wall downstream
of the throat, (Actually, the slope of the assumed inviscid nozzle wall
just downstream of the throat was matched to the nozzle wall half-angle
to produce a smooth wall in order to have a smooth pressure distribu-
tion.}) The simple program used to calculate the initial pressure dis-
tribution for the present computations is included in Appendix IV for
convenience of users where such an approximation is adequate,

The particular version of the code presented in Appendix IV uses
6%~ x3/2 for axisymmetric nozzles and 6™ ~ x for two-dimensional
nozzles. Although 6%~ x3/2 was not used to calculate the initial
pressure distribution for all axisymmetric nozzle computations pre-
sented herein, it appears to provide a reasonable approximation to
the variation of 6* in axisymmetric nozzles.

13
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Inasmuch as several wind tunnel and laser nozzles have conical
sections downstream of the throat and constant longitudinal radius of
curvature for the upstream converging portions, this general nozzle
geometry (which can be sufficiently described by the inputs AL.PHA
and XR) was considered in this investigation, However, subroutine
RAD can be easily modified to include any geometry, such as for
example contoured nozzles which were analyzed in Ref. 5 using the
same governing equations as used here,

3.3 SOME POSSIBLE COMPUTATIONAL DIFFICULTIES

The mass-transfer rate, or entrainment rate, across the E
boundary essentially governs the location of the edge of the boundary
layer., This technique of locating the edge of the boundary layer has
certain advantages in analyzing low-density nozzle flows; however, it
might also cause some difficulties if not handled correctly. The en-
trainment rate was calculated in the present investigation by evaluating
the momentum equation, Eq. (17), along a constant w line, denoted as
Wy, near the E boundary. This technique is discussed in Ref. 11, The
scheme requires the specification of the velocity along w = wg (where
wg was taken as 0. 9) at the next downstream station. This velocity is
denoted as uB and it is suggested in Ref. 11 that it be taken as
uB = 0.99 ug, where ug is the velocity at the edge of the boundary
layer at the next downstream station. (Note that U can be calculated
from the Euler equation since dp/dX is presumed known for the par-
ticular iteration.) It was found in the present work, however that
more flexibility could be obtained with the program if UR was taken
as ug = (USUP)Ug and USUP was input for each solution, The quantity
USUP provides a means of suppressing the outer edge of the boundary
layer which is advantageous in treating flows which are nearly merged.
For example, during the process of iterating on the axial pressure dis-
tribution, it was observed (Fig. 2, and also Ref, 5) that 6 resulting
from the first two 1terat10ns usually provided upper and lower bounds
on the final converged 5. Therefore, if the flow is sufflclently rare-
fied, the pressure dlstrlbutlon resulting from the thinnest 6 may be
such that the following iteration would predict a merged flow when in
fact the flow is not merged and could be calculated if a better guess for
the initial pressure distribution could be made. In some cases the
calculation of merged flow in the iteration process can be avoided by
using a small value of USUP (a value of 0, 99 is herein regarded as small
and 0,999 is regarded as large) to suppress the edge of the boundary
layer and prevent an indication of merging. The suppression seems to

14
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apply only to the outer edge of the layer and the calculated profiles over
most of the layer remain essentially unchanged. For this reason, the
converged §*, or pressure distribution, obtained using a small USUP
usually differs by a small amount from that obtained using a larger
USUP, say 0.995, After convergence is obtained using a small value
of USUP a final solution can be obtained using a larger value. The
value of 0, 99 for Ug/uE as suggested in Ref. 11 seems to excessively
suppress the boundary layer for the present internal flow calculations.
For most solutions reported herein, USUP was 0, 995,

The step-size along the X component was taken for most of the
solutions as 5 or 7,5 percent of the local wall radius. This step-size
was sufficiently small for most problems. However, if calculations
of properties in the nozzle throat region are of particular interest,
such as the nozzle wall heat-transfer rate, a smaller step-size may be
desirable,

In some applications where nozzle exit properties are of particu-
lar interest, it may be desirable to conserve computer time and use a
relatively large X component step-size. For such problems some diffi-
culties might be encountered in starting the solutions. Consider a
finite-difference form of Eqs. (19) and (20)

W =dp = Wr=dy + Fmyp=Fpmpy(p - xy) (24)

If Reg, p* and/or YSTART is small, then (¢yg-¢1)yu calculated from the
initial profile will be small. Depending on the initial profiles and flow
conditions, mp may be positive for the first few stations and therefore
(Yr-v1)D could be less than (yg-¢1)U for these first few stations and
might even become negative, To circumvent this difficulty one could
reduce the step-size (Xp-Xy). However, if this is not desirable in
view of computational time requirements, another approach is to in-
crease YSTART in order to increase (¢p-¢1)U at the first station. The
first few station solutions would consequently not be as accurate as
solutions obtained by using a small X step-size. Therefore, although
the solutions are started at the beginning of the converging portion of
the nozzle upstream of the throat, this technique of increasing YSTART
should be used with caution if accurate solutions (particularly proper-
ties which depend on derivatives near the wall such as heat-transfer
rate) in the throat region are required. As stated previously, a typical
value of YSTART was 0.5, The largest value of YSTART used to obtain
solutions was unity, but this depends on XR,

15
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Heat transfer and viscous effects change the effective nozzle throat
from the location corresponding to the actual geometric nozzle throat.
The subroutine NEWPPQ searches for the minimum effective nozzle
radius and uses it for the throat in calculating a one-dimensional pres-
sure distribution for the next iteration. However, if a sufficient num-
ber of solutions near the throat are not taken, then the true minimum
area and its location used in calculating a new pressure distribution
may not be accurately approximated. Then, the resulting dp/dX in the
throat region for the following iteration may not be smooth. In this
case, the error in dp/dX for each successive iteration would become
worse, This is especially a problem in solutions for flows which have
adiabatic or relatively hot nozzle walls. It is suggested that if the
injtial guess of the 6™ distribution is not a particularly good one, e.g.,
if the calculated 5* at the exit is not within 20 to 30 percent of the
assumed é*, then an improved pressure distribution should be calcu-
lated by the program in Appendix IV (or some similar method). This
ensures a smooth pressure distribution, and since convergence is, in
general, much faster in the throat region than further downstream
where the relative displacement thicknesses are larger, few, if any,
extra iterations are required.

Although areas have been pointed out where computational difficul-
ties have been encountered with this program, it should also be pointed
out that this numerical scheme is actually rather rugged, as for
example compared to the method of Ref. 5. It is in general not sensi-
tive to input conditions and seldom ''blows up. "

SECTION IV
NUMERICAL RESULTS

Solutions are presented in this section for typical nozzle configura-
tions which provide some indication of the effect of Re0 rf Y Pr, §,
w/To, a, transverse curvature, and two-dimensional Versus axisym-
metric flows. Table I (Appendix II) summarizes the conditions of the
solutions presented in this section.

Of particular interest in nozzle flows is the displacement thickness,
6%, By using 6% and the nozzle geometry, an effective inviscid nozzle
radius can be determined from which Mach number and other flow prop-
erties outside the boundary layer can be estimated. The displacement
thicknesses for Conditions 1 to 8 of Table I are presented in Figs. 3to 10,

16
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Solutions were started at the beginning of the converging portion of the
nozzles where z/r* = -3. However, Lo conserve computing time, ex-
tremely small step-sizes were not utilized for all the solutions in this
region (as discussed in Section III), and results are not presented in
Figs, 3 to 10 for z/r < -2, Some solutions were repeated, however,
with smaller step-sizes with no appreciable changes inthe results pre-
sented.

At least for some values of Reo, Fin Figs, 3 to 7 and 9 to 10,
negative displacement thicknesses were calculated in the throat region,
This is due to the relatively cool wall increasing the gas density and
hence the local mass flux near the wall, The adiabatic wall results
presented in Fig. 8 do not indicate negative 6~ for the same flow con-
ditions. Similar results concerning the calculation of negative 6™ have
been reported previously, e.g., Potter and Carden (Ref, 3) and
Whitfield and Lewis (Refs. 4 and 5).

Some indication of the effect of using various gases in a fixed nozzle
geometry with fixed flow conditions is provided in Figs. 3 to 5, The
specific heat ratio, Prandtl number, and power law viscosity variation
with temperature of Figs. 3 to 5 closely approximate the properties of
carbon dioxide (CO3), helium (He), and nitrogen (N2), respectively.

For example, by considering the nozzle exit displacement thickness for
Reg, r* = 104, one observes that, for the indicated flow condltlons, &
using He is about 200 percent of that when using COg, and 6" using Ng is
about 150 percent of that when using COs.

Results are presented in Figs. 5 and 6 for identical conditions
except for the nozzle wall half-angle., Figure 5 has a wall half-angle
of 10-deg, and Fig. 6 has a half-angle of 15 deg. [For the same geo-
metric area ratio, the expansion process is more rapid for the a = 15
deg nozzle than the @ = 10 deg, Also, the nozzle wall length for the
same area ratio is longer for the 10-degnozzle than for the 15-deg
nozzle. The result is to produce a larger exit 6" for the 10-deg nozzle
than for the 15-deg nozzle for the same geometrlc area ratio, For
Reg =3 x 103, the 10- -deg nozzle exit "~ is about 18 percent larger
than that of the 15- -deg nozzle,

It should be pointed out that although 5" is relatively small because
of the cool walls, 6 is not necessarily small, I'or example, in Fig, 5
for Re0 o = 103, the flow merges (i.e., the boundary layer completely
fills the nozzle) at a point where 6/r* =3, For these conditions,
6%/6 ~0(1/10). The ratio 6"/6 tends to increase with wall temperature.

17
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In general, the wall temperature seems to have a stronger effect on 5"
than on 6 (Ref. 4). In Figs. 5, 7, and 8 the effect of nozzle wall tem-
perature was investigated, with other conditions held constant, by con-
sidering Ty/To = 1/10, Ty/ T, = 1/3, and an adiabatic wall. For
Reg, p* = 104, the ratio 6%/ at the nozzle exit was 0.30, 0.48, and

0. 68 respectively.

The effect of Prandtl number was investigated by repeating the con-
ditions of Fig. 5 but with Pr = 1 in place of 5/7. The results are pre-
sented in Fig, 9. The displacement thickness was found to increase
for Pr = 1 by approximately 20 percent at the nozzle exit,

The conditions of Fig. 5 were also repeated using § = 1 in place
of § =2/3 to investigate the effect of the power law variation of vicosity
with temperature. For § = 1 the displacement thickness was found to
decrease by 20 to 25 percent below that for § = 2/3 (see Figs. 5 and 10),

Note that, since I = _T'gand T < 1, then the flow is more viscous for
§ =2/3 thanfor § =

Velocity and temperature profiles calculated with and without trans-
verse curvature terms are presented in Fig, 11 for Conditions 3 and 9
(Table I) with Re0 r¥=3x 103, Neglecting transverse curvature de-
creases the boundary layer thickness for internal flow. The effect of
transverse curvature is negligible for thin boundary layers, but may be
significant for thick boundary layers. Further results and discussion
concerning the effects of transverse curvature are reported in Ref, 5,

The displacement thicknesses of an axisymmetric and two-
dimensional nozzle are presented in Fig, 12. For each nozzle,
Ag /|A* = 5, and therefore, the two-dimensional nozzle is considerably
longer since o = 10 deg for each, The result is to produce a signifi-
cantly larger displacement thickness for the two-dimensional nozzle
than for the axisymmetric nozzle,

SECTION V
COMPARISONS WITH EXPERIMENTAL DATA AND
OTHER THEORETICAL RESULTS

Curves of Reo, r*/ (por* ) versus total temperature for various gases
are presented in Fig. 13 for the convenience of determining Reg, r*. The
viscosities used for all gases in Fig. 13 except carbon dioxide (CO2) are

18
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those given by Svehla (Ref. 14)., The viscosity of COg was taken from
Table 8.4-2 of Hirschfelder, Curtiss, and Bird (Ref. 15).

Highly viscous nozzle flows are usually associated with nozzles of
small physical size., The spatial resolution of experimental measure-
ments in such nozzles is obviously restricted, However, highly viscous
flows can also be produced in large nozzles if sufficiently large volume
flows can be pumped at low pressures, thereby permitting more detailed
investigations of the boundary layer. Such investigations are possible
in the Aerospace Research Chamber 10V in the VKF at AEDC., The
present and some previous calculation methods will be compared with
experimental data taken in Chamber 10V using a nominal Mach three
nozzle, denoted M3 nozzle. This is a 10-deg half-angle conical nozzle
with d* = 27 cm, dg = 76.2 em, and R = 11,2 em, The walls of this
nozzle were cooled with liquid nitrogen to maintain a constant nozzle
wall temperature of about 85%K,

Calculated and measured pitot pressure profiles at the nozzle throat
are presented in Fig, 14, Nitrogen was the test gas used for these and
all other experimental data presented in this report. The present results
are in good agreement with the results using the method of Ref. 5. The
calculated profiles are in relatively good agreement with the measured
profile for these conditions.

Calculated and measured pitot pressure profiles at the nozzle exit
are presented in Fig, 15. This calculation was performed using § = 2/3,
whereas some other results presented herein, e.g., Fig. 14, were ob-
tained using Sutherland's viscosity law for nitrogen. However, over the
temperature range of the experimental data taken in Chamber 10V, there
was negligible difference in the results using either viscosity variation
with temperature.

Present calculations are compared to calculations by the method of
Rae (Ref. 10) and experimental data in Figs. 16 and 17, The present
results are in relatively good agreement with the experimental data,
but Rae's method is found to overestimate the size of the viscous region
for these conditions. Results were also presented in Ref. 5 for the
conditions of Fig. 17. The calculated profile from Ref, 5 is almost
identical with the present result in Fig., 17 (see Ref. 5) and is not pre-
sented,

Pitot pressure profiles at about 7 throat radii downstream of the

M3 nozzle throat are presented in Fig. 18 for Req p* = 1170, A rela-
tive minimum exists at the nozzle centerline in the experimentally
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measured profile, and slight "humps'' or relative maximums exist near
the edge of the boundary layer. It should be pointed out that the exist-
ence of humps does not necessarily imply that the flow is non-
isentropic. Imagine a radial pitot pressure profile in an inviscid con-
toured supersonic nozzle which is sufficiently far downstream of the
throat to pass through a portion of the uniform parallel flow near the
centerline. Such a pitot profile would have lower values near the
nozzle centerline than near the wall because of the larger Mach num-
bers near the centerline. However, the matching of such an inviscid
flow with a realistic viscous flow requires the pitot pressure near the
wall to approach the local static pressure which is less than the center-
line pitot pressure. Therefore, it is not difficult to conceive of humps
in such a radial pitot profile because of the matching of inviscid and
viscous flow. This argument is based on flow in a contoured nozzle,

It is applied to the present case because the displacement thickness
effectively contours the nozzle. A more accurate approach of investi-
gating such flows would be to remove the present assumption of one-
dimensional inviscid flow outside the boundary layer and obtain more
accurate solutions, such as, inviscid method-of-characteristics solu-
tions. However, the pitot pressure profile is relatively well predicted
in Fig. 18, and for this work, the assumption of one-dimensional in-
viscid flow outside the boundary layer is considered acceptable.

Just as radial pitot profiles with humps do not necessarily imply
that the flow is non-isentropic, a flat radial profile does not necessarily
imply that the flow is isentropic. Consider the pitot pressure data in
Fig. 19, Both the calculated and measured profiles are relatively flat
for y/ry, larger than about 0.7, However, in this case the pitot pro-
file is not a good measure of the extent of the nozzle wall viscous
effects as shown in Fig, 20. From Fig, 20, the boundary-layer thick-
ness as estimated from the pitot profile is about 55 percent of the nozzle
radius, whereas it is calculated to be actually over 80 percent. The
pitot profile for the case in Fig. 20 implies that 20 percent of the cross-
sectional area of the nozzle at this point is core flow, whereas actually
less than 4 percent is core flow, The reason a pitot profile might lead
one astray is associated with the temperature or thermal boundar
layer since pitot pressure depends, among other things, on u/(T) /2,
The velocity variation is usually well behaved and fairly accurately
predicted by simple analytical expressions based on boundary-layer
thickness (Ref, 4); however, this is not the case with the thermal
boundary layer. The temperature variation depends not only on local
wall and edge values and gradients but also on the upstream conditions.
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Therefore, some consideration should be given to the temperature vari-
ation in order to place limits-of-confidence on the use of pitot pressure
as an indication of the nozzle wall viscous effects,

Carden (Ref. 16) measured local heat-transfer coefficients in an
axisymmetric nozzle for Reg p* = 5 x 103, The experimental data
were compared with calculated heat-transfer coefficients in Refs, 5
and 16. However, Whitfield made a mistake in Ref. 5 and presented
solutions for r™ = 0,262 cm instead of d* = 0.262 cm (0. 103 in,) which
corresponds to the actual nozzle throat dimension. Because of this
error, the calculated heat-transfer coefficients (Ref. 5) from the
iterated solutions were significantly below the experimental data of
Carden (Ref, 16). Heat-transfer coefficients were calculated using
the present method but with the inappropriate throat dimension of
r* = 0,262 cm, and good agreement was obtained with the calculated
results of Ref. 5. Results were also obtained with the present method
using the proper throat dimension of d* = 0,262 cm, and good agree-
ment with the experimental data was obtained as shown in Fig. 21,
Also, in Fig. 21 are results from two of the methods Carden (Ref. 16)
used for calculating the heat-transfer coefficient and one solution from
Ref. 5. Although the result from Ref. 5 which is presented in Fig, 21
was not iterated to include the higher-order displacement effect, the
result was obtained using the pressure distribution corresponding to the
proper nozzle geometry and, therefore, is included in Fig, 21, This
result from Ref, 5 is in relatively good agreement with the present
result, All calculation methods underestimate the most upstream un-
corrected experimental data point in Fig. 21, However, Carden points
out that radiation from the arc used to heat the gas could increase the
total heat-transfer rate to this portion of the nozzle, No corrections for
radiation heat transfer were made to the experimental data.

It might be pointed out that the heat-transfer rate printed out in the
present program, denoted as AJI(1), is equal to qw/(poHo3/2).
Although made dimensionless, the numerical scheme used in Ref, 11 to
calculate AJI(1) is retained in the present code in subroutine WALL,

SECTION VI
CONCLUSIONS

The present results were shown to be in good agreement with re-
sults from the method of Ref, 3., Although it was noted during the pres-
ent investigation that more axial stations were required using the
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present program than that of Ref, 5 to obtain the same degree of accu-
racy (presumably this is due to the transformation variables used in
Ref., 5, which are advantageous for thin boundary layers but disadvan-
tageous for thick internal boundary layers), the present program is
much smaller, faster and easier to use. Comparisons with results
from Rae's method (Ref. 10) and experimental data indicated the pres-
ent method to be more accurate than Rae's for the conditions considered.
It should be remembered, however, that the present work is not applic-
able to merged flows without modification, whereas Rae's method is
more applicable to merged flows.

Consistent agreement was obtained between the present results
and experimental data., Except for the heat-transfer data, the experi-
mental data were taken in a relatively large nozzle where the boundary
layer could be accurately probed, Similar agreement was obtained in
Ref. 2 where extensive data were obtained in small nozzles,
r*~0 (0.1 cm). The numerical method used in Ref, 2 was developed
by Mayne (Ref, 2), as stated previously, and differs from the original
Patankar and Spalding method (Ref. 11) primarily in the numerical
scheme near the wall,

The present method has not been modified for use in nozzle design;
however, it is a straightforward matter to make such a modification
(see Ref, 5). To design a nozzle, a new nozzle geometry, ry(x), is
calculated from the displacement thickness from each iteration, and
the new geometry is used for the next iteration while the desired axial
pressure distribution is maintained for each iteration. It was found in
Ref. 5 that convergence was, in general, more rapid in iterating on
the nozzle geometry than on the axial pressure distribution,
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Fig. 1 Definition of Coordinate System
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1.0 = condition No. 1 (Table I)
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Fig. 3 Displacement Thickness for Condition No 1 (Table 1)
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Condition No. 3 (Table I)
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Pr = 5/7
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T /T = 1/10 N

Q
n
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10 deg > Q
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A/A* = 25 %

3

] 1 I ] i 1 J
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z/r*

Fig. 5 Displacement Thickness for Condition No. 3 (Table 1}
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Condition No. 4 (Table I)

Y =7/5
Pr = 5/7
4

- 2/3
T /T = 1/10

0 4 8 12 16

z/r*

Fig. 6 Displacement Thickness for Condition No. 4 (Table I}
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1.0
Condition No., 5 (Table I)
Y = 7/5
+
0.8 L Pr = 5/7 q,
¢ = 2/3
Tw/To = 1/3 @°
0.6 |- a = 10 deg
&* A/A* = 25
r* E =3
0.4 P~
0.2 p~
0 =
0.2 l ] L | 1 | ]
-4 0 4 8 12 16 20 24
z/r*

Fig. 7 Displacement Thickness for Condition No. 5 (Table I)
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24

1.4
1.2 Condition No. 6 (Table I)
¥ = 7/5 N
Pr = 5/7 Ny
.. ¢
1.0 | £~ 2/3 *
A
= . o\
Tw/To Adiabatic &
A/A* = 25
R=3
0.6 -
S
\‘0
0.4
0.2
0 .
o | | | | L | ]
- 0 4 8 12 16 20
z/r*

Fig. 8 Displacement Thickness for Condition No. 6 (Table 1)
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1. —
0 Condition No. 7 (Table I)
Y =17/5
Pr =1
0.8 4
L= 2/3 %
/ / ‘
T/T =1/10 *
0.6 |- Ve g
§* o = 10 deg ®°,
:; A/A* = 25
3
0.4
0.2
o o
0.2 | | | | | 1 ]
-4 0 4 8 12 16 20 24
z/r*

Fig. 9 Displacement Thickness for Condition No. 7 (Table 1)
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1.0 —
Condition No. 8 (Table I)
v = 7/5
0.8 | Pr & 81
£~ 1
= &
o kL T,/T, = 1/10
.5_* a = 10 deg q.“
o A/A* - 25
R =3
0.4 |
0.2 |
0 =
0.2 | ] ] | | i
-4 0 4 8 12 16 20 24

z/r*

Fig. 10 Displacement Thickness for Condition No. 8 (Table 1)
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T/TE, u/uE

Condition No. 3 (Table I),
with Transverse Curvature

———Condition No. 9 (Table I),
without Transverse Curvature

1.4

AEOC-TR-73-52

yfyg

Fig. 11 Nozzle Exit Velocity and Temperature Profiles
for Condition Nos. 3 and 9 (Table [)
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-0.1 | | ] I
1 2 3 4 5
A/A*

Fig. 12 Displacement Thicknesses of an Axisymmetric and
Two-Dimensional Nozzle with Equal Area Ratios
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Fig. 13 Reservoir Reynolds Number as a Function
of po, To, and r* for Various Gases
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Fig. 14 Calculated and Measured Pitot Pressure Profiles
at the M3 Nozzle Throat for Re, .« = 900
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T, = 295K
o
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Fig. 15 Calculated and Measured Pitot Pressure Profiles
at the M3 Nozzle Exit for Re, .- = 1800
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o o
Sym po’ torr To’ K Tw’ K Source
O 0.10 295 89 Experimental Data
—— 0.10 295 100 Calculated
—— 0.10 300 100 Calculated
1.0 ¢
0.8 Rae (Ref. 10)
0.6
Pp
PpQ
0.4
0.2
0 ] | | 1 [|
0 0.2 0.4 0.6 0.8 1.0
y/r

Fig. 16 Calculated and Measured Pitot Pressure Profiles
at the M3 Nozzle Exit for Re, ,» = 800
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Sym po’ tory To’ K Tw’ K Source
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0 ] ] 1 L ]
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y/re

Fig. 17 Calculated and Measured Pitot Pressure Profiles
at the M3 Nozzle Exit for Re, ,» = 4500
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Fig. 18 Calculated and Measured Pitot Pressure Profiles Downstream
of the M3 Nozzle Throat for Re, . = 1170
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o o]

Sym P,, torr To' K Tw’ K V,r €M Z, cm Source
o] 0.103 717 85  30.5 96.5 "<pefimental
) ' ) Calculation
1.0 (@) 1‘3
0.8
0.6
pp
pp¢
0.4
0.2
0 | L ] | l
0 0.2 0.4 0.6 0.8 1.0

Fig. 19 Calculated and Measured Pitot Pressure Profiles Downstream
of the M3 Nozzle Throat for Re, ,» = 330
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Fig. 20 Calculated Velocity, Temperature, and Pitot Pressure Profiles
Downstream of the M3 Nozzle Throat for Re, ,« = 330
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Higher-Order

Curve Numerical Method Effects Source
Beckwith and Cohen
(Local Similarities, None Ref. 16
Ref. 17)
=== == Jncremental Flat
Plate (Ref. 18) Ll Ref. 16

~=— = —— Jaffe, Lind, and Smith
(Nonsimilar, Ref. 7)

== Patankar and Spalding Transverse

None Ref. 5

(Nonsimilar, Ref. 11) Curvature Present
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] O Experimental Data (Ref. 16)
@ Experimental Data Corrected
80 - for Axial Conduction
(Ref. 16)
d* = 0.103 in.
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40 -
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0
-0.6 0 1.0 2.0
z, in,

Fig. 21 Calculated and Measured Heat-Transfer Coefficients
in a Low-Density Nozzle
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TABLE |
CONDITIONS FOR THE NUMERICAL SOLUTIONS PRESENTED IN SECTION IV

Conlg(i)t'ion 4% Pr 4 Tw/To d‘::'g Al A* R Reg, p* Comment
1 9/7 3/4 3/4 1/10 10 25 3 3Ix 103, 104, 109 Axisymmetric Nozzle with
Transverse Curvature
2 5/3 2/3 5/17 10 5 x 103, 104, z x 104, 5 x 104, 109
3 s | s/ | z2/3 10 103, 3 x 103, 104, 3 x 104, 10°
4 15 3 x 103, 104, 108
5 1/3 10 5 x 103, 104, 3 x 10%, 105
6 Adiabatic 104, 10°
7 1 1/10 3 x 103, 104, 3 x 104, 109
8 5/7 1 103, 104, 10°
9 5/1 2/3 \ 3 x 108 Axisymmetric Nozzle with-
out Transverse Curvature
10 \ s/7 | 2/3 \ 5 o | 3x10% Two-Dimensional Nozzle

ZS€L-41-0Q3V
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APPENDIX 111
BOUNDARY-LAYER COMPUTER CODE

T FORTRAN IV G LEVEL 20 MAIN DATE = 12286 32/52/18
""""""""""" € TTUMAIN T T T T Y Y- S
__0001 COMMON /GEN/_PEI o AMI ) AMEsDPDXsPREF (2) ,PR(2) ¢P{2) ¢ DENyAMUSXUsXDoXPy _ A __ 3

1XLoDXy INTGyCSALFA,ALPHA ¢ XRyREQRS s GAMy ZETA¢PPOSTWTO YSTARTUSUP,IDI ~ A
2MEN, IHEAT 2, TDyXSTEP/1/NoNPLyNP2oNP3 ¢ NEQ)NPH KEXy KINo KASE yKRAD/B/B__ A

SETA, GANA(2 ) s TAUI , TAUE s AJ1 (20 AJE (27, INDI (2 INDE( 207V/U(200) F2,3 &
o 400)7R(2000 ,RHO(200),04¢200),Y1200) /C/SC( 200 s AU{200) ¢+ BU(200),CUC20 A __

T
50)4412,200),8(2,200),C12,2000707YR{Z00), URt200),RR{Z00) (HR(2000 XM A8
6(200),P1T0T¢200), TEMP(200) /E/DSTAR(I00) o XRS(300) RWRS (3000, COSALL3 A 9

700) A 10
- 0002 COMMON /L 7/ AK3ALMG A 11
0003 1 CONTINUE A 12

0004 ____________ ____ AKsle . R A_13____
0005 INTG=0 A

LLoone  CALL BEGIN ... A_1S
0007 CALL PRE (XU,DPOX] ATle

__ 0008 XTHOAT=3, L6159%XR/2, A 17
0009 AMI=0, A 18

_.oolo___ _ _ AME=sO. e, A 19
0011 GO 10 3 A 20

_..Q012 2  CALL READY __ R T S e A2y

"THE FOLLOWING STATEMENT 1§ 7O KILU SHOT TF PROBLEMS (UTKE MERGING)Y A 22
c OCCUR_IN_ SUBROUTINE READY A_23
0013 IF (XD.GT.XL) GO 70 13 A 264

00 G A CONTINUE o . A 25
0ols INTG=INTG+1 A28

_____ e € CHOICE GF _FORWARD _STE P A
oois DA=XSTEP*R{ LY A28
0017 XDaXU+DX A 29
0018 13 (.Nor.(xu.L'r.x'mon.mo.xo.c‘r.xmona: GO V0 4 A 30

0019 ___________ XDsXTHOAT_____ . A_31
0020 DX=XD=XU A 32

ooy Y NTHOATSINTGe ) e ] A_33
0022 4 CONT INUE AT 34
0023 IF (XDeLEeXL) GO TO S . A 35
0024 XD= XL A 36

0025 __ ____ __ DX=XD=XW_ A 3T
0026 CONTINUE ATT38

_..oo2? ____ CALL PRE (XD,0POX) A 39
0028 CALL ENTRN ATT%0

___0029 CALL PRE_(XU,DPDX) A 4]
0030 1F (KASE.EQ.2) GO Y0 6 A &2

_003) ________ IF_(KINJEQel) CALL MASS (XUsXOeAMI) e A &3
0032 IF TKEX.EQ. 1) CALL MASS (XU, X0, ANE)

0033 ______CALL WALL____ _h__45
0034 'y CALL OUTPUT A 4b
0035 CALL_PRE (X0,0PDX) A&7
0036 CALL COEFF A 46

e & SETTING_UP VELOCITIES AT A_FREE BOUNDARY A 49

MODIFIED FOLLOWING STATEMENT FGR INTERNAU CORE FLOW A 50

__0037 ______1F (KEXeEQe2) U(NP3)uSQRT(2:)¢SQRT(1e=~FPOSS{{GAM=1,)/GAN)) A Sl
0038 IF (KINGEQa2) UCLI=SQRTIUCLI®UC L1 )=2. % (XD=XU) wOPOX/RHGTIT) A Ts2 T
0039 CALL SOLVE_(AU,BUyCUyUINP3) A 53

4 SETTING UP VELOCITIES AT A SVNMETYRY LINE A 5%

L0040 IF (KINGNEe3] 60 10 7 —es A_5S
0041 uilsui2) AT%s

...00&2 IF_(KRADSEQe0) Ui1)me T5%UL2)+425%U(3) A ST

49
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FURTRAN IV G LEVEL 20 NAIN OATE = 72286 22752718

0043 ¥ IF (KEX.EQe3) UiNPI N, TESRUTNPZY oo 288 U(NPLY 777777 msm == (88
004 IF (NEW.EOel) GO TQ L& A_59

0045 00 13 J=1,NPH A~ 80

0048 D0 8 I=2,NP2 A_6)

006t . AUCII=ALd,]) A 62"

.. oos8 BUC I Bl S0 L) A_63
0040 8 CULIeCla, 1) A 64
0050 __ . 00 9 IsL NP A_65
0051 9 SCIII=F(Jy1) A66
. 0052 + _CALL SOLVE {AUyBU,CU,SC,NP3) A 67
0053 DO 10 I=1,NP3 A &8
... 005& 10 ___ FlJae1)mSCULI) L A 69
0055 IF (KASE.EQs2) GO TO 11 A~ 70

R SETTING UP WALL VALUES OF F n .

00%5 1F (KINeEQeloANDINDI(JIeEQe2) Koyl ) o(iLe+8ETAGAMALY) VB (J,2i=() ~ u"

1o *BETA=GAMALJ) ) $FL J,30) % S/GAMAL J) _
0057 IF (KEXeEQeloANDSINDE(J 1. EQ. 2 Fu.m)-cu.ouenocmuunﬂT.nr_—‘u

o 1)=(1.+BETA=GAMALJ)I®F(JHNPL)I®. 5/GAMACSY A TS5
[ SETTING UP SYMMETRY=LINE VALUES OF F A 76

_oos8_ _ 11 IF (KINNEQ3Y GO TO Z2 LAY
0059 Fldol)umF(J,2) A 78

__ 0060 IF _(KRADsEQe Q) _ﬂ_.:g_n_-.vstsu.zu.zs-su.n A_19
0osl 12 IF (KEXeEQe3) FIJyNPIVR TEOF(JyNP2)4e258F [JoNPL] A~ 80
0062 13 CONTINUE e e A_ Bl
0063 14 XP=Xy A782
0064 _ _ __________ XRSCINTG)mXY = e A 83
0065 RWRSLINTGI=R{ 1) A B84

0065 COSAL(INTG)=CSALFA A_ 85
0067 Xu=XD A 86

. 0068 __________ PEIaPEI+DX®(RUL)*AMI=-R(NP3)®ANE) A 87 __
THE TERYINATION CONDITION A 88

0089 3 IF (XUsLTeXL) GO 10 2 e e A_B9
0070 CALL NEWPPO A"90
0071 STOP A 91
0072 END A 92-
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FORTRAN IV G LEVEL 20 NEWPPO DATE = 722B6 22752718
goor T "SUBPNUTINE NSWPPO TommTeTmmTm ot B 1
002 COMMON /GEN/ PEIAMI JAMEDPDAPREFI21+PR(21,P12) +DEN¢AMUXUoXDeXPy B 2
AXLeOXoINTGoCSALFA ¢ ALPHA XR yREORS s GAM ¢ ZET A PPO,TWT Uy YSTART ;USUP, 1DT "B "3
. 2MEN IHEAT 24 TOoXSTEP/E/DSTAR(300) ¢XRS1300) 4 RWRS{300) ,COSAL (300) B__&
0003 OIMFNSIUN FMMI3001, POPI3001, RIRST300) 8 5
0004 IF (IDIMENGEQ.O) RETURN B 6
0005 GsGAM B 7
o006 Cl=1G+1. 1720 o L _B_ 8
0007 C2=1G=-1.172. 8" 9
0008 €3=15¢101/12.%16-1.)) B__10
0009 C4=C1**(3 8 11
o000 C5=C4%C2%C3%2, . _B_12 __
001l DO 1 I=1,INTG 813
0012 L. RIRS(U)=RWRS{I)-COSALII)*DSTARI)) ....8 16
0013 DO 2 I=1,INTG 87 15
0014 IF {(RIKSII)oLT.RIRSII+1}) GO TO 3 8 _le
Do1% 2 CUNTINUE B 17
0016 3 | RTHOAT=RWRS(I)-COSAL{ 1) #DSTARII) . B _18___
0017 DD 14 1=1,INTG 819
_00We AS(RTHOATZRIRS LY IO%2 B_20_ __
T o019 IF (1=11 4,446 8 21
0020 4 FM120.5 B_22_
0021 5 Balie+CZoFML¥"2) 823
oo22 _ FMaFMI=(A%B*3(C341, I=C4sFML2B)/IC5*FMI¥%2=Co»B) _B__24
0023 o IF (ABS(FM=FM1)1-,00001) 13,12,12 8 25
0026 __________ & ______ BF LA=Le0) Br 0t B 26 _
0025 7 FM=1.0D 8 27
0026 Bu{1l,4C2) B_28
0027 GO TO 13 B~ 29
0028 _____ B _____. CONTINUE — 8 _30 __
0029 IF (FM=1,0) 9,10,10 8 31
...oo3o___________ S ... _FMI=FM | B 32 __
0031 G0 10 11 B 33
0032 10 FMI=FM+0,1 8 34
0033 1t CONTINUE B 35
003 ______ (ol {1 I e o e B_ 36
0035% 12 FMLsFM i 8~ 37
0036 GO TO S 8 38 __
0037 137 POPI1)=8%*1G/(1e=G)) 8" 39
0038 FMM{ 1 1=FH B__ 40
0039 16 CUNTINUE B 4%l
0060 _____ WRITE 16y15) e B 42
0041 WRITE 17,16) INTG 8 43
0042 WRITE (7417) (XRS11),POPII)slslml,INTGY B 4h _
0043 WRITE (6,18) TFMMI 11,POP(T) OSTARIT) TXRS (T o RWRS(I) 417 1=1y INTG) 8 45
0044 RETURN 846
C B &7
0045 18 FORMATILHL 42X, THE OISPLACEMENT THICKNESS FROM THIS ITERATION AND B _ 48
ITHE PRESSURE DISTRIBUTION FOR THE NEXT 1TERATION FOLLOWS?/7, 8 %9
.............. 28K MY 11Xy 'P/PO g 11Xe 0S g 13K "X 912Xy RN W BX,INTG/) B 50
004¢& )6 FORMAT(13) & 5} °
0047 17 FORMAT(1P2E1246¢53X13) a_52
0048 18 FORMAT(1PSEL4,5410) A537
_____ 0049 L END —— e B 56

51
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FORTRAN IV G LEVEL 20 8EGIN DATE = 72286 22752718
""" 0001 T TTTTTTTTTTTTSUBROUTINE BEGIN T TTTTTTTTTTTTTTITTITIIITT e e T Y
_...0002  ______ CQMMON _/GEN/ PEl,AMI,AME.DPOX,PREF(2)PR(2),P(2)yDEN,AMUyXUXDeXPy __C___ 2_

1

e
TXUoDXy INTGICSALFA ¢ALPHA ¢ XRyREORS ¢GAMy ZETA,PPO,TWTOyYSTART,USUP,1DI " C 3
2MEN THEAT 4 2o TO9 XSTEPZ 1 /N NP 1oNP2 o NP3 ¢ NEQ yNPHy KEX 9 KINo KASE yKRAD/B/8_ C 4
H

)

e SETA,GAMATZ21+TAUI,TAUETAJIT2) yAJE(Z2), INDE (21, INDEC217VZU(200),#(2,2 €

_________ 400),R(200) ,RHO(200),0M{200)pY(200) _€C_..&
[ "PROBLEN SPECLFICATIUN [
0003 READ _(5928) KRAD,IDIMENJNEQyKEXoKIMs IHEAT N _ R S
000% . READ (5,290 REQRS,ZETAPR L) ¢CAMyALPHA ¢ XR o XLy USUP  YSTART , TWTO, XSTE €
1P C 10
C IDIMEN=O FUR PLANAR FLOW ANO IDIMEN®=1 FOR AXISYMMETRIC FLOW ¢ 11~
e ememmmomme—eab . _INITIAL EDGE _OF BOUNOARY LAYER IS YSTARTY __ _____ . ... c.12___
0005 PREF{1)=PRL L] €13
_____ e C______APPROXIMATE CALCULATION OF UEDGE FROM_ONE DIMENSION FLONW RELATIONS C 14 _
0004 UUMXX= SORT(2. 7{GAM= 1. 1V CIGARFL 1721 88 T (CAMFTL ) 7 (2% 1GAM=13) )) cC 15
0007 UUMKX= (1o /{1o#XR) }**( 1+ [DIMEN) /UUNXX C_l6
0008 UEDGE=UUMXX#SQRT (2.1 C L7
0009 KASE=2 € 18
0010 IF (KINJEUe 1 ORKEXEQ, 1) KASE=T [
R 1 1% S RUSOa c_20__
0012 NPHaNEQ-1 ¢ 21
0013 NPlaN+1 c_22
0014 NP2sN+2 c 23
0015 __ __  NP3sNe3 B _C 26 __
$TTINITIAL VELGCITY PROFILE t 28
___.Qoe________ R vm_-__o._ e . ... C_26
0017 U(1)=0,0 t 27
0018 XNP2aNP2 C 28
009 DELYSYSTARTZXNP2 ¢ 29—
__..0020 ) 00 1 [=2,NP2 C_30___
0021 Y(I)aY{I-1ie0ELY ¢ 31
G022 ¥ ETAsY(I)/(OELY*XNP2) c_32
0023 UL s (2. %ETA-ETA##21%UEDGE . €33
0024 1 CONTINUE C 34
C CALCULATION OF SLIP VELOCITIES AND OISTANCES C 3%
....e02s | BETA= 1.0 €__36
0026 60 'TO (293,4) KIN c 37
_..oo2T____ 2 um-utnlu.oz_.-ae_r_g_n___ C__38 _
0029 Y(2)2Y(3)%BETA/ (2, +BE ¢ 39
0029 GO TO & C 40
0030 3 viisutireuin 'y
po3y Ul3sullisu(3d) C__42 _
0032 U33=y(3rsu( 3 (A ¥
... oo33 SQ=8¢e%ULll=-12,%UL399, %U33 C.. 606
0034 UC2)#€ 166 UL L=4,#UL3+ U337 (2.9 CUCTTAUT 3T 1 ¢3QRTUSAYT TR
0035 Y(2)a¥(3)s(Ui2)eUl3)=2, ‘U(lll‘.SI(U(ZNU(SHU(ll) C__46
~ 0036 GO 70 5 (V™ |
. 0o37___ & IF (KRAD.NE.O) GO 7O § . C__48__
0038 Ul2)= (42U 11-U(31) /3, C 49
_...p039 _____ Yi2}20, B _..C 50 __
0040 60 T0 6 €51
0041 5 ui2)=u(l) C 52
0062 Y{ZYa¥(317 3, (Y )
0043 ) 60 _TO (7+8:¢9)s KEX
0044 ¥ VNP 2VaUINPIT /(Lo ¢ 2. %BETAY 1
0045 YINP2)sY{NPI)=(Y{NP3)=YINPL))*BETA/ 12, +BETA) C 56
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0045
0067
0048
0049
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P

0050
0051

" 0052’
T 0053

_ - 0054

T 0055

0057

0056 _

0088

___Qos*
T Do&o
0061

0062

" 0062
0054

0055
_ones
0067

__0058 _

04059
0070

“on71

0072

0073
_ 0076

_ 0094

FORTRAN IV G LEVEL 20 BEGIN DATE = 72286 22/52/18
. G0 TO 10 o cC 57
B ULISUINPLIRULINPLD C 58
Ul3=U(NP1)*U(NP3) C ™59
U33cU(NP3)®UINPI) c_6b__
. SQ=H6 % U33=]12,%Ul349,%UL) C &1
e _UINP2)=(164%U33-4,%U13+UL1) /(2. *(U(NPL) SU(NP2) ) ¢SQRTISQ)) ~ ~  C 62
YINP2)=Y(NP3)=(YINP3)=Y(NPL) I S(UINPZ} U INP1T~2.%U (NP3Y) &, S7{U(NP2Y " C 63
e _19UINP1I+UINP3) ) __ __ . e e e ————— Q___eﬁ____
GO T 10 ('Y )
9 * UINP2)I=(4.*UINP3}=UINPL)) /3¢ C_ 66
Y(NP2) =Y (NP3) [ |
_10 ____ CONTINYE - c—eeo G688
IF (NEJ.EQ.,1) GO TD 20" C 69
B0 N9 IRANPR c 70
< INITIAL PROFILES OF ornea "DEPENDENT "VARTABLUES cmn
DU 11 I=1,NP3 c_12__
EVA=Y{ 1) Z/(DELY*XNP2) ¢ 13
L Flde1)=THTDe(2.%ETA-ETARSI®(le=TWTOD C 7%
11 CONT INUF ([
. C CALCULATION OF CORRESPONDING SLIP VALUES € 76 _
GAMA(J)=1.0 [ 4}
GO T (124134140, KIN C__18
i2 FUJs2)mF(J sl 3+ (F(Js3)=F(Js111 (1. +BETA-GAMALJI1/(1s+BETA+GAMA(JI) C 79
__________ 60 10 15 L ___C_80
1347 G=(UI2)+U(3)-B.2UC1)) /(5. % (U{2)+U(3) 1 +8, *0(1T) c” 81
o __GF*{14=PREF(J))/()e+PREF(J)) e € 82
GFa(G+GF )/ 1. +G%GF) C 83
FUJ121=F(Js3)%GFe(1,=GF)*F(Jy1) C_84
G0 T0 15 C 85
e 14 FtJe21=F(Js 1} e i C 86 __
IF (KRADWEQ.O) FlJ 20 u(4e#F(J,1V=-F{J,;30173, c 87
e _._X5%____GD TO (16,417,180, KEX _ _ _ C_88
16 F(JoNP212F(J NP3+ (F(J,NPLY=F (I NPI) IR {1 #BETA=CAMATJITI/ 1. *BETA+G "¢ B9
1AMAC D)) o C 90
G0 TO 19 N C 91
AT GE(U(NP2)4U(NPL) =B, *U{NPI )}/ (5¢ #(UINP2)+U{NPL) }+8,BU{NP3}) C 92 __
GF=(1.=PREF(J))/(Le+PREF(JI) C 93
___________________ GF=(G+GF)/{1¢+G4GF ) o C_ 9
FUJeNP21aE(J,NPLISGF+ (1o=GF Y*F(J,NP3) €95
GO TO 19 C_96
18 F(J,NP2) = (4e *F(JsNP3I=F(J4yNP1) 173, C 97
___________ 19____ _CONTINVE __ _ N C 96 ___
20 CONTINUE cC 99
______________________ CALL DENSTY e C 100 ___
c CALCULATION OF RAOIT ¢ 101
CALL_RAD_ (XUsR[1)sCSALFA) c_102__
IF (CSALFALEQeDeeORsKRAD,EQe0) GO TO 22 ¢ 103
e 0O 21 I=2,NP3 e e € 104 __
21 REI}=R{L)=Y{)*CSALFA c 105
____________ € _____CHANGE MADE IN_STATEMENT NUMBER 28 FOR INTERNAL FLOW €106
6o TO 24 c 107
22 D0 23_Is2,NP3 €_108___
23 R(JI=R(T) €109
26 CONT INUE o _C 110 ___
¢ CALCULATION OF OMEGA VALUES ¢ 111
b OM(1l)=0, £ 112
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AEDC-TR-73-62

FUYTRAN IV G LEVEL 20 BEGIN DATE = 72286 22/52/18
0095 oM(2)=0, T 'c 113
_00% . _ .. ba 25 Is3.NP2 114
0097 25 OMLI)a0MlI=1)+.5¢(RHO( IV OUTT I oRITISRHOTT=T1e0TT=TV#RTI=11 IV (IV=¥ ™ c 115~
_ 1(I=1)) . € 1l
0098~ PE(=OM(NP2) cT117
_oo9e DO 26 T=3,NPL = e e c 18
0100 26 OM(1)=0M{1)/PEI c 119
1 1: | S OMINP2}=1y e £ te0_
0102 GMINP3)=], ¢ 121
0103 ___1F {NEQ.EQe1)_RETURN c122__
T 0104 700727 Jal,NPH €123
0105 . LF (REXeEQel) INDER Il C 124 __
0106 IF (KINJEQell} INDIUJN=] C 125
_oror ____ 21 CONTINUE _ a i € 126
0108 RETURN c 127
. c e C 128
0i09 28 FORMAT(GI 1,13 €129
_.0110 29 _  FORMAT (BE1040) S - -1 SO
o11l END C 131-

54
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20 COEFF T DATE = 72286
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AEDC-TR-73-52

0001 SUBROUTINF CNEFF
0002 _____ COMMON /GEN/ PELJAMI,AME,DPDX,PREF(2)4PR(2)¢P(2) yDEN,AMU\XUKD)XPy_ O 2
1XLsOXy INTG,CSALFAALPHA (XF yREURS yGAM, ZETA4PPO, THTO,YSTART,USUP, ID1 D 3
_ 2MEN, IHEAT 2+ TD,XSTEP/I/NyNPL NP2, NP3 (NEQ,NPH,KEX,KINyKASE,KRAD/E/B_ 0__ %
3ETA,GAMA(2) o TAUT »TAUE s AJT (20 AJEC2) (INDIC2)4 INDE(2)/VIUL200),F(2427 0 5
e 4oun.R(zoo».RHmzoon.umzoo).V(zoouusuzoo:.Autzom.w(zom.cutzo 0_ 6
"501,A02,200)98(2,200),C(Z,2000 R |
n003 . COMMON ZL /. AR e AL MG e ____D_____E____
0004 OIMENSIUN G1(200), G2(200), G3(200)s» O(2+200), S1(200), $2(200), S D 9
: + 130200} D__10
c CALCULATTON OF SMALL C 'S 0 11
0005 ____ DO 1 1=2,NP1 __ D12
0006 RA= Su(R(I+1)+R(T)) 0 13
.. too? __ KH=,5%(RHO(I+)¢RHO(IDY D le _
0008 UM=  SE{U(T+1)eU(I)) 015
____0009_ CALL _VEFF (1,1+1,FMUI D_16__
0010 1 SC(IV=RASKASRH*UMCEMUZ(PEI*PET) 0 17
R _THF CUNVECTIUN TERM D 18
0011 SA=K (1)*AMI/PEI D 19
0012 ____ sB={RINP3I®AME-R{l)SAMI/PEY o 20 __
0013 T DX=XD=XU 0 21
__ 0014 DO & I=3,NP] D 22
ools OMD=DML T e [ )-DM(T-1) D 23
O0Lb PO IOK D 24
0017 L P3=p270MD D’ 25
_.eds___ Plz(OM(I+11=0M(1))&P3 e D 26 __
0319 PI=(AYCI)=0MLI-1))*PT D 27
0020 ___P2:3,9P2 0__28
0021 U=SA/OMD o 29
0922 . R2==SR%, 25 e D_ 30 ___
on23 R3=P2/70MD o 3
_____ 0024 __ ., _Rl==(OM(1+1)¢3,#0M(1))%R3 . D 32
0025 TR3=(OMUI=1)42,%0M( 1)) *R3 D33
__0N2% GL{1)=PLeQ+R] D_ 34
Y0027 G2(11=P2¢R2 D 35
o028 ___ G2l )=P3-04r3 D__36 __
0029 CUtT)==PL*up( (+1)-P2eU(1)-PIsU(T=]) D 37
____________ G THE DIFFUSION TERM _ . D_ 38 __
0030 AUl )=2, 7/0MD D 39
0031 BUCI)=SC(I-1)%AUCI)/Z(OM(])=0M(1=1]) D_ 40
0032 AULTI=SCL T *AUTT )/ (OM{ T+ 1) =0M{T ) D 4l
0033 ___ IF (MEQeEQ. 1) 60 TU 3 _ 042 __
0034 GO 2 J=1,NPH D 43
EL N ClJo IN==PL*FiJy 14 11=P28F(J,1)=P3SF{J,y]~-1) e D_ 4% __
0036 CALL SOURCE (Jys1+CS5+D(J,1)) D45
0037 ClJel)==ClJo1)¢CS=F(Jy1)%D(J,1) D46
0038 AlJdy [1=AUL () /PREFT I D 47
0039 BGJ.I)=BULIVI/PREF(J) | ____D_48
0040 2 CONT INUE 0 "9
__..C___._SOURCE TERM FOR VELOCITY EQUATION .. .0 50 _
0041 3 SL(I}=DPDXeDX D51
_ 0042 §2(1)=P2¢S1( 1) /(RHOCI)*UCI)) 0_ 52
0043 S3(I)=P3*SI(TIZ{RHU(T=118U(T=1)] D53
00t __ SL(I)=PYsSL{1)/(RHO(L#1)*U(2e )Y _D_54
0045 CUCT)==CULT}=2,¢(SL(TT¢S2¢(114S3(T)) 0 58T
0048 o _____SMI)=SLOIN/ULTeYY D 56
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AEDC-TR-73-52

FORTRAN IV G LEVEL 20 COEFF DATE = 72286 22752718
0047 ; S2(1)=S2(T170CT) b s7
. ooem_____ S3C1)eS3(LMU(I-1) i .0 58
0049 3 CONTINUE 0 “59
c COEFFICIENTS IN THE FINAL FORM D 60
0050 Y 00 5 I1=3,NP1 b 61
_____ 00SL_____ __________ RL&L./(G2(T)+AU(1)+BULI}=S2(I)}) . b _62____
0052 AUCT)=CAUCT)$S1ET)-GLUT))*RL D 63
...0083___ BUCT)=(RU(T)+S3(TI=G3C(1})*RL _ D _6&
" 0054 $TUTTCuC I =CuC T RRL 0 65
__00ss 1F_{NEU.FQ.1) GO TO 7 D_ 66
0056 DO 6 J=1,NPH 0767
L00ST B0 & Im3y NP L D 6B____
0958 RL=1 /(G201 M4AC 1 1+B{J7 11=DII T D 69
0059 . _AtdsDislatyeni=GMINN®RL_ D 70 __
0040 B(J, D) =(BCI,2I=G3CI)D#RL 0 7L
0061 6 ClJy)eCld, 1)*RL D T2
0052 1 CALL SUTP 073
0063 L RETURN D T4 .
0054 END 0 75
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AEDC-TR-73-52

FORTFAN IV G LEVEL 20 REAOY DATE = T2286 T T22752/18
0001 SUBROUTINE READY ) £
._e0o02 . ____ COMMON /GEN/ PE1,AM1, AME, OPOX,PREF(2) PRI2) 4P L2) 4DEN,AMUSXUsXDsXPy _ E___ 2
IXL DX, 1NTG|CS“LFA|ALPH“|XR|REDRS|Gl"|lEfAlPPD  TWTO.YSTART,USUP,IDI ™ E 3
2MEN, [MEAT 2 TUs XSTEP/V/U(200) ,F(2,200) ,R(200) yRHO(200),0M(200}),¥42 € &
3000 /1 /M, NPLYNPZINP 3 JNEUsNPHIKEX s KINy KASE s KRADZB7BEYA, GAMA (20, TAUT, €5 ™
e _4TAUE,AJ1(2),AJE(2) 4 INDE(2)  INDE(2) ) ) E_6
0003 CALL DENSTY [
o004 CALL RAD (XU)R(1)4CSALFA) e €E__8
c Y NEAR THE | BGUNOARY € 9
__.0oos » GD TO (152530, KIN E_10
0006 1 Y(2i2 () ¢+BETAI *0OM(3)1%4e 7( (3« *RHOL 21 *RAC( 31 1*(U(21 #0311 £ 1l
0007 ____ . B0 Y0 & E_12___
000P 2 Y(21=12,20M 0317 (T3, *RA0(2T+RHOT I T * (U170 #4300 €13
.. 0009 el ___ GO TO 4 o U SO & S
0010 3 Y(2)=,5%0M{3 1 /7{RHOC LI SU(LT) £ 15
ooll 4 Y(3)mY(2)+425%0M(3)%(1e /(RHO(3)%UL3) 142, /{RHO(3)BU(3) +RHO(2)%UL2)) E 16
1 E 17
oo €Y 'S FOR INTERMEOIATE GRID POINTS i £ 18
0012 DO 5 l=%,NP) €19
0013 5 Y(l)aY(I=1)¢.5%¢0MLI)=DM(I~ ultu./mqu_l_!tutlnﬂ./tanou 1I*(I- E 20
Ty €21
c Y NFAR THE E_BOUNDARY _ £ 22
0014 vmn»-vmnlo.zsnomuvz'-unmmi|-¢1./mﬂomnltumnnoz.I(RHal € 23
I, INPLI®UINP L) #RHO(NP2)*W(NPYYY E 24
0015 s GO TO (6+7y81s KEX E 25
0016 _ . ______ & Y(NP3)aY(NP2) ¢ (1. 4BETAI*(OMINP2)=OM(NPL) ) %4,/ ({RHO(NP1) +3,*RHO(NP2_ E 26
11 1% (UINPLI+U(NP2) ) ) e 27
0017 GO TO 9 28
0018 7T Y(NPIi=YINPZI*12.*(OMINP2 T =OM{NPLI 17 (RAOINPL1 %3, *RAOINPZI 1 #({U(NP2Z E 29—

e e L)+ULNP LI 4 % UINP3Y )Y £_30__
0019 GO TO 9 €731
_._0020 __________q______ YIRP3)3YINP2) ¢4 5% (UM(NP2)=0M(NP 1))/ (RHD(NP3) *ULNP3)) _E_32 ____
0021 IF (CSALFAL.EQeOseOR.KRAD, EQ, 0V GO 1011 £33

c XXX 1S USED TO KILL SHOT IF NECESSARY £ 3¢
0022 00 10 1=2,NP3 € 35
.. bo2» XXXsR(1)®R(1)=2.%Y( 1) #*PEI*CSALFA - . £__36
0026 IF (XXXeLV,0.0) XDu2; XL TTTTTTTE AT
0025 IF (XXX.LT.0eD) GO TO 14 _ R - |
0026 10 YOI 22, *Y(1)#PET 7RIV +SARTIR (L VSRUL V=2, ¥V (1 1 #PE1SCSALFA)) E 39
< CHANGED SIGN OF 2 IN THE DENOMINATOR OF ABOVE FOR INTERNAL FLOW E_40__
0327 60 TO 13 e 4l
_0023 11 DD 12 1a2,NP3 E_ 42
0029 12 Y(1)=PETY(1)/R(Y) %3
_____ 0030 _____ 13 Y(2)=2.4Y(2)=Y(3)_ ___ E 44
0031 Y(NP2]22.%Y{NP2)=Y(NPL) €457
o 4 CALCULATION OF RAOII E 46
0032 DO 14 1=2,NP3 € &7
on3’3 IF (KRADEQ.0) RIII=R(1)__ . E 48
0034 IF (KRADeNELO) R(IV=R(1)=Y(T)*CSALFA € %9
SRS S CHANGED SIGN_IN EXPRESSION ABOVE FOR_INVERNAL FLOW e £ 50
0035 14 CONTINUE )
__ 0036 IF_(RINP3I,LEL0s0) XD=24%*XL € 52
0037 TF (YINP3)LT.0.00 XDaZ.8XL €53
. _0038 RETURN . E_S&
0039 "END E55=
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AEDC-TR-73-52

FORTRAN IV G LEVEL 20 DENSTY DATE = 72206 22/52/16
000l SUBROUTINE DENSTY £l
L9002 _ _..._........___COMMON /GEN/ PE1,AMI,AME, npox.PnEHznmczn.NZl.osu.mu.xu.xo.xp.___F_____z_____
UKL oD Xy INTGyCSALFAyALPHA ¢ XR ¢ REORS yGAM ¢ ZETA, PPOTWT O, ¥ START 4USUP, D1 3,
2MFNy THEAT ¢ 2,70y XSTEP/V/U(200) 4F{2,200),R {200) sRHOL200),OM{200),Yi2 F &
300)/1/N,NPLyNP2,NP3 I NEQ,NPHIKEX ¢KINyKASE yKRAD F 5
.. eoos CINPAsF L NP3 =UINPBIORRYR, e F_ 6
0004 “RHONP3=TNP3** (1.7 (GAN=14)) F 1
0005 ___________..__ DOl IslyNP>_ e k8
ooot TaF(ly [1=-U{11#%272, F 9
__0007 1 RHO( T )=RHONPISTNP3/T F 10
0008 RETURN F 11
0009 ...l END e [ S T
FGRTRAN IV G LEVEL 20 ENTRN OATE = 72286 22752718
0001l SUBROUTINE ENTRN 6 1
.. 0002  __ _____ COMMON /GEN/ PET,AMI JAME,DPDX,PREF(2)¢PR(2)¢P(2)sDENyAMUXU XDy XPy _G e
TAXL DX INTG,CSALFA,ALPHA g XRoyRECRS s GAMy 2ETAPPOo TWTUYSTART,USUP, 101 3
2VEN, THFAT , 2o TOy XSTFP/V/UL200) oF (2,200),R(200) 4RHO(200) yOME200), Y (2 G &
e 35U)/1/NiNPLyNP2Z NP3 NEQ¢NPH, KEX s KINy KASE ¢ KRAD 6~ s
L0003 Ll GO TU €238 e KEK 6 6 __
0334 2 T RETURN 6 7
Qo0os __ ______ 3 CONTINUE e 6 8 __
c THE FOLLOWING AME [S FOR LAMINAR FLOW 69
_+_0006 ____IF_(INTG,NE,1) GO TO 5 G__10
0007 T DO 4 I=Ll,NP3 ¢ 11
00708 U EE MU eGTe069) MON T 6 12 ___
0009 IF (SMIT)eGTeD.9) [=2NP3 G 13
0010 & LONTINUE G 16
ooll DOM=OMINA)=DMING-1) G 1%
0012 OLNY=OMING =049 G_ 16
" o013 5 CUNTINUE 17
0014 oo _UY2ULK9)=DUMI/DOM* (ULN)=UINO=2 ) G 18 __
0015 T TEAMA= (UINI)-UINS=1)) ZL0Y 6 19
gols e . R9SRING)=GOYI/DUMSLRINTI=R{NO=LYY G 20 ___
ooL? " RHO?® RHO{ND ) =OC MI/ZD01*{ FHO{ N9 ) =RHI(N9 =1} 6 21
0014 o VIS9=VISCOING)=DLMP/OUYS(VISCOING)=VI SCOINI=1)) G_ 22
0019 CUUP=R 19 )*RIND ISEHOI NG VRUING T*VISCO{NI) G 23
_. 0020 o CUUP=CUUP¢R7™R9SRHNG¥USeVISY G__24 __
0021 CUUP=CUUP /(2. %PFI) G 25
0022 _ .. CUUMERINA-LI*INI=1 ) $SHOING=1 IHU(NI=11®VISCOINI=-1) 6 26
0023 CUUSSCUDI+RISR GRS UGHV] SO 6 27
__.0024 CUUM=CUU4/ 12, *PET) G 28
0025 TG522. *CULP Z{ILMEDUNG) T 6 29
0026 e GOB2.%CUUM/ZIDOM®IO0.9=GMINS=L))) G _ 30___
0027 TERMASGS*(UCNTI=U9 ) =G6*TUI=-U(NI=11) G 31
0028 o 2. . TEPMA=TERMA/TERMB G_32
0029 T UGRIGEUSUPASURT (24 )*SQRTI 1o =PPURSTILAM=1 ) 7GAMY ) - “67733
. C USUP IS RFAD=IN IN BEGIN ___ IT SUPPRESSES THE HBels G_ 34
0930 TERYC=IUIW [G=US )/0UX+IPDX/ {RAOS*UIY G 35
ON3L o TERMCSTERMCRPEI/ZTERME G_36
0n32 AME=TERMA-TERMC ° ¢ v
0033 AMFoAME=0, LRI LI®AMY G_30
0034 AME=AME/(0.9%R{NP3)} B G 39
___0o13s RETURN G 40
0034 6 AME=D, G &f
0037 __ . RETURN G 42 _
0038 END G 43"
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AEDC-TR-73-52

FORTRAN IV G LEVEL 20 "R BT DATE = 712286 22752/7%
\

0001 SUBRDUTINE FBC (XeJdsIND,AJFS) W1
0002 o COMMDN /GEN/ PEIoAMI o AME o DPDX PREFI2) PR} 4PT21 yDENyAMUI XU XDeXPy  H 2
1XLsOXy INTG ¢CSALFA,ALPHA o XR o REORS ¢GAMyZETA9PPO,TwTO,YSTART,USUP,IDI” H 3

— . . ZMEN.]H_EAI'I'_TP'X_STE_P___ e ] 4_
¢ TW 15 PRESCRIBED IF THEAT ®= | == QDOY 1S PRESCRISED™TF NOY | N

0003 e o ________IND-I. _____________________________________________________________ |j L
0004 AJF S=TWTO > R ]

.. oeoos__ _____________IF CIHEAT,EQ.1} GO_TO 1 H__ 8 _
- 0006 TTTUIND= 2 H 9

__.0007 ___AJFS$=0.0 H_lo
0003~ 1 CONT INUE W11

0009 ___ ... RETURN _________ e oo B 12
0010 END H 13-

FORTRAN IV G LEVEL 20 MASS DATE » 72286 22752718

""" 0001 T T EUBROUTINE MASS UXU, XD, ANY B R |

. s —rommaesad LT APPLICABLE TO AN_TMPERMEABLE-WALL Siyuvaviom . ___ | 1 .2 _,
0002 AM=0, 17773
___ 0003 _ RETURN I 4

0004% END =
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“"FORTRAN IV G LEVEL 20 T outPuT DATE = 12286 23752718
T gool T SUBRGUTINE QUIpUT —~~ ~~ 7 7 TTTTTTTTTTTIIITITI e mmmmm mmmn T
0002 CUMMON /GEN/ PEI,AMI oAMEDPOX,PREFI2) sPRI2) ¢P{2)yDENy ARUs XU XD XPy  J

.l

1XL oD% o INTG 3 CSALFA o ALPHA » Xk yREORS ¢ GAM, ZETA yPPU s TWTO YSTART(USUP, ID] 3
&

)

.............................. -

2MEN) THEAT ¢ Z o TUo XSTEP/ZVZUL 200) yF (24200) yR(200) 4RHO(200) yOM(200),¥Y(2__J
BOOIICISCIZOOD.AU(ZOOD.BUIZOOI.CU(&OOI.A(ZoZOOloBlZolOOloC(ZoZOODID 3
&/YP{200),UR(200) 4Rk 1200),HR{200) 4XM{200) ,PITDT(2001 ,TEMP{200)/E/DS__ S __ 6

57AR(300).xRSt300b.anscaoOb.cosnLtaoO)IIIN NPl.NP:.NP:.NEO.NPH.KEx FTTYTTC

Te2y J 9
__. 0003 1F {INTGeNE,1) GN TO_1 J_10
0004 AL=ALPHA®180, /3, 14159265 3711
L 0005 WRITE (6+7) (OMUI)sImLeNP3) J__ 12
0006 WRITE (6,6) KRAD, IDIMENINEQKEX KT Ne IHEAT, N Jd 13
0007 ___ 1 ___ CONTINUE IR S 5.
0009 DPDXG=OPDX#GAM/{GAM=-T1,) ot o JTisTTT
0009 1F_(KRADoEQeO0) DSTAK{INTG)=Y(NP3)}=PEI/(R(1)*RHOINP3)ISU(NP3) ) J 16
0010 IF (KRADJEQ.0) GU T0 2 J 17
_____ 0011 __  DSTAR(INTGI=R{1)=SQRT{R{1)##2=2,#CSALFA®(R{1)*Y(NP3)=-0,5¢CSALFAsY({ J 18 ___
TINP3)#%2-PET/(RHGINPI) *U NP3 1)) ) J° 19
_...0012 ______IF (CSALFAJNE.Q.0) DSTARLINTG)=DSTAR(INTG)/CSALFA J_ 20
0013 2 CONTINUE - JT2al
0015 1F_(FLOATUINTG=1)/5+sNEsFLOATILINTG=1)/5)) RETURN J_22
0015 DO 3 [=1,NP3 J 23
o016 TEMP(I)=F (1, 1)=ULTI)*%2/2, [ L S
0017 XMiI)=ULL)/SQURT ((GAM= L, )*TEMP{T]) 4725
_.__eox8 XSQ=XML1) **2 e b 26
0019 1F (XMU1)eLEs1.0) PTITOT(I)=(1.+(GAH=1,)*X$Q/72, i ** (GAM/(GAM=1,)) J 27
__0020 IF _(XM{I)oLE,1,0) GO TO 3 J_28
0021 PITOTUI = TGAM® o VW XSQ7 24 ) S*{GARZ (GAM=T, 1) J. 29
...e022_ __ PITOV( D) =PITATL[I*( (CAM+10) 702, *GAMIXSQ=GAM® Lo ) )01 1o/ 1GAN=14))  J 30 __
0023 3 CONTINUE J 31
_..002% $Q2sSQRT{2.) __ I 32
0025 OU & I=l,NP3 J7 33
0025 PITOTLIIZPLTOTIL)/ZPITOTING3) J_3&
0027 YROIY=Y(( M=CSALFAZRLT) J 35
... 0028 _ .. URLID=UlI)/U(NPIY . n B J_ 36
0n2e RR(1)=RHDI( I) 7«HOINP3) 4737
o030 HRED S L) IS J 38
0031 4 CONTINUE J 39
0032 NRITE (6,8) J__«0
0033 WRTITE (64121 INTGoXUs LsREORS ¢GAMyPRILY oZETATHTUeAL ¢ XRe XL J7 8l
....9036 WRITE (6413) NP3,DSTARIINTG) ¢PEL ¢ AME s DPOXGiOXoCSALFAQUSUP PPO,TAUL J 42
ITY VISR Y J 43
L0035 MRETE e ) L J 64
0036 00 5 ]=1,NP3,2 - J 45 "
0037 WREITE (&, 1_1_1_11_(_1_!__ (Lo 1) oURLID oHRIZ) JRUTIGRHOUT) oYRUE) o XMUT)TEMP  J 46
UL ,RATD),PITOT(T) 3 &7
_.0038 _ _______%. __ _ CONTINUE T B -
0039 TWPITE (64100 {YINP3) FUL,NP3) yUR{NP3) yHR (NP3 yRi NP3 ,RHOINP3) ,YRTN "0~ 49
e e eeemmmre ... 1P3)4XMINP3) TEMPINP3) yRR(NP3) (PITOTINP3)) 3 50
0040 WRJTE [649) J 51
0041 RETURN J 52
C J 53
...0082 6 FORMAT(///777117+20Xs ' THE INPUT FLAGS ARE®///925X¢'KRAD = 'oily J 54

177+:25X,"1DIMEN = %431 147/+425Xs *NEOQ & V1Yo /7¢25KKEX "W FoT1l, J 58
__277:25X¢'KIN ® o1l e//¢25Xo"IHEAT = ?,11,//,25%X,'N s ?,13) J 56

60



AEDC-TR-73-52

FORTRAN IV G LEVEL 20 OUTPUT VATE = 72286 22/52/18
0043 T 7V T FORMAT(26H1ITHE VALUES UF OMEGA ARE/(LIP10Eile.41) =~ 7777 T Ty sy
.. 0066 B FURMAT(IHLe&Xs"INTG'»9Xp"XU"9LLXe "2 49Xy 'REURSY ¢ 7Xy "GAMMA? 4 BX,"PR? _J 58
1.9!.'ZETA'.SX.'I’HITO'.Tx.'ALPhA‘.Bx.'KR'-IDX-'KL'I.SX.'NPs',OK-'DS Jd 5?
ZTAR?  BXy TPEL "y 9Xy "AME * 48X y TOP/DX" 38X 4 *DX* 98X s "COSALF?, 7X, PUSUP?,8X _J 60
3, 'P/P0Y, 8%, TTAULY, TX, TAJI (1) /) J 61
_..0065 9 FORMAT(oXy'Y'y9Xe"H/HO" 19X 'UZUET » B8Ry 'U/UM? y9X s "R? y 10X PRHO y 10Xy J _ 62
TLYY/RY 9%, VMY (11X, T, 10Xy TN/FNE? , 7K PPITOT/) J 63
. onés 10 ____ FGRMATUIPLLEL2eS50/) R J__ 66 ___
.0047 11 FORMAT(1P11EL12,5) 3785
___ 00«8 12 FORMAT{I8,4X,1P10E12,4) J 66
0049 13 FORMATUIBy 4Xs 1PLOE12: %4 77) d 67
0050, _ . _..........END_______________. R oM 68
FORTRAN IV G LEVEL 20 PRE DATE = 12286 22752718
o0oi TTTTSUBROUTINE PRE (X, DPDXX) K1
_0002 COMMON /GEN/_ PEI AMI yAME,DPDXoPREF(2)+PR12)yPI2) sDEN, AMUS XU ADs XPy_ K __ 2 .
IXL DXy INTGoCSALFAALPHA yXR yREQRS ¢GAMy ZETA,PPO, THTD, YSTART ,USUP, 10T K~ 3
2MEN, LHEATZ,TOyXSTEP/V/UL 200) yF (2,200} +RE200) ,RHO(200),0M4200),¥(2 K__ &
3001 /1 /NsNPLyNP2, NPT NEQ,NPH,KEXsKIN; KASE,KRAD &k 9%
D03 DIMENSION XX(300), POP(300) X __ 6 _
0004 1F (INTG.NE.O) 60 70 1 K"
0005 o READ USe 3 LMAR Xx__ 8 _
0006 READ {S5¢4) (XXILY.POP(L)yL=1,LMKX) K9
0007 WRITZ (6:5) K_10
6008 WRITE (6,6) (XX{L),POPIL) oL oL=1,LMAX) K 11
oooo_________,___1________0_:_0NT INE K__12
0010 K 13
ool _________ 2 comm_q_e______ K _14 _
0012 LsL+l K 1S
___0013 IF {XXCL),LToX) GO _TOQ 2 K 16
D014 DPOXa{POP{LI-POPIL=1) 1/ (XXILI=XXIL=1)) K 17
0018 . PPO=POPIL=1) ¢OPOX®{ X=XXAL=1) ) e K AB
0014 DPDXX=DPDX K 19
oolr__ DPDXX=DP XS (GAM=Le VBN K 20 _
0018 RETURN K 21
¢ K_ 22
0013 3 FORMAT{13) K~ 23
L0020 .. A, . FORMAT(2EL2.0) _ e e K 24 _
0021 5 FORMAT{1H1,/¢8X, "XV, 12X, P/PC /) K 25
0022 6. FORMATEIP2EL&e S, )l ) K__26 _
0023 END K~ 271=
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FORTRAN IV G LEVEL 20 PAD DATE = 12286 22/52/18
0001 « SUBRIUTINE RAD (XsR1,CALPHA) ) T oY T
8002 COMMIN FGEN/ PEQoAH] JANE s DPDXPREF(2) 4 PR{2) ¢P 12} yDENsAMUWKU XD XPy _ L 2
1XL DXy INTGoCSALFA, ALPHA 4 XRyREORS s GAM ¢ ZETA4PPU,THTO, YSTARTUSUP, D1 "L '3
2MEN, THEAT 4 2, Ty XSTEP/V/Li{ 2001 4F (242000 4R (200) 4 RHU(200),0M{200),¥12 L &
s 300)/1/NyNPL NP2 NP3)NEQ o NPHKEXyKENyKASS s KRAD LS
e e & APPLICABLE T NGIZLES WITH CONSTANT LUNGITUDINAL RADIUS OF L &
¢ CURVATURE OF THE CONVEPGING SECTION~ CONSTANT WALL HALP ANGLE OF (T |
.. e & ... DIVERGING SECTIUN-AND WALL SLOPES MATCHED DOWNSTREAM OF THE THROAT L __ 8
0003 IF {INTGJNE.O) GO TO 1 L9
0004 ‘ P1282,14159265/2. L_10___
00933 ALPHASALPHA®P] 2/90, L1l
N0y COSALFeCOSLALPHA) L_12_
00n? SINALF=SIN(ALPHA) L7113
oous ________ IwIGsXR®{ 1 ¢SINALFY e & 1&
0009 AWIGuXR®{PI2¢ALPHA) L 1S
__.00tn RWIGS 1o #XR®[1,-COSALF) L_16
0011 1 CONT INUT LTLT
0N12 . . VP (XeGEGXWIG) 68 TO 2 ke
2013 RU1)%1e+XR®{1,=SINIX/XR)) L 19
DOl&  _ _ _ CSALRASSINGX/XR) L 20
0015 CALPHASCSALFA L 21
_. onis Nl=R{L)_ ____ L_22__
0017 IleXAs{l=COS{X/XR}) : L 23
_.o0018 __________ . GOT?3 __ o e T 1 S
o0ly 278 TcoNTINUE . L 25
_0020 o PLLYS{X=XWIGISSINALFORWIG i L 26 _
0021 CSALFA=COSALF L2
__0022 CALPHASCSALFA L_28 _
0023 RP1=sk(1) LT 29
0024 . ... 2Ze{X=XNIG)SCSALFASINIG L 30
0025 3 CONT LNUE L 3l
o024 TFUIDIMENGEQeOIRL=], e e cmee
on2? II=11~XR (W ¥ ]
0028 _ Iell L 33
0029 RETURN T L 3¢
L0030 L END e —— L 35,
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FOTRAN IV G LEVEL 20 SLIP DATE = 72286 22752718
0001 SUBRUOUT(NE SLI(P 1
0002 ' COMMION /GEN/ PEI,AM(,AME,QPOX,PREF(2) PRE2))P(2)sDENsAMUSXUXDIXPy M 2 __
LXL oDX s (NTG4CSALFA, ALPHA.XR'REDRSpGAHplETA-PPOphl'l'O YSTART,USUP, ID({ "W '3
2MEN) THEAT» 2 » TOs XSTEP/T/NNP Ly NP2y NP3 g NEQ NPH o KEX o KINs KASEoKRAD/VIY H___ﬁ__
. :uzom.Hz.zoo».mzoo».nuoczoo».omzoop.nzbopis/ssn ‘CAMA(2) TAUTY 5
I _:.uus.ul|zo.A.|uz).mnuzmuoecz) ] ____n 6
~0003 TTCOMMON 70/ AK,ALMGZC/ SCT2001, AU 2001, 8UC20001,C0(200), A42,200),8172y W "7
e 12001} +C( 2,200} i U .
¢ SLIP COEFFICIENTS NEAR THE 1 BOUNDARV FOR VELOCITY EQUATTON N9
0004 CUL2)=0._ N 10
n005 CUINP 2)=0, M1l
0006 ____ . | GO TO 11,2430y KIN N__12
0007 1. BUL2) =0, N 13
. 0009 e, AUt 2)=1./( 1._’__2._!;'_5_!_‘__’___ e ___"___“___
0009 Go ™0 5 N 15
0910 2 $SQ=84,2U(1)%Ul1)=12,%Ul 1} *U(3}+9.*U(I)*U(3) N
oolLi . BUI2)s8.4 (2,001 L1¢U(I N /L 2s *U(L ) #Te ¢U(I ) *SQRTISQYY N 1
1) v AUL2)s)e=BUL2) _R 18
0013 G0 T S “n19”
0014 3 BUL2)=0, . . om . M_20 __
0015 CALL VEFF (2,3,FMU) N 21
__D01% AK1=1,/0X=DPDX/(RhD(1)*U(L}*ULL)) n_22
0017 AK2==y (1) $AKL¢DPUX7 (RHO (1) %U(1]) N 23
oo 8 _____ AJSRHO(L)*U(L)%,25¢(V(2)+Y(3))**22/ENU N 26
onlo . IF (KRAD.EQ.0) GD TO 4 L
0020 _AU(2)32,/(2.¢AJ%AKL) o N 20
0021 CUl2) ==, 5¢AJ*AK2%AUL2) M2
0022 GO TO S N_28
0023 4 CUI20%1e /(2 ¢3¢ AJPAKTY, N 29
0026 _______ AUL2)sCU(2)*(2.-AJ%AK1)' H__20
0025 CUI2)2=CU(2) *4,*AJSAK2 M3l
. o€ _____SLIP CCEFF(C(ENTS NEAR_THE -E_BOUNDARY_FOR- VELOCLTY EQUAT(ON n_32_
0026 5 GO TO (69798)y KEX H33
0027 6 AUINP2)=0, _ 36
0028 BUINP2)81,7(1.+2,®BETA) M 35
0029 | Go ™ 9 R W36
00230 7 $QeB4. QUINP3 ) #U(NP3) =12 % UINPI) SUINPTI¢9. SULNPLI*UINP 1) TR Y A
o003 AUINP2)mB*( 2, *UINP3) +UINPL) )} Z( 2. *UINP3) ¢ To SUINPL ) #SQRT(SQ)) N 38
0032 BU(NP2)=L,=AU(NP2) N 39
0033 G0 TO 9 N_40__
0034 8 AUINP2)aD, N 4l
_0035 CALL VEFF (NP1,NP2,ENU) N 42
0036 BK 1= 1, /0X=DPDX/ (RHOINP3 )} *U{NP3) SUINFI)) M 63
0037 _____ ] snz--umnnauonvox/m«ocNp_:__)_t_yc_gn_v_)_____ e e i Nk
0038 BJSRHOINP3)SULNP3) #,25¢ (2, ¢¥( NP3 =Y (NPLY=V(NP2Z) ) ##27ENU M4
0039 CUINP2)=1./(2443,%8J%BK]) 46
0040 BUINP2)=sCUINPZI * (2, -BJ*BK1) N 47
008y CUINP2)s-CU(NP2)*4,*BJ¥EK2 N 48
0062 9 (F (NEQeEQs1) RETURN N 49
e ¢ . SLIP _COEFF(CIENTS NEAR_THE ( BOUNDARY FOR OTHER EQUATIONS = M 50 _
0043 DO 20 J=1yNPH eyt
0044 ClJde2)=0y n_52__
0045 C(JyNP2) a0, L3
0046 _____ .. __ GO T3 (10412413}, KIN N 56
0047 10 CALL FBC (XD,J,y INDT{J}, o l ns8
0048 _____ .. . JF_tINDI{JT,EQ.1) GD_TO
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FORTRAN IV G LEVEL 20 SL(P DATE = 722B6 22/52/18
0049 AJI{J)=Q1 B M8
_____ 0050, ____ ... AGded)ENe _ _M_58_
0051 BlJy2)=0, N 59
0052 ClJr21=B.%( 1o ¢2,*BETA)*PREF (J)®AJI(J) /(AK®AKSBETA® (1. +BETAIO(1.+8E M 6D
1TA)*( 3.#RHO(2) «RHD(2) ) *UL 3) ) M 6l
. 00osy______ 6G0vYo 15  M_62
0054 11 Fidy L)=Ql 63
_00SS._ o AlJs2)=lLe¢BETA=GAMALJ))/{1e+BETA®GANALY)) N 66
0054 BlJp2)mle=Aldy2) "y |
0057 GO_T0 15 H_66__
0058 12 AL, 2)=(UT 21003 1=B8.%UT 1) 1/7(5.%(U(2)+U(3))e8,%U(1)) M 67
_o0@eses GF={L=PREF{J))/{1e+PREF(J)) M__68___
0040 AlJe2)=lALI 2)¢GF) /(e ALI 2V ¥GF) 'y
.06l . Blde2imle=Aldy2 o e W 70
0062 GO Tn 1% NTTL
00n? 13 B(Js2)=0, o M_T2
0064 CALL SOURCE (J,1,CS.08) N 13
008s ___ _ AK1=1,/0X=DS ) _ M 76 _
0065 AK2u=AXKLSF(J,1)=CS a8
. 008? AJF=AJ*#PREF(J) L _ M T6
0043 IF (KRADENGO) GO TO 14 M 77
00ke Aldy2)m24/12.+AJFEAKL) M_T8__
0970 ClJdy2)m=o S*AJF*AK29A(J7 2) n 19
07y _ ... ..GOT1s .M _80__
0072 T4 "7 ClUs2Imle/124¢3.2AJFRAKL) N T8l
0D Alde2)=C(Je2)%{2.=AJF*AKL) e N _B82
0074 Cldy2)u=ClJ,2)$4.%AIFSAK2 83
] c SLIP_COEFFICIENTS_NFAR THE E BUUNDARY FOR OTHER EQUATIONS M. B4
0075 15 GO T3 (15,18,19), KEX M85
0076 ... 18 CALL FRC (XD,JyINDE{JI.QE) _____ ___ M_86__
0077 IF (INDR(J)eEQel) GO TO 177 Y
onrs . AJECOY)®QE e N 88
0079 B{J,NP2)=l. ATB9
0080 AlJsNP2)=0, M_90
0081 ClJyNP2)m=B . %(1.¢2. *BETA) *PREFIJIPAJE(J) / (AK*AKFOETA®(Lo+BETA)*(1s N 91
___________________ L+BETA)*(RHO(NP 1 )¢ 3, *RHO{NP2) ) $U(NPL) ) M_92
0982 GO T3 20 M 93
0063 _ _ _ . 17.____FUJyNP3)=QE __ K 9
0084 BIJsNP2)u (1. ¢BETA~GAMAT J) )/ (1++BETA¢GAMATID) M 95
0085 A(JeNP2)=1,=B(J NP2) M__96
0016 GU TO 20 097
_____ 0087 18 _BUJINP)={UINP2I+UINPL) =B UINP3))/{Se¥(UCNP2)+U(NPL) JeB.SUINP3)) M 96 _
0088 GFa{ Lo=PRFF(J)) /1 1s¢PREF(ID) M99
0089 ____ ___ B{JyNP2)=(BIJ,NP2I+GF)/{1.+8(JyNP2)*GF) ___M1Q0 _
0090 ALJyNR2) =1.=BJ4NP2) M 101
___ 0091 GO TO 20 _ . N_102__
0092 i9 ALJyNP2)500s M 103
.. 0093 ____ __ _..CALL SODURCE (JyNP3,CS,0S) _ .. M 104 _
0094 8K1l=1, /0X=-DS M 105
______ 0095 BK2=-BK1*F{J,NP3)=CS ; N 100 _
0098 BJIFxRJ*PREF{J) M 107
0097 ClJyNP2)m 1o/ (2443, %BIFEHK]) M_108
009A B(JyNP2)=C{J,NP2) % ({2, =BJIF*BKL) #7109
Q099 _ _________ _CUJsNP2)==C(JyNP2) 84, ®BIFPBK2 M 110
0100 20 TTCONTINUE M 111
..... 0101 __ . _____.____._RETURN e M 112
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FORTRAN 1V G LEVEL 20 SLIP DATE = 722686 22/52/18
0102 END o - TR NS
FORTKAN 1V G LEVEL 20 SCLVE OATE = 72286 22/52718
0001 " SUBROUTINE "SOLVE (AoO-C-FoNP3) N 1
e G______THIS SOLVES EQUATIONS OF THE FORM N_ 2.
TEUD) s ALIMSFIT#I) ¢ BLINSF(I=1) ¢ CTH) N 3
c FOR 132,NP2 N %
0002 DIMENSTON AINP3)y BINP3ly CI(NP3), FINPI] N 5
...0003 . __NP2=NP3=L . s e N__ 6
0004 B{2)=B12)eF(1)+C(2) NTTTT
..eoos_____ DU 1 I=3,NP2__ _ _______ el N__ 8
0006 Tale/l1a=B(17%A(T=-11) N 9
__oon? A(L)=A(1)*T N_10
0008 1 BIN)s(B{T1*BII=11¢ClI)1#T N 11
___000% DD 2 _1=2,NP2 N_12_
0010 JaNP2=14+2 N 13
.001) 2 FLII=ALJISF(Jel)eBLY) . N_1&
0012 RETURN NS
0013 END N lé6=
FORTHMAN IV G LEVEL 20 SUURCE DATE = T3uds 11/33/59
ouol SUBROUTINE SOURCE (JeleCSeDS)
—_Goo2 CUMMUN /GEN/ PELvAMIsAMEIDPORePREF (2) sPRI2)sP (2) 1DENo AMUG AU XD XPy _A ..

29Ny

SETALGAMA(Z) s TAUT» TAUE s AJI (2) s AJE(2) o INDL (2) 0 INDE(Z2)/V/UL20U) oF (2942 A

3__._
llLo"l-lNTh-LﬁlLFAoALPHA'AR!REORS'GAMOIElA-PPO-THTOlYSIAHT-USUP.IUI A 4
&
4u0) oH(200) sRHO(200) e UM L2007 oY {200)/C/SC{200) 2AUL200) 9BUT200)4CUT20 . A.._ T

S0)eA(Z2e2n0) 1B(29200)eCi2¢Z2V0)/70/YRI20U) o URLZ00) +RR(200)9HR{200) 9XM A 8
6(200)1sPITAT (200) s TEMP (200) /E/DSTARLI0V) » XRS (3002 yRMRS (300) s COSALII __A__ 9 __

) Tuo) A 10
0003 Co=SClIIeiU(TIell®UtTe])=Lef)OUlCT)) /7 COMITIe]}=-OMET) )
0nga CSECS=SCIT=L)* U1} (])=U(I=1)*#V{l=1})Z7(OM(L}=OM({]=1))
- oud CS3 (1ol /PREF LI IRCS/ (0 (Ie]l)=0UMiI=1)) - —-
0000 [J1-% 1(1%
. -.v00T . _.. KETURN
0000 END
FDRTRAN lv G LEVEL 20 VEFF DATE = 72286 22/52/18
0001 SUBROUTINE 'VEFF (I,1P1.EMU} T 1
_0002 COMMON /GEN/ PEIAMIoAMEsOPDXoPREF(2)PRI2) ¢P{2)¢DEN9AMUXUGXDsXPy P ___ 2 ___
XKL.DX.INTQ-CSALFA ALPHA XR ,REORS GAMy ZETA ¢ PPy THTO, YSTART yUSUP, IOT P |3

- 2MEN THEAT 424 TO  XSTEP/V/UL200) +F12,200},R(200),RHO{200) ,OM{200),¥I2 P P&
300)71/NeNPLsNP2sNP3NEQ:NPH, KEX-KIN-KASE-KRAD [

_o003_ T=Fll,)=Ull)®*2/2, . __P_____q_____
0004 TT=FLL, IPL)=ULIPL)*e2/2, I

_0005__ LT B 03 4 £ Y7 T P__ 8
0006 EMU=T#*ZETAZ(REORS/SORTT2. 1) P79
__0o007 RETURN P 10
0008 END P il-
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"FORTHAN IV G LEVEL 20 v1SCO DATE = 72486 22752718
pool 77 YT FUNCTION VISCD (D) i
0002 - CUMNON /GEN/ PE1,AMI,AME,DPDXPREF(2)+PR{2) P 12) 1DEN¢AMUXUIXDsXPy W 2
- T T T T IXLeUXe INTGoCSALFA ALPHA ¢ XRyREGRS ¢GAMy ZETALPPO, TWTO,YSTART,,USUP, 101 Q0 "3
28Ny [HEAT o2, TO XSTEP/V/UL200) yF{2,4200),R (2001 ,RHU(2001,0M1200),YL2 Q__ &
BOOlII/NQNPIQ'UPZvNPJ|N=UIN9H!KEX|KIN'K‘SE'KRAD o5
0003 _ _TaF(l, 1-Utldee272. e Q__ 6
0004 VISCO=T*¢ZETA/(REORS/SQRT (2. )) Q"7
0005 . . RETURN i Q_ B8 ___
0006 END Q o=
FORTRAN IV G LEVEL 20 WALL DATE = 72286 22/52/18
0001 T SUBRJUTINE HMJ-. JE i -li-“"l"."
0002 ... .. CUMMON /GEN/ PE1,AMIoAME,OPDXPREF(2),PR(2)4P(2) DENIAMUIXUXDyXPy R ___ 2
!XL DX.lNTb.CSALH.ALPHA.XR.REUhS.GAH.lEI’A'PPu.THTD.VSTART'USUP.IOI "R .3
2YENo IHFAT o2, TOy XSTEP/V/UL200) 1F 12,2001 ,R12001,RH012001,0(2000,¥42 R__ &
300070 /NoNPLINP2 o IP 3 NEQ HPH KEX s K1N o KASE s KRAD/B/BETA, GAMACZ Y, TAUT, R 'S
e ATAUE,AJ((20,AJE(2),INOI(2), ONDES2Y ] R___6_
€777 CALCULATIUY OF BETA FULR THE I BOUNDARY RF
0003 ______ | S Yis Se(y(20ev(30y . R 8
0004 Ul=,S*{ul21eU{3)) R™"9
0005 s RH=,25%(3,8RHD(2)+RHO{3)) R 10
0004 AE=RH*ULI*YL/VISCUTT) A1l
L0007 _ FP=UPDXA*Y1/(RH&UI*UL) . e LR_12
0008 AM=AMI/{RH®1)1) R713
T FUR LAMINAR FLOW AND AM=0 (NEED DIFFERENT EXPRESSION I1F_F=0) LR 14
0009 S=1./RE-FP/2, R 1S
_0010 BETASRE®(S+FP+AM) R_16
ooll TAUL= S*RH*U[*U] R 17
0012 ... ... JF (NEQeEWel) RETURN . R_18____
[ CALCULATION OF GAMA 'S FOR THE T BOUNDARY R 19
00M3 00 2 IRMINPH R_20_
FOR LAMINAR FLOW AND LINITING ZERD AM R 21
0014 __SFelo/({PR{JI*RE ) A_22
0015 TTGANACJ)=RE*PR{ JIS(SFAM) A 23
0016 e o LF UINDICJDEQe L) AJIUJIuSFORHOUISI2o%F(dy1)=F(J92)=F(Jy3))%:5 R 26
0017 2s  CONTINUE R 25
0018 __ RETURN o R S R_26
0019 END R 271-
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10¢
114
124
138
14t
154
161
173
1818
19¢
204
21!
22!
23%

251
261
274
281

308
318
32
33
388
35!
361
37t

398
4018
418
422
438
bi?
52
451
b7%
b8!
491%
50!
51¢
52¢
53¢
841
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APPENDIX IV
INITIAL PRESSURE DISTRIBUTION COMPUTER CODE

PRBGRAM FOR INITIAL PRESSURE DISTRIBUTION

READ (10%214) GoALP-HAsXR XSTFP,; AACT, AEFF s IDIMEN

GesGAMMA (RATIB RF SPECIFIC HEATS)

ALPHA 15 DIVERGING \NBLZLE WALL HALF ANGLE

XR IS LUNGJTUDINAL RAVIUS BF CURVATURE RF CAYVERGINL SECTI®
XSTEP 1S STEP S1ZF aALBNG X CRBRDINATE (PERCFNT 9F | "CAL w~ALL RAD)
AACT IS THE ACTUAL NBZZLE AREA RATIH

AEFF IS THWE EFFECTIVF NBZZLE ARFA RaATID

IOIMEN=G FBR THA3«DIMENS]IONAL NBZ2ZLE AND § FIR AXISY“METRIC MBZ2ZLE
XW1Gy) Zw15, AND RW]%5 ARE THE COBRDINATES 9F THE PHINT RWERE THE
NOZZLE wALL SLIPES ARE “MATCHED JUST DOWNNSTREAM SF T(F THRBAT

ALPHASALPHA®3414159/130¢
NUMsQ

PI283¢14159/2

COSALF=CASF (ALPHA)
SINALFSSINF (ALPHA)Y
_AN1GeXRA{1e+SINALF)
XW]GaxXR® [PIP+A_PHA)
RWIGE1e+XRo (1 0=CBSALF)
XTHBATeXRaP 1D

RENDSSGRTF (AACT)

IF (IDI™ENeEGeD) REND=AACT
XENDaxw [ Ge (RENDeRW]3)/SINALF

T TCONSTS(SIRTF(AACTI=SARTF (AEFF) )1 /7 (COSALF® (XENDaXwWIG) *#1,5)

IF (IOIMENGEGeD) CONGSTe (AACTAEFF)/(COSALFu{XENDXTHHAT))
ALPHASALPHA®LIB) e /3014159

IF (IDIMENGEGeQ) WRITE(108s1R)

1F (JUIMENGEUe1) WRITE(1C8,19)
_ER!!E_}IQBnlﬁj_gifLPH‘nXR;XEVD)YSTEP;AACT;AEFF
Cles(G+14)/2,
C2s(Gele)/2s
C3sC1/(0Lels)
CasCluell
CSsCoeaC24C3#20
_FHIQ.b

X=000

Re(s0

25800

CONT INUE

XUsX
XeX+XSTEPaR

TTIF (XeXWIG) 20204

CONT INUE

IF (oNBTa(XeLToXTHAAT s ANDeXoeGTXTHAAT)) GB T9 3
XeXTHBAT

CONT INUE

Lo XR¥(1s0=CASF (X/XR))

Rey¢#XRF{1e=SINF{XY/YRTY

RINVER

COSARSINF (X/XH)

GH TH 5

2o {X=XWIG)#COSALF+ZA1G

Re(XaXWIG) #SINALF+RWIG

COSKWCOESALF -
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5%
5638
571
551
591
6013
613
628
63:
64t
6548
663
LY
6133
6§94
703
713
728
7738
768
7538
768
773
741
793
803
a1
2%
83!
Ret
RS
853
878
2]
891
90!
911
924
93}
9%
951
961
97!

10
11

12

13

15

16
18

19

OSeCUNSTa(XeXxh]G)en]esy _

IF (IDIMENE W) DS-C?NST'(X-XNXG!
RINVEReDSeCHSALF
An{)e/RINV)ea(1+ID] g}

I1F (A=1e3) 7260A

Asl.d

FMieled . e mmmte e mmmn 4 e
FMeie0

bsl.0¢C2

L8 T8 12

IF (xeP[2axKk) 11,11,9

Bu(]esC2uFEvina2)

FMaFMle(Astina(C3¢1e)eCasFMla, 1/‘C5OF"1.|2-C5141__
1P (ApSF(FMeFM11=0.90001) 12,11,11

CONTINUL

IF (FMele2D) 10,11011
FMei+20

FMy1efM

GB TB B

CUNT INUE

PUPspB#8 (G5/(1¢=G))
NUMaNUMe4

28Z=XR

WRITE (198,16) FMaPAP,Z2,x,D3,,RINV, NUM
WRITE (106,17) XaPOP,NUM
1IF (X=XEND) 1,1,13 7
CUNT INUE

ST8P

FORMAT(AE10+0211)

FORMAT(10Xs 'GAMMA 21,F743/, 1%,
2VALPHA s 1,F 743/, 100G ¥R s F 70375 T0Xe TREVD s VaF 73/ 7
3 01 ,F7e3/010%2AACT  0',F 74 3/2 10X, YAEFF  atsF743///7¢ BXs 1M1 ,11Xy
S1P/PB Y 12Xs 125 13X2 ' X1 512X0 'DSY, 12X, 'R, 11, 'RINVILIX, 'NUMI /)

FORMAT(1P7F1445,16)

FORMAT(2E12.6, 53X, 1Y)

FORMAT(141,9X, TONESDT“ENSIANAL PERFErT GAS EXPANSION FHR A Twee
1DIMENSTINAL NWZZULE ™ GEIPETRY RTTRV7; 10X, T THE ASSUMPTYIN THAT THE BY™
2UNDARYeLAYER DISPLACEMENT THICKNESS VARIES AS (XeXW!GY1//)

FORMAT (1M1 ,9Xs 'ONE=DIMENS]® (AL PERFECT GAS ; XPAVSIf FOQ Ay AXISYM
{METRIC NIZ2LE GEGMETRY WlTH THE/, 1ox.-Assunprrav THAT THE 86
2UNDARYSLAYER DISPLACEMENT THICKMESS VARIES AS (XeXWiG)awe3/pr//)

END
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