NASA TN D-1622

NEB 14427
NASA TN D-1622

TECHNICAL NOTE

D-1622

REAL-GAS EFFECTS ON HYPERSONIC NOZZLE CONTOURS
WITH A METHOD OF CALCULATION

By Charles B. Johnson, Lillian R. Boney,
James C. Ellison, and Wayne D. Erickson

Langley Research Center
Langley Station, Hampton, Va.

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
WASHINGTON April 1963




NATTIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-1622

REAL-GAS EFFECTS ON HYPERSONIC NOZZLE CONTOURS
WITH A METHOD OF CALCULATION

By Charles B. Johnson, Lillian R. Boney,
James C. Ellison, and Wayne D. Erickson

SUMMARY

A method is presented for computing the wall coordinates of a hypersonic

nozzle with real—gasl effects. Results of calculations at a Mach number of 17
for stagnation temperatures and pressures up to 5,000O R and 1,000 atmospheres
are presented. A procedure for calculating both the inviscid contour and
boundary-layer displacement thickness is presented along with a complete com-
puter program written in FORTRAN (FORmula TRANslation) language. Calculations
are presented for a Mach number 17 nozzle for nitrogen at various stagnation con-
ditions to indicate the difference between the use of real-gas properties and the
ideal gas with constant heat-capacity ratio. The effect of stagnation conditions
on both the inviscid flow field and the growth of the displacement thickness has
been investigated. Whereas the present results were obtained for nitrogen, the
method of calculation presented herein could be applied to other gases with only
slight modification.

INTRODUCTION

The calculation of the inviscid contour of a hypersonic nozzle for a real
gas involves an application of the method of characteristics in which the real-
gas variation of the thermodynamic properties of the gas are considered. The
physical-wall contour of the nozzle is then determined by adding the calculated
displacement thickness to the inviscid contour.

In reference 1 a procedure is presented for calculating only the inviscid
contour of axisymmetric nozzles with reacting gases by application of the method
of characteristics incorporating a variable isentropic exponent, whereas, in the
present work the available thermodynamic data for an isentropic expansion are
used directly in the computation scheme. The method for calculating the contour
of axisymmetric nozzles for high-temperature air presented in reference 2 is
similar to that presented herein but was developed independently. The differences
between the present work and that of reference 2 include the manner in which the

IThe term "real gas" as used herein relates to the effects associated with
high densities and also the variation of heat capacity with temperature.




real-gas thermodynamic properties are employed and the detailed calculation pro-
cedures for the boundary-layer determination.

A comparison between the calculated inviscid coordinates of a hypersonic
nozzle based on the real-gas thermodynamic properties of air at moderately high
stagnation temperature and pressure and the coordinates based on ideal-gas rela-
tions with constant heat capacity indicates that real-gas effects strongly affect
the calculated nozzle contour. (See ref. 3.)

The procedure for calculating the wall contour of a hypersonic nozzle pre-
sented in this report was used to design the nozzle of a Mach number 17 hyper-
sonic facility which is presently being constructed for the Langley Research
Center. This facility is to operate with nitrogen at stagnation temperatures
up to 4,000° F and stagnation pressures up to 1,000 atmospheres for running
times on the order of minutes and has a test-section diameter of approximately
17 inches.

It is the main objective of this report to present a method for calculating
the physical-wall coordinates of a hypersonic nozzle which operates under condi-
tions where real-gas effects are significant. In addition to the method of cal-
culation, a comparison is given between the contours determined by inclusion of
real-gas effects and of ideal-gas considerations with constant heat capacities
for various stagnation conditions. The effect of wall temperature, size of inte-
gration step, and other calculational restraints are also discussed.

The method of calculation will be presented in enough detail to permit the
direct use of this approach for determining the physical-wall contour of a hyper-
sonic nozzle for a wide range of conditions. The modifications to this method
which would be required for dealing with gases other than nitrogen and for con-
siderably different conditions are also listed.

SYMBOLS
a velocity of sound

BsC,D points in axisymmetric flow field as indicated in sketch (a); used as
subscripts to indicate conditions at these points

Ce skin-friction coefficient

a* throat diameter

H total enthalpy

h static enthalpy

M Mach number

N exponent in velocity-profile relation
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%R

<R

local Reynolds number based on momentum thickness 6

pressure
enthalpy correction term
gas constant for nitrogen
distance from source point in radial flow field

distance from source point to sonic sphere in radial flow

radial distance from nozzle axis
distance along Mach line measured in meridian plane from nozzle axis
temperature

base temperature, 491.688° R
gas temperature at nozzle throat (see eq. (BL6))

velocity
limiting velocity

3 3 s . .
velocitymin "< direction

limiting velicity ratio, W = %

b
distance along nozzle axis with x = 0 at nozzle throat
distance from source point of radial flow parallel to nozzle axis
distance measured parallel to nozzle wall with X = 0 at nozzle throat
distance perpendicular to nozzle axis

distance measured perpendicular to nozzle wall with ? = 0 at nozzle
wall

nozzle throat height, %;

ratlo of specific heats

boundary-layer thickness




boundary-layer displacement thickness, defined by equation (B2)

® characteristic temperature of molecular vibration for nitrogen,
6,005.9° R

S momentum thickness

O flow angle

T

GI integrated values of flow angle, eI = L/; d6p, as given in
equation (A6)

6% initial value of © at nozzle throat

v Mach angle

o) density

U stream function

E nondimensional stream function, see equation (A9)

w viscosity-temperature exponent

Subscripts:

aw adiabatic-wall condition

L edge of laminar sublayer

t stagnation conditions

w wall condition

18 inviscid free-stream conditions

Superscript:

(o}

condition of low pressure

METHOD OF CALCULATTION

The calculation of a real-gas nozzle contour is based on a characteristic

solution for determining the inviscid flow field and then adding a correction of
boundary-layer displacement thickness to the inviscid nozzle contour. In the
method presented herein, the actual thermodynamic properties of the expanding gas




are used to determine the inviscid flow-field boundary. A detailed procedure
for calculating the inviscid portion of a hypersonic nozzle is presented in
appendix A.

After the inviscid contour has been determined by the procedure of appen-
dix A, a displacement thickness based on real-gas properties is calculated from
the edge of the inviscid contour to a physical wall. This calculation is based
on a turbulent boundary-layer analysis in which the real-gas flow properties are
used in a stepwise integration of the axisymmetric form of the momentum equation.
(See pp. 393 to 395 of ref. 4.) The heat transfer to the nozzle wall is accounted
for in the skin-friction law, and the skin-friction coefficient is obtained by a
method presented by Persh. (See ref. 5.) The quantities 6*/6 and 6/6 are
determined by numerical integration with the use of a real-gas variation of den-
sity through the boundary layer. The value of 0 at each point along the nozzle
is obtained from the momentum equation by using an iteration scheme, wherein the
first approximation to the radial distance is taken to be the sum of the inviscid
radial coordinate, at the point of calculation, and the value of %, determined
from the previous point of calculation. Successive iterations are made to deter-
mine &% within a set accuracy. A detailed description of the method of calcu-
lating the displacement thickness is presented in appendix B.

It is the aim of appendices A and B to present the methods of calculation in
enough detail to permit one to calculate the coordinates of a hypersonic nozzle
directly for the case of a real gas.

RESULTS AND DISCUSSION

Inviscid Results

Attention is focused in this section on a number of calculated results which
indicate how the various conditions and parameters affect the inviscid nozzle
contour. First, a comparison was made between the calculated inviscid contour of
a Mach number 17 nozzle based on real-gas properties for nitrogen and the contour
based on the ideal-gas properties with a constant heat-capacity ratio of 7/5 Pomr
the same stagnation conditions. For this comparison, the stagnation pressure was
taken as 1,000 atmospheres and the stagnation temperature was 4,200° R. The flow
properties for the ideal-gas case were taken from reference 6, and for the real-
gas case the thermodynamic data of references T and 8 were used. This comparison
is shown in figure 1, where the throat height for both cases is equal to
0.05 inch. It is noted that the height of the inviscid nozzle exit for the real-
gas calculation is approximately 9 percent larger than the exit height based on
the ideal-gas calculation. On the other hand, the contour height in the throat
region is smaller for the real-gas case than for the corresponding ideal-gas case.
This comparison indicates that the inviscid contours for the two cases at the
same conditions and Mach number are significantly different, and it appears to be
important to include the real-gas effects in hypersonic-nozzle calculations for
stagnation conditions in this range.
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Figure 1.- Comparison of inviscid contour as calculated for a real gas and an ideal gas at M; = 17,
p, = 1,000 atmospheres, and Ty = 4,200° R.




Two additional inviscid calculations were carried out in order to examine the
effect of the choice of stagnation conditions on the inviscid contour of a Mach
number 17 nozzle based on real-gas considerations. (It should be noted that the
inviscid contour, based on an ideal gas with constant heat capacities, is inde-
pendent of the stagnation conditions.) The effect of stagnation temperature was
examined first. Figure 2 shows the inviscid contours for stagnation temperatures
of 4,200° R and 5,000° R, both for a stagnation pressure of 1,000 atmospheres.

It is seen that the higher stagnation temperature gives a larger height at the
nozzle exit and a decrease in the nozzle contour in the throat region. The effect
of stagnation pressure was studied from a comparison of contours calculated for
stagnation pressures of 340 atmospheres and 1,000 atmospheres, both at a stagna-
tion temperature of 4,200° R. It is noted from figure 3 that the higher pressure
results in a smaller inviscid exit height and a somewhat larger contour height in
the throat region.

Boundary-Layer Results

In addition to the degree to which a nozzle contour is dependent on the real-
gas effects in the inviscid region, the boundary-layer displacement thickness can
also be influenced by real-gas effects within the boundary layer itself. The
calculated boundary-layer displacement thickness will, therefore, be influenced
by (l) the real-gas flow properties and their gradients along the edge of the
inviscid flow field as determined from the inviscid calculations, and (2) the
real-gas properties within the boundary layer.

The degree to which these two effects influence the growth of the displace-
ment thickness for a Mach number 17 nozzle with stagnation conditions of
1,000 atmospheres and M,EOOO R with a throat diameter of 0.10 inch was examined
by comparison of the growth of % for three cases: (1) the inviscid flow field
is calculated with the use of real-gas properties and the calculations within the
boundary layer include the real-gas properties; (2) the inviscid flow field is
again calculated with the use of real-gas properties, but the calculations within
the boundary layer are based on an ideal gas with a constant heat-capacity ratio
of 7/5; and (3) both the inviscid flow and the boundary layer are based on an
ideal gas with a constant heat-capacity ratio of 7/5. This comparison is pre-
sented in figure 4. It is noted from this figure that the largest difference is
between the purely real-gas calculation and the purely ideal-gas result. At an
axial distance from the throat of 90 inches, the value of 5% for the purely
real-gas case is approximately 13 percent larger than for the purely ideal-gas
case. On the other hand, figure 4 shows that the value of 8% at the same loca-
tion for a real-gas boundary layer is only about 4 percent larger than that calcu-
lated for the ideal-gas boundary layer with a heat-capacity ratio of 7/5, when
both results are based on the same real-gas inviscid flow field. Based on these
limited calculations, it appears that the real-gas effects in the inviscid flow
field have a stronger influence on the determination of the displacement thickness
than the real-gas effects within the boundary layer itself.

An attempt was made to see why the displacement thickness is only slightly
different for the calculation based on real-gas properties within the boundary
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Ty = 4,200° R; T, = 650° R; @* = 0.10 inch.

layer compared with the case for which ideal-gas properties with constant heat-
capacity ratio were used within the boundary layer. The quantity

I
5T

L 28
2 e®/T- ab

which represents the ratio of the local static enthalpy, excluding the vibrational

component, to the enthalpy including the vibrational mode was calculated across
the boundary layer at several positions along the nozzle. The expression for the
enthalpy, including the vibrational mode, is presented in reference 9. This
quantity is unity when the vibrational component.of enthalpy is zero and decreases
continuously from unity as the vibrational component becomes more significant.
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Figure 5 shows this quantity plotted as a function of the nondimensional
distance through the boundary layer ?/6 at longitudinal distances from the
nozzle throat of approximately 0.1, 1.0, and 100 inches. These calculations are
based on a Mach number 17 nozzle with stagnation conditions of 1,000 atmospheres
and stagnation temperature of M,QOOO R and with a wall temperature of 0", Rs, o.I%
can be seen from figure 5 that the vibrational component of the local static
enthalpy is always less than 10 percent of the total local static enthalpy

% Ay (-67é1———) at any position within the boundary layer, even very near the
e -1
nozzle throat. At a distance of 1 inch downstream from the throat, the enthalpy
in the vibrational mode is less than 4 percent of the local static enthalpy and
further downstream becomes even less significant. Because there is only a small
percentage of the local static enthalpy at each point within the boundary layer
in the vibrational mode, the small effect noted between the real-gas and ideal-
gas boundary-layer results should be expected. The effect of pressure on the
local static enthalpy within the boundary layer for the conditions of this example
were found to be very small so that essentially all of the real-gas effects
within the boundary layer are due to the vibrational component of enthalpy.
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Figure 5.- Effect of molecular vibration on -enthalpy through boundary layer at three locations
of x as calculated for a real-gas nozzle at M; =17, Py = 1,000 atmospheres, Ti = h,200° R,

T, = 650° R, and d&* = 0.10 inch.
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In figure 6, a comparison of the calculated displacement thickness similar
to that presented in figure U4 is given, the only difference being that the stag-
nation temperature for the results shown in figure 6 is 5,000° R. The comparison
shown in figure 6 for 5,000° R is qualitatively the same as that shown in figure 4
for 4,200° R. The comparison presented in figure 6 indicates, however, that the
higher stagnation temperature results in a greater difference between the dis-
placement thickness based on real-gas properties in the boundary layer as com-
pared to those based on ideal-gas properties. This greater difference is believed
to be due to the larger percentage of the local static enthalpy in the vibrational
mode within the boundary layer at higher temperatures.

In order to obtain an indication of the effect of stagnation conditions on
the growth of the displacement thickness in a Mach number 17 nozzle, two sets of
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Displacement thickness, 6*, inches

calculations were made. In the first set, the stagnation pressure was chosen to
be 1,000 atmospheres, and the stagnation temperature was set equal to 4,200O R
and 5,000° R. For the second set of calculations, the stagnation temperature was
chosen to be 4,200° R and the stagnation pressure was set equal to 340 atmospheres
and 1,000 atmospheres. The results of these two sets of calculations are pre-
sented in figures 7 and 8. It can be seen that an increase in stagnation temper-
ature or a decrease in stagnation pressure results in a larger displacement thick-
ness at each position along the nozzle. It should be remembered that these calcu-
lations of &% are also influenced by the changes in the inviscid flow field due
to changes in stagnation conditions.
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as calculated for a real-gas nozzle at My = 17, py = 1,000 atmospheres, Ty = 650° R, and
a* = 0.10 inch.
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Because the physical-wall contour is the ultimate objective in the calcula-
tion of a nozzle, figure 9 was prepared to show the difference between the
physical-wall contours based on real-gas properties and on properties based on
ideal gas with constant heat-capacity ratio of 7/5. This comparison is for a
Mach number 17 nozzle with stagnation conditions of 1,000 atmospheres and
4,200° R. It can be seen that the contour based on the ideal gas with constant
heat-capacity ratio is significantly different from that based on the real-gas

properties.

The calculated values of &% along the nozzle are based on a method that

requires a number of assumptions which lead to limited certainty as to the correct

local displacement thickness. Inasmuch as the physical contour is directly
dependent on the calculated values of 6*, this same absolute uncertainty exists
at each location along the physical contour. It should be noted, however, that

14
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the absolute values of &% are rather small in the throat region so that the
physical contour in the throat region is essentially determined only by the
inviscid calculations. Further downstream, however, the boundary layer becomes
a significant fraction of the physical contour.

Effect of nozzle wall temperature.- The results of calculations presented. up
to this point are based on a constant wall temperature of 650° R. The effect of
wall temperature on the calculated values of 5% was examined by comparison of
results based on constant wall temperatures of 650° R and 1,500° R for a Mach
number 17 nozzle with stagnation conditions of 1,000 atmospheres and 4 ,200° R.
This comparison is presented in figure 10. It can be seen that an increase in
wall temperature from 650° R to 1,500° R causes only a slight decrease in the
displacement thickness along the nozzle. At the nozzle exit the differenee is
less than 1.0 percent, whereas, in the throat region the displacement thickness

15
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for the wall temperature of 650o R was less than 0.0002 inch smaller than the
case for 1,500° R. Based on this calculation, the wall temperature does not
affect the displacement thickness to a large extent.

The results show that the displacement thickness was only slightly affected
by a change in wall temperature from 650° R to 1,500° R; the boundary-layer pro-
files of mass flow per unit area pu'/plul and p/pl for these two temperatures

at 0.1, 1.0, and 100 inches from the throat were calculated as well as values of
6*/6, 6/8, and © at the same nozzle positions. The profiles are presented

in figures 11, 12, and 15, and the corresponding values of 5*/8, 9/5, and 6
are shown in table I. It is noted from these three figures that profiles for
both wall temperatures change appreciably along the nozzle but are qualitatively
the same for both wall temperatures at a given nozzle position. The tabulated
results of table I show that 6*/6 increases with wall temperature, but there
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TABLE T

BOUNDARY-LAYER PARAMETERS FOR A MACH NUMBER 17 NOZZLE AT

= = (0]
pt,l = 1,000 ATMOSPHERES AND Tt,l = 4,200° R
x, in. Tyy» il 9 o 0,
(approx.) OR A 5 ry in.
6% 650 0.065 0103 0.63 0.00095
1,500 .085 .099 .86 . 00090
E.0 650 0.24 0.079 3.00 0.0020
1,500 .28 Noyc 3.4 .0016
100 650 0.81 0.012 66.80 0.04k4
F 500 .83 Moy i 79.00 .036

is also a simultaneous decrease in 6 which is assumed to be caused by a corre-

sponding change in the value of Cf/2 determined from the skin-friction relation.

The two effects tend to make &% insensitive to wall temperature.

The results of the work presented in reference 2 indicate that the choice of
the skin-friction relation which is used in the boundary-layer calculation has an
effect on the resulting values of &%. It is shown in reference 2 that a change
in wall temperature from 583° R to 1,500° R resulted in an increase in &% when
one skin-friction relation was used, whereas another skin-friction relation indi-
cated a decrease in &% for the same temperature change.

The skin-friction law of Persh (ref. 5) was selected for this present work
based on satisfactory calibration results presented in reference 10. The nozzles
tested in reference 10 showed good agreement with the designed performance based
on Persh's skin-friction relation for the calculation of the displacement
thickness.

In order that the nozzle wall temperature be more realistic in the actual
nozzle operating conditions, a variable wall temperature was assumed along the
nozzle with a hot wall in the throat region and a cooler wall downstream. The
three wall-temperature variations which were used are plotted in figure 14 and
are labeled (a), (b), and (c). Each of these temperature distributions begins
at the nozzle throat with a temperature of 2,820o R and decreases continuously
according to the equation indicated on the figure to asymptotic values for
curves (a), (b), and (c) of 2,350° R, 1,500° R, and 650° R, respectively, further
downstream. These wall-temperature variations are discussed in more detail in
appendix B. The effect which these three wall-temperature variations have on the
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calculated displacement thickness along a nozzle is shown in figure 15. Tt is
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Figure 15.- Effect of variable wall temperatures on growth of boundary-layer displacement thickness as
calculated for a real-gas nozzle at M; = 17, DEn= 1,000 atmospheres, Wy & 4,200° R, and

d@* = 0.10 inch. (See fig. 14 for wall temperatures.)

noted that the displacement thickness is only slightly influenced by the wall
temperature. The reason for realizing only a small effect is believed to be due
to the opposing changes in 8*/6 and 6 with a change in wall temperature as
discussed before.

Effect of pressure on enthalpy.- As mentioned before, the real-gas effects
considered in this work include the deviations from ideal-gas behavior due to
excitation of the vibrational energy modes and to the high-density or high-
pressure effects. Both of these effects are accounted for in the calculation of
the inviscid flow field by use of the real-gas properties of nitrogen. In the
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boundary-layer calculations, however, the vibrational effect on enthalpy is
accounted for by an analytical expression with a function only of temperature.
This analytical expression is then multiplied by a correction term which is the
ratio of the actual enthalpy, including pressure effects, divided by the enthalpy
based on the temperature alone. This pressure-correction term for the enthalpy
is denoted as Q and is of the order of unity. The application of this correc-
tion term is discussed in appendix B. The influence which the real-gas effects
due to high pressure alone have on the calculation of % is shown in figure 16
for a particular nozzle in the region near the throat. It can be seen that the
difference between the result when using Q equal to unity (that is, no real-gas
pressure effect considered) and the result when Q was taken into account, is at
most a few percent for the conditions of this calculation. ‘For higher stagnation
pressures at the same temperature or for lower stagnation temperatures at the same
pressure, that is, higher densities, the influence of using the actual values

of @Q would be greater.

Computer Program

The calculated results were obtained by use of an IBM T090 electronic data
processing system at the Langley Research Center. A listing of the detailed pro-
gram statements in FORTRAN language (ref. 11) are presented in appendix C with
appropriate comments for the benefit of agencies having access to digital com-
puting machines. This program was set up and used to calculate hypersonic nozzle
contours with nitrogen for stagnation temperatures up to 5,000° R and stagnation
pressures up to 1,000 atmospheres. It should be pointed out that the method for
calculating the inviscid flow field is general and can also be applied directly
to other gases for stagnation conditions such that. equilibrium dissociation
effects must be considered. This method can, of course, also be applied to the
calculation of the inviscid region of a hypersonic nozzle using helium at high
stagnation pressures, for which case real-gas effects due to high density can be
quite significant. The inputs to this present program for such cases would be
the same as used in this work for the inviscid region, namely, the real-gas rela-
tion between the Mach number and limiting-velocity ratio and the relation between
the ratio of free-stream to stagnation density, and the limiting-velocity ratio
for an isentropic expansion from a given stagnation condition.

That part of the program which is concerned with the calculation of the
boundary-layer displacement thickness, however, would in general require some
modifications for other gases and much different stagnation conditions considered
herein. A relation between the local static enthalpy within the boundary layer
and the local pressure and temperature would be required which would replace equa-
tions (B9) of appendix B. Accordingly, this would change the form of equa-
tion (B12). The skin-friction law given by equations (B13), (BL4), and (B15),
could also be replaced by another law, if desired, or modified for a particular
case.
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CONCLUDING REMARKS

A method for calculating a hypersonic-nozzle contour for a real gas has
been developed and incorporated into a computer program which facilitates the
rapid calculation of the inviscid flow field and the wall-boundary-layer displace-
ment thickness. The procedure for calculating both the inviscid region and the
displacement thickness is presented in enough detail to permit the direct appli-
cation of this method. A working FORTRAN program for use on an IBM T090 elec-
tronic data processing system is also presented.

The inviscid contour and the corresponding displacement thickness have been
calculated for a number of conditions for nitrogen with stagnation temperatures
up to 5,000° R and stagnation pressures up to 1,000 atmospheres for a Mach number
of 17. The real-gas effects considered in these calculations are those that are
associated with high-density gases and the variation of heat capacity with tem-
perature due to vibrational excitation. This method of calculation presented
herein may be applied to a number of systems with some modifications. Rather
simple modifications are required for the consideration of equilibrium dissociated

flow.

Based on a number of calculations and the use of the present method, the
following conclusions are indicated:

1. A comparison between a calculated inviscid contour of a Mach number 17
nozzle based on real-gas properties for nitrogen and on ideal-gas relations with
a constant heat-capacity ratio of 7/5 for stagnation conditions of 1,000 atmos-
pheres and H,EOOO R shows that the inviscid contour based on real-gas considera-
tions is considerably different from that found for the ideal gas. For this case,
the exit diameter of the inviscid nozzle is approximately 9-percent larger for
the real-gas calculation than for the results based on ideal-gas relations. On
the other hand, the diameter in the region near the throat is less for the
inviscid real-gas result than for the ideal-gas result.

2. Tt was found that when real-gas effects are taken into account the choice
of stagnation conditions strongly affected the inviscid nozzle contour for the

conditions examined.

%, The effect of stagnation conditions on the boundary-layer calculations,
including real-gas effects, exhibited the same trends as for an ideal gas in that
a decrease in the stagnation temperature or an increase in the stagnation pres-
sure resulted in a decrease in the displacement thickness along the nozzle

contour.

. The influence of the real-gas effects within the boundary layer on the
calculation of the displacement thickness was much less significant than the
influence of real-gas effects in the inviscid flow field on the determination of

the inviscid nozzle contour.

5. The calculated displacement thickness for the condition of constant wall
temperature was found to be only weakly affected by the level of the wall
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temperature. For example, the displacement thickness, calculated for a Mach num-
ber 17 nozzle with stagnation conditions of 1,000 atmospheres and 4,200° R and
throat diameter of 0.10 inch, based on a wall temperature of 650° R was less than
1 percent greater than the value for a wall temperature of 1,500° R at the nozzle
exit. In the throat region the displacement thickness for the case in which the
wall temperature was 650° R was less than 0.0002 inch smaller than the case for
1,500° R. Also, calculations in which several realistic wall-temperature varia-
tions along the nozzle contour were assumed indicated that the wall-temperature
level and its variation along the nozzle do not strongly affect the calculated
displacement thickness for the method presented herein.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., January 7, 1963.
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APPENDIX A
CALCULATION OF INVISCID NOZZLE CONTOUR FOR A REAL GAS

Characteristic Equations

The procedure for calculating the inviscid nozzle contour for air as a real
gas was briefly discussed in reference 5. The approach used in this present work
is essentially the same for the inviscid calculations. The basic equation for
determining the inviscid contour for an axially symmetric nozzle is the potential-
flow equation presented in reference 12 (p. 261, eq. (469)). The solution to this
equation can be obtained through the method of characteristics which reduces to
four characteristic equations which are readily adaptable to a finhite difference
technique. The derivation of the characteristic equations is also presented in
reference 12. These four characteristic equations are:

dy
— = tan + 0
= (b +6)
first family (A1)
dw dx
— - d6 tan - 17 =— =0
W Rl
and
1
dy _
= = tan(6 - u)
| second family (A2)
aw dx
—~ +dp tanp - 1o — =0
W B T o
where
sin p sin 6 tan p
741 = -
cos(u + 0)
and
sin p sin 6 tan p
s =
2 cos(6 - )

These charactéeristic equations involve the five variables W, 6, X, ¥, and M,
so that an additional relation is required. For the case of an ideal gas with a
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constant specific-heat ratio, the expression relating M to W 1is

il 2 i)
;]'2-—1+<7_1>F (A3)

and may be used because p 1is directly related to M by the equation

(Ak)

L = sin”™

9 Ly

The equivalent real-gas relation between W and M is obtained by taking the
form of the ideal-gas expression as given in equation (A5) and tabulating the

quantity l/W2 for various values of 1 M2 as calculated for the isentropic
expansion from a given stagnation condition. These are the values of 1/w2 and

l/M2 based on a real gas and are used directly in the calculation procedure with
linear interpolation between the tabulated values.

Determination of Flow Properties Along Flow-Region Boundaries

The two families of characteristic equations (eqs. (Al) and (A2)) are solved
by a stepwise procedure in which the initial values of the flow properties W,

By X X ar? y/rcr, and M are first calculated along the edge of the character-

istic flow fields. These initial flow properties are calculated along the line
ABCDE of sketch (a).

Y/Tor
y
E
C
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These quantities are based on real-gas considerations and are determined by a
method presented in reference 13. For convenience in discussion, the nozzle is
divided into four regions: I, first transition region; II, second transition
region; III, radial flow; IV, uniform flow. Region III is bounded by the Mach
lines BC and CD, and region IV is bounded by the final Mach line DE. The flow in
region I is calculated by the method of characteristics and initial conditions
along line ABC and the flow in region II 1s calculated by the method of character-
istics and conditions along line CDE. The first task, then, is to calculate the
flow conditions along line ABCDE.

Now the general equation for the radial-flow region as given by reference 15

is

(1-M2)3—‘;+2‘ri=o (A5)

For this region, the integrated characteristic equations, which are based on
equation (A5), are

1/2

0

il W 2

91=f ’ def=if il aw (86)
0 2 Jy(M=1) W

and

f o bEoa) gy (A7)

R

—
R
|8
I
N

Because M and, therefore, W are known at point D (sketch (a)), the value of
GI D at point D can be found by use of equation (A6) and the real-gas relation

J
between M and W. Values of W, 0p, M, and r/rcr along line CD are deter-
mined by choosing values of W which are successively less than the value of W
at point D. Values of 6y for particular values of W are calculated from equa-

tion (A6) and from the real-gas relation between M and W, along with the condi-
tion that 6p = BI BT eI along the line CD. The corresponding values of r/rcr
2

for these same values of W are determined from equation (A7) in a similar way.
The coordinates for each of these calculations along line CD are determined from

the equations

IS A 6r (A8)

Ter Ter
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and

y ]
L =_— sin 6 (A9)
Ter Ter =

The point indicated as C in sketch (a) is the nozzle-inflection point and
corresponds to the maximum turning angle of the flow. The value of the flow
angle at point C, eC is arbitrarily taken to be 12° in this work. It follows

then that the integrated angle at point C, 6p o, as obtained from equation (A6),
must equal the value determined from the condition that SC = eI,D - GI,C' The
values of M, W, i/rcr, and y/rcr at point C are fixed by equations (A7),
(A8), and (A9).

The flow properties along line DE are all constant and equal to conditions
at point D and are determined by the procedure just mentioned. It follows that

the quantities W, ©p, X[r.., ¥[rep, and M can be calculated along the

boundary CDE and can serve as the starting conditions for calculation of flow in
region II by the method of characteristics.

The flow properties along line BC are determined by the same method as they
were along line CD, except that the flow angle along line BC is obtained from the
condition that 6p = eI - eI,B’ where eI,B = GI,D - eI,C'

The required flow conditions along line AB are established by assuming a
linear Mach number distribution with respect to i/rcr from points A to B. This

linear distribution is found by equating the slope of M with respect to i/rcr

as determined at point B to the slope in this linear portion. The value of )T:/rcr

for which the Mach number is unity is taken as the position of the throat of the
nozzle. Inasmuch as the real-gas variation of W with respect to M has been
determined, the establishment of a Mach number distribution along line AB also
determines corresponding values of W along line AB. The necessary flow proper-

ties along line ABC can, therefore, be calculated so that the method of character-

istics can be applied to determine the flow field in region I.

Characteristic Mesh Size

The mesh size of the characteristic network is determined by the interval
size between successive points chosen along the boundary line ABCDE. The inter-

vals along lines BC and CD are determined by taking a constant interval of r/rcr.

The interval size along line DE was taken to be the same as along line CD. The
intervals between points along AB can also be chosen arbitrarily. For a given
Mach number and set of stagnation conditions, the inviscid contour was calculated
for various mesh sizes in which the interval in r/rcr along line ABCDE was set

equal to 0.1, 0.2, 0.25, and 0.3. The effect of mesh size on the calculated
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contour based on these four values was found to be negligible. 1In addition, the
inviseid contour was calculated along line AB for intervals of r/rcr of (OO,

0.025, and 0.0l and for intervals along line BCDE of 0.1l. The inviscid contour
was again essentially unaffected by this change in mesh size. It may be concluded
that these mesh sizes are small enough not to influence the inviscid result.

Calculation of Characteristic Network for Real Gas

The characteristic network for a real gas is calculated by application of a
method of successive approximations to equations (Al) and (A2), along with the
tabulated real-gas values of 1/w2 and l/M2 and the flow conditions along line
ABCDE. This method is outlined in pages 264-265 of reference 12. It has been
determined by trial and error that three successive approximations are sufficient
to give satisfactory results at each point of calculation within the character-

istic network.

Calculation of Streamline Along Inviscid Boundary

Inasmuch as point C of sketch (a) is on the streamline which defines the
inviscid boundary, the value of the stream function at any point along the invis-
cid boundary must be equal to the stream function at point C. The procedure for
determining the streamline which corresponds to the inviscid boundary, then, first
involves the calculation of the stream function at point C.

The differential form of the stream function in the radial-flow region as
given in reference 13 is
dy = pur®sin 6p dOs (A10)

It is convenient to define a nondimensional stream function as

el =1 (A11)

2
P Ter

Tnasmuch as the flow properties are constant for a given value of r/rcr in the

radial-flow region, the differential form of the stream function may be integrated
for a particular value of r/rCr to yield

Tin £L‘w<_£_>2(1 - cos ) (A12)

Pt Ter

The values of W, r/rcr, and 6p at point C can be found by a method already

given. It is now required to know the real-gas relationship between p/pt
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and W. For the case of an ideal gas with a constant heat-capacity ratio, the
relation between p/pt and W 1is

1

% = (2 - WQ)H (A13)

The corresponding real-gas relation between p/pt and W is obtained from the

form of equation (Al3) and from tabulation of the quantity log p/pt for wvarious

values of log(l - W2) as calculated for the real-gas isentropic expansion from
a given stagnation condition. A plot of Ilog p/pt against log(l - We) based

on real-gas calculations showed that these quantities were nearly linear over
small regions. Tabulated real-gas values of p/p,G and W were used with linear

interpolation between log p/pt and log(l - w2) for intermediate values of
p/pt and W <for the calculation of ﬁ at point C by equation (Al2). The value

of the stream function E at any point on_the inviscid contour must equal the
stream function at point C, that is, V| = wC'

The geneéral differential form of the stream function for axisymmetric flow
as given in reference 13 is

dy = pya ds (A1k)

where y is the distance from the axis, a 1is the local speed of sound, and ds
is the differential distance along a Mach line. This equation can be integrated
along a Mach line where s 1is taken as O at the axis, so that the nondimensional
form of the stream function at any point s on a Mach line is

¥ = fos (%)w( sin p.)(ry 2)ds (A15)

er

The value of E is calculated at each point of the characteristic network
by stepwise integration of equation (A15) in which the real-gas relation between
p/pt and W is used. The location of the intersection of the inviscid boundary

with any Mach line is determined when W for a particular Mach line is equal
to WC. Points along the inviscid boundary are determined by interpolation

between adjacent points in the network which have values of W that bound Eb.
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Real-Gas Thermodynamic Properties

The calculations carried out in this work were based on the real-gas thermo-
dynamic properties of nitrogen presented in references T and 8. These data were
plotted and the various thermodynamic quantities along an isentropic expansion
were determined and tabulated. These tabulated quantities M, W, and p/pt

were then used directly in the machine calculations. The real-gas speed of sound
for nitrogen above 100 atmospheres was based on the coefficients presented in
reference 8.
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APPENDIX B
BOUNDARY-LAYER CALCULATIONS

General Procedure

After the inviscid contour has been determined from characteristic calcula-
tions, the boundary-layer displacement thickness along the nozzle must be added
to obtain a physical-wall contour. The coordinate system for calculating the
displacement thickness 8% is shown in sketch (b).

rl

Physical contour
(nozzle wall)

Inviscid contour

Sketch b

The flow quantities ui, p, and M, at the edge of the inviscid region,
and the flow angle 6, are known from the inviscid results. The corresponding
values of the static temperature at the inviscid boundary Ty was determined

from tabulated real-gas values of Tl against Ml with linear interpolation

between l/Tl and M12 for intermediate values.

The momentum equation used in this work as derived in reference h is
Cr

2

~

ul' dx pl d}'\(’ 3y d.;(,

%18
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where 7r' is the radial distance to the nozzle wall. The derivatives of veloc-
ity, density, and radial distance with respect to distance along the nozzle

wall X are calculated from differences between flow properties at successive
points along the inviscid boundary. The values of p1 and u, were taken from

the inviscid results at various locations.

Calculation of Shape Parameter for Real Gas

The value of the shape parameter 8*/6 is calculated at each location with
the following integral equations:

R (2

and

9=fl pu' f _u' a(i> (53)
o e W) \®
(e i 1

The relation between the velocity profile and the variable of integration ?/6
is assumed to be
1/N

(®)

1
u
1

The exponent N in this relation is obtained at each location along the nozzle
from the following correlation:

N = 1.77 log Nge - 0.38 - %99 (B5)
Re

where Np, 1s based on local free-stream properties and the local value of the

momentum thickness 6. This correlation is similar to that presented in refer-
ence 14 and is based on experimental data for Mach numbers up to 9. This corre-
lation was used to determine values of N for values of Ngo that are beyond

the data for which this correlation was determined; however, the values of 6*/8
and 6/6 have been found to be quite insensitive to N at high values of N.

The evaluation of equations (B2) and (B3) also requires a relationship
between the u'/ul' and p/pl within the boundary layer. This is obtained by

beginning with the Crocco relation between total enthalpy and local velocity in
the boundary layer as presented in reference 15.

B u!
H=AH+ B(EIT> (B6)
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where the total enthalpy at any point in the boundary layer is

(u)?
2

HE ="het (B7)

The constants A and B in equation (B6) are evaluated at the wall and at the
edge of the boundary layer, so that the total enthalpy varies through the boundary
layer according to the expression

ul
H=h, + (Hl - hw)-—T (B8)
u
ik
where h, 1is the static enthalpy at the wall.
The expression for the local static enthalpy, which includes real-gas effects

due to vibration but no real-gas effects due to pressure, can be written in non-
dimensional form as

. |7 T L E c) (B
— = [z =+ = 9)
Rhy, |2 Ty Tb<e®;T - 1)

In order that the real-gas effects due to pressure on enthalpy be taken into
account, equation (B9) is multiplied by a correction term which is equal to the
actual real-gas enthalpy found in real-gas thermodynamic tables divided by the
enthalpy calculated from equation (B9), both of which are taken at the same tem-
perature. This correction term is denoted as Q = h/hp, where h° represents
the enthalpy at low pressures. It follows that @Q 1is a function of temperature
and pressure or any two thermodynamic functions. Since the entropy is constant
in the inviscid flow region, the quantity Q along the inviscid boundary can be
written as a function of pressure alone for a given stagnation condition. This
quantity can be represented by a power series in Py -

Q =1.0 +Ap, + B(pl>2 + c(pl)5 (B10)

The wall temperature is known, therefore the correction term along the nozzle
wall can also be expressed in a power series in pressure:

)

Q, =1.0 +Dp, + E(pl)2 +'F(pl) (B11)

where the coefficients A, B, C, D, E, and F in these equations are evalu-
ated empirically from the real-gas thermodynamic data.

The variation of Q through the boundary layer was taken to be linear with
respect to h® from the wall value Q, to the free-stream value Ql. Plots
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of Q against h° for various pressures were found to be approximately linear
over a rather large range.

The equation which was used to relate the local veloclty to the local density
in the boundary layer was obtained by combining equations (BT), (B8), and (B9)
and incorporating the pressure effect on enthalpy by the use of the funesion| Qs
The local temperature T within the boundary layer is replaced by the quantity

Ty

by the equation

alifEey O | B wiye B wte ddE R

2\p/py S RTy, uy Wl RO w2 RIS
LR
e -

so that the density and velocity within the boundary layer are related

The solution to the quantities ©%/8 and 6/5 as defined by equations (B2) and
(B3) is obtained by a quadrature method at any value of X along the nozzle by
simultaneous solution with equations (B4) and (B1l2).

Skin-Friction Relation
The skin-friction relation presented in reference 5 was used in this work to

calculate the local skin-friction coefficient. This skin-friction relation is
represented by the following three equations:

o) N-2w-1
TELY e
¢ 1+N i,
ot (20N) QZQ i (B13)
2 Npe o
2
E& 3 EE 3 Ty - Taw(Eg) A, Tow - Tl(fg) (BlM)
By oy T\ T, \%1
and
14w
3 L ey
RO o (B15)
= NRe(B/e) T,
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Equations (B14) and (Bl5) are combined and solved by iteration at each point
along the nozzle to determine Ty, The resulting value of Ty, 1is then used in

equation (B13) to calculate Cf/2 at that position.

Calculation of Momentum Thickness

The solution of equation (Bl)Nrequires an initial value of the momentum
thickness 6 at the point where X = O. The effect of the magnitude of the
assumed initial value of © on the growth of 6 along the nozzle was investiga-

ted by choice of initial values of @ of 102, 10-3, 10~*, and 10~ inches. The
results are shown in figure 17 which are based on the same inviscid conditions.
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Figure 17.- Growth of real-gas Eoundary-layer momentum thickness as calculated for several values of
throat*momentum thickness 6%, at M, =17, ity = 1,000 atmospheres, T, = 4,200° R, e =16509 R
and 4" = 0.10 inch.
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It is seen that initial values of 6 which are lO"LL or less do not significantly
affect the values of 6 downstream from the throat.

After the quantity de/d§ is determined from equation (Bl) at a particular
location, values of 6 for adjacent downstream locations are found in a stepwise
manner.

Nozzle Wall Temperature

The wall temperature enters into the calculation of 8% 1in equations (B1ll1),
(B12), and (B14). Calculations for a constant wall temperature are straight-
forward. For a more realistic condition, the wall temperature was assumed to
vary along the nozzle with the wall hot near the throat and cooler downstream.
The expression used to describe these variations as a function of nozzle diameter
ratio is

. 1.8
s Ty A(Y/Y*) (Bl6)

1+ B(y/y*)L-8

where T, is the gas temperature at the throat. The constants A and B are

determined for an assumed wall temperature at the throat and an assumed wall tem-
perature for a large value of y/y*, respectively. This relation given by equa-
tion (B16) is based on a very rough heat balance between the nitrogen side of the

nozzle and water-cooled passages in the nozzle wall. The term (y/y*)l'8 results
from the assumption that the heat-transfer coefficient on the nitrogen side of

the nozzle is proportional to the area ratio raised to 0.9 power, as indicated in
reference 16. It should be noted that this expression for the variation of wall
temperature along the nozzle was not developed to give an accurate prediction of
wall temperature but, rather, to give a reasonable variation along the nozzle
wall.

Tterative Procedure for Determining Displacement Thickness

The first estimate of &% at a given nozzle position is found by assuming
that the nozzle wall is represented by the inviscid contour. This initial value
of &% 1is then added to the inviscid contour to give a better approximation of
the physical wall. The value of 8% based on this revised contour is then deter-
mined and compared with the previous value. The various gradients are also
revised in the course of this procedure. This iteration process 1is repeated until
successive calculations of &% at a given nozzle position differ by less than
0.001 inch.
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APPENDIX C
COMPUTER PROGRAM FOR THE CALCULATION OF A NOZZLE CONTOUR

A computer program was developed for calculating hypersonic nozzle contours.
This program is written in FORTRAN language (ref. 11) and is presented at the end
of this appendix. This program facilitates the computation of the inviscid noz-
zle contour and the boundary-layer displacement thickness for a real gas based on
the methods presented in appendixes A and B.

Part I of the program determines the flow properties along the boundaries of
the inviscid flow region. A tabulation of T, l/M2, l/Wg, p/pt, based on a

real gas, is supplied to the computer together with the flow angle at point C and
the Mach number at point D (sketch (a)). The program prints the values of the
flow properties of points A, B, C, and D. The program also writes on tape the
flow properties along the boundaries DE, DC, BC, and BA. These properties are
determined by the method described in appendix A.

Part II of the program computes the inviscid nozzle contour. The tabulation
oft T, l/M2, l/W2, and p/pt supplied in part I is also used in part IIL. The
tape written by part I and containing the flow properties along the boundaries is
used by part II. Beginning at point D the method of characteristics described in
appendix A is used to determine the flow properties along upward-sloping charac-
teristic lines in region II. These lines are computed from the boundary DC and
are extended until the value of the stream function is equal to the stream func-
tion at point C. The final points on these characteristic lines define the
inviscid nozzle contour from point E to point C. Continuing from point B, char-
acteristic lines are computed in region I from the BA boundary and are extended
until the value of the stream function is equal to the stream function at point C.
The final points on these characteristic lines define the inviscid nozzle contour
from point C to the throat. The flow properties of the points defining the
inviscid nozzle contour are printed and also punched on cards for use in part III.

Part IIT computes the displacement thickness along the nozzle and applies it
to the inviscid result to yield a physical contour. The flow properties at the
edge of the inviscid region are supplied on cards punched by part II. The values
of the constants used in equations (B10), (B11l), (B16) and the variables such as
Pgs Uz Ty W, Ty, and T, are supplied to the computer. The values of the

shape parameter 6*/6, the skin-friction coefficient, and the momentum thick-

ness 6O are calculated at each point on the boundary as described in appendix. B.
An iterative procedure determines the value of the displacement thickness Gt

The value of ©% is added to the inviscid contour to give a better approximation
of the physical wall. Finally, a second-order interpolation is employed to locate
points on the physical wall at desired increments. These interpolated points on
the wall are then printed. :

The following program has been used on the IBM T090 electronic data process-
ing system at the Langley Research Center to obtain the results presented herein.
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THESE ARE INPUTS REQUIRED FOR PART I P-538.1
EMTAB=1/M2, INCREASING VALUES,LIMIT OF 10C VALUES
WTAB=1/W2, INCREASING VALUES LIMIT OF 100 VALUES
RHORT=RHO/RHOT, INCREASING VALUES LIMIT OF 100 VALUES
EMA=MACH NO. AT POINT A TYPICALLY=1.

THETC=THETA AT POINT C IN RADIANS TYPICALLY=.20943951
EMD=MACH NO. AT POINT D TYPICALLY=15.

N=NUMBER OF VALUES IN TABLE OF 1/M2

RLIM=LIMIT R/RCR ABOVE WHICH DELTA R/RCR IS KEPT
WITHIN RERR OF DRORCR TYPICALLY=4.90

RERR=ERROR LIMIT DR/RCR TYPICALLY=.92

DELW=DELTA W INTEGRATION INTERVAL TYPICALLY=.001
DRORCR=DELTA R/RCR LIMIT

ALSO DELTA R/RCR USED ON DE TYPICALLY=.2
DDW=DELTA W REDUCTION TYPICALLY=.C00001
MAX=LIMIT TOTAL POINTS=2000
IBUG NOT=( FOR EXTRA PRINT,=0 OMIT EXTRA PRINT
TTAB=T ,DEGREES R, INCREASING VALUES,LIMIT OF 100 VALUES
DXB ELTA X ALONG PA TYPICALLY=.U25
DXDE=DELTA X ALONG DE TYPICALLY=.2

TOTAL NO. POINTS ON DE=(S/RCR+12)/DXCE

THESE ARE INPUTS REQUIRED FOR PART [I P-532.2
AREA=( FOR CDE AREA,1. FOR ABC AREA,2. TO END CASE
START WITH CDE AREA
PRINT=0 TO PRINT WALL POINTS ONLY,=1. TO PRINT NET AND WALL POINTS
NAPRX=3=APPROXIMATIONS PER POINT
NN=NUMBER OF VALUES IN TABLE OF 1/M2

THESE ARE INPUTS REQUIRED FOR PART III P-700.1
RHOT=RHO SUB T TYPICALLY=6.300451
VE=V SUB L TYPICALLY=8977.u41k
R1=R SuB 1 TYPICALLY=55.159

C1=WHERE MU=(C1#T#*#3/2)/(T#*D1+E1) TYPICALLY=6.8873E-T7
D1=CONSTANT IN MU EQUATION TYPICALL .
E1=CONSTANT IN MU EQUATION TYPICALL 80.
THI=THETA SuUB I TYPICALLY=.0001
GC=32.1739

R=1774.688

THB=CHARACTERISTIC TEMPERATURE OF MOLECULAR VIBRATION TYPICALLY=6005.7

OMEGA=EXPONENT IN VISCOSITY-TEMPERATURE RELATIONSHIP TYPICALLY=.76

TH=TW TYPICALLY=650. R

ERR=ERRCR TEST USE .00005

XM=SCALE FACTOR TYPICALLY=.23832

TLTG=1.=TL/T1 TYPICALLY=1.

JLIM=TOTAL NO. OF POINTS ON WALL=NU. OF BINARY INPUT CARDS

DEBUG=0

N=32NO. OF POINTS PER INTERVAL GAUSS INTEGRATION

L=5N0. OF INTERVALS GAUSS INTEGRATION

ASE NUMBER

HERE Q=ALPHA+BETAsP+GAM#P»#2+TAU«P##3 (EQ. B10) TYPICALLY=1.

BETA=CONSTANT IN Q EQUATION TYPICALLY=.35463125€6-7

GAM=CONSTANT IN Q EQUATION TYPICALL «15399514€-13

TAU=CONSTANT IN Q EQUATION TYPICALLY=.42600556E-20

PR=P SUB R TYPICALLY=.72

TT1G=T SUB T,1 TYPICALLY=54C0. ©

T SUB C TYPICALLY=491.688

HERE QW=AP+BP#P+CP#P##2+DP#P##3 (EQ. B10) TYPICALLY=1.

ONSTANT IN QW EQUATION TYPICALLY=.18729c-6

ONSTANT IN QW EQUATION TYPICALLY=.11277E-12

ONSTANT IN QW EQUATION TYPICALLY=-.1472E-20

HT=(H SUB T,1)/(R#T SUR C) TYPICALLY=46.1817

APP=WHERE TwW=(CPP—APP(Y/Y#)##1.8)/(14BPP(Y/Y#*)##1.8) (EQ. B16)
TYPICALLY=0

BPP=CONSTANT IN TW EQUATION TYPICALLY=0

CPP=CONSTANT IN TW EQUATION=TR TYPICALLY=650.

YSTAR=CONSTANT IN TW EQUATION TYPICALLY=1.

OPT=0 IF G=QI,NOT=0 [F Q NOT=Ql

DIFN=ALLOWABLE DIFFERENCE IN N TYPICALLY=.01

DIFC=ALLOWABLE DIFFERENCE IN DELTA STAR RELATIVE TO Y TYPICALLY=.0C1

P-538.1
PART I COMPUTES POINTS ALONG DE,DC,BC,BA AND
SAVES THEM ON TAPE9
SUBROUTINE FINP IS FLOATING INPUT SUBROUTINE
SUBROUTINE BIRC READS BINARY CARDS
SUBROUTINE BIPUN PUNCHES BINARY CARDS
SUBROUTINE GAUSS PERFORMS INTEGRATION
SUBROUTINE RWCF FINDS SLOPE OF CURVE
DIMENSION WTAB(100),CEMTAB(100),WLCGT(100),RHOLNT(100),
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Lo

1RHORT(100),ALC(30),ALW(4D),ALD(2D), W(230C) ,EM(2300),
2RORCR(2000)y THETI(200C) yRORT (2002) 4 AK(2C0C) 4 THETBC(15)),XBC(150),
3XBA(1000),WBA(1000),YBC(150),WBC(150), THETDC(800),XDC(800),
4YDC(8G0) ,PSIDC(800),WDC(809),RORTDC(800),YDE(340J),XDE(3490)
S+TTAB(100),EMSQT(10C),TEMP(10D)

DIMENSION DER(110)

EQUIVALENCE (EMTAB,DUMMY1), (WTAB,DUMMY2), (WLOGT,DUMMY3), (RHOLNT,
1DUMMYL ), (TTAB,DUMMY5) , (EMSQT ,DUMMY6)
EQUIVALENCE(W,XDE) 4 (EM, XDE(2031) ), (EM(14C1),YDE),
1(RORCR,YDE(601)), (THETI,YDE(2601) ), (THETI(801),XBA),
2(THETI(1801),WBA), (RORT,WBA(201))

COMMON EMTAB,WTAB,WLOGT,RHOLNT,TTAB, EMSQT

COMMON RHORT,EMA, THETC,ENMD,N,DSDE ,DMBA,DW,DRORCR,
1DDW, MAX

READS INPUT CARDS

FINP IS FLOATING INPUT SUBROUTINE
CALLFINP(17,EMTAB, WTAB,RHORT,EMA, THETC,CMD,N,RLIM,
1RERR, DELW,DRORCR yDDW,MAX, IBUG, TTAB,DXBA,DXDE)
WRITES HEAD

WRITE OUTPUT TAPE 6,305

COMPUTES 1/T,M2,W,LOGE(1-W2),LOGE (RHO/RHCT)

DO 4 I=1,N

TTAB(I)=1./TTAB(I)

EMSQT(I)=1./EMTAB(I)

WN=SQRTF(1./WTAB(I))

WLOGT(I)=LOGF(1.-WNw##2)

RHOLNT (1) =LOGF (RHORT (1))

REVERSES 1/T TABLE

K=N

D0 1000 I=1,N

TEMP(K)=TTAB(I)

K=K-1

DO 200C I=1,N

TTAB(I)=TEMP(I)

REVERSES M2 TABLE

K=N

DO 3000 I=1,N

TEPPIK)=EMSQTID)

K=K-1

DO 4000 I=1,N

EMSQT(I)=TEMP(I)

COMPUTES 1/MA2 AND INTERPOLATES 1/WA2
OVMA=1./EMA#=2

FTLUP IS FLOATING TABLE LOOK UP AND INTERPOLATION SUBROUTINE
CALL FTLUP(OVMA,OVWA,1,N,EMTAB,WTAB)

COMPUTES 1/MD2 AND INTERPOLATES 1/W02
OVMD=1./EMD==2

CALL FTLUP(OVMD,OVWD,1,N,EMTAB,WTAB)

COMPUTES WA

WA=SQRTF(1./0VWA)

COMPUTES WD

WD=SQRTF(1./0VWD)

SET R/RCR=1

RORCR(1)=1.

SET SUM=0

SUM=0

SCT SUuM2=0

SUM2=0

INTEGRATION BY TRAPEZOIDAL RULE FROM WA TO WD OF (M2-1)/W AND SQT

(M2-1)/w

ZTERM=(EMA®=22-1,)/WA

ZTERM2=(SQRTF(EMA®#2-1.)) /WA

DW=DELW

COMPUTE WA POINT

Hi1)=WA

ICOUNT=0

TURN OFF LIGHT

IF(SENSE LIGHT 1)8,8

COMPUTES WyM,R/RCR, THETAI,RHO/RHOT,K,LIMIT OF2000 POINTS
DO 12 I=2,MAX

WIL)=W(I-1)+DW

IF(WII)-WD)7,7,113

IF(SENSE LIGHT 1) 115,116

DW=WD-W(I-1)

SENSE LIGHT 1

GO TC 9

OVH=T1./W(1)we2

CALL FTLUP(OVW,0VM,1,N,WTAB,EMTAB)
EM(I)=SQRTF(1./0VM)

TEMP=(EM(I)#EM(I)-1.)

TEMPI=TEMP/WI(I)

TEMP2=SQRTF(TEMP) /W(I)
TEMPLU=(ZTERM+TEMP1)®» . 5#DW+SUM

EQUATION A7

RORCRUI)=EXPF(.5#TEMPY)

IF(SENSE LIGHT 2)611,609

SENSE LIGHT 2

IF(SENSE LIGHT 3)610,609

RERR=RERR+.01

IF(SENSE LIGHT 2)609,609

IF(RORCR(I)-RLI¥) 10,602,602
IF(ABSF(RCRCR(I)-RORCR(I-1)-DRORCR)-RERP11C,10,603
IF(RORCR(I)-RORCR(I-1)-DRORCR) 64"

DW=DW-DDW

SENSE LIGHT 2

IF(IBUG)5000,5001,5000
WRITEOUTPUTTAPES,302,W(1),DW,RORCRII)

GOT09

DW=DW+DDW

SENSE LIGHT 3

IF(IBUG)5002,5003,5002
WRITEQUTPUTTAPES,302,W(1),DH,RORCRIT)
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GOTC9

TEMP3=(ZTERM2+TEMP2) » . 5DW+SUM2

IF(SENSE LIGHT 2)506,606

IF(SENSE LIGHT 3)607,607

IF (IBUG)5CO4,5005,5004

WRITEQUTPUTTAPES,302,W(1),CW,RORCR(T)

EQUATION A6

THETI(I)=.5#TEMP3

ZTERM=TEMP1

ZTERM2=TEMP2

SUM=TEMPY

SUM2=TEMP3

WLOG=LOGF (1.-W(I)=#2)

CALL FTLUP(WLOG,RHOLN,1,N,WLOGT,RHOLNT)

RORT(I)=EXPF(RHOLN)

ICOUNT=ICOUNT+1

IF(ICOUNT-2000)12,12,1600

AK(T1)=(CVW=1.)/0V¥

ICOUNT=NO OF THETAS AND RORCRS STARTING WITH THETI(2)ANC RORCR(2)

COMPUTE THETAID AND THETAIC

THETID=THETI(ICOUNT+1)

COMPUTE THETAI,W,R/RCRsM,K AT POINT B

THETIB=THETID-2.#THETC

THETIC=THETID-THETC

CALL FTLUP(THETIB,WB, 1, ICOUNT,THETI(2),W(2))

CALL FTLUP(THETIB,RORCRB, 1, ICOUNT,THETI(2),RORCR(2))

OVWB=1./WB##2

CALL FTLUP(OVWB,0VMB,1,N,WTAB,EMTAB)

EMB=SQRTF(1./0VMB)

AKB=(OVWR=1.)/0VMD

FIT CURVE TO 7 POINTS AND READ DK/DMB AT POINT B

STORE KS IN ALD BLOCK

J=2

DO 100 1=2,ICOUNT

IF(EM(I+3)-EMB) 100,100,1C2

ALD(J)=EM(I)

ALD(J=1)=AK( 1)

J=J+2

IF(J-8) 101,103,101

J=J+2

IF(J=16) 120,104,104

CONTINUE

ALD(8)=EMB

ALDI(T7)=AKB

SHARE SUBROUTINE RWCF IS USED FOR SECOND DEGREE POLYNOMIAL

LEAST SQUARES CURVE FITTING ROUTINE USING ORTHOGONAL POLYNOMONIALS

CALL CF2F1(04ALC,0,ALW,ALD,2,7)

CALL CF2F2(EMB,ALC,2,DER,1,2)

DKDMB=DER(3)

COMPUTE W,R/RCRyM,RHO/RHOT +K,XBAR,Y,PSI AT POINT C

CALL FTLUP(THETIC,WC,1,ICOUNT,THETI(2),W(2))

CALL FTLUP(THETIC,RORCRC,1,ICOUNT,THETI(2),RORCR(2))

OVHWC=1./WC#*2

CALL FTLUP(OVWC,0VMC,1,N,WTAB,EMTAB)

EMC=SQRTF(1./0VNC)

WLOGC=LOGF (1.-WC##2)

CALL FTLUP(WLOGC,RHOLNC,1,N,WLOGT,RHOLNT)

RORTC=EXPF (RHOLNC)

AKC=(OVWC=1.)/0VMC

EQUATION A9

YC=RORCRC#SINF(THETC)

EQUATION A12

PSIC=RORTC*WC*RORCRC##2%(1.-COSF(THETCI)

COMPUTE DM/DRORCR AT POINT B

DMDR=2./((WB/EMB)##2#(]1.~EMB##2) #*RORCRB#*(.5¢

1DKDMB-AKB/EMB) )

COMPUTE R/RCR AT POINT A

RORCRA=RORCRB- (EMB-EMA) /DMDR

COMPUTE X AT POINT C

XC=RORCRC#*COSF (THETC ) -RORCRA

NABPTS=0

NBCPTS=0

NDCPTS=0

K=1

J=1

L=ICOUNT+1

DO 300 I=2,L

IF(THETI(I)-THETIB) 17,16,16

IF(THETI(I)-THETIC) 13,14,14

COMPUTE THETA,Y,W,X AT POINTS ALONG BC LIMIT OF 150 POINTS

THETBC(J)=THETI(I)-THETIB

EQUATION A9

YBC(J)=RORCR(I)*SINF(THETBC(J))

WBC(J)=W(I)

XBC(J)=RORCR(1)#COSF{THETBC(J))-RORCRA

NBCPTS=NBCPTS+1

IF{J-15011300,1300,1600

IF NO. OF POINTS EXCEEDS STORAGE,PRINT OUT HERE
AND STOP

WRITE OUTPUT TAPE 6,5004+J4K,1,ICOUNT

CALL EXIT

J=J+1

GO TO 300

COMPUTE THETA¢X,Y,PSI,W,RHO/RHOT AT POINTS ALONG CD LIMIT CF 800
POINTS

THETODC (K) =THETIC-THETI(T)

XDC(K)=RORCR(I)#CCSF(THETDC(K))=-RORCRA

EQUATION A9

YDC (K)=RORCR(I)#*SINF(THETDC(K))

EQUATION A12

PSIDC(K)=RORT(I)#W(I)*RORCR(I)##2s(1.-COSF(THETOC(K)))

WDC(K)=W(I)
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NDCPTS=NDCPTS+1
RORTDC(K)=RORT(I)
IF(K-300)1400,140C, 1600
1400 K=K+1
GO TO 300
17 NABPTS=NABPTS+1
300 CONTINUE
400 NAR=0
DX={
XB=RORCRB-RORCRA
SAVE=RORT(ICOUNT+1)
SAVE2=RORCR{ICOUNT+1)
c COMPUTE POINTS ALONG BA LIMIT OF 10(¢C
D0221I=1,MAX
XBA(I)=XB-DX
IF(XBA(I))620,601,601
600 XBA(I)=0
601 TEM =XBA(I)*DMDR+1.
OVM=1./(TEM )ws2
CALLFTLUP(OVM,0VW, 1,N,EMTAB,WTAR)
WBA(T)=SQRTF(1./0VW)
IF(I-1000)1500,1520, 1600
1500 NAB=NAB+1
IF(XBA(I))22,23,22
22 DX=DX+DXBA
COMPUTE S/RCR AT POINT D
23 SORCR=SQRTF((2.#PSIC)/(SAVE *(WD/EMD##2)))
c ENDE=NUMBER OF POINTS ON DE LIMIT OF 340C
ENDE=(SORCR+10.)/DXDE
EMUD=ARTNQF(1./EMD,SQRTF(1./EMD) ##2)
NDE=ENDE
DSSMU=DRORCR®*SINF(EMUD)
DSCMU=DRORCR#*COSF(EMUD)

FLT=1.
DO 211 I=1,NDE
c COMPUTE X,Y OF POINTS ALONG DE

XDE{1)=XDCINDCPTS) +FLT»DSCHY
YDE(I)=FLT#DSSMU
IF(1-3400)211,211,1600
FLT=FLT+1.
RORCRD=SAVE2
c WRITES DM/DRORCR AT POINT B
WRITE OUTPUT TAPE 6,301,DMDR
XA=0
YA=U
THETAA=Q
XB=RORCRB-RORCRA

21

YD=u
WRITES HEADING
WRITES THETA,X,Y,W,M,R/RCR FOR A,B,C,D POINTS
WRITE OUTPUT TAPE 6,303
WRITE OUTPUT TAPE 6,310,XA,YA,EMA,WA,RORCRA, THETAA
WRITE OUTPUT TAPE 6,303
WRITE OUTPUT TAPE 6,311,XB,YB,EMB,WB,RORCRE, THETIB
WRITE CUTPUT TAPE 6,303
WRITE OUTPUT TAPE 64312+XC,YC,EMC,WC,RORCRC,THETIC
WRITE QUTPUT TAPE 6,303
WRITE OUTPUT TAPE 6,313,XDC(NDCPTS),YD,EMD,WD,RORCRD,THETID
303 FORMAT(IH TOXTHX16X1HY16XTHM16X THWILXSHR/RCRBXSHTHETAL)
310 FORMAT(3H A=1E16.8,5E£16.8)
311 FORMAT(3H B=1E16.8,5E16.8)
312 FORMAT(3H C=1E16.8,5E16.8)
313 FORMAT(3H D=1E16.8,5E16.8)
306 N=4=NDE
Lo} WRITE TAPE 9 SAVING INFORMATION ABOUT ALL POINTS ON AB,BC,CD,DE
REWIND 9
WRITE TAPE 9,PSIC,WD,N, (XDE(L),YCE(L),L=1,NDE)
K=NDCPTS
DO 405 I=1,NDCPTS
404 WRITE TAPE 9, (XDC(K),YDC(K),THETCC(K),WDC(K),PSIDCI(K),
: 1RORTDC (K) )
\ 405 K=K-1
ZERO=0
WRITE TAPE 9,(ZERO,ZERO,ZERO,ZERC,ZERO,ZERO)
N=L & [NBCPTS+1)
WRITE TAPE 9,PSIC,N, (XBC(I),YBC(I),THETBC(I),WBC(I),I=1,NBCPTS
WRITE TAPE 94XC,YC,THETC,WC
DO 403 I=1,NAB
403 WRITE TAPE 9, XBA(I),WBA(I)
WRITE TAPE 9, ZERO,ZERO
‘ REWIND 9
(% TABLES ARE SAVED IN COMMON STORAGE FOR NEXT CHAIN
‘ CALL CHAIN (2,83)
‘ 302 FORMAT(6E19.8)
; 304 FORMAT{4E19.8)
‘ 301 FORMAT(6H DMDR=1E19.8)

o0

305 FORMAT(9H1P-538.1/)
500 FORMATI(4I12)
END

P-538.2
PART 11 NOZZLE CALCULATION
TABLES ARE ALREADY IN COMMON STORAGE FROM PREVIOUS CHAIN
PART I1 COMPUTES POINTS ALONG WALL FROM E TO C
AND FROM C TO THROAT,
PST ALONG WALL=PSI AT POINT C
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PUNCHES X,YyM,W,RHO/RHOT,THETA,T OF WALL POINTS

DIMENSION STOR(4000),TEMP(10),EMTAB(10G) yWTAB(100),WLOGT(1GU),
TRHOLNT (100)

2,TTAB(100),EMSQT(100)

EQUIVALENCE (EMTAB,DUMMY1), (WTAB,DUMMY2), (WLOGT,DUMMY3), (RHOLNT,
1DUMMYL ), (TTAB,DUMMYS) , (EMSQT ,DUMMY6)

COMMON EMTAB,WTAB,WLOGT,RHOLNT, TTAB, EMSQY

COMMON XA, YA, THAy WA, FA,PSIA,XB,YB,THB,WB4XC,YC,THC,WC,FC,PSIC,AMC,
1AMUC, SMUC,CMUC,TMUC,PPC,YAV, THAV, WAV, AMAV, AMUAV, SMUAV,CMUAV, TMUAV,
2STHAV,YBV, THBV,WBV,AMBV, AMUBV, SMUBV,CMUBV, TMUBV, STHCV, XLIM,YLIY,
3AMLIM, WLIMyPPLIM, THLIM, TLIM,PLIM,AMUL, SMLIM,CMLIM,TMLIM,THPY,
LTANP, THMM, SINM,COSM, TANM, XATY, ACL,BCM, TEMP,WD,PyN, I ,J, AREA,PRINT,
SNAPRX, NN, ALNW, ALNP
64SINP,COSP,STOR

FLIMFIXC,XA,P)=P#[XC-XA)+XA

REWIND 9

TAPE 9 FROM CHAIN 1 CONTAINS

REC 1 PSIC,WD,4NDE,X AND Y OF ALL PTS D+1 TO E

REC 2 X,Y,THETA,W,PSI,RHO/RHOT OF EACH PT D TOC-1
REC(2+4NDCPTS) 0,0,0,0,0,0

REC(3+#NDCPTS) PSIC,4(NBCPTS+1),X,Y,THETA,W OF ALL PTS B+1 TO C-1
REC(4+NDCPTS) X,Y,THETA,W OF PT C

REC(S+NDCPTS) X,W OF EACH PT B TO A+l

REC(5+NDCPTS+NABPTS) 0,0

CALL FINP(k4,AREA,PRINT,NAPRX,NN)

IF(AREA-1.) 41,41,40

CALL CHAIN(1,83)

READ IN A LINE TO STOR

READ IN PT ON B LINE TO C PT

WRITE OQUTPUT TAPE 6,102

IF(AREA) 18,19,18

READ TAPE 9,PLIM,N,(STOR(J),J=5,N)

K=N+4

I=N+1

READ TAPE 9, (STOR(J),J=I,K)

XLIM=STOR(N+1)

YLIM=STOR(N+2)

CALL AMCMU(STOR(N#4),SMLIM,TMLIM,AMUL,AMLIM,CMLIM)
THLIM=STOR(N+3)

WLIM=STOR(N+4)

CALL PPT(WLIM,PPLIM)

EMSQ=AMLIM=AMLIM

SUBROUTINE FTLUP INTERPOLATES I[N TABLE

CALL FTLUP(EMSQ,TLIM,1,NN,EMSQT(1),TTAB(1))

TLIM=1./TLIM

CALL BIPUN(XLIM,TLIM)

WRITE QUTPUT TAPE6,100,XLIM,YLIM, AMLIM,WLIM,PPLIM,THLIM,TLIM
READ TAPE 9, (STCR(1),STOR(4))

STOR(2)=0.

STOR(3)=0.

GO TO 22

READ IN LINE DE AND A POINT FROM DC

READ TAPE 9,PLIM;WDyNs (STOR(J),STOR(JI+1),J=1,N,4)

READ TAPE 94XC,YC,THC,WC,PSIC,PPC

DO 21 J=1,N,4

THETA=0 AND W=WD FOR ALL PTS ON DE

STOR(J+2)=0.

STOR(J+3)=WD

IF(AREA) 22,23,22

READ TAPE 9,XC,WC

Y=3,THETA=0,F=0,PSI=0 FOR ALL PTS ON BA

PSIC=C.

GO TO-24

READ IN NEXT POINT FROM DC AND COMPUTE NEXT LINE
READ TAPE 9,XC,YC,THC,WC,PSIC,PPC
CALL AMCMU(WC,SMUC,TMUC,AMUC,AMC,CMUC)
FC=PPC#WCwYC#SMUC

IF(WC) 25,28,25

AFTER C IS COMPUTED MOVE STOR TO B AND MOVE C TO A AND TO STOR
WHEN PSI REACHES LIMIT COMPUTE END PT
IF(AREA) 10,11,10

N=1

GO T0 7

N=5

GO T0 7

N=N+4

XB=STOR(N)

YB=STOR(N+1)

THB=STOR(N+2)

WB=STOR(N+3)

XA=XC

YA=YC

THA=THC

WA=WC

FA=FC

PSIA=PSIC

IF(AREA) 12,13,12

STOR(N)=XC

STOR(N+1)=YC

STOR(N+2)=THC

STOR(N+3)=WC

GO TO 14

STOR(N-4)=XC

STOR(N-3)=YC

STOR(N-2)=THC

STOR(N-1)=WC

CALL GENPT
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IF(PRINT) 27,26,27
27 WRITE OUTPUT TAPE 6,100,XA,YA, THA,WA,FA,PSIA,X8B,YB,THB,WB,XC,YC,
T1AMC,WC4PSIC,PPC,FC,THC,AMUC
COMPUTE ALONG AN UPWARD SLOPING CHARACTERISTIC LINE UNTIL PSI
LIMIT IS REACHED
26 [F(PSIC-PLIM) 6,8,8
IF(AREA) 15,16,15
15 STCRIN+4)=XC
STOR(N+5)=YC
STOR(N+6)=THC
STOR(N+7)=WC
GO TO 17
STOR(N)=XC
STOR{N+1)=YC
STOR(N+2)=THC
STCRIN+3)=WC
17 P=(PLIM-PSIA)/(PSIC-PSIA)
XLIM=FLIMF(XC,XA,P)
YLIM=FLIMF(YC,YA,P)
THLIM=FLIMF(THC,THA,P)
WLIM=FLIMF(WC,WA,P)
CALL AMCMU(WLIM,SMLIM,TMLIM,AMUL,AMLIV,CMLIM)
CALL PPT(WLIM,PPLIV)
EMSQ=AMLIM®AMLIM
CALL FTLUP(EMSQ,TLIM,1,NN,EMSQT(1),TTAB(1))
TLIM=1./TLIM
PUNCH XyY,M,W,RHO/RHOT,THETA,T
CALL BIPUN(XLIM,TLIM)
FORMAT(1H 3E16.8)
PRINTS X,YsM,W,RHO/RHOT,THETA,T OF WALL POINTS
WRITE OUTPUT TAPE&, 100 XLIM,YLIM,AMLIM,WLIM,PPLIM,THLIM,TLIM
100 FORMATI(IH TE16.8)
102 FORMATITH TXTHX16X THY 16X THM16X THW 1 1XBHRHO/RHOTOXSHTHETA 13X 1HT)
GO TO 29
END

™
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SUBROUTINE PSI(WX,PPX)

SUBROUTINE PSI COMPUTES PSI GIVEN W AND RHO/RHOT

DIMENSION STOR(4000),TEMP(10),EMTAB(130),WTAB(100),WLOGT(120),
TRHOLNT (150)

2,TTAB(100),EMSQT(100)

EQUIVALENCE (EMTAB,DUMMY1), (WTAR,DUMMY2), (WLOGT,DUMMY3), (RHOLNT ,
1DUMMY4 ), (TTAB,DUMMY5), (EMSQT ,DUMMY6)

COMMON EMTAB,WTAB,WLOGT,RHOLNT,TTAB,EMSQT

COMMON XA, YA, THA,WA,FA,PSIA,XB,YB, THB,WBsXC,YC,THC,WC,FC,PSIC,AMC,
1AMUC, SMUC,CMUC, TMUC,PPC, YAV, THAV, WAV, AMAV, AMUAV, SMUAV, CMUAV, TMUAV,
25THAV,YBV, THBV, WBV , AMBV, AMUBV , SMUBV, CMUBV, TMUBV, STHBV, XLIM,YLIM,
3AMLIM,WLIM,PPLINM, THLIM, TLIM,PLIM, AMULySMLIM,CMLIM, TMLIM,THPM,
LTANPy THMM, SINM,COSM, TANM, XATY, ACL,BCM, TEMP ;WD 4PyNy1,J,AREA,PRINT,
SNAPRX s NN, ALNW, ALNP,STOR
64 SINP,COSP

CALL PPT(WX,PPX)

FC=PPX#WX®YC®*SMUC
PSIC=PSIA+.5%(FA+FC)#SQRTF((XC-XA)#(XC-XA)+(YC-YA)®(YC-YA))

RETURN

END

SUBROUTINE PPT(WX,PPX)

SUBROUTINE PPT COMPUTES RHO/RHOT GIVEN W

ODIMENSICN STOR(4000),TEMP(10),EMTAB(10C),WTAB(100),WLOGT(107),
TRHOLNT ( 100)

2, TTAB(100),EMSQT(100)

EQUIVALENCE (EMTAB,DUMMY1), {WTAB,DUMMY2), LWLOGT,DUMMY3), (RHOLNT,
1DUMMYL ), (TTAB,DUMMYS5), (EMSQT ,DUMMY6)

COMMON EMTAB,WTAB,WLOGT,RHOLNT, TTAB,EMSQT

COMMON XA, YA, THA, WA, FA,PSTA,XB,YB,THB,WB,XC,YC,THC,WC,FC,PSIC,AMC,
1AMUC, SMUC 4 CMUC , TMUC, PPC, YAV, THAV, WAV, AMAV, AMUAV, SMUAV, CMUAV, TMUAV,
2STHAV,YBV, THBV,WBV, AMBV, AMUBV, SMUBV, CMURV, TMUBV, STHRV, XLIM, YLIM,
3AMLIMy WLIMyPPLIM, THLIM, TLIM,PLIM,AMUL , SMLIM,CMLIM,TMLIM, THPH,
LTANP, THMM, SINM,COSM, TANM, XATY s ACL,BCM, TEMP, WD4P 4N, I,J, AREA,PRINT,
SNAPRX s NN, ALNW, ALNP,STOR
6,SINP,COSP

ALNW=LOGF( 1.-WX*WX)

CALL FTLUP(ALNW,ALNP,1,NN,WLOGT(1),RHOLNT(1))

PPX=EXPF (ALNP)

RETURN

END

SUBROUTINE THM(THX,TANX,COSX,AMUX, THMX, SINX)
SUBROUTINE THM COMPUTES COS,SIN,TAN OF (THETA-MU) GIVEN THETA AND
MU

DIMENSION STOR(40GQ),TEMP(1C),EMTAR(100),WTAB(100),WLOGT(1072),
TRHOLNT(100)
2,TTAB(100),EMSQT(100)

EQUIVALENCE (EMTAB,DUMMY1),(WTAB,DUMMY2), (WLOGT,DUMMY3), (RHOLNT,
1DUMMYL ), (TTAB,CUMMYS) , (EMSQT ,CUMMY6)

COMMON EMTAB,WTAB,WLOGT,RHOLNT,TTAB,EMSQT

COMMON XA, YA, THA, WA, FA,PSTA,XB,YB,THB,WByXC,YC,THC,WC,FC,PSIC,AMC,
1AMUC,SMUC,CMUC,TMUC,PPC,YAV, THAV, WAV, AMAV, AMUAV, SMUAV, CMUAV, TMUAV,
2STHAV,YBV, THBV,WBV, AMEV, AMUBV, SMUBV,CMUBV, TMUBV, STHBV, XLIM,YLIM,
3AMLIM, WLIM,PPLIM, THLIM, TLIM,PLIM, AMUL » SMLIM,CMLIM,TMLIM,THPN,
LTANP, THMM, SINM,COSM, TANM, XATY ;ACL,BCM, TEMP,WD,P,N, I,J, AREA,PRINT,
SNAPRX NN, ALNW, ALNP,STOR

6,SINP,COSP

THMX=THX-AMUX

COSX=COSF(THMX)
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SINX=SINF (THMX)
TANX=SINX/COSX
RETURN

END

SUBROUTINE THP(THX,TANX,COSX,AMUX,THPX,SINX)
SUBROUTINE THP COMPUTES COS,SIN,TAN OF (THETA+MU) GIVEN THETA A%D
MU

DIMENSION STOR(4GO3J),TEMP(13),EMTAB(103),WTAB(103),#LOGT(10C),
TRHOLNT (100)

2,TTAR(100) ,EMSQT(10C)

EQUIVALENCE (CMTAB,DUMMY 1), (WTAP,DUMMY2), (WLOGT,DUMMY3), (RHOLNT,
1DUMMYY ), (TTAB,DUMMYS), [EMSQT,DUMMY6)

COMMON EMTAB,WTAB,WLOGT,RHOLNT,TTAB, EMSCT

COMMON XA,YA,THA,WA,FA,PSIA,XB,YB,THB,WB,XC,YC,THC,WC,FC,PSIC,AMC,
1AMUC 4 SMUC , CMUC , TMUC , PPC 5 YAV, THAV 4 WAV y AMAV, AMUAV, SMUAV, CMUAV, TMUAV,
2STHAV, YBV, THRV, WBV , AMBV , AMUBV ; SMUBV, CMURV, TMUBV, STHRV, XLIM,YLIM,
ZAMLIMy aLIM,PPLIM, THLI¥,TLIM,PLIM,AMUL,SMLIM,CMLIM, TMLIM, THPNM,
LTANP, THMM, SINM,COSM, TANM, XATY, ACL, BCM, TEMP WLy Py Ny 14, AREA,PRINT,
SNAPRX s NNy ALNW, ALNP,STOR
64 SINP,COSP

THPX=THX+AMUX

COSX=COSF(THPX)

SINX=SINF(THPX)

TANX=SINX/COSX

RETURN

END

SUBROUTINE AMCMU (WX, SMUX, TMUX, AMUX, AMX, CMUX)

SUBROUTINE AMCMU COMPUTES MU AND M GIVEN W

DIMENSION STOR(4000),TEMP(1G),EMTAB(100),WTAB(10C),WLOGT(102),
1RHOLNT (100)
2,TTAB(100),EMSQT(100)

EQUIVALENCE (EMTAB,DUMMY 1), (WTAR,DUMMY2), (WLOGT,DUMMY3), (RHOLNT,
1DUMMYL ), (TTAB,DUMMYS), (EMSQT,DUMMY6)

COMMON EMTAB,WTAB,WLOGT,RHOLNT,TTAB, EMSCT

COMMON XA, YA, THA, WA, FA,PSTA,XR,YB, THB, WByXC,YCoTHC,WC,FC,PSIC,AMC,
TAMUC 3 SMUC  CMUC » TMUC 5 PPC 3 YAV, THAV 3 WAV, AMAV, AMUAV 4 SMUAV, CMUAV, TMUAV,
2STHAV YBV, THBV,WBV , AMBV, AMUBV ; SMUBV, CMUBV, TMU3V, STHRV, XLIM,YLIM™,
ZAMLIMy WLIM,PPLIM, THLIM, TLIN,PLINAMUL, SMLIM,CMLIM, TMLIM, THPY,
LTANP, THMM,SINM,COSM, TANM, XATY . ACL, BCM, TEMP, WO, Py Ny 15 J5 AREA,PRINT,
SNAPRX s NNy ALNW, ALNP, STOR
64 SINP,COSP

OW=T./(WX®KX)

CALL FTLUP(OW,0M,1,NN,WTAB(1),ENTAB(1))

SMUX=SQRTF(OM)

AMX=1./SMUX

CMUX=SQRTF(1.-0M)

TMUX=SMUX/CMUX

AMUX=ATANF (TMUX)

RETURN

END

SUBROUTINE GENPT
SUBROUTINE GENPT COMPUTES GENERAL POINT BY THREE DIMENSIONAL
IRROTATIONAL FLOW EQUATIONS MAKING AS MANY APPROXIMATIONS AS
DESIRED

AVRGF (THA, THC)=.5% (THA+THC)

DIMENSION STOR(4000),TEMP(10),CMTAB(103)WTAB(100),WLOGT(133),
1RHOLNT (100)
2,TTAB(100),EMSQT(100)

EQUIVALENCE (EMTAB,DUNMMY1), (WTAB,DUMMY2), (WLOGT,DUMMY3), (RHOLNT,
1DUMMYL) , (TTAB,DUMMYS) 4 (EMSQT,DUMMY6)

COMMON EMTAB,WTAB,WLOGTyRHOLNT,TTAR, EMSQT

COMMON XAy YAy THA; WA, FA,PSTA,XBsYByTHByWB4XC,YC,THC,WC,FC,PSIC,AMC,
1AMUC , SMUC y CMUC  TMUC , PPC , YAV, THAV , WAV, AMAV , AMUAV, SMUAV, CMUAV, TMUAV,
2STHAV, YBV, THBYV, KBV, AMBV , AMUBV , SMUBV, CMUBV, TMUBV, STHRV XLIM, YLIM,
TAMLIM, WLIM,PPLIM, THLIM, TLIM,PLIM,AMUL,SMLIM,CMLIM, TMLIM, THPY,
4TANP, THMM, STNM,COSM, TANM, XATY y ACL ,BCM, TEMP 3 WD 4Py Ny I, J AREA,PRINT,
SNAPRX» NNy ALNW, ALNP, STOR
64 SINP,COSP

DO 5I=1,NAPRX

IF(I=-1) 4,3,4

THAV=THA

THBV=THB

WAV=WA

WBV=WE

CALL AMCMU(WAV,SMUAV, TMUAV,AMUAV, AMAV,CMUAV)

CALL AMCMU (WBV,SMUBV,TMUBV,AMUBV, AMBV, CMURV)

CALL THP(THAV,TANP,COSP,AMUAV, THPM,SINP)

CALL THM(THDV,TANM,COSM,AMUBV, THMM,SINM)

STHAV=SINF (THAV)

STHBV=SINF (THBV)

XATY=XA*TANP-YA

XC=(XATY+YB-XB#TANM) / ( TANP=TANM)

YC=XC#TANP-XATY

ACL=SMUAV*TMUAV®STHAV/CCSP
MUBV#TMUBV#STHBV/COSM

YAV=AVRGF (YA, YC)

YBV=AVRGF(YB,YC)

IFEYAV4YBY) 1,2,1

TEMP=-THA#TMUAV+(XC=XA) #*ACL/ YAV
THC=(-WA-WAV*TEMP+WB+WBV* ( THB# TMUBV+ (XC—XR) *BCM/YRV) )/
1(WAVTMUAV+WBV*TMUBY)

WC=WA+WAV® (TMUAVSTHC+TEMP)

GO TO S

w
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2 THC=(-WA+WB)/(2.% (WAV*TMUAV+WBV&TMUBV) )
WC=WA+WAV®2,«TMUAV#*THC

GO TO S

THAV=AVRGF (THA, THC)
THBV=AVRGF (THB, THC)

WAV=AVRGF (WA, WC)

WBV=AVRGF (WB,WC)

GO TO 30

CONTINUE

CALL AMCMU(WC,SMUC,TMUC,AMUC,AMC,CMUC)
CALL PSI(WC,PPC)

RETURN

END
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P-700.1
PART II1 COMPUTES BOUNDARY LAYER USING
WALL POINTS PUNCHED BY PART II

DIMENSION FS(2),SUM(2),ANS(2),X(2000),Y(200C),W(200G),RRT(2000),
1THF(2000),T1(2000),SVY(2000),SVDELT(2000),DELS(2000),YY(2203)

COMMON OPT

COMMONTI yRRI,TO, THByQSUM4QW,EN,ERR,UT yHW4R,HT,CON1,CON2,
1CONyT3HyQsFRyFPRyH3, HWS y Ky RHOT y QL 4 X3 Y, Wy RRTy THF y SVY, SVDELT 4 DELS , YY
2 »RHOT,VE,R1,C1,D1,E1,THI,GC,

3 OMEGA, THW, XMy TLTGy JLIM,DEBUGyNsL,ACASE,ALPHA,
UBETAGAMy TAUSPRyTTIG X1, Y1,EMI 3 W1,RRT1,THF1,TI1,

S TLTI,TT11,THETA,DXB,DU,

6DR,DY, PI,EMU,RETH, TEMP,FT,FTPR,H1, DSDEL,
TTHDEL, TAW,ALP,CW,C2,C3,Cl4,FTT,FTTPR,H2,CF2,0STH,

8DTDX, YPD,DEL

9 +DP,CP,BP, AP, HI
1 WRITE OUTPUT TAPE 6,25

25 FORMAT(1H 6XSHACASE 13X4HRHOT I14X2HVE 15X2HR115X2HC 115X2HD 1

115X2HE 1/7X3HTHI 15X2HGC 15X THR15X3HTHB
213XSHOMEGATUX2HTWILX3HERR/ 8X2HXM ILXLUHTLTG
312XSHALPHA13X4HBETA13X3HGAM 14X 3HTAU15X2HPR/
LTXUHTT1GI4X2HTQ 15X 2HAP 15X 2HBP 1 5X2HCP 15X2HDP 15X2HHT)

103 FORMAT(IH TE17.8)

100 FORMAT(1HO6E17.8/6E17.8)
CALLFINP(39,RHOT,VEsR1,C1,01,E1,THI,GC4R, THE,0MEGA,
1TW,ERRy XM, TLTG,JLIM, DEBUG,N, Ly ACASE, ALPHA,BETA,GAM,
2TAU4PR,TT1G,T2,AP,BP,CP,DP,HT,APP,BPP,CPP,YSTAR,
30PT,DIFN,DIFD)
WRITEOUTPUTTAPEG, 103, ACASE,RHOT,VE4R1,C1,D1,E1,THI,GC,R,THB,0OMEGA,
1TW,ERRy XMy TLTG,ALPHA, BETA,GAM, TAU,PR,TT1G
29TU4AP,BP,CP,DP,HT

26 FORMAT(1H BXTHX16X1THYT4XSHTHETA13X4HCF/2
TT4XTHNIUX6HTH/DEL/ SXTHY +DELST 1 1XSHDELST13X3HDEL
214 X4HRETH13XUHTLTI 10X9HDELST/DEL )
J=JLIM
SUBROUTINE BIRD READS BINARY CARDS CONTAINING XyYyM,WyRHO/RHOT,
THETA,T
LIMIT OF 2000 CARDS
REAC IN WALL POINTS EXIT TO THROAT
MULTIPLY X AND Y BY XM AND STORE THROAT TOEXIT
1000 CALLBIRD(X1,TI1)
X(J)=XTexM
Y(J)=YlexM
WiJ)=wW1
RRT(J)=RRT1
THF(J)=THF1
TI(J)=TI1
SVY(J)=Y(J)
50 SVDELT(J)=0
J=J-1
IF(J)81,81,1000
TLTI=TLTG
TT11=TTIG
THETA=THI
WRITEQUTPUTTAPEG,26
SENSE LIGHT 1
D080J=1,JLIM
K=J
RHOI=RRT(J)#*RHOT
UI=W(J)*VE
PI=R1*TI(J)#*RHOI
EMU=(CI1#(TI(J)»#1.5))/((TI(J)==D1)+E1)
EQUATION B10
IF(PI-20000.)2C3,203,204
203 QI=1.
GOTOL
204 QI=PI#(PI=(PI*(TAU)+GAM)+BETA)+ALPHA
4 IF(THB/TT11-24.)120,120,101
1 FT=VE®VE-QI#(7.#TT11%R)
FTPR=-QI%(7.#R)
GOT0102
120 TEMP=EXPF(THB/TT11)
FT=VE#VE-QI®(7.#TT11#R+(2.#R#THB)/(TEMP-1.))
FTPR=-QI#(7.#R+(((THB*THB#2.#R)/(TT118TT11))=TEMP)
1/UITEMP=1.)%2%2))
102 H1==FT/FTPR
TT11=TT114H1
IF(ABSF(HI/TT11)-ERR)S5,5,4
EQUATION Blo
IF(CPP)LOC,401,u400
401 Tw=TT11
GOTO4yu2
400 TW=(CPP-APP®(SVY(J)/YSTAR)##1.8)/(1.+BPP=*(SVY(J)/YSTAR)*«1.8)
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EQUATION B11

IF(PI-20000.)205,205,206

QW=1.

G0T0207

QW=PI=(PI#(PI#(CP)+CP)+BP)+AP

IF(THB/TW-24.) 124,104,105

HWS=(T7.#TW)/(2.#T0)

GOT0106

HWS=(T.#TW)/(2.#TO)+THB/ ((EXPF(THB/TW)-1.)%TG)
IF(THB/TI(J)-24.)107,107,108

HI=(7.#TI(J))/(2.%70G)

GOTO0109

HI=(T.#TI(J))/(2.#TO)+THB/ ((EXPF(THR/TI(J))=-1.)#T9)
QSUM=(QI-QW)/ (HI-HWS)

IF(THB/TW-24.)110,110,111

HW=((7.#TW)/(2.%T0))#QW

GOT0112

HW=((T.#TW)/(2.#TO)+THB/ ((EXPF(THB/TWI~T.1 T3} )#QW
RET=(RHOI®*UI)/(EMU=12.)

RETH=RET#THETA

EQUATICON B85
EN=1.77#.43429448#LOGF(RETH)-.38-200./RETH
I[F(SENSELIGHT1)511,502

IF (ABSF(EN-ENP)-DIFN)500,500,501

SENSELIGHTI

RRI=.125

SURROUTINE GAUSS INTEGRATION 5 INTERVALS AND 32 POINTS PERINTERVAL
CALL GAUSS(N,Ls0.s1.42,5,FS,SUM,ANS,3)

DELTA STAR/DELTA

DSDEL=1.-ANS(1)

THETA/DELTA

THDEL=1.-CSDEL-ANS(2)
TAW=(PR#%#,33333333)«(TT11-TI(J))+TL(J)
ALP=(1.+40MEGA)/(EN+1.)

CH=TW/TI(J)

C2=(THW-TAW)/TI(J)

C3=(20.#EN®THDEL/RETH) #=(1./(EN+1.))
Ch=(TAW-TI(J))/TI(J)
FTT=CW-C2#C3#(TLTI*%ALP)-CL#C3#C3w(TLTI**(2.#ALP))-TLTI
FTTPR=—ALP#C2#C3# (TLTI##(ALP=-1.))-2.#ALP*CLC3#C3w
T(TLTI#=(2.#ALP-1.))-1.

H2=-FTT/FTTPR

EQUATION B14

TL/TI

TLTI=TLTI+H2

IF(ABSFIH2/TLTI)-ERR)6,6,7

EQUATION B13

CF/2
CF2=(1./(20.#EN))#C3#C3#((TLTI)##((1.+2.%0OMEGA—EN)
1/(EN+1.)))

DELTA STAR/THETA

DSTH=DSDEL/THDEL

0 DELS(J)=DSTH*#THETA

YPD=SVY(J)+DELS(J)

DEL=DELS(J)/DSDEL
WRITEOUTPUTTAPE&,100,X(J),Y(J),THETA,CF2,EN, THDEL,YPD,DELS(J),DEL,
TRETH,TLTI,DSDEL

YY(J)=Y(J)

Y(J)=YPD

IF(J-1)504,505,504

DELSP=DELS (J)

GOT0509

DXB=(X(J)=X(J=1))/COSFITHF(J=1))
DU=VE=(W(J)=-W(J-1))
DR=RHOT# (RRT (J)=-RRT(J=1))

DY=Y(J)=Y(J-1)

D THETA/D X
DTOX=CF2P-THETAP#(((2.+DSTHP)*DU)/(UIP#*DXB)+DR/ (RHOIP#*DXB)
1+DY/(Y(J=1)*DXB))

THETA=THETAP+(DTDX)*DXB
IF(SENSELIGHT1)508,506
IF(ABSF((DELS(J)=DELSP)/SVY(J))-DIFD)509,509,508
DELSP=DELS(J)

ENP=EN

G0T0543

Y(J+1)=Y(J+1)+DELS(J)

CF2P=CF2

THETAP=THETA

DSTHP=DSTH

urp=ul

RHOIP=RHOI

SENSELIGHT1

CONTINUE

XINT=0

WRITE OUTPUT TAPE 6,514

USE SECOND ORDER INTERPOLATION TO FIND GIVEN POINTS
DX=.10 IF Y LESS THAN 1.

DX=.25 IF Y GREATER THAN 1. AND LESS THANS,
DX=.50 IF Y GREATER THAN 5.

CALL FTLUP(XINT,YINT,2,JLIM,X,YY)

WRITE OUTPUT TAPE 6,513, XINT,YINT
IF(YINT=YY(JLIM))10G641,41
IF(YINT-1.)1002,1009,1009

XINT=XINT+.1

GO TO 1005

IF(YINT-5.)1063,1004,1004

XINT=XINT+.25

GO TO 1005

XINT=XINT+.5

GO TO 1005

FORMAT (1H 2F12.4)

FORMAT (1H 6XTHXT1X1HY)

k9
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END

SUBROUTINEFOFX(S,FS)

DIMENSION FS(2),SUM(2),ANS(2),X(2002),Y(2000),W(2I0C),RRT(2:0.),
1THF (20000, TI(2003),SVY(200G),SVCELT(2900),0ELS(2901),YY(20C.)

COMMCN CPT

COMMONTI,RRI,TU, THB, QSUM,QW, EN,ERR, Ul yHW,R,HT 4CON1,CON2,

TCONyTyHyQyFRyFPRyH3,HWS s K, RHOT , QL 4 X, Yy W RRT, THF, SVY, SVDELT,CELS ,YY

CONI=((UI*UI)/(R=TG))
CON2=Swe(1./EN)

CON=CONT#(HWe®(1.-CON2)/CONT+HT*CON2/CON1~-.58CON2#CON2)

ITCRATE FOR RHO/RHOI
T=TI(K)/RRI

IF EXPONENTIAL GREATER THAN 24,
ECUATION B9
IF(THB/T-24.)113,113,114
H=(T7.#T)/(2.%70)

GO0 TO 1152

H=(7.%T)/(2.#TO)+THD/((EXPF(THB/T)=1.)=*TC)

IF(CPT)115,1150,115

0=QI

GO TO 1151

0=(QJSUM)® (H-HWS) +QW

IF EXPONENTIAL GREATER THAN 2u.
IF(THB®RRI/TI(K)-24.)116,116,117

OMIT TERM

CMIT TERM

117 FR=Qe((7.#TI(K))/(2.%T3#RRI))-CON

116 FR=Q®((7.#TI(K))/(2.«TO®RRI)+THB/ ((EXPF(THB®RRI/TI(K))=1.)8T3))

118

125

126

&
oo

4y
102

FPR=Q#((-7.#TI(K))/(2.#TO#RRI*RR
GO TO 118

1-CON

FPR=Q#((~7.#TI(K))/(2.#TO®RRI®*RRI)~(THB* THR*EXPF (THR*RRI/

1)

ITI(K)))/(TCeTI(K)# (EXPF(THB#RRI/TI(K))=1.)%s2))

H3=-FR/FPR

EQUATION B12
RRIN=RRI+H3

IF(RRIN) 125,125,126
RRI=RR1®*.5

GO 10 11

RRI=RRIN
IF(ABSF(H3/RRI)-ERR)1J,19,11
FS(1)=RRI®(Se#=(1./EN))
FS(2)=RRI®*(S*#s»(2./EN))
HOLC=S

HOLC2=FS(1)
HOLD3=FS(2)

FORMAT(1H TE17.8)
RETURN

END
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