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INTRODUCTION

To determine the complete convective heat-transfer distribution

_ for configurations flying at hypersonic speeds, one must consider the
viscous:inviscid interactions associated with the complex three-dimen-
sional flow fields. Because of the complexity of the viscous: inviscid
interaction phenomena, many investigators have studied the locally per-
turbed flow fields using models consisting of basic elemental combinations.
By varying the relative position of shock-generating elements, Edneyl ob-
served that there are six basic shock-interference patterns. Hains and
Keyes2 have categorized shock-interference patterns obtained for a

variety of space-shuttle configurations in terms of the modz=ls by Edney.

Bertin, et a1.3, examined surface-pressure and heat-trar sfer-rate
data for a variety of shuttle-orbiter configurations over an angle-of-
attack range from 0° to 60°. It was found that the '"type" of shock-inter-
ference pattern was dominated by the leading-edge effective sweep angle.
For the relatively low sweep angles of the straight-wing orbiters, the
interaction between the bow-generated shoqk—wave and the wing-generated
shock-wave was a "Type V'" shock-interference pattern. For the delta-wing
orbiters, the shock:shock interaction exhibited the characteristics of a
"Type VI" pattern for all alphas.

Theoretical calculationsé’5 of the inviscid shock-interaction flow-
field, coupled with empirically derived surface—pressure:heat—transfer
correlations of the viscous interaction phenomena, indicate that the local
increases in heat transfer and in surface pressure associated with the
Type IV and with the Type V interactions become markedly more severe as
y decreases. Since the current shuttle entry-configurations have highly
swept wings, the present investigation was undertaken to determine the

effect of the gas-property model on the Type VI shock-interference pattern.
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Numerical codes were developed to calculate the two-dimensional flow field
which results when supersonic flow encounters double wedge configurations
whose angles are such that a Type VI pattern occurs. The flow-field

model included the shock-interaction phenomena obgerved in ref. 3 for a
delta-wing orbiter. Two numerical codes were developed: one which used the
perfect gas relations and a second which incorporated a Mollier table to
~define equilibrium air properties. The two codes were used to generate
theoretical surface-pressure and heat-transfer distributions for velo-
cities from 1167 m/sec (3821 ft/sec), i.e., a wind-tunnel condition, to

7610 m/sec (25,000 ft/sec), i.e., an entry condition.
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NOMENCLATURE

speed of sound

pressure coefficient

pressure gradient normal to surface

velocity gradient function

stagnation enthalpy gradient function

static enthalpy

stagnation enthalpy

Mach number

transformed n-coordinate

pressure

Prandtl number

heat~-transfer rate

heat-transfer rate to reference sphere

radius of cross-section for a body of revolution
radius of reference sphere

Reynolds number based on local properties and wetted length
gas constant

wetted distance along wing leading-edge, also entropy
static temperature

recovery temperature

streamwise velocity (capital letter denotes free-stream velocity)
axial coordinate

transformation parameter

ratio of specific heats

initial turning angle

transformed y-coordinate
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t2

shock angle

sweep angle (see Fig. 1)

complement of sweep angle (see Fig. 1)

viscosity

Prandtl-Meyer angle

pressure ratio across a shock wave

density

Subscript
parameter
parameter
parameter
parameter
indicates
indicates

parameter

evaluated at the boundary layer edge
evaluated in the expansion fan
evaluated in the free-stream region
normal to shock wave

stagnation condition

stagnation condition in region 2

evaluated at the wall



THEORETICAL ANALYSIS

The complex flow field, which is established when a high-speed
flow encounters a double-wedge configuration, is dominated by a
shock-interaction region which imposes a highly non-uniform flow field
adjacent to the wedge boundary layer. If the two wedge angles are
not too large, the shock waves associated with the flow deflection
are attached. The ghock—interference pattern which results for this
case has been designated by Edney as a Type VI pattern. For the
computer code developed in the present study, it was assumed that
the Type VI shock-interference pattern for a double wedge configuration
(as shown in Fig. 1) includes:

1) the undisturbed free-stream flow,

2) the flow turned through the angle § by a single shock wave,

3) the flow turned through the angle AS by two shock waves,

4) the flow processed by the right-running waves of the expansion
fan which are centered at the intersection of the two shock
waves,

5) the flow which passes through the left-running waves produced
by the reflection of the waves of the expansion fan, and

6) the flow turned through the angle AS by a single shock wave.

The flow near the juncture of the two wedges, i.e., in region 3, has
passed through two shock waves. Further outboard on the downstream
wedge, 1.e., in region 6, the flow has passed through a single

shock wave and is, therefore, at a lower pressure than that in region

3. Thus, although the flow directions are the same, the gas must



undergo an expansion from the root region to equalize the pressure.
The flow accelerates isentropically through the expansion regions

so that the pressure and the flow direction in region 5E are identical
to the values for region 6. The current study is concerned with the
shock-interaction flow-field phenomena, which directly influence the
wedge surface flow properties (i.e., pressure, shear, and heat trans-
fer). Therefore, the flow-field properties along the wall were cal-
culated including the interactions between the right-running and left-
running waves in the numerical code. However, no attempt was made to
model the shear layer which develops between the shock wave and the
expanding flow, since this shear layer does not interact with the

wedge surface for the two-dimensional Type VI interaction.

Perfect-gas code. - The first steps were the calculation of the flow

conditions downstream of an oblique shock for a given flow-deflection
angle and for a given gamma, i.e., in regioms 2, 3, and 6. The

flow conditions in region 5E could then be calculated, since the

static pressure in region 5E is equal to the static pressure in

region 6 and, under the isentropic-expansion assumption, the stagnation
pressure in region 5E is equal to the stagnation pressure in region

3. The expansion process by which the gas accelerates from region 3

to region 5E was divided into ten equal steps. To satisfy the physical
boundary condition that the flow in region 5E be parallel to the wall,
the total change in the Prandtl-Meyer angle was divided into ten

equal parts: the five right-running waves of region 4 and the five
reflected waves constituting region 5. The governing equations for

these calculations are summarized in ref. 6. Having defined the



inviscid flow-field and, hence, the conditions at the edge of the
boundary layer, the heat-transfer distribution along the downstream
wedge was calculated using the Eckert-reference-temperature technique7.
For the wind-tunnel flow-condition, where the perfect gas relations
accurately describe the gas behavior, the Eckert-reference-temperature
heating rates compared favorably with the values obtained using the
nonsimilar boundary-layer code described below. Due to the simplicity
of the Eckert method, it was used with the perfect-gas calculations.
The boundary-layer of the downstream wedge was assumed to originate at
the intersection of the two wedges (point 0 in Fig. 1).

One way of approximating the high-temperature, or real-gas, pro-
perties of air is to use lower values of gamma in the perfect-gas rela-
tions. Therefore, the equations for the perfect-gas code have been
written so that one can input one value of gamma for regions 1 and 2,
another gamma for regions 3 through 5E, and a third value for region 6.
Thus, one can "account for" the varying shock strengths. The perfect-
gas code was used to generate three '"different” types of solution. For
the present paper, these types of solution are referred to as:

(a) '"perfect-gas' solution for which y = 1.400 throughout the

flow field,

(b) 'constant-gamma' solution for which y = 1.200 thoughout the
flow field,

(¢) '"variable-gamma' solution for which different values of gamma
were assigned to the three input gamma parameters. (The
required values were obtained from the real-gas solutions.)

To be consistent in the perfect-gas assumption, the specific heat

of air was held constant both for the constant-gamma and the variable-

. . 6
gamma solution. Sutherland's relation was used to calculate the viscosity.



Assuming the Prandtl number to be 0.7 uniquely determined the thermal

conductivity.

Real-gas code. - Philosophically, the calculation procedure for the

shock-interaction pattern using the real-gas code was similar to that
described for the perfect-gas code. However, to account for the high-
temperature, or '"real-gas', effects all thermodynamic properties are
.evaluated using numerical charts for air in chemical equilibriumg.

Reference 9 was used to define the temperature dependence of the
transport properties of equilibrium air, i.e., viscosity, thermal con-
ductivity, and specific heat. Once the oblique shock relations have
been used to define the static pressure and the entropy for the two end
regions, the expansion from region 3 to region 5E is divided into ten
equal steps. The flow conditions in the intermediate regions of the
isentropic expansion are calculated using the relations of ref. 10.

The relations require the static enthalpy and the local speed of sound
for the intermediate regions, which are evaluated using the tables for
the equilibrium airs.

The heat-transfer distribution along the downstream wedge is cal-
culated using a nonsimilar boundary-layer codell, which was modified so
that the thermodynamic properties for the viscous flow would also be
calculated using ref. 8. 1In addition to accounting for the ''real-gas"
effects, the effect of the acceleration of the inviscid flow is included
in the nonsimilar code. As before, the boundary layer is assumed to

originate at the junction of the two wedges.



DISCUSSION OF RESULTS

The objective of the current analytical investigation was to
determine how to apply the shock-interference data obtained in the
wind tunnel3 to the reentry of a shuttle orbiter. For simplicity,
the numerical code was restricted to a two-dimensional flow model with
the second, or downstream, wedge representing the wing leading edge.
The initial deflection angle § was 5° for all solutions. This value
was chosen, because the shock standoff distance in the vicinity of
the wing leading-edge correlated reasonably well with the bow-wave
trace observed in wind tunnel tests. The deflection angle AS of
the downstream wedge was varied from 25° to 630, which corresponds
to leading-edge sweep angles from 65° to 27°. The dimensions of the
0.009 scale orbiter tested in Tunnel B of AEDC3 were used to define
the characteristic lengths of the wedges.

For this study, numerical solutions were generated to determine
the effect of gas properties on the flow field and of the wall temperature
on the heat transfer in the region where the Type VI shock-interaction
influenced the "wing leading-edge'. Flow-field solutions were
generated for three free-stream conditions.

1) a wind tunnel condition where

U, = 1167 m/sec, P_ = 2.98 mmig, T = 53°K

(u_ = 3821 ft/sec, P_ = 0.057 psia, T_ = 95°R)
2) an orbiter entry condition where

U_ = 4330 m/sec, P_ = 0.333 mmHg, T_ = 273°K

(U_ = 14,200 ft/sec, P_ = 0.0064 psia, T_ = 491°R)
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3) an orbiter entry condition where
U_ = 7610 m/sec, P_ = 0.0268 mmHg, T_ = 195°K

(U_ = 25,000 ft/sec, P_ = 0.00052 psia, T_ = 352°R).

Solutions were obtained using both the perfect-gas code and the real-gas
code at all flow conditions. In addition, the variable-gamma option was
used to generate solutions for flow conditions 2 and 3. Heat-transfer
distributions along the downstream wedge were obtained for all three free-
stream conditions for a wall temperature TW of 394°K (710°R) and for the
two entry conditions for a Tw of 1640°K (29600R).

The effect of the gas properties on the calculated geometry of the
Type VI shock-interference pattern is illustrated in Fig. 2. The output
from the real-gas solutions was used to define the gamma distribution
for input for the variable-gamma solution. Thus, Yy =Yy = 1.400,
Y3 = Y, T Y5 T 1.214, while Yg = 1.163. The geometry for the variable-
gamma solution compares favorably with the real-gas geometry. The region
where the leading edge is influenced by the shock interaction is essen-—
tially the same for these two solutions. The shock layer is thicker for
the real-gas solution. For these deflection angles, the location and
the extent of the surface affected by the expansion fan differs little
between the perfect-gas solution and the real-gas solution. This sim-
ilarity exists even though, in region 3, y is 1.214 for the real-gas
solution and is, of course, 1.4000 for the perfect-gas solution. How-
ever, because the density ratio across a shock wave is higher when the
real-gas properties are accounted for, the shock layer along the wing
leading-edge is markedly thinner for the real-gas solution.

The pressure distributions along the leading edge of a 60° sweep
"wing" are presented in Fig. 3 for the entry velocity of 4330 m/sec.

So that the pressure variations could be seen more clearly, the scale
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has been greatly expanded for the region where the expansion fan impinges
on the "wing leading-edge'. The vertical marks in Fig. 3 indicate the
various regions of the field, using the same legend as the theoretical
distributions.

As noted in Fig. 2, the interaction-perturbed region for the perfect-
gas solution is inboard relative to the real-gas solution, although the
locations differ only slightly. However, for a given region, the perfect-
gas surface-pressure correlates quite well with the real-gas value (Fig.
3a), with the perfect-gas solution yielding a slightly higher pressure.
Over the range of the free-stream conditions of the present study, the
perfect-gas surface-pressure in a given region of the flow field was
within 10% of the real-gas value. As noted in Fig. 2, the locations of
the interaction—perturbed regions for the real-gas solution and for the
variable-gamma soluticn are in close agreement. However, the pressures
for the variable-gamma solution are significantly lower than the real-
gas solution. The discrepancy between the real-gas and the variable-
gamma values of surface pressure in a given region typically varied from

15% to 25%.

The heat-transfer distributions along the wing leading-edge are
presented in Fig. 4 for the entry velocity of 4330 m/sec. The
local heat-transfer rate has been divided by the stagnation-point
heating rate12 for a reference sphere, whose radius was chosen to be
0.0027m and which is at the same temperature as the wedge surface.

The dimensionless heat-transfer parameter (/4 (or, since the

t,ref
wall temperatures are equal, the equivalent ratio of heat-transfer
coefficients) is commonly used in shuttle application. Heat-transfer

distributions were calculated for wall temperatures of 394°k and of

1640°K.
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The dimensionless heat-transfer distributions computed using the
real-gas code are compared with the perfect-gas solutions and the var-
iable-gamma solutions in Figs. 4a and 4b, respectively. The wall-
temperature variation had little effect on the heat transfer. The heat-
transfer distributions for the variable-gamma solution correlate closely
with the real-gas heat-transfer distributions. The difference in the lo-
cation of the interaction-perturbed region contributes to the only sign-
ificant difference between the perfect-gas heat-transfer and the real-gas
heating (and the difference is magnified by the expanded scale). However,
for engineering applications, both the perfect-gas distribution and the
variable gamma distribution are in satisfactory agreement with the real-
gas distribution. Similar correlations were found for the highest velo-
city solution. However, near the wing root, the difference between the
perfect-gas heat-transfer and the real-gas heating was slightly greater
at the highest velocity (i.e., condition 3 in Fig. 9).

The local increases in the real-gas heat-transfer distributions which
are evident at the beginning of each flow region are due to the local ac-
celeration of the inviscid flow. The waves of the expansion fan produce
a step-function decrease in pressure and a corresponding step-increase in
the local velocity at the edge of the boundary layer. Thus, the nonsimilar
boundary-layer solutions yield local increases in heating due to the local
velocity gradient. There are no locally severe heating rates, which could
cause design problems, indicated either in the real-gas solutions or in
the perfect-gas solutions. However, the flow model fér the calculations
does not include imbedded shock waves or other three-dimensional flow
phenomena, which might occur near the wing-root fairing. Such flow
phenomena caused local increases in heating to delta-wing orbiter configura-

tionsB.
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The location and the extent of the interaction-perturbed region of the
"wing leading-edge' for the real-gas solutions are presented in Fig. 5 as a
function of leading-edge sweep. The limits of the band represent the inter-
sections of the limits of the centered expansion fan, i.e., region 4 of Fig.
1, with the leading edge. The locations are presented as the distance from
the junction of the two wedges (S) divided by the radius of a reference
sphere (R, which is equal to 0.0027m). Calculated locations from the real-
gas solutions are presented for sweep angles from 60° down to the minimum
sweep angle for which a Type VI pattern exists. The minimum sweep angle
decreases as the free-stream velocity increases. For the higher velocity
entry-condition, the Type VI pattern is possible for sweep angles as low
as 27°. The perturbed region moves inboard toward the wedge junction as the
velocity increases.

The effect of the free-stream velocity on the nondimensionalized heat-
transfer rate is indicated in Fig. 6. Calculations are presented for region
3 (upstream of the expansion fan) and for region 5E (downstream of the ex-
pansion fan). Since the interaction-perturbed region moves inboard as the
velocity increases, the point in region 3 is near the inboard edge of the
interaction region for the highest velocity. Correspondingly, the point of
region 5E is near the outboard edge for the lowest velocity. For both the
perfect-gas solutions and the real-gas solutions and for both wall tempera-
tures, the nondimensionalized heat-transfer rate increases significantly
with velocity. The dimensionless heating for the higher entry velocity is
roughly twice that for the wind-tunnel condition for region 3, somewhat less
for region 5E. This implies that one should not extrapolate wind-tunnel
data directly to flight conditions. Instead the wind-tunnel data should
be used to construct a viable model of the flow field. The flow-field

model can then be used to generate the required aerothermodynamic environ-

ment at the conditions of interest.
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The shock-interaction geometry, the surface-pressure distributions,
and the heat-transfer distributions are presented in Figs. 7, 8, and 9,
respectively, for the highest velocity condition (i.e., condition 3) with
a sweep angle of 60°. The correlations between the perfect-gas solution,
the variable-gamma solution, and the real-gas solution are similar to those
observed in the previous figures for the middle velocity condition.

As can be seen in Fig. 7, the interaction-perturbed regions are virtu-
ally the same for the variable-gamma solution and for the real-gas solution.
The location for the perfect-gas solution is only slightly inboard. The
shock layer for the real-gas solution is slightly thinner than that for the
variable-~gamma solution and markedly thinner than that for the perfect-gas
solution.

The relations between the various solutions for the leading-edge
pressure-distributions obtained at the highest velocity correspond to those
noted for the middle velocity solutions. For a given region of the expansion
fan, the perfect-gas pressure is in reasonable agreement with the real-gas
value. The difference between the perfect-gas distribution and the real-gas
distribution is accentuated by the expanded scale of Fig. 8. Even though
the real-gas solution was used to specify the input values of gamma for the
variable~gamma solution, the variable-gamma pressures do not match the real-
gas values as well as the perfect-gas pressures.

As can be seen in Fig. 9, the wall-temperature variation has no signifi-
cant effect on the theoretical heat-transfer distributions. The variable-
gamma distribution closely follows the real-gas distribution. The differ-
ences between the perfect-gas heat-transfer and the real-gas heating are
greatest in regions 3 and 4AW, i.e., near the junction of the two wedges.
Downstream, the correlation between the real-gas solution and the other two
solutions is similar.

Theoretical solutions have been obtained for a variety of sweep angles.
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The solutions of the Type VI shock-interaction for flow condition 2 are pre-
sented in Figs. 10 through 12 with a sweep angle of 40°. These solutions
exhibit several interesting characteristics. TFor this flow condition, the
shock-interference pattern undergoes critical changes as the sweep angle
varies. No perfect—-gas solution is presented. This is because, for this
wedge geometry, the perfect-gas relations require a Type V pattern. Even at
hypersonic speeds, perfect air can not turn through a single, linear shock
wave parallel to a 50° wedge6. Also note that the curved shock region near
the reflected waves is not presented in Fig. 10a. This is because the numeri-
cal scheme used in the present real-gas code does not yield the continuously
curved shock required to turn the flow from the free-stream direction

parallel to the flow in region 4E. However, a solution still exists for
region 6 and, therefore, region 5E. Therefore, the shock-interference pattern
is still basically a Type VI pattern. The curved shock would, of course, be
produced in the actual flow. But since the velocity gradients and the pressure
gradients of curved streamlines are not modeled numerically in the current
code, the code outputs for this situation: 'curved shock not modeled”. It

has been noted that the geometry for the variable-gamma solution is only
slightly different than the real-gas geometry. However, because of the differ-
ence, the complete variable-gamma geometry (within the assumptions of the
numerical code) is generated (Fig. 10b).

As was noted at the larger sweep angles, the variable-gamma pressure do
not correlate exceptionally well with the real-gas values (Fig. 11), but the
heat-transfer rates do correlate well (Fig. 12).

To simulate the large density changes which exist across a shock wave
in hypersonic flight, experimental investigators often make use of wind
tunnels for which the test gas has a relatively low value of gamma, e.g.,

ref. 13. Using tetrafluoromethane (CF4) as the test gas, the free-stream
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specific~heat ratio for the Langley facility varies from 1.17 to 1.3l at
Mach 6 (ref. 14). Therefore, theoretical solutions of the Type VI shock-
interference pattern for the double-wedge configuration with A = 60° have
been computed for a perfect gas with y = 1.2 throughout the flow-field.
These solutions are designated ''constant-gamma' solutioms.

The location of the interaction-perturbed region is presented in
Fig. 13 as a function of the free-stream velocity. Reviewing the legend:
(a) ‘perfect-gas' uses the perfect-gas relations with y = 1.400
throughout the flow field,
(b) "constant-gamma'' uses the perfect-gas relations with y = 1.200
throughout the flow field,
(c) "variable-gamma'" uses the perfect-gas relations with Yis Ygo and
Y specified from the real-gas solution (yl =, and Y3 = Y, T YS),
and
(d) 'real-gas' uses the equilibrium air properties to describe the
gas behavior.
Since vy for air is, in fact, essentially 1.4 throughout the flow field for
the lowest velocity considered, no variable-gamma solution was obtained for
this condition (i.e., condition 1). With the exception of the constant-
gamma solution, the various solutions provide similar locations of the
interaction-perturbed region over the velocity range considered. At the
higher velocities, the interaction-perturbed region is relatively inboard
for the constant-gamma solution. For a given geometry of the double-wedge
configuration, the location of the interaction-perturbed region is a func-
tion of the bow shock-wave angle (generated by the initial deflection), of
the leading-edge shock-wave angle (generated by the second deflection), and
of the Mach numbers in regions 3 and 4 (which determine the expansion waves).

The shock angle for vy = 1.2 is nearer the surface than is the shock angle for
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vy = 1.4. Thus, since the actual y is essentially unchanged for the first
deflection angle, the bow shock-wave for the constant-gamma solution inter-
sects the leading-edge shock nearer the root than is the case for the real-
gas solution or for the perfect-gas solution (which yield essentially
identical results). The low-velocity, constant-gamma solution for the in-
teraction region correlates with the other solutions because both the bow
shock angle and the leading-edge shock angle are relatively small causing
the shock: shock intersection to be relatively outboard.

The pressure distributions along the wing leading-edge are compared in
Fig. 14. For the wind-tunnel condition, i.e., condition 1, the perfect-gas
solution (y = 1.400 everywhere) yields flow conditions in regions 3 and 6
which are identical to the corresponding flow conditions computed using
the real-gas code. Differences occurred in the perfect-gas solution and
the real-gas solution for the local pressures and the interaction locations
of the expansion fan. Because regions 3 and 6 are identical and because
the differences between the two solutions are attributed to the difficulty
in using the Mollier charts at these low temperatures, the perfect-gas
solution with y = 1.400 (Fig. l4a) represents the actual flow. The con-
stant-gamma solution yields pressures which are significantly lower than
the other two solutions. As noted previously, the angles both for the
bow shock and the leading-edge shock are relatively small for y = 1.200
and, therefore, the interaction region matches that for the other two
solutions.

For the middle velocity condition (Fig. 14b), the shock-interaction
region for the constant-gamma solution is relatively inboard. It has been
established that the difference is due to the fact that the initial shock
wave is weak and, therefore, does not significantly alter gamma from its

actual free-stream value of 1.400. When comparing the pressure from a
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given region, the constant-gamma value is lower than the real-gas value by
approximately the same amount that the perfect-gas value is higher than the
real-gas value.

For condition 3 (Fig. l4c), the constant-gamma pressure in a given
region is in very good agreement with the perfect-gas pressure for that region.
For a given region, the real-gas solution yields pressures somewhat lower than
the two other solutions. Again, however, because the bow shock-wave generated
by the initial turning of the flow is much closer to the body when y = 1.200
than it is for the real-gas solution or for the perfect-gas solution, the
constant-gamma interaction region is markedly inboard.

The heat-transfer distributions for the leading-edge of a wing with
60° sweep are presented in Fig. 15. The constant-gamma solution is compared
with the perfect-gas and the real-gas solutions. Because the free-stream
values of temperature and of pressure were used to define the flow condition,
negative heat transfer, or cooling, existed when vy = 1.200 for the wind-
tunnel flow condition. Thus, heat-transfer distributions are not presented for
the wind-tunnel condition. Heat-transfer distributions are presented for con-
ditions 2 and 3 in Figs. 15a and 15b, respectively. The comparisons between
the various theoretical solutions are similar for both flow conditions. The
differences in the heat-transfer distributions are due principally to the
differences in the locations of the interaction-perturbed regions. These
differences are greatest at the higher velocity. The perfect-gas solutions
(y = 1.400 throughout) compare more favorably with the real-gas heat-trans-

fer distributions than do the constant-gamma solutions (y = 1.200 throughout).



CONCLUDING REMARKS

Using a two-dimensional flow model of the Type VI shock-interaction

pattern, the aerothermodynamic environment has been calculated for a

"simulated" wing leading-edge of a delta-wing orbiter. Calculations have

been made for velocities from 1167 m/sec to 7610 m/sec for perfect-gas pro-

perties, for constant-gamma gas properties, for variable-gamma gas pro-

 perties, and for real-gas properties. Based on the calculations of the

present study, the following conclusions are made.

1.

Free-stream flight conditions were found to produce Type VI
interaction patterns for effective wing leading-edge sweep
angles as low as 270, when the real-gas effects were considered.
Perfect-gas solutions for the flow geometry and the pressure
distribution were in good agreement with the real-gas solutions.
The use of effective gammas did not adequately represent real-
gas effects in the surface~-pressure distribution.

The correlation between the perfect-gas solution and the real-
gas solution for the heat-transfer distribution was essentially
independent of the wall temperature, but depended on the free-
stream velocity. The heat-transfer distributions for the
variable-gamma solution correlated closely with the real-gas
heat-transfer distributions. No locally severe heating rates,
which would cause design problems, were found.

When the local heat-transfer rates were nondimensionalized
using a current shuttle design parameter, the dimensionless
heat transfer increased significantly with velocity. The in-
crease occurred both for the perfect gas solutions and for the

real-gas solutions and for both wall temperatures. Thus, one

19
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should not extrapolate wind-tunnel data directly to flight
conditions. Instead the wind-tunnel data should be used to
construct a realistic model for the flow-field, which can be
used to generate the required aerothermodynamic environment.
The shock-intersection geometry and its effect on the local
flow-field was found to be a complex function of gamma. The
interaction-perturbed region depends on the ''bow' shock-wave
angle, the "leading-edge' shock-wave angle, and the expansion
wave angles (or, equivalently, the local Mach numbers). Al-
though gamma often had a significant effect on the locations
of the interaction-perturbed region, for a given flow condi-
tion, the location differences were never severe. This con-
sistent correlation occurred because the shock angle dis-
crepancies tended to be compensating in many cases and be-
cause the interaction occurred relatively near the wing root
so that significant differences in angle resulted in relative-

ly minor differences in length.



REFERENCES

Edney, B.: '"Anomalous Heat Transfer and Pressure Distributions on
Blunt Bodies at Hypersonic Speeds in the Presence of an Impinging
Shock', Report 115, 1968, Flygteckniska Fdrsdksanstalten (The
Aeronautical Research Institute of Sweden).

Hains, F. D., and Keyes, J. W.: '"Shock Interference Heating in

Hypersonic Flows'", AIAA Journal, November 1972, Vol. 10, No. 11,

pp. 1441-1447 (also AIAA Paper 72-78).

Bertin, J. J., Graumann, B. W., and Goodrich, W. D.: "Aerothermo-
dynamic Aspects of Shock-Interference Patterns for Shuttle Con-
figurations During Entry", ATIAA Paper No. 73-238, 11lth Aerospace
Sciences, Washington, D. C., January, 1973.

Edney, B. E., Bramlette, T. T., Ives, J., Hains, F. D., and Keyes,

J. W.: '"Theoretical and Experimental Studies of Shock Interference

Heating', Report No. 9500-920-195, October 1970, Bell Aerospace Company.

Keyes, J. W., and Hains, F. D.: '"Analytical and Experimental Studies
of Shock Interference Heating in Hypersonic Flows", TND-7139,

May 1973, NASA.

Ames Research Staff: '"Equations, Tables, and Charts for Compressible
Flow'", Report 1135, 1953, NACA.

Eckert, E. R. G.: "Engineering Relations for Friction and Heat

Transfer to Surfaces in High Velocity Flow'', Journal of the

Aeronautical Sciences, Vol. 22, No. 8, August 1955, pp. 585-587.

Moeckel, W. E., and Weston, K. C.: '"Composition and Thermodynamic

Properties of Air in Chemical Equilibrium", TN 4265, April 1958, NACA.

21



10.

1.

12.

13.

14,

15.

22

Hansen, C. F.: "Approximations for the Thermodynamic and
Transport Properties of High Temperature Air', TR R-50, 1959,
NASA.

Hayes, W. D., and Probstein, R. F.: Hypersonic Flow Theory,

Volume I - Inviscid Flows, Chapter 7, Academic Press, 1966,

New York.

Bertin, J. J., and Byrd, 0. E., Jr.: 'The Analysis of a
Nonsimilar Boundary Layer - A Computer Code (NONSIMBL)"
Aerospace Engineering Report 70002, August 1970, The University
of Texas at Austin.

Fay, J. A., and Riddell, F. R.: 'Theory of Stagnation Point

Heat Transfer in Dissociated Air", Journal of the Aeronautical

Sciences, Vol. 25, No. 2, February 1959, pp. 73-85, 121.

Hunt, J. L., and Creel, T. R., Jr.: '"Shock Interference Heating

and Density-Ratio Effects, Part II - Hypersonic Density-Ratio
Effects", section in TMX-~2272, April 1971, NASA.

Jones, R. A., and Hunt, J. L.: "Use of Tetrafluoromethane to Simulate
Real-Gas Effects on the Hypersonic Aerodynamics of Blunt Vehicles',

TR R-312, June 1969, NASA.

Bertin, J. J., "Boundary Layer Analysis with Similar Transpiration

~ A Computer Code', Aerospace Engineering Report 70001, February 1970,

The University of Texas at Austin.



WING LEADING-EDGE
SHOCK

LAYER
FREE-STREAM @
=
CENTERED EXPANSION
FAN @ REFLECTED

EXPANSION WAVES &

BOW SHOCK - Ag(=90°-A)

Figure 1. - Flow model of the Type VI shock-interference pattern for a double wedge.



Figure 2. - Calculated geometry of the Type VI shock-interference

pattern; U_ = 4330 m/sec, P_ = 0.333 mmHg, T = 273°K, A = 60°.

(a) Perfect-gas solution



Figure 2. - Continued.

(b) Real-gas solution



Figure 2. - Concluded.

(¢) Variable-gamma solution (y3 = 1,214, Yo = 1.163)
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(a) Real-gas compared with perfect gas
Figure 4. - The heat-transfer distributions for the wing leading edge;

U = 4330 m/sec, P_ = 0.333 muHg, T_ = 273K, A = 60°
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Figure 6. - Continued.
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Figure 7. - Calculated geometry of the Type VI shock-interference

pattern, U_= 7610 m/sec, P_ = 0.0268 mmHg, T = 195°K, A = 60°.

(a) Perfect-gas solution

13)




Figure 7. - Continued.

(b) Real-gas solution



Figure 7. - Concluded.

(c) Variable-gamms solution (y3 = 1.169, Yo = 1.216)
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Figure 10. - Calculated geometry of the Type VI shock- ' (Ef/
interfergnce pattern; U_ = 4330 m/sec, P_ = 0.0333mmHg, //
T = 273°k, A = 40°.
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Figure 10. - Concluded.

(b) Variable-gamma Solution

(v; = 1.159, v, = 1.158)
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Figure 12. - A comparison of the real-gas and the variable-gamma heat-transfer distributions for the

wing leading-edge; U_ = 4330 m/sec, P_ = 0.333 mmHg, T = 273°K, A = 40°.
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Figure 14. - Continued.
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Figure 15. - The heat-transfer distribution along the wing leading-edge for A = 60°.
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APPENDIX A. - GENERAL DESCRIPTION OF PERFECT GAS CODE

The general sclution procedure for the perfect-gas code has been dis-
cussed previously. This section will provide a more detailed description
of the governing equations and their place in the numerical routine. Input
data for the perfect-gas code consists of the free-stream flow-field conditions
of region 1 and the model geometry. The procedure used to calculate flow
conditions in regions 2, 3, and 6 is to first call subréutine DELTAK, which
solves for the shock wave angle, and second to call subroutine PTHETA, which
calculates the flow conditions of regions 2, 3, and 6 using the computed shock

wave angle.

Flow-Field Conditions in Regions 2, 3, and 6. The subroutine DELTAK uses the

known turning angle & to calculate the shock wave angle 6 in the following

equation:

1

(Y+l)Ml2
tan 6 5> -1 (1)
2(Ml sin“6-1)

§ = *can—l

where the subscript 1 denotes conditions upstream of the shock. A half-
interval, iteration procedure is used to determine 6. The half-interval
method is started by assuming 6 to be an average between a lower limit,
which is equal to &, and an upper limit, equal to 90°. This average shock-
wave angle is used to calculate the corresponding § from equation (1). A
comparison is then made between the calculated § and the actual §. If this
comparison is not within a prespecified tolerance (i.e.., 0.0001 radians)
either the lower, or upper limit of 6, depending upon the comparison, is set
equal to the previous iteration's average value of 6. A new average value

of 6 is computed using the new limit, and the procedure is repeated until the

A-1
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calculated & equals the actual § (within the prespecified tolerance). Once the
shock-wave angle has been determined the subroutine PTHETA uses this 6 to cal-
culate the pressure ratio by the following:

2yM 2sin’e - (y-1)

2 1
1 Y+ 1

s

- The subscript 2 denotes the conditions downstream of the shock. Thus, to solve
for the flow-field conditions in region 3, conditions in region 2 are actually
the conditions upstream of the shock, and conditions in region 3 are the con-
ditions downstream of the shock. The density ratio and temperature ratio are

then calculated as function of £ as follows:

0y (y=-1)¢ + (y+1)

3

2 (y-1)& + (y+1) (1)

_I'= EGFEF (=D

-3

The Mach numbers of regions downstream of the shock wave are calculated from

the equation:

2 2 172
M % Dy+1)E + (v-1)1 - 2(8°-1)
M 5
2 gl(y-1)g + (y+1)] )
The pressure coefficient of each region is found from the equation:
P-P
S (5a)
O.SylPlMl

which, when combined with equation 2, yields the following relation for re-

gions 2 and 6:

u(MlQSinQG-l)
C. = 5 (6b)
(y+1) M,

The procedure to compute the stagnation conditions for regions 1,2, and



A-3
and 3 is to assume the flow decelerates isentropically to zero velocity. The

equation for calculating the stagnation pressure is:

Yi—l 9 Yi—l
Pti = Pi 1+ > Mi (7)

where these calculations are carried out for i = 1 (the free-stream), 2, and

3 (which serves as the stagnation pressure for the isentropic expansion).

Expansion Fan. The flow in region 3 is assumed to accelerate isentropically

to subregion 5E. Region 3 is uniquely determined, as described above. Since
the streamlines in the subregions from subregion 5E through region 6 are

straight and parallel to the surface, i.e., not curved,

dp

dn =0

Thus, the static pressure in region 5E is equal to the static pressure in
region 6, which is known. The isentropic assumption requires that the stag-
nation pressure in subregion 5E is equal to the stagnation pressure in region
3, which is known. Thus, the flow in subregion 5E is uniquely defined.

The flow field in the expansion fan is calculated in the subroutine
EXPAN and the locations of the intersection points of the right running and
left running waves of the fan are calculated by the subroutine INTRST. Since
the waves are assumed to be linear, the subroutine INTRST requires the know-
ledge of two initial points and the angle between these points to the point
of intersection. The intersection point can then be calculated using linear
relations. The required angles are the shear layer angles and the expansion

wave angles (i.e., Mach waves).
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For the isentropic expansion from region 3 to region 5E, the Prandtl-

Meyer expansion equations are used. First, the Prandtl-Meyer angle v for

region 3 and for subregion 5E is calculated as follows:

v = J%E%- {:tan—l "$£%-(M2—l{} - ‘can-l M2—l (8)

(When using the variable-gamma option of the perfect-gas code, v both for
region 3 and for subregion 5E is calculated using the gamma for region 3).
The difference between these two Prandtl-Meyer angles is divided into ten
equal parts to give the five waves in region 4 and the five waves in region
5. When crossing the right-running waves of the centered expansion fan,
the change in the Prandtl-Meyer function is related to the change in the
flow direction by

dv = 46 (9-a)
When crossing the left-running waves reflected from the wall,

dv = -de (9-b)
Thus, there is no net change in flow direction, satisfying the condition
that the flow in subregion 5E is parallel to the surface. The subroutine
EXPAN calculates the local Mach numbers of the expansion fan from which the
local pressures can then be calculated. The local Prandtl-Meyer angle is
calculated by adding one tenth of Av to the v for the previous region. Then
using equation (8), the local Mach number can be calculated using the half-
interval interation method. After all the local Mach numbers have been cal-

culated, the local pressures are calculated using the following equation:

P
p - te (10)

ex Y
-1 S
1+ '3 2| Y.-1
— ¥ 3
2 ex
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The surface pressures have been calculated for the interaction between
the right-running waves of the expansion fan (region 4) and the reflected
left-running waves (region 5). See Figure A-1. The flow in subregion H4A
is directed away from the surface by the angle 0.1Av. The expansion of the
flow from LA so that it is parallel to the surface in subregion 4AW is ac-

complished along right-running characteristics. Thus

Viaw = Vua T Cuyag T Oya’ (11)

A similar procedure is used for subregions 4BW, 4CW, and 4DW. Once the
Prandtl-Meyer functions for these subregions are known, the remaining pro-

perties are calculated using EXPAN.

Wing Leading-Edge Heat-Transfer-Rate Calculations. After the wall pressures

in regions 3, 4, and 5 have been found, the final step is to calculate the
heat-transfer rate on the '"wing leading-edge" in these regions. The sub-
routine ERTQDOT calculates the desired heat-transfer rate. The technique
used to calculate the heat-transfer rate employs the Eckert's reference tem-
perature equation for a laminar boundary-layer, as follows:

g = 0.332(Re, D% (@) T (r - 1) 7 (12)

This heat-transfer rate is divided by the reference stagnation-point heat-
transfer rate to give a non-dimensionalized heat-transfer for use in corre-

lation.

Calculation of the Stagnation Conditions Behind a Normal Shock and of the

Reference Heating. In addition, the stagnation pressure across a normal
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shock wave (which of course does not exist in the flow-field) is calculated

for region 3 and for region 6 using the equation:

X _ <
y-1

2 v-1
Prp _ | (1M v+l __{] (13)
P 2 ; :

2
yM; = (y-1

.with the proper subscription of pressures and Mach numbers. The stagnation
temperature is constant throughout the regions and is calculated by the

adiabatic perfect-gas equation:
Yl-l 2
T, =Ty 1+ —5—M (14)

These normal shock values of stagnation temperature and of stagnation pressure,

in region 6 are used to calculate the stagnation point heat-transfer rate to a

reference sphere.

The following equation is used:

0.5
. _ 0.4 0.1 du -1
A pes = o.eu(ptut) (pwuw) (CptTt cprw) [éé]t (Pr) (15)
where
aa] N2 fgasc (16)
dx N R

and the subscript t refers to stagnation temperature, the subscript w refers

to wall temperature, and R is the radius of the reference sphere.

Calculation of the Shock-Wave Angles and the Intersection Points of the

Shock Wave with the Expansion Fan. Once the flow in subregion 5E is defined,

the isentropic expansion flows inside of the shear layer in regions Y4 and 5
is defined, It is not possible to match both the pressure and the flow direc-
tion across the ''shear layer' which divides subregion 4ES, and subregion 4E

(and, sequentially, 5AS, 5A; 5BS, 5B; 5CS, 5C; and 5DS, 5D). The actual flow
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in subregions Y4ES through 5DS is believed to be more complex than the flow-
field model allows. The required pressure adjustment is assumed to be ac-

complished by the pressure gradient across curved streamlines:
dp
- pu (17)

For the flow conditions studied, the radius of curvature is very large, i.e.,
only slight streamline curvature is needed. The subroutines DELTAK and PTHETA
are used with the flow angle to generate approximate values of the shock-wave
angle and the flow conditions in the subregions between the shock wave and the
shear layer, i.e., subregions UES, 5AS, 5BS, 5CS, and 5DS. The intersection
of the shock wave and the left-running expansion wave is computed using the
subroutine INTRST. The expansion waves are assumed to be linear from their
intersection with the shock wave. Because the pressure decreases in the ex-
pansion fan subregions, the shock-wave inclination decreases for each sub-
sequent calculation. This results in the 'curved" shock wave characteristic
of the Type VI pattern, when the reflected waves interact with the wing lead-

ing-edge shock (see Figure 1).
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Appendix A: Figure 1. - Flow model for Type VI showing regions for which flow conditions were determined using

numerical codes



InEut Cards
Card # 1 NC - number of cases

Card # 2 FSMACH - free-stream Mach number
PINF - free-stream pressure (lbf/ft2)
TINF - free-stream temperature (°R)

LAMDAS - the deflection aggle, i.e., complement
of sweep angle ()

2
"Card #3 RGAS - gas constant (1716 fz;—-—)
sec R

GAMMA - free-stream gamma (usually 1.4)
Card # U4 P2 - pressure in region 2 (lhf/ftQ)
(optional)
THETA - first shock wave angle (°)
(optional)
DELTA - angle of first wedge (°)

KTHETA - does not equal zero if DELTA, §, is known, equals

zero if P2 or THETA, 6, are known.

KN@WN - does not equal zero if DELTA, 6, i1s known, equals
zero if DELTA, 6,.is unknown.

Card # 5 TW - wall temperature (°R)
RN@SE - radius of reference sphere (ft.)
PRN@ - Prandtl number

Card # 6 Cpo, CP1l, CP2, CP3, CP4 - specific heat coefficients in the

equation
cC_ =¢ 0 + C lT + C 2T2 + C 3T3 + C un BTU
P P p p P p s1UgOR

Card # 7 X0 - x-coordinate of 'mose'" (ft.)

YO - y-coordinate of 'nose" (ft.)
X30 - x-coordinate of wedge intersection point (ft.)

Y30 - y-coordinate of wedge intersection point (ft.)



Card # 8 GAMMA3 - gamma in region 3 (can be used to "simulate' real gas
effects)

GAMMA6 - gamma in region 6 (can be used to "simulate" real gas
effects)

Card # 9 VISSO, VISS1, VISS2, VISS3, VISS4 - viscosity coefficients in
the equation

_ 2 3
H=u_ + uT+ u2T + usT + uuT

0

L lbf-sec
1

£t2
- (Note: Since the Prandtl number for air is approximately 0.7 for most

temperatures and pressures,
K=wucC /Pr
p

C_ and Pp are assumed constant for perfect air. Since W is accurately cal-

culated with the above polynomial, a reliable value for K is obtained).



OO0 060

aOcCo

111
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16

107
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PROGRAM SHORINT (INPUTOUTPUT)

#asusTHIS PROGRAM WILL CALCULATE SHOCKWAVE INTERSECTIONS ANU THE
FLOw FIELD CONDITIONS BEHIND THE SHOCKWAVES GIVEN FREE-
STREAM CONDITIONS##use

KEAL M]1Ss MZ2e M39 M6s LAMDASYMZS
KEAD 111, NC

FORMAT (I9)

U0 99 IC=1sNC

KEAD 101, FSMACHY PINFs TINFs LAMDAS
FORMAT (4E12e5)

KEAD 102¢ RUASs LGAMMA

FORMAT (2E1€.5)

HEAD 103’ PZy THETA, UELTA’ KTHETA, KNOWN
FORMAT(3E12¢5,215)

RKEAD 1044 TWIRNOSE«PRNOD
FORMAT(3EL125)

READ 105yCPUGCP19eCP2,4,CP39CP4

FORMAT (S5E12,9)

READ 106y "UsYO09A30,Y30

rORMAT (4EL2e5)

READ 107+ UGAMMA3s GANMAG

FORMAT (2E12e9)

IHETASTHETA/S7.296
VELTA=VE|LTA/57.296
LaMDAs=LAMDAS /57296

LF (KNOWNGEWe Q) GO TO 10

#aueaCALCULATING FLOW CONDITIONS [N REGION pu#ees

Cabl DELTARK(FSMACHyGAMMAYDELTAsTHETA)
CALL PTHETA(FSMACH M2 ¢yPINF ¢P29PRAT214DRAT2]1,TRAT21,THETA,DELTA,

1PCOEF s GAMMA s KTHE | A9 KNOWN)

KHOINF=PINF/ (RGAS#TINF)
P2=PRAT21%PINF
T2=TraT21#TINF
RHO2=2DRAT21®#RHOINF

#oaaaCALCULATING FLOW CONDITIUNS TN RFGION e®sas
VELTA3=LAMUASDELTA

CALL DELTAK(M29GAMMA3JDELTA3,THETAZ)
CALL PTHETA(M2yM3, PZ.P39PRAT3éoURAT32.TRAT3?oTHETA3o“ELTAJqPCoEF1,

1GAMMAZ JKTHETA ,KNUWN)

PRAT31zPRAT324PRAT2]

IRAT31=TRATI2¢TRAT2]

URAT31=DRAT32#DRATZ2]

FPIsPRAT3I?PINF

[32TRATII®#TINF

RHO3=DRAT31¥RHOINF

PCOEF3s2,0%* (PRATI1=1,0)/ (GAMMA3#FSMACH®FSMACH)

V3P1=GAMMA3+]1,0

G3M1=GAMMA3~],0
PMF3sSQRT(G3P1/G3M]1)#ATAN(SQRT((G3IM1/G3PL) # (M3#M3=140))) =ATAN(SQRT
1{M34M il 0))

PTE=P3#((1e0e(G3M1/2,0)%M3uM3) 88 (GAMMA3/G3M]))



oo

VELTAs=LAMDAS
CALL DELTAK(FSMACH GAMMAGLDELTAGTHETAG)

waeaucaAl CULATING FLOW CONDITIUNS IN REGION p#®use

CaLL PTHETA(FSMACH ME4PINFP6IPRATE] ¢NRATH] ,TRATOL,THETAGIDELTAG,

1PCOEF69GAMMAGyKTHETA S KNOWN)

Fe=PRAT6]1#PINF
Te=TRATO1%TINF
HHO6=DRATOL®RHOINF

c
CoeeaeCALCULATING FLOW CONDITIONS IN REGION SE#ewaw

c
PSE=P6
PRATSE=PTE/FSF

- EXMSE=SQRT (2eq# ( (PRATSE) ## (G3M]/GAMMAZ) =1 eq)
PMFSE=SWRT (G3P1/U3M1) #ATAN (SQRT ( (GIM1/G3P1) #

1ATAN(SQRT (EAMSE#*EXMSE=140))
UEXPsU 4 l# (PMFSE=PMF3)

/G3M1)
(EXMSE#EXMSE=1e0))) =

C
C #4aatCOMPUTING STAGNATION CONUDITIONSHuw#s
C
M1S=FSMACH%*F SMACH
M2S=M- M2
OM]=GAMMA=]1.0
VP1=GAMMA+ 140
EXPON=GAMMA/GM]
PT1I=PINF#((le0*GM1#M1S/240) #4EXPON)
PT2sP2#((le0eGMI#M2S/240) #4EXPON)
PT3zP2% ((GPLI#M2S5/20) **EXPON)#* ((GP1/ (2, 0#GAMMA#M2S=GM] ) ) #%*(1,0/6GM]
1))
FT6=PINF# ((GP1#M1S/240) #%EXPON) # ((GP1/ (2404 GAMMA#MIS=GM])) #®(1,0/
1oM1))
TT=TINF#(leU+GMI¥MIS/2,.0)
ITE=TT
C P o
CallL QDOT(PloyRGASsTWeTTyRNOSESCPNsCP19CP2,CP39CF44QTSPR,PRNO)
C
c
C #nageEIND BUW ANU WING SHOCKWAVE INTERSECTIONS#®u#
C
AGL3I=THETA3+DELTA
CALL INTRST(X0eYOoTHETA9AGL39XA304Y30exInYI])
C
C wusaup IND INTERSECTION FOR THE FIRST EXPANSTON WAVE®##uus
C
C vaetepFQUATIUN FOR THE ANGLE OF LINE 4p###as
C
WAVE3=ASIN(1l.n/M3)
AGL4AS| AMDAS=WAVE]
CALL INTRST(XIsYli, AGL“AQLAMDAS.X309Y30IX4A.Y4A)
THTA4ASLAMUAS«DEXP
c
c #aded| INE 4psatte
c

CalL EXPAN(PMF3IsDEXPsGAMMA34PMF4AEXM4AIM3)

WAVE4A=ASIN(1,0/EXM42)
AGL4B2 AMUAS+DEXP~WAVE4A

CALL INTRST(XIoeYIsAGL4ByLAMDASX30yY309X4B,Y4B)

IHTA4B=THTA4A+DEXP
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CaLL EXPAN(PMF4AIDEXP 1GAMMA3 9PMF AR sEXM4GB oEXMGA)
WAVE4r=ASIN(]1,0/EXM4B)
AGL4CSLAMUAD+2+0*DEXP=WAVE4LR

CalL INTRST(XTsYlsAGL4CyLAMDASIX309Y309X4C,Y4C)
IHTA4C=THTA4BLDEXP

Call EXPAN(PMF4B9DEXPYGAMMAI¢PMF4CyFXMGCEXM4B)
WAVE4C=ASIN(]1,0/EXM4C)

AGLGD=LAMDAS*3e 0HDEXP=WAVE4C

CaLL INTRST(XIsY1l9AGL4U9LAMDASX309Y3IN9X4D,Y4D)
THTa4p=THTAGCHDEXP

. “”“““LINE 4t““”““

CaLl EXPAN(PMF4CoDEXPyGAMMA3 s PMF 4D FXMGD sEXM4C)
WAVE4D=ASIN(] ,0/EXM4D)

AGLA4E=S| AMDAS+ 4 0¥DEXP=WAVES4D

CaLh INTRST(XToY1eAGL4EsLAMDASX3NeY30IX4E,Y4E)
IHTAGE=THTAGUDEXP

#§QQ#LINE SA#QQ##

Call EXPAN(PMF4UIDEXPyGAMMA 39 PMF 4F o E XM4E o E XM4D)
WAVEGE=ASIN(],0/FXM4E)
AGLSA=THTA4L *WAVESE

CaLL INTRST(XToYloTHTA4EsAGLSAWXGAsYSGAIXSA,YSA)
THTAS A=THTA4E-DEAW

wadas| [NE le1-F- 2. 2.2 2

CaLL EXPAN(PMF4EIDEXP 9 GAMMAI ¢PMFSA 4 FXMSAEXMGE)
wAVESAzASIN(l,0/EXM5A)

AGLSBETHTASA+WAVESA

CALL INTRST(XSAsYSAsTHTABAIAGLSBeX4BeY4BIXSRYSB)
THTASB=THTADA=DEXP

[ X 2-X X LINE 5Caﬁhﬁa

CALL EXPAN(PMFSASDEXP yGAMMA3 9PMF SR 9EXMEB 9EXMGA)
WAVESH=ASIN(]l,0/EXM58)

AGLSC=THTASB+WAVESH

CaLL INTRST(XS5BsY5ByTHTASB9AGLECeX4CeY4CoX5CY5C)
THTASC=THTASBDEXP

aafaR INE [phuise

CaLl EXPAN(PMFSBDEXP 9 GAMMA3 s PMFSCyEXMECEXMSH)
WAVESC=ASIN(]1,0/EXM5C)

AGLSD= THTASCowAvEsc

CaALL INTRST(XSCeYSCyTHTASC, AbLSU-x4DoY4onsDonU)
THTASD=THTADC=DEXP

dvanbul INE Stueatues

CALL EXPAN(PMFS5CyDEXP 3 GAMMA3,PMFSN,FXMS0D 4EXM5C)
WAVESD=ASIN(]1,0/EXMSD)

AGLSE=THTASU+WAVESD

CALL INTRST(XS5D9YSD9yTHTASD9AGLSE 9 X4E s Y4E 9 XSE 9 YSE)



WAVESE=ASIN(],0/EXMSE)
THTASE=THTASD=DEXP

*RESRCALCULATING PRESSURES IN THE EXPANSION FAN®###s

o000

PGaASPTE/ ((1e0¢(G3M1/240) PEXMGASEXM4A) #® (GAMMA3/G3M]))
P4BaPTE/ ((1e0¢(G3M1/240) *EXM4BREXM4B) a% (GAMMA3I/G3M1) )
P4CSPTE/ ((1e0¢(G3M1/2¢0) #EXMGCHEXMGC) #® (GAMMA3/G3M]))
PaDSPTE/ ((1e04(G3ML1/240) ®EXMGDREXMED) #¥ (GAMMA3/G3M]L))
P4ESPTE/ ((1e0¢(G3ML1/240) #EXMGEREXMGE) 8% (GAMMA3/G3MY))
PSAZSPTE/ ((le0¢ (G3M1/2,0) #EXMSA#EXMSA) #% (GAMMA3/(G3M]))
PSB=PTE/ ((le0e (G3IM1/2.0) EXMESBHEXMER) #% (GAMMA3/G3M1))
PSC=PTE/ ((1e04(63M1/2,0) #EXMSCHEXMSC) 6% (GAMMAI/G3IM]) )

c PSDEPTE/ ((le0¢(G3M1/240) HEXMSU#EXMED) ## (GAMMA3/G3IM]))

c .
CoeedaaCAlL CULATING FLOW ALONG THE WING IN THE EXPANSIUN REGTION®a#a®
c .
EXP4AWSABS (LAMDAS=THTA4A)
CALL EXPAN(PMF4AIEXP4AW ) GAMMA3 yPMF 4AW EXM4AW s EXM4A)
EXP4BW=ABS (LAMDAS=THTA4B)
CALL EXPAN(PMF4BIEXP4BW s GAMMA3yPMF4BW EXM4RWEXMaB)
EXP4Cw=ABS (LAMDAS=THTA4C)
CaLL EXPAN(PMF4CoEXP4CWyGAMMA3 ¢PMF4CWEXM4CWEXM4C)
ExP40w=Ass(LAMDAS-THTA4D)
CaLL EXPAN(PMF4DIEXP4DW s GAMMA39PMF4NW 4EXM4ANW EXMAD)

C
P4AWSPTE/ ( (140 (G3M1/240) #EXMIAWHEXMGAW) #& (GAMMA3/G3M]))
F4BW=PTE/ ((1l,0¢(03M1/2,0) #EXM4BWHEXM4RW) #& (GAMMA3/G3M]) )
P4CW=PTE/ ((1ls0¢(G3M1/2¢0) #EXMACWHEXMSGCW) #8 (GAMMA3/G3M]))
P4OWSPTE/Z ((1.0¢(03M1/2.0) #EXM4DWHE XM4DW ) #8 (GAMMA3/G3M]))

C

Ces##euaCOMPUTING SHOCK WAVE ANGLES AND INTERSECTING POINTS OF REGIONS

C 4E AND Seesse

C
CALL DELTAK(FSMACHYGAMMAGY THTAGE s THTGES)

CaLL PTHETA(FSMACHIEXMGES o PINFoP4EGPRA4ELy DRGEL9TR4ET,THT4ES,
JVELTAX¢PCUFF yGAMMAG 9K THE TA g KNOWN)

CaLL INTRST(XTIoYLlsTHT4ESIAGLSAIX4A9IYGAIXSASeYOAS)

CALL UELTAK(FSMACH9GAMMAG,THTASA,THTSAS)

CALL PTHETA (FSMACH,EXMSAS,PINF 4PSA,PR5ALy NRSALsTRSA] ,THTSAS,
JUELTAX ¢PCOFF s GAMMAGyKTHETA s KNOWN)

CALL INTRST(XS5ASsYSASy THTSASIAGLSR 9 X4BIY4B X585, YSRBS)

CaLL UELTAK(FSMACH;GAMMAKs THTASE s THTSRS)

CaLl PTHETA(FSMACHeEXMSBSyPINF9yPSRsPRSBle DRSBLeTRSB] . THTSBS,
1DELTAX yPCOFF y GAMMAG s KTHETA ¢ KNOWN)

CaLlL INTRST(X5BSsYSBSyTHTSBS9AGLSCyxX4CrY4C, xscs.YSCS)

CALL DELTAK(FSMACHsGAMMAGyTHTASCoTHTSCS)

CALL PTHETA(FSMACHYEXMSCSyPINF ¢PSCyPRECly DRSCLITRSC1,THTSCS,
1VELTAXoPCOFF ¢y GAMMAGsKTHETA ¢ KNOWN)

CALL INTRST(Xg5CSoYSCSesTHTSCSIAGLSDIX4D?Y4DeX50S9Y5DS)

CALL DELTAK(FSMACHYGAMMAGYTHTASUDTHTSDS)

CALL PTHETA(FSMACHIEXMSDSsPINF 9PSDyPRED1y DRSD1I s TRSD]1, THTSDS,
1VELTAX o PCOFF 9 GAMMAGYKTHETA s KNOWN)

CALL INTRST(X5DSsYSDSsTHTSDS9AGLSE 9 X4E 1 Y4E ¢ XSESYBES)

C
THT4ESSTHT4ES#57 4296
IHTSAS2THTSAS#5T7 4296
THTSBS=THTSBSa5T ,296
THTSCS=THTSCS#57.296
THTSDSaTHTOLS#57 0296
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VELTA=DELTA#57,296

THETA=THETA#57,4,296

DELTA3=DELTA3#57 296
THETA3=THETA3857,296
VELTAg=VELTAG457,2%
THETAG=THETAB®#ST7 4,296
IHTASE=THTADE#57 296

#aeRapPRINTING THE SOLUTIONS#es#s

PRINT 200
€U0 roRMaT (Ikl)
FRINT 299y IC
296 FORMAT{13X9%CASE =%9124///)
PRINT 201
€Ul FORMAT(leXy#FREE=STREAM FLOW LONDIYIONS*'///)
PRINT 202
202 FORMAT (13X g#FSMACHSy ] 1 X #P 1ty 14Xgtt T 012Xy aRHOLI# 12X e#tPT %9 12X,#TT
%)
PRINT 217
217 FORMAT (26Xe# (LBF/SQFT)#eoXett (KANKTNF)#o8Xes (SLUGS/CUFT)®#,/)
PRINT 203s FSMACH, PINF, TINrs RHNINF, PT)1, TT
203 FORMAT (10X90E126593X9FE12e594X9E120593XgE1245¢4X9EL12e504X9EL2054//)
FRINT 204
204 FORMAT (16X9#GAS CONSTANTS#,4/)
FRINT 2059y KGASs GAMMA, QTSPK
205 FPORMAT(L11X9#KRGAS s#3E12,595Xe¥GAMMA =#9E12 599X %Q0TSHR 3#eE 12,50/ /
17)
PRINT 206
206 FORMAT (loXe#FLOW CONDITIONS IN REGION 2%e///)
PRINT 207
207 FORMAT (1GAeRMaty 14 R #P2/P 18y ]5Xe T2/ T1%914Xe#RHO2/RHO#915Xy#PCOEF
12%#4/)
PRINT 208y M2, PRATZ2lsy TRAT2ls URAT2)1, PCOEF
208 FORMAT (10X9E12eD96X9E12e¢5eBXIE12e5 99X E12e509%X9E12:50/7)
PRINT 212¢P2sT2eHHOZ2,4,PT2
212 FORMAT (11X e#P2 S5 ¢E12e595Xe8#T2 S8 ,FE12595X,#RHU2 S44E12e595A,4PT2
15#9E124547)
PRINT 209y UELTAY THETA
209 FORMAT (LIXo#DELTAL2 =#9EL2:595X9#THETALZ =#,E1245)
PRINT 210
210 FORMAT(///916Xe®FLOW CONDITIONS IN REGION 3%+¢///)
FRINT 213
213 FORMAT(ISXO*MB*o14X9“93/P1#oISXv#T3/T1*’16Xo*RHO3/RH01¢.ISXoGPcosp
13#4/)
PRINT 208y M3, PRAT3)1y TRAT31s URAT31, PCOEF3
PRINT 2159P3 4T3 eRHO3,PT3
215 FORMAT (11X9#P3 =#4E12¢595X9#TI SH,E12,595Xy#RHUI =#4E12,595K4#pPT3
1589E12.5,/)
PRINT 218+ UVELTA3, THETA3, GAMMA3
218 FORMAT (11X y#DELTAR23 =u4E124545X34THETA23 -»,Eleos.sx.asAMMA3 Suy
1&-1205)
PRINT 211
211 FORMAT(///916Xe#FLOW CONDITIONS IN REGION g#e///)
FRINT 214
214 FORMAT(1SXeo#MEH# 914Xy 8PO/P1ey15X92T6/T1®#914Xy#RHO0/RHO 415X #PCOEF
16%e/)
FPRINT 208y M6, PRATH1y TRAT61ls URAT61, PCOEFS®
PRINT 2169P6,T69RHO6,PTE
216 FORMAT (11X9#Pg BHIEL12e590XK98TO S#,E12,595X)#RHUE =#9F12,595K,4pTe
=#4E£12,54/)
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220

250
22
eeze

23

224

2es

226

227

240

241

228

229

230

242

243

231
232
233
234
244
235
245

PRINT 2199 UE| TAb, THETAb, GAMMAG

FORMAT (11 Xo#UFLTAYLO =#4E12,S95X9#THFTALO =0 ,E12+5¢5Xy#GAMMAG =4,
1£12,5)

PRINT 220

FORMaT(/// 910Xy #POINTS OF INTEREST IN THE FLOW FIELD AND ON THE BO

10Y (IN INCHES)®4///)

PRINT 250ePTELTTE

FORMAT (16X o #PTE =94E12,5¢5X4#TTE =“.E12.59/)
PRINT 22)

FORMAT (13Xe#INITIAL POINTS ON BOW SHOCKWAVE®)
FRINT 2229X04Y0

FORMAT (L1Xo#x =®#9F12,595Ke8Y =#3F12,65)

FPRINT 223

FORMAT (/9 13AyaWwING INTERSECTION POINT#)

PRINT 2229X30,Y30

PRINT 224 '

FORMAT (/913XAy4#809 SHOCK=WING SHOCK INTERSECTION POINTa)
PSINT 2229R1,Y] ‘
PRINT 22%

FORMAT (/9 13As#F IRST EXPANSION WAVF WING INTERSECTION POINT®)
PRINT 2229X4A,Y4A

PRINT 226

FORMAT (/4 13A,4LINE 4B WING INTERSECTION POINT#)
FRINT 2229X48,Y4R

FRINT 227

FORMAT (/9 134yl INE 4C WING INTERGECTION POINT®)
PRINT 2229A4C,yY4(

PRINT 240

FORMAT (/913A9#LINE 4D WING INTERSECTION POINT®)
PRINT 2229X4D,Ya4U

PRINT 24

FORMAT(/91l3A9#LINE 4F WING INTERSFECTION POINT®)
PRINT 2229Xé4b, Yot

PRINT 228

FORMLT (/9 13RsaLINE 5A SHEAR INTERSECTION POINT¥®)
FRINT 2229KA5A,YHA

PRINT 229

FORMAT (/9 13A9s#LINE SR SHEAR INTERSECTION POINT#)
PRINT 2229X98,Y50

PRINT 23n

FORMAT (/ol3As4LINE SC SHEAR INTERSECTION POINT#)
PRINT 222945C,Y5C

FRINT 242

FORMAT (/913X9aLINE S0 SHEAR INTERSECTION POINT#)
PRINT 2229X5U,Y5U

PRINT 243

FORMAT (/9 1l3R9#LINE SE SHEAR INTERSECTION POINT#)
PRINT 222+X5E,Y5¢%

PRINT 231

FORMAT (/9 l3R9#FLUW IN REGION S5E FROM EXPANSTON#)
PRINT 2329THTASE'EXMSE ¢ PSE

FORMAT(11Xo#THETA =%3E12¢5¢5X1#MSE =#,E12,5¢5X9#P5SE z8,E]1249)
PRINT 233 :
FORMAT(/¢913X9#MACH NUMBERS IN EXPANSION FAN®)
PRINT 2349 EAMYAIEXMLGBIEXMSGC _
FORMQT(IIX’“M‘OA = 9B 12+595X g #M4H =“QE120505X0’M‘0C =“QE12.5)
PRINT 264 9EAM4D sEXMGE

FORMAT (L1Xo%M4D =09F12,595Xy#MIE =8 ,E125)

FRINT 2359EAMSA Y EXMSB4EXMSC

FORMAT (11X 9¥MBA 2#,E]12.595X,#MSB =# ,F12¢5,5X4*M5C =#,F}2,5)
PRINT 245,ExMsD

FORMAT (11 Xe#MED =#4E1245)



PRINT 236
€36 FORMAT(/913Xy#PRESSURES IN THE EXPANSTON FaN®)
PRINT 237¢P4A,Pa4b,,P4C
237 FORMAT(11X9%P4A S#9E12,595Xe%P4E =99E12e595X1*P4C =99£12,5)
FRINT 246 sP4DF4L
€46 FORMAT (11X92P4L =8,E12,595x,2P4E z0,F12,5)
PRINT 2389P5A,P58,P5C
€38 FORMAT (11X9#P5A =4,3E]12,595Xy#P5H =#,E12e545X s #P5C z#9E12,°)
PRINT 2474P50
247 FORMAT(11X9¥P50) =%4E]12,5)
PRINT 400
400 FORMAT(IH19l6X+*FLOW ALONG THE WING IN THE EXPaNSION REGION%4///)
PRINT 401
4ul FORMAT{13X9#MACH NUMBERS#,/)
PRINT 4029EAM4GAWIEXM4BW9EXMGCW o EXM4DW
402 FORMAT(11XR9%M4EAW =®yE12,593Xy*M4BY s# E124593X9#MLCW =89FEL120593X,
S1HMEDW =R G E1CeFe//)
PRINT 403
403 FORMAT 13Xy #PRESSURES®#y/)
PRINT 4069P4AWIP4BWyP4CWIP4DW
404 FORMAT (11 X9%P4LAW =%4F]12,593Xy*P4RW SH ELl2eSe3X9¥PLCHW =29EL12e593X,
19P4DW =z#4rle,g)
PRINT 300
300 FORMaY(//7/913Xs®FLOW IN THE SHOCKED REGION OF EXPANSION FAN®4//7)
FRINT 301
301 FORMAT (26X 9#REGIUN 4ES#4//)
PRINT 302s THT4ESs X5AS, YSAS
302 FORMAT(16X9®THETA =#4E12.595X0%#X =#,F12:5,5X9%#Y =#4£]12,5)
PRINT 303 PR4ELls DR4ELly TRGELle EXM4ES
303 FORMAT (/916X aPHR =%9E12,595Xs*DR 284F12e5,5Xe%TH =#4F124595K,
19 =#4E12459//)
PRINT 304
304 FORMAT(26Xe#REGIUN S5AS®#4//)
FRINT 302y THTS5AS, X5u6Ss YSBS
PRINT 303s PRSAls DRSAly TRS5Aly EXMSAS
FRINT 305
305 FORMAT (26R9#REGIUN SBS#4//)
PRINT 302+ THTSBS, X5Cs, Ys5Cs
FRINT 303+ PR5BlY DRSHBls TRSBls EXMSRS
PRINT 306
306 FORMAT(26Xe#*REGION 5CS%#47//)
PRINT 302y THTS5CSy X50S, YSDS
PRINT 303, PRSCl, DRSC}, TR8Cl, EXMSCS
PRINT 307
307 FORMAT (26Xy#REGIUN SpS%*4//)
PRINT 3029 THTSUS. XSES, YSES
PRINT 303y PRS5D1, DRSDly TRSDly EXM5DS

#u#88CALCULATING HEAT=TRANSFER ALONG WING=LEADING EQGE##s®s

OO0

cattL ERTQDOI(PTE!TTE.PBoGAMMA39NGAS9X3O'X4A9X4b9X4C’Xaon4E9Y3oo
1Y4AoY4BoY4CvY40oY4E'P4AWoP4BwoPéCW,PbDwgPsg.QTSPR,p[NF)
99 CONTINUE :
END
s SUBROUTINE UVELTAR (FSMACHIGAMMASDEL TAy THETA) =emmmmmm—

C .
¢ ###88SOLVING FOR THETA GIVEN DELTAs#es®
C

REAL M1S

CONV=:,0001

M1S=FSMACH®*F SMACH

GP1=GAMMA*] .0



IHETAL=DELTA

JHETAR=1,571

IHETAS (THETAL*THETAR) /240
DELTACZATAN(L 0/ (TAN(THETA) # (( (GP1#M18)/ (2,0#(M1S#* ((SIN(THETA))#&?
1)=1le0)))=lev)))
UIFFSDELTAC=DELTA
IF(ABS(DIFF) oLE«CONV)Y GO TO 2
IF(DIFF) 394244

THETAL=THETA

60 T0 §

THETAR=THETA

6o 710 °

CONTINUE

KE TURN

END

e SUBROUTINE PTHETA(FSMACHIM2 ¢PINF ¢P2 4PRATZ21 4,NRAT2L9TRAT2] 4 THETA , e

OO COoO

QUELTAWPCOEF s GAMMA g KTHETA 9 KNOWN)

#eeaurSOLVING FOR FLOW CONDITIONS REHIND A wEDGE SHOCK GIVEN EITHER
P2 OR THETA#u#naw

REAL M]1Ss MZ

M1S=FSMACH®*F SMACH

VP 1=0AMMA+] .0

OM]1=GAMMA=1.0

IF(KTHETAEW,0) GO T0Q 2

FRAT21= (2 URGAMMA#M]ISH# ( (SIN(THETA) ) ##2)=GM1)/GP])
IF (KNOWNJNES(G) GU TO 4

oo TO 3

2 PRAT212P2/PINF

IHETASASIN(SURT((GP1#PRAT21+4GM1) /(2 .08CGAMMARM]LS) ))

3 VELTazATAN(L.0/ (TAN(THETA) # (((GP1oM1S)/ (2,0% (MIS#{((SIN(THETA)) #42)

1=140)))=1.0)))

4 M2=SURT(((MIS# (GP1#PRAT21+GM1) ) =2,0# (PRAT2]1##2=1,0))/ (PRATZ1# (GM1#

1PRAT2]1+GPL)))
VRATZ1=(GPL¥PRATZ1+4GM1) / (GM1#PRAT21+GpP1)
IRAT21=PRATZLI# ((GM1#PRAT21+GP1)/ (GP1#PRAT2]1+GM}))
PCOEF= (4, 0% (MISH* ((SIN(THETA) ) ##2)a1,0))/(GP1#¥MIS)
KF TURN

END

5 JRROUT INE WUOT(PTREF sRGASy TWeTT4RNOSEICPO04CPLl9CP24CP34CP49UTSPRy s

c
C
C

1FRNOQ)
#eaaaSUBROUTINE TO CALCULATE THE REFERENCE HEAT TRANSFER##a#®®

RHOWSPTREF/ (RGASHTW)
KHOT=PTREF/ (RGAS#TT)

VIST=2,27E=UB4 (TTa#]l,5)/(TT+198,6)
VISWS2.2TE=0B# (TW##] ,5)/(TW+198e6)

DUEDX=Z ( (2 0PRGASHTT)##0,5) /RNOSE
CoWwsCPO+CPLH#TW+Cp2oTWHTW+CPI# (TWH#I) +CP4®* (TWHWG)
CPT=CPO*CPLY¥TT+CP#TT#TT+CP3# (TTH#3) «CPG®(TTH®,)
VELH=CPT#TT=CPW®Tw :
UTSPR=0eb/# ((RHOTH#VIST) #%#0,4)* ((RHOWHVISW) #20e1) #DELH® (DUEDX##0,5)
1/PRNO

KE TURN

eND

e SUBROUT INE lNTRSI (X19Y19oAl9A29X29Y2 o XT9Y]) emmee—

OOO0

vpeerSUBROUTINE TO FINU THE INTERSECTION POINT OF THE SHOCKWAVES
ANV THE INTERSECTION POINTS IN THE EAPANSION FAN®##su



K1z (Y2=V1+X1uTAN(AL)=X2aTAN(AZ) ) /(TAN(AL)=TAN(AZ))
YIY1e(XT=X1)#TAN(A])
HE TURN
Enp
mem—" SURROUT IMNE EXPANIPME Ly DF AP ¢ GAMMAGPMFOJEAMACH s EAM] ) com———

RuaaaSBROUTINE 10 CALCULATE 1ACH NOMREKS 14 ThE EXPAHSTON FaAN##ss

UMl=GAMMA=] 40

bpl=&_1AMl‘44\¢1,!)

PMFO=PMF [ +DEAP

AzSQRT (GPLl/L])

PCONv=0.0001

STM=EaM]

HKMZ]1, 1 8#STM
g EXMACH=(STM+RM) /2,0

EXMSsE XMACHYE XIALH

PUFOG=AYATAN (SURT ((EX15=]o0) %ML /GP]) ) ~ATAR (SART (EXMSa)] ¢0))

FOIFF=PMFOG=PMF U

IF(AHS(POIFF) JLESPCONV) GO TU 2

IF(PUIFF) 39244
3 STM=EXMACH

6n TO S
4 wM=EAMACH

uwh TO 8
2 CONTINUE

RE TURMN

Ean

e S(IBROUTINE ERTUUUT (RPTEsTIFeP39GeR ¢ XToX4AX4R e X4C o X4D 4 XAE S TT1Y4A ¢ commmee
176B9YaCovado Y4l s raAypatdyPaCyPalePGF 4TSPRp TNF)

#aueSUBOOUT INE [0 CaLCULATE FLJW PARAMETERS ALUNG wiNg=| EADING
EUGE et tre

VIMENSION S(1587) e0N0T(150) ¢PE(150) ¢ TW(190) « TE(LO0) o= (15n) e ISTAR(
1150) g VIS2(190) s TCON(L120) ¢RHOS(1D0) g AF (1D0) ¢NE(L450) o tENNS (LDU) 4 TR(
2150) aPRG(153) g VISE (1580) o "ANF (1S0) 4RFS(190) ¢ MOTR (150 4PRAT(150)

READ sPeTHALL sUFLSeJobLL

1 FORMAT (3F12e54,2110)
KEAD 12oVISD:0,4VIDS]eVISS29VISS3IeVTSSa
12 FORMAT (gtlcd.s)

Ky=X]1=X4A

X2sX[=X4n

XizX [=X4C

Xa=X[=X4D

XS=X]1=X4F

Yi=Y[=YG4A

Y2SYleYéR

Y3=Y1=Y4C

Yo=Y =Y4D

YS=YI=Y4F

S(1)=pep

SNELT=DELS

S4ASSORT(XRI#X1+Y1i®Y1)/12.0

94B=3QRT (X2#X2+Y2#Y2) /129

S4C=SQRT(X3%X3+Y3#Y3) /120

S4D=SORT (X4#X4+YanY4) /1260

S4ESSART (XASH#XG+YSHRYS) /1249

VELTSS0e12%(S4E=S4A)

REC=GURT (PR)

DO 6 [=24J

St1)=S(I=1)+sSNELT



Tw (I)=Twall
IF(S({T) el Eed4p) GO TC 41

LF(LLEW,2) B0 TU &7

IF(LLeEW,L!) GO Tu 47

SNELT=DELTS
S(1)=S%Aapn 2#gELT
PF(I)=pP3
LL=1
on TU 44

47 CONTINUE

LF(S(1)elLEeD4R) 0O T a2

LF(S(I)elLEed4C) GO TC 43

LF(S(I) elLEsd4D) 8O TC 45

IE(S(1) el Eed4F) GO TC 46

FF(I)=PoF

IF(LLEGQ,2) GO Tu 44
SOELT=NEL
LI =2
op TO 44

41 PE(1)=P3

Lo TJ 44

42 PF(])=P4r
B Tuw 44
43 PEA(]) =PaeRr
un TV 44
45 rFFE(])=pP4cC
on T 44
46 PE(I)=Pen
44 CONTINUE

IF(I)STTE¥ ((PE (1) /PTF)R¥((5=m]1e)/13))

PRG({)s(PTE/Z/PF (L)) #it((na]l,) /6)

EM(T)=SURT ((PRG(L)=1e)#2e/(G=14))

l%TAR(I):.S*(TE(I)*Tw(L))+.?2*REC*(FM(1)**9.)“IE(I)*((G'I-)/Z.)

VISE (i) S(VISSQeVLISSI#TY (1) +VISS2HTE (1) HTE ([) +VISS3R(TF(])¥%3)
IVISSa# (TE(I) #e4))

VIS2(T) = (VISSO + VISSI#TSTax(1) 4 VISS2#TSTAR(II#TRTAR(L) +
IVISS34TSTAR (1) #ISTAR(I)#TSTAR(I) & VISSA#TSTARILI #TSTAQ(I)*TISTAR(T
2)#TSTAR(T))

TCON(I)Sne2a%#324176%VIiNZ2(])/Ph

RHOS(I) =0 (L) /7 (R¥TSTan (1))

RHOE (1) =PE (L) /{R#TE(T))

AF (1) =SuURT (o¥R#*TE (1))

UF (1) =EM(TI)#aF (1)

HENOS (1) =RHUS (1) ®UE(T) /(vIs2 (1))

KES(I)sRFEFOE(IIHUE (L) #S (L) /VISE(L)

12 (1) 2TE(I)# (1 U+RECH ((G=1,0)/2,0) 8% (FM(L)#e2,0))

WNOT (1) =.332#SGRI(RENUS (L)) # (PR*# 33 #TCONMITI#*(TR(I) =TW{I))/SQRT(
15¢1))

unOTR (1) =@DUT (1) 7QTSkR

PRAT(T)=PE (L) /FLINF

6 CONTINUVE
~ PRINT ol
60 FORM&T (1H1)
PRINT 77
77 FORMAT (24X s #FLUN PARAMETERS ALONG WING=LEANING EDGE®.//)
PRINT 7
7 FORMAT (14K e#S (1) %9 TRAIHPE(T) 49 TXs#RES(T) ¥ 99X o #WUOT (T #y7X4*AUATR(T)
1% TX9#PRAT (L) #e/)

wo 1y Is2eJ

PRINT goS(I)ePECL) sRES(I) 9oQPOT (1) «CnOTR{T) sPRAT(])

8 "ORMAT(lf\.X’FlO.SQF10.593X95120593X9F1205!3X'F120593X0E12.b)
10 CONTINUE
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DESCRIPTION OF OUTPUT

The output for the perfect-gas code includes the flow conditions from

each region of the flow-field model, the geometry of the shock waves and

the expansion waves, and the heat-transfer distribution along the second

wedge, i.e., the wing leading-edge. The units for a particular parameter

in any region will be the same as the free-stream parameter, unless other-

wise noted.
FSMACH
Pl
Tl
RHO1
PT1
T
RGAS
GAMMA

QTSPR

The output for the free-stream flow includes:

free-stream Mach number

free-stream static pressure (lbf/ft2)
free-stream temperature (°R)

free-stream density (slugs/fta)

free-stream stagnation pressure (lbf/ftz)
stagnation temperature of entire flow model (°R)
gas constant (ft2/sec2—°R)

v for the free-stream and region 2

reference heating rate (Btu/ft2—sec)

The following flow conditions are output for each region "I", where I = 2,

3, or 6:
MI
PI/P1

TI/T1

RHOI/RHO1

PCOEFI

PI

TI

RHOI

PTI

the Mach number of the region
the static pressure ratio

the temperature ratio

- the density ratio

the pressure coefficient

the static pressure

the temperature

the density

the stagnation pressure



DELTAJI - the change in flow-direction between two consecutive regions,
in degrees.

THETAJI - the shock wave angle between two consecutive regions, in
degrees

GAMMAI - the y of the region

The output for the expansion fan region includes the following stagnation
condition and intersection points:
PTE - stagnation pressure at the edge of the boundary layer

TTE - stagnation temperature at the edge of the boundary layer

Intersection points include:

INITIAL POINTS ON BOW SHOCK WAVE, i.e., the origin of the coordinate
system, or the nose.

WING INTERSECTION POINT, i.e., intersection of the two wedges

BOW-SHOCK:WING-SHOCK INTERSECTION POINT, i.e., the intersection of
the shock of the first wedge with the shock of the second
wedge

Next Five Points - the intersections of the centered expansion fan
with the wing leading edge

Last Five Points - the intersection of the reflected waves with the

inboard shear layer

Output for the flow in region 5E include:

THETA - the flow direction, in degrees
M5E - the Mach number
P5E - the static pressure

The Mach numbers and pressures of each of the other nine subregions of re-
gions 4 and 5 are the output under the next two headings.

Output listed for the interaction region between the left running and right



running expansion fan waves includes:
EXMuUIW - the Mach number
P4IW - the static pressure

where "I'" = A, B, C, and D.

Output for the subregions between the inboard shear-layer and the "curved"
shock wave include:
THETA - shock wave angle
X - x-coordinate point of fhe intersection of the shock wave
and the left-running expansion wave
Y - y-coordinate point of the intersection of the shock wave and

the left-running expansion wave

PR - pressure ratio with respect to region 1

DR - density ratio with respect to region 1

TR - temperature ratio with respect to region 1
M - Mach number

The output for the flow parameters and the heat-transfer distribution along

with wing leading edge include:

S(I) - distance along wing leading edge

PE(I) - pressure at the edge of the boundary layer
RES(I) - Reynolds number

QDOT(I) - heat transfer rate

QDOTR(I) - heat transfer rate ratio with reference heat transfer rate
PRAT(I) - pressure ratio with respect to region 1

where the (I) index refers to the station for which the calculations are made.



CASE = )

FREE~STREAM FLOW CONDITIONS

FSMACH PL 1 RHO1 PTY T
(LBF/SQFT) (RANKINE) (SLUGS/CUFT)
1431000E+01 9,29874E=01 4,90569E+02 1.10460E=06 2.43547E¢ 05 1,73279E+04

GAS CONSTANTS
RGAS = 1,710600E+03 GAMMA = 1,40000E+00 QYSPR = 5,8927SE+02

FLOW CONDITIONS IN REGION 2

me P2/P1 T2/TY RHO2/RHO1 PCOEF2

1.02440E+01 4,03662E+00 1.60644E+00 2.51277E+q0 2.52784E=02
p2 = 3,75355E400 T2 = 7,88071F+02 RHO2 & 2,77562E=06 PT2 = 1,87100E4+05
DELTA12 = 5400000E+00 THETA12 = 8,33116E+00

FLOW CONDITIONS IN REGION 13

M3 P3/P1 T/T RHNO3/RHO1 PCOEF3

3,39620E+00 1.37609E+02 1,06815€E+01 1,28829E¢n) 1,13720E+00
P3 = 1,27959E4+02 T3 = 5,24002€+03 RHO3 = ] ,42305E€-05 PT3 = 5,08890E402
DELTA23 = 2.50000E%01 THETA23 =& 3,19361E+01 GAMMA3 = ],40000E+00

FLOW CONDITIONS IN REGION 6

Mé P6/P1 T6/T1 RHO6/RHOY PCOEF6
2.830%4E+00 7.56203E+01 1.35735E+01 S5.57119Es00 6.21179E=n]

p6 = T,03174E.0]) 76 = 6,68873E+03 RHO6 = 6,15396E.n6 PT6 a 2,05891E4,02



DELTAL16 = 3.00000E*01 THETA16 = 3,79703E+01 GAMMAS = 1,40000F+00

POINTS OF INTEREST IN THE FLOW FIELD AND ON THE BODY (IN INCHES)

PTE = 8441422E+03 TTE = 173279E*04
INITIAL POINTS ON BOW SHOCKWAVE
X = 06 Y = 0o
WING INTERSECTION POINT
X = 9400000E+00 - Y a 8,10000p-01
80w SHOCK=WING SHOCK INTERSECTION POINT
X = 9483909E+00 Y = 1.,44083E+00
FIRST EXPANSION WAVE WING INTERSECTION POINT
X = 1,02588E+01 Y = 1.53677E400
LINE 48 WING INTERSECTION POINT
X m 1.02787E+01 Y n 1.54827€+00
LINE 4C WING INTERSECTION POINTY
X = 16403007E+01 Y s 1456097400
LINE 4D WING INTERSECTION POINT
X = 1403252E*01 Y = 1.57508E+00
LINE 4E WING INTERSECTION POINT
X = 1003526E¢01 Y = 1+59093E*00
LINE SA SHEAR INTERSECTION POINT
X = 1¢06104E%01 Y = 1.94685E¢00
LINE S8 SHEAR INTERSECTION PCINT
X = 1.06574E+01] Y = 1.97692E4+00
LINE 5C SHEAR INTERSECTION POINT
X = 1,07080E+01} Y = 2,00846F+00
LINE 5D SHEAR INTERSECTION POINT
X = 1407626E+01 Y = 2,04166F+00
LINE SE SHEAR INTERSECTION POINT
X = 1.08216E%01 Y 8 2.07662€+00
FLOW IN REGION SE FROM EXPANSION
THETA = 3,00000£.01 MSE = 3,82344F,00 PSE & 7.03174E+01
MACH NUMBERS IN EXPANSION FaN
MAA = 3,43600E400 M4B = 3 ,47627E+00 M4C = 3,51700g.00
MeD = 3.55890F+00 M4E = 3,60131Ee00
MBA = 364421E*00 M5B = 3,68763E+0¢ MSC = 3.73228E+00
MSD = 3.77748E*00
PRESSURES IN THE EXPANSION FAN
P4A u 1,20858g+02 p4B = 1,14106E002 P4C = 1,07689E.02
POD = 1401494E+02 P4E = 9,56184E40]
PSA = 9+00470E*0] PSB = 8,47671E+0] PSC = 7,9686BE«0]
PSD = 7T:4B814E*01



FLOW ALONG THE wING IN THE EXPANSION REGION

MACH NUMBERS

M4AW = 3,4T762T7E+00 MABW = 3,5%59)10E+Q0

PRESSURES

P4AW = 1,14]106Ee¢02 PABW = 1,01467E¢02

FLOW IN THE SHOCKED REGION OF EXPANSION FAN

REGION 4ES

THETA = 4,24924E401
PR = 9,11872E+01

REGION SAS

THETA = 4,15671E+01
PR = B.79715E+01

REGION 58S

THETA & 4,06615€£401
PR s 8,48364E+01

REGION SCS

THETA = 3,97480E+01
PR s 8,16890E+01

REGION 8DS

THETA = 3,88S55E40]
PR = 7,86319E+01

DR

OR

DR

OR

DR

X

X

X

X

s 1.14125€¢01
'5,63987E+00

= 1+16193£+01
5,62755E+00

s 1.18523g+01
5.61469E+00

s 1021149E401
5,60086E+00

® 1+24107E+0]
8,58644F+00

MACW = 3,64408E¢00

P4CW = 9,00633E401

Y = 2,88224E+00

TR = 1461683E+01

Y = 3.06559€+00
TR = 1e56323E4+01

Y = 3,26571F+00
TR & 1¢51097E¢0]

Y = 3.48414E400
TR = 1e45851E¢01

Y = 3,72243E+00
TR u 1¢40755E401

MaDW & 3.73268E+00

PADW = 7.96434E401

m 2,43377€+00

- 2.5095¢E000_

= 2,58621E+00

2,66626E400

2,T4T24E400



S

« 00400
+00800
01200
201600
+02000
002400
+02800
03200
203600
« 04000
+ 04400
« 04800
05200
+05600
«06000
+ 06400
206800
«07200
+ 07600
«08000
+08400
08800
209200
« 09600
010000
010400
«10800
11200
11600
+12000
212104
e12122
012140
.12158
12176
012194
12212
012230
012248
012266
12284
«12302
.12320
212338
212357
«12375
012393
«12411
012429
e 12447
«12465
12483
012501
«12519
12537
12555

FLOW PARAMETERS ALONG WING=LEADING EDGE

PE(D)

127.,95874
127,95874
127,95874
127,9%874
127,95874
127,95874
127,95874
127,95874
127,95874
127,95874
127,95874
127,95874
127,95874
127.95874
127,95874
127,95874
127,95874
127,95874
127,95874
127,95874
127,95874
127.95874
127,95874
127,95874
127,95874
127,95874
127,95874
127,95874
127,95874
127.95874
127,95874
114,10592
114,10592
116,10%592
114,10592
114,10%92
114,10%92
114.105%92
114,10992
114,10%92
114,10%92
114,10892
101,46675
101,4667S
101,46675
101,46675
101,46675
101,46675
101,46675
101,46675
101,46675
101,46675
101,46675

90,06329

90,06329

90,06329

RES(I)

4,32403E+02
G.OQUOIEOOZ
1,29721E+03
1+72961E+0)
2.16202E403
2,59442E40)
3,02682E+03
3,45923E4+03
3,89163¢4023
4,32603E+03
‘0756595003
5,18084E+03
$,62124E4+03
6+05365E+03
6,48605E+03
6,91848E403
7.35086E403
7,78326E403
802156°E003
8,64807E+03
9,08047€+03
9,51287E+03
9,94520E4+03
1,03777E+04
1.08101E+04
1.12428E+04
1¢16T49E+04
1,21073E+04
1.25391E004
1029721E00‘
1.30843E+04
1.23738E404
1.23919E+04
1,26103E+04
1.24288E+04
1¢24472E+04
1424656E+04
1.24840E+04
1.25025E+04
1025209€+04
1,25393E+04
102557@500‘
1.18532E+04
1.18706E+04
1.18880E+04
1019053E+04
10192225004
1,196401E004
1.19574E¢04
1:19748E+04
1,19922E+04
1+20096E+04
1.20269E+04
1.,13369€+04
1.13532E+04
1:13696E+04

QooT (1)

2.93434E+02
2.78200E+02
2,2T149E+02
1.96717€«02
1.75949E+02
1,60619E+02
1.48704E¢02
1.39100E002
1.31168E+02
1,24415E+02
1,18625E+02
1.13575E+02
1.09119E+02
1.05150E+02
1.01584E+02
9.,83584E4+01
9,54217E+01
9,27332E4+01
9,02599E+01
8,79745€401
8.,58543E¢01
8,38804E+01
8.20366E¢01
8,03093E+01
7.8686T7E+0]
7.,7158TE«¢01}
7.5T164E+01
7,43520E¢01
7.30588E¢01
7.18308E¢01
7.,15222E+01
6,77579E+01
6.7T0T5E+0]
6,765T2E+01
6,760T0E+01
6,755T0E+01
6,750T0E+0)
6.,745T2E+0)
6, T60T4E«01
6.73578E+01
6,73083E401
6.,72589E+0)
6,3626TE+01
6.35601E+01
6.35336E+01
6,34873E+01
6.,34410E+01
6.33949E+01
6.33488E+01
6,33028E+01)

"6.32570E+01

6,32112E¢01
6.31656E40)
5,96954E401
5,96524E401
S,96095E+01

QDOTRI(1)

6,67658E=01
¢,72108E=01
3.35‘72[-01
3¢33829E-01
2.9‘586E-01
2.72%70E=01
2,52351E01
24360%53E-01
2.22%%3E.01
2:11132E=01
2401306E=01
1492736E=0)
1,88175E-01
1478439€~01
1.72388E=01
1,66914E01
1461931E=01
1.,57368E-01
1.53171€=01
1,49293E-01
1.48695E=0)
10‘23‘55-01
1e39216E-01
1.36285E=01
1,33532€=01
1,30938€=01
1.,28491E=01

" 1,86175E=01

1,23981E=0]
1.21897E«01
1.,21373€=0)
1:14985E«0]
1:414900E<0)
1,14814E201
1,14729E-01
1e14644E=01)
1.14560€-01
1014475E=01
1,14391E=01
1414306E=01
1414222E.0)
1+14138E=0}
1,07975E=01}
1.07896E-01
1,07817€E01
1.07738E=0]
1.07659E=0])
1,07581E=01
1407503E=0]
1,07425E=01
1:07347€=01
1.07270E=0]
1.07192€=01
1.01303€-01
1.,01230€E-01
1.01157€=01

PRAT(I)

1.37609E¢02
1.37609E+02
1.31609E002
1.37609E+02
1.37609!002
1.37609€02
1.37609E+02
1.37609E+02
1.37609E402
1.,37609E+02
1.37609E402
1.37609E+02
1.31609E002
1¢37609€4+02
1.37609E+02
1,37609E402
1-376095002
1,37609E402
1.37609E+02
1,37609E+02
1.37609E+02
1.37609E+02
1.37609E¢02
1.37609E+02
1.37609E¢02
1.37609E+02
1.37609E402
1,37609E¢02
1.37609E+02
1.37609€402
1.37609E+02
1.22711E002
1.22711E+02
1,22711€+02
1.22711E+02
1.22711E€¢02
1.,22711E402
1.22711!‘02
1,22711E+02
10227115002
1,22711E02
1.22711E¢02
1,09119E+02
1,09119E402
1,09119E+02
1.09119€¢02
1.09119E+02
1,09119€¢02
1,09119E+02
1.09119€+02
1.09119€+02
1.09119€¢02
1-091l95002
9,68584E401
9,68554E401
9,68554E¢01



«12573
125891
«12609
12627
12645
212663
012681
012700

e12718.

012736
012754
012772
«1279%0
12808
12826
«12844
012862
12880
« 12898
212916
012934
12952
«12970
12988
«13006
013028
013428
.1382%
016225
214625
015025
«15425
«15825%
16225
016625
«17025%
017428
«17825
«18225
»18625
«19025
019428
»1982%

9006329
90,06329
90.06329
90,06329
90.06329
90,06329
90,06329
90,06329
90,06329
90,06329
79.64338
79,641338
79,64335
79,64335
79,64338
79,64335
79.64335
79,64335
79.6433%
79,64335
79,64335
79.6433%
79,64338
79,6433%
79,6433%
70.31739
70431739
70431739
7 31739
70,3}739
70,31739
70,31739
70,31739
70,31739
70.31739
70,31739
70,31739
70,31739
70431739
70,31739
70,31739
70.31739
70,31739

1.130%0E+04
1¢14023€404
1¢141086F+04
101‘35@!00‘
1:10513E404
1:14677€+04
1:.14840E404
1¢15004F¢04
1:15167E+04
1.15331E«08
1:08464E004
1.08618E404
1,08771E+04
1.08092%E.04
1.09078E.04
1.09232E+04
1:09388E+04
1009539500Q
1.09692E+04
1409846E4+04
1.10000E+04
1,10153€+04
1.10307E+04
1¢106060E+04
1.10614E404
1.03907E+04
1.,07098E+04
1,10289E+04
1:13480E+04
1.19862E+04
1.23053E+04
1026244E+04
1.2943SE+04
1.32627E¢04
lc35818£00§
1.39009E404
1,42200F+04
1,45391E«04
1.,48582¢404
1.51773E+04
1:54964F¢04
1.5818%5E+04

$.,95666E+01

8,98239E¢01
5,94813E+01
5,94388E+01
5,939632+01
8,93540E+0)
85,93117€+01
8,92695€+01
§,92274E+01)
§,91854E401
5,58286E+01
5,57891E¢01)
5. 5T49TE«0}
5,57104E«0]
8,56712E+01
5,56321E¢01
5,55930E+01
5,55540E401
5,55151€+01
5,54763E+0)
8,54376E¢01
5,53990E+01
5,53604E40)
5,53219€+01
5,52835E+0
8,21023€+01
5,13202E01
5,05723E¢01
4,98561E+01
4,91696E+0)
4.65107E+01
4,78775E+0]
4,72685E+0]
4,66822E401
4.61172E¢01]
4,55722€+01
4,50461€¢0]
4,45378E401
4,40463E+01
4,35707E+01
4,31103E+01
6.,26641E¢01
4,22315E401

1¢01085E=0]
1,01012€-01
1:00940E=0]
1.00868E=0})
1,00796€01
1400724C-01
1.00682€-0)
1.00580€<0)
1:00%509€0]
1.00438E<01
9.47412€<02
9.46742E=02
9e46074E=02
9,45407E«02
9.44741€02
9.44077E02
9043414E«02
9.42753F-02
9.42093€-02
9.41434E=02
9,40T7TTE=02
9.40121€-02
9¢39466FE-02
9,38813€-02
9.38162E-02
8,84176E-02
8,70904E-02
8,58212€-02
8,46059€E=02
8,34409€-02
8.23227€-02
8,12482€.02
8.02148E=02
;a:zxoet-oz

e826]10E=02
7.733%1:.02
1,64433E«02
7.55807F«02
To4T466Ew02
Te39396E=02
7.31582€«02
Te24010€E=02
T¢16669€=02

[ 29 6"55‘E’ 0 l
9,68554£40]
9.68554E¢0]
9,68554E401
9,68554€¢0)
9,68554€401
9,68554E¢01
9,68554E401
9.,68584E4+01
9,68554E401
8.56496E40]
R,56496E¢01
R,56496E+01
8,%56496E¢01
R.56496E¢01
8.56496E401
R.56496E¢01
R,56496E¢01
8.56496E¢01
8,56496E401
8.56496E¢01
8,56496E+01
8,56496E4¢01
3,564965001
+56203E01
+56203E401
7.56203E401
7.56203E+01
7.56203E401
7.%6203E+01
7.56203€E401
7.56203E401
7.56203E401
7.56203E+01
7.56203E+01
7.56203E401
7.56203E+01
7.56203E+01
7.56203E+01
7.56203€401
7.56203E¢01
7.,56203E401

[ LN T



APPENDIX B. - GENERAL DESCRIPTION OF REAL-GAS CODE

As has been discussed previously, philsophically the real-gas code
is approached in the same way as the perfect-gas code. As with the per-
fect-gas code, the free-stream conditions and the model geometry serve as
input. The real-gas code uses a Mollier gas table to find the flow-field

conditions in place of the perfect gas relations of the perfect-gas code.

Calculation of Flow-Field Conditions. The flow conditions of regions 2,

3, and 6 are calculated in subroutine RELGAS. The procedure of this sub-

routine is to assume an initial value for the shock wave angle 6, and solve for

the density as follows.

pltan 6

Py = TEn(=8) (18)

The velocity behind the shock wave can then be determined by using the

conservation of mass equation:

p.U
U - 1l 1ln

2n 02 (19)

The pressure is then calculated from the conservation of normal momentum

equation:

P, =P +p.U 2 2

2 1 1V1n " PV (20)

Then the enthalpy behind the shock wave is calculated using the conserva-

tion of energy equation:

_ 2 2
h, = hy + 0.50; “ - 0.5U, (21)

Once the static pressure and the static enthalpy are known, the remaining

flow properties behind the shock wave can be found by using the subroutine

M@LIER. M@LIER, which incorporates the gas table, needs only two properties as

B-1
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input to find the remaining flow field properties. The density found from
MPLIER is compared to the density behind the shock wave calculated from
equation (18). If the comparison is not acceptable (to within a prespecified
tolerance), a half-interval iteration method is used to redetermine the shock
wave angle. The procedure to calculate the flow condition behind the shock

wave is then repeated until successive values of the densities converge.

Calculation of Stagnation Conditions. The stagnation conditions are calcu-

lated after the flow conditions in regions 2, 3, and 6 are calculated, by
first calculating the stagnation enthalpy by the following equation:

2

1 (22)

H = hl + 0.5 U

Using the stagnation enthalpy and the entropy of regions 1, 2, 3, and 6,

the stagnation conditions for an isentropic deceleration of the local flow

are found from M@LIER.

Calculation of Expansion Fan Flow. To calculate the expansion fan flow, the

flow is assumed to expand isentropically from region 3 to region 5E. Thus,
the entropy of region 3 defines the entropy of the expansion fan. Therefore,
the two properties serving as input for the M@LIER subroutine, are the local

static enthalpy and the entropy.

As before, the streamlines for subregion 5E through region 6 are parallel

and straight for the assumed flow model. Therefore,

dp
dn

0 (23)
and the static pressure of subregion 5E is equal to the static pressure of
region 6. The enthalpy of region 5E is found by using the static pressure of

region 6 and the entropy of region 3. To calculate the enthalpy of each of

the other nine regions in the expansion fan, the difference between the
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enthalpies of region 3 and 5E is divided by ten to get ten equal increments.
The enthalpy of region 4A is, therefore, the enthalpy of region 3 plus the
above increment. The enthalpies of the remaining subregions are gotten by
appropriately incrementing the previous enthalpy.

As a check to the above procedure the Prandtl-Meyer angle for the sub-

region of interest was calculated using the equation:

1/2
_ 1 (]23H-h) d(H-h)
VoVt 3 [—‘g‘ i] AR (2)

Reg.3
When crossing a right-running wave, the change in the Prandtl-Meyer

angle is equal to the change in the flow direction, i.e.,

dv = 46 (25a)

When crossing the reflected left-running waves,
dv = -d6 (25b)

Thus, since the flow in region 3 is parallel to the wall, the sum of the
change in v through region 4 should equal to the sum of the change in v
through region 5. For all cases computed thus far, the difference between
the v-sums has been small. Thus, the net change in flow angle has been
essentially zero, as it should. The intersection points of the shock waves
and expansion fan waves are calculated the same way as in the perfect gas
code using the subroutine INTRST.

The flow properties at the wall account for the waves of the centered
expansion fan, i.e., region 4, and of the reflected left-running waves, i.e.,
region 5. As noted before,

Viaw = Vua ~ Couay T Oya) | (26)

so that

Vuaw T VuB (27a)



Similarly,
Vupw ~ Vup (27)
Vucw T Vsa (27¢)
and
Vupw = Vsc (27d)

Once the Prandtl-Meyer functions are known, the remaining properties are

" readily calculated, since flow in this region is isentropic.

Wing Leading-Edge Heat-Transfer Rate Calculations. After the inviscid flow-

field conditions have all been calculated, the heat-transfer rate along the
"wing leading-edge" is calculated. The procedure for calculating the heat-
tpransfer is to first use the numerical routine as described in ref. 15 to
set up the initial boundary-layer profile.

This initial profile serves as an input into the NONSIMBL code (ref. 11).
Several modifications were made to this numerical routine for a laminar
boundary-layer. One modification was to eliminate the need for user "exper-
jence" in establishing the initial, input guesses for the wall values of the
shear function, £"(0), and of the heat-transfer function, g'(0). Instead,
since the temperature of the edge of the boundary layer and at the wall in
region 3 were known from the previous subroutines, the initial value of
g'(0) was assumed to be

T
g'(0) = 1- TL 0.6
t3

The initial guess for the shear function was assumed to be: £"(0) = 0.47,
which seemed to provide reasonable results over the entire velocity range
(in the absence of gas injection of the wall).

Another modification was to incorporate into the routine a procedure

for calculating alpha (i.e., the coordinate transformation parameter).
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The above procedure is designated subroutine PIGYBAK and transforms the
distribution of the dimensionless velocity function F and the temperature
ratio 6 (THETA) into the new coordinate using alpha (o). The transforma-

tion is

where n is the newly transformed y-coordinate (ref. 11) and n is the

- transformed y-coordinate using the standard Lees-Dorodnitsyn transformation.
To calculate the appropriate value of a, the value of n where u = O.99ue

in the similar solution for the first station was identified. Then, the
value of o was calculated to be the value which makes the produce an equal
to three at this point, i.e., n = 0.95.

This viscous-layer profile for a similar boundary-layer which is sub-
ject to the flow conditions at the initial point in region 3 is used as an
initial condition for the subroutine EJPYCE, which solves the nonsimilar
boundary layer. This subroutine is actually the numerical code described
in ref. 11 with modifications. Modifications were made to this code so that
one could obtain real gas values of density, thermal conductivity, viscosity,
and specific heat of air. The MPLIER subroutine was used to calculate the
density in the boundary layer. The tabulated values of Hansen (ref. 9) for
thermal conductivity, viscosity, and specific heat were input as a function
of temperature. Then, the subroutine SPLNTRP was used to calculate the
transport properties at the desired temperatures. SPLNTRP is a curve fit-
ting subroutine. The final output of EJPYCE gives boundary layer profiles,
heat-transfer rates, and other data for five points in each of the six

regions and subregions on the "wing leading-edge".

Calculation of the Shock-Wave Angles and the Intersection Points of the

gBhock Wave with the Expansion Fan. As was the case for the perfect-gas

code the flow direction in subregions 4E, 5A, 5B, 5C, and 5D of the expansion
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fan are used as boundary conditions for computing the shock waves in this
region. The subroutine RELGAS is used to generate the shock wave angle

and the flow conditions in the subregions between the shock wave and the
shear layer, i.e., subregion 4ES, 5AS, 5BS, 5CS, and 5DS. The intersection
of the shock wave and the left-running expansion wave is computed using

the subroutine INTRST using the same procedure as discussed in the perfect-

gas section.



Input Cards

Card # 1 NC - number of cases
Card # 2 X0 - x-location of 'nose" (ft)
YO - y-location of "nose" (ft)
X30 - x-location of wedges intersection point (ft)
Y30 - y-location of wedges intersection point (ft)
_Card # 3 Ul - free-stream velocity (ft/sec)
Pl - free-stream pressure (lbf/ftz)
Hl - free-stream enthalpy (ftz/secz)
DELTA - angle of the first wedge(o)
LAMDAS - complement of sweep angle (o)

N@PT - option in M¢LI§R for the two input properties enthalpy
and pressure ()

Card # U TWALL - wall temperature (°Rr)
RADIUS - radius of reference sphere (ft)
PR - Prandtl number
Card # 5 E - convergence criterion on boundary condition (typically .0005)
DELT - step size in y-direction (typically .05)
EPS - convergence criterion when variable step size is used.

Card # 6 KEY - equals 1 if using variable step size (equals 0 for the
fixed size routine)

Card # 7 IN - number of y-points

ALF - coordinate transformation parameter
Card # 8 PIGYBK - if equals 1.0 edge properties are not read in as input
Card # 9 MM - number of x-points for calculations

N - number of y-points in boundary layer

KK - equals 0 for two-dimensional flow, equals 1 for
axi-symmetrical flow

N@PRINT - if equals O output will be printed.



Card

Card

Card
Card
Card

Card

Card

10

11-13

14-16

17-19

20-22

WMI - molecular weight of injectant
WMS - molecular weight of stream (WMI = WMS for this routine)

TEMP - temperature (°R), fifteen temperatures on three cards

VISC - viscosity (lbf Z_S€C ) fifteen viscosities correspond-
ft ing to above temperatures.
BTU

), fifteen thermal con-
ductivities correspond-
ing to above temperatures

TC - thermal conductivity (fE:EEE:EE

TU . . o
3 ), fifteen specific heats correspond-

CP - specific heat (EEE_:EﬁF
& ing to above temperatures

23 equals Card # 3 if NC > 1

24 equals Card # 4 if NC > 1
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PROGRAM REALGAS (INPUTsQUTPUT)

VIMENSION H*(SO).P4(50),TQ(SO),ﬁ4(50).GG(SU)9A4$u(50),Y(su)’
1UNU(S0) 924 (50)

UIMENSION WAVE4(S0) 9 AGLA(50) 9 X4(50) 9Y4(50) o THTASG(50) yU4(S50U)
1eXM4 (20) o SIOUNU (D)

UIMENSION TRTS4(11)y XS4 (11)9YS4(11)s USG(]11)9PS4(11)y TS4(11),
]NS4(11)0H34(11)vGS4(11)vlS#(ll) S4(11)

COMMON/KONS1/TWA) LyRADIUSPR )
COMMON/WING/PT3eTT39U3eT39P39X309Y309X49Y4sPG9FO9T4eli4,TSE
COMMON/CASE/NCASF

COMMUON/SHOCK/NFL11IB9s ISHOCK » JSHUCK

REAL LAMDAS

HEAO dzd, NG

FORMAT (1I8)

READ 101¢X0sY0eX300Y30

FORMAT (4E12e9)

UO 99 II:l’NC

READ 2005U19P1oH)9yDELTAYLAMDASYNOPT

FORMAT (5E1245,15)

KEAD 102, TwallLs RADIUSy PR

FORMAT(3EL2¢%)

H1=H1/(32e1/6#77R40)
Crtl MOLIER(HY9P19NOFT9T19Z19S19RHO19GAMMA]Y)
H1=H]1#32,176%#778,0

RHBBRCALCULATING FLOW CONDITIONS IN REGION pu#tetsn

CALL RELGAS (UlsPloRKOLsH19DELTAINOPT,U29P24RHU29H29T2,229GAMMAZ,
11HETA$S2)

#ou0uCALCULATING FLOW CONDITIONS I[N REGION 30wewe
DELTA3=LAMDAS=DE| TA

CALL RELGAS(U29P2sRHO29H2sDELTAZINOPToU39P39RHUI1H39T392Z39GAMMAS
1THETA3,53)

*aeeaCALCULATING FLOW CONDITIONS IN REGION g#%wes

VELTAe=LAMDAS

NFLUB=]

caLL RELGAS(U]¢P1oRHOlleoDELTAéoNOPT UGsPesRHOGIHE1TEO9Z69GAMMAG S
1THETA0,56)

FuaeeCOMPUTING STAGNATION CONDITIQONSH#aw#w

HSTAG=SH1l+0,5%]1 %1

HSTAG2HSTAL/ (32,176%#778,0)

CALL MOLIER(HSTAGePT1939TT19ZT1eS19sRT196T])
CaLL MOLIER(HSTAGIPT2939TT292ZT29S29RT296T2)
CALL MOLIER(HSTAGyYPTI939TT342ZT39S3,RT396T3)
CALL MOLIER(HSTAGIPTE?39TTO92T69S6IRTE26TE)

PRAT213P2/P1
PRAT31sP3/pP1
PRATO1=P6/PI
TRAT213T2/T1
TRAT31=T3/T71
TRAT61=T6/T)
DRAT21=RHO02/RHO1
URAT313RHU3/RHO1
URAT61aRHO6/RHO1

H1®H1/(32176%778,0)



eXeK g

(gl oXe!

OO0

98

97

90

96

)
Y(N)=SQRT (2 0#ETAN/ASESQ=140

H2EH2/ (32¢176477R,0)
H3zM3/(32e1/76%#77R.0)
H63H6/ (32¢1762772,0)

*a#80COMPUTING EXPANSION FAN FLOWR®#ee

IF (ISHOCKeEWe1)Gn TO 703

CALL MOLIER(HSE9P6919TSEs25E»SI»RHOSE 4GSE)
A3SQA=P3*GAMMA3/RHO3
ASESQEPORUOL/RHORE
A3SQ=A3S50/(32,17<4778,0)
ASESQERASESQ/ (32¢176%77840)
ETAl=HSTAG=H3
ETAN=HS]AG-HSE

N=]1] '
Y(1)=SQRT(240#ETA1/A3SuU=140)/(2.0#ETA})
)/ (2.0%ETAN)
MasNe]

HSTEP=s (ETAN=ETALl) /M

ETazETAL

V0 98 I=2M

ETASETA+HSTCEP

Ha (1) =HSTAG=ETA

CALL MOLTIER(HA(I)oP4 (L) 939TA(I)9Z6(T)¢S39R4(I)sG4(1))
A4SQ(T) =P (1) #G4 (1) /R4 (T)

AaSQ(I)=A4Su(T)/ (32.1764#778,0)
Y(I)=SURT(2.U0ETA/A4SQ(1)=1,0)/(2,0%ETA)

CONTINyE

SIGDNU(1)=0e0

SIGDNU(2)=SLIGDNU (1) +(Y (1) +Y(2))*HSTEP/240

V0 97 y=3sNs2 _

SIGONU (J)SSIGDNYU(J=2) ¢ (Y (J=2) +4e00Y (Jml) ¢Y (J)) *HSTEP/3,0
IF((J*1) oGTeM) Go TO 97

SIGDNU (J+1)3SIGUNU(J=]l) ¢ (Y (J=l) 4,00y (J)*Y (J*]l))#HSTEP/3,V
CONTINUE

V0 9y JP=2¢N

UNU (JP) SSIYUNU(Jp) =STGUNU (JP=1)

CONTINVE

UNU4BUNU (2) *ONU () *DANU (&) sDNU(S) +pNU (6)

UNUSSDNU (7T) *UNU (R) *DANU(9) +DNU(10) «CNU (1))
UNUDIF=0UNY4=UNUS

wnaedF INDING VELNCITIES AND MACH NUMBERS IN THE EXPANSTION FAN#o#zs

ASTAG=HSTAG*32,176%778.0

U0 96 Kz29eM

Ho (K)3H& (K)#32,176%#778.0

Vs (K)SSQRT (2% (4STAG=H4 (K) ) )
A4SQ(K)EA4SU(K) #32,176%#778,0
EXM& (K) 34 (K) /SQRT (A4SQ@(K))
He (K)2H4 (K) 7/ (32,176%778,0)
CONTINUE
HSEsHSE#32,176%#77840
ASESQ=ASESQ®32,176%#778,0

U4 (N)ZSQRT (2o 0* (STAG=H5E))
EXM& (N)BU4 (N) /SQRT (ASESQ)
HSE=HSE/ (324176%#778,0)

waneap INDING INTERSECTION POINTS'QF SHOCK WAVES AND EXPANSION FaN##aew



IHETA=THETA/ 574296
IHETA3=THETHI /57,296
LAMDUS L AMUAS /ST 296
UELTA=DELTA/DTe296
VELTAGO=VELTAG/5T7 296

AGL3=THETA3*UELTA
Call INTRST(XDeYr o THETA9AGLI9A3UsY309xIoY])

A3SE=A3SO®3C 1764778,

MAVEI=AST (La0/ (13/75¢RT(A35Q)))
RuL4AsLAMDAD=WAVE

Call INTHSTUATSYT9AULGAGLAMDAS X 309Y300A4A,Y4A)

: CXM‘#(])-?UJ/:)\JR,(f:asu)
A (Z2)=X4n
Talg)=Yas
AGLG (2) 200 <A
tL=l
aNnNE(ivel) /2
U 95 L=2M
"AVE4 (L) sASLu(le ZEXANMG (L))
LF (Nn=L) 94 473,99,
92 AGLG(L+])SLAMADASSTOUNU(L)=WA iEa (1)
Call INTRSTUXToYreAGLY (L+1) sLAMUASIX309Y30,Xa(L*1)gYa (1))
ul) TO 9%
94 LI SLL+]
IHTA4 (L) =THIAG (La1)=NU(L)
ApLa4(L+1)=TRTA4 (1 ) +WAVES (L)
CALL INTRSTIX4 (L) o Y6 (L) 9 THTAG (L) s AGLG (L*1) o X6 (LL) s Y4 (LL) ¢A4 (L4]),
Tra(Le+l))
v TU 9%
93 IHTAG (L) =LAMUAS*<TGUNULL)
LL=LL+]
AL 4 (L+]1)=THTA4 () ) +wAVES (L)
CalLl INTHST(ATsYTaTrTA4 (L) sAGLA(L+1) oX4 (LL) o Y4 (LL) gAG(L*])2Ya(L+])
1)
95 CONTINUE
c .
CHeasuCALCULATING FLUW CONDLTIONS [N SHOCKED REGIONS 4B AN SHasas
C
L=l
NFLUB=2
MisH)#32, 1704778
WO 77 IsreM
IHTAG (1) =Tniae(]y#57,296
CALL RELGAS(UY9P1yRHCLaHLy THTA4 (1) ¢NOPT9USG (1) 9PS4 (1) 4RS4 (1),
1S4 (L) 9 1S4 0L) 9252 (1) 90S4(]) 9THTSG (1) eSS4 (]))
IMTS4 (1) =THISG (1) /57296
L=l+]) :
LF{leGTe®) Vv TO 75 ‘ :
CALL INTRSTU(ATOYToTHTS# (1) 9AGLA(T41) axX4 (L) oY (L) XS4 (T41)9YS6(T41)
1)
o0 T 76
75 cCaLtb 1NTPS1(AS#(Y);YS“(l)oTHTSa(I)9AGL4(I¢1)y&#(L),Y«(L),&SQ(I¢1),
1784 (1+)))
76 IHTS4(1)=THIS4(I)y¥#57 ,296

77 LONTINUE
HISHL/ (321 /08T771,0)



THETAZ_TRETA3457,296
LAMDASZLAMUASHST 296

UELTA =UELTHo#8T7 2%
UELTA=DELTA“57.2u6
IMETRA=THETA#ST.206
763 COnNT INUE
FRINT 1UD
100 rORMAT (1nl)
FRINT 206Gy 11
300 FORMAT (33X4%(CASE =%9129/)
FRINT 2U])
201 rORMAT(LlER s ¥ REELSTREAM FLOW CONDTITIONS®*e///)
FRINT 202
202 FURMAT UL 3R U] Sy | [ Kg#P #g 14 XgttT Ity [CXe#RHULH e 12Ke 8P T %9 l2Xy8TT
1i#)
FRINI 217 :
217 FURMAT (26K 9% (L BF/SAFT) %o Xest (RANKINFI HoB8Xg# (SLUGS/CUFT)#,/)
FRINT 2039 Uly Ple Tle RHOLy PTly TT?
203 FORMAT (LOX gL 12 e 3hoE 124994 X9E12.593X o i2.594K9E12,904X9F12e54//)
FRINT 2049 wamMMAY, Hle (1
204 FORMAT (L1Xe¥GaMMAL SHIE1Z249 99N e%H] =#,E12,5¢9K0%2]1 =#4F12e99///)
FRINT 204
206 FORMAT U LaXe#*FILOn CONCITIONS IN REGION Z%9///)
FRINT 207
ENT FORMAT (1OX g #UPH o 4 X g #HP2/P Ly JDXIHTZ2/TI® 16X #RHUZ/RPV]%e/)
FRINT 208y Uly P.oATZly THAT2ls URAT2)
208 FORMATULAIC 12 e DO XIELCeD9BXIELCe599X ok 1245077)
FRINT 212¢PcesTZ2eH0CPTS
212 TORMAT (11 Xe%P2 Sn9E12e9¢9Xs#TE SHGE12,9915X4#RAUE =#eF 12,590K98#pT2
15#9F124.507)
FRINT 209 112em2 L2y 0GAMMAR
205 FORMAT (L1 XeH1TE =#9E124993Xe%M2 S#yF12eD95 9042 =H9E12,5,DX9#GAMMA
1€ 94K 12,207)
FRINT 209y veEL TA, THETA
29 FPORMAT(LIXgyHUFLTA S#oE1ZeDeOKI#THETA =%9E12,5)
PRINT 21¢
210 FORMATY/// g toxe®eLOW CORNDITIONS IN REGIUN 3%4//7/)
FRINT 213
213 rnRMAT(IRXo*Ua*.wax,*PJ/PI*uIva*13/T1*v14xo*RnuJ/RHmluo/)
PRINT 208y 13y P AT3]y TKAT31e UAT3I)
FRINT 245eF3eT39 :HO34FT3
215 rORMAT(L1Xe%P3 =4 9El2eD99Xo#T3 =#,F12,505X#RAU3 =#9F 1 2.595X,#pT3
1Z#9E12,547)
FRINT 209 11T39H2e43
220 FORMAT(1IXe#TT3 =t%ebE12.590K9%#M3 =0yF12eD05x0%L3 =®4E12,5,4/7)
FRINT 218y VELTA9y THETA3s GAMMA3J
218 FORMAT(LIAGHOFLTr SH4EL2eD9SX9¥THETA =HIE]12,590X e #GAMMAS SH#9E12,5)
- PRINT 211 -
211 FORMAT(///¢loRe#FLO® CONDITIONS [N REGIUN ao.///)
LF (ISHOCKeEWS))Gr TO 701
FRINT 214
2lé roRMAT(lﬁxo“U6*o14X9*P6/P1*9IDXv*TelTl”v14xo¢Nh06/HNn1#,/)
PRINT 209 Uby PrATOly TRATGLls UKaT61
FRINT 216+F09TE9:HOb6,PTH
216 FORMAT(11X9%P6 St9E12D9DXe#TO S ,F12,0990X,#RHUO SH4E 12,595K94#pTh
1=“9E12.59/)
PRINT 221¢ 1T6aHas20
221 FTORMAT (L1Xg*ITE =%9E]12e590X9#16 =#9F12eD95x9#L0 =#,£12,5,/)
PINT 2199 VELTARe THETAbLy GAMMAS
219 FORMAT (11X o #UELTA =#9E12e595Xs#THETA =%9E12.595X92GAMMAG S#9E]12,5)
FRINT 301
301 rORMAT (///9i0Xe#rLOW CONDITIONS IN THE EXPANSIUN Fan®#,,//)



wY(l)=sy (2)
vY(2)=Y(3)
UY(3)z=(Je/AL)R((Y(]1)+X2)8Y(3))
LY (4) =Y (&) :
UY(S)z=(1e/(A3# 1)) H ((Y(L1)+A3®X2) Y (S)+((X)®Y(3)##2) =y (])®*Y(2)0Y(3
1))#A4)
b TURW
(NT)]
emmmm—— SUHROUT INE vUMIN (NS DELT 9 ToOVIPITE ZERIYPHRINECIEPSIDOPSAVEIKEYIDERIV ¢ e

14i-0K)

Co=====GENERAL NUMERICAL INTEGRATION WITR SINGLE=STEP ERROR ANALYSIS
VOUBLE PMHREVISION DEP¢SIXeTWO9UPSAVE
VIMENSTIUN Ava) oB(5) gLV IN) oP(N) 9 TE(N) 9EK (N)
UIMENSTUN YrR{Ne4) sUEP (N) s OPSAVE (N)

(rornmm=

Comnrasn
EXTERNAL VERLYV

(Peamamccca=s [IATA
VWO TU (leelDe?u) TNDX

10 51X = 24.00U

LERO = 0,0pv
A()) = =9eQuUu/SIv
A{2) = 37+00V0/51n
A(3) = =99,u00/8r1X
A(4) = S%eQUU/ST 4
o(l) = leuDu/SIX
B(2) = =%e0uUn/Slv
B8(3) = 19«0V /SIx
o(4) = =a(])
RATIO = 1Y4v/7270,0
>3IXK = 6QOUU
fwl = 2e0U0
Ml = 4
Mg =
M3 = &
g = 3
RE TUKN
Crmacnras- SET UFP FCKR INTEGRATION
(mmanvcae= ENTRY RESEI
19 ASSIGN 2000 TO IelS
AP =0
KOUNT = o

VELBYA = DELT/SIY
VELBYZ = DELT/Twn
O lo JsloenN
URPSAVE(J) = DEF ()
16 Uvid) = DEF(Y)
Calll VERIV(19OVege6yN)
17 CONTINUE
O 18 Jd=]oeN
TPR(JIML) = P (J)
18 ER(J) = ZERV
1% CONTINUE
~ETURN '
Cowemnra= ENTRY=POLiNT FOR ONE NUMERICAL INTEGRATIUN STEP
20 v = 7
i= v o+ DELY
nNOP = KOP ¢ |
w0 TG IPLS
Cowmea= RUNGE=RUITA PoQOCEDURE
20006 vv = V + DELBYZ
U0 250 J=liN



25U wvld) = DEP(J) ¢ YPR(JeML)#DELBY?2
CaLl UERIV(VV4DV.Pe3enN)
251 CONTINUE
U 26 Jd=len
26U wy(d) = DEFP(U) + P(J)WUELBY2
CalLl DERIVIVVeUIV,TEs4nN)
26l CunTlinue
U 270 Jelei
vy (J) = pEpty) + TECJY)HDELT
CTU TF(J) = 20%(TE( ) +P (J))
CALL DERIV 19UV 959N)
271 CONTINUE
w 280 J=lew
VEP(J) = DEF(J) + DELUYE®*(P(J)+TE (J) eyPR(Jy1))
2RV Wy (J) = pkply)
Lall DERIV (1 eUvereSen)
2rl CONTINUE
DO 290 Jsliv
290 TPR(JeM4) = P (J)
291 CONTLInyE
NOUNT = grUUNT ¢
(ooemw= YHECK THE n~UMBER OF [NTEGHATION STEPS MAUE BY W=k PRUCEDURE
LF (KOUNT.LT«3)6G0O TO Sud0
292 ASSIGN 19uu 10 InLS

L)y TY 8900
D000 My = M4

r4d = M3

M3 = M2

Mg = bk}

MY = MO

LF(KEYSsEGe ) RFTURN
IF(KUP LE « 3V RFTUWN
KINC=(
O SO0 Jdzlev
LF(EM(J) o GTeERS) GO TO 518
IF(ER (J)#1l0uU0e0,LToEPSIKINC=RINCS]
90U CORTLRNUE
LWF(KINCeFEWanN) GO TU 8§50
U 9510 Jdslaen
URPSAVE (J) = wFF ()
91U CONTINUE
RETUKN
519 CONTINUE
IF(KUPebEWed) GC 10 5410
1 = T = pEL
520 VELT = U,5pu#pELT
U0 530 Jdslew
T WEP(J) = DPaavEL()
530 CONTINUYE
w0 TO 15
540 + = T 7 4¢0ui%0DEV T
w) To 521
550 VELT = 240DU*DELT
Lo TO 15 ‘
Cowermare= LDAMS PRENDICTOR=CUKKECTOR PROCEDURE
1o0u Do TL6 uslew

TE(J) = RBI3)#YPR(JIML) + B(2)RYPR(JoM2) + @ (1)HYFR(JIM3)
uvid) = DEP(Y) + DELTR(A(4)RYPR(JGM1)+R(3)aYPR(JIMP))
UVIJ) = DV (J) ¢ nELTH(A(2)#YPR(JeMI)+A (L) 0YPR(J9ME))

710 erR(J) = pV (V)
CALL DERIV(TsDVerelaN)



FRINT 302
302 rORMATULI3XG#REGIAN 4%4//)
FRINT 314
314 PORMAT (DX ¥VELORITIES#H#y/)
FRINT 315eU4(2) 9114 (3) U4 (4)4Us(9),U4(6)
315 FORMAT(11Xe%UA S0eb12e995X080UB S#,E12,595X,#UC S#9F|2,595K9%D =e,
1612595 Xe%UL =%y 12,59//)
PRINT 303
303 FORMAT D0 Ae*PRESSIIRES®9/)
PRINT 3049P4(2) 904 (3) P4 (4) 4P4(D),P4(6)
304 FORMAT (LIXo¥PA SuoE12eD90X 98P0 SH E12,599X4#PC s#9FE12,595K9%P) =4,
1E12eDeSAs#Pe =HWgyrr]12e59//)
PRINT 308
305 FORMAT (49X IEMPrRATURES®4/)
PRINT 3069T4(2)eT4(3)9T4(4)9T+(D) T4 (6)
306 FORMAT(L1Xe%T1A Sa9E]12e500K9#1 03 SHGE124999K4#TC =#9F )2 4S95K9%TD =0,
1-F—]205’5X0*!:— =90 124%9//)
FRINT 307
307 FORMAT (DOK 9 %UENSTTIESH9/)
PRINT 30559 (2) 9 14(3) eR4(4) ¢R4 (D) ¢R4 (6)
308 FORMAT (L1 X9y ¥RHCA =#9E12e995X9#RHOM =#9El2,5¢5K9%RHA0C =#9ELZeS95 Xy
THRAOU = 4L ]1ceB15 vy #RHOE =S#9FE12459//)
#=RINT 309
309 FORMAT(SQAPENTHALPIESH#,/)
FOINT 310eH4(2) 944 (3) 9H4(4) ¢HA (D) 44 (6)
310 FORMAT(L1Ag¥HA Su9E12eD99K9H#HHE S#,F12,995X,#HC S#9E12,595X9%H() =,
1E12e9sSXo#IIL =t gt 124S9//)
PRINT 311
311 FORMAT(Q9TXe%cFFEFTIVE VAMMASH9/)
PRINT 312094 (2) 9:34(3)e04(4) 494 (D) ,Gal(6)
31¢ FORMAT L 1Xe%GA Su9E 1259549400 SHoF120590X #HGL SR E]124595K08G) =,
112D 95X #GL =9 124%9///)
FrRINT 313
313 FORMATVI3Xe¥RFEGInN S%4//)
FRINT 3le¢
PRINT 31SeU%(T) 904 (8B)sua(9),u4(10) UG (ll)
PRINT 303
FRINT 3049P«(7) 934 (B)9P4(9) 4P4(10) 4pP6
FRINT 30%
PRINT 3069T4(T7)9714(8)eT4(9)4T4(10)sTSF
PRINT 307
FPRINT 3080R4(7) 94 (B) R (9) ¢Rk4(10) 4RHOSE
PRINT 309
PRINT 3109H4(7) 944 (8) vri4 (9) oH4 (L0) ¢HBE
FPRINT 311
FRINT 3129G4(7) 934 (8) e04(9) 964 (10) yGSE
FRINT 401 e0NUNLF
401 FORMAT (11A9RUNUDIF s#9E12.54/77)
FRINT 31
316 FORMAT 1Ay #POINTS OF INTEREST IN THE FLOw FIELL ANL OM THE BODY (
1IN INCHES)®9///)
FRINT 317
317 FORMAT (13Xy#INITTAL PUINTS ON BOw SHOCK WAVE #).
FRINT 318eXusY0
318 FORMAT LI R9¥A SR,EL12,515X98Y =#9E12,5)
PRINT 319
319 FORMAT (/913Aytw I INTERSECTIUN POINT®)
FPRINT 318¢X30, Y3x
PRINT 3¢n
320 FORMAT (/913A9#401v SHCCRA=WING SHOCK INTERSECTIOUN POINT#)
PRINT 3189xlyYIl
FRINT 3¢1



321 PORMAT (/91 3Ae#EXCANSTIUN FaN INTERSECTION PoInNT>®)
WD 8B TL=2 e

88 FPRINT 318sXe(TL) Ya (L)
FINT 400 .

40U rORMAT (Amislbse#e LOW ALONG THE WING IN THE EXPANSION REGIUN%e///)
FRINT 405

405 FORMAT VI3Xe®VELUCTIIESH9/)
PRINT 402004 (3) 014 (5)yus(T7) 4Us(9)

40C FORMAT (L1Xo¥HUbAw =#9E124593X9%UGNW =#4E12,5,3K9%U4Cw =89E12e593X,
104DV SHeEl1Ze59/ /)
FRINT 403

403 FPORMAT VL3R4 %PRESGURESH*y /)
FPRINT 4049P«(3) g4 (D) oP4(T) P4 (Y)

404 FORMAT (11X oH#Palw =#gE [ 2eDe3Xg#P4Y m# b 12,543AK0%P40W =tteFE12e593X0
1¥P4Dw =%4E]1ce5)

FRINT 500 ' . .
500 rORMAT(///416Xe#c 0w CUNLDITIUNS [N SHOCKED REGLUN QF EXPANSION FaN

1%o//7)

LF(JSHOCKeEWL]) Uy TU TUZ

FRINT SU]

B01 FORMAT (COA9REGL AN 4ES#e//)
FRINT S02910dTS4e(~)y xX54(7)e YS4(T7)
502 FORMAT(I3RAs¥THETA SHeFE12e595X9%#K HE124D95X0%#Y S#eF | 7,59/)
FRINT 8039 U4 (0)sPS4(0)9TS54(6) sS4 (6) 1HSG (A) 1656 (6)
503 rORMAT (L3R ey SHIF12,9903A9%#P SHeF12,5,3K98T =H9r 2,543 e#tR S#yp 12,
1903X9%H #9010 ]2e5,3X9%0 =#4EJ12e59/7/)
FRINT D04
504 FORMAT (CeKe¥REGLIAN Has#y//)
FRINT 502y 10TS4(7)y XS4 (8)y YS4(8)
FRINT SuU3s US4 (T)ePS4(T7)eTS4(T)IRS4(T)sHSL(T) 2054 (7)
FRINT S0%
505 FORMAT (2AAg#RECLIAN HHS#4//)
PRINT S02+¢(17S4( 1) XS4 (9)y Y354(9)
PRINT 5030 US4 (8)Y9PS4(8)9TS4 (8)eHS4 (8)9HS4 (R) 1654 (8)
SN0 FORMAT (26K e #REGI M BCS#y//)
FRINT S029TATS4(a)y  XS4(L10)s YS4(1n)
PRINT S03y UD4(9)9PS4(Y)sTSG(9)9RS4(9) 9HS4L (P) 954 (9)
FRINT SG7
507 FORMAT (CORe¥"REGT N DLS#4/7)
PRINT S5032+1MnTS4(10)s XS4 (11) YS4(11)
PRINT 503 US4(1n)ePS4(10)9TS4(L0) sRS4(10) 9MS4(L0) 9GS4(10)
IF(JUSHOCKeNE 1) G TO TU4
Tne FPRINT 602
602 FORMAT (26X #CURVED SHOCK NOT MQUELED®)
704 CONTINUE

NCASE =11
CALL PIOYBAN(HSTAG)

GO TO_99

701 FRINT 601

601 FURMAT (26Xe#NAT A TYFE VI PATTERN®)

99 LONTINUE
eND :

mm— SUBROUT INE HELGAS (UL sPLaRHOLs A1 sDELTAGNUPT 3 J29FP29RH0Z M2 12922 o commmm—

10AMMA2y THETAYSZ)
CUOMMON/SHOCA/NFLEIBY JSHUCK 9 JSHUCK

VELTA=DELTA/ST7.205
IHETAL=VELTA
IHETAR=1,571

S THETAs(THETAL + THETAK) /2.0



LF(THETALT el 57079)CG0 TO 7
IF (NFLUB.OTS1)G0 TO #
1<HOCK=]
Ny TUKN

8 JSHOCK=1
HE TURN

7 CONTINUE
tANT=TAN(THCTA)
FaNTMUSTLAN(IAETALDELTA)
SINT=SIN(THETA)
SINTHMO=SIN(IHETALDELTA)
COST=CUS (I Hei n)

erSsTanNTmu/ L ANT

KRUZ26zRHOL/LPS

VInsUlaSINT

U} [:uj#\.()b]’

U2NSERPS®ULN

JeT=sUu T
FPEPl+RHOL#U I NSUIN=KPROZ20%*U2N#UZN
HP2SHL Qe Oyl sl =(eSHUSN®2ZN
UP=UAN/SINTHD

NZsHZ/ (32eL10%T7 T3 44)
Call AULJER(AP PO INUF T 9T20Z229S29RHC? 9 GAMMAL)
Ry LFF=RHO26=RHUZ
CONVSABS (RDLFF/R-020)
LF (COnY=(ie0ul) 2,200

e MW (RODIFF) 39244

3 InETAR=TRETA
vy O 2

4 InETalL=inbkTA
wp TO 2

¢ CONTLINUE

HR=HZ®#32,170%778,
VELTAzDELTA®S7,2 16
IHETASTHETA¥S 7 e 2006

K TURN
£t
e 5 HRUUTLNE LHTRST (X1 oY1 9Al 9A29X29Y2 9 X197 ]) ee—

wda#SUsROUI INE TO FINU THE INTERSECTION POINT OF THE. SHOCKWAVES
ANV THRE INTERSECTION POINTS IN THE EAPANSION FAN®##ew

(eNeXoXe!

ALS(Y2mY1*XL#TAN(AL) =R2#TAN(A2) )/ (TAN(AL)=TAN(AZ))
YIsYie(Al=Xx1)aTAr (A])
KF TURN
[ 1N
emmsmsmme 5 j3ROUTINE FPIGYB K (HS) com—
UIMENSLION F(20U) G (200) oFN(209)9GN(200) 9YN(200) ot TAD(200)9ETA(200)
19 THTTA(200) ‘
UIMENSIOM Y(D)9FuLA(3)GA(3)
VOUBLE PRECLISICN YsAAsoBeCCoUDSEE
UIMENSTION DV(S) e (S)eTE(D) s YPR(De4) oDEF (D)
WIMENSIUN ERK () o "PSAVE (D)
UIMENSION X4(50), Y& (50)s P4(50) s T4 (SU)e U&(50)
VOUBLE PRECLSION DFSAVEUEPR
EXTERNAL VERIV
COMMON/CONST/ZAloa20A39A49EVERS



liov

2u

13

14
12o0v

34

33

34

COMMON/KONST/Twap LeyKap[USIPR

CCOMMON/ZWING/PT39TT39U39T39P30X309Y309X49Y6,4ParPOsTalIe,THE

COMMON/CASE/INCASF
LF(NCASE.GTel) Gn TO 1100
REWD 14 te UELTs EPS
FORMAT (3EL12¢2)

CONTINUE
A)sU3#UI/ (2. 68HS)
‘*2=1.C‘Al

A3=] W /PR

AesU3#U3# (PR=10)/ (HE#PK)
LF (A3)999s799,20

CONT LNyt

nazl,

o1 E X VY]

CC=0+47

up=TwALL/TT3

cE=(l=0DU)#0,.n

LF(NCASE.GTe1) G TU 1200

READ 13Kty

FORMGT (11%)

<k AD 149 INgALF

FORMAT (412401209

CONT INUE

Y(l1)=AA

Y {2)=HB

1(3)=CC

Y(4)=DD

Y{(9)=EE

LRSAVE = Y (2)

rPPSAVY = Y (3)

rPPYl = Y (3)

uPil = Y(5)

FPPOS = Y (3)

LVPOS = Y (™)

1L =}

CALL NUMIN(NeNELToToVeP s TEsER9YPRyYsEPSsDRPSAVEIKEY I NERIVY L)
I=u,

=9

i=1

Calll NUMIN(NSDELToT o VIPITESERIYPRy Y EFSINPSaVEIKEY eiERIVZ)
LALL NUMI(NgDEL T ToNVaP s TEGER9YPReYHIEPSyDPSAVE s <EYsERIVE I)
1F (AapS(Y (3)) LT, E) GO Tu 33

L =1 + 1

vy TO S

IF (ABS(1e0LUD=Y(2)) ,GloE) GO TU 134
LF (ABS(1e0uu0=Y (4)) LTet) GO TO 96
FRPA(II) = 1 (2)

wA(Il) = Y(4)

11 = 11 « 1

IF (I14EWe2) GC -0 35

IF (ITeNEe3) GO TO 36

Y(1) = Aa

T(2) = bi

Y(3) = FPPgAV

Y(4) = LD

1T(9) = 1.U5%0PSAGE
tPPO3 = Y (3)

wp03 = Y (5)

rPPOS = Y(3)

oP0S = Y(5)

L0 TO 30



35

94

55

V(l) = AA

1(2) = op

Y(3) = 1,05%rpPPRSay
v(4) = DO

1(5) = GPSAvVE

rpPP02 = v

el = YY)

rePOS = v (3)

LHOS = Y ()

WO TO 30

UFPA = FPA(L)=FPA(2)
uGa = GA(L)=Ga(2y
UFPAL = FPA(L)=Fua(l)
UGALl = Gall)=GAa(a)
UFPPH = FPPul=Frpul
LGP0 = GFUL=GP03

A = DFPAZDEPPC

o) = UDFPaj/UOPY

Cl = 1.,0000=FPAC(Y)
Ul = UGA/UFFPI

Ll = LGAY/DOPS

Fl = 1.00U00=GA(L)

UEFPP = (Clsoei=Fradl) /(A6nE]l=U1%B1])
VEGP = (abwl |=U]1eCl)/(d6%El=U]l#H])
FPP = FPPU]*UEFPD

opP = GPCLl+*DcoOP

Y(1) = AA

Y(2) = ©b

T(3) = FpP

Y(4) = LD

Y({5) = op

w0 TO 3

CONT InUE

Y(1)=AA

Y(2)=ht

T(3) = FPPO>

Y(4) = LD

Y(%5) = GrUS

Cabl NUMIN(NGDELToToLVePsTEGERIYPRYYsEFDsDPSAVEIKEYIDNERIVL)
I 8 %o

N =9

1 =

ULSTL = (Y(4)md]la(Y(2)%42))/A2 = v (2)
IRTAL = (Y())#(1e0=Y(2))
IHTEL = (Y(Z2))R (1 ,U=(Y(2)®u2))
111 = 1 ,

r(lIlL) = Y()

w(lll) = Y (=)
£TaD(111) = T
Call NUMIN(NIDELToToCVIPITEIERIYPReYIEPSIDPSAVEIKEYIDERIVS2)

VLST2 = (Y(9)=Alal(Y(2)882)) /42 = Y (2)

IHTA2 = (Y(2))®(1,0=Y(2)).

IHTEE = (Y (€))# (1 ,0=(Y(2)0u2))

ADELST = (Qeb#LlLaT]l « ULLST2)#OELT:

ATHETA = (Qeo#THTAL ¢ THTAZ)HUELTY

ATHETE = (peS#THTE] + THTE2)#VELT

CALL NUMIN(NODELToToDVePsTEZERIYPRIYIEPSIDOPSAVESRKEYIDERIVI)
UDELST = ((Y(4)=a1®(Y(2)%82))/02 = Y(2))#DELT
UTHETA = ((Y(2))#(le0=Y(2)))SDELT

UTHETE = ((Y(2))#(le0=(Y(2)882)))8LFLT

ADELST = ADELST + DUELST

ATHEIA = ATHETA + DTHETA



9q 0

92
Q0
94

/=1

162

76l

Tou

170
180

172

799

999

11l = 1

ATHETE TE +« DTKFEITE
ETAD(I]
F(LlD)
vw(lll) Y ()

I (apsty (3)) LT E) GO TO 999

L = [ ¢«

wo TO 55

CONTINUE

Nl = 141

Al Al

UM 3 (e 0

CRUSS SikEair STATION IRANSFORY WITH =IN= NO. OF STATIONS
Uy 79) 4 = 1N}

YN(I) = i:UnA

LF(ALF)YZ99<c991

fHone—e—i

AF(F(I)=,99) 919950

ALF=3,0/ETA0(T)

CONTINUE

UM = DURM ¢ o8

CONT L NUE

J =]

DO The 1 = 1sIn

ETA(L) = ALUG(le~/(1a0=YN(1)))/ALF
DO 753 JJ = 1eN1

IF(ETA(L =E1AN(Jy) TeusTOle762
CONT Inut

J 3 J+]

Lo TO 757

CONTINUE

oni(]) -(J)

re () F{J)

o Tu o

Jd = J=]
LFETACLY=ElaD(UW)y) TT0e 7614772
PRINT 785

FORMAT (2X# FUNNY #)

vy To 799

CONT INUE

AF = (ETACD) =ETAN(J))Z(ETAD(J* 1) =ETAD (J))
FN(L) = AF#(F(Je)=F(J)) + F(J)
UN(I) = ab#(G(Jder)=G(J)) + G(J)

CONT ENUE

CONTINUE

Vo T8i 1 = LeJN

IHTTA(T) = vn(l)LAAL#FN(L)RFN(])

CONT INUE

FN(GIN ¢ 1) = 160

VN(IN ¢ 1) = 1,0

TATTA(IN ¢ 1) = 140 = AAl
CONT INUE

CaLl EJOYCE(FNeTRTTAgALF)
CONT INUE

KE TURN

EnD

SUHMROUTINE UERIV(TeYeDYLOC o iN) e
VIMENSTION Y(3) 0V (9)
VOUBLE PRECLSICN XeX1lexr2
COMMUN/CONS T /Al 9na29A34A4E
A=((Y(4)=(aluy (2)®¥2))/A2)
K1=(x8#® (au,aen) )
K2= (=0, ZH)*(XG“(-I-ZS))“((Y(S)/AZ)-2.Q(A1/A IRY(2)#Y (3))



1720

ConT {nUE

C----_---

Coeammmae  DOUNLE PRECTSION AUAMS MUULTON PECEC

W) T30 Uz igiv

730 wy(Jd) = LEP(JU) + DELT#(B(4)#P(J)+TE(J))

(31

val.L DERTIV(tsNVerelen)

CONT i nUE

W Tay Jdzlenw

TRR{JeMa) = ¥ {J)

WEP(J) = LDer () + VELTS((a)#P (I eTE(J))
Juld) = newr lY)

(e ame- Slmvre StTew ERRUR 2STImMaTEe

Tavu
fal

tie(Jd) = WATLO#ARe (ER(J) =0V (JS))
CONT LNUE

Ly T4 S6G5V

Tyl

ovnemmmm—. 5 (AR UDTINE CJOYCE (Flig THT T Ag ALF ) co—

o6

15

N

1y
1100

VIMENSLIUN Fiv (51) JTRTTA(SE)

UIMENS TUN PE (S ) aRCVINISN) o THETAW (50) sRAN(50) s FRG(H0) s FMALH(50) »
JhE (5979) @ VISE(90) 9 HOE(20) s THETAE (51) ¢UF (50) gUENOE (%) ¢ REXINT (R0)
2090 gD BETA(IG) sA(DN) oFLCW(RNY yFINJ(SM) EA(S))

WIMENSTUN F(90) o THETA(D0) 9CS(D0) 9F 150 s THETAL(SQ) yCS1 (D00 9F2(50)
TWFLCUS (56) «UFLCSTID0) 9T (D0) oFF (50) 9FLECUD0) yFLECL(20) v THETAC (D),
2LS2(SU) sFLCE(DU) s YN(B)

DIMENSTON CrL(D0) 9CPS(H0) o VISLI(DG) 9VISS(50) « TCUN] (5:1) 9 TCONS (1) 9
JUTFFC(50) 9Cr-i(50) 612 (50) 3621 (50) ¢ XS(RLIIXTLRU) 9VISM(50) 4 ICUNM(50)
PexHAOM (D) o Cick (501 9 SCARUBE) ¢ PRQ (55)

VIMENSIUN E1A(S0) yUETA(S6G) oY (D0) s DELSTID0) o THMUM(B1))

UIMENSTURN UDTAK (S0} sLubTH(HN)

DIMEASIURN A(293.3) 9 (5093¢3)9C(R0e343) 0AH(RUrIed) e (B0e393) 4HAH(S
U9 3903) oBARTI SV (50.393) oaJdHAH(D09343)eAL(5043¢d)90(DU3¢1)2VAG(S043
Pel) eV (BlieIal) oFw (Busdel) ew(SUs3el)

UIMENSTON TAw(SCYy o dUCTT(90) o STNOT(EN) ¢ SPECHT(DU) 9 ATC(50) 4WUUTM(5N)
DIMENSION TLNG(S ) gUNMDT (B0)

DIMENSION PLOFF (:20) 9 ROVINB(S0) o Tw(Sn)

CIMENSTON TLAP (18) o VISC(L9) o TU(19) yCP (1D) ovl (10)ev2(15)yv3(15),
TICLELB) sTC2(L5) 97 3(19)9CPL(1D) 9CP2(18)94P3(1D)

UIMENSTUN Xi(S50) oY1 S0) e A4 (S0) 9Y4(S0) 951(50) s0eLXx(50) 9yps(D0)

Li14 (DL}, 14 (D)

COMMUN/RONST/ZTHAL LeRAUIUDPR
COMMOIN/WING/FT39TT3oU3eTIeP39A3UeYI0eX40Y4 P40 Tarilg, ThE

COMMUN/CRASE, viCASE

LF(NCASE,GTelY G TO 11GYU

rEAD Sy PluYkK
FORMAT (Edc b))

KEAD LoeMMeNsRKoNAPKNT
FORMAT (4llu)

READ coWh] gnti§

FORMAT (2E L2 D)

KEAD 109 TEMHFaVISraTCoCP
FORMAT (SF1ceb)

LONT T NUE

CALL SPLNTRE(149TEMPWVISCIV1ev29V3)

CALL SPLNTREF(J4eTEMHeTLeTC121C29T(C3)

CALL SPLNIRF (149 TEMP &CP (P 9CP2e(P3)

ISENTROFIC tLOW ~F A PERFECT GAS TC coMPUTE FLUOLE PROPEQTIES
rieE=srT3

iTE=1T13

Jo 1L I=195

AL(I)=X3 =Ka (T+1

YL(I)=Y30=Y4(T+]1



11

1é

63

b4
13

6l

e€c

14

16
11

S1(I)=SurT (AL(L)«X1(T)«YL(Ty#Yl(1)) 12,Y
AUONT [NUE

AINT= 414511

A{L)=XINT

UEL=sg 2451 (1)

e (1)=P3

o (11)'—’""

ie(1)=73

t4(l1l)=7%¢L

Je(l)=03

1=]

L=1

HOO L ME ) oeMiv

LF(PLOYBReEwel oy GO 1Y 03

<t Aal) lath(ﬁ)QTﬁ(M)QLt(M)'TW(%),RAD(M)
FORMATASE [ 2.9) :

o TQ 13

IF(KKeEWal) 00 T4 64

b AD 3g 1AY ()

FORMAT (0E 12 e0)

L T 13

Kab (i) sRallu>

ConT INUE

FE (M) Spae (L)

e (M) =T4 (L)

LE (M) =U«q (L)

CrLl MOLLIER(HPE (M) 929 TE (M) o Z9ENT ¢KHN$G)
REOE (M) =0

VISE (M) SSPLvvAL (4o TEMPIVISCoVioV24V3,TL(M))
b (M) sTwail

IRETne (M) = TE(My /TTE

IHET aw (M) =Tw (V) /TTE

URENUF (M) = =SHUE (M) #LE (M) /V]ISE (M)
LELX (M) =DEL

AlMe )X (M) +OELX (M)
LE(X{M* 1) eGieS1(T)) GU TO &1

vi) TO 14

IF(LeEQe9) LU TO 62

Izl

Ele2

UEL=Ge2% (51 (L) =S (1= ))

A(M4]1)=01{[=1) + neSHOLL

uwd TO 14

=1l

i=11

S1(1)=S1 (D) +A(M+1)

VEL=DELA(])

CONT INUE

FRINI 9

FORMAT (JH]ez2Xe#nUTFUT VATA®///)

VELT = 1la0/(n=1)

WN = Nel

MMAX = Mne)

HERINT (L) SURENCE (1) #X1INT

vy 1= M=gzeMm

REXINT (M) SReATNT (M=1) + (JRENUE (Mal) ¢URENOE (M) ) DELX (M) /2e0
CONTLINUE .

PRINT 7

FORMAT (2R3 mst g0y o #PE (1) # 44 X9 #THETAF (M) #9p X o #UE (1) ity
V14X o RURENQCE (M) #93 g #KFEXINT (M) /)

WD 19 MSjamMmM

PRINT 189MerE (M) s THETAL (M) yUE (M) s URENOE (M) ¢ REXLINT (M)



o0

oo

FORMAT (115995F12,5)
LONT Livgk

—
Vel e o]

LVALUATION vk S

5(1) = RHAVECI) #VISE(L) #UELL)I#* ((RAN(1) #¥RK)e#2e) #AINT/ (36 0¥¥NK)
U() 3¢ M=2eMinAX
D(M) = S(Mer) + (RAVE(M)RVISE(M)HIE (MY ((RAN (M) #EKK) 82 4)
+ KHUF (M+1)#VISE (ML) %UE (M*1) # ((RAN(Me] ) ##KR)##2,) ) #DELAIM) /2,0
30 CONT [nUE
S(MM) =S (MMAA) ¢ (RAUE (MMaX) #VISE (MMAX)RUE (MHAX) # ( (KA1 (MMAR) ##K)
#32) ¢ KRHUE (M) #y TSE (M) #UE (MM) # (((RAD (MM) #8KK) ##2) ) #0F)| X (MM) /2,0
s (1) = s(2)=-s(1y
BETA(L) = (Ce0%(c(2) *+ S(1))/Z(UE(2) + UE(L)))I®*ILUE(Q)=UE (L)) /7 (5(2)
=-<(1)))
VD 4] M = Z2eiMBX
LS IM) = (S(Fel)=c(M=]))/2ed)
BETA(M) = (Co0H#S(M)® (UL (Me])=UE(M=1)) )/ (UE(M)R(S({Mel)aS(M=L1)))
41 CONTINUE

——

——

—

FHINT 43
43 nHMAI(/fx.wauobx.*x(M)*oax,*S(M)#o?X.“uS(M)*obAo*Ht1x(M)“vao
YELOW (M) #/)
L) 4% M=l emMinAaXx
FRINT G4 g A (M) o (M) gUS (M) RETA(M) gFLCW (M)
44 FuRMAT (1lvenFiZ . b)
4% CONT iUt
FRINT 4519P o TTreALF

—

451 FORMGT (//7/710Ye#G ESoeb 12,59 10X #TTF=et12,50luXe#alFaasEldes5//)

mo=
Uy 33 7T = 1len
YN(I) = el ¢ (lal)*ilelT
IF (PIGYRAzEd,0e) GO TO 3%
Fel) = FnCD)
INeETa(l) = InTIA(])
CS(L) = lev
o) Tu 36
28 CONT L NUE
READ  224F (1) « THETA (L) 9CS ()
32 FORMAT (3E1ce5)
36 LONTINUE
ri(1l) = fF(I)
IHETaY (1) = THETA (1)
CIL(I) = CSH(YL)
33 CONTINULE

r2tly) = fFld

te(e) = Pl(d

U0 34 1 = e

UFLCLSI(I) = ul.b
UFLCS1(l) = DFLADS(])

() = TTE#imFTacl)
34 CONTINUE

WO S+ 4 = lenN

FF(IL) = FOL) 7 (ALER (L1, 0=(l=1)#DELTY)
Su CONTINUE

EVALUATION UF The STwtaM FUNCTIUNGFLCY

FrLCll)=FLCwim)

PLC(Z) = FLC(L) + (FCQL)/ZALF & FU(2)/(ALF®(1,0=UELT)))#DELT/2en
WO 5] 1 = 3JeniNe?Z

FLC(L) = FLU(TI=2y * (FF([=2) ¢ 4,08FF (I=1) + Fr (1)) ®DELT/3e0
IF ((1+1)eGlanNN) GO TO 51



FLC(I+1) = FLC(lal) ¢ (FF(lal) + 4,08FF (1) + Fr(Llel))®#nELT/3,0
&1 CONTINUE :
v S2 1 AN

= 1
FLCIC(I) = FLU(])
52 LONTINUE
_ PRINT 53
53 FORMAT (IH1eZ2Xe®THhebXe#F (T)ReOXeRTRFTA(L)#aans% U () #/)
Uy 59 [=)en
FRINT S4elob (T)eTHETA(L) oCS(])
54 tOKRMAT (1]I%23Fl2,5)
95 CONTEnyE
1 = ]
CPS(L)=SFLAVAL(14eTEMPICHICPLICH24CP3,T ()
ICONS (1) =OPLnNvAL (149 TEMP e TCoTCLTC24T039T (1))
VISS(1)3SPLNVAL(149 TEMPsVISCoV1IaV2eV3,T1(1))
WL L)=Ckb (1)
Aconb i) ==uNs
visity=visa()
CatLl MOLIES(ALPE M) o201 (1) eZeFNToukKOWG)
MHOM (1) Sk
CrM(1) = CPL(T) & CSLY#ICPSIL)=CRI(1)Y)
LF (CS(1)=1ets) HR09551e501
980 AS(]l) = (CSUL)Y # wMI)/Z(WwMS + CS{L)y#(wMl = wmS))
AT(L) & 1let0 = Xx5¢1)
IF (RI(l)sBEuWanely GU JO 951
012(10) = ((laf ¢ ((VISS(L)/VISI(l))##ned)#((WMI/WMy)#8e0e2D) ) 0e2,)/
1(2a8284%((Len ¢ ~MS/uwm)¥#0,5))
Wl (1) = ((Le) + ((VISLI(L)/VISS(L))e#ned)#( (WMOS/uM])##0)e2D) )2,/
1(2eB286% (Lot ¢ M]1/wMms)#s) ,5))
VISM(]? = VISS(II/Z(1ed + Gl2CL)®XT(1Y/ZX5(1)) * ViIST(I)/(1etd ¢ G20 (
LA)RXS (1) /ZAT (L))
JCONMAL) = TCORNS(1)/(Le0 ¢ 16J69%G12(1)¥XTI(1)/AS(L)) « TCUNI(])/
1010 ¢ 1o0AD%GELI1)#XS(1)/XT(1))
() TU 55/’
581 VISM(1) = ViSS(iiy
FCONM (1) = tCONS YY)
58¢ CONTINUE
fau = RIMOM(L)evicm (1) #UE (M)BUE (M) s (RAD (M) BarRR)PALF®(F (2)=r (1)) /
(DELT# ((2e 0% (M) yRE( D))
CF = TAUZ Qe RAAF (M) ¥UE (M) #UE (M))
NEFAT = = TCUNM{IY#TTE#UE (M) #R0OM (1) # (RADV (M) #eRK)#ALF* (THEIA(Z) -
THET A (1)) Z(UELTH (2 RS (M) ) %3 ,0))
WNOT = =wWEAl
I & N
LRPS(T)=SPLNVAL (Lo TENMPoCPoCPLICPZ,,CP3,T (1))
ICONS{I)SSPLAVAL (149 TEMP9TCeTCleTC2oTC301 (1))
VISSII)=SPLNVAL (149 TEMPeVISCoV1aV24V3eT (1))
JCONM (L) = [COnRST)
VISM{ ) = ViISs(ly
CPM(I) = CP>a(T1)
PRNO (1) = VisMIYy#CPM(L)/TCONM(L)
KEC = SQRT(PRNC ()
IREC = REL#ATTE=TEL(M)) ¢ TE(M) .
2TNO = WNUT/Z (RRUF (M) #UE (M) #CPMIN)# (TREC=THETAW (M) #TTF))
FRINI S569TAU,,CH
556 rORMAT (//7A9%#TAU=#9E12eD910Xe#CF=R4F1269)
PRINT S$97 o 1TREC,QDUTSTNG
687 FORMAT (//9X s #TRE(CSRIELCeDeIX o QUOTERIFLZ2eB ¢y 9Xe¥STNOS®4F12e57/)
€6 CONTInUE
59 CONTINUE
VO St 1 = 1oen
tVALUATION UF THe THERMO PROPERTIES OF THE CUMPONENTS

—

p—



CPS (1) SSPLNVAL (1ay TEMPaCP,CPL1sCP2,CP3,T(]
ATCUNS(T)=SPLWVAL (14sTEMPTCy T61 TCZ2e1C3 1
VISS(I)SSPLYVAL{ 1 49TEMPyVISCeViaVDaV3,T (]
LRI(L)Y=CED (L)
ICONT (1) =t -UnS (1)
VISI(1)=vIS>(l)
ComumaryvapyblION ur TH: ThHERMU PROPEKRTIFS OF THE MIA|UrE
Pl =(WMi/c0e ) #% 4061
FS = (wMS/dgeir) it 4471
UIPFCUI) = cota0/7{1G.%)H (T(L)#3#] ,8)/(PE(M)HF [ #+'S)
&7 CoNTInNUE
Uiy 58 1 o= 1emn
IF (CSUTY=1le) 7129710/l
T CuUNTINUE
LML) = CP(T)
VISM( . ) = VisS(Iy
SHCONM (L) = o bennSe D)
o Te 73
7¢ UONTINUE
LPM(L) = CPRLIT)+ COS(D)#(CRS(I)=CPT(TI)
pp2l) = ((Lao + ((VISS(L)/VISI(Iy)usn
10208284% (Lleu + MS/wiri]) #89,5)) .
VL) 3 (Lo ¢ (UINVISI(L)/VISS(IY)##neD)# ({WMOS/WM]) R#)e2D) ) RUD,)/
1(2682K4% ((larr ¢ -MIZwMS) o8 ,5))
ASCE)Y = (CSU[)¥u I/ (WS + CSIT)#(WwMT=wMS))
AT(L)Y = lev=aS(1)
LF (xI(1)eEwataliy GU Ju 71
VISMEL) = Vid- (1) /(lau * GI20L)Y®XT(T)Y/AS(])y *
IVISI(IY/Z(leu G2V ()R (AS(II/ZXLI(1)))
TCONM (L) 3 1CONSUT)I/Z{1al ¢ 14069G12(T)®*(XI(1)/RS3(1)))
} * FCONL(T)/Z(1e0 & Naii92452 1 (TIR(XS(II/7XI(1)))
73 LONTINYE
Labl MOLIER(ASFE (M) o2l (L) o ZobNToRROSG)
Ked(M (1) SreHQ
g8 ConT INVE
Co=w=a=COMPUTATION OF vLUW FROPERTIES AT THFE be L o CUGE
I =
ICONM(I) = 1CONS(])
VISM() = ViISSI(TI)
CPM(I) = CP>(T)
CAaLL mOLIER(AGFE (M) 929 T (L) 9 Z9ENTIRKOGG)
KHOM T ) =2RAQ
WKOMUE = =PQ0u ()% [SE ()
U 6L 1 = 19w
CRF(I) = KpUR (1) VISV (1) /ROMUE
SENO(I) = vism(Iy/ (KRoM (D) #DIFFC(T))
FRNO (L) = VIOM( L)y #CPVM L) /TCONM(L)
60 LONTINUE
C COMPUTATION OF twE MAIRIA ELEMENTS
DO 9% J=-9enN
MLFT=aLFo(lesm(la))*DELT)
A(I’lol)"(LHF(I\*(ALrI*“?.)/(Eo&*(nFLI**?,))O(ALFT/(a O#UELT))
1“(ALF*CHF(1)-FI(11)-ALrT*(CRF(I+1)-CRF(1 1NV e i #OELT) =20 #S (M) #
PUFLCUS (1))
A{lejo2)=tUey
A(lsle3)stqau
A(ledel) = CHF(L)#(UE(M)##2 ) ¥ (ALFT#82, )8 (F(lel)=F(l=]1))/(CPM(T)&T
TIERG O# (NELI¥HE L ) #TTTe9)
Alle2e2)==(URF (I # (ALFT#%2 ) /(2e 0t (DELTH®#2 ) #PKNO(]) )+
VEELF T/ (4, u#UELT) y# (ALF#CRF (1) /PNO(T) = (ALFT/CPM(]1) ) @
2U(CRE (T*))#UPM(14]1)/PRNO(T 1) =CRF (J=1)#CPM(I=1)/PRNU(T=1))/ (2,0
ARDELT) )=t 2(1) =2, 085S (M) #UFLCYS(L)=CRF (L)% (CPS(1)=CPI(I))eALFT®#(CS(

)

)
(1)
M)

eD)H (WM /WMS) BN 2D) ) #8D,) /



oo

414])=CSET=1)) /7 (CumM(I)#SCNO(TI) 24 0#DELT))) ‘ “

ACLe2e3)=(ALFT#¥ 2 ) #CRE (L) #(CPS()=CPI(L))#(THETA(I+1)=THETA(]=]))
IZ7(CPMUTII&SCNU(]) # (B ) #(UELTHR#2,.))

A(lesesl)=l,vu
A(I93e2)=Uav

A(Lode3)s=(LALFTaR24)#CRF (L) /(2608 (DELTHR#2 Y #SCNO(]))

L*(ALF T/ aeQUELTY) R (ALF#CRF (L) /SCNC(TI)Y=FLC(T)=2e®S (M) 4DFLCUS(T)
PoALFT#(CHF (1+1) /2CNO(L+]1) =CRF(I=1)/SCNO(I=]))/(2,0#0ELT)))

Bllelel)s( LrTHas)#CRE (L) /(DELTH82 ) +BETA(M)®F (1) +2,08S(M)RF (1) /D
15(M)

bD(lele2)=U,au

B(lele3d)=uen

D(lecdel) = OETOA(I)R(LE(M)##D ) RIRNE (MY Z/(CPM (L)% IE*RRHOM(TI®ITT9)

O(loce2)s(ALFTH#2 ) #CRF (1) / (PRNU(T)I#(NELT#*82,) ) +2en¥S (M) (1) /DS (M
1)

o(le2e3) =
.m([,J,l):J.U

n(le9392)=Uev :

S(le3e3)=(ALFTHES ) #Crr (1) /Z(SCNU(T)#(DPELT#eP ) ) ¢ S5 () uF (L) /DS (M
1)

Cllalol)z==nl{lelor1)=(ALPT®#2,,)#CAF ([Y/7(LELTH#EZ)

Cilele2)=U,4y

C(lolo3d)zu,u

C(IeZel)l==Allece)

Cllege2)==Allade ) =(ALFT##2 )¥CAF (1) /(FRNO(I)IR(DELH##D,))

L ile2e3)==a(lgcs)

C(le3ell=ilev

C(le3e2)=U,V

ClIe393)==Alle303)=(alrTe#2, )8 CuF (L) /(SCNO(DYR(DELT®#2,))

UGLeloldlslackTHeo4)#CHt (L) (F{l*1)mP,a#F ([)sF(Ll=1))/

1260 (DELTHR2 ) )+ (ALFT#(F([+]l)=F (T=1))/ (G, 0%UELT))R(FLC(])+
PRALFTH(CHRF (1+i)=C oF(I=1))/(240%DELT)=ALF*CRF (L) *2,0#a(M)#DFLCOS(I))
ALHETA (M) #RHUE (M) /7RHUN (L) 2, 085(M)# (F (T)9%2,) /U (1)

U Tel2el) (ALt TH#S Q) MCRF ([)H(THETA(I+1)~Ce s THEIA(I)+THETA(L=]1))/
1‘2-0*(DﬁLT*“Z.)“nNNU(1))’(ALFT*(THETA(I‘l)-THtIA(I-l))/(490*DELT))
2H (208G () #IP LCO: (L) +FLC(T)=ALFHCRF (TY/PRNO(IY*ALFT® ((CRFUL*1)#CPM
(11D /PREU(L*1 ) = RF (1= L) *CPM(L=1) /FPRNO(L=])) /(2o ®DELTY) 7CPM( 1))
492 08S (MY HF (L)Y RTWUETA (L) Z7US (M)

U(le391)s(AlETH#2 ) CHE (1) #(CS(L+)) =2, U*CS(I)*CS(I=1))/
1(2e0% (DELTE#Z2 ) #2CNU(L) ) ¢ (ALFTR(CS(T+1)=CS(I=L))/ (4o #nDELT) ) ®
PUFLC (L) +2e0%S (M) 4NDFLCUS (1) =ALF#CRF (1) /SCNO(T)*ALF T# (CRF(T*1)/
IBCNO(L+1)=CRE (1=1)/5CNU(L=1) )/ (2en®NELT)) ¢2, 085 (M)#F (T)#CO(L) /DS (M

i)

99 CLONTtNUE

END = (ROVIn(M)#SCNU (L) # ((240%S (M) ) #80eD) / (ALFHRAOM(T)#VIDM(]) +
TUE (M) # (RAD (M) #3#Kk ) ) ) # (UELT + oSRDFLT#DELT# (16 = (SCMO(]) /CRF (1)) #
PICRF(2)/75CNU(2)=rRF (1) /SUNQ(L) ) ZUFLT « ROVIN(M) ¥ (2,785 (M)) %80 S)a

S O3OCNO(L) Z (ALF#REUS (L) #VISH (1) #UE (M) # (RAL (M) ##KK) )))

EVALUATION b Thi CUEFFICIENTS

M(lelel)zVUev
n(lele2)sVU,eu
n({lele3)=Vsvu
r(ledel)=U,u
ti(lede2) =04y
Nn(lecde3)=U,ev
P(le391) =06,
MN(le3e2)=l,u
M(le3s3)==1eii/z (1. 0*¢ENS)
Vilelel)=VUau
V(le2yl)=THETAW(D)



111

11¢

113

114

121

l2e

123
124

Olle3el)=vaU

U0 124 I = Zenin

o 111 J=led

O 111 R=lyed

A4 (Ll odeR)=(0

un 11]1 L=leo

AR (T o JgRIERN(ToJdK)*NA (L eJdel)#rt(lm] ol oK)

CONTINUVE

U0 lle Jzsled

20 112 n=lea

BAH( [ o JoRK 1B (ToJeK) =6 (9 JeK)

CONTINUE

ADJBAM (Lolel)=BAL([9202)%BAH(19343)=RAR(]93¢7)%BAH(142,3)
AJBAH (1a2e ) ==BAH (1929 1) #BAH(10343)+RAM(T,2¢3)#B8AR([939])
ADJBAH (1e391) =t (T19291)%BAH(19392) =BAN([92e2) ¥ BaH(1e3,1)
ABJBAA(Lel o) s=tar( Lyl o2) #i3AN(103,3)eRAH(I 410 3)¥RANH{]4392)
cALJBAH (L edod) =BAL ([o]l ol )P3aH(T9393)eBAN(T o1 03)¥BaH(1e341)
ANJBAH(Teo9c)t == (lelol)#BAR{193,2)+RAH(TI 1 02)HBAH(1439))
AUJBAH(1al93) =BAL (I9192)%BAH(14293)=BAN(141¢3)#BAH(1+2+2)
AUJBAH(I.&.J):-UI\H(I’,L!1)“8AH(I’2,3)QBAH(I"'J)“HA"‘;('!?’I)
HMJ&HH(IQJQJ)=ﬁAw(191'1)“HAH(I,292)-“AH(102-l)“bbﬁ(lyl,?)
UL TBARZBUN (Lylel ) #BAF (192¢2)%0AN(1¢3+3)+BAH(T0is2)0RAH(L1yCy3) #RAH (
11e301)ennt (Lol o3y #BAR(L9392)H0AH(T92e1) =BAH(Iste3)unnH(1430L)%eANH(
Plylec)=bhn (Ll e293)#BAF (19392)#BAH (T e e 1) =BAH(Ivis2)#taH (I 420 1) BRAM(
31e303)

vy 113 J=leo

W) 113 Rzled

BAHINV(LleJdenN) =aU iBAR(LyJeK) /DETB AN

CONTINUE

G 11le Jzleo

U0 llae R=les

"(I’JoK):Uo

UD 114 L=1e3

HllodarI=n(ioJoRn)y +BARINV I ool ) FC (Tl o)

CONT Tyt

Ui) 121 Jdxles

A(.;‘I'J’l)=(.’c

) 121 Lzlya

AT ade1)ZA0(Tede 1) +ALauslI#G(I=]9L )

CONT INUE

(PR} ldc J:lo.’

UeG(ledellzu(Tado1)=ai(Iedel)

CONT fnUE

U0 1e¢d J=leo

Blledel) = v,0

L0 123 L=lyd

O(ledel) = V(TeJal) + SBAAINV(LaJdyl ) B#DAG Iy Lol)

CONT IyE -

CONT INUE

SOLUTION FOr THE w VECTOR
wi{Nelel) = ien

W(Ne2el) = IMETAL (Me])
»{Ne3gl) = len

F(N) = W(NgLel)

IHETA(N) = 4 (Ns2.1)

L5 INY = wlneidel)

v 134 [[=laisN

1 = N « |-

DO 42 Jsle3

milledel) = o,

U 132 k=led :

Ny (Tedel) = AW(Tadel) ¢ m(LeJolL)®u(T+19Le])



[oN oX e

132

133

134

998
98

13¢

137

140

141

¥99
S0

150

160

161

CONT INUE

U0 133 J=le4

w(lodel) = L(leJal) = W (IeJdel)
CONT INUE

F(L) = w(ledol)

IRETAC(I) = wvile2,t)

CS(I) = wll93g1)

LONTINUE

CONVG = (F()=F(1)=FZ(2)+F2(L))/(F(2)=F (1))
e (NOPRNT01,46) 60 TU 94

Faiml 99 eCunVE

FORMAT (JOXe#CONCGERGEL2e5)
ComT iNUE

LE(AHS ((F(2)=F (1Y =F2()+r2(1))/{F(2)=F(1))) eLEe0O.00uD) GO TU 150

o 136 [ = 1y
F/o(1) = FA1)

CARETAZ(L)STHETA(T)

Cee (1) = Cgit))

CONTINULE

V) 137 | = LN

F(L) = 0,58 (F2(1)+F1(I))

IHETA(T) = «9%(THETAZ(L) + THETAL(I))
L(L) = TTE#IHETA(])

CR(I) = ¢eB%(CS2(1).+ CS1LI))

CONT INUE

EVALUATION uUF THe STKEsaM FUNCTION FCL?

WO laew 1 o= Lani

FFAOD) = FUDY /7 (ALF® (L ,u0=(1=1)#DELTY)
CONT InNUE

FiC(l)
FLC(2)

DeD# (FlLow (M) ¢ FLCwWw(Mel))

FLU(1) « (F(L)/Z7ALF + Fl2y/zaLk#(1.0=0EL 1)) )*DELT/2e0
v 1e] S JeNANy 2

FL.CCE FLO(I=2) * (Fr{l=2) + 4. %#FF(1=1) + FEUI)I¥DE_T/3ev
Tr vresigeorermi ) 0 TC led

FLCCL+1) = FPLC(IAL) ¢ (FF(I=1) + 4,n%FF (1) « FF(Le1))#nELI/3,0
CONTINgIE

MO 142 1 3 LeNN

FLCz(l) = FLC(I)

VFLCOS (1) = (FLCo (L)=FLCL(I)) /DS ()

CONT L NUE

IF (NOPRINT «UTS0) GU TU 90

PRINT Y99

FORMAT (R g¥REJOTYCE9SALVATION IS NEAR®)

CONT Inye

o TO 56

CONTINUE

M = Med

LY 10 I=lenn

ETA(L) = ALUG(ler /(e = yYN(I)))/ALF

P(D) = THETA(T)®TTE

Call MOLIER(HGPE (M) 929 T (L) o ZoiNToRFOWG)

HHOM (T ) SkHO

[T []

ConT InuE

FACTOR = ((2o0C®S(M))#%0145)/ (RHOE (M) #UE (M) # ((RAV (M) ) ##KK) )
(1) = 0,v .

vi) 161 1 = coehn

VETA(L) = ELA(]I) = ETA(]I=1)

Y(I) = FACTURERHAE (M) # (14 0/RAUM(TI=]1) & LloeO0/RHOM(L))I®VETA(L) /2,0 »

1Y (1=1)
CONT INUE



I =N
LVETA(I=1)3DELT/(-LF®(LleO0=YN(I=1)))

ETACLI SETA(L=]1)¢ETA([-1)

Y(I)=RHOF (M) #FACTOR® (1, 0/RHOM(I=1)¢1,0/RHOM(I))®ULETA (J=1)/ColisY([=
1

VELST (1) = ued)

UELSH(2) 3 raCcTOs# ((RHOE(M) /RHOM (1) =F (1)) + (RRUE(M)/RHOM(2) =F (?)
V) /(e LT)Y) DR T/ (2oU%nalF)

U 162 Iz=3enites

VELST(I) = WELST(I=Z) + FACTURR((RFOE(M)/RANM{L=2)=F ([=2))/(1a0
I=YN(I=2)) & 44Uf (KRUE (M) /RHOMUTI=1)aF (I=1))/(1leb=YN(1=]1))
2 (RROE(MI/nmOM (1) =F (1) )/ (L1oU=YN(T)))®LELT/ (Jev®alF)

LFOCL+1) 406Teity) U TC 162

BELSTAI+)1) = DELAT(I=1) + FACIOR# ((RHOE (M) /RHOM(Ll=1)=F (l=l))/(]leN=
1Yn(l=j)) ¢ @0# (HOE (M) /RAOM (L) =F (1)) /(le0=YN{L)) ¢ (RHOE(M)/RHOM(
Piel)=Fl+1)) /7 (le =YN(I*])))®DELT/ (3, NHALF)

162 LONT [NUE

USTAR (M) = UuSTK M) + DELST(NN)
+4MOM (1) 5 uveD )
FHMOM(2) = FACTO#((F (1) =F (1)®*F (1)) +(F(Q)=F (2)%F (2))/(len=UELT))®

1 UELT/ (2, U%ALF)

Ui) 103 lz=3eivive?

IrMOM (1) = IrMOM([=2) ¢ FACTOH#((F(J=2)=F (I=¢)®F (l=2))/(leli=yYN(I=?
1)) ¢ 4,0#(F(lal)aF (lel)#r ([=1))/(1e0=YN(I=])) * (F(I)=F(I)®F(1))/
2Ule0=YN(I))I#DELT/Z (3,0%ALF)

IF ((I+1)eVieNAN) w0 TO 163

IHMOM (T+)) = ThMamM(I=)) < FACTOR® ((F(TI=1)=F (I=1)%*F (I~1))/7(Le=YN(T
1=1)) ¢ @ U (F (D) aF(I)*F (1)) /7 (leUayN(T)) * (F(Lle*l)=F(le1)0F(lel))/
201e0=YNLL*1) ) ) RUrL T/ (3e0%ALF)

163 CONT INDE

175

IF (vOPKRNT 40T 0 GO Tu 1179

PRINT 1799Man (™)

FORMAT (1Al elnxeamstty DX e X (M)zt#eF1neD/)
FrRINI 176

170 FORMAT (TRg¥[09l2x g% YN (L)% 92X o #Y ([)#43XIRETA (L) ¥onKo#F ([)BonRg#THET

177
180
179

300

30l

VA1) % 9BAGHCH(T) *,

UG 18 J=l g

PRINT 1 /79dovn (L) oY (L) oETA(I)sF (1) oTHETALT) (S (1)

FORMAT (SX9l]Qsks 392F0eD93E12,,5)

CONT InUE

CONT INUE

Cabl MOLILIER(MGFE M) 9291 (1) 9ZoENTalFNGG)

HKHOM (] ) =RRO

CPM(1, = CPI(1) + CS(LI#(CPS(L)=CT(]))

IF (CS(1)=1eU) 3n0¢301s301

AS(l) = (CS(Ll) % AMI)/Z (WMS & CS{l)y#(wMl = wit3))

AI(l) = Je0 = A5¢1)

P (XI(1)eEWenety GO JU 301

TCUNS (1) =SPLAVAL (149 TEMPTCoTCLTC24TC39T (1))
VISS(1)=SPLNVAL (Y49 TEMP9VISCoV1aV24V3,T(1))

ICONE (1) =TCUNS (]

VISI(I)=vISa(I)

Ll2(l) = ((le0 * ((VISS(L)/VISI(1))#40eD)e((WML/WMS)#a0,25))#82,)/
1028284% ((Lets + MS/wM[)##),5))

V2L(L) = ((defh ¢ ((VISLIL)/VISS(1))a#0aS)#((wMS/WMI)#8N1,2D) ) 882,)/
1(2.8284% (el + MI/wMS)#80,5))

VISM(1) = VISS(1Y/(lat « G12(1)#¥XT(1I/25(1)) * VISI(1)/{leu + 21
1L)¥XS (1) /7R1¢1))

ICONM(]1) = TCORS(1)/(1e0 + 196940312 (1)®XI(1)/AS(1)) o Tconi(1y/
101e0 * 1.060%GZl (1) ¥XS(1)/XT(1))

w0 TO 362

VISM(1l) = VISS(1)



3nc

ine
In?
Jo0éb
304

2Ry

281

282

290

900

ICUNM (1) = TCONS(1)

CLONTINYE

—

—t

FAU = RAOM(L) #VIaM(1) %UE (M) SUE (M) 8 (RAD (M) oKk #ALF# (F (2)=F (1)) /
(DELT# ((Ped¥S (M) y88y,9))

LF = TAU/ (Qe98kRoE (M) FUE (M) #UE (M) )

HEAT = = TCUNM(IV#TTEHUE (M) #RAOM (1) # (RAU (M) ##KR)¥ALF#* (THEIA(2) =
PHETA(LIN) Z(UELT ((2o#S (M) ) 88d,9))

WHOOT = =mEA

UPESSPLNVAL(14¢TMP9CPosCrP [ oCP2oLP 34 TE (M))
ICUNE=SPLNVAL (14, TEMPe ICeTC19iC29TCIeTE (M)

FRNO (M) = VISE{My#CPE/TCUNE

KEC = dURT(reNC ()

IREC = RECH(ITE=TE(M)) + TE(M)

STNU = WO/ (WhOF (M) SUc (M) #CPA (N) ¢ (TRFC=THETHW (M) #TTF))
law(m)ysTREY :

WOOTT (M) =QDUT

SAINQT (M) =5Tihu

SPECHI (M) =vPE

LF (NUPRNT W0T,2) 60 TO 3039

PRINT 3U69THieCF

FORMAT (/79X 94 TAU=#9E 126591 0X0#CH289F12eD)

FPRINT 307 9 TREC.QUUT»STNO

FORMAT (/ /9K #TRENZH9E12eD99X et QUOT=#9FE 12054 IXI¥STNOS#GF12037//)
PRINT 30ReVELST (niN) 9 THMOM (NN) sUST R (M)

FORMAT (UXIRUEL ST=% oL 126903 Ko THMUMZ®9F [ 2aD 9% UNTARSHGE [CeD//)
CONT LwUE

MO 280 L=lean

FF(L) = FUDI/Z7(ALF® (1,0 (l=1)®OELTY)

CONT INUE

FLC(L) = Qe (FLrw(M) + FLCW(Mel))

FLC(2) = FLULY) « (F(L)/ALF +F(2)/(ALF®* (lac=ELI)))*0ELT/EaU
U 221 IsdenNngg

FLC(GLY = FLU(T=2) ¢ (Fr(1=2) *+ a.puFF(1=1) + FrUD))®ELT/300
I ((1+1)eGieNNI =D TG €81 '
FLCCi*1) = FLCULI=1) + (FF(f=1) ¢ 4,00FF(I) + Fr (1)) #nELI/3,0

CONT JnUE

bO e8¢ 1 = Lenh

DFLCUS (L) = (FLC D) =FLLLI(I))Z7uS (M)
CONT INUE

v 290 Izl

F1(1) = F (1)

IMETAL (D) = THET (1)
(si(]) = CsiDy
reCl(ry = FLC(I)
(1) = TTESTHETA])
CONT INUE

re(l)=sFl(l)

Fr2(2) = Fl(e)

lF (M=MM) 574900.900
CONT [NUE

KF TURN

L TR

ommmssssssw SUBROUTINE SPLINTHRP(NsA9F sRoZ9 ) e ‘
LTI ARSI LA AL AL BTN T AL L L AT IY 2 PR STE RN TR NG R T S g
ACCEPTS AND LEAVES UNALTERED. 40

Cce
Cc#
C#
Ce
o
Ce
Cw
C#

N = NUMBER Cf POINTS=] (CUMKENTLY DIMENSIUNED FOWR 39 pT3)
X = INDEFENUE~T VAKLAHBLE ARKAY
f = DEPENUFNT VARIABLE ARRAY

#
%#*
%*

*

BOTH X anb ¢ MUST BE DIMENSIONED AS THFY ARe IN THIS RUUTINF®
PRUDUCES AND RETUK:S THE PARAMETERS Kolol
PAKAMETERS OF SPLNTRP CHARACTERIZE THRE INTERPOLAILNG NATURAL SPLINE®
FUunCTION S(X)

&

#



(ol 2 XY T IR PR IR R R TR IR g g TR Y L XY R R ey L TR R R SVR T RTE XX 2R TRTE 2Ty
UIMENSTON Xt30) er (30) 9x(31)4Z(30)4T(30)9BB(2Y)9AA(2Y) ¢GG(2F)
] Yu(2Yy)

N jSN=)
DO 1 J=len
1 RI)=(FOL*l)=F(I)y)/Z(x(LleLl)=X(]))
O 2 JEienu
PO(GJ)S6e T ({F (J)aF{J+2)) /(X (J) =R )42))=rRINI/{AlU+2) =X (Jel)])
buMsX(J+e2) =2 ()
4A(J)s(X(Jei)=A( 1)) /0UM
BR(J)=2. "
2 VulJ)Is(A(Jec)=r( ¢1))/LUM
Call TRISULV(ilgnneBEeOUsUNeZ)
nPaNe ) ’
L(WNP) =0
L(1)=0,0
Uiy 3 Ksloi
3 I(RKY2(Z K+ 1) =2 (r))/ZL(X(IR+])=X{K))HE, )
N(NEZ)SRELY=T (L)% ((X(Z)=A{]))H#2)
C K{N®g)sR(=])
RINP)SRIM)I LA (AP =R (NI LZ(N) /20T (N)#2e 0 (A(iIP)=X(".)))
RE TURN
LN
e SUBROUTINE TRISCLVINSALPHAZBETAWGAMMASUELTA ¢/4) cm—
C
UIMENSTUN ALFHA(29) 9BETA(29) yDELTA(29) 20AMMA(Z29) 22 (3:)
C
NUSN=]
IF{2eGTetilV) GC o 3
VO L 1D=2e1iV
wDUMs (ALPHA(TD)) /(BETA(ID=1))
BETACID)SBEIACLID)Y =WDUM¥*GAMMA(LD=])
1 VELTA(ID)SDELTA (D) =uUMBJELTA(IU=])
3 L(N)SDELTA(WU) /B TA(NU)
IF (2.,6T.nU) ty 10 4
JO 2 Jb=Zlenu
JI = N=JD
Jilsdlel
e cJdIl)sDELTAa(JLy=GAMMA(JII®Z(J114)1))/7BETA(JI)
4 CONT INUE
He TURN
tivi)
oy FONCTION SPLNVAL tNeAsF sR9ZeT o AKY) ey .
Ci###ﬁ*###%ﬁ#“**“*#%ﬂ#a“*###%##9##%*6*“##Q####ﬁ##*%G###%ué%#uﬁ&“#%##&#%&
C* REIURNS THE VALUE »F S (aKG) o
C##oiunaaa#a*#«*###»oouuau#oao»o#**#q#au«&#####¢¢#%¢##¢#u»¢¢§a§¢4¢¢¢*§g§
C
UIMENSTION X{30)or (30) 9K (31)e2030) 4T (30!

C .

C MUST FIRST UHECK TO SEE IN WHAT I1wTFRVAL ARG LIES
WSN+1 :
IF (x(]1)LEeARG) GU TU 4
SPLNVALSF (L) ¢R (N+2) % (AKG=X (1))
0 TO 99

4 1F U XINND 0T JARS) GO TU 9
SPLNVALE F (NN) $RNN) # (ARG=X (Nid) )
GO TO 99

5 v 1 I=C g1ty
ICNT =1

IF(X(]1)eGTaARKG) GU TO 2



CONT INUE
lvaL = ICNT
tvALl=IVvVal =1
vabL=Z(IVALL) /7204 TUIVALL) ®# (ARG*X (TVAL) =Ce 08X (IVALL))
vaLsVAL# (ARU=X (L AL) )+ ([VALL) :
VALSVAL¥ (ARU=X (1 vALL)) +F (TVALL)
SPLNvALSVAaL
LonT inyE
He TURN
(TR
SURROQUTINE UL LEV (HoF siNOP T 9T e 9D 9RRD e GAMMA ) cnmmem———
NOPT=0  LOOn UP 2ROPS gASED ON P anD H
NPTl LUON JF »RrROPS oASED ON P AND S
NPTz LOON UF LROPS oASED ON P AND T
NOPT=3 LOUK P PuOPS BASED ON H anl S
UIMENSTIUN rLp(33920)9HZ2(33929) 9 TT(33,20) 472T(339¢20)s:AME (33920)
12w TRU(339207 oFLP(660) yHLZD(66U) s TTC(66U) 9ZTO(000) 9GAMEN(400)
2ERTROO (OO0 sFILPZ(20) 9riTBL(33)1ENTRCV(26933) oFLFV(20023)
EWUIVALENCEA(FLFUGFLE) o (HZOWwHL) o (TTOSTT) 0 (Z2TOWLI ) 9 {GAMEN 9 GAME) o
TOENTROQOFNTRY)
UaTA POICPORIHC o ORICIRIALE 9RTOSCP/2110093.,481550117,340423eh,
132629530359¢€¢302585933.7054,238066/
COMMON/F (L A/ TCErLy [FP
LOMMUN/CHECK/ T
LOEAL=0
c=]4)
OAMMAS] e &
LF(IZ4EW,33) gL ) 5
U0 2 K=l420
LL=E33#(K=-1)
Ul 2 L=l933
rLRPO(LL*L)srLRZ ()
LF(Kec@el) WU TOU ?
2O LL*L) SHLO (L)
2 CONTINUE
122343
JI=2)
vy 1 I=1le41Z
Rl (l)Y=sHL(Ls])
Ly 1 JdsleJdd
ENTROV(Je D) SeNTRe (Lo yl=u+1)
1L FELPV(Je )SFLP (Te 12=U+])
5 LF(NOPleERe3) G TQ 4V
FLEALUGLIn (P/2116.) + Lie
IFANUPT=1) 14420,30
10 LF(Hel.Tol0U0e) GO TO 100
Cnbl DINTOAIHZ 92, LT 9 PLobLPZy 1o dl o ToTTySeErTRUS 9 BAMMA, GAME )
LF (Z=,2222E+30n) 11412412
1l RHO= P/ (3242453, 15%#247)
w) TO S0
10U LF (HelLTe*e) 0O Tn 12
l=H/Cp
RHUSP/ (O#R% )
101 5= (CPOR#ALVOLIN(H/HO) =ALOGLD (P/PU)) #ALE+S0R
LY TO 50
12 LFP=]
iDEAL=]
v TO 50
20 LF(PLJLTSFLFZ(1)y GO TO 22
N 21 J=s2éJe
LF(PL=FLPZL(J)) 2739202921
21 CONTINUE



202
203

2né

ans

22

3V

anl

31

40

414

40l

4c
49

44
S50

LF (S=ENTHU (24U)) 205420442064

lb(S-FNTHU(CoJ 1) £Obo£04.204

Call DINTOSIENTRr oMo/ sPLOFLPLy (2 JZeTo T 92477y lsGﬂM“AgbAMt)

LF (H=,2222E+30) 11422422
n:RTU#CPoH#cxP((s-SuncuL&#ALuulo(P/PO))/thnn*ALu))

t=H/CP

RHQ=P/ (G#R#* )

Lo Tu S0

IFp=i

ANEAL=E]

v) TU 50

IF(VeLTeal9e) GO TOU 301

Cabl UINT T TeH . HLyFLFLPZyILod, Z9LToSeENTRUS L o AMMAYLAME)

LF (H=,2222+533) 11931441

LF(TeLTette) wn T~ 31

H=CP#] '

KHO=P/ (GRR#* 1)

w0 Tu 101

LFP=)

LEAL=1

b TO S0

IF(RelLTe100¢) CGU TU 401

Catl UINTL(OoENT-OVeFLAFLPVyHIHTRL 9JZ2414)

LF (PL=e2P22E+30)u 1942042

LF(PLeGTal2e0G5897) GC TOU 44

FzlQ,#e(pPL=Lii,} #2116,

L TU 1

1k (HelLTo0re) w0 T 42

ALPZ(SOR=S)/7ALE+rPOR®ALOGLY (H/HY)

F=sPO#]0eu# Ly

l=/CP

HH0sP/ (ORR® )

) TO %6

LFP=s

lpEaAL=]

oy TO 50

inEAL=?

K TURN

VaTA (FLPL(J) 9d=1420) /6430103y 6,69H89T7e 7,09 1430103, T,09897, R,
JUs Bo30103y 8,69497y Y409 9,301U3, 9,69897, 1lU.Us 10,30103s 10,698
2*79 11:0, 11.39]“39 11.693979 1&.0’ 12-30103014059897/

uaTA TTO(L) sL=514204)/ De9 415,90 B34:°91616092339,93032.93478,,
13848499029, 94175,94320094468,194000494880495148090730.46238496565,,
POB360,9T00597155, 9727069738049 76093,47911,48100695262.,841Ve98568,,
35.’83.989000'9140.99“5009 0.’ "19.. 83“.'161609£3390.303‘0’3517.9
43907 e 964130694390, 9446009460009475()60494009526049057A0,98300e967n5,4
50984.971950"1350.O7490007S96o 'y 7927, 0”1720 9837‘0.0655().,87140 2BHT8, .,

69054,99250499450,997800 Oer 419,y B34e91610092339.4303€093546,,

T3964 494224024390 _,94963494708,14865,950600095340e95775,96350496795,
8’ﬂ92.97305.'7“95.97b45.'7772.’8125.0838&.'859509573“.’q950.,9135..
99324499520, 99750, 91003009 0Oo9 419,y R34,491610¢92337,43032.93571,,
190350942990 9450U0+94669094330094990095180095450¢958G(09645Uc968704y
21218097450 497640,97790a97920498323.98604698R27e¢99018,9921099405,4
39594 ,99780,910030,910390.9 0,9 419,y 834,41610,92339,,3038,935R6,,
491000944 U4 74630,948]1D9¢94985,4951504953404909594¢95990,40490,96905,
57333,9T020497840,48015e98172e¢9899 749890149919V es9378,495704997AG,.,
69963 ,910180090104720Ue9]107/30 09009 41949 R349¢9]1610:92337493032693596 49
741500’4“851’4733.94930095100.’53700954800157240’90530!65800'705000
BT470e9TTO0ar8000.98190e98334¢98811609]14%¢994]10097648.998B400

910060.,10220.,10500.,10740.,110‘40.,(\.,‘01,{. '83400161'3..23390’3032./
VATA (TTO(L) 9L.22°59400)/3619,94208,+64550,94R27,95040,,452640.95410,,
13610..5872.’6195.’66500!7165.’7SQ6’979050’8150005355.98532.99036"



294164499057 ,99927 . 910U100Ue91038Le910590,9108204011100e91140V00 Oao
3 61940 834491616, 9233%093032¢93030604259¢946659¢94960.952029540840
400404 95840,90006, 9635049679069 7250407TECe98099,98360.4360Uer28725,,
BY3784097560,9100670,91035009105%06910R0009110400911300,4115000
611880 Dee 419, 834-’1616012339093032:9354009“300-04750-'5060.9
79323495550 e95758,959930e9622B496005696900097310097830,982]1298520,0
BETO0, 4900 1, 99A30 _ 410040,910320,910660,010920,941180.41142V,
91108'\1-0119{00912?9009000 419,19 5*34.016100’23-39.03‘)3&0,365“0’43]409'
19800 ¢951500995445.45683095910096150100039409665V09 (03549748509 79560,
P8350,986H0,98955 +9150,99864,910350,910090,911000,911290,911550,
31181&.9121000'18380091270009G0!419.9 834.,16100923390’303209365400
4“123.,4880.’5295..5596.95850.96110.96353.96626o06900.97250.’7060..
GUL118e9B5%UerHBT10G.,.9921U0994HBe9]U23069010740e911150es1148049117900
BL2068B04%12370ev12650e9129804913300,9000419,9834,91616,942339493032,
T3654,44410,94945 ¢9395,957264,96U15,,62694,405¢0,4080d,,710V.97450,,
BIB10e98270,98A95 4908949961549 93702¢910010,e1107049115%00e941870,9
91220091291 uer12520001311i0e9i34D049138002%, Uey 419,y B34e916]106./

UATA (TTO(L) 9L.364~19590)/¢233949303249365496944252494380.95472+95H39,,
10190, 9645U4 90735, 9700209 7300697604(0,98B0U0,9B843340c848,,924D¢99600,,
29900691080 0e911900691188BCe91228U04172630e9]129700913280,91361U40
3139604914310,y 0,y 41949 B34,91010,92339¢4300324930659,,44n89,95010,,
4954H 4 959T0,90348 , 466595 ,9095N097CH]497575,97910e93275.4865399100,.
5’“90099665091015“0’11400.911860'9124200’1282“0'132700’13600'9
615960-’143100!l“AQOOQIbObOQOUOOQIQQO 8340916]b094339o93033093654..
T9a83, 95022, 99580 460804908 T74,00830,47150497688,9780:1,4814Ue98500,,
BUbI2e 99300699700, 0100700901060 %¢911500,9122A0,912i1404+1330V40
913776 a9l4l4Uesla=00e014880,915270,9156€04 Usr 419,04 B34491616,
1€339,93032493004 944G/ 495038495075, 96169¢96530090379, 4734097686,
2008, 98390495740, 49108099525, 99930,410310,,15003,911%40,4,442050,
31328Ueol3BJUe?19477U0a9147004912100,01549004]15HYuesl6E350,9 Uy 419,,
4 834,0416)10092339 93032.936546949U5,95050495720,:90260,96T750U97188,,
5715664479504 943300,e867069905069945040985009]1026Uer100b0,91109244
612290491310 70,,130100914900,9120L0,915650,491593049163%0,910800,,
717220.9 (VY 419,0 834001616092539.9303409365“o'“515.95075-95750.9
RO330, 96848 e /220, 977559815644 989410,¢8949699310099720,410)140ey
9105940091072 0e9l]l 1400912030401 3630,014400e01905 0913050491110,/

VETA (TTO(L) oL 25219660) /7160600091707 009d 75204007/ 900,0"49419a9836,,
11616092339.QJQBB,93@540!“425"511”.'57740’6356.’6935-Q744009790509
28352 ,98755,99155 49570 ,99990,91U400,+108%96,411c31,901630 913010,
3140900’14940091554009102400910830.9]732000175U0.915360.9155a0.90.0
4 4190’ 834-9lﬁlb.92339093ﬂ32.03°54,,4425,.51]U.,S?QU..644U.97U30.9
571560,98U90,98550, 39040499490499905,910370,510800,.911210.441640,,
612060..13b4u.o14710-v130&0.910450.,17140..1777Uo1153uo.015910..
719450, 41998Bu,/

VATA (LTOL) 91 .514249)/0%1 q091e00741,02491,069910euT7091,10391e130
14019601 e18091e2019102)U0)02109102264102384]16251910205,1028910296,
21.3559104d2’1o48“91055191obl?’loﬁﬂl!l.746’10610'1.57“91093496“1.0.
31400491 0020914C%401007191009801012441415201e1709)0l974]1e2U8914214,
4102249123591 4c4991020001e27591029001,392914%100]048091e5499]1,609,
5lebT69]eT73891,8029]1eB06091,92596%],091400301¢0089100941e0079140%9%,
6iallPelel479l,17191el173900,200014,21341,22191423C9)1e2004]1,259891,2724
71.28,0103“8’10411910475!105399106Q49].b0701073¢'1079%.1.85591.9130
RO#LeuU9slelULlolo0)linglal379la06091e0304),11091,140910el0%,10lts891,204,
910&1291'219’10229910241’10255’1026891.263’10345010400910Q70’1.534g
110997910601 914725910e78891e85191e90G07#10U09]1604391e0329160209]14081
21,10891413291,15001018l91,197014228,1,21041,220491,237,]1,24941,264,
31.27’9103J7'l.39%,1.4&1.1.526,1.5“9'1.6:2.1.715'1.77ﬁ’1.8“0'1.ng’
G %1 eGoled)29)et2391009891e07691010001412891615€910179916193914205
51421491e2€391,23491e20091,25991e¢27391,3320),39391.45999]1,5189]1,582,
6Le0449)leTUTI1o77791083190e89L9T7%1,001401101e02490004741e070U91.096,
71.1209101““’1.leQ10165'1.201’1.211'1.220’1.231!1.2“8,1.255’1.26@,
81'326’1.357’1'449’1'511’1'57“’1.636’100V9’107°1'10822’10860'7“100’



91,010'1.022,1,04991.00391.08591.11291.13091.100’1.15?0lol9°91.206/

UATA (210 L) 9L =2%09502)71e2199) 0226 4) oC379] 424991 ¢20391e31891.37R,
11.43991.5UU’1.561910625’1.08791.74801.“0891.5619T“IQW910009’100179
21o03701¢09891,087291010491,128916152¢1,17201e19001e20141e24101,220,
3162329102449 1¢25291031C901437291043141,4920155954914616514067791,738,
41.7969].853”*105910005'1o015'1.03291.052’1007091009H9101¢1’101449
51.164910lh“’1.197!lozu/91.21001'22801.24091025£’103”6010304’104240‘
B1le4Bo 9]l oB459] oO0AgL o€ 9]l aT2791 0T8T elab@be7H#l ,Usle0iilgle0llr]en26,
T1eUG03]eN009] qiBRelellUeslel33910e]15691e1730]118001e20N91e24U91e2200
Ble232914245914297010393901e¢641291067Z2014531901e597C01e65391e7119]147700
9L 8209 7% a9l o009l e0U991.0229)10U409),UO89]1.08u0ielt!lelellsr]l, 144,
ll.164’lo180'1.19191020491.2]5’102279].23891.239’103“5910405’10“620
214922910551 90,64 9106999147570l et1124T0he09),0049])¢N0T91le01lHo1l.n34,
31.05291-072'1.09991.11391013501.15491.17291.15°’1¢197910205’102199
41.23191.25191.337’1039“91.452910510’1.55991.64I'1.685910I“e'IOTQQ'
ST#100901000391e00%¢100130Le0279100449]1 400391400101 0102910122914140,
611590l el 7491 18010199901 621091022101427U01438491e3779104379)4.494,
7169520160901 ,66n91elclolelTToT#1,09lqbU291eVV0%9)elIl291e0€391,037,
81oOSb’loOYd’1.099’lolld’1012991014891.10“01017791015q9102000102130
91-2b1010314'lgjbuolon“’1.48091.537.1.594'1.bbvol.70591.75997*l.ﬂ/

VATA (£TOWL) 91 557396600171 .00191000391,0U801e004991e03%9160409]1,064,
1008291009891 011791613091,15291416S91,17991619091e200391e221914302,
2103559104109 1,4609165220145T770]1a6324)1,0879]1,73998%[at91e0UC9]1.005,
3101491002491 403701e009291e0699]1alifiSe]1,1U30],11991e1309141209)4164,
41,17691,18991,03701eC08591,33091,39041,445,31,50091,553,1,60751,660,
51.71292*100'1.'\}\)]91.()0391.01091.()19.1,03091.i}‘ﬁ‘Hi.OS".'ol.o13’1.0919
6Llel0/91012291e13F9lelDUsle]l6391e17541e8c391e27Co103229103759]4428,
TL,48U91e53491 ,581914€639901,69299%] 091,00191,00/0)401%914n2%91,037,
BleUS0e1 00049 007791009391 01089101220141309)14801015) 4910208914256,
910300010357'1.QIFOLvQOU’l0512’1056491.61501.665910“1.910003’1.01ﬂ9
110019'10n58’1003q91005091006391007601.090’1.lo“'lollbql.1£691.1419
2lalBl91e23491,2029]1e33291638291443101,4800] 53498 e581 914630/

DATA (GAMEQIL) sL=19212)/2%1249103900143%491e30191e2959102V00914143,
10,11400010091 01035900 ellaglel3lolalhS,1,2C609]1,2049]1,23E,1,18U91,1473,
211210101001 06391009998 ,0949]1609241,U9391,09490,090,1,09991,1064,
3lelllolellololdnel2%]ed49)le3000]0344sledlTole29901el10y]10]149910119,
41.113’1'113’1011“91'1J1’1016Z91'212!102629108“591019”,]leé’lol?ﬂg
5Lo1160901eltt99l o lUneleliVB9lel09691e09791,098514100901610291elV 910116,
6le126901613892014191039091,346401431741,29591,2209161D4,101€491,117,
710110910121’10137910139!1020301025891.255’1.196910155.1013J’1.121,
BlellaeleluIdnl  ln19e1e0999)1,10091el10101,10301,105901411091e11091,126+
91.13992“104,1.39f91.3““’1.317’1.895,1.227,1.16U91.13y,].18191|1200
10612401013491,15A01e19991,250014261¢91,2009]1,16091,1%:194141€991,11R8,
2lell49lel 501,10291el03900104910l0€0l lUBslsllColell™gl1allB91,1400
314491439091 ,360091031791629591623641,1069,1,13891,174,1.12591,129,
4101379101969 ,18591623791,261901021841,17491,198910613%91e1€991,120,
8111091 edUT79LelU70]lelUB0i0llU91e112901ellb9)ellloialINglel Co2%] ol
610390'1'344’10317!1029501024491'17691.144’1-133’1013ﬁ,[o]33’101400
Tiel5491018111,22901e2589142270101R201,1560)1.14%0901013191¢12091,114,
Blelllelalilol,112916113,0,116914120,1,185,1,13391,149,2%)4%91.390,
91.34“91.317’1.29*91.25091.18391.151,1,138,1.]3491.137,1.145’1.]55/

UATA (GAMEO(L) 9L=2134270)/ 1017991.2189]1429cr 023091019191 4163,
1141479101300 10,13151411890,10490011401,11541,11791,1€7041412391,12R,
210130416147 92%) a9l edFU9le3449]1e31741,2959]425891019391¢10L91,14K0
3161400101409 ,16591015/91al1T791e20501,2%949]1.24491e20791417791,159
31,148,
41.13991.12491,12“91.11901.12091.12201,1241101289lol359lol“1'l.1539
54*104910390'1.34a910317’1.295910263’1.20491.199’1.152,1.145,1.147/

UATA (GAMEO (L) 9sL=2779424)/ 1,152
61,1600 ed7/91,200901e23791424591621G41,1899)410%9141504161%D91,12K0
70,12691412391,12000012641,128y01013241,13791,14391,154,281e49],390,
Ble36491e31791429%91e26791e21001017791419991e15291¢159241019091,163,



910173910200’1023“,1‘2459102209102010101Iy,lolb“’lolﬁzg]‘134’1'1289

1012701 e12891.13700el3291lal3091004091elaTslalb0s®leto]le3dUolz44,
214¢31701e29591,27191022391,18891¢1684s1,10091,159901e161414109991,180,
31.19/01.221’1.23#;1.23101.21491.192;1.17491.19£’lol“l!loldb’l-]33’
41.133’1-13b’1.13¥01ol“ﬂ,l.l“b'1.15291,1°1’2*1:“91ojyﬂ.1¢3“5’1-3179
51-29591.273’1.23901019091.1759lo16701.10491.1659101739101§2’1.1969
61.217.1-23191.d3891-22891.20291-1ﬂ391.179;1.14”1014“'1-135’1.13Ro
71.14Uy1.1“2'1,14“9lolbUy1.15091.164.2#10491.39U9103““91031,'1.2950
BL,2799]1e2389),80r9101839L¢17291el7091,1710)el701al8041419(01,214,
91.228010232’1.22~91-21091.192’1-17991.15301.1439]-1“39101“3’1o145/

UAYA(GAMEU(L)9L=a259630)/1.14711.1591.15491.10001-1““92*1-4’1-3900
11036491031 7910C959010271991624401e621891417991418c01el7tg1e17801,183,
20,19091.20091,21341426991,23191422841,2189],20991415141,10c91,153,
3101500101909 1e157 91019394 e15001016001el0UslollIoc¥edy103909]4364,
41,31790142950) (27501424791 ,22091420401,1899]1,18491,1004]1,1809],194,
51.60601-213’1.22a91oEJU!l0230'102240l.21401.20091010”910139’101559
61.15b’lolbb’lol5@910101910165'1017191.177’2*10401039”910344’1.3170
71.29591.275!1.25”91023d91.2]l!lolﬁéol.l9001-l9091019£'1019&'1-2050
BleCl49le2C891,€3 91023190142279162]1901,2UBy1a170sielt?Dy1610191,160,
91.16101-103'l.lbhylolb9’1.l7591o132,2*10491.39U9l.3“401031(’l.2959
1102760125390 ,23791671991420591419G41,1789]1,19991e20441e21091,216,
20022491 0230914C3291023194e22691421€91,1860]1¢17491¢169914]10/9]1,168,
31.175’10173’1.1779101df’1.187’2“1.4’1.39U’1¢3““’1.31,’10293’1-276'
461,253991¢24091,222014212916209914212341,20449]1,20D014216,4142091,225,
51.230'10233’1.2329102£5910221’1.104!1.161'101739101739101?“'1.1760
61.179,1.1521l.laﬁgl.IVZ,Z*I.QOI.SQO.1.344g1.31701.2”501-21001.2559
71.24191.226'1.21701021191.2“8'1-20901.21201.215910623910225'102290
81-233-1c23£01-22ﬂ.1-22*91.203910189.1.1d291.17991018S91-15391.1849
91.18791419191,19A92%10490143909103449143170142900)e287641e29291,242/

UATA(UAMEU(L)9L=ﬁ37’bbu)/1.225110223'102491;21“’102199102199102239
11.22891.25891.&3'91.233,1,233’1.&2?.1.2&’,[,214,1.19“,].191,1.[87,
2141889118901 ,19241619591,1989142u2/

UATA (ENTROU(L) 91 =19204)/ 23¢08931e56933¢97030e4393/.9293%e010
139.8&,40.“{941.7“942.05’43.5094“.33’45.16'45.9“’4606,’47;35947.940
2“8050’49.0494905“’50010’500599510”8053'05’54.85'56./ﬁ,SB.“b'600169
301493963,01965,274660,085908,4U0922,76430¢64933,09935,51937,00938,09,
438.99039.93’40054941.7U942.54943032044.089“408“’45059946.22945.819
547037948, 0194R8,41,448,905949,43949,93,51.84,53,90425,32,57,08958,72,
6906360962, 00903.5 965,1U90H0,60922,.07¢20695932.30934,%52,36,31937,40,
738e25039,€1940e11940e9916]1e79942.5794303V044eV1964.754945,40945,99,
846053941.16947.559“8.03948.51,49.”2'50.85'52.61’54.3?'55.99’57.64,
959e249960e80902¢33403e8490503492]1¢37929¢26931e06934617935,01936,70,
13750038509 39e¢479040e249941401941076962052143082143,9724464,260045,]15,
299479040 ,80046 T g7, L1947 ,65908,12¢49:94,5]1,09953,31,594,96956,52,
35H,060959,61901417962,57963,99920,4642Re3443n,79933,21434,70935,79,
436003937 e9T793Re423939423940e00]1940077941045942+14942482443,44944.07,
'544057945.0904505Q94b-039“6049!400939480739500f5951¢9ﬁ05303“’550060
656 ,56158 04959 ,4446(),86962,28919,77427,65930,00032,52,34,01939,10,
735e909360,89937¢72938,53939¢279040e00040072041¢30942,ii094240¢943,200
B43,74444,23944,7 445,18,45,63040,04,44T7.77,49.368950,94,52,49+53,97,
955042950.87958021959.00’90.98'19-07!26.96929.3b931o32933.31934.40/

VATA (ENTROQU(L) 91 =2059406)/ 3927936174370 1937,80,38,51939,22,
13969004065/ 941e17041e8u942:37942e90043039943.809064,32444,709465,17,
240,BU14B8,429349,9345]1,40992,RT954,31455.60,57,U0958,36,59,08y]18,16,
326.0“928.“5’3009]932.400d3049,34.35'35025’36.00'36.85,37.:b’38.25,
438088’39053940012940.64!41025941080942'30’420?494301b’43.91044.00|
545.61047.11'48'6?’50000'51040'52.80’5401395q!40’5606H'57090'17.460
6‘503“'27.75’30.21931.’0032079933064934055935036936012’36.51’37.500
738613938,75939637939,9094043940,9596]1¢42961.89942,32942,12943,13,
B44oTurd60,19947,602949,00950e339510664452e97954.24955,47,56,00916,77,
9264065427,06929:572931e01932410932.9€933889346,60935,406436,08936,72,
137637037 497938054939.11939:639406124400604941e0c941e48,4]1,88442,27,



293079945,25946e04047.96949428950¢5295]1¢8095300U954022955,32915.85,
323c74926.14928.b"930.09’31.18’32003932097933073'34045935.11’350769
436039930,93937445438,04938,54939.02+39e48939,9494043%940,/594]1,13,
542.60943.99v45.31,4b.ob.47.87o49.66.50.20.51.?5052.58,53.07’15.16o
623¢04925,459270691929,40930649931¢39432:20933,04933,74,434,41935,00,
735¢b1’30.16’3606"?-‘037.23937.7393Uc1993806693qo10!390553939069"00 o 2Hy
BYloT(043,U4936a37085,00940,80947:9896490e1U050.2799]e395952,90914.47
2635024, 709027:27928,71929,80030,07431e979372,39933,¢72433,08934,28/

UATA (ENTROU(L) 91 =40G90612)/ 34,35935,40935,9¢936,42,36,92937,40,
]_-3708'-0935027'380(\‘1!39.1)395904094()ogl’42013943095"0405‘39450’3'46-880
297 098049 U7 9900159451 619913e59921e43923¢84920.3002T7,7-428,88429,75,
33{).64'31.42'32.1-x’32.72,33.30,33.37,34,39,34.9\/,35.4(‘!,35.50’36.32,
436075937 179037e570374959938,30939,65440e93942.00943,27044,34945,45,
S“bobl 947053"05‘053949050912.8b’2ﬁ-74 923015'2509192701""23.1"’290019
6&9.97.30.71'3].3Q,JZ.UU’32.60’3JC15.33'68’3“.1“’34.6?’35'1”'35.54’
T735e959360,35936477937,11937,6464938,77,40.02,41.10442,274,43,32944,37,
R4D,4c940,38947430948,28912,16920605922e49924.91926,4,27,4992K,36,
GE9629030,U3930e0%93] 4309318693241 932e93933¢40933.80934,31934,73,
135014035,°3935e91930427936e6293/090039e1U0400€c93)631942,34943,31
2“4025045027!‘06a1‘1947.09911025019013921054,24.00’350“"26.55’27.44,
3‘&.34929011'39.,7'3".3795‘).95931.“6031086032.‘01’32.“"'33.-’0’33.770
434.11’34050’34.56!35.1993‘5053’300 77937090’38.?"”4000(’941.00941.959
B42¢B7943,799444,67945,49911,55918,44020e86923,3u024,79,25,88926,75,
6CTe64128,42929¢04029.6993)422930eT€93102893)108932,17932.54932,95,
T33,31433,0B934,01%934,38936,T71939,63,37406438,09939,08,40,V0040,92,
Bl eBii0d2,04943e01344,309 948691 7¢7607N015422e6019024,17925,19926,08,
9&0.95927. IZ’&Ro3792‘(§.9d’d9.53’300049300509.3(?.93'-51O“'ﬂ"3.l030’32020/

VATA (ENTROU(L) 94 =61349660)/ 324554326919 33,24933,59,33,96935,09,
136,10937,19938,172939,94939,90040,76981e5T942¢37943,1%,4 8,95916,.83,
219024921070'2301‘49240130953.15920.!?3026. ,9927.4‘0928.3}3928.59!29.10,
3€9e50030,00930e4193Ue8U931618931054093]1e87032e23932454932.,84933,94,
435.01935.96936.9no37.l1,38.57939.33140.14,40.9£'“1.bH/

DATA (HZO(L) 91.51433)/049100,9200,44400,9600,¢800,+1000,4125044
11590-.1750-vd000..2250-'£Soo-v2750..3000:.325y-,3500.,375u.,4000..
2“2500’45000’4750-QSQOU}900000’7000o98000099000"10000-91100009
312000421300V e?la4 y0erlD0uler/

EnD

e S JBRUYT I NE OINT (YKo XT oY Lo YTl ZoZT oML NLIY2oYTZoY34YT34ILIYEYTSH) e
DousLE INTERPULATINAN BUPROUTINGE. [F TL=ls THE SECUND [INDEPENUENT
VAKIABLE IS NuT CO<STaAn] WITH TAE FIKST, (THE RANGE OF THE SECOND
IS NOT THE SAmME AT BACK VALUE OF THF FIRSI)

UIMENSTION Z1 (NL) o XT (ML anL) o YT (ML oNL) oY T2 (ML oNL) ¢ YT3 (ML 9NL)

UIMENSION Yia(MLGHL)

IF(Z2=2T(1))18024201 4801}

801 IF(IL.FW,1) GO T~ 803

IF(XXeLTeXT(191)1G0O 7O 802

803 VO BUO I=leni

L=l
LL=sI=1

IF(24 ZT(I)) 90293049800

800 CONTINyL

802 Ylz.2c%2g+30
RETURN

9028 RATLIP=(ZZ=LI (LYY /LT (L) =2T(LL))
IFCIL)1110e2d11e1113

Bo4 VO 964 J=lemiL

LmM=y
LMz =]

IF(XX=XT (Jgb))F0Se9069904

904 CONTINUE
GO Tu 8U2
905 RATIO=(XX=X | (LLMaL))Z(XT(LMoL)=RT (LLMoL))



9reé

1111

913

912

911

1113

918

917

916

1114

921
92y

YISYTL(LLMob) ¢RATIUR(YTI(LMelL)=YTY(LLMOL))
Y22YT2(LLMeL) +RATTIO®(Y2(LMyL)=YT2(LLMIL))
Y3ISYT3(LLMeL) +RATIO®R(YT3(LMyL)=YTII(LILMOL))
YESYT4 (LILMaL) +kATTOR (Y T4 (LML) =YT4 (LLMoL))
RETYRN

Yl=y i (LMeL)

Y2syle(LMmel)

Y3=YT3 (LML)

YESYT4 (LMol)

KFTURN

WO 913 Jslemi

M=y

LLM=J-]

LF(XXeXT (Jgl))Y9]199]1299] 3

CONT 1NUIE

00 10 802

YIsYTL(LMoLL) =HATIP*(YTL(LMeLL)=YTL (LMsL))
Y2RY T2 (LMoLw) =RATTP® (YT2({LMeLL)=YTz (LMeL))
VTASYTI3(LMoLL) =RAYIPH(YT3(LMgLL)=YTI(ILMeL))
YESYTG (LMoL ) =RATIF#(YT4 (LMeLL)=YT4 (LMIL))
RFTURN
KATIOS(AX=XI (LLM L)) Z (AT(LMeL)=AT (Li.MygL))
YasYTL(LLMeLL) ¢RATIOR(YTL(LMyLL)=YTY (LLMeLI))
YS=YT) (LMoL ) o RATTO® (Y I (LMoL)=aYTT1 (LLI.MeL))
112Y4=RATIP#*(Y4=v5)

YasY T2 (LLMelL )¢k TIO® (YT2(LMoLL)=YT2(LLMeLL))
YOSY T2 (LLMgL) +RATTOR (YT2 (1. Mo L) =YT2 (LI MsL))
Y2SY4=RATIPH* (Y4=(5)

V43YT3(LLMy L) *RETIOR(YT3(LMoLL)=YTI(LEMoi L))
YSESYTI(LLMeL) ¢+RATIO* (YT (LML) =YT3(LLMoL))
YI1=Y4=RATIP¥ (Y4=vD)

143Y T (LLMobLL)¢K - TIOR(YTG(LMoLL)=yYT4 (LLMoLL))
YSSY la (LLMel) ¢ ATIO* (YT (LMelL)=YT4 (LLML))
YESY4=RATIP# (Y4e=yD)

RETURN

vl 9iR J=lemi

JF (XKoL To AT (Lo} 16U TU B2

M=y

LiMsJ=1

JFAXA=XT(Jol))G1-991799]18

CONT [NUE

w) TO BL2

YosYT1l (LMl )

Y7=YT2 (LMol )

YsYT3(LMet)

Y0sYTa (LMo )

60 TO 111¢
KATIOS(AX=X 1 (LLML) ) Z (AT (LMoL) =AT (LLMyL))
YSSYTL(LLMoL) ¢ATIOHIY I (LMyL)=YTI (LLMIL))
Y78YT2(LLMoL) ¢« RATTUR(YT2(ILMeL)=YT2 (LLMIL))
YOSYTI(LLML) ¢RATIO®(YTI(LMoL)=YTI(LLMIL))
YOSYTAa(LLMaL) ¢RATIOW (YT4 (LMoL)=YTa {LLMIL))
v) 921 J=leML

L=y

LiLM=J=]

1F (XX= XT(JsLL))919o92W99dl

CONT INUE

o TO 8L2

YesYT1 (LMoLL)

YasYT2(LMeLL)

183Y 13(LMoLL)

YASYT4 (LMo L)



. v T 925
919 RATIOS(AX=X1 LLLMeLL))Z (RT (LMoL =XT (LLMILL))

Y4zY T (LMoY + R TTUR(YTL(LMoLL)=YTYI(LLMoLL))
TESYT2(LLMeLL) +HATIOR(YT2(LMoLL) =y T2 (LLMsLL))
YHSYT I (LLMo )+ R TIU®(YTI(LMoLL)=YTI(LLMoLL))
YasYTe (LLMeLL) *R TIOR(YTa(LMoLL)=YTa(LLMyLL))
925 Y|=Y4=RATIP¥(Y4=\5)
fosYo=RATIP¥ (Ybh=Yy7)
YizYRaRATIp# (YHh=v9)
TESYn=RATIP#* (Yo=vyy)
HKETURN
[ANT))
o SUKKOUTINE OfnNT L cXAoXToYLloYTL 92927 oM oNL ) commme——
C Dounl.E INTERPULATI N SUBROUTINE .
UIMENSTON ZIUINL) « KT (ML oL ) o YT L (ML oNL)
LF(Z2=2T(L))1302410 9801
B0) AF (XXx=X1(lol))u}oeB8039403
802 V1=,2222E%3u
Ke TURN
803 Uy 8y I=lyiv
L.=]
Li=s]=]
LF(ZL=2T (L)) 90202044800
800 CONTINUE
vy Tu RuZ
902 RATIP=(LZ=ZV LI /7 LLTL)=ZT(LL))
w0 TO 1113
804 LU 904 JsleMbL
M=y
LiM=J=]
LE (XAaXT (Jol}))IGNReH90E Y04
9n4 CONTINUE
O T 8Y2
905 RATIO=(AX=XT (LLMaL)I) /(AT (LMoL)=XT (LLMyL))
YISYTI(LLMot) onATIOR(YTI(LMylL)=YT(ILLMslL))
r+ TURN
9NE YI=YTL (LMoL}
Ké TURN
1113 wou 9:8 Jz=ieMi
Lv=J
LLM=J=)
LF(XX=XT (Jgl))G]1r99174918
918 CONTINUE
Lo TO RUZ
917 v5=YT]1 (Lmell)
bu TO 11t4
916 KATIO=(XA=XT (LLMgL) )/ (AT (LML) =XT (LLMylL))
YSSYT1(LLMoL) oRATIO®(YTL(LMyL)=YTY (LLMIL)) -
1114 w0 921 J=le#L
M=)
LLM=S =]
LF(XX=XT (JellL))919992049¢]
921 CONTINUE
vy Tu 8U2
92U Y4sY Il (LMoL L)
vy TO 924
919 RATIO=(AX=XI(LLM.LL) Y/ (AT ALMeLL) =XT (LLMsLL)Y)
rasYTl(LLMobL) ¢ TIO® (YTL(LMoLL)=yT]1(LLMoLL))
925 Y1=Y4~RATIPW(Y4=v5) .
HKFTURN
ewni)



DESCRIPTION OF OUTPUT

The output for the real-gas code includes the flow condition from

each region of the flow-field model, the geometry of the shock waves and

the expansion waves, the heat-transfer distribution along the second

wedge (i.e., the wing leading-edge), the boundary-layer velocity profile

and temperature distribution profile, and boundary-layer parameters. The

units for a particular parameter in any region will be the same as the

free-stream parameter, unless otherwise noted. The output for the free-

stream flow includes:

Ul

P1

T1 -
RHO1 -
PT1 -
TT1l -
GAMMAL -
H1 -

yAN -

Output for the
Ul -
PI/P1 -
TI/T1 -
RHOI/RHO1
PI -
TI -
RHOTI -
PTI -

TTI -

free-stream velocity (ft/sec)

free-stream static pressure (lbf/ft2)
free-stream temperature (°R)

free-stream density (slugs/fts)
free-stream stagnation pressure (lbf/ftQ)
free-stream stagnation temperature (°R)
free-stream vy

free-stream enthalpy (Btu/lbm)

free-stream molecular weight ratio

flow condition in region "I", where I = 2,3, or 6 includes:
the velocity

the static pressure ratio
the temperature ratio

- the density ratio

the static pressure

the temperature

the density

the stagnation pressure

the stagnation temperature



HI - the enthalpy

YAl - the molecular weight ratio

GAMMAI - the y for the particular region

DELTA - the change in flow direction from one region to the next
THETA - the shock wave angle

The output for the flow conditions in the expansion from regions 4 and 5,

‘where I = A, B, C, D, or E (i.e., the five subregions) includes:

UI - the velocity

PI - the static pressure

TI - the temperature

RHOI - the density

HI -~ the enthalpy

GI - the effective y for the particular region

NUDIF - the difference between the total change of the Prandtl-Meyer

angle in region 4 and the total change of the Prandtl-Meyer
angle in region 5 (should be zero so that flow in region 5e

is parallel to the wing)

Output of intersection points include:

INITIAL POINTS ON BOW SHOCK WAVE, i.e., the origin of the coordinate
system, or the nose.

WING INTERSECTION POINT, i.e., intersection of the two wedges.

BOW SHOCK: WING SHOCK INTERSECTION POINT, i.e., the intersection of
the shock of the first wedge with the shock of the second wedge.

Next Five Points - the intersection of the centered expansion fan
with the wing leading edge.

Last Five Points - the intersections of the reflected waves with the

inboard shear layer.



Output listed for the interaction region between the left running and right

running expansion fan waves includes:

U4IW -

PLIW

1

where "IV A,

The output for

the velocity
the static pressure

B, C, and D.

the subregions between the inboard shear layer and the shock

"waves between the shock layer and the free stream include:

THETA

X -

The output for

shock wave angle

x-coordinate point of the intersection of the shock waves
of two adjacent regions (in.)

y-coordinate point of the shock waves intersection (in.)
the velocity

the static pressure

the temperature

the density

the enthalpy (ft2/sec2)

the effective y for the region

the viscous-region subroutines is tabulated under the title

"OUTPUT DATA" includes:

M -
PE(M) -
THETAE (M)
UE(M) -
URENOE (M)

REXINT(M)

X(M) -

s(M) -

station number in x-direction

Static pressure at the edge of the boundary layer

- temperature ratio (Te/Tte) at the edge of the boundary layer
velocity at the edge of the boundary layer

- unit Reynolds number at the edge of the boundary layer

- Reynolds number at the edge of the boundary layer inte-
grated over the distance from the origin

distance aiong wing leading edge (ft)

transformed x-coordinate



DS(M) - step-size of S(M)

BETA(M) - velocity gradient at the edge of the boundary layer

FLOW(M) - stream function at the wall used to indicate mass injection
PTE - stagnation pressure at the edge of the boundary layer

TTE - stagnation temperature at the edge of the boundary layer
ALF - coordinate transformation parameter

.The next page of output is the initial boundary-layer profile for the first
x-station. The output that follows is at each of the next (M-1) x-stations

and includes:

M - station number in x-direction

X(M) - distance along wing leading edge (ft)

I - station number in y-direction

YN(I) - transformed f-coordinate (see Ref. 11), n
Y(I) - physical y-coordinate (ft)

ETA(I) - transformed y-coordinate, n

F(I) - velocity profile in the boundary layer

THETA(I) - temperature distribution profile in the boundary layer

CS(I) - mass fraction of the stream species

TAU - skin friction (lbf/ft2)

CF - skin friction coefficient

TREC - recovery temperature, °R

QDOT - heat transfer rate (Btu / ft2—sec)

STNO ~ Stanton number

DELST - displacement thickness (ft)

THMOM - momentum thickness (ft)

DSTAR - displacement thickness with mass injection (see Ref. 11) (ft)



CASt =2 )

FHEE«STREAM FLOW CONWITIONS

ul Pl T1 RHO} P11 ™
(L3r/SuFT) (HANRINE) (SLUGS/CUFT)
142000404 9,298 74«01 4oRIT4OE+(:2 1.10527t=06 0, De
GAMMAL = 1,39830E+00 "l 3 1,17046E4N2 21 = 1,V0U00E«00

FLuw CONDITIONS IN REGION 2

ve P2/P1 Te/1) RHO2 /RN
1,4073%ce04 44031796400 1.,60331Ee01 2.51467Fenp
P2 = 3.7490bcepy T2 = 7eH5206F*%u2 RHUZ2 8 2,7793YE=06 P12 = 0,
112 = Ve H2 = 1.RB242E%02 42 ® 1,000V0k«00 GAnuMap & 1,39118E+00
DeLTas 2 5,00000E400 THETA = B,33}16FE+00

FLuw COUNDPTIUNS IN REGLOM 3
13 LEVA St T3’z RHO3 /7RHA]L
12195104 1.31133ke02 H,3l94lEs00 1,56555F« )

P3 = leclQ37Es02 T3 = 4.07435€003 HhU3 = 1, T3IV3IDE~D5 P13 =z 6,79894E+0¢
113 = %.52090E403 H3 8 1,17404E+03 23 = 1,00682k400

UELTA = 2,50000E+01 THETA & 3,U3806F+04 GAMMAS = ] ,21420E+00
FLUN CUNDITIONS IN REGION &

te PA/P1 Te/T1 RHOG /RHN]

l.10250kLen% T.07399E«01 9,23262E+00 T«SNQ63Fenp

P6 = 6ed7792E+0) Té 3 4452159€¢03 KrU6 2 B,30U)bE=0b PT6 = |.784)11E«p4
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UELTA

UA

WH

na

"a

PA

6

PeUTS513E+03

2 3,00U00k«01)

FLuw CunplITIUNS

REGIun 4

0A

Leg22tt3te0

letnnblbeue

GeviniBrens

= 6513HE=nYS

LelbT787E403

lec) 7790 400G

REGLUM &

lec39cbL+04

BedT766BE+0]

3.81H31c403

Hé6 = 1,444909E+03

In

Ur

(]

™

HS

GRr

PL

-]

T4

THETA 3 3,54064F0)

26 = 1,02028E400n

THE EXPANSION FAN

le226)13E+04

lennE34E+02

3.99754E+03

RHUY = ],57553F-n5

le14170E+03

VELUCITIES

UC = 1,22943E+04

PRESSURES
#C = 1,0233Vk*02

TEMPERATURF S

TC = 3.9447VE*03

PENSTTIES

FNTRALPIES

hC = 1,12554E+03

EFFFCTIVE GAMMAS

1+272140F*00

1¢26253F*Ve

84CABOTF*0]

3.776R4F+0VI

GC = 1.22503E+00

VELUCITIES
UC = 1.24578E+¢4

PRESSURES

FC = 7.63016E+0]

TFMPERATUKF S

IC = 3,73569E+03

(1))

PN

TV

RHOC = 1,50250F=n%

HD

GO

D

PD

10

GAMMAG = ] ,162RGE+nNQ

1,23271E+04

0,664658E+01

1.90224E¢03

PHUN £ 1.43270E«05

1.10937€403

1.22861E+00

1.24902E+04

T7.19849E+01

2.69487E¢03

HE

pE

TE

WE

F

13

PE

TF

1423599E 404

Q9aN952]1E+ti )

AH6N] | Feid

RHOE = 1,3R641F«n5

1,09320E+03

1.23232F+00

1429226E+ 06

6 STTI2E+0]

A,63329E+403
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APPENDIX C. - SOLUTIONS FOR A SINGLE WEDGE GONFIGURATION

It has been noted that the local heat-transfer rates along the "wing
leading-edge" (which were nondimensionalized using a current shuttle de-
sign parameter) increased significantly with velocity. The velocity de-
pendence which has been found in the present study of the Type VI shock-
interference pattern had been found in previous studies of cones (work
“done at the Johnson Space Center) and of wedges (work done at the Univer-
~ sity). Using procedures similar to those described previously, theoretical
solutions have been obtained for a single wedge configuration with-a 30°
deflection angle. The solutions for the three flow conditions of the

main text:

53°k

1167 m/sec, P

Condition 1. - U_ 2.98 mmHg, T

[+

273°%k

Condition 2. - U_ = 4330 m/sec, P_ = 0.333 mmHg, T

Condition 3. - U_ = 7610 m/sec, P_ = 0.0268 mmHg, T_ = 195°K

P
are reviewed briefly in this appendix.
The heat-transfer rate at a point 0.30m (1.0 ft) from the apex is pre-
sented in Fig. C.1l as a function of the free-stream velocity. The local
heating has been diviided by the theoretical heat-transfer to the stagna-
tion point of a sphere whose radius is 0.30m. The nondimensionalized
heat-transfer rates increased by approximately 407% over the velocity range
considered. The increase in heating with velocity for the gingle wedge
is not as great as that observed for the double-wedge configuration which
produces the Type VI shock-interference pattern. For a given velocity,
the difference between the perfect-gas and the real-gas solutions is rela-
tively small.
Other flow parameters are presented in Table Cl. The pressure ratio

across the oblique shock wave, the temperature ratic, the density ratio,

the entropy increase, the shock-wave angle, and the effective gamma of the

Cc-1



Cc-2

shock-layer flow. The relatively high density ratio which occurs when the
real-gas effects are accounted for results in a thinner shock-layer for the
real-gas solution. Thus, the effective gamma and the shock-wave angle are
smaller for the real-gas solution. However, for a given flow condition,
the pressure rgtio for the perfect-gas solution is approximately equal to
that for the real-gas solution.

Also presented are the theoretical value of the heat-~transfer rate to
the stagnation point of a sphere whose radius is 0.30m and the entropy in-
crease across the normal shock for the assumed stagnation point. Note that

the ratio

i.e., the increase of entropy across the oblique shock~wave divided by the
increase of entropy across a normal shock-wave, is approximately 0.5 for all
three velocities. The constancy of this ratio suggests that the mechanism
which produces the velocity dependence of the nondimensionalized heat-
transfer rate is not related to the shock~induced entropy change (which
relates to the shock-wave strength). This question is relevant because the
heat transfer for the wedge flow (which passes through an oblique shock) is
divided by the stagnation-point heat-transfer for the sphere flow-field

(which passes through a normal shock wave).



Flow
Condition Gas
1 Perf
1 Real
2 Perf
2 Real
3 Real

Table C 1. - Flow parameters for a 30° single~wedge configuration

Py/By T/Ty eyleg ©2 750y 51
29.75 5.925  5.021 —

29.58 5.915  5.000 0.1111
75.51 13.556  5.571 —

70.65 9.221  7.510 0.1666
284.21 20.269  11.530 0.3420

8
_s

39.27
39.29
38.01
35.41

33.25

1.400
1.397
1.400
1.163

1.216

dt,R=0.3m*

(watts/mz) (St,ns - Sl)/ S
3.47x10% —
3.47x10% 0.216
6.35x10° —
5.96x10° 0.338
1.12x10° 0.696



@ Perfect-gas solutions

O Real-gas solutions

O
0.3 |- -
0.2 -
95=0.30m
qt,R=0.30m
0.1 - -
0.0 ] ! |
0 2000 4000 6000 8000
U_ (m/sec)
Appendix C: Figure 1. - Effect of free-stream velocity on the dimensionless heat-transfer for a wedge

whose deflection angle is 30°. TW = 394%k



