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USE OF TETRAFLUOROMETHANE TO SIMULATE REAL-GAS EFFECTS
ON THE HYPERSONIC AERODYNAMICS OF BLUNT VEHICLES

By Robert A. Jones and James L. Hunt
Langley Research Center

SUMMARY

An experimental and theoretical study was made of the use of tetrafluoromethane
(CF4) in low hypersonic flows as a means of simulating the flow field over the forebody
of blunt configurations in hypersonic flight where dissociation of the gas in the shock
layer gives large density ratios across the shock wave. A pilot model hypersonic CFy4
blowdown tunnel at the Langley Research Center was built and studied. With this facility
a normal-shock density ratio of 12.1 was obtained at a Mach number of 6 with stagnation
conditions of 1650 N/cm2 and 736° K. The results of the investigation indicate that flow
fields over the forebody of blunt configurations for real-gas conditions resulting in
normal-shock density ratios up to 17 can be simulated by this method. A computer pro-
gram for isentropic flow of CF4 as well as flow across normal and oblique shocks was
set up. Plots of various flow parameters are presented as a function of free-stream
Mach number for various stagnation temperatures. A method for computing axisymmet-
ric nozzle contours which includes a correction for boundary-layer displacement thick-
ness is described.

INTRODUCTION

At supersonic and hypersonic speeds the aerodynamic characteristics, including
the pressure distribution, shock shape, drag, and stability, of very blunt, low-fineness-
ratio bodies are determined almost exclusively by the flow field over the forebody. The
inviscid forebody flow in turn is essentially independent of Mach number and depends
mainly on the density ratio across the normal shock and the body geometry. (See, for
example, the discussion of Mach number independence principle in ref. 1 and the discus-
sion of real-gas effects on the flow field of several high-drag planetary entry bodies in
ref. 2.) Therefore, the inviscid forebody flow can be simulated in a wind tunnel if the
normal-shock density ratio of flight can be matched.

For hypersonic flight of large vehicles in planetary atmospheres with equilibrium
gas conditions, density ratios as high as 20 are encountered. These large density ratios
result from chemical dissociation of the molecules in the high-temperature gas behind



the shock. However, the maximum normal-shock density ratio that can be achieved in
air wind tunnels, even in those with large specific-energy content, is usually less than 8
because the small size of the models precludes the attainment of chemical equilibrium
in the forebody shock layer. Thus, a means of experimentally simulating high shock
density ratios is needed.

It has been proposed (refs. 3 and 4) that flow-field calculations for blunt bodies
where real-gas effects are significant can be greatly simplified by the use of ideal-gas
relations but with a low value of the specific-heat ratio to obtain the correct shock den-
sity ratio. It also appears possible that the desired density ratios may be obtained
experimentally with no dissociation by testing in a relatively low-temperature flow of a
gas that has a low ratio of specific heats. If the Mach number is sufficiently high to
apply the Mach number independence principle, then the desired inviscid forebody flow
field can be simulated. If the Reynolds number is matched also, then the entire forebody
flow field can be simulated.

The use of gases other than air in aerodynamic facilities has been considered by
many previous investigators. For example, Chapman (ref. 5) considered several gases
and gas mixtures including tetrafluoromethane (CF4) for various applications. He
showed that for a given subsonic Mach number, Reynolds number, and pressure, a gas-
mixture wind tunnel having the same specific-heat ratio as air could be smaller and thus
require much less power. Also it has been shown that by using gases other than air, it
is possible to match free-stream Mach number at much lower stagnation temperatures.
The helium tunnels now in operation are examples of this application. "The use of CFy
has also been considered to obtain high Mach numbers at lower stagnation temperatures
(ref. 6) but was found to be somewhat impractical for that purpose. The only previous
attempt known to the authors to simulate the real-gas effects on flows over very blunt
bodies at high speeds by the use of a gas with a low ratio of specific heats is that of ref-
erence 7 in which a mixture of water vapor and oxygen is proposed.

The purpose of this paper is to (1) discuss the normal-shock density ratio as a
simulation parameter for blunt-body flows, (2) propose the use of CF4 as a test gas in
order to obtain high shock density ratios, (3) present some results of an experimental
investigation in both a wind tunnel and a ballistic range using CF4 as the test gas, and
(4) present equations and charts for the compressible flow characteristics of CFy.

A small (7.6-cm-diameter test section) CF4 tunnel with a conical nozzle was built
and put into operation at the Langley Research Center in October 1965. Later, a
ballistic-range investigation at the Naval Ordnance Laboratory (NOL) using CF4 as the
test gas was supported by NASA (Langley Research Center) to study effects of high den-
sity ratios on the aerodynamics of three very blunt low-fineness-ratio configurations.
Some of the results from both these investigations are presented herein. Also, the
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design characteristics of a facility which would be inexpensive to build and simple to
operate but would enable the correct simulation of real-gas density-ratio conditions for
blunt configurations are presented. A few of the results (obtained in the small CFyq wind
tunnel) that show the sensitivity of the flow field over a tension- shell configuration to high
shock density ratios have been published in reference 8. Some of the results obtained in
the NOL ballistic-range investigation are given in reference 9.

This report includes appendixes by James L. Hunt, Kathryn A. Smith, Robert B.
Reynolds, and Lillian R, Boney, of the Langley Research Center, which present calcula-
tion procedures for evaluating isentropic expansions and flow across shocks in CF4, a
method for determining hypersonic nozzle contours for CF4, and related computer
programs.

SYMBOLS
A inviscid test-section area
A* area at sonic throat
Cp drag coefficient
H ' enthalpy
M Mach number
p pressure
r radius
Ry free-stream Reynolds number (based on base diameter)
S surface distance from stagnation point
T temperature
u velocity
X,y coordinates
Y ratio of specific heats



A shock standoff distance

€ inverse density ratio, pl/p2

8 shock-wave inclination angle

i viscosity

p density

Subscripts:

b base

eff effective

max maximum

n nose

0 " free-stream stagnation conditions : , _
1 free-stream static conditions

2 static condition behind normal shock

3 stagnation condition behind normal shock

BLUNT-BODY FLOW-FIELD SIMULATION

Ideal-Gas Flow Fields
For high-speed flight in an atmosphere the chemical dissociation of the gas in the
shock layer can result in a marked increase in density ratio across the strong bow shock
~ compared with a lower speed or lower temperature flow of the same gas where no dis-
sociation takes place. Under conditions where dissociation is present, the aerodynamic
characteristics of very blunt vehicles (shock-wave angles larger than 50°) depend pri-
marily on this shock density ratio (ref. 1) and not on the Mach number if M; >4. Three



blunt configurations which will be used to illustrate this strong dependence of aerody-
namic characteristics on shock density ratio are shapes being studied by NASA as pos-
sible Mars probe/lander vehicles. These three configurations are shown in figure 1.

In order to land a payload on the surface of Mars and make use of aerodynamic braking
in the thin atmosphere, a large high-drag vehicle is required. Because of the large
amount of COg ir the Mars atmosphere and the large size of the vehicle, high shock den-
sity ratios will be encountered even at velocities as low as 3000 m/sec.

The changes in aerodynamic characteristics which are due to the large shock den-
sity ratios associated with high-speed flight are primarily the result of changes in sur-
face pressures acting on the forebody. The surface pressures are affected by a change
in shock density ratio in two ways: First, the level of pressure at the stagnation point is
changed, and second, the nondimensional distribution of surface pressure relative to
stagnation-point pressure is changed. This dependence on shock density ratio can be
illustrated by considering the flow of a perfect gas about a blunt body. The density-ratio
effect on the stagnation-point pressure level is easy to estimate. From conservation of
mass and momentum across a normal shock, the following equation is obtained:

=1-€ (1)

which holds true for both ideal and real gases. For high Mach numbers p; can be
neglected compared with Do, and the flow from the shock to the stagnation point can be
considered incompressible so that equation (1) reduces to

P3

=1-% (2)
pyuy? 2
This effect on the vehicle drag coefficient of a given shape can be approximated as
C -
( D)large density ratio _ (2 e)large density ratio (3)

(CD)small density ratio (2 - €)gmall density ratio

For a blunt vehicle in flight with a shock density ratio 1/e of 15, the forebody drag
would be increased about 5 percent over that measured in a conventional high Mach num-
ber air tunnel (where the maximum density ratio is 6) because of this increase in
stagnation-point pressure level.

The surface pressure distributions for the spherical segment, the 120° cone, and
the 140° cone have been computed for ideal-gas flow using a one-strip integral method
(ref. 10) at various shock density ratios and free-stream Mach numbers. These results
are shown in figures 2 and 3. The pressure distribution for the spherical segment



(fig. 2) is affected by density ratio mainly at large values of s /Tn Where the effects on
drag and moments are largest. Figure 2 shows that the effects of free-stream Mach
number on pressure distribution are negligible for Mach numbers of 6 or larger. The
results for the 1200 cone (fig. 3(a)) also show a negligible effect of Mach number on sur-
face pressure. For density ratios somewhat above 10 the sonic point moves forward
from the base of the cone. Since the program requires the sonic-point location to be at
the point of maximum radius, no solutions could be obtained for the 120° cone at a den-
sity ratio of 20. Solutions were obtained for the 140° cone (fig. 3(b)) at a density ratio
of 20. For this case the flow over the conical portion is almost sonic; this gives the
sharp decrease in pressure near the sphere-cone juncture (s /Tp = 0.08). The results’
shown in figures 2 and 3 indicate that for bodies as blunt as these, the primary factor
governing the aerodynamic characteristics is the shock density ratio. Therefore this
shock density ratio must be simulated when such shapes are studied experimentally.

Other aerodynamic characteristics of blunt bodies which depend primarily on shock
density ratio are the shock shape and shock standoff distance. The shock shapes of these
blunt bodies calculated by the method of reference 10 are given in figures 4 and 5. Here
again it is apparent that Mach number has very little effect. Both the shock shape and
the standoff distance at the stagnation point are strongly dependent on the shock density
ratio.

Real-Gas Flow Fields

The surface pressure distributions for real-gas equilibrium flow have been calcu-
lated for all three shapes of figure 1 in reference 2. The results of these calculations
are presented in figures 6, 7, and 8. The value Po /pl = 5.6 corresponds to an ideal
gas at a Mach number of 9 with y = 1.4; the value of pz/p1 = 16.7 corresponds to a
condition near peak heating and peak dynamic pressure for entry into an assumed Mars
atmosphere (model 2 of ref. 11). The blunt-cone pressure distribution of figure 7 was
made for a 1300 cone since that was the smallest cone angle for which the sonic point
was located at the rearward corner for a shock density ratio of 16.7 and thus the small-
est cone angle for which solutions could be obtained with the method used in reference 2.
The trends shown by the data of figures 6 and 7 are in close agreement with the ideal-gas
calculations shown in figures 2 and 3; this indicates that féﬁ:ggwéqrﬁil'ibfii{ﬁl flow and
ideal-gas flow give about the same surface pressure distribution at high Mach numbers
provided the value of the normal-shock density ratio is the same. Therefore, even when
real-gas effects are present, the density ratio is still the dominant parameter as long as
the bow shock is strong and the fineness ratio is low.
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Predicted Simulation in CF,

In order to duplicate high density ratios obtained in flight at high hypersonic speeds
in a wind tunnel without dissociation, the test gas must have a low ratio of specific heats.
Tetrafluoromethane (CF4) was selected as the working fluid for this simulation because
of its low ratio of specific heats, low boiling point, thermal stability, and low vibrational
relaxation time, and also because it is a readily available, colorless, odorless, nontoxic
gas that is easily reclaimed; however, no exhaustive search to find the best test gas for
this particular type of simulation was made. Much of the physical and chemical property
data for CF,4 used in this study was obtained from the manufacturer of CF4. Some of the
physical properties are given in table I.

TABLE I.- PHYSICAL PROPERTIES OF TETRAFLUOROMETHANE (CF4)

Molecular weight . . . . . . o s s s s s u s s s e e s s e s s e e s . 88,01
Boiling pointat latm™*, OK . . . . . . . . .. v it it i i e e e .. 145
Freezing point, °K . .. ... I - 1 X
Critical temperature, OK . . . v v v v v v vt o et o e e e e e e ... 227,33
Critical pressure, atm . . . . .. e e e e e e e e e e e e e .. 36.96
Critical volume, cm3/mole . . . . .. ¢+ v v v v v v v e e cee .. 14
Critical density, kg/m3 . . . . v v v v v vt v v v v vt et e e e e ... 0.626x103
Density, liquid at 1939 K, kg/m3 . . . . . ... ... ... e e . 1.317x 103
Density, saturated vapors at boiling point, kg/m3 ............ e e 7.62
Specific heat, liquid at 1939 K, J/KZ-CK . + + + v v v v v v v v v e v e n .. 1.23x 103
Specific heat, vapors at 1 atm and 298K, J/kg-K . . . . . . v s v . . . . . 0.707 X 103
Specific-heat ratioat 1atmand 298°K . ... .. ... ... ..+ ...+ ... 1,159
Heat of vaporization at boiling point, J/kg . . . . . . . . .. .. ... . ... 136.0x 103

*1 atm = 101 kN/m?2.

The method of reference 12 was used to compute the equilibrium composition of
CF4 as a function of temperature for several pressures covering the range that would
normally be used in a wind tunnel, and it was found that no dissociation occurred for tem-
peratures lower than 1600° K. A more complete description of the properties of CFy,
including the equations of state, and the computer programs used to calculate conditions
for isentropic expansion and flow across normal and oblique shocks in CF4 are given in
appendixes A and C. Some of the flow variables of interest which were computed as
" described in appendix A have been plotted as functions of pertinent parameters for the
ranges of stagnation chamber pressure and temperature studied. The stagnation enthalpy
Hg, which is practically independent of stagnation pressure in the range from 1034 to
1724 N/cm2, is given as a function of stagnation temperature Tg infigure 9. Plots of

u1/ Ho, v, T1/To, Pyfegs P1u1/Hy, p1us?/2pg, Py /oy, P3 /Py P3/Py ¥a /vy



and pzuz/uo against Mj are presented in figures 10 to 20 for Tj = 478°, 5889, 700°,

and 811° K. The specific-heat ratio, unit Reynolds number, and Reynolds number behind
normal shock are given for stagnation pressures of 1034, 1378, and 1724 N/cm2, The
other flow variables are independent (within the accuracy of the plots) of stagnation pres-
sure in the range from 1034 to 1724 N/cm2). Figure 16 shows that for a temperature of
811° K, a shock density ratio of 13.6 is obtained at a Mach number of 7. The calcula-
tions of appendix A show that for 14000 K, a shock density ratio of 14.5 is obtained. At
this same temperature a value of 15.6 can be obtained if the Mach number is increased
to 8 rather than 7.

Similar calculations have been made by the method of appendix A for test condi-
tions in a ballistic range. Plots of the density, temperature, and pressure ratios across
a normal shock as a function of velocity in 100 percent CF4 are shown in figures 21 to 23.
The ambient temperature in the range is assumed to be room temperature (294° K) and
the plots are accurate within 4 percent for range pressures from 30 to 1000 N/m2. Cal-
culations are not shown for launch velocities greater than 1500 m/sec because dissocia-
tion of CFy4 in the shock layer could occur at these higher velocities. Figure 21 indicates
that shock density ratios up to 17 can be obtained by using CF4 as the test gas in a bal-
listic range.

The shock density ratio and Reynolds number simulation capability of the CF4
facility (assuming a 2.5-cm-diameter model-and a realistic pressure range) is shown in
figure 24, and that of several other facilities at the Langley Research Center, which are
thought to be typical of most facility capabilities, is shown in figure 25. Also shown in
both figures are two entry trajectories typical of very blunt high-drag vehicles. Both
these trajectories are based on the assumption of chemical equilibrium in the shock layer.
The Earth entry trajectory is for an entry angle of 909, an entry velocity of 5600 m/sec,
a ballistic coefficient of 146 kg/ m2, and a diameter of 0.67 m. The Mars trajectory is
for an assumed atmosphere of 2000 N/ m2 (model 2, ref. 11), an entry angle of 90°, an
entry velocity of 8700 m/sec, a ballistic coefficient of 23.5 kg/m2, and a diameter of 5 m.
The "knee" of the trajectories corresponds roughly to conditions of peak heating and peak
dynamic pressure. Figure 24 shows the simulation capability of a CF4 wind tunnel
operating in the Mach number range from 3 to 8 and that of a CF4 ballistic range at
velocities from 450 to 1500 m/sec. A comparison of figures 24 and 25 shows that with
CF4 the ability to simulate shock density ratios which occur with high-speed atmospheric
entry is increased. Therefore the use of a relatively low velocity flow of CF4 should
greatly facilitate the study of real-gas effects on the aerodynamics of blunt entry con-
figurations (those having shock-wave angles larger than 50°).

The variation of shock density ratio with shock-wave inclination angle 6 for a
CF,4 flow at a Mach number of 6 and a stagnation temperature of 811° K is shown in
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figure 26, Also shown is the shock-density-ratio variation of an ideal gas at a Mach
number of 6 with a value of y which results in the same normal-shock density ratio as
CF4. These two curves are compared with one for equilibrium air at an altitude of

70 km and a velocity of 5240 m/sec; for these conditions the free-stream Mach number is
16.5 and the normal-shock density ratio is 12.7 (same value as for the other two curves).
This plot shows that for shock waves with 6§ greater than about 609, the CF4 simulation
gives very nearly the same shock-density-ratio variation as would occur in flight in the
earth's atmosphere for equilibrium conditions at a Mach number of 16.5 and an altitude
of 70 km. It also demonstrates that for shock-wave angles greater than about 600, the
CF4 simulation gives approximately the same result as an ideal gas at the same Mach
number and with the value of specific-heat ratio adjusted to give the same value of the
normal-shock density ratio pg /pl. The CF4 simulation method should therefore be very
accurate for bodies blunt enough to have bow shock-wave angles of 600 or greater. At a
shock-wave angle of 509, the density ratio in CF4 is 87.5 percent of that which occurs in
equilibrium air at the stated conditions. This difference is believed to be within accept-
able limits for engineering calculations; thus, blunt bodies have been heretofore defined
in this report as bodies blunt enough to have bow shock waves of 50° or greater.

PILOT CF4 TUNNEL

7 rApparatus

A schematic diagram of the 7.6-cm CF4 tunnel is given in figure 27. The CF4
supply consisted of bottles each containing about 32 kg at a pressure of 1440 N/cm2. The
small bag-type pneumatic accumulator was used together with a check-valve arrange-
ment to pump the CFy4 into the large accumulator at the pressure desired for a test.
When the desired pressure was reached in the large accumulator, the high-pressure air
regulator was set at this value and the valve between the large air bag and air supply was
opened. As CF4 was used during a test, the large air bag inflated and thus maintained a
constant tunnel stagnation pressure for times as long as 3 minutes and eliminated any
chance of contamination of the CF4.

The heat exchanger consisted of several long coiled stainless-steel tubes immersed
in a bath of molten lead. Energy was supplied by electrical strip heaters which were
also immersed in the lead. The heat exchanger, the line from the heat exchanger to the
stagnation chamber, and the stagnation chamber itself were all heated by electrical strip
heaters and wrapped with insulation. The lead bath could be maintained at any tempera-
ture up to 8129 K but the line and stagnation chamber metal temperatures were limited
to a maximum of 534° K. This system could supply CF4 at stagnation conditions up to
2000 N/cm2 and 7500 K.



The nozzle was conical with a 5° half-angle, a 1.32-mm-diameter throat, and a
7.6-cm-diameter test section. The tunnel exhausted into a 1200-m3 vacuum sphere which
could be pumped to pressures as low as 25 N/mz. No attempts were made to reclaim the
CFy4, although it should be possible to do so easily since it is a heavy gas with a relatively
high critical temperature (227.33° K) and a relatively low critical pressure (36.96 atm).

Experimental Results and Discussion

Several different measurements have been made in this pilot facility. The primary
purpose of these measurements was to demonstrate that high normal-shock density ratios
could be obtained with this facility and to verify the theoretical test conditions calculated
by the method discussed in the appendixes. A secondary purpose was to study the oper-
ating characteristics so that a more nearly optimum facility could be designed. Measure-
ments of the stream pitot pressure, test-section wall static pressure, stagnation chamber
pressure and temperature, shock standoff distances, and shock shapes for several differ-
ent configurations were made for a range of total temperatures and pressures.

Nominal test-section conditions.- Although tests were made for a wide range of
stagnation temperatures and pressures, a preponderance of data were obtained at stagna-
tion conditions of 7360 K and 1650 N/ cm2, These conditions are referred to subsequently
as the nominal test conditions. The corresponding test-section conditions as determined
from the measured stagnation pressure ratio across the normal shock and the measured
ratio of free-stream static to free-stream stagnation pressure in conjunction with the
real-gas calculation procedure of appendix A (figs. 11 to 19) are presented in table II.

TABLE II.- NOMINAL TEST-SECTION CONDITIONS

Value calculated by method of appendix A for -
Condition 3 * _295%10-5"
p3/p0 =1.13x 10 | pl/po = 2.
M1 « 2 & s 2 e & v @ @ 6-06 6-20
pz/pl a2 2 B 5 e v s e 12.2 12.3
Yye oo e e 1.190 1.205
7’2/71 ......... 0.925 0.900

*Measured value at Py = 1650 N/cm2 and Tg = 736° K.

Density ratio measurement.- Since the primary concern of this report is the simu-
lation of forebody flow fields of blunt configurations by matching the normal-shock density
ratio without dissociating the test gas, a more direct method for verifying this ratio was

desired.
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Normal-shock density ratios in the test section were determined from the shock
standoff distance measured for a sphere by using the following relation:

H|D>

= 0.76¢ 4)

This relation is an empirical fit to the theories of references 13, 14, and 15 and has been
shown to predict very accurately the shock standoff distance for spheres. A test-section
normal-shock density ratio of 12.1 was determined with this method for the nominal stag-
nation test conditions (po = 1650 N/cm2 and Tgq = 7360 K). This value compares favor-
ably with those from the real-gas calculations (12.2 and 12.3) given in table II. These
values are more than twice the normal-shock density ratio which can be obtained in an
air wind tunnel operating as an ideal-gas facility.

Effective test-section conditions.- As discussed previously in the section "Blunt-
Body Flow-Field Simulation,' it should be possible to calculate approximately the flow
field about very blunt bodies using ideal-gas relations for some effective Mach number
and specific-heat ratio provided that the correct normal-shock density ratio is obtained.
One method for determining the values of effective Mach number and effective specific-
heat ratio is to solve the following two ideal-gas equations simultaneously using the value
of the normal-shock density ratio determined from the measured shock standoff distance
of a sphere and the measured ratio of stagnation pressure behind the normal shock to the
total pressure in the stagnation chamber.

2
(Yott = 1)Megt + 2 )

€ =
(Yess * I)szf

yeff 1
1yMm2 Te“- 1 !
{’3_ - (Yeff + ) eff Yeff + (6)
P P 2
O |(Yess - YMegs + 2J 27t Mt ™ (Yot ™ 1)

The solution of these equations for the nominal test conditions (e = 0.0826,
p3/p0 =1.13 X 10'3) gives an effective Mach number of 5.78 and an effective specific-
heat ratio of 1.12. A comparison of calculated pressure distributions and shock shapes
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based on ideal-gas theory at these effective conditions with experimental data is needed
for verification of this method.

Operational characteristics.- The nominal stagnation temperature and pressure
(Tgp =736° K and p, = 1650 N/cm2) resulted in approximately the largest value for the
normal-shock density ratio that was obtained in the pilot facility. (See table II.) Since
the specific-heat ratio of CF4 decreases with an increase in temperature (fig. 11), a few
attempts to obtain higher shock density ratios by testing at higher temperatures were
made. However, the ratio of test-section area to throat area of the pilot CF4 tunnel was
fixed at a value of 3300 and the decrease in  associated with higher temperatures also
caused a reduction in test-section Mach number. (See fig. 28.) The decrease in Mach
number with a decrease in y offset the desired increase in shock density ratio so that
a value of 12.1 was the highest realized in this pilot facility. The variation of area ratio
with Mach number is shown in figure 28 for CF4 at two different stagnation temperatures.
This figure shows that if the Mach number is 6 at 589° K, an increase in stagnation tem-
perature to 811° K while the area ratio is kept constant will result in a decrease in Mach

number to 5.3.

Some tests were made at stagnation temperatures as low as 2759 K and stagnation
pressures of about 1650 N/cm2. At these conditions the Mach number was about 8 and
the normal-shock density ratio was about 10. Even at this low stagnation temperature,
no condensation of CF4 in the test-section flow was evident. Other tests were made to
determine the vacuum required to operate the tunnel since CF4 gives a very low test-_
section static pressure (fig. 13). At the nominal test conditions the pilot facility required
a sphere pressure of 30 N/m2.

Comparison of shock shapes in air and CF4.- A comparison of shock shapes for the

120° blunt cone configuration obtained in the pilot CF4 tunnel and the Langley Mach 8
variable-density hypersonic tunnel is shown in figure 29. The CF4 shadowgraph was
taken at the nominal test conditions where the normal-shock density ratio was approxi-
mately 12.1. The schlieren in the Mach 8 tunnel was taken in air at a Mach number of 8§,
a specific-heat ratio of 1.4, and a normal-shock density ratio of 5.56. There are two
notable differences in these shock shapes. At the higher shock density ratio in CFy4, the
standoff distance is considerably less. Also in CF4 the shock over the conical portion of
the body is almost linear and thus indicates a supersonic or near-supersonic flow in the
shock layer downstream of the spherical nose as compared with the highly curved shock
and corresponding subsonic flow in air. Although no force or pressure-distribution data
have been obtained in this pilot facility (the small size of the model, 15-mm diameter,
makes such measurements difficult), it is believed that the results discussed herein
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demonstrate the feasibility and desirability of this type of facility for simulating real-gas
effects on the aerodynamic characteristics of blunt high-drag entry vehicles.

Design calculations for contoured nozzle.- As a result of these exploratory tests
a Mach 6 nozzle with a 16.4-cm-diameter test section has been designed for CF4 at stag-
nation conditions of 8110 K and 1724 N/cm2. A real-gas program was used to calculate
the contoured axisymmetric nozzle, and a correction for boundary-layer displacement
thickness was included. The details of this calculation procedure are discussed in
appendix B.

BALLISTIC-RANGE TESTS

Ballistic ranges have the capability of obtaining high normal-shock density ratios
in the actual gas of a planetary atmosphere, but to do this, they must operate with high
free-stream pressures in order to achieve equilibrium composition of the gas in the shock
layer because of the very small size of the models. These high pressures result in very
rapid damping of the model motions and limit the stability data that can be obtained. I
CF4 is used as the test gas and the models are flown at much lower speeds so that no dis-
sociation occurs, the desired high shock density ratio can be obtained at any test-section
pressure and data can be obtained at conditions giving optimum motion of the model for
data reduction.

With these considerations in mind, an exploratory investigation in a ballistic range
using CF4 as the test gas was undertaken by the Naval Ordnance Laboratory with NASA
support. This was done as part of an extensive investigation of the three shapes shown
in figure 1. Most of the data were obtained in air; however, several launches were made
in CF4 to study the aerodynamics of these shapes at high shock density ratios. For these
CF 4 experiments small amounts of air (5 to 10 percent) were present and the concentra-
tion along the length of the range varied from almost pure CF4 to mixtures of about
90 percent CF4 and 10 percent air. Since the properties of these mixtures may be some-
what different from pure CFy4, the present results should be used with some reservation.

Launches were made at or near 460 and 1500 m/sec in CF4. Spheres as well as the
three high-drag configurations were tested, and measurements of the shock standoff dis-
tance for the spheres were used to verify the actual shock density ratio. The highest
shock density ratios obtained in air at launch velocities of 5000 m/sec were about 9,
whereas ratios as high as 17 were obtained in the CF4 tests at launch velocities of about
1500 m/sec.

Drag is one of the most accurately measured quantities in a ballistic range test.
When the drag force is nondimensionalized by the dynamic pressure % plul2 to obtain

13



a drag coefficient, an error due to uncertainty in gas composition is introduced. This
error is due to the uncertainty in the density of the gas in the test section. Since the
pressure is kept constant by pumping and since air leaks into the test section between the
time of measurement of the gas density and the time of launching, the density is actually
somewhat less than the value used for data reduction. Therefore the drag-coefficient
values computed from the measured data are somewhat less than the actual values at the
time of launch.

The measured drag coefficients of the three shapes in air and CF4 are shown in
figures 30 to 32. The drag coefficient is always higher for the high density ratios
obtained in CF4. This increase is particularly large for the tension shell (fig. 32). The
difference in shock shape for the tension shell in air and CF4 is also more pronounced.
Shadowgraphs of the flow field of the tension shell in air and in CF4 at approximately the
same Mach number are shown in figure 33. The flow over the tension shell is sensitive
to boundary-layer separation which can alter the shock shape as well as the forces. A
discussion of the Reynolds number and wall-temperature effect on separation and on the
shock shape for this configuration is given in reference 8. The results of reference 8
and tests made in the ballistic range at different Reynolds numbers indicate that the
boundary-layer flow is attached for both shadowgraphs shown in figure 33. Shadowgraphs
of the flow over the 120° cone in both air and CF4 are shown in figure 34.

The increases in drag at the higher shock density ratios in CF4 shown in fig-
ures 30 to 32 are in agreement with the trends based upon the theoretical considerations
discussed previously in the section entitled ""Blunt-Body Flow-Field Simulation.”" It is
apparent that useful studies of real-gas effects (high shock density ratios) on the aero-
dynamics of blunt configurations in ballistic ranges can be made by using CF4 as the test
gas.

CONCLUDING REMARKS

An exploratory experimental and theoretical investigation of the use of tetrafluoro-
methane (CF4) as a test gas in wind-tunnel and ballistic-range facilities to simulate cer-
tain flow-field characteristics of very blunt vehicles in high-speed flight where dissocia-
tion takes place in the shock layer indicated the following:

1. The effects of dissociation in the shock layer of very blunt vehicles on the aero-
dynamic characteristics, such as shock shape, shock standoff distance, stagnation-point
pressure level, surface pressure distribution, and forces and moments, can be simulated
by matching the density ratio across the normal shock.

2. Comparison of shock shapes of a 120° blunt cone configuration obtained in the
pilot CF4 tunnel at a shock density ratio of 12.1 with the shock shape obtained in a Mach 8
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air tunnel at a shock density ratio of 5.6 and with shock shapes calculated by a one-strip
integral method for ideal gases at a range of shock density ratios from 5 to 20 demon-
strates the strong dependence of the flow field on shock density ratio and the validity of
simulating high-shock-density-ratio flows by using CFy4.

3. The use of CF4 as the test gas in both wind tunnels and ballistic ranges isa
practical and relatively simple method of obtaining test conditions with large normal-
shock density ratios.

4. Tests made in a small pilot model CF4 wind tunnel confirmed real-gas calcula-
tions for test conditions in CF4. Measurements of pitot pressure and free-stream static
pressure were in good agreement with calculations of isentropic expansion and flow
across shock waves in CF4. Experimentally determined normal-shock density ratios
obtained by measuring the shock standoff distance for a sphere were in agreement with
calculated values.

5. Values of normal-shock dehsity ratio as high as 12.1 were obtained in this pilot
CF4 wind tunnel at a stagnation pressure of 1650 N/cmz, a stagnation temperature of
736° K, and a free-stream Mach number of 6.1.

6. Exploratory tests using CF4 in a ballistic range demonstrated that shock density
ratios as high as 17 can be obtained at launch velocities of only 1500 m/sec, whereas the
highest shock density ratios obtained on models of the same size in air was about 9 at
launch velocities of 5000 m/sec.

7. Measurements of drag for three different blunt configurations in the ballistic
range indicated a definite increase at the high shock density ratios obtained in CFy4.
These results were in agreement with the trends of theoretical predictions.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., March 12, 1969,
129-01-03-07-23.
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APPENDIX A

CALCULATION PROCEDURE FOR EVALUATING ISENTROPIC EXPANSIONS
AND FLOW ACROSS NORMAL AND OBLIQUE SHOCKS
IN TETRAFLUOROMETHANE

By James L. Hunt, Kathryn A. Smith,
and Robert B. Reynolds

Tetrafluoromethane (CF4) is a nonlinear polyatomic molecule (ref. 16). Its nine
vibrational energy modes display anharmonic oscillator characteristics having four
fundamental frequencies, two of which are threefold degenerate and one of which is two-
fold degenerate, The acute temperature dependence of the vibrational energy of this
molecule reveals itself in the specific heats at constant pressure and volume and their
ratio y. Thus, an isentropic expansion in CFy4 is a variable y expansion, being neither
calorically nor thermally perfect. The dependence of y on temperature along with its
small (compared with temperature) dependence on density is vividly displayed in the dis-
continuity in y that occurs across strong shocks.

A calculation procedure for evaluating isentropic expansions and flow behind normal
and oblique shocks in CF4 is presented herein in the order in which it was programed for
the digital computer. In this analysis the CF4 was at all times assumed to be in thermo-
dynamic equilibrium. At 2980 K and 10.1325 N/cm2 the overall vibrational relaxation
time of CF4 is approximately 8.2 x 10-7 sec (ref. 17). The general theory for the relaxa-
tion of a system of harmonic oscillators predicts that the relaxation time varies inversely
with pressure to the first power and decreases monotonically with temperature (ref. 18).
For polyatomic gases this temperature dependence is given, according to the present con-

sensus, as eT'l/ 3 (refs. 19 and 20). For the temperature regime of interest in this
report only a small fraction of the vibrational energy is stored in the anharmonic modes
(0.025 percent at 100° K and 2.9 percent at 1000° K (ref. 16)).

In each case for all the flow models studied, the use of the thermodynamic-
equilibrium assumption was justified by a comparison of the vibrational relaxation dis-
tances (velocity of flow multiplied by a local relaxation time calculated from the harmonic
relation for the dominant vibrational mode) with flow lengths (radius of model forebody,
nozzle Mach cone length, etc.). For example,

(1) The relaxation times and distances for isentropic expansion in the Mach 6, CF4
nozzle (design method, design conditions, and nozzle coordinates are presented in
appendix B) at various axial stations are as follows:
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JAxial || pach | Relaxation time, | Relaxation distance,
cm ’ number sec cm
0 3.2 x 10-9

0 1.0 6.6 x 10-9 2.2 x 10-4

.04 1.3 8.3 x 1079 3.1x 10-4

2.9 3.1 2.5 x 10~7 1.9 x 10~2

1.6 4.5 7.0 x 10-6 6.3 x 10-1
65.9 6.0 2.2 x 10-4 9.2 x 101

The fact that the axial length of the Mach cone in this nozzle (50.4 cm) is more than
twice the relaxation distance at a Mach number of 6 (22.5 cm) indicates that equilibrium
exists in the free stream at the test-section location.

(2) Behind a normal shock at a Mach number of 6 (for the table III nozzle) the relax-
ation time is 3.3 X 10-6 sec and the relaxation distance is 0.026 cm. According to equa-
tion (4), the shock standoff distance on a 3.2-cm-diameter sphere (average model base
diameter tested) for the nominal test-section design conditions is 0.0958 cm, approxi-
mately 3.7 times the relaxation distance.

(3) Behind a normal shock in a ballistic range with an ambient pressure of
2666 N/m2 and temperature of 294° K for a projectile velocity of 1524 m/sec, the relax-
ation time is 2.2 X 10-7 sec and the relaxation distance is 1.7 X 10-3 cm. The smallest
model fired at this velocity for the ballistic-range test discussed in this report had a
base radius of 1.58 cm. A sphere with this radius would have a shock standoff distance
(eq. (4)) of 0.0709 cm, more than 40 times the relaxation distance.
SYMBOLS

The following symbols are used in this appendix in addition to some of those defined
in the body of the paper:

Ag,Aq,A4,A5,Ag constants in equation of state (eq. (Al))

a speed of sound

a, constant in equation for specific heat at zero pressure (eq. (A4))
BZ’BS’B4’B5’B6 constants in equation of state (eq. (Al))

b constant in equation of state (eq. (Al))

17



C9,C3,C5

Cq
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constant in equation for specific heat at zero pressure (eq. (A4))
constants in equation of state (eq. (Al))

constant in equation for specific heat at zero pressure (eq. (A4))
specific heat at constant pressure

specific heat at constant Yolume

specific heat at zero pressure

constant in equation for specific heat at zero pressure

“acceleration due to gravity

unit conversion factor

mechanical equivalent of heat

constant in equation of state (eq. (Al))

gas constant

entropy

critical temperature

specific volume

constant in equation of state (eq. (Al))

flow deflection angle

functional representation of conservation of mass (eq. (A11))
functional representation of conservation of momentum (eq. (A12))

functional representation of conservation of energy (eq. (A13))
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Subscripts:

i point in isentropic expansion
r reference

N normal

t tangential

GENERAL EQUATIONS

The equation of state of CF4 and an expression for its viscosity were obtained from
E. I. du Pont de Nemours & Company. The equation of state is
-KT -KT
RT Ag + BoT + Cqe Ag + BgT + Cge Ay + ByT
+ + + r
v-b (V - b)2 (v - )3 (v - b)

p:

Ag + BT + c5e‘KT

T Tor + (Ag + BgT)e®V (A1)

where p is giveninlb/in2, V in £t3/1b, and T in OR and where

R = 1.219336 x 10-1
Ag = -2.162959

By = 2.135114 % 103
Cq = -1.8941131 x 101
Ag = 4.404057 x 10-3
By = 1.282818 x 1079
Cy = 5.39776 x 1071
A, = 1.921072 x 1074
By = -3.918263 x 1077
As = -4.481049 x 1076
Bg = 9.062318 x 107
Cs = -4.836678 X 1072
Ag = 5.83882 % 107
Bg = -9.26392 x 10*

b = 1.5000 x 1073

K = 9.76798 x 1073

@ = -6.61199 x 102
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The following expression was used for the viscosity of CFy:

3/2
= 149.5(Tl) —T—lﬂ— (A2)
c (T—) +0.22
C

where u is in micropoise and T is the critical temperature (409.5° R).

The specific heat at constant volume is

=y 4 io <CT2> (A3)

A third-degree expression in temperature was obtgl_r}ed for cy* from a curve fit of
points calculated from two overlappmg fourth- degree expressions for cy* presented
in reference 16 for a temperature range of 540o to 90000 Rand a th1rd degree expres-
sion (obtamed from E. L. du Pont de Nemours & Co ) for a temperature range of 180° to
11700 R. Each of these three expressions for cy* were curve fits of points calculated
from partition functions. The equation for specific heat at zero pressure cv"' used

herein was fitted over a temperature interval of 180° to 2500° R and is
cy* = a, + b,T + ¢, T2 + 4, T3 (A4)
where cy* is in Btu/Ib-CR and

a, = 1.90458084 x 1072
by = 3.00892783 x 10-4
cgq = -1.30237441 x 10-7
dy = 1.96802894 x 10-11

Evaluating the integral term of equation (A3) by the equation of state (A1) gives

N C C c
cy = cy* - JTK2e BT 2, 3 . > (A5)
V-b 2v-b)2 4v-n4
where J = 1.850505 x 10”1 Btu-in2/(tt3-1b).
The specific heat at constant pressure is
2
(8p/8T) ’
e =cy-TJ [ L A6
p- (8p/2V).p (48)

ISENTROPIC EXPANSION

Consider the isentropic expansion of CF4 in a nozzle where the stagnation chamber
pressure pg and temperature TO are specified. (The equation of state specifies Vo.)

20
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The governing statement in the expansion is that the entropy remains constant:

T Vo T Vi
0c,dT ic,dT
Sg-Sp=| Y+ %) 4v=5;- S = V—+3J ) av (A7)
_ T 3T)y 5T)
Tr ' r Vr

where the subscript r represents reference conditions taken herein as

Tr = 8200 R
Sy = 0.848 for {(Ppr~= 1 psia
Vy = 100 £t3/1b

This point was obtained from reference 21 where the datum enthalpy-entropy point was
taken as zero at absolute zero for CF4 in the solid state.

The subscript i represents the ith point in the expansion. Here, the temperature
to which the flow is to be expanded isentropically is designated Tj. Thus, the two ther-
modynamic variables T; and Sg=35i completely specify a point in the expansion from
which all other thermodynamic variables at this point, and hence flow quantities, may be
calculated.

For simplicity of form, it is advantageous to express the thermodynamic variables
at a point in the expansion as a function of Tj and Vj rather than Tj and Sj. The
value of Vj is calculated from the following integrated form of equation (AT):

T, d
S; - Sy = a4 loge Tlr +bg(Ty - Ty) + -(:2—4-(T12 -T2 4 -3$(Ti3 -1,)

-KT; _-KT Co Cs Cs Vi-b
+ JK(e l-.e &‘:Vr <t Z(Vr - b)z + 4(Vr : b)‘:J+JR loge<—-—vr - b)

_KT
KT, J(B - KC.e 1)
- J(Bz - KCqe KT1><V 1 1) 3 3

i i 11
i~ b Vr—b/ 2 Kvi‘b)z (Vr-b)z]

J(B5- KC e'KTi)
i 45 &Vi i b)4 ) (Vr 1 b)‘?}- JB'{?.(vil- b)3 i 3(vr1- b)ﬂ

e e
+ JB6< o - o ) (AS)
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The enthalpy Hj expressed as a function of T; and V; is

H, - H, =J:i[ N V(EPT-)V}dT + J :[v(gg-)T + T(%%)Jdv (A9)

r

and becomes in integrated form

2 3 4
2. S 4.1 KT, KT c c c
H _nfT-Tr)+b4 i . I +oy i 5 r +d4 i v r ., [ I(KTloi)-e T(KTrdrl):'l!;rr%b+2(vr?bji+4(vr?b>{]
oo, - By(T - Ty) + cz(e'KTi - KT JBa(T- T cole T KTy RACERD
1y
" e (Ve - (vr o)

-KT; -KT.
Bs(T; - Ty) + c5(eKTi . KTr) oV, ven .
+ v - b)5 + Bge r(r, -T ) - J{RT; loge< b/ Al o

KT\ 1 b 1 b ) -KT; 1 b 1 b
2(Ag + BoT; + Coe 1 - - - 3lA3 + B3T; + C i - -
* (2* 2Tt ’Lvr'b+2(Vr-b)i Vi-b Z(Vj-b)?* (3* 3T Tae >[2(Vr-b)2+3(vr )"EJ

- ovi-n)? 2(v; b

. 1, d® 1 b . +BgT,oCee ¥ 1, ® 1y 7
““E(v, -0 a{ve - )T 3(v;- 50 a(vy - b){} g e 2em o 9{4@, -0 5V -0)® 4(v,-b)t s(v; - b)ﬂ}

2 2r
Jv.2-4B,T, av,] o av [ -4pyTy
+{— —4— + Agae Vi, BgT; ae®ij, IV} —LL+ Aﬁe iy BsTjea'vl - 473 .Aeae T, BGTiaeavr
(v -8 (vi - ) T (Ve - v)®

[ B,T, av v Vi-b
4% r aVy i
- IV, +Age  T4BgTie +JTi(R log, <
L(Vr - o)l €V, -1

KT;

1 1.

_ By - KCge' 11 3.BsKGe oy 1. Z6(eavi _ oV
5 lgvi - b)z v h)2J B‘[B(Vl N b)s 3(vr - b)(i_] 4 l_(vi - b)4 (Vr - b)4_| a ( % (A].O)

where H, = 200 Btu/Ib at reference conditions (ref. 21). The total enthalpy Hp can be
computed from equation (A10) by substituting the stagnation temperature and volume in
place of the values at a given point in the expansion.

For a given point in the expansion (assuming Tj and Vi have been calculated
for this point), the pressure p; can be obtained by using equation (A1) and the viscosity
Li, by using equation (A2). Other flow quantities of interest to this investigation at points
in the expansion are given in the following equations:
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Limiting velocity:

W = \ngJ'(HO - Hsv)

where Hgy is the enthalpy of saturated vapor extrapolated (from points presented in
ref. 21) to zero pressure and is approximately 2.27 x 109 joules/kg; g is the accelera-
tion of gravity; and j is the mechanical equivalent of heat.

Local velocity:

u; = \2gi(Hp - Hy)

Local specific heat ratio:

4% (Cp)i/(c )i

where (cp)i and (c )i are given by equations (A6) and (A5), respectively.

Local speed of sound:

v

Local Mach number:

Mi = ui/ai

The other flow parameters used in this report are easily obtained from the foregoing
relations.

FLOW BEHIND NORMAL AND OBLIQUE SHOCK WAVES IN CF4

In the previous section, CF4 was expanded isentropically from specified stagnation
conditions to a given Mach number. In this section, the flow behind two-dimensional,
infinitesimally thin, normal and oblique shock waves when the process is always in a state
of equilibrium will be considered.

Static Conditions Behind Shock

The following diagram illustrates the problem being considered and the notation
that will be used throughout this analysis:
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Shock wave

where

(u )sm 6= ule

(u )cose “1t1‘u2t1

The governing conservation equations are as follows:

For mass,
u : )
1,N,i Yg N,i _ o
== AN (A11)
V1,1 Va,i ’
For momentum,
1\Y1,Ni) 1 (%2, N,i) _
PLitE v ; P2,i*g Voi N (A12)
1

For energy,

2 2
u : u 3
" ,+(_1,E,;L=H .+£_2.LN_1'.1)—=QN. (A13)
1,i 2¢gj 2,i 2gj o1

Substituting u, N,i = "N 1V2 from the conservation equation for mass into the conser-
vation equatmns for momentum and energy and noting that all thermodynamic variables
have been previously expressed as functions of temperature and specific volume give

pﬁl‘z,i,Vz,i) + %[EN(Tl,i,Vl,i, 91)]2 Va,i= WN<T1,1,V1,1,91) (A14)

and

(T, oV 6] V2,3

2gj

H(T2:1’V2"1) = g(T1, V1,0 91) (A15)

where H(T2 V2 i) is the functional representation of the static enthalpy behind the
shock (eq. (AIO)) and p(T2 ,V2 ) is the functional representation of the static pressure
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behind the shock (equation of state, eq. (A1)). Thus for given stream conditions desig-

nated by expansion points in the previous section, equations (A14) and (A15) for a given

shock-wave inclination angle (either normal or oblique shocks) are expressed in terms

of two unknowns T2 i and V2 These two equations were solved simultaneously for
the two unknowns with a digital computer program.

The thermodynamic and flow quantities behind a particular shock wave are stipu-
lated herein (once the independent variables T2 i and V2 j are known) by the following
equations: ’ ’

Velocity:
1/2
[ (2,8,0)° * (Y, )]
where
Ug N,i = EN<T1,'1’V1,1’6‘1>V2,i
and

Yat,i T Y1t
Ratio of specific heats:
Cp(TZ,i’VZ,i)
Cv ZTZ,i’Vz,ii

1/2
)
)1 t?]
PITly 4

=i

L84

The functional relations expressed in these equations are given in the section of this
appendix entitled "General Equations."

2,i "

Speed of sound:

Mach number:

M,

Total Conditions Behind Shock

With the static conditions behind a given shock wave determined as outlined in the
previous section, the total conditions behind this shock can be obtained by bringing the
flow to rest isentropically. The governing statement in this compression process is that
the entropy (stipulated by the static condition behind the shock) remains constant; that is,

25



APPENDIX A - Continued

Sz’i = S(Tz,i’vz,i) = Constant = S(T3’V3)i (A16)

where T3,i and Vg ; are the respective stagnation temperature and specific volume
3
behind the ith shock.

A second equation in terms of T3,i and Vi which stipulates the final point in
?
this compression process (the point at which the velocity is zero) is obtained from the
fact that the total enthalpy is constant on either side of the shock. Thus,

Hg = H(Tp, Vo) = H(T3,V3)i | (A17)

Equations (A16) and (A17) were solved simultaneously for the two unknowns with a digital
computer program. Once T3,i and V3,i were determined, Py ; Wwas calculated from
the equation of state: ,

Py = p(T3,V3);

COMPUTER PROGRAMS FOR EVALUATING ISENTROPIC EXPANSIONS AND
FLOWS ACROSS NORMAL AND OBLIQUE SHOCKS IN CF4

FORTRAN IV Control Data series 6000 computer programs were develobed for
evaluating isentropic expansions and flows across normal and oblique shocks in CF4 in
the format presented in the previous sections of this appendix. The abstracts and listings
for these programs are given in appendix C. Inputs common (need to be input with first
case only) to these programs are

Symbol Machine name Comments
R R Gas constant, 1.219336 x 10~ (ft3)(psia)/1b-°R
A A2 W
Ag A3
Ay A4
Asg A5
i A% > ”Constants in equation of state
Bog B2
Bj B3
By BIGB4
Bg B5

26



APPENDIX A - Continued

Symbol Machine name Comments
Co C2 W
C3 c3
Cs c5 5 Constants in equation of state
b BLIT
a AL
-K XKK
3.4 Z4
Py B4 Constants in curve fit of cy*
C4 C4
dy D4
J XJ 1.850505 x 10~1 Bt11-in2/(ft3-1b)
g GEE 32.3 ft/sec?
j AJA 78 ft-1b/Btu
Te¢ TZ 409.5° R
Ty TREF 8200 R
o PREF 1.0 psia
Sy SREF 0.848 Btu/1b-°R

Hy HREF 200 Btu/1b

Program A: Isentropic Expansion and Static Conditions Behind Normal and
Oblique Shock Waves in Tetrafluoromethane

The primary inputs to this program are the stagnation conditions for a particular
isentropic expansion p, and Ty and a tabulation of values of Tj (Ti < TO) ina
decreasing sequence which stipulates the stations to which the flow is to be expanded.
For each of these T; stations the flow quantities and thermodynamic properties are
calculated and tabulated.

For the shock-wave calculations, a minimum Mach number and a shock-wave angle
0 are specified. At all T; stations for which the local Mach number exceeds the spec-
ified value, static properties behind a shock at the input ¢ are calculated and tabulated.
The program is set up so that the shock portion is activated when the stream Mach num-

ber exceeds 3.

Input
Symbol Machine name Comments
P PEE cps . .
0 Total conditions from which the flow is expanded
To TEE
T TEI Table listed in descending order
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Symbol Machine name

Output
Symbol

py (Input)

Ty (Input)
py (Input)

IEND

TC
o
A

B
DELTX
E1l

E2

MAXI
THETA

T; (Input table)

Comments

Number of entries in TEI table

"Estimates tables" correspond to values of T; for Mj z 3

Initial estimate
Upper limit

Iteration increment

'\

Relative error criterion B Used to find Vg and Vi

Absolute error criterion
Maximum number of iterations

Shock angle

Machine name

Vo
PO
HO
S0
GAMMA

TREF
PREF)

TEMPERATURE |

VOLUME

PRESSURE

ENTHALPY

MACH NO

VELOCITY

CP

Ccv

GAMMA

ACCELERATION
[speed of soumi]

VISCOSITY

REYNOLDS NO/FT

P1/PO

T1/TO

~/

Comments

Total conditions

Reference conditions

Stream static properties listed in corre-
sponding sequence
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Output

Symbol Machine name Comments

Vo i VOLUME2 A

To § TEMPERATURE2

Py i PRESSURE2

ug 5 VELOCITY2

Mg ; MACH NO2

Hg ENTHALPY2 > Static conditions behind shock at specified 6

b

Py, i RHO2

(CV)Z,i cv2

(cp)2,i CPp2

ag i SPEED OF SOUNDJ

(T2/To), T2/TO

Vi/Vo). vi/v2

( 1/ 2)1 / Static condition ratios across shock
(To/T1); T2/T1
CUAN G

Uy N UIN i

u1,tt,i UIT Velocity components parallel and normal
Ug t i to shock

Uy N,i U2N

Program B: Ballistic-Range Normal Shock

The normal-shock portion of the preceding program was used with input modifica-
tions in evaluation of the normal-shock static-density, static-temperature, and static-
pressure ratios given in figures 21 to 23 as functions of velocity in conjunction with
ballistic-range tests conducted in CF4. The inputs to this program are range static tem-
perature and pressure along with projectile velocity.

Input
Symbol Machine name Comments
Tj TEI - . -
Ballistic-range static conditions
Pi PEI Corresponding sequence
uj Ul Projectile velocity

IEND Number of sequential entries
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Input
Symbol

Tai
Va,i

Output
Symbol

Ty

Pj

(Input)
(Input)

p2/p1
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Machine name

'rc}
vC

A

B
DELTX
El

E2
MAXI

Machine name

TEMPERATURE |

PRESSURE

VOLUME

VELOCITY

MACH NO

ENTHALPY

cP

cv

GAMMA

ACCELERATION
[speed of sound]

VISCOSITY )

TEMPERATURE2 )

PRESSURE2

VOLUME2

VELOCITY?2

MACH NO2

ENTHALPY?2

RHO2

cve

CP2

GAMMA?

SPEED OF SOUNDJ
v2/v1
T2/T1
P2/P1

Comments

"Estimates table" entries correspond to Tij, p;, and uj -

-
Initial estimate

Upper limit

Iteration increment
Relative error criterion
Absolute error criterion

Maximum number of iterations

-

" Comments

Ballistic-range static conditions

>Static conditions behind normal shock

Ratio of static conditions across shock

) used to find values of Vj
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Program C: Total Conditions Behind Shock

For a given shock, the static temperature Tz,i and static specific volume V2,i
behind the shock determined from either of the preceding programs are used as inputs
along with the stagnation temperature and pressure, in the case of the expansion problem,
and the static temperature, static pressure, and projectile velocity, in the case of the
ballistic-range problem, for a third computer program. This program was set up in the
format presented in this appendix in the section entitled "Total Conditions Behind Shock"

to determine these conditions.

Input
Symbol

Po:Py 4
To,Ty,i
Vo, V1,1

Machine name

PEE
TEE
VEE

IEND
XMACH

U2l

TEI
VEI
PRAT

vC
TC

Machine name

T2T
vaT
P2T
52

P2T/PO
P2T/P1

T2T/TO
V2T/Vvo
HO
S0

Comments

Total conditions for expansion case; static conditions for
ballistic-range case

Number of entries in following tables

Input zero for expansion case
Input velocity for ballistic-range case

Input 1 for ballistic-range case

Estimates
Estimates

Comments

Entropy behind shock
For ballistic-range case these ratios have the same value
because of '"ad hoc'' substitution

Becomes Tj /T1 for ballistic-range case
Becomes V3/V1 for ballistic-range case
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HYPERSONIC NOZZLE CONTOURS FOR TETRAFLUOROMETHANE

By James L. Hunt and Lillian R. Boney

Inviscid axisymmetric contours for a Mach 6 nozzle for tetrafluoromethane (CFy4)
at various stagnation conditions and maximum turning angles of the flow were calculated
with the use of the computer program presented in reference 22. These calculations
involved an application of the method of characteristics in which the real-gas variations
of the thermodynamic properties of CF4 in an isentropic expansion were required inputs.

As presented in reference 22, the viscous part of the program (Part III) that calcu-
lates the boundary layer displacement thickness along the nozzle whlch must be added to
the inviscid contour to obtain the physical-wall contour is restricted to a gas composed
of diatomic or linear polyatomic molecules, The vibrational energy modes of these mol-
ecules display harmonic oscillator characteristics having only one fundamental frequency.

These ''gas type"” restrictions are imposed on the viscous part of the program
through the expression for the local static enthalpy, which is written in reference 22 as

He 2T 4 —2— B1

2 e@/T -1 (B1)
where © is the characteristic molecular vibrational temperature and T is the static
temperature. This equation includes real-gas effects due to vibration but no real-gas
effects due to pressure; however, provisions are made in the program to account for
real-gas effects due to pressure on enthalpy by mu1t1ply1ng equation (B1) by a correc-
tion factor expressed as a polynomial in pressure.

Tetrafluoromethane is a nonlinear polyatomic molecule, the vibrational enéi;g;y
modes of which display anharmonic oscillator characteristics having four fundamental
frequencies. Thus, in order to make the boundary-layer displacement-thickness part of
the program applicable to tetrafluoromethane, the expression for the static enthalpy in
the program must be made to comply with this molecular description.

Since provisions are already made in the program to account for real-gas effects
due to pressure through a correction factor rather than an equation of state, the enthalpy
H must be expressed as a function of temperature only and may be stated as

H=E +RT (B2)

where R is the gas constant and the internal energy E is

E = Etpan *+ Erot + Evib
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APPENDIX B - Continued
From considerations of kinetic theory, the translation-energy contribution is

The rotational contribution for nonlinear polyatomic molecules is

3 RT (B4)

Epot = 3

In evaluating the vibrational contribution to the internal energy of CFy4, anharmonics
may be neglected safely for lower vibrational levels, that is, at lower temperatures for
which the neglect of the interaction of vibration and rotation is also permissible. Calcu-
lations based on expressions presented in reference 16 for both the harmonic and anhar-
monic energy terms show that the harmonic assumption (neglecting anharmonics) induces
an error in the total vibrational energy of only 2.56 X 10-2 percent at 100° K and 2.88 per-
cent at 10000 K. Since the stagnation temperature in the nozzle being designed was only
811° K, and in order to simplify the programing procedure, all vibrational contributions
were assumed to be of a harmonic nature. The harmonic oscillator partition function
Qvib for CFy4 is (ref. 16)

4

Qyip = TT1<1 - O E (B5)
i=

where the degeneracies g for i=1, 2,3, and 4 are

g =1 ©, = 2341° R (13000 K)
gy =2 €9 = 1127° R (626° K)
gy =3 ©3 = 33220 R (18450 K)
gy =3 94 = 1653° R (918° K)

Now

dilog .

The vibrational contribution to the internal energy is

E =R z ﬁ——giei (B7)
vib = 891 T -1
Thus, the expression for the enthalpy of tetrafluoromethane, neglecting anharmonics and

Van der Waal effects, becomes

4
giei
& eei/T -1

H_
m=4T+ (B8)
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APPENDIX B — Continued

All the changes (approximately 21 equations and "if"" statements) made to the vis-
cous part (Part III) of the nozzle design program of reference 22 to adapt it for use herein
with CF4 stem from the enthalpy expression in equation (B8). The form of the turbulent
skin-friction law as used in reference 22 was left unchanged.

Part III of the FORTRAN IV IBM 7090 computer program presented in reference 22
which computes the displacement thickness along a nozzle and applies it to the inviscid
results to yield a physical contour, as modified to comply with the molecular description
of CFy4, is given in program D of appendix C. The flow properties at the edge of the
inviscid region are supplied by Parts I and II of the parent program, the inputs and out-
puts having the same form as Part III. (For additional information, see ref, 22.)

Table III gives the coordinates of a Mach 6 nozzle with a test-section diameter of
16.4 cm designed with this program for CF4 at a stagnation temperature of 811°K, a
stagnation pressure of 1724 N/cm2, and a turning angle of 180, A sketch of this nozzle
is shown in figure 35.
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APPENDIX B - Continued

TABLE III.- CF4 NOZZLE COORDINATES

[Mach number, 6; stagnation pressure, 1724 N/ cm2; stagnation
temperature, 811° K; turning angle, 18‘ﬂ

y (inviscid)

y Mach
in. cm in. cm in. cm number
0.0000 0.0000 0.0637 0.1618 0.0625 0.1588 1.00
.1000 .2540 .0656 .1666 | «===- | e---- -—--
.2000 .5080 .0680 A727 | -e--- | mmm-- -—--
.3000 7620 0718 1824 | ----- | -===- ----
.4000 1.0160 0711 L1958 | =-=-- | ===-- ----
.5000 1.2700 .0840 2134 | ~---- | =-=-- -—--
.6000 1.5240 .0930 2362 | e==-=- ) m===-= -———
.7000 1.7780 .1045 .2654 1027 2609 2.295
.8000 2.0320 .1196 3038 | --=== | -==-- -—--
.9000 2.2860 .1397 3548 | --==- | ==-=-- -—--
1.0000 2.5400 .1640 .4166 .1616 4105 2.920
1.100Q 2.7940 .1913 4859 | --=-- | ----- ——-—
1.2000 3.0480 .2205 5601 | ~===- § =---- -——
1.3000 3.3020 .2511 .6378 .2458 .6243 3.361
1.4000 3.5560 .2827 J1181 | =-=== | me==- -—--
1.5000 3.8100 .3148 7998 | --=-= | =m=-- ————
1.6000 4.0640 .3475 8827 | --e-- | -=--- -——
1.7000 4.3180 .3805 9665 | ==-=~ | ====- ————
1.8000 4,5720 4137 1.0508 .4046 1.0277 3.859
1.9000 4.8260 .4471 1.1356 | -==== | ----- -—--
2.0000 5.0800 .4806 1.2207 | ----= | ==-=- ————
2.1000 5.3340 .5142 1.3061 | ====- | ----- -———
2.2000 5.5880 .5480 1.3919 .566 1.4376 4,202
2.3000 5.8420 .5817 1.4775 | -=-=- | ====- S
2.4000 6.0960 .6154 1.5631 | =-==-= | ===-- -———
2.5000 6.3500 .6491 1.6487 | ----- | ----- -——-
2.6000 6.6040 .6822 1.7328 | -=---= | =--=- -——
2.7000 6.8580 .7148 1.8158 | =-=-== | =--=- -——
2.8000 7.1120 .7470 1.8974 .724 3.2766 4.430
2.9000 7.3660 .7788 1.9782 { ----= | ===-- -————
3.0000 7.6200 .8101 2.0577 .786 1.9964 4.500
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APPENDIX B - Continued
TABLE IIl.- CF4 NOZZLE COORDINATES - Continued

y (inviscid)

Mach
in. cm in, cm in. cm number

3.1000 7.8740 0.8410 2.1361 ———— ] === --—-
3.2000 8.1280 .8715 2.2136 ———— | === -——-
3.3000 8.3820 .9017 2.2903 === | ====- --=--
3.4000 8.6360 9314 2.3658 0.903 2.2936 4,621
3.5000 8.8900 .9606 2,4399 e ] e -——-
3.6000 9.1440 .9895 2,5133 ———= ] meee- -——-
3.7000 9.3980 1.0180 2.5857 ———— ] memes -——-
3.9500 10.0330 1.0876 2.7625 ———— | ee--- -——-
4.2000 10.6680 1.1548 2.9332 1.114 2.8296 4.811
4,4500 11.3030 1.2198 3.0983 b L -———
4.7000 11.9380 1.2829 3.2586 ———— ] =e—-- -—--
4.9500 12,5730 1.3440 3.4138 === | m==—- -—--
5.2000 13.2080 1.4032 3.5641 ———— | =e=-- -———
5.4500 13.8430 1.4605 3.7097 m——— | =ee-- ————
5.7000 14.4780 1.5160 3.8506 EE e B e -——
5.9500 15.1130 1.5699 3.9875 ———— | === -——-
6.2000 15.7480 1.6220 4.1199 e R A -——
6.4500 16.3830 1.6728 4.2489 - | ==--- -——-
6.7000 17.0180 1.7223 4,3746 ———- | ====- -———
6.9500 17.6530 1.7703 4.4966 SR -——
7.2000 18.2880 1.8170 4.6152 LT L B e -——-
7.4500 18.9230 1.8623 4,7302 1.775 4,5085 5.271
7.7000 19.5580 1.9063 4.8420 b A ————
7.9500 20.1930 1.9491 4.9507 ———— | e=-e- -————
8.2000 20.8280 1.9906 5.0561 ———— | mme-- ———
8.4500 21.4630 2.0310 5.1587 ——m= ] eeee- -——
8.7000 22.0980 2.0703 5.2586 ———— | ==—-- ———
8.9500 22,7330 2.1085 5.3556 ———— | me=e=- -
9.2000 23.3680 2.1458 5.4503 e | == -———
9.4500 24.0030 2.1822 5.5428 == | mm——— -——-
9.7000 24.6380 2.2176 5.6327 == ] mm=-- -———
9.9500 25.2730 2.2520 5.7201 m——— | mme——— -—=-
10.2000 25.9080 2.2855 5.8052 ———— | m=e—- -——
10.4500 26.5430 2.3181 5.8880 —mmm | mmme- -——-




APPENDIX B — Continued

TABLE III.- CF4 NOZZLE COORDINATES - Continued

y y (inviscid) Mach
in. cm in. cm in. cm number

10.7000 27.1780 2.3498 5.9685 —m——— | == ----
10.9500 27.8130 2.3806 6.0467 —eme | o= -———-
11.2000 28.4480 2.4106 6.1229 R LT -—--
11.4500 29.0830 2.4397 6.1968 —m—— | mem-- -—---
11.7000 29.7180 2.4680 6.2687 ceem | mmm—- -—--
11.9500 30.3530 2.4956 6.3388 2.330 5.9182 5.605
12.2000 30.9880 2.5223 6.4066 e | me=-- -———-
12.4500 31.6230 | 2.5484 6.4729 cemm | eme-- -—--
12.7000 32.2580 2.5737 6.5372 —_—— | e -———
12.9500 32.8930 2.5982 6.5994 I -———
13.2000 33.5280 | 2.6222 6.6604 R b -
13.4500 34.1630 2.6456 6.7198 ———— | mem-- ———-
13.7000 34.7980 2.6684 6.7711 I Bt ----
13.9500 35.4330 2.6907 6.8344 | ee==-- -———
14.2000 36.0680 2.7123 6.8892 R -
14.4500 36.7030 2.7334 | 6.9428 N T T ———
14.7000 37.3380 2.7539 6.9949 ———— | ==m-- -——-
14.9500 37.9730 2.7738 7.0455 ———— | =e-=- -
15.2000 38.6080 2.7932 7.0947 R B L -
15.4500 39.2430 2.8120 7.1425 mm——— | === -———-
15.7000 39.8780 2.8303 7.1890 R LT -
15.9500 40.5130 2.8481 7.2342 a——— ) mmme- -———
16.2000 41,1480 2.8653 7.2779 cmem | meme- -———-
16.4500 41,7830 2.8820 7.3203 e BT T -
16.7000 42.4180 2.8982 7.3614 ———— | emm-- ———
16.9500 43.0530 2.9139 7.4013 ceem | =me-- -
17.2000 43.6880 2.9292 7.4402 2.679 6.805 5.839
17.4500 44,3230 2.9440 7.4778 e T _———
17.7000 44.9580 2.9583 7.5141 —m——— | mmee- -
17.9500 45.5930 2.9721 7.5491 | e=--- -———-
18.2000 46.2280 2.9855 7.5832 B T -———
18.4500 46.8630 2.9985 7.6162 e T T _———
18.7000 47.4980 3.0111 7.6482 ——— | =---- ———-
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APPENDIX B - Concluded

TABLE Ill.- CF4 NOZZLE COORDINATES — Concluded

y (inviscid)

Mach
in. cm in. cm in, cm number

18.9500 48.1330 3.0232 7.6789 -—— ——— _—
19.2000 48.7680 3.0350 7.7089 ———— ———- —
19.4500 49,4030 3.0463 7.7376 —— -—— ——
19.7000 50.0380 3.0571 7.7650 S ——— ———-
19.9500 50.6730 3.0677 7.7920 ——— ———— ———
20.2000 51.3080 3.0779 7.8179 ———- ——- ——
20.4500 51.9430 3.0878 7.8430 ———— ———— ————
20.7000 52.5780 3.0973 7.8671 ——— -———- ———
20.9500 53.2130 3.1064 7.8903 ———— ———- ————
21.2000 53.8480 3.1152 7.9126 S S ————
21.4500 54.4830 3.1237 7.9342 -——— — ————
21.7000 | 55.1180 3.1319 7.9550 2.7 7.054 5.944
21.9500 55.7530 3.1397 7.9748 -——- ——— ————
22.2000 56.3880 3.1473 7.9941 ———- ———— _———
22.4500 57.0230 3.1545 8.0124 -——— ——— ———
22.7000 57.6580 3.1615 8.0302 _——— ———— c———
22.9500 58.2930 3.1682 8.0472 S _— ——
23.2000 58.9280 3.1746 8.0635 ———- ——— ———
23.4500 59.5630 3.1807 8.0790 ———- ——— _——
23.7000 60.1980 3.1868 8.0945 ———- c——— ——
23.9500 60.8330 3.1926 8.1092 R ———— ———-
24.2000 61.4680 3.1956 8.1168 ———— ———— _——
24.4500 62.1030 3.2010 8.1305 ——-- —— ————
24.7000 62.7380 3.2062 8.1437 -—— _— ———
24.9500 63.3730 3.2112 8.1564 -——— ———- -
25.2000 64.0080 3.2160 8.1686 ———- - ——
25.4500 64.6430 3.2206 8.1803 ——— ———— _————
25.7000 65.2780 3.2250 8.1915 -———- -———- ————
25.9500 65.9130 3.2291 8.2019 | 2.801 7.115 5.999
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APPENDIX C - Continued

Program A

NASA-LANGLEY RESEARCH CENTER

01 a1 7 PROGRAM NO 01 14 DATE
LAR| E 1263 COMPUTER PROGRAM ABSTRACT 10/68
01 23 TITLE OF PROGRAM 6] CHARACTE RS MAXIMUM: B B FARENT PROGRAM
Isen‘tropic Expansion and Static Conditions Behind Normal g}rgconv 02 15SITE  J62 18 PROGRAM NO
and Oblique Shock Waves in Tetrafluoromethane
02 20 02 G2 12 07 37 HEY WORDS '8 MAXIMUM SEPARATED BY COMMAS)
CATEGOWY| LANGUAGE |LANGIASE | 7o antropic, Expansion, Static, Shock, Tetrafluoromethane
=] FEREM -
WHO TO CONTACT ABOUT THE PROGRAM 75 48 STATUS i
05 13 CONTACT o 28 STt J0% 31 ORGN CODF 75 39 PROJECT NO c'»‘sA;: O A UNUER DEVELIPMENT (S 7;‘5“;;‘0‘5::“
K. A. Smith LAR 11.170 RGL-168 |"""" |22 & oremariona e
X3 ¢ cowpeeTeD
DATES 05 %6 REviSIOn CODE TIME ARD TOST FOR DEVEL OPMENT
05 S0 INITIATED 0% %4 COMPLETED ) 05 99 MANMONTHS 05 64 MACHINE 05 65 COMPUTER TYPE 05 T4 TOYAL COST
3 A REVISION HOURS 1DOLLARS
10/66 10/68 T B CANCELLATION 5‘.“ 6(.‘l 51] 621 63 64‘ 551 BBI 67l 68 6000 )61751 76l 77‘L7!179 80
- ELITE MARGIN l PICA BARGIN
: |
CARD NUMBER 8 ABSTRACT |
| % | _The relatioms for isentropic expansions and static condi- '
v ltions behind norme) and oblique ghock waves in equilibrium |
| = _ _ jtetrafluoromethane are. programed to yleld the stetic thermo- . l
| = |dynemic properties of CF)y in high-speed, one-dimensionsl flow. A*
|  |The primary inputs to this program are the stagnation conditions
__ v lfor & given expansion and a tabulation of temperatures to which lI
. the flow is to be expended and processed through a specified 4
%  Ishock. 1
(L]
. 15 ﬂ‘{"
T s -
T T — T T o - L
18 ———————
e _ _ — 1___ A
pid
2 . |
e i
5 |
T a - - ’I
B 7_25 T T T T T — VT
T T ) ‘ T
R S ]
28 Eﬁ
» R 1
[ 30—7 l
- -+
Tw T 7
T an - ‘
- — i, - S
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— - — 1 ]
b - 4 = [
T w1 - |
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APPENDIX C — Continued

Program A - Continued

PROGRAM E1263(INPUTsOUTRPUT» TAPES=INPUT «TAPEE=0UTPUT « TAPESB)

$IBFTC ISEFRN

COMMON
COMMON
COMMON
COMMON

DECK L IST
A24A34A4+A54+B2+B31B4+B5+C2+C34C49CSeXKK IR TREF +VREF +8LIT e X
D4 424 ESS+TUFF ¢ CLOD«GEE s AJAWKX P21 (30)4021(30)4H21(30)
PT2(30)+«RHO(30)+TE2I (30)+VE2I(30)¢CV2(30)CP2(30)+GAMZ2(30)
ACC2(30)+XMACHZ (30)+RORAT(30)«TRAT(30)+PRAT(30)+PTRAT(20)

COMMON TH

COMMON VIN(30)+V2N(301)4VIT(30)

COMMON BIGEB4+B6+A6ALTZ

COMMON/CLUX/TC +VC

COMMON/DESP/VOQCDOO ZULLU

EXTERNAL FOP -

CIMENSION TC(30)sVvC(30

DIMENSION P1ORAT(3C)+TIORAT(30)REN(30)

COMMON /RATS/PEEYTEE«VIS2(30)sPT20RT(30)+PIT2RT(30)T20RT(30)
EQUIVALENCE (C3+G3)+(CS5eXJ3) s (C24D3)

PO (XL+AT)=1 «/EXP(XL*AT)

CIMENSION TEI(30)sVEI(3C)sPEI(30)«VI(30)+GAMI30)SPEED(30)
CIMENSIONXMACHI30)sCPRI30)1+CV(30)«eH(30)+VIS(30)

NAMELIST /DATA/AZ2+A34,A44A5+A6:82+83+BIGB4+S85.864B44A0L
1C2¢C34Ca4sCOaXKKsXJI1R«BLITD4PEETEE +GEE +AJAYNUMB INTsZ40A 43
POELTX s IEND s TEI sEL+E2vMAXI ¢+ TREF «PREF 4 TZ+TCoaVC«THETA

93 READ(S5+DATA)

88

89

WRITE(6+DATA)
WRITE(6+88)1A2,A24A4+A5,B82+83+84.85

FORMAT (10HOA2 S5 B2 S//78E1365)
WRITE(6+83)C2¢C3sCGaCS o XKK o XJaRW3LIT

FORMAT (20H0C2 5 K J R B/78E13.5)
WRITE(6+90)ID4+PEE s TEE +GEEWAJA JNUMB W INTZ4
FORMAT (23H0D4 PO T0O G J N [/5E123e5+2113¢E14e5)
KX=1

TH=THETA*¥0«C1 74532925

VvOODOO=TEE

ZULU=PEE

CALL ITRZ2(SPA+B+DELTXsFOPWE1+E2+MAX],ICODE)
VEE=5P
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APPENDIX C -~ Continued

Program A — Continued

VOODOO=TREF
ZULU=PREF
CALL ITR2(SP A+BIDELTXFORP+E1+E2¢MAXT,,ICODE)
2 VREF=5P
WRITE(&491)VREF
91 FORMAT (SHOVREF/El14.45)
CVO=CEVI(VEETEF)
CPO=CEP (VEE.TEE)+CVO
3 GAMO=CPO/CVO
4 ESS=ENT(VEEZTEE)
CALL EQU3(TEE.«VEE+ANS3)
5 HO=ANS3+200,
UZ=SORT (2, 0*GEE*AJA¥HO)
V1S0=149.5* (TEE/TZ)*¥SQRTITEE/TZ 1 %122/ (TEE/TZ+e22)
VISO=0,672E-7%V1SO
VE=SQRT (2 + *GEE#AJA®HD)
WRITE(6+53))1VE
5% FORMAT(3HOVL///E15e5)
DO 111 N=1+IEND
TUFF=TEI1 (N)
CALL EQUAZ2(ABDELTXWEI WEZ2 +MAXI +ANS)
6 VEI (N)=ANS
PEI (N)=PRES(VET (N)+TEI (N))
CALL EQU3(TEI(N)sVEI(N)+ANS3)
7 H(N)=ANS3+200.
VI (N)=SORT (2« *GEEX*AJAXABS (HO=H(N) )
CVIN)=CEV(VEI(N)sTEI(N))
CP(N)=CEP(VET(NIsTEI (N} )I+CVIN)
8 GAMI(N)I=CP(N)/CVIN)
SPEED(N)=SQRT {GAM(N)#PARTIVEI (N) 2 TEIT(N) ) ¥46233C56)
XMACH (N)Y=VI (N)/SPEED(N)
VIS(NI=1495* (TET(N)/TZI*¥SART(TEIIN)/TZ)* 1622/ (TETINI/TZ+e22)
9 VISINI=0672E-T*¥VISIN)
PI1CRWMTI(N)=PE] (N)/PEE
TIORAT(N)=TEI(N)/TEE
10 REN(N)=VI(N)Y/(VET (N)Y*VISINY)
IF {XMACH(N)eGTe3e s ANDSIENDeL.Te31) CALL SHOCK (HIN)«VI(N)sPET (N)WsVEI
2INYSTET(N)Y)
111 CONTINUE
KQ=KX-1
WRITE (6+52)VEE «PEE+HOsESS s+ 5AMO « TREF 4 PREF 4 VISO
52 FORMAT(sHlvovlsx-eHPo.15x.aHHo.15x.2Hso.15x.5HGAMMA.15x.aHTREF.15x
22 4HPREF + 15X+ 4HMU-0//BE1646)
WQXTE(6-56)(TEI(N).VEI(N).PE!<N).H(N).XMACH(N).N=1.IEND)
56 FORMAT(12H0TEMPERATURE.15x.6HVOLUME.15x.8HPREssuRE.ISX.SHENTHALPY.
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APPENDIX C - Continued

Program A - Continued

215X+ 7HMACH NO///(5E2066))
WRITE(6+54) (VI (J)4CP(J) s CVI(J)sGAM{J )+ SPEED(JY W VIS({J) e J=1+IEND)
54 FORMAT(OHIVELOCITY +20X ¢2HCP 420X v2ZHCV 420X eSHGAMMA 4 15X ¢ 12HACCELERATI
20N+ 15X e GHVISCOSITY///(6E216) )
WRITE(6+60) (PI1ORAT(N)«TIORAT(N)«RIM(N)«N=14IEND)
6C FORMAT(IH] ¢ 7X4SHP 1 /PO ISXeSHTI/TOe 10X 41 4HREYNOLDS NO/FT/
1(3E20+6))
[FUIENDeLT 31 MWRITE(6+S7I{IVEZI(RKIITEZIILK) +P2I(K)4U2T (K) s XMACH2 (K ) »
2HZ2 T (K) e K=1 4<Q)
IF(IENDeLTe31l) WRITE(6+98) (RHO(K) +CV2(X)+CPZ2(K)sGAMZ(K) ACC2(K )y
IK=14.KQ)
IF(IEND«sLTe31IWRITE(H+S59)(T20RT(K) +yRUORAT(K) ¢ TRATI(K) ¢+ PRATI(K ) oK=1y
1KQ)
57 FORMAT (BH1VOLUMEZ 120X ¢+ | 2HTEMPERATURE2 412X s 9HPRESSUREZ2+ 12X ¢ 9HVELOC]
2TY2412X+8BHMACH NOZ24+ 12X+ FHENTHALPY2///(6E215))
58 FORMAT(1H] +8X+4HRHO2 420X s 3HLV2 416X s 3IHCP2 116X sSHGAMMZ s 16X s
114HSPEED OF SOUND//(RE21e5))
59 FORMAT(IH1 +7XeBHT2/T0¢21XeSHVLI/V2420XSHT2/T1 +16X5HP2/T1/ 7/
1(4E21e5))
IF(IENDeLTe31) WRITE(6+462) (VINIKIWWVITIK)IV2N(K)s VIS2(K)K=14KQ)
62 FORMAT(LIHI +IX+s3HUIN 18X «3HUI T« 18X e 3HURN 18X 3IHMUZ/// (4E21e5))
WRITE(8) HC+VEE +GEE +KQe IEND+UZsV IS0
WRITE(B) ((GAM(I)WPIORAT(II&VICI)IsTIORAT(I)«RENIIIWVEI (1)
IXMACH(TI))e1l=141END)
WRITE(B) ((GAM2(1)+sRORAT (1) «VEZ2I (L) 02T (T)sVIS2(1))s1=14KQ)
ENDFILE 8
GO TO 99
END
FUNCTION FOP (V)
EQN OF STATE-USED TO FIND Vv AS A FUNCTION OF P+T
COMMON A24A340A4 A5 B2 +4B3+B4+1B5+C2eC34C4eCS4eXKK R TREF «WVREF «BLITWXJ
COMMON D4 +4Z4+ESSsyTUFF+CLODs GEEvAJAIKX«P21(30)U21(30)sH21(30)
COMMON PT2(30)+RHO(30)«TEZ21 (30312 VEZ2I (30)sCV2(30)+CP2(30)+GAM2(30)
COMMON ACC2(30) s+ XMACH2(30)+sRORATI(30)+yTRAT(30) PRAT(30)+PTRATI(30)
COMMON TH
COMMON VIN(30)+V2N(30)2VITI(30)
COMMON BIGB4 +B6 A6 AL WTZ
PO (XL+AT)=1 e /EXP(XL*AT)
COMMON/DESP /vOODOQ s ZULU
T=vOODOQO
P=ZuL U
POT=PO({XKK +T)
1 FOP=P-(R#T )/ (V-BLIT)=(A2+82%¥T+C2*¥POT )/ (V-BLIT )**¥2~(A3+B3#T+
1C3*¥POT)/(V-BLIT ) *%¥3- (A4 +tBIGR4*T )/ (V-BLIT)**¥4~ (AS+BS*¥T+CS*¥POT )/
2IV-BLIT)*#5~ (A6~-BEXT ) #EXP (AL*V )

FopP

FOP
FoP
FOP
FoP
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RETURN

END

SUBROUTINE EQU3(TE VEsANS3)
ENTHALPY

COMMON A2 ¢A34A4 A5 3B2:B3¢84e¢B5+C2+C2+C4+sCHeXKKIRTREF ¢ VREF «3L 1T ¢ XJ

COMMON D4 224 +ESSs TUFF +CLOD« GEE s AJA KX P21 (30)+U21(30)+H21(30)
COMMON PT2(30)+RHO(30)+TEZ2L(30)VELTI(30)sCVZ2(30)4CP2(30)1GAMZ(30)
COMMON ACC2(30) +XMACH2 (30)sRORAT(30)+TRAT (30)«PRAT(30)PTRAT (30}
COMMON TH

COMNMON VIN(30)s+V2N(30)sVIT(30)

COMMON BIGB&4 +B6+AGALTZ

EQUIVALENCE (C34G3)+(C5:4XJ314(C24D3)

PO* (XL +AT)=1 o /EXP (XL*¥AT)

3 ANS3=Za¥ (TE—TREF ) +B4* (TEX¥2-TREF¥¥2) /2. +Ca4* (TEH#¥3-TREF*#3) /3++D4*
S(TE*¥4-TREF *#%4 ) /4 0+ (PO (XKR 2 TE ) # (XKK¥TE+] o ) =PO (XKK s TREF ) ¥ (XKK*TREF
B4+1e) ) F(XJI¥DI/(VE=BLIT)I+XI¥GI/ (2 ¥(VE-BLIT)I**¥2)+XI¥XII/ (4 e* (VE-
4BLIT)*%¥4 ) )4XJI* (VE*R* (TE=-THREF )/ (VE-BLIT)+VE¥ (BZ*¥ (TE~-TREF)+C2* (PO
S (XKK » TE)=PO(XKK e TREF ) ) )/ (VE-BLIT)*¥#2)+XJI¥ (VE¥ (BI* (TE-TREF)+C3* (PO
6(XKK-TE)—PO(XKKvTQEF)))/(VE—BLIT)**3)+XJ*(VE*(EB*(TE—THEF)+C5*(PO
Z(XKK ¢ TE)-POIXKK s TREF 1)) /(VE-BLIT)I*¥*¥S5 )= (R¥*TREF * (ALOG ((VE-BLIT)/ (VK
BEF—BLIT))+BLIT/(VQEF—BLIT)—BL]T/(VE—BLIT)))*XJ-(Z-*(A2+32*TQEFfC2
OXPO(XKK +TREF )1 # (1 o /(VREF=SLITI+BLIT/ (2% (VREF-BLIT)#*%#)~1e/(VE-
ABLIT)I-BLIT/ (2% (VE=BLIT)I*#%2)) ) ¥XJ—(3e# (A3+3¥TREF+C3¥PO (XKK s TREF
BI)*(1e/(2e* (VREF=BLIT)**2)+BLIT/ (3e*(VREF=-SBLIT)*¥3)-1+/(2e*(VE~
CBLITI#*#2)—BLIT/(3e*(VE-BLIT)I*#%3) ) ) ¥XJ=(4e¥A4% (] ¢/ (3% (VREF-3LI1T)
DH¥E3)+BLIT/ (4 e# (VREF=BLIT)I*#*4)-1 o/ (3% (VE-BLIT)I#¥*¥3)-8LIT/ (4¥(VE~
EBLIT)y**4)))¥XJ

ANS2=ANGS3-{ (Se* (AS+BS*¥TREF+CS#PO(XKK s TREF 1) I *¥ (1l e/ (4o ¥ (VREF-SLIT)
SR#4)+BLIT/ (Se* (VREF-BLITI*¥S)~1 e/ (4e* (VE-BLIT)*#4)-BLIT/ (5¢¥*(VE-
BBLIT)**S)))*XJ+TREF*Q*ALOG((VE-BLIT)/(VREF—BLIT))*XJ—TQEF*(BZ—XKK
A*CZ*PO(XKKvTREF))*(l./(VE-BLIT)—l-/(VREF-BLIT))*XJ—TREF*(B3—XKK*
5C3*pO(XKKcTQEF))/2.*(!-/(VE—BLIT)**2—1-/(VQEF—BLIT)**Z)*XJ—TREF*
6(85—XKK*C5*pO(XKKcTREF))/4-*(1-/(VE—BLIT)**4—!./(VQEF—DLIT)**4)
TEXJ

EXAL=EXP (AL*VE)

ALVR=AL *¥VREF

EXAR=EXP (ALVR)

3071 CONTINUE
1 TEMP=XJ*VREF* ((BIGB4* (TE-TREF )}/ (VREF=BLI1T)*¥*4) +BE*EXAR® (TE-TREF ) )EQUS
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DUM=BIGB4*TE/(VE-BLIT)*¥*4
DUM] =AG*EXAL+BEXTE*EIXAL
TEMP=TEMP+XJ*VE® (0« S*VE* (~4 ¢« #*DUM/ (VE-BLIT)I+AL*DUM1 ) + LUM+DUML )
DUM=BIGB4*TE/ (VREF-BLIT)**4
DUM1 =sA6#EXAR+BG*TE*¥EXAR
4 TEMP=TEMP-XJ*VREF ¥ (0 5% VREF ¥ (-4 « ¥DUM/ (VREF -BL I T)+AL¥DUM] ) +

EQU3

EQU3

EQU3
EQU3
EQU3
EQU3
EQU3
EQU3
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1DUM+DUML ) EQU3

TEMP=TEMP+XJ# (BIGBA4*TE* (1 e/ (3¢# (VREF-BLIT)*%¥3)-14/(3«*(VE-BLIT) EQU3

1¥%#3))+B6*¥TE* (EXAL-EXAR) Z7AL) EQU3
5 ANS3=ANS3+TEMP EQU3

RETURN

END

$[BFTC ENTROP DECK,LLIST
FUNCTION ENT(VEESTEE)

C ENTROPY ENT
COMMON A2 ¢A31A4 ¢AS82183184185¢C24C39C41COeXKK IR «TREF «VREF 23LIT e XJ
COMMON D4 4Z4 +ESSsTUFF sCLODYGEE s AJAWKX P21 (30) 021 (30)H21(30)

COMMON PTZ2(30)¢RHO{30)+TELI(30)+VE21(30)sCV2I30)1¢CRZ2(00)GAMZ2(30)

. COMMON ACC2(30) ¢+ XMACHZ (30)+RORAT(30)« TRAT(30) +PRAT(30)PTRAT{(30)

" COMMON TH -
COMMON VIN(30)+VE2N(30)VIT(30)
COMMON BIGB4 +B6+A6ALTZ
EQUIVALENCE (C34G3)e¢(C5¢XJ3)4(C2:D3)
PO (XL +AT)I=1e/EXP(XL*AT)

1 ESS1=Z4*%ALOG(TEE/TREF)+B4* (TEE~-TREF ) +C4* (TEE¥*¥2~TREF#¥2)/2
ESS2=ES8S1+D4% (TEE*¥%¥3—TREF*¥#3) /3 +XJHDI¥XKK/ (VREF-BLIT)* (PO (XKK+TEE
2)=PO(XKK s TREF))
ESS3=ESS2+XJ¥GRHXNKK/ (2« ¥ (VREF-BLIT)##2) % (PO (XKK¢TEE)=-PO (XKK s TREF })
ESS4=ESS3I+XI*XJIIEXKK /{8 e ¥ (VREF-BLIT)*¥4) ¥ (PO(XKK,TEE)-PO(XKK s TREF)

2)
ESSS5=ESS4+ (R¥ALOG((VEE-BLIT)/(VREF-BLIT)))1¥XJ
ES56=E555-(B2-XKK*¥C2¥PO(XKK s TEE} )% (1 e/ (VEE=-BLIT) =1/ (VREF-BLIT))¥*X

2J
ESS7=E5S6-(B3-XKK¥C3¥PO (XKK+TEE) ) /2% (1 e/ (VEE-BLIT)**c—1 e/ (VREF-5L
2ITI*%2)%XJ
ENT=ESS7—(85-XKK*C5*pO(XKKOTEE))/40*(1,/(VEE-BLIT)**4—1o/(VREF-BLl

2T ) **4 ) *XJ
EXAL=EXP (AL*VEFE) ENT
ALVR=AL *VREF
EXAR=EXP (ALVR)

001 CONTINUE

2 ENT=ZENT+XJ*¥(BIGB4% (1 ¢/ (33X (VREF~BLIT)*%*3)=1e/(3e*(VEE-BLIT)*%3)) ENT
14+BE* (EXAL-EXAR) /AL ENT
RETURN
END

$[BFTC PARTIL DECK L IST
FUNCTION PART(VT)

C PARTIAL P WeReTs RHO PART
COMMON A2 ,A3404 4AS5.8B2+B3+1B44854C2+C34C4+CS5XKKWRWTREF +VREF«BLIT«XJ
COMMON D4 +Z4 +ESSsTUFF «CLOD s« GEE s AJAWKX P21 (3031 U21(30)+H21(30)

COMMON PT2(30)+RHO(30)+sTE2I(30)YsVEZ21(30)CV2(30)1+CP2(30)+GAM2(30)
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COMMON ACC2(30) « XMACHZ2 (30)+sRORATI(30)«TRAT(30)+PRAT(20)«PTRAT(30)
COMMON TH

COMMON VINI{30)«V2ZN(30)+V1T(30)

COMMON BIGB4+B6+AGWALTZ

EQUIVALENCE (C34G3)1+(CSeXJ3)s(C2+D3)

PO (XL+AT)=] «/EXP{XL*AT)

PART=R¥THY#**2/ (V=-BLIT)¥*2+4 4 ¥AL4¥ V¥ %2/ (V-L 1T ) ¥ ¥D+2 ¥ y¥¥2k (A2+o2*
PT+C2#PO(XKK ¢TIV /(V=-BLIT)I**¥34+3 ¥ VEX2H (AS+DI#*¥THCIXPO(XKA T ) )/ (V-BL
BITINHKLG+S ¢ ¥VHAD2H¥ (ASH+ES¥THCEHRPO(XKK s T I/ (V-BLIT ) *¥6

EXAL=EXP (AL*V) PART
2 PART=PART-(VH¥2 )X (=4 *¥DIGRA*¥T/ (V-SLIT)*¥¥S+AGKALKEXAL+EOR THAL¥EXALIPART
RETURN
END
£ IBFTC CEEV DECKLIST

1

1
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FUNCTION CEV(VEZTE)

COMMON A2 A3 ¢A4+1A5+82¢B31B4+854C2+C3¢C4+1CSXKKIR¢TREF « VREF +BLIT ¢« XJ
COMMON D4 +Z4 +ESS s TUFF sCLOD I GEEWAJA KX P21 (30)4U21(3C)«H21(30)
COMMON PT2(30)+RHO(30)+TEZI(30)+VEZI(30)eCV2(3C)+CP2(3C)GAMZ(30)
COMMON ACC2(30)+XMACH2 (30)+RORAT(30) s TRAT(30)+PRAT(30)PTRAT(30)
COMMON TH

COMMON VIN(30)+VZ2N(30)VIT(30)

COMMON BIGB4 +BEIAGJALTZ

EQUIVALENCE (C3+G2)1+(CBaXJ3)4 (L2030

PO (XL+AT)I=1e/EXP(XL*AT)
CEVN=Z4+B4*¥TE+CA*¥TEX¥2+Da# TE#¥3-XJI* (DIXTEAXKKH¥*#2%¥PO (XKK+TE) )/ (VE~-
2BLIT)I-XJ* (GIXTEXXKK*¥#2#PO(XKK«TE) )}/ {2 ¥ {VE-BLIT) ¥¥2)=XJ¥ (XII*TE*
AXKKFE2HPO(XKK ¢ TE) )/ (4« ¥ (VE-BLIT ) ¥*¥*4)

RETURN

END

FUNCTION PRES(VE.TE)

EQUATION OF STATE PRES
COMMON A2 A3 4AG 1 A5 B2+83s841B51C29C349C4+4CSsXKKIR$TREF +VREF +3LI1T s XJ
COMMON D4 +Z4 +ESSsTUFF+CLOD s GEE +AJAWKX P21 (3C)U21(30)+H21(30)
COMMON PT2(30)+RHO(30)+TEZ21(30)+VE21(30)+CV2(3C)+CPR2(3C)+CAM2(30)
COMMON ACC2(30) «XMACH2 (30)+RORAT (30312 TRAT(30)+PRAT (301 +PTRATI(30)
COMMON TH

COMMON VIN(30)+VZ2N(30)+VIT(30)

COMMON BIGB&G +B6AGALTZ

PO (XL+AT)I=1e/EXP(XL*AT)

POT=PO(XKK+»TE) PRES
PRES=Q*TE/(VE—BL]T)+(A2+BZ*TE+C2*POT)/(VE—ULIT)**2+(AJ+83*TE PRES
1+C3*POT)/(VE—BLIT)**3+(A4+51684*TE)/(VE—5L1T)**4+(A5+UD*TE+C5*POT)PRES
2/(VE-BLIT)¥%5+ (A6+BO6E*TE ) *EXP (AL *VE) PRES
RETURN

END
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FUNCTION CERP(VE.TE)

CcP CEP
COMMON A2 4A34A4 ¢AS5,82+83+1841B5+1C2+1C3¢C4+C5XKKIRITREF P VREF 43LI1T v XJ
COMMON D& +Z4 +ESS+TUFF +CLOD s GEE«AJA KX P21 (30)+U21(30)H21(30)

COMMON PT2(30)+RHO(30)TE2I (30)+VE2I(3012+CV2(3C)sCP2(30)+GAMZ(30)
COMMON ACC2(20) ¢« XMACH2 (20)+RORAT (30} +TRAT(30)+PRAT(301+PTRATI(30)
COMMON TH

COMMON VIN(30)+V2N(30)sVIT(30)

COMMON BIGB4 +B6WAELALNTZ

EQUIVALENCE (C3+G3)s(CS5sX%XJ3)4(C2+D3)

PO (XL+AT)=1+/EXP(XL*AT)

EXAL=EXP (AL*VE) CEP
DENzR¥TE/ (VE=BLIT)#%2+2¢ % (A2+B2*TE+C2%¥PO (XKK 4 TE) }/ (VE-BLIT)*¥¥3+3.

2¥ (A3+BIXTE+CIHPOIXKK W TE I/ (VE-BLIT)*¥%¥4+4 e #A4/ (VE-BLIT)**¥S5+5. %
3(AS+BS¥TE+CS*¥PO(XKKWTE) I/ (VE-BLIT)¥*¥*6

CEN=DEN-4 + *BIGB4*¥ TE/ (VE-BLIT) ##S+A6* AL ¥EXAL+BO*AL*TE*EXAL CEP
XNU=R/ (VE=BLIT )+ (E2-XKK*C2¥PO (XKKsTE) )/ (VE-BLIT) *¥#2+ (B3-XKK#*C3%
SPO(XKK s TE) )/ (VE-BLIT)*¥#3+ (BS-XKK#CS*PO(XKKsTE) )/ (VE-BLIT)**5

XNU =XNU+BIGB4/ (VE-BLIT)*¥*¥4+36*EXAL CEPRP
XNUM=TE*XJ#XNU**2

CEP =XNUM/DEN

RETURN

END

$IBFTC EQUAZ

10
11
12
13
100

SUBROUT INE EQUA2(AB+DELTX+E1 sE24MAXTANS)

EXTERNAL FOFX

CALL ITRZ2(ANS+A+B+DELTX FOFXsE] +E2+MAXT+ ICODE)

IF(ICODEEQs0)GO TO 100

IF(ICODE «EQe 1 YWRITE(S6010)

IF(ICODE«EGQGe2)IWRITE(64+11)

IF({ICODE+EQe3IWRITE(6412)

IF(ICODEEQe4 IWRITE(6+413)

FORMAT (25HOMAX NUMBER OF ITERATIONS)

FORMAT (1 2HODELX=0 OR =}

FORMAT (8BHONQO ROOT)

FORMAT (7HOA GT B)

RETURN

END

FUNCTION FOFX(VvX)

ENTROPY T6 GET V FOF X
COMMON A2 A341A44A5:821834134485+C2+sC3+C4¢CSeXKKIRWTREF ¢ VREF +3L 1T XJ
COMMON D4 +Z4 +ESSsTUFF +CLOD s GEEsAJAWKX P21 (30)sU21(30)+H2T(30)
COMMON PT2(30) RHO(30)«TE2I (30)+VE21(30)+CV2(30)+CP2(3C)GAMZ(30)
COMMON ACC2(30) +XMACH2 (20)+RORAT(30)+TRATI(3C) +PRAT(30)PTRAT(30)
COMMON TH
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COMMON VINI(30)+VZN(30)+VIT(30)
COMMON BIGB4 +B6+ASWALTZ
EQUIVALENCE (C34G3)+(C5+XJ3)4(C2+03)
. PO IXL+AT)=1e/EXP(XL*¥AT)
1 TX=TUFF . : e
AND=ESS— Z4#ALOG(TX/TREF ) -B4% (TX-TREF )~C4* (TX*¥2-TREF¥*2)/Ze
ANE=AND-D4¥* (TX¥#3-TREF##3) /34 ~XJI¥DI#XKLK* (PO (XKK+TX)=PO(XKK ¢ TREF ) )/
2(VREF=-BLIT)Y Coe S
ANF=ANE— XJ*G3#XKK* (PO (XKK s TX)=PO(XKK s TREF ) )/ (2% (VREF-BLIT)#*%2)
ANGEANF~ XJ¥XJ3#XKK® (PO (XKK s TX ) —PO (XKK e TREF) )/ (42 ¥ (VREF —BL [ T)¥¥4)
ANH=ANG-XJ*R¥ALOG( (VX-BLIT)/ (VREF~BL IT) 1+ (B2-XKK*C2%¥PO (XKL ¢ TX ) ) ¥ (1
2e/(UX=BLIT)=1e/(VREF=BLIT))*XJ i
AN =ANH+ (B3-XKKH*CI*PO (XKKsTX) 1 ¥ (1 o/ (VX=BLIT)#%¥2-14/(VREF-BLIT)*%%2)

2/2e%XJ
FOFX=ANT+ (BS=~XKK*CS*PO (XKKs TX) 1 ¥ (1 e/ (VX-BLIT)#*4~1 4/ (VREF=-BLIT)#%4

2)/84%XJ

2 FOFX=FOFX-XJ¥(B1GE4* (1e/(3e¥ (VREF=BLIT)I*%3)—1e/ (3% (VX-BLIT)**¥3)) FOFX .
14B6* (EXP (AL*VX)=EXP (AL*VREF ) ) /AL) FOF X L
RETURN
END

$IBFTC SHOC DECKLIST

SUBROUT INE SHOCK (H«VEL sPeVeT)
COMMON A24A34A4 AS.B2+B3+84+¢B5+C21C3+C4+CE5XKKsR«TREF+VREF 3L 1T XJ
COMMON D& +Z4 +ESSsTUFF«CLOD+GEE+AJAWKX«P21(30)U2]1(3C)H2T(30)
COMMON PT2(30) RHO(30)+TE21(30)+VE21(30)+CV2(3C)eCP2(30)+GAMZ2(30)
COMMON ACC2(30) ¢+ XMACH2(30)+RORATI(30)yTRAT(30)PRAT(30)+PTRAT(30)
COMMON TH
COMMON VIN(30)sVZ2N(30)«VIT(30)
COMMON BIGB4 +B6+A6ALTZ
COMMON/CLUX/TCVC
COMMON/DOPE /A48 +C+PRAY
COMMON/PRTS/ PXTV.PVTV
COMMON /RATS/PEETEE«VIS2(30)«PT20RT(30)1+PIT2RT(3014T20RT(30)
DIMENSION IPIVOTI(2)+INDEX(2+2)
DIMENSION TC(30)vC(30)
DIMENSION HOPE (25)+BEG(25)«TEMP (25)
DIMENSION AMAT(242) «BMAT(2)
EQUIVALENCE (C3+G3)s(C54XJ3)4(C2.D3)
EXTERNAL FONCJ+FOND
3 ICkZIKk=0
EL=1+/144,
K=KX -
VLN=VEL*SIN(TH
AzH+VLN¥¥2/50082
B=P+ (EL/32¢1 74 ) ¥VILN¥X2/V
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C=VLN/V
UT=VEL*COS(TH)
VIN{(K)=VLN
VITK)Y=UT
8000 FORMAT (SHISHOC ¢ SX 4 2HAZE1S5eB 15X+ 2HB=E15e¢8¢5X 91 2HC=E1Se 80
12HV=E154845X 4HVEL=E1548)
WRITE(6+8000) A«BaCoveVEL
MAXI=30
E1=.0001
E2=040001
PRAY=TC (K)
HOPE (1 )=VvC(K)
77 DO 59 IND=1430
H(TsV)
HTV=FOND (HOPZ (1))
P(TsV)
PTV=FONC (HOPE (1))
WRITE(6+49000) HTVWPTV
00" FORMAT(6E178)
PX(TeV)
PXTV=FONCX (HOPE (11}
PV (TWV)
PVTV=FONCV (HOPE (1))
WRITE(649000) PXTVPVTV
HX (TsV)
HXTv=FONDX (HOPE (1))
HVI{T«V)
HVTVv=FONDV (HOPE (1))
WRITE(649000) HXTVsHVTV
AMAT (241 )=HXTV
AMAT (242 )=HVTV
AMAT (1+1)=PXTV
AMAT (1 +2)1=PVTV
BMAT (2)=(~-HTV)
BMAT (1)=(~-PTV)
WRITE(6+2000) BMAT AMAT
CALL MATINV(AMAT+2+8MAT+1+DETERMIPIVOT« INDEXs24+4ISCALE)
WRITE(6+2000) BMAT
WRITE(6+¢2000) HOPE(1)+ePRAYIPTVIHTYV
2000 FORMAT(6E20+8)
DEL1=ABS(BMAT (1 )/PRAY )
DEL2=ABS(BMAT(2)/HOPF (1))
IF (( DEL]1 «LE«E1l)eAND (DELZ sLE«E2)) GO 70 60
PRAY=PRAY+3MAT (1)
HOPE (1 )=HOPE (1 )+BMAT (2)
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59 CONTINUE

C TOO MANY ITERATIONS HERE
WRITE(642001)

2001 FORMAT({]15HOMAX ITERATIONS)
RETURN

60 CONTINUE
WRITE(6+41000) PRAYHOPE (1)
1000 FORMAT( 7H ROOTS=E15484+E2048)
1 FORMAT(SH HOPE+20X+s3HBEG20X+4HTEMP/3E22e6)
VE2I (K)y=HOPE (1)
TE21 (K)=PRAY
P21 (K}Y=PRES(VEZI(K)«TE21(K))
UN=C#VEZ2] (K)
VZN (K} =UN
UZ2I(K)=SQRT ( (UN*¥2)+ (UTH#*2))
CALL EQU3I(TEZ2I(K)sVEZ2]I (K)+ENTH)
HZI (K)=ENTH + 2000
RHO(K)=1e/VE2] (K}
CV2(K)=CEVIVE2I (K)+TE21 (K))
CP2(K)=CEP(VE2I (K)+TE2T1 (K))}+CV2(K)
GAM2Z2 (K)=CP2(K)/CV2(K)
ACC2 (K)=SQRT (ABS(GAM2 (K} ) *ASS(PART(VEZ2I (K)+TE21(K)))*¥4633.056)
XMACH2(K)=U2I(K)/ACC2(K) .
RORATI(K)Y=VE2I(K)/V
TRAT(K)=TE21 () /T
PRAT (K)=P2I1 (K) /P
RORAT(K)=V/VE21 (K)
T2ORT(K)I=TEZI(KI/TEE
VIS2(K)= (149 +S*(TE2I(K)/TZ)*¥SQRTUTEZ2I(K)I/TZ)¥*1 422/ (TE21(K) /
1TZ+e22))
VIS2(K)=VIS2(K)*0«672E-7
5 KX=KX+1

RETURN
END

$IBFTC FOND DECK
FUNCTION FOND(VE)

C ENTHALPY FOR NEWTON-RAPHSON FOND

50

COMMON A2 4+A34A4+AS5+B2¢B3¢044B54¢C24C30C41CH s XKK IRy TREF s VREF s 1T e Xy
COMMON D4 +Z4 +ESS+TUFF «CLODsGEE+AJAWKX P21 (30)+U21(30)A21(30)
COMMON PT2(30)+RHO(30)+ TEZI (B30)¢VEZT(302¢CV2{3CIsCP2(30)sGAMZ(3D)
COMMON ACC2{30 )+ XMACHZ2 (30) s RORATI{S0)«TRAT (30) +PRAT(30)PTRAT (30
COMMON TH

COMMON VIN(30)+V2N(30)+VIT(30)

COMMON BIGB4 +B6AGWAL +TZ

COMMON/DOPE/A+B+CosPRAY
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EQUIVALENCE (C3+G3)+(CS5eXJ3)+(C24:D3)

PO (XLeAT)=1«/EXP(XL*¥AT)

TE=PRAY
I HE6 =Z4% (TE-TREF ) +B4* (TE*¥2-TREF*¥¥2)/2+C4* (TE*#I-TREF*¥3)/3¢+D4%*
2(TE**4-TQEF**4)/4.+(PO(XKK0TE)*(XKK*TE+1o)—PO(XKK.TQEF)*(XK&*TQEF
3+1e) ) ¥ (XIXDI/ (VREF=BLIT)I+XJI*#GI/ (2% (VREF=BLIT)*¥¥2)+XIFXII/ (4%
4 (VREF-BLIT)*#4) ) +XJ* (VREF*R# (TE-TREF )/ (VREF-BLIT)+VREF*(B2*(TE-
STREF )+C2% (PO (XKK ¢« TE)=PO (XKK ¢+ TREF ) )}/ (VREF-BLIT) *¥%2)+XJ¥ (VREF*(B3%
6 (TE-TREF }+C3% (PO (XKK,yTE)I-PO(XKK s TREF ) ) )/ (VREF-BL [ T)*¥¥3)+XJ* (VREF ¥
7(B5* (TE-TREF )+CS* (PO(XKKsTE)=PO (XKL TREF) )}/ {VREF-BLIT)*¥*¥5)~(R*¥TE*
B(ALOG( (VE-BLIT)/(VREF-BLITII+3LIT/(VREF-BLIT)-BLIT/(VE-BLIT)))*XJ

H7=HE= (2 e* (A2+B2¥TE+C2*¥PO(XKKsTE) 1 ¥ (1 o/ (VREF-BLIT)I+BLIT/ (2* (VREF-
2BLIT)I*¥2)=1+/(VE-BLIT)-BLIT/(2+*(VE-BLIT)*¥%2}))%*xJ

HB=H7= (3¢ % (A3+B3¥TE+C3¥PO(XKKsTE) 1 ¥ (1 e/ (2 ¥ (VREF-BLIT)*¥2)+3LIT/ (3
Do ¥ (VREF=BLITI*#3) =1 e/ (2e*(VE-BLIT)I*##2)-BLIT/(3e*(VE-BLIT)I**3)))*XJ

HO=HB~ (4 4 %A4% (1 o/ (B ¥ (VREF=BLIT)*#3)+BLIT/ (4 * (VREF-BLIT)**¥4)-14/1
2R3 ¥(VE-BLIT)I#%3)-BLIT/(4e*(VE-BLIT)#*¥4)))¥*XJ

HIO=HO=( (Se* (AS+BS*¥TE+CS*PI(XKKsTE) ) ) ¥ (1 e/ (G4e# (VREF-BLIT)**#4)+BLIT
2/ (Se ¥ (VREF-BLIT)*%¥S5) =1 ¢/ (4% (VE-BLIT)*¥*¥4)-BLIT/(Se*(VE-BLIT)*¥%¥5)))
3¥XJ

H]11=H1O0+TE*R*ALOG((VE-BLIT)/(VREF-BLIT))*XJ

H]12=Hl I ~TE* (B2-XKK*#C2¥PO(XKK TE ) * (1« /(VE=-BLIT)=1e/(VREF-BLIT))*¥XJ

H13=H12-TE* (B3-XKK*¥C3¥PO(XKK¢TE) ) /2% (1l e/ (VE-BLIT)#*¥2~1 4/ (VREF-BLI
2T ) ##2 )y ¥ XJ

H14=H]3-TE# (B5—XKK*CS*¥PO(XKK TE) ) /4% (1 e/ (VE-BLIT)¥%#4~14/(VREF-BLI
2T Y ¥*L )X

FOND=H1 4+CH*#2#VE¥¥2/ (2« *GEE*#AJA)=A +200.

EXAL=EXP (AL*VE)

ALVR=AL*VREF

EXAR=EXP (ALVR)

3001 CONTINUE

TEMP=XJU*VREF*( (BIGB4* (TE-TREF )/ (VREF-BLIT)*%4) +BO6*¥EXAR®(TE-TREF))
CUM=BIGB4*TE/ (VE-BLIT ) *#3#4
DUMI =AG¥EXAL+BE&*TEXEXAL
TEMP=TEMP4+XJ*VE* (0« S*VE% (=4 e ¥DUM/ (VE-BL I T)+AL¥DUM] )+ DUM+DUMI )
CUM=BIGB4*TE/(VREF-BLIT)*¥4
CUM]l =A6¥EXAR+B6*TE*EXAR
TEMP=TEMP-XJ#VREF* (0« S*¥VREF ¥ (~4 + ¥DUM/ (VREF-BLIT)+AL*DUMI1 )+
1CUM+DUMI )
TEMP=TEMP+XJ% (BIGBA4*TE* (1e/ (3¢ # (VREF-BLIT)I*%*¥3)-14/(3e*(VE-BLIT)
1%%3))+B6*TE* (EXAL-EXAR) /AL
ANS3=ANS3+TEMP

2 FOND=FOND+TEMP
RETURN
END

EQU3

EQU3
EQU3
EQU3
EQU3
EQU3
EQU3
EQU3
EQU3
EQU3
EQU3
EQU3
FOND
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Program A — Continued

$IBFTC FONC DECK

C

1

3001

52

FUNCTION FONC(VE)

EQe OF STATE FOR NEWTON-RAPHSON FONC
COMMON A2+A3+A4+A5+B2+B3484+485+¢C2+C3+1CG1CS1XKKIRsTREF ¢ VREF +BLIT ¢ XU
COMMON D4 4y Z4+ESSsTUFF+CLODGEE+AJA KX P21 (30)4U21(30)4H2I(30)
COMMON PT2(30)+RHO(30)+TE21 (30)+VEZ2I(30)+CV2L30)+CP2(30)+GAM2(30)
COMMON ACCZ2(30)«XMACHZ(30)sRORAT(30)+TRAT{30)+PRAT(30)+PTRAT(30)
COMMON TH

COMMON VINI(30)+VZ2N(30)sV1IT(30)

COMMON BIGB4+B6+ABWALNTZ

EQUIVALENCE (C3+G3)e(C5¢XJ3)s(C2+D3)

COMMON/DOPE/A+B+CosPRAY

PO (XL+AT)I=]1 « /EXP (XL*AT)

EL=1e4/144,

TE=PRAY

POT=PO(XKKsTE) PRES
FONC=R*TE/(VE-BLIT)+(A2+B2¥TE+C2*POT )/ (VE-BLIT ) *¥*2+ (A3+B3*TE+ FONC
1C3¥POT)/(VE-BLIT)I*¥3+(A4+BIGB4*¥TE )/ (VE-BLIT)*# %4+ (AS+BS*¥TE+CS*#POT ) FONC
2/ (VE-BLIT)*#54+ (AG+BOEXTE ) ¥EXP (AL*VE )+ (EL /GEE ) ¥C* ¥ 2% VE =13 FONC
RETURN

END

FUNCTION FONDX (VE)

PARTIAL H WeReTe T . FONDX

COMMON/PRTS/ PXTVPVTV

COMMON A2 4A34A44A5+B2+B3184+B5+C24C34C4+CS 1 XKKsR¢TREF «VREF «BLIT ¢ XJ
COMMON D4 ¢ Z4 +ESS+TUFF « CLODWGEE 2 AJA KX P21 (30)U21(30)sH21(30)
COMMON PT2{30)+RHO(Z0)«TE2I (301 +VE2]1(30)eCV2(3C)Y+CPZ2(30)+GAM2(30)
COMMON ACCZ2(30) « XMACH2 (30)+RORATI(30)«TRAT(30) «PRAT(30)PTRAT(30)
COMMON TH

COMMON VIN(30)«VEN(30)sVIT(30)

COMVON BIGB4g +36+A6ALTZ

COMMOMN/DOPE/A+B+CsPRAY

EQUIVALENCE (C3+G3)e(CB54XJ3)+(C2+D3)

PO (XL+AT)=1/EXP(XL*AT)

TE=PRAY
FONDX=Z4+B4*¥TE+CA4RTERRZ2-XI* ( (DIXFTEF (XKK*¥2 ) #¥PO (XKK ¢TE) )/ (VE=-BLIT))
1=XJ*¥ ((CIHTEX (XKK*¥%2 ) ¥PO(XKK¢TE) )/ (2 0% (VE-BLIT)*¥%2))
SXJ¥LAXIJIHTEFR (XKKFRZ2 ) ¥POIXKK s TEI )/ (460X (VE-BLIT)¥%4))
J+VERPXTV+HDA*TEX*3

ALVR=AL ¥*VREF

EXAR=EXP (ALVR)

CONT INUE

EXAL=EXP (AL*VE) FONDX
DUM=BIGB4/(VE =BLIT)**4 FONDX
DUMI =B&*EXAL FONDX

1 ¥
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Program A — Continued

TEMP=XJ* VE *(DUM+DUMI+VE*(—4.*DUM/(VE—BLIT)+AL*DUMX)) FONDX

TEMP:TEMP—OcS*XJ*VREF*VQEF*(—4-*8!684/(VREF—BLXT)**5+56*AL*EXAR) FONDX
2 FONDX:TEMP+FONDX+XJ*(BIGB4*(1-/(3.*(VREF—BLIT)**3)—1./(3.*(VE— FONDX

IBLIT)**S))+(86/AL)*(EXAL-EXAR)) FONDX

RETURN

FND

FUNCTION FONCX(VE)

PARTIAL OF P(VaeT) WeRaTe T - FONCX

COMMON/PRTS/ PXTVsPVTV

COMMON A20A30A4|A5082083084055!C20C30C40C50XKKOR!TREFOVQEFQBLITOXJ
COMMON D4-2415550TUFF.CLOD-GEE.AJA.KX.FEI(30)cU21(3O)cH21(3O)
COMMON PTE(EO)QRHO(BO).TEZ!(30)0VE2[(3OJ'CV2(3O)QCP2(3O)0GAM2(30)
COMMON ACC2(3O)oXMACH2(3O)0QORAT‘30)oTQAT(3O)QPRAT(3O)CPTRAT(3O)
COMMON TH

COMMON VIN(R0)+VEN(30)sVITI(3C)

COMMON BIGE4 +36+A64ALTZ

EQUIVALENCE (C3OG3)O(C5!XJ3)O(CZOD3)

COMMON/DOPE/A+B T+ PRAY

PO (XL+AT)I=1 e /EXP(XL*AT)

EL=1e/144a4

TE=PRAY

FONCX=R /(VE‘BLIT)+(BZ-C2*XKK*FO(XKKQTE))/(VE—BLIT)**Z
1+(BB—C3*XKK*PO(XKK-TE))/(VE-BLIT)**B + (BS-CS*XKK*¥PO (XKK + TE) )
P/(VE-BLIT)*%5

2 FONCX=FONCX+BIGBQ/(VE—BLIT)**4+86*EXP(AL*VE) FONCX
RF TURN
END
FUNCTION FONDV(VE)
PARTIAL H WeReTe V FONDYV

COMMON/PRTS/ PXTV PVTV

COMMON A20A30A40A5t521830340850C20C30C40C50XKK0Q0TREFQVQEFvBLIToXJ
COMMON 04024'ESS!TUFF!CLODQGEE‘AJAQKXQPZ’(30)'U21(30)0H21(30)
COMMON pT2(3O)0RHO(3O)oTEZI(30)0VEZI(30)0CV2(30)QCp2(30)oGAM2(3O)
COMMQON ACC2(30)'XMACH2(30)!RORAT(30)1TRAT(30)OPR@T(30)OPTRAT(30)
COMMON TH

COMMON VIN(SO)-VZN(BC).VIT(BO)

COMMON BIGBA4 R6 A6 ALWTZ

COMMOM/DOPE/ALB+CePRAY

TAUIVALENCE (C34G3)+(C5¢XJ3)4(C2+03)

PO (XL +AT)I=] o /EXP (XL*AT)

TE=PRAY

FONDV=VE*PVTV +TE*PXTV + (C¥*2)*VE/( GEE¥®AJA)

FXAL=EXP (AL*VE) FONDV
DUM=BIGB4*TE/ (VE-BLIT) *#4 FONDV
CUM] =AG*EXAL FONDV
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Program A — Continued

CUMP=B&E*TEH*EXAL FONDV

TEMP =24 0¥ XJHVE® (=4 ¥*DUM/ (VE-BL I T)+AL* (DUM1+DUM2 ) )+ XI#* (2 0% (DUM+ FONDV

1DUMZ2)Y4+DUMT) FONDV
2 FONDV=FONDV+TIMP+0 e S*¥XJIHVEHRVEX (20 ¥DUM/ (VE-BLIT)I)¥XZ2+ (AL**2 )% FONDV

1 (DUMT+DUNMZ )Y FONDV

RETURN

ENL

$IRBFTC FONCV LIST

c

FUNCTION FONCVI(VE)

PARTIAL OF P(VsT) WeReTe V FONCV
COMMON/PRTS/ PXTVaPVTV

COMMON A24A3¢A4+A5¢82¢83+1B44B5+C2+C34C4+1C5eXKKIReTREF ¢« VREF +3L1TeXJ
COMNMON D4 +Z24+ESSsTUFF s CLOD+GES +AJAWKXIP2I (30)4U21(30)eH21(30)
COMMON PT2(30)«RHO(30)sTEZ2T (30)VEZ2I{(30)sCV2(30)+CP2(30)+GAM2(30)
COMMON ACC2(30)+XMACH2(30)+RORAT (301 +TRAT(30)+PRAT(30)PTRATI(30)
COMMON TH

COMMON VIN({(30)+VZ2N(30)VIT(30)

COMMON BIGB4+86+A6ALTZ

EQUIVALENCE (C34G3)+¢(CSaXJ3) e (C2+D3)

COMMON/DOPE/A B «Z +PRAY

PO (XL+AT)=] « /EXP(XL¥AT)

Sl=le/144,

TE=PRAY

POT=PO(XKK+TE) FONCV
1 FONCV=(-R*¥TE)/(VE-BLIT)*¥2-2,0% (A2+B2*TE+C2¥POT )/ (VE-BLIT)*%*3 FONCV
1=3e0* (A3+B3*¥TE+C3*¥POT )/ (VE-BLIT)*¥¥4-44,0%¥ (A4+BIGB4*TE )/ (VE-BLIT)**¥5FONCV
P—SeN¥ (AS+BSHTE+CSHPOT I/ (VE-BLIT ) ¥#6+AL ¥ (A6+BE*TE ) ¥EXP (AL¥VE) FONCV
3+ (EL/GEE ) #C#%2 - FONCV

RFTURN

END

SDATA A2==2¢16295941A354404057E-34A4=]1e921072E~4+A5=~44.48l104YE-6+
A6=5.838BB2E7+ BIGB4==3eF18263E-7s AL=-6e5119FE2+ BOET~0,26392E4
XKK= ¢ P TEE-Z2¢B2=24135114E-3+8B3=1+2828B18BE-5+84=3.008927835E-4,
B5=94062318F~F+4XJ=e 185023,
C2=-1Be9411314C3=0e5397764C4=~1430237441E~-7+(C5=2-4.836678E~-5
R=Ns12193356+BLIT=Ce 150 =2¢D4=1e968028F4E~11+PEE=0e1026»

TEFE P60 GEEZ=32ea17443AJAZT78e3¢A=a008+3=12000+DELTX=20
TREF=R204+PREF =1 +4TZ2=400¢5074=1 904580842
TEI=5#532451=eN0G001 +E2=e00001 +MAX]I =30 NUMB=54+INT=0»

TENN=2N,

THETA=90,

PEE=2000.

TEE=1460.

MAXTI=30.
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Program A — Concluded

TZI=1440+14204138091340+1310+1280+1240+1190+1140+1090+1040+9854240+500+¢360»
8204+ 780s 7404« 7004+ 660+ 620+ 58041 540+ S00+ 470 440¢410+380+360+340
VC(11=0eB801e0241 0512¢012¢59360536751880414e¢002000¢254043140450e0180e¢0+¢100¢0+
15“03020000025000032500'
TC(1)=1G*%1447%
SDATA
PEE=2000,
TEE=1260
MAXI=30,
TEI=1245+123041200+¢1160+1120¢1080¢1020+1000+960+320+880+48401800+750+700+650
6004+« S7Ss 550« 5259 500+ 475 4509 425:400+13754350¢325¢300¢275
VC(1)=20e4+0e58+0e8B2¢]1 ¢3312¢213066+144515e2+8e0+10600148041560125e¢0434¢0447e00
6560491 e02128404190e0
TC(1)=19#1240%
ECATA
PEE=20200,
TEE=1060,
MAXT1=30,
TEI=10304+1035+1020+10001965+930+880+830+785+745¢700¢675+464046004575+550
525+ 5004+ 475s 450+4254400437543504325430012754125042254¢200
VC(1)=0034004410e68F 408750101241 044+1e884204613¢26+5e34+5e8447e¢91¢1083
1560020694 30e¢0042¢0¢70e¢04¢91aC s
TCUI)=1N344103417#1032%
EDATA
PEZ=200C.,
TEE=360,
MAXTI=30,
TE1=84548304+800+760+720+680+64046004560+1520+4500+¢4F0+1450+4004375¢3504325+
3004275425042304215+200:190418041704160+1504140+130,
Cl1)=20e29810630740e4651067T341 0541042110921 2e¢65+3671¢5e2607659¢Fe00+11e17
2000415484 18e¢34421 e20¢2€a1421e5+43803
TC(1)=B20+1819+817¢81643154815414%814%
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Program B

NASA-LANGLEY RESEARCH CENTER

[ - 01 7 PROGRAM NO U1 14« DATE
LAR E 1554 COMPUTER PROGRAM ABSTRACT 10/68
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Ballistic-Range Normal Shock Program A LR E
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APPENDIX C — Continued

Program B — Continued

PROGRAM BLISTC(INPUTOUTPUT +TAPES=INPUT ¢ TAPE&6=0UTPUT)

COMMON
CCMMCN
COMMCN
COMMON
COMMON
COMMCN

A20A31AQcA5182053054055'C20C3'C40C5cXKK;Q'TQEFOVQEFOBLITCXJ
DatZQCESSOTUFFGCLODQGEEvAJA!KXQPEI(30)!U21(3O)0H21(30)
PTZ(30)0QHO(3O)-TEZ[(30)'VEZI(30)0CV2(3O)'CPZ(3O)OGAM2(3O)
ACCZ(BO)0XMACH2(30)'QOQAT(30)~TRAT(30)!pRAT(30)opTRAT(30)
SIGB44+36+4564 AL

/CLUXS TCeVCE14E2

COMMON/DESR /vOCD0O0«ZULU
EXTERNAL FCP

CIMENSION TC(30)«VC(30)

EQUIVALENCE (C3¢53)2(C54XJ3)e(C24D3)

DIMENSICN TEI(30)«VEI(30)yPEI(30)VI(30)sGAM(30)SPEED(30)

CIMENS IONXMACH(30)+CP(30)+CVI30)HI30)VIS(30)

NAMELIST JDATA/A2 A3, A4 485406452433 +431GB4+354B6+B4sAL
1C2vC30C40C59XKKoXJ.Q.BLITQD49PEE0TEEoGEEeAJAcNUMBoINTvZ4voBQ
EDELTXOIEND'TE[OFlQEEOMAXI9TQEFVPREF.TZOTC‘VCQTHETA!VIlpEIQAl

PO (XL AT )=1 e /EXP(XL*AT)

READ(S+DATA)

WRITE(6.DATA)

KX=1

CEL X1 =DELTX

vOODOO=TREF

ZULU=PREF

CALL ITR2(SPsAB+DELTXFOPsE]1+E2+MAX141CODE)

VREF=5P

WRITE (5421)VREF
FORMAT (SHOVREF/E14e5)

CO 111

N=1END

vOODOO=TE! (N)

ZULU=PE (N)

CELTX=DELX!

CALL ITR2(SP A1l +B+DELTX+FOP+S1+E24MAX] + [CODE)

WRITE(64+100) 1CODE

FORMAT (7HOICODE=15)

VEI (N)=SP

WRITE(649) VEI (N)

FORMAT (E20e8)

CALL EQUB(ITEI(N)WVETI (N)«ANS3)
HIN)=ANSZ24+2070.

HO=H(N)+ (VI (IN)®VI(N) )/ (2« *GEE*AJA)
CVINI=CEV(VEI(N)+TET(N))
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Program B — Continued

CPRIN)Y=CER(VET(N)I+TEIT(N)})I+CVIN)
GAM{(N)=CP (N} /CV (N)
SPEED(N)=SQRT(GAN(N)*9AQT(VE](N)cTEI(N))*4633.056)
XMACH(N)Y=VI(N)/SPEED(N)
VIS(N)=149-5*(TEI(N)/TZ)*bQQT(TEI(N)/TZ)* 1e22/{TEI(N)/T2Z+e22)
IF(XMACH(N).GT-Z..AND-1&ND.LT.15)CALL SHOCK (HIN)«VI(N)«PET (N} VEI
PIN)ZsTET (NY)
111 CONTINUE
KO=KX—1
WQITE(6~52)VEE0PEE'HOQESS.GAMO.TREF.PREF
52 FOQMAT(3H1VO¢15X¢2HPO.lenZHHOv15X-2HSO¢15X.5HGAMMA-15X04HTREF015X
Pyv4HPREF//TE15e6)
WQITE(6'56)(TEI(N)oVEI(N)oPtI(N)-H(N).XMACH(N)cN=1.IEND)
56 FOQMAT(IZHOTEMPERATUQE'15X06HVOLUME-15XoBHPRESSURE.15X08HENTHALPYc
215X+ 7THMACH NO///7(BE20e6))
wQITE(G.SA)(VI(J)uCp(J)oCV(J)-GAM(J)cSPEED(J)tVlS(J)oJ=1nIEND)
&4 FOQMAT(9H1VELOCITY.EOXo2HCP020X-2HCV0ZOX-SHGAMMAol5XqIZHACCELERATI
20N~15X09HVISCOSITY///(6E21oé))
IF(IEND-LT-15)WQITE(6~57)(VEEI(K)cTEEI(K)oPEI(K)oUEl(K)oXMACHE(K)-
PH21(K)sK=1aKOQ)
IF(IFND.LT.15)WQITE(6-58)(RHO(K)'CVZ(K)vCPE(K)oGAME(K)-
SACCR2(IK) «K=14KQ)
IF(IEND-LT-!5)WPITE(6059)(RDRAT(K)'TRAT(K)cPRAT(K)cK:loKO),,
57 FURMAT(8H1VOLUNEZ-20X-12HTEMPERATURE2-12Xq9HPHESSUQE2-IZXQQHVELOCI
DTYZ2412X e« 8HMACH NO24+ 12X « OHENTHALPY2///(6E215))
=8 FOQMAT(SHlRHOEcZOXoBHCVEo16X03HCp2016X06HGAMM2016X0IAHSPEED OF 50U
IND//7/7(SE2]1 ¢5))
e FORMAT(éH!VZ/VIo?OXcEHTZ/T]cléXoSHPE/Pl///(3E21o5))
GO TO 99
END
£ IBFTC SHOC DECKLIST
QUBROUTINE SHOCK(HWVEL PV T)
COMMON A2+23404 2548248334 OBSQCE!CBOC“'CSQXKKQRQTQEF!VQEF «3LITeXJ
COMMON D4024QESSQTUFF.CLOD!GEEQAJAQKXQPZI(30)0U21(30)0H21(30)
CCMMCN PT?(30)~QHO(3O)-TEEI(30)9V52](30)tCV2(3C)nCPZ(SO)oGAMZ(BO)
COMMON ACC2(3O)9XMACH2(30)0QOQAT(30)QTRAT(BO)oPQAT(3O)oPTRAT(30)
COMMON BIGB4+26+46AL
COMMCN /CLUX/ TCeVCeE1452
COMMON/DOPE /A3 +CaPRAY
COMMON/ZPRTS/ PXTV.PVTV
COMMON JRATS/PEEZTEEWPT20RT(30)+P1IT2RT(30)+T20RT (30
CIMENSION [PIVOT(2)INDEX(2s2)
DIMENSION TC(30)VC(30)
DIMENSION HOPE (25)43EG(25)» TEMP (25)
CIMENSION AMAT (242) «SMAT(2)
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APPENDIX C — Continued

Program B — Continued

FQUIVALENCE (C34G3)+4(C54XJI3)0(C2.D3)
EXTERNAL FONCs=0OND

ICHFK=C

EL=1e/144,

K=KX

AzH4+VE[ #%¥2/(50082+)

Bz=P+ (EL/32 1 74 ) ¥VEL¥%2/V

C=VEL/V

FORMAT (SHLISHOC +SX 1 2HAZE 1968 45X 1 2HB=E 1S eB+SX12HC=E1S« 80
12HV=E | S e8+SX+4HVEL=E1S+8)
WRITE(6+8000) A+B4CoVeVEL

MAX =30

PRAY=TC (K)

HCPE (1 )=VC(K)

CO 59 IND=1.+30
H(TV)

HTV=FOND (HOPE (1))
P{T«Vv)

PTV=FONC(HOPE (1))

WRITE(6+3000) HTVWPTV
FORMAT(6E178)

PX{(T«V)

PXTVv=FONCX (HOPE (1))

PVI(T V)

PVvTV=FONCV{HOPE (1))

WRITE(S+9000) PXTVWPVTV

HX (T eV)

HXTV=FONDX (HOPE (1))

HV (T V)

HVTV=FONDV (HOPE (1))

WRITE(5+3000) HXTV.HVTV
AMAT (241 )=HXTV

AMAT (242 )=HVTV

AMAT (1 « 1 )Y=PXTV

AMAT (142)=PVTV

BMAT (2)=(=-HTV)

BMAT(1)=(-PTV)

WRITE(642000) BMAT AMAT

CALL MATINV(AMAT s 2+58MAT « 1 +DETIRMIIPIVOT+INDEX 24 ISCALE)
WRITEF(6+2C00) BMAT

WRITE(6+42000) HOPE (1) +PRAYIPTV«HTYV
FORMAT (SE2048)
CFL1=ARS(PMAT (1 )/PRAY )
CFL2=A3S(BMAT (2)/HOPE (1))

IFC( DEL1 oLE«Z1)eANDe (DELZ2 LESE2)Y) GO TO 60
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APPENDIX C - Continued

Program B — Continued

PRAY=PRAY+BMAT (1)

HOPF (1) =HOPE (1) +BMAT (2)

CONT INUE

TOO MANY ITZRATIONS HERE
WRITE(6+2001)

FORMAT { 1SHOMAX ITERATIONS)

RETURN

CONT INUE

WRITE(6+1000) PRAY.HOPE (1)

FORMAT( 7H ROOTS=E15+84E208)
FORMAT (5H HOPE + 20X+ 3HBEG120X «4HTEMP/3E2246)
VE21 (K)Y=HOPE (1)

TE21 (K)=PRAY

P21 (K)Y=PRES(VE2I (K)sTE2T (K))

U2 1 (K)=C*#VE2T(K)

CALL EQUB(TE2I(K)+VEZI(K)+ENTH)
H21 (K)=ENTH + 2000
RHO(K)=1e/VE21(K)

CV2(K)=CEVIVE21 (K)+TEZ21 (K) )
CP2(K)=CEP(VE2I1(K)TE2I (K))+CV2(K)
GAM2 (K)=CP2(K)/CV2(K)

ACC2 (K)=SQRT (ABS (GAM2 (K ) ) ¥ABS (PART(VE21(K)+TE21(K)) ) *#4633+056)
XMACH2(K)=U2 1 (K)/ACC2(K) o
RORATI(K)=VE2I(K)/V
TRAT(K)=TE21 (K /T

PRAT (K)=P2] (X)) /P

RORAT (K)y=V/VE2!] (K)
T2CAT(KHY=TE21 (K /TEE

KX=KX+1

RETURN

END

$IBFTC FOND DECK

60

FUNCTION FOND(VE)

COMMON A21A30A40A505208305“9850C20C30C4OCSOXKKORQTREFvVREF'BLITQXJ
COMMON D41240E550TUFF0CL0D0GEE!AJAQKX‘pal(30)!U21(30)9H21(30)
COMMON pTE(EO)QQHO(3O)!TEEl(3O)OVEET(30)0CV2(30)'CPZ(30)OGAM2(30)
COMMON ACCZ(BO)cXMACHZ(ao)-RORAT(BO)QTQAT(30)OPQAT(ao)vaRAT(30)
COMMCN 81GB4+36+A6+AL

COMMON/DOPE/A+B+CWPRAY

EQUIVALENCE (C3¢53140(C54XJ3)+(C2+D3)

PO (XL+AT)Y=1e/EXP(XL*AT)

TE=PRAY

HE =Z4*(TE-TQEF)+84*(TE**Z‘TQEF**E)/2.+C4*(TE**3—TREF**3)/3-+D4*
2(TE**Q-TREF**Q)/4.+(pO(XKKoTE)*(XKK*TE+1o)—pO(XKKqTﬁEF)*(XKK*TREF
3+1o))*(XJ*D3/(VQEF—BLIT)+XJ*63/(2a*(VQEF-BLIT)**E)+XJ*XJ3/(40*



APPENDIX C - Continued

Program B - Continued

4(VREF=BLIT)*%4))+XJ* (VREF¥R#* (TE-TIEF )/ (VREF-BLIT )+VREF*(B2* (TE-
STREF J+C2*¥ (PO(XKKyTE)=PC (XKK«TREF }) )/ (VREF-BLIT)*#%2)+XJ*¥ (VREF* (B3*
B(TE=-TREF)+C23% (PO(XKK s TE}=PO(XKK+TREF ) ) )/ (VREF-BLIT)*%3)+XJ* (VREF ¥
T(BE*(TE-TREF)+C5% (PO (XKKyTE)=PO (XKL s TREF ) ))I/(VREF=-BLIT)*¥*¥5)— (R*TTH*
B(ALOG((VE-BLIT)I/(VREF-BLIT) )+BLIT/(VREF-BLIT)I-BLIT/(VE-BLIT)))*xJ
H7=HA~ (2 ¥ (A2+R2*¥TE+C2¥FO(XKKsTE) ) ¥ (1 4 /(VREF-BLIT)+BLIT/(2«*(VREF~-
CBLIT)I¥¥2)=1e/(VE-BLIT)-BLIT/(2+*(VE-BLIT)*%2)))%XJ

HB=H7- (3¢ * (AZ+B3¥TE+CI¥PO(XKK TE) ) ¥ {14/ (2 ¥ (VREF-BLIT)*%¥2)+8LI[T/(3
2 ¥ (VREF-BLIT)##3) -1/ (2% (VE-BLIT)#%#2)=BLIT/(3e*(VE-BLIT)I*%3)))*XJ
HO=HR- (44 ¥A4% (1 o/ (3o ¥ (VREF=-SLIT)I**¥3)+BLIT/ (4 ¥ (VREF=-BLIT)*%4)-14/(
23e* (VE=-BLIT)I®¥%#3)-BLIT/(G4e*¥ (VE=BLIT)%%4)))%¥XJ

H10zHO=( (Se% (AS+BS*¥TE+CS¥PO(XKKsTT I 1) * (1 e/ (4o ¥ (VREF-BLIT)*%4)+BLIT
P/ (S e ¥ (VREF-BLITI**¥5) =] ¢/ (4 ¥ (VE-BLIT)I**4)-8LIT/(S5e*(VE-BLIT)*%#5)))
X J

H11=HIO+TE¥R*ALOG( (VE-BLIT)/(VREF~BLIT))*xJ

HIZ=HI 1 =TE# (S2-XKK*C2%#PO(XKK 4 TZ) ) ¥ (1 e/ (VE-BLIT)~1e/(VREF-BLIT))*XJ
HI13=HI2=TT % (B3-XKK*¥C2*¥PO(XKK 4TE) ) /2% (1 e/ (VE=-BLIT)#*¥2-1¢/(VREF-BL1
2T *%2 ) #XY

H14=H13=-TE# (BS-XKK¥CS*¥PO(XKK ¢ TE) ) /4 e* (] o/ (VE-BLIT)*%#4-1+/(VREF-BL.1]
PTY#¥4 ) %X

FOND=H14+CH¥%2XVER*D /(2 4 #GEE¥AJAY—-A  +200e

EXAL=EXP (AL*VE)

EXAR=EXP (AL*VREF )

TEMP=XJ¥VREF ¥ ((31GB4* (TE-TREF)/(VREF-BLIT)*%4) +B6*EXAR* (TE-TREF )}
CUM=B1GBa4*TE/ (VE-BLIT) *#4 ’

DUM| =AG*EXAL+BOX¥TE*EXAL
TIMP=TEMP+XJ*VE¥ (0eS*VE# (-4 ¢« ¥DUM/ (VE=-BL I TI+AL ¥DUM1 }+ DUM+DUMI )

CUM=BIGB4#TE/ (VREF-BLIT)*#*4

CUMl =A6*F XAR+B&* TE#EXAR
TEMP=TEMP-XJ*VREF* (0 ¢ S¥VREF % (~4 ¢ ¥DUM/ (VREF-BL I T)+AL¥DUM1 ) +
1CUM+DUML )
TEMP=TEMP+XJ*(BIGB4*TE* (1 e/ (3¢ * (VREF-BLIT)*%¥3)-14/(3e*(VE-BLIT)
1%%3))+R6*TE* (EXAL-EXAR) /AL)

FOND=FOND+TEMP

RE TURN

END

$IBFTC FONC DECK

C

FUNCTION FONC(VE)

EQe OF STATE FOR NEWTON-RAPHSON

COMMON A24434A4 +A5+82+833484¢B54C2+L03¢C4+C54XKK R sTREF«VREF «3LITeXJ
COMMON DG s Z4 yESSeTUFF+CLODIGEEWAJAWKX P21 (30) 21 (30)+H21(30)
COMMON PT2(30)+RHO(30) s TE2I (30)+VZ2T{30)CV2(30)CP2(30)+GAM2(30)
COMMON ACC2(30)+ XMACH2(30)+RORAT (301 +TRAT(30) +PRAT(30)+PTRAT(30)
COMMON BIGB4 .B6+A6,AL

EQUIVALENCE (C3¢53)0(C54XJ3)4(L24D3)

EQU3
EQU3
EQU3
EQU3
EQU3
EQU3
EQU3
EQU3
EQU3
EQU3
EQU3
EGQU3

FONC

61



APPENDIX C — Continued

Program B — Continued

COMMON/DOPE/A+B+CoPRAY
PC (XL +AT)I=1 o /EXP (XL *AT)
EL=1e/144,

TE=PRAY

POT=PO (XKK+TE) FONCV
FONC:R*TE/(VE—BLXT)+(A2+BE*TE+C2*POT)/(VE—dLIT)**2+(A3+B3*TE+ FONC
1C3*POT)/tVE—BLIT)**3+(A4+bIGB4*TE)/(VE-BLIT)**4+(A5+BS*TE+CS*POT) FONC
2/(vE-BLxT)**5+(A6+56*TE)*EXP(AL¥VE>+(EL/GEE)*C**Z*VE—B FONC
RETURN

END

FUNCTION FOP(V)

EQN OF STATE-USED TO FIND V AS A FUNCTION OF P+T FOP

COMMON A29A3QA49A5'82c83v54085'CZQCS.CQoCBqXKKcR.TQEFoVQEF.BLITqXJ
COMMON DﬂcZ#oESSyTUFFcCLODcGEEoAJAoKX»PZI(30)~U21(30)1H21(30)
COMMON PTZ(30).RHO(30).TEZI(30)-VEEIT30)oCVZ(SO)oCPZ(BO)oGAM2(30)
COMMON ACCZ(BO)oXMACH2(30)cQORAT(SO)-TQAT(BO)vPRAT(30)oPTRAT(30)
COMMON BIGB4 +364A6AL

PO (XL AT)=1e/EXP{XL*AT)

COMMON/DESP/VO0OD0O0, ZULU

T=vOODOO

P=ZuL U

POT=PO(XKK«T) . FOP
FOp=P—(Q*T)/(V-BLIT)—(A2+62*T+C2*POT)/(V—BLITJ**E—(A3+B3*T+ FOP
1C3*POT)/(V—BLIT)**3—(A4+bIGBQ*T)/(V—ELIT)**Q—(A5+B5*T+C5*POT)/ FOP
2UV-BLIT)I*#5- (A6-B6X*T ) ¥EXP (AL*V) FOP
RETURN

END

FUNCTION CEVI(VE.TE)

COMMON A20A30A4QASQBZ083054oBSQCEOC30C4CCSvXKKvQ:TQEFOVQEF!BLITQXJ
COMMON 04.24.ESS-TUFF.CLOD.GEE.AJA.KX.PEI(30).U2[(30)-H21(30)
COMMON pT2(3O)vRHO(3O)oT&2I(3O)¢VE21(30)OCVE(3O)-CPEC3O)OGAM2(3O)
COMMON ACC2(3OJQXMACHE(BO)'QORAT(3O)OTRAT(3O)QPQAT(3O)'PTRAT(30)
COMMON Z21GB4 «+B&sA6 AL

FEQUIVALENCE (C34G3) e {CEWXIBI (C2+D3)

PO (XL+AT)I=] o /EXP(XL*¥AT)
CEV=Z4+BQ*TE+C4*TE**2+D4*TE**3-XJ*(DS*TE*XKK**Z*PO(XKKOTE))/(VE-
EBLIT)—XJ*(G3*Tt*XKK**2*pO(XKKoTE))/(20*(VE-BLlT)**Z)—XJ*(XJ3*Tt*
3XKK**2*QO(XKK0TE))/(4.*(VE'BL]T)**4)

RETURN

END

FINCTION PRES(VE«TE)

FQUATION OF STATE PRES
COMMON A2QA30A40A5¢521530540550C20C3vC4oC5vXKKQQ!TpEFOVQEFQBLXTQXJ
COMMON 04{24{ESS'TUFF-CLOD.GEEqAJA.Kx.DBI(30).u21(30)-H21(30)
COMMON DTZ(30)0QHO(30)OTEZI(30)'VE21(33)0CV2(30)0CP2(30)OGAMZ(BO)

TF:
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APPENDIX C — Continued

Program B - Continued

COMMON ACC2(3O)cXMACH2(3O)QQOQAT(3O)0TQAT(3O)0PPAT(30).PTRAT(3O)
COMMON BIGE4 +36 A6+ AL
PO (XL+AT)=1e/EXP(XL*¥AT)

POT=PO (XKK+TE) PRES
PRES:R*TE/(VE—BLIT)+(A2+52*TE+C2*POT)/(VE—BLIT)**2+(A3+BB*TE PRES
1+C3*POT)/(VE—BLIT)**3+(A4+BIGB4*TE)/(VE—BLIT)**4+(A5+BS*TE+C5*POT)PQES
D/IVE~BLITI* %5+ (A6+BEXTE ) ¥*EXP (AL ¥VE) PRES
RFTURN

END

FUNCTION CEP(VE.TE)

cP ceP

COMMON A2|A3QAG0A5!BZ!B3OBQ!BS!C2!C30C4!C50XKKOQ0TQEF!VREFQBLITQXJ
COMMON D4024vESSoTUFFvCLOUcGEE!AJAQKXQPZI(30)9U2X(30)|H21(30)

COMMON PTZ(SO)QQHO(3O)~TEZI(30)0V521(30)0CV2(3O)0CPE(3O)oGAM2(3O)
COMMON ACC2(3O)OXMACH2(30)9QOQAT(30)0TRAT(30)vPRAT(3O)'pTRAT(30)
COMMON 2 IGE4 BE6sASAL

EQUIVALENCE (8345316 (C5+XJ3)4(C24D3)

PO (XLeAT)I=1 o /EXP(XL*AT)
DFV=Q*TE/(VE-BLIT)**2+2o*(AZ+BE*TE+C2*FO(XKKOTE))/(VE-&LIT)**3+3-
?*(A?+53*TE+C3*pO(XKKqTE))/(VE-BLIT)**4+4.*A4/(VE-BLIT)**5+5o*
I(AS+BS*# TE+CSH¥PO (XKK«TE) )/ (VE-BLIT ) *#6

YRITE(H+100) DENTEWVF

EXAL=EXP (AL¥VE) CEP
CEN=DEN-Qo*BIGBQ*TE/(VE-BLIT)**5+A6*AL*EXAL+86*AL*TE*EXAL CEP
WRITE(6+100) EXALWDEN
XNU=Q/(VE—ULIT)+(82‘XKK*C2*90(XKKQTE))/(VE‘dLIT)**2+(53”XKK*C3*
ZPO(XKKOTE))/(VE‘BLIT)**3+(U5-XKK*C5*DO(XKKQTE))/(VE-BLITJ**s
WRITE(64100) XNU

XNU =XNU+BIGB4/ (VE-BLIT)*¥*4+36*EXAL CEP
WRITE(6+100) XNU

XML M= TR #X J¥XNU* %2

WRITEF(6.100) XNUM

C&P =XNUM/DEN

WRITE(A+100) CEP

FORMAT (3E2048)

RE TURN

END

SUBROUTINE EQU3(TEVE«ANS3)

ENTHALPY EQU3
COMMON A2 A3 AL A5, B2+B3184+48B543C2¢C3+C4+C5 e XKKIRsTREF ¢+ VREF «3L 1T XY
COMMON D& +Z4+ESS s TUFF + CLOD s GEE ¢+ AJA KX 4P21(30)+U21(30)sH21(30)

CCOMMON PT2(3N) yRHO(30)+TEZT {30)+VE21{(30)1+1CVZ2(301+CP2(30)+GAMZ2(30)
COMMON ACC2(30) «XMACH2 (30)+sRORAT(30)+TRRAT (301 +sPRAT (30} PTRAT(30)
COMMON Z1GE4+B5+:A54AL

FAQUIVALENCE (C34G3)4(C54XJ3)s(C2+03)
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APPENDIX C — Continued

Program B — Continued

PO (XLeAT)=1e/EXP(XL*¥AT

ANS3=Z4* (TE~-TREF )+B4 ¥ (T *¥*2-TREF*¥¥2) /2 +C4 ¥ (TE¥X¥I-TREF*¥*3)/3e+D4*
PATIR*L4-TREF*¥%4 ) /4 e+ (PO(XKK s TE ) ¥ (XKK#*#TE+1 0 ) —PO(XKK s TREF ) * (XKK¥#TREF
341 e ) )X (XJUDI/(VE-BLITI+XI¥GI/(2¥(VE-BLIT)IH¥2)+XIAXI3/ (4e* (VE~
4BLIT)I*¥4 ) ) +XI* (VE¥R¥ (TE-TREF )/ (VE-BLIT)+VEX(B2*¥ (TE-TREF )+C2* (PO
SUXKK¢TE)=PO(XKK s TREF ) ) ) /(VE-BLIT)#¥2)+XJI¥ (VEXK (B3* (TE-TREF)+C3¥ (PO
E(XKK s TE)=POUXKK«TREF ) I IAUIVE-BLIT)I¥X¥ )+ XI¥(VER(BOIH¥ (TE-TREF)+CS5* (PO
TFIXKK s TE)=PO(XKK s TREF ) ) ) /(VE-BLIT)I¥*¥5)— (R¥TREF¥ (ALOG((VE-BLIT)I/ (VR
BEF-BLITI ) +BLIT/(VREF-BLIT)=BLIT/Z(VE-BLIT) ) ) ¥XJI=-(2+*¥ (AZ+B2*¥TREF+C2
SRPO(XKK s TREF )} ¥ (1 o/ IVREF=-BLITI+BLIT/(2+*(VREF-BLIT)*#2)~1e¢/(VE-
ABLIT)I=BLIT/Z(2e#(VE-BLIT)*%2)))#XJ=(3e* (A3+UBI¥TREF+CI*PO (XKK ¢ TREF
BIN¥ (1 e/ {2 ¥ (VREF-BLITI#*¥2)+BLIT/(3e #(VREF-SLIT)##3)-1e/(2e*(VE—~
CBLITI¥*¥2)=BLIT/ (3% (VE-SLITI*#3)) ) *XJI=-(4e*¥A4¥ (] s/ (3e¥ (VREF-ILIT)
D¥¥3)4BLIT/ (4e¥ (VREF-BL[TIH¥4)—-] o/ (Be¥(VE-BLIT)*¥*¥3)-BLIT/ (4*(VE~
CBLITI**4)) ) #XJ

ANSI=ANS3—( (B¢ ¥ (AS+ESARTREF+CSHPO (XKK s TREF ) ) I ¥ (1l e/ (4o ¥ (VRZF=-3LIT)
2HELIIBLIT/ (S5 e¥ (VREF-BLITI¥¥S) =14/ (4% (VE-BLIT)*¥¥4)-BLIT/ (Se*{(VE~-
IBLIT)I#*¥5) ) ) ¥XJI+TREFXR*¥ALOG((VE-BLIT)I/(VREF-BLIT) )#XJ-TREF¥* (32-XKK
H4ECZ¥PO(XKKsTREF ) I* (1 o /(VE-BLIT)-1e/(VREF-BLIT))*¥XJ-TREF* (B3-XKK#*
SCA*PO(XKK ¢ TREF ) ) /2e¥ (1o /(VE-BLIT)*¥2-14/(VREF-BLIT)*%#2)*¥XJ-TREF *
E{RS-XKK*¥CSH¥PO (XKKsTREF ) ) /4e¥ (] o/ (VE=BLITI*¥4-1,/(VREF-BLIT)*%4)

T#XJ

EXAL=EXP (AL*VE) EQU3
EXAR=EXP (AL#VRFF) EQUS
TEMP=XJ¥VREF¥ ((BIG24*¥ (TE-TREF )/ (VREF-BLIT)**4) +BO¥EXAR¥ (TE-TREF))IEQUS
CUM=BIGE4*TE/ (VL =-BLIT)**4 EQU3
CUMI = AGREXAL+BEX*¥TE*EXAL EQU3
TEMP=TEMP+XJ*VE# (O« S*#VE* (~4 ¢ ¥DUM/(VE-BL I TH+AL*¥DUM] )+ DUM+DUMI ) EQU3
CUM=BIGB4*TE/(VREF=-DBLIT)I*%*4 EQUR
DUMI A6 *¥EXAR+BA# TE#EXAR EQU3
TEMP=TEMP-XJ*VREF ¥ (0« S*#VREF # (~4 « ¥DUM/ (VREF-BLITH)+AL¥DUM] ) + EQU3
1CUM+DUMT ) EQU3
TEMP=TEMP+XJU*(BIGB4*¥TEX (] a/ (3 # (VREF-BLIT)¥%¥3)-1e/ (3% (VE-BLIT) EQU3
1%¥¥3) )+B6*¥TEX* (EXAL-EXAR)/AL) EQU3
ANS3=ANS3+TEMP EQU3
RETURN

TND

FUNCTION PART (VT

PARTIAL P WeReTe RHO PART

COMMON A2 4A3 A4 4 AS:8B2+83+4B4¢B5+C2+C34C44CoXKK R «TREF + VREF 43L 1T e XJ
COMMON D4 +Z4ESS»TUFF s CLODsGEE +AJA KX P21 (30),U21(30)e121(30)
COMMON PT2(30)+RHO(30)+TE21{30)yWEZ21(30)+CV2(30)sCP2(30)+GAMZ2(30)
COMMON ACC2(30)+XMACH2(30)+RORAT(30)sTRAT(30)+PRAT(30)+PTRAT(30)
COMMON BIGE4+B6 A6 AL

EQUIVALENCE (C3+G3) e (C54XJ3)4(C24D3)



APPENDIX C - Continued

Program B - Continued

PO (XLeAT)=1e/EXP(XL*AT)

PART=R¥THYFIX2/ (V-BLIT)I*%2+4 s ¥ALRVRF 2/ (V-BLIT)I*¥HS+2, X y*H2% (A2+B2*
2T+HC2*¥POUIXKK s T) )/ (V-BLIT ¥ *¥3+34 #V*#2% (A3+B3I#T+CI*PO(XKK T I/ (V-BL
BITIRRA+T 4 HV*H2% (ASHISHTHCHFPI(XKK T )/ (V-BLIT)*%6

EXAL=EXP (AL*V) PART
PART=PART- (V#%2 )% (-4 4 ¥BIGB4XT/ (V-BLI T ) ¥ #S+ACALREXAL+SE6*¥ THAL#EXAL )PART
RFET JURN

END

FUNCTION FONDX (VE)

PARTIAL H WeReTe T FONDX

COMMON/PRTS/ PXTV«PVTV
COMMON A24A341A4+A54824B3+34+BS5+C24C34C44CS4XKKIRIsTREF+VREF +3LIT ¢ XJ
COMMON D4 4Z4+4SSS+sTUFF s CLODIGEE+AJA KX P21 (30)4U21(30)«H21(30)
COMMON PT2(30)+sRHC (30 )+ TE21(20)+VE2I{3014CV2(30)+CP2(30)+GAM2(30)
COMMOM ACC2(20)+«XMACH2(30)+RQORAT(3C)+TRAT(30)+PRAT(30)PTRAT(30)
COMMON BIGB4+26 06441
COMMON/DORPZ/A+B+C 4 PRAY
EQUIVALENCE (C34G3)e(CSeXJI3)4(C2+03)
PO (XLsAT )=l o /EXP(XL*AT)
Z=PRAY
FONDX=Z4+B4*¥TE+CA4*TEXRR2-XJ* ( (DIX*¥TE* (XKK**¥2 ) #PO (XKK +TE))/(VE-BLIT))
T=XJ* ((GRRTEX (XKK*¥¥2)#PO (XKKaTE) I/ (2 0% (VE=SLIT)*%2))
P=XJ¥ ((XIBHRTEHF (XKK*E¥2 ) ¥PC (XKL 4 TEI )/ (4« O* (VE=-BLIT)**4))
B+VEAPXTVHD4#¥TE# %3

IXAR=EXP (AL*¥VRFF) FONDX
TXAL=EXP (AL*VE) FONDX
DuM=BIGB4s(VE -BLIT)**4 FONDX
CUM] =R&*E XAL FONDX
TEMP=XJ* VE *(DUM+DUMI+VE* (—44#DUM/ (VE-BLIT)I+AL*DUM] )} FONDX
TEMP=TEMP -0 S5¥XJ¥VREF*VREF* (~44*B[GB4/ (VREF-BLIT)**S+L6*AL*EXAR) FONDX
FONDX=TEMP+FONDX+XJ* (SIGBA4* (1 e/ (3e# (VREF-BLIT)*#3)-14/ (3% (VE- FONDX
I1BLITHI##3) )+ (BA/AL Y ¥ (EXAL=-EXAR))

RETURN

END

FUNCTION FONCX(VE)

PARTIAL OF PI(VeT) WeReTse T FONCX

COMMCM/PRTS/ PXTVPVTV

COMMON A2 4A3+,A44A5+48B2+B83+534+8B5+C2¢C34Co4CS 1 XKK IR «TREF +VREF +3L 1T ¢ XU
COMMON D4 +Z4+ESSsTUFF s CLODSGEE s AJA KX P21 (30)+U21(30)+H21(30)
COMMON PT2(30)yRHO(3C) s TEZI (20)+VE21 (30)+CV2(30)+CP2(30)+GCAM2(30)
COMMOM ACCZ2(30 )+ XMACH2 (30)+RORAT(30)+TRAT(30) +PRAT(30)PTRAT(30)
COMMON BIGT4 +B6 A6+ AL

TOUIVALENCE (C234G3)4(C5eXJ3 )14 (C2¢D3)

COMMON/CORE/A LB+ C «PRAY

PO (XL+sAT)I=] o /EXP(XL*AT)
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APPENDIX C - Continued

Program B — Continued

Et.=1e/144,

TE=PRAY

FONCX=R /(VE-BLIT)+(82—C2*XKK*PO(XKKtTE))/(VE-BLIT)**Z
1+(B3-C3*XKK*PO(XKK|TE))/(VE-BLIT)**B +(B5-CS#XKK*#PQO (XKK+TE ) )
2/(VE-BL1T)*#5

FONCX=FONCX+BlGB4/!VE—BLlT)**4+B6*EXP(AL*VE) FONCX
RETURN

END

FUNCTION FONDVI(VE)

PARTIAL H WeReTe V FONDV

COMMON/PRTS/ PXTVPVTV

COMMON A29A3'A40A5'52v53c549850C20C30C4'CS'XKKquTREFcVQEFoaLITOXJ
COMMON Da024QESSQTUFFQCLOD!GEEOAJAQKX'pal(30)0U21(30)0H21(30)
COMMON PTE(3O)0QHO(3O)¢TEZ[(30).VE21(30)0CV2(30);CP2(30)oGAM2(3O)
COMMOM ACC2(3O)QXMACH2(3O)QRORAT(3O)QTRAT(BO)QPRAT(3O)QPTRAT(30)
COMMON BIGB4 +BE6+AOJAL

COMMON/DOPE/A+B«C1PRAY

EQUIVALENCE (C33¢G2) 2 (CSeXJI3)e(C2+D3)

PO (XLeATI=1e/EXP(XL*AT)

TE=PRAY

FONDV=VE#PVTV +TE*PXTV +(C*¥#¥2)*VE/( GEE*AJUA)

EXAL=EXP (AL*VE) FONDV
DUM=BIGB4*TE/ (VE-BLIT)*¥*4 FONDV
DUM] =A6*EXAL FONDV
DUM2=BE&*TE*EXAL FONDYV
TEMP:Z-O*XJ*VE*(-4.*DUM/(VE—BL1T)+AL*(DUM1+DUM2))+XJ*(2.0*(DUM+ FONDV
1CUM2)+DUMIL) FONDYV
FONDV=FONDV+TEMP+0.S*XJ*VE*VE*(ZOo*DUM/(VE-BLIT)**2+(AL**2)* FONDV
1 (DUM1+DUMZ )) FONDV
RETURN -

END

FUNCTION FONCVI(VE) .

PARTIAL OF P(VsT) WeReTe V FONCV

COMMON/PRTS/ PXTVPVTV .
COMMON A20A30A4'A50829830540850C20C3vc41C5'XKK0R¢TQEF0VREFoBLIToXJ

COMMON 04024OESS!TUFFOCLOD!GEE!AJAva'pZI(30)!U2](30)0H21(30)
COMMON pT2(30)OQHO(3O)9TEZI(BO)OVEZl(30)0CV2(30)0CP2(30)OGAM2(30)
COMMON ACC2(30)'XMACH2(30)OQORAT‘30)OTRAT(30)OPQAT(BO)QPTRAT(30)
COMMON BIGB4+E6+A6AL

EQUIVALENCE (C3+G3)14(C54XJI3)0 (L2403

COMMON/DOPE/A+B +CoPRAY

PO (XL«AT)=1e/EXP(XL*®AT)

EL=1e/144,

TE=PRAY
FONCV=(-R*TE)/(VE-BLIT)**2-2-*(A2+d2*TE+C2*PO(XKKQTE))/(VE-dLlT)
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APPENDIX C — Continued

Program B - Concluded

1 #¥3-340% (A3+B3*#TE+CI*¥PO(XKK TE) )/ (VE-BLI T ) ¥%4-440%A4,/ (VE-BLIT)**5S

2-5e0% (AS+B5*TE+CSH*PO(XKKITE) )/ (VE-BLIT)*¥ %6+ (EL/GEE ) ¥C*%2

POT=PO (XKK«TE)
FONCV=(-R¥TE )/ (VE-BLIT)*¥%¥2-2,0% (A2+B2*¥TE+C2*POT )/ (VE-BLIT) #%3

FONCV
FONCV

1=3¢0%(A3+B3*¥TE+C3*POT )/ (VE-BLIT 1 *¥#4-4,0% (A4 +BIGB4*TE )/ (VE-BLIT)*#*5FONCV

2=-5e 0¥ (AS+BSHTE+CS*POT )/ (VE~BLIT ) #X6+AL* (AG+BE*TE ) #*EXP (AL *VE)
3+ (EL/GEE ) #Cx %2

RETURN

END

SDATA A2==2416295F4A3=4404057E-31A4=1eF21072E~4+A5=-44,481049E -6+

XK= oG T76F-2+B2=24 1351 14E~348321¢282818E-5+B4=23,00892783E~4+
85=90062318E-99XJ=01850530
C2=2~18e9411314C3=0e5397764C4=~1e302237441E~7¢C5=~44B36678E~5,
R=0e12192364BLIT=Ce1SE~2+04=1+96802894E-11+,PEE=0e1026,
IEND=5,

VI(1)3=3000+350Nn¢40004450045000
TC(1)=13444161041910:2250426005
VCI(1)1=14eP413e241201¢lle7e11e3

PEI(1)1=5%3+87E~-1,

Al=15,

TEE=260+GEE=32¢174+AJA=T778e¢3+A=4008+B=12000+DELTX=2,
TQEF:BEO.DREF=IOTZ=409-5024=10904580845-2'
TEI=E%¥532+E1=e0C001 +E2=400001 +MAXI=30+NUMB=5,4INT=0+
A6=5+83B82E7+ BIGB4=z~3.218263E~7s AL=-6.61199E2+ B6=—-9¢26392EG
PEF=,2387%

FONCV
FONCV
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Program C
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APPENDIX C - Continued
Program C — Continued

PROGRAM PCH(INPUT OUTPUTsTAPES=INPUT « TAPES6=0UTPUT s TAPES)

COMMON
COMMON
COMMON
COMMON
COMMON
COMMON

A24A34A44ASB2¢B3:B4 BS54 C2+C34CA4CBXKK(RTREF VREF «BLIT XU
DA+ ZAESSesTUFF «CLLODWGEE ¢+ AJAWKX P21 (30)+U21(30)H21¢30)
S2.HO
PT2(30)«RHO(30)¢TE21(30)+VE2I(I0)eCV2(I0)4+CP2(30)GAM2(30)
ACC2(30) +XMACH2(30)RORAT(30)+TRAT(30)«PRAT(30)«PTRAT(30)
BIGBAB&AGJAL

COMMON /CLUX/TC 4VC
COMMON/DESP/VOON00 » ZULU

EXTERNAL FOP

DIMENSION TC(30).VC(30)

DIMENSION PIORAT(30)+T10RAT(30)REN(360)

COMMON

/RATS/PEF +TEE+PT20RT (30)+PIT2RT(30)+T20RT(20)

DIMENSION NO(30)

EQUIVALENCE (C3,G3)+(CB54XJ3)+(C2.D3)

PO (XLeAT)=] ¢ /JEXP (XL#*AT)

DIMENSION TEI(30)«VEI (30)«PEI(30)+VI(30)1GAM(30).SPEED(30)

DIMENSTIONXMACH(30)+sCP(30)+CV(A0)YH(30)eVISIIO)

DIMENSION P2RT(30)sP2T(30)+P2T1 (30« T2TT(3D)VATVIIN)«82(30)

DIMENSION AMAT(242)eBMAT(2)+IPIVOT(2) 4 INDEX(242)

NAMEL IST /DATA/A2:A3,A4:A5:.A6+82:83/B1GBAB5.86:B4 AL
1C2¢C0Ca4CEIXKK e XJtReBLITIDAIPEEITEE +GEE+AJANUMB L INT 24 4A B
2DELTX e IENDsTEI ¢EL1 +E2sMAX] o TREF +PREF ¢ TZ« TCoVC« THETA o
AVEE +HO +PRAT ¢ XMACHNOLVE!I ¢« VREF ,S2,U21

99 READ(5.DATA)

WRITE(&«DATA)

WRITE(6:.88)A2,A34A4.A5,B2+B3,84.8%
88 FORMAT(10HOA2 S B2 5,/8F13.5)

8o Hommat

63893C20C30Ca0C5 xXRK XS sRBLIT
(20H0C2°8™ 'Kk /8

E13+5)

VQITE(609O)Dd.P‘E.TEF.GEE.AJA.NUMB.INT.ZA
9N FORMAT(23HOD4 PO TO G J N I1/5E1365¢2113¢E1445)
CALL EQU3(TEE,VFE,ANSI)
DO 1 1=141END
S2(1)=ENT(VET(1)sTEI (1))
PRINT 9.82
S FORMAT (4FE1648)
HO=SANS 342004+ (U221 (1)1 %#%#2)/ (2, 0#GEE*AJA)
PRINT 9+HO

Do 22

J=1 .50

PRINT Q«VvC(I)eTCU(])
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22

101

100

1

102 FORMAT(4H1H0=EIS-805X93HSO=E!5.8//!HO~IOX'BHTZTo17X03HV2T017Xv

APPENDIX C — Continued

Program C — Continued

H(T+V)
HTV=FOND(IVC(T)Y«TC(I))
S{T+V)
STVEENTI(VC(I)sTC(I))=S2(1)
HSUBT(T.V)
HST=FONT(VC(1)«TC(I)})}
HSUBV{(T.V)
HSVEFONVIVC(I)+TC(I))

S SUBT(T.V)
SST=ENTTI(VC(I)TC(I))

g SUBVI(T.V)
SSVIENTVI(VC (1) TC(I))

SET UP MATRICES FOR NEWTON-RAPHSON
AMAT (141 )=HST

AMAT (24+1)=8S8T
AMAT (1 +2)=HSYV

AMAT (2+2)=5SV
BMAT (1 )==HTV

BMAT (2)1=~STV

CALL MATINV (AMAT«2+MAT + 1 + DETERM IPIVOT + INDEX+ 24 ISCALE)

DEL1=ABS(BMAT(1)/TC(1))
DEL2=ABS (BMAT (2)/vC (1))

IF(DEL] oL TeE1 o ANDeDEL24LT+E2) GO TO 33
TC(13=TC(I)+BMATI(])
VCU1)y=vC(1)+BMAT(2)

CONTINUE

PRINT 101

FORMAT (24HOMAX . ITERATIONS EXCEEDED)

33 PRINT 100NO{1)PRAT(IISVET(I1)+TEI(1)4XMACH(T )

IVC(IYeTC(1)

FORMAT (15,6E18.8)

P(VeT)
P2T(1)Y=FONCIVC(13}TC(1))
P2RT(1)=P2T (1) /PEE
P2T1(1)=P2RT (1) /PRAT(I)
T2TTt1)YeTC(1)Y/TFE
v2TV(l)=vC(1]1)/VEE

CONT INUE

PRINT 102.H0SO

13HP2T 4+ 18X+2H52)
PRINT 1034 (TC(I)eVC(T1)sP2T(1)452(1)sT1=14+I1END)

103 FORMAT (4E20.8)

PRINT 104

Ty



APPENDIX C - Continued

Program C - Continued

104 FORMAT(1H! ¢ 10X e 8HP2T /PO 14X+ 6HP2T/Pl ¢ 14X +6HT2T/T014X16HV2T/VO)

PRINT 1034 (P2RT (1) +P2TI(IIsT2TT(1)eV2TVI(I)el=1IEND)

WRITE(8) 1END

WRITE(8) (XMACH(I)P2RT(I)eP2T1(IYsl21,1END)

END FILE 8

GO TO 99

END

FUNCTION ENT(VEE .TEF)

ENTROPY ENT
COMMON A24A3+1A44A5:B2+B3+B4+B5+C2+1C34CA+CS5XKK Ry TREF « VREF +BLIT ¢ XJ
COMMON D4 +ZAJESSeTUFF+CLODIGEE s AJA KX P21 (30)sU21(30)+H21(20)
COMMON S2.HO

COMMON PTZ(30)oQHO(ao)'TEZI(SO)OVEZI(30)0CV2(30)'CP2(30)OGAMZ(ao)
COMMON ACC2(30)0XMACH2¢3O)-PORAT(BO).TRAT(SO)cPRAT¢30)-PTRAT(30)
COMMON BIGBA B6 A AL

DIMENSION S2(30)

EQUIVALENCE (C346G3)+s(C%eXJ3)4(C24D2)

PO (XL +AT)=] o /EXP(XL®AT)
ESS!=Z4*ALOG(TEE/TQEF)+B4*(TEE—TQEF)+C4*(TEE**Z-TQEF**E)/2.
5552=ESSI+D4*(TEE**a—TREF**B)/30+XJ*03*XKK/(VREF-BLTT)*(pO(XKKoTEE
2)=PO(XKK s TREFY )
ESSB=ESSZ+XJ*G3*XKK/(2.*(VQEF—BLIT)**2’*(90(XKK.TEE)-FO(XKKQTPEF)’
ESS4=ESS3+XJ*XJ3*XKK/(40*(VPEF-BL]T)**Q)*(pO(XKKoTEE)‘pO(XKKQTREF)
2)

ESS5=ESSA+ (R*ALOG((VEE-BLIT)I/(VREF-BLIT) ) )¥XJ
ESS6=ESSS~(B2=XKKACIRPO(XKK ¢ TEE) IR (1 e /(VEE-BLIT)=1¢/(VREF-BLIT))*¥X
2J

ESS7=ESSE- (B3-XKKACI¥PO (XKK¢TEE} ) /2% (1 ¢/ (VEE-BLIT)1#%2-1 4/ (VREF ~BL
2ITINR2)y2XY
ENT=ESS7—(BS—XKK*CS*DO(XKKOTEE))/4-*(1o/fVEE—BLIT)**4—1o/(VpEF-BLI
2TIRRQ ) RXY

EXAL=EXP (AL #VEF) ENT
EXAR=EXP (AL#VREF) ENT
ENT=ENTH+XJ* (BIGBA* (1e/ (3 ¥ (VREF-BLIT)#%3) =14/ (3e#(VEE-BLIT)*%#3})) ENT
1+B6# (EXAL~-EXAR) /AL) ENT
ENT=ENT+0.,848

RETURN

END

FUNCTION FOND(VF+TE)

ENTHALPY FOR NFWTON-RAPHSON FOND

COMMON A24A3+A4,A54,B2¢B34BABS¢C21C34CA1CTXKK Ry TREF « VREF o+BLIT ¢ XJ
COMMON D4 4Z4 +ESSsTUFF «CLODIGEE «AJA KX P21 (30)4U21(30)+H21(30)
COMMON S2,HO

COMMON PT2(30)+RHO(30)«TE2I(30)+VE21(30)+CV2(30)+CP2(30)GAM2(30)
COMMON ACC2(30) +XMACH2 (30)+RORATI(30)+TRAT(30)+PRAT(30)PTRAT(20)
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APPENDIX C — Continued

Program C — Continued

COMMON BIGB4 +B6+A6AL

DIMENSION S2(30)

EQUIVALENCE (C34G3)s{C54XJ314(C2+D2)

PO (XLe+ATI=] o /EXP(XL®AT)

HE =Z4R(TE-TREF )+BAX (TE#R2-TREF#%#2)/2,+CAR(TEXRI-TREF#*¥3)/3.4D4*
2(TE**4-TQEF**4)/4.+<DO(XKK.TE)*(XKK*TE+1-)-PO(XKK.TREF)*tXKK*TREF
B4+1 e ) I F (XJRDI/(VREF=BLIT)I4XJ*¥G3/ (2% (VREF=BLIT)*¥XZ2)1+XIFXJI3/ (4o F*
A(VREF=BLIT)®#4))+XJ* (VREF#R% (TE-TREF )/ (VREF-BLIT)+VREF* (B2¥ (TE-
STREF )+ C2% (PO (XKK +« TE)—PO (XKK s TREF 1} 1/ (VREF-BL I T)#%#2)+X J* (VREF¥ (B3¥*
6 (TE-TREF)+C3% (PO (XKK,,TE)-PO(XKKTREF )} )/ (VREF-BLIT)##3)+XJ* (VREF¥
T(BS*# (TE-TREF )4+ CB* (PO (XKKTE) - —PO(XKKTREF)) )/ (VREF-BLIT)#%5)~ (R¥TE*
8(ALOG((VE-BLIT)/(VREF-BLIT))+BLIT/(VREF~ -BLIT)-BLIT/(VE- -BLIT))y)yXJ

H7zHE— (2o # (A2+B2¥TE+C2#PO(XKK TE) 1 * (1 4/ (VREF- -BLITI+BLIT/ (2. % (VREF=-
PBLIT)I#¥2)1~1e/(VE-BLITI-BLIT/ (2% {VE-BLIT)##2)))%XJ

HBEM7- (2o # (AJ+BARTE+CIRPOIXKK s TE) 1 ¥ (1 o/ (2. ¥ (VREF-BLIT)*%2)+BLIT/(3
2o ¥ (VREF-BLITIH#2) =1/ (2 ¥ (VE-BLITI#R2)-BLIT/ (3% (VE-BLIT)I*%3)))*XJ

HOZHB= (8 #AGR (] ¢ /(B H IVREF-BLITIH¥3)+BLIT/ (4 # (VREF-BLIT)IR¥*4 )1,/
DA H(VE~BLITI#RI)-BLIT/ (8% (VE-BLIT)*¥4)))¥XJ

HiOZHO=( (Be* (AS4BSHTE+CSHPO (XKKITE) ) ) # (1 o/ (4¢ ¥ (VREF-BLITIR¥4)4BLIT
2/(5.*(VREF-BL1T)**5)-1./(4.*(VE—BL1T)**4)—BLIT/(S.*(VE-BLIT)**S))>
3%¥XJ

H11=H]O0+TE#R®ALOG ( (VE=BLIT)/(VREF-BLIT) ) ¥XJ

H12xH] 1 ~TER (B2-XKK#C2¥PO (XKK s TE) I*# (1o /(VE=BLIT)=14/(VREF=BLIT))¥XJ

Hl3-H12-TE*(BS-XKK*C3*PO(XKK.TE))/2¢*(lo/(VE—BL[T$**2-1-/(VREF-BLI
2T ) R%2 ) %XJ

H1azH] 3-TE* (BS-XKK¥CSRPOUIXKK ¢ TE) )1 /8% (1 e/ {VE-BLIT)#%4-1¢/(VREF-BLI
2TIREQ ) EXY

FONDzH14~H0+200,0

EXAL=EXP (AL¥VE)

EXAR=EXP (AL¥VREF)

TEMP=XJ*VREF%({ (B1GBa* (TE-TREF )/ (VREF-BLIT)¥*4) +BEREXAR® (TE~-TREF))

DUM=BIGB4AXTE /(VE~BLIT)*%4

DUMI = AGHEXAL +B6X TE#EXAL

TEMP=TEMP+XJEVE# (0« S#VE# (—4 . ¥DUM/ (VE-BL I T)+AL¥DUM! )+ DUM+DUM1)

DUM=BIGB4#*TE/{VREF-RLIT)*#4

DUM] =AG*EXAR+BE#TE#EXAR

TEMP=TEMP- XIEVREF# (0o SH¥VREF# (-4 ¢ ¥XDUM/ (VREF-BL I T)I+AL¥DUM1 )+
{DUM+DUMI )

TEMP=TEMP+XJ* (BIGBA¥TE* (] ¢/ (3. % (VREF- —BLIT)**3)-1e/(3e*(VE-BLIT)

1 #%3))+R6HTE* (EXAL-EXAR)Y /AL )

FOND=FOND+ TEMP

RETURN

END

FUNCTION ENTVI(V.T)

PARTIAL S WeReTe V

EQU3
EQU3
EQU3
EQU3
EQU3
EQU3
EQU3
EQU3
EGU3
EQU3
EQU3
EQU3
FOND

ENTV
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APPENDIX C - Continued
Program C — Continued

COMMON A20A30A4|A50520830840850C2|C30C40C50XKKQPOTREFQVREFOBL'TOXJ
COMMON D4oz4cESSoTUFFUCLODOGEEQAJAOKXQPZI(30’0U2!(3O)0H2!(30)
COMMON S2.HO

COMMON pT2(30)oPHO(30)oTEZl(30)!V52'(30)0CV2(30)¢C92(30)QGAM2(30)
COMMON ACC2(30)cXMACH2(30)0ROQAT(30)QTRAT(3O)OPQAT(3O)0PTRAT(3O)
COMMON BIGBAB64+A6IAL

DIMENSION S2(30)

PO(XL+sAT)=10/FXP(XL*AT)

VM=v-BLIT

SUM=(Q/(V-BL|T))+(BZ-XKK*C2*DO(XKK0T))/(VM**Z)

SUM=SUM+ (B3-XKKRCI¥PO(XKK T} )/ {VMERT)

ENTVzZSUM+ (BS~XKK*CS*PO (XKK¢T) )/ (VMERS)
ENTV=ENTV+XJ*(B1GBA/(V-BLIT)*##4 +BSREXP (ALRV)) ENTV
RETURN

END

FUNCTION ENTT(VeT)

COMMON A20A3'A4QAS.BZ083c841550C20C30C40C50XKK0907REFOVREFQBLITQXJ
COMMON 04024OESSOTUFFQCLODOGEEOAJA.KX.PZl(30)0U2!(30)0H21(30,
COMMON S2,HO -

COMMON PTE(3O)QQHO(3O)QTE2I(BO)QVEZI(30)OCV2(3O)QCPE(30)oGAMZ(JO’
COMMON ACC2(30)QXMACH2(3O)OROQAT(30)QTRAT(3O)9PRAT(3O)QPTQAT(3O)
COMMON BIGB4 B&,A6AL

DIMENSION S2(30)

EQUIVALENCE (C3,G3)+(C5e¢XJ3)4{C2+D3)

PO(XL+AT) =1 0/FEXP(XL*AT)

XK 2 =XKK®EXKK

VERB=VREF-BLIT

vViB=y-BLIT

POT=sPO (XKKT)

DUM=Z (Z4/T)1+Ba+CaRT+Da* ( THR2 ) =X IHXK2XPOT *
(D3/VERB+G3/(2.#(VFRA*%2)) + XJ3/(4.0%(VERB*%4)))
DUMzDUM~-C2#XK2#POTH ( (1 e/VIB)=(1+/VERB))
ENTT=DUM-005*C3*XK2*pOT*((lo/(VlB**Z))°(lo/(VEQB**2)))
-0025*XK2*POT*C§*((lo/(VlB**A))-(1-/(VERB**4)))

RETURN

END

FUNCTION FONT(VE.TE)

PARTIAL H WeReTs T FONDX

COMMON A20A3uA40A5052’BJQB4OB5OC2oC30C40C50XKKQROTQEFOVREFQBLITQXJ
COMMON 04024.ESS'TUFF'CLOD.GEEQAJA!KXQPZ'(30).U21(3°’0H21(3o)
COMMON S2.HO

COMMON pT2(30)0QHO(30)0TEZI(30)0VEZI(30)0CV2(30)0C92(30)QGAM2(30)
C OMMON ACC2(30).XMACHZ(30):?0RAT(30).TRAT(30)oPRAT(SO)oPTQAT(BO)
COMMON BIGEB4+B&4A64AL

DIMENSION S2(30)

T3
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Program C — Continued

EQUIVALENCE (C34G3)¢({CS5e¢XJ3) e (C2+D3)
PO (XL AT)=] o /EXP (XL#AT)
POT=PO (XKK+TE )
VER=VREF-BLIT
VvIB=VE-BLIT

wWvB=1./VIB

WVRe=1 . /VER
B2C2xB2-C2#XKK¥POT
B3C3x=RA-CIMXKKHPOT
BSCS=B5-CEEXKKH*POT
VR2=WVR¥WVR

VR3=VR2%¥wWVR

VRS=yR2#VR3

vB2=wvB#wvB

vB3=wvRB#VB2

VBS=yB2RvAa3

XK 2 =XKK#XKK

FONT 2Z4+BARTE+CARTERR2=XJ¥ ((DIXTEX (XKK#%2 ) ¥POIXKKTE) )/ (VE-BLIT))
1=XJ% ((GIHTER (XKKI##2 ) #PO (XKKTE) ) /(2. 0% (VE-BL1T)#%2))
2=XJE((XJIRTER (XKKER2 ) #PO(XKKITE) 1/(4,0% (VE~-BLIT)#¥#4))

A+XJ #VREF* (RAWVR+B2C2#VR2+B3CIHVRI+BSCS#VRS ) -XJ #(R* (ALOG(VIB*WVR)
4+BLITH (WYR-WVB) )+2.0#B2C2% (WR+0 ¢ S#BL I TXVR2-WVB-0+5%#BL 1 T#VB2)
D+3.0%BAC3I* (0 +5#VR2+BLIT#VRI/3,0-0.5*#vB2=-BLIT#VB3/3,0)

E+5.08#BSCS5%# (0 25#VR2#VR2+BLITH#0.28VRS -0 25XVB2#VB2=-0+2¥BLIT*#VBS))
S+XJ #(REALOG(VIR*WYR)-B2C2# (WYB-WVR)-B3C3#(VB2-VR2)-B5CS*(VB2#VB2
6=-VR2HVR2 ) )-XJHTERXK2APOTH (C2# (WVB-WVR)+0S*#C3* (VB2-VR2)

T74+0 28R CSH (VB2#VR2=-VR2#VR2) )+DAR (TEX*3)

EXAR=EXP (AL #VREF) FONDX
EXAL=EXP (AL#*VE) FONDX
DUM=BIGB4/ (VE =BLIT)#*#4a FONDX
DUM] =B&#EXAL ' . FONDX
TEMP=XJ¥* VE #(DUM+DUM1+VE#® (=4 ,%DUM/ (VE-BLIT)+AL*¥DUM1)) FONDX
TEMP=TEMP~0+5#XJRVREF #VREF # (=4 ¢ #B1GB4/ (VREF-BLIT)*#5+B6#AL#EXAR)  FONDX
FONT =TEMP+FONT +XJU* (BIGBA# (14/(3e#(VREF=BLIT)#¥3)~14/ (3% (VE- FONDX
1BLITI#®3) )+ (B6/AL ) *# (EXAL-EXAR))

RE TURN

END

FUNCTION FONVIV.T)

PARTIAL H WeReTe V FONDV

PO (XLe+AT)I=1 o /EXP (XL*AT)

COMMON A2+A30A4 AS,B2:B31844B5+C21C34C4+C5¢XKKIReTREF ¢ VREF +BLIToXJ
COMMON DA 424 +ESSes TUFF +CLOD s GEE 1 AJAWKX,P21(30)sU21(30)+H2T1(30)

COMMON S2,4,HO

COMMON PT2(30)+sRHO(30)+TE2T(30)+VE21(30)+CV2(30).CP2(30)¢GAM2(30)
COMMON ACC2(30) +XMACH2 (30)+RORATI(30)+TRAT(30)+PRAT(30)+PTRAT(30)



APPENDIX C - Continued

Program C — Continued

COMMON BIGBA B6,A64AL

DIMENSION 52(30)

VIiB=] 4 /(V=-BLIT)

v2=yvIB*VIB

v3=yIBav2

Vaxy2#y2

VSzy2¥#y3

ve=yv3sy3

POT=PO (XKK T )

DUMaR¥TH (VIB4BLITHV2)+2.0% {A2+B2#T+C2#POT I # (V24+BLIT*V3)
DUMRDUM+ 3, 0% (A3+BI3ART+CI#POT IR (VI+BLITEVA I +4ORAG R (VA+BL I TH#VS)
DUM=z<=XJ R (DUM4+S,0% (AS+BSAT+CS2POTI# (VS+BLITHVE))

DUMI =XJ #T# (R#YV B+ (B2=-XKK#C2#POT)#V24+ (B3-XKK#CIHPOT)#*V3

14 (BS<=XKKECSRPOT ) #V5)

FONV=DUM+DUM!

EXAL=EXP (AL#V }

DUM=BIGBa*T /(V -BLIT)I*#4

DUMI =sAG#EXAL ’

DUM2=B&#T *EXAL

TEMP=2,0#XJ#YV # (=4 %DUM/(V =BLITI+AL® (DUMI +DUM2) Y+ XJI# (2 + OF (DUM+
DUM2)+DUM1)

FONV s2FONV +TEMP+0.S#XJIRV %V 2 (20.%DUM/(V ~BLIT)R#2+ (ALRX2)¥
(DUM1 +DUM2) )

RETURN

END

FUNCTION FONC(VE.TE}

EQe OF STATE FOR NEWTON-RAPHSON

—

—

COMMON A2.A34A4 ,A5,B2+B3¢B4+BB«C2¢CI1CA1CBXKK+R¢TREF + VREF +8LIT e XJ

COMMON D4 +Z4 +ESSeTUFF +CLOD+GEE +AJAIKXP21(30)+U21(30)+H21(30)
COMMON S2,H0

COMMON PT2(30)RHO(30)TE21(30)+VE21(30)1CV2(30)+CP2(30)+GAM2(30)
COMMON ACC2(30) ¢ XMACH2(30)+RORAT(30) ¢ TRAT(30)+PRAT (30} PTRAT(30)

COMMON B1GBAB6sAG6.AL

DIMENSION S2(30)

EQUIVALENCE (C34G3)4(C54XJ3) e (C2+D3)

PO (XL+AT)=]e/EXP(XLRAT)

EL=zle/144,

POT=PO (XKK+TE)

FONCxR®¥TE/(VE-BLIT)+ (A2+B2¥TE4+C2%POT )/ (VE-BLIT)*#%24 (A3+B3IXTE+

FONDV
FONDV
FONDV

FONDV
FONDYV

FONC

FONC

1C3*POTI/IVE-BLIT)I®##3+ (A4+BIGBA*TE )/ (VE=-BLIT)I##44+(AS+BS*TE+CS*#POT) FONC

2/ (VE-BLIT)##S4+ (AG+BERTE ) *EXP (AL*VE)
RETURN

END

SUBROUTINE EQU3(TE.VE.ANS3)
ENTHALPY

EQU3

75
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Program C — Continued

COMMON A2,A3,A4 ,A5,B2+B3+B4B5sC2¢C3¢C41CS5+XKKReTREF+VREF +BLITeXJ

COMMON D4 424 +ESSeTUFF+CLOD«GEE s AJA KX P21 (30) U211 (30)H21(30)

COMMON S2.HO

COMMON PT2(3N)RHO(30)+TE2I(30)+VE21(30)¢CV2(30)+CP2(30)+GAM2(30)

COMMON ACC2(30) +XMACH2(30)+RORAT(30)+TRAT(30)PRAT(30)+PTRAT(30)

COMMON BIGB4.B6.AGAL

EQUIVALENCE (C34G3)¢(C5e¢XJ3)+(C2+D3)

DIMENSION S52(30)

PO (XL+AT)I=1/EXP (XL¥AT)

ANS32Z4¥ (TE-TREF)I+BAX (TERK2-TREF#%2) /2 +CAR (TEXXI-TREF*##3) /3e+D4*
2(TERNL4-—TREFR%4 ) /4 o + (PO(XKK s TE ) R (XKK*TE41 ¢ )—PO {XKK s TREF ) ¥ (XKK*TREF
341 o )I R (XIRDI/(VE-BLITI+HXIFGI/ (2 F(VE=BLIT)I¥#2)+XI%XJI3/ (4% (VE~
ABLIT)IH¥A ) Y+XI* (VE#RE(TE-TREF I/ (VE-BLIT)I+VER(B2¥(TE-TREF )+C2# (PO
B{XKK ¢ TE)~PO(XKK s TREF ) ) )/ (VE=BLITI#X2)+XI* (VEX (BIX(TE-TREF)+C3% (PO
B IXKK 4 TE)=PO(XKK s TREF) )} ) /(VE-BLIT)I¥#3 )+ XI* (VE* (BS* (TE-TREF)I+C5% (PO
TIXKK ¢ TE)-PO(XKK ¢TREF ) ) )/ (VE=BLIT)##5)~ (R®*TREF*# {ALOG((VE-BLIT)/ (VR
BEF=-BLITI)+BLIT/(VREF=BLIT)=BLIT/(VE~BLIT)))I#XI-(2.%(A2+B2*TREF+C2
ORPO (XKK ¢ TREF )1 ¥ (1o /(VREF~BLITI+BLIT/ (2% (VREF-BLIT)*%2)-14/(VE-
ABLITI-BLIT/ (2% (VE=-BLIT)I##2) 31 )1%XJ=(3e* (A3+BI*TREF+CI#PO (XKK+TREF
BIIH (1o /(2R (VREF=BLITI*¥2)4+BLIT/ (3o #(VREF-BLIT)*#¥#3)-1e/(2+%(VE~
CBLITI®®2)-BLIT/(3¢#(VE-BLIT)I*#3)))¥XJ=(4eRAAX(]14/(3e*(VREF-BLIT)
DEE3)4BLIT/ (A # (VREF-BLIT)IHHA )1/ (3 H(VE-BLITI*¥3)-BLIT/ (4% (VE~
EBLIT)*%4)))%#X)

ANS32zANS3-( (B # (AS+BSHTREF+CS#PO(XKKITREF ) )1 ¥ (1 6/ (4 # (VREF-BLIT)
CHRANV4BLIT/(Be* (VREF=BLITI¥¥5)-1 o/ (4 ¥ (VE-BLIT)I¥¥4)-BLIT/ (S5 #(VE="
2ABLIT)IHXS) ) I RXI+TREFRIALOG((VE-BLIT)/(VREF-BLIT) ) #xXJ-TREF¥ (B2-XKK
QUC2RPO(XKK ¢ TREF I I* (1o /(VE-BLIT)-1e/(VREF=BLIT))I¥XJ-TREF*# (B3-XKK¥*
SCA¥POIXKK G TREF ) ) /2% (1 e /(VE=BLIT)#¥2~{ ¢ /(VREF-BLIT)¥%2)#XJ-TREF #
6 (BS—XKKECSHPO(XKK+TREF ) )1 /8 % (1 /(VE-BLIT)*¥4-1./(VREF~-BLI1T )#*#¥a)
TEXJ

EXAL=EXP (AL¥VE)

ExXAR=EXP (AL#VREF)

EQuU3
EQU3I

TEMP=XJ#VREF* ((BIGBA#(TE-TREF )/ (VREF-BLIT)*%4) +B6*#EXAR#(TE-TREF))IEQUI

DUM=BIGBA*TE/(VE-BLIT ) **4

DUMI s AG*EXAL+BS6XTEXEXAL
TEMP=TEMP+XJRVER (0 SHVE R (—4 o ¥ DUM/ (VE=-BL I T)+AL #DUM] )4+ DUM+DUMI)
DUM=B IGBA®TE /(VREF~BL 1T #%4

DUMi s AG*EXAR+B&RTEXEXAR

TEMP 2 TEMP-XJNVREF# (0 S*VREF# (=4 ¢ #DUM/ (VREF-BL I T)+AL¥DUM] )+

1 DUM+DUM1 )

TEMP=TEMP+XJ% (BIGBA*TE* (1 e/ (3 ¥ (VREF-BLIT)I*#3)—1,/(3.%(VE-BLIT)
1#%#3) )1 +BE*TE* (EXAL-EXAR) /AL )

ANS3=ANS3+TEMP

RETURN

END

EQU3
EQU3
EQU3
EGQU3
QU3
EQu3
EQU3
EQU3
EQuU3
EQU3



APPENDIX C - Continued

Program C — Continued

SDATA A2:=2,1629590,A3=4,04057E-3+A4=1,921072E-4,A5=-4,481049E-6.,
XKK=Z e TEE~2.B2224135114F-3,83=1.282818€-5,84=3,00892783E~4.,
B850 ,082318BF=9.XJ=,185053,
C22=-18,9411314C3=0:539776:4C4==1¢30237441E=-7+:C5=~4,836678E~-5,
R2061219336+BLIT=20,18E~-2:04=1:96802804E-11,PEE=0D+]1026,
TEE=260+GEE=32,174.AJA=T778:3¢A=.0M8+B=12000+DELTX=2,
TREF=820+PREF=1¢TZ=40%9:%124=1:90458084E~2,
TEI=8S#832,E1=600001 +E2=¢00001 «MAXI=230NUMB=5, INT=0.

1END=8,

PEE=1,

TEE=532,

NO(1)1=1¢2+3¢4:¢5¢5¢7:¢8¢9,

TEI(1)=8#532, VEI (1 )1=8%167.6025+ PRAT(]1)=8%,2387,
U21(1)1=1500¢2000¢2500¢3000+35004400C+4500+%000.,
VEE=167.602%,

IEND=5"
XMACH(1)25:091384,:5:93994846.788512¢7¢637076+8.485639,
U21(1)23000¢3500+40N0¢45800+50000
VEI(1)1314,914412e¢9277¢1165794410e6234:+9,91826.
TEI(1)21338¢3141582.634118%6¢79121589:55+2492432

PRAT (1 y=5%1,

VEE=Z167 6025

VREF=99,836,

VC(1)214428¢12:45¢11419:¢10630:9e¢63
TC(1)1=1343,8¢158941862¢2¢2165¢2¢249843 4

A6=T,83BB2E7s BIGBA=2_3,918263E~T+ AL=-5¢61199E2« B6=-94,26392E4,
PEEz= 1500+TEE=1460,VFE=1,2615%85E~1,

IEND=10,

XMACH(1)1=3.089%560C

XMACH(2 )= 3¢479019¢34858785014426038314.69428445174292+56720277

6:1910784+8¢73639947.156523,
U21(1)1=10%0,

TEI(1)2144705041448.53,1449412:1449¢86+1450¢1611450452+1451419414514115

1451 4284¢14%5]1 445,

VEI(1)2e824941¢5895+341313¢6¢5190+14e3189433,21884+8146414,+166¢849»

354.500+6004403

PRAT(I)*1.434844E—2o=08235595-302.3861695—3.9-3396315-403:4752755-40

1e221556E-444,019784F~-541¢650644E-546¢5007F6E~-6+13¢360228E-6»
VC(1)1Ze70416802¢9¢80001060¢2Be54077e0+16060:¢34060¢57%600
TC(1)=21457,9%1456,

L 3

SDATA

PEE= 1500+TEE=1260.VEE=1,.082684E~-1,

IEND=10.

0l
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Program C — Concluded

XMACH(1)=23,029506,

XMACH(2)= 3+480537,4403006444,474187,48,795B70¢5¢1485822¢5332728.
G5¢968807¢6:47211047137680

U21(1)=10%0,
TEI(1)1=1248,78,1245,55,1246¢21112464¢6311246090+1247¢0341287e2541287643
1247564124771 s
VEI(1)1=2e6301+416332813¢39444+7e30984112e57704220201844042732+¢75¢2171
1854113¢312292
PRAT(1)121e672006E-2+%¢B92466E~34147141490E-3¢6400267E~4,3,214062E~4.
1656788 7E=-447¢400530E-5¢3¢361859E-541e45B600E~5¢5+446754E~-61+
VCI1)1=eBB5:1020¢3e0166919¢5:¢1865¢36e0¢70e041238e¢04+430040,
TC(1)1=1254,2%1253,7#1252,

$

$DATA

PEEx 1S500+TEE=1060.VEE=z897694TE~2,

IEND=10.

XMACH(1)=3,0%3611,

XMACH(2)= De8902624¢3¢79625144,1208B3444,4T105T+14+856265:5.289448,

Be70103146¢392466+¢7+.150918¢

U21(1)1=10%#0,
TEI1(1)=1080¢B4,1040:88+,1040077+1040e¢B8B6+1021602¢1041627¢1048145,1041¢56
1041¢76+1041 86+

VET(1)2e¢529441,0502¢1¢728%4+2.9351 1561806459 4293441T7¢3738B,33¢7041 46842717
145,883, ’
PRAT(1)121.618625FE-246¢173591E~313,145930E<341:8559022E-3417.489170E-4a.
3,471 78E~441 ¢BS434A37E -4 46¢520451E-5¢2¢5B0923E~-5¢9¢349361E-6+

VC(1 )2 e8Bee89410602¢67108e85¢2¢0016e85¢30004640604+¢140e00
TCU1)I=1049,1048+2%104746%1046,

$

SDATA

PEE= 1S500.TEE=860+VEE=T.014380E-2,

TEND=11»

XMACH (1 )=23.002326+ .

XMACH(2)= 34201444,3.844078:4,24B8112+4,70630B+¢5246122:54696985,

66072574 ,46:81700B¢64813756:7.281658,

U211)y=11#0.,
TE1(1)=833:1%58:832,331,4830¢978+830+705+8306630+830:710¢830+793+4830.844,
830.890¢830.902¢830.965
VEI(1)2e3784¢¢5006¢163142:2e382148,5076:8:9480+1469496422¢007F¢3064224»
A2¢69994610630

PRAT(1)1=] ¢BRT7906E~241e¢2151865E=2¢3¢1846945FE-341+40197E-3+,%5.931171E~4,
2e350020E=841¢16820BE~8¢6¢857930E-5,4¢366940E-5:2¢T0A14T7E-501:616425E-5,
VC(1)T 0366089010202 1180147¢811240119¢0027e¢0+386¢0¢570»
TC(1)=840.838.836+8%#835%,

<
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Program D

NASA-LANGLEY RESEARCH CENTER

T e 01 7 PROGRAM NO i Ol 14 DATE
LAR| D 3000 COMPUTER PROGRAM ABSTRACT 10/29/68
01 29 TITLE DF PROGRAM (5] CHARACTERS MAXIMUM: ) PARENT PROCRAM
DZA%;GORV 02 15SITE |02 I’ PROGRAM NO
Hypersonic Nozzle Contours for Tetrafluoromethane ¢ "R 1aR | D700
02 2% Q27 02 12 02 37 KEY WORDS 8 MAXIMUM SEPARATED BY COMMAS:
CATEGORYLANGUAGE |LANEMASE | Tetrafluoromethane, Nozzle Contour, Displacement Thickness
E’ FBRO6M
WHG TO CONTACT ABOUT THE PROGRAM 05 48 STATUS U5 #
05 14 CONTACT 05 28 SITE |05 31 ORGN CODE S 39 PROJECT NO :s“a: 3 A UNDER OEVELOPMENT (] Y:‘S‘fv;:"rc;:"'
L. R. Boney LAR | 11.160 RGL-168 |“""" &2 e oreramiona anme
=3 ¢ cOMPLETED
DATES 05 58 REVISION CODE TIME AND COST FOR DEVELOPMENT
0% SO INITIATED 35 54 COMPLETFD 05 59 MANMONTHS 05 64 MACHINE 05 69 COMPUTER TYPE Q5 74 TOTAL COST
{TJ A& REVISION HOURS fOOLLARS:
]_0/66 ]_0/68 ] B8 CANCELLATION _;?_chl“n“|“ 6‘1 sslsslwlsa 6000 n ’51761771"1791}0
- B ELITE MARGIN l PICA MARGIN
: |
CARD NUMBER é ABSTRACT -y
| % | ___This program calculates the turbulent boundm-lm __i — ]
o displacement thickness along a tetrafluoromethane inviscid
% | nozzle contour. The flow properties at the edge of the invis- ] o
| = | cid region are supplied by Parts I and IT ijhgpmgrm_ng_ﬂ e ]
" listed in NASA TN D-1622 which calculates the inviscid cont LI
| ¢ |of a hypersonic nozzle for a real gas. The format of this J.
| % |program is identical with Part III of the parent program e
v | (NASA TN D-1622) which 1s restricted to a gas composed of
by diatomic or linear,,vpolyatnmigmlemies,,whose,xzibra.tionalqjl ]
18 energy modes display harmonic oscillator characteristics |, _
| " | having only one fundamental frequency. The shape parameter, +
| v | the skin-friction coefficlent, and _the momentum thickness are | _
| " __ | calculated at each point. a.long the inviscid contour. An t o
» iterative procedure determineg the value of the displa.cement .
| @ thickness which is added to the invigcid contour to give &8 | = _ S—
B 2 better approximstion of the physical wall.  Finally s second- . 1 o]
| # ___|order interpolation 1s employed to locate polnts on the physi- ]
| ?__ _|cal wall at desired increments. [ —]
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Program D - Continued

£ IBFTC 7001 LIST REF +DECK sMP4
c P=-700.1
CLRE
C PART 111 COMPUTES BOUNDARY LAYER USING
C WALL POINTS PUNCHED BY PART 11
EXTERNAL FOFX
DIMENSTIONTHBRI(10)+GI1(10)
COMMONTHBT oGI1+NOTH
DIMENSION FS(2)+SUM(2)«ANS(2)+X(2000)4Y(2000)W(2000)+RRT(2000) ¢
I THF (2000)+T!1 (2000)+SVY(2000)+SVDELT(2000) +DELS(2000)+YY (2000)
COMMON  OPT » TI + RR1] « TO s THB v QSUM
COMMON OW v EN s+ ERR « Ul « MW v R
"COMMON ™ HT + CONI s+ CON2 + CON . T s H
COMMON Q + FR +» FPR s H3 +« HWS y K
COMMON  RHOI1 +» Q1 P 4 « Y « W v RRT
COMMON  THF s Svy +« SVDELT « DELS « YY s RHOT
COMMON  VE » R « CI + D1 « EI? » THI
COMMCN  &C « OMEGA + TW +* XM « TLTG s JLIM
" COMMON  DEBUG  « N . L « ACASE o+ ALPHA , BETA
COMMON GAM v TAU + PR + TTIG « X1 s Y1
COMMON EM1 v W1 + RRT! ¢« THF] ¢« TI1 « TLTI
COMMON  TTI11 » THETA + DXB v DU + DR v DY
COMMON PI s EMU ¢« RETH s TEMP « FT « FTPR
COMMON  H1 v DSDEL «+ THDEL + TAW o ALP v CW
COMMON C2 + C3 . Ca « FTT ¢+ FTTPR + H2
COMMON CF2 « DSTH « DTOX « YPD « DEL v DP
COMMON  CP « BP +« AP « HI
C DIMENSION FS(2)+SUM{2)¢ANS{2)4X(2000)4Y(2000)«W(2000)+RRT(2000)
C {THF (20003« T1 (2000)+SVY (2000)+SVDELT(2000)DELS(20001.YY(2000)
Cc COMMON ORPT
C COMMONT I yRRI ¢ TO s THEB 4 OSUMQW sENIERR ¢ UT ¢ HW IR +HT «CON1 4 CON2Z»
C !CONQT.HquFQQFﬁptHjiHWSQKORHOI101'XOYQWQQQToTHFOSVVgSVDELTQDELSQYY
C 2 sRHOT VE«R1+¢C1¢D14EL1 «THI +GCa
C 3 OMEGA +TW XMeTLTC+ JLIMDEBUG«NIL+ACASE s ALPHA
C APETA GAM s TAU PRI TTIG X1 s YIsEMI oW1 «RRT1aTHF1 4T11
C 4 TLTI«TT11THETA+DXBeDU
C 6LRWDY s PI1+EMUJRETHsTEMP FT«FTPRe«H1 s DSDEL
Cc TTHDEL s TAWsALP s CWeC24C34CaeFTTFTTPRWH2:CF2+.DSTH
C BCTDX«YPDDEL
C o +DP«CP.BP.AP, HI

80

1 WRITE (64+25)
2 FORMAT(IH 6XSHACASE]3X4HRHOT14X2HVE1SX2HR115X2HC115X2HD!1

11SX2HE L /7X3HTHI 15X2HGC 1 SXIHRISX3HTHB
213XSHOMEGA1 4X2HTW1 4 X3HERR/BX2HXM1 4X4HTLTG
31 2XSHALPHA1 3X4HBETA1 3X3HGAM1 4X3HTAU1 SX2HPR/
4TXAHTTIG14X2HTO 1 SX2HAP | SX2HBP1 SX2HCP 1 8X2HDP 1 SX2HHT)
103 FORMAT (1M 7E17.8)
100 FORMAT(IHO6E17.8/6E178)

,! 'r
H

0010
0020
0030
0040

0050
0060
0070
0080
0090
0100
o110
0120
0130
0140
0150
0160
0170
0180
0190
0200
0210
0220
0230
0240
0250
0260
0270
0280
0290
0300
0310
0320
0330
0340
03850
0360
0370
0380
0390
0400
0410
0420
0430
0440
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26

1000

50

a1

202

204

101

126

APPENDIX C - Continued

Program D — Continued

CALLFINP (4 +THBT +GI +NOTH +NOTHM)

CALLFINP (394RHOTWVEeR14C1¢DI1+ET+TH1 +GCoReTHB+OMEGA »
1THERR XMy TLTG+ JLTM«DEBUGINIL+ACASE ¢ ALLPHA BETA +GAM,
2TAUWPRTTIG« TN AP BP,CPDPHT ¢ APP +BPP CPP+YSTAR
AOPTWDIFNWDIFD)

THB=THB T (NOTHM)

WRITE (6+4103)ACASERHOTVEIR14C1sD1+E1+THI ¢GCoRsTHB4OMEGAsTW.ERR X
IMaTLTGWALPHA BETA.GAM«TAUPR,TTIG +TOJAP B
2Py CPyIPWHT

FORMAT(1H BXIHXISOXIHY14XSHTHETA13X4MCF /2
118X1HN]14XEHTH/DEL /SXTHY+DELST] IXSHDELST 1 3X3HDEL
214X4HRETHI 3X4HTLTI10X9HDELST/DEL)

J=JLIM
SUBROUTINE RIRPMD READS BINARY CARDS CONTAINING XeYsM¢WsRHO/RHOT

THETAT
LIMIT OF 2000 CARDS

READ IN WALL POINTS FXIT TO THROAT

MULTIPLY X AND Y BY XM AND STORE THROAT TOEXIT

CALLBIRD (X! +TI1)

X{Jy=X1%#XM

Y{J)=Y]*XM

w(J)y=wi

RRT(J)=RRT!

THFE (J)=THF1

TL(N)=TI

SVY(J)y=Y(J)

SVDELT(J)=0

J=J-1

IF(J)81481410Mn0

TLTI=TLTG

TT11=TTIG

THETA=TH!

WRITE (6+26)

CALL SLITE (1)

DO80OJ=1 +JLIM
K=J

RHO1=RRT (J)#RHOT

Ul=w{J)*VE

PI=RI*TI (J)®*RHO!

EMUS (CIR#(TI(J)#%#]1,5))/((TI(J)*%D1H+E])

EQUATION B10

IF{PI-20000,0)203,203+.204

Ql=1,0

GOTNHA

QIl=PI*#(PI#(PI*# (TAU)+GAM)+BETA)+ALPHA

IF(THB/TT11~-2440)120+120+101

FT=VE#VE=-QI* (8+#TT11*R)

FTPR=-0[ #84#R

GOT0O102

SEM=0

REM=a(

0450
0460
0470
0480

0490
0500
0510
0820
0330
0540
0550
0560
0570
0580
0590
0600
0610
0620
0630
0640
0650
0660
0670
0680
0690
0700
0710
0720
0730
0740
0750
0760
0770
0780
0790
0800
0810
0820
0830
0840
0850
0860
0870
0880

0910

81



1201

102

401
400

‘402
208

206
207
105

104

1041

106
108

107

1071
1 0o
111
110

112
563

802
s11
501

82

APPENDIX C - Continued

Program D — Continued

pot2oi =) . NOTH

TEM=EXP (THBI (1)/TT11)

SEM=GT (112 THBI (1) /(TEM=14 )4+SEM_ , o
REM=GI (1)#THBI (1)*THBRI (1) *TEM/ (TEM=1, ) #%#2+REM
FTeVE#VE-QI# (B.*¥TT1 1%¥R+2,#R%SEM}
FTPR=-QI* (8. %#R+2. #R*REM/(TT11#TT11))
H1==FT/FTPR

TTI1=TT114+H]
IF(ABS(H]1/TT11)=-ERR)5+5:4

FQUATION BI16

IF(CPP 4001401 +400

TW=TTI!1

GOTO402

TW= (CPP-APPX (SYY(J)/YSTAR)I¥#1,8)/ (1 s0+BPP®(SVY (J)/YSTAR)*#1,8)
FOUATION R11
IF(P1-20000,0)20%,20%5+206

OW=140

G0T0207

QW=PI# (PI#(P1% (DP)+CPI+BRPI+AP
IF(THB/TW=24¢0)10441044105
HWS=A4 4, #Tw/TO

éoto1o0e

SEM=0

DO1041T=1 «NOTH

TEM=EXP (THBI (1) /Tw)

SEM=GI (1) #THBI (1) /(TEM=14 )+SEM

HWS =4, #TW/TO+SEM/TO
IF(THB/T1(J)=2440)10741074108
HI=4,*T1(J)/TO

GOTO109

SEM=0

DO1071 =1 NOTH

TEM=EXP(THBI (11/T1(J))

SEM=GIl (I )*THBI (I )/(TEM=14)+SEM
Hl=4,*#T1{(J)/TO+SEM/TO

QSUM= (Q1=0W)/ (HI-HWS)
IF(THB/TW=2440)1104110,111

HW=HWS* 0w

GOTO112

HW=HWS #0W

RET= (RHOI®UD )/ (EMU%1240)
RFTH=RET*#THETA

FQUATION BS
EN=1,77%#,83429448%ALOG(RETH)=-+38-20040/RETH
CALL SLITET(1.<000FX)

G0 TO(S11+502) ¢KOQOFX

IF (ABS (EN-ENP)=-DIFN)S500+500+501

CALL SLITE (1)

RR!=.125

SUBROUT INE GAUSS INTEGRATION S INTERVALS AND 32 POINTS PERINTERVAL

A0,

0960
0970
0980
0990
1000
1010
1020
1030
1040
1050
1060
1070
1080
1090

1110

1130

1150

1170
1180

1200

1220
1230
1240
1250
1260
1270
1280
1290
1300
1310



APPENDIX C - Continued

Program D — Continued

B=1,

NOFN=2

CALL GAUSS(NsL+A+sB+NOFNs SsFS(1)sSUM(1)eANS (1) FOFX)
"DELTA STAR/DELTA o
DSDEL=1+0~-ANS(1)

THETA/DELTA

THDEL =1« 0-DSDEL -ANS (2)

TAWEZ (PR##,333233333)*#(TT11-TI(J)+TI (D
ALP={1e0+0OMEGA)/(EN+140)

CW=Tw/TI¢J)

C2=(TW=-TAW)/T1 (J)

C2= (20 O#EN#THDEL /RETH) ## (1 .0/ (EN+10))
CA=(TAW-TI(JIY/TI(J)
FTTeCW—C2%CAR(TLTINRALP )—CA*¥CINCIH (TLTIH* (240*%ALP))=-TLTI
FTTPR2=ALP*C2% 3% (TLTI#¥ (ALP-160))=2+0FALP*CARCIHCI*
1 (TLTI#H(2,0%ALP=1e0))=160 T
H2=z-FTT/FTTPR

EQUATION B1l4

TL/TI

TLTI=TLTI+H2

IF(ARS(H2/TLTI)~-ERR)I&64+7

EQUATION B13

CF/2

& CF22(140/(20O#EN)IHCIRCIH((TLTII%®((]1e0+2+0%OMEGA-EN)

500

%05

504

s06
%08

1 /{FN+140)))
OCELTA STAR/THETA
DSTH=DSDFL/THDFL
DELS(J)=DSTH®*THETA
YPD=SVY (J)+DELS (J)
DEL=DELS (J)/DSDEL

WRITE (6+100)X(J)eY(J) s THETAJCF2+EN+THDEL s YPD+DELS(J) +DELJRETHWTLT

1 1.DSDEL
YY{Jy=y (J)
Y(J)y=YPD
IF(JU-1)15044505,%504
DELSP=DELS (J)
GOTOS09
CXB= (X (J)=X(J=1))/COS(THF (J=-1))
DU=VE* (W(J)=-W(J=1))
DR=RHOT* (RRT (J)=RRT (J=1))
CY=Y(J)=Y(J=1)
D THETA/D X

DTDX=CF2P-THETAP#( ( (2.0+DSTHP )#DU)/ (UIP*DXB)+DR/ (RHOIP*DXB)

1 +DY/(Y(U~1)%DXB))
THETA=THETAP+(DTDX)*DXB
CALL SLITET(1.K000FX)
GO TO(508.%506) +KOOOFX
IF(ABS( (DELS(J)-DELSP)I/SVY(J))=DIFD)S09:509+508
DELSP=DELS(J)
ENP=FN
GOTOS63

1320
1330
1340
1350
1360
1370

‘1380

1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1450
1500
1510
1520
1530
1540
1550
1860
1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800

83
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APPENDIX C - Continued

Program D — Continued

v ety =Y i+ 1+neELS (JY
CF2pP=CF2
THETAP=THETA
DSTHP=DSTH

ulP=yl

RHOIP=RHOIT

CALL SLITE (1>

CONT INUFE

XINT=0

WRITE (6+S14)

c USE SECOND ORDER INTERPOLATION TO FIND GIVEN POINTS
C DXxel1d IF Y LESS THAN 1
c EX=¢25 IF Y GREATER THAN les AND LESS THANS,
c DX=e50 IF Y GRFATER THAN S
1005 CALL FTLUP(XINT«YINT 2+ JLIMIX(1)eYY{1))
T T T WRITE (6¢S13)XTINTWYINT
IF(YINT-YY(JLIM)}I1006+1 41
1006 IFI{YINT=1,0)1002+1009+1009
1002 XINT=XINT+el
GO TO 100%
1009 IF(YINT=5,0)1003410044+1004
1003 XINT=XINT+42%
GO TO 1005
1008 XINT=XINT++%S
GO TO 1005
513 FORMAT(1IH 2F12.4)
814 FORMAT(1H SX1HX!IXIHY)
' 'END
$IBFTC FOFX LIST+REF ¢DECK ¢ M94
SUBROUT INEFOFX (SF5)
DIMENSIONTHBI(10)¢GI(10)
COMMONTHEB I «G1 «NOTH _
DIMENSION FS(2)+sSUMI2T+ANS T2 ¢X(2000).Y(2000)W(2000)+RRTI2000)
1 THE (2000) +T1 (2000)+SVY (20003 +SVDELT(2000) +DELS(2000)¢YY(2000)
COMMON OPT « TI +« RR1 » TO v THB « QSUM
COMMON OW + EN +» ERR + UI o HW « R
COMMON HT « CONI +» CON2 + CON . T « H
COMMON @ v FR v FPR » H3 + HWS . K
COMMON RHO! « QI s X s Y . W +« RRT
COMMON THF » SVY s SVDELT o+ DELS . YY s RHOT
COMMON VE ¢ R « C1 s D1 +« El s THI
COMMON GC v OMEGA + TW . XM « TLTG v JLIM
COMMON DEBUG o+ N « L +« ACASE + ALPHA  BETA
COMMON  GAM +« TAU « PR v TTIG .« X1 y Y1
COMMON EM1 v Wi » RRTI + THF1 . TII » TLTI
COMMON TT11 + THETA + DXB » DU « DR v DY
COMMON P1 + EMU v RETH + TEMP « FT s FTPR
COMMON  H1 v DSDEL + THDEL + TAW « ALP v CW
COMMON C2 + C3 v C4 . FTT « FTTPR + H2
COMMON CF2 + DSTH +« DTOX + YPD « DEL s+ DP
COMMCN CP + BP s AP v HI
84

1 ¥

1810
1820
1830
1840
1880
1860
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960

1980
1990
2000
2010
2020
2030
2040
2050
2060
2070
2080

0010

0020
0030
0040
0050
0060
0070
0080
0120
0130
0140
0150
0160
0170
o180
0190
0200
0210
0220
0230



OO0 00

11

114

113

1152
1150

118

1151
117

116

1161

118

128

126

10
40

APPENDIX C - Continued

Program D — Continued

DIMENSION FS(2)+SUM(2) +ANS(2)+X(2000)Y{2000)«W(2000)+RRT(2000) s
ITHF(ZOOO)oTI(2000)vSVY(ZOOO)oSVDELT(ZOOO)uDELS(ZOOO)oYV(ZOOO)
COMMON OPT
COMMONTIQQRIoTOvTHBQOSUMQQWoENoERRQUIcHWORoHToCONlcCONZq
lCONQT.HOQQFQ'FpRoHSQHWSQKQRHOIQQIcXQYQWQRRTQTHFQSVYOSVDELTQDELS.YY
CON1=((UI#UI )/ (R*T0)) '
CON2=S*#% (] 0/EN)
CON=CON1*(HW*(l-O-CONZ)/CONI+HT*CON2/CON1-.S*CONZ*CON?)
ITERATE FOR RHO/RHOI

T=TI(K)/RRI

IF EXPONENTIAL GREATER THAN 24+ OMIT TERM

EQUATION B9 )

IF(THB/T=2440)1134113.114

H=48,#T/TO

GO TO 11%2

SEM=0

DO11311=1+NOTH

TEM=EXRP (THBI (1) /T)

SEM=GI(T)#THBI (1) /(TEM—14 ) +SEM

H=2a4 #T/TO+SEM/TO

IF(OPTYI115.11504115

Q=01

GO TO 1151

O=(QSUM) * (H=HWS ) +QW

IF EXPONENTIAL GREATER THAN 24, OMIT TERM
IF(THB#RR1I/TI(K)=24,0)116+41164117
FRzQ#4+#TI(K)/(TO*RR1)-CON

FPR2=4 #Q%¥T! (K)/(TO¥RRI*RRI1)

GO TO 118

SEM=(

RFM=0

NO11611=14NOTH

TEM=EXP (THBI (1 Y #RRI/TI1(K))
SEM=GI(I)I*THBI (1) /(TEM=14)+SEM

REM=GI (1)%#THBI (1} #THRI (1) *TEM/

(TEM=1¢)#%2+REM

FRO* (4*TI(K)/(TO*RRI }+SEM/T0)-CON

FPR=Q¥ (-4 . *TI(K)1/(TO*RRI*RRI)-REM/

(TORTI(K)YY)

H3=z-FR/FPR

EQUATION B12

RRIN=RRI+H3

IFIRRINIIZ2E 1254126

RRI=RRI*#,5

GO TO 11

RRI=RRIN

IF(ABS(HA/RRI)I-ERR)10+10011

FS(1)=RRI# (SH*(1.0/ENY)

FS(2)1=RRI# (SR (2.0/EN))

HOLD=S

HOLD2=F8 (1)

—

—

0100
o110
0120
0130
0140
0150
0160
0170
0180
0190
0200
0210
0220

0240

0260
0270
0280
0290
0300
0310

0340

0390
0400
0410
0420
0430
0440
0450
0460
0470
0480
0490
0300

85



APPENDIX C - Concluded

Program D — Concluded

24 HOLDA=FS{2)
100 FORMAT(IH 7E17.8)
RETURN
END
SDATA
JI=DyNI=2341 4N1127eN21322.N16536F
J2=DN1=1 N2 N3 NE,F
J3=3B35,J4=2835%

N1=124451 +N2=4193 95 4N3=1T7eSS51NG=T7 4865E~T7«NS5=1e0sNE6=2251417sN7=40001
NB=16¢ sNI=5654 ¢eN11=s54N12=2660e¢+N13=4000054sN12=220527+NIS=12¢N21=]49sN22=0+
N23=0+N24=0sN2Sz e TE+NZ2E=1860¢ t1N2T7=4554 ¢+ N2B=1 ¢ tN2F=0+N30=0¢N31=04
N32=234,2N3320N34=0¢N35=123744N36=1 ¢ s N37=0N2B=e0] +N23Gx,001»

N10=0,N16=3B8B8B25+N17=0,N1B8=32B35+N19=EB35+N20=5.8%

86
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Figure 2.- ldeal-gas pressure distribution about spherical segment.
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Figure 3.- Ideal-gas pressure distribution about 120° and 140° cones.
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Figure 4.- Shock shape of spherical segment.
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Figure 6.- Calculated pressure distribution for spherical segment {from ref. 2).
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Figure 7.- Calculated pressure distribution for blunt cone {from ref. 2).
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Figure 8.- Calculated pressure distribution for tension shell (from ref. 2).
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Figure 9.- Total enthalpy of CF4. (independent of stagnation pressure from 1034 to 1724 N/emZ)
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Figure 10.- Variation of free-stream velocity with Mach number. (Independent of stagnation pressure from 1034 to 1724 N/cm2.)
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Figure 11.- Variation of free-stream specific-heat ratio with Mach number.
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Figure 13.- Variation of ratio of free-stream static pressure to stagnation pressure with Mach number. {Independent of stagnation
pressure from 1034 to 1724 N/cm2.)
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Figure 14.- Variation of free-stream Reynolds number with Mach number.
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Figure 15.- Variation of ratio of free-stream dynamic pressure to stagnation pressure with Mach number. (Independent of stagnation
pressure from 1034 to 1724 N/cm2.)
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Figure 16.- Variation of density ratio across normal shock with Mach number. (Independent of stagnation pressure from 1034 to 1724 N/em2.)
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Figure 17.- Variation of ratio of total pressure behind a normal shock to free-stream total pressure with Mach number. (Independent of
stagnation pressure from 1034 to 1724 N/cm2)
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stagnation pressure from 1034 to 1724 N/em2.)
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(b) Langley Mach 8 variable-density tunnel. M; = &; pz/r.\1 =.5.56:

Figure 29.- Shock shape for 1200 cone. L-69-1323
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(@ M =6.14 in air.

(b M = 6.61 in CFg.

Figure 33.- Shock shapes for tension shell.
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