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PROGRAM AND CHARTS FOR DETERMINING SHOCK TUBE,
EXPANSION TUBE, AND EXPANSION TUNNEL
FLOW QUANTITIES FOR REAL AIR

By Charles G. Miller III and Sue E. Wilder
Langley Research Center

SUMMARY

A computer program written in FORTRAN IV language is presented which deter-
mines shock tube, expansion tube, and expansion tunnel flow quantities for real-air test
gas. For the shock tube phase of the program, flow conditions behind the incident shock
into the quiescent test gas are determined from the pressure and temperature of the |
quiescent test gas in conjunction with (1) incident-shock velocity, (2) static pressure
immediately behind the incident shock, or (3) pressure and temperature of the driver gas
{imperfect hydrogen or helium). The effect of shock reflection at the secondary dia-
phragm of the expansion tube, resulting in a standing or a totally reflected shock, is
included. Expansion tube test-section flow conditions are obtained by performing an
isentropic unsteady expansion from conditions behind the incident shock, standing shock,
or totally reflected shock to either the test region velocity or static pressure, Expansion
tunnel test-section flow conditions are obtained by performing an isentropic steady expan-
sion from expansion tube free-stream conditions to either the nozzle test region velocity
or static pressure. Botha thermochemical-equilibrium expansion and a {rozen expansion
for the expansion tube and expansion tunnel are included. The effect of flow attenuation
along the acceleration section of the expansion tube is included for an equilibrium expan-
sion. Flow conditions immediately behind the bow shock of a model positioned at the test
section of a shock tube, expansion tube, or expansion tunnel are determined. A listing of
the computer program is presented along with a description of inputs required and
‘samples of the data printout. Charts which provide a rapid estimation of expansion tube
performance prior to a test are included.

INTRODUCTION
Experimental studies using air as the test gas have been initiated in the Langley
§-inch expansion tube, and a number of studies are expected to be performed in the
Langley expansion tunnel. Prior to performing studies in these facilities, it is essential
for the investigator to ascertain the theoretical performance of the facility because of the



wide range of flow conditions which may be generated and the very short test times (less
than 300 psec or so) which place stringent requirements on facility instrumentation.

Thus, a knowledge of the magnitude of physical quantities to be measured is required,
After a test, a convenient means for determining expansion tube and expansion tunnel

flow conditions from measured quantities is desirable. Although a number of theoretical
studies have been directed toward prediction of expansion tube and expansion tunnel per-
formance with air as the test gas (for example, refs. 1 to 4), these studies were primarily
concerned with simulation or duplication of conditions experienced by high-velocity, earth-
entry vehicles,

The primary purposes of the present study are (1) to furnish a convenient, versatile,
accurate computer program for determining shock tube, expansion tube, and expansion
tunnel flow quantities in real air from combinations of measured flow quantities and
(2) to provide charts for rapid estimation of facility performance prior to a test. This
program is similar to the real-gas mixture study of reference 5; however, a number of
differences exist between these two programs. The present program requires much
less computer time, with no appreciable sacrifice in accuracy, than the program of refer-
ence 5. Such a reduction in computer time is a significant factor in data reduction, since
most of the testing in the Langley 6-inch expansion tube is performed with air as the test
gas.

Operating experience with the Langley 6-inch expansgion tube and operation of this
expansion tube as a shock tube demonstrated the desirability for options other than those
presented in reference 5. Results included herein, but not in reference 5, are (1) charts
illustrating predicted shock tube performance with hydrogen and helium driver gases for
a range of driver gas pressure and temperature, (2) a totally reflected shock, as well as
a standing shock, at the secondary diaphragm, (3) real air as the acceleration gas, (4) the
effect of wall boundary layer on shock tube and acceleration section air flow for laminar
(ref. 6) and/or turbulent (ref. 7) boundary layers, (5) the effect of flow attenuation along
the acceleration section, (6) imperfect (intermolecular) air effects permitting calculations
at higher pressures than permissible with reference 5, (7) determination of expansion
tunnel test-section flow conditions from measured nozzle free-stream velocity or static
pressure, and (8) charts which provide a convenient means for properly preparing facility
instrumentation and determining the level of quiescent test gas and acceleration gas pres-
sures for a test,

The procedures for determining shock tube, expansion tube, and expansion tunnel
flow quantities for real air are incorporated into a single computer program written in
FORTRAN IV language. Required program inputs are listed and described in appendix A.

A flow chart and a listing of the program are also presented in appendix A along with
sample data printouts.



SYMBOLS

The International System of Units (Si) is used for all physical quantities in the pres-
ent study. Conversion factors relating SI Units to U.S. Customary Units are given in
reference 8.

A

sW,/R

cross-sectional area, m2

speed of sound, m/sec

shock tube or expansion tube inside diaméter, m

specific enthalpy, m2/sec2 (J/kg)

length of acceleration section, m

distance measured downstream from secondary diaphragm, m

distance between incident shock in region @ and test-air—driver-gas
interface, m (see fig. 1)

Mach number, U/a

incident shock Mach number, Ug/a

unit Reynolds number, pU/u, m-1

pressure, N/m2

stagnation point convective heat-transfer rate, W/ m2
universal gas constant, 8.31434 kJ /kmol-K

radius, m

gpecific entropy, kJ/kg-K

nondimensional specific entropy



Z*

temperature, K

test time, sec

velocity, m/sec

interface velocity, m/sec

reflected shock velocity, m/sec

incident shock velocity, m/sec

molecular weight, kg /kmol

molecular weight of undissociated air, 28.967 kg,/kmol

distance between primary diaphragm station and incident shock in
region @, m (see fig, 1)

distance behind incident shock in region (D, m (see fig. 1)
mole fraction
compressibility factor, pW,_/pRT

number of kmol of dissociated air per number of kmol of undissociated
air, Wy/w

ratio of gpecific heats

isentropic exponent, (S%OQ) y
02 P/sW, /R
u

defined by Z*=1 + &
nozzle boundary-layer displacement thickness, m

coefficient of viscosity, N-sec/m2



P density, kg/m3

T time interval between arrival of incident shock and interface, sec
Subscripts:
A denctes region @ for no standing shock at secondary diaphragm, region

for standing shock, and region @ for reflected shock (see fig, 1)

a atom

eff effective (based on mass flow considerations)

f frozen

geo geometric

i ideal

k k= 2 denotes shock tube flow, k=5 denotes expansion tube flow, and

k = 6 denotes expansion tunnel flow

m molecule

max maximum

n model nose

t,2 stagnation conditions behind normal bow shock at shock tube test section

t,b stagnation conditions behind normal bow shock at expansion tube test section
t,6 stagnation conditions behind normal bow shock at expansion tunnel test section
w wall

distance behind incident shock in region @ , m (see fig. 1)



1 state of quiescent air in front of incident shock in shock tube (intermediate
section of expansion tube)

2 state of air behind incident shock in shock tube

28 state of air behind standing shock at secondary diaphragm or normal
bow shock at shock tube test section

2r state of air behind reflected shock at secondary diaphragm

3 state of expanded driver gas

4 initial driver gas conditions

5 state of test air in expansion tube test section

5s static conditions behind normal bow shock at expansion tube test section
6 state of test air in expansion tunnel test section

6s static cogditions behind normal bow shock at expansion tunnel test section
10 state of quiescent acceleration gas in front of incident normal shock in

acceleration section

20 state of acceleration gas behind incident normal shock in acceleration section
Superscript;
* conditions at nozzle throat

FACILITIES, ANALYSIS, AND PROCEDURE

Before the procedures for determining shock tube, expansion tube, and expansion
tunnel flow quantities are discussed, a brief description of thege facilities is given. Next,
the source of imperfect real-air thermodynamic properties is briefly discussed. After
these discussions, the procedures for determining free-stream and post-normal-shock
flow conditions for the shock tube, expansion tube, and expansion tunnel are presented.



Description of Shock Tube, Expansion Tube, and Expansion Tunnel

Shock tube.- The shock tube is a tube, generally cylindrical, divided by a high-
pressure diaphragm into two sections. The upstream section is the driver or high-
pressure section. This section is pressurized with a gas having a high speed of sound,
such as unheated or heated hydrogen or helium. (Greater operation efficiency is realized
with gases having a high speed of sound.) The downstream section is referred to as the
driven or low-pressure section and the cross section is constant and generally circular.
The driven section is usually evacuated and then filled with the test gas at ambient tem-
perature. As illustrated in figure 1(a), the driver gas at time of diaphragm rupture is
designated as region @ and the quiescent test gas is designated as region @ Upon
rupture of the diaphragm, an incident shock wave propagates into region @ with veloc~
ity Us,l‘ Flow conditions immediately behind this shock are denoted as region @

{tig. 1(b)), and shock tube testing takes place in the flow region from immediately behind
this incident shock wave io the test-gas—driver-gas interface. For a blunt model posi-
tioned in the driven section, a standing shock is formed at the model, provided flow in
region @ is supersonic. (See fig. 1(c).) The flow conditions immediately behind this
standing shock are designated as region @; the model stagnation conditions, as region @
When the incident shock wave reaches the end wall (or secondary diaphragm of the expan-
sion tube, to be discussed subsequently), it is reflected back into region @ (See

fig. 1(d).) Flow conditions behind this reflected shock are designated as regibn ‘

Expansion tube and expansion tunnel.- The expansion tube is basically a shock
tube with a section of constant cross section attached to the downstream end. A weak
low-pressure diaphragm (secondary diaphragm) separates this section, denoted as the
expansion or acceleration section, from the driven section, which is commonly referred

to as the intermediate section of the expansion tube. The acceleration section is evac-
uated and filled with the acceleration gas at a low pressure and ambient temperature.
The expansion tunnel is simply an expansion tube with a nozzle added to the downstream
end.

The operating sequence of the expansion tunnel includes that for an expansion tube,
which, in turn, includes that for a shock tube; the sequence for an expansion tunnel is
shown schematically in figure 2. The sequence begins with the rupture of the primary
or high-pressure diaphragm separating the driver and driven sections. An incident shock
wave propagates into the static test gas and an expansion wave propagates into the driver
gas. The shock wave encounters and ruptures the secondary diaphragm. Flow energy
lost in rupturing this diaphragm results in an upstream-facing shock wave reflected
from the diaphragm. If this shock wave is assumed to be a standing shock, flow condi-
tions behind this standing shock are denoted as region @ ; if a totally reflected shock
at the sec¢ondary diaphragm is assumed, flow conditions behind this reflected shock are



denoted as region @ (See fig. 1(d).) A second incident shock wave propagates into

the acceleration gas while an upstream expansion wave moves into the test gas. In
passing through this upstream expansion wave, the test gas undergoes an isentropic
unsteady expansion that results in an increase in flow velocity. Expansion tube testing
occurs in the flow that has passed through the expansion and is denoted as region @ in
figure 2. Thus, for the expansion funnel, the test gas is processed first by an incident
shock into the quiescent test gas in region @, second, by a shock wave resulting from
shock reflection at the secondary diaphragm, third, by an unsteady expansion in the accel-
eration section, and finally, by an isentropic steady expansion in the nozzle. Expansion
tunnel testing takes place in region @ of figure 2.

Thermodynamic Properties for Real Air

Thermodynamic properties for imperfect real air in thermochemical equilibrium
are obtained from a magnetic tape furnished to the Langley Research Center by the
Arnold Engineering Development Center (AEDC). The thermodynamic properties
obtained from this tape correspond to the properties tabulated in reference 9 for various
values of entropy sW,/R. The temperature range of the AEDC tape is 100 K to 15 000 K
and the sWy/R range is 15.6 to 133. A subroutine for searching the real-air tape was
also obtained from AEDC and is designated herein as SLOW. An interpolation procedure
allowing pressure p and enthalpy h as inputs was derived for the study of reference 10
and is referred to herein as SEARCH.

The relations derived in reference 11 for predicting thermodynamic properties of
real air in thermochemical equilibrium are also employed in the present study. These
relations were obtained from curve fits and cover a temperature range of 90 K to
15 000 K and an sWy/R range of 26 to 126, Imperfect air (intermolecular force) effects
are neglected in reference 11. These relations are incorporated into a subroutine desig-
nated as SAVE. The sources of thermodynamic properties are discussed in more detail
in reference 10 and appendix B.

Calculation Procedure for Shock Tube

As in reference 5, three combinations of inputs are considered for determining flow
quantities in region @ In all three combinations, the quiescent test air pressure Py
and temperature T; are assumed to be known. The quantities (1) incident-shock veloc-
ity Us,lﬁ (2) pressure behind the incident shock in the driven section Py, OF (3) the
driver gas pressure Py and temperature T, are used in conjunction with p; and Ty
to determine conditions in region @



The conservation relations, in a laboratory coordinate system, for mass, momenturs,
and energy for a normal shock wave moving through region @ are

P1Us1 = Pz(Us,l - Uz) )
‘ 2 2
Py+pUs =P+ Pz(Us,l - Uz) 2)
1.2 1 2

These relations are solved in conjunction with the equation of state (that is, source of
real-air thermodynamic properties) in the form

Py = Py (Pgsha) | (4

for the unknown quantities p,, h2’ U2, and' p, or Us - For the Langley shock tube
and expansion tube, ’I‘1 is ambient and 121 is generally; less than 1MN/m2. At these

conditions in region @, imperfect air effects are negligible and corresponding thermo-
dynamic quantities appearing on the left-hand side of equations (1) to (3) are obtained
from perfect air (Zl =1, » = '7/5) relations.

Equations (1) to (4) are solved by iteration. The iterative schemes used for inputs
Us,l’ Py, OF Py and T, are discussed in detail in reference 5. For all three combi-
nations of inputs, the air flow in region @ is assumed to be in thermochemical
equilibrium.

The procedure for determining shock tube performance where Py and T, are
‘inputs is commonly referred to as "simple shock tube theory,' since it is based on a
simplified one-dimensional, inviscid flow model which assumes instantaneous diaphragm
rupture, no shock wave attenuation, and a driver to driven cross-sectional area ratio of
unity. Imperfect gas effects in region @ for helium at 200 K = T, = 15 000 K and hydro-
genat 273 K =Ty = 600 K are included.

Two additional shock tube flow regions of interest (fig. 1} are the result of a standing
shock in region @ (region @) and a totally reflected shock into region @
(region @ . Because of shock reflection at the secondary diaphragm of the expansion
tube, these two regions are also considered in the calculation of expansion tube flow quan-
tities and are discussed subsequently.

Fffect of boundary layer on test time.- Shock tube wall boundary-layer growth
behind the incident shock introduces departures from ideal shock tube flow. (See refs, 6




and 7.) The presence of this boundary layer causes the incident shock to decelerate, the
interface to accelerate, and the flow between the incident shock and interface to be non-
uniform. When the wall boundary-layer displacement thickness is large in comparison
with the tube diameter, the separation distance between the incident shock and the inter-
face and the test time approach limiting maximum values. (Test time is defined as the
time interval between arrival of incident shock in region @ and arrival of the test-gas—
driver-gas interface at a given station.) Actual shock tube test times may be considerably
less than the values predicted by use of idealized theory. Thus, shock tube test time and
tlow nonuniformity are considered in the present calculations. Since these flow phenom -
ena are dependent on the character of the shock tube wall boundary layer behind the inci-
dent shock, the effect of both laminar and turbulent wall boundary layers are included.

Shock tube test times have been treated analytically in reference 6 for laminar
boundary layers and in reference 7 for turbulent boundary layers. For a laminar
boundary layer, the test time t is obtained from the relation (ref. 6)

ﬁma.x ﬂmax

A
Ay Us lt Us 1t
Mmax a loge 1- J 2 + 1|+ Us,lt = -X (5)
where the separation distance between the incident shock in region @ and the test-gas—

driver-gas interface ¢ for a given distance X downstream of the diaphragm station
is given by (ref. 6)

Pg -
J4 {
22 —||log (1 - + ==X (6)
max(m) © \/ﬂmax \/ﬁmaxJ
Simple expressions for the maximum separation distance ¢ in terms of

max
known quantities were obtained from curve fits applied to the real-air results of refer-

ence 6 and yielded the expressions

_ 2 -1 -3 2
fax = P10 (2.060 - 2.056 X 1071 M_ | +8.095 x 10 Ms’l) (4 <M, S 14) (7a)

= 5. d% -1 -3
%ax = P19 (8.723 x 10-1 - 7.488 x 10 Ms’l) (14 <Mg g < 30) (7b)

10



The results of figure 6 of reference 6 were extrapolated to a value of Mg 1 equal to 30
to obtain equation (7b). As the separation distance approaches this hrmtmg value £,
the interface velocity approaches the incident shock velocity and is essentially equal to

Us,l at Ema,x'

The test time for a turbulent boundary layer is obtained from the relation (ref. 7)

roo-
(US 1t)0.ﬂ ) .
1. | St 0.2 0.2
5¢ fol [ U, it U .t
ma"x—2<log max/ |, gtan-1( %) _ gL} Y -u_ =X (8)
4 \p € _ 0.2 I 0 5,1
1 Ug 3t max max
1- JZ_J——
max
.- ~ ,

where ({ is obtained from the relation (ref. 7)

e )

0.2
50 1'( - ) 0.2 0.2
ma‘x(@)< log tmax -2‘tan'1(--——Iz ) +4( : ) )
e

-X (9)

1

4 Py ﬁmax Jzmax

. - - -/

Curve fits to the real-air results of reference 7 yielded the following expressions for

ﬂmax'

_ . 0.25 ,1.25 : -1 -2 .2 :
Lax = P1 @ (5.273 - 7.514 x 10-1 M ; +3.435 x 10 Ms’l) (4 <My < 10)
(10a)
_0.25,1.25 2 |
0ag=Pp20d (1.546 _ 3.017 x 10 Ms’l) (10 SM ;< 30)
(10b)
For the inviscid case, the "ideal” test time is given by the relation (ref. 12)
M x
t, g = —— 11
1, 2 pz U2 . ( )

11



Effect of boundary layer on flow nonuniformity.- A method for estimating flow non-
uniformity (axial variation of flow guantities) between the incident shock and interface
after maximum separation distance is reached is presented in references 6 and 13. In
these references, the concept of an equivalent inviscid channel is employed and yields the
following continuity equation:

P32 x

X n
U..-U = U_,-U 1-(—2 12
S( 5,1 2,xs) pz,xg:o( 5,1 2,xs=o) (ﬂ ) (12)

max

where n = 0.5 for a laminar boundary layer and n = 0.8 for a turbulent boundary
layer. Additional relations required for solution of flow conditions in the region between
the incident shock and interface are the isentropic condition for equivalent inviscid
channel flow

(2, (8
R /x, R /X0

and either the energy relation

1

2
hox * 5(%,1 - Uz,xs)

1 2
=h +={U -U 14a
] 2,%-0 * 5(Us,1 ~ U2,x,-0) (142)

if the AEDC real-air tape is used as the source of thermodynamic properties
(p = p(h, sWy/R)), or the momentum relation

2. 2
Pax, * Pz,XS(Us,l - Uz,xs) = P2x.=0% 92,X8=0(Us,1 - UZ’XS=0) (14b)

if the AEDC real-air curve fit expressions are used (p = p(p, sWy/R)). This system of
equations is solved for the unknowns p2,XS’ UZ,XS’ and p2,XS’ in conjunction with the

equation of state, by iteration on Py x for a given value of Xs/ﬂmax' As discussed
g

in reference 6, equation (12) is less accurate for the case where the maximum separation
distance has not been obtained. This inaccuracy is due to entropy variations (associated
with nonuniform shock motion) and the unsteady nature of the flow between the incident
shock and the interface. Since the accuracy of equation (12) decreases as { /ﬂmax
decreases from its limiting value near unity, the effect of flow nonuniformity is deter-

mined herein only when the condition ¢ /ﬂmax 2 0.9 is satisfied.
12



Calculation Procedure for Expansion Tube

As discussed in reference 14, the flow energy lost in rupture of the secondary dia-
phragm must result in an upstream-facing shock wave reflected from this diaphragm.
When the diaphragm ruptures, the resulting expansion fan overtakes and weakens the
reflected shock. It is sometimes assumed that the reflected shock has been weakened to
a standing shock by the time it processes the flow which eventually becomes the test flow.
Therefore, the possible existence of a standing normal shock at the secondary diaphragm
(region @) was considered in reference 5.

Recently, tests were performed in the Langley expansion tube with helium as the
test gas. (See ref. 15.) The primary reason for employing helium was to divorce pos-
sible effects of flow chemistry on test-section flow quantities from the gas dynamics or
fluid mechanics of the flow and, thereby,‘ to provide an approximate model of the expansion
tube fluid mechanics. These helium tests indicated the existence of a totally reflected
shock at the secondary diaphragm (region @) . Hence, the effects of a reflected shock,
as well as those of a standing shock, at the secondary diaphragm are considered herein.
As in region @ , flow quantities in regions @ and @ are assumed to be in thermo-
chemical equilibrium. In computing flow quantities in regions @ and @ , flow quan-
tities in region @ are assumed to be uniform.

Standing shock at secondary diaphragm.- The conservation relations for a standing
shock at the secondary diaphragm are

PoUy = PagUsg (15)
2 2 ‘
Pg + PaUs” = Pgg + PagUsg (16)
1.2 1.2
h2 +§U2 =h2$+§U25 (17)

Since the conditions in region @ are assumed to be known (that is, calculated previously),
equations (15) to (17) are solved in conjunction with the equation of state, by iteration, to
yield conditions behind the standing shock (regicm @) . (It should be noted that the flow
conditions in region @ are the same as those immediately behind a normal bow shock
wave on a model positioned in the shock tube test section.)

Totally reflected shock at secondary diaphragm.- For a totally reflected shock wave
at the secondary diaphragm, the conservation relations are

pg(Ug + Uy) = pg, Uy (18)

13



2

2
By * pZ(UZ + Ur) = Pgp + erUr (19)
1 2 1., 2
hy + E(U2 +U)  =hy 4 s U, (20)

Again, the conditions in region (2) are assumed to be known. Equations (18) to (20) are
solved by iteration for the thermodynamic properties in region @ and the reflected
shock velocity U,.

Thermochemical-equilibrium unsteady expansion.- Region @ is defined as being
region @ for the case of no shock reflection at the secondary diaphragm, region
for a standing shock, and regicn @ for a totally reflected shock, As discussed pre-
viously, the expansion tube flow undergoes an isentropie, unsteady expansion from
region @ to region @ Across an upstream-facing unsteady expansion wave, the
velocity increment is related to the thermodynamic properties by the integral expression
{ref. 1)

dh (21)

a)SAWu/R

h

AU=U5-0A=-S 5(““‘
h

A

Either free-stream pressure or test-air —acceleration-gas interface v'elocity U5 is
considered, individually, as inputs necessary for the solution of equation (21), As is
typical of high-enthalpy facilities, the assumption of thermochemical-equilibrium air flow
is subject to question. Hence, limiting cases are obtained by performing both a thermo-
chemical equilibrium expansion and a frozen expansion.

For an equilibrium expansion where the quantity Uy is an input, the AU of equa-
tion (21) is known. If the AEDC real-air tape is to be used as the source of thermodynamic
properties, the enthalpy is decreased from a maximum value of hA' in given increments.
Since an isentropic (s AWy /R = 8pW /R) expansion is assumed, subroutine SLOW

('anuts h and s Awu/ R) is used to generate corresponding values of the inverse of the

speed of sound a~l, If the AEDC real-air curve-fit relations are to be used instead of
the AEDC tape, pressure is decreased in given increments from a maximum value of Pp-
These values of pressure are used in the subroutine SAVE with constant entropy s Awu/ R
to generate corresponding values of enthalpy (the maximum value being h A) and the
inverse of the speed of sound. Equation (21) is integrated numerically between the known
limit h A and the unknown limit h5. The value of h which equates the integral of
equation (21) to AU is the desired value of hg. Corresponding thermodynamic quan-
tities in region @ are obtained from the real-air source, since the quantities szW, /R

14



and h5 Or p, are now known. When pg ig an input, the thermodynamic quantities

in region @ are obtained directly from the real-air source since S5Wu/R and pg are
known. With the limits of integration known, the integral in equation (21) is evaluated
numerically to give AU, and hence Ug.

Additional conditions in region @ that are of interest are free-stream Mach num-
ber Mgy and free-stream unit Reynolds number NRe,S' For values of Tpg less than
or equal to 1500 K, the free-stream viscosity pjg required in determining NRe,B is
calculated from Sutherland's viscosity law (ref. 10), whereas for values of Tg greater
than 1500 K, pg is obtained by use of the results of reference 16.

Frozen unsteady expansion.- Frozen flow is defined herein as flow in which the
vibrational energy and chemistry remain unchanged during the expansion of the test air,
For the expansion tube, this freezing of the vibrational energy and chemistry is assumed
to occur in region @ . Hence, the energy in region @ may be viewed as consisting of
an active or available part which provides the energy for flow expansion and a frozen or

nonavailable part. Since the energy associated with vibration and chemistry is constant
for a frozen expansion, the ratio of specific heats » will be constant and the test air
behaves as a perfect gas. To obtain an estimate of the ratio of frozen specific heats
for dissociated but unionized air, it is assumed that the dissociated air may be modeled
by atoms (O and N) and molecules (Nz, Oy, and NO) . It is further assumed that the atoms
are not distinguishable and the molecules are not distinguishable. This is a reasonable
assumption since W, is approximately equal to Wy, and WOZ’ WNz, and Wyqo are

approximately equal, The molecular weight for this composition is given by the relation
W=x, W, +x, W= wa(z - xa) (22)

where the sum of the mole fractions is unity (Xa +Xm = 1) and the molecular weight
of a molecule (02, Ng, NO) is approximately twice that of an atom (O, N). From the
relation Z° equal to Wu/W, where W, is approximately Wp,, the expression

7* = 2 (23)
2 -x,

is obtained. By letting the quantity 7% he defined as 1 + ¢, it can be shown that

7T+ 3 (24)
B+

Y=

Since the quantity 2 A* is assumed to be known, values of «, and hence 7, may be
obtained.

15



For a frozen (perfect) gas, equation (21) may be evaluated in closed form to vield

_ 2
Us,s - Ua= Ve - 1(aA,f - as,f) (25)

If a value of U5,f is known, the frozen free-stream speed of sound ::15,f follows from
equation (25) and the corresponding frozen thermodynamic quantities in region @ are
determined from the isentropic perfect gas relations of reference 17. (See ref. 5.) For
the case where a value of p5,f is known, the quantity as’f is determined from the
isentropic perfect gas relation (ref. 17)

(26)

Corresponding frozen quantities in region @ are determined similarly, and U5 £ is
obtained from equation (25). ’

The ideal test time for the expansion tube (test time is defined as the time interval
between arrival of the acceleration-gas—test-air interface and the expansion fan (ref. 1)
is given by the relation

1 1
t.p=L_[——— - — (27)
i,5 a _
The actual test time may be somewhat less than this ideal test time because of the early
arrival of a downstream expansion wave. (See ref. 14.) The time of arrival of this
downstream expansion wave for real air is not determined in the present study.

Flow attenuation,- The air-test-gas—helium-acceleration-gas interface velocity in
the acceleration section of the Langley pilot model expansion tube was observed (ref. 14)
to decrease in traversing the acceleration section. A decrease in flow velocity along the
acceleration section was also observed in recent tests (ref. 15) performed in the Langley
6-inch expansion tube with air test gas and air acceleration gas. Thus, the effect of
flow attenuation on calculated flow quantities in region @ and on the post-normal -

shock region of a test model subjected to flow in region @ is considered herein.

A method for determining the effect of flow attenuation on thermodynamic quantities
in region @ is discussed in reference 14, To illustrate this method, consider a thermo-
dynamic quantity in region @, such as Ps, plotted as a function of interface velocity Usg
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at the exit of the acceleration section. Application of the method of reference 14 is
equivalent to a shift of point pg, Ug for no flow attenuation to point P, Ug - ZAU5

with flow attenuation. The quantity AUg is the difference between the maximum and
minimum (that is, acceleration section exit) values of interface velocity observed along
the acceleration section. In the present program, the unsteady expansion is performed to
the acceleration section exit (region @) and the interface velocity Ug changed to

U5 - 2AU5 to account for flow attenuation. Post -normal -shock flow quantities

(regions @ and @) are calculated by the shock crossing procedure to be discussed
subsequently, where the free-stream velocity is equal to Ug - 2aUg. The effect of flow
attenuation is included for an equilibrium expansion only.

Acceleration-gas flow guantities and guiescent pressure.- An itmportant parameter

in the operation of an expansion tube is the initial pressure of the acceleration gas pqp-
This pressure is the controlling factor in determining the degree of expansion in the
acceleration section. In reference 5, a range of P1g Was determined for each U5 with
helium acceleration gas. Only helium was considered in reference 5, since helium was
used exclusively as the acceleration gas in the Langley pilot model expansion tube. (See
ref, 14.) However, more recent tests in the Langley 6-inch expansion tube (ref. 15) have
indicated the desirability of using the same gas for both test gas and acceleration gas.

In the present study, the conditions in region @ are determined prior to calculating
the corresponding value of P10 required. Since the values of py, are relatively low
and since the quiescent acceleration air temperature T, is ambient, thermodynamic
conditions in region obey ideal air relations. At the interface of the acceleration air
and test air, it is reguired that Pgp equal Pg and U20 egual U5. Hence, the con-
servation relations for an incident shock wave into region , excluding the effect of
boundary-layer growth along the tube wall, are

W
10
10 5 UL = pog(Us 10 - U 28
RT,, P10Us,10 on( 5,10 5) (28)
W
10 .2 \_ 2

Pro\! * g . Ug 10) = 5+ P20(Us,10 - Us) (29)
7 R 1.2 1 2

Twg 1073 Ug,10 = hao * §(Us,10 - Us) (30)

where the unknowns are Pjig, Pop» hyp and Ug 14 The equation of state represents
H
the required fourth relation. These relations are solved by iteration. An initial guess

o
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of the quantity Us,lO is made, this being 1.11 times Ug (corresponding to pZO/pIO
equal to 10), and hy, is obtained from equation (30). The quantity Pag (which is equal
to p5) and this initial estimate of h20 are used as inputs to the source of thermodynamic
properties and a value of Pag is obtained. This value of Pop is used in equation (29)

to ¢btain a value of P1p- A new (up-dated) value of US’ 10 is determined from equa-
tion (28), and if not within 0.1 percent of the initial guess of Us,lO’ the procedure is

repeated. Iteration on the quantity US 10 is continued until successive values of U
’

8,10
are within the desired tolerance.

If helium is to be used as the acceleration gas, as in the experimental study of ref-
erence 14, the corresponding value of P1o for helium may be estimated from that for
air. Combining equations (28) and (29) yields the expression

P5 = P19 * P10Us,10Y5

For a strong incident shock, P1p is small compared with the product me s 10U5;
2

h i imatel al t u Us. Equati and U: for both

ence, pg is approximately equal to P10 5,105 q ng pg 5 for

acceleration gases gives
u = U
(910 s,lo)He (P10 s,m)m-Lr

For the same value of Ug, the incident shock velocities in air and helium are relatively
close; in the limit of maximum separation distance between the shock and interface,
these Us,lO values are equal. Thus, plO,He is approximately equal to plO,air and

plO,He is equal to 7.24 times plO,air‘

An often employed method of measuring the velocity of a moving gas is the micro-
wave interferometer technique (refs. 14 and 15). K helium is used as the acceleration
gas, the helium behind the incident shock into region is generally not ionized and
thus is transparent to the microwave signal. Hence, the flow being tracked by the signal
is the helium-acceleration-gas—air -test-gas interface and the quantity Ug is inferred
from measurement. When air is used as the acceleration gas, the microwave signal tracks
the incident shock into region and not the interface. For this reason, the laminar
theory of reference 6 {(discussed previously) is used in the present program to determine
the Us from measured values of Us,lO’ known thermodynamic conditions in region 3
and acceleration-section diameter and length. At the acceleration-section station where
‘Q/ﬂmax is nearly unity, the quantity U5 is equal to Us,lO and may be inferred directly
from measurement.
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Calculation Procedure for Expansion Tunnel

Thermochemical-equilibrium steady expansion.- The entrance conditions at the noz-
zle of the expansion tunnel correspond to the conditions in region @ As discussed pre-
viously, the expansion tunnel flow is assumed to undergo an isentropic steady expansion
from region @ to region @ The basic differential eguation for this expansion is
{ref. 1)

dh
du = -(—) (31)
v sWy /R

which may be integrated between regions @ and @ to give

1.2 1.2
h +§U5 '”h6+_U6 (32)

5 2

The left-hand side of equation (32) is considered to be known. Inputs considered
(individually) for determining expansion tunnel flow conditions are pg and Upg. For an
equilibrium nozzle expansion in which the quantity Upg is known, hﬁ is obtained from
equation (32) and the corresponding thermodynamic quantities in region @ are deter=-
mined from the source of thermodynamic properties with the quantities h6 and s6Wu R
(which is equal to s, W, R) as input. For the case where a value of pg is known, the

thermodynamic quantities in region @ follow from the source of thermodynamic proper-
ties with the quantities pg and 56Wu /R as input, and the corresponding value of Ug
is obtained from equation (32).

Frozen steady expansion.- For a frozen nozzle expansion, it is assumed that the

flow in region @ is in equilibrium, and the assumption is made that freezing occurs at
the nozzle throat. The procedure for calculating frozen flow conditions in region @ is
gimilar to that discussed previously for region @ of the expansion tube, whereby the
equilibrium conditions in region @ correspond to those of region @ and the frozen
conditions of region @ correspond to those of region @ The difference is that equa-
tion (32) for a steady expansion replaces equation (25) which applies to an unsteady
expansion.

Nozzle boundary-layer displacement thickness.- A quantity of interest is the nozzle

boundary-layer displacement thickness. This quantity, with one-dimensional flow assumed,
is given by the relation

¥ =r (33)

geo ~ Teff
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where the radius of the inviscid core is given by

A)1/2 "

T pe=T¥ 22
eff eff( *
A eff

and 1 geo is the nozzle wall radius. The ratio (A/A% off is determined from the con-
tinuity equation for one-dimensional, steady flow

(A) _Ps7s (35)
A eff PeUs

where quantities appearing on the right-hand side have been calculated previously. With
the assuniption that the displacement thickness at the nozzle entrance (throat) is zero

*x ok :
(rgeo = reff) , equation (33) becomes

1/2
P5Us

g*=r _-r* (575
PgUg

geo ~ “geo (36)

Calculation of Flow Quantities Behind Normal Bow Shock at Test Model

For some tests in the shock tube and most tests in the expansion tube or expansion
tunnel, a test model is positioned in the test section. Hence, it is desirable to determine
the flow guantities behind the normal part of the bow shock of a blunt test model. The
conservation relations for a standing normal shock at a blunt body are given in equa-
tions (15) to (17), where the subscripts 2 and 2s are now replaced by 5 and 5s for the
expansion tube and 6 and 6s for the expansion funnel, For an equilibrium expansion, the
flow behind the normal bow shock is assumed to be in equilibrium; for a frozen expansion,
the flow behind the normal bow shock is assumed to be either in equilibrium or frozen.
For the case of equilibrium post-bow-shock flow, the conservation relations are solved,
in conjunction with the equation of state, by iteration to obtain the static conditions
immediately behind the shock. Stagnation -point properties are determined by using the
assumption that the flow region from immediately behind the bow shock to the stagnation
point is isentropic (that is, Sks Wu/R'= St,kwu/R’ where k is equal to 2 for shock tube,
5 for expansion tube, and 6 for expansion tunnel) and the energy relation for an equili-
brium expansion to the test section is (k = 2,5, or 6)

1.2
ek =Pg+35 Uy (37)
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and for a frozen expansion is (k = 5 or 6)

B 12
hej =y g+hy s+ Uiy (38)

This procedure, in which S¢ kWu/R and ht K are known, requires usage of the AEDC
tape. A second procedure co’nsidered, which’makes use of the AEDC curve fits, is to

estimate p; from the relation (ref. 5)
H

YE ks
}/E,ks-1

¥ -1
E, ks 2
Py = P\l +— 3 Mks (39)

This value of Pt 1 is used in conjunction with s, kwu/R as input to the subroutine
H] ?

SAVE. If the value of hy obtained from SAVE is not within 0.1 percent of the value
}
obtained from equation (37) or (38), Py i is up~dated by the relation
. ?

(Bt 1c)

(Pt,k - ,
previous known (40)

h
T/new ( t’k‘)prev'mus

(where (ht’k)known was obtained from eq. (37) or (38)) and the iterative procedure
repeated until the desired criteria on ht,k is obtained. The stagnation-point heat-

transfer rate for a spherical body positioned in the shock tube (k = 2), expansion tube
{k = 5), or expansion tunnel (k = 6) is determined from the expression (ref. 18)

P
. _ -4 [tk
9 i = 3.88 x 10 ]’ —rzn_(ht;k - hw) (41)

For the case of frozen post-bow-shock flow, normal-shock crossing relations for
perfect air (ref. 17) are used to obtain conditions immediately behind the shock and isen-

tropic, perfect air relations are used to obtain stagnation-point conditions.

Tt should be noted that flow properties behind the normal part of the bow shock wave
of an entry body at high velocity are equivalent to the properties behind an incident shock
in a shock tube traveling at that velocity. In free flight, the free-stream conditions and
flight velocity correspond to the initial conditions in region @ and the incident shock
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velocity Ug 1, respectively, whereas static and stagnation conditions behind the bow
shock correépond to conditions in regions @ and @, respectively.

RESULTS AND DISCUSSION

Description of the inputs necessary to utilize the present computer program is pre-
sented in appendix A along with a flow chart, listing of the program, brief description of
basic subroutines, and sample printout. The accuracy and limitations of the program are
discussed in appendix B. Results of calculations illustrating the application of the program
to shock tube and expansion tube flows are bresented in figures 3 to 20, with figures 3, 4, 5,
and 18 for the shock tube and figures 6 to 17, 19, and 20 for the expansion tube.

Flow quantities in region @ may be obtained by using the basic measured inputs
in the following combinations:

Case (1): py, Ty, and U_ 4

)

Case (2): Py, Ty, and Py

Case (3): Py, Ty, Py, Ty, and Wy

Case (3) is useful in ascertaining the theoretical performance prior to a test and in com-
parison of measured quantities Us,l and Py with predicted values from simple shock
tube theory. The computational method for case (3) is illustrated in figure 3 where
velocity~-pressure (US’ p3) curves for perfect and imperfect, isentropic unsteady expan-
sion of helium and hydrogen driver gases are shown in conjunction with velocity -

pressure (Uz, Py ) curves for incident normal shocks in equilibrium, real air. In figure 3,
the value of py Wwas 68,95 MN/m2 for both driver gases and T, 1s varied from 300 K
to 10 600 K for helium (figs. 3(a) to 3(c)) and from 300 K to 600 K for hydrogen (figs. 3(d)
and 3(e})). The ambient air temperature T1 was 300 K and P; was varied from

6.9 N/m? to 6.9 MN/m2. Solutions for case (3) are the intersections of the Uy, by air
curves (generated by using 20 values of Us,l for each value of Py and the AEDC curve-
fit expressions as a source of thermodynamic properties) and U3, by helium or hydrogen
curves. (That is, the solution is obtained when Uy = U3 and Py = p3.) For a helium
driver gas and the conditions in region @ of figure 3, no appreciable imperfect helium
effects on the predicted isentropic expansion are observed. A small effect of imperfect
hydrogen is observed in figures 3(d) and 3(e).

Shock tube performance for real air with helium and hydrogen driver gases is
shown in figure 4, where incident shock velocity Us 1 1is plotted as a function of pressure
. 3
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ratio p4/p1. These results were generated by two methods. First, two values of py

(6.9 N/m2 and 6.9 kN/m2) were used in conjunction with various values of p, to obtain
the range of p4/p1 shown. Compressibility factors for the higher values of Py for
helium and hydrogen driver gases are given in the following table:

Zy for —
Py, MN/m? T, K _
Helium Hydrogen

0.69 600 1.001 1.002
3.45 600 1.007 1.012

6.90 600 1.015 1.024
13.79 600 1.029 1.051
34.47 600 1.071 1,135
68.95 600 1.139 1,282
137.90 600 1.264 1.566

Second, p, was held constant at 68.95 MN/m2 and p; varied from 6.9 N/m?2 to

6.9 MN/mz. In both cases, T, was equal to 300 Kand T, was equal to 600 K. The
curves from these two methods were found to be identical for both the helium driver gas
and the hydrogen driver gas. Differences between perfect hydrogen (Z 4= 1.0) and
imperfect hydrogen driver gas are observed (fig. 4) to be small, and the perfect hydrogen
driver gas yields somewhat higher values of U 1 for a given 11»4/p1 in agreement with
reference 19. The improved performance expected with hydrogen driver gas, in compar-
ison with helium driver gas, is evident in figure 4.

Simple shock tube predictions for real air are shown for helium (figs. 5(a) and 5(b))
and hydrogen (fig. 5(c)) driver gases at p, equal to 68.95 MN/m2. The T4 for
helium is varied in 50 K increments from 300 K to 700 K (fig. 5(a)) and in 1000 K incre-
ments from 1000 K to 12 000 K (fig. 5(5)] and for hydrogen {fig. 5{c)} is varied in 50 K
increments from 300 K to 600 K. The value T, ="T00K for helium represents the max-
imum value obtainable in the Langley expansion tube with resistance heating and the value
Ty = 600 K for hydrogen represents the limit of curve fitting as applied to virial coef-
ficients in reference 5. For an arc-driven shock tube or expansion tube using helium
driver gas, much higher T, values than presented in figure 5{a) are realized; hence,
figure 5(b) represents an extension in range of T, to figure 5(a). At the maximum T,
of 12 000 K, ionization of the helium driver gas is essentially negligible. (See ref. 20.)
Values of Py» Py and T4 being known, a theoretical value of Ug‘,1 in real air may be

obtained from figure 5.
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Combinations of measured input for obtaining stagnation-point conditions in the
expansion tube test section (region @) , when it is assumed that thermochemical equi-

librium flow conditions in region @ are known {(previously calculated), are summarized
in the following table:

Measured Unsteady Post normal

Case input expansion shock

(1) Ug or Pg Equilibrium Equilibrium
(2} Ug or pg Frozen Equilibrium
(3) Ug or pg Frozen Frozen

Similarly, combinations of measured input for obtaining stagnation-point conditions in the
expansion tunnel test section (region ), when thermochemical equilibrium flow condi-
tions in region @ are known, are summarized in the following table:

Measured Steady Post normal

Case input expansion shock

(1) Ug or pg Equilibrium Equilibrium
(2) Ug or pg Frozen Equilibrium

(3) U6 Or pg Frozen Frozen

The first consideration in performing a test in an expansion tube or expansion
tunnel is to determine theoretical flow quantities for the chosen mode of operation. Such
a procedure is necessary in order to obtain approximate magnitudes of quantities to be
measured in the various flow regions. Because of the wide range of flow conditions that
may be generated in the expansion tube and the long computer times associated with the
program of reference 5, the program of reference 5 was not exercised to generate a
family of working plots illustrating expansion tube performance. However, the provision
of such plots would be a worthwhile convenience to the experimenter and would also illus-
trate the versatility of such a facility, Since the present program requires much less
computer time than that of reference 5 (present program is approximately 60 to 80 times
faster than the program of reference 5 with a 10 species air model), working plots were
generated for real-air expansion tube flows and are presented in figures 6 to 17.

Various flow quantities in region @ (p5, Pgs TS’ MB’ and NRe 5), region @
H

(pSS/pB)s and region @ (pt,5, P50 Ty 5 ht,5’ and qt,5 for r,=2.54 cm) are
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plotted as a function of input Ug for values of Py equal to 0.7, 3.45, 6.9, 34.47, 68.95,
and 344.7 kN/m?2 in figures 6 to 11, respectively. Infigures 6 to 11, the flow in region @
is assumed to be in equilibrium and there is no shock reflection at the secondary dia-
phragm. These results are shown for a range of Us,l from 2.1 to 4.5 km/sec. The
upper limit on Us,l represents the highest value obtained to date in the Langley expan-
sion tube using arc-heated helium as the driver gas. Also shown in figures 6 to 11 are
values of Pio required to produce the corresponding flow conditions. Figures 12 to 17
correspond to figures 6 to 11, respectively, except that a totally reflected shock at the
secondary diaphragm is included. Thus, limiting cases for these shock-wave reflection
- phenomena are provided. The results of figures 6 to 17 were obtained by using the AEDC
real-air curve-fit expressions to determine conditions in regions @, @ , @, and
and the AEDC real-air tape for determination of the unsteady expansion quantities
of region @ (The reader is referred to appendix B for discussion of the computational
procedures incorporated in the present program. For these results, method (2)
(ISAV = 2, IEXP = 1) was employed, JAC being 100.) These figures were generated by
machine and linear line segments were used to connect adjacent data points.

For purposes of illustration, let it be assumed that a study is to be performed in
the expansion tube at U5 equal to 5.4 km/sec and I\/I5 equal to 10. Both the case of
no shock reflection at the secondary diaphragm and the existence of a totally reflected
shock are considered. The driver gas is unheated helium (T4 = 300 K) and a value of
Py equal to 3.45 kN/m2 is selected. From figures 7 and 13, flow conditions and the
required p;, for this example are as follows:

Condition No shock reflection Totally reflected shock

Us,l’ km/sec . . . . . . .. . .. 2,48 2,25

Ps KN/m2 L. 0.78 0.45

T KK oo oo 0.76 0.75

P g/mS ... 3.6 2.1
Npes m Lo oo AR 5.6 x 10° 3.2 x 10°
p5s/,p5 .............. 11.85 12.1

peg KN/m2 L 100.0 57.7

Tt”s, KK« v oeee e e 6.0 5.9

Pi 5 g/md . 44,5 25.7

hy g MI/KE . - 15.5 15.3
th,Mw/mZ‘........... 11.6 8.8
pl,o, N/m2 ... 1.9 1.2
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The value of U s,1 corresponding to the chosen values of U5 and M5 is obtained
from figure '7(d) for no shock reflection and from figure 13(d) for a totally reflected
shock. These US 1 values are, in turn, used to obtain the remaining flow quantities
presented in f1gures 7 and 13. At this point the range of P10 required to generate the
desired values of U5 and M5 for Py equal to 3.45 I«:N/m2 is known. The corre-
sponding range of p 4 required to produce this range of US’1 , for a given Py, is
cbtained from figure 5. The pressure in region @ is obtained from figure 18, where
the quantities pg fp;, pz/pl, TZ/TI’ h2/h1, and szwu/R (predicted by using the
AEDC real-air tape) are plotted as a function of Us,l for the values of P, considered
in figures 6 to 1.

Figure 19 illustrates the effect of frozen expansion, in comparison with a thermo-
chemical equilibrium expansion, for several sample cases. These cases show a large
effect of shock reflection at the secondary diaphragm on predicted frozen flow gquantities.
Such large differences are the result of the increase in dissociation in region @ from
the case of no shock reflection to the case of a standing shock or totally reflected shock,
coupled with the assumption that the flow freezes in region @ .

As discussed previously, it is often necessary to infer the test-air—acceleration-
air interface velocity Uj from measured Us 10 by using the theory of reference 6,
Figure 20 shows flow quantities T T ﬁ/ﬂmax, and Ug 10/U1 as a function of non-
dimensionalized distance downstream of the secondary diaphragm for a representative
expansion tube test. For the results of figure 20, P1 is equal to 3.45 kN/m?2, Ug,1
is equal to 2.85 km/sec, and Ly is equal to 17 m. From figure 20(b), the time a
model positioned at the test section (tube exit) is subjected to acceleration-air flow
diminishes with increasing Ug. The separation distance between the incident shock
in region and the test-air-—acceleration-air interface approaches the maximum
separation distance ¢, .. more rapidly with increasing Uy (fig. 20(c)). When the
value of ¢ is essentially equal to Laxs the interface velocity UI is essentially equal
to the incident shock velocity U ,10 as illustrated in figure 20(d). For this sample case,
the interface velocity is equal to the incident shock velocity (measured) at the tube exit
for values of Uy in excess of 5.0 km/sec.

Several expansion tunnel flow quantities (pe, Tg, Ug, Mg, NRe g pﬁs/pﬁ’

and Py 6) are shown in figure 21 as a function of effective area ratio (A/A*) off Nozzle
entrance conditions (conditions at (A/A%) off of umty) correspond to a representative
expansion tube test (ref. 15) with unheated helium driver gas and air test gas having a
value of Py of 3.45 kN/mz. These entrance conditions were determined by assuming
no shock reflection at the secondary diaphragm, no flow attenuation in the acceleration
section, and a thermochemical equilibrium expansion to region @ The tunnel results
were generated, assuming quasi one-dimensional flow, by increasing input UB from
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5.3 to 5.5 km/sec in increments of 50 m/sec and from 5.50 to 5.57 km/sec in increments
of 10 m/sec. These tunnel predictions also assume 2 thermochemical equilibrium
expansion.

The results of figure 21 may be used to obtain a rough estimate of inviscid test
core diameter and corresponding nozzle exit flow quantities for given entrance conditions.
For example, use the dimensions of the Langley expansion tunnel configuration and
assume that the conical nozzle has an entrance diameter of 7.62 cm, an exit diameter of
63.75 cm, and a length of 1.59 m. Hence, the geometric area ratio (A/A*)geo is 70
and the nozzle half angle if 10°. Now, let (A/A%) ;; be equal to (A/. A*)geo’
sponding to zero tunnel wall boundary-layer displacement thickness. The quantities M6
and N e,6 corresponding to this first estimate of (A/A% off M2y be obtained from
figure 21 From these quantities, the displacement thickness at the nozzle exit may be
estimated by using simple expressions in terms of Mg and NR 6 based on nozzle
axial distance from the nozzle apex. (See ref. 21.) (Eq. (7) of ref. 21 was used to pre-
dict & for this example, where YE,6 was equal to 1.4.) Having determined an initial
estimate of 6% at the nozzle exit, a new value of (A/A™) Jepr 1S calculated where the
effective exit diameter is the nozzle (geometric) exit diameter minus 26% At the nozzle
entrance, the effective entrance diameter is assumed equal to the geometric entrance

corre-

diameter and hence a constant. From figure 21, M6 and NR e,6 corresponding to this
new value of (A/A") 4 are obtained and a second value of 8% is calculated. This iter-
ative procedure is continued until successive values of (A/A%) off 2T within a desired
tolerance. For this particular example, iteration to within 2 percent on (A/A%) off

(three iterations required) showed that the inviscid test core diameter is approximately
48,5 cm. The corresponding values of Mg and NRe,G are 13.2 and 7.4 x 104 per meter,
respectively.

CONCLUDING REMARKS

A computer program written in FORTRAN IV language which determines shock tube,
expansion tube, and expansion tunnel flow quantities for real-air test gas is presented.
This program permits, as input data, a number of possible combinations of flow quantities
generally measured during a test. The versatility of the program is enhanced.by the
inclusion of such effects as a standing or totally reflected shock at the secondary dia-
phragm, thermochemical-equilibrium flow expansion and frozen flow expansion for the
expansion tube and expansion tunnel, flow attenuation in traversing the acceleration sec-
tion of the expansion tube, real air as the acceleration gas, and the effect of wall boundary
layer on the acceleration section air flow. The effects of several of these phenomena are
demonstrated by sample calculations.
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The usage of the program in preparing the shock tube and expansion tube for testing
is illustrated from working charts. These charts, which were generated with the present
program, cover a wide range of flow conditions and should prove to be a convenience for
the experimenter in such facilities. The expansion tunnel phase of the program is
demonstrated by a sample calculation. This program is similar to, but more compre-
hensive than, the real-gas mixture program previously available for air test gas. The
present program requires approximately 1/70 the computer time of the gas-mixture pro-
gram with no appreciable sacrifice in accuracy.

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., September 4, 1974,
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APPENDIX A

COMPUTER-PROGRAM INPUTS, FLOW CHART, AND
LISTING WITH SAMPLE DATA PRINTOUTS

The present program is written in FORTRAN IV language for Control Data series
6000 computer systems. Minimum machine requirements are 110000 octal locations of
core storage. The FORTRAN NAMELIST capability is used for data input with INP as the
NAMELIST name. The units for the inputs which are physical quantities are given in the
section entitled "Symbols." The program symbols and a brief description of the inputs
necessary to utilize the computer program are listed as follows:

Program symbol Description

Pl Pressure of quiescent test air in region @
T1 Temperature of quiescent test air in region @
Us1 Incident-shock velocity into region @

P2 Static pressure in region @

P4 Driver-gas pressure in region @

T4 Driver-gas temperature in region @

U5 Velocity in region (5)

b5 Static pressure in region @

U6 Velocity in region @

P6 Static pressure in region @

DIA Shock tube or expansion tube diameter
DIAT Nozzle entrance diameter

DIAN Nozzle test-section diameter
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T™W

BNR

RUN

NDRIV

LB

ISTET

LF

LG

I5AV
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APPENDIX A

Distance downstream of primary diaphragm
Distance downstream of secondiry diaphragm
Model surface temperature

Model nose radius

Facility test number

NDRIV = 0 denotes helium driver gas
NDRIV = 1 denotes hydrogen driver gas

LB = 0 denotes inputs Py Tl’ and Us 1 used to find region @
quantities ’

LB = 1 denotes inpuis Py1s Tl’ and Py used to find region @
quantities

LB = 2 denotes inputs Py» Tl, Py and T4 used to find
region @ quantities

ISTET = 0 denctes only quantities in regions @, @ , and @
determined

ISTET = 1 denotes shock tube and expansion tube flow quantities
determined

ISTET = 2 denotes shock tube, expansion tube, and expansion tunnel
flow quantities determined

LF = 1 denotes U5 is basic input in region @
LF = 2 denotes P is basic input in region @

LG = 1 denotes Ug is basic input in region

LG = 2 denotes Pg is basic input in region @

ISAV = 1 denotes use of AEDC real-air tape (subroutines SLOW
and SEARCH)

ISAV = 2 denotes use of AEDC real-air curve fits
(subroutine SAVE)



INU

IEXP

JAC

IAC

IREP

UsI

NVEL

DELUS5

LREP

NUMU6

U6l

APPENDIX A
INU = 1 denotes use of AEDC real-air tape in determining flow
nonuniformities in region @

INU = 2 denotes use of AEDC real-air curve fits in determining
flow nonuniformities in region @

IEXP = 1 denotes use of AEDC real-air tape in determining
unsteady expansion process for expansion tube

IEXP = 2 denotes use of AEDC real-air curve fits in determining
unsteady expansion process for expansion tube

Number of enthalpy increments used in unsteady expansion from
region @ for IEXP = 1 (300 maximum)

Number of pressure increments used in unsteady expansion from
region @ for IEXP = 2 (100 maximum)

IREP = 1 denotes only a single value of Ug is of interest for
given region @ quantities

IREP = 2 denotes several Uy of interest for given region ®
quantities

Velocity increment for IREP = 2
Total number of Uy of interest for IREP = 2 (10 maximum)

Difference between maximum and minimum interface velocity along
acceleration section

LREP = 1 denotes only a single value of UG is of interest for
given region @ quantities

LREP = 2 denotes several Ug values of interest for given
region @ guantities

Total number of Ug of interest for LREP = 2 (10 maximum)

Velocity increment for LREP = 2
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LD LD = 1 denotes no shock reflection at secondary diaphragm

LD = 2 denotes existence of standing shock at secondary diaphragm
for ISTET = 1; for ISTET = 0, LD = 2 denotes conditions in

regions ‘®, @, @, and @ determined

LD = 3 denotes existence of totally reflected shock from secondary
diaphragm

LD = 4 denotes all three cases (LD =1, LD = 2, and LD = 3) are
performed

To minimize the number of inputs required for running cases on the computer, inputs
are assigned values within the program. These assigned values, which represent values
most commonly used for data reduction in the Langley 6-inch expansion tube, are as
follows:

Program symbol Assigned value
Tl 300.
DIA 0.1524
DIAT 0.0762
DIAN 0.6452
XIS 4.65
XAS 16.98
™ 300.
RUN 1.0
BNR 0.0254
NDRIV 0

LB 0
ISTET 1

LF 1

LG 1
ISAV 2
IEXP 1

JAC 50
IAC 50
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Program symbol Assigned value
IREP 2

NVEL 8

U5l 400,

LD 4

INU 2

DELUS 0.

LREP 2

NUMUS6 5

U6I 50.

Each of these values may be changed from its assigned value by a card change or inclu-
sion in the NAMELIST INP. For a given LB, only the basic parameters Py, Ty, and
Us,l (LB = 0), Py (LB=1), or Py and T, (LB = 2) need be included in INP. Similarly,
for a given LF, only Ug (LF=1) or Pg (LF = 2) need be included in INP; for a given LG,
only Ug (LG=1) or Pg (LG = 2) need be included in INP.

Three options exist for determining flow conditions in region @ for LF equal to 1
or LF equal to 2. These options, in terms of inputs ISAV and IEXP, are

Option | ISAV | IEXP
(1) 1 1
(@) 2 1
(3) 2 2

Thus, for option (1), the AEDC real-air tape is used as the source of real-air thermo-
dynamic properties necessary to generate tables of h as a function of a-1 required
for numerical integration. Corresponding flow properties in region @ are also obtained
from the tape. For option (2), the tape is used for the numerical integration and for
obtaining conditions in region @, whereas real-air curve-fit expressions are used to
obtain corresponding flow properties for the other flow regions (that is, regions @ ,

@ , @ , @ , and @) . Curve-fit expressions are used in option (3) for the integra-
tion and determination of corresponding properties. Option (1) will provide the highest
accuracy (appendix B) in calculated flow parameters and demand the most computer time,
whereas option (3) will have the lowest accuracy but fastest computational time.
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The basic subroutines of this program are as follows:

(1} SLOW — determines imperfect, real-air thermodynamic quantities p, p, h, T,
a, Z, vp,and 7* from AEDC real-air tape for given sWu/R and any one of
the thermodynamic quantities

(2) SEARCH - determines imperfect, real-air thermodynamic quantities p, sWu/R,
T, a, Z, yp,and Z* from AEDC real-air tape for given p and h

{3) SAVE - determines real-air thermodynamic quantities from AEDC real-air curve-fit
expressions with combinations

(1) p and sWu/R
(2) p and p
(3) p and h
(4) p and h
{(5) p and T
(4) VISC — computes real-air u for given p and T
(5) BDT — computes virial coefficients for helium or hydrogen for given T
(6) SOLUT — given (pz, UZ) array and (p3, U3) array, finds solution to curves

(7) SC - iterative procedure for solving conservation relations for a moving normal
shock

(8) SNS - iterative procedure for solving conservation relations for a standing shock at
secondary diaphragm or a normal bow shock at a model, including stagnation-point
conditions

(9) SIMR — computes S‘(dh)

— by Simpson's rule
T sWyfR T

Langley Library Subroutines ITR1, ITR2, FTLUP, and DISCOT are used with this
program and are presented as appendixes C, D, E, and F.

A flow chart of this program is given on the following pages.
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HELIUM HYDROGEN
GAS GAS
CONSTANTS CONSTANTS
{ CALL BDT

CALL IZRL

CALL ITR2
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CALL SEARCH

CALL VISC

CALL ITR2
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CALL SLOW

CALL SLOW
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CALL SAVE
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CALL SEARCH

CALL SAVE

ABS(1.-RNEW/RHOR)=<. 0012
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Yes LCODE=27 > t28
No

SLOW

{ CALL sSLow )

CALL STHR { caLL stow )
. Yes
] CALL SLoW

(=)
|
|

CALL

@—‘ PRINT

o

Ne
O
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CALL SLOW

CALL SLOW

CALL SLOW

CALL SLOW

CALL SLOW

APPENDIX A

PRINT

pct———

MS10=4
and
M510=147
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{ CALL SLOW )
CALL SLOW

CALL SLOW

CALL SLOW
@
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No

CALL S1OW

CALL SLOW

{ caL sLow )
CALL SLOW )
e CALL SLOW

srop
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A listing of this program, including subroutines and comments, is reproduced on the
following pages.

AR 4] s C70A 115N, 2ONTN, AIIRT D248 [Ralaltcly tren reEnNT
USERMILLFBe FHARLFS & 11t NANRNSSTEN A4T720

LINFENT {200 ) -

RUNITS Y 4

REQUFST « TARPFR s+ HY s X o TIAM1 1RO

REWIND{TARER )
SFTINDFa o

LC‘OD a
SPERINTIOUTPUT 3.
LUNLOAND(TARPFE ) o
TX1Tae
SOPRINTI{OUYTPUT )«
UNLDOADETAPER Y «

- L

PROCRAM LFT(INDUTeQUTDUToTAﬁF==TNDHTgTthﬁ=nquuT,TAD:R1 A 1
DIMENSTON X(&)s Y(4:9e15™)a FiP)e 1A, W 4Y)e W{A)s NS{A} A ?
DIMERNSION TABRHR (30C) . TARA (DN Y, TARANT (N7} TAAR (1AM, DRETIANY A E
NIMEFNSTION RESULTIZ2Y TMLay. PEKI1TN™) & 4
NIMENSTON TARTII{S ) TARR] (S0Ye TARPRTI (SN} TARZ[ (=M 1s TARHT (S n =
PDIMENSION TAPAT (57 TABIIT{S ). ¥ALT1™) 7 F3
DIMENSTION US1ITE2N e (2T (27 ). BRI (PMYe HPI (PN PHATZN) A 7
MINMENGTON XSLMIT e TNAN(E Y PPXIS) . 1P¥L5), HEw (B, TPX(R)a DPY(RY A o

Iy APY(S1re BXRIST. DYH (5, RXIME), RPYT(5). n¥T (216 PYA(R) 4] n

REAL MQ].N?,MG.MRQ.MY.MN,MMQ,MQ.MA‘M:F.Mﬁcc.mcqcp.mp.v?n A [ Kol

REAL Mﬁ,MFQ,UAE,MAQcuuﬁrrtovtlﬁ » v
FXTEQNAL =ﬁFY-FOFDqFHFMQ.cnﬁﬁx.FnrﬂwqﬂhﬁﬂxT-FﬂEQXT L

(e laluinly IC0UNT¢IMFTt?)aNﬂ.nﬂnD.Mfovr.an.Lrﬁnc.nth.T:AV A [
COMMAN SRILKT /S PTE,CTaRENS A 14
COMMNN S/BLK?2 S nT!.CTI»TE-fvﬂtnﬁdpaﬁDEFeﬁﬂTl.HFTT A 15
COMMAN /B KA/ T1aRAMA WA, Ta.P8.771 A e
COMMAN ARLKEA 7 1FaNON LI MNE IV LA LLNLE a 17
COMMON SRS ERLTIT 4AT 7T o7 14D [3P A 1A
CAMMPN SR KES PETAL OFTAZ A O
NAMELTST SINPY/ T11plnUﬁluﬁ?anoanLF-Lﬁnﬂﬁqn=nDﬁeU6.DagTa,inr,quu, A Fla)
11QTFT.NIA.MhD1v-x[E.YAC°TM.PND.'rhv.ffvﬁ.HET.IDEnquF(.rMH.ﬁ!nTnﬁT l =
?ANDLDEDQNUMllﬁcllFJ!lJA.'—,."“:LH= A an

CALLL DAYTIM (RESULT)H A =

e A Pa
[ SHMACK TiRF PHAQF A o=
€ A DA
C NDRT1V=0 DENNTFS TMPFREFCT HFELIUM MRIVYFER GAS A o7
C NORTY=1 DENOTES {MPECRFEST HyMROCEN mAS A oA
C A 22
s LA=N DFNOTFS SHOCK TUAF [NPUTS P1.T1at15] LU
cC LAR=1 RFNNTFS SHOCK TIIRE [NDITE D] o, T1.0D7 A A
[ Le=pr DFNOATFES SHOCY TIRF tTRBPYTS D] .T1.PA,TA A s
< A 2n
c wis IS DISTANCE AAWNSTREAM T0MAM PRIMARY NI ADHRAAM A an
C XAS 1S DISTANCE NOWNSTREAM FROM ScrnnDARY NTARHDAAM A as
¢ TS
e ‘NIA 1S SHOCK TURE AR FXDANSIAN Tuas NIAwETSE A e
C DIAT 1S NOZZLFE THROAT NIAMETER A -0
T DIAN 15 NOZZLE TEST errTIAN NLAMETER A G
C A ne
C ISTFT DFENOTES OHASF [T} CALCULATED A at
C ISTFT=N DFNNTES SHNCK TUSS OHASFE ANy A a2
. ISTET=1 DFENOTFS EwPARNSTON THRE PHASE - A a=
~ JSTET=2 MENNTES FwR ARKNS T AR TURKD] DHASE ~ na
g A ae
¢ [5av=1 NENATES UISF OF EEAl, ATR TADE [SELNW,cFARCH) A AR
I [SAyv=2 NENOTES USF 0OF AFDEC FLURVE FITS (SAyE) A AT
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A AR
INU=1 DFNOTFS USF OF TARS FNR FLAW NANIISTEADM Y TY FALC TN DERIAN D A a0
INU=? DFNOTFS USF OF CURVE FITS FAR Sp Nw NONUNMTEARMTITY tw RERJAN 2 4 =

A =1
Lh=1 DFNOTES INCINENT SHACK NONLY A =2
LD=2 DFNOTES STAMDING SHACK NNLY A ="
LO=3 BFNOTEZS RFFLFCTED SHNACK OMLY A =4
LD=z4 DENOTES INCEIDFNTASTANDING. ANM RECLEATER GHARKS A &=

L =e
FOR ISTET=0 AND LD=p, COMDTITIONS T REATANS PaRS,PT.2D PETEQMIMNER A =7

A [ =¥}
[IFxP=1 PDENOTFS USF NE TADE FoR UNSTFANY . CwDANS AN A =0
IFxP=2 DFNOTES USFE NF CURYF FITS rap IINSTEANY ExbDANS T~ .4 o

A A
JAC 15 NUMRBER OF INCREMENTS |JSER IN IINETEARY ExDAMS AN FAD teEwn=y A Y-
JAC HAS MAXIMUN VALUE OF -=2An A !

A ARA
TAC 1S NUMAFR OF TNCRFMENTS USFD TN DNSTEARY C¥DAMNSIAN BAD TEYyD=2 I} as
TAC HAS MAXIMIN VALIIC NF 1 nn [ £ A

L
DELIE IS ATTFNUATION IN [WNTERFACE YELOCITY S, wmsaCe A R

A &n
IRER=1 DFMOTFS SINGLE VALUT OF Us AF [aTeResT AT
TRFP=2 OFNOTFS SFVYFRAL IS NE INTFREST A =1

A T
USTHE I5 US INCREMENT FOR IDFPR=? A TR
NVEL IS TOTAL NUMAFR OF 115 AF INTFREST £AD IRFEP=> A Ta

A 7=
LRFP=1 DENOTFS SINGLE VALIIE NF {)Jf AF IMTEFQeSRT A TR
LRFE=2 DENATFS SFYFRAL s AF INTFOEST A TT

A -
Uat 1S UA INFRFMENT FOAR | OFzD A o
NUMLIS IS TOTAL NUMAFR NF 1)A AF [NTESQEST mAp LRED =2 A an

A a1
1T=8 A Az
Nv =0 A a%
Ril=As1434547 A aa
W=2RA,947 A A=
MM=r A Re
REAR {5+.234% (N A a7
USI:PE:P&:TQ=UR=DR:UE=P6=QCLU¢=ﬂ.ﬂ A an
NMNsNNN=LB=NNPRTYy=0 A -1
NMN:QUN:]QTFT=LF=]FYD=Lﬂ=1§D=t A am
[SAV=IRFP=LRFP= 1Nz A M
Lh=4 A A
NVFL =8 A aa
MM A= 6 A nay
JAC=TAC =80 A ae
Ti=Tw=300, A e
NlA=,1574 A o=
DIAT=,078p A nA
DITAN= 8452 a oq
XI9z4 465 A olAm
XAC=14/,00 A TAt
BNR= . N2=4 A 1R
ISE=a00, A 1A=
UaT1=50, A 1ma
RFEAND (=, TNP) A tAs
IF (FNDFILE Sy 144,2 A 1AR
CONT INUE A 1N
PRINT 235. RFSULT(]) A 1nm
PRINT 234, 1IN A tmaQ
PRINT 148 A 1an
PRINT Y4a0 A 11t
PRINT 150 A 12
PRINT 151 A 1t



I T T |

o

[ 3e e e

fa e}

A

APPENDIX A

PRINT 152

PRIMT 153 RUNMPTsTIotIS1 40P LA T4, ¥ IS NTATRAY TNl D

IMET (1 y=IMET [P} =0

Leome=1
SSUM=0,
Lip=m
=

Hw=1,00a6F+ 35 Tw

RHO1 =PI #wy /(RU*TT)

Hi =2 49# (RUAWI*T 1
AY=8ART (1 o4 # (RUAWIRTY }
I (LReFQePY RO TN a

IR ITS Py T1a ARND 1S (LP=0)
[NPUTS Ple T1a. AND PRILS=1}

CALL SC (PHNP U2 P2 aH2 aRHOT s USTaP 1 o HT = 15AV)
SPR=cR

T2=TI11

AZ=81

Z7=71

GAMP=MT

M2=(P /AP

M =11S1 /A

RF2=N N

CALLL VISEC ({T2.P2.WIS2)Y
IF (V182.F0ao1oN) GO TN 7
RE2=RHNZ SR /VIS?

CONT TNUE

GO TO At

INPIITS P4, Tao. Plas. AnND T1(LB=2)

Lil=2n0
R=A,1434F+3
IF (MR TV.FOalY O TO §

HEL1OM DRIVFR GAS{NNRIV=0)Y

HWRT="o %

CYRI=1,5
SRFF=4,B024
GAMA=1 o BRABT
WA=4,003
RHOG=(PAt w4y /{RETAY
ALOW= o TO#RHNG

a0 TO A

HYNDAGFN PRIVEFR GAS(NMBTv=1)

HWRT=30:5

CYRI=2,:5

SREF==1.0363

GAMA=1 4

wa=2,016

RHOG= (PA¥Wa ) (RETA,
ALOW= o SORRHOG
AUR=1 o DSERHOG

NELTX= {AUP-ALOW)Y /100,
Fl=.1F=58

CALL BDT (RTACTADBRTADNCTA.D2BT4,NPCTA.Tay
RHDA=1 0 2HRHOG

CALL ITR1 (RHOADFLTXFOFXoF1Ft o2An, ICONDE)Y
IF (ICODE) 7107

GO TO {(Bo9:DeFrs [CONF

PRINT 15a

G TN 1

bkb)bbbhkb-)bbbbbb)b)bbbb)’h)3))})):‘bb)}bbbb‘)‘)bhD)b‘)!’)‘)b)))‘:bbbb>>">>"

114
11F
tre
17
1R
L]
12n
1721
122
1273
174
1o=
1me
127
120
1t =0
13n
11
122
1
T4
1A=
1R
12
1A
179
Tan
14t
147
147
144
148
1as/
1A7
148
TAC
1&n
151
187
Tl..‘.'1
1=4
1=
18R/
1=
1ER
129
TAan
11
187
147
144
1A%
1A/
| NS
1&R
19
17N
11
172
177
17a
1 PE
176
177
1 7R
172
1RN
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15

17
18

19
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21
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PRINT 155, 1CODE

onoTo 1

Z4=1 + +RHOAXRATA+RHOAXR2XC TA

HAa=(R¥T4/WAY ¥ (HWRTH+RHOAX (RTA4=TA¥NATA I+ (RHNARRP /P . 1R (2 X0 TA-TaAXNCTA
19
S4R=CVRIFALOGITA)-ALOGIRHNA I =RHOA X (RTA+TAXNRTA ) — (DHOARED /P 4 VR (- TA4
1TA*¥NCTE4 Y 4+SRFF
CVR=CVRI-TA4X(RHOAR (2, *DETA+TADZRTAI+H (RHOARED /D o 1 # (P ¥NCTA+TL¥N2CT
141
PPTQ:(RHOA*R/W&!*I]-+RH04*(HT4+T4*nRT4)+fDHna**?)*rrT4+Ta*nCTd))
PPRT=(TARR/WAIR (1 a+2 s ¥RHNARBTA+I 4 XDHOARE 2T 4
AA=S5ORT(PPRTA((TA*¥ WA )/ (CVURIPREHOAXR2 ) ) RPDTORED )

TARTI(1)=Ts

TARPI (Y )=R4

TARRI {'1 y=RHON4

TARZI {Vy=24

TARHMT (1 Yy=H4

TARATI{L y=1.-84

TSC=ALOGINITA)

NELT=TSC/8N,

NU=1

DO 11 22,50

TABTI{IY=TSC-FLOAT(I-1¥DFLT

TABTI (I 1=10.,%%¥TARTI (11

CONT INUE

AUP=1+1%RHOA

ALOW=1sE=6

DELR={AUP-A]_Ow) /200,

RI=RHOA

PO 17T 1=2.w0

TI=TABT1I(I)

IF (TIaLT43e) GO TO 18

CALL BDT (BT I«CTLeDBTIWOCTIWD2BT I 4N2CTT T

ChaLL, [TR2 (RISALOWSAUPsDFLR«FOFRWFI+F 14400, 100N

IF (ICODF)Y 12416412

GO TO (134144149151 1CONF

PRINT 154

GO TD 1

PRINT 155, I1CODE

GO TOH 1

PRINT 156+ TCODF.R1NFLR

N TO Ot

TARRI(11)=R!]

TARZI(1)1=1e+RIXBTI+RI X E2%CTT

TABPI (1 )1=TI*(RAWAYXRTIXTARZT (1
TABHItl)=(R*TI/W4)*(HWQT+R!*tBTl-TI*DHTI)+(RI**2/?-)*r?-*CTt—TI*UC
1TI )Yy
CVIR:CVRI—TI*(RI*(2.*DBTI+TI*DEBTI)+(R!**?/2.)*t?-*DCT!+T!*ﬁ2CTI)!
PPTP!:(RI*R/W&)*(I-+PT*:RTI+T!*DHT[)+(Di**?)¥(CTI+T!*nCT!11
PPHTI=(T!*R/wd)ft|.+?.*QT*HTI+3.*D!**E*CTI)
TAHAI(T)=1./(SORTtpPDTT+€(TI*WA)/(CVTQ*D*ﬂT**P:)*DﬂTD!¥*P1}
NU=NU

CONT INMUE

CALL SIMR ({TABHTI «TARAT JNUIWNU W TABANS Y
PRINT 157

DO 19 I=t1.MUt

PRINT 1SR, TABp!tl)oTABT!(!)qTAHRItT)-TAB?TtTi-TAPH!(I].TAPAIIT!-T
TARANS (]

CONT INUE

MS=1a.9

PELS=42

CALL. ITRI (MS 4 DELS«FOFMS ,F 1 4F 14210, ICODF)

IF (1CODFY 20423,20

GO TO (2142242P) 1CONF

PRINT 1%4

GO TN 1

e

BRI ED 3B E DRI DDDDDDDIDDSDDD DD EDE R DDREDDEPR DRI

1At
1R
1A3
1Ra
Tam
1Ag
1R
1RA
1RO
tan
191
197
193
194
1o
195
1o
1 on
100
2a0
ELY]
lal-)
AR
2na
2=
Bl
i
AR
F=lat=]
=8 Ral
211
217
211
214
e
A B2
17
-20-1
"19
-1-Tal
ka
oao
Ppn
274
Pre
2PE
no7
2P
20
21N
[ B
e 3]
X
224
sac
"k
"~
27R
220
240
~a1
Pa?
2a7
SaN
DaE
-2



e2

23

74

2=
28

27

28

29

a1

s RaEsl

aAaNnanan
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PRINT 15%. 1CODE

GO TO Ut

Al =SORT (401 ,839%¥T1)
USMAX=1 o1 241 #MS
USMTINZ o 854USMAX

US1 10t y=usSMaAX

DFEL1= (USMAX=-USMINY /204

PRINT 159

nA Ba t=t .20

USITET y=USMAX=FLOAT T -1 }"NFL1

CALL SC (RHPT(TI:URT{TIaDRT (T 3aHATIT)aRHOTLUSTITIT ) aP1H1 5 1SAVY
PRINT 160s P2IIYRHAT LT eH2T I URT LTy MIST T LT

CONT INUE

CALL SOLUT (TABANSTARDT URT4P2T eMNUPOURDY.

pa=p *’

uz=1P

US1=(PP=P1) s (RHO F12)

MS1=t151 /41

H2=Hl 40 SHUS) $EPw S8 (1151 -112 )y #82

G TO (2%.2/1s 1548Y

CALL SFAQLH (DR RHOP HRCPR TP AP 472 GAMP 722, TGP
GO TO 27

CALL SAVE (BRP RHOZ2 sH2 3 82R TP AZ « Z2 ¢ GAMZ 1)
252=72

MP=p/p2

REZ2=Na0

CALL VISC (T2.PE2:VIR2)

IF (VIS2aFNe10) GO TO 2R
REP=RHARZD/VIEZ

COMT ENUE

IF (LBoNE2)Y GO TO 31!

IF (NDRIV.FQ.0)Y GO TO 29

PRINT 1561

GO TO 30

PRINT 162

PRINT 163

PRINT 164

PRINT 165: PA4.RHDG.TacH4 ,%4R .74 A4, WA
PRINT 147

PRINT 16&6

PRINT 147

PRINT 187

PRINT 168, PPiRHOP TR HP (CPR T2y NAMP (AR IR M2 BF D
RAP=D2 /P

RAPHA=RHOP ARHD

RAT=T2/T1

RAH=H2/H1

RAA=AP /B

PRINT 169

PRINT 170

PRINT 171s RAPRARHO RAT RAH-RAAMS Y o181

SHACK TUBF TEST TIME-RFFFRENCE MIRFLSIPHYS OF FLUTDS.SFPT 1963)

PRINT 172

PRINT 173

TE (MS1.GF 400 ANPAMS1 a1 Faldgy BN TA 22
IF (MS1onTolds) »O T A7

PRINT 174

GO TN S5

XLMAX TS MAXIMUM SEPARATINN NDISTANCE~SHACK TH INTEFRFACE
XL 1S SEPARATION DISTANCF-SHNCK TN INTFRFACF

LAMINAR CASF

)bbpbbppbpbbpp:bbb)bbp;)b)bpno::-i:oubb:b)bb)bi)b>b>bnpbb>>>>bp:>b>>

247
pan
f4Q
2en
ELR
e
pea
LYY
see
PeEg
P
2R
PEO
PRM
PEY
~RA
TS
Zh4a
T
PERA
SR7
DER
RO
=iy dal
27
gl
P77
274
4o
P7A
77
AR
=4l
2A0
=4 R
2= ]
/AR
*R4
sac
2RA
R
2RA
280
f0m
pal
el
-2-X]
2 A
porc
206
27
2GR
299
nn
LY
ano
am
R4
ans
ane
An7
elala
el 1]
Tt n
31t
2>
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XLMAX=PI%#NIA¥RIR (D O/~ PNSARMS] + R, NOGE_JAMC] ¥4 5)
GO TO 34

XLMAX=PI*¥DTAX%2¥ ( LATP3-T,488E-1%M5 1
RETAI=XISHERHO1 /{2 « X XL MAXXRHO?)
BETAR=2 4 ¥ RHO? /RHOT

AXURP = 4999990599

AXL Nz o 0QO01

NELTAX= (AXUP-AXLOW) 7100,

Elz.1E-6A

AX= 5

CALL ITR2 (AXWAXL  OWrAXUP DFLTAXAFNFAXsF14F 1+ 200 1CADF )
IF tICODNE) 743547

RXL 1S RATIO OF XL TO XI_™MAY

RXL=AX®¥>
XL=RXL #Xt_MAX

TAUT IS INEAL TEST TIMF
TAUT=RHO1 ¥X 1S/ (RHO2 %112}
AX 1S SART OF USI*TALL/XLMAY

AXUD = 4999930999

AXLOWS « 00NNAT

DELTERXY= (AXUP-BXL_0OW} /100,

BX=a5

CALL [TRZ (R¥4AXLOW+PXUP ,DFLTBXFOFRXsF14F 1 « 20NN, 1CONF)
IF (ICODEY 7435847

TAUSRX #4281 MAX /US?

Ul=xL-/TAU

TURARULFNT CASFE

1F (MSI-GF.Q..AND.MS]ILT.‘[O.) Gn Ton 37

IF (MS1 eGFL10eY SN TO 78

PRINT 174

GO TN 55

KLMAXT= (FIRR G 2E R (NIAKE] o PSS I # (SaPTP0=, 7SI ARASHMS] 4 CI4ISEMS I REDY
cO TO 39

XLMAXT=(P1¥# 25 )R (DIA¥E] 26 ) R{ ] S464—- 20701 74 #MG] )
DELAXT=NFL TAX

AXT=45

BETAI=XIS*RHOL A (2 s FXLMAXTERHO2 Y

CALL ITR2 (AXT+AXLOWLAXURDFLAXT +sFAFAXTF 1451+ 200 1CONE }
IF (TCONEY TedNa.7

PYLT 15 RATIO OF XLT TO LTMAXT(TURRULFNT CASE)

RXLT=AXTX%5

XL T=RL_THXL_MAXT

BXTUIP= « 399999909

BXTLOW= 000001

DELAXT= (BXTUP-BXTLOW /1NN,

AXT=,5

CALL ITRZ (AXT+BXTLOW«BXTUP DELBX T FOFAXT «F14F1 4200 [CONE Y
IF tICONEY 744147

TAUTSBXTH#RGRXLMAXT /118

UTT=XLTATAUT

PRINT 175, XLN‘AX-XLvQYLlTﬂUcUlOXLMAYTUYLTCUY"LT-TA”Tcl'TTcThH!
IF (ISTETWNF.0Y GO TH &5

SHOCK TUBE FLOW NONUNIFORMITY-LAMINAR CASF
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a6

BAOND
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IF [(RXLoGFE.022) GO TO 472
PRINT 176

GO TO 50

PRINT 177

PRINT 178

PRINT 179

Fun 1S RATIO OF %S TN XL

MM =1

FUnN=a2

XSLM (1 Yy=FUDRRXL

00 49 1=1.5

BNOW (T I =RHDZ2# (UST U213 (1, -SQRT(XSLMIT) Y)Y
CHONSH2+ o 5# (US1 -2y 2
DNON=P2+RHO2% (US1 =02y 2372

R2x{i1=t  O1RRHO2
UPXt1)1=USI-BMNONI{T 1 /R2X (1)

GO TO (45,47%s [Nt

HEX (1) =CNON=S# (LS =U2X Ty ) #i#2
ZlAay=ALOGLIO(H2X (1Y /2BT02475)
IMFT(1)=IMFY (2)=0

CALL SLOW (S2RoZeBeZ20 ] ToNVeNERRsYoX}
R2¥M={ 10232121 )#1.29148R9

IF (ABS{1.=-R2ZX{11/RZXN}LFoc001} GO TO a6
R2% {1 1=R2HN '

GO TO 44
Z(Py=ALDGIOIR2X (111 .72140AF)

CALL SLOW (SPRZe2el o ITaMVYNERR Y oX)
T2%(13y=Z¢1)

CALL SLOW (S2R.Za2¢3¢IToNVNERRsY X))
PRl 1= 10812 {311#] 01748+

CALL SLOW (SPRZe2eBaTTeNVNERRY X))
A2¥ (1 )=Z(HIYH#33]1 41972

GO TO a8

INU=1 BASER ON ENERGY Ef, AND INU=? RASEND ON MOMFNTUM Fho

PAY (T 1=DNON-R2X { 1¥# (US]1=t2X(TYIR#*2

CALL SAVF (PEX I T 1 aR2XNGHEX (T oS2RTAXIT 1o AR I Y o 22X GAMPY o 1)
IF (ABSI(]1a=R2X{TI/R2XNIALF.a001) AN TO af
R2X ¢ 11=R2XN

GO TO a4

AX2(T1=R2% (1) /RHO2

RYXHITY=HAX (T Y/ H?

axXuUiTr=uax{1y /U2

RpPtl1I=P2xt Ty /P2

RXT(IY=T2X( 11 /T2

RYA(Ty=A2X{1 /A2

PRINT 180 XSLM{IYsRXP(II«RXRIII«sRYT Ty RAX¥HIT)IRYAL(TYPYII(TY

IF (MNM.FDo1Y GO TO =2
FULA=FUD+. 2
AKSLMIT+ 1 y=FUDTRYL

CONT ITNUE

SHOCK TUBF FLOW NONUNIFORMTITIFS=TURALLFNT rAcF

1F (RXLT-GED9Y GO TO 51
PRINT 18t

GO TO 4

PRINT 182

PRINT 178

PRINT 179

Funz o2

XSLMIU] )=FUD#RYL. T

Do |81 12145

> 32 D> IR DbkhbD)DDDDDDEDD})DDDDDDD:‘>bmb>bhbbh>bbb‘))))DDDDD

a7Th
37
IAn
a1
g
gty
2/4
2As
AL
AR
1Ra
189
pi=lal
3oy
9>
07
=1
0=
10e
2a7
290
209
LYol
ani
AP
47
ang
aANnSs
ang
anz
AnRA
ArO
AN
411
412
-3 Bl
a1a
415
atA
at7
atr
419
a=f
ast
ABD
a2
ana
ane
476

&5
annA

ass
anh
ay

an»
477
a=a
4=
anm
a7
anA
AD
aan
a4

aaz
447

51



NHaND

SR

sQ

Nan

000

o2

APPENDIX A

AMANC T }=RHO2 ¥ (UST =112 1% {1 o= (¥ SLMI Ty % ,0)
MNM= |

Gn To a3

FUD=FUD++?

XSLMEI+1 ) =FUD*RYL_T

CONT [NUE

STANDING OR REFLFCTFN SHOCK AT SECAND NTAPHRAGM

IF (LDeEQal s ANDWISTFTAFQeNY GO TO 1
GO TO (B7+56+460¢5714 LD

STANPTRG SHOCK PHASE

CALL S5NS (RHOA+UAPALHALCAR s TALAALZA ¢AAMA GZSTARA JMA LRHOS ([P 408 H>

THT 24 PT2+RT2+5T2Ry TT2 sAT24Z2T24GT2 . 78TART 2
HUP=HA

WMy =3

GN TO 58

CONDITIONS IN REGION A FAR NOD STAMPING SHOCK

PA=P>

RHOA=RHO2

TA=T?

SAR=C2R

HA=H?

HUID=HA

AA=AD

UA =117

ZAZ=7?

GAMA=GAMZ

ZSA=787

MAZITA/NA

IFa=i

RFEFA=O,N

CALL VISC (TAPALVISA)

IF (VISALFQeleNy 6N TO SO
RFEA=DHOA®LIAAVTSA

CONTINUE

IF (LDWFRa1Y B0 TO &6

IF (LDJEQead s ANNSKNMNLEDGT Y GO TO AR
PRINT ta7

PRINT 182

PRINT ta7

PRINT 167

PRINT 158, ﬂA.DHDA.TA-HA.RAD.?A-GAMA.AA.UA.MA.DFA
IF (ISTET«NFW40Y 60 T a8

STAGNATION CONRITIONS REHIN® STANMMING SHOCK IN SHOCK TURF

OT2=3+879BE~4XSORT (PT2/BNR I * (HT2—Hw )
PRINT 184
PRINT 185

PRINT 212, PT 2 RT 2 TTPuHT 2 SARZ TP GTR AT2,OT2 JBNR

REFLFCTED SHOCK PHASF

RHNR =1 O #PHAZ

NMN =1

UR=ZII2Z (RHORA/RHOP =1 4 )
PRePPARHOZE ( LUZ4UR Y #4211 mRHORXUR* # 2
HR=HZ+Ho S¥ L (UPHUR ) R %2 ) - ,S¥URX XD

GO TO (624672)e I12AY
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CALL SFARCH (PR«RNEWHR:SARP TR:AR7R«GAMP 75 - 159
GO TO &4

CALL SAVE (PR«RNEW:HR :SARR ; TRARFRGAMR 3
ZSR=7R

IF (ABS(1.=-RNEW/RHORIoLEoafi01} GO TO 65
RHOR=RNEW

GO TH &1

RHOR =QNE W

MR=REAR=UR=0,0

PRINT 147

PRINT 1RA&

PRINT 147

PRINT 167

PRINT 16R: PR:RHOR . TR:HR ;SARR ZRFAMR AR, UD MR OF AR
PA=PR

RHDA=RHAR

TA=TD

HA=HR

HUP =18

CAR=CADR

ZA=7R

CAMAZGAMR

Al =AR

ta=n,0

7RA=7SR

Ma=n,0

IFA=1

IF (ISTET.FDe0)Y GO TO 1

FXPANSTION TURF PHASF

LF=1 DFNOTFS 1= IS SRASIC INPUT
LF=2 BENOTES PS 156 RASIC TNEUT

FROZEN FLOW- FXPANSTION TURF

PRINT 147

PRINT 187

PRINT 146

PRINT 18A

PRINT 189

IFILFoFRat) PS=0,0

IF(LFoFMNa21 US=0,0

PRINT 190 UScPSeXASsDELUS s ISAV: IF¥PoIRFD yNVYR Lo TAC JAC
ALDPHA=ZA-1 o

GAMACT:(?»+?0*ALPHB3/(5o+ALDHA!
AACT=SQRT(GAMACTHZAHRUETA /W)Y

HACT=AACTHREZ2 /{CAMACT =161

HFRO=HA-HACT

1IF (HFROaGTeDe) B0 TN &A

PRINT 191

paEr=0s1

GO TN 74

GO TO (69«71 1e LF

UaF =085

ASF=AACTHIGAMACT =10 ) /2o ) {UA-USFY

IF (AGFsGTo0a} GO TD 7D

PRINT 192

PRE=0ol

G0 TO T4

PEFz=PAR { (ASF/AACTIRE (2o #GAMACT /{GAMALT =101}
GO TO T2

peE=PS

ASE=AACTH (PSF/PAY R { (GAMACT 161/ (2 #GAMACTY Y
USF=P o ¥ (AACT~ARF )/ LGAMACT =10 3 +UA
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MEF=15F S ARE
TSE=TAR (ASF/AACT ) ¥a2

RHNGF=RSF*W/ (RUXZAXTSE

SeRF=SAR

HEF=HACT* (TSF/TA)

28mFr=Z54

ZSF=7A

GAMSF=GAMACT

RESF =040

CALL VISC (TRF.+PSF.VISSF)

IF (VISSF4ENel «0) GO TO 72

RESF=RHOSF ¥ ISF /VISSF

CONT THUE

TIGF=XASR((10/(USF-ASFY)I=(1 4N USFY)

PRINT 193

PRINT 187

PRINT 168+ PSF sRHOSF 3 TSF 4HEF £ SSRF 4 75F « GAMAE , AGF , [ 15F ,M&EC , RESE

SHOCK CROSSING - FROZEN EXPANSION «— FOUILIRRIUM DPAST SHACK

HEFSE=HSF+HF RO

CALL SNS (RGSF LS SF + PSSF yHS GF s SO SRF + TSR W ARSF 4 ZR5F 4 8EF , 7CECF JMEEE
1 e RHOSF s USF s PEF tHEF S W MTRF s PTRE +RTEF « STERF 4 TTEF L ATEF , 7 TEE ,ATEE 78 TS
2F )

RATFF=RESF /AHOSF

PRINT 203

PRINT 194

PRINT 205

ERTNT 206¢ POEF IRGSF s TREF s HE GF s SSGRF 4 Z55F 4 AR SF 4 AREF (| IS8F , MSSFE ,BATF

PRINT 207

PRINT 194

PRINT 208

QTZOF =3B 19BE-ARSAR T (PTRE /RANRIE (HTEF —Hiy )

PRINT 212, PTSF s RTRF e TTEF s HTSF 4 ZTEE s GTEF 4 ATEF s QT 7NF JANR T [ B
PRINT 2023

PRINT 195

PRINT 205

POREF=PSE# (20 KGAMAL TRMSFE R KA GAMACTA] o ) S {GAMACT ] o)
RESFF=(RHOGF ¥ (GAMACT+1 o J¥MBERE2 )/ ( (GAMACT = [ o ) RMEFRRD 4D, )
TSSFF=PSSFE*W/ (RSSEF#RUKZA )

HSS5FF =HGF #TRSFF /TS5F

ZSSFF=ZA

CECCE=AAMACT

ASSFEF=ASF#S0RT(TRSFF TSF)

URGFF =RHASF #|JSF /OESFE

MECEE = | JBSFF /AR ER .
SEERFF={ALOG (PSEFF/PREF = GAMACTHAL NE (RESFE JOHASE ) ) # IGAMAFRT—1 o ) 4CEEE
RATFF =RS5FF /RHOSF

PRINT 206, PSSFF s REGFF » TRSFF s HARFF y REGRFF , 7RCEF G5 SFF  ASGRF , | j8aeE,
IMRSEF 2 RATFF ‘
PRINT 207

PRINT 195

PRINT 20R

HTSRE2HEBF 4 , SR ISF X282

TTSFF=TSSFFXHTGFF /JHESFF

PTSFEF P SSFF# (HTSEF /HSSFF ) #% (GAMACT / (CAMAR T~ o 1 )
RTISCF=PTRFFRAW/ (TTSFEXZAXDL)

ZTSEF=7a

GTEFFE=(AMACT

ATSFFzASSEFRSART (TTSEF/TSSFF )
QTZNFF=3.879RE—a*SORT (PTSEF AANR ) * [HTSEE —Hi )

PRINT 712, P O FF A RTSFF s TTRFF «HT SR s 7 TSFE s T SEF L ATEFFE 4 AT ARE AND o T 1
1 5F

FQUILIBRIUM EXPANST ON-FEXPANSTON TIIRF
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APPENDIX A

1F {(LFeEQo2) GO TO 92373
LF=1 CASF

IF {1EQeFNa?P s ANDG IFXPFN, 1Y GO TH A7
PFLU=US=-UA

GO TO (75:8P). IF¥P

HMIM=1 4 OF 45

DELHs (HUP-HMINY A(FLOAT (JAC Y1 o Ny
PRINT 1958

IMET 1 Y=IMET (P =0

LConF=1

No 8N J=1.JAC

Zla 1= (HUP=-FL.OAT (J-1 1 8DFLH) /PRTNPAR
Flary=aALORINIZ (a1

CALL SLOW (SAReZof+6 T TeNVNFRRY X}
GO TA (79:771« LCONF

L=y )

no 78 K=L . JAC

TARHR (K Y=HUP=F | OAT (¥ =1)3#nFLH
TAQA(K)IT]1 - STEA/SARTITABHR (K )
CONTINUFE ‘ ‘

PRINT 197

ao TN 81

TARHR (1= (10 8#Z (4 ) 228 T, NP45

TARALJ Y=L o /{7 {6 R, 14102F+ 2

CONT [MIIE

CALL SIMR (TARHR.TARA, JAr, JAC s TARANS )
IF {(LFoFQa2) GO TOH 99

GO TO 86

1IF {PSFaGFoefatl} GO TO 872

PSE =M
NELPG=ALOGIQI(RPA/PSF ) A (F NATIIACYI=1.0M1
PRI ZALOGIOIPAY

PRINT 198

PRK (1 )=PA

TARHR (] y=HA

TARA(1})=1./0A

TARP (1) =PA

no 8= J=2. 140

PSGEY=PEGT -1 ) —DFLPG

PSR (JI=10.88PEG )

CALL SAVE (PBK(J)RK(HKyCAR (TR o AK o 7K o GK o 1)

TARHR ( J)=HK

TARA (JY=1,  AK

TARP{J)=P5SK (.})

CONT INUE

CALL SIMR (TARAMR . TARA.AC,TAC, TARANS)
1F (LFoEDa1Y GO TO AT

URZLIA+TARANS (TACY

GO TO 103
CALL FTLUP [DELUHS 2 MON, TABANS . TARHR Y
TMon=]

GO T (B89.88)s IFXP

CALL FTLUR [DEL_U.PSs2sMNON. TARAMS s TARP)
GO TO 100

IF (HS«GFusHeF+a} 0 TO 390

PRIMNT 199

Gn TO 120

XX =G AR

Zta)y=ALOGI0{RS/2R7.,024%)

IMET (1 Y=TMET {2=0

LconE=1

CALL SLOW (XX oZcBa]l ol ToNVNERRoY o X )
GO TO (91.92) LCODE

BB DEDPEDRDD D D DPDLEDDDDBDD>DD b >3k EEEPEIDPDDRF3DY DD

AQR
"0
Y- Tal
B
AT
a4
Aaa
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97
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1n2
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CALL SLOW (XXaZesda2s ITsNVNERRsY X))
CALL SLOW (XXaZ+8+3 s ITuNVMFRR oY v X
CALL SLCOW (XX aZsdsS e ITaNVMNMFRRaY X}
CALL SLOW (XX s Tad+Bs ITANYMFRR Y %Y
CAL L SLOW (XXsZsds72ITaNYNFRRyY4X)
TE=7(1)

BRES{10N, ¥ 47 (2) 141 201 4RA0
PE=(1Q+¥¥Z7 (311 #] 4N 3246F+5

GAME=Z {5

ASS7 () %3 4107

27E=7171

GO TO 103

FRINT 200

PRINT 201
PS=1a0132SE+4+S* (HS /2 4 Q965 TF+S )RR I, SRFXP (2,01 9-5ARY
TS=HS /998,857

R5=2.4839AE-3#RS /TR
AS=2N . 04AFSORTITS Y

ZZe=7STE=1,D

GAMR=1,4

GO TO 103

LF=p CASE

GO TO (95.941. %AV ]

CALL SAVE (PR IRGHSCAR W TE ASZ7R, SAMS 1)
TF (IEXP.FQa1) GO TO 98
DFLPG=ALOGIO(PA/PE )  (FLOAT(TAC =14
GO TO Ba

ZIA)=ALDGI0(PS /1 401 3IPAEF +8)
IMFT(II=TMET (21 =D

LCOnE=]

CAL L, SLOW {SARsZa34 1l s ITesNVIaNFRR Y ¥ )
GO TO (964971 LCONF

CALL SLOW (SARZ+3e2+ITaNVNERR Y 4%}
CALL SLOW (SARZ 434841 TaNVNFRRIY X}
CALE, SLOW (88R+Z43uS 41 TiNVINERR Y %)
CALL SLOW (SARWZ43464 1 TNV IMERR (Y 4% )
CALL SLOYW (SARZ+2s 74 [ TiNVIMERR Y+ X}
TS=Z (1) :
RS=(10+O¥%7 (23 1%] ,2914889

HS= (10.0%%Z (4 1) #2B7.0245

GAME=Z (5

AS=7 (612331 .41972

ZZ==7t7)

GO To 98

PRINT 200

PRINT 201

HE =24 FESTELGH ((PS/1 4 D1 326FE4+5) /IFXP (P, Q1 O9-SAR Y1 ¥ X0, 2AGT

TS=HR A998 B57

R5=23.483G8BF -3%p5/TS

AS=P0.046%SORTITR )Y

ZZ5=75T5=140

GAMS=1 . 4

HMTN=HS

GO TO 78

LIS=ta+TARANS { JACY

GO TO 103

GO T (10141021, ISAYV

CALL SFARCH (PSR G W HS s SAR I TG AG 275 4 GAMK . 7ETS, [SP )
GO TO 103

CALL SAvVE (PSeRS HS 1y SAR TR AG s Z7Z S s GAMS . 1)
ZSTR=275

ME=| IS /A5

RFs=N.0

CALL VISC (TS+P5,vIss)
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IF (VISS5,F0s1.MNY GO TO 104

REG=RSHUS /Y SS

CONTINUE

TIS=XAGR ((1 0/ (US-ASYI-(1N/UTY)

PRINT 202

PRINT 167

PRINT 1868, pqqﬁsvTaiH5°QAQUZ?qQGAmﬁoﬂqeﬂthanF%

CALL SNS (RHOSSUSS PSS HES s SHSR THS e AS5 785 . GAMFS S ZSTADSS s MBS 525

e UB e PS o HE s HT S B TS o R TS+ STER TTS ATS . 2 TS GAME TS ZSTARTS Y
RATFF=RHOSS /RS

PRINT 201

PRINT 204

PRINT 20&

PRINT 2064 BPES  RHAGS ¢TSS HES 1 SBER 758 s GAMFSS 5 ARS A LIRS gMER  DATEF

PRINT 207
FRINT 204
PRINT 20R

HEAT TRANSFFR RELATIONM QF NASA TN N«4799

OTZO=2aBT798F -4 #SNRT (LTS /ANR  # (HTS=HW)
PRINT 209, PTR RTS.TTSsHTG o Z TS GAMET S ATSNTZ70:RNRTIS
IF (IMODF0e?Y GO TO 10S

IF (NFLUS.FN.0,-,01 0 TO 106

IMOn=2

PRIMT a7

PRINT 145

PRINT 14A

USSUS=2 o DENFLUS

GO TO 103

US =S+ o DHDELUS

COMPUTING ACCFLERATION GAS (AIR) CONDITIONS

Us0O=1 .1 RUS

HEOZ 1008 .SOARTIHNSBUSOERP D TH (IS N-1I5 ) #3#2

CALL SAvF (PR RHOAPN s HEO L SR2N,TRN APN L Z2N s GAM2N )
Py 0= (PE+RHOPQ® (URNwtIE #EFR 1 1] o+ { o NATABAFUSDBED /T )
USONEWSZUS /(1 a—(oBOARAXD (N} AULTIRARHNZN Y)Y

IF (ABS(1,—USONEW/USN Il FoeaO010) GO TO 10R
USO=USONEW

GD TO 107

MM B ARM

mMEIN=USO/ A1

RHOT "= (PLO#W)Y / {RUFTI)

RAODR=RHO20/RMO10

PRIMT 210

petNT 211]

PRINT 212 PGS BHOZO TR0 HPN 720 MPA P A, 1SN MS 10 RPPMR
PRINT P13

PRINT P14

ACCFLERATION TFST TIME— MIRFLLE THFEOARY (LAMINAR)

XA 1=o 1 ¥XAS

IF (MS510aGFad0NoANDoMSINGLFalde) &N TO 109

IF tM5t0:.%Tala,) GA T 110

PRINT P15

an T V1R
WXMAX=PIORNTAREZH (P o NFA=p PNEAFMITINEA,NISE=IFMII ARE D)
cn TO 111

XXMA¥=PIO*DTA**E*(nBTEJ—TDQRRF~3*MQ1ﬁ)

xAc IS DIVIDFD INTO 10 INTFRYALS %8

ne 17 151010
BETATI=XA(TIERHOLO/ (2o #XXMAXZERHOZN )

- - -
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Ty
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TF7TQ
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Ed=B
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82
TAa
TAS
TRA
TR
TRA
TR0
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EAzD]
FOR
70
7084
TAE
TOA
dond
TOR
TF90
RAN
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ARz
AN
Anag
Aans
RA&A
anT
AnA
BRn9
A~
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814
Ar s
RYA
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R1A
ARG
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BETAZ2=2  #RHOZ20/,RHN1 0
AXLIP =, 539990

AX_Dw=,00001
OFLTAX={AXNUP-AXLOWY /100,
Fl=s1F=K

AX= o &

CALL TTR2 (A AXLOWsAXUPNFLTAX«FAFAXsF14F 14200, 1CONE)
IF (ICODF)Y 11341124112
RXI_=AX¥%47>

ML =RYL¥XYMAY
TAUT=RHOIOXXA( 1}/ (RHO2NRLIS)
BXUIP, 99999

FXL_ Ow=e0000])

DELTRX= (BXUP-RAXLOW)Y /100,
AxX= 45

CALL ITR? (AXsRXLOWAXUP (NFL TRXFAERXE | 4F1 4 200, [roney
IF (ITCODFY 1124118/.117

GO TO (1141151154115, 1CNONF
PRINT !S52

S0 TR 18

PRINT 155, I1CONF

GO YO 11B
TAUSRX#E2AUXMAX SISO
Ut=xL,sTay

URAT=UT /US

URA=USN /ST

PRINT 216+ XASeXAIT I« XXMAX o XI vRXL « TALUAM T 4 UIDAT 4 IRA « TAITT
XALT+1I=XA(T 14, 1%8%AR

CONT INUE

IF (ISTET.FQ.2) GO T 122
IF (LF+FGe?)y &GO TO 121
SIN=MNN4+1

IF (IRFP.FO41aORJNVFLJFO¢NNY GO T 120
IF (NNGTL1QY G2 TO 120
LUS=S54+0U87T

DELIN=US=1A

IFO=2

GO TN A7

IF (LDweNFa) G TO 1
IFLIRFPLFNL.1 Y A0 TH 280
USsUS—{FLOAT INVEL } -1 4 Y*UST
NN=A

IMFT(1)=IMET(2y=n

LCnnE=]

IF (NMN«FQs1) GO TO =8

IF (NMNJFQs2) GO TO &N

GO TH 1

IF (LCeNE«4)Y GO TO 1

1FN=p2

IMFT{1¥=IMFT(2y=n

LOONF=1

IF (NMN.FQa.tY G0 TO @4

IF (NMNWEGe2) GO TO &0

Gn T 1

EXPANSION TUNNEL - EQUILTRRIUM FXPANSTON

PRINT 147

PRINT 217

PRINT 144

PRINT P18

PRINT 219

IF(LGsFOel) Pa=0,"

IF(LCaFQe2) UE=O,N

PRINT 2201 UAPH«DITAT DI AN, [SAY
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FROZEN FLOW- FXPANSION TUNNFL

ALPE=775%-1.

GACTS=(To43. #ALPSH I/ (Sa+ALPS)

AACTR=SORT (GACTS#ZZSARURTS /W)

HACTS=AACTSRE2/(GACTR-Tc)

HFROS=HS-HACTS

IF (HFROSGCTD0Y GO TO 124

PRINT A2

GO TO (1230140 LG

GO TO (12%5:127): LG

UIGBF=t)4

CATA={GACTS—1 cONF(USHALJSHUDI+ANFLTERLD

IF (CATAGT.060N) O TO 126

PRINT 222

GO TO 130

ASF=S0QRT((CATA)

PHF =P ( (AGF /AACTS I BB (2o BGACTE/(GACTE 10114

GO TO 128 ‘

PAF=D&

ABE=AACTERL {PEF DR T} ((GACTS=1 )/ (P2, BRACTS Yy

UGF=S0RTUSHE2+ LAACTERIDPAARFERZ VA (HACTR~-1 014

MEF=116F FAAF

TEF=TSH{AGF FRACTS ) 282

RHOBF =2PEF W/ {RURZZISETEF )

HEFzHACTSR (THEF /TS

Z6F=7ZS

GAMEF=GACTS

S56RF=SAR

REAF=0a0

CALL VISC (TEFPAFVISAF)

IF (VISE&FFNol.0) GO TO 129

RFAC=RHOAF H1I6F /v [ S6F

PRINT 223

PRINT 167

PRINT 168 P&F sRHOAF o TOGF sHAF 0 SAR o ZAF « GAMAF ¢ ARF o LIBF s MAF « RFAF
H&EFSC=HEF +HFRO=

CALL SNS (R&ESFUGSF o PESF cHESF o SHESRF « TEHAF s ARSF e ZOESF s GEEF o 7SASF o MASF
1 s PHOBF sUBF s PBF c HEF GG o HTAF o P Y BF o RTAF s STARF s TTBF s ATAF o ZTEF o FTEF o 7S T A
2F)

RATFHE=RESF /QAHOSF

PRINT 224

PRINT 194

PRINT 208

PRINT P06q PRSFiRASF (THSF HROF s SHCRF o ZASF o MBSF s ARSF ol IASF (MARSF (RATE
16

PRINT 225

PRINT 134

PRINT 208

OTFE=3.8B79RF=a#SORT{PTA&F /RMNR I # (HTAF —HW)

TI&FE=0e0

PRINT P120 PTAGFsRTEF TTEF cHTAF  ZTARF o GTAF s ATAF s QTF & BNR s TIA/F
PRINT 224

PRINT 195

PRINT 205

PAGEFSPAF#{ P o GACTSEMAF BEDP—GAr TG4 o}/ (RArTE4] 5 )
RASEFF={RHOEF¥ (GACTE+1 o Y #MAF SRR ) AU ({MCACTR=1 5 YRMAEHUD LD o)
TESFFZPESFF#Y/ (RASFF#RPUR?TS)

H&SFF=H6F #TESFF ATAF

Z6ESFF=Z25

GOEEFF=GACTS

ASSEFF=ALAFRSQRTITHSFF/THF )Y

UESFF=RHOAF #UARF /RESFF

M&SFF=UASFF /ARSFF

SHSREF= LALDG (PESFF/PAEF 1 —~GAC TSRALNSG IRASFFE /RAHDAF ) ) AL GACTE -] o Y4+ SARF
RATFFE=RESFF A RHOGF

PRINT 208« PESFF1RASFF : TACFF cHESFF ¢ SASRFF , 7R SFF o RASFE o AACGFF 4 LIASFF o
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IMARSFE RATFFA

PRINT 225

PRINT 195

PRINT P0A

HTAREFE ZHEF + o SHUGF ¥ #2

TT&FE=THESFF¥HTAFF /HASFF
PTAFF2PASFF% (HTGFF /HASFF 1 ##% (GACTS/ (GACTS=14 1)
RTEFF=PTHFFE #U/ (TTEFERZZSRR1))

ZTAFF=Z25

. GTARFF=GACTS

ATEEF=AGSFF#SORT(TTRFF /TASFF )
OTEF&=14ATIAF—4¥SORT (PTEEF /RNR ) * {HT SFF —Hu §

PRIMT P12« PTEFF sRTEFF v TTAFE sHT AR « 7TAFE s GTAFE JATAFF 4 0OTFFA AND, TIA
1F

GO TN (130414014 LG

LG=1 DENOTES U& 15 INPUT

HE=SHS+ s SH{USHER-LIERRD Y

IF (HB«GFa2«FE+a) O TO 177

PRINT 226

Gy TN

Z{ay=ALOGIO0(HA/2RT.0OP45)

IMET(1Yy=IMET (2=

LCONF=1

CALL SLOW {SARWZe4 43T TeNVNERR, Y XY

GD T (132«13%)s LCONE
PAR=(100%%7(3)1%) 201 2P5F45

GO TO (12331341 18AvY

CALL SLOW (SARWZsa el a1 ToNYINFRRyY X}
CALL SLOW (SARZeAs2+TToNVNFRRs Y+ X))

CALL SLOW (SARZ 44 +SsTTaNVINERRsY Y)Y

CALL SLOW (SARZeA+6+TTaNVINEFRRIY X))

CALL SLOW (SARZe4aT7alTNVNFRRy Y X))
THR=7¢C1)

RES (10 ¥RZ(P)1%1 4791 48R

GAMA=Z(5)

AH=Z (6 1% 4193

ZZ6=717)

PRINT 227

GO TO 137

CALL SAVF (PEIRE6E1HAO+SAR TR ARZ7R 3 BAME 1 }
PRINT 228

1F (LG+EQ.1y O TO 137
USSSORT (P e ¥ (HS—HE ) $LISHRP Yy

GO TO 137

PEF1 201l 32EF+B¥ (HA /2 G068 TE LS IR I, GRFXD (P ,0] 9~SAD)
TA=HA /998 A=7

RE=3 44839 ~AKPAH/TH

AR=2N.D4A%SORTITS Y

GAMA=] . 4

ZZAR=75TAH=140

PRINT 229

ME=IIARLAG

RERz=NL O

CALIL. VISC (T6HWPEVIGE)

IF (VISAFRW1 WY O TO 138

REL=PE*UIG /Y56

PRINT 230

PRINT 167

PRINT 1684 PEIRAITAIHE s SARGZZAE s GAMA 4 A4 LIS 4 MA L RES
CALL SNS (RHOES+UAS 1 PES s HES 1 SASRITAS AES s 7RG+ AMFAS 4 7ETADAS  MES , RA
UG PO HE s HT G P TE R TR STERITTEATA 2 TELGAMET LW ZSTARTEY
RATEF=RHOGS/RE
ATHE=2+879RF -4 #SORT(PTEA/RANR A * IHTA~-HW )

AAR= (REXUS) / (RE*A)Y

—
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DELTE=NSHFINIAN-NIATH#SQRT(AAG) )

PRINT 2231 .

PRINMT 204

PRINT 205

PRINT 206, PﬁSqDHﬂﬁS»TﬁqqHﬁSqF&SRo?HQuGﬂMtﬁqqﬁ&quﬂﬁceMACoﬂﬁ?ﬁp

PRINT 232
PRINT 204

PRINT 233

PRINT 206 pTﬁoQTéoTT@vHTﬁG7T6°GAMFT60§T600T6¢BNP9AA@ODFLTG
IF (LGsEQePaORLRFP.FR1Y GO TO 119
NMM=fINN + 1

IF (NUMUS.EQoNKNN) GO TO 139

1F (NNNoGT210)y GO TO 119

uUs=u1e+U61

GO T 123

UG zA—(FLOAT (MUMUIG Y =1 0 1 #1IRT

sNN =0

GO TD 119

LG=2 DENQTES PaA IR TNPUT

IMFT(LI=IMFT(?)=0

LCOnF=1

ZI3Y=ALOGIDIPA/L o NIAPAAFES)

CALL SLOwW (SAR 7o 3ol o TToNY s NERR 2 Y 4 X))
GO TO (18114831, LCONF

GO TN {(142.134)« 154V

CALL SLOW (SARF .21 TaMYaNFRRYaX)
CALL S1L0OwW quRQZn-‘!vﬁn]TDNVDNanu YaX)
CALL SLOwW {FAPng3n=|TToNVuNFvavqY!
CALL SLOW (SAPvZoBoﬁoIToNVGNEHQoYoX)
CALL SLOW (SARZa3:7sIToNVsNFRRYsX)
T4=7 1)

RE=(10.BHZ (1)1 ¥ .PT1488B9

HE=( 10, ##Z2 (a1 1#287.0245

GAMA=T (5

A6=7Z(HI#331.4193

ZZA=Z2(TY

PRINT 227 -
UB=SONRT {2 # { HE—H& )+ IEFH2)

GO TO 137
H6=2o99637F+qﬂ((96/1oO!??‘F+=]/IFXD(P7o°TQ—§AQ)))**“n?ﬂ=7
UE=SART (2o # (HS—H& Y #1GH##2)

GO TO 136

sSTOP

FORMAT (/51H FOLLOWING FAUILTARIUM CONMITINNS INCLUDF FLNAW ATTHN)
FORMAT /5858H xxxxxxxxxxxxxxxxxxxxyxxxxwvxxvywxxxwvxwwiyvyyyxywva
1

FoemAT (/7/55H XXXXXXVYXXXYXXXXXYYYXXXXYYwxywrxvxkayxvyvyxxxyvvvwv
1XX) :

FORMAT {/A/46H FXPANSION TUIRF PROGRAM OF MILLFR FOR RFAL ATR)
FORMAT (StH ALL. PHYSICAL QUANTITIFS IN MKS UMITS= MNASA SP-T7N172)Y
EORMAT //28H SHOCK TURF PHASE OF PROGRAM Y

FORMAT (//37H MEASURFD INPYTS FOR SHOCK TURE PHASF Y

FORMAT (/105H RN o1 : Tl s =4

1Pa Ta ®I1s nIA 1SAY TNU L)

FORMAT (9E10:.3.315)

FORMAT (20H MAX COUNT EXCFEDED )

FORMAT (17H DERIVATIVF = 0o «I6)

FORMAT (TH I1CODF=s 1= ,8H RI=sFl2e2«7H PFILR=F17:)

FORMAT (/76/5H P33 T2 oHO3 73 M 1/
tAZ uzy

FORMAT (TF10.7)
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182
183
184

185

186

187
ige
189

toc
191

192
193
194
195
196

tav
toe

199
200
201

202
203
204
205

206
207
208

209
216G

FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
1
FORMAT
FORMAT
FORMAT
17
FORMAT
FORMAT
FORMAT
151
FORMAT
FORMAT
FORMAT
ILMAXT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
1
FORMAT
FORMAT
1)
FORMAT
FORMAT
FORMAT
121
FORMAT
1
FORMAT
1)
FORMAT
FORMAT
FORMAT

APPENDIX A

(ragH P2 RHOZ HP nyr 1je1}
(SE1043)

{//30H TMPERFFCT HYDROGEN NDRIVER GAS)Y

(/72BH IMPERFFCT HFLTUM DRIVFR GAS)

(/713H a4 CONDITIONS)

(/75H P RHO T H e/sp 7
A "
(AF1Ce3y
(/7864H CONNDITIONS AFHIND INCINDFNT SHOCK = RFGINN 2
(/106H P RHO T H ssP
GAME I V) [ KNEF Y
(11E10472Y
(//04H RATIO= 2 TO 1 CONDITINNS ANDP SHOCK VFLOCTTY )Y
(/66H =] RHO T H A ]
us1y
(7TF10,.7)
(/747TH SHOCK TUBRFE FLNOW PARAMFTERS Lo iNG MIRFL S THENMRY Y
(/107R LMAX L. LALMAY TIw [Bh}
LT LTALMAXT TIMT WIT TImM1y

(/745H SHOCK TURE TFST TIME NOT COMPHTED — wS1 [T 4%

(11F10,7)

(#751H SHOCK TURAS LAMINAR CLAW NONHMIFORMITY MNAT rOMPYTED

(//45H SHOCK TURF FLOW NONUNTFORMITIES-LAMINAR rAacFE)

[744H RATIOS-PARAMFTFR AT XS TO PARAMFTFR AT X&=n)

(/765  XS5/0 =] RHO T H A
(V]

(TF10.73)y

(//53H SHOCK TURF TURBULENT FLOW NOMUNIFORMITY WAT COMPUTED

(A74T7H SHOCK TUBE FLOW NONUNIFORMI TTES-TURRLILFNT CASF)
(//52H CONDITIONS RFHIND STAMDING SHOCK AT SFCANTIARY NIADHY
(/758H STAGNATION CONDITIONS AFHINM STANDTNG SHOFK-RFETON T

{/9RH P RHO T H W~ rd
GAME A aT BN Y
(£/53H CONDITIONS AFHIND REFLFCTFEN aHOCK AT SFCANNARY NrADM

(/732H EXPANSTION TURF PHASE 0F PROGRAM)
(/7/7792H INPUTS FOR FEXPANSION TIIBF PHASF)
(/72H US P XAR OFLUS 15AaV IFxe |

IRFP NVFL TAC JAC y

FORMAT
FORMAT
FORMAT
FOoRmaT
FORMAT
FORMAT
FORMAT
1
FORMAT
FORMAT
1IN}
FORMAT
FORMAT
FQEmMAT
FOoRMAT
FORMAT
FORMAT
FORMAT
1z
FORMAT
FORMAT
FORMAT
1 AMFE
FORMAT
FoRmaT

{4F 103,615

(40H FROZFN FNTHALPY IN RFGIAN & 15 NFGATTVF )

(/716H ASF 15 NFEGATIVE)

(/77344 5 CONDITIONS FOR FRAZEN EYPANS TOANY

(41H FROZFN FXPANSION-—FOUILIRRIIM DAST SHNACK )

(37H FROZEN FXPANSION-— FRAZEN BAST SHOCK Y

(/54H AFEDC REAL-AIR TAPE USEN FOR UNSTFADY FXPANST DA -TF¥P=1

(7/83H PERFFCT AIR RELATIONS UUSFP FAR MNUMER T CAL ITNTEGRRPATT AN
{/5%H AFDC CURVE FIT FXPRFSSIONS USER FOR UNSTFANMY FYRANSTN

(/50H HS LT SF+4a- #OUILIBRIUM 5 CONRITIONS NOT CAMBUTER)
(/7/37H QUANTTITIFES IN RFGION S OFF AFNC- TADE)

(S3H THESF QUANTITIFS NETERMINER FROM INFA|. AID RFLATIONS)
(/7739H & CONDTTIONS FOR FAIL IARTUM FxPANS [ ONY

(/74%H STATIC CONNTITIONS BOCHIND ROW SHAMK o RPEATAN 5 )
tacgH FOUTLIRRIUM EXPANSTANA-FOUILIRDILIM BPAST SHEMACK y

t/108H P RHO T H oW~
GAME A u M RATIAY
(1110, '
(/A7a9H STAGNATION CONDITIONS REHIND SB0OW SHOCK=RFEION TR)
(/9TH P RHO T H 7 e
A QT RN TIMr)
(10E10.3)

(/74RH ACCFLERATION AIR CONDPITIANS (REGINN 20y ann Pt ny

Alnog
ATinns
Alinmy
Atlnz
Allnn
Altma
Al s
AlTAe
[
AlinA
At1na
Altitn
a114)
ArYy>
Al1y~
All14
LER R R
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Alton
All2t
Allon
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233
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FORMAT (10tH P20 RHOPO Tan H2nN raadal

1ME0 P10 ustn MS1 R BATYIA )

FORMAT (1081003}

FORMAT (//53H ACCFLFRATION ATR FLOW PARAMETSERS USTNG MiQEL S THFENRY
1

FORMAT {/97H ¥AS X A LMAX L L/LmAY
1TIm Ut 1 sus us2asut TIMT )

FORMAT (//S0H ACCEFLERATINN AIR LEAKY PISTON FFFFCT NOT rAMeyTEDR)
FORMAT (1NE10.31Y

FORMAT (/3aH EXPANSION TINNFL PHASFE OF PROGRAM)

FORMAT (//34H TNPUTS FOR FXPANSTION THNNFL DHASF)

FORMAT (/47H us P& N=-THROAT N=NNZZLF 1SAV)
FORMAT {8F10a.3,11F)

FORMAT (,480H FROZFN FNTHALPY TN RFGION S 15 NFGATIVF)

FaeMaT (/746K AGF NFGATIVFE = FROZFN CONNTITINNS NOT COMPUTFEN)
FORMAT (//81H 6 CONDITIONS FOR FRNZEN NOZZLF FXPANSTION)

FORMAT (//47H STATIC CONNITIONS AFHIND BOw SHNOCK - RFEATON 65)
FORMAT (//S1H STAGNATION CONDITIONS REFHIND B0OW SHOCK = RFGION- TR)
FORMAT (//44H HE6 LESS THAN PoNF+4- TH LESS THAN 2n DOFG k)

FORMAT (s473H AEDC TAPF USFN FOR STFADY NOZZLF FYXPANSIANY

FORMAT (/53H AFDC CURVE F1T EXPRFSSIONS USFN FOR NOZZLFE FPARSTNNY
FORMAT (s,=a4H REGION & QUANTITIES nFF TAPF - PEQFFCT RELATINNS UsFn
|}

EFORMAT (//46H & CONPITIONSG FOR FOUILIARTUM NOZZLF EXPANG]ONY
FooMAT [A/45H STATIC CONNTITIONS REHTNN ROW SHOCK-RFGTINN £%)
FOBMAT (/,/49H STAGNATION NONNITIONS AFHINM Bow SHOCK=-RFSTON TA)
FORMAT (/109K o RHO T H 7

1GAME [ QT RN AZASTAR FrFLSTARY

FORMAT (4810

FORMAT {1H1A10/)

EMND

SURBRAOUTINFE VISE (T.PVIS

DIMENSTON TAPY(4a)e TARBTY{13)e TABNUYI(52)

TARLE OF VISCNSITY FROM YOS (AVCH RAD-TM-§3--7)

NATA TAPY/1 N1 3PSF 453N 3FITERE+S 1 0 N1 APEF 46, AN AQTEF LA,

DATA TABTY /10004620000 63NAN 800N 5 e BANN 4 s 6NN « TNAN cANAD 3 s FNNNG o T
10NN, 120004140006 1ANON0 .~

DATA TABNUY A8 18F =8 4 0 688 —8 , o ASAF_a .1 oNAF =451 o ANF -4 . (SAF =841 ARF =
!ﬂn?o?lﬁ—ﬂquﬂGF-aaaoﬁ?E~Qe?uﬁﬂE-4nIo??F—ﬁooQEF-Qvo4lB¢-ﬂqoﬁﬂap-ﬂﬂu
?857F—4n1007p—401u?ﬁF—0nInq25—411oﬂnF-QoEQldr—ﬂc?uﬂqF*dq?oﬁﬁp*ﬂvpna
355—4-2034E~ﬂ91a53=—ﬂco419F-4006ﬂQF—4nanTF—do1oG?F—QalnﬂnF—491nqlf
Al o TEE=A142 0 06E-842 845 -1 420 AETE A4 1N A P B2F—A 4P PaF -4 4041 RF =4 .
:oéﬁEF—ﬂuaﬂqﬁf—ﬂtlnOﬁF-4an?75—¢nlaﬁﬁq-ﬂela""—dc?oﬁnF—AuPoapF—dupo
EEAC-A¢ 3 a0AE =431 0F =426/

IF (TolLFa185N0s) G0 T 2

IFE (TorrTalBON o QORoP T NaF+0KY a0 TN |

CALL DISEAT (T O, TABTYTASNUYTARY, 11:52:4,VIS)

G Ta 3

VISs1e 0

GO TN A3

VIS=l o AGPF—ARSORT(TIA A (1a+1120/T)

RFETURN

EMM

SURRNITINF SHOCK (ANGCNeNN DN UM DR HM Y

BN =RMN¥LUIN

CH=PMN+ANFUNE#2

NINEHMN+ o SEUNS 2

RETURN

S gl

SUNCTION FOFAXT (8XT)

coMYON RS/ RETAL RFTAD
FGFAXT:—n&*HETAl—n25*ALUGl(1:—AXT)/(!o+AXT)’+o=*BTAN(ﬂXT)—ﬁXT
RETUIRN

END
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APPENDIX A

FUNCTION SOFAXT (AXT)

COMMON /BLKA/ RETAL JAFTAP

FOFBXT2-e aXREFTAL 4 a2S¥ALOGC (1 #4BXT ) /{1 e =AXTI 1+ SHATAN(AXT )2 4XAYT % ¥
B/RETA2—AXT

RFE T1IRM

Frn

FUNATTION FOFAY (AX)Y

COMMON /Bi K&/ BFETAL +RETA?
FOFAX=-BETA! A OG (1« -AX)=A%

QF T1IRN

My

FUNCTION FOFAY (RX)

COMMON /RLKE, PFTAL JRFTAR
FOrFBx==RFTA1-A DG (]« -PX)-PRY* 22 /ASTAD=RY

RFETHRN

FhM

FUNMTIGN FNEXY (RN

COMMON /RLKL1/ RTACTa¢RHNS
FOEY=RHOG—(CTARN¥ 21O T4#ON %+ T

RETHIRN

(=i N]at

FUNCTION FOFR (RNT)

COMMNAN JRALK?/ BY T2CTIoTIWar VR [ +S4AD (SRFELARTI ,OFT]
ASCYRT*ALOSITT Y

R=ATI+TI*PATT

C=CTI+TTI*NnCT!
FOFR=A—ALOGIRNT 1= (PNTXR)_ (PN X¥D /5, ) #CO4SREE 54D
RETLIRN

END

FUNCTTON FOEME  {MaN)

COMMON AALKT/ T GAMA WA T4 ,P4,01

RFAL M&N

aA=P4 sP1

B=(GAMA—] 2}/ Pan
CESORT(«QaRARIH ((TI M) A {GAMARTA) )y

D=2 XGAMA/ (CAMA~Y 4 )

MENZ {1 ¢ =A#CK (MON=] o /MON) R ¥
FOFMSSSORT{( LA#DEFNI+ 41667 /1 016471

RFETURN

END

SURRNUTINF SIMR (TARX s TARY JN o NMAX , TARANS )
NIMENSTON TARX INMAX Yy TARY (RMAX] )y TADANS (MuA V)
DIMENSTON NP (4

COMMNON !COUMTqIMFT(E).ND.ARAQ.M?.M=.SAD.LFHHF-H=LH
COMMON  /BLKA/ LE sNON LU NN IVl R Myl
TABANS (1) =0

DEM="s

K=z

TABX(THAT IS TARHRY 1IN NEERFASING ARNED - NELY THIIS NECAT IVWE
DO 1 J=Ka«N

NON=J

DELX={TARX(JI-TABX{ J=-1}/NEN

X=TARX{ J=1)1+NFL X

CALL FTLUP (XeYs-24sN TARX,TARVY -
5UM=(TABY(J—])+4.*Y+TAPY{J))*(AHQtDELX}$/1-
TARANS (Jy=TARANS (=] 3+ 5"

CONTINUE

RETURN

END

SUBROUT INE SNS (RXAUX X s HX s S s TH AN a7 ¥ e X s POX e MY 4 PEY 1 1Ry (DY (HEY ,
1HTY:DT)(!QTX'FT)(1TT¥1ATX07TX1GT\(.?TQK1

DIMENSION X(41)s Y{4+94150 )0 Z(TTy ULa)s V(a)s WA ND 4y
REAL MS1 M2, MR, MSC M) 4 MY UNS

COMMON ICﬂUNTqINFT(P1vND.APADqM?.MP.QAD‘LFﬁﬁF.ﬁcLU.TEAV
CALL SHOCK (RENJCQN(PAMN, DEX SV, DSy , HSY

IMET (1 =IMFT (2 y=0

—
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‘ APPENDIX A

1T=8

Ny =

18p=1

Rx=12, #RSY

HTx=nSHN

UX=RSN/RX

Px=rsnN—RASNELX

H¥=naN—- o G2l )wit#2?

GO TD [Pe3Ye 1SAV

CALL SFARCH (DX o ONFIW g HY e X o TY s AN 4 P¥ o 53¥ o 7Y, TS0
GO TN A

CALL SAVF (DY RNFW HY s SX TY s AX s 7X 4 ¥4y
Z8%=7%

IF (ABS (1 4-RYX/RNFulY | FaonNnl) &N TN &

Rx=RnFw

GO

R¥=RNE W

MY =y 1w AKX

STx=8a%

GO T (AT 15AV

HT¥=HX+ o S#IX#*D

ClaI=HTXY /2R7,N24E

Z(ay=ALOGINtZ (4

CALL SLOW (SXo7+443:TTeNMVNERPRaY 1Y)
PTx=(1lNeN#¥Z(3)11¥] 0137845+

CALL SFARCH (OTXeRTY HTX A STX s TIX 2 8TH (ZTH  CTH7THYa TSRO
ETxX=0%

co TH 9

PTX=PX# (] o4+ {{GX=10 )/ Po Y HMYRF2JHE (W /{ON—]61)
CALL SAVE {(PTY RTXHTIX e STY s TTX AT FTH 43 T¥ 413
ZTex=2Tx

IF (ABS ({1 o—HTX/{HX+.S#UXEEP 11l FanN1] £y TA O
PTX= (PTX® (HX+ ,S¥UX##2 3 ) /HTX

GO TN A

RFTIRN

ENDY

SURROUTINFE RNT {RTMCTMANAEM DIMaDPRM (M2 TM )
COMMON ABLKA/ [.FeNNN L UMPRIVaLB LNl

1IF INDRIVLFMNe!y &N TN 1

HELTIIM  USFM A NRTWER CAS

AMTI=1EoB922 A 0G(TMY

AMTP2=—R,710AF—3%TM

RTM=1, 356SF—A#AMT | #£#3—2  NNAFRF-A#E WD {AMT P

CTM=S H3TF -] 2HAMT T 47

NRAM=(—1 o DOADBE S/ TMy RAMT | # R P+ T ARPAT —FARENDO [AMT 2}

NCM={— T4 I7O9RF- 11/ TMI#AMT 1 28

N2AM= (201 39FE-S/TMHRED I RARMT | 4 (] o NAAQRE S TR ) RAMT I RED_D, TIPOE R #E
IXP(AMT 2y

NECM=(1 o AAGRE - | D/ THB R ) RAMT I # ¥4+ (2, T7IAC 1 /THREP ) FAMT] HES

GO TO ?

HYNROGEN LISFN AS NMRIYFR AAS

ABTM=l o 6FFAF 3R TMER, P S

CTM=2.1E-4

PRM=A o, PABRF AR TMER (~ o 75}

pEM=NZ2ONM=N,

n?Rm:—?,lRaaC—a*Tu*¥¢-],ﬂ:)

RFETIIRN

END

SURROAUT INF SEARCH (02, 0HAGHL s SNR T A1 471 4 mAVM 7S, 150

NIMENSION Glale YIfate Y2041 YA0a)y Yalay, Yo (A)s YA(A)S YA
DIMERNSION 1COINTIPS s JFLAGIZS) MO 1=y, DIRPEY,, DHN(PE)
DIMFNSTION SAVEH (2544 3e SAVFR (254413, CAUFT (52 A4 )e SAVFA{SS 44
DIMFNSION SAVFZIZ2S 2 Y. CAVES (PR ,A3, SAVEA (DS 41, TAVEPS(2E,4)
DIMENSTION H1(25)s T1 (PR3 A1 [PF)a 7107 ) SNRIPT). CAM{PEY, TC(D=)

el il o
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|
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APPENDIX A

DIMFNSTON TART{ISE ). TARR (IS0,
NIMENSION TAPA(L1GN 1. TARTZ (=07,

RO 1T I=1eTRP
TCoOIINT T =1
JFLAGC(TY=D
CONT TNLIF
Jumes0

17=8

REwtNE IT

TaAnG (1=My,
TareEr=ng,

READ (1T7) XeNVe{ (YT qL)aT=laD)al=1NV)

[F (FNDFILF ITHy
CONT INUE

WRITF (6416

PO 5 I=1.15P

IF (JFLAGITY.F NNy o TH 4

GO TO S
CONT ITNUF
RHOC(T =0,
T1¢(11=0a
Al (T1)=0a
F1(1)Y=0a
SOR{TY=0e
GAMI]1=0.
ZR{11=04
CONTINUF
GO TN 18
CONT TNUF
DO 1a J=1,ISP

IF (JFLAGIJYaFDe1

NN TCOUNT Ly

LOTO 14

PR=ALOGIO(P(J)/]1aN1325F 45y
HH=ALOGLIC (HY [J)/PR7,0745),
IF [ (PP=Y (3413} % (PDv(3NV1]1al.Tere} GA TA 7

SAYFH({J+11=0,
SAVFREJ«11=0,
SAVET(Ja11=",
SAVFA(Ja131=0,
SAVFZ (U« 1170,
SAVFS{ Jat 1=y
SAYFR I el ¥=0,
SAVFZS (U1 120,
MNN=2

GN TO 10

DO 8 1=1 Ny
TART (li=vY (111
TARR{I)=Y (2,1
TARP(I)=Y{(3, 1}
TARH(I )=¥ (44 1%
TARG(I)I=¥Y (S 1)
TARPA(T Y=Y (A1)
TARZ (1)Y= (741
TARZS(13)1=v(Q,41%
CONTENUE

TARK (=
TARFS (18N

CALL DIsCOT (PRPC, TAAP , TARH TARH 4 —1 3N NV 4 N o ANST )
CALL DIScoT (PR4BO,, TABRP s TARR ¢ TARR s —1 30, NV 4 0 ANS D )
CALL DISCOT (PRAPP Ly TARD y TART s TART s —1 3N MYV 4 P (AN Y
CALL DISCOT (PPAPPaTABP s TABA s TARA 1 31 NV 4 1y ANSA }
CALL nISs¢CoT (PP PRy TARP s TARZ s TARZ y — 1 3NNV o Ny ANSS §
CALL CISCOT (PP PP TARD y TARG yTARC .« [ 37 NV o ™ 2 ANES )
CALL DISenT benD”.TﬁnD.TAq7Q.Tﬂq7C.—I?”.NU.".ﬂNQ?}

SAVFR{JsNN)=X

SAVFH( JaNNY=ANS
SAVFR(JaNN)=ANED
SAVFT{JeNN)=ANSS
SAVEAL NN =ANS4
SAVEZLJsNNY = ANGY

M
ne
LA
L
L4

LA)

L\

zZZZZ2zzz2z2

z

Zzz

N

ZZz

N
L

LY

[

N
[ Y]

X

LY

N

L
LN
[\
L4
LY

1A
1
12
17
14
15
15
17
1R
10
oan
1
(=3~
o=
2a
o
£
b~Dor 4
»a
20
-~
a1t
e =4
e B
4
2
a2
%7
A

1]

an
al

an
A1
A4
AR
AR
a7
aR
4o
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=1

=p
="
=4

=A
=7
=R

[ Yal
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AT
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e
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=7
FX]
=
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10

11

12

ia

15

SAYEL T JoNMI=ANSS
SAVEZS L JeNNY=ANST

IF (SAVEH(J«NN1aGTeHHY &0 TO
IF (NNeEReTIY &N TN 9
NN=NN+ 1

GO TO 10

SAVFR{Ja1 1=RAVFR(Ja )
SAVEHI Je 1 1=SAVEH( Ja2 )
SAVETIJe13=SAVET (U2
SAVFA( s 1 1=SAVFA(JeP)
SAVEZ(Js11=SAVEZ(J«2)
SAVES{ 1 )=SAVFS L2
SAVEG(Je 1 )=SAVFGIS.2)
SAVEZS(J+131=SAVEZS{J+2
SAVFR(Je2I=SAVER(J¢3)
SAVEFH{Je21=SAVEHIJ:s3)
SAVET(Je2)=8AVFT(Ja)
SAVEAT Je2y=8AVEA L Ja Y
SAVFT(JePIZSAVETZ (Ja )
SAVFS(JeP1=SAVESE Je 2y
SAVEGLJe2I=SAVFG(Ja3)
SAVEZS L JePI=SAVEZS (U3
ICOUNT {J)=NN

GO TO 14

IF (NNoENo.ay o Tn 12

RN =MN+ 1

ICOUNT ( Sy =NN

GO TO 14

JELant =1

N 1R M=l .8
GIMISSAVEH{ M)

Y1 (My=SAYER(JaM)
YEI(MIZSAVFT(JeM)
VAIMI=SAYFA (JoM)

Y4 (M1=SAVEZ (JaM)
YS(MI=SAYES {JeM)
YEIMI=SSAYEG (JaM)

YT (MISSAVEZS(JeM)

CONT INLUIF

CALL INTRP (8:fGe¥1sHH-R)
cAaLL INTRE (4eGa¥2PoHH:T)
CALL INTRP (Asfme¥IoHHs )Y
cALL INTRP (84.Ge¥a4eHHaZ)
CALL JNTRP {4:Gi¥GeHH SR
CALL INTRP [(4:GoYAoHH GAM] )
CALL INTRP (4:Gs¥T7aHHIZS1)
RHO{ )= {10, ##R}#1 , 291489
TIHI=T

ATI1=A#221 2104

21 (=7

SOR(J)=5R1

GAM[. )Y GAMY

Z8(U3=751

JUMP = JUIMB 41

IF (JUMPGFO,15PY A0t TN 1R
CONT TNUIS

Go TN 2

CONT INUE

RETURN

FORMAT (1H1 60X« THWARNING /7 /
FHND

SUBROUT INF SLOW (XX aZoTl1adlalTeNV NFPRY X))
TAPF 1S WRITTFN WITH LINFS NF CANSTANT ¥X

APPENDIX A

]

Nl

L

z Z

LY}

>

[ Nala
1~
tn=
tn=
tma
1n=
1Ak
1~
1nR
1~
mn
11
1=
17
1va
1ns
11e
117
118
11a
120
121
127
127
128
1 2E
124
127
128
122
12
171
122

“yan

174
178

19—
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APPENDIX A

Z{11Y AND XX ARF TNNFPEMNOFMT yARIAQp FQ
ZiJ1)y 15 THFE PEROCNARENT yaR ] ARLF

AK= +te IF XX INCRFASES MONODTONICALLY NN TADF

AK= —1a [F XX NECREASFS MONOTONIFALLY ON TADS

IT= TAPE UNIT

N¥= NOe OF VARTARLES QM TAPF FOR FACH X¥ o (NOT GREATED THAN o)
NQs OF POINTS FOR FACH XX NOT GRFATEFR THAN | 8N
BFGIN EXFCUTITON

NDIMENSTON X(4)s Y{AsOQu1BNYy Z(T}e ItAYe M{AYs WYY NE(ay
COMMNON TCOUNT IMET (2 ) s NP LARAD (MT (ME 4 SAR L CANFE L NELT
RFEAL MF  MF

ICONNT=TCOUNT+1

IF (IMFT{11y 3,1.7

BACKSPACFE 1T

READ {17y HuM

REWIND IT

DO 2 K=147

READ (1T) XK aJdoeltYIRKal sl al=laNy)YsL=1¢Jy

NP (K=

XWX (2)1=%X{1)

AK=ARS (XW Y/ XW

NIRI=1,.

IMET 1Y =1

XK=

NERR =N

IM=1

GO TOD 18

NERR =0

FXCFPT FOR FIRST TIME THEOUIRH

TF CIXX=X (ML) ) # (XXX (M2 )}y PS,285,4

TEMP = {XX~XXX ) #AK

DIRP=ABS{TFMPy sTEMD

GO=nIR1 ¥DIRP

AW =¥

DIRI=NIRZ

IF (DIR2) 85.3%,14

NFCGATIVE NIRECTINN
IF (RO)Y 64735 .7
BACKSRACE IT
BACKSPACFE 1T
BACKSPACF [T

GO Tt 9

ITMzTMm—

IF (IM) B.8.9

iM=¢g

MI=TMEL

RACKGPACE IT
RACKEDACE |T

IF (M1-4)y 11418410
M1=t

MP=Mt 41

IF (M2-4) 13.13417

M3

RFAD (IT) X(!M].J.((Y{TMQ[!L)|I=1ONV’|L=1.J)
NP {iMy =)

TF C{XX<X (M1 )% (XX=—X (M2} 25425414
IF (X(ML)y-%(MPY) 7415,7

FRRORs VARIARLFE OFF ERONT FNP) OF TADPE
CONTINUIR

NF PR =1

GO TO 36

POSITIVE DIRFETION
IF GO0y 17435,18

222223223 333323233323233233323333233132332233I333 3333323333333 2322332232332 2 0

D 4> np
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APPENDIX A

REAR (ITy DUM
REARD (IT)y DM
RFEAD {(I1T) DuMm

GO

TN 20

TM=M+1

1F

TM=

fTM—ay 2MsPMe1D
1

Ml=1m—

tF

M1y 21:21.22

Mt=a

M>=

1F

M2 =

Mt =-]
(M2) 232374
a

READ (IT) X{IMyode( (¥ {TMaTolLel=1eNVIolL=1sJ)
NP (IMy=)

1F

EOXX=X (M1 JI# (XX=X(ME]1)} PTESq1R

TAPF SFARCH COMPLFTE o N0 CRNSS FAUR POINT

[pla]

34 K=1,.4

NPK =NP (K y-1

Do
1F

26 1=21NPK
CEYIK o Pl ol =Z T I Y {vs Tl +19=Z(T113) 2TePT . 2A

CONTINUE
NFRR=1

GO
1F

J=0

GO
1F

TO 356

t1—-11 294.7B.,29
2

T 32

TT=NDK ) 2] 420471

JEhpK -1

G0

Tn 22

J=t-7

no

M =

A3 L=l.4
L+Jd

UILI=Y(KaTl oMY

VILI=Y (KaJ]l oMK

CcALL INTRP (4aUsVaZ(T1yanw (KDY
CALL INTRP (AaXeWiX¥eZ (1))
RETRN

CONT TNUFE

NERPR =]

e

(IMFT (23) 2Re77, 7R

[MET (2351

LennE=2

WRITFE {6391 XXa11aZ7(111.0]
RF TLION

FORMAT (r2/39H NO SOLUTION ON TARE FOR THF "TOMDTITIONS /75y s 6H

1F120/he ATX o FH FUYALUATEAGX e PHZ (11 e PHIZF1 AR 18X a2 711 1HY /7))
END

SURROUT INF SAVF (DaRHOoH SR TaAM 7 o SAME 1)

SAVE ORTAING THERMONDYNAMIC PROADERTIFS FNP RFAL AR
15 RASEN ON CURVE FIT FXPRFESSINNS OF AFNC-TNR-A3-173A
EXPRESSIANS OF AFNC-TMR-63-138 APDLICARLE FOR T=2n TN 150AAn

MAXIMUM PERCFNT FREORS. T=20n0 TO IRANA, AND B=1Fia Tn 1F+A

RHQO H T A d rAME
Po4?2 1098 7oA PsTH Ny 5 Ea AR

INPLITS ARE PRFS&SF {N/S0 METERY AND-
{11 FNTROPY S/R (K=l
(P2y NENSITY. KG/MURIC METER (K=
(33 ENTHALPY.: SO MFTER/SH SFC  {(K=7)

e /R=

DU OJTUTIINIITORIONTIASNDDDIDIDDIDID 9399933222333 232732232333373232323333232 3223222222220

&R
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=
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APPENDIX A

ALS50s INPUTS DENSITY AND ENTHALPY ARE

MOCLIFIED 947771 FOR INPUTS £ ANNK T

DIMENSTON TARSR(G)e TARR(&Ys TABH(R)

(K=5)

DIMENSTON TAREM (1Y TARHM{13)e TASSRMI] 2y,
NIMFNSTION TARTR(173. TARRD(TT)s TARSRR(17),

WO=PR. 9587
RUN1YV=A8314, 34

NN =

MM=n

IF (WaNFe«S) GO TO 3
Z7=.8

DO P T1=21417
RHO=P*WO/ (RUNIV¥ZZ%T )
TABRR{I I y=R™MO

GO TO 6
TARSRR(I[1=5R
TARHR (T T jy=Hn
TARZR(LI1Y=2
TARTR(11)=Ta

Z27=77+.2

MM =

NMN=M

CONT TNUFE

CALL FTLUP ({T+8R42+17.TARTR ,TARGSRE)

CALL FTLUP [ TyHs2417.TARTR,,TARHR)

CALL FTLU® (TaZ«241 7. TARTR.TARZR)
CALL FTLUP (T+RHO42+417+TARTR TARRD)
MM =

GO TN R

IF (KaNFsa) 0 TN A

CONG=,4,03

Do |5 J=1.13

PM ) =RHORH*CONS

TARPM{ Jy=DM{ Jy

P=PM 1Y

GO TO &

TARHM( J}=HA

TARSRM( Jy=SR

COMSZCONS+403

MM="

NK ="

CONTINGFE

CALL FTLUPR ({HsP 2241 22 TARMM , TARPM )
CALL FTLUP {Hs SR 24 134 TARHM , TABSRM)
Mt =3

PLOG=ALOGIO(P /14D 132SF 45,
AzZPLOGRPL OG

C=A%¥PLOG

IF (KaFQasly B0 TOo A

IF (KaEQedeANN MM, FN.3) 7y TO B
SRUP=147.

SRLOW=14.

SR={CRUP=SR DWWy 2414,

PELSR= (SRUP—SR|_ AWy /2,

TF (NNWFEQWOY a0 T A
SR=SRUP-DFL<R

SRLOG=ALQGI0(SR)

B=SRL_OG*SRLNG

N=A*5RLOG

INCLUDFED

DMLy
TARHD (17,

X1B=-3921442483.055ARSRLNC— 10 2R42 %50 NO#CDLAG

X1=1=—10.*IPLGG—X1:)
IF (X181=40,) 10,9,9

tk=4)

TARTD (17
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Ti&E=n,0

GO T 1R

I (Y!qt+¢no,_ 114121 ?

TI1E=1,0

GO THh 13

TIC= o/ {1 o +FXP (X151 1)

IF {KoFQo3cANDMMNF 2y &N TN 39
IF {KoFQo2oANDMMFD,,2y 0 TH 39
IF (KoaFQoelsANNMMFN3Y RO TN 61
IF (KoFQuodoAND MM FM 2y ~n TN 39
IF (KaFDoGaANOMMEN,2) ~A TH 33
IEF (KoeFQOoFaANR MM, FO 1Y A T BA

COMPUTING RHO AS A FUNCTION OF 0O AND S/D

XR1P==16:552T74+8 T 45#SRLOG~-INB03(#R )
XR2I=499,544=-920, 9 HERLOAFANONPAXR L] 36, 005D
X¥R324=3R0.507=5 . 53R#SRLNCH IR | TA¥R=RP 4 A=TEN

XRAR=4RFaHE2B-4R8. SHSDLOGHI NH o 2517

XR121=—10,,#{PLOG=-XR172)

XRZ231=—1 0 #(PLOG-XP2ZQ)

XRA41==10. R {PLOG-XR34)

XRA451==10,# (PLOG-XRaR)

IF (xR121-40,0} 1541R,18

1F (XR121440,% 1AR«17:17

TR1”=100

GO TN 19

TRIP=1a /{1 a4+FXP{XR121

GO TQ 19

TR12=0,0

1IF (XR231-406) 2027273

IF (XR231440,.) 21 .22.27

TR23=1.0

GO TH 24

TE2I=1a/1]1 o+FXP{XRP231 1))

Gn TN 2a

TRAA=N,0O

IF (XR341-40,) 25+PB.P9

IF (¥XR241440s) 26:P27:77

TR34a=1.

GO TO 29

TRIA=1 oA o +F¥P (XP341 1)

Gn TN 29

TR3a=0,0

1F (XR451=400) 30.373,23

IF (XRa4S1+400) 71 32,32

TRam=1.0

GO TN 34

TRAS= 1o/ (1 «+FXD{¥RPAR1 )

cn T 34

TRa==N 0

RHCLI=Z15:951867-00022820R2P| OG=15,90474P#CRLNGH  NNASIATPATHAL, SN
1 79RBEEPLOGHSRL NG+t TRATARR .
RHCLP=21541 01 666-53.93038XPLAOG-2F93, 1 662 RHSRLAGH . FASAATHALDA L, INITRES
IRLOGHPLOGH+1 98, 7061 #A-NNATAENTI AR~ 1 PRACAJARSRLOE 2T A2 P6ALRAROL
20G-41%.0CBB1LH#D

BHEOLATA 2T oA TAG 18 1 PRSP RPHPLNG—TAS A TAPREGRLNG+ o PORAZNAOR AL P2 OIPEAT
1 7TAPLAOGHSRLOGHESA 71 THE= 0N TO3FANASC—0 1 ROARIDOHARCRLNG-R, D1 4R/ TR
2HPLOG-21 o131 8BS #0

RHELAZ206.271848=R,PPY0PTAEP| NG-RPQ,S46SHSRLOGH+ 1241 HA4DRAAL AR
1#OLOGHSRL_OGH1 75 NAQII#P -, NI N1 TAARA#C = NTASAR T #AFSR OG- T AP2N] 44 #
SRHEPLNG~31 23 TRA4 %D
HHOLG==390,=73S84+ 12 BOF477H#PLOGHA1 1 ¢ A4144 %8R OG- NOTACATIORALA, 2PN
1487 7THPLOGRSRLOG-]1 NA 6T 33HR

RHCAL=RHCLI+ (RHCL2—BHCLII#TRIZH(RHOLA-RHCLAIRTRP AL (PHOLA-RPHOL 2y 3#TR
1384+ {RHCLS-RHCL4)#TRAS

RHIB==73: AP0 46 AR ATOTRAPLOGHI 7O 2P 7213 CRLOG =5 | 2ANTAOREA-R 401 1
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1ns
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1RO
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111
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127
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177
1724
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174
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L
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tan
1at
ta=
1an
144
145
186
taz
Tar
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1 22%¥PLOG¥SRLOG—1294902A0%R4 4 N0 10N 1743 THC 4, NMAIBSS | | #AXCRL_ AR+ T, 19540
2EAH¥PLOGE¥A+30.2N38AZ*N

RHCAL=RHI S+ ({RHCAL ~RHIS 1 # T &

RHOA=(1 Do #¥RHCAL Y *1 (22

TF t(WeFQOely GO Ty 39

IF (KeFDaY O TO AL

IF (KaFQaPeBANNJMMIFQ,1) o TO R

IF (KaEQuadsAND MM FQL1 ) a0 TN =9

IF {(KeFQuSeANDJMM,EQLLYy -0 TH &8

CONVERGENCF TFST FOR k=2

IF (ARS (1 a—RHO/RMNA ) LF MMy GA TN 39
MNMN=NN+ ]
IF (RHDZGT«RHOAY @iy TO 7
SRLOW=8R
SRIE=5R+NFLSR
IF (NFLSR.CTL14) N TN 7
TARZR (1 }=SRLOw
TARSRIAYI=SRIIP
IF (KaEQaPsORWKsT0sA ) GO TO 25
IF (KeFRem} GO TO A5
N=2
GO Tn %2
==
GO TO ®B7
SRiP=5R
SRLOW=SR=DPFt &R
TF (NFLSR«GTeta} O TOH 7
TARSR (] Y= 1P
TARSR (A )=SRLOW
IF (KeEQe2+NR,KsFOaa1 GO TO 3R
IF (KeFQeFT) GO TO 38
N==2
GO TH B2
N=2
GO TO &7

COMPUTING ENTHALPY AS A FUNCTION OF P AND S5/R

IF (SRLOG-1.6) aN,a0,a]

HRCAL =12+ 6938604530753 PAPLOG-AR, 72321 THCRLNA~, | 40A 1 ED {4 A_8 ATAAY
|7a*nLoc*spLoG+as.1qe7a*a+.nnnanlaar1?*P+.ﬂ°!1ﬁ1a71*A*QQLFC+1.ﬁ?nag
229%PI_OGH*B -1 3. 0A5257%0

GO TO &1

IF (CRLOG-1.761) 4P.47.48

HR?P:—!55.37!94+6.6°ﬁq228*DL0G+26Q.Q?ﬂﬁ?*CDLnan.ﬁq71TGOAq*A_7.=17n
171a*anG*SRLOG~1€2.1aaﬁﬁ*n+.000=7n909ﬂ7*c+.nqﬂjﬁavnﬁ*A*QQLoa+9.tqQ
22785 *PLOG#A4+28,940925%D

Hpgg=—aq.n0852?+?.=7A131H*DLOG+1n7.061°94=DLOG-.ﬁ1a1=?°“a*ﬂ—1.E"“
119a*PLOGHSBLOG~- 32,31 £2304A

HH2~R1 4205341144 1 NAXRSRL DG4 TSRS ER

XH1 == 10+ ¥ (PLOG-¥4 )

IF (XH1-404) 43+45,47

IF (XH1+404) a8,45,48%

TH=14

GO TO a7

TH=t e /{1 a4FEXE (XH] )y

GO TO A7

TH=n 0

HROAL=HRZ 1+ (HR22-HR2 1 1% TH

GO TO 51

TF (SRLOG-1.92) 49,408,580

HRCAL =~AR . 1ANET1 4 aSARAITARPLNGHSH , QOBRASREH A= g IPPAAT 1S REA— 4 ARATA
1OR*QQLOG*PLHG-?T.GAI087*R+.HDOHHRAFRBG*C+.01H?ﬂcqﬁ?*ﬂ¥§DLnﬁ+-15“71
2ANARONPLOGHE T 2PA] LR

GO T St
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HREOAL==114:04T706+4,0Ma5A32P_0G+1 BN ARAD7HERL_0OG—ona 1 2P TTRTHFA_ANIARA
153C4PLOGHSRL OGP0 o T&N0AHA4 s NONANATNAGARC+ o NTANARDPABFARCDL NG+ o NAARD
2290 OGR4 1S, 46TBO4ARD

HR1%=28.160564=2 623307 ERLNG-F0  ASIARIARSR NN+, NSAGTASAAF A+, TI RO
1 S524PLOGHSRLOG+40,, FRAROI#NA= g ONNARADAQARC = o MANTARAIZFARCR N1 (ITNAR
POSEDLNERR =", 25/A45#D

HRCAL=HR] S+ (HROAL-HRIS 1 #T1 S

HA= (10, #HHRCAL Y #2AT ,NIARA

TF [KoFQoloORKaFNgD) O T K1

IF (KoFDa®Y RO TA AL

IF (KoFQoAaANDMMFQ.1) AN TN =S5

IF (KoFEQoat GO TO 4

CONVERGENCE TEST FOR x=13

IF (ABS{] -H/HAILFaoDOt) RO TO 14
MN=NR+ 1

IF [(HALGTHY R0 TO 37

GO TN 3%

INTERPOLATION FAR AF SR LFSS THAN

TARH ({1 )=HA
DFL=R=(TARSR(A)-TARSR (1)1 /5.
0O mq =245
TARSR(TI=TARSR (=1 }4PFLSD

CONT INUE

{F (KeFQoPsNReKsFQoa4) GO TO SR
IF (KaFNe®y GO TN SA

DO 5/ 12246

MM=1

SR=TARSR(1)

GO TO A

TARM ([ ) =HA

COMT TNUE

CALL FTLUP (HeSR oM A TAPH,TARSR)
MM=

GO TO 8

TARR (1 1=RHOA

Gn TN &3

DO AN 1=2.6A

MM =1

SR=TARSR (1)

GO0 TN A

TAPR T Y =RHDA

CONT I NUF

CALL FTLUP (RHO«SR.N &£ TARR , TABSR)
MM =2

an TO 8

COMPUTING 7

XZ1P=6291 =41 545RLOG

XZPRATTP o Ta5-45  TERER_OG

X7 24265 T5="T K¥SRLOC

XZAEZH2 a0 ="2 o NASRL NG

XZ1P1==1N ¥ (PLAG=¥217)

XZPA1=—10, M IPLOG=-X723}

XZA41== 10 ¥ {PLOG~X7 34 )

XZAEI=— 10 {PLOG=XZ4%)
ZcAL?=%19a80374—P1°7=?G!a*DLog—nqaonﬂvaq*:oan+°a79agq=74ﬂ+qaohpa,
1 70#PLOGHSALNGHAZC «NA1EB¥A- 0NP 1 HA0APEARC - PATINNATOEARCOL NG-F 4940107
ZHPLOGER—129:, TAGZ 1 #N
ZCAL1=36500067Q-1qncl7Qﬂ&*nLOG—ﬁﬂ7oﬂ?an#QnLﬁG+o]q7ﬁ17ﬁn*n*lpoﬂaﬁ1
tBa#PLOG*SQLOG+37Qgqgﬂﬁaﬂa—,nnnﬂ7mﬁna1ﬂ*c_,yq:pn1co*a*eana_qn!ggg;
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217
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770
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aR
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A
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o
DER
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2RO
p7n
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272
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Chda
7R
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T4

62
&2

&4

65
56
AT
AR

69

70
71
T2
73

74
78
76
77
78
79

an
8]

el

az

a3

84

as
86

A7

2S4%PLOGHR-T3,804260%0
ZCALA=S16.07 AR =16, 5077 7HDLNG-RNAR,A0APIRED]_ 74,07 PEAPICEAL] £ ,5048
11350 OGHRRLOGH+A18,4594 1494 ,NNND4 1 ARTATECw A OTDTAY THAKES| NE_", 2040
PAOEHPLOGHR-T] ,NIFI21 #D

IF (XZ121-404) AP+654+65
IF (XZ121+44041 674R4.64
TZ17=1.

GO TO A6

T712=1 /(1 4 4FXPIX7171))
GO TO AAK

TZ17=0e0

IF IXZ231-4N4) B7+70.7N
IF (XZ”314404) EHR L9 ,/0
TZ23=1.

GO TN Ty

TZP2z 2/ {1 8+=%P (X723 )
GN TO Tt

TZ23=0.0

IF IXZ381=-404) TRaTE.78
IF (XZ38144043) 7474474
TZ34=1a.

GO TO 76
TZ3a=1a /7 {1 a+EXPIXZ341 )
GO TO T6

TZ4=0,0

IF (XZ4%51-40e) T7+80,R80
IF (XZ4S14404.) T78a79,70
TZas=1,

GO TO 81

TZAS=1 4 /(1 e +EXP{X7a51 )
GO TO 81

TZas=0,0

ZCAL=I00+(?CAL2*Io!*T212+rZCAL3~ZCAL2)*TZ??+(?CALG—ZCALﬁi*TZ34+t4-

10=-ZCAL4Y*TZaS
ZOEAL =1 a4+ (ZCAL-14 12T =
Z=ZrAL

COMPUTING TIRFG Ky

APPENDIX A

IF (weaFQa2sNReKsFNsay GO T A2

IF (K«EQ«5) GO TO 82
RHO=RHOA

TA=P¥#WO/ (RHO#RUN] V%7 )
IF (KsFQesY) GO TO 1
T=TA

COMBUTING A{MASFECY

IF (T-2100N,) Ra+.Ba,B7
IF (T~15NN. ) AR5.AA.A=
IF (PLOG+1 ) 8B7487.84
CONI=S5ORTIT/273.15)

ACAN =~ 0T7538084+CONI* (1 4| PRAA—OSR2A0R%C AN

AM=127] 4,31 1 S*%AOAQ
GO T 108

XA1?=635.0qa—1PPO.46*9QLHG+RO?-HR?*R—]HH.Haq*n
XAPA=3 TR 702 ~ARA, ASAXSRILNG+ANB. 8R4 %604 « ROSE®D
XA14=1703.7H—250?.07*59LOG+1??T.OF*R—?EI.4?2*h
XARP=1043437=1R20.34%5RLOG+]INTE s KA =Pl S 285 8R

XA 1=~ 10. ¥ (PLOG-XA12)
XARATI=-10. % (PLOG-XA27)
XA3Aal=—10.%(PLOG-XA4)
XAP2Z1==104¥ (PLOG-%XA22)

Al=-8409.6241+196,82 2080 0G+B746.4674%CRLNM—1, | AEAPGORA~PED, 10047
1*pLOG*SpL0G~57860449*E+.ﬂ?0004lBﬁ*P+P.1a?qp?:*a*cQng+q1.qqqngq*cL
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2t
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el Y
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1R
29
ETTL
a2
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APPENDIX A

2O0GHA+1277.6718%D
AZ12-1R18,5117+86.040TAADLOGHIR IS ANSAASHLNG—1 o 7RONAF AT AT, 754
1#PLOGHSRLOG-2083. 201 4R+, D1 APETETIRC+H] o 1 IR RAFARCRLAGCHE T, KSFANT RO
20G6*#R+413,4194%80D ’

APP=PES] s 2F44—81] o ANSROAREDL OG=1000 , ANRAREDL NAF ARTEPAARKAL AR AADEDA
1 #PLOGRSRLOGHI0T o TRRAOHRA

IF (XAR21-a0,) BO,RARAR

TA2P=0.0

GO Tn 92

IF (%A221+40,) 9N90.91

TAPF=1.0

GO TO 92

TAPP=1,/(1 o +FXPI(XAZP1}

AZ=A21+{A22=-AR21I1RTAZ?
AI=-1217.8037+105 14064 #PL_ OGR+R3AR P 1AZRSRLNAG-4 . A7ARATEHA-P2] o 12705
l*PLDG*SQLOGrEQ70o8649*ﬁ+ana46143:8*C+?o7070177*A*FQL0G+51nﬁ4PHn?*D
ZLOGH*R4553,120074#0D
AAZ16976,070-276, 1 OP42EPLON-1T7445, 7] SRARLNA+2,ASIANSTRALPAA A1 1 PSH
1PLOGH#SRLOGH+A8RE, T 1 B #A

IF (XA121-40,) B4,93,097

TAt2=0,0

GO TO 97

IF I%XA121 4404y F5,95,96

TA12=1,0

GO TO 97

TAI2=1a/ {1l e+EXP(XA12]1 1)

IF (XA231=404) 99.98,.928

TAZ23A=D,0

GO Tn 1Oz

IF (XA2314400y 10010017

TAZ3=1,0

GO TO 102

TA23=1o0/[1+EXP(XAZ] )Y

IF (XA341.400) 104,10710%

TAR420DL0

GO TO 107

IF (XA3a1+a0.) 108,105,108

TA34=1a.0

Gn TO 107

TARA=1o/(1a+FXPI(XA341 1))
AOADSAL+H{AP—AII#TAI P (ALAD I HTAPIL (A2-AT T2

AM=231. 31 15#A0N0D
COMPUT ING GAME

GAMESWO#AMBIRP / (RUNTV#Z5T)

IF {(¥oFQe?) GO TOD 1005

IF (KoFQa3eNR.KeFNen) GO TO 110
IF (KoFQoSYy GO TO 110

H=HA

GO TO 110

H=HA

RETIRM

FNM

SURRAUTINFE TNTRP (MaXeYoXINTYINT)
DIMENSTON XINY. Y (M)
YINT=0o

DO 2 I=1qN

StIMN=] o

sumn=1o

no 2 Je1eN

1P (J-TY 16291
SUMM=SUMNIE X TNT=X (0
SUMD=SUMD# (X (T y=XTJ1})
CONT TNUE
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YINT=YINTHY (] ) RSUMN S IMD

RFETIIRN

END

SUBROUTINFE 8C (R2T.UT+PTaHT +RT1TatS,PaHs [SAYY
COMMON /BLKA/ LF oNONLUSNPR VLB AL
COMMON /BLKS/ SReTIT4Al 271 4G14K PP, 1P
RAT=10.%R1!

IF (LR+EQa.1} GO TO &

CALL SHOCK (ByfsDeQ1TsUSDeH)
UI=USH(1e—R1 1 /R21 )
PI=r—(RIIH(US—IT Y582
HIzN— g SR (S]] ) %2

IF (LB+F0.2) GO T 7

GO T (243 I8AY

CALL SFARCH fDIcpMFWQHTQQQqT]'05117!rGIoZ":T'Tqu

G TN a4

CALL SAVE (PT+RNFW s HIGSRyTIT+AT +7Z1 G107
TF (ABSH{] 4=RNFWARR 11,1 Fe M1y A TR 9
R21=RNFW

GO Tn 1
US=SORTI(PTI =PI/ (R T* (] 4=-211 /8211
Ul=lI1s%{1e-R11/RP1

HIzH+s SX (USSR~ (ISt ) # %Dy

GO TO (H+7TYe TRAV

CALL SFARCH (PLaRMEW HT o SR TT1e81,71.0142C1, 18Py

GO TO A

CALL SAVE (PIsRNFW HIWSR,TIT«AT 27140147
IF {ARS (1 .—PMEWARZI 1 LF.,"N 1} 60 Th O
R” 1 =RNFW

GO TN 8

RETURN

END

SURROUTINF SOLUT (U3 DR 112 D2 M Nl IR 401
DIMENSION UF(PNY)y DA(2Ny, LRI, DBA(1Ny, ey
FLNCR (PP By =PD -1 1) %0

FUNARIP«ED 311 U 1= {P=DP Yy s (t1=1)11}

USFE END POINTS FNR FIRST INTFRSFCTIAN

MDY
NR=
IF (P2{1)140TeP2(2)1) NR=-NR
IF (P3{1)1eGT«PIA(PYy)y MPzomR

Pat=P3(1)

P3IZ2=03 (M)

P21=P2(1)

P22=D2 (N}

U21=112t01

U22=112 (Ny

U31=t3(13%

U22=t12{My
AASTUNAR (P22 4D (1122 ,1121
PBR=FUNAB(P22 4P 3] 430,31 )
COSPFUNCOHPZ2T 421 480y
DD=FUNCD (P31 « U331 4BR)
UR=(CC-DDI/(RR-AA

PR=CC+UR®AA

CALL FTLUP (PRLUIT JsNR A BP 12
CALL FTLUP (PRLU(P) MR ™M, ,B, 17
TE LARSIIULI =211 /1101 1 1=oOPAL ) 2,7, P
BP31=p3p
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P3z=LR

e an
P21 =zp2p - -9
P22=PR e Az
U3r=y3e < an
Uldz=ui2y g ma
U21=022 q as
Uz2p=0111 =g
GO T0 1 s a7

3 P=pn c  aRn
RF Ty IRN e a0
EMR 3 AN -

=00
LeEeTa PROGRAM FOR FQUILIBRIUM RFAL AR
BINP RUN=441:P 1274475 S 152865 US=ESAN, [REPo 1 NELUST3NG
SINP RUN=86:P1=AB95,US1=43MN,1)85=7500, IRFP=] NFL1IS=8M0*

Sample data printouts for representative tests in the Langley 6-inch expansion tube
with unheated and arc-heated helium driver gases are presented on the following pages.
In most instances, the headings for various flow regions correspond to those in the sec-
tion entitled "Symbols.” Exceptions are UI, which denotes either the test-air—driver-
gas interface velocity or acceleration-air—test-air interface velocity, RATIO, which
denotes the ratio of density immediately behind an incident or standing shock to free-
stream density, and labels ending in T (under heading '"Shaock Tube Flow Parameters
Using Mirels Theory") which denote turbulent flow quantities. The sample printouts are
as follows: '

Unheated Helium Driver Gas

067297746

LoE.T. PROGRAM FOR EQUILIBRIUM REAL AIR

EXPANSIDMN TURE PROGRAM DF HILLER FOR REAL AR
ALL PHYSICAL QUANTITIES IN HKS UNPTS- WASA SP-7012

SHOCK TUBE PHASE OF PROGRAM
MEASURED TNPUTS FOR SHOCK TUBE PHASE

RUM £l Tl usli P2 P4 Ta XIS pla I5ay 1INV LD
Gbo4L0E 002 .44 TESDA 3.000E0D2 2.865E403 O, 0. 0. 4.650E¢00 1.524E-01 z 2 &
300000 H00K 30X 060K X C 0K XX XK H XK H 00K OO TR XX XXX XK K X
CONDITIONS BEHIND IMCIDENT SHOCK - REGION 2
0 SOCKUE00 XX KX H00CEK X HAXXXOOGOOC KX XARXX KX K AXXK K KX XX XX

P RHD T 5/R ? GAME A u M NRE

H
2.8956005 3,0BTE-OL 3, ITSE203 4.336E¢06 3.302E+0L 1.029E+00 1.151FE+00 E.033E+03 2.493€+03 2.400E+00 B.604F+06

ATIO- 2 TO L COMDEITIONS BND SHOCK VELOCTTY
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[ RHD A\ H A ms1 us1
$.396E401 T.7I0E+00 1.050E+0L 14436401 2.992E+00 8.252E+00 2.865E+03
SHOCK TUBE FLOW PARAMETERS USING MIRELS THEORY

LMAX L L/LMaX TIH ut LMAXT LT LT/LMAXT  TIMT. ult Timy
Tu3Z4E401 5.675€-0L T.T4SE-03 2,2456-04 2.52TE+03 1.030E+00 4.2356-01 4-1L1E-01 1.580E-06 2.68 LE+03 2. 4E9E-04
K000 000 00K 00000 X00CKUXKOE X IUOEK XX XXX XXX XK XXX
EXPANSION TUBE PHASE OF PROGRAM

X 0E0X XK KCI0ER XK H0X X XK 00000 X XXX XAXXALNKEXNAX X AN

INFPUTS FOR EXPANSION TUBE PHASE

us Ps XAS DELUS  1SAV IEXP IREP NVEL IAC JAC
5.500E+03 0. 1.698E+01 2,300E¢02 2 1 1L 8 50 s
5 CONDITIONS FOR FRDIZEN EXPANSION

» RMD T H s/ 2 GAME » u M NSE
1-481€+03 T.30TE-03 6.850E+02 6.9T9E¢05 3,302E+01 1,029E+00 1,40FE+00 5.345E+02 5.5006403 10296401 1,221E+08
STATIC CCMDITIONS BEAIND BOW SHOCK ~ REGION 58
FROZEN EXPANSIDON--EQUILIBRIUM PAST SHOCK

3 RHO T H sem 2 GAME A u M 28710
2.027E+05 B.15TE-02 6.398E+03 L.6BLE+OT 4.243E#01 1.351F+00 L.146E400 L.6BOE+03 4.924E402 2.9216-01 E.116E01
STAGNATTON CONDITIONS BEMIND BOW SHOCK-REGION TS5
FROZEN £XPANSION--EQUILIBRIUM POST SHOCK

P RHD T H I GAME ' A QT /RN TEMI
2.12BE+05 B.510E-02 6.627E403 1. 693E€0T 1.356E¢00 L. 144E+00 1.691E+03 1.86TE+07 2.5606-02 3.323E-04
STATIC CONDITIONS BEHIND BOW SHOCK — REGTON 55
FROZEN EXPANSION=-- FROZEN POST SHOCK

| 4 RHO T H S/R z GAME A u M RATID
1.B32E405 4.111E-02 1.509E+04 1.5356+07 3.885E¢01 1.029E+00 1.4GIE+00 2.506E+03 9.7756402 3.900€-01 $.626E+00
STAGHMATTINN CONDITIONS BEHIND BOW SHOCK-REGTION T5
FROZEN EXPANSION-~ FROZEN POST SHOCK

P RHO T H z GAME A QY Y TIMT
2.036E+05 6.4315-02 1.555E+06¢ L.%B2ZE+07 1.029E¢00 1.40D9F+00Q 7.565E403 1,705E+0T 2.540F=-02 3.323E-0%

AEDL REAL-AIR TAPE USED FOR UNSTEADY EXPANSIDN-TEXP=]

5 CONDIYIONS FOR EQUILTBRIUM EXPANSION

4 R4Q H s/m z GAME A u L NRE
44 45TE403 L.060E-02 1.46%E+03 1.596E+406 3,302€+401 1,000E+00 1.306E+00 7.4L0E+02 5.500E402 T.423E+00 1.122E+06

STATIC CONDITIONS BEHIND BOW SHOCK — REGION 55
EQUILTBRIUM EXPANS ION-—EQUTL TBRIUM POST SHOCK

P a4 T H S/R 14 GAME A u L] RATID

24 964E +05 1.186E-01 6,484E+03 1.6606407 4.180E401 1.342E+400 L.L4TE+00 1.693E+03 4,9108402 2.900E-01 1.L20E+0L

STAGNATION CONDITIONS BEHIND BOW SHOCK-REGION T5
EQUILTBRIUM EXPANSTION--CQUIL TBRTIUM POST SHOCK
P RHO T H . z GAMF a aT RN TIeY
3 LI0E+05 Lu23TE-Dl 6.514E¢03 1.6T2E+07 L.345F+400 1.14TE¢DQ 1.69BE+03 2.229E+07 2.540E-02 4.807€-04
XX OO ICLICO000E X X X0 K000 OCEX XXX XXX KK XXX X XK

FOLLOWING EQUILTBRIUM CINDITIDNS TNCLUDE FLOW ATTN

XXXXEKKXKOAKXRAXRLXXIE LA LAXKRXLX AR KX XXX XXX AKX KA K KKK
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5 CONDITIONS FOR EQUILT3IRIUM EXPANSTION

P RHO T S/R z GAME A u M MRE
4445TE4+03 1.060E-02 1.464E4+03 1. 59bF006 3,302E401 1,000E+00 1.305E+00 T.410E+02 4.B40E¢03 6.532E+00 9.BTOE+05

SYATIC CONDITIONS BEMIND BOW SHOCK — REGION 55
EQUILYBRIUM ExPANSTON~-EQUILTRBRIUM POST SHOCK

P RHO T H S5/R 4 GAME A u RATYD
2.282E+05 1.074E-01 5.855E+03 1.319E407 4.019E+0L L.264E¢00 1.163€400 1.572E+03 4.TT5E+02 3.038E—01 1.013E¢01

STAGNATTON CONDITIONS BEHIND BOW SHOCK-REGTON T5
EQUILTBRIUMN EXPANSION-—EQUIL TBRIUM POST SHOCK

P RHD T H 4 GAME A QT RN TIMt
2.50TE+05 Lo124E-01 5.890E¢03 lo33[E+07 1.266E¢00 L.162E¢00 1.578E+03 1.553€¢07 2.540E-02 5.342E-04

ACCELERATION AFR CONDIVIONS [(REGION 20) AND PLO
P2Q RHDZO T20 HZ0 120 m20 P10 usio MS10 RATID
4a45TE+03 1.986E~03 5.493E403 L.767EDT 1.423E+400 3.47TE+00 1.1 TBE4OL S.908E+03 1.T702E+01 L.452E¢0L

ACCELERATION ATR FLOW PARAMETERS USING HIRELS THEORY
HAS XA LHAX L L/LHAX TiM ut utsus uszosul TIMI

1.698E400 1.69BE+Q0 2.038E-01 6.84TE-02 3.359E-01 1.193E-05 5.738E+03 L.043E+00 L.030Ee00 2.127€-05
L.598E+01 3.394E¢00 2,038E-01 L.0B0E-01 5$.299E~-0L 1.B63E-05 5.T98E+03 1.05¢E+00 1.019E¢00 44 253€-05
L.69BE 001 5.004E+D0 2.038E-0L L. 345E-01 6.599E-01 2.306E-05 5.832E+03 1.060E+00 1.013E+00 6,380E-0%
L.698E00L 6.792E60D 2.038E-0L 1.531E=01 T.S09E-0L 2.615E-05 5.B54E+03 1.064E400 1.009E¢00 B.50TE=05
1.49BE+0L B.430F+00 2.038E-0L L.&64E-01 B.L63E-01 2.8356-05 5.869E¢03 1,06TE+00 L.00TE+00 l.063E-0C4
1.69BE+01 1.0L9E+0L 2.0386-01 1.T61E-01 B.63BE-0L 2.995E-05 5.880E¢03 1.069E¢00 1.005€+00 L.276E-04
1.69BE401 1.189C+01 2.03BE-01 1.832F-01 B,9BTE~01 3.112E~0%5 5.887E003 1.0TOE+00 1.004E+00 1.4B9E-04
1.698E+01 1.358E+01 2.038E-01 1.8B4E~0L 9.245E-01 3.198E=-05 5.892E¢03 1.0TLE+00 1.003E<00 1.TOLE-04

1.698E¢0L 1.52BE40l 2.038E-0L 1.923F-01 9.436E-0L 3.262E-0% 5.895E403 1.072E+00 1.002E+00 1.9)4E-04
1.698E ¢0]1 1.69BE+D]l 2.03BE-0L 1.952E-0L 9.5THE~-0L 3.3L0E-05 5.B99E+D3 L.0TIE+00 L.O00LE00 2.12TE-D%

EXXXXLAE R KLAKRAAXAX AR KL KR KUK L LA AR KK XKER HAR AKX XX KKK
ZONDITIONS BEHIND STANDIMG SHOCK AT SECONDARY DTAPH

K 300006 0000 MO0 XK 020000 X0 00 0000 0K 30 OO0 00NN XX XK R XX KK XX

P RHD T S/R z GAME A u M NRE
L.TSLE+06 L.29&4E+00 4.307E03 T.Zb?E#Ob 3,3B0E+01 1.094E+00 L.201E+00 1.27SE¢03 5.946E¥02 %.4665E-0L 6.781Ec06

3OO0 X KOO0 XXX XX XX KXRX KK XXX XX N XU XX HX A AR IR X KKK KK
ZKPANSION TUBE PHASE OF PROGRAM

W6 00K 00K X XK X KK 000000000 KKK KHEX X4 000000000IXK

TNPUTS FOR EXPANSTON TUBE PHASE

us PS5 XAS DELUS 154Y TEXP IREP NVEL TAC JAC
5.500E+03 0. 1.69BE+01 3.300E402 z 1 1 '8 sa 50
5 CONDITIONS FOR FROZEM EXPANSION

P M T H ssm z GAME A M NRE
L. 400E+02 1.TH2E-03 2.529E+02 2.643F+05 3.3BOEC0Ll 1.094€400 1.430E+00 3.3T0E+02Z s,suue+oa 1.832E+01 6.015E205
STATIC CONDITIONS BEHIND BOW SHDCK - REGION 55
FROZEN EXPANSION-—EQUILIBRIUM POST SHOCK

P PHO T H S/R z GAmE A u 8 RATI]
5. 86BE+06 1.9T2E~02 6.122E+¢03 1, 8036407 4.5126001 1.405E400 1.131E400 L.671Ec03 4.913€+02 2.941E-01 1.119€+01

STAGNATTON COMDITVIONS BEHINO BOW SHOCK-REGION TS5
FRQZEN EXPANSION——EQUILTBRIUM POST SHOCK

RHQ T H 7 GAME 8 QT RN TIHT
5. 111500# .058E-02 6.166E¢03 1.BLSE+07 1.408E+00 1. L3ILECQ0 L.6T756403 98260406 2.540E-02 2.015E~04
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STATIC CONOITIONS REHMIND BOW SHDCK — REGION 5%
FROZEN FXPANSION-— FROZEN POST SHOCK

P RHD T H SR z
4.385E404 Q.T94E-03 L.426E+04% L.490FE+07 4.1647E+01 1.094E+00

STAGNATION CONDITIONS BEHIND BOW SHOCK-REGION T5§
FROZEN EXPANSION—— FROZEN POST SHOCK

RHD T H z GAME
4.893E+04 1.056E-02 1.,4T2E4+04 L4539E4¢07 1.0S4E+00 1.430E+00

REDC REAL-AIR TAPE USED FOR UNSTEATY EXPANSION-TEXP=])

% CONDITIONS FOR EQUILTBRIUM EXPANSION

p R/HO R M s/e z
60526403 1.126E~02 L.BTOE#Q3 2.111E+06 3,380F«01 1.000E+00

STATIC CONDITIONS BEHIND BOW SHOCK - REGION SS
SQUTLTARIUM EXPANSEIN--EQUIL ERRIUM POST SHOCK

RHO T S/R
3. 156E%DS 1.236€-01 &.5TLE+Q3 . TLIEPOT 4-.200FE+0) 1.354FE+00

STAGNATTON CONDITIONS BEHIND BOW SHUCK=-REGYON TS
EQUILTRRIUM EXPANSIDN-~EQUIL TBRIUM PDST SHOCK
.
4 RHO T H GAME
3.315E+05 1.289E-01 6.60ZE+03 1, T2SE+0T I.BSTEDOO 1.14TE+00

X KGN XK XXX X000 XK K XXX X0 000K XK K X XK XH XXX X
FOLLOWING EQUILIBRIUM CONDITIONS TNCLUDE FLOW ATTN

XK KA X 0000 K 063X 0K XX XK XK 00K XXX XXX 00X X XXX XK X

5 CONDITIONS FOR EQUILIBRIUM EXPANSIDN

RHD T S/R Z
5.U5ZE*D3 1.126F-02 1.8T0E+03 2. lllEiﬂb 3.380E+01 1.000E+00

STATIC CONDITIONS BEHIND BOW SHOCK — REGION 55
EQUILIBRIUM EXPANSION--EQUILIBRIUM PDST SHOCK

P RHD T H S/R
2.431E405 L.113E-0L 5.959E¢03 1.3T0E+07 4.04LE+0QL 1. ZTSEOOO

STAGNATION COMDITIONS BEHIND B80W SHOCK-REGION T5
EQUILIBRIUM EXPANSIOM--EQUILIBRIUM POST SHOCK

P RHD T H 4 GAME
2. 56BE005 L.168E-01 6.005E403 1.382E+07 1.27TE+00 L.1%59E+00

ACCELERATION AIR CONDITIONS {REGION 20) AND P1D
P20 R40D20 T20 H20 20 M20
6.052E403 2.66TE~03 5,5656403 L.TE9E+07 1.42LE+00 3.455E¢00

ACCELERATION AIR FLOW PARAMETERS USING MIRELS THEORY

XAS XA LMAX L LALMAX TiM
1.698E+0L 1.49BE+00 2.765E-0% 7.4TLE-02 2.70Z2E~-O01 1.307TE-05
1.69BE401 3.396F+00 2.T6SE~01 L.221€~0f 4.414E-01 2.113E-05
L.69BE+DL 5.094E+00 2.T65E-0L 1.582F-01 5.649E-01 2.6B8E-D5
L.69BE+01 6,792E+00 2.T65E~0L L.B19E~01 6.5TTE-0l 3.116E-05
1.698E+0L B.490E+00 2.T45E-01 2.0166-01 7.209E—01 3.444E-05
1.698E#01 1,019E40t 2.765E-01 2.169E-01 7.843E-01 3.69TE-05
1.69BE+01 1.189E+0L 2,765E-01 2.289E-01 A.278E-01 3.896E-05
1.69BE+01 1,3585+0L 2.T65E~0) 2.3B4E~01 B.622E-0l 4.052E-05
1.698E+401 1.52BE+01 2.T44E~-01 2.4606-01 B.8956-01 4.176E-05
L.698E+0L 1.69BE+01 2.T6SE-01 2.520E~01 9.112€-0L &,275E-05

XXRIOOORNXK K AKX NOCO0K XK IO KKK R KKK XXX IR XK KX A X

80

GAMNE
1.430E+00

A
2.5TLE+C3

GAME
L.2T8E+Q0

GAME
1.147E+00

a
1.71TE+03

GAME
1.2 T8E+00

GAME
1-160E+00

A
1.598E+03

P10
1.599€+Q1

Ul
5.TLTE+03
S.TT&HEHDD
5.812E+03
5.836E+03
5.853E£+03
S.AG6E+03
5.8T6F+03
5.883E+03
5.889E+02
S5.894E#03

A u
2.930E+03 9.894E+0)2

ar RN
B.117TE+D6 2.540E-02

o i
8.284E+02 S.500E+02

A u
L.TLLE+C3 5.009E+02

ar RN
Z2.375E+07 2.540E-02

A U
8.284€E+D2 4.840E+03

A u
1.592E+03 §.897E+02

ar RN
L.468E 407 2.540E-02

usio M510
5.912E+403 1.703E+0L

YT /U5 uszosul
1.039E+00 L.034E+Q0
1.050E+00 1.024E+00
L.OSTE+00 1.01TE+DD
1.061E+00 1.013EvDO
1.064E+00 1.010E+00
1.06TE+Q0 1.0DBE+DD
1.060E400 L.0DGRE+DO
1.0TOE+00 L1,Q05€+00
1.0TLE+D0 L.004E+00Q
1.072E400 1.003E+QO

H
3.911E-01

TIMI
2,015E-0%

M
6. 63FE+00

L}
2.927€-01

TIimi
5. 4TSE~04

L]
5.842E+00

M
3.07TTE~-CL

TIMI
T-245E-04

RATID
l.%36E+01

TiKI
2. 149E-0S
4.29BE-05
6.448E-05
B.597E-05
1.075€E-04
1.290€-04
1.504E-04
L.T19E-04%
l.934E-04
2.149E-04

RATLD
5«353BEsQn

NRE
1.0028+04

RBTTN
1.097E+01

NRE
8.8LTE+05

RATID
9+382€+00
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SONDITUONS BEHIND REFLECTED SHOCK AT SECONDARY DEAPH

IXlXXIXKKKlXKKKxXXXIIKK!!XKXKKIX!IXKKKXXXXXXKXIXKXKXIK

p RHD T H S/R I GAME A u | NRE
2.654E¢06 1.639E+00 4.9094E+03 A, BBTE+06 3.451€+0L 1.1326+00 1.225E¢00 1.%08E+03 0. 0. 0.
X000 XX 000O0000CO00KN RUXEEEUUKNK X XXXX KX KT XX EXKR R
EXPANSTON TUBE PHASE NF PROGRAM
XX XXXH KO XR XX KOO KRGO XX XK RRAR XX
tMPUTS FOR EXPANSION TUBE PHASE

us 43 KAS DELUS 15Av TIEXP TREP NVEL 1AL JAC
5.500E403 0. 1.698E¢01 3.300E+02 2 1 1 a 50 50

5 CONDITIONS FOR FROZEN EXPANSION

e ®HO T H S/R 14 GAME & u H NRE
B.689E00Y 1.266E~03 2.132E002 2.242E+05 3.451E0L 1. 132E+00 1. 441E+00 3,145E+02 5.500€+03 1.749E+01 5.0L6E+05
STATIC CONDITIONS BEHIND 80W SHOCK - REGION 53
FROZEN EXPANSION--EQUILIBRIUM PDST SHOCK

P RHD A\l H SIR z GAME A u # RATLT
3.49LE+0& L.394E-02 6.09TE¢03 1.882E¢07 4.605E+01 1.43LE¢D0 1o127E+00 1.6B0E+03 4.991E+02 2.9T1E-0) 1.10kE401
STACNATION CONDITIONS BEHIND BOW SHOCR-REGION T35
EROZEN EXPANSIDN--EQUILIBRIUM POST SHOCK

P AHO T H z GAME A oT Ry TIHL
3.669E004 L.45T€-02 6,120E203 L, 8956407 1.433E+00 Lo128E+D0 1.685E203 B.694E#06 2.540E-0Z 1.872E-04
STATIC CONDITIONS BEMIND BOY SHOCK - REGION 55
FROZEN EXPANSION-- FROZEN POST SHOCK

P RHO T H SR 1 GAME & u 2] QATID
3, 13TE404 6,904E-03 L,39BEc04 1.56B4E+0T 4.232E001 1.132E400 L.541E+00 2.559E203 1.009E+03 3,942E-01 5.453E400
STAGNATION CONDITIONS BEHIND BOH SHOCK-REGION TS
FROZEN EXPANSIOM—— FROZEN POST SHOCK

4 RHO T H L GAME A QT RN TIKT
3,.502E¢06 To&52E~03 1.466E¢0% 1.5356407 1.132E200 L.441E+00 2.602E403 6.8556+06 2.540E-02 L.8T2E-0%

AEDC REAL-AIR TAPE USED FOR UNSTEADY EXPANSTON-TEXP=L

5 COMDITIONS FOR EQUILIBRIUM EXPANSION
P RHD T H S/R 4 GAME A U H NRE
7.729E+03 1.1BBE-0Z 2.256E403 2.4T6E+06 3.451E201 1.003E400 1.225E¢00 8.925E¢02 5,.500E+03 4.163E400 9.309F+05

STATIC CONDITIONS BEMIND BOW SHOCK - REGION 5%
EQUILIBRIUNM EXPANSION-—EQUIL 1BRIUM POST SHOCK

" RHO T H 5/R z GAME [} u M RATTY
3.33BE+05 1-2THE-01 6-656E+03 L. 7676407 4.222F+01 1.367Fe00 l.l46E200 1.730E¢03 S.111E+02 2.954€-01 1.075E¢01

STAGNATTION CONMDITIONS BEHIND BOW SHOCK-REGION T5
EQUELTBRIUM EXPANSION--EQUILIBRIUM POST SHOCK

] RHD T H 4 GAME A QT RN TIMI
3.50BE¢05 1.334E-01 6.6BBE+03 L.TBOE+07 1.370F+00 L.l46E+00 1,736E003 2.523E407 2.540£-02 5.9R0E-04
XKXXXXXKXKXKKIXXXXKKXKXXXKKXKXKKKKXXKXXXX!XXIXXXKXXKKK
FOLLOWING EQUILTBRIUM CONDIT [ONS TNCLUDE FLOW ATTN

XXIXXKXI!XIKXIRXK!KKXXKKKKXXKKXXKKXKXKXKIKKKKKXXX!!IIK

81



APPENDIX A

5 CONDITIONS FOR EQUILIBRIUM EXPANSION

P RHD T H S/R ? GAME A u NRE
T.729E+03 1.188E-02 2.256E+03 2.6T6E406 3.451E+01 1.003E+00 L,225E+00 B.925C+02 4.840E+03 5.423E&00 A.192E+05

STYATIC ZONDITYONS BEHIND BOW SHOCK — REGION 5§
EQUILTARIUM EXPANSION--EQUIL IBRIUM POST SHOCK

P rH0 T H S/m z GAME A [} RATID
2,571E405 1.143E-01 6.085E403 1l.%26E+07 4,.06TE+0L 1.29BE+00 L.156E+00 L.6L3E+03 5. 029E+02 3-118E—01 F+623E+00

STAGNATION CONDITIONS BEHIND BOW SHOCK-REGION TS
EQUILIBRIUM EXPANSION-~-EQUILIBRIUM PDST SHOCK

R/H0 T H GAME A aT RN TIMT
2. 720E¢05 1.200F-01 6.121FE+03 1. 639E+D7 1. 290E+00 Lo 1566400 1.619E+03 L. THAE+07 2.5406-02 T.932E-04

ACCELERATION AIR CONDITIDNS [REGYON 20) AND P1OD
P20 RHOZD Y20 H20 120 M20 PLO usio M5 10 RATID
To729E+¢03 3,375E-03 5.623E+03 1.772E+407 L.419E#00 3,437E+00 2.040E+401 5+916E#03 1.706FE+0L 1.424E+0]

ACCELERATION ATR FLOW PARAMETERS USING MIRELS THEORY

XAS XA LMAX L L/LMAX TIM ur ut/us us240/01 TIMI
1.698E+01 1.898€400 3.529E-01 T,9456-02 2.251E~0l l.394E-05 5.TO0E+03 l+036E+00 1.Q3ISE+Q0 2.16TE-05
L.690E+01 3.396E+Q0 3.529E-01 L1.330E-01 3.769E-01 2.3L10E-0% 5.758E+03 1.04TE+00 1.028E400 &,335E-0%5
1.698E401 5.094E+00 3.529E-01 1.735E-01 4.916E~01 2,995E-0S5 5, 7945403 1.053E+00 1,0Z1E+D0 6.502E-0%
1.698E+01 6,.792E+00 3.529E-01 2,053€~01 5.81TE-01 3.52BE-05 5.819E€+403 1.058E+00 L.OLTE+00 B.4TOE-05
1.690E+01 B.490E+00 3,529€~01 2,3076-01 6.537E~01 3.952€6-05 5.838E+03 1.06LE+00 1.0L3E+00 L.0B4E-D&
L.69BE+01 L.019€+01 3.529E-01 2.5136-01 T.122E-01 4+ Z95E=05 5.852E+03 L.044E400 L.0LLE+00 1,300E-04
L.698E+0L L 189E+01 3.529€~01 2.682E-01 7.600E-0) 4.5T4E~05 I+ 044E+03 L.Q064E¢00 L.009E+00 L.517E-04
L.69BE+0L 1,358E401 3.529E-01 2.021E-01 7.994E-01 4.004E~05 5.BTIE+03 1.046BE+00 1. 007TE+CO L. T34E-04
1.698E+01 1.52BE+01 3.529€E-01 2,936E-01 8,320F-01 4.993E-05 5.8BOE+03 1.069E+00 1.006E¢00 1.951E-04
L.698E+01 1.5698E+0L 3.529€-01 3.032E-00 B8.59LE-01 5+ 151E~05 5.8B6E+03 L.OTOE+00 1.005E+00 2.167TE-0%

Arc-Heated Helium Driver Gas

06/19/74

L+E+T. PROGRAM FOR EQUILIBRIUM REAL AlR

EXPANSTION TUBE PROGRAM DF MILLER FOR REAL AIR
ALL PHYSTCAL QUANTITIES IN MKS UMITS— NASA SP-7012

SHOCK TUBE PHASE DOF PROSRAM

MEASURED INPUTS FOR SHOCK TUSE PHASE

RUN P1 TL us1 p2 P& T4 x1s - DIA IsSay INU LD
3. 6005401 6.895E+03 3.000E+02 4.300€+03 0, 0. 0. %.650E+00 L.524E-01 2 2 4

AKX XXX X KX K XXX XK XXX KX K XXIONCKX X XX XXX K
CONDITTONS BEMIND INCIDENT SHOCK - REGIOM 2

00K XXX RIO0R KKK X XIO00GK X0 X000 K XX KX XXX XX

4 RHD T H S/R z GAME A NRE
L-33TE+06 7.865E-01 5.L14E+03 9,.450E+06 3,566E+01 1. 158E400 1.224E+00 1.442E+03 3.8625’03 2.678E+00 2.302E+07

RATIO- 2 TO 1 CONDITIDNS AND SHOCK VELOCITY

[ RHO T Ms1 usl
1-939E+02 9.823E+00 1.T05E+01L 3.[44E'Ol 4o 1545400 1.230E+01 4.300E+03

SHOCK TUBE FLOW PARAHETERS USING MIRELS THEORY

LMA X L L/LMax TIM ul LHMAXT LT LT/LMAXT TIMT Iy TINY
1. 2Z10E+02 4.5406-01 3.753€-03 l.1676~04 3.090E+03 1.018E+00 3,523€-01 3.%462E~0l 8, 5B9€-05 4. J55E4+03 L.226E-0%
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KKKKKKIXXXKKKKK!KRKXKKKKKKXK!HKXHKK&XKNXXIIR!MXK!XXRKR
EEPANSION TUBE PHASE OF PROGRAM

¥XKKIXHXXK!XXXKKRKHKK“KKKKKKKKNKKXMKKKKKIKXKKKXnKXRKlX

INPUTS FOR EXPAMSION TUBE PHASE
us Ps XAS DELUS 15av IEXP TREP NVEL [AC JAC
7-.500E+03 0. 1.698E+01 5.000F+02 2 1 1 8 50 S50

5 CONDITIONS FOR FROZEN EXPANSION

P RO T H S/R 14 GAMKE A v ] NRE
L. 165404 2,960E-02 1. LTTE+DD L.262E¢06 3.566E+01 1.158E¢00 L.449E900 T.52TE+02 T.500E+03 9. 964E400 &.BB2ECDE

STATIC COMDITIONS BEHIND ROW SHOCK - REGION 55
FROZEN EXPAMSION-~EQUILIBRTUM POST SHOCK

L4 RHO T H SIR z GAME A u H RATTD
1.550E¢06 3.6L3E-01 0.7¢0E003 3, ILGE+0T #.6B8TE¢0L 1.TLOE+CO 1.185E200 2.254E403 6.191E+02 2.T746E-01 1.212E4+01
STAGNATION CONDITIONS BEHIND BOH SHOCK-REGION TS
FROZEN EXPANSION--EQUILIBRIUA POST SHOCK

4 RHO T H 4 GAME -} ar RN - TLRl
L.620E¢06 3.753E-0L B.TB3Eeu3 3,32366¢07 1.T1IE400 L. LBGE+00 2.262E+03 1.024E+08 2.540€E-02 2.526E-04
STAYIC CONDITIONS BEHIND BOH SHOCK - REGION 55
FROZEN EXPANSION-- FROZEN POST SHOCK

P RHO T H S/R 4 GAME A u H 2ATID
1.36TE4D6 L.556E-01 2.664E¢04% 2.BISELNT 4.094E201 1.158E¢00 1.449E+00 3.568€903 1.43TE203 4.027E-01 5.220E+0Q0
STAGNATTON CONDITIONS BEHIND BOW SHOCK-REGIDN 75
EROZEN EXPANSION-— FROZEN PDST SHODCK

P R4D T H Z GAME ] QT RN vinl
1.534%E+06 1.6B5E-01 2.74DE+Q& 2.939E+07 1.158€200 L.%49E+00 3.632E+03 B.TTOE#07 2.540E-02 2.526E-0%

AEBC REAL-ATR TAPE USED FOR UNSTEADY EXPEBNSTOM-TEXP=1

5 CONDITIONS FOR EQUILIBRIUM EXPANSION
e /4N T . H S/R 1 GAME A u M NRE
4o LTTE404 4a314E-02 3.104E+03 4.34BE+D0 3.566E¢01 1.058E+00 l.157E¢00 1.058E+03 T.500E203 7. 08TE200 3.59TE206
STATIC CONDITIONS BEHIND BOW SHOCK — REGION 55
EQGUILEIBRTUH EXPANSIOM-—E£GQUILIBRIUR POST SHOCK

| 4 R40 T H S/R z GAME a u M RATID

2.269E 406 5.244E-01 B.S0SEe0] 3.2B8E+OT 4-61LE+0]1 1.8693E200 1.187E+00 2.266E403 6. 1T6E+02 2.T26E-01 Lo.216E+DL
STAGMATTION CONDITIONS BEHIND BOH SHOCK~REGIOM T5
EQUILIBRIUM EXPANSTON--EQUIL IBRIUK POST SHOCK

P RHO T H z GAME L QT RN TIHI
2.3TLELDE 5.544E-01 B.9%8€03 3.308E+07 1.696Ec00 1.18TE¢00Q 2-274E003 1.22BE+08 2.5%0E~-02 3, T19E-04%
KxHXXXXX!KIXXXKXXXXKIKKKKKXXKXXKKKKKKIKX!X;XKIXKXXXX!K
FOLLDWING EQUILIBRTUM CONDIYTIONS TINCLUDE FLOW ATTN
KXKIKKInx!XKXKXXXKKXRSXKXXKKXX!KNXXKXXXXXXXRXX!KXKXKII
5 COMDITIONS FOR EQUILIBRIUM EXPANSTON

RHO T H 5/R 4 GAME A M NRE

P u
4o LTTE#04 &.314E-02 3,184E¢03 %.948E206 3,566E001 1.058E+00 1.157E¢00 1.058E+03 6.500E+03 6.142E+00 3,117E+08

STATEIC CONDTTIONS BEHIMD 80OW SHOCK — REGION 55
EQUILIBRIUVH EXPANSTON-~EQUILIBRIUM POST SHOCK
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P RHO v H S/R z GAME A t M RATI])
L.699E+06 4, 74BE-QL B.LOTE+403 2.590E+07 4.375E+0L 1.538E+00 L-16TE+00 2.064€+03 5.903E+02 2.888F-0] 1.100E+0)

STAGNATTON CONOITIONS BEHIND BOW SHOCK-REGION T§
EQUILTBRIUM EXPANSEION--EQUILIBRIUM POST SHOCK
P RHO T H 7 GAME A QT RN Tinml
L. 783E+06 4.950E-01 B.L46E+03 2.4608E+07 L1.54LE+00 E.14BE+00 2. 0516403 B8.3TIE+0T 2.540F-02 S.080E-04

ACCELERATION ATR CONDITIDNS {REGION 20) AND P10
P20 RHD20 T20 H20 220 M20 P10 usio MS10 RATID
4. LTTE#D& 1.156E-02 T. 1256403 3.206E+07 1.T68F+00 3,568E+400 6.000E+01 7.984E+03 2.300E+401 1.565BE+0]

ACCELERATION ATR FLOW PARAMETERS USING MTRELS THEORY
XAS X4 LMAX L L/uMAx TIM ut ur/sus uszo/ul TIMI

L.690E+01 1.69BE+00 9.T57E-0L B.203F-02 B8.40RE-07 L.OT3E-05 T.644E+03 1.019E+00 1. 045E+00 1.365E-05
L.69EE+0L 3.396E+400 9.T5TE-0L L. 492E-08 1.529E-01l 1.939£-05 7.693E+403 1.D026E+00 |.0D3BE¢D0 2,TILE=-05
L. 498E401 5.094E+00 9. 757E-0L 2.0TBE-01 2.129f-01 24689E~05 7.727E+03 1.030E+00 1.033E+00 &, DY6E~D5
La653E+0L 6.792E+400 9.757E-01 2.600E-01 2.665E-01 3,353E-05 TaT53E4C3 1.024E+00 1.030E+00 5.456LE-05
L 69BE+01 8.490E+00 9.737E-01 3.072E-01 3.148E-01 3.951E-05 T TTSE+03 1.03TE+00 1,02TE+00 6,82TE~05
La6OBE+OL L.OL9E+0L G.757€-01L 3.50LE-01 3.5BBE-0l 4.493E-05 T4 T93E+03 1.039E+00 1,025E+00 B, 192€-05
L.698E+01 1.169E+01 9.757€-01 3,B956-01 3,992€-01 5.9B8BE-05 T7.B09E+03 1.041E+00 1.022E+00 9.55TE-05
L.698E+0] 1.350E¢01 9.TSTE-DL 4.257E-01 4,383E-01 5.4%2E-05 T.022E+03 1.043E+00 1.021E+00 1.092E-04

1.698E+01 1.528E401 9, TSTE=0L 4.591E-01 4.T05E-0L S.B60E-05 TBISE+03 L.045E+00 L. 019E4+00 1.229E-04
L. 698E+01 1.69BE+01 9.757E~-01 %.901E-Q1l 5.023E-Q1 6,247E-06 T+B46E+03 }.046E+00 1.0L8E+00 1l.365E—04

EX0000KNKK KRN0 K XN XK XK XX KKK XX KK KX KX X330 K XK
CONDITYONS BEHIND STANDING SHOCK AT SECONDARY 01 APH

KXOXRIO0EX 00K KX X XK XK X AKX XX KK XXX XK XKHANKAX KX A KX X

P RHO T H S/R L4 GAME A u M NRE
L.062E4D7 3.THLE+QQ T,.707E+03 1.658E+07 3.709E+01 L.2T6E+00 1.LTBE+00 1.824E+03 85,073E+02 %.42T7E-01 0.

RERXXXNKRXHXKK K XEIXOKO0KX0K XK XXX AKX XA XK KN XH K A LKA XX
EXPANSION TUBE PHASE OF PROGRAM

AOUCK KL XXX XK XXX IR KK KX KN IO0OCKK OO X XXX XX

TNPUTS FOR EXPANSTON TUBE PHASE

us #s5 Xag OELUS  TSAV TEXP IREP NVEL TAC JAC
7.500E403 0. 1.698E+01 5.0006+02 2 L | B8 S0 50

5 CONDITIONS FOR FROZEN EXPANSION

P RHO T H S/R 2 GAME A v M NRE
T2181E+02 S.821E-03 3.358E+02 3. TB4E+DS 3. TO09E+01 1.2T6E+00 1.4B4E+00 &.278E+02 T.500E403 1.T53E401 2.168E+D6

STATIC CONDITIONS BEMIND BOW SHOCK - REGION 55§
FROZEN EXPANSION--EQUILIBRIUM POST SHOCK

P RHO T H S/R z GAME A u M RATID
3.006E+05 6.913E-02 8,32TE+03 3,823F+07 5.100E+01 1.819F+00 1.1TAE+00 Z.251E+03 6,310E+02 2« TILE-OL 1.1B8E+OL

STAGNATION CONDITIONS BEHIND BOW SHOLK-REGIDN T5
FROZEN EXPANSTION--EQUILIBRIUM POST SHOCK

P RHN T H ? GAME A QT RN TINT
3. 146E205 T.185E-02 8.3TLE+03 3.642E+07 L.822E+00 1.176E+00 2.269€403 4.933E+07 2.5406-02 1.37QE-04

STATIC CONDETIONS BéHlND BOW SHOCK - REGION 5%
FROZEN EXPANSIDN-~ FROZEN PDST SHOCK

4 RHD T H S/R z GAME L} u L] RATI]
2.635E405 2.949E-02 2.439E+04 2. T41E+0T 4+432€401 1.278E4+00 1.4B4E+00 3, 641E+03 |, 480€+03 4. 068E-01 S5.066E+0)

STAGNATION CONDITIONS BEHIND poOW SHOCK-REGIDN TS
FROZEN EXPANSION-- FROZEN POST $HOCK
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RHO GAME

A

RN T1H1

e T H z
2.972E¢05 3.198E-Q2 2.53TE¢04 28506407 LaZT6E+00 L.4B4E400 3.713E+03 3.T43E407 2.540E-02 L.3TOE-04

AEDC REAL—-AIR TAPE USED FOR UNSTEADY EXPANSION-TEXP=1

N3 SOLUTTON ON TAPE FOR THE CONDITIONWS

5/R= 37.090681
Litl=  2.5420BLO3E+Q0

PERFECT ATR RELATIONS USED FOR NUMERICAL INTEGRATTION

5 CONDITEDONS FOR EQUILTBRIUM EXPANSION

] RHO T S/R [4

EVALUATE
Tiel

GARE

A

R NRE

H u
6. TI0DECOS 4.146E-02 3.559E+03 6. 461E¢06 3. 709E¢01 L.115E<00 L. 1T1E+00 1.15%€203 T.500E¢03 6.492E¢00 3.162E+06

STATIC COWNOITIONS BEHIND AQW SHOCK — REGION 55
EQUILTBRIUM EXPANS {ON--EQUILIBRIUM POST SHOCK

P RHO H SR

GAME

B

1}

LATED

T z L]
2. 1B1E406 4. B46E-01 9.044E+03 3.63BE007 4.67SE40L 1.T2TE4+00 L.1B9E+00 2.309€+03 6.390£¢02 2.T68E~0L l.L7aEe0)

STAGNATION CONDITIONS BEHMIND BOW SHOCK-REGION Y5
EQUILTBRIUM EXPANSIDON——EQUILIBRIUM POST SHOCK

14 RHO H 1 GAME

A

or

TIMI

T RN
2.282E 406 5.056E-01 9.090E¢03 3.450E#07 1.730E200 1.190E+00 2.318E+03 1.26LE+08 2.540E-02 4.122E-04

3 HO0KH 0000 X X MO0 XX XX X XXX XOCIRR AR KKK XK

FOLLOHING EQUILIBRIUM CONDITEONS INCLYDE FLOW ATTN

KX!XIKIXXKXKKIKKXXXKKXIXXXXXXXXXXXIXXXX!XXXXKKXXKKKXXX

5 CONDITTONS FOR EQUILIBRIUM EXPANSINN

P RHD T H SR 4
4o TIOE+04 4. L46E-02 3,559E402 6.461E+00 3.709F+01 1.L1SE+0D

STATIC CONDITIONS BEMIND 80W SHOCK - REGEON 55
FQUILIBRIUM EXPANSTON--EQUILTBRTUM POST SHOCK

[ rAD T H SR z
1.634E406 4.396E-0L B,222E403 2, T40E+D7 4.445E+01 1.5TSE+D0

STAGNATION CONDITIONS BEHIND BOW SHOCK—REGION TS
EQUILIBRIUM EXPANSIDN-~EQUILTBRTUM POST SHOCK

P A/HA T H 4 GAME
1.T1BE+06 4.591E-01 8.263E+03 2.T59E+07 L.STAE+O0 1. LT2E+0QD

ACCELERATION AIR CONDITIONS (REGTON 20} aND PLO
P20 R4OZO T20 H2D 120 M20
4. TIOE+04 L. 301E-02 T.L7OE+O3 3.2086+07 1-THGE+D0 3.65TE+DO

ACCELERATION AIR FLOW PARAMETERS USING MIRELS THECRY

AAS XA LEAX L LALMAX TiM
L.69BE+01 1.b9BE¢00 L. 104E+00 B.353E-02 7.564E=02 1.094E-05
1.698E+01 3.396E+00 1. L04E+00 1.528€-01 1.384E-01 L.9BBE-0S
1. 69BE+01 5,094E+00 1.104E+0Q 2.138E~-01 L.936E-01 2.770E+05
L. 69AE+01 6.TIZE+DD 1.L0%E+00 2.686E-01 2.432E-01 3.448E-05
1.698E+01 B.490E+C0 1.104E+400 3.1894E-01 2.BB3E-01 4-LOLE-09
1.698E401 1.0L19€401 1.104E+00 3.641E-01 3.2976-01 4.,673E-05
L.69BE+0L 1.LBYE+CL 1. L04E+00 4.082E-0L 3.6T8E-0L 5.209€E-05
1.698E+01 1.35BE¢01 1o lO4ECQD &, 6526-01 4.032E-01 5.699E-0%
1.698E+01 1.528E+01 Lo LOAE+OD %4.815E-01 %.360€-01 6.L53E-05
L. 69AE +0L 1-698E+0L Lo 104E+00 5.152E~-01 4.666E-01 6.5TBE-03

:xxxxxxxxxxxxxxxxxxxxxxxxxxxx:xxxxxxxxxxxxxxxxxxxxxxxx

GAME
Lol1T7LE+OD

GAME
L.1TLE+0OQ

.}
2.094E203

PLO
6. T92E+D1

ul
To63TE203
T.685E+03
T.T1BE+03
T.743E+D3
T-765E+03
T.THIE+C3
T-79BE+03
T.812E+03
T.B24E+03
7.B35E+03

A
1.155E+03

A
2.086E+03

QT
B.TOBE+DT

us1o0
TL98TE+03

urfus
L.OLBESDOD
1.02%5€+00
1.029E +00
1,032E+00
1.035E+00
1.038E400
1.040E+00
1.042E00
1.043E¢00
l . 045E +00

u M NRE
6.500E+C3 5.62TE+00 2,.T40F+

U M FATIN

a6

6, 125E¢02 2.936€-01 1.060E+01

RN T1H]
2.540E=-02 5.644LE-0%

M510 RATID
2.300E¢01 1.650F+01

us2o/su TIMT

1.046E+00 1.3T72E-05
1.039E+00 2, T4 4E-05
L.D35E+00 4.11TE-0S
1.031E+00 5.4B89€-05
1.02%E+00 6.,861E~-05
1.026E+00 8.233E-05
Lo 024E+00 9.605E-05
1.022FE400 L.09BE~D%
1.021€400 1.235E-04
L.O19E+00 1.372E-Q4

85



APPENDIX A
CONDITIONS BEMIND REFLECTED SHOCK AT SECONDARY DIAPH
XXXAAK LXXXXK XXX KX K KOO0 R KK XKKAKAKX KK XK KKK KEX KAAAKK

P RHO T H S/ 4 GAME A 1] M NRE
1.541E407 4.T21E+DD 8.4B0E+03 L.9B9E+4+0T 3,806E401 La341E400 1.1T76£4C0 1.959€403 Q. 0. 0.
KX KX 0G0 XO00K KKK KX KK XX K 200K X XXX KX XK XK X X
EXPANSYON TUHE PHASE OF PROGRAM

IXKXXKXIXXX!XXXXKKXKKKKKKXXIKXXKXKXX!KXXXKXXKKIXXKXXNX

INPUTS FOR EXPANSION TUBE PHASE

us PS5 XAS DELUS ISAY TEXP IREP NVEL TAC JAC
T« 500E+03 D. 1.69BE+01 S.000E+D2 2 1 11 B 50 59

5 CONDITIONS FOR FROZEN EXFANSION

P RHD T H S/R I GAME L} u L NRE
L. T8S5E«02 2,444E~03 1.897E+02 2.185€+40% 3.806E+401 L.341E+00 1.502E+00 3.312E+02 7.500E+03 2+2H64E+0L 1.448E+06
STATIC COMDITIONS BEHIND BOW SHOCK — REGION 55
FROZEN EXPANSTON-=EQUTILIBRIUM POST SHOCK

P RHO T H 5/R z GAME A v M RATIN
1.258E+05 2.829E-02 B.234E+03 3.8258E+407 5.344E+01 1.6881E+00 1.164E+00 2.275E+03 6. 4TTE$02 2,847E~0L 1.158E+0]

STAGNATION CONDITIONS BEMIND BOW SHOCK-REGTON TS
FROZEN EXPANSION-—EQUILIBRIUM POST SHOCK

P RH4D T H [4 GAME A *3) RN TIMI
1.318E+05 2.943E-02 B, 202E+03 3,847E+407 1.884E400 1.165E¢00 2,284E+03 3,374E+07 2.540E-02 1.046E-0%

STATIL CONDITIONS BEHIND BOW SHOCK ~ REGION 535
FROZEM EXPANSION-- FRDZEN POST SHOCK

P RHD T H 5/R z GAME A u ] RATI)
L-098E+05 1.208E~02 2.36 LE+04 2. TISE+07 5.60TE+0L 1.341E+00 L.SOZE+00 3.696E+03 LuSLTE+03 4.105€-01 4.944E+00

STAGNATION CONDITIONS BEHIND BOW SHOCK-REGION T5
FROZEN EXPANSION-— FROZEN POST $§HOCK

L4 RHO T H z GAME A Qr RN TIMY
Eo242E405 1.312E~02 2,461E+04 2,034Ee07 1.340E+00 $.502E+00 3.TT3E+03 2.407E+07 24 540E-02 1.046E-04

AEDL REAL-AIR TAPE USED FOR UNSTEADY ENPANSTON=-TEXP=1

NQ SOLUTION ON TAPE FOR THE CONOITIONS

S/R= 38.059235 EVALUATE
I{41=  2.54208L03E+00 tis)

FERFECT AIR RELATIDNS USED FOR NUMERICAL INTEGRATIDN

5 CONDITYONS FOR EQUILTBRIUNM EXPANSTON

P RHO T H S5/R z GAME A u M NRE
S« 5THE+04 4.272E-02 3.919E+03 T-690E+06 3.806E+01 1.159E+00 1,205E+00 L.254E+03 T.500E+03 S5.981E+00 3.0LLE+05

TSTATYC CONDITIONS BEHIND BOW SHOCK - REGION 55
EQUILIBRIUM EXPANSION--EQUILIBRIUM POST SHOCK

P RHO T H S/R 4 GAME A u L] xATIO
2. 24TE406 4.859E-01 G.Ll96E+03 3.56LE+07 4.TL16E+01 L-TS2E400 1.192E+00 Z.348C+03 6.501E+02 2.80TE-0L 1.138E+01

STAGNATION CONDITIONS BEHIND BOW SHOCK-REGION T5
EQUILIBRYIUM EXPANSTION--EQUILIBRIUM POST SHOCK
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T H I G AME A QT L] TIRI
2.355Er06 5.055E 0l 9.246E+03 3.583E+0T7 L.T55E000 1.192E¢00 23576403 1.327E¢08 2.540€-02 4.545€-04

XX LIHOOCKR 00X XXX XK XX HXRR XX KR XRXEXE XL XHARAR KR XX KX
FOLLOHING EQUILIBRIUM CONDITIONS TNCLUDE FLOH ATTN

KX NA06 XK 00X KNI OERIOOCRX OOORE XXX KX K LHERNXKKNXK X

5 CONDITIDNS FOR EQUILIBRIUM EXPANSION

L4 RUD T 5/R b4 GAME [ MRE
5.575E¢04 4.2T26-02 3,919E+03 T. b%Emb 3.806E+0L L1.159E¢00 L.205E+00 1.25%E+03 &, sooema s.lsfosooo 2.609E4046

STATIL CONDITIONS BEHIND B0OW SHOCK - REGION 55
EQUILISRIUM EXPANSTON——EQUILTBRIUM POST SHOCK

P RHD T H S/R 14 GAME A K RATIO
Lo 68SE+06 4.3B8TE-OL B.3IGTECQ3 2. 862E+07 4.4FLE+0L 1.603E+00 L. 1T4E4QQ 2.124%E+03 6-329E002 229B80E-01 L.0Z27E+OL

STAGMATION CONDITTONS SEHIND BOW SHOCH-REGION TS
EQUILTBRIVUM EXPANSTION--EQUTLIBRIUM #DST SHOCK

4 R4QO T 2 GAME A QY RN TINKI
1.775E+06 4.,5B7E-0L B8.391E+03 2. BBSEGOT 1.40TE4+00 l.175E000 2.132E+03 9,251E407 2.540E-02 6.24%E-04

ACCELERATION ATR CONDITIONS [REGION 20) AND PIG
P29 RHN2Z2D T20 H20 t20 M20 P10 usio M510 RAYID
5,5T6E 404 1. S523E-02 7,2316903 3.210E+0T L.T63E+00 3.642E400 8.004E+01l T.990E+03 2,301F+01 1.639E+01

ACCELERATION AIR FLOW PRRAMETERS USTNG MTRELS THEQRY

XAS XA LMAX L L/LAAX TIM vi ut/us usz2o/ut Tinl
1.698E401 1.69BE+00 1.301E+00 B.5&46F-02 6.568E-02 L.120E~05 T.629E+03 L.OLTE+00 1.04TE+00 1.3B1E-05
1.698E¢01 3.396E+00 Lo301E400 1l.574E=0L L.Z10E=01 2.05LE-05 T.&674€+03 1.023E+00 L.041E+00 2.763E-05
1.698E001 S.095E400 1.301E#00 2.2156=-01 L.TO2E-0L 2.8T4E~05 T.T06E+03 1.027E+00 1.037E+00 4.14%E-05
1.698E 401 &.T9ZE+00 1.30LE+00 2.796E~0L 2.149€-01 3.6LTE-05 T.T3LE+03 L.03IE40D L1.0I4E+00 5.525€E-05
1< 69BE+01 8.4%0E400 1.301€+00 3.329E-01 Z.559E-01 4.29%€-05 T.TSLE¢03 L.033E+00 L.031E+00 6,90TE-05
1.69BES0L L1.OL9E¢0Ll 1o30LE+00 3.B22E-01 2.937E-01 4,9206-05 T.T76%E+03 L.035E+00 1.029E+00 B.2B8E-DS5
1. 69BES0L Lo 1S89E+0L 1o 301E+00 4.2BOE-01 3.289E~01 $.498E-05 T.784E+03 L.038E+00 1.026E400 9,669E-05
1.6908E¢01 1.35BE+001 L.30LE+00 4.70TE-OL 3.5617€-01 6.036E-05 7.7I6E*03 1.040€E400 1.025E+00 1.105E-04
lo6FBE+01 1.,528E4+01 L.30LE¢00 5.10TE-01 3.925€-01 6.539€-05 7.B810€¢03 1.04LE+00 L. 023E+00 1.243E-0%
L. 698E+0L L.698E+0)1 1.301E¢00 5.4B2E-01 4,213E-01 7.009E-05 T.821E+03 1.063E+00 1.022F+00 1.3B1E-0%
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APPENDIX B
PROGRAM LIMITATIONS AND UNCERTAINTIES

Limitations on the present program are those restrictions on the source of equi-
librium, real-air, thermodynamic properties. The temperature range of both the AEDC
real-air tape (ref. 9) and AEDC real-air curve-fit expressions (ref. 11) is 100 K to
15 000 K; however, the pressure range of the tape is greater than that of the curve-fit
expressions for given values of entropy. Imperfect air (intermolecular force) effects are
neglected in the curve-fit expressions; thus, discretion should be exercised in using these
expressions at pressures greater than 10 MN/m2 or so. If the lower temperature limit
of the AEDC real-air tape is exceeded during the unsteady or steady flow expansion com-
putation, perfect air relations are used to determine thermodynamic properties at these
low temperatures. For this case, a statement is printed in the printout acknowledging
that perfect air relations were used; thereby, the user is cautioned that the temperature-
pressure range may be such that air condensation effects (see, for example, ref, 22) are
significant and should be considered.

Primary sources of uncertainties are iteration convergence criteria, source of
real-air thermodynamic properties, and computational procedure. To reduce uncertain-
ties arising from usage of various iteration convergence tolerances, tolerances were con-
stant for all iterations in the present study, being 0.1 percent. Real-air thermodynamic
properties as obtained from the AEDC tape are believed to be representative of the state
of the art in calculation of air properties. However, some differences exist between the
AEDC tape and the AEDC curve-fit expressions. For a pressure range of 10 to
1000 kN/m2 and a temperature range of 2000 K to 15 000 K, the maximum percentage
errors in thermodynamic properties obtained from the curve-fit expressions, as com-
pared with those from the AEDC tape, are (ref. 11):

a, Percent . . . .o oL L L e e e e L. 2.78
hypercent . . . . . . . L L e, 1.96
T, percent . . . ..o e 2.24
ZX PEICENt . . . . . L e e e e e e, 0.75
YR PEYCENt . . Lo e e e e =5.00
popercent oL oL L L e e e e e e e e e e 2.52

Because of the wide range of possible shock tube and expansion tube flow conditions
and the large number of methods (combinations of inputs) contained within the present
program for computing these flow conditions, a comprehensive study of program uncer-
tainties is not feasible. Instead, computations for specific cases, representative of tests
performed in the Langley expansion tube, are considered. Values of flow guantities in
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regions @ and @ , obtained for various values of input U s,1 (LB = 0; see appendix A)
and using the AEDC real-air tape, were compared with those values calculated by using
the program of reference 5. This comparison showed excellent agreement, as expected.
For the case where Py is an input, the values of py were obtained from the case
where Us,l is an input. This cross-check showed exact agreement between the results.

Flow quantities in region @ where p 4 and T 4 are inputs were also compared
with results from reference 5. For these comparisons, py was equal to 34.5 MN/mz,
T, was equal to 300 K and to 600 K, and p; was varied from 0.07 to 689.5 kN/m2.
Both helium and hydrogen driver gases are considered. For the present program, the
AEDC real-air curve-fit expressions (ISAV = 2; see appendix A) are used and 20 values
of US,1 are used in generating the (pz, U2) curves. A 10-species (e', Ar, N, N*, Ng,
0, O, 02, NO, and NO"‘) air model is employed in reference 5, the air composition by
volume being 78.08 percent No, 20.95 percent Oy, and 0,97 percent Ar. This composition
yields an undissociated molecular weight W, of 28.97 in agreement with references 9
and 11. As expected, thermodynamic properties in region @ were in perfect agreement
between the two programs for both driver gases. The maximum uncertainties observed
between flow quantities in region @ and Us,l’ as determined from the present program
and reference 5, are

Pgs PEILCENt . . . . . o . i e e e e e e e e e e e e e e e e e e e e e e e e e e 0.3
Po,PETCENt . L o L R 2.3
Ty, PErCEnt . . . . o Lo 2.6
hg,percent . . . ... Lo 0.5
5qW,, /R, PEYCEDE o v v v e e e e e e e e e e e e e e e e e 0.2
B9, PETCENL . . . . o L L 1.6
Uy, PErCent . . o o oo v 0.2
Us,l’ PErCent . . . . . e e e e e e e e e e e e e e e e e e e e e e 0.5

The ratios of flow conditions in region @ to conditions in region @ presented in
figure 18 are shown in figure 22 as a function of Us,l' The results of figure 18 were
calculated by use of the AEDC tape, whereas the results of figure 22 were calculated by
use of the AEDC curve-fit expressions. Comparison of figures 18 and 22 shows pz/pl,
_h2 hy (which are relatively insensitive to variation in pl), and SZWu/R are in good
agreement for the two sources of real-air thermodynamic properties. However, agree-
ment for pz/pl and TZ/TI is poorer, differences up to approximately 10 percent
occurring for the range of Us,l examined. This comparison implies that some shock

tube parameters in regions @ and @ calculated by using the curve-fit expressions
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may also contain relatively large uncertainties. Thus, the user of the present program
should exercise discretion in using these expressions to calculate shock tube flow
quantities.

Expansion tube flow quantities in regicons @, , and @ are compared for the
three methods of the present program and with the results of reference 5. The three
methods of the present program, in terms of inputs ISAV and IEXP (see appendix A), are

Method | ISAV | IEXP
(1) 1 1
(2) 2 1
(3) 2 2

where ISAV = 1 denotes that the AEDC real-air tape is used to determine flow quantities
in the expansion tube cycle and ISAV = 2 denotes that the AEDC real-air curve-fit expres-
sions are used. For IEXP = 1, the required table of h as a function of a-l for the
unsteady expansion calculation is generated from the AEDC tape. This table is generated
by using subroutine SLOW with inputs s AWy/R and h, where h is varied from a maxi-
mum value of hy to a minimum value chosen to be 0.1 MJ/kg. This range of h is
divided into increments {(number of increments is input JAC with maximum of 300) and the
numerical integration performed beginning with the upper limit hp. The integration by
Simpson's Rule is terminated when a value of h is obtained that equates to AU of equa-
tion (21}, For IEXP = 2, this table is generated by using the curve-fit expressions. The
pressure is varied from a maximum value of p A to a minimum value of either Pg i

or 0.1 N/m whichever is largest. These values of p are inputs to subroutine SAVE

in conjunction with s AWu /R, and the corresponding values of h and a-l are tabulated.
The number of pressure increments used in generating this table is an input (maximum

of 100). Method (1) (ISAV = IEXP = 1) is expected to be the most accurate method but
requires more computer time primarily because of the time required for tape manipula-
tion. Method (3) (ISAV = IEXP = 2) should contain the greatest uncertainty but has the
smallest computer time, Method (2) represents a compromise between methods (1)

and (3) and uses the AEDC tape only for the unsteady expansion calculations.

Flow quantities in regions @ @ and @ were calculated with these three
methods for the following basic inputs:

py = 1.724 kN/m?2
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U, 1 =2.865 km/sec
2
Ug=4,5,6,and 7 km/sec

No shock reflection at the secondary diaphragm is considered. All quantities are based

on the assumption of thermochemical-equilibrium flow throughout the expansion tube flow
cycle. The results of methods (2) and (3) are compared with the results of method (1) in
the following table, Also illustrated in this table is a comparison of method (1) with

results from the program of reference 5 for a 10-species air model and with the same
inputs as method (1). For methods (1) and (2), input JAC is equal to 300, and for method (3),
input TAC is equal to 50. Fifty pressure increments are also used in the program of ref-
erence 5. Agreement between method (1) and the results from the program of reference 5
for all flow quantities of table I is good (generally within 0.5 percent). The results of

TABLE L- PERCENT DIFFERENCE BETWEEN FLOW QUANTITIES IN REGIONS (8), (s),
AND (£5) AS CALCULATED BY METHODS (1), (2), AND (3) AND REFERENCE 5

Percent difference between | Percent difference between | Percent difference between
Flow methods (1) and (2) for metheds (1) and (3) for method (1) and reference 5
quantity Ug, km/sec, of — Ug, km/sec, of - for Ug, km/sec, of —
4 5 3} 7 4 5 3] ki 4 5 i} T

Pg, 5.47 | 5.48 | 5.50 5,54 1.67 | 7.85 | 7.47 | &.%0 009 (015 | 0.14 | 0.50
Pg 5.43 | 5.43 | 5.48 | 5.49 3.98 | 7.28 | 6.45 | 7.24 .18 .28 .22 .51
T5 .04 .00 .08 .03 2.1 .45 1.01 1.51 .04 .06 .00 .05
h5 .03 .05 .00 .03 .49 .30 11 1,11 .00 .00 .08 .06
ZE 00 .00 .00 .00 .30 .00 .00 .00 06 .00 .00 .00
YE,5 .00 .00 00 .00 3.67 | 6.88 .G8 .65 .00 00 .00 07
ag .05 .01 .01 -.00 .60 | 3.286 .19 .45 .01 .01 .04 .02
M5 .05 .02 .01 .00 .59 | 3.26 19 .43 .02 .02 04 00
NRe,S 5,44 | 5.46 5.47 5.44 5.87 ; 7.02 | 5.88 | 6.26 N i) .38 72 .00
p5s 5.32 | 5.40 § 5.46 | 5.47 3.79 | 7.22 ; 4.28 | 7.19 .14 .20 .21 .51
Pse 463 | 461 { 525 | 5.18 1.96 | 6.46 .62 | 6.83 A1 .18 .26 .87
T5S .87 .68 .53 .93 .14 .93 .59 | 1.03 13 07 05 .05
hgg .00 .00 .00 .00 19 Ry .05 .04 .00 .00 00 RU
SSSWU/R .05 12 .29 .48 .19 pYi .31 .46 .00 .05 .04 .02
Zgg .25 15 .42 b .25 .15 .42 .15 .00 .00 .00 .00
YE,SS 91 AT .26 .00 .99 19 .26 .00 .08 .09 00 .09
agg .86 31 .23 | .18 .80 .37 .29 .22 .00 .00 .00 .05
pt,S 5.37 542 | 5.65 | 5.49 3.85 | 7.31 | 6.54 | 7.24 .15 .23 .21 .50
pt,5 455 | 4.58 | 5.27 | 5.18 3.13 | 6.43 | 6.20 | 6.8D .14 .26 27 .56
Tt,5 .99 .86 .54 .93 .84 .92 .60 | 1.02 13 .08 .03 .05
ht,5 .00 .00 .00 .00 .09 07 .05 .04 .00 .00 .00 .00
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method {3) are within 8 percent or so of those of methed (1) for the range of U5
examined. (It should be noted that for a value of Ug of 7 km/sec, the corresponding
value of pg exceeded the range curve fitted in ref. 11.) Differences between method (1)
and method (2) or (3) in table I are believed to be representative of the present program
as applied to a wide range of practical expansion tube flow conditions.

Uncertainty in flow quantities is expected to be a function of the number of incre-
nients used for the numerical integration required for the unsteady expansion. Hence,
inputs JAC and IAC for methods (2) and (3), respectively, were varied to examine uncer-
tainties resulting from these inputs. Percentage differences for flow quantities in
region @ are shown for method (3) with variocus IAC in the following table, These dif-
ferences were obtained by comparing results for given values of IAC to results obtained
with the maximum value of 100. The inputs Py, Ty, and Ug 1 are those considered
in the previcus compariscn and the input U5 is T km/sec; thereby, the maximum differ-
ence between hA and h5 or Py and Ps for this case is provided. To minimize
computer time without sacrificing accuracy in calculated flow quantities, a value of JAC
equal to 50 for method (3) is recommended for most cases,

Flow IAC of -
quantity | 49 20 30 50
Py 574 | 0.82 | 0.63 | 0.00
Pg 4.23 | .82 | .45 | .00
Tg 1.58 | .22 | .17 | .00
hy 1.65 | .23 | .18 | .00
Zs 00| .00 | .00 | .00
YE 5 07 | .00 | .00 | .00
ag 77| .10 | .08 | .00
M; 07 | 14| 07 | .00
Npeys | 320 | 39| .39 | .00

A similar comparison for method (2} was performed, where the maximum value of
input JAC was 300. This comparison showed the maximum difference between flow gquan--
tities in region @ for JAC equal to 25 and the maximum of 300 was less than (.25 percent
for U5 equal to Tkm/sec. However, extending the velocity to 8 km/sec yielded differ-
ences up to 5.5 percent. Increasing input JAC from 25 to 50 diminished this difference to
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less than 0.2 percent. (It should be noted that for Uy equal to 8 km/sec, the tempera-
ture Ty was 250 K; hence, these conditions did not exceed the limits of the AEDC real-
air tape.) Therefore, for methods (1) and (2), a value of JAC equal to 50 is recommended
for most cases, More severe expansions from region @ to region @ than for this
sample case may require larger values of JAC and IAC than recommended herein.

For the case where Pg is an input (LF = 2; see appendix A), the values of pg
calculated for methods (1) and (3) are, in turn, used as inputs. (The values from
method (1) were used for LF = 2 and ISAV = IEXP = 1, and the values from method (3)
were used for LF = 2 and ISAV = IEXP = 2.) This cross-check shows excellent agree-
ment between the results.

The present program was run at conditions for which air behaves, approximately,
as an ideal gas in all phases of the expansion tube cycle. Inputs for this case are-

py = 6.895 kN/m?
US’1 = 500 m/sec
Ug = 700, 900, and 1100 m/sec

and the AEDC tape was used for the unsteady expansion. The purpose of this case was to
compare flow Quantities for a frozen expansion with those for a thermochemical equilib-
rium expansion. Flow quantities in region @, @ , and @ were observed to be within
2 percent between the frozen and equilibrium cases. Comparison of frozen flow quantities
between the present program and the program of reference 5 showed agreement to worsen
with increasing level of dissociation in region @ . Since the composition of the air in
region @ is caleulated in reference 5, the corresponding frozen flow calculations of ref-
erence 5 are believed to be more accurate than those of the present program.

Flow quantities calculated in region @ of the expansion tunnel were verified by
manual calculations and usage of reference 9. The same subroutine (SNS; see appendix A)
was used to obtain conditions in regions and as was used to obtain conditions in

regions @ and @
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LANGLEY LIBRARY SUBROUTINE ITR1

Language: FORTRAN

Purpose: To solve the single equation of the form x = f(x) for one real root by the
Newton-Raphson iteration method.

Use: CALL ITRI (X, DELTX, FOFX, E1, E2, MAXI, ICODE)

X An initial guess supplied by the user. On a normal return to the calling
program from ITR1, X contains the root.

f(x + DELTX) - {(x)

DELTX
reasonable approximation to the derivative of f(x).

DELTX An increment supplied by the user so that isa

FOFX A function subprogram to evaluate f(x).

El Relative error criterion.

E2 Absolute error criterion.

MAXI A maximum iteration count supplied by the user.

ICODE An integer supplied by I'TR1 as an error code. This code should be

tested by the user on return to the calling program.
ICODE = 0: Normal return.

ICODE = 1: Maximum iteration exceeded.

ICODE = 2: Derivative = 0,

Restrictions: A function subprogram with a single argument x must be written by the
user to evaluate f(x). The name given to the FOFX subprogram must appear in an
EXTERNAL statement in the calling program,

Method: The Newton-Raphson iteration technique (ref. (a) of this subroutine) is used
where

Xnp1 = 9, + (1 - a) fxp)

_a

=31

o f(xn) - f{xp-1)
Xn = %p-1
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Accuracy: The iteration process is continued until either of two convergence criteria
is satisfied. These criteria are given as follows:

It
|t 2 ¢
then
f(—x?mg ey (C1)
and if
|f(xn)|< ey
then
|n) - %] =€ (C2)

Reference: (a) Scarborough, James B.: Numerical Mathematical Analysis. Fourth ed.
Johns Hopkins Press, 1958, p. 192.

Storage: 13'1'8 locations.

Subroutine date: August 1, 1968.
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LANGLEY LIBRARY SUBROUTINE ITR2

Language: FORTRAN

Purpose: Given F(X) = 0, to find a value for X within a given epsilon of relative error in
a given interval (a,b).

Use: CALL ITR2 (X, A, B, DELTX, FOFX, E1, E2, MAXI, ICODE)

X The root.
A The lower bound on X, This value is used by ITR2 as an initial guess.
B The upper bound on X. This value is used by ITR2 as a final guess if

the entire interval is scanned.

DELTX AX, the size of the scanning interval.

FOFX The name of a function subprogram to evaluate F(X).

El Relative error criterion,

E2 Absolute error criterion.

MAXI A maximum iteration count supplied by the user.

ICODE An integer supplied by ITR2 as an error code. This code should be

tested by the user on return to the calling program.
ICODE = 0; Normal return

ICODE = 1: Maximum iterations are exceeded

ICODE = 2: DELTX = 0, or negative

ICODE = 3: a root cannot be found within the given bounds
ICODE =4: A>B

Restrictions: Make A < B, AX positive. A function subprogram with a single argument X
must be written by the user to evaluate F(X). The name of this subpro-

gram, FOFX, must appear in an EXTERNAL statement of the calling
program.
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Method: The given function F(X) is evaluated at a given starting point a and at intervals
of a specified AX thereafter, up to and including a specified end point b. A
change of sign of the function across a AX interval indicates a possible root
in that interval. The interval is then halved successively toward F(X) = 0
until the prescribed accuracy is satisfied. The given function F(X) is evaluated
once for each halving step.

If the given function is expected to have more than one root between the pre-
seribed starting and end points, it is suggested that a sufficiently smail AX
be given such that no more than one root be present within a AX interval. A
normal return is given upon the location of the first root from the starting
point a. Additional roots must be located by new entries into the subroutine
using a new starting point a which is just beyond the previous root.

Accuracy: The iteration process is continued until either of two convergence criteria is
satisfied. These criteria are

If

574
then

% -Xa) .,

). -

and if

lel = El
then

| % - X =e2

Reference; Scarborough, James B.; Numerical Mathematical Analysis. Fourth ed.
John Hopkins Press, 1958.

Storage: 260g locations.
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LANGLEY LIBRARY SUBROUTINE FTLUP

Language: FORTRAN

Purpose: Computes y = F(x) from a table of values using first- or second-order
interpolation. An option to give y a constant value for any x is also provided.

Use: CALL FTLUP (X, Y, M, N, VARI, VARD)

X The name of the independent variable x.
Y The name of the dependent variable y = f(x).
M The order of interpolation (an integer)

M=0for y a constant as explained in the note below.

M= 1or 2. First or second order if VARI is strictly increasing

(not equal).
M= -1 or -2, First or second order if VARI is strictly decreasing
{not equal).
N The number of points in the table (an integer).
VARI The name of a one-dimensional array which contains the N values of

the independent variable,

VARD The name of a one-dimensional array which contains the N values of
the dependent variable,

Note that VARD(I) corresponds to VARI(I) for I=1,2,...N. For M=0 or
N =1, y=F(VARI(1)) for any value of x. The program extrapolates.

Restrictions: All the numbers must be floating point. The values of the independent
variable x in the table must be strictly increasing or strictly decreasing. The

following arrays must be dimensioned by the calling program as indicated: VARI(N),
VARD(N).

Accuracy: A function of the order of interpolation used.
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References: (a) Nielson, Kaj L.: Methods in Numerical Analysis. Macmillan Co.,
c.1956, pp. 87-91.

(b) Milne, William Edmund: Numerical Calculus. Princeton Univ. Press,
1949, pp. 69-73.

Storage: 4308 locations.

Error condition: I the VARI values are not in order, the subroutine will print " TABLE
BELOW OUT OF ORDER FOR FTLUP AT POSITION xxx TABLE IS STORED IN
LOCATION xoxxxx" (absolute). It then prints the contents of VARI and VARD and stops
the program.

Subroutine date: September 12, 1969,
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LANGLEY LIBRARY SUBROUTINE DISCOT

Language: FORTRAN

Purpose: DISCOT performs single or double interpolation for continuous or discontin-
uous functions. Given a table of some function y with two independent variables,
x and z, this subroutine performs K th- and K, th-order interpolation to calculate the
dependent variable. In this subroutine all single-line functions are read in as two sep-
arate arrays and all multiline functions are read in as three separate arrays; that is,

Xi (i = 1,2,. . .’,L)
Y; (i=1,2,...M)
Zk (k = 1,2,. . -,N)

Use: CALL DISCOT (XA,ZA,TABX,TABY, TABZ,NC,NY,NZ,ANS)

XA The x argument

ZA The z argument (may be the same name as x on single lines)

TABX A one-dimensional array of x values

TABY A one-dimensional array of y values

TABZ A one-dimensional array of z values

NC A control word that consists of a sign (+ or -) and three digits. The con-

trol word is formed as follows:

(1) f NX = NY, the sign is negative. If NX ¥ NY, then NX is computed
by DISCOT as NX = NY/NZ and the sign is positive and may be
omitted if desired.

(2) A one in the hundreds position of the word indicates that no extrapo-
lation occurs above Zmax+ With a zero in this position, extrapolation
occurs when z >z, ... The zero may be omitted if desired.

(3) A digit (1 to 7) in the tens position of the word indicates the order of
interpolation in the x-direction.
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(4) A digit (1 to 7) in the units position of the word indicates the order of

interpolation in the z-direction

NY The number of points in y array
NZ The number of points in z array
ANS The dependent variable ¥

Restrictions: See rule (5c¢) of section "Method" for restrictions on tabulating arrays and
discontinuous functions. The order of interpolation in the x- and z-directions may be
from 1 to 7. The following subprograms are used by DISCOT: UNS, DISSER, LAGRAN.

Method: Lagrange's interpolation formula is used in both the x- and z-directions for
interpolation. This method is explained in detail in reference (a) of this subroutine.
For a search in either the x- or z-direction, the following rules are observed:

(DK x< Xy, the routine chooses the following points for extrapolation:
X13Xgs « Xk, and Yi5¥9s V41

(2) ¥ x> x,, the routine chooses the following points for extrapolation:
Xp-k*n-k+l* © 2%n and Yn-kYn-k+1r © ¥n

(3} I x =x,, the routine chooses the following points for interpolation:
When Kk is odd,

i-— i-=—=+1 i-—=

X k+1,X_ k+1 3o .,X‘ k+1+k and yinl_{';_lyyi-k__i_.];-!- 1,- . .’yi_li;_l_'_k

X X .- LX and y y .Y
K KLy ! i-15+k i-lzf i—1§{+1’ ’ i-1§{+k

(4) If any of the subscripts in rule (3) become negative or greater than n
{number of points), rules (1) and (2) apply. When discontinuous functions
are tabulated, the independent variable at the point of discontinuity is

repeated,

(5) The subroutine will automatically examine the points selected before
interpolation and if there is a discontinuity, the following rules apply.
Let x4 and Xy .4 be the point of discontinuity.
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() x= X4, points previously chosen are modified for interpolation
asg shown;

2q-k¥d-k4l - o%q A Vg eVqpes - ¥

WK x> X4, points previously chosen are modified for interpolation
as shown:

X1 ¥ap2 ¥k A Va1V ¢ o Vdek

{c) When tabulating discontinuous functions, there must always be k + 1
points above and below the discontinuity in order to get proper
interpolation.

(6) When tabulating arrays for this subroutine, both independent variables
must be in ascending order.

(7) In some engineering programs with many tables, it is quite desirable to
read in one array of X values that could be used for all lines of a multi-
line function or different functions. Even though this situation is not
always applicable, the subroutine has been written to handle it. This pro-
cedure not only saves much time in preparing tabular data, but also can
save many locations previously used when every y coordinate had to
have a corresponding x coordinate. Another additional feature that may
be useful is the possibility of a multiline function with no extrapolation
above the top line,

Accuracy: A function of the order of interpolation used.
Reference: (a) Nielsen, Kaj L.: Methods in Numerical Analysis. Macmillan Co., ¢.1956.
Storage; 5558 loecations.

Subprograms used: UNS 404 locations,

DISSER 1108 locations.
LAGRAN 558 locations.
Subroutine date: August 1, 1968,
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velocity Uy as a function of pressure py for incident normal shock in real air.

107



—
41 U2, p2 /
Usp
_/_ K3
\\\
e
3|
l pl,mez ™.
6.895 x 10! .
U2 or U3, / \
kmisec 6,895 x 102 N
VAR
6.895 x 103
6.895 x 107
1 [
6.895 x 10°
6.895 x 100
0 i ) _ 1 | i
103 10? 10 1of 107 108
Py OF o,
I‘\J.'m:Z

108

(b} Helium driver gas with T 4= 600 K.
Figure 3.- Continued.



Uz or U3.

kmisec

16 —

14
12}
6. 895 x 10!
-
6.895 x 107
81—
6|—
6.895 x 10°
1
6.895 x 1o
2
6.595 x 10°
oL 1 1 "l'a l;" 5 x 1P \ ;3
3
1 ' 1 10 1
¢ Pz OF by, 10
N.‘m2

(c) Helium driver gas with T, =10 000 K.
Figure 3.- Continued.

109



D].mez /
6.895 x 10!

U2 or U3,

kmisec 3| 6. 895 x 102

6.895 x 103
2
1
Perfect H2 driver gas
— — Imperfect H2 driver gas
| R I
103 1[}':l 105
Dz or p3
N/m?

(d) Hydrogen driver gas with Ty =300 K.

Figure 3.- Continued.

110



Upar U3,

km!sec

5[ 6.895 x 10!
. 6.805 x 167
3
2 3
685 x 10t \
,
"\
/\<
l— 5.895 x 105
Perfect Hy driver gas
—— — |i.pertect Hy driver gas 6,895 & 106
0 | j | 4 |
10° 10t 1w 108 1w 108
Pz OT p3,
N im?

(e) Hydrogen driver gas with T, = 600 K.
Figure 3.- Concluded.

111



e1T

10

u s, I’ km/sec

Perfect Hy

=

/
=== — Imperfect Hp

T

I | I |

Perfect and lmperfect He
e

0
1¢

0 10t 0 1

Py

10"

Figure 4.~ Incident normal shock velocity as a function of ratio of driver gas pressure to quiescent test

air pressure for helium and hydrogen driver gases. Ty = 600 K.

108



475

5|—

Ug 1 kmisec e

| | | | i |
0‘5‘1]01 s 13 Ui 1w 100 1w

Baity

(a) Helium driver gas with 300 K = T, = 700 K.

Figure 5.- Shock tube performance for real-air test gas and helium and hydrogen
driver gases over range of T4. p, = 68.95 MN/m2,

113



16.5 [—

15.5}—
14.5)_
13,5~
251

N5

10.5+—

Ug 1, kmises 85

7.5
.2 0m
65
551 i
4.5 . /
0.5 I | | [ !
10! 02 103 1w 1 108 w’

Pai'Dl
(b) Helium driver gas with 1000 K = T, £ 12 000 K.

Figure 5.- Continued.

114



UAS. 1. kmisec

1.5~

1.04-

65—

60—

5.5

50[--

4.5

4.0

3.5

3.0

2.5

2.0

1.5

Tg.K

i
17 1? 10t 160 10h
quDl

(c) Hydrogen driver gas with 300 K= T 4 = 600 K.
Figure 5.- Concluded.

1ef

115



10

10

AmIA \\\\l\ R WA \\\\\\\\\ ]l £,
AW WALV VALY LAY ANy E i
ANARRANR WYY \\\‘\\\\ P‘%_D :
. AN AYAWAN AAAAN XS J
IR SVRAVNANN e N
AVIRVIANINSE O
NARARE AN
103 \\ X \*’\i‘a LYY \\\\ \\\\ : !
i \\\ X =i AW \\\ - —
L VELW WV WA W VIR W W WL WAL N LW !
LAY TRV WAV YA UAVAY [
AN AR VAN N AN N
\ \vél‘”\‘ AVANAN AN
N AL TELN ARRR
AT TR
102 1 1 1 1 L LY \\\ LY \'L N \\\ H
Y 1 1 \ 1Y 3 AY b AY AY LAY
) R I W L WO A A VA WL WA NS
1\ VAW AN IR WAV WAV
A Iy kY AR AN L
VIV YN \ ' 5 \
AN
AL
T w
|
1 |
10 2 5 6 3 g 10 10 12

US, km/ sec

(a) Static pressure in region @

Figure 6.- Various expansion tube flow parameters for real air in thermochemical
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(i) Stagnation temperature behind normal bow shock,

Figure 6.~ Continued.
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Figure 7.- Various expansion tube flow parameters for real air in thermochemical
equilibrium as a function of flow velocity and assuming no shock reflection at
secondary diaphragm. p; = 3,45 kN/m2,
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Figure 7.~ Continued.

131



\\\\\\\\\\\\\\\\\ SRR

/ : ' :
! ; ! :
| : ! ;

NN ENEE
\\\\\\\\\\,wﬂ

\\\\\\\\\\\




P55 Ps

Uﬁ, km/ sec

{(f} Normal shock density ratio.

Figure 7.- Continued.
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Figure 8.~ Various expansion tube flow parameters for real air in thermochemical
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(j) Stagnation enthalpy behind normal bow shock.

Figure 8.~ Continued.
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(k) Stagnation-point convective heat-transfer rate to sphere
having radius of 2.54 cm.

Figure 8.- Continued.
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(1) Quiescent acceleration air pressure in region .
Figure 8.- Concluded.
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Figure 9.- Various expansion tube flow parameters for real air in thermochemical
equilibrium as a function of flow velocity and assuming no shock reflection at
secondary diaphragm. Py = 34.47 kN/m?2.

152



Pe. kg! m

10

0.

o

T . L

o

N

US' km/ sec
(b) Static density in region @

Figure 9.- Continued,

153



12

10

|
o
- ; i
P
|
o o] EER T S . — oo
- i
N _ ‘ V’Vi\\_\ ”\;‘\;._|| e e - S
2 H
\,t@\\a\_r \\ .
1 )
L .
s \.,m R! i = . —fun
| _ 17| 3
\\\\ :
P B

10°

US' km/ sec

(c) Static temperature in region @

Figure 9.~ Continued,
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{d) Mach number in region @

Figure 9.- Continued.
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Figure 10.- Various expansion tube flow parameters for real air in thermochemical
equilibrium as a function of flow velocity and assuming no shock reflection at
secondary diaphragm. py = 68.95 kN/m2,
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Figure 11.- Various expansion tube flow parameters for real air in thermochemical
equilibrium as a function of flow velocity and assuming no shock reflection at
secondary diaphragm. Py = 344.74 kN/m?2.
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Figure 12,- Various expansion tube flow parameters for real air in thermochemical
equilibrium as a function of flow velocity and assuming a totally reflected shock at
the secondary diaphragm. py = 689.5 N/m?2.
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Figure 13.- Various expansion tube flow parameters for real air in thermochemical
equilibrium as a function of flow velocity and assuming a totally reflected shock
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Figure 14.- Various expansion tube flow parameters for real air in thermochemical
equilibrium as a function of flow velocity and assuming a totally reflected shock at
the secondary diaphragm. py = 6.90 kN/m2,
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(i) Stagnation temperature behind normal bow shock.
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Figure 15.- Various expansion tube flow parameters for real air in thermochemical
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the secondary diaphragm. p; = 34.47 kN/m2.
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(h) Stagnation density behind normal bow shock.
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(i) Stagnation temperature behind normal bow shock.

Figure 15.- Continued.
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Figure 16.- Various expansion tube flow parameters for real air in thermochemical
equilibrium as a function of flow velocity and assuming a totally reflected shock
at the secondary diaphragm. p, = 68.95 kN/m2.
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Figure 17.- Various expansion tube flow parameters for real air in thermochemical
equilibrium as a function of flow velocity and assuming a totally reflected shock
at the secondary diaphragm. Py = 344.74 kN/m2.
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(e) Entropy, szwu/R.
Figure 18.~ Concluded.



Thermochemical state Shock reflection at

of expansion secondary diaphragm
Equilibrium None
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(a) U= 2.1 km/sec.

Figure 19.- Static pressure in region @ as a function of air flow velocity
for py = 3.45 kN/m2 and various incident normal-shock velocities.
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Thermochemical state Shock reflection at

of expansion secondary diaphragm

Equilibrium None
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(b) US,1 = 2.85 km/sec.

Figure 19.- Continued.
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Figure 19.- Continued.
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Thermochemical state Shock reflection at
of expansion secondary diaphragmiEes
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(d) Ug 1 = 4.5 km/sec.
2
Figure 19.-~ Concluded.
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(a) Ideal time interval between arrival of incident normal shock
into region and acceleration-air—test-air interface.

e 20.- Acceleration air flow quantities as a function of distance downstream from

secondary diaphragm for p; =3.45 kN/m2 and U, =285 km/sec.
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(b) Time interval between arrival of incident normal shock into region and
acceleration-air —test-air interface.

Figure 20.- Continued,
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Figure 20.- Continued.
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Figure 21.- Various expansion tunnel flow quantities as a function of effective area ratio.
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