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NOMENCLATURE

Primary Symbols

Projected frontal area of the cone
Speed of sound

Pressure coefficient

Specific heat at constant pressure
Specific heat at constant volume
Internal energy

Force

Enthal py

Mach number

Nondimensional pressure
Pressure

Nondimensional velocity

Radial coordinate

kJ
Gas constant (R, =8. 3143W)
Nondimensional density
Entropy
Temperature
Characteristic vibrational temperature
Time
Velocity component parallel to the centerline
Flow speed
Velocity component perpendicular to the
centerline

Natural frequency

Axial coordinate

Shock angle

Ratio of specific heats
Vibrational contribution, O or 1
Streamline angle
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Subscripts

® T NPEFL O

min

rot

tr
vib

Angular coordinate

Coordinate

Scalar vorticity

Angle (measured from center line)
Nondimensional temperature
Density

Mach angle

Stagnation state
Upstream of shock
Downstream of shock
At the body
Electronic

Minimum

Normal component
Reference state
Rotational

Tangential component
Trandational
Vibrational



ABSTRACT

An imperfect gas model is applied to supersonic flow over a
cone at zero incidence, known as Taylor-Maccoll flow. The model
considers vibrational equilibrium of adiatomic gas. In air, these effects
are of significance at high temperatures, e.g., above 800 K. The
harmonic oscillator model of quantum mechanicsis utilized to evaluate
the change in molecular vibrational internal energy with temperature.

An inviscid flow with a constant stagnation enthalpy is assumed.
In the region behind the shock, the flow is considered to be homen-
tropic. The governing equations have been developed and simplified
for computer use. A similarity solution is considered and the
differential equations are integrated from the shock to the body.

Specified parameters are the characteristic vibrational tempera-
ture, upstream Mach number, and cone semi-vertex angle. Imperfect to
perfect gas ratios are calculated for the shock angle, the Mach number
behind the shock, the surface pressure coefficient, and the Mach
number at the body. Properties are discussed for both the weak and

strong solutions.
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1. INTRODUCTION

This thesis analyzes the flow field surrounding a cone at zero
incidence using an imperfect gas model. When the bow shock is
attached to the vertex of the cone, thisis called Taylor-Maccoll flow.
In the past, this flow was discussed using only a perfect gas model and
results were limited to the weak solution. In our approach, we employ a
thermally perfect, but calorically imperfect, gas model.

The imperfect gas model utilizes the harmonic oscillator
approximation for the vibrational energy of a diatomic species. Thus,
the gas is thermally perfect but caoricaly imperfect. Three
nondimensional parameters determine the conical flow field. These are
the upstream Mach number M ,, the semi-vertex angle 6, of the cone,

and a stagnation temperature 7;, defined as ©,, = 2];, , Where T, is the
0

characteristic vibrational temperature of the diatomic species. Results
are given for ©,=0.5, 1.5, and 5.0, which roughly correspond to T
values of 3000 K, 1000 K, and 300 K for air. As we shall see, the
results with ©,,=5.0 are essentially identical to the usua calorically
perfect air model, where the ratio of specific heats y is 1.4. The
formulation and results, however, are nondimensional and do not
require the above 7, values.

Results are obtained for four parameters. These are the Mach
numbers just downstream of the shock and on the body, the shock

wave angle, and the pressure coefficient on the body. Results are given



in graphical and tabular form and comparisons with a y=1.4 perfect
gas are provided.

This thesis is the fourth in a series of studies that applies this
simplest of all imperfect gas models to basic gas dynamic flows. The
first, by Christy,1 examines isentropic flow. The second by Bultman,2
deals with the normal and oblique planar shock wave. The third, by
Ismail,3 treats Prandtl-Meyer flow. This thesis uses for Taylor-Maccoll
flow the same nomenclature, approach, and assumptions employed in

these earlier studies.



2. GAS MODELS

A gasis considered to be thermally perfect as long as it follows
the equation of state
P_prT (2-1)

The distinction between a caloricaly perfect and a caloricaly
imperfect gas is made by the specific heat at constant volume c¢,, which
isgiven by

ok )
c, -@ﬁg (2-2)

A calorically perfect gas has a constant c,, while ¢, is not a constant for

a caorically imperfect gas. The molecules of the calorically perfect
diatomic gas are regarded as rigid 'dumbells. In contrast to the perfect
gas case, the atoms of the calorically imperfect diatomic gas oscillate
about the molecules’ center of mass. In order to have a suitable

notation, we introduce the parameter

O Cvibrationd effectsnot included, i.e.,

Epal orically perfect diatomic gas
[vibrationd effectsincluded, i.e.,

Epal orically imperfect diatomic gas

o=0

The specific internal energy of the gas can be written as
+ evih + ecl (2-3)

e=e, te

where for diatomic species
e, =trandational contribution= gRgT
e,, = rotationa contribution=R,T (2-4)

e,, = electronic contribution =0

3



The harmonic oscillator model of quantum mechanics provides?

R.T,
= vibrational contribution= - (2-5)
eT -1

Some characteristic vibrational temperatures are#
N, - 330K O, - 2240K CO - 3080 K
For a mixture of the diatomic molecules such as air, reference 4
suggests 7., = 3056 K. From equation (2-5), we have the limiting
cases
T»T ‘ T«T
e, 0 RT ‘ e 0

vib

This justifies the neglect of vibrational excitation at low temperatures
and underlines the need to consider it at high temperatures.

We obtain from equations (2-4) and (2-5)

R T
e=5RT+0— (2-6)
Hence, we can find for the specific heat at constant volume

é’e Eb 5D T,/2T DZH

c _—— -

‘H [gD nh(7, /2T)DH

We introduce the nondimensional temperature

T
O = 2% (2-7)
which yields
o =rBesf 0 H (2-8)
H msinhe, g



Since the gas is thermally perfect, we have for the specific heat

at constant pressure
c,=c, +R, (2-9)

With equations (2-8) and (2-9), it follows that
c =RHZ+55@7V§E (2-10)

and the ratio of specific heatsy is given by

7+25%i @h"e é
° = = (2-12)

=_r
4 c, C]
5+20H
nho,

As the reader can see, equation (2-11) yields the well known result,

y=1214, for aperfect gas.
The following equations are valid for both gas models and may
be obtained by standard thermodynamic procedures®

a’=R.T (2-12)
e(T)=e, +JT‘c‘, (T"YdT' (2-13)
h(T)=e(T)+R,T (2-14)

dT'

— P, p 1
1 = R, In—- — -1
s(T,p)=s, +R,In +T[CV(2 ) = (2-15)



The integrals in equation (2-13) and (2-15) can be determined using
eguation (2-8) and are provided by reference 5 as

c.dT" =>R ? E‘réRTOV(cothOV—cothOV‘)
2 g r 7 r

c—T:E OW+&R ,coth®, -0, coth®, +|nsth
T o, snho,

Hence, the internal energy and the specific entropy become

o(T)=c + 2 RT ? Eusk T O, (coth®, - coth® ) (2-16)

s=s, +R, InP+2p Ine"+éR _coth®, -0, cothe, +1n3MO,
p 2% 0O sinh©

v

(2-17)



3. HOMENTROPIC AND HOMENERGETIC EQUATIONS

In this chapter, equations are derived for the homentropic and
constant stagnation enthalpy conditions. These conditions result from
the assumption of an adiabatic and inviscid flow. Homentropic flow in
the region behind the shock means

§=s, (3-1)

Furthermore, it is convenient to take the reference entropy as the

stagnation entropy
(3-2)

s, =S,

Putting (3-1) and (3-2) into (2-17) yields

—R,In&:—R Ine‘°+OR ,coth®, -0 ,cothO,, +|nsth)
fp 2 O, snh©

v

Combining the logarithm terms resultsin

5
BALLUCH) D—J(@vocoth@ ~©, coth®)
Dp O Hsinho,

which can be rearranged to

- ECZ) E Ezr:;go g exp[d(©, coth®, -@,, coth®,,)] (3-3)



It is the goal of the next derivation to provide the connection
between Mach number and temperature. Stagnation enthalpy and Mach

number are defined as
1

hy=h+ EVZ (3-4)
4 (3-5)
a
Equation (2-7) may be rearranged to
T
Tr=—: 3-6
20 (3-6)
After substituting equations (3-5) and (3-6) into equation (2-12), we
have
_ o R
V=M 20 (3-7)

Introduce equations (2-14), (3-6), and (3-7) into (3-4) to yield

1,
£ 20,

(3-9)

The internal energy e may be replaced with equation (2-16). Then we
apply equation (3-6), and take the stagnation state as the reference state

h ? AR, 2 (coth®, —coth®
o= 2 K26 Ho % 5 (© coth®,) + gze 4@,,
(3-9)

Write equation (2-14) for the stagnation state, and use equation (3-6) to

obtain
T

h, = e, 20,

(3-10)



After introducing equation (3-10) into (3-9), rearrangement yields

Mz = 7% —1% 250, (coth®,, —coth®,) (3-11)
v0



4. TAYLOR-MACCOLL FLOW

In this chapter, we develop the equations governing Taylor-

Maccoll flow. The nomenclatureisindicated in figure 1

shock
2

Figure 1 Nomenclature for Taylor-Maccoll flow

As the sketch hints, the shock is conical and attached to the apex
of the body if the semi-vertex angle g, is not too large. The streamline

angle ¢ is measured relative to the centerline. This streamline angle

starts as ¢, right behind the shock and increasesto ¢, = 6, at the body.

10



In the computation, we first calculate conditions behind the
shock and then proceed to the body. Therefore, we first derive the
relations for the shock.

4.1 SHOCK DYNAMICS

In this chapter, we provide the equations necessary to determine
conditions right behind the shock for a given shock angle [, upstream
Mach number M, and nondimensional stagnation temperature O .
The shock itself can be treated as a planar oblique shock, because aray
along a conical shock is straight when it passes through the cone's
vertex. In the coming derivation, we use the nomenclature indicated in

figure 2. In the case of a planar wedge, one would have to replace the

Figure 2 Nomenclature for shock

11



streamline angle right behind the shock ¢, with the planar semi-vertex

angle . Some relations are easy to obtain from the sketch

v, =V, snB=V, tans (4-1)
V,, =V,8in(B-¢,) =V, tan(B- ¢,) (4-2)

Furthermore, we need the following relations

M, =M, sSinB= M, tanf (4-3)

M,, :Mzsin(ﬁ_ ¢2):Mzz tan(:B_ ¢2) (4'4)
_Vi ]

Mln - a, (4 5)
— VYZH _

MZn _a_z (4 6)

The usua jump conditions for an oblique shock, resulting from

conservation of mass, momentum, and energy, are

(ov,), = (o), (4-7)
(p+pV)),=(p+pV)), (4-8)

I B _
Q”EV”E'@ zV”% (+9)

From preservation of the tangential momentum, we have

I/Il = sz (4'10)

12



Equations (4-7)-(4-10) are independent of the gas model, and are
therefore valid for perfect and imperfect gases. Rewrite equation (4-7)

as

2 Vln
% = (4-11)
1 2n

Thus, equation (4-8) may be rearranged to

V.
pe= it ol A= (412)
1n

Introduce equations (2-1) and (2-12) into (4-12)

V.
pZRgTZ = leng + pllengMlzé‘_V_an (4-13)
In

After substituting equation (4-11) into equation (4-13), it follows

Pule 4 yyi2a-Yo 4-14
A S (4-14)

3

n

Replacing the normal velocities with equation (3-7) and rearranging
lead to

9,, - V1M12n H]-"'VzMzzné (4-15)
@vl y2M22n Hl+ylM12n

Equation (4-15) can be rewritten with equations (2-1) and (4-11), thus
yielding

Pr Vi o M, HL*VzMiE (4-16)
pl V2n y2M22n H1+ylM12n

13



P, _1+y. M

= 4-17
pl 1+ y2M22n ( )

Equations (4-15), (4-16), and (4-17) represent the jump conditions
across the shock intermsof y,, y,, M,,, and M,,. They hold for perfect
and imperfect gases.

To determine M,,, we may use for a perfect gas the standard
oblique shock relation, while for the imperfect gas an iterative
procedure has to be employed. This procedure will be explained in

chapter 5. For a perfect gas, we use’

1+L_J'M12n
5=0 0O M, = 2y—1
2 _
ez -V

(4-18)

In the following, we establish equations expressing the relation
between the shock angle £ and the streamline angle right behind the

shock ¢,. For aperfect gas, the standard oblique shock relations can be

usedb
cot B(M,*sin? B -1) (4-19)

0=0 0 tang :1+((y+1)/2—Sin2,3)M12

The counterpart for an imperfect gas is derived from equation (4-16)
using equations (4-1), (4-2), and (4-10)

2 2
s=1o W hM, £l ZMZZ'H (4-20)
tan(ﬁ'(ﬂz) y2M2n E‘l+ ylMln

14



Simple rearrangement and employing equation (4-3) yield

2 2 -2
o=110 =0-t ‘1H VaM, A+ yM,"sin” ) 4-21
%= P MZsin Boos B+ y,M2) (4-21)

Next, we derive an equation that utilizes equation (4-9). For this,
we choose the convenient reference state

R, 1 i
. E5+Jcoth 2@ (4-22)

T =7 ad e =

¥ v

and introduce this reference state into equation (2-16), thus yielding

o(T) = RZTV %% +Scotho, E (4-23)

Substituting equation (4-23) into equation (3-8), resultsin

=81, (74200, coth@, + s 4-24
40

y

ho

Equation (4-24) may be written for the upstream side of the shock, as

well as for the downstream side of the shock

hy, = RT, 1 (7 +200,, cothO , + ylen) (4-25)
vl
hyy = RZV 1 (7+280,, coth®,, +y,M2) (4-26)

v2

15



With A, = h,, it follows that

o (4-27)

-0 7 +y,M;, +20,,coth©,,
2T U7 4y M2 + 200, coth@,,

This equation will later be employed in an iterative procedure, since it
Isan implicit equation for the imperfect gas case.

As the last topic, we derive the minimum possible shock angle
B...- Because of symmetry, ¢ =0 is the smallest possible streamline

angle. From equation (4-19) for the =0 case

2 52 _
0= Co’tﬁmi:_(]j-wl sin ﬁmin 1) (4_28)
1+ BL _Sin2 :Bmin H\/[12
02 O
we have
Mzsn?B.. —1=0 (4-30)
Equation (4-30) yields
., 1
) :gn_l— 4-31
ﬁmm ]\41 ( )
One can seethat B, equals the Mach angle u. S, does not depend on

the ratio of specific heatsy. Therefore, equation (4-31) is also valid for

the imperfect gas case.

16



4.2 FLOW FIELD BETWEEN SHOCK AND BODY

In this chapter, we derive the differential equations governing
the flow field between shock and body. The flow is inviscid, steady,
without swirl, without body forces, and axisymmetric. The reader will
find the coordinate system in figure 1 (page 10). The ¢ -direction is

perpendicular to the r- and x-directions. Thus, the gradient operator

becomes
n=6% 45,19 459 (4-32)
& Yroy ok
Derivatives of the unit vectors are
_ i=1,2,3 R 072 .
% _ 0 for E except % _ ¢, and—~=-¢, (4-33)
a, =123 oy oy

Furthermore, it is worth noting that the derivatives of all quantities
with respect to  are zero, except for the ones above. For the velocity,

we can write

—

V =ve +ue. (4-34)

Because the flow is steady, the substantial derivative may be written as

D_9 . vym=rm (4-35)
Dt o

17



The continuity equation is

Dp _
L +o00 =0
Dt =
VMDp+ 00X =0 (4-36)
OQopV)=0
which becomes
Arpv) . Apu) _ (4-37)
or ok

The Euler momentum equation in the x-direction is

Du 10 _ ]
E-FZ)E_O (4-38)

We introduce (4-35) and (4-36) into (4-38), which yields

v—+u—+-——"-=0 (4-39)

One can show, using Crocco’s equation, that the scalar vorticity is zero

w:&—@:o (4-40)
& o
Taylor-Maccoll flow doesn’'t have any intrinsic length scale and
we may therefore seek a similarity solution. This means that flow
conditions only depend on the angle . Hence, we introduce new

independent variables ¢ and 17, asfollows

18



é=x
I (4-41)
n=pF-tan .

One can see that the angle 17 is measured from the shock inward. The
pressure, density, and velocity components depend only on the angle 77
and can be expressed as
p=pr,P(n)
pP=pR(1)
u=V,0(17) cosg(1)
v=V,0(n)sing(n)

(4-42)

As usual, the subscript 2 denotes a location right behind the shock.
Initial conditions at station 2, where =0, are

P(0)=0(0)=R(0) =1

4-43
@)= 5

The tangency condition at the body is
uB-6)=6 (4-44)

The goal of the following derivation is to provide an expression
for the Mach number in terms of the new variables. The speed of sound
IS

a*=yP (4-45)
Jo,

19



thus, yielding for the Mach number

mr=l VP (4-46)
a w
which equals
2
m=52Pe (4-47)
VP

just downstream of the shock. After introducing similarity variables,

we have

1= OPR_ORY, VP,
,P Py y.p

which becomes
M? (4-48)

We now determine derivatives in terms of the new coordinates

9 dlp-tnr/x) 0
o¢ a

9
o

= _Mi (4-49)

9 _ 0, sn(B-mcos(B-1) J (4-50)
& O 4 an

20



With equations (4-42), (4-49), and (4-50), the continuity
eguation (4-41) becomes
W 9 {£tan(B - ) p,RMV,0(1)Sn @)} +
+&tan(B-n) d—g{sz(r/)VZQ(n) cos@(n)} +

Sin(ﬁ"?)COS(ﬁ—ﬂ)i{
4 an

+&tan(B-n) P.R(MV,0(7) cosg()} = 0
In this equation, we made use of an expression for r that stems directly
from equations (4-37)

r=¢§tan(B-1n)

Simplification and severa cancellations result in a convenient form for

the continuity equation

sin(B -n)tan(B-n){ROcosg —cos(B -n){tan(B-m)ROsng} =0
(4-51)

d [
h —={...
where an {.}

We introduce the new coordinates into the momentum equation, to

. cos’(B-n)Ha
v.0singe S DL 0 cosptn)

in(B-n)cos(B-n)
%Qcosw%SI : %{Vzg(n) cosg(i)} +

N Eﬁn(ﬁ 1) cos(B - H)E; P} =0
p2R

obtain

21



Note that derivatives with respect to ¢ are zero. The above equation
may be rearranged to

VP posin(B-n - o{ocosg +sin(B-n)P' =0 (4-52)

D>

It isstill necessary to derive a convenient form of the vorticity equation
(4-40) in termsof the new variables. With equations (4-41), (4-
42), (4-49), and (4-50), equation (4-40) becomes

Sin(ﬂ—ﬂ)COS(ﬂ—ﬂ)i{
¢ an

+ W%{VZQ@ cos@()} =0

V,0(n)sing(n)} +

Rearrangement yields for the vorticity equation
sin(B-n){osing} +cos(B-n)fQcosg} =0 (4-53)

We next arrange the equations so they become suitable for
computer use. First, we rearrange the vorticity equation (4-53) as

follows

sin(B- n[Q'sing + ¢ cosg |+ cos(B- N[O cosg - O¢'sing| =0
[sin(B- n)sing+ cos(B~ 1) cosg]Q' +[sin(B~- 1) cosg—cos(B~ n)sing|O¢ =0
cos(B-n-@QO +sn(B-n-PQ¢ =0

thus, yielding

o= vEnB-n-9 (4-54)

22



Introduce equations (4-47) and (4-48) into the momentum equation

(4-52), resulting in

o7y Rosn(B=n-gl0 cosg-0g singl+sin(g P =0

Mysin(B=n~g) (2 cosp~g singrrrsin(s =) =0

Replace ¢ with equation (4-54) and simplify

szsin(ﬁ-n-@%cosw%sinrpcot(ﬁ-f7-¢)§+sin(ﬁ-f7)%=0

sz%[dn(ﬁ-n-rp)coswsinr/)cos(ﬁ-n-rﬂ)]=-sin(ﬁ-f7);'
2, Tsn(-ml=—snia—mE
MVQ[Sn(ﬂ m]=-sin(B-n)-,

to obtain

P )
p oM 0 (4-55)

We rearrange the continuity equation (4-51) as

sin*(B—- )R ' Qcosg+sin’(B- RO cosg—Sin’ (- NRO¢sing+
+ROSIN@—-cos(B- n)sin(B- MR Qsing+
—cos(B— n)sin(B— RO’ sing-cos(B- n)sin(B- n) RO ¢ cosp=0

which simplifiesto

’;'s:n(ﬁ— msn(B- -9 +QQ's:n(ﬁ— mSn(B- - @) +sng=
= gsin(B- n)cos(B- - @)
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Introduce equation (4-54), muliply by cos(8—- - ¢), and simplify, to

obtain

—sm(,B n-@cos(f-n-@+ sm(p;:(:]s((lé?,g Y-

R _ ¢ sing (4-56)
R sn(B-n-g@cos(B-n-¢ sn(B-msn(B-n-9
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4.2.1 PERFECT GAS

In this and the next chapter, we develop a convenient equation
for ¢ . It would be difficult to do this in a general way (e.g., for both
0=0 and d=1), which is why we derive these equations separately. We
start with 6=0.

Before we can simplify equations (4-54)-(4-56), we need the

relation between pressure and density for a homentropic flow6

P _P i
=Bk (#50
or

P=R (4-58)

We insert equation (4-48) into equation (4-55), resulting in
P' =~ yM;ROQ (4-59)

We already made use of y, = y=const. for the perfect gas. R may be
replaced in equation (4-59) with equation (4-58)

P' == yM;P'QQ (4-60)
which resultsin
- dP , dO
Pr—=- —= 4-61
an = MO (4-61)
and integrates to
LPL’:l =- WZQ + const. (4-62)
y—1 22
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The constant of integration is determined with the initial conditions
right behind the shock, equations (4-43). Simplification leads to

Yy
B Y la-onE? )
P_EH =M Q)ET (4-63)
P may be replaced in equation (4-63) with equation (4-58), resulting in
rR=B+Lrza-onH” 4-64
e als (4-64)
Equation (4-64) enables us to combine equations (4-54) and
(4-56), thus, eliminating derivatives of all properties except ¢. First, we
take the derivative of equation (4-64)
2y
rR=-0+Y"2a-0nH* m200 4-65
2z 09 ai00 (4-65)
Divide equation (4-65) by (4-64) to obtain

(4-66)

We eliminate Q' from equation (4-66) with equation (4-54), leading to:

E:M§Q2¢1tan(,8—/7—go) (4—67)
R y=1. 5.
Q—"'zMz(l Q)@
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Finally, we set equation (4-67) equal to equation (4-56) and solve for
@, thereby resulting in the desired equation

= siHnrﬁcosw-n —¢) . (4-68)
sin(8-n)A- MzzQZSinZ(IB_n_(”) 0

1+ 2 via-0Y)

This relation is numerically integrated in conjungtion with equation
(4-54).

4.2.2 IMPERFECT GAS

The imperfect gas counterpart to the homentropic relation (4-57)
gas may be obtained from equation (3-3). Equation (3-3) is written
with conditions at station 2 as the reference state, with the result

5

ﬁ = l:p\}Z l:pnh @vz _ 4-69
p, He, Eﬂsinhev gexlo[ﬂ@v coth®, -0,, coth®,,)] (4-69)

Introduce similarity variables (4-42) and =1, to obtain

5
- Eg E‘Z”ni% E“*p@v coth®, -0, coth ) (4-70)

With equation (4-70) and the thermal equation of state, we find an
expression for P. First, similarity variables are introduced into the
equation of state (2-1)
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D _ D
er  p.T,
p.P(n) _ p,
P.R(MT  p.T,
T

o,
P=R=Rg (4-71)

v

We combine equations (4-70) and (4-71)

’

P= E%Z gézr:;gz E-xp(ev coth®, -0O,, coth®,,) (4-72)

Rewrite and take the derivative of equation (4-70), toresultin

5 0.5 u
R=0%s8nh0O,,exp(-0,,coth®,,)®,2snh™ 0, exp(®, coth®, )7
0 0

U
5 ’
R' =02snhO , exp(-0,,coth® ,) S—g ©, exp;(@v coth®,) , After
A ©2sinh @,

CH %oth O, - 62” %xp(@v coth®,)
_ 9O, cosh®, exp(®, coth®,) | sinh“Q,

5

3 5
®2sinh?0o, ©2sinh?0o,

oOoOoOod

dividing R’ by R and several cancellations, we have

] | =Y
R 1m.og © QE& (4-73)
R 25 , ,
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Applying the same procedure to equation (4-72) leads to

0 Ooy
Polmeg éz& (4-74)
P 2 B nho, :

By combining equations (4-54) and (4-55), we have

=g n-9 (479

Set equation (4-74) equal to equation (4-75), to obtain the desired
eguation for ¢

7424 &
nho, CH

#=-2
2yM*tan(B-n-¢) O,

(4-76)

!

Finaly, we derive an expression for eV. By combining

v

eguations (4-56) and (4-73) and replacing ¢ with equation (4-76), we
have

0 o,
1@'% © é e 'nh@é
|:| v
d

sng
sin(8-n-@sin(B-n)

CMPSn(B-n-9)

MOoOoOoOod

(4-77)
Substitute equation (2-11) and rearrange to obtain the equation we
were looking for

9, _ 2M?sin(B-n-¢@)sing

o, O ) 0 _
E5+2%_%é&n(ﬂ—n)[Mzsnz(ﬁ—n—w) -1
E nho, H
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4.3 SURFACE PRESSURE COEFFICIENT C,

The surface pressure coefficient C,, is a parameter of great

interest. With the help of C,, one can determine the pressure forces

acting on the body

F,=C, %VfA (4-79)

where A denotes the projected frontal area of the cone and

Cph :u (4-80)
Py
2t

With equations (2-1), (2-7), (4-42), and (3-5) we can write for equation

(4-80)
Al - .

ML VM
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S. COMPUTER PROCEDURE

In this chapter, we describe the employed computer procedures.
All computations are done in FORTRAN 77 with double precision.
Here we point out the general process. We also explain equations that
are used, numerical procedures, and error limits.

As mentioned in the introduction, the upstream Mach number,
stagnation temperature @ ,, and the semi-vertex angle are prescribed.
As the next step, we assume a shock angle [, determine conditions
behind the shock, and integrate from the shock to the body. This gives
us a streamline angle at the body. We then vary the shock angle £ until
the streamline angle at the body matches the semi-vertex angle
(tangency condition).

We often need to determine the nondimensional temperature O,
and the ratio of specific heats y. For this purpose, a subroutine ‘thetav’,
detailed on the next page, is used.

Before starting the integration from the shock to the body, we
need a subroutine that computes the properties right behind the shock

for a given shock angle £. This subroutine is also used to calculate the
dependence between the shock angle S and the semi-vertex angle 6,

(¢, for Taylor-Maccoll flow) for a plane wedge. We cal this

subroutine 'shock’ and its description is on page 33. In order to get the
B-8 plot, wevary Bbetween 3,,, (from equation (4-31)) and 90°.

We make use of the notationl " in the description of the

subroutines. It means that the expression to the right of it becomes
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stored under the variable to the left of it. This symbol is employed only
in iteration loops. The ']’ notation is now common practice and used,

for example in reference 8.

subroutine thetav

input variables: &, M, and © ,

employed procedure:
for 6=0

y=1
5
O, = emgH%MZQ (from equation (3-11))

for 6=1
- perform &=0 procedure and use this ©, asthe starting
value
- repeat until relative difference between old
and new valuesfor ©, islessthan 1.E-10

DD’Z 5211
y + n@ E/H n@y (2-11)

e,0 0, % {17 + 20, (coth®, - cotho, )}E
(3-11)

output variables: ©, and y
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subroutine shock

input variables: 3,0, M; and © ,

employed procedure:
- calculate y, and ©,, with thetav

for =0
M, =M, sSng (4-3)

M, =\/B+”1‘1M3 @/@/Mﬁ _n1f 418)
o 2 2 0

!

y, = (2-11)
0, =0, |7+ yM2 )7+ yM2) (4-27)

= tan'ﬁan -1 cot,B/H+Byl—+l—sin2,BB\/[f%
0 o 0O 2 O [
M, =M, [sn(B-¢,) (4-4) (4-19)
for =1
- perform &=0 procedure and use:
- M, asfinal result also for =1
-M, ,0,,V,,ad g, asiteration start values

- repeat until relative difference between old values and
new valuesfor ©,, and also for M, islessthan 1.E-10

©) l:V + y2M22n + ZG)VZ COth G)\72 (4_27)
& VlH? +y,M2 +20  coth®

D D
o Brfos /e

2 2
M, O M, Y0, H]-"'szzn E(4_15) (2-11)
y2 v2 Hl+yl ln

—n_ 4H yoM3, L+ y, M) )
T ot M
M, =M, /Sn(ﬁ_ ¢2) (4'4)

output variables:. ©,,0.,, V., V., , M,, and ¢,
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Next, we discuss how we obtain the -8, plot for Taylor-Maccall

flow. We make initial guesses for [, integrate to the body, and vary B
until the streamline angle at the body ¢, equals the semi-vertex angle
6. The variation of S is a simple linear interpolation process. We
calculate the streamline angle at the body ¢, for two initial guesses for
B, namely £; and £,. This gives us two streamline angles at the body
@,; and @,, . After this, we find the new value for £ by the following

linear formula

9 —
P =B B - ) (5-1)
2~ G

We repeat this process, using S,.,, and S,,,; instead of £, and S, and

Bonew @A @, INStead of @, and @,; , until the flow is aligned with the

body at the body to an accuracy of 0.5E-8 radian (~2.9E-7 degrees).
Our differential equations have a strong solution and a weak

solution. To find both, we use

Dﬂl = :Bmin _10 DT/18OO

EBZ = Bmin + 50 DT/18OO

. [0B, =88° r/180°
strong solution ]
B, =85° Jr/180°

weak solution

For the integration from the shock to the body, we use the
Runge-Kutta method. The integrations from the shock to the body are
in two subroutines, one for the perfect gas case and one for the
imperfect gas case. The used stepsize 4 is the same for both cases. It

has to be small enough to ensure, that the error of the streamline angle
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at the body is far smaller than the accuracy for which the streamline
angle has to match the body angle. This is necessary to guarantee

convergence of the routine. We use a constant stepsize of 47=1.0E-4
radian (~5.E-3 degrees) for n<f - 6,. Thus, n assumes values of

n=iAn (1=0,12,3..) for n<B-6,.

After having proceeded to the largest multiple of An, less than -6,
we take alast step with the new step size

(A1) s sep = (B~ 6,) — MaxX(iA7]) .

This procedure has proven to reduce the number of [-iterations
significantly and has a positive effect on the overall accuracy. The
Runge-K utta method has a globa error of the order (An)'. However,
we use the original step size An for the estimation of the error. Thus,

the estimated integration error is
(An)*=1.E-16 radian (~5.E-15 degrees)

The variation of the shock angle 3 is done by the main program.
It also checks the tangency condition at the body as decribed on page
34. For the integration, we use the subroutines 'perfiter’ for the perfect

gas case and 'imperfit’ for the imperfect gas case (pages 37 and 38).
'Perfiter’ calculates also O at the body, which is used to calculate other

properties. The subroutine imperfit’ determines also ©, at the body.
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The general idea of the Runge-Kutta method is as follows9

<u

6

2:~{
{

(x, + 1, 12),(F, + Koy 12)}

(x, + 1, 12),(T, + kb, 12)]

L= Al + 1), (F + k)

(Y dependent variables; f functionsto integrate ; /# stepsize)
In the computations, we use also the following equations, which

are simple differentiating rules

9 = (inoy

JoRSY

=(n®G,)

O]

\

The Runge-Kutta method is utilized in subroutine ‘imperfit’ in a
logarithmical form for ©, .
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subroutine perfiter (6=0)

input variables: M, , 3, 6,and O,

external functions:

singcos(8 -1~ ¢)
¢(’71¢)’InQ)_Sln(ﬁ ”)a MQSln (ﬁ ,7 ¢) D(4 68)
1+0.2M {1 exp(2InQ)}

ino] (.0.9) = -gtan(8-n-9) (4-54)

employed procedure:
- determine © , , M,, and ¢, with subroutine shock

- set initial conditions ¢=¢, , InQ=0(for0=1) , n=0
- repeat aslong as: n<B- g with constant step size
An=1.E-4
- then use (A7), = 6, — Mmax(iAn) for last step
F10 ¢'(1.¢,InQ)

G10 [InQ]'(n ar)
F20 ng(q +_) (¢1+—F1) (|nQ+—Gl)H

sz[an]E(m )(¢+ Fl)FZH
F30 ¢Hn+—) (¢+—F2) (InQ+—GZ)H

G30 [InQ] E(q +7’7),(¢+ 7’7F2),F3§

F40 ¢(n+0n).(9+DnF3),(In0 +AnG3))
G40 [Ing] (7 +2n),(9+ BnF3), F4)
¢l ¢+ An(F1+2F2+2F3+ F4)/6
InO0 InQ +An(G1+2G2+2G3+G4)/ 6
nt n+An
=exp(InQ)
b =9

output variables. ¢, and Q,
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subroutine imperfit ( 6=1)

input variables:. M, , [, 8,and O,

1 Y

external functions: (4-78)
' 2M*sn(B-n-¢@)sing
me.Je.ee,.1 [5+2 ©,/sinh®,) Jsm(,B miM?sin®(B-n-@) -1

' 7+2(@,/snh@,)
o[ne,],e, M,y = —— 2= »)_in@, 4-76
AGRAITCN N="on tan([J,_n_@[n | (476)
¥(©,) =[7+2(0, /1sinh®,)?|/[5+2(, /snhe,)?]  (2-11)

M(©,,y)=4[7(©,10,,-1) +20,(coth®,, - coth®,)]/y (3-11)

employed procedure:
- determine ¢, and © , with subroutine shock
- set initial conditions ¢=¢, ,©,=0,,, andn=0
- repeat aslong as. n<fB- 6 with stepsize An=1.E-4
- then use (A7), = 6, — Mmax(iAn) for last step

yQd ¥(0©,)
MO M(O,,y)

F10 [In®,] (n.906,,M)
G1O ¢(n,¢,F1,0, ,M,))

yO 1O, ep( F1)
MO M(O, exp(A—nFl),y)
F20 [In@)] E(,7+_’7) (¢+—Gl) ©, exp(—Fl),MH
G20 (dE(n +_) (¢+ﬂ61) F2,(0, exp(—’7F1)) M yH
y0 v©,ep(F2)
M1 M(G)vexp(A—nFZ),y)

F3D[InOV]E(/7+ )(¢+ G2)(G) exp( F2),M§
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G300 ¢E(0+A—2’7),(¢+A—2’7G2),F3,(ev exp(A—:FZ)),M,VQ

y y(O, exp(Ank3))
MO M(O, exp(AnF3),y)
Fa0 [In@,] (7 +n), (¢+AnG3),(©, exp(AnF3), M)
G40 ¢((7+Dn),(9+DnG3), F4,(0, exp(AnF3), M, y)
©, 0 O, exp(An(F1+2F2+2F3+ F4)/6)
¢ ¢+An(G1l+2G2+2G3+G4)/6
nt n+An
9, =0,
¢=¢

output variables:. ©,, and ¢,

Up to this point, we have described how to compute:

Mz ’ ¢2 ’ ﬂl Q;, fOI’5:O
yl’y2’M21¢21 ﬁ’@vl’evzlevb fOI’5:1

for prescribed values of M, , 6,, and © ,. For each set of prescribed
conditions, we are able to calculate two sets of solutions, a strong

solution and a weak solution. We also determine the ratios Mres and

M2 5=0
% . Hence, we still have to compute A, and C,, and their imperfect
to perfect gas ratios. The equations to determine C,, and M, for 3=0
are
v
n =0+ 2mza-0n " (4-63)
P, l+yMZsin’B (4-17)

p 1+Mpsin*(B-g)
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Equation (4-81) isused for C,,

04
o=010 Cph :1—2
WL
Substitute equation (4-58) into equation (4-48) to yield

4

0=0 0 M,=0QMR¥

For 6=1 we compute

.
?[kinh®

P :vaz gﬂgn v2 Eaxp(ev coth®, -©, ,cothe,,) (4-72

’ :VO H ' b i 2 ( )

nho,,

p,_ 1ty Misn’p ]
b1+, MES(B- @) (4-17)

Asfor the =0 case, we usefor C,

14
I

o=10 C, =
" yiM?

We determine M, with equation (3-11) and y, from subroutine 'thetav’

5=10 M, :\/lH@V” —1% 29, (coth®,, - coth®,,)
Vs P Vs
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5.1 VALIDATION

NACA Report 1135 [10] lists 8, —  tables and diagrams for the
plane wedge, weak and strong solution, but only for the perfect gas
case. Our results agree with these values to as many digits as they
print. Reference values for the Taylor-Maccoll flow perfect gas case
are given in reference 11. It only provides the weak solution. Its
numbers agree with our values very well. Our computed C,, values

compare favorably to the numbers given in reference 11 for the
published weak solution.
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6. RESULTS

6.1 0, - B PLOTS

These plots are depicted on pages 36 and 37. We computed the
0, — B diagram for the plane wedge for two reasons. First, it allows us
to verify the accuracy of the subroutine 'shock’ and second, it enables
us to point out differences between the flows over a cone and a wedge.
In the diagrams, the weak solution is to the left of the 6,-maximum.
Accordingly, the strong solution is to the right of the 8,-maximum. In
practical applications, the shock angle S is usually given by the weak
solution. The strong solution, however is of theoretical interest.

The shock is no longer attached to the cone's apex when the
semi-vertex angle 8, becomes larger than the maximum &, values of
the curves in the diagrams. The diagrams show that the maximum
semi-vertex angles 6, are larger for the cone than for the wedge,
especially for small M, values. Curves for the imperfect gas model
have larger 6, values than the perfect gas model. Furthermore, this
effect increases with increasing stagnation temperature and increasing
M,.

Curves for the perfect and imperfect gas cases with ©,, =5.0
essentially coincide for the flow over a plane wedge and over a cone.
This meets our expectations for the limiting casd,Tand proves the

general procedure for the imperfect gas to be correct.
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The shock angle g, for a fixed semi-vertex angle 6,, is smaller
for the imperfect gas than computed for the perfect gas, when
considering the weak solution. This means that the perfect gas model
predicts the shock to be stronger than it actually is. The oppositeistrue
for the strong solution.

The curves for Taylor-Maccoll flow show that a variation of the
body angle 6, between 0° and ~5° has, contrary to the flow over a
planar wedge, only a very limited effect on the shock agyl€his
observation is valid for the weak and also for the strong solution.

It is difficult to give a global estimate for the error of our
calculations, but we made the integration step dizeso small that a
further decrease did not give any change in the calculated digits. We
applied the same procedure to the subroutine 'shock’ to calculgte the
values for the plane oblique shock. We chose the allowed difference
between the old and the new values (see page 34) small enough to
avoid further change of the computed values. All together, we can say,

that the digits shown in tables 1-38 are significant digits.

6.2 6, - C,, PLOT

The reader will find this plot on page 38. It was only necessary
to compute theC,, values for the Taylor-Maccoll flow, because the

pressure remains constant from behind the shock to the body for the
flow over a plane wedge. In this cagg, may be computed from the

shock tables provided in the thesis of M.L.Bultrdan.
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As with B, we also have a weak and a strong solution. The

demarcation between these solutions is at the maximum value of 6,.
The weak solution has lower C,, values than the strong solution. Thus,

the weak solution causes far less drag than the strong solution.
C , increases rapidly with small 6,, but then slows down with

pb

larger 6, values. For the weak solution, there is virtually no difference

between the imperfect and perfect cases, except near detachment. One
interesting point is that C,, can be double valued for the strong

solution. Sometimes the two 8, values are for a strong solution, and

sometimes one is weak.
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Figure3 @, vs. S for plane oblique shock
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Figure4 @ vs. S for Taylor-Maccoll flow



Figure5 6 vs. C,, for Taber-M accoll flow



6.3 WEAK SOLUTION COMPARISONS

Our interest is committed to the weak solution, because only this
solution occurs in practice. We computed comparisons between
imperfect and perfect values for the shock angle B, for the Mach
number right behind the shock A1, for the Mach number at the body
M,, and for the surface pressure coefficient C,,. We chose the typical
semi vertex angle 8, =10°. The reader may find the graphs on pages
49-51.

From the diagrams, we observe that the difference between the
values computed with the perfect gas model and the values computed
with the imperfect gas model does not exceed 2% for any Mach
number. Vibrational effects become negligible for Mach numbers M,
approaching 10. The reason for this is the very large thermal energy
associated with the translational and rotational modes in the flow
downstream of the shock. All evaluated properties show the same
general Mach number trend. The perfect gas model predicts the shock
angle B and the surface pressure coefficient C,, generally to be too
large, whereas the Mach number right behind the shock A, and the
Mach number at the body A, are generally predicted to be too small
by the perfect gas model.

The diagrams also point out that vibrational effects increase with
increasing temperature, as expected. All the evaluated properties have
a local extremum at low supersonic Mach numbers. The lowest
possible Mach number for a semi-vertex angle 6, =10° is about 1.06

(see figures 6-9). For a lower Mach number, the shock detaches. The
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near vertical behaviour of the curvesin all four figures, when M, —1is

small, is caused by the perfect solution detaching at a 6, value while

the imperfect solution is still attached. The same phenomenon occurs

in the strong solution comparison.

;1.5

1.0

0.9975 1}~

=0

Bé=l
Bs

0.9925

10

10°; weak solution

Figure 6 3 comparison; 6,
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10°; weak solution

Figure 7 C,, comparison; &,

2 6=

=

Figure 8 M, comparisong,

10°; weak solution
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Figure9 M, comparison; 6,

10°; weak solution
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6.4 STRONG SOLUTION COMPARISONS

As mentioned earlier, the strong solution is only of theoretical
interest. The reader may find the diagrams on pages 52-54. For the
strong solution, the perfect gas model predicts the properties to be up
to 6% different from the imperfect gas model. As expected, the values
differ more for higher temperatures. For ©,, =5.0, both gas models are
essentially identical. The difference between perfect and imperfect

values does not disappear for higher Mach numbers.

1.005 |
1004 [f----4---=d--mmcmomboo o do oo R I B

1.003

Bs-y

1.002 |
[36:0 !

1.001 |

Figure 10 S comparison; §,=10°; strong solution
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10°; strong solution

Figure11 C,, comparison; 6

2 56=0

=

10°; strong solution

Figure 12 M, comparisong,
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10°; strong solution

Figure 12 M, comparison; 6,
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6, B
perfect gas imperfect gas
O,
5.0 15 0.5
0.00 56.44269 56.44269 56.44269 56.44269
0.50 57.45735 57.45722 57.42620 57.40918
1.00 58.54787 58.54759 58.47969 58.44258
1.50 59.73481 59.73433 59.62117 59.55962
2.00 61.05010 61.04935 60.87798 60.78544
2.50 62.54837 62.54723 62..29546 62.16102
3.00 64.33903 64.33725 63.95949 63.76187
3.50 66.72020 66.71695 66.07798 65.76113
3.60 67.34450 67.34063 66.60174 66.24409
3.70 68.06960 68.06478 67.18285 66.77173
3.80 68.96865 68.96204 67.84551 67.35931
3.90 70.30605 70.29335 68.63791 68.03341
4.00 69.69033 68.84895
4.10 69.96794

Tablel Pvs. g for plane oblique shock; M,=1.2; weak solution
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6, B
perfect gas imperfect gas
0,
5.0 1.5 0.5
0.00 90.00000 90.00000 90.00000 90.00000
0.50 88.53242 88.53275 88.59097 88.62209
1.00 87.04050 87.04117 87.16017 87.22371
1.50 85.49602 85.49707 85.68263 85.78153
2.00 83.86116 83.86264 84.12559 84.26524
2.50 82.07657 82.07860 82.43939 82.62976
3.00 80.02911 80.03193 80.53467 80.79621
3.50 77.41753 77.42197 78.20063 78.58870
3.60 76.75008 76.75516 77.63656 78.06681
3.70 75.98277 75.98883 77.01602 7750111
3.80 75.04242 75.05030 76.31482 76.87632
3.90 73.66462 73.67862 75.48473 76.16585
4.00 74.39546 75.31475
4.10 74.16101

Table2 vs. g for plane oblique shock; M,=1.2;strong solution
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6, B
perfect gas imperfect gas
O,
5.0 15 0.5
0.00 41.81031 41.81031 41.81031 41.81031
2.50 44.66076 44.66064 41.58003 44.52033
5.00 47.88926 47.88895 47.69468 47.55348
7.50 51.70250 51.70180 51.32723 51.06311
10.00 56.67868 56.67694 55.92132 55.42182
11.00 59.46511 59.46215 58.33347 57..63688
11.50 61.33632 61.33182 59.81101 58.94420
11.60 61.79144 61.78639 60.14232 59.22962
11.70 62.29191 62.28611 60.48967 59.52507
11.80 62.85561 62.84874 60.85583 59.83176
11.90 63.51665 63.50804 61.24445 60.15119
12.00 64.35881 64.34650 61.66052 60.48521
12.10 65.84456 65.80633 62.11123 60.83617
12.20 62.60758 61.20714
12.30 63.16805 61.60223
12.40 63.82836 62.02720
12.50 64.67948 62.49052
12.60 66.38418 63.00567
12.70 63.59648
12.80 64.31382

Table3 Bvs. g for plane oblique shock; M,=1.5; weak solution
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6, B
perfect gas imperfect gas
O,
5.0 1.5 0.5
0.00 90.00000 90.00000 90.00000 90.00000
2.50 87.07526 87.07585 87.22596 87.32301
5.00 83.98938 83.99063 84.31038 84.51662
7.50 80.49750 80.49958 81.04561 81.39528
10.00 75.99487 75.99843 76.96362 77.56353
11.00 73.43591 73.44088 74.79251 75.59410
11.50 71.68605 71.69265 73.44272 74.41661
11.60 71.25579 71.26296 73.13754 74.15769
11.70 70.78039 70.78832 72.81649 73.88893
11.80 70.24194 70.25095 72.47681 73.60911
11.90 69.60634 69.61712 72.11487 73.31673
12.00 68.78982 68.80431 71.72566 73.00993
12.10 67.32991 67.37034 71.30199 72.68637
12.20 70.83286 72.34298
12.30 70.29980 71.97564
12.40 69.66707 71.57860
12.50 68.84371 71.14337
12.60 67.16696 70.65650
12.70 70.09413
12.80 69.40541

Table4 Bvs. g for plane oblique shock; M,=1.5;strong solution
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6, B
perfect gas imperfect gas
O,
5.0 15 0.5
0.00 30.00000 30.00000 30.00000 30.00000
2.50 32.07280 32.07280 32.03316 31.97662
5.00 34.30157 34.30156 34.21281 34.08950
7.50 36.70593 36.70591 36.55563 36.35317
10.00 39.31393 39.31388 39.08506 38.78764
12.00 41.57519 4157511 41.26612 40.87750
12.50 42.16881 42.16871 41.83648 41.42235
15.00 45.34362 45.34343 44.86783 44.30387
17.50 48.97951 48.97914 48.28526 47.51339
20.00 53.42294 53.42210 52.32336 51.21528
22.50 60.39841 60.39437 57.77274 55.85448
22.60 60.89015 60.88542 58.05846 56.07582
22.70 61.44905 61.44329 58.35431 56.30142
22.80 62.11746 62.10987 58.66160 56.53159
22.90 63.01965 63.00727 58.98196 56.76665
23.00 59.31747 57.00700
23.50 61.36017 58.30571
23.60 61.90345 58.58967
23.70 62.55017 58.88393
23.80 63.41220 59.18989
24.00 59.84425
24.50 61.90459

TableS5 Bvs. g for plane oblique shock; M,=2.0; weak solution

61




6, B
perfect gas imperfect gas
O,
5.0 1.5 0.5
0.00 90.00000 90.00000 90.00000 90.00000
2.50 88.49571 88.49597 88.59064 88.67437
5.00 86.96511 86.96563 87.15813 87.32833
7.50 85.37880 85.37959 85.67678 85.93943
10.00 83.70008 83.70116 84.11509 84.48052
12.00 82.25702 82.25836 82.77970 83.23924
12.50 81.87785 81.87926 82.43021 82.91557
15.00 79.83169 79.83348 80.55718 81.19176
17.50 77.41348 77.41578 78.38311 79.22193
20.00 74.27014 74.27325 75.66698 76.83594
22.50 68.67082 68.67751 71.61202 73.58334
22.60 68.23562 68.24301 71.38350 73.41886
22.70 67.73337 67.74181 71.14495 73.25023
22.80 67.12174 67.13201 70.89508 73.07713
22.90 66.27642 66.29150 70.63223 72.89923
23.00 70.35434 72.71616
23.50 68.60132 71.70535
23.60 68.11628 71.47929
23.70 67.52791 71.24301
23.80 66.72433 70.99514
24.00 70.45726
24.50 68.68985

Table6 vs. g for plane oblique shock; M,=2.0;strong solution
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6, B
perfect gas imperfect gas
O,
5.0 15 0.5
0.00 19.47122 19.47122 19.47122 19.47122
2.50 21.22996 21.22996 21.22253 21.15671
5.00 23.13326 23.13326 23.11575 22.97280
7.50 25.18350 25.18350 25.15242 24.92047
10.00 27.38269 27.38269 27.33337 27.00004
12.50 29.73345 29.73345 29.65970 29.21185
15.00 32.24040 32.24040 32.13391 31.55718
17.50 34.91204 34.91203 34.76161 34.03941
20.00 37.76363 37.76363 37.55381 36.66558
22.50 40.82215 40.82214 40.53077 39.44871
25.00 44.13593 44.13591 43.72908 42.41174
27.50 47.79763 47.79757 47.21710 45.59524
30.00 52.01384 52.01366 51.13680 49.07481
32.50 57.45367 57.45295 55.86601 53.01086
33.00 58.90888 58.90781 56.99983 53.88144
33.50 60.70471 60.70284 58.24983 54.79133
34.00 63.67317 63.66577 59.67854 55.74899
34.50 61.43870 56.76647
35.00 64.33613 57.86197
35.50 59.06536
36.00 60.43238

Table7 vs. g for plane oblique shock; M,= 3.0; weak solution

63




6, B
perfect gas imperfect gas
O,
5.0 15 0.5
0.00 90.00000 90.00000 90.00000 90.00000
2.50 89.12362 89.12376 89.18135 89.26880
5.00 88.23890 88.23917 88.35521 88.53143
7.50 87.33703 87.33743 87.51372 87.78146
10.00 86.40825 86.40879 86.64819 87.01182
12.50 85.44114 85.44182 85.74855 86.21447
15.00 84.42168 84.42252 84.80256 85.37980
17.50 83.33177 83.33276 83.79462 84.49589
20.00 82.14667 82.14784 82.70382 83.54721
22.50 80.83041 80.83177 81.50040 82.51259
25.00 79.32621 79.32780 80.13899 81.36145
27.50 77.53372 77.53559 78.54317 80.04620
30.00 75.23939 75.24165 76.56382 78.48486
32.50 71.76789 71.77102 73.81678 76.51127
33.00 70.71142 70.71498 73.08391 76.03804
33.50 69.31593 69.32036 72.23628 75.52701
34.00 66.74936 66.75939 71.21131 74.96970
34.50 69.85622 74.35403
35.00 67.36517 73.66176
35.50 72.86299
36.00 71.90193

Table8 vs. g for plane oblique shock; M,=3.0; strong solution
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6, B
perfect gas imperfect gas
O,
5.0 15 0.5

0.00 5.73917 5.73917 5.73917 5.73917

2.50 7.45009 7.45009 7.45009 7.45008

5.00 0.51931 9.51931 9.51931 9.51922

7.50 11.87061 11.87061 11.87061 11.87003
10.00 14.42659 14.42659 14.42659 14.42337
12.50 17.12936 17.12936 17.12936 17.11630
15.00 19.94158 19.94158 19.94158 19.90249
17.50 22.84141 22.84141 22.84141 22.75045
20.00 25.81779 25.81779 25.81772 25.64296
22.50 28.86737 28.86737 28.86688 28.57461
25.00 31.99312 31.99312 31.99083 31.54800
27.50 35.20417 35.20417 35.19621 34.57093
30.00 38.51714 38.51714 38.49506 37.65546
32.50 41.95943 41.95943 41.90774 40.81863
35.00 45.57687 45.57687 45.46952 44.08512
37.50 49.45198 49.45197 49.24491 47.49287
40.00 53.75818 53.75816 53.36538 51.10596
42.30 58.51939 58.51924 57.74441 54.71653
43.00 60.31387 60.31357 59.29700 55.89834
43.50 61.82106 61.82055 60.52162 56.77539
44.00 63.73544 63.73432 61.89851 57.68582
44.50 63.54753 58.63694
45.00 65.95957 59.63908
45.50 60.70760
46.00 61.86726
46.50 63.16280
47.00 64.69310
47.50 66.80798

Table9 Bvs. g for plane oblique shock; M,=10.0; weak solution
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6, B
perfect gas imperfect gas
0,
5.0 1.5 0.5

0.00 90.00000 90.00000 90.00000 90.00000

2.50 89.46911 89.46919 89.49950 89.56998

5.00 88.93469 88.93484 88.99575 89.13735

7.50 88.39309 88.39332 88.48535 88.69940
10.00 87.84042 87.84072 87.96474 88.25329
12.50 87.27236 87.27275 87.42994 87.79589
15.00 86.68404 86.68451 86.87650 87.32371
17.50 86.06974 86.07028 86.29917 86.83273
20.00 85.42252 85.42316 85.69169 86.31820
22.50 84.73379 84.73451 85.04629 85.77435
25.00 83.99245 83.99327 84.35304 85.19401
27.50 83.18371 83.18464 83.59883 84.56795
30.00 82.28695 82.28799 82.76560 83.88392
32.50 81.27180 81.27297 81.82717 83.12500
35.00 80.09027 80.09158 80.74310 82.26669
37.50 78.65816 78.65965 79.44483 81.27109
40.00 76.80079 76.80251 77.79819 80.07404
42.30 74.29680 74.29889 75.69090 78.68956
43.00 73.19001 73.19233 74.82883 78.18587
43.50 72.17421 72.17682 74.09718 77.79336
44.00 70.75138 70.75467 73.21305 77.36761
44.50 72.05658 76.90130
45.00 70.13687 76.38411
45.50 75.80067
46.00 75.12623
46.50 74.31604
47.00 73.27121
47.50 71.64194

Table10 Bvs. g for plane oblique shock; M,=10.0; strong solution
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6, B
perfect gas imperfect gas
O,
5.0 1.5 0.5
0.00 56.44269 56.44269 56.44269 56.44269
2.50 56.44552 56.44552 56.44521 56.44504
5.00 56.51392 56.51390 56.50983 56.50920
7.50 56.79288 56.79280 56.77782 56.76682
10.00 57.48242 57.48219 57.42917 57.40079
12.50 58.76590 58.76515 58.64939 58.58640
15.00 60.87422 60.87198 60.64924 60.52787
17.50 64.30709 64.25993 63.80286 63.54507
19.00 68.09605 68.05084 67.03021 66.57071
19.25 69.22639 69.24944 67.84714 67.29247
19.50 68.80819 68.09603
19.75 70.48872 69.22126
20.00 71.63678

Table1l Pvs. g, for Taylor-Maccoll flow; M,=1.2; weak solution
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6, B
perfect gas imperfect gas
O,
5.0 1.5 0.5
0.00 90.00000 90.00000 90.00000 90.00000
2.50 89.82994 89.82998 89.83591 89.83886
5.00 89.30146 89.30161 89.32472 89.33629
7.50 88.38500 88.38534 88.44644 88.48195
10.00 87.06303 87.06379 87.17997 87.23820
12.50 85.23791 85.23880 85.42697 85.52960
15.00 82.80097 82.80227 83.10871 83.27240
17.50 79.24213 79.24403 79.81676 80.10015
19.00 75.50256 75.52402 76.65081 77.16111
19.25 74.31968 74.32687 75.84319 76.44502
19.50 74.84041 75.62259
19.75 73.24184 74.53509
20.00 72.15767

Table12 Pvs. g for Taylor-Maccoll flow; M,=1.2; strong solution
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6, B
perfect gas imperfect gas
O,
5.0 15 0.5
0.00 41.81031 41.81031 41.81031 41.81031
2.50 41.81402 41.81201 41.81178 41.81161
5.00 41.87071 41.87005 41.86707 41.86491
7.50 42.10654 42.10652 42.09204 42.08150
10.00 42.65976 42.65971 42.62391 42.59778
12.50 43.62524 43.62511 43.55700 43.50216
15.00 45.02336 45.02309 44.90082 44.81982
17.50 46.83015 46.82965 46.65177 46.52185
20.00 49.01133 49.01042 48.76213 48.61556
22.50 51.61502 51.61332 51.25908 51.04943
25.00 54.75303 54.74925 54.24169 53.93270
27.50 58.66098 58.63933 57.86897 57.37846
28.00 59.59874 59.59896 58.74501 58.22053
29.00 61.75539 61.77161 60.56109 59.95754
30.00 64.76673 64.75091 63.01373 62.09982
30.50 67.61222 67.59622 64.53310 63.37443
31.00 66.77684 64.94855
31.25 65.96620
31.30 66.21489

Table13 Pvs. g, for Taylor-Maccoll flow; M,=1.5; weak solution
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6, B
perfect gas imperfect gas
O,
5.0 1.5 0.5
0.00 90.00000 90.00000 90.00000 90.00000
2.50 89.91057 89.91059 89.91464 89.91706
5.00 89.64181 89.64189 89.65769 89.66719
7.50 89.18892 89.18909 89.22942 89.25044
10.00 88.56294 88.56328 88.61997 88.66039
12.50 87.75256 87.75300 87.86307 87.92808
15.00 86.76255 86.76317 86.92508 87.01580
17.50 85.58623 85.58706 85.81086 85.94279
20.00 84.19318 84.19425 84.49249 84.67453
22.50 82.52783 82.52919 82.93410 83.19200
25.00 80.49015 80.49186 81.05366 81.39369
27.50 77.77301 77.77519 78.61342 79.09266
28.00 77.06561 77.06793 77.99548 78.53614
29.00 75.40203 75.41872 76.59612 77.26153
30.00 72.93210 72.93888 74.75126 75.66795
30.50 70.34448 70.35799 73.48655 74.65562
31.00 71.50705 73.34574
31.25 72.46504
31.30 72.24794

Table14 Pvs. g for Taylor-Maccoll flow; M,=1.5; strong solution
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6, B
perfect gas imperfect gas
O,
5.0 15 0.5
0.00 30.00000 30.00000 30.00000 30.00000
2.50 30.00403 30.00403 30.00380 30.00348
5.00 30.09449 30.09448 30.09127 30.08671
7.50 30.44365 30.44364 30.42905 30.41500
10.00 31.19382 31.19381 31.16235 31.11835
12.50 32.38155 32.38154 32.32716 32.24306
15.00 33.91031 33.91029 33.81843 33.70334
17.50 35.72017 35.72013 35.58631 35.43851
20.00 37.77828 37.77821 37.62820 37.41673
22.50 40.04448 40.04437 39.85892 39.57991
25.00 42.53175 42.53156 42.23715 41.95012
27.50 45.18664 45.18631 44.85998 44.44432
30.00 48.12539 48.04810 47.60399 47.19148
32.50 51.21289 51.21173 50.64988 50.17415
35.00 54.74470 54.74398 54.02877 53.32315
37.50 58.89971 58.89787 57.87911 56.92332
40.00 64.86472 64.85708 62.81654 61.29108
40.50 67.09223 67.09655 64.11251 62.34801
41.00 65.72400 63.51528
41.50 68.37622 64.87111
42.00 66.58925
42.10 67.02864
42.25 67.79850

Table1l5 Pvs. g, for Taylor-Maccoll flow; M,=2.0; weak solution
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6, B
perfect gas imperfect gas
O,
5.0 1.5 0.5
0.00 90.00000 90.00000 90.00000 90.00000
2.50 89.94761 89.94762 89.95064 89.95314
5.00 89.78844 89.78848 89.80265 89.81255
7.50 89.52840 89.52849 89.55804 89.58002
10.00 89.16955 89.16972 89.21924 89.26072
12.50 88.72052 88.72075 88.79580 88.85979
15.00 88.18056 88.18089 88.29125 88.38064
17.50 87.55079 87.55122 87.70300 87.82797
20.00 86.83738 86.83792 87.02990 87.19615
22.50 86.02950 86.03017 86.28346 86.48893
25.00 85.12691 85.12772 85.43405 85.70116
27.50 84.09605 84.09702 84.48446 84.81411
30.00 82.91962 82.92077 83.40513 83.80889
32.50 81.52991 81.53127 82.13720 82.64460
35.00 79.82826 79.82988 80.61264 81.25547
37.50 77.52697 77.52893 78.61970 79.51104
40.00 73.45145 73.47062 75.57913 77.02758
40.50 71.59123 71.60264 74.65169 76.35071
41.00 73.42209 75.56388
41.50 71.17026 74.59685
42.00 73.26296
42.10 72.90454
42.25 72.24034

Table1l6 Pvs. g for Taylor-Maccoll flow; M,=2.0;strong solution
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6, B
perfect gas imperfect gas
O,
5.0 15 0.5
0.00 19.47122 19.47122 19.47122 19.47122
2.50 19.48689 19.48689 19.48677 19.48570
5.00 19.71510 19.71510 19.71355 19.69946
7.50 20.44950 20.44950 20.44950 20.39890
10.00 21.71381 21.71381 21.70286 21.61284
12.50 23.35175 23.35175 23.32796 23.18863
15.00 25.25401 25.25401 25.21582 25.03324
17.50 27.35024 27.35024 27.31845 27.06839
20.00 29.60503 29.60503 29.55749 29.26329
22.50 31.98287 31.98287 31.92521 31.55899
25.00 34.47989 34.47989 34.37239 33.96628
27.50 37.07535 37.07534 36.95344 36.46634
30.00 39.77294 39.77226 39.60615 39.05290
32.50 42.58835 42.58833 42.40273 41.72379
35.00 45.48733 45.48728 45.25585 44.48366
37.50 48.55539 48.55528 48.23835 47.35943
40.00 51.77992 51.77408 51.36496 50.36822
42.50 55.24511 55.24440 54.70553 53.52667
45.00 59.13019 59.13111 58.33535 56.86691
47.50 63.89133 63.91102 62.65876 60.68236
48.50 66.48913 66.50218 64.63274 62.54008
49.00 68.34253 68.33564 65.97230 63.28942
49.50 67.39755 64.25637
50.00 69.37519 65.29616
50.50 66.45185
51.00 67.78638
51.25 68.57516
51.50 69.51499
51.75 70.86703

Tablel7 Pvs. g for Taylor-Maccoll flow; M = 3.0; weak solution
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6, B
perfect gas imperfect gas
O,
5.0 15 0.5
0.00 90.00000 90.00000 90.00000 90.00000
2.50 89.96686 89.96687 89.96893 89.97191
5.00 89.86785 89.86787 89.87601 89.88845
7.50 89.70613 89.70618 89.72513 89.75212
10.00 89.48549 89.48558 89.51830 89.56587
12.50 89.20972 89.20985 89.26059 89.33464
15.00 88.88408 88.88426 88.95479 89.05991
17.50 88.50757 88.50781 88.60303 88.74396
20.00 88.08554 88.08585 88.20884 88.39202
22.50 87.61865 87.61902 87.77287 88.00103
25.00 87.10028 87.10072 87.29169 87.57223
27.50 86.53213 86.53266 86.76209 87.10107
30.00 85.90557 85.90619 86.18179 86.58598
32.50 85.20771 85.20842 85.53670 86.01810
35.00 84.42790 84.42872 84.81398 85.38463
37.50 83.53224 83.53318 83.99919 84.67464
40.00 82.48977 82.49085 83.04678 83.86396
42.50 81.21370 81.21495 81.90657 82.90599
45.00 79.54550 79.55503 80.45769 81.73588
47.50 77.02151 77.02329 78.40596 80.19935
48.50 75.31242 75.32939 77.22325 79.40390
49.00 73.93163 73.93381 76.45415 78.94496
49.50 75.47393 78.43111
50.00 73.94680 77.83945
50.50 77.13977
51.00 76.25712
51.25 75.69068
51.50 74.97140
51.75 73.85151

Table18 Pvs. g for Taylor-Maccoll flow; M,=3.0; strong solution
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g, B
perfect gas imperfect gas
evO
5.0 1.5 0.5

0.00 5.73917 5.73917 5.73917 5.73917
2.50 6.10744 6.10744 6.10744 6.10744
5.00 7.72357 7.72357 7.72357 7.72355
7.50 9.89567 9.89567 9.89567 9.89551
10.00 12.30243 12.30243 12.30243 12.30192
12.50 14.81371 14.81371 14.81371 14.80887
15.00 17.41951 17.41951 17.41951 17.40232
17.50 20.04712 20.04712 20.04712 20.02477
20.00 22.73985 22.73985 22.73984 22.67399
22.50 25.45379 25.45379 25.45372 25.36582
25.00 28.20936 28.20936 28.20896 28.06078
27.50 30.97972 30.97972 30.97802 30.79302
30.00 33.78148 33.78148 33.78243 33.52391
32.50 36.62689 36.62689 36.62707 36.28236
35.00 39.50040 39.50040 39.49822 39.06724
37.50 42.42718 42.42718 42.39916 41.88244
40.00 45.38991 45.38990 45.35661 4471605
42.50 48.45547 48.45546 48.38838 47.62701
45.00 51.61100 51.61098 51.49608 50.61384
47.50 54.90214 54.90209 5471751 53.68974
50.00 58.37434 58.37414 58.10632 56.84672
52.50 62.20978 62.21307 61.76352 60.20367
55.00 67.01926 66.79959 65.95863 63.86080
56.00 69.26711 69.26677 68.12897 65.49547
56.50 70.95728 70.95969 69.31429 66.34974
56.75 72.26452 72.25867 70.01326 66.81385
57.00 70.80799 67.25583
57.50 73.39859 68.22491
58.00 69.27785
58.50 70.48146
59.00 71.96797
59.25 72.94513
59.30 73.19900

Table19 Pvs. g for Taylor-Maccoll flow; M,=10.0; weak solution
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6, B
perfect gas imperfect gas
@VO
5.0 1.5 0.5
0.00 90.00000 90.00000 90.00000 90.00000
2.50 89.97888 89.97888 89.98006 89.98268
5.00 89.91650 89.91651 89.92113 89.93148
7.50 89.81465 89.81468 89.82487 89.84834
10.00 89.67650 89.67655 89.69480 89.73580
12.50 89.50393 89.50401 89.53201 89.59566
15.00 89.30148 89.30158 89.34175 89.43058
17.50 89.07037 89.07051 89.12335 89.24212
20.00 88.81061 88.81079 88.87918 89.03152
22.50 88.52574 88.52596 88.60997 88.80075
25.00 88.21435 88.21461 88.31734 88.54876
27.50 87.87548 87.87579 87.99723 88.27490
30.00 87.50716 87.50752 87.65131 87.97781
32.50 87.10627 87.10668 87.27299 87.65703
35.00 86.66585 86.66632 86.86216 87.30586
37.50 86.18149 86.18202 86.40859 86.92355
40.00 85.64128 85.64188 85.90354 86.49981
42.50 85.02831 85.02899 85.33472 86.02544
45.00 84.32161 84.32239 84.68113 85.48757
47.50 83.48517 83.48605 83.90690 84.86425
50.00 82.44415 82.44516 82.96369 84.11786
52.50 81.05869 81.05986 81.73595 83.19563
55.00 78.90848 78.90987 79.93208 81.96450
56.00 77.42688 77.43123 78.82908 81.31579
56.50 76.22043 76.22561 78.09662 80.94354
56.75 75.16391 75.18293 77.64606 80.73893
57.00 77.09526 80.52325
57.50 75.00041 80.04219
58.00 79.47137
58.50 78.76104
59.00 77.77227
59.25 77.02613
59.30 76.82959

Table20 Bvs. g for Taylor-Maccoll flow; M,=10.0; strong solution
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] C,
perfect gas imperfect gas
OF
5.0 15 0.5

0.00 .0000 .0000 .0000 .0000
2.50 0126 0126 0125 0124
5.00 0467 0467 .0466 .0465
7.50 .0936 .0936 .0935 .0934
10.00 1521 1521 1518 1517
12.50 2228 2228 2221 2217
15.00 3081 .3081 .3065 .3056
17.50 4158 4145 4104 4075
19.00 5095 5086 4962 4907
19.25 5333 5339 5153 .5084
19.50 5365 5271
19.75 5704 5518
20.00 5983

Table21 C, vs. g, for Taylor-Maccoll flow; M = 1.2; weak solution
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] C,
perfect gas imperfect gas
OF
5.0 15 0.5

0.00 5093 5093 5248 5335
2.50 5202 5203 5356 5442
5.00 5447 5448 5600 5685
7.50 5763 5763 5912 5993
10.00 .6090 .6091 6237 .6318
12.50 .6386 .6387 .6535 6615
15.00 .6587 .6587 6743 .6827
17.50 .6591 .6592 6774 6871
19.00 6313 6317 6579 .6708
19.25 6175 6177 .6500 .6643
19.50 .6385 .6557
19.75 .6169 .6426
20.00 .6072

Table22 C, vs. g, for Taylor-Maccoll flow; M,= 1.2; strong solution
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] C,
perfect gas imperfect gas
OF
5.0 15 0.5

0.00 .0000 .0000 .0000 .0000
2.50 0131 .0104 .0102 .0101
5.00 .0397 .0395 .0394 .0393
7.50 0774 0774 0772 0771
10.00 1234 1234 1233 1232
12.50 1776 1776 1774 1770
15.00 2398 2398 2389 .2386
17.50 .3095 .3095 .3083 3074
20.00 .3864 .3864 3847 .3844
22.50 4723 4723 4692 4683
25.00 5697 5696 5644 .5620
27.50 .6826 .6820 6728 6671
28.00 .7082 .7082 6977 .6917
29.00 .7648 .7653 7478 .7409
30.00 .8381 .8378 8116 .7986
30.50 .9004 .9001 .8488 .8313
31.00 .9002 .8699
31.25 .8937
31.30 .8994

Table23 C,, vs. g, for Taylor-Maccoll flow; M,= 1.5; weak solution
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eb Cpb
perfect gas imperfect gas
O,
5.0 1.5 0.5
0.00 9259 .9260 9520 .9696
2.50 9333 9334 .9592 9766
5.00 .9494 .9495 9749 9921
7.50 9702 9703 .9950 1.0119
10.00 9926 9927 1.0170 1.0334
12.50 1.0148 1.0149 1.0387 1.0548
15.00 1.0350 1.0351 1.0586 1.0744
17.50 1.0518 1.0519 1.0753 1.0909
20.00 1.0640 1.0641 1.0877 1.1034
22.50 1.0703 1.0704 1.0946 1.1106
25.00 1.0683 1.0684 1.0941 1.1109
27.50 1.0524 1.0526 1.0820 1.1007
28.00 1.0462 1.0464 1.0772 1.0967
29.00 1.0287 1.0289 1.0640 1.0856
30.00 .9956 .9958 1.0421 1.0681
30.50 .9530 9533 1.0245 1.0551
31.00 .9929 1.0362
31.25 1.0223
31.30 1.0188

Table24 C,, vs. g, for Taylor-Maccoll flow; M,= 1.5; strong solution
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6, C,
perfect gas imperfect gas
OF
5.0 15 0.5

0.00 .0000 .0000 .0000 .0000
2.50 .0098 .0098 .0097 .0097
5.00 .0340 .0340 .0339 .0339
7.50 .0654 .0654 .0653 .0652
10.00 1039 1039 .1038 1037
12.50 1501 1501 1499 1494
15.00 2021 2021 2015 2010
17.50 .2603 .2603 2592 .2588
20.00 .3250 3250 3244 3230
22.50 .3958 .3958 .3950 3927
25.00 4733 4733 4703 4689
27.50 5559 5559 5532 5490
30.00 .6465 6442 .6394 .6368
32.50 7402 7402 .7338 7309
35.00 8442 8442 .8357 .8280
37.50 .9603 9602 .9468 9347
40.00 1.1102 1.1101 1.0783 1.0558
40.50 1.1599 1.1601 1.1102 1.0834
41.00 1.1483 1.1131
41.50 1.2065 1.1463
42.00 1.1865
42.10 1.1964
42.25 1.2133

Table25 C,, vs. g, for Taylor-Maccoll flow; M,= 2.0; weak solution
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eb Cpb
perfect gas imperfect gas
O,
5.0 1.5 0.5
0.00 1.2500 1.2501 1.2802 1.3081
2.50 1.2549 1.2550 1.2849 1.3126
5.00 1.2657 1.2658 1.2952 1.3225
7.50 1.2794 1.2794 1.3083 1.3350
10.00 1.2943 1.2944 1.3227 1.3488
12.50 1.3092 1.3093 1.3370 1.3626
15.00 1.3234 1.3235 1.3506 1.3757
17.50 1.3362 1.3363 1.3630 1.3875
20.00 1.3471 1.3472 1.3737 1.3979
22.50 1.3560 1.3560 1.3822 1.4063
25.00 1.3623 1.3624 1.3887 1.4127
27.50 1.3660 1.3661 1.3926 1.4168
30.00 1.3663 1.3664 1.3936 1.4183
32.50 1.3625 1.3626 1.3910 1.4166
35.00 1.3527 1.3528 1.3834 1.4107
37.50 1.3320 1.3321 1.3674 1.3981
40.00 1.2783 1.2787 1.3319 1.3723
40.50 1.2477 1.2479 1.3189 1.3638
41.00 1.3000 1.3532
41.50 1.2613 1.3392
42.00 1.3182
42.10 1.3122
42.25 1.3008

Table26 C, vs. g, for Taylor-Maccoll flow; M = 2.0; strong solution
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6, C,
perfect gas imperfect gas
OF
5.0 15 0.5

0.00 .0000 .0000 .0000 .0000
2.50 .0092 .0092 .0092 .0092
5.00 0282 .0282 .0282 .0282
7.50 .0544 .0544 .0544 .0543
10.00 .0875 .0875 0875 .0872
12.50 1270 1270 .1268 1263
15.00 1730 1730 1728 1720
17.50 2253 2253 2251 2241
20.00 .2840 .2840 .2838 2825
22.50 .3485 .3485 .3482 3462
25.00 4188 4188 4179 4156
27.50 4943 4943 4933 4900
30.00 5747 5747 5730 5691
32.50 .6600 .6600 .6586 .6523
35.00 7485 7485 1467 7392
37.50 .8420 .8420 .8387 .8298
40.00 .9388 .9386 9341 9238
42.50 1.0398 1.0398 1.0335 1.0204
45.00 1.1476 1.1476 1.1369 1.1190
47.50 1.2689 1.2694 1.2516 1.2256
48.50 1.3289 1.3292 1.3002 1.2745
49.00 1.3687 1.3686 1.3317 1.2936
49.50 1.3637 1.3177
50.00 1.4055 1.3429
50.50 1.3700
51.00 1.4000
51.25 1.4171
51.50 1.4368
51.75 1.4637

Table27 C,, vs. g, for Taylor-Maccoll flow; M,= 3.0; weak solution
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eb Cpb
perfect gas imperfect gas
O,
5.0 1.5 0.5
0.00 1.4815 1.4815 1.5072 1.5479
2.50 1.4848 1.4849 1.5104 1.5508
5.00 1.4920 1.4921 1.5172 1.5570
7.50 1.5012 1.5012 1.5259 1.5649
10.00 1.5112 1.5112 1.5354 1.5737
12.50 1.5212 1.5213 1.5449 1.5823
15.00 1.5309 1.5309 1.5541 1.5907
17.50 1.5398 1.5399 1.5626 1.5986
20.00 1.5477 1.5478 1.5702 1.6055
22.50 1.5546 1.5546 1.5768 1.6116
25.00 1.5603 1.5604 1.5823 1.6168
27.50 1.5648 1.5648 1.5867 1.6210
30.00 1.5680 1.5680 1.5899 1.6242
32.50 1.5697 1.5698 1.5918 1.6263
35.00 1.5699 1.5700 1.5923 1.6272
37.50 1.5682 1.5683 1.5912 1.6268
40.00 1.5641 1.5642 1.5879 1.6248
42.50 1.5564 1.5565 1.5817 1.6207
45.00 1.5426 1.5427 1.5708 1.6134
47.50 1.5148 1.5149 1.5504 1.6006
48.50 1.4919 1.4921 1.5362 1.5927
49.00 1.4711 1.4711 1.5262 1.5878
49.50 1.5124 1.5820
50.00 1.4890 1.5750
50.50 1.5661
51.00 1.5541
51.25 1.5460
51.50 1.5352
51.75 1.5173

Table28 C, vs. g, for Taylor-Maccoll flow; M = 3.0; strong solution
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eb Cpb
perfect gas imperfect gas
O,
5.0 1.5 0.5

0.00 .0000 .0000 .0000 .0000
2.50 .0057 .0057 .0057 .0057
5.00 .0186 .0186 .0186 0186
7.50 .0389 .0389 .0389 .0389
10.00 .0668 .0668 .0668 .0668
12.50 1017 1017 1017 1016
15.00 1442 1442 1442 1440
17.50 1930 1930 1930 1927
20.00 2488 2488 2488 2481
22.50 3106 3106 3106 3099
25.00 3783 3783 3783 3770
27.50 4509 4509 4509 4498
30.00 5283 5283 5284 5265
32.50 6101 6101 6102 6074
35.00 .6952 .6952 .6955 .6918
37.50 1837 1837 .71834 7790
40.00 8740 8740 8740 .8679
42.50 9673 9673 .9669 9593
45.00 1.0621 1.0621 1.0611 1.0523
47.50 1.1584 1.1584 1.1564 1.1460
50.00 1.2556 1.2556 1.2528 1.2391
52.50 1.3563 1.3564 1.3509 1.3333
55.00 1.4697 1.4649 1.4535 1.4287
56.00 1.5169 1.5170 1.5018 1.4685
56.50 1.5498 1.5499 1.5266 1.4886
56.75 1.5735 1.5735 1.5407 1.4992
57.00 1.5562 1.5092
57.50 1.6031 1.5306
58.00 1.5530
58.50 1.5775
59.00 1.6060
59.25 1.6236
59.30 1.6281

Table29 C, vs. g, for Taylor-Maccoll flow; M,= 10.0; weak solution
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] C,
perfect gas imperfect gas
OF
5.0 15 0.5

0.00 1.6500 1.6500 1.6667 1.7067
2.50 1.6522 1.6523 1.6688 1.7086
5.00 1.6570 1.6570 1.6733 1.7126
7.50 1.6630 1.6631 1.6791 1.7176
10.00 1.6696 1.6696 1.6854 1.7231
12.50 1.6763 1.6763 1.6917 1.7286
15.00 1.6827 1.6827 1.6978 1.7340
17.50 1.6887 1.6887 1.7035 1.7390
20.00 1.6941 1.6942 1.7087 1.7436
22.50 1.6990 1.6990 1.7134 1.7477
25.00 1.7032 1.7032 1.7174 1.7513
27.50 1.7067 1.7067 1.7208 1.7544
30.00 1.7096 1.7096 1.7236 1.7569
32.50 1.7118 1.7119 1.7258 1.7590
35.00 1.7134 1.7134 1.7273 1.7605
37.50 1.7142 1.7142 1.7282 1.7615
40.00 1.7142 1.7142 1.7284 1.7620
42.50 1.7133 1.7133 1.7277 1.7618
45.00 1.7112 1.7112 1.7259 1.7609
47.50 1.7075 1.7075 1.7228 1.7590
50.00 1.7012 1.7013 1.7175 1.7557
52.50 1.6906 1.6907 1.7088 1.7505
55.00 1.6695 1.6695 1.6923 1.7415
56.00 1.6519 1.6520 1.6804 1.7360
56.50 1.6359 1.6360 1.6717 1.7327
56.75 1.6207 1.6210 1.6661 1.7307
57.00 1.6589 1.7286
57.50 1.6289 1.7238
58.00 1.7177
58.50 1.7096
59.00 1.6974
59.25 1.6875
59.30 1.6848

Table30 C,, vs. g, for Taylor-Maccoll flow; M,= 10.0; strong solution
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M, By

B

GVO

5.0 1.5 0.5

1.075 .99998 99758 99645
1.100 .99999 99841 99764
1.200 1.00000 99907 .99858
1.300 1.00000 99918 99870
1.400 1.00000 99919 .99866
1.500 1.00000 99916 99855
1.750 1.00000 99906 99812
2.000 1.00000 .99899 99758
2.500 1.00000 99913 99640
3.000 1.00000 99950 99535
3.500 1.00000 99979 99463
3.750 1.00000 .99988 .99445
4.000 1.00000 99994 99438
4.250 1.00000 99997 .99445
4.500 1.00000 99999 99465
4.750 1.00000 99999 99496
5.000 1.00000 1.00000 99537
5.250 1.00000 1.00000 99585
5.500 1.00000 1.00000 99636
6.000 1.00000 1.00000 99738
6.500 1.00000 1.00000 99825
7.000 1.00000 1.00000 99890
7.500 1.00000 1.00000 99934
8.000 1.00000 1.00000 99961
8.500 1.00000 1.00000 99978
9.000 1.00000 1.00000 .99987
9.500 1.00000 1.00000 99993
10.000 1.00000 1.00000 99996

Table31 S-ratiovs. M4 for Taylor-Maccoll flow; 8 =10°,weak solution
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M, By

B

GVO

5.0 1.5 0.5

1.075 1.00002 1.00333 1.00487
1.100 1.00002 1.00235 1.00346
1.200 1.00001 1.00134 1.00201
1.300 1.00001 1.00104 1.00159
1.400 1.00000 1.00088 1.00138
1.500 1.00000 1.00079 1.00126
1.750 1.00000 1.00064 1.00110
2.000 1.00000 1.00056 1.00102
2.500 1.00000 1.00044 1.00094
3.000 1.00000 1.00037 1.00090
3.500 1.00000 1.00032 1.00086
4.000 1.00000 1.00028 1.00083
4.500 1.00000 1.00026 1.00081
5.000 1.00000 1.00025 1.00078
5.500 1.00000 1.00024 1.00076
6.000 1.00000 1.00023 1.00074
6.500 1.00000 1.00022 1.00072
7.000 1.00000 1.00022 1.00071
7.500 1.00000 1.00022 1.00070
8.000 1.00000 1.00021 1.00069
8.500 1.00000 1.00021 1.00068
9.000 1.00000 1.00021 1.00067
9.500 1.00000 1.00021 1.00067
10.000 1.00000 1.00020 1.00066

Table 32 S-ratio vs. M4 for Taylor-Maccoll flow; 8 =10°; strong solution
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M 1 (Cpb )5:1
Cpb 6=0
o,
5.0 1.5 0.5
1.075 .99996 99418 .99148
1.100 .99998 .99650 .99482
1.200 .99999 .99828 99737
1.300 1.00000 .99866 99787
1.400 1.00000 .99881 .99804
1.500 1.00000 .99889 .99809
1.750 1.00000 .99899 .99802
2.000 1.00000 .99909 .99784
2.500 1.00000 .99936 99742
3.000 1.00000 .99967 .99707
3.500 1.00000 .99987 .99687
3.750 1.00000 .99993 .99684
4.000 1.00000 .99996 .99687
4.250 1.00000 .99998 .99696
4.500 1.00000 .99999 99711
4.750 1.00000 1.00000 .99730
5.000 1.00000 1.00000 99754
5.250 1.00000 1.00000 .99781
5.500 1.00000 1.00000 .99809
6.000 1.00000 1.00000 .99863
6.500 1.00000 1.00000 .99909
7.000 1.00000 1.00000 .99942
7.500 1.00000 1.00000 .99965
8.000 1.00000 1.00000 .99980
8.500 1.00000 1.00000 .99988
9.000 1.00000 1.00000 .99993
9.500 1.00000 1.00000 .99996
10.000 1.00000 1.00000 .99998

Table 33 C,,-ratio vs. M, for Taylor-Maccoll flow; £,=10°; weak solution
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M 1 (Cpb )5:1
Cpb 6=0
o,
5.0 1.5 0.5
1.075 1.00016 1.02341 1.03504
1.100 1.00015 1.02270 1.03429
1.200 1.00014 1.02412 1.03742
1.300 1.00012 1.02475 1.03934
1.400 1.00011 1.02481 1.04042
1.500 1.00010 1.02458 1.04108
1.750 1.00007 1.02344 1.04186
2.000 1.00006 1.02192 1.04210
2.500 1.00004 1.01873 1.04192
3.000 1.00004 1.01602 1.04133
3.500 1.00003 1.01408 1.04052
4.000 1.00003 1.01277 1.03957
4.500 1.00003 1.01189 1.03853
5.000 1.00003 1.01128 1.03748
5.500 1.00003 1.01084 1.03647
6.000 1.00003 1.01051 1.03557
6.500 1.00002 1.01026 1.03480
7.000 1.00002 1.01006 1.03415
7.500 1.00002 1.00990 1.03361
8.000 1.00002 1.00977 1.03317
8.500 1.00002 1.00966 1.03281
9.000 1.00002 1.00957 1.03250
9.500 1.00002 1.00950 1.03224
10.000 1.00002 1.00943 1.03202

Table 34 C ,-ratio vs. M, for Taylor-Maccoll flow; 6 =10°;strong solution
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M 1 (M 2 )621
(M)
GVO
5.0 1.5 0.5
1.075 1.00001 1.00200 1.00294
1.100 1.00001 1.00150 1.00222
1.200 1.00000 1.00107 1.00164
1.300 1.00000 1.00102 1.00162
1.400 1.00000 1.00106 1.00175
1.500 1.00000 1.00113 1.00194
1.750 1.00000 1.00133 1.00264
2.000 1.00000 1.00150 1.00356
2.500 1.00000 1.00144 1.00587
3.000 1.00000 1.00095 1.00843
3.500 1.00000 1.00044 1.01076
3.750 1.00000 1.00027 1.01170
4.000 1.00000 1.00015 1.01241
4.250 1.00000 1.00008 1.01285
4.500 1.00000 1.00004 1.01299
4.750 1.00000 1.00002 1.01283
5.000 1.00000 1.00001 1.01236
5.250 1.00000 1.00000 1.01165
5.500 1.00000 1.00000 1.01073
6.000 1.00000 1.00000 1.00856
6.500 1.00000 1.00000 1.00637
7.000 1.00000 1.00000 1.00447
7.500 1.00000 1.00000 1.00302
8.000 1.00000 1.00000 1.00197
8.500 1.00000 1.00000 1.00127
9.000 1.00000 1.00000 1.00081
9.500 1.00000 1.00000 1.00051
10.000 1.00000 1.00000 1.00033

Table 35 M,-ratio vs. M, for Taylor-Maccoll flow; §=10°; weak solution
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M 1 (M 2 )621
(M)
GVO
5.0 1.5 0.5
1.075 99999 99873 .99805
1.100 1.00000 .99908 .99846
1.200 1.00001 99873 99738
1.300 1.00002 99781 99521
1.400 1.00003 99673 99256
1.500 1.00004 .99559 .98963
1.750 1.00006 99296 98177
2.000 1.00007 99103 97396
2.500 1.00009 .98950 96022
3.000 1.00011 .98994 .94987
3.500 1.00011 99090 94275
4.000 1.00012 99174 .93828
4.500 1.00012 99235 93579
5.000 1.00013 99279 .93468
5.500 1.00013 99311 93442
6.000 1.00013 99335 93459
6.500 1.00013 99354 93494
7.000 1.00013 .99368 93532
7.500 1.00013 .99380 93567
8.000 1.00013 99390 .93598
8.500 1.00013 99398 93624
9.000 1.00013 .99405 93645
9.500 1.00013 99410 93664
10.000 1.00013 99415 .93680

Table 36 M,-ratio vs.M for Taylor-Maccoll flow; 8 =10°;strong solution
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M 1 (M b )621
(M)
GVO
5.0 1.5 0.5
1.075 1.00003 1.00457 1.00671
1.100 1.00003 1.00409 1.00605
1.200 1.00002 1.00378 1.00576
1.300 1.00001 1.00384 1.00605
1.400 1.00001 1.00395 1.00647
1.500 1.00001 1.00407 1.00695
1.750 1.00000 1.00425 1.00827
2.000 1.00000 1.00418 1.00967
2.500 1.00000 1.00326 1.01246
3.000 1.00000 1.00188 1.01496
3.500 1.00000 1.00081 1.01685
3.750 1.00000 1.00049 1.01746
4.000 1.00000 1.00028 1.01780
4.250 1.00000 1.00015 1.017/84
4.500 1.00000 1.00008 1.01756
4.750 1.00000 1.00004 1.01695
5.000 1.00000 1.00002 1.01605
5.250 1.00000 1.00001 1.01491
5.500 1.00000 1.00000 1.01358
6.000 1.00000 1.00000 1.01068
6.500 1.00000 1.00000 1.00788
7.000 1.00000 1.00000 1.00553
7.500 1.00000 1.00000 1.00373
8.000 1.00000 1.00000 1.00245
8.500 1.00000 1.00000 1.00158
9.000 1.00000 1.00000 1.00101
9.500 1.00000 1.00000 1.00065
10.000 1.00000 1.00000 1.00041

Table 37 M-ratio vs. M for Taylor-Maccoll flow; §=10°; weak solution
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M 1 (M b )621
(M)
GVO
5.0 1.5 0.5
1.075 1.00001 1.00097 1.00127
1.100 1.00002 1.00123 1.00155
1.200 1.00003 1.00057 1.00003
1.300 1.00004 99944 99756
1.400 1.00004 99818 99469
1.500 1.00005 99692 99159
1.750 1.00007 99406 98346
2.000 1.00009 .99198 97548
2.500 1.00011 99026 96155
3.000 1.00012 .99058 95109
3.500 1.00012 99146 94389
4.000 1.00013 99225 93936
4.500 1.00013 99282 93683
5.000 1.00013 99324 .93569
5.500 1.00013 99354 93539
6.000 1.00014 99377 93554
6.500 1.00014 99395 93587
7.000 1.00014 .99409 93623
7.500 1.00014 99420 93657
8.000 1.00014 99430 .93686
8.500 1.00014 99437 93711
9.000 1.00014 .99443 93732
9.500 1.00014 99449 93750
10.000 1.00014 99453 93765

Table 38 M-ratio vs. M for Taylor-Maccoll flow; §=10°;strong solution
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