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ABSTRACT

The supersonic flow field about a forebody-
decelerator combination is analyzed. Tangent-cone and
Newtonian methods are used to predict forebody surface
pressures, Empirical correlations based on local
similarity solutions predict the boundary layer character-
istics, and boundary layer similarity techniques are used
to predict the forebody wake parameters. The flow about
a conical secondary body in the forebody wake is calculated
using the method of characteristics. In Volume I the
methods are presented and explained, and the results of the
calculations are compared with experimental measurements;
in Volume II the details of the calculation procedure and
computer program are presented,
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a

SYMBOLS

2
A=1- 22 . in Eqns 89 and 90
a

speed of sound

80:8),89,84,3, - coefficients in velocity profile, Eqn 26

)

B
B

c

“

‘p

D
D

¢ X0 ® M o > T n’f

stagnation condition speed of sound
exponent in Eqn 17, defined in Eqn 18
B = -~2§ » in Eqns 89 and 90

a
2
C=1- §2 , in Eqns 89 and 90

pressure coefficient

specific heat at constant pressure

forebody diameter i ' ¥
. B, r 2 ™ dhy | 3 2{gn, VA B
o= FoGon v :ntvi’”v3
2 dR)
) 1‘ ;;?] dn . in Eqos 89 and 90

forebody base diameter

function defined in Eqn 79 -
enthalpy

unit vector in x direction

unit vector in v direction
exponent in Eqn 12 |
turbulence constant in Eqn 44
unit vector normal to x-y plane

body length

ix




(a4

x < < o

axial distance measured from forebody base
dimensionless distance from forebody base
Mach number

effective Mach number, Eqn 48

momentum defect

transformed coordinate, Eqn 52

unit vector normal to a streamline
pressure

Prandtl number

gas constant

Reynold's number

radial coordinate

base radius of forebody

radius of shock at any value of x
entropy

distance from front stagnation point measured along
surface :

‘tamperacure in degrees Rankine

thickoness of towline

freestream velocity

velocity component in x direction
total velocity, V = et
velocity cowponent in r direction

axial distance downstream wmeasured from forebody
wake stagnation point

axial distance downstream measured from forebody
nose; also used for axial length measurement for
either body

—
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axial location of forebody wake stagnation point
shock angle

pressure gradient parameter, Eqn 13

ratio of specific heats

transformed wake thickness

wake radius or thickness, boundary layer thickness (Fig 7)
wake displacement thickness

transformed non-dimensional coordinate, Eqn 24
boundary layer momentum thickness, also flow angle
transformed momentum thickness

slope of characteristic line

dynamic viscosity coefficient

Mach angle 7

kinematic viscosity coefficient

wake form parameter

effective surface distance, Eqv 14

turbulent effective surface distance, Eqn 17
density

local inclination angle of forebody surface
.ritical cone half-angle of forebody surface
effective cone haif-angle

body chickness ratio

stream function

vorticity
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Subscripts:

a

B
char
cl

cr

SpTR
Ocr

12

oo

adiabatic

condition at base of forebody

condition on a characteristic line
condition at wake centerline

condition at Re = Recritical
condition at boundary layer edge

h station

condition at 1t
condition at (i + 1)th station

stagnation or total value of parameters

partial derivative of function with respect to r
reference value of parameter

condition at forebody nose stagnation point
condition at transition point

wake condition

partial derivative of function with respect to x

diameter of wake at transition point

momentum thickness at which boundary layer
becomes unstable

momentum thickness at transition

viscous wake edge condition

condition on characteristic curve 1 or at point 1

conlition on characteristic curve 2 or at point 2
condition along line connecting points 1 and 2

freestream conditicn

Superscriptes:

el

indicates average value of function
indicates a vector funation
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I, INTRODUCTION

This report presents the results of an effort to
calculate the flow field characteristics of a two-body trailing
decelerator system in supersonic flow (Fig 1). The report

is divided into two volumes, the first dealing with theoreti-
cal methods and a comparison of the results of a sample cal-
culation with measurements, the second presents and explains
the computer program used for the calculations.

This volume, Volume I, presents an explanation of
the methods used to analyze the forebody (the object to be
decelerated or payload), the trailing secondary body (the
decelerator) (¥ig 1), and the comparison of results with
experimentally measured values, Naturally, the ideal objective
would be to have a thesry and methocds that provide a complete
closed solution to the entire flow field about the two bodies,
Within the curre~* state of the ar:, however, this goal cannot
be achieved, Tk. ;i . fforts have been directed at utilizing
tractable methous ~ith limited assumptions and required inputs
that provide very useful results., Wherever assumptions are
necessary, they are discussed in detail and their effects
evaluated where possible,
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II. FOREBODY AND WAKE ANALYSIS

This division describes the analysis used to
predict the flow characteristics about the forebody and its
wake, and draws heavily on the work presented in Ref 1, in
particular Section B, the explanation of the analysis.

In view of this, the matter presented in this section is not,
nor is it intended to be, rigorously complete; rather it
should provide a basic understanding of the analysis. For
further details or information Ref 1 must be consulted.

A, Extent of Analysis, Required Inputs, and Results
1. Extent of Analysis

The .orebody and wake analysis examines the flow
about the forebody extending axially from the bow shock down-
stream to the secondary body bow shock, and normally from the
surface of the forebody outward to its bow shock. The analysis
asigmes tha. fiow conditions upstream of the forebody are
uniform,

2. Required Inputs

The forebody and wake analysis requires the following:
a. freestream conditions
b. forebody geomet'y
¢. bow shock shape and standoff distance.

3. Results

In addition to body geumetry and freestieam condi-
tions, the forabody subroutine produ..s the calculated local
static pressure, total Eressure and Mach number on the body
surface at various axial locations arl on various planes con-
taining, and rotated aboui, the axis. Since the flow char-
acteristics at the base of the forebody are likely to be
affected by a possible trangition into turbulence on the body
surfece, the transition point location on th:z body surface
and on various # planes is also printed out, Reynold's
number, based on momentum thicknese, inviscid density, local
inviscld velocity, local mowentum defect, and momentum thick-
ness at the base for different ¢ planes, is pvovided, Inte-
gration of the local momentum defect around the surface at
the forebody base provides the total momentum defect, which
will be used in wake camputaticns. ‘




Wake computations begin with forebody boundary layer
and base condition inputs. The program selects either
laminar or turbulent wake conditions, based on the transition
Reynold's number, and prints out the input values of the
viscosity model. At every {/D location behind the base of
the forebody and at every iteration of wake computation,
values of 6/a, &) , §/D, ¢ *, and the local inviscid velocity
at the wake edge are provided. The viscous wake is specified
by the values of R/D, M, M/M» , V/V,, u, po/p“’ ho/hoe’ and

h/hi at each axial location, /D, and radial distance 7, the

non-dimensional transformed radial coordinate, The inviscid
wake is determined by the values of R/D, M, M/M,, V/V_,
u, pO/p, . po/poe, and T at various values of the transformed

coordinate wn .

B. Method and Explanation of the Forebody-Wake
Analysis (from Ref 1)

1. Body to Bow Shock Region

The variations of flow progerties in this region are
primarily due to the changes caused by the forebody bow shock
and secondary shocks such as recompression shocks and forebody
flare shocks, Assuming ne li§ib1e changes in entropy across
the secondary shocks, total flow properties are invariant
following a streamline starting from any point behind the
forebody bow shock, Ir Ref 1, the shock shape, determined from
experiments or from analytical methods for simple bodies,is
represented in multiple regression curve fit form

ro_ a* b(%é) + c(_g;)z (1)
| K /- d(5)

where a, b, ¢, and d are polynomial coefficients, Since the
shock is completely specified, the flow properties immediately
behind the shock are determined from shock jump conditions,

2. Forebody Surface Pressure Distribution

The total and static pressures on the forebody sur-
face are estimated using Newtonian or tangent-cone methods.
The forebody surface is regresented by a number of x and r
coordinates of points on the surface. The nose half-angle of the
forebody is determined using coordinates at Oth and lst
stations where

ree - .
6 = tan~ [ZM T stiso @
Xow - %




For a given freestream Mach number an attached shock exists

if the nose half-angle is less than the critical cone half-
angle. The relation between critical cone half-angle and
freestream Mach number (Ref 2) can be represented, after curve
fitting, by

€ = —I-6388 s 643555 M -65.7643M% + /4.0014 M® - 0748 mt
.=
(1- 1.13017M)

If the nose half-angle ¢, from Eqn 2 is greater than or
equal to the critical cone angle from Eqn 3, a detached shock
exists at the apex, The apex total pressure Pg is given by
normal shock relation (Ref 2)

2 2¥Mgr - (¥-1)

Static pressure can be estimated from the Newtonian method,

R= 8 {[(B‘d) sz]b‘ [ ¥+ } } —2}1_‘ @

R= R sing (5)

If the nose half-angle ¢, is less than critical cone half-
angle 6., an attached shock exists at the apex. The flow
region %ehind the shock is considered a conical flow region,
The nose half-angle & and the freestream Mach number approx-
imately determine the shock angle@. The velocity components
along and perpendicular to any ray from the apex of the body
can be determined by expanding the velocities in Taylor series
and using the approximate shock angle 3. The procedure is
continued until the normal velocity on the body surface is
evaluated, Since the boundary condition at the surface
requires the normal component of velocity to be zero, the
shock angle @ is altered until the deviation of normal
velocity from zero is within allowable limits, The surface
Mach number, static pressure, and total pressure are evaluated
from the above conical flow analysis.,

A Newtonian or conical flow solution is used to
determine the static pressure at each point on the body pro-
file. As long as the local inclination angle 6., of the
body surface at the (i + 1)th station is less than or equal to
the local inclination angle 6; at the ith station, no surface
shock exists and total pressure remains unaltered, If the
bow shock wave is detached, static pressure is obtained from
the Newtonian method, until the local inclination angle ¢ is
less than the critical cone half-angle ¢; beyond which the
conical flow solution is used.




On the other hand, if the local inclination angle
O at the (i + 1)th station is greater than the value ¢
at the ith station, a corner shock appears at the surface,
and the total pressure is altered. The effective conical
half-angle, 5, is given by

F= ¢ - i (6)

L+l
Here again, if @ is greater than or equal to the critical cone
half-angle & corresponding to Mach number M_; at the it
station, the shock is detached, and the total pressure
Po(i + 1) 2t i+ 1)th station will be
{

¥ e
(1) Mae I [ ' }
B ™ g"ﬂ(b‘-') Mel 42 Zb‘M&(x-n)l "

The static pressure is determined from the Newtonian method,

L = P L= (8)
e(t“") o(i*” Sln &

However, if @ is less than critical cone half-angle ¢,
corresponding to M, the conical flow solution will be used

to determine total pressure, static pressure, and surface
Mach number. '

3. Boundary Layer Analysis

Because of the nature of the wake analysis, IIB4,
the primary aim of the boundary layer analysis is to obtain
the momentum defect at the base of the forebody, which is
also the only output from the computer program. Thus this
boundary layer analysis is restricted to determining that
quantitg, and assumes that the flow properties at the edge
of the boundary layer are those derived in IIB2 for forebody
surface conditions.

The boundary layer momentum defect can be expressed
as

o KX

wheonud [ [ fm, - g )rrd? ®)




Equation 9 can be recast into the form

2
.m* = ?& L(e 2] dS (10)
circumference

where ds is the circumferential increment of length. The
boundary layer momentum thickness © 1is defined as

(2]

= fu - U 11
e = o fe Ue (/ CAC) dr 1L

Since boundary layer characteristics primarily depend on the
laminar or turbulent nature of the flow on the forebody sur-
face, the momentum thickness, & , for these two cases is
developed in the following paragraphs, a and b, and the laminar-
turbulent transition is discussed in paragraph c.

a. Laminar Boundary Layer Analysis

The momentum thickness of a laminar forebody boundary
layer is determined from an empirical equation which depends
on edge conditions and local pressure gradient.

This effect of pressure gradient on a laminar
boundary layer is usually taken in the form of the pressure
gradient parameter 4 , which varies from one, at a two-
dimensional stagnation point, to zero for a zero pressure
gradient region. Althoughéa varies from point to point on
the body surface, the boundary layer characteristics largely
depend on the local value of the pressure gradient parameter/f .
This concept of "local similarity' has been used in Ref 1 to
obtain the following expression for & :

-

vz (0491)(1- 0.09 6 a;) 5‘ - (12)
) 1/ ] K o114
] () (3 e

where K = 0 for two-dimensional flow, and K = 1 for axi-
symmetric flow,

dﬁkb

The pressure gradient parameter § is given by

\NRY
p= 2 (3_5;;) (13)




1

Where 5* represents an effective surface distance considering
boundary layer history up to that point,

5/7"6

s [ 2 de () g(%)
b B v (m) 4 (14)

Knowing the inviscid flow properties at the edge of the
boundary layer and evaluating %% & and ©/y, from Eqns 14,
13, and 12, the momentum defect at the base of the circular
body can be written as

*

m" = 1O f Ue 9)5 (15)

b.  Turbulent Boundary Layer Analysis

The turbulent boundary layer analysis used in Ref 1
to determine the momentum defect at the base of the forebody
is mainly based on the results of Reshotko and Tucker (Ref 3).
If the flow on the forebody surface is completely turbulent,
the turbulent boundary layer analysis is ap{lied from the nose
stagnation point. However if the boundary layer is initially
laminar, turbulent flow analysis starts from the transition
point where © turbulent = © laminar, The transition point
is located on the basis of transition Reynold's number,

Regrp, discussed in Section c. In Ref 3 the presence of

eddy viscosity in the turbulent boundary layer necessitates
the use of an approximate equation to represent the shear
stress distribution and the effect of pressure gradient on
boundary layer velocity profile is taken into account through
the use of moment of momentum equation. After considerable
simplification, the results of Reshotko and Tucker (Ref 3)
are represented by a transformed momentum thickness Oy In

the mathematical form (Ref 1) -

] 0177 0.6227 B + 0.1179
o . ((8l) tn |18l (Behe)
"8 s ¢ 1% Me (16)
0,0“73 3;_ 0.8227
+ (Me 7s aa)"""”
Y,
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The subscript TR indicates the values at the transition point;
a, and )) are the velocity of sound and the kinematic vis-

cosity at stagnation conditions of the local external stream.
The turbulent distance parameter ;: is given by

%Q 8
| p— /”Me(%)

T B rry02005K —
Mg [— 072 [ T, \ 3268
< (%) v () (2]
%

1.2155 K

(17
Te T

The distance s) is the location of the transition point
measured along the body sucface from the front stagnation
point, If the flow is completely turbulent sy = 0. The
exponent B in Eqns 16 and 57 is approximated by the function:

B= 42+ 158 [J-] (18)

where To is the inviscid stagnation temperature. The term

Erf) in Eqn 17 is given as

(%) = 4l g)-oulFun? @

The actual momentum thickness & is then evaluated from the
relation

&=06_ (1+ %’-{ M‘,“")3 (20)

The local momentum thickness & for a turbulent boundary layer
beyond the transition point can then be determined using the
above equations, The momentum defect at the base of the fore-
body is then determined from Eqn 15.

¢. Boundary Layer Transition

1f the flow on body surface is initially laminar,
the transition point must be located to change the calculation
method from the laminar to the turbulent boundary layer
analxsls. The Reynold's number based on momentum thickness
at the transition point can be approximated by (Ref 1)




Eee ~ 1ooo( |- 0I2M* + g oz3M?) l/z[—z,zgi
ho \_rg(hu )2 5o (e 3] >
+/7.38 /haw) /B(hw)‘*‘?g/(/’-;) (21)

where h = enthalpy based on wall temperature and h o=
enthalpy based on adiabatic wall temperature.

In an adverse pressure gradient region, ReeTR is

replaced by the critical Reynold's number, Re given
in Ref 1 » Ter

Rea = 0 /63 ’Qe Qm (22)

Equations 21 and 22 have been developed and discussed in
greater detail in Appendix III of Ref 1, The transition
point is located where the laminar § satisfies Eqns 21 or 22,

4, Wake Analysis
a, Viscous Wake

The viscous wake can be divided into three major
regions 1) the near wake, 2) the neck region and rear stag-
nation point, and 3) the far wake, The near wake is char-
acterized by 1) outer rotational inviscid flow, 2) a free
shear layer above the dividing stream line and 3) a recircula
tion region, 1In the near wake and wake neck reglon, because
of the presence of a pressure gradient, the existence of a
rear shock and the nonsimilar nature of the governing equations,
not much success could be achieved in representing the velo-
city and enthalpy profiles in a mathematical form, In the
far wake region assumptions such as constant momentum defect,
negligible pressure gradient, and boundary layer assumptions
could be used to determine the flow variables, Neglecting non-
isentropic processes in the near wake region and assuming
that no external work is done on the fluid, and a constant wake
momentum defect, the wake momentum defect may be equated to
the boundary layer momentum defect at the base of the forebody.
Thus, momentum thickness, g, , of the wake is given by

F Ug®
2_ 18 78 23
g‘_ﬁu'zgapg (23)
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In order to study the flow field, the governing differential
equations for a laminar axisymmetric high-speed wake are
transformed from physical coordinates (x,r) to Dorodnitzyn
coordinates (x,7 , which are related by

/
where
p% = 2 Jsj: dr
- o fl 7 (25)

The velocity profile in the viscous wake can be assumed to be
a fourth order polynomial in‘? , as

L= @ ansaniana gt o

To determine the coefficients in Eqn 26, the following
boundary conditions may be imposed:

At the centerline 7 =0 (1) w«u-= Ucg

(2) oY =0 (27)
27

(3) axial direction momentum
equation applies

At the outer edge of the (4) «= W,

wake? = 1
’( (5) %%Z = 0 (28)
(6) ?‘t&(“e =0.

X

The above six boundary conditions are needed to determine
six unknowns, namely a  to ay and Upp » ‘provided the flow

properties at the outer edge of viscous wake are known from
@ the inviscid wake solution. Applying the above boundary

’ gonditions, the velocity profile in the transformed plane
ecomes

(29)

=i (et a9

] .




where

Yg o 51 JdU

.1
i

u, T My dx (30)
and also
- _ U
§ = 24 {/ 7;?) (31)

It should be noted that:

(1). at the wake stagnation point
=0,j‘=26, usy = 0

(2) at the wake neck% -0, § =~ 22,9

Uy _
2 = 0,045 (32)

(3) far downstream, X—= o, {0,
He
U

In order to specifg the velocity profile completely at any
location from the base of forebody, it is necessary to know
the distance of the wake stagnation point x, , from the nose
of the forebody, and the relation between § , the form para-
meter, and X, the longitudinal distance from the wake stagna.
tion point, It is difficult to predict the location of a

wake stagnation point from mathematical analysis, however,

from the limited number of experiments for turbulent flow,

it is taken, in Ref 1, that the wake stagnation point is
located approximately at 0.94 Dy from the base of the forebody.

The relation between § and X will then be obtained frum Eqn 30.
Because of the presence of the viscosity coefficient 4, in
Eqn 30, the relation between § and X depends on thé laminar
or turbulent nature of the flow in the wake, These are dis-
cusced in IIB4a(l) and 1lB4a(2).

The assumption of zero pressure gradient in the
wake and a Prandtl number of unity, leads to a solution of

the energy equation in the form

«
h"' ° z “. (33)
- h / Uee
0, [ - —
e )
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The total enthalpy, hy,y, at the wake centerline can be

cdetermined using the condition that the total enthalpy defect
in the wake is constant and is equal to the value at the base

oﬁathe forebody. Carrying out the algebra, it can be shown
that

h

0cs U, U,

— = /- -i(z-ﬁ@-)(/- — (34)
ho, uB hc', U,

where is the enthalpy based on the skin temperature of

the forebody at the base. Substituting for ho,; from Eyn 34
and into Eqn 33, we get the total enthalpy profile

b, = ho , h u
g (a4 o

Knowing the velocity profile from Eqn 29 and the total enthalpy
profile from Eqn 35, the static enthalpy profile can be ob-
tained from the relation :

u? |
h= b - = | (36)

The assumption of wake static pressure equal to
freestream static pressure and the velocity and static enthalpy
profiles as determined from 29 and 36 are sufficient to deter-
mine all the flow properties in the viscous wake. S8ince the
grofiles are determined in terms of Dorodnitzyn coordinate 7 ,

t is then necessary to transforam back into physical coordinates,
using the relation -

n
rho ¥
At v 2[, £ 1°7 | (37)

(1.) Laminar Viscous Wake

In order to specify the velocity and total enthalpy
rofiles at any specified distance frot the base of the forebody,

gt i{s necesssy to determine the relation between § , the forw
parameter, and X, the longitudinal distance from wake stag-
nation point. For a laminar flow case, a linear relationship
between viscosity and flow field temperature can be assumed
{(i.e., AM/RT = constant). Because of the validity of the
boundary layer assumptions in the viscous wake, we get from
the equation of state,

S S
13
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The density at the centerline of wake is given by

R
fq - a\_( ha (39)

From the definition of the momentum equation in transformed
coordinates,

82 "y U
ol AR L )

Substituting the velocity profile from Eqn 29 into 40, we
get the relationship between p, the wake thickness, and}" R
the form parameter,

3
o' . I . 5 (41)
A7 /120 J500
Using Eqns 38, 39, 41, 36, 51, and 30, we get a first order non-
linear gifferential equation
g ¥ T gt $) 8 5_’}
X Y-! . 24 247\ J20 5500

Integrating Egn 42 from X = 0, = 24, we get the relationship
betweenif and X for a laminar viscous wake:

§ - ) de g ¥
X=-3'j—-ﬁ~€11 a— LA 42
R N R

(2.) Turbulent Viscous Wake

The presence of eddy viscosity in turbulent flow
necessitates tﬁe use of an effective viscosity coefficient

14
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in Eqn 30 to detexmine the relationship between § , the form
parameter, and X, the longitudinal distance from the wake
stagnation point, Four viscosity models have been suggested
in Refs 1 and 4, however, the third mcdel, namely

S C [‘As’z’fu/-“a) (44)

with a value of k = 0,005 is found to give the best correla-
tion with their experimental results, Substituting Eqn 44
into 30, replacing ucllu1 in terms of 5, from Eqns 31 and

41, we get a first order ordinary differential equation in
the form (for the third viscosity model)

ds __k 5 [ s

dx ”97(/— ji:‘) 120 5500

(45)

Assuming the wake momertum thickness, 8,, to be a constant,
and jutegrating Eqn 45 from Xrg» the turbulent wake transition

location, we get the relationship between § and X as

£ 80 ¥ — |7
Lx-x 1=(82 _ &I / A )
a(X XW) ( 2 g) /120 ~ 5500 (46)
S
where X.m = location of wake transition point and ¥ m® " )

laminar at transition point.

Similarly, the relationship between § and X can be
obtained for other viscosity models, but in a more complicated
form. 1f the flow on the forebody surface is turbulent, then
Xog " 0. If the flow is completely laminar on the foteﬁody

surface, it may be laminar or turbulent in the wake. A wake
transition criterion, discussed in IlB4a(3),must be used to
determine the location of the transition point, Xup.

(3.) Wake Transition Critecion

The location of the wake transition point xTR from

laminar to turbulent wake flow can be determined primarily

by using available experimental date. In Ref 1, an approximate
curve fit correlating experimental results of Pallone, Erdos,
and Eckerman (Ref 5) has been used as the wake transition
criterion, The wake transition Reynolds number Refprr is

based on viscous wake properties at the edge of the wake with

15
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the relative velocity between the centerline velocity and
velocity at wake edge as

§ (Ui - Uy ) So1r

€ Sorm M (47)
and effective Mach number is defined as
—_— L{/ - Mc(
- . (48)

At the transition point, transition Reynold's number and
effective Mach Number Hﬁ are related (according to a curve
fit in Ref 1) by

R — 20?.
e o = 1700 M, (49)

1f the flow on the forebody surface is completely laminar,
the laminar viscous wake analysis of IIB4a(l) is continued
until the wake transition criterion (49) is satisfied. The
point XTR and the value laminar &% this point are used in

continuing the turbulent wake analysis of IIB&4a(2).
b. Inviscid Wake

The inviscid wake analysis essentially determines
the flow properties beyond the viscous wake edge at any
specified location behind the base of the forebody., The
following assumptions have been made in the far wake region.

1. The secondary shocks, such as the wake
recompression shocks, forebody flare shocks,
if any, are considered to be very weak so
that tﬁey produce negligible change in entropy.

2, There is no radial pressure gradient
in the wake, P 8 fﬁ%

3. In the far wake region static pressure in the
wake approaches the freestream static pressure,

The inviscid wake depends mainly on the shape
and strength of forebody shock. The total pressure, total
temperature and entropy at any radius r from the axis of
wake are equal to the coriesponding values at radius rg

immediately behind the forebody shock. Since the forebody

16
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shock is completely specified, flow properties immediately
behind the shock are given by shock jump conditions. The
relation between r and T is given by the conservation of
mass,

2 7w
7 = f
5 24* rmumrdf (50)

where the integration in Eqn 50 is started from 5*, the wake
displacement thickness, to take into account the displacement
gf streamlines, The wake displacement thickness (*, is defined
y

§
§* = ZJ(/* %’>rdr (51)

To facilitate the computation (X, r) coordinates are trans-
formed into (X, n) where

f&(f‘O’Y‘ = fwuaoﬂa’n (52)

So that Eqn 50 becomes

R R oY

" In order to transform back into physical coordinates, r and n
are related by
8, U S‘* f

rt- S*z—“ zf
fo U

The computational procedure is as follows:

fo Us  dn  (58)
U

1. From the results of the viscous wake analysis,
the wake displacement thickness & can be calculated from
Eqn 51,

2, For any transformed radius n, Eqn 53 is used
to find r..

3. Total pressure, total enthalpy and entropy at
the transformed radius n are the same as that at radius rg

immediately behind the forebody shock.

17




4, Static pressure is assumed to be equal to
freestream static pressure. From total pressure and static
pressure the Mach number at transformed radius n can be
found using isentropic relations. All other flow properties
at this location can then be found.

5. Radial distance r from the axis of symmetry
gorrgzponding to transformed radius n can be found using
qn &,

6. Since the viscous wake analysis depends on
the inviscid solution at the edge of viscous wake, an itera-
Eign procedure is adopted to determine the complete wake pro-
e‘

c. Assumptions and Validity
1. Forebody Pressure Distribution

The method of predicting the forebody pressure
distribution has been discussed in Appendix II of Ref 1.
The surface pressure distribution is needed as an input to
the boundary layer calculations. The Newtonian method is
used if the shock wave is detached from the body and the
tangent-cone method is used if the shock wave is attached.
These methods of predicting surface pressure distribution
can be fairly accurate in many cases, but inaccurate in
others. If the error in pressure drag coefficient is chosen
as an indicator of the accuracy of these techniques, Fig 17,18b
of Ref 6 can be used to estimate the range of applicability
of the techniques. From this figure one finds that an error
of about ten per cent or less occurs if M,T 2 1. My
represents the freestream Mach number and T represents the
thickness ratio of the body under consideration, For the
Arapaho C vehicle, (Configuration 2, Fig 2, Ref 7) a thickness
ratio of T = 1/8 is appropriate. Tﬁus, we infer that the
surface pressure distribution technique of Ref 1 (for an
Arapaho C vehicle) is valid only for freestream Mach numbers
in the range M, 2 8. For the modified Arapaho C with a
flared afterbody, 2=1/4 (Confiﬁuration 3, Fig 2, Ref 7),
the methods are valid for M, 2 4. It should be noted that
we have used an integrated pressure distribution (gressure
drag coefficient) to determine these ranges of validity, It
should be remembered, as pointed out in Ref 6, page 676, that
a good agreement in pressure drag coefficient does not imply
good agreement in surface pressure distribution.

It is difficult to estimate the errors of the
surface pressure prediction method in the prediction of wake
properties, However, in many cases it would probably be
preferable to utilize the method of characteristics to
predict the forebody pressure distribution.

18




2. Forebody Boundary Layer Calculations

The treatment of the boundary layer growth along
the surface of the forebody is based on empirical expressions
and relationships that appear to provide a good description
of the experimentally observed data. From the standpoint of
practical application, it would appear that the boundary
layer techniques utilized in Ref 1 are adequate for engineer-
ing applications.

3. Viscous Wake Analysis

The assumptions made to arrive at a solution for
the viscous wake in Ref 1 (Fig 97) are presented below:

1. The fluid is thermally and calorically perfect,

and there are no chemical reactions or other real
gas phenomena,

2. Prandtl number is unity (Pr = 1).

3. Prandtl's concept of viscous flow phenomena
is valid for the high-speed compressible wake in
such a way that gradients in the streamwise or
axial direction are much smaller than those nor-
mal to the wake axis, and boundary layer type
equations can be used,

4, The details of the base flow and free shear

can be largely ignored., Thus, the region of
validity for the present analysis must be considered
to extend from somewhere in the vicinity of the

wake neck, or further downstream, down into the

far wake,

5. Effects due to the existence of an external
pressure gradient are negligible,

These assumptions from the basis of classical
boundary layer theory have been the basis for many successful
analytical studies, However, assumptions 3 and 5 become
increasingly less valid as the base of the forebody is
approached,

A further assumption is implied by Eqn 59 of Ref 1,
namely, that the velocity profiles in the wake are similar
at any axial location., This assumption also becomes increas-
ingly inaccurate as the wake neck region is approactlied.

It is also assumed in Ref 1, Eqn 54, that the
momentum defect in the wake is equal to the momentum defect
in the boundary layer at the base of the forebody. Data

19
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presented in Table I of Ref 1 shows that this assumption

is not completely valid, However, it mey be possible to
introduce an empirical factor that relates the boundary layer
momentum defect at the base to the far wake momentum defect.

The choice of an appropriate turbulent viscosity
model is discussed in Ref 1 and four models are considered.
The third model, u, = ka § («,- 4, )Wwith k = 0.005 provided
the best correlation with experimental results, It is
impossible to say, with only this one body having been con-
sidered, that the same viscosity model will be appropriate
for all bodies.

It was found that the viscous wake analysis pro-
vided agreement with experiment to well within 10 per cent
in Ref 1. Considering the number of assumptions employed
and the complex phenomena being studied, tEis is considered
to be excellent agreement.

4. Inviscid Wake Analysis

The method used to predict the inviscid wake
characteristics in Ref 1 must be considered only as a first
order method, The assumption of isentropic flow along
streamlines behind the bow shock is valid only for certain
configurations where no trailing shock waves have been
generated., The method of characteristics could be employed
for a second order prediction of the inviscid wake region,
but this requires considerably more effort and complexity,

5.  Summary

The forebody and wake analysis technique, despite
some of its shortcomings, appears to be the best available
method for wake predictions, Several improvements and
refinements could be made, but the increase in accuracy may
not justify a more complext technique.

D. Experimental Comparisons

Using the methods just described, sample calculations
were completed for a cone-cylinder body in a supersonic flow
with Mg, = 2,98 and a Re/ft of 8,86 x 105, The results of these
calculations were checked with wind tunnel experiments con-
ducted at the Rosemount Aeronautical Laboratories, University
of Minnesota, at the Supersonic Gasdynamics Facility of the
Flight Dgnamics Laboratory at Wrighc-Patterson Air Force Base,
and at the Arnold Engineering Development Center's von Karman
Gas Dynamics Facility. Figure 2 shows the geometry of the
forebody and the two sizes that were tested; calculations were
made for the D = 2 in,forebody. In this section
the results of the calculations and experiments are compared.

20




PR REvE

JO) pasn s31poqaJo

SusuwJdadx3
jo Aupwosg g bi4

AMA-DOA3V M wooeZ=8g
49S -1a44v (U oee2L=1
wooz'l=8g
W 40N T_. 8cv L=
SILTTOVS 1S3l .
sero =9/, |
\M/ g _ _ _ [ —
// K nﬂ X3
— I _




B i e e . WA s S i e et e b £ bbb b T e 4

1, Forebody Shock Shape

Although the forebody shock shape is not a result,
it is a reguired input to the method of calculation, Thus
the forebody was sting mounted in a Rosemount Aeronautical
Laboratorg 12 in x 12 in blowdown tunnel and Schlieren
photographs obtained (Fig 3). As shown, at Me = 2,98 the
shock is attached and nearly conical, From these photographs
the shock geometry was determined and used as an input to the
calculations.

2. Forebody Surface Pressures

The surface pressures of the forebody are a result
of the calculation. These pressures were measured in tests
conducted at the AFFDL Supersonic Gasdynamics Facility
continuous flow tunnel at M, = 2,98, Figure 4 shows the
pressure distribution model installed in the SGF tunnel,
and Fig 5 shows the test results and the results of the
calculation,

As shown in Fig 5 the results are quite good. As
would be expected, the measured surface pressure on the conical
portion of the body agrees almost perfectly with the cal-
culated pressure, Downstream of the conical portion the
measured pressures are at first lower, then approach the
calculated values. This is no doubt due to the inaccurate
calculation of the flow expansion occurring at the inter-
gsection of the conical and cylindrical portioms.

3. Base Momentum Defect

The momentum defect at the base of the body was
also measured with small boundary layer probes in the tests
at the AFFDL SGF tunnel (Fig 6). Figure 7 shows the velocity
profile results from these measurements and Table I compares
the results of these measurements with the calculation,

There is a 23% difference in these values, which is
probably consistent with the accuracy of the assumptions
made in the boundary layer analysis,

4, Wake Characteristics

Figures 8 through 13 show comparisons of measured
and calculated wake characteristics. The measured values
presented here have been obtained from Ref 8, These tests
were conducted at Mo = 2,98 in an Arnold Engineering
Development Center continuous flow tunnel, One sees from
the figures that there is a considerable difference in the
results, due primarily to the fact that the measured wake
is considerably thicker than the calculated wake., Other
than this, the general trends are similar and the wake center-
line and edge values are in reasonable agreement. This
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TABLE T
MOMENTUM DEFECT AT THE
FOREBODY BASE AND IN THE
WAKE (M, =2.98, REYNOLDS NO/FT
= 8.855 % 109)

Momentum Defect (1b)

Location
Experime.tal Theorv
sase 0.081 0.0¢€2
1/Dy =5 0.314 0.962
l/DB = ] 0.336 0.0¢.
1/DB = 9 0,311 0.062
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discrepancy in wake width could be lessened by adjusting
some of the coefficients used in the wake analysis, but time
did not allow this effort,
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III., SECONDARY BODY ANALYSIS

In view of the over-all objectives of this study,
once the analysis of the primary body had been completed,
the next effort was directed at the secondary body, the
decelerator. Analytical techniques have been developed for
predicting the flow field properties about certain classes
of secondary bodies using the method of characteristics.
This section explains the theory of the method used and
compares its results with measurements; details of the
actual calculations are described in Vol II of this report.

A, Extent of the Secondary Body Analysis,
Required Inputs, and Results

1. Extent of the Analysis

The analysis used for the secondary body extends
axially from the upstream tip of the secondary body down-
stream to the base of the body. The wake of the secondary
body is not included in the analysis, Normal to the axis of
symmetry, the analysis extends from the secondary body
surface to its bow shock wave; flow field characteristics
outside of the bow shock can be obtained from the wake analysis
of the forebody.

2., Required Inputs

The information required for the secondary body
analysis includes the upstream flow properties, the Rressure
and temperature distributions, and tEe geometry of the body.
The computer program discussed in Vol II is such that the
upstream flow conditions can either be calculated using the
primary body analysis or an input to the program, In order
to obtain a pressure drag coefficient the base pressure of
the body must be obtained,

3. Results of the Analysis
The method calculates all the flow properties from

the body surface to the shock wave, Thus the shock shape,
surface pressures, and pressure drag are obtained.

B. Explanation of the Method Used for the Secondary
Body Analysis

1. Theory

In order to predict the flow field surrounding an
aerodynamic decelerator in the wake of a forebody, several
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assumptions and restrictions have been made.
1. The flow is inviscid and steady
2, The gas is thermally and calorically perfect.

3. The flow is supersonic everywhere in the
region of interest,

4, The wake flow field is known, either from
theory or experiment,

The first three assumptions permit one to develop
a method of characteristics for rotational, non-homoenergic
flow, The fourth assumption establishes an effective ''up-
stream'” boundary condition for the problem,

The basic equations under the above assumptions
are as follows:

Continuity equation,

vV-sSV = o (55)
Momentum equation,
S(V.¥)V = ~-vp (56)
First Law of Thermodynamics,
Vh=Tvg + Lvp (57)
Using the vector identity
- -.h_‘ _—l — \-{j‘
(V- IW = =VXVxV) + v 5 (58)
Equation 56 can be written as
— — vl - _p

where &0 represents the vorticity and is defined by

O =9V (60)
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P Solving Eqn 57 for gi’ and substituting into Eqn 59 yields
i a convenient form of the momentum equation

—  —a 3
Vx@ = -Tvs + vih + lz/—) : (61)

If one takes the dot product of the velocity }/ with Eqn 61,
there results

-

~TV.V5+ V-V(he 4v*) =0 (62)

If one assumes that the total energy is constant along a
streamline, then Equ 62 shows that the entropy is also
constant along a streamline,

Taking the dot product of Eqn 61 with a unit nor-
mal vector to the streamline, # , one obiains

n(C = -1 d8 , dhe (63)
’ ‘ n (Y x @) 1 T e + an
where hy = h + % = total enthalpy. (64)

The vorticity, in cylindrical coordinates, can
be written as
— dV_ 3wy g
= XV —
w=v ( oX dr ) k (65)

It can be shown that, for axially symmetric flow, the unit
. normal vector is given by

"___\f"" -‘4-
n = V“*vf (66)

One can then evaluate the left sideof Eqn 63 to obtain

| ' W v z - §—§- e i—h-"—
137 ax]v Tdn dn  (67)

b
|
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Using conventional relationships between local static and
total properties (Ref 2), it can be shown that the density
and speed of sound are given by

|

¥ Y [ _ z] ¥t
= 2 2“"0 V
7=t (Zho)% (68)
| E |
; a = 5 [2he- 7] ()

Substituting Eqn 68 into the continuity equation 55 gives
i |

i 1 o =
Vol —2=55 (2h, -V v| =0
{(2 ho)%-‘.( ) ] (70)
which may be expanded to
J .
1% - = *%
V[ az_]'{(%'vl) Ml =
(2h,) ¥ (2h ) (71)

1
V-[(zha-v‘) ¥ ’\7] =0

Since total pressure (po) and enthalpy (h,) have been shown
to be constant along a streamline, one can write

’v‘~v{ i — ] - o (72)
(2ho )T
and Eqn 71 becomes <#—T
v-{(zko -vY) \7} =0 (73)
39




In cylindrical coordinates, this can be expressed as

9 2 TI‘T | ‘g«:—,
Zreh-vy Tu] s 2 anevy T v ]r o e

This relation implies the existence of a stream
function that satisfies the relations '

|

4 ¥
| k3
U= 7‘[2%‘ v } 3'—; | (75)

|
Veellan-v?] ¥ 2%
’”[ ° J % (76) -

A characteristic equation, involving the stream
function, can be developed fram Eqn 67 in the following fashion,
As a convenient shorthand notation, we will indicate partial
differentiatiow of a variable with a subscript, . Thus, for

example,
Y _ -
7= P ‘ n
Ry \
5;'5‘1__ 4 1&, (78)
If we let _
wl
- [2}\0 - v‘a]_- b‘
)[“ r (79)
Equs 75 and 76 can be written
“=f¥ (80)

v=-{ % o (81)




Using these relations, the bracketed portion on the left
side of Eqn 67 can be written

Ur =2 = (h * Vel f (¥t i B) (82)

BK squaring Eqns 80 and 81 and adding the results, one
obtains :

X 2 v? o
R :?3 (83)
Taking the gradient of Eqn 83 gives
A
2HY v 2% VY, < V(7) (84)

Taking the dot product of ﬁ: Eqn 66 with Eqn 84 results in

~

4
2 4 wmm———
i%x"g-e‘lr')b '(».-b-(-f)} = M-V( tl) (85)
f\/ f\/ xr fV re 2
One can recarrange Fqn 79 to obtain
la A - — -Yi)
V 2 (=) -
(AT 2hf -y f ~ (86)

Using this relation, the right side of Eqn 80 can be evaluated,
After considerable algebraic manipulations, Eqn 85 is trans-
formed to the following '

7@)& ¢ pf= "V”fffﬁx'* 2uvfy, - C‘j‘}ﬁa- +

m *r _r'z d:% (87)
L, LAV WV
vi-a*
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Substituting Eqn 87 into Eqn 78 provides, after algebraic
manipulation

4oty = [ @)yt (V@Y frp + 2 4V R

=¥ ¥+l
+X { k. Ldh F (88)
T f dnl via®
Substitution of Eqn 88 into Eqn 67 provides the final
equation
ut Ve U
[= Gt [1- 5[t - 2 G Y- B
f ¥
- & 5
-1 ‘. -1y V2 R
- r RVl dl’lo - _a,_ir_ -yt |
72 B e v S B - il O

The equation for the stream function is identical to Eqn 9,65
of Reg 6 with the exception of the terms on the right side
of Eqn 89. Equation 9,65 of Ref 6 was derived ior irrotational
flow. Thus, the terms on the right side of Eqn 89 describe
the effect of entropy and enthalpy gradients on the flow field,

The geuneral theory of characteristics is presented
and discu-sed in Appendix A of Ref 6, A characteristic curve
is one on which ¥ and ¥ are discontinuous. If we write
Eqn 89 in the form ' : :

A¥y + 28 % + CHy = O (90)

it can be shown that the slope, A, of the characteristic
curves is given by : o

y=dr o 82 /8% Ac S oD
KA -
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As shown in Ref 6, page 484, this relation reduces to

A= g—fﬁ = tan (63) (92)

where//A.is the Mach angle given by

SIn . = ML (93)

Since sin«tis defined only for M 2 1, one notes an important
feature of the method of characteristics, namely, it can be
used only in regions where the flow field is supersonic.

We now proceed to establish the equation describing
the variation of the stream function along the characteristic
curves. In general, one may write

d)&: %, I + krdr = [yu+ %, %]dx (94)

On a characteristic curve, Eqn 94 can be written

I
— X = - 9
(dx Z‘har\ P e o7

which can be rearranged to give

ai}fz.).. AV
¥ (a'x o ¥ (96)

In a similar mancer, one finds

kr:—" }/*[( g{:chw._‘ %rj ' on
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If one substitutes Eqns 96 and 97 into Eqn 90 and performs
some algebraic manipulations, the following relations can
be derived:

dr Y, d% 0
on e = : i 7\ —_— - == = O
ax N ’ dX + 2 dx A (98)
dr A, d¥x + A C/V D o)
A A , 91 L = 99
on oy 23 7 Ty A (99)
Using Eqn 75 one can write i
2y &/
Y = r(2h,-v7) V cos ©
(100)
Differentiation yields
g -
¥r_ VLl .-rv,omadé+ rcose v
v Veos® d /- 2
+ = 2= ho-V?) + dv
Y-l 2hy -v? dz (‘ o= V") °°$9] (101)
Simiiarly one obtains
L
d % ¥
2 z(2h, -v? -r v de _ dv
Tx (2h -v?) cose 2. r sine &L
(102)

- };":“/" ;-{ii?f— %(Zho*Vt) - AVS:n@}




I1f one substitutes Eqns 101 and 102 into Eqns 98 and 99, it
can be shown, after a considerable amount of algebra, that
the equations along the characteristics can be expressed as

dr '

on XL = £

o2 an (@}«) (103)
;v do tanleiu) tan

—_— % éai’) - —

v dx * A% ax -~ (104)

=~y
_ g oy (tho-v) " ton
at dx rvwss[tane-tan(eiu)

D:
2=0

Introducing D and A from Eqn 89 (by comparison with Eqn 90),
one can obtain the final characteristic equations.

on gf:.- tan (62u) (105)

_&I_ dv — tan/uj'-l-e— _ SnuSme tanu

dx * x r cos ()
(106)
» 3
, Sin 4 d (% } s1nu dhe
¥ cos(e tu) an a* cos (e 2 u) dn ©

The upper sign in Eqns 105 and 106 refer to the so-called
left-running characteristic while the lower sign refers to
the vight-running characteristic.
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If one multiplies Eqn 106 by dx and notes that

dx _ Ccos(etu) (107)
an S/'n/(_(_

Equation 106 becomes:

smu Sin e tanu  dr
51 (e2u) 4

%94-1 i:ag/b< do -

5/}12/“ Sy = (108)

If Eyn 108 is integrated along a characteristic
from Point 1 to Point 2, and if the average value of the
coefficients for each term are used, Eqn 108 becomes

(noting by = cpTo)

&' \/2 -_—-'_tan '_' (e _9‘) - Sln;t'uﬁln-é;l- tanﬁ;z —Q
v M (8 sin 2T, In 22t

+5/n2,/&73 ﬁ)_ Ry CP(BZ"Toa) ) (109)
=) (] o
i

All quantities with a "bar" over them and subscript 12
represent average values between Points 1 and 2 on a
characteristic curve, Once again it should be remembered
that the upper signs are used for the left running

characteristics while the lower signs are for the right-
running characteristics,

2, Computational Procedure

A detailed discussion of the computation in the
shock layer flow field, such as the location of shock points,
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net points, bodg points, and the properties along an initial
right-running characteristic is presented in Vol II of this
report. A brief description of the flow field computation
has been included in this section to provide a better under-
standing of the characteristic and compatability equations.
As described earlier, the non-uniform supersonic wake flow
field, which is known either from an analytical approach
(Section II) or from experiments, provides effective upstream
boundary conditions; the RankineHugonoit relations, when
applied locally across the shock, determine the flow proper-
ties immediately behind the shock. With an attached curved
shock at the apex of the secondary body, the shock layer,

the region between the shock and body surface, will have
rotational, non-homoenergic characteristics, The analysis
using the method of characteristics is valid in the shock
layer provided the flow field is completely supersonic.

In order to proceed with the computation of the
flow field by the method of characteristics, it is necessary
to know the flow properties along an initial right running
characteristic, In the case of an attached shock, it is
usually assumed that a small conical flow region exists at
the apex of the body. The shock angle, related to the semi-
apex angle of the body and the centerline upstream Mach
number, and the flow properties in the conical flow region
are determined from Taylor-Maccoll conical flow relationships.
Since the local characteristic direction is inclined at the
local Mach angle from the local flow direction, the initial
right running characteristic can be constructed from the
knowledge of the local Mach number and local flow direction
in the conical flow region. The computation along any right
running characteristic is carried out from a shock point to
a body point, Knowing the location and flow properties at a
shock point, net Eoints, and a body point on one right running
characteristic, the location and flow properties at field
points on the next right running characteristics are deter-
mined using shock jump conditions, characteristic compatability
conditions, and body boundary conditions,

A new shock goint is fixed by using the shock point
and the net point on the previous right running character-
istic and Rankine-Hugonoit shock jump conditions. An itera-
tion procedure has to be adapted to fix the new shock point,

A new net point is located using the previocusly
located shock point and net point, two net points, or net
point and body point, depending on the region of desired new
net point. In addition, the streamline passing through
the net point in search must be located on the previous
right running characteristic to determine the total tempera-
ture and entropy at the new net point., The velocity and flow




direction at the new net point are determined from two char-
acteristic compatability relations (Eqn 109).

Since the body surface is a streamline, the total
temperature and entropy remain constant along the body surface.
From body boundary conditions the flow direction at any point
on the body surface is along the tangent direction to the
surface at that point. The new body point is located using
the previously determined body point and net point. The
compatability relation along the right running characteristic
provides the magnitude of the surface velocity. The tempera-
tuie gnd static pressure are determined from the isentropic
relations

2

- -V 110)
T=7"3 3 (
}(
(£
e (111)

2.
" bl ).

Then the local velocity, flow direction, total temperature
and entropy are sufficient to determine all other flow pro-
perties at any point,

c. Limits of and Assumptions in the Secondary Body
Analysis

1, Limits of the Secondary Body Analysis

The primarg and obvious limitation is that, since
a characteristic method is used, it is limited to supersonic
velocities. The most important implications of this fact
are that the secondary body must have an attached bow shock
and the analysis will only extend along the body to the

sonic line. Although this limitation is, in a certain sense,
severe, there is yet a large number of bodies to which the
method will apply,

A second limitation of the method is that the
wake of the secondary body is not analyzed. The result of
this i{s that base pressures must be obtained from another
source to obtain a complete pressure distribution for a drag
coefficient calculation,




2, Assumptions in the Method

Two main assumptions are made in using the method:
first, it is assumed that a boundary layer analysis is not
needed to obtain the desired results, and second, that a
reasonsbly sized decelerator tow line will not invalidate the
calculation with an attached shock.

The omission of a boundary layer analysis should
not lead to any significant error in the results obtained,
For bodies and regimes to which the method applies, boundary
layer thicknesses are quite small compared to body dimensions,
and the friction drag is a small percentage of pressure drag.
The primary need for a boundary layer analysis would be for
wake calculations,

At the very early stages of this investigation
wind tunnel studies were conducted to examine the effects
of simulated axial tow lines on the secondary body bow shock
shape and pressure distribution, Figure 14 compares the
shapes of bow shock waves on a 4-in diameter 300 half-angle
cone in the wake of the 2-in diameter cone-cylinder forebody
with and without two different simulated tow lines. As shown
in Fig 14 the bow shocks with the simulated tow lines are
obviously not attached, but the region of difference is very
small, and the shock rapidly approaches that of the no-tow-
line configuration, Pressure distribution studies were also
conducted for this same cone with and without a tow line, and
the results are shown in ¥ig 15, It can be seen that the
simulated tow lines have nearly no effect on the pressure
distribution,

It should be noted that one effect of the simulated
tow line was not directly investigated, This effect is that,
for a thickness equal to that of the tow line, there exists
a wake velocity boundary condition of V= 0, This was not
considered in either the wake analysis or the secondary body
analysis. This condition will exist in any towed decelerator
application, but the effects of neglecting it cannot be iso-
lated in the results of this study.

D. Experimental Comparisons

In order to check the results of a sample calculation
using the analysis, experiments were conducted to measure
secondary body bow shock shape and surface pressure distribu-
tion, These tests were conducted at the University of Minnesota's
Rosemount Aeronautical Laboratories in a 12 in x 12 in blow-
down wind tunnel at Mo = 3.0, Figure 16 is a schematic
of the installation and Fig 17 shows the 30° half-angle cone
used as the secondary body, The primary body had the same
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geometry as the 1.2-in diameter cone-cylinder body examined
in Section II, and the tests were conducted at the same condi-
tions, Measured shock skapes and surface pressure distribu-
tions were non-dimensionalized with the 2.4-in diameter cone
and converted to shapes and distri»tions for the 4.0-in
diameter cone., This was done to allow direct comparison with
the theoretical results for the 4-in diameter cone and 2~-in
base diameter cone-cylinder forebody.

Generally, in the comparisoms that follow, two
different calculations of the various parameters were made.
The first calculation was made using wake data obtained from
measurements (Ref 8), and the second, used wake data resulting
from the forebody wake analysis. This was done in order to
provide a check of the secondary body analysis in which all
the inputs to the analysis are as accurate as possible. It
is shown in the following sections that better agreement is
obtained using measured rather than calculated wake data.

1. Secondary Body Bow Shock Shape

Shock shape measurements were made at J/Dp's of
5, 7, and 9 (Figs 18, 19, 20). At an /Dy of 5 experimental

data was not available, so the comparison only compares measured

and calculated points using the primary body analysis. The
agreement at Y/Dp's of 7 and 9 between measured values and
values using measured wake data is excellent, very nearl
exact. The agreement with the purely calculated shock shape
is not as close, but must be called good.

2. Surface Pressure Distribution

Pressure distributions were also measured at
R/Dp's of 5. 7, snd S, as shown in Figs 21, 22, and 23.
Again the a%reement is best with the calculations using the
experimental wake data, being witiin 10% or better, The
effects of the calculated wake being too narrow are seen in
the Cp reauits based on this, in that the C,'s rise too
rapidgy from the lower values in the front df the cone.
It appears that, Lif the width of the predicted wake was
adjusted, the agreement could be brought into the 10% region.

3. Pressure Drag Coefficients

Calculated and measured drag coefficients are
shown in Fig 24, 1In general the calculated drag coeificients
are 1% higher than measured, and the difference between
valuss using measured or calculated wake conditions is quite
small,

A measured basc pressure coefficient of €, = -0,074
was nsed to obtain the pressure drag coefficients, °
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IV, SUMMARY

Methods of analysis have been developed for calcu-
lating flow field properties of certain classes of two-body
decelerator systems in supersonic flow. 1In this volume the
analytical techniques used for the forebody and secondary
bodies have been explained, and the results of a sample cal-
culation compared with experimental measurements., In general,
the comparison was quite good; differences between calculated
and measured values were on the order of 10%.

Thus methods and procedures exist for calculating
the significant flow field properties of the two body system
with reasonable engineering accuracy. In achieving this
the information about the flow field required for the cal-
culations has been kept to the smallest amount possible at
this time, However, two things are needed in order to
calculate, namely, the forebody bow shock shape and the
secondary body base pressure. These two items can easily
be determined experimentally, or can be approximated quite
well for initial calculations.

In conclusion, a large step has been made in
enabling calculation of the performance of certain supersonic
decelerators, Certain improvements and refinements can
and should be made, but the broad framework and basic calcu-
lations have been established making modifications possible.
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