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ABSTRACT

Methods were developed to predict the boundary layer and wake characteris-
tics of symmetric vodies m: =7 2% aupersonic speeds. The methods devel-
oped for predicting t oundary layer characterisiics are applicable to hoth
laminar and turbulen: flow over axisymmetric or two dimensional bod.zs and
can be used as an approximation for the flow over quasisymmetric bodies.
The wake predictive methods were developed for axisymmetric flow and are
applicable to both laminar and turbulent wakes. The aforementioned methods
were combined and programmed such that wake profiles may be determined
based only on inputs of forebody gecometry and free stream conditions. Also
presented is a method for calculating the drag of DATASONICT parachutes
using the flow field immediately ahead of the parachute as the free stream
conditions. An analysis of the effects of various geometric and free stream

parameters on PARASONIC parachute performance was conducted and trends
determined.

The distribution of this abstract is unlimited.
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1.IST OF SYMBOL.S

BOUNDARY LAYER ANALYSIS (SECTICN II AND APPENDIXES I AND II)

g o W

4

speéd of sound or semi-minor axis of ellipse
Equation 36

semi-major axis of ellipse

forebody base diameter

Equation 34

enthalpy
hw/ haw
exponent from Equaticn 24

Mach number or boundary layer integrated momentum
defect

wake integrated momentum defect
pressure
Prandtl number

base radius for axisymmetric body, or hydraulic
base radius for non-axisymmetric body

Reynolds number

transition Reynolds number
gas constant

radiai coordinate

distance from stagnation point measurcd along surface
circumferential cocrdinate

temperature

Equation 38

velocity

X1iii

-—u.v.,.-,,.,.
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u'/u
v

P < T

tr

Subscrigg

tr

Bcriticai

tr

1

free stream turbulence

velocity

axial coorcinate of forebody

pressure gradient parameter, Equation 24
ratio of specific heat capacities

boundary laycr momentum thickness
transformed boundary layer momentum thickness
viscosity

kinematic viscoeity

Equation 24

Equation 27

Equation 41

gas density

angular coordinate in plane normal to body axis of
symmetry

adiabatic

edge of body boundary layer
nose atagnation conditions
body wall conditicns
stagnation conditions

value of x at transition

free stream conditions

momentum thickness at which the boundary layer
becomes unsiable to small disturbances

momentum thickness at transition
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WAKE ANALYSIS (SECTION LI AND APPENDIX 1V)

a

]

velocity of sound

coefficients in velocity profile, i.e., Equation 5
enthalpy constants determined from boundary conditions
heat capacity at constant pressurc

forebodv base diameter

tot- walpy

enthalpy

turbulence constant in Equation 6

constants in Equations 16 and 17
effective Mach number. Equation {7

Mach number
exponent in Equation 6

transformed coordinate, Equation 57; exponent,
Equation 6

pressure
Prandt]l number
exponent in Equation é

total pressure

universal gas constant
Reynolds number
shock radius

Townsend Reynolds number

radial coordinate

kalf -wadth at half -depth; see Equation §
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u = x-direction velocity component

e ey e

V_, = free stream velocity

radial direction velocity component

<
"

b
"

downstream distance from forebody base

L
]

rear stagnation point location

vertical distance fruea forebody centerline (+ ahbove
and - below) i

v
"

Z = horizontal distance from forebody centerline {+ right
and - left, looking upstream)

y = ratio of speciiic heat capacities |

i
i
H

A = transformed wake radius or thickness
= wake radius or thickness H

8. = wake diameter, 6D = 26 i

é* = wake displacement thickness

7 = nondimensional transformed radial coordinate

0 = momentum thickness

6.,. = enthalpy thickness

M = viscosity

& = wake form parameter in Equation 63
# = gas density
Subscripts
B = forcbody base where boundary layer separates
D = {orebody diameter
L = local conditions
t = total condition
s = forebody surface condiuien

TR = transition condition
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w = wall condition
x = distance from rear stagnation point

o = fréestream condition

é = wake diameter at tra(nsition
TR .

.
Lo T L
sl AT T e, T ’IFWW"'WT“Q*’W“"W'*”?WWM .

® = momentum thickness
0 = wake centerline conditions

viscous wake edge condition

DRAG PREDICTION (SECTION V); PARASONIC PARACHUTE PERFORM-
ANCE (SECTION 1V); WIND-TUNNEL TESTING AND DATA REDUCTION

. (APPENDIX V)

B
©
b7
£
£
£
z
E
g
H
E‘E
g
Eg
£
£
‘
%‘

A = area

a = camber

b = chord for linear downwash

C, = drag coefficient

C = pressure drag coefficient

pressure coefficient

O
]

forebody base diameter; drag; parachute diameter

o
Hi

Di = inlel diameter of parachute

D = porous area iv i
open poro rea equivalent diameter

DR

]

roof cap diameter

f = frequency

[
H

suspension line length

M = Mach number
NG = number of gores

number of suspension lines

Z
w
7l

n = number of annular rings
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Subscrigts

m~ w0

Re

L]

pressure
dynamic pressure

maximmum radius of parachute
Reyriolds number

radius of ring of differential width ds

inlet radius of ring of constant pressure differential
exit radius of ring of constant pressure differential

width of radials
downstream distance from forebody base

vertical distance froin forebody centerline (+ above
and - below

horizcntal distance from forebodyv centerline (+ right
and - left, looking upstream)

angle between chord and skirt axis

Me -1

geometry porosity
total porosity

angle betwcen a line tangent to parachute canopy and
parachute centerline

forebody base or breathing
constructed or .anopy
mesh opening

drag osciliation

inlet

tocal conditions

stagnation conditions
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p = projected
t = total conditions
exp = experimental
ext = external
int = internal
a = canopy oscillation angle
1 = conditions forward of shock wave
2 = conditions aft of shock wave

o© = free stream conditions

FOREBODY FLOW FIELD PROGRAM (APPENDIX 1I)
i = axial indexing parameter
M = Mach number

pressure

©
]

’

e
"

average base radius
r = radial coordinate normal to body centerline
y = ratio of specific heats

0 = angle of the forebody surface with the body axis in
each 4 plane

(o]
"

critical cone angle for attached shock

¢ = Reference plane passing through body centerline
Subscripts

e = Conditions at boundary layer edge

o = local stagnation conditions

8 = nose stagnation conditions

o = free s*ream conditions
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SECTION 1

INTRODUCTION

As u porticn of the Establishment of an Unsymmetrical Wake Test Capability
for Aercdynamic Decelerators (EUREKA) program sponsored by the Air
Force Flight Dynamics Laboratory (AFFDL), a study was performed to ana-
iyze performance characteristics of supersonic parachutes operating in the
wakes of both axisymmetric and asymmetric forebodies and te develop the
capability to analytically predict the performance of a parachute operating

in the wake of an axisymmetric forebody. The results of that study are pre-

sented in this volume.

In order io predict the parachute performance, the properties of the wake
fiow field in which the parachutes operate and the forebody flow field proper-
ties that establish the development of the wake flow field had to be determined.

The three basic tasks performed were:

1.  Analysis of the flow field and boundary layer character-
istics of the axisymmetric forebodies

2. Determination of the viscous and in}viscid wake flow field
characteristics behind these forebodies

3. Prediction of the drag performance characteristics of
the parachute operating in the wake of such forebodies

Presented in Section 1l is a method for determining the flow properties cver
the frrebody and the boundz- - 'ayer momentum thickness and momentum de -
fect on the body. The inviscial . « properties necessary for the boundary
layer analysis are computed using Newtc."ian and tangent cone theories,
where the tangent cone theory is based on thc Taylor-Maccoll conical flow
solution. The laminar compressible bnundary layer characteristics are de-~
termined by using a loczl simasatiiy solution, and the turbulent boundary
layer is analyzed by using an integral method. An approximate criterion for
the boundary layer transition point also is given.

Presented in Section III is a momentum integral solution for laminar and turbulent
viscous wake characteristics and a mass flow balance solution for the invis-

cid wake characteristics. The viscous wake theory is bated on the assump-~

tion thzt .he details of the base flow and free shear layer regions may be

largely iznored, thus allowing the wake momentum deiect to be equated to the
forebod, momentum defect. Boundary layer type equations then can be applied

to the wake flow region downstream of the wake rear staganation point. Also
presentec in Section III is a method for determining inviscid wake character -
istics by a mass flow balance that is performed with the forebody bow shock

shape.

Based on the viscous and invigcid wake solutxons along with the computed
forebody characteristics, comparison ¢f predicted wake profiles has been
made with evperimental wake profile data obtained from EUREKA wind-
tunnel tests behind an Arapaho C with nose cone forebody. These correlations
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indicate that excellent agreement between wake theory and exp=riment can be
obtained using the methods presented in this volume. The wake methods of

soclution, as well as the forebody methods of sclution, have been programmed
in FORTRAN IV for use on the IBM 260, Model 40, and IBM 7094 computers.
This computer program was used in making all the wake comparisons shown.

Section 1V contains an analysis of the effects of Mach number, Reynolds num-
ber, {orebody shape, canopy location, and canopy size on PARASONIC! para-
chute performance.

Gection V presents a methed for calculating the pressure drag coefficient of
a PARASONIC parachute operating in the wake of an axisymmetric forebody.
Comprrisons of calculated and experimentally determined drag coefficients

are presented also and show good agreement.

Other sections of this volume contain conclusions, recommendations for
future work, and appendixes giving the details of the flow field analyses and
wi.id tunnel tests.

This report does not cover all primary program objectives. Volume I pre-
sents anralyses and preliminary design efforts to determine feasibility of re-
configuring a free {light decelerator test vshicle with inflatable appendage in
order to simulate the wal.l of a lifting body.

Volume I contains a tabulation of wake survey and body surfa-e pressure
Gaca obtained from wind tunnel tests conducted during the EUREKA program.

g

1 - ‘ . i .
TM, Goodyear Aerouspace Co~poration, Akron, Ghio.

B e i NI E——

T LYY | XA e

e et s R . . ' ,
™ 0 P 35 e .y R4 S P =

L b e P

.
A s . i St s




LTERT

TRV IR S

AR P RS AR SO T TN SR

WA e

L XML e

P

AFFDL-TR-67-192
Volume I

1

SECTION II
BOUNDARY LAYER ANALYSIS

BOUNDARY LAYER CHARACTERISTICS

Ir investigating the various characteristics of the viscous wake trail-
ing a typical aerodynami-~ body, one of the dominanj features is integrated
momentum defect. The wake momentum defect, M , can be expressed as

. b o
M = pulL, - u) rdgd dr ,
0 0

and for a wake 1n which there is little or no static pressure gradient,

the momentum defect remains invariant as the wake develops in the
downstream dirvection. Furtherniore, by neglecting the details of the
base flow sd shear layer regions and assuming that no external work

is done on .ne wake fiuid in these regions, the wake momentuin defect,
M7, may be evaluated by equating it to the integrated boundary 1z :r
momentum defect, M, at the trailing edge of the forebody. The equation
at momentum defects provides a direct link between the viscous wake
properties and the forebody configuration, and any attempt to predict

the properties of the vizscous wake behind a body must begin with some
knowledge of the {orebody trailing edge boundary layer momentum defect.

This section describes the development of a method for c~lculating the
growth of the boundary layer momentum thickness and momentum defect
over an aercdynamic body of arbitrary shape. In doing this, an exten-
sive literature survey was made of the available literature on compress-
ible boundary layer flow. The method finally chosen for use on the pro-
gram is representative of the state of the art of present boundary layer
theory. The resultant procedures developed yield solutions for two-
dimensional or axisymmetric flow and are good approximations for quasi-
two -dimensional or quasi-symmetric flows. The method of analyais as
developed for laminar and turbulent flow hss been programmed for use
on high _pecd digital computers and has bezer utilized to determine the
momentum defect and momentum thickness on the Arapaho C vehicle with
nose cone and on a blunted elliptical cone configuration.

BOUNDARY LAYER CALCULATION METHODS

Laminar Beoundary lLayer

Kemp, Rose, and Detra (Reference 1} have studied the compressible
laminar boundary layer, including effects due to pressure gradient and
due to chemicai dissociation. The former effect has been investigated
through the study of similar solutions that may be obtained for cases in
which the Loundary layer pressure gradient parameter, f§, is constant
with respect to surface distance. Although for most cases of interest

B is not constant over the entire surface of a body, it has been generally
accepted that the results of su:h calculations still may be applied in
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enginecring calculations if the local vajue of the pressure gradient para-
meter, 3, is used {(References 2 and 3). This application is called the
concent of "local similarity.” Lees in Reference 4 has shown that for
highly cooled boundary iwy«o: it:c affect of the parameter 3 is small and
may even be neglected entirely for heat transf~r calculations. However,
for skin friction caiculations and for cases where tiic wall temperature
is comparabla to the free siream total temperature, f3 still can have an
important effect. Within the assumption of local similarity, however,
this influence rnay be accounted for by using the local value of .

As was indicated, Kemp, Rose, and Detra also have included effects due
to dissociation by using the binary model of Fay and Riddell in Refer=-
ence 5. The results obtained indicate no important effects for catalytic
or near zatalytic surfaces; and thus, for the analysis described herein
the gas is treated as thermally and calorically perfect.

Stetson in Reference 6 has presented an empirical correlation of the
results of the numerical solution for momentum thickness, 6, of Kemp,
Rose, and Detra which is given by Equation 24 (Appendix I). This equa-
tion applies to two-dimiensional or axisyrarnetric flows and can be used
with reasonable accuracy for quasi~symmetric flows such as that over
elliptical cones. Knowing the equation for the momentum thickness, 6,
and knowing the inviscid flow properties at the edge of the boundary
layer {irom Item 3 below), thec momentum thickness and the momentum
defect

M = 0 u29c'13
e e

f;ircumference
can be evaluated. The details of this development are given in Appendix]I.

Turbulent Boundary layer

The state of knowledge of turbulent boundary layers is not as well deve -
loped as that of the laminar case. Aithcugh there have been many ap-
proximate treatments of trrbulent flow, most of which can be supported
to one degree or another by some of the existing experimental data,
there are no "exact" theo—etical solutions such as that of Kemp, Rose,
and Detra for laminar flow.

One approximate sclutiorn, the results of which lend themselves to the
present problem, is that of Reshotko and Tucker (Reference 7). This
solution uses the momentum integral and moment-of-momentum equations
and is simplified by using Stewartson's transformation from Reference 8.
In order to solve these two equations, a skin friction relation must be
used. Reshotko and Tucker chose the Ludwieg-Tillman relation (Refer-
ence 9) in a form suitable for compressible flow with heat transfer
through application of the reference enthalpy concept. The above equations
were further simplified thirough the use of an approximate shear strese
distribution and the power law velocity profile.

The moment-of -momentum equation is needed in order to account for
pressure gradient effects on the boundary layer velocity prcfile. The
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method o: Reshotko and Tucker, as applied to insulated surfaces, is
quite well founded. However, for noninsulated or nonadiabatic wall
cases, the method (though qualitatively correct) is based on sorne specu- L
lative assumpti- ns. It is still anticipated, however, that for such cases
the method will yield reasonable quantitative results. The method cer- :
tainly is representative of the best solution that can be obtained within

! the present status of turbulent flow theory.

Reshotko an' Tucker have presented their results in terms of a trans -
formed momentur, thickness, 0,,, given by the equation

- 1 2,3

8 =0,(1+I5—M")
If the boundary layer is turbulent over the entire body, the solution be-
gins at the stagnation point. However, if the boundary layer is initially
laminar, thc calculation must begin at the transition point. The transi-
tion point can be specified either in terms of a location or a transition
Reynolds number, Ree, or it can be determined from the transition cri-
terion develcped i1 Item 3, b. This criterion has been programmed
along with the turbulent boundary layer solution. The details of the solu-
tion for boundary layer momentum thickness and momentum defect are
given in Appendix I along with the basic elements of the programmed
boundary layer solution.

3. SUPPORTING ANALYSES

Forebody Inviscid Flow Field

1

In order to evaluate the boundary layer mornentum thickness and momen-
tum defect, the inviscid flow field characteristics at the edge of the
boundary layer must be determined. In particular, for the programmed
boundarv layer analysis, the followingflow properties must be evaluated
along the foreoody: (1) Pe/P,, (2) Py/Pg, and (3) M,. A general com-
putation procedure was developed to calculate the flow properties along
the foretody based only on inputs of free stream conditiuns and forebody
geometry.

The procedure is applicable for a wide range of free stream conditions
and is suitable for quasi-symmetric geometries as weli as for axisym-
metric and two-dimensional bodies. A tangent cone method of solution
was used to obtain the flow properties for sharp-nosed bodies and a
combination of New*snian and tangent cone methods was used for a blunt-
nosed configuration. To this end, a Taylor-Maccoll conical flow solution
was programmed along with a logic procedure for the application of the
tangent cone and Newtonian methods to quasi-symmetric forebody geo-
metries. The logic procedure is shown in Appendix II.

The use of Newtonian theory and tangent cone theory is sufficient to
yield sclutions for pressure and Mach number within 10 to 20 percent
accuracy, which is quite sufficient for engineering purposes. Since the
momentum defect varies as thc square root of the pressure, a 20-per-
cent error in pressure would cause less than 3 10-percent error in

>
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4

momentum defect. Note also that the effects of boundary layer separa-
tion on the pressure are not considered in this analysis.

Boundary Layer Transition

In order to make use of the turbulent boundary layer analysis, it is
necessary to determine the location at which transition occurs. As a
part of the computer program developed to predict boundary layer mo- :
mentum defect, three choices exist for determining transition:
1. Input the transition point location
2. Input the transition Reyrolds number, Reatr

3. Compute Reg" based on a programmed trarsition critesion i

The criterion developed to predict transition was based on a correlation
by Dr. R. Nerem, consultant, of the form
Re, =~ 1000 (1 - 0.12 M® + 0.0¢3 M3y1/2
tr
(2.29 + 17.38F - 18 B + 3.91 )2, (1)
where
h = hw/haw

For regiuns of adverse pressure gradients, such as in the vicinity of a i
compression surface, the Re is replaced with the critical Reynolds

8
number given by tr
Re = 163 (1 - 0.12 M2 + 0.023 M7)}/2
critical

(<2.29 + 17.38 F - 18 R + 3. 91 B2 | 3

These equations have been prograrnmed as part of the boundary laver
calculation procedure and are used if transition location or transition
Reg is not specified. The evolution of the above equations and a general
discussion of boundary layer transition may be found in Appendix I1I.
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SECTION 111

WAKE ANALYSIS

g

1. WAKE REGIONS

Aralysis of the characteristics of high-speed ‘-akes begi.is by examining
the various ragions that comprise the conventional high-speed wake.
The five dirtinct regions of the high-speed w- ke shown in Figure | are:

1. Recirculating base flow

" e i i . P VR B

2. Free shear layer

3. Rear stagnaiion point and the neck region

4. Inner viscous wake (dow:stream of the neck)
Outer inviacid wake

Each of these regions has its own peculiat characteristics. The recir-
culating base fiow region, for exan.ple, is boundary layer fluid entrained
due to the adverse preassurz gridient asscciated with the deflection of
fluid at the axis of symmetry back into the streamwise direction. The
free shear layer is also boundary layer fluid; this fluid initiates the de-
velopmenrt of the neck region, which is characterized by steep gradients
due to the presence of the r- -ompression shock.

Aft of the neck region, the viscous wake cevelops in a rather orderly and
weil-behaved manner. This viscous wake is the subject of Item 3 of th)=
section in which the conventional boundar-y layer equations, including ti.c
various integral velations, are applied to the viscous wake and a momen-
tum integral metlod is used in obtaining a sclution.

, -The ocuter inviscid wake also is shown in Figure 1. It surrounds the

: viscous wake znd refiects the nature of the forebody inviscid flow field
and, in particular, the curvature of the forebody bow shock wave and

3 the entropy gradient there produced. 7>~ inviscid wake is discussed in
] detail in Item 4 of this section.

2. VISCOUS WAKE MODELS

Considering the viscocus wake in more detail and the velocity profiles :
shown schematically in Figure | in particular, it may be seen that for P
the -onventioral high-speed wake, the centerline X-direction velocity, :

"o increases with increasing distance iwwnstream of the rear stagnation

point. In the {ar wake {X/D >>1), the centerline velocity actually ap- '
proaches asymptohcally to the lc il free-stream velocity. For this
problem, the radial ve!ocity gradient is zero at the centerline for all

of X, as 7re aldo the gradients in temperature, density, and the othor
fluid properties. On the other hard, the outer edge of this viscous wake,
at least where the viscous and inviscid wakes are clearly separated
from one another, is defined in the usual manner for boundary layer
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type flows. Here the properties are equal to their inviscid values, and
the gradients in these properties are zero. Furthermore, for the case
where viscous and inviscid wakes are clearly separated irom one another
and in the absence of ary pressure gradient, the momentum defect will
remain constant as the wake develops in the downstream direction.

When a decelerator is attached to a forebody by a cable and is positioned
in such a conventional high-speed wake, consideration must be given to >
the extent to which the wake characteristics are altered due to the inter- 3
action of the forebody wake, the decelerator, and the tow cable that links E
these two bodies. If the decelerator was located in the immediate neigh-
borhood oi the base of the forebody, a cnnventional high-speed wake
would not have the opportunity to develop. In this case even the base -
flow and free-shear iayer would be comgletely altered (see, for example,
Figures 13 and 14 of Reference 10), and the proximity o. the decelerator
to the base of the forebody might result in the presence of a strong ad-
verse pressure gradient in the largely subsonic cavity region separating
the two bodies. In this case, the wake growth is explosive and the de-
celarator, being immersed in a subsonic cavity type of flow, produces a
low drag coefficient.

f{, however, the decelerator ‘vas located far downstream of the base of

the forebody, then very hittle altaration o: the wake flow would be ex-
pected du~ to the interaction of the decelerator with the wake itself. In
this case the only alteration to the wake (excep! in the immediate vicinity
of the deceierator) ‘< due to the presence of the tow cable or riser line.

If it is assured for the limiting case described above that the cab'e dia-
meter is very smail compared with the wake diameter, then the amount
of work done on the wake due to skin friction on the cabie is negiligibie. :
For this case, in the ab'sence cf any pressure gradient, both the wake
momenium defect and momentum thickness are constant in the axial
direction, exactly as in the conventional high-speed wake. However, at
laast for laminar fiow here. the similarity hetvcen these wakes ends
because in the prasent case, i.e. for the wake with a trailing decelerator
in it, the tow cable forces the wake centerline velocity to be zero. As-
sur.ing further that the wake profilcs are similar at all axia! stations,
then the ratio of the wake momentum thickness to the wake diameter is
the same at a'l axial stations, and the conclusion is that the wake dia-
meter is censtant with axial positinn.  In other words, for this particular
case there is noc wake growth such as 1s present in the conventional high-
speed wake. The wake is cylindrically shaped and does not change
characteristics in the axiai direction. This is illustrated in Figure 2.

For the turbujent viscous wake, however, this cylindrical wake mudei is i
not applicabie. The turbulent wake 1n the prusence ot a tow cable or i
riser line must include both a laminar suolayer and an outer turbulent :
mixing layer. In this case. the eftects of the tow cable are solely limited
to the subiaver regicn. This region, though not nresent :n the tonven- i
tional wake, 1s such that it ajlows the no-siip condition to be satisfied B
at the wall, i.e. the cable surface. At this regi>n's outer edge, the

velocily is eqal to that of the turbuient outer layer. This outer layer,
on ire other hand, not being constrained by the nc-slip cond:ition at the
centzrline, grows as in the case for the conveitional turbulient wake.
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For the condition of a contant viscous wake momentum defect {(the
assumption of negligible work due to cable skin friction is stiil
inade here), the velocity at the inner edge of the turbulent layer
increases )Just a5 the centerline velocity increases for the conven-
tional turbulent wake.

During the first series of wake survey tests (WT-LIA) conducted under
the EUREKA program, .ake profile measurements were obtained behind
an axisymmetric cone -cylinder ~-flare -cyl ..der forebody with and without
a simulated riser line. These meacurements are summarized in Fig~ #
ures 3 and 4 where impact pressur. , rofiles at four different X/D sta- s
tions are presented for Mach numbers of 2 and 5. There is virtually '
no difference between the properties ol these two kinds of wakes. Fur-

thermore, there is an obvious wake growth and the centerline region

veloc:.y may be show. to increas¢ with X/D for both cases. The turbu-

lent wake in the presence of a riser line is illustrated in Figure 5.

The discussions presented here concerning the nat re of both laminar
and turbulent wakes in the presence of a tow cable or riser line are based
on only the preceding arguments and an extremely limited amoun: of cx-
perimental data. In spite of this, these models should prove usefui 'n
engineering caiculations. They dc appear to be applicable for a wide
range of conditions in terms of Reynolds number, Mach number, etc.
They are, “owever, limited to the case where the radius of the tow cable
or riser line i much less than the wake momentum thickness and to

X/D > 3, avoidiny the "strong interaction region."

ViSCOUS WAKE ANALYSIS

Wake Flow Assumptions

An integral method of sclution was applied to the problem of determining
the properties of both laminar and turbulent viscous wakes with parti-
cular attention to the problem of the wake flow preceding a trailing aero-
dynamic decelerator. In the paragraphs that follow, the theory will he
summarized for the difierent types of wake flows. The impcrtant assum-
ptions contained in the theory are as follows:
1.  The tluid is thermally and calorically pertect, and
there are no chem:cal reactions or other real gas
phenomena.

(2%

The Prandt! number s unity (Pr = i},

Prandtl’s concept of viscous flow phenomens is vaiid
for the high-speed compressibie wake such that gra-
dients 1n the streamwise or axial direction are much
smaller than those normal to the wake axis and
boundary layer type eguativns may he used.

4. The details o! the base flow and free shear laver
regions may be largely :gnered. Thus, the reg.on
of vahidity for the present anaivsis must de con-
si1dered to extend from somewhere :n the vicinity
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of the wake neck or further downstream and on
down into the far wake.

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

Note that this last assumption is nct intended to restrict the solution to
flows with zerc pressure gradient. The assumption only implies that
socal acceleration in the inner wake itself is much more important than
acceleration dua to an external nressure gradient. This assumption
allows tke momentum integral equation to be simply written as

p,u;;' (% 6':‘) = 27 ﬁ pu (ul - u) rdr (3)
B 0

constant with respect tc X.

Here 0 is the momentum thickness and iquation 3 ‘s simply a statement
to the effect that the wake momentum defect is constant in the axial di~

rection. Since the pressure gradient hac hean 2ssumed to be negligible,
then there is no external work being done on the wake, and the momen-

tum defect must be constant.

As a check on the validity of the assumption of constant wake momentumn
defect, experimental wake momentuin defect values were calculated
from wake survey data obtained during wind tunnel tests cornducted under
this program. In looking at the viscous wake, it was found that the width
of the wake decreased with increasing Mach number. For this reason,
the viscous wake momenturn defect comparisons were conducted at

Mach 2. The comparisons were made for an axisymmetric spherical
nose cone-cylinder-fiare forebody at a Mach number of 2 and a Revnolds
nurnber of 0. 269 X% iﬂé/in. The wake momenturn defects were computed
at severa! wake stations using a data reduction program, which reduced
wake survey pressure and temperzture data to local velocities. The
data reduction program used a linear variation hetween sxperimeantal
data points in cemputing momentum defects. The ndge of the viscous
wake was determined by using the criterion that at the edge of the viscous
wake, the total pressure would be equal to the tota! pressure immediately
behind a normal forebody bow shock. The data reduction progvam chose
the data point having a total pressure closest to this pressure. The
spacing of the experimental datz puints was equal to one-~tenth of the
forebody base diameter. Tle experimental wake momentum defects
aiso were compared with forekody momentum defect calculated using
the method described in Section II. The results of the comparison are

shown in Table I.

The tabulated values indicate that the method used for predicting the edge
of the viscous wake is not accurate enough to produce accurate experi-
mental wake momentum defect results. The X/D = 3 data are too near
the wake neck to be a useful profile for this study. The general decrease
in the momentum defect values from X/D = 5 to X/D = 11 is the result of
the inaccuracy in selection of the nearest experimental data point as the
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TABLE I - VISCOUS WAKE MOMENTUM DEFECT COMPARISON

Momentum Momentum Fecrebody
defect in | Wake defect in | Wake [momentum
M IR Y planc |radius,| Z plane |[radius,{ defect

ol % /in. |[X/D| (Ib) Y/D {1b) Z/D {1b)
210.369 x10°] 3| .68 0.5 2.98 0.5 i.203
2)0.369 x 108 5 4.46 0.5 1.65 0.5 1.203
2i6.369 x10% 71 4.10 0.5 1.02 0.4 1.203
210.369 x 10% 9 2.29 n.s 0.964 0.4 1.203
210.369 x 109 11 1.73 0.5 0. 786 0.4 1.203

viscous wake edge. Since the wake is growing, the value of the momen-
tum defect within a given circle will decrease with increasing X/D. The
experimental data also may contain errors induced by the forebody
mourting strut that spanned the wind tunnel in the Z piane. Within the
limits of the accuracy of the experimental cata and the computation
method, the momentumn defect is assumed toc be constant. In an attempt
to impreve the method for computing the momentum defect in the wake,
a polynumial curve fit technique was used to smooth the experimental
data and therefore improve the accuracy of the calculation. Using the
curve fit technique i.: the wake momentum defect calculaiions did not
have an appreciable effect on the resuilts.

Assumption 5 listed above thus does not limit the solution to wake flows
with zero pressure gradient. However, the validity of the soluticn cer-
tainly does decrease with increasing pressure gradient. For blunt
vodies with strong pressure gradients, the solution should be considered
as being highly approximate.

By ignoring the details of the bas= flow and shear layer regions and
assuming that no external work is done on the wake fluid in these regions,
then the constant in Equation 3 may be evaluated by equating the momen-
tum defect of the boundary layer at the bese of the forebodv to the mo-
mentam defect of the wake. This may be stated mathematically as
2 s Z 62 4
ppup (1 8,D) = puy (me)) (4)

vihere the subscript | refers to the properties associated with the outer
edge of the wake and the subscript B, to properties at the base of the
vehicle where the boundary layer separates. The symbols pp and up
represeni inviscid properties, and D is the forebody basc diameter.
Next, the Dorodniteyn trarsformation is introduced in order to cbtain a
solution tc the axial direction momertum equition. In the integral
method of solution, it is .ssumed that the velacity profile in the viscous
wake may bhe expressed as a frurth-order polynomial of the form

A3 et
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Applying the appropriate boundary conditions to the above equation, a
sulution for the viscous wake velocity profile in the transformed coordi-
nate systermn may be obtained. Considering the energy equation for the
assumption of Pr = 1 and applying the appropriate bcundary conditions

to the energy equation, the enthalpy profile in the transformed coordinate
system is obtained as a funct >n of ¢ the form parameter as derived in
Appendix IV.

The details of the above development are given in Appendix IV and apply
to both laminar and tarbulent viscous wake flows. The necessary equa-
tions for determining the properties of a high-apeed compressible wake
were derived using an integral technique and the Dorodnitzyn transfor -
mation. In order to describe the entire wake flow field, the inviscid
flow field must be determined (see Item e., below) and that an estimate
be made of the vehicle boundary layer momentum thickness (Section II
above).

.J | R,

T e e i g

B b. Laminar Axisymmeétric Weke

Appendix IV describes the case of both the conventional laminar wake
and the cylindrical laminar wake. In the appendix, the relationship be-
tween f and y is determined. For each case, it is necessary to specify
a relation for the viscosity coefficient and, for both laminar flow cases,
the viscosity is assumed to be linearly dependent with respect to fluid
ternperature; i. e., ,u/RT = constant. For the cylindrical wake case,
ug/uj = 9, which is equivalent ‘o £ = 24 (Appendix IV). Thus, the pro-
perties of the cylindrical wake are solved by setting &= 24,and £ will
not depend on X for this case since there will be complete similarity
between radial profile at each X direction station.

& S R e G Lo B4 §ln i

Haviig solved for & as = function of X (Appendix 1V, together with the
equations derived in that aprendix for the velocity and enthalpy profiles
and the relationship between the transformed and physical radial coor-
dinates, the properties of the laminar viscous wake are completely
known.

phbinanisiitea AR AR

Using this theory, as shown in Figure 6, reason ble agreement is at-
tainable even in the near wake region where the ; "esent theory should
give the least reliable results. A further check on the laminar viake
theory is presented in Figure 7 where the wake growth behind a conical
body is present.d as a function of distance downstream of the body.

i ¥igure 7 also shows both ballistic range experimantal data from Refer-
4 ence i1 and the resuit of a theoretical calculation using the laminar wake
method developed in Appendix IV. As may be seen, excellent agreement :
exists. i

T

NN

Unfortunately, good data does not exist at the present iime for the laminar
wake in the pressnce of a decelerator with which the laminar cylindrical
wake results may be compared. Note that during the wind tunnel tests
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Figure 7 - Comparison of the Momentum Integral Method Solution with
Experimental Laminar Far Wake Data

performed as a part of this program only turbulent wakes were obtained.
It is felt, however, that since the conventional laminar wake results in
Figure 6 are for conditions similar to these of the cylindrical wake (for
example, the centerline velocity is low in the near wake region and the
velocity profile is similar to that of a cylindrical wake); and since
reasonably good agreement exists, then the laminar cylindrical wake
results should lead to equally good agreement.

Turbulent Axisymmetric Waxe

e

For the turbulent wake case, a form for the viscosity relationship must

be chosen different from that used for the laminar case. In turbulent

flow, the viscosity coefficient is only an effective one (artificially intro-

duced due to the manner in whica the governing equations are expressed)

and is related to the imomentum vrinsfer caused by the filuctuating, mixing

type motion. Many different mathematical forms for the turb.lcntvisco-

sity coefficient have been suggested in the literature, and four of these, as ¥
applied to the wake centeriine, are summarized below (these four models '
are virtually identical to these discussed in Reference 13):

Ko = hopguy

n

kg KA (;Olu.i - pouo) ’

B o et
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M K&y (u1 -y,

and

My = Kb py(up - uy).

While only the above models were considered in this investigation, the
solution is not restricted to these viscosi.y models. In all of the above
models, the value of the constant K is required. The first model relates
the turbulent viscosity coefficient to the centerline momentum flux, the
second model form involves a momentum difference, and the third and
fourth models involve only a velocity difference. These latter models
correspond to the accepted "classical” form for incompressible flow.
However, the second model alsc reduces to a velocity difference for the
incompressible case. The first model obviously does not rednce to the
classical form for incompressible flow. In fact, the first model did not
originate from classical viscous flow work, but from studies of jet-
mixing phenomena. All of the above modes may be expressed using
the general form written below:

p by . U
(—9)“‘[1 -n - ()M ;—9] :
I I

= Kby, ’

“o (6)

In Table II, the values for the constants m, n, and p are presented. In
the computer program for the viscous turbulent wake, the specification
of the model number directs the program to use the proper values of m,
n, and p.

The value of K must be determined from experiments. In iow-speed
flows, it iz conventional to define 4g, and thus K, through introduction
of the Townsend Reynolds number, R, where

{u, - u)r
R = 1 o

T T g

TABLE I1 - CONSTANTS FOR TURBULENT VISCOSITY RELATIONSHIP

—— I

M del “o m n p | Remarks

F.rat K A fjug 1 1 0 Momentum flux

Se. >nd KA (plu1 - pouo) 0 0 i Momentum difference

Third KA A (ul - uo) 0 0 Velocity difference

Fourth Ka £4 {ul - ::0} ! 0 0 Velocity difference
20
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Here, r* is the so-called half-width at half-depth, i.e., the radius at
which the velocity is exactly intermediate to the axial and edge values,
and Ry is the constant to be determined from experiment. For the
second, third, and fourth models and in the limit of either incomnressi-
ble flow or an "incompressible like" flow, i.e. the far wake where

Po = P, then K and Rt are related by

K = =48 (8)

For the polynomial velocity prefile of Equation 65 of Appendix D, it
follows that

. *
r
._-‘/) o~ .
A& 0.4 ,
and thus
xz%‘—i . (9)
T

Typical experimental values for R.. are tabulated in Table Il together
with the value of K calculated from Equation 9. These values of K mzy
be compared with those of Zakkay and Fox in Reference 13 where the
first model is similar to ‘heir Model 1, the se:ond model to their Mo-
del 2, the third m.odel to their Mod=1 2A, and the fourth model to their
Model 4. Based on the analysis of wind-tunnel data, Zakkay and Fox
concluded that a value of K = 0.0} for the second model and K = 0.04 -
0. 06 for third and fourth models represerted a best fit to their data.
Z2kkay a..d Fox also suggested a value of 0.02 for use with the first
model. In project EUREKA, the best correlation with wind -tunnel wake
test data has been obtained for values of K on the order of 0.005 to 0.01.
Details of the ccmpariscn ot the theory with experimental data will be
given later in this section.

By substituting Equation 6 for the viscous wake into Equation 53, Appen-

dix IV, for &, the form parameter, the relation between £and X can be
determined.

TABLE [II - TOWNSEND REYNCLDS NUMBER IN WAKE

LA, e
PUARRLEY
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1f the present method of solution and the turbuls nt viscosity coefficient
mods#ls inclnded in the analysis are accepted, then the resuiting equations
for & as a fuaction X, together with the eqnations darived in Appendix IV
for the velocity and enthalpy profiles and the relationship between the
transformed and physical radial coordinates, are sufficient to completely
determine the properties of the turbulent viscous wuke. Again, the pro-
perties of the forebody boundary laver and at the edge of the viscous
wake are assumed to be known from the fcrebody computer program.

Using the above method of analysis, the turbulent viscous wake charac- T
teristics were determined and comparisons were made with the velocity :
profiles obtained from wind -tunnel test Cata obtained in the wake of the
Arapaho C vehicle with nose cone (Appendix V). These comparisons
were based on the iterated wake soluuion cdescribed in Item 5 of this sec-
tion. In Figures 8 through 23, the wake velocity profile, are shown
plotted versus the nondimensicnal distance (Y/L or Z/D) measured from
the centerline of the viscous wake. Comnarisons are shown for a range
of Mach numbers ‘rom 2 to 5 for two Reynolds number <cnait:ons ond
for stations behind the base of the fcrebody from 3 to 11 calibers, which
is the region of interest for decelerator applicatior.

The theory is shown a» a s~lid line and ~epresents tihe tetal wake de-
scription, i.e., both viscous and inviscid po-tions. The inviscid wake
compariscns are firther discussed in Item 4 of this section. The ex-
perimental velocity data points shown were calculated from the wake
wind tunnel pressure me isurement: obtained as . part of this program.
The disparity between the ¥ /D-piane dat- and the Z/D-plane data is at
least partially duc to the presence of the .orebody mounting strut in the
2/D plane. ‘iowever, this strut also may influence the Y/D data, and
thus data for both planes is shown. Note also that at X/D = 3, there
may be added inaccurac.es in the data due to the influence 2f the rak:
used tc obtain pressure readings.

The best correliation with the experimenta. EUREKA wake data has been
: obtained using the third vis .osity model, 4, = K & pi (u, - uC_) with a
viscosity coefficient K = 0.005. This K vaiue, while befow th. se nnr-

: maliy used, was justified by considering that the ¢ .iution had veer 1te-
rated as explained in Item 5 of this section ~ -7 thus had changed the
boundary layer approach that origirally defined (. ¢ range of acceptable
viscosity coefficient values. Using K - v. 005 tor the third model {shown
in Figures B through 15), agreement with caperiment to well within 10
percent has been obtained in almost all cases over the range ot Mach
numbers and wake location considered 3n this program and for both
Reynolds number conditicns considered. For X D > 3, the correlation
of the centeriine velocities is to within 5 percent in all but one case.

Correlation with the experimental data has been obtaired using other
viscosity maodeis, the resui*s using the {ourth rmodel are s™>uwn in Fig-
ures it through 19 for K = 0.010 and in Figures 20 through &} for K =
0.005 in order o show the effect of changing viscosity model and/ or
viscesity coefficient. Using the fourth model, the resuits shuw that the
trend of the predicted centerline velocity is affected by Mach number.
At Mach 2 the predicted centerline veloci*v 1s significanily higher than

-
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the experimental value. As the Mach number is increased, the degree
of correlation changes until at My = 5 the theory significantly under-
predicts the velocity. This effect is not seen with the choice of the third
model. For the same K value, the use of the fourth model will yield a
lower centerline velocity than will the third model. The second model
for which no data are shown, will result in even higher predicted ccntex-
line velocities than the third model. The first model was excluded due
te the fact that it deviated from the proper variation of velocity with

X/D as exhibited by the other models (see Appendix IV). With each
model the choice of the viscosity coefficient K will influence the resultant
velocity profile. As K is increased, the velocity predicted by a given
model will increase and, as K is decreased, the predicted velocity will
decrease.

Prior tc the use of the iterated solution, reasonable correlations between
experiment and theory were obtained for a value of K = 0. 025 with the
third and {curth models.

Wake Transition

In Items 3, b and 3, ¢, an integral method for calculating the properties
of both ilaminar and turbulent wakes was presented. However, up tc this
point no mention has been made of the conditions under which the viscous
wake would be laminar or turbulent. Cbviously, if the forebcdy boundary
layer is turbulent, then the wcke also wiil be turbulent, and a calculation
of the wake profilcs as a function of x/D proceeds as described in Item

3, c. However, if the borebody boundary layer is laminar, then the
viscous wake may be either laminar or turbulent, depending on whether
or not the flow conditions «re suitable for transition to occur.

The phenomena of transition in hypersonic wakes has been studied ex-
tensively in the laboratory. As pointed out in Reference 14, the
correlation of wake transition data that appears to indicate the most
physical insight and thus be the most general is that of Pallone, Erdcs,
and Eckerrnan. In their work they used a transition Reynolds number
based on local properties at the edge of the wake, a velocity equal to

that at the edge relative tu the centerline velocity, u; - u,, and on the
wake diameter at transition, ép..,- The correlation of experimental
data that they present is thus in T&-ms of the transition Reynoclds number,

Red, = i O ST (10)
TR "1 Prr Yy
and the effective Mach number,
4y uo
ml = ;T {1 - q) . {11)

Figure 24 shov's a summarization of experimental measurements of wake
transition Reynolds number. Thers is a reasonable correlation of the
differert experiments and the wake transition may be predicted to within
a factor of two in Reynolds number.
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In order to facilitate calculations using the correlaiion of Pallocne, Erdos,
and Eckerman, an approximate curve has been fitted to the data in Fig-
ure 24. This approximation is

Re 4 = 1700 M52 (i2)

Drr

Thie curve alsc is shown in Figure 24, and reasonable agreement may
be see to exist. R

In applying Equation 12 to a laminar cylindrical wake, ug will be zero
due to no-glip condition on the tow cable or riser line. Thus, Re p

and M, become a somewhat more conventional "looking" Reynolds ndR -
ber and Mach number based on local edge conditions. Furthermore,

for a constant pressure wake region, Re §p ., and M, will not vary
with X/D. The viscous wake in the presencé of a riser line or tow cable,
attaching an aerodynamic decelerator, will be either wholly laminar or
wholly turbulent.

Near Wake Characteristics

The general characteristics of the near wake were illustrated earlier
in Figure 1. This region is made up of the free shear layer, the base
region recirculating flow, and the beginnings of the viscous inner wake
at the rear stagnation point and on down through the neck; when con-~
sidered in total, it is a rather complex fluid mechanic phenomena.

As Reeves and Lees have pointed aut, and also provided in Reference 15,
a relatively clear picture of the structure of the near wake now exists
as a result of the many experimental studies that have been reported in
the literature (see, for example, Reference 16 through 19). However,
theoreticajly, the state of the art has not progressed as far. As has
been pointed out by Webb, et a. in Reference 20, the near wake is
characterized by two length sc3lcs curresponding to the existence of
separate regions of high shear and of low velocity. Because of this as-
pect of the problem, the resulting governing equations are nonsimilar
in form and do not reduce io ordinary differential equaticns when pro-
perly transformed. This may be contrasted with the far wake problem
in which similar solutions are obtainable.

In order to circumvent this complexity, Lees and Reeves, and later
Lees working with Webb and others at TRW Systems (References 20
through 22), have been developing multimoment integral methods of
sclution for the near wake problers. Weiss in Reference 23, on the
other hand, has taken an approach that though inherently more complex
offers the hope of a more exaci solution of the near wake problem.

He obtains a solution by dividing the near wake flow into three regions:
(1) a rotaiional outer flow resulting from the inviscid expansion of the
forebody boundary layer at the base, (2) a thin viscous "boundary” layer
above the dividing streamline, and (3) the recirculation region itself.
The first of these regions is solved for by using the method of charac~
teristics; the second, using 2 modified Oseen solutioa of the boundary
layer equations; and finally, the third region, by a finite difference
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solution to the full Navier -Stokes squations. By coupling these regions
together through the matching of boundary conditions at their inteviaces
and using an iterative method, complete solutions up to the rear stagna-
tion point have been carried out. Although this method has oot yei been
extended to axisymmetric bodies, it would appear tc be the type of ap-
proach that could lead to a satisfactory solution of the near wake probiem.

For the present investigation, neglecting the n>ar wake details by
equating the momentum defzct at the base of the foretody to that of the ¢

viscous wake downstream of the near wake region appears to be a satis~

factory approximation in the development of an engineering solution for
the viscous wuke characteristics since the free shear iayei energy trans-
fer to the recirculation region has been found to be on the order of 10
percent of the total energy transfer from the borebedy to the viscous
wake. However, even this lcss can be accounted for in the solution by
use of an xmpirical constant as will be shown later in this section.

As part of the integral wake solutior, it is necessary to specify the
location of the rear stagnation point in order to properly relate the wake
development to the forebody.

Although the rear stagnation point hae been chosen in this instance as
the starting point for the viscous wake soiution, any other suitable
reference location (2. g. ) wake neck or sonic point may be used if suffi-
rient data exist to specify its location. ez of the wake neck as the
starting point of the solution could yield an improvement in the wake
predictior method due to the fact that by starting at the rear stagnation
point, the strong gradients in the waks flow are ignored. Further ex-
amination of the starting point reference should be considered ax future
program improvemnents.

In Figure 2% most of the available data in the literature on the location
of the rear stagnation peint, x,, behind bodics at supersonic speeds are
shown. Included zre data from both two -dimensiornsl and axisymmetric
bodies, Mach numbers from 4 through 16, and for a wide range of Rey-
nolds numbers. Also shown is an approximate fit to the data for both
the laminar and turbuient flow regimes. As indicated for laminar flow,
the rear stognation point moves closer to the base as the Reynolds num-
Ber increases. This movement is based obviously on certain allowance
for the wide data scatter and even wider discrepancy lfor a few individual
points; the sarae trend alsc is noted in Reference i1,

However, this moverasent is not in agreement with information extracted
from awvailable theoretica) results. ¥sr example, Reeves and Lees
predict that the rear stagnation peint moves away from the body with
increasing Reynolds number for the adiabatic wall case (hy,.= H)) and
the cold wall cadge (h, = 0.2 Hl)' They further predict that the rear
siagnation point will be closer te the body for the cold wall case than for
the adiabatic wall case and that this former case will have a very weak
Revynolds number depandence. This picture of the near wake perhaps
can be reconciied fo the data of Figure 25 by noting that the higher data
points are in general wind tunnel date (e.g.. Reference 17 and 22) and
thus correspond mors closely to the adiabatic wall case, whilz = » lower
data pointe are in geners! from ballistic range and shock-tunnei
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experiments and closely approximate the cold wall case. This, however,
does not completely explain the discrepancy since the data point from
Reference 18 alsc was obtained in a wind tunnel.

Cbviously, the "exact" prediction of the location ¢i the rear stagnation
point is more complicated for laminar flow than presented in Figure 25.
$till, the approximate fit in Figure 25 should prove useful for engineer-
ing calculations. Furthermore, for cyiindrical wake calculations, the
rear stagnation point location, x,, i& not needed. This is due to the
csmplete similarity in profiles for different X/D stations. Also shown
in Jigure 25 are measurements of the location of the rear stagnation
point at conditions where the bourilary layer at the base of the forebody
was turbulent. Althouzh there are only a limited number o, measure-
mentis for this case of turbulent flow, an approximate fit,

AR b MY

2
= 0.94 , (13)

does appear to correlate well witls the data. As can be seen, in this case
there is no apparent dependence on Reynolds number.

5 e g N B e B et

As indicated earlier, it is also of interest to compare the prediction of
the rzar stagnaiion point enthalpy with available experimental data. By
combining Equations 77 and 80 of A pendix IV, the expression for the
rear s agnation point enthalpy i»

*
0 > hav “B
AR Rl e

Tquaticn 14 is based on the squating of the momentum and totz! enthalpy
defects of the wake to *he respective quantities of the forebody boundasy
layur. If it is furthermare assumed that ug = u;; the simpie resul then
is '

s (1%)

at the rear stagnation point.  E-uation 15 is compa;,ed with available ex- ¢
-perirents] date for laminar flow in Figure 2¢. The measured values lie '
slightly highe~ thar thet predicted by Equation 15.

“In srder to correct thxz';xrem:nt thecry such tha:i the predicted rear stagna-
iz poist epthalpy will be in agreement with experiment, Equatior 4 and
Equausm SQ,. prnﬂxx 1\? 4re yewritten s

L2, y,f,’ 2
‘fia AR Biz 3 i\j_ '_3“&3 {8 aBD)

Aand

'r b= K, gigtp T D)
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Figure 26 - kixperimental Measureinents of Rear Stagnstion
Point Euthalpy for Laminar Wake Fiow

Here, K, and X, are cung’ants that would be expected to be greater than
or egual 1o one since they are repréesentaiive of the fractional increase
in the momentum and energy daiects due fo the transport of these guanti-
tiers a-rose the dividing stieamliine. Combining the zbove two equations
with Egquation 737, it fuliows thas : : :

2

'3'1} R, « u ' _
*'?*1 = K‘: il - ot Bl {(16)
0° ; ey .

This may be substituzed into Tquation 77 with the result that -
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where K K, ui/Kl B
Equation 17 has been approaimately fitted te the laminar experimental
data using a value of K 0.9 and is shown in Figure 26. Although this
vaiue of K, is strictly gased on experiment and has no real theoretical
basis, its use in Equation 17 for laminar wake calculations should prove
useiul.

For turbulent ncar wake .iow, there is only a smattering of data that
may be fourd in the literature. These limited number of data points,
however, are compared with Equations 35 2nd 17 for both K, = 0.9 and
K3 = 0. 65, in Figure 27. The latter value of K, does give agreemer.t
with the data. The limited amount of data prevénts any real recommenda-
tion for the ure of K. = 0. 65 for turbulent wake calculations, and it is
obvious that more dita and more comparisons of data with theory are
necessary before any degree of confidence can be plac:d in Fquation 17
and c¢n the use of an efiective K, for either laminar or turbulent fiow.

In Appendix IV where a method lor viscous wake calculations is outlined,
the constant 1(3 is left a8 an input.

4& was noted in Item 3, the present integral thecry would not be expected
to give accurate rerults in the near wake region. Thus, the lack of
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agreement in Figures 26 and 27 is not surprising, and the introduciion

of an empirical constant, K,, into Equation 17 only represents an attempt
to improve the accuracy of the present <olut! n in a region where it other-
wise woulu not be expected to hold. However, in spite of the failings of
the p' esent method in predicting the rear stagnation point enthaipy, com-
parisu.as with experimental data have shown that in the prediction ol neck
diameter for a laminar wake the method in Item 3, b of thisx section is
quite satisfactory.

Before leaving this discussion of the near wake, one last comment
should be made with regard to the nature of the flow. It has been found
experimentally thut the near wake is very sensitive to the base geometry
of the vehicle and alsc tu the injection of anv fluid at ths base into the
near wake. This latter effect is obviously of concerr in wind tunnel ex-
periments where instrumentation may be supported from the base nf the
forebody. However, it also npens up the possibility of somewhat control-
ling the wake characteristics of a vehicle through fluid injection. It is
aiso of interest in the decelerator problem where due to the manner of
decelerator deployment the problem of interest may in fact be one in
which there is fluid imjection.

iIn Reference 24 T .cr presents measurements that show a 50 -percent
change in the location of the rear stagnation point due to a nitrugen in-
jection mass flow rate that is only 2 percent of that of the iree stream
based on base area of the forebody. Furthermore, in Reference 25
Bauer shows that a 3-percent injection rate using helium causes the
wake recompression shock to complet:zly disappear.

This sensitivity of the ncar wake to alinost any external influence casts
doubt on the applicability of any wake dat: obtained under conditions
where componen*s of the mocuel support system, e.pg., struts, wires, or
a sting, interfere with the flow. Thus, future efforts should include
wind tunne] studies where such interference effects are not present. 1

4. INVISCID WAKE ANALYSIS

e

Inviscid Wake Characteristics

In order to fully describe the trailing woke bebind u supersenic body,

both the viscous inner wake and iavis/id outer wake characteristics,

e.g-. velocity, density, and tem:perature profsies, must be known  The

calculation of the viscous inner wake depend. on the forebudy voundary

layer, and meathods for handling both of these types of 7luid mechanic

phenomena have been previously described tor both faminar and turbue-

lert flow and including transitiva. The inviscoid vnter wake characteris - ;
tics, on the other hand, depend on forebody bow shork war strength 20w

shapc and the subseguent exthans:on over the 2%t portion of the buady. . ’ i

o

Anaivsig

Fer the purpose of anaivsis, the wake of a supersonic vehicis 18 conri- ‘ E
dered where 1t i assumed that the vehicie bow shock wave shape and -

the
peri .ent or theory. Fo- Liunt bodics at hypersuniv speads, blasl waws

th

Y
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theory may be used to approximate both the bow shock shape and the
pressu: . distribution on tne wake axis. ¥or supersonic speeds, however,
the pres.ure in the wake may ve approximated as being equal to Poo' the
free stream pressure.

SR YN

From conservation of mass, a mass ba.ance may be written that relates
the mass flow in the free stream at the shock tiircugh a disk of radius

Rg with the mass flow in the inviscid wake through a disk region of radius
r. This relation is

R e e

o r
P>

V 7R” = 2n dr . 18
P oo" 8 pur (18) :
: * i
‘ ()
, *
: The integraticn on the right-hand side of Equation 18 starts at § , the
i wake displacement thickness instead of zero in order to account for the
displacing of streamlines by the viscous wake pnenomeaa. The wake
displacement thickness is defined by the relation

é
®
piulé 21! = 21?] (plul ~ pajrdr (19)
o

and may be determined using the viscous wake results.

Equati.n 18 may be considered to be a relation between properties on a
streamline passing through a poiat on the bow shock at a shock radius :
R, and propecties on the vame streamline dowrstream of the body at a :
point A, a distance r from the axis of the wake. With the bow shock '
tshape known, then a speciiic value of Rg corresponds to specific propei -

ties imymediately behind the bow shock for the streamline passing through

that point. If it is assumed that the flow is isentropic in expanding from

the shock w.ive on downsiream to point A, then Equation 18 i, a relation

between two points with the same entropy, or. in other words, the same

total pressure. The assumption of isentropic {low behind the bow shock

means that any secondary shocks (i.e., wake recompression shock and

forebody flare shock) produce negligible changes in entropy. Although :
this assumption is possibly open to question, it simplifies the calculation i
of the inviscid wake proporties and is in line with the other assumptions

einployed.

Equation 18 thus provides a means for calculating the total pressure or C
; entropy at point A, a distance r from the wake axis. Furthermore, the
2 total enthalpy is known since the inviscid flow may be considered adiabatic.
i Finally, with the pressure distribution .long the axis of the wake known,
: an estimate of the static pressure in the inviscid wake can be mace by
assuming that there are no pressure gradients radially in the wake region
i.e., dp/dr = 0, The complete state of the gas ot a point A in the invis -
cid wake thus is complctely specitied in terms of the total pressure, the
total enthalpy, and the static pressure In order to facilitate calculations
using the above analysis, the following transfurmation s introduced:

e X d e g e %
i

I A

e
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and

Equation 18 then may be rewritten as

2 n
pcx)voo’”Rs = 27 I ¥ ndn ,
§

*
n
or
) )
Rs = - (Jn) ) (21)
*
where 6r~ is the transios~.. splacement thicknesg, and
5% v (6 22
ﬁ-_d-i( )"oooo(én) . (22)

Thus, froirc Equations 21 and 27 and assuming 5* known f{rom an anaiysis
of the viscnus wake, the entrony and total pressure at a point A, lying a
distanc2 2 ‘rom the axis in *he transformed plane, may be determined as
b.inp equa! to tha iimmediately behind the bow shock wave at a radius
R . /:th the total press.ure or entropy known for the streamline, and

8, . . . .
wit:. an exri'nate .f D~ static pressure, the local Mach number at point
A may be delermin=?. This, togethe: with the total enthalpy, gives the
stetic = ilalpy or teinperature., The complete state of the gas, includ-
ing the veincity aal density, at sucn a point is thus specified, and the
variaiion in fluid properties in the transformed (n, x;) plane may thus
be determined. In order to transform the resuits back into the {X, r}
plane, Equat‘ion 20 may be used with the result that r and n are related
by the equation, -

r n 2 V
rdr = —@"-—g)ndn {23}
/g* sx P

Since pmvm/pu is known as a function of n, this calculaticn mav be
readily carried out using numerical techniques for the integraticn. The
variation of such fluid properties as velocity, Mach number, arnd tem-
perature thus rnay be caiculated as a function of r, the radial distance
irom the axis of symmetry.

Using this inviscid wake prediction method with the shock shape as de-
termined from wind tunnel tests of an Arapahc C with nose cone forebody
as an input, a good correlation between thecry and experimental results
nas been obtained. Figures 8 through 23 show both the experimental

49
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velocity dzta points obtained by reducing the measured pressure data
and the inviscid wake theorerical predictions for Mach numbers of 2, 3,
4, and 5 for two Reynolds number conditiors and for X/D values between
3 and L1. The starting point for the inviscid wake prediction is noted

in the figures, and in all instances the theor is within 10 percent of the
experimental values. Thus, the degree of correlation is certainly ac-
ceptable for engineering calcuiations.

The accuracy of the inviscid wake theory will be limited toc some extent
by the accuracy of the inputted shock shape. In performing the mass flow
balance, thecry does not consider the embedded shock produced by the
forebody flare or the recompressicn shock wave formed in the wake neck
region due to the added complexity required to include those considera-
tions.

Although there is some data scatter and aiso some difference between
Y/D piane experimental values and the Z/D plane experimental values
due in part to the fact that the Z/D vaiues were measured in the plane

of the strut, the extent of the correlation between theory and experiment
is sufficient for engineering calculations ir the wake. The accuracy of
the correlation improves for larger values oi X/D. In the region of

X/D = 3 that is guite near the wake neck and the recompression wake
shock, the wake prediction method, while still adequate, is '.ss accurate.

ITERATIVE WAKE SOLUTION

in order to comgletely describe the cnaracteristics of the viscous and
inviscid wake, an iterative sclution was performed to compute the viscous
wake profiles. This was done in order to obtain coutinuous protiles of
the wake properties acrocc the total waxe {viscous + inviscid) since the
viscous wake edge conditions were originzlly calculat:d based on the flow
through the normal portion of the bow shock wave fas pe> boundary layer
analysis) and did not match the edge value obtained frcm the rnass flow
balance performed in the inviscid wake.

The iteratior, procedure, which has been programmed, computes the
viscous wake prepertics based vu a resised value of Mach number, My,
at the edge of the viscous wake. The revised value of M, is obtained
from the mass fiow balance performed in the inviscid wai(e analysis and
is that value of M\ predirted by the moss flow dalance cuorresponding to
the edge location predicted by the ipitial viscous wake run. This new M,
value is used as an input for a second pass {first iteration) through the
visco'~ wake program and the inviscid wake program. Although the
abnve procsdure could be repeaceu ai: iuefinice numoer o: times, initial
results have shown that no more than three iterations are necessary to
obtain complete matching of the viscous wake -inviscid wake, edge.

The results based on this iterative solution are shown in Figure. 8
through 23. The beat correlation for these turbulent viscous wi..e cases
were obtained using Model 3 with a viscosity coetficient rgual te G. 005.

A correlation for laminar viscous wake has not been made using the
iterative solu~ion. This value 0of K = 0. 005 is below *he range 0" values
(0.02 to G. 06} indicated in the literature as shown in ltuni 3, ¢. However,
those values were obtained from standard boundary layer type sol tions.

’ v-w‘nulm&ww‘l! LRS- T e S
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By performing the iteratior solution that changes the consideratica o the
flow through the normal shock as in standard boundary iayer theory to
flow through a locally oblique shock as used on this program, the value
of K yieiding a satisfactory correlation Das becn changed. Pricr to the
use of the iterative solution with the viscous wake, re2asonabie correla-
tions between experiment and theory were obtained for values of K = 0. 025
with Models 3 and/or 4. Until mor. experimental dats become available
on the effects of other parameters (such .s the wake neck as a starting
point rather than rear stagnation point mentioned in Item 3, e of this
section, on the results of the predictive method, an acceptable range of
K values cannot be exactly determined. Thus, it is belisved that the
current use of K = 0. 005 with the iterated solution is acceptable as an
engineering solution insofar as achieving and maintaining a general
theoretical approach to the wake description.

6. FLOW FIELD COMPUTER PROGRAM

An integrated computer program has been developed and programmed in
FORTRAN IV for use on the IBM 360-40 and IBM 7094 computers. The
program is based on the forebody program of Section II and the wake

analyses of Section III.

The computer program <an determine the properties of the inviscid and
viscous wake preceding a decelerator and consists of the following sub-

programas:
1. Forebody flow field (ML’ I‘L, and PTL)

*

2. Boundary layer, laminar and turbulent (6, M )

3. Viscous wake, laminar and turbulent (M,, P,., and
L' "L
TL)
4. Inviscid wake (ML' PL, and TL)

v R R J’W:hma%%wl‘%§ m’ﬁ'ﬂkﬂﬁ\lléw Su- mi -

5. Iteration (on Items 3 and 4 above) :
g

PETE YIRS

The following inputs must be specified to utilize the integrated program:
I. Free stream conditiors
2. Forebody geometry and wall temperature
3. Bow shock shape
4. Bou.dary layer constant, K (0 or 1)

5. Wake cciztanws, K and K%

PR S AR e

6. Number of iterations to be performed

Optional inputs (wh'ch will be calculated in the program if not specified}
include:
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1. Boundary layer transition Reynolds number or transi-
tion point location

Z. Forebody flow field (ML, PL‘ and PTL)

Copies of this computer program may be obtained from AFFDL (FDFR),
WPAFB, Ohic 45433 by request.
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SECTION 1V
PARASONIC PARACHUTE PERFORMANCE

1. PERFORMANCE FACTORS
The performance of PARASONIC parachutes is described according to
two basic criteria: drag and stability. The primary facw >« that influ-
ence the performance are listed below.

i. Canopy shape

2. Canopy porosity

3. Free stream Mach number

4. Free stream Reynolds number

5. Forebody shape

6. Downstream location of thc canopy inlet {X/D)

7. Ratio of canopy area to forebody base area (Ac,"Ab)

The first two parameters, canopy shape and orosity, were held constant
in this performance evaluation. All parachute testing was conducted
with PARASONIC parachutes, thereby constraining the canopy shape.

The selection of PARASONIC parachutes was made based on the high
degree of inflatior stability and sirvctural integrity exhibited by these
parachutes. The FARASONIC parachutes are members of the Hyperflo
far.ily of supersonic parachutes and are distinguished from standard
Hyperfio parachutes by comparison of canopy profiles. The PARASONIC
parachutes are constr'_ted with an uninflated shape which approximates
the fully infiated shape of a standard Hyperflo parachute (see Figure 28).
When inflated, the PARASONIC canopy is free from excess material,
thereby reducing "flaggingr" loads which have been found to lead to pre- !
mature canopy failure. Thc porosity was held constant for all parachutes
to further limit the number of variables. .

ot 2 B e O Rt

Vst e, Wisk WY,

An experimental test program was conducted to determine the effects

¢f the remaining parameters on the PARASONIC parachute performance.
The analysis of the eifects of these parameters is presented herein. Tke
experimentaj test program is discussed in dctail in Appendix V.

2. WIND-TUNNEL TEST SUMMARY

The FARASONC parachutes described above were deployed behiird ‘ae
three forebody configurations shown in rigure 29, The basic Ara, .10 C
forebody is a 0. 182-scale model of the Arapaho C free-flight test vehicle
and consists of a probe nose; a cylindrical centerbody; and a2 symmetrical,
flared afterbody, The Arapaho C with nose cone forebody has a center-
body and afterbody identical to the basic Arapaho C; however, the probe
nose was replaced with a conical nose with a spherical tip. The third

BRI 15 1+ WEATARIR 530 A0 b 1 S
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forebody consisted of a blunted elliptical cone with a nose shape identical
to the nose used on the second forebody.

Two types of PARASONIC canopies were tested. One type was cone-
structed with a prewoven Nomex {ine -mesh cloth as the :oof inaterial,
and the second type was constructed with a hand-woven coarse-mesh
roof. Two canopy sizes were tested so that a canopy arca to forebody
base area ratio of 3. 425 could be obtained lor all forebodies. As stated
earlier, all canopics were constructed with the same total aerodynamic
porosity. The construction details for the parachute mocdels are shown
in Appendix V.

Two series of parachute performance tests were conducted under this
program. The first series ol tests (WT-1IB) was of sufficient scope to
produce enough data to determine the effects of the aforementioned para-
meters on the parachute performance. The second series of performancs
tests (WT -V1) was conducted using a redesigned drag measurement sys-
tem to obtain data having a higher degree of accuracy as the comparative
basgis for the drag predictive method discussed in Section V. The re-
sults of this series of tests were also used to validate the results of the
first series of tests. A summary of the test conditions for both series

of tests is sliown in Table IV.

Results obtained from the parachute performance tests are presented in
Appendix V. Both drag and stability parameters were determined. The
base pressure to free stream static pressure (Pp/P_,) values were re-
corded to indicate the degree of modification of the grebody wake due
to the proximity of the attached decelerator.’ Table V lists the P, /P
ratios for th three forebodies without a decelerator immersed in the
inner wake. -

Coraparison of the values in Tables V with the results presented in Ap-
veadis ¥ gives an indication of the degrr~e of wake modification. There-

.. maixing pacameters listed in Appendix Vdescribe the stability anddrag
T ciharacteriretics of the parachute. General stability comments are dis -
- cussed in e 8, below.

" $4ACH NUMBER EFFECTS

Figares 30 and 31 illustrate the effects of the free stream Mach number
on the drag coefficient of PARASONIC models behind the Arapaho C with
ncse cone and the blunted elliptical -one forebodies. The trend of de-
<reasing drag ccefficient with increaning Mach number shown in these
figures is typical of supersonic parachute performance. The Mach num-
ber effsct, however, is interrelated with {orebody shapes, parachute
axial location (X/D}). and canopy to forebody base area ratio (A./A ).
The major interrelationship of interest is the combination of Mach num-
ber, ¥/D. and A /A, vaTies at which sever. modification of the jorebody
wake is encountefed.’ It nas been found that for a given forebody -para-
chute combination, the axial location at which severe modification is
sncountered increases as the {ree stream Mach number increase=.
Further discussion -~ ... ater clation of the free stream Mach number
and other influencir . . .eters is presented in applicable sections.

AN g i .




/
AFFDL-TR-67-192
Volume I
TABLE IV - PARACHUTE FERFORMANCE TEST
CONDITIONS SUMMARY
w— r——ﬂ-__——p—————'——-—-———p-—————-’-——_
qO)
(pei) X/D
y ,
Forebody Mesh Ac/Ab 00 Min | Max | Min | Max
WT-1IB o
Basic Small|3.425|2, 2, 4, 5{0.5]|1.5 (45| 8 =
Arapaho C Large|3.425|2, 5, 4, 5{0.511.5 {45 8 :
Small [5.9 |3, 4 9.5(1.5 |6.0] 9
Large|5.9 {3, 4 0.5[1.5 (6.0 8 -
Biunted elliptical [Small [ 1.99 |2, 3, 4, 5/0.5|1.5 [4.0] &
cone Large|1.99 |3, 4 e.5/1.. |40/ 8
Small[3.42512, 3, 4, 5/0.5/1.5 |4.5| 8 ]
Large|3.425|2, 3, 4, 5(0.5| 1.5 |45 8 2
Arapaho C with |Small|3.425[2, 3, 4. 5{0.5(1.0 |4.5]| 8 k]
nose cone Large[3.425]2, 3, 4, 5/0.5]1.0 j4.5] 8 i
Small [5.9 |3,°4 0.5!1.0 6.0/ 10 :
Large[5.9 |3, 4 c.5|1.0 |6.0} 10
WT-VI
Arapaho C with |Small]3.425{2, 3, 4, 5|1.0]1.0 [5.0}] 7
nose cone Large|3.425]2, 3, 4, 5[1.0|10 [5.0] 7
Blunted elliptical [Small|3.425]2, 3, 4, 5/0.5/0.5 5.0 7
cone Large|3.425/2, 3, 4 5 +5]0.5 |50 7
TABLE V - FOREBODY P,/P_ RATIOS
/
b’ Pao
Forebody Mczo B Mcn * Mco =4 Mco i
Basic Arapaho C 0 56 0.25 0.23 0.24
Arapaho C with nose cone 0.50 0.24 0.19 0.17
Biunted elliptical cone | 0.49 0.29 0.17 0.15
—_— A i
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4. REYNOLDS NUMBER EFFECTS

in all cases during the pararhute performance tests, the Reynolds num-
bers were such that the boundary layer at the base of the forebody was
turbulent; the viscous portion of the wake was, therefore, also turbulent.
Any variations in parachute drag due to operadtion in a laminar viscous
wake could not, therefore, be determined.

The variation of parachute drag behind a given forebody depends on the
profile of the flow field entering the parachute. A slight variation of
velocity profiles with a variation in total pressure can be seen in Fig-
ures 8 through 15. For the wake survey tests, the teinperatures were
held constart at each Mach nuinber; the variation of Reynolds number
can be directly related with the variation of total pressuie. Considering
that the Reynolds number variation for the parachute tests was approxi-
mately half the variation for the wake survey tests, and that the wake
profiles shown in Figures 8 through 15 do not indicate signiticant varia-
tions with Reynolds number, it can be safely assumed that the changes in
parachute drag over the range of Reynolds numbers tested will Le very
slight.

From the wind-tunne! trst results of WT-1B, a slight correlation between
variations of Reynolds number and variations of drag coefficient magni-
tude was observed. However, inaccuracies of the drag measurement
system may have zffected the repcatabiiity of these slight ‘rends. Fig-
ures 32 through 35 iilustrate the effect of the free stream Reynoids

“~
o.s 4 e -
Fa) 3429 LARsC
0O 5.9 SMALL
9] 5.9 LARGE
cab— e A — - —~
[ 4 S SUTVRE ] ~ RS

Cowstp oo - 3.¢
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Figure 32 - Drag Coefficient vcrsus Umit Reynoids Number,
Arapaho C Forebody (Mm = 2 and 3}
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Figure 35 - Drag Coefficient versus Unit Reynolds Number, Blunted
Ellipticai Cone Forebody {Mw = 4 and 5)

A

number on various ferebody-parachute combinations. The canopy leca~
tion of X/D = 6 was chosen bacause of the near optimum perfocmance
exhibited by the parachutes at this location.

T::2 figures indicate tha:, behind the blunted elliptical cone model, there
is a elight increase in drag coefficient with an increase of Reynolds num-~
ber. However the Reynolds nurmnber trends appear to be reverssd for

: the axisymmetric forebody. An explanation of this trend reversal has
5 not been determined.

5. FOREBGDY EFFECTS

Of the three forcebndy models used in the parachute performance testing,
two (the b..sic Arapaho ¢ and the Arapaho C with nose cone forehodias)
were axisyinmetric; the third (blunted e:liptical core) had an elliptical
cross section at the base. The third model was tested to simulate the

‘ wake of a lifting re-entry body.

The forebedy effects on drag coefficient magnitudes are shown in Fig-
ure 36. The data shown on this figure were obtained {rom the second
series of tests {(WT-VI) and reflect a high degree of accuracy. The
dats indicate the effects of f~rebody asymmetry on parachute perfor - l
mance. The PARASONIC performance appears to have a higher degree
of Mach number sensitivity in the wake of the asymmetric forebody as 3
opposed to the axisymmetric forebody. The forebody effect is most "

s
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apparent at M, = 3. At M, = 2, the effect is not quite as apparent;
however, the Mg = 2 data %r the axisymmetric forebody may be in
error due to slight damage of the canopy suspensior. line.. This damage
is discussed further in Item 6, below. At My = 5, the low drag coeffi-
cient values for the blunted elliptical cone data are attributed to severe
wake modification. This alsc is discussed further in Item 6.

6. CANOPY AXIAL LOCATION EFFECTS

The axial location of the canopy aft of the foretody was found to become
critical at the extreme e¢nds of the X/D range tested. At the near X/D
locations (X/D = 4 to 4. 5),the proximity of the canopy to the forebody
‘base resulted in severe wake deformations. In some cases, the modi-
fication was of such severity that the wake was considered to be "blown;"
i.e., flow leaving the forebady bas~ separates and passes around, rather than
through, the canopy. In th2 blown wake conditions the flow field entering
the canopy is subsonic and an extremely low drag coefficient results.

At canopy inlet locations greater than X/D = 7, the oscillation stability
was fcund to be very time dependent and, at times, the oscillations be-~
came divergent in nature. The breathing action of the parachute also
appeared to be X/D dependent, with the magnitude of the breathing in-
creasing with decreasing distance between canopy and forebody base.
From a stability standpoint, therefore, the optimum location of the
canopy inlet was found to be at approximately X/D = 6.

g

.t

Figure 30 indicates that at the X/D = 6 canopy inlet position, the drag
coefficient is also optimized. When the Mach number 2 data (which do
not follow this trend) are examined in more detail, and specifically the
oscillation angles associated with these data points, it can be shown that
the upper two data points exhibited oscillation angles varying from 10deg
to 13 deg; the middls two data points, angles from 6 deg to 8 deg; and

the lower two data points, no oscillations. The three data points for the
small-mesh parachutes at the Mach 2 conditions were affected by a near
failure of the parachute. Immediately after completion of the Mach 2
points, inspection of the small-mesh parachute indicated some slippage
of the suspension lines at the pointof attachment to the ewivel. The slip-
page of the suspension lines was such that the parachute inletwas no longer
normal to the flow.

ek NI SRR S UL e Y
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The drag coefficient data presented in Figure 35 for the blunted elliptical
cone model also indicates a near opti. um canopy location at X/D = 6
except for the Mach number 5 conditions. For X/D's = 5 and 6 at M, =
5, and X/D = 5 at M, = 4, the modification of the wake was such that

the parachute inflated with an elliptical shape norma! to the flow with the
major axis of the elliptical canopy in the same plane as the major axis

of the elliptical forebody base. The degree of ellipticity was most severe
at the M, = 5, X/D = 5 test point. At these test points, the canopy was
virtually motionless.

TR 2 A O A i Ko,

7. PARACHUTE TO FOREBODY BASEF. AREA RATIO EFFECTS

g

The parachute to forebody base area ratios (A_/A,) varied only during
the first series of parachute performance testS {WT -1IB), and the data
acciracy may have influenced any slight trends. The Ac/Ab effects can
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be seen on Figures 32 to 35. It does appear that the smallexr A /
ratios exhibit slightly emaller drag coefficient values for the bﬁmted i
elliptical cone data. For the smaller area ratio (1.99), the vizcous ‘
portion of the wake i# considered to have a noticeable effect on the drag i
coefficient value. The trend of smaller drug coefficient values with the i
smaller area ratio is not apparent in the Basic Arapaho C data. In this i
case, the smaller area ratio (3. 425) is great enough that the viscous
portion of the wake has little effect cn the drag coefficient.

The primary effect of A_/A , as discussed previoualy, is associated
with the canopy location at which wake modification is encountered.
Reference 32 indicates that the X/D position of the parachute behind the
forebody at which wake modification occurs is directly proportional to
the ratio of the parachute size to the {orebody size. The results of the
wind -tunne!l tests conducted under this program tend to substantiate this
statement. At the M, = 5, X/D = & conditions (WT-{IB) for the blunted
: elliptical cone tests, severe canopy breathing and wake modification

f were encountered for the Ac/Ap = 3. 425 test points. However, for

/ A /A = 1.99 at the same Mach nummber, no adverse effects were en-

! cSuntéred at X/D = 6, and only slight wake modification observed at
X/D = 5. Similar effects were observed with the axisymmetric fore-
bodies; however, the effects were not nearly so severe,

8. GENERAL STABILITY

It was observed that with the decelerator positioned at a large X/D loca-
tion, the oscillations induced in the parachut¢ became divergent in nature, {
and axiai repositioning was required. 3

The cbservations led to the conclusion that a near optimum X/D position
should exist where the minimum infiation~oscillation instability is pre -
sent. This near optimum X/D position was observed to be at X/D = 6.

The drag osciliation {requency (f;) dces not appear to be Mach-number
dependent within the range tested. The canopy oscillation angles (@) and
oscillation frequencies (fo} show a decrease in magnitude with increasing
Mach number. The breathing {requencies (f),) did not appear to be Mach-
number dependent. However, behind the bkluntad slliptical cone, the
breathing pulsations were time dependent and usually of small magnitude
s0 that breathing frequencies ¢ould not be determined. This indicates
that although the drag coefticient experiences degradation with increas-
ing Mach number, the stability is enhanced.

The canopy oscillations were of dil'zrent forr belund the two {orebodies.
Behind the basic Arapaho C, the osciliations were predominately of the
coning type in which any point on the riser line follows a circular path
in a plane normal to the direction of fiow. QJshind the blunted elliptical
cone, few coriny oscillations were olserved. Oscillations behird the
blunted ziliptical cone were ws‘edon‘masziiy in the vertical plane. How-
sver, in some cases at far X/D positions, the osviilations in the verti-
cal plane were combined with highey freguency osaillitions in the hori-
zontal plane. A point on the riser line, then, iraces x zig-zag path.
Unfortunately, freguencies and as mhmdes could not be determined for
oscillations in the horitontal pidne.
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Inflation stability for parachutes i erating behind the blunted elliptical
cone was highly X/D sensitive. :» '~ ~ t all cases with the large-
diameter parachute positioned at X/ 1.5, eevere canopy breathing
pulsations and wake deformations wer - ncov iered. Behind the basic
Arapaho C, at the same X/D, A /Ab r. o and with the same roof mesh,
canopy breathing pulsations and wake de., rmities were less severe.

Throughout the tunnel tests, on-line observations indicated that the
canopy was assuming an ellipticai shiape normal to the diroction of flow
while operating behind the blunted elliptical cone. The 1:gree of ellip-
ticity increased with increasing Mach number and decre. ing cancpy
X/D location. This ellipticity could not, however, be determined frcm
the photographic coverage.

The type of roof mesh was found to have littie effect or oscillatios am-
plitudes or frequency, but to have an effect on inflation stability (bre ath-
ing pulsations). The large-mesh canopies, being much more iigid tha.
the small-mesh canopies, did not exhibit the high~frequency, low-ampli-
tude canopy flutter observed with the small-mesh cancpies. The large-
magritude canopy pulsations, referred to as breathing, were encountered
with both canopies.
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SECTION V
DRAG PREDICTION

GENERAL

This section presents a method for calculacing the pressure drag of
PARASONIC parachutes opesrating in supersonic axisymmetric wakes.
The method uses the local wake profiles as the flow environment and the
flow through a curved shock wav: ‘o determine pressure distribution on
the parachute canopy. This is a gr “at improvement over previous meth-
ods {(Reference 33), which assume flow conditions at the parachute inlet
equal to the free stream conditions ahead of the forebody and a normal
shock standing at the parachute inlet. The canopy flow field in this
analysis is determined using the following basic assumptions:

1. A detached, curved, .hock is present ahead of the
canopy inlet.

2. The presence of the canopy in the wake produces
negligible distortions of the wake flow field.

3. The flow is sonic through the roof grid.

4. The flow stagnates at solid portions of the canopy
roof.

5. Secondary effects due to separated flow and skin
friction can be largely ignored.

FLOW FIELD ANALYSIS

The flow analysis begins with the determination of the local tiow para-
meter profiles in the wake. The most important parameters required
for this analysis are the local Mach number (M), static pressure (Py),
pitot pressure (Py, ), and dynamic pressure (q ). These profiles, ‘
obtained either Irox\'n exper:mental tests or suitable analytical prediction
as described in Section Il of this report, represent wake profiles that
are free from any adverse effects caused by the presence of a trailing
body in the wake flow field. The "free” wake profiles, therefore, cannot
be considered valid for the cases in which the trailing parachutes have
been known to modify the wake gtructure radically. Figures 37 and 38,
traced directly from schlieren photographs obtained during wind -tunnel
tests (Section IV), illustrate the effect of the parachute axial positioning
on the wake flow structure. The flow-field modification is quite evident
with the parachute inlet positioned at X/D = 4.5. With the parachute in -
let positioned at X/D = 8, however, the wake trailing shock does not
apoear to be deformed. The position of the trailing shock indicates,
however, that the presence of the parachute causes a slight widening of
the wake neck. This slight modification of the wake is not considered
in the drag prediction analysis.
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On the assumption that the wake profiles have been determined, the
next step in the flow analysis is to select profiles at an axial station
immediately ahead of the canopy oblique shock. When this procedure
is used, the influence of the parachute confluence point and suspension:
lines on the flow field is neglected. This simplifies the analysis but
may influence the accuracy of the predictive method.

Analyses of schlieren photos show that two general types of shocks ap-
pear around the supersonic parachute: detached inline shocks and at-
tached shocks at the canopy inlet. The shape and stand-off distance of
the inline shock is determined by the local Mach number profile and the
aerodynamic porosity of the canopy {Reference 34). The shape of the
attached shock is determined by the shape of the canopy and by the Mach
number pro:ii: behind the p: rachute inline shock and is p- esent only
when the flow at the inlet edge is supersonic. The shap of the attached
inlet shock need not be known for the drag prediction ana' sis. The
shape of the inline shock must, however, be known in order to determine
the pressure distribution inside the canopy. The shape of the inline
shocl;, unfortunately, is not easily predicted. The shock wave oscilla-
tions encountered with relatively low -porosity canopies {Reference 34)
along with the interaction of the shock wave and the flexible suspension
lines result in a very unstable inline shock and, therefore, a nonsteady
flow field entering the canopy inlet. Inflation and oscillaticn stability
also affect the stability of the inline shock. The flow analys:a, then,
astumes the canopy to be motionless and the inline shock to be quasi- :
steady. !

:
3
3
3
£
;
4

RN

Analysis of the schlieren photos indicate one other interesting phenomenon
associated with the caiopy inline shock. In some cases a seemingly in-
tense and steady inline shock would lose its identity at the very center.
This "hole™ in the center of the shock indicates subsonic flow conditions
at the wake centerline. The subsonic core at the wake centerline is

most probably caused by the formcation of a wake by the parachute attach-
ment swivel and confluence ring. In cases where the forebody wake
centerline velocity is at low supersonic velocities, further deceleration
of the flow by the swivel and confluence ring then results in a subsonic
core of air entsring the parachute inlet.

3. CANCPY PRESSURE viSTRIBUTION :

The pressure distribution on the supersonic parachute canopy iz deter- i
mined by two flow paths: internal, through the canopy, and external,
around the canopy. The {low field in which the canopy is engulfed 15 S
influenced bv the detached oblique shock ahead of the canopy. With free
stream profiles obtained from experiment or from the method described
in Section LI and s detached shoca wave shape determined from either

; experiment or some applicable predictive methed, flow parametcrs aft
of the detached shock wave may be determined by the use of ollique
shock relations. Both the total and static pressures are required to
determine the pressure distribution on the casopy. In the absence of
fu.ther perturdbations aft cf the shock waves, the parameters are com-
bined within s'ream layers. If the shock is discortinuous at the wake
centerline region, the flow is stil! considerad 1sentropic and 11 treated
as one-dimensional and compressible.
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The axial velocities in the stream layers arz as>umed to stagnate on
the solid portions of the canopy mesh and on the canopy roof cap {s=e
Figure 3J7). The surfaces of the canopy skirt, however, are assumed
to be acted upon by the static pressure of the stream layer entering the
parachute at the inlet edge. The parachute canopy acts as a supersonic
diffuser in that the flow ingide is decelerated, and the kinetic energy of
the flow is converted to a pressure rise. At each mesh opening the flow
is assumed to be sonic; the static pressure in the upening is then

P, = 0. 52!8‘13'e .
The external flow influence on the canopy is divided into two regions.
The first ragion is skirt surface, beginuing at the inlet cdge and ending
at the juncture of the skirt material and the roof mesh. From the lead-
ing edge of the skirt to the point of maximum camber, the skirt is as-
sumed to have a constant siope, and the pressures on this surface are
aspumed to follow conical flow theory. Along the skirt surface aft of -
the point of maximum camber, the flow expands and is assumed to te
analogous to the flow over a rirg-type airfoil, whereon the pressure
coefficient along the upper surface may determined from Raference 35as

Lk i

- & A
CP'B'(b ao)

4. PRESSURE DRAG COEFFICIENT EVALUATION

< rande e R

The pressure drag associated with a cuperscaic parachute is the major
drag component, and its analytically determined magnitude is an accu-
rate estimation of the total drag of the parachute. Determination of
secondary drag components is beyond the scope of this analysis. The
pressure drag is evaluated using the methcd described below.

T T

nienpraasive, oot

The pressure drag is cvaluated by a summation of the axial components
of the pressuredifferentiai acting onthe parachute cancpy (see Figure 40).

Examining a ring ot radius r. and width ds, the tangent at point A inter-
sects the parachute conterline at an angle ¢. The surface area of the
ring is then ;

dA = 2¥rds
aurf

bt

P ML 5 0

therefore,

dA’;‘uri = 4 | csc 8 rdr
The pressure diffcrertiai acting ©n the ring :s

p=2_,-P
At ex

iat r 3

0

L
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Figure 40 - Canopy Cros. Section

and the force perpendicular to the surface is the pressure differential
multiplied by the surfaze area. The component »f the force parallel to
the parachute centerline is the axial drag force and can be expressed as

{ -in ¢

-«OPcsc g sin g rdr

4 ; dD = AP
S Ur

. s 2WAP rdr
i
i The pressure drag of the canopy is equal to
i
: Dp=qmcD A=21TI APidr
: P
; r
; o
; and the drag coefficisnt 1s then
3
- K
E N z = S S APrdr
: DpP 2
- : q,, (TR")
T
o

Siniplified and put in nondimentional form, the radii are
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3 R
AP 1.2
C o 4@
DP AR PN K
r
. §zo
R
3 For regions of constant pressure differential, the incremental pressure
4 drag coefficient can be expressed as

2 2
_ AP fi) (fg)
2Cpp 7 3 [( ®] " \®R

(e 93

To simplify the calculation procedure, this equation may be rewritten as

L aded L il Bt

2 2
<’i) (’o)
: _ . Y (e
Avyp © (CP internal P exterpal) [ R R
H £
1 er 2
(rl ) ( rn)
| ACpp = £Cp [ R R
% The total pressure-drag coefficient is then
% 13
Cpp * E : 5Cpp,
i= 1

5. RESULTS

e S bttt

Using the methods described in Item 4 above, several sampie caleuia-
tions were made and compared to drag ceefficient values ubtained in ex-
perimenta’ tests (Appendix V). For the sample calculations, the para -
chute canopy was broken up into 11 annular rings, each assumed to have
: ‘ a uniform pressuare difierential across its surface. The lucation and

' ; size of these integration strips was based on the construction of thx
parachute models tested and on the pressure distribution on the canopy.

Figure 39 shows the canopy construction and the coordinates of the
inte raticn strips.

Strips 1 through 3 make up the total skirt surface. Strips 4 through 9
comprise ths mesh portion of the canopy roof. These strips are divided
into open and closed areas. Strips 4 and 6 are the open strips and equal
the total open area of the canopy. Strips 10 and 11 correspond tc the non-
porous cap on the canopy roof. The choice of 11 integration strips was

deemed sufficient for obtaining reasonaltle results from the initial calcu-
lations.

i TR 1 ST R R g T

The wa. : profiles used for the initial calculations wers cbtained from
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wind -tunne) tests {Appendix V). The wake profiles were obtained in both
horizontal and vertical plarnes during the wind -tunnel tests. However,
the forebody raounting strut was in the horizontal plane, and the wake
n.casurements in that plane were considered to be influenced by the wake
of the strut. The wake profiles in the vertical plane were then used and
were assumed to be axisymmetric. The shock shapes were obtained
directly from schlicren photographs of the test items. From the shock
shape and wake profiles, the conditions aft of the shock were determined.
A first assumption was that the streamlines aft of the shock remain
parallel to the wake axie. The resuits of computations made using this
assumption indicated that accounting for any radial transposition of the
streamlines would not substantially increase the accuracy of the calcu-

lation methad.

Table VI lists the conditions and calculated valuesa for one of the test
cases. In Figure 41, results obtained using the drag predictive method
are compared with experimental wind-tunnel data (Section IV). Table VII
presents the same data in tabular form. The selection of canopy axial
positioning at each Mach number was based on parachute stability and
the availability of a well defined shock shape from schlieren photographs.
As can be seen, there is good correlation between the calculated and
experimental values. In most of the test cases the calculated values
have nmaller magnitudes than the corresponding experimental data. The
accuracy of the methed does not appear to be highly Mach-number de-
pendent; however, as the Mach number increases, the possibility of wake

modification due to proximity <i decelerator and forebody becomes greater.

TABLE VI - SAMPLE CALCULATION DATA

*
‘Wake profile parameters

P M P P

NEY: Lp2lRic e lc fc Jc
Y/D | (psf) 11 0 (sin8 | (psf)] (psf) | "p2 pt2 | “pe | pconical | pext
0 28.40 0-70*"“‘ L 30.4 ¢ .0756-0- . o o . e
0.2 {28.40}1.70 440 1. 18] 41.4} 66.9 .0904 .267 |. 048 . . .
0.3 127.60} 1.92] 40| 1.23) 44. 0} 68.8].114 |.286 |.055] .. . ...
0.5 |28.80} 2. 70| 38°]| 1.66!87.8{116.8].410 |.610 |.228 . . c e
0.6 128.20]12.76 330 1.707 90.4]119.0{.431 |.630 |.241 . 360 .017
#These data were calculated at the following free stream conditions: (1) para-
chute - My, = 3.00, g = 0.98 psi, Re/in =.069 x 19°, X/D = 6.0, p;m =
5.7 psi; apd (2) wake measurements -~ Mg, = 3.00, q5, = 1.0] psi, Re/in. =
.069 x 10°, X/D = 3. Py = 5.9 psi.

*Conical flow theory

%

S

Ring airfoil theory
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MACH NUMBER
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; Is q,, = 1.0 P51
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Figure 41 - Correlation of Experimental and Calculated CD Values

TABLE VII - EXPERIMENTAL AND CALCULATED DRAG

COEFFICIENT VALUES

Moo X/D CDP (CD)exp CDP/(CD) :;: 09
2 5 0.734 0.850 86. 4
7 0.873 0. 950 92.0
3 5 0. 585 0. 494 118.3
6 0. 482 0.563 85. 7
4 5 0. 369 0. 423 87.3
7 0.361 0. 340 106.0
5 6 0. 260 0.376 69.2
7 0. 320 0. 342 93.5
75
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The pressuras drag is the major drag componcnt, and the theoretically de-
termined drag magnitude is an exceilent indication of the supersonic

parachute performance. Evaluation of other drag-influencing parameters
listed below could possibly enhance the accuracy of the predictive method.

1. Skin friction

T
e A

2. Separated flow effects
3. Confluence point and suspension line effects

4. Eifective porosity variation due to flcw compressibility

,“, ..,A
o

Calculation of drag components attributed to these phencmena does not

appear nractical from an engineering standpoint; therefore, only trends
are dircussed.

The skin-friction drag can be neglected without sacrificing appreciable
accuracy. The drag component attributed to separated flow effects ma:-
have a slight effect on the accuracy; however, evaluation of this com-
ponent does not appear practical. The influence of the confluence point
and suspension lines has been studied (Reference 34), and resulls indi-
cate that the number of suspension lines does affect the internal pressure
distribution on the canopy. The effect of the confluence point and sus -

: pension lines has been taken into account somewhat in that the shock

{ shapes used for the initial calculations were obtained in the presence of i
the confluence point and suspension lines. The variation of effective "
porosity with Maci: number does not appear to be an appreciabie tactor

| when dealing with the low porosities associated with supersonic para-
. chutes.

>

i Recommendations for future work are included in Section VII.
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SECTION VI

CONCLUSIONS

A method of solution was developed to predict the flow field properties
as well as the boundary layer momentum thickness and momentum de-
fect over axisymmetric, asymmetric, and two-~dimensional forebodies.

A inethod of solution was developed to nredict the properties of the wake
flow field behind an axisymmetric forebody in a supersonic free stream.

These methods have been programmed in FORTRAN IV. Results using
this program have shown good agree'nent with experimental wake re-
sults over a large range of free -streum Mach numbters and axial loca~
tione aft of the forebody base.

A method for calcuiating supersonic par. chute drag using wake profiles
as free-stream conditions was developed.

Results using the parachute drag predictive method have been compared
with experimental data and good agreement has been shown.

The results of the PARASONIC parachute performance tests indicaie
that, although the drag coefficient d«creases with increasing Mach num-
ber, stability generally ix entanced. The effects of wake asymmetry on
parachute performance becarne inore pronounced as the Mach number
increased. The d.-ag coefficient values did not show any repeatable
trends 2sscciated with Reynolds rumber or type of roof mesh.

{Reverse is blank)
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SECTION V11
RECOMMENDATIONS

The following tasks are recommended as desirable improvements to the fore-
body, wake, and decelerator analyses:

1. Forebody analysis.- Improve the turbulent boundary layer
momentum defect calculation by using advanced methods
for determining body friction coefficients

2. YViscous wake analysis
a. DBetter determine the starting point for the wake calcu-
lation and consider modification of the starting point
from the rear stagnation point to the viscous wake
neck

-l

b. Extend the analysis to flows with Prandti sumber not
equal to 1

c¢. Include the effect of axial pressure gradient (this
would increase the complexity of the analysis)

s e

d. Develop a solution for the near wake region (this would
require 2 major effort}.

3. Inviscid wake analysis
a. Include the effect of radial pressure gradients

b. Account for the effect of embedded oblique shock wakes
{wake recompression shock and flare shock} on the
inviscid wake profiles

4. Wake soluacn
a. Invesiigate methods for matching the viscous wake
and iaviscid wake edge conditions

b. Apply the wake sclution to additional experimental
data to determine the choice of viscosity model and
viscosity coeificient that best correlates theory and
experiment

¢. Ferform a sensitivity analysis to determine which
modifications to the analysis method will improve
the solution the most

5. Drag prediction

b s .

s. [Extend the drag predictive analyses to apply to non-
porous dec.:lerators

b. Conduct experimental tests on rigid decelerator
models of simple geometry {(for example, cores and

spheres)and correlate with analytical results

{Reverse is blank)
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APPENDIX 1
BOUNDARY LAYTER THEORY

1. LAMINAR BOUNDARY LAYER THEORY

For the methods developed by Kemp, Rose, and Detra (Reference 1) for
calculating boundary layer properties and, in particular, calculating
momentum thickness (8), Stetson (Reference 6) has presented an em-
pirical correlation of the results of the numerical solutions for 8, which

is given by

6 = ____£V2k (0. 491)(1 - 0.09050'4)(Peue/pwyw)o'386. (24)

ur
pee

Hcre,

s
&= [ "w"wueerds

and s is the distance from the stagnation point as measured along the
surface of the body: k = 0 for two-dimensional flow, and k = 1 for
axisymmetric flow. For nonaxisymmetric flow, one of these two cases
must be used as a suitable approximation. For example, a flat delta of
smal) thickness ratio is best approximated as a two-dimensional body,
while an elliptical body with its major and minor axes on the same order
of magnitude is more suitably approximated as a quasiaxisymmetric
body (k = 1).

N et AN g 1 S s W g ensbacs o

In the cbove equations, the subscript e denotes local conditions at the
edge of the boundary layer, while w denotes local gas conditiors at the
wall. The effect of 3, the pressure gradient parameter, is small in
Equation 24. This can be seen since 3 ranges from one at a two-dimen-
sional stagnation point to zero in a zero pressure gradient region; thus,
a typical value ior 3 represents no more than a 10 percent correction.

In Equation 24, ¢ represents an effective surface distance that considers
the prior boundary layer history. For purposes of calculation, can
be rewritten as

R L @) |

1w :

where :
s/R ;

. ?_3 Ve vk /s 27 i

¢ = v (/5 4R) 217 !

0 P @ i
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P, is the forebody nosc stagnation pressure, V,the free-stream velocity,
and R the base radius for an axisymmetric body or an effective base
radius for a nonaxisymmetric body; assuming y/RT = constant.

he boundary layer momentum thickness, 8, can be rewritten in terms of
% The result is

0. \/_(o 491) - ‘) 6‘7

) 6 e

Here, 8 can be evaluated from

* [au
B=2 -s— (%{-‘-)‘ = const . (29)
e

“Yhen the local boundary layer momentum is known, M can be evaluated
irom

. (28)

M = P uied. (30)

'r circumference °©

wheye ds is a circomferential increment of length ~From Equation 28,
0 can be written as

; _ /2 - »

. 2, ,,mv;avz (0. 49001 - 0.0908% H£* " u_ (,')lﬂ T.\l/z
’ P u = 72 _~ e T =0
: ee (,,m'b."mil)1 (ym)v?a)k(ﬁvuw)(). 386 vag_’m \wi.

: Mo ™ P g Ky .

éé’n
Thus, the integral in Equation 30 can bt evaluatad reas.x}\ oncs the mca.’

flow properties hive bzen used o svaicate f‘ &/R.: and #euﬂa- Fora
circular body and by =valuatiag the integral at the base.

A A iy b e

) M = !D(§ u 9)!:’“!i 32}
§ For & body with o~ elliptical cross section, M can bé cxpziz,qséé as

i S ) -
LTI

1 & -

| M = ‘j,; Pele R GiR d¢ , 113}
¢

{

l .

i

i
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(£

where, because of the symmetry, it is only necessary to integrate over
one quadrant,and where

/
ab '—b‘-'iié r Si-;—z-é:}l'z

Here, b and a are the semiaxes of the ecllipse. Gl is upity iobr a eylin-
drical body.

Once the inviscid flow properties along the edge of the body boundary
layer are known, and assumiag the wall temperature is known ¢r can be
estimated, then the boundary layer momentum thickness and integrated
momentum def=ct can be evaluated using Equations 28 and 30.

TURBULENT SOUNDARY LAYER THEORY

Unfortunately, the state of knowledge regarding turbulent boundary
layers is not so well developed as in the laminar case. Thus, although
there have been many approximate treatments of turbulent flow, most
of which can be supported to some extent by usmg existing experimental
data, there are no "exact” theoretical solutions isuch as those of Kemp,
Rose, and Detra) for laminar flow.

One approximate solution, the resuits of which iend themselves to the
present problem, is that of Reshotko and Tucke: {Reference 7). Thisg
solution uses the momentum integral and moment-of-momentum equz -
tions as simplifisd using Stewartscn's transformation. To solve these
two equaticns, a skin iriction relation must bé used; Reshetko and Tdckef
cho.e the Ludwieg-Tillman relation in a iorm suitable {or compressihl

flow with heat transfer threugh applying the reierencs e'nhalp*y conce;:&
The above equations were simpiilied further by using an approximaic”

~shear stress distribution a'}d the power 1av. vek.cxty preh!e

The moment ~of- Tﬂ"'ncatum equaiion is needed 1o account ior pressure
gradient effecte on the boundary layer velscity pr::flh. The method 21
Reshotko and Tucker, as agplied to insuiated surfascs. is guite wele
founded. However, for noninsulated or nonadiabatic wall cases the
method, though gualizatively correct, is based on somée specilative

“assumptions. It-is #till anticipated, however, that for suth cases the

method will-vizld reasonable quantitative results. The methad ceriainiy

. 15 'i/,)rescnuuve of the best that can be done =within the present status
-t "..—tuxen’ U,mv theory.

; x

%‘n».wu:o and Tucker 5, Feferesce 7 present their resuits for inementum
ti:ckness 1n tarms f a ransformed momentur thickness, 8,.. The
transforn od o _Gﬁ‘:-nlur‘ _thickness, v,‘.. can be related to the actual
mbeaiuir tRickness, |, by C : ' ‘
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8 - &.r(; e 1o i Mi)a : : (35)

The solu*ion £or‘ 5

M 2 ¢ \0 215% s Mow 6 ﬁsZiS:’MBRLZiS‘jk
. 3001 + nl-2155k e o tr e
s ONV m} » M,R *}G{.?w

3 ‘JO‘ ) £ - - i Y yg
, \ie 132 '

( gl 2issRy SR
> 0.01173 B L ) S (36)
’I’e SO :

Here, a5 and v, are the. veiocaiy of scurd and the Rinematic visc o8ity
evaluated at the stagnation conditions +f the Jocsl external stream, re -
spectively. The exponent B-can be exg” ;.ed app_rox.mately as

Sf

B =z 42*1“1;("\\4. (37

where T is the inviscid stagnation ¢ nperature. The referénce tempera-

. o . . =
ture, r-re.;" is gu_&vv:‘rrs_-g.:s

-:{'.,'75 H s 27 - T 1, E 3%
ro. T ?e, + 0.22 (Taw Tg} o {3%;

rei A"
where T is the sdiabatic wall oz recavery %.emp;-.tatur;e”

: VSRS :
T =T (i Xl } (¥}

aw 1] é

The distance, ¢ , in Equahon 36 is the starting point ¢! ’hﬁ calvulatios..
J the pon 'ld-&s)( iayer is turbulent over the ¢stire bedy, then s = G, and
e caiiuistion starts at the fordard stagnation paint. However, :f the
boundary layer is 1a. ially laminar, then the caiculalion starts at 3= 54,
tie trausilion point. At tha® pont, .

0.rurbulent} = 8(laminsr} - 47}

The previously noted ecuation for 2 canpressible turbulent boundary
nyer {Equatipn 36), cau be recast in terms of 2 turbulent distance pa-
rameter, {, , where

g4
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s/R
B o\l 2155k
M (k) .
& * - ! e \R 4% . (41}
ST T B IV 2155k T \0- 132y 37268 °R
M (R _ref _o
T T
- e e
iy
R

The transformed momentum thickness, etr. then can be expressed as

2 2165 +
5 )1.2155 r (TR)]l.zxss p o) 0 155[M (TR)}O 155 + B
“tr _jtr 50 e N
R l R 20 M_
| 1,255k
{E%Bl] 0‘011735,{_'
LD Py 2155 (42)

TR indicates that the prop.rty is to be evaluated »* the transition point.

ie known, the actua! momentum thickness, 9, can be evaluated

W.en etr

as can Rce, peu;G, and M. For t'.s latter qua- ity, Equatione 32 through

14 are apgiicable. Thus, calculations can be cayvried sut for the impor-
tant boundiry layer properties once the properties at the edge of the
boundary layer are known,

[Reserse 18 Blank]
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APPEND X II

FOREBMODY FLOW FIELD PROGRAM

The forebody geometry is stored as a table to 2llow all necessary geometric
properties to be determined by simple caiculation from the geomeiric coor-
dinates. The storage system defines the body profile as a series of points
that are the values of the distance r from the forebody axis toits surfaceandas
a function cf the axial distance x from the nose of the hody. Thirtwen pro-
files are stored on 13 planes formed by rotating the vertical plane containing
the forebody axis about this axis 90 deg in 7.5-deg incraments. Mirror
symmetry is 1ssurned about the vertical and horizontal planes.

Ihe one geometric input required by the boundary layer program is the value
& of r/R, whare R _s average base radius. The value, r, is found as $# function
of « along any one ¢ hy linear interpclationbetweenth. points storedinthetable.

For the pressure distribution eibroutine, the angl: of the forebody surface in
e chg rlane with the body axis must bg known. To calculate this,

ie L, 475 4
8,- g = are tan e £ ~-Z (43)

e, 8 "N, 4

The application of the Newtonian or tangeni-cone method for estimating the
static pressv e distribution is governed by the fcllewing logic. The free-
system Mach number and the stati. pressure (Mg, and pe,) are inputs tc the
pressure distribution subroutine. For each g profile, the following checks
and decisions are made.

The nose angi+= is calculated fro.n the stered geometry,
E B Y

r - X
60 4 = B’rC tanxl' g - yoi—é . {44)
= I, 4 " %, 8

This value then is compared with a stored curve of 8, versus My,, where 6
15 i~ ¢ritical cone angle between conical flow with an atfached conical shoc
and flow with & letached shock.

Case A

a A
i

e

=8 .
C

0, ¢

If 89 4 is equul to or larger than @, ther the shock wave is detached from
the nose, and static pressure is estimated by the Newtonian {low

Vb A

- 2
Pe = Pg sin 60.6'

S

where ps is the nose total pressure. OSince there is a detacned shock, pg is
the free-stream :mpact pressure.
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,l F- 1y 1
(F+ UM~ i \ 2
- N N 164
P, =|p —=3 gt . (45)
L b owv® -0
Case B

B, s < %"

If 8¢, ¢ is less than 8¢, then an attached conical shock exists, and both the
stztic and nose total pressure are evaluated from the conical flow subroutine.
For both cases, the iccal Mach number is given by

where p, is the local total pressure. In this region, p, = ng.
This solution is carried out &t each point on the body profile. As long as.

8i, ¢ >6; 4 1, 4 the local total pressure is equal to the nose total pressure
for both cases. If the shock wave is detached, the static pressure is obtained
by the Newtonian method until 8; g <8¢, after which the conical flow colution
is used.

If, however, 8; <8 .1 4 @acorner shock forms, and the local tetal
pressure changes. To evaluate this condition, the fiew properties in the
regionxj . 1 x; are uged, and the angle o = 6, , - 8., 4 is the

conical serniangle of interest. As before, there are tgo possible cases.,
For Case A where @ 2 8. for M,
i
o = p sin"8§

where Po; 4 1 % locai total pressure behind a detached fnormal} snock. This
pressure is given by

—te
T .
e. b~ 1
i Pe )
Py sy Vvex & . 4 2 - .
i+l (r- o, 52 2iM_“ (k- )
X . i ,

For Case B where 8 is less than 0. for Mei N the =tatic and total pressures
are taken from the cc ical ‘low routine using the local properties at point i
as inputs. Again, the Mach number is given :n sither case by

&8
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APPENDIX 11
BOUNDARY LAYER TRANSITION PREDICTION

I. GENERAL

A criteria for boundary layer transition was established that could be
incorporated into a general laminar -turbulent boundary layer calcula-
tion program. Any such criteria must, because of what is known regard-
ing transition and turbulent flow, be considered as leading to only an
approximale estimaie.

i ekl SR
neT— -

sty B

w2 developing transition prediction criteria, recognition must first be
made of the factors that influence transition, the parameters in terms
2f which transition correlations usually are made, and which of these
factors are important and can be considered realistically. In general,
boundary layer transition depends on the Reynolds number of the flow,
surface roughness, free-stream turbulence, noise, compressibility ef-
fects and/or pressure gradient effects, and whether the boundary layer
iz being heated or cooled. Except for effects due to surface roughness
and free-stream turbulence, one might think that the other effects are
of such a nature that methods of predicting their associated influence on
transition could be developed. However, the effects of roughness and
turbulence each may couple with the other factors, thus making any
attempt to separate one effect from another extremely difficult.

As an example, the effect of surface roughness depends on the thickness
of the boundary layer, but the thickness of the boundary layer depends
on the compressibility of the fluid (2s manifested through the local Mach
number} and whether the boundary laye~ is being heated or cooled, as
well as many other factors. The free-stream turbulence also may vary
with tunnel conditions. Thus, the individual factors do couple with one
another.

In evainating factors affecting transition (see Figure 42), Low,in Refer-
ence 36, presents a curve showing the effect of free~stream turbulence
cn transition.

Gazley {(Reference 37) found that laminar boundary layer oscillations ard

their damping or amplification could be detect:d only when the free-

stream turbulence was less than 0.001. For greater turbulence values,

the houndary layer oscillations became difficult to identify because of

the near coincidence of theii appearance with the point of transition to

turbulence. Gazley also reported that the effects of free~-stream tur-

bulence tend to mask out the effacts of other variableg. This may ex- .
plain the disagreement between Stainback (Refsrence 38) and Gazley. .
Stainback's results tended to confirm the invariance of transition Rey-
nolds number with Mach number up tc Mach 8; Gazley's results indicated
an increase of transition Reynolds number with increasing Mach number. H

Both Deem (Reference 39) and Stewart (Reference 40) indicate an increase
of transition Reynolds number with an increase of unit Reynolds number.
Deem also observed a transition reversal phenomenon due to changes in
wall to adiabatic wall temperature ratios.
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Correlations cf boundary layer transition usually are presented in the :
form of a transition Reynolds number as a function of other flow simi- :
larity parameters. Aithough experimental data frequently are presented ‘
using the free-stream Reynolds number based on X (Reyx), Reynolds

numbers based on momentum thickness and displacement thickness also

are used. If the transition process itself is viewed as originating

through local boundary layer separation occurring because of a local

momentum deficiency, then the local Reynolds number based on mo-

mentum thickness, Reg, would seem to be the appropriate dependent

variable. For an incompressible, flat-plate boundary layer, the critical

value of Reg corresponding to the boundary layer becoming unstable to

small disturbances (e.g., Tollmien-Schlicting waves) is 163 (Reference

41). On the other hand, the transition value may range as high as 1300,

depending on the exact surface roughness and free-stream turbulence,

both of which tend to decrease the value of the transition Reynolds num-

ber. For compressibie flows, the Mach number and the ratio of the wall

enthalpy to the adiabatic wall enthalpy also become important.

Pressure gradient effects (a favorable gradient stabilizes the bound.ry 5
layer while an unfavorabie gradient destabilizes it), although important, :
are much more difficult to consider. The unit Reynolds number also is :
included in many correlations of transition data. Originally, this para-
meter mdy have been related to wind -tunnel produced disturbances.
nowever, there is now some evidence that it also is an important effect
in correlating ballistic range and flight data. Its role, however, is not
understood from a phvsical viewpoint.
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ANALYSIS

In developing a rather simple correlation for the transition Reynolds
number based on momentum thickness, only the effects of Mach number
and hy/h,,, are considered directly. Since the present boundary layer
computer program calculated Reg, it is convenient to treat the transi-
tion problem in terms of this parameter. Furthermore, the free-stream
Mach number range of interest in this study is from 2 to 5. For a blunt
nose body, this means local Mach numbers of less than 3.5.

For wind ~tunnel tests on Project EUREKA, the wall conditions were

such that hy = h,y,. For free-flight calculations, hy/haw could range as
low as 0. 12, based cn an upper limit of 6 for M,. Effects due to surface
roughness and free -stream turbulence will not be included.

In general, the effect of the local Mach number on the transition Rey-
nolds number in terms of X can be represented as shown in the following
sketch (Reference 42 and 43).

tr

Re

A curve of this type can be represented by a power series of the form

,,n
Rey = (Rey ) a.M (47)
tr TRIiN‘

nz=Q

If only the first four terms in the power series are used, the following
boundary conditions can be applied:

l. M=0 Re, = (Re Y (a value of 2.5 x 10° was
chosen) tr tr/inc

2. M=0, dRey /dM =0
3
3. M=M, dRe, /dM =0 (M, based ¢n experimentxl
1 Xip i
data) -
4. M =M., Re /{Re . {imatched with ex-
i Xir htr
perimental data) inc
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If boundary conditions 3 and 4 are seiected based on References 43 and
44, Equation 47 then becomes:

Re, = 2.5 x10°(1 - 0.12m% + 0.023 M3} . (48)

Xer

Since Reo = 0.664 Rexl/ z, (Reference 41), then

3 172
+ 0.023 M”) . (49)

Re s J00O (1 - 0.12 Mz
otr

The effect of h w/haw is illustrated in the following sketch:

[
E
E 1.0
?

oR Y'I'l’."

'..8

h_/h

This curve can be represented by a power series of the form

m
Z )
Re = (Re ) b (—“—'—) ' (50)
xtr xtr 'l" - T.iw n=o n haw

which can be fitted to available experimental data. When the range,
0.2 < hw/haw < 1.0, is considered, the boundary conditions become

becomes

and where Re, o Re

L b /h =1 Rex = (Rex") T, =T,

2. hw/haw 2 }_xl. Rex" (matched with experimental data)
3. h /b = i‘l, dRex"/dhw =0

4. N/haw z 0.2, Rex" (matched with experimental dataj

y xl/Z. the correlation of Equation 49
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2 3. 1/2
Re, = 1000 (1 - 0.12M" + 0.023 M") x

etr

_ 2 31/2
(-2.29 + 17.38h - 18 h + 3.91h) (51)

where h = h, /h,,. Here, the effects due to hw/haw are based on the
experimental data of References 45 through 47.

The nature of this correlation is that transition reversal is included.

However, the second transition reversal frequently found at values of
h, /h,. of approximately 0.2 is not included. The correlation (Equa-
tion ?ﬂ thus is limited toh /h_ > 0.2. Reshotko (Reference 48) has
qualitatively explained both raftSition reversal phenomena. However,
a general agreement among the available experimental data does not

exist; the correlation, though qualitatively correct, is quantitatively
only 2n approximation.

In representing the effects of Mach number and h /ha using power
series, the coefficients in th.se series should be'redfed as functions
of surface roughness and free-stream turbulence.

Pressure gradient efiects, as noted before, also may be important. On
this project, the primary bodies of interest are such that, excluding the
nose region, the body is divided into regions of zero pressure gradient.
This should be a reasonable approximation, even in the prediction of
transition, with the one exception being at the junction of the cylindrical
afterbody and the flare at the base of the bedy. The adverse pressure
gradient there may produce transition if the Reynolds number is greater
than the critical value. Thus, itwas suggested that, in programming the
voundary layer calculations, Re, ai the initiation of the flare be cnecked

¥y bt AR AL T

against (ReO)CRlT as given below:
F 2 3 1/2
(Ree) =163 (1 - 0,12 M7 + 0.023 M) X
CRIT
1/2
(-2.29 + 17.38h - 18 . 3.91 53) (52)

This equation is merely Equation 51 with the incompressible transiticn
value of a 1000 replaced by critical value 163}. If at the flare,Re, 2
Reg RIT’ thentransitionis assumed to creyr. If Reg < Reg RIT then
the Eoundary layer remains laminar. Wit the inclusign of th s'ls':riteriou
in the program boundary layer transition should at lecast be accounted
for in a qQuantitatively correct masaner.

P

The present correlation, Equation 52, has been compared with experi-
mentzl results from Reference 40 on the effzct of Tw Ta obtained at
My = 3. 1. Approximate agreement las been found to exist.. The results
of Stetsoa and Rushion {(Reference 49) also have beern compared; these
results were cbtaine:! ..o Hlunt cones at a free-stream Mach number of

IR e g

stk drint
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My, = 5.5 (see Figure 43). Here, X is the transition distance, Xgy is
the distance for the high entropy iayer to be swallowed, ard Reg,. is the
transition Reynolds number based on momentum thickness. The pre-
dictior based on the present method is shown only for one condition;
however, reasonable agreement exists.

Equations 5! and 52 have been programmed as a part »f the boundary
layer program and are used to determiue the approximate iocation of
transition if the exact location of transition is not specified as an input.

1000 T 1 ‘l ] T e
"w !
PRESENT
200 ++ MCTAON
ls | |
‘ﬁ 4
.t "4 " lo | s % %
' i ﬂé o SHARP CONE
BLUNT BOOY A7 i
400 11+ g ]
LI 191 HoT
200
.Q:
x -] -
0.00t 0.0 Q.: 1.0 2 L} & 810
‘T!xs-
Figure 43 - Boundary Layer Transition on & Blunt Coce at M =5.5

PR ETR

L i i




AFFDL-TR-67-192
Volume II

APPENDIX IV

VISCOUS WAKE ANALYSIS

GENERAL

An integral method of solution was applied to the problem of determining
the properties of both laminar and turbulent viscous wakes, particularly
to the problem of the wake flow preceding a trailing aerodynamic de-
celerator. The important assumptions contained in the theory are as
follows:

!.  The fluid is thermally and calorically perfect,
and there are o 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 frce shear layer
regions can be largely ignored. Thus, the region
ot alidity for the present analysis must be con-
sidered to extend from somewhere in the vicinity
of the wake neuvx or further downstrecam and on
down into the far wake,

5. Effects duc to the existen-e of an external pressure
gradient are negligible.

By using these five assumptions, the momentum integrai squation can be
written as

=
2 2
91\11(581) = ?_r.'f s-u(uI ulrdr = constant with respect to X (53)
: .

Here, 8 13 the momontum thicuness; rquation 53 simpiv states that the

wake momentum delect is vonstant :n the avial direction,

By ignoriny the detaiis of the bace fiow and shear layer regions and as-
urming that no external wors 1s done on the wars fiuid in these regions,
then the constant 'n Equation 53 can be evaiuvated by equating the mo-
menfun defest wf the boundary layver at the base of the forebudy 2o the
moment.am defect of tne wase T s van bLe stated mathematically as

f’B'\:é(?QBD) = ;,!\;I(:a}} , {54)
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where the subscript { refers to properties asscciated with the outer edge
‘of the wake, and the subscript B refers to propertics at the base of the
vehicle, where the boundary layer separates. and u_ are inviscid
properties, while ™ is the {orebody base diametgr. B

The vontinuity and miomentuam equations governing this laminar axisym-
metric high-speed wake problem are

-:j%;(prv)#-a@x(pu) = 0
N ERUOF TR iy
g'§= 2. {3

Here, v is the velocity in the radial direction, r; v is the veiocity in the
axial direction, X. For laminar flow, the properties in Equatici 22 are
the conventional local praperties. For turbulent flow u, v, p, and v
must be interpreted as time-averaged quantities (as ocpposed to the fluc-
tuating component of each of these properties). The viscosity, u,

takes a different form for laminar flow than for turbulent flow. The axial
direction momentsum equation can be expanded and cxpressed 22

pug;+pv%‘-::= %(H%%)+%”%' (56}

To solve this equation, the Dorodnitzyn transformaticn is introduced
where

ndn = - rdr . (=7)
Pl ]

In this new X, n coordinate system, the transformed wake thickness A
is found through integration so that '

4
2
A° =2 ;’% rdr . {53)
0 71
A ie termed the wike thickness bre is really the waxe radius. A non-
dimensionat variable, 7 = n,/ ), then can be introduced so that = = 9 at
the cent_r of the wake and 72 = 1 at the outer edge where Y = 4. ix the

X, # crordinate aystem, it is assumed that the velocily profile can be ex-
rressed as
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The boundury couditions te be used vhen are as follows.

i,

A% the ventoviine of the wake, Y = »# = 0 and

a = L\O-

At the centerline of the wake., Y = 7 = 0 and

dn gu
= = 0,
Y = 47
Al the outer edge of the wans, ¥ = dorp = |,
u o= oug. )

At the outer edge of the wake, Y = §d or 7 = 1,
du _ du _ 9
I¥Y 7 o " Y

At the renterline, the axial direction momentum

¢
!

Aagein e

cquation applies,
6, At the outer edge of the wake, ¥ = dor 5 = 1,
-~ 3
o -
3°u g v
O .

37 T ——y =
y© 35"

The first boundary condition yields

Boundary conditions 2 through ¢ yield
a = 0
‘tﬁ*a,*a,*g:"ai:l

Boundiry conditios

frrentyin equation

DUag Ry O

reolyar e

F 3
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leads to
2. fu 2
1

Evaluating the above momentum equation at the wake centerline resuits in

du o -
0 1 0fep gu 1/ o\ 1 Ou
P, = = Y, —— R JL .l o~ W~ ALY
1706 aX i £y OnyA 4 an Loy T on
or
] 3
auo P{

Subeiituting from Egquaticn 59 results in

elu F7IR
0. 01, ;

Thus,

C 4
> T g {62)
where
u EYVY (RI u
£ 2%y =2 (53)
‘Ji \“’0) dX

The first {1.¢ boundary conditions thus vield the following values for the

cuelricients ao. &l. © e

24 u
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¥ 'ume 11 4 3
3 i' h.. 3
g Al ]
& 21 2
® a. = & _.._(_)_Et..:,ﬁ ; 3
: 3 g 2 3 # 3
. Y :1 }
4
% u i
§ & - 3/ - -—Q +£ = é . (6%) L
. 4 u 4 8 #
y B 1 X
i g
: . The velocity prefile in the *ransformed plane then becornes @
: £ i
3 £ u- . ; u i
] F ¢ 2 3 4. G 3 4 :
| . __.__”.zg(,;-z,y + 23+l -—=Y (47" -3p).
1 : 1, 4 u.
: E i i
¢
‘ When boundary condition 6 is used, it can be shown that
S
. i u
’ : £ =h 0
' & LS u ’
L,
o
: 4 The velocity profile then becomes
: 2 .3, 4
i u 3 P
g SRR TNE RS PRI R (€5) ;
£ For £ = 24, then Uy = O0znd ¥ = 0;for £ = 0, then Uy = land X = oo.
: : With the velocity profile now known as a function of £, the next step iz to
H 2 IS . . . - . -~ R N
= relate & ard X, This can be done by using Eguation 63. However, to do
: this a form for the viscosity coefficient, iy must be specified. Its form
will depend on whether the flow is laminar ¢r turbulent; the evaluation of
! the relationship between ¢ and ® will be discussed in the next sectien,
: ? where the varicus special cases sre treated.
i is of interest though, before turning to the sclution of the energy equa-
- tion, to consider the relationship between 6 and A, This can be done by
¥ transforming Equation 53 so that
b S|
E ; 92 n / u\
{ i i Ivee LI L (66)
¥ by L u 1, ¢
E E A 0! \ &
L
E

. 1

]ﬂ:
i
Ju—
N}M
o
¥
—t
=
~r
! ™
?
P‘rr
Yy
oo

(67}
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Where theze is no pressure gradient in the wake, 8 is constant and can
be evaluated from Equation 64; then Equation 67 is a relationship between
A and £. The location of the wake neck can be sought by differentiating
Equation 67 with respect to X. This results in

:

2 1
2L (- )
5

A

At the weke neck,

dA

x =0

However, d£/dX # 0; thus, the location of wake neck is determined from
the condition

2 1
E 5200 = 130 °F f: 22.9. (68)

At thia location, the centerline velocity then will be

it I Y2 s il M D xak g v
o

% .
— = 0,045, (69) :
uy ~
§ and the wake thickness or radius is ;
(8) = 3.24, (70)
& 0 ,
neck .
; Althougl the above results are of interest, they are only approximate since
in the neck ~=agion the effects of pressure gradient, in both the normal
ard axial directions, may be important,
F 3 In t. e energy equation, the high-speed compressible wake can be written
,5 i as
.’ ; ,
: 1 :
3 gl oy b L r(grgg)m(gg). )
P ‘
Multiplying the axial direction mornentum equation by u and adding it to

the above resultz in ;

R s T R ORI I

e 3 !
' % In either one of these 2quations, the properties must be considered as
oo iocal {luid properties for laminar flow and as time-averaged properties
P % for turbulent flow. !
i : i
= 3
S ¢
o z
| 3
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For Pr = ], a solution to the above energy equation in terms of total
enthalpy is

H = ClU+C2'

where the constants 3 and c, are determined from the boundazry «c 1di-
tions

H

u=ul.H 1

H

u = ug, = HO (73)

The total enthalpy profile thns can be expressed as

u, -u
H, -H= (H, - H,) ——m
1 1 0“1"“0
or
| -
HI'H ul
— = : (74)
H1 HO 1-32
v

H, can be determined from the condition that the total er halpy defect is
constant in the wake and is equal to that of the vehicle b.undary layer at
its base. For the wake, the total enthalpy defect is

é

pyu H, (ue?rl) - 2n£pu(Hl - H)rdr (75}
or transforming
o’ !
—;—,_‘- -2 ;1‘1— (1 . -Hﬁl-) 2dy. (76)

Substituting from Equation 74 and integrating leads to
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or

2
H, eTn ( “o)
— 1 - - —1a (77)
1 ezl Y

For the vehicle boundary layer, the total enthalpy defect is

psusHS (‘ITDGT ) = ﬂDrspu(Hs - H)ay, (78}
s 0
and for Pr = 1, this can be reduced to
hw
BT = " 98. {79)
8 1

where h i8 based on the forebody skin temperature at the base. If the
total ent‘ﬁalpy defect of the wake is equated to that of the vehicle boundary
layer at the base,

2
plulHl (TIOTI) = psuSHs(nDB.rs) .

If Equations 54, 77, and 79 are substituted, then it follows that

2

6Tl ( hw) u,

S S P2 I e A (80)
6? H) B

Thus, knowing the velocity profile {Equation 65), the tota! enthalpy pro-
file can be determined using ¥Equations 74, 77, and 80. The static en-
thalpy profile readily follows,

To transiormthe results backintothe physical X, Y coordinate systerm, use
must be made of the expression

164
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n n
P
.r; - z]-}ndn = 2 %h-ndn. (81)

Substituting for the enthalpy profile and integrating results in

rz_z Hy-Ho |, 4.8,5,1,6 V&, 5
z =9 <" "5" tz" -F)zt ot 1
A 0
h l.— Py
1 u, g
(82) :
H, H, -H ]2 w2 6 2 ‘
i We e’ TN e W) £ (z,,4_.fs_qs+.7._ '/_)
LT 2 2 12 \2 5 ¢ 2 -

“ifzoz‘tles 5 ¢6 7 .100,8 48 9 9 10
E——'z'(—'” M- Sk ke AR v ) ’

1]24%\ 2 5 1o

Thus, except for the relationship between £ and X, thc necessary equa-
tions for determining the proverties of a2 high-speed compressibie wake
have been derived using an integral technique and the Dorodnitzyn trans-
formation., For a given X/D, tne velocity and total enthalpy profiles in
the transformed coordinate system arve given by Equations 65 and 74 in
terms of Hp, the centerline total enthalpy, and £, a form parameter.

H, can be determined from Equations 77 and 80 and £ as will be discussed
in"the next section. The transformed wake thickness or radius can be
determined from Equation 67 and the physical coordirate r from Equation
1 82. To obtain numerical results, it is only necessary that the inviscid
flow field be specified, and that an estimate be made of the vehicle boun-
dary layer momentum thickness. Although some cf the derived eguations
may seem rather cumbhersome in terms of carrving out numerical cal-
culations, the results are of an algehraic nature and in principle can be
readily applied.

AR bt disinund -.‘42'_7-— .

It should be re-emphasized, however, tha! the preceding analysis has ig-
nored the details of the free shear layer and base flow regions, The re-
sults obtained thus must te consideresd as approximate; their range of
appiicability 1& certainly limited to the region downstream of the wake
neck. '

2. CONVENTIONAL LAMINAR WAKE

To evaluate Kquation A3 and te obtain § as a function of X, it i= necessary
to specity @ relation for the viscasiiy coefficient, For laminar {lew, the
viscosity can be assumed te have a linexr dependesce on the [laid tempoeras
BATE, M@, M /R I = constanri. Since in thisg analvsis the vadial pressure
gradient iy assciv ¢ (G be zero, than rrom the egyation of state i can be
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shown that py is constant with respect to r and that oy = Py My Equa-
tion 63 then can be written as

u p du
0,.2 0 (4]
£=3 ‘“(7)'&3:‘ (83)

1 1
Since

3

0_,.4L

uy 24
then

i I 13

dX 24 dX °

Furthe rmore, the relationship betwecn A% and £ is known from Equa-
tion 67, Substituting thesz results into Equation 83 results in

2 3 o
L A

Since 2, has not been specified in terms of £ or X, these two variables
are not yet unigquely related to each other. To do this, attention must be

given to solving the energy equation.

Now the centerline density, N can be expressed as

The static enthalpy can be related to the total enthalpy as

hy = H, -

-

R
9
2

When Equation 77 is used, pg AN be expressed as

o7 V-1 o2 S (85)
T Yo Yo
H-—7H¢-5) 7
o] i
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Since the relationship between u /u and £ is known, then Equation 84
takes the form

120 5500 - 24/24 w "y -1 gz )
_ Tl_le “1(1 2{1)2
1"~ 228" -7\ -
9,
After rearrangement, this takes the form
¢ * )
24 . - )
X = - d&. (86)
2
(ﬁ. _ff_) -_,1H _f__“_l(l__é'_\z
120 ~ 5500 H) 62' 1247 2 24/
24 !

Here, X is measured from where physically the wake centerline velocity
is zero, i,e., the rear stagnation point. For known flow conditions,
Equatmn—z_glves the variation of § with X. When the results of Item 1
are used, a complete solution for the wake flow can be obtained.

Equation 36 can ve recast in form by noting that the bracketed term in
the denominator can be written as

2
0
T

| J—

H
3
8,

(o) (x5 08) (1 &)
B 2 1 2 1 T24)k

e

i

and that

Py _”11_1_
ﬂl HIY“l” »Ul H

The following then results:

l‘.(_.l_)_
§\R~g
¢ ~
_1(1 £
Z4 24 d¢
- 2
(23 -1 2 OTI 1,2 2
—_ (1+1-,—.-M) l-——-—-—ﬁ- oo Mo )
120 ~ 5500 z M ol 24 2 ! 24)
24 ! _
(87)
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where

plulo

Re, =
0 1

and is based on wake edge conditions,

Two special cases are of interest, One is that of an adiabatic forebody

wall such that Gél/ef = 0. Inthat case, Fauation 87 becomes
£ 1 ( £
Re —l] - =
X _ 24 24
= - Rt 2 ;.3 2 d£' (88)
Reg (ﬁ__é.__) (1 cXo 12 _,L‘._lM?—_f._)
4 120 5500 \ 2 112 2 1 576
The sccond case is that for a cold w~all where
2
eTl
— L
9'I‘
Here, Equation 87 becomes
3
e 98 : dé (89)
—2 2 3 24
Reg (_§__§_) (1+-L:-1M2—€—)
120 5500/ \ 2 1 24
v24
Equations 88 and 89 indicate that for £ small, then
xg L.
Since 8 = A for £ small and similarly
_333[1.
Then,
1 N
7
6xX" (20) i

£ srnall corresponds to the far wake reginn, and this square roct de-
pendence on X is in agreement with experimental data {Reference 13).
similarly can be shown that
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and
- =Laxt. (92)

This also is in agreement with experimental data.
CYLINDRICAL LAMINAR WAKE

The nature of the laminar axisymmetric wa..e in the presence of a small
diameter wire or cable at its centerline is such that the wake will be ap-
proximately cylindrical (or at least will grow very slowly) and will have a
zero centerline velocity caused by the no-slip condition at the cable.

An approximate solution :orresponding to this case can be obtainad from
the results of Item 1 by noting that ug/uy equal to zero is equivalent to

£ ecual to 24 Thus, the properties of a cylindrical wake can be obtained
by setting & equal to 24 in the previously derived equations. & will not
depend on X for this simplified case since there will be complete simi-
larity between the radial profiles at all X direction stations. For this
case, the wake velocity profile is given by

a s 64" - 87> + 35, (93)
1 .

and the transformed wake thickgess,by

A B .

2
where 0 is deterriined from equatingpju;08; to the momentum defect of
the forebody boundary layer. For a s{endnr body with a zero axial pres-
sure gradient in the wake region, 0 is constant, and thus A also is a
constant. The wake thus has a constant diameter and is cylindrically
shaped. If there is a favorable pressure gradicnt, then the wake diameter
will increase in the downstream directjon due to the decreasing gas den-
sxty. Here, the momentum dcfect,plulol. is constant with axial position,
and A increases as plu'{ decreascs,

For such a cylindrical wake, the solution to the energy equation (Pr = 1)
is similar to that given in Item | and can be written as

h
A (om)a

H ;  Hy
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is the enthulpy of the gas at a temperaturec equzl to that of the
tow cable or riser lire. With the velocity and enthalpy profiles known,
the wake characteristics can be completely determined. The transformed
and physical coordinates then can be reiated using Equation 82 for ¢ = 24

with the result that

- ¥
S L “w)(}_”‘i 8 5+}_”6)+lhw 2
W2 R \27 57 Y27 UTEIRTOC

where h

2

u

1 6 96,7 100,8 48.9. 9 10

——-2}11(64 = LS A RTCY )] (96}

When the above equation is applied at p = 1, the actual wake radius or
tiickness can be related to the transfcrmed thickness such that

52 Hl ; hw

2=~ = 0.72 +0.08 — + 0,20 —. (97)
2 h “h

N 1 s

., With the use of Lquation 54, it can be further shown that

: 2
H h 8 p,u
(-g—)z= 7.56 (1+o.111-}-1-3-+o.z78‘-’g"-"- 2L, (98)
1 ‘1 Py

With Equations 93 through 98, the solution is complete with the proper-
ties being clearly specified in terms of the forebody boundary layer
characteristics and the inviscid properties at the edge of the viscous
wake. In this approximate solution, the variation in properties with X
is controlied by the chaage in the inviscid flow field with X since the so-
lution is effectively a constant £ solution, and there is no meaningful re-

lutionship between £ ard X (except that £ is constant).

4. TURBULENT WAKE

In Item 1, the soluticn for the viscous wake profiles was obtained except
for relating £, the form parameter, to X. Starting with the equation for

the turbulent viscosity coefficient

Py s\ P /u
0 0 0
s = KAp,u — ] ~n - (-l) — — 11, 99)
° o l(pl) n(fl) (l”) (

as given in Se~tion III, Item 3¢, and where m, n, and p are defined for
the various viscosity models {see Table VIIH).
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TABLE VI - RELATIONSHIP OF

VARIOUS VISCOSITY MODELSs

Viscesity }
medel 4y m n{p
B —— l
! KApOuO 1410
2 KA( PLUy - 0“0) 0 (0 i1l
3 Ka l(ul ~ uo) 0 j0jo0
o 474_ }iA po(“l - uo) 1 10 i)-
Substituting Equation 99 into Equation 63 results in
u u
S = '—9-& 1 ._.Q..
Y1

u m P
! £ nf 0\ (%o
Kl— l =an - (-l) — —
Py P11/ \\1

Introducing the relationship between u()/u1 and £ leads to

. E) 1 1 d
S § . 1 d
S ( 24)° [a\ ™ NG 24 dx °
0 n [P0 £\
K|l— l-n-(-1)"{—= -5
) "1 24}

When A is replaced through the relationshipbetween Aand®8, it follows that

(1"254') 1 aé

i€ £ e po\ P dx *
}'120 " 5500 (;—3) l-n-(-1)" (7,-19) ( -%)

After rearrangement, the integrable form is finally obtained:

m+p
(i3
ax - - L\l - °0 aé (100)

24 5
K
120 5500
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Integraticn is particularly simple for turbulent viscosity coefficient
Model 1 wherem = n = p = 0, The above then becomes

é
X 1 - o
Kl ax - ( 24) (101)
G Xo / -
3 1, 3‘5’0‘6

€o

Here, X is the point where the turbulent wake begins, and &0 is the
value of ¢at that point. If the wake is initially lami nar, then X is the
physical location of the transition point, and &g equals ¢ $laminay 2t tran-
sition. Integrating Equation 101 resulis in

|
| 80 6.5 £ g2 |
"6‘("' "("‘ ) 120 5500‘ (102)

Since 6 was considered constant in Eouz‘‘ons 10! and 102, then these
equations are limited to regions of zero-pressure gradient. Equation 10}

is not so limited.

Another case of interest is when Model ¢ is used for the turbulent vis-
cosity coefficicnt. This is the same model used by Less and Hromas
(Reference 50), In this case, n= p= Obut m = |, and it is necessary
to evaluate #y/p, beferef and X can he related. The value of Pq is given
by Equation 85, This equation can be rewritten as

P
0, X ! . {103)
) y- 1 z
1 T() 9 T
T 0 I -
1 1 y __ct__ Y M l &)
Y- 1 T, 92 \'-ITZ 2 1y T
1
Thus,
0%,

4

71 212 y - 1 1 E (-1 ( IRY
po’“li_Mx‘(“ 7 “) 22 M- 77 -10%)

When this value is substituted in Equation 100, there resulis for this case,
i, e,, using “odel 4
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('% y-1..2 Hy-le)euTli (y-qu(bE)ZLﬂfa

]/ X Ya
120 (105)

For an adiabatic forebody wall, 9,21,1 equals zero; upon integration, the

al.’ '« equation becomes
E/ £
K -7 }+Y"M2(i 1ol a2 N (1)
E(X—XO)- - T 2 iz 2 1576072
¢ 2 3
¢ T20 ~ 5500

where again @ has been assumed constant, and X and fo are as pre-
viously defined for turbulent flow.

2
Another limiting conditicn is that of a cold wall where eTl = 9% . Using
this agsumption, Equation 100 takes a final form upon integration of

AL e o
%(X - Xo} =" /-'.é-“‘z‘i_ l'i FE - M 1 (d4 576) Eél

5‘120 5500

0 (107)

where 6 also has been considered a constant,

For Modecl 3 and ¢ small, the relationship between X and & (Equation 75)
takes the limiting form

3
Xafz.
Since for € smalil
Azrxcf“l
and
6 = A,
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then it can be shown that §

1

k}

o X”. (108) -

This is in the limit of small £ or large X, i.e., the far wake.

With Models 2 2nd 4, it can be shown that for £ small and 9y = #

dXOKg'g .
£'2'
Then,
chz.
s in a similar manner, the limiting form of
1
3
; é§ «X {109)
' is arrived at for the far wake region. Furthermore, for Models 2 through
4, it also can be shown that for gsmall
4 ) "g‘"
1 - —~oX (110)
g and
i
Hy -%
Log X - (1i1)

H
( These also are in agreement with other investigations of the far wake.

Only in the czse of Model 1 is a deviation noted from the proper asympto-
tic behavior as indicated by experimental data. With Model 1,

and thus
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for £ small. It then follows that

p ‘ (112)
that

and that

1 ..-ﬁ-ozx . (113)

This lack of a »roper behavior in the limit of large X casts some doubt on
the suitabiiity of Model 1.

(Reverse is blank)
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APPENDIX V
WIND-TUNNEYL TESTING AND DATA REDUCTION

1. GENERAL

All wind-tunnel tests in support of the EUREKA program were conducted
in the 40-in, supersonic tunnel|Gas Dynamice Wind Tunnel, Supersonic
(A)| of the von Karman Gas Dynamics Facility (VKF) at the Arnold En-
gineering Developrnent Center {AEDC). The complete series is as fol-
lows:
1. WT-I- static stability tests in support of design
feasibility study described in Volume I

2. WT-IIA - wake survey and forebody surface pres-
suretest{axisymmetric and asymmetric forebodies)

: 3. WT-UB - parachute performance tests {axisym-
metric and asymmetric forebodies)

[ 4., WT-II - shock shape determination (axisymmetric
and asymynetric forebodieg); surface pressure dis-
: tribution {asymmetric forebody)

5, WT-IV - wake centerline survey (axisymmetric
forebody)

6. WT-V - wake survey {axisymmetric forebody)

7. WT-VI - parachute performance tests (axisymmet-
ric and asymmetric foreliodies)

The tabulated wake survey and forebody surface pressure data are given
in Volume IIl. The static stability tests are described in Volume I; the
remaining tests are described in tiuis o ppeadix.

¢, WIND-TUNNEL DESCRIPTION

Tunnel A is 2 continzuous, closed-circuit, variable density wind tunnel
with an automatically driven, flexible plite-type nozzle and a 40- by
40-in, test section. The tunnel operates from Mach 1.5 to 6 at maxi-~
mum stagnation pressures from 29 to 200 psia, respectively, and s‘agna-
tion temperatures up to 300 F (M, = 6). Minimum operating pressures
are about one-tenth the maximum at each Mach aumber. ]

3. MODELS AND SUPPORT SYSTEM
Figurc 29 shows the forebody models ic detail. The basic Arapaho C and

the Arapahe C with nose cone forebodies are axisymmetric. The blunted : 1
elliptical cone forcbody hae an elliptical base.
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For the wake survey awd parachute performance tcasis, the forebodiss
were supported with 2 borizonta' wall-to-wall strut having & constast
chord and a constant thickness. For the parachute tests, the riger line
passed through the forebody and mounting strut and into a plenum tank
where it was attached to the tensiometez and winch assembly. Figure 44
shows this setup.

The modeis were sting-mounted from the rear for the shock shipe deter-
mination (WT-III).

4. MNSTRUMENTATION

From calibration results, the maximum variation of tunnel centerline
Mach pumber is about #0. 5 percent.

The tunnel stilling chambes temperature is accurate to £3 R. The
tunrel stilling pressure, p, was measured with transducers of 5, 15,
30, 60, 150, and 300 psid capacity that arc considered accurate to within
0.3 percent of full-scale capacity.

The model base pressures were measured with 1, 5, and 15 psid capacity
transducers, referenced to a near vacuum, vhich also are considered
accurate to within 0.3 percent of the transducer capacity. The lowest
base pressures wesre encountered at the M__ = 5 low Reynolde number
test conditions. At these test conditions, ﬁ-e pressures were about
0.008 psia. The 0.3 percent accuracy of 2 1 psid transducer then could
introduce errors of approximately £37.5 percent of the measured values.

"

The local wake pitot and static pressures were measured with transducers
of the same capacity us those used [or base pressure measurement. The
lo ‘est pressures and, therefore, the greatest inaccuracies were en-
countered at th~ Mg, = 5 ininimun pressure test conditious. Combined
errors in the local s:itic and pitot pressures may introduce inaccuracies
of 0.2 M at M; = 1.0. The inaccuracy, in this case, was determined
using maximum errors in pressure measurements assuming (1) the local
static pressure was equal to free-stream static pressure and was mea-
sured with a 1 psid transducer and {2) the pitot pressure was measured
with a 5 prid {rensducer, Making these same assumptions it free-stream
Mach nuraber of 4, 3, and 2 and at the minimum pressure condition, in-
accuracies in measuring a local Mach number of 1.0 are 0,11, 0.00, and
0.03 M, respectively. At the high-pressure conditions for these tests,
the accuracy of measuremnent at M, = 5, My = 1.C is increased by ap-
proximately four. The lower Mach number test cases reflect 2 similar
accuracy increasne at the kigh-prensure test conditions,

‘Table IX lists the test conditions for the wake survey tests. Based on
this table, the ¢rror in the measurement of the !acal static pressures,
which are approximately equal to the free-stream static pressure and
therefore are the most critical for m.Ssurement, duc to the inaccuracy
of a 1 psid traasducer appesrs  in the third significant digit except for
the M, = 5 case. The total pressures, being higher than the static
pressures, then should reflect a higher degree of accuracy.
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TABLE IX - WAKE SURVEY TEST CONDITIONS SUMMARY

mmﬁmmm_w—r__wmzm‘mm
T Po Pm To robe ;{tatmna
. M 6 :

Forsbodies [ 10 pria | (psia) | fdeg R} 5
Basic Arapsho | 2 | 0.05 2.8 |0.360 | 581 11, 2, 3, 5, 7,
ki ¢ | | aes |10 |eao s |TaneiLior
and blunted 1 3 | 0,56 5.910.176 | 583
elliptical cone™ |, | o 50 | 43.0(1.170 | 582

4 | 0.09 13.5 0,090 | 583
4 | 0.50 73.0 | 0.460 | 583
5 ! 0.13 | 30.5]0.058 | 585

o 5 | 0.50  1133.0 { 0.251 ; 631
Arapahe C with | 2 6. 06 2.8 | 0.360 | 560 0.5, 1, 2, 3,
nose cone only® | .\ o por | 590,170 560 |5 60 7. 9

. v iand 11 for 211

4 | 0.10 13.510.090 | 560 | test points
5 n.135 30.5  0.058 | 560 |
Arapaho C with.; 2 | 0.06 z.8 10.360 | 560 0.5, 1, 2, 3,
omoseconeoniyt 0 | g g 6170 560 SR
Y .10 13.5 | 0.090 | 569  test points
5 { 0.135 | 30.56.058 isec L

ve——rr

T
WT-IIA, pitot and static rakes.

+

WT-IV, pito:, static, and tuotal temmperature centerline protes.
*w1-v, pitot rake.

The wake survey rakes used in WT-IiA and WT-V were of a2 cruciiorm
design with multiple probes, thereby making it possibie to obtain complete
wake profiles at each X/D station without latera! or vertical movement of
the rake. Tabie X lists location: of the probes; Figu~- 45 ghows the
probe geometry.

The centerline probes used in WT-IV have the same geometry as those
used on the mnultiprobe -akeée,

The WT-1b parachuie crag measuramoents were made witn a 200 1b ten-
siomneter located in the wincn plenum tank. A ti~ . niatory of the dynamic
drag output from the tensioreter was recor_a on an oscillograph, and
the sverage drag values were determinaed {rom {he recorded traces. The
accuracy of the 200-1b tensiometer determined from static loade is as
follows.
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Y {in.}

in

~iH1
0
0.322
0,644
0. 066
. 1.288
1.610

-

1,4

£
-~} W
[ A%

2

.
O 0O O 00 O W O DO O o oo O §,

-0.966

WT-1IA WT-VI
Pitot T:Z:A“, Static rake Pitot rake
Dz i) LY (ind) |2 Cne) | Y Gnl) |2 tin)
0 T 20,966 0 | -4.57 ¢
0 | -0.483 0 4,17 0
0 C.322 0 -3.77 0
0 0.805 0 -3.37 0
0 0 ~1.449 | -2.97 0
0 0 -0.966 | -2.57 0
0 0 -0.483 | -2.17 0
0 0 0.322 | -1.77 0
0 0 0.805 | -1.37 0
-2.576 0 2.289 | -0.97 0
-1.610 0 1,932 | -0.64 0
0.322 1 o 2.576 | -0.32 0
0. 644 E 2.17 0
0. 966 3.37 0
1.288 0 -4,57
1.610 0 -4.17
1.932 0 -3.77
2.254 i 0 -3.37
2.576 0 -2.97
2.898 0 -2.57
3.220 0 -2.17
3.864 0 -1.77
4, 508 0 -1.37
5,152 0 0
0 0.32
0 C. 64
) 0.96
| 0 1.28
C 1.60
0 1.92
0 z.57
0 0. 966 9
-0. 955 0 -0.9Ch
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STATIC PRESSURE PROBE

| 4 —
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Figure 45 - Frobe Geometry
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Load range (pounds) Error {pounds;

Oto 5 10, 536 E
6 to £0, 493 ~
16 to 30 £1,290 4)
31 tc 60 £1.820

il

These accuracy values were for the tensivmeter alone and, therefore, do
not reflect any further inaccuracies ceused by friction in the change-of- :
direction pulleys in the system. ,

AP EIERR AT .

oy caf e

The WT-VI drag measturements were made with a 60-1b ternsiometer.
The tensiometer was caiibrated for both 30- and 60-ib load ranges.

Tl change-of-direction puileys .n the system were equipped with needle
bearings in place of bronze bushings as uced in previous tests. Average
drag vaiues were monitored with a low response servopotentiometer,

and a time histcory of the dynamic outrut from the tensiometer was re-
curded on an oscillograph. T'he accuracy of the complete drag measu=ing
systeni, determined from r-peiated static loads applied before the test,

is shown below,

pikeraiod

W A D AR T AN L T I T P

S PRI Ry g s

Load range {pou «Is) Error (pounds)

-0 € 0,15
6tois +0.25
& .0 30 *0,33
51 to 60 0,84

£ Pasichmte perfurimance for both tests waes mornitored on twe high-speed,
th.rnm motiva piciure cameras - one for conventicnal motion pictur~s
an: oe for scalieren photographyv, §till photographs, botl. conventicnai
and scvlier:n, alsc were obtained.

£ 5. PARACHUT: MODELS

PARASONIC parachutes, which have a constructed shape resembling the

inflated shaped of a Hyperfle parachkute (Refercnne Figure 28), were

tested. The Hyperflc parachutes are constructed with a 7lat, porous

roof and a truncated, conical nonpoerous skirt. The consgiruction details e
of the PARASONIC models are given in Table XI.

L e L

i 6. DATA REDVIC TIOM

a, PARASONIC Performance Data

The data obtained from the PARASONIC performance tests are given in

123

B LS St PR B s ot e

s R R DRNREER I I, T " e T ST wbeto 4 e s e A- G e e b v s o s AT, a,mm

.
s v ey g " T L Ny
—— - e

i




YT MR-

i

R s s

oL LYT W

oot it o

O S

AFPUL-TR-6T-192
Yoluma IT

Tables XII and X1IL. In addition to the 2verage drag values, it was also
desired to have average rmuazinmum and minimum deag vaives. These
volues were oained from the recorded oscillographs as shown below.

M‘ﬁ umnq n--!v

......

‘? l e rier wil
80w AR5

ZENO LINK i

L

Due to improper oscillograph calibration, average maximum and mini-
mum drag values could nct be determined for the WI'-VI tests, it was
poesible, however, to obtain the Arag oscillation freguency,

The diametric and angular measurements given in Tables XIT and XTI

wore obtained from the high-speed motion pictures.

We.kc_&;?vey Teate

_'Durin;s the reduction of the wake survey data acquired under WT-1.A. a

significant amount of datd scatter was odbserved in forinulaving velocxty
profiles required for cemputation of experimental wake momentum de-

fecis (see Seciion IX, ltem 3a). The scatter was sufficient to cause

considecable difficulty in evaluating cxper.meuntall, achieved wake mo-

mentum defects cbtained by integrativn of the velocitv profilcs. To com-
‘bat this difficcity, the wake data for each test condition were smoothed by

means of & multiple regresaion tacbnique to permit more meamng,ul in-
tegration of the velecity profilcs. Tlis waw achieved by eapressing the
family of curves formed by the velocity prOf\.le data points as a two-di-
m-;cuuimal power sevies (a.e. , & PpOCIEY Series in v/D - or Z/D - and
their crose products) to pr =oduc- a =8t rratisticzl it Jor che family of
curvee. The dest {it uses an squation of the form
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TABLE XI - MOpDFEL DECELERATOR FABRY

par——

Measured parameters

L — T ———
Morel I

pumber AT AG D, Dopen D 1s WR DR g
(580A) (%) (%) (in.} | (ir.) | (in.) ] (in.} | WS ] NG | (in.} | (in.} Roof mesH
- — -ﬁ_._ P - — '
014-
, -001 | 4.60 0.7 6.0 3.06 5. 83 12.4 i2 12 0.25 1,625 | HT-83-44 Nolm 2

: 3 , (172-1b tensilz,
A ‘ . =002 | 5.50 12.5 6.0 3.04 5.64 12,5 < i2 0.25 1,683 2.5i oz/sq yd p¥

-893 ; 4,95 10.5 6.0 3.04 5.8 ] 12.5 12 12 .28 1.625 | coated v;ith Di5§

; - - F839 polyureths
~-004 ;| 5.45 16.5 5.0 3.05 £.78 ! 12.7 1z 12 0.25 i.025 porosity control§
-00% | 5.00 16.3 6.0 3.02 I R, 31 12,4 i2 12 .25 1.625 | coating with D-bf
] | ible thermal c

¢is.. ,
-001 | 4.858 7.87 1 6.0 2.64 5.79 iz.69 ) 12 i2 | 0.28 1.625 | MIL-T-713A, C§

002 | 475 | 6.76] 6,0 | 2.43 | 5.70 | 12,50 12 | 12 | 0.25 | 1.750 E"&‘ﬁhstzzl;ﬁ‘e;a
003 | 5.2 | ¢.28] 6.0 | 2.86 | 5.75 | 12.38; 12 | 12 | 0.25 | 1.750 | coated on form
D1569-F839 pol
thane, porosity§
trolled by coatis
D-65 flexible thi
coating 5

216~ : i
-00i | 5.19 | 10.9 | 7.86] 4.06 | 8.04 | 17.0 | 12| 12 | 0.25 | 2.000 HlT—:s(I‘i; rilom

c- ‘ clot 72-1b tey
-002 | 5.25 10.6 7.861 4.0 7.64 16.5 12 12 | 0.25 1.937 warp) 3.01 oz/d4
-003 | 5.45 10.7 7.86] 4.01 7.50 17.0 12 12 0.25 | 2.000 ! precoated with }
F839 polyurethy
porosity control
coating with D-§
ible thermal cof

=001 | 5.44 .90 ; 7.86{ 3.70 7.55 17.0 12 12 | 0.25 | 2.300 | MIL-C-5040 T

with fibers rem
~002 5,13 9.60 | 7.86 3.82 7.50 17.0 i2 12 0.25 2.300 precoated on fa

-003 | 5.44 8,27 | 7.86] 3.54 7.55 17.0 ¥4 12 | 0.25 2.300 | with D1569-F83

poiyu. cthane,

I " controlled by c@
with D-65 flexi

| : ' ! thermai coatingg

O D TP
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DECELERATOR FABRICATION DATA

Materials, coatings, specifications
T ' -
) l Skirt reinforcement web,
R o | : Roof cap, apex reinforcement web,
n.) Roof m=zh Hduspension lines skirt panels roof/skirt seam, radials
625 | HT-83-44 Nomex cloth | MIL-C-5040 Type I | 0.84 oz/sq yd| Double fold, cotton bias

, 000
, 937
, 000

. 300
.300
.300

(172-1b tensile, warp)}
3.01 ox/sq yd pre-
coated with D1569-
F839 polyurethane,
pornsity controlled by
coating witk D-65 flex-
ible thermal coating

MIL-T-713A, Class II,
Type 8 nylon lacing
{(50-1b tensile) pre-
coated on form with
D1569-F839 polyure-
thane, porosity con-
trolled by coating with
D-65 flexible thermal
coating

H7-83-44 Nomex mesh
cloth (172-1b tensile,
warp) 3.01 oz/sq yd,
precoated with D1569-
¥839 polyureth=ne,
porosity crntrolled by
coating with D-65 flex-
ible thermal co.:ting

MiL-C-5040 Type 1
wiwi fibers removed
precoated on form
with D1569-F839
polyurethane, porosity
controlled by coating
with D-65 flexible
thermal coating

cord, 100-1b tensile
strength

MIL;~C-5040 Type I
cord, 100-1b tensite
strength

M1L-C-5040 Type III
cord with fibers re-
moved

MIL-C-5040 Type III
cord with fibers re-
moved

4787 rylon
coated with
01569-F839
polyurethane

0.84 oz/ sq yd
4787 nylon
coated with
D1569-F839
polyurethane

0.84 oz/sq yd
4787 nylon
coated with
D1569-F839
po.yurethane

0.84 oz/sq yd
4787 nylon
coated with
D1569-F839
pelyurethane

tape, 88 X 80 count,
20 b/in.

Double fold, cotton bias
tape, 88 X 80 count,
20 b/in.

Double fold. cotton bias
tape, 88 X 80 count,
20 1b/in.

Double fold, cotton bias
tape, 88 X 80 count,
20 1b/in,

(Reverse is blank)
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Y/D Cases

2 3 2 2
X P X Y Y\° (x
V=ag¢ 31("5)" ‘z(ﬁ) M ‘3(’6/ + ‘4(3) * ‘5(3) (D)+
X

o) @ 2@ on@) o) @
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v e ny (B ny(5) o u(B) ol E) e nilE) (B)+

\
)
b14{173)6 (%)2 + bls(%f (%)J * "16(125)8 ' bn(’%’)a (%‘) ¥
a3 wolB) (3 o

The curve fits used only even powers of Y/D or Z/D because of symmetry
that exists in the wak - of the forebedy. ¢

The curve fits are made to the experimentally derived velocities and are :
the best statistica: fits to all the data presented. Thus, the curve is
matched tc the data points with scatter as well as to the more accurate
dats noints. The multiple regression solution then gives the least squares
value of the coefficients for a particular sample of cbservations.

Samples of the curve fits are shown in Figures 46 through 50, The si-
rusoidal type variation of the polynomials above Y/D values of 0.4 are
smoothed out by the integration since the area under the curve is approxi-
mately the same as would exist without the sinusoidal type variztion of
velocity predicted by th- polynomiai. The sinusoidal trace is caused by
the polynomial curve fit as the polynomial tries to pass through the

R T R R RN
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Figure 46 - Experimental Wake Velccity Date Ckrve Fit, X/D =z 3
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Figure 47 - Experimental Wake Velocity Data Curve #i., X;,D= 5§
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uwxisting data points. Where the velocity is constant or epproximately
constaat with tl.e change in Y/D or Z/D, the polynomial is unsuccessful
in matching the experimental data. The one polynomial for each case i-
the vest iii to all the data points »t each X/D sta:ion; therefore, the pnly-
nomial i attempting to fit or match a surface of pointi in two dimeusions.

Test Data

Tables XJI and XIII give the parachute performance teast data (Tabie XII
has data jor the WT-IB seri '8 and Table XIII, for the WT-VI series).
Bgth drag and atahility narameters wer. determined.

s wea

{Reverse i3 blane}
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