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FOREWORD
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ABSTRACT

A combined analytbtic-experimental investigation of the subsonic base pressure
phenomenon, especially as applied to blunt bodies typical of hypersonic flight
vehicles, has resulted in the development of a generslized method %o predict
base pressure in three-dimensional flow at subsonic speeds. A mathematical
description of the fluld mechanics of steady two-dimensional subsonic base flow
has heen developed. Wind ftunnel testing of two-dimensional and three-dimensional
blunt based conflgurations have heen conducted to verify the two-dimensional
analytic solution and to cobtain empirical relations which extend the anslysis
to three-dimensional base flow. The predliction method which has been developed
accounts for the independent effecis of boundary layer thleckness at separation,
base flow angularity apd base planform effects. The technigue also predicts
the effects of base asymmetry and the interaction of large blunt-based fins.

Volume IT contains the results of the experimental investigation. Volume IT

discugses the methods and scope of the experimental program as well as presenting
tabulated, plotted and photographic data obtained.
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SYMBOLS

free-stream dynamic pressure -~ psf

base drag coefficlent ~ Dy
Qoo SB

skin frietion coefficient

surface wetted area -~ ft2
base area -~ ft2

base drag ~ lb.

base pressure coefficient ~ Pp . Be
Qo
base pressure ~ psfa

free stream static pressure ~ pefa
perimeter of base-ft

vehicle overall length ~ ft

base height ~ It

base width ~ ft

effective base angle ~ degrees
static reattachment pressure ~ psf
reattackment parameter ~ ;L_Z_EE
base angle o~ radians TR
fence angle ~ radians

arbltrary constants

bleed rate ~ 1b/sec

free stream Mach number

limiting base pressure coefficient

nomel foree
deo  Spef
axial force coefficient ~ &xial force
oo Sref

; ~ Pitching moment
pitching moment coefficient ~ B
qw Sx‘ef (M-A-Caj

nomal force coefficient ~

total head ~ psf

boundary layer momentum thickness ~ ft
development length ~ ft

ix



LIST CF SYMBOLS (cont'd)

Uee - free stream velocity ~ fps

e kinematic viscosity ~ ft2 sec™t

Mo x maximum semi-thickness ~ ft

Seff effective base angle ~ radilans

M.ALC. mean aercdynemic chord It

h base semi-height ~ £t

herr effective base semi-height ~ ft

larr mean approach length ~ It

11'2 square of instaneous velocity in X-direction ~ (fps)2



INTRODUCTION

The current design and development of hypersonic cruise vehicles, lifting
re-entry vehicles and recoverable boosters has given new impetus to subsonie
aerodynamic research. Vehlcles of these types, designed for hypersonic tlight
and characterized by blunt trailing edges and bases, require a subsonie flight
capabllity in order to execute landing manuevers. Prediction of the subsoniec
serodynamic characteristics of thie class of vehicles has become & critical
problem area. Sinece base drag constltutes the major portion of the total sub-
sonle drag of & blunt based vehlcle, investigation of subsonic base flow is
currently recelving more than the academic attention it once held.

The present study was conducted to develop a predictlon technique to
accurately predlct the base pressure for a vehlicle of the class described
above. The development of & general predlctlon tecknique was approached by
the use of a study program which involved the followlng tasks:

l. Apalytic investigation of the fluld mectanies of subsonic base flow
and mathematical deseription cof an idealized flow model.

2. Hxperimental verification of the analytic predictions and experimental
invegtigations to extend the theory to the prediction of base pressures
behind eomplex, as well as simple, configurations.

The following paragraphs present the results of the analytic and experimental
tasks and describe the development ot a generalized prediction technique.



1/ ANALYTICAL PROGRAM
1.1 REVIEW OF RESEARCH ON SUBSONIC BASE FLOW

i.1.1 HISTORICAL REVIEW. Research on base flow phencmenon originates from
the work of Prandtl and others who Investigated the discrepancy between
classical potential solutions and the observed viscous separation from the
rear of bluff bodles in low veloclty flow. Identification of the consider-
able drag penalty assoclated with base separation resulted in the logical
design practice; bluff shapes were to be avoided in subsonic aerodynamic
and hydrodynamic design. Although the problem subsequently received only
academic interest, several investigations are noteworthy. Von Karman first
hypothesized a mathematical description of the periodic shedding of vortices

which characterize flow over two-dimensional bluff bodies at Reynolds numbers t;-g:h

above 50. The work of Fage and his assogiates contributed a considerable
amount of experimental data on bluff body L{low that to this date have not
been fully exploited (referemces 1, 2 and 3). More recently, the investi-
gations of Roshko (reference 4 and 5) have ylelded a semi-empirical method
for predieting the drag of two-dimensional bodies with pericdic wakes in
low veloelty flow.

The advent of research on projlectiles and later, missiles and space
vehicles, gave new impetus to research on the fluid dynamies of base flow.
Emphasis has been placed almost excusively on the supersonie flow regime and
conslderable research, both theoretical and experimental, has been conducted
to investigate the mechaniecs of supersonle base flow. The analyses and
investigations of Chapman et al (references 6 and 7) end Korst el al {refer-
ences 8 and 9) established the ground work for analytic methods by which the
propertles in the separsation behind a vehicle in supersonie flight can be
predicted.

The majorlty of the effort on subsonic base flow research during the
past decade has heen conecerned with the acquisition of experimental base
pressure and base drag data of speeific configurations. PSection G of the
bibliography 1s a survey of current experimental investlgations. Several
empirical investigations, such as those of references 10, 1l and 12, have
used this type of experimental data fio identify the parameters which influ-
ence base pressure level. The following section reviews two exdsting
emplrical methods.

l.1.2 REVIEW AND EXTENSION CF CURRENT EMPIRICAL INVESTIGATICNS. Several empir-
igal Investigations have attempted fto ldentify the sigrnificani parameters which
influence the subsonic base pressure characteristics of blunt bodles (for
instance, references 13 and 1k).

Trese investigations have indicated that the magnitude of the pressure
in the separated region formed at the base is determined by the combined
effects of two distinet fluid dynemic actions. The exchange of momentum in



Viscous mixing layer which bounds the separated base flow region and the lnviscid
external flow field acts to reduce the pressure in the separated region to below
ambient. The static pressures assceiated with the inviscld flow field surround-
ing the bage region influence the base pressure by interaction with the viscous
mixing process. The pressure within the separated cavity depends, therefore,

on the extent of the vlscous mixing process, whiech 1s related to the condition

of the boundary layer approaching the base, on the extent or size of the mixing
region in relation to the base region, and on the static pressures in the
external flow which are related toc the shape of the forebody ahead of the base.

Hoerner, (reference 10), was able to correlate base drag of axisymretric
bodies by the expression:

Cpg = +029/ {Cry (1)

Sy
where c = Cp —
and
Cf = skin friction coefficient

w = wetted surface area
SB = bage ares

A similar correlation using these parameters was made during the present investi-
gation using the data of reference 15. The empirieal relationship

Cpp = 055/ '/ch (2)

ylels excellent agreement with the experimental base pressures of the four
elliptical cones tested. Reference 16 contains experimental subsonic base
pressure data for a large number of hypersonic configurations for which the
wetted surface areas and base areas have been tabulated. These data were
correlated using a value of Cr of .0040 as suggested in reference 12 and are
shown in Pigure 1. Good agreement with the empiriecal relation developed for
elliptical cones is shown, especlelly for conflgurations with symmetrical base
geometries tending to elliptieal or diamond seetions. These bodies are character-
ized by body geometries which maintain the flow ahead of the bhase essentially
parallel to the free-stream, allowing the data to be correlated satisfactorily
using & parameter which represents only the vlscous phencmencn. However, the
interrelationship between skin friction, boundary layer thickness, and base
pressure, suggests that boundary layer thickuess is & more logical parameter
thapn skin frict;ton ‘coefficient. T

The investigation reported in reference 12 included the developmert of
an empirieal method for predicting subsonic base pressures of hypervelocity
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vehicle geometries. The method was based on correlations of experimental data
obtained from wind tumnnel tests of models having a wider range of base geometry
than those deseribed in the previous paragraph. Two geametrical parameters
were developed which account for both the viscous and non-viscous actions,

although not independently:
2

'ﬂ"SB

where (:)

perimeter of the base

SB = base ares
and
25p
™ L{ky + bp)
where SB = hage area
I. = overall length
hy = base height
by = base width

The first expression accounts primarily for the influence of hase geometry on
the viscous mixing phencmenon while tre.latter expression accounts for both the
visccuu effect of boundery layer and the effect of the forebody on the external
flow field The empirical method was used during the present investigation to
Sorrelate the experimental data from several of the references of Section G
of the bibliography. Flgure 2 presents the results of this correlation, and
shows that this methcd does not adequately account for the external pressure
field at the base, since the data which is characteristically low as obtalned
Tor configurations typified by boattailed afterbodles. The parameter which
includes effects of the extermal flow was modifiled by the inclusion of a term
representing an effective angle at the base,d . The effective angle was defined
for each cornfiguration by avereging loecal angularity In terms of the proportion
of the perimeter over which the local angle was reallzed. Incluslon of the
term sin § yielded better correlation of the same data, as shown in Figure 3.

2 Sq
™ L{hp + bp)
for geometrles with increasing sectlon thickness but does not adequately aeccount
for base pressures produced by configurations heving significant afterbody
angular deviations, such as flared or bcattailed body sections. An additional

correlation of the data obtalned from the references of Section G was performed
by retainlng the parameter (:Vé{ﬁrSB to acecount for the viscous mixing phenomenon

The parameter effectively duplicates the parameter sin &
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and using the parsmeter sin & to account for the effects of the external flow
field. It was found that angle-of-attack data could be ineluded in the same
correlation by & simple addition of the angle-cf-attack to the effective angle.
The result of the correlation is shown in Figure k4.

The data presented in Figures 1 through 4 were obtained from tests of &
wide range of vehicle configurations, ineluding high-speed configurations with
delta planforms, axisymmetric hodies, partlal-cones and wing-body combinations.
All are characterized by having blunt bases. The correlations represented by
Figures 1 through 4 appear limited due to the lack of temms to adequately account
for the effect of thespproaching boundary layer, the thickness of which 1s non-
linear with approach length. Also, the effect of planform essymmetry is not
sufficiently accounted for; wing-body and fin-body combinations could not be
expected to have the same characteristics &s & symmetrical configuration with
the same value of the first geometricael parameter.

A significant amount of data seatter can be attributed %o the inconsistency
of experimental data due to sting interference and incomplete pressure surveys.
Figure 5 presents the incremental error introduced by sting dismeter interference
for two configurations previcusly investigated. The magnitude of the errors
possible indicates the limitations of correlating data representlng = broad
spectrum of configurations and test techniques.

The data obtained from the preliminary tests on two-dimensional configuxe-
tions conducted in the low veloeity smoke ftunnel at San Diego State College and
described in Section 2 also indliecate the dependency of base pressure on both the
viscous effects and the external pressure field at the base. The investigation
was based on systematic variations of configuration geometiry, including fineness
ratlo and afterbody angle. The data was correlated using parameters to account
for both the viscous effsct and the external flow field. Figure & shows a
definite trend and demonstrates the degree of influence of the extermal pressure
field on the base pressure.

1.2 DEVELOFMENT OF TWO-DIMENSIONAL ANALYTIC SOLUTION

The preceding section formulated qualitatively the parameters which influence
the base pressure of blunt bodles in subsonic flow. The major effort of the
analytic investigation conducted during the present study was devoted to the
developrent cof & mathematical model of the fluid dynamlcs of base flow. The
enalytic method which hes been developed describes two-dimensional, steady

flow separating from base geometrles of arbltrary flow inelination. The method
combines a viscous solution whiech defines the mixlng process along the mixing
zone dividing the separated eavity from the external potential field, ard an
inviseld solution which determines the geometry of the cavity and the separation
streamline.
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1.2.1 DEFINITION OF A THEORETICAL FLOW MODEL. The present analysis of sub-
sonic flow separating from a blunt vehicle base required the adoption of a
theoretical flow model to deseribe the fluid mechanics of the system. This
task was complicated by the fact that at least two distinet flow situations
are theoretlically possible, depending on base geometry and flow conditions.
The first flow model, deseribing flow over two-dimensional bodies with blunt
bases, can be characterized at Reynolds numbers above 50 by an open wake
contalning periodically shed vortices. The theoretical flow model, hypothesi-
zed by Von Karman, is depieted in Pigure 7.

Several investigators have shown that if the periodic vortex formation
is suppressed the subsonic flow is quite similar to the steady base flow at
supersonlie speeds. Two~dimensional subsonic flow over a rearward facing
step has been analyzed using the steady flow model. Three-dimensional basge
configurations, especially with ratios of base perimeter to mean radius approach-
ing the value for axisymmetric base geametries, do not exhibit the marked peri-
odicity of the wake assceciated with the two-dimensional phenomenon, as will be
shown in Section 2. Moreover, the subsonle base pressure determined experi-
mentally for three-dimenslonal configurations are generally comparable in
level with values obtained for steady two-dimensional flow, such as obtained
with the rearwerd facing step; the base pressures for the non-steady two-
dimensicnal flow belng markedly lower. It can be theorized, therefore, that
three-dimensional subsonic base flow can be adequately described using the
steady flow model.

The flow model of Chapman {reference &), was adopted for the analytic
investigation of three-dimensional subsonie base flow conducted during the
present program. The flow model, shown in Figure 8, considers four distinet
fluid regioms:

1. Flow approaching the trailing edge of the body.
2. Separation of the flow from the trailling edge.

3. Ccnstant-pressure flow along the edge of the wake separated from
a reglon of relatively "dead" air by a free-mixing layer.

4. Recompression of the separated flow in the wake region where the
shear layers merge.

The flow medel of Chapmen describes the mechanism which makes the bhase
pressure phencmenon amepable to mathematical description. The sheary layer
leaving the separation point entralns fluid from the dead-alr cavity, tending
to reduece the pressure in the eavity. The decay of esvity pressure continues
until a stable condition prevails, whereby a sufficlent amount of fluid in
the shear lsyer is reversed in the recompression zone in order to preserve
the mass balance in the cavity. Predletion of the cavity pressure for the
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FIGURE 7 Flow Model of Von Karman; Unsteady Two-Dimensional
Flow

FIGURE 8 Flow Model of Chapman; Steady Two-Dimensional
Flow
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stable condition can be made by allowing the pressure rise across the recom-
pression zone to adjust itself such that the correet amount of fluid in the
shear layer is reversed to preserve continuity in the cavity and the remaining
fluld of higher veloelty is able tc negotiate the pressure rise and escape into
the downstream wake.

1.2.2 SCLUTION CF TWO-DIMENSICNAL STEADY BASE FLOW. Mathematical deseription
and analyses of the flow model of Chapman have been developed by seversl in-
vestigators. Primary attention has been given to the supersonic flow condition;
Chapman, et al (reference 7) analyzed the flow model for the case with laminar
mixing along the shear layer. Korst (reference 8) analyzed the supersonic and
transonic flow case for turbulent mixing along the shear layer and included in
his analysls the effect of mass addition te the ecavity. Neither analysis
aceounts for the effects of a boundary layer approaching the zeparation point.
The solutions are therefore identified as the limiting base pressure levels,
since experimental evidence indicates the boundary layer acts to raise the
base pressure above the limiting base pressure predicted.

Previous analysis of the subsonic flow model has been approached primarily
as an extension %o the supersonic analysis. The subsonic case is considerably
more camplicated than the supersonic case, since straight-forward methods such
as the Prandtl-Meyer theory of supersonie flow are not available Iin subsonic
flow for predieting the gecmetry of the shear layer, whose length governs the
amount of mixing to be accounted for in the viscous solution.

Analysis of a flow system similar to the subsonic base flow model was
performed by Hsu for viscous flow of jets in ground effect (reference 17). A
similar condition requirlng mass balance in the cavity established the flow
model., Analysis of the flow model was considerably simplified by the assumption,
verified experimentally by mumerous authors, that the Jet in ground effect
eurves 3t a consiant radius, its gecmetry being established completely by the
height and angle of the jet nozzle exit with the ground plene. The effect of
the vorticity of the standing vortex created by the recirculation of air in
the cavity was Investigated, but Iits contribution to the cavity pressure
relative to the contribution of the Jjet mixing phenomenon was insignificant
and can he ignaored.

The recent analysis of FNash (reference 18) extends the work of Chepman
and Korst by aceounting for the effect of the approaching boundary layer on
the mixing phenomencn along the separmted shear layer. Anaiysis ig made of
both the supersoniec and the subsonic flow regimes. An inverse solution of
the problem was developed by Nash; clesed form equations are presented whiech
define the turbulent boundary layer height at the separation point regulred to
support a given hase pressure level for a given flow condition. The method
applied to the subsonic flow case 1s limited, however, since analytic
deseription of the shear layer geometry was not attempted and is left In the
solution as a free parameter. {In app¢1cat10n of thp method, experlmentally
determined ~wednssmofutha ratioof - ;
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values of the ratlo of shear layer length to base helght determined experi-
mentally for a two-dimensional rearward facing step ylelded accurate correla-
tlons with the experimentally determined base pressure for the step).

In the present analytic investigation, the analysis of Nash has been
adopted to prediet the viscous phencmenon of the steady subsonic two-dimensicral
base flow problem. During the present investigation, = method was developed
which closes Naeh's subsonic solution by providing an analytic solution tor
the geometry of the shear layer. The method, using inviscld free-streamline
theory, allows Nash's analysis to be spplied to the study of the effects of
changes of hase geometry lnvolving inclinatlon of the base flow angle, such
as ramped or boattailed bases.

Tre two methods, Nash's viscous analysis and the inviscid free-streamline
method, are discussed in the following paragraphs.

1.2.2.1 ANAIYSTIS OF TWO-DIMENSICNAL TURBULENT BASE FLOW. Nash's analysis of
two-dimensional turbulent base flow . was hased on the flow model developed by
Chapman. For subsonic flow, the analysis was formulated for flow over a
rearward-tacing step, to which the steady flow model can be applied with reser-
vation.

The mechanism inherent to the flow model of Chapman, the courling of the
mixing or mass entrainment process alorng the shear-layer and the pressure rise
in the recompression zone is mathematically described by Nesh's analysis. The
rigorous derivation of the pertinent equations whieh allow the hase pressure
level to be determined is presented in Appendix I. Two significant refinements
of Nash's analysis over previous analyses are outlined below:

1.2.2.1.1 Re-sttachment Condition. The re-attachment pressure rise results
in the division of the flow in the free-shear layer into two streams; flow
along streemlines having total pressure higher than the static recompression
pressure 1s able to overcome the pressure rise and pass downstream, while flow
along streamlines with sufficiently low total pressure is reversed. In
contrast to previous snalyses, the static pressure at the re-atbtachment polnt
was assumed to be other than the downstream static pressure (the agsumption
was verified experimentally by Nash), introducing a parameter which relates
the ratio of the gtatic pressure rise at re~attachment to the difference
hetween free-stresem static pressure and the base pressure, This parametric
reletionship 1s defined:

P.-P
r"°h oy (3)
Pl - Pb
where ) .
P, = static re-attachment pressure ot e ey
Py = base pressure o
Py = free stream statlc pressure

Lo
e
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In the aralysis of Nash the parameter N was evaluated using experimental data
obtained from investigations on flow over rearward facing steps.

1.2.2.1.2 Free-Shear layer Development. Essential to Nash's analysis wes the
identificatior of flow properties along streamlines in the shear layer. The
flow in the ghear-layer was approximated by analysls of the constant pressure
turbulent mixing of a two-dimensional Jet or stream with a fluid at rest, The
velocities along streamlines in the shear layer were determined using the
mixing analysis of kirk (rcference 19) which accounts for the effects of the
approaching boundary layer at the separation polnt. The velocity profile wvas
prediected as & function of & develcpment lenghth representing both the distence
from the separation point and an equivalent length accounting for the boundary
layer development at the sepsration point.

Jolning of the mixing analysis which desecribed the total pressure on
streamlines and the mass entreined along the shear layer with the re-attachment
condition elosed the base-flow solution. The solution in generalized from
accounts for mass addition or removal (bleed rate) in the cavity. The deriva-
tion of the viscous solution presented in Appendix I results in the final
equation:

Y-i Pr \—5
_ VAR NN N L e ol BV 3
q T Pes ue2 (7'|)O‘Mea Pb In }‘b
(I.3.10)
where .
q = base-bleed flow rate
;ﬁz= density external fto free-shear layer
ey = velocity external to free-shear layer

length of free-shear layer

=2
It

Ap = density ratioc defined by eq. (I-3.5)

Pp = pressure 2t reatiachment

Pb = pressure in separated caviiy

8" - boundary layer momentum thickness approaching separation point
Yy = ratio of specific heats

Equation (I-3210) allows the following procedure for computation of base pressure:
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a&. For given approaching flow conditions, a range of bese pressure
ratios are chosen for study.

b. A value of the parameter N 1s chosen, which determines the re-
attachment pressure for each chosen base pressure.

c. If a bleed rate is specified, the ratio of boundary layer momentum
thickness to shear layer length can be determined which is necessary
to produce each level of base pressure.

d. If the ratio of boundary layer momentum thickness to shear layer
length is specified, the variation of base pressure with bleed
mass flow can be determined.

The significance of the parameter N was not fully evaluated during the
present investigation. Nc adequate theory has been formulated to analyze
the non-isentropic mechanism of reattachment. The analytically-derived
isentrople recompression eriteria of Chapman and Korst yields & value of
N equal to unity; the reattachment streamline is assumed to recompress to the
free-gtream level. Although the experimental data obtained by Nesh indicated
that values of N different than unity existed (betweern 1.5 and 1.0 subsonic-
ally) and provided refinement to the solution, the limited experimental data
on reattachment pressure obtained during the present investigation (as
deseribed in Section 2.0) did not verlfy the results of Nash. For the
present investigation, it was assumed that N = 1 was sufficient to analyze
steady two-dlmensional subsonic base flow.

Tt—ds-not&dthat In the viscous sclution, the shear layer length remains
as a free-parameter. Determination of the geometry of the shear layer analyti-
cally frees the viscous solution of 1ts major empirical content.

1.2,2.2 FREE-STREAMLINE ANALYSIS CF SHEAR IAYER GECMETRY. Inviscid, incom-
pressible free-streamline theory has been applied to the study of subsonic

base flow phenomens by several investigators. Free-streamline theory uses

the two-dimensional, incompressible potential flow method of conformal mapping,
which, by means of conformal transformation, allows the complete potential flow
field to be determined fran known boundary conditions. Sepearation from the
rear of bluff two-dimensional bodies was originally studied by Kirchoff who
developed a free-streamline theory whereby surfaces (streamlines) of velocity
discontinulty idealize the separating free shear layers. The free-stireamlines
divide the flow into a wake and an outer potential fleld. Numerous authors
have applied Kirchoff's theory to two-dimensional bluff shapes, the most
notable being Roshko (references 20 and 4), who joined & free-streamline solu-
tion to the wake drag thecry of Von Karmen, ylelding a semi-empirical method
for predicting the drag of two-dimemnsional bodies with periodic wakes.

The class of flows mentioned above are characterized by streamlines which
do not close; the streamlines extend (ideally) to infinity enclosing a wake
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region of finite widih. The use of free-streamline theory has been applied
to many other problems in fluld dynamies which involve discontinuocus stream
surfaces (for example, reference 21). The study of cavity flow character-
1zed by streamlines which close, 1s due mainly to the original work of
Riabouchinsky (reference 22).

Free-streamline theory wes adopted during this Investigation for the
study of the geometry of the free-shear layer inherert to the flow model.
The application of an inviscld method to the study of a viscous phenomenon
can be questioned, but in cases where both the viscous apd inviscld models
are governed by a criterion which assumes constant statlec pressure throughout
the cavity, the free-streamline method provides a close approximation of the
viscous phencmenon. (The analysis of reference 21 applied free streamline
theory o jet flow in ground proximity, where the Jet encloses a constant
pressure cavity. The geometrical relationships whieh evolve check very
closely with experiment).

The bagsic flow model was modified slightly for study using free-stream-
line theary. The modified flow model is depicted in Figure 9. As in the
analysis of Riabouchinsky flow, & cavity 1s formed by use of an cbstacle
(referred to henceforth as a fence) placed downstream of tle separation corner.
The fence Is an artifical deviee required to close the streamlines; it has
physical significance, however, since the streamline 1s forced to stagnate
along the fence. The fence, therefore, can be seen to idealilze the recompres-
sion zone of the viscous flow model.

fhe free-streamline method was applied to the base geometries deplcted in
Figure 10. The transformetions which allow solution of the problem involved
use of the Schwarz-Christoffel theorem of conformal mapping, a stendard tech-
nique used in free-streamline theory (for example, see reference 23). The
complete mathematical developments for each of the cages of flow over a b§se
with zero, positive and negative flow lnclination are presented in Appendix II.
The inclination of the fence was allowed to remain arbitrary, which offers
generality to the solution. The followlng gecmetrical relations, derived in
Appendix IT for the case & = 0, are presented to illustrate the form of the
equationss
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a. Geometry of free-shear layer:

: %Ci
Axbci = -—L-J—l- cos (%CJ d’Q ()'l')
Pocy
2. '
Afpe = | ™ sin (one) & (5)
Pocy
where
62 -1{ ok i-@b e (K241 Ppoy - K°
S P o : ©)

2k% + (k2+1) Pbey
A Kpay , ATpey = igcremental directed lengths along shear
yer

S0~ angle of fence
k = constant defined by equation (II.27)

Poei = velocity potential ~ -1< Phe < X2

U, = free stream velocity

b. Geometry of fence:

Pa (
COSOE 7)
Xog = ed 49
¢ U| QC q'

gingo Pa
ch = LJ| J'Q ﬁ-cd d¢ (8)

c

where

deq = Velocity along fence o

(L-K2) L S ) ™
2k{¢§d+(k2;i)¢cd+ K2+ 2k2+(k2+l)¢cd

velocity potential ~ K2 < ¢cd < 0 (9)

"

¢cd
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¢. Helght of base:

B =ZA% + Yoq (10)

d. Length of free-shear layer:

i =“E”“( AXbciz + AchiEJ) i+ \l Xcd2 + ch2

(11)

The solutions obtained, being in integral form, required numerical
technlques for appliecation to the present study. The computational method is
generally as follows:

Q.

Ce.

Inclinations of the base and the fence are chosen. {For 91.§IC5 the
solution was found to be generally insensitive to changes to 9o in
the range ‘-ﬁz {8, < "‘;" 3 62 = - I was chosen for simplicty in
applying the sclution. For ©1< 0, a relationship was found between
O] and ©2:

O = -2(.5° + 2.56, (degrees) (12)

which resulted in realistic sclutions.)
4 range of base pressures is chosen.

Corresponding to each set of values of Cpp, 81 and Op, values of the
free-constants ki and ko are determined using the expressions presented
in Appendix II. (For €1 = O, a single constant, k, is determined
explicitly. For 6,# 0, k; ard ko cannot be determined explicitly.

It was tound that %or e 0, k could be related to €1 by:

ky = 825 + .00501, (€ in degrees) (13)
For @, >0, it was found that k, could be related to ©; by:

kp = 22239 1 1.003 + .00033 6; (0] in degrees)
9 -60.7 (14)

These relations, along with the relations found for &5, allowed kl
to be determined by a numerical iteration technique.}

The free-gtrearline eguations presented in Appendix IT determine
explicitly the geometry of the corresponding free-shear layers with
respect to the height of the base. Alsc, the corresponding height

of the fence with respect to that of the base is determined. (The
relations discussed previousiy for determining 92 and ko as a funetion
of ky were developed in an attempt to minimize the fence height,
reguired to maintain realistie correspondence with the recompression
zZone ).
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Figure 11 presents typical plots of the free-shear layer geometry for specific
values of Cpb’ base angle and fence angle.

1.2.2.3 COMBINATION OF VISCOUS AND INVISCID SOLUTICNS. Combinatlion of the
two solutlons described in the previous paragraphs offers an analytic method
by which the base pressure level for a two-dimensionel subscnlie flow model
can be predicted. The sensitivity of the base pressure level to changes in
such parameters as base flow Inclination, boundary layer thickness and free-
stream conditions can be systematically studled.

The independent solutions, the viscous base flow analysls of Nash and
the inviseid free-shear layer geometry, were programmed for numerieal soluticon
on digital computing equipment. Programming ot the viscous solution was
restricted to the no-bleed (9,=0) case. (Inclusion of the solution for
arbitrary bleed-rates would provide a means for study of the effects ot mass
addition on two-dimensicnal base flow and with new experimentsl data, means
could be concelved for extending the analysis fo three-dimenslonal base flow).

The digital solution of the combined two-dimensional subsonic base pressure
solution is diagrammed in Figure 12. The two-dimensional analytic solution
provided a technique which was used to correlate the data obtained during the
experimental program discussed in Section 2. The experimental data also provided
empirical data which alloved the two-dimensional solution to be extended to gen-
erglized three-dimensional base geom=tries, as discussed in Sectiom 3.
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2/ EXPERIMENTAL PROGRAM

Subsoniec wind tunnel tests ware performzd to determine the pressures and wake
flow characterlsties 1n th= base reglons of blunt-based bodles. Aerodynamic
forces and surface pregsures ware measured coasurrently to vrovide additlonal
data. The test serles was designed to provide experimental data to augnent
the analytic investigation and the development of a generalized predietion
techniqus.

These tests were conducted in the San Diego State Collage Smaoke Wind
Tunnel, the Coavair 8' x 12' wind tunnel and the California Institute of
Techuology 32" x 45" Merrill Wind Tunnel. Oaly two-dim=nsional tests were
made 1n th: smoke tunnel, both two-dimznsional and three-dimenslonal tests
were made in the Convair tumnnel, and only thres-dim2nsional t=sts were made
in_the Cal Tech_tumnel. The Reynolds numbsrs tested were approximately 1.8 x
10° and .6 x 10° par foot 1n th= smoke tunnel, and .7 x 10° to 2.2 x 106 per
foot in the Convair tumnel and in the Cal Tech tunnel. The maximuen dynamic
pressure tested with thz two-dimensional models was 60 lbs/sq ft and with th=
threa-dimensional models 150 lbs/sq. ft. The data from these tests, In
graphical and tabular form, are pressnted in Volume IT along with & run index
Tor each tunnel, listiung thz order in which ths tests were made.

2.1 SUMMARY OF WIND TUNNEL PROGRAM

2,1.1 SMOKE TUNNEL TESTS. Reference 24 summarimes the smoke tunnel investl-
gation, Th2 data obtainsd from testing of two-dlmensional configurations, with
varylng thicknesses and base flow angularitlies, is presented in Voluma II.

2.1.2 GD/CONVAIR AND CAL TECH IESTS

2.1.2.1 PRESSURE DATA. The iwo-dimensional conflgurations depicted in
Figures 13 and 1&, with varylng degrees of thickness and base flow angle, wers
tested to determine ths effects of base angle Reynolds nunber, angle of atfack,
tmnslition strip locatlion and horizoantal splitter plate on th2 base pressure
coefficient.

The three-dimensional configurations, depieted in Figures 15 through 18,
were ftested to determine the effects of base angle, nose bluntness, fin inter-
actions and base planform assymmztry, trailling edge sweep, angle-of-attack
and Reynolds nurber on base pressure coefficient.

A summary of the average values of base pressure cozfficlent measured for
the different models and thelr configurations is presented in Tables I and II.
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TABIE I

2-D Configurations
(Convair Tests)
Average Base Pressures

Avg. Base Pressure

Run Configuration qQ k=0 XK= 3 K= 6
2% ™o 60 -. 8165 ~.80504 -.80526
3* Ti0 30 -. 79695 -.77259 -.75329
> T1o 60 -.80981 - T9609 279339
6 ™o 30 -. 76839 -. 77885 ~.75801
7 Ty 04p 15 -.4L628

T T104P 30 -. 45163

7 T 04p 45 -. 42149

7 Tlotp 60 - 4374

9 Tg+F10+p 60 -.53598

9 Tg+F1.p 30 --57199
10 Ta+F10 60 -.99236 - . 9720k -.9k929
1 T 245104 P 60 -.33162
11 T 0+B10O+P 30 -.33294
13 T, 5+310 60 -.63833 -.60587 -.58788
14 T10+B10 30 -.55122 - 55250 -+ 55250
15 T2 60 -.81488 -.82467 -.80561
16 To 30 -.84950 -.84081 -.81711

*¥Runs 2 and 3 do not have transition grit.



TABLE II
3-D Configurations
Average Base Pressures
(Corrected for Tares)
_(cal Tech Tests)

Run Configuration a Aversge Base Pressure
A= O =5 ot = 10
CT 1 My 30 -.15149 -.18685 -.23737
CT 2 My 45 -.16046 -.18663 -.2346
3 My +B1g 45 +.02802 +.001401 -.03799
b M1+B1 g 30 ++03LL%4 +.000238  -.04876
5 ws L5 -. 46919 -. 46863
& W3 30 - 46658 -.48719
9 W3rl/2Mp 45 -.28234 -.2931C
10 Watl/2Mp 30 -.2848k -.29113
11 WS 45 ~.59630 -.622h9
12 W3S 30 30 -.6k110 -.64153
13 W3+SL5 b5 - .608k46
1k LESSIT 30 -.60882
17 Wi 45 -. 45678 -. k8823
18 Wy 30 -.4h993 - h733%
19 WU g 45 -, 31957 -.37312
20 Wil 30 -.31381 -+ 37429
21 Wy+Us5 k5 -+ 37416 -.38928
22 W)y +Us 30 -. 37046 -.38110



TABIE II {eont'd)

Average base pressure
Run Configuration g HA=0 A =5 A= 10
CcT 23 My+4Ay Ls -.2407h4 -.26180
24 My+A7, 30 -.27222 -.24870
25 My+1/24, ks -.20351 -.21980. ~.26184
26 Mi+1/24; 30 -.22262 -.22628 -+25971
27 My +hs 30 -.31583 -.31885 -.31513
28 My+Ap 45 -.33103 -.32458 -.32155
29 My+1/245 45 -.26184 -.25307 - 26794
30 My+1/285 30 -.26910 -.26122 -.27192
31 M1+R 30 -.1h4h82 -.15966 -.21h00
32 M1+R ks - 1462 -.16599 -.22h82
33 M1+F1 g 45 -4 3000 -.29783
3k M +F 30 -.296866 -.29524
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2.1.2.2 PFORCE AND MOMENT DATA. Force and moment data were cbtained from both
the GD/Convair and Cal Tech wind tunnel tests. Figure 19 presents force and
moment data obtained for an axisymmetric eonflguration and is typlesl of ths
data obtalned. It should be noted that the base ares of the 3-D body config-
urations and the planform area of the wing configurations is used for reference
area for the respective configurations. The pitching maments for the body con-
figurations are destabllizing due to the cholce of the model reference moment
center loecated at the model base.

2.1.2.3 AIRFLOW VISUALIZATION. French-chalked vertical splitter plates were
used for wake flow visuallzatlon on selected two-dimensicnal configurations
tested in the Convalr wind tunnel. Figure 20 presents a typlcal photograph

of the flow patiern set up in the wake of a two-dimensional configuration with
zero bage flow angle.

The flow patiemrns obtained using the french-chalk method are difficult
to interpret. The wake was found to be unsteady when probed with hot-wire
anemometers. The flow patiterns may indicate a time-averaged gross flow
pattern established by slow response of the french-chalk method. A differsnt
interpretation can be made by referring to the static pressure distribution
measured near the centerlline of the wake region. In all of ths frenech-chalk
plates an apparent stresmline can be ldentified whieh appears to separate
streamlines recirculating into the base region and stresmlines flowing down-
strzam. In each case, the apparent "dlviding" streamline is dirscted to the
point in thes wake of lowest sbatic pressure. This may indieate a type of
boundary layer flow, where the liquid french-chalk is influenced by the low
static pressure levels which are found along the wake centerline.

The flow patterns do indicste a high level of vorticlty adjacent to the
base. These vortices were siatlionary and represented the only steady portion
of the wake,

2.1.2.4% PRESSURE WAKE SURVEYS. Total and static pressure surveys were obtsained
using a pressure rake 1n the wakes of selected two and thres-dimensional con-
Tigurations tested in the Convalr wind funnel. Plots of lines of constant
value of the parameter H - £, , & measure of the total head loss in the

Q oo
wvake region, were made for each configuration. The original data obtained
from the wake total pressure survey was crossplotted to obtaln plots of total
pressgure versus vertleal statlon at each longltudinal survey station.

2.1.2.5 HOT-WIERE ANEMOQMETER WAKE SURVEYS. Hot-wlire an=mometer data was
obtalned by surveying the wake of selected two-dimensional configurations
(with and without horizontal splitter plate) and three-dimensional configura-
tlons. The data was recorded on oseillograph and magnetlc tape.
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FIGURE 20 Typical Visuwalization of Flow Past a 2-D Model with Zero Base Angle
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2.2 CORREIATICON OF WAKE FLOW PROFERTIES

The wake flow data discussed in Sections 2.1.2.% and 2.1.2.5 represents the
results of the portion of the exparimental program concerned with the investi-
gation of the flow properties of wakes generated by two - and three-dimensional
blunt based gecmetries in subsonie flow. The purpose of the wake flow investi-
gation was primarily to verify the applicabllity of the ldealized two-dimensicnal
steady base flow solution described in Section 1 to the analysis of three-dimen-
sional base {low.

In crder to identify the nature of three-dimensicnal base flow, the experi-
mental program included conslderable testing of the two-dimensicnal configura-
tions tested with and without a horizental splitter plate. In addition to the
base pressure measurements, extensive wake flow measurements, ineluding hot-wire
data and total and statle pressure surveys, were conducted to investigate the
nature of steady and non-steady two-dimensional wake flow and of three-dimensional
wake Tlow. The following paragraphs present correlations of the data obtained
for the three types of wake flow phenomenon.

2.2.1 TWO-DIMENSIONAL WAKES.

2.2.1.1 WAKE VELOCITY FLUCTICNATIONS. The non-steady nature of flow in the
wake of two-dimensicnal Isclated bases is demonstrated most effectively by the
measurement of veloeity fluctuatlons using hot-wire anemometry. Figure 21
presents a trace of velocity fluctuations measured in the wake of a two-dimen-
sional configuration with zZero base angle. The trace exhibits a marked
periodicity with a frequency of approximately 7O cps. 8Similar measurements of
fluctuations in the wake of the two-dimensional configurations with 10° flare
and 10° boattail, along with the data from the two-dimensicnal configuration
with zerc Lase angle, were correlated with the data of previous investigations
using the ncn-dimensiconal Strouvhal number, as presented in Figure 22.

The term "steady' as applied to the wake flow pha2nomencn being discussed
refers primarily to the nature of the shear layers which separate at the
bage; the formation of a trailing vortex gystem is suppressed and the wake is
turbulent with an absence of pericdieity. Figure 23 presents a trace of the
velocity fluctuations measured in the wake of a two-dimensional configuration
with a horizontal splitter plate; no periodicity can be observed and the
fluctuations can be described as completely random.

2.3.1.2 STATIC PRESSURE. Figure 24 presents the static pressure along the
centerline of a two-dimensional confipguration tested with and without a
horizontal splitter plate. BRBehind the isolated section, the static pressure
decreases away from the base reaching a minimum at a distance of spproximately
1-1/2 times the semi-thicknesgs of the section. This low pressure "trough" is
believed to coincide with the point at which the vortices form (reference 5).
Downstream of the trough the static pressure rises and levels off at scme
value below ambient static pressure. (It can be shown theoretically that the
gtatic pressure along the centerline of a vortex street is lower than free-

s tream static pressure by an amount depending on the strength of the street).
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The static pressure along the splitter plate behind the two-dimensicnal
configuration is markedly different, with a region of falrly constant pressure
extending from the base and eventually recovering to a value near amblent,

The existence of & constant pressure "cavity", as postualted by the idealized
steady flow model, is indicated.

Figure 24 also presents a comparison of centerline static pressures
behind a circular cylinder with and without a horlizontal splitter plate,
obtained from reference 5. A very simiiar result iIs shown.

2.2.1.3 TOTAL PRESSURE. The use of a totml-pressure rake to survey the
wakes behind the configurations tested In the CVAL tunnel resulted in the
wake totel pressure contours, such as those presented in Figure 25. The
parameter H - Bg is a measure of the total head loss in the wake and also

q
provides a meaghre of wake width. The differences of the fluid mechanics of
the unsteady "open" wake and the steady "eclosed" wake are indicated. The
integrated effect of the losses represented by the contours is directly related
to the marked differences in base pressure or resultant base drag of the two
base flow phenomenon.

2.2.2 THREE-DIMENSIONAL WAKES. The previcus section has attempted to establish
the character of the steady and non-steady subecnlc two-dimensional base flow
phencomenon. The properties of three-dimensional subsonlc base flow will be
examined using the two-dimenslional data for comparison.

2.2.2.1 WAKE VELOCITY FLUCTUATIONS. Figures 26 through 28 present traces of
the veloecity fluctuations in the wakes of the three-dimensional conflgurations.
The fluctuations measured in the wake of the axisymmelric three-dimensional
body, appear to be random and exhibit characteristics similar to those measured
in the turbulent wake of the two-dimensional configuration with horlzontal
splitter plate, (Figure 23). The fluctuations measured in the wakes of the
thick delta wing configurstions exhibit a degree of periodicity superimposed

on the turbulent fluctuations. It appears that as the base planform tends
toward a itwo-dimensional geometry, the wake contains regions with nearly ftwo-
dimensional unsteady properties. The locally shed vortices diffuse rapidly

due to the furbulent wake emanating from the three-dimensicnal regions, although
a discernible amount of energy 1s present in the wake at the perlodie frequency.

A thorough correlation of three-dimensional wake flow properties would
include an analysis of wake fluectuations using power spectral techniques.
Periodicity (or the absence of periodiecity) could be identified conclusively
and correlated with geometrical parameters. Due to the limited scope of the
present program, this was not atiempted. h

2.,2.2.2 BTATIC PRESSURE. Filgure 29 compares the static pressures in the wake
behind the axisymmetric confilguration with the static pressure distribution in
the wake behind the two-dimensional configuration with horizontal splitter plate.
The distribution near the centerline behind the axisymmetric body is similar to

L
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the distribution found for the steady closed wake of the two-dimensional
configuration with splitter plate. A constant pressure "eavity" is suggested.

Figure 30 presents the static pressures in the wake behind a thick delta
wing configuration, measured at three spanwise stations with respect to the
centerline. In each case, the distribution close to the horizontal plane of
symmetry exhibits the presence of a "trough" with the pressure recovering
downstream to a constant level lower than amblent. At these statlons the
distributions are itypical of the two-dimenslonal non-steady wake, similar to
that of the isclated two-dimensional configurations. Although surveys at
outboard stations were not made, it can be expected that near the tips the
static pressure distribution is similar to that behind the axisymmetric con-
figuration.

The statlc pressure distributions follow the trend noted in the analysis
of three-dimensional wake velocity fluetuations; the wake propertles fend to-
ward that of the non-steady two-dimensional phenomanon as the base geometry
beccmes more two-dimensionsai. It 1s to be expected that near the center of a
configuration such as a thick delta, the wake would be essentially two-dimen-
silonal,

2.2.2.3 TOTAL PRESSURE. Figure 31 compares the distribution of total pressure
in the wake of the axisymmetric configuration with the total pressure behind
the two-dimensional configuration with horlzontal splitter plate; the distri-
butions exhibit similar characterlisties, although the streamwise varistion of
the axisymmetric wake ocecurs over a shorter distance than the two-dimensional
steady wake, which might be attributed to the effect of curvature on the
steady flow mechanism. Figure 32 presents the total pressure distribution in
the wake behind a thick delta wing configuration, again measured at the three
spanwise locaticns. The distributions behind the wing are inconcluslve since
the total pressure distributions are not as markedly two-dimensional near the
vertical plane of symmetry as the velocity fluctuations and static pressure
distributions.
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3/ DEVELOPMENT OF GENERAL PREDICTION TECHENIQUE

The analytic solution of two-dimensional steady base flow, deseribed in
Seetion 1.2, forms the basis for a method by whieh the base pressure level
of generalized three-dimensional bhase geometries can be made. The two-
dimensional solutlon allows expliclt determination of the effect on base
pressure caused by changes to such parameters as base flow Inclination,
boundery layer thickness and free-streem condltions. The two~dimensional
solution was used to correlate the data obtalned during the experimental
program dlscussed in Section 2. Empirical relationships were developed
which account for three-dimensional base planform effects. The incorpora-
tlon of the empirieal factors with the two-dimenslonal analytic solution
resulted in the formation of & generalized prediction technique., The
technique has been programmed for numerical solution on digitsl computer
equipment.

The following paragraphs describe the development of the general pre-
dletion method and the digital program for numerlcal computation. The use
of the method is demonstrated by correlation of experimental data with pre-
dicted values.

3.1 DEVELOFMENT OF EMPIRICAL FACTORS TO ACCOUNT FOR THREE-DIMENSIONAL EFFECTS

The empirlical analyses review in Seetlion 1.1 indicated that the subsonic base
pressure of three-dimensional blunt-based configurations is influenced by the
effects of three independent parsmeters; Dboundary layer thickness at separa-
tion, angularity of the flow at separation, and three-dimensicnal planform
effects. The two-dimensicnal analytic sclution provides a tool to predict

the effect of the boundary layer thickness and, pertially, the effect of the
base flow angularity (the free-streamline solutions are used to predict only
shear-layer geometry, which, along with approaching boundary layer thickness,
determines the effect of viscous mixing on the base pressure level). The
effects of base flow angularity on the external flow fleld (the inviseld effect)
and of base planform were recognized Lo be difficult to determine analyticelly
and were therefore left 1o be evaluated empirically.

In order to use the two-dimensicnal solution ioc determine the empirical
relations required, the following assumptions were formulated and applied:

1. The inviscid effect of hase flow engularity (and, in turn changes
to the external flow field) on base pressure level could be accounted
for by empirical corrections to the limiting base pressure (e.g.
minimur base pressure at a glven free-stream condition in the absence
6f an approaching boundary layer) predicted for zero-angle flow. (The
two-dimensional analysis solution predicts the limiting base pressure
based on values of the local flow properties upstream of the separa-
tion point; for other than zero-angle flow, specific values would be
required for each configuration. For zero-angle flow, free-stream
conditions are sufficient to prediet the limiting base pressure).
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2. Three-dimensional planform effects could be accounted for by
empirical corrections to the two-dimensional zero-angle limiting
base pressure calculated at the particular free-stream condition
under consideration.

3. The value of the actual base pressure (ratioced to the appropriate
limiting base pressure) corregponding to a given value of boundary
layer thickness 1s the same for & three-dimensional configuration
as for the two-dimensional analytic model at the same value of
effective base flow angle.

The two-dimensional analytic solution was used to correlate the wind
tunnel data for several of the configurations tested during the experimental
program. The following paragraphs describe the development of the empirical
factors which allow the two-dimensional anslytic solution to be extended to
prediet the base pressure of generalized three-dimensional base configurastions.

3.1.1 EFFECT OF BASE ANGLE ON LIMITING BASE PRESSURE. The two-dimensional
analytic solution was used initially to correlate the experimental data of
the two-dimensional configurations tested with horizontal splitter plates,
described In Section 2. Since the anslytic solution relates boundary layer
thickness to base pressure, values of boundary layer thickness had to be
known for each experimental data polnt. In lieu of experimentally determined
values, the boundary layer momentum thickness at the separation point was
predicted analytically for the given configuration and test ¢onditions using
the formula for turbulent incompressible flow over a flat plate obtained from
reference 27:

-1
S#%(X) = 0.036 X (X__U,Li'i> 2 (15)

Figure 33 indicates close agreement between the prediclted and experimental
values of base pressure for two-dimensional steady flow with zero base angular-
ity. (It is noted that the asmsumption N=1 for the reattachment condition in

the analytical viscous solution, as discussed in Section 1.2.2.1.1, results in
better agreement than the empiriecal value of N suggested by Nash).

The two-dimensional analytic solutlon was used Lo analyze the variation
of base pressure with boundary layer thickness and base angle of a glven free-
stream condition; Figure 34 presents the results for values of hase angle
between -10° and +10°. This analytical data suggested a method by which an
empirical factor to account for the effect of hase angularity on limiting
base pressure could be developed. The followlng procedure was used:

1. Velues of the boundary layer momentum thlekness for the two-dimen-
slonal configurations with horizontal splitter plate and base angles
of -10°, 0° and 10° were determined at the test conditions using
the formuls presented above.
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2. Velues of the parameters (Cpb/cphlim) were determined for each case
using the data of Figure 34, (As discussed previously, the limiting
base pressure as determined is Independent of base angle. The agsump-
tion was made that the analytic solution resunlts in the proper ratio
of (Cpb/Cpblim) at a given value of boundary layer thickness, even
though Cppliy varies with 67).

3. Empirical values of (Cpy im)e Were obtained for each configuration
by division of the exper%men%al values of average base pressure by
the corresponding value of the matio of (CPb/CPblim)'

Figure 35 presents the resulting limiting hase pressure as a function of
base angle for two-dimensicnal steady base flow.

The same procedure was followed to determine the effect of base angularity
for three~dimensional base flow. (The boundary layer thicknesses for the
three-dimensional configurations were calculated using the two-dimensional
formula; the validity of the method 1s verified in reference 28.) Empirieal
values of the limiting base pressure for axisymmetric bhases with base sngular-
ity were obtalned using the experimental data for the axdsymmetric conflgura-
tions with base angles of -10°, 0% and 10°. Figure 36 compares the data for
the axisymmetric three-dimensional effect.and the two-dimensional effect. The
curves indjcate that although the limiting base pressure for the two-dimensional
and three-dimensional configuratioms at ©=0 are conslderably different, the
slope of the curve, or effect of the angle, 1 nearly equal. Further, the
slope of each can be expressed numerically as -1 psf/rad. (It is interesting
to note that although the slope of the curves which present the effect of
bage angle on the experimentally-determlned average base pressures of the
two-dimensional configurations with splitter plate and of the axisymmetric
configurations (Figures 32 and 46, Volume II) is different from the slope
derived empirically for the limiting base pressures, the slope of the curve
for the experimentally determined base pressures of the isolated two-dimensional
configurations is approximately -1 psf/rad. (Figure 31, Volume II). It can
be hypothesized that for the cpen wake case, the effect of bage angle 1s in-
dependent of viscous effects, which is suggested by Roshko's work, reference

5)

The results represented by Figure 36 indicated an empirical relationship
which was adopted for spplication to base geometries of arblirary planform.
The limiting base pressure of any conflguration can be determined if the
limiting base pressure of the corresponding planform at zero base angle can
be found, using the relation:

(CPblim)Qe er “(Cpblm)o=0 - Qgry (16)

vhere 6 p,r 1s the effective base angle, expressed in radlans, averaged
arowund the base perimeter using the methoed presented in Figure 37. The deter-
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GIVEN: Symmetrical geometry, such as shown:

S

TO FIND: ] and he

eff £f

PROCEDURE :

1. Divide base perimeter into sufficient equal length
increments to define geometry:

FIGURE 37 Method for Determination of Geometrical Parameters of
Symmetrical Three-Dimensional Base Configurations
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2. At each point, define an approach streamline which lies
on the intersection of the surface and a plane which is
normal to the line tangent to the perimeter at the point
under consideration., The flow angle and effective base
height of each streamline at separation is determined as
shown below:

-y

3. 'The average of the O's and h's (averaged over perimeter

as shown below), yields valves of Oeff and heff:
o h
— - heff
0.2 .4 .6 .8 1,0 0.2 .4 .6 .81.0
%L PERIMETER/ 4 % PLRIMETER/ 4

FIGURE 37 Method for Determination of Geometrical Parameters of

Symmetrical Three-Dimensional Base Configurations (Continued)
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mination of the limiting base pressure for 9=0 requires an additional
empirical factor which is desecribed in the followlng paragraphs.

3.1.2 EFFECT OF THREE-DIMENSIONAI BASE PLANFORM ON LIMITING BASE PRESSURE.
The effect of base planform on the limiting bage pressure of configurations
with zero base angle was determined empirically using the two-dimensional
anelytic solution applied to three-dimensional configurations under the
assumption that wiscous effects are equlvalent. The followlng procedure
was used;:

l. A value of average or effective boundary layer thickness was
ealeculated for each of the three-dimensional configurations
based on an average development length (the M.A.C. was used for
the delta planforms). An effective base height was determined
for the thick delte wings using the procedure shown in Figure 37.

2. Values of the parameter (Cpb/cpblim) were determined from the two-
dimensional solution at the free-stream conditions and at the
effective value of @ for each configurstion.

3. Using ithe experimental values of average Cpb, and empirical value
of (Cppiim)g #es obtained for each configuration.

I, Using the previously derived relation to account for base angle
the limiting base pressure at ©=0 for each configuration was
obtalned:

c -
(Cop 1m0 (Cop1imdoepy + Oers (17)

The values thus obtained were raticed tc the value of 2-D limiting base
pressure determined at the same free stream conditions. The values were
correlated using the parameter presented in Section 1.1, (Eygqﬁ?ﬁﬁa

which, for symmetrical base planforms, describes the three-dimensicnality of
the base. Figure 38 presents a plot of the empirical data. A hyperbolic
curve was fitted to the date points, which becomes asymptotic to a line repre-
senting the pressure predicted for a two-dimensicnal isoclated base with non-
steady flow, the limiting value assumed tc be accounted for by planform
affects.

Although the relationship presented was derived at one free-stream
condition, it was assumed that the relation can be applied throughout the
range where the analytie solution is valid.

3.1.3 CUTLINE OF PREDICTION METHOD. The two emviriecal relationships along
with the two-dimensional anelytilic sclution coumbine to form a method by which
pressure for any symmetrical base planform can be predicted. (Extension to
non-symmetrical base planforms, Including the effect of fins, will be discussed
later.) Application of the method is outlined as follows:
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1. Given a vehlele configuration, the followlng geometrical parameters
are defined, using the method presented in Figure 37:

a. Effective bagse angle ~Geff

bh. Base geometry parameter -~ CEV2JT*SE
c. Effective base height ~ hafr

d. Mean approach length ~ Lepf
2. At given free-stream conditions, a value of & ¥ /hpp is predicted.

3. Using the two-dimensional solution at the glven free-stream condition
and Ogpp, values of (CP/cPlim)Q versus § *%/hgpp and Colimpp 87€
obtained.

4. Using the value of (P2 1 5p determined, a value of

Cp1im 3p 15 obtained, from which (cplim can be
C . g__o 3D Q=O
Pl:l_m 2D =
determined.
5. A value of (QPlhm) Gepe  1° detemmined using the relation:
C =
( Plim) Gerf (Cplim) 0=0 - Geff (16)

6. Two-dimensional values of the ratio (CP/CPlim)ED are corrected
t¢ three-dimensional at each value of & *¥*/hore  by:

(18)
(CP/ “plim) e3p = (CP/ cPlim) Op . | Rlim2n
Cplim 30 fe=0

T+ The predicted base pressure at the corresponding value of S*HVheff
calculated is found by interpolating between values of the array
geneated in the previous step.

3.1.4 EXTENSION COF METHOD TO UNSYMMETRICAL BASE PLANFORMS. The empirical
factors developed and incorporated into the prediction method were based on
data obtained from symmetrical base planforms. It was found, however, that
the method could be applied to unsymmetrical bases end bases with fins by
treating those bases as combinations of subreglons, where the gecmetry and
corresponding base pressure of each subregion could be deftermined by the
general method. Averaging of the base pressures of the subregion by a simple
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area relation resulted in a predicted effective base pressure which provided
good correlatlon with the experimental data of the configurations tested, namely
the wing-body combination and the body-fin combinatlionz. Figure 3% outlines

the technique for describing the geometry of bases which are combinations of
subregions.

It was 2lso found that unsymmetricel boattalling of a symmetrical planform,
such as the thick delta with 5° and 10° boattailing, shown in Figure 17, could
not be accounted for by describing the resulting base region by the methods
developed for symmetrical planforms (in particuler, defining en average flow
angularity around the base perimeter). Better correlation with experiment
was sachleved by first defining the geometry of the symmetriecal unboattailled bage
ané then correcting the value of effective angle by the amount of boattail, even
though the boattailing was applied only to the upper surface, which represents
less tharn half of the base perimeter. The effect is predominetely influenced
by changes to the extermal flow field whiech in the present analysis 1is accounted
for by changes to the limiting base preessure of a given configuration. The total
flow fleld apparently adjusts to the Influence of the local major change in
flow angularity, resuliting in nearly the same pressure level as would be pre-
dicted for symmeirical boattailing to top and bottom surfaces. The limited
amount of data made thorcugh evaluation of tre effect impossible. It is
suggested that the procedure found in correlating the data cf the thiek deltsa
cernfiguration bte arplied tc vredleting the effects of unsymetriesal boattailing
on similar base plarforms. Pigure 40 outlines the method for defining vehicle
gecrmetry for this case.

3.2 DESCRIPTION CF GENERAL PREDICTION TECHNIQUE COMFUTER PROGRAM

The general predlectior method, as outlined 1In Secticn 3.1.3, was programmed for
solution on the IEM 7094 digital ccmputer. The program is dccumented in
Appendix IIT; Sectlon III-1 presents a flow diagrax of the basic program logic,
Section 1II-2 presents a listing of the source program, Section III-3 outlines
input procedures arnd Section III-4 presents sample output.

3.3 CORREIATION CF EXPERIMENTAL DATA WITH GENERAL PREDICTICN TECENIQUE

The general predlctlon computer progrem wes used to correlate with the experi-
mental data obtained from wind tunvel testing of all three-dimensioral cornfigura-
tions. Gecmetric ipput parameters were determined for each configuration using
the techniques described 1n previous peragraphs and presented In Filgures 27, 39
and 40. Values of the atmcspheric variables corresponding to the appropriate
test conditions were used as input.

Figure 4l presents & comparison of experimental and predicted values of
average base pressure for each of the configurations tested.
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GIVEN: Configurations descrihed as combinations of bodies and base
subregions, such as shown:

COMBINATION OF BODIES BODY PLUS FIN

DEFINE: Geometry of base.
POCEDURE :

1. Dbivide base into subh-regions as shown below for typical
exanples:

o -c-0-D

S

2. For each sub-region, define ® ,%SB and eeff, he{-‘f

2F;§; Total

and Leff using method developed for symmetrical geometries.

NOTE: & for each sub-region determined from average of o

eff
over wetted perimeter only.

FIGURE 39 Method for Determination of Geometrical Parameters for
Configurations Made Up of Comhinations of Base Regions
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GIVEN: Configuration with unsymmetrical bhoat-tailing, such as shown
helow:

TO FIND: Geometry of configuration ~ , B s h
zﬁ;gg eff eff

*
® e\
PROCEDURE: 1. Determine geometry, )(éeff) ;(heff) of
2“iSB

symmetrical configuration (without boat-tailing)}
such as shown below:

2, Define geometry of boat-tailed configuration as

follows:
i L 3
(
2'ESB

>
[ ]
{n
=4
i

E ]
B. heff - (hefé)
L ]
C. G0 = (eeff) - 9
6,
Y
C

FIGURE 40 Method for Determination of Geometrical Parameters for
Configurations Having Unsymmetrical Boat-tailing
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3.4 EFFECT (F TRAILING EDGE SWEEP

The effect of a trailing edge sweep on hase pressure of a bluns 1lifting surface
was Investigated experimentally, as described in Section 2. BHowever, it was
found during correlation of the data that the trend in bhase pressure attributed
to sweep effects (see Figure 51, Volume II) was slso substantially influerced
by the effect of base planform. This effect was introduced since the swepl
trailing edge configurations were the thick delta wing (W3) with extensions

to the trailing edge (see Figures 16 and 17, Volume 1I). "It is apparent that
the base planform (described by the parsmeter 2 T 53 affectively increased
with the increasse of the tralling edge sweep, resulting in a decrease of base
rressure simlilar to that noted for slmple chunges of planform. The effect of
sweep Angle could not, therefore, be determined conclusively.
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4/ CONCLUSIONS

4.1 The two-dimensicnal analylic solution provides an accurate mathematical
deseription of the fluid mechanies of steady subsonic base flow. The develop-
ment of a free-streamline solution to thecretlically define the geometry of the
shear layer closes the viscous solutlon of Nagh, The applicability of the
combined solution has been shown by the close agreement wlith experimental
values of hase pressure and shear leyer length obiained from testing of flow
over a rearward-facing stepn.

4.2 The applicmbility of the steady flow model and analytic solution to
isglated three-dimensional blunt bases has heen demonstrated most effectively
for axisymmetric base geometries. The correlation of the wake flow properties
of the two-dimensiconel steady [low and axisymmetric base flow and the similarity
in the effect on base pressvre of the 1nfluence of boundary layer thickness and
base angularity between the two cases indicates that a steady-flow analysis can
be used to predlet base pressure for axisymmetriec geometries.

L.3 The steady-flow analytic solution can be extended to general three-dimen-
sional base planforms, even though in certain conflguraticns a mixed base flow
phenomenon 1s known to exist (in planforms with ratios of width to height of
approximately three or greater, two-dimensional unsteady base flow 1s found

in the interior base rcgion). The viscous effect of approaching boundary
layer can be evaluated by the analytic solution. The empirical relationships
which have been developed to account for planform effects were based on a
limited amount of experimental data. While it is coneluded that the reiations
provide an accounting for the pertinent parameters which influence bhase
pressure, it can be expected that the accuracy of the prediction technigue as
developed may differ for certaln geometrles, such as dlamond-shaped base
planforms.

b  It-een-be.coneluded-that-the inconsistencies encountered during the limited
effort to correlate a portion of the existing experimental data previously
cbtained with the generzl prediction technique were due primarily to the
inability to properly acccunt for the effeets of sting-~suppcrt interference

and also to accurately define the test conditions. It.ls felt.fhats the type

of support-system used during the experimental program cf the present study
virtually eliminated interference effects.
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5/  RECOMMENDATIONS

5.1 The general prediction technique 1s presented as a reliable method,
subject to the followlng limitatlons 1n application:
o et

8. It ls recommended -that the methcd be used primarily for predictions
at flight condltions where compressibility effects are not signifi-
cant. However, the method will provide predictions throughout the
subsonic flight regime vwhich are useful as preliminary design data}
evaluatlon of the aeccuracy of the method at these cornditions was not
possible.

-

b. It is recommended that the method be restricted to the prediection
of base pressure for base planforms having & value of the parameter

(:y2iﬁﬂ Sy of 1.6 or less.

5.2 Additiopal experimentul investigation is recommended to sugment the
empirical data on the effects of basge planform, base flow angularity and trail-
Ing edge sweep on three-dimensional base pressure. For thorough evalustion,
the three effects should be investigated independently.

5.3 I.is- recommended that the feasgibllity of using mass addition to reduce
subscnic hase drag he evaluated with a combined experimental/an&lytical program.
The two-dlmensional analytic solution will provide qualitative information but
an experimental program ls required to verify the analytie solution and to
determine three-dimensicnal effects.

5.4 The use of a forward-mounted support sysftem is recommended for subsonic
hase pressure lnvestigaticns 1n preference to sting-supported systems. The
error due to the interference of rear-mounted stings was not evaluated during
the present study but was recognized by the lnconsistency of data obtained
from earlier studiles.

5.5 Analyticel treatment of the total flow f'ield for twe-dimensional and
axigymmetric gecmetries with arbitrary base inclinations 1s reconmended toc
provide surface pressures near the separation polnt. This analytical data
would replace the erpirieal relstionship which aceounts for base angularity.
PR
5.6 It is -Tecummended-thet an investigation he conducted to extend the present
analysis to high subsonic and transonie Mach numbers. The viscous solution iz valid
throughout the Mach nunber range. through the supersonic flow regime. However,
redefiniticn ot the flow model is required to irclude the effect of compressi-
bllity on the shear layer geometry. Transonlc expansion from the separation
point could concelvably be analyzed using & hodographk technique.
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APPENDIX I
DERIVATION OF EQUATIONS FOR VISCCUS MIXING SCLUTION
ASSUMPTIONS :

a. Viscous effects are taken into account inscfar as they generate the initial
veloclty profile.

b. Veiocity and temperature flelds can be rsgarded as due to pressure forces
alone. -

c. Flow zlong any streamline is approximated by one-dimensional 1sentropic
flow relations.

1/ EXPANSION AT SEPARATION CORNER

Referring to Figure h2, the relstions for assumed iso-energetlic shear flow
are

2 2
ut+2Cpl = ugt 2CpTe (r.1)
%2 _2Cp
| - u*2= ueZ(T’Te)

Where u*= u/ug

Denoting conditions at Stations(:)and(:)

= T.2a
Uef 1™ e, ( )

| - u*2= ?_Ep (TZ',Te )
2 Ueg (I.Qb)

Aspuming isgentropic expansion along streamline from Py to Py, which are assumed
to be constant through the boundary layer and shear layer respectively.

Tz . I?zz(fb)x';_' (1.3)

T Te ] F’I
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91



Gombinng(T.2a), {I.2b) end (I.3)

- X 2 2

| =N ue) Tep _ Me) (I.b)
L-u® ug2 Te M2
o € ¢ €2

The development of the free shear layer from an initial boundary is defined if
the momentum thickness, @, et separation is specified. $ can be determined in
terme of ihe momentum thickness, @, at the corner using eguation {I.4).

Using the sftream funcition

8_‘# = p¥ E-i’ = pU (1'5)

8x Sy

the momentum thilcknesses are defined by

Po; ue,8

f1

o *
ei %“' ui)dy (1.6)

® *
Jcé(l-UZ)dw

where ¢S repregsents the well

"

u
re, e2¢

In the turbulent boundary layer, the mean velocity 1Is nearly equal to Ghe
velocity in the external stream.

I - uf= z

and
M2=1 m.2
€2 T &

from equation (I.4)

- 5= r(l-uT%

2
u;=l-rU—uT%=i-r(l+ule—uf) = f-r(2-z)2)
172
U:=[]~rz(2—zﬂ
for rzi2z-z) < | using series expansion (binominal)
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* rz(2-z) + (2 ){=72)r2z2(2-2 )2

Uz = 1= 5 5 4o
-z) 252 2
|~ Uz* = rz (22__" - raz (2_2)"_ """
z rz-za—é— (1= r/78 )+ - -

—u ¥ —u s S - (- u ) (1.7)
Substituting into eguation (I.6)
e, UEZ4,:f‘pw[r(I-uI*)—%(I-%)(I—uf)a]d\p (1.8)
S

o) @ 2
:rj;ls (n-u.*}dq,——;u—’?)j% (- u* ) dy

@

@
=rj:ps (I-u,*)dqw%(l—%)ws

(2-2 0 )+ (~1+uZ) dy
© © % D a2
Pe, Ue, ¢ = j:pstl—-ul*)dq;—%(I-—%)[Z'fws(l—u, ]dq:—j:#s {(1-u] )dtp]

by definition

® * w 2 } -
'/.\f»'s“-UI Jdy =Pe|Ue|9 '["Ps“ _U'* Ny = J09|uel >

Equation (I.8) becomes

A

Pe, Ye, ® - r(peluele )—%(I-%){zpmue!a_ Pe Ve 3 } (1.9)

- %%
“rpg v {8 - (%1026 -8}
Assuming terms (260 - & **) and higher —= O
Pe, Yo, ¢ Mg 2
€2 €; s r = |2 (1.10)
Pe, Ue 8 Mez
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the variation of r with Pb/Pl ls evaluated by
-

71
P 1+ 5 M e’ \

7= 2
|+ 5 “Aea /

(r.11)

2/ THE FREE SHEAR IAYER

Referring to Figure 43, the velocity profile can be approximated by

* 1 oy
vt = (l+erf 5— ) (1.12)
where © can be estimated by the empirical relation

o= 12 (1+.23 Me,)

The effect of the initiasl boundary layer is accounted for in equation (I.12)
by replacing X by X + X' where X' 1s assumed tc be proportional to @.

The momentum thickness, ® (X), (@ = © @ sep. pt) of a free mixing
layer 1s defined by

8]

Pop g, © - wB(i—u*)d¢ (1.13)
where
YREF
Yo (X) = ¥age —[ T pu dy (1.14)
and ¥ ppp 16 any reference streamline

Assuming the total momentum of the equivalent shear layer is egqual tc the
total momentum of the boundary layer at the separation point:

¥ ¥n
L el s [ 0m o8l
¥ EQUIV v BOUNDARY (f-lfaJ
Bo SHEAR Bo LAYER
LAYER
vhere i}!h = streamline in the externmal source
Ug v = total momentum in shear layer
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14
Pe, uez'¢=fwh (1-u™ )dy. =y - ¥ ~ ¥ (1.16)
)
and at X = 0
) ¥ * L ¥
pea Ue2 ® —‘(p (l_U )dq’ ‘q”h q}BO (I-l?)
_ Bo
Since ® = ¢ at X =0
Yo = Vs (1.18)
defining "median streamline”
Ym= ¥ - Y (1.19)
Y= Vg = ¥y - ""BO’PEz ve, ¢ (T.39a)

For the equivalent mixing layer the local veloclty u*in terms of ¥ and X
is given by

- ! *

Y = V= P, uez(x+x)f(u ) (1.20)
where the form of f(u*) depends on the shape of the veloclty profile. The
lower boundary of the flow field where u * _ 0 is repregsented by \pa (X)
defined by

— = I

Y~ V¥ Pe2 Uez {(x+x') f{0) (1.21)

and at X = O

95



Henece X' is glven by

x' = M = ...?:_ (1.22)

% =
pezueaf( ) f(o}
eliminating X' 1n ecquations (I.20) and (I.22)
¥ ¥ *
M - %M + 6 f(u™) (1.23)

Pezuez f(O)

1 - -
finally, since upM ¢vs = pe2 ueetﬁ

- ¥ f (u*)
re e, = X0 - 441 (o) (1.24)

Hence the mass flux between the separation streamline and any adjacent
streamline can be expressed in terms cof funections which relate toc the velocity
proflle of the asymptotic turbulent mixing layer and the momentum thickness of
the initial boundary layer, §.

The function f( y*) uses the median streamline as a datum.. In the asymptotic
free shear layer, the velcclity on the median streamline is constant, u,*.

expressing the veloclty profile Ty 1ts similarity form

u® = u®(L)
where § = ZX and X 1s the distance from origin of asymptotic layer
x .

The loeation CM of the median streamline is

j:“p*u*dt =j’

Lhy o2
P** %t (1.25)
M - Q0

where Ch is & gtation in the stream outside the shear layer.
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With the density and velocity related by

— -1
- 2
* = vl Lk
P kJ' 5 Mell “27] (1.26)
the position of WM and the velocity U ¥ are known as functions of the Mach
number, Me2 and the shape of the velocity profiie.

For subsonic flow U*¥, will be taken as equal to 0.58 ,

After ldentifying ¥) end u, ¥, the function f(u¥*) is given by
w o | M ox %
f(u®) = ;f p¥u¥d, (1.27)

¢
the error function velocity profile 1s assumed

a*= L0 +erfe) (1.28)

making = change of variable in equation (I.16)

*
Ue
f = '—f p¥u* d—g*du*
o Jyx du
~and by use of equavion (I.28) becomes
Ue® 2
f =\/;f p*u%eg du*

U*

vhich for small values of § becomes

»
f =’\/1T—_ [L;? p¥u*du®
o U {1.29)
from equation {I.26)
dp™
u¥du® = 2 5
(?"i)Mezp*
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henee a further change of variables from y* to p*

*
Fo= ___ﬂifl_*_ %:.ggf ~ia log_ A
(Y'I)aMez P (Y‘I)UMBS e {1.30)
Where
_a PRA-VE IR
) ;* |+ 7—;1 M§2(| —u:') (1.32)

3/ THE RE-ATTACEMENT REGION

The base flow solution 1s closed by the re-sttachment condition

P - Py
L P =N (1.32)
P -Py

t

where § remains to be found

Alorg ¥g , (reattactment streamline)

Py P /7 '
- (—F_’b_) (1.33)

Assuming the recovery temperafture le constant through the cavity

b, 5
P, H
fP (Eb)z_‘?_l (I.34)
PR P,
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P p
Cc C
if Ag=— 0Ond ry=—
PR Py
-1
Ag = ab(fy)l—f (1.35)
Pr
where
'r-
| + —'2—| Meaz
A, =
b T (I.36)
| + yT(I- ué"z)

AR 1ls & measure of the pressure rise to re-attachwent

from equations (I.30) and (I.35)

Py =

flu%) =_m_‘/"___ log_<a. (b r} '

R (r-l)crmg2 € b(pr) (1.37)

and also
pAT-L

* Ioge(#) 7
flug) | | - b (1.38)
(o) loge Ap

It now remains to apply tae re-attachment condition 1o the known development
of the shear layesr at a distance £ from separation., Assuming s bleed
mass Tlux g intu the cavity, the streamline W}(is speclfied by

¥s-¥p= 4 (1.39)

from equations (I.24), (I.39), with the values of f{u g¥) and (U R*)/f(o) from
equations (I.37) and (I.38) the base flow solution is:

| flug)
=z A . ¥ - - "R
q = fe,ue,| L-flug) 9{' (o) } (1.40)
Y=L
] loge(,gr) 4 -
/ml r-1 I.41
=Ffa u ___I___ ] . _P_r -9_“b_
q*= e, ez(y”)o,Mez{Oge b Ioge(pb) } 0gg Ap
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APPENDIX IT
DERIVATION OF EQUATIONS FOR INVISCID FREE-STREAMLINE SQLUTICNS
1/ FREE-STREAMLINE SOLUTION FOR FLOW OVER BASE WITH ZERC FLOW INCLINATION

The free-gtreamline theory of Kirchoff-Helmholtz is applied toc flow over a
blunt base having zero flow inclination, shown in Figure 44a. The free-stream-
line separates from the corner B and impinges on the fence at ¢, recompressing
to stagnation at polnt D. The pressure is known along boundary BC, being equal
to the base pressure. Along the boundaries AB and CD, the flow angles are
knowm. The stream functicnVy is arbitrarily asssiganed the value zero along the
vounda.ry ABCDA.

Having the boundary conditions clearly defined, the solution proceeds with
a conformz:l mapping teecknique involving the three planes shown in Figure 4.

The complex veloclty along the boundary maps into the logarithmle complex
veloeity plane, Q = In{%2)+ 10, (q,0 identifies the velocity vector in polar
coordinates) as a semi-infinite strip. The mappling of the vertices of the
semi-iufinite strip on to the points -1, -k2, 0O, O in the w plane using the
transfommation theorem of Schwarz-Christoffel closes the solution and allows
the geomelry to be determined completely.

The following paragraphs develop the mathematical procedure uf the
solution and the resulting integral equations defining the geometrical relation-
ships for the free-streamline and the fence.

1.1 SCHWARZ-CHRISTOFFEL TRANSFORMATICN

Referring to Figures Uhb and Lhc, the Schwarz-Christoffel transformation which
maps the gsemi-infinite strip in the Q plane onto the reai axis in the w plisne

is given by: = -V =1/ =/,

g Yo QK [ (w1772 (w+k2) 2 (w) 2 (w) 2dw + K2 (II.1)
where ~l,-k2,G,O) correspond to the locatlons of the vertices of polygon ABCDD'A'
on the real axis of the wplane. The expression is integrated as follows:

dw dw
K + Ko= K
W/ Tw+ 11 {wrk2) 2 l w/wet (ke+1)w +k¢

Q= +K2

W DwHi+k .k + | )
|

1}

| 2k VW2 H(KZ+TJw+K2+2kZ+H(Kk2+1)w | \+K;
S )
2hkw
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2Kw

'n ( 2k VWEH (KZ+1)w+k2+ 2K2+ ( K2+ ) w

o

o L

w

)]+

2K/ WEF (KEFTIWHKE+2k2+ (K2+ 1) w
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1.2 EVALUATION OF CCNSTANTS

l.2.1 AT POINT B. U
w =9 =| Q= ln(—°)
Equation (II.2) reduces to:

|n =' LY In\} _lL Al (11.3)

l1.2.2 AT POINT C

In (UO)-i92= K, In{L
|

= |

—kz
<2kf4 (1% 1) Ko KE+2KZ (KE+ 1 I )
-k
{L (2k2 -k -k2 ﬁ
= EI {L(
K

=|=x

L

f

U : K|
In(—°)+ i8,
U K

L.____i
+
= i_?(
=)

w

=1 X
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L =(L_’.°)%2 (1- K2) (11.5)

.. the transformation equation becomes:

_ 8 Uo\3 2 W
Q = 2| 8, (1-k '
" ”[(u,) 2 { )(2ka2+(k2+I)w+k2+2k2+(k2+l)w)j!

- Uo & W
Q = In[~)+ = -k?2
n(U,) 7 ln{(l k )(2ka2+{k3+I)w+ k2+2k2+(k2+l)w)}

(11.6)
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T 2k- Kk - |

(8 o ] ) |

at pt.C ¢ --k¥ 8=28, q=U,

. -k
InfUol+ i 6, = (nfUo)+ Gain (I-k2)< )
(U,)F i (LL'J,) - { 2k VKR4I KP4+ 208 - (B4 ) 2

2
Uo\ . 8 2 “k
In{2},% In| {I-k )(_—)
(U.) - 2%k |

infUo\s 8 n| (1-k2)Y_-!
n(U|)+1r2 " )((!-kzl):l

oy
InfUo +92i+len |-k
U, L |- k2

In (%Ql )+92i
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at pt.D ¢$=0 6 =8, q=0
() it o[04 |
i
- ln(%:).,,geln [(I— k2) (%QFH+ 0,i
ot pt. D' ¢ =0 6=0 q:=0

o) g

+ 82 ln[t_q,J
T _4|12

since 8,<0 and In{0)= -

equations are satisfied

L.3 EVALUATION CF CONSTANT k

Yo

At point A' w = : _bl_” 8:0
4]
0 = ln(ﬁ)- 8 |n[_ 2k w2+(k2+l)w+.k2+2k2+(k2+|)wJ
U/ -k W
= In(%i’)- 8 in[ ! 2"""“2“"]
T - k3
82 In

u
3
T
£ |&
--..____l,.-r

m

(L

)
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1.4 DETERMINATION OF GEOMETRY IN REAIL PIANE
do = 2% gx 428 g,

dy

it

v
X

oy ._ 3¢ dv _ 9¢
dy

ox 7y ax
since dy =0
.09 dg
d¢_————-—x dx+ay dy
0 =3 g, 02 4,
29
dy = gi dx
oK
2
9\ 8%¢ 89
d =i‘idx+(‘”) dx =(‘“2)+(~‘”2) dx
¢ ax (i_ ' o9
ox Q%

v
a9 g—;‘;=q sin 6
oy
8
u 9
3P —I— = q cos £
ax 2%

107

(11.8)

(11.9)

{I1.10)

(17.11)

(11.12)

(I1.13)
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. _q2(cos2 g+ sin?9)
Ld¢ = g <05 & dx

dzx ="'C_Q%q—_€_d¢

_9¢ ay _ qsin 8 cosh . sin 8
dy 56 ax 9% = Gcoss 3 dé g 9¢

X
Ax ¢ f cos 8 dé
(I1.16)
X ¢,
o : f 5*“ : (1T.27)
II.1
¥y ¢

i.4.1 ALONG STREAMLINE BC

(22 41 ggg = inf Yo )+ &2 [|-k2(2 e ]
(Or) 7 Bscxin( B-)« B | (1-42) (AT H(KE + Ny 1K +2 k2+(k2+l}¢ac)

i e = Q—Z-lnﬂl k )( b )]

2k «@+(k‘+ Nge +hE+21KE +{( K2 +1 )y,

C

since qbgc +(k2+|)¢ac+k2 2 0 for —i< ¢BC<—K2

¢
8 =9 .2 BC
e [(l “ (% VBB (K 411 dge—K2+ 212 +(k2+1)$pc )]

i .= - 221n | (_Zkif'¢gc4k2+i)¢gc—?+2kz (2+|£Eu:)
B8C T (I_k[) ¢BC

18 =——,8;2— [ln r+iﬁ3]
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r2 = x2 + y2

) :(2k2 +(r1)Pee v | 4k + ARk +1) Bag + (KB +1)2P3,
g (1-K3) / (1-k?)%$2,

2 _ 4k2(—.ﬁc -(k2+|)¢ac"’k2)
oo (1-k2)2

B 4/44 +4y‘¢'ac +4 k/a‘i/bec * kq‘ﬁgc +2 k2¢>§c+ ¢gc—4k2¢§c_4 k%i’ac“q kgé’lac"‘/k ‘
(1-k2Pg2 |

2. K'e3-2kPeRcreR. | (K2-N%edc I
2 2 . 2
(1 - K*)2ga. (-2 g2

B = tan e

o 2KV R - (KB D) g -2
2K+ (K% 1) $pe

= tan

2K Vg3 (kEr 1) bgg K2 )

g -1
S Bgec — —E— tan (
8¢ T Zkz""( k2+l )d’gc

(I1.18)



1.%.1.1 Check

6 - 2k /- 240 -k 8
- 2 tan |( v i;klf?j:ﬁkl ):- 22 tan™' (O)

2K /- K3+ (Ko+ | kB -K2
Bac“eﬁ mn_[( 2+(k2 Nk ak )
2ke—(k“+ 1}k
-—82 o0t (0) = - & s
= — 5 fan — (—=7)
8ac = 62

sutstituting ©pp into equations (II1.16) ard (II.1T7)

X d’ac -1 7 53
- 1 _8pmn 2k g -+ dgc—k
"O/ ; UI’[;’ °°S[ ™ ( 21 +(K2+ 1) $ag ) a® (1)
B
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I BC . 8 2K vl
= TJT' f sin [—-%.—m ( ¢’
P

1.4.2 ALONG STREAMLINE CD

Xp ¢D s 6
X - CO 2
/ f Geo I?

Xe c

/ f° sin 6,
9ep

—(K+| ) ppc- K2

111

2k2+(k2+l) $ac

]

(11.20)



¢CD

Y :
|nl}¥ k )<2kJ¢2ﬂkz+|)¢+k2+2k2+(k2+”¢

-%ep

)

_U_.O_ i = =0 9_2 - '22' = 2
|n(qw)+‘ua;2 |n(%')+ = in(-1) + In[(t k )(2

Yo —%eo

k VEHKE+1)P + k2 + 2K +(K2+] ) $

)

(5= ) - |n(%£:

Aeo

[

Ug 0 —%cp

)+ %2 in () - @) | e
- 2k Jo+ (K2 +1)d +k2+ 2Kk { K2+l ) ¢

)

2
T

@

s

qCD UI

~%co

2k Eo+ (K2 +) Bcp + k2 + 2Kk +(K2H) dp

)

Qep = U,[(l - kz)(

2k V#2p+ (K2+1)8cp + k2 + 2kZ +(K2+ ) bcp

-8
)] i (r1.21)

Xo 8
X/ - ¢cos8; %o 5 ~ %o 7_;2_
u “*klzk\/cﬁz (K2 K2+ 2K+ (K2 1) ¢ a¢
X ! ¢, co +{Kk“H ) dcp+k™ + 2K"+(K"+ co/
(IT.22)
° sin &; o ~$cp ‘%
Y[ = (1- k®) - NPE d¢
U, 2k VoI, +{k+ 1) + K + 2K HK" + 1) ¢y
o % (11.23)
1.4.2.1 Check
at pt. C ¢ = -k2
ol k2 %
Q.. = {1-k
€0 'L_ )(ZR Vi® - (k2+ k% + k2 +2k2 —(k2+l)k2)] ’
- -8
. k2 -2
= _(l - kz)(—k'a—:"F):l T = U,
at pt. D $ =0
-8
0 2
= -~ k2 El
oo U'[“ ‘ )( 0 + 2k+ 0 )J
qGD =0 112



1.4.2.2 Evaluation of Improper Integral

-8

o] ™

2k /BZ4 (K24 2 2 2

F(¢)=f [ Vel + (ko + ) p+k® +2k2+(k +I)qb:i 4o
J, 2 -

~ 2K/ B+ (R+ )P +KZ—2 ko= (K2+ 1) ©

< 2K2
¢ ¢
0 ) -6
F(¢)=f (2;; ) dé
_kE g
62 ° 49
) 257 4ae
_ka

- (2k2)_'#2' (li?i) (¢'”7'€L)40 (II.2%)

.. expression converges and has a limit
integral can be evaluated

1.5 DETERMINATION OF k IN TERMS CF Cph,

Lk (9_9._)';;
-k U

(_U;_)% N (I1.25)
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from Bernoulliy equation:

Up%  Po . U2 Py
2 tpC —z tp,
Po = Py
P, =R . U3 - U?
Pq 2
Py —Po | (Ul)a
cp, = 1 {9 "
Pb- Uo

2
o)
=) = | = ¢C
( Ug Pp
(87 =
U, =Cp,
_r_
26
k = -—'-—) ¢
I-Cp

114
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1.6 DETERMINAYTION OF GEMETRICAL REIATILONSHIPS

The height of the base is detemmined from eguations (II.20) and (II.23)

where ¢ = I ¢C=“k2 ¢, =0
surnarizing:
7ec Pec [ 2k Vb2 — (K24 1) By i
o % -l g ( K+ 1 )%k ) T1.1
X/ = Wf COS{ = tan ( 2k2+ (kal-l)(;bec d¢’ ( I 9)
0 Pg
Yac BC | g, [ 2k (Ke+ b K2
Y/ s -L-'j-l-fsin{——,,?—fan '( Zf%_(kz*_” ;:c ) d¢ (11.20)
h ¢
&
Yo coss %o ~%cp
K/ ="U_2 (I"ka)(zk I+ (K2 2+ > k24 ( 1@ ) d¢
[ | A %D+(k +l)4?m+k +2k +(k+|)4>cD
(11.22)
b2
: ™
y © _ siné, %o (1 =12) ~%eo ):’ de
Us (ZR V2 (k& 1} b+ k% +2 K2+ (k2+1)¢
ho P co o b (11.23)
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Evaluating equation (IT.27) for k in terms of a known Cpy, the integrals of eguations
(I1.19}, {1I.20), (IX.22) and (II.23) can be esvaluated. Non-dimensionel valuas of
the coordinates of the streamline betwesn B and C can bte obtained by integrating
equations (II.19) and (II.20) by the value determined for h.
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2/ FREE-STREAMLINE SOLUTION FOR FLOW OVER BASE WITH POSITIVE ANGLE
2.1 SCHWARZ-CHRISTOFFEL TRANSFORMATION

As before, the Schwarz-Christoffel transformation which maps the semi-infinite
strip shown in Figure 45 is glven by:

Q—.

-l
K._/‘(w'+C|)5(»~1'+I)'| (W' w'-17 (W' ~CJZdw' + K, (11.26)

)
"

a w! dw/ K
= +
(w/+1 Xw/= 1) 0% (C,-C)w -C.C,  —

Q.5 w dw/ _ w!dw’ K
2 2, ; p * 02
(w/ =1V W€ - Cw'=C,C, o (w!+1) A/ +(C,-Cw/~C,C
f x d x = dx _ lf dx
J (mx+nle m,) /3 m J (mx +n)/e
f widw! _ whw! . dwrf f dw', f
w1 (w's | Ve v (w-l)/_ B S w1 B
. T odw' + dw/’
(wh IVE J w0

ﬁl{f dw/ +f dw/ ‘K,
2 (wi-1) WWTHC - COw' -C,Cp o (w1 )W/ wh(C=Cylwh C\Cy

let w'=1=1 witl= s
dw’ = dt dw'= ds

D
u

H

Q El dt + ds
2 { t 132 +C,-C )t +(I +C, —C,- C,C, /s /s&(2+CC)sH{I+C;C-CC
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Q =_}5_|. | sin-[ (2+C|‘C2)(W"'|)+2(|+C|‘02“C|C2)
2 |/C,-C+CCsi {w/-1XC,+Cp)

1 Sin-l[(2+02qcixw"+l)—2(i+02'C|-(;L_Ci}} ¥ KZ

e e | (w'+ 1 XCi+Cp)
Q = Ll {_F ! sin-i[(2+g-C2)'W'+ (C, 'Ez"zclcz):l
2 MC,-C+C,C,I {w' = 1)C,+Cp)
_ ! Sin-i[(2+&—C;)WI+(C|-C2+2C|C2) } + KZ
JC -C,+C Com | (w/+1)C,+C,)

transforming to upper~half of w plane using:

wh= | C, =L C,= 1
w k| ke
T T Y Y 20 S A T
Q = 5_'{ ! sln'I[:( +Fl"Rp)W+( Kk, ° klkz)
N I LoyLl+d
/g k|+k|k2! (W )(KI KQ)
i I A\ | t |
24— ~ — = - — +2—
_ ! sm"[( k2 k.)w+(k, Ko klk))}}i_Kz
1_ L1 1 L b
k. Ko Kika (= +|Xk,+ kz)
qQ = }_(_{ .,‘k||‘(2 sl.n_l_(2k|k2+k2"k|)+(k2“k|'Z)W
2 J?l"ka"'l "KIKE K (t - W)(k2+kl)
_ vk ke Sin-lF(2klk2+kl-k2)+(k2_kl+2 ) W K (1II.29)
JK KKK, | (1+w)Xk2+ ki) :
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2.2 EVALUATION OF CONSTANTS

2.2.1 ATPOINT C § = -k, Q = |n (_.Uﬁ_) +ig,
Equation (II.29) reduces to: Uy

Uo\, .p - KiYKK I (2K kavkaky ) + (ko= k) =2)(=k;)
lﬂ(“’)"'lel = IZIJ{ l+k,-km2—k|kz sin I: (|+k|)(k2+ kl)

Uy

_ | sin-l [(2k|k2+k|—kz)+(kz- k|+2)(*k|)]}+Kz
V|+ka“k|"k|k2 (l—k|)(k2+k|)

Uo o Kk kp | - | =
inl— |+ |e= | —- — stn{_
(Ul ) ! 2 \/|+k"—k2"‘k| kz sin ( ) \/|+k2“'k|"k|k2 ( ! KE

Yo \ (g - KK k2 7 PR SN }+K _
m(U' )4 ' 2 2 /14K ~kaK kg &/ 1Kk K Ky € (11.30)
2.2.2 AT FCINT D @=ko Q=In (—H—?—) t+ig,

_Ui o Kivk ks { = (2K kot Kk + (k- k-2 ) (k2)

'n( Ui )“92 T2 Kokt R (1 = k) (kz+ k)

_ n - (2k|k2+k|—ka)+(kg—h|+2)(kp_):l} K,
VKa-k+1-Kkkz (I+kx)ko+k))

/K in'(-1)=
o 2) v SR () (1)

Ug . - K.vklkz — k4 - T = >+ K .31
in(g%) +i2 = % 2kt kika | 2R R F IRk, (12.31)
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Subtracting equation (IT.31l) from equation (II.30):

i (678,) = u’klkz —r _ + 7
VI+K ~ka—kk 5 I+ kzk —K Kz

Kivk, k,*
2

1 (al 92)( VI—{KGHEW KEIS, )
T \/|+k|"k2'k|k2+\/I+k2‘k!_k|k2

-

o =l - () TR Ve

+
I+k) kK ko +V1+kzk-kika |2/ -kgk kp 20/ Tk -Kok,
<o) + i (2372)
Ka "“(u, il

_ SRR R2 | -1}(2K kprks k) 1k k2w
. Q =i(9;82)(m = {f+k,-k2-k.k?_sm { - : ]

k|"k2 k|Kz +\/|+k2‘k|"k2k (I W)(kZ"' kl)

- ' sin” (Zk'k"’+k""‘2)+(k2'k'+2)‘”]}+m(%°—)+i(—-l——19 +6 ) (1m.22)
VItke-ki=kikz (1+w)(kzk)) !

|eY A = ﬂi" k|"k2‘ k| ka B = J|+k2'ki“kl ka

@ = i(ﬁl:_a—a) (_@"—) A gin @k kptkathy M (kpmk -2 W
i A+B A (1 -w)(katk;)

I -1 (2K katk i —ka) Hkzk+2)w Yo, .(6r6; II.33
"g’s'n[ (i+w)(k;|'rk| ]}+'"(uq)+'(2 ) ( )
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2.3 DETERMINATICN OF GEQMETRY IN REAL PIANE:

X b2 cos g '
f g d¢ (I1.16)
X| ¢|

¢
Y fa sinad¢ (I1.17)
g
Y, $

As before:

>

=

2.3.1 ALONG S’I'REAMLI&]E CDh
= L1
Q |n(.0 | 8ep
Evaluating equation (II.33) along CD:

() (852 20 o B 0 b2

#gtkzt k)

Lgin-! [(2k,k2+k,-k§+(k2"k|+2)¢c0:]} + ln(!.o) + i(fji.si) (II.34)
B (1+8Jktk) v .

-8V AB YT L(Zk Koo k) +H K- K, 2’%0}
%o ( )(A ){"K " (1- ¢ Kyt k)

L sin"[‘ak'kjaiki' kolt (kg k|+2)¢co} } + (9|+92) (I1.35)
8 (1+ %, kok))

122



2.3.1.1 Check
At C &p~ & -] :_kl

Substituting into equation (II.33):

- o (2K Ko +kr k) Ko-k -2)-k,)
8,=(8' 92)( iB) | gin~! (2k kp+ks Kk ) +{ky- kK, |
= Aa+s/)A (1 + KXk, +k,)

| _,[(2k (K +K) - ko) H(ky -k, +2)( k)]} - (Busta)
{1 - k) Nka+k)

o= (S f2)(AB) {-}\- sin"t (1) - L sin”! (—1)} + (22%)

(B aralEe s (17) - () ()

8, = (9|~€g)( AB ){%sin'l[(ﬁ‘u"ik&_k!)ﬂkz“ k|"2)(kz)}

m NA+B (I - kadko+ k)

- Lsin (2klk2+kl'kz)+(kz-k|+2)(k‘°‘)}} " (e, +82)
B (1 + kgl ka+ky) 2
85 = (9';92)(Ai88){% sin™' (-1) —-!B-sin"(l)} + (el-;ez)

% = (8';32 AA+BB){2; ZB} * (_6;_%5?1)

- (B52)+ (539 - =
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2.3.2 ALONG STREAMLINE LE

Evaluating equation (II.33) along IE:
Uo . (68, \[AB | cin ((2Kikatka—ki)+kak -2 )dpe
'n ( gD ) \82 l( )( A+B ){A ! [ tI_¢DE)( k2+k| )

_ %_ sin” [(2""‘2+ ki~kd + (ka~ki*2 1 bog ] }+ln(U° )+i(-'c'iﬁéia ) (17.36)

(1+doe N Kzt ) Uy 2

In (g:E) +igye (&ﬁz)(fl% ){_ _A_ sin'(- Z.’-——Bl—sin—'zg}-fln(tj—c:)-i-i (191%@2)

using relation sin'Z = —'”2——(:05" Z

(52 vie - (G’LBZ)(A-&B){*Z% - J= + oo )) +gcos kzz}ﬂn‘ﬁ’,ﬂ %)

ln(g—gE-) + 8 =i(gz;—8‘—)+ i(—f‘llw_,,—ez)(ﬁ"¥§){%\cr)sfI FZ,) +-'!3- cos-'(ZZ)}+ In(%?-)ﬂ(—e—';—e-?-)

U, _ .f8-8:\/AB 1S 1 =1
ln(gDE) = |(————?-,, )(_'_A+B ){ acos (Z)) + g cos | Zz)}
using relation cos 'z = - In(Z+ vz ) let Z23= -2,

In '23 +'Z§—|

In (U‘ ) ( 878,

|
A+B A

m(%;s) (8% (A8 ){-_‘izr in(zs+723- 1) ——iE-In(ZZ-l-\/i;—I)}
(45 { & n(n )

+_E'3_ In(Zz +Y Zg—i)}
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_AE? A 6,9,

¥ /s \A¥e | 7

Y . {(23 + Zi—l) (zz +¥z2- 1) * } (13.37)
Qpe

Zy =-Z, © (2+ k- kaldpe + (K -kp=2k kj)

(1 - quE) { ka+k (II1.38)

2, _ (2 +ke-ki)dpe + (ki —kp+ 2k ka) (I1.39)

([+¢DE)(k2+k|)

2.3.2.)1 Check

At point D f = ko

2 ) 2k;,_.+k|k2-kzz+k|—ka-2k: kz .
5 ko + ki - k&-k ke

2 kg + K5 — Ky Ko+ k —kot 2K, Kp

Z z = |
2 Ko+ k,+k5 + k ke
T Toe 7 U
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At point E ¢ = 1

24k —kptk —kp-2kky 22k Kk, o
Zy  ° 0 T o
7 _ 2+k2‘k|+kf‘kz'2k|kz_2—'2k| K2 . | + k, K2 -F
2 ) 2k, + 2 k, 2k,+2k, K, +k o
U

= = (o) A =0
CIDE qoE
2.4 DETERMINATION OF GECOMETRICAL REALTIONSHIPS

8- 6
08 ko )'TEAB ( )AA-!-B L2 (11.k0)
ho = E;—J"—ﬁ-f {23+ Z5 ~ | Za+VZZ- 1| } d ¢
l
i

/ | k
x/ = —UTf 2 cos 8p d¢ (TT.k1)
O -—ki

ho ' Ko .
1
h ki

where
- 9|—92 AB ) _]_ sin-l (2k|kz"‘kz‘kd""‘(kg-kl—‘z)d’a)
9co ( ” )(W“B A (1= hop)(kat K, )

L gl L2k kg + k- kg +(ko—ki +2 )Pcp +( 6+ 9_?._) (11.35)
B (|+¢cn)(k2 -+k|) 2
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2.4 EVALUATION OF CONSTANT K

AtpointA'. W= @ Q,=[n(U0 )'—'0
Uo

i
3
e
c
<ls
~—
"

1848\, (8.-8;)/AB |1 24k,
() (5 ) () {3 o (S

-t 24ka—k

B M ( k2+k.)} (11.43)
inf Yo, [ 86 8 6 AB T __| -2tk =k
n(or ) 1 () G ) (R

I Y .t k. TH
28 "B °°° (‘k;+ka

R o e o R G

- %cos-l(z-‘-k,-kg)}

C
o

ka+K,

2+ Kk ~ka VY 2 -] 2 VI +k -ky—k ks

Y| s k‘+k2 H k|+k2
v ) 2+kgk V‘Yzz—'l _ 2 v +Kka— Ky -k kp
2 7 ki+kz T ki+kz
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ey o 5 B (R [y (2t TR

Ki +kz

I <2+k2_k|+2\ﬁ+k2"k|—k[k2 )}(9|“92 (
—g In 7
k|+k2

equating real parts:

R A

. 91'92)(.&8)
/A
Yo J X i AtB . -8,-8,
U, W co 5
-

128



Uo . ) X, -6,-9,
. Y v/ cos
| {X: /8 } ( 2 ) (IT.44)

cor {(25%2)(85%) }

Wh_ere B = \/| +k2—k]—k1 kz
A = \/|+k|—k2—k;k2
X, = 2+ Kk —k,+ 2 vV I+k —kpk kp

K| +kgz

Xp = 2+ kp kit 2VI+ke=ki—ki ke
Kit+ ko
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3/ FBEE-STREAMLINE SOLUTION FOR FLOW OVER BASE WITH NEGATIVE ANGULARITY

3.1 SCHWARZ-CHRISTOFFEL TRANSFORMATION

The infinite strip (ABB'CDEE'A’)} shown in Figure 46 is mapped onto the real axis
of the w plane by the Schwasrz-Christoffel transformetion:

dQ

1}

- L -
(w17 (wt k)2 (W= Kl Ew - 1) dw (11.4)

3 YWk
Q@ - f(wﬂ)(w—l)w— 2dW+K2

{fJ k;dw wa+k.dw}+K
(w-0Dw-k (w+ 1)V k 2

let w-I| =8 w+ =t

w=s5s+| w2t - |

- K Js +1+k ds_“ Nel-kdt|
2 sfs+l-K t fT-1- K, 2

n(f5+l+k+r+l— ) jl+k,,n(fm2MKl+/i+k|fs+l-k2-)

SSHT+K=/s+1-Kx/ V1 -k» ~ kads+l+k =V + k/s+ 1 - kp

)
i

o
1]
ml_?*'-
—

cinf SR e ATk ﬂ-k,,nfvuﬁ+krwwrlﬁ—l—n> oK
Jr+ k=1 =/t =-1-k2 I+ Ky STkt + k-1=Vk -1 VE=T-k; 2
_ Ky In \("“'kl"'r kz) _f+K In(ﬁ-ka/\m’ kﬁ'ﬂ*'knﬁ*-ka)
2 .rww.—\/w k2 l-ka \WI-kadw+k /1 +k Vw-kp

W ki +/w - kz) /1 - Kk (/l + KaJw+ K+ -k Vw - kg)
—In + In + K,
+k.—Jw-k2 l + k2 JI_+ kz\/w-{-k;—Ji-k.\/w—ka
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o = KiJ/t-k A+ kadw kit =k w -k
2 { | +k2ln [L(JJ + ko /wHk =/ - k|| Jw—k:)

__/|+k,I J-Kadw + Kk, +/1+ k, Vw - ks 16
I—kan[(\/ - ko ¥yw + k| \fl+k|\/w-k) (Tr-46)

3.2 EVALUATION OF CONSTANTS

3.2.1 At C W= -k Q =In(%¢2)+i9I
|

Equation (II.L6) reduces to:

Un. .. _ K [/T=k . [ F+k, [ ]
In(=Y+ig, = L nlL{(-1]| — -
(U|)+ | 2{1+k2n_ . |‘—k2|n_L( )

i
_ Ky /l"k| [ - 1+ k, i ]
= — InfL — L 2 .
2{ T K + i /I_kzln + i (I1.47)
' Uoy .
3.2.2 At D W=k Q =ln(U)+|32
|

Equation (II.46) reduces to:

Ug K - l
in()+ie, = %{/l T Inl:L(I) YUY SR (11.48)
I |+ kz | - ka
subtracting equation (II.48) from equation (II.A4T):

f_._ ﬁ_kl_/l""kl i 7

2 Vi+ ko V1 - ko

2 ™ -k _ T+ Kk,
I+ Kz | - kg

)+ig2

I(GI" 92)

ln(

=5

i3



i
o . be [ . (gg eiez>9' 32( ke vorrk VT Jw—kz)
| T Ki— Kz ! U, I+ka VwHki—V1-kz vVw-k
| ris

- Kz In {(ﬁ eiez)grez(ﬂ-k2 YurktVivk vwke )}] (I1.49)

VI-k2 vw+ki—vi+ki vw-k2

where K, = _/l1-k; Kf\/%
2 2

3.3 DETERMINATION OF GEOMETRY IN REAL PIANE

As before:

X :f cos 6 d¢

,|/ ® q (11.16)
/y2 fqbz sin g
y = q
Y ® |

3.3.1 ALONG STREAMLINE CD

(I1.17)

Evaluating equation (IT.49) along CD: Q =tin ( 3 ) +1 8¢p
Uoy , . U . 66, /1 VI-ka /P +kit/I-k) VP-k;
— 4 = 0 +

'”(u,) 16eo '"(Uu)+'82 a (Kl*Kz)( (J»szfk. ~/Tk Vé- kz)

VT=ka Voei, +V1+K V-ka )
VI-k2 @kf'ﬂ“‘kﬂ@‘.kg

(II.50)

—K2|n(

| -¢
18 =182 +(—Ql—82 ) ( —Rl'_—R-E){K. [:In (\/|+kz Yotk HA-k Ptk )

- —é
— 1o /R, TR/ vaeke ) - Kz{ln(-\/l-_kz\/ﬁkri\ﬂﬂ‘ /%)

~In (*/"kz Vorki-i Vitky etk )} }
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i

, : 6 6 | Y If/-ﬁlﬂ-kz =l bk
' = | —_—t +tan
6eo b + 25 (K.+K2){K'[m Riritan K, R K

- V-P+kp S V-$+kp
-K, |In Ro+i tan”! K —In Rz +1 tan K
2 ': 2 2 /m 2

8., =8, +(£L%( 'K,_z-??_)( K, tan™ K, ﬁ—i‘””m _ Ky tan ! Kk, LEtke ) (T1.51)

3.3.2 ALONG STREAMLINE DE:

Evaluating equation (II.49) along DE:

m(ng)@iez : m(%ﬁ*)u g + 9;;92 ( K.l-Kz)( K, In (ﬁ;::zj::ﬁﬁ_:;ti )
el ( V= qurkg') (I1.52)

VI-kz ki =k Vp-ka

GLQ(K_L_;)
U g SN e e =Ry
L (*/l"'kz v+t Ik \/¢>"KJL) ( |-ky Vg+kVIi+k, Vo kg)
Yoe VK2 JEFKI -1k Jg-Ke /T Kz otk +/Tk, Jp ke ‘

(I1.53)
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3.4 DETERMINATION OF GEOMETRICAL REIATICNSHIPS

Evaluating equations (II.16) and (II.17) using equations (II.53) and (II.51)

yields:

L singp [/ kplori, + Tk omio\ Ky BTk )
-t /e+ kil +k Ve~ k

° A+ ko {+k,

-JI - k) vé-kz
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(IT.54)

(II.55)

(11.56)

(11.51)



3.5 EVALUATION OF CONSTANTS Kk, &k,

Evelusting equation {II.h9):

0 1— 2 +Kot/i =K +j_—
ln(ﬂ.)ﬂaz-r : We (K‘-KXK'In(JJ—__:_;kf—-—Z-\/ﬁT_’-_:l)—K In (\/J:_;T‘a k|))

1
Yo g'e2 El%b_z = (‘fl+k2+ﬁkj)}('(ﬂ“kz-ﬂ+kt >K2 Kz K,
Y, S+ k-t = k) A\ = kg +J1 + Kk

since S - k,=VI + k; <0

_K_.
K

i =% K K, os "K2 .. nKp
(/—_ f——k) -<ﬁ+k|- - 2) cos g +isin K,

equating real parts

u} . w8y F Kt T KK T+ k= -k Kz]k;i. K
7 ) e R ]
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APPENDIX IIT - GENERALIZED PREDICTION DIGITAL COMPUTER PROGRAM

ITI.

IIT.

III.

III.

1.

Flow Diagram. A simplified flow dlagram 1s presented in
Figure 47. This diagrsm shows the major steps in computing
the predicted base pressure coefficients and the program options.

Program Listing. Table III shows the complete listing of the
digital program for predicticon of base pressures. The program
1s written in Fortran IIT.

Input Formet. Table IV presents the input nomenclature required
for program operation. Input format for each program option
is presented in Figure 48.

Sample Output. Figures 49 and 50 present a sample ocutput for
each of the program options.
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START

r

INPUT:

1.
2.
3.

DEFINE PROGRAM OPTION
DEFINE FREE STREAM CONDITIONS
DEFINE GEOMETRY

THEORETICAL 2-D CALCULATIONS

e

2-D LIMITING BASE PRESS

—-

T

COMPUTES ARRAY OF BASE PRESSURE

——

.

COMPUIES S. L. RATIO

)|

COMPUTES ARRAY QOF B, L. THICK

!

3-D BASE PRESSURE CALCULATIONS

COMPUTES ARRAY OF BASE PRESSURE

y

OFPTION

1 2

r

OUTPUT :

1. ANRAY BASE PRESSURE
2. ARRAY BOUNDARY LAYER

| I_____.____1

COMPUTES B. L. THICKNESS FOR
INPUT GEOMEIRY

!

THICKNESS COMPUTES BASE PRESSURE FOR
T ACTUAL B. L. THICKNESS
g ]
NEW CASE L

LAST|——e{ LASTL ! OUTPUT:

BASE MACH 1. FREE STREAM
no }m CONDITIONS
J 2. BASE PRESSURE

¥
NEW CASE

FIGURE 47 Flow Diagram for Generalilzed Predietlion Computer Program.
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OO0 000N

TABLE III
Generalized Prediction Digital Computer Program Listing

FORTRAN MAIN =0
MAIN 10

NORPP =] COMPUTES ARRAY OF BASE PRESSURE AND BOUNDARY LAYER THICK MATN 20
COMPLETE INPUT MUST RE READ IN FOR EACH CASE CONSIDERED MATN 30
WHEN USING NOPP=1 NBASE AND NATMOS MUST BE = 1 MAIN 40
NOPP=2 COMRUTES BASE PRESSURE FOR A PARTICULAR CONFIGURATION AAIN S 50

AT ANY FREE STREAM CONCITION MAIN &0
NBASE 15 NUMBER OF PARTS CF BASE MATN 70
NATMOS 15 NUMBER CF FREE STREAM CONDITICONS CONSIDERED MAIN 80
DIMENSION AMACH(25) +PRES(2E ) »GEPRAMIZS ) s THETD(Z3) v AMU (2D ) s RHO( 25 MAIN 90
DIMENSICN CPRATZ2(25)BLTHK{Z25) +CPBL25 ) +MINT{2%) + KMAC(25) MAIN 100
DIMENSICON EFFHI(ZES) +CP3A(Z28) y35ASTI2E) sCONFIG(12) MAIN 110

10 READ INPUT TAPE 5 (160 CONFIG MATN 120
READ INPUT TAPE S5 {172) NOFPWNOASE«MNATMOS MATIN 130

GO TO (20230)s NOPP MAIN 140C

20 1=1 MATIN 150
K=1 MAIN 160
READ INPUT TAPE S (180) ANACH(I)WPRES{[)+GEPRANM(K)I+THETD (K} MATN 170

GO TC 60 MAIM 180

30 DO 40 I=1+NATMOS MATN 190
40 READ INPUT TAPE S (180) AMACH{I))«PRES (I AMUCTI)«RHO(I} MAIN 200
DO 23U K=1sNGZASE MAIN 2108

50 READ INPUT TAPZ © (180) GEPRAMIKIZTHETD(K) s XMAC(K) sEFFHI(K) 1 SBASE(MALIN 220
1<) . MAIN 221
EC DO 10C 1=1+NATMOS MATIN 230
CPBA(I)=Ca0 MATIN 240

DO S0 K=1+NBASE MAIN 250
THETR= 40174833 THETD () MATIN 260
CALL THCPEZ2(AMACKH (1) «PRES(I) yTHETO(K) +CPRATZ24BLTHS s CPBL2 9 MCNT) MAIN 270
CPRAT== 422024/ {GERPRAM(K ) —~aB3038) +1 s 4285+ LCHISHGEFPRAM I MAIN 280
CPBLZ=CPRAT*#CF3L? YAIN 290
CPRBLE=CPBLZ-THZTR MA TN 200
CPB(1)=CPBLE MAIN 3106
BLTHK{1)=0.0 MAIN 320
CPRAT2(1)1=1.0 MATIN 33C

DO 74U J=2.11 MATN 340
CPB{J)Y=CPBLE#CPRATZ2({J)} -, MATN 320

7O CONTINUE MAIN 360
’ GO TO (30480)s NOPP ) MAIN 370
20 CALL BLTHKA(AMACH{ D) ¢ XMAT{K) s AMUIT Y yRHO(II +FRES(IIWEFFHI (K y ABLTHKMAIN 380
) MAIN 390
CALL INTPCL(BLTHK 4CPE+ABLTHK s CPRBDEL ¢MCH<) MATIN 40C
CPBPAR=CPEDEL*SBASE (K] MAIN 410
CPBA(])=CPBA(1)+CPEPAR ) MATIN 420

9 CONTINUE MAIN 4320
100 CONTINUE MAIN 440
GC TO (1104+13C8) s NOPK ' MAIN 4SS0
110 WRITE CUTRUT TAPE & (190) MAIMN 460
WRITE QUTPRPUT TAPE & (20C) CONFIG MAIN 470
WRITE QUTRUT TARPE & (210) AMACK (1)1 +PREZS(1) MAIN 480
WRITE OUTRPUT TAPE & (220) THETD(1}+GEPRAMI1 MAIN 490
WRITE CUTPUT TAPE & (23C) MAIM 500

OO0 120 J=sle11 MAIN SI1C
120 WRITE OQUTPUT TAPE & (2401 BLTHX(J)Y«CPB(J) MATN 520
GO TO 12 : MATN S30
13C WRITE QUTPUT TAPE & (180 MATN 348
WRITE QUTPUT TARPE & (20C) CONFIG MATIN 550

CC 140 K=1+NBASE MATN D60
WRITE CUTRPUT TAPRPE & (Z2S0)K«SBASE(K) MATN 70
WRITE DUTPUT TAPE & (260) THETD(K} +GEPRAM(K) MALIN S80
WRITE QUTPUT TARZ 6 (270) EFFHI(KY +XMAC(K) MAIN 590
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140

150

160
170
180
19C
220

210 FORMAT(//10X+ 21HFREE STREAM MACH
LURE (PSF)=1F8.42)

CONT INUE

WRITE OUTPUT TAPE &
DO 150 I=1+NATMOS
WRITE OQUTPUT TAPE &
CONTINUE

GO 70 10
FORMAT(12A6)
FORMAT(314)
FORMAT(SE1448)

(280)

(290)

AMACH (I} 4 PRES{I ) +RHOC I} s AMUCT } +CPBA{ 1)

FORMAT{1H1 26Xy 33E5UBSONIC BASE PRESSURE PREDICTION)

FORMAT{1HOs12A6)

MATN
MATN
MAIN
MA TN
MA TN
MA TN
MA LN
MATN
MATN
MATN
MATN

NOw=sF 744 16X Z6HFREE STREAM PRESSMAILIN

MA TN

220 FORMAT(/ /10X 1E8HTHETA EFF«{DEG)=eF 74411 Xe21HBASE GEOM, FPARLZMETER=MAIN

1eFT7adt)
230 FORMAT(///20X s 24HMQM 4
1F &)

Bel o

MATN

THICKA/HITE EFF 45X+ 20HEASE PRESSURE COEFMATIN

240 FORMATI(/ /25X +FQa6123X1FTad)

200 FORMAT(//10X4+1 1HSUBREGION
FORMAT(/ /16X 16HTHETA EFF o (DEGI=2sFBa% s 11 XeZ21HEASE GECM.
1oF7edt)
270 FORMAT(//16X414HHITE
280 FORMAT(///10X4BHMACH

13X 22HVISCOSITY (SLUGAFTISEC) » 232X THBASE CP)

2673

EFF e (FTI=yFT7ad+14Xe 16HMEAN LENGTH{FTI=«FT7ed)

+ 1 2422X 4 1SHIPERCENT BASE =+F44241H))

MIATN
MATMN
AT N

PARAME TER=MA N

MA TN
MA TN

NOs 1 4Xs 1 0HPRESS (PSF ) 24X e 1 THDENSITY (SLUG/FTZE ) « MAIN

290 FORMAT(/ /10X sF 74 +EXF Qa2 4 PR 1P Q461 11X F 12491 0XaFQ45)

END

140

MATN
MATN
MA LN

600
&1¢
620
&30
&40
650
660
&70
&80
&90
7¢0
710
720
730
740
7Z0
760
770
780
790
BOG
810
529
530
840
85¢



20
30

4C

C

60
7o

FORTRAN

SUBROUTINE THCPBZ2(XMINWPINSTIDEG+CPRATZ BLTHK «CPBL. s MCNT }
2-D THEORETICAL BASE FPRESSURE
DIMENSION XCPB(25) +CPRAT2(Z25)+BLTHK (25) +MCNT(25)
CP1=040

XMSB1=XMIN

XNRAT=1.0

IF (TIDEGY 10420420
TE2DEGC=—27.5+2+5*TI1DEG

GG TO 30

TZ2DEG==9C.

CALL LIMCPB(XMIN +PIN +CP1+XMSE1+XNRATCPBL)
NUM=CPBL. /.025

XNUM=NUM

CRTEMP=XNUM¥ . 025

DO 40 J=2.11

XCPB(J)=CPTEMP
CPRAT2(J)=XCPB(J) /CPBL
CPRTEMP=CPTEMP+,025

CONTINUE

DO 80 U=2411

CeER=XCPBtJ)

PSUBI=PIN #(«7H#CPI®*XMIN ##2+1,)
PSUBB=PIN ¥ ( 7#CPEX*¥XMIN ##2+1,)
PRAT=PSUBBsPSUE]

FPRI=PRATH% (~,286)
Fiil=1lat e 2¥XMIB1#¥*2

FMZ=Se #{FM]I¥FPR1—14)

XMESB2=5CRTF (ABSF(FMZ) )

SIGMA= 123 (] e+ e 23#XMSEZ)
UCAST=+578

FM3z1let+ e 2¥XMSBZ2H#H2¥ (]| «=UCASTH#¥#2)
Fiig=1le+e2¥XMSB2¥H*2

XKLMDB=FM4-/FM3
PRUBR=XNRAT# (PSUB 1 ~PSUBB) +PSUBE
PRATZ=FSUBB/FPSUBR
FRIsXL_LMDB¥PRATZ2%*#,286

FRP2=LOGF (ABSFIFP1))

FURAST= {4 4425%¥FP2)/ (SIGMA¥XMEB2*®#2)
FP3=LLOGF (ABSF{PRATZ2#¥% (~42862))
FPR4=LOGF (ABSF(XLMDE )
FRAT=1«={FP3/FP4)
BLRAT=FURAST/({1«-FRAT:}

CALL GEQOMICPB+TIDEGsTEZDECyXLNRAT +3LRATSLCNT)
[F (LCNT=25) 60460450

MONT (J )=y

GO0 TO 8C

MCNT(J}=C

BLTHK(J) =3 LRAT*3LRAT

CONT INUE

RETURN

END
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TCPZ
TCP2
TCPR2
TCPR2
TCRZ
TCPR2
TC P2
TCP2
TCPR2
TCRZ
TCRZ
TCR2
TC P2
TCR2
TCpZ
TCRZ
TCPZ
TCPRZ
TCR2
T P2
TCRZ
TCR2
TCPRZ
L=
TCRE
TCPRZ
TCR2
TCRZ
TCR2
TCP2
TCRZ
TCPRE
TCPRZ
TCRZ2
TCR2
TCR2
TCRZ
TCREZ
TCR2
TCPRZ
TCPR2
TCRZ2
TCPR2
TCPu
TCRE
TCPRPZ2
TCPZ
TCRZ
TCPRZ
TCPR2
ToP2

CPe

-0

10

20

30

40

50

60

70

ao

90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
28¢C
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
450
500
510



Ut
©

FORTRAN

SUBROUTINE LIMCPB (XMIN 4PIN 4CP14XMSE]1+XNRAT«CP3L)
LIMITING BASE PRESSURE SUBROUTINE

JowA=1

CPRHE=—eaQlC

PSUBSLIsPIN #(«7*¥CP1I¥XMIN #%#2+141}
PSUSB=PIN #*(7#CPB#XMIN ¥%2+1,)
PRAT=PSURBBAPSUE]
FPRI=PRAT*#(=-,286}
FMlIzletae28XMEB1¥¥#2
FHMZ=S e X (FMl#FPR1~-1e)
XMSBZ2=SQRTF ( ABSF(FM2))

UCAET =578

FM3=1l o+ e 2 XMIB2¥RZ2H {1 e—UCASTHR2Z)
FMa4=1st+e2tXMSBEH¥*Z

ALMDD=FM4 /FM3
FLUl=XLMVMDB#*%3eS~140
FLEZ2=FLD1/XNRAT
PRC=le/(1e+FLD2)
FRR=(PRAT-PRC)/PRC

IF (ADSF{ERRI=.00005) 50,850,420
G0 TC (30+40)Ys JSWA

PRATI=PRAT

EFRIR]1=ERR

PRAT=PRAT=~4000 ]

JEWA=Z

GO TO 1iC

PRATZ=PRAT

ERRZ=ERR
SLP={ERR2~ERR1I/(PRAT2-PRATI1}
B=ERR ]l -SLP*¥PRATL

PRAT=~-S5/5LP

PRAT | =PRATZ2

ERRi=ERR2

GQ TO 103G
CPRBL=(PRAT=1+} /1l a 7HXVMIN ¥*¥2)
RETURN

ENL

LCPE
LCPB
LCPG
LCPB
LCRB
LCPB
LCrPB
LCPB
LCPE
LCRE
LCP3
LCPB
LCPB
LCPB
LCPS
LLPDT
LCP3
LCP3
LCPB
LCPB
LCPB
LCPB
LCPB
LCPB
LCPB
LCPH

crB
LIP3
LCPB
LCPo
LCP2
LCPRG
L.CP3
LCPB
LCRB
LCeB
LCPB
LCRB

-0

10

20

34Q

40

20

&0

70

80

90
100
110
120
130
140
120
160
170
180
120
200
210
220
230
240
250
260
270
280
£30
300
31C
320
330
340
350
360
370



[

FORTRAN

SUBROUTINE GECM(CPBTIDEGs T2ZDEG s XLNRAT ¢ SLRATHLCNT)

FREE LAYER GEOMETRY 3SUBROUTINE

GEOM
GEQOM
GEOM

DIMENSICN PHIBC(30)+FPHIBC(DC) + XFBC (S50 )+ YFEC(SC I 9w XDIM(S0) YOIM(S0)GEQOM

DIMENIION FPHICD(SO)2PHICDI(S0) +XFCD (S50 YFCD(Z0)

CIMENSION FPHIDEZ(50)PHIDE(DQY}
DINENSION DL (S0 XRAT(S0I+ YRAT(50)sDELT(25)
THETALl =401 74533%T1IDEG

THETAZ2=4 0174533 T2DEG

VeAT=] o T/SGRTF (1« 0=CP3)

IF (THETAL) 7C+1084170
PwR1=3.141523/THETAZ

LCNT=U

FVRI=VRATH##*PWR1=1.C
FURZ=VRAT¥X¥PWR1+1 0
CONK=FVR1/FVR2

CKEO=CONK¥*#2

RNGBC=1 4 U~LK3Q

DEL 1 =RNGBC/25.,

PHIBC(1)==1,0

DO S0 J=14+25

FBC=PHIBC(J)
FRLI==(FBCH¥#2)-(CK5Q+1 «0) ¥FBC-CKSG
FP2=2+ UXCONK*¥5GRTF(FP1)

FP3=2+ U#CKSQ+({CKOQ+ 1.0 #FBC
FR4=FPZ/FP3

IF (FR4}) 2020430
FRAISCIJ)=(~THETAZ/ 2., 1413593 ) #ATANF (FP%)
GO TG 40 :

FPHIECIUI ={-THETAZ " 341415331 ¥ {ATANF (FP4)—-3241415%3)

EHIBC(J+1)=PHIBC(J)Y+DEL]
XEEC(J=COSF(FPHIBC(J))
YELCIJI=SINFAFPHIBC(J))

CONT INLE

xEC 26y =CO0SF{THETAZ)
TFBCI261=5INF(THETAZ)

NC=Z25

ALl V=CU

CALL INTGRT (XL IMeXDIMeXFREBCsDELL o NO)
YLI=0 o

CalLlL INTGRTIYLINMYDIMsYFECOELL»NO)
DELZ=( « 9G5%CKEG)I /20

PHICC(1 ) =—-CK5G

DO 82 J=126

FCC=FHICD (D) .
FPRES=FCD#*#2+ (CK50+ 1 « D) ¥FCD+CKEG
FRE=2s SHCONK¥5QRTF {FPS)

ST 2E et JREQHICKOSGH L e ) HFCD
T e L

e ra— (1« S-CKEQI#FCD

TSR SV d =

FRILI=THETAZ/ 3414135353

SRR LU ISFPRLIO¥RTRL G

Fo o lJd+ 1 y=RPHICD U F0ELLE

CONT ITNUE

CALL INTGRTIXLIMDLFRPHICDDELZ2NO)
GC TO 41l

CRKE=eB2T+e CODHT IDEG

CRkl=ea4

J=1

TFT1=(TIJEG-T2CEG) /180
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GEGM
GEOM
GEOM
GECM
GEOM
GECM
GZOM
GEOM
GEQOM
GEOM
GECOM
GECM
GEOM
GEOM
GEQOM
GEOM
GEOM
GECH
GEOM
GEQOM
GEOM
GO
GZOM
GEOM
GEOM
GEQM
GEQCM
GEOM
GEQCM
GEOM
GEQCOM
GEOM
GEQE
GECM
GZ oM
GEC
GECM
GECM
GEQi4
GEZCM
GOV
GEQM
GLOM
GEQM
GZ0M
GZCM
GZOM
GSEOM
SEOM
GECOM
GEDOY
GECM
GEOM
GEOM
GECM
GEQOM
GEOM

-0

10

r-4s3

30

40

30

60

70

890

Q0
100
110
120
130
140
150
160
17C
18C
190
200
210
220
230
249
2o0
260
270
280
290
3c0
310
320
330
340
3350
360
370
330
S99
400
410
420
430
440
430
460



80

QO
100

110

135
140

152

VEK=(VRAT*%({1.0/FT1 1) *COSFITHETAZ/FT1)
CALL FRMIN(CK] +CKZ2sFKMI
ERR=FKMAVFK=140 _
iF (ABSF(ERR}=«001) 1404140490
GO TO {1004+4110), J

Fl=FKM

C1=CK]1

CK1=CK1+4005

L CNT=1

J=2

GC TO &0

F2=FKM

C2=CK1

LOCNT=LCNT+1

IF (LCNT=25)- 120412304130
DELFK=F2~-F1
SLP=DELFK/(C2=-C1)
FINT=F1~-SLP#C1
CK1=(VFK=FINT})/SLP

c1=c2

Fl=F2

G0 TO 80

RETURN

FCl=5QRTF{1+0~-CK1)
FCe=30RTF({1.0+CK1)
FC3=3QRTF{1.0-CK2)
FC4=SGRTF{1+0+CK2)
Fl1=FCl/FC4

['Ce=FC2/FC3
F<3=1e 0/ (FK1=-FK2)
DIL1I={CK1+CK2) /25
PHICD(1)==CK]

DO 152 J=1+26

FCD=sFHICD (]
FMl=50RTF(=FCO+CK2)
FirZ=3GRTF(FCO+CK1)
FRWE=F <]l #FM] /FM2
Frig=r K1 #ATANF (FM3)
Fr3=FRIHFM] /FM2
Filo=fK2* ATANF (FM3)
FirT=FNMawiM§g
FOHICO(J)2THETARZ+2 4 OHF T #FK3#FM7
PAICD{J+1)=PHICD (N +DELL
KECDIJI=COSFIFPHICD (J))
YFCOD(JI =S INFI(FRHICD(J))
CONT INUE

NG=25

X Iei=Cow

CALL INTGRTU(XLIMsXDIMaXFCD+DEL1ND)
YiLIM=T :
CALL INTGRTUYLIMYSIMsYFCDDELLWNO)
DEL2=(e9IS* (|4 C=CK2))I/25,
FrlDE(] )y =CK2

DO 162 Jzle26

FOE=PAIDE(J)
FNi=SQRTF(FDE+CK1 )
FNZ=SQRTE(FDE=CK2)
FN3=FCe*FN]+FC1*FN2
FN&4=FCa4nFNL=FC1#FNZ
FrS=(FNIZ/FNG ) ¥ #FK ]
FNE=FC3#FN1=FC2%¥FN2 "1k

GEOM 610
GEQOM 620
GEOM &30
GEOM &40
GEOM 650
GEOM 880
GEOM &70
GEOM 680
GEOM 650
GEOM 700
GEOM 710
GEOM 720
GEQOM 730
GEOM 740
GEOM 7350Q
GECM 7&0
GEQM T77C
GECM 780
GEQOM 790
GEOM 800
GECM 810
GECM 820
GEOM 830C
GEOM 840
GEOM 850
GEOM 860
GEOM 870
GEOM 880
GEOM 890
GECM 900
GEOM 910
GECM 920
GEOM 920
GEOM S40
GEOM G50
GEOM 360
GEOM Z7Q
GECOM 980
GECM 930
GCEOM1200
GEOMIQLD
GEOM1020
GEOM103C
GEOM1040
GEOM10S0
GEOM1060
GEOM1070
GECM10a30
GEOM1030
GEQM11Q0
GEOMI110
GEOM112Q
GEOM1130
GEOM1140

-GEOM1 150

GEOM1 160
GEQM1170
GEOM1 180
GEOM1139Q
GEQCM1200
GEOMI 210



160

170

180

190
200

210

220

2535
269

273

280
29¢
3006
310

320
33u
340

FN7=FC3%FNI|+FC2¥#FN2
FNG= (FN6/FNT ) ®¥#F K2
FRPHIDE(J)=(FNSHFNB)** (FT1%¥FK3}
PHIDE(J+1)=PHIDE(J)Y+DELZ2
CONT INUE
CALL INTGRT(XLIM+DIL sFPHIDE«DEL2+NO}
GC TO 4193
CRKZ2=12G393/(TIDEG=66+666B)+100289+.0003333%T1DEG
CKlz=CKe=404

=1
CALL FKPLUS(TIDEG+TZDEGICK14CKZ24+FKP)
ERR=FKP/VRAT~140

IF (ABSF(ERRI—+001) 2404240+ 190
GO TO (20042101 J
F1l=FKP
Cl=CK1
CiK1=CK1=-400CS5
LENT=1
J=2
GO TO 180
F2=FKP
Cz=CK]
LONT=LCNT+1

IF (LCNT=25) 2202204230
DELFK=FZ2«F 1
SLP=DELFK/(C2=-C1)
FINT=Fi1=-5LP%C]1
CK1=(VRAT-FINT)/5LP
Cl=C2
Fl=F&
GO TC 180
RETURN
XFA=SGRTF (1 « O+CK1-CK2~-(CK1%#CK21)
XFE=S0RTF (1 4C+CK2-CK1=(CKIH*CK2))
XT1=(TIDEG=TZDEG) /180
DELI=(CKLI+CKZ2) /25
PHICD{1)==CK
DC 3320 J=1+26
FCD=PHICD{J)
FMl={CK2=CIK1=24CY*FCD
FM2=( (24 0*CKI#CK2)+CKZ-CK 1Y +F ML
FM3=(CK2+CK1)I# (1 0=-FCD)
FMa=FVz/FM3

IF {(FM&4) 2504210280

IF (FM4+]1C) 2604310310

IF (FMa+]1e1) 31C43104270C
FM4==—140
GC TO 314

[F (rvd=1e3) 31Cs31CecS0

IF (FM4=1e1) 3004310310
FM&4=1,0
CONT INUE
FCl={1le /XFA)¥ASINFIFM4)
FAZ=(CK2=CK1+2«2)#FCD
FMEz ({24 I 1 #CK2)+CK1I-CK21+FMS
FRHi7=(CR1+CKZI#* (1 e Z+FCD}
FA&=FMG/FM7T

IF {FM3) 32C0+28C+325C

IF (FMS+1eT) 33C4328BU+38C

IF (FMo+iel) 3802804340
FMB==140

145

GECM1220
GECM1230
GEOM1240
GEOM1 250
GEOM1260
GEOM1270
GEOM1 280
GEOM1 290
GEOM1300
GEOM1310
GEOML 320
GECM1330
GEOM1 340
GEOM1 350
GEOM1 36C
GECM1 370
GEOM1380
GEOM1 390
GEOM1400
GEOM1410
GECM1 42T
GECM1430
GEOM1 440
GECM14590
GECM1460
GEOM1470
GEOM1 480
GECM1 490
GECMI 500
GECM1510
GEOM1520
GECOM153C
GEOM1540
GEOM1550
GECM1 560
GEOML570
GEOM1580
GEOM139C
GEOM1600
GECM1610
GEOM1620
GECM1630
GEOM1640
GEOM1650
GEOM166C
GEGM1ET0
GEOM1680
52011690
GZOM1700
GEOM1710
GEOM1720
GEOM1730
GEOM174C
CEOM1 750
GEOM]1 760
GEOM1 770
GEQi1 780
GEOM1790
GEOMI1800
GEOM1B10
GEOM1 820



354
360
370
384G

41w

42GC

&30

G0 TC 380

IF (FMB-=1+0) 380+380,360
IF (FM8=1s1) 37C+380.:380
FMB=140

CONT INUE
FC2=1{1eO/XFEIKASINFIFME)
FCa=FC1=FC2

FRMY= (XFAXXFE )Y/ (XFA+XFT)
FMlo=(THETAL+THETA2) /240
FRHAICD(JI=(XTI*FMIHFCI)+FMI0
PHICD(J+1)=PHICD{JY+DEL]
XFCD(J)=COSF(FPHICD(U))
YECD{JI=SINFIFPHICDJ))
CONTINUE

NG=25

XM= e

CALL IINTGRTIXLIMWXDIMeXFCOWDILL ¢ NO)
YL Ii=2 : _ _
CALL INTGRTI(YLIM+YDIMsYFCDWDEL L +NC)
DELZ2={ +995% (1. 0~CK21) /25,
PHIDE(1)=CK2

DO 4vu J=14+26

FOE=PHIDE(J)
FN1=(2eU+CK1~CK2)¥FDE

FNE= (CRI=CK2—{ 2408 1¥CKZ) ) +FNI
FNI3= (O] +CK2)# (1 « 6—=FDF)
Z23A=FN2/FN3 ,

FZl=Z23+20RTF ({Z3%%2)~140)
FiNG=XF A/ {XFA+XFE)

FZ2=FZ1 ##ENG

FNS={2e 0+CKE-CK] ) #FDE
FNE={CX1=CR2+ (2o CHTERLHIIKE ) Y HFNS
FINT=(CT14CKEI % (1 « 24F DD
ZEEFNGAFENT

FINGEXF O/ XKFA+XFE)

FZZ=Z2+SGRTF ((Z2%%2)-140)
FZa=FZ5%%FNS

FEHIDE (U)=(FZ2%FZ4) #4XT]

PHIDE (J+1)=PHIDT{ ) +DIL2

CONT INUE

Call INTGRTIXLIM DL FPHIDE «DELZ «NO)
GC TO 41l

DLXS=DL (26 #COSF{THITAZ)

LY ==DL(Z6)#S INF(THETAZ)
HITE=AUSF(YDIM(26) 1+DLYD

DC 42l J=lide

YRAT(U) = (HITE=AGSF(YDIMLU) ) I/BITE
XRAT (U sXDIMJY/HITE

CONT INJE

TEMBLN=C

00 43L JU=1425

XD IDE=XRAT(J+1 ) =XRAT(J)
YIIDE=YRAT(J)I=YRAT(J+1 )

RYFSGEXS DT ¥2+YSIOE##2
ELT(J)=SQGRTF(EYPSQ
SLN=TEMPLN+DELT (J)

TEMPLN=3SLN

CONTINUE

XORAT=DLXC/HITE

YORAT=DLYO/HITE
XLN=XDIM(26)+DLXC 1L6

GEOM1830
GEOM1 8490
GEOMiB850
GEOM1 860
GECM1&670
GEQOM188C
GEOM1EST
GEOMLIYCC
GECM1IYLC
GECM1SZO
GECM1930
GEOM1 240
GECM1950
GEOM1S50
GEOM13970
GEONM1980
GEOM13930
Gz OMZ000
GEOMZ2010
GEOMZ20ZC
GEOMZ203C
GEOMZ040
GEOMZUSU
GEQM20640
GECMzQ7C
GECM20EC
GZCMa20390
GEOMZ 100
GESMZ110
GECY21£0
GEOM2130
GZOMZ 140
GzOM21Z0
GZOMZ1ED
GEOM217C
GEQMZ 180
GECMZ2 150
CECM2Z00
GEOMZ2210
GECMZ2220
GZOM2230C
GEQOM2240Q
GEOMZ250

EoMZ260
GEOMZ2270
GEOMZZ280
GEQMZZ2290
GEQOM2300
GEQMZ310
GEOMEZ 320
GEOMZ2330
GEQOMZE340
GEOMZ350
GECMZ 360
GECMZ2370
GEOMZ 380
GEQMZ239Q
GECMZ400
GEOMZ410
GEOMZ2420
GEOM2430



XLNRAT=XLN/HITE
SLRAT=SLN+(DL{26)/HITE)
RETURN

END

1s7

GEOMZ440
GEOM2430
GEOMZ460
GEOMZ2470



FORTRAN

SUDROUTINE FKPLUS (TIDZG«T20EC«CONK s CKZ ¢ FP )

TUSKRCUTINE F({K} PLUS
XFL=3GRTF (1 ¢ C4+CKEZ-CONK - (CRKZ2#CONK ) )

AF E=Zl00TF 1] a T+ CONL-CHZ- (CONKHTKE) )
Aol = (2 a2+ C0NK-CRKZ2+2« THXFA) / {CONK+CIKe )

XLUBZ= {26 0HIK2-CONK+2 « D#XFU) 7/ { CONK+CR Y

THETAL=T1DEG*e 0174533
THETAZ=TZDEG* « 0174533

Fls (XLl #8140/ XFAY) /A (XSUDZH¥{] a0/ XF2Y )

PralalAT1I=AT2) ¥ ((XFARXFD) /(XFP+XFAY)
Fa=F1®spywi ‘
FEsClLi ((=THETAL-THETAZ2) /2.3)
Fas(THETAL=THETAZ) /240

FS= (XFU=XF4) / (XFI+XFAD

FozFatis

F7=CulF (Fe)

FeP=(FZ%*F3)/F7

RETURN

END
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FORTIRAN

SUBRCUTINE FKIAIN (CK1yCK2+FKM)

FCl=ZQRTF (1« G+CK2)
FC2=CQRTF{] «0=-CK2)
FC3=5QRTF(1s0+CK1}
FC4=00RTF{1laCl—-CiK1)
FK1=FC4rFC1

FIKZ=FC3/FC2
FCE=(FCL+FC4) /7 (FCL=-FC4)
FCE=FLO®¥FK]
FCT=(FC3=-FC2)/{FL3+FCL)
FCE=FCT¥%FKZ
FCO=FCEeH#F(8
FCIO=1 « O/ (FKZ=FIK1}
FCLI=FCGx*FC1 3
FCl2=(32e 141893 XFRZ) /(FK2-FK] )
FKv=FCl 1 #CO5F (FCLZ2)
RETURN

END
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FI<MN
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FORTRAN
SUBROQUTINE INTGRT (BLIMiX1F2DELF N
SUBROUTINE INTEGRATE
OIMENSITON X{IuTHsF{1Iow)
XU1)=BLIv

TEMP=X(1)

DO 10 J=1aN

AREA= ¢ BEDELF# (F(J)+F (J+1))
X{J+1)=TEMP+AREA

TEMP=X{J+1)

COMNT [NUE

RETURN

END
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INTG
INTG
INTG
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INTG
INTG
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FORTRAN

SUBRCUTINE BLTHIKA (XMINyXMACVISCyRHOWPINGEFFHIT ELTHK S

IULRCGUTINE FCR ECUNDARY LAYER
Fol=xXMIN/VIZC

FocsrBEl#¥{—ell)
FOb=1le4USHPIN#RHO
Fo4=FRB3#*{~aq 10}

BLMOM= 4 O38% (XVACH® 4B ) #FB2#F2 4
BLTHL=CLYOMAEZFFHI

R TIIRN

EMNL

THICKNESS
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BLTK
BLTK
BLTK
BLTK
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QU

FORTRAN

SUBROUTINE INTRPOLIX Y s XA YA MOHKD
INTERPCLATION SUERIOULTINE
CIMENCSION X(Z2D)eY{aD)

J=1
M CHIK= 0

IF (XA=X(J}) 90480420
J=J+1

IF (J=11) 3LU+35.50
P (XA=XIJY) 42 480.20

1P (J=10) S0a573.60
Jud-1

GO TO 70

NENEYE

A=Xa=-X{1J)

s=xha-x{Jd+rl)

C=XA-ALJ+2)

SRS =X+ 1)

Ex-X(Jy=X(J+2

FEX{drl Y =X+ 2)

YATORIEY(J) A (DHD ) FARCEY U+ 1) A (—D#F Y+ ARDHRY(J+2) A7 (—F* (-~
RETURN

Yazy (J)

HRET LN .
MCHK =1

=z T JkRN

CNW

i
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INTP
INTR
INTF
INTP
INTP
INTP
INTP
INTP
INTP
INTP
INTP
IMNTR
INTP
INTP
INTP
INTP
I[NTP
INTP
[NTP
INTP
INTP
IMNTE
INTR
INTE
[NTP
INTP
INTP
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OPTION 1
b

CARD 1 COL 1{ 72
I CONFIG
CARD 2 COL Il 4|5 s|9 12|
FOPP [¥BasE  [Nammos |
CARD 3 COL L 14|15 28|gg 42| a3 56]
IAMACH | PRES |GEPRAM THETD |
OPTION 2
CARD 1 coL | 1 72
CONFIG
CARD 2 coL |1 4 |5 alg 1gJ
NOPP |NBASE INATMOSI
CARD 3 * coL |1 14l15 28{ 29 42|43 56|5?
AMACH | PRES AMU RHO |
CARD 4 ** cor, |1 14{15 28 |29 42 laz 56 |57 sal
GEPRAM THETD | XMAC EFFHI ISBASE I

* Card 3 repeated the NATMOS times
** Card 4 repeated n = NBASE times

FIGURE ., 48 Generalized Prediction Digitael Compater Program Input Fommat
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AMACH

AMU

CONFIG

EFFHI

GEPRAM

RATMOS

NBASE

NOPP

PRES

RHO

SBASE

THETD

MAC

TABIE IV

INPUT NOMENCIATURE FOR GENERALIZED PREDICTICN
DIGITAL COMPUTER PROGRAM

Free Stream Mach Number
Free Stream Viscosity~Slug/Ft-Sec
Identification of Configuretion

Effective semil-height of Base Area~7P%

. Geametry Paremeter - Perimeter/ 2f1r Base Ares

FTumber of Differant Free Stream Conditions to be Considered
for Cption 2

Number of Segments the Base 1s Divideéd into for a Composite
Geometry

Program Options

1. Computes array of base pressures and boundary layer
thickness, NATMOS and NBASE must = 1

2. Conmputes sctual base pressure for configuration

Free stream pressure -~ PSF

Free Stream Density ~Slug/Ft3

Percentage of Total Base Area of Each Segment

Average Angle of Base Geometry ~Degrees

Length of Configuration~ Ft.
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FRET STREAM DRCSSUPE(PSE) =
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SUBSONIC BASF PRESSURE PRERICTION

CONFIGURATTON M1 + Al
F\. *
wHRRFGIGN 1 {(PEPCENT RASE =0,62)
THFTA EEFINEGEs 0O, RASF GEMMe PARAMETFR= 1,0000
HITE EFFL.(FT)= (,2530 MFAN LENGTHIET )= 2,A700)

SUBREGTIMIN 2
THETA EFF.(DFG)=

HITE EFF J(FT}= Q

MACH NO. PRESSIPSF)
Ue LACD -2116,00
PSRN

Figure ibo

{PERCENT RASE =0.38}

0. AASE GEUM, PARAMETER= 1.4200

0420 MEAN LENGTHIFTI= C.b6500

NDENSITYISLUG/FT3} VISCOSITY{SLUG/FT'SEC)

0.002378 G.0UNNGN3ITY

t ]

_Generallized Prediction Digital Computer Program Sample

Output-Cption 2
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