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Analytic Prediction of Surface Pressures
over a Hemisphere-Cylinder at Incidence

Lance W. Traub* and Othon Rediniotis’
Texas A&M University, College Station, Texas 77843-3141

The utility of the hemisphere cylinder configuration lends itself to widespread application, ranging from mea-
surement probes to underwater vehicles. A simple explicit method to estimate the surface pressures over this
configuration would be of use for both conceptual design and for understanding the relation of the design vari-
ables. Consequently, an explicit equation is developed that requires only the hemisphere cylinder incidence and
the location of the point of interest to yield the final surface flow. Surface pressures are calculated using pertur-
bation potentials calculated from least-square curve fits to numerically estimated potentials. Comparisons of the
expression with experimental data show good agreement.

Nomenclature

Cp = pressure coefficient

fe = sourcering strength

K° = kernel function

k = geometric parameter

[ = body length

P, = sourcering influence parameter

R = hemisphere radius

r = orthogonal coordinate

U = freestream

Vo = tangential velocity

w = transverse velocity

w = lateral velocity

wy = axial velocity

x,y,z = Cartesian coordinates, origin at hemisphere nose

x’,y,z = Cartesian coordinates, origin at hemisphere-cylinder
juncture

o = geometric parameter

0 = spherical coordinate angle, measured from nose of
hemisphere

On = hemisphere cylinderincidence angle

Oy = angle to the point of interest measured from the
attachment line

A = geometric parameter

P, < = orthogonal coordinates

] = potential

¢ = perturbation potential

Introduction

HE wide range of applications of the hemisphere-cylinder(H-

C) configurationhasled to numerousinvestigationsto elucidate
its aerodynamic characteristics. H-C’s form the baseline shape of
many underwater vehicles, subsonic missiles as well as measure-
ment probes. Both experimental' > and numerical' studies have
clarified effects of incidence and Reynolds number on surface pres-
sure loads and on- and off-surface flow topology. Generally, at low
incidence for _15 <6 < 15 deg, the effect of the cylinder on the
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surface pressures over the hemisphere is marginal, such that the
flow resembles that over a sphere. Note that & _ 0 deg indicates
the H-C nose, and ¢ _ 90 deg the H-C junction. For larger 6 the
source-like effect of the cylinder results in reduced tangential ve-
locities compared to the sphere. At zero incidence in the laminar
subcriticalrange, the minimum recorded pressures for the H-C gen-
erally occur' at 6 o, 67(Re _2.7 , 10*) _76(Re >2.9 , 10°) deg
compared to 0 .72 deg for a sphere’ (Re _ 16.3 5 10*). At these
Reynolds numbers the minimum recorded pressure coefficient for
the H-C is typically o, _0.64 while that for a sphere is , _0-56.
Increasing the Reynolds number past critical shows an aft move-
ment of the point of minimum pressure with a concomitantincrease
in the minimum pressure attained.

Viscous effects have a pronounced effect on the flow behavior
over a H-C. At low incidence pressure recovery at the intersection
of the hemisphere with the cylinder generally causes localized flow
separation in the form of a ring-shaped bubble.! Turbulent tran-
sition generally closes the separation. As the incidence of the H-C
increases, the separationregionlooses axisymmetry and moves from
the windward side toward the leeward side of the H-C. A localized
separation bubble may still exist on the leeward surface at x/R o 1;
however, it may terminate in two unstable foci, which mark the
liftoff location for two “horn vortices.” Further down the cylindrical
body, crossflow separation also results in the formation of vortices
(which may connect with the aforementioned horn vortices). This
vortex formation is dependent on the state of the crossflow bound-
ary layer and hence Reynolds number. Consequently, the flow over
a H-C at incidence can be considered to be constituted of both
potential (windward) and viscous flow regions (leeward) with the
boundaries determined by the operating conditions, e.g., incidence,
Reynolds number, turbulence, etc. Pointed-nose axisymmetric bod-
ies are prone to asymmetric wake development for large angles of
attack. The asymmetry of the vortex wake can be caused by any
slight surface perturbation. H-Cs are generally not as prone to vor-
tex asymmetry as sharp axisymmetricbodies; however,a moderately
small surface perturbationin the nose vicinity of a H-C can cause
asymmetrical vortex development. For H-C incidence angles 6y
greater than 15 deg and less then 42 deg, the wake of the cylin-
der can also contain unsteadiness. The unsteadiness is caused by
periodic heaving of the vortices as they convect downstream.' For
incidences greater then 42 deg, H-Cs exhibit vortex shedding.!

The wide-ranging application of H-C configurations makes it
valuable for the designer to have a simple analytic tool that would
allow estimates of the surface pressures over a H-C at incidence.
Traub®~? has shown that analytic prediction methods can offer sim-
plicity and utility to the designer and allow a “feel” for the re-
spective design variables. Consequently, an analytic method has
been developed. The method uses the surface singularity methods
of Landweber'® and Lotz'" to estimate the perturbationpotentialsfor
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axial and transverse flow, respectively. These potentials are then ap-
proximated using a least-squares curve fit. Potential theory is then
used to develop a final single expression that allows for pressure
estimation. An experimental study was also undertaken to provide
data for comparison. Numerous theoretical and experimental data
comparisons are presented. Agreement is seen to be very good,
which is encouraging considering the simplicity of the final ana-
lytic expression.

Theoretical Development

As Laplace’s equation s linear, the perturbation potential caused
by axial flow and that caused by transverse flow can be decomposed
and solved independently. For simplicity, different methods were
used for the axial and transverse flow solutions. A brief overview
of these methods is presented. Specific details can be found in the
cited references.

Axial Flow

Initially, the accuracy of surface and axis distributed singularity
methods was investigated. Figure 1 shows comparisons (the axis
method used doublets; the surface method will be detailed next).
It may be seen that for this type of body an axial distribution of
singularities does not yield an accurate representation of the flow,
essentially caused by a discontinuous second derivative of the sur-
face at the H-C juncture. It was thus decided that the surface singu-
larity method would be used to model the flow despite a significant
increase in complexity. The axial flow over the H-C was solved
for using the method of Landweber,'* as presented by Albone.”
Landweber has shown that by applying Green’s theorem to the so-
lution of the boundary-value problem for ¢ an integral expression
for the surface velocity can be obtained. Thus, the method consists
of solving the integral equation for the surface velocity:

2r(x,t)? M

" UG y)* ds
[ e
wherer(x, 1) — /[(x _1)* + ¥%]. U (x) is the total fluid velocity on
the body surface nondimensionalizedby the freestream velocity and
t is the location of a unit strength source at an arbitrary location on
the body’s axis of symmetry. This equation is solved by iteration
to minimize an error function within a user-prescribed tolerance
(see Albone'? for details). This method is more rapid than other
surface singularity methods, but yields velocity on the body sur-
face only. Within the user-prescribedtolerance the method is exact.
The perturbation potential was found by integrating the perturba-
tion velocity, using cubic splines to describe the velocities. Figure 2
shows comparisons between the present method (i.e., Landweber’s
method) and the results of Vandrey,”* who used a surface source
ring method. A least-square curve fit of the present method’s data
is also included.
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Fig. 2 Predicted axial perturbation potential over a H-C.

Transverse Flow

The transverse flow was solved for using the more general, but
computationally more expensive method of Lotz."" This method
usesan axial distributionof surface source/sink rings in combination
with the no penetration boundary condition to determine the source
strengths. The method is complicated by the behavior of the kernel
or core functions, which are singular when the effect of the element
on itself is evaluated, requiring careful implementation of suitable
limits. The method consists of calculating the geometric Kernel

K _ 1/\/@2 + KZ){GI N _p) _rx 0] sz(kz)}(z)

where G| and G are functions of complete elliptic integrals of both
the first and second kind:
2 _K)EK)

2
G =0, —K® @

Gy _2[Q2 _ K)/RIEWK) _ KUA] L [EGK?) _ K] (4)

with
/2

K (K?) =/
0

elliptic integral of the first kind
/2

dz

1 _ k2sin’z

E(K*) _
0
elliptic integral of the second kind «, o, k, K, x. §, and r are geo-
metric parameters given by

\/1 _k*sin*zdz

(x2=(x_§)2+r2+,02 ]_€2=2r,0 (52)
2 2
122“2—’-‘ K_1_ 2 (5b)
o +k

The method then consists of solving for each P(x,r) by varying
the running point RP(¢, p), taking care to evaluate P _ RP so as to
avoid a singular solution (caused by the elliptic integral G1), (see
Fig. 3) where

! . !
Pll(x’r)z/. wdc Pl(xar)Z/ Kedf (6)
0 0

The solutions of the preceding equations are then combined in a
rising power series of 7 for the source ring strengths at any fixed
point location:

) = foGer)

foG, ) rPix,r)  Px,r)  Pix,r)

r T 72t 3

— @)

Finally, the perturbation potential at any point in the flowfield is
found using
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where W is the transverse velocity, G3 is a function of complete
elliptic integrals of the first and second kind, i.e.,

Gs _ 1/KQ _KHK K _2E(kD)] 9)

Although tedious, the method does yield essentially exact solutions.
Figure 4 shows comparisons of the transverse potential between the
present method and the results of Vandrey,"” who used a surface
source ring method. A polynomial curve fit is also presented.

Prediction of Pressures

Using the axial and transverse perturbation potentials determined
using the preceding surface singularity methods allows the determi-
nation of the attached flow surface pressures at any location on the
H-C as will be detailed. As already mentioned the contributions of
the axial and transverse flow can be determined separatelyas a result
of the linear nature of Laplaces’ equation.

Velocity Caused by Axial Flow: 0 <x/R <1

Figure 3 shows the variables used in the presentdevelopment. For
utility the formulation uses the position variable & for location over
the hemisphere body (rather than x/ R). A least-squares curve fit of
the perturbation potential in Fig. 2 yields, using x/R _ 1_ cos(f)
with x’ _ x _ R (after some manipulation):

¢’ _ UR COS(GH){Sin(e)[0~1375 _ 0.0744cos(9)
_0-1869cos’(#) _ 0.0457 cos*(©) 4 0.1276cos* (6)
4 0.06404cos”(0) _ 0.0608 cos’ () _ 0.0658 cos’ ()

—0.0220cos*(8) _ 0.0026cos’(#)] 4 0.16500 _ 059y (10)

The tangential velocity is then

i a¢lot

"=R o0 (an

where ¢ is the freestream potential [ — _UR cos(8) cos(0y)]
plus the perturbation potential. Evaluation yields, where
U cos(0y) sin(f) is the freestream contribution,

Vo — U cos(@y)[sin(0) 4 0.5115cos(0) _ 0.0115 cos*(9)
—1.0714cos’(®) _ 0.5032cos*(©) 4 1.003 cos’ ()
1 0-8445cos(0) _ 0.2496cos’ () _ 0.5029 cos® (6)
_0.1982cos’(8) _ 0.026cos'* () 4 0.2394] (12)

Velocity Caused by Transverse Flow: 0 <x/R <1

The calculation of the induced velocities as a result of the trans-
verse component of the decomposed freestream is straightforward
but contains a subtlety. The transverse flow induces two velocity
components on the hemisphere surface: one lateral w; and one axial
w, such that it opposes the velocity caused by axial decomposition
of the freestream. It is this component W, that is responsible for
the rearward movementof the attachment line stagnation point with
incidence.

Using the numerical datain Fig. 4 gives a transverse perturbation
potential of

@' _ URsin(By) cos(8,)[0.7146 _ 0.2789 cos(®) __ 0-1396 cos*(©)
_0-0802cos’(#) _ 0.1802cos*(®) 4 0.1363 cos’ ()

1 0:4177cos°(0) 4 0.0194cos’(8) _ 0.3272cos"(6)

_0.2033cos’(8) _ 0.0369cos'*(6)] (13)
The lateral velocity component is found using
1 a¢lot
W= 300 (14)

where @y, is the freestreampotential [ — UR cos(6y) sin(0y) sin(6)]
plus the perturbation potential. Evaluation yields

w, _ _U sin(@y) sin(6,)[0.7146 _ 0.2789 cos(6)
_0-1396cos*(8) _ 0.0802cos*(®) _ 0.1802cos* ()
1 0:1363cos’(0) 4 0.4177cos’ (@) 4 0.0194cos’ (6)
_0.3272cos*(8) _ 0.2033 cos’(6)

_0.0369cos"(0) 4 sin(9)] (15)
The axial component W, is determined using
1 a¢lot
W = =0 (16)

Evaluation of w, gives
w, _ U sin(@y) cos(@y)[0.2407 cos*(0) sin(F)

+0.7208cos’(0) sin(®) _ 0.6815cos" () sin(6)
—25059co0s’(0) sin(0) _ 0.1355cos"(®) sin(6)
+0-2793 cos(8) sin(6) | 0.2789sin(6) | cos(?)
4+2:6179¢os(9) sin(0) | 1.8297 cos*(6) sin(6)

403698 cos’(9) sin(®)] (17)
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The surface pressure coefficient is then found using
Cp_1_ [(Vg _w,)? + wf]/U2 (18)

Surface Velocities: 1 <x/R <2

A similar procedureis used for the afterbody, noting that for this
region, W, _ 9o /dx and Vo _ 0/ dx. The resulting expressions
for the three velocity components are

2
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Vo — Ucos(GH)|:0.0359+ 24668 _ (E) 11.1589
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X X
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wy _ Ucos(9v)sin(9H)|:3-Ol42 —23 1454 ( ) 90.7422
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As before, pressures on the cyllnder are estimated by substituting
Egs. (192 1§ into Eq. (18)

Experimental Equipment and Procedure

The wind-tunnelmodel was manufactured from aluminum. Rele-
vant dimensions are shown in Fig. 5. The H-Cs diameter was 1.5 in.
(38.1 mm) to accommodate the pressure tappings. The hemisphere
had 25 tappings in three rows of eight (spaced 20 deg apart) in addi-
tion to a center tap. The pressure ports were spaced at A9 _ 10-deg
intervals along the periphery of the nose. The internal diameter of
the tappings was 0.01 in. (0.25 mm). The tappings were as small
as possible to minimize their effect on the flow. To determine the
length of the H-C such that the influence of its blunt base would be
minimized, numerical experiments were undertaken to determine
the effect of a blunt aft portion. The simulation was conducted us-
ing the surface vortex ring method to simulate the axial flow and
a surface source ring method to simulate the transverse flow, as

0.01” tappings @ 10°

Fig. 5 Wind-tunnel model details.

just described. The numerical data suggested that the effects of the
cylinder base (on the hemisphere) were minimal for base locations
greater than six cylinder diameters from the front of the model. The
model was attached to a pitching mechanism to allow accurate in-
cidence variation of the model from 0 to 45 deg. The model could
be set to Oy within 0.05 deg of the required value.

The tests were undertakenin the Texas A&M University 3 4 ft
continuous wind tunnel at velocities of 10.4 and 20.5m/s, corre-
sponding to Re _2.6  10* and 5.3 , 10" based on the diameter
of the H-C. At these velocities the turbulence intensity is typically
< 0-3%. The wind-tunnel jet velocity uniformity is typically within
0.1%. The tunnel has active cooling and is normally maintained at
20¢°C for the duration of a run.

Pressures were recordedusing an ESP 32-portelectronic pressure
scanner with a range of | 2500 Pa. The signals from the ESP were
digitizedusing a 12-bit A/D board giving aresolutionof 4 0.24% of
full scale. The A/D’s sampling frequency was SkHz. The ESP was
monitored using a factory calibrated Air Neotronics digital micro-
manometer with a resolution of 0.1 Pa. Before each test, the ESP
was recalibrated to reduce errors. Repeated data runs yielded an
estimated uncertainty of the data of 0.3% of full scale for a 95%
(20) confidence interval. During the testing, after the model was
pitched to a new incidence approximately 10-15s was allowed to
elapse to allow the pressures to reach their steady-state values. The
model was pitched through0, 15,30, and 45 deg. Ateach 0y the ESP
was sampled 200 times and averaged. No corrections to account for
wall effects, i.e., solid and wake blockage, were applied to the data,
as a large majority of the test cases would encompass significant
extents of separated flow making accurate applicationof corrections
uncertain. Furthermore, for the worst-case scenario 0y _ 45 deg,
the combined blockage of the model, and mount is less than 1.4%
suggesting that wall effects would be negligible.

Comparisons with Theory

Predictions of the surface pressure coefficient measured over a
H-C at zero incidence using Landwebers'® method and Eq. (18) are
shown in Fig. 6. Agreement with the present experimental data is
seen to be good. Also included in the figure is the potential solution
for the flow over a sphere [_1 _ 9/4sin>(9)] as well as an em-
pirical modification to this formula to account for the effect of the
cylinder on the hemisphere[_ 1 _ 2.07 sin’(6)]. As noted prior, for
& _ 415 deg the presence of the cylinder has a negligible effect on
the hemisphere surface pressure. For greater x/ R the cylinder acts
as a downstream source, retarding the surface velocities thus caus-
ing comparatively higher surface pressures. The empirical relation
is seen to accurately estimate the surface pressures over the forward
6 _ 55 deg of the hemisphere.

Hoang' performed a comprehensive study on the behavior of a
H-C at incidence. His data included surface pressure, surface flow
topology,as well as hot wire and laser Doppler velocimetry measure-
ments. Consequently, Hoang’s data (Re _ 4.2 10%), in additionto
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Fig. 6 Predicted surface pressure coefficient over a H-C, 6y = 0 deg.
Present experimental data.

the present experimental effort, will be used for prediction valida-
tion. To correctly evaluate the potential of the present expression,
it is necessary to know its natural limitations following from the
unique inherent viscous characteristics of a H-C. Consequently,
these characteristicsflow behaviors will be discussed briefly, al-
though touched upon in the Introduction. At the Reynolds-number
range of the experimental data included in this study, the surface
flow displays a marked and systematic variation with 8y as eluci-
dated by Hoang.! At zero incidence surface skin-friction patterns
indicatethe existenceof an axisymmetricalclosed separationbubble
(as mentioned prior) propagating from the H-C juncture. Incidence
causes an asymmetry of this bubble with a leeward displacement
of the separation borders. Increasing 0y to 10 deg sees the for-
mation of two horn vortices (representing unstable foci) from the
upperlateral edges of the bubble at 0y , 4130 deg. Two symmetric
crossflow separation lines are also apparent on the cylinder at this
incidence and indicate the possible existence of leeward vortices.
These separation lines are clearly distinct from the horn vortices
and originate approximately 2R aft of the horn vortices. Increasing
incidence shows a leeward displacement of the separation region
located at the H-C juncture. Skin-friction patterns from Hoang' are
reproducedin Figs. 7b and 7¢ representing the H-C at 6 _ 20 deg,
as this is the incidence of most of the data comparisons presented
in this study. A summary of the surface flow features is also pre-
sented (Fig. 7a). The crossflow separationlineis clearly seenrunning
along the side edge of the cylinder. This separation point is seen to
move progressively windward with increasing x/R. A trace of the
surface’s pressures experienced along a skin-friction line originat-
ingfromx/R _ 1,6y _0deg,andx/R _5, 6y _ 0 showed that the
movementof this separationline to smallery (i.e., windward) with
increasing x/R is not caused by a more favorable pressure distri-
bution downstream (the large x/ R pressure distributions are more
favorable). The trajectory of this separation line is thus probably
caused by the increasing boundary-layerthickness downstream in-
creasing the tendency for separation. Two darker lines running over
the top of the H-C are identified as vortex induced separation lines,
suggestingthe presence of two vortices per side—a primary and sec-
ondary separation vortex. The primary vortex causes the secondary
flow separation. Vortex induced pressure gradients convect fluid lat-
erally outwards under the primary vortex core, such that the fluid
encountersan adverse pressure gradient, which causes the boundary
layer to separate. The ensuing free shear layer rolls up and forms a
vortex of opposite rotation (to the primary). The skin-friction lines
emanating from the attachmentline are seen to progressivelyreduce
in inclination relative to the body (see Fig. 7c), and at x/R > 4.8
they are inclined at 40 deg to the freestream. This condition corre-
sponds to Munk’s'* “2a” type of flow (where local lift development
assuming no flow separation is proportional to 2; here, 0y _ o)
and suggests that over this region of the H-C the flow is essentially
inviscid. Figure 7d shows a sketch, proposed by Maskell,'> showing

Leeward vortex side wash pattern \ Attachied axialfiew regy,

12833

a)

c)

d)

Fig. 7 Flow patterns over a H-C, 0y = 20 deg: a) Skin-friction pat-
tern summary; b) Surface skin-friction patterns,! top view; c) Surface
skin-friction patterns,1 side view; d) Three-dimensional off-surface flow
representation'S.
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Fig. 8 Comparison of predicted [Eq. (18)] and experimental pressure
coefficients over a H-C, 0y = 20 deg, Oy = 0 deg. Experimental data
from Ref. 1.

a three-dimensional representation of the off-surface flow features
just detailed.

Hoang’s" skin-frictiondata indicate that the vortex-induced flow
separationlines (associated with the leeward vortices) gradually ap-
proach the horn vortices, and at 0y 25 deg these flow features
connect. The crossflow separation lines also gradually move to-
ward larger &y values (the back of the cylinder) with incidence as
the axial surface flow component reduces relative to the transverse
(effectively increasing the crossflow Reynolds number). Beyond
about 33-deg incidence, the presence of the horn vortices cannot be
established.'

Theoretical and experimental comparisons for a H-C at 20-deg
incidence (_ 0p) are presented in Figs. 8-17. Values for 6y from
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Fig. 10 Comparisonof predicted [Eq. (18)] and experimental pressure
coefficients over a H-C, 6y = 20 deg, 6y = 40 deg. Experimental data
from Ref. 1.
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Fig. 11 Comparisonof predicted [Eq. (18)] and experimental pressure
coefficients over a H-C, 6y = 20 deg, 6y = 60 deg. Experimental data
from Ref. 1.

0 to 180 in 20-deg increments are presented to clearly demonstrate
the accuracy of the predictions [i.e., Eq. (18)] as the flow develops.
Figure 8 shows predictionsof the surface pressure coefficient along
the attachment line. Good agreement over the forward envelope of
the cylinderis seen. The minimum recorded pressures are somewhat
underpredicted. The pressure recovery region is relatively well cap-
tured. Downstream pressures on the cylinder (x/R > 1.5) are well
approximated. Although the location of the minimum pressure re-
gion is predicted slightly too far aft, the form of the theoretical
distribution, with a sharp pressure recovery following the suction
peak, is representative.

Similar trends are seen in Fig. 9 (6y — 20 deg). Increasing 6y
to 40 deg, Fig. 10 shows an overprediction and underprediction
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Fig. 12 Comparisonof predicted [Eq. (18)] and experimental pressure
coefficients over a H-C, 6y = 20 deg, 6y = 80 deg. Experimental data
from Ref. 1.
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Fig. 13 Comparisonof predicted [Eq. (18)] and experimental pressure
coefficients over a H-C, 0y = 20 deg, &y = 100 deg. Experimental data
from Ref. 1.
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Fig. 14 Comparisonof predicted [Eq. (18)] and experimental pressure
coefficients over a H-C, 0y = 20 deg, &y = 120 deg. Experimental data
from Ref. 1.

respectively of the maximum and minimum measured pressures, al-
though the general form of the pressure distributionis well captured
as are the afterbody pressures. fy _ 60 deg shows similar charac-
teristics (see Fig. 11). Increasing 6y beyond 60 deg (Fig. 12) shows
good correlation of predicted pressures with experiment, except for
small x/ R where pressuresare overpredicted.Pressures on the cylin-
der afterbody are well captured. Also note that the x/ R location of
the minimum pressure is more accurately captured than for lower
6y, where the predicted minimum pressures are further aft than that
of the experiment data. Increasing &y shows increasing dominance
of the crossflow w, velocity term [, sin(fy)] and a reductionin the
Wy [ cos(By)] term, which opposes Va.
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Fig. 15 Comparisonof predicted [Eq. (18)] and experimental pressure
coefficients over a H-C, 0y = 20 deg, &y = 140 deg. Experimental data
from Ref. 1.
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Fig. 16 Comparisonof predicted [Eq. (18)] and experimental pressure
coefficients over a H-C, 0y = 20 deg, &y = 160 deg. Experimental data
from Ref. 1.
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Fig. 17 Comparisonof predicted [Eq. (18)] and experimental pressure
coefficients over a H-C, 0y = 20 deg, &y = 180 deg. Experimental data
from Ref. 1.

For 0y > 90 deg the experimental data show evidence of separa-
tioneffects (x/R ~, 1.25,seeFig. 13), withHoang’s' dataindicating
the presence of a closed separation bubble laterally terminating in
two horn vortices (see Fig. 7). These flow effectsare viscousin origin
and could not be captured by the present inviscid method. The form
of the pressure distribution, i.e., flat, between 1.25 <x/R < 1.6 is
clearly that of a closed separation bubble (despite the horn vor-
tices). However, for v 140 deg pressures over the forward region
of the hemisphere as well as the minimum pressure region are well
estimated (Figs. 13—15) as are the final afterbody pressures. Exam-
ination of Figs. 8—15 indicates that Eq. (18) describes the chang-
ing form of the pressure recovery region well, from a sharp initial
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Fig. 18 Effect of 0y on predicted [Eq. (18)] and experimental surface
pressure coefficients, 05 = 20 deg. Experimental data from Ref. 1.
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Fig. 20 Effect of 0y on predicted [Eq. (18)] and experimental surface
pressure coefficients, Oy = 45 deg. Present experimental data.

recovery following the point of minimum pressure for small 8y (see
Figs. 8-10) to a milder recovery (Figs. 11-15) for larger 0y .

For 0y _ 160 and 180 deg (Figs. 16 and 17) pressuresover the for-
ward portion of the hemisphere are still well captured (f? < 55 deg).
Interestingly, pressures over the cylinder are well estimated despite
the presenceof separated flow. This is probably caused by the mutual
downwash from the leeward vortices creating a region of attached
flow between them, which is approximately potential, as is also seen
in delta wings at moderate angles of attack.

It is instructive to explicitly investigate the ability of the theory
to predict pressure as a function of &y at a particular axial location.
These data are presented in Fig. 18 along with data from Hoang."
The predictions faithfully capture the magnitude and dependence
of the pressure coefficient on 8y although accuracy improves for
larger x/R. Comparisons of the method with the current experi-
mental data at higher incidence &5 — 30 and 45 deg are presented
in Figs. 19 and 20. Even at these extreme incidences, close accord
is demonstrated for moderate 6y (<40 deg).

The experimental data used for comparison in this study were
acquired at relatively low Reynolds numbers, which may cast doubt
as to the validity of the comparisons at higher Reynolds numbers.

However, the theoretical developmentis inviscid and thus would be
representative for higher Reynolds-number flows.

Conclusions

Given the widespreadapplicationof the hemisphere-cylindercon-
figuration, it would be of great utility for conceptualdesign purposes
tohave a simple, analyticalexpressionto estimate surface pressures.
Such an expression would also allow an appreciation for the mag-
nitude and relative effect of the design variables.

Consequently, a potential flow-based equation was developed to
estimate the surface pressures over a hemisphere-cylinder. The ex-
pression used least-squareregression curve fits of numerically gen-
erated axial and transverse perturbationpotentials. These potentials
were calculated using surface singularity methods. Numerous com-
parisons of surface pressure estimates using the resulting expres-
sion with experimental data are presented. The equation showed the
ability to closely predict incidence effects on pressure around the
hemisphere cylinder’s surface.
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