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Alleviation of Side Force on Tangent-Ogive Forebodies
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An experimental investigation to determine the effectiveness of passive porosity for alleviating side forces on
forebodies was conducted in the NASA Langley Research Center 7-ft by 10-ft high-speed wind tunnel. Force,
moment, and surface pressure data were obtained on solid and porous (22% porosity, 0.020-in. hole diam)
tangent-ogive forebodies of fineness ratios 2.5 and 5.0. The solid forebodies were tested with transition grit to
simulate fully turbulent conditions, and without transition grit to simulate free transition conditions. The extent
of porosity on the forebodies was varied to determine the extent of porosity needed to alleviate side forces. Static
longitudinal and lateral-directional stability and surface pressure data were obtained at Mach numbers of 0.2,
0.5, and 0.8, angles of attack from — 5 to 45 deg, and roll angles from — 90 to 180 deg. The solid forebodies
exhibited large asymmetric pressure loads at moderate to high angles of attack causing large side forces and
yawing moments; the transition grit had minimal effect on the asymmetric characteristics, but had a large effect
on the longitudinal characteristics. The porous forebodies exhibited no significant side forces or yawing moments
at any angle of attack tested.

Nomenclature
CN = normal force coefficient
Cp = pressure coefficient
CY = side force coefficient
D = model base diameter, 4 in.
h = height at model base in the z direction, 2 in.
Mx = freestream Mach number
5ref = reference (base) area
x = axial distance, in streamwise direction
y = model reference direction as defined in Fig. 10
z = model reference direction as defined in Fig. 10
a = angle of attack, deg
ACp = (Cp)right-hand side'V^-pjleft-hand side
cp = roll angle measured from bottom of model as

defined in Figs. 6, 7, 9, and 10

Introduction

A T high angles of attack, axisymmetric bodies can exhibit
a side force, even at zero sideslip angle. This side force

is a result of asymmetric pressure loading caused by differ-
ences in the location of the separation induced vortex on
either side of the forebody. This phenomena has been doc-
umented extensively.1"3 Numerous studies have been con-
ducted to develop devices which eliminate or minimize the
asymmetric behavior of forebodies.4"8 These "fixes" typically
involve reshaping the nose or adding devices, such as strakes,
to the existing geometry which add weight and are beneficial
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for only a limited range of conditions. In the present study,
a passive porous system is investigated to alleviate the asym-
metric loading on the forebody. In the studies done by Keener
et al.,9~12 it was found that a tangent-ogive forebody with
fineness ratio of 3.5 produced large asymmetries beginning
at an angle of attack between 30 and 35 deg at a Mach number
of 0.25. From these results, tangent-ogive forebody models
of fineness ratios 2.5 and 5.0 were fabricated. These fore-
bodies were predicted to encounter asymmetric loading con-
ditions at angles of attack above (2.5-caliber forebodies) and
below (5.0-caliber forebodies) that found for the 3.5-caliber
forebodies documented by Keener.

Previous tests of passive porous cavities on airfoils in tran-
sonic flowfields13"18 showed that the shock strength could be
reduced, which also reduced the amount of shock-induced
separated flow. Various other applications of porosity have
been studied19"23; in each study the concept used the higher
pressure behind a shock to provide a high plenum pressure
which would feed the boundary layer upstream of the shock.
It was found that the pressure within the plenum equalized
even where large gradients existed above the porous surface.
Because of this equalization of pressure, it was postulated
that porosity could be applied to forebodies to eliminate any
asymmetric forces. A porous outer skin was attached to a
solid supporting centerbody. A plenum was created between
the two surfaces. The plenum is likely to affect asymmetric
side force generation in two ways: 1) by reducing the circum-
ferential surface pressure gradients and 2) by equalizing the
surface pressures left-to-right. The former effect would reduce
the generation of vorticity in the boundary layer, thus mini-
mizing the strength of the vortex system. The latter effect
would help keep the vorticity generation symmetric.

Three Mach numbers (0.2, 0.5, and 0.8) were chosen to
provide a wide speed range to determine the effect of Mach
number on the size of the side forces and yawing moments
encountered. The 2.5-caliber forebodies were found to be-
have in a manner similar to the 5.0-caliber forebodies; how-
ever, the angle of attack where asymmetries occurred was
higher and the asymmetries were weaker than for the 5.0-
caliber forebodies. Therefore, only the data for the 5.0-caliber
forebodies will be presented in this article.
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Modi et al.24 discuss using porosity as well as delta strakes,
nose-boom tips and their combination in eliminating unde-
sirable side force on a conical pointed forebody. In the study
presented here, the capability of the passive porous system
for reducing the asymmetric loading at all pitch conditions
was determined and a preliminary assessment of the extent
of porous surface required to eliminate the asymmetries was
also found.

Test Facility
The wind-tunnel tests were conducted in the NASA Lang-

ley Research Center 7-ft by 10-ft high-speed wind tunnel (HST).
This tunnel is a closed-circuit, single-return, continuous-flow,
atmospheric tunnel with a solid-wall test section 6.6 ft high,
9.6 ft wide, and 10 ft long. The tunnel is fan driven and is
powered by a 14,000-hp electric motor. It operates over a
Mach number range from approximately 0.0-0.9 to produce
a maximum Reynolds number of 4 x 106/ft.25

Model Description
Four 30-in.-long wind-tunnel models were designed to show

the effect of fineness ratio on the asymmetric loading of tan-

Fig. 1 Porous forebody model in 7-ft by 10-ft high-speed tunnel.

2.5 CALIBER TANGENT
OGIVE FOREBODY

5.0 CALIBER TANGENT
OGIVE FOREBODY

Fig. 2 Porous forebody model geometry and porosity distribution.

gent-ogive forebodies and the effectiveness of passive porosity
in alleviating these asymmetries. These four forebodies con-
sisted of two solid and two porous models of fineness ratios
2.5 and 5.0. Shown in Fig. 1 is a photograph of the fineness
ratio 5.0, porous forebody in the 7-ft by 10-ft high-speed wind
tunnel. The hole size and porosity used on these models were
established from a supersonic test conducted on a conical wing
at supersonic speeds.26 This test was an extension of transonic
testing done by Nagamatsu.13 In the test on the conical wing
done by the first author, a porous cavity was situated parallel
with the leading edge of the wing. It was determined that the
crossflow shock strength could be reduced and the shock-
induced separation could be eliminated, thus providing a re-
duction in drag. A porosity of 22% was found to give the
largest reduction in shock strength (and thus, shock-induced
separation), and a hole size of 0.020 in. in diameter or less
was needed in order to prevent the formation of small shocks
on the downstream side of the hole.

The model geometries and porosity distributions are de-
picted in Fig. 2. The 2.5-caliber porous model had 22% po-
rosity for the first 10 in. (i.e., the tangent-ogive forebody
region), varied linearly from 22% to 0 porosity (i.e., solid
surface) over the next 10 in., and was solid for the last 10 in.
The 5.0-caliber porous model had 22% porosity over the first
20 in., varied linearly from 22% to 0 porosity over the next
5 in., and was solid for the last 5 in. A solid supporting
centerbody was used to mount the four models on the sting
and balance. The gap between the centerbody and outer shell
forms a closed plenum region. Pressure probes were placed
inside the plenum to determine if the plenum pressures were
equalized and if any flow existed in the plenum.

A photograph of all of the models and the supporting cen-
terbody is given in Fig. 3. The fineness ratio 2.5 tangent-ogive
models are shown on the left, and the fineness ratio 5.0 tan-
gent-ogive models are shown on the right with the porous
bodies situated next to the supporting centerbody. Each of
the models was equipped with 112 surface pressure orifices
located at 1.25 and 3.00 calibers from the apex of the fineness
ratio 2.5 models, and at 2.50 and 5.25 calibers from the apex
of the fineness ratio 5.0 models. The pressure tubes from these
orifices were routed between the model and the centerbody
(in the plenum), out of four holes at the base of the center-
body, and along the sting to three 48-port electronic pressure
gauges located on the model support mechanism within the
test section.

Test Conditions and Procedures
The wind-tunnel test was conducted in the NASA Langley

Research Center 7-ft by 10-ft HST. The tests were conducted
under the conditions shown in Table 1.

Because pressure taps and holes can cause transition to
turbulent flow,27 it was expected that the porous models would
have turbulent flow over most of the surface. To simulate this
turbulent flow condition on solid bodies, number 80 sand grit
was applied over the entire surface of each of the solid models.
The grit size was chosen and applied to the model as explained
by Hall et al.28

Force and moment and pressure data were obtained at
angles of attack from -5 to 45 deg and zero sideslip. The

Table 1 Tunnel test conditions

Mach
number

0.2
0.5
0.8

Reynolds
number

(per foot)
1.3 million
2.9 million
3.6 million

Reynolds
numbera

0.433 million
0.967 million
1.20 million

Porous and solid forebody models and supporting centerbody.
a Reynolds number based on base diameter of
4 in.



356 BAUER AND HEMSCH: ALLEVIATION OF SIDE FORCE

5.00 r

2.00

0.00

a)
0.0 10.0 20.0 30.0 40.0 50.0

5.00 r

3.00 -

0.00

b)
0.0 10.0 20.0 30.0 40.0 50.0

1.00 -

-4.00

c)
0.0 10.0 20.0 30.0 40.0 50.0 0.0 10.0 20.0 30.0 40.0 50.0

Fig. 4 Effect of Mach number on the normal-force and side-force characteristics of the 5.0-caliber forebodies, <p = 0 deg: a) solid body without
transition grit, b) solid body with transition grit, and c) porous forebody.
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models were also rolled to determine the conditions where
asymmetric loadings due to small geometrical asymmetries
occur. All angles of attack were corrected for sting and bal-
ance deflections. The force and moment data were measured
by means of a six-component strain-gauge balance within the
centerbody and connected to a supporting sting attached to
the model actuating system in the tunnel.

Plenum pressures were measured using four pressure tubes
attached to the solid centerbody. Base pressures were deter-
mined by two base pressure rings attached to the base of the
centerbody. The pressures inside the balance housing (i.e.,
internal to the centerbody) were measured using two pressure
tubes located on either side of the sting. All of these pressure
tubes were routed along the sting to an electronic pressure
transducer located several feet aft of the model within the
test section. Force and moment data were corrected to free-
stream static pressure at the model base and balance chamber.

Forebody Force and Moment Characteristics
Presented in Fig. 4 is the effect of Mach number on the

normal-force and side-force characteristics of the fineness ra-
tio 5.0 (i.e., 5.0 caliber) tangent-ogive forebodies. The CN
data for the solid body without transition grit (Fig. 4a) show
a slight increase in CN with increasing Mach number at angles
of attack above 10 deg. The effect of Mach number on CN
for the solid forebody with transition grit (Fig. 4b) is much
less (i.e., only at angles of attack above 30 deg). The porous
forebody data (Fig. 4c) show no effect in CN due to Mach
number up to a = 40 deg and only a slight variation at a =
45 deg. The CY data for the three forebodies (i.e., solid with-
out transition grit, solid with transition grit, and fully porous)
do not exhibit a Mach number dependence, and the CY re-
mains relatively low even at angles of attack up to 45 deg for
the porous forebody. Because the normal force coefficients
are nearly the same across the Mach number range, and be-
cause data at M^ = 0.2 could be obtained at higher angles
of attack due to dynamics and loads exceeding balance limits
for high angles of attack at Mach 0.5 and 0.8, the remainder
of this article will focus on data for a Mach number of 0.2.

The effect of boundary-layer type (i.e., the application of
transition grit) on the force characteristics is illustrated in Fig.
5. Three conditions are shown: 1) the porous forebody, 2)
the solid forebody with no transition grit, and 3) the solid
forebody with transition grit (i.e., fully gritted surface). The
normal force coefficient values imply that the flow over the
porous forebody behaves more like the fully turbulent con-
dition than the free transition condition which has a much

lower CN value. The onset of asymmetric flow conditions have
been found to correlate with the nose tip included angle.29

For the fineness ratio 5.0 tangent-ogive forebody, the esti-
mated onset angle is 23 deg. The side force coefficient data
show that both the solid model without transition grit and the
solid model with transition grit produce large side forces with
the onset of the asymmetric loading conditions occurring at
an angle of attack between 15-20 deg; the porous forebody
has low CY values across the entire angle-of-attack range.

The models were rolled from - 90 to 180 deg, and the values
of C^y and CY plotted against 9 to determine where asymmetric
loading conditions due to small imperfections in the geometry
occur.30 Figure 6 presents the force characteristic data for the
fineness ratio 5.0 tangent-ogive forebody at a Mach number
of 0.2. Figure 6a illustrates data for the solid 5.0-caliber fore-
body without transition grit. Rolling the model had a great
effect on both normal-force and side-force coefficient values
due to geometrical asymmetries. The normal-force coefficient
values for the solid 5.0-caliber forebody with transition grit
(Fig. 6b) are nearly the same for all roll angles across the
angle of attack range. Once again the side-force coefficient
values show large asymmetric loadings due to geometrical
asymmetries. The data for the porous forebody (Fig. 6c) show
little difference in normal-force coefficient values due to roll
and slight changes in side-force coefficient values due to roll-
ing the model. Figure 7 shows the effect of roll angle on the
normal-force and side-force characteristics of the 5.0-caliber
forebodies at Mx = 0.2 and angle of attack of 30 deg. The
normal force coefficient varied between 2.4-3.2 for the solid
forebody model with transition grit, and from 1.4 to 2.2 for
the solid forebody model without transition grit. However,
the normal force coefficient varied between 2.6-2.7 for the
porous forebody model from -90- to 180-deg roll. The side
force coefficient is seen to vary from -0.1 to 0.2 for the
porous forebody, from -2.4 to 2.8 for the fully gritted sur-
face, and from -2.2 to 2.6 for the free transition condition.
Figure 7 shows how effective the passive porous forebody is
at reducing the asymmetric loading conditions on axisym-
metric forebodies typical of missiles and forebodies of fighter
aircraft.

It was also of interest to determine the amount of porous
surface area required to eliminate asymmetrical loading con-
ditions. Figure 8 shows the normal-force and side-force coef-
ficient data for the fineness ratio 5.0 tangent-ogive, porous
model with various extents of porosity [i.e., fully porous, 1-
caliber (4-in.) porous, 2-calibers (8-in.) porous, and 3-calibers
(12-in.) porous]. The normal force coefficient values are nearly
the same for all four porosity extents with the 1.0-caliber

5.00 r 4.00
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1.00

-4.00

- Porous Forebody

- Solid Forebody
(without transition grit)

-Solid Forebody
(with transition grit)

0.0 10.0 20.0 30.0 40.0 50.0
a

Fig. 5 Effect of transition grit on the normal-force and side-force characteristics of the 5.0-caliber forebodies at Mm = 0.2.
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Fig. 6 Effect of roll angle on the normal-force and side-force characteristics of the 5.0-caliber forebodies at MOO = 0.2: a) solid body without
transition grit, b) solid forebody with transition grit, and c) porous forebody.
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Fig. 7 Effect of roll angle (<p) on the normal-force and side-force characteristics of the 5.0-caliber forebodies at M«, = 0.2 and a - 30 deg.
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Fig. 8 Effect of porosity extent on the normal-force and side-force characteristics of the 5.0-caliber porous forebody at M^ = 0.2.

-1.20

0.60

Porous Forebody

Solid Forebody
(without transition grit)
Solid Forebody
(with transition grit)

-1.20

0.60

—*
70°-*i ;

0.0 90.0 180.0 270.0 360.0 0.0 90.0 180.0 270.0 360.0

<p (deg.) 9 (deg.)

Fig. 9 Comparison of the circumferential pressure distributions of the 5.0-caliber porous forebody at M^ = 0.2 and a = 35 deg.
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Fig. 10 Graphic representation of the origin of the side force from the asymmetric pressure distributions on the 5.0-caIiber tangent-ogive forebodies
at Mx = 0.2 and a = 35 deg. AC, = (Cp)right.hand side-(C,)left_hand side.

porous extent providing the highest values above 35-deg angle
of attack. The side force coefficients are relatively low for
porosity extent of 3 calibers (12 in.) or more, with increasing
side force occurring for extent of porosity values less than 3
calibers. However, the CY values are still much lower than
those found for the fully solid forebodies. These data show
that asymmetric loading conditions can be drastically reduced
with relatively small amounts of porous surface area.

Forebody Surface Pressure Distributions
Surface pressures were also measured at two locations on

each model. In Fig. 9, surface pressure coefficient data is
shown for the porous forebody model, the solid forebody
model without transition grit, and the solid forebody model
with transition grit for the fineness ratio 5.0 tangent-ogive
forebody for a Mach number of 0.20 and angle of attack of
35 deg. The data show that the solid surface models have
large asymmetric pressure distributions at both stations, caus-
ing the large side forces seen in earlier force data plots. The
data show that the porous forebody has nearly symmetric
pressure loading at both pressure orifice stations with slight
asymmetries, possibly due to the porous surface area not ex-
tending to the base of the model. Asymmetries originating at
the base of the model could start there and move forward.
The slight asymmetric side forces seen in Fig. 5 for the porous
forebody at 45 deg and the slightly asymmetric pressure dis-
tributions at the 5.25-caliber pressure orifice location in Fig.
9 could be due to this effect. Figure 10 represents the data
as a delta Cp which is calculated by subtracting the Cp value
from the left side of the model from the corresponding Cp
value on the right side of the model. These values are plotted
against z/h values from —1.0 (bottom of the model) to 1.0
(top of the model). The integrated area of the ACp curve
corresponds to a local side force. Both solid surfaced fore-
bodies have quite large values of AC^, and thus a side force
(at both body stations) as was seen from the previous force
plots. The porous forebody provides essentially no side force
at 35 deg.

Concluding Remarks
An experimental investigation of the effect of passive po-

rosity at reducing asymmetric loading conditions has been
conducted on two tangent-ogive, forebody shapes in the 7-ft
by 10-ft high-speed wind tunnel at Mach numbers of 0.2, 0.5,

and 0.8. Force and moment data and surface pressure data
were obtained on two solid and two porous forebody models.
The normal force coefficient data showed that the porous
surface produced turbulent-like boundary-layer conditions,
and the side force coefficient data showed the effectiveness
of porosity on the forebody. The surface pressure data indi-
cated that the porosity eliminated asymmetries in the pressure
loading at the surface of the models. It was also found that
small amounts of porous surface area can greatly reduce the
asymmetrical conditions.

Data from the pressure tubes located within the plenum
indicated that the pressure inside the plenum was nearly con-
stant and that the velocity of the flow inside the plenum was
very low.

This preliminary study on the effectiveness of porosity for
the elimination of side forces on axisymrnetric forebodies up
to high angles of attack shows very promising results. Many
questions arise in the exact physics of the flow around and
through the porous regions of the models, but this initial study
gives hope for a simple, low-cost, passive fix to the problem
of asymmetric loading conditions on axisymrnetric bodies at
high angles of attack.
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