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Vortex asymmetry on axisymmetric pointed forebodies at high angles of incidence results in side forces and

adverse yawingmoments even in symmetric flight. An experimental investigation has been carried out at low speeds

to study the effectiveness of axial nose blowing against the oncoming flow for side force control on two slender cones.

Testsweremade on the 8 and12deg conemodelswith (circular) jetflowover aReynolds number range of 0:4 � 106 to

5:4 � 106. Jet-to-freestream velocity ratio was varied up to 2.0, and the blowing diameter was varied as well. Force

measurements were carried over the incidence range of 0 to 45 deg, and limited surface pressure distributions were

obtained on the 12 deg conemodel. The results explicitly show the effectiveness of nose blowing for side force control

over a wide range of Reynolds numbers, and minimum side force was reached around a jet velocity ratio of 1.0. An

important result is that the side force reduction correlates with jet velocity ratio in the range of parameters studied.

Broad similarities in the trend of side force reduction with the nose blowing and the nose bluntness suggest that the

interaction of axial jet with freestream flow results, possibly, in what we may call “fluid dynamic blunting.”

Nomenclature

Ab = cone base area, �=4 D2

AJ = jet area, �=4 d2J
Cm = jet mass flow ratio, mJ=m1
CN = normal force coefficient, normal force=q1Ab
CP = static pressure coefficient, �p � p1�=q1
CS = side force coefficient, side force=q1Ab
C� = jet momentum ratio, mJUJ=m1U1
D = cone base diameter (�160 mm)
dJ = jet diameter
M1 = freestream Mach number
mJ = jet mass flow rate, �JUJAJ
m1 = reference mass flow rate, �1U1Ab
p = local static pressure
pJ = jet pressure
p1 = freestream static pressure
q1 = freestream dynamic pressure
ReD = Reynolds number based on base diameter,

�1U1D=�
rN = nose radius
UJ = jet velocity
U1 = freestream velocity
VJ = volumetric flow rate of jet
UJ=U1 = jet velocity ratio
� = angle of incidence, deg
�o = angle of incidence corresponding to vortex

asymmetry onset, deg
�CN = uncertainty in normal force coefficient
�CP = uncertainty in static pressure coefficient

�CS = uncertainty in side force coefficient
�C = semi-apex cone angle, deg
�J = jet flow density
�1 = freestream density
� = circumferential angle, deg
 = roll position, deg
2rN=D = bluntness ratio

I. Introduction

M ODERN fighter aircraft and missiles are expected to perform
post-stall maneuverability to achieve tactical advantages.

This can result in flight at high angles of attack (up to 45–50 deg) and
knowledge of the nonlinear aerodynamics, including strong viscous
effects leading to crossflow separation, becomes very important in
the design of a flight vehicle. One of the important problems, which
has received considerable attention (e.g., Hunt [1], Ericsson and
Reding [2], Champigny [3], and Williams [4]) during the last two
decades, is the phenomenon of vortex asymmetry on pointed
forebodies at high angles of attack and the resulting side forces and
adverse yawing moments, even in symmetric flight (zero side slip):
the yawingmoments generated are often too large to be controlled by
using the rudder power in the case of a fighter aircraft. The major
geometric parameters that are known to influence vortex asymmetry
include nose apex angle, forebody cross-sectional shape, and
fineness ratio of the slender body. The side forces generated are
strongly Reynolds number dependent, and the effects gradually
decrease with increase in flight Mach number; the problem is
essentially predominant at low to subsonic speeds in which high
alpha maneuvers normally occur.

Because the adverse yawing moments can be very large and also
difficult to predict even in an engineering sense, there have been
several attempts to reduce or even alleviate these undesirable side
forces by both passive and active flow control techniques. These
include different kinds of nose strakes [5–9], boundary layer trips
[6,10,11], nose blunting [6,12,13], and nose tip rotation [14], and the
beneficial effects of many of the previously mentioned devices have
been demonstrated over a limited range offlowparameters likeMach
number and Reynolds number. Recently, Rajan Kumar et al.[15]
carried out a systematic parametric study of nose bluntness on two
slender cones for side force control covering a wide range of
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Reynolds numbers: many interesting features of vortex asymmetry
and side force generated were brought out.

There have been several investigations exploring the asymmetric
vortex flow behavior on slender bodies at high angles of attack and
active methodologies for controlling the same. Williams and
Papazian [16] used an unsteady bleed technique through a number of
holes in the nose region for forebody vortex control at low speeds; the
bleed momentum was varied at a fixed forcing frequency. Using
smoke-flow visualization studies and one-component laser Doppler
velocimetry (LDV) measurements, they showed that unsteady bleed
was effective in symmetrizing the naturally occurring asymmetric
vortex flow at �� 55 deg. In a later study, Bernhardt and Williams
[17] investigated the response of the side force to controlled forcing
using steady suction and bleed. The experiments were made on a
slender body model over a range of Reynolds numbers (based onD�
of 6:3 � 103–8:01 � 104; two independent sets of suction/bleed
holeswere located at�135 deg (with respect to thewindward plane)
and very close to the tip of the model. Based on LDV velocity
measurements in the nose region, they suggested that the response of
the vortex system to forcing was Reynolds number dependent, and
further, both suction and blowing were capable of controlling
symmetry of flows on pointed forebodies. Subsequently, Bernhardt
and Williams [18] employed an unsteady bleed technique (in the
nose region of a long slender body) to demonstrate control of
asymmetry as well as generate side force and yawing moments that
can be used to enhance the maneuverability at high alpha; these
experiments were carried out at a Reynolds number of 6:3 � 103 and
�� 45 and 55 deg. The mean velocity profiles measured in the nose
region (downstream of the nose tip) were analyzed from the point of
view of the stability of the vortex system. They suggested that the
source of asymmetric flow up to �� 45 deg is convective
instability, and at �� 55 deg is a global instability mechanism. The
origin and the behavior of the asymmetric vortex flow were further
investigated experimentally by Degani and Tobak [19]. They used a
thin (0.5mm in diameter) wire as a protuberance near the nose tip of a
tangent ogive cone cylinder to generate a controlled flow asymmetry.
Their results showed the presence of convective instability over the
entire alpha range tested (up to 60deg) in contrast to the idea of global
instability at angles of attack beyond 50 deg, reported earlier [18].

There have been other studies [20–23] devoted to generating
asymmetry of the forebody vortex system for obtaining yaw control
at high alpha. Roos and Magness [22] used a blunted nose
(bluntness ratio� 20%) and a pair of small jets at �135 deg from
the stagnation line on an ogive cylindermodel to control the forebody
vortex asymmetry. Their results show that the side force coefficient
scaled with the mass flow coefficient over a Reynolds number range
of 0:7 � 105 to 2:2 � 105. In another study, Roos [23] made a
comparison ofmicroblowing with conventional nozzle blowing, and
found that microblowing is more effective at very high angles of
attack (55< � < 70 deg), whereas conventional surface nozzle
blowing was effective at moderate angles of attack, that is,
30< � < 55 deg. An excellent review on the subject has been
written by Malcolm [24].

In this paper, we have investigated in some detail the effectiveness
of axial nose blowing against the oncoming flow as an active control
method to alleviate/reduce side forces on slender cones at high angles
of attack. Such a technique has not been explored for side force
control in literature. The experiments were carried out on two cone
models with semi-apex angles of 8 and 12 deg over a wide range of
ReD (0:4 � 106 to 5:4 � 106). Force/moment measurements have
beenmade using a strain gauge balance, and the effectiveness of nose
blowing for side force control has been demonstrated. The results are
discussed both from the point of view of vortex asymmetry onset and
side force characteristics. Broad similarities in the results of axial
nose blowing with those due to nose blunting having been noted.

II. Experiments

A. Test Facilities

A major part of the experiments involving balance and surface
pressure measurements at the lowest freestream velocity (40 m=s)

were carried out in the National Aerospace Laboratories (India)
(NAL) 1:5 � 1:5 m low turbulence low speed wind tunnel, in which
the freestream velocity can be regulated within 1% and the
freestream turbulence level is very low (<0:12%). Limited
experiments were carried out in the NAL 1:2 � 1:2 m trisonic wind
tunnel (with solid walls) to take advantage of a wide range of
Reynolds numbers possible in the facility by varying both freestream
Mach number and tunnel stagnation pressure. In both facilities, the
incidence range of 0–45 deg was carried out by employing a high
alpha attachment integrated to the main pitch system.

B. Test Models

Experiments were made on two cone models with semi-apex
angles of the 8 and 12 deg, which had provision for introducing an
axisymmetric jet flow at the nose tip; for these experiments, the
baseline cone model (namely without blowing) was mildly blunted
(2rN=D� 2%) to ensure coaxial jetflow,whichwas considered very
important (otherwise the jetflow can lead to asymmetric effects). The
geometrical details of the conemodels used on these tests are given in
Fig. 1. Each cone model was made in two sections: the front nose
portion with 2% bluntness and the rear (cone-frustum) portion,
which was the same for a given cone model. The jet diameter dJ on
each cone model was varied by choosing two separate nose sections
with 0.5- and 1.0-mm-diam holes drilled coaxially with great care.
These nose sections were also used as 2% blunted cone models (as a
baseline for comparison with jet blowing later) by closing the holes
with wax using great care. This procedure enabled maintaining the
same roll sensitivity for the blunted cone and with nose blowing as
there was provision to roll the front nose portion at 45 deg interval for
assessing the roll sensitivity.

Surface pressure measurements were made only on the 12 deg
cone models as shown in Fig. 2. A cone frustrum section with
pressure ports was fabricated, and the two nose sections with dJ �
0:5 and 1.0 mm (used with force/moment model) were fitted on to it.
This facilitated maintaining the same roll sensitivity for both
aerodynamic load as well as pressure measurements. The model had
two rows of static pressure taps (30 nos. each at S1 and S2 stations) as
shown in Fig. 2.

C. Instrumentation and Measurements

1) Force and moment measurements were made on both the 8
and 12 deg cone models with and without nose blowing. These
were made using two separate internal strain gauge balances of
appropriate range for tests in the 1.2 and 1.5 m wind tunnels so
that data accuracy is maintained. The load ranges for 38.1 mm
(1.5 in.), six-component strain gauge balance used in 1.2 m wind
tunnel were normal force� 545 kg, side force� 273 kg,
axial force� 27 kg, pitching moment� 42 kg �m, yawing
moment� 17 kg �m, and rolling moment� 4:62 kg �m. The
load ranges for the five-component balance used in 1.5 m low
speed tunnel were normal force� 8 kg, side force� 4 kg,
pitching moment� 0:9 kg �m, yawing moment� 0:45 kg �m,
and rolling moment� 0:05 kg �m. The measurement accuracy of
strain gauge balances used in the 1.2 m trisonic wind tunnel and
1.5 m low speed wind tunnel are �0:1% and �1:0% of full
capacity, respectively. Balance measurements were made with
nose blowing at a fixed value of UJ covering an incidence range of
0–45 deg in pitch and pause mode, and this procedure was
repeated at other values of jet velocity UJ. Measurements for the
no-blowing case (UJ � 0) were carried out by carefully plugging
the nose holes with wax.

2) The static pressure distributions on the 12 cone model (Fig. 2)
were measured both with and without nose blowing at a freestream
velocity of 40 m=s. All the static pressure ports were connected to
two units of 32-port electronically scanned pressure (ESP) scanners
having a range of �254 mm of water. The ESP scanners were
accurately calibrated before use.

3) The volumetricflow rateVJ of the jetflowwasmeasured using a
rotameter in the circuit. A schematic of the instrumentation used to
calculate the jet velocity is shown in Fig. 3. As the mass flow
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involved in present studies was very small, the rotameters used for
these tests were of low range (20–200 and 30–300 l=h). With cone
model present in the circuit (with different nose sections), the
variation of volumetricflow rateVJ (rotameter reading) as dependent
on the settling chamber jet total pressure PJ (read by the pressure
gauge) was first established (see [25]). The jet velocity was
calculated from the volumetric flow rate measured by the rotameter;
this exercisewas carried out over the range of jet velocity required for
the present series of experiments. The jet velocity so calculated was

checked against velocity measured using a constant temperature
hotwire system, and an excellent agreement was found within�1%
(see [25]). More details on the instrumentation used to measure jet
velocity and their calibration are given in [25]. Provisionwasmade to
switch on and off the jet flow as needed.

4) Limited surface flow visualization studies using titanium
dioxide in oleic acid and vacuum oil were carried out on the 12 deg
conemodelwithdJ � 1:0 mm; thesewere done only at selectedflow
conditions.

The balancemeasurements in the 1.5m tunnelwere carried out in a
pitch and pause mode in steps of 2 deg at a sampling rate of
50 samples=s for a time period of 10 s. In the 1.2 m tunnel, data was
obtained at continuous pitch mode at a slow rate of 2 deg =s with a
sampling frequency of 275 Hz; it was ascertained that side force
generated in the continuous pitch and pitch/pause mode were
virtually the same. The balance and transducer output signals were
acquired on a PC-based data acquisition systemand processed offline
on a computer.

D. Test Conditions

Most detailedmeasurements on both the conemodels were carried
out in the 1.5 m low speed wind tunnel at a freestream velocity of
40 m=s and the corresponding Reynolds number based on base
diameter ReD was 0:4 � 106. Tests in the 1.2 m tunnel were carried
out at two higher Reynolds numbers (ReD) of 0:9 � 106 and
5:4 � 106. These were obtained by operating the tunnel at Mach
numbers 0.17 and 0.40 and at the tunnel stagnation pressure of
138 kN=m2 (20 psi) and 414 kN=m2 (60 psi). These experiments
were conducted to establish the effectiveness of nose blowing for
side force control at relatively higher Reynolds numbers of relevance
in design applications. The test conditions and associated
measurements are summarized in a Table 1.

E. Measurement Uncertainties

The accuracy of the measured force and moment coefficients
depends on the individual accuracy of various measuring
instruments used and the flow parameters. The strain gauge balances
and pressure transducers were accurately calibrated before use in the
present experimental program. As mentioned earlier in Sec. III, the
measurement accuracy of strain gauge balances used in the 1.2 m
trisonic wind tunnel and 1.5m low speedwind tunnel are�0:1% andFig. 2 Geometrical details of 12 deg cone pressure model.

Fig. 1 Geometrical details of blunted (2rN=D� 2%) cone models with jet flow.
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�1:0% of full capacity, respectively. It may be noted that the balance
used for measurements in the 1.5 m low speed tunnel was of much
lower capacity than the one used in the 1.2 m wind tunnel.
Considering the levels of maximum side force measured in the two
tunnels, the inaccuracies in side force measurement in both the
tunnels were nearly the same. The uncertainty obtained by static
calibration of pressure transducers is �0:5% of full scale. The
uncertainty in themeasurement of jet velocity includes measurement
accuracy of rotameters, pressure regulating valve, and pressure
measurement gauge. The pressure was regulated well within
�1:7 kN=m2 (0.25 psi). The rotameters used for these tests were
carefully calibrated (see [25]); taking into account the repeatability,
the uncertainty in the measurement of jet velocity is estimated to be
less than 1 m=s. Based on the method suggested by Kline and
McClintock [26] and taking account of repeatability tests, estimates
of maximum measurement uncertainty were: normal force
coefficient, �CN � �0:02CN (20 to 1), side force coefficient,
�CS � �0:02CS (20 to 1), and static pressure coefficient, �Cp �
�0:015Cp (20 to 1).

Because we were dealing with a new concept involving nose
blowing for side force control, limited tests were made to examine
any hysterisis effects on the results. Tests weremade on the two cone
models: 1) with nose blowing turned on at any desired value and the
model pitched to various angles of attack, and 2) with the model
pitched to a relatively high �, generating a side force, and then the jet
flow was turned on at a desired UJ. It was found from these
experiments that the effectiveness of side force control was
practically the same (within the accuracy of side force
measurements) for both the cone models indicating absence of any
hysterisis. For more details, see [25].

III. Results and Discussions

A. General

The focus of the present study being on side force generated and its
control using axial nose blowing, results of side force characteristics
from all the tests made on both the cone models are presented here.
This will be followed by results of surface pressure distributions and
surface flow visualization studies for selected models and test

conditions. For completeness, limited results on normal force
characteristics are included as well. As indicated earlier, detailed
balance and pressure measurements were carried out at a
ReD � 0:4 � 106, and the jet velocity ratio was systematically
varied over a range of 0 to 2.0. Certain major observations will be
discussed based on these results. Results from the high Reynolds
number tests will be presented essentially to demonstrate the
effectiveness of blowing relevant to practical applications.

The side force and normal force are nondimensionalized by the
freestream dynamic pressure q1 and reference base area Ab. Jet
velocity UJ is nondimensionalized by the freestream velocity U1.
Vortex asymmetry onset �o was identified as the angle of attack for
which the side force coefficient CS generated had a small value of
0.02; this value was chosen because the balance system used could
resolve side force coefficient to this accuracy reliably.

B. Roll Sensitivity Tests

In the context of studies on vortex asymmetry on slender bodies at
high angles of attack, it is useful and appropriate to recall the
importance of “roll search” and determination of “stable roll
position” for each configuration (Hunt [1]). Stable roll is generally
defined as the roll position corresponding to which the side force is
maximum and insensitive to small changes in roll angle. In literature,
typically no more than four to eight roll positions are tested for roll
sensitivity due to practical difficulties. In the present study, roll
sensitivity testsweremade on the 2%blunted conemodelswith holes
in the nose section smoothly plugged with wax; as a result, the roll
sensitivity was maintained on a given cone with and without jet
blowing. Stable roll was determined for all the four cone model
configurations (two nose sections on each cone model) at eight roll
positions (45 deg apart) covering 360 deg at ReD � 0:4 � 106

corresponding to maximum side force levels generated. Stable roll
position can be determined by either rotating the nose section or the
entire body, because the phenomenon of vortex asymmetry is
essentially nose triggered [1,6]. Here we have rotated the nose
section because it was very convenient because the model was made
in two sections (Fig. 1). With reference to Fig. 1, roll position is
defined as the roll angle  measured with respect to the leeside (top)

Table 1 Test conditions

Model configuration Type of measurement Test conditions

Cone angle, �c Jet diameter, dJ Freestream velocity, U1
Mach number, M

Reynolds number, ReD

8, 12 deg 0.5 Force and moment 40 m=s 0:4 � 106

8, 12 deg 1.0 Force and moment 40 m=s 0:4 � 106

8, 12 deg 1.0 Force and moment 0.17a 0:9 � 106

8, 12 deg 1.0 Force and moment 0.40a 5:4 � 106

12 deg 0.5, 1.0 Pressure measurements 40 m=s 0:4 � 106

12 deg 1.0 Surface flow visualization 40 m=s 0:4 � 106

aTests made in the 1.2 m tunnel.

Fig. 3 Schematic of the instrumentation used to measure volumetric flow rate.
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generator in the pitch plane. Side force variations on the 8 deg cone
model with dJ � 0:5 and 1.0 mm at eight roll positions are shown in
Fig. 4. Based on these results, � 180 deg and � 135 degwere
chosen as stable roll positions for 8 deg cones with dJ � 0:5 and
1.0 mm, respectively: these roll positions correspond to maximum
side force levels generated. Alternatively,  � 225 deg and  �
180 deg could have been chosen as well, as the maximum side force
levels generated for these roll positionswere nearly the same as those
for the roll positions already chosen previously. Similarly, stable roll
positions for 12 deg cone models were also determined (not shown

here), and all the side force characteristics on different models were
obtained at the stable roll position chosen previously.

C. Broad Features of Vortex Asymmetry Onset and Side Force

Characteristics with Nose Blowing

Wepresent here typical results of vortex asymmetry onset and side
force characteristics on both the cone models obtained at a Reynolds
number of 4 � 106; the results on the 12 deg cone are presented in
Figs. 5 and 6 and those on the 8 deg cone in Figs. 7 and 8. It may be
noted that each figure contains side force data at different values of
the velocity ratio,UJ=U1; the values of vortex asymmetry onset (�o)
inferred as dependent on UJ=U1 are also included in each figure.
The �o values could be generally inferred to an accuracy of�1 deg
from the side force data. Results of �o and side force corresponding
to no blowing condition (UJ=U1 � 0), namely, on the 2% blunted
cone model, are also included in all the figures for comparison. It is
interesting to observe from Figs. 5–8 that axial nose blowing is
generally effective in the reduction of side forces depending on the
magnitude of the jet velocity ratio; on the 12 deg cone, side force
reduction is as high as 70–80%atUJ=U1 � 1:0. Associatedwith the
side force reduction, there is delay in the vortex asymmetry onset �o,
which is to be expected.Detailed observations on the effectiveness of
blowing are summarized below.

In the absence of blowing (UJ=U1 � 0), the �o values are
slightly higher than 2�C (�o � 2�C, a well-known feature of
pointed forebodies [1,15]), which is to be expected because of mild
nose blunting of 2%. The following general trend of vortex
asymmetry onset with the jet velocity ratio is seen on both the cone
models; �o increases initially with UJ=U1, followed by a small
decrease and then a gradual increase for large values of UJ=U1.
For example, on the 12 deg cone with dJ � 1:0 mm (Fig. 6), �o
increases from 26 deg (no jet flow) to about 38 deg at
UJ=U1 � 0:99, followed by a decrease to 36 deg at UJ=U1 �
1:12 and 1.23 and then small increase to 38 deg for higher velocity
ratios. An extremely similar trend is observed for the cone with
dJ � 0:5 mm as well (Fig. 5) and we shall discuss other aspects of
vortex asymmetry onset later.

Associated with the observed trend of �o with UJ=U1 discussed
previously, there is a corresponding trend in the absolute value of
maximum side force generated as well, which may be inferred from
the results (Figs. 5 and 6); an increase in �o is associated with a
decrease in side force level and vice versa. For example, on the
12 deg cone with dJ � 1:0 mm (Fig. 6), maximum side force
magnitude decreases from 0.68 at UJ=U1 � 0 to a relatively low
level about 0.12 at a velocity ratio of 0.99, then a small increase for
UJ=U1 � 1:11 and eventual decrease for higher velocity ratios. This
trend of maximum side force variation with velocity ratio is to be

Fig. 4 Variation of side force with roll position for 8 deg cone models.

Fig. 5 Side force characteristics on 12 deg cone with nose blowing.
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Fig. 8 Side force characteristics on 8 deg cone with nose blowing.

Fig. 6 Side force characteristics on 12 deg cone with nose blowing.

Fig. 7 Side force characteristics on 8 deg cone with nose blowing.
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expected, because a delay in vortex asymmetry onset will (normally)
result in decrease in maximum side force levels generated. Such a
qualitative trend of side force characteristics with jet velocity ratio is
also observed on the 12 deg cone with dJ � 0:5 mm as well (Fig. 5).

The results on 8 deg cones with nose blowing (Figs. 7 and 8) are
qualitatively similar to those observed on 12 deg cones; for example,
on the 8 deg cone with dJ � 1:0 mm (Fig. 8), initially there is an
increase in �o from 18 deg (no jet flow) to 30 deg forUJ=U1 � 1:0,
then a small decrease to 28 deg forUJ=U1 � 1:24 and 1.42 followed
by an increase to 30 deg for higher velocity ratios. Similarly, the
absolute maximum side force magnitudes have a variation with
velocity ratio very similar to the 12 deg cone described previously.
The features of vortex asymmetry onset and side force characteristics
at higher Reynolds number will be discussed in a subsequent section.

It is interesting to observe that the previously described trends of
�o and maximum side force with jet velocity ratio are very similar to
those observed with nose bluntness ratio [15].We shall discuss these
results further in Sec. III.J.

D. Effect of Nose Blowing on Vortex Asymmetry Onset

The results of vortex asymmetry onset as dependent on jet velocity
ratio are further analyzed here. Results of �o scaled by appropriate
value of �C for each cone are shown plotted against velocity ratio
UJ=U1 in Fig. 9. We shall first discuss the results on both the cone
models at the lowest ReD of 0:4 � 106. The results clearly show a
collapse of data on each cone model, suggesting negligible influence
of jet diameter dJ (within the limited variation of dJ examined here).
Further, �o=�C shows a nonmonotonic variation with jet velocity
very similar to the results on nose blunting [15]. It is interesting to
observe that there is a reasonably good collapse of the vortex
asymmetry data up to a jet velocity ratio of about 0.7, beyond which
there are differences for the two cone models. The �o results
corresponding to higher Reynolds number data (at ReD of 0.9 and
5:4 � 106) are also shown in Fig. 9 and will be discussed later in
Sec. III.H.

The aforementioned correlation of vortex asymmetry onset with
the nose blowing shows dependence on two parameters, namely, the
semicone angle (�C) and the jet velocity ratio (UJ=U1) and
independent of Reynolds number (over a wide range of ReD
examined here). These observations suggest that inviscid flow
mechanisms may play a dominant role in triggering vortex
asymmetry even in the presence of nose blowing; similar
observations have been made earlier with nose blunting as well as
on the elliptic cones at high angles of attack (Rajan Kumar et al. [15]
and Viswanath [27]).

E. Effect of Nose Blowing on Maximum Side Force Characteristics

The results of side force characteristics obtained on the two cone
models at ReD � 0:4 � 106 have been further analyzed, and the
absolute values of maximum side force generated on each cone
model, as dependent on jet velocity ratio, are shown plotted in
Fig. 10. The maximum side force levels decrease initially up to
certain jet velocity ratio then a small increase followed by a gradual

decrease for large values of velocity ratio. The results show a
reasonably good collapse of the data at two values of dJ varied on
each cone model. The trends for the two cone models are very
similar, and the results show that the percentage decrease in side
force levels due to blowing is nearly the same (about 80%) in both
cases, which is a very significant indication of blowing effectiveness.
Also, insensitivity of side force to jet diameter suggest that it is
adequate to blow through a narrow hole to achieve the desired
effectiveness and therefore lowermass andmomentum requirements
in applications.

F. Surface Pressure Distributions

Wehave noted the variation ofmaximum side force characteristics
with jet velocity ratio for the two cone models (Fig. 10). Further
support to the effectiveness of nose blowing may be seen by
examining the measured surface pressure distributions on the 12 deg
cone with dJ � 0:5 and 1.0 mm at ReD � 4 � 105. The results on
12 deg cone model with dJ � 1:0 mm at two longitudinal locations
S1 and S2 (Fig. 2) at UJ=U1 � 0:0, 0.59, 0.99, 1.23, and 2.05 are
presented in Figs. 11a–11e. The pressure distributions on the two
sides (side A and side B, Fig. 2) with respect to the windward plane
are plotted. It may be observed that nose blowing progressively
symmetrizes the pressure distributions from the nose leading to
reduction in side force levels generated; this may be seen by
comparing pressure distributions at UJ=U1 � 0:0 and UJ=U1 �
0:59 (Figs. 11a and 11b). With increase in jet velocity
(UJ=U1 � 0:99) the CP distributions at both S1 and S2 become
nearly symmetric (Fig. 11c) leading to very low side force levels
(about 0.12) as observed in balance measurements (Fig. 10). At
UJ=U1 � 1:23, a small degree of asymmetry at S2 location is
evident (Fig. 11d), which, in fact, results in aweak second rise in side
force (Fig. 10). At higher values of jet velocity (UJ=U1 � 2:05), the
pressure distributions again become nearly symmetric at both S1 and
S2 locations (Fig. 11e) leading to low levels of side force comparable
to first minimum. The results of pressure distributions are broadly
consistent with balance measurements presented earlier. Similar
features of pressure distribution were reported [15] on side force
control with nose blunting. The results of surface pressure
distributions on 12 deg cone model with dJ � 0:5 mm showed
features qualitatively very similar to those observed with dJ �
1:0 mm and are not included here (see [25]).

G. Surface Flow Features

We have already noted the variation of the absolute value of
maximum side force with jet velocity ratio (Fig. 10). To gain a broad
understanding of the vortex flow features, surface flow visualization
studies using titanium dioxide in oil were carried out on 12 deg cone
model with dJ � 1:0 mm at �� 40 deg at different values of UJ
and at ReD � 0:4 � 106. The surface flow patterns corresponding to

Fig. 9 Comparison of �o characteristics for the two cone models with

nose blowing.

Fig. 10 Comparison of maximum side force characteristics for the two

cone models with nose blowing.
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UJ=U1 � 0:0 and 0.99 are presented in Fig. 12; also included are the
crossflow topology interpreted from the surface flow features. In the
absence of blowing, some degree of asymmetry in the primary and
the secondary separation lines (SS1 and SS2, respectively) and
primary reattachment (PR) may be noted (Fig. 12a); nearly
symmetric features of the primary and the secondary separation are
seen with blowing (UJ=U1 � 1:0, Fig. 12b), which resulted in
lowest side force levels. Essentially, surface flow features show good
visual consistency with side force levels generated.

H. Effect of Nose Blowing on Vortex Asymmetry Onset and Side

Force Characteristics at High Reynolds Numbers

To characterize the effectiveness of the axial nose blowing, a large
part of the measurements were made at ReD � 0:4 � 106, and the
results of vortex asymmetry onset and side force characteristics have

been discussed in detail in the previous sections. Limited force
measurements on 12 deg cone model with dJ � 1:0 mm at ReD �
0:9 and 5:4 � 106 were made to demonstrate the effectiveness of this
novel technique at higher Reynolds numbers of relevance to practical
applications. The results of vortex asymmetry onset at the higher
Reynolds numbers are included in Fig. 9, along with the data at
ReD � 0:4 � 106. It is very interesting to observe that the high
Reynolds number data show good agreement with the onset results at
ReD � 0:4 � 106.

The effect of Reynolds number on side force characteristics is
shown in Fig. 13. The absolute value of maximum side force levels
generated (CSmax) at various values of UJ=U1 are normalized with
maximum side force levels measured at UJ=U1 � 0 (CSo). The
variations of CSmax=CSo with UJ=U1 at high Reynolds numbers
(ReD � 0:9 � 106 and 5:4 � 106) are qualitatively similar to the data

Fig. 11 Circumferential pressure distributions with nose blowing. a) UJ=U1 � 0:0; b) UJ=U1 � 0:59; c) UJ=U1 � 0:99; d) UJ=U1 � 1:23;
e) UJ=U1 � 2:05.
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obtained at 0:4 � 106; the normalized side force initially decreases
sharplywithUJ=U1, reaches aminimumaroundUJ=U1 � 1:0, and
shows a weak increase thereafter. The maximum reduction in side
force levels is about 80% at ReD � 0:4 � 106, 65% at
ReD � 0:9 � 106, and 55% at ReD � 5:4 � 106. These results are
considered very significant as they demonstrate the effectiveness of
axial nose blowing over a wide range of Reynolds numbers of
interest in engineering designs.

I. Blowing Mass and Momentum Requirements for Side Force

Control

We have seen in the earlier discussion that the jet velocity ratio
UJ=U1 is a very useful parameter characterizing jet effectiveness.
From the application point of view, it is important to estimate the jet
mass and momentum requirements for side force control. To do this,
we use a normalizedmass andmomentum parameter of jet as defined
below:

jet mass ratio ; Cm �
mj

m1
�

�jUjAj
�1U1Ab

jet momentum ratio ; C� �
mJUj
m1U1

The variation of maximum side force characteristics with the
estimated values of Cm and C� for the 8 and 12 deg cone models
(with dJ � 1:0 mm) at various Reynolds numbers tested are shown
in Figs. 14 and 15, respectively. The general trend of side force
characteristics with Cm and C� are very similar to those observed
with jet velocity ratio UJ=U1, which is to be expected. As may be
evident, the mass and momentum required corresponding to the first

minimum in side force are indeed very small and nearly independent
of Reynolds number over the range of Reynolds numbers tested.

J. Possible Flow Mechanisms Associated with Nose Blowing for Side

Force Control

In the preceding sections,we have presented results demonstrating
the effectiveness of axial nose blowing for control of side forces on
two cone models. Many similarities between axial nose blowing and
nose blunting [15] have been observed, in particular, with regard to
the reduction of maximum side forces and associated changes in �o
characteristics. The most spectacular feature is the observed trend of
maximum side force variation with jet velocity ratioUJ=U1, includ-
ing the smaller second peak in side force characteristics (Fig. 10),
which bears strong similarity with nose bluntness effects (Fig. 16,
reproduced from [15]). Also, the data generated here at low speeds
indicate that jet velocity ratio is the appropriate parameter governing
effectiveness of nose blowing (Figs. 9 and 10). These observations
strongly suggest that flowmechanisms associated with nose blowing
may have certain broad similarities with those of nose blunting. An
explanation based on inviscid flow considerations is attempted here.

Wemay, therefore, expect that, on the vertical plane of symmetry,
an important feature is the interaction of the jet velocityUJ, with the
component of the freestream velocity along the jet flow axis
U1 cos � (Fig. 17); such an interaction would result in a stagnation
point (S) ahead of the nose apex as depicted schematically in Fig. 17.
Depending on the value of UJ=U1, the location of the stagnation
point would vary; for example, if UJ=U1 is large, the stagnation
point would move away from the nose apex and vice versa. Also, the
physical scale of the oncoming flow influenced or perturbed by the
formation of a stagnation point may be expected to increase with

Fig. 12 Surface flow visualization photographs and crossflow stream-

lines on 12 deg conemodel with nose blowing, dJ � 1:0 mm,�� 40 deg
(N, node; S, saddle; S0, half saddle), ReD � 0:4 � 106.

Fig. 13 Effect of Reynolds number on maximum side force

characteristics.

Fig. 14 Variation of maximum side force characteristics with jet mass

flow ratio.
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UJ=U1 and vice versa. In essence, nose blowing may be affecting
the freestream flow by the formation of what we may call “fluid
dynamic blunting,”whose effects will primarily depend onUJ=U1;
in other words, the undisturbed freestream flow will respond to the
fluid dynamic blunting effects and perhaps not see the presence of the
sharp cone. Calculations of the upstream flowfield with blowing
using inviscid momentum equations may throw more light onto the
broad explanation suggested here.

K. Normal Force Characteristics

As indicated earlier, the focus in these tests being on vortex
asymmetry onset and side force characteristics with nose blowing,
which has been presented in great detail, we showhere limited results
on normal force characteristics for certain cases for completeness.
Typical results on the 8 and 12 deg conemodelswithdJ � 1:0 mm at
a few selected values of jet velocity are presented in Figs. 18 and 19,
respectively. The slope of the normal force curve given by the slender
body theory (�2:0, valid for large slenderness ratios) is also shown in
Figs. 18 and 19 for a broad comparison. It is interesting to observe
that the normal force characteristics (for both the cones with and
without nose blowing) in the linear range (� � 10 deg) show broad
consistencywith the slender body results; further, nonlinear effects at
higher � (	 20 deg) arising from the vortex flows may be observed.
A reduction in the values of CNmax of about 4 and 12% for the 8 and
12 deg cone models, respectively, is observed with nose blowing
(UJ=U1 � 2:05) at �� 45 deg; this reduction is possibly
associated with the altered flowfield and significantly lower level
of side force generated due to nose blowing.

IV. Conclusions

The effect of axial nose blowing against oncoming flow for side
force control on two slender cone models has been investigated at
low speeds; this is possibly the first time such an active control
methodology involving nose blowing has been explored. The tests
weremade on the 8 and 12 deg conemodels with (circular) jet flow at
several jet velocity ratios; while a large body of the data on nose
blowing effectiveness was generated at a ReD � 0:4 � 106, limited
high Reynolds number (0:9 � 106 and 5:4 � 106) experiments were
carried out as well to assess its effectiveness relevant to real practical
applications.

Nose blowing was found to be very effective in lowering the max
side forces generated over a wide range of Reynolds numbers; the
(maximum) side force reductions observed were in the range of 55–
80%, depending on the test Reynolds number. The jet velocity ratio
was found to be the relevant parameter for characterizing the jet
effectiveness for side force control.

The absolute value of maximum side force levels decreased
gradually up to a certain jet velocity ratio (around 1.0), then a small
increase followed by a gradual decrease for large values of velocity
ratio; this decrease or increase in side force levels with nose blowing
was associated with a corresponding increase or decrease,
respectively, in the onset of vortex asymmetry. The results showed
a negligible influence of jet diameter on the vortex asymmetry onset
and maximum side force characteristics (within the limited variation
of jet diameter varied in these tests).

The correlation of angle of attack for vortex asymmetry onset with
nose blowing was found to be virtually independent of Reynolds

Fig. 15 Variation of maximum side force characteristics with jet

momentum ratio.

Fig. 16 Variation ofmaximumside force characteristicswith bluntness

ratio (taken from [15]).

Fig. 17 A schematic of possible flow mechanisms associated with nose blowing.
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number and depended essentially on the geometrical model
parameter �C and the jet velocity ratio; these observations support the
view that the inviscid flow mechanisms may play a dominant role in
triggering vortex asymmetry on slender cones in the presence of nose
blowing as well, similar to those observed on experiments with nose
blunting. The many similarities in the results of vortex asymmetry
onset and maximum side force characteristics generated between
nose blowing and nose blunting [15] suggest that nose blowing may
result in some kind of fluid dynamic blunting ahead of the nose apex
essentially by the interaction of the freestream flow with the injected
jet from the nose.
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