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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESFARCH MEMORANDUM

AN INVESTIGATION AT MACH NUMBERS 1.94 AND 2.41 OF JET
EFFECTS UPON THE LONGITUDINAL AND DIRECTIONAL
STABILITY OF A GENERAL ATIRCRAFT CONFIGURATION

EMPLOYING WING-TIP-MOUNTED NACELLES
By Frank L. Clark and Clyde L. W. Edwards

SUMMARY

An Investigation has been conducted in the Langley 9-inch super-
sonic tunnel to determine the effects that jet interference has upon
the longitudinal and directional stability of a general aircraft con-
figuration employing wing-tip-mounted nacelles. Tests were conducted
using a cold Jjet in which the free-stream Mach number, Jet static-
pressure ratio, tall configurations, angle of attack, and angle of side-
slip were varied. The Jet-interference studies were conducted at free-
stream Mach numbers of 1.94 and 2.41, and boundary-layer transition was
artificially induced.

The results indicated that an increase in the jet static-pressure
ratio and the vertical displacement of the horizontal tail produced no
significant changes in the directional stability. Jet interference
increased the values of normal force at both angles of attack and angles
of sideslip and produced nonlinearities in the pitching-moment curves
for all complete tall configurations. 1In general, the effects of jet
interference became more pronounced as the height of the horizontal
tail was increased.

An increase 1n the free-stream Mach number decreased the directional
stability of the model. This reduction was caused by the decrease in the
vertical-tail effectiveness rather than by Jjet interference. Increasing
Mach number caused the jet-interference effects upon the values of normal
force and pitching moment to be reduced in intensity for the same Jet
static-pressure ratios.

When the Jets were operated at unequal jet static-pressure ratios,
Jet interference had 1little effect upon the normal force and pitching
moment at the test values of angle of sideslip but 1t produced signifi-
cant changes in these quantities at an angle of attack of 4°. The.
values of side force and yawing moment were affected by the Jjet inter-
ference both at angles of attack and at angles of sideslip.
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INTRODUCTION

In the past decade increased attention has been accorded to the
study of flow characteristics associated with subsonic and supersonic
jets exhausting both hot and cold gases into still, subsonic, and super-
sonic airstreams. (See refs. 1 to 3.) It has been shown in reference 1
that at supersonic speeds a jJet exhausting cold gases can be used to
simulate hot-jet conditions.

Investigations have been conducted at supersonic speeds to determine
the jet-interference effects upon the aerodynamic characteristics of
isolated geometric surfaces when the surfaces were introduced into the
interference flow field. (See refs. 4 to 8.) Numerous studies have
been conducted to determine the effects that jet interference has upon
the boattail and base pressures of various afterbody configurations.
(See refs. 9 to 12.) 1In general, there have been very few Jet-
interference studies conducted in which a complete airplane configura-
tion was involved. (See ref. 13.) In view of this lack of experimental
information, the present investigation was initiated to determine the
jet-interference effects upon the static longitudinal and directional
stability of a general aircraft configuration.

Two models featuring wing-tip-mounted nacelles were employed in
the investigation. The jet-interference studles were conducted for a
cold-jet condition at free-stream Mach numbers of 1.94 and 2.41 and
covered a range of Jet static-pressure ratios from the Jet-off condition
to 15 at a Mach number of 1.94 and from the jet-off condition to 25 at
a Mach number of 2.41. In addition to varying the jet static-pressure
ratio and the free-stream Mach number, the models were also tested over
an angle-of-attack range from -2° to 8° and over an angle-of-sideslip
range from -8° to 20 for each of the following tail configurations:
(a) no horizontal or vertical tail, (b) with vertical tail only,
(¢) with no vertical tail but with horizontal taill located on the body
center line, and (d) with both horizontal and vertical tall and with
the horizontal tail positioned in three different vertical locations.

SYMBOLS

b wing span (nacelles not included)

) wing mean aserodynamic chord

"o

Pitching moment

Cn- pitching-moment coefficient, S
qQSé
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Cx

normsl-force coefficient, Normal force

aS
yawing-moment coefficient, Yawingbmoment
q
Side force

side-force coefficlent, S
q

free-stream Mach number
statlic pressure

free-stream dynamic pressure
total wing area

angle of attack

angle of sideslip

Cmm=:—§“¥
ac

Cy,, = §Z§

an=§§_@
_ %

Ts 3

M

p

q

S

o

B

Subscripts:

3

]

The Langley 9-inch supersonic tunnel is a closed-circuit, direct-
drive tunnel in which the pressure, temperature, and humidity of the
enclosed air may be controlled. Throughout the tests the quantity of

Jet exit

free stream

APPARATUS AND TESTS

Wind Tunnel
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water vapor 1n the tunnel was kept at a minimum so that condensation
would have no appreciable effect on the flow in the supersonic nozzle.
The test Mach number was varied by means of interchangeable nozzle
blocks forming a test section approximately 9 inches square. A
schlieren optical system provided qualitative visual flow observations.

Models

The present investigation employed two models identical in geo-
metric features. Each model featured wing-tip-mounted nacelles. The
nacelles on one model were inoperative and the nacelles on the other
contained a jet with a jet-exit Mach number of 1.96. Henceforth, the
model having the inoperative nacelles will be referred to as the no-jet
model and the model having the operative nacelles will be referred to
as the Jet model.

A drawing of the model illustrating the construction details and
glving pertinent design dimensions is presented in figure 1. The sting
consisted of seven 0.1875-inch-diameter copper tubes and two 0.04LO-inch-
diameter monel tubes, soft-soldered together to form one unit approxi-
mately 0.5625 inch in diameter. This sting extended into the body to
approximately 0.5¢ of the wing. At this point the tubes were separated
into two sets and led to each nacelle. The three copper tubes located
in each wing served as supply lines through which high-pressure dry air
was conducted to each jet while the seventh copper tube served as a
conduit for strain-gage wires. The 0.040-inch-diameter monel tubes
served as pressure taps to indicate the stagnation pressure in each
nacelle. A O.l-inch gap was maintained between the sting and the inside
diameter of the body and approximately 0.020-inch gap was maintained
between the wing and body of the model.

Except for the air supply lines located in each wing, the jet model
was constructed entirely of mild steel. The sting and wing formed a
rigid support and the body and its various tall arrangements were
Joined to the wing through a four-component internally mounted strain-
gage balance. This was done in a manner that permitted the forces and
moments on only the body and tall assemblies to be measured in the
presence of the wing and nacelles.

The no-jet model was also constructed entirely of mild steel, and

. & two-component internally mounted strain-gage balance connected the

model to the sting. Since a two-component strain-gage balance was
employed for this model, it was necessary to roll the model about the
balance from one plane to the other before measurement of the forces
and moments in that plane could be made. The forces and moments were
measured on the entire model. .
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In order to facilitate the changing of model configurations, all
tall assemblies were constructed as individual units. Each unit was
soft-soldered in place and faired to form a smooth contoured surface.
A photograph showing the Jet model with the low horizontal tail in
place, the no-jet model with the high horizontal tail in place, and the
mid-horizontal-tail—vertical-tail configuration is presented in fig-
ure 2(a). A photograph of the Jet model 1llustrating the jet exit is
presented in figure 2(b).

Tests and Procedure

Jet-interference studies were conducted at & tunnel stagnation
pressure of approximately 1 atmosphere and therefore the Reynolds num-

bers based on wing chord were about 0.49 X lO6 and 0.39 X 106 for Mach
numbers 1.94 and 2.41, respectively. During the tests a turbulent
boundary layer was artificially induced by an approximately 0.006-inch-
thick roughness strip located on the model as shown in figure 1.

The models were tested over a gpaximum angle-of-attack range of -2°
to 8° for an angle of sideslip of O, and over a maximum angle-of-
sideslip range of -8° to 2° for an angle of attack of 0°. The angle of
attack or angle of sideslip of the model was determined optically by
reflecting a point source light from a 0.0625-inch-dismeter mirror,
which was flush-mounted in the model, onto a calibrated scale.

The Mach number distributions across the exit of each jet nacelle
were determined by a total-pressure survey in a manner similar to that
reported in reference 12, with the exception that the jet stagnation
pressure was measured instead of the static pressure at the 1lip of the
nacelle.

The high-pressure air supply for each jet emsnated from a common
source thereby insuring that equal pressure was maintailned in the
stagnation chamber of each jet at all times. The pressure within each
Jet stagnation chamber was recorded on precision high-pressure gages
and was varied by means of manually controlled valves located outside
the tunnel. This system was later modified for additionsl tests to
permit the stagnation pressure in each jet to be regulated independently
of the other.

Accuracies

The estimated accumulative errors in the aerodynamic characteristics
and test variables are presented in the following table:
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Accuracies for Mach number -
1.94 2.4

M ot e e e e e e e e e e e e e e e e e e +0.010 +0.015
Ay ABZ 4 o e e e e e e e e e e e e e e +0.1 0.1
By AEZ « ¢ « ¢ 4 e s e e e e e e e e e +0.1 0.1
T R +0.0058 +0.0078
Co o o o o o e e e e e e e e e e e e +0.0026 +0.0032
I +0.0060 +0.0077
cn +0.0013 +0.0017
+0.2 0.2
pj/pm 5 5

PRELIMINARY CONSIDERATIONS

Reference 3 presents & large number of calculated Jet boundaries
for supersonic jets exhausting into still air. The boundaries were
calculated using the method of characteristics for various jet Mach
numbers, specific heat ratios, nozzle divergence angles, and jet static-
pressure ratios. It is shown in this reference that increasing the
jet static-pressure ratio increases the initial inclination of the jet
boundary and the diameter of the jet boundary, and shifts the maximum
diameter of the jet boundary downstream. Even though these conditions
were computed for a jet exhausting into still air, the trends are
directly applicable to a supersonic jet exhausting into a supersonic
stream. The major difference is that a Jjet exhausting into a super-
sonic stream undergoes less expansion than does a jet exhausting into
sti11l air. (See ref. 1.) The fact that the same trends exist for
the two cases 1s readily apparent in figure 3 in which photographs of
the jet-interference flow fleld are presented for various Jet static-
pressure ratios at free-stream Mach numbers of 1.94% and 2.41. The
photographs show that an increase in the jet static-pressure ratio
increases the initial inclination of the Jet-exit shock. This factor
produces the three following major consequences: First, 1t increases
the pressure rise across the jet-exit shock which, in turn, greatly
increases the effect that the jet interference has upon nelghboring
surfaces. Second, it causes the jet-exit shock to advance farther
forward while, simultaneously, the shock within the jJet moves rearward.
This increases the possibility for the Jet-exit shock to impinge and
reflect from neighboring surfaces and reduces the possibility of the
shock within the jet affecting the neighboring surfaces. Third, it
increases the diameter of the jet boundary which, in turn, increases
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the flow angularity within the expansion reglon between the Jet-exit
shock and the mixing boundary. The significance of these effects is
governed primarily by the location of a surface in the interference

flow field.

Sketches illustrating the horizontal-tail, vertical-tall, and
body areas that were influenced by the jet-exit shock and shock from
within the jJet for the three complete tail configurations are pre-
sented in figure 4 for various Jet static-pressure ratios at free-stream
Mach numbers of 1.94% and 2.41. These diagrams were constructed from
schlieren photographs on the assumption that the shock waves were conical
in structure and emanated from a point source. The patterns are meant
only to serve as a visual aid in understanding the flow phenomena that
normally accompany an increase in the jet statlec-pressure ratio and
do not accurately represent the true condition.

It will be noted that as the Jet static-pressure ratio was increased
the jet-exit shock moved forward, thereby influencing a greater portion
of the body and tall assembly. At the same time the shock from within
the jet shifted rearward and eventually moved off the horizontal tail.

The smount of horizontal-tail area influenced by the jet-exit shock and
the jet shock was lessened as the height of the horizontal tall was
increased above the center line of the body.

A comparison of figure 4(a) with figure 4(b) shows that less over-
all area of the body and taill assembly is affected by the Jet-exit shock
and jet shock at a Mach number of 2.41 than at a Mach number of 1.9k.
This can be sttributed to the fact that the exhausting Jet had to undergo
less expansion than the jet at a Mach number of 1.94%. This characteris-
tic is qualitatively analogous to the previously mentioned effect of a
jet exhausting into a supersonic stream as contrasted to a Jet exhausting
into still air.

RESULTS

The basic data for the jet model are presented in figures 5 and 6.
The jet-interference effects upon the aerodynamic characteristics of
the same model are presented in incremental form in figures 7 and 8.
The incremental values were determined by subtracting the values
obtained for the jet-off condition from the corresponding values obtained
for the jet~on condition for a specific configuration and angular atti-
tude of the model.  The basic data for the no-jet model are presented
in figure 9, and the combined aerodynamic characteristics of the no-jet
model plus the jet-interference effects of the jJet model are presented
in figures 10 and 11. . The combined data of configurations L, 5, and 6
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simulate the actual characteristics of a complete airplane configura-
tion. The static longitudinal- and directionel-stabllity derivatives
resulting from these combined effects are presented in figure 12.

By referring to figures 1 and 2, it can be seen that the alrplane
configuration employed haes much too short a nose to simulate current
types of configurations. This condition evolved during the model
design from testing considerations, space limitatlons in the tunnel,
and attempting to maintain & realistic distance between the jet exits
and the taill surfaces. Because of the short nose on the model, the
moment results which have been referenced to the 0.5¢ of the wing pro-
vide an unrealistic static margin. Therefore, when the incremental jet-
interference data are added to the no-jet data, the smallness of the
Jet-interference effects is entirely misleading with regard to its rela-
tive importance on the moments of the complete airplane configuration.
Also, this unrealistic static margin may mask important nonlinearities
existing in the curves presented in figures 10 and 11. Figure 13 shows
the effect of transferring the center of gravity of the model upon the
pitching moment and the yawing moment of the no-jet model for configura-
tions 4, 5, and 6 at Mach numbers 1.9% and 2.41. The relative importance
of the Jet-interference effects is shown more realistically in figure 14
wherein the combined moment data (no-jet plus jet interference) are
presented for the model center of gravity located at the wing trailing
edge.

Presented in figure 15 are the aerodynamic characteristics for
configuration 4 of the jet model for the condition wherein the jet
nacelles were operated at different jet static-pressure ratios. The
pressure ratio of the right nacelle was held at a constant value while
the pressure ratio of the left nacelle was variled.

DISCUSSION

Effect of Varylng Jet Static-Pressure Ratio

Jet model.- With few exceptions, an increase in the Jjet static-
pressure ratio caused the jet interference to increase the value of
normal force at angles of attack and angles of sidesllip for configura-
tions 5 and 6. (See figs. 7 and 8.) These increases are associated
with an increase in the inclination of the Jjet-exit shock, an increase
in the pressure rise across the Jet-exit shock, and an Iincreased flow
angularity within the jet-interference flow fileld.

Pitching-moment curves exhlibited nonlinear trends for pd/p°° > 5
with angle of attack and angle of sideslip. (See figs. 7 and 8.) Jet
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interference produced a stabllizing pitching-moment increment which
incressed in magnitude as pJ/p°° increased.

It will be noted that for a given value of pJ/pw, the normal force

for all configuratlons changed very little with an increasse in angle of
attack at M_ = 1.9% (fig. 7) or with a decrease in angle of sideslip

at M, = 1.9% and 2.41 (figs. 7 and 8). Therefore, it is believed that

the nonlinear variations in the pitching-moment curves of configura-
tions 4, 5, and 6 for these conditions resulted principally from shifts
in the center of pressure of the jet-interference flow field. However,
at M, = 2.41 (fig. 8) it is shown that for configurations 5 and 6 at a

given value of pj/pw, an increase 1n angle of attack produced signifi-

cant variations in the value of normal force. TFor these configurations
at a specific value of pJ/p°° the nonlinear behavior of the pitching-

moment curves is attributed to a combination of shifts in center of
pressure of the jet-interference flow field plus a variation in the
value of normal force.

Combined effects.- The general effects of increasing pJ/p from
) <]

5 to 15 upon the values and trends of the pltching moment may be most
easily seen by comparing figures 13 and 14 for equivalent model con-

figurations, model center of gravity, and Mach number. At both Mach
numbers all configurations experienced reductions in the values of
pitching moment, with the reduction in value being greater for M = 1.94

than for M_ = 2.41.

Effect of Increasing the Vertical Displacement

of the Horizontal Tail

Jet-interference effects upon the values of normal force and
pitching moment at both o and B become more pronounced as the verti-
cal displacement of the horizontal tail was increased above the center
line of the body. (See figs. 7 and 8.) This fact seems contrary to
what would be expected in view of the diagrams presented in figure k.
These diagrams indicated that configuration 6 would have less tall area
influenced by the Jjet-interference flow field than would either con-
figuration 4 or 5. However, due to the relative location of the hori-
zontal tail of configuration 6 to the jet-exit shock and within the
interference flow field, it was influenced to a greater extent by flow
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angularity than was either configuration 4 or 5. 1In general, the farther
from the jet-exit shock the horizontal tail is positioned in the Jet-
interference flow field, the less it would be influenced by flow angu-
larity. This fact is illustrated by comparing configurations 5 and 6

in figure 7 or 8.

Jet interference had little effect upon the values of side force
or yawing moment as the height of the horizontal tail was increased.
(See figs. 7 and 8.) This result would be expected since all hori-
zontal tails were maintained at zero incidence and the model was main-
tained at an angle of attack of 0°.

Effect of Increasing Free-Stream Mach Number

An increase in My from 1.9% to 2.41 reduced the static directional
stability for all complete tail configurations. (See fig. 12.) This
reduction 1s associated with the well-known decrease in vertical-tail
effectiveness that normally accompanies a Mach number increase rather
than by Jet interference. An increase in free-stream Mach number caused
Jet interference to have less effect upon the values of pitching moment
at angles of attack as pj/poo was increased. (See fig. 1k4.)

Effects of Operating the Jets at Unequal
Jet Static-Pressure Ratios

The effects of operating the jets at unequal Jet static-pressure
ratios are shown for configuration 4 in figure 15. In assessing the
data of this figure it should be remembered that the body and tail
were connected to the strain-gage beams, which were in turn connected
to the rigid wing and nacelles. Therefore, the balances did not
measure the thrust of the jets and the results represent purely the
jet-interference effects. Figure 15 shows that Jet interference had
little effect upon the normal force and pitching moment at the test
values of angle of sideslip but that it produced significant changes
in these gquantities at an angle of attack of 4° at M, = 1.94. The
values of side force and yawing moment were affected by the jet
interference of the unequally operated jets both at angles of sideslip
of 0° and 4° and angles of attack of 0° and 4°. The yawing moment
produced by the jet interference from the differentially operated jets
opposed in direction the moment that would be produced by the direct
action of the jet thrust and, based on the calculated values of the
jet thrust, with a difference in pressure ratio of 15, amounted to
about 11.5 percent of the yawing moment which would be produced by
the jet thrust at a Mach number of 1.94. At a Mach number of 2.41 and
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a difference 1in jet static-pressure ratios between the Jets of 15, the
jet-interference yawing moment would be opposite to and about 7.8 per-
cent of the yawing moment which would be produced by the jet thrust
force.

CONCLUSIONS

An investigation to determine the Jet-interference effects upon
the longitudinal and directional stability of a general aircraft con-
figuration employing wing-tip-mounted nacelles resulted in the
following conclusions:

1. Jet interference had no significant effect upon the directional
stability at an angle of attack of 0% as the Jet static—pressure ratio
and vertical displacement of the horizontal tail were increased.

2. Addition of the jets to the free-stream flow fleld genefally
increased the values of normal force both at angles of attack and angles
of sideslip and produced nonlinearities in the pitching-moment curves
for all complete tail configurations. The extent of the jet-lnterference
effects depended primarily upon the relative location of the horizontal
tail in the Jet-interference flow field and on the jet static-pressure
ratio.

3. An increase in free-stream Mach number reduced the directional
stability of the model; this decrease was associated with the well-known
decrease in vertical-tail effectiveness that normally accompanies a Mach
number increase rather than by jet interference. A Mach number increase
did cause a reduction in the jet-interference effects upon the values
of normal force and pitching moment, however.

4, For the particular configuration tested when the jets were
operated at unequal jet static-pressure ratios, Jet interference had
little effect upon the normal force and pitching moment at the test
values of angle of sideslip, but it produced gignificant changes in
these quantities at an angle of attack of 40 The values of side force
and yawing moment were affected by the Jjet interference both at angles
of attack and at angles of sideslip.

5. A reduction in the static margin of the model to a more realis-
tic value amplified the nonlinearities that existed in the pitching-moment
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curves and showed that Jet interference produced important effects upon
the values of pitching moment for an airplane configuration of this

type.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., December 5, 1957.
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(b) Illustration of jet exits.

Figure 2.- Concluded.
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(8) a=0% B =0%M, =1.94.  L-57-Lhkk

Figure 3.- Schlieren photographs illustrating the effect of increasing
Jet static-pressure ratio.
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Figure 3.- Concluded.

0° B =09 M, = 2.41.
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CONFIDENTTAL

Cm

27

04

Z4

>0

vO

A0 -
1y
N

o0

0o

e]¢)

-04

-08

~J

>0 )

\

v0]

40
<0

.

oo
00

RS

INININIVAYAY
AR

ATRTAYATAIR

ANAYAVAVAIAY

O

=2 0

n

a, deg



28

02

70
<0
Cn 70
vO
A0
<0
0o
00

-02

70
<0
>0
vO

CYAO

o0
oo
00

-2

CONFIDENTTIAL NACA RM L57L18a
A
pm
o off
0 05
O Lo
A 50
v 100
> 150
<200
N250
e
T 02 04 5
™~ N AN o ; o /{7//&1//‘3/
L LT ror T e = e L L
= NEENAS :g A T e e (R :8 [ v
I s ] I~ v0 BEREN VO‘ d 1 | -
1 - [~ [ &\V Cm AO B Cm 20 A1
J\\tx \f-J\ P ~4 o0 | - T N T OOA/ LD
RARNOES 5 . > —a——
O T S N G B o e A 00— I =
N 00P= —Q—1—0— o0 >//k
-02 -04
.02 2
‘ za
oo snnnnnnaE S ==
m— . o 4 O N qo N
Pt | || 50 1] N O< ) |
P {—4
7-—-.~—s;1__§__‘ L Vo D1 1 o 1] 7’_"‘*,‘_,-\
R NEADERS NS - ™ a0l 4
>— | 1 P W =—
it SN o0 '__<>" == &0, i
P | J a0 P e |t
T - P 1 ———
O - 00 L 00 | .
09
§ 6 4 2 0 % g% = o 2 | o v 1%
B deg B deg a, deg

(a) Configuration 1.

Figure 6.- Aerodynamic éharactersitics of jet model. M, = 2.41.
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Figure 9.- Aerodynamic charactersitics of the no-jet model.
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Figure 11.- Combined aerodynamic characteristics for no-jet model plus
interference effects of jet model. M, = 2.41.
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Figure 1k4.- Variation in the combined pitching moment and yawing moment
for the model with its center of gravity located at the wing trailing
edge. .
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