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Subsonic Interference Characteristics

of Single and Twin Jet Afterbodies

5. Ho Minuer* axp D. Migpar*
Grumanan Aerospace Corporation, Bethpage, N. Y.

A model test program was conducted at 0.8 Mach number to examine important parameters
in aircraft aft fuselage design. Thirteen twin jet interfairings were used to determine effects
of interfairing length, interfairing base area, and engine spacing (combined with changes in
maximum area and forebody shape). Three single jet configurations provided the effects of
boattailing and served as a baseline for the twin jet tests. All configurations used a con-
vergent (iris type) nozzle operating at a pressure ratio of 3.0. Test results show an optimum
subsonic twin jet interfairing to be one that ends near the nozzle exit with zero base area.
Small amounts of base area (3-89, of the maximum area) completely offset the favorabie
effects of interference between the exhaust jet and the freestream. Although geometrical
changes that go along with increased engine spacing (larger maximum area, wider interfair-
ing and flared forebody) tend to increase total drag, the effects on interference were small.
Favorable interference levels, better than those of an equivalent pod, were obtained for all
twin jet spacing ratios tested (S/Drnc = 1.17, 1.43, and 2.37). It appears that the effects of in-
creased spacing alone might be beneficial to afterbody performance.

Nomenclature reveal the interference effects which can be large. In order
Apasy = interfairing base aren, in.? to maximize over-all performance, the exhaust nozzle/air-
AExg — engine area at nozzle interface, in.* f rmnerlnt‘erferen‘ce must be understood and px"op_erly accounted
) N P for. This requires that back end configurations be tested
Ayer = ]Jet exit area, in.? . quir S
Ayax = maximum afterbody area, in.? with the nozzle installed, as well as separate reference drag
Cp = pressure coefficient, dimensionless and thrust tests,* thus, providing the necessary parameters
Dexi = engine diameter at nozzle interface, in. to calculate the interference. Presently, there is a lack of
Dint = interference drag, 1b suitable analytical techniques treating three dimensional
Dy = nozzle drag, b configurations. This together with the absence of experi-
Dyer = reference drag (jet off, nozzle removed, and corrected mental data for important design parameters (most of the
Dy - totf;lr ai?ill?; (;r‘?gt({n?ﬁ:glfée;;?:fg;, l]g previously published data were for specific configurations) led
AD = change in fuselage drag from reference level, 1b o the'present test program. ) . .
AD, = jetinteraction parameter, lb Performance of several afterbody configurations were
AF = effect of external flow on nozzle internal thrust, Ib studied by using foree, and pressure instrumentation to de-
Ly = total model length (fuselage plus nozzle), in. termine thrust, drag, and interference. Thirteen twin jet
M, = freestream Mach number configurations provided the effects of interfairing shape, size,
NPR = nozzle pressure ratio (nozzle total/ambient static) and location, plus the related effects of nozzle spacing (the
Paws = ambient pressure, psi . distance between engines). Three single jet models provided
ks = freestream dynamic pressure, psi effects of afterbody shape and exhaust exit area for the case of
’3 — ?;ig?&iiﬁgtvfgﬁlg‘tﬁ“fﬁe sie:;figlego?"{ begining of an isolated pod. Convergent nozzles with smooth internal
afterbody, in. and exter.nal hnes. (sun.ulatmg the iris t,y[r)(‘a) were used
P = interfairing half angle on all twin and single jet configurations. The tests were
run at 0.8 Mach number, and the data are presented for o
Subscript nozzle pressure ratio of 3.0, which 1s typical of an mstalled
J = jet on turbofan operating at that speed. Three additional tests
nj = jet off were condueted for each configuration (jet-off drag with the

nozzle, drag without the nozzle, and nozzle static thrust) to
Introduction establish baseline data for interference effects.
LARGE portion of the drag of a modern tactical aircraft
is attributable to the aft end.’~® It has been pointed Model Description
out? that the design of afterbody fuselage and nozzle together
with their associated aerodynamic interferences are of more
critical importance than the aireraft forebody. The designer
has always been plagued with the question of how much
structure (interfairing) should be placed between the engines
of a twin jet fighter. He also desired to know what, if any,
performance changes were associated with different engine
spacings. Separate optimization of nozzle thrust or aircraft
drag is not adequate.* As learned from previous aircraft
programs, testing the nozzle and fuselage separately does not

Table 1 lists the geometrical data for the thirteen twin
jet and three single jet configurations. The interfairings,
in numerical order from left to right, are shown in Fig. 1.

* Propulsion Project Engineer. Member ATAA. ‘ Fig. 1 Twin jet interfairings.
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Table 1 Model configuration data

Twin-Jet

Loe L.
) B g
o
Windshield ! NG
Lo A,
FOLZ - g o5 NG Ly 16
ENG JET
D .
e——Lus .| Pexe > e Iyogy .
7= Lpgs * Lygyy = 7-30 + 2.43
Config  X/L..,
onfig  X/L, (0 Apase/Avax  5Ppng Amax/AenG
F-1  0.750 13%56’ 0,000 1.43 2,32
F-2 0,750 10°55' 0,037
F-3  0.750 592! 0.134
F-4  0.750  7%g! 0.176
F-5 1.000 10°7' 0,000
F-6 1.000  7059! 0,037
F-7  1.000  3054° 0.134
F-8  1.240 7059 0.000
F-9. 0.750 13956' 0.000
F-10 0.428 13‘(’)56' 0,037
F-11 0.298 3%’ 0.134 1.43 2.32
) F-12  0.750 13956 0. 000 1.17 2,09
Single Jet F-13  0.750  13°56? 0.000 1,69 2,56
AmMax AENG ]:A ey e Ayax/*ene Aene/fser Lrus  Mnozz
L A 2.37 4.16 1,0 3.419
B 1.38 4,16 11,0 4,465
C 1.00 4,16 11,0 5.244

L‘—LFUS——’, -L—J “Nozz

All except F-4 and F-11 had straight flat surfaces, both top
and bottom. These two were contoured near the aft end
to keep within the afterbody lines. Interfairing half angle
(0 in Table 1) is measured in the vertical plane at the aft end.

Twin jet models (Fig. 2) were constructed in modular
fashion, the left fuselage being separable from the right.
Interfairings were individually added on to the basic twin
fuselage. The body contained eight pressure taps; the

Typical twin jet model.

nozzle had six.
interfairings.

The single jet tests were run with three models (Fig. 3).
They all had & maximum diameter of 5 in. and a fuselage
length of 11 in. The nozzles were geometrically similar and
all had the same ratio of Agxa/Aser (4.16). The parameter
varied was A MAX/AENG (100, ]38, and 2.37 as noted in
Table 1).

Testing was performed in the ¥luidyne Corporation 22-in.
X 22-in. transonic wind tunnel. The models were mounted
to a cantilevered sting which also supplied the nozzle air.
In the twin jet assembly (Fig. 4) the flow is split from one
circular pipe to mate with the 2 nozzles. The windshield
transition piece changes the external sting contour from a
circular cross section to an elliptical one just upstream of
the model. Ixternal forces on the model were measured
downstream of the metric station. The single jet model
installation used the conventional circular pipe without the
transition piece.

Direct force measurements were taken with a strain gage
type balance to provide thrust coefficients. Digital force
readings were recorded on tape and electrically marked for a
given test point. Pressure data, to gain insight into the

Four pressure taps were located along the

Fig. 3 Single jet models.
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Fig. 4 Twin jet model assembly.

afterbody flowfield phenomena, were also recorded. Read-
ings were made by photographing mercury manometer
boards. Kighteen pressure readings were recorded for a
typical twin jet configuration.

Effects of Interfairing Design

Results from the eleven interfairing configurations tested
at constant spacing ratio (1.43) are presented in Figs. 5-9
using parameters derived from force balance data. Kach is
plotted as a function of base area with curves faired in to
represent interfairing length.

Figure 5 shows basic reference drag levels of the twin jet
body and interfairing without the nozzle installed. The
drag levels increase rapidly as the interfairing is terminated
upstream beyond the basic body length (X/Lr < 0.75). Al-
though an optimum interfairing base area appears to exist,
the effect i not large.

Total aft end drag (which includes nozzle drag) is shown in
Fig. 6 for the jet-off case and for jet on in Fig. 7. Neither
case shows an optimum base area to exist. And for inter-
fairings that terminate near the nozzle exit (X/Lr = 0.75-
1.24) there is no noticeable etfect of length on the total drag.
Note that in this length range, the slope of the drag increase
with base area is greater for the jet-on case (Fig. 7) than with
the jet off (Fig. 6). Also, the jet-on drag is lower than jet off

0,02 h -

.05 .10 5,15 0.20
Apase/AMax

Fig. 5 Twin jet reference drag.

Fig. 6 Twin jet total aft end drag, jet off.

at zero base area. This is because at the jet operating condi-
tion (NPR = 3) there is a favorable interaction between the
expanding jet and the external flow over a smooth body with
no base. But when the base becomes large enough, the jet
can aspirate the area, making base drag inerease to levels
higher than with no jet. The net effect is that favorable
mteractions on the outboard side of the nozzle are offset by
a drag increase on the inboard sides and base, as base area
reaches a certain value. This value is about 129, of maxi-
mum area for the twin jet configuration tested as illustrated
by the jet interaction parameter AD; = Dy; — Dr,; in Fig. 8.

Interference drag, a parameter developed at Grumman? for
comparing various fuselage/nozzle configurations, is shown
in Fig. 9. This parameter normally contains three terms:
Dixt = AF 4+ Dy; + AD. For these tests, A (nozzle
internal thrust loss due to external flow) is zero because the
nozzle was convergent and was operated with choked flow
(NPR = 3). Figure 9 thercfore contains external nozzle
drag with the jet on (Dyj;) plus the change in drag on the
body and the interfairing (AD) because of jet effects and the
preschee of un iris type convergent nozzle. Negative values
of D are favorable and indicate either that thrust (negative
drag) is acting on the external nozzle surfaces or that a large
reduction in body and interfairing drag has been achieved.
As shown in Fig. 9, favorable interference occurred with all
interfairing lengths when no base area was present.  Beyond
a small amount of base arca (3-89;) adverse interference
oceurred with all exeept the shortest interfairing.

0,12
b
0. 10 —
0. 295
0,08
X/1. [s]
) "
= 0,428 ©
"= 0.06 -
o
< /ﬁ» |
= 0.75-1, 24
a
0. 04 -
S sl
ENG
0. 02 L
0 0,05 0.10 0,15 0,20

Apase’Muax

Fig. 7 Twin jet total aft end drag, jet on.
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Fig. 8 Twin jet interaction parameter.

Interfairing Base Region

Base pressures measured at the end of the twin jet inter-
fairing exhibited typical trends. Representative data are
presented in Fig. 10 for four interfairings of the same length
but with a systematic variation in half angle and base size.
Note that the jet effect (NPR = 3 vs jet off) tends to aspirate
larger bases (F-3 and F-4) and helps pressurize smaller bases
(F-1 and F-2). Positive base pressures (thrust) occurred
at angles above 10° because external flow over the top and
bottom surfaces was turned enough to interact within the
base region. However, it should be recognized that only a
small amount of base thrust existed (Fig. 11) because when
positive pressures were achieved, the base areas were quite
small in size.

Single Jet Afterbodies

Three isolated body shapes were tested with geometrically
similar nozzles (Agwe/Aser const). All data are presented
in Fig. 12 to illustrate the relationships between the various
drags and parameters involved.

Although the data exhibit common trends, it is important
to note the magnitude of the effects. Basic body drag
(Drrv) increases rapidly as boattailing (pressure drag) is
added beyond that of a eylinder (friction drag only). But
with axisymmetric boattails there is an aft recompression
which drastically reduces nozzle drag (Dx,;). Such recom-
pression makes the total jet-off drag (Dr,;) decrease with
boattailing in a typical fashion. Operation of the jet pro-
duces a favorable interaction which lowers total drag (Dr;)
Jevels by the amount AD; The jet interaction (AD))
ocecurred In this case (isolated body) mostly on the nozzle.
Therefore, the interference drag (Dinr) can be considered
equal to the jet-on nozzle drag (Dw;) in Fig. 12. Since
favorable interference occurred with boattailing beyond
Awuax/Axne of about 1.6, net external forces on the nozzle
were in the thrust direction in this range.
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Fig. 9 "U'win jet interference drag.
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Fig. 10 Twin jet interfairing base pressure.

Twin Jet Spacing and Related Effects

A parameter of interest in afterbody design is the spacing
between engines in a twin jet fuselage installation. However,
as the distance between engines is changed, other geometrical
changes must take place in a practical fuselage which tend to
mask the pure effect of spacing. 1In this test program, three
fuselage configurations describe the combined effects of
changes in spacing ratio (S/Dexe), maximum cross-sectional
area (Awmax), and forebody shape (windshield) as illustrated
i Fig. 13.

The three twin jet fuselage shapes (F-1, F-12, and F-13)
represent 4 systematic variation of geometry when the area
between two round nacelles is completely filled by an inter-
fairing. Ilach nacelle had a maximum to engine area ratio
of 2.045 and the round nacelles just touched at a spacing
ratio of 1.43 (configuration F-1). Smaller spacings (as for
F-12) were achieved by removing a portion of the nacelle
inboard surface. Although the straight line relationship in
Fig. 13 extends down to a single jet cylindrical pod (con-
figuration C), practical considerations such as “flat sided
engines” rule out spacing ratios between 1 and 0.

Also note in Fig. 13 that the windshield was made more
divergent as spacing was increased. This represents a flared
forebody and produces lower than ambient static pressures at
the windshield/afterbody interface for the wider spacings.

Therefore, data from these test configurations should not
be plotted vs 8/Drxe and viewed as the pure effect of
spacing alone. However, test results can be compared with
a single jet equivalent pod of the same Awvax/Arwc (illus-
trated in Fig. 13). Such a comparison is made for total
aft end drag (Dr;) in Fig. 14 where the vertical distance be-
tween single and twin jet curves is the drag increase from
an equivalent pod. The drags are equal at an Axax/Arnc
of 1.97 which in this test corresponds to the minimum practi-
cal spacing (S/Drnc = 1 for engines that just touch each
other).

Beyond an Awax/Agne of 1.97, drag levels of the twin jet
increased because of forebody effects (interface pressures at
the metric station are less than ambient with flared wind-
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Fig. 11 Twin jet base force.
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‘ig. 12 Single jet test data.

shield), extra surface area of the wider interfairing, and block-
age of external flow by the greater cross-sectional areu.
But, note (Iig. 14) that the twin jet drag is not as high ax the
single jet cylindrical pod.

Favorable twin jet interference levels (negative values)
resulted and were twice as good as those of the single equiva-
lent pod (Fig. 15). Thix resulted from either a large reduc-
tion in pressure drag on the afterbody (nacelles and inter-
fairing), or positive pressures on the nozzle external surfaces
(thrust), or both. It is estimated that about half of the
favorable interference occurred on or near the interfairing
because the twin jet level is about double that for a single
equivalent pod.
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Fig. 13 Twin jet geometrical relationships.
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Fig. 14 Single and twin jet drag.

Also note in Fig. 15 that twin jet interference improved as
spacing ratio was inereased from 1.17 (F-12) to 1.69 (F-13)
even though the wider spaced configuration (F-13) had more
drag (Fig. 14). This trend indicates that if spacing were
increased without inereasing drag, the favorable effect on
interference might be even more pronounced.

Conclusions

Model data, describing the drag and interference char-
acteristies of several afterbody configurations, indicate that
subsonic (0.8 Mach numbers) performance levels are sensitive
to many parameters. Twin jet test results at a spacing ratio
of 1.43 are 1) short interfairings produced high drag levels
with any base area, 2) interfairings terminating at or near
the nozzle exit reduced drag by about %, 3) zero base arca
produced the best performance at any interfairing length,
4) favorable jet interactions on the nozzle were offset by base
drag when the base area exceeded 129, of maximum cross-
sectional area, 5) favorable interference (i.e., total body
and nozzle drag less than body drag without nozzle) occurred
for all configurations with zero base area and became adverse
beyond base areas of 3-89, for most interfairings, and 6)
while positive base pressures oceurred with interfairings hav-
ing base areas less than 5% and angles above 10°, the base
“thrust” force was quite small.

The combined effects of increasing spacing ratio, inter-
fairing width, maximum cross-sectional area, and forebody
flare were 1) an increase in twin jet drag to levels higher
than an equivalent single jet pod, but lower than a pure
cylindrical pod, 2) a slight increase in favorable interference,
from levels that were twice as good as an equivalent pod, and
3) an indication that the effects of increased spacing alone
may be beneficial for twin jet performance, since the other
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Fig. 15 Single and twin jet interference.
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geometrical changes tend to decrease performance. Single
jet results show that upstream boattailing can reduce the
drag of a cylindrical pod by 509, or more due to favorable
interference.
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Approximate Analysis of a Flat, Circular Parachute

in Steady Descent

Epwarp W. Ross Jr.
U.S. Army Natick Laboratories, Natick, Mass.

A theory is presented for the stress analysis of a flat, circular parachute in steady, vertical
descent. Unlike previous treatments of the problem, this theory does not assume that the
shape is known. Instead, the theory derives relations between the pressure distribution in the
opened condition and the shape, drag and stresses in lines and fabric. The theory results
in a nonlinear third order system of ordinary differential equations with boundary conditions
at both vent and skirt. This system was solved by a computer program based on the Runge-
Kutta method of numerical integration. The results are in fairly good agreement with mea-
surements on parachutes. The computer program can be used for studies of effects of de-
sign changes on shape, drag and stress, and the results of a small study of this sort are

included.

Nomenclature
Ay Ay, = constants in canopy pressure distribution
Ay Ay

Cm = drag coefficient based on flat circular area

C, = coefficient of net pressure

C.,Cy = stress coefficients in cords, fabric

D = drag of canopy

D, Dy = diameters in opened and flat circular states

E., Es, Er, = elastic moduli of cords, fabrie, load lines

i) = 1+ (NJ/E)

G = number of gores

J = dimensionless load line length

Lo, L = length of load lines in undeformed and deformed
states

NNy = tension force in cords, fabric

Nog N, = force resultants on cords in circumferential and
normal directions

Ny lg = dimensionless force in cord, fabric

N = dimensionless circumferential force resultant on
cords

P = net outward pressure on gore fabric

q = dimensionless pressure

R radius of particle in flat circular state

Ry Ry = vent and skirt radii in flat circular state

r = radius of cord in opened state

TAB = circumferential radius of curvature of gore
s = arc length of cord

UsnUy = dimensionless elastic constants

v = vertical velocity

114 = dimensionless drag

x = dimensionless radius in flat, circular state
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* Staff Mathematician,

Tq = dimensionless skirt radius in flat circular state

y = dimensionless radius in opened state

7,2, = axial cylindrical coordinate of cords and gore
centerline

2,2, = dimenstonless axial coordinate of cords and gore
centerline

a = included angle of gore

B = edge angle of gore bulge

YavhHyL = strains in cord, fabrie, and load lines

5 = depth of bulge

A = dimensionless depth of bulge

6 = angle between load line and axis

A = Joad line length ratio = Lo/Dy = JR;/(2R)

p = mass density of air

a’ = contact length between adjacent gores

I = dimensionless contact length between adjacent
gores

T = dimensionless function measuring contact of
adjacent gores

1A = angle between cord direction and horizontal

1. Introduction

IN recent years repeated attempts have been made to
analyze the behavior of parachutes and devise formulas
suitable for their design. Much progress has been made,
but the state of knowledge is still not wholly satisfactory.
The best analyses currently available, Heinrich and Jamison!
and Topping, Marketos, and Costakos? rely on knowing the
deformed shape as well as the pressure distribution before
the stresses are analyzed even in steady descent. Present
knowledge about large deflections of structures suggests that
it should be possible to calculate the stresses and deformed
shape coneurrently, although some assumptions must still
be made about the pressure distribution in the deformed
state. We shall undertake to do this in the present paper.
To be specific, we shall analyze a flat, circular canopy in
steady, vertical descent by using the ideas of large-deforma-



