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INVESTICATION OF UPPER-SURFACE-BLOWING NACELLE INTEGRATION
AT CRUISE SPREDS UTILIZING POWERED ENGINE SIMULATORS

*
by E. T, Meleason and G. D. Wells

Lewls Research Center

ABSTRACT

Various overwing nanelle designs were investigated on & representative
four-engine short-haul aircraft configuration during a combined analytical
and experimental program, Design condltions were My = 0.7 and Cp, = 0.4,
All nacelles had D-shaped nozzle exits and included a streamline-contoured
design, a low boattail angle reference configuration, and a high boattail
angle powered 1ift design., Testing was done with the design four-engine
airplane configuration as well as with only inboard nacelles installed.
Turbopowered engine simulators were used to provide realistic representation
of nacelle flows. Performance trends are compared for the various nacelle
designs, In addition, comparirons are presented between analytical and
experimental pressure distributions and between f£low-through and powered
simulator results.

I. INTRODUCTION

Interest in upper-surface-blowing (USB) propulsion configurations has
increased in recent years, particularly for short-haul missions. The over-
the-wing propulsion aystem arrangement has been shown to provide acoustic
advantages (refs. 1 and 2) along with levels of low-speed powered lift per-
formance competitive with other powered 1lift systems (refs. 3 and 4)., However,
at cruise speeds, the placement of the propulsion nozzle and its jet directly
on the wing upper surface creates a natural concern over potential inter-
ference penalties, While it appears that minimal aerodynamic interference
could be achieved by contouring the nacelle to approximate local wing stream-
sheets (ref. 5), this approach usually conflicts with other nacelle design
requirements such as good powered lift performance. At low speeds, a
relatively wide, thin jet is desired for good flow turning and 1lift augmen-
tation, This is usually accomplished by directing the nozzle jet onto the
wing upper surface with a high boattail angle nozzle. Conversely, low
boattail angles and minimal jet spreading appear desirable for low cruise
drag. Previous investigators have reported (ref. 6) that compromising all
the nozzle design parameters toward favorable low speed flow turning can
increase the cruise drag by as much as 20 percent of total airplane drag.

This paper summarizes the results of a receént investigation of USB
nacelle deslgn tradeoffs at cruise, which was directed toward nacelles for
low-pressure-tatio, high-bypass engines similar to those being developed
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under NASA's QCSEE (Quiet, Clean, Shorc-Haui Experimental Engine) program
{ref. 7). Wind tunnel tests were wconducted by the NASA-Lewis Research Cenrer
with a balt-span model =f & representative four-cngline short-haul aircraft.
Configuratfons with only the inboard nacelles installed were also rtested.
Parallel analytical studies were conducted by the Douglas Aircraft Company
4t MoDonnell-Douglas Corporatson, who were also tesponsible for the design
and fabriration of the wiad tunnel model. Nacelie variations included a
streamline contoured design, a low boartsil angle reference canfiguration,
and a high boattail angle powered lifc design. AIl of che nacelles had
s8imilar D-ghaped low aspect ratlo nezzle exlts represencative of the QCSEE
sver~the-wing cruise nozzle geometry.

Turbepowered engline simulators were used during the test program to
provide simueltancous representation of both the nacelle inlet and nozzle
Elrws. Proper simulacion of the propulsive jer 1ic ne.essary since its
interascion with the wing flow field c¢an prouduce sigonrfisant interference
cffecrs. Also, since the transonic flew field near the forward region of
wings incorporating advanced airfoil sections may be sensitive to small
disturbances, it was zcnsldered important :¢ simulate the nacelle inlet
%nd spillapge [lows as well. Powered engine simulators have been used
suzcessfully in other wind tunpel programs (refs. 8 :o 11) and are considered
to provide the most realistic representation of the complete nacelle flow
enviranment presently avallable for smali scale testing.

11. MODEL DESCRIPTLON

Figure 1 is a photograph of the half-span model installed in the
Lewis Research Center 8- by 6-four wind cupnel. The model represented a
short-haul alriraft designed Lor Mach O 7 cruise, and had a cylindrical
fuselage and a stralight supercritical wing. The madel was sized to result
in a ratlo of wing area to total nozzle exit area »f 28 .0, This value was
derived from the configuracion studies of reference 12 as being representative
of a four engine short~haul aircraft sized tc carry 150 passengers, operate
from 3000 feet runways, and crulse with an engine fan pressure ratio (FPR)
of 1.4 The mixed nuzzle exit avea requived by the engine simulators resulted
in a model semi-span of 27.5 iaches wirh the aspect ratio 7 0 wing. The wing
had a quarter chord sweep of 5.6 degrees, a taper ratio of 0 3, and an average
section thickness of about 13,5 percent, The fuselage had a maximum
diameter of 7.15 inches (13 percent of che wing speny.

A typical nacelle/nozzle installation on the wing is shown in figure 2.
The nozzie exits were rlush on the wing upper surtace and were located at
35 perceat of the local wing cherd. The natelles were centered at 23 per-
cent and 48 percent of the wing semispan, which were the standard positions
used during the test. With this spacing the gap becween nacelles was 1.03
nacelle dlameters wide. Some limited testing was also done with the inboard
nacelle logzated at the 28 percent semispun posicion



Tuportant nacelle geometric parameters are defined in figure 3, and
figure 4 describes the three experimental nacelle configurations that were
Investigated. All nacelles had mixed flow convergent nozzles with similar
D-shaped exit geometries. The ruference nacelles, designated N pps tepre-
sented a conservative cruise drag design with low boattall angles, This
configuration had an external top (crownline) boattail angle of 11 degrees
and an external side hoattall of about 2 degrees. The screamline-contoured
nacelles Nqo., whose design approach is described in the next paragraph, had
an external top boattaill angle of 6 degrees. The high angle nacelles NHA
represented a powered 1ift design from NASA's QCSEE program (ref. 7).
This configuration had top centerline boattall angles of 28.5 degrees ex-
ternally and 21,5 degrees internally. Bacause of the relatively high jet
deflection angle, this configuration would not require some type of flow
deflector for good low-speed powered 1lift performance as low angle nacelles
like NREF and Ngn would., The large sidewall boattailing of the Ny, nacelles
(17 degrees externally and 10 degrees internally) was incorporated to
minimize jet spanwise pluming at cruise.

The streamline-contoured nacelles were designed to have the nacelle
contours closely match a stream sheet tlowing over the top of the wing and
to impose the bulk of the required boattailing in the less critical regions
under the wing. The Douglas Neumann Three-Dimensional Lifting Potential
Flow Computer Program (ref. 13) with the G8thert compressibility correction
was used to calculate the wing-body flow field at Mach 0.7 and lift coeffi-
cient C; = 0,38, and the stream sheet shapes were defined by tracing stream-
lines through this calculated field., Figure 5 illustrates the profile view
streamlines and the resultant contoured nacelle geometry, The curvature of
the streamlines in the region of the nacelles was such that the contouring
would reagonably be restricted to the nozzle (aft 5.2 inches 0f the nacelle).
The approach taken was to trace one streamline forward from the top of the
nozzle exit shape (which was identical to the nozzle exit for the reference
nacelle) to define the approximate position of the forward end of the nozzle,
The nozzle cross-section at the forward end was also made identical to the
reference nacelle, and streamlines were traced aft from this position over
the wing to define design stream tubes. The design stream tubes were divided
into upper and lower segments representing tubes flowing over and under the
wing. The design objective was to macrch, as closely as possible within
practical constraints, the upper stream tube profile and plan view shapes
ano area distributions, and the lower stream tube plan view shapes. The
area distribution selected for the lower portion of the nozzle and under
wing fairing was intended to vioclate the design stream tube requirements in
relatively insensitive regilons (favoragble pressure pgradient regions) of
the flow field. The convergence of the internal ducting for the contoured
nacelle was set equal ta that of the reference nacelle over the last inch of
the nozzle. This convergence, along with practical structural constraints,
produced modest boattail angles relative to the design stream tube near the
nozzle exit.



I1IT. TPOWERED SIMULATOR CONSIDERATIONS

The turbhopowered engine simulators that were used in this investi-
gation were Tech Development, Inc., model No, 800's (fig. 6). An air-
driven, two~stage turbine powers a two-stage fan. At design conditions
the fan develops a total pressure ratio of about 1,66 at 85,000 rpm. The
diameter of the fan is 2.80 inches.

Calibration

Prior to the wind tunnel test, the complete nacelles with engine
gimulators were calibrated statically at the Douglas Alrcraft Company
Aerophysics Lab in the facility shown schematically in figure 7. The
facility exhausted to atmosphere, and proper values of nozzle pressure
ratio were achieved by pressurizing the inlet air supply. A plate simu-
lating the wing upper surface contour was attached to the nozzle through a
separate balance, and its drag contribution was deleted. Nozzle axial
thrust was calibrated as a function of nozzle pressure ratio for each
simulator/nozzle combination. At the same time, fan airflow was cali-
brated as a function of inlet statie to total pressure ratlo, using a sonic
flow nozzle to measure the airflow, The simulator turbine drive airflow,
which constituted about 25 percent of the nozzle exhaust flow, was measured
with a sharp-edge orifice for both the calibration and wind-tunnel in-
stallatdions,

The calibration dé;ermined a nozzle velocity coefficient Cy which
related measured thrust to the measured weightflow values. The velocity
coefficlent is deflined as:

c. = 5 _ 5
Vors Ypy, 4P
g i g 1
where,
ng = measured gross thrust at static conditions
Fg, = ideal gross thrust
WF’ WT are measured fan and turbine weilght flow rates
VF s VT are the ideal wvalues of fan and turbine flow velocities
i 1 after expansion to ambient pressures., These ideal velocities
are computed from measured £flow properties.
g = gravitational constant

 Some typical calibration results are shown in figure 8. The total
scatter in experimental veloeity coefficient values is less than + 0.5 percent



and compatres well with an estimated uncertainty based on instrumentation
accuracies and influence coefficients,

These nozzle velocity coefficients are used to define net thrust of
the powered simulators in the wind tunnel through the relation:
My
Fyer = Cy'Fey (o, = b - 5 Y
where,

CV is evaluated at the local nozzle pressure ratio, using an average
of measured values of local external pressure at the nozzle

exit, pL.
P, = free stream static pressure
AE = nozzle exlt area
V0 = free stream velocity

The term (WF/g)Vo 13 the ram drag of the fan flow.

Drag Definition

Cruise drag results are presented in terms of a drag penalty parameter
which is illustrated in figure 9. This drag penalty is the differeats
between the total configuration drag with nacelles installed minus .32
separate isolated drags of the nacelle and clean wing configuration. TIhe
measured drag of the complete model configuration with powered simulator
installed consisted of balance forces corrected for the calibrated net thrust
of the powered nacelle. The isclated nacelle drag was an estimate, based on
nacelle fineness ratio, for a well-behaved axisymmetric nacelle with no
separation. This estimate was made at free stream Mach number, and in the
case of the streamlinercontoured nacelle Ngg, included the additional external
drag of the lower wing surface fairing. The drag of the basic clean wing
configuration without nacelles was measured. This drag was evaluated at
values of Mach number and lift coefficient identical to those of the nacelle-
on configuration. An estimate was made of the skin friction drag for that
portion of the wing covered by the nacelle, and this increment was subtracted
from the measured clean wing drag. When the separate isolated drags of the
nacelle and clean wing are subtracted from the total conflguration drag,
anything left over is considered a drag penalty. Included in this drag
penalty parameter would be any unfavorable interference effects, any in-
creased nacelle pressure drag due to flow separvation, and the scrubbing drag
of the jet flow on the wing upper surface.



Pewer Efle.ts

Figure 10 ls a direct comparison between powered simolator drag results
and {low-through nacelle drag results tor a four-engine configuration at
Mach 0.7. The experimental nacelles werc slightly modified versions of
Njp which had small external fairings added to the nozzle boattall to repr:-
sent an alternate QCSEE nozzle design. These nacelles were used for this
tomparison in order to present the most extepslive range of data available.
The parameter (ﬁCD)POJER it the ditfereén.e in ¢ afigyratizn dray coefficient
(powered minus flow-t%rough). Non~zere values of this parameter indicate an
effect of power, and the data shows that this effe:t 15 Indeed present and
varies with both simulator fan pressuze ratio and alrplane iift coefficilent
C;,» For reference, a drag inurement is indi:ated equivalent ro 5 percenr of
cruise net thrust (or airplane drag) at design conditiuone (four-engine
¢onfiguration, My, = 0 7, C, = 0. 4, FPR = 1 37), and it is seen that the power
effect ran approazh this value. Note rhat as fan pressure ratio is reduced
toward the Flow-through referen:ze value (FPR = 1.0) the power effuct data
all tends to come together and appreoach zero.

In figure 11 power effrct ts compared for the three nauelle designs
at Mach 0.7 and C; = 0.4, this time wich only inboard nacellis installed.
The power effect is seen to also be a fun:tlon of nacelle design. Note
that the effect of the jet becomes mure favorable in going from N ¢ the
nacelle with the lowest jet deflegtion, to Ny,, which has the highest jet
deflection.

IV, TEST RESULTS

Inboard Nacelles Only

Although all nacelles were sized cv correspond to a four~engine airplane
zenfigiration, some testing was conducted with only inboard nacelles in-
stalled to evaluate the various designs wirhout any nacelle-to-nacelle in-
terference effects present, Dxperimental drag penalties are shown in figure 12
for the inboard nacelle configuration (single nacelle installed on the half-
span wind tunnel model). The powered nacelles were located at the 23 percent
semispan inboard position aud data are shown for a fan pressure ratio of
1.37 and a 1lift coefficient of 0.4, corresponding to Mach 0.7 cruise design
conditions. At these conditions the nozzle pressute ratio was about 1.9
based on Eree gtream statie pressure. Loecal nozzle pressure ratio was about
2,2 for Ngpp and Nya, and slightly higher for Ngc»

The various nacelles are seen te exhibit markedly differenc drag be-
havior with Mach number. The reference nacelle shows a small, nearly con-
stant drag penalty over most of the Mach number range but develops a strong
favorable interference effect at the higher Mach numbers where the wing is
well into drag rise. The streamline-contoured nacelle shows a negligible



penalty at the lower Mach numbers and a sharp increase as the wing enters
drag rise. Drag penalty associated with the high~angle nacelle exbibits a
steady increase with Mach number,

At the design Mach number of 0.70, the reference nacelle and the stream-
line-contoured nacelle both show drag penalties in the range of 1.0 to 1.5
percent of net thrust or alrplane drag., A significant part of this penalty
is probably associated with the additional scrubbing drag of the jet on the
wing upper surface. These results indicate that the reference nacelle has
good drag character scics and, at design, no appreciable advantage is gained
by streamline-contouring the nacelle. The high boattail angle nacelle Nyp
exhibited a considerably higher drag penalty at Mach 0.7, equal to abour
5 percent of net thrust.

Figures 13 and 14 compate wing surface pressures just outboard of the
nacelle for the various configurations at Mach 0.7. In fipure 13, pressures
measured with the streamline-contoured nacelle are compared to clean wing
prassures., Good agreement is seen, with a slight aft movement of the wing
shocle indicated. Note that the airplane 1ift coefficient was only slightly
affected hy the installation of the powered streamline-contoured nacelle at
angle of attack o = 1.0 degtees.

In fipure 14, the same wing pressures are compared for the reference
and high angle nacelles. With these configurations, there was a significant
affect of the powered nacelle installation on alrplane lift, as indicated
by 1lift coefficients near 0.4 belng obtained at a reduced angle of attack
(0.5 degrees compared to 1.0 degrees for the clean wing). With the high
angle nacelle, the region of supercritical flow in the wing upper surface was
more extensive as the wing shock was moved aft toward the nozzle exit. With
the reference nacelle, the wing shock was slightly forward of the clean wing
position.

Top centerline bosttail pressures for the three nacelles at the Mach 0.7
design conditions are shown on figure 15. The reference nacelle, which
had the most forward wing shock position, had nearly constant velocity sub-
critical flow over the boattail. The other two nacelles, where the wing shock
was scen to be further aft, had similar higher velocity flow distributions
which reached near sonic levels., With rhe streamline~contoured nacelle
with 1ts negligible aft-facing boattail projectec area, these high velocity
flows and resultant low pressures would not cause a significant drag penalty.
However, the high angle boattail nacelle with its large boattail projected
area would see a significant interference drag penalty from this effect.

At Mach 0.76, where the wing is well into drag rilse, the drag results
of figure 12 showed that the reference nacelle installation was beginning to
exhibit a favorable interference effect while the other two nacelles were
showing high drag penalties. Figure 16 compares wing surface pressures at
these conditions for the reference nacelle and the streamline-contaured
nacelle; the instrumentation lecation is again just outboard of the nozzle



ar 353 per-ent semispan  Wing pressure- with Lhe crreamitne-cont ., ured
na.clle apain closely match the clean wing data, with the wing shock well
att of the nozzle exlc  With the referenqe na:elle 1nstallation, where
equivalent 11ft 1s generated at a redused angie o1 atra-k, the wing shalk 1s
ahead vi the nozzle exit and welr ahead 1 the (lean wing shock position

The referenve nacelle thus a ts r¢ hald the wing shock upstream of the nuzzle
exit as the wing enters drag rise, while th+ s*reamline-.untoured nacelle
does not A consequence vf this 1s that the erresmilne-contoured nacelle

Is exhausting into a much lower pressure lield compared wo the reference
nacelle Additional wing pressure measorements dewnstream of the nacelle
centerline showed struvng prassure fiuotuarivns in the crerexpanded jet flow
behind the sfreamline-conroured na.elle, which doubtless Loentributes to the
higher drag penalties seen with this na.eli. a* rhese <unditicne

Four-fngine Confilgural lons

In figure 1/, expetimeniil drag penalries are presented for the
reference nid.¢lle and high anple na elis for the four-engine airplane con-
figuration (twe na elles un the halr-span model). The powered nacelles
were lowuted at 23 percent and 48 per.ent of semispan, and data are again
shown gab the design fan pressure rarty (FPR = 1 37) and itfr coefficient
(Cp, = 0.4). Again, relativeiy l-w drag penalties are seen LoX the reference
nacelles, with considerably higher drag penalties ter rhe high boattail
angle rateliles. At the t¢ruise Mach pumber of 0.7, the reference nacelle
penalty was less than 3 percent of design net thrust, st ebout twice the
level obser.ed with only inboard nacelles installed (rig. 12). With the
high angle na-elles, the drag penalty ar Maih 0 7 was about 12 percent of
net thrust. This was more than twice the penalry with inboard nacelles
vnly from figure 12, whi.h would be about 9 per.enr. Wing surface pressures
between the nacelles {fig. 18) again show a mure c¢Xtensive region of super-
critical flow with rhe high angle nacelles  The teyminal shocks on the
wing vpper surfa-e are well deflned, and the .ne assuclated with the high
angle nacelles 15 apprerlably stronget. Comparison of the Ny, pressure dis-
tribution with the inupard na-elle unly case previously seen 1n figure 14
shows that rhe presence of the outbesrd na elle predused a signifi-ant accel-
eration of the supercritical tlow in the channel region. This interlerence
effect between nacelles probably a ~ounts toc the addirional drag penalty
{over twice the level with inbodrd na.eélles only) seen with this design.

Spanwise Na_.elle Variariuns

Drag measurements were made with an alternate four-engine nacelle
arrangement, where the inboard nacelle wag moved from 23 percent semispan to
28 percent. This reduced the gap between nacelles by about 40 per:ent, from
1.03 nacelle diameters to 0.63 The reteren-e naceiles were used for this
variation, and the results are shown on bigure 19 At the design lift
-oeFfivient of 0.4, only a slight drag penalty increase is seen at the higher
Mach numbers wirh the redu.ed spa.ing. At a lilr .oefrizient of 0.5 a more



pronounced increase 18 seen (up to about b percent of net thrusc), but
again only at Mach numbers beyond design.

The drag variation with spanwise position for a single nacelle on the
half-span model {s shown in figure 20 for the flow-through reference nacelles,
Also shown for comparison are data with both nacelles installed. DMoving the
nacelle outboard from the 23 percent semispan position to *he 48 perceat
position generally resulted in a small drag reduction of a few counts. The
sum of the two drags obtalned with single nacelles was in most cases quite
close to the drag level seen with both nacelles ilnstalled, indicating that
mutual interference between nacelles 1s penerally negligible for this con-
figuration,

Analytical Comparisons

Analytical estimates of the pressure distributions on the configuration
were made using the Douglas Neumann program (ref. 13). Mach number effects
were iacluded by using the Gbthert compressibility correction, The geometry
included the estimated boundary layer thickness on the wing. The nacelle
exhaust and intake flows were represented as solid bodies. Tor a nozzle
total pressure to freestream total pressure ratio (NPR) of 1.0, these solid
bodies were obtained by tracing streamlines forward from the highlight
location and aft from the nozzle location in the wing-body flow field.

The analytical estimates are compared to the data on figures 21 and 22,
Except for the nacelle-off data being generally more negative (lower
pressures) than the estimate ithe incremental trends due to the nacelle in-
stallatlion are predicted fairly well. The magnitude of the increments due
to nacelle installation are generally larger than predicted, producing better
agreement with the nacelles on than off, The significant supercritical
region between the nacelles contributes to the analytical-experimental dis-
agreement in this area,

The eifects of power were estimated analytlcally using the Neumann
program combined with an estimated jet shape at a NPR of 1l.4. The jet shape
was obtained using the Method of Characteristics to solve for a jet boundary
that matched the boundary conditlons imposed by the wing solid surface and
by the pressure on the jet surface obtained from the Neumann off-body flow
field in the region of the jet. The trajectory of the jet aft of the wing
tralling edge was obtained by solving for the shape of a thin jet issuing from
the wing trailing edge in the presence of the wing, using the Douglas Elementary
Vortex Distribution (EVD) calculation procedure (ref, 14).

The results of the analysis for 38 percent semispan are shown in
figure 23 using the outboard nacelle location. The overall character of the
pressure distribution 1s not greatly affected by the Jet. Test daka was not
obtained for the outboard nacelle location but was available for an inboard
nacelle location at a slipghtly lower pressure ratio and these results are
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shown on figure 24. A comparison between the cest data and the analysis
indicactes that the experimental incremental effects due to the jet are
closely predicted by ithe analysis except near ten pereent chord on the
upper surface where a supercricical flow reglon exists.

VI. CONCLUSIONS

1, With only the inboard nacelles of the four-engine airplane config-
uration installed, USB nacelles with moderate boattail angles (NRE- and NSC)
exhibited small cruise drag penalties of 1 to 1.5 percent of net thrust
(3 tc 5 airplane drag counts) at Mach 0,7 design conditions. Drag penalty
with the non-contoured reference nacelle was essentially equivalent to that
of the streamline~contoured nacelle at the desipgn conditilons.

2. A high boattall angle nacelle (Nya) designed for powered lift
showed a significantly larger drag pen:.lty, about 5 percent of net thrust
or 15 drag counts. This penalty was associated wicth low pressures over the
nozzle boattail and an enlarged region of supercricical flow on the wing upper
surface as the wing shock was moved aft from its clean wing position.

3. With a four-engine configuracion, drag penalcy at Mach 0,7 with the
reference nacelles was about twice the level observed with only inboard
nacelles installed. For Nys nacelles, an addicional penalty was present
and was assoclated with additional supererxitical flow acceleration in the
channel between nacelles.

4. The effect of power on the experimental results varied with fan
pressute ratio, 1lift coefficient, nozzle design, and Mach number. At
Mach 0.7, flow~through and powered results differed by more than 5 percent
of design net thrust.

5. Reducing the spacing between the Nppp nacelles from 1.03 nacelle
diameters to 0.63 nacelle dianmeters produced a slight additional drag
penalty.

6. There was little effect of spanwise nacelle position on drag for the
two~engine configuration with flow-through reference nacelles. §Spanyise
position was varied from 23 percent semispan to 48 percent. Drag at the
outboard nacelle position was slightly less than inboard.

7. Incremental effects of nacelle Installation and powver on wing
pressure distributions wete reasonabily well predicted by analytical
techniques.
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