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SUMMARY

An attempt has been made to find a method of estimating the external 1lift
of full scale engine nacelles and the internal 1if't of rectangular cross section

duects used to represent engine nacelles on wind tunnel models.

The results for the total 1ift ocurve slope of circular cross seotion ducts
look promising in that an adequate collapse of the experimental data has been
achieved. For the rectangular ducts, the internal 1ift at low incidence may be
prediotable if the internal flow Mach number is known, and the available results
for total 1lift suggest a similar collapse to that achieved for the ciroular
ducts. The experimental data for the rectangular ducts are limited and will be

supplemented later by a further series of models,
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1 INTRODUCTION

In a configuration where the engine nacelles represent a large proportion
of the total frontal area, the 1ift contribution from the engines may be a large
proportion of the whole, and the trim and stability characteristics mey be
greatly influenced by the centre of action of this engine 1lif't contribution.

In particular the internally generated 1lift of the duct inclined to the incident
flow appears to have received little attention in the past so that neither its
full scale contribution nor the correction for the wind tumnel representation
could be properly assessed.

The present invesligation was undertaken to examine the 1ift and pitching
moment from circular duots and rectanguler ducts of various cross sectional
aspect ratios, over a range of length/span ratios., Internal and external loads
have been separated in the case of rectangular ducts by internal wall pressure
surveys, and subsequent integrations.

One example of an integrated duct/wing configuration has been tested, the
triangular wing panels being placed symmetrically about a rectangular cross
seotion duct.

2 MODELS
Details of the models are given in Figs.1 to 4 and Table 1.

The winged duct is shown in Fig.,1. The wing is a flat plate 1/46 in.
thick chamfercd 0.1 in. from the leading edge only. The net wing area is
4.5 in.?, the net aspect ratio 0.5 and the leading edge sweepback iz 83°. The
thickness of the duct wall is tapered out at the nose equally on the inner and
outer surfaces to a nose radius of 0.001 in. giving a semi-wedge angle of about
2.30,

With the wings removed, and by means of detachable noses the models shown
in Fig.2 can be obtained with nose droop angles of 0, 5° and 109,

The straight rectangular cross section ducts 2, 4 and 6 in, long and
11/46 or 11/46 in, internal depth are shown in Tig.3(a). The width and one of
the depths of these ducts are common to the winged duct, as are the wall thick-
ness and nose dimensions,

The ciroular cross seotion ducts, 13/8 in, internal diameter have the sams
lengths and nose dimensions as the rectangular ducts and are shown in Fig.j(b).

The pressure plotting model shown in Fig.h is a 6 in. long duct 17/16 in.
wide by 1'/16 in. deep with 0.014 in. diameter pressure holes at 0.2 in. pitch
on the centre line of the inner surface starting 0.8 in. aft of the nose. A
2 in. long pressure plotting model has been tested. It is similar to the first
2 in. of the 6 in. long duct, but with the first pressure hole O.4 in. aft of
the nose.

3 DETAILS OF TEST

The tests were made in the R.A.E, No.19 supersonic wind tunnel which has
a working section 18 in. square and is ocontinuous in operation. The stagnation

-h =



pressure had to be restricted to 15 in. Hg.absolute by the strength of the

ettaohment of the model to the sting. This attachment was week since it had
to be designed not to interfere with the internal flow threugh the duct, and
to have the minimum effect on the external flow., The Reynolds number per
inch corresponding to the test Mach numbers are given below:-

M |2.19 2.02 | 1.58

Re/‘lO5

per in, 1.45 | 1.55 | 1.80

All the tests were made with free boundary layer transition.
Photographs of a model mounted in the working section are shown in Fig.5.

The models were mounted on a twin boom sting shown in Fig.6. Normal
foroe, pitching moment and axial force can be measured by balances housed within
the windshield., The normel force and pitching moment bridges have two strain
gauges wired in series in each arm of the bridge, the two gauges being mounted
in identical positions on the two booma. The drag unit has four strain gauge
stations, two operated by each beom. The output from these balances was
measured on self-balancing servos.

A thermistor wasmounted on the sting for temperature correction of the
balance readings.

No correction has been made for the effect of the sting on the model base
presaure.

In the examination of the internal flow the pressures were measured on
self'-balancing capsule manometers with a vacuum datum.

The medel incidence was measured optically.

The rectangular cross section duots were tested at Mech numbers of 2.19
snd 2,02, the former being the highest Mach number available in the tunnel,
and the latter the lowest available without causing choking of the medel
internal flow due to the internal contraction at the nose of the duct end the
boundary layer growth, The circular ducts, however, would run supersonically

at ¥ = 1,58 but not at M = 1.4, as the contraction ratio of these ducts is
smaller,

L PRESENTATION OF RESULTS

The results for the rectangular ducts are given in terms of the duct over-
all length (£), or depth at the nose (h) normalized with respect to the width
of the duct inlet (b), The aerodynamic coefficients are based on the internal
base area and the length of the duct, moments being measured about the nose.

-6 -
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Lo Force measurements

The basic data, CL,

and Mach number tested are presented in the following order.

Cm and CD ~ a, followed by Cm ~ CL for each model

(1) Straight ducts of rectangular cross section (Figs.7 to 13).
(11) Straight ducts of ocirculer cross section (Figs.1k to 18).
(iii) Drooped nose ducts (Figs.19 to 22),

(iv) Winged duct (Figs.23 to 25).

4.2 Pressure measurements

The basioc pressure coefficients for the two Mach numbers are presented in
Figs.26 and 27, followed by the derived changes in internal 1lift and pitohing
moment with duct length in Figs.32 and 33, The variation of internal 1lift and
centre of pressure with duct length is compared with linear and slender bedy
theories at suwall angles of incidence in Fig,35. Photographs of the internal
flow by schlioren and ollflow visualisation arc compared with the internal
pressures in Fig, 37.

5 THEORETICAL ESTIMATES

Both the force measurements of total 1ift end the internal 1if't obtained
from pressure measurements have been compared with slender body and linear
theories.

5.1 Rectangular ducts

5.1.1 Linear theory estimates

(i) £/Bh < 1

The external 1ift was obtained by graphical integration of the pressure
distribution for the corner solution given by Lagerstrom in Ref,.1, and is given
by

L.k /, _ 0.380\"
qS'“B<1 > for AR > 1

AB
where 5 = plan aresa
A = plan aspect ratio
ﬁz=M2—1
% The coeffiocient of 1/AL ( ).As h » oo, £(h) » 0.384; whereas for a

flat plate when h = 0, f(h) = 0.5



or

w

2 £
where CL is bagsed on the external base area and

h and b are the height and width respectively.

The internal 1ift is two dimensional:-

L . ko
a3 p
where 8 1s the plan area
or
c = L L yased on base area .
L, ph

The total linear 1lift estimate for the rectangular ducts is therefore
given by:~

= L& (2 - L.
CL@ = hgp (2 0.384 Bb>

L k2 L L
for ah <1 and 8D < 1 (ﬂb < Bh for all the models testeé).

(4i) &/Bh > 1

For the internal lift, first order linear theory predicts a succession of
alternately reflected expansive and compressive Mach waves giving rise to a
loading distribution along the duct which is in the form of a square wave of
period 2 ph. This is illustrated in Fig.34 where § is the free stream value
and h is the minimum internal height of the duct (hI)' On entering the duct

the flow passes through either a compressive characteristic from the top lip
of the duct or an expansive one from the bottom 1lip each with a turning angle
equal to the incidence, After passing through both characteristics the flow
is deflected through twice the incidence. TFrom momentum considerations this
results in Ywice the slender body theory value for internal normal force. The
same result is of course obtained from linear theory following from the two
2q

p

dimensional value for surface pressure coefficient, + for the upper surface

and - 2 for the lower surfaoce.

B
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At 8/BhI = 2,0 after passing through the reflected characteristicas the

flow at the exit is parallel to the free stream so that again from momentum
oonsiderations the total internal 1lift is zero. As before, this result follows
from linear theory sinoce the surface pressure which, for 1 < &/ﬁhI < 2 is equal

in magnitude, but opposite in sign, to that for &/BhI <1.

It is reedily apparent that this shook/expansion pattern repeats through-
out the duot length, which results in a surface pressure coefficient osoillating
discontinuously between * 2a/B and 180° out of phase between the upper and lower
surfaces, The resulting variation with duct length of normal force, pitching
moment and oentre of pressure are included in Fige3h.

This idealised flow cannot be expeoted to persist flor any great distance
along the duct as the influence of non-linear effeots becomes more dominant in
the oharacter of the expansions and compressions, their reflections at the
solid bourdaries and their mutual interaotions., At a finite inocldence the
width of expansion waves cannot be ignored, neither oan the regular reflection
of shock waves be realised after more than a few reflections., The internal
flow is therefore likely to be of a highly complex form, with a high degree of
rotation and large viscous effeots, Nevertheless, af'ter a suffiociently large
number of refleotions it is commonly assumed, although diffioult to justify in
general, that the velocity becomes sensibly uniform and parallel to the duct
axis, Tt is further assumed that this velooity departs from the free streanm
value only to the first order in a, then from momentum considerations.

GL = 2 based on oross-section area of duct.
o

This is, of course, identical with the slender theory results given in the next
seotion.

5¢1.2 Slender theory estimates

It can be shown that using slender body approximations and the cross flow
potential derived in Durand? the external 1ift is glven by:~

2 2
L:z *Mé (1‘12)2”%
8gba b

where the queatities A and k follow from the simultaneous solution of the
following expressions:-

1t

[\ )=

AEG) - (1 - D% k()]

AE() ~ ¥% K(x')]

he D [



where k! =V 1 - k2

and K(k) and E(k) are complete elliptic integrals of the first and second kind
respectively.

The internal 1ift is obtained from the rate of change of vertioal
monentum i,e,

GL = 2 based on inlet area .
o

5.2 Ciroular ducts

54241 Lilnear theory estimate
The total 1ift on a oircular duot is given by Ward3 as

2
. gt 3 /7L A
CLG - 8 BD {1 - 12 (BD) + .-.] for BD < '<1 []
where D is the duot diameter.
5.2.,2 Slender theory estimate

Sleuder body theory estimates the external 1ift curve slope as 2, the
inner and outer surfaces glving a total 1ift of

GL=1+
a

based on the base area of & duct with zero wall thickness.

5.3 Winged duot

The estimate of 1ift ourve slope for the winged duot has been based on
1inear theory for flat plate wings and slender body theory for the 1lift from
the internal duot {flow,

The wing 1ift has been obtained from existing estimates for trapezoidal
wings by Behrbohm¥ which are shown plotted in Fig.28 as t = 0,267 and t = 0.577,
where t is the ratio of the tangents of the wing tip and Mach angles to the free
stream direotion, Indicated on the ourves are the values of R, the ratio of
L.E. and T,E, spans, Also shown in Fig.28 are the 1ift of reotangular (R = 1,0,
t = 0) and delta (R = 0) wings given by Stanbrook?. The 1ift at constant
values of R, upon whioch the estimate for the winged duot is based, are shown in
Fig.28 as ocurves interpolated between t = 0.267 and t z 0,577 and drawn within
the framework of the ourves for the rectangular and delta wing. As the values
of AR and R for the winged duot represent only a small extrapolation from the
t = 0,267 ourve the 1ift ourve slope can be estimated with some confidence,

-10 -
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6 RESULTS

The measured values of initial 1ift curve slope of the rectangular and
circular oross seotion ducts are compared with the theoretiocal estimates in
Table 2,

6.1 Straight rectangular ducts

The 1ift curve slopes of the straight rectangular ducts are plotted
against ¢/Bh in Fig.29(a). The total 1ift is obtained direotly from the force
measurements, For the internal 1ift, however, data for only two lengths of
duct are available, viz. 2 and 6 in.,, since this necessarily requires a know-
ledge of the internal pressure distribution, (section 6.5). When the pressures
measured on the 6 in, duot are integrated (Fig.29(b)) it transpires that the
peak 1ift curve slope ooccurs at length BE hI from the entry, where ﬁE ia the

value of B based on the measured exit Mach number instead of that for the free
stream and hI is the minimum internal height of the duct.

The variation of internal 1ift ourve slope with duct length shown in
Fig.29(b) is oscillatory, agrees well with linear theory for short lengths of
duct end demps to a slender body theory value for the longest.

The results for internal lift curve slope cbtained in Fig.29(b) for the
6 in. long duct sre transferred at the appropriate value of fh to Fig.29(a).
The intermal 1ift for the 2 in. duots obtained from the pressures measured on
a 2 in. duct are also shown and indicate the small error involved in assuming
that the first 2 in. of a 6 in, lung duct cen represent a 2 in. long duct. It
1s implied that the Mach number within the duct can be considered constant and
is determined only by the effective area (i.e. less boundary layer thickness)
at the exit, This can be substantiated qualitatively in the case of the 6 in.
duct where the area ratio required to achieve the measured exit Mach number
demands & wall defleotion of some 0,06 in. Approximately half of this is
aocounted for by the internal wall taper at the nose, the remaining 0,03 in,
is not incompatible with the possible boundary layer displacement thickness
indicated by the few pitot measurements made in the boundary layer during the
measurement of exit Mach number, nor with that caloulated for a turbulent
boundary layer.

_The external 1ift ourve slope shown in Fig.29(a) is obtained by differenc-
éng the total 1ift and the internal 1ift from the pressure measurements on a
in, duct. .

6.2 Straight oircular ducts

The experimental 1ift curve slopes for the oircular cross section duots
have been plotted against £/pD in Fig.30 and ocompared with linear theory at low
values of £/pD and slender theory at high values, Some correlation between the
experimental results themselves and with theory can be observed, the experimental
points matching well the linear theory estimates at low values of 2/pD and then
lying on a single fluctuating ourve whioch tends to the slender theory value at
high &/pD. The de/dCL for the circular ducts, plotted in Fig.3t ageinst £/pD,

show a similar oscillation; the position of the aerodynamic ocentre varying from
the nose to 0.56 at low values of &/pD.
- 1] -



6.3 Drooped nose ducts

Drooping the nose of a reotangular duct does not appear to alter the 1ift
ourve slope {see Figs,19 and 20) but produces discontinuities in the drag
(Pig.21) presumably due to separations from the intake lip.

6.4 Winged duct

The estimated linear theory lift curve slope of a flat plate wing of the
same planform as the winged duct plus a slender body theory estimate of the
internal 1lift resulting from the duct flow is compared with the experimental
results in Fig.23. Close agreement between the estimated and measured 1lift
in the range O to 79 incidence is obtained at both test Mach numbers.

6.5 Pressure measurements

The internal pressures on the top and bottom surfaces of rectangular ducts
h/b = 0,75 have been measured on the centre line at 0.2 in. intervals starting
0.8 in. aft of the nose for the long duct (£/b = 4.0) and 0.4 in, aft for a
shorter duct (&/b = 1,33)., It was ohecked that the effect of the extra external
pressure tubes at the nose in the latter cagse was negligible,

The pressures measured on the long and short ducts (¢/b = 4.0 and 1.33)
are shown in Pigs.26 and 27. The curves for both the upper and lower surfaces of
the shorter duct are similar in shape to those for the long duct but moved
downstream,

By integrating the difference between the upper and lower surface pressure
coefficients for the 6 in. long duct, assuming them constant across the width
of the duct, the variation of internal normal force and pitching moment were
obtained at M = 2.19 and 2,02, These results are shown in Figs.32 and 33 as
the change in normal foroe and pitching moment aft of the first pressure hole.
Extrapolating the pressure coefficients forward to the shock/expansion theory
values at the nose of the duct and integrating gives curves for the internal
1ift and centre of pressure against duot length, These are compared in Fig,35
with the simple linear theory for the internal flow illustrated in Fig.34 and
with the slender body theory.

The experimental results are similar to those predicted by linear theoxy
for short ducts only and tend to the slender results at high ¢/Bh. The
pressure near the nose was higher and the peak 1lift further forward than the
theoretical predictions based on the free stream Mach number, indicating an
internal flow contraction due to the internal geometry, boundary layer growth
and possibly separation from the walls. The measured exit Mach number of
1,87 at a free stream Mach number of 2.19, assumed constant throughout the
duct {see section 6,1), is consistent with the pesk pressure positions in

Fig.35.

In Fig.36 the incremental pressure coefficients for 2° and 40 incidence
are plotted against model length, showing that the load distribution along the
duct is, for short models, similar to that desoribed in Fig.34k by linear theory
but with the Mach number appropriate to the exit instead of the free streanm,

-42 -
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and the height that of the minimunm internal height (section 6,1), There is a
noticeable attenuation of 1ift as the number of internal shock/expansion
reflections increases.

6.6 Flow visualisation

In order to examine the internal flow in detail a series of schlieren and
oilflow pictures have been taken of a perspex model h/b = 0.75 and &/b = 4.0.
These photographs, shown in Fig.37, were taken at M = 2,19 and a = 0, 29, 4°
and 6°, The centre photographs are side views and the top and bottom pictures
are plan views. Between the photographs are plotted the appropriate surface
pressure coefficients. The schlieren shows the repeating internal shock pattern
originating from the nose which is responsible for the fluctuating internal
1ift curves of Fig,35. The detail is poor, due to the bad optical properties
of the model, but the intersection of the shocks with internal surfaces can be
seen to correspond with the pressure pesks, snd in most cases with lines in the
oilflow pattern which are normal to the flow through the duct. The oilflow
pattern is highly complex, wilh major disturbances being propagated from the
sidewalls due, it is believed, to the internal contraction at the nose of the
duct, It is thought that this internal contraction must make a considerable
contribution to the difference between the measured surface pressures and those
predicted by linear theory. Tests on & series of ducts which are parallel
internally are therefore proposed before an attempt is made to describe the
internal flow in detail, Nevertheless, despite the major differences found at
zero incidence,the change in surface pressures with incidence is similar to that
predicted.

7 CONCLUSIONS

The experimental evidence suggests that when engine nacelles on a wind
tunnel model are represented by ducts similar to the type tested:-

(i) The 1lift may be predicted adequately by linear theory at &/8h < 1
snd by slender theory at £/ph > k.

(ii) For intermediate duot lengths {1 < ¢/Bh < k) the 1ift is periodic
with duct length, but not to the extent predicted by linearised theory
for the internal 1ift, i.e. it does not drop to zero.

(iii) Por intermediate duct lengths (1 < &/Ph < L) the 1ift is peraodic
sith duet lengtn, The measurcd amplitude is less then that predicted
by linear theory for the intermal 1ift of a rectangular cross-section
duct,

-13 -
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SYMBOLS
plan aspect ratio
width of duet at nose

drag coefficient

1ift coefficient based on minimum internal croes
' } section area of duct and duct

. . s length, with moments taken about
pitohing moment ceefficient the nose.

internal normal foroe coefficient
2

o surface pressure - statlic pressure
pressure ooceffioient = q

internal centre of pressure, x/¢ aft of nose

initial 1ift curve slope,/radian

nose diameter
height: of duoct at nose

minimum internal height of duct

length of duct

1if'¢

free stream Mach number
exit Mach number

tpv?

plan area

angle of incidence

R

fﬁg -1
i\
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Initial 1ift curve slope
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FIG. 30. INITIAL LIFT CURVE SLOPE OF CIRCULAR DUCTS.
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FIG.37 Cont'd. INTERNAL FLOW AT ok = 4% M =219, hik — 0.7
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FIG. 32. INTERNAL LIFT & PITCHING MOMENT INCREMENT WITH DUCT LENGTH
M=2-19, %-075
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FIG. 33. INTERNAL LIFT & PITCHING MOMENT INCREMENT WITH DUCT LENGTH.
M=2-02 % -0 75
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FIG.34. SIMPLIFIED LINEAR THEORY FOR THE INTERNAL FLOW

OF RECTANGULAR DUCTS.
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FIG.37 Cont'd. INTERNAL FLOW AT ok = 4% M =219, hik — 0.7
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SUPERSCNIC WIND TUNNEL MEASUREMENTS OF THE LOADS AND
INTERNAL PRESSJRE DISTRIBUTICNS ON DUCTS AT INCIDENCE.
Cook, P,H. February 196,

An attempt has been made to find a method of estimating the external
117t of full scale englne nacelles and the internal 1lift of rectangular cross
section ducts used to represent engine nacelles on wind tunnel models,

The results for the total 1lift curve slope of circular cross sectlion
duets lock promising in that an adequate collapse of the experimental data
has been achleved, For the rectangular ducts, the Internal 1irt at low
incidence may be predictable if the internal fiow Mach number s knowm, and
the available results fer total 1ift suggest a similar collapse to that
achleved for the circular duets. The experimental data for the rectangular
ducts are limited and will be supplemented later by & further series of
models.,
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SUPERSONIC WIND TUMNEL MEASUREMENTS OF THE LOADS AND
INTERNAL PRESSURE DISTRIBUTIONS (N DUCTS AT INCIDENCE.
Cock, P,H, February 1964,

An attempt has been made to find a methed of estimating the external
1irt of full scale engine narelles and the Interma] 1ift of recisngular cross
section cducts used Lo represent engine nacelles on wind tunnel models,

The results for the total 1ift curve slope of clircular cross sectlon
ducts look promising In that an adequate collapse of the experimental data
has been achieved, For the rectangular ducts, the internal 11ift at low
incldence may be predictable if the Internal flow Mach mumber s known, and
the available results for total 1lift suggest a sixllar collapse to that
achleved for the circular ducts, The experimental data for the rectangular
ducts are limited and will be supplemented later by a further serles of
rodels,
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SUPERSONIC WIND TUNNEL MEASUREMENTS OF THE LOADS AND
INTERNAL PRESSURE DISTRIBUTICNS Gl DUCTS AT INCIDENCE,
Cook, P.H. February {196,

An attempt has been made to find a method of estimting the external
iirc of rull scale engine nacelles and the internal lift of rectangular cross
section duets used to represent englne nacelles on wind tumnel models,

The results for the total 1lift curve slope of circular cross sectlon
ducts look promising in that an adequate collapse of the experimental data
has been achieved, For the rectangular ducts, the Intermal 1ift at low
Incidence may be predictable if the Iinternal flow Mach mmber {s known, and
the awailable results for total lift suggest a simllar collapse to that
achieved for the clrcular ducts, The experimental data for the rectangular
ducts are limited and will be supplemented later by a further series of
models,
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