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SUMMARY

Pressure plotting experiments have been performed on the internal flow
through inclined circular vubes at M = 4, and the results used to investigate
both the nature of the flow and the internal forces. It is intended to apply
the results to the wind tunnel testing of models with nacelles. Linear theory
calculations have been made and the predicted foroes are in good agreenment
wich experimental velues, provided the ducis are shert,
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1 TNTRODUCT ION

An aircraft or missile designed to fly at moderate to high Mach numbers
propelled by sir breathing engines will normally have engine intakes whose
capture area is & considerably large fraction of the total cross-seotion of the
vehicle. A wind tunnel model intended to give a realistio representation of
external flow must therefore swallow the correct volume of air. IT the power
plant itself 1s not to be represented the easiest solution is to allow the
captured air to flow through simple tubes and exhaust back inte the main stream.
Such an arrangement has been frequently used and, if the tube is not too long
and the Mach number not too low, supersonic flow will be established throughout
the tube, the shock pattern will be attached, and the inlet will run fu111. It
usually seems to have been assumed that under these conditions the internal flow
contributes significently to the drag forces on the model, but not to any
transverse forces, except in a short region just behind the inlet. This region
gives rise to inlet forces similar to those experienced on the real aircraft.
Behind this region the highly dissipative influence of shocks, boundary layers,
and their mutual interactions are assumed to l:ad to the rapid annihilaticn of

any transverse momentun,

At high supersonic Mach numbers, however, when the shook system within
the tube is strong and relatively little inolined to the saxis, we might expect
a strongly patterned flow to persist for some distance downstream, and the
posaibility of the internal flow msking a sizesble contribution to the tranaverse

forces cannot be excluded without testing.

Since such effects would evidently not correspond to any situation
obtaining in the case of the real aircraft plus power plant, it will be desirable
to measure or estimate them somehow, so that they may be subtracted out from the

foroes observed in wind tunnel testing.

These considerations became apparent during the planning of a series of
tests involving the addition of oylindrical nacelles to a series of basio
missile models. When it appeared that no reliable methed for estimating the
transverse forces existed, a series of subsidiary tests was put in hand, to
provide internal pressure plots on lsolated nacelles, As it was felt that these
results would have some general interest they are presented here separately from
those of the main tests.

2 DESCRIPTION OF MCDELS AND APPARATUS

The three models which were tested are illuatrated in Figs.? and 2. Two

ol these, B and C, were simply geometrical reprcduotions of nacelles used in



the missile tests mentioned in the introduction. These were steel tubes with
an internal diameter of 3.450 in and an external diameter of 3.700 in. The
overall lengths of the two nacelles were 23.670 in and 15.900 in and a 10°
chamfer was cut internally on the intake. Since the boundary layer would
presumably be thickened by interaction with the shock pattern inside the tube
it seemed quite possible that it might allow disturbances from the exit to be
propagated upstream, and the intention of the shorter tube was to check this
point by comparison with the front portion of the longer tube.

Additionally it was felt that more general interest would be obtained
from a tube whose interior was a simple parallel bore, and so a third model
was constructed with the inteke chamfered externally., This is known as tube 4,
and will receive the most attention in this Report.

Each model had a row of half-millimetre dismeter static pressure holes
spaced at % in intervals along a generator of the tube with an additional hole
2 in from the intake. The tubes were mounted on short pylons which could be
fitted onto a sting and quadrant support (Figs.1 and 2). After setting the
quadrant to the desired incidence the model could then be rolled around the
sting to bring the row of pressure holes into any c¢ircumferential position
relative to the wind direction. Pressures were measured on a set of self

balancing weighbeam manometers.

All tests were made in the High Supersonic Speed Twinel at R.A,E, Bedford
at a {rec stream Mach number of 3,97. The Reynolds number of the detailed
investigations was 2.2h x 106 baged on internal diameter, but a brief look was
taken at the qualitative effects of varying Reynolds number within the range
1.12 - 2.7Lh % 106. The total temperature was held constant at LOOC and the
humidity was maintained below 200 ppm.

3 MEASUREMENTS PLRFORMED

Owing to the symmetry of a circular cylinder, it is not necessary to
make any distinction between incidence and yaw. Thus the attitude is defined
solely by the incidence, a, and nll the models were tested at o = 5, 10, 15
and 200, in each case with the row of pressure holes being moved round by 15°
steps from ¥ = O (bottom dead centre) to ¥ = 180°.

The pressures so obtained were integrated to yield normal force and
pitching moment coefficients using the DEUCE computer at R.A.E. Bedf'ord working
on a programme based on Simpson's rule., Linear extrapolation was used to find
the pressures at the tip. On the zssumption that any treiling edge effect

propagated upstream through the boundary layer was so small that the pressures



back to a particular station were substantially the same as if the tube had
ended at that station, the integration of pressures between limits x = O and
x = & was teken to give the foroes on a tube of length £. It appears from the
- comparison between models B and C (Section ,5) that this assumption was valid
except for the highest incidence,

To reduce the time taken in making measurements it was further assumed
that the flow in the tube possessed symmetry sbout the incidence plane, Check
points taken during the tests suggested that this was in fact so, and that
even if the fine detail of the pressure distribution was not repeatable from
one side to the other, the effeot of such asymmetry on the overall forces was

very small.

Some Lysteresis effects were cbserved with model A at incidences close 1o
10°, These are noted briefly here, but the time was nol availaeble to investigate
them in detail.”

4 DISCUSSION OF RESULTS

Lot Preliminary

For the simple case of two~dimensional flow in a parallel sided rect-
angular duot; supersonic linear theory predicts the flow pattern shown in I'ig.3,
taken from Ref.2. The shock and the expansion wave generated at the lip are
reflected down the tube without any change in stryngth, and the pressure
distributions along the upper and lower inside surfaces are two square waves of
period 2¢/ph in antiphase. The 1lift acting locally on a partioular part of the
tube may be positive or negative, and if the length is an exact multiple of
2¢/Bh the tube will exverience no resultant 1lift but only a pitching moment,

In practicez’3, it is found that the predicted periodic disturbances are
attenuated with inoreasing distance dovm the duct, so that CP, CN’ etc, have

the oharacter of damped oscillations.

For very long ducts we may assume that the flow eventually becomes parallel
at a sufficiently large distance downstream. Under these conditions Cp will be
a function of x only, and CN’
the tube axis,will tend to the constant velue 2 sin a cos a independently of

from consideration of momentum changes normal to

crose seotion shape.

The cylindrical duoct is a more complicated theoretical problem, and in
fact no solution has been found for ducts with finite length greater than 2@r,
but physically one would expect the same type of soclution. That is, a damped
periodic flow in which Cp -> Cp(x) and Cy ~ 2 sin o cos a.



4,2 Pressure distributions

The pressure distributions along the top and bottom generators of models
tA' and 'B' at zero incidence are shown in Fig.k. The internal chamfer on
model 'B!' gives rise to pressure peaks which reflect down the tube. It is seen
that similar pressure peaks are present, on a reduced scale, in model 'A'.
These are presumably due to the internal boundary layer displacement thickness
giving model 'A' an effective shape which is, at least at zero incidence,

gimilar to thaet produced by chamfering.

With the particular model support system used (Figs.1 and 2) measurements
on different tube generators were made with the model in different parts of the
tunnel airstream., As the flow direction in the tunnel is known5 to vary from
point to point by engles of the order of i%o, this is a gource of error.
Comparison of the results for top and bottom generators shown in Fig.h4
indiocates that these errors are fairly small and certainly negligible for

present purposes.

Contour maps of static pressures are presented in Figs.5 and 6. Regions
of negative Cp are shown cross hatoched, and the contours are labelled with the
value of B Cp/2a, which is the ratic of pressure coefficient as measured to

the two-dimensional linear theory value.

Fig.5 presents results for the internally parallel model A. The reflected
pressure and suotion peaks are clearly seen., It is interesting to note that at
low incidence (a = 5°) the second and third pressure peaks {on the lower and
upper generatora respectively) are augmented sbove the value reached by the
first peak, rather than attenuated below it. This is probably related to the

b of the ocurved leading edge shock must occur, which

fact that some "focussing"
will cause it to become steeper and stronger. A further effect of this

focussing can be observed by noting that the position where the shock reaches
the bottom generator (umarked by the steep pressure rise along ¥ = 0) is well

forward of its linear theory position at x/pr = 2.0.

At higher incidences the attenuation of pressure peaks begins at once,
and at a = 15° and a = 20° the circumferential pressure differences are already
small at the back end,

The results for model B, which has an internally chamfered leading edge,
are presented in Fig.f. The main differences to be noted are the generally
higher pressure peaks, and the fact that the shock system as a whole has

contracted lengthwise, Both of these effects are presumably associated with
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the decrease in Mach nunber brought -about by the internal area contraotion,

and both may also be noted in the zero incidence comparisons of Flg.h.

4.3 Normal foroe

-The normal force coefficient CN ig defined as:-

£ 27
cN(e) = -’—2 fdxf C, oos ¥ (ray) . (1)
pidd o o

This represents the normal force due to the internal flow, saoting on that
portion of the tube which was between x = O and x = £,

We also have from linear theory (Refs.6-8 and Appendix to present Report)
e (e) = 2av, (- & (2)
N 1 gr

where V, 13 a funotion which may be evaluated numerically for -2 < &/Br <+ o,
Within linear theory there is no 1ift due to tlickness (as for exemple the
chemfer on models B and C).

A comparison between the experimental forces (equation (1) and (2)) is
made for model A in Fig,7 and for model B in Fig,8., It will be seen that for
tube lengths less than about 18r the agreement in the case of model A 1s quite
extraordinarily good even at -+ he higheat incidence, This agreement mey appear
rather fortuitous, especially in view of the complicated detail pressure
distributions revealed by Fig.b, and it cannot be maintained without further
investigation that equally suocessful predioctions could be made at all other
Maoh numbers or Reynolds numbers., However, it is known from many other
applications, e.g. thin airfoil theory, that linear theory may often give good

estimates of overall forces even when local pressures are considerably in error.

For lengths between 1fr and 2Br the experimental and theoretical curves
begin to diverge, best agreement being naturally maintained for the lower

inocidences.

The linear theory solution has a singularity at x = 2fr invalidating any
solution for longer tubes, which must necessarily be investigated experimentally,

Fig.8 shows the analogous results for model B. Best agreement with theory
is obtained if the reference area in Cy is taken to be the inlet area, while the
reference length r in x/Pr is taken as the final parallel radius of the duct.



If this is done fairly close agreement is obtained between the experimental
points and the theoretical curve for sufficiently short ducts.

In Fig.9 is shown internal normal force against incidence for parallel
tubes of various lengtha., TFor a short tube, {(£/Br = 0.45), such as is shown
by Fig.7 to coineide with linear theory, the variation of force with incidence
is linear, However, for longer tubes, we see that marked non-linear effects
are present. In general, these appear at lower incidences as the tube length
is inoreased. Fig.9 also includes the slender theory estimates
(Cn = 2 sin o cos a) which may be seen to give progressively better results as

tube length increases,

L. Pitohing moment

Pitohing moment coefficient GM is defined as:~

4

21
= _t X o3 Y 3
6,(e) o [ ax of Co cos ¥ (rap) (3)

0
and experimental results based on the definition are compared with the linear

theory result (see Appendix):-

6, e) = 2apH (—55—1) . (&)

In equation (3) the inlet ares xR% is used as reference area, since this
appears to be most closely associated with the forces experienced (Section 4.3),
but the final radius r is chosen as reference length, as this is more closely

related to the periocdiecity.

Since a correct prediotion of the lift distribution along the tube auto-
matiocally implies a correct prediction of the pitching moments, linear thecry

applies here to the same cases discussed in the previous sub-seotion.

Note that for a sufficiently long tube, cM(&) tends to some finite con-
stant value, since if the part of the tube downstream of some station makes no
contribution to the 1ift, it makes no contribution to the pitching moment

either.

L5 Comparison between models 'B' and 'C!

It has so far been assumed that oconditions at exit from the tube have no
efflect on the flow within the tube: that is to say there is no significant



upstream influence through any region of subsonic flow, so that the pressures
over the foremost portion of any tube are independent of the length of that tube.
Models 'B! and 'C' were intended to check on this assumption. Geometrically
they were reproductions of the removeble nacelles used in the main tests (see
Seotions 1 and 2) and differed only in their overall lengths.

Full pressure plots were obtained for both models at inocidences 0(5)20°,
and only for a = 20° were any significant differences observed. At this
incidence, however, quite large systematic discrepancies between the two models
were to be found.

These are brought out by Figs.13-15. Fig.13 shows the pressuwre dis-
tributions on the two models, The main difference is that the region of very
bigh pressure found near the top of the tube just behind the inlet is of rather
smaller extent on model © than on model L, The effect vhich this has on normal
foroe and pitching moment coefficients is shown in Figs.14 end 15. At lower
incidences the two curves are almost indistinguishable (see Fig.14(Db)).

A posgoible interpretation of these results is that at higher incidences
the stronger shock system produces thicker boundary layers and separaiion
regions, which can more easily ocarry trailing edge influenoce upstream. In any
case the results derived in this Report for a = 20° camnot be regarded as better
than 10% accurate. However, the results for lower incidences seem more solidly
based.

4.6 A bysteresis phenomenon

At incidences near 10° it was found that two distinct pressure dis-
tributions could be obtained for the same model at the same incidence., The
nain determining factor appeared to be the direotion from which the incidence
was approached when secting up the model attitude, although there was some
indication that even when the model was held at constant incidence, one pattern
might change spontaneously into the other. Differences between the two patternms
were most significant in the region of negative CP just behind the inlet, The
effect was strongly dependent on Reynolds number, and a detailed Investigation
would have involved lengthy testing whioh was not felt to be justified,
espeoielly as the difference in overall forces produced was fairly small (1ess
than 5%)., However, some results and a tentative explanation are put forward

in this section.

Fig.16 shows six different pressure distributions obtained from model A
at o = 10°. In each case the pressures are measured along the bottom generator
(y = 0) for O < x/Br < 1.5. For each of three different Reynolds numbers the
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test attitude was approached either from very low (a ~ 0°) or from very high
(o = 20°) incidence, It will be observed that in each case the direction of
approach makes a considerable difference, At lower incidences (¢ less than
about 8°) the pressure distribution is independent of the direotion from which
the attitude is approached, and has the typical general shape of Fig.17. At
high incidence the pattern is again unique at a given attitude but ohanges
rapidly with incidence.

The behaviour is apparently linked with the tendency of the boundary
layer on the lower surface to separate owing to interaction with the shock

from the upper lip.

The point et which separation appears to occur is marked as 'S' on each
of the diagrams in Figs.16, 17 and 18%, At low incidences when the shock is
weak separation ocours well down the tube (Fig.17) while at high incidences
the separation region extendsa forward right to the leading edge (Fig.18(c)).
At intermediate incidences the hysteresis effect is present (Fig.1€).

The position of the point S as a function of incidence for three different
Reynolds numbers is plotted in Fig.19, which alsc szhows the approximate
location of the shock. The mein features of these plots are reproduced
schematically in Fig.20.

Suppose the model te be initially at some small incidence, and the
boundary layer to be laminar right back to the shock, which induces laminar
separation & short distance shead of itself (point U of Fig.20). As the
incidence is inoreased and the shock becomes stronger the separation point
moves forward along UT until, near T, transition to turbulent flow occurs ard
S consequently moves back to T' {compare Figs.16(a)(iii) and 18(a)), With
s8till further inorease of incidence S moves forward again, following the new
curve T'F, until at P it reaches the leading edge. If incidence is now
reduced, S moves back again along ¥FT', but the change back from turbulent to
laminar flow does not take place at T'. Instead turbulence persists until the
point R 1s reached, It should be noted that there is no direct evidence for
the state of the boundary layer. In any future similar tests it would be
desirable to try the effect of transition fixing,

A typical variation with incidence of the pressure at a fixed point is
shown in Fig.21.

" S has actually been taken as the point at which the pressure rise due to
separation begins; this is not strictly the same as the separation point, but
its movement will be assooiated with the movement of the true separation point,
and this suffices for present inberests.
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The results given in previous sections for mcdels 'A' and 'B! at a = 10°

were for the turbulent boundary layer condition.

4,7 Comparison with other data

Cookz’3 has‘presented the results of force measurements on circular ducts
at Mach numbers between 1.4 and 2.2, His models had values of £&/r equal to 2.78,
5.5f, and 8,34, and the Reynolds numbers of his tests lay between 2.0 x 105 and
3.0 x 105 on internal diameter. Although his results do not distinguish between
the internal and external contributions a limited ocmparison may be made as

follows.

At very small inoidences the external forces will be represented accurately
by linear theory, even though the internal forces (which are more strongly
influenced by viscous effects) may rot be so represented, Thus, if from Cook's
measured (aCM/aa)ESgAL the linear theory estimate of (acm/aa)ffﬁ is subtracted,
an approximation to the intermal contribution o initial 1lif't slope is obtained.

This has been done for the results of Fig.3! of Ref.3, on the assumption
that the external forces on Cock's model are the same as for an externally
parallel duct of the same final external diameter, The results are shown in
Fig.22, It is seen that the estimates so obtained are in good agreement with
the present tests for the Lower values of &/Br. The pcor agreewent st higher
values may be due to the difference in Reynolds nurber, or te a failure of the

method for estimating the external sontribution.
5 CONCLUSIONS

(1) The internal forces on circular duots for which &/Br < 1.0 are well
represented by linear theory.

(2) Slender theory is not adequate to predict the forces on any model in the
present set of tests but it gives progressively better results as £/Br increases,

(3) The presence of an internal contraction in the duct may affect the results
oconsiderably.

(4) Boundary layer effects are important; in partiouler they lead to an

inoidence hysteresis phenomenon,
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AEBendix A
LINEAR THEORY OF SUPERSONIC FLOW THROUGH A PARALLEL
CIRCULAR DUCT AT INCIDENCE

This problem is a special case of the theory of quasi-cylindrical ducts
developed by Ward in Refs.6 and 7 and by Lighthill in Ref'.8, We follow here
the notation, etc, of Ref.7. It ig shown there that the pressure coefficient

at a point (x,ro,e) on the inner wall of the duct is given by

2aq 003 0O x
C = Sl el VY W AJ
P P 1 ( Br) (a.1)
where V;(z) is a function given by the equation (8.5.16 of Ref.7)

vi(z) = e 0532 14 5120 cos 0.5012 5 + 0.1898 sin 0.5012 z}

[+ o]
- e iy
Kf(h) . o 1;2(1) 22

(a.2)

o]

where 11‘ (A) and K,; (A) are the first derivatives of the first order modified
Bessel functions of the 1st and 2rnd kinds,

The values assumed by this function for positive values of gz are relevant
to the theory of the external flow past duots and are given in Refs.f and 7.
For 05 z > -2, equation (A.2) can be evaluated to yield, via equation (A.1).
the internal pressures. For z € -2, the infinite integral in equation (A.2)

does not converge, and no linear theory solution has yet been found,

The following properties of V;(z) are given by Ward.
(a) TFor small z s

1
V.;(z) = 1~%—2-ng2+ (4.3)

(in Ref.6 the coefficient of 52 is given, erroneously, as - %-%—-).

(v) V;(z) has a logarithmic singularity at z = -2, and as z approaches -2
from aebove, (Ref.6)
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+ 0(1) .... (a.%)

2 1
V;(z) > --ﬁlog T

Two related funotions, V, and M are defined by

1

z
f v;(z) dz (A.5)

o]

i}

V1(z)

f vi(s) sz . (4.6)

e)

M(z)

These enable the lift and pitching moment acting on a duct of length £ to
be found as |

c (¢) = 2av, (";3%) (4.7)
c,{e) = 2apH (Q 5%9 . (4.8)

Equation (A.2) has been used to evaluate V,;(z) in the interval
0 >z> -1.95. The integral in equation (A.2) was evaluated graphically
within the range 0 <A < 10, For z ¢ - 1.5 the contribution from A\ » 10 is
significant and was caloulated from the appropriate asymptotio expansions.
V, and M were then found from (A.5) and (A.6). All three funotions are presented

1
in Table 1,
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Table 1

THE FUNCTIONS V; s V,I AND M

2§ Vi(ea) | ¥, (-e) | M(-2)
0 1,000 | O 0
0.2 1,090 | 0,209 | 0.021
0.4 1,175 | C.436 0, 089
0.6 1.255 | 0,679 | 0,214
0.8 1.305 | 0,935 0. 39
1.0 1,300 | 1.197 0,626
1.2 1,210 | 1.449 C. 904
1.4 1,030 | 1.670 1,196
1.6 0.725 | 1.853 1,463
1.8 0.100 | 1.942 | 1,614
1.9 -0.540 | 4,923 1. 577
195 | ~1.0%9 | 1.882 1.498
2,0 | —oo




NOTATION

(x,r,¥) oylirdrical coordinates

h half~height of rectangular duot
length of duot

free stream dynamic pressure

H a &
8

internal radius of parallel portion of duct
= x/Br

pressure ooefficient
1ift coceffioient

normal force coefficient
pitohing moment coef'ficient, based on inlet area and r, origin at

} based on inlet area

2 0 OO A ®

= = g

centre of inlet
Maoh number, function defined in Appendix A
R inlet redius

Re Reynolds number based on internal diameter

=

v, ,V; functions defined in Appendix A
o angle of incidence (in radians unless otherwise stated)

B ﬂjMz—’l (= 3.84 for M = 3.97)
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