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SUMMARY

The Report describes a research programme undertaken at ARA in 1968-73.
It represents the first attempt in the UK to design forecowl profiles for a
podded engine nacelle of modern proportions, with the specific aim of obtaining
favourable supercritical flow development over the cowl exterior.

Six cowl shapes were tested, of empirical design but exploiting the 'peaky’
pressure distribution principle previously evolved for high speed aerofoils.
Earlier results for NACA l-series cowls were used as a basis of tomparison though
all the present cowls had larger lip radii than NACA I-series cowls in order to
improve the low speed performance in conditions that might correspond to a
windmilling engine in single-engine flight of a twin-engined transport. The
essential measurements were of mass flow, drag (by wake traverse) and surface
pressure distributions.

The detailed pressure plotting throws light on the nature of the principal
flow characteristics - peak suction, lip separation, recompression and reattach-
ment, shock wave progression etc - and enables these to be related to the occur-
rence of drag rise, from either increase of Mach number or decrease of flow ratio
(spillage). The level of high speed drag performance reached by the best cowl
designs tested was equivalent to or slightly better than the corresponding
optimum NACA 1-series cowl, superiority at low speed being retained throughout.

The analysis provides some guidance on what pressure distributions to choose
as targets for design calculations by modern theoretical methods. This approach
is likely to produce better cowls than the NACA l-series particularly for
applications where non—aerodynamic factors dictate the use of non optimum
geometric proportions. Overall, the aim of producing favourable supercritical
pressure distributions by constructive design was reasonably well fulfilled.

* Replaces ARA Report No.54 - ARC 38204
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1. INTRODUCTION

This report describes the aims and achievements of a research programme

undertaken at ARA in 1968-73 under a contract from MOD(PE). The programme
represented the first serious attempt in the UK to design the forecowl of a

podded nacelle for a subsonic transport aircraft with the specific aim of
obtaining a favourable supercritical flow development over the outside of the

cowl in the design condition. Previously, cowl shapes for a given choice of
various geometric parameters had been selected from a standard family, usually

the NACA l-series which is a series of shapes designed essentially for subcritical
flow. Now, in this programme, the emphasis was on finding a shape that would give
a desired type of pressure distribution in subcritical flow. In 1968-73, there
were no methods for calculating the supercritical flow over a ducted body or cowl
and so the design approach had to be empirical in nature, being guided by an
analysis of earlier data for NACA l-series cowls and by relevant experience in

the design of advanced two-dimensional aerofoils.

If the programme were repeated now in 1979, use would be made of new methodsl
for calculating the supercritical flow over a complete cowl. The existence of
these methods does not detract however from the value of the earlier programme or
the usefulness of this report. In future, one will certainly make use of the new
theoretical methods but one will still need some idea of a suitable shape and/or

target pressure distribution to serve as a starting point for design calculations.

Somewhat by chance, the performance of the best cowl of the six tested in
this programme was only slightly better than that of the corresponding NACA
I-series cowl. This does not imply that the design approach was unsuccessful
but rather reflects the fact that coincidentally the particular NACA l-series cowl
gave a favourable form of supercritical pressure distribution at an appropriate
cruise Mach number over a fairly wide range of intake flow ratio. The value of the
design approach coupled with the new theoretical methods is that such favourable
pressure distributions will eventually be obtained by constructive design rather
than by accident and will permit the use of a wider range of overall geometry,

thereby easing the difficulties of meeting ever more severe practical constraints.

The programme is concerned with the design of the forward part of the cowl.
Strictly, one should consider the design of a complete cowl since, with present-day
typical geometries, it cannot be categorically assumed that there is no interaction
from the rear cowl on the flow over the forecowl. However, the nature of the
programme was conditioned by the rig available at the time; furthermore, the absence
of significant interference from the rear in present tests does not affect
conclusions as to what are desirable pressure distributions for the forecowl; it may

however affect the geometry needed to achieve those distributions.



2. DESIGN OF PODDED INTAKES

2.1. General Principles

The function of an intake/cowl combination is to present the required
airflow to the engine with the minimum loss, distortion and fluctuation and to
house the engine in a nacelle with the smallest possible external drag. Ideally,
low drag implies small frontal area, small wetted surface area, no excess viscous
drag due to boundary layer thickening and/or separation and no wave drag. The
good internal and external characteristics should be maintained over the
operational range of incidence, Mach number and intake mass flow. The aerodynamic
design process is essentially an attempt to find the best compromise between the

different requirements.

Neale2 has described the problems faced in finding a suitable nacelle
shape for the modern turbofan engine of high by-pass ratio. On the one hand,
because of the low specific thrust of such engines, it is more important than in
the past to obtain low external drag and good intake pressure recovery while, on
the other hand, the shape and size of the engine has added to the difficulties of
reconciling internal and external flow requirements within the overall geometric
constraints. A typical nacelle shape is shown in Fig.l; terms describing the
geometry of the forecowl are defined in Fig.2. Clearly, the nacelle has to wrap
round the engine and its accessories; the required standard of flow being offered
to the engine and noise considerations applied to its operation tend to control
the inlet area and duct length; for the external cowl shape, one is left with
refinement of the choice of length and maximum diameter and with the problem of
determining the actual cowl profile as a means of obtaining the lowest possible
drag. Considering the influence of internal flow requirements, the inlet has to
operate with low losses at high mass flow ratio under zero and low forward speed
conditions; for this, an internal contraction (or 'bellmouth') is required. The
thickness of the cowl is kept to a minimum by using a throat (Fig.2) followed by
a diffuser. The minimum possible throat size is determined by the maximum mass
flow required by the'engine under other flight conditions. The most demanding
condition in this respect depends on the type of engine and its application but
usually, it is either the climb or the start of cruise. Most of the internal duct
length is required by the diffuser in which the mean internal stream velocity is
reduced from a near-sonic value at the throat, to the value, usually about M = 0.5,
required by the compressor or fan. Estimates based on the required bellmouth area
and acceptable diffuser angles determine the minimum diameter required for the
highlight and its axial position relative to the engine face. Then, the internal
requirements having largely dictated the highlight diameter and length of the

nacelle, one chooses the thinnest cowl that can be fitted around the engine and
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its accessories as a means of minimising the nacelle maximum diameter, D, .., Fig.2.
The need to minimise D,y is much greater than it was, say 25 years ago; 1f Dpayx is
not kept to a minimum, basic profile drag level will tend to be unacceptable and
practical constraints such as ground clearance for an underwing nacelle are likely
to be violated. Essentially, this is the source of the added design difficulty; a
typical value for the intake highlight diameter ratio, D;j/Dp.., is now 0.85 whereas
formerly it would have been about 0.5 - 0.6. This means that relatively speaking,
there is much less frontal area for the cowl surface between highlight and maximum
diameter. The function of this cowl forebody is to produce sufficient suction on
the forward-facing surface to balance the change in momentum of the entering
streamtube between freestream conditions and the entry plane, i.e. to compensate
for the 'pre-entry drag'. Any failure to do this is normally described as spillage
drag and is ascribable to excess profile drag, wave drag or a flow separation. A
smaller frontal area for this surface implies a higher mean suction and hence more
risk of wave drag for a given freestream Mach number, or steeper adverse pressure
gradients for a given mass flow ratio. It follows that one normally has to refine
the choice of forecowl length and maximum diameter and search for a shape for the
cowl that will minimise the wave drag at cruise mass flow and high Mach number,
will reduce the spillage drag at lower flow ratio and Mach number (in for example,
an engine-windmilling condition) and finally, will give a satisfactory flow under

high incidence conditions at low speeds typical of aircraft take—off and landing.:

2.2. NACA l-series Cowls

Up to 1968, it had been general practice to select a basic axisymmetric
cowl for any new nacelle application for a subsonic transport from a standard
family, e.g. in the UK, the NACA l-series, and then to modify it as required to
cope with any asymmetric accessories and installation problems. The ordinates of
the NACA l-series were defined in 1945 and extensive pressure plotting data were
given in two NACA reports3’4 dating from 1945 and 1949. Later,. in the period 1960-8,
many forecowls of this family were tested in the ARA 9ft x 8ft transonic tunnei for
Rolls Royce Ltd, primarily to obtain drag data by the wake traverse technique,
using the rig to be described in 3.2, and partly to extend the data to larger
highlight diameter ratios up to Dj/Dpzx = 0.90. Correlations of the data from
which the designer can select a suitable cowl for his particular requirements have
since been published, e.g. Refs.5,6. For any given highlight diameter/maximum
diameter ratio, one can select a forecowl length/diameter ratio to give the best
compromise between a high drag~rise boundary at cruise mass flow and a good
spillage drag boundary at reduced mass flow and Mach number. A shorter cowl will
tend to be in trouble at high Mach number because the suctions will be too high
near the maximum diameter or crest (Fig.2); a longer cowl will tend to have

premature spillage drag because the lip will be too sharp and the peak suction
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too high, thus leading to a premature flow separation in the adverse pressure
gradient aft of this peak. These general trends were first described in Ref.7

(1952). At modest D;/D

, the 'optimum' is in fact, a range of possible lengths
max p g P g

and so there is considerable freedom to choose a cowl geometry that will meet the
other requirements and constraints; but with increase in Dj/Dpay, the optimum becomes
more sharply tuned, e.g. at Di/Dp,, = 0.85, (Lp/Dypay)opt = 0.45 +0.05 while for
D;/Dyax = 0.90, it appears virtually impossible to find a satisfactory cowl within
the NACA l-series. It should be noted that the change from D;/Dy,x = 0.85 to
Dj/Dpax = 0.90 is not trivial; it implies a reduction of more than 30% in the

thickness of the cowl.

The original aim with the NACA l-series was to obtain the highest possible

values of M the Mach number at which the local flow over the cowl first

crit»
becomes supersonic. The design pressure distribution for a cruise mass flow
condition therefore was of the rooftop type, i.e. constant Cpffver as much as
possible of the length of the forecowl. However, an analysis of the surface
pressures and drag data for the NACA l-series cowls tested at ARA showed that the
Mach number (M3) for the start of the rapid increase in drag with Mach number was
close to Mgpit only for cases where the flow first became supersonic at the rear

of the forecowl, i.e. near the crest. For cases where the low speed pressure
distribution contained a peak suction near the lip of the cowl followed by a steady

recompression, My could be as much as 0.2 higher than M This result had been

crit®
noted much earlier from tests in Germany in about 1943 (see Ref.9, page 82). The
more recent analysis8 of data for NACA l-series cowls suggested that there was a
significantly better correlation (though still not perfect) between My and M. oq¢>
the Mach number at which the shock first moved back to the crest. The best drag
characteristics, i.e. My up to within 0.02 of Mcregt, were obtained for cases where

the pressure distributions near M and My still contained a rapid expansion

crest
around the lip to a peak supersonic local Mach number followed by a largely isentropic
recompression with only weak shocks situated at or near the crest. The NACA l-series

0.85/0.45 cowl, where D;/D = 0.85, Lp/Dyay = 0.45 gives pressure distributions of

max
this type over a wide range of intake mass flow and this accounts for its superiority
over other NACA l-series cowls of the same highlight diameter ratio. Coincidentally,
this 0.85/0.45 geometry has proved to be very suitable for various practical
applications but in general it had been realised by 1968 that continued use of the
NACA l-series for all applications would mean that in some cases, increases in
external drag would have to be accepted for the sake of meeting other requirements

and constraints.

2.3. Approach to Supercritical Cowl Design

As noted above, the problem of external cowl design becomes one of
designing a surface with a pressure distribution which develops, with change of

inlet flow ratio and Mach number, in a manner likely to delay serious boungary



separation and the appearance of strong shock waves near or aft of the crest.
Analysi56 of the data for NACA l-series cowls showed qualitatively what type

of incompressible pressure distribution and nacelle shape would be expected to
show a favourable supercritical flow development; the aim of the research
described in this report was to demonstrate the achievement of good supercritical
flow as the result of deliberate design and to quantify the desirable target

design pressure distributions.

Clearly, up to a point, there is an analogy here with the high speed
design aims for a two-dimensional aerofoil. In both cases, one is interested in
what Pearcey was the firstlo to describe as a 'peaky' pressure distribution. Much
had already been learnt by 1968 about how to design the nose of a two-dimensional
aerofoil to obtain favourable pressure distributions of this type and this
experience served as a starting point for the design of the first two cowls of the
present programme. It was realised from the outset that the analogy could not be
pushed too far. The design aims, while broadly similar, are nevertheless different
in detail; with an aerofoil, one wants to carry as much lift as possible for a
given shock strength, so the trend with some advanced supercritical sectionsl] is
towards achieving an extended supersonic region containing a peak suction not
necessarily very close to the leading edge; with a cowl, however, the primary aim
is to recover as much as possible of the pre-entry drag and thus, there is a need
to expand the flow quickly to a peak suction close to the lip so that high suctions
are generated on the forward facing part of the surface near the lip highlight.
Recognising this difference, experience in the design of 'peaky' two-dimensional
sections was nevertheless useful in approaching the cowl design problem. The
concept adopted was firstly that the lip profile should be circular for some
distance on either side of the highlight point: this avoids the discontinuity in
curvature which occurs with a strict application of NACA l-series profiles. Then
for the external profile, this initial region of constant curvature was to be
followed by a rapid, though not discontinuous, reduction in curvature following
'peaky aerofoil' practice. The peak suction would occur near the position of abrupt
curvature change and the art of the exercise lay in finding a distribution of
curvature from lip to crest that would produce well-conditioned, near optimum
recompressions (i.e. avoiding strong shock waves) over a range of flow conditions
embracing both high free stream Mach number at moderate mass flow ratio and low
flow ratios at low free stream Mach number. As with two-dimensional aerofoils, it
was felt that one should not strive for literally shock-free recompression which,
if it could be obtained at all, was likely to persist only over a very limited

range of intake flow conditions.

Further details of the profile design process adopted are given in

section 4.



3. DETAILS OF EXPERIMENT
3.1. Choice '0of Cowls

Six cowls in three pairs were designed and tested in the present
experiment. The parameters initially defining the external cowl geometry are
the highlight diameter ratio Dj/Dp.x and the forecowl length to diameter ratio
Lp/Dpax (Fig.2). Cowls 1, 3, 4 and 6 had Di/Dy . = 0.85 and cowls 2 and 5,
Di/Dpax = 0.90, these values‘being selected on the grounds that the former was
typical of nacelles being designed for subsonic transports at the time of this
programme, while the latter prescribed what was expected to be the thinnest
possible cowl for a cruise Mach number near M = 0.85. Another reason for
= 0.85
and 0.90 had been tested previously on the same B.5 rig, although unfortunately

choosing these values was that several NACA l-series cowls with Dj /D .
the drag data for the 0.90 cowls are suspect and are not therefore included in

the comparisons of this report. The values of Lp/Dy,, were 0.45 for cowls 1, 3
and 4, 0.499 for cowl 6 (due to a special circumstance which emerges in the
discussion of section 4) and 0.35 for cowls 2 and 5. Thus, in the broad the

cowls combined the proportions either 0.85/0.45 (cowls 1, 3, 4 and 6) or 0.90/0.35
(cowls 2 and 5): combinations which the NACA I-series data suggested were near-

optimum and which also were considered realistic values for practical nacelles.

The selected design conditions, against which the characteristics of the

cowls were to be judged, were:

(a) high Mach number : My = 0.85, A /A;" = 0.6 = 0.7
(b) low Mach number : M, = 0.4, A,/A; = 0.35 - 0.4

n

These conditions would be appropriate for a twin-engined airbus cruising in the

Mach number range My = 0.80 to 0.85. Condition (a) relates to cruising flight,

the most critical case being in general the end of the cruise, this giving the

lowest Ao/Ai- Condition (b) corresponds to a windmilling engine during single-
engined operation, an important design condition for a twin-engined aircraft,

though of less significante for an aircraft with three or more engines. The choice
of these two conditions for special attention does not mean that the cowl performance
at other Mach numbers and flow ratios is not of interest: obviously, for example,

a cowl having poor performance for high flow ratio at any Mach number between 0.4

and 0.85 is undesirable.

Characteristics of the test rig necessitated that all the model cowls

had long parallel cylindrical centre sections, unrepresentative of true engine

Intake mass flow ratio is presented as A,/A; where A, is the cross-section area
of the entering streamtube under free stream conditions, and Ay is the highlight

area. Ao/Ai is related to the inlet mean velocity ratio Vi/Vo by the expression

v y+! v y-1 A y-1
Cobye ([ aesten [ L[R2 -0
o VO Ai °
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nacelle shapes. Thus, the maximum diameter of the models was 7 inches (17.78 cm)
the parallel section extended from the crest of the forecowl back to 2.07 Dpy

aft of the highlight and this was followed by a conically tapered afterbody of 5°

semi-angle and length 0.79 Dpgx. This situation was similar to that in which, as

mentioned in section 2.2, data for NACA I-series cowls had been derived by earlier

tests using the same basic rig.

Details of the internal geometry are shown in Fig.3. All cowls had a
1.25 contraction ratio from highlight area to throat area, followed by a low-angle
conical diffuser to blend to the duct diameter on the rig. A full set of ordinates,
surface slopes and curvatures for the cowl external profiles is contained in Tables
1-6. Details of the derivation of these profiles, for the basic proportions as

already defined, are discussed in section 4.

3.2. Experimental Rig

3.2.1. General arrangement

The cowls were tested on the Rolls Royce B.5 rig, details of which
are shown in Figs.4, 5 and 6. As indicated in Figs.4 and 5, the model cowl is in
three sections, the first comprising the design forecowl and part of the parallel
mid~section, the second being a standard parallel piece and the third being the
tapered conical afterbody. There is then a short parallel support tube of diameter
0.875 Dpax ahead of the sting which has a conical expanding taper again of 5° semi-
angle. The internal flow is exhausted around the sting at the rear of the model.
The inlet mass flow can be continuously varied using an electrically driven plug
mounted on the front of the sting. The four wake traverse rakes are positioned on

the parallel portion of the support tube.

_ Each cowl had approximately 40 static pregsure tappings. On cowls
! and 2 these were arranged in two runs, one at the top of the cowl and the other
at the bottom. On cowls 3-6, all the holes were in a single run at the top of
the cowl. 1In order to avoid having the pressure tappings too close to one another
near the highlight, they were spread to either side of the vertical centre line,

. . . . . . . (o}
the maximum deviation in azimuth from the vertical being less than 4 .

3.2.2. Inlet mass flow

Measurements were made according to standard procedure for the
B.5 rig. Thus, internal mass flow is determined from measurements of the static
and total pressure in a parallel portion of the duct (Fig.aj. The static pressure
is measured at 5 positions, one near the centre of the duct and four around the
circumference. Total pressure is measured with two tubes, one near the centre of
the duct and the other at the bottom. These measurements and the associate&
calculations are made on the assumption that the flow at the measurement station

consists of a largely isentropic core, of constant total and static pressure,



10

together with a thin boundary layer on the wall of the duct. Thus, the single
pitot and static'tubes at the centre of the duct determine conditions in the
major portion of the flow and the remaining instrumentation is used to determine
the mass flow in the boundary layer. When there are strong shock waves or major
flow separations in the internal flow, it is not possible to obtain an accurate
measurement of the internal f%ow rate in this way but this should not affect the

main conclusions from the results in the present report.

3.2.3. Drag

Again following standard practice for the B.5 rig, the values of
external drag were determined by the wake traverse technique using pressure
measurements from four rakes mounted 90° apart around the model in vertical and
horizontal planes. Details of these rakes are shown in Fig.4. The uppermost
rake has 26 total pressure tubes, the other three rakes have 24. The tubes are
mounted at identical radii on each rake, the extra two tubes on the upper side
being at greater radii to cover the increased wake height in the lee of the model
at positive incidence. The static pressure is measured at three positions on each
rake, the innermost one being a surface static pressure tapping. All the pressures
were recorded using scanivalves and all connections for the total pressures were
arranged to have the same lag characteristics withia time constant long enough to
ensure that small disturbances within the wake could be damped out.

The values of drag were computed from the rake total and static
pressures using a compressible flow version of the original Jones methodlz. The
external drag, D is calculated by evaluation at the traverse station of the

integral

D = f m (Vo - v)dA

where m is the mass flow rate through an element of wake area dA, V, is the
freestream velocity and v is the velocity in the streamtube at downstream infinity
calculated on the assumption that no further total head losses occur after the
traverse station. The integrand becomes zero when there are no total head losses
irrespective of the local static pressure. Thus, the integral could in theory be
evaluated over the whole area covered by the rakes irrespective of the extent of
the cowl wake. However, experience has shown that this approach gives large
scatter in the final results, and with this particular experimental set-up it led
to drags which appeared to be somewhat too high. These troubles were traced to
minor spurious total head losses far outside the wake due to either failings in
the instrumentation or slight imperfections in the tunnel flow. The losses in
total pressure were trivial but had a significant effect on the integrated drag
because of the large area weighting of the outermost tubes. The integration was

therefore confined to the wake only, the outer edge of the wake being found by
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asking the computer to search along the rake measurements (from the outermost

tube inwards) until a significant total head loss (AH = 0.004" Hg, i.e. 0.013% Ho)
was found. The reference freestream total pressure, used for calculating V, for
each rake, was then taken to be the average of all good pitot readings outside

the wake. By the application of standard compressible flow relationships, the

drag was then calculated.

Earlier in the report, it was stressed that the present research
is concerned with the design of a forecowl. The long parallel mid-section ensures
that there is little interference from the truncated aft cowl. Nevertheless, it
should be noted that the drag measurements are for the complete cowl and even
include the skin friction on the support tube ahead of the rakes. It follows
that absolute values of Cp are to be disregarded. The purpose of the tests is
to show how the drag varies with Mach number and intake flow ratio and to provide

a comparison between the different forecowl designs.

3.3. Range of Tests

The tests were made in the ARA 9ft x 8ft transonic tunnel at Mach numbers
from M = 0.4 to M = 0.95 at a tunnel total pressure of 1 atmosphere giving a test
Reynolds number based on the cowl maximum diameter varying from R = 1.5 x 106 at
M=0.4 to R= 2.4 x IO6 at M = 0.95. Tests were made at Oo, 3° and occasionally
6° incidence but the discussion in this report concentrates on the results for 0°
incidence; it is known however that if the results for 3° had been included, this

would not have affected the conclusions from the analysis to any appreciable extent.

Boundary layer transition was fixed using roughness bands of Ballotini
of 0.0035 -~ 0.0041 inches diameter extending from 0.4 inches to 0.6 inches
(x/Dpgyx ¢ 0.057 - 0.086) aft of highlight.

The tests were made between April 1968 and November 1970.

3.%4. Presentation of Results

The actual test data have been fully recorded graphically in Ref.12,
The present report concentrates on analytical discussion and to that end recalls
a wide selection but not the whole body of results for presentation in this

document.

The presentation of results is twofold. 1In section 4, which is concerned
to describe the evolution of the cowl profile shapes, the drag results in terms of
Mach number and flow ratio are given in order to explain the step~by-step process.
In section 5, detailed pressure distributions are shown and analysed with the aim

of explaining the nature of flow breakdown as and when it occurs.
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4, COWL PROFILES AND DRAG RESULTS
4.1, Cowls 1 and 2

The .broad principles adopted in deriving the cowl profiles, for given
overall proportions, have already been stated (section 2.3). Cowls 1 and 2
represent the initial attempts to apply these ptinciples, for proportions
0.85/0.45 and 0.90/0.35 respectively.

The only data available to assist in the design of these first two
cowls were those for the corresponding NACA l-series cowls. These were analysed
to give estimates of stagnation point position and its variation with Mach number
and mass flow, coupled with angular expansion rates from the stagnation point and
around the cowl lip. The data supported a suggestion that a peak local Mach
number of about 1.2 at My = 0.85, Ao/Ai = 0.7, if combined with a suitable
recompression aft of the peak, would probably give good reduced mass flow
performance at this Mach number. 1In order to meet the low Mach number design
target, larger values of leading edge radii .were used than those applicable to
NACA l-series cowl shapes. The actual values, expressed as p/Dmax with NACA
I-series values in parentheses, were for cowl 1, 0.0224 (.0077)‘and for cowl 2,
0.0179 (.0045). A crude estimate was made of the local slope on the external
surface where the rapid decrease in curvature should start. Appropriate values
for this slope seemed to be about 45° for cowl 1 (85/45) and about 50° for cowl 2
(90/35). The remainder of the profile was filled in by eye to give what appeared
to be an acceptable distribution of curvature, according to the principles being
followed. The curvature distributions which emerged are shown in Figs.7 and 8
(together with those of later cowls of the series). Surface slopes are plotted

in Figs.9 and 10.

Some considerable time was spent in the determination of convenient
analytical expressions for defining the shape of that part of the cowl profile
between the end of the circular arc leading edge and the crest; the aims of such
expressions were to give continuity of first and second derivatives at the
fairing point, and adequate control of the curvature distribution downstream.
Various forms of expression were tried and the one finally selected as being
the most useful was:

2

x2 + axy + bx%y + cy?2 + dx + ey + £ = 0

This form of expression (the equation of a general conic section with an extra
term in x%y) allows the imposition of six constraints, three of which are needed
at the forward fairing point and two at the crest. The sixth parameter is
available for varying the profile; the way it was used in practice was to define
the degree of curvature at the crest. Profiles generated from this expression

were used for the basic shapes of all six cowls. The last two cowls (5 and 6),
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however, required somenumerical modification to produce effects not obtainable
with the basic equation; these modifications are described later. With cowls
] and 2 a low value of curvature at the crest was used in order to restrict
supersonic expansion near the crest at high Mach number. The external lip
shapes of these first two cowls are compared with the equivalent NACA l-series

shapes in Fig.ll.

The internal profile from highlight to throat was obtained by carrying
the nose radius internally through about 20° angle and then fairing back to the
throat by a similar process to that used externally. A representative contraction
ratio, Ai/At = 1,25 (Fig.2), was used throughout and the axial distance from
highlight to throat was made equal to the difference in diameters, Xihpoat = Pi ~ Dt
No attempt was made with any of the cowls to optimise the internal shape with

respect to internal performance.

The tegts of cowls 1 and 2 showed that the performance at low Mach
number (M = 0.4) was excellent, better, in fact, than the target of retaining low
drag down to flow ratios A,/A; = 0.35 - 0.4 (section 3.1). At high Mach number
however the performance was not as good as had been hoped. This can be seen in
Figs.12 to 17, where the principal zero-incidence drag data for the various cowls
are shown. Figs.12 and 15 give external drag coefficient versus flow ratio,
Figs.13 and 16 give external drag coefficient versus Mach number and in Figs.l4
and 17 the flow ratio for drag divergence is plotted against Mach number.
Comparative data for the NACA 85/45 cowl have been included in Figs.12 to 14.
Divergence here refers to the rapid increase of drag occurring below a certain
level of flow ratio for a given cowl at a given Mach number M,. The basic drag
level can be approximated by the expression* Cpp = 0.044 - 0.01 M, and a divergence
flow ratio (Ap/Aj)q is defined as the flow ratio for which Cp = CDb + 0.01.

It can be seen from Figs.12(a) and 15(a) that at M = 0.4, neither cowl 1
nor cowl 2 gives any major increase in drag down to the lowest mass flow ratio of
the tests (i.e. just over 0.3), although there is a marked creep on cowl 2 which
results in a nominal divergence ratio (Ao/Ai)d = 0.38. It seems clear that the
philosophy of using a large leading edge radius with no discontinuity in curvature
at the lip has been successful at this low Mach number in keeping down the peak
velocities near the lip and hence in avoiding premature drag divergence. This

will be discussed more fully in section 5.

Fig.14 shows that in terms of (AO/Ai)d, the divergence flow ratio at

constant Mach number, the performance of cowl 1 is superior to the NACA l-series

*
The level decreases with increasing Mach number because of the variation of test

Reynolds number with Mach number.
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cowl up to M = 0.8, Above this Mach number, however, the NACA cowl is markedly
better, for example 0.07 in divergence flow ratio at M = 0.85. The corresponding
superiority in drag rise Mach number at constant flow ratio can be seen in
Fig.13. This behaviour is considered at greater length in section 5: sufficeé it
to say at this point that, compared with the appropriate NACA cowl, cowls 1 and 2
have lower peak suctions, further from the lip, but also have stronger terminating
shocks, again further from the lip. The differences stem from the larger leading
edge radius used for the present cowls and it was concluded that it would not be
possible to improve the high Mach number performance solely by changing the
profile shape downstream of the lip radius. In other words, it was felt it would
be necessary to sacrifice some of the excellent low Mach number performance in

order to improve the performance at high speeds.

4.2, Cowls 3 and 4

Cowls 3 and 4 ‘were designed with the same overall proportions as cowl |
(Dg/Dpax = 0.85, Lg/Dpayx = 0.45), with the aim of investigating the effect of

reducing leading edge radius. The values of p/D chosen were 0.0143 for cowl 3

ax
and 0.0186 for cowl 4 (ecf. 0.0224 for cowl 1 andm0.0077 for the equivalent NACA
cowl). In the hope of maintaining low peak suction levels similar to that of
cowl 1, a change was made to the point of departure from the leading edge
circular arc. Using available calculation methods for incompressible flowM’15

the stagnation point position on the lip was estimated as a function of lip

radius. It was found that for cowls 3 and 4, the stagnation point was 5% and 2%0
respectively further round towards the inside of the cowl than for cowl 1: these
angles were therefore added to the angle of slope at departure of the outer profile
from circular, thereby keeping constant the total circular sector angle from the
stagnation point to the point of departure. Thus, as shown in Fig.7, cowl 3 starts

to flatten out at 50° slope and cowl 4 at 47.5°,

Somewhat different philosophies were applied to determining the two
"profiles aft of the circular leading edge. Cowl 3 was given a rapid flattening

aft of the lip, followed by relatively more curvature than cowl 1 aft of x/D = 0.1s

max
the aim was to obtain a quick recompression after the peak suction, which it was
hoped would weaken the subsequent shock wave over a wide range of Mach number.
In the case of cowl 4 the area of low curvature was spread over a larger part of
the cowl surface but finally near the crest the curvature was increased relative
to cowl 1: this was because it was considered that the low crest region curvature
of cowl | (and cowl 2) had indirectly contributed to the inferior performance at
high M, by strengthening the shock wave (since lower curvature at the crest

implies higher curvature further forward in the supersonic flow region). These

curvature distributions for cowls 3 and 4 are plotted in Fig.!8 using cowl | as
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a basis and against slope in Fig.19.

The effect of these changes from cowl 1 on the theoretical incompressible
flow can be seen in Fig.20. The changes are consistent with the geometric
variation in that the pressure distribution for cowl 3 has a narrow peak followed
by low velocities and a region of slight re-acceleration near the mid part of the
profile; whilst cowl 4 has a more gradual recompression after the peak, with
velocities less than for cowl | except for a small region near the crest

(x/Dpayx = 0.45).

Turning to the experimental results, these show (Figs.12(a) and 14) that
the behaviour of both cowls at My = 0.4 was still very good. The divergence value
of Ay/Aj; was lower than 0.3 in both cases i.e. significantly better than the degign
target. At M = 0.5, however, (Fig.14), (A,/A;)q was increased by nearly 0.1 for
both cowls as compared with cowl 1. At higher Mach numbers cowl 3 was again
particularly good at reduced mass flow (Figs.13(a,b)) but at high flow ratios an
early drag rise was exhibited (Fig.!3(c)). As compared with the NACA 1-85-45
cowl, cowl 3 was roughly equivalent at M, = 0.85, equivalent (high flow ratio) or
superior (low flow ratio) at lower Mach numbers but inferior at higher Mach
numbers. In terms of drag rise Mach number cowl 4 also was better than cowl |
and, unlike cowl 3, the improvement in this case was sustained at the higher flow

ratios (¥Fig.13ce).

Broad conclusions‘are that the design aims of cowls 3 and 4 were achieved
in some measure in that the high Mach number performance was improved at the expenée
of an acceptable deterioration in low Mach number characteristics. It seems that
the high Mach number performance of cowl 3 was degraded by the increased curvature
in the mid-cowl region, which gives, at high mass flow, a triangular pressure
distributicn with the flow accelerating up to the shock wave: at reduced Mach
number however, with the shock wave lying ahead of this region, the performance
was significantly better than that of either cowl 1| and cowl 4. To summarise:
as forecast while the cowls were being designed, cowl 4 is the better cowl at high
mass flow and high Mach number and cowl 3 the better at reduced mass flow and

lower Mach numbers.

4.3. Cowls 5 and 6

Despite the improvements produced by cowls 3 and 4 over the level of
performance of cowl 1, the high Mach number performance in particular of the
NACA 1-85-45 cowl had not yet been matched (Figs.13b,c). Characteristics at
My, = 0.4, however, were still significantly better than the nominal target set:
so it was felt that a profile might be devised combining the best features of
cowls 3 and 4, which whilst allowing some further sacrifice of low Mach number

performance, would be better than the NACA l-series cowl at high Mach numbers.
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Going further, the same principles might be used to derive a successful profile
for the higher diameter ratio of 0.9, though here the comparisons would
essentially be made with cowl 2 only, the existing drag data for the corresponding
NACA l-gseries cowl being congidered unreliable. Cowls 5 and 6 represent these
further design attempts, cowl 5 having the 0.90 diameter ratio and cowl 6 the 0.85

diameter ratio.

The profile for cowl 6 was derived from that of cowl 3 in the following
way. Starting with the cowl 3 distribution of curvature as shown in Fig.19, a
modified distribution was specified from a point near x/Dpyyx = 0.07, (somewhat
ahead of the higher curvature region of cowl 3) to the crest. This new distribution
of curvature was of similar form to that of cowl 4 but running at a lower level (in
terms of Dy ./p versus slope angle 8). Integrating the curvature by means of
x=/pcos 8 dd and z = S p sin 6 dO gave the shape ordinates, corresponding at
this stage however to changed values of the overall dimensions Di/Dp,y and Lp/Dpgy.
Scaling the ordinates to the required value of D;/Dp,y (0.85) resulted in a value
0.499 for Lp/Dp,, compared with 0.45 for the earlier cowls. It was deemed

unnecessary to make a further correction for this remaining difference.

The final shape had a small reduction in nose radius (p/Dpyy = 0.0122)
compared with cowl 3, higher curvature near the nose and near the crest and less
at intermediate stations approaching the crest. The calculated incompressible
pressure distribution (Fig.20) shows a general similarity to that of cowl 4 (with
lower Velobities in general) from which it was hoped that a good degree of shock-

free recompression would be provided at high Mach number.

The design of cowl 5 followed similar 1ines to that of cowl 6 except
that there was no counterpart to cowl 3 initially available. An 'intermediate
design' was therefore devised, using the geometric forms used for cowls ! and 4:
this had a reduced leading edge radius (0.0129) compared with cowl 2 (0.0179), in
order that the profile aft of the lip might be flatter, but at the same time the
circular arc was terminated at a slope of 52.50, as compared with 50°, in order

to counter the effect of the reduced leading edge radius on peak suction.

In order to produce a cowl with analogous characteristics to that of
cowl 6 the 'intermediate' cowl was then modified so as to reduce the suction
level behind the peak. This was accomplished in & similar way to the change from
cowl 3 to cowl 6. A new curvature distribution was specified and integrated
numerically and the resulting overall shape was scaled to Dj/Dpgx = 0.90. The value
of Lp/Dy,. dame out to-be 0.354, only slightly higher than that for cowl 2. The
leading edge radius was 0.0109 Dpax as compared with 0.0045 Dpax for the NACA’
1-90-35 cowl. Curvature distributions involved in this process are plotted in Fig.?21

and incompressible pressure distributions in Fig.22. The high concavity of the cowl 5

pressure distribution behind the peak and the increased suctions near the crest may
be noted.
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The results for cowls 5 and 6 show qualitatively the expected changes
in drag characteristics. On cowl 6 the hoped-for shock-free flows seem to have
been obtained, so that the drag-rise Mach numbers for flow ratios 0.6 and above
(Fig.13c) compare favourably with those of the NACA 1-85-45 cowl. This is
despite the higher length ratio of cowl 6 (Ly/Dy,y = 0.499) which is probably
away from optimum, so that a comparison at constant length ratio might make
cowl 6 look even better. There is a large improvement over the earlier cowls
3 and 4. At lower Mach number (Figs.l2a and 13a) the results for cowl 6 remain
superior to those for the NACA cowl, whilst showing a deterioration as compared

0.4 is 0.36, i.e. cowl 6

with cowls 1, 3 and 4. The value of (A /A;)4q at M,

still meets the initial design target.

Cowl 5 shows up.to considerable advantage at high Mach number compared
with cowl 2 (Fig.16). For example at Ay/A; = 0.7 the drag-rise Mach number is
about 0.045 higher. Examination of the surface pressures (section 5) however
suggests that cowl 5 is still only just as good as, or possibly slightly
inferior to, the NACA 1-90-35 cowl. The results illustrate the difficulty of
combining good characteristics at both high and low Mach numbers. With such a
high diameter ratio as 0.90, it would seem to be necessary to concentrate more
exclusively on the high Mach number design for significant improvement to be

achieved in that respect.

5. ANALYSIS OF PRESSURE DISTRIBUTIONS

5.1. General .

In this section the measured cowl pressure distributions are examined
with the aim of explaining the features of the flow which cause tﬁe rapid
increase in drag when they occur and how these are related to cowl geometry and
to the calculable characteristics for incompressible inviscid flow. It is
convenient to divide the speed range into regions of low, medium and high free

stream Mach number as follows:

(i) low Mach number (M0 = 0.4 in the experiment) where the flow
is wholly subsonic,
(ii) intermediate Mach number (0.5 g My s 0.7) where the flow readily
becomes supersonic close to the cowl lip,
(iii) high Mach number (Mg, > 0.7) where a more extensive supersonic
region exists, terminated by a shock wave some distance from

the lip.

For each speed range the flow over one of the cowls is discussed in
some detail and then the different cowls are compared in order to explain their

drag characteristics. The analysis concentrates on the cowls with Di/D = 0.85

max
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but reference is made to the 0.90 cowls and the NACA l-series where this is

thought to be helpful.

5.2. Low Mach Number

In Figure 23 pressure distributions are shown for. the region close to
the lip of cowl 6 at M, = 0.4. For several flow ratios the measured pressure
distributions are compared with those calculated for inviscid incompressible
flow by the method of Ref.14. At Ay/A; = 0.7, the highest flow ratio, the
ca1CU1ated‘pressuré distribution is a good approximation to the experimental
results. At the next lower flow ratio however (Ao/Ai = 0.6), there is a
distinct deviation of the experimental pressure distribution between x/Dpax = 0.0
and 0.25 and this becomes progressively more pronounced down to A, /A; = 0.4.

The deviation is indicative of a bubble-type flow separation emanating from the
point where the experimental pressure distribution departs from the inviscid
distribution. The boundary layer is laminar at separation and through the

region of roughly constant pressure which follows; transition then occurs and
the resulting turbulent layer is able to reattach giving a delayed pressure rise
and ultimate return to approximately the pressure distribution for attached flow.
As the flow ratio is decreased the peak suction increases, the separation point
moves forward (x/Dp,yx = 0.011 at Ag/A; = 0.6, 0.007 at 0.5, 0.005 at 0.4) and

the bubble becomes shorter while the pressure rise across it inareases.

At Ao/Ai = 0.3 the experimental distribution has changed significantly:
the peak suction has collapsed and the separated region has become much more
extensive. This change corresponds to the phenomenon of 'bubble bursting', as
described by Crabtree16 and others in the context of flow over an aerofoil:
the short bubble present at higher flow ratios has burst and been replaced by
a long bubble, originating closer to the leading edge, thus giving a lower suction
peak*, a delayed transition and a much gentler pressure rise in the approach to

the invispid pressure distribution.
The limiting pressure rise to reattachment of the short bubble was
found empirically by Crabtree to be given by

Cp, s
]"Cps

- Cp '
# 0.35

where the suffices s and r refer to separation and reattachment respectively.

From the measured distribution for A /A; = 0.4 in Fig.23, the values of Cpg and

*

The second peak shown by the pressure distribution for A /A; = 0.3 in Fig.23 is
believed to be caused by the staggering of pressure orifices on the model togéther
with some departure of the flow from axial-symmetry in the range of transition

from short to long bubble.
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Cp, are ~2.27 and ~1.12, which yield a value of o in close agreement with

Crabtree's.
A close inspection of the Cp = Ay/A; variation for M = 0.4 (Figs.l2a

and 15a) reveals that:

(a) a small increase in slope (rate of rise of drag coefficient with
decreasing flow ratio) occurs in the mid-flow region (0.36 < A,/A; £ 0.65)

in association with the od¢currence of the short bubble;

(b) the major drag rise at lower flow commences shortly before (note:
not at) the change to a long bubble, and thus is probably associated
with the turbulent reattachment process approaching its limiting

pressure rise.

In broad terms, however, the flow ratio for bubble changeover remains
the essential parameter relating to cowl spillage drag at low Mach number and
this flow ratio is itself linked with the suction peak in the pressure distribution.
In Fig.24 the variations of peak suction (CPmin) with flow ratio are shown for all the
cowls, both as calculated for incompressible flow and also as measured for Mg = 0.4.
Bubble bursting is shown by a major‘departure of the experimental curve from the
theoretical, as flow ratio is reduced. Reference to the drag curves (Figs.l2a and
15a) shows that with one exception (cowl 2) this corresponds closely to the value
of Cp rising above a level 0.05. The values of flow ratio for the departure are
broadly paired, highest for cowls 5 and 6 (smallest lip radius), lower for cowls 3
and 5 and not reached (but below 0.3) in the case of cowls | and 2. It is of some
significance that the values of Cpmin at departure all lie within a narrow band;
in fact a useful design guide may be obtained from the flow ratio for which the

theoretical incompressible Cpmin has the value -3.0, as the following table shows.

Cowl 1 2 3 4 5 6
Value of Ao/Ai for
which theoretical 0.22 0.35 0.30 0.26 0.45 0.36
Cp o = "3:0

min
Experimental value < 0.3 < 0.3 0.28 0.28 0.45 0.35

Agreement is good in all cases save that of cowl 2. It is worth noting
that even with cowl 2, the drag and surface pressure results are consistent in the
sense that both show no significant divergence in the test range; the mystery is
why for the lowest test AD/Ai’ Ch < 0.05 and a short bubble separation is still
being maintained despite the fact that ICPminI > 3.0. It is possible that the

explanation lies in the details of the pressure distributions; on cowl 2, the peak
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suction is closer to the lip than on the other cowls and much of the required
pressure recovery at low flow ratio apparently occurs immediately downstream
of the peak where the boundary layer is relatively thin. However, the number
of pressure holes in the cowls is not really sufficient to define the pressure
distributions in the detail required and also, there are not enough data points
to be able to compare the pressure distributions on different cowls at a given
CPmin’

5.3. Intermediate Mach Number

In the intermediate Mach number range, local supersonic flow appears
near the cowl lip. The behaviour is typified by cowl 4 at M, = 0.65 for which
pressure distributions are shown in Fig.25. At the highest flow ratio shown
(Ag/A; = 0.692) the flow is just supercritical at the peak suction position
(note the markings of local Mach number on the various curves). On reducing the
flow ratio by 0.1, the peak local Mach number increases to about 1.24. The
pressure distribution developing is clearly similar in character to that at low
speed (Fig.23) i.e. it again corresponds to a laminar separation, produced by
the initial pressure rise, transitiog in the separated flow (the plateau) and
turbulent reattachment involving a further sharp rise in pressure. The difference
from the low speed situation is that now supersonic compression is involved in the
first pressure rise (and, at sufficiently low flow ratio, in the second pressure
rise also). The laminar separation appears to correspond closely to the type of
shock-wave/laminar-boundary-layer interaction, with transition following, described
by Holdef, Pearcey and Gadd.17 They show pressure distributions of the type shown
here (e.g. Ay/A; = 0.545, Fig.25) in which the initial pressure rise and separation

correspond to a set of weak compression waves extending forward from the shock.

As the shock wave becomes stronger tranéition moves forward and the
turbulent separated layer has more difficulty in reattaching, thus the length of
the separated region rapidly increases. This can be seen in the change from
Ao/Aj = 0.497 to 0.401 and then 0.353 in Fig.25. The increase in area of the
separated region is accompanied by a loss of suction at the lip. This general
situation is virtually a repeat of the change from short bubble to long bubble
in subcritical flow, occurring however at higher values of flow ratio for the

higher free stream Mach number.

Returning to the drag characteristics in Fig.12b, it is seen that while
the separated region is of very limited extent the drag has a pronounced creep
(greater than at low speed) but no major divergence; this latter occurs when the
separated region grows rapidly, e.g. between A,/A; = 0.497 and 0.401 for cowl 4.
It is also noted from Fig,12b that all four cowls !, 3, 4 and 6 are on the point

of flow breakdown near Ao/Ai = 0.5. The pressure distributions at this flow ratio
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(approximately) for all four are shown in Fig.26. It will be seen that all of
the pressure distributions are of the form described for cowl 4 above. In the
case of cowl 6 the recompression following the plateau is less steep than for
the other cowls, indicating that the separation region has entered the phase of
rapid growth. This is reflected in the drag curves, (Fig.12b) by an earlier

(i.e. higher A, /Ai) divergence for cowl 6 (a feature present also at low speed).

The existence of an initial laminar boundary layer and, in particular,
of laminar separation raises the question of scale effect between the model
results (Reynolds numbers of about 2 million based on cowl diameter) and full
scale (typically in the range of 10 to 15 million). The fact that the major drag
divergence is related to a spreading of the second recompression phase, where the
boundary layer is turbulent even in the model tests, suggests that scale effect
will not be overwhelmingly large. However, there are grounds for suggesting that
there could be some favourable scale effect. A beneficial feature of the measured
pressure distribution that should carry across to full scale is the apparent near-
isentropic recompression ahead of the plateau. With a turbulent boundary layer,
the pressure~rise to separation would be greater. Experience with aerofoils for
conditions when the shock is well ahéad of the crest, suggests that with a turbulent
boundary layer from near or ahead of the peak suction position, significant
separation would not occur until the local Mach number ahead of the shock were about
1.4 and the peak local Mach number perhaps 1.6 or more. By comparison with the
measured pressure distributions, it then seems possible that with forward transition
at a higher Reynolds number, the drag divergence might be delayed by about 0.1 in
Ap/A;. Another reason for believing that there could be a favourable scale effect
is that with a turbulent boundary layer/shock interaction, one would expect the
shock to be possibly further forward, i.e. further ahead of the crest. This
discussion has necessarily been somewhat hypothetical but the tentative conclusion
that at full scale, the drag divergence might be delayed by about 0.1 in A /A
should possibly be regarded as an optimistic assessment applying for free stream

Mach numbers up to, say, 0.75.

5.4. High Mach Number

5.4.1., General characteristics

As the freestream Mach number increases, the supersonic region
inevitably becomes larger in extent, so the terminating shock wave becomes longer
and hence its wave drag (measured in the wake traverse) even for the same shock
strength becomes a more important factor. Drag divergence can be obtained even
with shock strengths less than that required tc separate a turbulent boundary
layer and gradually the viscous part of the flow assumes a second order
'displacement surface' effect by comparison with the wave drag. In principle,

the displacement surface can modify the wave drag but generally, with an attached
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boundary layer, one would expect this effect to be small and certainly, one
would expect the changes with Reynolds number to be negligible. Also, it is

* » . L . »
in this regime that an accurate method for calculating the inviscid transonic

flow over cowls will prove the most useful for speeding up the design process.

Since cowl 6 is the most successful high Mach number design
among those for which Dj/Dp,y is 0.85, it is imstructive to examine the pressure
measurements for this cowl in some detail. Pressure distributions for cowl 6 at
two approximately constant mass flows, 0.64 and 0.69, are plotted for various
freestream Mach numbers in Fig.27. At the higher of the two flow ratios,
supersonic flow (P/H < 0.528) first appears at My = 0.65: there is however mno
clear indication of the presence of a terminal shock wave until M, = 0.84.

Even here, the Mach number ahead of the shock (correspoAding to P/H % 0.45) 1is
only 1.15, signifying a weak shock wave: the same may be said of the distribution
at My = 0.85 so that up to this Mach number the fIow is virtually shock free.
Beyond Mo = (.85 the shock moves steadily rearward, reaching the crest position
at M, = 0.89; the shock strength is then that corresponding to an upstream Mach

number of 1.18.

At the slightly lower flow ratio 0.64, the development of this
terminal shock follows much the same pattern for Mach numbers M, from 0.85
upwards. The pressure distribution at M, = 0.85 may be regarded as virtually
shock free and it is to be noted that this involves compression from a supersonic
Mach number as high as 1.45 (corresponding to a peak suction value P/H = 0.29).

The result is comparable with those achievable on supercritical aerofoils.

Below M, = 0.85 there is evidence, at this lower flow ratio, of
a more forward shock wave forming the termination of a short bubble of separation
on the lip. 'As is the case at lower Mach numbers, little or no drag rise is to
be expected from this feature. This conclusion can be confirmed'from the drag

plots in Fig.!3c where the flow ratios of Fig.27 are bracketed and more clearly

from Fig.28,

Drag-rise Mach number, according to the definition used earlier
(i.e. when Cp = 0.054 ~ 0.01 Mo) is 0.89. At this Mach number the Mach number

upstream of the terminal shock is approximately 1.2,

The above discussion of the results for Ay/A; = 0.69 and 0.64
is summed- up by the correlation shown in Fig.28 between the variation of Cp with
Mach number and the variation of CPmin and Cps ahead of the shock. It can be
noted that the minimum Cp appears to occur at or near the Mach number at which

there is the greatest recompression ahead of the shock.

%
Now available - see Ref.l.
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Fig.29 shows the development of pressure distributions on

cowl 6, with M, = 0.85, for flow ratios below 0.64. As the flow ratio is
decreased, a terminal shock appears, moving rearwards and increasing in strength.
At the lowest mass flow shown, (A,/A; = 0.287) the presence of a just supersonic
tongue at the foot of the shock wave indicates that the shock is just strong
enough to provoke a separation of the boundary layer, (upstream Mach number 3 1.38).
I1f the flow ratio were to be reduced still further the flow would eventually
separate completely from the lip. This phenomenon can be seen in the case of
cowl 5, shown in Fig.30. It would appear that as separation develops at the
foot of the terminal shock, the rearward progress of the shock is halted, the
separated region grows and eventually becomes incompatible with the remainder
of the flow, which then breaks down to that corresponding to the distributions
at flow ratios 0.393 and 0.289 where separation has run forward to the lip with
almost complete loss of lip suction and virtually constant pressure under the
separated flow. Drag results are not available for this last situation, but
Fig.15b shows that a major drag rise due to spillage has already taken place,
associated with the terminal shock development in the higher range of flow ratio

(0.8 to 0.5).

5.4.2. Comparison with other cowls of series

Fig.31 gives a comparison of pressure distributions on cowls 1,
3, 4, 6 at My = 0.85 for three flow ratios. Reference to the corresponding drag
plot (Fig.12c) shows that at Ay/A{ = 0.7, whilst cowls 1, 4 and 6 are at the -
'basic’ diag level, cowl 3 has a measurably higher drag. The pressure distributions
indicate that the terminal shock on cowl 3 is at an upstream Mach number 1.2
(P/H = 0.41) whereas the shock on cowl | is weaker and cowls 4 and 6 have virtually
shock free flow. The explanation of these comparisons lies in the higher curvature
given to the cowl 3 profile in the mid-forebody region: the reacceleration of flow
in this region, ahead of the terminal shock, is clearly featured in the pressure
distribution. It is instructive to take this point further by noting (Fig.32) the
progressive development of the pressure distribution on cowl 3 at constant flow
ratio, from the incompressible (calculated) distribution through the range of
experimental Mach numbers. Retrospectively, the undesirability of the region of

small reacceleration shown on the incompressible flow distribution is clear.

At the lower flow ratios in Fig.3] the pressure distributions on
all the cowls become similar in character though at a given flow ratio the terminal
shocks are displaced relative one to another. The spillage drag characteristics
(Fig.12c) are also much alike but displaced relatively on the scale of flow ratio.
Clearly, the drag rise is assoclated with the development of the terminal shock,
i.e. its position and strength. At a given flow ratio, cowl | has the strongest

terminal shock (Fig.31) and the highest spillage drag (Fig.l2c). For Ay /A; = 0.6
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and 0.5, cowl 6 gave the lowest drag and this is consistent with the indication

in Fig.3] that the shock is weaker and further forward than with the other cowls.

The gradual transformation of pressure distribution on cowl 3,
from that at high flow ratio, discussed earlier, exhibiting a prominent reacceleration
in the mid-profile region, to that at low flow ratio, which is more comparable with

those of the other cowls, is shown in Fig.33,

The wave drag associated with a normal shock wave is dependent
on its strength (defined say by the Mach number ahead of it) and by its extent.
As the extent of the shock wave will primarily be determined by the size of the
supersonic region we may expect to find a correlation between shock strength
necessary to cause drag divergence (defined at (Ms)d the upstream local Mach number
of the shock wave at (Ao/Ai)d as defined previously) and its axial position (x/Dyay)s.
That this is broadly the case can be seen in Fig.34 which presents data for all the
cowls at Mach numbers between 0.70 and 0.95. As expected, the further forward the
shock wave position,.the greater the shock strength which can be tolerated before
drag divergence is reached. If the lateral extent of the shock wave is actually
proportional to (x/Dp,y)s then since wave drag is also roughly proportional to
Mg - 1)3, we would expect the product (x/Dyax)s x (Mg — 3 at (Ag/A;)d to be
roughly constant, This is also confirmed in Fig.34. The conclusion and the
relation shown in Fig.34 should be useful when applying theories which while
predicting shock strength and position quite well do not necessarily predict the

correct wave drag.

5.4.3. Comparison with NACA l-series cowls

Detailed comparison with results for NACA l-series cowls is not
easy because of the coarseness of pressure plotting in earlier work and in the

case of the 90/35 cowl, a lack of reliable drag data.

In Figs.35a,b, however, the pressure distributions for various
mass flows at My, = 0.85 and 0.90 for cowl 6 are compared with those for the NACA
85/45 cowl. In some cases, it is difficult to identify the shock strength and
position for the NACA cowl but in general, one can conclude that the shock strengths
for the two cowls are fairly similar. However, at M = 0.85 and the higher mass
flows, there is a tendency for the pressure distribution on the NACA cowl to re-expand
or 'hump' immediately downstream of an isolated peak suction near the lip and at
M = 0.90, this has developed into a trend for the pressures to expand ahead of the
shock giving a greater shock strength. This presumably correlates with the poorer
drag characteristics of the NACA cowl relative to cowl 6 above M = 0.87, as shown
in the data plotted in Fig.13c. It is interesting to note that this tendency for
a re-expansion ahead of the shock was more pronounced on cowl 3 (see the earlier

discussion) and again, the drag data indicate that it is an unfavourable feature.
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Comparison of cowl 5 with the NACA 90/35 cowl is restricted to
the pressure distributions shown in Fig.36a,b for M, = 0.85 and 0.90. Again,
the distributions are similar, the NACA cowl gives a higher peak suction but the
terminating shock wave is on average probably about the same strength as for

cowl 5.

The apparent conclusion that the performance of cowl 6 at high
Mach number and high mass flow represents an improvement relative to the
corresponding cowl of the NACA series may possibly be challenged by some readers
on the grounds that strictly, cowl 6 is not an 85/45 but an 85/0.499 cowl and
that this change would have improved the high Mach number performance even if one
had stayed within the NACA family. However - and this is the important point -
one would not generally have been prepared to change to an 85/50 NACA cowl because
the high Mach number, high mass flow performance would have been improved at the
expense of an unacceptable deterioration in the spillage drag characteristics.
Thies is not the case with cowl 6. Hence, one can fairly claim that use of a
design approach such as that described in this report will enable the use of
geometric proportions that would otherwise not be favoured. This should ease
design problems associated with practical constraints. It should mean that there
is still some room for manoeuvre within a range of possible geometries even when
designing for a high highlight diameter/maximum diameter ratio such as 0.85 - 0.90.
This is in fact, a major advantage of using a design approach in which modern
theoretical methods are employed to achieve suitable external pressure distributions

in appropriate design conditions.

6. CONCLUSIONS
The main conclusions of the work presented can be stated in broad terms as

fqllows:

1) The use of a larger lip radius than is provided by the NACA I-geries cowls
is successful in keeping down peak velocities near the lip and hence
restricting the low Mach number drag divergence (spillage drag) to lower
values of mass flow ratio (AOIAi)u The high Mach number performance tends
to suffer however (e.g. with cowls 1 and 2) so that for overall gain a
restricted increase in lip radius coupled with careful detailed design of

the cowl profile from lip to crest is necessary.

2) A flattening of the cowl profile aft of the lip, with an increased
curvature near the crest, leads to good performance so long as the
terminal shock remains ahead of the region of increased curvature;
at sufficiently high Mach number, however, and with high AolAi, local

supersonic flow occurs over part of the region of increased curvature
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3)

4)

5)

6)

7.

and hence as a result, there is an increase in shock strength and hence

in drag. This is the essence of the comparison between cowls 3 and 4.

Compromising on the distribution of profile curvature, in accordance

with conclusion 2, and compromising further on lip radius in accordance
with conclusion | led finally to a design (cowl 6) slightly superior to

the NACA l-series profile at high Mach number and still markedly superior
at low Mach number. This is for cowls with 0.85 diameter ratio (D;/Dpax).
At the higher Di/Dp,y of 0.9 it seems unlikely that any improvement on the
1-series profile could be obtained except by concentrating exclusively on
the high Mach number performance, a situation not specifically investigated

in the present work.

The detailed pressure plotting of the present tests throws light on the
nature of the principal flow characteristics - peak suction, lip separation,
recompression and reattachment, shock progression etc. It is shown (Fig.34)
that the start of the rapid drag rise can be related to a finite shock
strength, the value depending on the position of the shock relative to the
crest of the cowl, i.e. if the shook is further forward, a greater strength
can be tolerated without excessive wave drag. At low flight speeds an
interesting correlation emerges between the flow ratio for drag divergence
and the calculable inéompressible flow characteristic. (Cpmin near -3.0,

see pages 19-20).

The overall aim of producing favourable supercritical pressure distributions
by constructive design has been reasonably well fulfilled in these experiments.
The evidence provided should be helpful in guiding the course of future work

in the subject, whether experimental or theoretical/numerical.

In particular, the analysis, and specifically the correlation in Fig.34
should be a useful guide to the pressure distributions to choose for design
calculations by the modern theoretical methods. This approach should be
capable of producing better cowl shapes than the NACA l-series particularly
for applications where non-aerodynamic factors dictate the use of non-optimum

geometric proportions.
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NOTATION

X, T

p

]

Cross—section area

Flow ratio

Velocity

Mach number

Static pressure and preémure coefficient‘
Total head and total head loss

Drag and drag coefficient

Rate of mass flow through element of wake
Axial and radial coordinates of cowl profile
Radius of curvature of profile at a point

Angle of slope of profile at a point

Other cowl geometry notation in Fig.2

(s)

Suffices

0

crit

Crabtree's coefficient (section 5.2)

-Free stream

Entry highlight plane

Internal throat of inlet

Local flow on cowl first becomes sonic

Drag divergence, used with either Mach number, M or flow ratio,
AO/Ai

Flow separation

Flow reattachment
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TABLE 1 COWL 1 EXTERNAL PROFILE
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TABLE 2 COWL 2 EXTERNAT, PROFILE

L™ Slope® P /Dy %/ Dy /Dy
.000 0...500 90.00 0.0179 0.075  0.4860
.001 0.4559%¢ 70.73 0.0179 0.080 <7~  0.,868
.002 0.45822 62.62 0.0179 0.085 0.4876
.003 0.45992 56.30 0.0179 0.090 0.4883
.00l 0.4.618% 50.90 0.0179 0.095 0.4890
.005 0.4.621 46.33 0.0207 0.100 0.4,.896
.006 0463 42.76 0.02,5 0.110 0.4908
.007 0.4643 39.87 0.028, , 0.120 0.4919
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.010 0.4.665 33. 6 0.0415 N 0.150 0.,9,5
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.013 0.4683 29.46 0.0561 ¢ 0.180 0.4965
.01 0.4,689 28.35 0.0613 0.190 0.4970
.015 0.4.69. 27.33 0.0667 0.200 0.L97L
.016 0.4,.699 26,1 » 0.0721 0.210 0.,978
017 0.4.70L 25.56 0.0777 0.220 0.,982
.018 0.4.709 2. 77 0.083L 0.230 0.,985
.019 0.4713 2y . Oy 0.0893 0.240 0.,988
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.060 0.4,832 11,00 0.3915 0.330 0.5000
.065 0.48,2 10. 7L 0.4.336 0.3,0 0.5000
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S8lope®

90.00
65.23
54.69
147.06
42.00
38.33
35.49
33.21
31.32
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27.13
26.06
25.10
2L, 2l
23.46
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18.35
16.77
15.52
14..49
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12.20
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TABLE 5 COWL 5 EXTERNAL PROFILE
P/DMax X/DMax
0.0109 0.080
0.0109 0.085
0.0109 0.090
0.0139 0.095
0.0182 0.100
0.0229 0.110
0.0279 0.120
0.0332 0.130
0.0387 0.140
0.0445 0.150
0.0506 0.160
0.0568 0.170
0.0633 0.180
0.0699 0.190
0.0767 0.200
0.0837 0.210
0.0911, 0.220
0.0995 0.230
0.1077 0.2,0
0.1160 0.250
0.12/ 0.260
0.1685 0.270
0.2151 0.280
0.2636 0.290
0.3137 0.300
0.3650 0.310
0.4171 0.320
0.4.697 0.330
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0.5758 0.350
0.6288 0.354
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¥/ Dy
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.001
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.003
.00
.005
.006
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.009
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.011
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.01y
.015
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.019
.020
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.030
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.040
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.050
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.065
.070
.075
.080
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.095
. 100
.110
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“/ Digae

0.4250
0.4298
0.4317
0.4330
0.4340
0.4349
0.4357
0.4364
0.4371
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0.4381
0.4390
0.4395
0.4401
0..,06
0.4 11
0.4416
0.4421
0.4,25
0.4430
0.4435
0.4456
0.4476
0449
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0.4528
0.454;
0.4559
0.457
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0.4601
0.461)
0.4,627
0.4639
0.4651
0.4662
0.4673
0.469)
0.4713

Slope®

90.00
66.60
56.67
48.91
L35k
39.89
37.20
35.10
33.40

30.78
29Ty
28.83
28.02
27.30
26.6.
26.05
25.50
25,00
2.5
2,10
22.30
20.91
19.78
18.82
17.98
17.23
16.55
15.91
15.33
1. 78
14..27
13.79
13.34
12.91
12.50
12.12
1141
10.76

TABLE 6

COWL 6 EXTERNAL PROFILE

P/ Dy

.0122
.0122
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.0129
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.02,,2
.0305
.0373
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.0680
.076)
.0850
.0939
. 1029
L1121
<1214
.1308
<140k
. 1500
.1987
2471
L2940
.3386
. 3805
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. 5604
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. 7081
. 7462
. 7848
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.9,28
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#/ Dt

0.130
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0.210
0.220
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0.24,0
0.250
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0.280
0.290
0.300
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0.320
0.330
0.340
0.350
0.360
0.370
0.380
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0.410
0.420
0.430
0.440
0.450
0.460
0.470
0.,80
0.490
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Fig 26 Pressure distributions for cowl 4 at M, = 0.65
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Fig 27 Pressure distributions for cowl 6 at two values of AO/Ai
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Fig 30 Pressure distributions for cowl 5 at M, =0.85
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Fig 32 Variation of cowl 3 pressure distribution for Mach number for Ao/Ai
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Fig 33 Variation of cowl 3 pressure distribution with flow ratio for M,
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Fig 35b
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Fig 36b
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Fig36b NACA 90/35 cowl and cowl 5 compared at M, = 0.90
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