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This report presents results of a study of the lift~fan inlet pro-
blem and includes a comprehensive survey of the existing experimental data
and analytical methods, an analysis of the potential flow, and a boundary
layer analysis for lift-fan inlets. MNumericael solutions are presented for
potential flows associated with inlet ducts set in an inTinite plane with
and without a centerbody simulating the hub of the fan. The effects of the
crossflow to mean inlet velocity ratio, of the inlet and hub lip radii to
duct width ratio, of the inclination of the duct axis to the plane, and of
the position of the hub relative to the plane on the flow in and near the
inlet ducts are discussed utilizing a two-dimensional potential flow
analysis. The maximum crossflow velocities without inlet flow separation
are estimated and the effects of the various design variables on the cross-

flow velocity are explored by means of the boundary layer analysis.
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LIST 0F SYMBOTS
matrix describing the normal velocity on a surface element
due to a unit source density distribution on the surface.
constant in equation (42)
constant in equation (42)
friction coefficient
width of the duct

matrix describing the boundary values of the normal velocity
on a surface element

depth of a plane across the inlet duct measured from the plane
of the plate

unit vector in the direction of the freestream velocity

prescribed component of velocity on the body surface
normal to the surface

magnitude of the distance from P to 82j+l or 523-1

modulus of complete elliptic integrals

distance along a plane in the inlet duct measured from the
midpoint of the plane

distance from simulated leading edge to duct centerline
Mach number
the body is described by N + 1 points

unit vector normal to the body surface directed into the
flow region

pressure
general point in the flow field

point on the body surface

point on the body surface in terms of dummy variables of

integration
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ReL

ij

duct half width
region of potential flow

Reynolds number Vd /v

influence coefficient for the r-component of velocity at ith
segment due to Jjth segment

duct 1lip radius

radial coordinate in cylindrical coordinate system
distance between points p' and g

denotes the inlet surface

distance along the inlet surface

unit vector tangential to the body surface
component of the velocity in the x-direction
velocity

velocity normal to a plane‘in an inlet duct
component of the velocity in the y-direction
component of the velocity in the r'-direction

influence coefficient for the x- or x’ component of
velocity at ith segment due to jth segment

distance from the centerline of inlet in the plane of the plate

distance along the centerline of the inlet measured from
the plane of the plate

influence coefficient for the y-component of velocity at
ith segment due to jth segment

distance normal to the flat plate surface
distance from surface normal to surface
direction of the generestors for two-dimensional flow

angle of ineclination of 2 surface element
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Subscripts
a
b

cS

max

min

angle subtended by the vectors from point P to s and s

23+1 23-1

angle of flow inclination in the duct

boundary layer thickness

boundary layer displacemesnt thickness

dummy integration variable
dumny integration variable
circumferential coordinate
dummy integration variable
kinematic viscosity

dummy integration variable
density

dummy integration variable

surface source strength, i.

in the z-direction
in the y-direction
in cylindrical coordinate system

in the pg-direction

in the x-direction

in the r’-direction

e., the total outward volume flux

divided by b per unit source surface area

shear stress
shear stress at wall

potential function

first basic solution
second basic solution
control station

duct

at boundary layer edge
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portion of inlet surface, & , concisting of a solid surface
portion of inlet surface, § , with surface suction
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I. ‘INTRODUCTION

In recent years an increasing emphasis has been placed on VIOL and
STOL technology because of military and civilian needsi There are many
possible types of such aircraft, and there are several different 1ift systems
for achieving V/STOL capability. The lift fan concept, wherein a ducted
fan generates thrust directed downward, is suitable for high performance
fighter roles and is also applicable for transport aircraft.

At the present stage of development the 1ift fan aircraft suffers
from uncertainty in performance during the hovering and transition phase
of the flight. There is a need for a suitable theory for predicting the
flow field induced by a fan located in an aerodynamic surface since this
induced flow is ultimately responsible for a large portion of the thrust as
well as for the aerodynamic and dynamic behavior of the aircréft during hover-
ing and the transition to forward flight.

The overall problem of the fan-induced flow interaction is logically
divisible into two parts, namely, the efflux problem and the inflow problem.
During the past several years the efflux problem has received considerable
attention. Several analytical models are available which offer the possibility
of semi-empirically predicting the interference effects using potential flow
representations.

The lift-fan inflow problem is considered in the present work. A

literature survey was made to review the state of the art and to determine




the geometric dimensions and magnitudes of various paramsters of practical
interest in the fan inlet problem. These guided the choice of parameters
in the analytical studies that followed. It was concluded from the ervey
that the best analytical method for the three-dimensional problem is that of
Stockman (Ref. 42) which generates approximate three-dimensional solutions
based on a succession of axi-symmetric solutions.

The present potential flow analyses were primarily directed toward:
_(l) finding ways of reducing the velocity pezk and accompanying adverse
pressure gradient on the forward inlet 1lip and the aft centerbody lip (since
such peaks lead to boundary layer separztion); (2) finding means of reducing
the flow non-uniformity in the inlet duct (which causes poor fan efficiency).
Solutions are presented for two types of inlet geometry: a single inlet duct
set in an infinite plane and an inlet containing a centerbody simulating
the hub of an inlet fan. Two-dimensional and axi-symmetric flows are con-
sidered.

The boundary layer study in this work utilizes the results of the
two-dimensional potential flow analysis. The study had three objectives:
(1) to establish estimates of the maximum cross-flow velocities without
inlet flow separation; (2) to explore the effects of various design variables
on the maximum cross-flow velocities without inlet flow separation; (3) to

determine the relative magnitude of the boundary layer displacement thickness.



II. LITERATURE SURVEY

Lift for vertical takeoff can be generated by directing the thrust
of a Jet or propeller vertically downward. This might be accomplished by
‘swiveling the engines, by using separate 1lift and cruise Jet engines, by
using a lifting fan mounted inlthe wing-chord plane, by tilting the wing-
propeller combination or by using louvers to direct the thrust. The
following literature survey will consider one such method - the fan mounted
in the wing-chord plane, or the so-called "fan-in-wing" concept. The
interaction of the flow induced by the fan located in an aercdynamic surface
ﬁith the flow over that surface forms a central problem of lift-fan aircraft
aerocdynamics and is ultimately responsible for the aerodynamic and dynamic
behavior of the aircraft during hovering and transition to forward flight.
This survey will concentrate on the fan inflow problem.

The first free-flight demonstration of direct-Jet-lift was made
in 1954 (Ref. 1). During this period many schemes were proposed for producing
1lift at zerc or low forward speeds by means of a fan-in-wing, but no data were
available for a configuration of this type. In 1957 Hickey (Ref. 2) made a
preliminary experimental investigation of a fan in wing by cutting a hole in
the center of a two-dimensional wing model and mounting a six-blade propeller

in the hole. No special effort was made to design the entrance shape. During




the same year General Electric (Ref. 3) began initial hardware testing on a
lift-fan propulsion systen.

Hickey and Ellis (Ref. 4) in 1959 improved on the measurements made
in Reference 2. An aspect ratio U4 semispan model was used with a fan rotating
in the plane of the wing. An inlet was fiftted in the wing and inlet radii of
5- and 10-percent of the inlet diameter were tested. The tip clearance between
the propeller tip and the duct was 0.00 propeller radius. No centerbody was
fitted over the propeller hub, but an inlet and outlet cascade of vanes could
ie fitted as inflow and outflow guides. Total pressure surveys made Jjust below
the fan showed a considerdble amount of distortion of the flow through the
propeller which was reduced by using the inlet vanes. Installation of the
inlet vanes caused no loss in static 1ift and only a slight increase in power
as long as the vane angles were properly adjusted. Minimum pressure coefficients
at the wing leading edge and duct inlet radius were presented as a function of
propeller force coefficient for three different forward speeds.

Duvivier and McCallum (Ref. 5) studied an articulated rotor mounted
in a finite wing. The rotor had a bellmouth inlet of radius 8.3% rotor
diameter, which was larger than the minimum value of 6% rotor diameter which
had been found necessary by other investigators (e.g., Ref. 6) to avoid inlet
separation in tests of shrouded propellers in hover. Visual observation of
wool tufts cemented to the wing indicated that inlet separation consistently
occurred for values of the ratio flight velocity/mean inflow velocity to the
rotor above about 0.40 to 0.60. These observations were verified by measure-
ments of duet velocity distribution on the inflow side of the fan. For values
of this wvelocity ratio greater than 1.0 the flow at the inlet showed evidence

of skirting around the duct in the direction of fan rotation, with outflow at
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the rear of the inlet. The authors concluded that a major problem with a fan

in wing is the control of inlet separation in forward flight and that emphasis
should be placed on the design of inlet shapes and flow control devices

(e.g. vanes) for best results in forward flight. They suggested consideration
of inclining the duct in the wing in the fore and aft direction as a meansg

of alleviating inlet separation.

Some of the first detailed flow measurements just upstream and down-
stream of a fan in a wing were made in England by Gregory, Raymer, and Iove
(‘Ref. 7). A 15% thick 64-in. chord, rectangular wing model was fitted with a
13-in, diameter fan with the fan axis at the 35% chord location. The 2l-blade )
fan had a hub/diesmeter ratio of 0.5 and was located 0.20 duct diameters below
the surface. The duct had a lip radius of 10% of the duct diameter and the
fan hub had a blunt base. With the fan situated just below the inlet flare,
the flow velocity into the fan had a considerable gradient from front to rear,
with a speed ratio of 2:1 (high speeds at front) being observed at a value of
forward velocity/mean inflow velocity of 0.55. This maldistribution was
attributed to incomplete turning of the flow into the duct. When the fan
was later submerged one duct diameter below the entry the underturning of the
flow was largely eliminated, though at the expense of increasing the adverse
effects of any flow separation on the turn of the inlet lip. In this regard, an
inlet flare radius of 10% duct diameter gave rise to flow separation even under
zero-forward speed conditions. A modified inlet changing continuously from
a radius of 23% inlet diameter at the front of the duct to 11% at the rear
eliminated flow separation up to a forward speed of 0.28 times the mean speed

through the fan. A simple slat to control the boundary layer raiged this



maximum speed ratio to 0.39., It was felt that slat design redlnements or
other means of boundary-layer-control, coupled with consideration of hub

shape and location, could probably imorove on thesge figﬁres. A crude inlet
cascade reduced the flow divergence fron the axial direction but at a large
penalty in increased drag. On the exit side of the fan the flow variations
were found to be all somewhat less than upstream and the interaction between
the efflux and the mainstream had very little wostream Influence. All of this
suggested that placing the fan close to the bottom of the duct would be
‘benefitial if the depth of the duct is limited.

The 1ift fan need not be mounted in the wing but may instead be mounted
in the fuselage of the vehicle. The first large-scale wind tunnel tests of such
a configuration were performed by Maki and Hickey (Ref. 8), Trebble and
Williams (Ref. 9) and Aoyagi et al (Ref. 10). This fuselage arrangement has
the advantage that the fan can be mounted in a deep duct so that the flow has
a. chance to adjust to the turn at the inlet before entering the fan. Results
of the tests of Reference 8 showed that the fan thrust was independent of
alrspeed.

MAnalytical predictions of the potential flow behavior of an inlet
without centerbody were reported by A.M,0. Smith in Reference 11. Surface
velocity data for inlets were presented as a function of developed distance
for the pure inflow case. Smith's method, first formulated by Flugge-Lotz
(Ref. 12) and adaptéd to the electronic computer by Smith and Pierce (Ref. 13),
utilizes a distribution of source density on the surface of the body and solves
for the distribution necessary to meet the specific boundary conditions.
Reference 13 applies the method to arbitrary bodies of revolution whose axes

are parallel to the stream direction (i.e. axisymmetric flow) while Hess in
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Reference 1t describes an analogous procedure for computing the flow about
bodies of revolution whose axes are perpendicular to the stream direction.

The first VIOL~directed fan research at the National Research Council
of Canada was reported by Fowler (Ref. 15). This work was done in support of
design studies and comprised testing 12-in. diameter fans with hub/tip ratios
of 1/%, 1/3, and 1/2 with symmetric inlet bellmouths having 1lip radius/fan
diameter ratios of 1/2hk, 1/12, 1/6, 1/k, 1/3, and 1/2. Most tests were under
static conditions; some were in crossflow. The conclusion from static tests was
" that for gross disc loadings.up to 200 l‘b/ft2 a bellmouth 1ip radius ratio of
not less than L/12 is advisable; for higher disc loadings the ratio should
increase to 1/6 or higher. Also, the hub should be of the order of 50% of the
tip diameter. Wool tuft studies in crossflow showed no pre-swirl in front of
the fan.

The result that the fan thrust was independent of airspeed for a fan-
in-fuselage as quoted in Reference 8 is in contrast to the results given by
Hickey and Hall in Reference 16 where the fan was mounted in the wing of a
large-scale model. The work of Reference 16 is a similar investigation to
that at small-scale reported in Reference 4. (Full-scale wind tunnel studies
of lifting-fan aircraft were begun at NASA Ames in 1960, when the General
Electric X353-5 propulsion system became available (Ref. 17). A good summary
of work in England to this time is found in Reference 18 . The fan in
Reference 16 was mounted with the axis at 40% local chord. The fan had a
62.5 inch diameter with a single rotor of 36 blades. The inlet was fitted
with three different articulated vane arrangements. The hub to fan dlameter
ratio was 0.42 and the 1lip inlet radius was 6% of the hub diameter. It was

found that fan thrust decreased with increasing airspeed for all inlets tested.
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Exit survey raeke dabta indicated that fan internal performance suffered because
of ineffective turning of the mainstream air. Chordwise wing surface pressure
distributions through the fan axis and at several spanwise stations were
presented as a function of exit-vane angle, tip-speed ratio, and wing flap
deflection.

The experiment quoted above was for a shoulder-mounted wing configuration.
These studies were extended by Kirk et al in Reference 19 to a model with a
midmounted wing having approximately 50% larger fan-to-wing area ratio than the
ﬁodel reported in Reference 167 That is, the ratio of the area of the two fans
to total wing area in Reference 16 was 0.10; in Reference 19 it was 0.15. In
both cases the fan diameter represented about 45% of the local wing chord, and
the same fan and inlet lip installation was used. No surface pressures were
measured.

The work by Gregory et al (Ref. 7) was extended by the same authors
in Reference 20. The research was done with the same basic model and was
primarily to examine fan efflux effects, but a number of devices were examined
to improve the inlet flow conditions. None were very successful. An attempt
was made to "two-dimensionalize" the flow entering the duct by fitting a pair
of large fins on the upper surface of the wing just outboard of the bellmouth.
The resulting corner between the fin and the outer edge of the inlet flare
produced separation of the fin bounda?y layer and consequent poor flow into
the duet. The authors concluded that a closely pitched cascade would give more
uniform inflow than any devices which they tested.

Turner and Sparks (Ref. 21) tested a 20-in. diameter fan (hub/tip
ratio 0.5) mounted in the floor of a low-speed wind tunnel. Three inlets

were tested with 1ip radius/tip diameter of 7%, 15%, and 25%. Previous work
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had shown the 15% inlet to perform satisfactorily without crossflow (i.e.
statically). Pressure distributions were measured at depths of 22% and 29%
of duct outer diameter. The data indicated that even the intake with the
smallest edge radius would glve unstalled fan operation in crossflow. A mal-
distribution of inlet flow was noted and this had an effect on overall fan
performance. With the smallest 1ip radius, the effect of pressure loss

was greater than the maldistribution; with the largest 1lip radius the mal-
distribution effect predominated. The effects of pressure disturbances in the
';egion of the fan attenuated.rapidly in the upstream direction.

A combined analytical and experimental attack on the inlet problem was
reported by Schaub and Cockshutt in 1964 (Ref. 22). A potential flow solution
for crossflow into a curved bellmouth (i.e., a two-dimensional slot inlet) was
obtained by using a Schwarz-Christoffel transformation. The inlet bellmouth
had an approximately circular contour whose radius varied between zero (sharp
corner) and 1/2 the inlet passage width. The surface contour generated by
the transformation was not particularly desirable, in that discontinuities in
the second derivatives of the contours generated lead to abrupt changes in
pressure gradient. From the point of view of achieving an even velocity into
a lifting fan, depth below the inlet surface was found to be the most
valuable geometric aid, while the effects of bellmouths radius ratio are confined
(in the potential flow model) to an area within one or two passage widths of
the inlet. Surface velocity data comparable to that of Reference 22 for zero

| crossflow had been presented by Smith (Ref. 11) who used a distributed source
technique. A comparison showed that the magnitude and location of the velocity
peaks are very similar for the two methods; however, matching of the second

derivative at the points of tangency in Smith's study resulted in a smoother
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velocity curve. The two-dimensional results presented in Reference 22 show
that in the case of a crossflow velocity equal to the inlet velocity, the
velocity peak at the leading lip is about twice the value without crossflow.
The experimental results reported in Reference 22 were performed with a lh-inch
diameter suction duct attached to an 80~inch chord NACA 0015 airfoil. The
inlets tested were annular with centerbody/outside diameter ratio of 0.50

and were located at 35% wing chord. The inlet lip and centerbody top were
?aired into the wing contour. Three basic inlets were tested — two were
symmetric with 1ip radius/outside diameter ratio of 9% and 25% and one was
asymmetric with an elliptic leading lip and circular trailing lip. The 9%
inlet was tested with four different inflow aids: a closure plate cambered

to fit the upper wing contour (to see if it would act as a ram device to
deflect air downward during forward flight), a cascade of 15 inlet guide vanes,
a perforated wall section below the leading lip lower tangent point, and a
trip fence located near the wing leading edge. The last two aids were used
for boundary layer control experiments. None of the three basic inlets gave
satisfactory inlet flows under cross-flow conditions; strong positive pressure
gradients appeared on the curved walls and caused the boundary layer to
separate. The 9% inlet performed very efficiently under static inflow condi-
tions. The closure plate was found to be an effective device for increasing
the ram recovery of the inlet and seemed especially well suited for in-flight
starting of lift fans. The trip fence showed that flow separation on the
leading edge lip may be delayed effectively by forcing the boundary layer to
become turbulent before entering the inlet (even at free stream/inflow velocity
ratio 0.5 at 12.5° angle of attack). With optimum bleed, the boundary layer

suction device completely averted separation for all test crossflow values at
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zero incidence; however, the required relative mass flow to reatiach the
separated flow was high (109 of the suction flow at velocity ratio unity).

The work of Schaub et al in Reference 22 is further described in
Reference 23. Based upon the potential flow (transformation) model the results
suggest the use of a "trumpet" shaped inlet lip which would have at optimum a
monotonically accelerating flow for a1l inlet flow velocity ratios between
zero and unity. The authors propose three parameters for assessing over-all
inlet performance: (1) velocity distorsion index — the ratio of average
velocity in the z direction . based on the active flow area to the design inlet
velocity (i.e. the average velocity in the z direction based on the full annulus
area). As the inlet flow degenerates due to flow separation, the index value
increases from a minimum value of 1.0; (2) flow misaligmment angle — the angle
whose tangent is the average x (strearwrise) momentum divided by the average
z momentum, This angle is a direct measure of distortion; (3) average total
pressure Joss parameter — loss in stagnation pressure divided by axlal dynamic
pressure. This ratio is useful as a pressure distortion index.

The experiments of Fowler (Reference 15) were continued by Schaub and
Bassett (Ref. 24) in order to make a detailed performance analysis of a highly-
loaded fan-in-wing configuration under static inflow conditions. A I12-inch
diameter fan (hub/tip radius ratio 0.5) was mounted in a NACA 0018 airfoil with
the axis at 37% chord. Inlet and centerbody fairings of 163% and 25% of fan
diameter, respectively, were used. Good entry flow (no separation) was
observed up to fan loadings of 500 p.s.f. It was noted that crossflow will
distort the inlet flow field badly so that a fan giving satisfactory performance

under static conditions will not perforn as well under crossflow conditions.
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Further experiments with the same fan-in-wing model as in Reference 22
are reported by Schaub in Reference 25 for a velocity ratio from zero to 1.5.
He noted that this suction model gives an erroneous boundary condition in that
the flow upstream of the rotating fan will be altered by the fan's ability to
tolerate distortion. Measurements were made in an inlet ammulus plane at a
depth of 25% the annulus outer diameter. Again the author pointed out the
excellent performance of the boundary layer control aids and concluded that
inflow distortion, while a function of forward speed, becomes much worse only
because of boundary layer separation and large positive wing incidence angles.
However, even with leading liplseparation prevented the veloclity gradient of
the inflow is not improved since the velocities at the trailing lip were
substantially less than those at the leading lip. The 9% inlet exhibited a
25% gradual velocity increase from the trailing lip to the leading lip in a
chordwise direction at a velocity ratio of 0.25, Jjust prior to leading lip
stall. However, contrary to the results of Reference 7, the inlet flow
remained fully attached in the 9% inlet at zero forward speed. Fan performance
deterioted rapidly for inflow ratios above 0.3 with a 99 (or smaller) inlet,
The author noted that of the three basic inlets the 25% inlet exhibited flows
that were of a more two-dimensional character than the others (the equi-
velocity lines running in the spanwise direction) although there was a general
tendency for the inlet plane flowfield ito appear quasi~two-dimensional. The
asymmetric inlet experienced large spanwise flows and therefore had the more
undesirable inflow field. The distribution of such flow variables as
veloclity, total pressure, swirl, and inflow-to-axis angle was a strong function
of inlet geometry, degree of flow separation, and wing incidence angle.

Maximum local velocity and swirl angle were strongly dependent on inflow ratic

12



and wing incidence and were of such a megnitude as to constitute a serious

Eal

provlem to a fan. Ieading lip separation, a function of inflow ratio, forward

speed, and wall boundary condition, contributed seriously to the general
problem of inflow distortion. Schaub concluded that thé shuttered inlet cannot
be considered a practicable inflow aid in view of the difficulty in setting the
vanes individually for every new condition and its inadequate performance.

Tyson (Ref. 26) pointed out that the design requirements for lift-jets
are much the same as for lift-fans. The inlet must turn the engine air flow
through 90° and yet prevent excessive total and suatic pressure distortion.
.The bellmouth 1ip must have a reasonably small radius in order to permit close
spacing of adjacent engines. A typical jet module tested had a centefbody/
outside diameter ratio of 0.33 and two ratios of lip radius to outside dia-
meter of 20% and 47%. The former exhibited unacceptable flow separation at a
freestream to engine face velocity ratio of 0.6 and the latter at ratio 0.8,
the engine face measuring station being one-half diameter inside the inlet.
Scoops and vanes were tested and it was concluded that a scoop inlet is
required for acceptable engine restart performance. The starting cycle before
landing imposes a more stringent design requirement for minimizing inlet-flow
distortion than does the takeoff mode since before restart the inlet behaves
like a static pressure orifice and very large values of velocity ratio will
be present until engine acceleration has been accomplished.

In all experiments with fan outflow there arises the question of the
significance of wall effects. This was investigated in Reference 27. Signifi-
cant wall effectis were encountered with a model in a small test section but
adequate corrections could be calculated.

Further research on the inlet problem as applied to 1lift Jets is

reported by Kuhn and McKinney in Peference 28. They found that simple
13



bellmouth inlets of adequate lip radius (asbout one-hzlf the inlet throat
diameter) gave reasonably high pressure recovery and low flow distortion through-
out the transition region for 1lift engines. Scoop inlets are needed to give
adequate windmilling characteristics. One of the more important results of

this work was that, for this case of a 1ift engine in a fuselage (Ffuselage

depth about two fan diameters) there was little or no mutual interference effect
between the inlet and exit flows., This was determined by running the inlet and
exit separately (by suitable auxiliary piping) and then simultaneously. This
éuggests that the inlet and efflux interference of the fan-in-wing combination
may be attainable to good accuraéy by summing the results of the two inter-~
ference phenomena. |

The status of lift-fan technology in 1965 is given in a paper by
Dickard (Ref. 29) wherein the Army XV-5A lift-fan research vehlcle, which
first flew in 196k, is used as a basis for discussing improved lift-fan
technology. The XV-5A employed a 62~inch diameter fan in each wing having an
operating pressure ratio of 1.09, a 0.4 radius ratio, tip speed at design
point 720 ft/sec. and fan discharge velocity of 405 ft/sec. The fans were
driven by tip turbines (Ref. 30).

Further applications of the source-~density potential flow method of
solution were given by Hess and Smith in Reference 31. Calculation of flows
about simple closed bodies is straightforward by this method, and extensions
of the method to axisymmetric inlets, shrouds, and ducts with internal flow
are discussed. A thorough review of this method (with an extensive biblio-
graphy) was given by Hess and Smith in Reference 32. Applications of the
method to two-dimensional shapes, axisymmetric shapes, fully three-dimensional

shapes, and extensions to nonuniform flows, unsteady flows, added mass, and
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two-dimensional free surface effects are Dresented. In particular, a solution
for a flush inlet in an infinite plane with a uniform flow parallel to the
plane is given. The inlet was considersd both zs a two-dimensional body and
as an axisymmetric body whose symmetry axis is the center line of the inlet.
By superposition the flow for any ratio of inlet velocity to freestream

velocity can be obtained. Data is shown Tor ths case when the ratio is unity.

e fan-in-wing problem was given by

ct
h

Another analytical approach to

I

Rubbert, et al, in Reference 33. This 1s a general method applicable to
-completely three-dimensional flows and to arbitrary wing and inlet geometry,
fan inflow distribution, thrust %ectoring, angle of attack and yaw, and flight
speeds from hover through transition. A numerical potential flow solution is
obtained by a source and vortex representation on the boundary surface composed
of small source~sheet panels distribubted over the exterior wing surfaces, |
internal vortex filaments that emanate from the wing tralling edge to provide
circulation and to produce the trailing vortex sheet, and a vortex lattice
across the fan face and along the periphery of the fan efflux. Source and
vortex strengths are found by satisfylng boundary conditions at a finite

number of points on the boundary surfaces. A boundary layer theory is included
to investigate the boundary layer along streamlines, particularily in the

inlet region, but the aerodynamic effects of boundary layer thickening or
separation are not included in the theory. The computer time needed to solve

a problem is a function of the number of singularities used to represent

a configuration — for a sophisticated fTan-in-wing problem an hour or more of
central processor time on a CDC 6600 digital computer is required. A computed
case was compared with the experimental results of Hickey and Hell (Ref. 16).

The theoretical force calculations depend strongly on the fan forces, which
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were obtained from assuned inflov and fan ewlt flow distributions. The two
inflow distributions investigated, uniform and with a sinusoidal variation
around the fan face, produced values for 1lift below and above the experimental
data, respectively. Comparisons of theoretical and experimental pressure
distributions with the 1ift fans operational were in qualitative agreement,
with rather large deviations near the fan inlet which were probably caused by
inaccuracies in the assumed inflow distribution.

Iavi (Ref. 3k4) conducted full-scale tests of VIOL lift-engine and
‘inlet/door configurations. Bellmouth radii varied from 28% to 47% of the
inlet diameter. He concluded thét it is unlikely that plain inlets can achieve
the needed pressure recovery together with a tolerable distortion level to
permit inflight engine starting. Simple doors or scoops, however, provided
the required performance improvement.

An updating of the technology in the General Electric X-353-5 fans
used in the XV-5A was reviewed by Przedpelski in Reference 35. The emphasis
is on reduced fan dimensions, higher 1ift to weight ratio (at least 20:1),
higher tip turbine temperatures, and improvements in cross~flow performance.
Studies showed that efficient lift fans could be installed in 5% - 6% thickness
ratio delta wings with 70 psf wing loading. Imlet scoops which double as fan
closures could be installed with no 1lift penalty in hover but do not improve
the fan performance in crossflow. ILarge fans of 30,000 pounds 1lift (lift/weight
ratio > 21) could be built within the existing state of the art.

Data from large scale V/STOL models powered with 1lift fans were
summarized by Hickey and Cook (Ref. 36). In particular, the effectiveness of
boundary layer control on inlet performance at forward speed is discussed.

One test involved an XV-5A type fan mounted in a 5% thick wing so that the
16
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outboard portion of the fan front frame znd inlet had to be removed. The
outboard 180° of the inlet was replizeed by a circumferential slot which
supplied a jet of high velocity air over = smzll radius (less than one inch in
some places). Over the inboard 180° the wing was thick enough for a normal
XV-5A inlet. At zero forwerd speed the blowing provided large gains in
dynamic pressure at the fan exit on the side of the fan where performance
was dependent on boundary layer control, The other side of the fan also
showed significant improvement when boundary layer control was applied. Thus,
boundary layer control on only hglf the fan circumference improved flow through
the whole fan. For a boundary layer control thrust of 3% of fan thrust, fan
thrust was increased 30%. At forward speed, the thrust was somewhat higher with
boundary layer control than with a conventional 1ift fan. Lift at forward
speed was incréased 25% with a ratio of boundary layer control to fan momentum
of 8% while at a ratio of forward velocity to mean inflow velocity of 0.5.
Further tests on inlet models were reported by Schaub (Ref. 37) in
1968. Four inlets in turn were installed in an NACA 0015 profile with chord
length 80 inches and aspect ratio 3/2. The inlet duct axis was at the 35%
chord station, the centerbody diameter being 50% of the outer diameter of the
anmulus. One inlet had a constant radius (9%) lip; the second inlet had s
square-edged centerbody and outer lip; the third inlet was an asymmetrically
shaped trumpet, while the fourth inlet comprised an assembly of mixed vanes
(radial and annular segmenis) in the 9% inlet. The measuring planes were at
an inflow depth of one-fourth and one-eighth the outer annulus diameter. Inflow
was attained by suction external to the model. It was found that inflow
distance was a powerful factor in achieving flow wniformity at all forward

speeds (velocity ratios of 0 - 0.7 were tested). However, near-surface
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velocity peaks at the inner wall still persisted. For any given depth
installation, small lipped inlets are preferrable to large lipped inlets from
a flow distortion (flat velocity profile) point of view, provided that
separation can be avoided; inlets with small lip radii feature large surface
velocity peaks. It was observed that it was possible to extend the attached
flow regime observed for circular arc lipped Inlets through the use of a lead-
ing 1lip contour featuring a radius of curvabture that increased with inflow
.distance. Velocity nonuniformity, the flow misalignment level, and the extent
of separated flow were substantially lessened by the insertion of a radial/
annular segment vane configuratibn, but with an associated rise in total
pressure loss.

There is a lack of experimental data on two-dimensional (i.e. slot)
inlets. One such test was reported by Tyler and Williamson in Reference 38.
A 31.5% thick airfoil with L4-foot span and 3-foot chord was fitted with a
spanwise suction slot at 659 chord. The slot width was 5% chord with an
entry radius eqpal to the width. Air was drawn through the slot by an off-
site exhauster. Pressure distributions on the basic contour and inlet lips
were taken at centerspan at wing incidence of 5, 15, and 25 degrees for a
range of suction coefficient from zero to 2.3. In general, relatively small
levels of suction were sufficient to prevent separation upstream of the slot;
a stagnation point appeared on the downstream lip. With increasing suction
a strong suction peak developed on the upstream lip and the downstream stagna-
tion point tended to move rearward.

Graham (Ref. 39) used a simple momentum theory to analyze the effect
of inlet-momentum forces on aircraft in transition. The analysis is based on
the addition of freestream flow with the static-induced flow at the inlet,

18




which 1s represented by a sink flow over =z hemispherical control surface.

It is shown that the 1lift-fan inlet davelops significantly gresater 1ift,
drag, and moment than the 1ift-jet inlet at comparable thrust and forward
speed. Results agree reasonably well with the limited amount of inlet force
and moment data avallable; further appliczble experiments were recommended.

Shumpert and Harris (Ref. 40) report an experimental investigation
of 1ift engine total pressure recovery and total and static pressure distor-
tion during hover and transitional flight of a full-scale Iockheed XV-4B
dircraft. In this alrcraft the use of ram air for in-flight engine starting
was not a requirement, and thé iﬁlet configuration tested was designed to be
independent of inlet closure doors. Sinece other investigators had found
that to provide good static performance a contraction ratio of at least 33%
is required, the inlet used was designed to exceed this minimum., The inlet
had a forward lip radius-to-inlet diameter of L7%; the inlet was not symmetrical
because of the constraints of the fuselage contour. An auxiliary lip was
fitted inside the fuselage contour to give a ram scoop effect to unload the
basic lip. With this arrangement, total and static pressure distortions were
generally less than 10% in the VTOL operational envelope. Fngine power and
relative wind speed were found to exhibit independent influence on the
pressure distortion.

The incompressible potential flow numerical method developed by Smith
and others at Douglas (Refs. 13, 31, 32) was applied by Stockman and Iieblein
(Ref. 41) to the case of axisymmetric flow in VTOL engine inlets with center-
bodies in static operation (no crossflow). Example solution were given for
several different inlet configurations. These differ from real inlets in

that the theoretical model extends the duct far downstream, and the wing or upper
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surface is simulated by a cone (in the limit a flat plate) tangent to the
belimouth and extending far into the free stream, and the ideal inlet is
axisymmetric over the entire length whereas the real one mey not be in the
upper bellmouth region because it would have to fair into the wing or fuselage
surface. The solution requires that the average inlet velocity be specified at
a control station which is generally teken at the inlet plane of the fan. As

a preliminary, a two-dimensional solution was obtained from the Douglas planar
program (Refs. 13 and 32) and compared with the axisymmetric result for a

" simple hub and shroud. The surface velocities agree well on the shroud but

not on the hub because the radiué is small. The agreement of the velocity
profiles near the hub is poof and probably inadequate for rotor blade design.
The axisymmetric program was next applied to a range of geometric configuration
varisbles such as bellmouth curvature, centerbody location (axial depth) and
ratio of hub radius to tip radius. Comparison with available experiments
indicated that the analysis adequately predicted results for compressible flow,
providing there is no boundary layer separation. For the range of inlet
variables covered, a trumpet shaped inlet was best for minimizing surface
velocity gradients, while increased depth was best for reducing radial velocity
variations. The hub surface-velocity gradients were small compared with the
shroud surface velocity gradients.

In Reference 42, Stockman extended the above analytical work to
operation of the inlet in crossflow. This was accomplished by superposition
of three basic solutions: one with pure crossflow and two axisymmetric
solutions for the case of the inlet duct extension closed and open (these being
necessary because the basic solution for zero free-stream velocity cannot be

obtained directly). The method of solution was based on the assumptions of
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incompressible flow and an axisymmetric configuration. Hovever, several
techniques were discussed that mininlze the effect of compressibility in the
incompressible flow solution. Also, it is shown that an approximate solution

for unsymmetrical inlets can be obtained from a succession of solutions based

on several discrete profiles at key circumferential locations (e.g. the forward,

aft, and spanwise inlet profiles) and then fairing the plot of the flow
parameters of interest against circumferential angle. Several comparisons
with experiments for inlets operating with and without crossflow are given. ’ |
-Agreement of surface pressure and velocity contours for static and crossflow
cases with symmetric annular.inléts is excellent, even when the inlet Mach
number is high subsonic. Agreement with results for an unsymmefric Xv-4B
inlet is reasonably good.
A 1970 perspective on VIOL propulsion is given by Cockshutt in
Reference L43. The paper reports on experiments to answer the question of
whether the fan itself has a significant influence on the flow into it., This
was done by running a true fan-in-wing configuration using a 1l2-inch diameter
- fan in a 4O-inch chord two-dimensional wing and comparing the inlet flow surveys
with earlier experimental work by Scheub, et al, (Refs. 22, 25, 37) where the
flow was sucked through a test inlet in a wing by a remote exhauster. A
comparison was made at the fan inlet face (1/4 fan diameter below the top
surface). At low crossflow ratio (freestream/fan axial velocity of 0.20)
the fan model data showed the same general trend as the suction model data,
with high velocities near the leading lip and lower velocities at the trailing
lip. TIn addition, there was a definite skewing of the velocity pattern
opposite to the sense of fan rotation which was absent in the suction tests.

Both flows were.substantially without total pressure loss. At a veloclty
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ratio of 0.50 (typical of transition %o horizontal flight) the presence of the
fan significantly changed the flow paittern and effectively prevented separation.
At both velocity ratios the fan operatel very powerfully on the inlet velocity
distribution, converting a distorted inlet velocity field fore and aft into a
basically radial distortion in the efflux plane. The normal éssumption in

fan désign of uniform outlet static pressure was deemed invalid for shallow
installations.

An overview of VTOL propulsion systems is also given by Ileblein in
Reference L4, The author concluded that there is no superior 1lift propulsion
concept. The 1ift-fan low—préssure ratio propulsion system has desirable
features of good potential for noise reduction, provision for safe management
of power plant failure, capability for high cruise speed, and good passenger
appeal. There is no clear adventage between fans having integral power systems
(i.e. powered by a coaxial gas turbine) and those having remote drives (i.e.
fan and drive turbine separate from the power plant, with the turbine drive
being a tip turbine or coaxial with the hub). The author cited inflow distor-
tion and fan noise as primary 1lift-fan problems. He noted that, besgides loss of
symnetry in the inlet flow, which may lead to flow separation, there is
incomplete turning of the inflow into the fan passage, resulting in an
"advancing-retreating” orientation for the rotating fan blades. The circum-
ferential variation in approach angle in conjunction with the circumferential
variation in meridional velocity then produces a circumferential variation
in change of incidence angle of the rotor. The result is the deterioration
of fan thrust and efficiency as airspeed increases, plus the possibility of

increased nolse during transition.
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As pointed out in the introduction to this review, fan-in-wing
installations also present novel asrodinemic problems assoclsted with inter-
action of the inlet flow field with zdjzcent vehicle surfaces, This inter-
action is most important during flight modes for which the inlet velocity is
much larger than the forward speed of the aircraft. The two-dimensional
theory of airfoils with arbitrarily strong inlet flow into the upper surface
was examined by Serdengecti and Marble (Ref. L5) with the aim of developing
a thin airfoil theory which is valid for this condition. The results showed
- that airfoil theory, in the conventional sense, brezks down at very large
ratios of inlet to free—streém vélocity. This occurs when the strong induced
field of the inlet dominates the free-stream flow so much that the flow no
longer leaves the trailing edge but flows toward it. For the example treated,
this breakdown occurred at a ratio of inlet to free-stream velocity of about
ten. This suggests that for ratios in excess of the critical value, the flow
separates from the tralling edge and the circulation is dominated by conditions
at the edges of the inlet.

The severe inlet design condition of lift-engine starting and accelera~
tion at the beginning of a decelerating transition has been mentioned previously.
A configuration which eliminates this problem is discussed by Kirk and Barrack
in Reference 46. Here the engine is rotated into the airstream at the beginning
of the transition for starting, thereby eliminating the high crossflow angle
and the necessity of the inlet decelerating the crossflow and turning this
flow 900. Once started, the engines can be accelerated and rotated toward the
vertical position as the transition proceeds. Inlet distortion and total~
pressure recovery during transition were studied using a large-scale 1ift-~
engine fighter model powered by J-85 engines. The maximum inlet distortion

23




was less than L% and inlet pressure recovery greater than 95% throughout a
velocity ratio range of O To 0.7 at engine angles of 90° and 750. As the
engines were swiveled toward horizontal, inlet distortion decreased until at
an engine angle of 300 there was little measurable distortion.

The application of a tip-turbine driven lift-fan to thin wings (5%
thickness) for supersonic performance reported by Hickey and Cook (Ref. 36)
was discussed further by Hodder, et al, in Reference 47. Recall that in

Reference 36 an X-353-5B lift-fan was mounted in a 5% thick wing, necessitating

the removal of the conventional bellmouth inlet from the outboard 180° of the
fan. This inlet section was then replaced by an inlet of varying radius which
would blend in with the local contours of the wing and a blowing nozzle for
boundary-layer control (BIC) was incorporated in the inlet. While the BIC
effect was to increase fan thrust at zero airspeed, an exploratory investigation
indicated that BLC in this type application is probably effective only when a
limiting inlet depth to dlameter ratio is not exceeded; BIC could be ineffective
in a deeper duct. Lift with BLC was considerably larger at forward speed
than without BLC, but it was thought that flow separation may have occurred
in the conventional fan discharge stator, since dimensionless performance with
forward speed of the modified fans, with and without BIC, was better than that
of the conventional fan. The authors concluded that V/STOL capability provided
by 1lift fans for this supersonic fighter configuration appears feasible.
Although the present review is concerned with the inflow problem
during transition, it should be noted that exhaust gas ingestion and the
recirculating flow field while in proxinmity to the ground is an important

design problem for VIOL aircraft, particularily for those with jet 1ift.
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Some typical results are given by Hall in References 48 and 49. Also, noise
pregents an important problem which may have an influence on inlet design.
Some resulis of a recent noise-reduction test program are given by
Benzakein and Kazin in Reference 50.

A fan propulsion system study by Bland (Ref. 51) pointed up the fact
that the best lift~fan VTOL aircraft results when the basic lift system
performs the multiple functions of 1ift, cruise, and control. The optimum
fan pressure ratio was found to be 1.3 to 1.4t and it was noted that fans should

Jnot be too large so that response to command (which should be about 0.2

seconds) becomes unacceptably long. Another general study on the application
of high bypass turbofan 1lift engine technology to V/STOL aircraft design is
given by Hill in Reference 52. A system study by Dugan, et al.,(Ref. 53)
considers two fuselage 1lift fans each delivering 15,000 1b. thrust at
takeoff. An average inlet Mach number of 0.6 is considered, with an inlet
hub/tip radius ratio of 0.5. The authors concluded that remote lift-fan
propulsion systems for VIOL transports are feasible.

A summary of results obtained from crossflow tests of a 15-inch
diameter 1ift fan installed in a wing was reported by Lieblein, et al., in
References 54 and 55. The basic objective of the study was to determine 1lift
fan behavior in the crossflow enviromment and to define the principal factors
affecting fan performance. The wing tested was a two-dimensional model with
maximum thickness ratio of 17%. The axis of the model 1lift fan was at the
40% chord location. The fan rotor was driven by a compact supersonic turbine
located in the hub section of the assembly. High-pressure air to drive the
turbine was supplied through six equally-spaced struts spanning the fan

passage. The ratio of inlet depth to rotor tip diameter was 0.16. Four
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louver vanes for afi 1o deflection =rere zttached to the wing. The inlet

bellmouth was designed according to thes methods of Reference 41 to avoid

tatic (no crossflow) operation.
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The fan stage was designed for a pressure ratio of 1.28. Two forms of

inlet flow distortion were present in crossflow: (1) - increased inflow
velocity over the forward portion of the bellmouth and decreased velocity

over the aft portion coupled with an advancing/retreating blade motion with
respect to the incoming =zir caused by incomplete turning of the inlet air, and
(2) - local boundary layer separation at the rotor inlet caused by pronounced
accelerating and decelerating flows on the forward portion of the oubter shroud
and the aft portion of the nosepiece resulting from the surface curvatures.
Boundary layer separation appeared to be restricted to a relatively small

area of the forward portion of the bellmouth. The average loss in total
pressure in the localized separated flow region was less than 1%, so that the
viscous loss associated with this particular bellmouth design did not seem
likely to pose any serious problem for crossflow operation. The fan was found
to experience a wide variation in back pressure over the test range of
operations, i.e., the static pressure at the exit of the duct was not equal

to the ambient pressure. Detailed pressure and flow direction measurements
are presented in the work. The data =zppeared to point to two major ingredients
that determine fan thrust variations in crossflow: the effects of inflow
distortion and stage back pressure variaiions induced by the crossflow. Inflow
distortion affected fan performance primerily by losses in total pressure
across the rotor and stator blade rows arising from circumferential variations

in local blade inlet flow angle., Fan stage back pressure (fan duct static
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pressure) was found to decrease with increasing rotor tip speed and

increasing crossflow velocity, and to increase with increasing vectoring louver
angle. Fan back pressure decrease with tip speed was established to be the
result of the turbine base flow efTect. Fan back pressure decrease with
crossflow was conjectured to be the resuli of some interaction effect

between the fan assembly discharge streams and the crossflow stream. TForce
data from this fan-in-wing experiment are reported in Reference 56.

The wing used in these single 15-in. 1lift fan tests was also used in
an experimental program in which the individual performance of multiple model
1ift fans was measured. The results are reported in Reference 57. The
model consisted of three 5.5 -in. diameter tip-turbine driven model 1ift
fans mounted chordwise in a two-dimensional wing to simulate a pod-type
array. Tests were performed over a range of crossflow velocities from
zero to 170 mph. Individual fan thrust performance was measured under static
and crossflow conditions with inlet and exit cover doors of various designs
installed on the basic model. Tests were also performed with a large panel
simulating an aeroplane fuselage mounted next to the fans at two lateral
positions. Fﬁrther data were obtained for a simulated gas generator
failure to a single fan. Fan performance was measured in terms of exit total
and static pressures, speed, and gross thrust for each fan. Overall model
1ift, drag, and moment coefficients were also determined. The thrust of the
upstream fan decreased significantly more than the two downstream fans, while
the thrust of the downstream fan increased slightly over the entire range
of crossflow velocities tested. The algebraic sums of the thrust for all

three fans decreased only about L% over the test range of crossflow velocity.
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Thug there is probably no difficulty in terms of total thrust loss but the
differences in thrust between the upstream and downstream fans cause adverse
pitching moments. Tests showed that static thrust losses introduced by the use
of inlet and exit cover doors can be significant. The effect of proximity

of the fuselage simulator panel to the fan on static thrust was also

significant. It was concluded that measured thrust variations caused by

the presence of adjacent fans, inlet and exit cover doors, and adjacent
fuselage panels were of sufficient magnitude to warrant consideration in
the determination of installed thrust for takeoff and for individual fan

thrust control during transition. The experiments also indicated that for

valid results, 1ift fan test models should provide a close scaling or

simulation of the complete real installation.
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ITI. THEORETICAL ANALYSIS OrF THE POTENTTAL FLOW

GENERAL CONSIDERATIONS

The equations describing the steady flow of an inviscid, incom-

pressible fluid are the Fuler equation:

(V- V)W ==9p (1)

=Rl

and the continuity equation:

V=0 (2)

V .

where V is the velocity of the fluid at any point, P is the fluid pressure
and p is the constant fluid density. Equations (1) and (2) hold throughout
the region R’ of the flow.

For flows external to a surface S, the boundary conditions are that
the velocity infinitely far from the surface, Vm, and the component of the
fluid velocity normal to the surface, F, on S are known functions of position.

The condition on S is written
7.8 =% » (3)

where n is the unit normal vector directed from the surface S into the région
R”. If the surface is the boundary of a solid, then the normal velocity
component, F, is zero.

For the flows to be considered in this report, the velocity can be

expressed as the sum of two velocities
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V=V +7 (4)

where Vm is the freestream velocity, or the velocity that would exist if the
surface were absent, and v is the disturbance velocity produced by the surface.
The disturbance velocity is assumed to be irrotational and thus can be expressed

as the negative gradient of a potential function P, 1.€.,

V= - 3@ (5)

Since the freestream flow represents an incompressible flow, v, satisfies
equation (2) and is solenocidal. Consequently, from equations (2) and (4),

¥ is also solenoidal. The potential function ¢ therefore satisfies the

Iaplace equation

v o=0 (6)

in the region R’. The boundary conditions on ¢ are obtained by inserting

equations (4) and (5) into (3) giving
- — _ b(o _ - -
ch-n|s—-SE|S~Vm-n‘S-F (7)
and the condition at infinity

[Fpl — 0 )

Equations (6), (7), and (8) form a properly posed Neumann problem for the
solution of .
The approach to this Neumann problem as developed by A. M. 0. Smith

et al, (Ref. 11, 13, 31 and 32) is to reduce this problem to an integral
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egquation over the surface of the body. This approsch is adopted for the
study of the inlet flow problen and is surmarized below for clarity.

The surface of the body is reoresented by a continuous source
distribution of local intensity o{g) where a{€,m,() is é general point on
the body surface. The potential at a general point P’{x,vy,z) in the region

R’ due to this surface is given by
;
c
@ = N RSV (9)

where T is the distance between the points P’ and g, that is,

Fe -0+ -0 (- 0F

The potential defined by equation (9) satisfies the laplace equation (6) as
well as the boundary condition (8) for any arbitrary bounded source dis-
tribution g. The unknown source distribution is obtained by requiring the
boundary condition (7) to be satisfied. EREauation (7) requires that the
spatial derivatives of equation (9) be evaluated at points on the body
surface S. As the general point P’ approaches the surface, the normal
derivative of the integral in equation (9) becomes singular and the principal
value must be extracted. Kellogg (Ref. 58) has shown that the limit of

- %p/dn as the point P’ approaches a point p’ located on the surface § is

- B2 - [ o X (s (10)

It should be emphasized that equation (10) applies on the surface S.

When combined with equation (7), it enables the solution of three-dimensional
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problems by numerical quadrature of a double integral and the solution of
two-dimensional or axi-symmetric problems by numerical quadrature of a
simple integral.

Hess and Smith (Ref. 32) present a qualitative review of the
limitations of equation (10) with regard to existence and uniqueness of
solutions. The only restriction of importance to the study of the inlet
problem is the reguirement that the normal wvector I be continuous on the
surface. Since an exact solution of equation (10) for an arbitrary surface
?s beyond present capability, it is necessary to resort to a numerical
approximation. For the two classes of problems studied in this report;
that is, two-dimensional.and axi-symmetric flows, the body profile can be
described in a single plane - z = Q or § = 0. The surface is then described
by N + 1 points spaced along the surface profile. The actual surface profile
is then approximated by the chords between the N + 1 points. Thus, the
integral in equation (10) is broken into N integrals over each of the N
segments representing the surface. The source density on each segment is
assumed to be constant over the segment and thus can be taken outside of the
integral. The remaining integral is a function only of the surface geometry
and can be evaluated for a given surface. Thus, the normal velocity at a
point p’, say the mid-point of a segment, can be written in terms of the N
unknown values of the source density. By requiring equation (10) to hold at
the mid-point of each of the N segments, a system of N linear algebraic
equations is obtained. Thus, the problem reduces to an N x N linear matrix

equation of the form

= D, (11)
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It should be noted that the tangential velocities on the surface
riust also be evaluated at the mid-point of the segment. However, there is

no principal value to be extracted for the tangential component.

A. FORMUTATION FOR TWO-DIMENSIONAL FLOW

The two-dimensional body is defined in the plane z = 0O by an x -~ ¥
cartesian coordinate system. The surface extends from z = -~ @ to Z = + o,
but the profile is the same in any plane z = const. The point at which the
potential is to be evaluated is denoted P’(x,v,z) and the integration is
. over the surface S in the space q(g,n,g). The potential at point P’, then

is given by

+o

o o(s)dgas 12
Pps Jsj_m [ -2+ (y - m)2 + NVE (12)

where s is the distance along the profile of the surface in the plane z = 0.
Since the integral equation involves normal derivatives, it is

convenient to first evaluate the x and y derivatives of ¢

&y .o o(s)(x - €)ards (13)
(EIX)P, -)s..o [(X _ g)2 + (y_ _ n)2 + C2]3/2

and
2%\ > m ols)(y ~ plagas (14)
(by P’ .U'O [(x - €)% + (y - ) g2]3[2

It is apparent that the [ integration can be performed immediately to reduce

the problem to the two-dimensional form
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& fs){x - g)ds .
(&) ,--2] < Ve 2 (15)

E s (x -8)" +(y-m)
(9) -.e] —olodly-nlas | (16)
%/ pr s (x -2+ (¥ - n)

In order to avoid difficulties with multiple values and indeterminate
forms, the integration is performed in terms of s, which is the distance along
the body profile. The profile is broken up into N linear segments with the
source density considered constant on each segment. These segments are
numbered consecutively so that the flow region R’ is on the left as the
surface is transversed. The end points of the segment J are designated by
the odd numbers 323-1 and S2J+l'

Using these notations and noting that o(s) is a constant for

The mid-point is designated by the even
sub-script SQJ.
each segment J, equations (15) and (16) give the velocity at the point P/(x,y)

induced by the source element J as

&0 = . D

fol0)] = .25V 8

W‘P’,J GJ ‘P’,J(X,y) (l )

where
s
23+1 (x
_ - £)ds

Xpr 4= 5 (19)

Sp5.1 (- 9+ - m)
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2+l (y - q)ds

2 2
Sej_l (X - g) + (Y - T‘)

or g =] (20)

%

The quantities XP’ 3 and YP,Jdepend only on the relative positions of the
3 3

points P’ (x,y), S2j—1(§23—1’ “23-1)’ and SEJ+1(€2J+1’ n23+1). It can be

shown that, if P” is not on the segment J, then
X sin o + cos oy in(h (21)

Tpr,g = = By 005 ay * sin a 2n(hys 0 /Mys 1) (22)

where BJ is the angle subtended at the point P’ by the segment extending

from the point 523-1 to the point SEJ+1’ and h and h are the magnitude

2141 23-1

' . Fd -
of the distances from P’ to S2j+1 and 323_1, respectively.

The velocity components induced by the N source segments at the

point P’ in the region R’ are therefore

N
] R
o | - 2) oste,s (23)
3=1
N
b o o5,
el 2) °s'rrg (24)
3=1

In the limit as the point P’ approaches the mid-point, Sps of the

segment i, equations (19) and (20) simplify to

X;; —msin g (25)
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The normal and tangential velocity componants at Sps are therefore

th RS aq
- Sﬁll = 2ﬂ0i -Jég Gj(Xi,j sin g - Yi,j cos ai) (27)
oy _ VU )
- 5%11 = E; cj(— Xi,J cos o, - Yi,j sin ai) (28)

JFL

It is noted that equation (27) is in agreement with equation (10). Using

equations (7) and (27), the boundary condition on the surface is written

2rg, + 2; oj(xi,j sin o, - Yi,J cos ai) = - V; . E£ + Fy (29)
J¥i

Equation (29) is a system of I linear algebraic equations and permits the
computation of the N values of gi's. Once the values of ci's are computed,
the velocities at every point of the flow field R’ can be calculated ex-

plicitly using equations (23) and (2h).

B. FORMULATION FOR AXI-SYMMETRIC FLOW

The analysis for axi-symmetric flow is similar to the analysis for
two-dimensional flow. In a cylindrical coordinate system (x‘,r”,9) where the
x-axis is the axis of symmetry, the potential at point P (x’,r”,q) in the

region R’ is given by

2m , p
Op- = Isje s o(s)dgds 17z (30)

=0 [(x* - g)2 + r’2 + p’2 -2r’p” cos (9 - 8°)]
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where s is the distance along the profile of the surfece in a meridian plane,
and the integration is over the surface in the space q(g,p”,87). Since the
problem is independent of the azimuthal coordinate @, 8 may be taken to be
zero without losing generality and the integration with respect to 87 in
equation (30) can be performed immediately. Alternatively, the derivatives
of @p can be taken in ordgr to obtain the axial and radial velocity com-

ponents; u and v

2n
= _ b0 _ po(s)(x-€) de’ds (
w= - 31)
i ox ‘f§£’=0 [(x* - 5)2 + el p’2 - 2r’p’ cos 9’]3/2
2n
v o= o o i [ p’o(s)(r” - p cos g”) dp’ds (32)
br ..b’o [(X’ _ g)g + I"2 + p'2 - Qr'p' cos 9,13[2

Integrating with respect to 8’ then gives

N — S OR R o

SJET 0 - 0 [ - P+ k- )]

2 2 , 2
[K(k) s r - - (7 -€) E(k)]ds (34)
5

(r* - )% + (x7 - g)°

J 2p’0(s)

i+ p)7 4 (27 - g)

where K(k) and E(k) are complete elliptic integrals of the first and second

kinds, respectively. The modulus k is given by

k2 - 2-}1'.'2’0’
(I"+p’) +(X'—§
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The profile S is broken up into I linear segrients with the source
density considered constant on esch segment. The end points of the segment

J are designated as 523—1 and SQJ+1. The mid-point 1is §e51gnated s

23"
The velocity components induced by the source ssgment 3 at the ith
segment (the point SQi) are expressed 1n terms of geometric coefficients

X., and RjJ as follows:

ij
¥\ g, x, (35)
<bx/i,j J 1,3
fes) = !
br>i ;7 Ri,3 (36)
2

For a point p‘ at the mid-point of the ith segment, the coefficients due to

the Jth segment are given by

x. = ufsejﬂ e B (37)
iy =~ ”
1] S23-1,Jrs + 070+ (x3; - 07 [(x5; - 0107 + (x5 - 8)°]
S
ryy k[t [x0
if] S25-1 vgy Jlrg + 07 + gy - 8)°
2 2 P 2
r.. - - (x2. - €)
P S > 21 = ® 5 E(k)] ds (38)
(x5 = 90" 4 7 - 8)

where
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b p’ ’
o ; P
K = 2L . (39)
(rl. + p7)" + (). - E)
o; P i

For‘each segment J, which in this case is in the form of a frustrum
of a cone, the integral in equations (37) and (38) must be evaluated to obtain
the effect of the segment on the point p‘. Fach segment is divided into a
number of subelements and'the integration is performed by Simpson's rule. The
number of subelements used on the jth segment is determined by the formuila
%6Asj/dmin’ where Qmin is the shortest distance from the point p” to a point

‘on segment J, and ASJ is the_length of the Jth segment. This number is
rounded off to the nearest even integer greater than zero. This formula, as
proposed by Smith and Pierce (Ref. 13) is simply a device to introduce a large
number of subelements (as many as 32) when p’ is very close to the subelement
and the integrand varies considerably over the subelement; and a small number
of subelements when the segment J is far from the segment i and the integrand
is nearly constant over the range of integration. This procedure insures

good numerical accuracy while keeping the number of computations reasonably
small.

The above procedure is used for computing the velocities induced by
the segment J at thé segments other than J. When the segments i and J coincide
with each other, the integrand contains a singularity and a special procedure

is employed. The segment is broken up into 3 divisions from SEi-l to s21 - s',

/

from sg. - s’ to s + 587 and from 5., +s to s
1

o3 54 0341 " The integrals from

to s - s’ and from s, + s” to s contain no singularities and are

Spi-1 21 2 2i+1
evaluated using Simpson's rule with 16 subelements on each division. For

the singular subelement which consists of the portion of the frustrum between
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S?i - 57 and So3 + 57, where s’ is very small, the integrand is expanded

in a series about the mid-point Sps - With the series expanded about the

mid-point Sps the singularity is of the order s ~. The singularity is odd
and is eliminated by the "even" integration. The results are combined with

the terms - 277 sin o and 21 cos o supplied by Kellogg's theorem, equation

(10), to provide the geometric coefficients X;; and R, .. Using these expressions,
the boundary condition on the normal component of the velocity, equation (7),

is written

N ki)
2o, + sin o, E: GJXiJ - cos ¢, Z‘ GjRij = V; -7 . - F, (40)
J:l J’—:l

.7 (k1)
3=1 3=1

The solution of equation (40) gives the values of o;- Once o,
values are computed, velocity components at each point in R’ can be

calculated. In particular, the tangential velocity components at the surface

can be computed using equation (L41).

C. BASIC SOLUTIONS

Since the Iaplace equation, (6), is linear, the principle of super-
position can be utilized to obtain solutions for various freestream velocities
and inlet flow rates from two basic solutions, one with zero inlet flow rate
and the other with zero freestream velocity. The velocity potential ¢ is

written in terms of two basic solutions 9y and @
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Vem =0 (k3)

with the boundary conditions

§¢a — 0 infinitely away from S (L)
and
=e-n ons (b5)

where S 1s the surface of an inlet with closed ducts, shown in solid lines in
Figure 1; € is a unit vector giving the direction of freestream velocity, Vm.

The second basic solution, Py is the solution of
2
Vi, =0 (46)

with the boundary conditions

wa — 0 infinitely away from S (L7)

on S (MS)

1
o

= 1 on S (l}9)

B
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where Sl ig the surface of an inlet with ooven ducts, shown in solid lines

~

"loor ©

-y

41
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in Figure 1, and 82 i1s the he ducts shovm in dotted lines.
Physically, the first basic solution is that for a flow over a closed duct.
the second basic solution is for a ©low induced by suction in the duct vwith
no crossflow over the inlet.

It is easy to show that ¢ as given by equation (42) satisfies

equation (6) and the boundary conditions {7) and (8) provided A =V and
o 14

B=-F.
The velocities corresponding to 9, and ¢, are respectively v, = - V@a
and 5% = Gﬁb' The total veloéity corresponding to a given freestream velocity

¥ and a given mean inlet duct velocity Vd is
o

-—
'

v = Vcn (—\_;a + e) - Vd{;b (50)

It should be noted that the basic solutions ?; and ?b contain no reference
velocity. They depend only on the inlet geometry and need to be computed
only once for each specified inlet configuration. Once ?; and Vb are com-
puted, the solution for ¥V for any specified values of Vcn and Vd follaws
from (5).

Recalling the requirement that the normal vector 1 be continuous on
the surface, it is anticipated that some numerical difficulty will be en-
countered at the corner formed by the duct and the floor of the duct. In
particular, for the second basic solution, due to numerical errors de-
scribed above, there exists a region near the corner where "leakage' through

the sides of the ducts is significant. As a conseguence, the volume flow

rate through the control station located some distance above the floor differs

Lo




from that through the floor. 1In actual computations, the floor is placed
at 1éast one inlet width below the inlet 1lip. The velocity at the control
stations, placed approximately midway betiveen the floor and the lip, is
found to be uniform, although the magnitude of the velocity is smaller than
the specified velocity normal to the floor. The numerical results for the

second basic solution are corrected by letiing

=7 (o (51)

where VCS is the averaged velocity at the control station. The total
velocity corresponding to the given velocit'y’\_fco and the given inlet

velocity V, is st111 given by (50).

NUMERICAL RESULTS

Two types of inlet geometry were studied. The first type consists
of a single inlet duct set in an infinite plate. The second type contains a
centerbody simulating the hub of an inlet fan. Both types are shown in
Figure 2, for the case where the axis of the inlet duct is perpendicular to
the flat plate surface, and the top of the centerbody coincides with the
plane of the plate. Variations from these basic geometries are examined
for an inclined inlet axis case and both raised and lowered centerbodies.

The velocity component parallel to the inlet axis and the angle
of inclination of the wvelocity vector from the inlet axls are presented for
several planes perpendicular to the inlet axis. The tangential velocity
profile along the flat plate, the inlet lip, the duct, and the hub surfaces

are also presented. Surface distances, s, are measured from the point where




the inlet lip Joins the flat plate. Zor the centerbody, surface distances
are measured from the mid-point of the top of the centerbody. The sign

conventions used are depicted in Figure 2.

A, INLETS WITHOUT THE CENTERBODY

The inlet geometry is shown in Figure 2a. The flat plate and the
inlet duct are Jolned by circular arcs of radius r, with r = 0.1D where D

is the width of the duct.

1. TWO-DIMENSIONAL RESULTS

Inlet Duct Perpendicular *to the Flat Plate

The two basic solutions for this geometry are shown in Figures 3
and 4 where the distances, s, are non-dimensionalized by D. TFigure 3a
shows the tangential velocities on the forward portion of the inlet surface.
It is seen that for the first basic solution, i.e., a flow over the inlet
with closed duct, the tangential velocity increases from the freestream
value far upstream to a maximum value of about 1.8%4 times the freestream
value a short distance after the point where the inlet 1ip Joins the plate.
The tangential velocity then drops rapidly. At a depth of 1D below the
flat plate, the velocity is nearly zero. For the second basic solution,
i.e., the flow with suction but zero crossflow, the tangential velocity
far npstream is zero. The velocity increases and reaches a peak value of
about 1.80 times the mean inlet flow velocity shortly downstream of the
velocity peak location for the first basic solution. It also drops rapidly
after the peak and approaches the mean inlet flow velocity approximately

at a depth of 0.6 D below the flat plate.
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Figure 3a also shows the tangential velocity for the case where
the crossflow velocity is equal to the mean inlet Tlow velocity. For this
particular case, the tangential velocity, non-dimensionalized with respect
to either the mean inlet flow or the freesiream velocity, i1s simply the
sum of the two basic solutions. The peak velocity is now about 3.48 tinmes
the mean inlet flow velocity. The peak is now somewhat spread out since
the peak velocities of the two bhasic solutions do not occur at the same
streamvise location. The large velocity gradient produced by the addition
of the two basic solutions is respansible for the experimentally observed
boundary layer separation on the forward inlet lip.

The tangential velocities over the aft section of the inlet are
illustrated in Figure 3b. The tangential velocity on the inlet surface-
for the first basic solution, i.e., crossflow over a closed duct, is
symmetric with respect to the centerline of the duct. The tangential
velocity for the second basic solution is anti-symmetric about the axis
of the inlet since it describes an inflow into the duct and the sign
convention is positive for flow into the duct on the forward section but
is negative for flow into the duct on the aft section. Also shown in
Figure 3b is the tangential velocity for the case where the freestream
velocity is equal to the mean inflow velocity in the duct. This solution,
again non-dimensionalized by the mean inflow velocity, contains neither
a velocity peak nor a resulting large velocity gradient since it represents
the difference between the two basic solutions. Note that a stagnation
point occurs on the circular arc portion of the aft inlet 1ip. The slight

bump is due to the difference in peak-velocity locations of the two basic

solutions.



For flows with srzller values of the ratio of the freestrean

velocity to the mean inlet velocity, y is found on the aft

$1

neal velocdi

D)

inlet surface. The magnitude of this z=2ak, howvever, is always much less
than the magnitude of the pesak velocity on the forward inlet surface.

Figure LI shows the magnitude of the normal velocity component
(in the direction of the duci-axis) a2nd *he angle of inclination of the
velocity vector relative to the axis of the duct on a plane perpendicular
to the axis of the duct at depths of 0.15 D and 0.20 D below the surface
of the plate. A positive normal velocity results from a flow into the
duct. A positive angle of inclination results whenr the velocity in the
duct has a component directed into the duct and a component directed from
the front to the rear of the duct. For the first basic solution, the
normal velocity'over the forweard half of the plane is positive indicating
flow into the duct, with the flow angle increasing from O to 90 degrees.
Over the aft portion of the plane, the normal velocity is negative and
the angle increases from 90 to 180 degrees, indicating flow out of the
duct. The normal velocity is seen to the anti-symmetric about the duct
axis, giving the anticipated result of noc net mass flow into the closed
duct. The second basic solution for suction in the duct gives a net inflow
velocity which is symmetric about the duct axis. The magnitude of the
velocity on the duct surface is larger than the mean inflow. The flow
inclination angle indicates that the flow is directed toward the center-
line of the duct.

The case of the freestream velocity equal to the mean inflow

velocity is also presented in Figure 5. The velocity normal to the plane




o

is seen to be gquite non-uniform. The angle of inclination, however, is
very nearly symmetric and is positive over the entire plane. An examination
of the numerical results for the case where the freestream velocity is
equal to the mean inlet velocity reveals two causes of flow non-uniformity
in the duct. The flow near the surface of the inlet is strongly affected
by flow acceleration and subseguent deceleration around the inlet lip.
This effect is evident near the inlet duct walls. The rapid change in the
velocity profiles in the region within 0.3 D from each wall between the
depths of 0.15 D and 0.20 D results from this flow accelerétion and sub-
sequent deceleration around thé inlet lip. The flow over the center L0
percent is approximately a straight line at both depths representing the
effect of the crossflow on the flow in the duct. This non-uniformity will
be referred to as crossflow non-uniformity and extends into the duct for
several duct widths. The non-uniformity near the walls represents the
deviation of the normal velocity profile from a straight line drawn
through the center 40 percent of the normal velocity profile and will be
referred to as curvature non-uniformity. The curvature non-uniformity
extends several lip radii into the duct.

It should be noted that the location of the fan plane in a fan-in-
wing installation is restricted by the thickness of the wing. Although the
curvature non-uniformity can be alleviated by maximizing the depth of the
fan plane location, the crossflow non-uniformity 1is expected to prevail in

actual fan-in-wing installations.
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Following the suzgestion of Tuvivier and iieCallum (Ref. 5), an inlet

o]

with a duct inclined 10° to the parpsndicular of the plate was studied.

The intersections of the duct and flat plate are faired by circular arcs

of radius 0.1D. A comparison of tThe tangential velocity of the inclined
inlet with that over the previously discussed perpendicular inlet shows
that, for the first basic solution of a crossflow over a closed duct, the
velocity profiles are very nearly equzl. For the second basic solution,
i.e., the flow with suction but zero crossflow, the tangential velocity
profiles are compared with those for the perpendicular inlet in Figure 5.
The comparison shows that the peak tangential velocity on the forward
section of the inlet 1lip is smaller for the inclined inlet than that for
the perpendicular inlet (1.62 times the mean inlet flow velocity vs 1.84),
On the aft section, the velocity p=ak for the inclined inlet is higher
(1.95). The tangential velocity profile on the inlet surface with an
inclined duct is compared to that for the perpendicular duct in Figure 6
for the case where the freestream velocity is egqual to the mean inflow
velocity. Over the front half of the inlet (Figure 6a) the tangential
velocity profile for the inclined duet is nearly idential to the velocity
profile for the perpendicular duct. The reduction in the peak wvelocity for
the case of suction in the duct but no crossflow is lost when the effect of
crossflow is included. The comparison of the tangential velocities over
the rear half of the inlet (Figure 6b), shows that the previously mentioned

bump caused by the difference in the velocity-peak locations of the two

basic solutions is more pronounced for the inclined inlet,
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In order to compare the flow nonuniformity in the duct, the normal
velocities and flow inclination angles vere cslculated for two planes.
Both planes were perpendicular to the axis of the duct. The first plane
intersected the aft wall of the duct at a depth of 0.15D and intersected
the front duct wall at a depth of .288D, where the depths are measured
rarallel to the duct axis. The second plane intersects the aft wall at a
depth of .20D and intersects the front wall at a depth of .376D. For
comparison purposes, normal velocities and flow inclination angles were
computed for an inlet with a perpendicular duct at four planes at depths
corresponding to the maximum and minimum depths of the inclined duct
planes, i.e. 0.15D, 0.20D, 0.288D, and .376D. The results are compared
in Figure 7 for the case where the freestream velocity is equal to the
mean inlet flow velocity. The flow nonuniformily over the planes of the
inclined duct is almost identical to that of the perpendicular duct at
depths corresponding to the maximum depths of the inclined planes, and 1s
gignificantly less severe than that of the perpendicular duct at depths

corresponding to the minimum depths of the inclined planes.

2. AXT-SYMMETRIC RESULIS

In Figure 8a, tangential surface velocities over half of the inlet
for the second basic solution, i.e. mass flow through the duct but no
crossflow as calculated for a two-dimensional inlet and an axi-symmetric
inlet are compared. Both inlets have lip radii of 0.10D and the velocities
are non-dimensionalized by the mean inlet flow'velocity. The magnitude
of the velocity peak for the axi-symmetric inlet is about 1.58 times the

mean inlet flow as compared to 1.80 for the two-dimensional inlet. The
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peak velocity in the zxi-s;rmmetric duct oceurs slightly deeper in the
inlet than that in the Two-dirensionzl inlet. In fact, the magnitude
of the velocity tangential to The inlet surface for the axi-symmetric
inlet is always less than the tangeniial velocity on the surface of the
two-dimensional inlet, =zt esgual sitreanwise stations. The velocities
normal to planes perpendicular to the axis of the duct at depths of

0.15D and 0.20D are coxpared for the two geometries in Figure 8b. At

equal depths, the flow in the axi-symmetric duct is more nearly uniform .

ck

than the flow in the two-dimensional duc
Although the flow associated with an axi-symmetric inlet is quanti-

tatively dissimilar to that associzted with a two-dimensional inlet, there

is a qualitative similarity vetwesn the two. It is expected that any

trends observed for two-dimensional inlets should be found in axi-symmetric
or even nearly axi-symnmetric inlets. Practical inlef configurations often
do not lend themselves to axi-symmeiric analyses. For example, the inclined
inlet case discussed earlier would reguire a full three-dimensional study.
The numerical solution of the full three-dimensional problems reéuires very
large amounts of computational effort and may not yield highly accurate
results., The two-dimensional analysis requiring a minimum amount of

computational effort can offer useful information regarding the general

flow features.

INLETS WITH CENTERBODY

The geometry of an inlet with a2 centerbody simulating the hub of a
fan is shown in Figure 2b for the case where the top of the centerbody is in
the plane of the flat plate. The distances are non-dimensionalized by the

half-width of the inlet, R. The hzlf-width of the hub is taken to be .5R.
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The inlet duct and flat plate, and the centerbody sides and top surface
are Joined by cirecular arcs of radius r. All inlet ducts studied are
perpendicular to the flat plate and the gides of all centerbodies are

parallel to the duct walls.

1. TWO-DIMENSTONAL RESULTS

Variation of Velocities with the Freestream/Mean Inlet Flow Velocity

Figures 9 and 10 compare the tangential surface velocities over the
front and rear halves of the inlet/centerbody combination with lip radii
of 0.1R for the freestream to mean inlet velocity ratios of 0.0, 0.2,
0.5, and 1.0. This family of velocity profiles represents a series of
velocity profiles on the inlet as the crossflow velocity is increased
while maintaining a constant mean inlet velocity in the duct, i.e. it
represents the transition of a fan in wing inlet from hovering to forward
flight. The first basic solution corresponds to the case V‘:/Vd = @ and
is symmetric with respect to the centerline of the inlet. The second
basic solution corresponds to the case Va/Vd.= O and is anti-symmetric
with resvect to the centerline of the inlet.

The velbcities over the forward part of the plate and duct surface
are similar to the velocities found in the inlet without a centerbody. As
seen in Figure 9, a stagnation point is found on the centerline of the
centerbody for‘waVd.= 0.0, corresponding to the second basic solution of
inflow but no crossflow. This stagnation point moves upstream as the
crossflow velocity increases and at a velocity ratio of Vw/Vd = 0.46 the

stagnation point moves onto the circular arc portion of the centerbody.
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Over the rear half of the hub, sr2 10, thz magnitude of the velocivy

peak is less than the peszk on the “ront part of *he inlet (2.6 as coupared
5 f .= 1.0).

to 2.9 at Im/\d 1.0)

A stagnation point appsars on zhs a section of the inlet surface for
Vm/Vd.> 0. This stagnation point 2lso rmoves upstream with increasing V@/Vd,
and, at a freestream to mean inlet vzlozizy rziio of .73 Vd’ the stagnation
point moves onto the circular arc vortion of the inlet 1lip.

In Figure 11, the normal velocities and angles of flow inclination
across a plane located at a depth of 0.202 are presented for values of the
velocity ratio of Vm/Vd = 0.0, 0.2, 2.3, and 1.0. The solutions show a

mild amount of curvature nonuniformity. The crossflow nonuniformity

increases with increasing crossflow o mean inlet velocity ratio.

Variation of Surface Velocities with the Height of the Centerbody

Calculations were made for the inlet with the top of the centerbvody
raised 0.1R (equal to the inlet lip radius) above the plane of the plate;
and lowered O.1R below the plane of the plate. For the first basic solution
of crossflow over a closed duct, the peak velocity on the inlet 1lip increases
from the value of 1.6V@ for the normz2l centerbody to 1.72Von for the case
where the centerbody is lowered below the plane of the plate, and decreases
to l.h8V°° for the case of a raised centerbody. However, the peak velocity
on the centerbody lip decreases froz the value of 1.6OVcn for the normal
centerbody location to l.lLOVcn for the lowered centerbody and increases to
the value 1.79VOo for the raised cenzerbody. For the second basic solution
of suction in the duct but no crossflow the opposité trend is observed.

The peak velocity on the inlet 1ip decreases from 1.57Vd for the normal

52



centerbody to 1.50V., Tor the lowered centerbody and increases to the value

d

1.63v, for the raised centerbody. On the centerbody liv the peak velocity

d

increases from 1.35V. for the normal centerbody to l.h5Vd for the lowered

d
centerbody and decreases to 1,28va for the raised centerbody. For in-
termediate values of the freestream/mean inlet velocity (0.2 - 0.7) the
surface velocities over the forward section of flat plate, inlet lip and
duct are nearly identical for all three centerbody locations. Similarly,
the surface velocities over the aft portion of the centerbody including
the aft centerbody lip and duct are nearly identical for all three center-
body locations. These results indicate that the height of the hub is

not expected to significantly influence the flow separation that may occur
on the forward inlet lip and the aft centerbody lip resulting from the
large velocity gradients near the velocity peaks.

The tangential velocity over the upstream portion of the centerbody
surface and the aft portion of the inlet surface are somewhat influenced
by the hub height. The profiles near the veloclty peaks, however, are
not strongly influenced by the hub height and the overall effect of the
hub height on the flow is expected to be small.

The normal velocities and flow inclination angles on a plane at a
depth of 0.2R for the raised, normal and lowered hub are compared in
Figure 12 for the case Va/Va = 0.5. The normal velocity for the lowered
hub exhibits a strong curvature nonuniformity near the centerbody, since
the plane intersects the centerbody at the point where the circular arc

section Joins the centerbody duct wall. The normal velocilies for the

raised and normal centerbodies are nearly equal over the front half of the
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Variation of Velocities with Lip !

Additional solutions were obtzined Tor the basic inlet, with the
top of the centerbody in the plane of the flat plate, with 1lip radii
of 0.08R and 0.15R. The radii of the circular arcs Joining the centerbody,
top and sides, were taken to be the same as the radii of the circular arcs
joining the flat plate and duct walls. Pigures 13 and 1l compare the
velocities on the inlet and centerbody surfaces at a velocity ratio of
v m/vd = 0.5 for inlet/centerbodies with lip radii of 0.08R, 0.10R, and
0.15R. It is apparent that increasing the lip radius has a substantial
effect on reducing both the magnitude of the velocity peak and the surface
velocity gradient with respect to the streammrise distance. For example,
for Vw/vd = 0.5, the peak velocity for a lip radius of 0.08R is 2.35 Vd

as compared to a peak velocity of 1.90 V_ for a lip radius of 0.15R. 1In

da
Figure 15 the normal velocities and angles of flow inclination across a
plane in the duct located at a depth of 0.20R are compared for the three
geometries., The freestream to mean inlet velocity ratio, Va/Vd,is 0.50.
Since the plane intersects the duct walls much closer to the circular arc

section in the case where the 1lip radius is 0.15R, there is more curvature

nonuniformity in the duct for this geometry.

2. AXT-SYMMETRIC RESULTS
Surface velocities on the surface of an inlet and centerbody with 1ip

radii of 0.1R as calculated for an axi-symmetric inlet and a two~dimensional

inlet are compared in Figure 16 for the second basic solution of suction in
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the inlet but no crossflow. Although there is a sligh® difference in
the velocities on the centerbody, the velocities on the inlet surface
are very nearly equal. A comparison of the solutions for different lip
radii indicate that this good agreement ir independent of the 1lip radius.
The normal velocity and angle of flow inclination across a plane at a
depth of 0.20D are compared in Figure 17 for the axisymmetric and two-

dimensional inlets. Again the agreement is very good.
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Boundary layer znalyses ware made to

1. Establish estimates of the reximum cross-flow velocities
without inlet flow separation.

2. Explore the effects of the various design varisgbles on the
maximum cross-flow velocities without inlet flow separation.

3. Determine the relative magnitude of the boundary layer displace-

ment thickness.

Only the two-dimensional inlet flows were considered. In addition, because of

the limitations of existing boundary layer theories, emphasis was placed on
establishing trends rather than on maXing numerous detailed calculations lead-

ing to "precise" theoretical results. Tne boundary layer theory employed in

these analyses and the results obtained are discussed in the next two sections.

ANALYTICAL PROCEDURES

Over fifty methods of predicting the development of turbulent boundary

layers in low speed flow may be found in the literature. Most of the commonly
used methods for incompressible flow were recently compared in considerable
detail at the 1968 AFOSR-IFP-Stanford Conf ernnc959 These methods extended
from the relatively simple and fast integral solutions to extremely detailed
finite difference solutions which utilize turbulent transport equations.
Seven of the total of twenty-eight methods were selected as superior by an
evaluation committee. The seven included a finite difference method which
has been developed over g number of years by A.M.O. Smith and his associates
at McDonnell Douglas Corporation. Tnis finite difference solution was

selected for the present analyses since it is apparently as accurate as any
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existing method, it has been extended to include compressible flow, and a
computer listing of the numerical solution was available in the literature.
The method is described in complete detail in Ref. 60. Reference &l lists the
computer program and gives a detailed description of its use. Only a brier
description of this method will be given herein.

The differential continuity, momentum and energy equations are
basically solved numerically along both the normal and streamwise directions.

The shear stresses are related to the mean flow velocity gradients using the

eddy-viscosity model. The boundary layer is subdivided into an inner and an
outer layer, each of which uses a separate expression for the eddy viscosity.

In the inner layer the eddy viscosity is specified by the Prandtl mixing layer

theory with the mixing length modified to account for the viscous sublayer and
for pressure gradient effects. The corresponding shear stress in the inner

layer is then given by the expression

T = 0.16 pyP{1 - exp| - 5 jpE ) ]Iz<b )

The exponential factor represents the correction due to the viscous sublayer

and the transition region. The cons tant coefficient is the sguare of the
Karman constant, which is taken to be 0.k.

In the outer layer the eddy viscosity is determined by specifying
a constant value of the turbulent Reynolds number based on the edge veloccity
Ve (i.e., the scaling velocity) and the displacement thickness 6* (i.e., the
scaling length). However, the eddy viscosity is assumed to vary in the normal
direction in accordance with the intermittency factor. The corresponding

shear stress is given by the expression
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The constant coefficient represents the reciprocal of the turbulent Reynolds

number (i.e., Re, = 59.5) and the bracketed term represents the correction

T
factor for intermittency.

The inner and outer layers are matched at the point where the
shear stresses are equal.

The heat conduction is related to the mean enthalpy gradient using

. an eddy-conductivity model. The eddy conductivity is then determined from the

eddy viscosity by assuming a’'constant value of the turbulent Prandtl number.

In the present analysis the free stream static conditions are taken
as the standard atmospheric conditions (i.e., T_ = 519°R and P_ = 2116 #/565) .
In addition, the laminar and turbulent Prandtl numbers are taken as 0.7 and 0.9,
resPectivély.

The geometric model used in the present boundary layer calculations
is shown in Fig. 18. As in the case of the potential flow analyses, the fan
duct is assumed to be imbedded in an infinite plate parallel with the freestream
flow. However, for the boundary layer analyses, which depend upon the Reynolds
number and the Mach number, it is necessary to specify a length and a velocity

scale. The velocity is selected as the uniform-flow, duct velocity v The

q
length is selected as the distance 4 from the simulated wing leading edge to
the duct centerline. The boundary layer on the forward section of the wing
surface is assumed to begin at the simulated leading edge. For the hub and
the rear wing surface, the boundary layer development begins at the stagnation

points, as indicated on the sketch. In all cases, the local velocities on

the surfaces are obtained from the potential flow solutions.
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A1l boundary layer calculations were made using

R/Z = 0.5

For a duct located at the wing mid-chord, this corresponds to a total duct

width vhich 1s 50 percent of the wing chord. The reference Reynolds number

used in the boundary layer analyzer is defined as

Re, = Xéf
£ vd

. where “d is the kinematic viscosity of the air at the velocity V

reference Mach number is defined as

a

where Cd is the speed of sound at the velocity Vd'

Boundary layer separation was assumed to occur when the shear stress
at the wall was zero since a majority of the experts believe that this is the
most suitable indicator of separation. The conditions for zero shear sfress at
the wall were obtained by extrapolating the friction coefficients to zero using
relatively few data points, rather than employ a lengthy and wasteful process

of progressively approaching zero shear stress. Enough calculations were made,

however, to establish convincing evidence for the extrapolations.

the prediction of separation is highly debatable, it is believed that for these

flows the approach to separation is very rapid, and the conditions for separa-

tion are, correspondingly, relatively insensitive to the criterion.

event, the consistency of the analyses should provide for meaningful, relative

comparisons.
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RESULTS AND DISCUSSIONS

Pypical variations in the surfzce friction coefficients with distance
along the surface and Ireestream to duct valoeity ratios are shown in Fig. 19.
The Reynolds number of Re, = 1L4.8 x 10~ 2and Mach number of Md = 0.46 correspond
to a duct velocity of Va = 500 ft/sec and a characteristic length of 4 = 5 ft
for standard, freestrean alr conditions. Host of the present calculations
were made for these practical design conditions.

As illustrated in Fig.1l9 the friction coefficient reaches a peak
near the beginning of the inlet 1ip curvature as a result of a gradual flow
acceleration, The rapid flow accelerztion induced by the lip curvature then
causes the friction coefficient to decrease rapidly until a relatively flat
velocity peak is reached. Thereafter, the friction coefficient again decreases
rapidly in the presence of the adverse pressure gradients which rob momentum
from boundary layer flow near the wall. Tae friction coefficient reaches a
minimom value slightly dovmstream of the inlet lip radius where the deceleration
is diminishing and uniform duct flow conditions are being approached. Downstream
of this minimum, the boundary layer profile gradually fills as turbulent mixing
effects dominate the pressure gradient effects and, correspondingly, the
friction coefficient increases. As the freestream to duct velocity ratio
increases, the minimum value of the friction coefficient decreases as a
result of the increasing peak velocities and the subsequent increases in the
adverse pressure gradients. In this particular case, separation exists with
Y;/Va = 0.6 and the maximum value of Ve/V, without separation is clearly
between 0.5 and 0.6. trapolation of the minimum value of Ce (i.e., Cp )

min
to zero yields V;/Va = 0.555 for incipient separation.
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Typical plots of the nininun friction coefficients are shown on
Fig. 20. Extrapolation of these curves to Cf o= 0 yields the value of Va/vd
for incipient separation. he curve for r/RminO.l5 in Fig.20a corresponds to
the results shown on Fig. 19. The values of Re, and My of Fig.b correspond

to Va = 100 ft/sec and L = 5 £t for standard, freestream conditions. However,
for this low Mach number the flow is sssentially incompressible and only the
Reynolds number is significant. Conseguently, the results of Fig.Xb. are

applicable for any combination of u_ and 4 with incompressible flow which

d
give Re& = 3.17 x 106. As will be dzmonstrated later, the effects of Mﬁ is
apparently negligible, at least within the range considered herein, and,
consequently, only Rei is significant even in Fig. 20a.

The results in Fig.20 demonstrate the smooth and consistent extrapo-
lation to Cf o = 0, It should be pointed out that, in all cases, Cf dis~
tributions wzie calculated at values of Vm/Vd somewhat greater than those for

Cc =0 (i.e., for V&/Vd greater than the values established for incipient

£ .
min
separation) in order to confirm that separation had occurred. For example,

for the case of r/R = 0.15 in Fig. 20, calculations of the Cf distribution
for V;/va = 0.4 confirmed that incipient separation would occur at Vw/vd
slightly below O.4. In general, the results of Fig.20 demonstrate that the
freestream to duct velocity ratio must be decreased to avoid separation if
the 1lip to duct radius ratio r/R is decreased, as one would expect. Sur-
prisingly, however, the results of Fig.20a indicate that this is not neces-
sarily the case since Y;/\E for incipient separation is essentially the same
for r/R = 0.1 and r/R = 0.08. The reason for this is not clear and may
indicate a deficiency in the theory. Perhaps, for these particular flow

conditions with r/R = 0.08, the rapid acceleration during the initial part
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of the inlet bend increases the momentum in the boundary layer near the surface

tending to offset the effects of the increased pressure rise downstream of the

peak velocity. 1In any event, this aspect is worthy of additional studies.
Table I demonstrates the relatively small effect of Mach number on

- the computed values of Cf for values of Cf near zero (i.e., for conditions
min min
near incipient separation). The first four rows compare values of Cf for
' min
duct Mach numbers of 0.h46 and 0.09 with a constant Reynolds number of Re{ =
14.8 x 106. The differences in the computed values of Cf for these two
min
Mach numbers with the same values of Vm/vd are insignificant (i.e., extrapola-

tions to Cf would yield ihsignificant differences in Vw/Vd for incipient
min
separation). In fact, the effect of Mﬁ reverses as V'm/Vd is changed from

0.30 to 0.32. These differences are probably well within the differences

due to the numerical inaccuracies. The last four rows are included to
illustrate this point. These entries present comparisons for constant values
of ReL but at low Mach numbers. In these cases, the Mach numbers are well
within the inccripressible flow range where Mach number effects must be small,
Nevertheless, the effects of these small Mach number changes on Cf ] is of
the order of those obtained when the Mach number changes should bemzygnificant.
It must be emphasized, however, that these results are based on boundary layer
edge velocities computed using incompressible flow. Compressibility is included
in the sense that the pressures and the temperatures are computed using com-
pressible flow equations with these incompressible flow velocities. Perhaps
the effects of Mach number would be significant if the edge velocities also
accounted for compressibility effects. Within the limitations of the incom-

pressible, potential flow solutions for the edge velocities it is concluded,

therefore, that M& is not an important flow parameter for the present boundary
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layer analyses. The only significant Tlow parameter other than the velocity
ratio is the Reynolds number.

A summary plot of the freestream to duct ve}ocity ratios for ineipient
separation on the rear hub and forward inlet sections is presented in Fig. 21.
For the range of flow conditions considered herein, separation does not occur
on either the front hub or the rear inlet sections. As shown in Fig. 21 the
velocity ratios for incipient separation on the rear hub are approximately
0.2 higher than that for incipient separation on the forward inlet section.
Consequently, the flow over the forward inlet section is considerably more
critical than that over any other portion of the inlet. This is also consistent
with experimental observations. For the rear hub section, this critical velocity
ratio decreases consistently and sharply with decreasing r/R at ReL = 14.8 x 106.
In contrast, however, the critical velocity ratio for the forward inlet section
decreases as r/R is decreased from 0.15 to 0.10 but then remains constant as
r/R is decreased from 0.10 to 0.08. As mentioned previously in connection with
Fig. 20, this unexpected anomaly needs further study. In fact, it was at first
suspected that this might have been caused by numerical inaccuracies due to a
relatively course numerical grid. However, subsequent reductions in the grid
spacing resulted in no significant changes. The critical velocity ratios were
not calculated for r/R = 0.08 at the low Reynolds number.

Figure 21 also illustrates that the Reynolds number has a relatively
strong effect on the velocity ratio for incipient separation. Figures?22 and
23 have been included to emphasize this effect of Reynolds number. In Fig.?22
the minimum value of the friction coefficient for several constant values of
the veloecity ratio is plotted against the Reynolds number. These results are
for the forward inlet section with r/R = 0.1. The clrcular points identify

calculated points or points obtained by extrapolations to Cf = 0, as
min
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previocusly described. The dashed lines indicate qualitative extrapolations
which are believed tc be reasonably accurate and are included in order to

more completely illustrate the general trends. These results show that the
minimum value of the friction coefiicient is very sensitive to the Reynolds
number as separation is approached. Or, conversely, the velocity ratio for

incipient separation (i.e., the velocity ratios along the line for Cf = 0)
' min

is sensitive to the Reynolds number. Apparently this can be attributed to

the relatively large increase in the turbulent shear stresses as the Reynolds

- number is increased.

Figure 23 shows thélvariation of the critical velocity ratio for
incipient separation with Reynolds number. The curve for r/R = 0.10
represents the intercepts of the constant velocity ratio curves of Fig.22 with
the abscissa, where Cf .= 0 (i.e., the condition for incipient separation).
The solid symbols indi?ige the intercept obtained using the extrapolated
curves of Fig. 22. Consequently, these points are only qualitative. Never-
theless, they complete a consist trend and are believed to be relatively
accurate. The curve for r/R = 0.15 is faired consistently through the two
computed points. These results clearly show that the Reynolds number has a
significant influence on the critical velocity ratio. Correspondingly, one
must expect that the location of the duct inlet relative to the leading edge
(which is specified by R/L = 0.5 in the present study), the velocity distribu-
tion over a finite wing (as oppcsed to the infinite plate in the present study),
and the three-dimensional flow for an axisymmetric duct (as opposed to the two-
dimensional flow in the present study) would significantly affect the critical
velocity ratios. For these reasons, it is believed that additional parametric

studies for the flow geometries considered herein would be of little or no

value for establishing the critical velocity ratios for practical configurations.
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Table ITI presents the results of an endeavor to find a relatively
simple, approximate criterion for the velocity ratio for incipient separstion.
The last column lists the ratio of the maximum value of the inlet lip velocity,
vmax’ to the duct velocity for the various conditions at which incipient
separation existed. The next-to~the~last column lists the corresponding critical
freestream to duct velocity ratios.. These correspond to the nine points shown
on Fig.21l. These results show that the variation of‘vmaxﬁfd for the various
lip radii and the two inlet sections is not large for a fixed Reynolds number.

. In fact, for r/R = 0.10 and 0.15, Vmaxfwd is very nearly 2.0 and 1.8 for
Re, = 14.8 x 106 and 3.2 x'lb6, respectively. These values are undoubtedly

within the accuracy of the present results. The deviation from\fmaxﬁfd =2

for r/R = 0.08 at Re, = 14.8 x 106 will significantly affect the critical

d
velocity ratio, however. In addition, the Reynolds number effect is again
significant and, therefore, the generality of these results is doubtful.

The computed values of the boundary layer displacement thicknesses
prior to incipient separation were always less than one percent of the duct

radius R. The effects of this small a displacement thickness on the potential

flow results should be well within the accuracy of the present analyses.




1. The method developed by A.M.0. Smith, et al., (Refs. 11, 13,
31, and 32) for the solution of potential flow equations is highly effective for
predicting flows about two-dimensional and axi-symmetric inlets. During the

present research, closed form analytical solutions have been developed for

velocities induced by wniform surface distributions of source-sink elements
over finite circular cylinders. The solutions are expressed in terms of
complete elliptical integrals and the Heuman's Lambda function and are pre-

sented in the Appendix of this report. The availability of these analytical

expressions contributes to the efficient and accurate computation of flows

about axi-symmetric inlets.

2. The results of a review of existing literature on fan inlets
indicate that the method of N. Stockman (Ref. 43), which gives approximate
potential flow solutions for three-dimensional inlets from a succession of
solutions for axi-symmetric shapes, effectively circumvents the difficulties
of large computer time and of inaccuracy encountered in the numerical solution
of many three-dimensional inlet problems. Stockman's method utilizes a computer
program developed by Smith et al. to generate solutions for axi-symmetric
shapes. The analytical expressions presented in the Appendix are of signi-
ficance in the further development of numerical methods applicable to three-

dimensional problems.
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3. For inlet configurations that do not lend themselves to
"axi-symmetric" analyses, the two-dimensional approach, which reguires a
minimum amount of computational effort, offers useful information regarding
the general flow feabures. In particular, the trends regarding flow
separation on the forward portion of the inlet can be predicted by a
parametric study of the inlet flow using the two-dimensicnal approach.

It is observed that for the limiting case of zero crossflow, the two-
gimensional potential flow solution is in good numerical agreement with that
%or axi-symmetric flow. Thus,; for cases of small freestream to mean inlet

flow velocity ratio, two-dimensional results are expected to yield good

quantitative predictions. The potential flow computer program developed
during the course of this research is sufficiently general to allow any
conceivable two-dimensional inlet geometry to be treated. The computation is
reasonably rapid. For the inlet with a centerbody, the computer time used
to generate the two basic solutions is under 30 seconds on the UNIVAC 1108
computer. With the basic solutions, each solution for a given combination of
freestream and mean inlet velocities was obtained in less than 1 second.
The potential flow solutions provided the needed imput for boundary layer
calculations.

The following observations, derived from the two-~dimensional analyses,
are expected to be valid for three-dimensional inlets.

Y. Within the accuracies of the present analyses, the effects of the
boundary layer displacement thickness on the potential flow solutions are

negligible for all inlet configurations studied.
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5. With an increasing crossilow t©o mean inlet velocity ratio,
separation occurs first on the forwerd portion of the inlet lip and next on
the aft portion of the hub. The velocity ratio 1s sbout 0.2 higher for
separation to occur on the aft portion of the hub than on the forward portion
of the inlet lip. For the range of conditions considered, separation does

not occur on either the aft portion of the inlet lip or the forward

portion of the hub.

6. OFf the several parameters studied, the most significant parameter
influencing the magnitude of the peaXk wveloclty, and hence also the maximum
adverse pressure gradient, is‘the ratio of the radius of the cilrcular arcs
forming the lips of the inlet duct and the hub to the inlet width. Decreasing
the ratio of the 1lip radius to the inlet width increases the velocity peak.
This lincrease is accompanied by a moderate reduction in flow non-uniformity
across the duct. 1In general, the critical velocity ratio at which flow
seP;ration begins to occur on the forward inlet lip decreases sharply with
decreasing 1lip radlus, as expected. However, in one case no change in the
critical veloclty was observed with a twenty percent decrease in the lip
radius. This anomaly is worthy of further study.

7. The inclined duct does not offer a significant advantage over the
perpendicular duct in terms of minimizing the adverse pressure gradient that
exists on the forward position of the inlet 1ip.

8. Raising or lowering the hub has little effect on the magnitude
of the peak velocity for intermediate values of freestream to mean inlet
velocity ratio (between 0.2 and 0.7). For high values of the velocity ratio,
a ralsed hub gives a lower peak velocity on the inlet 1lip and a higher peak

velocity on the hub. For low values of the velocelty ratio, the converse is true.
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The trends for a lowered hub are opposite to that for a ralsed hub. The flow
non-uniformity is severe for a lowered hub at planes in the duct near the top
surface of the hub.

9. An increase in the Reynolds number can result in a relatively
large increase in the critical velocity ratio. This suggests that additional
parametric studies must include less restricted flow geometries than considered

here.

10. For duct Mach numbers up to 0.5 the critical velocity ratios for

-

separation were not influencgd by Mach number. However, these compressible
flow boundary layer analyses were based on edge veloclties determined from
incompressible, potential flow solutlons. The effects of compressibility
night become important with compressible, potential flow solutions.

11. In some cases, a simple criterion on the ratio of the maximum
inlet 1lip velocity to the duct velocity is sufficiently accurate for estimating

the critical velocity ratio at which flow separation begins.
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Table I. Effect of Duct Mach Number on the Minimum Friction Coefficient
VGJ
— Re M C
Vd g d fmin

6 -3

0.32 14.8 x 10 0.09 .18hk x 10
0.32 1.8 x 10° 0.46 197 x 1073
) p 3

0.30 14.8 x 10 0.09 .292 x 10
0.30 14.8 x 106 0.46 .287 x 1073
6 -3

0.20 h.hh x 10 0.090 .303 x 10
0.20 L.kl x 106 0.126 .316 x 1073
0.175 2.5 % 10° 0.072 .113 x 1073
0.175 2.54 x 106 0.090 .121 x 1073

(&)




Table IT. Peak to Duct Velocity Ratio for Incipient Separation

v Vo

r SECTION Re x 1070 = max
R Vs Va
0.15 FORWARD INIET 14.8 0.56 1.98
0.10 FORWARD INIET 1.8 0.36 2.00
0.08 FORWARD INIET 14.8 0.36 2.17
0.15 REAR HUB 14.8 0.76 1.99
0.10 REAR HUB 1L.8 0.60 2.03
0.08 REAR HUB 14.8 0.49 2.08
0.15 FORWARD INIET 3.2 0.39 1.80
0.10 FORWARD INIET 3.2 0.21 1.80
0.15 REAR HUB 3.2 0.60 1.79
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bxact Expressions for the Velozlty Zue 10 a Cylindrical Source Segment

of Constant Strength and Constant Rzdius.

In the cylindrical coordinate system {x,r,8) the axial component of
the velocity induced by a cylindrical scurce segment of constant surface

source strength located at r = p, gl £¥% <, is

2n 52

= (“ng‘ie AL
wbeor) pr J gy [(x- §) . p2 - 2rp cos 913/2 ' (-1

where ¢ is the source strength per unit arez of the cylindrical segment.

Performing the integration with respect to g gives

1
u(x,r) = o
P J { (x—g2 + 22+ p2 - 2rp cos 9]1/2

- 2 21 ) }de | (2.2)
[(x-gl) +r” + p~ - 2rp cos §]

Using the change of variable @ = 28 and noting that the integrand in equation
(A.2) is symmetric in the interval O < 8 < 7 with respect to B = m/2 gives

the result

B

/2
u(x,r) = hpo'{ = 5 [ﬂ
[(x-§2) + (r+p)"7 %0 ,‘/1 - k

N e

2
sin B

/2
1 a3
i [(X—g )2 + (I‘+p)2] /. 2 . 2 }
1 ¢1.- kl sin B
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2 11"1‘0
k2_ 2
(x-8,)° + (r+p)
and
A R
(X-ﬁl) "’(r'*'p)

(A-3)

(a.4)

(A.5)

It can be easily shown that, at the mid-point of the segment, equation

(A.3) gives

w (B2, ) o

(A.6)

The radial component of welocity due to this cylindrical source segment

on §
2
(r-p cos §)dEAs

2

v(x,r) = op Jo r

“g [(x-§)° + 1" + ¢ - 2rp cos 07

Performing the integration with respect to g gives

(x-g,) (r-p cos g)de

/2

v(x,r) = - op {Igﬁ
o

[r2+p2—2rp cos 91/(X—§2)2+r2+p2-2rp cos @

-

r2n (x—gl)(r—p cos @)

v
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[r2+p2-2rp cos elJ(x—gl)2+r2+p2-2rp cos @

(A.7)

(A.8)




Using the change of variables 6 = 2§ and noting that the integrand is symmetric

vith respect to 8 = w/2 in the interval O < B < 71, yields

/2

(o]

2
(r+o-2p cos g)dg

Y(x,r) = - bgp {(x—gg) I

[(r+p)2—hrp coszﬁlj(x-gz)2+(r+p)2-hrp cosgﬁ

) (X.-g ) J\ﬂ/z (I‘+Q—2p COS2B)dB } (A.9)
1 o 2 2 2 2 2
[(r+p)“-brp cos B]J(x—gl) +(r+p)“-brpy cos"B

Using the definition

L
n= —'_I.:.Lz- (A.lO)
(I‘+p)
equation (A.9) is written as follows
(x-5,)
v(x,r) = - 200 §2

2
I‘(I‘+p) «/(x_§2)2 + (I‘+p)2

N r(rz_pz) /2 as

o] 2 2 2
[1-n cos Bljl—k2cos B

. (r+p)2 JW/Q

ag ] ) (x-£,)

2
© ,\/l—kzcosgB «/(x-gl)2+(r+p)2

/2
e [

(o]

d8
[1-n coszﬁljl-kicosza

n/2

s (o) [T —2 11 (a.11)

© A/l—k%cos 26
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This can be written in tarms of ¥(k), <he coxplete elliptic integral of the

first kind, and Ti{n\k), the complete =1liviic intezgral of the third kind, eas

follows
20 (x-€p) r,.2 2
v(x,r) = - 2{ L (r7-p )H(n\k2)+(r+p)2£{(k2)]
(r40)” " feg )Pu(rro)?
Al D
(x-€,)
L [(rz—gg)ﬁ(ﬁ\kl)+(r+p)2K(ki)1 )i (4.12)

JOem8)) P (r4p)

It is convenient to express 1(n\k) in terms of Heuman's Iambda function and

the complete elliptic integral of the first kind by the use of the relation

m(n\k) = K(k) + 5 8, [1 - a (k)] (A.13)
where
_ _1/2
¢ = sin L |2 —IEE / (A.18)
l_.l_k_l
i/e
- n 1 (a.15
%2 [(1 - n)(n - k)" ‘
With these substitutions, equation (A.12) is re-written as
br(x-g,)K(k,) (x-g,)(r-p)
Vo) = - S B e T g (o))
(r+plj(x‘§2)2+(r+p)2 ‘x—g2\\r-p\
br(x-g,)K(k,) (x-g,)(r-p)
A Uit | - e [1-A (epNkp)] (4.16)
(r+le(X‘§1)2+(r+o)2 ESSER]
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. i +
For exterior flow (r - p™) the radial component of the velocity at the

mid-point of the cylindrical segnent is

v T p/ = .

S
s (g, - &)
Sto t

where
2
K= ko 5
- ).;.p2 + (§2 - gl)

The term 2ng was predicted by Kelloggs theory.

10k

(A.17)
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