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ABSTRACT

A method based on the Douglas incompressible potential-flow computer program has
been used for the theoretical analysis of the axisymmetric flow in VTOL lift fan or en-
gine inlets in static operation (no crossflow). The usefulness of the method for predict-
ing flow in real inlets without flow separation was indicated by good agreement between
theoretical results and limited available experimental compressible data. Example
solutions were given for several different inlet configurations in which shroud curvature
and depth, centerbody size and location, and inlet boundaries (type of installation) were
varied. The application of the method to the design of an actual fan-in-wing inlet was
given in some detail.
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THEORETICAL ANALYSIS OF FLOW IN VTOL LIFT FAN INLETS WITHOUT CROSSFLOW
by Norbert 0. Stockman and Seymour Lieblein

Lewis Research Center

SUMMARY

A method based on the Douglas incompressible potential flow computer program has
been used for the theoretical analysis of the axisymmetric flow in VTOL lift fan or en-
gine inlets in static operation (no crossflow). Comparison of theoretical results with
limited available experimental compressible flow data indicated good agreement for the
velocity distributions on the bellmouth surface and the radial velocity profiles across the
passage at the end of the bellmouth. These comparisons established the usefulness of
the method for predicting the flow in real inlets in which no boundary-layer separation
has occurred.

Example solutions were given for several different inlet configurations in which
shroud curvature and depth, centerbody size and location, and inlet boundaries (type of
installation) were varied. For the range of inlet-geometry variables covered, it was
found that a ""trumpet'' inlet was best for minimizing surface velocity gradients but that
increasing depth was best for reducing radial velocity variations. Hub surface velocity
gradients were small compared with those in the shroud region. Also, the flow distribu-
tions in the inlet section were negligibly affected by the type of installation, that is, wing,
pod, or platform. The application of the method to the design of an actual fan-in wing
inlet was given in some detail.

INTRODUCTION

In recent years, there has been much interest in vertical take-off and landing (VTOL)
aircraft other than helicopters for both civil and military applications. Several different
types of propulsion systems have been proposed for achieving vertical flight (see ref. 1).
Among the more promising are lift fans and lift engines. For both types, since thrust
for vertical lift-off is required, the propulsion system should be as light and compact as
possible. Minimum engine volume is also desired to minimize drag if the lift propulsion
system is carried along in pods during normal cruise flight.



One of the factors involved in achieving minimum weight and volume for a lift fan or
lift engine is the design of an efficient shallow inlet. In the case of a lift fan installed in
a wing, the inlet depth may be restricted to small values by the available maximum
thickness of the wing section.

A shallow fan or engine inlet, however, presents two major aerodynamic problems:
(1) unfavorable velocity gradients on the bellmouth surface may lead to excessive
boundary-layer growth and separation, and (2) large radial variations in velocity across
the passage may make the design of the fan or compressor more difficult or the operation
less efficient. Such effects may appear when a VTOL aircraft is operating in the landing,
takeoff, or hover mode for which the inlet is essentially operating statically with no sig-
nificant free-stream velocity relative to the airplane, as well as when the inlet is oper-
ating in a cross flow (aircraft in the transition mode). The satisfactory solution to these
problems will depend on reasonably accurate methods for estimating the surface velocity
distributions and passage velocity profiles induced by various inlet configurations. In
addition, these methods can be used to provide information on the radial variation of the
flow at the inlet of the fan or compressor rotor. Such input data are necessary for the
proper design of the blading of the fan or compressor. A first step in the pursuit of such
methods is an analysis of the flow in inlets under static conditions.

Some studies have been made and published of the flow in VTOL inlets in static oper-
ation. These studies consist of both plane two-dimensional theoretical analyses (e.g.,
refs. 2 to 5) and experimental studies (e.g., refs. 2, 4, and 6 to 10). However, the
theoretical methods reported in the references are based on plane two-dimensional in-
compressible potential flow in inlets without centerbodies. A real VTOL inlet will be
axisymmetric or three-dimensional, and, in the case of a lift fan, will have a centerbody
in the bellmouth resulting in an annular passage.

A comprehensive method of calculating the incompressible potential flow for a com-
plete fan-in-wing configuration, including the wing, the inlet, and the fan efflux is re-
ported in reference 11. This method can produce the velocity and pressure at any point
on the surface or in the airstream in the inlet for a prescribed distribution of fan inflow
velocity and a prescribed free-stream velocity. However, it may not be practical to use
the method of reference 11 for solutions of the flow in just the inlet section in static oper-
ation because of the lengthy input setup time and computer running time.

An incompressible potential-flow computer program (the Douglas potential flow pro-
gram) for finding the flow through axisymmetric inlets has been developed by Smith,
et al. (refs. 12 to 14). This program was not specifically applied to VTOL inlets; how-
ever, theoretical calculations of pressure distributions were made for a propeller shroud
in static operation, and the results were found to agree quite well with experimental re-
sults.

This report presents an analysis of flow into VTOL inlets in static operation based



on the Douglas potential flow program. Included in the study are several comparisons
with available experimental results and a comparison with a two-dimensional solution.
Parametric solutions of inlets are then investigated in which bellmouth curvature, axial
depth, centerbody size and location, and type of installation are varied. Finally, appli-
cation of the method to fan-in-wing inlet design is treated.

ANALYSIS

Examples of inlet configurations that might be used in VTOL lift fan or lift engine
installations are shown in figure 1. The inlet configurations are all similar in principle,
with minor differences resulting from type of power unit and installation. Resultis of the
gross effects of geometry changes on flow variations in any particular type of VTOL in-
stallation should be generally applicable to the others. In this report, attention will be
focused primarily on the fan-in-wing installation as the reference system.

Fuselage

(b} Lift fan in fold-out platform.

{c) Lift engine in (d) Lift fan in wing pod.
wing pod or
fuselage.

Figure 1. - Inlet configurations for various VTOL installations.
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Figure 2. - Meridional profile of idealized fan-in-wing inlet for potential-flow
solution. Annular passage height, h; control-station velocity, V.

The idealization of the VTOL inlet for use in the potential-flow analysis is shown in
figure 2. This differs from the real inlet in that (1) a duct extending far downstream is
added to the inlet at the downstream end of the region of interest (region in which solu-
tion values are desired), (2) the wing or upper surface is simulated by a cone (in the
limit a flat plate) tangent to the bellmouth and extending far into the free stream, and (3)
the ideal inlet is axisymmetric over the entire length, whereas, the real one may not be
in the upper bellmouth region, depending on the particular installation. A way of handling
asymmetric inlets will be discussed later.

Frequently, there will be one or more stations of interest located at a definite axial
depth in the inlet. Such locations, called measuring stations (fig. 2), represent stations
for which test data are available or for which flow properties are desired, such as a
rotor inlet. In addition, the solution procedure requires that the average axial velocity
be specified at one of the measuring stations called the control station. The location of
the control station is arbitrary, although it is generally taken at the inlet plane of the
engine or fan.

The problem, then, is to determine the potential flow solution corresponding to the
prescribed average axial velocity at the control station. A solution consists of velocity
distributions along the hub and shroud surfaces and velocity profiles at the measuring



stations. A solution may also include velocities in the flow field, that is, the velocity
vectors at specified points above the wing or inlet.

Assumptions and Equations

The geometric configuration of the inlet section is assumed to be axisymmetric with
meridional contours of arbitrary shape. For this geometry, the flow is assumed to be
axisymmetric, incompressible, and inviscid. The basic conditions of incompressible,
inviscid flow are conservation of mass and irrotationality. These two conditions lead to
the Laplace equation

v2s = 0 1)

where @& is the velocity potential and is related to the local velocity vector v by
V=vae (2)
The boundary condition of zero normal velocity at a surface is

(vad)-mn=22-9¢ (3)

on

where n is the outward-pointing vector normal to the surface. Furthermore, to en-
sure uniqueness of the solution, the regularity condition at infinity is specified as

|ve| -0 (4)

Equations (1), (3), and (4) comprise the problem to be solved.

A computer program for the solution of the potential flow problem for axisymmetric
shapes developed by Smith, et al., is reported in references 12 and 13. In reference 14
a method is presented for applying the potential flow program of references 12 and 13
specifically to the calculation of flow about inlets. The method of reference 14 has been
used in the present study to determine the potential flow in VTOL inlets in static opera-
tion corresponding to a prescribed average axial velocity at the control station.



Inlet Surface Coordinates

The Douglas potential-flow program requires that the inlet geometry be input in the
form of a separate set of discrete coordinate points for each body. An annular inlet
(fig. 2) consists of two separate bodies: the centerbody (or hub), including its extension,
and the bellmouth {or shroud), including its extensions. To facilitate the accurate and
rapid generation of coordinate points that determine the surfaces of the bodies, a com-
puter program was developed at the Lewis Research Center utilizing a limited combina-
tion of straight lines and superellipses. A superellipse (ref. 15) is a curve of the form

SRS <5>

where n may take on any real value greater than 1.0. When n = 2, the curve becomes
an ellipse (or circle if a =b). Only one quadrant of the superellipse is used, and
straight lines are fitted at the ends. Thus, between two fixed straight lines, a wide
variety of curvature distributions can be obtained by varying the exponent n. Another
advantage of the superellipse is that the end points (of one quadrant of the curve) have

Ct) Tangent points
A Straight lines
B Superellipses

—— — — —————e— ~— ¢

Figure 3. ~ Inlet constructed of superellipses and straight lines.



zero curvature when n > 2, and can thus be fitted to straight lines without a discontinu-
ity in curvature.

The superellipse program is set up in such a way that both the centerbody and the
bellmouth may be represented by a contour made up of at most two superellipses sepa-
rated by straight lines and enclosed by straight lines (fig. 3).

Applicability

Inasmuch as a real inlet involves compressible flow with surface boundary layers,
and, in some cases, bellmouth contours that are not exactly axisymmetric (e.g., inlet
for fan in wing), some prior discussion of the applicability of the solution method for
real inlets is in order.

Potential flow solutions are known to provide an adequate representation of the flow
around bodies if the surface boundary layers are unseparated, and thin compared with
the flow passage height and if there are no large areas with total-pressure gradients in
the free-stream flow outside the boundary-layer regions. VTOL inlets are generally
open and relatively free of external components, so that the condition of a clean, free-
stream flow will generally be met. Furthermore, it is presumed that a final design con-
figuration will be one in which boundary-layer separation is prevented. Thus, the poten-
tial flow model should be a valid representation of the real flow for design purposes. It
should also be valid for the calculation of the flow in a given inlet as long as the boundary
layers are unseparated.

Theoretically, when boundary layers are present on curved surfaces, such as in the
case of the inlet bellmouth, the variation in static pressure across the boundary layer
may not be precisely the same as that calculated by the potential flow model. Thus,
predicted surface pressures may be somewhat in error. However, such differences are
expected to be very small for thin layers. Furthermore, this effect should be negligible
in comparison with the other discrepancies between the real flow and model flow as dis-
cussed herein.

In the application of the method, the input control-station axial velocity should be
prescribed for the real case according to compressible flow considerations. Thus, any
effect of compressibility in the solution will depend on the difference between the Mach
numbers at the local points of interest and the Mach number at the control station. The
control station in most cases will be located at the inlet to the fan or engine compressor.
Lift fans and engine compressors are generally designed for relatively high subsonic in-
let Mach numbers (of the order of 0.6), so that the differences between these values and
the critical velocity values (i. e., peak surface velocities) will not generally be large.
Errors due to compressibility effects might be largest for the low velocities, which will



generally not be of concern. Thus, it is expected that the absence of compressibility
considerations in the method will not be a serious limitation in the usefulness of the
solution for real compressible flows.

When an asymmetry of the inlet is present, as in the case of a fan-in-wing inlet
(i.e., fore and aft bellmouth contours are different than the spanwise contours), it is
expected that the axisymmetric solution can still be used to provide accurate results.
For such a case, an axisymmetric solution can be obtained for each contour at the major
circumferential locations involved. The solution for each contour is considered to be
applicable only at the location of that contour. Thus, a discrete variation in velocity
profiles around the periphery of the inlet is obtained. The correspondence between the
velocities so obtained and a true asymmetric solution will depend on the magnitude of
the circumferential gradients of the bellmouth contour compared with the gradients of
curvature in the axial direction. For fan-in-wing installations, this relative rate of
change of contour curvature with circumferential distance will not be large. Thus, the
succession of solutions should provide a close approximation to the true circumferential
variation of flow in moderately asymmetric inlets.

COMPARISONS

In order to further explore the applicability of the method of calculation in predict-
ing the real compressible flow field in VTOL inlets, theoretical results will be com -
pared with available experimental data. Also, in order to give some idea of the useful-
ness of plane two-dimensional potential-flow solutions in representing an axisymmetric
flow, a comparison will be made between an axisymmetric and a two-dimensional
potential-flow solution.

Very little detailed information is available for actual velocity distributions on in-
lets in static operation. However, two cases of published data and two cases of unpub-
lished data have been obtained for comparison with theory. These consist of one con-
figuration with radial-velocity profiles, which will be presented first, and three configu-
rations with surface-pressure distributions, which will be presented in order of increas-
ing Mach number. In an attempt to better approximate the real compressible flow, the
theoretical calculations were based on a compressible average axial velocity at the con-
trol station. Surface pressures, where required, were obtained from the theoretical
surface velocities by means of compressible-flow relations. For all the cases con-
sidered, there was no indication of boundary-flow separation on the bellmouth or center-

body surfaces.



Passage Velocity Profile Data

In reference 9, some test results are given for a small suction model of a fan inlet.
The configuration obtained from figure 6 of reference 9 is shown in the inset of figure 4.
Also shown are the experimental velocity profiles at three velocity levels taken in a
measuring plane representing the approximate location of the rotor inlet. The precise
axial location of the measuring plane is not available, but it is around 1/4 to 3/8 inch
(0. 635 to 0.952 ¢cm) downstream of the plane where the circular arcs of the bellmouth
and centerbody become tangent to the walls of the duct. For this reason theoretical ve-
locity profiles were obtained at stations 1/4 and 3/8 inch (0. 635 and 0. 952 cm) down-
stream of the tangent points and are shown in figure 4. The average velocities at the
control station for the potential flow were taken to be the integrated area average of the

Distance between
circular arcs and
measuring station,

in. (‘cm)

— 14 (0.635) .
——— 38 (.952)}Theoret|ca|

O Experimental

7in. Average

N
2in.(5.08 cm)~ [ {17.77 cm) velocity,
S // / Vay,
. . I A ¢ ft/sec (misec)

r= 1% in, (3.81cm)

10— 30— ——- .17 /
Measuring |‘5 L4%’2— in. (10,55 cm)
plane
100{—
320 4320
{97.6)
= £ 280— S
Zoe— — e = T 266
1%,‘ 2 (81.2)
s = 240—
so— 20 L 198
(60.4)
Hub Shroud
50b— 160 | | | | | |
2.0 2.4 2.8 3.2 3.6 2.0 2.4
Radius, R, in,
l | l | | | |
> 6 7 8 9 10 1
Radius, R, cm

Figure 4. - Velocity profiles at rotor inlet station of annular
belimouth. Comparison of potential-flow theory with
experimental results. (Data from ref. 9.)



experimental velocity profiles. The agreément is seen to be quite good except near the
shroud where an unstable flow region was noted in the experiments.

Surface Velocity Data

Low Mach number. - In references 2, 6, and 7, tests of several suction-model fan-
in-wing inlet configurations are reported. The main emphasis in these publications is on
cross flow conditions, and only limited static test results are included. However, addi-
tional surface pressures were made available by the authors. Data for the datum con-
figuration of references 6 and 7 under nearly static conditions and at relatively low-flow
Mach numbers were accordingly obtained from the National Research Council of Canada.
The test inlet was set in a two-dimensional wing and was therefore not axisymmetric.
The forward inlet profile in a chordwise section is shown in the insert in figure 5. The
axisymmetric configuration for the theoretical solution was generated by revolving this
profile about the centerline. The operating test conditions were an average velocity Vc
over the active flow area at the measuring station (S = 0 in fig. 5) of 214. 04 feet per sec-

10
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O  Experiment {NRC) r 6in.
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Figure 5. - Surface-pressure distribution on forward portion of 24-inch (60. 96-c'm) diamei(er fan-in-wing inlet;
comparison of theory with experiment (data from NRC of Canada). Control-station velocity, V, 214 feet per
second (65.2 misec): radius of curvature, r, 2.16 inches (5.48 cm).
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ond (65.2 m/sec) and a slight cross flow, possibly from both the fore and aft directions,
since the tests were conducted in a wind tunnel open at both ends. In matching theory
with experimental results, the average velocity at the control station is taken to be equal
to the average experimental velocity over the active-flow area; that is, the area occupied
by the boundary layer is excluded from the area-averaged velocity.

The experimental and theoretical results were expressed in terms of the parameter
APS/qa, which is the difference between the ambient total pressure and local static

pressure divided by the bulk-velocity dynamic pressure. This parameter is obtained
from

1-_8 (6)
o PaVa

where Pt is the standard ambient total pressure, Py is obtained from Va and stand-
ard conditions, and Va is the bulk velocity, that is, the average velocity over the
geometric area, and is equal to 205. 76 feet per second (62.6 m/sec). The pressure
ratio Ps/Pt is obtained from the theoretical velocity V and the compressible flow

relation
3.5
p 3
__S=|:1.0-0.2<K>:| (7)
Py a

where a; 1is the stagnation speed of sound obtained from

a, = ‘/1.4 RTt

where the gas constant R is equal to 1715. 6 square feet per second squared per °r
(287 m2/(secz)(K)) and T, the total temperature, is prescribed.

It can be seen in figure 5 that the theory agrees quite well with the experiment. On
both hub and shroud, the trend of the theoretical pressure distribution is quite similar
to the experimental and the location of the theoretical peak seems to be close to the ex-
perimental.

Medium Mach number. - In reference 8 results are given of static tests of a 12-
inch (30. 48-cm) diameter fan submerged in a wing, including one example of a surface-
pressure distribution on the forward hub and shroud surfaces of the inlet. This pres-
sure distribution was obtained at a fan rotor speed of 15 000 rpm and a bulk inlet Mach
number of 0. 53 at the measuring station (fig. 6). The data taken from figure 11 of

11
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Figure 6. - Surface-pressure distribution on forward portion of 12-inch-diameter fan-in-wing iniet;
comparison of theory with experimental data of reference 8. Control-station velocity, Ve, 604 feet
per second (184 m/seck; shroud radius of curvature, r¢, 2.0 inches (5.08 cm); hub radius of
curvature, ry, 3.0 inches {(7.62 cm).

reference 8 expressed in terms of gage pressure, Pt - Ps’ are shown in figure 6. Also
shown is the forward portion of the chordwise profile of the inlet. This profile was used
as the axisymmetric configuration for the potential flow solution. The bulk inlet velocity
at the measuring station obtained from the Canadian National Research Council was

575 feet per second. If this velocity is increased by 5 percent to account for boundary-
layer blockage, then the average active-flow-area velocity V., is 604 feet per second
(184 m/sec). This velocity was used to obtain the theoretical results which are shown in
figure 6. The agreement is satisfactory for engineering use but not quite as good as in
figure 5. However, the exact value of the average active-area velocity (or, equivalently,
the effective boundary-layer blockage) is not known, so that a more precise comparison
cannot be made. Still, the theory gives a quite useful prediction for the trend of the
curve and the location of the peak velocity.

High Mach number. - Some unpublished data taken on a suction model of a fan-in-
wing inlet were obtained from the General Electric Co., Cincinnati, Ohio. The test inlet
model for which the data were obtained is reported in reference 16. The test model was
a 10-inch (25. 4-cm) diameter inlet with a circular-arc bellmouth (arc-radius-to-inlet-
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Figure 7. - Surface pressure distribution on 10-inch (25.4-cm) diameter suction model inlet.
Comparison of theory with experiment (data from G.E.). Control-station velocity, V,
928 feet per second (283 m/sec); hub radius, Ry, 1.79 inch (4.55 cm); shroud radius, Rg,
5.1inch (12,96 cm).

diameter ratio of 0.12) as shown in figure 7. The data obtained consist of surface-
pressure distributions taken at a high velocity as shown in figure 7. In spite of the
existence of local supersonic velocities on the bellmouth, there was no indication of flow
separation; therefore, this case should be amenable to the potential flow method of solu-
tion. However, because of the very high average Mach number (around 0.9) it does pre-
sent a rather severe test of the applicability of the method. Furthermore, the average
velocity across the inlet at some measuring station was not accurately known and was
estimated from the downstream hub and shroud surface pressure ratio to be 928 feet per
second (283 m/sec) at the control station (fig. 7). The resulting theoretical pressure
distribution is shown in figure 7. One further fact should be pointed out, namely, that
there was some unresolved discrepancy between the surface distance measurement of
the test model and that of the theoretical configuration. Since previous results indicate
that the theory accurately predicts the location of the velocity peak, the surface distance
scales were lined up to coincide at this point. Once again, as indicated in figure 7, the
theory predicts the trend quite well and is reasonably close to the experimental values
even in the region of local supersonic velocities.

13



Plane Two-Dimensional Solution

Often a plane two-dimensional potential-flow method of solution may be available
when an axisymmetric one is not, or existing plane two-dimensional results may be
available (e.g., refs. 2 to 4) that can be applied to axisymmetric configurations. It is
of interest, therefore, to have some appraisal of the differences between the two solu-
tions and the areas where comparable solutions might be obtained.

The difference between the plane two-dimensional and axisymmetric formulations of
potential flow originates in the continuity equation which is equivalent to the Laplace
equation (eq. (1)) written in terms of velocity components instead of the potential func-
tion. Inan R - Z plane, the plane two-dimensional continuity equation is

ov v
Z + R_op (8)
07 oR

and the axisymmetric formulation is

ov ov A\
z, R, R_ (9)
0Z oR R

where VZ and VR are the axial and radial velocity components, respectively. The
difference between these two equations is the term VR/R. In order to evaluate the im-
portance of this term in affecting the solution differences, it is necessary to recast equa-
tions (8) and (9) in the form

oV, /0%
4 - _.1.0 (10)
oVg/0R
and
ov.,/3Z Vo/R
AN O R (11)
aVp/oR 9Vp/oR

Thus, it appears that good agreement could be expected between the two cases in regions
where (VR/R)/(aVR/aR) is small compared with 1.0. The degree of agreement, however,
will be affected by the extent of the region of small (VR/ R)/ (BVR/ oR) and the relative in-
fluence of the region of larger (VR/ R)/ (8VR/ oR), since regions of larger (VR/R)/

(avR/ oR) have the effect of producing boundary conditions on the region of small

(VR/R)/ (aVR/ oR) that differ between the two-dimensional and axisymmetric cases.

14
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Thus, a general quantitative criterion for the agreement in local regions of the flow field
cannot be given.

In order to give a more concrete indication of the usefulness of plane two-
dimensional solutions, the two types of solutions will be compared for one inlet configu-
ration. The two-dimensional solution was obtained from the Douglas plane potential-
flow program (refs. 12 and 13) in the same manner as described herein for the axisym-
metric program. The inlet geometry selected for the comparison calculation is shown
in figure 8(a).

The resulting hub and shroud surface velocities are compared with the axisymmetric
program results on figure 8(b). The agreement on the shroud is very close (except in
the region of greatest curvature where VR is greatest), but the agreement on the hub is
not nearly as good because of the smaller value of R. The velocity profiles across the
passage for the same inlet are compared in figure 8(c). These profiles are located at
the control station of this particular inlet (S =0 in fig. 8(2)). The agreement near the
tip or shroud is probably adequate; however, the agreement near the hub is poor, and
the accuracy may be inadequate for rotor blade design. The agreement of radial profiles
upstream of the reference station will be worse, as can be inferred from the hub-surface
velocity comparison on figure 8(b).

In summary, a plane two-dimensional solution will probably be adequate for inves-
tigating the shroud-surface-velocity variation (e.g., for avoidance of peaks or for
boundary-layer calculations), but may not be adequate in predicting velocity profiles

across the passage.

EXAMPLE SOLUTIONS

In this section the effect of geometric configuration variables such as bellmouth
curvature, centerbody location (axial depth), and ratio of the hub radius to the shroud
radius (hub-tip ratio) at the control station on the velocity distributions will be pre-
sented. Also shown will be the effect of axial depth on the radial velocity profile for
given configurations. Finally, the effect of varying the external boundaries of the inlet
resulting from different installations will be indicated.

Most of the example solutions will be presented in dimensional form. However,
inspection of equations (1) to (4) indicates that any solution will, in general, also hold
for all scaled geometries and velocities. Thus, the solutions given herein can readily
be made dimensionless by dividing the lengths by a reference length (such as the inlet
outer radius or the passage height) and by dividing the velocities by the prescribed
control-station velocity. Dimensionless values can, in turn, be converted to other di-
mensional quantities by multiplying by the appropriate normalizing factors.
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Effect of Curvature Distribution

The flow passing along the bellmouth surface and into the inlet must turn through ap-
proximately 90° for a VTOL inlet. This turning requires a certain amount of curvature
of the bellmouth surface. The velocity distribution along the surface is very sensitive to
the manner in which the curvature is distributed along the surface. The radial variation
of velocity at some axial station of interest in the inlet (e.g., the rotor inlet station of a
lift fan) is also sensitive to the curvature distribution. To illustrate these sensitivities
and to indicate what type of curvature distributions might be desirable, several simple
curvature distributions were investigated. The basic configuration examined is an inlet
with a flat upper surface, a straight section shroud radius of 7.174 inches (18.22 cm),

a hub-tip ratio of 0.488, and maximum allowable depth and width of 3.5 inches (8. 89 cm)
each for curvature distribution (see sketch a).

_|—_
/
‘3 5 in. (8.89cm)

!

3.5in,
(8.89 cm)-’ L3 5in.

174 in.
8,89
] (18 22 cm) (8.89 cm)

& (a)

Circles and ellipses. - The first four curves to be considered are shown on figure
9(a). These are circular arcs with a radius of 3.5 inches (8.89 cm) (case A) and
2.0 inches (5.08 cm) (case B), and ellipses with the major axis equal to 3.5 inches
(8.89 cm) and the minor axis equal to 2.0 inches (5.08 cm) in two orientations (cases C
and D), as shown in figure 9(a). Where necessary, the curves are fitted to straight lines
to fill out the basic configurations. The points of tangency of the curves to the straight

lines are also indicated on the figure.

The velocity profiles at an inlet depth of 3.5 inches (8.89 cm), which represents
a ratio of depth to passage height approximately equal to 1.0, are shown on figure 9(b).
Cases A and D, whose curvature persists to the 3.5-inch (8. 89-cm) station have more
severe radial gradients than cases B and C whose curvature stops at a depth of
2.0 inches (5.08 cm). Thus, it appears that the chief variable affecting the straightness
of the velocity profile is the depth of the curving section rather than the distribution of
curvature. As might be expected, the greater the length of the straight section between
the curved section and the measuring plane, the less severe the velocity variation at the
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measuring plane. However, for a given depth of curved section, the ellipse with major
axis parallel to the inlet centerline (case D) has a somewhat better passage profile than
the circle (case A) because the ellipse has less curvature near the measuring station.

The shroud-surface-velocity distributions are shown on figure 9(c). In all cases,
the velocity peak is located a short distance upstream of the point of transition from
curved to straight section (tangent point in fig. 9(a)). The magnitude of the peak velocity
is less when the curvature is distributed over a greater depth (cases A and D). For a
given depth of curved section, the ellipse with major axis parallel to the centerline
(case D) has a more favorable surface-velocity distribution than the circle of case A,
but the circle (case B) is better in this respect than the ellipse with major axis perpen-
dicular to the fan centerline (case C).

The hub -surface-velocity distributions are shown on figure 9(d). Since the hub con-
tours are composed of the same curves as the corresponding shroud contours (see fig.
9(a)), the velocity distributions are similar to those on the shroud. However, the level
of peak velocity in the bellmouth region is lower on the hub because less flow is drawn in
along the hub. In considering the overall desirability of the various cases, a compro-
mise is indicated because cases A and D have better surface-velocity distributions,
whereas cases B and C have more uniform passage-velocity profiles at the station
Z = 3.5 inches (8.89 cm).

Superellipses. - Since case D has the best surface-velocity distribution, it was
chosen to be the basic configuration for studying the effect of the superellipse exponent n
of equation (5). In addition to case D (n = 2.0), three more cases, E, F, and G were
considered having n's of 1.75, 2.5, and 3.5, respectively. The configurations are
shown in figure 10(a). These are all similar to the trumpet inlet configuration recom-
mended in reference 3. The curvature distributions of the four cases are shown on fig-
ure 10(b).

The passage velocity profiles at a depth of 3.5 inches (8.89 cm) are shown in fig-
ure 10(c). It can be seen that the greater the value of n, the less severe the radial ve-
locity variation. This is because, as n is increased, the curvature becomes less near
the measuring station at 3.5 inches (8.89 cm) (see fig. 10(b)).

The shroud-surface-velocity distributions are shown on figure 10(d). (The hub-
velocity distributions are not shown because they are not as extreme as the shroud and,
in general, are not as difficult to control as the shroud velocity.) It can be seen that the
velocity distribution varies considerably with the value of n. It appears that case D
with n = 2.0 has the minimum peak velocity. Case F with n = 2.5 has a peak velocity
not much higher than case D but a large region of nearly constant velocity. However,
since case F has a significantly better radial profile than case D, it is considered the
best of the four.
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The optimum velocity distribution is one in which no local peak is reached so that
there is no deceleration. However, this optimum does not appear to be attainable for
the particular location of tangent points chosen for these cases, at least not by the use of
the superellipse. A plot of peak velocity against n indicates the smallest peak velocity
occurs around n = 2.0. This smallest peak is still greater than the average velocity at
the control station. Based on these results, it appears that the optimum value of n lies
between 2.0 and 2.5; however, an ordinary ellipse (n = 2.0) is certainly adequate. This
conclusion should also apply to inlets having a bellmouth depth to passage height ratio
close to 0.952, the value of the present cases.

Effect of Centerbody Variables

To determine the effect of the centerbody on the inlet velocity distribution, case D
was modified in two different ways: the hub was shortened (case H), and the hub-tip
ratio was increased (case I) as shown on figure 11(a). Case I is a different kind of vari-
ation from all the previous ones, in that the area of the downstream duct is reduced;
however, for the potential flow solution, the same average downstream velocity was
specified.

The passage velocity profiles for these configurations are shown on figure 11(b),
and the shroud- and hub-velocity distributions are shown on figure 11{c). Since case I
has a different duct height from cases D and H, the velocity profiles are plotted against
fraction of duct height rather than radius in order to facilitate visual comparison. In
both cases (H and I) the radial velocity gradient has steepened near the hub but has not
changed appreciably near the shroud. And in both cases, the shroud-surface-velocity
distribution has improved somewhat, but the hub-velocity distribution has peaked at
higher velocities, with highest velocities obtained for case H. The steep radial gradient
of case H at the hub is probably caused by the increased curvature resulting from the
shortening of the hub while keeping the hub tangent point fixed at Z = 3. 5 inches
(8.89 cm). The change in the shroud-velocity distribution between cases D and I is
probably the result of decreased passage height h making the local radius of curvature
a greater percentage of the passage height, or, in other words, producing a smaller
effective curvature.

Another comparison that illustrates the effect of shortening the hub is shown on fig-
ure 12. This is an inlet to a turbojet engine for which potential flow solutions were ob-
tained with the centerbody nose located at Z = 0 (case TJ-1) and at Z = 3.0 inches
(7. 62 cm) (case TJ-2). The bellmouth is a circular arc. The long hub has a circular-
arc nose (case TJ-1), and the short hub has an elliptical nose (case TJ-2) (fig. 12(a)).
The passage velocity profiles at the compressor inlet station Z = 6.0 inches (15.24 cm)
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(fig. 12(b)) indicate that the significant influence of the hub change extends only about
half-way across the channel. In figure 12(c), it can be seen that the change in the hub
does not produce a very significant effect on the shroud-velocity distribution. Part of
the reason for this lack of significant effect is the relatively low hub-tip ratio (0. 28).
The hub-velocity distributions are quite different because the nose shapes are different
and because the shorter nose is almost entirely within the duct.

Based on these results, it appears that changes in centerbody variables have a sig-
nificant effect on the flow only on or near the centerbody except in the case of relatively
high hub-tip ratio.

Effect of Axial Depth on Passage-Velocity Profile

In a previous section the effect of a change in the depth or axial extent of the curved
portion of an inlet on the velocity profiles across the passage at a fixed axial station was
noted. In this section the velocity profiles at several axial stations will be given for two
different inlets to illustrate the effect of axial depth in inlets of fixed curvature distribu-
tion. First, the inlet from reference 8 (previously discussed in the section Passage-
Velocity Profile Data) will be considered. The geometrical configuration and the radial
velocity profiles at several stations are shown on figure 13(a). The geometrical dimen-
sions have been made dimensionless by dividing them by the control-station shroud ra-
dius, and the velocities have been made dimensionless by dividing the local velocity by
the average velocity at the control station. The first station is in the plane of the tangent
points so that all the stations are in the straight section. The radial velocity gradient is
still significant at the Z/RS = 0.481 station, which is 1/2 inch (1.27 cm) downstream of
the tangent points because, even though the walls are straight, the passage streamlines
still have curvature and slope. One inch (2.54 cm) further downstream at the Z/RS =
0. 722 station, the velocity is nearly constant.

Next, an inlet designed at the Lewis Research Center for a fan-in-wing installation
is shown on figure 13(b). The geometric dimensions and the velocity have been non-
dimensionalized in the same way as the inlet of figure 13(a). The configurations of fig-
ure 13 are nearly similar geometrically, but the figure 13(b) configuration is more com-
plicated- than the previous one in that both the hub and the shroud consist of first a curved
section, then a sloping straight section, then another short curved section, and finally
a downstream straight section. Passage velocity profiles at several stations are shown
in the figure. All these stations are upstream of the final straight section, and, there-
fore, the velocity profiles do not straighten out as in figure 13(a). The most severe ve-
locity variations are in the region of the upstream curved sections, that is, the bell-
mouth. The variations begin to be damped out in the intermediate straight section, but
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increase again in the region of the downstream curved sections. In addition to the local
wall curvature effects just mentioned, it is noted that the average velocity level increases
with increasing axial distance because of the decreasing annular area and that the velocity
is higher near the shroud than near the hub as a residual effect of the entrance flow pat-
tern into the bellmouth.

Effect of Inlet Installation

As indicated in figure 1, there are other types of VTOL inlet installations of interest
in addition to the fan-in-wing. To determine how the flow in a given inlet is affected by
the particular installation, the inlet of figures 4 and 13(a) was analyzed for the range of
installations shown in figure 1. Idealization of these installations can be established as
shown in figure 14(a).

Configuration A is the idealization of a fan-in-wing inlet previously discussed in de-
tail (fig. 2). Configuration B represents an inlet (for lift fan or engine) installed in a
pod, platform, or fuselage (see figs. 1(c) and (d)). Configuration C represents an inlet
(for a lift fan) installed in a platform adjacent to the fuselage (see fig. 1(b)). Configura-
tion C is a rather extreme limiting case of the real installation in that the fuselage is
represented by an axisymmetric duct attached to the inlet bellmouth (at the tangent point
on figure 14(a)).

Potential flow solutions were obtained for the three configurations of figure 14(a) and
results are shown for radial velocity profiles in figure 14(b), shroud surface velocities in
figure 14(c), and hub surface velocities in figure 14(d). It can be seen that the results of
configurations A and B are quite close, and those of configuration C are not greatly dif-
ferent. Furthermore, since the effect of the configuration C installation is felt almost
as much on the hub as on the shroud, this is a duct effect rather than a local wall effect;
thus, a more realistic representation of the platform inlet should yield an insignificant
effect.

In general, based on these results, it appears that the potential flow in an inlet will
not be significantly affected by differences in installation. Thus, the results for fan-in-
wing inlets presented herein should be applicable to other types of VTOL inlet installa-
tions.

DESIGN APPLICATIONS

The ability of the potential flow solutions to predict the surface velocity distributions
and the radial velocity profiles rather well makes it extremely useful in designing an in-
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let for a lift fan or lift engine and also as an aid in the design of the fan itself. These
applications will be discussed in relation to an actual fan-in-wing design.

Inlet Geometry

The potential flow solution described herein is an analysis method (one which pro-
duces velocities from a given geometry) rather than a design method (one which produces
the geometry from given velocities). Thus, its use as a design tool consists of a trial
and error scheme of screening particular prescribed configurations until a satisfactory
one is attained. In general, a satisfactory inlet is one that has a minimum deceleration
of velocity on the bellmouth and centerbody surfaces and a minimum radial variation in
velocity at the rotor inlet in a minimum of axial depth. These are conflicting require-
ments and, therefore, must be compromised. Furthermore, there are not as yet avail-
able clear-cut quantitative measures or criteria for these requirements, and as a result,
their relative merits must be evaluated in an intuitive way. The determination of an in-
let section for a lift fan installed in a wing will now be discussed as an example of the
application of the method.

The basic constraints of the problem fixed prior to the inlet design were a nominal
fan rotor tip diameter of 15 inches (26.67 cm), a hub-tip ratio of about 0. 45, and a 54-
inch (137.2-cm) chord wing of profile NACA 655A (218)-217 with the fan centerline lo-
cated at the 40-percent chord point. Other design conditions specified were a mass flow
rate of about 40 pounds mass per second (18. 144 kg/sec), which results in an average
axial velocity at the rotor inlet of 650 feet per second (198 m/sec), and an area ratio
across the rotor of 0.915. Initially, a straight section across the rotor tip was also
specified.

The chordwise section of the wing and the inlet are shown in figure 15. For this
wing profile, the upper wing surface is nearly symmetrical about the fan centerline; con-
sequently, it was assumed that the fore and aft portions of the inlet have the same profile.

20— . . i =
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Figure 15, - Profile of NACA 653A(218)—217 airfoil showing
fan inlet location.
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Thus, only one profile has to be designed in the chordwise plane.

Design trials. - Four design trials (including the final design) will be discussed.
The four configurations are shown on figure 16, parts (a) to (d). All configurations are
constructed of superellipses and straight lines; the exponent n (eq. (13)) is shown in the
figure (an exponent of 1.0 indicates a straight line). The velocity profiles across the
passage at the rotor inlet stations of the several trials are shown on figure 16(e), and the
shroud-surface-velocity distributions are shown on figure 16(f). Each trial will be dis-
cussed individually and reasons will be given for modifying it or, in the case of the final
design, of accepting it.

An early profile is shown in figure 16(a) as trial A. The key dimensions here are
a rotor inlet depth of 1.6 inches (4. 06 cm) and the wing tangent point located at
Z = 0.8 inch (2.03 cm) and R = 10 inches (25.4 cm). The rotor-tip straight section is
tangent to the bellmouth at the rotor inlet at Z =1. 6 inches (4.06 cm)and R=17.5 inches
(19.05 cm). The velocity profile at the rotor inlet station is shown on figure 16(e) and
the bellmouth surface-velocity distribution on figure 16(f). It can be seen that the decel-
eration on the shroud and the radial variation of velocity are both quite severe and were
thus deemed unsatisfactory.

In an attempt to alleviate the severe deceleration on the shroud of case A, the
straight section at the rotor tip was eliminated and the wing tangent point was moved in
toward the axis. These changes produced a more trumpet-like inlet (trial B of fig.
16(b)). The surface-velocity distribution is shown in figure 16(f) and the radial velocity
profile in figure 16(e). The bellmouth surface-velocity distribution has improved signifi-
cantly over trial A; however, the velocity profile has hardly changed at all.

Even though the surface-velocity distribution of trial B may have been adequate, in
order to improve the passage-velocity profile, the depth of the rotor inlet was increased
to 2.0 inches (5.08 cm). In addition, it was decided, primarily for mechanical reasons,
to go back to the straight section across the rotor tip. Trial C is one of the attempts
made with these conditions as shown on figure 16(c). The velocity profile is shown on
figure 16(e), and the surface velocity on figure 16(f). The velocity profile has improved
over trials A and B; however, the surface velocity has regressed to being almost as
poor as trial A. Trial C was therefore also judged to be unacceptable.

After the experience of the three trials shown and others, it was decided to relax
somewhat the requirement of a very shallow bellmouth and move the rotor inlet to a
depth of 3.0 inches (7.62 cm). At the same time, it was decided to make the hub con-
tour at the rotor root a straight line and to change the values of tip and hub radius
slightly. After a few trials a final design, trial D, was attained as shown on figure
16(d). The velocity profile across the passage is shown on figure 16(e), and the hub and
shroud velocity distributions are shown on figure 16(f). Although the hub plays a minor
role in the design procedure the final hub-velocity distribution is also shown for com-
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Figure 16. - Concluded.

pleteness. The straight rotor root accounts for the straightening out of the velocity pro-
file near the hub.

Comparison of the several trials in figures 16(e) and (f) indicates that both the
surface-velocity distribution and the passage profile of the final design are better than
any of the previous trials. Although they could probably be improved further, they were
considered acceptable, and it was evident that the point of diminishing returns had been
reached in the trial and error scheme.

Axial asymmetry. - The velocities just presented for the final design are actually
those for an axially symmetric inlet having the contour shown previously in figure 16(d).
The actual fan-in-wing inlet is not axisymmetric; however, as was indicated previously,
this asymmetry can be taken into account by analyzing the profile of other meridional
planes at various angles to the chordwise plane. In the case under consideration, these
other profiles must still be designed. The primary considerations are that these other
profiles must fit well with the final chordwise profile in the region of asymmetry near
the wing surface and must coincide with the chordwise profile from some point ahead of
the rotor to produce an axisymmetric passage. I these conditions are not met, the
rotor may encounter unnecessary circumferential distortion.

For the spanwise profile, the problem is similar to that of designing the chordwise
profile, except that there is not as much freedom because the spanwise profile must
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coincide with the chordwise profile downstream of some point ahead of the rotor. After
a few trials, this point was fixed at Z = 0.987 inch (2.5 cm) and R = 8. 306 inches

(21.1 cm). The only remaining point to be chosen is the tangent point to the wing, and
this was finally fixed at R = 11.0 inches (27.94 cm). The final profile (a superellipse
satisfying the constraints given) is shown in figure 17(a) as the 90° profile. The 0° pro-
file is the same as in figure 16(d).

Additional meridional profiles at several other circumferential locations must also
be determined. In this particular inlet, only one quadrant of meridional profiles need
be designed to determine the full annular passage since fore and aft symmetry was as-
sumed; that is, the profile at, say 150, recurs at —150, 1650, and -165°. In designing
the intermediate profiles, only one point, the tangent point to the wing is undetermined
because the point of incipient axial symmetry has been fixed in the design of the spanwise
or 90° profile. The wing tangent points were determined for all circumferential loca-
tions by requiring that they lie on a straight line connecting the tangent points of the
chordwise and spanwise profiles. The resulting 459 profile is shown in figure 17(a).
For such a configuration, it may be necessary to generate profiles every 15° to ade-
quately specify the resulting three-dimensional shape.
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V¢, 650 feet per second (198 m/sec).

Figure 17. - Fan-inlet final design showing axial asymmetry.
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Potential flow solutions were obtained at several of the circumferential stations to
complete the inlet velocity pictures. The hub and shroud surface velocity distributions
for the 00, 450, and 90° profiles are shown on figure 17(). The hub velocity is essen-
tially the same for all three profiles so only one curve is shown. The passage velocity
profiles are not shown because they do not differ significantly from the 0° case (trial D
of fig. 16(e)). It can be seen that the difference in velocity caused by the asymmetry
extends somewhat into the axisymmetric region (Z > 0.987 in. or 25 c¢m) but that a
significant difference does not extend into the region of interest near the rotor inlet
(Z = 3.0 in. or 7.62 cm).

Rotor Considerations

The calculation of the flow in the inlet section can provide several useful inputs re-
quired for the design of the fan rotor. Blade-design calculations, based on methods that
include streamline curvature through the blade rows, require input values of streamline
location and slope as well as velocity components at the inlet to the first blade row of the
stage (rotor). Such values can be supplied directly by the inlet flow solution. However,
it should be recognized that the physical presence of a blade row will necessarily alter
the streamline flow as determined for the inlet section alone in the immediate vicinity of
the leading edge of the rotor. This distortion of the potential-flow streamlines arises
from the effects of radial variations of blade thickness (e.g., ref. 17) and blade-
pressure ratio and of the growth of the casing boundary layers across the blade row.

The magnitude of the resultant distortion of the streamlines at the rotor inlet will
depend on the magnitude of the net radial displacement of the streamlines across the
rotor blade row and on the aspect ratio of the blade row. Thus, a truly accurate solution
of the rotor blade-row inlet flow will require a coupling of the inlet-section solutions and
the blade-row velocity-diagram solutions, or a complete three-dimensional (blade-to-
blade) solution. However, in the absence of such procedures, the inlet-section potential
flow solution can be used as a first approximation for the required inputs. There are two
preliminary approaches that might be used in this respect.

In the first approach, the reference inlet streamlines for the rotor design calculation
are first taken from the potential-flow solution at the leading edge of the rotor blade row.
An initial calculation is then made of fan blade-row outlet flows. A fairing can then be
made between the various fan blade-row streamline positions and the streamlines in the
inlet section (from the potential flow solution) some distance upstream of the rotor lead-
ing edge where the blade-row effects are judged to be no longer significant (say, order
of 1/2 to 1 axial chord length). This fairing would require some judgment or insight in
order to approximate the effects of the blade-row thickness distribution and wall boundary-
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layer development. This procedure, depending on proper convergence, can then provide
a modified flow variation at the rotor leading edge, which can then be used for the design
of the rotor blade profile sections.

In the second approach, the upstream conditions for the rotor calculation are taken
from the potential flow solution at the undisturbed upstream station. The rotor blade-
row calculation program, by iteration, then establishes a revised flow distribution at the
rotor leading-edge station. In this procedure, the inlet streamlines are adjusted for ef-
fects of streamline displacement at the rotor outlet. Some further modifications will
have to be made to include the effects of blade thickness and wall boundary-layer varia-
tions, if desired.

The inlet section flow solution can also supply bellmouth velocity distributions for
the estimation of the entrance boundary layer at the tip of the rotor. The characteristics
of the entrance boundary layer are known to influence rotor performance, and such data
may provide some insight into the possible effects on tip-region efficiency and range of
operation. The inlet section solution method can also provide an indication of the maxi-
mum circumferential distortion of static pressure and velocity at the inlet to a rotor for
the case of an asymmetric inlet. These values can be obtained from a number of succes-
sive axisymmetric solutions covering the varying profiles of the inlet section.

CONCLUDING REMARKS

The usefulness of an incompressible axisymmetric potential flow solution as a tool
in the analysis and design of VTOL inlets in static operation has been illustrated. The
analysis adequately predicts results for compressible flow (providing there is no
boundary-layer separation). A plane two-dimensional potential flow solution adequately
predicts results for axisymmetric inlets on the shroud but not on or near the hub. For
the range of inlet geometry variables covered, a trumpet shaped inlet is best for mini-
mizing surface velocity gradients, while increased depth is best for reducing radial ve-
locity variations. The hub-surface-velocity gradients are small compared with the
shroud-surface-velocity gradients. It was also found that the flow distributions in the
inlet section are negligibly affected by the type of installation, that is, wing, pod, or
platform.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, October 28, 1968,
721-03-00-24-22.

34



=

g sl

< 3 W = Q

<l

APPENDIX - SYMBOLS

major axis of superellipse,
eq. (5)

stagnation speed of sound

minor axis of superellipse,
eq. (5)

annular passage height at con-
trol station, RS - RH

curvature

distance along n and exponent
of superellipse, eq. (5)

unit vector normal to surface
pressure

difference between local static
pressure and ambient pres-
sure, PS - Pt

dynamic pressure

radius coordinate or gas con-
stant

radius of curvature
surface distance
temperature
velocity

velocity vector

X rectangular coordinate in super-
ellipse equation

y rectangular coordinate in super-
ellipse equation

4 axial distance

9] distance between bellmouth tan-
gent point and measuring station
(fig. 4)

p density

D velocity potential

Subscripts:

a bulk conditions of inlet channel
flow at control station

av average

c control station

H hub

M measuring station

R component in R direction

S shroud

5 static

t total

z component in Z direction

0 centerbody nose
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