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An experimental and theoretical study is presented of the inlet-vortex (or ground-
vortex) phenomenon. The experiments were carried out in a water tunnel using
hydrogen-bubble flow visualization. The theoretical study is based on a secondary-tflow
approach in which vortex filaments in a (weak) shear flow are viewed as convected
(and deformed) by a three-dimensional irrotational primary flow; the latter being
calculated numerically using a three-dimensional panel method. Two basic mechan-
isms of inlet-vortex generation are identified. The first of these, which has been
alluded to qualitatively by other investigators, is the amplification of ambient (i.e.
far-upstream) vorticity as the vortex lines are stretched and drawn into the inlet.
Quantitative calculations have been carried out to illustrate the central features
connected with this amplification. In contrast with what has been supposed, however,
there is another mechanism of inlet-vortex formation, which does not appear to have
been recognized previously and which does not require the presence of ambient
vorticity. It is thus shown that an inlet vortex can arise in an (upstream) irrotational
flow, for an inlet in cross wind. In this situation, the vortex is accompanied by a
variation in circulation along the length of the iniet. The ratio of inlet velocity to
upstream velocity is an important parameter for both mechanisms.

1. Introduction
1.1. Background

When a gas-turbine engine is operated near a ground plane at static or near-static
conditions, a strong vortex is often observed to form between the ground and the
inlet. This so called inlet vortex (or ground vortex) can cause severe operational
difficulties. It can cause loose debris to be picked up from the ground and drawn into
the engine, and can also create flow distortions at the engine face that adversely affect
the aerodynamic stability of the engine compression system. The potential for
vortex-induced compressor surge has risen with the use of wide-body aircraft powered
by high-bypass-ratio turbofans, since in these configurations the distortion occupies
more of the core compressor flow area and the engines are closer to the ground than
in the past.

An inlet vortex produces a flow that has a large-amplitude flow angle and velocity
distortion over a considerable extent of the engine face. There is, however, a
significant total pressure defect only over a small fraction of the inlet flow-through
area; i.e. only in the vortex core. Thus the decrease in engine stall margin due to this
type of distortion cannot be predicted by present analyses of compressor response
to non-uniform inlet flow, since these are all aimed at roughly unidirectional motions
with large extent total pressure distortions (Greitzer 1980).

Initially because of the ingestion problem, and more recently because of the effect



174 F. De Stervi, H. C. Viguier, E. M. Greitzer and C. 8. Tan

on engine stability, the inlet-vortex phenomenon has been examined by many
investigators. These have included small-scale experiments (e.g. Klein 1957 ; Glenny
1970; Motycka, Walter & Muller 1973; Motycka & Walter 1975, Bissinger & Braun
1974), full-scale tests with engines (Rodert & Garrett 1955; Motycka 1976), panel-
method calculations of the velocity field associated with a potential vortex and inlet
combination (Colehour & Farquhar 1971), and two-dimensional free-streamline
potential-flow models of an inlet near a ground plane (Newman & Atassi 1980).

A discussion of these various studies is given by Viguier (1980), but we can
summarize the main conclusions presented in the existing literature as follows. First,
it is assumed that an inlet vortex can form only if ambient vorticity exists in the
fluid drawn into the inlet. By the term ‘ambient vorticity ' we mean vorticity created
at a far-upstream location, where the existence of the vorticity is essentially independent
of the presence of the inlet. One obvious example of this type of ambient vorticity is the
shear flow that occurs when a wind blows across and airfield. Another results from
the use of a fan or propeller to provide a non-uniform, rotational, flow into an inlet,
as was done in several of the experiments described in the references.

The second conclusion is that the existence of a stagnation point on the ground
near the front of the inlet is believed to be required for the phenomenon to appear.
Also, the inlet vortex, which can be part of a system of vortices, may be unsteady.
Further, the thin boundary layer due to the inlet (sink flow) alone is not essential
in the vortex formation. The following parameters have been used to characterize
this phenomenon: ratio V;/ V, of inlet throat velocity to ambient wind velocity, ratio
H/D of inlet centreline height to inlet diameter, wind direction, and the ratio of the
inlet velocity to the product of centreline far-upstream wind velocity gradient and
inlet diameter (this is a rough measure of the magnitude of the ambient vorticity).
In particular, increasing the first ratio or decreasing the second and fourth has been
found to result in either an increased tendency for a vortex to form, or the
strengthening of an existing vortex.

In spite of the work that has been done on this topic, the fundamental fluid-
mechanical processes responsible for the generation of the inlet vortex are still not
well understood. For example, if we accept the hypothesis that the formation of the
inlet vortex is due to the intensification (amplification) of ambient vorticity as it is
drawn into the inlet, a basic question arises. If we consider the fluid to be inviscid
and of constant density, and examine the ingestion into the inlet of vortex lines that
have originated far upstream, the process might appear somewhat as sketched in
figure 1, which shows a vortex line at three instants of time. Since vortex lines cannot
end in the fluid, the two ‘legs’ that are ingested must possess an equal and opposite
ctrculation (although the vorticity may be different owing to the different amounts
of stretching undergone by the two legs). In practice, however, only one vortex is
observed. It is possible that the other leg could appear as a thin layer of streamwise
vorticity, ‘smeared’ on the inner wall of the inlet. However, it is not certain that
this actually does occur (and in fact we will see below that this is not the case). In
addition to this basic question, quantitative relationships between the overall flow
parameters presented above and the engine face velocity distribution, which is the
information necessary to assess compressor stall margin decrease, do not exist. The
desire to examine these topics prompted this study.



Mechanisms of inlet-vortex formation 175

F1gure 1. Ingestion of a vortex line into an inlet: sketch of the vortex line at
three successive times ¢, <ty <tc.

1.2. Scope and organization of the paper

The organization of the paper is somewhat different from usual for the following
reasons. When we embarked on this project, the view of the problem was that
intensification of ambient vorticity was responsible for vortex formation. Secondary-
flow calculations (described below) confirmed this idea.

When we carried out the experiments, it became clear that this view of the
phenomenon was not complete. The experiments did show that one cause, or
mechanism, for the formation of inlet vortices was indeed this intensification of the
ambient vorticity. However, they also showed, contrary to what had been previously
supposed, that an inlet vortex can form in a flow that is éirrotational (uniform) far
upstream of the inlet. Anticipating the overall conclusions of the paper, therefore,
we state that there are two basically different causes (or mechanisms) of inlet-vortex
formation, and we have organized the paper around the two different physical
processes.

In the paper the conceptual design of the experiments and the experimental facility
are first described. The specific experiments to illustrate the first mechanism (the
amplification of ambient vorticity) are then presented, followed by a secondary-flow
analysis of the three-dimensional vorticity field around the inlet. This set of
experiments and the accompanying analysis is focused on the situation in which the
inlet faces directly into the upstream flow, because with this configuration the
mechanism under discussion is most clearly shown.

Following this, the results of the experiments relating to the second mechanism,
which is responsible for inlet-vortex formation in an upstream irrotational flow, are
presented. This set of experiments involves an inlet in operation with its axis
perpendicular to the mean flow, so that the inlet is in ‘cross wind'. The experiments
include tests carried out with an inlet near a ground plane, as well as tests with a
twin-inlet configuration, so that no ‘ground’ boundary layer was present. Some
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qualitative discussion is then given of the vorticity dynamics associated with this
mechanism, and it is shown that. although the flow field is steady, examination of
the transient process by which this steady state is achieved is cruecial for its
interpretation.

2. Experimental facility and technique
2.1. Modelling considerations

In order to model the three-dimensional flow field produced by a jet engine operating
near the ground, one must adopt some approximations. As one example, Reynolds
numbers V D/v observed in practice for a typical high-bypass-ratio engine are on
the order of 10%, based on moderate ambient wind velocity and the inlet diameter.
1t is thus not practical to keep Reynolds-number similarity. Because of this, the
locations of separation lines would be expected to be different from the actual case;
this applies as well to the thickness and velocity distribution in the various boundary
layers that arc present.

It is to be emphasized, however, that the experiments are aimed at presenting a
clear qualitative picture of the physical mechanism, rather than obtaining quantita-
tive data in a situation where the basic fluid-dynamical processes are reasonably
well defined. The precise location and strength of these separation lines, for example,
is not a question that bears strongly on the description of the vortex-formation
process given herein. In addition, the emphasis is on the global features of the flow,
for example the total circulation around the core, since it is these global parameters
that are significant for engine stability. Thus the detailed features of the viscous layers
are also of secondary importance.

In summary, the lower Reynolds numbers of the experiments compared with the
actual situation mean that there will be quantitative differences in the results in the
two cases. However, the overall features of the phenomenon, such as, for example,
the question posed in §1.1 about the two legs of the ingested vortex line, should be
similar in the two cases, and it is these features that we wish to clarify. On this level,
therefore, the model experiments should provide a useful guide for understanding
these types of flows. Further comments about this aspect will be given in the discussion
of the experimental results.

The essential features of the phenomenon can be seen in an incompressible flow. In
the actual situation there are regions where the Mach numbers are near unity, but
these only occur very locally near the inlet lip. Further, the nature of the fluid-
dynamical device causing the mass flow into the inlet will not affect the process
of vortex formation outside the inlet, and hence one does not have to simulate the
turbomachinery components.

In this investigation the ambient vorticity that is typically present in the vicinity
of an outdoor test stand or an airfield is simulated using a honeycomb of non-uniform
length to generate the required velocity profile. The actual ambient vorticity
encountered in practice can have two components normal to the mean-flow direction,
as well as a streamwise or Beltrami component. In the present investigations we have
chosen to examine the effect of the two normal components separately. Hence the
velocity-profile generators are designed to create a far-upstream flow in which the
vortex lines are normal to the mean flow and either perpendicular to the ground plane
(vertical) in the one case, or parallel to the ground plane (horizontal) in the other.

Normally the vorticity due to wind shear is relatively weak. It must therefore be
substantially amplified (in the neighbourhood of the engine) for an inlet vortex to
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Figure 2. M.LLT. Ocean Engineering water tunnel.

form. One objective of thisstudy is to obtain an understanding of the three-dimensional
inlet flow field (and vortex formation) between a far-upstream location and the engine
inlet. In the water-tunnel investigations of the flows considered, lines of (hydrogen-
bubble) fluid markers could be produced that were to a good approximation material
lines, and material lines were essentially vortex lines. The changes in vorticity
magnitude and direction can thus be discerned by observing the deformation of a
line of these bubbles as it is convected downstream and ingested into the inlet. In
addition to the tests with a shear flow, in order to determine the role of the ambient
vorticity in inlet vortex formation, experiments were also carried out with an
upstream irrotational flow.

2.2. Water-tunnel facility

The flow-visualization studies were carried out in the 6000 gallon capacity M.L.T.
Ocean Engineering Water Tunnel. A schematic of this facility is shown in figure 2.
In this investigation, it was run with a free surface. The 1-5 m long, 0-5 m square test
section is preceded by a large settling chamber with a honeycomb structure, followed
by a contraction, in order to reduce velocity non-uniformities and turbulence level
in the tunnel. The resulting flow is of high quality and is well suited for flow-
visualization studies.

Downstream of the test section, there is a diffuser and a turning vane section; above
this vaned section, a vacuum chamber is positioned. The large storage tank on the
lower level of the tunnel permits draining of the test section ; it can be refilled in 3—4 min
using a 350 gallon per minute pump. A 0-77 m inside diameter impeller (see figure 2)
provides the flow through this tunnel. More detailed information is given by Kerwin
(1967).
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2.3. Inlet geometries

The engine inlet is modelled in this investigation using a (Plexiglas) pipe, with the
suction provided by a downstream centrifugal pump. Three different inlet configu-
rations were studied in some detail: an inlet near a ground plane at 0° to the far
upstream mean flow; an inlet near a ground plane at 90° to the far-upstream flow,
i.e. in cross wind, and a twin-inlet configuration at 90° to the mean flow. The inside
diameters were 0044 m, 0-05 m and 0025 m respectively. All three inlets are
(platinum) wired for hydrogen-bubble flow visualization in order to determine the
location of the vortex in the inlet; the wire is located 003 m downstream of the inlet
lip and is oriented normal to the inlet axis. The rear of the 0° inlet was constructed
out of Plexiglas so that, using a downstream mirror, the location and sense of rotation
of the vortex in the inlet could be seen. A sketch of the water-tunnel test section with
a 0°inlet configuration is shown in figure 3, which also indicates the coordinate system
that we will use to describe the results. The x-coordinate is in the direction of the
mean flow, the y-coordinate is normal to the mean flow and in the ground plane (i.e.
the ground plane is the (x,y)-plane), and the z-coordinate is normal to the ground
plane.

The ratio of the inlet centerline height from the ground plane (or symmetry plane
in the case of the twin inlet) to the inlet diameter was held constant at 1-4 for all
three configurations. This is a number typical of centerline-height-to-diameter ratios
of current gas-turbine engines on wide-body aircraft.

2.4. Shear-profile generation

As shown in figure 3, the required velocity profiles were generated using honeycomb
of nonuniform lengths, designed according to the calculation procedure of Kotansky
(1966). Four different profiles were created: a boundary-layer-type flow, a jet-type
flow, a ‘clockwise’ shear and a ‘counterclockwise’ shear.

Typical velocity profiles can be seen in figure 4. The profile shown in figure 4 (c)
will be referred to as the clockwise shear, and that in figure 4 (d) as the counterclockwise
shear. This nomenclature is based on viewing the velocity profiles from below the
tunnel, i.e. looking in the direction of the positive z-axis. This convention provides
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Ficure 4. Velocity profiles (calculated from hydrogen-bubble flow visualization): {a) boundary-

layer-type profile; (b) jet-type profile; (c) clockwise shear profile; (d) counterclockwise shear
profile.

a more consistent terminology in the discussion of the experimental results.t The
velocities have been shown in dimensional form to indicate the actual range of
velocities at which the hydrogen bubble technique was used. The vertical axis in the
figures is the non-dimensional transverse (y) coordinate, or the non-dimensional
height above the ground plane (z-coordinate).

Note that the lengthscales of these shear profiles are far larger than in those
associated with viscous diffusion. In the present set of experiments the shear layers
were between 01 and 0-4 m thick. A representative diffusion lengthscale is of
order (vx/U,), where x is the distance from the downstream edge of the honey-
comb to the inlet. With typical values of x =06 m and U, = 008 m/s we find
(wx/U, B} ~ 0-003 m. Thus, although viscous effects (in the honeycomb) are crucial
in creating the shear layer, they can be expected to play only a small role as the fluid
is ingested into the inlet because of the relatively short distance over which the inlet
influences the flow appreciably, except in regions of high vortex stretching, or in the
boundary layers. This is also true in the actual situation, where non-uniform velocities
can be created over an upstream length that is several orders of magnitude larger
than the inlet height.

+ Note that the profiles shown in Figure 4(c, d) are plotted in the usual manner, i.e. as viewed
from above the tunnel.
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The two velocity profiles shown in figure 4 (a,b) have vortex lines that are, far
upstream of the inlet, parallel to the ground plane and normal to the mean flow, i.e.
parallel to the y-axis. For the ‘boundary-layer-type’ profile the sense of the rotation
is clockwise when viewed from the 90° position (looking along the y-axis from negative
to positive). For the jet-type profile the sense of rotation is counterclockwise when
viewed from the same vantage point. (Since the flow satisfies the no-slip condition,
it is clear that there must be a thin viscous region with clockwise rotation below the
region with counterclockwise rotation. However, the thickness of the former is an
order of magnitude smaller than the thickness of the latter.)

The two velocity profiles in figure 4 (c,d) have vortex lines that, far upstream, are
along the z-axis, i.e. perpendicular to the ground plane, and to the mean-flow
direction.t These represent velocity gradients that might result from a wind that
varied in magnitude from one location to another in the same horizontal plane.

2.5. Flow-visualization technique

Hydrogen-bubble generation was used for the flow-visualization method. In this
technique, which is described in detail by Clutter, Smith & Brazier (1959), by Schraub
etal. (1964), and by Mattingly (1966), a thin platinum wire is employed as the cathode
of a d.c. circuit for electrolysis. Small hydrogen bubbles (of diameter on the order of
the wire diameter) are formed at this cathode and swept off by hydrodynamic forees.
For the range of velocities and wire sizes used in this study the bubbles follow the
flow very well and give an excellent indication of the fluid motion (Schraub et al. 1964).
In addition to bubble wires embedded in the inlet, three different wire probes (with
wire diameter of 0-025 mm) were used to examine the flow: a 0-30 m vertical wire,
a 0-23 m horizontal wire, and a smaller probe, which could be inserted at various
positions in the flow field. Details of the probes and lighting are given by De Siervi
(1981).
2.6. Experimental procedure

Prior to the starting of a series of runs, the water tunnel was de-aerated for several
hours. The tunnel velocity and the inlet velocity were then set to the desired reading.
Since each honeycomb shape had a different resistance, the tunnel velocity was
calibrated separately for each shape by taking photographs of hydrogen bubbles
generated at a known frequency.

The flow around the single inlet was investigated for each of the four shear profiles
at 0° and 90° of yaw. In addition to the above two orientations, the single inlet and
twin inlet in irrotational flow were also studied at 270° of yaw to check overall tunnel
flow symmetry. The transient conditions involved in the inlet vortex start-up and
cessation, for the single- and twin-inlet configurations oriented at 90° to the main
upstream flow, were examined by decreasing the tunnel velocity while keeping the
velocity V; in the inlet constant at 1-2 m/s, as well as by keeping the tunnel velocity
V, constant at 0-08 m/s and decreasing the flow through the inlet.

The hydrogen bubbles were photographed and were also videotaped, the latter
procedure being far more suitable in the present experiments since the water tunnel
was in high demand. Since the videotape pictures cannot be reproduced photogra-
phically with the desired resolution, drawings based on (lengthy) observation of the
actual phenomenon and of these videotapes will form the backbone of the experimental
observations that are reported.

t Again, this cannot be true in the thin groundplane boundary layer because of the no-slip

condition (Lighthill 1963). However, we will still use this manner of reference in discussing these
particular veloeity profiles.
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3. Inlet-vortex formation due to intensification of ambient vorticity: experi-
ments and analysis for an inlet at 0° of yaw

3.1. Experimental resulls

Asstated, we have chosen to present and discuss the experimental results in two parts
to illustrate separately the central features of the two mechanisms that we have
mentioned. In this section therefore we consider the situation with an inlet at 0° of
yaw. The ambient velocity profiles examined were an irrotational (outside of the thin
ground-plane boundary layer) flow, a boundary-layer-type shear (see figure 4a), and
the clockwise and counterclockwise shears (see figures 4¢, d).

At ratios of V;/V,, that are of interest for this phenomenon (i.e. > 5, say), for the
‘irrotational ’ case two small counterrotating vortices appeared, symmetrically placed
about the 6:00 (six o’clock) position. These are associated with the ground-plane
boundary layer and this test thus served as a check on the general symmetry and
uniformity of the tunnel flow.

As expected, an essentially symmetric picture was also seen for the case of the
boundary-layer-type shear profile (horizontal vortex lines). Two (approximately)
equal (in size) but opposite (in sense) vortices were again found. These were located
in the lower half of the inlet at roughly the 5:30 and 6:30 positions.t Owing to the
increased extent of the rotational region in the upstream flow, the vortices were
considerably larger than those due just to the natural (viscous) boundary layer.
Observations of the behaviour of material lines show that, as might be expected in
this symmetric configuration, the centre of the material line is ingested into the inlet
first, with the two vortices resulting from this stretching of initially parallel vortex
filaments. De Siervi (1981) gives further details of the behaviour of material lines (i.e.
vortex lines) at different heights above the ground plane.

The results with an upstream flow having vortex lines that were initially vertical,
i.e. perpendicular to the ground plane, were quite different. At the velocity ratio
examined in detail, V;/V, = 10, a single, steady vortex was present in the inlet at
approximately 6:00 and roughly 0-8 inlet centreline heights from the ground plane.
The leg of the vortex that was in front of the inlet was associated with a large-scale
spiralling flow extending between the ground plane and the inlet. The diameter of
the spiral was roughly one-third of the inlet diameter and decreased as one moved
towards the inlet. Hydrogen bubbles introduced into the centre of the spiral appeared
as a thin thread stretching almost vertically into the inlet from the ground plane.

The position and scale of the vortex in the inlet can be seen in figure 5, which is
a photograph taken looking into the inlet. The arrow points to the vortex, as indicated
by the hydrogen bubbles, which show up as bright areas. The sense of rotation is the
way in which one would see it looking into the inlet from upstream. The light ‘spokes’
seen in the figures are the roughly radial bubble wires (and the associated bubble
production). The very bright regions on the top and bottom of the inlet and the
annular light region are due to reflections associated with the Plexiglas tube; these
could not be avoided with the experimental configuration that was used.

In this configuration the sense of rotation of the vortex was determined solely by
the sense of the ambient vorticity. Thus the clockwise and counterclockwise shears
(figures 4(c,d), which were created by reversing the same piece of non-uniform
honeycomb) gave rise to flows which were very similar, except that the sense of
rotation of the vortex was reversed. For the clockwise shear (clockwise rotation

+ The use of the ‘clock’ nomenclature is a convenient way to describe position in the inlet. All
of the positions described are in the sense of an observer looking into the inlet from upstream.
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Vortex

F1GURE 5. Ingestion of a vertical vortex line (clockwise shear) into a 0° inlet; view looking upstream
through a mirror (photograph of hydrogen-bubble flow visualization).

looking up at the tunnel) the inlet vortex had a clockwise rotation as seen looking
into the inlet from upstream. For the counterclockwise shear the rotation was
counterclockwise. These directions are consistent with those obtained if one considers
vortex lines extending from locations on the ground plane in front of the inlet lip
to the lower half of the inlet. It thus seems that the appearance of an inlet vortex
is associated with the stretching of (ambient) vertical vortex lines in the region below
the inlet lip. The basic question about the existence of the other leg of the vortex
lines, which was posed in §1.1, still remains, however. To resolve this, as well as to
understand the process of vortex formation better, let us now examine the vorticity
field in the region of the inlet.

3.2. A secondary-flow approach to the vorticity field

We consider an incompressible, constant-density, inviscid flow with no body forces.
In this situation the vortex filaments are always composed of the same fluid particles.
For a given vortex filament, the ratio of the vorticity to the length of the filament
remains constant, so, if a vortex filament is stretched, the vorticity associated with
it increases.

To calculate the evolution of vortex filaments as they move toward the engine
requires the determination of the velocity field. The flow under consideration is
clearly rotational, not only in a thin layer as in many aerodynamic applications but
throughout the flow domain, and is also strongly three-dimensional. However, since
the basic concept to be studied is the intensification of vorticity due to the stretching
of the vortex filaments as they are drawn into the inlet, a useful simplification can
be made by viewing the problem as a ‘small-shear, large-disturbance flow’, as
described by Hawthorne (1967). In this approximation the flow is assumed to be
composed of an irrotational primary flow and a superposed weak shear flow. The
vortex filaments associated with this shear are regarded as being deformed by this
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primary flow only, i.e. the influence of the so-called ‘secondary’ velocities on the
convection of vortex filaments is neglected. The primary flow can be determined using
potential-flow theory and advantage can be taken of the fact that many numerical
methods now exist to compute potential flows around complex geometries.

The secondary-flow approximation can be stated explicitly as follows. We assume
that the three-dimensional velocity field can be written as

V(. y.2) = Vo(x,y.2) + V(2. 9. 2). (1)

V, represents the primary flow and v, the secondary flow, both of which are
three-dimensional. The magnitude of v; is taken to be such that a linearized
description of the secondary flow field can be adopted. The primary flow is irrotational,
and all vorticity is thus associated with the secondary flow field only:

0=0,=Vxv,. (2)

The secondary-flow approximation is equivalent to a linearization of the vorticity
equation, which can thus be written as

VM -V)o, = (0,.V) V,. 3)

It can be seen that terms that are quadratic in the ‘1’ quantities, and which represent
the convection and distortion of the secondary vorticity field by the secondary velocity
field, have been neglected. Even though (3) is linear in the secondary vorticity @,
V, is a fully three-dimensional function of position (known numerically), so that one
can describe the process of vorticity amplification due to vortex-line stretching, which
is an important feature of inlet vortex formation.

The equation expressing the variation of vorticity of a fluid particle can be cast
into a simpler form. If we denote distance along the primary-flow streamlines by S,
(3) can be written as oo, {

ﬁ;— l—Vo-l(ml-V)Vw (4)
Knowing the primary-flow streamlines and velocity distribution, (4) could, in
principle, be integrated along a streamline to find the change in vorticity for a given
fluid particle.

The above formulation is the way in which the secondary-flow approximation is
often presented. In the present application, however, it is more convenient to track
fluid particles, obtaining changes in the vorticity directly from changes in the length
and orientation of specified fluid elements. If 8l(t,) is the length of an infinitesimal
material line element that coincides with a vortex line at an initial time ¢,, the
vorticity at time f is related to that at ¢, by

o, (1) _ 81(¢)
lo, ()l 1A

In (5) the quantity &1(¢)/|81t,)] is, within the context of the secondary-flow approx-
imation, a function of the primary-flow velocity field only.t

(5)

t This could also be viewed as a simple application of the Cauchy equation for the vorticity
(Batchelor 1967), which in the present situation takes the form
1.4
0,(t) = wylt,) 0712-'
Here a and X(a, ¢) are the position vectors of one end of the material line element at times ¢, and
t respectively, and the tensor ¢X/da; is a function of the known primary flow, which can be
evaluated numerically.
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In following the motion of selected particles and/or material lines it is helpful to
use the 'drift’, or displacement of fluid particles (Lighthill 1956) as the quantity that
is studied. In steady flow streamlines and pathlines coincide, and, in such a case, the
trajectory of any particle can be readily deduced from an integration along the
streamlines. Further, the manner in which a given particle describes its trajectory can
be determined from the drift-time concept. The drift time 7' for a fluid particle to
travel between locations 1 and 2 on a streamline can be defined as
2 dSs
V0
where dS is distance along a streamline and V is the magnitude of the velocity.

In a steady flo#, for any given streamline this quantity depends only on the end
points. Since points on a given material line or surface will have the same drift times,
one can follow (numerically) a particular material line on surface as it is convected
by the primary flow. The deformation of given vortex lines, and hence the strength
and orientation of the vorticity can thus be computed.

As a last note of background on the secondary-flow approach, we can point out
that the approximations inherent in the theory will not hold where nonlinear and/or
viscous effects are important, e.g. where there is intense vortex stretching or very
near stagnation points where the primary velocity becomes small. However, what
is of interest is the global behaviour, and, as in the experiments, the details of the
flow in the regions mentioned above are of less concern at present than their integral
properties. The approach taken is suitable for examining the latter.

The steps used in calculating the vorticity field were as follows. Firstly, an
inlet/ground-plane geometry was selected and the previously introduced overall
parameters describing the inlet vortex formation given typical values. Secondly, the
three-dimensional potential flow about the inlet was determined numerically. Thirdly,
selected vortex lines (material lines) were tracked (numerically) from far upstream
to the inlet. From the stretching and ‘tipping’ they undergo we can predict the
vorticity pattern at the engine face, given a far-upstream vorticity distribution. A
further step, as described by Viguier (1980), would then consist of computing the
secondary velocity field produced at this location by the calculated vorticity
distribution.

The far-upstream (ambient) vorticity can be resolved into three components:
(i) z-component (streamwise); (ii) y-component, transverse to the flow direction and
parallel to the ground plane (horizontal): and (iii) 2-component, transverse to the flow
direction and normal to the ground plane (vertical). The evolution of the streamwise
component can be predicted very simply and will hence be only briefly discussed.

Consider a flow that has, at a far-upstream location, streamwise vorticity only. For
a constant-density inviscid flow with conservative body forces, the vorticity
everywhere downstream will also be in the streamwise direction, and the strength
of the streamwise vorticity at any location is directly proportional to the velocity.
The ratio of the streamwise vorticity at the engine face location to that far upstream
is therefore just equal to V,/V,. The flow situations we are concerned with are
characterized by large values of this parameter, say 10 or greater, and the streamwise
vorticity can be expected to increase by an order of magnitude or more between far
upstream and the compressor face.

In spite of this, however, this process does not appear to be the primary cause of
inlet-vortex formation. The inlet-vortex formation described in the literature depends
strongly on the angle of yaw of the inlet; whereas the mechanism just described is
independent of it. In addition, in the inlet-vortex experiments described herein, the

T= (6)
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F1cure 6. Geometry for potential-flow calculation.

shear was generated by a honeycomb, so no component of streamwise vorticity
existed far upstream. Further, the situation that one generally finds in an engine test
is some sort of shear layer associated with a boundary layer, or wake; so that the
flow consists essentially of normal vorticity at the far-upstream location. Last, but
perhaps strongest, the inherently three-dimensional process that leads to stretching
of vortex filaments that were initially normal to the streamlines appears to be
considerably more potent than the essentially one-dimensional effect described
above. Estimates of the latter, in fact. imply that it is far too weak to give rise to
the strong vortices that are actually seen. Thus the focus here is on the components
of vorticity that are normal to the streamlines at the far upstream location.

3.3. Flow geometry used in the analysis

The specific flow geometry that is analysed can be seen in figure 6. It consists of a
cylindrical inlet (without centre body) and its image, which is introduced to simulate
the ground plane. For the general situation the inlets are set at a yaw angle « in a
uniform stream, with direction parallel to the plane of symmetry between the inlet
and its image and magnitude V. In the case to be discussed at present, « is zero.
The operating condition for a given inlet at a given H/D (height-to-diameter ratio)
is thus defined by a single non-dimensional parameter: the ratio V;/V, of inlet
velocity to far upstream velocity.

3.4. Three-dimensional potential-flow calculation procedure

The approach taken requires the potential flow about the geometry described above
to be computed. Many different methods exist to calculate potential flow about
three-dimensional bodies. It is not within the scope of this paper to describe them
in detail, and a complete coverage of these matters can be found in the abundant
literature (e.g. Hess & Smith 1966; Hess 1972, 1974; Rubbert 1978; Johnson 1980).
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The computational method used in the present study was the constant-strength
source and dipole method developed by Hess, Mack & Stockman (1979) specifically
for the flow about three-dimensional inlets. In this method a general solution to the
problem is composed of four fundamental solutions, which can be combined linearly
to give the flow about the inlet at various operating conditions. The fundamental
solutions consist of the flows induced by unit-value onset flows parallel to the three
coordinate axes as well as the flow through the inlet in static operation. The last of
these, which is of primary importance in the situations that we are concerned with,
is produced by a distribution of unit vortices on the inlet surface. (Actually a doublet
distribution is employed and use is made of the relationship between the derivatives
of doublet strength and vorticity given by Hess (1972).) These vortices are placed
in such a way that they form vortex rings, which, for an axisymmetric inlet geometry,
are oriented exactly on the circular cross-sections.

A description of the program, as well as a more thorough presentation of the method,
is given by Hess et al. (1979). The computational method requires a large amount
of storage, and this put a limitation on the number of panels that could be utilized
to describe the inlet. Based on initial numerical experiments in which we varied the
number and circumferential positioning of the panels, the calculations were carried
out using 240 (planar quadrilateral) panels and eleven ‘N-lines’ on each half inlet.

Once the fundamental solutions are determined, the primary flow about the inlet
at any operating condition can be studied. We chose to investigate an inlet with
velocity ratio V;/V,, of 30 and an H/D of 1-25. At this velocity ratio the static solution
was the largest contribution to the flow field. This, combined with the storage
limitation mentioned above, meant that there was a region of (re)circulating flow
adjacent to the inlet and that the stagnation points did not occur on the outer surface
of the inlet, but off the inlet. In a sense, then, this gave us an inlet configuration that
had an ‘effective’ shape with a much thicker lip and a somewhat different external
geometry than that specified by the input geometry. In addition, since the space
between the inlet and the ground is filled with recirculating flow, the inlet external
surface is seen by the oncoming flow as extending to the ground plane. Because of
this recirculation, some aspects of the flow field cannot be described adequately using
the present computational method, although others can be seen clearly. This
distinction between what can and cannot be resolved with an analysis of the present
type will be given in more detail in what follows.

3.5. Behaviour of the material lines

The behaviour of selected material lines has been examined to show the convection
and amplification of the vortex filaments. As discussed previously, the far-upstream
vorticity can be resolved into three components. Since we are interested in those
situations in which a single inlet vortex exists, based on the experimental results we
examine here the behaviour of vortex lines that are vertical far upstream. Based on
results of the potential-flow computations, a location four inlet-centreline heights
upstream of the inlet face was used as the starting point of these material-line drift
calculations.

Figure 7 shows the subsequent shapes of a vortex line that is (initially) vertical
far upstream and is on the plane of symmetry, i.e. the (z,y)-plane. The vortex line
is shown at different times, and it can be seen that this filament undergoes substantial
stretching as it enters the inlet. This stretching appears to be relatively symmetric
in spite of the fact that there is a stagnation streamline, shown as a dash—dot line,
on the lower side of the inlet only. The projection of the capture surface (defined here



Mechanisms of inlet-vortex formation 187

Capture surface

<
N
.
\
\

Inlet

\

| rd
N N ~ N\ NN \\S\\\ N N\ N SN
1

Ground

Fi6URE 7. Deformation of a material line (vortex line) that is vertical and in the (x, z)-plane at
a location four inlet heights upstream of inlet; inlet at zero yaw.

as the surface separating flow that enters the inlet for the first time from flow that
does not enter, or re-enters the inlet (owing to recirculation)) on the (z, )-plane is also
shown in figure 7 as a dashed line, to give an indication of the extent of the
recirculation region.

More interesting behaviour, however, is exhibited by vortex filaments off the plane
of symmetry. Figures 8 and 9 show two different views of a vortex line that is vertical
far upstream and 0-60 inlet heights (0-75 inlet diameters) from the (z, z)-plane. Figure
8 shows the projections on the (x,z)-plane, with the numbers corresponding to
different times. The situation appears quite similar to that occurring on the (x, z)-plane
as regards top and bottom symmetry. However, figure 9 shows the projections of this
same filament on a plane normal to the inlet axis (i.e. on the (y, z)-plane). It can be
seen that, from this view, there is distinct difference between top and bottom sections.
This is associated with the existence of the stagnation point on the ground. In
particular, the lower part of the filament at the latest time illustrated (‘9°) has drifted
considerably closer to the midplane of the inlet (in fact, to the location of the
stagnation streamline) than has the upper part.

This tendency is shown even more clearly in figure 10, which shows projections,
on the same plane, of the positions of a vortex line that is near the capture surface
far upstream, being initially at 1-6 inlet heights (20 inlet diameters) from the
(x, z)-plane. Note that, since vortex lines cannot end in the flow, the lines tracked in
this figure, as well as those in figures 7-9, actually extend to infinity. However, those
portions of the material lines outside the capture surface, which do not enter the inlet,
are not shown.

Both the ‘head’ (top) and the ‘foot’ (bottom) of the sections of material lines that
are shown will lag behind the middle, since particles that are on the ground plane
will stay there, while particles near the capture surface will not only have a larger
path to travel than particles interior to this surface but have also lower velocities.
The result is, as shown by the computation, that the two ‘legs’ of the vortex line
are both strongly stretched and consequently have high vorticity levels. Quantitative

7 ¥LM 124
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Ficugre 8. Deformation of a material line (vortex line) that is initially vertical and 0-6 inlet heights
from the (x, z)-plane at a location four inlet heights upstream of inlet; projections on (z, z)-plane;
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FicUre 9. Projections of material lines shown in figure 8 on (y, z)-plane.
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FigUre 10. Deformations of a material line that is vertical and 1-6 inlet heights from the (x, 2)-plane
at a location four inlet heights upstream of the inlet; projections on the (y, z)-plane; inlet at zero
vaw.

appreciation of this stretching, however, is difficult from only the tracking of material
lines, since the deformation increases rapidly for fluid particles close to the ground
plane or the capture surface. A conceptual scheme for calculating the vorticity levels
of both legs and the corresponding secondary velocity is given by Viguier (1980).

3.6. Concentration of vortex lines and inlet-vortex formation

The study of the deformations of material lines initially off the (x.y)-plane gives a
strong hint of a possible inlet-vortex formation mechanism. As stated, the existence
of two stretched legs and the observation of a single vortex seem difficult to reconcile.
However, the locations of these legs must also be examined. The foot of any vortex
line will approach the ground-plane stagnation point in front of the inlet, with the
associated lower leg approaching the stagnation streamline. In contrast, the location
reached by the upper leg, which extends from the inlet up to the vortex-line ‘head’
{defined as the top of that part of the vortex line which is inside of the capture surface)
depends on the vortex-line initial position. To a good approximation the computations
show that the streamline followed by a fluid particle that coincides with the head of
a vortex line will lie in a plane through the inlet centreline and the capture surface.

Using this information, we can thus determine the ultimate position of the vortex
line head, and figure 11, which is based on the extensive computations that have been
carried out, shows the suggested deformation of vertical material lines within the
capture surface. A far-upstream uniform distribution of vertical vortex lines evolves

7-2
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Ficure 11. Suggested deformation of a far-upstream uniform distribution of
vertical vortex lines.

into a configuration in which the upper legs of the lines are ‘fanned out’ over the
upper part of the inlet while the lower legs are concentrated around the stagnation
streamline associated with the stagnation point 8, in the figure. (Again, for clarity
only portions of the upper legs of the vortex lines have been shown.) Although the
stagnation point is never reached in an actual flow, the basic phenomenon of this
concentration of vortex lines will still occur. The predicted concentration is accom-
panied by an increase of the associated circulation per unit area. Note that in the
calculation, in which all viscous effects are neglected, the eventual stretching of both
legs will be infinite. There is an important difference, however, in the spatial
distribution of the vorticity amplification.

To state this another way, the computations show that one can, to a good
approximation, regard the behaviour of the lower and upper parts of the ingested
vortex lines as that associated with three-dimensional stagnation-point flow versus
two-dimensional stagnation-line flow respectively. The former leads to a much higher
concentration of vorticity than the latter owing to the lower parts of the vortex lines
being ‘gathered’ together (round the stagnation streamline), as well as stretched,
while the upper portions are stretched only.
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Upstream flow Time dependence

Single inlet

Irrotational flow Steady and transient

Boundary layer, horizontal vortex lines (figure 4a) Steady

Jet, horizontal vortex lines (figure 4b) Steady

Clockwiset shear, vertical vortex lines (figure 4c) Steady

Counterclockwiset shear, vertical vortex lines Steady

(figure 44d)

Twin inlets

Irrotational flow Steady and transient

T As observed from below.

TaBLE 1

4. Experiments with an inlet at 90° of yaw

The mechanism described above should come into play whenever there is a vertical
component of vorticity, whatever the angle « at which the upstream flow approaches
the inlet. With a non-zero yaw angle, however, there is a second basic mechanism
that can give rise to the formation of an inlet vortex. This could be seen in
experiments that were carried out with a cylindrical inlet having an axis at 90° to
the upstream flow. The specific configurations examined are listed in table 1.

As a preliminary to the experiments, it is useful to describe briefly some further
results of the secondary-flow calculations, which were carried out with an inlet at a
non-zero yaw angle. As discussed by Viguier (1980), owing to storage limitations we
could not examine an inlet at 90°. The calculations were thus done at a yaw angle
of 45°, but the central qualitative conclusions should still be applicable. It was found
that the vorticity field due to vertical vortex filaments possesses many of the features
seen in the 0° yaw case, with a strong concentration of vortex lines about the
stagnation streamline, and a fanning out of the vortex lines in the upper half of the
inlet. Thus this case really yields no additional features of the phenomenon to those
discussed previously.

The drift of horizontal vortex lines was also examined to see if any concentration
of vortex lines would occur owing to the asymmetry of the flow. The calculations
showed, however, that there did not appear to be any situation of this kind. To see
this we can examine one representative situation: a horizontal vortex line that is,
far upstream, 0-4 inlet heights from the ground plane. Other filaments at both larger
and smaller heights showed substantially the same behaviour.

Figure 12 shows the projections of the positions of this vortex line on the (y, z)-plane
(the plane perpendicular to the inlet axis). As before, only the part inside the capture
surface is shown. The fluid particles on the vortex line close to the capture surface
are seen to lag behind, while those in the middle (of the portion that is shown) enter
the engine much sooner. The corresponding legs are observed to be rather
symmetrically placed, however, and both legs of the vortex lines are strongly
stretched. Thus no clear indication of a definite vortex due to ingestion of far-upstream
horizontal vortex lines can be seen from the present calculation.

4.1. Experiments with the boundary-layer-type velocity profile

Based on the calculations, it might be expected that the ingestion of horizontal vortex
lines into a 90° oriented inlet would result in two asymmetrically placed
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Ficure 12. Deformations of a material line that is initially horizontal and 0-4 inlet heights from
the ground plane; projections on the (y, z)-plane; inlet at 45° of yaw.

counterrotating vortices, but no predominant single concentration of vorticity. The
circulation around the two legs would be of the same magnitude, although the
vorticity would not necessarily be equal. The actual situation, however, is quite
different. This can be seen in figure 13, which is drawn from (prolonged) observation
of the hydrogen bubbles (De Siervi, 1981). In these observations, material lines were
examined that originated at different heights above the ground plane. Figure 13
shows the convection of a horizontal fluid line originating at roughly 0-1 inlet
centreline heights above the ground plane. The velocity ratio is approximately 10.

It can be seen that a central section is drawn into the inlet first with the two ‘ends’
entering at a later time. The vortex lines enter the inlet at roughly the same height
and with the opposite sense of rotation. However, the flow pattern is asymmetric and
the strength of the two vortices appears to be quite different.

The clockwise vortex (as viewed looking into the inlet) encompasses a larger
proportion of the inlet area and also appears to rotate faster. This leg stems from
the separation region located underneath the inlet and 0-8-0-9 inlet-centreline heights
from the inlet lip. It is associated with a large clockwise spiralling flow extending
between the ground plane and the inlet in the region directly in front and on the right
half of the inlet. The diameter of this spiral decreases as it approaches the inlet. A
hydrogen-bubble-marked thread of fluid particles could be seen to extend vertically
up through the centre of the spiral and into the inlet. Outside of the inlet, this
clockwise spiral encircled the counterclockwise vortex leg. At this velocity ratio, if
the vortex line were initially higher than roughly 0-6 inlet-centreline heights, the
clockwise leg was ingested without being caught in the outside spiral. It is apparent
that the secondary-flow approach does not describe this situation.

4.2. Experiments with the jet-type profile

The jet profile (figure 4b) required substantially higher velocity ratios (roughly 40)
for a vortex to form than with the boundary-layer-type profile. Consequently the
usefulness of the flow-visualization probes was limited (because of wire breakage) and
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Ficure 13. Ingestion of horizontal vortex lines originating at 0-1H into an inlet at 90° of yaw (drawn
from hydrogen-bubble flow-visualization results).

only a small amount of data was obtained. For this 90° inlet configuration, the
ingestion of initially horizontal vortex lines possessing rotation with a counterclock-
wise sense resulted in the formation of a single clockwise-rotating vortex.

4.3 Experiments with clockwise and counterclockwise shears

For an inlet oriented at 90° to the mean upstream flow, the presence of far-upstream
vertical vorticity with clockwise rotation (when viewed looking up at the tunnel)
resulted in a single clockwise vortex inside the inlet. This observation can perhaps
be expected in view of the discussion of the secondary-flow results. However, with
far-upstream vertical vorticity having counterclockwise rotation, a single clockwise
vortex inside the inlet was also found. The sense of rotation of the vortex is thus oppo-
site to the ambient vorticity and this would not occur if the only mechanism were the
amplification of ambient vorticity. This is another indication that there is a clockwise
‘bias’ in the circulation of the vortex created when the inlet is oriented at 90° to the
mean flow, and that a mechanism other than the stretching and intensification of
far-upstream vorticity is responsible.
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5. Experiments with an inlet in irrotational flow: a description of a new
mechanism for inlet-vortex formation

The presence of the clockwise-rotation bias exhibited in the 90° inlet configuration
motivated further examination of the inlet flow field with an irrotational upstream
flow. To carry out this study the tunnel was run with no added resistances. The
upstream flow was thus uniform, aside from the thin (displacement thickness
estimated to be approximately 5 mm) boundary layers on the walls and floor of the
tunnel. The flow outside of the boundary layer possessed no swirl. as far as could be
seen.

As stated previously, two small, roughly equal and opposite, vortices associated
with the floor boundary layer, had been found when the inlet was at 0°. This indicates
that the overall flow in the tunnel in that situation was quite symmetric. The
clockwise bias found when the inlet is at 90° is thus not from an asymmetry due to
the tunnel but rather due to the inherent asymmetry present in the flow around the
inlet.

In other words, in some of the situations in which we created a shear flow far
upstream, the inlet vortex was found to rotate in the opposite direction from that
expected using basic arguments about the stretching of ambient vortex lines. Thus,
another mechanism must be operating. If this does not depend on ambient shear, it
should be observable in a uniform flow. A caveat is that the ‘other mechanism’ might
have been some gross asymmetry in the tunnel; however, the test referred to above
indicates that no such large departure from symmetry exists. It is to be emphasized
that the departure from non-uniformity that was looked for must be a large one and
should be readily visible, since the ambient shear used in the first set of experiments
was reasonably strong.

5.1. Inlet at 90° of yaw in an irrotational flow

With this configuration a strong steady vortex was observed in the lower part of the
inlet at approximately the 6:00 location. The size and location of the vortex can be
seen in figure 14. This photograph shows the hydrogen bubbles shed from the wires
in the inlet (as in figure 5, these are seen as the bright ‘spokes’ in figure 14). The
velocity ratio V;/V,, was approximately 20. The sense of the rotation was clockwise
when viewed looking into the inlet.

Further examination of the flow field revealed another important feature. This was
a trailing vortex, from the downstream side (outside) of the inlet lip region. The relative
position and size of this trailing vortex, compared with the inlet vortex, is shown in
figure 15, which is based on observations of the hydrogen-bubble flow visualization.
The trailing vortex is considerably larger than the inlet vortex, with the diameter
of the apparent vortical region being roughly 0-9 inlet diameters. The sense of rotation
was clockwise, viewed from upstream.

A schematic of the pattern of vortex lines implied by this flow is presented in figure
16. This shows the sense of rotation of the inlet and trailing vortices and also indicates
the vortex lines that thread through the ground boundary layer into the inlet vortex
(Lighthill 1963).

The reason for the trailing vortex can be seen from consideration of the circulation
round the inlet. Let us compare the circulation round a contour enclosing the inlet
and far away the lip (curve C| in figure 17) with that round a contour that encloses
the vortex and is near the inlet lip (curve C, in figure 17). Several diameters from
the lip, the flow round the inlet should be roughly two-dimensional, and the velocities
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Fieurk 15. Streamlines associated with inlet at 90° of yaw in an irrotational upstream flow
(drawn from hydrogen-bubble flow visualization).

on the order of the velocity V at infinity. The circulation around the inlet at C,
should thercfore scale as V, D.

From data on the flow around a two-dimensional eylinder/ground-plane config-
uration (Bearman & Zdravkovich 1978), one can very crudely estimate the constant
of proportionality in this scaling to be roughly 3. The circulation should thus be small
compared with V_ D for locations on the inlet that are far from the lip. However,
consider now the circulation round the inlet vortex. The velocities associated with
the vortex are an order of magnitude larger than V,, (they are of the order of the
inlet velocity) and the lengthscale is a significant fraction of the inlet diameter. The
circulation round the inlet vortex is thus estimated to be more than an order of
magnitude greater than the circulation round the cylindrical inlet at a station far from
the lip.
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FicURE 16. Schematic vortex lines for an inlet at 90° of yaw in an irrotational upstream flow.
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Figure 17. Variation of circulation along the length of an inlet at 90° of yaw
in an irrotational upstream flow.

The situation is thus as shown in figure 17. The circulation round contour (', at
the distant location is small relative to that round contour (', outside the lip. This
latter contour includes the inlet vortex, and the circulation round it may in fact be
close to that round the inlet vortex. Because of the difference in circulation, there
must be trailing vorticity between the two contours, as is indicated in the figure.
An inlet with only a single vortex is not possible, since there would then be a large
net circulation round the inlet at any station along the inlet, and this is incompatible
with the conditions that occur at locations far from the inlet lip. To restate the
argument in a slightly different manner, we can say that there is no mechanism to
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FicURE 18. Variation of upper-separation-point location along the axial length of an inlet at 90°
of yaw in an irrotational upstream flow (drawn from hydrogen-bubble flow visualization): (a) top
view; (b) angled side view.

cause an appreciable circulation round the inlet at a location far from the lip.
Thus the presence of a (ground-plane-to-)inlet vortex requires the presence of a
trailing vortex (or vortices) with a circulation of comparable magnitude.

We can thus see that with an upstream irrotational flow the inlet vortex is part
of a vortex system. An analogy exists, in fact, between this system and that (half
of) the vortex system of a finite wing ; this will be brought out further when we discuss
the twin-inlet results. In both types of flow it is the spatial variation of circulation
that is responsible for the trailing vortex.

The change in circulation along the length of the inlet could be observed with the
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flow-visualization technique by examining the separation of the flow as it passed over
(and under) the inlet. The change in circulation was associated with a skew in the
separation line, which appears qualitatively as shown in figures 18a,b) (drawn from
the observations). At station 1, which is far from the inlet lip, the flow separated at
approximately 12:00 and 6:00, with the dividing streamline impinging on the inlet
at 9:00. This near symmetry implies that there is near-zero circulation at this station,
similar to the two-dimensional results for a cylinder near a ground plane at the
present H/D value (Bearman & Zdravkovich 1978).

Proceeding along the inlet (parallel to the axis) towards the inlet lip (station 2) one
finds an increasing asymmetry in the separation locations. The separation location
on the upper surface moves further in the clockwise direction than the one on the
lower surface moves in the counterclockwise direction, so that at station 2 the
separation locations are roughly at 4:00 and 6:00. In addition, as one approaches
the lip, the velocity increases. The combination of the shift in the position of
separation and the increase in the velocity as one nears the lip imply a substantial
(clockwise) circulation around the inlet in the neighbourhood of the lip. Presumably
the asymmetric flow separation and the clockwise circulation are both due to the
non-symmetric pressure field resulting from the ground-plane—cylinder interaction at
high values of V;/V,,. However, whatever the detailed mechanism, it is clear that the
variation of circulation along the inlet is directly linked to the generation of the
trailing-vortex system, and thus to the inlet-vortex formation.

It is also of interest to examine the changes in flow regime encountered as V;/V,
is increased. At low, but non-zero, values of V/V, (say <5 for the present
configuration) the capture streamlines do not touch the ground, there is no stagnation
point on the ground and no inlet vortex. Separation from the rear of the inlet lip is
nearly symmetric and occurs near the 3:00 location. As shown in figure 19(a) (which
is sketched from the flow visualization results) there are fwo counter-rotating vortices,
of roughly equal strength, that trail from the rear of the inlet. The view in the figure
is directly into the inlet, i.e. normal to V.

As the velocity ratio is increased, the separation location shifts in the clockwise
direction and the upper trailing vortex becomes relatively stronger than the lower.
This shift could be seen clearly in the videotapes, which the authors would be pleased
to lend to interested readers. Further increases in V;/V,, cause the disappearance of
the lower trailing vortex and the formation of a (ground-plane-to-)inlet vortex, as
indicated in figure 19 (b). In summary, the movement of the inlet lip separation points,
and the formation of the inlet-vortex—trailing-vortex system are interrelated and
dependent on the ratio V;/V,, of tunnel velocity to inlet velocity. For low V;/V_ no
inlet vortex exists, and two counter-rotating trailing vortices are present, but as
Vi/V, increases the flow field evolves into an inlet-vortex—single-trailing-vortex
configuration.

5.2. Kaxperiments with twin inlets: the role of the ground boundary layer

We have focused so far on the overall features of the inlet-vortex system. Another
question concerns the role of the ground boundary layer. It is true that the ground
boundary layer can be the source of the vorticity that must exist in the core of the
inlet vortex, and which is convected along the axis of the vortex into the inlet.
However, the overall features of the velocity field outside of the viscous regions might
not be expected to be greatly dependent on the characteristics of this ground
boundary layer, or even, perhaps, on whether there is a ground boundary layer.
To investigate this, we examined a twin-inlet configuration (one above the other)
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Ficure 19. Flow regimes at ‘low’ (e.g. < 5) and ‘high’ (e.g. = 20) values of V;/TV . Inlet at 90°
of yaw in an irrotational upstream flow (S denotes approximate location of region of separation
at rear of inlet): (a) low V;/V,; (b) high }j/ V.

Ground plane

in an irrotational flow (figure 20). The inlets were tested at 90° as well as at 270° angle
of yaw (i.e. facing in the opposite direction). They were located at the centre of the
tunnel far from the walls. The centerline ‘height’ to diameter ratio for each inlet was
14 (i.e. the centre-to-centre distance was 2-8), as with the single inlet. The inlets were
geometrically identical and the (downstream) resistance characteristics of each were
made high enough so that the flow would have a plane of symmetry between them
at the same geometrical position as the ground plane. Flow visualization showed that
the streamlines were indeed quite symmetrical with respect to this plane. The
replacement of the ground plane, and its boundary layer, by this (inviscid) plane of
symmetry thus allows us to study inlet-vortex formation with no ambient vorticity
upstream of the inlet.

The investiation of the twin-inlet configuration at 90° of yaw revealed a steady,
strong, clockwise (when viewed looking up at the tunnel) vortex, which stretched
between the two inlets. A trailing vortex was evident from the outside of each of the
inlets. The inlet vortex entered the top (bottom) inlet at approximately 6:00 (12:00),
with a clockwise (counterclockwise) sense of rotation when viewed looking into the
inlet. The centre of the vortex core was at times quite apparent owing to cavitation
along its length.

The streamlines for this configuration were as sketched in figure 21, which also
shows the relative scale of the trailing vortex and of the vortex between the inlets.
The overall flow field for each inlet was thus similar to that for the single-inlet
situation. A schematic of the vortex lines for the flow past twin inlets is shown in
figure 22. It can be seen that there is indeed an overall analogy with the vortex system
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Ficure 20. Vortex core extending between twin inlets at 90° of yaw in an irrotational upstream
flow (photograph of hydrogen-bubble flow visualization).

Inlet
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FicUgre 21. Streamlines associated with twin inlets at 90° of yaw in an irrotational upstream flow
(drawn from hydrogen-bubble flow visualization).

Trailing vortex
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Flow

Frourg 22. Schematic of vortex lines for twin inlets at 90° of yaw in an irrotational upstream flow.

of a finite wing, although, as discussed below, the details of the processes responsible
for the generation and maintenance of the vorticity in the core that stretches between
the inlets are quite different from those occurring in the case of the wing. The
circulation around the inlet was found to vary with axial distance from the inlet lip,
as in the single-inlet configuration.

Tests were also carried out with the twin inlets facing the opposite way (i.e. at 270°
of yaw). A reversed, but otherwise similar, vortex system was found, again indicating
that the phenomenon is not due to ambient vorticity, but rather to the asymmetry
produced by the inlet flow.

In examining the twin-inlet configuration, a further question arose concerning the
source of the vorticity in the vortex core between the inlets. Specifically, the flow
visualization showed that at steady-state conditions there was no flow of vortical fluid
into this vortex from the boundary layers on the inlets. The vortex cores were thus
surrounded only by (irrotational) fluid that had come from upstream. In the cores,
however, there is a continual convection of vorticity along the axis away from the
symmetry plane and into both inlets (the flow along the axis could readily be seen
with the hydrogen bubbles). Thus one can inquire how the vorticity in the core is
maintained in the light of this convection, as well as what the mechanism is by which
it initially appeared.

In order to answer this, as suggested by Marble (1981 personal communication),
the inlet configuration was investigated under transient conditions. These con-
sisted simply of turning the pump on or off. In both these cases the final value
of pump flow, although not the steady-state flow pattern around the inlet, was
established in a time of approximately a second, which is a time comparable to, but
somewhat longer than, the timescale H/V_,, for convection past the neighbourhood
of the inlet with the free-stream velocity V,, (for the double inlets H/V, ~ 0-5-1 s,
depending on the precise conditions). However, the flow visualization showed that
the vortex formation occurred mostly after the pump start-up, with the flow
achieving a steady state in a time of the order of 10 H/V.

In this set of experiments there is no ambient vorticity and no ground boundary layer.
The vorticity is only created by viscous effects, and the source of the vorticity in the
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core must therefore be the boundary layer on the outside of the inlet (i.e. of the
Plexiglas pipe). The observations showed that the vorticity comes from this outside
surface during the formation process only.

The flow visualization showed that the vortex core started to form just downstream
of the inlets, and then strengthened and moved to a position between the inlets as
the steady state was approached. The large time needed to form the vortex
completely may be due to the time required for the fluid in the boundary layer to
be shed into the wake region and then for this slow moving fluid to be convected
back upstream. When the flow through the inlet was stopped, the process was much
more rapid, the vortex detaching from between the inlets and bursting in the region
just downstream of the inlets in a time of roughly several H/ V..

It is emphasized that once a steady state is attained there is no further convection
of vorticity into the core from surrounding fluid. The convection of vorticity out of
the region between the inlets (and into the inlets) must thus be balanced by a
production of vorticity in this region, due to the stretching of the vortex filaments
in the core.

The process can be looked at in several ways. From a local standpoint it can be
regarded as a balance between the effects of viscosity, which tends to diffuse the
vorticity, and of convection, which tends to inhibit the growth of the regions of
rotational flow. In a steady state, the two must be in balance. It is also useful,
however, to examine the process from a more global viewpoint. Consider a cylindrical
control volume 7 surrounding the inlet vortex, as shown in figure 23. An expression
for the rate of change of vorticity within this fized control volume 7 is derived in the
appendix. This is

ng(t)d‘r=J.((D.V)Vd‘r—f(ﬁ.V)(z)ds—vfﬁX(qu))ds, (7)
7 o an T am

where s is the fixed surface bounding 7, and fi is the normal to s. The three terms
on the right-hand side represent (I) the production of vorticity within the volume,
(11) the convection of vorticity out of the volume, and (1IT) the diffusion of vorticity
out of the volume. If we take the radius of the control volume to be large enough
so that viscous effects are negligible on the curved sides, then, in a steady state, there
is a balance between convection out through the top and bottom, diffusion across
the top and bottom surfaces, and production within the volume.

If we examine the order of magnitude of the terms in the integrals on the right-hand
side of (7) we find that the ratio of the third term (11T) to the first (I) is

R R / L‘Eﬂ nR*H,
where w, is an average value of the vorticity in the core. L is the relevant lengthscale
over which the vorticity varies in the direction along the vortex axis. V is a
representative velocity in this direction and R is the radius of the core. If we
substitute H for L and V,, for V' (this latter is most likely an underestimate) as rough
estimates of the terms, this ratio becomes v/RV,_, which is between 102 and 102
for the present set of experiments. Thus the balance is essentially between the
production of vorticity within the volume and the convection of vorticity out of the
volume. A related illustrative example of this type of balance is given in the appendix,
where (7) is applied to the simple case of an infinite vortex strained linearly along
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Ficure 23. Cylindrical control volume around vortex core for twin-inlet configuration.

its axis. In that situation, an exact solution to the Navier-Stokes equations exists,
so that the form of the different terms can be specified explicitly.

We summarize the content of the preceding several paragraphs. In this second
mechanism of vortex formation, ambient vorticity does not play a role. The vorticity
in the core of the vortices is produced initially by the action of viscosity in the
boundary layers on the outer surfaces of the inlet. Once the vortex is formed, however,
there is no longer any vorticity convected into the core; the vorticity needed to
maintain it is produced by the extension of the vortex filaments in the core. Thus
the presence of a ground boundary layer (or ambient vorticity) is not necessary for
the formation of an inlet vortex.

6. Discussion

In the preceding we have presented two different mechanisms for inlet vortex
formation. The first of these, the intensification of ambient (i.e. far-upstream) vertical
vorticity, is essentially an inviscid phenomenon, with the role of viscosity being
primarily to limit vorticity amplification in regions of high rates of stretching. It thus
appears that many of the overall features of this type of low may be able to be
predicted using an inviscid caleulation procedure, perhaps coupled with an approxi-
mate description of the effects of viscosity.

In the second mechanism the appearance of an inlet vortex is linked directly to
the variation in circulation along the length of the inlet. Viscous effects are much more
central in creating this type of flow. since the circulation distribution round the inlet
is determined by the separation of the three-dimensional boundary layers on the outer
surface of the inlet. In most practical inlets there are no salient edges that set these
separation points as there are in flow past a wing, flat plate, etc., at an angle of attack.
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Finding the circulation therefore involves a calculation of the three-dimensional
pressure field round the inlet, as well as of the locations of the boundary-layer
separation lines. This is complicated, since in the situation of interest there can be
a strong interaction between the viscous and inviscid parts of the flow field.

Although carrying out this type of calculation is beyond the scope of this study,
some general comments can be made that address the questions raised in §2.1. First,
the experiments were carried out at cylinder Reynolds numbers, based on mean
tunnel velocity and inlet outer diameter, of 6000 or less. Consequently the flow around
the inlets can be taken to be suberitical (this is also indicated by the wake width and
location of the separation points in regions far from the lip). For an actual
wide-bodied-aircraft engine inlet in cross-wind the Reynolds number, assuming a wind
velocity of 4 m/s and an inlet outer diameter of 3 m, is 8 x 10°, which puts it above
the value for transition to the supercritical regime, based on a two-dimensional single
cylinder. In this regime the upper and lower separation points are closer together than
in the subcritical regime. The potential for movement of these points, and hence
changes in circulation, may thus be less for the actual inlets than in our experiments.

Secondly, based on the ideas about the two mechanisms, we can attempt to
reconcile the various observations that have been made. It should be clear that for
an inlet at zero yaw it is the first mechanism, amplification of ambient vertical
vorticity, that is responsible for the inlet vortex. On the other hand, for an inlet in
an irrotational cross wind it is only the second mechanism, the axial variation of
circulation round the inlet, that is relevant. For the cross-wind experiments with
shear, however, both mechanisms are interacting. It is an oversimplification to say
that the two effects are additive, but one might expect that when the two mechanisms
are competing there would be less tendency to form a vortex than when the two are
complementing each other. Experiments to examine this interaction between the two
mechanisms were not carried out, and we will only comment that in the particular
cross-wind cases studied the second mechanism was the dominant one, although it
should be true that there will be other combinations of shear and yaw angle at which
the first mechanism is the most important.

Finally, there are several areas yet unresolved. The foremost is the quantification
of the fluid-dynamical processes that set the circulation round the inlet and hence
that determine the strength of the vortex generated by the second mechanism. If
this can be done. one is then in a position to estimate which of the two mechanisms
is important in a given situation, as well as how serious the vortex problem will be.

7. Summary and conclusions

Two basic mechanisms of inlet-vortex formation have been investigated experi-
mentally and theoretically. The experimental study was conducted with a model inlet
in a water tunnel using hydrogen-bubble flow visualization, while the theoretical
investigation was based on a secondary-flow approach to calculating the three-
dimensional vorticity field associated with this phenomenon.

The first of the two mechanisms is associated with the production of a vortex in
a rotational flow that has a vertical component of ambient vorticity. It is the
amplification of this vertical component (by stretching) as the vortex lines are drawn
into the inlet that is responsible for the formation of an inlet vortex. The features
of this amplification are shown by the calculations, which reveal that the three-
dimensional motion (drift) of far-upstream vertical vortex filaments into the inlet
results in a strong coneentration of these filaments around the stagnation streamline
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in front of the inlet. It is also found, however, that the presence of ambient vorticity
is not essential for the generation of a vortex, and there is another, entirely different,
mechanism for vortex formation. This second mechanism appears not to have been
recognized previously. It can give rise to an inlet vortex in a flow that is (upstream)
irrotational, for an inlet in cross wind. Associated with the inlet vortex in this
situation is a variation in circulation along the length of the inlet and thus a trailing-
vortex system.

An important parameter in determining the appearance of an inlet vortex is the
ratio of inlet velocity to upstream velocity. In the first mechanism this ratio is
important in the determination of the stretching incurred by a vertical vortex line
and hence the vorticity amplification. In the second mechanism this ratio has a strong
effect on the separation points on the inlet; consequently, it controls the inherent
three-dimensionality of the flow directly, and, in particular, the circulation distri-
bution along the inlet.

The experiments were carried out with an inlet and ground plane as well as with
a twin-inlet configuration. The latter series of tests show that a ground boundary layer
is not needed for the formation of an inlet vortex. Further, they present a situation
in which an examination of the transient start-up process is extremely useful for
understanding the fluid mechanics of the eventual steady state that is produced.
Finally, they provide a clear illustration of the balance that can occur between
vorticity production (by straining) within a fixed volume and the convection and
diffusion of vorticity out of the volume.
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Appendix. Changes of vorticity in a volume of fixed identity

In this appendix we derive an expression for the change of vorticity in a volume
of fixed identity and apply this to a simple example, a vortex strained along its axis.
We consider a constant-property fluid with no non-conservative body forces. For this
situation, the curl of the momentum equation is

Ow

E—Vx(me)=VVx(V><m). (A1)
In (A1) ® is the vorticity, V is the velocity and v is the kinematic viscosity.
Integrating (A 1) over a fixed volume 7 bounded by a fixed surface s gives

J1—aat£)dT=J.VX(vxm)dT+l’J.VX(me)dT' (A 2)

T 7
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This can be written as

gt'[mdrzf (ﬁ.m)Vds—f (ﬁ.V)mds—vJ A x(Vxo). (A 3)
’ RS T BIeI

Applying the divergence theorem to term (I), we obtain the desired expression
for the rate of change of vorticity in a fixed volume 1.

sloa=[@uva-[ @ Viedsr | ax@xms @y

@) (1) (III)

The three terms show: (I) the production of vorticity inside the fixed volume by the
stretching and ‘tipping " of existing vortex lines; (IT) the convection of vorticity out
of the fixed volume through the fixed surface s; and (I11) the diffusion of vorticity
by viscous effects at the surface.

In the context of the present problem, it is of interest to apply (A 4) to the case
of a vortex stretched along its axis at a constant strain rate f. As shown by Marble
(1981 personal communications) (see also Batchelor 1967), this situation leads to an
exact solution of the Navier-Stokes equations. With the geometry shown in the lower
left on figure 23, the axial velocity V,, the tangential velocity V; and the radial
velocity V, can be expressed as

Vo= e Vo=g—l1—exp (—pr/a), ¥, =4pr. (A5e), (A5D), (450)

where £ is a constant and I' is the circulation. There is only an axial component of
vorticity, whose magnitude is

w, = gexp (—prE/4v). (A 6)
Substituting (A 5a—c) and (A 6) into (A 4) for a steady flow yields

0 = 2nk 'rl fR Ff exp (—fri/4v) r dr dz—2mhk '[R %exp (—pr2/4v) rdr

I) (I1a)
+hpR?T exp (— fR?/4v) k—hTBR? exp (—pR2/4v) k. (A7)
(115) (I11)

Equation (A 7) illustrates, for this particular situation, the balance between the
production of vorticity and the convection of vorticity through the top 4 of the
cylinder shown in figure 23, in terms (1) and (IIa), and the diffusion out and
convection of vorticity in through the sides B of the cylinder, in terms (115) and (111).
Note that, if the radius of the cylindrical control volume is taken to be large enough
so that B is outside the region affected by viscosity, and hence terms (115) and (I11I)
are negligible, the balance becomes one of production (inside) and convection through
A, which is similar to the condition described in the body of the paper.
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