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The laminar horseshoe vortex
By C. J. BAKER

Cambridge University Engineering Department
(Received 13 November 1978)

The horseshoe vortex formed around the base of a cylinder by a separating laminar
boundary layer has been investigated experimentally. Smoke flow visualization shows
that both steady and unsteady vortex systems exist. Pressure distributions beneath
both types of vortex system have been measured and the variation of the horseshoe
vortex position on the plane of symmetry upstream of the cylinder has been deter-
mined. Unsteady horseshoe vortex systems are shown to have a complex oscillatory
behaviour and the nature of this oscillatory behaviour is described. Using smoke flow
visualization techniques some measurements have been made of the velocity distri-
butions within horseshoe vortex systems.

1. Introduction

If a cylinder is placed on a wall over which there is a fluid flow with its axis
perpendicular to the wall, this cylinder produces pressure gradients in its vicinity. The
boundary layer on the wall upstream of the cylinder is in a region of adverse pressure
gradient and some distance upstream of the cylinder this boundary layer will undergo
a three-dimensional separation. The separated boundary layer rolls up downstream of
the separation line to form a system of vortices. This vortex system is swept around the
base of the cylinder and assumes a characteristic shape which has led to its name — the
horseshoe vortex. Such a system is shown in figure 1 (plate 1) [taken by E. P. Sutton
and printed in Thwaites (1960)] on the plane of symmetry ahead of a 7-6 cm diameter
cylinder, 3-8 cm in height. The flow is from left to right and the vortex system is made
visible by filaments of smoke injected into the flow. Several vortices are visible up-
stream of the cylinder. Such a vortex system is formed by a separating laminar bound-
ary layer, but similar systems are formed by separating turbulent boundary layers.

Such flows exist in many situations. For example a horseshoe vortex system will be
formed at the junction of an aeroplane wing with the fuselage. Such a system will also
form at the junction of plate and support in a plate heat exchanger. A horseshoe vortex
gystem will produce high wall shear stresses beneath it, and if such a system is formed
around an obstacle on an erodible bed (for example, around a bridge pier in the sand
bed of a river), these high shear stresses will cause the bed to be eroded and a scour
hole to form around the base of the obstacle. This effect may also be seen around a
telegraph pole surrounded by a snowdrift.

A considerable amount has been written about the various aspects of horseshoe
vortex systems. A complete literature review is not presented here, and the interested
reader is referred to Baker (1978). [This paper, in fact, reports some of the findings of
the experimental investigation of Baker (1978), who discusses, in some detail, turbulent
horseshoe vortices and scour around bridge piers in ariver bed.] However, one previous
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Ficure 2. Schwind’s experiment: (a) regime 1; (b) regime 2; (¢) regime 3; {d) regime 4; {(e) regime 5.

experimental investigation will be described here; that of Schwind (1962). For this
investigation a specially built low speed wind tunnel was used, and laminar horseshoe
vortices were observed in front of a 60° wedge which divided the wind tunnel into two.
Very detailed observations were made of the flow using smoke introduced into the flow
upstream of the wedge, for speeds between 0-16 m s~'and 1-33 m s~1. Schwind observed
five types of vortex regimes (figure 2). At the lowest speeds used he observed flow of the
‘regime 1’ type, which he described as ‘a steady separation with no vortices visible’.
This description seems a little misleading. If the flow does separate upstream of the
wedge, then downstream of the separation line, there will be a flow in the upstream
direction, which implies some form of vortex behaviour. Perhaps it would be more
correct to say that in ‘regime 1’ type flow only a very weak, slowly rotating vortex is
formed, that is observable only on the plane of symmetry. As the flow velocity was
increased, flow of the ‘regime 2’ type was observed, with a single steady clockwise
rotating vortex and a small triangular-shaped counter-rotating vortex visible. The
need for velocity gradients to be continuous implies that a second vortex rotating in
the same direction as the main vortex must be present upstream of the small counter-
rotating vortex, although this was not observed by Schwind for flows of the regime 2
type. When such a vortex was observed Schwind defined this as ‘regime 3’ type flow,
which appeared as the velocity increased. A second small counter-rotating vortex was
also observed in this type of flow. As the velocity was further increased the two clock-
wise rotating vortices were seen to start to oscillate, the amplitude increasing with the
velocity. In flows of ‘regime 4’ and ‘regime 5’ types, which occurred at yet higher
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velocities, regular oscillatory motion was observed with the main vortex apparently
becoming isolated from the rest of the vortex system and moving towards the wedge,
then moving back upstream. For ‘regime 4’ type flow the vortex was seen to combine
with the second vortex, while for ‘regime 5’ type flow it was seen to pass beneath the
second vortex. Since this vortex could not pass out of the separated region it pre-
sumably combined with an unobserved third clockwise rotating vortex.

Schwind pointed out that, although the flow passed from regime 1 to regime 5 types
as the velocity increased, the velocity at which the flow changed from one regime to
another was by no means well defined and different flow regimes could exist at one
velocity. From pulsed smoke observations, Schwind obtained some not very accurate
measurements of the velocity within the horseshoe vortex system, for steady vortex
systems. From ciné film analysis he obtained much information on how the vortex
position changed with time for unsteady systems, both on and off the plane of sym-
metry. He also attempted to find how the vortex position varied with the various
flow parameters, and how the oscillation frequency varied for unsteady systems.
However, he met with little success.

In the experiments described in this paper extensive flow visualization experiments
were carried out to describe in detail the flow upstream of circular cylinders mounted
on a wall on which a laminar boundary layer is growing, with its axis perpendicular to
the wall. Both steady and oscillating vortex systems were observed. Pressure distri-
butions were measured on the plane of symmetry upstream of the cylinders. The nature
of the oscillating vortex systems was investigated in some detail. Measurements of the
velocity distributions within the vortex systems were also made.

In this paper a Cartesian co-ordinate system (z, ¥, z) will be used: z, the streamwise
co-ordinate, is measured from the origin (at the intersection of the cylinder axes and
the wall on which the cylinders are mounted) in a downstream direction; y is measured
from the origin in a direction perpendicular to the wall; z is measured from the origin in
a direction which is consistent with the directions of # and y and the right-hand rule.
The velocities in the z, y and z directions are u, v and w respectively.

2. Dimensional analysis

If, in a horseshoe vortex system around an obstacle formed by the separation of an
incompressible laminar boundary layer, z, is the distance from the obstacle centre to
the centre of the vortex core on the plane of symmetry, then one may write

x, = fn (Ds l: Uya*,H,u;,,Uf,P), (2-1)

where D is the obstacle diameter and ! the obstacle height. U is the freestream fluid
velocity, and 8* and H are, respectively, the boundary-layer displacement thickness
and form parameter at the obstacle position when the obstacle is not in position. u,, is
the distribution of turbulence within the oncoming boundary layer, and # and p are the
fluid viscosity and density respectively.

Non-dimensionalizing (2.1) gives

z
2 =1n

7 (2.2)

UD D D . u,
(T’ T’FH’ﬁ)’

where v(= u/p) is the kinematic viscosity.
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Similarly if z, is the distance from the obstacle centre to the separation line upstream
of the obstacle on the plane of symmetry one may take z,/D to be a function of the
dimensionless groups of equation (2.2). Also it will be shown in §4 that for some values
of the flow parameters horseshoe vortex systems exhibit regular oscillatory behaviour.
If f is the frequency of such oscillations then one may also take the Strouhal number
fD/U to be a function of the dimensionless groups of (2.2).

In the following sections the variation of the dependent dimensionless variables
(z,/D, x,/D and fD/U) will be considered for several different obstacle shapes. For all
the obstacles used D/l is small (= 0-21 for the quantitative parts of the investigation,
§§5, 6 and 7) and it will be assumed that the values of the dependent dimensionless
variables do not depend on this dimensionless group. Also it will be seen that the form
parameter H does not vary greatly (§3) and it will be assumed that such small varia-
tions do not affect the dependent dimensionless variables. Further the variations of the
turbulence distribution throughout the boundary layer will not be considered. (It will
be shown that the only significant variations in the turbulence distribution occur at the
higher velocities used.)

Thus for a horseshoe vortex system caused by a separating laminar boundary layer
we are left with

%, % fD_ ¢ (UD D)_ (2.3)

n____—
p ' 0%

In the following sections the dependent dimensionless variables will be plotted in the
UD/v against D/8* plane.

3. Experimental apparatus

In this section only an outline of the experimental apparatus is given. Full details
are given by Baker (1978).

(a) Flow visualization. Flow visualization was carried out in a smoke tunnel with a
cross-section of 30-5 by 15:3 cm. A 7:6 cm diameter cylinder, 3-8 cm in height, was
mounted on a flat plate on the centre-line of the tunnel working section. The values of
the non-dimensional variables quoted for tests in this tunnel (§§4 and 8) should only
be regarded as approximate because of wall interference effects [see Baker (1978)].

(b) Pressure measurement. Measurements of the pressure distribution upstream of a
6-35 cm diameter cylinder, 30-5 cm in height, were made with the cylinder mounted on
the wall of Number 1 8 Wind Tunnel (with a cross-section of 51 x 71 cm). The wind-
tunnel wall boundary layer was removed through a suction slot inserted into the wind-
tunnel wall upstream of the cylinder. A laminar boundary layer therefore grew on the
wind-tunnel wall between the suction slot and the model. By placing the cylinder and
suction slot at different positions relative to one another, the cylinder could be posi-
tioned in regions of different boundary-layer characteristics. How these character-
istics vary with the tunnel speed at the various suction slot positions used is shown in
figure 3. It can be seen that the form parameter H is approximately equal to the value
for boundary-layer growth on a flat plate in zero pressure gradient (2-59), to within
experimental error. Also it was found that the turbulence level within the boundary
layer did not exceed 19, of the freestream velocity except at the higher speeds used
(over 3 m s-1),



Laminar horseshoe vortex 351

100 L 1 [ | 1 L 1 11111

_ \A\A -
E - ~ \ ! B
2 :0\4- A\A
. - XN + \A [~
© \ONQ+ ~a

- + ~a -

U(ms™)

Figure 3. Boundary-layer characteristics. x , Suction slot position 1, H = 2-56; O, suction plot
position 2, H = 2-69; 4, suction slot position 3, H = 2:61; A, suction plot position 4, H = 2-79.

The pressure on the plane of symmetry upstream of the cylinder was measured
successively at each of six pressure tappings, placed 2 cm apart. The cylinder could be
traversed 2 cm along the wind tunnel wall, so a continuous pressure distribution could
be obtained.

(¢) Measurements of vortex oscillations. These experiments were again conducted on
the wall of 1 8 Wind Tunnel, upstream of the 6-35 cm diameter cylinder. DISA hot-wire
‘u’ probes were inserted through a small hole in the wind tunnel wall beneath the
horseshoe vortex system, so that the tips of the probes just extended into the flow.
DISA bridges and linearizers were used to analyse the signals from the probes, which
were recorded on a Racal T3000 tape recorder. Spectral analyses were carried out on
the Cambridge University Engineering Department’s ‘@’ mini-computer.

(d) Velocity measurements. Velocity measurements were made upstream of a 7-6 cm
diameter cylinder, 3-8 cm in height, mounted on a plate in the smoke tunnel. Smoke
filaments were filmed at 64 frames per second as they entered the horseshoe vortex
system. A frame-by-frame analysis of the films was then carried out and, by measuring
the difference in position of the ends of the smoke filament between successive frames,
the flow velocity within nearly all the regions of the vortex system could be determined.

4. Flow visualization results
4.1, General description of horseshoe vortex flows

Figure 1, taken from Thwaites (1960), shows a photograph taken by E. P. Sutton in
the smoke tunnel used for flow visualization experiments in this investigation. It
shows the flow pattern on the plane of symmetry upstream of a short cylinder on a
plate, formed by the separation of a laminar boundary layer. The reflexion of this
flow pattern in the plate can also be seen.

Figure 1 is typical of the flow patterns seen in the smoke tunnel at the lower speeds
used. There are at least three vortices rotating in the clockwise direction and two
smaller vortices rotating in the opposite direction. The exact number of vortices was
seen to depend upon the flow speed and cylinder size, more vortices appearing as the
speed increased. With a 7-62 cm diameter cylinder in the tunnel, above a certain flow
speed (approximately 0-65 m s~1) the entire horseshoe vortex system began to oscillate



352 C. J. Baker

So
0
1
SP] )
. S
— 2 g /4
5 A, S] Ao
(€]
j"/’//flﬂa@ 6/ So
5 Ao

(c)

Freurg 5. Streamline patterns: () Six vortex system; (b) four vortex system; (¢) two vortex
system. S, separation line; 4, attachment line; SP, stagnation point.

in a regular manner with the two largest clockwise rotating vortices moving towards
one another and apart again. At higher speeds (above approximately 0-8 m s~1) the
largest clockwise rotating vortex ceased to be fed by smoke during part of the oscilla-
tion period and seemed to become detached from the rest of the vortex system. At still
higher speeds (above approximately 1-4 m s—2) the flow appeared to be very unsteady
and turbulent and showed no traces of periodicity. These steady and oscillating horse-
shoe vortex systems will be discussed in more detail in the following sections.

4.2. Detailed description of steady horseshoe vortices

Consider the horseshoe vortex system that is shown in the photographs of figure 4
(plate 2). The filament of smoke that feeds into the vortex system is being moved
closer to the plate on which the cylinder is mounted as we proceed from figure 4 (a) to
figure 4 (g). When the filament just begins to flow into the vortex system, it flows into
a small anticlockwise rotating vortex formed by separation of the flow from the face
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FIGURE 6. Variation in vortex number ( x indicates the position of experimental observation in
UD/v, D/é* plane). D/l = 2-0.

of the cylinder. The smoke filament passes around the base of the cylinder (figure 4a).
We will call this vortex ‘vortex 0’.

As the smoke filament moves closer to the plate, it flows down the face of the
cylinder, then along the plate away from the cylinder and into a small triangular
vortex. This vortex assumes a horseshoe shape around the side of the cylinder. We
will call this vortex (for reasons that will become apparent later) ‘vortex 1°’ (figure 45).

As the smoke filament moves still closer to the plate, it flows away from the cylinder,
over vortex 1’ and into a small flattened vortex rotating in the same direction as
vortex 1’. We will call this vortex ‘vortex 2'’ (figure 4c¢).

As the movement of the smoke filament continues, the smoke flows into a large
vortex, rotating in a clockwise direction and situated between vortex 1’ and the
cylinder. This vortex will be referred to as ‘vortex 1°, or the primary vortex (figures
4d and 4e).

With the smoke filament still closer to the plate, the smoke flows into two further
vortices rotating in the same direction as vortex 1. The one closer to the cylinder will
be referred to as ‘vortex 2’, the one further away as ‘vortex 3’ (figures 4f and 4g).

The order of ‘feeder layers’ for vortices 2 and 3 is not very clear from the photo-
graphs but it appears from these figures that as the smoke filament moves towards the
plate vortex 3 is fed first, then vortex 2 and when the smoke filament is right next to
the surface of the plate vortex 3 is fed once more. The streamline pattern that can be
inferred from these photographs is shown in figure 5 (a).

This type of vortex system is an example of a six vortex system, which was the most
complex system observed in the smoke tunnel. Four and two vortex systems were also
observed under different flow conditions and the streamline patterns observed are
shown in figures 5(b) and 5(c). Also in this figure the various separation lines (S, §,,
8, 8,), attachment lines (4,, 4,, 4,) and free stagnation points (SP1, SP2) are shown.

Figure 6 shows how the number of vortices varies with the flow parameters, deter-
mined from observations around cylinders of various sizes. (The value of §* was calcu-
lated from the Blasius formula.) It can be seen that the number of vortices that were
observable increases as UD/v and D/dé* increase.



354 C. J. Baker

/3\ -+ 0-05
4-5-6
10-1, 2, \7‘8'?
0= i i —
g 12,5 “Yamt3q°
78 414
\ / Vortex 1 F
12—1 653 2
\ =
Teg gt Vortex 2 -
Vortex 3
T T T T T 0
-10 -0-5
x/D

Fi1gure 8. Variation of vortex position (from figure 7, plate 3).

“--—="
~

[ R ‘\_____. S~
v

— B

(a) (b)

Fieure 9. Potential vortex approximation: (@) image systems; (b) the influence
of vortex 1’ on vortex 2.

4.3. Detailed description of oscillating horseshoe vortex systems

In this section the photographs of an oscillating horseshoe vortex system shown in
figure 7 (plate 3) will be considered. In these photographs, taken from a positive
ciné film, smoke appears black against a white background. The primary vortex (1)
initially moves towards the cylinder (frames 1 to 9) and the smoke filament to it is cut
80 it appears to become isolated. Then it moves back upstream and entrains smoke
from the outer layers of the secondary vortex (2) (frames 10 to 14) until the initial
flow pattern is re-established. It is not possible to determine whether vortex 1 does
cease to be fed by any fluid as it moves towards the cylinder, or whether the smoke
filament is cut and vortex 1 simply seems to become isolated.

The paths taken by vortices 1, 2 and 3 during one oscillation are shown in figure 8.
It is instructive to consider the vortex system to consist of potential vortices and their
images (in a manner similar to Schwind (1962)) and to analyse the movements of
figure 5 in this light (figure 9a). As vortex 1 is convected downstream (frames 1 to 9) it
becomes influenced to a greater extent by its image in the eylinder and thus moves
down towards the plate. As it moves closer to the plate it becomes influenced more and
more by its image in the plate and thus moves back upstream where it entrains the
outer layers of vortex 2 (frames 10 to 14).
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F1aurE 10. Pressure distributions on plane of symmetry upstream of cylinders. (¢) ——, UD/v =
16130, D/é* = 65-8; ———, UD/v = 7890, D/é* = 44-6; —-—, UD/v = 4790, D/§* = 33-8.
() , UD/v = 3840, D/é* = 30-5; ——-, UD/v = 2940, D/é* = 26:3; —— —, UD/y = 2050,

D/é&* = 21-7. The arrow indicates UD/v, D/8* increasing as the boundary layer thins.

As vortex 1 moves towards the cylinder vortex 1’ must move with it, since it is
caused by separation under vortex 1. Since the effect of vortex 1’ on vortex 2 is to pull
it down onto the plate (figure 9b) when vortex 1’ moves away from vortex 2, vortex 2
rises from the plate (frames 3 to 10). In a similar manner when vortex 1 (and hence
vortex 1’) moves back towards vortex 2, vortex 1’ influences vortex 2 to a greater
extent and vortex 2 moves back towards the plate (frames 11 to 14).

The oscillating flow described above is very similar to the ‘regime 4’ flow of Schwind
(§1). However, it was not possible to observe Schwind’s ‘regime 5’ flow. As the tunnel
speed was increased above approximately 1-4 m s~ (with a 7-62 cm diameter cylinder)
the horseshoe vortex system appeared to become turbulent and no regular oscillatory
motion could be seen.
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5. Plane of symmetry pressure measurements

In this section pressure distributions on the plane of symmetry upstream of the
6:35 cm diameter cylinder mounted on the wall of the 51 x 71 cm tunnel will be pre-
sented. The pressure coefficient used in this section (C,) is based upon the velocity and
pressure at the model position without the model being in position. The pressure
distributions (figure 10) are tracings of chart recorder outputs. It can be seen that
there are two types of distribution. For UD /v < 5000, the curves have minima, while
for UD /v > 5000 no minima can be seen. Similar measurements were made upstream
of a cylinder mounted on a plate in the smoke tunnel, and were accompanied by flow
visualization experiments. These experiments showed that the minima in the pressure
distributions were at the position of the primary vortex. When the pressure distribu-
tions do not show minima, then the flow visualization showed that unsteady vortex
systems existed. So for UD /v < 5000, steady vortex systems exist, and the position
of the primary vortex can be determined from plane of symmetry pressure distribu-
tions. The variation of this vortex position with the flow parameters will be discussed
in §6. For UD/v > 5000, unsteady vortex systems exist.

At the model leading edge (2/D = —0-5) C, is below 1-0. It can be seen that as
UD/vand D/8* increase C, at /D = —0-5 also increases. This can be explained in the
following manner. As the flow variables change, the vertical dimensions of the vortex
system do not change significantly. (For example, for D/l = 2-0, the free stagnation
point SP1 was found to have a value of y/D of 0-072 + 0-005 at all flow velocities, and
one of the streamlines that approached it was found to have an upstream value of y /D
of 0-115 + 0-005.) Thus as UD/v or D/§* increases and the boundary layer becomes
thinner, then the fluid that passes close to the upstream edge of the cylinder will come

from a region of higher non-dimensional velocity. Now C, at /D = —0-5 is given by
= —05) = (»@/D = —0-5)—p,)
Cy(2/D = —0-5) = 07 ) (5.1)

where the subscript 0 refers to conditions at the model position without the model
being in position. Now p(x/D = — 0-5) is approximately equal to the stagnation
pressure on the streamline passing down the face of the cylinder

px/D = —0-5) = p,+ }pul, (5.2)

where p,, is the pressure far upstream and U, is the velocity on that particular stream-
line far upstream. If one assumes that p, = p,, and U, ~ U, then we have

Cy(@/D = = 05) = (o) Us,)2 (5.3)

So as the dimensionless velocity on the streamline passing down the face of the
cylinder increases (i.e. as UD/v and D/0* increase) then C,(x/D = —0-5) will also
increase.

Also shown in figure 10 are the pressure distributions measured without the model in
position. It can be seen that the models are in a region of slightly favourable pressure
gradient.

Figure 11 shows pressure distributions ahead of the cylinder, obtained with the
suction slot in positions 1, 2 and 3. These show the variation in the pressure distribution



Laminar horseshoe vortex 357

-2:0
T T T T T T T T T T T T T T 10
-2:0 ~2-5
x/D

F1GURE 11. Pressure distributions on plane of symmetry upstream of cylinder at different suction
slot positions. (a) , UD/v = 16130, D/é* = 65-8; —~~, UD/v = 15710, D/é* = 52-6;
———, UD/y = 15380, D/é* = 42-4. (b)) ——, UD/v = 3840, D/é* = 30-5; ———, UD/v = 8710,
D/d* = 25-0; —~-—, UD/v = 3720, D/8* = 21-7.

as D /6* varies. The distributions for an oscillatory type of flow show little variation,
but, where the vortex position can be distinguished, it can be seen that the vortex
moves away from the model as D/§* decreases.

6. Variation of the horseshoe vortex position

Figure 12 shows how z,/D, the dimensionless vortex position, varies upstream of the
cylinder. Contours of z,/D are plotted in the UD /v —D/8* plane as suggested by the
dimensional analysis of §2. The values of x,/D were obtained from pressure distribu-
tions with the suction slot in all four positions. The dotted lines in the figures join
experimental points corresponding to one suction slot position. The positions of the
experimental points in figure 9 are at the position of the ‘decimal points’ of the values
of z,/D. The possible error in x,/D indicated on figure 12 is considerable since it was
not possible to determine accurately the position of the minima in the pressure distri-
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butions. It can be seen from this figure that, as UD/v increases, ,,/D increases and, as
D/8* increases, x,,/ D decreases. No pressure minima were observed for values of UD/v
above approximately 5000, and the flow visualization suggests that when UD/v is
above this value oscillating vortex systems exist.

Experiments were carried out to determine how the separation position upstream
of the cylinder varied as the flow parameters varied, since it was thought possible that
this separation position might determine the vortex position. Smoke was let into the
flow through a hole in the base of the cylinder and the separation position was taken as
being the extreme upstream position to which the smoke penetrated. It was found
that, for each suction slot position, the separation position remained constant as the
tunnel speed varied. Thus if the separation position fixes the vortex position, then one
would expect that the vortex position would not change along the dottted lines in
figure 12. This can be seen not to be the case, so the vortex position is not fixed solely by
the separation position but some other effect plays a part. What this effect may be has
not been determined.

Baker (1978) shows, using the laminar boundary-layer calculation method of
Timman (1955), that the dimensionless separation position (x,/D) upstream of a
cylinder on a flat plate depends only upon the dimensionless distance from the cylinder
centre to the plate leading edge (i.e. z,/ D). z,/ D was found toincrease asz,/Dincreased.
It can be seen from figure 12 that as D/8* decreases, at fixed UD/v, #,/D increases.
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Now for the case of a cylinder on a flat plate (from the Blasius velocity distribution)

xy UD\ (0*\2

5=03(5) (7)"

So at constant UD /v a reduction in D/§* is equivalent to an increase in x,/D, and,

as stated above, an increase in z,/D leads to an increase in z,/D. Thus as D/§*

decreases, z,/D will increase. If one assumes that the horseshoe vortex position is

largely determined by the separation position, then it is to be expected that x,/D will
also increase, as is seen to be the case.

7. The oscillatory behaviour of horseshoe vortex systems

To study the oscillatory behaviour of horseshoe vortex systems, a hot-wire probe
was placed in the flow so that its wire was 1 mm from the wind tunnel wall, with the
suction slot in position 1. Flow visualization suggests that with the probe in this posi-
tion the flow was not affected. The hot-wire output was recorded at several velocities
and spectral analyses were carried out. The spectra obtained were not repeatable, the
number and magnitude of peaks in the spectra at any one velocity varying from run to
run. The hot-wire output was then displayed on a storage oscilloscope and the situation
was clarified. At any one speed four different waveforms could be seen at different
times:

{(a) a steady trace with no oscillations;

(b) alow frequency oscillation (St = fD/U = 0-26);

{¢) a high frequency oscillation (St = 0-40, increasing to about 0-60 at higher
UD/v);

(d) an irregular turbulent trace.

Each of the above four states might exist for any length of time between 1 second and
5 minutes and the flow switched from one state to another in a completely random
manner. At the lowest speeds used, state (a) was observed more often than the other
states, but as the velocity increased state (b) became the most often observed state. As
the velocity was increased further state (¢) was observed more often and at the highest
speeds only a turbulent trace (state (d)) could be seen.

After many attempts tape recordings were made of signals of just one of the above
states, of sufficient length to enable a spectral analysis to be carried out. The spectra
obtained are shown in figures 13(a) and 13(b). Here P is the dimensionless power
spectral density. Note that the flow parameters are almost identical in both cases, but
the peaks occur at completely different frequencies. In figure 13 (a) for the dominant
peak, St = 0-26, and in figure 13(b) for the dominant peak, St = 0-36. The smaller
peaks in both spectra are harmonics of the main peaks. They appear simply because
of the shape of the waveform of the hot-wire output, which is in turn dependent upon
the exact position of the hot-wire probe in the flow.

Further tests were carried out with the suction slot at positions 2, 3 and 4. With the
suction slot at position 2, the unsteady behaviour was similar to that described above,
but with the suction slot at position 3 the lower frequency oscillations were seen only
very occasionally. With the suction slot at position 4 no regular oscillatory motion was
observed. With the slot at this position the periods of steady flow were observed at
much higher velocities than for suction slot positions 1 to 3. These periods of steady
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Fraure 13. Horseshoe vortex spectra (x/D = —0-82, y/D = 0:063, z/D = 0). (a) UD/v = 4720,
D/5* = 33-8; (b) UD/v = 4780, D/8*% = 342,

flow were interrupted by bursts of irregular turbulent flow. These bursts of turbulent
flow were probably caused by bursts of turbulence in the upstream boundary layer
passing into the vortex system.

The variation of Strouhal number with the flow parameters for both types of
oscillation is shown in figure 14. The frequencies were measured by displaying the hot-
wire output on a storage oscilloscope and measuring the distance between adjacent
peaks in the waveform, from many different output traces, and taking the average
distance between peaks to be a measure of the oscillation period. It can be seen from
figure 11 that for the high frequency oscillation (the ‘primary’ oscillation) S¢ increases
as UD /v increases, while for the low frequency oscillation (the ‘secondary’ oscillation)
St remains fairly constant. (There was a considerable variation in the oscillation
frequency at any one set of flow conditions as can be judged from the width of the
dominant peak in the spectra of figure 10.)

Schwind (1962), as stated in §1, observed two types of oscillation (figure 2). At a
speed of 0-45 m s~1 he measured a frequency of oscillation of 0-8 Hz for flows of the
regime 4 type and a frequency of 1-4 Hz for flows of the regime 5 type. Thus it could
seem likely that the high frequency or primary oscillation noted here can be identified
with Schwind’s regime 5 and the low frequency or secondary oscillation with Schwind’s
regime 4. Schwind observed that in general regime 5 oscillations occur at higher speeds
than regime 4 oscillations (although they could both occur at the same speed). This
agrees well with the results presented here where the primary oscillations persist to
much higher values of UD/v than do the secondary oscillations.

The above describes the oscillatory behaviour of the horseshoe vortex oscillations.
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Fraurg 14. Variation of vortex oscillation frequencies: (a) primary oscillations; (b) secondary
oscillations. Numbers indicate values of S¢; 4 indicates that only primary oscillations were
visible; x indicates that only secondary oscillations were visible; A indicates that no regular
oscillations were visible.

However, it does not explain what causes these oscillations. One can, however, elimi-
nate some possible causes. To test whether the wake vortex shedding of the cylinder
had any effect on the oscillations, tests were carried out with a cylinder with splitter
plate and with a streamlined model, for both of which the wake spectrum was found to
be significantly different from that of the cylinder. Results almost identical to those
described above were obtained. Also it can be seen from figure 15(a) that the Strouhal
number for the wake vortex shedding of the cylinder is approximately 0-16 at all
tunnel speeds, which bears no relationship to the observed frequencies of oscillation
of the horseshoe vortex systems. Thus it appears that one can eliminate wake vortex
shedding as a possible cause of the oscillations.

Figure 15(b) shows the speed of rotation of the wind tunnel fan non-dimensionalized
using the cylinder diameter and the wind-tunnel freestream velocity, plotted against
a Reynolds number based on cylinder diameter. Again the Strouhal number bears no
relationship to the Strouhal number of the vortex oscillations. In fact this Strouhal
number decreases with Reynolds number while the Strouhal number of the vortex
oscillations increases with Reynolds number. So it would appear that these oscillations
are not affected by any disturbances caused by the fan.

Now consider the spectrum shown in figure 15(c). This shows the spectrum recorded
in the boundary layer on the wind-tunnel wall downstream of the suction slot, at the
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FIGURE 15. Sources of disturbance in wind tunnel: (@) cylinder vortex shedding; (b) variation in
fan speed; (¢) undisturbed boundary-layer spectrum. (UD/v = 4750, D/§* = 340, y/D = 0-063.)

same flow conditions as for figure 10 but with the cylinder not in position. The spectrum
shows a large d.c. peak together with several other peaks. However, these peaks do
not correspond to either of the horseshoe vortex oscillation frequencies at this speed.
In fact two of the dominant peaks on this spectrum, the ones at 9-4 and 18:8 Hz,donot
change their position as the tunnel speed varies. This would suggest that they are
related to an oscillation frequency of the wind-tunnel structure. Soit would appear that
any disturbances present in the boundary-layer upstream of the model do not affect
the horseshoe vortex oscillations.

Thus having eliminated all the above possibilities for the case of vortex oscillations
the author can see only one explanation for these oscillations; that is, at certain values
of UD/v and D/é* the horseshoe vortex itself becomes unstable for some reason, and
begins to oscillate in one of two ‘natural’ modes, the higher frequency mode becoming
more dominant as the Reynolds number increases.



Laminar horseshoe vortex

02
(c,d) (el,f) (g.h) (i,f)
] I 1
(») - 3
1 ! =
! ‘M i
[ — i
— ]
— ] ——r (D
t “'4:@»— C'J)\k—— 0
T T 1 1 1
~15 -0-5
x/D
(a)
7] x
x
X
X
02 X
x
x
3 ;
= x
x
;X
.
— 1 T
0 1-0
u/U
)
— x - X
x X
X x
x X
02 - 02 x
x x
s | s |
x x
,‘K
x o
% p
‘ — T
0 10 0 02
u/U /U
) (d)
- \ - X
x
X
X . b3
02 < 02 X
Q X 2 x
= , ) x
x *
- < h
x
e x
$ 3
i i
1———4——1——| -1 1 T
0 10 0 02
u/U o/U
(e} (60

F16URrE 16 (a—f). For caption see next page.



364 C. J. Baker

— X —
X
x
02~ - 024 . *
Q & 2
= Q
~ . X = x
x
b
X
o 1 7 1 T T ™
-1-0 0 1-0 —-0-2 0 0-2
ufU v/U
(8) (h)
x x
- : 4
¥ X
0-2 x 0-2 -
x
3 : S
= d BN
v d
x x
x
x X ¥ ;x
Mxoxx
V ¥ i T T 1 i L
—-1-0 0 10 -0-2 0 02
u/U v/U
(i) 0
. 0-5
01 X x/D < * x
< X 05 <" 07
o N = 0 1l 1
I x T X x ! = 5 «
—0-5 xR 07 % L XY I‘
01 x/D —-05 *

) (0}

Firaure 16. Velocity profiles (UD/v = 2610, D/6* = 14-8). (a) The positions of the profiles
d)~(2). (b) /D = —1-15; (¢,d) /D = —0:87; (¢, f) /D = —0-79; (9, h) x/D = —0-73; (3,5) /D =
—0-66; (k,1) y/D = 0-06.

8. Velocity measurements in the smoke tunnel

Velocity measurements on the plane of symmetry upstream of a cylinder in the
smoke tunnel are shown in figure 16, for UD/v = 2610, D/§* = 14-8. The sections for
which velocity profiles are presented are shown in figure 16 (a). The velocity profile in
a direction parallel to the plate for a section perpendicular to the plate, upstream of the
vortex system, is shown in figure 16(b). Velocity profiles in directions parallel and
perpendicular to the plate at a section perpendicular to the plate just downstream of
the separation point are shown in figure 16(c) and (d) respectively; similar profiles
through vortex 2 are shown in figure 16 (e) and (f); through vortex 1’ in figure 16(g)
and (h); and through vortex 1 in figure 16 (¢) and (j). The velocity profiles in directions
parallel and perpendicular to the plate for a section through the centre of vortex 1
parallel to the plate are shown in figure 16(k) and (I). The reversed flow within the
vortex systems can be plainly seen in these figures. The expected double crossover in
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Fraure 17. Velocity profiles through vortex [ at several speeds. (a) /U versus y/D; (b) »/U
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the velocity profile can also be seen in figure 16 (g). Here the flow in vortex 1’ is in the
downstream direction close to the plate, in the upstream direction away from the wall,
and in the downstream direction out of the vortex system.

For the velocity profiles through vortices 2, 1’ and 1 (figure 16 (e), (f), 16(g), (h) and
16(2), (j) respectively) it will be appreciated that the velocity components parallel to
and perpendicular to the plate are equivalent to the vortex circumferential and radial
velocity components respectively. Within the vortex system a significant vortex radial
flow component can only be measured within vortices 1 and 2. The radial component
of velocity can be seen to be an order of magnitude smaller than the circumferential
component.

Within the cores of the vortices the radial flow component was measured in two
ways: by resolving the flow velocity at the measurzment sections in a radial direction,
and by measuring the variation of the distance of a streamline from the vortex centre
between two successive crossings by the streamline of the measurement section. The
latter method effectively gives a mean radial velocity for half a streamline spiral
around the vortex. However, these methods gave more or less identical results close to
the centre of the vortices.

Figure 17 shows velocity profiles in directions perpendicular and parallel to the
plate, for a section perpendicular to the plate, through the centre of vortex 1 at four
different speeds. This figure shows that the non-dimensional velocity profiles do not



366 C. J. Baker

- 2x107?

-

X

N —~5 %1071

Fiaure 18. Skin friction beneath a horseshoe vortex system (UD/v = 2610, D[é* = 14-8).

vary greatly in and beneath the vortex core. Any variation may, however, be obscured
by the rather large errors indicated. Above the vortex core, however, the horizontal
velocity profiles do vary with the flow parameters. This is because as UD/v increases
vortex 1 moves away from the cylinder to a position where the dimensionless velocity
outside the vortex system is higher.

Finally in figure 18 the distribution of skin friction beneath the horseshoe vortex
system is shown. The data presented in this figure was taken from the velocity profiles
of figure 16 and other velocity profiles. The dotted lines in the figure indicate a region
where the skin friction could not be measured, such as near a separation or attachment
point, but where its variation could be deduced, i.e. |C;| must fall to zero at such a
point. The most striking feature of this figure is the high value of |C}| beneath vortex
1, approximately five times the freestream value upstream of the vortex system.
Beneath vortex 2, the value of |C}| is somewhat less than the upstream value, and
beneath vortex 3 it is much less. Thus although over much of the vortex system on the
plane of symmetry there is a reduction in [C}| from its freestream value, there is a
considerable increase in |C;| beneath vortex 1.

9. Conclusions

(@) The horseshoe vortex upstream of a cylinder in a laminar boundary layer has
been visualized using smoke flow visualization. Three different types of vortex system
have been observed which are, with increasing UD/v:

(1) steady horseshoe vortex systems with 2, 4 or 6 vortices, the number of vortices
increasing as UD/v increases;

(i1) horseshoe vortex systems which exhibit a regular oscillatory motion;

(iii) horseshoe vortex systems which exhibit an irregular unsteady behaviour.

(b) Pressure distributions were measured on the plane of symmetry upstream of
models of various types over a wide range of flow conditions (2000 < UD/v < 16 000,
20 < D/é* < 70). Two types of pressure distribution were measured.
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(1) Pressure distributions which show minima. Flow visualization shows that
such minima are at the position of the horseshoe vortex. Thus the vortex position can
be determined from such pressure distributions.

(ii) Pressure distributions which show no minima. Flow visualization shows that
this type of pressure distribution occurs when the horseshoe vortex systems are
unsteady.

(¢) The variation of the position of the primary horseshoe vortex in steady vortex
gystems, as UD/v and D/8* vary, has been presented in a graphical form. |z,/D|
increases as UD/v increases and as D/6* decreases. A theoretical analysis which
predicts the position of the separation line upstream of a circular cylinder on a plate,
suggests that the horseshoe vortex position is not solely determined by this separation
position but some other effect plays a part.

(d) The oscillatory behaviour of horseshoe vortex systems was found to be complex.
As the Reynolds number UD/v increased steady horseshoe vortex systems began to
oscillate intermittently and randomly at two different frequencies. As UD /v increased
further the periods of oscillation became longer, the high frequency oscillation becom-
ing more common. At yet higher UD /v the oscillations became irregular and the horse-
shoe vortex system became turbulent. These oscillations are not caused by vortex
shedding in the wake of the models or by any small disturbares within the wind
tunnel. It is concluded that the frequency of these oscillations is solely determined by
the values of UD/v and D/8*.

(e) The velocity distributions within steady laminar horseshoe vortex systems have
been measured using smoke flow visualization. A radial flow component can be meas-
ured only in vortices 1 and 2, and appears to increase linearly with the distance from
the centre of the vortex, in the central region of the vortex. There was found to be
little variation in the dimensionless velocity profiles, within the vortex system, as the
flow speed varied, although any variation may well have been obscured by the rather
large measurement errors.

(f) The skin friction coefficient beneath vortex 1 was found to have a numerical
value of five times its value far upstream of the cylinder, for UD/v = 2610, D/8* =
14-8.
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Ficure 1. Sutton’s experitent.
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Freure 4. Smoke flow visualization (UD/v = 4370, D/é* = 21-3, D/l = 2-0).
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Fraure 7. Oscillating vortex system (UD/v = 5200, D/é* = 23-2, D/l = 2-0).
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