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ABSTRACT

The work presented here represents a preliminary report
on an investigation into the influence of secondary flows on
a turbulent boundary layer developing on the side walls
of a rotating diffuser. The diffuser angle and rotational
speed have been selected such that full two dimensional
stall is observed. The aspect-ratio of the diffuser working
section is then varied to allow the secondary cross flows
a greater influence on the midspan meanflow profiles and
the subsequent effects to be seen. Meanflow, skin friction
and pressure coeflicient data are presented.

INTRODUCTION

Although there have been some reports presented on the
effect of system rotation on developing turbulent bound-
ary layers, due to the complex nature of such flows, there
remains a need for good experimental data to aid our un-
derstanding in this area. The aim of the current study is
to obtain reliable data for the case with adverse pressure
gradient and system rotation, where the aspect-ratio of the
rotating diffuser is varied to allow the secondary cross flows
(or Ekman layer flows) to influence the sidewall boundary
layers to a varying degree.

The Ekman layer flows are generated by an imbalance
between the Coriolis force and pressure force acting on
the slower moving particles at the top and bottomn walls
of the rotating diffuser. This imbalance dellects fluid from
the pressure side toward the suction side causing the sec-
ondary flows. Some previous studies have been conducted
in high and low aspect-ratio, zero pressure gradient ducts
and some work has been undertaken to investigate the ad-
ditional effect of adverse pressure gradient,

Rothe and Johnston (1976), from their pressure mea-
surement work in a rotating plane wall diffuser, observed
that "the dominant picture of stall in a rotating dilfuser
is one of steady relatively quiescent, fixed pockets of near
stagnant flow.”

The boundary layer development observed by Watmull
Witt and Joubert (1985) in their zero pressure gradient ro-
tating duct was for suction side layers to be suppressed
while the pressure side lavers were enhanced compared
with the zero rotation case. The aspect-ratio of the duct
used in these experiments was 4:1 (height:width).

Ibal (1990) and Ibal and Joubert (1992) studied the ef-
fects of adverse pressure gradient and system rotation on
developing
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turbulent boundary layers on the side wall of a rotating
diffuser. The inlet aspect-ratio was 4:1 (h:w) and two pres-
sure gradients were used corresponding to 3 and 8 degree
diffusing angles ( case 1 and 2 respectively). For case 1,
rotation rates of 40 and 60 rpm were studied. In case 2,
only the 40 rpm speed was considered. It was found for
case 1 that the flow was attached throughout the work-
ing section for the lower speed, while at the higher speed
pockets of corner stall were seen. The stronger adverse
pressure gradient showed full two dimensional stall. Cen-
tre line boundary layer profiles showed that boundary layer
growth was promoted on the pressure side and suppressed
on the suction side compared with the non-rotating lay-
ers, except for the stronger adverse pressure gradient case
where in the stations downstream of separation it was ob-
served that the pressure side growth was suppressed. This
was attributed to the region of separation ’squeezing’ the
flow, thus lowering the effective diffusion, rather than to
the possible influence of secondary flows.

Hill and Moon (1962) and Moon (1964) studied the ef-
fects of system rotation on developing turbulent boundary
layers on the side wall of low aspect-ratio rotating rectan-
gular channels. The measurements showed that boundary
layer growth was promoted on the suction side while sup-
pressed on the pressure side. This is in agreement with the
conclusions of the preliminary report presented by Koyama
et al.(1989) who were conducting experiments in a 1:7
(h:w) aspect-ratio rotating channel. This is contrary to the
findings of Watmuff et al. (1985) and Ibal (1990), working
in the 4:1 (h:w) rotating channel and diffuser respectively

The explanation for the opposite trends observed in
boundary laver growth mentioned above is that for the
higher aspect-ratio experimental rigs, the secondary flow
ellects are sufficiently removed [rom the centre line velocity
profiles as to provide negligible influence. In the lower
aspect-ratios, the secondary llows are sufficiently close to
the centre line profiles to overcome the Coriolis instability.

APPARATUS AND TECHNIQUES

The open return tunnel used in the experiments is shown
in figure 1. Air flow was provided by a two stage axial
[an located on the floor above the rotating assembly. The
air passed through rotating ductwork fitted with turning
vanes and honeycombs to ensure that the flow was approx-
imately irrotational relative to the duct at the working
section enfry.




The working section is shown diagrammatically in fig-
ure 2 and consists of a perspex diffuser with walls hinged
in the vertical plane to allow the adverse pressure gradi-
ent to be imposed. The walls were set to an 8 degree
diffusing angle and the speed of rotation for the measure-
ments was 40 rpm, corresponding to case 2 used by Ibal
(1990) in which the two dimensional stall was observed.
This operating condition was chosen to enable the effects
of changing aspect-ratio on the separated flow region to be
observed. The tunnel velocity was set to a unit Reynolds
number of Re..; = 664000 (Re,ef = ﬁg) corresponding to
a nominal velocity of 10 m/s. The boundary layers were
tripped by a 1.2 mm diameter trip wire.

O

Figure 1: Elevation of rotating wind tunnel

The variable aspect-ratio was brought about by insert-
ing a false horizontal panel which was fitted at several
heights. This partitioned the working section into an up-
per and lower region. The lower section was free from
obstructions and was used for the measurements. Mea-
surements for inlet aspect-ratios of 1:1 and 2:1 (h:w) (arl
and ar2 respectively) are presented here.

A iraverse mechanism was mounted on one side of the
working section. All measurements were taken on the op-
posite plane smooth wall. To observe the pressure and
suction side walls the direction of rotation was reversible.

Signals were transferred to and from the rig by a series
of slip rings, which also provided access for 240V power
to supply the instrumentation mounted on the rig. Pres-
sures were measured by differential electronic manometers
mounted on the rotational axis of the rig. The manometer

outputs were amplified prior to transmission through the
slip rings to reduce the signal-to-noise ratio.

Control of the traverse mechanism and monitoring of
the rotation rate was accomplished automatically by an
Analogue Devices RTI-827 digital counter timer card in-
stalled in an Osborne 386 IBM compatible computer. Sam-
pling of the analogue signals was by an Analogue Devices
RTI-860 card mounted in the same computer. Mean val-
ues for the analogue signals were measured by digitally
averaging the signals for a period of 40 seconds and then
taking sufficient samples to achieve convergence within the
equipment tolerance. Three samples were generally found
to be sufficient.

Mean velocity proliles were obtained with a round 0.6
mm diameter total head tube using an adjacent wall pres-
sure tapping as the static reference. For the rotaling pro-
files, the static pressure profile was measured and the ve-
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Figure 2: Schematic view of working section

locity readings which were calculated from the wall ref-
erence tapping were corrected accordingly. One obvious
limitation of the results obtained with this method is the
lack of resolution of the cross flow components of velocity,
which may be significant in the centre line profiles partic-
ularly for the lower aspect-ratio. However at this stage the
potential problem can only be noted. The answer will be
evaluated by means of cross wire measurements at a later
stage in the project.

Traverse backlash and deflections due to centrifugal
forces were overcome by lightly pressing the probe against
the wall and then moving the probe outward in 0.01 mm
increments until the averaged manometer readings indi-
cated that the probe had just left the wall. Once the wall
zero reading had been established the computer automat-
ically traversed the probe in logarithmic steps to measure
the boundary layer profile.

EXPERIMENTAL RESULTS

The pressure coefficient was defined as:
P* T .P"‘

1

Eplfrzej

p=

where the subscript i refers to the reference pressure tap-
ping located at a streamwise distance of 60 mm from the
trip wire. A plot of Cp verses streamwise distance x is
shown in figure 3. The curves for both ar! and ar2 show
decreasingly adverse pressure gradient behaviour. The
pressure recovery is further reduced beyond station 2 for
the rotating cases compared to the non-rotating cases.
This is thought to be caused by the two dimensional stall
ou the suction side deflecting the flow streamlines toward
the pressure side thus lowering the effective diffusion down-
stream of the point of separation. The rotating curves for
both arf and ar2 fall below the zero rotation curves be-
tween stations 2 and 3, providing no indication as to the
effects of the secondary flows on the onset of stall. Be-
vond the point of separation, the curves show different
behaviour. In the lower aspect-ratio the pressure and suc-
tion side C}, curves split alter separation, while for the
higher aspect ratio the curves collapse until the last mea-
surement station. The pressure gradient for arl is scen to




be shallower than for ar2 and this is attributed to the top
and bottom wall boundary layers causing proportionally
larger restriction.

The skin friction measurements shown were calculated
from a numerical Clauser chart method. The adverse pres-
sure gradient results in the skin friction being reduced in
the streamwise direction for the stationary cases, as shown
in figure 4. Skin friction is increasing on the pressure side
walls and decreasing on the suction side walls compared
to the stationary case. The skin friction values for the ro-
tating cases fall with decreasing aspect-ratio. The values
for station 1 with no rotation are lower for arl, but with
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Figure 3: €, versus streamwise distance z

streamwise distance the trend reverses until the values are
slightly higher for arf stations 3 and 4 compared with ar2,

The decreasing skin friction values for the suction side
layer are regarded as an indication of the onset of stall.
At station 3 the flow in the diffuser is separated on the
suction side for both ar! and er2. From this information
it is impossible to ascertain whether the changing aspect-
ratio has influenced the onset of stall.

Figure 5 shows the centre line mean velocity profiles
developing without rotation for arl and ar2. The loga-
rithmic law shown in the figure is defined as:

The profiles appear normal for a boundary layer de-
veloping in adverse pressure gradient flow, TFor greater
streamwise distances, the logarithmic region shortens and
the wake strength parameter becomes larger. There is
no sign ol flow separation. It can be seen that the wake
strength parameter decreases at station 4 due to the lower

aspect-ratio. This is attributed to the more significant
effect of the top and bottom wall boundary layers sup-
pressing the flow as the overall diffuser area is reduced.
Figures 6 and T show profiles affected by rotation for
station 2, ar/ and ar2 respectively. The logarithmic re-
gion on the pressure side wall is longer and on the suction
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Figure 4: U versus streamwise distance z
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Figure 5: Stationary mean velocity profiles

side wall is shorter compared to the stationary case. The
gradient of the logarithmic region for the rotating profiles
also differs from the stationary case.

Some deviation from the universal inner wall region
can be seen for the suction side profiles, possibly due to
the onset of stall. Other than station 2 suction side, the
profiles show that flow in the viscous inner region con-
verges, indicating that this region is unaffected by system
rotation. As reported by Watmuff et al. (1983), the Cori-
olis forces are small compared to the viscous forces in this
region and as such we would expect minimal departures
from the universal behaviour.
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Figure 6: Station 2, ar! mean velocity profile

In the wake region it is observed in all cases that the
wake strength parameter is increased on the suction side
while for the pressure side it is decreased.

The boundary layer thickness 8ags is defined as the
point where the mean velocity reaches 0.995 times the lo-
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Figure 7: Station 2, ar2 mean velocity profile

cal free stream velocity. Boundary layer thickness with
streamwise distance is shown in figure 8.

The boundary layer thickness is reduced with the lower
aspect-ratio in all cases. In all instances the boundary
layer growth is promoted on the suction side compared
with the zero rotation case. The pressure side thickness
is slightly greater for station 1, while for stations 2 1o 4
the boundary layer growth is suppressed compared to the
zero rotation case. At station 1 the secondary llow eflects
would be minor, but with streamwise distance the ellects
strengthen and by station 2 the pressure and suction side
profile growth is consistent with that reported by previous
workers in low aspect-ratio ducts.
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CONCLUSIONS

It can be seen from the preliminary work reported here
that for the lower aspect-ratio, with the resulting increased
influence of the secondary flows on the side wall boundary
layers, that the secondary flows appear to have little in-
fluence on the onset of stall. It is also observed that the
boundary layer growth is promoted on the suction side and
suppressed on the pressure side as would be expected when
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Figure 8: ég95 with streamwise distance z

the side wall boundary layers are significantly affected by
the Ekman layer flows.
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