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ABSTRACT

Despite numerous theoretical and experimental
studies of wall jets, the velocity field of an inclined wall
jet in the near field has never been fully explored. The
complex flow features of an inclined wall jet include the
outer and inner shear layers of the jet and the recirculation
flow region bounded by the nozzle plate, the wall and the
inner shear layer. In this paper, these flow features are
illustrated by laser sheet smoke flow visualisation and
quantified by hot-wire and LDA measurements for a 30°
inclined wall jet with a nozzle exit Reynolds number of
6,700. Comparisons between the hot-wire and LDA
measurements indicate that except in the recirculation
flow region where hot-wires cannot discriminate against
reversed flow, the results are very similar. Reattachment
lengths determined by LDA for various inclined wall
angles (B) indicate that provided that the nozzle aspect
ratio is greater than 30 and f is less than 50°, the
reattachment length is independent of the nozzle aspect
ratio and the nozzle exit Reynolds number between 6,670
and 13,340. These reattachment lengths determined by
LDA show general agreement with those determined using
wall surface oil film visualisation technique.

NOMENCLATURE

width of two-dimensional nozzle

length of inclined wall

length of nozzle

nozzle exit Reynolds number based on h and U,

- mean X-component or X-component velocity
centre-line velocity (maximum X-component
velocity at a given X)
averaged nozzle exit velocity
mean Y-component or y-component velocity
streamwise turbulence intensity
transverse turbulence intensity
streamwise direction in a rectangular Cartesian
coordinate system based at the nozzle exit (Figure

D)
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Y transverse direction in a rectangular Cartesian
coordinate system based at the nozzle exit (Figure

1)

Y,,, lateral location of jet half-width in the outer shear
layer (Fig. 1)

Y_,/p lateral location of jet half-width in the inner shear
layer (Fig. 1)

X streamwise direction in a rectangular Cartesian
coordinate system based at the wall (Figure 1)

Xr reattachment distance measured along the wall
from the nozzle

y streamwise direction in a rectangular Cartesian
coordinate system based at the wall (Figure 1)

Ym location in the y-direction where U=U_,

B wall angle (Figure 1)

0o initial momentum thickness

INTRODUCTION

Turbulent wall jets have been studied both
theoretically and experimentally [1]. However, most data
were obtained in the far field of the jet where self
preservation is being approached. In most practical
applications, a jet is injected at an angle to a solid
boundary and the region of interest is within the first ten
nozzle widths. As shown in Fig. 1, provided that the
angle B between the nozzle plate and the wall is large
enough, the inclined wall jet would be separated from the
wall as soon as it leaves the nozzle and reattaches to the
wall at some distance downstream. Inclined wall jets have

- numerous important engineering applications, such as in -

advanced aerofoil designs, film cooling of turbine blades,
gas turbine combustion chamber walls and deflectors used
in air conditioning ducts etc.

Forthmann (2] conducted the - first experimental
study of an inclined wall jet and the Coanda effect (in
which a jet reattaches to a nearby solid surface) has
attracted considerable attention [3]. While pressure
measurements in an inclined wall jet were reported by
Newman [4] and several attempts in modelling the flow
to predict the jet reattachment distance were made such as
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by Bourque [5] and Perry (0], the velocity field of an
inclined wall jet, particularly in the near field, has not
been fully explored. Recently, Lai & Lu [7] investigated
the effects of the wall angle on the spatial development of
an inclined wall jet using constant temperature hot-wire
anemometry for $=0°, 15°, 30° and 45°.  Although
surface pressure measurements and flow visualisation
results as documented by Lai & Lu [8] seem to correlate
quite well with the hot-wire measurements, the hot-wire
data cannot discriminate against reversed flow in the
recirculation flow region between the main jet flow and
the wall. It is, therefore, essential to use a technique such
as laser Doppler anemometry (LDA) to resolve such flow
ambiguities.

The objectives of this paper are, therefore,

(i)  to document the velocity field of a 30° inclined wall
jet using a two-component LDA, which is hitherto
not available in the literature;

(i1) to compare the mean flow characteristics of a 30°

inclined wall jet obtained by constant temperature

hot-wire anemometer with those of LDA; and

to provide detailed information on the reattachment

of a 30° inclined wall jet.

(iii)

Reattachin
streamline

Wall

Fig. | Schematic of an inclined wall jet flow.

APPARATUS AND INSTRUMENTATION

Apparatus

In the two-dimensional nozzle facility shown
schematically in Figure 2, the jet of air was issued into
stationary air from a rectangular nozzle with profiles based
upon the British Standard BS1042 [®] The nozzle
dimensions were: length [ =300 mm, width h =5 mm,
giving an aspect ratio of 60. The perspex jet settling
chamber is 770 mm long, 150 mm wide and 400 mm
high. The air flow rate was controlled with a frequency
invertor (KVEN 222H Transistor Invertor manufactured
by KASUGA E. W. Ltd. Japan) in conjunction with a
butterfly valve at the blower inlet, giving various nozzle
exit velocities up to 50 m/s. Air from a blower was
passed through a series of grids which reduced the

Spectrum Analysers (BSA)

urbulence intensity at the nozzle exit for the steady jet to
about 0.3 % at the centre-line, as described by Lai &
Simmons [10], The wall length was L=500 mm, giving
L/h = 100. The wall angle § was set at 30°. No side plates
were used to enhance the two-dimensionality of the flow.
Hot-wire and LDA probes, controlled by an NEC 386/20
computer, were traversed in the streamwise and transverse
directions by two stepping motors. The smallest step in
each direction was 0.015 mm. The nozzle exit Reynolds
number (based on nozzle width h and exit velocity Uy
was 6,700. The variation of the ambient temperature
variation was within £1°C.

Entrance Main Jet Nozzle P‘abe
Section Grids Chamber A
150 mm | 300 mm 320 mm

ﬁ probe
) Hinclined
Hwali
Snlnoke .
Stepping
motors

400 mm

inlet
Fig. 2 Schematic diagram of the experimental rig.

Instrumentation

Hot-wire anemometry (HWA) Both single and X
hot-wires, operated at an overheat ratio 1.3 with a TSI
IFA100 constant temperature anemometer were used to
obtain the mean velocities, turbulence intensities and
Reynolds stress up to 10 nozzle widths downstream of
the nozzle exit. The hot-wire was calibrated at the nozzle
exit of the wall jet facility but with the wall removed. A
fourth order polynomial fit was applied to the relationship
between the output voltage of the hot-wire and velocity
measured with a Pitot tube. The angular sensitivity of
the X-wire was calibrated in the same facility which
allowed the X-wire to be rotated through an angular range
from -28° to 28° in steps of 2°, where 0° bisects the X-
wire. Except at the edge of the jet and near the wall, the
uncertainty in the velocity and turbulence intensity
measurements is within 2.5% and 5% respectively.

Laser Doppler anemometry (LDA) The LDA
system comprised a Coherent's INNOVA 70 series
Argon ion laser and two DANTEC S7NI10 Burst
Each BSA was set to
eliminate signals out of the frequency band of interest in
order to maximise the signal-to-noise ratio of the Doppler
signals. Good quality signals were then detected through
a burst detector unit. The burst detector could operate on
either the pedestal of the Doppler burst, the envelope of
the band-pass filtered or a gated version of the two detector
signals. A smoke generator, SMT 1482 Smoke Tunnel
(manufactured by Plint & Partners Ltd. England) was used
for seeding the flow. The liquid used to produce smoke
was non-poisonous Rosco “ FOG FLUID ” made by
Rosco Laboratories INC., USA. Seeding particles




Copyright © 1998,

by the International Council of the Aeronautical Sciences (ICAS)

and the American Institute of Aeronautics and Astronautics, Inc.

(smoke) were introduced into the flow through both sides
of the jet settling chamber as shown in Fig. 2. The Burst
Spectrum Analysers were operated in the continuous mode
and the number of burst samples for each measurement
was at least 2000. The raw velocity data were corrected
by applying a weighting function using the time between
particle arrivals in order to reduce the velocity bias errors.
Detailed description of the BSA circuitry and the data
acquisition software can be found in the BSA manual
BURSTware [11] The LDA measurement technique was
first validated by theoretical results and hot wire data made
in a single free jet at 15 nozzle widths downstream from
" the nozzle plate [12].

Flow visualisation Laser sheet flow visualisation
using smoke and wall surface flow visualisation using oil
film were employed to study the flow field. In the laser
sheet flow visualisation experiments, smoke was
introduced into the jet settling chamber and a horizontal
laser sheet provided by the LDA laser beam with a 5mm
diameter glass cylinder was used to illuminate the flow
field. Wall surface flow visualisation experiments were
used to determine the reattachment length for small f.
The oil was made from a mixture of kerosene, titanium
dioxide and a few drops of oleic acid. The ratio of
titanium dioxide to kerosene was approximately 1:5 by
volume and the mixture was painted along the wall
surface from the wall nozzle to some distance downstream
which covered the reattachment length. The direction of
the oil flow depends on the pressure gradient and the wall
shear stress of the working fluid. By observing the
movement of the oil particles and the subsequent oil flow
pattern, the reattachment length can be deduced.

RESULTS AND_ DISCUSSIONS

Initial Conditicns

It is well known that the spatial development of
free shear flows is dependent on the initial conditions
[13] For an inclined wall jet, initially at the nozzle exit,
there are two distinctive boundary layers: the inner and the
outer shear layers. Fig. 3 shows the mean streamwise
velocity profiles measured by a single hot-wire in the two
initial boundary layers at X/h=0. It can be seen that the
differences between the inner and outer boundary layers
velocity profiles are not significant. The shape factor is
2.85. The initial momentum thickness 8, for § = 30° and
90° (free jet) was measured by a single hot-wire when the
nozzle exit Reynolds number was varied from 3,000 to
10,000. As shown in Fig.4, the initial momentum
thickness for the free jet (90°) is proportional to (Uo)'l/ 2,

in agreement with published results [14: 151 and the
results for $=30° also obeys the same relationship.
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Fig. 5 (b) Streamwise turbulence intensity at x/h=0.5.

The mean streamwise velocity and turbulence
intensity profiles measured by LDA at x/h=0.5 for § = 30°
are shown in Figs. 5(a) and (b) respectively. The
corresponding profiles for a free jet (§ = 90°) are also
included for comparison. Unlike free jets which have top-
hat velocity distributions in the potential core, the
inclined wall jet has inclined velocity distributions near
the nozzle exit, indicating that the jet is deflected towards
the wall. This is known as the Coanda effect which may
be explained as follows. As the jet leaves the nozzle, the
fluid which is entrained in the confined region between the
jet and the wall is accelerated near the wall and since the
flow is two-dimensional, a pressure lower than that of the
surroundings is produced on the wall. Consequently the
jet curves towards the wall and reattaches to the wall if the
wall is long enough.

Effect of Reynolds number

In order to determine the effect of Reynolds
number, the long-time averaged reattachment position
was determined by using LDA with at least 20,000 bursts
for various Reynolds numbers R, (6,670, 10,000 and
13,340). The wall angle B was varied from 27° to 55°.
Fig. 5 shows that although some data scatter is observed
for B > 50° the results obtained here are in good
agreement with Newman's results (4. Furthermore, the
reattachment length is virtually independent of R, for

6,670 <R, < 13,340 and B < 50°.

Effect of nozzle aspect ratio

Perry (6] re-examined the Newman’s modet 4] for
two-dimensional jet reattachment. His experimental data
for an inclined wall jet with offset demonstrated that the
reattachment length is unaffected by the nozzle aspect
ratio for ratios between 10 and 100 if the reattachment
length x, is normalised by the jet nozzle width h. In their
studies of backward-facing step flow,’Bradshaw & Wong

[16] found that the effect of the nozzle aspect ratio on the
reattachment length was negligible for aspect ratios

greater than ten. For aspect ratios less than ten, the
reattachment length for backward-facing step flows
increases if the boundary layer at separation is laminar,
and decreases when turbulent. To observe the effect of
nozzle aspect ratio on the reattachment length, two
nozzles were used with h = 5mm and 10mm but both
were of the same length [ (300mm), giving an aspect
ratio of 60 and 30 respectively. Fig. 6 shows the
variation of the reattachment length with the two different
nozzle aspect ratios at R, = 10,000. Except for large §
(> 47°), the reattachment length is virtually independent
of I/h, thus indicating that for I/h > 30, the jet is

essentially two-dimensional even without side plates
installed.
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Fig. 5 Variation of x¢/h with § for various Rg.
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Comparisons of reattachment length

The reattachment lengths determined for various 3
at a nozzle exit Reynolds number of 10,000 using wall
surface oil film flow visualisation technique and LDA are
shown in Fig. 7. It can be seen that there is good general

* agreement between the results which appear to follow the

experimental data of Newman [4] as well.
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Fig. 7 Comparisons of the reattachment length determined
by different methods.
Field

Mean_ Velocity

Fig. 8 displays the general flow pattern of a 30°
inclined wall jet by injecting smoke at the lips of the
nozzle and illuminating it with a laser sheet. The general
features of an inclined wall jet, such as the inner shear
layer, the outer shear layer and the recirculation flow
region as shown schematically in Fig. 1, can be discerned
in Fig. 8. It can be seen that the jet is separated from the
wall as soon it leaves the nozzle, then curves towards the
wall and reattaches to it at some distance downstream,
Further downstream the jet develops into a wall jet flow.

Fig. 8 Flow pattern of a 30° inclined wall jet.

Mean streamwise and transverse velocity profiles

. measured by X-wire and LDA at various streamwise
distances (x) are shown in Figs. 9(a) and (b) respectively.

It can be seen from Fig.9(a) that the mean streamwise
velocity profiles measured by LDA near the wall for
x/h<6 are negative, thus indicating reversed flow and the
presence of a recirculation flow region as observed in Fig.

8. It can be noted that except in thle recirculation flow
region where hot-wires cannot discriminate against
reversed flow, there are only sight differences between the

hot-wire and LDA results in the mean streamwise velocity
profiles. Generally speaking, the mean streamwise
velocities measured by hot-wires in the outer shear layer
are slightly higher than those obtained by LDA. Both the
hot-wire and LDA results indicate that the jet reattaches to
the wall near x/h=6 and has developed into a wall jet flow
by x/h=10.

As shown in Fig. 9(b), the mean transverse
velocity profiles as measured by HWA and LDA are very
similar. Initially for small x/h, V is positive, but turns
to negative when the flow approaches the reattachment
point, and finally becomes positive further downstream of
the reattachment point. The sign of V indicates the
changes in the flow pattern. Negative V indicates that the
flow is curving towards the wall.

Recirculation Flow Region Fig. 10 displays
the mean velocity vectors constructed from the mean
and transverse velocities determined by LDA in the
recirculation flow region. The reversed flow region
covers the initial area in the vicinity of the nozzle exit
bounded by the wall, the nozzle plate and the inner
shear layer. High reversed flow velocity occurs just
upstream of the reattachment point where there is high
momentum transfer. The local maximum reversed
flow velocity decreases as the fluid flows upstream in
the recirculation flow region. It is interesting to note
that the location of the maximum reversed flow
velocity is shifted away from the wall surface as the
flow reverses from the reattachment point. The
reversed flow velocity gradient near the wall is highest
just upstream of the reattachment point and then
deceases as x decreases. It can be determined from Fig,
10 that the time averaged position of the reattachment
point is located at x/h = 6.2. The unsteady nature of
the reattachment point is illustrated by monitoring the
short-time averaged velocity vector at x/h=6 for 300
secs as shown in Fig. 11. It is quite obvious that the
direction of the short-time averaged velocity vector
changes substantially with time. -

Maximum_streamwise velocity decay Fig. 12
displays the decay of maximum streamwise velocity with
x/h for B = 0° (wall jet), 30° and 90° (free jet). It can be
seen that for the inclined wall jet, the local maximum
velocity U, in the vicinity of the nozzle is higher than
the nozzle exit velocity U,,. This is due to the existence
of a recirculation flow region where the pressure is lower
than the ambient pressure, consequently accelerating the

“flow in the inner shear layer. Moreover, the potential

core length of the inclined wall jet is considerably shorter
than that of the free jet and wall jet, accompanied by a
much faster rate of the initial decay of U,. This is a
direct result of the Coanda effect whereby the jet is
deflected towards the wall. By x/h=10, the decay rate of
U}y, for the 30° inclined wall jet approaches that of the 0°
wall jet.

Jet spreading Fig.13 displays the spatial
distribution of the jet half-width (y|/,) in the outer shear
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layer, (y.}/2) in the inner shear layer and the location (y,,)  the recirculation flow region on the inner shear layer half-
of maximum local streamwise velocity. The influence of ~ Width of the jet can be easily identified.
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Fig. 9(a) Mean streamwise velocity profiles.
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Fig. 9(b) Mean transverse velocity profiles.
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Fig. 10 Mean velocity vectors in the recirculating flow region.

Turbulence field

"Turbulence intensities The spatial development of
streamwise and transverse turbulence intensities (u’/U,
and v’/U,) in the x- and y-directions obtained by X-wire
and LDA is displayed in Figs. 14(a) and (b) respectively.
No significant differences between the LDA and HWA
measurements can be observed. The turbulence intensity
distributions exhibit two peaks in v’ and v’, which are
associated with the inner and outer shear layers.
Moreover, for x/h £ 5, the peak of u’/U in the inner
shear layer is higher than that in the outer shear layer
whereas the peak of the transverse turbulence intensity
distributions v’/Ug in the outer shear layer is higher than
that in the inner shear layer. This is because the flow is
constrained in the inner shear layer in the y-direction, and
the flow in the outer shear layer is relatively “free”.

Reynolds shear stress distributions Comparisons of the

spatial development of Reynolds stress -u_v/Us measured

by LDA and HWA are made in Fig. 14(c). There are no
significant differences between the HWA and LDA
measurements.  Similar to the turbulence intensity
profiles, the inner and outer shear layers can be identified

by the peaks in -E/Ug. As the flow proceeds

. — 2
downstream, large negative values of -uv/U can be

identified near the wall, characterising the momentum
transfer between the inner shear layer and the recirculation
flow region. The magnitude of the Reynolds shear stress
reaches a maximum value ip the vicinity of the
reattachment point, indicating high ‘momentum transfer
due to the jet impinging on the wall.

CONCLUSIONS

The mean velocity and turbulence field of a 30°
inclined wall jet has been measured using hot-wire and
laser Doppler anemometry for a nozzle exit Reynolds
number of 6,700. The LDA results indicate that the jet is
separated from the wall as soon as it leaves the nozzle but
due to the subatmospheric pressure in the region confined
between the wall, the nozzle plate and the inner shear
layer of the jet, the jet is attracted towards the wall and
reattaches to it at 6.2 nozzle widths downstream. The
spatial development of the inner and outer shear layers and
the recirculation flow region as revealed by smoke flow
visualisation is quantified by the LDA data. -Comparisons
between the hot-wire and LDA measurements indicate that
with the exception of the recirculation flow region where
hot-wires cannot discriminate reversed flow, the results are
very similar. The unsteady nature of the reattachment
point has been illustrated by the time variation of the
short-time averaged velocity vector in the vicinity of the
reattachment point. Reattachment lengths determined by
LDA measurements show that for B <50°, they are
virtually independent of the nozzle aspect ratio provided
that it is greater than 30. Furthermore, the reattachment

length is independent of the Reynolds number range 6,670 )
" - 13,340 provided that B is less than 50°. T
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