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Abstract The detailed mean flow and turbulence
measurements of a turbulent air slot jet impinging on two
different semi-circular convex surfaces were investigated
in both free jet and impingement wall jet regions at a jet
Reynolds number Rew=12,000, using a hot-wire X-probe
anemometer. The parametric effects of dimensionless
circumferential distance, S/W=2.79–7.74, slot jet-to-im-
pingement surface distance Y/W=1–13, and surface cur-
vature D/W=10.7 and 16 on the impingement wall jet flow
development along a semi-circular convex surface were
examined. The results show that the effect of surface
curvature D/W increases with increasing S/W. Compared
with transverse Reynolds normal stress, v2=U2

m, the
streamwise Reynolds normal stress, u2=U2

m, is strongly
affected by the examined dimensionless parameters of D/
W, Y/W and S/W in the near-wall region. It is also evi-
denced that the Reynolds shear stress, �uv=U2

m is much
more sensitive to surface curvature, D/W.

List of symbols
D diameter of a semi-cylinder
L slot length at nozzle exit
P production term of turbulence energy
Pu production rate of u2=2
Pv production rate of v2=2
Puv production rate of uv
q2 turbulence energy, q2 ¼ u2 þ v2 þ w2

Rew Reynolds number based on nozzle width,
Rew ¼ UeW

m
R radius of a semi-cylinder
S circumferential distance along the semi-cylinder

surface from the stagnation line, S=h·R
u, v turbulence velocities in x and y directions
U,V mean velocity components in x and y directions
Ue mean velocity at slot nozzle exit
Uc streamwise mean velocity along the centreline of

a free slot jet
Uf skin friction velocity
Um maximum velocity across impingement wall jet
W slot width at nozzle exit
x, y, z spatial coordinate system
y1/2 half width of impingement wall jet, where

U=Um/2 in jet region
ym radial location where the streamwise Reynolds

normal stress is maximum
yo radial location where the Reynolds shear stress is

zero
Y slot jet-to-impingement surface distance
h angular position measured from stagnation line
m air kinematic viscosity
� time averaging

1
Introduction
Impingement jets are widely used for heating, cooling
and drying operations because of their excellent con-
vective heat and mass transfer rates. They also permit the
simultaneous attainment of different flow regions in
which the applications are different. A number of critical
reviews and bibliographical forms on flow and heat
transfer under impinging jets have been published by
Martin (1977), Hrycak (1981), Launder and Rodi (1981),
Downs and James (1987), Jambunathan et al. (1992),
Viskanta (1993) and Chan et al. (1999a, 1999b). These
reviews highlight the paucity of information on the
turbulence characteristics of jets impinging onto a curved
surface. Even the early researchers such as Gardon and
Akfirat (1965) highlighted the importance of hydrody-
namics effects along the curved surface. In fact, the study
of the turbulent impingement wall jet can provide a
better understanding of the surface curvature effect on
the hydrodynamic processes associated with the heat
transfer mechanism. However, it is important to
understand the surface curvature effects not only on the
mean flow characteristics but also on the turbulent
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impingement wall jet structure and the momentum
transport along the curved surface.

Many industrial curved applications include, for
example, the heating, cooling and/or drying of painted
cylinders, glasses, gas turbine parts, papers, textiles, film
materials, foodstuffs, age hardening, the de-icing of air-
craft wings, etc. Despite the industrial relevance of jet
impingement on a circular convex surface, the surface
curvature effects on the impingement wall jet flow
structure are not yet well understood. The wall jet is used
in most practical applications to control the boundary
layer to heat or cool the solid surface and is in a
turbulent state, although a two-dimensional wall jet
generated by a slot nozzle placed tangentially on mildly,
moderately and strongly curved surfaces was well studied
by Gibson et al. (1984), Kobayashi and Fujisawa (1983)
and Fujisawa and Kobayashi (1987). Similar wall jets over
a convex surface were also studied by Alcarza et al.
(1976) and Wilson and Goldstein (1976), while Neuendorf
and Wygnanski (1999) studied the effect of surface
curvature on the development of a two-dimensional wall
jet around a circular cylinder. The wall jet of slot jet
impingement on a wedge was investigated by Yamada
et al. (1990) and Faruque et al. (1992). Recently, the effect
of longitudinal curvature and transverse curvature on the
turbulent boundary have been well summarised by Patel
and Sotiropoulos (1997) and Piquet and Patel (1999)
respectively. In fact, the flow of a fully developed
turbulent impingement wall jet consists of two regions,
namely the jet region and the wall region. These two
regions were combined with each other continuously and
interfered everywhere within the region where the
velocity was maximum. The mean flow characteristics of
slot jet impingement on a cylinder were studied by
Barahma et al. (1991). In one of the more recent studies,
Lee et al. (1997) investigated the effects of hemispheri-
cally convex surface curvature on the flow and heat
transfer from a fully developed axisymmetric impinging
jet. During slot jet impingement onto a cylinder surface,
the wall jet is developed along the curved surface in
which the surface curvature effects on hydrodynamic and
heat transfer processes have been shown to be significant
by Gau and Chung (1991) and Yang et al. (1999). Choi
et al. (2000) studied the jet impingement flow and heat
transfer on a semi-circular concave surface. They corre-
lated the occurrence and location of the secondary peak
of heat transfer data with measured mean velocity and
velocity fluctuations on the concave surface. Liu et al.
(2000) investigated the flow development of a turbulent
slot jet impinging on a semi-cylindrical convex surface.

The aim of the present work is to provide the quanti-
tative mean flow and turbulence measurement data of the
impingement wall jet region associated with its near-wall
velocity and turbulence properties on a semi-circular
convex surface due to the parametric effects of the di-
mensionless circumferential distance, S/W, the slot nozzle-
to-impingement surface distance, Y/W, and the surface
curvature, D/W, for a fixed jet Reynolds number, Rew. The
data can also serve as bench-mark data for validating and
refining turbulence models for the impingement wall jet
flow development on a curved surface.

2
Flow regions description
A typical air slot jet impinging on a semi-circular convex
surface is shown in Fig. 1. The flow structure of a slot jet
impinging on a semi-circular convex surface can be subdi-
vided into three distinctive regions: the free jet region, the
impingement (deflection) flow region, and the wall jet region.

According to the description of Viskanta (1993), in the
free jet region, the shear-driven interaction of the exiting
jet and the ambient produces an entrainment of mass,
momentum and energy. These combined effects introduce
the development of a non-uniform radial velocity profile,
expansion of the jet, an increase in total mass flow rate,
and modification of the jet temperature before it impinges
upon the target surface. The free jet region can be further
subdivided into flow establishment and established flow
zones. In the flow establishment zone, the velocity remains
constant in the potential core and equals the nozzle exit
velocity, whereas the length of the potential core is
strongly dependent on the turbulence intensity of the
nozzle exit and its initial velocity profile. The established
flow zone is characterised by the decay of the axial velocity
profile, resulting in large shear stresses at the jet boundary.
Due to these large shear stress effects, turbulence and the
entrainment of additional fluid were promoted and gen-
erated. After the established flow zone, the velocity profile
was considered fully developed. The impingement zone is
characterised by a deflection region and the turning of the
jet fluid in the circumferential and radial directions, which
affects the wall jet transition further downstream. The
thickness of the impingement zone boundary layer is ap-
proximately constant. In the stagnation region, the flow is
deflected in the circumferential direction. The flow decel-
erates sharply, followed by acceleration in the circumfer-
ential direction. The flow develops into a wall jet. The wall
jet region is characterised by a bulk fluid flow in the
outward circumferential direction.

3
Experimental details
The system consists of the air supply system, traverse and
ancillary equipment. To ensure high air quality, air from
the compressed air line passed through an air filtering
system, a refrigerated air dryer, a high precision regulator,
an air receiver tank, and then through a settling chamber
and contraction containing a layer of aluminium honey-
comb. This was in order to straighten the flow- and tur-
bulence-reducing screens to produce a uniform velocity
profile at the nozzle outlet. The contraction to the slot
nozzles was designed as suggested by Button and Leech
(1972). The contraction length and the nozzle curvature
were calculated in such a way as to minimise the growth of
the boundary layer. The high-precision slot nozzle had a
smooth curvature made by the Deckel milling numerical
control machine with calculated contraction values, which
allows rapid acceleration of air without the occurrence of
flow separation and generation of turbulence. A slot nozzle
of width W 9.38 mm, and length L 125 mm was used. The
aspect ratio of the slot jet enabled the flow to be consid-
ered two-dimensional at the centre of the slot exit plane, as
described by Ashforth-Frost et al. (1997).
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Two acrylic semi-cylinders of diameters D=100 mm
and 150 mm (i.e. the surface curvatures D/W=10.7 and 16)
were used as the impingement convex surface. The semi-
cylinder was fixed on a tailor-made traverse mechanism so
that the slot jet-to-impingement surface distance, Y, could
be adjusted. Measurements were conducted from the di-
mensionless slot nozzle-to-impingement surface distances,
Y/W=1–13 for the free-jet region, while Y/W=5 to 13 for
the wall jet region at the selected dimensionless slot jet-to-
circumferential distances, S/W=2.79, 4.19, 5.58 and 7.74 for
both regions. The selected circumferential distances S
corresponded to the semi-circular convex angle h=30�,
45�, 60� and 80� for the semi-cylinder diameter
D=100 mm, while h=20�, 30�, 40� and 53.3� for the semi-
cylinder diameter D=150 mm respectively.

A custom-made hot-wire X probe with a spatial reso-
lution of about 1.0 mm was used to measure mean flow and
turbulence data in the streamwise and widthwise directions
u and v respectively. The wires were etched from a 5-lm
diameter Wollaston (Pt–10% Rh) wire to a length of about
1 mm, leading to a ratio of about 200 for its hot-wire length
and diameter. A constant-temperature circuit was used for
the operation of the hot wires. An overheat ratio of 0.8 was
used for the X-wire. Signals from the circuits were offset,
amplified and then digitised using a 16-channel (12-bit) A/
D board and a personal computer at a sampling frequency
of 3.5 kHz per channel. The duration of each record was
about 15 s. In order to obtain mean flow and turbulence
data of good quality, the plane of the X-wire was placed
parallel to the impingement surface at the nearest 0.1 mm
from the surface with the step increment of 0.01 mm.

Hence, no wall effects were evident in the X-wire data.
Although the effect of the mean velocity gradient along the
length of a single hot-wire might occur, the error could be
less than 1.5% for both the mean flow and turbulence data
if the ratio of hot-wire length to diameter was about 200, as
described by Talamelli (2000). In addition, there was no
temperature gradient along the hot-wire. There was no
temperature difference between the in-situ X-wire cali-
bration and the experimental measurements. Furthermore,
the X-wire was under the same velocity profile, in which
there was no shear between the displacement of the two
wires at about 1 mm. The hot-wire X probe was calibrated
using the same technique for turbulent flow measurement
as suggested by Browne (1989). In the present study, the
uncertainty in mean flow velocity was estimated to be
within 1.7% using the hot-wire X probe as described by
Holman (1978). According to the random theory of Bendat

and Piersol (1986), the uncertainty of
ffiffiffiffiffi

u2
p

;
ffiffiffiffiffi

v2
p

and uv
was estimated to be within 4.5%, 5.3% and 12.5%, respec-
tively. Details on the validation of using a hot-wire X probe
anemometer for the present mean flow and turbulence
measurements can also be found in the recent work of
Zhou et al. (2000), Liu et al. (2000) and Chan et al. (2002).

4
Results and discussion

4.1
Free jet region
A uniform velocity profile associated with relatively low
turbulence intensity across the slot nozzle exit was

Fig. 1. A typical air slot jet impinging on a semi-circular convex
surface
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measured. The streamwise turbulent intensity was found
to be less than 0.9% across the width of the slot nozzle exit
for the studied jet Reynolds number, Rew=12,000. Simi-
larly, the slot jet exit velocity and turbulence intensity
profiles were reported in Ashforth-Frost et al. (1997).
Figure 2 shows the typical symmetrical normalised mean
velocities, U/Um, streamwise and widthwise Reynolds
normal stresses, u2=U2

m and v2=U2
m respectively, and the

Reynolds shear stress, �uv=U2
m for a free air jet at the

centre of the slot exit plane ranging from Y/W=1–13. The
Reynolds normal stresses show two peaks near the slot
nozzle edge at y/W=±0.5, due to mixing in the turbulent
shear layers where large velocity gradients exist. As Y/W
increases, the mixing layer expanding causes the maxi-
mum turbulence intensity to move away from the jet
centreline. The magnitude of the streamwise Reynolds
normal stress u2=U2

m reaches the maximum level at about
0.0293 (the circumferential turbulence intensity,
ffiffiffiffiffi

u2
p

=Um=17.1%) when Y/W=7 to 9 and y/W=±0.8, but it
becomes much broader and decreases rapidly when
Y/W>9 as shown in Fig. 2b. However, the maximum
widthwise Reynolds normal stress, v2=U2

m is about
0.0235 at Y/W=3 and y/W=±0.6, as shown in Fig. 2c. Two
peaks of widthwise Reynolds normal stress across the slot
jet appear for Y/W<13 and disappear for Y/W‡13. This
means that the mixing rate in the widthwise direction is
faster than that in the streamwise direction. When the
mean velocity reaches its maximum, the Reynolds shear
stress is zero, as shown in Fig. 2d. The maximum Reynolds
shear stress occurs at about Y/W=7. As Y/W increases, the
maximum shear stress moves away from the free jet
centreline due to the expanding mixing layer. Figure 3a
shows that the jet potential core ended at Y/W=4.6, based
on the streamwise mean velocity, Uc=0.95Ue. Martin
(1977) noted that the free slot jet has a potential core of
approximately four slot widths, although a wider range
was also found by other investigators. Livingood and

Hrycak (1973) reported that the potential core extended
4.7–7.7 slot nozzle widths from the nozzle exit for a slot jet.
Similarly, the slot jet potential core of approximately six
slot widths was also found in Chan et al. (2002). Figure 3
shows the axial variations Y/W of developing jet flow
structure from the normalised mean velocity and Reynolds
normal stresses distributions along the jet centreline for
Rew=12,000. Mean velocities at the slot nozzle exit are
maintained for certain distances within the potential core
region, then decrease in different ways, depending on
Reynolds numbers and nozzle widths. The penetration of
the shear effect can carry the air in the jet centreline far-
ther downstream due to the uniform velocity at the nozzle
exit. Streamwise turbulence intensity along the free jet
centreline increases sharply before reaching its maximum
value, which occurs near Y/W=8.5, as shown in Fig. 3b. It
is also found that the streamwise Reynolds normal stress
reaches its maximum value at an earlier Y/W location than
the widthwise Reynolds normal stress. This means that
streamwise Reynolds normal stress is more sensitive to the
expanding of the mixing layer along the free jet centreline.

4.2
Impingement wall jet region
If the transition flow takes place following the impinge-
ment of a jet, the jet must be a laminar one, as described
by Vickers (1959) or the jet potential core just touches the
impingement surface as described by Ashforth-Frost et al.
(1997). In order to avoid the transition flow taking place
on the impingement wall jet, the length of the potential
core of a free slot jet was investigated to ensure that the jet
was the fully developed turbulent one. In Fig. 3a, the jet
potential core for Rew=12,000 was found to end at around
Y/W=4.6. Hence, the mean flow and turbulence measure-
ments of the impingement wall jet on a semi-circular
convex surface were investigated to the nearest axial slot
jet-to-impingement surface distance, starting from Y/W=5

Fig. 2. Free slot jet measure-
ments (W=9.38 mm,
Rew=12,000)
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to 11 for the present study. The mean velocity and the
Reynolds normal and shear stresses across the wall jet at
the circumferential locations of S/W=2.79, 4.19, 5.58 and
7.44 for both semi-cylinders, D/W=10.7 and 16, are shown
in Figs. 4 and 5. The results are normalised by the same
local maximum velocity, Um and the half-width of the jet,
y/y1/2. In the wall jet region measured, the normalised
mean velocities at different S/W coincide reasonably well,
as shown in Figs. 4a and 5a. This is due to the constant
surface pressure or self-similarity of the mean flow region
as described by Neuendorf and Wygnanski (1999). With
increasing S/W, the maximum points of the normalised
streamwise and radial turbulence intensities increase ac-
cordingly, as shown in Figs. 4b, c and 5b, c. This is due to
the interference between the wall region and the jet region
within the region where the velocity is maximum. The
streamwise Reynolds normal stress u2=U2

m distribution
shows a single peak alone in Figs. 4b and 5b. However,
Neuendorf and Wygnanski (1999) found that Reynolds
normal stress is characterised by two high-intensity re-
gions. In their study of a turbulent wall jet (nozzle placed
on the wall tangentially) flowing over a circular cylinder,
u2=U2

m was identified with two distinct regions. One was
located in the outer part of the flow at around y/y1/2=0.7,

and the other near the surface at 0.02<y/y1/2<0.04: these
locations depend on the direction of streamline. However,
the high-intensity region near the surface is non-existent
at the angular position, h=40�. As h or S/W increases,
u2=U2

m increases and exceeds the maximum intensity
measured in the plane wall jet by 64% at around h=200�. In
the present study, the maximum measured angular loca-
tion for the semi-circular convex surface is less than 90�,
hence it might lead to no double peaks in the u2=U2

m
distribution.

The streamwise Reynolds normal stress, u2=U2
m in-

creases with the increase in S/W as indicated in Figs. 4b
and 5b. The magnitude increases significantly in the region
of y/y1/2<1.2, due to interference between the wall and jet
regions of the wall jet. The radial location, ym, where u2=U2

m
is maximum, decreases as S/W increases. This is consistent
with the findings of Neuendorf and Wygnanski (1999). The
radial locations of ym/y1/2=0.88 at S/W=2.79 and ym/y1/

2=0.54 at S/W=7.74 were found for D/W=10.7. However,
the radial locations of ym/y1/2=0.92 at S/W=2.79 and ym/y1/

2=0.56 at S/W=7.74 were found for D/W=16. Hence, this
implies that the surface curvature affects the jet flow
structure for the same selected range of S/W at ym where the
local u2=U2

m reaches its maximum value. The magnitude of

Fig. 3. a Mean velocity and b
streamwise (hollow symbols) and
widthwise (filled symbols) Rey-
nolds normal stresses profiles
along the free jet centreline
(W=9.38 mm, Rew=12,000)

Fig. 4. Normalised mean veloc-
ity, Reynolds normal and shear
stresses profiles across the im-
pingement wall jet at different
dimensionless circumferential
distances, S/W: filled squares,
2.79; filled triangles, 4.19; filled
diamonds, 5.58; filled circles, 7.74
(W=9.38 mm, Rew=12,000,
Y/W=9, D/W=10.7)

144



transverse Reynolds normal stress, v2=U2
m in respect of y/

y1/2 reaches its maximum value, which also increases as S/
W increases from 4.19 to 7.74 as shown in Figs. 4c and 5c.
However, the maximum value of v2=U2

m at S/W=2.62 is
slightly closer to the wall surface, due to the nozzle jet
deflection. The magnitude of v2=U2

m doubles over the range
of 2.79 £ S/W £ 7.74 for both semi-cylinders.

By examining the shape of the distributions, it is found
that u2=U2

m increases strongly near to the wall surface, but
v2=U2

m increases to a lesser extent when S/W approaches
the stagnation point, S/W=0. The difference in v2=U2

m be-
tween S/W=2.79 and 4.19 is much smaller than that of
u2=U2

m, as shown in Figs. 4b, c and 5b, c. For a small S/W
range, u2=U2

m and �uv=U2
m increase significantly, while

v2=U2
m is less affected due to the strong wall damping ef-

fect. It is expected that the y location where �uv=U2
m at-

tains its maximum value will also decrease relative to y1/2

with the increase in S/W as shown in Figs. 4d and 5d. The
maximum value of �uv=U2

m increases as the S/W in-
creases. In the range of 2.79 £ S/W £ 7.74, the magnitudes
of u2=U2

m, v2=U2
m and uv=U2

m increase by a factor of 2.53,
2.72 and 2.5 for D/W=10.7, and 2.69, 1.88 and 3.01 for
D=16 as shown in Figs. 4 and 5 respectively. However, Um

decreases by a factor of 1.45 in the selected S/W range. The

ratio
ffiffiffiffiffi

u2
p

=
ffiffiffiffiffi

v2
p

� �

max
increases from 1.04 at S/W=2.74 to

1.21 at S/W=7.74. The maximum of uv=
ffiffiffiffiffi

u2
p ffiffiffiffiffi

v2
p

exceeds
0.52, which is larger than that of the plane wall jet case
(0.49) and significantly larger than that in the turbulent
boundary layer over a flat plate as shown in Fig. 6. The

radial location of y/y1/2, where uv=
ffiffiffiffiffi

u2
p ffiffiffiffiffi

v2
p

attains its
maximum value, does not increase significantly with S/W.
Neuendorf and Wygnanski (1999) found that y/y1/2 chan-
ged from 0.5 at h=40� to 1 at h=200�. They described these
observations as being peculiar to a wall jet placed on the
surface. Based on their results, it can be concluded that the
surface curvature and associated centrifugal force might
alter the turbulent flow structure.

One of the significant features for turbulent wall jets,
the location where the Reynolds shear stress becomes zero,
does not agree with the location of the maximum velocity,
which is in contrast to other shear flows such as pipe flows
and free jet cases at yo /ym. This phenomenon is also found
in the present study.

4.2.1
Surface curvature effect
Usually, the surface curvature D/W effect on flow behav-
iour can be compared with the plane and curved (i.e.
concave and convex) surface. The studied angular position
is less than h=80� and 53.3� for D/W=10.7 and 16 re-
spectively. Hence, it is reasonable to assume that the
longitudinal pressure gradient in the boundary layer is
negligible, as suggested by Neuendorf and Wygnanski
(1999). The flow structure difference in the impingement
wall jet between two semi-cylinders at the same Y/W, S/W
and Rew can be largely attributed to the surface curvature
effect. These effects are quite significant, as evidenced in
Figs. 7, 8 and 9.

In the study on the turbulent wall jet, the primary in-
terests are the wall shear stress or skin friction, sw, the
growth rate of the outer layer, and the mean flow velocities
and Reynolds stresses across the wall jet. Two kinds of
scales for the inner wall and outer jet regions were normally
used in past investigations. For the inner wall region, the
length and velocity scales are ym (i.e. the value of y at Um)
and Uf respectively. For the outer jet region, the length and
velocity scales are y1/2 (i.e. the value of y at U=Um/2) and
Um. Based on the present measurement technique, the jet
length and velocity scales used are y1/2 and Um respectively.

The effect of streamwise curvature on mean velocity
and Reynolds normal stress for different S/W ranges from
2.79 to 7.74 is shown in Fig. 7. For the slot nozzle used, the
nozzle jet at Y/W=7 is well developed, as shown in Fig. 3.
At individual S/W locations, the normalised mean velocity
coincides reasonably well from S/W=2.79 to 7.74. The

Fig. 5. Normalised mean veloc-
ity, Reynolds normal and shear
stresses profiles across the
impingement wall jet at different
dimensionless circumferential
distances, S/W: filled squares,
2.79; filled triangles, 4.19; filled
diamonds, 5.58; filled circles,
7.74; line, Gibson et al. (1984)
(W=9.38 mm, Rew=12,000,
Y/W=9, D/W=16)
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u2=U2
m distributions across the wall jet for both semi-cyl-

inders coincide reasonably well at S/W=2.79 because their
locations are near to the stagnation point, as shown in
Fig. 7b. However, the maximum value of u2=U2

m increases
by almost 41% and 50% for 150 mm and 100 mm semi-
cylinders respectively when the S/W increases from 2.79 to
7.74. Furthermore, at S/W=2.79, the streamwise Reynolds
normal stress distributions across the curved wall jet are
slightly greater than those of the plane wall jet (i.e. S/W=
4.1), as shown in Fig. 5b. However, at nearly the same
location of the curved wall jet (S/W=4.19), the maximum
u2=U2

m is a factor of 1.29 of that of the plane wall jet, due to
the streamwise curvature effect. Though the location at S/
W=2.79 is very close to the stagnation point, the effect of
surface curvature is shown to be significant. As described
by Patel and Sotiropouulos (1997), this is due to the effect
of surface curvature on the turbulence and, in particular,
the Reynolds stresses. With the increase in S/W (i.e. S/
W=7.74), the maximum u2=U2

m of the curved wall jet is a
factor of 1.72 of that of the plane wall jet at S/W=4.1.

4.2.2
Slot jet-to-impingement surface distance effect
The initial jet flow characteristics affect the impingement
flow along the curved surface. In the wall jet region, the
normalised mean velocity profiles at different Y/W coin-
cide reasonably well, as shown in Figs. 8a and 9a. In the
present study, the maximum u2=U2

m occurs at Y/W=5 and
7 for the surface curvatures, D/W of 10.7 and 16 respec-
tively, as shown in Figs. 8b and 9b. The Y/W effects can
also be found from the radial turbulence intensity and

Reynolds shear stress distributions, as shown in Figs. 8c, d
and 9c, d.

From the time–mean momentum equations for a two-
dimensional turbulent flow over a curved surface as de-
scribed by Goldstein (1965), a wall jet on a curved surface,
especially on a slightly curved surface where R>>ym, the
effect of surface curvature on the boundary-layer proper-
ties would be very small. However, the present results
reveal a considerably larger surface curvature effect than
the numerical predictions. Patel and Stotiropoulos (1997)
ascribed the difference to the effect of surface curvature on
Reynolds stresses in particular. Wilson and Goldstein
(1976) described these effects in the production of turbu-
lence energy equations as follows:

Pu ¼ �
u2

1þ y=R

@U

@x
� uv

@U

@y
� u2V þ uvU

Rþ y
ð1Þ

Pv ¼ �
uv

1þ y=R

@V

@x
� v2

@V

@y
þ 2uvU

Rþ y
ð2Þ

Puv ¼
u2

1þ y=R

@V

@x
� v2

@V

@y
� v2U

Rþ y
þ 2u2U

Rþ y
ð3Þ

The last terms of Eqs. (1) and (2) represent the Coriolis
force and centrifugal force contributions to u2=2 and v2=2
productions respectively. For thin turbulent shear flows
where the mean velocity, V, in the radial direction is small,
the centrifugal force term dominates the Pv and plays an
important role for the growth rate of jet thickness due to
its curvature effect. Centrifugal force affects the Pu due to
the interaction of mean flow and Reynolds stress. This can
also be seen from the Reynolds stress production terms in
Eq. (3). The third term on the right-hand side in Eq. (3)
shows the Coriolis force contribution, while the fourth
term represents the centrifugal contribution.

For a slot jet impinging on two different semi-circular
convex surfaces, when the location of the dimensionless
slot-jet-circumferential distance is small, such as S/
W=2.79, it is considered to be very close to the reflection
region. The mean velocity, V, in the radial direction cannot
be treated as a small value which plays an important role
in u2=2 production. During the reflection region, interac-
tion between the air and the cylinder surface is very
strong. The increase in flow streamwise turbulent energy
production term, Pu, causes a rise in u2=U2

m in the near-
wall region as shown in Figs. 8b and 9b.

Fig. 6. uv correction profiles at different dimensionless circumfer-
ential distances, S/W: squares, 2.79; triangles, 4.19; diamonds, 5.58;
circles, 7.74 (W=9.38 mm, Rew=12,000, Y/W=9; filled symbols,
D/W=10.7; hollow symbols, D/W=16)

Fig. 7. Effect of surface curva-
tures on mean velocity and
streamwise normal Reynolds
stress profiles at different
dimensionless circumferential
distances, S/W: squares, 2.79;
triangles, 4.19; diamonds, 5.58;
circles, 7.74 (W=9.38 mm,
Rew=12,000, Y/W=7; filled
symbols, D/W=10.7; hollow
symbols, D/W=16)
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Figure 10a shows how the ratio of
ffiffiffiffiffi

u2
p

=
ffiffiffiffiffi

v2
p

for the
surface curvature effect D/W=10.7 and 16 is plotted against
y/y1/2. Evidently, v2 increases due to the surface curvature
are apparent near the wall region at y/y1/2=0.5. This find-
ing agrees with that of Guitton and Newmann (1977), who
studied a two-dimensional wall jet over a logarithmic
spiral. In the plane flow, the turbulence energy production
term is found only in the equation for u2. In the curved
flow, however, the equation for v2 also contains such a
term, as shown in Eq. (2). The turbulence energy pro-
duction term uv @U

@y appears to be insensitive to curvature
within the accuracy of the present measurements, as
shown in Fig. 10b. However, the flow structure parameter,

uv=q2, appears to be sensitive to the surface curvature, as
shown in Fig. 10c. In the radial location, from y/y1/2=0.25
to 1, uv=q2 is slightly increased as the surface curvature
increases. However, the dependence of the flow structure
parameter, uv=q2, on surface curvature is not found along
the radial location when y/y1/2>1.2.

5
Conclusions
The detailed mean flow and turbulence data of a turbulent
air slot jet impinging on two different semi-circular convex
surfaces were investigated in both free jet and impinge-
ment wall jet regions for the studied jet Reynolds number,

Fig. 8. Effect of surface curva-
tures on the impingement wall
jet flow development at different
dimensionless slot jet-to-im-
pingement surface separation
distances, Y/W: squares, 5;
upward triangles, 7; downward
triangles, 9; diamonds, 11;
circles, 13 (W=9.38 mm,
Rew=12,000, S/W=7.74; filled
symbols, D/W=10.7; hollow
symbols, D/W=16)

Fig. 9. Effect of surface curva-
tures on the impingement wall
jet flow development at different
dimensionless slot jet-to-im-
pingement surface separation
distances, Y/W: squares, 5;
upward triangles, 7; downward
triangles, 9; diamonds, 11;
circles, 13 (W=9.38 mm,
Rew=12,000, S/W=2.79; filled
symbols, D/W=10.7; hollow
symbols, D/W=16)
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Rew=12,000. The parametric effects of dimensionless cir-
cumferential distance S/W, slot jet-to-impingement surface
distance Y/W, and surface curvature D/W on the im-
pingement wall jet flow development along a semi-circular
convex surface were documented into a new set of mean
flow and turbulence data for validating and refining tur-
bulence models for future study. The results show that the
streamwise and widthwise turbulence intensities, u2=U2

e
and v2=U2

e , along the free jet centreline increase with in-
creasing Y/W within a certain distance. These findings are
useful in helping researchers to understand the heat
transfer and turbulence characteristics in stagnation re-
gions of impingement surfaces. The effect of surface cur-
vature D/W when compared with the results of the curved
and plane wall jets is shown to be significant. The results
show that the effect of surface curvature D/W increases
with increasing S/W. Compared with the transverse Rey-
nolds normal stress, v2=U2

m, the streamwise Reynolds

normal stresses, u2=U2
m are strongly affected by the di-

mensionless parameters of D/W, Y/W and S/W in the near-
wall region. It is also found that Reynolds shear stress
�uv=U2

m is much more sensitive to the surface curvature,
D/W.
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