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Abstract

Turbulent ¯ow and heat transfer characteristics of a two-dimensional oblique wall attaching o�set jet were
experimentally investigated. The local Nusselt number distributions were measured using liquid crystal as a
temperature sensor. The jet mean velocity, turbulent intensity and wall static pressure coe�cient pro®les were
measured for the jet Reynolds number, Re = 53,200, the o�set ratio �H=D� from 2.5 to 10, and the oblique angle, a
from 08 to 408. It is observed that the time-averaged reattachment point nearly coincides with the maximum Nusselt
number point for all oblique angles, but the maximum pressure point does only for a � 08: The decay of the
maximum jet velocity in the streamwise direction is found to obey the conventional ÿ1/2 power law of the wall

attaching o�set jet for aR308: The reattachment length and maximum pressure point are well correlated with o�set
ratio and oblique angle. The correlations between the maximum Nusselt number and Reynolds number for all
oblique angles tested are presented. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The Oblique Wall Attaching O�set Jet (OWAOJ) is
a two-dimensional slot jet issued into quiescent sur-
roundings above an inclined plate. As depicted in a

schematic diagram of the OWAOJ in Fig. 1, when the
jet discharges from the nozzle, the so-called ``coanda
e�ect'' causes the jet to de¯ect towards the wall bound-
ary and reattach to the plate wall. The jet redevelops

in the wall jet region after its reattachment to the wall.
OWAOJ is frequently encountered in numerous

industrial applications such as the cooling of a com-

bustion chamber wall in a gas turbine, an air de¯ector

as a circulation controller, an automobile demister,

and a moisture remover in the car washer. In spite of

its wide applications to practical engineering problems,

however, no previous research on the OWAOJ has

been found in the literature search.

In the mean time, numerous studies on the wall

attaching o�set jet (WAOJ) have been performed.

Borque and Newmann [1] and Sawyer [2] studied

the mean ¯ow characteristics of the WAOJ. Hoch

and Jiji [3] numerically predicted the jet trajectory,

jet reattachment length, wall pressure distribution,

and maximum axial velocity decay. Pelfray and

Liburdy [4] provided the mean velocity and turbu-

lent intensity pro®les in the recirculation and impin-
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gement regions. Yoon et al. [5] presented the

detailed ¯ow data in the entire region of the

WAOJ. Kumada et al. [6] measured the mass trans-

fer coe�cients in the WAOJ using the naphthalene

sublimation technique. Hoch and Jiji [7], and Hol-

land and Liburdy [8] studied the thermal character-

istics of the heated WAOJ, and the temperature

and energy distributions of the heated WAOJ, re-

spectively. Most recently, Kim et al. [9] investigated

the ¯ow and heat transfer characteristics of the

WAOJ and found that a dividing streamline of the

jet unstably reattaches in the impingement region.

They also found that the jet reattachment point

nearly coincides with the maximum Nusselt number

position and presented correlations between the

local Nusselt number distributions and Reynolds

number, o�set ratio, and streamwise length.

In the present study, the mean velocities, wall static

pressure coe�cients, and local heat transfer coe�cients

in the entire region of the OWAOJ are measured by

employing a split ®lm probe and thermochromic liquid

crystal. The Reynolds number, Re ranges from 17,700

to 53,200, the o�set ratio, H=D from 2.5 to 10, the

oblique angle, a from 08 to 408. This research is an

extension of the previous work by Kim et al. [9] in

that it investigates the e�ect of the oblique angle on

the ¯ow and heat transfer characteristics of the two-

dimensional WAOJ. The purpose of the present

research is to obtain good quality data with the well-

de®ned thermal wall boundary condition and inlet ¯ow

conditions, which the people developing the compu-

Nomenclature

CPW
wall static pressure coe�cient �� �PWÿ
P1�1=2rU 2

J �
D nozzle width

f gold-coating uniformity on the Intrex sur-
face

H distance from the wall to the lower nozzle

edge
h convection heat transfer coe�cient
k thermal conductivity of air

Nu local Nusselt number, hD=k
Numax maximum Nusselt number
PW wall static pressure
P1 atmospheric pressure

q heat ¯ux
Re jet Reynolds number (based on the nozzle

width, D )

T temperature
U axial mean velocity
UJ jet mean velocity at the nozzle exit

Um maximum axial mean velocity
u 0, v 0, w 0 r.m.s. values of the velocity ¯uctuation

components

X, Y horizontal and vertical coordinate

X a, Y a horizontal and vertical coordinate along
the inclined wall

X a
Numax

maximum Nusselt number position

X a
R reattachment distance

X a
cpmax

maximum pressure position
Y1=2m upper jet spread

Greek symbols
a oblique angle

e emissivity of the liquid crystal and black
paint coated on the plate surface

r density of air
g forward ¯ow fraction

s Stefan±Boltzmann constant

Subscripts
a ambient

c conduction
cr critical
J jet
v convection

W oblique wall

Fig. 1. Schematic diagram of the oblique wall attaching o�set

jet ¯ow experiment.

H.B. Song et al. / Int. J. Heat Mass Transfer 43 (2000) 2395±24042396



tational code for turbulent heat transfer prediction can
use as a reliable source.

2. Experimental apparatus

Measurements are made in a low speed blow-down
wind tunnel. Air is moved by 5 HP centrifugal fan and
an inverter controls the fan speed. The wind tunnel

consists of a di�user, a plenum chamber and a con-
traction nozzle. A size of the plenum chamber is 300
mm� 300 mm and a size of the nozzle is 300 mm� 25
mm, resulting in an aspect ratio of 12. The test plate

on which the discharged jet attaches is made up of
1800 mm � 300 mm � 10 mm Plexiglas. The test plate
surface is heated with gold ®lm Intrex (a 0.13 mm

thick polyester substrate sheet on which an approxi-
mately 20 AÊ thick gold-coating is applied) by passing a
D.C. current, which creates a uniform heat ¯ux bound-

ary condition on the plate surface.
The liquid crystal used in this experiment is

``R35C3W'', microencapsulated thermochromic liquid
crystal. Since the actual color image of liquid crystal is

a�ected by the factors such as the thickness of liquid
crystal, the angle and distance of the light illuminating
the liquid crystal coated surface, a careful color cali-

bration has to be carried out under the particular con-
ditions and later the experiments are carried out under
the same conditions as those for the calibration.

For the calibration purpose, a 170 mm � 75 mm �
50 mm aluminum block is used through the top of
which a 100 W cartridge heater is embedded, while the

bottom 50 mm of the block is immersed in the con-
stant temperature water bath maintaining to within
20.018C of the set temperature, generating a linear
temperature gradient along the length of the aluminum

block. A layer of black paint and liquid crystal to be
calibrated is air-brushed on the aluminum block sur-
face. To measure the surface temperature, eight cali-

brated thermocouples fed through the back of the
block are used and their junctions are ¯ush with the
liquid crystal coated surface. It should be noted that

the sides and back of the block are covered with
urethane foam insulation to minimize the conduction
heat loss. The color distribution on the block is then
recorded and processed by a digital color image pro-

cessing system, producing a color/temperature cali-
bration result with hue value as a function of
temperature. The digital color image processing system

consists of a color video camera (SAMSUNG/SV-
F12), a color frame grabber (DARIM/Video-Catcher),
and Pentium-PC.

Now, the ¯ow measurements are made for
Re � 53,200, H=D � 5:0, a � 08 to 408. Heat transfer
measurements are made for Re � 17,700 to 53,200,

H=D � 2:5 and 5.0, and a � 08 to 408. Both the ¯ow
and the heat transfer measurements are carried out

along the centerline of the plate in the longitudinal
direction to insure the two-dimensional jet ¯ow
assumption. It is observed that liquid crystal color

lines on the test plate are nearly linear in the transverse
direction normal to the ¯ow stream along the plate, in-
dicating that the two-dimensional jet ¯ow attaches

upon the plate.

3. Data reduction

Details of the ¯ow and heat transfer measurement
technique used in this study are described by Yoon et

al. [5] and Lee et al. [10], respectively. For ¯ow ®eld
measurements in the OWAOJ, a split ®lm probe (TSI-
1288) which is an end-¯ow-type, 0.15 mm diameter

and 2 mm long, is used. This probe is calibrated at the
exit of the round jet issuing from the nozzle of TSI-
1125 calibrator. The probe calibration method used is
the same as that described by Yoon et al. [5]. A lo-

cation of the reattachment point is estimated by the
forward ¯ow fraction, gW, which is de®ned as the frac-
tion of time duration during which the ¯ow is directed

towards downstream.
The streamwise and crosswise mean velocity com-

ponents in the OWAOJ are measured using a constant

temperature anemometer (TSI, IFA300). The initial
turbulence intensities at the nozzle exit are
u 0=UJ � 0:7%, v 0=UJ � 0:5% and w 0=UJ � 0:6%, re-
spectively. A calibrated 0.025 cm diameter chromel±

alumel thermocouple measures the jet exit temperature
to an accuracy of20.18C.
By electrically heating a gold-coating on the Intrex,

an essentially uniform wall heat ¯ux condition is estab-
lished. The heat ¯ux can be adjusted by changing the
current through the Intrex, which changes the surface

temperature. Under the uniform heat ¯ux boundary
condition, an isotherm on the Intrex surface corre-
sponds to a contour of uniform heat transfer coe�-

cient. As the heat ¯ux on the Intrex changes, the
position of the particular color being observed also
changes. And the local heat transfer coe�cient at that
position is calculated from

h � qv

�TW ÿ TJ � �1�

where TW is the plate surface temperature measured by
liquid crystal, TJ is the jet temperature, qv is the con-

vection heat ¯ux which is obtained by subtracting the
radiation and conduction heat losses from the total
heat ¯ux through the Intrex, i.e.
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qv � fIV

A
ÿ es

ÿ
T 4

W ÿ T 4
ac
�ÿ q �2�

The ratio of the local electrical heating to the average

heating, f, is a measure of the uniformity of the gold-
coating. It turns out that the gold-coating uniformity
is as high as 98% when the test section of the Intrex is
small and selected from the middle of a roll where the

gold-coating is most uniform. Therefore, we assume
f11 for the heat ¯ux calculation. But f is maintained
in Eq. (2) because it contributes to the overall uncer-

tainty (see Table 1).
The Nusselt number uncertainty analysis on the

basis of 20:1 odds (i.e., 95% con®dence level of errors)

has been carried out using the method by Kline and
Mcklintock [11]. Table 1 shows that the Nusselt num-
ber uncertainty for H=D � 2:5, a � 108, and X a=D � 2
at Re � 17,700 is estimated to be 4.61%. It should be

noted that this uncertainty represents the maximum
uncertainty in the Nusselt number under the given ex-
perimental conditions. The uncertainty due to a surface

temperature measurement by liquid crystal is the lar-
gest contribution to the overall Nusselt number uncer-
tainty. Another important source of uncertainty is the

gold-coating uniformity on the Intrex surface. The
uncertainty analysis also shows that the uncertainty in
the mean velocity is less than 5%.

4. Results and discussion

4.1. Flow characteristics

The distributions of the wall static pressure co-

e�cient along the plate are shown in Fig. 2 for
Re � 53,200, H=D � 5, and a � 08 to 408. The wall
static pressure coe�cient is de®ned as

cPW
� �PW ÿ P1�

1=2rU 2
J

�3�

where, PW, P1, r, and UJ are the wall static pressure
on the plate surface, atmospheric pressure, air density,

and jet mean velocity at the nozzle exit.
In general, Fig. 2 shows that when a two-dimen-

sional slot jet is issued into quiescent surroundings
above an inclined plate, the so-called ``coanda e�ect'',

caused by a di�erence in the ¯ow entrainment across
the jet, forces the jet to de¯ect towards the wall bound-
ary, reattach to the plate surface, and redevelop along

the plate, creating three distinct ¯ow regions (recircula-
tion, impingement or reattachment, and wall jet) as
shown in Fig. 1. The static pressure along the plate

wall, on the other hand, gradually decreases and
approaches to a minimum value in the recirculation
region. However the wall static pressure sharply rises
to a maximum value near the reattachment point as

the jet ¯ow impinges upon the plate wall and gradually
approaches to an atmospheric pressure in the wall jet
region. The pressure distribution for

H=D � 4:0, a � 08, and Re � 15500 by Borque and
Newmann [1] is also plotted in Fig. 2, which is in
qualitative agreement with those of the present results.

It is observed from Fig. 2 that as the oblique angle a
increases from 08 to 408, the point of the maximum
wall pressure coe�cient on the plate surface progress-

ively shifts downstream and its magnitude decreases.
The minimum wall pressure point also shifts down-
stream with an increasing oblique angle, but its magni-
tude remains nearly unchanged. It is also observed

that with an increasing oblique angle, slopes in the
pressure rise become shallower after the minimum
pressure point and an approach to the atmospheric

pressure thereafter slower past the maximum pressure
point.

Fig. 2. Distributions of the wall static pressure coe�cient for

various a at H=D � 5:0 and Re � 53,200:

Table 1

Nusselt number uncertainty analysis

X1 Value dx i
dx i@Nu
Nu @ x i

(%)

TW (8C) 35.23 0.20 3.233

f 1.0 0.02 2.453

TJ (8C) 27.83 0.14 2.02

e 0.9 0.05 0.742

I (A) 0.761 0.0016 0.253

Ta (8C) 27.20 0.14 0.224

D (m) 0.025 5.0� 10ÿ5 0.214

V (V) 66.91 0.034 0.061

A (m2) 0.12 5.6� 10ÿ5 0.056

Total Nu uncertainty: dNu
Nu � 4:61%
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In particular, in the case of the largest oblique angle
�a � 408� tested, the magnitude of the wall pressure

coe�cient remains nearly the same up to one half of
the minimum pressure position. It may be attributed
to the fact that the large oblique angle enables a large

amount of the ¯ow entrainment as the jet discharges.
The same ¯ow behaviors described above were also
observed for other H=D's tested, but are not presented

here due to a space limit.
Fig. 3 shows variations of the reattachment length,

X a
R, the maximum Nusselt number position, X a

Numax
,

and the maximum wall pressure position, X a
cpmax

, with
the o�set ratio, H=D for Re � 53,200 and a � 08 to
408. The reattachment length has been used as an im-
portant parameter to better understand the ¯ow

characteristics of the WAOJ. According to our pre-
vious WAOJ research results [9], the WAOJ ¯ow reat-
tachment is a very unsteady process, resulting in a

wide reattachment region. In spite of the unsteadiness
of the reattachment region, Kim et al. [9] de®ned the
reattachment length as the time-averaged reattachment

point of the unsteady reattaching ¯ow. It coincides
with the point where the mean skin friction coe�cient
vanishes (i.e., the gW value becomes 0.5). They showed

that the reattachment length increases with an increas-
ing o�set ratio. Similar ¯ow behaviors can be expected
for the OWAOJ since the WAOJ is a limiting case of
the OWAOJ for �a � 08�:
It is shown from Fig. 3 that the reattachment length

increases with an increasing o�set ratio and oblique
angle. The reattachment length for the case of a � 08
in the present experiment is in a good agreement with
those of Borque and Newmann [1], and Hoch and Jiji
[3]. Fig. 3 also shows the position of the time-averaged

reattachment point nearly coincides with the maximum
Nusselt number position for all oblique angles tested.

Vogel and Eaton [12], and Baughn et al. [13] have
demonstrated in the backward-facing step ¯ow and in

the round abrupt expansion ¯ow, respectively, that the
maximum Nusselt number position closely agrees with
the reattachment point, and in the light of the close

similarity of the ¯ows, it can be assumed that the same
is true for the OWAOJ. It is worthy to note that for a
given o�set ratio and Reynolds number, there seems to

exist a critical oblique angle at which the ¯ow reattach-
ment can occur. For Re � 53,200, the critical oblique
angles are as follows: acr � 598, 578, 558, 528 and 508
for H=D � 0, 2:5, 5:0, 7:5 and 10, respectively.
It should also be noted from Fig. 3 that the reat-

tachment point nearly coincides with the maximum
wall pressure position for a � 08: However, as the obli-

que angle increases from a � 08, gap between the reat-
tachment point and the maximum wall pressure
position becomes larger. It turns out that for ar308,
the reattachment point coincides more closely with the
point where the pressure coe�cient changes from the
negative to the positive value than with the maximum

pressure position. Fig. 4 shows the e�ect of the oblique
angle on the reattachment length, X a

R and maximum
wall pressure position, X a

cpmax
for Re � 53,200 and that

they are well correlated by the following expressions:

X a
R=D � 4:854�H=D�0:6�cos a�ÿ3:02 �4�

and

X a
cpmax

=D � 4:975�H=D�0:6�cos a�ÿ3:52 �5�

According to Eqs. (4) and (5), X a
R has the same depen-

dency on the o�set ratio (i.e., �H=D�0:6� as X a
cpmax

:
However, X a

cpmax
is more dependent upon the oblique

angle than X a
R: The above correlations are valid for

2:5RH=DR10, 08RaR408, and Re � 53,200:
The mean velocity vector pro®les in the initial ¯ow

Fig. 4. E�ect of the oblique angle on the reattachment length

and maximum pressure position for Re � 53,200:

Fig. 3. Variations of the reattachment length, maximum Nus-

selt number position, and maximum wall pressure position

with H=D for various a and Re � 53,200:
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development region of the OWAOJ for H=D � 5 and

a � 08, 208, and 408 are shown in Fig. 5(a)±(c). From

Fig. 5(a) and (b), the recirculation region is readily

observed with the vortex center located at X=D17 and

X a=D19 for a � 08 and 208, respectively. The primary

jet ¯ow appears to gradually curve through the ®rst

one-third of the recirculation region and turns sharply

downward as the jet impinges on the plate. This trend

has also been observed in the backward facing step

¯ows [12], but the streamline started to curve after

one-half of the recirculation bubble. In the present ex-

periment, the maximum reverse ¯ow velocities for a �
08 and 208 are about 33 and 26%, respectively, of the

jet exit velocity. On the other hand, for a � 408, the

mean velocity vector pro®le in Fig. 5(c) resembles a

free jet ¯ow with a weak ¯ow reversal near the plate

wall, suggesting that the ¯ow nearly departs from the

WAOJ. The consistent ¯ow behavior is also demon-

strated in Fig. 7 and Fig. 8 later.

To investigate the ¯ow characteristics of the

Fig. 5. (a) Mean velocity vector pro®les for a � 08 at H=D � 5:0 and Re � 53,200: (b) Mean velocity vector pro®les for a � 208 at
H=D � 5:0 and Re � 53,200: (c) Mean velocity vector pro®les for a � 408 at H=D � 5:0 and Re � 53,200:
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OWAOJ in the far downstream region, the mean vel-

ocity distributions for di�erent oblique angles are

plotted along the vertical distance in Fig. 6. The solid

line in Fig. 6 represents the velocity pro®le for the

fully developed plane wall jet (PWJ), investigated by

Schwarz and Cosart [14]. According to both Rajarat-

nam and Subramanya [15] and Kim et al. [9] who per-

formed the PWJ and WAOJ experiments, respectively,

the mean velocity pro®les show a similarity in the wall

jet region corresponding to X ar20D: The same ¯ow

behavior can be observed for a � 08 in Fig. 6. How-

ever, as the oblique angle increases, the starting pos-

ition of the velocity similarity moves further

downstream (i.e., X a � 30D for a � 208 and X a �
40D for a � 308� and for a � 408, the velocity simi-

larity would not be observed until X a � 50D:
The axial turbulence intensity pro®les for H=D � 5,

Re � 53,200 and a � 08 to 408 are shown in Fig. 7.

The turbulence intensity distributions measured by

Irwin [16] at X=D � 194 in a self-preserving plane wall

jet are also plotted to compare with the present results.

Both results show that the axial turbulence intensity

pro®les in the WAOJ nearly attain their self-preserving

state at X a130D for aR208, and X a140D and 50D

for a � 308 and 408, respectively. This behavior is con-
sistent with the axial mean velocity results.

The logarithmic plots of the maximum axial velocity

distributions for H=D � 5, Re � 53,200 and a � 08 to

408 are shown in Fig. 8. Within the experimental

uncertainty, it follows that for a � 08 to 308, the maxi-

mum velocity decay of the OWAOJ in the wall jet

region obeys the conventional ÿ1/2 power law of the

WAOJ (i.e., UmA1=
������
x a
p

). The maximum axial velocity

distributions for H=D � 5:7 and a � 08 by Hoch and

Jiji [3] also show the same velocity decay as the present

results. However, for a � 408, the maximum velocity
decay pro®le appears to deviate from the typical fully-

developed WAOJ. Thus, it can be concluded that
when the oblique angle is greater than 408, the ¯ow
may very much depart from the WAOJ.

4.2. Heat transfer characteristics

The local Nusselt number distributions along the

plate are presented in Fig. 9 for two o�set ratios, one
Reynolds number of Re � 53,200, and ®ve oblique
angles. In general, the positions and magnitudes of the

maximum Nusselt number are much in¯uenced by
oblique angle and o�set ratio. It is observed from
Fig. 9 that for larger o�set ratio and increasing oblique

angle, the di�erence in the entrainment rate along the
inner and outer edges of the jet diminishes. This results
in the weakening of the ``coanda e�ect'', which in turn
causes the weaker jet impingement force on the plate

and subsequent reduction in the Nusselt number mag-
nitude.
It is also observed from both Figs. 5 and 9 that

Numax position �X a
Numax
� increases with increasing obli-

que angle and o�set ratio. The correlations between
Numax, oblique angle and o�set ratio will be discussed

shortly. The local Nusselt number in the recirculation
region increases due to turbulent mixing processes by
the recirculation bubble and reaches a maximum value

at the point where the jet ¯ow reattaches as demon-
strated in Fig. 3. The Nusselt number in the wall jet
region begins to decrease monotonically from the
maximum value at the reattachment point and likely

converges (except for a � 408� to approximately the
same value at X a=D124 and 30 for H=D � 2:5 and

Fig. 6. Dimensionless axial mean velocity pro®les for various a at H=D � 5:0 and Re � 53,200:
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5.0. respectively, as the ¯ow redevelops far down-

stream.
It should be noted from Fig. 9 that the minimum

Nusselt number occurs between X a=D11:0 and

X a=D14:0 for the o�set ratios and oblique angles
tested, with an increase of the Nusselt number as the
upstream inclined wall is approached. This increase of
the Nusselt number is attributed to an additional mix-

ing of the ¯ow caused by a secondary recirculation in
the upstream corner near the step of the inclined wall.
The existence of the secondary recirculation is also

observed by the color display of liquid crystal on the
plate wall.
Variations of the maximum Nusselt number, Numax,

with jet Reynolds number and oblique angle are
shown in Fig. 10 for two o�set ratios of H=D � 2:5
and 5.0. The maximum Nusselt number varies accord-
ing to NumaxA�Re�0:52±0:56 and NumaxA�Re�0:52±0:65 for

H=D � 2:5 and 5.0, respectively. The exponents to

Reynolds number correspond to each oblique angle
from a � 408 to 08. As shown in Fig. 3, the maximum
Nusselt number position nearly coincides with the re-

attachment point and the reattachment point formed
by the OWAOJ can be considered as the stagnation
point in the impinging jet. The Reynolds number
dependence of Numax is somewhat stronger for H=D �
5:0 than for H=D � 2:5: This may be due to an
increase of turbulence in the approaching jet as a result

Fig. 7. Dimensionless axial turbulence intensity pro®les for various a at H=D � 5:0 and Re � 53,200:

Fig. 8. Logarithmic plots of the maximum axial velocity dis-

tributions to show a ÿ1/2 power law decay for various a at

H=D � 5:0 and Re � 53,200:
Fig. 9. Streamwise variations of the local Nusselt number

with a and H=D at Re � 53,200:
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of stronger exchange of momentum with surrounding
air since for the larger o�set ratio, the jet travels a

longer distance before impinging on the plate. Our
results are consistent with those of impinging jet ¯ow
studies by Lee et al. [17] and Hollworth and Gero [18]

for which the exponents to Reynolds number varied
from n � 0:5 to 0.67 depending on the nozzle-to-plate
distances and Reynolds numbers tested. Kumada et al.
[6] also reported in their mass transfer study with the

WAOJ that the maximum Sherwood number depends
on Re0:58 for the o�set ratios ranging from H=D � 2:5
to 24.5.

Fig. 11 shows variations of the mean Nusselt num-
ber with the oblique angle in the initial development
region corresponding to X aR30D: The mean Nusselt

number is de®ned as

Numean � 1

X a

�X a

o

Nu dX a �6�

The results show that the largest Numean occurs at a �
08 for H=D � 2:5 and 5.0. The magnitude of Numean is

larger for H=D � 5:0 than that for H=D � 2:5 at
aR208: This may be due to an increase of turbulence
in the approaching jet as a result of stronger exchange

of momentum with surrounding air. However, the
magnitude of Numean is larger for H=D � 2:5 than that
for H=D � 5:0 at a � 408, since for H=D � 5:0, the jet

travels a longer distance before impinging on the plate.
Consequently, the upper jet spread becomes wider and
impinging e�ect is reduced.

5. Summary

Turbulent ¯ow and heat transfer characteristics of a
two-dimensional oblique wall attaching o�set jet have
been experimentally investigated. The following con-
clusions can be drawn:

1. As the oblique angle increases from a � 08 to 408,
the point of the maximum wall pressure coe�cient
along the plate surface progressively shifts down-

stream and its magnitude decreases, while the mini-
mum wall pressure point also shifts downstream
with its magnitude remaining nearly unchanged.

Slopes in the pressure rise becomes shallower with
an increasing oblique angle after the minimum
pressure point and an approach to the atmospheric

pressure thereafter slower past the maximum press-
ure point.

2. The ¯ow similarity in the wall jet region is observed

for X ar20D at a � 08: But, as the oblique angle
increases, the position of similarity moves further
downstream, and for a � 408, the ¯ow similarity is
not observed until X a � 50D: The decay of the

maximum axial velocity in the OWAOJ obeys the
ÿ1/2 power law of the wall attaching o�set jet for
aR308:

3. The local Nusselt number in the recirculation region
increases due to turbulent mixing processes by the
recirculation bubble and reaches a maximum value

at the reattachment point. The maximum Nusselt
number varies according to NumaxA�Re�0:52±0:56 and
NumaxA�Re�0:52±0:65 for H=D � 2:5 and 5.0, respect-
ively.

4. The maximum Nusselt number point nearly co-
incides with the time-averaged reattachment point
for all oblique angles tested and the maximum

pressure position for a < 208:
5. The minimum Nusselt number occurs between

X a=D11:0 and X a=D14:0 for all H=D's and a's
tested, with an increase of the Nusselt number as
the upstream inclined wall is approached. This
increase of the Nusselt number is due to an ad-

Fig. 11. Mean Nusselt number variations with a for

H=D � 2:5 and 5.0 at Re � 53,200:

Fig. 10. E�ect of Reynolds number on the maximum Nusselt

number for H=D � 2:5 and 5.0.
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ditional mixing caused by the secondary recircula-
tion.
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