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A~traet--An experimental study on the fluid flow and heat transfer characteristics was performed for a 
two-dimensional jet issuing parallel to a flat plate. A split film probe and thermochromic liquid crystal are 
used to measure the mean velocity and turbulent intensity, and plate wall temperature, respectively. The 
offset ratio ranges from 0 to 20, the Reynolds number from 6500 to 39 000 and the nozzle width is 20 ram. 
It is observed that a dividing streamline of the jet unstably reattaches in the impingement region. However, 
the time-averaged reattachment points are found to coincide with the maximum Nusselt number locations. 
The correlations between the local Nusselt number distributions and Reynolds number Re, offset ratio 

H/D, and streamwise length X/D are presented. Copyright © 1996 Elsevier Science Ltd. 

INTRODUCTION 

When a plane jet is issued into quiescent surroundings 
above a plate parallel to the axis of the jet discharge, 
the so-called "coanda effect" forces the jet to deflect 
towards the wall boundary and attach to the plate 
wall. After the jet impinges on the wall, the flow re- 
develops in the waUjet region. The general flow fiekt in 
the Wall Attaching Offset Jet (WAOJ) is schematically 
depicted in Fig. 1. 

WAOJ is frequently found in many engineering 
devices such as the cooling of a combustion chamber 
wall in a gas turbine, the use of an air deflector as a 
circulation controller, and an automobile demister. 
Early works by Borque and Newmann [1] and Sawyer 
[2] have been concerned mostly with the mean flow 
characteristics. Hoch and Jiji [3] presented an integral 
analysis on the basis of an entrainment model which 
predicts the jet trajectory, the reattachment length, 
the wall pressure distribution, and the maximum axial 
velocity decay. Pelfray and Liburdy [4] provided the 
detailed experimental data for the mean and turbulent 
velocity fields in the recirculation and impingement 
regions. Recently, Yoon et al. [5] presented the tur- 
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bulent data in the entire region of WAOJ ranging 
from the recirculation region to the wall jet region. 

Although many investigations on WAOJ have been 
presented, the studies on both the flow and heat trans- 
fer characteristics of the WAOJ are scarce. A few 
researchers have investigated the heat or mass transfer 
characteristics of the WAOJ. Kumuda et al. [6] 
measured the mass transfer coefficients in the WAOJ 
using the naphthalene sublimation technique. They 
reported that a change of the recirculation bubble 
shape occurred when the offset ratio, H/D, becomes 
greater than 6.5. Hoch and Jiji [7] studied the thermal 
characteristics and heat decay phenomena of the 
heated WAOJ and concluded that the temperature 
distributions in the recirculation bubble are uniform. 
Holland and Luburdy [8] investigated the temperature 
and energy distributions of the heated WAOJ under 
the adiabatic wall condition and presented that the 
buoyant effects on the WAOJ are negligible. They 
also compared their thermal data with the flow field 
structure provided by Pelfray and Liburdy [4]. 

The present study is aimed at investigating the fluid 
flow and heat transfer characteristics of the WAOJ. 
The mean velocities, turbulent intensities, and local 
convective heat transfer coefficients in the entire 
region of the WAOJ are measured by employing a 
split film probe and thermochromic liquid crystal. 
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NOMENCLATURE 

D nozzle width X-  
H distance from the wall to the lower 

nozzle edge X, Y 
h local convection heat transfer Y~.2m 

coefficient 
k thermal conductivity 
Nu local Nusselt number, hD/k 
Nu .... maximum Nusselt number 
Nu,t,~ stagnation point Nusselt number 
q heat flux 
Re Reynolds number (based on the nozzle 

width, D) 
T temperature 
Uj jet velocity at the nozzle exit 
u' ,v ' ,  w' velocity fluctuation components 
Xm,~ maximum Nusselt number position 
X,n~. minimum Nusselt number position 
XR reattachment distance 

dimensionless axial 
coordinate = ( X -  Xm, O / Xm,~ 
horizontal and vertical coordinate 
upper jet spread. 

Greek symbols 
~: emissivity 
7 forward flow fraction 
v kinematic viscosity 
o Stefan-Boltzmann constant. 

Subscripts 
a ambient 
c conduction 
J jet 
v convection 
w offset wall. 

EXPERIMENTAL APPARATUS 

Measurements are made in a low speed blow-down 
wind tunnel. Air  is moved by 5HP centrifugal fan and 
the fan speed is controlled by an inverter. The wind 
tunnel consists of  a diffuser, plenum chamber and a 
contraction nozzle. It has a contraction ratio of  25 
and a size of  the exit nozzle is 800 mm x20  mm, 
resulting in an aspect ratio of  40. The jet velocity, Uj, 
is measured with a pitot tube and electronic micro 
manometer  to an accuracy of  _+ 2%. The initial tur- 

bulent intensities at the nozzle exit are u'/Uj = 0.1%, 
v'/Uj = 0.2% and w'/Uj = 0.15%, respectively. 

The test plate on which the discharged jet attaches 
is made of  a 800 mm high, 2 m long and l0 mm thick 
Plexiglas. The test plate is installed such that it is 
parallel to the jet streamwise axis and vertical to the 
plate which is flush with the end of  nozzle. 

In order to minimize the conduction heat loss, a 
gypsum plate is placed above the Plexiglas plate. To 
the surface of  the gypsum plate is glued a sheet of  gold 
film Intrex (a very thin gold-coated polyester substrate 
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Fig. I. Schematic diagram of the wall attaching offset jet flow experiment. 
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sheet). Copper foil strip "electrodes" are then 
attached to either end of the surface of the Intrex 
and silver-loaded paint is applied to establish a good 
electrical contact between the copper electrodes and 
the Intrex surface. By passing a d.c. current through 
the Intrex, an essentially uniform wall heat flux 
boundary condition is created. The copper electrodes 
are then connected to two digital multimeters with a 
precision of three significant figures to measure the 
voltage drop across and current input to the Intrex. 

An air brush connected to an air compressor was 
used to apply first black backing paint and then the 
liquid crystal on the Intrex surface. The liquid crystal 
used in this experiment is "R35ClW" micro-encap- 
sulated thermochromic liquid crystal. 

In order to minimize the conduction and radiation 
heat losses, care was taken ; the backside of the Intrex 
was well insulated with the gypsum plate and a fiber 
optic cold light source was used to illuminate the 
liquid crystal surface. Since the actual color image is 
affected by factors such as the angle and distance of 
the light illuminating the liquid crystal covered 
surface, and aging effects, a careful color calibration 
was carried out. In order to accurately determine the 
spatial location of the particular color and to minimize 
a visual bias, a true color image processing system was 
used. 

All of the flow measurements were made for a Rey- 
nolds number of Re --- 39 000 and an offset ratio of 
H I D  = 5.0 except for forward flow fractions. Heat 
transfer measurements were made over a range of 
Reynolds numbers from 6500 to 39 000, and the offset 
ratios ranging from 0.5 to 15. 

DATA REDUCTION 

Details of the flow and heat transfer measurement 
technique used in this study are described by Yoon 
[9] and Lee et al. [10], respectively. And the hue- 
temperature correlation used for the liquid crystal 
calibration is presented by Kim [11]. 

For  the accurate measurement of  the complex flow 
field in the WAOJ, a split film probe (TSI-1288) which 
is an end-flow-type, 0.15 mm diameter and 2 mm long, 
was used. This probe was calibrated at the exit of 
the round jet issuing from the nozzle of TSI-1125 
calibrator. In the present study, the modified Stock's 
calibration scheme proposed by Ra et al. [12] was 
modified to improve the pitch angle response for the 
flow velocity variation. The uncertainty estimates by 
the Kline and McKlintock's [13] method show that 
the uncertainty in the mean velocity at the maximum 
pitch angle of above + 70 ° is less than 5%. 

A location of the reattachment point was estimated 
by a forward flow fraction, Yw, which is defined as a 
fraction of time duration during which the flow is 
directed towards downstream. The streamwise and 
crosswise turbulent velocity components in the WAOJ 
were measured using two constant temperature anem- 
ometers (TSI, IFA100). The anemometer output sig- 

nals were low pass filtered at 5 kHz through two TSI- 
1057 signal conditioners, then digitized by a universal 
waveform analyzer (Data Precision, D6000) which 
has a 14 bit A/D converter with a sampling frequency 
of 10 kHz. 

A calibrated 0.025 cm diameter chromel-alumel 
thermocouple measured the jet exit temperature to an 
accuracy of +0.1°C. By electrically heating a very 
thin gold-coating on the Intrex, an essentially uniform 
wall heat flux condition is established. The heat flux 
can be adjusted by changing the current through the 
Intrex, which changes the surface temperature. Under 
the constant heat flux condition, an isotherm on the 
Intrex surface corresponds to a contour of a constant 
heat transfer coefficient. As the heat flux changes, the 
position of the color isotherm is also moved. The 
local heat transfer coefficient at the position of the 
particular color being observed is calculated from 

h -- qv (1) 
(Tw-  Tj) 

where T~ is the wall temperature determined by liquid 
crystal, Tj is the jet temperature, qv is the net heat flux 
which is obtained by subtracting the heat losses from 
the total heat flux through the Intrex, i.e. 

f l V  4 4 
qv = ~ - e a ( T w  - Ta) --qc. (2) 

The ratio of the local electrical heating to the aver- 
age heating, f is a measure of the uniformity of the 
gold coating. Baughn et al. [14] found the uniformity 
to be as high as 98% when the test section of Intrex is 
small and selected from the middle of a roll where the 
gold-coating is most uniform. It has been the case for 
the present experiment. Therefore, we assume f - -  1 

for the heat flux calculation, but f is maintained in 
equation (2) because it contributes to the overall 
uncertainty (see Table 1). The variables I, V, A, e, a, 
T, and qc are the current across the Intrex, voltage 
across the Intrex, surface area of the Intrex, emissivity 
of liquid crystal on the surface of the plate, Stefan- 
Boltzmann constant, ambient temperature and the 
conduction loss, respectively. The uncertainty esti- 
mates using the method suggested by Kline and 
McKlintock [13] show that the Nusselt number un- 

Table 1. Nusselt number uncertainty analysis 

fixi ONu 
x ~ Unit Value 6x~ 

Nu ~X i 
- -  - -  x 1 0 0  ( % )  

f 1.0 0.02 1.97 
A [m 2] 0.0025 4.975 × 10 5 1.90 
T~ [°C] 35.6 0.22 1.56 
V IV] 11.291 0.125 1.06 
I [A] 0.45 5.0 × 10 3 1.06 
T~ [°C]  21.2 0.14 0.93 
D [m] 0.02 5.0 x 10 -~ 0.23 
e 0.9 0.05 0.21 

6Nu 
Total Nu uncertainty : ~ = 3.59%. 
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certainty for HID = 5 and X/D = 12 at Re = 39000 is 
3.59 %. The uncertainty in the gold coating uniformity 
factor is the largest contribution to the uncertainty• 
Another  source of the large uncertainty is the 
measurement of the Intrex area. 

RESULTS AND DISCUSSION 

Flow characteristics 
Figure 2 shows variations of the downstream dis- 

tance from the jet exit to the reattachment, ZR, with 
the offset ratio, H/D, for Re = 39000. A majority 
of previous investigators have used the reattachment 
point as an important  parameter to better understand 
the flow characteristics of the WAOJ. However, the 
WAOJ flow reattachment is a very unsteady process 
and flow visualization experiments using tufts reveal 
that the reattachment region is rather wide. In spite 
of the unsteadiness of the reattachment distance, it 
can be estimated from Fig. 2. The point where the 
mean skin friction coefficient vanishes (i.e. the ~',, value 
becomes 0.5) is considered as the time-averaged reat- 
tachment point of  the unsteady reattaching flow as 
suggested by Yoon et al. [5]. It is shown that the 
reattachment length increases with an increasing offset 
ratio. It is also shown that the reattachment distances 
for the present experiment are slightly larger than 
those of Borque and Newmann [1] and Sawyer [2]. 
But a linear dependence of the reattachment distance 
on the offset ratio is consistent with that of  the dimen- 
sional analysis of Borque and Newmann [1]. The wall 
reattaching region normalized by the reattachment 
distance is plotted against the offset ratio in Fig. 3. 
The graph shows a slight asymmetry about the time- 
averaged reattachment point (i.e. 7~ = 0.5). This 
asymmetry may be due to a developing nature of 
the issuing jet from the nozzle. It appears that the 
minimum reattachment region occurs in the vicinity 
of HID = 7, which agrees with the result by Kumada  
et al. [6]. Kumada  et al. [6] have suggested that vari- 
ations of flow and mass transfer characteristics occur 
around HID = 6.5. 

The mean velocity vector profiles in the initial flow 
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Fig. 3. Variations of the reattachment region with offset ratio 
for Re = 39 000. 

development region of the WAOJ for HID = 5.0 are 
shown in Fig. 4. From this figure, the recirculation 
region is readily observed with the cortex center 
located at X/D ~ 7. The existence of a secondary vor- 
tex flow is in evidence in the corner at which the offset 
plate and the back wall intersect. The primary jet flow 
appears to gradually curve through the first one third 
of the recirculating region and turns sharply down- 
ward as the jet impinges on the plate. This trend has 
also been observed in the backward facing step flows, 
but the streamline started to curve after one half of 
the recirculation bubble. In the present experiment, 
the maximum reverse flow velocity was about  27% of 
the jet exit velocity. 

To investigate similarities in the flow characteristics 
between the WAOJ and the plane wall jet (PWJ) in 
the far downstream region, the mean velocity profiles 
for both cases are plotted against the vertical distance 
in Fig. 5. According to Rajaratnam and Subramanya 
[15] who performed the plane turbulent attached wall 
jet experiments, the mean velocity profiles in the wall 
jet region become similar for X >/20D. A similar 
behavior is also observed in the WAOJ experiments 
for X > 20D in Fig. 5. 

Variations of the turbulent intensity profiles, u'/Uj 
and r 'Uj,  are shown in Fig. 6. Due to a violent mixing 
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0 0 
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Fig. 5. Mean velocity profiles in the WAOJ and the PWJ for 

Re = 39 000. 

process of the discharged jet with surroundings, both 
components have a sharp peak on each side at 
X/D ~ 1. Such peaks persist until X/D ~, 20 and dis- 
appear in the wall jet region. Due to a suction pressure 
in the recirculation region, the upper profiles skew 
toward the bottom plate. It is worth noting that values 
of v'/Uj are higher in the lower region than in the 
upper region of the jet. This is attributed to a direct 
production mechanism of the vertical turbulent com- 
ponent by the curvature field in the recirculation 
region. Consequently, the magnitudes of v'/Uj are 
comparable to those of u'/Uj in the lower jet in the 
recirculation region corresponding to X/D <~ 7.76. 
However, u'/Uj in the further downstream region is 
much stronger than v'/Uj because of the turbulent 
kinetic energy generated by the streamwise mean vel -  
o c i t y  as can be seen in the governing equation for the 
Reynolds normal stress for the two-dimensional shear 
flow. 

Heat transfer characteristics 
The local Nusselt number distributions along the 

plate are presented in the Fig. 7 for eight offset ratios 
and one Reynolds number of Re = 39 000. In general, 
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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 flow reattaches. The Nusselt 
number in the wall jet region begins to decrease mon- 
otonically from the maximum value at the reat- 
tachment point and converges to nearly the same value 
at X/D ~, 24 as the flow redevelops far downstream. 
It should be noted that the minimum Nusselt number 
occurs between X/D ~ 0.5 and X/D ~ 2.0 for the off- 
set ratios tested, with an increase of the Nusselt num- 
ber as the upstream vertical wall is approached. This 
increase of the Nusselt number is attributed to an 
additional mixing of the flow caused by a secondary 
recirculation in the upstream corner near the step of 
the vertical wall. The existence of the secondary recir- 
culation is also evidenced in Fig. 4 as well as observed 
by the color display of liquid crystal on the plate wall. 

Figure 8 shows that for Re = 39 000, both of the 
minimum and the maximum Nusselt number 
locations shift progressively downstream from 
X/D ~ 0.5--2.0 and from X/D ,~ 2.5-20, respectively, 
as the offset ratio is raised from HID = 0.5 to 12.5, 
and are well correlated by the following expressions : 

Xmin/D = 0.63(H/D) °'5 (3) 

and 
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X m ~ / D  = 3 . 9 3 ( H / D )  ° 72. (4) 

It should also be noted from Fig. 8 that the position 
of the time-averaged reattachment point coincides 
with the maximum Nusselt number position and has 
nearly the same dependency on the offset ratio as the 
maximum Nusselt number position (i.e. XR/D = 3.9 
(H/D)°7) .  Vogel and Eaton [16], and Baughn e t a / .  

[17] have convincingly shown in the backward-facing 
step flow and in the round abrupt expansion flow, 
respectively, that the maximum Nusselt number pos- 
ition closely agrees with the reattachment point, and 
in the light of  the close similarity of  the flows, it can 
be assumed that the same is true for the WAOJ.  

A variation of  the maximum Nusselt number, 
N u  ..... with jet Reynolds number is shown in Fig. 9 
for one offset ratio of  H I D  = 5.0 and the maximum 
Nusselt number varies according to Num~oc(Re)°4 ' (  

The reattachment point formed by the W A O J  can be 
considered to be the stagnation point in the impinging 
jet. Therefore, our result agrees closely with the lami- 
nar boundary layer result for the impinging jet flow 
which yields Nu~,agOC (Re)  °5. Kumada  et al. [6] have 
reported in their mass transfer study with W A O J  that 
the maximum Sherwood number depends on Re °5~ 

for the offset ratios ranging from 2.5 to 24.5. 
The W A O J  flow is divided at the reattachment 

point, a part of  the fluid flows reverse to the recir- 
culation region and the rest of  the fluid flows down- 
stream in the wall jet region. Therefore, the flow and 
heat transfer characteristics in these two regions are 
different from each other. In order to investigate the 
heat transfer characteristics for these two different 
flow regimes, the following dimensionless length X + 
is defined. 

g + = ( x -  Xm~)/Xm~. (5) 

Figure 10 shows that for H I D  = 5.0, the local Nus- 
selt number distributions in the recirculation region 
corresponding to X + ~< are correlated with Re and 
X + as 

Nu = 0.691 Re °49 exp (1.114X + ). (6) 
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Fig. 10. Dependence of heat transfer parameter Nu/Re °4~ on 
the dimensionless length X ÷ in the recirculation region ~br 

H/D = 5.0. 

On the other hand, the Nusselt number dis- 
tributions in the redevelopment region corresponding 
to X + > 0 are shown in Fig. 11 and have the following 
correlation : 

N u  = 0.201Re°56 X ~l -0.135). (7) 

CONCLUSIONS 

The flow characteristics such as reattachment 
phenomena, mean velocity and turbulence intensity 
profiles, and the effects of  the Reynolds number and 
offset ratio on the heat transfer from a uniformly 
heated plate to the wall attaching offset jet (WAOJ) 
have been studied. It is observed that the W A O J  flow 
unstably reattaches in the impingement region and the 
reattachment region is rather wide and the minimum 
reattachment region occurs in the vicinity of  H I D  = 7 

for Re = 39 000. Although an initial development of  
the W A O J  is strongly affected by the suction pressure 
field in the recirculation region, the maximum velocity 
decay, the jet spread and the turbulence field in the 
wall jet region are similar to those of  the plane wall 
jet. It is found that the maximum Nusselt number 
point coincides with the time-averaged reattachment 
point and the Nusselt number decreases mono- 
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tonically in the redevelopment region after the jet 
reattachment.  The results also show an increase in 
the Nusselt  number near the upstream comer  region, 
suggesting the existence of  a secondary vortex which 
causes an additional mixing of  the flow. Both the 
minimum and maximum Nusselt number locations 
shift progressively downstream as the offset ratio is 
raised and are well correlated with the offset ratio. 
For  HID = 5.0, the maximum Nusselt number varies 
according to Numax oC R e  °'49 which represents a weaker 
dependence on the Reynolds number than for the 
impinging jet  flow. This may be attributed to a weaker 
momentum of  the W A O J  flow compared to that of  
the impinging jet  flow. 
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