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Heat Transfer and Flow 
Characteristics of an Oblique 
Turbulent Impinging Jet 
Within Confined Walls 
Experiments were conducted to determine the turbulent heat transfer and flow char- 
acteristics o f  an oblique impinging circular jet  within closely confined walls using air 
as a working fluid. The local temperature distribution on the impingement surface was 
obtained in detail by a thermocamera using a liquid crystal sheet. A correction to the 
heat flux was evaluated by using the detailed temperature distribution and solving 
numerically the three-dimensional equation o f  heat conduction in the heated section. 
Two-dimensional profiles o f  the local Nusselt numbers and temperatures changed with 
je t  angle and Reynolds number. These showed a peak s h ~  toward the minor flow region 
and a plateau of  the local heat transfer coefficients in the major flow region. The local 
velocity and turbulent intensity in the gap between the confined insulated wall and 
impingement surface were also obtained in detail by a thermal anemometer. 

Introduction 
Impinging jets are used to improve the local heat transfer in 

various applications, including gas turbine cooling (Han et al., 
1983), temperature equalization for a slab in continuous casting 
direct roiling process (Ichimiya et al., 1987), and cooling of 
electronics (Hollworth and Durbin, 1992). Martin (1977), Jam- 
bunathan et al. (1992), and Viskanta (1993) provided a com- 
prehensive list of the available literature on impingement cooling. 
In practical applications, the orientation of the nozzle in relatively 
narrow spaces with confined walls is an important factor, together 
with the compactness of the facility. MeMurray et al. (1966) 
experimented with an impinging jet flow for removing heat from 
a hot plate and, in so doing, configured the local heat transfer on 
the impingement surface by control of inclination angle. Sparrow 
and Lovell (1980) examined the shift of the position of maxi- 
mum heat transfer coefficient for various inclination angles by 
using similarity between mass transfer and heat transfer. Gold- 
stein and Franchett (1988) conducted experiments to determine 
the heat transfer to a jet impinging at different angles on a fiat 
surface using a surface heater and liquid crystal. Contours of 
constant temperature (color: red) in the liquid crystal were ob- 
tained at different heat fluxes. The local Nusselt number was 
correlated by an exponential relationship, which included the lo- 
cal position and jet orientation. Stevens and Webb (1991) ob- 
tained an empirical equation for local heat transfer coefficient 
that includes the inclination angle. This research was performed 
on an impinging jet without confining walls. Ward et al. (1991) 
determined the local heat transfer associated with impinging air 
jets within a confined crossflow by using the mass transfer anal- 
ogy technique. 

With an oblique impinging jet, Foss and Kleis (1976) reported 
the mean flow characteristics, surface isobars, streamwise vortic- 
ity, and stagnation point location, for jet inclination angles less 
than 12 deg. Kamoi and Tanaka (1977) measured the static pres- 
sure distribution, velocity distribution, and shear stresses with 
various levels of turbulence at nozzle exit for inclination angles 
ranging from 30 to 90 deg. Foss (1979) measured the turbulence 
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intensity values near the impingement surface, isopressure dis- 
tribution on the surface and velocity vectors distribution for an 
inclination angle of 45 deg. Rubel (1981, 1982) analyzed the 
flow at the jet impingement zone. These previous studies were 
performed in a system without confined walls. 

In the present paper, the impinging flow and turbulent heat 
transfer characteristics of an inclined circular jet within a channel 
with confining walls of comparatively narrow space (h/D = 1.0) 
are examined experimentally. The surface temperature was mea- 
sured by the liquid crystal technique as recorded by an image 
processor. With this technique, isothermal lines on the impinge- 
ment surface were determined without a large number of ther- 
mocouples or without changing heat flux level. In addition, the 
velocity distribution, the turbulence intensity, and the power 
spectrum of velocity fluctuation were examined experimentally 
for each case and correlations are made with heat transfer results. 

Experimental Apparatus and Procedure 
A schematic diagram of the experimental apparatus is shown 

in Fig. 1. The apparatus is composed of the flow delivery passage, 
the heated section including the surface upon which the flow 
impinges, and the measuring system. After the air impinges upon 
the heated surface from an inclined circular nozzle of 30 mm 
diameter, it is released to the atmosphere. The distance between 
the nozzle and the impingement surface is 30 mm. The upper 
wall, set at the same level the nozzle, is made of acrylic resin 
and is thermally insulated. The inclined angles, 0 (refer to Fig. 
2), are 45, 60, and 90 deg from horizontal. The shape of the 
nozzle exit is a circle in the case of 0 = 90 deg and an ellipse in 
the other cases. The impingement section is composed of an 
transparent acrylic plate, a thermosensitive liquid crystal sheet, 
and a stainless steel foil 20 #m thick. These were closely con- 
nected by binding tapes with transparency 99 percent. The foil 
was heated electrically. The impingement surface temperature 
was measured by transforming the color intensity of the liquid 
crystal sheet to the corresponding temperature (refer to the sec- 
tion "Temperature Measurement"). The back side of the im- 
pingement section was illuminated by four 100-W tungsten halo- 
gen lamps. Illumination was from a low angle so that light was 
not specularly reflected to the CCD (Charge-Coupled Device) 
camera. These lamps were equipped with infrared radiation ab- 
sorbing filters to prevent radiative heating of the liquid crystal. 
Three kinds of optical filters were mounted, one after another, in 
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Fig. 1 Schematic diagram of experimental facility 
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front of the camera lens. The color image was converted into an 
electrical signal by a CCD camera. The measuring region was 
divided into 128 x 128 pixels ( the size of one pixel is 1 turn x 
1.25 mm). 

The local heat transfer coefficient, or, and the local Nusselt 
number,  Nu, on the impingement  surface were calculated by the 
following equations, which use the net heat flux qnet (refer to the 
section "Correct ion of Local Heat F l u x " )  and the mixed mean 
temperature at the nozzle exit, Ta., 

o~ = q .e t / (T , ,  - T,,,) ( 1 ) 

Nu = c~' D / h  (2)  

where k is the thermal conductivity of the fluid. 
Velocity and turbulence intensity across the section were mea- 

sured in unheated condition by a thermal anemometer  (single 
wire probe)  to document  the flow at Re = 2 X 10 4 (Uo : 11 m/ 
s) .  A probe was set to face the flow and be parallel to the im- 
pingement  surface. The jet  flow was classified into the major flow 
along the negative side of  X and the minor flow along the positive 
side of X (refer to Fig. 2) ,  Experimental  conditions are as fol- 
lows: The diameter of the nozzle is D = 30 mm; the distance 
between the nozzle and the impingement  surface, h,  is 30 mm; 
the Reynolds numbers based upon the nozzle diameter, Re, are 
2 × 104, 104, 5000, and 2000; and the angles of inclination, 0, 
are 90, 60, and 45 deg. The flow at nozzle exit was nearly fully 

developed and the exit turbulence intensity ranged from 2 to 6 
percent for Re = 2 × 104. The temperature difference between 
the impingement  surface and the fluid ranged from 10°C to 15°C. 

Temperature Measurement 
The liquid crystal was a mixture of cholestefic nonanoate and 

cholestefic chloride. It was microencapsulized and bound be- 
tween a transparent plate and a stainless steel foil. The relation- 
ship between light brightness from the liquid crystal and tem- 
perature was calibrated in advance (Akino  et al., 1989).  Cali- 
bration tests were carried out changing temperature gradients to 
determine accuracy and resolution. The scattered reflected light 
from the liquid crystal at a given temperature, T, was divided 
into three main color componen t s - - r ed ,  green, and b l u e - - b y  
optical filters, and the brightness of each component  was obtained 
at each pixel as the image data. The temperature, T, was esti- 
mated by the regression equation including the relative brightness 
( r , g , b ) ,  

T = ~ . r  + ~/.g + -y.b + 6 (3)  

The values of r, g,  and b were defined as follows: 

r =  R / S ,  g = G / S ,  b = B I S  

where R, G,  and B were the brightness values and S was the total 
S = R + G + B. The regression coefficients ~, r/, % and 6 were 

N o m e n c l a t u r e  

B = brightness value q.~t = 
D = nozzle diameter  q~ad = 

Ga. = power spectrum qs.s = 
G = brightness value 
h = distance between nozzle and im- qunif = 

pingement  surface 
H = dimensionless distance between R = 

nozzle and impingement  surface Re = 
= h / D  S = 

Nu = Nusselt  number  = o t . D / k  T = 
qa~r = corrected heat flux in acrylic Ti. = 

plate Tw = 
qco.d = corrected heat flux in the heated u = 

section = qacr "q- qsus 

net heat flux 
radiative heat flux 
corrected heat flux in stainless 
steel foil 
uniform heat flux by Joule heat- 
ing 
brightness value 
Reynolds number  = u o ' D l u  
total brightness = R + G + B 
temperature 
fluid temperature at nozzle exit 
impingement  surface temperature 
velocity 

Um.x = maximum velocity at nozzle exit 
u0 = average velocity at nozzle exit 
x = x coordinate (refer to Fig. 2) 
X = dimensionless x coordinate = x / D  
y = y coordinate (refer to Fig. 2) 
Y = dimensionless y coordinate = y / D  
z = z coordinate (refer to Fig. 2) 
Z = dimensionless z coordinate = z/D 
a = local heat transfer coefficient = 

q , ,~ t l (T . , -  T~.) 
0 = inclination angle of nozzle 
h = thermal conductivity of fluid 
u = kinetic viscosity of fluid 
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Fig. 3 Color-temperature visualization (Re = 2 x 104): (a) O = 90  deg ,  (b) 0 = 60 deg ,  (c) 0 = 45 dog 
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determined using the groups of the temperature and brightness 
data for optical filters. In the present experiment, these constant 
values were ~ = 2.29678, r/ = 5.78914, .y = 19.9525, and 5 = 
30.4762 and have the unit of temperature °C. The temperatures 
were measured in the range of 35 ~ 42°C and the accuracy was 
within 0.2°C. The colors were brown, orange, yellow, green, and 
blue ranging from low temperature to high temperature. 

Correction of Local Heat Flux 
The local heat flux must be corrected locally using the detailed 

temperature distribution (Kunugi et al., 1991 ). The heat flow in 
the acrylic plate and the stainless steel foil was estimated as a 
steady thermal conduction problem. Thermal conduction without 
heat generation is expressed by the following equation: 

V2T = 0 (4) 

In the acrylic plate, the three-dimensional thermal conduction 
equation was solved numerically at all pixels. The temperature 
distribution on one side was given by the measured values and 
another five sides were insulated thermally. The distribution of 
heat flux qa, was estimated from the calculated temperature in 
the plate. In the stainless steel foil, the heat flux q~,, was calcu- 
lated in a two-dimensional system because the foil was thinner 
than the size of one pixeL Additionally, the radiation loss from 
the impingement surface was evaluated. Consequently, the net 
heat flux q,= from the impingement surface to the fluid was ob- 
tained as the following equation: 

qnet = qunif + qaor + q~us - qrad ( 5 )  

where qunif is the uniform heat flux by Joule heating (power sup- 
ply over unit surface to the stainless steel foil), q,o, the corrected 
heat flux in the acrylic plate, q ~  the corrected heat flux in the 

stainless steel foil, and qrad the radiative heat flux. The positive 
and negative values in each heat flux (qaor and qs,s) mean "in- 

f low" to a pixel and "outflow" from a pixel, respectively. 

Experimental Uncertainties 
All the uncertainties were estimated by the procedure de- 

scribed by ANSI/ASME, PTC 19-1 (1985) and Moffat ( 1988 ). 
The main sources of errors in Nusselt number were the evaluation 
of the temperature, the heat flux, the thermal conductivity of the 
fluid, and the size of nozzle diameter. Their bias limits were 
representatively 0.11°C for Tw from 35 to 42°C, 0.84 W/m 2 for 
qnet = 206 W/m 2, 4.55 × 10 -6 W / ( m.K )  for h = 0.023 W/ 
(m. K) and 0.05 mm for D = 30 ram. Their precision limits were 
0.018°C, 0.12 W/m 2, 1.28 × 10 -7 W / ( m.K )  and 0 mm, re- 
spectively. The partial derivatives of the Nusselt number with 
respect to the variables were determined numerically using finite 
difference method. Consequently, a 95 percent relative coverage 
of uncertainty for Nusselt number was from 1.62 to 6.01 percent 
depending on flow condition. On the other hand, a 95 percent 
relative coverage of uncertainty for flow velocity was 5.1 percent. 

Experimental Results and Discussions 

Impingement Surface Temperature. Figures 3(a, b, c) and 
4(a, b, c) show the temperature visualization and the isothermal 
distribution for various inclination angles (0 = 90, 60, and 45 
deg) for Re = 2 × 104, respectively. The abscissa is dimension- 
less distance X and the ordinate is the dimensionless distance Y. 
The origin (0, 0) is the geometric center, which means that a line 
extending from the nozzle center intersects the impingement sur- 
face. Image smoothing was used twice before the contour print 
was made. In the case of 0 = 90 deg (Fig. 3a), the jet is normal 
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to the impingement surface and a yellow and light blue annular 
pattern is shown on the impingement surface. The radius of the 
annular region ranges from dimensionless length 1 to 1.5. For 0 
= 60 deg (Fig. 3b), the high-temperature region moves to the 
downflow side of the low-temperature region (color: light 
brown) where the jet impinged directly. The distribution is sym- 
metric for Y = 0 and is shaped like a horseshoe type. This ten- 
dency becomes marked for 0 = 45 deg (Fig. 3c). That temper- 
ature step in Fig. 4 is 0.1 ~ 0.2°C. The dotted line shows the 
region at which the extension of the nozzle end intersected with 
the impingement surface. The inner circle of the annular tem- 
perature distribution moves to the right-hand side where the tem- 
perature gradient becomes high. Concretely, for/9 = 60 deg (Fig. 
4b) the temperature increase is about 5°C from X -~ 0.5 to X 
1.6 and on the other hand, it is about 1.6°C from X ~ 0.5 to X 
-1 .  A plateau section appears from X ~ - 1  to X ~ - 2  for 0 = 
60 deg and from X ~ - 1.2 to X -~ - 3  for O = 45 deg (Fig. 4c) 
at Re = 2 X 104. The plateau section appears generally at com- 
paratively high Reynolds number (more than Re = 5000) and 
extends in the Y direction with increase of Reynolds number. For 
0 = 45 deg, isothermal lines also extend to the negative region 
of X because the ellipticity of the nozzle end becomes larger. 

Corrected Heat Flux. The heat flow in the heated section was 
evaluated by using the detailed temperature distribution. Figures 
5 (a, b, c) show the corrected heat fluxes in the acrylic plate, the 
stainless steel foil, and the total corrected heat flux with heat flux 
step 5 W/m 2 for 0 = 60 deg and Re = 2 X 104. The positive 
value means "inflow" and the negative value, "outflow." The 
lines 0 W/m 2 in q~, exist in the shape of a horseshoe near X = 
+2.0 and X = -0.5 ~ -2.0.  The heat of comparatively high 
absolute value (from +25 to - 3 0  W/m 2) flows in or out at the 

positive side from the geometric center and on the other hand, 
the heat of lower absolute value (from - 5  to +5 W/m 2) flows 
in or out at the negative side. Heat flows from the outside to the 
inside of the horseshoe region. In the stainless steel foil, the heat 
flow qs,s is qualitatively the same as q, ,  in the acrylic plate. 
However, the absolute value is of a lower level. Consequently, 
the total corrected heat flux qco,d has comparatively higher values 
at the positive side and lower values at the negative side. The 
ratios of the corrected heat flux in the heated section and the 
uniform heat flux by Joule heating, q¢oJq,,~r, are + 16.9 ~ - 14.5 
percent at Re = 2000, +12.7 ~ -10.6 percent at Re = 10,000 
and +6.4 ~ -8.5 percent at Re = 2 X 104. The effect of thermal 
radiation is from 1 to 2.9 percent. The heat flow in the impinge- 
ment section has not been considered precisely in previous 
studies. 

Local Heat Transfer. Local Nusselt numbers are represented 
in Figs. 6(a, b, c) corresponding to Figs. 3 and 4. In the case of 
/9 = 90 deg (Fig. 6a), the local Nusselt number assumes a peak 
near the stagnation point for laminar jet and two peaks (radius 
from the center X ~ 0.5 and 1.5) in annular form for turbulent 
jet (Ichimiya and Nakamura, 1992). Local distribution is not 
symmetric because the perfect symmetric flow was not realized 
in practice and the space resolution of the present measurement 
was better than that of previous methods. In the case of O = 60 
deg (Fig. 6b), the peak changes to the fight edge of the dashed 
ellipse and a plateau section exists in the major flow region (the 
negative direction of X). This section extends in the negative 
direction of X with the decrease of the inclination angle and in 
the case of turbulent jet. This tendency is different from the be- 
havior of the iso-Nusselt number that Goldstein and Franchett 
(1988) obtained. This depends on the confined walls and the 
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space resolution of temperature measurement. In the case of 8 = 300 
45 deg (Fig. 6c), the Nusselt number gradient becomes steeper 
and the position of the peak moves to the inside of the dashed 
ellipse. Figures 7(a, b, c) show the topography contours, which 
represent the entire behavior of the local Nusselt numbers. Ac- 200 
cording to the figures, the local irregular distribution for 8 = 90 
deg is flattened by inclined jets (8 = 60 and 45 deg). Figures 
8(a, b, c) show the local Nusselt numbers along the center line :~ 
of the impingement surface with and without the correction of 
the local heat flux for Re = 2000 and 2 x 10 4. The solid line 100 
denotes the local Nusselt number for the net heat flux qnet and 
the dashed line that for the uniform heat flux q,,ie. The net heat 
flux improves the maximum and minimum of local Nusselt num- 
bers. This effect is especially noticeable at low Reynolds num- 
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Fig. 8 Effect of heat flux correction on Nusselt number: (a) # = 90 deg, 
(b) 19 = 60 deg, (c) # = 45 deg 
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Fig. 7 Topography contours of local Nusselt number (Re = 2 × 104): (a) 
# = 90 deg, (b) # = 60 deg, (c) # = 45 deg 

bers, which appears to justify the examination of local Nusselt 
number in detail by considering the correction of local heat flux. 

Flow Field. The flow was measured and found to be related 
to the local heat transfer. Figures 9(a, b) represent the dimen- 
sionless velocity and the turbulent intensity for 0 = 60 deg and 
Re = 2 X 104, respectively. The dimensionless value is obtained 
in terms of the maximum velocity at the nozzle exit (Um,x = 13 
m/s). The symbol V and X = 0 denote the center of nozzle and 
the geometric center, respectively. The jet from the nozzle 
crossed through the surrounding stationary fluid and impinged 
on the flat surface. The actual stagnation point existed between 
the geometric center and the nozzle edge. The rolling back of the 
flow (vortex) and the amplification of turbulence near the im- 
pingement surface in the region of the minor flow (0 --< X ~- 0.5) 
peaked the local heat transfer, as noted in Fig. 8. Although the 
flow is decelerated from X ~ --1 to X % -2.5 at the major flow 
region and the absolute value of the turbulence intensity is com- 
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paratively high, the gradient is mild. As a result, the heat trans- 
fer improvement  at the major flow region is not as significant 
as that at the minor flow region. The gradients of these phys- 
ical parameters seem to affect the local heat transfer augmen- 
tation as their absolute values do. The power spectrum of the 
velocity fluctuation at X = - 1 ,  Y = 0, Z = 0.017 for ~7 = 60 
deg and Re = 2 X 104 is presented in Fig. 10. The superior 
frequency (the spike in the power spectrum) that causes the 
local heat transfer augmentation is f rom 150 Hz to 250 Hz for 
Re = 2 X 104 and 150 Hz for Re = 104, and consequently 
this depends on Reynolds number. These frequencies were 
also the same as those for 0 = 45 deg. However ,  in the present 
stage, it is not clear why this superior frequency affects heat 
transfer augmentation. These correlations should be examined 
in detail in the future. 
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Conclusions 
The heat transfer and flow characteristics of an oblique circular 

air jet  with confined wails were investigated experimentally at h /  
D = 1.0 for 0 = 90, 60, and 45 deg. The local temperature on 
the impingement surface was obtained in detail by a thermocam- 
era using a liquid crystal sheet. 

1 The local Nusselt number showed the characteristic peak 
shift in the minor flow region and the plateau in the major 
flow region. The local turbulent intensity and the acceler- 
ation near the impingement surface depending on the in- 
clination angle and the Reynolds number corresponded to 
the behavior of the local heat transfer. 

2 The effect of the correction of  the local heat flux in the 
heated section is marked at low Reynolds number and 
amounts to about 6 ~ 17 percent of  uniform heat flux. 

3 Vortex generation and amplification of turbulence in the 
minor flow region cause the local heat transfer increase. 

4 The superior frequency in power spectrum of velocity fluc- 
tuation affecting heat transfer enhancement ranges from 
150 to 250 Hz and depends on Re within the present con- 
ditions. 
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