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Abstract

Impingement heat transfer and flow in the radial and circumferential directions by a single circular laminar jet in a
flow passage with a confined insulated wall were estimated numerically in a three-dimensional system and were rec-
ognized by visualization of a thermosensitive liquid crystal. Local heat transfer is divided into three regions. The first is
a two-dimensional forced convection region whose structure is a co-axial circle. The second laminar mixed-convection
region begins with the onset of a buoyancy driven flow, which corresponds to thermal plumes rising from the heated
impingement surface at discrete circumferential locations. The ascending and descending pair flows form longitudinal
streak lines in the mixed convection region. The number of pairs is found to depend on the aspect ratio of circum-
ferential length and distance between nozzle and impingement surface. The third is a three-dimensional natural con-
vection region similar to Benard convection which constructs several cells. The radial Nusselt number distribution
averaged along the circumferential direction is also presented corresponding to the flow. © 2001 Elsevier Science Ltd.

All rights reserved.

1. Introduction

An impinging jet has been utilized to enhance the
heat removal from electrical equipments [1], the tem-
perature equalization of high temperature steel slab [2],
the drying of paper sheets and so on. The size of the
facility diminishes and the space with a confined wall
between the nozzle and the impingement surface is equal
to or less than the nozzle diameter. The basic shape of a
nozzle is typically a slit-type or circular nozzle. In the
case of a slit-type impinging jet with a confined wall, the
fluid mean axial velocity does not change in the flow
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direction after the impingement. On the other hand, in
the case of a circular impinging jet with a confined wall,
the average velocity decreases in the radial direction
because the cross-sectional area increases. Therefore, the
local heat transfer and flow are expected to change in
the radial and peripheral directions. Factors affecting the
heat transfer and flow of a circular impinging jet are
entrainment [3-5], cross-flow [6], turbulence [7,8], atti-
tude of the nozzle [9,10] and so on. In previous studies,
the distance between the nozzle and the impingement
surface was greater than the nozzle diameter, and the
local characteristics of heat transfer have not been
studied in detail in the radial direction.

In the present study, impingement heat transfer and
flow in the radial and peripheral direction by a single
circular laminar jet with a confined wall were calculated
numerically in a three-dimensional system including the
temperature dependency of thermal properties. These
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Nomenclature

Gy specific heat

D nozzle diameter

g acceleration of gravity

Gr  Grashof number (= gf(2h)*(T,, — Tp)/v?)

h space between nozzle and impingement
surface

Nu Nusselt number (=aD/1)

p pressure

q heat flux

r coordinate in radial direction

Re local Reynolds number based on local velocity
(=u2h/v)

Rep  Reynolds number at nozzle exit (= unD/v)
t time

T temperature

T bulk fluid temperature

Ty impingement surface temperature
Ty fluid temperature at nozzle exit

u velocity in radial direction

Uy average velocity at nozzle exit

v velocity in -direction

w velocity in z-direction

o local heat transfer coefficient
p coeflicient of thermal expansion

0 one grid size from the impingement surface
0 coordinate in peripheral direction

Y, thermal conductivity of fluid

v kinematic viscosity of fluid

o density of fluid

results were compared with visualization by a thermo-
sensitive liquid crystal.

2. Description of the problem

In research on an impinging jet, the jet velocity was
essentially high, and the space between nozzle and im-
pingement surface was several times the nozzle diameter.
Recently, in practical applications, the jet velocity is not
so high, and the space is equal to or less than the nozzle
diameter because of the compactness of the facility, the
noise, the vibration and so on. In the narrow space, the
jet is not decelerated as much and approaches the im-
pingement surface. A single circular impinging jet has
been studied in a two-dimensional system and the local
three-dimensional characteristics have not been ex-
pressed specifically.

In Fig. 1, the coordinate system chosen as the subject
of this study is presented. The working fluid is water.
The fluid velocity at the nozzle exit has a fully developed
laminar distribution. After the fluid impinges on the
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Fig. 1. Coordinate system.

iso-thermal flat surface, it flows in the radial direction
with less velocity across the section. The local heat
transfer and flow are estimated numerically in a three-
dimensional cylindrical system (r, 0, z) and correspond to
the visualization. The dimensions of the system are as
follows: the nozzle diameter D = 20 mm, the distance
between nozzle and impingement surface # = 10 mm,
the radial distance from the center of the nozzle » = 300
mm and the peripheral degree 6 =90°.

3. Numerical analysis

The three-dimensional governing equations are as
follows:

The continuity equation:
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The momentum equations:
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where Boussinesq approximation is applied to the
buoyancy term and
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The energy equation:
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Boundary conditions are as follows. The water tem-
perature and Reynolds number at nozzle exit are
To = 20°C and Rep = 400, respectively. The impinge-
ment surface temperature is 7, = 30°C. The upper wall
of the flow passage is insulated thermally. The periph-
eral gradient of the temperature is zero at 6 = 0° and
90°, and the flow slips there. At the exit of the flow
passage, the radial gradients of the velocity and the heat
flux are zero.

The computation domain was previously examined
for 0 =0-45°, 0-90°, 0-135° and 0-360°. As a result, the
characteristics of heat transfer and flow could be eval-
uated sufficiently in the region of 6#=0-90°. In the
temperature region of T, = 20-30°C, specific heat of the
fluid varies 0.12%, the thermal conductivity 1.1% and
the kinematic viscosity 21% [11]. Therefore, the specific
heat was referred at nozzle exit temperature. The ther-
mal conductivity and kinematic viscosity were approxi-
mately expressed by the three-order function of local
temperature.

The governing equations were solved by a finite dif-
ference method. The SIMPLE algorithm [12] was em-
ployed to solve the coupling between the continuity and
the momentum equations through pressure. The
QUICK scheme was implemented to calculate the con-
vection flux through the cell faces of control volumes.
The number of meshes were 150 (r) x 90 (0) x 10 (z)
using staggered grids. The time step 0.007 s was selected
for numerical stability.

4. Experimental apparatus of heat transfer visualization
and procedure

A schematic diagram of the experimental apparatus
of heat transfer visualization on the impingement sur-
face is shown in Fig. 2. The temperature of the working
fluid (water) was controlled within 0.05°C by a constant
temperature water bath. The water was carried to a
circular nozzle via a flow meter, and the flow rate was
controlled by a bypass. The circular nozzle made of
transparent acrylic resin tube had a developing section
with a 20-mm inner diameter and 1000-mm length. The
space between the nozzle and the impingement surface
was 10 mm. The heated section made of aluminum had a
330-mm outer diameter and was 15-mm thick. A rubber
heater (maximum heat flux 2 W/cm?) was equipped to
the rear in the section. The thermal diffusivity of
aluminum is very high, and its surface temperature is
almost uniform. This was confirmed by seven thermo-
couples located 1 mm depth along radial direction. The
thermosensitive liquid crystal sheet placed on the surface
of aluminum was 310-mm long and 220-mm wide. The
structure of the liquid crystal layer is shown in Fig. 3
[13]. “PET” is a transparent thermoresistant layer which
protects the liquid crystal layer. “Black™ is a dye to
darken the background so as to allow observation of the
scattered light from the liquid crystal. The temperature
difference was generated by producing a thin thermore-
sistant layer between the constant temperature surface
and liquid crystal layer. This local temperature differ-
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Fig. 2. Experimental apparatus.

PET 26 um

Liquid Crystal 15 u m

Black 15 u m

PET 100 u m

Al Plate 15 mm

Fig. 3. Structure of thermosensitive liquid crystal layer.
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ence corresponds to the local heat flux. The liquid
crystal used was a kiral-nematic type, and the sensitive
temperature range was from 28°C (red) to 34°C (blue).
Four halogen lamps with infrared cut filters were placed
at a height of 400 mm and an angle of 45° in relation to
the impingement surface for the illumination. After the
water flow rate was controlled, the rubber heater was
heated electrically. Heat transfer on the impingement
surface was visualized in the steady condition, and pic-
tures were taken. The flow was also visualized by in-
jecting a dye.

5. Results and discussions

In Fig. 4, the numerical results of temperature dis-
tribution at one-mesh from the impingement surface are
presented. The temperature is expressed in the following
equation:

where 0 is one mesh size. Local temperature T corre-

sponds to the local heat flux ¢ because of the constant
impingement surface temperature (7, = 30°C). The

coordinate (0,0) corresponds to the center of the cir-
cular nozzle. After the impingement of the fluid, the flow
changes to the radial direction. The heat flux distribu-
tion is co-axial and two-dimensional from » = 0 mm to
=40 mm and is dominated by forced convection. After
that, the wide and narrow streak lines with dark blue
and pink colors are generated peripherally and alterna-
tively to =140 mm. This indicates a three-dimensional
mixed convection with rising and falling flow by forced
and natural convection. To the downstream region from
=150 mm, cell constructions such as a Benard con-
vection are generated.

Heat flux visualization corresponding to the nu-
merical results is shown in Fig. 5. The color distribution
of the liquid crystal corresponds to the local heat flux
distribution. Beneath the nozzle, the color is red, and
the local heat flux is high. From r =0 mm to r=40
mm, the color changes coaxially from brown, yellow,
yellow—green to green. After =50 mm, alternate streak
lines of green and orange are generated peripherally
and expand in the radial direction. These two-dimen-
sional forced convection and three-dimensional mixed
convection regions agree well with the numerical
results.
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Fig. 4. Temperature and flow behavior.
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Fig. 5. Heat flux visualization by liquid crystal.
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Fig. 6. Temperature and flow behavior along radial direction.

Figs. 6(a) and (b) show the radial temperature dis-
tribution (color distribution) and velocity vectors (ar-
rows) relative to Fig. 4. “r=0" denotes “beneath the
center of the nozzle”, and the radial length scale is
compressed to two-thirds of the z-direction. In Fig. 6(a)
(6=47°), a counterclockwise recirculated flow is gener-
ated in the region of » =0 to »=40 mm on the upper
insulated wall. In the region of » = 60-130 mm, the flow
rises up, after which small recirculated flows can be
found with alternate rising and falling flows. On the
other hand, in Fig. 6(b) (0 =50°), the flow falls down in

the region of »=60 mm to »=130 mm. Therefore, both
figures (Figs. 6(a) and (b)) present that the flow changes
periodically in the peripheral direction. The peripheral
distributions of temperature and velocity vectors are
presented in Fig. 7. Peripheral flow does not exist at
r=40 mm, but is generated near the impingement sur-
face at =50 mm. The rising blue flow and the falling
yellow—green or orange flow are constructed across the
whole section at r=60 mm. These rising and falling
flows correspond to the narrow and wide streak lines in
Fig. 5, respectively. The number of pairings of rising and
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Fig. 7. Temperature and flow behavior along circumferential direction.
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falling flows, where the mixed convection starts, depends
on the aspect ratio of the peripheral distance to the space
between nozzle and impingement surface. In the down-
flow region of »=70 mm, a rising flow impinges directly
on the insulated upper wall. This indicates the existence
of a three-dimensional mixed flow. The streak lines of
the mixed flow are the same as the phenomena which
Incropera et al. [14] observed as a mushroom-shaped
recirculated flow formed by a pair of rising and falling
flows across the width of a horizontal rectangular duct
in the transition region from the forced convection to
the mixed flow. The average velocity across the section is
constant due to the rectangular duct. In the present
study, the velocity reduction along the radial direction
strongly induces the buoyancy force. Therefore, the
downward flow region from =150 mm is dominated by
natural convection with the top insulated and the bot-
tom heated, and the flow moves to the Benard cell. The
peripheral flow typically dominates at » = 160 mm, and
a cell with a rising and falling flow is constructed. The
local intensity ratio of natural convection to forced
convection, Gr/Ré?, is presented in Fig. 8. The charac-
teristic length of local Reynolds number Re and local
Grashof number, Gr is 2/ because the flow passage with
confined wall after impingement has the height of 2/.
The onset of the mixed flow occurs at Gr/Re* = 80-100,
which is almost consistent with Gr/Re? = 65-150 ob-
tained by Incropera et al. [14]. The flow moves to Benard
convection at Gr/Re? = 400-500.

Radial distribution of the peripherally averaged
Nusselt number is displayed in Fig. 9 to examine the
heat transfer. The Nusselt number takes the minimum
because of the bouncing phenomenon and a small re-
circulated flow near the impingement surface from
r =40 mm to r = 60 mm. It peaks at the reattached
region of the main flow in Fig. 6. The Nusselt number
increases at =200 mm because the local heat flux rises
due to the backflow from the exit in Fig. 4. The tem-
perature dependency of the thermal conductivity and
kinematic viscosity of the fluid appears in the deviation
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Fig. 8. Gr/Ré* along radial direction.

20
—— A. v :constant
18 —-— A. v :depend on temperature
16 |
14 +
12
210
g b
6 F
4k
o b
0 L . . .
0 50 100 150 200 250 300

r [mm]

Fig. 9. Nusselt number along radial direction.

from the position of the maximum Nusselt number. As
the kinematic viscosity of water becomes low at high
temperature and the viscous diffusion also decreases, a
small recirculated flow is generated at the downward-
flow region relative to the result for constant thermal
properties based on the nozzle exit temperature 7.
Therefore, the positions of the maximum and minimum
Nusselt numbers move to the downward-flow region
(chain line in Fig. 9). Near the exit, the position of the
minimum Nusselt number (=200 mm) moves to the
upward region due to the backflow.

6. Conclusions

The peripheral and radial characteristics of the heat
transfer and flow of a single circular impinging jet on an
isothermal flat surface were examined by numerical
calculation and experimental visualization. After the
impingement, the flow was classified into three regions,
namely, the two-dimensional forced convection region,
the three-dimensional mixed convection region and the
natural convection region. In the mixed convection re-
gion, the rising and falling flows were generated alter-
nately along the peripheral direction and were
recognized by streak lines. The mixed convection was
kept in the region of Gr/Re* = 80-500. In the natural
convection region, cells such as Benard convection were
formed as the local recirculated flow.
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