@ Springer e)

KSME

Journal of Mechanical Science and Technology 24 (9) (2010) 1809~1818

www.springerlink.com/content/1738-494x
DOI 10.1007/512206-010-0626-7

Numerical investigation of an axi-symmetric laminar jet impinging on a dimpled
surface under uniform heat flux using a finite element method '

Koonlaya Kanokjaruvijit'*, Chakkraphan Thawonngamyingsakul* and Somchai Wongwises

'Department of Mechanical Engineering, Naresuan University, Phitsanulok 65000 Thailand
2Department of Mechanical Engineering, Rajamangala University of Technology Lanna Tak, Tak 63000, Thailand
*Department of Mechanical Engineering, King Mongkut’s University of Technology Thonburi, Bangmod, Bangkok 10140 Thailand

(Manuscript Received April 13, 2009; Revised March 17, 2010; Accepted May 11, 2010)

Abstract

The purpose of this study is to numerically investigate heat transfer and flow field in a semi-confined axi-symmetric laminar air jet im-
pinging on a concave surface, or dimple, with uniform heat flux. A commercial software package relying on the finite element method
was used for the simulation, and mesh convergence was examined in order to minimize computational cost. Jet impingement on a flat
plate was used as a baseline reference case, and flat plate results were validated against previously published experimental data with good
agreement. The effects of various parameters involved in dimple impingement —such as Reynolds number (Re) between 100-1,400; jet-
to-plate spacing (H/D;) ranging from 2 to 6 jet diameters; dimple depths (d/Dy) of 0.1, 0.15, and 0.2; and the ratio of jet diameter and
dimple projected diameter (Dy/Dg) from 0.25 to 1— were all studied. Comparisons show that heat transfer reduction occurs in the presence
of dimples because of the larger impingement area, which results in less momentum flux. The dimple curvature lifts the post-impinging

fluid and creates a backflow, instead of allowing it to maintain contact with the surface, as is the case with flat plate impingement.
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1. Introduction

Jet impingement is one of the most effective heat transfer
augmenting techniques in heating, cooling, and drying appli-
cations. Although most articles related to jet impingement deal
with turbulence, knowledge of its laminar flow is crucial in
understanding the physics of turbulence, especially at the
stagnation region where static pressure is sufficiently high to
induce viscous effect in the turbulent jet. Bergthorson et al. [1]
scrutinized a round impinging jet through experiments and
numerical analysis using three formulas: axi-symmetric un-
steady Navier-Stokes equations with the use of spectral-
element method, potential-flow formulation using second-
order centered finite difference, and streamfunction formula-
tion. Results of their study, in the form of jet centerline veloci-
ties, were compared with the calculated results obtained from
the current study. Angioletti et al. [2] examined heat transfer
in laminar and transitional unconfined jet impingement be-
tween Reynolds numbers (Re) 1,000 and 4,000, experimen-
tally and numerically. Different jet shapes have been investi-
gated. Chattanopadhyay [3] employed the finite volume
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method and found 20% less heat transfer in an annular jet
compared to a round jet. Furthermore, a three-dimensional
three-by-three array of laminar impinging square jets with
spent fluid removal was examined numerically by Aldabbagh
and Sezai [4].

Dimples have been considered as heat transfer enhancers to
jet impingement. However, heat transfer results were not con-
sistent among the various studies. Azad et al. [5] found higher
heat transfer results compared with those for flat plates for Re
values between 4,850 and 18,300. Ekkad and Controvitz [6]
reported that the presence of dimples resulted in a lower heat
transfer for Re = 4,800—-14,800. Kanokjaruvijit and Martinez-
Botas [7-9] showed enhanced heat transfer in the presence of
dimples with strong crossflows for Re = 5,000-11,500. None
of these works gave detailed information on flow visualization.

This investigation started by validating the flow and heat
transfer results of an axi-symmetric laminar jet impinging on a
uniform heat flux surface, which was obtained from a calcula-
tion using the finite element method, against experimental
results and those obtained from the finite difference method in
literature. Using the flat plate impingement results as baseline
cases, dimple impingement was studied together with various
parametric effects, such as Re, jet-to-plate spacing (H/D;),
dimple depth (d/Dy), and ratio of nozzle exit diameter to dim-
ple projected diameter (Dy/Dg). Due to the scarcity of informa-
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Fig. 1. Dimension and tested parameters (not to scale).
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Fig. 2. Dimensions and boundary conditions.

tion on heat transfer and flow of a laminar jet impinging onto
a dimple, this study intends to provide computational data for
better understanding of the experimental results found by pre-
vious researchers [5-9].

2. Numerical models

2.1 Computational domain

Fig. 1 shows sketches of the problem set-ups for the flat
plate and dimple impingements with a jet diameter of 5 mm
extruding from the nozzle plate and a nozzle wall of 1 mm
thickness. Initially, the target plate is set at 35 mm long, but
the domain is lengthened later in some cases in order to
achieve valid results.

Because the problem is two-dimensional (2D) axi-
symmetric, the computational domain is reduced to half (Fig.
2), allowing for less time and memory usages. Throughout
this investigation, a commercial software package for finite
element analysis called COMSOL, which is available at the
Naresuan University, is used. It pre-defines physical partial

differential equations (PDEs) through multiphysics features.
Hence, boundary conditions for both problems must be de-
fined simultaneously as shown in the figure. For the flow
problem, all solid walls are assigned ‘“no-slip” conditions,
which are mathematically written as v, = v, = 0. The nozzle
exit, where the jet is issued, is given an “inflow” condition, v

U, assigned by the required jet velocity. The post impinging
jet leaves the domain to go to the ambient environment. Thus,
the domain end is assigned the “outflow” or “do nothing”
boundary condition, which means the pressure of the bound-
ary is zero.

Considering the heat transfer cases, an air jet with flat ve-
locity profile at a temperature of 300 K is discharged through
the nozzle, whose walls and adjacent walls are assigned by a
Neumann boundary condition of
or =0. The target plate associated with heat transfer

a}" nozzle wall

through the jet is given a constant heat flux of 500 W/m’. The
post-impinging jet leaves the domain to “convective flux” as it
exits to the ambient environment, similar to that in the flow
problem.

“thermal insulation” or

2.2 Governing equations

Computation throughout this investigation is based on the
three conservation laws: mass, momentum, and energy. A
number of assumptions are made, such as steady state, incom-
pressible Newtonian fluid, neglecting gravitation, and 2D axi-
symmetry. Hence, throughout this study, the buoyancy effect
is not taken into account. Air is used as the working fluid with
Pr = 0.71. The conservation laws for the current study are as
follows:

Continuity equation:

lg(rvr) o, 2= )

ror 0z

Momentum equation in radial direction:

dv, p  [o(1a(m)) o
7 r I |\ r7 _r 2
,0( " or v azj or +ﬂ_3r(r or " 0z @

Momentum equation in axial direction:

p(vai_l_ avjz Bl+ﬂ 18[ravzj+avz} 3)

or 0z 0z ror\ or oz’

Energy equation:
pc[valJr BTJ kla(arj o°T @
P\UTor T oz ror\' or) oz’

The local heat transfer coefficient is defined as follows:

h=—t )

The local Nusselt number (Nu) is defined as follows:
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hD,
Nu=—- 6
u=— (©)

Because it is considered a 2D problem, the average Nu is
calculated from a length integral.

2.3 Finite element method for the flow field

Once the computational domain was set, unstructured trian-
gle meshes were generated using the Delaunay algorithm,
which maximizes the minimum angle of all the angles of the
triangles. The circumcircles of a triangle formed by three
points from the original point set is empty if it does not con-
tain vertices other than the three that form it. For the incom-
pressible Navier-Stokes, Lagrange elements of order 2 or
quadratic elements model the velocity components, and linear
elements model the pressure. A second-order Lagrange trian-
gle consists of six node points at the vertices and side mid-
points (Fig. 3). For each of these node points P;, there is a
degree of freedom N; = n (P;) and basis function ¢;. Restriction
of the basis function ¢; to an element is a polynomial with a
degree of 2 in the local coordinates, such that ¢; = 1 at node i
and ¢; = 0 at all other nodes. Thus, the basis functions are con-
tinuous, as shown in the system of equations below:

o(x,y)=Y> N,(x,y) 8 (7

where ¢ represents basis functions, such as u, v.
The interpolation function N is dependent on a function of
area coordinates L, L,, and L3, as follows:

Nl = Lzl —L1 (L2 + L3) N4 = 4L2L3
‘I\I2 :Lzz—Lz(Ls‘f'Ll) N5:4L3L1
N3=L23—L3(L1+L2) N6=4L1L2

where L, = i(ai +bhx+cy)

a=Xy,—Xy, b=y,—y, ¢q=x-x,
a,=xy,—Xy, b=y,-y ¢=x-x

a;=xy,—X%y b=y-y, ¢=x-x

The variable A represents an area of each element and is
calculated from the following equation:

A:%I:xz(% OARTCESAEEACESN]

Note that COMSOL developed the code in Cartesian coor-
dinates despite the fact that the computational domain is con-
structed in cylindrical coordinates.

For pressure distribution on each Lagrange element, the
polynomial is of the order of 1, indicating that three nodes are
contained on the triangular vertices (labeled 1, 2, and 3; Fig.
3). The basis function is as follows:

(X3, V3) 3 Uz Vi, P

Us. Vs

4 Uy Vy

Uy, Vi. P
1 @

(X1, ¥1) 6

Us. Vg

2 U Va,p2
(X2, v2)

Fig. 3. Labels of nodes and dependent variables for a Lagrange ele-
ment.

p=H,p ;j=123 (®)

where H;j is an interpolation function or function of the area
coordinates. such that the following hold true:

H =L, H,=L, H;=1L;

The Galerkin method was then used, which means that the
interpolation function is a weighted function. Applying this
function to continuity and x-momentum and y-momentum
conservation equations and integrating them gave the follow-
ing:

[H, UL P (9a)
y ox dy

2 2 2
[N]p NN 2ﬂa—f—a—P+ya—‘2‘+ A | P
v ox dy ox*  ox dy°  dxdy

(9b)
dv v ’u oP Fu v
N plus-tvos = 2= == 22 |aa=0
',[ [p£uax+vay] (ﬂayz 3y+ﬂax8y+8xzﬂ
(9¢)

Finally, after applying boundary conditions using the
UMFPACK algorithm, which is a highly efficient direct
solver for asymmetric systems using the asymmetric-pattern
multifrontal method and direct LU factorization of the sparse
matrix, as a solver with a tolerance of 10, matrices of the
solution (u, v, p) are obtained.

2.4 Finite element method for the heat transfer

The procedure is similar to that in the previous section, ex-
cept for the fact that the software uses linear elements (three-
node element) to model the heat transfer problem. Applying
the Galerkin method to the heat transfer equation yields the
following:

o’T o°'T oTf oT
—\Wk + dA+ | W, —+v—|dA=0 10
;[ ! (sz ayzj '[ Ipc[u ox vay] (19)

where W; represents the interpolation function. Then, applying
the thermal boundary conditions and using the UMFPACK
solver, the matrix of temperatures is obtained.
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2.5 Meshing

Unstructured meshes or triangular meshes are chosen for
the entire study. Meshes near the nozzle exit and the dimple
and its edge are denser than anywhere else in the domain. The
maximum element size is 1/15 of the maximum distance in
the geometry. The element growth rate is 1.3, and the tested
mesh densities are 17.32, 21.32, and 23.14 meshes/mm’.
These results are validated in the following section.

3. Validation of flat plate impingement

Validation of the computational results on the flat plate im-
pingement is performed against the experimental results and
the computational results from the finite volume method, prior
to analyzing the dimple impingement. Appropriate computa-
tional domains are selected by taking into account the effects
of mesh density and nozzle confinement.

3.1 Validation against experimental results

In this study, the jet exit diameter D; measures 5 mm, the
length (f) of the nozzle is 10 mm, and its thickness is 1 mm.
No-slip boundary conditions are given to all walls for the flow
problem. Outflow means that the post-impinging jet is leaving
the domain to the atmosphere (1 atm). The velocity profile at
the nozzle exit is parabolic, and Re is defined as follows:

— P D/‘ U/
u

Re (1)

where U; is the average jet exit velocity. For the thermal
boundary conditions, the upper plate and the nozzle surface
are assigned thermal insulation, and the temperature of the jet
issuing from the nozzle is 293 K. The impingement plate has a
uniform heat flux of 500 W/m’. The post-impinging jet then
leaves the domain to the atmospheric air. Thermal properties
of air are found at 293 K.

According to the finite element analyses of Fagan [10] and
Decha-ampai [11], higher mesh density leads to higher accu-
racy and consumes more computer memory. However, the
main concern in the current examination is the limitation in
the capacity of the personal computer with the specification of
Pentium (R) CPU 3.00 GHz and 2 GB of RAM. COMSOL
produces evenly distributed meshes in a particular domain, but
different mesh densities can be set. Hence, the optimum mesh
density must be determined by testing three values of mesh
densities: 17.32, 21.32, and 23.14 meshes/mm’, which are
respectively called models A, B, and C for reference purpose.
Fig. 4(a) compares the local Nu obtained from each model.
The average Nussult numbers of models A and B are com-
pared to that of model C. Differences between the average Nu
of models A and B from those of model C are 0.4937% and
0.2523%, respectively. The local Nus of model B are chosen
to be compared with those obtained from experiments of An-
gioletti [2], as presented in Fig. 4(b), at Re = 1,000 and H/D;=

. =z NModel A
25 17
Nu ’ ——Model B
20 -===Model C
15
10
5
0 . .
0 2 4 6 8 10
/D

(a) Comparison of local Nus obtained from each model with different
mesh densities

30
* Exp[ 2]

— Model B

/D
(b) Comparison of local Nus of model B

Fig. 4. Comparison of local Nus with the experimental results of Angi-
oletti et al. [2] at Re = 1,000 and H/D; = 4.5 after mesh density de-
pendency.

4.5. Results are in good agreement, with the difference in the
average Nu at 1.0443%.

3.2 Validation against results from finite volume method

Because the finite volume method has been used widely, the
solution obtained from this study is also compared with those
from this method. The work of Chattopadhyay [3] used a
SIMPLE algorithm on a 2D axi-symmetric jet impingement.
The Re was defined as

:pU/.DJ.
Y7,

Re (12)

where Uj is the average exit velocity of the jet. Similar to the
previous validation, the appropriate model is found when the
mesh density and time consumed are considered. In addition,
an additional domain is applied in order for the calculation to
converge.

The computational domain performed by Chattopadhyay
[3] is given as follows: the nozzle length = 0.5D;, the distance
is measured perpendicularly from the nozzle exit to the im-
pingement plate = 2D;, and the impingement plate length =
10D;. Furthermore, the nozzle wall is assigned to be a very
thin line. The thermal properties of air were set at 303 K.

Set-up of the calculation domain in accordance with Chat-
topadhyay [3] leads the software to divergence. This is
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Fig. 5. Mesh density dependency check on heat transfer and compari-
son with experimental results of Chattopadhyay [3] at Re = 1,000 and
I‘I/])J =2.

thought to be due to the fact that the length of the impinge-
ment surface is too short compared to the jet diameter, causing
an end effect. Therefore, an additional domain with the length
of 5D; is attached to the first one, which presents new flow
and boundary conditions. This does not extend the impinge-
ment surface but expands the computational domain. Bound-
ary conditions for the additional domain are set to be exposed
to the ambient environment.

The next step is to check mesh density dependency on local
Nu by examining three models. The first one, model D, has a
mesh density of 35.12 meshes/mm’ for both domains. The
mesh density for model E equals 48.12 meshes/mm’ for both
domains. However, because the first domain is thought to be
more significant, the first domain in model F has the same
mesh density as that of model E, and the second one is as-
signed course meshes with a low density of 5.90 meshes/mm’.
The heat transfer results obtained from all three models are
plotted in Fig. 5(a), and they show good agreement. Among
the three models, model E gives the highest accuracy ([10],
[11]) but consumes the highest time and memory. Comparison
of the average Nus of models D and F with model E gives
0.3342% and 0.1861%, respectively. Consequently, model F
is chosen to validate the results of Chattophadhay [3], as
shown in Fig. 5(b), at Re = 1,000 and H/D; = 2. The results
agree well near the stagnation zone (0 < 1/D; < 0.8) and the
wall jet zone starting from r/D; > 3. The difference in the re-
gion of 0.8 <1/D; <3 can be due to the fact that the values of
the nozzle length and diameter are different. For Re = 500, the

25 -
" ——r
g 15 1 x  Exp[Bergthorsonetal |
; _ijz‘I
1 RX
---=VDj=2
VDj=3
05
----- VD=4
0 T
0 1 2 3 4 5

r (mm)

Fig. 6. Comparison of jet exit velocities at the centerline of various
values of I/D; with experimental results of Bergthorson et al. [11] at Re
= 1,400.

* Exp[l1]

— Present study

0 02 0.4 0.6 0.8 1
z'D;

Fig. 7. Comparison of the dimensionless centerline velocities with the
results of Bergthorson et al. [1] at Re = 400.

difference in the average Nu is 3.6394%, whereas that for Re
=1,000 is 6.8539 %.

3.3 Validation of centerline velocity

Validation begins with comparing computational outcomes
with those obtained from Bergthorson et al. [1], who em-
ployed an unconfined jet impingement. The results were re-
ported in terms of dimensionless centerline velocity at Re =
400, 700, and 1,400 at H/D; = 1, and Re is defined as follows:

— pUcD_/'
U

Re (13)

where U, represents the jet exit velocity measured at the cen-
terline. The nozzle diameter is given at 9.9 mm, and the di-
ameter of the circular impingement plate is 72.6 mm. The
thermal properties of the air jet are observed at 293 K. Length
and wall thickness of the nozzle are not given. For the case of
unconfined impinging jet, the upper wall is designated as out-
flow. In addition, it must be sufficiently higher than the nozzle
exit to ensure an unconfined problem. Note that due to the
lack of information, the nozzle is designed to be cylindrical.
The nozzle lengths of 1, 2, 3, and 4 jet diameters are
tested at Re = 1,400 in order to find the appropriate value
(Fig. 6). All values give agreeable results along the radial
direction with the experimental ones until r = 2.7. After this,
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Fig. 8. Comparison between flat plate and dimple impingement at Re =
1,200 and H/D; = 2 and the dimpled surface of d/Dq = 0.15 and Dy/Dg =
0.5.

the position of the nozzle of I/D; = 2 provides the best result
with a 6.9994% difference from literature. This is subse-
quently selected for further investigation. In addition, valida-
tion for Re = 400 (Fig. 7) and 700 is also tested, and both
cases are consistent with the experimental results.

4. Results and discussions

Since experimental data for a laminar jet impinging on a
dimpled surface are not available, computational results for
dimple impingement in the current study are presented with-
out validation. However, mesh density in the vicinity of a
dimple is higher than that in other places of the domain to
maintain good accuracy. Apart from comparing the heat trans-
fer results of dimple impingement to those of the flat plate,
various parameters were considered, such as the Re, H/D;,
d/Dy, and ratio of jet diameter and dimple projected diameter
(DyDy).

4.1 Comparison with flat plate impingement

Fig. 8 shows a comparison of local heat transfer and flow
field of the jet impinging on the dimpled surface for d/Dy =
0.15 and DyDy = 0.5 with that on the flat plate at Re = 1,200,
H/D; = 2. Zone 1, which was circled in Fig. 8(c), shows the
results of the stagnation region, where flat plate impingement
gives a higher heat transfer than that of the dimple impinge-
ment. Due to the dimple curvature, the post-impinging fluid

Fig. 9. Velocity profiles in the vicinity of the flat portion adjacent to
the dimple.

attempts to traverse downstream, leading to excessive momen-
tum loss near the dimple wall. Thus, its flow velocity gradi-
ents become negative. The surface discontinuity presented by
the dimple edge in zone 2 causes the high velocity region in
Fig. 8(b) and the local heat transfer jump in Fig. 9(c). In zone
3, the local Nu abruptly drops compared to that of the flat
plate because the flow separation or back flow is found (Fig.
9). Finally, in zone 4, heat transfer results and flow fields for
both cases are similar. The average Nu for the flat plate is
16.6334662, whereas that for the dimpled plate is 14.518827.

4.2 Mesh density independence check

Due to the lack of experimental data for jet impinging on a
dimple, mesh density independence check was introduced. Fig.
10(a) shows a comparison of the centerline velocities for the
case of Re = 1,200, H/D; = 2, d/D4 = 0.1, and Dy/Dg = 0.5 at
various mesh densities of 17.09 meshes/m, 34.67 meshes/m,
and 107.12 meshes/me, which are labeled S, T, and U, re-
spectively. The results are in good agreement. Compared to
the data of model U, model S gives a 1.7601% difference, and
model T yields a 0.6428% difference. Furthermore, Fig. 10(b)
shows a comparison of the Nus for the same case. The vicinity
of the dimple is quite crucial because model S does not col-
lapse, compared to the others. Data from models T and U
agree well and have a 1.0781% difference, whereas model S is
4.1954% different from that of model U. Therefore, for the
entire study on dimple jet impingement, model U with a mesh
density of 107.12 meshes/mm” was employed.

4.3 Effect of Reynolds number

Although the influence of Reynolds number (Re) on the
heat transfer of jet impingement is commonly known, it is still
worth investigating. According to Polat [12], a fully devel-
oped jet takes place when Re is greater than 3,000. In this
study, the Re’s tested are in the range of 400-1,200. Fig. 11
shows the local heat transfer of various Re values for H/D; = 2,
d/Dg=0.2, and DyDy = 0.5. A Re of 1,200 leads to the highest
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Fig. 10. Mesh density independence check for dimple impingement:
Re =1,000; H/D; = 2; d/Dy = 0.15; Dy/Dy = 0.5.
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Fig. 12. Velocity profiles for various Re.

heat transfer everywhere, except for the vicinity of the dimple
edge where the wall jet begins to form. This is because the
oncoming jet with Re = 1,200 carries the highest momentum
and thus exchanges that with the target area in the stagnation
zone (zone 1). Afterwards, the post-impinging jet accelerates
to escape from the indentation toward zone 2. Crossover
points are detected in this zone between the Nu plots of Re =
800 and 1,200. This is because the boundary layer flow for Re
= 1,200 undergoes adverse pressure gradient earlier and con-
sumes more momentum than that for Re = 800. Therefore, the
flow for Re = 1,200 decelerates faster. In addition, close-up
velocity profiles on the flat portion next to the dimple in Fig.
12 shows backflow in both cases. Finally, when the wall jet
reaches the flat surface (zone 3), Re = 1,200 gives the highest
heat transfer, followed by Re = 800 and Re = 400. The flow is
similar to a laminar layer flow past a flat plate.

4.4 Effect of jet-to-plate spacing

Fig. 13 presents the local heat transfer distribution for jet
impingement on a dimpled plate of d/Dg = 0.1 and DyDy = 0.5
at Re = 1,200 for various values of jet-to-plate spacing (H/D;).
The curves almost collapse, except at the stagnation region,
where H/D; = 8 gives a slightly higher heat transfer result than
those of H/D; = 2 and 4. The flow fields in Fig. 18 suggests
that the width of the stagnation region represented by the blue
color, or the low velocity zone for the case of H/D; = 8, is
smaller than the other two cases. Moreover, the jet width upon
the target surface for H/D; = 8 is relatively larger because of
the expansion of the jet. In addition, because the jet is laminar,
it transfers a small amount of momentum to the stagnant sur-
rounding air on its way toward the target surface. In the wall
jet zone, the local Nu distribution shows a collapse of all three
cases.

4.5 Effect of dimple depth

Dimple depth (d/Dy) remarkably influences heat transfer of
the impinging jet on a dimpled plate. This is shown in the
plots of local Nus for all tested values of d/Dy for Re = 1,200,
H/D; = 4 and DyDy = 0.5 (Fig. 14). A significant difference
can be observed in the stagnation zone (Zone 1). However,
the heat transfer values are similar at the dimple edge. They
then decrease in the adjacent flat portions, where backflow is
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acquired. Afterwards, the local heat transfer curves collapse.
The deepest dimple of d/Dy = 0.2 gives the lowest heat trans-
fer because of the highest degree of curvature, from which
fluid escapes with more difficulty, causing the fluid to lose
more momentum. Hence, a higher degree of flow separation
occurs at the deeper dimple. The average Nus for d/Dy = 0
(flat plate), 0.1, 0.15, and 0.2 are 16.633466, 15.568294,
14.785281, and 13.427107, respectively.

4.6 Effect of ratio of jet diameter to dimple projected diame-
ter

The tested ratios of jet diameter to dimple projected di-
ameter are 0.25, 0.5, 0.75, and 1.0, measured by varying Dy
and fixing Dj at 5 mm. The heat transfer results in Fig. 15(a)
show a strong influence of Dj/Dy, especially in the stagnation
zone. The figure also presents a comparison with the flat
plate impingement. For all four values of D;/Dy, the curves
can be grouped into two shapes. The first group resembles
that of the flat plate, except where the dimple edge appears:
Dy/Dq = 0.25 and 0.5. Also, the oncoming jet impinges en-
tirely inside the dimple. The second group is for those where
the stagnation zone covers the entire dimple: D/Dq = 0.75
and 1.
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Considering group 1 (impingement inside the dimple), even
though the local heat transfer curve shapes of D/Dy = 0.25 and
0.5 are similar to that of the flat plate, the levels of heat trans-
fer are less. A remarkable difference in the result is found at
the dimple edge position, where the local heat transfer jumps.
Because the dimple edge for D/Dy = 0.5 appears earlier than
that for Dy/Dy = 0.25, the jump occurs earlier in the high-
velocity zone, as shown by its flow field in Fig. 15(b), causing
high loss in momentum. In contrast, the dimple edge of Dy/Dy
= 0.25 occurs in the low-momentum zone as displayed in the
yellowish region in the flow field. Thus, its jet loses less mo-
mentum than Dy/Dy = 0.5.

Group 2 represents the case of the impingement zone cover-
ing the entire dimple, and this occurs to the impingement on
Dy/Dg4 = 0.75 and 1. As aforementioned, presence of the dim-
ple edge causes heat transfer reduction compared to transfer
on the flat plate because the fluid attempts to escape from the
curvature. Significant heat transfer reduction occurs in the
stagnation zone. After jumping at the dimple edge, the local
heat transfer curve collapses to that of the flat plate heat trans-
fer.

5. Conclusions

This study uses the commercial software package called
COMSOL that uese a finite element method to process the
flow and heat transfer problems of an axi-symmetric laminar
jet impinging on a flat and a dimpled surface. The work is
divided into two main parts: (1) validation of the software
against the experimental results obtained from literature and

(2) investigation of parametric effects on dimple impingement.

For the validation, only results from flat plate impingement
were compared to the experimental and computational results
obtained from literature. The effect of mesh density depend-
ency was closely examined. Mesh density does not affect heat
transfer and flow problems. However, the mesh densities that
help save computational memory and time were selected.
Experimental and computational results obtained from litera-
ture were compared with those from the current investigation,
and a good agreement was found.

Various parametric effects of dimple impingement were
considered, such as Re, H/Dj, d/Dy, and the ratio of dimple
projected diameter and jet diameter (D;/Dy):

The Re significantly affects heat transfer of the dimple im-
pingement. An oncoming jet with higher Re carries a higher

amount of momentum, so the stagnation heat transfer is higher.

H/D; does not significantly affect heat transfer because the
oncoming viscous laminar jet exchanges a small amount of
momentum with the ambient air before impinging on the tar-
get plate.

A deeper dimple presents a decrease in heat transfer be-
cause the dimple possesses a higher degree of curvature, as
well as a larger wetted area. The larger wetted area, thus, leads
to less momentum flux.

When considering the influence of D/Dy, heat transfer re-

sults can be divided into two groups: (1) jet impinging within
the dimple and (2) impinging jet covering the dimple. The first
case has a similar local Nu distribution trend as that of the flat
plate, except where the dimple is present, at which point mild
heat transfer reduction is found. The second group gives a
higher degree of heat transfer reduction, which occurs at the
indentation.

Finally, heat transfer results of dimple impingement were
compared to those of flat plate impingement. Heat transfer
reduction occurs in the vicinity of the indentation and the
dimple edge. The flow fields show that the dimple edge lifts
the post-impinging jet, and backflow is found in some cases
of dimple impingement. Thus, the presence of a dimple
causes overall heat transfer reduction to a laminar impinging
Jet.
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Nomenclature
d Dimple depth, m
g Gravitation acceleration, m/s’
h Heat transfer coefficient
k Jet thermal conductivity
1 Nozzle length, m
p Pressure, Pa
q’ Heat flux, W/m®
r Radial direction
% Velocity, m/s
z Axial direction
A Area of an element
D Diameter, m
H Distance between nozzle exit and target plate (flat
portion level for dimpled plate)/Interpolation function
for pressure
Area coordinates of an element
N : Interpolation function for velocities
Nu : Nusselt number, !
UD.
Re : Reynolds number, P
S : Nozzle thickness, m
W : Interpolation function for temperature
Subscripts
c : Centerline
d : Dimple plate
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i : Index for node in an element
] o Jet

s . Of surface

Greek symbols

¢ : Basis function

L Jetviscosity

p : Jetdensity
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