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Abstract

The flow field of confined circular and elliptic jets was studied experimentally with a Laser Doppler Anemometry (LDA) system. In addition,
heat transfer characteristics were numerically investigated. Experiments were conducted with a circular jet and an elliptic jet of aspect ratio four,
jet to target spacings of 2 and 6 jet diameters, and Reynolds number 10 000. The toroidal recirculation pattern was observed in the outflow region
for both geometries at dimensionless jet to plate distance 2. Higher spreading rates in the minor axis direction of the elliptic jet have also been
mapped. Along the target plate, different boundary layer profiles were obtained for circular and elliptic jets at H/d = 2, but profiles became
similar when dimensionless jet to plate distance was increased to 6. Positions of maximum radial and axial velocities and turbulence intensities
have been determined for both geometries. For the confined circular and elliptic jet geometries, analysis of flow field measurements and numerical
heat transfer results showed that inner peaks in local heat transfer closely relate to turbulence intensities in the jet and radial flow acceleration
along the wall. Differences between the circular and elliptic jet, in terms of flow field and heat transfer characteristics, reduced with increase in
the jet to plate distance.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Impinging jets are used in many applications where high
heat and mass transfer rates are required. Applications in-
clude thermal management of electronics equipment, gas tur-
bine blade cooling, glass tempering and annealing, paper and
cereal drying.

Extensive prior research has been conducted to under-
stand flow and heat transfer characteristics of impinging jets.
Viskanta and Jambunathan et al. [1,2] summarized these re-
search. Gardon and Akfirat [3,4] have investigated the depen-
dence of heat transfer on parameters such as Reynolds number,
jet to target plate distance and turbulence for the range of Re
numbers 450–22 000 and dimensionless jet to plate distances
1/3–80.
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Heat transfer characteristics of impinging jets depend also
on the jet inlet geometry. The elliptic jet is intermediate between
axisymmetric jet and plane jet. Depending on aspect ratio it ei-
ther becomes an axisymmetric jet or a plane jet. But elliptic jets
are more complex than plane or circular jets because of its two
geometric dimensions (Hussain and Husain [5]).

Most of the earlier elliptic jet studies were for free jets. In an
experimental study with elliptic free jets Ho and Gutmark [6]
determined that the entrainment ratio of an elliptic jet was sev-
eral times greater than that of a circular jet. They also observed
significantly different turbulence properties in the major and
minor axis planes. In another study with free elliptic jets Hus-
sain and Husain [5] investigated water and air jets. With flow
visualization experiments they observed that the spreading rate
is larger in the minor axis plane than in the major axis and deter-
mined axis switchover at some downstream position. They also
stated that “elliptic jets are quite different from circular jets ow-
ing mainly to the fact that the azimuthal curvature variation of
a vortical structure causes its non-uniform self induction and
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Nomenclature

a, b radius of major and minor axis of elliptic jet
As heat source surface area . . . . . . . . . . . . . . . . . . . . m2

C1, C2, Cμ empirical constants in turbulence model
d jet diameter
EJ1 circular jet
EJ4 elliptic jet with aspect ratio four
f1, f2, fμ damping functions in the low Reynolds number

model
H/d dimensionless jet to target plate distance
k thermal conductivity . . . . . . . . . . . . . . . . . . . W/mK
k turbulent kinetic energy
L turbulence length scale
N number of velocity samples
Nu local Nusselt number
p static pressure
Pe Peclet number, Pe = Re Pr
qc convection heat flux . . . . . . . . . . . . . . . . . . . . W/m2

Re Reynolds number, Re = (Wjetd)/νair

Ret ,Rey turbulence Reynolds numbers
ti transit time of the ith seeding particle
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ◦C
Tjet jet inlet temperature
Tu turbulence intensity
ui, uj arbitrary velocity components
uτ friction velocity
u,v,w velocity components in x, y, z directions

urms radial rms velocity
wrms axial rms velocity
Ui,Uj time averaged arbitrary velocity components
Wjet jet inlet velocity . . . . . . . . . . . . . . . . . . . . . . . . . . m/s
x/d dimensionless distance from impinging point along

the major axis
y/d dimensionless distance from impinging point along

minor axis
z/d dimensionless distance from target plate in the axial

direction
z distance from the target plate
z+ dimensionless distance z+ = (uτ zρ/μ)

Greek symbols

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/m3

μ,μt laminar and eddy dynamic viscosities . . . . kg/ms
ν, νt laminar and eddy kinematic viscosities . . . . m2/s
η transit time weighting factor
ε dissipation rate of turbulent kinetic energy
σk, σε turbulent Prandtl numbers

Subscripts

air air
jet jet inlet

Superscript
′ fluctuation
hence complex three-dimensional deformation. Such deforma-
tion, combined with properly selected excitation can substan-
tially alter entrainment and other turbulence phenomena.”

Lee et al. [7] investigated elliptic impinging jets of aspect
ratio 2.14. They obtained higher Nusselt number values for the
elliptic jet than the circular jet in the impingement region. They
also determined second and third maxima in Nusselt number
distribution for H/D = 2 at Re = 10 000 and 20 000. The ef-
fect of elliptic jet aspect ratio, on stagnation region heat transfer
has been investigated by Lee and Lee [8]. One of the rare stud-
ies with elliptic jet arrays with 3 different exit conditions was
the subject of research by Yan et al. [9]. Local heat transfer
characteristics of elliptic jet arrays with different aspect ratios
(4,2,1,0.5,0.25) were determined and also axis switchover
phenomenon with cross flow effect was found for elliptic jet
aspect ratios greater than 1. In related experimental studies by
Yan et al. [10] and Yan and Mei [11], they investigated heat
transfer characteristics along rib-roughened walls for circular
and elliptic impinging jet arrays by using transient liquid crys-
tal technique. They determined that the heat transfer over the rib
surface may be enhanced or retarded depending on the orienta-
tion of the ribs and the highest heat transfer rate was obtained
with 45 degree V-shape ribs.

The impinging jet is an interesting flow in practice as well
as providing a demanding test case for turbulence modeling.
Craft et al. [12] summarized the main flow characteristics as:
“the motion in the vicinity of the stagnation point comprises a
nearly irrotational normal straining (rather than simple shear-
ing), while that nearer the edge of the impinging jet combines
strong rotationality and streamline curvature. Finally, further
from the impinging point the flow does revert to a thin shear
flow by no means to a simple one, with the maximum shear
stress occurring outside the wall region”. Because of the above
mentioned complexity in the flow and simple geometry which
can be easily handled from a numerical point of view, many nu-
merical studies have been conducted on impinging jet flow and
heat transfer.

In the numerical study with confined impinging jets Hos-
seinalipour and Mujumdar [13] were able to predict the stag-
nation region Nusselt numbers with low Reynolds number k–ε

models. In another study by Wang and Mujumdar [14], they
tested several low Re number k–ε models for confined turbu-
lent slot jets. They found models perform better for high jet
to plate distances. Shi et al. [15] numerically studied impinge-
ment heat transfer under a turbulent slot jet using standard k–ε

and RMS models. For turbulent jet impingement studies, three
second moment closure type models and one eddy viscosity
model were compared by Craft et al. [12]. They stated that
both the eddy viscosity model and the basic Reynolds stress
model achieved very poor agreement with experiments. Near
wall reflection model results were in better agreement with ex-
periments. Dianat et al. [16] also have found that the second
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moment closure model generally performs better than the stan-
dard k–ε model with wall functions. Low Reynolds number
q–ζ model was applied by Gibson and Harper [17] for imping-
ing jet heat transfer, and they stated that even though model
retains the deficiency of excessive turbulence energy level, it
performed better than the corresponding k–ε model.

In their studies with confined jets Fitzgerald and Garimella
and Garimella [18,19] stated that the flow field in confined jets
were very different from that of unconfined jets. The aim of
this study is to determine the flow field of confined circular
and elliptic impinging jets with detailed velocity and turbulence
measurements and use these measurements to explain the local
heat transfer characteristics obtained numerically.

2. Experimental set-up and data reduction

Information on the experimental apparatus, devices used and
procedures followed were given in detail by Koseoglu [20].
A summary of that information is presented below.

2.1. Experimental set-up

Schematic representation of the experimental set-up was
shown in Fig. 1. The whole assembly including LDA measure-
ment system, 3-D traverse mechanism, target plate assembly,
jet plate, plenum, and blower were fixed on a table for rigidity
purposes. The required flow rate was supplied by a centrifu-
gal blower. In order to obtain the desired flow rate for the Re
number of interest a frequency controller (SIEMENS, CINAM-
ICS G110) was connected to the blower. The rest of the set-up
was acoustically isolated from the blower with flexible hos-
ing and dampers. Velocity measurements were made with a
DANTEC 2-D LDA system. The system operates in backscat-
ter mode and was used in conjunction with a 300 mW Argon
Ion laser. Bragg cell and color separator was used for frequency
shifting and color separation of the laser beam from the Ar-
gon Ion laser. The back-scattered light was captured by the
transmitting/receiving optics in laser probe (transceiver) which
was mounted on LDA traverse mechanism and a photomulti-
plier converts the light intensity fluctuations to electrical sig-
nals. Electrical signals were converted to velocity information
in the Burst Spectrum Analyzer (BSA) signal processor. The
processing results were handled by the Burst Spectrum Ana-
lyzer (BSA) flow software. The blower was connected to the
plenum with a pipe of 900 mm length and 20 mm inner diame-
ter. Air was carried to the plenum through the connecting pipe
from the blower. Plenum made of 10 mm thick Plexiglas was
a 800 mm long rectangular duct with an inner square cross-
section of 100 × 100 mm. 200 mm portion of lower end section
of the plenum was cut off to easily mount and demount the
orifice plates containing the jet. A sharp edged orifice type cir-
cular jet (EJ1) with a diameter of 10 mm and an elliptic jet
of aspect ratio four (EJ4) with equivalent diameter of 10 mm
was drilled on two separate 200 × 120 × 3 mm orifice plates
by laser cutting technique with centers located at 50 mm from
the sides and from the end of the plenum. The length of the
major and minor axis of elliptic jet was 20 and 5 mm respec-
tively. In the experiments a uniform flow was achieved at the
jet exit. To satisfy this condition, flow was almost brought to
rest in the large plenum prior to the jet exit. In addition to that,
orifice plate thickness was limited to 3 mm to prevent flow de-
velopment which could damage uniform flow conditions. The
target plate assembly consists of target plate, resistance heater,
thermocouples, insulation and traverse mechanism. Target plate
material was copper with dimensions of 100 × 100 × 5 mm.
The whole target plate assembly was fixed on a 3-D traverse
system which was used to set the desired jet to target plate dis-
tance.

2.2. Processing of the experimental data

In the experimental part of the study, detailed velocity and
turbulence measurements were made with the DANTEC 2-D
LDA system for a circular jet (EJ1) and an elliptic jet (EJ4)
of the same equivalent diameter (10 mm) with an aspect ratio
of four. Measurements were obtained for jet to plate distances
of 2 and 6 at Reynolds number 10 000. DANTEC 2-D LDA
system operates in backscatter mode with the receiving optics
mounted in the same probe as the transmitting optics and is
used in conjunction with a 300 mW Argon Ion laser. The focal
length of the transmitting lens was 400 mm. Frequency shift-
ing was used to improve the data rate and to reduce the fringe
bias. Data was converted from analog to digital by DANTEC-
BSA-F60 signal processor and then fed to a personal computer
for analysis with BSA flow software. Olive oil was used as
Fig. 1. Schematic diagram of the experimental set-up.
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Fig. 2. LDA measurement grid structure.

seeding particle and generated by a seeding generator equipped
with Laskin nozzles. Around five thousand data points were
taken at each position to determine local, mean velocity and
turbulence level. Laser probe was mounted on a computer con-
trolled traverse mechanism and was traversed to within 0.1 mm.
Due to the obstruction of laser beams by the orifice and tar-
get plate axial velocities very near these plates could not be
obtained. Measurements were conducted at an half domain be-
cause of symmetry. As shown in Fig. 2 in region I, the axial
velocity component was measured in a region starting at the
jet centerline and extending over 1 jet diameter for circular jet
and short axis direction of elliptic jet. The axial velocity com-
ponent measurements in the long axis direction of elliptic jet
were extended to 2 jet diameters. In this region radial veloci-
ties were also measured to obtain velocity vectors. In region II
which was chosen close to the target plate, only radial veloc-
ity components were measured, in a region starting from the
centerline of the jet and extending to the end of the imping-
ing plate at increasing uniform distances from the impinging
plate. First measurement position was at 0.02d from the target
plate. More measurement locations were set in this region to
map the boundary layer development. Measurements in region
II have been obtained for circular jet and for the major axis
direction of elliptic jet. In order to obtain the velocity vector
distribution in the whole flow field, both radial and axial veloc-
ity components in region III have been measured. The whole
measurement grid distribution is shown in Fig 2. Before and
during the measurements to minimize the velocity bias, set up
of the LDA system was made according to the directions in the
LDA systems user manual [21]. Frequency shifting was used
to improve the data rate, and transit time weighting factor was
applied to reduce the velocity bias. Also to obtain enough seed-
ing particles at an acceptable size, the seeding generator was
equipped with a compressor. As a result, error in the velocity
measurements were estimated to be below 2% according to the
literature [18], theoretical basis of the method [22] and LDA
system’s user manual [21].

Mean, rms velocities and Reynolds shear stresses were ob-
tained from the following equations:
• Mean velocity:

ū =
N−1∑
i=0

ηiui (1)

where ui is the instantaneous velocity and ηi is the transit
time weighting factor defined as:

ηi = ti∑N−1
j=0 tj

(2)

where N is the number of velocity samples, and ti is the
transit time of the ith seeding particle passing the LDA
measuring volume.

• Rms velocity:

urms =
√√√√N−1∑

i=0

ηi(ui − ū)2 (3)

• Reynolds shear stress:

u′v′ =
N−1∑
i=0

ηi(ui − ū)(vi − v̄) (4)

where ui and vi are instantaneous velocity components.

3. Mathematical formulation and numerical model

In this section numerical description of the problem un-
der investigation is given. Mathematical formulation, boundary
conditions and solution methodology have been shortly de-
scribed.

3.1. Problem description

A schematic drawing of the confined impinging jet configu-
ration under investigation and the actual computational domain
used for the numerical simulations is shown in Fig. 3. Because
of symmetry, solutions were obtained for only one quarter of
the domain shown with dashed lines. The equivalent diameter
of the elliptic jets (d) was defined as the diameter of a circu-
lar jet with a momentum flux equal to that of an elliptic jet,
d = 2(a ∗ b)0.5. According to Hussain and Husain [5], it is the
most appropriate length scale for elliptic jets of moderate aspect
ratio.

3.2. Governing equations

The continuity, Reynolds averaged momentum and time av-
eraged energy equations governing 3-D steady, flow of air with
constant properties used for turbulent solutions can be written
in the Cartesian coordinate system as follows:

• Conservation of mass:
∂Ui

∂xi

= 0 (5)

• Conservation of momentum:

ρUi

∂Uj

∂xi

= − ∂P

∂xj

+ ∂

∂xi

[
μ

(
∂Ui

∂xj

+ ∂Uj

∂xi

)
− ρu′

iu
′
j

]
(6)
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Fig. 3. Geometry of the impinging jet arrangement and computational domain
employed in the simulations.

• Conservation of energy:

ρcpUi

∂T

∂xi

= ∂

∂xi

[
k

∂T

∂xi

− ρcpu′
iT

′
]

(7)

In the code, k–ε model developed by Launder and Spalding
[23] is employed. The large scale turbulent motion is affected
by fluid viscosity in low Re number flows. Effects of viscos-
ity are important if turbulence Reynolds number is lower than
100 and damping is required to account for the viscous stresses
in the viscous sublayer and low Re number regions. For this
purpose, Lam–Bramhorst (LB) model allocating the low Re
numbers was employed. The LB low Re number model has
been widely used for impinging jet modeling [24,25]. The form
of the LB model implemented in PHOENICS is that described
by Patel et al. [26]. The following transport equations for k and
ε are used:

ρUi

∂k

∂xi

= ∂

∂xi

[(
μ + μt

σk

)
∂k

∂xi

]

+ μt

(
∂Ui + ∂Uj

)
∂Ui − ρε (8)
∂xj ∂xi ∂xj
ρUi

∂ε

∂xi

= ∂

∂xi

[(
μ + μt

σε

)
∂ε

∂xi

]

+ f1C1μt

ε

k

(
∂Ui

∂xj

+ ∂Uj

∂xi

)
∂Ui

∂xj

− f2C2ρ
ε2

k
(9)

The eddy viscosity was calculated from:

μt = fμCμρ
k2

ε
(10)

The following empirical constants are used in the model:

σk = 1.00, σε = 1.314, C1 = 1.44, C2 = 1.92

Cμ = 0.09 (11)

The LB low-Reynolds-number k–ε model differs from the
standard high-Reynolds-number model in that the empirical co-
efficients Cμ, C1 and C2 are multiplied by the following func-
tions, respectively:

fμ = [
1 − exp(−0.0165Rez)

]2
(

1 + 20.5

Ret

)
(12)

f1 =
(

1 + 0.05

fμ

)3

(13)

f2 = 1 − exp
(−Re2

t

)
(14)

where

Rez = ρk1/2z

μ
(15)

Ret = ρk2

με
(16)

3.3. Solution algorithm

Governing equations were discretized by a numerical scheme
employing a control volume approach and finite volume equa-
tions were obtained by this approach. These equations were
solved by the widely used CFD package PHOENICS, employ-
ing the SIMPLEST algorithm [27] for the pressure correction
process along with the solution procedure for the hydrody-
namic equations. The package uses a staggered grid arrange-
ment. For the discretization of convective–diffusive transport,
the hybrid scheme is the default scheme within the code. This
scheme combines the stability of upwind-scheme with the ap-
proximation accuracy of the central-difference scheme. In the
hybrid-scheme diffusion is cut off when the cell Peclet num-
ber (Pe = Re ∗ Pr, i.e. the ratio of heat convection to heat
conduction) equals 2. In other words, the convective transport
is assumed to dominate diffusive transport, and the hybrid-
scheme reduces to the upwind formulation, with diffusion
terms being neglected. The central-difference scheme leads to
a second-order truncation error in the approximations, whereas
the upwind-scheme gives only first-order accuracy.

3.4. Boundary conditions

Fig. 3 shows the actual computational domain and the
boundaries. No slip condition was accommodated along the
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solid walls and flow velocities were set to zero. Turbulent ki-
netic energy (k) and gradient of dissipation rate with respect to
z were also set to zero at the walls. Constant heat flux condi-
tion was applied at the target plate, and the confinement plate in
the solution domain was considered to be adiabatic. The other
applied boundary conditions were as given below.

• Inlet:

Wjet = specified, Tjet = specified

kjet = (T uWjet)
2, ε = (CμCd)3/4k3/2L (17)

• Symmetry axis 1 and outlet 1: x derivatives of the velocity
components, temperature, k and ε are set to zero:

∂u

∂x
= 0,

∂v

∂x
= 0,

∂w

∂x
= 0

∂T

∂x
= 0,

∂k

∂x
= 0,

∂ε

∂x
= 0 (18)

• Symmetry axis 2 and outlet 2: y derivatives of the velocity
components, temperature, k and ε are set to zero:

∂u

∂y
= 0,

∂v

∂y
= 0,

∂w

∂y
= 0

∂T

∂y
= 0,

∂k

∂y
= 0,

∂ε

∂y
= 0 (19)

3.5. Convergence and grid independency

The PHOENICS code iteratively solves linear algebraic
equations resulting from the finite volume integration of the
partial differential equations. Due to the iterative process of the
code, convergence was used as the monitor of achievement of
the final solution. The criterion of convergence of the numeri-
cal solution is based on the absolute normalized residuals of the
equations that were summed for all cells in the computational
domain. Convergence was considered as being achieved when
these residuals become less than 10−7, which was the case for
most of the dependent variables. Iterative convergence was also
checked by terminating the solution only then the progressive
single cell values of pressure, velocity and temperature showed
little change per iteration as the calculation progressed. Further-
more, checks for the achievement of a final solution were made
based on the conservation of mass, momentum and energy. Trial
solutions were obtained with a wide range of cell number com-
binations for grid independency checks. Trial solutions started
with a uniform coarse grid arrangement. After that grids were
refined in the jet, stagnation region and near wall regions. As
a grid independency check stagnation point and average Nus-
selt numbers were used. Final simulations were performed with
cell numbers ranging from 40 × 40 × 32 to 40 × 40 × 64 in the
x–y–z coordinate directions depending on the jet to plate dis-
tance. Grids were refined in the jet region and close to the target
surface. For turbulent solutions, to resolve the near wall region,
much finer grids were set near the wall and dimensionless dis-
tance z+ (uτ zρ/μ) was kept less than unity for all solutions.
4. Results and discussion

In this section, velocity and turbulence measurements are
presented to describe the flow field in confined circular and el-
liptic jets. Local heat transfer distributions obtained from the
numerical study are also presented. In figures “EJ1” and “EJ4”
represents circular and elliptic jet, respectively.

Fig. 4 shows velocity vector distribution in the close vicinity
of the jet center line for circular and elliptic jets. Measurements
were obtained at Re = 10 000 for dimensionless jet to plate dis-
tances 2 and 6. It is clearly seen that the jet spreading rate along
the minor axis plane of the elliptic jet is much greater than that
of the major axis, and also that of the circular jet for both jet
to plate distances. As a result of the higher spreading rate in
the minor axis direction, at some downstream position of the jet
exit, the minor axis becomes larger than the major axis. As can
be seen from the figures, for both jet to plate distances, axis-
switch-over occurs around 1.2 equivalent jet diameter from the
jet exit.

The presence of toroidal recirculation zone in the outflow
region is a unique feature of submerged and confined jets [18].
Fig. 5 (a, b) shows the recirculation pattern which is a char-
acteristic of the effect of the confining top plate on the flow
field. At H/d = 2, recirculation for both circular and elliptic
jets were observed. Center of the toroid was almost at the same
location for both geometries. Fig. 5 (c, d) shows the flow field at
H/d = 6. At this jet to plate spacing, no recirculation zone was
observed. It could either be because of shifting of the center
of the toroid to outer regions or decreasing confinement plate
effect on the flow field with increasing jet to plate distance.

Velocity and turbulence measurements near the target plate
are not only important for determining the flow field charac-
teristics of elliptic and impinging jets, but also for heat trans-
fer characteristics. Therefore besides the outflow region, in the
close vicinity of the target plate surface, radial velocity com-
ponents along the target plate at increasing perpendicular dis-
tances were also measured. Measurements were obtained start-
ing from 0.02d from the target plate. Results are presented in
Fig. 6 for circular and major axis direction of elliptic jet in terms
of normalized radial velocities. Flow acceleration from the im-
pinging point onwards was clearly observed for all cases. At
H/d = 2, maximum radial velocities were obtained at x/d = 1
and x/d = 0.5 for circular and elliptic jets, respectively. For
the elliptic jet maximum velocity was obtained at the closest
position to target plate, which might be an indication of a thin-
ner boundary layer for the elliptic jet. There might be an even
higher velocity located nearer to the target plate. When the
dimensionless jet to plate distance was increased to 6, radial
velocity profiles became more similar for circular and elliptic
jets. Maximum velocities were also obtained at the same radial
location (x/d = 1).

In the impinging jets, different flow and heat transfer char-
acteristics were observed in the stagnation region and wall jet
region. To analyze these regions, radial velocity measurements
near the target plate were extended to cover the whole target
plate. Fig. 7 shows normalized radial velocities at locations
greater than 1d along the target plate at increasing perpendic-
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(a) (b)

(c) (d)

(e) (f)

Fig. 4. LDA velocity vector distribution in the close vicinity of the jet centerline for (a) EJ1, H/d = 2, (b) EJ1, H/d = 6, (c) major axis EJ4, H/d = 2, (d) major
axis EJ4, H/d = 6, (e) minor axis EJ4, H/d = 2, (f) minor axis EJ4, H/d = 6.



M.F. Koseoglu, S. Baskaya / International Journal of Thermal Sciences 47 (2008) 1332–1346 1339
(a)

(b)

(c) (d)

Fig. 5. LDA velocity vector distribution in the flow field for (a) EJ1, H/d = 2, (b) major axis EJ4, H/d = 2, (c) EJ1, H/d = 6 (d) major axis EJ4, H/d = 6.
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(a) (b)

(c) (d)

Fig. 6. LDA radial velocity distribution at x/d = 0–1 for (a) EJ1, H/d = 2, (b) major axis EJ4, H/d = 2, (c) EJ1, H/d = 6 (d) major axis EJ4, H/d = 6. (The
target plate is located at z/d = 0.)

(a) (b)

(c) (d)

Fig. 7. LDA radial velocity distribution at x/d = 1.5–4.5 for (a) EJ1, H/d = 2, (b) major axis EJ4, H/d = 2, (c) EJ1, H/d = 6, (d) major axis EJ4, H/d = 6.
(The target plate is located at z/d = 0.)
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(a) (b)

(c) (d)

Fig. 8. LDA radial rms velocity distribution at x/d = 0–1 for (a) EJ1, H/d = 2, (b) major axis EJ4, H/d = 2, (c) EJ1, H/d = 6, (d) major axis EJ4, H/d = 6.
(The target plate is located at z/d = 0.)
ular distances from the plate. At radial locations greater than
x/d = 1, deceleration of the flow was observed for all cases.
At H/d = 2 different boundary layer profiles were obtained for
circular and elliptic jets. With increasing jet to plate distance
profiles become similar. It is an indication of the effect of jet
exit geometry conditions, which decrease with increasing jet to
plate distance.

Radial velocity measurements showed the flow accelera-
tion starting from impinging point on. In these measurements,
maximum radial velocities were obtained between x/d = 0.5
and 1. In order to further investigate this region, turbulence in-
tensities corresponding to radial velocity profiles in the region
x/d = 0–1 were obtained and presented in Fig. 8 for circular
and elliptic jets. Fig. 8 (a, b) shows measurement results for di-
mensionless jet to target distance 2. At the closest point to the
impinging plate largest rms values were obtained at x/d = 0.5
and x/d = 1 for circular and elliptic jets, respectively. While
approaching the plate, turbulence intensities at x/d = 1 contin-
uously increase. Measurements at H/d = 6 are shown in Fig. 8
(c, d). Especially for the elliptic jet, rms values closer to the
impinging point reach an almost constant value irrespective of
radial location. At the nearest point to the target plate, maxi-
mum turbulence intensities were obtained at x/d = 0.5 for the
circular jet. Even though the differences are small, the highest
turbulence intensity for the elliptic jet was obtained at the center
line.
Jet velocity continuously changes starting from the jet exit
onward, as a result of the interaction with the surrounding air.
To determine the role of jet to plate distance and jet geometry
on the jet velocities in the jet center line and close vicinity, ax-
ial velocities were measured. Fig. 9 shows the normalized axial
velocities at the jet centerline and close vicinity as a function of
axial distance from the jet exit. Centerline axial velocities first
gradually decrease for circular and elliptic jets, than, as the tar-
get plate is approached, the centerline velocity drops rapidly. In
addition to the centerline, axial velocities were also measured
at some other radial distances. Because of the sharp edged ori-
fices and size of the LDA measurement volume, at points close
to the jet exit, very small axial velocities were measured even
in the jet especially for circular jets and for the major axis di-
rection of the elliptic jet. Fig. 9 (e, f) shows the axial velocity
measurements in the minor axis direction. High spreading rate
of the jet along this axis can easily be seen from the increasing
velocity values with increasing distance from the jet exit at ra-
dial positions y/d = 0.3, 0.4, 0.5, which are out of the jet edge.

In addition to jet velocities, turbulence level in the jet also
changes. Even, an initially laminar jet at the exit can become
turbulent at down stream positions from the jet exit. Near target
plate measurements could also be used to analyze heat trans-
fer results. Therefore turbulence intensities corresponding to
axial velocities were obtained and presented in Fig. 10. Close
to the jet exit, for the circular jet and in the minor axis direc-
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(a) (b)

(c) (d)

(e) (f)

Fig. 9. LDA axial velocity distribution in the close vicinity of the jet centerline for (a) EJ1, H/d = 2, (b) EJ1, H/d = 6, (c) major axis EJ4, H/d = 2 (d) major axis
EJ4, H/d = 6, (e) minor axis EJ4, H/d = 2, (f) minor axis EJ4, H/d = 6. (The target plate is located at z/d = 0.)
tion of the elliptic jet, maximum rms velocities were obtained
at x/d = 0.3 and y/d = 0.3, respectively. In the major axis,
very close rms values were measured at different radial posi-
tions close to the jet exit. For minor axis direction of the elliptic
jet, position of the maximum rms value continuously changes
along the distance from the jet exit onwards. At the closest point
to the target plate, maximum rms values along this axis were
obtained at y/d = 0.5 and 0.3 for H/d = 2 and 6, respectively.
For H/d = 2, at the closest point to the target plate in the long
axis direction, the highest rms velocity was obtained at a ra-
dial distance of x/d = 0.6. The radial position of the maximum
rms velocity shifts towards the jet centerline, and was obtained
at x/d = 0.2 for the dimensionless jet to target plate distance
of 6.

By using the instantaneous and mean velocity components,
Reynolds shear stress distributions were calculated in the close
vicinity of the jet centerline and out of jet edge for the circu-
lar jet and major axis direction of the elliptic jet. The results
are shown in Figs. 11 and 12. As shown in Fig. 11, Reynolds
stresses were almost zero or close to zero along the jet cen-
terline for all cases and non-zero values were obtained in the
other high speed locations. Zero Reynolds stresses were also
observed in the region outside the jet edge as shown in Fig. 12.
In this region, non-zero values were obtained close to the tar-
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(a) (b)

(c) (d)

(e) (f)

Fig. 10. LDA axial rms velocity distribution in the close vicinity of the jet centerline for (a) EJ1, H/d = 2, (b) EJ1,H/d = 6, (c) major axis EJ4, H/d = 2, (d) major
axis EJ4, H/d = 6, (e) minor axis EJ4, H/d = 2, (f) minor axis EJ4, H/d = 6. (The target plate is located at z/d = 0.)
get plate. Higher values in the Reynolds stress show that most
of the transverse momentum transfer occurs in the high speed
region. The negative Reynolds stress is associated with the neg-
ative production of turbulence [28]. It always happens in the
non-pairing state of a single vortex or in the latter part of the
vortex merging, and can be explained by the vortex nutation
idea [6].

For the confined circular and elliptic jet geometries of the
LDA measurements, local heat transfer characteristics have
been obtained numerically by using the Lam–Bramhorst low
Reynolds number k–ε, model for dimensionless jet to plate
distances 2, 6, 12 at Reynolds number 10 000. Fig. 13 shows
the local heat transfer distribution along the major and minor
axis directions. In addition to the stagnation point values, inner
peaks in the heat transfer rates were observed in major and mi-
nor axis directions. In the stagnation region, higher heat transfer
rates were obtained in the major axis direction with elliptic jets
especially at H/d = 2 and 6. Through LDA measurements de-
tailed flow field data were obtained for the outflow region and
near target plate region for circular and elliptic jets. The out-
flow region is of less importance to the heat transfer from the
impinging jets. On the other hand, the near target plate region
measurements of velocity and turbulence could be used to fur-
ther elaborate the heat transfer results. From the near target
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(a) (b)

(c) (d)

Fig. 11. LDA Reynolds stress distribution in the close vicinity of the jet centerline for (a) EJ1, H/d = 2, (b) EJ1, H/d = 6, (c) major axis EJ4, H/d = 2, (d) major
axis EJ4, H/d = 6. (The target plate is located at z/d = 0.)

(a) (b)

(c) (d)

Fig. 12. LDA Reynolds stress distribution outside the jet edge for (a) EJ1, H/d = 2, (b) EJ1, H/d = 6, (c) major axis EJ4, H/d = 2, (d) major axis EJ4, H/d = 6.
(The target plate is located at z/d = 0.)
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(a) (b)

(c) (d)

(e) (f)

Fig. 13. Effect of jet geometry on local Nusselt number distribution at Re = 10 000 for (a) major axis H/d = 2, (b) minor axis H/d = 2, (c) major axis H/d = 6,
(d) minor axis H/d = 6, (e) major axis H/d = 12, (f) minor axis H/d = 12.
plate region LDA measurements, maximum axial rms veloci-
ties were obtained in the region 0.6d from the centerline, and
maximum radial velocities were obtained between x/d = 0.5
and 1. Analysis of flow field measurements and numerical heat
transfer results show that inner peaks in local heat transfer could
be related to locations of maximum turbulence intensities in the
jet and radial flow acceleration along the wall for both circu-
lar and elliptic jets. Because of the strong mixing, elliptic jets
have shorter potential core lengths. When the dimensionless jet
to plate distance is increased to 12, the elliptic jet will have lost
most of its momentum. As a result, in the stagnation region,
the circular jet gives higher heat transfer rates in the major and
minor axis directions compared to the elliptic jet. Numerical re-
sults showed that with increasing jet to plate distance the effect
of jet geometry on the heat transfer decreased. Similar findings
were obtained from the flow field characteristics obtained from
LDA measurements, that also became more similar for elliptic
and circular jets at the high jet to plate distance.

5. Conclusions

The flow field of confined circular and elliptic jets was in-
vestigated through velocity and turbulence measurements us-
ing laser Doppler anemometry, for two different jet to plate
distances at Reynolds number 10 000. In addition, local heat
transfer characteristics were obtained numerically for dimen-
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sionless jet to plate distances 2, 6, 12 at Reynolds number
10 000. A toroidal recirculation zone, which is the character-
istic of confined jets, has been observed at dimensionless jet
to target spacing 2. Much higher spreading rates in the minor
axis direction of the elliptic jet have also been mapped. An
increase in the jet to plate distance reduced the differences be-
tween circular and elliptic jet flow fields. Combined analysis
of LDA measurements and numerical results showed that there
could be a linkage between local heat transfer rates and turbu-
lence intensities in the jet, and radial flow acceleration along the
wall for both circular and elliptic jets. To further analyze about
the relationship it is necessary to conduct research with optical
measurement and flow visualization techniques for a broader
range of parameters including jet to plate distance, jet geome-
tries and jet exit velocities.
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