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While an impinging jet has been widely investigated because of its remarkable convective heat transfer
performance, the impingement of a sweeping jet which undergoes periodic oscillation has drawn little
interest. We experimentally examined the heat transfer of a sweeping jet impinging on a flat wall for sev-
eral Reynolds number and nozzle-to-plate spacings and discovered unsteady flow structure to character-
ize heat transfer capability. Local Nusselt number on the wall was evaluated by measuring temperature
with thermocouples, and a flow was visualized quantitatively using particle image velocimetry. The dis-
tribution of the Nusselt number is different from that of a round jet, exhibiting two distinct regions. Near
the center of a sweeping jet, a high Nusselt number zone is formed without a noticeable peak commonly
observed in a round jet. Away from the central region, the Nusselt number decreases monotonically. The
trends of the Nusselt number at the two regions are correlated with the first mode of the flow structure
obtained by proper orthogonal decomposition (POD). The boundary of the two regions is a local mini-
mum of the first POD mode near the wall, and the magnitude of the first POD mode is large in the central
region of high Nusselt number. It was also found that the distributions of mean lateral velocity and lateral
velocity fluctuation were clearly different between the two regions, which implies that both quantities
should be considered for the analysis of heat transfer performance.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

An impinging jet, liquid or gas vertically discharged on a solid
surface, has received a lot of attention in the past decades due to
its compelling characteristics of enhancing heat transfer [1–11].
The impinging jet has been used in various applications including
heat treatment of steel, drying of papers, and cooling of gas turbine
blades and electric devices [12–15].

The impinging jet has been mainly investigated for a simple
configuration, a steady jet with a simple geometry of a nozzle exit.
Martin [3] presented an extensive review on the heat and mass
transfer of an impinging jet for three standard types: single circular
jet, array jet, and slot nozzle jet. In addition, the empirical relation-
ships that account for nozzle geometry, confinement, turbulent
intensity, and nozzle-to-plate spacing have been established by
many studies [5,6,11,16].

Besides the simple jet types mentioned above, special types of
jets have been introduced: synthetic jet, air-assisted jet, and annu-
lar jet. A synthetic jet, a quasi-steady jet generated by periodic suc-
tion and squirting motions in a cavity, was used to improve cooling
efficiency [14,17]. It was reported that an air-assisted jet, a two-
phase flow of liquid and gas bubbles, could enhance heat transfer
efficiency as well [18]. Terekhov et al. [19] studied the effect of
geometric variables of an annular nozzle and found that the annu-
lar jet could increase a heat transfer rate, compared to a basic
round jet.

Although past studies on impinging jets have suggested many
techniques to enhance heat transfer performance, only recently
have studies regarding the effect of unsteady oscillating jet flow
on heat transfer emerged. Here, we introduce a fluidic oscillator
to generate an unsteady oscillating jet, i.e., a sweeping jet. The flu-
idic oscillator is an apparatus that produces a bi-stable pulsating
jet of sweeping motion [20]. The fluidic oscillator can be generally
categorized into feedback and feedback-free oscillators [21], and a
feedback-type fluidic oscillator was chosen in this study. Fig. 1
depicts the geometry of a fluidic oscillator with two feedback
loops. The mechanism generating a sweeping jet is as follows. At
start, pressurized flow from the inlet of the apparatus sponta-
neously adheres to either wall of an interaction zone inside due
to the Coanda effect. At the same time, a jet at the exit is deflected
to the opposite side (Fig. 1(a)). The attached primary flow of the
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Nomenclature

A surface area of the heated plate (m2)
d width of the nozzle exit (m)
H nozzle-to-plate spacing (m)
h convective heat transfer coefficient (W/m2 K)
I current through the heated plate (A)
k thermal conductivity of air (W/(m K))
kp thermal conductivity of the heated plate (W/(m K))
Nu local Nusselt number, hd=k
_m mass flow rate drained into the fluidic oscillator (g/s)
q rate of heat transfer (W)
R electrical resistance of stainless steel foil (X)
Re Reynolds number, Ud=m
Tj temperature of a jet at the nozzle exit (K)
Ts local temperature of the heated plate (K)

t thickness of the heated plate (m)
U mean velocity of a jet at the nozzle exit (m/s)
�u mean lateral velocity (m/s)
u0
rms root mean square of the lateral velocity fluctuation (m/

s)
V mean velocity magnitude (m/s)
w width of the heated plate (m)
x lateral coordinate (m)
� emissivity of the heated plate
m kinematic viscosity of air (m2/s)
r Stefan-Boltzmann constant (5.670 � 10�8 W/(m2 K4))
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interaction zone increases the pressure of the feedback loop in the
same side (upper loop in Fig. 1(a)). The increase in pressure pushes
the primary flow to adhere to the other side and causes the jet at
the exit to change its direction (Fig. 1(b)). This process is repeated,
leading to an oscillating sweeping jet.

Unsteady sweeping motion is self-sustained by the internal
geometry of a fluidic oscillator without any moving element or
actuator. The fluidic oscillator, therefore, is a highly durable device
to shock and vibration and is not affected by electromagnetic inter-
ference [20–22]. Because of these attractive features, the fluidic
oscillator has been broadly applied to many fluid engineering fields
including separation control of a boundary layer, jet thrust vector-
ing, cavity noise reduction, and micro-bubble generation [23–27].
Meanwhile, relatively little has been investigated on the applica-
tion of a sweeping jet to convective heat transfer. Thurman et al.
[28] first applied the sweeping jet to heat transfer and evaluated
the effect of the jet flow ejected through a hole into a cross flow
on film cooling process. They discovered that a sweeping jet makes
cooling performance more uniform on the surface than a jet from a
spiral hole. The interaction of a sweeping jet flow and a cross flow
was numerically investigated with consideration of an inclination
angle to a free stream direction and a blowing ratio [29]. Moreover,
Hossain et al. [30] conducted both experimental and numerical
studies on film cooling performance, using an array of fluidic oscil-
lators, and found that the array shows significant improvement in
Fig. 1. Geometry of a fluidic oscillator.
cooling effectiveness in the lateral direction because of the sweep-
ing motion of the jet. For a jet vertically impinging on a plate, Lund-
green et al. [31] numerically investigated the thermal performance
of a sweeping jet when nozzle-to-plate spacing is greater than 3
hydraulic diameters. This study demonstrated that the average
Nusselt number for the fluidic oscillator is higher than that of the
steady jet at small nozzle-to-plate spacing and that a fluidic oscil-
lator can provide a more uniform heat transfer rate with a higher
average Nusselt number.

In this study, we experimentally investigate the flow structure
and heat transfer performance of the sweeping jet generated by a
fluidic oscillator, which impinges vertically on a flat wall. Although
the heat transfer of an impinging sweeping jet was suggested as a
novel technique to improve heat transfer performance in the
numerical study of Lundgreen et al. [31], relatively large nozzle-
to-plate spacing was considered in their study, and the detailed
characteristics of the flow structure and their correlation with
the trend of heat transfer performance still remain unclear. By
varying Reynolds number and nozzle-to-plate spacing which are
known as important parameters to determine the performance of
an impinging jet, we will examine noticeable characteristics of
heat transfer and reveal correlations between unsteady flow struc-
ture and heat transfer performance by employing digital particle
image velocimetry and temperature measurement with
thermocouples.
2. Experimental setup

A fluidic oscillator design suggested by Stouffer [32] was used
to generate a sweeping jet (Fig. 1). The nozzle exit of our fluidic
oscillator has a square shape with 6.25 mm width and 6.25 mm
height and an exit angle of 100�. The fluidic oscillator was fabri-
cated using a 3D-printer (Ultimaker 2+, Ultimaker Inc.) with Poly-
lactic Acid (PLA) material, and layer thickness in the fabrication
process was 140 lm. This layer thickness was much smaller than
the length scale of the fluidic oscillator (e.g., nozzle exit width
6.25 mm). Thus, we assumed that jet characteristics were not
affected by the surface roughness of the device in this setup. Com-
pressed air was supplied through a regulator integrated with a fil-
ter (W4000, CKD Co.) and injected into the fluidic oscillator. The
mass flow rate of supplied air was controlled with a mass flow con-
troller with 0.8% accuracy (F-202AV, Bronkhorst High-Tech)
installed between the regulator and the fluidic oscillator.

Our experimental study consists of two measurements: convec-
tive heat transfer measurement and quantitative flow visualiza-
tion, which are introduced in Sections 2.1 and 2.2, respectively.
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2.1. Experimental setup for heat transfer measurement

To quantify the rate of convective heat transfer, experimental
setup was devised as illustrated in Fig. 2. A fluidic oscillator was
placed vertically above a heater, and it was connected to a XYZ-
axis stage (Namil Optical Instruments Co.) so that it can precisely
move with a 0.01 mm increment. A very thin stainless steel foil
(ST304, 120 mm � 5 mm � 0.04 mm) was used as a heater. Since
the maximum difference in the electrical resistivity due to the tem-
perature variance along the foil is 0.58%, we assumed that the hea-
ter provided a constant heat flux. A copper bus bar was attached to
each end of the foil using an electrically conductive epoxy
(CW2400, Chemtronics Inc.), and these bus bars were wired to a
DC power supply (MK6003d, MKPOWER Inc.). Resistance of heater
and current imposed on the heater were measured to estimate
heat flux.

The bottom surface of the foil was covered with a kapton tape of
thickness 0.06 mm, which is durable to high temperature and elec-
trically non-conductive. Fourteen thermocouples of K-type were
attached to the lower surface of the heater at an equal interval of
2 mm from the center of the heater. After the thermocouples were
covered by a kapton tape, to minimize heat loss, the heater was
installed on an insulation block (Teflon, thickness 30 mm) with a
double-sided tape. Local temperature data of the thermocouples
were acquired with a data acquisition board (NI 9212 &

cDAQ�9174, National Instruments Co.).
Detailed experimental procedure is as follows. At first, com-

pressed air was supplied into the oscillator, and a downward jet
was discharged at the exit of the oscillator. Then, electric power
was applied to the heater. A measurement started after 10 min in
order to obtain data after a transient phase passed. The tempera-
ture of the thermocouples was measured at a sampling rate of
1.8 Hz for 60 s.

The local convective heat transfer coefficient and the corre-
sponding Nusselt number were evaluated by the following
equation:

Nui ¼ hid
k

¼ qconv;id
AiðTs;i � TjÞk ; ð1Þ

where hið¼ qconv ;i=AiðTs;i � TjÞÞ is the convective heat transfer coeffi-
cient of the flow at a given position of a thermocouple, k is the ther-
mal conductivity of air, and d is the width of the nozzle exit. qconv;i is
Fig. 2. Experimental setup for heat transfer measurement.
the heat by forced convection of the jet flow. Ai ð¼ wDxÞ is the sur-
face area of a segment of the heated plate for a thermocouple, and
Ts and Tj are the local temperature of the heater and the tempera-
ture of the jet at the nozzle exit, respectively. Note that Ts and Tj

for Nu obtained in our study are time-averaged values at given
positions.

The heat transfer rate by convection qconv ;i can be estimated by
considering energy balance [33];

qconv ;i ¼ qgen;i � qcond;i � qrad;i � qfree;i; ð2Þ
where qgen;i is the rate of electrical energy applied to the foil, qcond;i is
conduction heat loss through the foil, qrad;i is radiation heat loss
from the top side of the foil, and qfree;i is surface heat loss by free
convection from the sides of the insulation block. In Eq. (3), the heat
generation of the heater was evaluated using the resistance of the
foil and the current which was gauged by the power supply.

qgen;i ¼
RI2

A

 !
Ai ð3Þ

The lateral conduction heat loss was evaluated by solving a one-
dimensional energy equation along the foil (Eq. (4)). In most mea-
surement points, the conduction loss in lateral direction remained
less than 0.6% of the imposed heat; even maximum conduction
loss was just 2.0% in the experiment. Therefore, it is reasonable
to assume that the lateral conduction loss is negligible.

qcond;i ¼ kp
DTiþ1

Dxiþ1
� DTi

Dxi

� �
wt ð4Þ

Surface heat transfer by radiation from the top side of the foil is
expressed as

qrad;i ¼ �rðT4
i � T4

1ÞAi; ð5Þ
where � is the emissivity of the stainless steel foil, r is the Stefan-
Boltzmann constant. The radiation heat loss is less than 0.8%.

Lastly, in order to evaluate free convection from the block
(qfree;i), we measured the temperature of the vertical sides and hor-
izontal bottom of the block. By applying the correlation between
Nusselt number and Rayleigh number, the free convection loss
from the block was obtained appropriately [34–36]. The rate of
heat transfer imposed in the heater was corrected by the losses
caused by radiation from the surface of the foil and free convection
from the sides of the block.

For the validation of our experimental setup, we conducted a
preliminary experiment with a round jet impinging on a flat wall.
The Nusselt numbers obtained by this experiment were compared
with the data of Lytle and Webb [6]. Regarding the local Nusselt
number at a stagnation point in the range of
6400 6 Re 6 18;400, the difference between our results and the
data of Lytle and Webb [6] was within 10%, which ensured that
our setup was able to produce reliable data.

2.2. Experimental setup for flow visualization

Flow visualization experiments were conducted in a glass tank
(600 mm � 450 mm � 450 mm) with the same fluidic oscillator
used for heat transfer measurement (Fig. 3). The fluidic oscillator
was mounted in the middle of the tank. One side of the tank was
used as an impingement wall.

For planar Particle Image Velocimetry (PIV), seeding particles of
1 lm were generated by an oil droplet generator (Model 9307, TSI
Inc.). Compressed air and oil droplets were premixed and supplied
into the fluidic oscillator. Mass flow rate was controlled with the
mass flow controller. The oil droplets contained in the jet were illu-
minated by a Nd:YAG laser sheet (Evergreen200, Quantel Inc.) of



Fig. 3. Experimental setup for flow visualization.

Fig. 4. Lateral variation of local Nusselt number.
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thickness 1 mm on a xy-plane. A CCD camera (GEV-B1620M,
Imperx Inc.) captured 2700 image pairs at a rate of 15 pairs per sec-
ond for each test. A time step between two images of a pair was 1–
3 ls. To acquire velocity fields, the captured images were pro-
cessed with PIVview2C 3.6 (PIVTEC GmbH). For cross correlation
of two images in a pair, we used the multi-grid interrogation
method; initial interrogation window size was 64 � 64 pixels and
final size was 32 � 32 pixels. Since the jet from the fluidic oscillator
oscillates periodically on the xy-plane, velocity fields were
obtained only for a half of the jet, �0:27 < x=d < 2:72, between
the nozzle exit and the wall (Fig. 3).

From time series of velocity fields, it is difficult to directly figure
out the dominant flow structure of an unsteady impinging jet. For
the purpose of finding dominant modes which characterize the
flow, we employed Proper Orthogonal Decomposition (POD) [37–
39]. Here, we briefly introduce the procedure of POD. For detailed
mathematical description, refer to Holmes [39]. POD is one of data
analysis methods to process a large number of data sets, using
orthogonality of modes. A fundamental concept behind POD in
fluid mechanics is that the fluctuation of a scalar or vector field,
uðxÞ, can be approximated as a linear combination of orthonormal
bases, ujðxÞ. The present analysis uses the POD based on snapshots
(instantaneous flow fields) developed by Sirovich [37], which is
appropriate for applying to PIV data with a large number of vari-
ables (both u and v-velocity components in all grids).

ukðxÞ �
XN
j¼1

akjujðxÞ: k ¼ 1; . . . ;N ð6Þ

uk is a velocity field at the kth instance, and the number of the bases
is equal to the number of snapshots N (the number of instantaneous
velocity fields used for POD). The bases (POD modes) can be
obtained in a way that minimizes the residue error of the two terms
in Eq. (6):

Minimize ukðxÞ �
XN
j¼1

akjujðxÞ
�����

�����
 !

; ð7Þ

where k � k is a L2 norm. Eq. (7) is an eigenvalue problem, which
leads eigenvalues kj (j ¼ 1; . . . ;N) and corresponding orthonormal
bases (POD modes) ujðxÞ. The eigenvalue is proportional to the
amount of the total kinetic energy of velocity fluctuation contained
in the corresponding POD mode; for the larger eigenvalue, the cor-
responding POD mode is more dominant.
3. Results and discussion

3.1. Heat transfer rate of a sweeping jet

We first investigate the heat transfer performance of a sweep-
ing jet using the experimental setup described in Section 2.1. For
a sweeping jet, local Nusselt numbers are evaluated at four Rey-
nolds numbers (Re ¼ 3600; 6400; 11;000; 15;300) and three
nozzle-to-plate spacings (H=d ¼ 1:0;1:5;2:0) (Fig. 4). For the Rey-
nolds number, the mean jet velocity at the exit of the fluidic oscil-
lator U and the width of the exit d were chosen as characteristic
velocity and length, respectively: Re ¼ Ud=m. In all cases considered
in this study, maximum local Nusselt number is located in the
region of x=d < 1:0, the central region of the sweeping jet. See
Fig. 2.2 for the definition of a lateral coordinate x=d. Meanwhile,
in x=d > 1:0, the Nusselt number decreases monotonically with
increasing x=d.

The trend of Nu slightly differs between H=d ¼ 1:0 and
H=d ¼ 1:5; 2:0 cases. Nu decreases with x=d for all Reynolds num-
bers of H=d ¼ 1:0 and has a local maximum value at the center
x=d ¼ 0. H=d ¼ 1:5 and 2:0 cases tend to exhibit a minor increase
in Nu at a certain lateral location off x=d ¼ 0, except for the small-
est Reynolds number. The magnitude of this minor increase
(DNu < 1) is much smaller than the magnitude of Nu in
x=d < 1:0. In a steady round jet, a noticeable peak of Nu is formed
off x=d ¼ 0, in addition to at x=d ¼ 0, especially in high Reynolds
number of Re > 104 [6]. However, in a sweeping jet, such a notice-
able peak is not observed off x=d ¼ 0. Instead, a maximum of Nu is
established in x=d < 1:0. In summary, according to Fig. 4, the
region of interest can be divided into two regions, the region of a
maximum Nu (Region 1, x=d < 1:0) and the region where Nu
decreases monotonically (Region 2, x=d > 1:0).

In each nozzle-to-plate spacing H=d, the Nusselt number
increases with the Reynolds number in all measurement points
(Fig. 4). This trend has been also observed in other types of an
impinging jet [5], and it is because higher jet velocity (higher Re)
can convect more thermal energy from the heated plate. A more
interesting trend is observed when H=d is varied at a fixed Re. As
H=d increases, Nu tends to reduce in Region 1 (x=d < 1:0), but it
shows little variation in Region 2 (x=d > 1:0) as demonstrated in
Fig. 4.



Fig. 5. Nusselt number comparison between a sweeping jet and a single steady
circular jet for H=d ¼ 1:0.

Fig. 7. Sweeping frequency of the fluidic oscillator.
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Compared to a steady round jet, a sweeping jet shows superior
capability of heat transfer as demonstrated in Fig. 5. Additional
measurement was conducted for a round jet with diameter of 6
mm. For H=d ¼ 1:0, the Nusselt number of the sweeping jet is lar-
ger than that of the round jet in the measurement domain for all
Reynolds numbers considered in this study. For example, at
x=d ¼ 0, the Nusselt number of the sweeping jet is 7–11% larger
than that of the round jet. The difference in the Nusselt number
between the two jets continues to reduce with lateral coordinate
x=d until the point where the secondary peak of the round jet
occurs and increases again thereafter. The better performance of
the sweeping jet, especially near x=d ¼ 0, is surprising in that the
(1)

(2)

(3)

(4)

(5)

(6)

Fig. 6. Time series of a sweeping jet during
sweeping jet does not keep impinging on the center like the round
jet. This result indicates that unsteady effect of the sweeping jet
plays an important role in enhancing heat transfer, which will be
discussed in Section 3.2.

As explained above, the sweeping jet has several noticeable
trends of the heat transfer rate which have not been observed in
other impinging jet types. However, from heat transfer measure-
ment only, it is difficult to clearly understand physical mechanisms
responsible for these trends; for example, why two distinct regions
(Regions 1 and 2) appear and why the boundary of these regions is
formed near x=d ¼ 1:0. To address these questions, the flow struc-
ture of the sweeping jet will be investigated in the following
section.
(7)

(8)

(9)

(10)

(11)

(12)

one cycle (Re ¼ 3600 and H=d ¼ 1:0).
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3.2. Flow structure of a sweeping jet

To couple heat transfer performance with flow physics, a jet
flow was visualized using the PIV described in Section 2.2. Pho-
tographs in Fig. 6 show the successive stages of a sweeping jet.
In Fig. 6, oil droplets ejected from the fluidic oscillator were illumi-
nated by a laser. A primary jet from the nozzle exit moves period-
ically from side to side. Then, it is deflected by a wall, forming
lateral wall jets on both sides of the deflection zone. The lateral
wall jet in the moving direction of the primary jet is more distinct
than that of the other direction. The sweeping frequency of the jet
is scaled with the Reynolds number in our cases; the frequency is
28 Hz, 46 Hz, and 70 Hz for Re ¼ 3600, 6400, and 11,000, respec-
tively (Fig. 7). The sweeping frequency can be varied by the inter-
nal design and nozzle shape of the fluidic oscillator at the same
Reynolds number, which changes the unsteadiness of the jet
[22]. For this reason, special attention is required in conducting
dimensional analysis with Re and Nu, and another dimensionless
parameter including the sweeping frequency is necessary for
dimensional analysis. In this study, since we use a single model
of the fluidic oscillator, we will not consider the effect of such a
frequency-related dimensionless parameter.

Since the sweeping jet flow is highly unsteady, little informa-
tion regarding the characteristics of the jet can be obtained from
the snapshots of the flow fields. Furthermore, heat transfer perfor-
mance was analyzed in terms of time-averaged Nusselt number in
Section 3.1. Thus, its correlation with instantaneous flow fields
may lead to insubstantial conclusions. For this reason, to extract
0.0 0.5 1.0 1.5 2.0 2.5
x/d

(a) 1st mode

(b) 2nd mode

(c) 3rd mode

0.0 0.5 1.0 1.5 2.0 2.5
x/d

0.0 0.5 1.0 1.5 2.0 2.5
x/d

0 5 10 15 20 25 30 (×10-3)
φi

Fig. 8. Modes extracted from POD for Re ¼ 3600 and H=d ¼ 1:0: (a) first mode, (b) secon
(e) Relative energy of the POD modes
dynamic features from unsteady periodic jet motion, the POD
introduced in Section 2.2 was applied.

First three POD modes, u1 �u3, are illustrated for Re ¼ 3600
and H=d ¼ 1:0 in Fig. 8. The first POD mode u1 which represents
the most dominant flow structure is shown in the form of an
inclined jet (see red contours in Fig. 8(a)). Because of the periodic-
ity of the jet, another high value of the PODmode exists in the neg-
ative x-region not mapped by PIV. In fact, the inclined shape
observed in the first mode is linked to the bi-stable property of
the sweeping jet. Although the jet sweeps reciprocally, it stays
on both ends of the swept area for a longer time than in the middle
of the swept area.

In all cases considered in this study, the first PODmode contains
about 3:8—5:6% of the total kinetic energy of a fluctuating velocity
component. The second and third POD modes contain about
1:4—2:8% and 0:7—1:5% of the total kinetic energy, respectively.
The kinetic energy of the first POD mode is about twice larger than
the second POD mode in all cases. This distribution of the relative
kinetic energy indicates the dominance of the first POD mode over
the rest in a sweeping jet configuration (see also Fig. 8(e)). In the
case of an impinging round jet, the first POD mode is not as preva-
lent as the sweeping jet; the percentage of the kinetic energy is
about 0.08, 0.06, and 0.05 for the first, second, and third POD
modes, respectively [40].

For H=d ¼ 1:0, we can identify that, along the lateral coordinate
x=d near the wall, a local minimum of the first POD mode exists
near x=d ¼ 1:0 (Fig. 9(a)). This local minimum is formed near
x=d ¼ 1:0 even when nozzle-to-plate spacing changes to
Mean velocity magnitude
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d mode, and (c) third mode. (d) Normalized time-averaged velocity magnitude V=U.



(c)

φ1

H/d = 2.0

(a) H/d = 1.0

0.0 0.5 1.0 1.5 2.0 2.5
x/d

(b) H/d = 1.5

x/d
0.0 0.5 1.0 1.5 2.0 2.5

0.0 0.5 1.0 1.5 2.0-0.5
x/d

0 5 10 15 20 25 30 (×10-3)

Fig. 9. First mode extracted from POD for Re ¼ 3600: (a) H=d ¼ 1:0, (b) H=d ¼ 1:5,
and (c) H=d ¼ 2:0.

Fig. 10. Normalized time-averaged lateral velocity �u=U near the wall
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H=d ¼ 1:5 and 2:0 (Fig. 9(b) and (c)). The local minimum of the first
POD mode appears at a slightly larger lateral coordinate with
increasing H=d, though. A high value of the first POD mode near
the wall, in both sides of x=d ¼ 1:0, is caused by the lateral wall
jet deflected by the wall. We also observed that the structures of
the POD modes were little affected by the Reynolds number in
the range we tested. However, as the Reynolds number increases,
the flow becomes more turbulent, and the relative energy of the
second and third POD modes tend to be larger in comparison with
that of the first POD mode.

The distribution of the first POD mode near the wall is closely
related with the heat transfer performance discussed in Section 3.1.
x=d ¼ 1 which divides the wall into Region 1 and Region 2 in terms
of heat transfer performance is actually a local minimum of the
first POD mode near the wall. In addition, high Nusselt number
in Region 1 is correlated with the large magnitude of the first
POD mode in that region. The distribution of mean velocity magni-
tude V=U shows a trend strikingly different from that of the first
POD mode (Fig. 8(a) and (d)). Near the wall, a region of high V=U
resides between x=d ¼ 0:5 and 2.0, and its value is rather smaller
at the center x=d ¼ 0. This trend uncorrelated with the distribution
of a heat transfer rate demonstrates that heat transfer performance
should be analyzed in consideration of unsteady effects rather than
with time-averaged flow fields.

The dynamic features of the sweeping jet can be also inferred
from the distribution of statistical quantities. In our analysis, sta-
tistical values were converged with the use of 2700 instantaneous
velocity fields for each case. Non-dimensional mean lateral velocity
�u=U as well as maximum and minimum lateral velocities near the
wall (at y=d ¼ 0:03) are presented in Fig. 10. At each point of
Fig. 10, the upper and lower ends of a bar indicate the maximum
and minimum lateral velocities, respectively. In x=d < 1, the lateral
flow near the wall can have negative lateral velocity and alternates
its direction periodically (two-way pulsation). Mean lateral veloc-
ity �u=U increases with x=d in this region. Meanwhile, in x=d > 1,
the pulsation of the flow occurs mostly along the positive x-
direction (one-way pulsation) due to the formation of a lateral wall
jet, and, in contrast to x=d < 1; �u=U reduces with x=d.

The RMS of velocity fluctuation is one of the statistical quanti-
ties which characterize unsteadiness of a flow. It is also called as
turbulence intensity in the research of turbulent flows. Although
a sweeping jet is turbulent, its velocity fluctuation is caused mainly
by oscillating motion rather than by the turbulent nature of the jet
itself. Thus, velocity fluctuation is considered as a more proper
term than turbulence intensity in this study. The non-
(at y=d ¼ 0:03) for H=d ¼ 1:0: (a) Re ¼ 3600 and (b) Re ¼ 11;000.



Fig. 11. Normalized RMS of the lateral velocity fluctuation u0
rms=U near the wall (at y=d ¼ 0:03): (a) Re ¼ 3600 and (b) Re ¼ 11;000.
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dimensional RMS of the lateral velocity fluctuation

u0
rms=Uð¼

ffiffiffiffiffiffi
u02

p
=UÞ near the wall (at y=d ¼ 0:03) is plotted in

Fig. 11 for Re ¼ 3600 and 11,000. Lateral velocity fluctuation
u0
rms=U near the wall is highest at the center x=d ¼ 0, and its mini-

mum appears near x=d ¼ 1:0. In x=d > 1:5; u0
rms=U does not change

noticeably, but exhibits a plateau instead. In a general turbulent
jet, u0

rms=U does not exceed 0.2 at the high Reynolds number (e.g.
Re=13,100) [41]. However, the peak of u0

rms=U stays near 0.50 for
Re ¼ 3600 and 0.60 for Re ¼ 11; 000, and even the plateau in
x=d > 1:5 resides near 0.30 for Re ¼ 3600 and 0.35 for
Re ¼ 11;000, which reflects the unsteadiness of the sweeping jet.

In Region 1 (x=d < 1), regardless of mean lateral velocity �u=U
smaller than that of Region 2 (x=d > 1), lateral velocity fluctuation
u0
rms=U is larger because of two-way pulsation (Figs. 10 and 11).

High unsteadiness in this region contributes to large Nusselt num-
ber (Fig. 4). However, our statistical approach (and POD) is not able
to explicitly explain the maximum of the Nusselt number in Region
1 although we can infer that this maximum is originated by contin-
uous sweeping motion. A further detailed analysis is required to
elucidate exact cause-and-effect relation between the maximum
of the Nusselt number and the sweeping motion. In Region 2
(x=d > 1) of one-way pulsation, �u=U reduces slowly with increasing
x=d whereas u0

rms=U stays at a nearly constant value (Figs. 10 and
11). In this aspect, heat transfer performance of Region 2, gradual
decline of the Nusselt number with x=d, seems to be affected by
�u=U more strongly than by u0

rms=U.
As mentioned in Section 3.1, the maximum Nusselt number for

the sweeping jet occurs at the center (x=d ¼ 0) even though the
sweeping jet stays on both ends of the swept area for a relatively
longer time. In the sweeping jet, the velocity fluctuation represent-
ing the unsteadiness if the jet flow is rather higher in Region 1 due
to the two-way pulsating wall jet. This high unsteadiness is
responsible for the maximum Nusselt number near the central
region. On the other hand, with the variation of H=d, the lateral
velocity fluctuation is hardly changed in x=d > 1:5 (Fig. 11). H=d
also has a negligible influence on the mean lateral velocity
although not shown in this study. This trend is correlated with
our finding that the Nusselt number has a similar value in Region
2 in spite of the change in H=d (Fig. 4).

As the Reynolds number (mass flow rate at the nozzle exit)
increases, the sweeping frequency of the jet increases as well
(Fig. 7), which causes a rise in the lateral velocity fluctuation
(Fig. 11). Thus, with the current setup, it is difficult to determine
whether high heat transfer performance near x=d ¼ 0 in the high
Reynolds number (Fig. 4) is due to solely the increasing mass flow
rate or the combined effect of the increasing mass flow rate and
sweeping frequency (flow unsteadiness).
4. Concluding remarks

The heat transfer of a sweeping jet impinging on a flat wall was
investigated for several Reynolds numbers and nozzle-to-plate
spacings experimentally. Based on the distribution of Nusselt num-
ber, the heated impingement wall can be largely divided into two
regions; the Nusselt number remains high near the central region,
but decreases monotonically away from the center. Heat transfer
performance in these two regions were closely related with the
dominant flow structure of the jet and the distribution of mean lat-
eral velocity and lateral velocity fluctuation near the wall. We con-
firmed that unsteady effects caused by a sweeping motion were
critical to determine a local heat transfer rate. Near the central
region, the high unsteadiness of a two-way pulsation flow con-
tributes to the increase in the heat transfer rate, which could be
explained by both a high POD value and high lateral velocity fluc-
tuation in this region. Meanwhile, in a region away from the center
where a one-way pulsation flow occurs, mean lateral velocity
reduces with the lateral coordinate, which is correlated with the
decrease in the heat transfer rate.

As a fundamental step of applying a sweeping jet to heat trans-
fer, we focused on finding its unique characteristics in comparison
with a steady jet, instead of establishing empirical formula
between Nusselt number and Reynolds number. Unsteady flow
dynamics near an impingement wall and the resultant formation
of an unsteady thermal boundary layer are so complicated that
physical mechanisms underlying their effects on heat transfer per-
formance still remain unclear. Thus, as a future work, the distribu-
tion of instantaneous temperature on the wall and the
development of a thermal boundary layer should be taken into
consideration in addition to instantaneous flow fields in order to
fully understand the heat transfer performance of a sweeping jet.
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