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Abstract

This study focuses on the changes in the flow characteristics of a round jet issuing from a straight tube inserted with

longitudinal swirling strips and impinging on a constant-heat-flux flat surface undergoing forced vibrations in the ver-

tical plane. Smoke flow visualization is used to investigate the nature of the complicated flow phenomena under the

swirling-flow jet for this impingement cooling. Effects of flow Reynolds number (440 6 Re 6 27000), the geometries

of the nozzle (BR, LSS and CSS), jet-to-test plate placement (3 6 H/d 6 16), and surface vibration frequencies, f

[0.3–10.19 Hz (the relative amplitude of the flat surface ranged from 0.5 to 8.1 mm)] are examined. In addition, corre-

lations were developed to predict the Nusselt number for the vibration using the results of Wen and Jang [An impinge-

ment cooling on a flat surface by using circular jet with longitudinal swirling strips, Int. J. Heat Mass Transfer 46 (2003)

4657–4667] for the no-vibration case of the present study.

� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Impingement has been, for a number of years, an ac-

cepted technique for cooling hot section components in

industries ranging from textiles to electronic compo-

nents. The effects of jet diameter, orientation, Reynolds

number, and jet-surface spacing on flow and heat trans-

fer on flat plates have been thoroughly investigated.

Comprehensive reviews have been published by Jam-

bunathan et al. [1] and Viskanta [2]. Impingement heat

transfer studies by Ma [3] with meso-scale fluid jets re-

vealed remarkable results. Hwang and Cheng [4] used

the transient liquid crystal technique to investigate the

swirl cooling characteristics in a triangular duct with
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an array of inclined jets impinging on a triangular apex.

Recently, Swirl fluid flow and heat transfer characteris-

tics in circular jets were examined in detail by Rose [5],

Chigier and Chervinsky [6], and Zaman and Hussain

[7,8]. Huang and El-Genk [9] obtained more uniform

heat transfer effects on the impingement surface using

multi-channel swirl generators and found that the heat

transfer characteristics of impinging jet are affected by

the nozzle shape and exit condition. Kataoka et al.

[10] showed that the heat transfer on the impingement

surface was greatly enhanced by large-scale intense eddy

and vortex motion.

A comprehensive and widely cited review of correla-

tions for impinging gas jets by Martin [11] did not in-

clude restrictions regarding the use of correlations with

respect to the importance of surface motion. At a high

rotational speed, a rotationally dominated flow pattern

was observed near the disk surface and the influence of
ed.
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Nomenclature

A surface area of the test plate (m2)

a sectional area of the swirling-strip insert

(m2)

Af flow area of the tube = (pd2/4) � a (m2)
Am surface vibration amplitude (mm)

b thickness of the stainless steel foil (m)

d inner diameter of the tube (m)

Dh hydraulic diameter of the tube with swirling-

strip insert = Af/p (m)

f surface vibration frequency (Hz)

H jet-to-plate distance (m)

h local convective heat transfer coefficient

defined in Eq. (4) (W m�2 K�1)

I electrical current (A)

k thermal conductivity of fluid (W m�1 K�1)

ks thermal conductivity of the stainless steel

foil (W m�1 K�1)

L length of the jet (m)

Nu local Nusselt number defined in Eq. (5)

Nu average Nusselt number defined in Eq. (6)

Nuo Nusselt number at stagnation point

Pr Prandtl number

p the wetted perimeter (m)

qg generated heat flux (W m�2)

qloss heat loss (W m�2)

qw convective heat flux (W m�2)

Re jet Reynolds number, 4 _V =pmDh
Taw adiabatic wall temperature (K)

Ti temperature at the inner bed of the heater

(K)

Tj air temperature at the jet exit (K)

T �
j heated jet temperature (K)

Tw wall temperature (K)

u average velocity of air in the jet =
_V
Af
(m s�1)

V voltage drop across the surface (V)
_V volumetric flow rate = uAf (m

3 s�1)

r radial distance from the stagnation point

(m)

z axial length of the tube (m)

Greek symbols

d strip thickness (m)

cos/ power factor

m kinematic viscosity of air (m2 s�1)

q density (kg m�3)

Subscripts

BR tube without any insert

CSS crossed-swirling-strip insert

f with vibration

LSS longitudinal swirling-strip insert

n without vibration
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the impinging jet flow on heat transfer was reduced

[12,13]). Results indicated that the impinging jet flow

could become severely disrupted due to the entrainment

of surrounding air by the rotational motion of the disk.

In addition, Martin [11] also considered, only when the

impinging flow is not disrupted by the motion imparted

to the surrounding fluid. It should be noted that the flow

disruption of a submerged jet by the fluid entrained by a

surface motion demonstrates the importance of surface

motion in affecting heat or mass transfer rates. However,

when the jet flow and plate motion are opposed, the fluid

is entrained and it re-enters the impingement region. As

a result of the complicated relationship between the

impinging flow and motion plate, the flow velocity pro-

files are significantly affected, which, in turn, influence

the convection heat transfer.

Most of the above studies of jet impingement cooling

mainly focused on a circular tube without/with either

decaying or continuous swirling flow on a flat plate.

The impingement cooling on a flat surface by using a

jet issuing through the longitudinal swirling strips has

not been performed. In a typical package, heat dissipa-

tion elements are often with the vibration surface since

many electronics circuits are designed to produce higher
levels of heat dissipation per unit of component surface

area. In addition, chilled tower (air-cooled type)

equipped with a mini vibrating motor is a cooling device

combined with the vibrating surface. However, heat and

fluid flow, which are employed by engineers to develop

specifications for jet cooling or drying systems, rarely ac-

count for surface vibration effects. The behavior of the

swirling impinging jet on the vibrating surface is not well

known because most of the investigations were focused

on impulsively started gas jets.

This work is a continuation of our previous study

regarding the heat transfer between the constant-heat-

flux test plate and the impinging jet with longitudinal

swirling strips [14]. Smoke flow visualization was used

to investigate the behavior of the complicated flow phe-

nomena, and the effects of swirling-flow Reynolds num-

bers, the geometry of the nozzle (BR, LSS and CSS), and

jet-to-test plate placement were examined. Correlations

of the stagnation point Nusselt number (Nuo) as well

as the average Nusselt number (Nu) had been derived
for all types of nozzles and other pertinent variables.

The focus of the previous investigation was on the

heat transfer between the stationary test plate and the

impinging jet with longitudinal swirling strips. In this



Table 1

The surface oscillation frequencies and the relative amplitudes

of the flat surface

Surface oscillation frequencies, f (Hz) The relative

amplitudes of the flat

surface, Am (mm)

0 0

0.30, 1.15, 2.53, 5.02, 6.67, 10.19 0.5

0.30, 1.15, 2.53, 5.02, 6.67, 10.19 1.3

0.30, 1.15, 2.53, 5.02, 6.67, 10.19 2.5

0.30, 1.15, 2.53, 5.02, 6.67, 10.19 3.6

0.30, 1.15, 2.53, 5.02, 6.67, 10.19 6.3

0.30, 1.15, 2.53, 5.02, 6.67, 10.19 8.1
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paper, the heat transfer between the vibrating test plate

and the impinging jet with longitudinal swirling strips

will be developed. With the swirling flow and vibrating

plate, the flow structures of the impinging jets will

be changed, and the heat transfer characteristics of

impingement plate will also be affected by the change

in flow structures. This study focuses on the changes in

flow and heat transfer characteristics of swirling imping-

ing on a plate generated with the micro-vibrations. The

effects of different nozzle types, Reynolds number, noz-

zle-to-surface spacing and surface oscillation frequencies

on the flow behavior and the heat transfer are analyzed.

An experiment is conducted using different tube Reyn-

olds numbers (440–27000) for jet exit-to-surface spacing

from 3 to 16 tube diameter and the surface vibration fre-

quencies in the range of 0.3–10.19 Hz (the relative ampli-

tude of the flat surface was in the range of 0.5–8.1 mm)

(see Table 1). In addition, flow visualization is employed

to observe the jet vortex structure during impingement

on the flat surface undergoing forced vibrations along

the longitudinal plane. For completeness and contrast,

visualization of a free jet and a jet impinging on a flat

surface are also presented.
2. Experimental setup

2.1. Experimental apparatus

A schematic representation of the test setup is shown

in Fig. 1. Air supply from a blower system passes

through a heat exchanger, a shut-off valve, a filter, a flow

meter and a settling chamber before entering the circular

tube. The tube was made of copper. It had an internal

diameter of 7 mm, a wall thickness of 1.0 mm, and a

length of 250 mm. In addition, in order to impart swirl

to the jet, the tube had different longitudinal swirling

strip inserts as shown in Fig. 2. The swirling strip was

made of 1.5 mm thick copper strips, the width of the

strip being 0.1 mm more than the inside diameter of

the tube. The strips were twisted on a lathe by the man-
ual rotation of the chuck. There was interference fit be-

tween the tube and the swirling strip insert. The total air

flow rate was controlled by an inverter. A heat exchan-

ger was installed to obtain a constant temperature flow

at the nozzle exit and to reduce the temperature differ-

ence between the ambient air and the air nozzle exit

within ±0.2 �C. A uniform and stable flow distribution
was established at the tube exit using a settling chamber

of 450 · 450 · 500 mm3 in volume. Air rotameters were
used to measure the air volumetric flow rate ( _V ) (it is
measured by one of the three flow meters depending

on the range), which was corrected using the measured

air temperature and pressure after exiting the flow me-

ters. The jet support frame was used to adjust the eleva-

tion, H of the jet from the heated surface and to

maintain the jet in the vertical position.

A DC servomotor powered the drive shaft (its height

can be adjusted) carrying the two different, rotating bod-

ies at each end as shown in Fig. 1. The flat surface

undergoes forced vibrations in the vertical plane. With

this system, the oscillation frequency of the plate, f,

could be set in the range of 0.3–10.19 Hz. This place-

ment profile of the oscillating plate was measured by

tracking the motion of the plate using an electro-optical

displacement follower (accelerometer). This was done in

order to assess the accuracy of the drive system in pro-

viding sinusoidal motion to the cylinder. The resulting

time traces indicated that there was some dwell at the

end of the stroke for low oscillation frequencies, ranging

from 0.1 to 0.4 Hz. However, this dwell became negligi-

ble at higher oscillation frequencies. The inaccuracy dur-

ing measurements was deemed sufficiently small, while

the motion of the cylinder was adequately sinusoidal

for our purposes, over the desired range of vibration fre-

quencies. From the time traces, we have the surface

vibration frequencies in the range of 0.3–10.19 Hz and

the relative amplitudes of vibration of the flat surface

ranged from 0.5–8.1 mm.
2.2. Data reduction and uncertainty

The heat flux, qg in the heating foil was controlled by

varying the output voltage, and this was calculated by

measuring the voltage drop (V) between the voltage taps

soldered on to the heating foil, the electrical current (I)

and the power factor (cos/). The convective heat flux
(qw) can be calculated as

qw ¼ qg � qloss �
VI cos/

A
; ð1Þ

where A is the area of the test plate (heated foil). The

term qloss is a small correction for conduction and radi-

ation losses from the element. The correction never

exceeded 3% of qg in the present study. By performing

a detailed analysis, the maximum possible errors are
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Fig. 1. A schematic of the experimental setup and thermocouple arrangement.

548 M.-Y. Wen / International Journal of Heat and Mass Transfer 48 (2005) 545–560
individually obtained as follows: (1) radiation loss: 0.1%,

(2) non-uniformity of the heating foil: 1.8%, (3) lateral so-

lid heat conduction: 0.5%, and (4) heat loss through insu-
lation: 0.4%. The wall temperature Tw at the outer surface

of the heater can be calculated by the one-dimensional

heat conduction model at each applied heat flux (qw) as
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T w ¼ T i �
qwb
ks

: ð2Þ

The Reynolds number is defined as Re = uDh/m where
u is the velocity of air leaving the tube, Dh is the hydrau-

lic diameter, and m is the kinematic viscosity of air. Put-
ting _V ¼ uAf , we have

Re ¼ 4 _V =pmDh: ð3Þ

The effects of jet entrainment temperature on heat

transfer have been investigated by Striegl and Diller

[15], Hollworth and Gero [16], Goldstein et al. [17],

and Baughn et al. [18]. The heat transfer coefficient is de-

fined in terms of the difference between the heated wall

temperature and the adiabatic wall temperature and it

is independent of the temperature difference between

the jet and the ambient. Therefore, it is possible to use

the heat transfer data for an unheated jet (T �
j ¼ T j)

for the heated jet if the effectiveness is known and the

local heat transfer coefficient is defined in terms of
the adiabatic wall temperature. The local heat transfer

coefficient based on the difference between the wall tem-

perature and adiabatic wall temperature is well estab-

lished [19,20]. The local heat transfer coefficient is

defined as

h ¼ qw
T w � T aw

; ð4Þ

the adiabatic wall temperature (Taw = Ti) distribution is

measured at the inner surface of test plate based on zero

wall-heat flux. Approximately 0.5 h is required to reach

steady-state condition for each test run. Experimental

results for heat transfer are presented in terms of the

Nusselt number

Nu ¼ hDh
k

: ð5Þ

The uncertainty analysis was performed by using the

methods suggested by Kline and McClintock [21] with

95% confidence level. The maximum measurement

uncertainties are: Heat flux ±1.7%; Heat transfer coeffi-

cient ±6.2%; Nusselt number ±6.5%; Reynolds number

±3.0%; Dimensionless parameter (fAm/u) ±3.2%.
3. Results and discussion

Three cases with a jet impinging normal to the vibrat-

ing surface were considered. One case had an open tube

(BR), the other had a longitudinal swirling strip insert

(LSS), and the last one had a cross swirling strip insert

(CSS). The experiments were conducted at ten different

Reynolds numbers (440, 500, 750, 1000, 2100, 4400,

9300, 16500, 21000 and 27000) and the surface vibra-

tion frequencies, f (0.3–10.19 Hz (the relative amplitude

of the flat surface are ranged of 0.5–8.1 mm) for jet-to-

plate spacings (H/d) of 3, 5, 8, 12 and 16).

3.1. Flow visualization

The smoke from a smoke generator is injected into

the plenum before the blower is turned on. The flow vis-

ualization experiments were conducted using both the

strong-full light resource and the plane of light, a black

background, a camcorder and a 35 mm camera to record

images of the flow fields. The smoke flow technique was

used to show images of the complete flow field, both be-

tween the jet exit and impinged surface with micro-

vibrations, and horizontally along the impinged surface,

up to 35 mm from stagnation point.

Fig. 3(A)—(a), (c) and (e) shows the visual images of

impingement on the stationary plate for BR, LSS, and

CSS at Re = 440 and H/d = 3. In general, the impinging

flow structures before arriving at the wall observed for

the round jet with LSS/CSS are significantly different

from that of the round jet without any insert. The flow



Fig. 3. Visualized images of impingement on the stationary plate for different nozzle types: (A) jet-to-plate distances at Re = 440, and

(B) Reynolds number at H/d = 3.

550 M.-Y. Wen / International Journal of Heat and Mass Transfer 48 (2005) 545–560



M.-Y. Wen / International Journal of Heat and Mass Transfer 48 (2005) 545–560 551
fields of CSS (Fig. 3(A)—(e)) showed four distinct radial

flow streams in the housing tube and extending to about

1.5 jet diameter from the jet exit before combining to

form a flow cone similar to that of BR (Fig. 3(A)—

(a)), but with a larger diameter at the top due to higher

entrainment of ambient air (Fig. 3(A)—(c) and (e)). In

addition, Fig. 3(A)—(b), (d) and (f) displayed the flow

fields of BR, LSS and CSS at Re = 440 and H/d = 8.

Similar to the flow structures shown in Fig. 3(A) (left),

the radial spread of the air jet on the impinged surface

decreased upon increasing the jet-to-plate spacing. Fig.

3(B) shows photographs of the entire flow field of

impingement on a stationary surface for different nozzle

types and Reynolds number at H/d = 3. When the

Reynolds number is increased, these vortices moved ra-

dially outward and the mixing occurring at the stagna-

tion point by CSS (Fig. 3(B)—(f)) was also more

efficient than by LSS (Fig. 3(B)—(d)) and BR (Fig.

3(B)—(b)).

Fig. 4 shows the visualized images of impinging on a

vibrating surface for different nozzle types and jet-to-

plate distance at Re = 440 and f = 2.53 Hz (the relative

amplitude is 1.3 mm) through (A) a strong-full light re-

source and (B) a plane of light. First, considering the

vibration effects at a spacing of H/d = 3 and Re = 440,

a transition from laminar (Fig. 4 (left)) to unsteady flow

along the surface is observed at a lower vibration fre-

quency of 2.53 Hz. When the plate was at the oscillation

frequency of f = 2.53 Hz, the shear layers developed

abrupt instabilities in the form of annulus vortices,

and such vortices could be rolled up, and induced by

the plate acceleration along the vertical direction. There-

fore, visualization of vortices shed from the vibrating

plate was not as good as that of the stationary plate.

Furthermore, when the vibration frequency is increased,

the flow along the surface is unsteady and vortices can

be observed on the surface, even though they break

down rapidly. In addition, in order to express more

effectively, the illumination of the smoke through a

plane of light is preformed as displayed in Fig. 4(B).

The situation shown in Fig. 4(B) are similar to those

shown in Fig. 4(A). When the spacing of H/d is in-

creased, the axial/radial oscillation of the surface flow

is also increased.

The flow field for the present BR, extending from the

exit of the jet housing tube to impinged surface with the

micro-vibration can be divided into six characteristic re-

gions as shown in Fig. 5(a). They are (1) free jet; (2) im-

pinged area; (3) cross flow; (4) flow separation; (5)

entrainment; (6) axial/radial oscillations of surface flow.

This methodology is consistent with those of other stud-

ies that examined the characteristic regions (but a slight

difference was obvious as shown in Fig. 5)) including

Huang and El-Genk [9], and Shlien and Hussain [22].

Before impinging the surface, the air exiting the jet

housing tube in the present experiments was a free jet
(region 1). The free jet was turbulent but not fully devel-

oped as it impinged the surface. Just below the free jet

flow region, resided the impinged area region (region

2). The impinged area in the vicinity of the stagnation

point had a diameter of �1.5–3.0d, depending on jet-
to-plate placement and Reynolds number. When

impinging the surface, most part of the flow kinetic en-

ergy was converted into a static pressure, forcing the

air to flow in a boundary layer along the impinged sur-

face (region 3).

The cross flow region decelerated quickly upon

increasing the radial distance from the stagnation point

due to the increase in the flow cross-sectional area and

the entrainment of surrounding air. As the boundary

layer flow became laminar and thicker with increased ra-

dial distance from the stagnation point, the flow kinetic

energy became too low to sustain radial flow. Subse-

quently, the combination effects of radial laminar flow

and entrainment of surrounding air (region 5) caused

the formation of vortices at some distance from the stag-

nation point (region 4). In addition, vortex formation

from the shear layers is modified by the plate accelera-

tion when the plate is forced to vibrate (region 6). This

modification process caused by the plate acceleration is

synchronized with the outward radial movement of the

vortex. The flow field for the present LSS (Fig. 5(b))

was distinctly different from that of BR as shown in

Fig. 5(a). After the flow exiting the jet housing tube, it

formed a swirling, cone-shaped flow field. The spiral ef-

fect stimulated more entrainment of the surrounding air

than BR at the same conditions. In addition, the im-

pinged area (region 2) of LSS was significantly larger

than that of the BR at the same conditions. The flow

field of LSS on the impinged area was shaped like a do-

nut (region 7). The flow mixing in the central zone of the

donut region was effective, but less strong than that in

the donut region, resulting in a relatively higher heat

transfer rate at the stagnation point than BR. The spiral

flow outside the donut region spread the air flow field ra-

dially outward, along the impinged surface, and the in-

duced convection resulted in higher heat transfer rate

than for BR. The flow model developed for CSS in

Fig. 5(c) is basically the same as that for LSS, except

that the flow developed into four radial components

by CSS (Fig. 5(c)) differ from the two radial components

by LSS. Such enhancement in heat transfer outside the

donut region was responsible for the improved radial

uniformity of Nu(r) by CSS.

3.2. Heat transfer coefficient

Effects of the vibration frequency, f, and the ampli-

tude, Am on the stagnation point Nusselt number,

Nuo, are presented in Fig. 6. The figure shows plots of

Nuo versus vibration frequency with the relative ampli-

tude, Am = 3.6 mm, at H/d = 3 and Re = 16500 for three



Fig. 4. Visualized images of impingement on a vibrating surface for different nozzle types and jet-to-plate distances at Re = 440 and

f = 2.53 Hz (the relative amplitude is 1.3 mm) through (A) a strong-full light resource, and (B) a plane of light.
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different nozzle types. For any nozzle type, we note that

Nuo increases with the vibrational excitement, in com-

parison to the case without any vibrations. The waves

generated by the vibrating device are reflected at the
top of the plate. These reflected waves make the air film

roll-up, resulting in a forced convective region which is

characterized by this air film with heat transfer by con-

vection and conduction at the solid-air interface. Conse-
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quently, the heat transfer coefficient increases. From

Fig. 6(b) we also observe that for a given vibration fre-

quency (f = 5.02 Hz), Nuo increases with increasing the

amplitude of vibration. The results also show that the

improvement in Nuo as compared to the no-vibration

case, is only about 3–4% for both Fig. 6(a) and (b). This
is presumably because that the impinging air pressed the

vortex formation from the shear layers to be rolled up,

induced by the plate acceleration in the vertical

direction.

Using numerical integration, the average Nusselt

number (Nu) is given by Eq. (6) as follows:
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Nu ¼ 2

r2

Z r

0

r � Nu � dr: ð6Þ

In Fig. 7, the averageNusselt number,Nu, for different
vibration frequency and vibration amplitude are illus-

trated at the conditions of the nozzle-to-plate distance

(H/d = 5) and the Reynolds number (Re = 16500). As ex-

pected, a significant increase of Nu upon increasing f and
Am for these three nozzle types (BR, LSS and CSS) were

found to be similar to those for Nuo as shown in Fig. 6.

However, theNu values are 1.12-fold greater as compared
with those for vibrationless cases. These results tend to

suggest that at higher vibration frequencies/amplitudes,

the interface between the solid and the air becomes

more-turbulent (see Fig. 4), which result in an increase

in the specific interfacial area resulting in better gas–solid

contact and better heat transfer. The waves generated by

the vibrating device are reflected at the top of the plate.

These reflected waves lead to cool air film hold-up, result-

ing in a forced convective region which is characterized
by the air film with convection and conduction heat

transfer at the solid–air interface. Consequently, the heat

transfer coefficient is increased.

The local Nusselt number distribution along the plate

without/with the vibration (for f = 5.02 Hz and

Am = 3.6 mm) is shown in Fig. 8 for different nozzle

types (BR, LSS and CSS) with Re = 16500 and H/

d = 5. Similar to the results obtained for the vibration-

less cases, Nu decreased with increasing the radial dis-

tance from its maximum value at (for BR) and near

(for LSS and CSS) the stagnation point. Furthermore,

this result clearly demonstrated that both the LSS and

CSS markedly enhanced the heat transfer rate on the im-

pinged surface with the micro-shock vibration having

the same Re and H/d compared to that of BR. However,

Nu values for the CSS were much higher than those for

LSS and BR, particularly at and near the stagnation

point. It was found that Nu in the vibration cases at each

radial distances for all the different nozzles, compared to
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that of the no-vibration cases, had an average increase

of about 12.2%. It also implied that no perceptible

dependence of Nu on r/d for the present vibration cases

was detected.

Fig. 9(a) and (b) shows the stagnation point Nusselt

number (Nuo) and the average Nusselt number (Nu) in
the present plate without/with the vibration cases versus

nozzle-to-plate distance (H/d) for three different nozzles,

respectively. In general, Nuo and Nu data show the same
0 5
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Fig. 9. (a) Stagnation point Nusselt number, (b) the ave
dependence (the trend) on H/d as observed in the no-

vibration cases. The Nuo and Nu in the vibration cases
at each H/d for all the different nozzles, compared to

that of the vibrationless cases, had the average increase

of about 3.8% and 12.3%, respectively. We could not

find any perceptible dependence of (Nuo,f � Nuo,n) on
H/d.

Considering the effects of different nozzles on the

stagnation point Nusselt number (Nuo) and the average
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Nusselt number (Nu) in the present plate without/with
the vibration cases with respect to Reynolds number,
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Both Nuo and Nu data for the vibration cases show the
same dependence (the trend) on Re as does the no-

vibration cases, but the differences between (Nuo,f �
Nuo,n) and (Nuf � Nun) decrease gradually as the Re
increases.

3.3. Correlations of Nusselt number

Both Nuo and Nu for the no-vibration cases in the
present study had been correlated [14]. In this paper

we have mainly demonstrated that significant improve-

ment in heat transfer coefficient could be realized by

vibrational excitation. The effects of H/d on the stagna-

tion point Nusselt number and the average Nusselt num-

ber in the present study with the vibrating plate shown in

Fig. 9(a) and (b) seems insignificant (the variation of

(Nuo,f � Nuo,n) and (Nuf � Nun) vs. H/d are all less than
1%). However, it was found that both the (Nuo,f � Nuo,n)
and (Nuf � Nun) increase mainly due to the increase in f
(see Fig. 6(A) and (B)), Am (see Fig. 7(A) and (B)), and

Re (see Fig. 10(A) and (B)). This indicates that the cor-

relations of the stagnation Nusselt number (Nuo,f �
Nuo,n) and the average Nusselt number (Nuf � Nun) vs.
the dimensionless parameter (fAm/u) involving the vibra-

tional frequency (f), vibrational amplitude (Am) and the

average velocity of air in the jet (u) for different nozzles

will be like the plots in Figs. 11 and 12. The value of

(fAm/u) implied in this way will be different from the

classical Strouhal number. We now return to the litera-

ture to examine the results in the context of Strouhal

numbers and impinging jets. Recent papers by Ho and
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Fig. 11. The difference between Nuo,f and Nuo,n vs. the dime
Nosseir [23] and by Ziada [24] illustrate the mechanism

of excitation very clearly. Two scaling approaches have

been used for the impinging jet frequency. Both of them

center on the Strouhal number. The Strouhal number

St indicates the frequency characteristics of the flow

and is defined by

St ¼ fLc
V c

; ð7Þ

where Lc and Vc are characteristic length and velocity

scales, and f is the frequency. The jet velocity at the ori-

gin, u, for the present study is the clear choice for Vc,

provided the jet is round or planar. The choice of Lc is

H at a fixed value of d, as the length scale impact the fre-

quency. Similarly, the vibration amplitudes (Am) of the

plate from the vibration exciter in the present study is

the choice of Lc. These findings strongly suggest that

the underlying mechanism for the present impingement

on a surface with micro-vibrations can be expressed like

the plots in Figs. 11 and 12 for the correlations of stag-

nation Nusselt number (Nuo,f � Nuo,n) and the average
Nusselt number (Nuf � Nun) vs. (fAm/u) for different
nozzles. The correlation predicts 98% of points within

±20% and 85% of points within ±10%. The results are

satisfactorily correlated as

Nuo;f ¼ Nuo;n þ 5:40ðfAm=uÞ
0:25

for present BR; ð8Þ
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and

Nuf ¼ Nun þ 29:45ðfAm=uÞ
0:32

for present BR; ð11Þ

Nuf ¼ Nun þ 28:03ðfAm=uÞ
0:31

for present LSS; ð12Þ

Nuf ¼ Nun þ 27:05ðfAm=uÞ
0:32

for present CSS ð13Þ

in the range 3 6 H/d 6 16, 0 6 r/d 6 7.14 and

440 6 Re 6 27000. The maximum deviation of the

above correlations and the average Nusselt numbers ob-

tained from the experimental data is less than ±10%.
4. Conclusions

Flow visualization experiments were performed to

investigate and compare the flow structures of the swirl-

ing jets (LSS and CSS) with that of a conventional

impinging jet (BR) having the same tube diameter and

conditions. The experiments were performed using a

fixed jet diameter (d = 7 mm) and the test plate (stainless

steel foil). The Reynolds number was varied from 440 to

27000, and the jet-to-plate distance was also varied in

the range of 3–16. The surface oscillation frequencies, f

[0.3–10.19 Hz (the relative amplitude of the flat surface

are ranged of 0.5–8.1 mm)] are also examined. The

major conclusions are listed in the following:

1. The variations of (Nuo,f � Nuo,n) and (Nuf � Nun) in
the present study with the vibrating plate were strong

functions of f, Am and Re, but no perceptible depend-
ence of (Nuo,f � Nuo,n) and (Nuf � Nun) on H/d was
detected.

2. The correlations (8)–(13) could be used to predict the

stagnation point Nusselt number (Nuo) as well as the

average Nusselt number (Nu) for the present swirling
jet impinging on the vibrating plate in the range

3 6 H/d 6 16, 0 6 r/d 6 7.14, 440 6 Re 6 27000,

0.3 6 f 6 10.19 Hz and 0.5 6 Am 6 8.1 mm by using

the results of Wen and Jang [14] for the present swirl-

ing jet impinging on the no-vibration plate.
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