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Abstract

Heat transfer and ¯uid ¯ow measurements were conducted for a two-dimensional impinging jet in which a cylinder suspended

with springs at both its ends was inserted. The jet Reynolds number was set at about 10,000 and the target plate was mounted at two

di�erent distances from the jet exit of 3 and 5 times the jet slot width. Insertion of a rigidly suspended cylinder deteriorates the heat

transfer around the stagnation region while it e�ectively enhances heat transfer outside the stagnation region. This is further im-

proved by suspending the cylinder with springs. The maximum Nusselt number attained around the stagnation point was augmented

by about 20% compared to the one for normal impinging jet without the insertion of a cylinder. A cross-stream oscillatory motion of

the cylinder was produced perpendicular to its axis due to the interaction between the vortex shedding from the cylinder and the

cylinder-spring mechanical oscillation system. Intensive periodical velocity and pressure ¯uctuations were induced in the wake of

the cylinder. The ¯uctuating ¯ow pattern appearing near the geometrical center of the target plate was estimated to be a swing-type

one. Ó 1998 Elsevier Science Inc. All rights reserved.

Keywords: Jet impingement; Oscillating cylinder; Heat transfer enhancement; Nusselt number; Velocity ¯uctuation; Flow

visualization

1. Introduction

An impinging jet produces e�ective heat transfer around
the jet stagnation region. Since the jet ¯ow rate and then
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Notation

A amplitude of vibrating cylinder (m)
D diameter of cylinder (mm)
f frequency of vibrating cylinder (Hz)
H distance between slot end plate and target plate

(mm)
h jet slot width (mm)
Nu local Nusselt number with cylinder
Nu area-weighed average Nusselt number of Nu
Nu0 local Nusselt number without cylinder
Nu0m arithmetic mean value of local Nusselt numbers

without cylinder
Nu0m area-weighed average Nusselt number Nu0m

P static pressure on the surface of ¯at plate (Pa)
P0 atmospheric pressure (Pa)
Pt total pressure at jet exit (Pa)
Q total electric power (W)
qc conduction heat loss per unit area toward the back

surface of target plate �W=m
2�

qnet corrected heat ¯ux �W=m
2�

qr radiative heat loss per unit area from strip �W=m
2�

Re Reynolds number � U0h=m
S area of heated strip �m2�
Tb back surface temperature of target plate (K)
Tw temperature on the surface of heated strip (K)
T0 jet temperature (K)
T1 ambient room temperature (K)
t thickness of target plate (mm)
U0 jet exit velocity (m/s)
V velocity signal in the wake of cylinder (m/s)
Vcmax maximum velocity of vibrating cylinder (m/s)
Vmean time-averaged ¯ow velocity of V (m/s)
vrms root mean square values of V (m/s)
Xc distance between the center of cylinder and target

plate (mm)
e emissivity of target plate
k thermal conductivity (air) (W/m K)
kp thermal conductivity (target plate) (W/m K)
m kinematic viscosity �m2=s�
r Stefan±Boltzmann constant �W=m

2
K4�
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its heat transfer characteristics can easily be controlled, it is
widely used in many practical applications. Sometimes, how-
ever, further enhancement of the impinging jet heat transfer
is needed. In case of inner surface cooling of high tempera-
ture gas turbine vanes, for example, multiple jet impinge-
ment is used. The con¯uence of the injected cooling air
from the nozzles inevitably generates a cross ¯ow to each
impinging jet. This lowers the stagnation point heat transfer
coe�cient (Sparrow et al., 1975) and its enhancement is de-
sired. To meet with this demand, a number of works have
been reported on the enhancement of impinging jet heat
transfer with di�erent means; i.e. (1) insertion of rods (Khan
et al., 1980; Kataoka et al., 1991) or a perforated plate
(Khan et al., 1982; Kurima et al., 1988), (2) use of an acous-
tically excited jet (Liu and Sullivan, 1996) or of a pulsed jet
Zumbrunnen and Aziz, 1993; Azevedo et al., 1994) to pro-
duce ¯ow unsteadiness, and (3) the natural generation of
longitudinal vortices with adjusting the direction of jet injec-
tion (Nakabe et al., 1997).

The present study treats a new case of combining the
above approaches (1) and (2). A cylinder inserted in a space
between the jet exit and its target plate was suspended with
springs at its both ends. Its mechanically oscillatory motion
can be induced in resonance with the vortices shedding from
the cylinder itself. This can improve heat transfer in the jet
stagnation region where heat transfer is deteriorated by a
stagnant recirculating ¯ow region appearing between the
mounted cylinder and the target plate. In addition to such
an arti®cial arrangement to enhance the wall heat transfer,
another situation is often encountered in practical applica-
tions such that some bodies are positioned near heat transfer
surface and that they can a�ect the heat transfer character-
istics from the surface. Therefore, studies have been made
on how the bodies can a�ect the surface heat transfer (Mar-
umo et al., 1985; Kawaguchi et al., 1985; Suzuki et al., 1988;
Suzuki and Suzuki, 1994; Yao et al., 1995) or on how the
surface can a�ect the heat transfer from bodies (Haneda et
al., 1994, 1995a, b. The above kind of interaction between
a body inserted in a ¯ow and the vortices shed from the
body itself can occur in such occasions depending on how
rigidly the body is mounted. Therefore, it should be worth-
while, also from such a general view point, to study how
such mechano±¯uid interaction can change the heat transfer
from a surface located near the body.

2. Experimental apparatus and procedure

Figs. 1 and 2 show schematic illustrations of the experimen-
tal apparatus and the geometry of jet nozzle and target plate
system used in the present study. An air jet was discharged
from a rectangular slot having the width, h, of 15 mm and
the aspect ratio of 33, whose outlet rim was arranged ¯ush
mount with the end plate. Two-dimensionality of the imping-
ing jet was secured by mounting two side plates spaced at a dis-
tance equal to both the longer side length of the jet slot and the
one side width of a target plate. A cylinder was set normal to
these side plates in the middle plane of the jet. Two types of
cylinders made of aluminium and steel were used and the cyl-
inder diameter was changed in ®ve steps equal to 2, 3, 4, 6 and
8 mm (D=h � 0:133; 0:2; 0:267; 0:4 and 0:533). The jet velocity
was set at a value so as to keep the jet Reynolds number rang-
ing from 9100 to 10,400. The distance between the slot end
plate and the target plate, H , was set equal to H=h � 3 and
5, while the distance between the cylinder and the target plate,
Xc, was ®xed at 8 mm except for one case to be speci®ed as No.
5 below, i.e. D � 2 mm and H=h � 5, where it was set to be 5
mm. A thin nichrome wire was mounted at the exit of the jet

nozzle as illustrated in Fig. 3 to generate smoke in a ¯ow visu-
alization experiments.

Fig. 4 shows the suspension system of the inserted cylinder.
The cylinder was suspended by springs at its both ends as illus-
trated in the ®gure. Five types of springs tabulated in Table 1
were tested. The tension given to the springs was adjusted by
turning the screws attached to one of the springs so as to pro-
duce the largest amplitude of cylinder oscillatory motion,
which was measured with a ruler. The frequency of the cylin-
der oscillatory motion was measured from the peak frequency
of the power spectrum obtained with Fast Fourier Transform
analysis of the velocity and pressure ¯uctuations respectively
detected with a hot-wire anemometer and a pressure transduc-
er. The power spectra of the two signals were established by
averaging 256 sets of the FFT analysis data. Experiments were
made with nine combinations of di�erent types of cylinder and
spring as shown in Table 1.

An I-type hot-wire probe was positioned in the jet middle
plane at 2 mm distance from the target plate. The probe was
made of a tungsten wire of 5 lm in diameter. For the mea-
surement of pressure ¯uctuation, a small pressure tap hole
of 0.5 mm in diameter was drilled on the target plate at
its geometrical center where the origin of the coordinate sys-

Fig. 1. Experimental apparatus.

Fig. 2. Coordinate system.
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tem was located. Time variation of the pressure was mea-
sured with a pressure transducer connected to the pressure
tap. Time mean pressure distribution was measured sepa-
rately with another target plate on which 61 similar pressure
tap holes were also drilled at the spatial interval of 5 mm
along the middle of the side plates. The time mean pressure
was measured with a manometer connected to these pressure
taps.

Seven thin metal strips 20 lm thick and 50 mm wide were
glued in parallel with each other to cover the whole target plate
surface. These strips were electrically connected in series and
were heated by passing alternating electric current. Distribu-
tion of the heated surface temperature was measured with 81
thermocouples allocated to contact with the back surface of
the central strip at an interval so as to cover the region from
y=h � ÿ15:3 to y=h � 15:3. Heat ¯ux was basically uniform
but correction was made for its non-uniformity produced by
the radiative heat loss to the ambient and the conduction loss
toward the back surface of the target plate. Thus, Nusselt
number to be used hereafter was evaluated by the following
equation:

Nu � qneth=k�Tw ÿ T0�;
where k is the ¯uid thermal conductivity, Tw the local heat
transfer surface temperature, T0 the jet temperature and qnet

is the corrected heat ¯ux and evaluated as follows,

qnet � Q=S ÿ qr ÿ qc;

qr � er�T 4
w ÿ T 4

1�; qc � kp�Tw ÿ Tb�=t;

where Q is the total electric power input, S the total area of the
heated strips, e the emissivity of the heating surface, r the Ste-
fan±Boltzmann constant, kp the thermal conductivity of the
target plate having the thickness t, T1 the ambient temperature
and Tb the back surface temperature of the target plate mea-
sured with an additional 23 thermocouples attached to the
back surface of the target plate itself. qr and qc were of the or-
der of 2%±5% and 1%±3% of the total heat ¯ux, respectively.

3. Results and discussion

3.1. Flow characteristics

Fig. 5 shows the long time exposure photograph of the
oscillating cylinder. The amplitude of y-direction motion

Fig. 5. Photograph of an oscillating cylinder.

Fig. 3. The method of ¯ow visualization.

Table 1

Dimensions of several springs and characteristic of cylinder oscillation

Spring

number

Diam. of

cylinder (mm)

Material of

cyl. pipe

Diam. of

wire (mm)

Outer diam.

of spring (mm)

Free length of

spring (mm)
2áAmplitude (mm) Frequency (Hz)

H=h � 3 H=h � 5 H=h � 3 H=h � 5

No. 1 4 Aluminum 0.25 3.2 12 8 7 27 28

No. 2 4 Aluminum 0.40 4.0 10 2 3 29 31

No. 3 4 Aluminum 0.29 2.5 9 3 7 25 25

No. 4 4 Aluminum 0.50 4.0 12 3 7 37.5 37.5

No. 5 2 Steel 0.20 2.0 14 2 5 13.5 13

No. 6 3 Aluminum 0.40 4.0 6 4 3 32.5 31.5

No. 7 3 Steel 0.29 2.5 10 2 3 25 23.5

No. 8 6 Aluminum 0.50 4.0 9 4 6 43 43

No. 9 8 Aluminum 0.40 4.0 10 2 ) 28 )

Fig. 4. Detail illustration of the cylinder suspension system.
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of the cylinder is almost uniform along the cylinder axis.
Thus, the observed oscillation is caused by the deformation
of the springs attached to the ends of the cylinder. The
elasticity of the cylinder itself contributes little to its oscil-
lation.

Fig. 6(a) and (b) shows the time trace of the velocity ob-
tained respectively when H=h was set equal to 3 and 5. In
the case where no cylinder was inserted, the velocity signal is
very smooth in Fig. 6(a) suggesting that the ¯ow approaching
the target plate must have remained laminar. When H=h � 5
(Fig. 6(b)), the velocity signal shows irregularity indicating
that the impinging distance was long enough for the laminar
to turbulent transition to occur in the jet middle plane. How-
ever, the velocity signal shows much more conspicuous ¯uctu-
ation when the cylinder was inserted. In particular, in all the
illustrated cases No. 1±4 where mechanical oscillation of the
cylinder was introduced, periodicity of velocity ¯uctuation be-
came more pronounced indicating that the ¯ow approaching
to the target plate was modi®ed by the introduced mechanical

Fig. 6. Time traces of velocity near the ¯at plate.

Fig. 7. Power spectrum distributions of ¯uctuating velocity near the

¯at plate.

Fig. 8. Spectral distributions of velocity and pressure ¯uctuations on

the surface of the ¯at plate behind cylinder.
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oscillation of the cylinder. The frequency of velocity oscillation
is observed to clearly vary with the change in the used spring
constant.

What was just discussed can be con®rmed again in Fig. 7(a)
and (b) in which the power spectra of the velocity ¯uctuations
are shown. The spectrum for the normal impinging jet case
without insertion of a cylinder is distinctly lower in all frequen-
cy range as is observed in Fig. 7(b) for H=h � 5 than the coun-
terparts of the cases where the cylinder was inserted. The lower
pro®le of the normal impinging jet spectrum is much more pro-
nounced in Fig. 7(a) for H=h � 3. In every case where the
spring-suspended cylinder was used, a peaky pro®le becomes
noticeable in the velocity ¯uctuation spectrum in the frequency
range less than 100 Hz indicating the generation of periodical
velocity ¯uctuation. This is observed in a much more pro-
nounced manner in Fig. 8 in which the spectrum is plotted
against the frequency of normal scale. The lowest peaky fre-
quency detected in the spectrum was included in the right col-
umn of Table 1.

Fig. 9. Schematic ¯ow pattern.

Fig. 10. Relations between velocities and conditions for 4 mm cylinder

diameter.

Fig. 12. Distributions of mean pressure on the ¯at plate at H=h � 3 for

di�erent cylinder diameters.

Fig. 11. Distributions of mean pressure on the ¯at plate for 4 mm

cylinder diameter.
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One more thing worth to note in Fig. 8 is that the spec-
trum of the pressure ¯uctuation detected on the target plate
surface has a peak as well and in particular at the same fre-
quency as that of the velocity ¯uctuation. A conjecture can
be developed from these results that the velocity ®eld ¯uctu-
ation, at least, around the stagnation region should have
been a swing-type one; ¯uid sweeps the target plate stagna-

tion region in the y-positive direction in half cycle and in the
opposite direction in another half cycle. In Fig. 9 is illustrat-
ed a conceptual schematic of the swing-type ¯ow ¯uctuation;
solid lines show that in one half cycle when ¯ow is directed
towards the positive y-direction and dotted lines that in an-
other half cycle when ¯ow is directed in the opposite direc-
tion. This type of swinging ¯ow will be induced by a slight

Fig. 13. Distributions of mean pressure on the ¯at plate at H=h � 5 for

di�erent cylinder diameters.

Fig. 14. Photographs of ¯ow visualization by smoke wire method.

Fig. 15. Distributions of local Nusselt number for normal impinging

jet.
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asymmetry of the system caused by the cylinder oscillatory
motion and by the interaction with the asymmetric shedding
of vortices behind the cylinder.

Fig. 10(a) and (b) shows the time-averaged velocity,
Vmean, the root mean square value of velocity ¯uctuation,
vrms, and the maximum cylinder displacement velocity,
Vcmax, for one case of the normal impinging jet, another
case with the rigidly suspended cylinder and four other
cases with the spring-suspended cylinder No. 1±4. Vcmax

was evaluated as being equal to 2pfA where f is the fre-
quency tabulated in Table 1, and A the cylinder displace-
ment amplitude measured from the photographs like the
one shown in Fig. 5. The value of vrms is much larger than
Vcmax in all the cases indicating not that the velocity ¯uctu-
ation is generated by the motion of the cylinder but that,
as is conjectured in the above, it is induced in the cylinder
wake, particularly in the case with the spring-suspended
cylinder, by the asymmetric position of the cylinder and
by the interaction with the modi®ed shedding of vortices
from the cylinder. Vmean as well as vrms increases in the cases
with the spring-suspended cylinder and it is twice larger
than vrms. This supports a speculation developed above
such that the ¯ow ¯uctuation around the stagnation region
is a swing-type one.

The distribution of mean pressure measured on the tar-
get plate is plotted in Fig. 11(a) and (b). P is the local val-
ue of pressure measured on the target plate, P0 an
atmospheric pressure, and Pt the total pressure measured
at the jet exit. In all the cases with the cylinder, pressure
is conspicuously lower around the stagnation region than

its counterpart of the normal impinging jet without an in-
sertion of cylinder. Especially in the case with the rigidly
suspended cylinder, local minimum appears at the center
of the target plate suggesting the appearance of a recircu-
lating ¯ow region. However, pressure at the geometrical
stagnation point is larger in the cases with the spring-sus-
pended cylinder than in the case of rigidly suspended cylin-
der and pressure of the cases with an insertion of spring-
suspended cylinder is larger outside the stagnation region
compared to the counterpart of normal impinging jet. This
is more clearly con®rmed in Figs. 12 and 13 in which pres-
sure distribution near the jet middle plane was closed up.
The pressure distribution just discussed again supports
the speculation that the ¯ow ®eld is ¯uctuating in a
swing-type manner in those cases. One more thing to be
noted here is that, in the skirt of the impinging jet, pressure
is lower than the atmospheric one. This suggests a possibil-
ity that a weak recirculating ¯ow might have been generat-
ed between the end plate and the target plate. In this sense,
the studied impinging jet may not be of a complete open
¯ow system.

Fig. 14 shows two photographs taken in the ¯ow visualiza-
tion experiments, for the case where the rigidly suspended cyl-
inder was inserted and for another case where the spring-
suspended cylinder was mounted. In the latter case, ¯uid is ob-
served to ¯ow around the cylinder displaced to a position o�
the jet middle plane and to sweep the target plate. This agrees
with the above developed conjecture about a possible swing-
type ¯ow near the target plate.

Fig. 16. Distributions of local Nusselt number in the cases of mounting

stationary cylinder.
Fig. 17. Distributions of local Nusselt number at H=h � 3 in the cases

of mounting oscillatory cylinder.
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3.2. Heat transfer characteristics

Reproducibility of heat transfer data was studied for the
normal impinging jet case. All the heat transfer data ob-
tained in eleven times repeats of the measurement for the
case of H=h � 3 and ®ve times of the measurement for the
case of H=h � 5 are respectively plotted in the form of the
Nusselt number, Nu0, in Fig. 15(a) and (b). Standard devia-
tion of Nu0 was 4.5% and 3.6% at maximum for respective
cases.

Solid symbols plotted in the both ®gures show the averaged
value of the presently measured data. They are distinctly high-
er than the results reported by Gardon and Ak®rat (1966) and
Schlunder et al. (1970). This discrepancy may have resulted
from the di�erence in the shape and size of the nozzle between
their experiments and the present one. In the case of an axi-
symmetric impinging jet, the shape of the nozzle can a�ect
the heat transfer data seriously and detailed experiments on
this are under progress at Kyoto University. San et al. (1997)
recently reported for an axi-symmetric impinging jet that Nu-
sselt number decreased with the decrease in the size of the noz-
zle. The development pattern of turbulence along the jet axis
reported by Gardon and Ak®rat for smaller size nozzle was
di�erent from the present one measured in the preliminary
study.

Fig. 16(a) and (b) presents the measured Nusselt number,
Nu, for the cases with the insertion of rigidly suspended cyl-
inder. As is observed in these ®gures, by the insertion of rig-
idly suspended cylinder, e�ective heat transfer enhancement

can be achieved at the rim of the stagnation region by al-
most 40% and more than 20% respectively for H=h � 3
and H=h � 5. However, around v=h � 0, the center of the
target plate, occurrence of signi®cant deterioration of heat
transfer is observed. This should be produced by the stag-
nant ¯ow in that region.

Figs. 17 and 18 show the heat transfer data obtained for
all the cases No. 1±9 where the cylinder suspended with dif-
ferent types of springs was used. In the ®gures, similar data
obtain for the normal case of impinging jet without an inser-
tion of cylinder and for the cases with the insertion of a rig-
idly suspended cylinder. The same data are replotted in
Figs. 19 and 20 in the form normalized with the peak value
Nu0m obtained at the stagnation point y=h � 0 for the nor-
mal impinging jet case without an insertion of cylinder. In
almost all of the cases with the insertion of the spring sus-
pended, the largest enhancement ratio of heat transfer is a
little lower than in the case with a rigidly suspended cylinder
and it is about 25% at most. However, enhancement can be
obtained uniformly over the whole studied range of position
except for one or two exceptional cases. A signi®cant local
minimum appears in the pro®le of the pressure distribution
in such cases, as is found in Figs. 12 and 13, in an almost
similar fashion with the one for the case with the rigidly sus-
pended cylinder. In all other cases, heat transfer deteriora-
tion no more occurs around y=h � 0, the center of the
target plate, while a slight local minimum still exists in the
pro®le Nu in some cases. This enhancement should have

Fig. 18. Distributions of local Nusselt number at H=h � 5 in the cases

of mounting oscillatory cylinder. Fig. 19. Distributions of local Nusselt number normalized by Nu0m in

the cases of mounting stationary cylinder.
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been attained by the sweep of heated ¯uid by the generated
swing-type pattern of ¯ow ¯uctuation discussed above.

As is observed in Fig. 21, 10% enhancement of spatial mean
heat transfer averaged over the region ÿ106 y=h6 10 can be
achieved in the case where H=h � 3. The enhancement ratio
is almost the same in level both for the cases with the insertion
of rigidly suspended cylinder and with the insertion of the
spring-suspended cylinder.

However, when H=h � 5, the enhancement of space mean
Nusselt number to be attained with the insertion of the
spring-suspended cylinder is almost nothing for the cases
No. 1 and No. 2. In other cases of H=h � 5, the insertion of
a cylinder suspended with springs enhances the space mean
Nusselt number by about 5%, again being the same in level
as for the cases with the insertion of a rigidly suspended cylin-
der. Thus, the usage of the spring-suspended cylinder is not ef-
fective to improve the space mean Nusselt number but e�ective
just to improve the local heat transfer around the stagnation
region.

4. Conclusions

Possibility of enhancement of two-dimensional impinging
jet heat transfer was studied experimentally. In particular,
the e�ectiveness of mechano±¯uid interactive ¯ow oscillation
induced by making use of a cylinder suspended with springs
was studied. Cross-stream periodical motion of the cylinder
was induced in this case. With the insertion of such a cylin-
der, the power spectrum of velocity ¯uctuation detected just
above the center of the target plate was observed to be high-
er in the low frequency range below 200 Hz and to be char-
acterized by peaky pro®le suggesting the generation of
periodical velocity ¯uctuation. At the same time, mean ve-
locity and velocity ¯uctuation intensity was con®rmed to
be brought higher. These suggested the generation of
swing-type ¯ow ®eld ¯uctuation and such a type of ¯ow os-
cillation was actually con®rmed to exist through ¯ow visual-
ization. This ¯ow modi®cation enhances the local heat
transfer around the jet stagnation region and the local Nu-
sselt number becomes almost uniform over the stagnation
region on the target plate. The enhancement ratio of the
space mean Nusselt number is about 10% and is almost
equal to the one attained with the insertion of rigidly sus-
pended cylinder. E�ectiveness of heat transfer enhancement
was higher when the target plate was located at the distance
from the jet exit of three times the jet slot width.
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