
International Journal of Heat and Mass Transfer 52 (2009) 2119–2131
Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier .com/locate/ i jhmt
Flow visualizations and heat transfer measurements for a rotating pin-fin
heat sink with a circular impinging jet

Tzer-Ming Jeng a,*, Sheng-Chung Tzeng b, Hong-Ru Liao b

a Department of Mechanical Engineering, Air Force Institute of Technology, GangShan 820, Taiwan, ROC
b Department of Mechanical Engineering, Chienkuo Technology University, ChanGhua 500, Taiwan, ROC
a r t i c l e i n f o

Article history:
Received 30 May 2008
Received in revised form 20 October 2008
Available online 26 December 2008

Keywords:
Heat transfer
Jet impingement
Rotating heat sink
Smoke visualization
0017-9310/$ - see front matter � 2008 Elsevier Ltd. A
doi:10.1016/j.ijheatmasstransfer.2008.10.028

* Corresponding author. Tel.: +886 7 6256040; fax:
E-mail addresses: tm.jeng@msa.hinet.net, t_m_jeng
a b s t r a c t

This work experimentally investigated the fluid flow and heat transfer behaviors of jet impingement onto
the rotating heat sink. Air was used as impinging coolant, while the square heat sinks with uniformly in-
line arranged 5 � 5 and 9 � 9 pin-fins were employed. The side length (L) of the heat sink equaled 60 mm
and was fixed. Variable parameters were the relative length of the heat sink (L/d = 2.222 and 4.615), the
relative distance of nozzle-to-fin tip (C/d = 0–11), the jet Reynolds number (Re = 5019–25,096) and the
rotational Reynolds number (Rer = 0–8114). Both flow characteristics of stationary and rotating systems
were illustrated by the smoke visualization. Besides, the results of heat transfer indicate that, for a sta-
tionary system with a given air flow rate, there was a larger average Nusselt number (Nu0) for the
9 � 9 pin-fin heat sink with L/d = 4.615 and C/d = 11. For a rotating system, a bigger Rer meant a more
obvious heat transfer enhancement (NuX/Nu0) in the case of smaller Re, but NuX/Nu0 decreased with
increasing Re. In this work, NuX/Nu0 in L/d = 2.222 is higher than in L/d = 4.615; among the systems in
L/d = 2.222, bigger NuX/Nu0 exists in the case of C/d = 9–11, but among the systems in L/d = 4.615, bigger
NuX/Nu0 exists in the case of C/d = 1–3. Finally, according to the base of NuX/Nu0 P 1.1, the criterion of
the substantial rotation was suggested to be Rer/Re P 1.154.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Jet impingement can provide large localized cooling for many
industrial applications, such as annealing metals, tempering glass,
drying paper and textiles, and cooling of gas turbine blades and
electronics equipment. Jambunathan et al. [1] reviewed the heat
transfer data for single circular jet impingement and summarized
four flow zones commonly appeared at such systems: (1) initial
mixing zone, (2) established jet zone, (3) impingement zone, and
(4) wall jet zone. In an impinging-cooling system, the fluid flow
strongly influences the heat transfer. Consequently, the parameters
that may affect heat transfer include: the jet Reynolds number (Re),
the Prandtl number (Pr), the dimensionless distance of nozzle-to-
plate (H/d), the dimensionless displacement from the stagnation
point (x/d), the nozzle geometry, the flow confinement, the velocity
profile at the nozzle exit, the turbulence intensity of jet flow, and
etc.

Many studies had considered the heat transfer of the impinging
jet onto a heated and stationary plate [1–6]. To further improve the
cooling performance of jet impingement, the heat sink with ex-
tended surface is mounted onto the heated plate. Besides the in-
crease of the heat dissipation area, the turbulence due to the
ll rights reserved.
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separation and reattachment of fluid flow across fins also facili-
tates heat transfer between fluid and fins. The relevant researches
are described below. Sathe et al. [7] presented the three-dimen-
sional numerical simulations of the impinging jet onto the pin-
fin heat sink. The heat sink used in their analysis, had a
59 � 59 � 2 mm ceramic base, over which a total of 256 square
pin-fins were arranged in a regular in-line pattern. Each pin-fin
was 25 mm tall and had a square cross section of 2 � 2 mm. The
cooling air entered the pin-fin heat sink through a nozzle situated
3 mm above the pin-fin tips at the center of the heat sink. Almost
64 pin-fins were directly impinged by the air jet in their tests. They
reported that the part of the heated base directly below the nozzle
was well cooled with the temperatures gradually increasing from
the center towards the corner. Sparrow and his colleagues [8–10]
experimentally and theoretically explored the heat transfer from
the in-line cylindrical pin-fins with an oncoming longitudinal flow
which turned 90 deg to exit the pin-fin array. The area of the fluid
inlet was as large as the pin-fin array. The fin geometries (such as
the relative fin height and the relative inter-fin spacing), Reynolds
number, and the fluid inlet and exit geometries (such as with/with-
out the inlet shroud and the extended base plate) were varied.
They found that pin-fins situated adjacent to the edges of the array
had higher heat transfer coefficient than those situated in the inte-
rior of the array. Additionally, they demonstrated that partial
shrouding of the inlet could give rise to nearly uniform per-fin heat
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Nomenclature

A area of the heated surface (m2)
C nozzle-to-fin tip distance (m)
d* inner diameter of the vertical tube connecting the noz-

zle (m)
d inner diameter of the nozzle (m)
D* outer diameter of the nozzle (m)
D diameter of the circular and heated plate (m)
h heat transfer coefficient (W/m2 �C)
H nozzle-to-plate distance (m)
Hf height of the pin-fins (m)
I input current (A)
k conductivity (W/m �C)
L side length of the square heat sink (m)
Nu average Nusselt number, Nu ¼ hL

kf
¼ qc L
ðTw�TjÞkfqc convective heat flux (W/m2)

qLoss heat loss (W/m2)
qt total input heat flux (W/m2)
Re jet Reynolds number, Re ¼ qf Ujd

l
Rer rotational Reynolds number, Rer ¼

qf pXL2

120l
t thickness of the spreader (m)
T temperature (�C)
V input voltage (V)

Uj average fluid velocity at the nozzle exit (m/s)
w width of the fins (m)

Greek symbols
l viscosity of fluid (kg/m/s)
q density (kg/m3)
h nondimensional temperature, h = T�Tj

Tw�Tj

X rotational rate of the heat sink (rpm)

Superscript
– average

Subscripts
0 stationary state
a ambient
f fluid stream
j jet nozzle
nc nature convection
w heated wall
X rotating state
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transfer coefficients throughout the array. Furthermore, modifica-
tions of the exit geometry affected only the less tightly packed ar-
rays and then only at the outermost row of pin-fins. Hansen and
Webb [11] experimentally investigated the heat transfer from
finned heat sink with a normally impinging air jet. Four kinds of
fin were employed, including the square pin-fin, the pyramidal
fin, the concentric fin and the annular fin. As compared to the bare
plate, enhancement of the overall heat transfer in their systems
was demonstrated by a factor ranging from 1.5 to 4.5. Various noz-
zle diameters (d, less than the base diameter of the finned heat
sink) and nozzle-to-plate distances (H) were used in their tests.
They reported that the heat transfer typically decreased with
increasing the nozzle diameters or increasing H/d. In addition to,
the relationship between the average Nusselt number and the Rey-
nolds number for H/d = 5 was proposed. Ledezma et al. [12] pro-
vided an experimental, numerical and theoretical study of the
heat transfer from the in-line square pin-fins with an oncoming
longitudinal flow. They recommended the correlations for the opti-
mal inter-fin spacing to have the maximum thermal conductance
in their systems with various fin heights, fin thicknesses, side sizes
of the square base plate, Prandtl numbers and oncoming air veloc-
ities. Brignoni and Garimella [13] experimentally studied the heat
transfer from the circular pin-fin heat sink with a confined air jet
impingement. The heat sink had a 20 � 20 mm base, which was
2.4 mm thick. The fin was 0.9 mm in diameter and 16.4 mm in
height. Various nozzle-to-fin tip distances, nozzle diameters and
numbers of nozzle were used in their measurements. They found
that the nozzle-to-fin tip distance had only modest effect on the
heat transfer. Enhancement factors for the heat sink relative to a
bare plate were in the range of 2.8–9.7, with the largest value being
obtained for the largest single nozzle (12.7 mm diameter). Kondo
et al. [14,15] provided a zonal model, based on a series of semi-
empirical formula, to determine the thermal resistance and the
pressure drop of the finned heat sinks with impingement cooling.
Their heat sink configurations were the plate-fin heat sink and
the circular pin-fin heat sink. They also performed some typical
experiments and flow visualizations to validate the zonal model
and used the zonal model to design the optimal finned heat sink.
Certainly, due to the leakage flow from the gap between the nozzle
and the finned heat sink, their zonal model will not be applicable
for a gap more than around 5 mm. Maveety et al. [16–18] experi-
mentally and numerically investigated the heat transfer from the
in-line square pin-fin heat sink with a round air jet impingement.
The heat sink had a 50.8 � 50.8 mm base. Two heat sinks with
13 � 13 and 7 � 7 pin-fin geometries were used. The diameter of
the round nozzle was 6.4 mm. They reported that the optimal per-
formance was achieved when the relative nozzle-to-fin tip dis-
tance, C/d, was from 8 to 12 at Re = 4 � 104–5 � 104. Additionally,
by following the Ledezma et al. [12] method, they showed that
the performance of 7 � 7 pin-fin geometry was superior to that
of 13 � 13 pin-fin geometry. They also illustrated the utility of
numerical tests in the design and optimization of such systems. Be-
sides, they demonstrated that the cooling performance gains could
be obtained by inserting a deflector plate above the heat sink. El-
sheikh and Garimella [19] experimentally investigated the heat
transfer enhancement of air jet impingement by using pin-fin heat
sinks. In their study, the heat transfer coefficient, for both pinned
and unpinned heat sinks, is only modestly dependent on the noz-
zle-to-target plate spacing (H/d). They also found that the heat
transfer coefficient increases as the nozzle diameter decreases at
a fixed flow rate. Li and his colleagues [20,21] used infrared ther-
mography to measure the thermal performance of heat sinks with
confined impinging air jet. The ratio of heat sink length to nozzle
diameter equaled 10 in their tests. They indicated that the thermal
resistance decreases with increasing the fin width. Increasing the
fin height also decreases the thermal resistance, but the effects
are less prominent than those of the fin width. They also reported
that an appropriate impinging distance with minimum thermal
resistance can be found at a specific Reynolds number, and the
optimal impinging distance increases as the Reynolds number in-
creases. Issa and Ortega [22] experimentally measured the pres-
sure drop and heat transfer of a square jet impinging onto the
square pin-fin heat sink. Both the sizes of the nozzle and the heat
sink base were 25 � 25 mm. The varied parameters were pin-fin
height, pitch and thickness, and the nozzle-to-fin tip distance. They
provided a systematically parametric study for such systems. Their
conclusions in the aspect of the heat transfer indicated that the
overall thermal resistance decreased with increasing pin density



Fig. 1. The physical model of a rotating pin-fin heat sink with a circular impinging
jet.

Fig. 2. Experimen

Fig. 3. The specification
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or pin diameter. The effect of pin-fin height on the thermal resis-
tance was weak. Moreover, short pin-fins at low Re were most
strongly sensitive to variations in tip clearance. Lin et al. [23]
experimentally studied the cooling performance of the plate-fin
heat sinks with confined slot jet impingement. They proposed a
complete composite correlation of steady-state average Nusselt
number for mixed convection due to jet impingement and
buoyancy.

Impinging-cooling technology is used not only in the cooling of
stationary systems, but also in rotating equipment, including rota-
tional trays of chemical vapor deposition (CAD) systems, turbines
and electric motors, rotating heat exchangers and high-speed gas
bearings. Therefore, various investigations have been performed
on the fluid flow and heat transfer characteristics of a rotating disk
with an impinging jet [24–27]. The circumferential velocity com-
ponent induced by rotation promotes convective heat transfer of
tal apparatus.

s of the heat sinks.
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the heated plate. Recently, Jeng et al. [28] experimentally studied
heat transfer associated with an impinging air jet onto a rotating
Al-foam heat sink. They reported that the rotation considerably en-
hances the average Nusselt number when the jet Reynolds number
(Re) and the relative length of the heat sink (L/d) are small and the
relative distance of nozzle-to-fin tip (C/d) is large. The substantial
rotations for heat transfer were also suggested for different values
of L/d and C/d.

The above studies herein improve our knowledge of heat trans-
fer by impinging jet onto heat sinks. However, few works have ad-
dressed the cooling of impinging jet onto rotating heat sinks. This
paper aims to explore heat transfer enhancement of jet impinge-
ment onto the rotating finned heat sink. Air was used as impinging
coolant, while square pin-fin heat sinks with uniformly in-line
arrangement were employed. The physical model of a rotating
pin-fin heat sink with a circular impinging jet is shown in Fig. 1,
wherein variable parameters include: the diameter of jet nozzle,
the distance of nozzle-to-fin tip, the amount of flow and the rota-
tional velocity of heat sink. In such systems, the cooling perfor-
mance of the heat sink is due to two forced convections, i.e. one
is resulted from the jet impingement and the other is due to the
rotation. It is worthy to investigate the fluid flow and heat transfer
characteristics in such systems, with its purpose of improving the
cooling design of these systems.
Fig. 4. Flow visualizations in the cases of 9 � 9 pin
2. Experimental apparatus and test section

The experimental apparatus is shown in Fig. 2. The apparatus
comprises four main parts: (1) rotating system; (2) test section;
(3) data acquirement system, and (4) air supply system. The rotat-
ing system employs a 5 HP AC induction motor to drive the rotat-
ing shaft by a belt pulley. An inverter is used to adjust the
rotational rate of the motor. The rotational rate of the shaft is mea-
sured by a photo-electronic tachometer. The rotating system cou-
pled with the test section is dynamically balanced. The test
section is a Bakelite disk sized in 176 mm in diameter and
50 mm in thickness. At the center of Bakelite disk, there is a
60 � 60 � 4 mm square cavity. A film heater, which is heated by
a DC power supply through a brush and a power slip ring, is ad-
hered to the bottom surface of the square cavity. Two in-line
square pin-fin heat sinks, made of aluminum alloy 6061, are em-
ployed in the study. The detailed sizes about the heat sinks are
shown in Fig. 3. The heat sink is adhered to the film heater using
the highly conductive thermal grease (OMEGABOND 200,
k = 1.385 W/m �C). The Bakelite disk has a very low conductivity
and can reduce heat loss from the film heater. Nine thermocouples
are uniformly embedded in the cavity to measure the temperatures
at the bottom of the pin-fin heat sink. All thermocouples cross
through the passage in the rotating shaft, and then utilize the data
-fin heat sink with Re = 1506 and L/d = 4.615.
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slip ring to connect to a YOKOGAWA MX-100 data recorder. An-
other two thermocouples are used to measure the ambient tem-
perature and the jet air temperature. The jet air flow is blown
into the air tank by the air compressor. The air initially flows
through a dryer and a filter to remove the water, the oil and the
particles, and then it enters into a 27-mm diameter vertical pipe
with a honey-comb section to straighten the fluid flow, and exits
at a circular nozzle, and finally impinges onto the rotating heat
sink. The circular nozzle has a length of 13 mm, an external diam-
eter of 84.8 mm, and two inner diameters: 13 mm and 27 mm. The
jet air flow rates are determined by a flow controller. The system is
assumed to be at the steady-state condition when the temperature
variation is within 0.2 �C in 30 min.

3. Data reduction and uncertainty analysis

The measured fluid velocities, rotational rates and temperatures
are used to determine the jet Reynolds numbers (Re), the rotational
Reynolds number (Rer) and the average Nusselt numbers (Nu),
using
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l
ð1Þ

Rer ¼
qf pXL2

120l
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Nu ¼ hL
kf
¼ qcL
ðTw � TjÞkf

ð3Þ

where Tw is the average temperature at the bottom of the pin-fin
heat sink; Tj is the jet air temperature; qc represents the convective
heat flux (i.e. the heat flux removed by the jet flow); Uj is the aver-
age air velocity at the nozzle exit; d is the inner diameter of the jet
nozzle; X is the rotational rate of the pin-fin heat sink, and L is the
side length of the square heat sink, respectively. The convective
heat flux (qc) is estimated to be the difference between the total in-
put heat flux (qt) and the heat loss (qLoss).

qc ¼ qt � qLoss ¼ V � I=A� qLoss ð4Þ

where A is the area of the heated surface, as well as V and I are
the input voltage and current from the DC power supply to the
film heater, respectively. The heat loss (qLoss) is measured at the
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stationary system with neither heat sink nor jet flow. At such
condition, the total input heat flux (qt) is divided into two parts:
(1) the nature convective heat flux (qnc) directly from the heated
surface to the above air, and (2) the heat loss (qLoss) from the
heated surface to the ambience through the Bakelite disk.

qLoss ¼ qt � qnc ¼ V � I=A� hnc � ðTw � TaÞ ð5Þ

where hnc is the heat transfer coefficient of the nature convection
from the heated surface to the above air, and Ta is the ambient tem-
perature. The empirical formula of hnc is obtained from Ellison [29].

hnc ¼ 0:507� Tw � Ta

Pwet

 !0:25

ð6Þ

Pwet ¼
L� L

2ðLþ LÞ ð7Þ

In the heat-loss test, different values of qt result in various
(Tw � Ta). Using the results of the heat-loss test and Eqs. (5)–
(7), the heat loss (qLoss) as a function of (Tw � Ta) can be ob-
tained. Also, the average Nusselt number (Nu) in Eq. (3) can be
derived.
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The standard single-sample uncertainty analysis, as recom-
mended by Kline and McClintock [30] and Moffat [31], is performed.
Data supplied by the manufacturer of the instrumentation states
that the measurement of flow velocity has a 1% error. The uncer-
tainty in the measured temperature is ±0.2 �C. The experimental
uncertainty in the convective heat flux (qc) is estimated to be 3.4%.
The experimental data herein reveal that the uncertainties in the
jet Reynolds number (Re), the rotational Reynolds number (Rer)
and the average Nusselt number (Nu) are 2.0%, 2.3% and 7.6% at
95% confidence, respectively.

4. Results and discussion

In this section, the experimental results are discussed for the
two heat sinks with respectively 5 � 5 and 9 � 9 square pin-fins.
The overall cooling performances of the heat sinks are presented
by the average Nusselt number (Nu) in terms of the relative length
of the heat sink (L/d), the relative distance of nozzle-to-fin tip (C/d),
the jet Reynolds numbers (Re) and the rotational Reynolds number
(Rer). The values of L/d are 4.615 and 2.222; C/d varies from 0 to 11;
Re varies from 2417 to 25096; and Rer varies from 0 to 8114.
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Fig. 4 illustrates the flow visualization of the jet flow impinging
onto a 9 � 9 pin-fin heat sink with L/d = 4.615 under stationary and
rotational states. The incense is used as the trace of flow. In order
to obtain the optimal images, small rotational rates (Rer = 0, 638
and 1807) coupled with a fixed small jet-flow rate (Re = 1506)
are employed. The images focus on the heat sink and the incense
around it. It is found that, under the stationary condition as shown
in Fig. 4(a)–(c), the jet flow impinges vertically onto the pin-fin
heat sink, of which some jet flow pass-by from upper part of pin-
fin heat sink and form vortices next to the jet, and some enter into
the heat sink, turns an angle of 90 deg and then flows transversely
outside of the heat sink from the passages between the pin-fins.
Within the heat sink, the flow resistance is smaller due to shorter
flow path along the centerline of the heat sink; but the flow resis-
tance is bigger due to a longer flow path along the skew diagonal
direction of the heat sink. Thus, air flow in the heat sink is mainly
discharged along the centerline of the heat sink, which agrees with
the 3-D simulation of similar flow field as discussed by Maveety
and Jung [18]. Fig. 4(d)–(i) are the typical photos of incense flow
at the rotating state. Comparing to those at the stationary state,
the vortices next to the jet disappear. The jet flow is swaying above
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the rotating heat sink. Increasing the values of Rer and C/d furthers
the sway extent of the jet flow. In addition, Fig. 4(g) and (i) show
little smoke appears at the lateral region of the rotating heat sink,
demonstrating that increasing the rotational speed and impinging
distance results in a lack of jet flow amount through the heat sink,
which would go against the forced convection. However, the rota-
tion of the heat sink still drives a peripheral flow, which promotes
the heat transfer.

Fig. 5 discusses the effects of C/d, L/d and Re on average Nusselt
number (Nu0) of a stationary heat sink with jet impingement. It is
found that, average Nusselt number (Nu0) increases with increas-
ing jet Reynolds number (Re), which is in-line with forced convec-
tion characteristics. If comparing average Nusselt numbers (Nu0)
under different L/d values, it is found that, in the event of same
air flow rate rather than same jet Reynolds number (Re), average
Nusselt number (Nu0) of 5 � 5 pin-fin heat sink in L/d = 4.615 is
1.1–1.4 times of that in L/d = 2.222, and average Nusselt number
(Nu0) of 9 � 9 pin-fin heat sink in L/d = 4.615 is 1.2–2.0 times of
that in L/d = 2.222. Thus, L/d = 4.615 presents better heat transfer
performance. Additionally, average Nusselt number (Nu0) of 9 � 9
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Fig. 9. Effect of Rer on NuX of a rotating 5 � 5 pin-fi
pin-fin heat sink is about 1.2 times of 5 � 5 pin-fin heat sink in
the case of L/d = 4.615, and 1.1 times in the case of L/d = 2.222, pri-
marily owing to the fact that the extended surface area of 9 � 9
pin-fin heat sink is bigger than that of 5 � 5 pin-fin heat sink.

Fig. 5(a) also depicts that, for 5 � 5 pin-fin heat sink in the case
of L/d = 4.615, the average Nusselt number (Nu0) generally in-
creases slightly with increasing C/d, apart from the case of
C/d = 0. This is mainly because that the nozzle directly contacts
the upper part of the pin-fin in the case of C/d = 0, so jet air can
be completely guided into the pin-fin heat sink for improvement
of forced convective heat transfer; the average Nusselt number
(Nu0) is bigger than that in the case of C/d = 1, since some air flow
pass-by the heat sink from the upper spacing. However, average
Nusselt number (Nu0) increases when the value of C/d increases
continuously (C/d P 3), and in the case of C/d = 11, it even becomes
bigger than or equal to that in the case of C/d = 0. As illustrated in
Fig. 4, most of jet flow will be rapidly discharged from the center-
line of the heat sink, and a few discharged along the skew diagonal
direction of the heat sink, so the surface area extended by pin-fins
on the skew diagonal corners of the heat sink cannot be used
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effectively for forced convective heat transfer. When the value of C/
d increases continuously (C/d P 3), the jet projection zone of jet
flow may expand although some air flow pass-by the heat sink
from the upper spacing. In the case of L/d = 4.615, the expanded
free jet projection zone will guide efficiently air flow into the heat
sink, including the region of the skew diagonal corners of the heat
sink, so the most surface area extended by pin-fins will be used
effectively for heat transfer. Therefore, in the case of L/d = 4.615,
average Nusselt number (Nu0) in the event of C/d = 11 is even big-
ger than or equal to that in the event of C/d = 0, showing a similar
trend for various jet Reynolds numbers (Re). Fig. 5(b) indicates
that, for 5 � 5 pin-fin heat sink in L/d = 2.222, average Nusselt
number (Nu0) is highest in the case of C/d = 0, but may decline with
the rise of C/d, owing to the fact that, when L/d is smaller (e.g. L/
d = 2.222), the spread of jet increases and the expanded free jet
projection zone may exceed the heat sink with increasing the C/
d, accordingly the momentum of the jet flow decreases and the
amount of air pass-by the heat sink will increase, consequently
the heat transfer performance of the heat sink will reduce. This
phenomenon occurs in the event of different jet Reynolds numbers
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Fig. 10. Effect of Rer on NuX of a rotating 9 � 9 pin-fi
(Re). Fig. 5(c) depicts the change of average Nusselt number (Nu0)
of 9 � 9pin-fin heat sink in the case of L/d = 4.615. The average
Nusselt number (Nu0) increases with increasing C/d. In addition,
it is found from Fig. 5(d) that, for 9 � 9 pin-fin heat sink in L/
d = 2.222 and C/d 6 5, the average Nusselt number (Nu0) rises
slightly with C/d, but in the case of C/d > 5, the average Nusselt
number (Nu0) declines with C/d. As discussed above, a bigger
amount of air flow will enter into the heat sink in the case of smal-
ler C/d and bigger L/d, but cannot contact efficiently the pin-fins on
the skew diagonal corners of the heat sink; a smaller amount of air
flow will enter into the heat sink in the case of higher C/d and smal-
ler L/d, but can contact efficiently all pin-fins. Therefore, the change
of average Nusselt number (Nu0) is attributable to the interaction
of these factors.

Fig. 6 validates the present experimental test. Li et al. [20] used
infrared thermography to measure the thermal performance of
6 � 6 pin-fin heat sinks with confined impinging air jet. By com-
paring the test samples of similar size, it is found that the distribu-
tion of average Nusselt numbers presented by Li et al. [20] is
similar to that in this test. In addition, the results by Lytle and
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Webb [3] was also plotted in Fig. 5, wherein the present heat trans-
fer data of a stationary plate with jet impingement was reasonably
consistent with the predicted value of Lytle and Webb [3], in de-
spite of some deviations arising from velocity profile, turbulence
intensity, shape of target surface, etc., at the jet nozzle exit. If com-
paring the heat transfer with/without pin-fins, it could be seen that
the heat transfer with pin-fins is 2–3 times without pin-fins, show-
ing a considerable heat transfer enhancements for pin-fin heat
sinks. Finally, Fig. 6 also discusses the optimum size parameters
of stationary pin-fin heat sink under impinging jet flow in the case
of maximum average Nusselt number (Nu0). It is found that, in the
event of same air flow rate (rather than same jet Reynolds num-
ber), the 9 � 9 pin-fin heat sink with L/d = 4.615 and C/d = 11 has
the maximum average Nusselt number (Nu0).

According to the measured data and also the effects of rele-
vant parameters on average Nusselt number (Nu0) as discussed
above, the empirical formulas of average Nusselt number (Nu0)
in terms of C/d and Re are derived separately for 5 � 5 and
9 � 9 pin-fin heat sinks under different L/d values.For 5 � 5
pin-fin heat sink:
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Fig. 11. Effect of Rer on NuX of a rotating 9 � 9 pin-fi
Nu0 ¼ ½3:027� 0:00555ðC=d� 11:737Þ2�Re0:611

for L=d ¼ 4:615 ð8Þ
Nu0 ¼ ½4:013� 0:00532ðC=dþ 6:620Þ2�Re0:598

for L=d ¼ 2:222 ð9Þ

For 9 � 9 pin-fin heat sink:

Nu0 ¼ ½15:444� 0:01465ðC=d� 17:683Þ2�Re0:460

for L=d ¼ 4:615 ð10Þ
Nu0 ¼ ½9:477� 0:05028ðC=d� 4:204Þ2�Re0:516

for L=d ¼ 2:222 ð11Þ

The average deviation between the predicted results by Eqs.
(8)–(11) and the experimental data is within ±5%, of which the big-
gest deviation (within ±15%) occurs at the case of 5 � 5 pin-fin heat
sink with L/d = 4.615, C/d = 0 and Re = 12083.

In Fig. 7, the conditions of Rer = 8114 are taken as typical cases,
the effects of C/d, L/d and Re on average Nusselt number (NuX) of a
rotating heat sink with jet impingement are discussed. It is found
that, average Nusselt number (NuX) increases slightly with C/d in
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the case of L/d = 4.615, but it drops slightly with rise of C/d in the
case of L/d = 2.222. This tendency generally is similar to that in sta-
tionary state. However, some results in rotational state differ from
those in stationary state. Firstly, in the case of Re 6 15058 under
rotational state, average Nusselt number (NuX) in the event of
C/d = 0 is obviously smaller than that in the event of C/d = 1, con-
trary to the cases in stationary state; secondly, when Re becomes
smaller, average Nusselt number (NuX) will increase significantly
due to the rotational effect, otherwise remains unchanged. The
above mention demonstrates that, the rotational effect really af-
fects the heat transfer of present impinging-cooling system. In
the occurrence of rotation, the impinging flow field may change
within and outside the heat sink. Within the heat sink, pin-fin
and air flow will generate a relative speed in the peripheral direc-
tion, which becomes bigger if located far away from the center of
the rotation axle. It is helpful to heat transfer. Outside the heat
sink, the flow field around and over the heat sink may yield extra
disturbance due to the influence of rotating heat sink, which may
also improve the heat transfer performance of heat sink. Yet, when
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the Re is relatively big, the effect of rotation on heat transfer
enhancement becomes unobvious, showing that the cooling is
mainly dominated by forced convection of jet flow.

Figs. 8–11 present the effect of rotational Reynolds number (Rer)
on average Nusselt number (NuX) for various Re, L/d and
C/d. The relationship between NuX/Nu0 and Re was plotted. The re-
sults demonstrate that a bigger Rer meant a more obvious heat trans-
fer enhancement in the case of smaller Re, but the heat transfer
enhancement by rotation decreased with increasing Re. For some
cases with larger Re, the rotation even impaired the heat transfer.
The reason can be explained as follows. When the pin-fin heat sink
is rotating, the inside air generates the peripheral velocity related
to the pin-fins, promoting heat transfer. On the other hand, the rotat-
ing heat sink stops the jet flow from going across the pin-fins and
reaching the heated spreader, reducing the heat transfer by the jet
impingement. Therefore, if the heat transfer enhancement by rota-
tion can not compensate for the heat transfer reduction by rotation,
the average Nusselt number at rotational state will less than that at
stationary state (i.e. NuX/Nu0 < 1). Generally, as L/d is smaller and
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C/d is bigger, the jet air in the vicinity of outer perimeter of the jet
nozzle easily bypass the pin-fin heat sink. Less air inside heat sink re-
sults less impaired effect on impinging-cooling performance by rota-
tion. Furthermore, the rotation also perturbs the bypass air flow
around the heat sink to promote the heat transfer. So the effect of
rotation on the heat transfer enhancement will more obvious at ade-
quately small L/d and appropriately big C/d. In this work, the heat
transfer enhancement of system from rotational effect in L/
d = 2.222 is higher than in L/d = 4.615; among the systems in L/
d = 2.222, bigger rotational heat transfer enhancement (NuX/Nu0)
exists in the case of C/d = 9–11, but among the systems in L/
d = 4.615, bigger rotational heat transfer enhancement (NuX/Nu0)
exists in the case of C/d = 1–3.

In principle, heat transfer enhancement increases with Rer.
However, the heat transfer varied little with Re increases, possibly
because two forced convections apply – one associated with jet
impingement, and the other associated with rotation. When Re is
sufficiently large in relation to Rer, the forced convection associated
with jet impingement dominates the cooling performance and that
associated with rotation is negligible. Therefore, a dimensionless
parameter, Rer/Re, can be utilized to identify whether the rotation
is substantial. Fig. 12 plots NuX/Nu0 as a function of Rer/Re. Consid-
ering the experimental uncertainty yields a value of NuX/Nu0 of
larger than 1.1 as the effective factor of heat transfer enhancement.
Given NuX/Nu0 P 1.1, the experimental results indicate that the
rotations are substantial at Rer/Re P 1.154 for the present study.

5. Summary and conclusion

Experimental investigation of heat transfer enhancement of jet
impingement onto the rotating pin-fin heat sink is completed. Air
is used as impinging coolant, while the 5 � 5 and 9 � 9 pin-fin heat
sinks with uniformly in-line arrangement are employed. Variable
parameters are the relative length of the heat sink (L/d), the rela-
tive distance of nozzle-to-fin tip (C/d), the jet Reynolds number
(Re) and the rotational Reynolds number (Rer). The following con-
clusions are drawn.

(1) The flow characteristics of the jet flow impinging onto a pin-
fin heat sink under stationary and rotational states are inves-
tigated successfully by the smoke visualization.

(2) The effects of C/d, L/d and Re on average Nusselt number
(Nu0) of a stationary heat sink with jet impingement are dis-
cussed. It is found that Nu0 increases with Re. Based on the
same air flow rate, Nu0 of 5 � 5 pin-fin heat sink in
L/d = 4.615 is 1.1–1.4 times of that in L/d = 2.222, and Nu0

of 9 � 9 pin-fin heat sink in L/d = 4.615 is 1.2–2.0 times of
that in L/d = 2.222. Additionally, Nu0 of 9 � 9 pin-fin heat
sink is about 1.2 times of 5 � 5 pin-fin heat sink in the case
of L/d = 4.615, and 1.1 times in the case of L/d = 2.222. Fur-
thermore, the parameter C/d results in various influences
on Nu0 for the 5 � 5 and 9 � 9 pin-fin heat sinks with various
L/d. Finally, the empirical formulas of Nu0 in terms of C/d and
Re are derived separately for 5 � 5 and 9 � 9 pin-fin heat
sinks with different L/d values.

(3) The effect of Rer on average Nusselt number (NuX) of a rotat-
ing heat sink with jet impingement is investigated, which
generally is similar to that in stationary state. The results
demonstrate that a bigger Rer meant a more obvious heat
transfer enhancement (NuX/Nu0) in the case of smaller Re,
but NuX/Nu0 decreased with increasing Re. In this work,
NuX/Nu0 in L/d = 2.222 is higher than in L/d = 4.615; among
the systems in L/d = 2.222, bigger NuX/Nu0 exists in the case
of C/d = 9–11, but among the systems in L/d = 4.615, bigger
NuX/Nu0 exists in the case of C/d = 1–3.
(4) Considering the experimental uncertainty yields a value of
NuX/Nu0 of larger than 1.1 as the effective factor of heat
transfer enhancement. Given NuX/Nu0 P 1.1, the results
indicate that the rotations are substantial at Rer/Re P 1.154
for the present study.
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