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a b s t r a c t

This study experimentally investigated the convective heat transfer and pressure drop of a vertical
oncoming airflow onto the brass-beads packed bed. The 120 mm-length (L) brass-beads packed bed was
fully filled in a horizontal rectangular channel having a cross section of 60 mm width (W) and variable
height (H). The flow entry, with variable width (wj), was located at the center of the upper wall of the test
channel. Besides, three kinds of packed beds with various bead diameters (d) were used herein. The
ranges of relevant parameters were wj/L ¼ 0.212e1, H/L ¼ 0.083e0.25 and d ¼ 2e6 mm. Experimental
results reveal that, at wj/L ¼ 0.212, the local Nusselt number (Nu) at the stagnation point (x/L ¼ 0) right
under the flow entry was maximal and then monotonically decreased along the transverse flow direc-
tion. However, whenwj/L ¼ 0.583 and 1, the Nu firstly decreased from x/L ¼ 0 to x/L ¼ 0.1, then rose along
the transverse flow direction. Additionally, under the same pumping power, the largest average Nusselt
number ðNuÞ appeared on wj/L ¼ 0.212, H/L ¼ 0.083 and d ¼ 6 mm, and the smallest Nu happened at wj/
L ¼ 1, H/L ¼ 0.25 and d ¼ 2 mm. The largest Nu was around 3 times of the smallest Nu. This work
systemically completed the parametric studies on heat transfer and pressure drop. The relevant corre-
lations of experimental results were also presented.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

While electronic components becomes more and more compact
and multi-functional, the heat generation of unit volume will
continuously increase, thus exerting immediate impact on their
working efficiency, operational stability and service life. Therefore,
how to remove efficiently the heat from electronic components is
an important project in the industry and academia. Installing heat
sink was already proved to be a cost-effective cooling technology,
especially for the porous medium heat sink that has a bigger heat
exchange area than traditional finned heat sink [1e8]. However,
many researches were only devoted to heat transfer behavior of
porous medium heat sink situated in the transverse flow channel.
The impinging jet cooling was demonstrated having the capability
of enhancing local heat transfer [9,10], so its combination with
porous medium heat sink may yield higher cooling efficiency.

It is found from literature review that most of heat transfer
studies about porous medium heat sink with impinging jet were
based on numerical calculations. For example, Fu and Huang [11,12]
numerically investigated the cooling performance of different
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porous blocks under free slot impinging jet, and employed porous
empirical equation of spherical packed beds for resolving
momentum equation; meanwhile, a single-equation model was
employed to build energy equation by assuming that the fluid and
porous medium are in the local thermal equilibrium state, pointing
out that the amount of fluids near the heated surface strongly
influences overall heat transfer performance. The other influential
factors include the ratio of tip clearance to nozzle width, the ratio of
porous block height to nozzle width, the shape of porous blocks,
categories of porousmaterials and fluid flows, the velocity profile at
exit of jet nozzle and the jet Reynolds number. In addition, Jeng and
Tzeng [13] numerically discussed the heat transfer characteristics of
Al-foam under a confined slot impinging jet, finding that the heat
transfer capability improves with the lowering height of Al-foam,
and the local thermal non-equilibrium exists between fluid and
solid. In otherwords, it should build up energyequation byusing the
two-equation model. The jet-nozzle width, in the study of Jeng and
Tzeng [13], was much smaller than the length of Al-foam. Although
many numerical researches had considered the heat transfer
performance of porous medium heat sink under impinging jet
[14e19], few experimental studies have addressed this issue. Kim
et al. [20] investigated experimentally the effects of the pore density
of Al-foam, the jet velocity, the jet-to-jet spacing and the nozzle
plate-to-heated surface separation distance in a 3 � 3 square
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Fig. 1. Experimental setup.

Table 1
Measured porosities of the brass-beads packed beds (64.2%Cu þ 35.8%Zn).

Measured porosity (3)
(stagnant conductivity, W/m/K)

d ¼ 2 mm d ¼ 4 mm d ¼ 6 mm

H ¼ 30 mm 0.383 (0.578) 0.399 (0.538) 0.412 (0.508)
H ¼ 20 mm 0.391 (0.558) 0.410 (0.512) 0.428 (0.473)
H ¼ 10 mm 0.404 (0.526) 0.436 (0.456) 0.467 (0.398)

The stagnant conductivity of the brass-beads packed bed was estimated by the
formula in Refs. [11,12]. The conductivities of brass and air are about 116 and
0.027 W/m/K, respectively.
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multi-jet impinging array on the average Nusselt number. The used
Al-foam heat sinks in aboveworkwere 100mm in length, 90mm in
width and 10 mm in height. The jet-nozzle diameters were 12 mm
and 4 mm for the single-jet mode and the multi-jet mode, respec-
tively. Kim et al. [20] indicated that the Nusselt number of 10 PPI Al-
foam heat sink was higher than that of 20 or 40 PPI Al-foam heat
sink. Besides, under the condition of high jet Reynolds number and
smaller jet-to-jet spacing, the multi-jet impingement showed
higher heat transfer performance than the single-jet impingement.
Shih et al. [21] studied experimentally the effect of the Al-foam
height on the heat transfer of an Al-foam cylinder subject to the
circular impinging jet. Their Al-foam cylinders were 65 mm in
diameterand the jet-nozzlediameterwasalso65mm.Shih et al. [21]
reported that the average Nusselt number first increased and then
decreasedwith reducing the Al-foamheight. In addition, decreasing
theporosityandporedensity increased the averageNusselt number.
Jeng and Tzeng [22,23] discussed experimentally the heat transfer
characteristics of Al-foam under the 90-deg turned flow and
confined slot impinging jet, finding that the pore density of Al-foam
and the jet-nozzle width have little influence on heat transfer, but
the reduction of the jet-to-foam tip distance slightly improve heat
transfer. However, the jet-nozzle width in Jeng and Tzeng [22,23]
was much smaller than the length of Al-foam.

This work experimentally investigated the fluid flow and heat
transfer characteristics of the vertical oncoming airflow onto the
brass-beads packed bed. The brass-beads packed bed, sized by
120 mm in length (L), 60 mm in width (W) and variable height (H)
with porosity about 0.38e0.47, was fully filled in a rectangular
horizontal channel. The permeability of the brass-beads packed bed
drops significantly as compared with high-porosity Al-foamwhose
porosity is over 0.9, so the forced convective heat transfer behaviors
in such tow porous blocks should be very different. This work
designed the flow entry, located at the center of the upper wall of
the test channel, was rectangular cross section with variable width
(wj). Variable parameters were the Reynolds number (Re), the ratio
of entry width to Al-foam length (wj/L), the ratio of Al-foam height
to length (H/L) and the bead diameter (d), of which the value ofwj/L
reached 1. The objectives were to understand the effects of relevant
parameters on local and average heat transfer, pressure drop and
propose the optimal parameter mode of maximum heat transfer
capability generated under the given pumping power for further
reference.

2. Experimental setup

2.1. Test section and apparatus

The experimental system, as shown in Fig. 1, includes: (a) air
supply system, (b) test section, (c) heating and temperature
measurement system, and (d) data acquisition system.

(a) Air supply system: The wind tunnel was made of 10 mm-thick
Plexiglas plates. The main flow of air was supplied by a blower,
and the flow rate was controlled by using an inverter to
regulate the AC frequency of the blower's motor (0.5 Hp). Prior
to entering into the test section, air would pass through
a straightening section and a convergent section. The straight-
ening sectionwasmade of spherical packed bed andmulti-layer
fine-mesh stainless steel screens. Three kinds of convergent
sections, respectively with the exits of 25.4 mm � 60 mm,
70 mm � 60 mm and 120 mm � 60 mm cross-sections, were
employed to change the flow entry width (wj). Finally, air blew
down into the test section vertically.

(b) Test section: The test section, made of 20 mm-thick Plexiglas
plates, was a horizontally rectangular channel with 600 mm in
length, 60 mm (W) in width and variable heights (H ¼ 10, 20
and 30 mm). The flow entry was coupled at the center of the
upper wall of the test channel. The 120 mm-length (L) brass-
beads packed bed was fully filled into the test channel rightly
under the flow entry. The brass beads were available with the
diameter (d) of 2 mm, 4 mm and 6 mm. The average porosities
(3) of the brass-beads packed beds were measured and listed in
Table 1. As the photo in Fig. 2, the brass-beads packed bed was
confined and fixed by the fine-mesh stainless steel screen, and
was positioned on a heating system. Table 1 indicates that the
porosity (3) increased with bead diameter (d), but decreased as
increasing height (H) of packed bed. Achenbach [24] reviewed
the heat and flow characteristics of packed beds and reported
that, the porosity decreases from unity at the wall to a constant
value. This point is reached at a distance of around two to four
bead diameters from the wall. The constant value of porosity at
the core region of packed bed is around 0.37. This is the so-
called theory of the variable porosity. The average porosity (3)
will be the volume weighted mean value of the core-region
porosity ð3NÞ and the near-wall-region porosity ð3nwÞ. When
the volume ratio of packed bed to bead is bigger, the average
porosity (3) is more near the core-region porosity ð3NÞ. The
measured results in Table 1 conformed to the above-mentioned
statement.

(c) Heating and temperature measurement system: The system
body, sized by 170mm in length, 78mm inwidth and 60mm in
height, was made of Bakelite. The thermal conductivity of
Bakelite was only 1.4 W/m/K, presenting excellent heat insu-
lation. On the upper surface of the Bakelite body, 7 long grooves
(shown in Fig. 2) were notched, each of which was embedded
with a long copper bar of 60 mm � 4.5 mm � 4.5 mm. The
heads of thermocouples (OMEGA TT-T-30-SLE) were welded



Fig. 2. Photo of brass-beads packed bed and positions of thermocouples (the upper surface of packed bed was confined by the stainless screen in performing tests).
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onto the copper bars. The thermocouple wires passed through
the Bakelite body, and then were connected to the data
recorder. A stainless steel film heater of 120 mm � 60 mmwas
attached on the upper surface of the copper bars by using the
high-conductivity thermal grease. Both sides of the film heater
were adhered with Teflon tapes to prevent direct contact with
brass-beads and copper bars. In addition to heated wall
temperatures (Tw), air temperature at flow entry (Tj) and the
ambient temperatures (TN) were also measured.

(d) Data acquisition system: This system comprised a data
recorder (YOKOGAWA DA-100), an anemometer (KANOMAX
Model 6112) and a pressure transmitter (DWYERModel 648-4).
The data recorder was used to record temperatures sensed by
thermocouples. The steady temperature was judged based on
that the temperature change was less than 0.2 �C within
15 min. The average air velocity at flow entry (Vj) was con-
verted from the average air velocity at transverse exit (Ue) of
the test channel (Vj ¼ 2Ue � H/wj). The Ue was measured by the
anemometer at 100 mm away from brass-beads packed bed.
The static pressure difference (DP) of air flowing through brass-
beads packed bed is measured by the pressure transmitter.
2.2. Data reduction and uncertainty analysis

The average air velocity (Vj) at flow entry, static pressure
difference (DP), various temperatures (Tw, TN, Tj) can be used to
determine the relevant dimensionless parameters, such as Rey-
nolds number (Re), friction coefficient (Cf) and Nusselt number
(Nu), are defined below.

Re ¼ rf Vjwj

m
(1)

Cf ¼
DP þ 0:5rf

�
V2
j � U2

e

�

0:5rf V2
j

(2)
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Fig. 3. Dimensionless pressure drop as a function of Re for various wj/L, H/L and d.

Fig. 4. Flow visualizations in the typical cases of H/L ¼ 0.25
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Nu ¼ hL
kf

¼ ðQin � QlossÞL
A
�
Tw � Tj

�
kf

(3)

Nu ¼
X7

i¼1

Nui$DSi=ð0:5LÞ (4)

Where Vj is the average air velocity at flow entry, Ue is the average
air velocity at transverse exit of the test channel,wj is the flowentry
width, Tw is the heatedwall temperature, Tj is the air temperature at
flow entry, DP is the static pressure difference, L is the length of
brass-beads packed bed, Qin is the input heat, Qloss is the heat loss,
A is the heated area, and DS is the spacing between adjacent
thermocouples.

To estimate the heat loss, the flow entry and both exits of the
empty channel are fully sealed by Polystyrene blocks. Therefore,
when the heated wall temperatures reach steadyestate condition,
the input heat from the film heater equals to the heat loss dissi-
pated from the Bakelite body to the ambient.

Qin ¼ V � I ¼ Qloss ¼ hlossAðTw � TNÞ (5)

During estimation of heat loss, various quantities of heat are
separately input to the film heater, while the heated wall
, d ¼ 4 mm and Re ¼ 858 with various values of wj/L.
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temperature (Tw) and ambient temperature (TN) are recorded
when the temperatures reach steady-state condition; the empirical
formula of heat loss is found out using the relationship of Tw, TNand
input heat (Qin).

The overall error of experimental results includes the uncer-
tainties of measurement and calculation, of which the uncertainty
of measurement is caused from the error of the instrument and
manual reading, and the calculation uncertainty is obtained from
alternative computations of measured data. Herein, data supplied
by the manufacturer of the instrumentation states that the
measurement of flow velocity and pressure drop have a 1% error.
The uncertainty in the measured temperature is �0.2 �C. The
experimental uncertainty in the heat loss (Qloss) is estimated to be
3.6%. With the standard single-sample uncertainty analysis rec-
ommended by Kline and Mcclintock [25] and Moffat [26], it reveals
that the uncertainties in Reynolds number (Re), friction coefficient
(Cf), local Nusselt number (Nu) and average Nusselt number ðNuÞ
are �2.45, �3.46, �6.32, �7.11, respectively.
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3. Results and discussion

3.1. Pressure drop

Fig. 3 depicts the relationship between dimensionless pressure
drop (Cf Re2(L/wj)2) and Reynolds number (Re) for various wj/L,
d and H/L. The results show that dimensionless pressure drop
increased with Re. The pressure drop of fluid flow through porous
medium is primarily caused by two factors: 1. the skin friction,
which is proportional to the fluid rate; 2. the form drag generated
from the collision, separation and combination of fluid flowing
through porous structure, which is proportional to the double
power of the fluid rate. The experimental results indicate that,
within the most ranges of parameters herein, the pressure drop
from form drag had a similar magnitude with that from skin
Table 2
Coefficients of Eq. (6): Cf Re2ðL=wjÞ2 ¼ m1Ren1 .

wj/L H/L Re m1 n1

d ¼ 2 mm
0.212 0.083 504e4603 187 842 1.588
0.212 0.167 733e6824 68 066 1.538
0.212 0.250 422e6503 311 482 1.389
0.583 0.083 648e6033 46 847 1.704
0.583 0.167 982e8149 205 879 1.471
0.583 0.250 1489e11 699 94 419 1.507
1 0.083 1668e13 622 23 815 1.620
1 0.167 2169e17 967 68 079 1.433
1 0.250 2123e20 035 134 883 1.332

d ¼ 4 mm
0.212 0.083 863e5878 237 2.224
0.212 0.167 1099e11 130 61 617 1.465
0.212 0.250 1534e11 887 7213 1.701
0.583 0.083 1112e7916 2973 1.967
0.583 0.167 1361e12 831 161 592 1.426
0.583 0.250 2105e14 829 20 808 1.613
1 0.083 2194e15 134 375 2.024
1 0.167 1632e25 832 232 845 1.248
1 0.250 3059e31 301 22 155 1.436

d ¼ 6 mm
0.212 0.083 1413e11 278 369 2.030
0.212 0.167 1541e13 383 13 065 1.601
0.212 0.250 1919e14 380 4889 1.704
0.583 0.083 1585e11 880 3594 1.844
0.583 0.167 2248e17 963 30 154 1.544
0.583 0.250 1816e22 785 60 889 1.431
1 0.083 1592e17 953 46 652 1.474
1 0.167 1796e25 645 44 962 1.407
1 0.250 4203e38 065 3616 1.574
friction. As indicated in Fig. 3, when the wj/L was equal to 1, most
airflow should from the upper corners of the porous packed bed to
leave due to the minimum flow resistance of these paths, leading to
reduction of overall pressure drop. In the cases ofwj/L¼ 0.212, their
pressure drops were smaller than those of wj/L ¼ 1 since airflow
had no chance to leave rapidly the packed bed. Besides, the cases of
smaller bead diameter had bigger pressure drops owing to the fact
that it has a bigger total extended area and higher pore density
within the smaller bead diameter packed bed. Furthermore, the
case of smaller H/L generally had a bigger pressure drop because
that the smaller H/L results in a bigger transverse fluid velocity.
However, the effect of H/L on pressure drop was insignificant in the
case of big bead diameter (e.g. d ¼ 6 mm). As we know, although
smallH/L results in big transverse fluid velocity to increase pressure
drop, it also decreases the total bead numbers to reduce the skin
friction. Especially, in the case of small H/L with big bead diameter
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Fig. 5. Comparisons of Nu with others' data in jet cooling system without packed bed.
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(d), the growing volume ratio of bead to packed bed will lead an
increasingly stronger bypass effect at the near-wall region where
the porosity is higher than the average porosity, neutralizing the
increased pressure drop by decreasing H/L.

Fig. 4 illustrates the flow visualization of the fluid flow leaving
the brass-beads packed bed. We used the smoke to represent the
trace of flow. The smoke was obtained by burning the joss stick and
collected in a box, and then blown into the test section by the
compressor. The image capture system included a 60 mW HeeNe
laser light-sheet illumination, a CCD camera and a computer. After
passing through a 5 mm cylindrical quartz rod, the laser beam
became a light sheet. As the light sheet illuminated the test section,
the smoke reflected the laser light and the flow field in the test
section could be easily observed. In order to obtain the optimal
images, a fixed small flow flux (Re ¼ 858) was employed. The
images focus on the zone of the fluid flow leaving the brass-beads
packed bed. It is found that, in the case of wj/L ¼ 0.212 as shown in
Fig. 4(a), the leaving fluid flow generally became transverse flow
along the channel axis due to the straightening effect of packed bed.
Fig. 4(b) represents the flow characteristic of the case withwj/L¼ 1.
The photo shows that, the amount of fluid flow, through the upper
corner of packed bed to leave for the transverse channel, was
increased due to the minimal flow resistance of this path. This
finding demonstrates the previous statement about the effect ofwj/
L on pressure drop. The flow characteristic of big wj/L also strongly
influences the local heat transfer behavior, which is discussed in
a later paragraph.
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According to the experimental data, the relationship between
dimensionless pressure drop (CfRe2(L/wj)2) and Reynolds number
(Re) was deducted below:

Cf Re
2�L=wj

�2 ¼ m1Re
n1 (6)

The values ofm1 and n1 for various d, wj/L and H/Lwere listed in
Table 2, and the deviations between the predicted results by Eq. (6)
and experimental data were within 2%.
3.2. Heat transfer

Due to the lack of experimental results for the impinging jet or
the vertical oncoming flow onto the spherical packed bed, the jet
cooling system without packed bed was employed to be the
compared base. Fig. 5(a) indicates that, while the test channel was
empty, the Nu distribution of present study reasonably agreed with
the numerical result of Hattori and Nagano [27]. However, since the
heated surface of present study was shorter, the second peak of Nu
distribution could not be investigated. In addition, Fig. 5(b)
compares the present data of Nusselt number at the stagnation
point (i.e. x/L ¼ 0) with the experimental result of Lytle and Webb
[28]. The jet nozzle in the work of Lytle andWebb [28] was circular,
while the present study was rectangular. The results of comparison
verify the reliability of the present experiments.

Figs. 6 and 7 show the Nu distributions in the transverse flow
direction (x-axis). Some typical cases were selected. The results
 big 
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show that, in the cases of wj/L ¼ 0.212 with various H/L, d and Re,
the Nu at the position under the flow entry (i.e. x/L ¼ 0) was
maximum and then decreased gradually along the x-axis. This Nu
distribution corresponds to that of transverse flow in a porous
channel Refs. [4,5], and also complies with the result of the
impinging air jet onto aluminum foams reported by Jeng and Tzeng
[23]. However, when the wj/L became bigger, the Nu firstly
decreased along the x-axis, and the minimal Nu happened about x/
L¼ 0.1, then increased gradually until the exit of packed bed. TheNu
at the exit of the brass-beads packed bed was even higher than that
right under the flow entry (x/L ¼ 0). This phenomenon of Nu
distribution agrees with the finding of flow visualization as shown
in Fig. 4. In the cases of bigger wj/L, a lot of fluid flow through the
upper corner of packed bed to leave for the transverse channel,
strongly increasing the heat transfer at the lateral part of the
packed bed.

Fig. 8 shows the average Nusselt number ðNuÞ as a function of
the Reynolds number (Re) for various wj/L, d and H/L. The results
indicate that the Nu increased with Re, conforming to the forced
convective characteristics. Besides, the bigger wj/L resulted in the
smaller Nu. This is because that, when the flow entry width (wj) is
closer to the packed-bed length (L), a great amount of airflow
passes through and leaves from upper corners of brass-beads
packed bed. The total extended heat-transfer area is not utilized
effectively, leading to reduction of overall heat transfer. For the
bead diameter (d), reduction of it slightly increased Nu, which
wj/L: small 
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Fig. 7. Distributions of Nu along x-axis for the case
conforms to the finding of Jiang et al. [8] on brass-beads packed bed
with transverse flow. As pointed out by Jiang et al. [8], there are
many factors to influence the heat transfer of brass-beads packed
bed, of which the transverse heat dispersion and the extended
heat-transfer area play the important roles. The transverse heat
dispersion refers to extra heat mixing behavior of fluids generated
from the porous structure, which is expressed by the so-called
transverse heat dispersion conductivity (kd). The value of kd is
proportional to the fluid conductivity, flow velocity, Prandtl
number and permeability of packed bed [11]. The permeability of
packed bed increases with the bead diameter (d), so growing bead
diameter (d) may strengthen the transverse heat dispersion
conductivity (kd) and then promote heat transfer, but also reduce
the overall extended heat-transfer area against heat transfer. In
general, when the stagnant conductivity of brass-beads packed bed
is much bigger than the fluid conductivity (of this paper the stag-
nant conductivity is 0.398e0.578 W/m/K, the fluid conductivity
about 0.027 W/m/K), the main heat transfer path is linked by heat
conduction of brass-beads and then heat convection between
beads and fluids. In such case, extended heat-transfer area plays an
important role on overall heat transfer, so heat transfer will decline
with the increase of bead diameter (d). But when the stagnant
conductivity of brass-beads packed bed is almost the same
magnitude with the fluid conductivity, the transverse heat disper-
sion effect cannot be ignored, and heat transfer may increase with
the bead diameter [29,30]. Fig. 8 also depicts that the Nu increased
 big 
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with decreasing the H/L. As we know, the packed bed of smaller H/L
contained fewer numbers of brass beads, suggesting a smaller
extended heat-transfer area to dissipate heat. However, the velocity
of the transverse flow turned 90-degree from the flow entry
increases with decreasing the H/L, enhancing the convective heat
transfer between cooling fluid and brass-beads. Furthermore, the
bigger fin efficiency at the packed bed of smaller H/L also promotes
heat transfer. The above-mentioned hybrid effect of decreasing H/L
led the result of increasing Nu. Finally, the Nu of the systemwithout
Table 3
Coefficients of Eq. (7): Nu ¼ m2Ren2 .

wj/L H/L Re m2 n2

d ¼ 2 mm
0.212 0.083 504e4603 2.262 0.688
0.212 0.167 733e6824 1.857 0.672
0.212 0.250 422e6503 5.277 0.530
0.583 0.083 648e6033 1.541 0.686
0.583 0.167 982e8149 1.842 0.646
0.583 0.250 1489e11 699 1.991 0.610
1 0.083 1668e13 622 0.248 0.765
1 0.167 2169e17 967 0.827 0.629
1 0.250 2123e20 035 2.581 0.525

d ¼ 4 mm
0.212 0.083 863e5878 1.551 0.744
0.212 0.167 1099e11 130 4.780 0.555
0.212 0.250 1534e11 887 3.018 0.580
0.583 0.083 1112e7916 1.529 0.702
0.583 0.167 1361e12 831 5.523 0.521
0.583 0.250 2105e14 829 2.022 0.607
1 0.083 2194e15 134 0.165 0.821
1 0.167 1632e25 832 1.744 0.552
1 0.250 3059e31 301 2.280 0.534

d ¼ 6 mm
0.212 0.083 1413e11 278 2.522 0.650
0.212 0.167 1541e13 383 3.403 0.580
0.212 0.250 1919e14 380 1.807 0.637
0.583 0.083 1585e11 880 2.272 0.615
0.583 0.167 2248e17 963 2.996 0.574
0.583 0.250 1816e22 785 1.469 0.630
1 0.083 1592e17 953 0.188 0.795
1 0.167 1796e25 645 1.944 0.557
1 0.250 4203e38 065 1.359 0.577
packed bed was also plotted in Fig. 8. It can be found that the Nu of
the systemwith packed bed was 2e3 times of that without packed
bed.

According to the experimental data, the relationship between
Nu and Re was deducted below:

Nu ¼ m2Re
n2 (7)

The values of m2 and n2 for various d, wj/L and H/L were listed in
Table 3, and the deviations between the predicted results by Eq. (7)
and experimental data were within 2%.
3.3. Optimal configuration under same pumping power

It is found from previous results that, the bigger average Nusselt
number ðNuÞ and bigger pressure drop happened simultaneously.
This work takes dimensionless pressure drop (CfRe2(L/wj)2) multi-
plying Reynolds number (Re) as the parameter of dimensionless
pumping power (CfRe3(L/wj)2). The relationship between Nu and
CfRe

3(L/wj)2 for various wj/L, d and H/L are depicted respectively in
Fig. 9. It is observed that, based on the same pumping power, the
maximum Nu existed in the mode of the smallest wj/L (wj/
L ¼ 0.212), the smallest H/L (H/L ¼ 0.083) and the biggest bead
diameter (d ¼ 6 mm), and the minimal Nu appeared in the mode of
the biggest wj/L (wj/L ¼ 1), the biggest H/L (H/L ¼ 0.25) and the
smallest bead diameter (d ¼ 2 mm). The maximum Nuwas around
3 times of the minimum Nu at the same pumping power in this
study.
4. Conclusions

This work experimentally investigated the fluid flow and heat
transfer characteristics of the vertical oncoming airflow onto the
brass-beads packed bed. The brass-beads packed bed was fully
filled in a rectangular channel. Variable parameters were the Rey-
nolds number (Re¼ 422e38065), the ratio of packed-bed height to
length (H/L ¼ 0.083, 0.167, 0.25), the ratio of flow entry width to
packed-bed length (wj/L ¼ 0.212, 0.583, 1) and the bead diameter
(d ¼ 2, 4, 6 mm). The influences of relevant parameters on the
pressure drop and Nusselt number were discussed systemically.
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The empirical equations of dimensionless pressure drop and
average Nusselt number ðNuÞ were also provided. Finally, it was
suggested that the maximum Nu, based on the same pumping
power, existed in the mode of wj/L ¼ 0.212, H/L ¼ 0.083 and
d ¼ 6 mm, and the minimal Nu appeared in the mode of wj/L ¼ 1,
H/L ¼ 0.25 and d ¼ 2 mm. The maximum Nuwas around 3 times of
the minimum Nu.
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Nomenclature

A heated area (m2)
Cf friction factor, Eq. (2)
d bead diameter (m)
Dh hydraulic diameter of flow entry (m), 2wjW/(wj þ W)
H packed bed height or test channel height (m)
h heat transfer coefficient (W/m2/K)
k conductivity (W/m/K)
L packed-bed length (m)
Nu Nusselt number, Eq. (3)
Qin input heat (W)
Qloss heat loss (W)
Re Reynolds number, Eq. (1)
T temperature (�C)
Ue average fluid velocity at the channel exit (m/s)
Vj average fluid velocity at the flow entry (m/s)
W packed-bed width or test channel width (m)
wj width of flow entry (m)
x transverse flow coordinate (m)
DP pressure difference through packed bed (Pa)
DS spacing between adjacent thermocouples (m)
Greek symbols
3 average porosity
m viscosity (kg/m/s)
r density (kg/m3)
Subscripts
d transverse heat dispersion
f fluid
j flow entry
s solid
w heated wall
nw near-wall region
N core region or ambient
Superscripts
d mean value
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