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Abstract

An experimental study has been made of the fluid dynamics performance of electronic equipment
designed to cool a heat sink in the form of a finned duct. The apparatus consists of a channel of
rectangular section containing the finned duct. A forced airflow is driven by three fans placed in
parallel in the inlet and in the outlet sections of the channel. In order to investigate a full range of
flow rates, different sets of fans were used in the inlet section. Measurements were made of static
pressures at different channel positions by pressure taps connected to a micro manometer, and of
the flow rate by a Venturi meter. The experimental working conditions of the active fans were
consistent with the manufacturers’ characteristic curves. Values of the local friction coefficient
compared well with published correlations. The experimental working points agreed very well
with the theoretical curve of the pressure drop and the hydraulic diameter was demonstrated to
be of the appropriate size for this fluid dynamics problem.
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1. Introduction

The cooling systems of a FM power amplifier commonly use forced circulation of air at ambient temperature.
These systems, in order to guarantee effective heat transfer, are characterized by wide surfaces of exchange in-
volving finning. However, these large surfaces cause correspondingly high pressure drops, characteristic of such
devices. The performance of these heat transfer devices depends on the heat transfer coefficient and on the ve-
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locity of the fluid flowing through the finned duct. One-dimensional models are commonly used for the design
of the fluid flow system and for the calculation of the pressure drop. The available schemes for this simplified
approach do not cover all the configurations and need to be adapted from similar geometries.

As reviewed by Saini and Webb [1], in the literature, studies mainly focused on two geometries: the duct flow
configuration (airflow parallel to the base) and the impinging flow configuration (airflow in at the top and exit-
ing from sides). However, there is a further configuration, not currently studied but often encountered in am-
plifiers: the case of a finned duct obtained with two opposed heat-sinks so as to create a channel through which
the air flows. Figure 1 shows the geometry of the section and the main dimensional characteristics for such a
finned duct.

In this design problem it is desirable to use simple models to predict the pressure drop across the finned duct.
In the particular case of electronic equipment the heat exchangers are typically short in length and often the con-
dition of fully developed flow is not reached. Since in these applications the length of the heat sink is never of
particular importance, the inlet and outlet regions tend to become significant relative to the total length of the
duct. This situation has been discussed in depth by Webb [2].

The flow regime in a finned duct used for the above equipment varies from laminar to transition and turbulent
flow. For fully developed laminar flow in non circular ducts, basic solutions of the Poiseuille problem are avail-
able in the literature [3]. For developing laminar flow in non circular ducts, Muzychka and Yovanovich have
proposed a model to determine the apparent [4] and the local friction factor [5]. For turbulent flows less correla-
tions are available [6]. In this case the hydrodynamic entrance length is commonly so short to be less significant
than in laminar flow and fully developed correlations are sufficiently accurate.

A review of the literature shows that the non circular sections analysed [1]-[6] are always simpler than the
highly complex section addressed in this paper (Figure 1). An important question to answer, is whether the hy-
draulic diameter, as commonly defined, has significant meaning for this particular geometry.

The present research seeks to address the fluid flow design of this configuration of finned heat transfer device
using a one-dimensional approach. The study is experimental: the test section consists of a channel of rectangu-
lar section constructed of four plates of PMMA, containing the finned duct. In Figure 2 the experimental
equipment is shown.

Measurements of pressure are made at different sections of the finned duct and of air flow rate by a Venturi
flowmeter. Three fans are placed at the inlet and three at the outlet of the channel. Figure 3 shows a longitudinal
section with the position of the static pressure taps. The experimental data are compared with the results of a
model based on correlations commonly used in practice. The data collected are important in validating the
one-dimensional model, which is used to optimize the performance of the apparatus.
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Figure 1. Diagrammatic view of the test geometry
with the dimensional characteristics of the pas-
sage: Wy, frontal width; W, net width between
first and last fin; W, width of the heat sink; W,
width of the side duct; t, thickness of the fins; g,
width of the throats; H, height of the fins; H.,, gap
between the fins; b, thickness of the plates.
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Figure 2. View of the experimental setup.
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Figure 3. Longitudinal section of the finned duct with
the location of the static pressure taps along the test
section.

The present experimental work investigates the hydraulic performance of a finned heat sink. Pressure drops
are measured as a function of the flow rate. Experimental operating conditions are compared with the rated cha-
racteristic curves of the fan. Finally, a comparison between experimental and theoretical friction coefficients is
carried out for laminar, transition and turbulent flows.

2. Experimental Facility

The experimental apparatus is used to investigate the hydraulic performance of the finned duct. The apparatus
itself is designed to replicate as far as possible the flow characteristics of the industrial equipment, which com-
prises the duct with its finning, and the fans causing the flow of air. The complementary instrumentation is fitted
to facilitate the measurement of air pressure drop and flow rate. The tests are carried out under isothermal condi-
tion.

Firstly, the finned duct has the same geometry as in the original equipment. The transverse, frontal and longi-
tudinal sections of the duct are shown in Figure 1 and Figures 3-5, respectively. The characteristic dimensions
are: Wg 380 mm; W, 365 mm; W, 375 mm; Ws 5 mm; W, 7.5 mm; t 1 mm; g 3 mm; H 48.5 mm; H,, 2.4 mm; b
14.8 mm; L, 380 mm; Ly 400 mm. The number of fins, N, is 91. The finned duct is inserted into the four-plate
PMMA main channel of rectangular section. The channel is 650 mm long, 170 mm high and has a width of 380
mm.

Secondly, three fans in parallel are placed both in the inlet and outlet sections of the channel (Figure 4). The
inlet fans are active, but to permit flow measurement using a Venturi meter, the exit section fans are inactive. So
as to test an experimental range of mass flows for laminar, transition and turbulent regimes, five different sets of
inlet fans are used.

In order of increasing performance, the main characteristics of the fans are: Ebm-Papst 4184-NXH (max. air-
flow 0.067 m®/s, max. static pressure 160 Pa); NMB-MAT 4715 (0.085 m%s, 213 Pa); Sanyo-Denki San Ace
120SG (0.123 m®/s, 340 Pa); Sanyo-Denki San Ace 120CR (0.142 m®/s, 474 Pa); Ebm-Papst 4114 N/2H8P
(0.158 m%/s, 1251 Pa). To obtain different airflows, the fans are powered at different voltages with a DC power
supply Sorensen DCS 55-55. At the outlet the fans are Sanyo San Ace 120SG.
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Figure 4. Front view of the fan system.
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Figure 5. Schematic diagram of the test equipment.

An additional aspect of fan performance in practice is the uniform direction of rotation. As apparent in Figure
4, the left hand and central fans, and the central and right hand fans combine to give counter rotational swirl.
Because of lack of commercial availability of counter-rotating fans, it was not possible to investigate the effect
on performance of changing the direction of rotation of the central fan.

Finally, the apparatus is fitted with instrumentation for the measurement of flow and pressure. The Venturi
meter is positioned with its entrance coincident with the exit from the outlet central fan. The constrained geome-
try of the Venturi tube, while consistent with practice, is not strictly in accordance with the 1SO standard. Its
main dimensions are: upstream and downstream pipe diameter 110 mm; throat diameter and length 65.7 and 25
mm, respectively; entrance cone length 65 mm; cylindrical entrance length 160 mm.

Static pressures are measured with nine taps (& 1.5 mm) drilled through the top wall of the finned duct. Two
further pressure taps are sited in the inlet and outlet calming sections, immediately after and before the fans. The
axial position of each pressure tap along the finned channel (the origin of the coordinate system is assumed to be
at the inlet of the channel) is specified in Table 1. The inlet and outlet pressure taps are at =35 mm and 420 mm
from the origin, respectively. The static pressure holes are connected, through solenoid valves, to a mi-
cro-manometer Furness FCO 520. A data acquisition system HP34970A is used as a switching control unit.

The ambient temperature is measured by means of a type T thermocouple.

The hydraulic diameter is calculated as:

Dh — 4Aﬂuct (1)
pduct

where pgyt IS the perimeter of the section. Due to the large number of fins, the hydraulic diameter calculated by
means of Equation (1) is Dy, = 6.3 mm. The finned duct is made of aluminium and the roughness of its surface is
£=0.08 mm [7].

3. Model

3.1. Local Friction Factor

In laminar flow the local friction factor is calculated, both for fully developed and developing flow, following

Muzichka and Yovanovich [5]:
1/2

2
1.72
fx Reduct = [_j +(f Reduct )2 (2)

e
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Table 1. Axial position of the pressure taps.

Tap number 1 2 3 4 5) 6 7 8 9
Position (mm) 5 425 80 1225 1825 245 285 335 375

where f, is the local friction factor, f is the friction factor for fully developed flow and x* is the dimensionless

coordinate:
X
X'=— 3
Dh Reduct ( )
where x is the position along the duct.
The Reynolds number is given by:
Reduct Vduct Dh (4)
|4
where v is the kinematic viscosity.
The friction factor for fully developed flow is calculated taking as the reference a rectangular channel [3]:
f Rey,q = 24(1-1.35533+1.9467 8° —1.7012/8° +0.9564 3" —0.2537 5°) (5)
where the channel aspect ratio, 3, is calculated as:
g
= 6
p (2H+H,,) ©)
The theoretical Darcy friction coefficient for fully developed flow is given by:
4 =4f )
while for developing flow it is given by:
A =41, (8)
In turbulent flow the equation of Colebrook-White [8] for round pipes is used, where:
1
A= 9)

) 2log| €/Pn, 251 .
g 3.71 Reduct\/z

The resulting pressure drop represents the combined effect of the entrance and exit losses of the duct, develop-
ing region effects, the core frictional losses and the exit losses of the channel. Any other pressure drops due to
the geometry of the equipment have to be included.

The theoretical pressure drop is the sum of the following components:

3.2. Pressure Drop

A L V2
AP =p- 8| K + 1 —+K, |+pK/ - 10
P ( ) e] PR (10)
where Vgt and Vg, indicate the velocity inside the duct and inside the channel, respectively.

For laminar flow Muzichka and Yovanovich [5] have proposed the following relationship for the apparent

friction factor:
1/2

2
3.44 2
fapp Reduct = [[\/LTJ +(f Reduct) ] : (11)

The Darcy friction factor, 4, is then given by:

A=4f_ . (12)

app
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For turbulent flows Equation (9) is used.
The entrance and exit loss coefficients are calculated as proposed in [8]:
o for laminar flow

K, =0.8-0.40" (13)
K, =(1-0°)-0.40 (14)
o for turbulent and transition flow:
K, =04(1-07) (15)
K,=1-0" (16)

where ¢ is the ratio between the area of the duct, Ag.«, and the area of the channel, Agyp.
The exit loss coefficient, K, of the channel is calculated as a function of the passage area of the fans and of
the channel [9].

4. Methodology

In the present work, the hydraulic performance of the finned duct is studied in terms of pressure drop and fric-
tion coefficient for an air flow at ambient temperature. The fans cause a forced motion of the fluid. The finned
duct has been tested for a flow range provided by the five different sets of active fans.

Data acquisition starts after the attainment of a steady airflow; 15 s are sufficient for this aim. An example of
the time distribution of pressure drop in the Venturi meter is shown in Figure 6 to confirm the rapid attainment
of steady state conditions.

Each data acquisition consists of a substantial number of measurements: one temperature, twelve static pres-
sures and one differential pressure. Furthermore, for each pressure tap fifteen values of pressure are measured by
means of the micro-manometer and a statistical analysis of the readings is carried out. Each data acquisition
takes ten minutes.

For each data acquisition, the ambient temperature, the gauge static pressure (Ps) through the channel and the
differential pressure in the Venturi meter (AP,,) are measured. The on/off of the solenoid valves and the follow-
ing pressure readings are driven by software via a PC.

For flow measurement we use only one Venturi meter after the central fan. The pressure drop introduced by
this instrument, while not unappreciable, is small compared with that due to the inactive fans. For this reason,
the flow rate measured by means of the Venturi meter is multiplied by three to obtain the total airflow.

Not only so, but the experimental constraints meant that the Reynolds number range in the upstream fell be-
low, and the diameter of the cylindrical entrance were well above, the recommended 1SO values. We therefore
checked the experimental Venturi parameters with published data of Idelchick [9], enabling a reliable value of
the discharge coefficient to be established.

400
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Figure 6. Achievement of steady state: example of pressure drop
in the Venturi meter as a function of time.
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In the Venturi meter the mean velocity in the section upstream of the convergent duct is calculated from the
measured pressure difference (AP,):

(17)

where « is the discharge coefficient, A; is the inlet section area and A; is the throat section area.

The experimental pressure distribution is interpolated in order to obtain the pressure gradient along the duct.
These interpolations are performed taking into account the uncertainties both in the dependent and independent
variables [10].

The air flow rate and the pressure distribution in the channel allow the experimental values to be obtained of
the local Darcy friction factor. This parameter is calculated far from the inlet in order to reduce the effect of the

flow development:
z(jpj D,
= + . (18)
deuct

The uncertainty of the parameters is estimated at the 95% confidence level, following the simplified proce-
dure proposed by Moffat [11].

If values of fixed and random errors are available, the overall uncertainty assigned to the measured variable y
is given by:

exp

&, =[ (B +(20)] (19)

Otherwise, an overall uncertainty has been estimated on the basis of the manufacturers specifications.
The overall uncertainty assigned to the calculated parameter P is estimated using the root-sum-square propa-

gation rule:
N 2 ¥
o524 @

The relative uncertainty of the flow rate reaches 1% at maximum, whereas for the Reynolds number is lower
than 5%. The local Darcy friction factor is accurate to between +9% and £17%.

The high uncertainty of the local Darcy friction factor is mainly due to the uncertainty of the pressure gradient
and less to the velocity in the inlet section of Venturi meter.

5. Results and Discussion

Figure 7 shows the relative static pressure distributions inside the finned duct for a series of tests carried out
with one model of fan (Sanyo San Ace 120-9SG) supplied with a range of voltages. In Figure 7 the vertical
dotted lines indicate the position of the fans and the vertical solid lines the beginning and the end of the finned
duct.

The pressure drop in the channel increases for increasing flow rates. With the exception of the entrance, the
pressure decreases monotonically along the duct. In the entrance region a stronger pressure drop is evident, in
particular for the highest flow rates. As discussed by Webb [2], this behavior can be explained by the further de-
crease of static pressure due to the recirculation of the fluid close to the wall of the duct in the sudden contrac-
tion of the passage area (vena contracta).

A high flow rate also has a clear effect in the outlet section of the finned duct, where the static pressure is
lower than in the calming section. This is due to the recovery of static pressure linked to the decrease of fluid
velocity in the calming section. This adverse gradient of pressure does not seem enough to produce recirculation
near the outlet.

The pressure gauge in the calming section before the inlet of the finned duct, combined with the flow rate,
identify the operating conditions of a test. In Figure 8 are shown the overall operating conditions; in the same
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Figure 7. Pressure gauge distribution inside the finned duct.
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Figure 8. Operating points for different tests carried out on the
finned duct.

figure are reported the characteristic curves of the five different fans. There is agreement between the experi-
mental operating conditions and the rated characteristic curves.

In detail, the fans with the lowest performance show a good correlation between the experimental points of
work and the fan characteristic curve. The same happens for the most powerful fan. The accordance is lower for
the fan SanAce 120 SG; this is probably due to the fact that the working point falls in the instability region of
the curve and this makes the reading less reliable. Completely different is the situation for the fan SanAce 120
CR. This is a double fan of very high characteristics. However, the double impeller creates a jet of small diame-
ter (something like a torch) that is unable to diffuse and mix in the calming section at the inlet of the duct. In this
situation the static pressure measured at the wall of the calming section is not reliable.

Figure 9 compares experimental values of the Darcy friction coefficient as a function of the Reynolds number
with the theoretical values given by Equations (7)-(9).

For low Reg, the experimental data are in excellent accordance with theory for fully developed laminar flow.
For greater values of Reg,, the experimental friction coefficients again agree very well with those obtained with
the correlation modified for developing laminar flows, Equation (8). Finally, for high values of Reg, the expe-
rimental data are still in accordance with Equation (9). This very good agreement means that for this large and
complex finned duct (Figure 1) the hydraulic diameter is the right parameter to describe the flow behaviour. In
spite of the large overall dimension, the hydraulic diameter is closed to that of a rectangular channel 3 x 99.4
mm large, so in the repetition of a micro duct within a macro geometry, the finned duct retains the efficiency of
the fundamental repetitive geometry.

Based on the model described in Paragraph 3.2, we calculated the characteristic curve of the overall equip-
ment and compared it with the experimental results. The results are shown in Figure 10. The agreement is par-
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Figure 9. Comparison between theoretical and experimental fric-
tion coefficient.
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Figure 10. Comparison between theoretical and experimental fric-
tion coefficient.

ticularly good. In Figure 10 only four fans are shown because, as already discussed, the double fan SanAce 120
CR with its torch behaviour does not allow the flow to mix in the inlet calming section and the static pressures
measured at the wall of the PMMA channel do not correlate with the flow.

6. Concluding Remarks

An experimental investigation has been carried out of the fluid dynamics for a complex finned duct of industrial
significance under operating conditions. The experimental working conditions were consistent with the manu-
facturers’ characteristic curves. Useful information has been obtained on the pressure drop curve of the device.

The experimental data of the local friction coefficient show very good accordance with available correlations
for the Darcy friction factor.

The experimental working points agree very well with the theoretical curve of the pressure drop.

The hydraulic diameter is demonstrated to be the characteristic dimension appropriate for this complex geo-
metry to obtain the friction coefficient.
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