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ABSTRACT

The present work is performed to evaluate the heat transfer performance of a heat exchanger used in a fuel cell.
Because of material constraints and performance requirements, a louver fin heat exchanger is modified for use with
conventional micro-channel tubes and with multiple small-diameter tubes (a so-called multi-tube). Prototype heat
exchangers are tested, and the air-side heat transfer, pressure drop, and fan power are measured in a wind tunnel and
simulated using a commercial code. The air-side pressure drop and heat transfer coefficient of the multi-tubes show
similar trends to those of the flat-tube heat exchanger if the contact resistance is negligible. The tube spacing of the
prototype multi-tube heat exchangers has a small effect on the pressure drop and heat transfer, but it has a profound
effect on air-side heat transfer performance because of the contact resistance between the tubes and louver fins. The
air-side pressure drop agrees well with an empirical correlation for flat tubes.

1. INTRODUCTION

The direct methanol fuel cell (DMFC) is a proton-exchange fuel cell, in which methanol is used as the fuel. The
advantage of DMFC is to use of methanol, a reasonably stable liquid at environmental conditions. DMFC has
developed to portable or small mobile applications where energy and power density are more important than
efficiency. Recently, DMFC is finding broader application, because of their low-noise operation, mobility, and
nontoxic e. Fuel cells should be effectively cooled for efficiency, and normally exchangers are needed for the anode
and cathode sides. However methanol is not compatible with most metals, so the choice of metal is very limited. The
heat exchangers are operated by using a fan and motor, so effective cooling is very important in the total fuel cell
system.

The louver fin and tube heat exchanger is one of the best candidates this application because of their performance,
light weight, and low fan power. A large fraction of the total thermal resistance is on the air side of the louver fin
heat exchanger. The configurations of the louver and tube greatly affect performance, cost, productivity, weight, etc.
Much research has been conducted on the louver fin heat exchanger to improve heat transfer performance and
reduce pressure drop. Kays and London (1984), Davenport (1983), Achaichia and Cowell (1988), Sunden and
Svantesson (1992), Sahnoun and Webb (1992), Park and Jacobi (2009) and Kang and Jun (2011) presented
empirical data and suggested correlations for louver fins. Gupta (2010) reported on the air side drainage and heat
transfer performance of louver fin heat exchangers with drainage channels in their flat tubes.

International Refrigeration and Air Conditioning Conference at Purdue, July 16-19, 2012



2538, Page 2

The present study considers a multi-tube and louver fin heat exchanger modified from the conventional flat tube or
micro channel tube base heat exchanger. Experiments and numerical simulations were conducted for heat
exchangers having six kinds of multi-tubes and flat tubes to investigate their performance.

2. EXPERIMENTAL AND NUMERICAL METHODS

2.1 Tested Heat Exchangers

The tube shapes of louver fined heat exchangers are classified as flat tube and the micro-channel tube as shown in
Figure 1 (a) and (b). The present work considers a multi-tube louver fin heat exchanger as shown in Figure (c)—the
equally spaced circular tubes replace the flat tube. The merit of the geometry is that it gives more choices of tube
material and substitutive machining process instead of flat or micro channel. The performance of tube inside and
outside of multi-tube heat exchanger can be maintained as similar with the conventional louver fin tube heat
exchanger. Table 1 shows the multi-tube and flat tube geometries of the present work. The tubes are placed with
equal spacing along the air flow direction (x).The test parameters are the shape of tube (flat tube and multi-tube), fin
depth (F,;) (24.6 mm and 32.0 mm), and multi-tube pitch (p;) (2.48 mm (NT13), 3.30 mm (NT10), and 4.95 mm
(NT7)). The tube width of the flat tube was the same as the tube diameter of multi-tube to maintain the tube and
louver layout. The louver fin configuration such as fin pitch, louver pitch, louver angle and fin thickness were the
same in all cases. The tube and fin were made of stainless steel and copper, respectively, and the face area was 0.25
m by 0.25 m. Two prototype heat exchangers MT32NT10 and MT24NT11 were constructed for experiments and
four cases (FT32, MT32NT13, MT32NT10, MT32NT7) were simulated numerically.

Table 1: Dimensions of Louver Fin Heat Exchangers Tested in the Present Work (Unit in mm and degree)

Tube Shape - Flat Tube Multi-Tube
HEX ID Symbol| FT24 FT32 MT24NT11 | MT32NT13 | MT32NT10 | MT32NT7

Fin Depth F, 24.6 32.0 24.6 32.0 32.0 32.0

Fin Pitch F, 1.43 1.43 1.43 1.43 1.43 1.43
Fin Height H 7.50 7.50 7.50 7.50 7.50 7.50
Louver Pitch L, 1.30 1.30 1.30 1.30 1.30 1.30

Louver Angle 2] 30 30 30 30 30 30

Fin Thickness F, 0.05 0.05 0.05 0.05 0.05 0.05
Tube Pitch T, 9.1 10.0 9.1 10.0 10.0 10.0

Tube Depth T, 24.6 322 24.6 322 322 322

Number of Tube N, 1 1 11 13 10 7
Longitudinal Tube Pitch| £, - - 2.30 2.48 3.30 4.95
Tube Outside Diameter | D, - - 1.60 2.5 2.5 2.5
Performijllgteh]s(\;aluatlon Correlation CoréeFlla)tlon Expé:gglent CFD Expé:;lglent CFD

Fd = T 3
[ ] € ) (@/mmw ) &y @}EO) Q00
R yl !F y
L -
[ ] ((K D) (-] O0D0ODOObOO
; = ::5&:;‘{‘%::1
(a) Flat Tube (b) Micro-Channel Tube (c) Multi-Tube

Figure 1: Brazed Louver Fin Heat Exchangers Having Different Tube Patterns
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2.2 Numerical Method

The air-side pressure drop and heat transfer performance of louver fins were simulated by the commercial CFD code
CFX 13 (ANSYS) in the present work. Test geometries in the numerical simulation are as shown in Table 1 and
Figure 1. The calculation domain was two fins and free airflow regions of 10 and 30 times the hydraulic diameters at
the airflow inlet and outlet to simulate practical conditions. The air flow was assumed to be three dimensional,
laminar, and steady-state, without natural convection and conjugate heat conduction in the fin. The properties of air
and fin were assumed to be constant for air and copper at atmospheric pressure. A tetrahedral mesh (981,000-
1,641,000) was used after a mesh quality dependency test, and the surface mesh of the flat tube (FT32) and multi-
tube and louver fin (MT32NT10) shown in Figure 2. It is assumed that the fin and multi-tube are completely brazed,
and 1/4 of tube diameter of multi-tube are blocked by the brazing flux at the narrow gap of inter tube region. The
inlet air velocities were uniform at 1.0, 2.0 and 4.0 m/s, and the temperatures of the inlet air and fin bases were
constant at 20°C and 80°C respectively. The inlet and exit boundary conditions were applied at the inlet and exit, the
wall boundary conditions at the fin surface and flat tube, and periodic boundary conditions were applied at the two
mid planes of the fins. The convergence criteria were 3x10™ for the residual sum of the mass and 0.07% for the
energy balance.

(a) Flat-Tube Louver Fin (FT32) (b) Multi-Tube Louver Fin (MT32NT10)
Figure 2: Numerical Surface Grids in the Present Work

2.2 Experimental Method

The air-side performance of two prototype heat exchangers was measured using a wind tunnel and water bath. The
wind tunnel was a suction and open loop type. It consisted of a fan for air flow, an inlet heat exchanger to acquire
uniform and constant inlet temperature, a main test section and an exit chamber for measuring the air flow rate. The
frontal air velocity ranged from 1.3 to 4.2 m/s by controlling fan speed. The dimensions of the main test section
were 250 mm in width, 250 mm in height, 400 mm in length. Side walls of the heat exchanger were insulated with
20 mm of rubber form (4=0.041 W/m K) to minimize heat loss. In the exit chamber, a 150.0 mm diameter flow
nozzle was installed to measure the air flow rate. Four screens were installed to provide a flat velocity profile
upstream and downstream of the flow nozzle. The water bath fed constant temperature water to the prototype heat
exchangers. The water flow rate was 2.2 1/min and controlled by the constant flow rate pump. The air inlet state was
22+1°C at atmospheric pressure, and the water inlet was 49+1°C. The flow rate and air side pressure drop were
measured by pressure transducers (0.5 Pa). The inlet and exit temperatures of the air were measured by the 13 K-
type thermocouples (£0.1°C). The inlet and exit temperatures of water were measured using three wire RTDs
(£0.05°C). Each experiment was operated more than 2 hours to get steady state conditions, and the energy balance
between water and air sides was within 7.5%.

In a standard wind tunnel test, the total thermal resistance is made up of three resistances of water-side (tube-side),
tube wall and air-side (fin-side) as follows

L:LJ’_RW_FL (1)
UA hA n.hA,

In the above, UA is the overall heat conductance, and 4 is the heat transfer coefficient. The surface efficiency 7 ; is

expressed as
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77& = (Alube + UﬁnAﬁn )/Aa (2)
tanh(mH/2) 3)
fin =
mH /2

. / 2h 4)
kﬁnF;h

The 4 i and 4 denote the fin, tube and total surface areas for the air-side. The measured pressure drop,

tube®

AP, includes the entrance, acceleration and exit losses as follows, and the frictional pressure drop is found by

accounting for these effects:
AP =8P P 107 4 K)oy - il )P (107 ) ®

The K, and K, in the above equation were obtained from Kays and London (1984), and ¢ is the contraction ratio

which is the ratio of the minimum cross section to the frontal area. The friction factor f, the modified Colburn j-
factor and the Reynolds number are defined as

f 2 A, AP (6)
P, u,
2/3
_ P (7)
pl'tccp
L
Re,, =2 ®)
y7i

where u, is maximum velocity in the minimum free-flow area. The water side heat transfer coefficient is estimated

by the following equations.

Nu, =3.66, for Re, <2300 (€))
~ (f,/8)(Re,~1000)Pr,
1+12.7(f,/8)"(Pr,*~ 1)

Nu, = hD, (11)
k

t

, for Re, > 2300 (10)

t

The friction coefficient of water-side f, was obtained by Moody chart. Measurement errors at a frontal air velocity
of 1.7 m/s were: differential pressure of the nozzle flow meter was evaluated as £2.0%, pressure drop +0.5 Pa, and
air temperatures +0.1°C. Through standard propagation of error analysis, the error for Re " and f and j factors were

calculated as 1.8%, 2.3%, and 3.6%, respectively, at a 95% confidence level.
3. RESULTS AND DISCUSSION

3.1 Flow and Heat Transfer Characteristics

Figure 3 shows the streak lines of the air flow for the flat tube and louver fin (FT32) and the multi-tube (MT32NT7)
at a frontal velocity of 2 m/s. The air velocity was high across the louvers and low near the flat and multi-tubes. The
main stream showed V-shaped patterns in the x-y plane and weak zigzag lines in the x-z plane. The air velocity was
concentrated at the centers of the louvers at the inlet, and distributed width wise along the airflow direction. Vortices
were observed in the inter-tube region of the multi-tube heat exchanger. In the multi-tube heat exchanger, the
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velocity across the louvers was higher than for the flat-tube case, because the vortices pushed the main airflow into

the louver area.

Velocity - =

43

(a) Flat Tube FT32 (b) Multi-tube MT32NT7
Figure 3: Streak lines of Test Heat Exchangers at Frontal Velocity of 2 m/s

Figure 4 shows the isotherm contours of air in the middle plane and at the fin surfaces with the frontal air velocity of
2 m/s, for the flat tube (F32) and multi-tube (MT32NT10) heat exchangers. The air temperature was monotonically
increased while passing through each louver because of the high heat transfer coefficient. The fin temperature
changed about 10 K, being lowest at the center of the first louver. Cold spots were observed near the inter-tube
region of the multi-tube heat exchanger. However, they changed the fin efficiency little.

Temperature of Fin [C] Temperature of Fin [C]

Velocity720 731 742 754 765 776 787 799610 Velocity720 731 742 754 765
43

19.0 266 342 419 495 571 647 724 80.0

19.0 266 342 419 495 571 647 724 80.0

Temperature of Air [C] Temperature of Air [C]

(a) Flat Tube FT32 (b) Multi-tube MT32NT10
Figure 4: Isotherm Contours of Air in Middle Plane and at Fin Surfaces with Frontal Velocity of 2 m/s

Figure 5 shows the shear stress distribution on the fin and tube surfaces at the frontal air velocity of 2 m/s for the flat
tube (F32) and multi-tube (MT32NT10) heat exchangers. The shear stress for each louver was almost the same, and
that for the middle louver was relatively small. The shear stress on the non-louvered surface was smaller than that on
the louver surface. The shear stress on the louvers of the multi-tube was a little higher than on those of the flat-tube
because of the higher air velocity; however, it was near zero on the multi-tube surfaces.

Figure 6 shows the heat flux distribution on the fin and tube surfaces for the same cases as Figure 5. The heat flux
was highest at the inlet, decreased along the flow direction, and was relatively high in the center plane of the louvers,
because of the temperature difference between the fin surfaces and the air. Comparing the two heat exchangers, the
multi-tube one showed a higher heat flux at the airflow inlet, but a smaller one at the exit.

3.2 Air-Side Pressure Drop and Heat Transfer

Figures 7, 8, and 9 show comparisons of the air-side pressure drop, heat transfer coefficient, and f and j factors of
the present heat exchangers. The measured pressure drops of the prototype multi-tube heat exchangers MT32NT10
and MT24NT11 were 7% and 12% lower, respectively, than predictions from the correlation of Kang and Jun
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(2011). The measured and calculated f factors of the multi-tube and flat-tube were similar experimentally and
numerically, agreeing well with the correlations, as shown in Figure 9. The tube distance of the multi-tube affected
its pressure drop very little. The reason is that the air-side pressure drop depends on the louver fin much more than
on the tube. In the numerical results, the multi-tube MT32NT10 showed an 18% higher pressure drop than the flat
tube FT32.

Shear Stress [N m”-2] Shear Stress [N m*-2]

0.000 0075 0.150 0.225 0.300 0375 0450 0525 0.600 . 0.000 0075 0.150 0225 0.300 0375 0450 0.525 0.600 !

(a) Flat Tube FT32 (b) Multi-tube MT32NT10
Figure 5: Shear Stress Distribution on Fin and Tube Surfaces at Frontal Velocity of 2 m/s

Heat Flux [W m"-2] Heat Flux [W m"-2]

p— ¥ ?
-85 1613 3311 5009 6708 8406 10104 11802 13500 85 1613 3311 5009 6708 8406 10104 11802 13500

(a) Flat Tube FT32 (b) Multi-tube MT32NT10
Figure 6: Heat Flux Distribution on Fin and Tube Surfaces at Frontal Velocity of 2 m/s

The measured heat transfer coefficient of the prototype multi-tube heat exchangers MT32NT10 and MT24NT11
were 63% and 71% lower than the predictions of Kang and Jun, as shown in Figure 8. The reason may be because of
contact resistance between the louver fin and multi-tube: the multi-tube connects with the louver fin has shorter
contact line, while the flat tube has a better line of contact. The numerical results of the air-side heat transfer
coefficients of the flat-tube and multi-tube agreed with the correlations of Kang and Jun. In the present numerical
simulation, the fins were assumed to be well-brazed to the multi-tubes. The heat transfer coefficient of the multi-
tube was about 3% higher than that of the flat-tube. The effect of tube distance on the air-side heat transfer was
small in the present multi-tube heat exchangers. Therefore, the conductance between the fin and multi-tube and the
louver pattern are very important in the heat transfer performance of the multi-tube heat exchanger.

3.3 Fan Power Consumption

Figure 10 shows a comparison of the air-side specific heat transfer of the tested heat exchangers versus the specific
fan power. The specific heat transfer is defined as the heat transfer rate per air-side temperature difference and heat
exchanger volume ( 4 h /A,F, ); the specific fan power on the horizontal axis is the fan power per heat exchanger

volume (Wﬁm / A, F,=u,AP / F, ). The net fan power means the product of the air-side pressure loss and volume
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flow rate, and the actual fan power was estimated by the electric power consumption of the fan motor. The net and
actual fan powers are expressed by the solid and crossed circles and squares in Figure 10. The actual heat transfer
performance of the prototype heat exchangers was about 30% to 34% of the ideal air-side performance estimated by
the empirical correlations for flat-tube heat exchangers having the same louver fin layout at 4 AP / F,= 10 W/m’.

It is supposed that the main reason for the performance loss was the contact resistance between fins and tubes as
discussed in section 3.2. Comparing the numerical results (hollow symbols), a multi-tube heat exchanger showed a
10 to 15% better heat transfer coefficient than did a flat-tube one for the same fan power. In the comparison of the
net and real performances of the MT32NT10 and MT24NT11, the motor and fan shroud resulted in about a 5% loss

in transferred heat for the same fan power. At the same thermal duty of Ah / A,F,= 8x10* W/m3K, the small fin-
depth heat exchanger MT24NT11 needed about 30% of the fan power of the large fin-depth MT32NT10. Therefore,

the heat exchanger design layout and quality manufacturing processes including brazing are important in the louver
fin-type heat exchanger for the DMFC.

1000

Air-Side Pressure Drop (Pa)

Figure 7: Comparison of Air-side Pressure Drop
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Figure 8: Comparison of Air-side Heat Transfer
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5. CONCLUSIONS

In this study experiments and numerical simulations were performed on louver fin, multi-tube heat exchangers
modified from the conventional louver fin, flat-tube heat exchanger. Six tube geometries with the same louver fin
layout were investigated for the effects of the tube patterns on the air-side thermal and hydraulic performance. The
following conclusions are drawn from the results:
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The air-side pressure drop and heat transfer coefficient of the multi-tube models showed generally similar
trends to those of the flat-tube standard if the contact resistance was negligible. The tube space of the multi-
tube heat exchanger had little effect on the pressure drop or heat transfer.

The prototype multi-tube heat exchanger showed a large reduction of air-side heat transfer rate compared to
the predicted heat transfer rate, because of the contact resistance between the tubes and fins. However, the
air-side pressure drops of the multi-tube heat exchangers agreed reasonably well with the empirical
correlations for the flat-tube exchangers.

The louver fin, multi-tube heat exchanger delivered about a 10 to 15% higher heat transfer performance
than the flat-tube for the same fan power and heat exchanger volume. For the same heat exchanger volume,
a smaller fin depth is recommended to reduce the necessary fan power. Reduction of the contact resistance
between the louver fins and multi-tubes is one of the important parameters to enhance the heat transfer
performance.

NOMENCLATURE
air-side surface area of heat exchanger (m?) Greek Symbols
minimum flow area of heat exchanger (m?) n,  surface efficiency ®)
fin surface area of heat exchanger (m?) 7 fin efficiency )
frontal area of heat exchanger (m?) 2] louver angle (deg)
tube surface area of heat exchanger (m?) o contraction ratio )
specific heat capacity (J/kgK)
tube inside diameter (m)
tube outside diameter (m)
pressure drop coefficient of air-side )
friction coefficient of tube-side )
depth of fin along the flow direction (m)
fin pitch (m)
fin thickness (m)
fin height (m)
air-side heat transfer coefficient (W/m’K)
water-side heat transfer coefficient (W/m’K)
air-side Colburn j factor )
thermal conductivity of fin (W/mK)
thermal conductivity of water (W/mK)
louver pitch (m)
Number of tube )
Nusselt number of tube-side )
Prandt]l number of air )
Prandtl number of water )
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AP air-side pressure drop (Pa)

Re,, Reynolds number based on louver pitch )

Re, Reynolds number of tube-side )

T,  tube pitch )

T,  tubedepth )

AT, logarithmic mean temperature difference (K)

u,  frontal velocity (m/s)

u, maximum velocity on minimum section (m/s)

w i fan power (W)
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