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Abstract. This paper reports the results of a computational optimization study performed on a tube
bank heat exchanger that is immersed in a low velocity free stream. The stream in this work is
unconstrained such that the fluid flow that is intended to provide cooling or heating to the tube bank
may be diverted away from the heat exchanger by the presence of the tube bank itself — that is the
fluid may pass around the outside of the tube bank rather than through it due to pressure increases that
may occur at the entry region of the tube bank. In the low Reynolds humber flow regime it is shown
that this effect can be significant. Optimization is performed using finite element simulations of
incompressible flow through tube banks subject to a maximum volume constraint. Optimization
parameters include tube diameter, tube number and the geometric position of the tubes within the
specified volume. It is shown that geometric optimization in this regime leads to heat exchanger
geometries in which the positioning of the tubes in the entrance region results in increased flow
capture within the heat exchanger volume. Such geometric arrangements are shown to lead to
increases in heat transfer rates of 20% or more relative to traditional geometric arrangements.
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1. INTRODUCTION

This paper presents preliminary studies amed at determining the optimum geometry for a heat
exchanger such that it maximizes heat transfer to the surrounding fluid when subject to a volume constraint.
The new aspect of the current work relative to earlier studies is that in this work the heat exchanger is
assumed to occupy a space in which the fluid flow that bathes the heat exchanger is free to bypass the heat
exchanger as aresult of pressure increases caused by the presence of the heat exchanger itself.

Optimization of heat exchangers became of increased interest in the 1990's with the advent of high
performance computer chips that needed to be cooled within tight volume constraints. The demand for
increased cooling density has led to the exploration and development of many new cooling technologies such
as micro-heat sinks, heat pipes and micro-channel cooling [1], but an interest also developed in determining
the optimal geometries for classic heat exchanger designs.

Extensive studies aimed at the geometric optimization of shell and tube, plate and counterflow heat
exchangers have been undertaken in which up to seven different geometric design variables have been used
to optimize heat exchangers for minimum operating cost, minimum entropy generation, minimum exergy
destruction, minimum volumes and other criteria [2-16]. In all of these studies, however, the fluid in the
flow field is forced through the heat exchanger. Pressure drop in the fluid is often included either indirectly
as it affects operating costs or directly as a parameter, but the flow in these systems is not free to avoid the
heat exchanger entirely asinlet pressure increases.

The current study follows more closely a series of optimization studies that focused on optimizing the
geometry of single channels to maximize heat transfer for a specified pressure drop within each channel.
Numerous geometric parameters have been optimized in studies of this type including channel width, fin
shape (tube, plate, elliptical, etc.) and arrangement of fins within the channel [17-22]. Single channel
optimization is a valid surrogate for optimization of an entire heat exchanger when the width of the heat
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exchanger is sufficiently large that end effects can be neglected, but the heat exchangers in the current study
are specifically those for which this assumption isinvalid.

The studies that most closely resemble the present work are those by Bello-Ochende et al. [23] and
Bejan and Dan [24]. Both studies, like the current study, sought to maximize heat transfer given and 3-D
volumetric constraint and both allowed for the possibility of complex fin geometry. Both, however, aso
assumed uniform inlet pressure to drive the flow.

This paper presents results for numerical simulations of heat exchangers in low Reynolds number flow
that is free to bypass the heat exchanger as a result of the high pressure region that develops at the entrance
to the heat exchanger. The overall goal of this project is to find the geometric arrangement of fins that will
maximize heat transfer from a given volume. The current work demonstrates that significant increases in
heat transfer can be achieved by selective removal of circular pin fins from a standard heat exchanger
configuration.

2. NUMERICAL MODEL

This The heat exchanger examined in this study was a tube bank exchanger in crossflow with
equilateral triangular fin spacing asillustrated in Fig. 1. This type of heat exchanger was optimized based on
an assumption of uniform inlet pressure by Stanescu et al. [18] and the optimal spacing of the fins was
shown to be approximated by the expression:

(6/D)=2.2Pr (/L) ’ Re, V", 1)

where Sis the spacing between tubes asillustrated in Fig. 1, D is the tube diameter, L isthe depth of the tube
bank (Fig. 1), Pr isthe Prandtl number and Re; is the Reynolds number based on tube diameter.

The heat exchanger was initially modeled containing 18 tubes arranged in an equilateral triangular
pattern with S/D = 2. Thisresulted in aL value of 10D and an H value of 10.39 D.
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Fig. 1 —Tube bank heat exchanger and relevant dimensions.

The system was modeled as two-dimensional incompressible flow that was weakly coupled to the
energy equation. The tubes were considered to be isothermal at a temperature Ty and the inlet flow was
modeled as having uniform inlet velocity and temperature: Uy and T,. The equations were non-
dimensionalised based on U,, D and the temperature difference Ty—To such that the dimensionless variables
were x = x/D, y = y/D, Uy = WU, Uy = v/IUg, P = Pl(p Ug?) and 8= (T-To)/(T=To), where p is fluid density.
The governing equations, therefore, were:
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The main quantity of interest is the total heat flux per unit length of the heat exchanger in the z
direction: ¢'. The non-dimensional form of thisflux is:

SN S (5)
kPrATRe,
where k isthe thermal conductivity of the fluid and AT = (Ty—To).

Q was evaluated by integrating the product u6 along the flow outlet and results are reported in terms of
the ratio (R) of the calculated heat flux to the amount of heat flux that would occur if al the fluid that would
flow through the area occupied heat exchanger if the heat exchanger were not present, were heated to the
wall temperature Ty.

R-Q ()
Qidealized

The system was modeled for Rep = 10 and Pr = 1 because we expect the effect of interest to occur in
the low Reynolds number regime. The computational domain isillustrated in Fig. 2. The heat exchange and
flow fields are symmetric about the midline of the heat exchanger so only the upper half of the heat
exchanger was modeled. The dimensions of the entrance region (EL), exit region (EX) and region of flow
above the heat exchanger (OH) were al increased until a further doubling in their size resulted in less than a
1% change in the total heat flux. The values used in simulation were EL =50 D, OH =94.5D and EX =4 D.
The tubes are numbered in order to identify which tubes are removed during simulations. Boundary
conditions on the tube walls were no-dip, no penetration. The top boundary was free dip, no penetration.
There was uniform flow at the inlet u; = (1,0) and the outflow boundary was modeled with normal
derivatives equal to zero at the boundary. Pressure was set to zero at the outlet with derivatives normal to all

other surfaces and boundaries set to zero.
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Fig. 2 —The computational domain.

The system of equations 2—4 was solved using the OpenFoam finite element package. The simpleFoam
solver was used to find solutions for equations 2 and 3 and the scalarTransportFoam solver was used to solve
eg. 5 on a frozen flow field exported from the s mpleFoam solution. Convergence testing was performed by
decreasing the solver convergence criteria by afactor of 10 until such a decrease led to alessthan 1% changein
Q. Grid convergence was performed by doubling the number of elements in both the x and y direction
(increasing elements in the region by afactor of 4) until such doubling resulted in lessthan a 1% changein Q.

A uniform grid was used in all regions except for the y-direction in the OH region, in which a grading
ratio of 1:10 was used to put a finer mesh near the tube bank and a coarser mesh near the top of the domain.

3.RESULTS

This Simulations were run for a bank containing al 11 tubes as illustrated in Fig. 2 and then tubes were
diminated to seek configurationsthat increased R. In dl there are 2047 possible configurations that include at least
one tube out of the 11 possible in the tube bank under study. Work is underway to fully automate the optimization
so that al possible configurations of this type can be examined by brute force, but for this preliminary study results
were anayzed individually and trends were observed to identify the most productive configuration.
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Figure 3 shows the results for the velocity and temperature fields for the bank with al 11 tubes. As
anticipated the flow field mostly bypasses the tube bank with velocities over the top of the tube bank
reaching about 1.2 Uy while a large region of very low velocity flow develops within and behind the bank. A
corresponding large region of warm fluid develops around the interior and back tubes which, of course, leads
to relatively poor heat transfer in these regions.

Fig. 3—Velocity field (Ieft) and theta field (right) with all 11 tubes present. Velocity scale goes from O (blue) to 1.2 (red).
Theta goes from O (blue) to 1 (red).

The optimum configuration for this tube bank under these flow conditions is illustrated in figure 4. In
this configuration tubes O, 1, 4 and 5 have been removed. These results in more flow being forced into the
interior of the tube bank and therefore to higher flow velocities within the heat exchanger and a 33% increase
in total heat flux compared to the 11 tube configuration.

Removing tubes from the leading edge of the bank near the center of the tube bank provides the greatest
increase in heat flux —i.e. removal of tubes 0 and 4. Removal of tube 7, however, which is also located at the
leading edge of the tube bank, demonstrates that it is not smply a matter of decreasing the number of tubes that
is causing the increase in heat flux, but rather the creation of a geometrical arrangement that promotes flow into
the interior of the heat exchanger. The removal of tube 7, the top left most tube, results in a 20% decrease in
heat flux compared to the 11 tube configuration, because the removal of that tube creates a leading edge profile
that encourages the flow to bypass the heat exchanger and flow over the top of the tube bank.

Fig. 4 —Velocity field (Ieft) and theta field (right) for the optimum configuration
in which tubes 0,1,4 and 5 have been removed.

Continuing to remove tubes from the leading edge of the tube bank near the center continues to
increase the heat flux as more fluid enters the interior of the heat exchanger and fluid velocities near the
remaining tubes increase as illustrated in Fig. 4. However, continuing to remove tubes beyond the
configuration in Fig. 4 leads to a decrease in heat flux as shown by the last column in table 1 in which the
result from the best case for removal of an additional tube is shown.
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Table 1

R values for a selection of configurations

Removed tube #s R

None 0.358
0 0.390
4 0.424
7 0.287
0,1 0.432
45 0.460
014 0.465
0,1,4,5 0.477
0,1,2,4,5 0.387

4. CONCLUSIONS

This preliminary study has validated the concept that in the low Reynolds number regime the shape of
the heat exchanger can play a significant role in promoting or inhibiting the effectiveness of a heat exchanger.
The removal of 4 tubes from the top haf of a classic tube bank heat exchanger (or 6 tubes from the whole bank)
can lead to significant increase in the overall heat flux, but the selection of which tubes are removed is
critical. In general, as expected, removing tubes so as to direct the flow into the center of the heat exchanger
rather than around its outside leads to increased heat transfer. Future work will alow for variation in tube
diameter, allow the tube positions to become completely flexible within the tube bank and ultimately allow
the shape of the heat transfer surfaces to be optimized as well; although it may be expected that for low Reynolds
numbers the shape of the surfaces may be unimportant. Finally the study must establish the range of
Reynolds and Prandtl numbers for which these geometric considerations are of importance.
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