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HIGHLIGHTS

» We develop a method for designing an effective finned heat exchanger.

» This new design characterize by smaller dimensions of the heat exchanger.

» The tubes bend in a zigzag shape. Consequently, the fin block forms a zigzag shape.
» The new design leads to significant increase in the heat transfer.
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This paper presents a computational analysis of the heat transfer and pressure drop in a finned tube heat
exchanger. The main objectives are to develop a method for designing an effective finned heat exchanger
through changing the arrangement of the fins and tubes so that the tubes can be bent in a zigzag shape.
Thus, they present an angle of less than 90° to the vertical fins. Consequently, the fin block forms a zigzag
shape. The construction and the dimensions of the developed alternative heat exchanger are compre-
hensively presented. This new design is characterized by smaller dimensions of the heat exchanger and
allows an increase of the heat transfer on the surface of the fins. Furthermore, a slight increase in the fan
and pump power can result, which is very small compared with the recovered heat transfer. However, an
effective model is analyzed by means of the computational fluid dynamics (CFD), FLUENT code, which is
used to solve the equation for the heat transfer and pressure drop. The major results of the work show an
increase in the heat transfer value of 59.13% in comparison to the existing old model. This increase is also
accompanied by an increase in the ratio between the total power consumption and the amount of heat

transfer obtained of 3.84% compared to 0.8% in the old model.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction and problem description

Finned tube heat exchangers are widely used in thermal engi-
neering applications. Due to their fins, a large total heat transfer
area can be provided. In this case, many studies have been carried
out in order to enhance the convective heat transfer of finned tube
heat exchangers. Therefore, many investigations into heat transfer
performance characteristics of the finned tube exchangers have
been experimentally and numerically executed. Most of these focus
on the change of the geometrical parameters of tubes and fins and,
accordingly, their shape. For example, the diameter of the tubes,
their arrangement and forms have been investigated under various

* Corresponding author. Tel.: +49 3677 69 2414; fax: +49 3677 69 2411.
E-mail address: diala.karmo@tu-ilmenau.de (D. Karmo).
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conditions by Kaminski and GroR [1], Istvan [2] and Lu et al. [3]. The
effect of the number of tube rows on the efficiency of finned tube
heat exchangers has numerically been investigated by Kaminski [4].
He showed that increasing the number of tube rows causes
a decrease in the heat transfer coefficient and an increase in the
pressure drop. Remero-Mendez et al. [5] and Liu et al. [6] have
analyzed the effects of the fin pitch on the heat transfer and the
pressure drop. Kim et al. [7] have conducted experimental inves-
tigations into the effects of fin type and fin and tube alignment on
the heat transfer performance. They have shown that the heat
transfer performance can be improved by 20% by applying both the
staggered fin and tube alignments in comparison to the continuous
flat plate finned tube. Different tube arrangements with plain and
corrugated fins have been investigated by Abu Madi et al. [8] both
experimentally and numerically. They showed that corrugated fins
entail a better heat transfer and a higher friction factor due to their
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Nomenclature

Q heat transfer rate, W

T temperature, K

K thermal conductivity, W/m K

u velocity, m/s

G specific heat capacity, J/kg K

p density for an incompressible fluid, kg/m?>

u dynamic viscosity, kg/s m

1) conserved quantity per unit mass

S volumetric source term, with units of conserved
quantity per unit volume per unit time

I, kinematic diffusivity for the scalar
%4 volumetric flow rate, m>/s
m mass flow rate, kg/s

pressure drop and pressure, N/m?

P loss power associated with pressure drop, W
n the effectiveness of the fan or pump

0,8 inclined fin and tube angle

o angle of elbow of the tubes
A heat transfer surface area, m?
AT inlet and outlet temperature difference of the air, K

higher turbulence. Tsai and Jang [9] have investigated numerically
the fin and tube heat exchanger with louver fin. They have used the
louver angle of the fin as optimizer to achieve the maximum
performance of the heat exchanger. In addition, a literature survey
of publications which addressed different types of arrangements of
fins was presented in Ref. [10]. Furthermore, Ghiani [11] has
developed a flat tube heat exchanger for the use in motor vehicles.
The heat transfer increases due to the enlarged surfaces of the tubes
by bending the flat tubes in a zigzag shape. Pasha [12] has inves-
tigated the heat transfer and the pressure drop for a bank of
inclined flat tubes. The angle of inclination varied from 0° to 90°.
The heat transfer and pressure drop values were considerably
increased within the range from 20° to about 80° while both values
were slightly increased at the angles smaller than 20° and greater
than 80°. Sahin et al. [13] have investigated a commercial heat
exchanger with plain fins by performing a three-dimensional,
steady-state, laminar flow system numerically. Both the heat

Fins

( (? _______ é 1k

transfer and pressure drop values have been analyzed with inclined
fins at different angles (0°, 5°,10°,15°, 20°, 25° and 30°). It has been
shown that the inclination of the fins at different angles has
a substantial effect on the increase in heat transfer. Hence, an
increase in the inclination angles of the fins causes a decrease in the
distance between adjacent fins, which increases the flow velocity
on the cross-section areas between the fins. Furthermore, the
contact area between the fins and tubes is increased. In return, this
leads to an enhancement of the heat transfer values. Since the
increase in the fin angle causes a reduction of the dimensions of the
heat exchanger, an inclination angle of 30° was determined to be
optimal. Karmo and Ajib [14] have studied the influence exerted by
a change of the shape and inclination of the fins on heat transfer. It
has been shown that increasing both the area and the inclination of
the fins at the same time leads to the largest gain in the heat
transfer values. The more the fin angle is increased, the more the
heat transfer and also the pressure drop increase.

Because the fin inclination leads to a considerable improvement
in heat transfer without any additional investment costs, we will
concentrate on the two previous studies. Also, the disadvantages
must be investigated and eliminated as far as possible. To keep the
dimensions of the heat exchanger constant, the fin number must be
reduced by increasing the inclination of the fins. To better illustrate
this disadvantage, a graphical comparison between two arrays of
fins and tubes is illustrated in Fig. 1. It is assumed that the heat
exchanger consists of only one tube row as in Ref. [13]. Fig. 1b shows
that a part of the tube with mean length (j/2) at the two sides of the
tube cannot be covered with fins any more. This means that the
length of the uncovered tube part is (2. j/2). This value equals the fin
height H multiplied by sin 6°.

j=H-sing (1)

The more the fin angle increases, the longer the non-covered
tube part is, and, therefore, heat transfer is lower in the heat
exchanger. Assuming that the heat exchanger consists of more than
one tube row, this could mean that the inclination of fins is no
longer plausible because of the long non-covered tube part, which
depends on the length and on the inclination of the fins. In order to
enable an economical inclination of the fins in heat exchangers
with more tube rows, it is necessary to develop an approach for
providing a new arrangement of the fins and the tubes in heat

b . Inclined fins

Awall of the heat
exchanger housing

Fins

Fig. 1. Representation of the influence of the inclination angle of fins on their number; (a) fins and tube perpendicular to each other, (b) heat exchanger with inclined fins, (c)

representation of the tube part, which cannot be covered with fins.
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Fig. 2. Illustration of the model studied (all dimensions in mm); (a) front view of the cooling tower, (b) cutaway view of the tubes and fins, (c) dimensions of the analysis model, (d)

cutaway view of the analysis model.

exchangers. In this case, the advantages of the fin inclination in the
heat exchanger with one tube row must be kept, and the disad-
vantages mentioned above should be eliminated.

This study focuses on changing the overall arrangement by
inclining the tubes rather than the fins. The simulation data are
taken from the heat exchanger available in the laboratory of the
Institute of Thermodynamics and Fluid Mechanics at Ilmenau
University of Technology. The main objective is to develop
a method to make the heat exchanger more effective.

2. Description of the heat exchanger investigated and an
investigation plan

We will examine a heat exchanger in a dry cooling tower. This
cooling tower is connected with an absorption chiller and cools the
cooling water for the condenser and the absorber of the absorption
chiller. The heat exchanger consists of four rows of round tubes
made of copper which are covered with 750 corrugated parallel fins
made of aluminum (cf. Fig. 2b). These fins are arranged perpen-
dicular to the tube. The fins are corrugated at an angle of 154°. The
thickness of the fins is 0.14 and the space between them is 2 mm.
The outer tube diameter is 16.5 mm with a thickness of 0.75 mm.
Fig. 2a shows a photograph of the dry cooling tower profile in the
laboratory which was measured experimentally by Ajib and
Giinther [15]. They have investigated the influence of the velocities
and temperatures of the cooling water and air on the performance
of the cooling tower under different operating conditions. Fig. 2c
and d shows the studied model of one segment out of sixty, which
was selected because of the symmetry. In general, the model
studied consists of two adjacent fins, each of them having half the
thickness, and four row staggered tubes. Water flows into the tubes,
and air between the fins.

The above-mentioned heat exchanger is modeled and simu-
lated. The heat transfer and pressure drop values obtained from this

model are used as a reference for further comparisons. In order to
improve the existing system, two simulations series have been
carried out. The first series of simulations have investigated the
effects of the inclination of the fins on the heat transfer and pres-
sure drop values. The second series of simulations have tested the
heat transfer distribution on the fins and tubes surfaces. The results
obtained from these two simulations series have been analyzed,
evaluated and have led to a new arrangement of the fins and the
tubes. The next step is to describe the new design in general.
Different design alternatives can be achieved by varying the influ-
encing parameters. Finally, two alternative designs have been
described and analyzed by using the simulation. A comparison of
the simulation results with the reference model will be presented.

3. Numerical simulation method
3.1. The mathematical modeling and calculation procedure

The governing equations for three-dimensional continuity,
Navier—Stokes for momentum, energy, and scalar transport equa-

tions for steady-state flow can be written as follows (cf. [16]).
The continuity equation:

a%(p-ui) ~0 2)

The momentum equation:

0 o[ oy op
a—xi(P u;-u;j) *a—xl(ﬂa—xl) - a—x] (3)

The energy equation:

a 0 k au]
D = g (6 a) @
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General transport equation:

0

a 07ue0) = g [T 45, (5)

I
3.2. Boundary conditions

The boundary conditions used in the present study with refer-
ence to Fig. 3b were defined as follows:

e The air enters from the bottom surface between two fins
(y direction), at a constant velocity of 2 m/s and constant
temperature of 298 K.

e The air flows out at the top surface between two fins. So, the
outflow boundary condition is given to this surface.

e Symmetrical boundary conditions have been applied to the
outer, left and right sides of the model due to the symmetry.

« Wall boundary conditions were used for the inner sides of the
tubes, the lower and upper sides of the fins. The convection
coefficient between the water flowing inside the tube and the
inner wall are calculated according to Gnielinski correlation for
turbulent forced convection (cf. Ozisik [17], Kakac [18]).
Moreover, free stream temperature of the water was assumed
to be constant as 311 K.

e The Renormalization Group (RNG) technique with Standard
Wall Functions was adopted to simulate turbulence.

e A simplified incompressible flow is used while the compress-
ibility effects will be small due to the small air velocity with
a Mach number <1072 (cf. [19]).

e The physical properties of air and water are constant without
the presence of a sharp temperature gradient (cf. [19]).

Because of the complexity of the geometry, quadrilateral mesh
elements and an unstructured meshing scheme were applied near
the tubes in order to refine it, where the largest variation of the
thermal and fluid dynamic variables appears. The model drawn up
was created and meshed by using grid generation package of
FLUENT, GAMBIT. The grid is illustrated in Fig. 3a.

Tube: wall

Tube:
Symmetry

Inlet

T,

A

Toan= Tater = LK

3.3. Preliminary simulation investigations

A particular challenge in the design to be developed is not to
increase the outer dimensions of the heat exchanger. Therefore
some preliminary simulation investigations need to be carried out,
which help us to find a key to designing an effective heat exchanger.
These simulation investigations will be based on the examination
of heat transfer and pressure drop values at well-defined fin angles,
and also on an examination of the effectiveness of the fins.

3.3.1. Examination of the inclination of the fins

Increasing the inclination angle of the fin in the heat exchanger
having a single tube row can mean that the fins cannot cover the
tube any more. Since the finned tube heat exchanger is composed of
four row staggered tubes as shown in the study of Karmo and Ajib
[14], this problem was avoided by reducing the vertical distances
between the tube axes. While these distances can be reduced
according to the inclination of the fins, the tube axes pierce the fin
surfaces at the same positions — as before the inclination operation
(at § = 0°) (see Fig. 4b). Referring to Fig. 4b, these distances were
reduced by multiplying the original value (at # = 0°) with the cosine
of an inclination angle of the fin. This means, the vertical distance
between the tube axes has changed whereas the height of the fins
in between remains constant.

We examine the influence of the change in the inclination angle
(6 = 0°, 30°, 45° and 60°) on heat transfer and pressure drop in the
model described in Fig. 2. The simulation results are presented in
Table 1.

3.3.2. Examination of heat transfer on the fin sections

It is also known that the heat transfer driving temperature
gradient between the surfaces of the fin and fluid decreases
continuously with increasing the fin height due to good thermal
conductivity of the material of fins [20]. That means the heat
transfer values are reduced constantly with increasing the distance
from the entrance surface of the gas flowing into the heat
exchanger. Therefore we have divided the model described in
Fig. 2c and d into four fictitious parts to determine the heat transfer

Outlet

Symmetry

Symmetry

=298 K, I, =2m/s

Fig. 3. Illustration of mesh and boundary conditions; (a) mesh configuration, (b) boundary condition.
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Fin

543

Tube axis

Fig. 4. (a) Division of the investigated model in four parts and the fin piece in four sections. (b) Change of the distances between the tubes as a function of the change in the angle of

inclination.

values on the surface of each tube and in the surrounding area of
the fin accurately (see Fig. 4a). As an example, we examine the
distribution of the heat transfer values for two cases: § = 0° and
45°, It is to be considered that in the heat exchanger design tested,
the distance between the lower side of the fins and the tube in the
lower row (the side of the entry of air) is greater than the distance
between the upper side of the fin and the tube in the upper row,
where air comes out. For this reason, the fin piece will be divided
into four sections 1—4, with sections having a height of 34.75, 33, 33
and 31.75 mm, respectively. To illustrate that, the fictional part 1
consists of a fin section 1 and tubel, whereas the fin section 2 and
tube2 belong to fictional part 2, etc. The simulation results are
presented in Tables 2 and 3.

3.4. Discussion

The FLUENT was run for each case to obtain heat transfer on the
surface of the fins (Q;) and tubes (Q5). Table 1 shows the heat
transfer values for the inclination angles of the fin of § = 0°, 30°,
45°, 60°. Using the pressure drop value AP (N/m?), which is
determined numerically, we can calculate the loss power of the fan
by means of the following formula (cf. [21]):

Table 1
Comparison of the models at different inclination angles.

p = Ap-V/n;

We can derive the volumetric flow rate (V) from:

(6)

V = m/p.

However, the heat transfer values were normalized to compare
the results in all cases. The values of fan power losses were calcu-
lated and presented in Table 1. It can be seen that in comparison to
f = 0°, the heat transfer enhancement value for an inclination angle
of # = 60° was 0.133 W while the normalized value was 113.13%.
These results are in good agreement with previous work [13]. It
should be noted that the tested tubes have an elliptical shape
whereas in our study the tubes are round. However, if the fins are
inclined to the tubes, the contact area between the tubes and fins
forms an elliptical shape. The emergence of this ellipse contact is
considered an important cause for the increase in heat transfer,
because of the reduction of the backflow in the wake regions
behind the tubes [22]. It has been proven that the high temperature
in these regions for elliptical tubes is less than for round tubes.

The maximum loss power associated with the pressure drop per
segment at this inclined fin angle was about 0.053 W. The pressure
drop increases at a large inclination angle considerably.

Model (6) Heat transfer rate Heat transfer Normalized Loss power due to Increase in loss
(analysis model) enhancement in Q (%) pressure drop power in comparison
Q=0Q;+0, (W) comparison to § = 0° (W) P = AP-V/n (W) to § = 0° (W)

0° 1.013 0 100 0.0073 0

30° 1.045 0.032 103.16 0.0113 0.0004

45° 1.086 0.073 107.20 0.020 0.0127

60° 1.146 0.133 113.13 0.060 0.0527
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Table 2
Distribution of the heat transfer values in the model studied at an angle of § = 0°.

Heat transfer rate (W) on the surface of

Section 1 Section 2 Section 3 Section 4 Tube 1 Tube 2 Tube 3 Tube 4 Sum of the heat
transfer (W)

0.4231 0.2567 0.1731 0.1129 0.0188 0.0147 0.0079 0.0054 1.013

Percentage share of total heat transfer rate (%)

41.77 253 17.1 11.15 1.86 1.45 0.78 0.53 =100

Tables 2 and 3 show the detailed heat transfer values on the
sections of the fin and the tubes with inclined fin angles § = 0° and
45°, Looking at the heat transfer values on the four fictitious parts
(1, 2, 3, and 4) of the analysis model (see Fig. 4a), we see that the
heat transfer across the surfaces in the fictitious part 1 is the
highest compared with those in the fictitious parts 2, 3 and 4. The
sum of the percentages of the heat transfer values on the fin
sections (1, 2) and on the tubes (1, 2) is about 70% at a° = 0° and
about 74% at a° = 45°. It can be seen that in Table 3, in comparison
with Table 2, the enlargement of the fin inclination increases the
heat transfer ratio on the surfaces of those fins and tubes which are
closest to the air entrance, and simultaneously, reduces these ratios
on the other parts, particularly those which are closest to the air
exit. Fig. 5 shows the temperature distribution on the surfaces of
the fins by the inclination angle (6 = 0°, 30°, 45° and 60°).

4. Development of a model for designing an effective heat
exchanger

Depending on the above-mentioned results and facts, we try to
find an approach to increase the effective area of the fin surface
which is closest to the air entrance and simultaneously to reduce
the surface of the upper part of the fin. However, the material
consumption must not be increased.

Furthermore, the design of the developed model must take into
account the following:

e The number of the fins can be increased.

e The height of the fins must be reduced.

e The tube length can be reduced.

e The number of tube rows can be reduced.

e The angle between the fins and tubes must not be 90°.

e The dimensions of the heat exchanger remain constant or can
be reduced.

We will design a new model by taking the above-mentioned
restrictions into consideration. This can be realized when the
tubes are inclined and the fins remain vertically so that the tube
pieces are tilted at an angle (°). They form together several arcs or
elbows. Furthermore, tube axes pierce the surfaces of the fins at the
same positions as in the case with no inclination of fins or tubes
(see Fig. 6). Therefore, the tubs and also the heat exchanger form
a zigzag shape.

Table 3
Distribution of the heat transfer values on the studied model at an angle § = 45°.

Although this paper focuses only on simulation studies, we will
try to present a method of mounting fins and tubes below. Both
difficulties and facilitations can occur. In the following we will
present some of these. It is normal in the manufacturing process to
seek for the standard and easy methods that can be applied in the
mass production without any difficulty. We should think of such
a standard and easy to apply method for the tube-fin joints. Our
proposed methods are similar to [11]; soldering and/or pressing. As
shown in Fig. 6b, the inclination of the tube will change at different
sections from straight to curved tube. Depending on the tube
section and the place where the fin will be seated, the contact line
between the tubes and fins will change. In those sections where the
tubes are straight, the angle between the tube axis and the vertical
fin plate will always remain the same and, therefore, the contact
line between the tubes and the fins will keep the same elliptical
shape. It is easy to apply soldering methods in these sections. In the
curved sections the angle between the tube axis and the vertical fin
plate increases and decreases steadily, which corresponds to the
change of a contact line shape from elliptical to circular and vice
versa. In this series of changes the major of the ellipse will decrease
until the major and the minor in the tip of curved tubes become
equal and the contact line becomes circular. We are supposed to use
another manufacturing method for these sections. In order to
complete the design based on manufacturing, the model developed
has been provided with two types of fins (see Fig. 6¢c and d). The
difference between the fin types is not the fin dimensions but the
shape of the holes.

The fins described in Fig. 6¢c which are suitable for the tubes of
the straight sections can be mounted using the soldering tech-
niques. The fins presented in Fig. 6d are meant to be used in the
curve sections. They will be applied around the tubes and the slots
provided will help to facilitate the mounting of the tubes and fins
by the mechanical pressing of the slot against the tube surface.

The conversion into such a zigzag shape can lead to an increase
in the height of the heat exchanger and tube length. However, this
can be avoided by reducing the fin height, and at the same time, the
number of tube rows. Also, the facilitation by manufacturing occurs
in reducing the tube rows so that the number of windings outside
the heat exchanger tubes is significantly less in comparison to the
heat exchanger investigated.

In order to determine the required dimensions for the design of
the new model and then to perform a plausible comparison
between the new and the old models, we assume that tube length
and the dimensions of the heat exchanger remain constant in both

Heat transfer rate (W) on the surface of

Section 1 Section 2 Section 3 Section 4 Tube 1 Tube 2 Tube 3 Tube 4 Sum of the heat
transfer (W)

0.493 0.277 0.1714 0.1012 0.0195 0.0131 0.0063 0.004 1.086

Percentage share of total heat transfer rate (%)

454 255 15.8 9.3 1.8 1.21 0.58 0.37 = 100
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Fig. 5. Temperature distribution on the surfaces of the fins.

cases. By observing the assumptions made above, we will calculate
the other dimensions: angle °, lengths K, M and L (see Fig. 7). To
perform this calculation, some formulas will generally be
developed.

The height of the heat exchanger Y in the old model is

Y=A+B+nD+(n-1)-C (7)

where A: distance between the lower side of the fin and the lower
tube (towards air entrance), B: distance between the top side of the
fins and upper tube in the model, C: distance between two adjacent
staggered tubes, D: outer tube diameter n: number of tube rows in
the old model

The height of the heat exchanger Y; in the new model is
considered as:

Yy = A+B+ny-D+ (n; —1)-C+ (ng — 1)K, (8)

where: ni: number of the tube rows in the new model. K: height of
the isosceles triangle (fgh) (see Figs. 6b and 7)

According to the assumptions that the heat exchanger height in
both models is the same (Y = Y;) and the parameters A, B, C, D, n, n;
are known, we can calculate the length K:

K= @m-n) D+0C)/(n -1) (9)

In the isosceles triangle in Fig. 7, the following formulas can be
written:

sina® = M/(2L) (10)

tana® = M/(2K) (11)
From formulas (9) and (11), the length K is defined as:

K= mn-ny)-(D+0C)/(ny —1) = M/(2tan ") — (12)
Then:
M = (2tana®)-(n—nq)-(D+C)/(n; — 1) (13)

The length of each staggered tube is regarded as the length of
the tube part covered with fins (nearly equal to the length of the
heat exchanger), which can be divided into a number of cells (e).
Each cell defines the length M in the old model and the length (2L)
in the new model.

The length Z in the old model is calculated by:

Z =M-n-e (14)

In the model developed, Z; is considered as:

Zy = (2L)-nq-e (15)

Assuming that the length Z and e in the old and new model are
the same, we can write:

M-n-e = (2L)-ny-e—~L = n-M/(2-n;) (16)

By combining the above formulas (10) and (16), the following
relation results:
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sections of the tubes

L=nM/2n)=M/2-sina’)—sina’ = n/n (17)

According to these formulas, it is sufficient to know the number
of the tube rows in the old and the new model to calculate the
dimensions of any model with this new design. Since the number of
fins depends on the length Z, fin thickness t and the distance
between the fins, the determination of the maximum number of
the fins will be another challenge. By multiplying the number of

M2

A M i

<+ »

Fig. 7. The isosceles triangle shown in Fig. 6.

fins and the area of just one fin the surface area of the fins can be
calculated. In the following studies we will investigate the effects of
fin thickness on the number of fins and the amount of fin material
used. This will be done through neglecting the thickness of the fins
in one case and comparing the results with the real case.

Assuming that the distance between two adjacent fins can be
calculated by the formula (S - sin w°), in the special case w° = «a°, it
follows that this distance is:

S-sinw® = S-sina® = S-cos ° (18)

We can derive that a part of the heat exchanger with the length
(Z¢/) is not covered with fins, whereas the fin thickness is not
negligible. Taking into account the lengths Z and Z; are equal, this
length value is:

Z{ = Z; — [it-(S-cos §°) +i-t] = Z —ir-(S-cos 8° +t)  (19)

If in an area of the heat exchanger defined by the length Z,
(ir-fins number) is arranged, the number of fins (i¢’) in the field with
the length (Z/) would be defined so that:

ir=(Z; — S)/(t + S); ir = 750: The number of fins in the old model

i = (Z{ —S-cos 53>/(t+5~cos 50) (20)
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i¢’: is the possible increased number of fins, if Z remains the same as
in the old model, and the distance between two adjacent fins is
S - cos f5°.

Therefore the total number of fins & in the new model is
obtained:

i =i +i, = (Z—S-cosB°)/(t+S-cos ") (21)

We assume that every fin piece is divided into equal sections. On
the one hand, the reduction of the fin height depends on the value
of the angle §° (cos 8° = nq/n) so that the reduced fin areas P for i
fins number are:

Pr=i-X-Y(1—ny/n) = (Z—S)/(t+S5)-X-Y-(1—cosB”) (22)

On the other hand, the possible increased fin areas (P¢') for i/-

fins number are:
P, =i,-X-Y(ny/n) = (Zé*S'COSﬂC>/(t+S'COSﬁD> XY (cosp")
(23)

Using formulas (22) and (23) the material consumption of the
fins can be calculated. Then we can compare the results of the new
with those of the old model.

Furthermore, in an extreme case we assume that the fin thick-
ness is so small that it can be neglected. Hence, the length Z;_o can
be calculated by the formula:

le—0 = Zt—0/S;
ir_g = ir = 750fins, Z;_g = i;_g - S = 750 - 2 = 1500 mm
(24)

Due to the reduction of the distances between the fins results
a tube section uncovered with length Z;_¢':

Z,_g = Zt—o—Zt—9-cosB° = Z_g-(1 —cos §°) (25)
So the number of fins in the new models becomes:

ii_g = Zt—o(1—cos $”)/S-cos §° = i;_o(1 —cos ") /cos B°

Accordingly, formulas (21)—(23) can be expressed as:

ii_g = dt—o +it_g = it—o(1/cos 8°) (26)
Pi_g = ir—o-X-Y(1 —ny/n) = ir_o-X-Y(1 —cos §°) (27)
o = Ti_o-X-Y(ny/n) = ir—o(1 —cosB")/cos B°-X-Y(ny/n)

= l(tZO)XY(l — Cos 60) (28)

From the two formulas (27) and (28), Pr—o = P—¢’ follows. This
means, if the dimensions X, Yand Z in the old and the new models
are the same, the material consumption due to the possible
increase in the number of fins will not be higher. That also means
that by non-negligible fin thicknesses the number of fins and also
the material consumption reduces. The saving in material
consumption of fins can be calculated by the formula:

Sr = (o — 1) /it~ 100% (29)

5. Numerical investigation of the model developed
5.1. Organization of the simulation investigations

To verify the formulas set up, two cases for designing two
models with different numbers of tube rows will be tested. For this,

the same boundary conditions as in the previously studied cases
will be used.

To simplify the investigations, just the segment that is located
on the straight section of the tube is examined. The one on the
curved section will remain unattended. It is expected to get a little
smaller heat transfer value on the curved section than on the
straight section. This is due to the decrease in the contact area
between fins and tubes while this contact area changes its shape
from elliptical at straight sections to round shape at the top of the
curvature. However, the curved section is much smaller than the
straight one and in this work it will not be investigated.

It should be noted that the air direction remains perpendicular
to entry surfaces. The obtained heat transfer and loss power values
for two cases are compared with each other as well as with those in
the old model, which consists of four tube rows without inclination
of the tubes or fins. The following tests will analyze the cases of
ni=3and ny; = 2.

5.1.1. Test case 1

The number of tube rows is reduced from 4 to 3 in the new
model. Based on the formula developed (17), we can calculate the
angle of elbow of the tubes 2a° = 97.18°, which leads to the fact that
the tubes are bent at an angle of ° = 41.41°. Therefore, the height of
the fins is reduced. The new fin height is:

H =A+B+3D+2C=132.5-cos41.41° = 99.374 mm.

The total fin number in the new model can be calculated by
using formula (21):

i1 = 979 fins

According to formula (29) we can calculate the savings in fin
material directly:

Sf1 = (1000 —979)/1000-100=2.1%

5.1.2. Test case 2

In this test case, the height of the fins is reduced by removing
their two upper parts through reducing the number of tube rows
from 4 to 2. According to formula (17), we can calculate the angles
2a° = (° = 60°. In this case, the fin height is reduced by half
H = 66.25 mm. As the number of fins depends on the inclined tube
angle, their number can be increased to:

i2 = 1409 fins

In this case, the savings in fin material can be calculated by using
the formula (29):

Sr2 = (1500 — 1409)/1500-100= 6%

5.2. Results and discussion

Assuming that the length of the tubes is constant in both test
cases, the cell number along the tubes is calculated by using
formulas (14) and (15). Taking into consideration the angle of
curvature of the tube we can calculate the number of elbows. We
note that the tubes at both sides of the model are bent at another
angle (180° — (°). For instance, when the angle (° is 41.41°, the heat
exchanger consists of 28 elbows with angle 2a° = 97.18° and 6
elbows with angle 138.59° at the sides of the heat exchanger (two
side elbows per tube row).

As mentioned above, the air entrance area in both models is not
changed. The distance S will be kept constant but the new distance
between two fins decreases to (S « sin w° = S « cos (°). Table 4
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Table 4
The main calculated data for designing a new model in two cases compared with the data of the old model.
model 6° 2a° n ny K L M e Length of the Number/Angle Number
four tubes® of elbows of fins
0ld model 0 0 4 4 — — — — 6428 — 750
Test case 1 41.41 97.18 4 3 24.75 3742 56.12 29 6428 28/(97.18°) 979
6/(138.59°)
Test case 2 60 60 4 2 98.99 114.32 114.32 14 6428 13/(60°) 1409
4/(120°)

2 A tube length is almost equal to the heat exchanger length or the sum of fin thicknesses and the distances between them. This value (6428 mm) was calculated for four

staggered tubes.

shows all the dimensions required for designing the new model in
both cases and, in addition, the data for calculating the pressure
drop in the tubes.

Simulations are carried out in both cases to get the heat transfer
values on the fins and tube surfaces, and the pressure loss in each
case is calculated which determines the required fan power.

The pressure loss within the tubes increases because of the
friction losses in the tube walls and, in addition, losses occur
through the deflection of the tubes and may be expressed as:

Ap = Apy +Ap; (30)

Here, Apy, Apy are the pressure drop through the tube wall and
the pressure drop through the elbows, respectively. They are given
by (cf. [23]):

Apy = {-L/di-p-u? )2 (31)

Apy = (yop-u?)2 (32)

where: {;: pressure loss coefficient through friction in the tube wall
{o: pressure loss coefficient of the elbows p, u: density and velocity,
resp., along the flow path L: total length of the tube d;: internal
diameter of the tube

In general, the pressure loss coefficient {; depends on the Rey-
nolds number Re; of the fluid flow inside the tubes, which can be
given within the range from Re; =2 - 10* to Re; =2 - 10° by the
simple formula (cf. [23]):

¢y = 0.00540 + 0.3964/Re?3 (33)

According to the elbow angle and Reynolds number, the pres-
sure loss coefficient {; can be calculated approximately using Fig. 8
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r/d;

Fig. 8. Pressure loss coefficient ¢, of the elbows with Re; > 10° from Ref. [23].

(The figure is taken from Ref. [23]). The heat transfer values and the
calculated loss power are presented in Table 5. Furthermore, the
heat transfer and the loss power values of the old model are
provided for the purpose of comparison with the values obtained
for two cases with the new model. Fig. 9 shows the temperature
distribution on the surfaces of the fins in the first and second test
cases.

Considering Table 5, we see that, in comparison to the old
model, the heat transfer increased considerably by 28.20% in the
first test case and by 59.13% in the second test case.

Q=VpeAT; V=uA (34)

According to the equation (34) (cf. [20]) a significant augmen-
tation of the heat transfer returns on the one hand to increasing the
velocity of the air between the two adjacent fins. This is the result of
decreasing the distances between two adjacent fins since the
volumetric (V) flow rate along the heat exchanger should remain
constant. On the other hand, the angle between the fins and tubes
which will result in an elliptical shape of the contact line will
reduce the wake region behind the tubes. Furthermore, the
turbulence in the developed design is increased due to the change
in the direction of air flow between the fins. These will in turn
increase the amount of heat transfer.

In order to keep the volume flow between the fins constant, the
fan power was increased by enhancing the number of fins and the
decrease of the distances between adjacent fins from 5.48 W in the
old model to 17.23 W in test case 1 and to 45 W in test case 2. In case
2, the required fan power is greater than in case 1 because of
a larger number of fins in case 2 and, thus, the cross-sections
between the fins are smaller. Conversely, the pressure loss in the
tubes' increased more in case 1 than in case 2, which is due to the
fact that, in case 1, the number of elbows is higher than in case 2.
The normalized values of the total power consumption were
increased to 277% of 6.79 W in the first case and to 685% in the
second case. The increase in the heat transfer amounted to 128% of
759.7 W in the first case and t0159.13%, which equals an increase of
214.25 W and 449.25 W in the two cases, respectively. To underline
the efficiency of the new model and to compare these two cases
with the old model more precisely we calculated the ratio between
the total power consumption (Qgn) and the amount of heat
transfer obtained (Q). This ratio was increased from 0.8% in the old
model to 1.93% in the case 1 and to 3.84% in the case 2 as illustrated
in Table 5.

The amount of fin materials used for the construction of the heat
exchanger can be reduced by reducing the fin height. Furthermore,
the modification of the contact line between the tubes and the fins
from a round into an elliptical shape leads to an enlargement of the
contact surface between the fins and the tubes. This elliptical

1 These calculated values are carried out without considering the tube sections,
which are outside of the heat exchanger.
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Table 5
Comparison of the new models with the old model.
Model Heat t}'ansfer rate Heat transfer Normalized Loss power due Loss power due to Total power Normalized Qcon/Q (%)
Q=0Q1+Q;(W) enhancement Q (%) to pressure pressure drop qonsumption Qcon (%)
(W) drop (Fan) (W) (water pump) Qcon (W)
(Apy +Ap)-V/n
(W)
Old model 1.013 - 750 = 759.75 0 100 0.0073 - 750 = 5.48 1.31 6.79 100 0.8
Test case 1 0.995 - 979 = 974 214.25 128.20 0.0176 - 979 = 17.23 1.60 18.83 277 1.93
Test case 2 0.858 - 1409 = 1209 449.25 159.13 0.032 - 1409 = 45 1.48 46.48 685 3.84
. 3.099e402 ? . 3093402 ?
30882402 3082402
30772402 30722402
30672402 3.062e402
3056402 \ 3052402
30452402 30412402
3.034e402 30312402
30232402 B =41.41° 30216402 B =60°
30122402 | 3011402
30022402 30002402 B
2991e402 L Air flow 2:990e402 “ZLX Air flow
P direction 3 3estp direction
Contours of Static Temperature (k) Apr 16, 2012 Contours of Static Temperature (k) Apr 16,2012

ANSYS FLUENT 13.0 (3d, dp, pbns, ngke)

ANSYS FLUENT 13.0 (3d, dp, pbns, rgke)

Fig. 9. Temperature distribution on the surfaces of the fins in new models.

contact line reduces the required amount of fin material. To
compare the consumption of material between the old and the new
model, we carry out the following calculation. First, we consider the
heat transfer in the same segment investigated in the old and in the
new models. Then, we multiply this value by a number of fins
which will ensure a heat transfer of 759.75 W. This value is the
maximum achievable heat transfer of the considered segments in
the old model (see Table 5). The potential savings of fins and tube
material consumption and of the areas required are shown in
Table 6.

Analogous to formula (29), the saving in fin material can be
calculated by using the following formula:

Sp = (i5_g — ireq) /i5_o100% (35)

Since the fin thickness and the distance between the adjacent
fins are constant, and the tubes form symmetrical cells as well, the
saving in material consumption of the tubes and the saving in the

required area for the heat exchanger can be calculated depending
on the number of fins (i, ireq) by means of the formula:

S = (& — ireq) /i5-100% (36)

As it can be seen in Table 6 the realization of the same amount of
heat transfer of the old model in the new models, results in saving
in the material consumption of the fins and tubes and therefore the
required area for the heat exchanger.

The amount of fins material saving in the first case is 23.96%, and
it amounts to 40.90% in the second case. As a result, the saving in
tubes material and in the required area for the heat exchanger is
21.96% in the first case, because one of the tube rows is removed,
and 37.12% in the second case due to the removal of two tube rows.
Moreover, there is some material saving due to the reduction in the
number of tube windings outside the heat exchanger which is in
turn due to the reduction in the number of the tube rows. We did
not calculate the exact amount of this saving, so it is not included in
these numbers. Furthermore, the required water pump power in

Table 6
Comparison of the material consumption between the old and the new models at constant heat transfer rate.
Model Heat transfer Required Saving in material Loss power due Loss power Total power Normalized Qeon/Q (%)
rate Q = Q; +Q, number consumption of to pressure drop due to pressure consumption Qcon (%)
(W) of fins ireq fins Sg/tubes, and in (fan) (W) drop (water Qeon (W)
required area for pump) (W)
the heat exchanger
S (%)
Old model 759.75 750 0.0 0.0073 - 750 = 5.48 1.31 6.79 100 0.8
Test case 1 759.75 764 23.96/21.96 0.0176 - 764 = 1345 1.28 14.73 216.94 1.9
Test case 2 759.75 886 40.90/37.12 0.032 - 886 = 28.35 0.94 29.29 431.37 3.9
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the new models was decreased by decreasing the overall tube
length. The ratio (Qcon/Q) is 1.9% in test case 1 and 3.9% in test case
2.

However, the investigations carried out did not aim to find the
optimal solution but to describe a method for designing an effective
heat exchanger by the reconfiguration of a zigzag shape and to
illustrate the benefits of this new design too, whereas we can carry
out various options to develop the model. For example, the effect of
changing the parameters of «°, w°, K, M, L, Z or Y can be investigated.

One may think that the proposed design is difficult to manu-
facture, however, it offers some good advantages such as: an
increase in the efficiency and a decrease in the number of tube rows
as well as the number of tube windings outside the heat exchanger
(to form a tube coil), thus leading to a decrease in material
consumption and space required. Therefore, investments in this
design would be worth.

6. Summary and conclusions

A new method has been developed for designing effective heat
exchangers. The new models were analyzed by simulation with the
aim to determine the resulting heat transfer and pressure drop in
order to illustrate the advantages and disadvantages of the new
design. Two design alternatives were examined in detail. In the first
case, the number of tube rows was reduced from 4 to 3 and the fin
height by 25%. In the second case, the number of tube rows was
reduced from 4 to 2 and the fin height by 50%.

Due to the decrease of the fin heights, the number of fins in the
respective model could be increased. Furthermore, more alterna-
tives were presented to optimize the models investigated. The
simulation results were analyzed and presented comprehensively.
The conclusions can be summarized as follows:

e The new arrangement of the fins and the tubes in the model
developed was implemented without increasing the material
consumption.

o New formulas were developed for designing an effective heat
exchanger.

¢ A significant increase in heat transfer was achieved due to the
increase of the effective areas of the fins.

o Furthermore, the increase in heat transfer resulted mainly from

the elliptical contact between fins and tubes, an increase in air

velocity and turbulence.

An increase in the fan power was realized to ensure the same

volume flows between the added fins, and to compensate the

increase in the pressure drop.

o For the first case, the overall heat transfer improvement ach-
ieved, determined in a segment of sixty to 979 fins, and the
normalized value were 214.25 W and 128.20%, resp. The total
power consumption was 18.83 W and it equates 1.9% from the
heat transfer gained.

e For the second case, the overall heat transfer improvement
achieved, determined in a segment of sixty to 1409 fins, and the
normalized value were 449.25 W and 159.13%, resp. The total
power consumption was 46.48 W and it equates 3.9% from the
gained heat transfer.

e Very low increase in the pump power because of the arc or

elbow pieces. The required pump power was 1.60 in the first

case and 1.48 W in the second one. Designing heat exchangers
by means of the method presented can reduce their dimen-
sions significantly without reducing heat transfer.

The increase of total power consumption was small in the new

model in both cases compared with the heat transfer gained.

Designing a heat exchanger by means of the method proposed,

in order to achieve the same heat transfer as in the existing

type can reduce their dimensions significantly. The saving in
material consumption of the fins reaches 23.69% and 40.93% in
the first and second case, resp. The saving in material
consumption for tubes and the required area for the heat
exchanger reaches 21.96% and 37.12%, in the first and second
case, resp.
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