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Abstract

The design of tube bundle arrangements strongly influences the thermal performance and pressure drop in compact heat exchangers, especially

in low-Reynolds number applications where efficiency is critical. In this study, numerical analysis of the effect of unconventional tube bundle
arrangements on heat transfer and flow characteristics was conducted, and their performance was compared with that of a conventional ar-
rangement. Three different tube arrangements: diamond (9 tubes), staggered (13 tubes), and serpentine/sinusoidal (15 tubes) are considered
for 1026< Re <10268. Two-dimensional, steady, incompressible, thermally coupled flow analysis is performed using the commercial CFD
tool ANSYS Fluent. Turbulence is modelled using the SST k-w turbulence model. The streamline pattern over tube bundle arrangement reveals
that the flow structure in the vicinity of the tubes is altered by the tube arrangement and the flow velocity. The diamond-shaped configuration
incorporates a tubular arrangement that diverts the incoming flow while maintaining a low pressure drop. Staggered and serpentine tube
arrangements force air to flow through the passages created by arranging the tubes in the bundle. Higher turbulent kinetic energy (TKE) and a
higher number of tubes in these arrangements enhance heat transfer, at the cost of increased pressure drop. Over the range of Reynolds numbers
considered, the serpentine arrangement exhibits an approximately 3% higher average Nusselt number Nu.y, (than the other two arrangements.
The serpentine arrangement has three tubes in each row. In a serpentine arrangement, higher turbulent kinetic energy (TKE) and greater heat
transfer area facilitate increased heat transfer (Q) . Atlow Re =1026, the serpentine arrangement provides a 39% higher heat transfer rate for the
same pressure drop compared to the staggered arrangement, whereas the diamond arrangement yields 14% lower heat transfer rate. At higher Re,
the performance of the serpentine arrangement is offset by a larger pressure drop, and the diamond arrangement is superior. The performance
parameter, Pi, (ratio of Q and the pumping power) for the serpentine tube arrangement is high at low Re and comparable at higher Re whereas
for the diamond layout, Pi remains almost constant throughout the range of Re. The serpentine arrangement outperforms other configurations
in achieving a higher heat transfer rate and an optimal pressure drop. The novelty of this work lies in investigating the biomimetic serpentine
(sinusoidal) and diamond-shaped tube arrangements, which are relatively unexplored compared to conventional inline or staggered tube banks.
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1. Introduction

Flow over the heated surfaces of a tube/fin bank in a heat
exchanger is a primary area of study in heat transfer. Maxi-
mum heat transfer, and low-pressure drop are the two main
objectives of heat transfer studies. These two objectives are
inherently paradoxical. Enhancement of heat transfer can be
achieved by increasing the number of tube/fin rows, choosing
a staggered rather than an inline tube arrangement, and in-
creasing the approach velocity of the fluid. To minimize pres-

sure-drop in tube/fin bundles, tubes should be arranged such
that they offer the least resistance to fluid flow. The optimal
heat transfer and low-pressure drop characteristics of tube/fin
bundle arrangement are of prime importance in thermal engi-
neering because of their wide applications in heat exchangers,
compact coolers, and energy exchange systems.

Numerous researchers have explored various aspects, includ-
ing flow regimes, tube shapes, flow oscillations, turbulence and
material properties to investigate the thermal and flow charac-
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teristics of fluids exchanging heat with impermeable surfaces. These
provide a vital understanding of the impact of flow, fluid, and geo-
metrical parameters on the thermal and hydraulic performance of
heat-exchanging systems. Low-Reynolds number applications have
attracted attention because of their relevance to compact heat ex-
changers.

Studies by Yang et al. [1] and Nuntaphan et al. [2] elucidate the ther-
mal performance and flow dynamics under these conditions, em-
phasizing the importance of geometric optimization for maximiz-
ing efficiency. Sahiti et al. [3] performed a comparative analysis of
in-duct flow arrays with various pin cross-sections, highlighting the
trade-offs between heat transfer enhancement and pressure drop.
Six pin cross-sections were numerically investigated to identify the
optimal fin shape that maximizes heat transfer while minimizing
pressure drop. The analysis indicated that an elliptical section pro-
vides optimal performance under the same conditions. Liu et al. [4]
and Zhou and Catton [5] extended this by numerically and exper-
imentally investigating pin-fins with diverse cross-section shapes,
including rectangular, elliptical, and circular designs. They also con-
firm the optimal performance of the elliptical shape compared with
other shapes. Inducing flow oscillations in the approaching fluid is
one way to increase heat transfer from tube surfaces. Jeng et al. [6]
explored oscillating fluid flows through pin-fin arrays, emphasizing
the role of oscillations in enhancing thermal performance. Flow
oscillation enhances heat transfer performance under specific flow
bypass conditions. Solomon and Gollub [7] investigated the ther-
mal boundary layers in turbulent convection, revealing how recir-
culating flows contribute to higher heat flux transfer. They reported
that turbulent convection is affected by large-scale flows near and
within the boundary layers. Pottebaum and Gharib [8] investigated
the effect of oscillatory flows around heated circular cylinders. Heat
transfer enhancement was found to be strongly dependent on syn-
chronization with harmonics of the natural shedding frequency, the
cylinder wake mode, and the cylinder transverse velocity.

Staggered and inline tube/fin arrangements alter the flow regime in
the vicinity of tube/fin surfaces. This change in flow regime affects
flow and heat transfer characteristics. Staggered and inline config-
urations have been studied by many researchers for their impact
on flow behaviour and thermal efficiency. Maji et al. [9] conducted
numerical investigations on staggered and inline perforated pin-fin
arrangements. Staggered layouts exhibit superior due to enhanced
turbulence near heat transfer surfaces. Pati et al. [10] further con-
firm these findings. Reduced thermal resistance in staggered arrays
at low-Reynolds numbers was observed. Material properties also
play a crucial role in determining heat transfer characteristics. Peng
etal. [11] analysed heat transfer and pressure drop characteristics of
flat finned tube bundles with various fin materials. Thermal conduc-
tivity and material-specific properties significantly affect heat trans-
fer characteristics. A hybrid approach that combines experimental
and computational studies is advantageous for in-depth analysis
of a limited number of cases. Adhikari et al. [12] reported an ex-
perimental and numerical study of forced convection heat transfer

from rectangular fins at low-Reynolds numbers. Shorter fin chan-
nels were more effective at heat transfer than longer ones. Kamde
and Dingare [13] carried out a combined numerical and experimen-
tal investigation of plate fin heat sinks and plate pin fin heat sinks
having circular cross-section pin over a vertical base. For an inline
arrangement, circular pin fins show that fin density and fin spac-
ing have an appreciable influence on heat transfer characteristics.
Innovative geometries and tube arrangements, such as serrated and
sinusoidal fins, have been explored to enhance performance. Zhang
et al. [14] studied the resistance characteristics of micro pin-fins
fabricated for different shapes. Variation in thermal and hydraulic
performance was noted. The pressure drop of the elliptical micro
pin-fin is minimal compared with that of the other two pin-fin
shapes (diamond and circular) at high Reynolds numbers. Gupta et
al. [15] obtained the Nusselt number and friction factor by varying
the system parameters as depth and pitch of the dimples, for inline
and staggered arrangements. The inclusion of a dimple has been re-
ported to improve heat transfer characteristics. Wei et al. [16] in-
vestigated a partially serrated finned tube bank. It was reported that
with such geometries, heat transfer rates improve significantly while
incurring acceptable pressure-drop penalties. Kawaguchi et al. [17,
18] explored spiral and serrated fin configurations for heat transfer
analysis. It was concluded that these types of fins were more effec-
tive in turbulent flows. Deeb [19] investigated the influence of drop-
shaped pin-fins on the thermal behaviour and flow characteristics of
finned tubes. Drop-shaped fins enhanced heat transfer while incur-
ring relatively small pressure penalties. $ahnali et al. [20] explored
numerically the heat transfer and pressure drop of a wavy fin and
Kammtail tube condenser. Reported results indicate that wavy fins
exhibit improved heat transfer and a lower pressure penalty.

Zhao et al. [21, 22] studied the effect of tube arrangement on falling
film heat transfer. Tube positioning plays an important role in fluid
distribution and heat transfer. They studied turbulent falling films
in horizontal tube bundles with different tube orientations. Square,
rotated-square, triangular and rotated-triangular tube layouts affect
turbulence and heat transfer. Jiang et al. [23, 24] investigated the im-
pact of pulsating flow conditions and fin pitch-to-diameter ratios on
heat transfer characteristics of the tube bundle. The study conclud-
ed that oscillation improves heat transfer. Tang et al. [25] examined
variable direction twisted-oval tube (VDTOT) bundles. Compared
to the circular tube, the VDTOT arrangement enhances heat trans-
fer for the same pumping consumption due to the three-dimen-
sional vortex mode. Zhou et al. [26] compared the performance of
inline, column staggered and row staggered arrangements of tubes
in H-type finned tube heat exchangers. It was concluded that the
row-staggered tube arrangement outperforms the column-stag-
gered and inline tube arrangements.

Flow acceleration, flow turbulence, flow oscillations, tube shape,
rotating or oscillating tube/fin, flow re-circulation in the boundary
layer region, tube arrangements, and wavy and dimpled fins are var-
ious means by which the heat transfer characteristics of the fin/tube
surface can be augmented. To take advantage of many of these ap-
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proaches, a specific requirement must be met. Flow oscillation, flow
turbulence, rotating or oscillating tube and flow recirculation in the
boundary layer region may require additional energy input. Fabri-
cation of a peculiar fin shape may invite additional costs. Staggered
and in-line tube/fin arrangements are the most popular and widely
used for heat exchange in industry. Thus, a novel tube arrangement
is needed to achieve optimal heat transfer with minimal pressure
penalty.

The primary objective of the present study is to develop a tube ar-
rangement for maximum heat transfer with an optimum pressure
penalty for low-Reynolds number applications, due to its relevance
in compact crossflow heat exchangers. Most previous studies have
focused on conventional in-line or staggered pin-fin arrangements;
however, present work numerically analyses the diamond and ser-
pentine tube arrangements and compares them with the staggered
configuration. The diamond and sinusoidal/serpentine arrange-
ments are inspired by biomimicry, as many animals such as, fish and
reptiles, exhibit wavy or curved geometries that reduce drag and en-
hance transport efficiency. A two-dimensional numerical analysis is
performed over a range of approach velocities. Approach velocity
varies between 1 m/s and 10 m/s. The results are presented in terms
of heat transfer and pressure drop across the channel, which allows
a fair comparison between the geometries. This study contributes to
the literature by demonstrating the effectiveness of serpentine (si-
nusoidal) and diamond arrangements of pin-fins as compared with
the conventional staggered pattern usually used in compact heat ex-
changers.

2. Geometry of tube bundle

In forced convection over a tube bundle, heat is exchanged across an
impermeable surface separating hot and cold fluids. For a constant
temperature difference between the hot and cold fluids, the rate of
heat exchange is primarily governed by the level of turbulence in the
vicinity of the tube surface. Increasing turbulence on the inner sur-
face of the tube is not economically affordable. Passive methods and
suitable tube arrangements can augment turbulence more efficiently
on the outer surface of the tube. When tubes are inserted into the
flow of gas, they reduce the available flow area and thereby increase
resistance to flow. This requires greater pressure to overcome higher
flow resistance. If tubes in a tube bundle are arranged such that they
tear off the approaching fluid stream rather than pushing it, the flow
resistance is reduced.
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Figure 1. Three different tube arrangements

Figure 1(a) shows a diamond-shaped tube arrangement. In this set-
up, there are 5 rows of tubes. The third row has a maximum three
tubes. On both upstream and downstream sides of the third row, the
number of tubes in each successive row is decreasing by one. In this
arrangement, the flow is gradually exposed to the larger number of
tubes as the fluid moves from the first row to the third row. After the
third row, the number of tubes per row decreases. This increases the
area available for flow. In five row diamond arrangement, nine tubes
are incorporated. A staggered arrangement of tubes is presented in
Figure 1(b). A staggered arrangement is a modified version of the
diamond arrangement. If additionally, one tube is considered above
and below for the 1" and the 5" row tube of the diamond tube ar-
rangement, then the modified geometry represents a staggered tube
arrangement. A staggered, five-row tube arrangement comprises
thirteen tubes. The third tube arrangement considered in the pres-
ent work is depicted in Figure 1(c). This is referred as a serpentine
arrangement of tubes. In comparison to the stagdgered one, here one
tube is added in each 2™ and 4" row. In the 2™ row tube is added
on the top side, while in the 4" row tube is added on the bottom.
This feature arranges the tube series in a serpentine pattern. The
serpentine pattern is highlighted by a dotted curve in Figure 1(c).
The serpentine arrangement consists of fifteen tubes arranged in five
rows. For all arrangements, a tube with a diameter of 15 mm and
longitudinal and transverse tube pitches of 25 mm is considered.

3. Domain and flow modelling

Following assumptions are made to carry out the flow modelling:

L. The flow is steady and incompressible.
2. No-slip boundary condition at walls.
3. Top and bottom walls are adiabatic.

The present two-dimensional numerical study requires flow and
thermal analysis of the fluid as it passes over tube bundles. Sufficient
upstream and downstream domain lengths ensure effective predic-
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tion of flow physics and thermal characteristics. The tube bundle
length, measured between the centre of the first row and the centre
of the fifth row, along the flow direction, is 100 mm. This is the same
for all three cases. The computational domain is extended up to 150
mm upstream of the centre line of 1" row of tubes. Similarly, the out-
let boundary of the domain is considered at 150 mm downstream of
the centre line of the 5" row of tubes. The domain extends 100 mm
on either side of the horizontal axis of the tube bundle. The compu-
tational domain of the present study is shown in Figure 2. The left
vertical boundary of the domain is assigned a velocity-inlet bound-
ary condition. The right vertical edge is considered a pressure outlet.
The top and bottom edges of the domain are assigned adiabatic wall
conditions. All tube surfaces are treated as walls and are maintained
at a constant temperature of 353 K.

- 400,00 -

Figure 2. Computational domain

Predicting heat transfer associated with fluid flow requires solving
the continuity, momentum, and energy equations. For the range of
inlet velocities considered, the flow regime remains incompressible.
Two-dimensional steady, incompressible, thermally coupled flow
analysis is done using the commercial CFD tool ANSYS Fluent.
Time-averaged governing equations as given in standard CFD lit-
erature [28] are:

Continuity equation:

X-momentum equation:
oU oU _ 10P J0’U  0’U 0 0
UV ay ~ox e o) A Ay S

(2)

y-momentum equation:

Ua_v oV _ 10P <azv 62V> 0

Ox ay 0 9y oo T dy’
(3)
Energy equation:
dT |, 0T O’T  O°T
UE+Va (62 oy )+S (4)

where U and V are the x and y components of the average fluid ve-
locity, respectively. P denotes pressure, is the kinematic viscosity,
T is the temperature, a is the thermal diffusivity, T is the Reynolds

+ (arw + a%fw) + S,

stress, and S,, S,, S. are the source terms for the x-momentum,
y-momentum, and energy equations, respectively. Reynolds stresses
are modelled using the SST k-w turbulence closure model. In this
study, the SST k-w turbulence model is chosen because it is suitable
for flows involving separation, recirculation, and strong near-wall
effects, which are dominant in pin-fin heat transfer problems. The
SST k-w model can accurately capture boundary-layer development
and transition to turbulence because its formulation is superior to
that of the standard k-e model. It blends the strengths of both the k-¢
(in the free stream) and the k-w (near the wall) models, providing
better predictions of heat transfer and pressure drop.

3.1. Discretization and boundary conditions

The meshing capabilities of ANSYS are used to discretize the com-
putational domain into an assembly of subdomains with known
shapes. A sufficiently small grid is selected to generate the mesh.
Edge sizing is applied specifically around the tube walls, having 90
cell divisions. This creates a fine mesh capable of capturing hydrody-
namic and thermal boundary-layer phenomena occurring near the
walls with reasonable accuracy.

The boundary conditions applied to the models are given in Table
1 below:

Table 1. Boundary Conditions

Boundary condition
Fluid (air) density 1.225 kg/m’
Fluid entering velocity Range of 1-10 m/s
Temperature of entering fluid 300 K
Turbulent Intensity 5%
Walls of domain No-slip condition
Wall temperature of fins 353K

Pressure at outlet 0 Pa (gauge pressure)

Method of solution Coupled
Advection sch'eme for d}scretlzmg Second Order Upwind
governing equations
Convergence criteria for all equations 10°

3.2. Grid independence

Grid independence is a vital aspect of numerical study. Grid inde-
pendence is conducted to ensure that grid refinement does not al-
ter the results. To achieve grid-independent results, simulations are
performed using three mesh sizes for the staggered tube arrange-
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ment. The average Nusselt number of the tube bundle is used as a
grid sensitivity parameter. The study is conducted at a maximum
fluid velocity of 10 m/s. Three different minimum cell sizes, the total
number of elements in the domain, and the corresponding average
values of the Nusselt number (Nuwg) are tabulated in Table 2.

Table 2. Data of grid independence study

Minimum cell size No. of elements N,y of tube
bundles
1 mm 81859 67.15
0.8 mm 125217 65.92
0.6 mm 219652 65.99

The comparison of the data presented in Table 2 indicates that by
reducing the cell size from 1 mm to 0.8 mm, the total no. of elements
in the domain increases by 53% relative to the 1 mm cell size. The
average value of Nu.,, decreases from 67.15 to 65.92. The reduction
in Nu., due to grid refinement is approximately 1.86%. When the
minimum cell size is further reduced to 0.6 mm, the total number
of elements in the domain becomes 219,652. The average Nu.,, val-
ues for cell sizes of 0.8 mm and 0.6 mm are comparable. The devia-
tion of for these cases is less than 0.02%. Thus, the total number of
125,217 elements with a minimum cell size of 0.8 mm constitutes a
grid-independent case. For further numerical analysis, the domain
is discretized using a minimum cell size of 0.8 mm.

80
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Figure 3. Validation of results with correlations

4. Results and discussion

Figure 3(a) compares the Nu.,, variation obtained from the present
study to that obtained from the empirical correlation proposed by
Zukauskas [28]:

i Pr Pr )0.25 (5)

0.2
Nu., = O,35F< S, > Re% Pr* (P_rs Pr

where S_is the transverse pitch, S, is the longitudinal pitch between
tube centres, F is the correction factor for the number of tube rows
< 16 (for 5 rows, F = 0.93) which can be obtained from the above
reference, Pr is the Prandtl number, and Pr_ is the Prandtl number
at temperature T, which is the temperature of the tube walls. Trends
in variation are comparable. The present study underpredicts the
Nu.,, value relative to the empirical correlation. The deviation of
Nu., is smaller at low-Re values and is below 6% at higher-Re val-
ues.

The pressure drop obtained in the staggered arrangement is com-
pared with the pressure drop calculated from the following correla-
tion [29]:

dP = N, 2o (6)

where N, is the number of rows, f is the friction factor, and ¥ is the
correction factor. fand y can be obtained from available charts [29].
The numerical value of the pressure drop is normalised to the max-
imum pressure drop corresponding to the maximum velocity (10
m/s). Pressure drops calculated from the correlation are normalised
by the maximum pressure penalty at a velocity of 10 m/s. A compar-
ison of these normalised pressure drops is shown in Figure 3(b). The
trends in pressure drop are comparable. The maximum deviation
is below 12%. The present case overpredicts because of differences
in geometrical configurations and domain size. In the present case,
longitudinal and transverse tube pitches are the same, whereas in
the correlation, the unequal. Another reason might be that the pres-
ent simulation domain is 2-D, while the correlation experiments
were performed over a 3-D domain.

These indicate that the quality of domain discretization, the schemes
used for discretizing governing differential equations, and the mod-
els used for representing physical phenomena are in order. Further
analysis is carried out using a grid-independent size and validated
methodology. Results are compared in terms of overall flow be-
haviour, streamline patterns, turbulence levels, pressure variations,
local and average Nusselt numbers and gross heat transfer perfor-
mance. These results are presented and discussed in the following
sections.

Note: Sample calculations for Nu.,
The area-weighted average static pressure at the inlet and outlet

are obtained from the ANSYS Fluent simulation report. Hence, the
pressure drop is calculated as P = P,, - P,
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Heat flux transferred across the walls is also extracted frWom the re-
port and averaged over the walls. These values of are used to calcu-
late the convective heat.transfer coefficient (h) on the walls by using
the formula h = ———
(Twall - Tﬂuid)

Hence, the Nusselt number can be obtained using , where D is the
diameter of the circular fin (15 mm) and k is the thermal conductiv-
ity of the material.

Note: Maximum velocity calculation for the channel

Since both the biomimetic arrangements, diamond and serpentine/
sinusoidal, are variations of the staggered pattern, in which the cir-
cular fins are arranged alternately, the maximum velocity can be cal-
culated using the following equation [29]:

__ Sr
Vinax = 2(SD_D)V, (7)

where S_is the transverse pitch, S is the diagonal pitch of the pat-
tern and D is the diameter of fins. These values are equal for all three
arrangements S_ = 25 mm, S, = 25+/2 =353 mmand D = 15 mm.

Hence, using the above relation, we obtain the common maximum
velocity as = 0.62. The maximum velocity will be used to calculate
the Reynolds number in each case to evaluate Nu..

4.1. Effect of tube arrangements on flow structure

Fluid flow in a confined domain maintains its flow regime in the
absence of obstructions. An obstruction forces the flow to divert
and generates a downstream wake. The degree of diversion and the
shape and strength of the wake zone are determined by the shape
and size of the obstruction and by flow velocity. In the present case,
three different tube arrangements are investigated numerically. In a
diamond-shaped tube arrangement, the number of tubes increases
gradually to three and then decreases to one. In this typical arrange-
ment, the flow is gradually exposed to a larger number of tubes in
series. This specific tube pattern avoids high flow resistance in the
first row of tubes. There is only one tube in the 1" row, two tubes
in the 2™ row and three tubes in the 3™ row, forming a structure
like arrowhead. This structure facilitates tearing of the airflow rather
than opposing it. This can be observed from the streamline patterns
presented in Figures 4(a) and 4(b) for air flow velocities of 5 m/s and
10 m/s. Initially, the flow impinges on the single tube in the first row,
and as it moves along the tube walls, a thin boundary layer begins to
develop. A relatively small wake region forms at the rear of the tube,
where flow recirculation is limited. On the other hand, at higher ve-
locities, the fluid interacts with the tube more vigorously, causing
rapid boundary layer formation. The flow separation also occurs
earlier, and the wake region is larger than that of the low velocity
case. This can be observed by comparing the streamline patterns for
the 5 m/s and 10 m/s cases, as shown in Figures 4(a) and 4(b).

(a) 5m/s

Diamond arrangement

(e) 5m/s

(f) 10 m/s

Serpentine arrangement

Figure 4. Streamline pattern over tube arrangements
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As the fluid flows to the next row, it splits into the two tubes. The
wake region on the leeward side of the second row of tubes is larger
than that of the first row. This indicates that a larger volume of fluid
remains trapped in the wake zone. Because the third row contains
the largest number of tubes, the flow is more turbulent. The middle
tube in the third row receives fluid that flows from the tubes of the
first and second rows. The other two tubes at either end primari-
ly receive the fresh fluid stream. The wake region of the third-row
tubes is slightly inclined because only two tubes are present in the
fourth row. The angle of inclination is larger at a fluid velocity of
10 m/s than at 5 m/s. In the next row, there are two tubes again.
They receive low-momentum fluid from the gap between two pairs
of tubes in the previous row. The wake regions behind the tubes in
fourth row are significantly larger than those in earlier rows. These
wake zones are little deformed by the free stream flow and due to the
presence of the tube in the 5" row. In the last row, the tube receives
fluid that has moved through the gaps between pairs of tubes in the
third and fourth rows. The wake on the leeward side of the last tube
is larger and extends over a longer distance. This is evident from the
streamline pattern as shown in Figure 4(a). Comparison of stream-
line patterns at 5 m/s and 10 m/s reveals a larger wake zone at the
lower velocity than at the higher velocity. At low velocity, less fluid
with low momentum flows over the tubes. This facilitates the growth
of the wake zone. At high velocity, a greater mass of fluid with high
momentum flows over the tubes. This restricts the growth of wake
zones behind tube surfaces.

The staggered tube arrangement includes two additional tubes in
each 1" and 5" row. As a result, the flow shows greater disturbances
in the first row than in the diamond arrangement. The flow regime
exhibits a symmetric separation zone around the tubes, owing to the
greater number of tubes in the first row. Longer wake region forms
compared with those in the diamond arrangement. The wake region
formed behind the tubes extends to the tubes in the next row. At
5 m/s, the wake zone is longer than in the diamond case. This can
be observed in the streamline distribution presented in Figure 4(c).
This is because in a staggered arrangement the mass and momen-
tum of fluid flowing over central tubes or through the tube pitch
in the centre are lower at low velocity. This low-momentum fluid is
unable to restrict wake development and growth. A relatively large

csose

(a) 5m/s

fluid mass with higher momentum flows through the same area at
10 m/s, restricting the formation of the wake zone. Thus, a smaller
walke is observed at higher velocity.

In a serpentine arrangement, extra tubes are added to the second
and fourth rows, maintaining the staggered pattern. Adding tubes
to the second row significantly alters the flow regime. The same can
be observed by comparing the streamline patterns near the 2™ row
in the staggered and serpentine arrangements. An extra tube in the
4" row alters the flow regimes for the tubes 5" row, which are in
the wake zone of that extra tube. A larger, longer wake zone forms
because of the extra tube in the fourth row. This is evident when
comparing the streamline patterns of the staggered and serpentine
arrangements. The presence of larger and longer wakes on the lee-
ward side of the tube in the last row is due to low-momentum fluid
approaching the 5" row tubes due to the presence of an additional
tube present ahead of it.

4.2. Temperature distribution over tube arrangements

For cases tested numerically in the present study, the tube surface
is maintained at a constant temperature of 353 K. Figures 5(a) and
5(b) present temperature contours in the flow domain for the di-
amond arrangement. Comparison of these contours for the 5 m/s
and 10 m/s cases indicate that the thermal boundary layer at 5 m/s
is thicker than at 10 m/s. At low velocity, fluid has lower turbulence
and lower momentum than at high velocity. Low-momentum flu-
id exhibit high temperature gradients. This results in a larger effec-
tive area over which the fluid is exposed to a high temperature tube
surface. This can be observed as a larger area of the flow domain
over which the temperature varies from minimum to maximum. At
higher velocity, the thermal boundary layer is thin, which restricts
the region of temperature variation to the vicinity of the tube surfac-
es and the wake zone behind the tube. As the fluid continues to flow
through the tube space and over tubes in different rows, it becomes
heated due to heat transfer from the tube surfaces. Also, the size of
the wake zone increases. These combined effects result in a reduced
heat absorbing capacity and a low rate of heat transfer to the fluid
as it flows over successive tubes. This establishes a wider thermal
boundary layer in the direction of fluid flow as air moves from the
first to the last row of tubes.

(b) 10 m/s

Diamond arrangement
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(¢) 5m/s

(d) 10 m/s

Staggered arrangement

(e) 5m/s

(f) 10 m/s

Serpentine arrangement

[

___Em

305 310 315 320 325 330 335 340 245 350

Figure 5. Temperature (K) contours over tube arrangements

In a staggered tube arrangement, the first row of the tube bundle
contains two additional rows of tubes compared with the diamond
arrangement. Due to this, air flowing through the tube gaps is ac-
celerated. This can be verified by the convergence of streamlines, as
shown in Figure 4. Flow acceleration over tubes increases fluid mo-
mentum and turbulence. A relatively larger wake zone behind the
tube surface in a staggered arrangement results in a larger heat-trap
zone. This can be observed by comparing the temperature contours
of the diamond and staggered arrangements at the same velocity.
The size of the wake zone decreases at higher velocity. This signifi-
cantly compresses the temperature zone near the tube surface. The
same can be observed by comparing the contours of the temperature
distribution presented in Figures 5(c) and 5(d).

The serpentine arrangement contains an additional tube in both the
second and fourth rows. This alters the flow structure near the ad-
ditional tube in the second row. In the fourth row, the flow regime
near and behind the additional tube is also altered. Flow obstruction
and acceleration due to the additional tube in the second and fourth
rows alter the streamline pattern and the shape and size of the wake

zone, as shown in Figure 4. This modification of the flow regime
due to increased momentum and turbulence restricts the spread of
high temperature to the region near the tube surface. This can be
observed by comparing the temperature contours of staggered and
serpentine arrangements. An increase in velocity from 5 m/s to 10
m/s produces effect like those of staggered and diamond tube ar-
rangements.

4.3. Row-wise variation of Nusselt Number and heat flux
potential

The row-wise variations of the average Nusselt number and heat-
flux potential (number of tubes x heat flux) at 10 m/s are present-
ed in Figure 6(a) and 6(b), respectively. Figure 6(a) depicts that the
average value of in the diamond layout increases from 1" to 3* row
and decreases thereafter. Maximum value of row-wise average is
reported for the 3" row. Turbulence reaches a maximum in the vi-
cinity of the tubes in the third row of the diamond layout. This is
evident from the contours of turbulent kinetic energy (TKE) shown
in Figure 7. Contours of TKE indicate that TKE is maximal near the
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3" row and minimal near the last row in the diamond layout. The
presence of two tubes in each of the 2" and 4" rows of the diamond
arrangement results in higher TKE in the Vicinity of tubes in the
3" row. This facilitates a higher value of for the 3™ row of the tube.
of the 3" row is 6% and 33% higher in comparison to that of the
1" and last row of the diamond layout. For a constant temperature
difference, the heat transfer rate is decided by and area. Figure 6(b)
describes the row-wise variation of heat flux potential qu . Itis high
in the third row and lower in the last row. For the third row, N,
and the number of tubes is maximum. These results in highest qwi,
for the third row.

80
L
60
*
)
5 4o
= ——+—— Serpantine
——&—— Staggered
20F ——#—— Diamond
9 3 £ S 3
Row

(a) Nu,y - variation

(b) Heat flux potential

Figure 6. Row-wise variation N, and qu,.at 10 m/s

(a) Diamond arrangement

(c) Serpentine arrangement

| |
345678

Figure 7. Variation of TKE (m2/s2) at 10 m/s

In staggered arrangement, the maximum value of Nu., . and quy .

are observed for 1" row compared to 3" row in case of diamond ar-
rangement. Nu,.. values of 1" and 5" row of staggered arrange-
ment is higher by 10% and 14 % respectively compared to that of
diamond tube arrangement. Value of Nu.,, is reducing from 1" to
5% row of tube. This is because 1" row of staggered arrangement
offers large resistance to incoming flow compared to that of the dia-
mond arrangement. Contours of TKE plotted in Figure 7(b) indicate
that the flow in the vicinity of tubes of 1" row has high TKE com-
pared to tubes in other rows. Higher TKE with low air temperature
ensures higher \y, ~for 1" row. 1" row of staggered arrangement
also causes acceleration of fluid as it passes through the tube gaps/
pitches. This high-momentum fluid hits the tubes of the second row
and generates additional turbulence. Higher turbulence near the 2™
and 3" row of tubes assists the flow to absorb enough heat from tube
surfaces and keep comparable with that of the 1" row of tubes. After
the third row, high temperatures wake zones of preceding tubes ex-
tend up to successive tubes. This avoids the flow of low temperature
air over tubes of the 4" and 5" row. Thus Nu., . and qa . decreases
as shown in Figure 6(a) and 6(b). In both diamond and staggered
arrangements, after 3™ row, turbulence decreases while air tempera-
ture increases. This reduces overall heat transfer and results in a low
value of Nu,,, after 3* row of tubes. In staggered arrangements
heat flux potential of the 1* and 5" tubes is increased compared to
the diamond arrangement. This is due to the increased convection
area due to the consideration of two additional tubes in the 1" and
5" row. Heat flux values in the 2™ to 4" rows are comparable due to
the identical number of tubes in rows.
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For staggered and serpentine arrangement, Nu.,. and qu.,. are
comparable for 1" row of tubes. This can be observed from Figure 6.
Tube arrangements in serpentine are like staggered, except for addi-
tional tubes in the 2™ and 4" rows. This additional tube in a specific
row alters the flow regime and thermal characteristics of fluid flow-
ing over tubes, specifically in the 2™ and 4" rows. The same can be
observed by comparing streamline patterns, contours of tempera-
tures and TKE as shown in Figures 4, 5 and 7 respectively. On the
windward side, additional tube in the 2™ row receives a combination
of low temperature air (in the upper half) and turbulent air with
moderate temperature (in the lower half). Also wake zone of the ad-
ditional tube in the 2™ row is smaller in the longitudinal and normal
direction to the flow. Due to the combined effect of this, Nu..,. and
Qg for the tubes in the 2™ row increases and achieve highest value
compared to other tube arrangements. Nu_and for 3" row tube is
comparable for all three arrangements due to the similarity in flow
regime in the vicinity of the tubes of the 3" row. In the 4" row, the
addition of one more tube increases Nu and  Qu. - This can be ob-
served by comparing the variation of Nu, and qu.. for staggered
and serpentine arrangements. In a serpentine arrangement varia-
tion of Nuﬂvg and Q.. are more uniform compared to the other
two tube arrangements due to the presence of an equal no of tubes
in all the rows.

Figure 8 compares the Nu_ variation against Re for three different
arrangements. Nu__For all three arrangements increases with a rise
in Re. Atlow Re, the diamond and serpentine arrangements are 20%
higher Nu, compared to the staggered one. At all ranges of Re con-
sidered in the current study, serpentine arrangements reflect around
3% higher value of Nu_ over the other two arrangements. This is
due to the specific serpentine tube pattern, which increases TKE in
the vicinity of the tube surfaces.
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Figure 8. Nu, vs Re

4.4. Overall heat transfers and pressure penalty for tube
arrangements

The thermal and flow performance of the tube bundle are judged
by comparing the variation in the overall heat transfer rate Q, and
associated pressure penalty. Figure 9 shows how the heat transfer
rate varies with Re for all three tube arrangements. For the specific

tube arrangement, Q increases with increasing Re. Across the en-
tire range of Re considered in the present study, the serpentine ar-
rangement exhibits the highest Nu, among the arrangements. This
is due to increased turbulence in the serpentine tube bundle caused
by specific tube arrangements. The rate of rise of Qat low Re is
higher than at high Re. At Re = 1026 (V = 1 m/s), the serpentine ar-
rangement provides a 39% increase, and the diamond arrangement
provides a 18% decrease, compared with the staggered arrangement.
At Re = 10268 (V= 10 m/s), the serpentine arrangement exhibits
19% higher values, while the diamond arrangement exhibits 33%
lower Q values compared to a staggered arrangement.
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Figure 9. Variation of overall heat transfer
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Enhancement of Q with Re comes at the cost of a higher pressure
drop (-Ap). Figure 10 shows how the pressure drop varies with in-
creasing Re for three different arrangements. The pressure drops
increase exponentially with increasing Re. The serpentine arrange-
ment exhibits the highest pressure drop at the same Re among all
arrangements. This is due to the typical and maximum numbers of
tube arrangements in this case. A larger number of tubes will re-
duce the flow area and increase flow resistance. This results in a
higher-pressure penalty. At lower Re = 1026, the pressure drop is
comparable across all three arrangements. The difference in pres-
sure drop widens as Re increases. At Re = 10268, the serpentine ar-
rangement requires an 18% higher pressure drop, and the diamond
arrangement exhibits a 35% lower pressure drop compared to the
staggered arrangement. Comparison of the variation of Q with -Ap
reveals that better heat transfer can be obtained at the cost of a high-
er pressure drop. To arrive at a fair assessment of the tube bundle,
the performance is evaluated by comparing the performance indices
of different tube arrangements.

The performance index (Pi) is defined as the ratio of the heat trans-
fer rate to the pumping power required to blow air over the tube
bundle. Figure 11 describes the variation of the performance index
with respect to staggered arrangement (Pi/Pi ) for all three cases.
Variation indicates that in all three arrangements, Pi decreases as Re
increases. Both and -Ap are functions of Re. This is evident from the
trends presented in Figures 8 and 10. For a given set of constraints,
if Re is varied by changing only flow velocity, the trends indicate
that Nu is a weak function of Re, whereas —Ap is a strong function of
Re. Consequently, as Re increases, Pi decreases rapidly for Re up to
approximately 3000. A further rise in Re reduces Pi, but the rate of
reduction decreases because the rate of rise of ~Ap changes. Among
three arrangements, serpentine has a higher Pi at all levels of Re. The
difference is larger at low Re values than at high Re values. At low
Re, the serpentine tube bundle has 20% higher Pi than the staggered
arrangement. The difference in Pi narrows to 5% when Re increases
to 7000. After that, the Pi of all arrangements is comparable. Higher
Pi for the serpentine arrangement at low Re values and up to Re =
7000 makes it an optimal choice for enhanced heat transfer with a
moderate pressure drop.

5. Conclusion

Numerical analysis is carried out to investigate the thermal and
flow performance of different tube arrangements. For diamond,
staggered and serpentine tube arrangements, overall flow structure,
temperature contours and heat transfer characteristics are compared
for 1026< Re <10268 The major conclusions of the present numer-
ical study are:

1. Diamond tube arrangement 1026<Re<10268 yields the
lowest pressure drop (0.78 to 25.5 Pa), compared with the
staggered arrangement (0.97 to 39.2 Pa); the sinusoidal ar-
rangement has the highest pressure drop across the channel,
ranging from 1.14 to 46.4 Pa. This means that the pumping

power required is highest in a sinusoidal layout and lowest in
a diamond pattern.

2. On the other hand, the diamond arrangement has the lowest
heattransferrate fromthewallstothefluid (571 < Q < 2487)
) compared with the staggered arrangement ( 668<Q<3636 ),
and the highest heat transfer rate in the sinusoidal arrangement
(922<Q<4320).

3. A serpentine tube arrangement provides greater uniformity
of the Nusselt number and heat-flux across all rows of the
tube bundle than diamond and staggered arrangements.

4. Atalow Reynolds number of 1026 (V = 1 m/s), a serpentine
arrangement provides a 39% higher heat transfer rate for the
pressure drop compared to a staggered arrangement.

5. Variation of performance index Pi, for range of Reynolds
numbers tested indicates that Pi for serpentine is greater than
(Re<7000) or comparable (7000 <Re<10268) with stag-
gered arrangement which allows us to conclude that sinu-
soidal/serpentine arrangement outperforms in terms of high
heat transfer rate and pressure drop.

6. Consequently, serpentine or sinusoidal arrangement of pin-
fins can be implemented in practice in compact heat exchang-
ers, electronic cooling modules, and turbine blade cooling
channels because such a layout disrupts flow uniformity and
enhances local turbulence resulting in a greater rate of heat
transfer.

7. The present study addresses the lack of research on uncon-
ventional biomimetic tube arrangements compared with the
widely studied in-line and staggered configurations. How-
ever, further work, including experimental validation, could
examine the microscale flow physics, vortex formation and
turbulence characteristics generated by such arrangements.
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