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ABSTRACT

Tubes are commonly employed in heat exchangers for their ease of production and capacity to sustain high pressure. In this study, the heat and flow
transfer behaviour of cam-shaped tube bank in staggered configuration at varying angles of attack 0° to 180° was numerically investigated. The study
was carried out by solving the continuity, momentum, energy and realizable k-¢ transport equations using the finite volume-based ANSYS Fluent
solver. This was performed to acquire the friction factor and heat transfer characteristics in the air inlet velocity range of 9 to 15 m/s. The results showed
that the cam-shaped tube bank at varying angles of attack provided enhanced heat transfer characteristics relative to the circular tube bank. Also, cam-
shaped tube banks at angles of attack of 90° and 120° exhibited the maximum heat transter with 33.9 and 32.1% increase in Nusselt number over the
circular tubes. Their friction factor was higher by 183 and 140.7%, respectively. The cam-shaped tube banks generally exhibited higher performance
than the circular tube bank. Tube banks at angles of attack of 150° and 180° demonstrated higher thermal-hydraulic performance by 167.6 and 284.3%

than the circular tubes, respectively. However, the tube banks at angles 90° and 120° exhibited lesser performance by value of 52.6 and 45.1%.
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1. INTRODUCTION

In a variety of industrial engineering applications, forced convective flow
over tube banks is widely used. More specifically, they are used to make
more compact heat exchangers with better heat transfer performance
(Ahmed et al., 2017; Nouri-Borujerdi & Lavasani, 2007). Some of the
applications of these tubes in heat exchangers are found in cooling
towers, oil and gas industries, waste heat recovery, solar air-water heater,
chemical processing unit, pharmaceutical industries, cogeneration,
HVAC, automotive radiators and so on (Bayat et al., 2014; Mangrulkar
et al., 2016). The continued interest in the utilization of highly efficient
thermal components and subsystems with less energy demand has led
researchers in the last few decades to many alternative designs of tube
banks for heat exchanger applications (Mangrulkar et al., 2016).

Several studies had been carried out on enhancing the thermal
interaction between tubes and the working fluids, which are either by
active or passive means. Enhancement carried out using the active mode
entails changing fluid flow properties such as flow turbulence by swirl
generators or secondary fans, surface vibration, and thermal conductivity
of the working fluid. The passive enhancement technique involves
modification of the flow geometry's surface, tube cross-section, pitch
ratio, orientation of tubes or tube arrangement in order to enhance the
heat transfer rate. Nevertheless, the choice of any of the two techniques
also alters the friction characteristics of a system (Mangrulkar et al.,
2019).

Huang and Jang (2012) used a computational model to investigate
staggered and in-line tube banks during laminar forced convection of a
water-based Al,O3; nano - fluids suspension. It was found that the
staggered array of tubes exhibited higher heat transfer and pressure drop
when compared to inline array of tubes. Khan et al. (2006) conducted an
investigative study of heat energy transfer in flow channel for a tube
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bundle using the integral method and discovered that the more compact
the tube banks were, the higher the heat transfer rates recorded, and that
the staggered configuration had improved heat transfer output than the
inline configuration. Ahmed et al. (2017) numerically investigated
laminar convective flow of Al,Osz-water nanofluid flow over staggered
circular-tube banks in isothermal wall condition. In the Reynolds number
ranges evaluated, they had the highest performance at 1.5 longitudinal
pitch ratio, 2.5 transverse pitch ratio, and 5% nanoparticle volume
fraction. Petinrin et al. (2019) studied the thermal and friction
characteristics of flow over staggered circular tube banks with varying
tube pitches numerically. It was found that the tube bundles with
decreasing pitches performed better in terms of heat transfer, whereas
those with increasing pitches had a reduced friction factor. To improve
the thermal and hydraulic performance, Ge et al. (2021) performed a
CFD study and multi-objective optimization of shape design for a tube
bank in turbulent flow. Twenty-five polar radii and five tubes with
various forms were taken into consideration. Their findings indicated that
the tube bank with the best tube shapes gave a boost on heat transfer by
7.6% while maintaining the same pressure drop. Xiao & Zhang (2022)
performed a 3D simulation to calculate the heat transfer, friction factor
and exergy loss related to flow across three different arrangements of
tubes in the Reynolds number range of 13,000 to 20,000. Their results
showed that the arrangement significantly affects the thermal and
hydrodynamic performances of the tube banks, with the staggered
arrangement of tubes outperforming the in-line arrangement.

Circular tubes are often used in heat exchangers because they are
simple to manufacture and can withstand high pressure. However, due to
separation in the boundary layer when fluid flows across circular tubes,
huge separation zones are created at the tube's rear end, which result
in severe vibrations, large pressure drops and even tube collapse (Guan-
min et al., 2015; Nouri-Borujerdi & Lavasani, 2007). These have caused
a shift of focus by many researchers more on the non-circular tube
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sections leading to their prominence in industrial applications (Nada et
al., 2007). In recent years, more streamlined, very low hydraulic
resistance cross-sections have been investigated such as the elliptic, flat,
oval and cam-shaped tubes as heat transfer media in cross flow heat
exchangers (Bayat et al., 2014; Nouri-Borujerdi & Lavasani, 2007).

Toolthaisong & Kasayapanand (2015) experimentally studied the
effect of angles of attack on non-fin cross-flow heat exchanger with flat
tube arrays in staggered arrangement. They found that the change in
airflow angles of attack had significant implications on the thermal and
flow characteristics of the tubes. In heat exchanger implementations,
Bahaidarah et al. (2005) explored constant laminar two-dimensional
incompressible flow over both in-line and staggered flat tube banks. It
was indicated from their study that circular tubes of equivalent diameter
performed better thermal characteristics than flat tube banks but with
higher pressure drop. Han et al. (2013) conducted numerical research on
both circular and oval tubes with increased fins, wavy fins, and louvered
fins, and found that all of the tube bank designs had higher thermal
efficiency than their circular tube counterparts.

Guan-min et al. (2015) investigated the heat and flow transfer
properties of egg-shaped tubes made from a semicircle (upstream) and a
semi-ellipse (downstream) with axis ratios ranging from 1 to 5, with 1
being a circular tube. The egg-shaped tubes with a value of 2 were found
to have excellent performance indicator. Laminar flow across a fin and
flat tube heat exchanger with different aspect ratios was examined
numerically by Alnakeeb et al. (2021). The results indicated that the
pressure drop and heat transfer per unit of fan power are significantly
influenced by the flat-tube aspect ratio. It was observed that when the flat
tube aspect ratio decreased from 1 (circular tube) to 0.33, the pressure
drop decreased by 33.7% and 57.3%, with an air inlet velocity of 0.5 and
3.5 m/s, respectively. Deeb (2021) conducted a study using both
experimental and numerical methods on the impact of angle of attack on
fluid flow parameters around a single drop-shaped tube. They discovered
that the drop-shaped tubes delay the boundary layer's separation from the
tube wall and also demonstrated their superiority over circular tubes in
terms of decreased drag and friction factor under the same operating
conditions. Deeb (2022) further carried out an investigation on heat
transfer and fluid flow across bundles of staggered drop-shaped tubes
with different longitudinal and transverse pitch ratios. According to their
findings, an increase in transverse pitch has a greater impact on heat
transfer than an increase in longitudinal pitch. Finally, they asserted that
under the same operating conditions, the bundle of drop-shaped tubes
outperformed the circular ones in terms of high thermal-hydraulic
performance.

The flow and heat transfer across an inline arrangement of mixed
tube bundles made up of circular and cam-shaped tubes with the same
circumferential lengths was experimentally studied by Abolfathi et al.
(2021). They found that cam-shaped tubes in mixed bundles had higher
thermal-hydraulic performance than the circular tubes. Lavasani & Bayat
(2016) used numerical simulations to investigate the heat and
flow transmission of nanofluid via cam-shaped and circular tubes
with staggered and in-line arrangements. The cam-shaped tube bank
performed better in terms of friction and heat transfer, according to their
findings. Mangrulkar et al. (2016) discovered that the ratio of heat
transmission to friction factor of the inline cam-shaped tube bank was
roughly 5 times greater than that of the circular tubes in another
simulation analysis. Bayat et al. (2014) found that the heat transfer
efficiency of cam-shaped tube banks in staggered configuration was
about 6 times that of circular tube banks in similar system. Mangrulkar
et al. (2018) investigated the thermal performance of crossflow across
cam-shaped tubes using a numerical analysis. Their study revealed that
the thermal-friction factor ratio of the cam-shaped tubes was significantly
better than that of the circular tubes.

As a result of earlier investigations, it is obvious that cam-shaped
tube banks outperform traditional circular tube banks in terms of thermal
and hydraulic performance. Studies have also established that angles of
attack have pronounced effect on the thermal and flow characteristics of
tube banks, but there has been dearth of literatures on cam-shaped tube
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banks at varying angles of attack. The few reported cases were of single
cam-shaped tubes or cylinders (Lavasani, 2011; Nouri-Borujerdi &
Lavasani, 2007, 2008). Hence, the focus of this research will be on
numerical analysis of the hydraulic and thermal characteristics of cam-
shaped tube banks in staggered configuration under various angles of
attack. This investigation is carried out to examine the influence of angles
of attack of flow of the cam tubes on thermal-hydraulic performance.

2. METHODOLOGY

The numerical study was carried out employing the computational fluid
dynamics software, ANSYS. The equations governing the temperature,
velocity and pressure fields were discretized and solved using the finite
volume software code ANSYS Fluent 18.1. The ANSYS CFD Post and
MS Excel were used in presenting the results of the simulations in
graphical forms.

2.1 Geometry of the tube bundles
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Fig. 1. The cam-shaped tube cross-section
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Fig. 2. The cam-shaped tube bank in staggered arrangement
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Fig. 3. The cam-shaped tubes at varying angles of attack to the flow
direction

The geometry considered is a cam profile which is compared with a
circular tube of equivalent diameter. The cam-shaped tube geometry,
which is identical in size to Bayat et al. (2014) experimental
investigation, consists of two circles of various diameters joined by two
tangential lines (Fig. 1). The diameters of the circles are d = 8§ mm and D
= 16 mm, having a distance, / of 15.75 mm between their centers. The
characteristic length of the tube cross-section was evaluated as the
diameter of an equivalent cylinder, D., = 22.35 mm using (Khurmi &
Gupta, 2005):
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(D +d) (D—d)
D, g = +2l+ —— (1)
2 )

Figure 2 shows the solution domain of the cam-shaped tube bank
investigated in the study. The transverse pitch ratio, St/Deg, Was kept at
1.255 in this investigation, while the longitudinal pitch ratio, Sy/Deg, was
kept at 1.506. The downstream and upstream lengths are maintained at
10Deq and 30D, respectively, to create a stable flow at the entrance and
exit zones. The experiment was then repeated for cam tubes with attack
angles of 0°, 30°, 60°, 90°, 120°, 150°, and 180° to the flow direction

(Fig. 3).

2.2 Mesh Generation

The computational domain has a collection of tube rows within a test
section. The automatic method was specified to obtain a mesh with high
quality throughout the entire domain. Also, the domain was body sized,
and an inflation with 10 layers was created on all the tube edges. A mesh
quality of not less than 0.61 was maintained for each of the cross-sections
of the angles of attack. The fluid domain was meshed using quadrilateral
mesh elements. For all the angles of attack a range of 55512 — 59382
number of elements was attained. The illustration of the structured mesh
over the domain is shown in Fig. 4.

Fig. 4. Structured mesh around the tube surface

2.3 Model Selection

The model selection was guided by first by determining the range of
Reynold’s number that characterize the flow regime, which was
calculated from the expression;

P Umax D eq
Re= ——— 2)
7]
where Re is the Reynold’s number, p is the density of the fluid, Upnay is
the maximum velocity in the narrow section of the circular tubes, Deq is
the equivalent diameter and x is the dynamic viscosity.

The Realizable k-¢ model was used with non-equilibrium wall
functions because it fulfills some theoretical limitations on Reynold
stresses and is consistent with the physics of fluid motion (Shih et al.,
1995). The equations for momentum conservation, continuity and
conservation of energy are presented below.

ou;
i
Equation of continuity; 67 =0 3)

X

Conservation of momentum equation;

5(uju,~) op 8 ou; Ou; 2
p———— = —— + —— (”*”T) + — + — pkd;

ox T Bxl. ox T Ox g Bxl. 3

“)

Energy equation;
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where x; (1 = 1, 2) is the coordinates, u; represents the velocity vector, P
is the pressure, 7' represents temperature, p is the density, x is the dynamic
viscosity, ur is the turbulent eddy viscosity, A stands for the thermal
conductivity, A7 stands for turbulent thermal conductivity, ¢, stands for
the specific heat capacity, Prr is the turbulent Prandtl number.

The turbulence eddy viscosity as obtained from Shih et al. (1995);

2
k
Hp = pC u 7
&
From equation (7)
1
¢ - ®)
“ KU
A b+ A s
&
And
* p N
U =S8 + 99 ©9)
also

Qij = Qij — 2‘91'jkwk

R A
where O i is the mean rate of rotation tensor viewed in a moving

reference frame with angular velocity wy.
Thus, the model constants 4, and A, are given, respectively as

A,=4.04and 4 = \l;cos v

also given that

S.8.8,.
1 -1 o jkCki L
v = —cos (\/;W), W=——F%—S8=.,/S

3 Sij
3 S

iy

2 3)(}- 6xi

The additional transport equations for the realizable k-epsilon model is
given by;
Turbulent kinetic energy:

0 (”.i k) 0 Hr | ok oup Ayl 2 Ou;
P =— || u+— |— |+ | —+— —fpk(Sij — - p¢
6xj axj o 6xj 6xj 8xi 3 6xj
10)
Turbulent dissipation energy:
‘ ("j 8) 0 Hro| o ¢
P =—| pt+t—|— +pC1Sg—pC27\/=
axj 6xj o, 6xj k +\ve

(11)

Other parameters are;

n
€| = max {0.43, :l, and model constants;
n+5

C =144,C) =19,0/ =10,0, =12
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k
where 7 =5 — |5 = «’25;,'5;-,'
&
24 Boundary conditions and Numerical Scheme

The velocity of the working fluid — air was initialised as zero while the
pressure and temperature were taken to be at zero-gauge pressure and
303.15 K, respectively. Velocity conditions were specified at the inlet of
the computational domain by varying the velocity from 9 m/s to 15 m/s,
and also the inlet temperature was maintained at 303.15 K. At the outlet
boundary, zero gradients were set for velocity and temperature while
zero-gauge was imposed for pressure. Fixed temperature of 353.15 K and
wall functions were applied at the walls of the tubes. The energy and
momentum governing equations were discretized using the second-order
upwind approach. The pressure-based continuity, momentum and two .-
¢ model equations were solved jointly using the pressure-based coupled
solver. For the energy and continuity equations, the scale residual
convergence conditions were on the order of 10°. For initializing the
temperature and velocity fields in the computational domain, the hybrid
initialization method was used.

2.5 Data Reduction

It is important to obtain the flow and thermal field parameters in order to
estimate the friction factor, Nusselt numbers, and thermal-hydraulic
performance. The heat loss to the surroundings was assumed to be
negligible. Therefore, the heat transfer from the walls of the tube banks
to the air-stream is given by (Bergman et al., 2011);

O = hdATy,, (12)
where the log mean temperature difference is,
7 -1 )-\1,-T
AT, = ( w m) ( w out) (13)
L

In

(1, -7

and the surface area was calculated from,
A= ﬂdoLn (14)

Hence, in order to derive the coefficient of heat transfer, the rate of
heat transfer from equation (14) was derived from the heat accompanying
the temperature difference within the air stream as;

0= e, (1 -1,) as)
The average Nusselt is calculated from

hD,
Nu = — (16)

k
where / is the heat transfer coefficient, & is the thermal conductivity

: . I +T
property of air obtained at the bulk temperature, 7, = _in__ our.

2
For staggered tube arrangement such that , Sp = Deg) > (Sp — Dgy)> the

expression for calculating the maximum velocity is given by (Bergman
etal, 2011)

SrU,,

Upax = 17)
Sy =Dyy)
where Sr and Sp are the transverse pitch and the diagonal pitch,
respectively.
The friction factor is estimated from the pressure drop, Ap across tubes
as (Holman, 2010).
0.14
Ap H

f=—a| — (18)

2p Vmax N # w
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where N is the resistance of the flow.

The thermal-hydraulic performance of the cam-shaped banks is
determined in comparison to a circular tube bank of equivalent diameter
at the same Reynolds number as (Lavasani et al., 2014).

- (Nu / f)cam (19)
(Nu / f)circ

2.6 Grid Independence Study

The main objective of the mesh-independence analysis was to look for a
mesh independent solution. The study was conducted for mesh elements
in the range of 23,538 to 57,476. As it can be shown from Fig. 5, the heat
transfer coefficient, 4 becomes independent from the mesh as it
approached 57,476 mesh elements. The difference in the heat transfer
coefficient between the cases with 45,727and 57,476 elements is less
than 3%. Consequently, to save processing costs, a grid of 57,476 mesh
elements was utilised for the simulation.
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Fig. 5: Grid independence analysis

2.7 Validation of the Model

The Nusselt number values obtained for the circular tube bundle in the
present study was compared with the existing analytical correlations, as
described in Fig 6. The Zukauskas correlation represents the higher
values of Nusselt number, comparing it with numerical study. Though,
marginal variation exists for the Nusselt number obtained from the
present study, the observed discrepancies may be as a result of the model
simplification arising from the constraints placed by the computational
cost.
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Fig. 6. Comparison of results obtained for the circular tube bank with
existing correlations



Frontiers in Heat and Mass Transfer (FHMT), 19, 28 (2022)
DOI: 10.5098/hmt.19.28

3. RESULTS AND DISCUSSION
31 Velocity Streamlines

The distributions of airflow velocity across some of the tube banks at
inlet velocity 9 m/s are as indicated in Fig. 7. From this figure, both the
circular and cam-shaped tube banks exhibit maximum velocity in
between the tube walls. Wakes of similar structure developed behind
each of the tubes indicate low velocity at these regions. Wakes behind
the first four columns are smaller as compared with the fifth column, and
this is as a result of delay in flow separation and change in flow structure
caused by the tube columns behind the first four columns. Thus, heat
transfer is usually at minimum at the wake regions.
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Fig. 7. Velocity distribution for the circular and cam-shaped tube banks
at inlet velocity 9 m/s.
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3.2 Effect of changing angles of attack on the air pressure
drop

Comparison of the pressure drop across the tube banks at different angles
of attack and the circular tube bank are shown in Fig. 8. The maximum
and minimum air pressure drops occurred at angles of attack of 90° and
180°, respectively. For the range of airflow velocities, the pressure drop
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Fig. 8. Pressure drop of the circular and cam-shaped tubes at different
angles of attack

contour-1
Static Pressure

-208e+02 -156e+02 -103e+02 -482e+01 4230400 §77e+01

Cam 0°

1.11e+02 147e+02

Ipascal]

contour-1
Stalic Pressure

-5.94e402 -4 630402 -333e402 -2.03e402 -730e401 5.72e401

Cam 60°

1870402 2740402
Iascal |

contour-1
Static Fressure

-159e+03 -1202403 -8.14e+02 -4.242402 -3.35e+01 3572402

Cam 90°

747e+02 1018403
Ipascal |

b

contour-1
Stanc Fressure

-1 3le<03 9858402 -6 572402 3 292402 159400 3260402

Cam 120°
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inlet velocity 9 m/s.
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increases with increasing the angles of attack from 0° to 90°, however
there is decrease in the pressure drop due to increase in the angles of
attack from 90°to 150°.

The circular tube bank depicts higher pressure drop than the cam-
shaped tube bank at angles of attack 0°, 30°, 60°, 150° and 180° by about
70.8, 32.5, 33.5, 182.1, 154.4, 71.4, and 80.6%, respectively. However,
the cam-shaped tubes with the angles of attack 90° and 120° had increase
in pressure drop with of 182.1 and 154. 4% than the circular tube bank,
respectively. These indicate that the change in angles of attack of cam-
shaped tube banks have noticeable effects on the pressure drop. Also, it
was observed generally that increase in velocity of air across the cam-
shaped tube banks and circular tube bank results in increase in pressure
drop. Fig. 9 shows the pressure distribution for the cam-shaped tubes at
varying angles of attack at the inlet velocity 9 my/s.

3.3 The friction factor of airflow across cam-shaped tube
banks

Fig. 10 shows the friction factor of airflow over circular tubes and the
cam-shaped tubes for all the angles of attack at varying Reynolds
numbers. The variation in the friction factors of airflow over the cam
tubes at those angles of attack is similar to that of the pressure drops
previously described. There was observed decrease in the friction factor
as the Reynolds number increases from 55000 to 105000 for all the tube
banks. For the cam-shaped tube banks, increase in angles of attack from
0° to 90° results in increase in the friction factor, however there was
decrease in the friction factor value due to decrease in the angle of attack
from 90° to 150°. These indicate that the tube surface is directly impacted
by the air flow, which results in increasing the friction factor than when
the air flows across the tube surface tangentially.

The circular tube bank depicts higher friction factor value than the
cam-shaped tube bank at angles of attack 0°, 30°, 60°, 150° and 180° by
about 70.8, 32.4, 33.7,71.3, and 80.5% respectively. However, the cam-
shaped tubes with the angles of attack 90° and 120° have about 183 and
140.7% increase in friction factor values as compared with circular tube
bank. These observations indicate that changing angles of attack of the
cam-shaped tube banks have noticeable effects on the friction factor.

A Circular @ Cam Zero ¢ cam 30 Cam 60
OCam90 ACam 120 0 Cam 150 ¢ Cam 180
0.0505
. 0.0405 ‘2 g - - °
0.0305 A A A
0.0205
00105 | & A A A A
00005 - @ @ o @ >
55000 65000 75000 Re 85000 95000 105000

Fig. 10. Friction factor of the circular and cam-shaped tubes at different
angles of attack

3.4 The turbulent kinetic energy

From Fig. 11, the turbulent kinetic energy increases across the tube banks
for all the varying angles of attack. This is partly due to the effects of the
preceding columns on the flow over the tubes downstream. The
turbulence kinetic energy is maximum at regions close to the separation
points on the tube walls across the columns and at regions behind the
wakes generated by the tubes in the last column. Hence, regions
characterized with higher turbulent kinetic energy are highly turbulent
regions with higher heat transfer rates.
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Fig. 11. Turbulent kinetic energy contour for the circular and cam-
shaped tube banks at inlet velocity 9 m/s.
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3.5 Effect of changing angle of attack on heat transfer
performance

The effect of changing angle of attack of the cam-shaped tube bank on
the Nusselt number is shown in Fig. 12. As it is clearly indicated, the
Nusselt number increases with airflow velocity across both circular and
cam-shaped tube banks at varying angles of attack. The values of the
Nusselt numbers for flow over cam tube banks at angles of attack: 30°,
90° and 120°are 5.9, 33.9, and 32.1% higher over the range of Reynolds
numbers than that circular tube bank, respectively. The cam tube bank at
0°, 60°, 150° and 180° exhibit lower Nusselt number with 26.1, 8.5, 23.5
and 25.4% difference as compared with the circular tube banks. The cam-
shaped tubes at 90° and 120° exhibited greater Nusselt numbers partly
due to the larger surface interaction in transverse flow and higher
turbulent intensity within the tube banks than similar interaction of the
flow with tube banks at 0° and 180°.
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Fig. 12 Variation of the Nusselt number and Reynolds number of the
tube banks.

3.6 Effect of changing angle of attack on thermal hydraulic
performance

The thermal-hydraulic performance of the cam-shaped tubes in
comparison with circular tubes over range of Reynolds numbers is as
shown in Fig. 13. Clearly from the figure, the cam tubes at angles of
attack 150° and 180° exhibited higher thermal hydraulic performance,
higher than the circular tube bank by 167.6 and 284.3%, respectively
while the cam-shaped tube bank at angle of attack 90° and 120° exhibited
the minimum thermal hydraulic performance, lesser by 52.6 and 45.1%,
respectively. Generally, cam-shaped tube banks performed better in
terms of thermal hydraulic performance than circular tube banks, except
for cam-shaped tube banks at 90° and 120° angles of attack. The lower
thermal-hydraulic performance demonstrated by the tubes at 90° and
120° could be attributed to the high pressure drag caused from the
orientation of the tubes to the flow direction.
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Fig. 13. The thermal-hydraulic performance of the cam-shaped tube
banks

4. CONCLUSIONS

Circular tube banks and cam-shaped tube banks at angles of attack; 0°,
30°, 60°, 90° 120°, 150° and 180° were numerically and comparatively
studied to examine their flow and heat transfer behaviour. The numerical
analysis was performed to resolve the realizable k-¢ turbulent model
using ANSYS Fluent solver. The heat transfer and friction factor
characteristics of the flow were the parameters primarily considered. The
friction factor and Nusselt number of the cam-shaped tubes increased
with increase in the air angle of attack from 0° to 90°, though with
decrease in thermal-hydraulic performance. However, there were
reductions in friction factor and Nusselt number when the angles were
increase from 90° to 180° but with increase in the thermal-hydraulic
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performance. Higher friction factor and Nusselt number were recorded
when cam-shaped tubes were at angles of attack 90° and 120°. The cam-
shaped tube bank at 180° angle of attack exhibited the maximum thermal-
hydraulic performance. Thus, the cam-shaped tube banks at different
angles attack provide enhanced heat transfer properties in relation to the
circular tube bank. The changes in the angles of attack of the cam tubes
caused improvement in thermal-hydraulic performance.

NOMENCLATURE

A Surface area of a tube bank, m?;
D, Equivalent diameter; m;

f Friction factor;

k Turbulence kinetic energy, m?/s%;
N Number of main resistance;

Nu Nusselt Number;

Prr Turbulent Prandtl number;

(0] Heat transfer rate, W;

Re Reynolds number;

St Longitudinal pitch, m;

Sr Transverse pitch, m;

Greek symbols

Ap Pressure drop, Pa;

& Dissipation rate, m?/s.

n Thermal hydraulic performance factor.
y Thermal conductivity, W/(m.K)
p Density, kg/m?;

U Dynamic viscosity, Pa.s;

Ur Turbulent eddy viscosity, Pa.s;
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