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Abstract Keywords

A numerical study has been conducted to clarify flow and  Circular tube, cam-shaped,
heat transfer characteristics around circular, cam, and drop-shaped, heat transfer,
drop-shaped tubes using the software package ANSYS drop pressure, friction factor,
FLUENT. Reynolds number Re based on equivalent thermal-hydraulic perfor-
circular tube is varied in range of (8.1-19.2) - 10°. mance, numerical

All tube shapes are investigated under similar operating investigation

conditions. Local heat transfer, pressure and friction

coefficients over a surface of the tubes were presented.

Obtained results agree well with those available in the

literature. Correlations of the average Nusselt number

Nu,, and a friction factor f in terms of Reynolds num-

ber for the studied tubes were proposed. The results

indicated that Nu,, increases with increasing Re. In the

contrary, f decreases as Re increases. Thermal-hydraulic

performance m is used to estimate the efficiency of the

cam and drop-shaped tubes. Results show that the drop-

shaped tube has the best thermal-hydraulic performance, Received 13.07.2020
which is about 1.6 and 2.5 times higher than that of the ~Accepted 12.01.2021
cam-shaped and circular tube, respectively © Author(s), 2021

Introduction. Circular tubes bundles are widely used in heat exchange equip-
ment because of the ease of production and its capability of withstanding a high
pressure. In contrast to the circular tubes which cause severe separation and a
large vortex zone to produce high pressure drops, non-circular tubes of stream-
lined shapes offer very low hydraulic resistance. Zukauskas and Ulinskas [1, 2]
suggested correlations for heat transfer and pressure drop for staggered and in-

102 ISSN 1812-3368. Bectaux MI'TY um. H.9. baymana. Cep. EcrecTBennbie Hayku. 2021. Ne 2



Numerical Investigation of Thermal-Hydraulic Performance...

line of circular tubes bundles. The Reynolds number was in the range of 1 to
2-10°% as well as a wide range of relative longitudinal and transverse spacing.
They suggested an efficiency factor for the evaluation of heat transfer surfaces
efficiency to improve heat exchangers constructions. Mittal et al. [3] numerically
investigated the flows past a pair of cylinders in staggered and in-line arrange-
ments for different longitudinal spacing using a stabilized finite element meth-
od. They concluded that with increasing the longitudinal spacing, the flow at
Re = 100 showed unsteady behavior. Numerical simulation is carried out by
Roychowdhury et al. [4] to investigate the effect of spacing on flow and heat
transfer over staggered tube bundles. They observed that both the Reynolds
number and tube spacing influence the vortex formation. As the tube spacing
increases, the size and length of eddies increase. For sufficiently small spacing
and for all values of Reynolds number, eddy completely suppressed. Nishiyama
et al. [5] studied the effects of longitudinal spacing on the drag coefficient for the
staggered tubes bundle. They concluded that to achieve compactness of the sys-
tem and minimize the drag coefficient, the longitudinal spacing should be ar-
ranged as small as possible.

In recent years, cross-flow heat exchangers with non-circular tubes have at-
tracted attention of many researchers. Lavasani [6] experimentally investigated
the flow around cam shaped tube bank with inline arrangement for both longi-
tudinal pitch ratios 1.5 and 2.0. It was noted that by increasing longitudinal
pitch ratios from 1.5 to 2.0, heat transfer increases about 7-14 %. Furthermore,
friction factor of cam shaped tube bank is approximately 95 % lower than circu-
lar tube bank. Merker and Hanke [7] experimentally investigated heat transfer
and pressure drop of the cross-flow on the shell-side of staggered oval-shaped
tubes bundle, having different transversal and longitudinal pitches. They found
that the pressure drop decreases with increasing relative transversal pitch and
Reynolds number. Horvat et al. [8] numerically compared the heat transfer
conditions for the tube bundle in cross flow for different tube shapes as cylin-
drical, ellipsoidal, and wing-shaped. The pitch to the diameter ratio in the stag-
gered arrangement was from 1.125 to 2.0. Their results showed that drag coeffi-
cient is lower for ellipsoidal and wing-shaped tubes than that for the cylindrical
tubes. However, drag coefficient decrease with increasing the Reynolds num-
ber. Terekh et al. [9] experimentally investigated the aerodynamic drag of single
drop-shaped and circular tubes in the narrow channel at the Reynolds number
ranging from 9 000 to 45 000. The obtained data indicate a significantly lower
aerodynamic drag of drop-shaped tubes compared to a circular one. The effects
of angles of attack on the heat transfer characteristics and the drag coefficient
for staggered drop-shaped tubes were experimentally and numerically investi-
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gated by Sayed Ahmed et al. [10, 11]. They found that the average Nu values at
zero angle of attack (0 = 0) was higher by about 76 % compared to elliptical
tubes bundle with the same heat transfer surface. In addition, the lowest values
of pressure drop were achieved at zero angle for all values of Reynolds num-
bers. Deeb and Sidenkov [12, 13] numerically studied hydrodynamics and heat
transfer characteristics of a drop-shaped tubes bundle of various configura-
tions. Their results indicate that the hydrodynamic resistance of the drop-
shaped tubes bundles was better than the circular ones at angles of attack of 0,
180°. They proposed a correlation for heat transfer in terms of Re and 6 with
taking into account the stress-strain state of the tubes.

Computational Fluid Dynamics (CFD) emerged as a reliable and cost-
effective method to simulate complex turbulent flows. Several researchers have
identified the best combination of modeling and numerical method, in terms
of accuracy and computational cost. Jafari and Dehkordi [14] numerically sim-
ulated the 2D unsteady viscous flow around two circular cylinders in a tandem
arrangement in order to study the characteristics of the flow. Their results indi-
cate that the extended k-¢ and the Re-Normalization Group (RNG) k-& models
offer more accurate results than the standard k-e¢ model. Priyank et al. [15]
used FLUENT Software to analyze for predicting fluid flow and heat transfer
characteristics over a staggered tube bundle heat exchanger with different tube
bundles. They reported that CFD is the best tool for predicting fluid flow
and heat transfer characteristics prior to the physical setup of the experiments.
RNG k-¢ turbulence model improves the ability to model highly strained flows,
vortices, separation, and recirculation of the fluid. The RNG k-&¢ model showed
an excellent agreement between numerical and experimental results [16-18].

In the above-mentioned works, the local heat transfer and flow characteris-
tics of the cam and drop-shaped tubes are not fully described, but only the
overall heat transfer characteristics were presented. Thus, the details of the heat
transfer and flow on the tube surface could not be discussed. The local heat
transfer and hydrodynamic characteristics are particularly important in under-
standing the performance of tubes bundle.

In this regard, the subject of this study is to gain insight into the characteris-
tics of local and average heat transfer and fluid flow around circular, cam, and
drop-shaped tubes. Numerical simulation has been conducted using the software
package ANSYS FLUENT to provide a detailed study of heat transfer, friction
factor affecting the overall thermal performance of each tube. Correlations of the
Nu,, and ffor the studied tubes were obtained for 8.1-10° < Rep max <19.2-10°.

Numerical investigation. Geometrical model. In this study, three types of
tubes have been investigated. Figure 1 shows the cross-sections of the circular,
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cam, and drop-shaped tube. Tubes are located in a square cross-section channel;
a side of the square cross-section is 305 mm (length x width = 780 x 305 mm).
To compare the heat transfer and friction factor from each tube, the characteris-
tic length D.; = 22.44 mm is defined as the diameter of an equivalent circular
tube.

Fig. 1. Cross-sections of a circular (1); cam-shaped (2); drop-shaped tube (3)

Problem description and boundary conditions. The forced convection
problem has been solved using ANSYS FLUENT [19] in a two-dimensional
stationary formulation assuming a viscous incompressible flow with constant
thermophysical properties, taking into account the possibility of turbulence
generation. The effect of heat exchange by radiation are neglected. The numer-
ical solution is carried out by solving the governing equations of mass, mo-
mentum, and energy:
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where u is the x-component of the air velocity; v is the y-component of the air
velocity; p is the air density; p is air pressure; v is the air kinematic viscosity;
a is thermal diffusivity; T is temperature of the liquid.
The turbulence is modeled by the two-equation of Re-Normalization Group
(RNG) k-& model with the “Enhanced wall Treatment” function [16, 19].

Reynolds number was calculated by Repmax =pPUmaxDeq / p, where p

is a dynamic viscosity; Upmax is the maximum velocity in the minimum free
cross-section.
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As an external flow, the air flow is used. All computational experiments
were performed with a tube surface temperature of about 82.85 °C. The initial
velocity of the air at the channel’s entrance region varied in range of 6-12 m/s,
which corresponds to Repmax = (8.1-19.2) - 10°, at a temperature of 26.85 °C
and atmospheric pressure.

Mesh generation. The mesh is generated using ICEM CFD. Figure 2 shows
the configuration of the computational domain mesh for all studied tubes.
The working fluid domain is meshed with quadrilateral mesh elements with
refining the mesh near walls, so as to capture the boundary layer over the tube
surface. The location of the first node away from a wall were kept at 1 < y* < 5.
The mesh quality of 0.926 is maintained for the entire simulation.

a b c

Fig. 2. Mesh details around the surface of the circular (a); cam-shaped (b);
drop-shaped tube (c)

In this study, a finite-volume discretization method using second order
upwind scheme for momentum, turbulent kinetic energy, and turbulent
dissipation rate was performed. The simulation used the segregated solver, with
which continuity and momentum equations were solved in a decoupled fashion
during the outer iteration loop, besides using SIMPLE pressure-based solution
algorithm of the velocity—pressure coupling. The solution was considered
converged when the scaled residual of the energy and other equations reach
107",

The mesh-sensitivity analysis was carried out mainly to check for a mesh
independent solution. The number of nodes varied from 9 584 to 236 206
(Fig. 3).

It is seen from Fig. 3 that the computational Nu,, of each tube becomes
independent from the mesh for the mesh of about 63 824 nodes. Hence, the
mesh of 63 824 nodes is considered here-onwards to optimize the time and the
accuracy of the solution.

106 ISSN 1812-3368. Bectank MI'TY um. H.O. baymana. Cep. EcrecTBennbie Hayku. 2021. Ne 2



Numerical Investigation of Thermal-Hydraulic Performance...

Nu,,,

105 +
100
95

85 1 1 1
0 32500 65000 97500 120000

No. of nodes

Fig. 3. Mesh-sensitivity analysis at u = 12 m/s for cam-shaped (1);
drop-shaped tube (2), circular (3)

Discussion of the results obtained. Numerical results verification. In order
to validate the numerical model, the numerical results of the present study were
validated with the corresponding experimental one [2, 6, 9] of Nu,, and Euler
number Eu in the same range of values of Reynolds numbers. Figure 4 shows
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Fig. 4. Validation of Nu,, versus u (a); validation of Eu versus u (b):

a) o — exp. circular-shaped [2]; x — num. circular-shaped; [0 — exp. cam-shaped [6];
@ — num. cam-shaped; b) x — exp. drop-shaped, D = 38 mm [9]; ® — ANSYS
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increased turbulence which leads to the amplification of the convective heat
transfer. Thus, the model and the method of the CFD simulation presented
in this study is reliable.

Velocity contours. Figure 5 illustrates the velocity contours at u = 6, 12 m/s
for the three studied tubes. It is noticed that the vortex area behind the tubes
gradually decreases for the circular, cam, and drop-shaped tube, respectively,
which affects heat transfer and fluid flow characteristics. The flow separation
occurs as a result of travelling of the boundary layer far enough against an
adverse pressure gradient, that makes the velocity of the particles nearest to the
surface falls almost to zero. With increasing the air velocity from 6 to 12 m/s,
the vortex area in wake zone surface of tubes increases (Fig. 5, b, d, e).

o e
B.027e+00 1.629e+01
T.08%e+00 1. 440e01
6.1500400 12520001
sates0 1.0638+01
4 2720400 BTd1e+00
3333e+00 68530400
23950400 4 966e+00
1.4562400 3078e+00
5.170e-01 1.180e+00
4.2180.01 -6.975e-01
-1.3610400 2

[m s*-1] [m 81}

Fig. 5. Velocity contours for circular (a, b); cam-shaped (¢, d); drop-shaped tube (e, f)
atu=61(a, ¢ e),12m/s (b, d, f)
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Heat transfer characteristics. Figure 6 demonstrates contours of static tem-
perature for different shapes of the tube for selected velocities. The tempera-
ture of the air increases by gaining the heat from the tube surface. The maxi-
mum temperature of 82.85 °C is observed at the surface of the tubes (boundary
condition). It is seen that at u = 6 m/s, the thermal boundary layer is thicker
than that for u = 12 m/s. This is attributed to the separation of the flow over
the tube surfaces, which contributes to a further improvement in heat transfer
with increasing the velocity.

e f

Fig. 6. Temperature contours for circular (a, b); cam-shaped (c, d);
drop-shaped tube (e, f) at u =6 (a, ¢, €), 12 m/s (b, d, f)

The local heat transfer is affected by the thickness of the boundary layer
over the surface of the tube. Since the distribution of a local heat transfer coef-
ficient a over the tube is symmetrical, the distribution of o over a half surface
of each tube at u = 9 m/s given in Fig. 7 a. For all tubes, the local heat transfer
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Fig. 7. The distribution of the local heat transfer coefficient (a); variation of average
Nusselt number vs velocity (b) at drop-shaped tube (1), cam-shaped (2); circular (3)

coefficients have a maximum value at the forward stagnation point and then
they decrease until reach the separation point of the boundary layer. The min-
imum value in Fig. 7 a indicates the separation point of the curves, and then
the heat transfer coefficient increases again due to the occurrence of the vortex.

Figure 7 b shows the variations of the average Nusselt number Nu,, over
the whole surface of each tube for the air velocity in ranger of 6-12 m/s. The
average Nusselt number increases with the increase in the air velocity. At low
air velocities, the difference between the average Nusselt number values for all
tubes is small. It is seen that the drop-shaped tube has the best heat transfer
performance compared to circular, and cam-shaped tubes. At u = 12 m/s, the
maximum value of Nu,, for cam, circular, and drop-shaped tubes is found to
be 89.73, 90.46, and 94.11, respectively.

The average Nusselt number of a tube was determined from the computa-
tional experiment results as:

aD
Nu,, =—42,
A
1 F
where o= —j adF is the heat transfer coefficient averaged over whole surface
0

of tube.
Correlation for the average non-dimensional Nusselt number for different
shapes of tube based on the computational experiment was predicted by equation:

Nu,, = AReB PrC. (1)

Here the thermo-physical properties [20] are calculated for the average tem-
perature of the incoming flow. The coefficients A, B and C for Eq. (1) were
computed in Mathcad package using least square technique (Table 1). The ob-
tained equation is applicable for Repmax = (8.1-19.2) - 10° and for Prandtl
number Pr = 0.7.
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Table 1

Coefficients A, B, C for the proposed correlation for ﬂ, Eq. (1)

Tube A B C
Cam-shaped 0.1745 0.6512 0.37
Drop-shaped 0.1163 0.7028 '

Pressure and friction coefficients over a tube surface. Figure 8 presents the
static pressure contour for two cases of the air velocity. For all studied cases, it
is clear that the pressure has the highest value at the stagnation point on the
front of the tube, this is due to the fact that the flow velocity at this point tends
to zero (see Fig. 5). As flow passes over the surface of the tube, the pressure
decreases to the lowest value on the lateral surface. It can be seen that the drop
and the cam-shaped tubes reduce pressure drop more than the circular tube.
This is because they have a smaller wake zone as compared to the circular one.

BA21e+01
52410001
3661e+01

e S
Fig. 8. Pressure contours for circular (a, b); cam-shaped (¢, d); drop-shaped tube (e, f)
atu=6(a, ¢ e),12m/s (b, d, f)
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The pressure over the tube surface could be expressed through a pressure
coefficient as:

pi_poo
C,;=—tiPo_
P 2)pu2

where p; is the local static pressure; p,, and U, are the pressure and velocity
of the air free stream respectively.

Figure 9 a shows the distribution of pressure coefficient over a half surface
of the tube for u = 9 m/s. At the forward stagnation point, it is clear that all
tubes have the maximum value of the pressure coefficient, which is about 1.1.
At the frontal section, the drop shaped tube has a sharper drop pressure com-
pared to other tubes. For a circular tube, C, decreases to reach a minimum
value and then increases up to the rear stagnation point of the tube. However,
in the case of cam and drop-shaped tubes, there are two minimum values
of Cp. This can be attributed to the fact that the flow around cam and drop-
shaped tubes are similar to the flow over two circular tubes as well as two tan-
gent arcs or lines between them. These arcs and lines lead to a deceleration
of the flow along the surface of the tube and, accordingly, to an increase in
pressure.

Cp Cr
1.0
0.5
0 0.06
-0.5
1.0 0.03
*5(5) L= oz@ ‘

0.01 0.02 003 L,m 0 0.01 0.02 003 L ,m
a b

(=]

Fig. 9. Pressure coefficient distribution (a); skin coefficient distribution (b)
for drop-shaped tube (1), cam-shaped (2), circular (3)

It should be noted that the minimum value of C, is the point of change
from a favorable to an adverse pressure gradient over the surface of the tube.
Drop-shaped tube has a high favorable pressure gradient at the front of the
tube and a low adverse pressure gradient on sides of the tube, which prolongs
the separation of the fluid from the wall surface (see Fig. 9 a).

To find the location of the boundary layer separation point from the tube
surface, the distributions of the skin friction coefficient C; over a half surface
of the studied tubes are plotted in Fig. 9 b for u =9 m/s.

112 ISSN 1812-3368. Bectank MI'TY um. H.O. baymana. Cep. EcrecTBennbie Hayku. 2021. Ne 2



Numerical Investigation of Thermal-Hydraulic Performance...

The skin friction coefficient is determined as follows:

Tw,i

Cri=—i—,
LT q2)pU02

where 1, ; is a local skin shear stress on a tube surface.

The value of zero for Crindicates that the flow is separated from the sur-
face of the tube. For different tubes, it is seen from Fig. 9 b that a first zero val-

ue of Crexists at the forward stagnation point. The location of the second zero
value of the skin friction coefficient is shifted towards the rear stagnation point
of the tube for a circular tube compared to a drop-shaped tube. However, it
does not exist in the case of a cam-shaped tube. The highest and lowest values
of Crare observed for the drop, cam-shaped, and circular tube, respectively.

The pressure drop across the channel is represented by friction factor,
as defined by [21]:

A
f: pz 4
I pUinax
Dy 2

where [ is a major axis of the tube; Ap is pressure drop across the test section
(from the simulation results).

Figure 10 presents the friction factor for different shapes of tube. As the air
velocity increases, for all cases, the friction factor for the fluid decreases. This is
usually due to the fact that the overall drag consists of two combined parts: the
friction drag, and the pressure drag. The friction drag is more dominant than
the pressure drag at the lower velocities, which results in a higher pressure
drop while the opposite occurs at the higher velocities. In the case of high ve-
locities, the influence of viscous forces decreases while that of the inertial forc-

f
0.06 - '
2
— o
0.04
1
0.02 I I I I I
6 7 8 9 10 Il u, m/s

Fig. 10. Friction factor vs air velocity for drop-shaped tube (1),
cam-shaped (2), circular (3)
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es increases. Since the airflow tends to shift more turbulent, the separation
point travels farther downstream, nd consequently the size of the wake and the
magnitude of the pressure drag decreases. Results show that the cam and drop-
shaped tubes have less friction factor compared to circular tube. Friction factor
of a drop-shaped tube is about 124.66-167.91 % and 46.44-57.8 %, respective-
ly, lower than the circular and cam-shaped tubes.

The correlations for friction factor for Reynolds number in the range
of (8.1-19.2) - 10’ is obtained by equation:

f=aRe?, (2)
where a, b are constants, determined from the ANSYS data (Table 2).
Table 2
Coefficients a, b for the proposed Eq. (2)
Tube a b
Cam-shaped 0.2758 0.1946
Drop-shaped 0.0667 0.0884

Thermal-hydraulic performance. The above sections have discussed the
heat transfer characteristics and the friction factor for the three shapes of tube.
However, it is necessary to evaluate the combined effect of heat transfer along
with friction factor associated with the flow over the tubes.

The thermal-hydraulic performance shaped tube base on a circular tube is
proposed by Webb [22] as:

. Nuav,cam(drop) / Nuay,circ
fcam(drop) /fcirc

The thermal-hydraulic performance for the entire range of the air velocity
is depicted in Fig. 11. Results show that the performance of drop and cam-

n
! 1
2.0
2
— 5
I.5F
3
1.0
05 I I I I I
6 7 8 9 10 Il u, m/s

Fig. 11. Thermal-hydraulic performance of various tubes for drop-shaped tube (1),
cam-shaped (2), circular (3)
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shaped tubes is about 2.5 and 1.5 times, respectively, higher than the circular
one. This can be attributed to the aerodynamic shape and lower friction factor
of the drop and cam-shaped tubes compare to a circular tube. Therefore, it is
clear that the drop and cam-shaped tubes perform better.

Conclusion. Numerical investigation is carried out to compare heat trans-
fer and hydrodynamic characteristics of single circular, cam, and drop-shaped
tube in cross flow. The study is performed for the Reynolds number range
from 8.1-10° to 19.2-10°. The main conclusions are as follows:

at the tube downstream, the drop and cam-shaped tubes have less vortex
area compared to the circular one;

local heat transfer coefficients of the cam and drop-shaped tubes is signifi-
cantly different from that of the circular tube. For all tubes, the local heat
transfer coefficients have a maximum value at the forward stagnation point;

the highest and lowest values of C; were occurred for the drop, cam-
shaped, and circular tube, respectively;

for different shapes of tube, the results indicated that the average Nusselt
number Nu,, increases with increasing the air velocity. In the contrary, fric-
tion factor f decreases as the air velocity increases;

friction factor of a drop-shaped tube is about 2.25-2.68 and 1.46-1.58 ti-
mes, respectively, lower than the circular and cam-shaped tubes;

correlations were developed from the computational results for the studied
tubes to give Nu,, and f in terms of Re;

thermal-hydraulic performance of drop and cam-shaped tubes is about 2.5
and 1.5 times, respectively, higher than the circular one.

The results obtained will serve as a base for further studies of the heat
transfer and hydrodynamic characteristics of drop-shaped tubes bundle.
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