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Abstract

In this study, the effects of the presence of multi-longitudinal vortex and various rotation angles between the pitches of
alternating elliptical axis (AEA) tubes on heat transfer and pressure drop of turbulent flow were numerically investigated.
Turbulent flow of water fluid was simulated at Reynolds numbers of 10,000-60,000. The turbulent flow and heat transfer in
the tubes were discussed in terms of parameters such as static pressure, velocity magnitude, wall shear stress, turbulent
intensity, performance evaluation criterion and the field synergy principle. The results demonstrate that most heat transfer
occurs in the transition zone, but this also caused a high rate of pressure drop. Increasing the rotation angle between pitches
from 60° to 80° increased the heat transfer, which increased the number of the multi-longitudinal vortices from four to
eight and better mixed the cold fluid with the hot fluid near the tube wall on more paths. The friction factor decreased and
the average Nusselt number increased as the Reynolds number increased. Both parameters increased as the angle of the
pitch rotation increased. The performance evaluation criteria for all AEA tubes at a constant pumping power showed that
the highest value (1.09) was achieved at a low Reynolds number (Re = 10,000) in the AEA 90° tube.

Keywords Turbulent flow - Heat transfer - Multi-longitudinal vortex - Field synergy principle - Performance evaluation
criterion - Alternating elliptical axis tube

Nomenclature K Thermal conductivity, W/(m K)
A Area, m” k Turbulence kinetic energy, m?/s>
A Major axes length of elliptical cross section, mm L Length of tube, mm
B Minor axes length of elliptical cross section, mm Ly Length of inlet and outlet circular tube, mm
C Transition length, mm Nu  Nusselt number, Nu = (¢"Dy)/(K(Tyw — Ty))
Co Specific heat, J/(kg K) P Pressure, kg/(m s2)
C Perimeter of the ellipse, m P Pitch length, mm
D, Hydraulic diameter, m P Mean pressure, kg/(m s%)
d Circular tube diameter of AEA tube, mm P, Improved production of turbulence kinetic energy,
f Friction factor, f = (ApDy) / (% puﬁng) kg/(m s%)

. SN 3 Pr Prandtl number, Pr = uCy/K
Gy Production of turbulence kinetic energy, kg/(m s”) I Heat flux. W/m?2
g Gravitational acceleration, m/s” E ’

. Re Reynolds number, Re = puD,/u
hioss Irreversible head loss, m s Strain tensor magnitude, s~

Sij Components of the mean strain tensor, st
Technical Editor: Jader Barbosa Jr. r Temperature, K
Ty Average bulk temperature, K
B< Hamid Reza Nazif T Mean temperature, K
nazif @eng.ikiu.ac.ir T Turbulent temperature fluctuations, K
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u; Turbulent velocity fluctuations, m/s
u* Friction velocity, m/s

Vv Velocity, m/s

X; Cartesian coordinates, m

Y Distance of the closest computational node from the
wall, m

yt Dimensionless wall distance

z Axial distance from inlet, m

Greek symbols

o Kinetic energy correction factors

0;  Kronecker delta

I3 Turbulent dissipation rate, m?%/s’

&mn Tensor of Levi—Civita

0 Angle between major axes of elliptical cross-
sectional tubes

u Laminar dynamic viscosity, kg/(m s)

e Turbulent dynamic viscosity, kg/(m s)
Uerr  Effective dynamic viscosity, kg/(m s)

y Kinematic viscosity, m?/s

0 Density, kg/m®

Ok Turbulent Prandtl number of &

o, Turbulent Prandtl number of ¢

1;  Stress tensor, kg/(m s%)

Ty Wall shear stress, kg/(m s?)

Q Characteristic rotation rate, s!

Q;  Components of the vorticity tensor, st
QX' Components of the system rotation vector, s~
w Turbulence eddy frequency, s

Subscripts

a Section A
avg Average

b Section B
eff  Effective

S Smooth tube
w Wall

1 Introduction

Improving the thermal-hydraulic performance of heat
exchangers has been a topic of interest to many engineers.
Increasing heat transfer is possible by techniques such as
changing the geometry of the pipe [1], using nanofluids
[2-4] and applying external electromagnetic energy [5-7].
The use of fins on the tube [8-10], rotation of the cross-
sectional area of the pipe [11, 12] and flattening it [13, 14]
are methods of increasing heat transfer by changing the
geometry of the tube.

Guo et al. [15] suggested three novel approaches of
enhancing convective heat transfer of parabolic flow. One
is to increase the angle between the dimensionless velocity
and temperature gradient vectors (for example, using a
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swirl flow device) and which is now known as the field
synergy principle. Li et al. [16] applied this principle to
analyze numerical flow and heat transfer in alternating
elliptical axis (AEA) tubes. Their experimental results
indicated that the transition from laminar to turbulent flow
in an AEA tube occurs at a lower Reynolds number of
about 1000. Their numerical results detected the complex
multi-longitudinal vortex structure of the flow. It shows
improved synergy between the velocity field and temper-
ature gradient to a large extent. They also found that AEA
tubes were more appropriate than circular tubes for
enhancing heat transfer at a common pumping power.

Meng et al. [17] suggested an experimental investigation
on convection in an AEA tube. They analyzed heat transfer
and pressure drop for a Reynolds number (Re) range of
500 < Re < 5 x 10* They found that heat transfer is more
effectively enhanced with a smaller increment in flow
resistance compared to other options. Their analysis
showed that the mechanism for heat transfer enhancement
stems primarily from the effect of multi-longitudinal vor-
tices induced by cross-sectional changes in the AEA tubes.

Chen and Dung [18] carried out a numerical study on
heat transfer characteristics in a parallel flow arrangement
and counter flow in double-tube heat exchangers with AEA
tubes as the inner tubes. Their numerical results showed
that the inner AEA tube produced multi-longitudinal vor-
tices in both the inner and outer tube flows and that heat
transfer improved. Unlike the heat transfer coefficient of
the counter flow arrangement that is often higher than the
parallel flow arrangement, they observed that the perfor-
mance of the parallel flow arrangement was slightly better
than that of the counter flow.

Sajadi et al. [19] experimentally and numerically
investigated heat transfer and flow resistance of oil flow in
flattened, circular and AEA tubes. Their numerical results
showed that a decrease in the aspect ratio and pitch length
increased heat transfer and flow resistance. They found that
AEA tubes performed better than flattened or circular
tubes.

Yang et al. [11] investigated the heat transfer and flow
resistance characteristics of water flow inside twisted
elliptical (TE) tubes with different structural parameters in
a series of experimental tests. Their results showed that TE
tubes can increase heat transfer and the pressure drop
inside the tube. They concluded that larger tube aspect
ratios and smaller twist pitches increased the heat transfer
coefficients and friction factors. They also found that the
best operating regime for TE tubes was at lower Reynolds
numbers. They realized that the multi-longitudinal vortex
induced by the twisted tube wall improved the synergy
between the velocity vector and temperature gradient,
which in turn yielded better heat transfer performance.
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As mentioned, AEA tubes increased the heat transfer
coefficient. In this study, the turbulent flow and heat
transfer in AEA tubes at different alternative angles were
investigated numerically. First, the effect of the two
approaches of spatial discretization of the gradients of the
solution variables and sensitizing the streamline curvature
to the numerical results were compared. The AEA tubes
were then compared at different alternative angles for the
parameters of flow, such as static pressure, velocity, wall
shear stress and turbulent intensity. Comparison was made
of the overall thermal-hydraulic performance of the
enhanced tube, friction factor, average Nusselt number,
performance evaluation criterion (PEC) and field synergy
principle at a common pump power.

2 Tube geometry and mathematical model
2.1 Physical model

A series of alternate pitches with 40°, 60°, 80° and 90°
rotations between the major axes of the elliptical cross-
sectional tube was connected by transition sections. It
generated the AEA tubes shown in Fig. 1. Note that the
input and output of all AEA tubes were circular with a
diameter d = 16.5 mm and length L; of 34 mm. This
makes the input flow condition identical at a common
Reynolds number due to input into the circular cross-sec-
tional tube. In this figure, the values of A, B, C and P are
20, 13, 6 and 34 mm, respectively, and 6 is the angle
between the major axes of elliptical tube cross sections.

2.2 Governing equation

The numerical simulation of turbulent flow and heat
transfer was carried out using the finite volume method.
The following assumptions were considered:

1) Steady-state turbulent flow.

,,,,,,,,,

-—1>/2tj P

Fig. 1 Alternating elliptical axis tubes with different alternative angles

2) The fluid is incompressible and Newtonian.

3) Viscous dissipation terms are used in the energy
equation.

4) Standard eddy-viscosity models do not sensitize the
effects of streamline curvature and system rotation

Based on the above assumptions, the Reynolds-averaged
Navier—Stokes (RANS) equations were employed. The
continuity, momentum and energy equations of the turbu-
lent flow are [20]:

Continuity:
Ou;
i 0. (1)
Momentum:
_ o oP 0 o ——
o (u === o). 2
Y 6xj axi + 6xj (,U ij puluj) ( )
Energy:
_oT © oT —_
pCplt; Tt <K6_xJ — pColT' + ui(r,j)eff) (3)

The third term on the right-hand side of the energy
equation represents viscous dissipation as:
Ou; Oy 2 O
(Tij)eff: Hett <6_x, + a—xj) 3 Hetr o 0jj. (4)

Selection of a suitable turbulence model is crucial to
modeling turbulent flow to assure the accuracy of the
numerical results. Commonly used turbulence models such
as standard k—e, realizable k—e, SST k-w and the V2F
models were used to simulate the AEA tubes. The
numerical results of the friction factor and average Nusselt
number of the AEA 90° tube were compared with the
experimental results of Guo [21] using these models as
shown in Fig. 2. It is evident that the friction factor and
average Nusselt number calculated by the k—¢ turbulence
models were much closer to the experimental results than
the other models. Considering these results and those of

AEA tube for
0=40°,60° & 80°
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previous studies [16, 17, 22, 23], the standard k—¢ turbu-
lence model was employed for numerical simulation of
turbulent flow and heat transfer of AEA tubes. The friction
factor and average Nusselt number can be written as:

ApDh
I )
3 PUlL
| L
qHDh
Nitgg =~ | =T gy, 6
s Lo/ K@ - 1) )

where Ap is the pressure drop along the tube and Ty(z) is
the average bulk temperature.

B 1
Auavg

Tv(z) JuTdA.

A

(7)

The turbulence kinetic energy (k) and its dissipation rate
(¢) equations were obtained from the following transport
equations [24]:

0 _ 0 u\ ok
— (pkw;) = — =] =—| + Px — ps,
x; (pkic;) 0x; K,u + ak) 6xj} o pe ®)
0 o 0 U\ Oe e &2
A i) == — == o7 Pk — pCo—,
ox; (peit) 0Ox; [(,u * as) 6)9} + G Kk P2 k
9)

where y, is the turbulent dynamic viscosity and Py is the
improved production of turbulence kinetic energy (Eq. 16)
due to the mean velocity gradients (see Sect. 4.4).

(10)

He :pcu?~

The standard k—¢ turbulence model constants are [24]:
C.=144, C;=192, C,=0.09, o,=1 and
o, = 1.3.

2.3 Boundary conditions

The inlet velocity of the AEA tube was determined by
calculating the Reynolds number of the flow at the tube

inlet assuming that it is uniform and normal to the
boundary. In Guo’s experiment [21], the difference
between the maximum and minimum temperature was less
than 30°; therefore, the inlet and wall temperature were
equal to 295 and 325 K, respectively. Along the tube wall,
the no-slip boundary condition for velocity was imposed.

3 Numerical method

The SIMPLEC algorithm [25] was employed to handle the
pressure—velocity coupling for all numerical simulations.
The pressure-based coupled algorithm [26] was used to
solve the governing equations. For a coupled system of
turbulent flow and energy, the gradients of the solution
variables of the grids were set by least squares cell-based
(LSCB) [27] and green Gauss node-based (GGNB) [28, 29]
approaches, respectively. First, the flow and turbulence
equations were solved and then the flow and turbulent
variables were frozen and the energy equation solved. The
standard [27] and second-order upwind [30] schemes were
adopted to calculate the cell face pressure and discretize all
equations, respectively. The enhanced wall treatment [31]
method was used to handle the near-wall phenomena of the
tube wall. The double precision solver was used and
numerical calculation was stopped when the resulting
residuals for all equations were lower than 107°.

4 Numerical computation
4.1 Grid independence

To test the independence of the generated grids, five grids
of different sizes were tested for each AEA and round tube.
Figure 3 shows the cross-sectional grid layout used in the
present numerical computation for the AEA 90° and 60°
tubes and the round tube. The average Nusselt numbers
(Nu,y,) of the five computational grids are listed in Table 1

Fig. 2 Validation of turbulence (a) o (b) 300
models by comparison of O Experimental-Guo [21] ; O Experimental-Guo [21] e
. : 0.09 —0— Standard k¢ ——C— Stndard ke s
numerical results with T — Realizablo b 250 F — —a— — Realizable k-¢
experimental results of Guo [21] L 0.08 — == SSTko PooTes \S,S;k""
¢ ol. 5 - mmm
in the AEA 90° tube: a friction S 200 |- 7
. S 007 . P
factor; b average Nusselt N b M
[N
number % 0.06 Ty 150p ot
3 5 !
N = s
= 0.05 ) ‘9}&
100 g
0.04 2
Qf
50F
0.03

I . I . I .
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Table 1 Results of grid independence study for the AEA 90° tube

Mesh (number of cells) Nitgyg ONityyg

280.9442
339.2751
343.5931
345.0233
346.0065

Mesh-1 (1,444,608)
Mesh-2 (1,932,800)
Mesh-3 (3,379,376)
Mesh-4 (3,951,360)
Mesh-5 (4,646,340)

58.3309
— 4.318
1.4302
0.9832

for the AEA 90° tube under turbulent flow at Re = 40,000.
The increasing grid numbers along the x, y and z axes
below the third row of Table 1 indicate that the relative
deviation of the average Nusselt number did not change
significantly. The mesh-4 grid (3,951,360 cells) for the
AEA 90° tube was selected for all numerical simulations of
the AEA tubes.

Because the enhanced wall treatment method was used
to simulate the boundary layer motion, the distance of the
tube walls to the nodes of all grids is the value of the
dimensionless wall distance parameter called y© which is
close to or less than one. The y* parameter is defined as
[20]:

; (11)

where Y is the distance of the first node from the wall of the
tube, v is the kinematic viscosity of the fluid and u" is the
friction velocity as defined by [20]:

u

(12)

Based on the above equations, the distance of the nearest
node to the tube wall is 0.005 mm and the value of y* is
approximately one. Figure 4 shows the y* parameter along
the AEA 90° tube at Re = 60,000. It shows that all y+
parameters were close to or less than one.

1.5
Re=60,000
AEA 90" tube
1,7,7 - - — — 9- - - — 1 — 4 — —F - — — - - - —
*a |
0.5
0 P P P P |
0 0.1 0.2 0.3 0.4 0.5

Axial Direction (m)

Fig. 4 Local values of non-dimensional y* parameter along the AEA

90° tube at Re = 60,000
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4.2 Validation of the numerical simulation
for the AEA tube

To ensure the accuracy of the numerical computations, the
simulation results were compared with experimental data.
Guo [21] analyzed the increase in heat transfer for the
turbulent flow in the AEA 90° tube and the parameters of
this study were used. Figure 5 compares the numerical
friction factor and average Nusselt number for an AEA 90°
tube from the present study and from the experimental
study of Guo [21] and a numerical study by Chen et al.
[22]. Figure 5 shows that the numerical results are in good
agreement with the experimental results reported by Guo
[21]. The figures also show that the numerical results from
the present study are better than the numerical data by
Chen et al. [22].

The maximum absolute error observed between the
numerical and experimental results for friction factor and
average Nusselt number of an AEA 90° tube were about 14
and 6.5%, respectively. The maximum absolute errors for
these kinds of tubes were less than those reported by Sajadi
et al. [19] (21 and 24% for friction factor and Nusselt
number, respectively). It can be concluded that the
numerical computational model was appropriate for solv-
ing convective heat transfer of the turbulent flow problem
in the AEA tubes.

As shown in Fig. 5a, the friction factor using the com-
putational LSCB approach for the gradients of the solution
variables is closer to the experimental results than that from
the GGNB approach. The average Nusselt number calcu-
lated using the GGNB was the best for the energy equation
according to the results presented in Fig. 5b. According to
this, the LSCB and GGNB approaches are appropriate for
turbulent flow and the energy equation, respectively.

4.3 Validation of numerical simulation
for a circular tube

The circular tube was simulated to compare the numerical
results of the AEA tube with those of the circular tube

@ Springer
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under the same conditions. In a fully developed flow, the
friction factor correlation for the circular smooth surface
tubes at 3000 < Re < 5 x 10° was determined by Petu-
khov et al. [32]. The experimental correlation for the
Nusselt number in the fully developed flow valid for cir-
cular tubes was determined by Gnielinski [33, 34]. These
correlations are valid for 3000 < Re <5 x 10° and 0.5 <
Pr < 2000 and were calculated as follows:

fs = (0.79In(Re) — 1.64)_2,
~ (f/8)(Re — 1000)Pr
T4 12.7(r/8) (P — 1)

(13)

(14)

Figure 6 compares the numerical results for the friction
factor and average Nusselt number for the circular tube in
the present study for fully developed flow using the above
correlations. Good agreement exists between the present
numerical results and the experimental correlations.

4.4 The effect of sensitizing streamline
curvature and system rotation on numerical
results

One drawback of eddy-viscosity models in two-equation
models is insensitivity to streamline curvature and system
rotation, which play significant roles in many turbulent
flows of practical interest [35]. In the current study, the
effect of streamline curvature and system rotation on the
simulation results of the AEA 90° tube was investigated.
An empirical function [36] can be applied to account for
the streamline curvature and system rotation effects as
follows:

2 %
(1+ C,l)% [1 = Catan'(CaF)] — Cnr.

(15)

To improve the production term, the multiplier used was
limited as follows:

frotati on —
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Fig. 6 Comparison of the (@) 0.0s (b) so0r
numerical results with [ 450;
experimental correlations of [ Experimental-Petukhov et al. [32] F Experimental-Gnielinski [33, 34]
Petukhov et al. [32] and 0.04L (e] Present study .§ 4005— [e] Present study
Gnielinski [33, 34], 5 [ § 350
respectively, for a circular tube: E [ © i 300F
a friction factor and b average S oosp o 2 3
-2 [ o S 250F
Nusselt number kS o = E
S §c 200 F
0.02 i% 150 7
100 f
]()‘0()0 ‘ 2()‘()()() ‘ 30‘000 ‘ 40‘0()0 ‘ 5()‘()()() ‘ 60‘()00 50 10(‘)00 ‘ 20(‘)00 ‘ 30600 ‘ 40(‘)00 ‘ 50(‘)00 ‘ 60(‘)00
Reynolds Number Reynolds Number
Table 2 Cqmpanspn Of. Re Curvature correction f Number of iterations Difference %
numerical simulation with and
without sensitizing streamline 30,000 Without 0.05414584 1296 0.199
curvature and system rotation .
With 0.05403832 1418
60,000 Without 0.04850669 1550 0.132
With 0.04844259 1759
Py = Gy - f;, (16) Q> = 209y, (25)
where D? = max($?,0.090%), (26)
Gy = —pulid, %’ (17) in which §;; is the component of the mean strain tensor, £;;
T By ..
0x; the component of the vorticity tensor, Q' the component
f = maX{O.l + Cscale(fr _ 1)}7 (18) of the system rotation vector, S the strain tensor, 2 the
~ vorticity tensor and o the turbulence eddy frequency.
f, = max{min(fioation, 1.25).0}. (19) The numerical results of the friction factor from

The empirical constants C,;, C,5, C,3 and Cycye Were
equal to 1, 2, 3 and 1, respectively. The ~ and 7, terms of
the fiomton function, can be expressed as follows [35, 37]:

S
P 20
r=g (20)
F— 2005 |70 4 (S + i) 2 | . (21
r= ikjk | Ut ox, + (Stmn in 1 Ejmn m) m | 'Op3’ ( )

where the first term in brackets is the second velocity
gradient and the second term in brackets is a measure of
system rotation. Furthermore, ¢, is the Levi—Civita ten-
sor. The strain rate and vorticity tensor [37] are:

1 /Oou; Ou;
Si==(—+=2), 22
v 2 <6xj + 6x,~> ( )
1 /ou; Ou;
Qi=-—-—=— 26, Q" 23
y 2<axj axl)_'_ ‘C] m ( )
where
§* = 28;Sy, (24)

Eq. (16) at Re = 30,000 and 60,000 are presented in
Table 2. This table shows that the sensitizing effects of
streamline curvature and system rotation did not play an
important role in the flow and turbulence simulation for
this type of tube. The results show that the friction factor
improved by less than 0.2%. The number of iterations for
convergence increased without an appreciable difference in
the final results. Therefore, the sensitizing effects of
streamline curvature and system rotation for this study
were negligible.

5 Results and discussion

The thermal-hydraulic performance of turbulent flow of a
fluid and the heat transfer in an AEA tube were simulated
numerically. Variables such as pressure drop, velocity
magnitude, wall shear stress, turbulent intensity, friction
factor, average Nusselt number, PEC and field synergy
principle were determined.

Figure 7 shows the part of the AEA tube at
0.357-0.437 m in length. As seen in this figure, two sec-
tions are denoted as Distances A and B. Between them is a
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Fig. 7 Positions of the three sections

distance denoted as the transition length and is shown in
the figure as “transition”. In the area shown in Fig. 7, three
sections were selected as perpendicular to the flow for
which the numerical results are displayed. Sections A and
B are positioned at the input and output of the transition
zone, respectively, and the midpoint of Distance B is
denoted as Section C.

Note that the cross-sectional area of the middle of the
transition zone in the AEA tubes are different. Figure 8
shows that the shape of this cross section at angle 6 values
of 40°, 60° and 80° varied from ellipsoid to square. Fig-
ure 9 shows the distribution of the area along an alternating
cycle of the tube, especially in the transition zone. The
figure shows that increasing angle 6 from 40° to 80°
decreased the area at the middle of the transition zone, but
that this increased at the 90° angle. This increase in the
middle of the transition zone from the AEA 80° to the 90°
tubes caused a considerable difference in the results of the
numerical solution (see Sect. 5.1). The largest area was
observed in the transition zone of the AEA 90° tube that, as
shown in Fig. 8, was circular in shape. Note that the
minimum cross-sectional area was observed at the middle
of the transition zone of the AEA tube for angles less than
80°, but the maximum was observed for AEA 90° tube.
Also, the transition zones were created with a constant
perimeter of cross sections.

Fig. 8 Cross section of the
middle of the transition zone of
all AEA tubes

5.1 Pressure drop results

When designing efficient heat exchangers, the pressure
drop throughout the tube length is important. Figure 10
shows the average static pressure along Distance A, the
transition zone and Distance B of the AEA tube at different
values of 0. Figure 10 shows the maximum rate of pressure
drop, which occurred at the transition zone.

Figure 11 shows the average velocity in a complete
alternating cycle of the AEA tube. Figures 9 and 11 show
that emergence of the maximum area in the cross section at
the middle of the transition zone of the AEA 90° tube
decreased the average velocity in that zone. This conforms
with the law of mass conservation (A,V, = A,V},). The
other tubes considered in this study experienced a decrease
in this part of the cross-sectional area, which increased the
average velocity in that zone.

The average velocity exiting the transition zone
increased compared to the entry of the flow of that zone for
all tubes. For all AEA tubes except the 90°, the decrease in
the cross-sectional area at the middle of the transition zone
showed displacement acceleration in that area. This caused
an increase in the average velocity at the outlet section of
the transition zone toward the inlet section. For the AEA
90° tube, the fluid flow experienced a lower pressure drop
after crossing from Section A because of the increase in the
cross-sectional area in the middle of the transition zone.
Away from the middle of the transition zone, the decrease
in the area of the outlet section increased the velocity at the
outlet section of the transition zone compared to the inlet
section.

This difference in velocity in the inlet and outlet sec-
tions of the transition zone influenced the average static
pressure of the tube cross sections. An energy equation was
developed by assuming steady and incompressible one-
dimensional flow and showed that considerable local head
loss (hy4ss) Of pressure was observed in the transition zone.
The energy equation was as follows:

P,=P, — p(oc;,V,f — otan)/Z — pghoss, (27)

AEA 40° tube

@ Springer

AEA 60° tube

AEA 80° tube AEA 90° tube
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where hyos, 0, and o, are the irreversible head loss of the
transition zone and the kinetic energy correction factors in
Sections A and B, respectively [38].

Figure 12 shows the pressure drop for the AEA tubes at
different Reynolds numbers. In AEA tubes with greater
angles, the pressure drop curves were more sensitive to
changes in the Reynolds number. An increase in the Rey-
nolds number increased the pressure drop and the differ-
ence between the pressure drops in the various tubes
increased as angle 6 increased.

5.2 Wall shear stress results

The shear stress on the tube wall represents the force
impeding the motion of the fluid at a distance from the tube
inlet. It was necessary to determine in which areas of the
tube the stress was critical and severe; therefore, the
average wall shear stress and its effect on pressure drop
were calculated. The wall shear stress was computed as the
multiplication of the average effective viscosity (sum of the
laminar and turbulent viscosity) by the velocity gradient as
follows [20]:

TW-an = (,LL + :ul)avg (VV + VVT) (28)

avg’

Note that the average effective viscosity and velocity
gradient on the sections of the tube wall were computed as
follows:

1

(:u + ,ul)avg: Cf(:u + :ut)dcv (29)
1

(VV+VV) = s+ vvT)dc. (30)

Figure 13a, b shows the average value of the effective
viscosity and velocity gradient on the sections of the wall,
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respectively. Figure 13a shows that the effective viscosity
in the transition zone was only sensitive to the variation in
angle 0. The values for the AEA 90° tube as compared to
the other tubes were a little larger along a constant cross
section. Figure 13b shows that the average velocity gra-
dient at Distances A and B increased as angle 6 increased.
The average velocity gradient for the AEA 90° tube in the
transition zone was compared to those of other tubes and
showed different results because of the different cross-
sectional areas of the other tubes. Equation (28) and
Fig. 13a, b indicate that the term most effecting wall shear
stress was the velocity gradient term, which produced
stronger changes than the viscosity term.

Figure 14 shows the average shear stress on the sections
of the tube wall and indicates that an increase in angle 6
increased the wall shear stress. The figure shows that the
change in average wall shear stress for the AEA 90° tube
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Fig. 14 Average wall shear stress along the axial direction of the
AEA tubes at different angles
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differed from those of other AEA tubes in the transition
zone. This occurred because of the difference in the cross-

sectional area of the middle of the transition zone for the
AEA 90° tube.

5.3 Flow structure

Figure 15 shows the effect of angle 0 on the flow structure
in the streamlines in Section C of all AEA tubes. In the
AEA 40° and 60° tubes, there are four vortices in the tube
cross section and an increase in angle 0 from 60° to 80°
divided the multi-longitudinal vortices and increased the
number from four to eight. The results showed that the
presence of multi-longitudinal vortices along the length of
the tube increased the pressure loss of the flow.

5.4 Heat transfer results

Figure 16 shows the temperature contour and the velocity
vectors in Section C of the AEA tubes used to determine
the effect of angle 6 on the heat transfer of turbulent flow.
As seen, the cold fluid moved toward the tube wall from
the center of the tube. During this impingement, the cool
fluid from the center of the tube mixed with the hot fluid
near the wall and the heated fluid near the wall moved
toward the core flow region because of the presence of
secondary flows. The number of multi-longitudinal vortices
increased as angle 6 increased and caused the cold fluid to
better mix with the hot fluid on more paths, resulting in
increased heat transfer.

The average Nusselt number along the AEA tubes at
different values for angle 6 are shown in Fig. 17. The value
of the average Nusselt number in the transition zone was
high compared with the other areas. At some distance from
this area, the average Nusselt number decreased. It can also
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be observed that increasing angle 6 increased the heat
transfer value. The following equation was used to calcu-
late the average Nusselt number:
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Fig. 17 Average Nusselt number along the axial direction of the AEA
tubes at different angles

1 Dh
Nitgyg = ——t—r| (31)
K(Ty — Tp)

where g,,," is the average heat flux on the tube wall and 7,
and T, are the wall and bulk temperature of the fluid,
respectively.

5.5 Turbulent intensity

Another parameter that reflects the strength of fluid mixing
is turbulent intensity, which represents the heat transfer
performance to some extent in the turbulent flow. Fig-
ure 18 shows the contour of the turbulent intensity in three
cross sections. The turbulent intensity is higher at both ends
of the main diagonal of the studied sections than in other
areas. Section B shows a greater area of high turbulent
intensity. The turbulent intensity in Section B is high and
increased the heat exchange with the hot fluid near the
wall, increasing the heat transfer. The turbulent intensity
can be seen to increase with an increase in angle 6.
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5.6 Analysis from field synergy principle

In the field synergy principle, an improvement in synergy
between the velocity vector and temperature gradient will
increase the convective heat transfer. Creation of multi-
longitudinal vortices in the fluid flow is one way to increase
synergy between these two parameters [15]. Figure 19
shows the contours of the numerical value of the dot
products of the velocity vector and temperature gradient in
Sections A, B and C. It can be observed that Sections A and
B have a maximum value of V- VT and an increase in
angle 6 divided the zones from two into eight segments.
Farther away from the transition zone, the V - VT in Sec-
tion C between the multi-longitudinal vortices and the tube
wall reached a maximum value and increasing angle 0
increased the maximum value of the dot product.

@ Springer

For more accurate analysis, the sum of the dot products of
the velocity vector and temperature gradient at the left-hand
side of the integral of Eq. (32) was calculated for Sections A—
B, B-C and A-C (Table 3). It should be noted that Sec-
tion A-B represents Sections A and B. When integrating the
energy equation over the entire domain, regardless of axial
heat conduction within the fluid, the amount of heat trans-
ferred from the tube wall related to the dot product of the
velocity vector and temperature gradient as follows [39]:

pCp(V . VT)dA = / - KeffdeL = gdw,

inlet and outlet wall

(32)

where 7 is the outward normal along each boundary and ¢,
is heat transfer at the tube wall.
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Table 3 Sum of V- VT in

AEA 60° tube AEA 80° tube AEA 90° tube

sections of AEA tubes at Sefc ) (V- VT)dA AEA 40° tube
Re = 40,000
Sec. A and B 7.1100 x 1079
Sec. B and C 9.9296 x 10~*
Sec. A and C 8.1029 x 107

47752 x 107
— 1.6751 x 107
3.1001 x 107

2.5860 x 107
—9.7976 x 1079
1.6062 x 107%

2.5365 x 107
—1.0327 x 107
1.5038 x 1072

As seen in Table 3, the sum of V - VT in Section A-B is
larger than in Section B-C. Equation (32) indicates that
heat transfer in the transition zone increased. In addition,
the sum of this dot product in Section B-C was negative,
which indicates that the flow exchanged heat with the fluid
throughout the tube because of the reverse flow after the
transition zone (according to the results of Chen et al. [22]).
The increase in angle O increased the sum of the dot

products of the velocity vector and temperature gradient in
Section A—C, indicating that heat transfer increased. It can
be concluded that the multi-longitudinal vortices have
increased the angle between the velocity vector and tem-
perature gradient, resulting in an increase in heat transfer.
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5.7 Friction factor and average Nusselt number

The thermal-hydraulic performance of the AEA tubes and
the circular tube were investigated by calculating the
friction factor and average Nusselt number at Re = 10,000
to 60,000. Figure 20a, b shows that the friction factor
decreased and the average Nusselt number increased as Re
increased. An increase in the angle of the pitch rotation
also caused both parameters to increase. It was found that
the AEA 90° tube showed the highest heat transfer, but a
drawback to this increase was an increase in the pressure
drop.

5.8 Performance evaluation criterion

The performance evaluation criterion (PEC) was developed
by Webb and Kim [40] to evaluate the overall thermal-
hydraulic performance of the enhanced tube at a common
pump power. The PEC is calculated as:

PEC = M (33)

(/"
where Nug and f; are the Nusselt number and friction factor
in a smooth tube, respectively.

The variation in PEC with an increase in Re in the AEA
tubes at different values of angle 0 is shown in Fig. 21. As
seen, at Re > 20,000, the PEC for all tubes was less than
one. The highest PEC value for each AEA tube was
obtained at a low Reynolds number. At Re = 10,000, the
PEC increased as angle 0 increased (except for the AEA
80° tube). The maximum PEC of 1.09 was obtained in the
AEA 90° tube for the lowest Reynolds number, which
indicates that this tube is more economical than the circular
tube. It is evident that increasing the number of multi-
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Fig. 21 Variation in PEC at different angles of the AEA tubes

longitudinal vortex flows by increasing angle 0 increased
heat transfer better than at smaller values for angle 6.

6 Conclusions

In this research, the effects of multi-longitudinal vortex
generation and various rotation angles between the pitches
of alternating elliptical axis tubes on heat transfer and
pressure drop of turbulent flow was numerically investi-
gated. All numerical simulations were done at
Re = 10,000 to 60,000. The standard k—¢ turbulence model
showed reasonable conformity with the experimental
results in relation to the numerical results for friction factor
and average Nusselt number. The LSCB and GGNB
approaches were also suitable for discretizing the gradients
of the solution variables of turbulent flow and the energy
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equation, respectively. Adding the function of curvature
correction in the turbulence model had no significant effect
on the numerical solution; however, the friction factor
improved to less than 0.2% by adding this function.

Observation of the pressure drop along the length of the
tube showed that, in AEA tubes with larger angle 0 values,
pressure drop was more sensitive to changes in Re. An
increase in angle 6 also increased the pressure drop.

The results of the constituent terms of wall shear stress
indicate that the velocity gradient term was several times
greater than the effective viscosity term. This indicates that
the most effective term in the wall shear stress equation is
the velocity gradient term. Furthermore, the average wall
shear stress along the length of the tube increased with an
increase in angle 0.

A survey of the streamlines revealed that increasing
angle 0 from 60° to 80° caused the multi-longitudinal
vortices to divide and increase in number from four to
eight. On the other hand, increasing angle 0 caused the cold
fluid to impinge upon more paths near the hot fluid near the
tube wall and increased the heat transfer.

Observation of the synergy between the velocity vector
and temperature gradient indicated that the presence of
multi-longitudinal vortices caused an increase in the angle
between the velocity vector and temperature gradient,
which increased heat transfer. It was observed that in
Sections A, B and C, the number of areas with maximum
dot products for the velocity vector and temperature gra-
dient increased as angle 6 increased. In addition, the two-
dimensional equation of energy indicated that the most heat
transfer occurred in the transition zone. Fluid flow also
causes heat interaction along the tube because of the
presence of reverse flows after the transition zone, which
decreases heat transfer in the tube at a constant cross sec-
tion. Calculation of the friction factor and average Nusselt
number revealed that increasing angle 0 increased both
parameters.

Observation of the PEC values for all AEA tubes
showed that the maximum PEC (1.09) was achieved at a
low Reynolds number (Re = 10,000) in the AEA 90° tube.
It was also observed that the PEC at Re > 20,000 has a
number less than 1, which indicates that the use of this tube
at Re > 20,000 is less economical than the circular tube.
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