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Abstract

This paper describes the numerical results of the heat transfer enhancement mechanism of tubes containing rectangular-cut twisted
tapes with alternate axes (ARC-TTs). Influence of the length of cut ratio (LR = L/w = 2.0, 2.4 and 2.8) and width of cut ratio (WR = W/w
=0.7, 0.8 and 0.9) on the heat transfer rate, friction factor and thermal performance characteristics are presented. The contour plots of
predicted streamlines, velocity field, temperature field, and local Nusselt number distribution are also given for a better understanding of
heat transfer mechanism. The results of the tube containing a classical twisted tape are also reported, for comparison. It can be observed
that the use of ARC-TTs results in more disordered streamlines and higher turbulent intensity than that of the classical twisted tape. The
numerical results also show that heat transfer and friction loss decrease as Length of cut ratio (LR) and Width of cut ratio (WR) increase
while thermal performance factor shows reverse trend. In the studied range, utilizing ARC-TTs offers thermal performance factor up to

1.5.
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1. Introduction

Heat transfer enhancement (HTE) techniques refer to the
improvement of thermohydraulic performance of heat ex-
changers. Since the past decade, the heat transfer enhancement
techniques have been extensively applied in heat exchangers.
Inserting a swirl/vortex generator into a heat exchanger tube is
one of the most popular HTE techniques [1-12]. The tech-
nique has been applied in several thermal systems such as
shell and tube heat exchanger, solar water heater, air condi-
tioning and refrigeration systems, and chemical reactors, etc.
Inserting twisted tape causes swirling flow as a secondary in
bulk fluid. The swirling flow promotes the fluid mixing be-
tween core and wall regions, disturbs the thermal boundary
layer and thus enhances heat transfer coefficient in existing
system. Several attempts have been made to modify twisted
tapes in order to improve heat transfer rate and/or to reduce
pressure loss depending on application requirements. Ghadiri-
jafarbeigloo et al. [8] used louvered twisted-tape inserts in a
receiver tube of solar parabolic trough concentrator. The
thermal performance factor of the tube with a louvered
twisted-tape was enhanced up to 26 % as compared with that
of the one with a classical twisted tape. Nanan et al. [11] com-
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pared heat transfer enhancement by a common helical twisted-
tape and perforated helical twisted-tape inserts and found that
perforated helical twisted-tapes caused lower friction loss at
similar operating conditions. Piriyarungrod et al. [13] reported
the effect of the tapered twisted tapes on heat transfer en-
hancement characteristics in a circular tube. Their results indi-
cated that heat transfer enhancement increased with decreas-
ing taper angle and twist ratio. Chokphoemphun et al. [14]
studied the heat transfer and pressure loss characteristics in
tubes with multiple twisted-tape inserts (Double, triple and
quadruple tapes) in co and counter arrangements (Co/counter
clockwise). Among the studied inserts, the quadruple counter-
twisted tape insert provided the maximum thermal perform-
ance.

Recently, Tamna et al. [15] employed double twisted tapes
in common with 30° V-shape ribs in a round tube. V-shape
ribs with different relative rib heights were employed. Their
results showed that the heat transfer and pressure drop in-
creased with increasing rib height. Yongsiri et al. [16] studied
the heat transfer and friction factor and thermal performance
characteristic in a uniform heat flux tubes containing helically
twisted tapes with alternate axes. Tapes with different tape
pitch to tube diameter ratios (P/D = 1.0, 1.5 and 2.0) and al-
ternate length to pitch length ratios (/P = 1.0, 1.5 and 2.0)
were utilized. As compared to a common helically twisted
tape, the helically twisted tapes with alternate axes gave
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higher heat transfer rate and thermal performance factor.
Singh et al. [17] reported the heat transfer rate and friction
factor behaviors of roughened tubes with twisted tape inserts.
Under constant pumping power criterion, the thermal per-
formance of the roughened tube fitted with twisted tape was as
high as 1.61 times of those of a plain tube. Khatua et al. [18]
examined the heat transfer in horizontal tubes inserted with
perforated twisted tapes in a condensation process of pure R-
245fa vapor. They could observe that the use of perforated
twisted tapes resulted in heat transfer enhancement up to
37.5 % over those of a plain. Fiamsa-ard et al. [19] investi-
gated the heat transfer enhancement in a three-start spirally
twisted tube inserted with triple-channel twisted tape at differ-
ent tape width ratios (w/D = 0.1, 0.25, 0.34 and 0.5) and
tube/tape arrangements (Belly-to-belly and belly-to-neck ar-
rangements). Their results showed that the three-start spirally
twisted tubes with twisted tapes in belly-to-neck arrangement
at w/D = 0.1, 0.25 and 0.34 yielded higher heat transfer rate
than the twisted tube alone up to 1.2 %, 21 % and 36 %, re-
spectively. Saravanan et al. [20] determined the heat transfer
characteristics in V-trough solar water heaters inserted with
helix twisted tape, helix twisted tape with square cut and helix
twisted tape with V-cut. They found that the heat transfer and
frictional factor in case of the helix twisted tape with V-cut
were higher than those found in case of the helix twisted tape
with square cut. Changcharoen et al. [21] compared the effects
of co/counter dual-twisted tapes and single twisted tape on
heat transfer enhancement. At similar conditions, dual twisted
tapes consistently gave higher heat transfer rates of the single
one. Bhattacharyya et al. [22] numerically studied heat trans-
fer enhancement of centre-trimmed twisted tapes with four
different twist ratios of 1.0, 2.0, 3.0 and 4.0. They observed
that the centre-cleared twin twisted tape with twist ratio of 1.0
gave the highest heat transfer rate and the best thermal per-
formance. It was also mentioned that the effect of heat transfer
enhancement was more important than the effect of friction
increase. Early 2017, Saysroy and Eiamsa-ard [23] examined
the enhancing heat transfer and thermal performance of tubes
containing square cut twisted-tapes with different perforated
width to tape width ratios (w/W = 0.5, 0.6, 0.7, 0.8 and 0.9)
and perforated length to tape width ratios (L/W = 0.7, 0.8 and
0.9). The highest thermal enhancement factor of 1.37 was
achieved by using square-cut twisted tapes at the largest perfo-
rated width to tape width ratio (W/W = 0.9) and the smallest
perforated length to tape width ratio (L/W = 0.7). Man et al.
[24] performed experiments to study the heat transfer and
friction factor in dual-pipe heat exchangers mounted with
alternation of clockwise and counterclockwise twisted tape
and also a typical twisted tape. Their results showed that the
alternation of clockwise and counterclockwise twisted tape
gave higher heat transfer rate than the typical twisted tape, and
gave thermal performance factor up to 1.42 over the plain tube
under the same pumping power criterion. Hong et al. [25]
investigated the influence of the spiral grooved tube inserted
with twin overlapped twisted tapes with four overlapped
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Fig. 1. Geometry of tubes with/without twisted tapes, mesh used in the
computations, and computational domain of periodic flow.

twisted ratios (1.06, 1.56, 2.44 and 3.22). They found that
Nusselt number and friction factor increased with decrease in
the overlapped twisted ratio.

The above literature review indicates that the heat transfer
enhancement by using twisted tape inserts is strongly reliant
on the geometry and arrangement of the inserts. For high heat
transfer rate requirement, twisted tapes with special protruding
parts (such as wings or ribs) and/or ones with small twist ra-
tios and large surface area are preferred. For low friction loss
penalty, twisted tapes with spaces or gaps are required. These
two ideas have been combined to generate newly modified
twisted tapes called rectangular-cut twisted tapes with alter-
nate axes which are proposed in the present work. Rectangu-
lar-cuts form space while alternate axes promote flow fluctua-
tion and thus turbulence intensity. In the present work, nu-
merical study on the thermal and fluid flow, heat transfer,
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friction, and thermal performance behaviors in the circular
tubes containing rectangular-cut twisted tapes with alternate
axes (ARC-TTs) has been carried out. The study encompassed
the turbulent flow with Reynolds number (Re) ranging from
5000-15000 by using water as working fluid. Effects of length
of cut ratios (LR = L/'w = 2.0, 2.4 and 2.8) and width of cut
ratios (WR = W/w = 0.7, 0.8 and 0.9) on heat transfer en-
hancement mechanism was analyzed. The plain tube with
typical twisted tape were also examined for comparison.

2. Physical model and boundary conditions of alter-
nate axis rectangular cut twisted tape inserts

The physical models of a plain tube, the tube containing
twisted tape with alternate axis (A-TTs), the tube containing
rectangular-cut twisted tape with alternate axis (ARC-TTs),
mesh used in the computations, and computation domains are
shown in Fig. 1. All tubes have the same inner diameter (D) of
14.5 mm (w). A tape twist ratio (y/w) is kept constant at 3.0.
The computations are carried out with the following assump-
tions:

- The periodic boundaries are applied at the inlet and outlet
of the flow domain (Velocity, and pressure gradients were
in repetitive patterns).

- Water as the working fluid is assumed to be incompressi-
ble.

- The working fluid enters the tube at an inlet temperature
(T;,) of 300 K (Pr=15.86).

- A mass flow rate of water depending on the present Rey-
nolds number value for the fully-developed periodic flow
model.

- The physical properties of water remain constant based on
average bulk temperature.

- The constant heat-flux of 600 W/m” is imposed on tube
wall.

- A twisted tape is subjected to an adiabatic wall condition.
The twisted tape was acted as the insulator (High thermal
resistance). It is assumed that the material of twisted tape
possesses low thermal conductivity (e.g. Plastics or
acrylic).

3. Mathematical model and numerical method

3.1 Governing equations

The governing partial differential equations applied for the
3-D numerical simulations in the present work are shown as
follow below.

Continuity equation:

g(u,.):o. (1)

Momentum equation:
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Energy equation:
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where T' and T', are molecular thermal diffusivity and tur-
bulent thermal diffusivity, respectively. The diffusivities can
be written as

r=* and I“,:i. “4)

Pr Pr,

For Reynolds averaged Navier-Stokes (RANS) equation,
the Reynolds stresses, — pfu'j in Eq. (2) needs to be mod-
eled. The Boussinesq hypothesis relates the Reynolds stresses
to the mean velocity gradients as shown in the following equa-
tion:
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where k is turbulent kinetic energy, defined by & =1/2-uju;
and ¢ is a Kronecker delta. The advantage in using Boussi-
nesq approach is the relatively low computational cost for the
computation of the turbulent viscosity, 4 given as
# = pCyk* /& . The RNG k-£ model is one of the two-equation
models that employ the Boussinesq hypothesis. The steady
state transport equations can be expressed as:
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As above, @; and a. are the inverse effective Prandtl
number for k and e, respectively. Cj, and C,. are con-
stants. Gy is the rate of TKE generation which can be ex-
pressed as:

s 6uj
G, =- puu, Fal ®)

The effective viscosity He is written by

2

k
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where C,, is a constant and set to 0.0845, derived using the
““Renormalization group” (RNG) method.
In the present work, the turbulence models (Renormalized
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Table 1. Summary of total numbers of elements.

Number of elements

) LR=20 | LR=24 | LR=28

Plain tube 905920

Typical twisted tape 877330

Alternated axis TT 747706
ARC-TT, WR = 0.7 771680 768178 768069
ARC-TT, WR = 0.8 819224 818800 818278
ARC-TT, WR = 0.9 906430 905204 905049

group (RNG) k¢, the standard k¢, the standard k-, and
Shear stress transport (SST) k- turbulent models) have been
selected. The numerical results were compared with those
obtained from Manglik and Bergles correlations [26]. The
governing equations are solved by using a finite volume ap-
proach and the SIMPLE algorithm. The time—independent
incompressible Navier—Strokes equations and the turbulent
model are discretized using the finite volume method. The
standard pressure and QUICK (Quadratic upstream interpola-
tion for convective kinetics differencing scheme) for momen-
tum and energy equations are employed in the numerical
model. The pressure—velocity coupling is handled by the
SIMPLE (Semi implicit method for pressure—linked equa-
tions). The solutions are considered to be converged when the
residuals of the continuity and momentum equations are less
than 107 and that of the energy equation is less than 10~°. The
numerical simulation for the turbulent tubes fitted with rectan-
gular-cut twisted tape with alternate axis (ARC-TTs) was
performed using finite volume method.

3.2 Grid independent

A grid independence procedure is implemented by using the
Richardson extrapolation technique over grids with different
cell numbers. The tetrahedral grid (Fig. 1(e)) is used for mesh-
ing. In order to validate the solution independency of the grid
number, five different grid numbers: 125123, 226528, 498520,
771680, 1143520 and 2071542 for ARC-TT with Width of
cut ratio (WR) of 0.7, Length of cut ratio (LR) of 2.0 and twist
ratio ()/w) of 3.0 at Reynolds number of 5000 by using the
RNG k-¢ turbulent model are comparatively evaluated. The
predicted averaged Nusselt numbers for the five grid systems
are shown in Fig. 2 for ARC-TT with WR =0.7 and LR =2.0.
It was found that the average heat transfer (NVu) and friction
factor (f) differences obtained at spaced meshes of 771680 and
114520 are less than 0.3 % and 0.6 %, respectively. Hence,
the 771680 mesh element number is selected as a reference
mesh size. The total numbers of elements used for plain tube,
classical twisted tape, alternated axis twisted tape and rectan-
gular-cut twisted tapes with alternate axes (ARC-TTs) at dif-
ferent width of cut ratios (WR = 0.7, 0.8 and 0.9) and length of
cut ratios (LR = 2.0, 2.4 and 2.8) are presented in Table 1. In
the present work, y+ values are below 3.5.
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95.0 : : : : 15
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Fig. 2. Results of grid independence test for ARC-TT with WR = 0.7
and LR =2.0.

3.3 Numerical analysis

The evaluation of heat transfer enhancement involves the
dimensionless parameters described below. Reynolds number
(Re) can be expressed as

_ puD
7]

Re (10)

Friction factor (f) is computed using the following equa-
tion:

f=—= (11)

For the local Nusselt number (Nu,), x is referred to the
length from the surface boundary to the local point of interest
which can be obtained from Eq. (12)

Nu =22 (12)

Average Nusselt number (Nu) is obtained by integrating the
local Nusselt numbers (Nu,) over the heat transfer area as

1
Nuzg_“NuﬁA, (13)

Thermal enhancement factor (7EF) is defined as the ratio
of the Nusselt number ratio to the friction factor ratio for the
uses of the tubes with twisted tape inserts and the plain tube
(p) at an identical pumping power:

(Nu/Nup)
TEF =~ 2/ (14)

(f / f;’)ll,?
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Fig. 4. Validation test of the tube inserted with twisted tape.

4. Result and discussion

4.1 Verification of the numerical method

The setup and numerical method were validated by compar-
ing the present numerical results (Nusselt number and friction
factor) of the plain tube with the data of the plain tube ob-
tained from the standard correlations which are available in
the open literature by Incropera et al. [27]. The Dittus-Boelter,
Gnielinski, Petukhov and Blasius equations are the standard
empirical correlations which is highly recommended for the
result validation of a circular smooth tube [27]. The validation
was performed for Reynolds numbers (Re) from 5000-15000.
Evidently, both numerical Nusselt number and friction factor
results were in good agreements with the correlation ones with
small deviations. Fig. 3 shows that the present numerical Nus-
selt numbers deviate from Gnielinski correlation and Dittus-
Boelter correlation within £12 % and +6.5 %, respectively
while friction factors deviate from those obtained from Blasius
correlation and Petukhov correlation within +11.5 % and
+9 %, respectively. Therefore, the numerical method applied
in the present work has a reasonable reliability.

Fig. 4 shows the comparison of the numerical Nusselt num-
bers and friction factors of the circular tube with twisted tape
obtained from different turbulent models with those obtained
from Manglik and Bergles correlation [26]. The correlations
of Manglik and Bergles are the experimental results obtained

under similar conditions as compared to those of the present
investigation. Therefore, the correlations of Manglik and Ber-
gles are used as the standards for validation of the present
numerical results (Nusselt number, Nu and friction factor, f) as
shown in Fig. 7. According to the results shown in Fig. 6, the
deviations of the Renormalized group k-¢, the standard k-¢, the
standard k-®, and the Shear stress transport k-w turbulent
models were found to be 11.8 %, 13.8 %, 15.1 % and 18.5 %
for the Nusselt number and 14.5 %, 15.1 %, 15.42 % and
14.6 % for friction factor, respectively. The deviations be-
tween the present and previous correlation [26] may be attrib-
uted to the experimental measurement uncertainties and the
unavoidable discrepancies between the numerical methods
and correlations. Among the tested model, RNG £-¢ turbulent
model shows the most accurate predictions as compared to
those of previous correlation [26]. Therefore, the RNG k-¢
turbulent model was subsequently applied for the Nusselt
number and friction factor computations of a tube fitted with
typical twisted tapes. These results indicate that the numerical
data are sufficiently accurate and the present numerical
method is reliable.

4.2 Flow structure, velocity field, temperature field and local
Nusselt number distribution

The predicted results of the flow structure, velocity field,
temperature field and local Nusselt number distribution in
tubes with and without twisted tapes, at Reynolds number of
5000 as an example are shown in Figs. 5-8. The effects of
length of cut ratio (LR = L/w) and width of cut ratio (WR =
W/w) of rectangular-cut twisted tapes with alternate axes
(ARC-TTs) are also reported. The temperature streamline
shown in Fig. 5. Evidently, only axial flow is found in the
plain tube while swirl flow as the secondary flow are detected
in all tubes with twisted tape inserts. Swirl flow promotes
mass and heat transfer from the central core to the near-wall
region and vice versa. Obviously, the stream lines associated
with the use of alternate axis twisted tape (A-TTs) and rectan-
gular-cut twisted tapes with alternate axes (ARC-TTs) are
more disordered than that with the use of the typical one. This
is due to the flow fluctuation and fluid interrupting/mixing
caused by the alternate axis while the high swirl and fluid
mixing is found for alternate axis twisted tape (A-TTs) than
those ARC-TTs. It is also found that the flow through ARC-
TTs with larger Length of cut ratio (LR) and Width of cut ratio
(WR) possesses lower swirl intensity than those with the
smaller ones. The velocity fields shown in Fig. 6. Obviously,
the high-speed flow region appears in the central part of the
plain tube while tube with typical twisted tape (TT) inserted is
divided into two parts and four parts for rectangular-cut
twisted tapes with alternate axes (ARC-TTs). However, the
ARC-TTs with largest length of cut ratio (LR = 2.8) and width
of cut ratio (WR = 0.9) provide lower strange velocity field
than other ARC-TTSs due to the small protrusions into the flow
stream. The fluctuation is reflected by non-uniform velocity
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Fig. 5. Contour plot of temperature streamline of tubes with/without twisted tapes at Re = 5000.
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Fig. 6. Contour plot of velocity field at x/D = 0.0, 1.5, 3.0 and 4.5 of tubes with/without twisted tapes at Re = 5000.

contour throughout the tubes with alternate axis twisted tape
and ARC-TTs. With the help of swirling flow and flow fluc-
tuation, cold fluid is more efficiently transferred and contacted
with tube wall (Hot surface), indicated by the thinner thermal
boundary layers (Fig. 7).

The temperature fields shown in Fig. 7 demonstrate that, as
the Length of cut ratio (LR) and Width of cut ratio (WR) in-
creases, the thermal boundary layer becomes thicker due to
the smaller effect of the swirl intensity especially at near the
tape. Fig. 8 shows that alternated axis twisted tape and ARC-
TTs yield considerably higher Nusselt number than the typical
twisted tape. For ARC-TTs, swirling effect is diminished as
Length of cut ratio (LR) and Width of cut ratio (WR) increase
since more fluid flow directly through tape spaces. Conse-
quently, heat transfer become poorer with increasing Length
of cut ratio (LR) and Width of cut ratio (WR). Although the

ARC-TT with the largest Length of cut ratio (LR = 2.8) and
Width of cut ratio (WR = 0.9) provides the lowest heat transfer
as compared the other ARC-TTs, it gives higher heat transfer
rate than the typical twisted tape. It can be explained that the
alternate axes help to induce the abrupt change of the flow
direction and consequently, increase turbulence intensity.

4.3 Average Nusselt number and Nusselt number ratio

Fig. 9(a) presents the heat transfer rate in term of average
Nusselt number (Nu), as a function of Reynolds number for
the tubes with rectangular-cut twisted tapes with alternate axes
(ARC-TTs), twisted tapes with alternate axes (A-TTs) and
typical twisted tape (TT). In general, Nusselt number in-
creases as Reynolds number (Re) increases owing to the in-
crease of swirl/turbulence intensity. At a given Reynolds
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Fig. 8. Contour plot of Nusselt number distribution of tubes with/without twisted tapes at Re = 5000.

number, heat transfer rate of the flow in tubes with ARC-
TTs/A-TTs/TT is considerable higher than that the plain tube.
This is responsible by the swirl/turbulence induction by the
ARC-TTs/A-TTs/TT.

The variations of average Nusselt number (Nu) and Nusselt
number ratio (Nu/Nu,) with Reynolds number (Re) for various
length of cut ratios (LR = L/w = 2.0, 2.4 and 2.8) and width of
cut ratios (WR = W/w = 0.7, 0.8 and 0.9) are also depicted in
Fig. 9(b). Among the tested twisted tapes, the alternate Axis
twisted tape (A-TT) gives the highest Nusselt number, fol-
lowed by rectangular-cut twisted tapes with alternate axes
(ARC-TTs) and then the typical twisted tape (TT). The higher
Nusselt numbers given by alternate axis twisted tape and
ARC-TTs as compared to that given by the typical twisted
tape, are due to the flow fluctuation effect/abrupt change of
the flow direction as stated in Subsec. 4.2. The Nusselt num-
ber ratio ranges of the tubes with typical twisted tape (TT),
alternate axis twisted tape (A-TT), and rectangular-cut twisted
tapes with alternate axes (ARC-TTs) are 1.31-1.71, 1.87-2.17

and 1.71-2.13, respectively. For ARC-TTs, at similar condi-
tion Nusselt number tends to increase as Length of cut ratios
(LR) decreases and Width of cut ratio (WR) decreases as
clearly seen in Fig. 9(c). As compared to the alternate axis
twisted tape (A-TT), the rectangular-cut twisted tapes with
alternate axes (ARC-TTs) with WR = 0.7, 0.8 and 0.9 give
3.59-3.77 %, 4.11-9.23 % and 6.04-8.6 % lower Nusselt num-
bers, respectively. However, as compared to the typical
twisted tape (TT), the rectangular-cut twisted tapes with alter-
nate axes (ARC-TTs) with WR = 0.7, 0.8 and 0.9 give 22.86-
38.85 %, 19.82-37.88 % and 14.68-35.76 % higher Nusselt
numbers, respectively.

4.4 Average friction factor and friction factor ratio

The variation of the pressure drop in terms of friction factor
as a function of Reynolds number is depicted in Figs. 10(a)-
(c). Apparently, the presence of rectangular-cut twisted tapes
with alternate axes (ARC-TTs), twisted tapes with alternate
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of ARC-TTs on Nusselt number.
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Fig. 11. Effects of Width of cut ratio (WR) and Length of cut ratio
(LR) of ARC-TTs on thermal enhancement factor.

axes (A-TTs) and typical twisted tape (TT) causes signifi-
cantly higher friction factor than that in the plain tube. For all
cases, friction factor (f) gradually decrease with increasing
Reynolds number. Because as Reynolds number increases,
momentum overcomes the viscous force of the fluid and shear
force between the fluid and the tube wall decreases.
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Fig. 12. The optimization of tube inserted with ARC-TTs at Re = 5000.

At similar conditions, friction factor decrease with increas-
ing Length of cut ratio (LR) and Width of cut ratio (WR). Be-
cause rectangular-cut twisted tapes with alternate axes (ARC-
TTs) with larger free spaces cause lower flow hindrance and
obstruction. Besides, high friction loss is also caused by the
strong turbulent fluctuation flow due to large area of contact
between tapes and fluid. The friction factor ranges of the tubes
with typical twisted tape (TT), alternate axis twisted tape and
rectangular-cut twisted tapes with alternate axes are 3.86-4.5,
4.18-4.45 and 2.3-3.73, respectively. The rectangular-cut
twisted tapes with alternate axes (ARC-TTs) with WR = 0.7,
0.8 and 0.9 cause 16.4-31.92 %, 19.08-37.83 % and 23.35-
46.89 % lower friction factors than the alternate axis twisted
tape (A-TT), respectively. In addition, as compared to the
typical twisted tape (TT), the rectangular-cut twisted tapes
with alternate axes (ARC-TTs) with WR = 0.7, 0.8 and 0.9
cause 8.71-28.26 %, 11.89-34.97 % and 16.73-44.44 % lower
friction factors, respectively.

4.5 Thermal enhancement factor

Thermal enhancement factor (TEF) is very important aspect
for operation of heat exchanger. In common, a 7EF is evalu-
ated under the same pumping power criterion, regarding to Eq.
(16). Variation of thermal performance factor with Reynolds
number for the tube with rectangular-cut twisted tapes with
alternate axes (ARC-TTs), twisted tapes with alternate axes
(A-TTs) and typical twisted tape (TT) is shown in Figs. 11(a)
and (b). Mostly, thermal performance factors of modified
twisted tape (ARC-TT/A-TTs) are over unity while the typical
Twisted tape (TT) performs lower than unity especially at the
high Reynolds number. Evidently, all rectangular-cut twisted
tapes with alternate axes (ARC-TTs) give higher Thermal
enhancement factor (TEF) than the twisted tapes with alter-
nate axes (A-TTs) and typical twisted tape (TT) (Fig. 11) even
though ARC-TTs give lower Nusselt number. The superior
thermal performance of ARC-TTs is responsible by the lower
friction loss. In other words, ARC-TTs offer better tradeoff
between increased heat transfer and friction loss than the
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Fig. 13. Photograph and picture view of the previously twisted tapes.
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Fig. 14. Comparison of between thermal performance factors of ARC-
TT in the present work and those of other previous works.

twisted tapes with alternate axes (A-TTs) and typical twisted
tape (TT).

For ARC-TTs, Thermal enhancement factor (7EF) in-
creases with increasing Length of cut ratio (LR) and Width of
cut ratio (WR) (Figs. 11 and 12), primarily due to the lower
friction loss. The Thermal enhancement factor (TEF) of the
tubes with classical twisted tape, alternate axis twisted tape,
and ARC-TTs are about 0.75-0.98, 1.16-1.32 and 1.2-1.5,
respectively. As compared to the alternate axis twisted tape,
ARC-TTs with WR = 0.7, 0.8 and 0.9 offer 3.41-10.41 %, 3.9-
12.74 % and 4.25-13.87 % higher Thermal enhancement fac-
tor (TEF), respectively. For the range investigated, the maxi-
mum Thermal enhancement factor (TEF) of 1.5 is obtained by
using the ARC-TT with WR = 0.9 and LR = 2.8 at the lowest
Reynolds number of 5000 (Fig. 12). This implies that the rec-
tangular-cut twisted tapes with alternate axes (ARC-TTs) are
more suitable for practical application at lower Reynolds num-
ber at larger length of cut ratio and width of cut ratio.

For benchmarking, the Thermal performance factor (TEF)
of the rectangular-cut twisted tapes with alternate axes (ARC-
TTs) with the best thermal performance (WR = 0.9 and LR =
2.8) in the present study were compared with those in past
study. The tapes subjected to the comparison include (1) per-
forated double counter twisted tape by Bhuiya et al. [28], (2)
V-cut twisted tape by Murugesan et al. [29], (3) ribbed spiky
twist tapes with edge notches by Chang and Huang [30], (4)
free-spacing snail entry combined with conical-nozzle by
Promvonge and Eiamsa-ard [31], and (5) perforated conical-
rings by Kongkaitpaiboon et al. [32], as depicted in Fig. 13.
The comparison of Thermal performance factors (TEFs) of
the present and past studies is presented in Fig. 14.

Obviously, the Thermal performance factors (TEF) of the
rectangular-cut twisted tapes with alternate axes (ARC-TTs)
are superior to those of the V-cut twisted tape [29], ribbed
spiky twist tapes with edge notches [30], free-spacing snail
entry combined with conical-nozzle [31] and perforated coni-
cal-rings [32], since the rectangular-cut twisted tapes with
alternate axes (ARC-TTs) possesses more effective heat trans-
fer enhancement with low pressure loss. In addition, the rec-
tangular-cut twisted tapes with alternate axes (ARC-TTs) give
comparable thermal performance factor to the perforated dou-
ble counter twisted tape [28]. In addition, the thermal per-
formance factors of the rectangular-cut twisted tapes with
alternate axes (ARC-TTs) are consistently better than those of
the typical twisted tape (TT).

5. Conclusions

The heat transfer, friction factor and Thermal enhancement
factor (TEF) characteristics of turbulent flow in the tubes con-
taining rectangular-cut twisted tapes with alternate axes
(ARC-TTs) with different Width of cut ratios (WR) and
Length of cut ratios (LR) have been numerically investigated
for Reynolds number ranging from 5000 to 15000. The simu-
lations for the alternate axis twisted tape and classical twisted
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tape have also been performed, for comparison. The major
findings are concluded below.

* ARC-TTs as the modified twisted tapes give 14.68-

38.85 % higher Nusselt numbers than the typical twisted
tape but 2.16-10.88 % lower than the alternate axis
twisted tape.

ARC-TTs cause 8.71-44.44 % and 16.04-46.89 % lower
friction factors than the typical twisted tape and the alter-
nate axis twisted tape, respectively.

Nusselt number and friction factor decrease with increas-
ing Width of cut ratio (WR) and Length of cut ratio (LR).
Thermal enhancement factor (TEF) increases with in-
creasing Width of cut ratio (WR) and Length of cut ratio
(LR). The maximum Thermal enhancement factor (TEF)
of 1.5 is obtained by using the tube with WR = 0.9 and
LR = 2.8 at the lowest Reynolds number of 5000.
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Nomenclature
A : Heat transfer area on tube surface, m
C;,, C;, : Turbulent model constant
C, : Function of the mean strain and rotation rate
D : Diameter of tube, m
f : Friction factor
Gy : Production of turbulence kinetic energy due to the
mean velocity gradients, kg s”m’”
h : Heat transfer coefficient, W m?> K!
k : Thermal conductivity of fluid, W m™ K" or
Turbulent kinetic energy, m” s
Nu : Average Nusselt number
Nu, : Local Nusselt number
Nu/Nu,, : Nusselt number of twisted tape to Nusselt number
of plain tube
P : Pressure, Pa
AP : Pressure drop, Pa
Re : Reynolds number
T : Temperature, K
u : Velocity component, m s™
u : Average velocity in the tube, m s™
u; : Velocity component in x.-direction, m s™
u, : Fluctuation velocity in x-direction, m s
u : Velocity component in x;-direction, m s!
u : Fluctuation velocity in x-direction, m s
X5 X : Coordinate direction
X : X-position
y : y-position

443
z : Zz-position

w : Tape width, m

y : Pitch length of twisted tape, m

yw : Twist ratio

Greek Symbols

P - Fluid density, kg m™

r : Thermal diffusivity, kg s m™

T, : Turbulent thermal diffusivity, kg s’ m”

6, : Kronecker delta

£ : Dissipation rate, m” s~

w : Specific rate of dissipation, s™

17 - Inverse effective Prandtl number for k, kg s*m’'
a, : Inverse effective Prandtl number for &, kg s”m”
M : Fluid dynamic viscosity, kg s m”

Hofr : Effective viscosity

Abbreviations

ARC-TT : Rectangular—cut twisted tapes with alternate axes

A-TT : Twisted tape with alternate axes
LR : Length of cut ratio

RNG : Renormalized group

SST : Shear stress transport

TEF : Thermal enhancement factor
TKE - Turbulent kinetic energy, m” s~
T : Typical twisted tape

WR : Width of cut ratio

Subscripts

eff : Effective

p : Plain tube

ij k : Cartesian coordinates

t : Turbulent

Superscripts

— : Average
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