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ARTICLE INFO ABSTRACT

Keywords: Background: The thermal-flow performance of nanofluid (NF) flow in an elliptical duct heat exchanger fitted and
Nﬂfloflmd flow turbulated with two rotating tapes is investigated. The issues concerning rotating twisted tapes inside the oval
Elliptical duct heat exchanger tubes using NF as the working fluid simulated with two-phase modeling have received less attention in previous
Rotating twisted tapes studies

Numerical analysis

Nusselt number Methods: Considering the importance of employing the heat transfer improving methods in tubular heat ex-

changers, the passive and ative heat transfer improving methods examined here. As a novel study case, the
rotated tapes beside the water-Al,03 NF of was used; and sensitivity analysis was performed to reveal the effect of
the volume fraction of nanoparticles (¢), tapes rotational speed and Re number on the Nu number, pumping
power and figure of merit (FOM). The heat flux of 5000 Wm 2 was applied to the wall surface, and the two-phase
mixture method was employed for the simulation. The heat exchanger performance is studied in cases of fixed
and rotating twisted tapes with three different rotational speeds. The results show that increasing the Re number,
¢ and the rotation speed of the blades would increase the Nu number and pumping power in all cases. The
increase in ¢ improves the Nu number by 6.1 %-19.4 % and the pumping power by 59.2-280 %. The Nu number
change by increasing ¢ is lower at low Re numbers and becomes higher at high Re numbers. The effect of ¢
increment on heat transfer is increasing but took place with a higher inclination rate in rotating tapes rather than
stationary tapes and plain tube cases. In the cases of rotated twisted tape mode, the value of FOM is always
greater than one and is below 0.9 for stationary mode.

Significant findings: The highest value of FOM is 1.57, which is for the highest rotational speeds, the lowest Re
number, and ¢ = 1 %. Increasing the Re number reduces the FOM while increasing ¢ improves it.

Practical significance and potential area of application: The increasing need for efficient heat transfer in heat
exchanger devices necessitated the application of heat transfer augmentation techniques. The effects of twisted
tapes, their rotation, and the application of NFs in heat exchangers as the active and passive heat transfer
increment methods are studied numerically.
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Nomenclature

Abbreviations

a cent to cent length of channel (m)

[ specific heat capacity (kJ/kg.°C))

D diameter

E total energy (kJ)

FOM figure of merit

FVM finite volume method

h specific enthalpy (kJ/kg), height (m)

hrr height of the twisted tape

hy convective local heat transfer coefficient

HTF heat transfer fluid

k thermal conductivity (W/m.K)

L length (m)

LHS latent heat storage

NF nanofluid

NP nanoparticle

Nu Nusselt number

p pressure (kPa)

PCM phase change material

PT plain tube

QUICK Quadratic upstream interpolation for convective kinetics differencing
scheme

G Heat flux (W/m?)

r radius of channel (m)

RTT1 rotating twisted tape 1 mode

RTT2 rotating twisted tape 2 mode

RTT3 rotating twisted tape 3 mode

Re Reynolds number

SIMPLE

STT stationary twisted tape

SHS sensible heat storage

T temperature (K)

TiO2 titanium oxide

T twisted tape

TES thermal energy storage

u axial velocity (m/s)

\"4 volume flow rate (m®/s)

v velocity (m/s)

w pumping power (uW)

z dimensionless length of duct

Greek symbols

A difference

£ tape thickness

@ the volume fraction of nanoparticles

u dynamin viscosity (Pa.s)

w rotational speed (rad/s)

p) density (kg/m%)

Subscripts

avg average value

b bulk

eff effective

f fluid, base fluid

h hydraulic

i inlet flow

loc local value

m mixture

nf nanofluid

P particle

t turbulent

w wall

1. Introduction

Industrial development relies heavily on the application of heat ex-
changers [1,2]; the wide range of application of heat exchangers in in-
dustries such as food [3,4], oil, gas, and petrochemical industries made
their heat transfer improvement an inevitable task. Although heat
transfer improvements can be made in active or passive ways, by their
large benefits, passive mechanisms have drawn substantial attention.
Using turbulators [5,6] twisted tapes [7,8], drainage inserts [9], and
vortex generators [10] are the most popular passive ways to enhance
heat transfer. Due to its low cost, ease of manufacture, and simple
installation, twisted tape (TT) inserts are the most common passive
technique for enhancing heat transfer in heat exchangers [11]. By their

Case Studies in Chemical and Environmental Engineering 11 (2025) 101094

special forms, the twisted tapes and their possible rotation would induce
some level of turbulence which has heat transfer improving effect.
Dewan [12] reviewed twisted tape and wire coil insert applications and
concluded that twisted tape and wire coils are more efficient under
laminar and turbulent flow regimes, respectively. Many studies have
proposed mechanisms to enhance the heat transfer characteristics of
twisted tapes [7,8]; using V-cut and square-cut twisted tapes [13,14]
alternating clockwise and counter-clockwise twisted tapes [15] using
wing part at the edge of the twisted tape [16] perforated [17] and
center-cleared twisted tapes [18] and the rotating twisted tapes [19] are
among these mechanisms. In all the above mentioned studies, the main
goal was to achieve the highest heat transfer improvement and the
lowest pressure drop increment.

Another heat transfer-improving passive method in heat exchangers
is the use of metal or nonmetal nanoparticle (NP) suspensions, called
nanofluid (NF), as the working fluid. Rashidi et al. [20] studied a square
channel fitted with complex lateral buffers and found that increasing the
volume fraction of nanoparticles (¢) increases the heat transfer rate.
Jafaryar et al. [21] studied the effect of using NF on enhancing the heat
transfer rate in a tube with twisted tapes. Their results revealed that the
twisted tapes with higher twist angles increase the Nusselt number. Esfe
et al. [22] analyzed NF flow in a pipe fitted with twisted tapes. They
found that increasing the Re number reduces the friction factor. Qi et al.
[23] investigated the effect of twisted tapes in a pipe with water/TiO2 NF
flow. Their results show that using rotating twisting increases the rate of
heat transfer significantly. He et al. [24] evaluated the flow in a tube
fitted with twisted tapes. Bahiraei et al. [25] investigated the NF flow
and heat transfer in a pipe fitted with twisted tapes and concluded that
increasing ¢ increases the heat transfer and Wyymp. E1 Magid Mohamed
et al. [26] conduted an experimental and three dimensional numerical
simulation transitional on double-tube heat exchanger with rotating
inner tube; they examined different flow rate and NF types. They re-
ported a heat exchanger efficiency increment for NF concentration up to
3 % with the highest improvement of 19.33 %. Heat transfer enhance-
ment was 41.2 % for the tube rotation of 500 rpm. Ghazanfari et al. [27]
investigated numerically the NF effect on twisted tubes efficiency at
various pitch lengths using the CFD. The sensitivity analysis was made to
reveal the effect of flow rete on Nu number, temperatures, and pressure
drop. They found the outstanding effect of nanofluids application on
heat transfer performance of system. Also, the twisted tube enhanced the
heat transfer rate up to 1.12 times over smooth tube.

The literature survey shows that issues concerning rotating twisted
tapes inside the oval tubes while using NF as the working fluid have
received less attention. In addition, the two-phase modeling of NF flow
in rotational flows has also been somewhat neglected in previous
studies. This work studies the effect of rotating twisted tapes on the
thermal performance of a heat exchanger in which NF is employed as the
working fluid. The system performance was investigated in different
working conditions: the channel with no internal tape (plain tube, PT
case), the stationary twisted tape (STT case), and the rotating twisted
tape (RTT case); the RTT case investigated in three different rotational
speeds, denoted by RTT1, RTT2, and RTT3 cases. In the next section,
after explaining the problem and governing equations, the numerical
procedures are described. The thermal and flow characteristics are
visualized by the relevant contours and finally in the last section, the
conclusions are drawn.

2. Setup and theoretical consideration

The schematic of the problem is shown in Fig. 1. The duct section is
oval-shaped and fitted with two twisted tapes; the pitch of the tapes is
equal to the tube length, and their height (h; in Fig. 1) is 90 % of the
channel height. The twisted tapes rotate with the rotational speed
specified by the flow Re number. The workig fluid is NF of water/Al>Os3,
The dimensions of the channel and the tapes are shown in Table 1;
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Fig. 1. The schematic of the problem.

Table 1 Table 3
The dimensions of the tapes and channel. The inlet velocities for the study cases.
Parameter Value (mm) & (%) Re Vinter (m/s)
L 400 1 250 0.009458
a 21 1 500 0.018917
r 10 1 750 0.028375
€ 0.4 1 1000 0.037834
h, 18 2 250 0.010132
Water Al,O3 2 500 0.020264
P (kg/mS) 998.2 3880 2 750 0.030396
¢, (J/kg.K) 4182 733 2 1000 0.040528
k (W/m.K) 0.6 36 3 250 0.010973
u (Pa.s) 0.0010 - 3 500 0.021945
3 750 0.032918
3 1000 0.043890
Table 2
Thermo-physical properties of the NF for different ¢ obtained as follows [29];
Property Equation Value Re— pnf VintetDn (1)
b =1% & = 2% b= 3% €= oy
Density [30] Prf = 1- ¢)pf + 1084.6540 1055.8360 1027.018
¢ﬂp 0= 2 Vinlet (2)
Specific heat Pup = Coty ((1 _ 4078.53 4113.02 4147.51 hyr
e P G)
p + s . : :
el where the hydraulic diameter Dy, is determined using Eq. (3) [29],
$(0Go), )
Thermal Ky = (1 + 0.6516 0.6338 0.6166 = 4(ar* + 2ra) 3)
conductivity 272 + 4.97 ¢?) (2zr + 2a)
[30]
Dynamic Hy 0.0013 0.0012 0.0011 The rotational speed of twisted tapes in the RTT1 case is obtained by

Hnp =

viscosity [30] m

moreover, the properties of pure water and Al,O3 particles are shown
[29].

The thermophysical properties of NF are functions of those of the
base fluid and ¢. In all study cases, the fluid flow is considered Newto-
nian and is modeled using the finite volume method (FVM) [28]. The
simulations were performed for Re numbers of 250, 500, 750, and 1000.
The outer wall of the channel is subjected to ¢’ = 5000 Wm 2. It should
be noted that considering the goal of this study which is to show the
improving effect of different passive techniques in an elliptical channel,
the type of NP does not matter. The rotational speed of twisted tapes is

Eq. (2) and the corresponding values in the RTT2 and RTT3 cases are
twice and triple the RTTI speed, respectively. The continuity, mo-
mentum, and energy equations can be written as follows [40]:

v. (pme) =0 4
v.(pﬁﬁm) - —€p+7’{ m(wmﬁm)} iy G4 F

-V < Z Orpy Vdr.k Vdr.k) 5)
=1
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Fig. 2. The computational mesh.
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Additionally [29],

n
Pm= Z ¢kpk
k=1

(6)

(7)

(8)

9

(10)
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‘—/)drp = fo - Z —¢kpk7ﬂ< an
k=1 m
n
= ity (12)
k=1
and,
= (P, —Pm) (_> (—> —\—
Vyp="LEt 2 (g—(VnV)|Va 13)
T 18U ey \©
1+ 0.15Re%®®” (Re, < 1000
fdrag: i ( ? ) 14)
0.0183Re, (Re, < 1000)
Therefore,
- ~ [ QP>
Vap=Vy— Y (Vg (15)
k=1 m

To determine the NF properties, some correlations are incorporated
by which the thermo-physical properties are calculated, as listed in
Table 2.

The pumping power (prnp) and Nug,, are determined as follows
[29]:

Woump = VAP 16)
hD
Nitie =~ f" a7
Ty
and,
By
b =7~ 8)
mT
T,— LZ( ") 19)
L
1
Nuavg :Z /Nulocd-x (20)
0

The figure of merit criterion (FOM) is used to evaluate the thermal
efficacy [30]. Additionally, the non-dimensional length of the tube is
defined by Eq. (22),

Nu

FOM =N _ (21)

(22)

3. Numerical analysis

The governing equations using the mentioned boundary conditions
are solved using the FVM. To discretize the governing equations, the
QUICK and central differencing schemes are used. For coupling the
pressure and velocity fields, the SIMPLE algorithm was used which had
been proved to model the flow and heat transfer correctly [31]. The
convergence criteria for the conservation equations was given 10 for
all governing equations [19]. The boundary conditions over the system
boundaries are as follows; the 300 K constant temperature condition was
set for the inlet; also, the inlet velocities are listed in Table 3.

At the outlet, the outlet pressure condition equal to atmospheric
pressure was set, and the velocity and temperature gradient were both
set to zero there. For the walls, the no-slip condition is applied with an
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Nug,, for different numbers of elements in ¢ = 3 % and Re = 1000.

3e+6 4e+6 5e+6 6e+6

Grid Number

Fig. 3. Grid independency study in the RTT3 case and ¢ = 3 % and Re = 1000 [45].

Number of elements Nugyg Error (%)
500000 89.250 -
1500000 71.889 19.5
2500000 61.721 14.1
3500000 56.400 8.6
4500000 54.957 2.6
5500000 54.175 1.4

exerted heat flux of 5000 Wm 2. Additionally, thermal insulation and
no-slip conditions are considered for the tape surface [19]. The
assumption of no-slip condition is conventionally applied on the solid

Nu

24
23
22
21
20
19
18
17
16
15
14
13
12
11
10

9

surface in viscous fluid flows; also, the thermal insulation condition
“thin plate assumption” for the tapes surface and no heat out-flow from
them. The following assumptions were used through the simulation
[19].

e Steady, incompressible, and Newtonian flow;

e Two-phase fluid flow;

e Impacts of nanoparticle aggregation or stability on thermal perfor-
mance were neglected.

Fig. 2 presents the structured mesh used in this study. As shown the
tapes are in fact metal belt which twisted along the tube length and
forms a wavy structure. The meshing was performed using Gambit and,
the commercial software package of ANSYS Fluent has been employed
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—— Present Work

®  J=05%_ Smtc
—— Present Work
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i
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Re

Fig. 4. Verification of present work by Ref. [23].
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Fig. 5. Nuy,, in case of STT case and a) Re = 250 and b) Re = 1000, for different ¢
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Fig. 6. Nugy, versus the Re number in different cases and a) ¢ = 1 % and b) ¢ = 3 %.
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Table 5
Nuyg,, for different cases and Re numbers in ¢ = 1 % and ¢ = 3 %.
PT STT RTT1 RTT2 RTT3
Re Mode
o=1%
250 10.249 13.288 23.391 26.581 29.300
500 13.498 17.053 28.212 31.911 35.327
750 15.959 19.812 31.574 36.544 41.120
1000 18.030 22.325 34.750 40.750 46.492
ANuave% 76 68 49 53 59
Ugye
Re Mode
¢=3%
250 10.030 13.802 24.450 28.060 30.066
500 13.102 18.112 29.503 32.501 37.502
750 16.021 20.982 33.270 48.029 43.201
1000 18.210 23.301 36.603 43.123 49.010
ANHavg% 82 69 50 54 63

Uayg

for simulation.

To approve the independency of the obtained result from the
computational mesh, Nu,,, was evaluated in different mesh sizes and
was compared with each other; the chosen mesh sizes were 500, 1500,
2500, 3500, 4500 and 5500 for whom Nug,, determined; the selected
mesh is that for which the difference between the obtained Nug,, and the
previous one is below 3 %. Fig. 3 shows Ny, versus the grid number for
the RTT3 case and ¢ = 3% and Re = 1000; the corresponding numerical
values are listed in Table 4. It seems that after four stages of cell mini-
aturization, no significant changes were observed in the value of
the Nug,g, and the changes to the next step are less than 3 %. Therefore,
the domain with 4,545,000 elements was chosen for the ongoing
simulations.

4. Results and discussion

As one of the evaluation indexes in studying the heat transfer per-
formance, the local and average Nu numbers, denoted by Nuj,, and
Nugy,, respectively are investigated. To study the fluid flow character-
istics, Wpump is used and presented. The studies are performed in working
conditions of PT, STT, RTT1, RTT2, and RTT3 cases using different ¢.
Last, to unveil the overall possible improvement effect of using the tapes,
the FOM parameter is presented, and its value is compared between the
study cases. To verify the numerical method, the simulation results were
compared to the results of Qi et al. [23]. The base fluid was water in a
tube fitted with twisted tape and Re numbers of 600 through 2200. Fig. 4
compares the Nuy,, obtained in this study and the previous experimental
work; it could be seen that the present numerical simulation has good
overlap with the experimental work with a maximum deviation of 4.9 %;
since a difference of 15 % is acceptable in comparison with experimental
works, the present simulation method would be approved [22].

4.1. The heat transfer performance

The variation of local Nu number

Fig. 5 shows the value of Nuy, for STT case and different ¢ values at
Re =250 and 1000, respectively. For all Re numbers, growing ¢ in-
creases Nuj,., which is mainly due to the enhanced thermal properties of
NF. The increased heat transfer coefficient due to the ¢ increase is due to
the enhanced diffusion mechanism in NF, which reduces the heat
penetration resistance from the walls to the bulk fluid [29]. Further-
more, the Nu number increased as a result of increasing ¢ is lower at low
Re numbers; by increasing ¢ from ¢ = 0 to ¢ = 4 % at Z* = 0.5, Nuy,,
increases by 6 % and 13.5 % for Re = 250 and 1000, respectively. This
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verifies the effect of the inlet flow rate on improving the effect ¢
increment.

- The variation of average Nu number; the effect of Re number

Fig. 6 (a) shows the variation of Nug, versus the Re number in
different working modes in ¢ = 1 %. The minimum Nug,, of 10.25
corresponds to Re number of 250 in the PT case and the maximum Nugyg
= 46.49 corresponds to Re = 1000 in the RTT3 case. The Nulgy, in the PT
case and Re = 250, 500, 750, and 1000 are 10.25, 13.50, 15.96, and
18.03, respectively; the corresponding values for the other cases are
listed in Table 5. The percent change in the Nu number (ANug,, %) be-
tween the minimum and maximum Re numbers for different cases is also
shown in Table 5. As shown, the effect of increasing the Re number on
altering the Nu number is not the same in different cases; in the PT case,
increasing the Re number from its minimum to maximum value has the
largest effect on the value of Nug, (76 % increment), while it is the
smallest in the RTT case (49 % increment in the RTT1 case); additionally,
for ¢ = 1 %, the average improvement is 76 %.

In Fig. 6 (b) the value of Nug, versus the Re number in different
conditions for ¢ = 3 % are shown. The figure suggests that the minimum
Nugyg of 10.87 corresponds to Re of 250 in the PT case and the maximum
Nugye is 54.56 which corresponds to Re number of 1000 in the RTT3
case; the difference between the minimum and maximum values of Nug,g
is 401.94 %. The values of Nuy, for the aforementioned cases are also
presented in Table 5. The table shows that similar to previous cases, the
higher improvement made by increasing the Re number is dedicated to
PT mode. For ¢ = 3 %, the average improvement made by increasing the
Re number from the minimum to its maximum is 56 %.

By comparing the percent enhancements made by increasing the Re
number averaged between different working modes at each value of ¢, it
could be seen that the greatest improvement is for ¢ = 1 %; the average
percent improvement in cases of ¢ =1 %, 2 %, and 3 % are 76 %, 62 %
and 56 %, respectively. In other words, although the Re increase would
enhance the heat transfer in all cases of the heat exchanger and fluid
types, the improvement is the highest in the case of ¢ = 1 %. The
average percent enhancements obtained by increasing the Re number
from its minimum to maximum value are 76, 62, and 56 % for ¢ = 1 %, 2
%, and 3 %, respectively. This shows that the Re number increase works
best at the lowest ¢. In fact, at higher values of ¢, the effect of the Re
number increase is not significantly effective on heat transfer
enhancement. Similar to previous cases, using NF instead of pure water
has the highest improving effect in the PT case and in other cases, the
presence of tapes and their rotation works better.

- The variation of average Nu numbe; the effect of NF concentration

To reveal the heat transfer effect of varying ¢, the Nu,,, is depicted
versus ¢ in PT and STT working modes in Fig. 7(a) and (b), respectively.
Fig. 7 (a) shows that for all Re numbers, the lowest Ny, corresponds to
¢ = 0 % and the highest value is for ¢ = 3 % which are of 10.08 and
19.10, respectively; this shows the maximum improvement of 89 % due
to simultaneous use of NF and the Re number increase from their min-
imum to maximum values. The numerical values of Nug, for the studied
Re numbers and ¢ values are listed in Table 6; also, the enhancement
made by using ¢ = 3 % instead of pure water is shown. By comparing
Nugy, versus ¢ for different NFs, the heat transfer improvement could be
seen at all Re numbers with the highest improvement for Re = 500. By
increasing ¢ from ¢ = 0 to ¢ = 3 %, Nugy, is increased by 7.4 %, 9.9 %,
7.4 % and 7.1 % for Re = 250, 500, 750 and 1000, respectively.

Fig. 7 (b) shows Nug, versus ¢ for different Re numbers in the STT
case. The figure shows that the lowest Nugy, of 13.01 corresponds to ¢ =
0 % and Re = 250, and the maximum Nug, is 23.15, which corresponds
to ¢ = 3 % and Re = 1000. The difference between the maximum and
minimum values of Nugy, is 78 %. Table 6 shows the values of N, for
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Fig. 7. Nugy, versus ¢ in different Re numbers in a) PT and b) STT cases.
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Table 6 the investigated cases; also, the obtained enhancements resulting from
Numerical values of Nuy, in PT and STT cases. using ¢ = 3 % instead of pure water at different Re numbers are listed.
PT case As seen, by increasing ¢, the average heat transfer coefficient increased
5 %) Re at each Re number; by comparing the values of enhancements for the PT
0 . . . .
and STT cases, it could be seen that adding stationary twisted tapes
250 500 750 1000 attenuated the improving effect of NF on heat transfer. This could be
0 10.079 13.052 15.807 17.820 attributed to the existence of induced secondary flow from the existence
1 10.248 13.498 15.9593 18.299 of the twisted tapes, which eventually downplays the improvement
§ 18'223 ii'gii 12';‘215 iggg; resulting from increasing ¢ [19]. However, similar to the PT case, the
ANtyg, 7.4 0.0 7.4 71 highest improvement as a result of increasing ¢ took place for Re
Nulgg number of 500.
STT case Fig. 8 (a) shows Nug, versus the ¢ for RTTI case at different Re
numbers. In this case, (rotating tapes), similar to other cases (plain tube
0 13.010 16.321 19.492 21.811 and stationary tapes), the overall trend of Nuy,, is increasing by the NF
1 13.288 17.053 19.812 22.325 . > . T
5 13.496 17.398 20.203 99,779 concentrations but, with a higher inclination rate. In the STT case and
3 13.803 17.811 20.687 23.146 Re = 1000, by increasing ¢ from ¢ = 0-4 %, Nug,, increased by 6.1 %,
ANty 6.1 9.1 6.1 6.1 while in the RTTI case, it increased by 18.8 %. The improvement, which
Uarg also exists for other Re numbers, verifies the great effect of tape rotation
(a) (b)
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Fig. 8. Nugy, versus ¢ in different Re numbers in the a) RTT1, b) RTT2 and c¢) RTT3 cases.
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Table 7
Numerical values of Nug,g in rotating modes; RTT1, RTT2 and RTT3 cases for
different Re numbers and ¢

RTT
& (%) Re
250 500 750 1000
0 23.507 27.233 31.539 34.508
1 23.931 28.512 32.074 34.950
2 24.219 29.016 33.059 36.484
3 26.534 31.803 37.470 41.013
ANugye o 13.0 16.8 18.8 18.8
Nugy,
RTT2
0 26.242 31.462 36.000 40.122
1 26.581 31.911 36.544 40.750
2 27.575 33.232 38.142 42.620
3 29.056 36.046 42.029 47.573
ANuaveo/ 10.7 14.6 16.7 18.6
Nugye
RTT3
0 28.470 34.809 40.499 45.689
1 29.301 35.527 41.120 46.491
2 29.869 36.900 43.111 48.877
3 31.466 40.022 47.505 54.557
ANUavc% 10.5 15.0 17.3 19.4
Nugy,
Table 8
Numerical values of Nugyg/Nugyg pr in the STT, RTT1, RTT2 and RTT3 cases.
STT case
& (%) Re
250 500 750 1000
0 1.29 1.25 1.233 1.223
1 1.296 1.263 1.241 1.22
2 1.28 1.244 1.229 1.22
3 1.274 1.241 1.218 1.211
RTT1 case
0 2.332 2.086 1.995 1.936
1 2.335 2.112 2.009 1.909
2 2.298 2.075 2.011 1.955
3 2.45 2.217 2.206 2.147
RTT2 case
0 2.603 2.41 2.277 2.251
1 2.593 2.364 2.289 2.226
2 2.616 2.376 2.321 2.284
3 2.683 2.513 2.475 2.49

on heat transfer improvement due to the ¢ increase. The figure shows
that the lowest N, of 23.5 corresponds to pure water and Re = 2250
and the maximum one is 41.0, which is for ¢ = 3 % and Re = 1000; this
shows an improvement of 74 %. The values of Nug,, for the investigated
cases and the improvements as the result of increasing ¢ from ¢p = 0-4 %
for each Re number are listed in Table 7. It is seen that the enhancing
effect of increasing ¢ at each Re number is increased as a result of tape
rotation. This could be attributed to the more intensive collision of nano
HTF that comes from the rotation of the tapes. Additionally, the Re
number increment intenses the enhancing effect of the ¢ increase in this
case, which was absent in the STT case, while the percent improvement
as a result of increasing ¢ was almost fixed for all Re numbers in the STT
case (except for Re = 500). The Re number increases from Re = 250 to
1000, and the percent improvement grows from 13 % to 18.8 %.

In Fig. 8 (b) the variations in N, versus ¢ for different Re numbers
for the RTT2 case, are shown. As seen, by increasing the rotational speed
of the tapes, Nugy, increases at all ¢ values, but increasing ¢ is not as
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large as in the RTT1 case. In the RTT1 case, by increasing ¢ from ¢ =0 to
¢ = 4 %, the Nug,g increment is 13 % and 18.8 % for Re = 250 and 1000,
which are 10.7 and 18.6 in RTT2, respectively. The minimum and
maximum values of Nug,, are 26.24 and 47.57, which correspond to ¢
and Re numbers of 0-4 % and 250-1000, respectively; additionally, the
enhancement obtained by the simultaneous increase of ¢ and Re number
from their minimum to maximum values is 81 %. In Table 8 the values of
Nugy, for the studied cases and the improvements as the result of the ¢
increase from ¢ = 0-4 % are shown. Similar to previous cases,
increasing ¢ increases N, for each Re number, but despite the previ-
ous cases, the enhancement grows continuously by increasing the inlet
Re number; by increasing the Re number from Re = 250 to 1000,
%’:f % increased by 10.7-18.6. This verifies that at the tape rotational
speed corresponding to the RTT2 case, the increase in the fluid flow rate
intensifies the effect of ¢ increment with a higher inclination rate
compared to the RTTI case. This effect could be attributed to the
intensifying effect of using NF at higher rotational speed and flow rates.

The variations in Nug,, versus ¢ for different Re numbers in the RTT3
case are depicted in Fig. 8 (c). By comparing the Nuy, in each case with
the corresponding value in other cases (Table 9), the improving effect of
rotation and the increased rotational speed on heat transfer coefficient
could be seen; also, the improving effect of increasing the ¢ averaged
between working conditions at different Re numbers has been dimin-
ished compared to RTT1 case. The average improvement of Nug, as the
result of ¢ increment in the RTT1I case is 16.8 %, while the corresponding
value in the RTT3 case is 15.5 %. This suggests that despite the heat
transfer improvement by the ¢ increase, at conditions of high rotational
speed, using the concentrated NF is not a determinant factor. In this case,
the difference between the maximum and minimum values of Nugy, is 92
%, which is highest among all other cases.

To reveal the improving effect of using the tapes and their rotation,
the quotient of the Nu number at each Re number and ¢ to corre-
sponding values in different cases are listed in Table 8. As could be seen

. N
in all cases, the value of Nu“"”g
avg PT

is higher than one and this show the
improving effect of using the tapes on heat transfer rate. In addition,
although using the tapes would improve the heat transfer coefficient, the
improvement is not the same for different Re numbers and NF concen-
trations and decreased by increasing the values of Re numbers and ¢; at
STT case by increasing the Re number and NF concentration from 250 to
1000 and 0-4 %, the improvement depressed by 1.3 % and 5.2 %,
respectively. Although, it saw a continuous decreasing trend of
improvement versus the Re number increase versus increasing the ¢ an
increasing-decreasing trend could be seen.

For RTTI case, it could be seen that the enhancement quotient
increased and decreased by increasing the NF concentration and Re
number, respectively. The value of Nugyy/Nugygpr grows from 2.33 to
2.45 by increasing the ¢ value from O to 3 %; the increase of
Nugyg/Nugypr versus the ¢ increment suggests that in RTT case,
increasing ¢ has higher improving effect than in PT case. This fact which
was also has been observed previously shows the more effective pres-
ence of NP in the RTTI case which comes from the more intensive
collision of NPs to heat transfer surfaces. On the other hand, the
decreasing effect of Re number on Nugye/Nugy,pr shows that the Re
number increase is more effective in heat transfer improvement in PT
rather than RTT1 case. This result which also was observed in the STT
case suggests that using the internal tapes in stationary (STT) and
rotating (RTT1) modes veils and turns down the Re number improving
the effect on heat transfer coefficient enhancement; in other words, the
Re number increase works best on heat transfer improvement in PT
rather than the other cases.

The numerical values of Nugy/Nuggpr for different values of Re
numbers and ¢ in Table 8 shows that by employing the rotated twisted
tape in the RTT2 case, the Nu number has grown up in all cases; as was
expected, the highest and lowest quotients of Nugyg/Nuggpr are
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Table 9
Numerical values of Wpu,,,p (in W) in PT, STT, RTT1, RTT2, and RTT3 cases.
PT case
& (%) Re
250 500 750 1000
0 0.058 0.272 0.693 1.358
1 0.064 0.308 0.785 1.547
2 0.075 0.360 0.924 1.814
3 0.089 0.433 1.111 2.191
AW 53.4 59.2 60.3 61.3
70&
w
STT case
0 0.227 0.992 2.508 4.894
1 0.236 1.166 3.097 6.284
2 0.289 1.657 4.886 10.099
3 0.371 2.466 7.852 17.947
AWO/ 63.4 148.6 213.0 266.7
W
RTTI case
0 0.245 1.136 2.869 5.578
1 0.271 1.336 3.547 7.195
2 0.331 1.896 5.593 12.238
3 0.428 2.822 8.991 20.547
AW 74.7 148.4 213.4 268.3
70/0
w
RTT2 case
0 0.289 1.340 3.386 6.371
1 0.319 1.576 4.184 8.489
2 0.390 2.237 6.597 14.436
3 0.501 3.329 10.605 24.239
AW 73.3 148.4 213.2 280.4
w
RTT3 case
0 0.348 1.614 4.079 7.964
1 0.385 1.898 5.040 10.228
2 0.470 1.695 7.949 17.393
3 0.604 4.012 12.777 29.203
AW 73.6 148.6 213.2 266.7
w

dedicated to pure water - Re = 250 and ¢ = 3% - Re = 1000, respec-
tively. The value of Nugyg/Nugyg pr in RTT2 case varies similar to that in
the RTTI case and the quotient increased by decreasing and increasing
the values of Re and ¢, respectively. Despite the similar variation versus
the ¢ number, the ratio varies with a less intensity in RTT2 rather than
RTTI case; at Re = 250, by increasing the ¢ from 0 to 3 %, the Nugy,/
Nugygpr increased by 3.2 % and 5.1 % in RTT2 and RTTI cases,
respectively. This result which is also repeated in other Re numbers,
shows that at higher rotational speed the enhancing effect of increasing
¢ would be diminished.

By inspecting Nugy, /Nitgye pr in the RTT3 case for different values of ¢
and Re numbers, a similar trend to the previous case with a lower change
rate could be observed; for pure water, by altering the Re number from
250 to 1000 the value of quotient decreased by 9.2 % which was 13.5 %,
and 17 % for RTT2 and RTT1 cases, respectively. This result which is also
repeated for the other ¢ s shows that by increasing the rotational speed
of the tape, the effect of Re number increment on improving the heat
transfer would be lessened [19].

4.2. The pumping power

Fig. 9(a)-(e) shows Wpump for different cases (PT, STT, RTT1, RTT2,
and RTT3 cases) versus the ¢, at different Re numbers. At PT case,
minimum value of Wyymp, i.e. 0.058 pW corresponds to pure fluid (¢ =
0) and Re = 250, and the maximum is 2.191 pW, which corresponds to
¢ = 3 % and Re = 1000. The numerical values of Wy, for the other
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investigated cases are listed in Table 9. The maximum Wy, in this case
was observed to be 36.8 times the minimum value. It is also seen that at
each Re number, by increasing ¢, the required Wpump is increased. The
increase of Wiy, due to the ¢ increase could be attributed to increasing
the fluid viscosity as the effect of NP presence is increased by the Re
number increment. It can be seen in Fig. 9 that by increasing the Re
number, the effect of ¢ increase on Wpym, enlarged accordingly; by the ¢
increase from ¢ = 0 to ¢ = 4 % Wiyymp grows by 53.4 % and 61.3 % in
case of Re = 250 and 1000, respectively. The slight increasing effect of
the NP presence by the Re number increase could be attributed to more
intensive contact of NPs, which increases the pressure loss at higher flow
rates.

Fig. 9 (b) shows Wimp versus ¢ for different Re numbers for the STT
case. The figure shows that the lowest and the highest Wy, corre-
sponds to ¢ = 0 and Re = 250, and ¢ = 3% and Re = 1000, with the
corresponding values of 0.227 and 17.947 uW, respectively; the values
of Wyunp for the other cases along with the power increment due to ¢
increase from ¢ = 0-4 % at each Re number, also shown in Table 9. The
percent increment of Wy, due to the simultaneous Re number and ¢
increase is 7810 %, which is more than twice the corresponding value in
the PT case (3680 %). This illustrates the deep effect of the employed
twisted tapes on the factors that affect the Wpump (i.e., ¢ and Re number).
This fact could also be seen by comparing the percentage of Wiyump

increment (Aw‘;vﬂ%) due to ¢ increase from ¢ = 0-4 % for each Re
pump

number in cases of PT and STT cases. By comparing Fig. 9 (a) and 9 (b), it
can be seen that in case of using stationary twisted tapes (STT case),
increasing ¢ is more effective on Wy, than in the PT case. In the PT case
and at Re = 1000, by increasing ¢ from 0 to 4 %, the Wpump increasing
percent is 61.3 %, while the corresponding value in the STT case is 266.7
%. This behavior, which is seen at all Re numbers, is more pronounced at
higher Re numbers. This could be explained by the secondary flow and
increased flow path induced by the presence of twisted tapes; in this
case, the increased viscosity resulting from the ¢ increment has the
highest effect on the pressure loss and Wiymp.

Fig. 9 (c) shows Wpump in the RTT1 case versus ¢ for different Re
numbers; the corresponding numerical values are also listed in Table 9.
By inspecting the variation of Wymp, a similar trend is observed in the
cases of STT and RTT1, and increasing ¢ increases Wpump in both cases. In
addition, although the Wpump in the RTT1 case is higher than the corre-
sponding values in the STT case, the Wyu, enlargement due to the ¢
increment is nearly the same at each Re number. In the RTT1 case, the
lowest Wiymp of 0.244 tW corresponds to ¢ = 0 % and Re = 250, and the
maximum of 20.547 pW corresponds to ¢ = 3 % and Re = 1000. The
difference between the maximum Wpump and minimum Wpump is 8287 %,
which is slightly higher than the corresponding value in the STT case
(7810 %). This shows that the tape rotation would intensify the
increasing effect of ¢ and Re number, which is mainly due to the pres-
ence of the induced secondary flow. This time, the effect of tape rotation
is more effective at the lowest Re number; in other words, except for a
low Re number, the effect of ¢ increase on the Wpump increment is nearly
equal for the STT and RTT1 cases. This shows that at a high Re number,
the induced secondary flows work equally in the RTT1 and STT cases on
increasing the Wy due to ¢ increment.

Fig. 9 (d) shows the variation of Wpump versus ¢ in the RTT2 case for
different Re numbers. It firstly shows the increasing effect of both Re
number and NF concentration increase on pumping power; also, it shows
the higher effect of NF concentration increase on Wiy, at the highest Re
number. Wy, varies between the minimum and maximum values of
0.289 and 24.24 pW, which shows a maximum change of 8287 %. By
comparing the overall improvement made by the cumulative effect of
increasing the ¢ and Re number with the previous case (RTT1), a sudden
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change could be observed; the maximum change in STT and RTT1 cases
was 78 times, while here, the improvement is 83 times. This increasing
effect of using NF instead of pure fluid grows at first by inserting the
twisted tape (STT case versus the PT case) and secondly by increasing
the rotational speed (from RTT1 to RTT2 cases). It seems that there is a
specific speed around which the increasing effect of adding NPs on
Woump is the highest and before and after which, the resulting increment
is less. Additionally, as seen in Table 10 and similar to the previous
cases, the attenuating effect of using NF increases by increasing the Re
number.

The variation of Wpump versus ¢ in the RTT3 case for different Re
numbers is depicted in Fig. 9 (e). According to this figure, the lowest and
the highest Wyymp are 0.348 and 29.203 uW, which correspond to ¢ =
0% and Re = 250 and ¢ = 3 % and Re = 100, respectively; therefore, the
difference between the maximum and minimum Wyym, in this mode is
8292 %. By comparing the maximum Wy, increments made by
simultaneous increasing the ¢ and Re numbers in the RTT2 and RTT3
cases, it can be seen that the increments are nearly the same. In other
words, using NF instead of the pure fluid and increasing ¢ has nearly the
same effect on the growth of Wpymp. By inspecting Wpymp in different
cases, different ¢ and Re numbers in Tables 10 and it can be concluded
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that although increasing the Re number and ¢ would increase Wpunp in
each case but the effect of ¢ in Wpum, is highest in RTT case and the
lowest in PT case. Additionally, between three different rotating modes,
the maximum Wpy, increment due to NF concentration increase is
dedicated to the RTT2 case. In other words, between different cases, in
the RTT2 case, the effect of the ¢ increment on Wiy, is the highest.

4.3. The overall performance of the system

Although the existence of twisted tapes in the fluid flow path im-
proves heat transfer, it would also increases Wiymp. To determine which
factor has the prominent effect (improving or destroying) on overall
system performance, a unique parameter is used to consider both heat
transfer and pressure drop increments simultaneously. The figure of
merit (FOM) parameter, as defined in Eq. (21) is employed to evaluate
the overall system performance. FOM values above 1 indicate increased
thermal efficiency, and values below 1 show reduced system perfor-
mance. Fig. 10(a)-(c) reveal the values of FOM in different geometric
cases for different Re numbers and for ¢ = 1 %, 2 %, and 3 %, respec-
tively. As shown, for all the employed NFs, using rotated twisted tape,
the value of FOM is always greater than one. In the case of stationary
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Table 10
Numerical values of the FOM in the STT, RTT1, RTT2 and RTT3 cases.
STT
& (%) Re
250 500 750 1000
0 0.817 0.814 0.808 0.803
1 0.837 0.811 0.786 0.776
2 0.818 0.753 0.705 0.692
3 0.790 0.696 0.634 0.598
RTT1
0 1.416 1.309 1.243 1.214
1 1.408 1.282 1.197 1.155
2 1.402 1.214 1.097 1.032
3 1.522 1.214 1.093 1.027
RTT2
0 1.512 1.401 1.359 1.340
1 1.514 1.372 1.311 1.281
2 1.510 1.302 1.205 1.150
3 1.522 1.274 1.166 1.111
RTT3
0 1.535 1.457 1.437 1.420
1 1.569 1.428 1.386 1.374
2 1.569 1.359 1.280 1.239
3 1.522 1.329 1.239 1.198

twisted tapes (STT case), the value of FOM is always under 0.9, which
eliminates the proper application of the stationary twisted tapes. In
other words, despite the heat transfer enhancing effect of using the
stationary twisted tapes, the increased pressure loss eliminates it. Also,
the FOM lessens by increasing the NF concentration which is due to a
higher viscosity increase than that of the heat transfer coefficient. This
shows the necessity of employing other heat transfer-improving factors
such as the rotation of tapes.

In rotating twisted tape modes (RTT1, RTT2, and RTT3 cases), the
FOM is greater than one but, by increasing ¢ FOM alleviated accord-
ingly. The numerical values of FOM for the STT, RTT1, RTT2, and RTT3
cases are listed in Table 10. By inspecting, it can be seen that FOM
decrement due to the ¢ increase is more prominent at higher Re
numbers, and at low Re numbers, it does not change considerably. For
example, in the RTT3 case, by increasing ¢ from 0 to 4 %, the FOM
alleviated by only 0.8 % at Re = 250, while the decrement was 15.6 %
for Re = 1000. This indicates the higher improving effect of NP presence
on heat transfer improvement rather than its deteriorating effect on
pressure loss at lower Re numbers, which works reversely at high Re
numbers. In other words, under the conditions of the present study, it
would be more beneficial to use the lowest ¢ (1 %) at the highest
rotational speed state (RTT3 case).

The effect of increasing the Re number on the pressure loss and Wyump
is more prominent than its effect on heat transfer improvement. The
deteriorating effect of increasing the Re number on the FOM becomes
greater at higher ¢ and is very small for the pure fluid (¢ = 0 %). For
example, in the RTT3 case, increasing the Re number from 250 to 1000
decreases the FOM by 7.1 % and 21 % in cases of ¢ = 0 % and 3 %,
respectively. This indicates that the best working condition could be
achieved at the lowest ¢ (¢ = 1 %), which also gives flexibility for
employing a wider range of flow rates (Re numbers) without losing the
value of FOM significantly (See Table 10).

5. Conclusion

This study analyzes the flow characteristics of an elliptical duct heat
exchanger equipped with twisted tapes in two different modes of sta-
tionary and rotating states and three rotational speeds using NF as the
HTF. The obtained results show the improving effect of incorporating NP
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on heat transfer rate which increases by the NP concentration increment
and is prominent in rotating rather than STT and PT cases. Additionally,
the Nug,, change due to increasing ¢ is lower at low Re numbers and
becomes higher at high Re numbers. The effect of the Re number in-
crease on altering Nug, is not the same in different cases; in the PT case,
increasing the Re number has the largest effect on the value of Nugy
while, it is the smallest in the RTT case. This shows the necessary and
significant effect of NP presence in cases where the other improving
effect are absent. The Re number increase works best on heat transfer
improvement at the lowest ¢ values. Increasing ¢, also increases Wiump

and the increment percentage of Wy, due to the simultaneous effect of
Re number and ¢ increase in the STT case is higher than twice the cor-
responding value in the PT case. Between the study cases, the increasing
effect of ¢ in Wpump is the most in rotating (RTT) modes and the least in
the PT case. Additionally, between three different rotating modes, the
maximum Wpump increment due to ¢ increase is for the RTT2 case. In
cases of rotated twisted tape mode, FOM is always greater than one. In
the STT case, the value of FOM is always below 0.9, which eliminates the
good application of stationary twisted tapes. Increasing the Re number
reduces the FOM while increasing ¢ improves it. This fact approves
again the significant application of NF in overall system performance
improvement. In the RTT3 case, increasing the Re number from 250 to
1000 decreases the FOM by 7.1 % and 21 % in cases of ¢ = 0 % and 3 %,
respectively. The highest value of FOM is 1.57, which is for the highest
rotational speeds, the lowest Re number, and ¢ = 1 %.
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