Journal of Heat and Mass Transfer Research 12 (2025), Serial Number 23, 137 - 150

Journal of Heat and Mass Transfer Research

Semnan University

HEAT ... MASS
TRANSFER RESEARCH

Journal homepage: https://jhmtr.semnan.ac.ir k
v

ISSN: 2383-3068

Research Article

CFD Analysis on the Performance of Twisted Tapes in
Horizontal Heat Exchangers for Shower Water Heat Recovery

Eduardo Silva 3, Vitor Ferreira ?, José Cunha b, Eliseu Monteiro 2b*

a Faculty of Engineering, University of Porto, Rua Dr. Roberto Frias, 4200-465 Porto, Portugal

b LAETA-INEGI, Associated Laboratory for Energy, Transports and Aeronautics- Institute of Science and Innovation in Mechanical and

Industrial Engineering, Rua Dr. Roberto Frias, 4200-465 Porto, Portugal

ARTICLE INFO

ABSTRACT

Article history:
Received: 2024-09-04

Revised: 2024-10-31
Accepted: 2024-11-19

Keywords:

Computational fluid dynamics;
Convection;

Energy sustainability;
Wastewater heat exchanger;

Twisted tape.

The thermal energy found in shower hot wastewater, which is usually dumped, can be
recovered through heat exchangers and used to pre-heat shower cold-water, contributing to
energy sustainability. The objective and novelty of this work are to present a computational
fluid dynamics (CFD) model and a theoretical model based on literature correlations to
evaluate the performance of a shower water horizontal heat exchanger with twisted tape
inserts. CFD simulations are used to improve the shape of twisted tape in the setting of the
turbulator. The findings suggest that the wastewater flow convection heat transfer coefficient
is between the flow around a cylinder and the flow around a cylinder in a narrow channel.
The results for the turbulator are consistent with theoretical data, except for twist ratios
below 3. The most promising twisted tape design has a twist ratio of 4 and a thickness of 1
mm. A conclusion could be drawn that the efficacy of the twisted tape in the heat exchanger
is greater at lower flow rates. The performance gain ranges from 18.1 % to 3.0 % for flow
rates of 3-10 L/min. Future directions for this research should focus on the improvement of
the external convection coefficient because it represents the highest thermal resistance in the
shower wastewater horizontal heat exchanger.

© 2024 The Author(s). Journal of Heat and Mass Transfer Research published by Semnan University Press.
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1. Introduction

considering global warming. One of the subjects

Energy sustainability and the effects of
climate change on civilization are currently
among the key areas of scientific study. By
creating new clean energy sources, clean
technology, and increased energy efficiency, the
goal is to lessen the negative effects of human
activity [1]. Natural gas is widely used for water
heating across the world, and it contributes
significantly to greenhouse gas emissions from
dwellings. As a result, lowering the energy
required for water heating is critical to
minimizing the use of fossil fuels, particularly
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under investigation in this area is the recovery of
energy carried by wastewater, which has
previously been acknowledged by the European
Parliament as a renewable energy source [2, 3].
Showers provide a fantastic chance to recover
wastewater heat by employing heat exchangers
to preheat the flow of cold-water [4]. This saves
energy while heating cold-water, reducing the
requirement for outside sources of energy [5].
Multiple types of heat exchangers can be built
beneath the shower to recover the heat from hot
wastewater. They may be classified as heat
exchanger-integrated showers, horizontal heat
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exchangers, or vertical heat exchangers [6].
Research indicates that vertical heat exchangers
exhibit superior effectiveness compared to
horizontal ones [7]. Shields [8] showed a
decrease in effectiveness from 67% to 17% while
switching from a vertical to a horizontal heat
device. Wong et al. [9] obtained effectiveness in
the range of 5-15 % when performing
experimental work on horizontal heat
exchangers in an apartment building. Many
residences lack the necessary room to install
vertical shower heat exchangers despite their
better effectiveness [1]. Consequently, Kordana-
Obuch et al. [10] conducted a survey of a sample
of 462 inhabitants in Poland, revealing
considerably larger potential recipients of
horizontal devices compared to the potential
recipients of vertical ones. Besides effectiveness,
the payback period is a key factor when trying to
get people to adopt this solution. Studies showed
that the payback period can range from 2 years
[7] to 13 years [13] or even beyond the technical
lifetime of the system [5]. In general, the
economic performance of these appliances
improves with higher water usage and longer
shower periods. These devices are ideal for use in
swimming pools, gymnasiums, and health clubs
[12]. Moreover, the research underlines the
benefits of these components, not only in large
buildings with significant water demand but also
in private homes [6]. For these reasons, the focus
of this research study on wastewater heat
recovery by using horizontal heat exchangers
should be the improvement of its effectiveness
since it can cut energy usage and reduce costs.
Heat exchanger tubes are the primary
components of a heat exchanger that transfer
heat from a hot fluid to a cool fluid. Given the
boundary layer's low heat transfer efficiency, the
shape of the heat exchanger tube, which had a
significant influence on boundary layer thickness,
principally regulated the heat exchanger's
thermo-hydraulic performance [13]. Integrating
vortex generators or twisted tape inserts inside
the tube has been employed to improve thermal
performance. The tape or vortex generator
placed into the tube can disrupt the fluid flow and
diminish the boundary layer, hence improving
heat transfer efficiency. Twisted tapes are
metallic strips that have been twisted into a
precise shape and dimension before being put
across the flow. They are also considered swirl
flow devices because they operate as turbulators
to impart swirl flow, which increases the heat
transfer coefficient. Varun et al. [14] evaluated
research that investigated the effects of twisted
tape inserts on the thermal performance of
circular heat exchanger tubes. They concluded
that using twisted tape in heat exchanger systems
is a very effective means of enhancing heat
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transfer. The use of twisted tape inserts results in
a gain in Nusselt number, friction factor, and
thermal performance; however, this is
accompanied by some pressure loss. Pitch and
twist ratio are important criteria for evaluating
the effectiveness of twisted tapes [14]. The pitch
of a twisted tape is the distance between two
locations in a plane parallel to the tape's axis,
while the twist ratio is the pitch to the inner
diameter of the tube. Various experimental and
numerical studies on heat transfer enhancement
utilizing twisted tapes have been conducted in
recent years. Patil and Babu [15] investigated
heat transfer enhancement in a circular tube and
a square duct utilizing twisted and screw tape
inserts. They found that using twisted and screw
tapes for heat transfer intensification is a cost-
effective approach. They also revealed that the
increase in heat transfer in square ducts is
greater than that in circular ducts due to the
square duct's high surface-to-volume ratio.
Sarma et al. [16] proposed a new approach for
calculating the heat transfer coefficient in a tube
with twisted tapes. The approach relied on a
friction coefficient correlation to modify wall
shear and temperature gradients, resulting in
improved heat transfer through the tube wall.
The resulting predictions were compared to
several previously developed correlations for
twisted tapes. Sarma et al. [17] developed
universal correlations for convective heat
transfer and friction coefficients in tubes with
twisted tapes across various Prandtl and
Reynolds values. A theoretical solution was
presented for the Reynolds number range of
200-105 with a twist ratio of 2-10. They also
gave generalized correlations for the Nusselt
number and friction factor, with a variation of
less than 12%. Yadav et al. [18] used CFD to
simulate the thermohydraulic properties of a
circular tube with twisted tapes. The average
difference between predicted CFD findings and
previously published experimental data for
Nusselt number and friction factor was less than
9% [19]. In addition to the pressure loss and heat
transfer, the friction factor, Nusselt number, and
effectiveness of a tube with twisted tape inserts
of different tape length ratios are computed.
Their results show that the twisted tape tube
with a variable tape length ratio works better
thermo-hydraulically than the smooth tube. It
was discovered that the tube with the full-length
tape insert was more efficient. Shabanian et al.
[20] examined the thermal performance, friction,
and heat transfer characteristics of an air-cooled
heat exchanger containing butterfly, classic, and
jagged twisted tapes. The maximum thermal
performance factor was obtained with butterfly
inserts tilted at a 90° angle, according to the data.
Moreover, the variation in heat transfer rates
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between classic and jagged twisted tapes is
lessened by lowering the twist ratio. The effects
of turbulence were predicted by resorting to the
RNG k-e turbulence model. For the Nusselt
number and friction factor, good matches were
realized between predicted and experimental
data. Wang et al. [21] performed a numerical
study utilizing CFD modeling to optimize the
design of turbulent flow heat transfer for a
circular tube with air serving as the working fluid
and uniformly spaced twisted tape. The results
show that in uniformly spaced short-length

twisted tape, twist ratio is a significant
influencing  factor for flow resistance
characteristics. The results showed that

computational outcomes successfully supported
experimental data. Higher heat transfer and flow
resistance were attained with a bigger rotated
angle.

Several other approaches have been proposed
in the literature to improve heat transfer in heat
exchangers. Jayranaiwachira et al. [22]
investigated the entropy production and
thermohydraulic performance of a uniform heat-
flux tube fitted with louvered corner-curved
baffle tape (LCBT). The results show that the
LCBT with the smallest values of Prandtl =1, 6 =
0° yield the highest Nusselt and friction factor at
roughly 4.4 and 19.2 times above the plain tube
values. Using the LCBT at Prandtl = 1, 6=45°
resulted in the highest thermal enhancement
factor of approximately 2.23. The authors
proposed Nusselt and friction factor empirical
correlations for using LCBTs. Wang et al. [23] use
a V-shaped fixed ring with perforated rectangular
vortex generators to investigate the effect of their
number, area, and pitch on heat transfer and
pressure drop in turbulent circumstances. The
results reveal that vortex number and area have
consistent effects on heat transfer intensity and
pressure drop, although the value of pitch is
inversely related to both pressure drop and heat
transfer intensity. Nakhchi and Esfahani [24]
used numerical simulations to study the thermal
performance of turbulent flow inside a heat
exchanger tube with cross-cut twisted tape on an
alternate axis. The results show that twisted tape
has a stronger influence on heat transfer at lower
inlet fluid velocities. The findings also indicate
that increasing the twisted tape's width to
diameter ratio improves thermal performance.

The current state of the art reveals that
studies of the effect of twisted tape on the heat
transfer of heat exchangers are scarce. It also
reveals that the CFD technique has only been
applied recently in this regard. Therefore, the
main objective and novelty of this work is to
provide theoretical and CFD results on the heat
transfer of clean water flow in a shower’s
wastewater heat exchanger under the same
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cover. To simulate various geometries of twisted
tape inserts, a 3D CFD model is used, resorting to
Ansys Fluent. The remaining part of the paper is
organized as follows: Section 2 presents the
theoretical model implemented and the CFD
model developed. Section 3 is divided into three
subsections. Section 3.1 presents the results and
discussion of the heat exchanger without twisted
tapes using four theoretical models. Section 3.2
presents the results and discussion of the CFD
simulations considering the heat exchanger with
twisted tapes and presents a mesh quality study
prior to the simulations. The main conclusions
drawn from this study, the contribution to
current knowledge, and some perspectives for its
development are mentioned in Section 4.

2. Materials and Methods

2.1. Horizontal Heat Exchanger

The horizontal heat exchanger considered in
this study is a prototype made up of twenty-five
steel tubes that are joined by twenty-four plastic
1802 elbows. Cold-water passes through the
tubes, while hot water is contained inside a
rectangular plastic shell. The set of cold-water
tubes and the assembled prototype are depicted
in Figure 1.

O
Fig. 1. Heat exchanger prototype: (a) Array of tubes and
elbows; (b) Prototype assembled

The geometry of the heat exchanger used in
the theoretical and CFD models is presented in
Table 1. The diameters of the inner and outer
tubes are denoted by d; and d,, respectively. The
cold-water tube's center is located 9.5 mm above
the shell's base. I1, wre denotes the length of the
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steel tubes. The elbows form a semi-circle at the
tube's center with a diameter of dewow. The
variables bshe, hshe, and Iseen represent the
dimensions of the internal section of the shell
where hot water circulates.

Table 1. Dimensions of the heat exchanger

Column A [mm]
Tube inner diameter (d;) 13.8
Tube outer diameter (do) 15
Tube length (Tube) 135
Elbow diameter (d,.) 24
Base of the shell (bgy) 196

Height of the shell (hshel) 38

Length of the shell (Ishen) 616
According to NEN 7120:2011 [25], for
computations and laboratory research, the

boundary conditions for the cold-water inlet
temperature is 10°C and the hot shower water
temperature is 40°C. Equation (1) calculates the
heat exchanger effectiveness (&, ) for an

adiabatic horizontal heat exchanger with equal
mass flow rates and specific heat capacity of
hot and cold water.

Tc,out _Tc,in
Fre = Th,in 7Tc,in (1)
Tein, Tcout, Thin, and Thou denote the initial and
final temperatures of the cold and hot flows,
respectively. The range of mass flow rates was
established between 3 and 10 L/min based on
typical European shower head mass flow rates
of 8-12 L/min [26], typical American shower
flow rates of 7.9 L/min [27]. The overall heat
transfer coefficient (U) is determined using Eq.
(2) [28].
1 1 +In(do/di)+ 1

UA, hA 2zl  h.A

ho and hi stand for the average heat transfer
convection coefficient for the hot and cold sides,
respectively. An: denotes the area of heat
transfer, while A; and A, represent the areas for
inside and outside convection, respectively. A
stands for the wall thermal conductivity.

(2)

Equation (3) equates the two expressions
for the heat transfer rate [28].

UA (Th,out _Tc,in)_(Th,in _Tc,out) _
" In[(Th,out _Tc,in)/(rh,in _Tc,out )] (3)
mc‘cp.c'(Tc,out _Tc‘in)
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Since Eq. (3) involves two unknowns, Tcout,
and Thou, Eq. (4) is introduced to provide a
solution [28].

mh-Cp,h-(Th, ~Toin) = n"lC.vaC.(T

c,out _Tc,in )

out

4)

The heat exchanger's effectiveness may be
computed after all temperatures have been
obtained. m_, ¢cpc, M, , and cpr represent the

mass flow rate and specific heat of the cold and
hot flows, respectively. To calculate the overall
heat transfer coefficient, the relevant
correlations available in the literature are
presented in the following subsections for cold
and hot water flows.

2.1.1.  Cold Water Heat Transfer Coefficient

For the flow rates under investigation, the
cold-water flow through the pipe is turbulent.
The length (I) considered for applying the
correlations will be the same as that of the steel
pipe, disregarding the elbow length. This
happens because the elbows have a higher heat
transfer resistance. Therefore, the walls of the
elbow are regarded as adiabatic. Three distinct
correlations are used and assessed to estimate
the heat transfer coefficient. Equations (5) and
(6), characterize the first correlation, which is
dependent on the pipe's Reynolds number
(Re), Prandtl number (Pr), inner diameter (d;),
and length (I). Equation (6) determines the &
factor, which is used to determine the Nusselt
number (Nu). It is applicable for Re between
10% and 106, Pr between 0.1 and 1000, and di/I
less than or equal to 1 [29].

(£178).Re.Pr

Nu = 14d. /D3
u 14127 '_5/8. (Prz/s_l)[ +d, /)] (5)
£=(1.8.log,, Re-1.5)" ©

In the second correlation (Equation (7)), the
friction factor (f) is also considered. This
correlation is valid for Re between 3000 and 5
x106 and Pr between 0.5 and 2000 [28].

_ (f/8).(Re—1000).Pr
1+12.7. [ /8. (Pr**-1)

(7

The friction factor is calculated using
Haaland’s equation (Equation (8)), where e is
the equivalent roughness [30].

ERRPWRIETC R
g o) | 737 Re

The third correlation (Equation (9)), also
known as one of the Dittus-Boelter equations,
is valid for Re greater than 10000, Pr between
0.6 and 160, and l/d; greater than or equal to
10 [28].

(8)
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Nu = 0.0243.Re""* .Pr°* 9)

2.1.2. Hot Water Heat Transfer Coefficient

In our prototype, hot shower water surrounds
cold-water tubes in an empty channel with a
rectangular section. Certain assumptions and
approximations are required since this setup has
not been documented in the literature. The heat
exchanger's slope must be considered when
calculating the flow height in the channel
Reducing bypassing by minimizing the water
height above the tubes is crucial for optimal
thermal performance. As a first engineering
approximation, the water flow rate is taken to be
around 2 mm above the tubes. Equation (10),
which considers the water's crossflow around a
cylinder, is used to determine the convection
coefficient.

Nu = 0.0243.Re" .Pr°* (10)

The coefficients C and m are provided in
Table 2. It is valid for Pr greater than or equal
to 0.7 [28].

Table 2. Coefficients for the crossflow of
water around a cylinder

Re C m

0.4-4 0.989 0.330
4-40 0.911 0.385
40-4000 0.683 0.466
4000-40000 0.193 0.618

40000-400000 0.027 0.805

If one considers crossflow around a cylinder
but in a restricted channel, the Nusselt number
can be calculated using Equation (11). It is valid
for Re between 10 and 107 and Pr between 0.6
and 1000 [29].

Ny, , = 0.3+1’ NU,ZYL,Jlm + Nulz,turb (11)

Nujiam and Nuywrs can be obtained with
Equations (12) and (13).

Nl‘ll,lalm = 0.664.4/ Re\/ﬁ (12)

N 0037.Re pr
L 90D 443 Re 0T (PrR-1) (13)

The velocity in the Reynolds number in this
restricted channel is determined by Equation
(14).

we o
” (14)
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where wo denotes the free stream velocity. The
correction factor y is calculated by Equation (15),
where h represents the height of the channel.

7. d,
4.h

v=1- (15)
The last scenario investigated is the flow via
tube bundle. The prototype has just one row of
twenty-five tubes; hence, it cannot be termed a
standard tube bundle. Therefore, the distance
between the row of tubes, the wall, and the free
surface of the water will be used in this scenario.
Equation (16) determines the Nusselt number.

NUp pungie = Fa- NUj (16)

Equation (17) calculates the factor fa for an in-
line tube arrangement.

0.7(b/a—-0.3)

f =14— "% ¥/
A wi®.(b/a-0.7)°

(17)

Nuyp is calculated with Equation (11). The
Reynolds number is calculated using Equation
(18).

w. |
Wy.V

Re = (18)

yb is computed by Equation (19) if b = 1 and by
Equation (20) if b < 1. a is obtained with Equation
(21), and b with Equation (22). s1, sz, and do stand
for the distance between tubes in the cross
direction, the distance between tubes in the flow
direction, and the diameter of the tubes,
respectively.

T

=1-2
Ve 4.a (19)
T
1-—
Ve 4.a.b (20)
a=-t 21
y (21)
s
h=>2
) (22)

These equations are valid for Re between 10
and 106 and Pr between 0.6 and 1000 [29].

2.2. CFD Model of Heat Exchanger

2.2.1. Geometry

To simulate the hot water flow within the
prototype, some simplifications were made. The
entrance and leaving of hot water were simplified
by eliminating the circular section and focusing
exclusively on the rectangular component of the
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heat exchanger. Furthermore, the rectangular
part of the heat exchanger is not entirely filled
with hot water; hence, the air is repressed, and
the top surface is considered a moving wall with
avelocity equal to the water's average speed. It is
assumed that water circulates 2 millimeters
above the tubes. Finally, the elbow geometry was
simplified, as shown in Figure 2.

20(m

e a1
— -

Fig. 2. Heat exchanger geometry used in the CFD model

Given the prototype's thick plastic elbows
with low thermal conductivity, heat transfer via
the elbows was assumed to be negligible.

2.2.2. Mesh and Models

A mesh quality analysis was carried out prior
to running a CFD simulation. Initially, a coarse
mesh is used, which is then gradually improved
by adding more and smaller components,
particularly near walls where gradients are
stronger. A coarser mesh that produces adequate
results is chosen. This method optimizes
computing resources and saves time for future
simulations [31].

Regarding models, to study thermal
performance, the energy equation needs to be
considered alongside the viscous model. For the
cold-water flow inside the tubes, turbulence is
observed for all the studied flow rates, and thus,
a suitable turbulence model needs to be selected.
The k-e turbulence model is widely used in
literature, and the k-e realizable model has been
identified as the most effective for this type of
study, so this is the selected model [32].

2.2.3. Twisted Tape

The twisted tape was selected as the heat
transfer enhancement device mainly because of
its low cost and simplicity [33]. Figure 3 shows
the model’s geometry, with the width of the
twisted tape about equal to the tube diameter. To
avoid exceedingly narrow gaps during
simulations, two fluid volumes are generated:
one above and one below the tape. The study’s
primary goal is to determine the ideal shape;
hence, just a straight tube supplied with twisted
tape is modeled, rather than the whole array of
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tubes seen in the prototype. The best twisted tape
for the prototype will also work well for a straight
tube. The length of the tube used in the
simulations varied between 10 cm and 100 cm.
The wupper limit was selected after the
fluctuations in the relevant parameters, such as
the Nu number and the friction factor, were no
longer affected.

o 0015 003 (m)

0,0075 0,022

Fig. 3. Geometry of the twisted tape used in the CFD model

To simulate the impact of the hot shower
water around the tube, a boundary condition of
10000 W/m? for the heat flux supplied to the tube
wall for heating the cold water is defined based
on the average conditions of the heat exchanger
prototype. The twisted tape is considered
adiabatic. The energy equation is used, and the
turbulence k-e realizable model is used along
with the k-e RNG and k-w SST models [18, 34-36].

Simulations in ANSYS Fluent provide the heat
transfer coefficient (h;) used to determine the
Nusselt number using Equation (23). The friction
factor (f) and Nusselt number are not derived
directly from ANSYS Fluent. The friction factor is
computed employing the Darcy-Weisbach
equation (Equation (24)) and taking the pressure
difference (4p) between the intake and exit of the
tube from the CFD simulation results. The friction
factor is calculated using the pipe diameter d;,
water density p, simulation tube length I, and
fluid average velocity [30].

Nu =th (23)
_2.ap.d, (24)
p. 1w

Equation (25) uses the friction factor and
Nusselt number to get the thermal performance
factor. To compute it, an empty tube simulation is
run with the same turbulence model and flow
rate. This simulation calculates the friction factor
(fo) and Nusselt number (Nuo) in the absence of
twisted tape.

~ Nu/Nuy,

U—W (25)
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The major aim is to find a twisted tape that can
raise the Nusselt number without considerably
affecting the thermal performance factor while
maintaining the pressure loss. To optimize the
geometry of the twisted tape, several tape twist
ratios (Y) and thicknesses () are simulated. Once
these values are determined, the thermal
performance factor of the tape will be evaluated
atvarious water flow rates. The tape twist ratio is
defined as the ratio between the length of a 1802
rotation of the tape and the tube’s inner diameter.

The validation of the results produced from
the CFD simulations and comparisons will be
done using literature correlations. Because the
flow is turbulent, the use of turbulent flow
correlations is required. Nusselt numbers are
determined using the Equations (26) and (27)
[37]. The Nusselt number for a tape without any
twist (Nuy-«) is calculated using Equation (26),
where 6 and d denote the tape thickness and
diameter, respectively. Equation (27) will be used
to calculate the Nusselt number for the case
without any twist, Nu/Nuy=c.

Nu,_, =0.023.Re*®. Pr®
T j“‘s z+2-251d j‘“ (26)
\z=45/d) '\ =-45/d
Nu__,, 0.769 -
Nu Y (27)

y=0

The friction factor will be calculated using
Equation (28) [37]. This equation considers both
the Reynolds number, as well as the dimensions
of the tape, expressed by § and d. The friction
factor will be calculated considering the influence
of the tape on fluid flow using the twist ratio (Y).

;o 0.0791[ 7 j”s
Re*® \z-451/d
1.25 (28)
7+2-251d 2.752
R R [ B e
( T—46/d j ( Yl'zgj

3. Results and Discussion

Before conducting simulations to identify the
optimal twisted tape geometry, a mesh analysis
was undertaken to determine the most effective
mesh, a tube length study was conducted to
identify the appropriate tube length, and a
twisted ratio study to maximize the thermal
performance factor. These simulations employed
a flow rate of 9.2 L/min.

3.1. Theoretical Model Validation

Figure 4 shows the heat exchanger’s
effectiveness at various flow rates. These
effectiveness are derived from a comprehensive
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range of literature correlations and experimental
data of E. A. Silva [38]. Regarding literature
correlations, the internal convection coefficient is
determined by averaging the valid correlations
among the three presented in subsection 2.2.1.
The outside convection coefficient is calculated
using various correlations described in
paragraph 2.2.2, resulting in innovative models.
While Model 2 utilizes the correlation for
crossflow around a cylinder, Model 1 uses it for
crossflow around a cylinder in a restricted
channel. Model 3 uses the correlation for the
convection coefficient on a bundle of tubes. Model
4 uses the average of the convection coefficients
used in Models 1 and 2.

Madel 1 == « == Model 2 semesenes Model3 = = = = Modeld a4 Experimental

Effectiveness (%)

Q[L/min]

Fig. 4. Heat exchanger effectiveness results

Figure 4 shows that Model 4 has the highest
agreement with the experimental data of E.A.
Silva [38], with deviations ranging from 7.32% to
0.82%.

3.2. Mesh Study

Figure 5 shows the results of the mesh
sensitivity analysis, which examined how mesh
refinement affects the estimated Nusselt number
and friction factor. The findings were obtained
using the k-e realizable turbulence model for a
500 mm tube with a twist ratio of 4.

140 0.090

120 0.080

*x

P 0.070

100
0.060

80 0050
2 -
60 0040
0.030
40
0.020

2
eNy xf | 0010

0 0.000
0 5 10 15 20 25 30

Number of elements (x105)

Fig. 5. Variation of the Nusselt number with
the number of elements in the mesh

Figure 5 demonstrates that the Nusselt
number and friction factor show very minimal
fluctuations  beyond the  third point,
corresponding to a mesh size of 486132
elements. The percentage discrepancies detected
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in reference to the point with the maximum
number of items (2649234) were 2.56% and
3.14%, respectively. As a result, the mesh
configuration corresponding to the third point,
which uses a general element size of 2.5 mm and
1 mm along the walls, may be regarded as a
reliable alternative.

3.3.Tube Length Study

Figure 6 shows the simulation findings for the
influence of tube length change. These results
were obtained using the k-w SST turbulence
model, previously calculated mesh parameters,
and a twist ratio of 4.

180 0.160

.
160 . . 0.140

xe

wo - 0.120

0.100

0.080 «

Nu

0.060
0.040

0 r eny xf ] 000

0 L L n s L 0.000
0 200 400 600 800 1000 1200

I [mm]

Fig. 6. Variation of the Nusselt number and friction factor
with the length of the tube

After evaluating the supplied findings,
differences in the Nusselt number and friction
factor are insignificant beyond the third point
(500 mm). Beyond this point, the Nusselt number
and friction factor only changed by 0.68% and
3.04%, respectively. As a result, a tube length of
500 mm is judged appropriate for evaluating the
performance of various twisted tapes.

3.4. CFD Twisted Tape Study

Figure 7 shows streamline coming from the
tube intake, demonstrating the rotating flow
induced by the twisted tape. This rotating flow
meets expectations and adds to the improvement
of the heat transfer coefficient.

Fig. 7. Streamlines of the flow
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The influence of the twist ratio (Y) is
investigated while the tape thickness remains
constant at 0.5 mm. Figures 8 to 10 illustrate how
the twist ratio affects the Nusselt number, friction
factor, and thermal performance factor. In
addition, the Nusselt number and friction factor
figures for a simple tube without twisted tape are
shown. These values are derived using the Dittus-
Boelter and Darcy-Weisbach equations,
respectively, and are denoted as "correlation” in
Figures 8-13.

——Correlation  kwSST ® ket realizable 4 k-eRNG = = Plain Tube

300

250 F
200

2150 |

D11 g g gy g i g g g S g
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Fig. 8. Variation of the Nusselt number with
the twist ratio (8 = 0.5 mm)

= Correlation B k-wSST ® k-g realizable 4 k-gRNG = = PlainTube

Fig. 9. Variation of the friction factor with
the twist ratio (8 = 0.5 mm)

——Correlation W k-wSST @ k-erealizable 4 k-eRNG
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Fig. 10. Variation of the thermal performance factor with
the twist ratio (8 = 0.5 mm)

The results demonstrate that when the twist
ratio drops, both the Nusselt number and the
friction factor rise, which is to be expected given
that it improves the heat transfer coefficient but
also increases pressure drop. When compared to
the correlation of Dittus-Boelter and Darcy-
Weisbach, the k-& models exhibit better
agreement, with discrepancies in the Nusselt
number generally less than 10%, whereas the k-
w model overpredicts the data by 17 to 33%.
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All models exhibit excellent agreement with
the correlation of Dittus-Boelter and Darcy-
Weisbach for friction factor, with discrepancies of
approximately 10%, except for the lower twist
ratios (1 and 2), where the model predicts a
substantially greater friction factor. This can be
attributable to the scarcity of theoretical data on
these twist ratios, as most of the data is based on
twist ratios equal to or greater than 3. This
difference in friction factors at lower twist ratios
also explains the lower thermal performance
factor. Figure 12 demonstrates that the thermal
performance factor falls significantly below a
twist ratio of 3.

After examining the data, it was established
thata twistratio of 4 results in a considerable rise
in the Nusselt number while not significantly
compromising the thermal performance factor.
As aresult, this twist ratio is picked as the optimal
value. Figures 11 to 13 demonstrate how tape
thickness affects the Nusselt number, friction
factor, and thermal performance factor. This was
tested on twisted tape with a twist ratio of 4.

Correlation B k-w SST ® kg realizable 4 k-gRNG = = Plain Tube

0.5 0.75 1 125 15 175 2
& [mm]

Fig. 11. Variation of the Nusselt number with
the tape thickness
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0.180
0.160
0.140 L]
0.120 u

0.100
0.080
0.060
0.040

0.020

0.000
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Fig. 12. Variation of the friction factor with
the tape thickness
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Fig. 13. Variation of the thermal performance factor with

the tape thickness

Figures 11 and 12 show that increasing tape
thickness increases both the Nusselt number and
the friction factor. Figure 13 shows that as tape
thickness rises, the thermal performance factor
decreases slightly. As a result, a 1 mm tape
thickness is found to be a good balance between
improved heat transfer as demonstrated in
Figure 13, influence on pressure drop as
demonstrated in Figure 12 through the friction
factor, and material cost since a reduced
thickness represents a smaller amount of
material.

3.5. Heat Exchanger with Twisted Tapes

The convection coefficient is calculated from
the CFD simulations of the individual twisted
tapes and used to replace the inner convection
coefficient to account for the impacts of the
twisted tapes (TT). Figure 14 shows the heat
exchanger effectiveness results when the twisted
tape is used vs. without resorting to model 4. The
selected twisted tape has a twist ratio of four and
a thickness of one millimeter.

—Model 4 ---—| Model 4 with TT

10%

0%

3 4 5 6 7 8 9 10
Q [L/min]

Fig. 14. Heat exchanger effectiveness with
and without twisted tape

According to [39, 40], twisted tape has a
greater influence in the thermal performance at
lower flow rates. When the flow inside the tubes
reaches a fully turbulent condition (usually at
volume flow rates greater than 7.5 L/min,
corresponding to Reynolds numbers above
10000), the addition of the twisted tape does not
significantly increase the convection coefficient.

Given that the average flow rate of an
American shower is approximately 7.9 L/min
[27], and the European Commission [26]
specifies that maximum flow rates for
showerheads in EU Member States range from 8
to 12 L/min, if the shower flow rate falls within
these upper limits, the addition of twisted tape to
the prototype may have no effect. However,
several shower-heads are especially intended to
work at flow rates ofaround 5 L/min [41]. In such
cases, integrating the twisted tape can raise
effectiveness by 9.55%, compared to a 4.32%
improvement at an 8 L/min flow rate.
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4. Conclusions

The objective of this work was to offer a CFD
model and a theoretical model to evaluate the
performance of a shower water horizontal heat
exchanger with twisted tape inserts. The
theoretical and CFD models were validated
against experimental data from the literature. To
increase the heat exchanger’s effectiveness, a
thorough analysis was done using the CFD model
to establish the best shape of a twisted tape
insert.

Results of the theoretical models show that
the convection coefficient of the shower
horizontal heat exchanger falls between the cases
of flow around a cylinder (Model 2) and flow
around a cylinder in a narrow channel (Model 1).
Averaging the convection coefficients (Model 4)
results in better agreement with the
experimental data. A conclusion is drawn that
Model 4 represents a good approximation of our
heat exchanger prototype’s exterior convection
coefficient.

The CFD results for twisted tape inserts are in
good agreement with theoretical data, except for
twist ratios of less than 3, which are rarely
discussed in the literature. The main outcomes of
the CFD model for twisted tape inserts are:

e Nusselt number and friction factor rise as the
twist ratio decreases and tape thickness
increases.

e Thermal performance factor begins to drop
for twist ratios below 3.

e Thermal performance factor remains
virtually constant as tape thickness varies.

e The most acceptable thickness for twisted
tape is 1 mm with a twist ratio of 4. This
arrangement achieves a good compromise
between improving heat transfer, reducing
pressure loss, and maximizing material use.

e Lower flow rates had a greater influence on
the thermal performance factor of the
twisted tape. When the flow gets totally
turbulent, the tape’s impact diminishes.

o The effect of twisted tape on heat exchanger
performance is more pronounced at lower
flow rates.

e Installing twisted tape in water-saving
showerheads with a flow rate of 5 L/min
improves heat exchanger performance by
9.55%. However, flow rates closer to the
American average of 8 L/min show a 4.32%
improvement.

The main contribution of this work is that it
showed that the convection coefficient on the
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inside of the tubes with twisted tapes is higher
than that on the outside. Therefore, further
developments to improve the heat transfer in
horizontal heat exchangers should aim to
increase the outside convection heat transfer
coefficient.

Nomenclature

a Bundle transverse spacing factor

Ant Area of heat transfer [m?]

Ai Internal area of heat transfer [m2]

Ao Outside area of heat transfer [m?]

At Transverse area of the flow [m?]

b Bundle longitudinal spacing factor

bshein Inner base of the shell [m]

Cpc Specific heat of cold water [J/kg.K]

Cph Specific heat of hot water [J/kg.K]

d Tape width or diameter [m]

di Tube inner diameter [m]

delbow Diameter of the semi-circle formed by the elbow [m]

do Tube outer diameter [m]

dw Coiled wire winding diameter [m]

Ap Pressure loss between inlet and outlet [Pa]

Appiain  Pressure loss between inlet and outlet on
a plain tube [Pa]

DTim Log mean temperature difference [K]

DTm Mean temperature difference [K]

d Tape thickness [m]

E Energy [J/kg]

ew Coiled wire diameter [m]

€ Turbulent dissipation rate [m?2/s3]

€Ehe Heat exchanger effectiveness

€r Equivalent roughness [m]

F Body force vector per unit volume [N/m3]

f Friction factor

fo Friction factor without enhancing device

fa In-line arrangement factor

feorr Friction factor from the Darcy-Weisbach equation
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Friction factor on a plain tube

Free stream velocity correction factor
Bundle correction factor

Gravitational acceleration [m/s?]

Tape twist for a 1802 rotation [m]
Channel height [m]

Internal convection coefficient [W/m2.K]
Sensible enthalpy [J/kg]

Outside convection coefficient [W/m2.K]
Inner height of the shell [m]

Convection coefficient on a plain tube [W/m?2K]
Thermal performance factor

Unit tensor

Diffusion flux of species j [kg/m2s]
Turbulent kinetic energy [J/kg]

Effective conductivity [W/m-K]
Turbulent thermal conductivity [W/m-K]
Tube length [m]

Length of one tube [m]

Inner length of the shell [m]

Thermal conductivity [W/m.K]

Mass flow rate of cold water [kg/s]

Mass flow rate of hot water [kg/s]
Dynamic viscosity [Pa.s]

Manning resistance coefficient

Number of elements in the mesh

Nusselt number

Nusselt number without enhancing device
Bundle average Nusselt number

Nusselt number from the Dittus-Boelter equation
Average Nusselt number

Laminar Nusselt number

Turbulent Nusselt number

Nusselt number on a plain tube

Nusselt number for a tape without twist

Kinematic viscosity [m2/s]
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Pw
Pr

Qex
Rn

Rwall

So
S1
S2
Sh

Sm

DT
DT:
Tein
Te,out
Th,in

Th,uut

Leff

Static pressure [Pa]

Coiled wire pitch [m]

Prandtl number

Volume flow rate [m3/s]

Heat transfer power [W]

Hydraulic diameter [m]

Wall thermal resistance [K/W]
Reynolds number

Density [kg/m3]

Slope

Transverse tube spacing [m]
Longitudinal tube spacing [m]

Heat of possible heat sources [W/m3]
Source term [kg/m3s]

Time [s]

Temperature [K]

First temperature difference for DTim [K]
Second temperature difference for DTim [K]
Inlet temperature of cold water [K]
Outlet temperature of cold water [K]
Inlet temperature of hot water [K]
Outlet temperature of hot water [K]
Stress tensor [Pa]

Effective stress tensor [Pa]

Overall heat transfer coefficient [W/m2.K]
Velocity vector [m/s]

Correlation parameter

Corrected free stream velocity [m/s]
Free stream velocity [m/s]

Tube water velocity [m/s]

Specific dissipation rate [s1]

Tape twist ratio
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