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Abstract

In this work, a three-dimensional study of shell and helically corrugated coiled tube heat exchanger with considering exergy
loss is investigated. Various design parameters and operating conditions such as corrugation depth (e), corrugation pitch
(p) or the number of rounds, inlet fluid flow rate on the coil and shell sides are numerically investigated to examine the heat
exchanger hydrothermal performance. Taguchi analysis is used to analyze the hydrothermal parameters by considering the
interaction effects of them. The obtained results showed that increasing the inlet fluid flow rate on the coil side, corruga-
tion depth and the number of rounds increases both heat transfer and pressure drop. It is also found that the most effective
parameter on the thermal performance of the heat exchanger is the fluid flow rate on the coil side, followed by the corruga-
tion depth and the most effective parameter on the hydrodynamic performance of the heat exchanger is fluid flow rate on the
coil side, followed by corrugation pitch and corrugation depth. Based on the exergy analysis in the heat exchanger, using a
helically corrugated coiled tube instead of the helically plain coiled tube in the heat exchanger for the cases of low Reynolds
numbers has higher effectiveness.
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List of symbols P Pressure (Pa)
< Specific heat capacity (J kg~! K™1) p Corrugation pitch (m)
C, Coefficient of turbulent viscosity De Coil pitch (m)
d Tube diameter (m) 0 Heat transfer rate (W)
D, Shell diameter (m) gl Flow rate (cold side) (kg s7h
D, Coil diameter (m) q2 Flow rate (shell side) (kg sh
Ex  Exergy (W) S Entropy (W)
e Corrugation depth (m) Sij Strain rate tensor
h Enthalpy (J) Re  Reynolds number
k Turbulent kinetic energy (J) SN  Signal to noise ratio
L Length (m) T Temperature (K)
m Mass flow rate (kg s7h u Velocity (ms™1)
n Number of rounds X, X Cartesian coordinates
Nu  Nusselt number Greek symbols
I3 Turbulent dissipation rate (m?s73)
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Subscripts

e Environment

c Cold

h Hot

i Inlet

0 Outlet

S Shell

ci Fluid inlet-cold side

co Fluid outlet-cold side
hi Fluid inlet-hot side
ho Fluid outlet-hot side

Introduction

Nowadays, due to the increase in energy saving demand in
many engineering fields of the modern industry such as heat-
ing ventilation air conditioning and powertrain cooling and
waste heat recovery, heat exchangers that are more efficient,
smaller size and lower cost, heat transfer enhancement have
been introduced to improve the overall thermohydraulic per-
formance. There are several methods to increase heat trans-
fer in the category of active, passive and combined mecha-
nism. Passive technique uses special surface geometries, or
fluid additives. Active technique due to external power
source requirement has attracted relatively little attention in
real practical applications, and passive technique through the
use of various surface geometries such as corrugated tubes
to be desired. Corrugated tubes can be made known as one
of the coarsening surface methods. The thermal boundary
layer developed on its walls is periodically interfered by flow
recirculation, separation and reattachment and thereby
increase of convective heat transfer coefficient. However,
such achievements in heat transfer are perpetually followed
by increased pressure drop penalty. Shell and helically coiled
tube heat exchanger is one of the most applicable types of
heat exchanger that its thermal performance can be investi-
gated by replacing the corrugated coiled tubes instead of
plain coiled tube. The use of internal helical plain tubes in
heat exchangers is studied by a substantial number of
researchers in thermal engineering systems. In what follows,
the most relevant ones are mentioned. Rabienataj et al. [1]
performed an empirical study to evaluate the alumina nano-
particles effects on the hydrothermal performance of a shell
and helical tube heat exchanger. They found that lower
pitches and higher heights of the groove of the heat
exchanger lead to the highest efficiency. Moreover, these
researchers proved that using a shell and helical tube heat
exchanger results in better thermal performance in compari-
son with using nanofluid. Vicente et al. [2, 3] analyzed the
geometrical effects of a shell and helical tube heat exchanger
in different flow regimes on nine different models. Their
obtained results revealed that employing a helical coil
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decreases the transient Reynolds number to lower than 1400.
They also deduced that in the laminar flow regime, groove
geometrical efficacy on Nusselt number is subtle; however
in the turbulent flow regime, augmenting the helical height
and reducing the helical pitch cause higher thermal perfor-
mance. Naphon et al. [4] investigated an experimental work
to examine the effects of the height-to-pitch ratio of a helical
tube inside the shell of a heat exchanger on its hydrothermal
performance. They deduced that the helical tube height can
be effect on heat transfer and friction coefficient more than
its pitch. Later, Hassanpour et al. [5] evaluated three con-
figurations of V-shaped helical, U-shaped and perforated
strips benefiting from use of both helical coils and strips.
They concluded that each helical strip configuration
enhances both heat transfer and pressure drop. Afterward,
Han et al. [6] performed a numerical study to inquire the
efficacies of flow direction on the helical strip tubes side on
the thermal performance of a shell and tube heat exchanger.
These researchers stated the optimum magnitude for the geo-
metrical parameters as equal to 0.6. Thereafter, Liu et al. [7]
investigated a numerical study of helical shell and tube heat
exchanger. They found that the model of one-pas helical tube
results in the highest heat exchanger hydrothermal perfor-
mance. Han et al. [8] by use of the surface response tech-
nique and multi-objective method optimization studied four
geometrical parameters of a two-pipe heat exchanger with
helical tubes. Sadeghi et al. [9] assessed the various shapes
of flow effects in a helical double-pipe heat exchanger
empirically to optimize six different shape configurations.
Salimpour et al. [10] examined the pitch, depth and width of
a helical tube at various geometries employing titanium
oxide nanofluid experimentally. These researchers stated that
the helical tube use in higher Reynolds number values is
more effective. Kareem et al. [11] performed a numerical
and empirical study of a one-way helical coil in low magni-
tudes of Reynolds number. They showed 2.4 to 3.7 times
heat transfer enhancement 1.7 to 2.4 times friction coeffi-
cient augmentation by use of the helical tube comparing to
a plain tube. Then, Han et al. [12] studied the thermal per-
formance of corrugated tubes utilizing the different turbulent
methods. Afterward, Panahi and Zamzamian [13] used a
wire turbulator to improve the performance of a double-pipe
helically coiled heat exchanger flowing gas and water to the
coil side and water to the shell side. They showed that on the
coil side in all models both heat transfer and friction coef-
ficient enhance. An energy and exergy study using the Tagu-
chi’s method was performed by Etghani and Baboli [14] who
revealed that the most effective parameters on the heat
exchanger thermal performance include the flow rate of cold
flow and the diameter of coil. Mirgolbabaei [15] analyzed
the effects of mass flow rate and geometrical parameters of
a shell and helical tube heat exchanger on its hydrothermal
performance with annular cylindrical shell. Mashoofi et al.
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[16] represented a model to produce a double-pipe helically
coiled heat exchanger employing a turbulator which caused
the Nusselt number to enhance as about 81%. Alimoradi and
Maghareh [17] optimized a ring-shaped fin in a shell and
helically coiled tube heat exchanger by investigating its geo-
metrical parameters which results in 44% enhancement in
heat transfer. Milani and et al. proposed a novel experimen-
tally study on the heat transfer characteristics in a shell and
tube heat exchanger with wavy cosine corrugated wall in
structure of tube bundle. They use of response surface meth-
odology to obtain maximum effectiveness and the overall
heat transfer coefficient. The results show that the effective-
ness and the overall heat transfer coefficient increase with
the cold water flow rates [18]. Hosseinnezhad et al. numeri-
cally investigated the turbulent flow of water/Al,O; nano-
fluid in a tubular heat exchanger with two twisted-tape
inserts. The parameters of their investigation are Reynolds
numbers, the effect of twist ratio of twisted-tape inserts, co-
swirl flow and counter-swirl flow of two twisted-tapes inside
the tube and volume fractions of nanofluid. The results show
that, by decreasing the twist ratio, the counter-swirl flow
twisted-tape and the enhancement of volume fraction of
Al,O5 nanoparticles in the base fluid, the amount of average
Nusselt number increases [19]. Multiphase flows in micro-
fluidic devices are usually used as an effective way to
improve the cooling process, since phase change process can
provide high heat transfer coefficient in comparison with
single-phase flows. On the other hand, high surface-to-vol-
ume ratio of micro heat exchangers can intensify the overall
heat rejection from the system. Asadollahi et al. investigated
three models, namely (a) the formation of interior and exte-
rior phase, (b) hydrodynamics of droplets during condensa-
tion process in a diffusive oblique fin (mini-channel) with
hydrophilic walls and (c) liquid evacuation from the channel,
by means of a novel perspective of pseudo-potential lattice
Boltzmann model. The results show that the channel slope
angle plays an important role at the rate of droplet nucleation
and on evacuation time [20]. Milani et al. with use of two
phase mixture model and response surface methodology
(RSM) investigated the sensitivity analysis of heat transfer
and heat exchanger effectiveness in a double-pipe heat
exchanger filled with AI203 nanofluid [21]. Karimipour
et al. [22-30] studied the improvement of heat transfer in
different flow patterns and nanoparticle volume fractions for
different geometries.

In another study, Alimoradi and Veysi [31] with use
of empirical and numerical study examine the thermal
performance of a shell and helical tube heat exchanger.
These researchers’ results revealed that enhancing the
pitch of helical coil as about twice on the shell side aug-
ments the Nusselt number, but the this number enhances

as just 0.8% on the coil side. Later, Alimoradi [32] pro-
posed a correlation for a double-pipe helically coiled
heat exchanger effectiveness as a function of the number
of heat transfer units (NTU). Later, a similar study per-
formed by Alimoradi [33] on exergy analysis to evaluate
the geometrical parameters of the same heat exchanger.
These researchers concluded that the heat exchanger
thermal performance enhancement reaches as the coil
rounds number augments and the coil diameter reduces.
Numerical study and sensitivity analysis are carried out
on turbulent heat transfer and heat exchanger effective-
ness enhancement in a double-pipe heat exchanger filled
with porous media by Milani et al. They found that the
mean Nusselt number increases by increase in the values
of Reynolds number and dwindling of the Darcy number
and porous substrate thickness [34]. Mamourian et al.
used Taguchi method for finding optimum conditions
(the maximum Nusselt number) of the mixed convection
heat transfer in a wavy surface square cavity filled with
Cu—water nanofluid [35].

The above literature review demonstrates that although
many studies have been performed to improve the shell and
helical tube heat exchangers hydrothermal performance,
investigation on heat transfer and flow performance (Nus-
selt number, pressure drop and exergy loss) in shell and
helically corrugated coiled tube heat exchanger has rarely
been reported. The lack of data about this research has pro-
voked the current study. Then, optimizing these types of heat
exchangers by use of energy and exergy analysis is a techno-
logical gap. Hence, this paper aims to bridge it by examin-
ing the geometrical parameters and operating conditions on
the heat exchanger hydrothermal performance by employ-
ing Taguchi’s empirical method. Numerical simulations and
analysis of parameters such as the corrugation depth, cor-
rugation pitch or number of rounds, inlet fluid flow rate on
the coil and shell sides on the proposed heat exchanger have
been conducted by Taguchi optimization.

Model descriptions

The shell and helically corrugated coiled tube heat exchanger
has been investigated in the present study. The helical tube
and the two important parameters including corrugation
depth (e) and number of rounds or corrugation pitch (p) and
also the heat exchanger which are designed in the current
study are shown in Fig. 1.

Figure 2 displays the correlated hydraulic diameter to
each helically coiled tube corrugation depth with its cross-
sectional image.

@ Springer



2744

0. Heydari et al.

Bore diameter d,

Fig.1 Display of shell and helically corrugated coiled tube heat
exchanger

Governing equations

The numerical simulation is performed with a three-
dimensional steady-state turbulent flow system on both
sides of the helical shell and tube heat exchanger. The gov-
erning equations (i.e., continuity, momentum and energy)
are, respectively as follows [17]:

9(pu;) _0
ox; = (D

Cross-section image

1
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The turbulent flow is considered for the both shell and
tube sides; thus, a model should be selected for the con-
sideration of the turbulence effects in addition to the other
governing equation. In comparison with standard k — ¢
model, the realizable k — € turbulence model can present
better performance for flows involving rotation, bound-
ary layer under strong adverse pressure gradients, separa-
tion and recirculation. Consequently, realizable k — € is
selected for the simulation of the turbulence effects. The
transfer equations for this model are as follows [17]:
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where C| and C, are the model coefficients; oy and o, are the
turbulence Prandtl numbers for the k and ¢, respectively; G,
represents the generation of turbulence kinetic energy due
to the mean velocity gradients, and it can be calculated as
follows [17]:

I(pews) g '(#Jr m) de | 2

Gy = 2p,S55S; 6)

S;jis the strain rate tensor which is

Si=5\5-+ 5, ™
T2\ oy oy

and the eddy viscosity is computed from

Helically coiled tube 5 ; 4
corrugation depth/mm
Hydraulic diameter/mm 9.53x 107 9.62 x 107 9.69 x 107

Fig.2 Correlated hydraulic diameter to each helically coiled tube corrugation depth
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wo=0C,— ®)

The difference between the realizable k — € model and
the standard and RNG k — € models is that C,, is no longer
constant. It is computed from.

1

C =
n
4.04 + £4/6 cos [% cos~! (\@ﬁ)] ©)
€ : (8555)3
and
sk

C, = max |0.43, o :-5 (10)
S =4/28;S; 11

with constant values of:

C2 = 19, Oy = 10, o, = 1.2

Boundary conditions

The fluid flows through both shell and tube sides are water.
Due to the low-temperature range, the physical properties of
the water were assumed to be constant. The hot fluid with
temperature of 50 °C is on the tube side, and the cold fluid
with temperature of 20 °C is on the shell side. Different cor-
rugation depth and pitch of the helical tube, the flow rates of
cold and hot fluids will be investigated based on the Tagu-
chi’s proposed models discussed as follows.

Numerical modeling

In this study, the steady-state governing equations are
solved, numerically, by using the finite volume method with
double-precision and pressure-based segregated algorithm
named SIMPLE [36-41]. Presto algorithm is used to couple
the velocity and pressure. Furthermore, the second-order
upwind scheme was adopted for the momentum, energy,
kinetic turbulence and its dissipation rate. All the solu-
tions were considered fully converged when sum of scaled
residuals of the continuity, momentum, energy and realiz-
able k — € equations are smaller than 107%,107° 107 and
1073, respectively. To simplify the numerical simulation, the
following assumptions are made: the fluids are incompress-
ible, continuous, Newtonian and isotropic; thermal radia-
tion and viscous heating are negligible; the non-slip condi-
tions are adopted on all solid surfaces; and buoyancy force

and heat dissipation from the outer surfaces of the shell are
negligible.

Taguchi’s method

The experimental design of Taguchi is employed in this
paper to optimize the hydrothermal and geometrical per-
formance of the shell and helically corrugated coiled tube
heat exchanger. This empirical design is composed of some
techniques that maximize the efficiency and minimize the
cost and time. This method aims to reduce the number of
experiments, and also the use of the SN factor, and to rep-
resent the experiments and interactions optimal levels. The
design is organized based on the number of possible tests,
time and the minimum resources. The advantages of this
method to be useful for the researchers are: minimizing the
number of test, the possibility to evaluate the investigated
parameters effects, providing the SN analysis, defining the
optimal levels (Table 1).

Taguchi uses the orthogonal arrays for assigning the
selected parameters in which L8, L16 and L18 are among
the most common ones. In engineering problems, this model
applies to the statistical methods. The design of an experi-
ment involves the following main steps:

e Introducing independent variables

Introducing of number of level settings for each inde-
pendent variable

Selection of orthogonal array

Assigning the independent variables to each column
Conducting the experiments

Analyzing the data and inference

Before selecting the orthogonal array, the minimum num-
ber of experiments to be conducted shall be fixed based on
the total number of degrees of freedom (as shown in Eq. 12)
present in the study [37],

DF = Factors X (Levels — 1) (12)

To analyze quality of the experiments design by Taguchi
method, SN ratio is used. Following equations are presented,
namely for SN ratio, larger-the-better (LB), smaller-the-bet-
ter (SB) and nominal-the-better (NB) [37]:

sB=13 () (13)

n

I 1)’
=1y <—> (14)

Vi
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1 2 different areas including the inner and outer sides of the
NB =~ z (y iy ") 3 helical tube and the inner side of the shell with the first layer

n

where N and y show the number of iterations and the meas-
ured output, respectively. The SN value is computed after
computing the magnitude of the loss function for each output
by the following equation [37].

SN = —10Log(L;) (16)

Taguchi’s proposed models

The basic geometry and proper geometrical dimensions need
to be represented first before using the Taguchi-designed
tests. In this study, the basic geometrical parameters are
derived from the optimum case of the study of Jamshidi
et al. [42] and represented in Table 2. In this study, two
geometrical parameters for the helical coil are considered
including the corrugation depth and pitch of the helical tube
and also two parameters for the operating conditions are con-
sidered including hot and cold fluid flow rates. As a result,
four parameters are chosen which by considering three levels
for each parameter and due to Eq. 7, L9 orthogonal arrays is
selected. L9 orthogonal arrays are shown in Table 2.

Grid study

An irregular mesh with tetrahedron grids is applied to the
current geometry due to its complexity. Different meshing
sizes are investigated to study the mesh independence of the
results shown in Table 3. This table reveals that by choosing
3,600,000 numbers of elements the solution does not depend
on the mesh and it could be a suitable grid for the following
simulations. For more accuracy, the boundary layer mesh
with five layers and growth rate 1.2 was applied in three

Table 1 Based geometrical dimensions derived from the optimum
case of the study of Jamshidi et al. [42]

thickness of 0.1, 0.3 and 1 mm, respectively. To show the
quality of the generated mesh, Figs. 3 and 4 are provided.

Validation

The numerical results are validated by the study of Jamshidi
et al. [42] with the coil diameter of 0.1041 m and pitch of
0.013 m. The comparison between the numerical results and
experimental data is presented in Fig. 5 in which the maxi-
mum error 5% occurs in the largest Reynolds. Consequently,
the present numerical simulation is valid.

Results and discussion
Hydrothermal performance of heat exchanger

In this section, the hydrothermal performance of the shell
and helically corrugated coiled tube heat exchanger for nine
Taguchi-designed experiments (Table 2) is investigated
by numerical modeling. The thermal performance results
including parameters such as Nusselt number, heat transfer
coefficient, heat transfer rate, coil outlet temperature and
shell outlet temperature in the nine models are presented in
Table 4. This results show that increasing inlet fluid flow rate
on the coil side, corrugation depth and number of rounds
increases the heat transfer coefficient, Nusselt number and
as a result heat transfer, but it is different for the heat trans-
fer rate. Increasing the heat transfer by increasing the inlet
Reynolds number is because of the improvement of the
advection phenomenon, and enhancing the heat transfer by
augmenting the corrugation depth and number of rounds
is because of the improvement of mixing flow effects. The
highest and lowest Nusselt number values correspond to
models of 7 and 6, respectively. On the other hand, the high-
est and lowest heat transfer rate corresponds to models of
3 and 1, respectively. This is because of the fluid flow rates

Parameter Pitch Coil diam- Tube Shell Heat
eter diameter  diameter  exchanger
length
Table 3 Mesh independency check
Symbol P, D, d D, L
Dimen- 0.013 140 92 104.1 250 Number of elements 1 ,300,000 2,200,000 3,600,000 5, 1 00,000
sion/mm Nusselt number 22 21.3 232 233
Table 2 Designed experiments Test number 1 5 3 4 5 6 7 3 9

using Taguchi method (L9

orthogonal arrays) Number of rounds ()

Corrugation depth (e)/mm
Flow rate (cold fluid) (¢1)/LPM
Flow rate (hot fluid) (¢2)/LPM

30 30 30 40 40 40 50 50 50
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(b)

Fig.3 The generated mesh on a the coil and b the shell of the heat
exchanger

)

Fig.4 The generated mesh at the a cross and b longitudinal sections
of the heat exchanger
on the coil and shell sides, which in model 3, the fluid flow
rates on the coil and shell sides are equal to 3 and these are
equal to 1 for model 1.

The hydrodynamic results including coil and shell sides
pressure drop for nine models are presented in Table 4. The
results shows that the variations of pressure drop on the shell

60

———— Present study A

55 — —A— — Jamshidi et.al. 7

50

Nu

45

40

35

30

200 400 600 800 1000 1200
Re

Fig.5 Comparison of the current numerical study with the experi-
mental data of Jamshidi et al. [42]

side are insignificant in comparison with that on the coil
side as the geometrical parameters vary, but variations in
the shell pressure drop with fluid flow rate are considerable.
On the other hand, the geometrical parameters affect the
pressure drop on the coil side significantly as it varies in the
range of 1 to 6 kPa. Moreover, it is visible that increasing the
inlet fluid flow rate on the coil side, corrugation depth and
number of rounds increases the coil pressure drop.

Figure 6 displays the temperature contours of shell and
helically plain coiled tube heat exchanger and models of
1 and 3 in cross and longitudinal sections. In fact, models
1 and 3 are different at corrugation depth with equal cor-
rugation pitch. The more uniform temperature distribution
on the coil side by using helically corrugated coiled tube
in comparison with helically plain coiled tube is visible
which means a higher heat transfer. It is also observable
that increasing the corrugation depth causes the temperature
distribution on the coil side to be more uniform. For shell
and helically corrugated coiled tube heat exchanger, the cor-
rugated tube of the helical coil improves the mixing effect
of the fluid flowing over the coil on the shell side and as a
result its heat transfer will be enhanced.

Taguchi analysis

Taguchi analysis is used to examine the effect of the inves-
tigated parameters on the heat exchanger performance. This
method analyzes the hydrothermal parameters by consider-
ing the interaction effects of them. The Taguchi analysis is
shown in Fig. 7 by considering the Nusselt number as the
target parameter and as the parameter that the highest value
is the best. In this figure, the higher the diagram slope the
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Table 4 The hydrothermal

Test number 1 2 3 4 5 6 7 8 9
performance of the heat
exchanger for nine Taguchi- Nusselt number 143 245 333 248 342 132 359 138 244
designed experiments Heat transfer coefficient 890 1527 2061 1561 2134 8192 2262 860 1511
(numerical modeling results)

Heat transfer rate/W 7298 1380 1946 1682 916 1103 1492 1307 888

Coil outlet temperature/K ~ 312.7 313.24 313.8 311.07 318.7 307.3 316 3044 316.8
Shell outlet temperature/K  303.5 303.06 302.46 301.19 306.27 301.07 303.87 299.4 305.86
Coil pressure drop/Pa 1015 2944 4564 3246 6123 933 6626 1063 3199
Shell pressure drop/Pa 50.7 187.1 398.7 403.8 51 187 187 405 50

Fig.6 The temperature contours
of a longitudinal and b cross
sections of plain shell and tube
heat exchanger, ¢ longitudinal
and d cross sections of model 1,
e longitudinal and f cross sec-
tions of model 3

N AN N N Noyore)e! ¢

@000V OO

seoeeN PP (

‘A EEAR X NN

higher the effectiveness of the parameter. As a result, this  the shell side have insignificant effect on the thermal per-
figure shows that the most effective parameter on the thermal ~ formance of the heat exchanger.

performance of the heat exchanger is the fluid flow rate on The Taguchi analysis is demonstrated in Fig. 8 by con-
the coil side, followed by the corrugation depth. However,  sidering the pressure drop as the target parameter and as the
the parameters of corrugation pitch and fluid flow rate on  parameter that the lowest value is the best. It shows that the
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Fig.8 The effects of design parameters of n, e, g1 and g2 on pressure drop

Table 5 Exergy losses calculation

Test number 1 2 3 4 5 6 7 8 9 10 11

Number of rounds 30 30 30 40 40 40 50 50 50 0 0

Corrugation depth/mm 2 3 4 2 3 4 2 3 4 0 0

Cold fluid flow rate/LPM 1 2 3 3 1 2 2 3 1 1 3

Hot fluid flow rate/LPM 1 2 3 2 3 1 3 1 2 1 3

Exergy loss/W 36.85 87.71 127.42 105.58 61.27 63.43 98.92 73.04 56.17 113.28 48.88

most effective parameter on the hydrodynamic performance
of the heat exchanger is fluid flow rate on the coil side, fol-
lowed by corrugation pitch and corrugation depth. In addi-
tion, it is visible that increasing both corrugation depth and
pitch enhances the pressure drop.

Exergy analysis

The models were examined in the previous section using
the numerical method. In what follows, the various models
efficiency will be examined by means of exergy analysis.
In a steady-state open system, the exergy equilibrium is
defined as below [37]:
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Table 6 Taguchi analysis results of the parameters and sensitivity
analysis

Level Corruga- Num- Flow rate Flow rate
tion depth/  ber of (hot fluid) (cold fluid)
mm rounds
1 83.99 80.45 57.77 51.43
2 76.76 74.01 83.15 83.35
3 76.04 82.34 95.87 102.01
Difference of high-  7.95 8.33 38.10 50.58
est and lowest
values
Parameter effect 4 3 2 1
rating

Z Exi - Z EXO + Z EXproducl =0 (17)

The difference between actual and maximum work is
defined by lost work or exergy [37]:

EXloss = Z mi(hi - TeSi) - 2 mo (ho - TeSo)
+2Qi<1 —%) - W,

In an open system heat exchanger, the exergy dissipa-
tion rate is determined as below [37]:

(18)

EXloss = mc (hci - TeSci) + mh (hhi - TeShi)
- mc (hco - TeSco) - mh (hho - TeSho) (19)
By substituting in Eq. (19):
Exloss = mc (hci - hco) + mh (hhi - hho) (20)

+ Te [mc (Sco - Sci) + mh(Sho - Shi)]

The heat transfer by hot fluid is equal to the cold fluid if
the heat loss is neglected in the heat exchanger.

Q = riy, (hhi - hho) = mc(hci - hco) 21
Considering Eq. (20), flowing correlation is obtained:
EXloss = Te [mc (Sco - Sci) + mh (Sho - Shi)] (22)

If the entropy variation of hot and cold fluid in constant
temperature is expressed by specific heat [37]:

TCO
SCO - Sci = Cpln T_
C1

Th

(23)

By substituting the above equation, following equation
is obtained [37]:

Bxs = T |Gy I (222 ) 4 1oy, n ( o
Xioss = Le [McCp 10 T_ +thp n T_ (24
ci hi

Exergy loss calculation

In this section, the exergy losses in the investigated models
are calculated using the equations presented in the previ-
ous section as shown in Table 5. In this table, test numbers
1 to 9 are introduced in Table 2, but test numbers 10 and
11 represent the numerical simulation results for the shell
and helically plain coiled tube heat exchanger for low and
high flow rates, respectively. This table reveals that com-
paring models 1 with 11 and 7 with 10 results in a reduc-
tion in exergy loss by using helically corrugated coiled tube
which 24.6% and 12.67% decrease in exergy loss is obtained,
respectively. Consequently, using helically corrugated coiled
tube in the heat exchangers in low Reynolds numbers has
higher effectiveness.

Taguchi analysis results of the investigated parameters
and sensitivity analysis are shown in Table 6. This table
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Fig.9 Taguchi analysis based on the exergy losses
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represents the effects of level change for the four investigated
parameters in this study. According to the ranking, the most
effective parameters are in order of priority: cold fluid flow
rate (on the coil side), hot fluid flow rate (on the shell side),
number of rounds and corrugation depth. The reason for the
small effect of corrugation depth on the performance of the
heat exchanger is attributed to the change in hydraulic diam-
eter and increase in diameter equivalent to increasing corru-
gation depth because by increasing the equivalent diameter
in flow rate the local flow velocity in the coil decreases and
reduces the heat transfer coefficient and Nusselt number.

Figure 9 demonstrates the Taguchi analysis of the inves-
tigated parameters based on their exergy loss. The slope of
the graph in the two parameters of flow rate on the coil and
shell sides indicates the greater sensitivity of the exergy loss
to these two parameters. Since exergy loss values are used
in this analysis, optimization and analysis of the data based
on the lowest value are the best.

Conclusions

In this study, the energy and exergy analysis of a shell and
helically corrugated coiled tube heat exchanger was numeri-
cally investigated. The SIMPLE algorithm was applied for
the pressure and velocity coupling scheme. Furthermore, the
second-order upwind was used as discretization scheme for
all governing equations and realizable k — € was selected as
the turbulence model. Various design parameters and operat-
ing conditions such as corrugation pitch, corrugation depth,
inlet fluid flow rate on the coil and shell sides are investi-
gated to examine the hydrothermal performance of the heat
exchanger. Taguchi method has been used for design the
experiments (L9 orthogonal arrays) and analyze the hydro-
thermal parameters by considering the interaction effects of
them. The obtained results showed that increasing inlet fluid
flow rate on the coil side, corrugation depth and number of
rounds increases pressure drop, the heat transfer coefficient,
Nusselt number and as a result heat transfer, but it is differ-
ent for the heat transfer rate. It is also found that the most
effective parameter on the thermal performance of the heat
exchanger is the fluid flow rate on the coil side, followed
by the corrugation depth and the most effective parameter
on the hydrodynamic performance of the heat exchanger is
fluid flow rate on the coil side, followed by corrugation pitch
and corrugation depth. Based on the exergy analysis, using
helically corrugated coiled tube instead of helically plain
coiled tube in the heat exchangers can decrease the exergy
loss up to 24.6%, and this is higher effectiveness for the
cases of low Reynolds numbers. The Taguchi analysis based
on the exergy revealed that the most effective parameters
are in order of priority: cold fluid flow rate (coil side), hot

fluid flow rate (shell side), number of rounds and corruga-
tion depth.
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