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INTRODUCTION

ABSTRACT

This works presents a second law analysis on a heat exchanger tube configurated as circular
smooth tube (CST), elliptical smooth tube (EST) and elliptical twisted tube (ETT) with different
aspect ratios and pitch lengths. The ETTs were configurated with different aspect ratio (AR)
of 1.5 and 2.0 and twist pitch length (PL) of 50, 100 and 200 mm. The hydraulic diameter
was kept as constant for all cases, since the results are influenced by the change in hydraulic
diameter. CFD analyzes were run to perform the second law analysis of the considered cases.
The analyzes were carried out by considering that the thermo-physical properties of the
water fluid change depending on the temperature. Besides, the analyzes were carried out
under steady state condition and turbulent flow condition which corresponds to Reynolds
number ranging from approximately 4000 to 27,000. The results are evaluated and discussed
in terms of the thermal, the frictional and the total entropy generation, the Bejan number,
the entropy generation number, the exergy destruction and the second law efficiency. It is
resulted that the increase in AR and the decrease in PL for the ETTs show better the second
law efficiency. As a result, in the case of ETT_AR=2.0_PL=50 at the minimum mass flow
rate considered in the study, the highest second law efficiency is obtained as 0.45, which
corresponds to a value greater than 80% in the case of CST.

Cite this article as: Toygun D. Second law analysis on an elliptical twisted tube for a heat
exchanger. ] Ther Eng 2022;8(3):349-362.

Due to the rapidly increasing energy consumption, the
efficient use of energy has been a significant issue in recent
years. Improving the performance of thermal devices such
as heat exchangers, heat pipes and refrigerators is critical for
energy savings. Various techniques have been investigated
and applied to enhance the heat transfer performance of the
thermal devices. These techniques are basically divided into
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two as active and passive techniques. While the active tech-
niques demand extra power input to the system [1-3], the
passive technique is performed with no extra power input
methods such as inserting turbulator devices (twisted tapes
[4-9], coiled wires [10-13], helical tapes [14,15], nozzles
[16]) into the heat pipe, surface modification of the heat
pipe [17,18], modifying the heat pipe (coiled tube [19],
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twisted tube [20-22]) and using nanofluids for the working
fluid [23-27] etc.

Farnam et al. [28] investigated the effect of the use
of twisted tube and the twisted tape inserted in a U-tube
heat exchanger on the heat transfer augmentation. They
reported that the case of twisted tube equipped by twisted
tape having lower twist ratio gives the highest performance
at the lowest Reynolds number considered in their study.
Dong et al. [22] used a spiral twisted tube heat exchanger
to investigate the heat transfer and flow resistance. They
recommended that the use of the spiral twisted tube in
a heat exchanger is a good choice for both laminar and
turbulent flows. Thantharate and Zodpe [29] experimen-
tally and numerically compared a twisted tube with a
plain tube with respect to heat transfer performance. They
revealed that the use of twisted tube is beneficial for high
Reynolds number, but not for low flow rates. Tan et al.
investigated the thermohydraulic performance of a heat
exchanger including twisted oval tube. They concluded
that the twisted oval tube showed effective performance
for using in a heat exchanger. Wang et al. [30] experimen-
tally and numerically investigated the thermohydraulic
performance of the heat exchanger equipped helically
coiled-twisted trilobal in the tube side. They concluded
that the helically coiled twisted trilobal tube showed bet-
ter thermohydraulic performance than the helically coiled
plain tube. Shahsavar et al. [31] numerically investigated
the effect of twisted tube with nanofluid on the hydro-
thermal performance of double-pipe heat exchanger. As
a result of their investigation, they reported that the use
of twisted double-pipe heat exchanger showed better per-
formance than plain double-pipe heat exchanger. Sun et
al. [32] conducted an experimental study on the built-in
twisted belt external thread tubes flowing various nano-
fluids. They concluded that the built-in twisted belt exter-
nal thread tube provided better thermal performance than
horizontal tube.

In addition to thermohydraulic performance investi-
gations, a few second law analyzes, consisting of entropy
and exergy analysis, were performed on the heat exchang-
ers by using passive techniques [33-36]. Bahiraei et al. [37]
researched the double twisted tape inserted tube flowing
hybrid nanofluid in terms of second law analysis. They
resulted that the used of the double counter twisted tapes
provided lower entropy than that of the double co-twisted
tapes. Naphon [38] investigated the effect of flow rate and
fluid temperature for the horizontal concentric tube heat
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exchanger on the second law. Dizaji et al. [39] presented
a comprehensive study on second law analysis of a tube-
in-tube helically coiled heat exchangers. They concluded
that the effect of coil pitch was negligible on exergy loss.
Khanmohammadi and Mazaheri [40] investigated that sec-
ond law analysis of single and double twisted tape inserted
tube. They resulted that double twisted tape showed bet-
ter exergy destruction rate and second law efficiency than
single twisted tape. Sheikholeslami et al. [41] investigated
the second law analysis on helical swirl flow device inserted
into the tube flowing CuO-H,O nanofluid. Mwesigye et
al. [42] investigated that entropy generation analysis of
parabolic solar collector with using Cu-Therminol®VP-1
nanofluid. They concluded that the entropy generation rate
decreased up to 30% at the flow rate of 45 m’/h. Entropy
generation analysis of water based magnetite nanofluid
in a circular microtube with twisted porous blocks is car-
ried out by Ibrahim et al. [43]. They reported that the use
of twisted porous blocks increased the heat transfer and
entropy generation owing to the reduced thermal bound-
ary thickness.

As mentioned in the literature review, significant
researches have been conducted on second law analyzes
of various heat exchange tube configurations. However,
a comprehensive second law analysis which includes the
thermal, the frictional and the total entropy generation, the
Bejan number, the entropy generation number, the exergy
destruction and the second law efficiency has not been pre-
sented on elliptical twisted tube with various aspect ratios
and pitch lengths, yet. Therefore, the main objective and
the originality of the present study is comprehensively to
investigate the elliptical twisted tubes having various aspect
ratios and twist pitch lengths by considering the second law
parameters.

MATERIAL AND METHODOLOGY

Physical Model

In this work, numerical analyzes are conducted to
investigate the second law analysis of circular smooth tube
(CST), elliptical smooth tube (EST) and elliptical twisted
tube (ETT). Boundary condition types adopted for the
solution domain are depicted in Figure 1. The ETTs are
configurated with different aspect ratios (AR) of 1.5 and 2.0
and twist pitch lengths (PL) of 50, 100 and 200 mm. The
cases of the considered tubes are illustrated in Fig. 2. The
dimensions of the ellipse (a and b) are adjusted so that the
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it 1111111111111
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Figure 1. Solution domain adopted in the study.
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Figure 2. Tube configurations considered in the study.

Table 1. Boundary conditions assumed in the study

Boundaryname  Boundary type Boundary condition Dimension

Inlet Velocity inlet Velocity magnitude calculated with Re, normal to Hydraulic diameter of 17 mm
boundary

Entrance section Wall No-slip and adiabatic Length of 250 mm

Test section Wall No-slip and constant heat flux of 50 kW/m? Length of 1000 mm

Exit section Wall No-slip and adiabatic Length of 150 mm

Outlet Pressure outlet

Gauge pressure of 0 Pa, normal to boundary

Hydraulic diameter of 17 mm

hydraulic diameter of 17 mm is constant. Thus, the results
of the analyzes could be examined independently of the
hydraulic diameter. The boundary conditions adopted in
the study are summarized in Table 1.

In order to provide the turbulent fully developed flow
condition, an entrance tube with length of 250 mm which
is L /D > 10 is placed before the test section, as stated in a
book by Cengel and John [44]. Fig. 3 shows the develop-
ment of the flow from inlet to the test section. It can be seen

that the velocity vectors are developed, as the fluid flows
through the tube. Since the velocity profiles become stable
before the test section where x/D=14.70, the length of the
entrance section was found to be sufficient to obtain fully
developed flow. In addition, velocity magnitudes belong to
various x/D locations are given in Fig. 3b. It is also seen that
the velocity profile in the test section has same magnitude
which is another proof for ensuring the developed flow
condition on the test section. An exit section with a length
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of 150 mm is placed to prevent the reserve flow effects by
the twisted surfaces.

Numerical Method

Heat transfer performance and flow characteristic of
the considered tubes are numerically investigated by using
Ansys-Fluent version of 18.0 as a CFD program. The analy-
ses are conducted under steady state condition. Inlet tem-
perature of the fluid is selected as 300 K. Various mass flow
rates ranging from 0.040kg/s to 0.266 kg/s which correspond
to turbulent flow conditions are applied on the numerical
analyzes. A constant heat flux of 50 kW/m? is applied onto
the test section. The thermophysical properties of water
selected as the working fluid are taken into account with the
change in temperature of the fluid as adopted in the studies
[45-47]. The properties are imported to the CFD program
as a polynomial function as given in Eq. (1). Each function
is generated with curve fitting by using STATISTICA soft-
ware with regression value of at least 0.999%. The coefhi-
cients of the functions for each property are given in Table

2. The walls of the all tubes are taken into account of non-
slip boundary condition, while the walls of the tubes on the
entrance and exit sections are taken into account of insu-
lated boundary condition. Standard k-w turbulence model
is selected for the numerical analyzes considered in the
study as studies by researchers [48][49][50]. A careful mesh
independence check is performed as given in Fig. 4. As a
result, a mesh structure having number of cells of approxi-
mately 2.4 million is selected, because the results of the Nu
and the fare not respectively affected more than 0.46% and
3.96%, even if the number of cell increases from this value.
Finally, polyhedral mesh structure with boundary layer
mesh which has y* of averagely 1.68, is adopted for the solu-
tion domain, as shown in Figure 5.

f(T)=a+bT +cT* +dT’ (1)

Governing Equations

Conservation of continuity (2), momentum (3) and
energy (4) equations are solved by the CFD program.
SIMPLE algorithm scheme is used to obtain pressure
field and to enforce mass conservation by achieving the
relationship between pressure and velocity coupling [51].
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=" Convergence criteria of the solutions are defined as 1x10~°
j- 1 for continuity, velocities, k and w and 1x107 for energy.
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Figure 3. (a) Velocity vector and (b) velocity profiles
through the tube at Reynolds number of 6459. Figure 4. Mesh independence check results.
Table 2. Coefficient of the functions of the thermophysical property of the working fluid used in the study
Thermophysical properties a b c d
p [kg/m’] 719.22 2.29643 -5.15027E-3 1.90856E-6
<, [j/kgK] 6217.4 -15.2458 3.52006E-2 -2.33218E-5
k [W/mK] -1.33612 1.29259E-2 -2.6746E-5 1.76382E-8
u [kg/ms] 0.0597994 -4.73471E-4 1.26033E-6 -1.2233E-9
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Figure 5. Mesh structure used for the numerical analysis.

V(pVV) = —AP + V(iVV) 3)
V(pC,VT) = V(kVT) (4)

Data Reduction

Parameters used in the study are calculated with export-
ing from the CFD program with area-weighted average by
using surface integrals. Reynolds number (Re), Nusselt
number (Nu) and friction factor (f) are expressed as in Eq.
(5), Eq. (6) and Eq. (9), respectively. Besides, the Nu is cal-
culated with using Eq. (7) and Eq. (8). T and T, represent
the temperature of the wall surface of the test section and
the bulk temperature between inlet and outlet through the
test section, respectively.

D,V
Re=220" )
Y/
hD
Nu= h
u== (6)
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h=
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1 L
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h

Second Law Analysis

Definition of the first law efficiency cannot be sufficient
to evaluate the engineering systems and lead to misinter-
pretations. Therefore, the second law analysis is evaluated
for the engineering systems to remedy this deficiency [52].
Entropy generation defined in the second law is calcu-
lated for the heat exchanger as in the followings [53]. Total
entropy generation (S'g'mml) is the sum of the irrevers-
ibilities by heat transfer and friction as defined in Eq. 10.
The thermal entropy generation (S";Wh) and the frictional
entropy generation (S’ ) in the 3D numerical form are
determined as in Eq. (11) and Eq. (12), respectively. Global
entropy generation rate (S) in the 3D solution domain is
expressed with Eq. (13) by integrating the local entropy
generation rates [40].

S "

_om o
gen,total Sgen,th +3S (10)

gen, f
2 2 2
S R R C
gt ox dy oz
S’” =£ 2 (aljz.’_ a& 2+(alj2
enf ox dy 0z
dy  Ox oz  Ox dz  dy

§=18"dv

(12)

(13)

The ratio of the entropy generation rate of the ellipti-
cal tubes with and without twist to that of CST is called
as entropy generation number (N)) and defined as in Eq.
(14). The N_ is desired as lower than 1.0 for heat transfer
enhancement applications.

S

gen,ET

N = (14)

' Seencsr

Bejan number (Be) is used to evaluate the relatively con-
tribution of the thermal and the frictional entropy genera-
tion. In other words, the Be is defined as the ratio of thermal
entropy generation rate to the total entropy generation
rate, as in Eq. (15). The Eq. (16), (17) and (18) define the
imported exergy (X)), the exergy destruction (X ) and the
second law efficiency (1), respectively [40].

$

Be=-—t (15)
Sgen,toml
” T
X,=q A(I—F‘:j (16)
X, =i (T, T ic T, Lo X (17)
g=mc, (T, - aut)+mcp oln T +X,
e (18)
X

q

Validation of Numerical Methodology

Validation of the numerical methodology is presented
in Fig. 4, by comparing the results of the Nu and the fversus
the Re for the case of the CST with the correlations in the
literature. Gnielinski Eq. (19) [54] and Blasius Eq. (20) [55]
are used to compare the results of the study according to the
Nu and the f, respectively. The limits of the parameters used
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Figure 7. Distribution of the thermal entropy generation
rates versus Reynolds number.

in the present study such as according to Re, Prand L/D are
within the valid range of the equations used for the valida-
tion. As shown in Fig. 6, the maximum deviations of the Nu
and the f results with the literature are respectively within
+11.28% and -11.96%, where they are in acceptable range.

(f/8)(Re—1000)Pr

u= ——— ———3000< Re <
1+12.7(f/8)"* (Pr*"* —1)

(19)
5x10°, 0.5 <Pr< 2000,% >10

f=0.316Re™® Re<2x10" (20)

RESULTS AND DISCUSSION

Second Law Analysis
The second law analysis performed in this study is eval-
uated by considering the following parameters.

Tube width (Z coordinate) [m]

Figure 8. Temperature profiles at x/D=61.76 of the case of
ETT_AR=1.5_PL=50 for various mass flow rates.

o Thermal entropy generation (S';e'm )

« Frictional entropy generation (S';;m P
o Total entropy generation (s:g,;n)’

o Bejan number (Be),

« Entropy generation number (N),

« Exergy destruction (X))

o Second law efficiency ().

Thermal Entropy Generation

Fig. 7 shows the distribution of the thermal entropy
generation rates with respect to Re. It is clearly seen that
the trend of the thermal entropy generation rates tends to
decrease with the increment of the Re, since the bulk tem-
perature through the tube decreases. Fig. 8 is given to show
the temperature profiles of the case of ETT_AR=1.5_PL=50
with respect to the mass flow rates. The decrement of the
bulk temperature is clearly seen from the Fig. 8 with the
increment of the mass flow rate, corresponding to related
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Figure 9. Temperature contours for the considered tubes at x/D=61.76 and mass flow rate of 0.146 kg/s.

Re. Furthermore, as the mass flow rate increases, the ther-
mal entropy generation decreases, because the temperature
profiles become smoother and the irreversibility reduces.

One of the main investigated issues of the present study
is second law analysis of different twisted tube configu-
rations having various aspect ratios (AR) and twist pitch
lengths (PL). Fig. 7 also shows the relationship among
the AR and PL in terms of thermal entropy generation.
The thermal entropy generation rates decrease with the
increment of AR and the decrement of PL. On one hand,
the thermal boundary layer becomes thinner, as the AR
increases. The temperature contours of the considered tube
configurations at x/D=61.76 are given in Fig. 9. It is clearly
seen from the figure that the cases of the ET'Ts have greater
bulk temperature than the ESTs and the CST. Furthermore,
it can be stated that if the temperature magnitude on the
surface of the tube is higher, there is no effective heat trans-
fer from the wall to the fluid. The bulk temperature of the
fluid increases, as the AR increases and the PL decreases.
As result, the case of ETT_AR=2.0_PL=50 shows the most
effective heat transfer performance, since the bulk tempera-
ture of the fluid is the highest and the wall temperature is
the lowest compared to other cases.

On the other hand, as the PL decreases, the flow more
efficiently mixes through the tube and it leads to get more
uniform temperature profile. These two phenomena pro-
vide that the heat from the heated wall to the fluid transfers
more efficiently. The temperature profiles for the consid-
ered tube configurations are given in Fig. 10 which supports
these results. In brief, the smoothing of the temperature
profiles at the tube cross-section and the decrease in the
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Figure 10. Temperature profiles for the considered tubes at
x/D=61.76 and mass flow rate of 0.146 kg/s.

temperature of the fluid lead to decrease in the thermal
entropy generation.

Frictional Entropy Generation

Distribution of the frictional entropy generation rates
as a function of the Re is given in Fig. 11. In contrast to the
thermal entropy generation, the frictional entropy genera-
tion increases with the increment of the Re. Reason of this
result is that the increase in the velocity gradient through
the tube wit the increment of the Re increases the irrevers-
ibility. The relationship between the velocity profile and the
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Figure 11. Distribution of frictional entropy generation
results versus Reynolds number.

mass flow rate for the case of ET'T_AR=1.5_PL=50 among
is given in Fig. 12. As a result, the frictional entropy gen-
eration increases, as the mass flow rate increases due to
increase in the irreversibility.

Moreover, the Fig. 13 shows the velocity profiles for the
considered tube configurations at mass flow rate of 0.146.
It is seen from the figure that the more the velocity gra-
dient intensifies, as the AR increases and PL decreases. As
known, “U” velocity profile occurs for the developed flow
through the circular smooth tube (CST) as shown in Fig.
13. Irregularity in the velocity profile indicates the occur-
rence of the secondary flow. The secondary flow character-
istics of the EST and the ETT are seen from the Fig. 14. The
larger the intensity of the secondary flow velocity becomes,
the greater the frictional entropy generation occurs.
Particularly, the highest distribution on the velocity profile
is observed from the case of ETT_AR=2.0_PL=50. This is
the result of the fact that highest frictional entropy genera-
tion is observed from the case of ETT_AR=2.0_PL=50, as
shown in Fig. 11. As a result, the utilization of twisted tube
with a high AR and a low PL is not beneficial in terms of the
frictional entropy generation.

Total Entropy Generation

Distribution of the total entropy generation results
versus Re is given in Fig. 15. The total entropy generation
tends to decrease with the increment of Reynolds number.
The trend of the total entropy generation is similar to the
that of the thermal entropy generation, because the ther-
mal entropy generation is more dominant rather than the
frictional entropy generation. The total entropy generation
results of the considered tube configurations become very
close each other when the maximum Reynolds number is
reached. The lowest total entropy generation is observed for
the case of ETT_AR=2.0_PL=50 at maximum considered

Figure 12. Velocity profiles at x/D = 61.76 of the ETT_AR
= 1.5_PL = 50 for various mass flow rates.
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Figure 13. Velocity profiles for the considered tubes at x/D
= 61.76 and mass flow rate of 0.146.

the mass flow rate of 0.266 kg/s, corresponding to Reynolds
number of 26,998. It is resulted that a better performance
in terms of total entropy generation is obtained as the AR
increases and the PL decreases for the elliptical twisted
tube.

Bejan Number

Distribution of Bejan number (Be) that is a definition
of the ratio of thermal entropy generation rate to the total
entropy generation rate, with respect to the Re is plotted in
Fig. 16. The Be has a decreasing trend, as the Re increases.
It is seen from the figure that the frictional entropy genera-
tion rate has greater influence at higher Re, especially for
the case of ETT_AR=2.0_PL=50 which has the highest fric-
tion factor.
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Figure 15. Distribution of total entropy generation results
versus Reynolds number.

Entropy Generation Number

Fig. 17 shows the results of entropy generation num-
ber (N ) versus the Re. Although a significant change in the
N_is not observed in the range of the Re considered in the
study, the N, belongs to the case of ETT_AR=1.5_PL=200
increases with the increment of the Re. The cases with the N_
value less than 1.0 value are thermodynamically beneficial
for the application. Especially, the case of ETT_AR=2.0_
PL=50 shows the best performance, because of presenting
the lowest N ranging from 0.49 to 0.61. In the other hand,
better N_ results are obtained, as the AR increases and the
PL decreases in the elliptical twisted tube.
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Figure 16. Distribution of Bejan number versus Reynolds
number.
Exergy Destruction

Fig. 18 shows the distribution of exergy destruction (X )
results versus the Re. The results of the X have similar trend
with the those of the total entropy generation. The result of
the X, for the case of CST is higher than those of the ellipti-
cal tubes. It means that the heat from wall to the fluid is not
efficiently transferred by CST compared to other tubes. The
lowest X, which means the most effective heat transfer is
observed by the case of ETT_AR=2.0_PL=50 at mass flow
rate of 0.266 kg/s, corresponding to Reynolds number of
26,998. When the relationship between the X, and the AR
and PL of the twisted tube is considered, it is recommended
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Figure 17. Distribution of entropy generation number
results versus Reynolds number.

0.5

[— 5
W EST_AR=15
[ ETT_AR=1.5_PL=50
04k [ ETT_AR=1.5_PL=100 |
- N ETT_AR=1.5_PL=200
i B EST_AR=2.0
z B ETT_AR=2.0_PL=50
5 B ETT_AR=2.0_PL=100
5 03r B ETT_AR=2.0_PL=200 1
L=
4}
E
E 02} |
o1} -
0.0
0.040 0086 0106 0146 0186 0226 0.266
mass flow rate [kg/s]

Figure 19. Distribution of second law efficiency results
versus mass flow rate.

that the use of twisted tube having higher AR and lower PL
in terms of the exergy destruction.

Second Law Efficiency

The second law efficiency (n) results belong to the cases
considered in the present study is plotted as a function of
mass flow rate in Fig. 19. As clearly seen, the case of ETT_
AR=2.0_PL=50 shows the highest n for all mass flow rates.
The highest n was obtained by the case of ETT_AR=2.0_
PL=50 for mass flow rate of 0.040 kg/s which corresponds
to the Re of 4542 with a value of 0.45, which corresponds to
80% greater than the case of CST. The n results are similar
among the non-twisted tubes, while the twisted tubes hav-
ing higher AR and lower PL show better the n.

In addition to the n, the transferred amount of energy
from the tube to the fluid (Q) is another significant issue.

Figure 18. Distribution of exergy destruction results versus
Reynolds number.
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Figure 20. Distribution of transferred amount of energy
(Q) results versus mass flow rate.

For this purpose, Fig. 20 is given to show the result of Q ver-
sus the mass flow rate. General trend of the Q is similar with
that of the 1. The highest Q is obtained as 3564.63 W from
the case of ETT_AR=2.0_PL=50 at minimum mass flow
rate of 0.040 kg/s. Therefore, the use of an elliptical twisted
tube in a heat exchanger is a good choice when considering
in terms of the second law. Finally, the increase in AR and
the decrease in PL provide better 1 result for all mass flow
rate conditions.

CONCLUSION

The effects of the aspect ratio (AR) and the pitch
length (PL) of the elliptical twisted tube (ETT) on the
heat exchanger are numerically investigated and deter-
mined according to the second law performance. The
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length of the test tube, m
entropy generation number, nd

findings obtained from the study are summarized as
below:

1. The thermal entropy generation decreases with the
increment of Reynolds number for all cases. And, the
increase in AR and the decrease in PL lead to decrease
the thermal entropy generation rate. The lowest ther-
mal entropy generation rate is obtained by the case
of ETT_AR=2.0_PL=50 as 48.8 W/K, which cor-
responds to lower than the case of CST as approxi-
mately 50% at same mass flow rate.

2.The frictional entropy generation increases with the
increment of Reynolds number for all cases. And, the
increase in AR and the decrease in PL lead to increase
the thermal entropy generation rate. The lowest fric-
tional entropy generation rate is obtained as around
0f 0.012 W/K at minimum flow rates by almost cases.

3.1t is concluded that the thermal entropy generation is
more dominant on the total entropy generation com-
pared to the frictional entropy generation. Concisely,
the case providing more heat transfer and less fluid
friction cause to less total entropy generation rate.

4. The influence of the frictional entropy generation rate
on the total entropy generation rate tends to increase
with the increment of Reynolds number.

5.The case of ETT_AR=2.0_PL=50 is revealed as the
most advantageous case according to entropy genera-
tion number.

6.Regarding the second law efliciency (n), as AR
increases and PL decreases, higher second law effi-
ciency is obtained for the ETTs. The highest 1 is
obtained as 0.45 by the case of ETT_AR=2.0_PL=50
at minimum mass flow rate considered in the study,
which corresponds to greater than the case of CST as
80%.

7. Consequently, the use of an elliptical twisted tube hav-
ing higher aspect ratio and lower twist pitch length
is strongly recommended for the heat exchanger
applications. However, it should be considered that a
twisted tube with a very low pitch length cannot be
produced due to deformation on the tube material. A
wider range of work including the twist limit can be
investigated in future work.

NOMENCLATURE

AR aspect ratio of ellipse diameters, nd

Be Bejan number, nd

¢, specific heat, J/kgK

CST circular smooth tube

D, Hydraulic diameter, m

EST elliptical smooth tube

ETT elliptical twisted tube

t  friction factor, nd

h  convective heat transfer coefficient, W/m*K
k  thermal conductivity, W/mK

u  Nusselt number, nd

pressure, Pa

PL  twist pitch length of the twisted tube, mm
Pr  Prandtl number, nd

S entropy, W/K

q" heat flux, W/m?

Q transferred amount of energy, [W]
Re Reynolds number, nd

T  temperature, K

X exergy, W

VvV velocity, m/s

Greek symbols

p  density, kg/m?

¢ dynamic viscosity, kg/ms
n  second law efficiency, nd

Subscripts

b bulk

d  destruction
t  frictional
gen generation

q  imported
S Refers to surface
th  thermal
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