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Natural gas is transported from producing regions to consumption regions by using transmission pipelines at
high pressures. At consumption regions, the pressure of natural gas is reduced in city gate stations (CGSs). Before
the pressure reduction process, the temperature of natural gas is increased usually by using a water bath heater,
which burns natural gas as fuel, to protect against freezing of natural gas. These types of heat exchangers have a
low efficiency and consume a lot of fuel to generate the required heat. In the current study, the twisted configu-
ration of the heating coil is proposed and investigated to enhance the heat transfer through a water bath heater

Keywords:
Naytmal gas city gate station with a nominal capacity of 1000 m*-h . Firstly, the implementation procedure is validated with data collected
Water bath heater from the CGS of Qaleh-Jiq (located in Golestan province of Iran). A very good agreement is achieved between the

obtained results and the real data. Then, three different twist ratios are considered to examine the twisting ef-
fects. The proposed technique is evaluated in the terms of velocity, temperature, and pressure variations, and
the results are compared with the conventional case, i.e. straight configuration. It is found that both the heat
transfer rate and the pressure drop augment as the twist ratio is raised. Finally, it is concluded that the twisted
tubes can reduce the length of the gas coil by about 12.5% for the model with low twist ratio, 18.75% for the
model with medium twist ratio, and 25% for the model with high twist ratio as compared to the straight
configuration.
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1. Introduction

The consumption of natural gas in the world is rising sharply. Ac-
cording to the report provided by BP Statistical Review of World Energy
[1], Iran is the first largest consumer in Eurasia & Europe countries with
the total amount of 200.8 billion cubic meters. It clarifies that reducing
natural gas consumption in such countries is so serious, and it must be
implemented from producing wells to end consumers.

A city gate station (CGS) is one of the most important parts in the
natural gas transmission system, where the processes of filtering,
heating, pressure dropping, flow rate measuring, and odorizing (addi-
tion of an odorant to natural gas) occur, respectively. From the con-
sumption point of view, the major issue in the CGSs is extreme
consumption of natural gas as fuel during the heating process which is
generally performed in a water bath heater. This equipment usually
has a low thermal efficiency, so it is very important to look for appropri-
ate heat transfer enhancement schemes in order to reduce natural gas
consumption and save energy. As mentioned by Ghezelbash et al.[2], in-
vestigations on energy saving of CGSs could be classified into two areas;
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(I) energy recovery: most studies focus on this area, such as [3-9]and
(II) reducing energy consumption: few studies focus on this area, such
as [10-12].

Akhlaghi et al.[13] proposed the use of a solar collector array at a CGS
to provide a part of heat demand and reduce the amount of fuel con-
sumption. It was reported that a system with an array of 430 collector
modules can save the annual fuel about 41765 USD. The effect of the
number of collector on the performance of a CGS was investigated by
Farzaneh-Gord et al.[14]. It was found that as the number of collector
was enhanced, the fuel cost decreased, but the capital cost increased.
They detected the economic feasibility using Simple Payback Ratio and
Net Present Value methods. The payback ratios of 6.9 and 11 years
were reported by the Simple Payback Ratio and Net Present Value
methods, respectively. Ashouri et al[15] examined the influences of
the tube bundle arrangement on the thermal performance of a water
bath heater. It was found that the horizontal and vertical pitches had no-
ticeable effects, and the optimum design can enhance the thermal per-
formance of the heater by about 5%. In the other work [16], the same
team performed a computational technique to calculate the Joule-
Thomson coefficient and the minimum possible temperature of natural
gas before the pressure regulator. These values can be used to design an
appropriate heating system, i.e. water bath heater. For the considered
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case, it was concluded that natural gas heating at the calculated mini-
mum temperature can save energy consumption of heater up to 43%. Al-
though employing solar energy in CGSs was previously proposed, the
automatic control system and exergy destruction rate were not consid-
ered. Hence, Farzaneh-Gord et al.[17] studied the ability of solar heating
equipped with controllable systems in the terms of fuel providence and
exergy destruction rate.

Heat loss from the exhaust flue gas system is the main factor to en-
hance the efficiency of the water bath heaters. In order to preheat the
inlet natural gas to the water bath heater, a shell-tube heat exchanger
working with the exhaust gas as hot fluid was suggested by Azizi et al.
[18]. The results showed that the proposed technique can increase the
efficiency of the water bath heater up to 11%. The possibility of using a
geothermal heat exchanger was investigated by Farzaneh-Gord et al.

=

[19]. It was reported that a system with 8 boreholes with 150 m depth
was the best configuration for the considered case. In order to decrease
the fuel consumption in the water bath heater, a new temperature con-
troller system was also proposed by Zabihi and Taghizadeh [20]. The re-
sults disclosed that the proposed system can decrease the fuel
consumption more than 431000 SCM and save the cost over 43000
USD annually. Adding a solar heating system as well as replacing the
throttling valve by a turbo expander were studied by Arabkoohsar
etal[21],and 3.5 years of payback ratio was obtained by the Net Present
Value method. Further, the use of vortex tube and vertical ground heat
exchanger was proposed Ghezelbash et al.[2]. In this work, a vortex
tube, which can divide the mainstream into two cold and hot parts,
was applied instead of the throttle valve. The separated cold stream
was directed to a shell-tube heat exchanger and received the

Exhaust flue gas system

Gas outlet Gas inlet
—

(et

«
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(b)

Fig. 1. A typical indirect water bath heater: (a) schematic diagram and (b) real photograph [28].
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geothermal heat. It was reported that this technique can reduce the en-
ergy consumption up to 88% with a payback period less than 4.5 years.
In the other study [22], they used a vertical ground-coupled heat pump
system with a reduction potential up to 65% in the fuel consumption.
Also, a combined heat/power technology was proposed and investigated
by the same team [23]. The feasibility of employing an evacuated
solar system to supply the required heat for a hybrid power plant was
tested by Arabkoohsa et al[24]. In order to evaluate this technique
compared with the previous candidates, the Internal Rate of Return
method was used, and the criterion of 11.1% was reported. An analysis
was carried out on different seasonal strategies to explore energy/exergy
losses as well as exergy destructions by Olfati et al[25].In all strategies, the
maximum losses were obtained in the stack, and the exergy efficiency
values of 77% and 69% were reported in the winter and the summer,
respectively. Finally, the possibility of using a novel plant configuration
consisting of a two-stage expansion system was presented by Borelli
et al.[26].

Based upon the above review of the literature, the most important
problems in the CGSs are high natural gas consumption and low effi-
ciency of water bath heaters. Thus, substantial modification in the de-
sign of water bath heaters is an essential issue. However, studies in
this filed are very scarce. For instance, Salari and Goudarzi [27,28]
used different coiled wire inserts to intensify the heat transfer in a
water bath heater. It was detected that the thermal performance of
the cases with circular, square, and triangular cross-sections can

Natural gas outlet

r el

Outlet connection

Inlet connection

Natural gas inlet

X-Y)

increase up to 57%, 62% and 79%, respectively. Rahmati and Reiszadeh
[29] proposed the use of multi-walled carbon nanotubes in ethylene-
glycol/water as an advanced heat transfer media in a water bath heater.
The efficiency of the applied passive technique was tested at different
concentrations of nanotubes. The results showed the increase of 34.5
°C in the outlet temperature of natural gas and the enhancement of
48% in the thermal efficiency at the volume fraction of 0.05. In the cur-
rent study, the possibility of improving hydrothermal performance of
a water bath heater, which is used in a CGS with the capacity of
1000 m3-h™!, is investigated by employing the twisted tubes as an en-
hanced passive technique. During the last years, the twisted tubes are
employed in various heat exchange devices for the heat transfer en-
hancement of both laminar [30-33] and turbulent [34-36] flows. How-
ever, this is the first time that these geometries are proposed and tested
for the application in the water bath heater of the CGSs.

2. Details of Considered Cases
2.1. Description of a real system

As mentioned early, heating of the natural gas is one of the steps in a
CGS. The natural gas must be heated before the pressure dropping step
to ensure that it remains above the hydrate-formation zone and dew
point. It is usually performed using an indirect water bath heater to pre-
serve safety. The thermal performance or heating duty of this heat
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Fig. 2. Details of gas coil.
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Ref. Model

Model 1 Model 2 Model 3

Fig. 3. Considered models.

exchanger depends on operating factors, such as inlet temperature, In this study, the considered case is an indirect water bath heater
pressure, and flow rate of natural gas. Therefore, it should be designed with a nominal capacity of 1000 m3-h~. It is generally applied in the
based on desirable values of operating factors and environmental condi- CGSs working at the inlet pressure and temperature lower than
tions of the area. 1000 kPa and 288.15 K, respectively. Fig. 1(a-b) illustrates a schematic
Table 1

Operating condition of Qaleh-Jiq CGS at first month of year

Average daily values

Day Station inlet Station outlet Natural gas temperature Natural gas temperature Flow rate/m>-d~!
pressure/kPa pressure/kPa before water bath heater/K after water bath heater/K

1 4895.277 413.685 283.15 305.15 8415
2 5515.805 413.685 284.15 307.15 9264
3 5550.279 413.685 283.15 305.15 8695
4 5515.805 413.685 284.15 304.15 9751
5 5308.963 413.685 283.15 303.15 9069
6 5446.858 413.685 281.15 303.15 8467
7 5033.172 413.685 282.15 305.15 6798
8 5826.069 413.685 284.15 304.15 4761
9 5446.858 413.685 284.15 307.15 6627
10 5102.120 413.685 284.15 307.15 6742
11 5102.120 413.685 283.15 306.15 6393
12 5619.227 413.685 284.15 306.15 8264
13 5550.279 413.685 284.15 306.15 8613
14 5550.279 413.685 284.15 306.15 9794
15 4895.277 413.685 283.15 299.15 10,685
16 5377.910 413.685 283.15 303.15 9204
17 4516.066 413.685 282.15 305.15 7086
18 5653.700 413.685 282.15 305.15 5667
19 5653.700 413.685 284.15 294.15 5519
20 5619.227 413.685 285.15 305.15 3690
21 5722.648 413.685 281.15 307.15 3798
22 5653.700 413.685 285.15 303.15 6267
23 5550.279 413.685 285.15 306.15 6261
24 5481.332 413.685 283.15 306.15 7159
25 5619.227 413.685 284.15 306.15 4543
26 5757.122 413.685 286.15 306.15 3900
27 5584.753 413.685 281.15 306.15 4913
28 5550.279 413.685 285.15 307.15 4753
29 5653.700 413.685 285.15 307.15 3688

30 5653.700 413.685 287.15 303.15 2702
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Table 2
Thermo-physical properties of Methane

Property Definition

/R = a1 + a;T + asT? + a4T° + asT*

a; = 5.14987613, a, = —1.36709788 e 2K~ ', a5 =
4918005599 e > K2,

a4 = —4.84743026 e ® K3, a5 = 1.66693956 e 11 K4

1. Heat capacity

2. Dynamic w= o (T/To)*>? (To + S/T + S)
viscosity To=273.15K,S = 197.8 K, o = 1.172592 e ° Pa-s
3. Thermal k = ko (T/Tp)*>? (To + S/T + S)
conductivity To=273.15K, S = 197.8 K, ko = 0.0362914 W-m~'-K !
Table 3

Effects of grid number on outlet temperature of fluid

Test No. Number of grids Outlet temperature/K or °C Deviation/%
1 1051440 307.6316 or 34.4816 -

2 1422720 307.8568 or 34.7068 0.6531
3 1778400 307.9655 or 34.8155 0.3131
4 2134080 308.0266 or 34.8766 0.1755
5 2489760 308.0643 or 34.9143 0.1081
6 2803840 308.0953 or 34.9453 0.0887
7 3201120 308.1211 or 34.9711 0.0738
8 3504800 308.1274 or 34.9774 0.0180
9 3912480 308.1308 or 34.9808 0.0097
10 7680560 308.1310 or 34.9810 0.0006

diagram and the real photograph of a typical indirect water bath heater.
It consists of a cylindrical metal shell, a U-shape fire tube as the heat
source with an exhaust flue gas system, a natural gas coil, and a water
expansion tank. The cylindrical metal shell is filled with water, which
is the heat transfer media. Both the U-shape fire tube and the gas coil
are located inside the shell and immersed in water. The heat generated
by natural gas combustion through the fire tube is transferred to water
and then to the natural gas flowing through the gas coil. The expanded
volume of water during the heating process is collected in the expansion
tank.

The gas coil, which is the main part under consideration, has four
rows of tubes, three 180° elbows, and two 90° elbows with a circular
cross-section. The configuration and dimensions of the gas coil are pre-
sented in Fig. 2.

2.2. Proposed geometries

As described above, water is heated by the flue gas combustion in
the U-shape fire tube and transfers the heat to the natural gas flowing
into the gas coil. It seems that at the same heating duty, the flue gas con-
sumption of the system strongly depends on the thermal performance
of the gas coil. In the current study, the idea of replacing the straight
gas coil with the twisted gas coil is investigated for the first time as a
passive heat transfer enhancement technique in the indirect water
bath heaters. A twisted tube, which is generated from twisting non-
circular ducts, is a modified and capable flow pass introduced in the
1980s of the last century [37]. It is usually made into an elliptical

Table 4
Comparison between real data and results predicted by different turbulent models

cross-section [38], however, other configurations of cross-section have
been studied [39]. Engineering applications can be found in heat ex-
change devices encountered in chemical and food industries. Actually,
the use of the twisted tubes can increase the thermal performance of
heat exchange devices by creating some rotational flows in the flowing
fluid along with a certain penalty in the pressure drop. It is worth noting
that unlike other heat exchange devices, the pressure drop augmenta-
tion is not a negative and costly factor in the indirect water bath heaters
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Fig. 4. Effects of different turbulent models on (a) velocity profile and (b) temperature
profile at outlet of Ref. Model.

-0.025 -0.015

Turbulent model Number of iterations

Predicted value of outlet temperature/K

Deviation with real value/%

Standard k-¢ 10250 308.1103 2.824
RNG k-¢ 8100 308.3763 3.606
Realizable k-& 9000 307.5121 1.065
Standard k- 8900 308.2112 3.121
SST k- 7700 308.2482 3.230
BSL k- 8700 308.2303 3.177
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applied in the CGS, since the pressure drop occurred in these heat ex- Fig. 3 shows the view of the considered models. Note that, only the
changers reduces the performance load of the pressure reduction pro- main part, where the heat transfer occurs, is shown in this figure, and
cess, which is done by using the throttle-valves. On the other the inlet and outlet connections are eliminated to save the space. As
hand, the gas temperature drop in the pressure reduction process is depicted, all models have an elliptical cross-section. It was proven that
also reduced, which is a positive point to prevent the natural gas from the best overall performance of the elliptical twisted tube can be
freezing. achieved in the aspect ratio (a/b) of 1/2 [40], so this value is adopted
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Fig. 5. Effects of twist ratio on (a) velocity, (b) temperature, and (c) pressure contours on four normal planes with x = 0.5, 1.0, 1.5, and 2.0 m.
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Fig. 5 (continued).

for the studied models. Also, it should be noted that three different 360°
twist lengths are selected in order to evaluate the effects of twist ratio.
In the present study, the twist ratio is defined as the ratio of the tube di-
ameter to the length of one full twist 360°. Hence, the considered
models are named for short as Model 1 (twisted tube with low twist
ratio), Model 2 (twisted tube with medium twist ratio), and Model 3
(twisted tube with high twist ratio). Also, the straight model is named
as the Ref. Model.

3. Implementation Procedure
3.1. Mathematical formulation

In the present work, to detect the suitable turbulent model, a
comparative study is carried out on the common turbulent
models, i.e. Standard k-&, RNG k-¢[41,42], Realizable k-¢[43], Stan-
dard k-w[44], SST k-w[45], and BSL k-w. As cited, these models
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were used for the same geometries in other studies [41-45]. The
results of the comparative study, which is presented in the next
section, show that the Realizable k-¢& model is the most suitable
model for the considered case, so the mathematical formulation
of this model is presented here. Continuity equation:

6%,»(‘)”") =0 (1)

« Momentum equation:
g, o 0 Ou;  Ouj
a_xi(p”‘”f) = 3_X,-+8_x,~(ﬂ+”t)<ﬁj+8_xi

* Energy equation:

a0 [ru py0T
250 =g | (b 30 5l
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Ref. Model

Model 1

Model 2

Model 3

Fig. 6. Effects of twist ratio on a zoom part of stream lines.

where p is the natural gas density, u is the velocity, p is the pres-
sure, i is the dynamic viscosity, y is the turbulent viscosity, T is
the temperature, and Pr is the Prandtl number.

Equation for the turbulence kinetic energy k equation and specific
dissipation rate &:

ok
3 (pkuj):ax (“+g_;)6_ +TI'—pe 4
0 N U\ 0 _ g?
a—xi(psu,)_E ('Hois)@ +Cqile C2k+\/v_s (5)

where I' can be expressed as follows,

- ou <3ui 6u,-> ou;

5~ o T o, ©

and

1
C = max{OABﬂﬂj_S},Cz:1.0,0k:1.0,ag:1.2,ut:pC“? (7)

t

It should be explained that the Realizable k-¢ model is a relatively
recent development widely used for engineering applications, which
yields better performance in many industrial turbulent flows, and also

likely to provide superior performance for flows involving rotation,
boundary layers under strong adverse pressure gradients, separation,
and recirculation to other k-¢ models [46].

3.2. Boundary conditions

Based on data collected from the CGS of Qaleh-Jiq (located in
Golestan province of Iran) at the first month of a year, the natural
gas enters the gas coil with the temperature around 283.75 K,
which is mostly equal to soil temperature because the transmission
lines are buried underground before the CGS. In order to remain
above the hydrate-formation zone and dew point, the outlet temper-
ature of the natural gas from the water bath heater depends on the
inlet pressure. As depicted in Table 1, in the real case, the inlet pres-
sure of the natural gas is around 5447 kPa (790 psi). At this condi-
tion, the outlet temperature of the natural gas should be in the
range of 303.15-313.15 K. Note that, the maximum consumption of
natural gas happens in the winter season as well as the first month
of spring. Hence, it is better to check the performance of the water
bath heater in this period of the year. Therefore, the data recorded
in the first month of the year is selected for the current study, and
it is used to validate the obtained results.

In this investigation, the simulated fluid is Methane with the
thermo-physical properties as presented in Table 2.

The inlet velocity condition is adopted at the entrance of the
considered models with the temperature of 283.75 K, which is the aver-
age value during 30 days of real data. At the external walls, a constant
temperature condition is used based on real data of the water bath
heater, whereas at the internal walls, the conjugate condition is
imposed. At the exit of the considered models, the outlet boundary con-
dition is used.
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3.3. Numerical method

The following assumptions are considered,

* The simulation is three-dimensional,

* The flow is continuous, turbulent, and steady-state,

 The simulated fluid is Newtonian and single phase,

 The viscous dissipation, radiation, and natural heat transfer are
negligible.

The governing equations along with the defined boundary condi-
tions are solved by means of the finite volume method. The semi-im-
plicit method for pressure linked equation (SIMPLE) algorithm is
utilized to solve the differential equations for the velocity, pressure,
and temperature fields. The diffusive and convective terms are
discretized by means of the QUICK scheme. The convergence criterion
is obtained when the normalized residuals of governing equations are
less than 10~° for all variables. As an indication of the computational
time, between 6500 and 8900 iterations are needed to achieve the con-
vergence criteria. This takes 22-34 h with Intel Xeon E3-1225vs
(3.2 GHz/3.6 GHz)-(4c/4t) and 32 GB DDR3 1600 MHz of RAM.

3.4. Mesh study

In order to produce accurate results in acceptable computational
times, a sensitivity analysis of grids is performed. For all the models, a
structured grid with a non-uniform trend is applied: zones near the
tube walls are well meshed to ensure that intermediary grids between
the fluid and the solid are small enough to resolve the boundary layers.
The mesh independence study is also performed on all the models by
obtaining the outlet temperature of the fluid. For instance, the grids
employed for the Ref. Model are 1051440, 1422720, 1778400,
2134080, 2489760, 2803840, 3201120, 3504800, 3912480, and
7680560. The obtained results at the considered conditions are shown
in Table 3. It is clear that the outlet temperature of the fluid becomes in-
dependent of grid number after 3201120 and further increment will not
have noticeable effects. As the best trade-off between the results accu-
racy and the computations time, a grid number around 3200000 is
used for all the models.

4. Results and Discussions

The comparison between the results of different turbulent models
and the recorded data from the CGS of Qaleh-Jiq is provided in
Table 4. It is detected that the Realizable k-& model gives the best re-
sults. The mean deviation between this model and the real data is
about 1%. Therefore in the present study, the Realizable k- model is se-
lected to simulate the Methane flow through the considered models.
Furthermore, the profiles of velocity and temperature obtained by dif-
ferent models at the outlet of the Ref. Model are presented in Fig. 4(a-
b). These figures disclose the effects of turbulent model on the fluid
flow and heat transfer characteristics of the considered case.

Fig. 5 shows the velocity, temperature, and pressure contours of nat-
ural gas through different models on four normal planes with x = 0.5,
1.0, 1.5, and 2.0 m. It is clear that twisting the natural gas flow path af-
fects both hydraulic and thermal performances of the water bath heater,
and the velocity, temperature, and pressure contours are different from
each other. As shown in the figures, the straight length of the natural gas
coil is not sufficient to reach a uniform velocity and temperature condi-
tion, and the effect of fluid mixing generated in an elbow remains until
the next bend.

As the natural gas flows through the twisted tubes, its velocity plays
an important role. As depicted in Fig. 5(a), at the same operating condi-
tion, the natural gas in the twisted tubes, i.e. Model 1, Model 2, and
Model 3, has higher velocities compared to the Ref. Model, and the
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Fig. 7. Variations of velocity on a center line across of different models: (a) first path or
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Fig. 9. Variations of pressure on a center line across of different models: (a) first path or
Fig. 8. Variations of temperature on a center line across of different models: (a) first path row, (b) second path or row, (c) third path or row, (d) fourth path or row.

or row, (b) second path or row, (c) third path or row and (d) Fourth path or row.
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difference enhances as the twist ratio is increased. This intensifies the
fluid mixing and heat transfer between the hot gas near the wall and
the cold gas in the core region. On the other hand, when the natural
gas flows through the twisted tubes, swirl flows may be produced and
thus enhance the heat exchange inside the coil. In order to create a bet-
ter insight, the streamlines of natural gas at a zoom part of different
models are depicted in Fig. 6. It can be discussed that as the natural
gas passes through a twisted tube, the main direction of flow is changed
and both the transverse and the normal velocities are intensified lead-
ing to a better fluid mixing. The streamlines in the Ref. Model are almost
uniform, so the natural gas near the wall remains in the thermal layer
regime and accumulates the heat. The streamlines in the twisted tubes
turn by centrifugal forces and have more complex configurations, so
high temperature fluid parts do not stay in the thermal layer regime
and move to the core region of fluid. This mixing disturbs the thermal
boundary layer. It is clear that the mixing increases as the twist ratio is

i

\ !

increased. Therefore, Model 3 has the highest thermal performance,
and Model 2 and Model 1 come in the second and third, respectively.

Considering the top-right contours in Fig. 5(b) as a comparison crite-
rion: although the temperature of natural gas at the output of Ref. Model
has not reached the maximum value, it gives the maximum value at x =
1.0 m and x = 1.5 m inside Model 1 and Model 2, respectively. It is no-
ticeable to illustrate that in the fourth row of the natural gas coil in
Model 3, the natural gas has the maximum temperature. As a rule of
thumb, it can be concluded that Model 1, Model 2, and Model 3 can re-
duce the length of the natural gas coil by about 12.5%, 18.75%, and 25%,
respectively, as compared to the Ref. Model.

As anticipated, the pressure drop increases as the Ref. Model is re-
placed with a twisted tube. Referring to Fig. 5(c), one can observe that
all the twisted tubes have higher pressure variations than the Ref.
Model. However, in the studied case, the pressure drop is not a limiting
factor, because the pressure of the natural gas will be reduced after the
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Fig. 10. Effects of twist ratio on (a) velocity, (b) temperature, and (c) pressure contours on four transvers planes with y = 0 and 0.152 m.
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Fig. 10 (continued).

water bath heater using the pressure reduction system, i.e. throttle-
valves. Similar to the velocity and temperature, the variations of pres-
sure enhance as the twist ratio is increased.

Furthermore, to create a quantitative comparison, the plots of veloc-
ity, temperature, and pressure of different models are presented in
Figs. 7-9. Note that, they are plotted only for the straight sections of
each model, and the flow direction is specified by a black arrow. As
depicted in Fig. 7(a-d), after the inlet 90° elbow, the velocity of natural
gas begins to increase until the first 180° elbow in all the models. Fig. 6
shows that as the natural gas enters a 180° elbow, it twists by centrifu-
gal forces, so high temperature parts of natural gas do not stay in the
thermal layer regime and move to the core region of fluid. As previously
mentioned, this mixing disturbs the thermal boundary layer and in-
creases the temperature of the natural gas in this section, see Fig. 8(a-
d). A similar discussion can be made for the next elbows. However, it
is clear that the curvature effects on both the velocity and the tempera-
ture enhance as the twist ratio is increased, and these parameters are
greater for the models with higher twist ratio. Fig. 9(a-d) discloses

that the pressure of natural gas is reduced by an almost linear trend
through all the models, and the pressure variations are more significant
for the models with higher twist ratio. Furthermore, the velocity, tem-
perature, and pressure contours of the natural gas through different
models on two transvers planes with y = 0 and 0.152 m are presented
in Fig. 10(a-c).

5. Conclusions

The current study investigates the hydrothermal performance of the
natural gas coil inside the water bath heater of a CGS with the nominal
capacity of 1000 m3-h~!. Utilizing twisted tubes instead of straight ones
is proposed to enhance the thermal performance of the water bath
heater and decrease the flue gas consumption of the CGS. In order to in-
vestigate this idea, the velocity, temperature, and pressure variations in
the gas coils are calculated by a numerical method. The corresponding
equations are iteratively solved by the finite volume method in Intel
Xeon 32 GB DDR3 and 1600 MHz of RAM. Also, the real data for the
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validation of the computational results is obtained from the CGS of
Qaleh-Jiq (located in Golestan province of Iran) within 30 days of the
first month of the year. The real data and the current results are in a
good agreement within £ 1%, and the most important results are con-
cluded here. Firstly, the velocity, temperature, and pressure contours
of straight and twisted gas coils are compared. In this case, it is found
that the twisted tubes can achieve better thermal performance com-
pared with the straight one. In general, any variation in the hydrother-
mal performance of the gas coil depends on the twist ratio of the
twisted tubes. The thermal performance of the gas coil can be improved
by increasing the twist ratio. For a given length of the gas coil, the max-
imum outlet temperature of natural gas, which is one of the most im-
portant parameters, is achieved for the twisted tube with the highest
twist ratio. In other words, when the straight or conventional gas coil
is replaced with a twisted one, heating the natural gas up to the maxi-
mum outlet temperature can reduce the length of the gas coil up to
25%. Also, the results show that the pressure drop across the gas coil in-
creases as the twist ratio is raised. It can be concluded that these positive

specifications, i.e. better thermal performance and higher pressure drop,
reduce the size of the water bath heater at the same operating condi-
tions and can make it very cost-effective.

Acknowledgment

The authors would like to express their thanks to Islamic Azad Uni-
versity (IAU) Shahrood Branch, Shahrood, Iran and Golestan Province
Gas Company, Gorgan, Iran for their sponsorships.

References

[1] BP Statistical Review of World Energy2017.

[2] R. Ghezelbash, M. Farzaneh-Gord, M. Sadi, Performance assessment of vortex tube
and vertical ground heat exchanger in reducing fuel consumption of conventional
pressure drop stations, Appl. Therm. Eng. 102 (2016) 213-226.

[3] W.J. Kostowski, S. Uson, Comparative evaluation of a natural gas expansion plant in-
tegrated with an IC engine and an organic Rankine cycle, Energy Convers. Manag. 75
(2013) 509-516.



(4]

5

[6

[7

[8

[9

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

P. Soleimani et al. / Chinese Journal of Chemical Engineering 28 (2020) 165-179

M. Farzaneh-Gord, M. Deymi-Dashtebayaz, A new approach for enhancing perfor-
mance of a gas turbine (case study: Khangiran refinery), Appl. Energy 86 (12)
(2009) 2750-2759.

R. Ghezelbash, M. Farzaneh-Gord, H. Behi, M. Sadi, H.S. Khorramabady, Performance
assessment of a natural gas expansion plant integrated with a vertical ground-
coupled heat pump, Energy 93 (Part 2) (2015) 2503-2517.

M. Farzaneh- Gord, M. Jannatabadi, Simulation of single acting natural gas Recipro-
cating Expansion Engine based on ideal gas model, J. Nat. Gas Sci. Eng. 21 (2014)
669-679.

S. Sanaye, A. Mohammadi Nasab, Modeling and optimizing a CHP system for natural
gas pressure reduction plant, Energy 40 (1) (2012) 358-369.

M.A. Neseli, O. Ozgener, L. Ozgener, Energy and exergy analysis of electricity gener-
ation from natural gas pressure reducing stations, Energy Convers. Manag. 93 (2015)
109-120.

T.B. He, Y.L. Ju, Design and optimization of natural gas liquefaction process by utiliz-
ing gas pipeline pressure energy, Appl. Therm. Eng. 57 (1-2) (2013) 1-6.

N. Fathizadeh, A. Mohebbi, S. Soltaninejad, M. Iranmanesh, Design and simulation of
high pressure cyclones for a gas city gate station using semi-empirical models, ge-
netic algorithm and computational fluid dynamics, J. Nat. Gas Sci. Eng. 26 (2015)
313-329.

M. Naderi, G. Ahmadi, M. Zarringhalam, O. Akbari, E. Khalili, Application of water
reheating system for waste heat recovery in NG pressure reduction stations, with
experimental verification, Energy 162 (2018) 1183-1192.

Z.Yang, X. Su, F. Ma, L. Yu, H. Wang, An innovative environmental control system of
subway, J. Wind Eng. Ind. Aerodyn. 147 (2015) 120-131.

K. Akhlaghi, H. Eftekhari, M. Farzaneh-Gord, M. Khatib, M. Hassani, Solar heat utili-
zation in Birjand natural gas pressure reduction, a thermo-economic analysis, Int. J.
Chem. Environ. Eng. 2 (4) (2011) 267-275.

M. Farzaneh-Gord, A. Arabkoohsar, M. Deymi Dasht-bayaz, V. Farzaneh-Kord, Feasi-
bility of accompanying uncontrolled linear heater with solar system in natural gas
pressure drop stations, Energy 41 (2012) 420-428.

E. Ashouri, F. Veisy, M. Asadi, H. Azizpour, A. Sadr, Influence of tube arrangement on
the thermal performance of indirect water bath heaters, J. Chem. Pet. Eng. 47 (2)
(2013) 69-81.

E. Ashouri, F. Veysi, E. Shojaeizadeh, M. Asadi, The minimum gas temperature at the
inlet of regulators in natural gas pressure reduction stations (CGS) for energy saving
in water bath heaters, J. Nat. Gas Sci. Eng. 21 (2014) 230-240.

M. Farzaneh-Gord, A. Arabkoohsar, M. Deymi Dasht-bayaz, L. Machado, R.N.N.
Koury, Energy and exergy analysis of natural gas pressure reduction points
equipped with solar heat and controllable heaters, Renew. Energy 72 (2014)
258-270.

S.H. Azizi, A. Rashidmardani, M.R. Andalibi, Study of preheating natural gas in gas
pressure reduction station by the flue gas of indirect water bath heater, Int. J. Sci.
Eng. Investig. 3 (27) (2014) 17-22.

M. Farzaneh-Gord, R. Ghezelbash, A. Arabkoohsar, L. Pilevari, L. Machado, R.N.N.
Koury, Employing geothermal heat exchanger in natural gas pressure drop station
in order to decrease fuel consumption, Energy 83 (2015) 164-176.

A. Zabihi, M. Taghizadeh, New energy-saving temperature controller for heater at
natural gas gate station, J. Nat. Gas Sci. Eng. 27 (2015) 1043-1049.

A. Arabkoohsar, M. Farzaneh-Gord, M. Deymi-Dashtebayaz, L. Machado, R.N.N.
Koury, A new design for natural gas pressure reduction points by employing a
turbo expander and a solar heating set, Renew. Energy 81 (2015) 239-250.

M. Farzaneh-Gord, R. Ghezelbash, M. Sadi, AJ. Moghadam, Integration of vertical
ground-coupled heat pump into a conventional natural gas pressure drop station:
Energy, economic and CO, emission assessment, Energy 112 (2016) 998-1014.

V. Farzaneh-Kord, A.B. Khoshnevis, A. Arabkoohsar, M. Deymi-Dashtebayaz, M.
Aghili, M. Khatib, M. Kargaran, M. Farzaneh-Gord, Defining a technical criterion
for economic justification of employing CHP technology in city gate stations, Energy
111 (2016) 389-401.

A. Arabkoohsar, K.AR. Ismail, L. Machado, R.N.N. Koury, Energy consumption mini-
mization in an innovative hybrid power production station by employing PV and
evacuated tube collector solar thermal systems, Renew. Energy 93 (2016) 424-441.

(25]

(26]

(27]
(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

[43]

[44

[45]

(46]

179

M. Olfati, M. Bahiraei, S. Heidari, F. Veysi, A comprehensive analysis of energy and
exergy characteristics for a natural gas city gate station considering seasonal varia-
tions, Energy 155 (2018) 721-733.

D. Borelli, F. Devia, E.L. Cascio, C. Schenone, Energy recovery from natural gas pres-
sure reduction stations: Integration with low temperature heat sources, Energy
Convers. Manag. 159 (2018) 274-283.

S. Salari, K. Goudarzi, Heat transfer enhancement and fuel consumption reduction in
heaters of CGS gas stations, Case Stud. Therm. Eng. 10 (2017) 641-649.

S. Salari, K. Goudarzi, Intensification of heat transfer in heater tubes of city gas sta-
tions using spiral spring inserts, Therm. Sci. Eng. Prog. 3 (2017) 123-132.

AR. Rahmati, M. Reiszadeh, An experimental study on the effects of the use of multi-
walled carbon nanotubes in ethylene glycol/water-based fluid with indirect heaters
in gas pressure reducing stations, Appl. Therm. Eng. 134 (2018) 107-117.

S.Yang, L. Zhang, H. Xu, Experimental study on convective heat transfer and flow re-
sistance characteristics of water flow in twisted elliptical tubes, Appl. Therm. Eng. 31
(14-15) (2011) 2981-2991.

M. Khoshvaght-Aliabadi, Z. Arani, F. Rahimpour, Influence of Al,03-H,0 nanofluid on
performance of twisted minichannels, Adv. Powder Technol. 27 (2016) 1514-1525.

M. Khoshvaght-Aliabadi, Z. Arani-Lahtari, Proposing new configurations for twisted
square channel (TSC): Nanofluid as working fluid, Appl. Therm. Eng. 108 (2016)
709-719.

A. Feizabadi, M. Khoshvaght-Aliabadi, A.B. Rahimia, Numerical investigation on
Al,03/water nanofluid flow through twisted serpentine tube with empirical valida-
tion, Appl. Therm. Eng. 137 (2018) 296-3009.

X. Tan, D. Zhu, G. Zhou, L. Yang, 3D numerical simulation on the shell side heat
transfer and pressure drop performances of twisted oval tube heat exchanger, Int.
J. Heat Mass Transf. 65 (2013) 244-253.

S. Eiamsa-ard, P. Promthaisong, C. Thianpong, M. Pimsarn, V. Chuwattanakul, Influ-
ence of three-start spirally twisted tube combined with triple-channel twisted tape
insert on heat transfer enhancement, Chem. Eng. Process. 102 (2016) 117-129.

Y. Hong, J. Dua, S. Wang, Experimental heat transfer and flow characteristics in a spi-
ral grooved tube with overlapped large/small twin twisted tapes, Int. J. Heat Mass
Transf. 106 (2017) 1178-1190.

L. Todd, Some comments on steady, laminar flow through twisted pipes, J. Eng.
Math. 11 (1) (1977) 29-48.

L. Zhang, S. Yang, H. Xu, Experimental study on condensation heat transfer charac-
teristics of steam on horizontal twisted elliptical tubes, Appl. Energy 97 (2012)
881-887.

M. Khoshvaght-Aliabadi, Z. Arani-Lahtari, Forced convection in twisted minichannel
(TMC) with different cross section shapes: A numerical study, Appl. Therm. Eng. 93
(2016) 101-112.

J. Cheng, Z. Qian, Q. Wang, Analysis of heat transfer and flow resistance of twisted
oval tube in low Reynolds number flow, Int. J. Heat Mass Transf. 109 (2017) 761-777.
Y. Hong, X. Deng, L. Zhang, 3D numerical study on compound heat transfer enhance-
ment of converging-diverging tubes equipped with twin twisted tapes, Chin. J.
Chem. Eng. 20 (3) (2012) 589-601.

M. Sheikholeslami, M. Jafaryar, Z. Li, Second law analysis for nanofluid turbulent
flow inside a circular duct in presence of twisted tape turbulators, J. Mol. Lig. 263
(2018) 489-500.

M. Pourramezan, H. Ajam, Modeling for thermal augmentation of turbulent flow in a
circular tube fitted with twisted conical strip inserts, Appl. Therm. Eng. 105 (2016)
509-518.

C.-C. Wu, C-K. Chen, Y.-T. Yang, K.-H. Huang, Numerical simulation of turbulent flow
forced convection in a twisted elliptical tube, Int. J. Therm. Sci. 132 (2018) 199-208.
K. Shaji Ranjith, Numerical analysis on a double pipe heat exchanger with twisted
tape induced swirl flow on both sides, Procedia Technol. 24 (2016) 436-443.
FLUENT Inc., FLUENT User's Guide, Version 6, vol. 3, 2006 [Lebanon, New Hamp-
shire, USA].



