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Abstract: The gas pressure in the main network of transmission lines is about 700 to 1000 psi (4826.33
to 6894.76 kPa), which is reduced to 250 psi (1723.69 kPa) at the entrance station of a city. This
reduction process, which occurs in the regulator, causes a severe drop in gas temperature. The drop
in the gas temperature produces hydrates and even causes the water vapor in the gas to freeze. As
a result, there is a possibility that the passage of gas in the regulator is blocked and the gas flow
is cut off. By employing heaters (indirect water heaters), the temperature of the gas entering the
regulator can be preheated to eliminate the possibility of freezing in the regulator. This heater is
fueled with natural gas and it operates for 24 hr a day, especially in the cold seasons. Therefore,
one of the main challenges in using this type of heater is its high fuel consumption. Consequently,
researchers are looking for a solution to reduce the fuel consumption (natural gas) of gas heaters. In
this paper, the heat transfer and fluid flow in a heater of a natural gas pressure reduction plant, the
Aliabad Power Plant (Iran), are numerically investigated using a commercial Computational Fluid
Dynamics (CFD) code, ANSYS FLUENT 18.2. The considered heater consists of three parts, including
(i) gas coils, (ii) a water bath (shell), and (iii) a fire tube. The indirect heat transfer process takes place
between the hot liquid flow in the fire tube (combustion exhaust) and the cold liquid flow (natural
gas) using the natural convection flows generated in the water bath. Numeric modeling is performed
for four different gas mass flows, including 6 x 104, 8 x 10%, 1 x 10, and 12 x 10° standard cubic
meters per hour (or 16.67, 22.22, 27.78, and 33.33 m3/ s). The results indicate that the natural gas
outlet temperature achieved to a temperature higher than required. By installing a regulator on the
burner, the gas consumption can be reduced, resulting in station cost savings, and also reducing the
environmental impacts. The outcomes depict that the maximum possible reductions in monthly gas
consumption and economic savings in the proposed system are 67,500 m3 and IRR 25 million at a gas
mass flow rate of 60,000 SCMH.

Keywords: gas pressure reduction station; heater; numerical method; heat transfer; mixed convection;
computational fluid dynamics (CFD)

1. Introduction

Nowadays, the proper and optimal use of energy in the world is particularly important.
One of the most critical energy sources in the world is natural gas, and its use is increasing
every year. Its increasing growth and non-compliance with energy consumption standards,
both economic and environmental, pose a serious threat to many countries. Natural gas is
transported between production and consumption points at high pressures (700-1000 psi
or 4826.33 to 6894.76 kPa), and it is necessary to reduce this operating pressure. This can be
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achieved in natural gas pressure reduction stations, where the pressure is reduced from
800-1000 psi to 250 psi (1723.69 kPa). In natural gas pressure reduction stations, linear
heaters immersed in water are used during preheating for safety reasons and to prevent gas
explosions. These are the most common type of heaters used in the gas pressure reduction
stations, but they have high heat loss. Therefore, increasing heat transfer in heaters used
for gas pressure reduction stations results in lower natural gas consumption and improved
performance of this type of heater at the lowest cost.

In 2007, Shokouhmand et al. [1] studied the air-to-fuel ratio in the burner of heaters
used in pressure-reducing systems. They also compared other heaters with the existing
ones. In 2008, Hedman et al. [2] proposed the use of an expansion turbine instead of the
existing system. The high-pressure gas enters the turbine and, in addition to reducing
the desired pressure, causes the turbine to rotate, resulting in electricity generation. The
main problem with this plan is that the gas inlet pressure in the station is not constant.
In 2011, Farzaneh et al. [3] used a solar collector system to optimize the heaters of gas
pressure reduction stations. The solar system heats the water in the heater to a certain
temperature, reducing the fuel consumption of the heater and the running costs. The
payback period is estimated at 35 years. In 2011, Clay and Tansley [4] simulated a combined
power generation and home-heating system using fluid calculations. They were able to
increase the temperature of the combustion products by raising the temperature of the inlet
air introduced to the burner using a recuperator, thus recovering the energy wasted by
the stack.

In 2011, Howard et al. [5] found a new way of reducing energy use in pressure-reducing
systems. They used a hybrid system comprising an expansion turbine and fuel cell to
generate electric power in addition to heating the gas, which increased efficiency. In 2014,
Andrei et al. [6] attempted to utilize the mechanical energy wasted during gas pressure
reduction. They were able to achieve significant results by using expansion turbines instead
of pressure relief valves in Ansti, which were experimentally fabricated and resulted in
power generation. In 2014, Ashouri et al. [7] calculated the minimum inlet temperature
needed in the controller to reduce the energy consumption of heaters. They gathered
10 months of data for the pressure-reducing station of the city of Biston and found good
agreement between the collected data and the equation AGA-8. In 2015, Farzaneh and
Ghezelbash [8] increased the temperature of the gas inlet in a heater using a geothermal
heat exchanger upstream of the pressure-reducing station heater. Their results show that
less fuel was needed to heat up the gas, and it was thus an effective method of reduce the
greenhouse gases. In 2016, Ghezelbash et al. [9] proposed a new system based on using a
vortex tube instead of a pressure relief valve and a geothermal heat exchanger to reduce the
energy consumption of a heater. The vortex tube divides the gas stream into cold and hot
streams, so that the heated cold stream in the geothermal heat exchanger mixes with the
hot steam from the vortex tube and is sent to the heater at low pressure. According to the
results, the proposed system can reduce energy consumption by 88 percent. In 2017, Salari
and Goudarzi [10] studied the effect of a turbulator as a passive method to increase the heat
transfer and thus the heating capacity of Central Gas Supply system (CGS) of Yasuj station.
In their study, the effect of using a spring in the tube as a turbulator on the performance
of a heater was investigated in two cases, considering circular and elliptical tubes with
similar cross-sections. The results show that the tube with the spring with a diameter ratio
of 10 had the best performance in the heater with elliptical tubes with a diameter ratio
of 0.95.

In 2018, Olfati et al. [11] comprehensively analyzed the energy and exergy character-
istics of a natural gas power plant considering seasonal variations and found that most
energy losses occur in the stack during winter. In 2018, Naderi et al. [12] tested the water
heating system in a gas pressure reduction station in Iran. They used the waste heat from
the chimney to heat the water in the heater. The results show that the efficiency of the heater
increased due to its lower fuel consumption. This project was conducted at a pressure
reduction station in Shahrekord. The results show that the proposed plan reduces the fuel
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consumption of the heater by about 45%. Economic analysis also shows that the payback
period for such a station is about 1.3 years. In 2018, Rahmatpour and Shabani [13] studied
the economic and exergetic use of expansion turbines instead of pressure-reducing valves
in pressure-reducing stations. Their results show high operating cost and a long payback
period. In 2019, Khosravi et al. [14] improved the thermal performance of linear heaters
in gas pressure reduction stations. They proposed the use of an alternating current in the
gas tubes, which is transferred from the water to the gas tubes, to increase the thermal
efficiency of the heater. As a result, the use of heating coils increased the efficiency of the
heater. Their work demonstrated an increase in the Nusselt number of 20%, and as a result
of this, increased thermal efficiency and reduced fuel usage. In 2019, Noorollahi et al. [15]
presented a new system for supplying the required heat to the gas pressure reduction sta-
tion. To eliminate the consumption of natural gas in linear heating systems, they introduced
shell and tube heat exchangers with geothermal pumps. The results show a reduction in
greenhouse gases and a 47 percent reduction in CO; emissions.

In this paper, the heat transfer and fluid flow in a heater of a CGS, located in Aliabad
Power Plant (Iran), are numerically studied using a commercial CFD code, ANSYS FLUENT
18.2. The considered heater consists of three parts, including (i) gas coils, (ii) a water bath
(shell), and (iii) a fire tube. The indirect heat transfer process takes place between the hot
liquid flow in the fire tube (combustion exhaust gas) and the cold liquid flow (natural gas)
using the natural convection currents generated in the water bath (jacket of the heater).

2. Materials and Methods
2.1. Geometrical Parameters

The purpose of this study is to numerically model and investigate the heat transfer
process in a gas heater of a CGS. The gas heater under consideration is located in the
Aliabad Power Plant (Iran). This heater was built in 2003. The capacity of this heater is
120,000 standard cubic meters per hour (SCMH) or 33.33 m3/s; it can absorb 819,500 kcal/h
(0.953 kW) with 4 coils. It has eight gas pipes. Coil diameter and length are 4 in (0.1016 m)
and 236.22 in (6 m), respectively. Additionally, the operational temperature and pressure
of the heater under investigation are 40 °C and 1050 psi (7239.49 kPa), respectively. More-
over, the maximum and minimum burner capacity are 150,000 kCal/h (174.45 kW) and
750,000 kCal/h (827.25 kW), respectively. Furthermore, the fire tube diameter and length
are 4 in (0.6 m) and 267.72 in (6.8), respectively.

Due to the complexity of the geometry of the heater, SolidWorks, a powerful tool
for design and modeling, was used for geometric modeling, and then the geometry was
entered into ANSYS software to perform meshing and modeling. In general, due to the
use of an indirect heat transfer mechanism, a gas heater consists of three parts: a fire tube,
a shell, and gas coils. The 3D and 2D schematics of the heater under study are shown in
Figure 1. As can be seen, the gas enters from one side and leaves from the same side after
passing through the hot water bath. In addition, the hot combustion exhaust gases flow
into a U-shaped tube, which serves as a fire tube. The heating mantle, which contains
hot water and is also called the hot water bath, contains pure water that causes a density
difference due to the temperature difference between the surface of the fire tube and the
gas coils, creating a natural convection flow.

As can be seen in Figure 1, a total of 4 coils are arranged side by side in such a way
that the input and output of the gas flow arrive from a common header. The coils are
also interconnected by 4 holding plates (practical). As mentioned earlier, the coil has a
diameter of 0.1016 m and a length of about 6 m. To increase the contact area and thus the
heat transfer rate, each register has five 180-degree bends. The fire tube is 0.6 m in diameter
and approximately 6.8 m in length. The approximate diameter and length of the heater are
2.2 and 6.8 m, respectively.
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Figure 1. The 3D and 2D schematics of the studied heater.

2.2. Governing Equations and Parameters

Computational fluid dynamics (CFD) offers valuable insight into essential transport
phenomena, including heat transfer, momentum transfer, and mass transfer. Therefore,
CFD provides vital information on the heat transfer and natural convection processes
between the working fluid in a fire tube, gas tube, and water tank. Numerous heating,
ventilation, and air conditioning (HVAC) equipment manufacturers have turned to CFD
simulation to accelerate prototyping and present new designs. CFD simulation allows
engineers to study the possible performance of their products in various spaces, and with
different configurations [16,17].

The basic equations governing fluid mechanics are all written based on the control
mass, and on the other hand, the fluid flow is investigated in the control volume. Therefore,
a tool for transformation is needed, which is provided by the general transport equation.
Using the general transfer equation, the laws of conservation of mass and linear momentum
are written for the control volume of the fluid that moves at an arbitrary velocity, and
thus the basic equations governing the flow, continuity, and Navier-Stokes equations
are obtained.

In order to analyze a real flow, it is necessary to use basic governing equations, such
as continuity, momentum, and energy, as well as complementary equations such as state
and turbulence. Considering that most fluid flows are turbulent by nature, in the real and
accurate analysis of a fluid flow, it is essential to consider the effects of turbulence in the
equations governing the fluid flow. With the view that there is no single model able to
consider the effects of turbulence for all flows among the various experimental models
that are available to apply the effects of turbulence, appropriate models are employed to
analyze this specific turbulence problem. In this section, the basic equations governing the
flow field are presented. In the following, the correct and accurate procedure for modeling
fluid flow in a numerical solution, considering the effect of turbulence, which plays the
most important role in flow modeling, is presented.
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Momentum Conservation Equations [18-21]:

Du a(*P‘F Txx) aTyx asz
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In the above equations, the parameter P is the static pressure on the fluid. Without
considering the exact details of the body forces, the overall effect of these forces can be
considered as a source term, Syy;, for the amount of momentum in the direction i per unit
volume and per unit time, where i includes x, y, or z directions. If the body forces only
include gravity, which is the case in the present problem, then Sy, = Sprz = 0 and Sy = —pg.

In Equations (1)—(3), surface forces can include pressure, viscosity, and body forces such
as gravity, centrifugal force, etc. In many fluid flows, viscous stresses may be expressed as
functions of the local strain rate. In three-dimensional flows, the local rate of deformation
will be a combination of the linear rate of change and the volume rate of change. For
incompressible fluids, the mass conservation equation is div U = 0 and the viscous stresses
are twice the local rate of linear deformation multiplied by the dynamic viscosity. The
momentum equations, which are known as the Navier-Stokes equations, can be written as
follows [18-21]:

P P

% + div(pull) = 5= + div(.grad()) + Syix )
d(pv) . _oP .

FTE div(pol) = T + div(p.grad(v)) + Sy (5)
d P

% + div(pwll) = -+ div(p.grad(w)) + Sy ©)

In the k-¢ turbulence model, the values k and ¢ are obtained directly from the differential
transfer equations of the turbulence kinetic energy and the turbulence dissipation rate, as
follows [18-21]:

a(ap:‘)+v-(pu1<):v-((V+Z:>Vk)+1’k—pe )
8(apts) + V- (pUe) =V - ((y + Z:) Ve) + %(Cel(Pk) — Ceope) ®)

where Py is the production of turbulence due to viscous forces, which is defined as follows:
2
Pe= VU (VU+vUT) - SV UGV - U+ pk) )

In this turbulence model, the constant coefficients of C,,, C,1, C¢2, 0k, and o, are equal
to 0.09, 1.44, 1.92, 1.0, and 1.3, respectively.

When the wall functions are used, the average velocity, average temperature, k, and ¢
are all calculated by these functions. So, there is no longer a need to consider the boundary
conditions on the walls. The use of wall functions is acceptable for a wide range of problems.
When the flow near the wall is strongly affected by the reverse pressure gradient, or when
the flow is in a severe non-equilibrium state, then the solutions derived from the standard
functions should be doubted. The contour of y* distribution on the surface of the tube is
shown in Figure 2, which shows the acceptable values of y* in the presented model.
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Figure 2. Contour of y+ distribution on the surface of the tube.

Mass Conservation Equation [18-21]:

dp  d(pu)  9(pv)  d(pw) _

o T ox oy oz Y (19)
op )
Fri div(pU) =0 (11)

In the above equations, U and p are the velocity vector and fluid density, respectively.
Additionally, u, v, and w are the velocity vector components in various axes.
Turbulent Energy Equation [18-21]:

d(ouT)  o(pvT) 0 ue 0T ) e, 0T
o+ 28D D+ G|+ w0 a2
2
b= pey (13)

To include the influence of buoyancy on the water tank side, Boussinesq approximation
is employed [22,23]:

P = pPo [/3 (T - Tliquidus) + 1} B (14)

in which B is the thermal expansion coefficient. Finally, to calculate the heat flux passing
through the coolant tube walls, the following equation based on Fourier’s law is utilized:

dT(r)

3 (15)

o = _ktube

2.3. Boundary Conditions

The temperature of the combustion exhaust varies according to the ratio of fuel to air
and is around 800 K. In contrast, the temperature of the gas entering the station varies at
different times of the year and is about 280 K. The dimensionless Grashof number (Gr = g
(Tg — Teo) D3/1/2) is used to determine the flow regime in free convection heat transfer. This
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number indicates whether the flow is laminar or turbulent. The Grashof number is obtained
from the ratio of the buoyancy force to the viscous force. In this correlation, the parameters g,
B, Ts, Teo, D, and v express the gravitational acceleration, volumetric expansion coefficient,
hot surface temperature, cold surface temperature, length characteristics, and kinematic
viscosity, respectively. If the Grashof number is greater than 10 + 8, the flow is turbulent.
According to the specifications of this issue, the Grashof number is about 6 x 10 + 6, so the
flow regime is laminar. On the other hand, due to the high liquid flow rate inside the fire
tube and gas line, the Reynolds number of the flow is much higher than 2300, so the liquid
flow is completely turbulent.

Given the known gas volume flow and inlet pressure in the heater, the amount
of inlet gas is determined and the Velocity_Inlet boundary condition is used. In this
study, simulations were performed for an inlet pressure of 700 psi (4826.33 kPa) and four
different inlet volume flow rates. The four flow rates considered in this study were 60,000,
80,000, 100,000, and 120,000 SCMH (or 16.67, 22.22, 27.78, and 33.33 m3/s). The gas inlet
temperature in the heater was assumed to be 10 °C according to the ambient conditions. An
inlet velocity of 5 m/sec and a temperature of 800 K were assumed for the inlet boundary
of the fire tube assuming an additional fuel-to-air ratio of 1.8, an air inlet temperature of
30 °C, and a methane flame temperature of 2400 K at a pressure of 1 bar. The volumetric
expansion coefficient of water was assumed to be 0.0005 K~! to model the effects of natural
convection. The gas entering the heater consists of various components with different
ratios. Table 1 shows the components of the gas and the volume fraction of each component.
As can be seen, about 90% of the gas consists of methane gas, so for simplicity’s sake, only
methane gas was considered as a component of the city gas in further modeling processes.

Table 1. Volumetric fraction of natural gas composition [24].

Name Chemical Volume Percentage
Formula Gas Analysis Lower Limit Higher Limit
Methane CHy 88.332 85 95
Ethan CyHg 4.672 2 9
Propane C3Hg 4.137 0.5 3
Isobutene Cy4Hyp 0.484 0.2 0.3
Normal Butane C4Hyp 0.484 0.25 0.5
Isopentane CsHyp 0.181 0.1 0.15
Normal Pentane CsHypp 0.181 0.06 0.1
Carbon Dioxide CO, 0.694 0.1 04
Nitrogen N 4.5 2 5.7
Sulfide H,S 0.849 ppm 1.25 6.25
Heavy/compound - 0 0.02 0.2

Due to the fact that the gas entering the station at a pressure of 700 psi (4826.33 kPa)
is considered, the thermophysical properties of methane gas at the desired pressure and
temperature of 20 °C are listed in Table 2.

Table 2. The thermophysical properties of methane at T = 20 °C and P = 700 psi (4826.33 kPa) [25].

Property Value
Density (kg.m*3) 0 34.76
Specific Heat Capacity (kJ/(kg.K)) Cp 2.57
Dynamic Viscosity (Pa.s) n 11.96 x 107°

Static Viscosity (m2/s) v 0.344 x 10~°
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There combustion exhaust gases are composed of several gases, which are listed in
Table 3. As can be seen, combustion produces different types of gas in different volume
fractions depending on the amount of burner gas flow. In this study, only one type was
considered to simplify the calculation and modeling of the combustion exhaust gas, but
the thermophysical properties of the exhaust gas in the burner tube were considered as a
function of the gas temperature to avoid errors in the solution process; the history of these

functions is shown in Figure 3.

Table 3. Composition of combustion exhaust gases [24].

3 3 3 2 2 1 S
= o3 o3 8 — B g )
= S s 5 o 2 & & 3
5 3 e = 2 2
= g ) 9 e} OB o) g
a"_ ) ﬁ. . =] [ "g E -
b > o & - T2 S o
g & o 8 S 5! : 5
3 o ) e A& o Q.
= 5l bl 3 Ca g d
g 3 E3 5 2 3 L
g A <
102 81 4.14 22 13.69 274 8.4 73.35
111 284 5.63 25 11.60 314 9.7 76.55
180 202 7.92 39 7.20 412 9.7 76.54
186 301 8.14 37 6.64 407 9.7 77.33
192 159 7.52 33 7.73 427 9.5 74.56
204 111 8.41 42 6.16 437 1.1 76.31
228 44 8.36 47 6.25 455 0.8 75.11
252 32 8.89 57 5.31 488 9.8 74.61
1.05
[p(T) = (—3.963 x 10~)T3 + (5.342 X 10~°)T? + (—0.00293)T + 0.9557
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E 075
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Figure 3. Cont.
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Figure 3. The thermophysical properties of the exhaust gas flow in the fire tube as a function of gas
temperature: (a) density, (b) viscosity, (c) heat capacity, and (d) thermal conductivity [25].

3. Results and Discussion

In this section, numerical modeling results are presented for four different gas mass
flows, including 60,000, 80,000, 100,000, and 120,000 SCMH (or 16.67, 22.22, 27.78, and
33.33 m3/s). The results include the outlet temperature of methane and combustion gas, the
temperature and velocity distribution in the heater, and the thermal efficiency of the heater.

3.1. The Mesh-Independent and Validation Analyses

In any numerical work, checking the independence of the results from the grid and
validation analysis is critical. By checking the independence of the results from the grid, the
independence of the results considering the number and quality of grids was determined.

Grid generation was performed using ANSYS meshing. A hexagonal grid was used
in the coil domain to reduce the computational volume and increase the accuracy of the
solution. Five edge layers were generated in the coil region with an initial layer height of
0.5 mm. In the fire tube region, a mesh with a mesh size of 2 cm along the tube and seven
layers of boundary layer mesh with a first layer thickness of 0.5 mm were used.

In this study, three different mesh qualities were considered, including 3,708,213,
4,777,825 and 6,210,401 cells, and the results were investigated based on the gas outlet
temperature. In this section, the methane volume flow rate considered is 60,000 SCMH
(16.67 m3/s). The numerical results obtained for these networks are shown in Table 4. It can
be concluded that the grid with 4,777,825 cells is suitable for use in the following sections
of this work. Images showing grid generated for the heater under consideration from
different perspectives are shown in Figure 4. It can be seen that to increase the accuracy of
the numerical simulation, the boundary layer grid was used in both the gas tube and the
fire tube.
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Table 4. The results of the mesh-independent analysis.
Number Grid Cell The Outlet Temperature of the Methane (K) Error (%)
1 3,708,213 313.2 0.45
2 4,777,825 314.68 0.022
3 6,210,401 314.61 -

S
i

ATAKTS
vavava

Va)

VAV
N\

(b)

(d)

Figure 4. Various views of the generated grid for the heater under study: (a) shell, (b) fire tube and
gas tubes, (c) close-up of gas tube, and (d) different view of gas tubes.
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The validation of the present numerical method was carried out using practical data
of a heater of a real gas station. Station data were available for a pressure of 700 psi
(4826.33 kPa) and various flow rates, which are listed in Table 5. The comparison of the data
from a real gas station and the modeling results presented here shows that the accuracy
of the presented numerical model is acceptable considering the simplifying assumptions.
It can be seen from Table 5 that the maximum error for the three different gas mass flows
was 3.52%.

Table 5. The results of the Validation analysis.

Experimental Numerical
Number Mass Flow Rate Heater Outlet Heater Outlet Error (%)
(SCMH (m3/s)) Temperature Temperature ?
Q) ()
1 80,000 (22.22) 34.5 33.85 1.88
2 100,000 (27.78) 30.1 29.15 3.15
3 120,000 (33.33) 27 26.05 3.52

3.2. Investigating the Performance of the Gas Heater at 120,000 SCMH

Considering that very little work has been conducted in the field of gas heaters, this
section first presents and then discusses one of the operating modes as an example of
performance and modeling results. The modeling results for a full load are shown here. As
mentioned earlier, in the modeling process, the inlet temperature of the gas was 10 degrees
and the temperature of the combustion gases was 800 K. As the combustion exhaust gases
entered the fire tube, heat exchange occurred across the surface of the tube with the water
in the tank, resulting in a temperature drop in the tube. Figure 5 shows the temperature
distribution of the liquid on a disk (Y direction) inside the fire tube. As can be seen, the
temperature of the combustion exhaust gas dropped from 800 K to about 400 K.

335 452 568 684 800

Figure 5. Temperature distribution across a slice (Y direction) inside the fire tube.

The temperature difference inside the fire tube (Figure 6) resulted in a non-uniform
heat flow on the surface of the fire tube. Figure 6 shows the distribution of the heat flux
on the tube wall. As can be seen, the heat flux was greater at the inlet due to the higher
temperature, and as the fluid approached the outlet and the temperature of the fluid
decreased, the heat flux decreased. It is also clear that the assumption of a constant heat
flux was not correct for the modeling of the fluid flow and heat transfer process in a fire
tube. Negative values in Figure 6 indicate a loss of energy. The average value of the heat
flux at the surface of the fire tube at full load was 27,000 W /m?2.

The temperature difference between the cold source (methane cold gas coils) and the
hot source (fire tube) and this uneven flux distribution led to asymmetric natural convection
currents. The temperature and velocity distributions for three plates placed 2 m apart are
shown (see Figure 7).
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Figure 6. Heat flux distribution across the fire tube wall.

Figure 7. The position of the various slices (three slices) for presentation of the contours.

Figure 8 shows the temperature distribution across three slices (Figure 7). As can be
seen, there was a significant temperature difference between the two paths of the fire tube,
which created a buoyancy force and a different flow field. This temperature difference
increased in the direction of the inlet and outlet plates, with the temperature difference on
disc 3 reaching about 300 K.

(@) (b)

Figure 8. Cont.
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Figure 8. The distribution of temperature in the various slices inside the shell: (a) Slice 1, (b) Slice 2,
and (c) Slice 3.
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Figure 9 shows the velocity distribution across the same discs but without the fire tube
to better represent the true value of the fluid velocity. As predicted, the natural convection
velocity that occurred near the inlet and outlet of the combustion exhaust was higher,
reaching about 0.1 m/s, but in the discs farther from the inlet and outlet of the fire tube, the
velocity difference was lower due to the smaller temperature difference.

Figure 10 shows the temperature distribution across the coil wall. As mentioned
earlier, the heater under consideration consists of four coils. As can be seen, the lower tubes
were colder due to the cold gas flowing in from below and were gradually heated by the
flow of liquid through the hot water bath.

-

@) (b)

Figure 9. Cont.
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Figure 9. The distribution of velocity magnitude in the various slices inside the shell: (a) Slice 1,
(b) Slice 2, (c) and Slice 3.
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Figure 10. The distribution of temperature across the coil wall from various perspectives.
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The heat flow through the coil wall is shown in Figure 11. As can be seen, the amount
of heat absorbed by the coil varied along its length, and the assumption of a uniform heat
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flux as made in previous work was not a correct assumption. The average amount of heat
absorbed by the coils was 13,700 W/m?.

= = = =
= = = =] =
S \w; S ;. —
~ o0 w; — S =
o v — - o é
™
—

Figure 11. A 3D representation of the distribution of heat flux across the coil wall.

3.3. Investigating the Impact of Gas Mass Flow Rate

In this section, the thermal performance of the heater is presented at different gas
mass flows, namely 60,000, 80,000, 100,000, and 120,000 SCHM (or 16.67, 22.22,27.78, and
33.33 m?/s). The parameters studied in this section include the outlet temperature of the
coil and the fire tube.

Figure 12 shows the exit temperature of the coil at different gas mass flows. As can be
seen, the outlet temperature of the coil decreased as the gas mass flow rate increased, which
was obviously due to the increase in the volume of liquid entering the heater. According to
the numerical modeling results, the exit temperature decreased from about 315 K to 299 K
with an increase from 60,000 (16.67 m3/s) to 120,000 (33.33 m3/s) SCHM (100% increase).

Figure 13 shows the average temperature of the hot water (on the shell side) as a
function of the gas mass flow rate. As can be seen, the average temperature of the jacket
liquid decreased when the gas mass flow rate at the coil was increased. According to
the modeling results, when the gas inlet flow rate was 60,000 SCMH (16.67 m3/s), the
average temperature of the hot water was 337 K, and with the increase in the mass flow
rate to 120,000 SCMH (33.33 m3/s), the average temperature of the hot water decreased to
325 K. The temperature contours on a slice (X = 0) at different mass flow rates are shown
in Figure 14. As can be seen, the water temperature inside the shell dropped significantly
when the flow rate was increased.
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Figure 12. The variation in the coil outlet temperature against the inlet mass flow rate.
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Figure 13. The variation in the shell (water) temperature against the inlet mass flow rate.

The exit temperature of the fire tube is shown in Figure 15. As can be seen, as the mass
flow rate of the coil increased, the exit temperature of the fire tube also decreased, so as
the flow rate increased from 60,000 (16.67 m?/s) to 120,000 SCMH (33.33 m3/s), the exit
temperature of the fire tube increased from about 416 to 409 K.

(a)

Figure 14. Cont.
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Figure 14. The temperature distribution across the middle (X = 0) at various inlet mass flow rates:
(a) m = 60,000 SCMH (16.67 m3/s), (b) m = 80,000 SCMH (22.22 m3/s), (c) m = 100,000 SCMH
(27.78 m3/s), and (d) m = 120,000 SCMH (33.33 m3/s).
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Figure 15. The variation in the fire tube outlet temperature against the inlet mass flow rate.
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To better realize the natural convection process inside the water tank of the heater un-
der consideration, the streamline inside the water tank considering the velocity magnitude
is illustrated in Figure 16 from various perspectives. The impact of the buoyancy is clearly
shown, and because of the density changes inside the tank, swirl flows were generated
inside the tank, which can be seen in Figure 16.

Velocity Magnitude [m/s]: ¢ 0.01 0.02 0.03 004 0.05 0.06 0.07 0.08 009 0.1

Velocity Magnitude [m/s]

Velocity Magnitude [m/s]: 0 001 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

B
e —

Figure 16. The streamline with the contour of velocity magnitude inside the water tank of the heater
under study.
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The iso-surfaces with various values of velocity magnitude inside the water tank of the
heater under consideration are illustrated in Figure 17. It can be seen that various values of
velocity magnitude were reached in the water tank. The impact of buoyancy and density
changes inside the water tank is also illustrated.

Velocity Magnitude [m/s]: 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Iso-Surface of Velocity Magnitude = 0.02 m/s

Velocity Magnitude [m/s]: 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Iso-Surface of Velocity Magnitude = 0.04 m/s

Velocity Magnitude [m/s]: 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Iso-Surface of Velocity Magnitude = 0.06 m/s

Figure 17. Cont.
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Velocity Magnitude [m/s]: 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Iso-Surface of Velocity Magnitude = 0.08 m/s

Figure 17. The iso-surfaces of velocity magnitude with various values inside the water tank of the
heater under consideration.

The iso-surfaces at various temperatures inside the water tank of the considered heater
are illustrated in Figure 18. It can be concluded that most parts of the water tank had a
range of temperature of 331-332 K. A lower temperature was observed around the gas tube
and a higher temperature was observed around the fire tube.

Iso-Surface of Temperature = 331 K

Figure 18. Cont.
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Iso-Surface of Temperature = 334 K

Figure 18. The iso-surfaces at various temperatures inside the water tank of the considered heater.

3.4. Investigating the Fuel Consumption Reduction Using the Considered Heater

Due to the high computational cost of this process, the amount of energy saved at
different flow rates was calculated using simple calculations and is presented here. In
other words, in these calculations, it is assumed that the temperature of the hot water bath
leads to a minimum temperature of 20 degrees for the coil until a temperature drop of
300 K is reached. According to the calculations, 2 hours is needed at low flow rates and
up to 43 min is needed at high flow rates. For example, the calculations for a flow rate of
60,000 SCMH are presented here. The energy available in the hot water bath is determined
using below equation:

E =mCp(T2 —Ty) (16)

where E is the energy in the hot water bath (k]) when the burner is turned off, m is the fluid mass
of the water inside the tank (kg), Cp is the specific heat capacity of the water, and (T, — T;) is the
difference between the primary and secondary temperatures of the tank water.

The volume of the water tank is approximately 20 cubic meters and the average density
of water is 1000 kg/m3. The initial temperature of the fluid, Ty, is obtained according to
numerical calculations employing ANSYS Fluent software and is the average temperature
of the hot water bath. The secondary fluid temperature, T,, is assumed to be 300 K.
Therefore, using the relationships and assumptions provided, the amount of energy stored
in the hot water tank can be determined for different mass flow rates as we know the hot
water bath temperature from numerical calculations. The amount of time it takes for the
energy to be transferred to the fluid or, in other words, the time it takes for the temperature
of the hot water bath to go from T; to T, can be calculated as follows:

E=mCp(T, —Ty) (17)
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where E is coil (gas) power consumption, m is the mass flow rate of the gas inside the coil,
Cp is the heat capacity of the gas, and T and T, are the initial and secondary temperatures
of the gas, respectively. Finally, the time needed to transfer energy between the hot water
bath and the coils, indicated as burner off time, is determined as follows:

E
tost = — (18)
E

The burner off time needed to maintain a temperature of 20 degrees for the gas coil
output is illustrated in Figure 19. It can be seen that as the gas mas flow rate increased from
60,000 SCMH to 120,000 SCMH (from 16.67 to 33.33 m®/s —100% growth), the burner off
time declined by about 65.87%.

EWater Tank Temperature [K]
E Absorbed Energy by Water Tank |« 10° kJ]
H Required Power to Increase 10 degrees of Water Temperature [KkJ]

O Time [min]

60,000 SCMH 80,000 SCMH 100,000 SCMH 120,000 SCMH

Figure 19. The burner off time versus the gas mass flow rate needed to maintain a temperature of 20
degrees for the gas coil output.

So far, the operating time has been calculated in the off-temperature mode. Now,
in this continuation, it is necessary to calculate the time it takes from turning the burner
on again to increase the temperature of the hot water bath to the previous value. After
the burner is turned on, the energy from combustion is spent in two ways, increasing the
temperature of the hot water bath and increasing the temperature of the coil gas:

ton = tcoil + twater (19)

where tco; indicates the time required to heat the gas input to the heater, which, considering
that the temperature of the output gas should not be less than 20 degrees, is continuously
being heated and has no time delay. Additionally, tyater, Which represents the time required
to heat the water to the target temperature before the burner is turned off, is calculated as
follows, considering the volume of the bath water and the difference between the desired
temperature and the power of the burner:

me (Tz - T1>

twater

q'A = (20)

where q” is the heat flux on the coil surface and A is the lateral area of the coil. The time
elapsed from turning the burner on to meeting the target temperature for the hot water
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bath is presented in Figure 20. It is worth mentioning that the initial temperature of the
water bath was kept constant at 300 K.

250 ODuration of Burner Operation
@ Burner Operation Time After Restarting
200 B Burner Operation Time Before Turning Off
=
- S
E 150
£
= 100
50
0

60,000 SCMH 80,000 SCMH 100,000 SCMH 120,000 SCMH

Figure 20. The burner operation time elapsed before turning it off, after restarting it, and the duration
of the burner operation at various gas mass flow rates.

For a better understanding of the economic savings per month achieved for different
flow rates of gas entering the station, the monthly reduction in gas consumption and
the economic savings in tomans (official currency of Iran) are shown in Figure 21a,b,
respectively. It can be seen that the maximum reduction in monthly gas consumption
and the economic savings achieved using the proposed system were 67,500 m> and IRR
25 million at a gas mass flow rate of 60,000 SCMH.

70,000

60,000
50,000
40,000
30,000

20,000

10,000

Monthly Gas Consumption Reduction [m3]

60,000 80,000 100,000 120,000
SCMH SCMH SCMH SCMH

(@)

Figure 21. Cont.
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Figure 21. (a) The monthly reduction in gas consumption, and (b) the economic savings at different
gas mass flow rates in one month.

4. Conclusions

In this paper, the thermal performance of a gas heater of a pressure-reducing station
at a pressure of 700 psi (4826.33 kPa) was numerically investigated. According to the
numerical results, the thermal efficiency of the considered heater was about 70%, and at
100% full load and 50% full load, the gas temperature increased to 16.5 and 31 degrees,
respectively. According to the studies performed, at a pressure of 700 psi (4826.33 kPa), the
regulator causes a temperature drop of about 5 degrees. To prevent the gas from freezing
in the regulator, according to the current standard and the station’s instructions, the gas
should leave the heater at a temperature of about 20 °C at different operating pressures
and enter the regulator, before finally entering the trunk line at 15 °C. According to the
modeling results, the outlet temperature at a pressure of 700 psi (4826.33 kPa) is higher
than required at various flow rates from 60,000 (16.67 m?/s) to 120,000 SCMH (33.33 m3/s),
and by installing a regulator on the burner, gas consumption can be reduced.

As a continuation of the present work, we could focus on the type of fluid employed
inside the heater tank and investigate the impact of using nanofluids with different types
of nanoparticles and various volume concentrations instead of pure water on the thermal
performance of the heater under consideration. Moreover, we suggest utilizing passive (no
need for external force) heat transfer enhancement methods to improve the heat transfer rate
in the heater under consideration, such as the use of corrugate pipes or extended surfaces
(fins) with various geometries for the fire tube or natural gas pipes of the considered heater.
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