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ABSTRACT

Gas industry as one of the greatest sectors of energy, has a major role in environmental issues. 
A category of energy intensive parts in gas industry is heaters in City Gate Stations which 
consume colossal volumes of the purified gases. Different optimization strategies to improve 
the efficiency of these heaters entailing preheating, waste heat recovery of exhausts, insulating 
pipelines and mounting economizers or recuperators or even using renewable energy sources 
have been already introduced. Besides, finding the optimized geometry is very essential in 
improving the efficiency. In this study, a far efficient model for heaters was introduced using 
the thermal modeling of the process. Based on the properties of the inlet gas, the volume of 
the gas passing from the CGS and ambient conditions, the consumption of the fuel as well as 
heater efficiency have been computed as a function of inlet gas properties, CGS’s gas flow rate 
and ambient condition. Then, results were verified by real data taken from Arak CGS station 
in Iran. The comparison proves the great correlation between the theoretical and experimental 
results. Findings show that with an increase in the heater length, a reduction in thermal re-
sistance coincides with a higher thermal hysteresis. This causes higher fuel consumption and 
lower efficiency. Moreover, the higher the length of the fire tube, the more heat is transferred 
to the pure water and the higher is the efficiency. Considering the optimized heater configu-
ration the efficiency improves two folds; changing from 32% to 71%.
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INTRODUCTION

Sustainable development should supply all human 
needs without putting the next generations at risk in 
terms of meeting their needs. Prior to achieving such 

sustainability, there should be equity between current and 
next generations over basic rights such as work, educa-
tion, health and environment. Unfortunately, after indus-
trialization the environment has been brutally exploited. 
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Such damages to the ecosystem, which gradually revealed 
their fatal consequences, have pushed the world towards 
maintaining and preserving the environment. One of the 
causes of environmental damages is energy waste by those 
systems working far from their energy-efficient condition. 
Of many advantages of lower energy use is the great reduc-
tion in carbon footprint and easing the climate change. 
On the contrary to the plethora of efforts on facilitating 
the application of renewable energies, fossil fuels are still 
being vastly used because they are cheap and abundant. 
Increasing population also, puts a strain on energy usage so 
that has kept increasing in recent years and especially Iran’s 
average energy usage is about 4 folds of the world average. 
Natural gas is cheap, relatively clean and abundant, with a 
high thermal value and so it seems the best choice for many 
cases. Barkhordar et al. [1] stated that high subsidies are 
the main cause of nonstop growth in energy consumption. 
Industry sector has contributed to 54% of the total global 
energy consumption. What is more, it was the cause of 37% 
of the green gas emission in 1971 which increased to 65% 
in 2018. In Iran, energy consumption is remarkably higher 
than the international norms where it has meet an increase 
of 53% from 1990 to 2015 while at the same time Europe 
Union could reach a 37% drop in its energy use. Therefore, 
analyzing the energy resources in Iran and improving their 
efficiency is of a great importance on the development path. 
Iran’s gas Industry, is a great essence in providing basic needs 
throughout the country. The policy over gas production is 
based on two parameters: the export volume and volume 
consumed consumption within the boarder. Therefore, the 
projection of the internal consumption of gas is decisive. 
Abundant gas resources have caused that its contribution 
in the energy sector becomes as high as 70%. Therefore, an 
infinitesimal improvement in gas-consuming industry can 
be a great step to reduce the total energy consumption. 

Heaters installed in CGS stations are energy intensive. 
Giving a total number of 2000 heaters in stations through-
out the country it is prudent to think of their efficiency. The 
beginning point in gas distribution system is the extraction 
of the gas from gas wells or gas/oil wells. Containing a rep-
ertoire of corrosive contents the extracted gas then should 
be sweetened in gas refineries. Sweetened gas then is dis-
tributed all over the country through a network of pipe-
lines. However, considering the long journey of gas flow 
through pipes and internal frictions the pressure of the gas 
drops from a standard level and thus there must be some 
Gas Compressor Stations along the way before the gas will 
be used by the final users [2].

City Gate Gas Pressure Reducing Station
Natural gas generally is received to the main nodes near 

the big cities or industries with pressures as high as 700-
1000 psi which should be remarkably reduced before being 
used. This pressure reduction occurs to the low of 250 psi 
in City Gate Stations (CGSs). The main equipment installed 

in a CGS include filters, heaters, general valves, shut-off 
valves, regulators, safety valves, odorizers and meters. 

Since, lowering the pressure naturally causes a tempera-
ture reduction, which can cause hydration in gas as well as 
freezing the regulator and cutting the gas flow, it is custom-
ary that prior to pressure reduction gas flow is heated to a 
certain point. This is done by water bath indirect heaters 
which have bisectional shells. In the lower section of the 
shell fire tube is located which heats the distilled water is 
located. By the use of hot water bath the flow of the gas 
which is in the Gas Tube is heated. The combustion byprod-
ucts are thrown away from the exhaust while required air 
flow for combustion is sucked into the heater. For the sake 
of controlling the level of the distilled water in the heater 
there is an Expansion Tank at the top of the heater. 

Convection is the heat transfer mechanism in the water 
bath indirect heater. This means that the gas is burned in 
the flares and the heat in the fire tube is transferred to the 
distilled water. This heat is then transferred to the gas flow 
in the Gas Tube. Measuring temperature and pressure are 
included in the inner and outer ports of the heater. The 
heat production by the flares depends on the ambient tem-
perature and gas flow volume from the station and from 
the heater. Tuning the flare is piloted by the temperature 
of the gas flow at the exit of the heater. The efficiency of 
the water bath indirect heaters is quite low and considering 
their prevalence they impel an intolerably adverse burden 
upon the environment. 

Different approaches have been already taken to 
increase the efficiency of such heaters including preheat-
ing, waste heat recovery of the stocks, insulating pipelines 
and mounting economizers or recuperator or even using 
renewable energy sources.

Saadat et al. [3] worked on the modeling and multi-ob-
jective optimization of a CGS with organic Rankine flash 
cycle. Analyzing exergy parameters showed that the 91.78% 
of relative exergy destruction would occur in the flares and 
heater. Their optimized system also yielded 8.75% increase 
in thermal efficiency of the system and a reduction of 
337.62 kW in exergy loss. Rahmati et al. [4] investigated 
the application of the multi-walled carbon nanotubes in 
Ethylene Glycol/water-based fluid in CGS indirect heat-
ers. Rastegar et al. [5] achieved a novel way to supply dis-
tilled water for such baths in CGSs. The produced volume 
of the distilled water was examined with three different 
depths of the water and it was concluded that more distilled 
water would be attained in the shallower depth. Gunes et 
al. [6] added a coiled wire insert inside the fire tube and 
claimed that it would reduce the energy consumption in the 
heater. The results showed that Nusselt number and fric-
tion increased with the ratio of pitch and distance of the 
coil. Ashuri et al. [7] studying Bisetun CGS, computed the 
Joule-Thomson coefficient and suggested lowering the gas 
temperature in the regulator by which a remarkable energy 
could be saved. Azizi et al. [8] concentrated on the heat loss 
from the exhaust of the heater installed at Mahshahr CGS. 
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They suggested to use this heat wate in a shell and tube heat 
exchanger for pre-heating the natural gas. 

Khalili et al. [9] studied thermal efficiency and heat loss 
in Shahrekord CGS heater and recommended to improve 
the flares, reduce the extra air volume entering the heater 
and increase the heat transfer surface in order to minimize 
heat loss from the exhaust. Saber Moghadam et al. [10] 
used computational fluid dynamics aiming at optimizing 
heat energy consumption for a CGS located in Mashhad 
city. They found that specifying the proper location for the 
pump can be crucial in making the thermal energy distrib-
uted uniformly over different surfaces of the heater caus-
ing efficiency improvement. Hossein et al. [11] studied the 
possibility of improving the heat transfer by using twisted 
tape and coiled wire insert inside the gas tube. Wu et al. 
[12] used the application of the Alumina nanofluids with 
5 different weight concentrations in the bath to investigate 
the behavior of heat transfer. Sedighi Dizaji [13] studied the 
exergy of the shell and tube exchangers. They observed that 
increasing flow rate, inner temperature and coil diameter 
increases the exergy loss in such exchangers. Farzanegard et 
al. [14] analyzing the energy and exergy in CGSs introduced 
the utilization of the solar energy system to optimize energy 
consumption in CGSs. Rashidmardani et al. [15] reported 
that pre-heating and reusing the heat of the combustion 
products as a great step in heat recovery and improving the 
thermal efficiency. Ghaebi et al. [16] analyzed the energy, 
exergy, economy and environment nexus of heaters for the 
concurrent production of the electricity and hydrogen.

In every thermal system the geometry has a decisive 
role in thermal loss, heat absorption and thermal efficiency. 
Therefore, along with all other efforts, finding an optimum 
geometry would increase the efficiency. In this study, a 
new model with a higher efficiency will be introduced. The 

cubic geometries give chance to better positioning of the 
internal parts of the heater in a neat way. Increasing num-
ber of gas tube passes in the heater, increasing its length, 
is very effective in increasing heat transferred to the gas. 
Moreover, the geometry of the heater has a say in how heat 
is received and transferred and the distribution of the tem-
perature in heater which will be focused in this study. 

In this paper, a heater was thermally modeled and based 
on the burning gas flow rate of the heater, gas flow rate of 
the station and the ambient condition, fuel consumption and 
thermal efficiency were calculated and results were verified 
against operational data of Arak CG station. Then it was tried 
to change the model to achieve more appropriate geometries. 
Finally specifying influential geometrical parameters genetic 
algorithm was used to obtain the optimum geometry. 

MODELING

Heat Transfer System of CGSs
Since Joule-Thomson coefficient has a positive value in 

the natural gas, within the CGS when gas passes from the 
regulator, its temperature drops. Therefore, portion of the gas 
exiting the station must be burnt in the heater to warm the 
gas stream. This taken-up gas is generally is mixed with air 
and then burnt in atmospheric flares and enter the fire tube. 
Surrounding the pipes of the fire tube, the distilled water 
becomes heated and this energy is then transferred to the gas 
flowing in the Gas Tube thank to the relatively long contact 
time between the cold and hot fluids. The heated gas then will 
pass the regulator where its pressure drops considerably. The 
safety is the main reason to use indirect heat transfer in CGS. 
The main parts of such a heart are illustrated in Figure 1. 

Figure 1. Heater and its parts.
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Figure 2 depicts a common cylindrical heater used in gas 
industries where the number of passes of the gas tube and 
their configuration are specified. In such a design, it is not 
possible to add more passes of the gas tube and therefore, 
portion of the space of the heater is not effectively utilized. 

Yet, as can be seen in figure 3, using cubic geometry 
instead of cylindrical one would provide a better chance 
to position the gas tubes which means a higher surface to 
receive and transfer heat between cold and heat fluids in the 
heater. However, with bigger area available, there is a higher 
risk for heat loss and therefore both conflicting effects 
should be considered for the optimization of the heater and 
the net effect would dictate the efficiency.

In Figure 4, the side view of the cubic heater is depicted 
which shows number of passes of the gas tube and their 
positions. As it is clear this geometry provides the possibil-
ity of positioning more gas tubes. 

Combustion Energy
Using thermodynamics, heat transfer and fluid mechan-

ics a thermal model of the heaters in CGS can be built. Such 
heaters in CGSs act as triple flow heat exchangers. Due to 
high flow rates in gas tubes, their size is usually gigantic. 
For accurate computation of the heater efficiency and its 
fuel consumption, the clear thermochemical properties 
of the natural gas mixture as well as exact geometry of 
the heater are needed. The heating of the gas is provided 
by the burning of portion of its flow in the fire tube of the 
heater. Equation (1) shows the total combustion energy of 
the burnt gas mixture in fire tube using mass and energy 
conservation principles. 

  (1)

Where  is the heat loss from the surface in , 
 is heat loss from the exhaust in  and  is the 

heat fraction received by the main stream gas flow passing 
the gas tube in .

Absorbed heat by heat coils 
The flow of gas through the long passes of the gas tube 

facilitates heat transfer from the hot water to the cold gas. 
Figure 5 shows the section of the gas tubes in the heater. 

Figure 5. Gas tubes in the heater.

Figure 2. The configuration and positioning of the gas 
tubes in cylindrical heaters.

Figure 3. Cubic heater.

Figure 4. The positioning of the gas tubes in cubic heaters.
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 which is the amount of the heat absorbed by the 
gas in the gas tube can be computed using equation (2).

  (2)

Due to the difference in gas flow temperature from 
when it enters to the heater to when it exits from the heater 
and considering the dependence of the specific heat Cp to 
the temperature, equation (2) can be rewritten as presented 
in equation (3). 

  (3)

To obtain the mass flow rate of the gas passing the pass 
coils in  the flow meter installed at CGS can be used, 
though the exact density of the gas mixture also should be 
known. 

  (4)

Considering the temperature difference in gas enter-
ing the heater and exiting it, below equation can be used to 
compute specific heat value Cp for different components of 
the gas mixture. 

  (5)

Where T is temperature in K and a, b, c, d are equation 
coefficients which are unique for each component of the 
mixture. In this study natural gas is considered as a mixture 
with 21 components. After specifying the specific heat Cp 
for each part of the compound, Cp for the mixture can be 
computed using below equation:

  
(6)

  (7)

  
(8)

In addition to the high dependency of the gas tempera-
ture at the heater entrance to the ambient temperature, the 
gas temperature also depends on the distance of the CGS 
to the previous pressurizing station, the upper stream con-
sumption rate and pressure drop of line. Therefore, gas 
inlet temperature is considered as the input of the model 
to better picture its effect on fuel consumption and heater 
efficiency. Selection of the gas temperature exiting from the 

heater is crucial as it should be high enough avoiding the 
formation of hydrates when gas passes through the regula-
tor. This value, as a known parameter, is also considered as 
an input parameter of the model. 

Energy loss from the side surfaces
Part of the combustion energy is wasted through the 

side and body surfaces of the heater. In the internal vol-
ume of the heater, gas tubes, water tubes are located and the 
remaining volume is filled with distilled water. Boundaries, 
from inside toward the outside of the heater surface, are 
made of layers of steel, glass wool and aluminum in order to 
provide thermal insulation for the heater. Thus, produced 
heat in the fire tube, is consumed first to warm the water 
and then the gas in the gas tube. 

Notwithstanding, minor portion of the heat would find 
its way out from the external surfaces of the heater. 

This heat loss  can be defined using equation (9) 
according to the themal resistance between combustion 
products and the ambience illustrated in Figure 7.

  
(9)

  (10)

Figure 7. Thermal resistance between combustion prod-
ucts and ambience around the heater.

Figure 6. Schematic of the outer surface of the heater.
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  (11)

It is worth mentioning that, considering a cubic shape 
for the heater:

  
(12)

  (13)

  (14)

the water temperature is effective on the heat loss from 
the surfaces. However, it is possible to compute this tem-
perature according to equation (15) knowing the gas tem-
perature at the entrance and exit of the heater.

  
(15)

 According to equation (8), thermal resistance between 
hot distilled water and cold gas inside the gas tube can be 
computed, using equation (16).

  
(16)

Convectivity coefficient of natural gas hcoil and Reynolds 
number of gas tube’s flow can be computed using equation 
(17). 

  
(17)

 (18)

Exhaust heat loss
Apart from the heat shares including  used for 

warming gas flow in gas tube and  lost through the 
surface, a third share of the heat  is lost through the 
exhaust which can be computed using equation (19).

  (19)

The specific heat for the smoke with five different com-
ponents Cp smoke.o can be computed at initial temperature 
Tsmoke.i as defined by Cp smoke.i and at exiting temperature 
Tam using equations and meanwhile the flow rate of the 
smoke mixture can be computed using equation (20). 

  (20)

 defines the ratio of the air sucked in the heater for 
combustion to the fuel burnt in the heater. This ratio can be 
computed using the conservation of the mass and knowing 
the molar mass of the fuel mixture. In order to compute 
the heat being lost from the exhaust the value of the smoke 
temperature at the entrance of the exhaust Tsmoke.i should be 
known. This temperature can be computed using the heat 
transfer formulation of the surface constant temperature 
and knowing the thermal resistance between the smoke and 
the water using equations (21) and (22).

  (21)

  
(22)

Where  is the total thermal resistance between 
smoke and water which can be computed, according to 
Figure 9, using equation (23). 

  
(23)

In order to compute convection heat transfer coefficient 
of smoke mixture, hstack, the corresponding formulation 
can be utilized resulting in equation (24).

  
(24)

Though, it should be noted that according to assumed 
cubic geometry of the heater, as depicted in Figure 10, some 

Figure 8. Total thermal resistance between water and nat-
ural gas.

Figure 9. Total thermal resistance between water and 
smoke.
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changes in formulations become necessary as presented in 
equations (25) and (26).

  (25)

  (26)

Finally, fuel consumption and efficiency can be pre-
sented by equations (27) and (28).

  (27)

  (28)

Presented formulations were integrated in a computer 
code which is able to compute outputs namely fuel con-
sumption and efficiency of the heater based on gas prop-
erties entering and exiting the gas tube for the water bath 
indirect heaters. 

RESULTS AND DISCUSSION

After establishing heater’s thermal model, the first step 
is to validate its performance using real processing data. 
The reference was Arak CGS unit with the capacity of 60000 
SCMH for which all specifications including dimensions 
were considered using the documents at National Iranian 
Gas Company. The studied heater, in addition to tempera-
ture and pressure sensors, has a flow meter to measure gas 
flow rate. The gas which has passed through gas tubes is 
also measured with a flow meter at the exit of the heater. All 
of the physical and thermodynamic properties were care-
fully probed and the composition of the natural gas mixture 
in the CGS was accurately measured. Putting all data into 
the code, the outputs of the code namely fuel consumption 
and thermal efficiency are listed and compared with mea-
sured values in Table 1. 

As can be seen from Table 1, the analytical error of the 
developed code, in comparison with real data, was as low 
as 6.1%. 

For more comprehensive validation, this comparison 
was made at other three different working conditions when 
the CGS worked at 50%, 33% and 25% of its capacity and 
results are presented in tables 2, 3 and 4 respectively. As can 
be seen the discrepancy was at the low of 8.4%, 5.7% and 
7.2% when the station was working at its 50%, 33% and 25% 
capacity respectively.

Figure 10. Exhaust geometry with cubic shape.

Table 1. Comparison between measured and computed data for Arak CGS heater

UnitMeasured ValuesComputed DataItem
%29.9731.92Efficiency
[kg/s]1.58321.4866Fuel Consumption

Table 2. Comparison between measured and computed data for Arak CGS heater (when the CGS worked at 50% of its 
capacity)

UnitMeasured ValuesComputed DataItem
%28.8531.50Efficiency
[kg/s]0.77050.7058Fuel Consumption
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The average error of the developed model was kept as 
low as 6.85% which shows an acceptable performance and 
proves the reliability of the model for further investigations.

Analysis on Different Geometries of the Heater
In the next step, 6 different geometrical models were 

considered and analyzed to shed light on how the fuel con-
sumption and efficiency would alter.

Model (1) is the control model- physically presented in 
Arak CGS- which is illustrated in Figure 11. As can be seen 
the cylindrical shell of the heater is 8 meter long where the 
heat is transferred by the two flares and two passes of fire 
tube, to the four passes of gas tubes. 

Model (2) is similar to model (1) in all details albeit the 
overall geometry in model (2) is cubic. The required modi-
fication of code pertained to this difference was made. 

Model (3) is analogous to Model (2) with similar exter-
nal dimensions. However, since cubic shape provides better 
positioning of the internal parts, six passes of gas tube and 
four passes of fire tube were positioned for this model. 

Model (4): According to Figure 12, in this model in 
addition to the overall shape of the heater, the geometry of 
the fire tube is cubic. 

Model (5): Has a rectangular cubic shell while four 
passes of cylindrical fire tube was considered.

Figure 13. Rectangular cubic heater with 4-passed cubic 
fire tube.

Table 3. Comparison between measured and computed data for Arak CGS heater (when the CGS worked at 33% of its 
capacity)

UnitMeasured ValuesComputed DataItem
%27.9629.65Efficiency
[kg/s]0.56560.5334Fuel Consumption

Table 4. Comparison between measured and computed data for Arak CGS heater (when the CGS worked at 25% of its 
capacity)

UnitMeasured ValuesComputed DataItem
%25.6627.65Efficiency
[kg/s]0.46200.4288Fuel Consumption

Figure 12. Heater with cubic shell and fire tube.

Figure 11. cylindrical heater installed at Arak CGS with ca-
pacity of 60000 SCMH.



J Ther Eng, Vol. 9, No. 4, pp. 841−860, July, 2023 849

Model (6): According to Figure 13, this model has a 
rectangular shape and four passes of cubic fire tube design. 

Comparison between different models
With constant process parameters, the efficiency and 

fuel consumption of different models are listed in Table 5. 
Figures 14 and 15 also illustratively compare differ-

ent models, in terms of efficiency and fuel consumption 
respectively. 

Overall, results prove that mere alteration of shell geom-
etry to a cube not only does not improve the efficiency but 

it decreases it. However, if the extra possibilities of the cubic 
geometries are used wisely with regard to better position-
ing of the gas and fire tube, then the efficiency exponen-
tially improves which otherwise would not be possible in 
cylindrical shapes. Therefore, better performance of the 
cubic heaters is attributed to the more optimized state of 
the gas and fire tubes. This performance improvement is 
due to two reasons: First, increasing the length of the gas 
coil causes more durability of the gas flow in the heated 
fluid, And the second reason is that the cubic geometry of 
the fire tubes increases their heat transfer level with fluids. 
Obviously, model (6) displayed the superior performance 
with lower fuel consumption and higher efficiency. 

The Effect of Each Geometrical Parameters in Different 
Models

After performing a general comparison among differ-
ent models when all parameters were kept constant, now in 
every model the effect of each of the geometrical variables 
will be analyzed. This would be a great step towards discov-
ering the optimized geometry. 

The effect of fire tube diameter
Looking at already presented formulations and con-

suming a constant ratio of , according to equation 
(17) increasing fire tube diameter would cause a drop 
in Reynolds Number. Based on equation (18) the lower 
Reynolds number of the smoke is, the smaller the Nusselt 
number of the smoke which consequently leads to a lower 
convection heat transfer coefficient of the smoke. Therefore, 
water receiving less heat than before has a lower tempera-
ture, while smoke losing less heat has higher temperature 
which in turn increases the exhaust’s heat loss . 
Hence, According to equations (27) and (28) fuel consump-
tion increases and efficiency decreases. Overall, with fire 
tube diameter, in all models, fuel consumption raised and 
efficiency dropped. This issue is shown in figures 16 and 
17 where it can be observed following the general trend, 
model (6) experienced the lowest reduction in efficiency 
and a slight increase in fuel consumption and therefore it 
is the optimum model with regard to the fire tube diameter. 

The effect of gas tube diameter
Figure 18 and 19 shows the effect of gas tube diame-

ter on heater efficiency and fuel consumption respectively. 
Since increasing gas tube diameter is almost neutral on the 
heat losses and considering the fact that these losses have 
a decisive role in efficiency and fuel consumption, it can 
be observed that with variation in gas tube diameter, in 
all models, the efficiency and fuel consumption remained 
almost constant. 

The effect of tube gas length
Looking at analytical formulations, based on equation 

(16) it is observable that with lengthening the gas tube, 
the thermal resistance of the gas tube decreases and heat 
transfer increases between hot distilled water and cold gas 

Figure 14. Comparison of efficiency in different models.

Figure 15. Comparison of fuel consumption in different 
models.

Table 5. Fuel consumption and efficiency of different heat-
er models

Results/Model Efficiency Fuel Consumption(kg/s)
Model (1) 0.3192 1.4866
Model (2) 0.2959 1.6039
Model (3) 0.3786 1.2534
Model (4) 0.5650 0.8398
Model (5) 0.6304 0.7527
Model (6) 0.7122 0.6663
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Figure 17. The effect of fire tube diameter on fuel consumption.

Figure 18. The effect of gas tube diameter on heater efficiency.

Figure 16. The effect of fire tube diameter on heater efficiency.



J Ther Eng, Vol. 9, No. 4, pp. 841−860, July, 2023 851

Figure 19. The effect of gas tube diameter on fuel consumption.

Figure 21. The effect of gas tube length on fuel consumption in the heater.

Figure 20. The effect of gas tube length on heater efficiency.
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flow. This would culminate in an improvement in efficiency 
and fuel consumption for all models. Figures 20 and 21 
illustrate that in all models, increasing gas tube length, in 
a certain range would fairly improves the performance of 
the heaters while further lengthening the gas tube does not 
affect the performance. Finally model (6) has shown a bet-
ter response with regard to the effect of the gas tube length 
on efficiency and fuel consumption. 

The effect of heater length
According to equation (9) increasing heater length, 

would decrease the thermal resistance in terms of heat loss 
from the surface which causes more heat waste. This will 

aggravate the performance of the heater with higher fuel 
consumption and lower efficiency according to equations 
(27) and (28). Figures 22 and 23 show that in all mod-
els increasing heater length would have an adverse effect 
though for model (6), this effect was less severe.

The effect of fire tube length
According to equation (23) increasing the fire tube 

length reduces the thermal resistance of the fire tube sur-
face which improves heat transfer from fire tube to the dis-
tilled water and lowers the exhaust heat loss. This would 
facilitate the desired performance of the heater according 
to equations (27) and (28). This analysis can be better seen 

Figure 22. The effect of heater length on efficiency.

Figure 23. The effect of heater length on fuel consumption.
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in Figures 24 and 25 when in all models with increasing fire 
tube length raises the heater efficiency and lowers the fuel 
consumption. Though, there is a specific region, in which 
changing fire tube length is very influential while out of that 
region the variation in fire tube length becomes nearly inef-
fective. Model (6) have the highest positive sensitivity with 
changing fire tube length and therefore shows a superior 
performance than other models. 

The effect of fire tube number of passes
Generally, with increasing the number of passes, the 

total length of the fire tube will be increased. However, here, 
it was assumed that fire tube length is constant. In this state, 

with increasing number of passes, each pass will be shorter 
and the exhaust heat loss will increase which in turn, based 
on equations 27 and 28, lowers the efficiency and increases 
the fuel consumption. such analysis is confirmed by Figures 
26 and 27 which illustrate heater efficiency and fuel con-
sumption with changing fire tube number of passes for all 
models. Model 6, shows a better performance in compari-
son with other models. 

The effect of heater width
According to equation (9) increasing the width of 

heater would reduce the thermal resistance leading to a 
higher heat loss from heater surface and aggregating heater 

Figure 24. The effect of fire tube length on heater efficiency.

Figure 25. The effect of fire tube length on fuel consumption.
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performance. Figures 28 and 29 show the performance of 
heaters with different model with variations in the width 
of the heater. Among all models, model 6 is less adversely 
affected by heater width and has a superior performance. 

The effect of insulation thickness
Analytically speaking, increasing the insulation thick-

ness, according to equation (9), will increase the denomi-
nator of the equation by which heat loss from the surface 
will decrease leading to a better performance of the heater. 
Figure 30 and 31, showing the effect of insulation thickness 

on heater efficiency and fuel consumption respectively, 
confirms the aforementioned analysis. It also can also be 
observed that after a certain threshold, increasing the insu-
lation thickness becomes less effective and negligible on 
heater performance. 

The effect of volumetric flow rate
According to equation (4), with increasing volumet-

ric flow rate of the gas, the mass flow rate  will also 
increase and considering equation (2), it will increase the 
efficiency and lowering the fuel consumption. Figure 32 

Figure 26. The effect of fire tube number of passes on heater efficiency.

Figure 27. The effect of fire tube number of passes on fuel consumption.
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Figure 30. The effect of insulation thickness on heater performance.

Figure 29. The effect of heater width on fuel consumption.

Figure 28. The effect of heater width on heater efficiency.
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Figure 33. The effect of volumetric flow rate on fuel consumption.

Figure 32. The effect of volumetric flow rate on heater efficiency.

Figure 31. The effect of insulation thickness on fuel consumption.



J Ther Eng, Vol. 9, No. 4, pp. 841−860, July, 2023 857

and 33 shows the improvement in heater efficiency and fuel 
consumption in all models with increasing gas volumetric 
flow as well as relative better performance of model (6). 

OPTIMIZATION

Considering all studied parameters, the heater in model 
6 had the most superior thermal performance. Moreover, in 
examining the effect of different parameters it was observed 
that the correlation is not uniform which means while for 
some values the parameter can be influential, for other 
values it can become nearly ineffective. In an optimized 
design, in addition to geometrical constraints, economical 
considerations are important. On the other hand, consider-
ing the concurrent effect of all the geometrical parameters 
is a must for optimization. To achieve the best combination 
of geometrical parameters, in this study, genetic algorithm 
(GA) as an evolutionary approach was used. This algo-
rithm, being inspired by natural selection in the nature is 
one of the most developed methods with discrete variables. 

Considering the developed thermal model of the heater, 
GA can be aimed at finding the combination of the geo-
metrical parameters to yield the lowest fuel consumption 
and the highest efficiency. The efficiency of the heater is 
expressed in equation (28). 

Where  is the mass flow rate of the fuel in , LHV 
is the low heat value of the natural gas and  is the 
performance efficiency of the heater. 

According to this equation, for increasing the effi-
ciency the mass flow rate of fuel should be reduced. But, 
it is already known that the fuel consumption depends on 
geometrical parameters through presented formulations. 
Therefore, here optimization has been performed to min-
imize fuel consumption while taking into account the geo-
metrical constraints. 

The considered geometrical constraints are presented in 
equations (29) to (34) by which the boundary of the search 
for optimum parameters will be outlined.

  (29)

  (30)

  (31)

  (32)

  (33)

  (34)

The constraints are listed at Tables 6 and 7 for heaters 
with cylindrical and cubic geometries respectively. 

Running the algorithm for numerous iterations would 
converge into the optimized variables for cylindrical and 
cubic geometries as presented in Tables 8 and 9 respectively. 

Table 8. Optimized geometric parameters for cylindrical 
heater

Capacity (m3/hr) 60000
Lcoil(m) 122
Np 4
Dic(m) 0.0724
Rost(m) 1.1067
Lst(m) 8.4511
Nsm 2
D_stack(m) 0.3574
Lstack(m) 37.3363
Efficiency (%) 56.60

Table 7. Geometrical parameters and their alteration range 
for cubic heaters

Parameter Lower range Upper range
Lcoil(m) 15 150
Nsm 1 4
Dic(m) 0.05 0.1
Np 1 6
Rost(m) 0.8 1.5
Lst(m) 8 10
D_stack(m) 0.2 0.6
Lstack(m) 30 60

Table 6. Geometrical parameters and their alteration range 
for cylindrical heaters

Parameter Lower range Upper range
Lcoil(m) 15 130
Nsm 1 4
Dic(m) 0.05 0.1
Np 1 4
Rost(m) 0.8 1.5
Lst(m) 8 10
D_stack(m) 0.2 0.6
Lstack(m) 30 60
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Looking at GA results it can be observed that with the 
trade-off a slight increase in heat loss from the surfaces, in 
the optimized combination exhaust heat loss was dramat-
ically dwindled. Another feature is the clear reduction in 
thermal resistance between the fire tube and distilled water 
which would lead to superior heat transfer to the gas tube. 
This consequently resulted in the lower fuel consumption 
required to bring the gas flow to the certain temperature 
causing a boost in heater efficiency.

CONCLUSION

CGSs tune the required pressure of the gas pipelines 
bringing gas to the final users. Joule-Thomson effect will 
cause a severe fall in gas temperature at the moment of 
pressure drop in regulators. In order to avoid the forma-
tion of gas hydrates then, gas should be warmed up prior to 
pressure reduction. This is performed by heaters. For safety 
reasons, the heat is given to the gas indirectly through the 
intermediate substance, mostly distilled water, in a water 
bath indirect heater. Being ubiquitous in Iran’s CGSs, this 
type of heater, unfortunately has a very low efficiency- 
lower than 40%- when it becomes even lower when the 
CGS does not work in its full capacity. Previous efforts on 
improving the efficiency mostly focused on adding equip-
ment like economizer, recuperator or solar cells and apply-
ing the preheating while finding the optimized geometry 
was vastly ignored. 

Overall, cylindrical heaters are prevalent, but other 
geometries like cubic ones would give the designer the 
chance to better position key internal parts of the heater and 
should be considered. In this study, for the first time, the 
analysis of cubic geometry for indirect water bath heaters 
was performed and the effect of different geometric param-
eters was investigated separately. Increasing the number 
of passes and also the length of gas tubes, within the same 
total volume of the heater, has a great contribution to boost 
the performance of the heater. Though, the mere alteration 
of the outer shape of the heater form a cylinder to a cube 
does not improve the efficiency, if the configuration and 

positioning of the gas tubes and fire tubes is altered, then 
the efficiency can be promoted substantially. With anal-
ysis performed, the effect of increasing number of passes 
and length of the fire tube in improving the efficiency was 
confirmed. Cubic heaters make it possible to increase the 
length of gas tubes and fire tube. Another finding was to use 
a cubic geometry for fire tube which was the most effective 
in improving the performance of the heater as assumed in 
model 4. 

in this study, along with developing a thermal model of 
the heaters, the validation was performed using recorded 
data of heater located in Arak CGS with capacity of 60000 
SCMH, totally 6 models, the one similar to the validation 
reference with cylindrical geometry and other 5 with cubic 
geometry, were considered. It was found that model 6 pos-
sess a superior performance than other models in the way 
that the initial 31.9 % efficiency of the cylindrical shape 
could be improved to 71.2% in the cubic heater. Using 
genetic algorithm to optimize indirect water bath heat-
ers with cubic geometry was another new action that was 
done in this study for the first time. The optimization was 
performed for all models using genetic algorithm and for 
the cylindrical and best cubic heaters the efficiency was 
increased to 56.6% and 76.1% respectively.

NOMENCLATURE

Item Definition Item signature Dimension
heater side wall heat loss Q°lost kj/s
gas flow-water heat transfer 
resistance Rtotgas K/W
heat specific of a component 
in Natural gas compound Cp Gas kj/kg. k
Volumetric flow rate V°Gas m3/s
mass fraction of ith component 
of natural gas compound Xi %
mollar fraction of ith component 
of natural gas compound Yi %
molecular mass of ith component 
of natural gas compound Mi kg/kmol
total molecular mass of 21-portion 
natural gas compound Mmix Gas kg/kmol
air flow rate to fire tube m°air kg/s
mass flow rate of the fuel to fire 
tube in ... m°fuel kg/s
outer diameter of steel layer ro steel m
inner diameter of steel layer ri steel m
steel conductivity coefficient ksteel W/mK
length of steel layer Lsteel m
outer diameter of glass wool ro wool m
inner diameter of glass wool layer ri wool m
glass wool conductivity coefficient kwool W/mK
length of glass wool Lwool m
inner diameter of aluminum layer ri al m
outer diameter of aluminum layer ro al m

Table 9. Optimized geometric parameters for cubic heater

Capacity (m3/hr) 60000
Lcoil(m) 131
Np 4
Dic(m) 0.0835
ast(m) 2.0037
Lst(m) 8.0659
Nsm 4
D_stack(m) 0.2019
Lstack(m) 57.2194
Efficiency (%) 76.01
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cross section of aluminum layer Aheater m
ambient convection heat transfer 
coefficient hair W/m2K
water convection heat transfer hwater W/m2K
internal area of steel layer Asteel m2

temperature of heater environment Tam °
temperature of water tank environment Tw °C
mass flow rate to heater stack m°smoke kg/s
smoke temperature entering the stack Tsmoke.i °C
smoke temperature exiting from stack Tsmoke.o °C
specific heat of smoke compound in 
inlet temperature to stack Cp smoke,i kj/kg. k
specific heat of smoke compound 
at outlet temperature to stack which 
is ambient temperature Cp smoke,o kj/kg. k
specific heat of smoke compound 
in inlet temperature to fire tube 
and stack cp ave.smoke kj/kg. k
Inner diameter of fire tube Dstack m
smoke compound viscosity μsmoke N/sm2

convection heat transfer coefficient 
of smoke compound hsmoke w/m2k
Reynolds number of smoke flow ReD,smoke dim. less
Pranthel number of smoke 
compound flow Prsmoke dim. less
conduction heat transfer coefficient 
of smoke compound Ksmoke W/mk
fire tube length between combustion 
chamber and stack Lstack M
convection heat transfer coefficient 
of stack wall hstack W/m2k
mass flow rate of smoke compound m°smoke kj/s
natural gas coil inner diameter Dcoil m
viscosity of natural gas compound μGas N/sm2

convection heat transfer of natural 
gas compound hcoil W/m2k
Reynolds number of natural gas flow ReD,Gas dim. less
Pranthel number of natural gas flow PrGas dim. less
conduction heat transfer coefficient 
of natural gas compound kGas W/mk
coil surface temperature Tsurf °C
second viral coefficient B -
reduced viscosity ρr -
dual interaction parameter for energy 
compound Uij -
temperature dependency coefficient C∗n -
Standard AGA8 equation’s 
parameters AGA8 kn ; cn  an -
molar density ρm kmol/m3

compressibility factor Z -
molar fraction index of ith component yi %
size parameters Ki -
corresponding dual interaction 
parameters Kij -

total components of natural gas 
compound N -
state equation parameters un  wn  sn qn


 gn  fn  an -
corresponding characteristics Wi  Si  Qi  
parameter Ki  Gi  Fi  Ei -
viscosity of each gas component Μ kg/m s
critical temperature of each gas 
component Tc 𝐾
diameter of components of gas 
compound Σ Nm
critical volume of each component 
of gas compound Vc cm3⁄mole
centrifugal factor for each component 
of gas compound ω̄ -
maximum energy absorbed by each 
component of gas compound Ε J
molar mass for each component of 
gas compound M kg/kmole
Normalized reduced bipolar momentum 
for each component of gas compound Ξ -
Normalized reduced bipolar momentum 
for each component of gas compound ξr -

reduced integral for gas components Ω(2,2)∗ -
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