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Abstract
This experimental assessment aims to study the impact of twisted tape insert on city 
gas station (CGS) heaters performance. The interesting point in this study is that 
the unflavored pressure drop in many cases of using tube inserts is quite favor in 
this case. In other words, this insert is used in a station whose primary duty is to 
heat the natural gas and reduce its pressure, and the insert does a part of the pres-
sure reduction besides enhances the heat transfer rate. The effects of twist ratio and 
heater water temperature on the heater performance features are assessed, and the 
outcomes are compared with those without inserts case. The outcomes indicated 
that the use of insert entails an intensification in the heater performance by up to 
16% and the best heat transfer enhancement belonged to the insert with the twist 
ratio of 1.05 at the heater water temperature of 35  °C. In addition, the economic 
analysis revealed that the capital return rate and the time of the return of capital are 
quite desirable. Furthermore, the exergy analysis showed that the destroyed exergy 
diminishes by using the twisted tape insert, and the higher the twist ratio and heater 
water temperature, the less the destroyed exergy. This is because a CGS unit duty is 
reducing pressure, and using an insert can be helpful.

Keywords City gas station · Heat transfer enhancement · Heater · Pressure dropping 
station · Tube insert · Twisted tape

Nomenclature
A  area,  m2

Cp  specific heat KJ·(Kg °k)−1

Dh  hydraulic diameter of tube, (m)
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Eair  Air exergy , (kW)
Efuel  Fuel exergy , (kW)
Ed  exergy destruction rate, (kW)
Eexh  the outlet exergy from the heater exhaust, (kW)
ENGIN  Natural gas exergy inlet, (kW)
ENGOUT  Natural gas exergy outlet, (kW)
ech  chemical exergy, (kJ)
ep

fh  physical exergy , (kJ)
f  friction factor
H  convection heat transfer coefficient, W·(m2 °k)−1

h  specific enthalpy in a specific temperature, (kJ·kg2)
ho  specific enthalpy in ambient temperature, (kJ·kg2)
k  thermal conductivity, W·(m °k)−1

L  length of tube , (m)
M  molecular weight , (kg·kmol−1)
mNG  mass flow rate of the natural gas , (kg·s−1)
m  mass flow rate , (kg·s−1)
n  molar flow rate , (mol·s−1)
Qk  rate of heat transfer at the source temperature, (kJ·s−1)
Qh  heat transfer rate produced by the heater, (kW)
p  Pressure , (bar)
po  ambient pressure , (bar)
R  universal gas constant, (psi/(m3·K−1)
S  specific entropy in a specific temperature, (kJ·kg−1)
so  specific entropy in ambient temperature, (kJ·kg−1)
T  temperature (°C or °k )
Tb  the bulk water temperature, (°k)
To  ambient temperature, (°k)
Ts  surface temperature, (°k)
Tw  heater water temperature (°C)
u  mean flow velocity, (m·s−1)
W  rate of work done , (kJ)
y  twist ratio
yt  molar ratio
Z  compressibility factor

Abbreviations
C.G.S  City Gas station
CRR   Capital Return Rate  (year−1)
LHVf  low calorific value of the fuel
Num  average Nusselt number
Re  Reynolds number
SCMH  Standard Cubic Meters per Hour
Sgen  entropy produced in the system.
TRC   Time of Return of Capital, (year)
wshmax  Maximum work of chemical reaction
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Greek letter
ρ  density, (kg·m−3)
μ  dynamic viscosity, kg·(ms)−1

∆E ̇_(f-t)  fire tube exergy balance, (kW)
∆E ̇_NG  Natural gas exergy balance, (kW)
ΔG  Gibbs free energy, (kj)
η  Exergy efficiency
η_th  heater thermal efficiency
ΔP  pressure drop, (bar)
∆T_e  Enhanced temperature difference (°C)

1 Introduction

The natural gas of the piping line has high pressure between 800 and 1000psi. 
Although this number could drop to 400psi in cold months of the year and also at 
the end of the piping line. This pressure drops at a different level has been done 
to reach a suitable pressure for the consumer. The first step of pressure reduc-
tion is in a station at the entrance of cities called City Gas Satiation (CGS). This 
pressure reduction regarding the Joule–Thomson effect associates with the gas 
temperature drop, including enormous problems, like water freezing and trans-
forming line blockade [1]. The gas temperature should increase before reducing 
the pressure in the station to overcome these problems. Recently, this temperature 
rising was done by thermal heaters using natural gas [2].

Gas pre-heating was done by gas heaters known as linear heaters. The work 
is as follows: heater coils produce thermal energy by burning gas, water in 
the heater receives this energy and transfers it to pipes carrying the gas being 
immersed in this water. For this reason, the energy needed to increase the men-
tioned temperature is supplied.

In a CGS gas heater burning natural gas leads to produce hot gases and these 
gases make the water warm. Then, the natural gas enters the heating coil sur-
rounded by heated water. This causes the natural gas temperature reaches to the 
desired range.

Tube inserts have been used in many studies for enhancing the heat trans-
fer rate in heat exchangers. One of the most common types of these inserts is a 
twisted tape tube insert [3].

As an example, one of the first works in this field was carried out by Zozula 
and Shokorat [4]. They examined the effect of the twisted tapes on the heat trans-
fer rate and observed that the heat transfer rate increased by 2.0 to 3.0 times 
compared with a conventional plain pipe. In another study, Kumar and Prasad 
[5] investigated the effect of twist ratio classical inserts in a solar water heater, 
and the results showed that by increasing the twist ratio from 3 to 12, the heat 
transfer rate increased by 17–80%. Sarma et al. [6] have also presented a series of 
equations for predicting friction coefficients and heat transfer coefficients in tubes 
equipped with twisted tapes for a wide range of Reynolds and Prandtl Numbers. 
There is a good agreement between laboratory data and the presented equations. 
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In some studies, a combination of this type with other types of the insert was 
investigated [7].

In another type of studies, change in the classical geometry of this insert has 
been investigated. For example, the effects of the effect of twisted tape with square-
shaped wings containing several holes in the fluid flow and heat transfer in heat 
exchangers were investigated by Suri et al. [8]. They found under the same operating 
conditions in exchangers having tube insert with square-shaped wings and numerous 
holes, the thermal performance coefficient was higher than that of a tube insert with-
out a wing. Thyanpong et al. [9] studied the effects of a simple spiral tape in the tube 
with a fixed heat flux in a laboratory and indicated that by decreasing the twist ratio 
of the tape, heat transfer and pressure drop are increased.

Ranjith and Shaji [10] found that using twisted tape in the heat exchanger 
improved the heat transfer in a two-pipe heat exchanger. It caused a rotational flow 
and eventually increased the friction coefficient and Nusselt number. In another 
study, Rahimi et al. [11] showed that among the various types of twisted tape inserts, 
including the classic twisted tape, twisted perforated tape, notched twisted tape, Jag-
ged twisted tape, the Nusselt number and thermal performance coefficient of the jag-
ged one is more than the other layouts. They did both numerical and experimental 
analysis on proposed modified twisted-type inserts.

In the present study, the twisted tape inserts have been inserted in an industrial 
heater coil of a CGS unit. The key issue in this study is the use of the insert in 
this heater has the advantage of pressure drop due to insert implementation. This is 
in contrary effect with a conventional heat exchanger that pressure drop by inserts 
is treated as a disadvantage of using them. In this study, the inserts are placed in 
a heater with a capacity of 2500 m3/hr. Despite many scientific achievements for 
developing the tube inserts geometry, due to simplicity and some limitations in using 
complex geometries in the real industrial heater, the classic twisted tape insert has 
been selected for this study. The heat transfer enhancement, in terms of Nu number 
as well as pressure drop in terms of friction factor, is calculated for plain heater and 
ones with insert. The inserts with three pitches are examined. Moreover, from the 
safety point of view, an erosion/ corrosion standard test was carried out to be con-
fident about the effect of rotation flow movement on reducing the thickness of the 
tube equipped with this insert. An economical study for the capital investment return 
period for this industrial case is reported. Also, first, a comprehensive analysis of the 
exergy for the desired heater is performed. Consequently, the amount of destroyed 
energy of the system is calculated in the layout without inserts. Finally, the amount 
of energy is compared with the use of inserts in different twist ratios. The exergy 
efficiency will be calculated for the above cases. The necessity of doing this research 
is to find the beneficial aspect of using this insert in CGS heat exchanges from eco-
nomical and exergy point of view.
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2  The Studied Heater Characteristics

The real photograph of the heater is shown in Fig.  1. In this study, the heater of 
Mavian pressure reducing station in Kamyaran city, Kordestan, Iran, is used as a 
case study. The capacity of this heater is 2500 SCMH. The Arya Petro Jam company 
made it in 2008. Inside the heater, there are eight ways in which coil passes through 
warm water heated by a fire tube burner. The shell is filled with a mixture of dis-
tilled water and an anti-freezing agent. The geometrical and physical properties of 
the heater and fluid flow through it are given in Table 1.

Fig. 1  Real photograph of pressure reducing heater

Table 1  Specification of the studied heater

Company Arya Petro Jam Year of built 2008

Flow capacity 2500 SCMH Diameter of coil 2 in
Thermal absorption on coils 75,000 kcal/hr Wall thickness of coils 5 mm
No. of coils 1 Coil weight 200 kg
No. of flow paths 8 Design pressure 1200psi
Working pressure 1050 psi Working temp 80 ˚C
Shell weight empty 1000 kg Shell weight full 1000 kg
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Fig. 2  Heater coil layouts and parameters. (a) A picture of the heater coil. (b) Schematic view of heater 
coil layout

Fig. 3  Twisted tape and tube geometry
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3  Tube Insert Implementation

Figure 2(a) shows the real picture of the heater coil. In addition, a schematic view of 
tubes inside the heater and the place of tube insert is shown in Fig. 2(b).

To study and investigate classic helical inserts, it is firstly necessary that 
some of the important parameters and indexes should be identified briefly. Fig-
ure 3 shows the dimensions of the employed insert.

In this study, for evaluating the effect of the pitch length on heat transfer rate, 
tube insert with three different pitches are fabricated. In all models, the insert 
length and width were 200 cm and 3.8 cm, respectively. However, the difference 
was in the length of each pitch. The inserts with the pitch length of 8 cm, 6 cm, 
and 4 cm were fabricated and used in the experiments. Moreover, the twist ratio 
is defined as the ratio of pitch to the inside diameter of tube y = H∕d , where 
H is the twist pitch length and “d” is the inside diameter of the tube [12]. In 
Table 2, the three employed structures are listed.

3.1  Destruction Test

One of the concerns of using the abovementioned insert is the erosion of the heater 
tubes. The corrosion parameter is a necessary factor that should be measured dur-
ing the process. As far as using an insert in a tube cause a rotational fluid motion 
on the lateral tube wall, it can cause erosion corrosion. For this purpose, before the 
test, the tube thickness is measured. Then, after installing the insert, the intended 
number is re-measured, which is considered the difference of the corrosion crite-
rion. The device was Multigauge 5700 Datalogger model of the Trichtex Co, U.K., 
which works on ultrasonic waves. A transmitted ultrasound pulse travels through 
both the coating and the metal and reflects from the back wall. The returned echo 
then reverberates within the metal, with only a small portion of the echo traveling 
back through the coating each time. The timing between the small echoes gives us 

Table 2  Twist tape insert in 
terms of twist pitch and twist 
ratio

Name twist pitch length (cm) y(twist ratio)

First structure 8 2.1
Second structure 6 1.57
Third structure 4 1.05

Table 3  Corrosion test results of the heater studied according to ASME B 16 2B-1994

Measure points Initial 
thickness(mm)

Thickness 
(mm)

Permitted Thick-
ness (mm)

Test result

Elbow 90˚ the inlet of the heater 4.0 3.9 2.9 ok
Ellbow90˚ the outlet of the heater 4.0 4 2.9 ok
Inlet pipe 4.2 4.1 2.6 ok
Outlet pipe 3.9 3.8 2.6 ok
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the timing of the echoes within the metal, which relates to the metal thickness. The 
test results for corrosion testing are shown in Table 3. The initial thicknesses of the 
different parts and their thicknesses after employing the insert are listed in this table. 
Moreover, the standard permitted thicknesses of each part are listed, which shows 
the thicknesses of all parts are acceptable after using this insert in the tube.

3.2  Test Procedure

In the first stage, a series of experiments were carried out in the plain tube without 
any insert. Then, the twisted tape insert was inserted in the tube to compare the tem-
perature and pressure measurements with those of the plain one.

In experiments, the water temperature of the heater was changed as a variable 
in this study. The heater water temperature was adjusted to 55  °C, 45  °C, 40  °C, 
35 °C, and 60 °C. The inlet and outlet temperatures and pressure were measured. In 
order to attain more exact and more accurate calculation results, all fluids properties, 
including viscosity, density, fluids thermal conductivity, and also specific heat of flu-
ids at average temperature, were used.

3.3  Uncertainty Analysis

The temperature was measured by an Actaris model corrector (common in gas 
measuring systems) with a precision of ± 0.05 °C and by a glass thermometer with 
a precision of ± 0.1 °C. The pressure was also measured using a corrector (that can 
measure temperature and pressure simultaneously) with an accuracy of ± 0.04 psi 
and a weight barometer with an accuracy of ± 0.2.

3.4  Data Reduction

In order to use the experimental results in a more desirable way, the measured data 
are expressed as follows [13]:

In the first step, the heat transforming rate is calculated as below:

On the other hand, the amount of heat transfer rate from warm water in the shell 
to the tubes is calculated from the following relation:

 where  Ts indicates the pipes surface temperature, which with approximation due to 
limitation in temperature measuring of the heater tubes in real industrial heater was 
assumed to equal to shell water temperature, and  Tb is the bulk water temperature 
inside the tubes, which is obtained from the following equation:

(1)Q = mCp(To − Ti).

(2)Q = hA(Tb − Ts),

(3)Tb =
(Ti + To)

2
.
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The equation to calculate the average heat transfer rate and Nu is as follows:

Furthermore, the Re number and average friction rate were found from the fol-
lowing equations [14]:

In order to show the advantage of using this insert in the studied industrial heater, 
the percentage of enhance in temperature difference across the heater tube has been 
calculated as follows:

4  Results and Discussion

Three geometries of the twisted tape insert were placed inside the heater coil, and 
the measurement results for them and the plain one without an insert were recorded. 
The results of temperature and pressure measurements and the calculated param-
eters according to the measurement results are listed in Table 4.

From Table  4, it can be concluded that the use of an insert inside the heater 
improves heat transfer.  Hence, increasing the Nusselt parameters and the heat 
transfer coefficient represents this issue. Therefore, the recent issue can be admit-
ted because the primary mechanism of increasing the temperature in a pipe with 
a twisted tape insert is creating a secondary flow due to a tangential component of 
velocity and increasing velocity near the tube wall. In other words, in the layout with 
insert, the fluid passing around it causes to move a part of the fluid flow perpendicu-
lar to the primary flow direction. This flow is known as the rotational flow. This flow 
increases the temperature gradient across the cross section and increases the heat 
transfer rate. In other words, the rotational flow generated by the strip, which leads 
to an increase in the heat transfer of the centrifugal displacement, plays an important 
role in the heat transfer of the rotational flow [15].

(4)H =
mCp(To − Ti)

A(T̃b − Ts)
,

(5)Num =
HDh

k
.

(6)Re =
�uDh

�
,

(7)f =
2DΔP

�Lu2
.

(8)%ΔTe =
ΔTwith insert − ΔTwithout insert

ΔTwithout insert
× 100.
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By investigating the abovementioned tables, it was observed that the highest heat 
transfer rate related to the third structure insert with y = 1.05 is about 16 % in water 
temperature of 35 °C. The reason for this is the difference in the driving force at this 
temperature compared to other temperatures.

Figure 4 illustrates the best judgment for heaters performance in conditions with-
out an insert and using inserts with different twist ratio. In this figure, it can be noted 
that with the use of this insert, the Nusselt number is increased for all layouts. The 
reason is the increase in irregularities in the flow and the formation of the vortex 
flow. This figure shows that decreasing the twist pitch to tube diameter ratio leads to 
increasing the heat transfer rate values.

The percentage of heat transfer rate enhancement at various twist ratios is illus-
trated in Fig. 5. The results show that there is a decreasing trend with the increase 
in the heater water temperatures. The heat transfer rate enhancement is higher for 
a smaller twist ratio. The results show that the highest amount of heat transfer rate 

Table 4  Comprehensive results at various temperatures

Heater
temp

Measured value Calculated value

Ti(℃) To(℃) Δp
(bar)

u(m/s) Re f H
W/(m2 k)

Nu ٪ 
enhance

35 °C plain 14 33 0.15 22.0 50,383 0.21 38.0 45.6 –
y = 2.1 13 33 0.16 23.5 53,656 0.27 39.0 46.0 5
y = 1.57 12 33 0.17 23.5 53,656 0.28 39.4 46.4 11
y = 1.05 11 34 0.20 23.5 53,656 0.33 43.0 50.7 16

40 °C plain 14 34 0.15 22.0 50,383 0.25 29.0 34.5 –
y = 2.1 13 34 0.16 23.5 53,656 0.27 29.9 35.2 5
y = 1.57 13 35 0.17 23.5 53,656 0.28 32.3 38.0 10
y = 1.05 13 35 0.19 23.5 53,656 0.31 32.3 38.0 13

45 °C plain 13 37 0.14 22.0 50,383 0.24 28.2 33.2 –
y = 2.1 14 39 0.15 23.4 53,656 0.25 31 37.3 4
y = 1.57 13 39 0.15 23.4 53,656 0.25 32.2 37.8 8
y = 1.05 13 40 0.16 23.4 53,656 0.27 34.3 40.4 12

50 °C plain 14 40 0.14 22.0 50,383 0.24 26.5 31.2 –
y = 2.1 14 41 0.15 23.4 53,656 0.25 28.2 33.5 4
y = 1.57 13 41 0.15 23.5 53,656 0.25 28.6 33.7 8
y = 1.05 13 42 0.16 23.5 53,656 0.27 30.3 35.6 11

55 °C plain 15 41 0.12 22.0 50,383 0.20 22.6 26.6 –
y = 2.1 15 42 0.14 23.4 53,656 0.24 23.9 28.2 4
y = 1.57 16 43 0.15 23.4 53,656 0.25 24.8 29.2 3
y = 1.05 16 44 0.16 23.4 53,656 0.27 26.3 30.9 8

60 °C plain 17 43 0.12 22 50,383 0.21 20.4 23.9 -
y = 2.1 17 43 0.13 23.4 53,656 0.22 20.4 23.9 4
y = 1.57 17 44 0.15 23.47 53,656 0.25 21.5 25.3 4
y = 1.05 17 44 0.17 23.47 53,656 0.28 21.5 25.3 8
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enhancement, 16 %, was obtained for the insert with the twist ratio of 1.05 at the 
heater water temperature of 35 °C. It should be mentioned that this efficient twist 
ratio is just for this heater layout and may change for other heat exchanger structures.

20
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40

45

50
N
U

TW(°C)

plain y=2.1 y=1.57 y=1.05

Fig. 4  NU number value at various heater temperatures for tube insert twist ratio
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9
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15

18

TW(°C)

y=2.1 y=1.57 y=1.05

Fig. 5  Heat transfer enhancement at various twist ratios and heater water temperatures
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4.1  Economical Study

After conducting the needed surveys regarding the technical points of using the 
insert in the heater structure and assuring thermal productivity, it is vital to calculate 
the amount of saving energy and finally the economical analysis of the proposed 
technology. As far as the heater needs a lot of fuel to heat the gas, this analysis plays 
an important role in conserving energy. The highest amount of heater combustion 
gas consumption was obtained in the highest thermal yield using the y = 1.05. There-
fore, the analysis is carried out based on the results obtained for the third structure 
with the y = 1.05. In Table 5, the percentages of saving in consumed gas at various 
heater water temperatures in the heater equipped with a tube insert are listed. The 
gas saving values were found from the rate of gas consumption by the heater burner 
in cases without and with tube insert. The burner On/Off system works to keep the 
temperature at the desired value. Therefore, a more efficient heat transfer rate from 
tube to surrounding water causes more times the burner to be in off condition. The 
heating value of the consumed gas in the burner was 34,129 kJ/m3, and the burner 
efficiency was 0.4.

The other important economic factors are the capital return rate (CRR) and the 
time of return of capital (TRC). The CRR is a parameter show that in which rate the 
money spend on this change return back in one year. On the other hand, TRC shows 
how long (year) it takes to return all investment done for this change in the heater 
layout.

The value of CRR has been found, according to Eq. 9, as follows:

Table 5  Percent of gas saving in 
different temperatures

Tw Percent of 
gas saving

35 7
40 6
45 5
50 5
55 4
60 3

Table 6  Capital return rate and 
time return of capital

Heater capacity(SCMH) CRR TRC (year)

2500 2.57 0.39
5000 5.56 0.18
10,000 9.30 0.11
20,000 13.10 0.08
30,000 14.20 0.07
50,000 11.70 0.085
100,000 7.00 0.14
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The cost of insert per year was calculated based on five years depreciation time. 
In other words, the whole insert manufacturing and installation costs were divided 
by five to find the annual insert cost. Moreover, the value of TRC is simply calcu-
lated by Eq. 10:

As an example, the gas saving of 6 %, as an intermediate value, is considered for 
calculating the economic parameters. The results of CRR and TRC in the heater 
water temperature of 40 °C for various industrial capacities of this type of heater are 
listed in Table 6.

It should be noted that technical calculation of cost for each heater capacity has not 
been discussed here as it is beyond the main objective of this work.

The results show that in the middle size of heaters, 10,000 to 50,000, using the 
inserts is more beneficial. It should be noted again that a more pressure drop by the 
insert in this type of heater is quite favoring as the duty of the whole unit is pressure 
reduction of gas pressure at the entrance of city pipeline. This is the main reason that 
for all heater sizes, the economical analysis is positive.

4.2  Exergy Analysis

Exergy is the most useful theoretical work that can be used so that the system goes 
from the initial state with temperature and pressure T and P during a process to the 
state with temperature and pressure  TO and  PO. In other words, exergy is defined by the 
second law of thermodynamics, which can determine the maximum work achievable 
by the system [16].

The general relationship of exergy balance for each control volume is as follows 
[17]:

In this regard, T represents the ambient temperature, Q̇K is the rate of heat transfer 
at the source temperature, Ẇ is the rate of work done, and Ėd is the rate of exergy deg-
radation. ef  is also the sum of physical, chemical, potential and kinetic exergies, where 
the potential and kinetic parameters have been neglected because of their small values, 
and the physical exergy is achievable with the following relation:

In the above relation, h and s represent the enthalpy and entropy of the current tem-
perature, respectively, and  h0 and  s0 are the enthalpy and entropy at the ambient tem-
perature, respectively.

(9)CRR =
income from saving fuel per year − cos t of insert per year

cos t of insert per year
.

(10)TRC =
1

CRR
.

(11)0 =
∑

K

(
1 − T0

TK

)
Q̇K − Ẇ +

∑
i
ṁ
(
ef−in − ef−out

)
+ Ėd.

(12)e
ph

f
= (h − h0) − T0(s − s0).
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4.3  The Destroyed Exergy Rate in the Gas Pressure Reducing Station Heater

Exergy analysis covers both the first and second laws of thermodynamics and, at the 
same time, the quantity and quality of energy. It is necessary to explain that real pro-
cesses are irreversible processes that produce entropy, and this entropy eventually leads 
to the destruction of exergy. One of the most important factors that cause irreversibility 
of processes and destruction of exergy is friction and heat transfer and mixing.

The rate of exergy degradation ( Ėd ) is proportional to the entropy produced in the 
process and is defined from Gouy–Stodola theorem, according to Eq. 13:

where T0 is the ambient temperature, and Sgen is the entropy produced in the 
system.

Figure 6 shows the control volume in the CGS station pressure reducing heater. 
The relation of exergy destruction according to the control volume of Fig. 6 is as 
follows:

(13)Ėd = T0Sgen,

Fig. 6  Gas pressure reducing station heater control volume
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In the above equation, ΔĖNG is the exergy equilibrium for the natural gas passing 
through the heater, ΔĖf−t is the exergy equilibrium of the fired tubes, and Ėd is the 
destroyed exergy.

Exergy change for natural gas flow can be calculated from the following equation:

where  hin,  hout and  Sin,  Sout are the enthalpies and entropies of natural gas to the 
input and output of the control volume, respectively.

Since the enthalpy for a real gas is a function of temperature and pressure, the 
above relation will be calculated using the thermodynamic relationship:

In the desired system, “To” is the ambient temperature and “Po” is the ambient 
pressure. The exergy change associated with fire tube tubes is calculated from the 
following equation [18]:

In the above equation, the indices of Ėfuel , Ėair, and Ėexh , respectively, represent 
the fuel used by the air entering the system as the air required for combustion 
and the hot gases from the combustion of the exhaust are defined, each of which 
is described in detail below. The basic relation for calculating fuel exergy is as 
follows:

In this equation, ech represents the chemical exergy of each of the fuel constituent 
elements, 

(
S − S0

)
 the molar entropy difference with respect to the base condition, 

and 
(
h − h0

)
 is the molar enthalpy difference of each compound with respect to the 

base state. Since the fuel enters the heater at the base temperature, these two compo-
nents will be zero. In this relation, ṅ represents the number of moles of fuel input 
and is equal to

In the above equation, �th is the efficiency of the heater, LHVf  is the low calo-
rific value of the fuel, M is the molecular mass of the fuel, and ṁ is the consumed 
fuel mass flow rate [18, 19].

(14)ΔĖf−t − ΔĖNG = Ėd.

ΔĖNG = ṁ
(
ef−in − ef−out

)
,

(15)ΔĖNG = ṁNG

[(
hin − hout

)
− T0

(
Sin − Sout

)]
,

(16)ĖNG = ṁNG.
{
Cp

[(
T − T0

)
− T0Ln

(
T

T0

)]
+ ZRT0.Ln

(
P

P0

)}
.

(17)ΔĖf−t = Ėfuel + Ėair − Ėexh.

(18)Ėfuel = ṅ
{(

h − h0

)
− T0

(
S − S0

)
+ ech

}
.

(19)ṅ =
ṁ

M
andṁ =

Q̇h

𝜂thLHVf

.
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According to the analysis of natural gas in the mentioned area, methane gas 
can be visualized as a fuel with a slight deviation. On the other hand, consider-
ing that the inlet air enters the combustion chamber in the base condition, the air 
exergy in Eq. 17 can be considered zero.

For calculating the exergy of combustion products in the heater exhaust, the 
following equation can be used:

where  yi and  ni are the molar ratios and the number of moles of each compo-
nent in the combustion products.

The chemical exergy of hydrocarbon fuels is calculated as follows [20]. The 
control volume to obtain chemical exergy is shown in Fig. 7.

caHb
) + a + b

4
)o2 →a co2+

b

2
 H2O,                                         (21).

ech
xfuel

) + a + b
4
)ech

xo2
= wshmax

 +a ech
xc02

+
b

2
 ech
xH2o

.                            (22).
And to calculate the exergy of i components
ech
xi

=-RT.ln ye
i
                                                     (23).

and according to Gibbs free energy

Finally, the fuel exergy equation is obtained as follows:

(20)Ėexh =
∑
i

ṅi

{(
yie

ch
i

+ RT0yilnyi
)
− T0

(
Si − S0

)
+

(
hi − h0

)}
,

(24)w(shmax)
= −ΔG = [g−

(c(aHb )
)
− agco2

− − (b∕2)gH2o
−] at (T(0), p(0)).

Fig. 7  The control volume to calculate chemical exergy



1 3

International Journal of Thermophysics (2021) 42:99 Page 17 of 19 99

The results related to the destroyed exergy in terms of heater water temperature 
are shown in Fig. 8.

From Fig.  8, it can be observed that by using the insert, firstly, the destroyed 
exergy in the system will be reduced, and secondly, the lower the twist ratio, the less 
the destroyed exergy losses.

4.4  Exergy Efficiency

For demonstrating the ability of the system to improve its performance, exergy effi-
ciency is defined as the exergy efficiency obtained from the system divided by the 
exergy distribution system given to the system, and the exergy given to the system in 
the analysis of the gas pressure reducing station heater is the same as the exergy of 
the heater fuel. According to Fig. 6, the exergy efficiency is obtained [18], according 
to Eq. 26:

The results related to the exergy efficiency are shown in Fig. 9. From Fig. 9, it 
can be understood that the use of inserts will improve the exergy efficiency and 
also increase the exergy efficiency of the system by reducing the twist ratio in 

(25)ech
(xfuel)

= −ΔG(T(0), p(0)) + RT(0) .ln

⎡⎢⎢⎣
(ye

(o2)
)(a+

b

4
)

(ye
(co2)

)a.(ye
(H2o)

)(
b

2
)

⎤⎥⎥⎦
.

(26)� =
exergy gained

exergy sup lied
=

ENGOUT
− ENGIN

EFuel

.

66.8

67.3

67.8

68.3

TW(°C)

plain y=2.1 y=1.57 y=1.05

Fig. 8  Destroyed exergy in terms of water heater temperatures
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the respective inserts. On the other hand, the exergy efficiency of the system will 
increase with increasing water heater temperature.

5  Conclusions

In the present work, the classic type of twisted tape tube insert has been used in 
an industrial heater with the duty of warming the natural gas in a CGS unit. Tube 
inserts usually have the disadvantage of imposing a high pressure drop, which is not 
beneficial in many cases of using them for enhancing the heat transfer rate. However, 
the case study in this study is an exceptional case that pressure drop in the employed 
heater is quite demanding because the duty of this unit is reducing the natural gas 
pressure. The main point here is that the studied insert was used in a plant whose 
main duty is to heat the natural gas and reduce its pressure. A part of this pressure 
reduction was done by the insert besides its main role in heat transfer rate enhance-
ment. Therefore, there are two benefits of using this insert, including increasing 
the heat transfer rate and reducing the gas pressure. This is the key issue in this 
industrial case study. In this study, after analysis of heat transfer enhancement in the 
employed heater, an economical study for proving the advantage of the proposed 
improvement has been presented. The highest obtained heat transfer enhancement of 
16 % is obtained in the heater water temperature of 35 °C for the y = 1.05. However, 
the lowest enhancement related to y = 2.1 in heater water temperature of 60 °C was 
3.82 %. The results illustrated that the greater the energy savings obtained at lower 
twist ratio. Moreover, in this study, two economic parameters of capital return rate 
and investment returning time were calculated on various sizes of this heater. Also, 

0.3

0.4

0.5

0.6

0.7

TW(°C)

plain y=2.1 y=1.57 y=1.05

Fig. 9  Exergy efficiency changes with water heater temperatures
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using exergy analysis, it was found that the use of inserts reduced destroyed exergy 
and improved exergy efficiency. The results also showed that by using the exergy 
analysis, the highest exergy efficiency occurs at the heater water temperature of 60 
˚C and the twist ratio y = 1.05. It should be emphasized that this is just valid for this 
heater layout and is not a general conclusion and may be not valid for other heater 
structures. The results of this work confirm the reliability of the employed technique 
on this type of heaters.
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