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Heaters are one of the central parts of natural gas reduction stations using turboexpanders to prevent
the formation of hydrate and corrosion failure. This study intends to design a fired heater by applying a
combustion sub-model to derive an optimal model for this kind of application. This model is developed
to accurately consider all subsections of the fired heater namely radiation, convection, and shield
sections, as well as flue gas composition, and its volume. Within this context, a multi-objective
optimization is employed to identify the optimal design of the gas-fired heater in the natural gas
reduction station for the Ramin power plant case study. The total economic and environmental costs,
together with modified exergy efficiency, are selected as objective functions. Multi-criteria-decision-
making-method is employed on Pareto frontiers optimal curve to suggest the optimal solution. Results
show that the developed model can outperform previous models in thermal efficiency with relatively
similar costs. Besides, the optimal point in Pareto suggested by the decision-making-method accounts
for a higher modified exergy efficiency (1.3%) than the counterpart, which thermal efficiency is
regarded as an objective function. At the same time, its total cost remained almost constant. The effects
of changes in each of the design parameters on the objective functions are also evaluated.
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NOMENCLATURE
a,,a, Volume of air components TAD Adiabatic temperature of combustion [K]
A Heat transfer area [m?] TRE Real temperature of combustion [K]
AAS Air to fuel ratio [_] U Overz;ll heat transfer coefficient of convection section
c [w/m?k]
Air,, Minimum air volume for fuel combustion vy, Wind speed [m/s]
B Constant parameter Volume of flue gases [m°]
Ceost Unitary cost [$/m?] K Molar fraction of component k in the flue gas [%)]
Cepe Electricity price [$/kwh ] w Width of fired heater [m]
Ceo, Penalty cost of CO;emission [$/kg] Abbreviations
Cso, Penalty cost of SO, emission [$/kg] CRF Capital Recovery Factor
Carbon mass percentage in fuel [ppm], Cost [$], . .
C P g [pom] [#] GA Genetic Algorithm
Constant parameter
co CO mass percentage in flue gas [ppm] HTRI Heat Transfer Research Inc.
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CO, mass percentage in flue gas [ppm]

Heat capacity of fuel [J/kg]

Distance [m], Diameter [m]

Distance of point ith from the ideal point

Constant parameter

Standard molar exergy [J/mole]
Specific exergy [J/kg]
Exergy [W]

Equilibrium constant of reaction
Fanning friction factor [-]

Volume of fuel components

Points of the Pareto frontier
Non-dimensionalized objective

Ideal value for jth objective

Mass velocity of hot water
Gross Calorific Value of fuel [J/kg]

Annual operating time [h/y], Specific
enthalpy [kJ/kg]

Humidity factor
Hydrogen mass percentage in fuel [%]

Height of fired heater [m]

Annual discount rate [%]

Numerical constant

Numerical constant

Distance between the centers of the end tube and the
wall [-]

Losses parameters [W]

Length [m]

Lower heating value of fuel [J/kg]
Logarithmic mean temperature difference [K]
Mass flow rate [kg/s]

Mass of flue gases in kg/kg fuel

Moisture mass percentage [%)]

Number of years, Number of point on Pareto frontier,
Mole of flue gas [mole]

Number of tubes

Fuel unit cost

Heat absorbed by the process fluid [W]
Heat absorbed in convection section [W]

Heat liberated by combustion [W]
Heat absorbed in radiation section [W]

Heat absorbed in shield section [W]
Heat duty [wW]

Linear Programming Technique for Multidimensional

LINMAP Analysis of Preference

MINLP Mixed-Integer Nonlinear Programming

MCDM Multi-Criteria Decision-Making

REFPROP Ef;;g?{]igi Elgtlgibl'geermodynamlc and Transport

Greek Letters

a Relative effectiveness factor of the tubes bank [-]

Tore Modified exergy efficiency [-]

Meomb Combustion efficiency [-]

e Fired heater thermal efficiency [-]

7, Pump efficiency [-]

\ Mean specific volume of hot water [m?/kg]

& Constant value

P Density [kg/m°]

. Stefan-Boltzman constant _ 5 941107 [kJ/m 2 K*. h]

Subscripts

air Air

ce D_istance between the centers of the two tubes side by
side

conv Convection section

cp Plane area of tubes bank

e Equivalent length

env Environmental emission

firebox Firebox section

flue Flue gases

fuel Fuel

F Feed

FH Fired heater

g Effective gas temperature in firebox

i Inlet, Inside, ith point

k Component k of flue gases

ng Natural gas

0 Outlet, Outside

opr Operation

P Product

rad Radiation section

radc Ceiling tubes in radiation section

S Stack

shid Shield section

total Total

w Water

W Wall
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0 Ambient state

Fost Unitary cost [$/m?]

R Universal gas constant, 8.314 [J/kg-K]

S Specific entropy [i/kg-K |

S Heat surface area of each tube in the convection
i section[m?]

T Temperature [K]

Superscripts

ch Chemical
ph Physical
UN Unavoidable

1. INTRODUCTION

Over 69% of natural gas is transported from wells to
consumers through transmission pipelines [1], known as
an economical way to transport natural gas across large
distances [2]. Besides that, Iran has 11th place globally
in the total length of natural gas pipelines [1]. Natural
gas pressure should be increased in gas compression
stations to overcome friction and heat losses through the
natural gas pipeline, and then decreased in gas reduction
stations to the desired values [3]. Iran has 2500 gas
reduction stations [3], which traditionally consist of a
gas-fired heater, throttling valve, heat exchanger, and
control system. The pressure reduction in the gas
reduction station results in a drop in temperature
because of the positive Joule-Thompson coefficient [4]
and consequent formation of hydrates. Thus, the
preheating system regulates the outlet temperature of
natural gas from the turboexpander or throttling valve to
provide appropriate means of preventing the formation
of hydrate and corrosion failure [5].

As mentioned earlier, gas-fired heaters are one of the
central parts of natural gas reduction stations to prevent
the formation of hydrate and corrosion failure,
especially when a turbo-expander is implemented
instead of a pressure reduction valve. Gas-fired heaters
[6] or bath-type heaters [7] are commonly employed in
natural gas reduction stations. These two types of
preheaters burn a remarkable portion of the passing
natural gas and have low energy efficiency [7, 8].

With regard to gas reduction station preheating
system, the focus of recent research has been on
replacing the conventional preheating system with novel
preheating systems such as solar systems [3, 9],
geothermal systems [10], combined heat and power
systems (with gas turbine [11], internal combustion
engines [12, 13], and Molten-carbonate fuel cells [14] as
a prime mover), and thermoelectric generator [15].

Darabi et al. [14] indicated that employing a hybrid
turboexpander-fuel cell in gas pressure reduction
stations is presently uneconomical. Farzaneh-Gord et al.
[16] analyzed the impact of a number of solar collectors
with a storage tank on gas reduction stations. According
to their economic assessment, the payback ratio was 11
years. Ghezelbash et al. [10] studied the use of vertical
ground-coupled heat pumps in gas reduction stations
equipped with turboexpander. In this configuration, the
ground heat pump preheats the natural gas to reduce

fuel consumption of bath-type heaters up to 45.8%
annually with a payback period of 6 years.

To the authors’ best of knowledge, in recent years,
there has been growing interest in the economic and
exergy assessment of novel preheating configurations
replacing fired heaters with renewable heating systems
and novel-heating technologies. Results of previous
studies indicated that renewable heating systems and
novel-heating technologies are not cost-effective
solutions. However, previous studies failed to address
the optimal detailed design of the fired heater.
Therefore, this paper will focus on the optimal design of
fired heaters in gas reduction stations.

A fired heater or tubular heater is a combustion
furnace where combustion gases heat the fluids inside
the tube. The main advantages of this equipment are
having continuous performance and a reduction in foam
formation. The oil, gas, and chemical process industries
have widely applied this equipment for the heating
purposes [17]. Fired heaters consist of three sections,
namely radiation (which is also called combustion
chamber), convection, and shield section, see Figure 1.
The hot combustion gases produced in the radiation
section pass through the shield and then convection
sections. The shield section, which consists of two/three
rows of bare tubes, is located between the other two
parts and prevents direct radiation to the convection
tubes. The flue gases circulate through a staggered
convection tube bundle to increase the heat transfer rate
before discharging to the atmosphere. Corbels fill the
space between the convection tube and sidewall to
prevent flue gas bypass flow [18]. Regarding the
geometrical configuration of the radiation section, this
equipment is classified as vertical cylindrical or box-
type heaters. The last one, which is considered in this
study, is typically applied in enormous heat demands. It
should be mentioned that tube size and the number of
passes of radiation, shield, and convection sections are
determined based on the application and fluid flow rate
[19].

Various mathematical models have been proposed to
simulate the performance of fired heaters. In this regard,
Ebrahimi et al. [20] developed the multi-zone
mathematical model to simulate the performance of the
furnace. Previous studies indicated that solving the
matrices in calculating the total heat exchange area
limited the application of this model [21]. Ibrahim and
Al-Qassimi [22] developed a model to simulate a box-
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Figure 1. Schematic of fired heater sections
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type fired heater in a crude oil atmospheric topping unit.
In this study, temperature profile and heat abortion per
layer in the convection section were calculated and used
to assess this section. lbrahim and Al-Qassimi [17]
studied direct and indirect methods to calculate heater
efficiency and indicated that the direct approach has less
computational time. Recently, findings regarding fired
heaters have led to improve the process operations;
however, little attention has been paid to optimize their
design. Limitations such as the maximum allowable
absorption rate in the radiation section, the maximum
permissible pressure drop of heater fluid flow, and so on
considerably affect optimal geometry and combustion
conditions of the fired heater. Concerning the optimal
design of fired heaters, Heat Transfer Research Inc.
(HTRI) and Aspen Technology Inc. proposed
comprehensive  optimal  design  producers  [23].
Moreover, there are century-old standards, such as the
standards of the American Petroleum Institute (API)
standard 530 [24] and 560 [25], which describe design
calculation procedures of fired heaters. Mussati et al.
[26] proposed a mathematical model to obtain the
optimal design of the fired heater using Mixed-Integer
Nonlinear Programming (MINLP). In this study,
sensitivity analysis of fuel cost and capital investment
cost is carried out. Several case studies were considered,
and their optimal design results indicate improvements
in economic and operative performances. Haratian et al.
[27] optimized box-type fired heater by developing a
mathematical model associated with the genetic
algorithm (GA). They applied the modified total cost as
an objective function by including the pumping cost.

Their results have an acceptable accuracy with literature
and showed that total cost could decrease up to nearly
2.5% compared to the original design.

Previous studies have not considered the combustion
process in their mathematical model of the fired heater,
and have assumed the combustion efficiency to be
constant [26, 27]. Moreover, these studies have
employed a direct method in their design model to
calculate thermal efficiency, which depends on stack
temperature and excess air fraction. The accuracy of
mentioned methods for predicting thermal efficiency
subsides with increased stack temperature and excess air
fraction [28]. Therefore, the novelty of this work is to
propose a new design model of fired heaters associated
with the combustion sub-model. An indirect method
(heat loss method) integrated with the combustion
model is also employed to predict the thermal efficiency
of the fired heater through an iterative design process.
The optimal design of fired heaters, especially for oil
industry applications using total economic cost as an
objective function, has attracted much attention in
recent years. However, the optimal design of the fired
heater of the gas reduction station has not been
investigated. With this in mind, the gas reduction station
of the Ramin power plant in Iran was selected as a case
study. Previous studies also indicated that exergy
analysis could be a powerful tool for designing and
optimizing processes [29-32]. Therefore, multi-
objective optimization of fired heaters applying total
economic and environmental cost along with modified
exergy efficiency as objective functions are proposed in
this study. The environmental cost is integrated with
economic costs of fired heater to include emissions of
CO; and SO pollutants in the fired heater design
process. For decision variables, the outlet hot water
temperature, the external diameter of tube in radiation as
well as convection sections, number of wall-side tubes
as well as the ceiling in radiation section, and excess air
ratio are considered for the first time in optimal design
progress of fired heater due to natural-gas reduction
station conditions.

As the initial step, a mathematical model of the box-
type fired heater and the combustion process sub-model
are developed (section 2.1.1). In this study, the
combustion sub-model is applied to obtain the
composition and volume of flue gases (section 2.1.2).
Then, the fired heater’s optimal design is derived using
a multi-objective GA (section 2.2). The multi-criteria-
decision-making method (MCDM) is employed to
obtain an optimal point of the Pareto-frontier and
facilitate decision-making, which is generally dependent
upon engineering experiences and objective function.
Eventually, the variations of objective functions with
decision variables are presented in section 3. Given the
above, the main contributions of this study are:
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* Employing a multi-objective optimization for the
optimal design of fired heater in pre-heating
natural gas entering the gas-pressure reduction
station. Total cost and modified exergy efficiency
are both considered objective functions. The
environmental cost is also added to the total cost of
the fired heater.

e Proposing a modified design model of the fired
heater and its diverse sections, including radiation,
convection, and shield, etc. Moreover, the
geometric structure, dimensions, the number of
required tubes, thermal efficiency, and losses are
estimated by applying the indirect method and
using the combustion sub-model.

2. MODELLING

The flow chart for the optimal design of the fired heater
is shown in Figure 2. In the present project, the genetic
algorithm (GA) is used to optimize fired heater design.
In the first step, GA parameters (Table 1), decision
variables (Table 2), and objective functions are
determined (which are presented in section 2.2). Then, a
mathematical model of the fired heater and sub-model
of combustion, which are developed in MATLAB
environment, are employed to design all subsections of
the fired heater (radiant, shield, convection, and
chamber) and to achieve performance parameters of
fired heater. The combustion sub-model is provided in
section 2.1.2. Inputs of combustion model include fuel
and air composition, excess air, fuel and air
temperature, air humidity, and air pressure. Combustion
sub-model is employed to calculate thermal efficiency
(section 2.1.1) and environmental cost (section 2.2.1).
Reference Fluid Thermodynamic and Transport
Properties Database (REFPROP) database is applied to
achieve thermodynamic properties of fluids in these
sub-models [33]. A new generation is produced by
employing selection, mutation, and crossover operators
to evaluate each generation’s objective functions.
Eventually, the MCDM method (Linear Programming
Technique for Multidimensional Analysis of Preference
(LINMAP)) is applied to suggest an optimal Pareto
Front solution [34]. The formulation of the LINMAP
method is presented in Appendix A.

2. 1. Mathematical Model
2. 1. 1. Fired Heater Sub-model The total heat
transferred from the radiant and convection sections is
calculated from Equation (1).

QA = mw '(hw,o _hw,i ):Qrad +Qconv +Qshld (1)

where, Q_., Q. and q,,, refer to the heat transfer

Set GA parameters
( Objective functions,
decision variables,

Bounds limits of decision
variables)

Generate Initial
population based on
decision variables

Tnput variable and constant
parameters (natural gas
composition, air humidity,

arn, Frh, o, )

Combustion sub model
(Egs. 18-26)

Fired heater sub
model (Eqgs. 1-10)

Thermodynamic
J properties

database

Calculate Fired heater efficiency
based on loss parameter (Egs. 11-17)

Update the generation

Evaluate objective
functions (Egs. 27-
39)

Generate new population based on
multi-GA parameters (crossover,
migration, Pareto front population
fraction)

No

Employ MCDM methods
(Appendix A)

Optimal
design of
Fired heater

Figure 2. Flow chart of fired heater design and performance
model

rate absorbed in the radiation, convection, and shield
sections, respectively.

The amount of heat transferred in the radiation
section is the function of the plane area of tubes bank
(Acp)’ effective gas temperature in firebox (Tg), and

wall temperature (T,, ) [17]:
Qui =0-(a-A, )-F-(T)-T,}) @)

Ay = Nl,rad,lotal d

cp

cc Lrad (3)

The amount of heat transferred in the shield section is
presented in Equation (4) [17]:

Qshld =0 (0! : Acp.shld ) F '(Tg4 _TWA) (4)

Acp,shld =N t shid 'dcc : I‘rad (5)

Then, the heat balance equation is derives based on
Equations (1), (2), and (4). The Newton-Raphson
method was used to solve this equation and determine
the effective gas temperature (Tg ).

F(Tg):C T +DT,-B 6)



S. M. Ebrahimi Saryazdi et al. / [JE TRANSACTIONS A: Basics Vol. 34, No. 7, (July 2021) 1785-1798 1790

The constants C, D, and B are determined by fuel
type, percentage of excess air, operating conditions, and
the fired heater’s geometric characteristics. The number
of tubes required in the convection section is obtained
by Equation (7) [17]:

Q
N — conv
e {uc -LMTD 'S, ] )

The geometric dimension of the heater is defined as
Equations (8) and (9):

N
H :(’T‘a“—l}dw +kk, (8)

w z(%&j-dm +kk, 9)
The net released heat required in the combustion section
is obtained by the heater efficiency (Equation (10)):

=24, (10)

The difference between the amount of heat absorbed

and released by combustion is equal to the sum of the
heat losses (Equation (11)):

Q. :QA+ZLi (11)

where L refers to different types of losses that are
represented from Equations (12)-(17) [22]:

L, =100-My -C 4 (T, -Ta) (12)

L, =900-H,-(2445.21+(1.88-(T, -T,,))) (13)

L, =188-HF -AAS (T, -T,,) (14)

Ly =100- M 1 -(2445.21+(1.88-(T, -T,, ))) (15)
co

L _1oo-[m-24e5eooo.cJ (16)

L, =54.8- ((TWAS.%T ‘(Tﬁ%S.SSJAJ

| 1.057. (T -T, j (196.8-y, )+68.9
55.55 68.9

2. 1. 2. Combustion Sub-model According to the
formulation of the indirect method (Equation (10)-(17)),
it is indicated that composition and volume of flue gases
were used to calculate the thermal efficiency of the fired
heater. Therefore, a combustion sub-model is applied to

J (17

obtain these parameters. In the combustion model, the
model of complete and incomplete combustion of
natural gas is proposed. Complete and incomplete
combustion of natural gas can be written as Equations
(18) and (19), respectively [35, 36].

f 'szel +f 'ozfuel +f 'Cozmel +

f,-HOuq +f5-50,, +f5-CO
f7 'Hz‘fuel +fs'CH4,fuel +f9 'Cszel +

fm 'CZHG‘fueI J”fn'c Hsfuel +f12‘(: HlO,fuel +

f13'stluel +a‘l'NZa|r +a, OZalr - (18)
0.01:(f, +(a,-AAS )N, +0.01(a, - (AAS -Air,, )0,

+0.01-(f, +f,+f,+2f,+2.f +3.f +4.f,)CO

+0.01-(f, +f,+2-F +2-,+3-F +4-f +5-f , +f,)HO
+0.01(f5+f;)H,S

fuel

1N #5000 +13CO, 10 +1,-H O +
f5-S0, 1 +15:COuy +F;-Hyp +15CH, i +
fy-CoH i +F10 CoHgpa +1 CoHg +

f12 'C4H10‘1uel +f13'Hsze|
0.0L:(f,+(a,-AAS )N, +0.01-(f, +f,,)SO, +

[(—ABi\/ABZ—4-AA-ACV }co
2.8 [P F

+a’lN 2,air +a2 oZalr g

(2-(a,+ (i, ~AAS ) /100)|H,, -

—AB+\/AB Z4AA- AC/
[ Her (19)

(00 (f, 1, +f,+2:F 42,431, +4-1,,)))CO,

[( AB +\ABZ—4.AA.- AC/ JCO

((00L:(f,+1,+2-Fy+ 2.8 +3:F g + 4.5, +5f, 41, ))JHO -
((2+(a, (A, ~AAS ) 1100)) ) H 0 +

Rt

AB =(001:(F,+f,+f,+2:f,))+
(0.01-(2:F,)+3-F, +4-f,))-
(2-(a,(Air,;, ~AAS ) 100)) -
(ECooree -(0.0L:(f, +F, +2:f, +2:1,)))-
(

(20)
ECgrme -(0.0L:(3:F o +4-F,, +5:f,,+f,)))
~(EC gree (2+(2 (A, ~AAS )/100)))
AA =(1- EC@TRE) (21)



1791 S. M. Ebrahimi Saryazdi et al. / IJE TRANSACTIONS A: Basics Vol. 34, No. 7, (July 2021) 1785-1798

AC =(0.01-(f +f, +f,+2-f,))

(0.01-(2:F 5 +3-F ), +4-F,)) (22)
((2(a,-(Air,, —AAS ) /100))

Air, =001(05-f,+05-f, +2.f,)

23
(3-f4+35-f +5-f +6.5.f , +15-F . -f,) @3)

Moreover, EC is an equilibrium constant of
following reaction and its value [35, 36].
CO+H, 0 —>CO,+H,

If surplus air is greater than or equals unity, the
combustion will be complete; otherwise, combustion
will be incomplete (Equation (18)).

Surplus = AAS /Air;, (24)

Adiabatic temperature of combustion and the actual
temperature of combustion are computed as follows:

_GCV +(Cmue| 'Tfue| )+(AAS 'Cp,air 'Tair)
- V e C

TAD

(25)

fluegas "™ P fluegas

TRE =TAD -7,,,, /100 (26)

2. 2. Optimization Regarding Figure 2, the GA is
used to optimize the fired heater design in the present
project. In this study, selected GA optimization
parameters are shown in Table 1. Optimization is done
with eight decision variables for the selected case study
presented in Table 2. These decision variables and their
range are determined based on previous research and
sensitivity analysis results (section 3).

TABLE 1. Optimization conditions

Parameter Value
crossover fraction 0.8
migration fraction 0.2
Pareto front population fraction 0.35
population size 200

TABLE 2. Decision variables for optimum design

Variables From To
Tw o€l 180 210
Ao e [M] 0.04 0.2
dy con [M] 0.04 0.2
Nt [-] 40 80
Nt o [-] 10 30
Excess air [-] 0.18 0.27

2. 2. 1. Objective Function As noted at the
beginning of this section, the total economic and
environmental cost is regarded as one of the objective
functions and can be calculated as Equation (27):

CFH :Crad +C +Cfireb0x +Copr +Cenv (27)

conv

where C_,» C.  Cribox * Copr and C,_ correspond to

the cost of radiation section, convection section, firebox,
operation, and environmental emission, respectively.

Cra =Ts A, ‘CRF (28)
Ceon =Coost “Acony “CRF (29)
where C_., refers to unitary cost.

Crintme =| K +K; (A +A, ) |- CRF (30)

where k, and k, correspond to constants required for
computing costs.

Copr = (Ocost "My ) h+

cele(mW.O.OOSN-f v -GZ-Le] h (31)
’7p pw di
where C 0 and h are considered to be

ele ! cost !

€0.01/kWh [37], €0.01/m® [38], and 7000 h,
respectively. Finally, the cost of emission is calculated
as follows:

Cenv :|:(mco2 “Ceo, )"‘(msoZ "Cso, )i|h (32)

The values of Meo, and Mg, are obtained using the

combustion sub-model (Section 2.1.2). The values of
Ceo, and Ceo, are $0.032/kg, and $2.227/kg,
respectively [39].

Modified exergy efficiency is considered to be
another objective function and is obtained as Equation
(33):

Ex,

Nexe = m (33)

where EX , and EX refer to product exergy (absorbed

exergy from water stream) and fuel exergy, respectively
and are computed as Equations (34) and (35) [40]:

EXP =m, [(hm,o_h/v,i)_-ro(sw,o _Sw.i )] (34)
Ex F— é "My - LHV —Ex flue (35)

& is a constant value to calculate the exergy efficiency
of fuel. The value of this parameter for gas fuel is 0.98
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[40]. Equation (36) is applied to achieve exergy of flue
gas. The combustion sub-model was implemented to
obtain the composition and molar fraction of flue gases.

— ph ch
Ex fiie = Miige '(exﬂue +€X flue) (36)

eXfFI,Se :Z(hk 7h0,k )*To (Sk 750k)
K

k =N,.,0,,C0,,C0,50,,H,0

37)

exh :n.(Zxk ey +RT, Y x, In(x, )J
k k

k =N,,0,,C0,,C0,50,,H,0

(38)

The standard mole chemical exergy of components is
presented in Table 3. Unavoidable exergy destruction of
the fired heater is calculated as follows:

UN
Ex D ,FH J

Ex (39)

P,FH

UN
EXD,FH _EXP‘FHK

To determine the value of (Ex, , /Ex, ., )UN, it is

assumed that the minimum temperature difference of
HE is 5 K, isentropic efficiency of the pump is 0.95, air
and fuel temperature are 673 K, and excess air is 0.12.

2. 3. Case study The heater of the Ramin Power
Plant gas reduction station in Iran was selected as a case
study in the present research work [41]. As already
stated earlier, this heater is used to preheat the natural
gas before entering the expansion turbine, which is
parallel to the pressure regulator whose purpose is
power generation. Heat transfer value, required on the
coldest day of the year to preheat the natural gas, is
considered the heat transfer rate. The hot fluid is water.
Figure 3 depicts a configuration of natural gas pressure
reduction station applying turboexpander as well as a
fired heater. The properties of the natural gas in natural
gas reduction station of the Ramin power plant,
regarded as input variables in the mathematical model,
are presented in Table 4.

TABLE 3. Standard chemical molar exergy of flue gas
components [40]

Substance e [I/mol]
N, 584

0, 3869
co, 19870
H,0 9490
(6{0) 275100
50, 313400

Heat exchanger Turbo expander

§ M
A 8 : e
Gear Box enerator

gD -
L\
Regulator N —
XO Ramin Power

Plant

L % lEEEDPump

Fired Heater

Condensed water Electricity High pressure hot gas

High pressure inlet gas Low pressure turbine gas Low pressure valve gas

Low pressure outlet gas Steam Mechanical Power

Figure 3. Configuration of power plant natural gas pressure
reduction station using turboexpander and hot water GFH

TABLE 4. Dataset for the design of heater [41]

Parameter Value
m,, [kg/s] 32.83
Tog. [K] 288.8
TogolKI 388.2
N, 1.735
Co, 352
CH, 80.43
Com_positions (volume CH, 15
fraction) [%] CH, 002
CHs 454
C,Hy 0.58
H.S 0.09

3. RESULTS AND DISCUSSION

3. 1. Model Validation In this section, the validity
and accuracy of the developed model are considered to
be examined. The answer reached for the model is
compared with the Ibrahim and Al-Qassimi Design [17].
To do so, input variables of design model such as outlet
hot water temperature, the external diameter of tube in
radiation as well as convection sections, number of the
wall-side tube as well as the ceiling in radiation section,
excess air ratio, natural gas composition, air humidity
ratio, relative effectiveness factor of the tubes bank, and
air as well as fuel temperature are collected form this
study [17]. As shown in Table 5, there is a plausible
difference between the two results, so the proposed
model can be successfully used with satisfactory
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accuracy. The heat liberated by combustion has the
maximum deviation. It results from considering the
indirect method of estimating efficiency due to the
capability of the combustion model to obtain the
composition of flue gases. Design models of fired
heaters include thermodynamic and geometrical
equations and performance prediction equations (section
2.1.1). These models yield design, thermodynamic and
performance parameters of the fired heater through an
iterative process (see Figure 2). To evaluate applying
indirect method for estimating heater efficiency, the
thermal efficiency of mentioned gas-fired heater [17] is
calculated and compared with that of experimental
methods proposed by previous design models [26, 28],
which is presented in Table 6. In these studies [26, 28],
the thermal efficiency of the fired heater is calculated
using the direct method, which depends on stack
temperature and excess air fraction. To do so, the
mathematical model of fired heater (section 2.1.1) and
direct method equations for calculating thermal
efficiency are used to obtain the design and performance
parameters of the fired heater. Compared to previous
estimation methods [26, 28], the indirect method gives
the best prediction with a deviation of 2.22% from
experimental values.

TABLE 5. Model validation

Variables Ref. [17] This study Deviation [%]
T,[K] 1073 1070 0.28
T.IK] 673 675 0.3
T i ra[KI 516 523 14
Q; [kW] 31091.6 34816 11.9
Qrua [kW] 17172.2 16813 2
Qoon [KW] 6388.8 6693.2 476
N o [] 100 110 10
N t shid [] 8 8 0
W [m] 48 5.1 6
L [m] 20 19.3 35

TABLE 6. Comparison of various methods to estimate
thermal efficiency of fired heater

. . Bahadori -
Ibrahim Mussati Method Method [28] This study

Variables  Design [26] (Dev. From (Dev. From
[17] ) B NS /)

T [%] 07578  0.815 (5.72 %) 0.722 (3.58 %) 0.78 (2.22 %)

3. 2. Optimization Results and Parametric
Analysis The Pareto front curve obtained from
the  optimization using total economic and
environmental cost, and modified exergy efficiency
(optimal design 1) is depicted in Figure 4. According to
this figure, an increase in the modified exergy efficiency
can lead to a rise in the total cost. The highest modified
exergy efficiency is 0.5213, resulting in a total
economic and environmental cost of $587053.56, which
has the highest value. The lowest modified exergy
efficiency belongs to 0.487, with the minimum cost of $
529919.9. To provide valuable insight into the fired
heater’s multi-optimal design, Pareto-front fitted curve
is shown in Figure 4. The LINMAP optimal point marks
in Figure 4.

To evaluate proposed objective functions (optimal
design 1), optimization using thermal efficiency with
total economic and environmental cost (optimal design
I1) as objective functions was implemented, see Figure
5. Characteristics values of LINMAP suggested point of
optimal design | is represented and compared with those
of optimal design 11 in Table 7.
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Figure 4. Pareto-front curve for optimization of modified
exergy efficiency versus total cost (optimal design 1)
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Figure 5. Pareto-front curve for optimization of energy
efficiency versus total cost (optimal design 11)
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TABLE 7. Specifications of the LINMAP suggested points
indicated in the Pareto front curves

LINMAP
Parameters
Optimal design | Optimal design 11
Tuo[°C] 195.4 180.1
m dy g [M] 0.04 0.0401
(5]
g
E dy cone [M] 0.1128 0.1317
c
2 N [] 40 63
]
e N ¢ e [M] 10 13
Excessair [.] 0.2227 0.2442
Cry [$] 545370.7 543245.9
28
S5 Tese [ ] 0.5101 0.4971
'_S‘ -
O
e [-] 0.731 0.6944
Qs [MW] 3.788 4.223
Qo [MW] 1.957 1.739
Quua [MW] 2.109 1.8929
" A, [m*] 45.3612 64.9357
5
% A, [m’] 69.4182 77.5283
g
c N t,conv [-] 24 23
=3
a AP, [Pa] 31374 17864.5
T,[K] 11725 1103.4
Vind] 76.46 152.56
My [KO/S] 0.2448 0.2574

According to Table 7, LINMAP suggested point in
optimal design | has a higher total cost (0.4%) and
modified exergy efficiency (1.3%) than LINMAP
suggested point in optimal design Il. It results from a
considerable reduction in total heat exchanger area
(because of reduction in tube length in radiation section,
external tube diameter in convection section, number of
tubes in radiation section, and number of tubes in
convention section), and a rise in effective gas
temperature in firebox (Tg).

The heat exchanger area in LINMAP suggested
optimal design | decreases in contrast to optimal design
Il due to reduction in the number of tubes. Furthermore,
employing modified exergy efficiency, and total
economic and environmental cost as objective functions
(optimal design 1) results in smaller heat transfer area of
radiation zone with a lower number of tubes compared

to results of optimal design Il, which causes a decrease
in investment cost [26]. As mentioned in the
methodology section, heat demand is assumed to be
constant; therefore, excess air decreases and effective
gas temperature in the firebox increases to compensate
for the reduction in total heat exchanger area compared
with optimal design Il. Moreover, a decrease in excess
air of LINMAP suggested points of optimal design I
leads to improvement in energy efficiency in contrast to
that of optimal design Il [42]. The total pressure drop of
the tube-side of the fired heater increases significantly
due to a reduction in external tube diameter in the
convection section, which is in line with previous
studies [27]. It should be mentioned that allowable
pressure drop of tube-side is considered1000 kPa [43].

For sensitivity analysis, the effects of key
parameters, namely hot water outlet temperature, the
external diameter of the tube in radiation as well as
convection sections, number of side-wall as well as
ceiling tube in radiation section, and excess air ratio are
investigated on objective functions and presented in
Figures 6 to 10, respectively. In this study, the LINMAP
optimal point considered as a reference point.
According to these figures, hot water outlet temperature
is employed along with other decision variables due to
the remarkable effects of this parameter on objective
functions. According to Figure 6, an increase in the
tube’s external diameter in the radiation section raises
total cost due to an increase in the total heat exchanging
area. However, with increasing this parameter, modified
exergy efficiency remains unchanged at low values of
hot water outlet temperature. At high values of hot
water outlet temperature, modified exergy efficiency
first increases then decreases. An increase in hot water
outlet temperature leads to rise in modified exergy
efficiency at low values of external diameters of the
tube. However, it fluctuates slightly at high values of
external diameter, which results from large changes in
the mean heat flux of large diameter tubes because of a
lower degree of shadowing in these tubes [44].
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Figure 6. The effect of water outlet temperature and
external diameter of tube in radiation section on modified
exergy efficiency and total cost
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Figure 7 reveals a surface plot of modified exergy, and
total economic and environmental cost of fired heater
versus external diameter of tube in convention section
and hot water outlet temperature. An increase in
external diameter of tube in convention section
increases total cost, but it causes an initial climb in
modified exergy efficiency, decreasing afterwards. It
can be seen that a rise in hot water outlet temperature
increases total economic and environmental cost at low
values of the external diameter of the convention tube.
However, it leads to a reduction in total cost at high
values of the external diameter of the convention tube.
Moreover, it is indicated that the diameter of tube in the
radiation section (Figure 6) has a greater impact on total
cost than the diameter of tube in the convection section,
which concurs with previous research [27].

Figure 8 indicates that the total cost of the fired
heater increases gradually by increasing either the
number of the side-wall tubes in the radiation section or
hot water outlet temperature. The number of the side-
wall tubes has no considerable effect on modified
exergy efficiency.

According to Figure 9, the effects of the number of
the ceiling tubes in the radiation section on total cost
and modified exergy efficiency bear a close
resemblance to those of the number of the side-wall
tubes (Figure 8).

Figure 10 provides an assessment of the total
economic and environmental cost, and modified exergy
efficiency of the fired heater for excess air and hot water
outlet temperature. An increase in excess air leads to a
slight rise in the total cost and a small drop in modified
exergy efficiency. These results match those observed in
previous studies [28, 45]. The latter result is a narrower
recirculation zone and a larger vortex shedding upward
in the combustion zone with an increase in excess air
[45].
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Figure 7. The effect of water outlet temperature and external
diameter of tube in convection section on modified exergy
efficiency and total cost
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Figure 9. The effect of water outlet temperature and number
of ceiling tube in radiation section on modified exergy
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Figure 10. The effect of water outlet temperature and excess
air on modified exergy efficiency and total cost

4. CONCLUSIONS

The present study puts forward a fired heater design
model integrated with a combustion sub-model to
optimize the fired heater. A  multi-objective
optimization of the fired heater in a natural gas pressure
reducing station is carried out using a genetic algorithm.
In this regard, the mathematical model of fired heater
and sub-model of combustion are developed to achieve
design and performance parameters of the fired heater.
LINMAP method is applied to suggest an optimal
solution between Pareto-set points. The hot water outlet
temperature, the external diameter of tubes in radiation
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and convection sections, the number of side-wall and
ceiling tubes in the radiation section, and excess air ratio
are selected as design parameters. Finally, sensitivity
analysis of design parameters and their effects on
objective functions are performed individually.
According to the results, the developed model enables a
more accurate prediction of heaters’ thermal efficiency
compared with previous models. LINMAP yielded a
solution for optimization using modified exergy
efficiency and total cost as objective functions leading
to an increase of 0.4% in total cost and 1.3% in
modified exergy efficiency compared with that of
optimization applying thermal efficiency and total cost
as objective functions, respectively.

As noted in the introduction section, Iran has 2500
gas reduction stations, which traditionally consist of the
gas-fired heater, throttling valve, heat exchanger, and
control system. Moreover, fired heaters burn a
significant portion of the passing natural gas, and have
low energy efficiency. Therefore, the results of this
study can be applied to assess the potential of energy
and natural gas consumption savings in gas reduction
stations in Iran.

It is also indicated in the introduction section that
renewable heating systems and novel-heating
technologies are not cost-effective  solutions.
Considering pollution cost is known as one of the main
solutions to face mentioned challenges, and it should be
considered in the optimal design of gas-fired heaters to
move toward and develop efficient and low emission
heating systems. Therefore, this study can be compared
with future studies on applying renewable heating
systems in natural gas stations in Iran. In our future
research, we intend to focus on the optimal design of the
gas reduction station system considering all components
of the system, including heat exchanger, heater, turbo-
expander, and throttle valve. System restrictions will
also be taken into account to determine and propose a
set of practical recommendations.

5. APPENDIX A

At first, objective functions should be non-
dimensionalized, applying Euclidian non-
dimensionalization, due to different dimensions of
objective functions on the Pareto frontier [34].

n Fij

C LR

Then the distance of each point on the Pareto frontier
from ideal point (Fjidea') in which each objective has its

(A1)

best value, is calculated as follows [34]:

S SRR a2

LINMAP suggested solution is a point with a minimum
distance from the ideal point.
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