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turbine (E1). Moreover, this process can be suitable for mini-scale LNG
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1. Introduction

Among the methods exist for transportation
of natural gas, liquefaction of natural gas is
the most economical and simple because the
occupied volume of liquefied natural gas is 600
times less than natural gas by cooling down it up
to-162°Cat 1bar. Basically, energy consumption
of natural gas liquefaction processes shouldn’t
be more than a specified value because it won’t
be economical [1]. As well as, LNG demand
is increasing about 6% every year [2]. For this
purpose, some companies such as Mustang, ABB
Lummus Global Inc. and Gasconsult improved
the LNG processes through designing new heat
exchangers or process configurations to reduce
the energy consumption.

Totally, main refrigeration cycles for LNG
production can be classified into three groups
including: Cascade, Mixed refrigerant and
Expansion cycles [3,4]. Generally, the Cascade
processes, propane precooling mixed refrigerant
(C3MR) and dual mixed refrigerant (DMR) cycles,
are used for the base-load scales and the single
mixed refrigerant (SMR) and nitrogen expansion
cycles mainly used for the small scale LNG plants
which have been compared in the different
references [5,6,7,8]. Normally, SMR processes
have higher efficiency compared with N.-
expansion cycles, but N, cycles are more simple
and more safe processes [9,10].

There are several processes for liquefaction
of natural gas with nitrogen expansion cycles
such as OCX-R, NDX-1, OCX-2, Niche LNG, ZR LNG
[10,11,12,13]. The most important parameter in
all of these processes is energy consumption
which can be calculated via energy analysis.
With exergy analysis it will be determined where
and how much energy is wasting through
process [14]. Furthermore, an exergy analysis
usually identifies which equipment have the
maximum performance in the process and have
the highest lost work [15].

Many investigations have been done for
liquefaction of natural gas with Nitrogen
expansion cycles which used thermodynamic
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analysis (energy and exergy) to investigate
the performance of the processes. Remeljej
and Hoadley [4] investigated four processes
including single-stage mixed refrigerant (SMR),
a two-stage expander nitrogen refrigerant and
two open-loop expander processesin the steady
state. They found that energy consumption
of the SMR process is less than the other ones.
However, nitrogen refrigerant process and the
New LNG open-loop process are suitable for
offshore compact LNG production. Yoan et
al. [16] recommended a single stage nitrogen
expansion process with carbon dioxide pre-
cooling cycle for small scale LNG plants, then
compared with propane pre-cooling, N.-
CH, expander cycle process and new mixed
refrigeration cycle proposed by Cao et al. [6].
They concluded that this process is suitable for
small scale LNG plants due to safe operation.
He and Ju. [17] added two different precooling
cycles including propane and R410a as a
refrigerant to a nitrogen expansion liquefaction
process to improve its performance. The
results showed that the energy consumption
for the nitrogen expansion process with
R410a and propane reduced by 22.74% and
20.02% respectively, compared to the nitrogen
expansion process without precooling. He and
Ju [18] proposed a parallel nitrogen expansion
liquefaction process for small scale plants in
a skid mounted package. They showed that
the energy consumption of the process is
reduced approximately 4.69% compared to the
conventional nitrogen expansion processes.
Moein et al. [19] investigated the effect of the
methane addition on a dual nitrogen expansion
cycles for LNG production. They concluded
that the work consumption of the process will
be minimized when the concentration of the
methane in the refrigerant is equal to 26 + 1
mol% in which the net required work of the
process is 8% less compared to the optimized
case of the process with pure nitrogen as a
refrigerant. Palizdar et al [20] applied energy,
conventional, and advanced exergy analysis
to three mini scale nitrogen expansion for
LNG production including: APN, Statoil and



BHP Nitrogen expansion process. Results of
conventional exergy analysis indicated that air
coolers have a high irreversibility and have a
small exergy efficiency. Also, results of energy
analysis showed that APN process has the least
energy consumption compared with other
processes (approximately 85%). Results of
advanced exergy analysis showed that for all
of these processes, exergy destruction of the
air coolers is unavoidable. Furthermore, a high
portion of total avoidable exergy destruction
of the processes (up to 85%) belongs to
compressors and expanders.

However, among the works have been
done for LNG production with expansion
processes and some of them were mentioned
in above, there are several nitrogen expansion
processes that have not been investigated yet,
such as open and closed nitrogen expansion
cycle processes. In this study, a closed nitrogen
expansion cycle (Niche) has been simulated.
The studied process is invented by ABB Lummus
Global Inc company [21]. Then, thermodynamic
analysis was applied to this process including
energy and exergy analysis. In energy analysis
some parameters such as SPC and COP will be
calculated and T-s and P-h diagrams are plotted.
Moreover, in exergy analysis it is determined
which equipment has the highest exergetic
efficiency and irreversibility.

2. Process Description

The process flow diagram has beeniillustrated
in Figure 1, schematically. As shown, the process
consists of two independent refrigerant cycles.
The first cycle uses methane as refrigerant and
the second cycle uses nitrogen. The pre-treated
natural gas stream (20) at 35 °Cand 60 bar enters
LNG heat exchanger (75-LNG) and is cooled to
-121.54 °C (20-1). The cooled natural gas (20-1)
enters LNG heat exchanger (75-1 LNG) and is
cooled further to -152.60 °C, approximately (22).
The pressure of the cooled natural gas (22) is
decreased from 58.75 to 1.35 bar via an expansion
valve and its temperature decreases to -161.31
°C (24). The expanded liquefied natural gas (24)
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enters a flash tank where LNG and flash gas is
separated [21,22].

In the first refrigerant cycle with methane
as a refrigerant, expanded methane (44) enters
LNG heat exchanger (75-LNG) at -127.10 °C and
6.90 bar and exchanges heat with both inlet
natural gas stream (20) and methane refrigerant
inlet stream (40), then exits LNG heat exchanger
(75-LNG) at 36.86 °C (46). The warmed methane
refrigerant (46) is partially compressed in the
first compressor (C1) from 6.40 to 21.50 bar and
is cooled to 40 °C in the first air cooler (AC1).
The partially compressed and cooled methane
is then compressed in the second compressor
(C2) from 21.40 to 76.53 bar and cooled to 40
°C in the second air cooler (40). Stream 40 is
the starting point of the methane refrigerant
cycle and enters LNG heat exchanger (75-LNG)
at 40 °C and 76.43 bar and cooled in LNG heat
exchanger (75-LNG) to -18 °C (42). The cooled
methane refrigerant (42) is reduced in pressure
by expansion in the expander (E-1) from 75.93 to
6.90 bar and its temperature decreases to-127.10
°C (44). Stream 44 is returned to the LNG heat
exchanger (75-LNG) and the cycle is repeated as
mentioned above.

In the second refrigerant cycle with nitrogen
as the refrigerant, expanded nitrogen (34) at
-155 °C and 15bar enters LNG heat exchanger
(75-1-LNG) and exchanges heat with precooled
natural gas (20-1) and inlet stream of nitrogen
refrigerant (30) and exits LNG heat exchanger
(75-1-LNG) at 25.58 °C (36). The warmed nitrogen
refrigerant (36) is first compressed in the first
compressor (C3) from 14.25 to 37.25 bar and
cooled to 40 °C in the first air cooler (AC3) then
compressed in the second compressor from
37.15 to 80.10 bar and cooled to 40 °C in the
second air cooler (AC4). Stream 30 enters LNG
heat exchanger (75-1-LNG) at 40 °C and 80 bar,
is cooled to -88 °C (32), expanded in expander
(E2) from 79.5 to 15 bar and its temperature
decreases to -155 °C (stream 34) and the cycle
is repeated as mentioned above. Mass flow rate
of methane and nitrogen as refrigerant are 1650
kg/hr and 1350 kg/hr, respectively.
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Figure 1. Process flow diagram of Niche LNG process

method.PengRobinson (PR)equationofstate has
3. Simulation been selected for simulating of the liquefaction

A closed cycle nitrogen expansion process ~ Processes which have been previously used and

is simulated by Aspen HYSYS software (V.8.4) validated for the liquefaction processes [23, 24].
Some assumptions have been applied to simplify

the processes which have been mentioned in
Table 1. The specifications of feed gas and LNG
production streams have been listed in Table 2.

in steady state which have been successfully
used by the other researchers. The first step
and the most important part of the simulation
of a process is choosing an accurate property

Table 1. Assumptions of operating and theoretical conditions for the process components.

Component Operating conditions Theoretical conditions
Compressor 1 (%) 75 100
Expander 1 (%) 75 100
Heat Exchanger ATmin (°C) >2 0
Air Cooler Pressure drop (bar) 0.1 0

Table 2. Specifications of the feed gas and LNG product streams for Niche LNG process

Feed gas [20] LNG stream
Mass Flow (kg/hr) 470.00 425.40
Temperature (°C) 35.00 -161.31
Pressure (bar) 60.00 135
Molar Enthalpy (kJ/kmol) -73534.18 -89455.00
Components (%mol)
CH, 92.94 94.72
CH, 3.00 3.28
CH, 0.48 0.52
i-CH, 0.06 0.07
n-CH, 0.08 0.09

N 3.44 1.33




The operational conditions of simulated
process including temperature, pressure, mass
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flow and total exergy for material streams have
been illustrated in Table 3.

Table 3. operational conditions for material streams

Stream name Temperature (°C) Pressure (bar) Mass Flow (kg/h)  Total exergy (kW)
20 35 60 470 74.99
20-1 -12154 59.25 470 112.41
22 -152.58 58.75 470 129.01
24 -16131 135 470 124.48
30 40 80 1350 144.18
32 -88 79.5 1350 159.24
34 -155 15 1350 131.91
36 2558 14.25 1350 87.63
36-1 149.92 37.25 1350 125.68
362 40 37.15 1350 119.09
36-3 141.16 80.1 1350 150.43
40 40 76.43 1650 295.36
42 -18 75.93 1650 299.09
44 -127.1 6.9 1650 200.83
46 36.86 6.4 1650 12739
46-1 159.43 215 1650 236.28
46-2 40 214 1650 211.23
463 17158 76.53 1650 324.17
LNG -16131 135 4254 121.06
% -16131 135 44.6 268
and COP is defined as:
4. Analysis of Process Total removed heat from natural gas (kW)
4.1. Energy Analysis COP =

Energy analysis of a closed cycle Nitrogen
expansion process has been done to calculate
the specific power consumption (SPC) and
coefficient of performance (COP) of the cycle.

SPC is defined as the total power consumed

in the whole process divided by the mass flow
rate of the produced LNG [25].

_ Total required power in the whole process (kw)

PC =
SPC Mass flow rate of LNG (kg/hr)

" Total required power in compressors (kW)

Also, deviation of real conditions refrigerant
cycles from the ideal state are compared in
pressure-enthalpy and temperature-entropy
diagrams.

4.2. Exergy analysis

Exergy is defined as the maximum work that
obtains from a process [25]. The total exergy rate
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of the material stream is defined as summation
of the potential exergy, kinetic exergy, chemical
exergy and physical exergy. Potential and
kinetic exergy are negligible in these processes,
so total exergy defined as [20]:

E = EM 4 B ()
E? =H —H,~T,(S -S,) @

where H and S are enthalpy and entropy
rates of the stream at initial temperature and
pressure and H, and S, are standard enthalpy
and entropy rates of the stream at environment
temperature (7,) and pressure. Chemical exergy
(E) is defined as [4]:

E4 =2 E'4+G-Yx.6, 3)
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where x. is the mole fraction of i component
in the stream, El_o is the standard chemical
exergy rate of i’ component, G is rate of Gibbs
free energy of the stream and G is rate of Gibbs
free energy of pure i component at 7, and P,

After calculating of the total exergy for the
material streams, exergy balancemustbeapplied
to each component to determine two important
parameter in exergy analysis including: exergy
efficiency and exergy destruction.

After determining the total exergy of process
streams, exergy balance must be written for
each component in order to calculate exergy
efficiency and exergy destruction. The equations
of exergy efficiency and exergy destruction for
each component are summarized in Table 4.

Table 4. The equations of exergy efficiency
and exergy destruction for each component
[20]

Table 4. The equations of exergy efficiency and exergy destruction for each component [20]

Component Exergy destruction Exergetic efficiency
Compressor WComp- Ex  +Ex, (Bx,, - Ex, )/ WComp
Expander Ex, - Ex - Wy, Weo NEx,, - Ex )

Heat exchanger Y(EX,, - EX ) oe -2EX,, - EX )y

Exin -Ex -E ar

out out

Air Cooler

z(]:::'Xoul - I:F'Xin)Hol / Z‘4(]:3Xin - Exoul)(‘o]d

E @/ (Ex -Ex_ )

out out

Total system

5. Results and Discussion
5.1. Energy analysis

Results of energy analysis are shown in table
5, 6, respectively. Specific power consumption
of this process (SPC) was calculated 0.68 kWh/
kg LNG. This value is approximately close to
the literature [26] which confirms almost 0.70
kWh/kg LNG for SPC of dual stage nitrogen
expansion processes. In addition, as it can be
seen in table 6, pre-cooling cycles coefficient

Summation of irreversibility of all devices

€ = 1- ( Summation of irreversibility of all devices /Y’ WCOmP)

of performance are higher than the other ones
due to proximity of hot and cold streams in
heat exchanger of these processes the values
of COP for nitrogen and methane cycle is 0.42
and 0.19 respectively. Furthermore, the total
removed heat from natural gas including latent
and sensible heat is 103.60 kW.
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Table 5. The value of SPC for liquefaction processes

Niche LNG
Total power consumption in compressors (kW) 365.36
Total produced power in expanders (kW) 75.04
Overall power (kW) 290.32
Mass flow rate of LNG production (kg/h) 425.40
SPC (kWh/kg LNG) 0.68

Table 6. Consumed power, removed heat and coefficient of performance for the cycles

Process Cycle Total required power (kW) Cold duty (kW) cop
Niche LNG Methane 215.75 89.69 0.42
Nitrogen 74.57 1391 0.19

42
150 --#-- Ideal 20 --#-- deal

—&— Actual
y

—d— Actual

g ; 50
= g
0 A 40
50 E 30
-100 E 20
i - a 10 e
-150 =
125 130 135 140 145 150 155 160 165 170 175 0 46
s (kI/kmol C) -82000 -80000 -78000 -76000 -74000 -72000 -70000 -68000
h (kJ/kmol)
a a
200 20
36-3 20
150 36-1 ~=#-- [deal
o --#--Ideal 70 —&— Actual
—d— Actual 60
50
g 36 _ 50
I S 4
-1}
-50 20
100 ) 20 ;
! ¢
-150 ‘,. 10
200 0
80 90 100 110 120 130 140 -8000 -6000 -4000 -2000 0 2000 4000 6000
s (kJ/kmol C) h (kJ/kmol)
b b
Figure 2: T-s diagrams for Niche LNG process a: Figure 3: P-h diagrams for Niche LNG process a:
Methane cycle b: Nitrogen cycle Methane cycle b: Nitrogen cycle

The temperature - entropy (7-s) and pressure  than methane cycle.
- enthalpy (P-h) diagrams for the ideal and actual Table 7 shows the thermodynamic
liquefaction cycles are shown in Figures. 23.  performance of main components of the
As seen, the deviation of nitrogen cycle is less  liquefaction cycles.
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Table 7. Thermodynamic performance of the components.

A: Heat exchangers

Component Duty (kW) Min. approach (°C) LMTD (°C)
75-LNG 167.71 3.14 14.16
75-1-LNG 76.40 243 12.29
B: Compressors
Component  Power consumed (kW)  Adiabatic efficiency (%) Pressure ratio  Outlet temperature (°C)
(@ 134.87 75.00 3.36 159.43
2 141.32 75.00 3.58 171.58
a 49.03 75.00 261 149.92
(@) 40.13 75.00 2.16 141.16
C: Expanders
Component Power produced (kW)  Adiabatic efficiency (%) Pressure ratio  Outlet temperature (°C)
E1 60.45 75.00 0.09 -127.10
E2 14.59 75.00 0.19 -155.00
Figure 4. indicates composite curves for heat 5.2, Exergy analysis
exchangers of Niche LNG process. For all of the
air coolers, the specifications of inlet air were o -
. oC d1at 82520 ; 81i73 81/47
considered 25 °Cand 1 atm. 5 ? ? / 7 et
Z /A 7 ; " Exergetic efficiency (%) 0
wl 47 7 7 g o (%) ’
v o7 7 7 7
7 7 7 4 By
60 wl 4 % 4 4 SE/80 % 4
v 7 7 7y 7 7
REREN 2
7 7 7 7 7 4 7 7
A S/ A
A BRRE 3
9 ORI AN 7 7
B E RN .
g 0 74 g ? f f ; 27/24 25/572 g
5 24/0?24/44 7 4 ? ? ? 7 %
- /R (A 7z 7
7z 0 z
“ 4 % ? ? ? 12/73? f 12/86?
7z Nz A AR z 7
A VLT A Y AT Y]
10 2 % 4 / % % ﬁ / % %
w  EGEEUVEE L
Heat flow (kW) C1 (Wi (&} c4 E1 B2 AC1 AC2 AC3 AC4  75ING 75-1-ING
a Figure 5. Results of exergy analysis for
Niche LNG process
—o— Cold
S Results of exergy analysis have been

Temperature (C)

-200

0 10

20 30 40 50

Heat flow (kW)

b

60 70 80 90

Figure 4. Composite curves of 75- LNG (a) and 75-1-
LNG (b) Heat exchangers for Niche LNG process.

illustrated in Figure 5. Both of exergy analysis
parameters including exergy destruction and
exergy efficiency have been calculated with
equations of table3. As shown in Figure 6.
the highest exergy destruction and exergetic
efficiency are for expander E-1 and compressor
C-2. Additionally, total exergy destruction rate
and exergetic efficiency of Niche LNG process
are 235.61 kW and 35.51%, respectively.
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6. Conclusionsn

In this paper a closed nitrogen expansion
cycle has been simulated with Aspen HYSYS
V8.4. two thermodynamic analysis including:
energy and exergy analyses were applied to this
process to evaluate this process, operational.
Results of energy analysis indicated that
specific power consumption of this process
is 0.68 kWh/kg LNG. The results of exergy
analysis showed that exergy efficiency and
exergy destruction rate of Niche LNG process
are 3551% and 235.61 kW, respectively. It is
concluded that there is an interaction between
specific power consumption and exergetic
efficiency. Moreover, the highest value of
exergetic efficiency and irrevsibility belong
to compressor (C3) and gas turbine (E1). Also,
this process can be suitable for mini-scale LNG
plants.
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1. Introduction

Currently, natural gas (NG) has become the
obvious alternative for crude oil because of its
ease of operation, less risky transport and lower
environmental footprint. These factors lead
to increased NG consumption and transport
to remote areas. Economic transport of NG
requires the reduction of its specific volume
through either pressurization or liquefaction.
Theoretically, it is possible to recover the
energy consumed for volume reduction as
the gas reaches its destination. However, the
current throttling valves used to reduce NG
pressure at the pressure reduction stations
within the conventional NG transport system
destroy this latent energy via the irreversible
Joule-Thompson effect in an isenthalpic
process. On the other hand, the isentropic
expansion produces the maximum work that is
greater than the real expansion due to friction
losses. By replacing a throttling valve with a
turboexpander in a NG pressure reduction
station, the energy content of pressurized gas
is partially harnessed and utilized for moving
the truboexpander wheel. The mechanical work
generated by the expansion turbine can then
be used for moving a coupled generator shaft
and thus generating electric power.

Recently, harnessing the potential energy
of NG distribution system by means of
turboexpanders has captured worldwide
attention [1-10]. Researchers have developed
models to estimate the amount of exergy
recovery and the economics of turboexpander
installation in NG pressure reduction stations
[6, 8]. Rahman (2010) studied power generation
from pressure reduction in NG network [11].
Taheri-Seresht et al. (2010) estimated 96%
energy recovery and a return on investment of
2 years by installing turboexpanders in Tehran
City Gate Station (CGS No. 2) [7]. Howard (2009)
proposed a hybrid turboexpander and fuel cell
system for NG preheating and power recovery
at NG pressure reduction stations with minimum
environmental pollutions [12]. Kostowski (2010)
developed a thermo-economic model based
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on exergy analysis to perform a feasibility study
on energy recovery within the conventional
NG transport system [6]. Farzaneh-Gord and
Sadi (2008) analyzed different scenarios of
using turboexpander in an lIran’s city gate
station for simultaneous refrigeration and
electricity generation [13]. Kostowski and Uson
(2013) estimated a remarkable performance
ratio (generated power to burnt fuel) of 52.6%
for a novel system consisting of an internal
combustion engine and an organic Rankine
cycle in a NG expansion plant [14]. He and Ju
(2013) performed an exergy analysis to design
and optimize a liquefaction process using NG
pipeline pressure energy [15].

When NG is subjected to temperature and
pressure variations, the water and hydrocarbon
molecules are prone to form solid hydrate
molecules. The formation of these solids are
worrying because they can cause potential
limitation in flow and abrasion of equipment.
The allowable water content of NG is usually
determined by the process equipment. This is of
particular importance to high-speed machinery
like turboexpanders. To avoid hydrate
formation at the outlet of the turboexpander,
the inlet stream must be preheated. The current
practice in a pressure reduction station is to
increase the gas temperature by burning a small
fraction of NG in a preheater upstream of the
expansion process so that the final outlet gas
temperature at low pressure is kept outside
the hydrate formation region. As the preheater
is the most important energy consumer of
a pressure reduction station, controlling its
performance is of technical and economic
significance. Khalili et al(2011) calculated
less than 47% thermal efficiency for indirect
water bath heaters that are typically installed
in Iran’s NG pressure reduction stations [16]. In
order to reduce the NG consumption, Azizi et
al. (2014) suggested using the flue gas of an
indirect water bath heater to partially preheat
NG and found an 11% improvement of thermal
efficiency [17]. Farzaneh-Gord et al. (2011)
performed a feasibility study on the application
of solar heaters together with uncontrolled
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linear heaters in NG pressure drop stations [18].
Ashouri et al. (2014) found that using a controller
to adjust the preheating temperature results in
43% savings on preheater energy consumption
and less than one year return on investment
[19]. Pozivil (2004) used Hysys to find that for a
given pressure ratio, the temperature difference
caused by a turboexpander is much higher than
that of a throttling valve [2].

Another significant challenge of NG
pressure reduction stations is controlling the
temperature under changing pressure and also
the flow rate of gas during the hours of a day
and days of a year. As the pressure reduction
stations are inherently subject to seasonal
fluctuations of inlet NG pressure and flow rate,
the preheating temperature should be adjusted
accordingly. Regardless of inlet temperature,
pressure and flow rate of inlet NG, the final
outlet pressure must be kept constant while its
final temperature must not be less than 5°C to
prevent hydrate formation.

The aim of this paper is to design an optimum
expansion process that utilizes expansion
turbines to generate electricity from recoverable
energy of NG that would otherwise be wasted
by the throttling valves of existing pressure
reduction station. This study differs from the
previous ones by taking into account the effect
of fluctuations in the operating conditions of a
pressure reduction station causing off-design
turboexpander isentropic efficiency as well
as optimizing preheating temperature while
avoiding hydrate formation. An implication
of this research is the optimal design of a
turboexpander coupled with an automatic
preheating temperature control system which
leads to maximum electricity generation under
variable operating conditions.

2. Model Development
2.1. Exergy Analysis

According to the second law of
thermodynamics, the generated entropy in any
real process is equivalent to the loss of exergy.
Exergy, by definition, is the maximum useful
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work that is derived from a specific stream
of energy and/or material with respect to its
surrounding environment. For exergy analysis of
the expansion turbine system, the exergy fluxes
crossing the system boundary may comprise
the following components:

1. Chemical exergy, bound to the content
of combustible components as well as to
the composition other than that of the
environment. The chemical exergy of NG
was calculated after Szargut (2009) for high-
methane gas [20]:

ex)’ =1.04x LHV (1)

The calculation of the chemical exergy of
flue gases takes into account only the change
of the components concentration compared to
the environment:

exty =R71)in.ln(xi/xi,0) (2)

where xi,0 denotes the composition of given
species in the environment.

exphzh—ho—]:)(s—so) (3)

2. Physical exergy, resulting from pressure
or temperature different from ambient
conditions, defined as:

exthh—hO—Yz)(s—so) (3)

where the subscript O indicates the state
of the fluid under ambient conditions and
the enthalpy (h) and entropy (s) are functions
of its temperature, pressure and compounds
composition.

3. The exergy of work and heat exchanged
with the surroundings. While the exergy of
work is equal to the work done, the exergy
of heat exchanged with a heat source or
sink depends on its temperature:

-1,
T

(4)

e‘xHeat = q
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For systems other than a heat engine, the
second-law efficiency is defined as the ratio
of recovered exergy to supplied exergy. Since
exergy does not obey the conservation law, a
quasi-balance of exergy has to be closed taking
into account the internal exergy loss (dex):

D ex" =Aex,,, + Y ex” +Sex (5)

Note that the heat losses to the environment
have a zero exergy content. The chemical
exergy of the main gas flux is not included as
it is not destroyed in the system. Furthermore,
the exergy of flue gases is not included as the
recovered exergy because they are released to
the environment.

The net electric power is estimated as:
WGen = 77GB 'nGen '77T 'FNG'(héVG - h.’fVG ) (6)

where 7, is the mechanical efficiency of the
gearbox that connects the turboexpander to
a generator and 7, is the electrical efficiency
of the generator that are assumed constant for
simplicity.

2.2. Economic Analysis

The aim of economic analysis is to study the
effect of design parameters on the feasibility
of turboexpander installation in a pressure
reduction station. In order to take into account
the time value of money, the Net Present Value
(NPV) and discounted payback period are used
[21]. The differential NPV method analyzes
the changes of the cash flow elements due to
turboexpander installation compared to the
existing pressure reduction station. Assuming
discrete year-end cash flows and using discrete
compounding, the Net Present Value (NPV) is
defined as:

A(CF)) o

J

NPV——TCI+Z
j= 1(1+m )

where n is the operation time in years, mar
is the minimum acceotable rate of return,
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TCI is the total capital investment and A(CF)
is the change in annual cash flow due to
turboexpander installation.

The total capital investment consists of fixed
capital investment (FCI) and working capital
investment (WC) listed in detail as percentage
of fixed capital investment in Table A1. See
Appendix B for further information on the
estimation of purchased installed equipment
cost (Eq).

In order to estimate NPV, the change
in annual cash flow due to turboexpander
installation is obtained. The annual Cash Flow
including depreciation for j year is:

CF,=N, +d, ®)

where d.is the annual depreciation calculated
from the straight-line method by dividing Total
Capital Investment by operation time:

_0.85xTCI
4, ~085<TC]) 0

and ij is Net Profit after Taxes calculated as:
N, =(ES,-TOC,)x(1-9) (10)

where ES is the income from electricity sales,
TOC is the Total Operating Costs for j* year and
Qis the fractional income tax rate.

The Total Operating Costs for j* year is
calculated as:

TOC, = DOC, + FC, + POV, +GE, (11)

where DOC} is Direct Operating Costs, FCJ.
Fixed Charges, POV, Plant Overhead Costs and
GE, General Expenses. Table A2 of Appendix A
summarizes a detailed list of all the operating
costs with their typical ranges [21] and selected
values [22] for a pressure reduction station.
The costs of raw material and utilities include
NG and electricity. While the price of NG is
expected to vary with time, constant NG price
throughout the entire operation time and equal
electricity sale and purchase prices are assumed
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in our economic analysis. According to Iran
Ministry of Power (https://www.tasnimnews.
com) and National Iran Gas Company (http://
www.iraniangas.ir), the average electricity and
NG prices in year 2016 are $0.05/kWh and $0.04/
Nm? (~$1.22/MMBtu), respectively. Furthermore,
we assume that the pressure reduction station is
operating for 90% days of a year, 35% of a worker
time with an average labour cost of 25.58 $/h
is spent for the operation of a turboexpander
[21]. Note that different costs are updated by
Chemical Engineering Plant Cost Index (CEPCI) as
reported in Appendix B.

Therefore, the change in annual cash flow
due to turboexpander installation is:

A(CE):A(NW)J’A(“’/‘):(ES/_A(TOC/))X(I“/’)+A(dj) (12)

where A(TOC) and A(dj) are the change in
annual Total Operating Costs and Depreciation
due to turboexpander installation. Obviously,
the income from electricity sales is zero for the
current pressure reduction station that operates
with throttling valves.

Assuming Total Capital Investment is
provided by internal resources (i.e. no bank
loans), straight-line depreciation and constant
change in annual cash flow, we obtain:

< 1
NPV TCI+A(CF]).;(1+mm)j

The ratio of Net Present Value to Total Capital
Investment shows the relative feasibility of an
investment:

NPVR = NPV|TCI (14)

where NPVR>0 shows the investment is
economically justified.

Another important economic indicator is
the discounted payback period calculated by
putting =mar and solving for the time necessary
to achieve NPV=0, i.e. n. Thus:

NPV =0 TCI = A(CF, ).y 1

D (15)
=1 (1 +m, )j

3. Results and Discussion

Tehran No. 2 City Gate Station (CGS No.
2) is selected for a case study because of its
continuous NG flow throughout the year, as
well as its sufficient space for installation of
new equipment and its closure to industrial
and residential areas with high demand for
electricity consumption. Because of the real and
non-polar nature of NG components reported
in Table 1, the thermodynamic calculations are
based on Peng-Robinson equation of state [23].
Furthermore, the NG physical properties and
hydrate formation curve estimated by Aspen
Hysys V.10 are given in Table 2 and Figure 1,
respectively.

Table 1. Chemical composition of NG at CGS No. 2

Species N, CH, co, CH, C3H8 iC,H nCH, iCH,, nCH,, CH,, Sum
Mole % 3.70 1.10 89.80 3.70 0.98 0.22 0.29 0.10 0.07 0.04 100.0
Table 2. Physical properties of NG at CGS No. 2.

Molecular Weight Specific gravity Density (15 °C & 1 atm) Mass LHV
17.925 g/mol 0.62 0.760 kg/m? 45431.84 kJ/kg
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Figure 1. Pressure-temperature curve for hydrate
formation of NG.

The average monthly operating conditions
for Tehran No.2 City Gate Station are given
in Table 3. While the NG outlet pressure and
outlet temperature do not change appreciably,
the inlet pressure and volumetric flow rate are
subject to significant variations due to seasonal
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changes. The monthly inlet gas temperature can
be estimated on the basis of inlet gas pressure
and hydrate formation curves (see Figure 1).
Given the monthly inlet and outlet gas pressures
reported in Table 3, the inlet and outlet gas
temperatures are required to be higher than
15°C and 5°C to avoid hydrate formation.
Because of the CO, content of NG, hydrate can
form at higher temperatures. For a conservative
design, inlet and outlet gas temperatures of
25°C and 10°C are used. Table 4 reports the
physical exergy loss by existing throttling valves
for each month of the year. The total exergy
loss of more than 36'500°000 kWh per year in
only one of Iran’s city gate stations reveals the
significant potential for exergy recovery through
turboexpander installation. Table 5 includes the
model input parameters used for the energy,
exergy and economic analyses done by Aspen
Hysys V.10 simulations.

Table 3. Monthly operating conditions of NG at CGS No. 2.

The months of year Inlet pressure Outlet pressure Outlet Volumetric flow

(in Iranian calendar) (MPa) (MPa) temperature (°C) rate (Nm3/h)
The first month of spring (1) 44 17 77 176880
The second month of spring (2) 4.6 17 10.7 104105
The third month of spring (3) 4.9 17 8.0 170514
The first month of summer (4) 53 1.7 8.7 154239
The second month of summer (5) 53 17 8.8 132929
The third month of summer (6) 49 1.7 10.2 184663
The first month of autumn (7) 4.2 17 10.4 178689
The second month of autumn (8) 39 1.8 10.4 262381
The third month of autumn (9) 24 1.8 10.8 346470
The first month of winter (10) 23 1.7 10.9 427071
The second month of winter (11) 3.2 1.8 103 398845
The third month of winter (12) 3.0 1.8 10.4 355395
Average 4.07 1.76 9.8 241015
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Table 4. Physical exergy loss in Tehran No.2 City Gate Station.

The months of year (in Iranian Inlet exergy (kJ/  Outlet exergy (kJ/  Exergy loss (kJ/

Exergy loss (kWh)

calendar) kmol) kmol) kmol)
The first month of spring (1) 9114.16 6947.24 2166.92 3133454.27
The second month of spring (2) 9202.13 6940.72 2261.40 1924649.31
The third month of spring (3) 9379.39 6946.53 2432.85 3391390.12
The first month of summer (4) 9522.44 6944.93 2577.52 3250107.79
The second month of summer (5) 9522.44 6944.70 2577.74 2801309.10
The third month of summer (6) 9379.39 694172 2437.67 3680072.77
The first month of autumn (7) 9025.82 6941.31 2084.50 3045100.97
The second month of autumn (8) 8824.82 7025.31 1799.51 3860004.45
The third month of autumn (9) 7720.05 7123.15 596.90 1690718.71
The first month of winter (10) 7631.52 7005.93 625.59 2184190.32
The second month of winter (11) 8402.34 7132.90 1269.44 4139217.76
The third month of winter (12) 8276.89 7097.46 1179.42 3426753.49
Sum 36'526'969
Table 5. Model input parameters for simulations.
Ambient
Inlet design pressure 6.89 MPa 25°C
temperature
. Flue gas
Outlet design pressure 1.72 MPa 120°C
temperature
Inlet design temperature 25°C Excess air 15%
Min acceptable rate
Outlet design temperature 10°C P 6%
of return
. Fractional income
Heater outlet design temperature 40°C 20%
tax rate
Project operation
Design volumetric flow rate 600,000 Nm?/h J tin:)e 15 yr
Min-max turbine efficiency 10% - 90% Electricity price $ 0.05/kWh

Heat exchanger efficiency

90%

NG price

$ 1.22/MMBtu

Electric heater efficiency

100%

Operating time

0.9 x 365 days
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Figure 2illustrates the process flow diagram of
CGSNo.2.Asseen, the current pressure reduction
station consists of three parallel identical lines
each of which equipped with an electric heater
and a throttling valve. The economic analysis
of the current city gate station provides a basis
of comparison with the proposed model. As
no electricity is being generated in the current
station, its revenue from electricity sale is zero.
On the other hand, the current city gate station
purchases electricty from an outside supplier to
provide the gas preheating requirements.

Qutsourced
Electricity1

Inlet Pcd vLV1 vLv1
NG1 Electric inlet Valve1 gutlet
preheater1
Outsourced
Electricity2
Inlet @: inlet vLvz = VL2 %t
NG TEE NG2 Electric inlet Viave2 outiet NG
preheater2 MIxX
Qutsourced
Electricity3
g
— —
Inlet VLV3 VLV3
NG3 Electric inlet  Viave 3 outlet

preheater3

Figure 2. Process flow diagram of CGS No.2 in Aspen
Hysys V.10.

Figure 3 shows the process flow diagram
for the proposed model, i.e. turboexpander
installation in parallel with the existing throttling
valve. For simplicity, only one of the three lines

flue
gas
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Hot Gas-Gas
HEX

of Tehran No. 2 City Gate Station is shown.
In our model, instead of the current electric
heater, a combination of a boiler and a gas-gas
heat exchanger is used to preheat the NG. A
fraction of the outlet gas stream is recyled and
combusted with air in a boiler and the hot flue
gas is used to exchange heat with cold NG inlet
stream. A conversion reactor in Aspen Hysys V.10
is used to simulate the complete combustion of
NG in the boiler. The logical operators in Figure
3include.
e SET-1 sets the molar flow rate of inlet air
assuming complete combustion of NG with
15 mole % excess air.

e SET-2 sets 10% heat loss from the boiler
thermal power assuming a boiler efficiency
of 90%.

e ADJ-1 adjusts the fraction of burned NG
until the flue gas temperature is converged
to a set point, here 120°C.

e ADJ-2 adjusts the fraction of inlet gas that
bypasses through the throttling valve
until the outlet gas mixture temperature
is converged to a set point. Normally, to
prevent hydrate formation and optimize
energy consumption, the outlettemperature
of pressure reduction stations is set to 10°C
which is also a suitable temperature for NG
combustion efficiency.
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NG
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Figure 3. Simulation of turboexpander installation in Tehran No. 2 City Gate Station with Aspen Hysys V.10.

Sensitivity analysis are carried out on design
specifications, i.e. preheating temperature

and turbine isentropic efficiency. As seen in
Figure 4, the fraction of NG that is combusted
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in the boiler increases with increasing
preheating temperature, but is independent of
turboexpander efficiency. As seenin Figure 3, the
inlet gas flow is divided into two parallel streams.
One stream passes through the turboexpander,
while the other bypasses through the throttling
valve. The fraction of inlet NG flow passing
through the turboexpander is adjusted so that
the outlet gas mixture temperature is >10°C.
For a given pressure drop, the temperature
drop caused by the turboexpander is much
larger than that of the throttling valve. Given
the outlet gas mixture temperature >10°C, the
fraction of NG stream that can pass through the
turboexpander is increased by increasing the
preheating temperature and/or decreasing the
turboexpander isentropic efficiency as seen in
Figure 5.In other words, for every turboexpander
isentropic efficiency, there is a preheating
temperature beyond which the entire gas flow
can pass through the turboexpander.
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Figure 4. Fraction of burned NG as a function of
preheating temperature.
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Figure 5. Fraction of total NG through
turboexpander as a function of preheating
temperature and turboexpander efficiency.
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The results of energy and exergy analyses are
shown in Figures 6 to 8. As seen in Figure 6, the
specific work generated by the turboexpander is
increased by increasing its isentropic efficiency
and/or increasing preheating temperature.
Furthermore, for each turboexpander isentropic
efficiency, there is a minimum preheating
temperature below which hydrate formation
occurs in the turboexpander outlet stream, i.e.
the turboexpander outlet gas temperature must
be less than its hydrate formation temperature.
Therefore, at higher turboexpander isentropic
efficiencies, greater preheating temperatures
are required to avoid hydrate formation.

E n=90%
= 3000 -
: / p=70%
- g
» 2000 - B
; —_____;.—/—-’ I'|-|——50'%
2 Hydrate -
:G: 1000 - formation _(T_____._-—-—-—'—'—'_'—'_" Ny=30%
a 10%
- I'I =
0 r T .
0 20 40 60 20 100 120 140

Preheating temperature (°C)

Figure 6. Specific work generated by turboexpander
as a function of design specifications. Preheating
temperatures below the dotted curve lead to
hydrate formation in turboexpander outlet stream.

Figure 7 illustrates the generated work
to burned NG ratio as a function of design
specifications. Obviously, the work-to-fuel ratio
increases by increasing the turboexpander
isentropic efficiency. Furthermore, for each
turboexpander isentropic efficiency, there is
a preheating temperature where the work-
to-fuel ratio is maximum. The optimum
preheating temperature occurs exactly when
the preheating temperature is high enough
to allow the passage of the entire NG stream
through the turboexpander. Below this
temperature, a fraction of NG stream has to
bypass through the throttling valve to maintain
the outlet gas mixture temperature at 10°C.
Preheating at temperatures greater than the
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optimum temperature leads to overheating of
turboexpander inlet gas stream and therefore
outlet gas mixture temperatures that are
unnecessarily greater than 10°C. Note that by
operating at preheating temperatures equal
to or higher than the optimum preheating
temperature, hydrate formation is avoided in
the turboexpander outlet stream.
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Figure 7. Generated work to burned NG ratio as a
function of design specifications.

The effect of design specifications on second-
law efficiency of the system is shown in Figure
8. Clearly, greater turboexpander isentropic
efficiencies lead to increased exergy recovery
from NG inlet stream and thus increased
second-law efficiency. As with the work-to-
fuel ratio, for each turboexpander isentropic
efficiency, there is a preheating temperature
where the second-law efficiency is maximum.
This optimum preheating temperature occurs
just as the entire NG flow can pass through
the turboexpander in order to main the outlet
gas mixture temperature at 10°C. Below this
temperature, a fraction of NG has to bypass
through the throttling valve resulting in less
exergy recovery by the turboexpander. Above
the optimum preheating temperature, the
second-law efficiency drops rapidly due to
exergy loss associated with NG preheating that
is provided by heat exchange with hot flue
gases. This shows that an alternative energy
source with lower temperature could increase
the second-law efficiency. That is why water is

used as an indirect heating medium in most city
gate stations.
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Figure 8. Second-law efficiency as a function of
design parameters.

The optimum preheating temperature for
each turboexpander isentropic efficiency is
illustrated in Figure 9. As the turboexpander
isentropic efficiency can be expressed as a
function of inlet NG pressure and mass flow
rate [4], the preheating temperature can be
optimized based on these operating conditions.

120

g

Optimum preheating
temperature [°C)
S
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Turboexpanderefficiency, %

Figure 9. Optimum preheating temperature as a
function of turboexpander isentropic efficiency.

The results of economic analyses based on
constant operating conditions throughout
the year are shown in Figures 10 to 12. As
seen in Figure 10, while NPVR increases
with increasing turboexpander isentropic
efficiency, it sharply decreases with increasing
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preheating temperature due to the increased
NG consumption. Figure 11 shows the number
of years required for return on investment in
turboexpander installation project as a function
of design parameters.

2.5

T n;=90%
L - ,\
- r|T=?'0%
o 15 \
1 -50%
z 14 r
0.5 - n=30%
7-10%
0 . , . . : .
20 20 60 80 \1;?\110 140
0.5 -

Preheating temperature (°C)

Figure 10. Net Present Value Ratio as a function of
design parameters.
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Figure 11. Discounted payback period as a function
of design parameters.

Figure 12 shows the cost to generate
electricity (i.e. total operating costs ($/yr) divided
by annual electricity generation rate (kWh/yr) as
a function of design specifications. As expected,
the cost to generate electricity increases
with increasing preheating temperature and
decreasing turboexpander isentropic efficiency.
Furthermore, it seems that for turboexpander
isentropic efficiencies >30%, the cost of
generated electricity is always less than the
electricity price reported in Table 5.
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Figure 12. Cost to generate electricity as a function
of design specifications. Dashed line is the
electricity price.

Note that the large variations in NG
inlet pressure and mass flow rate forces a
turboexpander to operate away from its design
point and, therefore, with a lower efficiency.
It is clear that the change in turboexpander
efficiency affects the optimum preheating
temperature, the rate of power generation,
NG consumption and thus project economics.
Therefore, it is highly recommended to
also optimize the turboexpander design
specifications so that it could operate efficiently
throughout the year. In particular, using a radial
inflow turbine in a pressure reduction station is
highly recommended to widely control the flow
through the expander.

4. Conclusions

Installing a turboexpander in parallel with
the current throttling valves of Tehran No.2
City Gate Station (CGS No.2) and burning a
fraction of NG to avoid hydrate formation at
the outlet stream proved to be economically
attractive because of the lower prices of NG
compared to electricity prices that is currently
used in the electric preheaters of CGS No.2.
Assuming constant yearly operating conditions,
a discounted payback period of around 4 years
and Net Present Value Ratio of >1 is estimated
based on Iranian NG and electricity prices in
2016. Energy, exergy and economic analyses
reveal great potential for exergy recovery in



Journal of Gas Technology . JGT, Volume 6 / Issue 1/ 2021

CGS No.2 which suffers from an outstanding
total exergy loss of 36’500°000 kWh per year. In
general, this potential is highly dependent on
available pressure drop and NG flow rate of a city
gate station that is subject to daily and monthly
variations. Operating at optimum preheating
temperature is particularly important to set the
basis for automatic temperature control system
especially under variable operating conditions.
To improve the economics of the process, the
turboexpander design specifications should
also be optimized according to the variable
operating conditions of a city gate station.
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Nomenclature

CEPCI  Chemical Engineering plant cost index, -

CFj Annual cash Flow for j* year, $/yr

dj Annual depreciation for j" year, $ /yr
DOCj  Annual direct operating costs for j* year, $/yr
ESj Annual income from electricity sales for j year, $/yr
Eq Purchased installed equipment cost, $

ex Exergy, kJ/kmol

FGj Annual fixed charges for j* year, $/yr
FCI Fixed capital investment, $

F. Natural gas molar flow rate, kmol/s

GEj Annual general expenses for j* year, $/yr
h Enthalpy, kJ/kmol

LHV Lower heating value, kJ/kmol

mar Minimum acceptable rate of return, -

n Operation time, yr

NPj Annual net profit after taxes for jt year, $/yr
NPV Net Present Value, $

P Electric/thermal power, kW

POVj  Annual plant overhead costs for j" year, $/yr
q Heat, kJ/kmol

R Universal ideal gas constant, 8.314 J/mol.K
s Entropy, kJ/kmol. K

T Temperature, K

25|
CI Total Capital Investment, $
TOCj  Annual total operating costs for j" year, $/yr
Con Generated power, kW
wcC Working capital investment, $
Xi Molar composition of species i, -
Greek
& Work-to-fuel ratio, -
n Efficiency, -
0] Fractional income tax rate, -
Subscripts
Ch Chemical
FG Flue gas
GB Gear box
Gen Generator
i Species number, -
J Year number, -
NG Natural gas
Ph Physical
T Turbine
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Appendix A

Table A1. Estimation of total capital investment for pressure reduction station.

Typical ranges Selected Normalized
of FCl, % [21] % of FCl % of FCl
Purchased delivered equipment 15-40 30 25.00
Purchased equipment installation 6-14 10 833
Instrumentations and controls 2-12 9 750
Piping 4-17 13 10.83
Direct Costs | Electrical systems 2-10 7 5.83
Buildings 2-18 4 333
Yard improvements 2-5 3 2.50
Service facilities 8-30 10 833
Land 1-2 0 0.00
Engineering and supervision 4-20 12 10.00
Construction expenses 4-17 6 5.00
Indirect Legal expenses 1-3 2 1.67
Costs Contractor's fee 2-6 3 250
Contingency 5-15 10 833
HSE modification 1 1 0.83
Fixed Capital Investment = Direct Costs + Indirect Costs 120 100.00
Working Capital = 15/85*(Fixed Capital Investment)
Total Capital Investment = Fixed Capital Investment + Working Capital
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Table A2. Estimation of total operating costs for pressure reduction station.

Typical ranges [21]

Selected values [22]

Raw materials

10-80% TOC

Annualized NG cost

Operating labour (OL)

10-20% TOC

35% of a worker

Direct supervisory and clerical (Sup)

10-20% OL

20% OL

Utilities (electricity, cooling water, etc.)

10-20% TOC

Annualized electricity

Direct Operating Costs cost
(=66% TOQ) ) ) )
Maintenance and repairs (M&R) 2-10% FCI 4% annualized FCl
Operating supplies 10-20% M&R 15% M&R
Laboratory charges 10-20% OL 15% OL
Patents and royalties 0-6% TOC 0
Depreciation Linear (0.85*TCl) / n
Local taxes (property) 1-4% FCl
Fixed Charge Insurance 0.4-1% FCl
— - [
(=10-20% TOQ) 3% annualized TCl
Rent 0
Own capital
Financing (interest) ) wn capl
investment
Plant Overhead
Costs Safety, protection, restaurant, etc 5-15% TOC 60% (M&R+ OL+ Sup)
(=5% TOCQ)

Operating Costs = Direct Operating Costs + Fixed Charges + Plant Overhead Costs

(=70-85% TOCQ)

General
Expenses
(=15-25 % TOQ)

2-5% TOC
Administrative costs or

15-25% OL
Distribution & marketing 2-20% TOC
Research & development 5% TOC

20% OL

Total Capital Investment = Fixed Capital Investment + Working Capital
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Appendix B

The purchased installed cost of the current
electric heaters is estimated from [21] that is
updated using Chemical Engineering Plant Cost
Index :

CEPCI 2016

0.852
Eq=306.6x[ P(kW)] " x CEPCI 2002

For turboexpander and boiler two methods
are used:

1. Purchased turboexpander prices as a
function of its delivered power within the
range of 10 to 10,000 kW [21]:

Purchased Price of Turbine in 2016,USD =2573x [P(kW)T"’I7 x giig ig(l); ( 2)

According to Table A.1, the purchased
equipment installation cost is almost one-third
of its purchased price. Therefore, the purchased
price of equipment is 75% of its purchased
installed price.

2. 2) The power scale method estimates the
installation costs of turboexpander and
boiler based on prices of reference devices
with known electric/thermal powers [6]:

Purchased installed price of reference

turboexpander:

Gascontrol: £q,,, =45958.8 8, P, =15 kI Electric power (B3)

Purchased installed price of reference boiler:

De Dietrich: Eq,, =86216.8$, P, =280 k¥ Thermal power (B4)

P CEPCI 2016

Eq=Eq, | — | x———— (B5)
4= (&_J CEPCI 2009
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where a=0.6 for turboexpander and a=0.73
for boiler [6].

Note that in the above economic analysis, the
arithmetic mean of purchased installed price of
turboexpander is used.

According to "www.chemengonline.com”,
Chemical Engineering Plant Cost Index for the
years required in this research are listed in Table
B1.

Table B1. Chemical Engineering Plant Cost Index

Year 2001 2002 2009 2016

CEPCI 3943 395.6 5219 5417
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1. Introduction

Three phase gravity separators are the most
important facilities which are widely used in
petroleum industries to separate immiscible
phases (Pourahmadi et al, 2012; Mostafaiyan et
al,2014). These separators have been developed
in both vertical and horizontal orientations.
Horizontal types used for high gas to liquid
ratio mixtures are more common in Iran and
can be categorized in two most important
groups, i.e., weir type (when the water fraction
is substantial) and boot type (when the water
fraction is not substantial) (Pourahmadi et al,
2012). Inappropriate design of such equipment
leads to inefficient separator performance, in
which gases carry some liquid droplets whilst
some gas bubbles are entrained by the liquid
phases at the outlet. So, impure separated
phases damage downstream equipment such
as pumps and compressors (Pourahmadi et al,
2012; Qarot et al, 2014). Generally, separator
designing is based on semi-empirical methods,
but because of simplified assumptions such as
not considering the effect of turbulence and
internals, these methods are not completely
acceptable (Monnery and Svrcek 1994,
Bothamley, 2013). Although the experimental
study is a solution to this problem, the high-
performance cost forces the researchers to use
a more economical method, i.e., computational
fluid dynamics (CFD) to modify the design
problem and also debottleneck the separators
(Ghafarkhah et al, 2017, 2018; Mc cleney et al,
2017; Kharoua et al, 2013b).

Exact Separator modeling using CFD is a
complicated process which needs careful
consideration to describe physical phenomena
and estimate the separator efficiency well. So,
investigating an appropriate CFD model leads to
apowerful tool to aid in separator designing and
also debottlenecking of the existing separators
(Mc cleny et al, 2017). Two common strategies
used in multiphase flow modeling are Eulerian-
Eulerian (E-E) and Eulerian-Lagrangian (E-L)
methods. In the E-E approach, all the phases are
considered as continuous phases which interact
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with each other by solving the Navier-Stokes
equation. E-E approach includes Volume of fluid
(VOF), mixture and Eulerian models. Discrete
phase model (DPM) which belongs to the model
in the E-L approach, includes both continuous
and discrete phases. In this approach, the Navier-
Stokes equation is solved for the continuous
phase while the discrete phases are tracked
based on Newton’s second law (Xu et al, 2013).

CFD simulation of industrial three-phase
separators that their results have been compared
with experimental data are rather limited in the
literature, and most of them are usually based
on the E-E or E-L method with low accuracy in
estimating separator efficiency.

Kharoua et al. (2013 b) used Eulerian with
k-€ model for simulating an industrial weir
separator. Because of considering a single
average diameter for secondary phases (oil and
water) and not taking in to account the droplet
interaction, i.e., coalescence and breakup, the
separator performance based on the mass of
liquid droplets in the outlet were in a very poor
agreement with field data.

Ahmed et al. (2017) used Eulerian model
in one pilot separator with weir. Because of
the limitations mentioned in Kharoua's work
(Kharoua, 2013 b), a high error (35 to 50 %) were
observed.

In another study performed by Kharoua et al.
(2013 a) size distribution, coalescence and break
up were considered using population balance
model (PBM) coupled with the Eulerian model.
Although this model revealed the importance
of droplet size distribution and the results were
in a better agreement with experimental data,
because of the limitation of size distribution
for just one secondary phase, the results again
were not in a good agreement (about 50 to 85%
error) with field data.

It should be noted that in spite of good
estimating of some features like velocity and
pressure profiles using models in E-E approach,
these models are not capable of good
estimating of separator efficiency (Qarot et al,
2014; Kharoua et al, 2013a, 2013b; Ahmed et
al, 2017). In fact, in addition to the limitations
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pertinent to droplet size and interaction in
Eulerian and mixture models, these models face
problems in modeling the interfaces between
phases. The VOF model, however, is special in
tracking of sharp interfaces, but this model
needs to track free surface around each droplet.
Therefore, a prohibitively fine grid resolution
is required. So, VOF model is not economical
to be used in industrial scales. DPM can be a
remedy to track droplets, where droplets are
treated as point sources of momentum moving
in the domain. Also, the size distribution can be
used for all the secondary phases in this model
(Cloete et al, 2009b; Kirveski, 2016), but both
continuous oil and water phases accumulated
on the bottom of the separators are neglected
in DPM model, and this leads to abnormal results
in separator efficiency (Pourahmadi et al, 2011).
So, DPM model requires three background
phases in three-phase separators to interact
with droplets (Qarot et al, 2014; Pourahmadi et
al, 2011). As VOF is exact in tracking interfaces
between continuous phases, it is a candidate
to be coupled with DPM model (Qarot et al,
2014; Cloete et al, 2009b). In spite of completely
acceptable coupled VOF-DPM model in
multiphase flow (Cloete et al, 2009 a, 2009 b),
there are very limited researches which used
this model in three-phase separators.

Pour Ahmadi et al. (2011,2012) applied a VOF-
DPM with k-€ model in a field separator with
weir to debottleneck it for a better separation.
Size distribution, coalescence and breakup
were modeled for the secondary phases. It
is important to note that the model was not
validated due to the lack of experimental data
for the studied three phase separator. The mesh
independency test was another important
factor which was neglected in their work. The
model details for the CFD simulation to show
which sub-model has the considerable effect,
were not also investigated in this paper. The
most important point in this study is neglecting
the discrete random walk (DRW) model, which
shows the effect of turbulence on the particle
movement in the separators. Therefore, the CFD
model is not exact for three-phase separators.
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In their work, in the absence of industrial data,
the model was just validated with four two-
phase small laboratory scale separators, which
demonstrated areasonable agreement between
the mass distribution of liquid droplets in the
outlet obtained by the model and experimental
data. In fact, the defections of their work should
be corrected to have a reliable CFD model. It
should be noted that in the present work, all the
mentioned corrections have been implemented
in order to simulate an industrial three-phase
boot separator.

Ghafarkhah et al. (2017, 2018) presented a
VOF-DPM with the k-E model to compare two
different semi-empirical methods in designing
three-phase weir separator and also to evaluate
its performance. Results showed that this
model was good in estimating the appropriate
dimensions of the separator.

Although three-phase boot separators
have wide usage in petroleum industries, to
the best of our knowledge no research has
been performed by using CFD to investigate
their performance. Gawas (2013) showed that
multiphase flow behavior becomes different
in three-phase flow (oil, water and gas) when
the amount of water changes, due to different
interaction between liquid phases. There is
different multiphase behaviorin boot separators
compared to weir separators. Boot separators
were not considered by any researcher, and
should be addressed separately to evaluate
their performance. Developing an appropriate
model is the prerequisite for this aim to aid in
separator design, and also debottlenecking the
separators. Due to the poor agreement between
the simulation and industrial data by using the
E-E and E-L approaches, and because of the
advantages of VOF-DPM model mentioned
before, this model was selected in this work.
Because of the limited works pertinent to this
coupled model in three-phase separators, the
model details and sub-models that lead to the
best simulation results, have not been noticed
in the literature yet. The aim of this work is to
develop a comprehensive VOF-DPM model,
and consider the effects of some sub-models,
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i.e., virtual mass force, breakup model, and also
DRW model. This approach which was ignored
in most of the separator modeling, was used to
establish a suitable methodology for a realistic
simulation of an industrial boot separator. The
simulation results were compared with industrial
data of a boot separator located in Borzoyeh
Petrochemical Company in the south of Iran.
Results demonstrated that the coupled model
with the sub-models is capable of estimating
three-phase boot separator efficiency very
well. Also, the importance of applying DRW
was highlighted in this research. By using the
validated model, the effects of droplet size and
flow rate on the separator efficiency were also
investigated in this research.

2. Computational Fluid Dynamics
Model

VOF model is used to create the background
to show the total fluid flow profiles of three
phases (oil, water and gas) and track their
interfaces. Since the VOF model is not capable
of tracking the droplets at an affordable grid
resolution in industrial scale (Cloete et al, 2009b;
Kirveski, 2016), DPM model is coupled with VOF
to track droplets and force them to interact
with the phases in the background through
the momentum equation. For simulation, the
commercial code, Ansys Fluent 16.2, was used.

2.1. Coupled VOF-DPM model

VOF model solves continuity equation for
each phase and just one momentum equation
with a shared velocity field for all the phases.
The continuity and the momentum equations
are shown respectively as (Cloete et al, 2009b):

a —
ET: (@mpm) + V- (@mpmlim) =0 (1)

0 5
a(pﬁ) +V-(pu.t)) = =VP+Vr+pg+F (2
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Where a , p and i are the volume fraction,
density and continuous phase velocity
respectively. Thesubscript mistherepresentative
of phase m. P is pressure; g is gravity acceleration
and T represents the shear stress. Noted that
surface tension force between phases was
considered as a source term (F) by applying
continuum surface force model proposed by

Brackbill et al. (1992).

Tracking  droplet is  predicted by
implementing force balance on each droplet
using DPM model (Cloete et al, 2009b; fluent
theory guide, 2016):

duy, — — - s
%:FD(u—uP)+‘g(p:—p)+f (3)
p

The subscript p is assigned for the particle.
The particle acceleration is due to drag, gravity
and additional forces. All the additional forces,
_f), except virtual mass force were neglected
(Ghafarkhah et al, 2017). Virtual mass force
is introduced when the continuous phase
is accelerated due to discontinuous phase
motion. This force is (Cloete et al, 2009b; Saffari
and Dalir, 2012):

pd _, _,
—— (U-—-u
Ca ) )

Fﬁ =

m

N =

The drag force (F)) and drag coefficient (C,)
are (Cloete et al, 2009b):

18uCp Re
D= - .32 (5)
24ppd,,
a; as
Ch=a4 +—+—7 (6)
b 1" Re ' ReZ

w1 is the molecular viscosity and dp is the
particle diameter. a ,a, and a, are constant in
several ranges of Reynolds based on Morsi and
Alexander method (Cloete et al, 2009b; Huang
et al, 2018). Turbulence was modeled using the
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standard k-€ model because of its simplicity in
actual operating condition and industrial scale
and also due to its suitable application in flow
involving separation (HSU et al, 2017: Zhang et
al, 2018).

Noted that movement of the particles is
affected by the velocity of the continuous
phases in the background which is included in
the drag term of equation 3. In fact, in turbulent
flow, the velocity of the background phase
denotes as (Ghafarkhah et al, 2017, 2018):

u= ut+u (7)

Since the particle motion and dispersion
is also influenced by the velocity fluctuation
(1) not solely by the average velocity (u), the
stochastic tracking model, i.e, DRW model was
applied to investigate the fluctuation effect
on the particle movement. u’ in this model is
(Ghafarkhah et al, 2017):

“':Gji ®
€

G is a random number which is distributed
normally and remains constant during the time
that the droplet passes through a turbulent
eddy. This time is estimated as (Fluent theory
guide, 2016; Cloete et al, 2009b):

Te= o )

k is turbulent kinetic energy and € is
turbulent dissipation rate. ¢, which is constant
is recommended to be 0.15 in the k-€ model,
but it can be altered as a tuning parameter
(Fluent theory guide, 2016; Cloete et al, 2009b).

The Taylor Analogy Break up (TAB) model is
used for the droplet break up. It is based on the
analogy between an oscillating and distorting
droplet and a spring-mass system. The resulted
equation is (Kongre et al, 2010):
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" par Pa rz par?  dt?

x is the displacement of the droplet from
its spherical position and o is the surface
tension. The subscripts c and d are assigned for
continuous and dispersed phases. C,, C, and
C, are dimensionless constants. The droplet is
assumed to break up if (Fluent theory guide,
2016):

x > CbT er:O.S (11)

2.2. Geometry and material definition of
the boot separator

The industrial three-phase boot separator
which contains one slopped inlet diverter of
30° at the entrance, a gravity separation zone
and a water boot at the bottom of the vessel
is depicted in Fig. 1. These separators are used
when the water flow rate is very low relative to
the other phases (Pourahmadi, 2010). Generally,
an inlet diverter is used at the entrance to
change the flow direction and reduce the
velocity abruptly to separate the bulk of liquid
from gas. After the entrance zone, the dispersed
liquid droplets which were not separated
at the entrance, settle out of the gas due to
gravity. The liquid collected at the bottom of
the separator, provides the retention time for
separation of gas bubbles from liquids and also
for separation of two liquids from each other.
Unlike the weir separators, water that settles out
in the liquid section is collected in the boot to
provide the retention time to separate oil from
water. Thus, the main body diameter of the
boot separators can be smaller relative to weir
separators (Pourahmadi, 2010). The separator
studied here is 11.9 m long, with the main body
diameter of 3.6 m and the boot diameter of 1.5m.
The feed inlet diameter is 0.51 m and the outlet
diameters of gas, oil and water are 0.2, 0.25 and
0.1 m respectively. A tetrahedral/hybrid scheme
shown in Fig. 2 for one segment of the domain
was used to generate mesh for the separator.
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Figure 1. Three- dimensional model of the boot
separator

Figure 2. Grid type in one segment of the domain

The feed which was the mixture of
hydrocarbon and water was simulated in Aspen
Hysys v.9 to calculate the volume flow rate and
physical properties of each phase. The results
are shown in Table 1.

Table 1: Physical properties and volume flow rate
of the feed in the boot separator at a temperature

of 47°C and pressure of 19 bar

Phase Density Viscosity ~ volume flow
(kg/m?) (kg/m.s) rate (m*/hr)
Gas 3.283 9.332e-6 1793
Liquid
hydrocarbon 692.6 3.685e-4 340.1
(oil)
Water 991.1 5.783e-4 11.93

The size distribution of oil and water droplets
used in the DPM model were determined based
on logarithmic Rosin-Rammler equation which
is a conventional representative of droplet size
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distribution (Johansen et al, 2013).
—d\"
Yay=1—exp <7> (12)

Where, Y is the mass fraction of droplets,
n is the spread parameter which describes
the material uniformity and d is the particle

diameter [26].

A comprehensive study that considers all
the physical properties of the droplets showed
that equations 13 and 14 could be used to
determine the maximum and mean of oil and
water droplet size (Pourahmadi, 2010).

0.6 0.5
dymax = 1.38 d D) x (13)
max — - 0:°9304%2u,01 J\u, 11

0.6

ﬂd(ﬂ 0.25u 2.75p —0.25D—1.25d )% p

1+ 0.5975 e LT

o Pa
Amean = 0.4 dpmax (14)

In this work, the maximum, minimum
and mean diameter of oil and water are
3461,150,1384 pum and 6833,150,2733 um,
respectively. The spread parameter for both
liquids were set as 2.6 (Ghafarkhah et al, 2017,
2018; Pourahmadi et al, 2011,2012).

2.3. Boundary condition and numerical
solution

For the VOF model, a velocity inlet boundary
condition and a pressure outlet for the gas
outlet were set. To control the interfaces
between gas-oil and oil-water phases, the
velocity boundary type was utilized at both
oil and water outlets (Ghafarkhah et al, 2017,
2018; Pourahmadi et al, 2011,2012). Turbulent
parameter at each boundary was determined
using turbulent intensity as (Pourahmadi et al,
2011):

| = .16 Re 125 (15)
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For the DPM model, the scape zones were
selected for the inlet and outlets. It was
assumed that the droplets which reach the walls
surrounded by oil and water zones are trapped
while those that reach the other walls reflect
(Ghafarkhah et al, 2017, 2018; Pourahmadi et al,
2011,2012).

Discretization of the equations was
performed using the finite volume method. The
velocity-pressure coupling was utilized using the
simple method (Ghafarkhah et al, 2017, 2018).
The second order upwind method was selected
to discretize the turbulent parameters and also
the momentum equation. The presto scheme
was chosen for the pressure interpolation in
this work (Ghafarkhah et al, 2017, 2018; Fluent
theory guide, 2016).

2. Results and Discussions

The coupled VOF-DPM model was selected
for modeling of a three-phase boot separator.
In this study the constant physical properties,
unsteady DPM model, three-dimensional
simulation and turbulent flow assumption were
considered. The results of the model are as
follows:

3.1. Grid test

The grid test was performed based on
velocity profile and also the most important
parameter in separator i.e., mass of liquid
droplets that should be separated (Ghafarkhah
et al, 2017,2018), to ensure the results. As an
example, the analyze depicted in Figure. 3 was
based on mass distribution of droplets that is
necessary to be estimated for evaluating the
separator performance. In this step, different
vertical planes were modeled in different
horizontal distance from the inlet and mass
percentage of liquid (mass of liquid droplets
that reaches each plane per total mass of
droplets at the entrance) were recorded. Three
different cell numbers were tested in this study
and case 2 with 1182305 cells was selected due
to not significant change from case 2 to case 3.
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Figure 3. Grid test for mass percentage of liquid

3.2. Fluid flow profile

Figure. 4 depicts the volume fraction contour
of the oil phase in the right view of the separator.
The contour of density in the middle of the
separatorisalsoshowninFigure.5. Asrepresented
on Figures 4 and 5, three phases have been
separated due to gravity by a clear interface at
gas-oil and oil-water interfaces. The contour of
pressure in the middle of the separator in Figure.
6 reveals that the separator works at constant
pressure (except for variation due to liquid
level) which is in complete accordance with the
industrial data (Pourahmadi et al, 2011). Velocity
vectors of the continuous phases at the entrance
of the separator shown in Figure. 7 demonstrates
that the flow direction changes and also the
velocity magnitude reduces by passing from
the slopped inlet diverter to the main part. To
a better illustration, the velocity profile in the
main part of the vessel are shown in different
vertical planes located in the horizontal
direction (x-direction) in Figure. 8 to 10. In fact,
in separators, the velocity magnitude of the gas
phase should be decreased sufficiently to let
the droplets drop out by gravity easier due to
more retention time of gas (Ghafarkhah et al,
2017,2018; Pourahmadi et al, 2011). This trend is
in accordance with the results shown in Figure. 7
to Figure. 10. So, the results show that this model
is good in depicting the fluid flow profile.
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Figure 4. Contour of oil volume fraction
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Figure 6. Contour of pressure in the middle of the
separator

Figure 7. Velocity vector at the entrance
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Figure 10. Velocity profile in x=9.5m

3.3. Separator performance and data
validation

The results of the simulation and industrial
data were compared in Figure 11. In order to
develop the appropriate model, effects of
different sub-models including virtual mass
force, DRW model and droplet break up, were
considered. It should be noted that because
of low volume fraction of water in the boot
separators, no problem can be seen in liquid-
liquid separation and the main problem is
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separating liquid droplets from the gas phase
(Pourahmadi et al, 2011). The mass of oil droplet
in the gas outlet were detected based on ASTM
D1945 in Borzoyeh petrochemical company
and were used to be compared with the model
results. It can be observed from Figure. 11
that inclusion of the virtual mass compared to
neglecting all the sub-models, shows a better
prediction with experimental data. Despite
the fact that the amount of virtual mass is
significant only when the gas phase is dispersed,
considering it in multiphase flow might modify
the results to agree better with experimental
data even if the gas phase is continuous (Saffari
and Dalir, 2012). In this study the error of model
decreased by 7.58% using virtual mass so that
the simulation error relative to experimental
data decreased from 40.81% to 33.23%. As
depicted in Figure. 11, neglecting the effect of
DRW model both in the presence and absence
of virtual mass, decreases the amount of liquid
at the gas outlet significantly. The reason is
that neglecting DRW model leads to neglect
velocity fluctuation in the background and as
movement of droplets based on equations 3
and 10 is affected by this factor not solely by
the average velocity, the results differ when
neglecting it. So, it causes the mass of liquid
droplets to go towards an ideal situation i.e.,
existing lower amount of liquid in the gas out
let. In this research the simulation error using
DRW model decreased from 33.23% to 16.6%.
Thus, the model without DRW can’t effectively
estimate the separator performance which
researchers paid less attention to it. Figure 11
shows that the error has been decreased using
break up model. In fact, because of producing
droplets with different size while using breakup
model, the movement path of droplets is
affected, so the results become different while
neglecting it (Qarot et al, 2014). However, in this
research break up model just decreased the error
by 3.71% such that the simulation error relative
to experimental data decreased from 16.6%
to 12.9%. The error between simulation results
and industrial data (12.9%) in this work relative
to the previous studies (Kharoua et al, 2013 a,
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b, Ahmed et al, 2017) showed a reduction of at
least 22.1%. Therefore, the coupled model used
in this study is capable of estimating the boot
separator performance very Comparison of
different sub-models with experimental datal.

50

40
30
20
10

0

neglectingallsub  considering virtual considering virtual experimentaldata  considering virtual
models mass mass and DRW mass, DRW and

ligquid droplets at
gas outlet (kg/hr)

break up

Figure 11. Comparison of different sub-models with
experimental data

Note that, in addition to existing low amount
of liquid droplets in the gas out let to have a
good separator efficiency, appropriate diameter
distribution of liquid droplets in the gas out
let is of high importance since droplets less
than 100 um can be separated by applying an
appropriate mist eliminator while those greater
than 100pum might flood in mist eliminator and
damage it (Ghafarkhah et al, 2018; Pourahmadi,
2010). So, size distribution at the out let should
be checked to investigate the separator
performance. As presented in Figures. 12 and
13., most of both oil and water droplets have a
mean diameter between 10 and 100 um using
the model. Thus, its performance might increase
by applying an appropriate mist eliminator to
reduce the liquid droplets at the gas out let.

0 T T 1
0 50 100 150 200

mass percentage of water droplet (%)
N
th

water droplet (um)

Figure 12. Water size distribution
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Figure 13. Oil size distribution

3.4.Effect of droplet size on the separator
performance

Inlet droplet size of oil was changed + 20% in
this research to have small, medium and coarse
droplets. Table 2 shows that injecting coarser
droplets leads to a decrease (about 23%) in
the droplet mass flow at the gas out let, while
droplet mass flow increased by 29% when the
inlet size was smaller. In fact, kharoua et al.
(2013 a, 2013b) showed that settling out the
small droplets due to gravity is hard and they
can be moved easily by gas towards the outlet
and leads to an increase in the liquid mass in
the gas outlet, so a decrease in the separator
performance can be observed which this trend is
in accordance with the results presented in this
section using the coupled VOF-DPM model. So,
itis concluded that, appropriate size distribution
that can be produced using suitable internals at
the entrance to improve the separator efficiency
(Kharoua et al, 2013a, 2013 b) is an effective
parameter in separator efficiency that has paid
less attention in separator modeling.

Table 2: Effect of droplet size on droplet mass flow
in the gas outlet

Droplet size change -20% Real size +20%
Mass flow of 24 5707 441
droplet(kg/hr) ' '
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3.5.Effect of droplet size on the separator
performance

The inlet flow rate of the gas phase was
changed in the range of 5298-6475 kg/hr based
on the field experience in the studied separator.
Figure. 14 reveals that the liquid entrainment in
the gas outlet increases by increasing the inlet
flowrate.Noted that theincrease in droplet mass
at the gas outlet is more significant at higher
flow rate range, i.e.5800-6475 kg/hr, such that
the liquid mass flow increases about 38% in the
gas outlet, while no significant increase in the
liquid mass can be illustrated by increasing the
flow ratein the lowerrange, i.e., 5298-5800kg/hr.
In fact, by increasing the flow rate, the retention
time of the droplets decreases because of the
higher velocity of the gas phase due to higher
flow rate, so they have no sufficient time to
be separated from the gas phase at the higher
velocity and it leads to a reduction in separator
efficiency (Mohammadi Ghaleni et al, 2012)
which this trend is in accordance with the results
found in this section.
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Figure 14. Oil size distribution

4. Conclusions

In this study a coupled VOF-DPM model
was used to simulate an industrial three-phase
boot separator. Considering virtual mass force,
DRW and break up models led to a decrease
in the simulation error relative to industrial
data by16.6%, 7.58% and 3.71% respectively.
So, the results underlined the importance of
DRW in estimating separator efficiency. A good
agreement of 12.9% error between simulation
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and industrial data using all the sub-models,
reveals that this model is capable of estimating
the separator efficiency and also the fluid flow
profile. Droplet size distribution of liquids at the
gas outlet showed that the average diameter of
both oil and water were between 10 and 100
um that requires an appropriate mist eliminator
to increase the separator efficiency. Using the
validated model, the effects of droplet size and
flow rate on the separator performance were
investigated. Results highlighted the effect of
droplet size on the separation performance
so that increasing the droplet size caused a
better separator performance, since the liquid
entrainment in the gas outlet decreased by 23%.
The results pertinent to the effect of flow rate
presented that the liquid entrainment in the gas
outlet was highly influenced by the retention
time at higher flow rate (5800-6475 kg/hr), such
that increasing the flow rate increased the liquid
mass by 38%, while the intended separator had
the ability of changing the inlet flow rate in the
range of 5298-5800 kg/hr without a significant
increase in the liquid mass at the gas outlet.
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‘ Greek letters

a, Volume fraction of phase m [-]

€ Turbulent dissipation rate [m?*/s?]

U Molecular viscosity [pa.s]

u, Molecular viscosity of continuous phase [pa.s]
u, Molecular viscosity of dispersed phase [pa.s]
p Density [kg.m]

P, Density of continuous phase [kg/m?]

P, Density of dispersed phase [kg/m?]

b, Density of particle [kg/m?]

Density of phase m [kg/m?]

T shear stress [N/m?]
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Nomenclature

C, Drag coefficient [-]

D Pipe diameter of the flow [m]
dp Particle diameter [m]

d . Maximum diameter [m]

d,d, . Mean of diameter [m]

Fp Drag force [N]

F Source term force [N/m?]

F,, Virtual mass force [N]

f Additional force per particle mass [m/s?]
g Gravity acceleration [m/s?]

k Turbulent kinetic energy [m?/s?]
P Pressure [N/m?]

r Particle radius [m]

u Velocity of fluid [m/s]

U, Velocity of phase m [m/s]

u Particle velocity [m/s]

u, Velocity of continuous phase [m/s]
u’ Velocity fluctuation [m/s]
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1. Introduction

Theincreaseintheatmosphericconcentration
of greenhouse gases, such as carbon dioxide, is
the main cause of the current global warming
trend which is one of the most serious problems
in the world [1]. Among different technologies
for CO, (the major greenhouse gas) removal
which is found in flue and natural gas stream,
membrane technology can be one of the
promising ways to solve serious global problems
due to its flexible, energy efficient, economical
and environmentally friendly characteristics [2,3]
The chemical and mechanical characteristics
of polymeric membranes have made them as
attractive materials for gas separation due to
their flexibility, environmentally friendly, cost
and energy effective characteristics, as well
as high permeation and selectivity with easy
processability [4].

In this research, two techniques were applied
to modify the CO, separation properties of the
selective layer of Pebax MH 1657/Polysulfone
polymeric membranes. CuBTC or MOF-199,
which has a three-dimensional network with
the main channels being 0.9 nm in diameter
surrounded by tetrahedral pockets [5], was
used as filler to have the beneficial properties
of mixed matrix membranes (MMMs). Also, poly
(ethylene glycol)-ran-poly (propylene glycol)
(PEG-ran-PPG) copolymer, which combines the
benefits of PEG (high selectivity) with those of
PPG (high permeability, amorphous), can be an
out-standing additive to Pebax. Therefore, in
the present work, CuBTC (0-20 wt%) and PEG-
ran-PPG (0-50 wt%) were added to the top
layer of Pebax MH 1657/polysulfone composite
membrane. Central composite design (CCD)
(a statistical experimental design technique)
was employed to investigate the influence
of CuBTC and PEG-ran-PPG mass contents on
CO, permeance and CO,/CH, selectivity of
composite membranes. By obtaining a model,
the optimum mass contents were determined
in order to maximize both the CO, permeance
and CO,/CH, selectivity at the same time.
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2. Gas Pernation Measurements

The single gas permeation test of the
prepared composite membranes was done for
CO, and CH, gasses using a constant pressure
apparatus at 30°C temperature with feed
pressure of 3 bar. The gas permeance values in
GPU (10® cm? (STP)/cm? s cmHg) and the ideal
selectivity were calculated as:

P £ ¢
ermeanceg = — = ——— ‘|
[~ A(py —py) ()

Permeance CO,

(04 =
C02/CHa ™ permeance C H,

where P is permeability, O is the volumetric
permeate gas flow rate (cm? (STP)/s), | is selective
layer thickness (cm), 4 the effective membrane
area (cm?) for gas permeation, p, and p, are
the feed and permeate side pressures (cmHg),
respectively. Each gas permeation value
represents an average of 2 replicates.

3. Experimental Design

Central composite design (CCD), which is the
most popular response surface method (RSM),
was used to design the experiment. 5 central
points, 4 axial points and 2? = 4 full factorial
points, was employed for the two variables
(Table 1). To set specific values for the upper and
lower levels, the central composite inscribed
(CCl) type was applied (a=0.7071). The Design
Expert software (version 6.0.10, Stat-Ease,
Inc,, Minneapolis, USA) was used for analysis
of the obtained data. To predict the optimal
point, results of the experimental design were
fitted with a quadratic polynomial equation,
explained as follows:

Y: a()+ al'X/+ aZX;+ al]'X}2 * a22X22 + a]ZX[)(; (3)
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The response functions (Y) represents CO,
permeance and CO,/CH, ideal selectivity. The
coefficients of the polynomial were represented
by a,(constant term), @, and a, (linear effects), a,,
and a,, (quadratic effects), and a,, (interaction
effects), which the significance of the each
coefficient in the above model was selected or
rejected based on the p-value. The terms that
statistically found non-significant (p>0.05) were
removed from the initial model. Some additional
permeation tests were conducted to verify the
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validity of the statistical experimental design.

For statistical calculations, the relation
between the coded values and actual values
are described by Eq. (4), where X is the coded
value of the variable, X' is the actual value of the
variable, X is the actual value of X at the center
point, and 4X is the step change value of the
variables.

YiT Ty

Table 1. Factors and their levels for experimental design (CCl)

Low axial level

Low factorial level

Center point High factorial  High axial level

Factor
(-1) (-a: -0.7071) (0) (+a: +0.7071) (+1)
X1: PEG-ran-PPG (wt.%) 10 15.86 30 44,14 50
X2: CuBTC (wt.%) 0 2.93 10 17.07 20

4. Results and Discussion

As described in the experimental design
section, the CCD method was used to investigate
the effect of both PEG-ran-PPG and CuBTC mass
contents on the membrane separation process
at the same time. The permeation properties of a

been done at 30°C and 3 bar and the results are
presented in Table 2. All the experiments were
performed two times and the average results
were reported. Also the experiments did not
perform based on the run number.

series of membranes based on CCD design have

Table 2. Experimental design matrix of CCD and actual responses (30°C, 3 bar)

Independent variables
Point

Response variables

type Run no. X, X, Y, Y,
(PEG-ran-PPG (wt.%)) (CuBTC (Wt.%)) (CO, permeance) (GPU) CO,/CH, ideal selectivity

Factorial 1 10 (-1) 0(-1) 13.8 16.3
Factorial 3 10 (-1) 20 (+1) 23.0 22.8
Factorial 3 10 (-1) 20 (+1) 23.0 22.8
Factorial 4 50 (+1) 20 (+1) 80.0 17.8
Center 5 30 (0) 10 (0) 43.8 21.1
Center 6 30 (0) 10 (0) 438 211
Center 7 30(0) 10 (0) 437 21.1
Center 8 30(0) 10 (0) 437 21.1
Center 9 30(0) 10 (0) 438 21.1
Axial 10 15.86 (-0) 10 (0) 24.0 20.0
Axial 1 44.14 (+a) 10 (0) 65.5 17.8
Axial 12 30 (0) 2.93 (-a) 422 18.0
Axial 13 30 (0) 17.07 (+a) 54.7 23.2
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The statistical significance of the model
equations and the model terms was evaluated
by the F-test (analysis of variance (ANOVA)). The
model and lack of fit p-value, the coefficient
of determination (R), adjusted R, (adj-R) and
the coefficient of variance (CV) along with
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the calculated regression coefficient of the
model equations (based on the coded factors)
are presented in Table 3. Also the individual
significance (F-value and p-value) of each
coefficient for each response variable is shown
in Table 4.

Table 3. Regression coefficients (based on the coded values) and evaluation
of mathematical models for the response variables

Response variables

Regression coefficient

CO, Permeance

CO,/CH, Ideal selectivity

(v) (v,
a, 45.09 20.86
a, 27.51 -1.43
a, 7.03 2.46
a, -1.99 -3.10
a,, 236 0.30
a, 1.97 1.10
Regression (p-value) 0.0001° <0.0001°
Lack of fit (p-value) 0.42° 0.63°
R? 0.987 0.958
Adj-R? 0.978 0.929
CV (%) 6.01 3.24

2Significant (p<0.0001).
®Not significant (p>0.05).

As shown in Table 3, the p-value for the CO,
permeance and CO,/CH, ideal selectivity were
0.0001 and <0.0001 respectively, (p-value <
0.05), which indicates that the models were
statistically significant with a confidence
interval of 99.99%. Also, the lack of fit is not
significant which shows that the models are
suitable to predict the responses. The quality
of fit of the prediction equation expresses
by the coefficient of determination (R) [6].
The R, for the models were 0.987 for Y, and
0.958 for Y, which indicates that the models
were suitable for adequate representation
of the real relationship among the variables.

Since addition of a variable to the model will
always increase R, regardless of whether the
additional variable is statistically significant or
not, it is recommended to use adj-R, (it should
be over 90%). The adj-R, will not always increase
as variables are added to the model. Moreover,
the values of coefficient of variance (CV) were
6.01% and 3.24% for the CO, permeance and
CO,/CH, ideal selectivity, respectively. The CV
is @ measure of reproducibility of the model.
As a general rule, if the CV is not greater than
10%, a model can be considered reasonably
reproducible [7].
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Table 4. The significance of coefficients for each response variable

Response variables

Regression coefficient

CO, Permeance (Y,)

CO,/CH, Ideal selectivity (Y,

F-value p-value F-value p-value
Linear effects
X, (PEG-ran-PPG (wt.%)) 511.67 <0.0001* 2492 0.0016*
X, (CuBTC (wt.%)) 33.45 0.0007* 73.35 <0.0001*
Quadratic effects
X, 0.48 0.5093 21.17 0.0025*
X, 0.68 0.4368 0.19 0.6742
Interaction effects
X 2.11 0.1897 11.78 0.0110*

12

*Significant at p<0.05.

4.1. CO2 Permeance

The results of ANOVA analysis (Table 4)
indicated that the linear effects of PEG-ran-
PPG mass content (p<0.0001) and CuBTC mass
content (p=0.0007) were significant on the
CO, permeance (Y), whereas quadratic and
interaction effects were not significant. By
considering the values of coefficients, the CO,
permeance (Y)) was notably influenced by the
PEG-ran-PPG mass content. As shown in Figure1,
the CO, permeance is increased by addition of
both PEG-ran-PPG and CuBTC concentrations.
When the amount of PEG-ran-PPG and CuBTC
increase up to 50 wt.% and 20 wt.% respectively,
the CO, permeance attains 80 GPU (almost 10
times of the CO2 permeance of neat Peabx). PEG
is well known for its high CO, permeability and
CO,/light gas selectivity [8]. The quadrupole
interaction between the polar ether units in PEG
segments and CO, molecules, resulting in the
high CO, solubility and thereby permeability in
the system. Also the highflexibility of the EO units
enhances the diffusivity of CO, molecules [8,9-
11]. The higher content of EO in the system due
to addition of PEG to the neat Pebax copolymer,

increases the favorably interaction of EO units
with CO,. Also the presence of PPG, which is
fully amorphous and its permeability is a factor
4 to 5 higher than that of PEG [12], increases the
permeability. The extra methyl side group (-CH,)
in PPG compared to PEG hinders close chain
packing and increases the FFV and permeability
of the membrane, at the cost of lower selectivity
as a result of the reduced polarity of the system
[13]. On the other hand, CuBTC separate CO, and
CH, gases based on the different electrostatic
interactions between the gases and the MOF
framework. The improved CO, permeability due
to addition of CuBTC particles can be attributed
to the facilitated diffusion of CO, through the
MOF pores. CuBTC has a three-dimensional
network with intersectional pores, the main
channels being 0.9 nm in diameter surrounded
by tetrahedral pockets of 0.5 nm diameter. The
tetrahedral pockets and main channels are
connected by triangular windows of 0.35 nm
[5]. The strong quadrupole moment of CO has
higher affinity toward unsaturated Cu sites
compared to CH4, leading to more CO, sorption.
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CO2 Permeance (GPU) (Y1)
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10
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Figure1. 3D surface (a) and contour (b) plots of CO, permeance
at different PEG-ran-PPG and CuBTC mass contents

4.2. CO,/CH, Ideal selectivity

As revealed in Table 4, the CO,/CH, ideal
selectivity (Y,) was significantly influenced by
the linear effects of both independent variables
(p=0.0016for X, and p<0.0001 for X ). The results
also indicated that the quadratic effect of PEG-
ran-PPG mass content significantly (»p=0.0025)
influenced the CO,/CH, ideal selectivity.
Moreover, the interaction effect between
PEG-ran-PPG and CuBTC mass contents, was
significant (»p=0.0110). The 3D response surfaces
and counter plots were employed to determine
the interaction of the independent variables
on the CO,/CH, ideal selectivity (Y)) (Figure 2).
As it can be seen in Figure 2, the higher CO/
CH, ideal selectivity was achieved at high
CuBTC mass content and medium PEG-ran-
PPG concentration. Also, based on the model
regression coefficient, the CuBTC mass content
has the most significant effect on the response
and the interaction effect between PEG-ran-PPG
and CuBTChas a positive effect on the selectivity.
The CO,/CH, ideal selectivity of Pebax/CuBTC
MMMs increased about 19% at 20 wt.% MOF.
While, at 50 wt.% of PEG-ran-PPG without
addition of MOF, a slight decrease at the CO./
CH, ideal selectivity (nearly 4%) was observed.
The presence of both PEG-ran-PPG and CuBTC
at the same time in the membrane structure
resulted in an enhancement in the CO_/CH, ideal
selectivity, and at 20 wt.% of MOF and 30 wt.%
of PEG-ran-PPG the membrane ideal selectivity
reached to 23.7 which is nearly 45% higher than
that of the neat polymeric one. The separation

properties of MMMs are mainly affected by the
transport properties of both continuous and
dispersed phases and also the morphology of
the interface. The high CO, selectivity of Pebax
over other gases is obtained by high CO_/light
gas solubility selectivity, as the quadrupolar
CO, display desirable interaction with the
ether oxygen linkages, favoring the solubility
of the polar CO, over the non-polar gases like
H,, N, and CH,. Also, the selective adsorption of
CuBTC toward CO, increases the permeability
of CO, compared to CH,, which affects the CO,/
CH, selectivity. The particles agglomeration
and the presence of non-selective voids in the
polymer/filler interface has a negative effect
on the MMM selectivity. The addition of PEG-
ran-PPG to the Pebax/MOF system increases
the FFV and flexibility of the polymer chains
and consequently enhances the filler/polymer
interface (as confirmed by DSC analysis),
which has a positive influence on the overall
CO,/CH selectivity of the membrane. On the
other hand, the selectivity of PPG based block
copolymersislowerthan that of PEG based block
copolymers because of the lower size sieving
ability as well as the lower CO, solubility (due
to the reduction in the polarity of the system)
[14]. But, due to existence of PEG near the PPG
in the PEG-ran-PPG copolymer, and favorable
interaction of polar CO, molecules with them,
the severe reduction in the selectivity of Pebax/
PEG-ran-PPG membranes did not observe.
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(b) CO2/CH4 Ideal selectivity (Y2)

CuBTC mass content (X2)

PEG-ran-PPG mass content (X1)

Figure 2. 3D surface (a) and contour (b) plots of CO,/CH, ideal selectivity
at different PEG-ran-PPG and CuBTC

4.3. Optimization and Verification of the
Models

The optimization was performed using
the Design-Expert software to evaluate
an optimum set level of the independent
variables leading to the desirable response
goals including the highest CO, permeance
and CO,/CH, ideal selectivity at different
importance ratios (CO, permeance to CO,/CH,
ideal selectivity importance ratios of 1/1 and
1/3). To validate the models generated by CCD,
two actual experiments at optimal conditions
were carried out. Table 5 presents the results

of the experiment conducted at the optimal
conditions and showed that the verification
experiments and the predicted values from
fitted correlations were in close agreement by
confidence interval of 95%and confirmed the
validity of the models. Under the optimum
conditions (PEG-ran-PPG: 32.76 wt.% and CuBTC:
20 wt.%), nearly 620% and 43% increase in the
CO, permeance and CO,/CH, ideal selectivity
was observed, respectively.

Table 5. Optimum conditions and validation experiment results

Independent  Optimum con- Correlation  Confirmation
. Responses Target Importance . .
variables dition (wt.%) predicted experiment
PEG-ran-PPG 35.22 CO, permeance (GPU) maximize 1 59.3 59.840.6
CuBTC 20.0 CO,/CH, ideal selectivity maximize 1 23.0 22.840.1
PEG-ran-PPG 3276 CO, permeance (GPU) maximize 1 55.8 56.2+0.8
CuBTC 20.0 CO,/CH, ideal selectivity maximize 3 232 23.4+0.1
5. CONCLUSION

In this work, PEG-ran-PPG and CuBTC were
used to modify the selective layer of Pebax/
Polysulfone composite membrane. The effect
of PEG-ran-PPG and CuBTC mass contents were
investigated by CCD experimental design. The
optimum set of the independent variables
was obtained in order to maximize the CO,
permenace and CO,/CH, ideal selectivity. Under

the optimum conditions (PEG-ran-PPG: 32.76
wt.% and CuBTC: 20 wt.%), nearly 620% and 43%
increase was observed in the CO, permeance
and CO,/CH, ideal selectivity, respectively.
Since no significant difference (p<0.05) was
obtained between the actual and the predicted
values, the models were verified to predict the
responses.



| 50

7. References

1.

Reijerkerk, S. R., Knoef, M. H., Nijmeijer, K.,
Wessling, M., 2010. Poly(ethylene glycol) and
poly(dimethyl siloxane): Combining their
advantages into efficient CO2 gas separation
membranes. Journal of membrane science
352, 126-135.

Li, Y., Liang, F., Bux, H., Yang, W., Caro, J,
2010. Zeolitic imidazolate framework ZIF-
7 based molecular sieve membrane for
hydrogen separation, Journal of Membrane
Science 354, 48-54.

Khosravi, T. Mosleh, S. Bakhtiari, O,
Mohammadi, T., 2010. Mixed matrix
membranes of Matrimid 5218 loaded with
zeolite 4A for pervaporation separation
of water-isopropanol mixtures, Chemical
Engineering Research and Design 90, 2353-
2363.

Khosravi, T., Omidkhah, M., 2015. Preparation
of CO2-philic polymeric membranes by
blending poly(ether-b-amide-6) and PEG/
PPGcontaining copolymer, RSC Advances 5,
12849-12859.

Shahid, S., Nijmeijer, K., 2014. Performance
and plasticization behavior of polymer-MOF
membranes for gas separation at elevated
pressures, Journal of Membrane Science
470, 166-177.

Ahmadi, M., Vahabzadeh, F., Bonakdarpour,
B., Mehranian, M., 2006. Empirical modeling
of olive oil mill wastewater treatment
using loofa-immobilized Phanerochaete
chrysosporium, Process Biochemistry 41,
1148-1154.

Amiri, F,, Mousavi, S.M., Yaghmaei, S., 2011.
Enhancement of bioleaching of a spent Ni/
Mo hydroprocessing catalyst byPenicillium
simplicissimum, Separation and Purification
Technology 80, 566-576.

Lin, H., Freeman, B. D. 2005. Materials

10.

11.

12.

13.

14.

Journal of Gas Technology . JGT, Volume 6 / Issue 1/ 2021

selection guidelines for membranes that
remove CO2 from gas mixtures, Journal of
Molecular Structure 739, 57-74.

Lin, H., Freeman, B. D., 2004. Gas solubility,
diffusivity and permeability in poly(ethylene
oxide), Journal of Membrane Science 239,
105-117.

Munoz, D.M., Maya, EM., Abajo, J., Campa,
J.G, Lozano, A.E., 2008. Thermal treatment
of poly(ethylene oxide)-segmented
copolyimide based membranes: An
effective way to improve the gas separation
properties, Journal of Membrane Science
323, 53-59.

Reijerkerk, S.R., Nijmeijera, K., Ribeiro Jr,
C.P., Freeman, B.D., Wessling, M., 2011. On
the effects of plasticization in CO2/light
gas separation using polymeric solubility
selective membranes, Journal of Membrane
Science 367, 33-44.

Car, A, Stropnik, Ch., Yave, W., Peinemann,
K.V, 2008. PEG modified poly(amide-
b-ethylene oxide) membranes for CO2
separation, Journal of Membrane Science
307, 88-95.

Reijerkerk, S.R., ljzer, A.C, Nijmeijer, K,
Arun, A., Gaymans, R.J., Wessling, M., 2010.
Subambient temperature CO2 and light
gas permeation through segmented bock
copolymers with tailored soft phase, ACS
Applied Material Interfaces 2, 551-560.

Bondar, V., Freeman, B.D., Pinnau, |, 2000. Gas
transport properties of poly(ether-b-amide)
segmented block copolymers, Journal of
Polymer Science Part B: Polymer Physics 38,
2051-2062.



Journal of Gas Technology . JGT, Volume 6 / Issue 1/ 2021 51

JOURNAL OF GAS TECHNOLOGY

Volume 6 / Issue 1/ Summer 2021/ Pages 51-59

Journal Homepage: http://jgt.irangi.org

Strategic Storages of Gas in Salt Layers and Creep and
Overburden Effects on Volume Loss

Alireza Soltani', Hassan Mirzabozorg*

1,2. Department of Civil Engineering, K.N. Toosi University of Technology, Tehran, Iran

ARTICLE INFO ABSTRACT

ORIGINAL RESEARCH ARTICLE The demands for fossil fuels such as natural gas, oil and other
hydrocarbon products have been raised in recent decades. Supplying

Article History: these demands during peak period highlights the importance of

Received: 13 May 2021 storing energy resources during the production. Concerning this

Revised: 10 June 2021 issue, storing gas in salt caverns is a suitable method. To describe the

Accepted: 29 July 2021 mechanical behavior of a typical rock salt due to creep phenomenon,

the Multi-mechanism Deformation (MD) creep constitutive model is
implemented into the Ansys finite element package using a Fortran

Keywords: routine. To investigate the creep effect on the structural response
Salt cavern and volume shrinkage of a salt cavern, an implicit creep analysis is
MD creep model conducted under cyclic loads. The results reveal that applying the
Rock salt overburden pressure leads to a more volume shrinkage of the cavern,
Implicit creep while placing overburden layer itself over the salt layer instead of the
Volume loss overburden pressure results in the lower volume shrinkage. Finally,
Cyclic loading using the contact element between the overburden layer and the salt

layer, the volume shrinkage will decrease even further.

DOR: 20.1001.1.25885596.2021.6.1.5.2

How to cite this article
H. Mirzabozorg. Strategic Storages of Gas in Salt Layers and Creep and Overburden Effects on Volume Loss. Journal of Gas Technology. 2021; 6(1):
51-59. ( http:/jgt.irangi.org/article_251667.html )

* Corresponding author.
E-mail address: mirzabozorg@kntu.ac.ir (H. Mirzabozorg)
Available online 26 September 2021

2588-5596/© 2021 The Authors. Published by Iranian Gas Institute.
This is an open access article under the CCBY license. ( https://creativecommons.org/licenses/by/4.0/) m



| 52

1. Introduction

Regarding the pivotal role of the fossil fuels
to meet the demands for energy in the recent
decades, the studies on method by which
the fuels are stored have been conducted. In
general, different methods are utilized to store
natural gas including depleted reservoir, salt
cavern and aquifer.

To store hydrocarbons including the natural
gas, petroleum and ethylene, the salt cavernis a
suitable choice. It is more germane to short-term
storage owing to the great deliverability which
means it facilitates the rapid changing from the
injection phase to the withdrawal [1].

As pioneer, Canada used underground salt
caverns, to store the hydrocarbons in the early
World War ll. Onaccount of the Suez Crisis, Britain
made use of these structures to store the crude
oil. Ten years later, the United States and Canada
managed to store gas using these caverns [1].
Numerous studies have been conducted in
which rock salt mechanical behavior and other
related issues have been investigated as given
in the below.

Cristescu, in 1993, suggested a constitutive
equation for rock salt to describe transient
and steady creep, volumetric dilatancy/
compressibility, and the long-term failure.
Moreover, a new method applied to determine
the visco-plastic potential for steady creep
based on laboratory data [2]. In a study,
Weatherby et al, in 1996, using some numerical
techniques to incorporate multi-mechanism
deformation (MD) creep model for rock salt into
the JAC3D numerical package, in which creep
equations integration was based on Forward
Euler method, show that the MD creep model
can be used in 3D FEM modeling [3].

Jin and Cristescu, in 1998, introduced an
elastic-viscoplastic equation describing the
transient creep based on the results of tri-axial
tests on the Gorleben rock salt. The model fitting
well with lab data, was incorporated into the
VISCO finite element software [4]. In 1999, Yang
et al. studied the creep behavior of rock salt by

Journal of Gas Technology . JGT, Volume 6 / Issue 1/ 2021

examining quantitatively the effects of axial
and confining pressure on the time-dependent
stress-strain behavior of rock salt based on the
several uniaxial and tri-axial compression tests.
It is worth mentioning that time hardening and
strain hardening effects were investigated [5].

Heuserman et al, in 2003, using the LUBBY2
creep model, including transient and steady
creep, conducted a nonlinear finite element
analysis to study the underground salt cavern.
Moreover, usability and stability criteria of
caverns in some examples were studied [6].
Wang et al., in 2013, presented a new designing
procedure for shapes of salt caverns in which
the cavern is divided into the upper structure
and the lower one. The paper reveals that the
maximum pressure determines the shape of the
lower structure, while the minimum determines
the shape of the upper one. The offered
method shows better results regarding volume
reduction, plastic volume rate, displacement
and etc. [7]. Nazary Moghadam et al. also, in
2013, using an elasto-viscoplastic creep model
considering short and long-term failure along
with the rock salt dilatancy behavior, performed
a numerical simulation of underground
cavern during the transient and steady creep.
Implementing Lagrangian finite element
formulation, the variation of stress and large
deformations of the cavern were applied in the
creep model [8].

In 2013, Xie and Tao investigated the rock
salt creep deformations in drilling applications.
Incorporating the MD model in the Abaqus finite
element software, drilled boreholes closure and
ovalization amount of the casing while drilling
were examined [9].

In 2015, Thoraval et al. suggested a generic
model predicting long-term behavior of salt
caverns after the operating period, which
may work as a risk evaluation procedure, and
gave some quantitative details concerning
the abandoned caverns evolution according
to numerical modeling and the consequences
affecting the cavern after the operating period.
Besides, the proposed model reveals that the
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brine surplus pressure increase in the cavern
ends in the walls to be damaged [10].

In a study in 2016, K. Khaledi et al. using
the Lubby2 creep constitutive model and
implementing it into the Code-bright finite
element package, simulated a salt cavern
creep behavior. A global sensitivity analysis
investigating the material parameters influence
on the mechanical response of salt cavern,
and an inverted analysis, based on synthetic
data, determining the material parameters of
the model were carried out accounting for
the Metamodeling technique to lessen the
computational time [11].

In the current study, the goal is to examine
effect of overburden layer placed over salt
layer and contact elements used between the
salt layer and overburden layer, on the volume
loss of a salt cavern and make a comparison to
the case in which an equivalent overburden
load is applied. To this purpose, the MD
constitutive equations are implemented into
the Ansys (APDL) using the usercreep.f routine
considering the implicit creep method. Then,
the Ansys verification is conducted by a direct
comparison between a clean rock salt tri-
axial test results and those obtained from FEM
analysis in the Ansys. Next, a typical salt cavern
under operating loads or cyclic loads and using
the implicit creep method is analyzed. Finally,
in three different cases, the numerical results
such as horizontal displacements, vertical
displacements and volume reduction, will be
presented and compared.

2. Multi-Mechanism Deformation
(MD) Creep Model Equation

In the current paper, the MD creep model
suggested by Munson and Dawson in 1984 [3],
was utilized to incorporate in the Ansys The
model is a simpler form of the MDCF* model,
suggested by Chan et al. [12], which considers
tensile and shear damages as well as healing
characteristics of the rock salt during the creep.

* Multi-mechanism Deformation Coupled Fracture
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Assuming no damage and healing in rock salt
and focusing on the overburden layer effect on
deformations of the cavern and the numerical
difficulty of MDCF implementation in the
commercial codes, the MD model was chosen
to be implemented.

The MD model in which transient and steady
creep are described includes the dislocation
climb mechanism at high temperatures and
low stresses, an unknown mechanism occurring
at low temperatures and low stresses, and a
dislocation slip mechanism at high stress. Thus
creep rate constitutive relations are written as:

&, = A exp (— %) <G—:> (1)
&s, = Ay exp (— %) <G—:> (2)

. Q
&5, = H(oe —0p) <B1 exp (— R—%) + 3)

B, exp <—%>> sinh <—q(ceu— GO))

where4 ,4,, B and B, are structural factors; O,
and Q, represent energies of activation; 7and R
are the absolute temperature and the universal
gas constant, respectively. Moreover, n, and n,
are stress power. Also, 0, is the equivalent stress;
o, represents the stress limit of the dislocation
slip mechanism; g and p are stress constant
and the shear modulus, respectively. It is worth
mentioning that H is a Heaviside function. The
steady creep rate, €_is equal to the summation
of the creep rates including ¢, representing
the dislocation climb mechanism, ¢_, showing
an undefined mechanism and ¢ , denotes the
dislocation slide mechanism.

£ = & tE, tE, 4

1

The F function, which is of branches
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including; workhardening, equilibrium and
recovery, is multiplied by steady creep rate
to consider the transient creep effect and to
obtain total creep rate, as written:

¢=Fxg, (5

( qk
exp (Il—s—*l A> {<¢gf
t

F=1<1 {=c¢; (6)
(2

exp(—[l——*l 6) ¢>¢f

k "t

where A and § are functions representing
hardening and recovery, respectively; €’
indicates the transient strain limit and (
represents the hardening which is obtained
using integration of evolution rate equation as

given:

(= (F— 1), =¢— ¢ )
A=ay,+B,log <E) (8)
n
8 = a, + B, log <E> 9)
i
A
e; = Kyexp(cT) (F) (10)

where, a , B , o ,pB. ,K,, cand m are the
creep parameters. Implementation of the MD
creep equations into the Ansys has been bone
by the means of usercreep.f routine considering
implicit creep. Since Ansys uses von Mises
equivalent stress, it is used instead of the Tresca
one in the MD model. The von Mises equivalent
stress, which o, (i=1,2,3) denote principal stresses,
is written as [13]:

1
0,= [5l0~0) + (0~ 09 + (05 ~0p?) 1V
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3. Verification of The Modified
Usercreep.F Subroutine

A clean rock salt cylinder of radius 50mm and
length200mm, asshowninFigure. 1,is subjected
to a tri-axial test at 25 °C. The hydrostatic stress
and the deviatoric stress on the cylinder are is
15MPa and 11.5MPa, respectively. The elastic
and creep properties for the WIPP clean rock salt
are given in Table 1.

Table 1. The WIPP clean rock salt elastic
and creep constants [3].

Elasticity
E 31000 GPa
\Y 0.25
M 12400 GPa
p 2300 (kg/m?)
Creep
A 8.386 €22 (1/sec)
Q, 1.045 e5 (J/mol)
n, 55
B, 6.086 €6 (1/sec)
A, 9.672 12 (1/sec)
Q, 4.180 e4 (J/mol)
n, 5.0
B, 3.034 e-2 (1/sec)
o, 20.57 MPa
q 5335e3
K, 6.275 €5
m 3.0
c 0.009198 (1/K)
a, -17.37
B, 7738
S 0.58
R 83134
J— ANSYS

Az R17.2]

Figure 1. The rock salt cylinder-shaped sample finite
element model in the Ansys.
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A comparison has been made between
the results of FEM creep analysis performed
according to Table 2 with the experimental
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results as shown in (Figurer 2) The comparison
indicates that the MD constitutive model fits
well with empirical data.

Table 2. Loading conditions for tri-axial compression test of the rock salt at 25(°C) [14].

Stages Load path Deviatoric stress Hydrostatic stress Time
9 P (MPa) (MPa) (seconds)
(MPa) Hydrostatic stress 0-115 15 30
(MPa) Time 115 15 16 e6

4. Numerical Analysis of The Salt Cavern

0.01
0.008

0.006

Lateral strain in Ansys
D.004 R

Total —— Auial strain in Ansys

Strain  0.002 Experimental lateral strain

2 . . . — Exp al axial strain

0.002 “\\__
—

0.004

—

-0.006
0B+ SE+6 1E+T 2E+7

Time (seconds)

Figure 2. Comparison made between FEM creep
analysis and experimental results.

In present paper, considering the effect of
overburden layer and contact elements used at
the interface of rock salt and the Clastic layer on
salt cavern, FEM simulations of the cavern have
been performed as follows:

e C(lean rock salt layer with an overburden
equivalent load

e C(Clean rock salt layer with Clastic overburden
layer

e (lean rock salt layer with contact element
and Clastic overburden layer

Assuming isotropic and homogeneous,
the cavern which is axisymmetric would be
simulated in 2D. In accordance with the normal
operating period of the rock salt gas storages,
analysis duration is about 946 million seconds or
thirty years under cyclic operational loading as
given in (Figure 3) In addition, transient analysis

and large deformations effect have been
considered in the creep analysis.

Internal Pressure (MPa)

Time (Days)

Figure 3. The salt cavern cyclic
operational loading [9].

4.1. Salt Cavern with an Overburden
Equivalent Load

An approximately cylinder-shaped salt
cavern of radius 37.5m and height 233m is
simulated at a cross section of rock salt of width
500m and height 800m as shown in Figure. 4. A
10MPa pressure load isimposed on the salt layer
instead of the Clastic overburden layer and geo-
static loading is applied as lateral loading. The
salt layer is constrained on the axis of symmetry
along x-direction and on the bottom of the salt
layer along y-direction. The creep constants of
a WIPP clean rock salt are presented in Table
1. It should be noted that the temperature is
assumed to be 100°C for the creep analysis. The
initial and boundary conditions are given as
follows:

Boundary conditions:

Oyy = Oy y=AH, 0<x<lL
Oy = Oy + pg (H—y)/10° 0<y<H, x=1L
u, =0 0<y<H, x=0
uy=0 y=0, 0<x<L
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Initial conditions:

[Uxx=0yy=°zz= o, + pg(H-y)/10° 0<y<H,0<x<L
uX

=uy=uZ=0 0<y<HO0<x<L

\__D o, =10MPa
5 —
& \
1
|
|
B e
|
\
——
El ¢ \
2| \
1] o ]
T —
|
37.5m \
= \
|
|
\
g E) | & 1
o~ 1
& \
II
B | M|
\
= 5:1: 500? ANy o o, +90 (W1 FMPa

Figure 4. Clean rock salt layer with an
equivalent overburden load [11].

4.2. Salt Cavern with Clastic Overburden
Layer

In this situation in lieu of the equivalent load,
the Clastic overburden of 500m thick is located
on the salt layer, while there is no contact
element application (Figure 5). The Clastic rock
properties are presented in Table 3.

Table 3. The mechanical properties of Clastic
overburden [15].

Material Clastic
Bulk modulus (K) (MPa) 13300
Shear modulus (G) (MPa) 8000
Density (kg/m?) 2000
Cohesion (MPa) 15
Friction angle (degree) 35
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Figure 5. FEM mesh of the rock salt layer and the
Clastic overburden layer.

4.3. Salt Cavern with Overburden Layer
and Contact Element

In the current case, using node-to-surface
contact type, the surface contact elements
including CONTA175 and TARGE169 are applied
between the Clastic and the rock salt layer. The
Poisson’s ratio and modulus of elasticity are
obtained as given in the below:

26 1—2v

= v=0.25
3K 1+v

we have:

And also: E = 3K(1-2v) = 19950 MPa

5. Numerical Results

The results presented in this section cover
the vertical and horizontal displacement
distributions and volume loss. Furthermore, a
comparison has been made for the three distinct
cases and the results will be discussed.

In Figure. 6, it is evident that the bottom parts
of the wall of cavern would face more horizontal
displacement, which could be due to the fact
that geostatic load and the self-weight effect of
the salt and overburden layers increase as depth
increases.
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Moreover, the horizontal displacement
distribution of the bottom and the roof of the
cavern seems to be approximately the same
which means the relative displacement of the
bottom and the roof is trivial because there are
horizontal constraints due to axial symmetry of
the considered cavern.

Comparing the horizontal displacement

(a)
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distributions presented in Figure. 6(c)-(b), it
is observed that the contact elements would
affect the horizontal displacement distribution,
i.e. applying contact elements leads to less
horizontal displacements. Also, comparing
Figure. 6(a) with two former cases, it is seen that
the horizontal displacement would be more in
this case.

ANSYS

R17.2

—-1310.56&
—-1164.05
—-1017.54

—-871.03

-TZ4_5Z
-578.00%
-431.438
-284.987
-138.477

8.03408

(b) ()

Figure 6. The distribution of horizontal displacement around salt cavern. (a) Salt cavern structure
with equivalent overburden load, (b) Salt cavern with Clastic overburden layer, (c) Salt cavern
with Clastic overburden layer and contact element.

Figure. 6. The distribution of horizontal
displacement around salt cavern. (a) Salt cavern
structure with equivalent overburden load, (b)
Salt cavern with Clastic overburden layer, (c)
Salt cavern with Clastic overburden layer and
contact element.

It can be perceived in Figure. 7 that parts
adjoining the roof of the cavern has negative
which could be related to weight of the
overburden and the salt layer. Besides, it is
evident that the vertical displacements in parts
next to the cavern bottom would be positive
that may arise from the contributory factors,
including lateral geostatic loading, the Clastic
overburden and the rock salt weight along
with the vertical and the horizontal reaction
restrictions, leading to cavern bottom to move
up along vertical axis. Comparing the roof and

bottom of the cavern as shown in Figure. 7(a)-
(b), reveals that vertical displacement at the
bottom is roughly two times the roof, which
may be owing to more strain at the bottom of
cavern. On the other hand, as shown in Figure.
7(c), the bottom vertical displacement is around
1.3 times the roof indicating that the application
of contact elements lessens the proportion.

Comparing vertical displacement distribution
in two cases as shown in Figure. 7(b)-(c), it seems
that in the case (b) vertical displacement at the
cavern roof is almost 24% less and at the cavern
bottom is 16% more than those of the case (c),
however compared with the case (a) with no
applied overburden layer, as shown in Figure.
7(a), it can be concluded that distance between
the bottom and the roof of the cavern has
decreased more in this case meaning that it may
show larger volume loss.
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(a)
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(b) (c)

Figure 7. The distribution of vertical displacement around salt cavern. (a) Salt cavern structure with
equivalent overburden load, (b) Salt cavern with Clastic overburden layer, (c) Salt cavern with Clastic
overburden layer and contact element.

Extracting to the nodal displacements of
FEM creep analysis, the volume the salt cavern
has been obtained for 30 years of operation.
Accordingto Table 4, the cylinder-shaped cavern
initial volume is approximately 953581.7m>. In
case (a), imposing an equivalent overburden
load on the salt layer, the cavern final volume
reaches 888316.1m’. In case (b), applying Clastic

overburden layer on the salt layer, the volume
of the cavern would be 894060.1m3. Lastly, in
case (c), implementing the contact elements
on the interface of the Clastic and the salt
layers, the volume reaches 895260m?®. Note that
implementing the contact elements, the volume
loss of the cavern was reduced to 1200 m*.

Table 4. Volume loss of the underground salt cavern after 30 years.

Initial Final Volume
volume (m3) volume (m?) loss (m?)
Case (a) 953581.6987 888316.1 65265.5987
Case (b) 953581.6987 894060.1 595215987
Case (c) 953581.6987 895260.03 58321.6687
6. Conclusions
In the current research, applying the e C It is observed that the horizontal

overburden layer and contact elements and
considering creep effect, thru implementing
MD creep constitutive model into Ansys to carry
out FEM creep analysis, on the horizontal and
vertical displacements as well as volume loss of
a typical salt cavern were investigated in three
different cases. The more important results are
given in the below:

displacement distribution in case (b) and
(c) is less than that of salt cavern with an
equivalent overburden load in case (a).

e Comparing the vertical displacement
distribution of roof and the bottom of the
cavern, in case (a) and case (b), it is seen that
the cavern bottom vertical displacement is
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nearly 2 times the cavern roof, but, in the case
(c), the bottom to roof displacement ratio
is almost 1.3 demonstrating that applying
contact elements decreases the ratio.

The volume losses are equal to 65265.6m°,
59521.6m* and 58321.7m, in case (a), case
(b) and case (c), respectively, indicating
overburden layer and the contact elements
effect which resulted in less estimation
of volume loss as a result of the creep
predicting more life for the salt cavern gas
storage.
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1. Introduction

Technical inspection of critical equipment
such as pipes, reactors, pressure vessels, tank
boilers, etc. is of key importance for safety
assurance in large-scale processing facilities in
the oil, gas, and petrochemical industries. Risk
Based Inspection is considered as one of the
most attractive inspection strategies in large
units. The main goal of technical inspection
methods is to ensure the mechanical integrity
of the facility.

To ensure mechanical integrity, all critical
components shall be inspected at the intervals
subscribed by rule based methods or as per risk-
based inspection (RBI) methodology. The later
may allow previously established inspection
intervals to be extended and hence, can add the
economy of the company [1].

The main objective of RBI is to determine
what incident could occur (consequence) in the
event of an equipment failure, and how likely
(probability) is it that the incident could happen
(2].

Risk-based inspection methodology
provides quantitative, semi-quantitative or
qualitative procedures to establish integrity
plans for pressurized fixed equipment including
pressure vessel, piping, tankage, pressure
relief devices (PRDs), and heat exchanger tube
bundles. One of the typical RBI methodologies
was proposed by the consortium of American
Petroleum Institute (API) and oil companies and
published as API 580/581, which has been used
to various industries including an oil refinery,
petrochemical, gas, chemical industries [2-4].
RBI method has been successfully applied to
equipment working in different conditions such
as in marine pipelines [5], sweet and sour gas
piping systems [6], and for different materials
of constructions such as fiberglass reinforced
polymer storage tanks [7].

Among all equipment in the oil and gas
industry, both the steel or non-metallic storage
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tanks have extensive applications in storing the
oil, petroleum, fuel, kerosene, water, and other
fluids. Depend on the material of construction,
and the service fluid, a wide range of damage
mechanisms can be a source of storage
tank deterioration and degradation. But the
prevalent mechanisms are corrosion, erosion,
creep, fatigue, chemical attack, mechanical
damage, and brittle fracture [8].

Generally, storage tanks can be cylindrical
and spherical. Spherical storage tanks primarily
consist of the lower support structures and the
spherical shell structures, which sit on support
structures. Specifically, the shape of the shells
can be spherical, elliptical, and teardrop-
shaped, among which spherical tanks are the
most widely used as for the same volume and
thickness, spherical tanks use the minimum
amount of steel and cover a minimum area [9].
Vessels and storage tanks in the petrochemical
industry commonly are made of steel, concrete
or non-metallic materials such as Glass
Reinforced Epoxy (GRE) and Glass Reinforced
Plastics (GRP).

Shuai et al. [10] applied RBI methodology for
the risk assessment of large scale crude oil tanks
in order to determine the acceptable risk and
internalinspectioninterval of the steel tanks. The
risk associated with each tank was calculated at
a time when the bottom plate thickness reaches
the minimum required thickness, and the
minimum calculated value was used as the risk
target. This research showed and the capability
of the RBI method to identify the problems that
may lead to future loss of integrity and also can
provide the information of deterioration state
of tank plates and reduce risk uncertainty of
crude oil tank.

Trebuna et al. [11] studied the failure analysis
of the steel storage tank for hot water. Low
alloy steel has been widely used in oil and water
storage tanks due to its strength and durability.
However it is very susceptible to corrosion when
used in high temperature and high humidity
environments [12]. Glass Reinforced Plastic (GRP)
is seen as an attractive alternative material to
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low alloy steel, mainly due to its high corrosion
resistance in extreme conditions and low cost.
Compared to steel, GRP also offers reduced
maintenance costs and ease of handling due to
its low weight, high strength-to-weight ratio,
good resistance to bacterial growth, reduced
risk of osmotic attack and production cycle time
(12].

Nowadays, there has been an increased
trend in the use of non-metallic materials for
making tanks and pipes used in low pressure
oil processes. Non-metallic pipes and tanks
can be classified into three major categories;
thermoplastic ~ materials,  fiber-reinforced
materials, and cement asbestos.

Corrosion is one of the most important
problems factor influencing drinking water
quality that causes health disorders and
economic problems in the drinking water
industry [14]. Having high corrosion resistance
properties in GRP/GRE materials make them
exceptional material for using in water (deposit,
waste [13] and drinking [14] water) storage
systems.

Cracks and other corrosion induced failure
mechanisms can lead to the collapse of the
GRE/GRP structure [15]. Despite the wide usage
of plastic tanks in petrochemical industries, rare
studies dedicated to the integrity of these types
oftanks.Foulonetal.[15]studied theapplicability
of the acoustic emission method in the in-
service evaluation of the mechanical integrity
of GRP equipment. Indeed, the application of
RBI in non-metallic components is less studied.
In this paper, the risk assessment of the GRE/GRP
tanks is investigated. It is well known that the
RBI methodology presented by the American
Petroleum Institute as API-RP-580/581 standard
[3, 4] does not cover the risk assessment of
the polymeric materials. Therefore, in the
present study the usability of the explained
RBI methodology was investigated in GRE/GRP
storage tanks based on Norwegian Oil and Gas
Recommended Guidelines for NDT of glass
fiber reinforced plastics (GRP) Pipe Systems and
Tanks [16], as well as the NORSOK STANDARD
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for Fabrication and installation of GRP piping
systems [17].

2. Damage Mechanism

Determination ~ of  reliable = damage
mechanisms is the first step in defining failure
scenarios or risk scenarios. Damage mechanism
in GRE/GRP components normally depend on
materials of construction for the containment
(e.g. storage tank), severity of manufacturing
procedures, weather conditions at time of
construction and installation, operating
temperature, composition of contained fluids
(e.g. concentration of chemicals and deposits
of service fluid), and presence of contaminants
especially in wastewater (such as ammonia,
cyanide, salts of hydrochloric acid and sulfuric
acid, thiocyanates and other organic solvents).

Corrosion and subsequent failure, particularly
onstorage tanksbottomplates,isone of themain
factors upsetting any upstream/downstream
production facilities. In the upstream industries,
operating temperature rates for water (deposit,
waste and drinking water) storage systems can
be (-4 -60), in this temperature range and the
fluid composition, active damage mechanisms
are the same for all deposit, waste and drinking
water for the plastic material of construction.

Based on Norwegian Oil and Gas
Recommended Guidelines for NDT of GRP
Pipe Systems and Tanks [16], the damage
mechanisms in polymeric components can be
adapted as following:

e Mechanical cracking (bolts over-torqued,
GRP against raised-face flanges, wrong GRP
flange design selection);

e Transport and handling damages (impact or
wear);

e Manufacturing defects (incorrect curing,
Incorrect lay-up in lamination, voids, outside
temperature and humidity specs., improper
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mixing, improper treatment of joint
adherents, overlap or controller problems,
cooling effect of air in the pipe, out of date
or incorrect materials, movement during
curing, bending, incorrect dimensions,
Excess adhesive/cavitation);

e Improper maintenance activities (exceeding
bolt torque, exceeding design loads, etc.);

e Embrittlement and corrosion cracking (HCl
acid attack; the acid will attack the resin
surface, but it also penetrates to glass fibers,
especially when the HCl is concentrated
and/or hot. Moderate to light attack can be
characterized by surface crazing and micro
cracking. The more pronounced attack will
show clearly defined cracks.)

For detection of these defects using of the
Non-Destructive Testing (NDT) techniques
(such as visual inspection, pressure test,
acoustic emission, ultrasonic, radiography,
thermography, etc.) are recommended.

3. Probability of Failure (POF)

The probability analysis in an RBI program
is performed to estimate the probability of
a specific adverse consequence resulting
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from a loss of containment that occurs due
to damage mechanisms. The probability of
Failure (POF) in polymeric materials varies for
different damage mechanisms and depends
on many manufacturing and operating factors.
The followings are the most important factors
affecting the POF in polymeric components.

e Operating temperature
e Presence of organic solvents
e Presence of abrasive solids

e Inspection history indicating the prior history
of veil degradation with known regions of
veil loss or past repairs

e Inspection history indicating the regions
with cracks into the structural layers

e History of thermal shock

e Acceptable acoustic Emission test within the
last 5 years

¢ Internal inspection shows no surface cracks
(normally expected darkening due to
oxidation can be waived).

Table 1, demonstrates possibility categories
for polymeric components.

Table 1. Probability Categories for Polymeric components

Probability Category

Range of Probability over Time Frame

Description

A- Very Likely >=0.1t0<1.0

B- Likely >=0.01t0<0.1

C- Possible >=0.001t0 <0.01
D- Unlikely >=0.0001t0 <0.001

E- Very unlikely <=0.0001

Very likely occurrence over the time-
frame for this facility

likely occurrence over the timeframe for
this facility

Infrequent occurrence over timeframe
for this facility

rare occurrence over timeframe for this
facility

Rare occurrence over timeframe industry
wide
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4. Consequence of Failure (COF)

The COF analysis performs to estimate the
consequences that occur due to a failure mode
typically resulting from an identified damage
mechanism. Once a damage mechanism
and the associated probability of occurrence
are identified, the consequences of failure
are determined. The most important failure
consequences in the polymeric storage systems
are "health and safety”, “environmental” and

“Economic” outcomes.

Health and safety consequences express
based on the severity of an injury (e.g. fatality,
serious injury, medical treatment, first aid) or
expressasacategory linkedtotheinjuryseverity.
The economic consequence categories include
the cost of lost production, replacement,
repair costs, or other consequential costs that
might result from the failure (such as a major
disruption leading to market share loss).

The consequence of failure extremely
depends on fluid service characteristics. If the
fluid service to be H,SO, , micro cracks will lead
to damage of the glass fiber and structural
failure from the tank shell or piping to occur.
A large release of H,SO, and severe damage to
surrounding equipment is expected. However,
for drain water fluid service, especially in low
operating pressure and inventory masses,
neither significant environmental nor economic
consequences are not expected.

5. Final Risk

Probabilities and consequences of Failure
are combined to determine a total risk over
the plan period being considered. In the risk
assessment of polymeric components, the
risk matrix was identical with the risk matrix
in APl 581 recommended practice [3]. Figure
1 demonstrates the risk matrix, which was
benefited in this study.
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6. System Description

The non-metallic unit which is studied in
this study includes four piping systems and one
storage tank. All piping made of GRE material
and their operating pressure is one bar. The
fluid service for all piping and tank have the
same corrosive severity. Table 2, presents the
summary of the analysis for the drain water of
the unit. All piping separated into two corrosion
loops and the vessel also assigned a different
corrosion loop number based on their corrosion
behavior and the operating condition. Table 3
indicates the design and operating conditions
for the components under study.

Table 2. Summary of drain water analysis

Overall Component Molar Fraction

Nitrogen 0.000008
o2 0.000086
H2S 0.000002

Methane 0.000731

Ethane 0.000232

Propane 0.000336

H20 0.99243

Vapor

Nitrogen 0.007421

o2 0.050970
H2S 0.000474

Methane 0.496849

H20 0.006847

Light Liquid

Nitrogen 0.000014

co2 0.000673
H2S 0.000024

H20 0.000171

Heavy Liquid

Nitrogen 0.000000

CO, 0.000032
HS 0.000006

2

H,O 0.999911

2
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Table 3. Polymeric components’ pre-assessment data

3-Equipment Buried  4-Size External Diam-

Corrosion Loop No. 1- Type 2-System Description (Yes/No) )
D-GRE-01 Pipe DRAINS (GENERAL) YES 3
D-GRE-01 Pipe DRAINS (GENERAL) YES 4
W-GRE-02 Pipe WASH WATER YES 3
D-GRE-01 Pipe DRAINS (GENERAL) YES 4
DW-CS-03 Vessel DISTILLED WATER No 65

Table 3. Polymeric components’ pre-assessment data (Cont’d)
Corrosion 5-Design Pres- Tesr;lzeesr;gt:re 7-Primary Fluid 8-H2504 Exists 9-HCl Exist 10- FLUID DEN-
Loop No. sure (Bar) (Degree ) Phase SITY KG/ M3
D-GRE-01 7 85 Liquid No No 1000
D-GRE-01 7 85 Liquid No No 306-789
W-GRE-02 17.8 65 Liquid NO NO 1000
D-GRE-01 7 85 Liquid NO NO 306-789
DW-CS-03 1 85 Liquid NO NO 995.6

7. Results and Discusions

Qualitative RBI analysis is performed for the
components listed in Table 3. In the calculation
of the POF, the chance of occurrence of each type
of damage mechanism mentioned in section
2 are considered and the weighted sum of the
POF for each damage mechanism result the final
POF for each component. As the fluid service is
non-flammable and its toxic effect is low, the
environmental side effects of the fluid release
play a key role in the determination of the COF

of the components. Then, the fluid inventory
and fluid composition are the main parameters
in the qualitative evaluation of the COFs for
components. The results of the evaluation for all
three corrosion loops are presented in Table 4.
As it is obvious from Table 4, the consequences
for corrosion loop one (D-GRE-01) is the highest
among all, as its inventory volume is the highest.
Furthermore, the proposed inspection plan for
these types of components are offered for each
loop in Table 4.

Table 4. Overall Risk and Inspection Plan of the Polymeric components

Corrosion  1- Mate- 2- POF 3- COF 4- Overall  5-Integrity Management Plan (Inspection Interval and
Loop No rial Category  Category Risk plan)
) (1-5)  (1-50rA-E)
D-GRE-01 GRE 2 C churm Visual Inspection including depth gages, penetrants.
Not > 3 years
W-GRE-02 GRE ) B Low Visual Inspection including depth gages, penetrants.
Not > 5 years
Internal Visual Inspection focusing on Nozzle, shell, bottom
transition regions and other areas of stress concentration,
DW.CS.03 CRP | B Low inspect for areas of high fluid velocities for the accelerated

attack, Assess crack penetration into structural layer. Repair/
patch areas of attack and install wear plates as appreciate.
Not > 5 years
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|
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Probability of Failure

| | W-GRE-02 D-GRE-01

| DW-Cs-03

H Consequence of Failure

Figure 1. Risk Matrix which is used in this study

8. Conclusion

In this paper, the risk based inspection of the
non-metallic components are described with an
example of a small unit. Damage mechanisms
for this type of components are listed and their
probability of failure are discussed. According
to the standard procedures, as the fluid service
is drain or wash water, the environmental effect
of the failure is much important than safety and
cost criteria. Hence, the inventory volume is the
much important factor in determination of the
consequence of failure of the component. Based
on obtained results the inspection plan for the
investigated corrosion loops are proposed.
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