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Abstract

LNG production is an intense and complex process, in which the liquefaction accounts for more
than 50% of costs. In recent years, design engineers have been made several attempts to optimize
this process. The main objective was to increase the production yield and capacity, and minimize
the costs. The most important process equipment in liquefaction stage is devoted to compact heat
exchangers of Plate Fin or Spiral Wounded types. This article described the simulation of liquefaction
cycle of Iran LNG project with triple mixed refrigerant to provide a new method for designing the
plate heat exchanger used in this cycle; in addition, a simple method was introduced for selecting
the best secondary surface based on the conceptual development of the volume performance index
(VPI). The designed exchanger had the minimum surface area and volume. The reduction of required
heat transfer surface area had a significant role in the reduction of investment capital cost in LNG
production process.

The liquefaction cycle of Iran LNG was fully investigated in this article as an industrial case.
According to the simulation, the cold and hot surface areas of the plate heat exchanger, used in the
given process, are as large as 3001m? and 1933m? with the overall heat transfer coefficient of 425 W/
m?ZK°; whereas, designing this exchanger by developed rapid design algorithm (RDA) significantly
can be reduced the required cold and hot surface areas by 5.2 and 3.3 times, respectively. The overall
heat transfer coefficient was also increased by 2 times.

Keywords: Liquefied Natural Gas, Volume Performance Index, Rapid Design Algorithm
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Introduction

Liquefied natural gas (LNG) is the best
and healthiest fuel gas. LNG is an odorless,
transparent, and non-toxic liquid with a specific
weight of about0.45 grams per cubic centimeter.
It is produced with cooling and liquefying
natural gas at around -160°C, under a pressure
of about 1atm. The liquefaction of the natural
gas decreases its volume by 600 times, which
makes its transportation to more remote areas
simpler and more cost-effective. Moreover, it
produces low amount of combustion-produced
pollutants and large amount of combustion-
produced energy.LNG consists of acomplexand
costly process, in which liquefaction accounts
for the 50% of the process costs. Several
attempts have been made in recent years to
improve the performance of this process and to
reduce investment costs. In liquefaction stage,
the plate fin heat exchanger (PFHE) and spiral
wounded heat exchanger (SWGE) are the main
elements. These exchangers are substituted for
common shell-and-tube exchangers, as they are
safer and more cost-effective.

The PFHE is a stack of alternating flat and
corrugated (fin) plates. Flows exchange heat
through pathways surrounded by corrugated
sheets separated by flat plates. Fins are used
as surfaces for secondary heat transfer and a
mechanical barrier against intra-layer pressure.
There are different types of fins that allow
optimal design of these exchangers in terms of
cost, weight, thermal efficiency, and/or pressure
drop. The fin-plate heat exchangers are superior
to other types of heat exchangers, due to
having several advantages including small
temperature difference between the cold-and-
hot fluids, high thermal efficiency, large heat
transfer surface area per unit of volume (almost
1000m?), low weight, and the feasibility of heat
exchange between different flows [2].

Several attempts have been made by process
design engineers in recent years to improve
the performance of compact heat exchangers,
especially for cooling, through developing
modern designs. Among the most important
causes are saving energy, cost, and equipment
space which should be taken into account

by design engineers before other things [3].
Therefore, they look for strategies to develop
optimal designs, increase efficiency, and finally
reduce costs.

In this article attempts were made to take a
fresh step towards improving LNG production
through optimization of the main element
of LNG liquefaction cycle (compact plate-fin
exchanger) with a modern design method. To
this end, liquefaction cycle of Iran LNG project
with pre-cooled propane along with the triple
mixed refrigerant was simulated using Aspen
HYSYS. This simulation was done to extract
data of compact heat exchanger's inflows in
this cycle, and to obtain the overall surface
areas of the cold and hot sides, as well as the
overall coefficient of heat transfer. Using this
information and modern design method,
the exchanger was optimally designed. This
method is based on a thermo-hydraulic model
(RDA) that shows the relationship of pressure
drop, heat transfer coefficient, and exchanger
volume. Given that the maximum pressure drop
is considered as the objective of design in RDA,
asmaller surface area is obtained. This reduction
in the surface of exchanger has a major role
in decreasing investment costs. In addition, a
simple method is provided for the selection of
the secondary surface of the exchanger based
on VPI. Surfaces that produce smaller volumes
will generate larger VPI. Therefore, surfaces with
the largest VPI within the operational Reynolds
ratio can be selected by the designer and then
the given exchanger can be designed through
coding in MATLAB. Finally, the overall heat
transfer coefficient and the overall surface of
the exchanger are obtained.

Performance Description of
Liquefaction Cycle of LNG

The liquefaction of LNG or pre-cooled
propane and a mixture of triple refrigerants
(C3MR) (Fig.1) includes an initial pre-cooled
stage that is done in the presence of almost
pure propane (421). In this stage, the NG feed
initially enters into two heat exchangers (E-104
and E-105), and leaves them at the temperature



’ 6 Journal of Gas Technology . JGT

of 272°K. Then, it enters into the separator reaches to 137.7°K with a mixture of methane,
(V-103). After the separation of liquids and  ethane, and propane (11) refrigerants. Natural
gases, its gaseous flow (V) enters into the heat  gas is liquefied after leaving this exchanger.
exchanger (LNG-101). In the cooling stage, the  The parameters required before the initiation of
gas temperature significantly decreases and  simulation are presented in Table 1.

Table 1. Specifications of Feed in Iran LNG Project

Liquid Feed Mass Velocity(kg/s)
Vaper Phase e i
Phase
CO2 0/02084
Vaper phase ] N 14/31458
fraction :
CH 145/42181
4
Temperature 318 °K = CH 14/77288
2’6
CH, 0/79788
P o
(ESSHIE gl . 0/01407
4 '10
nCH 0/00701
Mass density 69/03 kg/m? = i1

Table 2. Physical and process specifications of hot fluid (V) to PFHE in liquefaction cycle

Liquid Feed Mass Velocity(kg/s)
Vaper Phase e 9
Phase
CO2 0/02084
Vaper phase ] N 14/31458
fraction 2
CH 145/42181
282.28 °K 4
Temperature = CH 14/77288
2’6
CH 0/79788
Pressure ECRR = =
i 0/01407
|C4H10
nCH 0/00701
Mass density 82/58 kg/m? = =0
Total 175/34929

Table 3. Physical and process specifications of cold fluid (11) to PFHE in liquefaction cycle

Liquid

Vaper Phase - Feed Mass Velocity(kg/s)
1225/47
\Y h
oD PRESE 02764 0.7236 C
fraction

CH 626/44

Temperature 132.7 °K - 26
CH 1837/36

Pressure 214 kPa - 38
Mass density 19 kg/m? - Total 3689/33
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In this simulation, the selection of the
equation of state is very important. The Peng-
Robinson equation of state is commonly used
for the mixture of light hydrocarbons such
as natural gas. Since our simulation feed is a
natural gas that consists of methane, ethane,
propane and butane (three light hydrocarbons),
the Peng-Robinson Equation was selected.

In general, this liquefaction process consists
of three heat exchangers, one compact heat
exchanger and six compressors. This process
also accounts for the majority of investment
costs. In this article, the compact heat exchanger
(LNG-101) and reduction of investment costs
through its usage are considered.

This simulation was done using Aspen HYSYS
to extract the process and physical specifications
of the compact heat exchanger inflows (11 and
V flows) and to calculate the surface of LNG-101.
This information was used for designing the
exchanger.

Modified Volume Performance Index (VPI)
To start the design, the selection of surfaces,
which provide the smallest units of weight
and volume with high performance, is the first
choice in design. If one of the limitations was
violated in the first design, frequent stages in
the selection of different surfaces with lower
functional features should be taken. A number
of indices have been provided by researchers to
select the best secondary surface (fin) within the
operational Reynolds ratio. This index is indeeld
. . : ( :@)E)
the modified version of the index "Y*'=—g
previously provided by Polley et al. [8]. In the
original index, the effects of inferences from
other thermal resistances on the heat transfer
coefficient inside the tubes were not well taken
into consideration; whereas, the effect of fouling
coefficient and other thermal resistances were
considered in the modified version of the index
1 s, @

f

[6]; VPI=(
oppt

&1
] o« MIX-101
P

K-101

V100 4

451

Fig 1. Liquefaction cycle or pre-cooled propane, and a mixture of refrigerants per unit of natural gas

The Stanton number and fraction factor are
functions of Reynolds; therefore, the VPI is also
a function of Reynolds number. It has been

shown that the higher rate of this index implies
greater compaction of the exchanger and
selection of a surface with higher performance
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[6]. We can draw the VPI diagram can be plotted
for different surfaces based on Reynolds to be
capable of selecting the best surface quickly.
The VPIs of different surfaces of various types
are drawn in fig.2 and 3. These surfaces have
been based on the give data by Keyes and
London [7]. In this demonstration the surfaces
with the best performance are shown for every
range of Reynolds. In this way, the smallest
volume of exchanger is obtained by making
sure of having access to complete pressure
drop for the flow and the selection of the most
effective surface. For the first case, a great need
for the development of a design method that
allows maximum use of pressure drop is felt;
whereas, the second case allows the selection of
surfaces with the best performance for a certain
Reynolds number.

5
45 0\
4
. \ —o— ppf46.45T
3 \ —=— ppf 30.33T
o \ f 25.79T
g 25 \ PP
2 - ppf 19.86
15 N Sy —»— ppf 16.96T
1 %ﬁ —e—ppf14.77
0.5
0 T T T T
0 2 4 6 8 10
Re Number (Thousands)

Fig 2. VPl based on Reynolds number for Plain Fin [5]

10
9
8
7 n —e—osf 1/8-15.2
_= osf 1/9-25.01
6
T 5 N osf 1/10-27.03
S EEN S 0sf 3/32-12.22
-
NN ~~ —x—0sf 1/4-15.4(D)
5 ~¢ —e—0sf 1/6-12.8(D)
1
0 .
0 2 4 6 8 10
Re Number (Thousands)

Fig 3. VPl based on Reynolds number for Offset Strip Fin [5]

Thermo-Hydraulic Model

The design model, which is based on the
maximumuse of pressuredropand development
of thermo-hydraulic model, is used to design

the compact plate-fin exchangers [12]. This
model of pressure drop correlates a certain flow
to the overall volume of the exchanger and the
heat transfer coefficient of the same side of it.
The performance of heat transfer for different
compact surfaces is correlated by Reynolds
number as follows:

j:aRe_b (1)

Where, J is known as Colburn factor and
defined as follows:
2

j= St.Pr3 2

The Prandtl and Stanton numbers are defined
as follows:

Cu
pr=—t_ 3)
k
hA
St :TC (4)
mt-p

For the plane heat exchanger, the Reynolds
number is defined as a function of hydraulic
diameter of the surface:

md
Re—— 1 (5)
HAC

Equations 4 and 5 are combined and its
solution for the heat transfer coefficient (h) is as
follows:

1 \1-b
h=K,G) 6)
C
where A_is the free surface and K is defined
as follows:
anbeCP
K, =—— %
h 2 (7)
dE Pr3
The Equation 6 presents the heat transfer
coefficient as a function of physical properties,
mass flow rate, and free surface of flow.
It can be used to obtain a relationship that
correlates pressure drop to free surface of the
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flow and physical properties. The term that
expresses pressure drop in the heat exchanger
is as follows:

T AL AL (®)

For the majority of secondary surfaces, the
values of friction factor (f) can be correlated
with the Reynolds number ranging from 500 to
10,000 as follows:

f=xRe 7 9)

where x and y are constant values. The
overall heat transfer surface area of one side of
the exchange is defined as a function of overall
volume of the exchanger through following
equation:

A:aVT (10)

where o is called “geometric parameter”,
which is indeed the ratio of the overall surface
area of one side of the exchanger to overall
volume of it. The combination of Equations 5
and 8-10 is obtained as follows:

_ 1 3-y
AP = KPVT(A—) (11)
C
Where,
2-y.y
2pd§

By taking AC from Equation 2 and placing it
in Equation 7, we have:

K
_ P z
AP—K—VTh (13)

=T (14

Equation 13 represents a thermo-hydraulic
model that correlates flow pressure drop to
the overall volume of the exchanger and heat
transfer coefficient of the flow.

Equations Required in Volume Design
The main equation for heat transfer design is
as follows:

Q= UAFAT (15)

LM

After combination of it with the overall
heat transfer coefficient, following equation is
obtained:

Q 1 1 1
—(—+R))+ ( —+R ) (16)
1- 1
FATLM n h1 n, A h

where A, and A, represent the overall surface
of heat transfer at the Sides 1 and 2, receptively.

The overall volume of the exchanger and
overall heat transfer surface of one side of the
exchanger are correlated according to Equation
10. After the placement of A in the Sides 1 and 2
of the Equation 10, we have:

Q !
Vi (— R)+——(—+R,) (17)
T 2

FAT \p T'11hl T122}12

Equation 17 presents the overall volume of
the exchanger as a function of heat duty, surface
geometry, and heat transfer coefficients.

The heat efficiency of the surface of both
sides of the exchanger is defined as:

1
t h(—)z()

n:1+fs I -1 (18)

(—)2( )

The cross flow plate-fin heat exchangers
function in a way that the flow pathways are
independent in the cross flow; in addition, the
maximum pressure drop becomes possible
in both sides of the exchanger. The solution
of the pressure drop equation for each flow
determines the overall length and width of the
exchanger along the flow. For a certain volume
and front surface, access to the desired number
of pathways or unique suitable dimensions
is possible via manipulation of the width and
height of the exchanger.
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Rapid Design Algorithm (RDA)

Rapid design algorithm of heat exchangers
is indeed the simplest method of direct design
of heat exchangers. Given that the calculation
of heat transfer coefficient and pressure drop
are important elements of design, an allowable
pressure drop is usually defined in exchanger
design. If the pressure drop exceeds the normal
level, a vibration will be made by the system;
whereas, if this pressure drop is far lower than
the threshold allowed by the design, heat
transfer coefficient will be reduced. Thus, we
have:

AP ot Stream < APHot stream/ allowable (19)
APCold Stream < APCold stream/ allowable (20)

Taking the allowable pressure drop into
consideration as the system drop seems
dangerous and illogical. This technique is a
procedure that generates an acceptable result
in the optimization of the exchanger.

The general design technique is as follows:
For hot stream (HS), we have:

hpg=f(Vyg) 21)

APhg = 1'(Vyg) 22)
We remove V, from the equations:

APyq = Flhyo) (23)
The same is true for the cold stream:

hcs - f(Vcs) (24)
After the removal V__, we have:

cs’

AP . =F'(h

CS CS)

According to the owing equations:

Q=UAEAT,,
1oL e
U hHS hcs (27)

APy = F(hHS)
APes = F'(hcs)

A nonlinear A-based equation is obtained,
which is solved through Newton-Raphson
method.

Using the briefly described thermo-
hydraulic model and RDA method, an algorithm
was developed for designing plate-fin heat
exchanger in LNG liquefaction cycle.

Rapid Design Algorithm of Plate Heat
Exchanger

According to RDA and the thermo-hydraulic
model, the design algorithm of cross flow plate-
fin heat exchanger is as follows:

1. The physical properties of the cold and hot
fluids include thermal capacity of thermal
conductivity (C)(K), density (P), viscosity (),
and fouling resistance (R) are considered as
inputs.

2. Operational parameters including input and
output temperature of cold and hot fluids,
mass flow rate (m°), and pressure drop (AP)
are considered as inputs.

3. Type of the secondary surface for the cold
and hot fluids, thickness of separating
plate (a), and thermal conductivity of the
separating plate (K) are considered as inputs.

4. Values of oc.,a, for the cold and hot

flows are computed via , _ bwPy  and

bh +bc+2a

a

bCBC
a fr N A
€ by +bc+2a; where, b and B are surface-
related geometric parameters that are
determined with the selection of the surface

type; and & is the ratio of overall transfer
surface of one side of the exchanger to the
overall volume of the exchanger, extracted
from Keyes-London'’s book.

5. K and K, values are computed according to
the Formulas 7 and 12 for the hot and cold
sides.

6. The h values for the hot and cold sides are
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calculated via Formula 13 and based on V_
(overall volume of the exchanger).

7. The n (thermal efficiency of surface) values
for the hot and cold sides are computed
using Formula 18, based on h which is a
function of V...

8. Values of %%y N>y NPy are placed

in Equation 17. The obtained equation is a
nonlinear equation based on V_, which is
solved using Newton-Raphson method. In
this way, V_ (i.e. the overall volume of the
exchanger) is obtained.

RC,Rh,hC,hh,nC,nh,VT, A, A, are
produced as the outputs of the computer
program.

A Case Study Designing Plate Heat
Exchanger

The introduced algorithm was used for the
design of compact plate-fin heat exchanger
in the liquefaction cycle of Iran LNG project.
Simulation-extracted information of inflows
was used as input of the algorithm programing.
Moreover, results related to the cold and hot
sides and the overall heat transfer coefficient
obtained from the simulated exchanger were
compared with the results obtained from rapid
algorithm program. The post-design results of
the exchanger were acceptable.

Information related to the operational
conditions and physical properties of the
problem, and data related to the surfaces used
in the exchanger are summarized in Table 4.

In this design, the maximum allowable
pressure drop has been considered for the

Table 4. Process information and physical properties for design of the simulated cross flow exchanger

Cold stream(1)

Process Information

Hot stream(2)

Type of Surface

Surface Information

1
fs - —27-03
%o

Mass Flow Rate (E) 3688.888 175.361
s
Allowable Pressure Drop (Pa) 15000 140000
Inlet Temp. (°K) 132.7 282.277
Outlet Temp. CK) 135.3 137.7
P al Propertie ormatio
Density (kg/m®) 19 85.58
Mass Heat Capacity ( - J ) 2120 2924
kg 'K
Thermal Conductivity v, 0.134752 0.04066
m K
Viscosity (kg/m.s) 0.0278698 0.001383

1
fs— — 27—
0510 7-03

Heat Transfer Coefficient (a) 0.5231 0.5231
Heat Transfer Exponent (b) 0.5042 0.5042
Friction Factor Coefficient (x) 1.5369 1.5369
Friction Factor Exponent (y) 0.4648 0.4648
Thermal Conductivity of the Fin (l) 220 220
m K
Plate Thickness (m) 0.0003 0.0003
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Table 5. Design of the simulated cross flow heat exchange (comparison of results)

Simulation Program

Re (Cold=1) - 2469
Re (Hot=2) - 102090
Efficiency(Cold=1) - 0.56
Efficiency(Hot=2) - 0.53
Total Surface(Cold) (m?) 3001 575
Total Surface(Hot) (m?) 1933 575
Heat Transfer Coefficient(Hot) (ZL) - 3980
m-." K
Heat Transfer Coefficient(Cold) (zlo) . 4545
m-." K
Total Volume (m?®) - 0.46
Overall Heat Transfer Coefficient*
Suriace (Wih<C) 23x1(f 4.84x10°

cold and hot sides. This maximum pressure
drop maximizes the rate and thus increases
Reynolds. According to the Nusselt Equation,
an increase in Reynolds produces the maximum
heat transfer coefficient for the hot and cold
surfaces; therefore, the overall coefficient
of heat transfer is maximized. According to
Q=UAFAT ,, despite the maximum rate of overall
heat transfer coefficient and fixed temperature
difference between the cold and hot sides, the
minimum surface area is obtained. Surfaces
obtained via programing with secondary

surface of »fs5-27-03 for both cold and hot
sides are 575m? which decreased by 2.5 and
3.3 times as compared to the surfaces areas of
3001m? and 1933m? for the cold and hot sides
in the simulation, respectively. This surface area
reduction was highly desirable as it significantly
decreased investment costs of developing such
types of exchangers.

Results Using VPI in Design of Plate
Heat Exchanger

Using the modified VPl and drawn diagrams,

surfaces with maximum VPI within the range of
operational Reynolds were selected. The given
exchanger was designed using the computer
program, and the overall volume and surface
area of it were obtained. A comparison was
provided in Tables 5 and 6 between the surface
obtained from designing cross flow LNG
exchanger using VPl and the surface obtained
from the simulated exchanger.

Between different secondary surfaces (Table

5), ppf46.45T for the hot side and ofs L —27-03
, .. 10
for the cold side presented the minimum surface
areas (422m? for the hot side and 556m? for the
cold side). The overall heat transfer coefficient
785 (W/m?K) increased by 1.8 times. Reduction
by 1.1 and 5.1 times was observed in the hot side
as compared to the hot side (1933m? and the
cold side (3001m?) in the simulated exchanger,
respectively. After comparison of the obtained

surfaces in Tables 5 and 6, ofsl—lo—27—03 was
selected for the hot and cold sides. This is
because it presented the minimum surface area
forthe given exchanger.Forexample, the overall
surface area of the heat transfer obtained for

1 1
lpf§—6.06 and Ofsﬁ)_27_03, ppf 46.45T under
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a certain pressure drop, is presented in figure 4.
Also, figures 5 and 6 compared the heat transfer
levels obtained for the cold and hot sides of
these three different secondary surfaces with
the heat transfer levels of the cold and hot
surfaces in the simulated exchanger.

In figures 7 and 8, the overall volume and
heat transfer coefficient of the simulated
and designed exchangers were compared.

According to the figures, the overall volume of
the designed exchanger decreased by 5.4 times;
in addition, the overall heat transfer coefficient
increased by 2 times.

Conclusion

The design procedure developed in this
article shows that this method is well capable

Table 6. Comparison of Novel Designed Heat Exchanger with the Simulated Exchanger

O old ed d e
0.0 0.0 Re Re a e
dce dce d oe e e
e
1933 3001 2.3x10° 425
ppf46.45T ofs% ~27.03 107160 2629 0.61 1620 587 12723<10° 785
ppf11.11 lpf% -6.06 366140 9524 1.041 605 450 6.2656<10° 1034
ppf46.45T ppf30.33T 109260 3512 0.66 1553 830 8.8344x10° 568
1
ppf46.45T lpfz -11.11 79040 7363 1.014 3138 356 3.825x10° 1218
0fs%]—27.03 lpfgfl 11 80255 7793 08.6 1058 379 1.1948<10° 1128
ppf11.11 lpf%—l 11 421360 6729 0.81 422 556 3.8310<10° 906
ppf46.45T lpf%76.06 65549 10473 1.5 4711 346 5.8723x 106 1246
ppf46.45T wpfl 1.5—%w 69567 6521 185 4140 461 3.9966<100 965
ppf30.33T wpfll.S—%w 148160 6353 132 | 2366 493 2.1649<10° 914
ppf25.79T ppf30.33T 203480 3272 08.2 981 969 4.8956x10° 498

Table 7. Comparison of Novel Designed Heat Exchanger with Simulated Heat Exchanger (Equal Surfaces)

oe ente 0] e
® ® ® ® 6.04 1933 3001 23.10° 425
1 ofsi -27-03

Ofsﬁ -27-03 10 102090 2649 0.46 575 575 484150 842
ppfa645T ppfa6.45T 123040 1732 0.54 1201 1201 484003 403
ppf3033T pp30.33T 224480 3301 0.7 951 951 483108 508
ppf25.79T ppf25.79T 198290 3144 0.75 1039 1039 483135 465
lpf%76.06 lpf%f6.06 294120 9933 1.12 473 473 482933 1021
wpfl LS—%W wpfl LS—%W 201450 5662 1.16 664 664 483392 728
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Fig 7. Comparison of volume of the simulated exchanger
with that of the designed exchanger
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of developing an optimal design of plate fin
heat exchanger in terms of the surface area,
volume, and overall heat transfer coefficient in
Iran LNG project. In design of this exchanger,
predetermination of the specification of surface
involved in thermal process in both sides of the
exchanger is needed. The rational objective of
the design is an exchanger with the minimum

Fig 8. Comparison of the overall heat transfer coefficient
of the simulated exchangerwith that of the designed
exchanger

surface area within the block dimensions. This
goal is achieved by ensuring about having full
access to allowable pressure drop, and selecting
a heat transfer surface with high efficiency. A
correlation can be made between simultaneous
design and selection of surface using VPI curves.
The provided design algorithm has been
used for the case of Iran LNG project. Results
obtained from designing the plate heat
exchanger with the computer program show
a good consistency with the results obtained
from the simulated exchanger in the LNG
cycle. Moreover, those fins were selected that
provided surfaces of several times smaller
than those of the simulated exchanger, using
performance index. The cold and hot surfaces of
the designed exchanger were 5.2 and 3.3 times
smaller than those of the simulated exchanger;
in addition, its overall heat transfer coefficient
increased by 2 times. Given this significant
reduction in surface area, a reduction will be
achieved in investment costs in LNG process.
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Abstract

In gas-condensate reservoirs as the bottom hole pressure drops below the hydrocarbon dew
point of the reservoir fluid, liquids drop out from the gas phase and establish condensate banking
near the wellbore, resulting in lower gas productivity. Changing the reservoir rock wettability from
liquid-wetting to gas-wetting has outstanding potential in improving the productivity of gas wells.
In this work, we report the highly water- and oil-repellent properties of carbonate reservoir rocks
treated with a nanofluid based on synthesized ZnO/SiO, nanocomposites and fluoro-containing
materials PTFE, TFE, and PFOS. Carbonate plates coated with the prepared nanofluid exhibits a high
contact angle of 162° for brine (contact angle hysteresis=0° and roll-off angle <2°), together with
135° for liquid gas-condensate, supporting significant super-amphiphobicity with self-cleaning
properties. Surface characterization of the rock using SEM, SP, and EDX analyses reveals that the rough
morphology of ZnO/SiO, nanocomposites combined with low surface energy of fluorochemical
provides the surface superamphiphobicity. Moreover, the efficiency of the nanofluid in wettability
alteration of carbonate core from liquid-wetting to ultra gas-wetting under reservoir conditions was
investigated by performing gas/liquid two-phase flow tests with single-phase liquid-injection into
the gas-saturated core. The results indicate that the mobility of liquid for both gas/brine and gas/

liquid-condensate systems increases significantly after wettability alteration.

Keywords: Gas-wetness; Wettability alteration; Nanofluid; ZnO/SiO, nanocomposites; Gas
condensate reservoir; liquid-repellent.
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1. Introduction

Gas-condensate reservoirs experience a
significant loss in well productivity as reservoir
pressure drops below the hydrocarbon dew
point owing to condensate banking in the near-
wellbore region and subsequent reduction in
gas relative permeability [1,2]. Water blocking
also decreases the relative permeability of gas
[2,3] and increases the impact of liquid blockage
on lowering the gas well deliverability. A major
factor in liquid accumulation is the low mobility
of liquids due to strong liquid-wetting of the
reservoir rock. Through wettability alteration
of the rock from liquid-wetting to gas-wetting,
the mobility of liquid phase for a gas/liquid
system increases dominantly, preventing the
liquid accumulation in high saturation and
resulting in elevated gas production rates.
The principal requirement is the permanent
alteration of wettability to gas-wetting. Li and
Firoozabadi were the first who demonstrated
both theoretically [4] and experimentally [5] that
the approach of wettability alteration to gas-
wetting is promisingly effective for improving
the productivity in gas-liquid systems. In the
theoretical work, they studied the relative
permeability of gas and liquid phase using
a phenomenological network model. Their
results showed that substantial increase in
gas well deliverability may be obtained when
the wettability of porous media alters to gas-
wetting and is the most effective approach.
They moreover showed experimentally that the
oil recovery and phase relative permeability in
gas/oil system can be increased by wettability
alteration of rock to preferential gas-wetting
using fluoro-polymer chemicals. Later many
other researchers investigated experimentally
the efficiency of various fluorochemical
polymers/surfactants on  changing the
wettability of different rock types to gas-wetting
[6-14]. However, some of these chemicals fail
to be utilized for field applications because
they were not cost-effective, environmentally
friendly or losing their effectiveness under
reservoir conditions.

Nanofluids are a new class of solid/liquid
mixtures engineered by dispersing nanometer-
size particles or any nanostructures in
conventional base liquids [15,16]. Over the past
decade, the innovative concept of nanofluids, as
a part of nanotechnology, has developed largely
and used in various industrial and biological
processes, such as drug delivery [17], surface
coating [18], heat transfer [19], environmental
remediation [20], etc. [16,21]. Nanofluids also
revealed their potential applications in oil and
gas industries through wettability alteration of
reservoir rock [22], enhanced oil recovery (EOR)
process [23,24], drilling technology [25], reservoir
exploration, and natural gas transportation
[26,27].

Recently, few papers have been published
that report the impact of silica based nanofluids
which are capable of altering the wettability
of rock towards gas-wetting [28,29]. Although
their studies were promising, they have not
succeeded to change the wettability of reservoir
rock to ultra gas-wetting state; hence, the issue
is still an ongoing field of research.

In this paper, It is revealed report the super
water- and oil-repellent properties of a novel
Zn0O/SiO,-based nanofluid, applied to alter
the wettability of a carbonate reservoir rock
to ultra gas-wetting state. We verified the
change of wettability by measuring contact
angle and characterizing the rock surface using
SEM images, EDX, and SP analyses. In continue,
we investigate the practical efficiency of the
superamphiphobic nanofluid in flow tests which
represents better the reservoir conditions, by
conducting a set of coreflooding experiments.
Accordingly, the changes in the pressure drop
and the liquid permeability in two-phase (gas/
oil or gas/water) flow tests using single-phase
liquid-injection into a gas-saturated core are
measured before and after wettability alteration.
It can be canclouded believe that the novel
formulated ZnO/SiO, nanofluid can improve
the productivity of the reservoirs and mitigate
water and condensate blockage in gas wells.
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2. Materials and methods

2.1. Preparation of super liquid-repellent
ZnO/SiO, nanofluid

Inorderto prepare the nanofluid, asafirst step
Zn0O/Si0, nanocomposites were synthesized via
wet-chemical co-precipitation method through
a hydrothermal process. Accordingly, 0.02 mol
of Zinc nitrate hexahydrate (Zn(NO,),.6H,0, 98%,
Merck) and 0.08 mol tetraethyl orthosilicate
(TEOS, SI(OC,H,),, 95%, Merck) were dissolved in
water/isopropyl alcohol (C;H,O, Merck) solution
and stirred magnetically for 15 min. then 10 g of
acetylacetone (C.H,0,, >99%, Merck) dissolved
in water/isopropy! alcohol solution and 20 g of
oleicacid (C ,H,,0,, Merck) were added gently to
the basic solution and hydrolyzed by addition
of sodium hydroxide (NaOH, Merck)/water-
ethanol solution in a dropwise manner, under
vigorous stirring to obtain a mixture with pH
of 10-11. After refluxing for 1 h at 80-90 °C, the
prepared mixture was quenched rapidly for 45
min and then dried hydrothermally in an oven
for 72 h at 90 °C. Next, it was filtered, washed
with water and alcohol solution and then dried.
The resultant product was finally calcined in a
furnace in 3 steps at 200-900 °C for 10 h. This
procedure results in achieving fine hydrophobic
Zn0O/SiO, nanocomposites.

Super water- and
SiO, nanofluid was fabricated by using
of the synthesized nanocomposites and
fluorochemicals. For this purpose, ZnO/SiO,
nanocomposites, polytetrafluoroethylene
(PTFE, Sigma-Aldrich), 2,2,2-Trifluoroethanol
(TFE, SDFCL Co. 99%), ethanol and a
mixture  containing  Trichloro(1H,1H,2H,2H-
perfluorooctyl) silane (PFOS, 97%, Sigma-—
Aldrich) were dissolved with mass ratio of
0.002:0.2:0.003:1:1 at room temperature. Using
ultrasonic bath, the resultant solution was
sonicated then for 30-40 min, followed by 1 h
agitation on a magnetic stirrer at 50 °C [30,31].

oil-repellent  ZnO/

2.2. Porous medium and fluids

A cylindrical carbonate reservoir core with
a length of 6 cm, the diameter of 3.8 cm and
porosity of 20.7% used in this work to perform

core displacement tests. Static and dynamic
contact angle measurements were also done
on small circular rock plates that have been
taken from a similar large slab of this carbonate
reservoir core, respectively.

The plates and core being subjected to
different tests, they were cleaned in Soxhlet
extraction apparatus where they were flushed
with toluene and methanol for 24 and 72 h,
respectively. The pre-treatment process was
followed by drying of rock in an oven at 80 °C
for 24 h.

Distilled water and 2 wt% NaCl brine
were used as the aqueous phase in order
to investigate the hydrophobicity of rocks.
Normal decane (C, H,, Merck, >99%) and a gas-
condensate liquid sample from an Iranian gas
condensate reservoir were used as the oil phase
to study the oleophobicity of rocks. At 25 °C, the
gas-condensate sample has a specific gravity of
0.78 and a viscosity of 1.28 cP. Air and nitrogen
were also used as the gas phase in contact angle
measurements and core displacement tests,
respectively.

2.3. Treatment process

2.3.1. Contact angle tests

The clean and dry carbonate rock plates
were totally submerged in fabricated nanofluid
and aged in an oven at 80 °C for 48 h to let
the nanocomposites and fluoro-containing
materials sediment on the surface of plates and
create a liquid-repellent layer on them. Next, the
plates were removed from the nanofluid and
dried in an oven at 80 °C and finally the dried
plates were subjected to the contact angle
measurement test.

2.3.2. Core displacement tests

In order to change the wettability of the core
to gas-wetting state, it was put in a coreflooding
apparatus, which is capable of resisting reservoir
condition of temperature and pressure (Fig.
1). The apparatus will be described in detail
later. The dry core was initially evacuated and
then saturated with ZnO/SiO, nanofluid. For
this purpose, three to four pore volumes (PV)
of nanofluid was injected at a fixed flow rate
of 2 c¢/min. The nanofluid-saturated core was
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then aged in the nanofluid at 80 °C and 3000 core, followed by evacuation for about 6 h. At
psig for 48 h. After that, nearly 5 PVs of brine was  last, the core was removed from its holder and
injected to displace the nanofluid and wash the  dried in an oven at 80 °C.

Fig. 1. Experimental set up for core displacement tests and chemical treatment.
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2.4. Characterization

Fourier transform infrared spectroscopy
(FTIR) spectra were acquired on a Bruker tensor
27 spectrometer to evaluate the functional
groups of the synthesized nanocomposites
in the wavenumber range of 4000-400
cm’. The surface morphology of ZnO/SiO,
nanocomposites and the carbonate core
with and without wettability alteration were
revealed by scanning electron microscope (SEM)
(KYKY model EM3200). X-ray diffraction (XRD)
was used to study the size and crystallinity of
the nanocomposites using Bruker D8-Advance
diffractometer with Cu Ka radiation (A\=1.54A).
The surface topography and roughness of
the treated and untreated core sample were
determined by stylus profilometer (SP) (Dektak
XT from Bruker). Energy dispersive X-ray (EDX)
(SiriusSD) was used to characterize the surface
elemental composition of the carbonate core
before and after treatment with nanofluid.

2.5. Contact angle measurement

To study the wettability of the core
quantitatively and evaluate preliminary the
superamphiphobicity of nanofluid, the gas-
liquid-rock contact angle was measured using
an in-house contact angle measurement device
(Fig. 2a). The static contact angles of aqueous
and oil phases as probe liquids in air medium
and at room temperature were measured using
sessile drop technique. In each measurement,
a ~5 pl drop of liquid was released from an
accurate syringe on the surface of the core
sample. A CCD camera with the microscopic lens
was used to visualize the process and taking
side images of high-resolution magnified liquid
droplet, under sufficient illumination of the
light source. Each contact angle measurement
was repeated for 3-5 times at different locations
on the solid surface and the average value was
reported. Dynamic contact angles were also
measured by force tensiometer KSV Sigma 700,
using the Wilhelmy method (Fig. 2b).

(a)

Computer

CCD Drop -
camera

- Syringe

Light source

Microscope

—3 Core plugq— 2

(b) l Digital Balance I

1

Advancing

1

Receding

Fig. 2. Schematic for (a) static and (b) dynamic contact angle measurements.
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2.6. Coreflooding test
procedure

Fluid flowtestswere performedin corescaleto
investigate the efficiency of ZnO/SiO, nanofluid
in wettability alteration to gas-wetting under
reservoir temperature and pressure conditions.
Fig. 3 illustrates a schematic of the coreflooding
setup for the unsteady-state gas/liquid flow
with gas displaced by liquid injection. The
coreflooding apparatus contains high-pressure
displacement pumps (Schlumberger DBR) with
process control system for injecting the fluid
at constant rate, a back pressure regulator for
controlling the downstream core pressure, a
differential pressure transducer (Rosemount
3051) for measuring the pressure drop across the
core and a data acquisition system for collecting
and storing the differential pressure information.
The gas and liquid are discharged through the
back pressure regulator and transmitted to a
separator. The effluent Liquid is collected in a
calibrated tube and the amount of it measured

apparatus and

Pressure transducer

versus time. The outlet gas flow rate is also
measured by a mass flow meter (Alicat M) in the
range of 0-50 cm?®/s with the accuracy of about
0.8%. Other apparatuses such as liquid transfer
vessels and a cylindrical core holder were
placed inside a temperature-controlled oven.
The core sample is fixed inside the core holder
covered with a Viton rubber sleeve to confine
the core. The core holder is placed horizontally
to avoid gravity effect. For packing the core, an
overburden pressure of 800-1000 psig above
the inlet pressure is applied. The temperature
of the system was maintained at 80 °C during
all tests, which is high enough for most reservoir
applications.

The goal of this study is to quantify the
effectiveness of the nanofluid by measuring
the effective and relative permeability of liquid
flow in gas/oil or gas/water systems through
liquid flooding of a gas-saturated core. Before
wettability alteration, the core was evacuated
first by a vacuum pump to get rid of air and

Data acquisition system

® Back pressure
regulator

Liquid

Pressure
regulator

N, Injection pump

Gas
flowmeter

e

Graduated
cylinder

Overburden pump

Fig. 3. Schematic of apparatus for core flooding experiments.
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then it was saturated with the nitrogen which
injected at a constant injection pressure by a
gas-pressure regulator. Next, the displacement
process of gas was started by injection of
liquid (brine or gas-condensate) at a constant
rate. The amount of produced gas and liquid
versus time was recorded until surely no more
gas recovered. Moreover, the transient pressure
drop is recorded until steady-state is obtained.
The effective and relative permeability of liquid
flow were calculated subsequently, as explained
in section 3.3. After that, the core was cleaned
by a solvent and dried and evacuated before
starting the next test.

After conducting the evaluation testing in the
untreated core, the wettability alteration tests.
Were performed for this purpose, the core was
treated with nanofluid (as described earlier in
section 2.3.2)) and the same experiments to those
performed for untreated core were repeated to
calculate the effective and relative permeability
of the liquid flow after the wettability alteration.

3. Results and Discussion

3.1.Characterization of ZnO/SiO,
nanocomposites

Toconfirmthe formation of ZnO/SiO, through
the synthesis process, the FTIR spectrum of the
Zn0O/Si0, nanocomposites is shownin Fig. 4. The
bands positioned at 459, 577 and 615 cm™ are
attributed to Zn—O stretches [32,33]. The peaks
at 868 cm™ are related to the Si—O-Si asymmetric
stretching vibrations while the peak at 979 cm’'
is for the Si—-O-Si symmetric stretching [34].
The peak observed at 1457 cm™ corresponds
to Si—OH stretching vibration [34]. Furthermore,
peak at 1628 cm” and a broad band at 3445
cm are associated with O—H bending and O-H
stretching vibrations of ZnO/SiO, [34]. Moreover,
the appearance of the absorption band at 933
cm'is assigned to the Si—O—Zn stretching which
confirms that SiO, indeed binds with ZnO [35jX].

The SEM image for the synthesized
nanocomposites is presented in Fig. 5. It can be
seen that the ZnO/SiO, nanostructures consist
of the hybrid morphologies of nanospheres and
nanoplates.

Fig. 6 illustrates the XRD patterns for the
as-prepared ZnO/SiO, nanocomposites. The
measured diffraction angles are reasonably
compatible with the standard spectrum of
willemite Zn_SiO, (JCPDS card number 37-1485),
indicating that the crystallographic structure
of these nanocomposites is hexagonal. The
diffraction peaks at 20=31.48°33.95,36.18°
65.58°, 55.92°,48.89° and 66.68° can be
attributed to the (100), (002), (101), (102), (110),
(112) and (201) planes of ZnO, respectively
[36,37]. The average crystallite size of ZnO/SiO,
nanocomposites are calculated from the XRD
analysis and Sherrer’s equation,

092 M

o B Cos6

where is the full-width-at-half-maximum
(fwhm) of the diffracted peak, is the diffraction
angle, and is the wavelength of X-ray
radiation (1548 A for Cu Ka). The estimated
average crystallite size value for ZnO/SiO,
nanocomposites is found to be 46 nm.

3.2.Contact angle determination and surface
characterization

The wetting properties of carbonate core rock
without and with wettability alteration to gas-
wetting by nanofluid were identified through
contact angle measurements of distilled water
and 2 wt% NaCl brine as the aqueous phase, and
n-decane and gas-condensate as the oil phases.
The native carbonate plate was completely
wetted by both water and oil liquid drops, which
indicates the fact that the carbonate sample is
strongly liquid-wet (i.e., the static contact angle
of water and oil= 0°). However, the measured
distilled water, brine, n-decane, and condensate
contact angles of the rock plate were exceeded
to 162°, 162°, 136°, and 135°, respectively, after
treatment with nanofluid which demonstrates
the superhydrophobic property of the treated
surfaces. According to this results, ZnO/SiO,
nanofluid has successfully increased the contact
angle of water and oil drops to a much greater
degree than the various chemicals reported in
the previous studies [5-14,28,29]. Fig. 7 shows
the brine and condensate contact angles on
the surface of a rock plate, before and after
wettability alteration.
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Furthermore, it was observed that the
aqueous phase droplets freely rolled-off on
the treated core surface while there was no
apparent tilt of the surface ( 2°), which made
it difficult to control for measuring the static
contact angle. Such a minimum sliding angle
reveals that water has low adhesion to the
rock surface and the core sample gained self-
cleaning property [38,39]. Besides, it is known
that for the self-cleaning property of a liquid-
repellent surface, contact angle hysteresis of
10° is desired [40,41]. Contact angle hysteresis
which is defined as the difference between the
advancing and receding angles was measured
using the Wilhelmy method. The value of
contact angle hysteresis for the rock plate
treated with nanofluid was measured quasi-null
for the aqueous phase. Such an ultralow contact
angle hysteresis, confirms that the rock surface
benefits the drop-rolling ability and the self-
cleaning property as well.

Theimproved hydrophobicity, oleophobicity,
and self-cleaning properties of the treated rock
are attributed to the combination of surface
roughening by the ZnO/SiO, nanocomposites
and lowering the surface energy by fluoro-
containing coating [42-44]. The surface
topography is generally known as the decisive
factor in specifying the liquid-repellency of
rough surfaces. Therefore, SP analysis and
SEM images were employed to study the
morphological features of the core surface
structure. Fig. 8 illustrates the SP micrographs
of both native rock plate and treated rock
plate with nanofluid. Fig. 8a indicates that the
pristine rock substrate generally offers a primary
roughness with microscale structure. Regarding
the corresponding contact angles of water and
oildropswhichareequalto 0° theliquid-wetting
nature of native rock plate can be ascribed to
the several cavities existed throughout the
roughness, which allows the liquids entering
easily into them. After treatment, the deposition
of nanofluid’s contents provides the secondary
roughness to repel the liquid penetration,
referring the Cassie model [45]. In other words,
the hierarchial rough structure on the surface,
similar to the structure of a lotus leaf [44], can
simply trap a large amount of microscopic air

layer in the craters between the protrusions that
reduces the contact area between the liquid
and the surface. The air pocket makes a floating
force against water and oil drops that leads to
superamphiphobicity.

Besides the surface roughening by ZnO/SiO,
nanocomposites, using the fluoro-containing
materials as PTFE, TFE and PFOS solution
enhanced the liquid-repellency of the core
surface, especially the oleophobicity, owing to
impressive reduction of surface free energy. TFE
and PFOS have very low surface energy owing
to their high content of —CF, and —CF, groups.
—CF, terminated surfaces are known to possess
the lowest surface free energy of ~6 mN m’'
followed by —CF, groups as the next lowest
[46-48]. Teflon also has the low surface energy
of 185 mN m™ [48]. Hence, the deposition of
fluorochemicalsontheoutermostlayerofsurface
coating decreases the surface energy and the
intrusion of liquids into cavities of the surface.

SEM investigations of the carbonate plate
before and after wettability alteration to gas-
wetting, distinctly confirm the formation of a
layer containing fluorochemicals and ZnO/SiO,
nanocomposites on the microstructure core
surface, after treatment with nanofluid (Fig. 9).
The average size of the sphere-like nanotextures
was determined to be in the range of 34-60 nm
in diameter.

Qil water
Bw=0°

Fig. 7. Static Contact angle of brine and gas-condensate
on the surface of carbonate rock plate (a) before and (b)
after wettability alteration.



Volume 2/ Issue 1/ May 2017 25

(@) \

brine

9 um

27 ym gasc?nnsate

27 ym

-9 pm

Fig. 8. 0.3 mm x 0.3 mm 3D SP topography images of the (a) untreated and (b) treated core substrate. Cross-view
shapes of brine and gas-condensate droplets placed on the corresponding surfaces are shown in the insets.
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Fig. 9. SEM images of (a) untreated rock plate and (b) treated rock plate with ZnO/SiO, nanofluid.

3.3. Core displacement results measurements, fluid flow tests were used to
After a preliminary evaluation of the investigate the effect of wettability alteration
formulated nanofluid by contact angle on water and condensate blocking in the
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carbonate core. The result of pressure drop
across the core as a function of pore volumes
injected of liquid is presented in Fig. 10. As seen
from Fig. 10a for gas/water system, in both
untreated and treated cores, the pressure drop
increases initially until it reaches the maximum
value. Afterward, the pressure drop decreases
gradually and stabilized at a constant value of
15.0 psi for untread core and 6.5 psi for treated
core at the steady-state. Hence, nanofluid
treatment reduced the steady-state two-phase
flow pressure drop about 56%. The same trend
is also observed in gas/oil system (Fig. 10b),
with the pressure drop plateaus at 17.7 psi for
untread core and 7.8 psi for treated core. The
treatment of carbonate core with nanofluid
could also improve the steady-state pressure
drop of this case about 56%. These results imply
the pronounced capability of the nanofluid in
altering the wettability from liquid-wetting
(hydrophilic and oleophilic) to ultra gas wetting
(superamphiphobic).

The single-phase liquid-injection in a core
saturated with gas is a transient two-phase gas/
liquid flow experiment in which the gas inside
the core is displaced by the liquid. In late stage
of liquid injection, when the residual gasiis left in
the core and the pressure drop reaches steady-
state, we apply Darcy’s low for calculating the
effective permeability of liquid flow (K,;):

4p = QGEHER

where the pressure (4p) is described as a
function of the liquid volumetric flow rate (Q;),
with the parameters of core length (L), Liquid
viscosity (I), cross-sectional area (A), and the
liquid effective permeability (K_) .

The liquid relative permeability (Ky) is also
calculated from the ratio of the liquid effective
permeability to the liquid absolute permeability
(K1) which is received from single-phase liquid
flow:

2

. (3)

The absolute permeability to water was
measuredtobe 11and 10.4mD foruntreatedand
treated core, respectively, which demonstrates
the treatment of the core with nanofluid
slightly reduces the absolute permeability due

to plugging of small pore throats.

We quantify the nanofluid treatment
effectiveness in liquid flow then by calculating
the change in the liquid effective and relative
permeability as follows:

AKep _ Key (treated core)— Ko (untreated core)
Ko Ko (untreated core)
(5)
AKy _ Ky (treated core)— K, (untreated core)
Krw Ky (untreated core)

Table 1 gives the results of calculated
effective and relative permeability of liquid
flow in the pre-treated and post-treated cores.
| it is obvious, the treatment of core with ZnO/
SiO, nanofluid predominantly increases the
brine and gas-condensate mobility under
reservoir condition, according to increase in the
effective and relative permeability of liquid. The
results support the theory that the nanofluid
successfully alters the wettability of carbonate
core from strongly liquid-wetting to the ultra
gas-wetting condition.

In order to investigate the penetration
of the nanocomposites and fluorine species
into the pores of carbonate core, since the
coreflooding tests were accomplished, we
have cut the core by a trimming machine
from middle along the radius and analyzed
the surface chemical composition by EDX
spectra. As evidence from Fig. 11, the surface
of native carbonate core is mainly composed
of Ca, C and O elements. After treatment with
nanofluid, the constituent materials of ZnO/SiO,
nanofluid containing of Si and Zn elements as
nanocomposite, and F element which comes
from fluorochemicals were determined on the
surface. The presence of these elements reflect
the ability of nanocomposites accompanied
with fluorochemicals to diffuse into the core
and adsorb onto the surface.

Moreover, it is noteworthy to point out that
the quality of the contact angle of brine and
condensate drops on the treated rock plate in
small slab scale and core scale (after injection
of 5 PVs of water to displace the nanofluid)
demonstrates the durability of nanofluid
treatment at the reservoir conditions.
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Fig. 10. The pressure drop across the core versus pore volumes injected of (a) brine and (b) condensate before and
after treatment with ZnO/SiO, nanofluid.

Table 1. Liquid effective permeability and relative permeability data, before and after wettability alteration

Liquid effective and relative permeability

Pre-treatment Post-treatment change

K_, (mD) K, (mD) K ©) AK, /K, (%) K,/ K

r ’I

Gas/Brine 3.20 0.29 738 0.70 +130 +141

Gas/liquid condensate 3.60 0.33 8.14 0.78 +126 +136
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Fig. 11. EDX analysis of carbonate core (a) before and (b) after aging in ZnO/SiO, nanofluid.

4. Conclusion

Liquid blockage (water or condensate
accumulation) nearthe wellbore regionsleads to
major productivity reduction in gas condensate
reservoirs. Through wettability alteration to
gas-wetting, the mobility of liquid phase for
a gas/liquid system increases remarkably,
showing great potential for enhancing the gas-
well deliverability. It is successfully changed
the wettability of carbonate reservoir rocks
from strongly liquid-wetting to super water-
and highly oil-repellent condition using a
novel formulated nanofluid consisted of
synthesized ZnO/SiO, nanocomposites and
fluorochemicals PTFE, TFE, and PFOS. The water

(distilled water or brine) and oil (n-decane or
liquid gas-condensate) contact angle increased
significantly from 0° to 162° and about 135°,
respectively, after treatment of the rock with
the prepared nanofluid. It is also observed
that the rock surface exhibit excellent self-
cleaning ability due to the minimum contact
angle hysteresis (0°) and very low sliding angle
(<2°) for water. Surface characterization of the
treated plates was carried out by SEM, SP, and
EDX analyses. Accordingly, the improved super
liquid-repellency is attributed to the roughness
of the nanocomposites that adsorb onto
microscale texture of rock and the low surface
energy of fluoro-containing materials. Moreover,
our measurements of core displacement
tests indicate that treatment of wettability
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alteration to ultra gas-wetting using ZnO/SiO,
nanofluid is promisingly effective. It is found
that such a wettability alteration decreases the
pressure drop across the core which leads to a
reduction of the amount of liquid trapping in
pore space owing to a dominant increase in the
liquid relative permeability. It is supposed the
achieved results would pave the way for solving
the problem of condensate blockage in gas
condensate reservoirs.
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Abstract

Asphaltene precipitation in oil reservoirs has been involved with numerous problems. Therefore,
itis required to understand the precipitation mechanisms in detail in order to diminish the associated
difficulties. There are several ways to detect asphaltene precipitation. One of these methods is
vanishing interfacial tension (VIT) method. In this method by plotting the equilibrium interfacial
tension (IFT) versus pressure, the asphaltene precipitation conditions can be predicted. In this
study, for more accurate evaluation of asphaltene precipitation in oil reservoirs by using IFT versus
pressure plots, synthetic oil solutions made up of toluene and normal paraffins are used. Solutions
with different compositions of toluene and normal paraffins such as n-decane and n-heptane with
and without asphaltene (extracted from crude oil) are prepared. Then, the equilibrium IFT of the
solutions in the proximity of CO, at different pressure conditions is measured. By plotting the IFT data
versus pressure, the onset of asphaltene precipitation in presence of gas and the impact of different
parameters on this phenomenon are investigated. Experimental results show that the presence of
asphaltene in synthetic solutions changes the behavior of IFT data with pressure. For a solution
of toluene and normal paraffin containing asphaltene, the IFT of the solution in presence of CO,
decreases linearly with two different slopes at low and high pressure ranges. The results confirm that
the presence of normal paraffin intensifies asphaltene precipitation. The experimental results show
that the higher mass fraction of asphaltene is, the higher would be the intensity of the asphaltene
precipitation for the attempted mass fractions.

Keywords: asphaltene precipitation, interfacial tension, minimum pressure of miscibility, carbon
dioxide, normal paraffin.
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1. Introduction

Nature of heavy organics in crude oil and
their role in extraction, transfers and processing,
has been well understood [1-3]. Comprehensive
investigations at different area such as
exploration, drilling, production, enhanced oil
recovery and processing of low quality oil have
been performing. Injection and re-injection of
gas into oil reservoirs are cost-effective methods
[4]. One of the major problems in these recovery
processes is blockage of pores by asphaltene
precipitation, which could significantly reduce
oil recovery efficiency [5]. Combination of a
miscible fluid with oil could significantly affect
phase behavior. However, precipitation of
heavy organic materials is a major drawback of
phase change that could consequently affect
production from oil reservoirs or oil flow rate
through wells and pipelines [6]. Precipitation
of heavy organic material usually yields pore
blockage and wettability alteration of reservoir
rock [7].

Asphaltene precipitation in porous media
can also lead to a decrease of 20 percent
effective permeability [8-9]. Due to damage to
the formation, oil and gas production rate from
the reservoir decreases [9]. When the reservoir
pressure is close to the precipitation pressure,
asphaltene precipitation in reservoir takes place;
this creates a failure condition at the wellbore
[10]. Asphaltene precipitation process and its
consequences have been shown to be very
complex [11-12].

Various methods has been used and
proposed to detect asphaltene precipitation
process. These methods include microscopic
method [13], light absorption method [14],
gravimetric method, electrical conductivity
method [15], viscometer method, heat transfer
measuring method and vanishing interfacial
tension (VIT) method [16-17]. The vanishing
interfacial tension (VIT) method is a new method
that can accurately detect the starting point of
asphaltene precipitation [18-19]. In this method,
the equilibrium IFT data of oil and gas is plotted
against pressure, and the trend of the resultant
curve is interpreted to discover mechanisms,

the start point and intensity of asphaltene
precipitation [20]. In this method, as soon as
the precipitation starts, the trend of the IFT
plot versus pressure changes sharply [21]. This
method is quite accurate, and a small amount
of sample is required for evaluation [22]. The
optimum conditions of miscible gas injection
can be determined using the rapid VIT method
[22-23].

The VIT method has been developed and
employed to measure the miscibility conditions
of various crude oils with deferent gases. The
following are some of the studies in this field.
Nobakht et al. showed that equilibrium CO,
gas-oil IFT often reduces linearly with pressure
to the pressure from which the IFT-pressure
trend changes. This pressure is known as
threshold pressure. They also observed that
if the equilibrium pressure is higher than the
threshold pressure, light oil components quickly
get out from the oil droplet and turn into the
gas phase. This physical phenomenon is known
as the extraction of very light components [24].

Nobakht et al. also measured the solubility
of CO, at different equilibrium pressures and
at 27 °C. They concluded that by extrapolating
the first slope of the IFT data versus pressure
down to the point at which IFT becomes zero,
the minimum miscible pressure (MMP) can be
estimated [25].

Wang et al. investigated the interaction of
three Canadian crude oil (two light oil and a
medium one) with CO,, by using the VIT method.
They found that the equilibrium IFT decreases
linearly with the equilibrium pressure at three
distinct pressure ranges. In the first interval, with
increasing pressure, IFT reduces due to increasing
solubility of CO, in oil. In the second interval,
IFT suddenly increases, then quickly decreases,
and again becomes linear. They stated that the
sudden increase in IFT was owing to asphaltene
precipitation, and rapid separation of light
compositions. They concluded that, in this
range, the measured IFT is between relatively
heavy compositions of crude oil and CO,. At the
last stage, different light components began to
separate from oil. At this stage, the measurement
of IFT is between the heaviest compositions of
crude oil and CO, gas [26].
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In this study the impact of parameters
such as pressure, asphaltene content and oil
composition on asphaltene precipitation is
investigated through VIT method.

2. Experimental

Synthetic solutions are prepared by mixing
different amounts of toluene, normal paraffins
and asphaltene, which was extracted from an
Iranian crude oil sample. The composition of
this crude oil sample is shown in Table 1.

To extract asphaltene from crude oil,
different standards are available. In this study,

the ASTM (D2007-80) was applied [17].

After extracting asphaltene from the crude
oil sample, synthetic oil sample is prepared.
Asphaltene is insoluble in the normal paraffins;
however, it is soluble in toluene due to similar
ring structure. To study the effect of synthetic
oil composition on IFT, solutions with different
volume percent of toluene and normal paraffins
are used. For preparing the samples, the normal
paraffins and toluene, with desired volume
percents are mixed. Then, 5 wt% asphaltene is
added and the prepared mixture is shaken for
6 hours by magnetic stirrer so that the whole
asphaltene dissolves in the solution. Table 2
shows 18 oil solutions used in IFT tests.

Table 2. Compounds of solutions used as oil in IFT experiments

Component CO,

Table 1. Composition of the oil used for asphaltene extraction

Toluene
(volume percent)

sample n-Heptane

(volume percent)

Asphaltene
(mass percent)

n-Decane
(volume percent)
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Figure 1. Schematic illustration of the experimental setup

CO, gas (with a purity of more than 99.99%)
was prepared from a local company. The
pendantdrop method was applied to determine
the IFT of gas-oil at reservoir conditions. Figure 1
shows the IFT measuring device, which includes
a visible high pressure chamber.

The apparatus also includes a high pressure
pump and a pressure gauge employed to
measure the pressure in the system. The whole
system is covered with a controllable thermal
chamber. The IFT device is equipped with a
high resolution camera, which is located at one
side of the chamber, and a light source placed
at the other side of the chamber. The camera
is connected to a computer with drop shape
analysis software to estimate the IFT of oil and
gas based on the shape of the pendant drop.

The IFT value is very sensitive to impurities;
therefore, cleaning different parts of the device
is very crucial; hence, before starting any test,
cleaning of the inside parts of the device is
performed by injecting toluene, then, acetone
followed by rinsing with de-ionized water.
To start a test, the oil phase is transferred into
the droplet fluid storage tank (DT) using a
piston and the gas phase is transferred into
the bulk fluid storage tank (BT). Next, the
temperature of visible chamber and reservoir
tanks of bulk fluid and drop are set to a desired
temperature. A pressure producer is used to
inject the gas into the cell and to pressurize it
at a desired value. A capillary tube is mounted
at the top of the high pressure cell from which

the oil droplet is injected to the bulk gas. To
achieve equilibrium conditions (i.e. constant
temperature and pressure conditions) enough
time should be given. Then the IFT between
two fluids is recorded over time until reaching
the thermodynamic equilibrium conditions. In
order to reach to thermodynamic equilibrium
at a shorter time, several drops (20-30 drops)
of oil are injected into the chamber. The test
is considered at the equilibrium condition
when the IFT does not change with time
significantly. All experiments were performed at
constant temperature of 323.15 K. To estimate
IFT, it is necessary to determine the density
of two fluids at experimental temperature
and pressure conditions. Therefore, the fluids
density was measured at different pressures
and temperatures using a hydrometer (Anton
Parr device) with high accuracy (i.e., 0.00001
(9/ml) )Density of CO, gas at any pressure and
temperature is taken from valid references [27].

3. Results and Discussion

3. 1 Impact of normal paraffin on asphaltene
precipitation

Interfacial tension of toluene-n heptane
solutions and CO, gas was measured at different
pressure conditions ranging from 3 to 7 MPa and
the temperature of 323.15 K, and the results are
showninFigure 1.Since n-heptaneis lighter than
toluene (in terms of molecular weight), as more
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heptanes is added to the mixture, molecular
weight of the solution decreases. Thus, the IFT

between synthetic solution and CO, decreases
by increasing the heptanes content.
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Figure 2. The equilibrium IFT versus pressure diagram of toluene-n heptane and CO, solutions at temperature 323.15 K

The linear data presented in Figure 2 shows
that the difference between IFT data of various
solutions reduces at high pressure conditions.
That is at high pressures the impact of heptane
content on IFT values reduces. The IFT of
toluene-normal paraffins solutions containing 5

Wt% asphaltene with CO, was measured in order
to investigate the impact of asphaltene on IFT
in the synthetic solutions. Figure 3 shows the
IFT of toluene-n heptane-asphaltene and CO, at
different pressures.
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Figure 3. The equilibrium IFT versus pressure diagram of toluene-n heptane-asphaltene and CO, at 323.15K

As shown in Figure 3, IFT decreases with
two different trends at low and high pressure
intervals. The IFT reduction at low pressure
interval (i.e. 3-5.5 MPa) could be mainly due to
higher mass transfer between the gas and oil
phase as the system is more pressurized. As
pressure increases, more CO, dissolves in the oil
phase and hence the oil phase swells and gas-oil

IFT decreases. However, the rate of IFT reduction
at high pressure range (i.e. 6-8 MPa) is smaller
compared to that of the low pressure interval.
At high pressure range, although dissolving CO,
causes the reduction of IFT value, accumulation
of asphaltene at the interface of the oil phase
and CO, occurs, which results in increasing IFT.
Increasing trend of IFT critically intensifies when
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the surface coverage of the particles surpassed
a threshold value (e.g., + 60 % surface coverage)
[28-29]. However, the effect of CO, solubility
on IFT is more intense than surface coverage.
Therefore, at high pressure range the rate of IFT
reduction is much smaller than that of the first
interval.

From the experimental data shown in Figure
3, it can be also concluded that as the heptane
content increases in the oil solution, more
asphaltene accumulation and precipitation
would take place. Tracking the trends of the
plots indicates that upon raising the heptane
content of the oil solution, the second trend
starts at a lower pressure. This means that
asphaltene starts to precipitate at lower
pressures if heptane content of the test oil
increases.

Table 3 shows the correlations obtained to
relate IFT and pressure for each one of the oll
solutions at two different pressure regions.
The first column of the table specifies the
tested sample. The second column shows the
test pressure ranges and correlations relating
IFT to pressure are given in the third column.
The corresponding R? values for each of the
proposed equations are reported in the fourth
column, showing the goodness of fit. Minimum
miscible pressure was estimated foreach mixture
by putting P equal to zero in the pertinent
IFT-pressure correlation and is presented in
the fifth column. The last column shows the
percent increase of minimum miscible pressure
calculated from the second interval equation
compared to that of the first period.

Table 3. 1 FT and minimum miscible pressure of different mixtures of toluene-n heptane-asphaltene and CO, at
temperature of 323.15 K

Pressure

P:

As shown in Table 3, for each oil solution,
the IFT plot versus pressure could be treated
as two lines with two different slopes for low
and high pressure ranges. The decrease of IFT
with pressure in the first period could be related
to the accumulation of asphaltene particles
[23], and the decrease in the second period

IFT vs Pressure correlation

MMP
FCM / MCM

P: (MPa)

would be caused by asphaltene precipitation
at the interface [23]. The latter gentle slope
would be due to asphaltene precipitation, and
consequently altering the intermolecular forces
at the interface of two phases. As Figure 3 and
the corresponding equations in Table 3 show,
slope of the first and the second lines become
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gentler by increasing n-heptane content of the
oil solution. For instance, for sample (T-100-B),
which is free of n-heptane, decline slopes of
the first and second period reduce from 2.5096
((mN/m)/MPa) to 2.0503 ((mN/m)/MPa) and from
0.6410 ((MN/m) /MPa) to 0.3787 ((mN/m)/MPa),
respectively, when the amount of n-heptane
in the solution reaches to 40 percent. This
change in the slopes could be an indication
of this point that asphaltene precipitation in
solutions containing n-heptane is more severe.
According to the theory of vanishing interfacial
tension (VIT), when IFT of two fluids becomes
zero two fluids dissolve completely in each
other. Based on the presented relationships
in each of the pressure periods, there will be a
certain pressure at which the IFT is zero. In the
fourth column of Table 3, the minimum miscible
pressure estimated from extrapolating the data
of each period to zero IFT is given. As shown
in this table, the minimum miscible pressure
estimated from the first period is lower than
that from the second period. This is because the
minimum miscible pressure (MMP) estimated
from the first period represents the multiple
minimum miscible pressure (MCM) and the

minimum miscible pressure estimated from the
second period represents first contact miscible
pressure conditions (FCM) [30]. The MMP at
MCM conditions is not significantly affected by
heptane content of the oil solution, whereas the
MMP at FCM conditions is drastically affected by
heptane content. The last column shows the
ratio of the MMP estimated based on the data
of the second period (high pressure range) to
that based on the data of the first period (low
pressure range). This column shows that this
ratio increases as the heptane content increases.
This could be due to asphaltene precipitation,
which mainly increases the FCM pressure
condition up to two times. The level of change
in MMP shows the need for accurate prediction
of asphaltene precipitation pressure.

Figure 4 shows the IFT versus pressure of
toluene - n decane solutions in the proximity of
CO, gas. Molecular weight of n-decane is closer
to molecular weight of toluene compared to
that of n-heptane. Therefore, the IFT values at
a constant pressure are closer to each other for
different solutions of n-decane and toluene
in comparison with different solutions of
n-heptane and toluene.
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Figure 4. The equilibrium IFT versus pressure diagram of toluene-n decane solutions and CO, at temperature of 323.15K

Figure 5 also shows that IFT values reduce
linearly with pressure for different oil solutions

and CO, systems.
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Figure 5. The equilibrium IFT versus pressure diagram of toluene-n decane-asphaltene solutions and CO, at 323.15 K

Figure 5 shows the IFT versus pressure of
different toluene-n decane solutions with 5 wt%
of asphaltene at temperature 323.15 K. Similar to
the data of n-heptane solutions, these data can
be divided into two groups, each with different
slope. The trend of the experimental data
specifies that asphaltene precipitation occurs at
lower pressure, if the amount of n-decane in the

oil solution increases.

Table 4 shows the equations fitted to the
experimental data of IFT versus pressure for each
of the oil solutions at two different pressure
periods. The minimum miscible pressure
estimated for each solution, and their percent
increase in each period have been also reported
in Table 4.

Table 4.IFT and minimum miscible pressure of mixtures of toluene-n decane-asphaltene and CO, at temperature of
323.15K

Pressure
mN

m

P=(MPa)

IFT: (

IFT vs Pressure correlation

)

MMP FCM /

P=(MPa)

(MPa) MCM
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According to Table 4, as the amount of
n-decane increases in the oil solution, asphaltene
precipitation starts to occur at a lower pressure.
Similar to heptane solutions, FCM pressure
increases more than MCM pressure as n-decane
in the oil solution increases.

3.2.Impact of content on

precipitation

As stated before, the change and rate of
change of the IFT slopes specify the onset and
strength of asphaltene precipitation. Figure 6
shows the impact of asphaltene mass fraction
in the synthesized solutions on the change
of IFT slope at different pressure regions and
consequently the intensity of asphaltene

precipitation.

asphaltene
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Figure 6. The equilibrium IFT versus pressure for CO,and oil solutions with different asphaltene content at temperature
323.15K

Figure 6 also illustrates the variation of IFT
versus pressure for different mass fractions of
asphlatene in the solution along with CO, gas. At
low pressures i.e. the first region, IFT decreases
as pressure increases with a sharp slope, though,
the trend is nearly similar for all four tested
solutions. However, at high pressures, because of
asphaltene precipitation, therate of IFT reduction
declines for all three solutions containing
asphaltene (3, 5, 10 wt%). Nevertheless, for
solution with 10 wt% asphaltene the slope
of second region is the smallest compared to

those of other two solutions because of more
asphaltene precipitation. Intense precipitation
of large asphaltene molecules in this solution
at the interface of CO, gas and oil has led to
disruption of intermolecular forces and IFT
increase. Percentage change in the slope of
the second region than in the first region is an
appropriate criterion for assessment of the rate
of asphaltene precipitation. Figure 7 shows the
percent of change in the slope of the second
region than the slope of the first region for four
solutions with different asphaltene percent.
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Figure 7. Intensity of asphaltene precipitation for four solutions with different asphaltene content

According to figure 7, increasing asphaltene
particles increases asphaltene aggregation
at the surface. In the second region (e.g., + 60
% surface coverage) the asphaltene particles
aggregation increases the IFT, on the other
hand, the CO, solubility decreases the IFT.
Therefore, the percent change in the slope of
the second region in comparison with the first
region increases with increasing asphaltene
content. The maximum asphaltene precipitation
is for 8-9% asphaltene solutions, according to
the second polynomial function. This means
that the suspended particles do not tend to
be at the fluids interface after surpassing a
certain concentration. Therefore, the increase
of IFT extent, which is because of asphaltene
precipitation at fluids interface, decreases and
asphaltene precipitation extent decreases
accordingly.

3. 3. Validating the experimental data

The reproducibility of the experimental
results presented here was examined by
repeating the IFT test three times at each
pressure and temperature conditions. The
amount of the standard deviation between the
data was observed to be less than 0.1 (mN/m).
In this study, average of three data was used as
the IFT corresponding to the desired pressure
and temperature conditions. To compare the
measured data from the experiments of this
study with those from the previous studies, the
IFT of n-heptane and CO, versus pressure were
measured at temperatures of 333.15 and 323.15
K. The estimated minimum miscible pressure
(using vanishing interfacial tension in this study)
is compared with the values estimated from
the similar systems in other studies [22, 31]. The
results are shown in Table 5.

Table 5. The experimental results of this study versus the literature data

T=323.15K

Experimental Ref

Percent Difference

Result [22]

Decline Slope

(10°m’

T=333.15K

Ref Percent
Experimental Result
[31] Difference

Estimated

MMP (MPa)
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4., Conclusions

Based on the results of this study, the
following conclusions can be drawn:

o IFT data of toluene-normal paraffins
solutions, containing asphaltene and CO,,
versus pressure shows two different slopes.
The data in the first interval represents the
conditions at which the solubility of CO, gas in
the oil solution takes place, while the second
slope represents the asphaltene precipitation
conditions at the interface of two phases (i.e. oil
and gas). With increase in the normal paraffin
content in the solution both slopes decrease,
however, the decrease of the second slope is
more pronounced. The asphaltene particles
cover the interface of two fluids more rapidly
by increasing the n-paraffin content of the oil
phase, consequently:

1) n-paraffins act as the asphaltene particles
instability compounds, therefore, increasing
normal paraffins means transferring more
asphaltene to the fluids interface and hence
increasing IFT. On the other side, CO, solubility
decreases IFT. The overall effect is that these two
opposite factor make the slope of interfacial
tension versus pressure plot to change at a
lower pressure, showing that the asphaltene
precipitates earlier.

i) Increasing n-paraffin means putting
more asphaltene particles at the fluid surface.
Thus, at a specific pressure for second region,
by increasing n-paraffin, the size of asphaltene
particles at surface grows. Accordingly, the IFT
gets larger. On the other hand, rising pressure
makes CO, more soluble in the oil. This event
decreases the IFT. Consequently, these two
inconsistent phenomena cause lower slope for
IFT plot and more n-heptane inside the oil drop.

Therefore, normal paraffin in the oil solution
containing asphaltene improves and accelerates
asphaltene precipitation.

o In oil solution-CO, systems, both trends
of IFT data versus pressure have zero real roots.
Based on the theory of vanishing interfacial
tension (VIT), the pressure root would represent
the MMP. Theroot thatis estimated from the data
at low pressure conditions (i.e. the first slope)

is equal to MCM pressure and the root of the
data at high pressure conditions (i.e. the second
slope) is equal to FCM. Due to the asphaltene
precipitation, the difference between these two
parameters becomes larger when the amount of
normal paraffins in the solution increases.

o The amount of asphaltene precipitation
depends on asphaltene concentration in the
solution. By increasing asphaltene concentration
until a certain amount, the particles will move
toward gas-liquid interface. Presence of particles
at the interface disturbs intermolecular forces
and increases IFT. Also, dissolving CO, in oil
causes IFT to decrease. On the whole, these two
different factors decrease the IFT. Therefore,
presence of asphaltene at interface increases
by increasing asphaltene concentration in
solutions until a certain amount and it leads to
decrease of IFT. However, presence of particle
has a negligible effect after surpassing a certain
amount of asphaltene concentration.
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Abstract

This study evaluates the effect of Structural modifications on energy consumption of gas
treatment units of BIDBOLAND refinery (Iran’s first gas refinery). To this aim, Aspen HYSYS (V.8.3)
software was employed for the unit simulation in rate based method. The results show that as CO,
content in inlet sour gas is less than 2 percent and MDEA solution is used as solvent, using multiple
feeds to the absorption column, static mixers and absorption column sidestream cannot reduce
energy consumption level; while using desorption column sidestream and a flash unit can reduce
the unit energy consumption up to 10 percent.

Keywords: Aspen HYSYS, Superstructure optimization, MDEA, Energy consumption, Natural gas
sweetening.

l. Introduction

Nowadays, one of the most conventional methods of natural gas sweetening is using chemical
absorption property of amine solutions which has high energy consumption in spite of various
advantages. There are several methods to reduce energy consumption and increase unit capacity.
The most important of which are amine type alteration, column internal modification and process
flow diagram modification which are known as retrofit design.

Since 1930 when amine solutions were used to remove acid gases in sour gas sweetening process
(Figure 1), multiple structures have been proposed for modification and optimization of this process.
In 1934, Sholed suggested for the first time a structural modification for early sweetening process
optimization [1]. He suggested that a semi-lean stream leaving intermediate stages of the regenerator
and its feeding back to the absorption column can reduce energy consumption.

In a simple absorption and desorption process (Figure 1), the absorption liquid circulates as one
single stream from the bottom of the absorption column to the desorption column, and from the
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bottom of the desorption column to the top
of the absorption column. There are however
possibilities to have multiple feeds or draws in
both the absorption column and the desorption
column. Such configurations are called split-
stream or split-flow configurations. Different
alternatives for the split-stream principle are
explained in Kohl and Nielsen (1997) and in
Polasek et al. (1982) [2, 3]. A survey of process
flowsheet modifications for CO, removal is
given by Cousins et al. (2011) [4]. Energy efficient
alternatives are lean amine flash and multiple
pressures in the regenerator (Oyenekan and
Rochelle, 2006)[5]. Very few calculations of CO,
removal from exhaust gas based on split-stream
have been found in the open literature. A
paper by Aroonwilas and Veawab (2006) is one
example [6], but the details in the calculations
are not shown. Karimi et al. (2010) use the
program Unisim [7] and Cousins et al. (2011)
using Aspen Plus show process simulations
of different split-flow configurations [8]. The
main advantage with a split-flow configuration
is a reduction in heat consumption in the
regenerator. One reason for the reduction in
energy consumption is that only a part of the
circulating liquid needs to be fully regenerated.
Another explanation is that the driving force
especially in the absorption column is reduced
so that the absorption column normally has
higher driving force when using split-flow.

In 2010, based on the work of Vozniuk [9],
the traditional gas purification process with and
without split-flow has been investigated with
using Aspen HYSYS version (V 7.0), and the Kent-
Eisenberg amine model. This work was one of
the first studies that were focused on split-flow
configuration effect quantitatively.

As studies have been so far based on
qualitative evaluation of proposed structures,
this study has attempted to quantitatively
investigate the reduction of gas sweetening
unit energy consumption using superstructure
optimization. For this investigation, Aspen
HYSYS (V 8.3) is used as a process simulator.

Condensor
Acid gases
>
Treated gas
Lean pump
Desorption
Absorption column
Column
Sour gas
—

Heat exchanger

Figure 1.Traditional gas purification process based on
amine absorption

Il. THE LOGIC OF METHODOLOGY

In this section, the most important alterations
in order to optimize sweetening units are
summarized briefly.

A. Multiple Feeds to the Absorption Column

In this method, lean amine solution is divided
into multiple streams and then enters from
different stages into the absorption column.
According to the previous research, this makes
flat the absorption column’s thermal profile and
in turn increases the reaction rate of amine with
hydrogen sulfide.

B.Split Flow (Absorption Column Sidestream)

In this structure, multiple sidestreams are
withdrawn from the absorption column and
recycled to the column after cooling. This
reduces rich amine rate entering the regenerator
column and in turn reduces reboiler and
condenser duties.

C.Split Flow (Desorption Column Sidestream)

When the part of the liquid stream withdraws
from an intermediate stage of the regenerator
column and feeds back to an intermediate
stage of the absorption column, on one hand
the reboiler and condenser duties will fall down
and the other hand this semi-lean solvent is less
pure than the ultra-lean stream, and so is less
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able to absorb acid gases. Because of this, there
are trade-offs between the quality of the sweet
gas and energy demand.

D. Precontactor (Static mixer)

General structure of this device consists of
a pipe with a helix blade inside and fluids are
mixed by forced circulation inside this pipe.
This device is usually made of materials such
as stainless steel and polypropylene. The most
important factor encouraging using static mixer
is an increase in amine contact time which
can increase acid gases absorption like an
equilibrium stage.

E. Flash Unit

The absorption column operates at a high
pressure, while regenerator takes place close to
atmospheric pressure. An intermediate flash unit
can exploit this pressure difference to provide
an energy efficient method of removing some
of the acid gases from the rich solvent stream.
Therefore, using this additional structure
also provide semi-lean amine which is partly
regenerated.

lll. Modelling and Validation

In this paper, an industrial life case study
(BIDBOLAND gas refinery, Iran) has been used
for validation of simulation results. The entire
refinery has four parallel gas treatment units
(GTU) with 4 absorbers and 4 regenerators. The
absorber has an internal diameter of 2.896 meter
and two sections. Each section is 6.5373 meters
in height and filled with plastic random packing
(2-inch Pall rings). The regenerator column has
17 sieve trays and internal diameter of 3.9624
meter. Based on tray spacing of 27 inch, the
height of column is 11.6586 m. Table 1 shows
the current operation conditions of mentioned
units.

The validity of the simulation results depends
heavily on selection of equilibrium and process
model used in simulation. In this study, the ACID
GAS thermodynamic package and ELECNRTL
package (PMDEA Data package) are selected for
process simulation in Aspen HYSYS (V 8.3) and

Aspen Plus (V 8.2), respectively. The simulation
results and operating data of the BIDBOLAND
treatment unit have been provided in Table 2.

Table 1.Current operation conditions of BIDBOLAND gas
refinery units

Absorption Column

Column Pressure, bar 54
H,S in Gas Feed, ppm 1950
CO, in Gas Feed, mol % 174
Gas Feed Temperature, °C 30.0
Amine Conc. in Solvent, wt % 40
Inlet lean Amine Temperature, °C 34
Amine Flow Rate, kmol.h™’ 4615
Feed Gas Flow Rate, kmol.h' 15860

Regenerator Column

Column Pressure, bar 14
Condenser Temperature, °C 33.0
Feed Temperature, °C 93.60
Bottom Temperature, °C 116.70

As seen in Table 2, ACID GAS Package which
has been inserted in Aspen HYSYS (V 83)
software simulated the treatment unit with an
acceptable accuracy and therefore used for
following investigation steps.

IV. RESULTS AND DISCUSSION

In order to analyze the effect of proposed
configurations on energy consumption,
simulation results of each structure are evaluated
separately.

A. Multiple Feeds to the Absorption Column

According to low CO, content in BIDBOLAND
refinery feed gas, using this structure not only
made help to increase absorption of acid gases,
but also reduced amine residence time in the
column and so reduced H_S absorption.
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B.Split Flow (Absorption Column Sidestream)

Split flow reduces rich amine entering the
regenerator column. But since in this structure,
a part of amine solution withdraws from
intermediate stages of the column, if the major
reactions occur in bottom stages, acid gas
absorption will be reduced due to lack of amine.

Table 2.Simulation results of BIDBOLAND GTU using
ELECNRTL and ACID GAS packages

Plant ACID
p ELECNRTL
arameters data GAS <
H.,S in Sweet Gas, 4.00 4.02 3.12
ppm
CO, in Sweet Gas, 1.1065 | 09834 1.4893
mole %
L Ami
ean mlne0 21.20 20.81 20.67
Temperature, (°C)
Acid Gas
Loading* 0328 | 0327 0.294
(Lean amine)
Reboiler [_)uty, 1.13,10° | 1.02.10% | 9.94.107
(Btu.hr)

*moles of acid gases per mole of amine

Since the rate of MDEA solution reaction
with CO, is slower than H,S reaction, therefore,
more amount of H.,S absorb in bottom stages.
According to low CO, concentration in
BIDBOLAND refinery feed stream, the highest
reaction occurs in bottom stages of the column.
Thus, using this structure will not be effective.

C. Split Flow (Desorption Column Side
stream)

According to energy balance, if the Amine
circulation rate is fixed, using the split-flow
configuration will reduce energy consumption
of the reboiler. On the other hand, in case of
a sidestream leaving from upper stages of the
regenerator column which has richer amine
compared to the lower stages, higher amine
circulation rate is needed to consider H.S limit in
the sweet gas stream. And as sidestream leaving
from lower levels that has higher potential for
gas sweetening in absorption column compared
to the former mode, lower amine circulation
rate will be required. However, the reboiler
duty is more sensitive to amine circulation rate
compared to semi-lean side stream stage. Thus,
according to the results in Table 3 and Figure 2,
a side stream leaving tray 19 of the regenerator
with the rate of 2500 kmol/hr leads to minimum
energy consumption.

Table 3. Effect of sidestream stage and its flow rate on the energy consumption

Amine Flow Sid stream Rate Stage of Rich Total Energy
(kmol/hr) (kmol/hr) Sidestream Loading (Btu/hr)
2830 2300 18 0.4261 123408093
2627 2300 19 0.4454 121831973
2777 2400 18 0.4335 123576531
2560 2400 19 0.4514 121569940
2762 2500 18 0.4271 123790928
2522 2500 19 0.4481 121484369
2752 2600 18 0.4228 124274162
2477 2600 19 0.4500 121531343
2740 2700 18 0.4215 124924927
2451 2700 19 0.4448 121653625
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Figure 2.Effect of side stream flow rate leaving stage 19 on
the amine circulation rate and energy consumption (H,S

limit: 4 ppm) to split-flow configuration

According to results presented in Table 4,
using the Split-Flow configuration (Figure 3) in
BIDBOLAND refinery can reduces the energy
consumption about 10 million Btu per Hour
compared to current configuration.

Table 4.Comparison of unit energy consumption
with and without split-flow configuration*

Amine Reboiler Total
Structure
Tvpe Flow Rate Duty Energy
yp (kmol/hr)  (Btu/hr)  (Btu/hn)
Current
. . 4615 112744989 | 132415338
Configuration
Split-flow 2522 103574975 | 121484369

*H,S limit: 4 ppm
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Figure 3.Gas purification process (MDEA base) combined
to split-flow configuration

Semi-Lean
(Created by split-flow)

D. Precontactor (Static mixer)

Using static mixer, increases amine contact
time and in turn improves absorption of CO,,
However, according to low concentration of
CO, in BIDBOLAND refinery feed stream, using
static mixer is not effective.

E. Flash Unit

Using flash unit for creating semi-lean amine,
removed a part of acid gases from rich amine,
reduced feed entering the regenerator column
and in turn reduced energy consumption of the
reboiler. On the other hand, using this unit leads
to decreasing of the ultra-lean amine entering
the top of the absorption column and in turn
reducing absorption of acid gases. These two
mutual effects create optimum temperature
and stage for feeding semi-lean amine to the
contactor column.

In order to remove acid gases from rich
amine in flash unit, its temperature had to be
increased which was done after pre-heating in
lean-rich amine heat exchanger to be according
to energy integration principles. In order to
increase absorption efficiency, semi-lean amine
stream temperature leaving the flash unit was
also reduced by an air cooler and according to
the sour gas temperature (20°C) and allowed
temperature approach (8-15°C) it was set to 28°C
to prevent foaming in the column. Entering of
semi-lean amine from the top of the column
reduces the solvent purity and in turn acid gases
absorption rate. At the same time, entering of
semi-lean amine from the intermediate stages
of the column reduces contact time required
for absorption of H.,S. Simulation results of
new process(split-flow configuration, flash unit
structure, Figure5), according to Table 5 and
Figure 4, show that combining these structures
increases hydrogen sulfide absorption, reduces
corrosion risk and finally reduces energy
consumption of the unit. However, it should be
noted that with increasing the temperature of
the stream entering the flash unit, the rate of
make-up water will be increased in this structure
compared to the previous structures.

Table 6 shows the effect of combining split-
flow configuration with flash unit structure on
the energy consumption in comparison to split-
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Table 5. Effect of flash unit feed temperature and semi-lean feed stage to absorption column on amine circulation rate
and energy consumption*

Semi-lean Flash unit AmineFlow Reboiler Total Energy
feed stage feed ter?perature (kmol/hr) Duty (Btu/hr)
("0 (Btu/hr)

10 98 2892 100837678 119635106
10 929 2956 100099253 119218708
10 100 3142 100539336 120342903
" 96 2735 100643151 118908196
1" 97 2743 99897896 118250324
11 98 2818 99709836 118318888
12 97 2776 100164631 118543610
12 98 2841 99865210 118484552
12 99 2932 99667283 118694581

*semi-lean amine stream is entered to absorption column with 28°C

Table 6.Comparison of unit energy consumption with and without split-flow configuration*

Structure Amine Flow Rate Reboiler Duty Total Energy
Type (kmol/hr) (Btu/hr) (Btu/hr)
Split-flow 2522 103574975 121484369
Split-flow 2743 99897896 118250324

Flash unit

*H.S limit: 4 ppm

flow configuration without flash unit. As can be
seen, this combination will reduce further the
energy consumption.

V. CONCLUSION

A review of gas purification process
modifications aimed at lowering the energy
consumption by  providing  semi-lean

amine circulation highlighted two options,
predominantly applicable in the gas processing
industry. These options included the split-flow
configuration, using flash unit structure on
the way of rich amine stream and some heat
integration concepts. The process modifications
were assessed using commercially available
process simulator software (Aspen HYSYS V8.3).
Simulation results showed that using these
options instantaneously, reduced energy
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Figure 4. Effect of flash unit feed temperature and

semi-lean feed stage to absorption column on energy

consumption (semi-lean amine stream is entered to
absorption column with 28°C)

consumption up to 10 percent.

Comparing energy consumption of the
regenerator reboiler in the modified process
with that in the current state shows that using
the modification structures can reduce steam
consumption up to 12% which is very important
in conditions when steam production should be
limited.
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Abstract

A novel thermally coupled reactor containing steam methane reforming in the endothermic
side and chemical looping combustion as an exothermic side has been investigated in this study.
In this innovative configuration, huge fired furnace of conventional steam reforming process is
substituted by chemical looping combustion in arecuperative coupled reactor. This reactor has three
concentric tubes where the steam methane reforming is supposed to occur in the middle tube and
the inner and outer tubes are considered to be air and fuel reactors of chemical looping combustion,
respectively. Copper is selected as solid oxygen carrier in the chemical looping combustion process.
Both oxidation and reduction of Cu in the air and fuel reactor are exothermic and used as heat
sources for endothermic steam methane reforming. A steady state heterogeneous model of fixed
bed for steam reformer and a moving bed for chemical looping combustion reactor predict the
performance of this new configuration. The counter-current mode is investigated and simulation
results are compared with corresponding predictions of the conventional steam reformer. The
results prove that synthesis gas production is increased in thermally coupled reactor in comparison
with conventional steam reformer.

Keywords: Hydrogen production; Steam reforming of methane; Thermally coupled reactor;
Chemical looping combustion; Cu- based oxygen carrier.
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l. Introduction

Nowadays, there has been an enormous
increase in energy demands due to fast growing
of industrial development and population
of the world. The shortage of fossil fuels as a
main energy sources has brought energy crisis.
In order to eliminate fossil fuels dependence,
comprehensive research has been carried out
on searching alternatives energy resources.
Hydrogen is an excellent candidate due to its
high potential energy.

1.1. Hydrogen

Hydrogen, the most common element in
the earth, has been considered as an attractive
energy carrier to support energy consumption.
Hydrogen is an environmentally friendly,
efficient, safe and sustainable energy source
(Lokurlu et al., 2003; Heinzel et al., 2002). The
products of hydrogen combustion are water
and tiny amount of NO_which can be reduced
by proper methods. The use of hydrogen in
energy sector enhances the security of energy
supply and improves economic competitiveness
(Muller-Langer et al.,, 2007). Except the nuclear
fuels, hydrogen has the highest calorific value
among fuels. A fuel contains higher proportion
of hydrogen provides more energy (Sun et al,
2012). Therefore, pure hydrogen would be the
leading fuel which can satisfy the increasing
demand asked by many processes such as:
methanol, electricity, ammonia, aniline, oil
refining, fuel cell, vehicle engines, power plants,
etc (F.Brown, 2001; Itoh et al., 2008). In fact,
hydrogen is a secondary energy produced
from traditional processes like: natural gas
reforming, gasification of coal, electrolyses
water, biomass gasification, catalytic steam
reforming of natural gas, dehydrogenation
of cyclic hydrocarbons, etc (Sun et al.,, 2012). It
must be noted that hydrogen production must
be low in CO, emissions and other pollutants.
Among all mentioned technologies, catalytic
steam reforming of natural gas is widely used
for hydrogen production, 80-85% of the world'’s
total hydrogen production is provided by this
method (Simpson and Lutz, 2007).

1.2. Steam reforming

Steam reforming technology is the most
commercial method for synthesis gas (CO, H)
production, the hydrogen cost is less than
hydrogen produced by wusing renewable
energy sources or from gasification of solid
fossil fuel (Rostrup-Nielsen, 1993; Tugnoli et
al., 2008). Steam reforming may involve several
catalytic steps: desulfurization of the fuel, steam
reforming of methane, a water gas shift reactor
and purification of hydrogen using PSA unit
.This method is suitable for light hydrocarbons
such as natural gas (mainly CH,), naphtha,
liquefied petroleum gas (Ryden and Lyngfelt,
2006). Three main catalytic reactions involved in
steam reformer reactor are steam reforming of
methane (SRM) and the water-gas shift reaction.

Conventional steam reformer consists of
vertical tubes packed with Ni-based catalyst
located inside huge furnace. The required heat
for endothermic reforming reaction is provided
by direct combustion of fuel in the furnace.
Therefore, the reformer tubes are under very
high thermal stress (F.Brown, 2001). In order
to solve this issue, the recuperative coupled
reactor has been suggested.

CH, + H,0 <> CO+3H, AH 3, =—206.3kJ /mol (D
CH, +2H,0>CO, +4H,  AHy, =—164.9kJ /mol @
CO+H,0<>CO, +H, AH 3o =41.1kJ /mol 4

1.3. Coupled reactors

Recently, Coupling exothermic and
endothermic reactions are more interested
in order to improve the thermal efficiency
of process and consequently enhance the
production. This type of reactors aims to use
energy released by exothermic reaction for
proceeding endothermic reaction. In general,
the coupled reactors exist into three main
classes: direct coupling, recuperative coupling
and finally regenerative coupling. At present,
recuperative coupling has attracted the most
attention of many researchers (Song et al. 2003).
Hunter and McGuire (1980) were pioneers in
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coupling endothermic and exothermic reactions
without direct heat transfer. A review on the
process intensification for methane steam
reforming in a thermally coupled membrane
separation technology was studied by Bhat
and Sadhukhan (2009). Patel and Sunol (2007)
suggested a thermally coupled membrane
reactor that is composed of three channels for
methane steam reforming. A numerical model
for natural gas steam reforming and coupling
with a furnace was developed by Ventura and
Azevedo (2010). In an interesting idea, Ryden
and Lyngfelt (2006) studied steam methane
reforming coupled with chemical looping
combustion reactor in order to enhance H,
production with CO, capture. In their suggested
configuration, reformer tubes are located
inside the fuel reactor of chemical looping
combustion. A disadvantage of their innovative
configuration is erosion of reformer tubes due
to harsh environment of the fuel reactor. This
issue can be solved by using thermally coupled
multitubular reactor which is the main goal of
this study.

1.4. Chemical looping combustion

Chemical looping combustion (CLC) is a high-
quality candidate which has a good potential to
become an efficient technique for separating
CO,. It is easy to produce clean energy from
fossil fuel by using this novel method which
separates CO, inherently (Villa et al, 2003
Hossain and de Lasa, 2008; Zhang et al., 2009).
In chemical looping combustion, a gaseous fuel
like natural gas or synthesis gas is burnt with
oxygen carrier which is usually a metal oxide and
used to transfer oxygen from the combustion
air to the fuel. Therefore fuel and combustion
air never mixed and combustion products (CO,,
H,0) do not become diluted with N,; thus pure
CO, is obtained after condensation of water.
The process consists of two separate reactors
(a fuel and an air reactor) and solid oxygen
carrier transports oxygen between them, see
Fig. 1 (Anheden and Svedberg, 1998; Ishida et
al,, 1987

NoOs CO,,H,0

Air Fuel

Figure 1.Aschematicview of chemicallooping combustion

CO, and H,0O exit from the fuel reactor while
the outlet gas from the air reactor consists of N,
and unused O,. The oxygen carrier is reduced
with fuel which occurs in the fuel reactor
according to:
2n+m)Me O, +C H,, < “4)
(2n+m)Me O, +mH 0 +nCO,

Where Me O, is the common abbreviation
for metal oxide in chemical looping combustion
and Me O, stands for the reduced oxide which
is then circulated to the air reactor and oxidized
according to:

2n+m)Me,0, +%02 < (Q2n+m)Me,0, (5)

Reaction (5) is always exothermic while the
amountofenergyreleasedorrequiredinreaction
(4) depended on choice of oxygen carrier. The
net energy in the reactor is equal to the amount
of heat released from normal combustion. That
is apparent because summation of reaction
(4) and (5) yields reaction (6); the conventional
complete combustion of fuel.

C,H,, +(1+1)0, <>mH,0+nCO, (6)

The pressure and the temperature of
air and fuel reactors are 10°Pa and 800-
1200°C, respectively. Up to now, researchers
suggest various designs for chemical looping
combustion including: moving bed, fluidized
bed, packed bed and dense membrane reactor
but circulating fluidized beds is common to use
(Nalbandian et al., 2011; Fan et al., 2008; Son
and Kim, 2006; Noorman et al., 2007). Richter
and Knoche, (1983) proposed the principle of
CLC process to increase the thermal efficiency
in fossil fuel fired power plants for the first
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time. Some years later, Lyngfelt and Leckner
(1999), successfully ran a 10kW CLC prototype
at Chalmers University of Technology. Choice of
oxygen carriers is one of the critical steps in CLC
and numbers of studies have been done on this
course. An appropriate oxygen carrier has the
following properties:

1) Have suitable rate of reaction both
reduction and oxidation.

2) Be thermodynamically suitable to convert
fully the fuel to CO, and H,O.

3) Have good strength so that resistance to
attrition and breakage.

4) Does not tend to agglomeration.

5) Be cheap and healthy.

6) Have high melting point.

7) Have low tendency to become deactivate
with carbon and sulphur.

Basedonabove properties,some metal oxides
like Ni, Cu, Fe, Mn could be probable oxygen
carriers (Cho, 2005; Johansson, 2007; Adanez et
al., 2004). In this work, Cu is used as solid particle.
An advantage of chemical looping combustion
compared with ordinary combustion would be
the inherent capture of CO, from the rest of
the flue gas without spending energy. (Ryden
et al., 2009). Also, since indirect combustion in
chemical looping combustion does not involve
high temperature flame, the formation of NO_ is
avoided.

1.5 Literature review
Manyeffortshavebeendoneforimprovement
of steam methane reforming. Arab Aboosadi et
al. (2011a) have considered a novel integrated
thermally coupled configuration for methane
steam reforming. In their simulated reactor,
hydrogenation of nitrobenzene to aniline in
the exothermic side is used as a heat source
for endothermic reaction of steam methane
reforming. The exothermic reaction takes place
inthe shell side and endothermic reaction occurs
in the tube side. Moreover, Arab Aboosadi et al.
(2011b) simulated and optimized tri-reformer
(TRM) reactor for producing synthesis gas using
differential evolution (DE) method. In TRM
process, steam reforming, CO, reforming and
partial oxidation of methane occurred in asingle
reactor. Finally, methane steam reforming and
hydrogenation of nitrobenzene in hydrogen

perm-selective membrane thermally coupled
reactor has been optimized using differential
evolution (DE) method by Rahimpour et al.
(2012). Recently, Rahimpour et al. (2013) have
simulated methane steam reforming technology
coupled with fluidized bed chemical looping
combustion using Fe- based as oxygen carrier.
From previous studies, it is found that there is no
modeling information available in the literature
about using chemical looping combustion as
a heat source for steam methane reforming in
order to increase H, production. Therefore, it
was decided to first study on this system.

1.6. Objectives

The main goal of this study is enhancement
of hydrogen production theoretically in a
thermally coupled steam reformer (TCSR). The
endothermic and exothermic reactions are
chosen the steam methane reforming and
indirect combustion of methane in a chemical
looping combustion process, respectively.
The motivation is to combine the energy
efficient concept of coupling exothermic and
endothermic reactions and enhancement
of hydrogen production. A steady state 1-D
heterogeneous model of the thermally coupled
multitubular reactor is used to estimate
the performance of the proposed reactor.
Ultimately, the simulation results of the TCSR
were compared with the ones in conventional
steam methane reforming.

2. Process description

2.1. Conventional steam reformer

Fig. 2 represents the schematic diagram of
a conventional Lurgi-steam methane reformer
(CR) to produce syngas for methanol synthesis
process. This reactor has vertical tubes which are
located inside a huge fired furnace. Natural gas
is mixed with steam and entered to the steam
reformer tubes as feed. Vertical tubes is packed
with Ni- based catalyst, the generated heat
related to natural gas combustion in burners of
furnace transfers to reformer tubes (Methanol
documents of Lurgi in Assaluyeh-Iran.). Table 1
shows the specification of reactor and operating
conditions of the CR
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Figure 2. A schematic diagram of conventional steam
methane reforming

Table 1: The specification of reactor and operating

couditions
Parameter Value Unit
Feed composition mol%
Co, 1.72 []
Cco 0.02 [-]
H, 5.89 []
CH, 32,59 []
N, 152 [-]
H,0 58.26 []
Inlet temperature 793 °K
Inlet pressure 40 bar a
Total feed gas flow 9129.6 Kmol/h
Number of tubes 184 [-]
(in 4 rows)
Inside diameter 125 mm
Heated length 12 m
Catalyst volume filled in 27.8 m?
(total)
Design pressure 41 bar g
Design temperature 1063 °K
Catalyst properties
Catalyst shape HOLE 10
rings
Particle size 19 x16 mm
Void fraction 0.4

Heat load on 68,730 Kcal/m?h
(tube(100% design case
Reformer duty (100% 2482 GJ/h
(design case
Shell side
Combustion air
Temperature 603 °K
Pressure 1 bar
Flow rate 114,313 sm?/h
(Feed gas(fuel
Temperature 307 °K
Pressure 3 bar
Flow rate 29,608 sm?/h

2.2. Thermally coupled steam reformer (TCSR)

A conceptual schematic diagram of TCSR is
shown in Fig .3. Chemical looping combustion
of methane is used as exothermic reaction
instead of normal combustion of natural gas
in conventional steam reformer. This reactor is
consisted of three concentric tubes, the inner
tube is used as air reactor of CLC and the outer
tube is assumed to be fuel reactor. Endothermic
reaction of steam methane reforming takes
place on the Ni-based catalyst counter currently
in the middle tube. Air fed to the air reactor
from the bottom of the reactor and natural gas
combined with steam is fed to steam reformer
from top of the middle reactor. A small part
of steam reformer product stream recycled
and combined with CH, to use as feed for fuel
reactor. Cu as an oxygen carrier enters into air
reactor of CLC from top of the reactor, moves
down ward and after oxidation exits in the form
of CuO from bottom of reactor. Then, copper
oxide circulates in a loop and after regeneration
transfers to fuel reactor and reduced with
CH,.The specific properties and operational
conditions of TCSR are tabulated in Table 2.
Table 1 (excluding data in the shell side) is also
used for endothermic side of thermally coupled
steam reformer.
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Figure 3. A conceptual schematic diagram of thermally
coupled steam reformer

Table 2. The specific properties and operational conditions

of TCSR
Parameter Value
Inlet temperature of 793
endothermic side ('K)
Inlet pressure of air reactor (kPa) 101.325
Inlet pressure of fuel reactor 101.325
(kPa)
Inner tube or air reactor 0.1
diameter (m)
Middle tube or steam reformer 0.1601
diameter (m)
Quter tube or fuel reactor 0.1887
diameter (m)
Length of the reactor (m) 12
Feed composition
Air reactor (composition mol %)
o, 20.94
N, 78.08
Ar 0.98
Oxygen carrier properties
(CuC/ALO)
Particle size (mm)” 0.1-0.3

Table 2. Continued...

"Porosity 0.57
*(Apparent density (kg m? 1800
*(Molar density of CuO (molm? 80402
*(Molar density of Cu (molm? 140252
(Flow rate(kg/s 0.01

Obtained from (Garcia-Labiano *
(et al.,, 2004

3. Reaction scheme and kinetics

3.1. Steam methane reforming (endothermic
side)

Three main reaction reactions occurred in
steam reformer are steam reforming of methane
and the water-gas shift reaction (Equations 1-3).
The reaction rates of CR reactions proposed by
Xu and Froment are as follows (Xu and Froment,
1989; Xu et al., 2002):

k P P, 1
R =—"(P, P, 6 ——2 —
1 1325 (Fa A0 ] )< ¢2 (7)
k P13 F, 1
R =—2(p. p> 292y, —
2 PI—ZS ( ag ' H,0 KI ) qu (8)
k P, P, 1
R, =—"(P, P, ,—= —
3 PH2 Fo H,0 K, ) % ¢2 (9)

P
¢:1+KO PO +KH2PH2+KH 4PH 4+KH20 ;20 (10)
H2

The reaction equilibrium constants and
Arrhenius kinetic parameters are listed in Table
3. Table 4 shows the Van't Hoff parameters for
species adsorption

3.2. Chemical looping combustion
(exothermic sides)

In general, metal oxides are used as oxygen
carrier in chemical looping combustion. The
focus of the literature is on Ni, Cu, Fe and Mn
that each one has specific advantage. In this
work, Cu is selected as oxygen carrier because
reduction of Cu is exothermic while for most
other materials, it is endothermic.

Additionally, itis environmentally benign and
reactive (Jerndal et al., 2006). The reduction and
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Table 3. The reaction equilibrium constants and Arrhenius kinetic parameters for steam reforming reactions

5 o
3 Equilibrium constant
(]
oc
1
K, :exp(_26830+30.114J(bar2) 1.17x10" (bar®?) U
— . 2
2 Ky =K, Ky (bar) 2.83x10" (bar*®) 2Rty
4400
K, =ex —4.036
3 m = €xp( T ) B ), 67130

Table 4. The Van't Hoff parameters for species adsorption

. J
Components Kabar (—) AHi
mol

CH, 10%x6.65 -38280

cOo 10°x8.23 -70650

H, 109x6.12 -82900

H,0 105177 88680

Ky= exp(@— 4.036)

oxidation reaction of Cu in fuel and air reactor
are as follows:

20, +4Cu—4Cu0O AH Yy, =-599%J [ mol

(11D

4CuO+CH, >CO,+2H,0+4Cu  AH"  =-202.5k) Imol (12)

One of the main drawbacks of this material
is its low melting point (1085°C). This makes
necessary to perform at temperatures lower than
its melting point in order to avoid agglomeration
and loss of activity (Noorman et al. 2010). In order

to describe the kinetics of metal oxide reduction
and oxidation, many efforts have been done. In
this way, two general types of models can be
found in the literature for chemical looping
combustion: one is nucleation growth model
referred to as Avrami Erofeev models and
the other is shrinking core models which are
common method (Levenspiel, 1998; Koga
and Harrison, 1984). The following equations
described the unreacted shrinking core model
for gas- solid reactions:
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o AT bk
j t 7 g
Where pm.i is the molar density of

reactive material in the oxygen carrier, Liis

the layer thickness of reacting solid, &; is the
stoichiometric factor in reaction j (j=oxidation,

reduction), k;jis the chemical reaction rate
constant in reaction j. The rate of oxidation
and reduction can be calculated by following

equation:
_ Py dX;;

—7. _————

b, dt

J

(14)

Inthisstudy, thekineticsdataforthereduction
and oxidation of CuO/Al,O, with methane and
air were used (Garcia-Labiano et al., 2004). Table
5 shows these kinetics parameters for both
oxidation and reduction reactions

Table 5. The kinetics parameters of reactions in exothermic
side for Cu based oxygen carrier

Kinetic

parameters Air reactor

Fuel reactor

n 04 1
kJ
E 6043 1542
mol
K,(mol™m?"?s1) 45%x10* 47 x10°

4. Mathematical model

Fig. 4 shows a schematic diagram for counter-
current mode of the heat exchanger reactor
configuration. One-dimensional homogenous
model including a set of coupled mass and
energy balances are taken into consideration.
The hypotheses considered in the model of
both exothermic and endothermic sides are
summarized as follows:

e Steady state condition.
e Gas phase is considered as an ideal.
e Plug flow pattern is assumed.

e Bed porosity in axial and radial direction is
constant.

e Heat loss is neglected.

e Axial diffusion of mass and heat are ignored.

Moving-bed
Reactor

Fixed-bed

F*l.  F7. F1| /
= = =/ Reactor
= N (D R
g ° B L (E - .‘ ° e o o
e LT
E L . ; R . ..:. .. -- dz
2z Do EN N PR BN -\ ",
g N R
5 . P . - P L b :\\ . ).
| \
3 5 [ Moving-bed
Folaa F7lae F Reactor

1
|z+dz \

Steam reforming
of methane reaction side

Figure 4. A schematic diagram of counter- current mode
for thermally coupled steam reformer (TCSR).

4.1. Packed bed steam methane reformer
tube (endothermic side)

Based on the above assumptions and
considering the element with length Az along
axial direction, the differential equations
describing mole and energy transfers are
obtained.

The mass and energy balances for fluid and
solid phases are listed in table 6.

Where T_is temperature of steam reformer
side and 7 is effectiveness factor defined as the
ratio of the reaction rate observed on the real
rate of reaction.

4.2. Moving bed chemical
combustion (exothermic side)
There are a few investigations in the
modeling of chemical looping combustion
reactors. Abad et al. (2010) studied modeling of
chemical looping combustion of methane using
Cu-based oxygen carrier. Modeling of a 120kw
chemical looping combustion reactor using Ni
based oxygen carrier was introduced by kolbitch
et al. (2009). Kang et al. (2010) investigated the
modeling of a counter-current moving bed
for fuel and steam reactors in three reactor

looping
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Table 6. Mass and energy balance and boundary conditions for solid and fluid phases in packed bed steam methane
reformer tube (endothermic side).

Parameter Value

a,ckf(yi=y;)+npy=0 (15)
Sd(FT* i i
Mass and _c_ﬂM+avhf T’ _ng)_ﬂyf (T, —Tf)—ﬂUa(Ts -T)=0 (16)
energy balance A z A A
for solid phase N
ahy (T =T )+ po Y ri(AHz) =0 (17)
i=1
Mass and
energy balance _L@_,_avckg(y; —y£)=0 (18)
for fluid phase Ad  dz P
Boundary P =P p8 — & TE_TE ,_—
condition i =B Yiy =Yy I =15, 2=0, (19)

chemical looping (TRCL). Their results show that
the heat transfer from oxygen carrier to gas
phase is fast so that the temperature of gas and
solid phases become equal along the reactor.
Kang et al, 2012 suggested that a counter-
current moving bed is expected to obtain high
CO, selectivity in comparison with fluidized bed
reactor. To obtain mass and energy balances in
fuel and air reactor, an element with length Az
was considered. Table 7 shows the equations
of mass and energy balances for fluid and solid
phases for both air and fuel reactor.

Where C,” (J/KgK) is the heat capacity of
the solids, F* (kg/s) is the solid loading.

4.3 Auxiliary correlations

In order to complete the mentioned
simulation equations, auxiliary correlations
containing physical properties of components,
mass and heat transfer coefficients should be
added, see table 8.

5. Numerical solution

A governing equations of this model consists
of a set of differential algebraic equations

including mass balances for all sides with
given boundary conditions incorporate the
reaction rates as well as basic assumptions. In
order to solve the set of equations, back-ward
finite difference approximation was used. The
reactor length is then divided into 100 separate
sections and the Gauss-Newton method in
MATLAB programming environment was used
to solve the non-linear algebraic equations in
each section. All parameters of chemical looping
combustion reactors like inlet fuel reactor
compositions and flow rates are determined by
using trial and error method.

6. Results and Discussion

Model validation was carried out by
comparing the simulated results of steam
reforming side of TCSR with the observed
experimental data of the industrial tubular fixed
bed steam reformer reactor which is shown in
Table 9. According to this table, this simulation
results is in good agreement with experimental
data. The simulation results of the reactor in
the exothermic side are not compared with any
reference case .
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Table 7. Mass and energy balance and boundary conditions for solid and fluid phases in moving bed chemical looping
combustion

Parameter
5.8 (20)
1d(Fy;)
——————+p,r;b=0
Mass and energy A dz
balance s d(F°’T*
for solid phase —%(t—")+av h (T -T;)+ prrj (-AH, , )=0 (21)
Feys
Mass and energy LM+ pr; =0 (22)
balance A dz
for fluid phase cpé d(FT ) D
p t J s o T i >
———+ah T -T)+—UT*-TF)=0 (23)
A dz Ay @ ) A . ;)
Boundary (V1 € — 8 s _ g _T¢8 24
condition z _O7yi _yiout’yiO _O’T _Tiout ( )
Table 8. Auxiliary correlations.
Parameter Equation Number
. 2 (25)
component heat capacity C,=a+bT+cT +dT°
2
mixture heat capacity Cp,mix = Xyi X Cp,i (26)
i=1
e
o p=—Gr- 27)
viscosity J +g +Q
T T’
1 1 A1In(D,/D,) A4 1
overall heat transfer coefficient E = h_ + T + A_h_ (28)
heat transfer coefficient n (Cou 3 0458 pud 0407
between gas phase and reactor ( z ] =— [ p} (29)
wall Copu\ K & \ M
dP 1-&)* 1—&)u?
Pressure drop e 1 50% - 1.75(3J (30)
z &d, &d,
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Table 9. Comparison between model prediction and

plant data.

Parameter Plant CR
Temperature (°K) 710 720.5

Composition (mol %) Plant CR
Co, 5.71 5.70

Cco 3.15 3.18
H, 31.39 31.45
CH, 20.41 20.37

N, 129 130
H,O 38.05 38.01
Methane conversion (%) 26.5 26.6

In this section, predicted mole fraction,
pressure drop and temperature profiles in the
counter current coupled reactor are presented.
The results are shown in the following figures.
One definition is introduced to examine the
methane conversion through the reactor length:

FCH4 Jin - FCH4 Jout

M ethaneconversion =100 x

(1)

CHy,in

6.1.1. Thermal behavior

Fig. 5(a) shows the axial temperature profiles
in conventional steam reformer reactor (CR)
as well as the endothermic side of thermally
coupled steam reformer (TCSR). As seen, the
temperature profile of CR is linear while it has
a curvy profile in the TCSR. Although the initial
temperature of both configurations is the same,
the temperature profile of TCSR is higher than
that of CR as a result of distribution of solid
oxygen carriers in the exothermic side which
improves overall heat transfer coefficient. Since
the rates of endothermic reactions are increased
as temperature increases, hydrogen production
is improved in TCSR. In order to make a driving
force for heat transfer from exothermic side

to endothermic side, the temperature of
endothermic side must always lower than that
of exothermic side. Fig. 5(b) represents the
temperature profile of exothermic side of fuel
reactor. In general, the highest temperature in
thermally couplereactorsisrelatedtoexothermic
side where heat generation is occurring. Part
of generated heat from air and fuel reactors is
used for driving endothermic reaction and the
rest is used to heat the reaction mixtures in
three sides of TCSR. Although steam reforming
is an endothermic process, its temperature
increased along the reactor; it happens because
the generated heat in exothermic side is so
higher than consumed heat in endothermic
side. The most heat transfer is occurring at
the beginning of the reactor because of high
temperature difference between endothermic
side and exothermic sides. It is understood from
Fig. 5(b) that the variation of temperature of
fuel reactor is 70 K and the outlet temperature
is 1160 K; fortunately, this temperature is
lower than melting point of copper so that no
agglomeration and loss of activity occur in the
chemical looping combustion.

Steam reforming of methane reactor
1150 - T T T T T

1100

1050 -

=
[=]
o
o

950 |-

Temperature (K)

900 -

850

800"

750

0 0.1 0.2 03 04 05 06 0.7 08 09 1
Dimensionless length

Figure 5(a). Variation of temperature for endothermic side
of TCSR and CR.

6.1.2. Molar behavior

The total molar flow rate of endothermic
side in CR and TCSR are compared in Fig. 6. The
total molar flow rate of TCSR is higher than that
of CR. The temperature profile of endothermic



Volume 2/ Issue 1/ May 2017

61|

side and total molar flow rate have the same
trend, because these two parameters are
proportional to each other (see fig 5(a)). As total
molar flow rate increases, the residence time
and conversion decreases.

Fuel reactor

1170

1160

1150

1140

1130

Temperature (K)

1120

1110

1100

1090
1

Dimensionless length

Figure 5(b). Variation of temperature for exothermic side
of fuel reactor

Endothermic side

Total molar flow rate (mole/s)

0.1 02 03 04 0.5 0.6 0.7 0.8 0.9

13 L L L
0

Dimensionless length

Figure 6. Comparison of total molar flow rate between
endothermic sides of TCSR and CR.

Fig.7 (a)-(d) presents the comparison of mole
fraction of components in endothermic side of
TCSR and CR. Fig.7 (a) and (b) illustrate the mole
fraction of hydrogen and carbon monoxide
(CO) along the reactor at steady state. Hydrogen
and CO are the most desirable products of
steam reforming and fortunately their mole
fractions increase in the coupled configuration
in comparison with CR, because thermal effect
of coupled reactor provides a good condition
for heat transfer and consequently more

1 1 1 1 1 1 1 1 1
0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 o)

production. The CH, mole fraction is depicted
in Fig. 7 (c). As can be seen, the consumption
rate of CH, as a main reactant in steam methane
reforming process increases in coupled
configuration. According to this figure, CH,
conversion reaches to 52.6 % in TCSR while 26%
methane conversion occursin CR. The difference
between CH, mole fraction profiles in CR and
TCSR is owing to the temperature increase in
endothermic side which causes the increase in
reaction rate and CH, consumption. CO, mole
fraction as an undesired product in TCSR is
compared with the one in CR in Fig.7 (d). At the
reactor entrance, the CO, mole fraction in TCSR
is higher than the one in the CR configuration
but at the end of reactor it becomes lower.

H2 mole fraction

01 02 03 04 05 06 07 08 09 1
Dimensionless length

0.05 . . .
0

Figure 7(a). Comparison of H, mole fraction along the
reactor axis between endothermic side of TCSR and CR.
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002} Jitds .
001} o .
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Figure 7(b). Comparison of CO mole fraction along the
reactor axis between endothermic side of TCSR and CR.
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Fig. 8 (a)-(c) demonstrates the mole fractions
of components in exothermic side of fuel
reactor. As the reaction scheme in fuel reactor
shows, the mole fraction of CH,, as reactant,
decreases linearly along the fuel reactor; it is
shown in Fig. 8 (a). H,O and CO, are the main
products of reduction reaction in fuel reactor
and their mole fraction increases (see Fig 8(b)
and (c)) and it can be said that all component
behaviors are normal

0.35 T

03f

o
i
3]

CH4 mole fraction
o
N

0.15F

01 ! ! ! ! ! ! ! ! !
0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9 1

Dimensionless length

Figure 7(c). Comparison of CH, mole fraction along the
reactor axis between endothermic side of TCSR and CR.
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Figure 7(d). Comparison of CO, mole fraction along the
reactor axis between endothermic side of TCSR and CR.

Fuel Reactor
0.132 T T T

0.13

0.128

o
N
o

CH , mole fraction
°
S
5

0.122

012

0.118 . . . . . . . . .
1 0.9 0.8 0.7 0.6 0.5 04 0.3 0.2 0.1 0
Dimensionless length

Figure 8(a). Profile of CH, mole fraction along the reactor
axis in the fuel reactor of exothermic side in TCSR
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Figure 8(b). Profile of H,O mole fraction along the reactor
axis in the fuel reactor of exothermic side in TCSR
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Figure 8(c). Profiles of CO, mole fraction along the
reactor axis in the fuel reactor of exothermic side in TCSR
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6.1.3. Pressure drop

Fig. 9 shows the pressure along steam
methane reforming for both conventional and
thermally coupled steam reformer. The Ergun
Equation (which is equation (23)) usually used
to calculate pressure drop through catalytic
packed bed.

Since total molar flow rate and temperature
profile of thermally coupled steam reformer is
higher than temperature profile of conventional
steam reformer, the density of gas phase and
consequently the velocity and related viscose
losses of TCSR become higher. As a result,
pressure drop profile through this reactor is
higher than conventional steam reformer.
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Figure 9. Pressure drop along the endothermic side CR
and TCSR.

6.1.4. Influence of Inlet pressure of Methane
Steam Reforming

In this section, the reactor performance is
investigated for various inlet pressure of the
endothermic stream. As it can be seen in Fig
10(a) and (b), by increasing the inlet pressure,
the methane conversion and consequently
hydrogen mole fraction in the methane steam
reforming side decrease due to equilibrium
related to steam reforming reactions. Fig 10 (c)
shows how total molar flow rate changes with
increasing inlet pressure of endothermicside. As
seen, total molar flow rate decreases from 19.56
to 17.9 9% because of their inverse relationship.
Fig 10 (d) illustrates that the pressure drops
along the reactor axis increases when the inlet

pressure of endothermic stream increases from
30 to 50 bars.

66

Methane conversion (%)

30 35 40 45 50
Inlet pressure of endothermic side (bar)

Figure 10(a). Influence of inlet pressure of endothermic
stream on methane conversion along the reactor length.

7. Conclusion

Coupling endothermic reaction with an
appropriate exothermic reaction improves the
thermal efficiency of processes. In this study,
a novel thermally coupled steam reformer
has been proposed for hydrogen production
by using chemical looping combustion as a
heat source. Chemical looping combustion is
carried out in exothermic side which consists
of two moving bed reactor named as air and
fuel reactors and supply the necessary heat for
endothermic side. Solid metal oxide transfers
oxygen between these two reactors. Copper
oxideisusedinthiswork because bothreduction
and oxidation of copper are exothermic.

Steam methane reforming takes place in
endothermic side for hydrogen production.
Thermally coupled steam reformer consists
of three concentric tubes; the inner, middle
and outer sides are used for air reactor, steam
reformer reactor and fuel reactor, respectively.
One dimensional heterogeneous model is
used to simulate TCSR and comparison with
conventional steam reformer. Thermal and
molar behaviors of all sides as well as pressure
drop profiles were investigated along the
reactors. The results show that an increment
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about 47% occurs in hydrogen mole fraction
in TCSR compared with conventional steam
reformer. In addition, the methane conversionin
steam reforming reaches to 52.6%. Finally, these
preliminary simulation results demonstrate
that substitution of huge fired-furnace of
conventional steam reformer with chemical
looping combustion process is highly efficient
for synthesis gas production.

Nomenclature

A Cross section area of each tube (m?

a

av  specificsurfaceareaofcatalystpellet(m?/m-3)
b Stochiometric factor for reaction in CLC
Ct  Gas concentration (mol m?)

cp®  Specific heat of the gas at constant pressure
(j mol™
c¢p’ HeatcapacityofoxygencarrierinCLC(jkg k™)

Di  Inside diameter of steam reformer (m)
F_ Total flowrate pereachreactionside (mols™)

Reaction rate constant for 1 rate equation
of steam reforming(mol kg's™)

K Reaction rate constant for 2" rate equation
of steam reforming (mol kg''s™)

K Reaction rate constant for 3" rate equation
of steam reforming (mol kg''s™)

Kj  Chemical reaction constant of j reaction
(j=oxidation, reduction)
(mo|1—nm3n—25—l)

L. Layer thickness of the reacting solid (m)
N Number of components
n Reaction order

R First rate of reaction for steam reforming of
CH, (reaction 4) (mol kg's™)

R Second rate of reaction for steam reforming
of CH,(reaction 5) (mol kg™ s™)

R Watergasshiftreactor(reaction6)(molkg's™)

r Rate of reaction occurs in chemical looping
combustion based on gas phase (mol m=s)

t Reaction time (s)

T Bulk gas phase temperature related to
steam reformer (k)

T Temperature of air reactor (k)
Temperature of fuel reactor (k)

U. Overall heat transfer coefficient between
fuel and steam reforming reactors (W m2k™)

U Overall heat transfer coefficient between air
and steam reforming reactors (W m?k’)

X Solid conversion in the chemical looping

reactor
Subscripts
0 Inlet condition
a Air reactor
f Fuel reactor
g Gas phase
i Chemical species
J Oxidation, reduction

s Solid phase

Greek letters

4H,  Enthalpy of formation of component (Jmol™)
4H,,  Enthalpy of reaction (J mol”)

p,  Density of catalyst bed (kg m?)

p,. Molar density of reactive material in the
oxygen carrier (mol m?3)

n Effectiveness factor used for the intra
particle transport limitation
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Abstract

Application of mixed amine solution in gas sweetening unit decreases the operation cost and
corrosion rate. Also it increases the amount of sulfur in acid gas stream that exits from sweetening
and enters to sulfur recovery units. Gas sweetening unit of Bidboland gas refinery (BGR) was
simulated by Hysys software. Simulation of BGR had good agreement with industrial data. The
parameters such as CS (carbon dioxide in sweet gas), SSRU (the amount of H2S in outlet acid gas
stream from stripper to sulfur recovery unit), RAL (rich amine loading) and HPA (reboiler duty per
amine circulation rate), were compared for ten blends of DEA (Diethanolamine) and MDEA (Methyl
Diethanolamine). According to technical specified parameters, mixed amine with composition of
40 wt. % MDEA and 10 wt. % DEA identified as a good amine blend for gas sweetening unit in BGR.
JOGPT. Because Photonics is produced in DOC, strict adherence to format

Keywords: Gas Sweetening, Bidboland Gas Refinery, Hysys, Mixed Amine, Hydrogen Sulfide
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1. Introduction

Natural gas is the most important source
after fuel gas because of its clean combustion
and reduction of the atmosphere pollution.
Natural gas contains impurities such as carbon
dioxide, hydrogen sulfide and sometimes
traces of Carbonyl sulfide, carbon disulfide and
mercaptans.

MDEA selectively removes H.,S from natural
gas streams while piperazine acts mainly as a
corrosion inhibitor and surfactant. A corrosion
inhibitor is a chemical compound which added
in small concentration stops or slows down
corrosion of metals and alloys. The slower rate
of reaction of CO, with MDEA is compensated
through the addition of small amounts of rate-
promoting agents such as DEA or piperazine [1].
So blends of activating primary or secondary
amines (such as DEA) can be improved with
tertiary amines (such as MDEA) for the removal
of carbon dioxide from natural gas [2]. MDEA is
a compound that used in oil refinery industry

to absorb and strip hydrogen sulfide and
carbon dioxide. Due to technological or human
malfunctions, MDEA may be found in process
waters and afterwards transported to the
wastewater treatment plant [3].

Several chemical solvents are available for
gas sweetening processes, almost being based
on alkanolamine products. Sour gas purifying
facilities use the process of chemical absorption
byalkanolaminestoremovehydrogensulfideand
carbon dioxide from raw natural gas. Hydrogen
sulfide must be removed from the gas before
using due to its highly corrosively and toxicity.
Aqueous solutions of alkanolamines absorb
acid gas at lower temperatures and release the
acid gases at higher temperatures. This process
allows the separation of carbon dioxide and
hydrogen sulfide from natural gases.[4] The
main alkanolamine products used in the gas
sweetening industries are Mononethanolamine
(MEA), Diglycolamine (DGA), Diethanolamine
(DEA) and Methyl Diethanolamine (MDEA).
Advantages and disadvantages for amine types
are mentioned in Table 1.

Table 1: Advantages and Disadvantages for Amine Solutions|5, 6]

Advantage

Non selective removal
Degrading by
mercaptans

High vapor pressure
Needs reclaimer

gases

Rapidly reaction with acid

Largest carrying capacity for
acid gases

Separates easily from acid gas
Less circulation rate

Disadvantage Amine Type

Primary Amine

Less reactive than
primary amine
Non selective removal

Low degrading by
mercaptans

High Chemically stable
Low vapor pressure

Secondary Amine

Less reactive with acid
gas
Low absorbing for CO,

Selective removal for H,S
Highly stable

Use with high concentration
Energy saving

Tertiary mine




Volume 2/ Issue 1/ May 2017

69|

Recently attention has been focused on
using amine blends for gas sweetening due to
compensating single amine solution problems.
A promising blend has a high capability for
loading capacity, high reaction rate, low
operating cost, low corrosive tendencies and
high resistance to degradation [7]. MDEA is
one component that used for the absorption
and stripping of hydrogen sulfide and carbon
dioxide, as well as and the removal of carbonyl
sulfide (CS) from natural gas in natural gas
sweetening processes [8, 9].

Compared to the most common
alkanolamines, the tertiary amine (MDEA) is
known forits lower regeneration cost, its thermal
and chemical degradation resistance and lower
corrosion rate. In addition, it has capability for
selective H,S removal in the presence of CO,
and removal of both H_S and CO, simultanously
[10]. Glasscock et.al showed that MDEA interfere
in DEA kinetics, in other hand increase DEA
rate of reaction with addition MDEA [11].
Carbamate ions (R,NH*COO) produced during
CO, absorptions with primary and secondary
amines. While CO, absorptions with tertiary
amines were accompanied with formation of
carbonate and bicarbonate. Since reaction heat
of carbamate is higher than carbonate, energy
cost of primary and secondary amines expected
higher than tertiary amines [12, 13] .

In this study, the effect of mixed amine
concentrations were investigated on CO, mole
fraction of sweet gas (CS), H,S mole fraction of
acid gas stream (SSRU), rich amine loading (RAL)
and reboiler duty per amine circulation rate
(HPA). RAL is summation of acid gas moles (CO_+
H,S) per amine moles and it's dimensionless. In
order to define parameters, the best blend of
amines was selected.

2. Simulation Description

2.1. Bidboland Gas Refinery (BGR)

Bidboland Gas refinery (BGR) which located
in Khuzestan, state of LR. Iran, is the first gas
refinery in Middle East. Sour gas as a feed comes
from Aghajari field & Asaluyeh region (Pars
Special Energy Economic Zone) with the rate of

240 MMSCFD and maximum of 2.85% acid gas
(Bidboland site). Sour gas was treated by four
units and reach to pipeline specifications (i.e.
less than 4ppm for H.S). A portion of sweet gas
will be sent to IGAT | (Iranian gas transmission
pipeline ) and another part goes to NGL
(Natural Gas Liquids) plants. For sweetening gas
need to be passed through an amine solution.
Amine solution at BGR firstly was MEA and after
a while due to MEA degradation and high steam
consuming need to be regenerated , DEA was
replaced and recently sour gas replaced by
activated MDEA for a unit.

2.2. Gas sweetening unit

Sour gas that contains CO, and H.,S firstly
enters scrubber to remove its free liquids, solid
materials and any contaminations. The gas from
scrubber enters the bottom of absorber and
flows upward through column with counter-
current contact with aqueous amine solution
(Lean Amine) that comes from top of absorber.
Chemical reactions between amine and acid gas
occurs and amine solution absorbs the acid gas
according to the following equations to [6, 14];

MWH,S+RNH[ RNH;+HS
2 CO,+2R,NHU RNH: +RNCOO
3)CO,+H,0l H,CO,
@H,CO,+RNH RNH: +COH"
Reaction is exothermic so the gas
temperature increases and sweet gas leaves
the top of absorber column and the amine
solution with acid gases (Rich Amine) leaves the
bottom of the absorber. Absorber in the BGR
is packed column with 30 and 3 meters height
and diameter respectively, and operates at
pressure of 45-60 kg/cm” Temperature of lean
amine solution is 5-10°C higher than sour gas
temperature to prevent forming condensate in
absorber column. To regenerate and recycling
amine solution, temperature of rich amine must
be increased and pressure will be decreased.

In flash drum with suppressing amine
pressure to 3-4 kg/cm? a part of acid gas
removes from rich amine solution and then rich
amine passes through tube side of amine/amine
heat-exchanger. The rich solution is heated
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Figure 1: PFD of simulated gas sweetening unit

by regenerated solution (Lean amine) which
comes from bottom of regenerator column,
so rich amine enters. The regenerator column
with 25 and 4 meters for height and diameter
respectively which operate at the pressure of
0.4 kg/cm?with 19 trays. In regenerator column,
rich amine became free from acid gas by heat it
up. Temperature of reboiler maintain between
110-116°C by steam flow.

The lean amine drains from bottom of
regenerator and release heats at amine/amine
heat-exchanger drain and will mix with makes
up of water and DEA in order to maintain amine
concentration constant and their pressure will
increase by pumps and finally will enter to the
tops of absorber column. Figure 1 indicates
simulated process flow diagram for gas
sweetening by DEA solution.

Simulation of gas sweetening unit was
performed by Hysys software thatequipped with
Amine package. Figure 1 indicates process flow
diagram for sweetening. First of all, the sour gas
was saturated by water stream and then sent to
scrubber. The required information for running
the program was used by Bidboland data. Flow
for makes up was obtained by performing mass
balance around the sweetening unit.

3. Results and Discussions

Table 2 clearly showed that results for
simulation were compatible with industrial
data and had a good agreement with less than
2% relative error. Relative error was calculated
by given Equation. Results also showed that
H,S reached to pipeline specification with
concentration of 2.1 ppm.

| Real data — Simulated data | (5)
Real data

Relative Error =

By comparison of simulation and industrial
data, it can be concluded that simulation results
were valid, so blends of MDEA and DEA with
different mass fractions were used. Results show,
while amine concentration increased, energy
consumption decreased (discuss later); so the
maximum possible mixed amine concentration
was used. Typical concentration range for DEA
and MDEA are 25-35% and 30-50% by weight in
the aqueous solution, respectively [6, 14]. Table
3 shows the high concentration mixed amine
solutions that satisfy amine concentration
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Table 2: Composition of major components in sour and sweet gas and relative errors with industrial data

Mole fraction Mole fraction Mole fraction
Components of Sour gas in of Sweet gas in of Sweet gas in Relative Error
industrial industrial simulation

co, 2.17E-02 4.20E-03 4.24E-03 9.64E-03

H,S 3.30E-03 2.10E-06 2.11E-06 3.54E-03
Methane 8.62E-01 8.81E-01 8.80E-01 1.07E-03
Ethane 6.17E-02 6.29E-02 6.30E-02 1.90E-03
Propane 1.25E-02 1.27E-02 1.27E-02 1.08E-03
i-Butane 1.24E-03 1.25E-03 1.27E-03 1.40E-02
n-Butane 1.78E-03 1.78E-03 1.82E-03 2.22E-02
n-C,+ 3.58E-02 3.62E-02 3.70E-02 2.21E-02

ranges. (RAL) which is significant index for corrosion in

The effect of mixed amine concentrations  unit.
were investigated on CO, mole fraction of sweet
gas (CS), H,S mole fraction of acid gas stream
(SSRU), amount of energy consumed per amine
circulation rate (HPA) and rich amine loading

Table 3: Different mixed amines that used in simulation

Total mixed amine used in 50 wt. % Total mixed amine used in 40 wt. %
40% MDEA, 10% DEA 30% MDEA, 10% DEA
35% MDEA, 15% DEA 25% MDEA, 15% DEA
30% MDEA, 20% DEA 20% MDEA, 20% DEA
25% MDEA, 25% DEA 15% MDEA, 25% DEA
20% MDEA, 30% DEA 10% MDEA, 30% DEA
50% MDEA 40% MDEA
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The effect of MDEA concentration on rich
amine loading, RAL, was shown in figure 2 and
3. Results showed that by increasing in MDEA
concentration in two 40 and 50% mixed amine
solutions, the amount of RAL decreases.

The results also indicated SSRU and CS
parameters were decreased with increase of DEA
in amine solution (figure 4 to 7). That behaviors
caused from selective removal of H,S by MDEA,
so mass fraction of MDEA was increasable while
amount of CS not passing from allowance. With
adds up DEA in MDEA solution, order of CS gone
down and CS approached to the industrial data.
Increase of DEA in MDEA solution greater than
10% wt. had no obvious change in CS parameter,
so solution of 10% wt. DEA and 40% wt. MDEA
was selected as the best amine blend.
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Figure 6: The effect of MDEA concentration on CS for
40% wt. amine solution
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Figure 7: The effect of MDEA concentration on CS for
40% wt. amine solution

HPA parameter was compared for 40 and
50% wt. amine solutions; it was found that HPA
for 40% wt. at any blends were greater than
50% wt. with same DEA concentration and
amine flow circulation rate. As further work 40%
wt. amine solutions were eliminated and results
were analyzed for 50% wt. amine solutions. It
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is necessary to say that HPA represented factor
of process economic, unit will be inefficiently
while HPA became greater. The figure 8 shows
these results. HPA parameter was investigated
for mixed amine solution (10% wt. DEA, 40% wit.
MDEA) and DEA solution, according to results,
for any amine flow rate (AFC) HPA of blend
amine was lower than industrial condition (DEA
solution). HPA expressed energy consumption
in gas sweetening unit and with decrease in
HPA process became more economically.

As the results shown in figure 8, in each flow
circulation rate, the magnitude of HPA for 50%
wt. mixed amine solution is less than 40% wt.
Therefore 50% wt. mixed amine by 10% wt. DEA
is the best belnd solution for gas sweetening
unit in BGR.

Major parameters for real and amine blend
solutions were compared in Table 4. Results
reveals that replacing of mixed amine with DEA

solution, the operation of gas sweetening unit
will improve. Investigating of adding MDEA to
DEA solution showed that SSRU, RAL and HPA
were improved. Expressed parameters had
positive effect on SRU efficiency, amount of
corrosion and operation costs respectively.
While increase of MDEA have no significant
effect on CS and SS and sweet gas specifications
satisfied allowance, so it can be concluded that
mixed amine increased amount of sulfur to SRU
and reduced corrosion and operation costs.
According to figure 8 and Table 4, blend of 40%
MDEA-10% DEA was recommended to BGR to
improve the performance of unit.

4. Conclusion

When large amounts of CO, are being passed
through to the sweet gas at relatively low

Table 4: Comparison of industrial data against offered mixed amine solution

Amine solution

HPA (MJ/m?)

Real solution 0.157118

4.24E-03

0.470629 217.3832

40% wt. MDEA, 10% wt. DEA 0.160447

4.79E-03

0.257535 146.2427
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pressures, it becomes difficult for MDEA to reach
pipeline specification for H,S if the inlet gas
containsmorethanabout 1000 ppmH,S. Atthese
lower pressures, the addition of a more reactive
amine clearly enhances the solution ability to
remove CO,. Thus, in situation where MDEA
cannot meet the residual gas requirements, the
use of amine mixtures can be usually improved
the plant performance. At this study, the effect
of mixed amine concentrations were studied
on CS, SSRU, RAL and HPA parameters in a gas
sweetening unit of BGR. According to defined
parameters, 40% MDEA-10% DEA such as best
blend of amines was selected to reach high
amount of SSRU, low RAL and HPA parameters
in unit. So this blend was recommended to BGR
due to approach the conditions to optimum
values in terms of energy consuming, corrosion
amount in unit and SRU efficiency.
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