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Abstract

A Study on the Design and Operation of
LNG-FSRU Topside Processes using

Dynamic Simulation

Sangho Lee
School of Chemical & Biological Engineering

The Graduate School of Seoul National University

Recently, the necessity of liquefied natural gas(LNG) supplying facility such
as LNG terminal is increasing due to the emerging demand of LNG. Among the
LNG supplying facilities, floating storage and regasification unit(FSRU), which
has advantages on the construction period and cost than onshore LNG terminal
attracts attention in these days. Designing LNG-FSRU is similar to onshore
LNG terminal or LNG carrier but unlike the traditional process design
procedure, the topside process of LNG-FSRU should be designed considering
the offshore features. Moreover, to develop the topside process and proper
operating procedure with safety, plenty of sensors as well as an exact dynamic

simulation model are required.



This thesis addresses a study on the design and operation of LNG-FSRU
topside process using dynamic simulation. The effects of offshore features to
LNG-FSRU topside process are analyzed and an exact dynamic simulation
model for LNG-FSRU is developed in this thesis. In addition, an automatic
variable estimation method for any points that the operators want to know is
proposed.

This thesis has three main parts. First, the effects of three main offshore
features, including ship motion effect, limitation on topside footprint, and
weight, are analyzed by using process simulation. Based on the result of the
effects, a topside process of LNG-FSRU is designed. Second, an exact dynamic
simulation model of LNG-FSRU topside process is developed. Especially the
boil-off gas recondenser, which is the most difficult to build an exact dynamic
simulation model is simulated with higher accuracy than previous research.
Finally, a methodology to estimate process variables at any points on the
pipeline of LNG-FSRU is proposed. The proposed methodology reduces the

variable estimation time by 1/10.

Keywords: LNG-FSRU, Topside design, Dynamic Simulation, BOG

recondenser, Automatic soft sensor generation
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CHAPTER 1: INTRODUCTION

1.1. Research motivation

Because of the rapid industrialization of undeveloped countries, the demand of
energy is increasing. Liquefied natural gas (LNG) is the most attractive energy
source because of low price and relative eco-friendliness so that the demand of
LNG is exploded in these days.[1-3] To supply LNG to its demands, various
facilities are necessary as figure 1-1 and among these, LNG storage terminal,
which serves natural gas to individual users takes the most important part in
LNG value chain. The increasing tendency of LNG terminal projects in figure
1-2 proves the importance of LNG terminals.[4], [5]

However, the construction of an LNG terminal accompanies a huge interruption,
that is, the protest by local residents. Though the problem is solved, another
problem remains, the large land cost. Because the LNG terminal contains
dangerous facilities that deals with flammable and explosive component, the
enough separation distance between the process equipment must be secured.[6],
[7] Because of these situation, LNG-FSRU is focused as a reasonable alternative
for onshore LNG terminal. Focusing on the number of offshore terminals in

figure 1-2, it is certain that the LNG-FSRU market is expanding. (Figure 1-2)[1]
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LNG-FSRU is similar to onshore LNG terminal or LNG carrier that many
Korean shipbuilding companies which already leading the LNG carrier market
have a huge potential to dominate the FSRU industry. Despite the advantage, the
topside process design for the LNG-FSRU makes a technical barrier to the
shipbuilders so that the economic feasibility of project is decreased for them.[8],
[9]

The topside process design for an offshore process is basically the same as
general chemical process design technique, but some serious features are
omitted and these features will bring many design change from the onshore
process. Thus, in the designing procedure of topside process in LNG-FSRU, the
offshore features must be considered. [8], [10-15]

After the process flowsheeting is finished, making the dynamic simulation
model will follow to make piping and instrument diagram(P&ID), analyzing the
hazard and operability(HAZOP) of the target design, and finishing the front-end
engineering design(FEED) package. On building the dynamic simulation model
of LNG-FSRU, the most important and difficult problem is to model the
reliquefaction system. There are several researches about the boil-off gas (BOG)
recondenser but most of the researches are focusing on the control logic or
proposing novel structure for recondensing system and inattentive to exact
simulation which is significant for the management of terminal operation.[16—
20]

When the HAZOP study is completed, compensating actions are followed to
solve serious problem of the process and most of the actions are about adding
sensors to the plant. This is also applied in LNG-FSRU. Moreover, LNG-FSRU

is a facility that manages a high pressure and cryogenic fluid which is explosive



and flammable compound, the property of the fluid at every position needs to be
monitored thoroughly. This issue is soluble by lots of sensor installation cost but
it deteriorates economic feasibility of overall project. So that a soft sensor
technique that does not need any additional sensor installation cost might be

helpful.[21-23]

1.2. Research objectives

The objective of this thesis is to design a process for the topside of an LNG-
FSRU regarding the offshore issue, to develop a dynamic simulation model
which can represent exact process status especially for BOG reliquefaction
system, and to make a sensing technique to estimate every position of LNG-
FSRU by using the process simulation software. The achievements in each
chapter will result meaningful progress on the design of LNG-FSRU topside

process.

1.3. Outline of the thesis

Each chapter of this thesis considers the issues about the design of topside
process on a LNG-FSRU. Chapter 2 addresses a design of topside process for an
LNG-FSRU by regarding the offshore feature. In chapter 3, a dynamic
simulation model of LNG-FSRU is built with higher precision than before.
Chapter 4 deals with the methodology to build an automatic simulation-based
soft sensor for any position of pipeline which will help FSRU’s sensor problem.
Lastly, in Chapter 5, the thesis conclusion and recommendation for future works

will be presented.



CHAPTER 2 : TOPSIDE PROCESS DESIGN OF
LNG-FSRU

2.1. Introduction

In these days, many offshore plants for mining energy resources such as natural
gas and petroleum in deep-sea fields are under construction. Most of these
offshore plants are held in Korean shipbuilding companies but these
shipbuilding companies have tough time on these offshore projects because of
lack of basic design ability. [24] The basic design of offshore plant is divided to
two different areas - topside/hull area - and for Korean shipbuilders, the topside
design is the wvery problem. Designing the topside area needs plenty of
knowledge about the process system and equipment but it is a strange area to
the traditional shipbuilding companies. Nevertheless the topside design itself
does not take large portion in overall project, this designing technique must be
secured that it determines feasibility and period of the project. [25-28]
Especially for LNG-FSRU, unlike the other offshore plants, the topside design
on each of different cases is similar and that means when the standard topside
design is well-developed, the design will be applied in many other projects
without big changes. Thus, it is necessary to build a certain LNG-FSRU topside
design.

In the topside design problem, the key point is to design the process flow and
equipment. Basically, to design topside process is not far from designing an

onshore chemical processes but some additional issues which are only for



offshore plant must be considered. The following three issues are the most

important things which are not mentioned in traditional process design;

1)

2)

3)

Limitation on the plant size : When the size of an offshore plant
increases, the cost of offshore plant increases further. The reason of the
further increase cost is because the construction cost is sensitive to the
structure’s size. Moreover the offshore platform must be constructed in
a shipbuilding dock and the size of dock limits the platform’s size. To
solve the problem by limitation of size, more consideration on process
safety should be followed in the process design.

Ship motion : For the floating plant like FSRU, the vessel usually
moves on the ocean by tides, waves and even winds. This ship motion
can affect many process units above the floating structure. For an
example of three phase separator, when the motion of platform induced
to the process unit, fluids inside the separator may be mixed or the
interface of fluids faltered so that the separator efficiency will be
decreased. In another example of packed bed column seen in figure 2-1,
the contacting area will be changed by the column motion. This ship
motion problem can be solved by prediction of efficiency changes for
each process unit or selecting an insensitive process equipment for
topside process.

Topside weight : As seen in many recent marine accidents, overloading
can cause capsize of floating platform. In order to prevent these
accidents the center of gravity must be located below the center of
buoyancy. (Figure 2-2) By the way, when the weight of topside process

is comparatively larger the platform’s center of gravity rises and



dynamic stability of floating object will be decreased. This is the first
reason to enlighten weight of process equipment. Secondly the static
load which means the weight of a single stationary body or the
combined weights of all stationary bodies in a structure reflects on both

the storage capacity of plant and equipment cost.[12], [29-37]

Without consideration about these issues, the design of offshore topside process
will not be rigid and safe because these issues will affect each process
equipment or overall process flow and give uncertainties or efficiency changes.
Therefore in this research, LNG-FSRU topside process is designed with

considering these three issues — plant size, ship motion, and topside weight.
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2.2. Theoretical backgrounds

2.2.1. LNG-FSRU

LNG-FSRU is a new concept to supply a natural gas from offshore
regasification plant to onshore consumer. It has been proposed as alternatives to
traditional onshore re-gasification plants. Recently some of FSRUs are already
on operation and many other FSRU are under construction as seen in the table
2-1. As the price of LNG is decreased a lot in these days, the LNG-FSRU will
receive more attention for energy suppliers.
Before designing the topside process of LNG-FSRU, the basic process scheme
should be specified for better process design. While FSRU has basically the
same structure with an LNG receiving terminal, it is necessary to focus on the
LNG onshore terminal process scheme. Following features are the essential
features for LNG terminal;

® Unloading

® Storage

® BOG recovery and pressurization

® \aporization

® Send-out gas quality adjustment
These features must be included in the LNG terminal process flowsheet so that
the process flowsheet seen in figure 2-3 is generated as a basic standard.
Nowadays, lots of LNG onshore terminal are constructed based on this process

and the LNG-FSRU also follows same process scheme.
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Table 2-1. Alist of world’s LNG-FSRUJ[39]

Storage Gas Regas Length Molded Draft
Owner  Name volume throughput capacity overall Breadth m) Notes
(m3)  (bcml/yr)  (MMscfd) (m) (m)
Hull No. under
Hoegh 2548 170,000 2.5 240 290 46 12.6 construction
Hull No. under
Hoegh 2549 170,000 4.1 400 290 46 12.6 construction
Hull No. under
Hoegh 2550 170,000 3.9 375 290 46 12.6 construction
Hull No. under
Hoegh 2551 170,000 51 500 294 46 12.6 construction
Hoegh Independence 170,000 4.1 400 294 46 12.6
Hoegh Lampung 170,000 4.1 400 294 46 12.6
Golar Freeze 125,000 4.9 475 288 43 11.5 conversion
Golar Spirit 129,000 2.5 240 290 45 12.5 conversion
Golar Winter 138,000 5.1 500 277 43 11.4 conversion
Golar Satu 125,000 5 490 293 42 11.7 conversion
Golar Igloo 170,000 7.5 725 Delivery "14
Golar Eskimo 160,000 7.5 725 Delivery "14
EON Toscana (was 137,000 375 360 306 48 123 permanently
Ruhrgas  Golar Frost) moored
LNGC
Excelerate Excelsior 138,000 4.1 400 277 43 12.2 w/Regas
Capability
LNGC
Excelerate Excelerate 138,000 4.1 400 277 43 12.2 w/Regas
Capability
LNGC
Excelerate Excellence 138,000 41 400 277 43 12.2 w/Regas
Capability
LNGC
Excelerate Exemplar 150,900 51 500 290 43 12.4 w/Regas
Capability
LNGC
Excelerate Explorer 150,900 51 500 290 43 12.4 w/Regas
Capability
LNGC
Excelerate Express 150,900 51 500 290 43 12.4 w/Regas
Capability
LNGC
Excelerate Exquisite 150,900 5.1 500 290 43 12.4 w/Regas
Capability

11
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Brief explanation of the figure 2-3 is as follows;

A LNG carrier delivers LNG to a receiving terminal. Following berthing, the
carrier pumps LNG ashore through unloading arms to a cryogenic pipeline to
the storage tanks. The LNG will be stored at atmospheric pressure in specially
designed cryogenic LNG storage tanks. The storage tanks will prevent heat
input not to boil the LNG by its insulated surface. The LNG boil-off gas that is
formed during transfer and storage is returned from the storage tanks to the ship
by a blower or compressor so that ship pump load and BOG due to
displacement in storage tanks can be handled. When the amount of BOG
exceeds the amount to fill the empty volume in LNG tanker, the excess BOG is
recovered by boil-off gas compressors and recondenser. The stored LNG is
pumped at pipeline pressure by high pressure multistage cryogenic pumps and
re-gasified by heating it with seawater using heat exchangers. The type of heat
exchanger is changed by the circumstance of the terminal’s site and for LNG-
FSRU, the selection of heat exchanger will be important.[40], [41]

One more thing to discuss about LNG-FSRU design is to define the
construction type of LNG-FSRU. There are two different type of LNG-FSRU,
“new-building” and “conversion” from LNG carrier and “New-building” means,
literally, to design an entire LNG-FSRU at the beginning, while “conversion”
means adding the topside modules such as regasification module on existing
LNG carrier. Nowadays, mostly the new-building LNG-FSRU come up for new
LNG-FSRU projects than conversion because of its short lead time. Table 2-2
shows the typical lead time of each LNG terminal projects and the building time
of new-building FSRU is shorter than of conversion. For this reason, only the

new-building LNG-FSRU will be discussed in this research.
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Table 2-2. Typical lead time of LNG-FSRU

Construction basis Typical lead time
FSRU-conversion of existing carrier 3-4 years
FSRU-new building 1-2 years
Construction time for onshore facility 3-4 years
Permitting process (Typically) 2 years
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2.2.2. Traditional process design procedures

In order to design a LNG-FSRU topside process, it is necessary to examine the
general process design methodology. There were many researches about
chemical process design procedures and the hierarchical methodologies aligned
by Douglas or Seider are the dominant techniques for chemical process design
in these days.[42—-44] As seen in figure 2-4, the process design methodology
suggested by Seider covers overall area for chemical process design procedures
and by the end of the method, Front-End Engineering Design (FEED) package
can be delivered. However, this methodology is not perfect for offshore plants
especially for the topside processes because the topside design of offshore plant
should contain offshore problems those are not included in the traditional

process design methodology.
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2.2.3. Process design for offshore plant topside

While the offshore plant industry has been developed for several decades, some
researchers have studied about the methodology for designing the topside
process of offshore plant. Hwang proposed an optimized methodology for
building an integrate solution to offshore topside process engineering. In the
early stage of offshore industry, there were some design cases for designing
offshore production facilities by following the traditional process design
methodology with larger design margin.[45] The offshore topside design
methodology has been progressed and an integrated solution (Figure 2-5) to
offshore topside process engineering was developed recently. However, there is
no consideration of topside process design for offshore condition but focus on
application of basic process engineering procedure to offshore plant.[36]

The most influential design methodology for LNG-FSRU topside process was
suggested by Han.[46] This research insists that design of LNG-FSRU should
be based on the experiences from the onshore LNG terminal, FPSOs and LNG
carriers. This insistence is materialized and accepted by many other researches
and classification materials. [47-49] Though these researches brought an
improvement of topside design, the offshore condition was not reflected to the
topside process system well.

In this research, LNG-FSRU topside design which is suitable for offshore
condition is developed. The developed design will be more economically

feasible, have lighter equipment, and include consideration on topside layout.
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2.3. Basis of design for LNG-FSRU

Design of LNG-FSRU topside process should be based on the design
specification and circumstance of target site. Therefore these specifications must

be defined first.

2.3.1. Design specification

The design basis of LNG-FSRU is as follows;

Terminal Sendout[8], [50] : Max. 5.2 mtpa
= 593.6 ton/hr (115% load)
Min. 0.45 mtpa
=51.27 ton/hr
100 bar (ANSI 600 pressure class)
Turn down ratio(TDR) : 10:1
Offloading System[51], [52] : Ship 125,000 m3 ~ 210,000 m3
Offloading Rate 12,000 m3/h
LNG Cargo Tank[8], [16], [53] :  Capacity 45,000 m3 * 6
Design pressure 250 mbarg
Operating pressure 200 mbarg
BOR = 0.15 wt%/day
Seawater Temperature Difference : 8°C

Design lifetime : 20 years
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LNG Composition : Methane 0.9133

Ethane 0.0536
Propane 0.0214
i-butane 0.0046
n-butane 0.0047
i-pentane 0.0001
n-pentane 0.0001
Nitrogen 0.0022

The specifications above are referred from the LNG-FSRU and onshore

terminal design studies by Sohn, Lee and Lee.[8], [9], [53]

2.3.2. Target specification

General offshore plants have various specifications with their location, purpose
and characteristics of the field. However in LNG-FSRU, there are not huge
differences between the vessels. Especially on the topside process, the basic
features are not changed by project sites so that the topside process of LNG-
FSRU can be standardized. To develop a standard LNG-FSRU topside process
flowsheet, it is essential to define the environmental condition of target sites
such as seawater temperature.

Following contents are the most influential environmental factors for designing
topside process of LNG-FSRU, which are also specified in the basis of
design(BOD) for each LNG-FSRU project.
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1)

2)

3)

Location data : Figure 2-6 shows current states of LNG-FSRU projects
over the world. As seen in the figure, many planned projects are
concentrated on the region between -30 to 30 degree in latitude.

One more thing to consider target location is about the demanding
countries. The most attractive strength of LNG-FSRU for energy
suppliers is shorter leading time. Moreover, LNG-FSRU does not need
to secure large land area and civil construction work as onshore LNG
terminal that it is an optimal type of supplying LNG for the developing
countries. As many developing countries such as India, Indonesia,
Malaysia and Mexico are in the equatorial region that the target
location is specified to the region between -30 to 30 degree in latitude.
Metocean data — seawater temperature : After the target location is
defined, seawater condition of the target should be specified because
the seawater condition is the most effective thing in determining the
topside process of LNG-FSRU such as vaporization method. Seawater
temperature over global ocean is displayed in the figure 2-7 and the
raw data of the sea surface temperature (SST) is available at a webpage
of National Climatic Data Center at National Oceanic and Atmospheric
Administration (NOAA).[54] As it is seen in the figure and the raw data,
the average temperature at the target area in winter is 26 °C, which
value will be a standard for designing vaporization method and
equipment.

Metocean data — air temperature : Air temperature as well as seawater

temperature is an important variable for designing topside process of
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4)

LNG-FSRU. As a promising vaporization method for LNG-FSRU is
the ambient air vaporizer(AAV) and air temperature can define the
amount of heat flux from the atmosphere so that air temperature should
be specified before designing the topside process. According to the
anomaly data of the target area from NOAA at figure 2-8 and average
temperature data from Jones as figure 2-9, the air temperature at the
target region is set to -13 °C.[55], [56]

Motion analysis : Ship motion is, as mentioned above, the most
influential factor on offshore processes that consideration about the
motional effect on the topside process must be included in the process
design work. When the ship motion is induced to process units over
topside, sometimes efficiency can change or possibility of failure can
increase. Therefore we need to consider how the process unit will be
affected by ship motion.

To estimate ship motion effect, how much the ship will be shaken is
determined at first. There are many researches of rolling or pitching
phenomena for floating plant and several design cases of LNG-FSRU
contain the wave analysis report. [57-61] According to these research,
the most frequently remarked standards are, 2 degrees of roll for design
and 6 degrees for maximum amount. For the quantitative result, the
most probably maximum(MPM) amount of roll amplitude is suggested

for 100-year environment as below.

100 years design environment

H; (maximum wave height) =122m

22



T, (wave period) =14.2s
V. (wind speed) = 36.5 m/s (at 30 degrees)
V. (current speed) = 1.75 m/s (at 45 degrees)

MPM roll amplitude for 100 years = 5.8 degree
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Figure 2-6. Current status of world’s LNG-FSRU projects[62]
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Figure 2-7. Sea surface temperature distribution
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2.4. LNG-FSRU Topside process design

Based on the design specification and target information, the topside process of
LNG-FSRU is designed. To make a topside design of LNG-FSRU, the basic
process scheme is derived from the basic process of onshore LNG terminal and
alternative designs from other researches. Detailed process variables are updated
with using the design specification and offshore restrictions after the basic

scheme is fixed and finally the topside design of LNG-FSRU is determined.

2.4.1. Basic process scheme

The first thing to do for designing topside process is to build a basic process
scheme. As Douglas suggested, every process design work will be meaningful
after the base block flow is determined.

The basic process scheme of LNG-FSRU refers the onshore LNG terminal.
Figure 2-9 illustrates the basic scheme which is displayed by the process
simulation model and table 2-3 shows the list of major systems and components.
Because the onshore LNG terminal has the same purpose with similar

specifications that it is rational to use the terminal’s process scheme.
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Figure 2-10. LNG-FSRU basic process scheme
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Table 2-3. Major systems and components of LNG-FSRU topside

Major system Components

LNG Unloading and Transfer System LNG unloading arm

LNG storage tank

LNG Storage System
LP pump

BOG compressor

Vapor Handling System BOG recondenser

Flare
L HP pump
Vaporization and Sendout System .
Vaporizer
Utility system Utilities
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When the basic scheme of the process is built, declaration of operation scenario
comes after. The reason to declare the operation scenario is that the process
condition changes with each scenario. There are two major differences between
the scenarios those are unloading status and sendout rate. According to these
differences the base scenarios are established as 4 cases;

1) LNG unloading / maximum sendout

2) No ship connection / maximum sendout

3) LNG unloading / minimum sendout

4) No ship connection / minimum sendout

2.4.2. Detailed design of topside process

After the basic process scheme is decided, detailed design variables need to be
specified to complete the topside process design. The detailed information such
as equipment type and size and process variable will be determined in this step
with satisfying the design specifications.

In addition, offshore features will be applied to topside design in this step.
Because the offshore features can affect the selection of equipment and
performance, the topside design will compromise with the features. Table 2-4

shows the consideration points of offshore feature for each process component.
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Table 2-4. Offshore effects on process components

Offshore features

compoents ST OGN Efect s Edipmen
Loading pipe o
Storage tank o
Flare X
BOG compressor X
Precooler X
Recondenser o Weight of
LP Pump X Do not exceed the component
HP pump 9 plant size muzs(t)gg tuonnder
Vaporizer o
ORV o
STV X
IFV X
AAV x
SCV o

(Where o means “need to consider” and x means “neglectable”)
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As presented in table 2-4, many process components are affected by the ship
motion and they should follow the limitation of area and weight. With
consideration on these additional factors, the following provides the detail

information and standard of the process flow:

® | NG unloading pipeline
The purpose of LNG unloading line is transferring LNG from carrier to storage
tank. To prevent heat input from outside, insulation material is installed over all
pipelines. The overall heat transfer coefficient is calculated with using the

following condition;

Insulation material : urethane foam
(thermal conductivity : 0.0232 W/mK)

Insulation thickness : 20cm

Due to the effect of ship motion, the flow inside the loading pipe also fluctuated.
This phenomenon will cause unstable LNG flow rate or even evaporation at a
worst case. Therefore, to avoid the risk of ship motion, the length of unloading
arm should be limited according to the ship discharge pressure. In addition, the
fluid inside the pipeline should be subcooled not to vaporize. These features will
be considered during the simulation.

Additionally, one thing to consider remains what is about the offshore problem.
Due to the ship motion, the flow rate of LNG can be affected and fluctuated. To
assure stable flow of LNG inside the unloading line, the pressure drop by

inclined situation is calculated by process simulation software as below.

33



PIPE-100
T

PIPE-100

Inside Diameter(1) 818.8 | mm |
Outside Diameter(1) | 828.0 |mm |

Pipe Length(1) 3000 |m |
Elevation(1) 30.00 |m
Feed Temperature -158.0 | C

Product Temperature | -158.0 | C

Feed Pressure 5.500 | kg/cm?2

Product Pressure 4.107 | kg/fem?2

Pressure Drop 1.366 | bar

Figure 2-11. Simulation result of unloading pipeline for tilted situation
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Simulation input condition :

Length of maximum loading line :  300m

Tilting angle : 6°

Flow rate : 1e6kg/h
Inlet pressure : 5.5 bar
Pipe diameter : 828 mm

Simulation result :

Pressure drop : 1.095 bar

Usually many LNG carrier send LNG at 4~5 bar that the pressure drop for

inclined case will not be a huge problem for unloading process.

® | NG storage tank
Usual onshore LNG terminals use 0.1 wt%/day for BOR, however in LNG-

FSRU, the standard of BOR value refers to LNG carrier.

Number of storage tanks : 6
Storage tank capacity : 45,000 m3
Boil off rate(BOR) : 0.15 wt%/day

® | Ppump
As the maximum sendout rate is nearly 600 ton/h that each LP pump, the pump
capacity is designed to satisfy the sendout rate. There are 6 storage tanks in

FSRU and when all pumps are in operation, the capacity will fulfill the sendout
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rate specification. One more thing to consider is that the LP pumps should be
installed inside the LNG storage tank that it is too complicate to maintenance

during operation. Therefore the pumps will be installed redundantly.

Features : In-tank type pump
2 *100% pumps installed
Pump capacity : 130 ton/h per single LP pump (130% of design load)

Number of LP Pumps: 12

® BOG compressor
BOG compressor gathers boil-off gas from LNG storage tank and sends
pressurized gas to BOG recondenser. The most important variable about BOG
compressor is discharge pressure and the value is determined for maximum
efficiency. Zolfkhani presented a research about optimum pressure for BOG
compressor and recondenser which is from 7 to 8 barg like figure 2-11.[63]
Besides there are many researches and patents of the condition of BOG

recondenser and usually 8 barg is used.
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The capacity of BOG compressor is specified from the calculation result of the
BOG production rate in LNG-FSRU. However the BOG production rate is
different by the scenario and it will be confirmed at the end of the design
procedure that the capacity will be decided at last. Other design specifications

refers to many researches and actual LNG terminals in operation.[16], [20], [64]

Compressor type : Centrifugal type
Discharge pressure : 8 barg
Compressor efficiency : 75 %

® BOG recondenser
The BOG recondenser takes a part of recovering and liquefying BOG. Besides,
the recondenser is used as a knock-out drum for HP pump as displayed in the
process flowsheet. That means, the recondenser must keep its liquid level during
the HP pump operation and when the recondenser level decreases, the HP pump
should be turned off in order to prevent failure of HP pump. This is the primary
issue to design size of the recondenser. Assume that the LNG input to the
recondenser suddenly stopped, the BOG will push the filling LNG. HP pumps
must be shut down until the recondenser is empty. Therefore the size of BOG
recondenser will be determined with the information about the pump shut down

time and BOG volume flow rate.[65]

V= f "ty (1)
V : recondenser unit size

f : BOG volumetric flow rate
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t, : minimum shutdown time for HP pump

® Flare
Flare system disposes the excess boil-off gas which is not able to be recovered
in vapor handling system by burning it over the flare stack. There is a limitation
to the pressure of disposed BOG on API standard 521, which is over 5 bar.[66]

This standard will be applied to the design result.

® HP pump
According to the design specification for sendout gas pressure, the product,
vaporized LNG must be pressurized over 100 bar. Because it is more feasible to
pressurize LNG at first, HP pumps are prior to the vaporizer. The pressure of HP
pump is decided with consideration of sendout pressure and the pressure drop
from the vaporizer. Usually the pressure drop of LNG vaporizer is suggested to

2 bar that the result of HP pump pressure is as follows;

HP pump pressure : 102 bar

Another necessary specification of HP pumps is capacity and number of units.
Usually the capacity of pump is getting larger, the overall capital cost is
decreased but at the minimum send out situation, the excess amount of
pressurized LNG will be returned to BOG recondenser. Because of the pump
efficiency, the returned LNG BOG will evaporate and increase excess BOG. So
it will be determined in process simulation model for minimum

sendout/unloading case to minimize excess BOG.
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® \aporizer

There are many options to vaporize LNG as displayed in figure 2-13, and the
following 5 types are the most widespread vaporizer for LNG regasification
terminal.

B Open Rack Vaporizers (ORV)

B Submerged Combustion Vaporizers (SCV)

B Ambient Air Vaporizers (AAV)

B Intermediate Fluid Vaporizers (IFV)

B Shell and Tube Vaporizers(STV)
To develop a topside process of LNG-FSRU, an appropriate type of
vaporization method will be selected during the design procedure.
ORV is the one of the most popular type of vaporizer in existing regasification
terminals especially in Korea, Japan and Europe because of its easy operation
and maintenance. As seen in the figure 2-14, ORV uses the seawater as heating
material and when the relatively hot seawater is distributed above, input LNG is
evaporated absorbing the heat from the hot water.
SCV is another widespread vaporizer for the LNG terminal in the sub-equatorial
region. If the seawater is not relatively hot enough and when there is a harsh
regulation for seawater temperature difference, SCV is preferred to ORV. The
schematic diagram for SCV is displayed in figure 2-15.
AAV uses ambient air as heat source as seen in the figure 2-16. To use this type
of vaporization method, the temperature of target location must be high enough.
IFV has somewhat complex structure than other vaporization methods above but
it has an advantage on safety so that this method attracts attention of LNG

industry. The simplified structure is seen in figure 2-17 and propane and water-
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glycol mixtures are utilized for the heating media.

STV is to use a simple shell and tube heat exchanger as vaporizer. The basic
concept of STV is similar to ORV, what is to use seawater as a heat source and
the seawater directly heat the LNG. The difference between these vaporizers is
the structure of vaporizer unit. STV has strengths on various aspects, fast and
easy operation, simple system, compact design, and offshore compatibility. [67—
70]

The selection of an appropriate vaporization method will be handled in the next

section.
Shore Based
Regasification
Technologies
Combustion Environmental
Heat
Submerged Indirect Steam Seawater Air
Combustion Fired System
Vaporizers Heaters
(SCVs)
Open Rack Intermediate Direct Ambient Air AAVs +
Vaporizers Fluid Seawater Vaporizers Intermediate
(ORVs) ‘Vaporizers Shell & (AAVs) Fluid
(IFVs) Tube
Vaporizers
(STVs)

Figure 2-13. A classification for LNG regasification processes[71]
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2.4.3. Vaporizator selection

In this section, each vaporization methods are designed to satisfy the design
specification and finally the best option is selected for LNG-FSRU topside
process.

At first, the target design specifications are following;

Send-out gas temperature : 5°C
Allowable pressure loss : 5 bar
Seawater temperature difference : 7 °C

Seawater input temperature : 26 °C

In this research, ASPEN Exchanger Design & Rating V7.3(EDR) is applied to

design the vaporizers more precisely.

® Open Rack Vaporizers (ORV)
The open rack vaporizer uses seawater as heating material and it uses
gravitational force to flow heating media. Table 2-5 and 2-6 shows the design
specification of ORV example. Unfortunately ASPEN EDR does not have an

exact model for ORV, the size and weight is calculated by manual calculations.
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Table 2-5. A data sheet of sample ORV

DATA SHEET
OPEN RACK VAPORIZER
anueacTureR KOBE STEEL, LTD.
|rem no. .
Ino. oF uniTs 2
PERFORMANCE OF ONE UNIT
Ino. oF PANELS 5 (5 PANELS » 1 BLOCKS) ()
NO. OF TUBES PER PANEL 90 ()
6000mm(*)
TYPE OF HEAT TRANSFER TUBE
LNG SEA WATER
FLOW-RATE TOTAL (Ton/hr) 110 2,840 (™)
[NOR INLET OPERATING PRESS. (barg) 55 0.5
TEMP. WARM END ('C) 44 256
|coLo eno 1ty -153.9 18.3 (")
EAT LOAD {MW) 22.96 ()
ALLOWABLE /CAL.P.D. (bar) 18/20(°) -105(")
FOULING FACTOR (m2KiW) 0 0,00017
SIGN PRESSURE (barg) 99 6"
SIGN TEMPERATURE ('C) ~170~65 (') 0~60 (*
JON ALLOWANCE (mm) 0() 0()
MATERIAL
[HEAT TRANSFER TUBES ASTM B221M 60B3(")
lHeaoers ASTM B241M 5083(*) FRP (")
IFLMES- ASTM B24TM 5083(%) FRP (")
IMhNIFOLD PIPES ASTM B241M 5083(") FRP ()
IEWHG END COVER ASTM B247M 5083(*)

Table 2-6. A geometric data sheet of sample ORV

_ _ Total
Height  Width  Length weight(ton)

(fr) (ft) (ft)

Name Material
Dry Oper.

LNG open rack

. AL-6XN 29 15 23 42.2 99.8
vaporizer
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For the calculation of ORV, the design result from Dendy and Nanda is referred
as a standard.[72] According to their result in table 2-7, the cost and geometric
data of ORV will be available when the result of another option, STV is
calculated.

One more thing to consider in designing ORV is when the ORV is shaken by
ship motion, its vaporization efficiency is changed by the contacting area
ratio(CAR). This concept is well applied by PFR which is dealt with the first
section of this chapter and the same concept is applied to the ORV design. In
details of changing efficiency of ORV, we need to calculate the contacting area
ratio. When the seawater falls gravitationally to the tilted area as seen in figure
2-18(b), the contacting area S; is decided by 6 which is a tilting angle. In this
research, the tilting angle refers to the MPM roll amplitude that the value is 6
degrees.

The equation for contacting area ratio is determined as follows.

(x+(x—htan9))-h

_ St _ 2

When the CAR is applied to ORV, the height and width of ORV must be
specified. If we assume the height and width as table 2-6, CAR value will be
0.92. However if we focus on each tube of ORV, CAR value is calculated as
0.0381, which means the size of ORV should be designed 26 times larger to
operate in tough wave condition.

Therefore ORV is not recommended for LNG-FSRU except the LNG-FSRU is

anchored to landside.
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Table 2-7. Calculation result of vaporization methods

STV- STV- SCV- ORV-

System SCV Indirect Direct hybrid hybrid
Footprint 1 3.8 2.1 7.1 2.2
Total Installed Cost 1 14 13 14 1.4

Annual net
énnual_ (MMBTU) 1 0.28 0.4 0.34 0.3
perating Annual

Cost (MW-hrs) 1 1.47 1.28 1.72 1.01
A 2-tj] &
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Figure 2-18. Efficiency loss of ORV due to ship motion; (a) a concept of
efficiency loss, (b) calculation for efficiency change
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® Submerged Combustion Vaporizers (SCV)
Before entering the detail design step, it is necessary to consider the economic
feasibility of SCV because this type uses fuel to heat the LNG. If the heating
cost is burden, this type does not need to be considered.
To check the economic feasibility, the amount of vaporization heat is calculated.

The equation below depicts the LNG vaporization heat.

Q =m+AHygp +m - Cpy - AT, +m- Cp, - AT, (3)

Where Q is the overall heat amount, m is the mass flow rate of send-out LNG,
Cp, and C,,, are the heat capacity of LNG at liquid state and vapor state.
AH,q, is the heat of vaporization of LNG. AT, is the temperature difference

from the initial state to vaporization temperature and AT, is the temperature
difference between final state and bubble point temperature.

The amount of heat of vaporization can be calculated easily by process
simulation software and the result for maximum send-out case is about 3.88 e 8
kJ/h and while the heat value of natural gas is 52.2 MJ/Kkg, the required amount
of natural gas is 7.66 ton/h.[73] As the maximum send out gas flow rate is about
600 ton/h, over 1 % of LNG must be burnt to produce natural gas that this
method is not applicable for the LNG-FSRU compared to other vaporization

method.
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® Ambient Air Vaporizers (AAV)
Aspen EDR supports the ambient air vaporizer but there is a limitation on the

temperature range. The additional assumptions are below;

Ambient air temperature : 13°C
Input LNG temperature : -100°C
Estimated pressure drop : 5 bar

The result is seen in the table 2-8. To cover the temperature difference between
the LNG input to AAV and general LNG properties from HP pumps, a simple
shell and tube heat exchanger is applied before the AAV. The shell and tube heat
exchanger will use seawater as a heat source. To design a simple heat exchanger,

the following information applied.

Input LNG temperature : 26 °C

Output LNG temperature : 18°C

The design of STV is available at table 2-9.
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Table 2-8. A specification sheet of AAV

Size & Type " 20.6286 / " 24.0192 m Type Forced Number of Bays 4
Surf/Unit-Finned Tube 97023.4 m2 Bare area/bundle " 516.3 m2 Area ratio r 23.49
Heat exchanged 7 100171195 kealh MTD, Eff " 3618 C
Transfer Rate-Finned ’ 28.6 Bare, Service 670.4 Clean v 673 kcal/(h*m2*C)
PERFORMANCE DATA - TUBE SIDE
Fluid Circulated In/Out
Total Fluid Entering _ kg/h '600000 Density, Lig kg/m3 " 33156 /' 463.19
In/Out Density, Vap kg/m3 7 14035 |/ 7897
Temperature c 100 /87 |Specific Heat, Lig kcal(kg*C) . 1.0855 /  0.715
Liquid kg/h " 600000 /' 0 |Specific Heat, Vap keal(kg"C) | 0.8613 /@ 0.6511
Vapor kg/h 0 /7 600000 |Therm. Cond,Liq kcal(h*m*C) @ 0103 /| 0.092
Noncondensable Ib/h / Therm. Cond, Vap kcal/(h*m*C) " 004 /7 0036
Steam Ib/h / Freeze Point C
Water Ib/h / Bubble / Dew point C T 4998 | -64
Molecular wt, Vap " 161 /' 161 |Latentheat BTUIb
Molecular wt, NC Inlet pressure (abs) kgf/cm2 v 91.775
Viscosity, Lig cp 7 00912 /' 0.1031 |Pres Drop, Allow/Calc i /7 3128
Viscosity, Vap " 00144 /' 00133 Fouling resistance m2*h*C/kcal 0
PERFORMANCE DATA - AIR SIDE
Air Quantity, Total 6000008  kg/h Altitude "0 m
Air Quantity/Fan 117.278 m3/s Temperature In " 25 C
Static Pressure v 186 Pa Temperature Out v -44.51 C
Face Velocity 3.13 ms Bundle velocity' 3.71  kglsim2 Design Ambient T C
DESIGN-MATERIALS-CONSTRUCTION
Design pressure v 115.228 kgf/cm]Test Pressure Design temperature v 0 C
TUBE BUNDLE Header Tube
Size m 20.628 Type Box Material Carbon Steel
Number/bay I'2 Material Carbon Steel Specifications
Tube Row s '7 Passes '6 oD " 254 Min Thk. 1.65 mm
Arrangement Plug Mat. No./Bur' 329 Lng 20 m
Bundles > par |Gasket Mat. Pich @ 60 / 5196 30 deg
Bays 4 par Corr. Allow . mn| Fin
Bundle frame Inlet Nozzle '1 '146.33 mm Type G-finned
MISCEL LANEOUS Outletnozzle 1 '193.68 mmMaterial Aluminum 1060
Struct. Mount. Special Nozzles oD | 5715 Tks 0.28 mm
Surf.Prep Rating No. 433 #m DesTemp c
Louvers Tl Pl Code
Vibration Switches Chem Cleaning Stamp Specs
MECHANICAL EQUIPMENT
Fan,Mfr., Model |Driver, Type Speed Reducer, Type
No/Bay & 3 RPM Mfr. Mfr.&Model
Dia. " 4572 m _ Blade(s) No./Bay No./Bay
Pitch Angle RPM Rating
Blade(s) Hub Enclosure Ratio
hp/Fan v 36.736 kW MinAmb V/Phase/Hz Support
Control Action on Air Failure- Louvers
Degree Control of Outlet Process Temperature
Recirculation Steam Caoil No

Plot Area

m2

Draw ing No.

WtBundle | 178322 Wt Unit ' 142657.2 kg

Notes:
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Table 2-9. A TEMA sheet of preheater for AAV

Heat Exchanger Specification Sheet

Company:
Location:
Service of Unit: Our Reference:
ftem No.: Your Reference:
Date: Rev No.: Job No.:
Size 1574.8/ ¥ 3657.6 mm Type  BEM Hor  Connected in 1 parallel ¥ 1 series
Surf/unit(eff.) 608.3 2 Shells/unit "1 Surf/shell (eff.) 7 608.3 m2
PERFORMANCE OF ONE UNIT

Fluid allocation Shell Side Tube Side
Fluid name BOG LNG
Fluid quantity, Total kg/h 3377483 600000

Vapor (In/Out) ka/h 0 v 0 0 | 0

Liquid ka/h 3377483 | 7 3377483 600000 I 600000

Noncondensable kg/h 0 0
Temperature (In/Out) C 25 4 18 -150 -100

Dew / Bubble point C|
Density (Vap / Liq) kg/m3 17997.24 17998.81 17446.93 /7 363.8
Viscosity cp /70.8904 /71.053 /70.1145 /70.0441
Molecular wt, Vap
Molecular wt, NC
Specific heat keal/(kg*C) /7 0.999 /70.999 170.7422 /7 0.8567
Thermal conductivity kcal/(h*m*C) /7 0.522 /70.512 /7 0.152 /¥ 0.093
Latent heat kcallkg
Pressure (abs) kgf/cm2 3 T 1.044 102 101.975
Velocity m's 5.18 0.83
Pressure drop, allow ./calc. kgf/cm2 2 [ 7 195 1.122 4 0.025
Fouling resist. (min) m2*h*C/kcal 0 0 4 0 Ao based
Heat exchanged 7236281¢ kcallh MTD corrected 74486 C
Transfer rate, Service 7268.1 Dirty 71278.6 Clean 71278.6 kcal/(h*m2*C)

CONSTRUCTION OF ONE SHEL L Sketch
Shell Side Tube Side

Design/vac/test pressure:  kgf/cm2[ 3.515 / / 12.491 / / o o
Design temperature C 60 v 37.78
Number passes per shell 1 v 1
Corrosion allow ance mm 3.18 v 3.18
Connections In mm[1 812.8 / - 17 5588 / - . _
Size/rating Out 1 v762 | - 17 4572 | -

Nominal Intermediate / - / -
Tube No. 73195 OD "19.05 Tks- Avg 2.11 mm Lengt"3657.6 mm Pitch "23.81 mm
Tube type Plain Material Carbon Steel [Tube pattern 730
Shell Carbon Steel D "1574.8 _OD'1600.2 mm [Shell cover -
Channel or bonnet Carbon Steel Channel cover -
Tubesheet-stationary Carbon Steel Tubesheet-floating -
Floating head cover - Impingement protection None
Baffle-crossing Carbon Steel Type Single segme  Cut(%d) 19.88H Spacing: c/c 7641.35 mm|
Baffle-long - Seal type [inlet — "1270 mm
Supports-tube U-bend Type
Bypass seal Tube-tubesheet joint Exp.
Expansion joint - Type
RhoV 2-Inlet nozzle 73605 Bundle entrance 7807 Bundle exit 9200 kg/(n*s2
Gaskets - Shell side - Tube Side Flat Metal Jacket Fibe

Floating head -
Code requirements ASME Code Sec VIl Div 1 TEMA class R - refinery service
Weight/Shell 748916.2 Filled w ith w ater 58801.7 Bundle 20065.8 kgl
Remarks
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® Intermediate Fluid Vaporizers (IFV)

IFV is divided to two different types which use propane as a heating media or
ethylene glycol-water (EG/water). In this research, EG/water is utilized as a
heating material because that solution is not explosible and safer than propane.

To design IFV, the first thing to do is setting up the boundary condition for
heating material. Table 2-10 shows the freezing point of EG/water solution.
Usually the composition of EG in solution is given as 50 volume% to maintain
the freezing point under -30 °C. If the lowest temperature of intermediate fluid
is determined, another important factor of designing IFV is the highest
temperature of intermediate fluid. When these parameters are determined, the
intermediate fluid flow rate, heat transfer equipment and pump size will be
defined as Table 2-11. As the lowest temperature of intermediate fluid is fixed
to -30 °C, T, Of intermediate fluid is the key issue. Figure 2-19 shows the
trends of heat transfer area and flow rate that is determined by the lowest
temperature. These y values in the figure 2-19 can be converted to capital cost
and operating cost and it is displayed in figure 2-20. Through the figure 2-20,

the temperature is decided to 15 °C.
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Table 2-10. Freezing points of Ethylene glycol solution

Ethylene Glycol

Solution 0 10 20 30 40 50 60
(% by volume)
(°F) 32 259 178 73 -103 -342 -63
Temperature
(°C) 0 -34 -79 -13.7 -235 -36.8 -52.8

Table 2-11. A simple calculation for IFV boundary condition

Stream LNG Interm(_edlate Sea water
Fluid
Tou (°C) 10 -30 18
Tin(C) -154 15 26
AT (°C) 164 45 8
Flow rate (kg/h) 600000 1938496 8919778
Heat capacity
(Ki/kg°C) 2.937 3.313 4.05
Heat flow (kJ/h) 3.13¢e8
LMTD 46.7 19.0
U (kJ/kg-m,-°C) 8547 6201
A 785 2656
73 *y I
.-':lx_g -'T" | ii ".ll
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Figure 2-20 and table 2-12 describes a heat and material balance of
intermediate fluid type vaporizer. The suggested system contains two heat
exchangers and a pump. Additionally a steam heater can be included in the
intermediate fluid cycle but in this research, it is not considered because of
preventing CO2 emission.

The detailed design specification of equipment in IFV system is described in
Table 2-5 and this information will be input values for Aspen Capital Cost
Estimator.

In the design of seawater heat exchanger, the rule for seawater temperature
difference (-5 °C) is applied because there are many countries that have

environmental regulation for sea water.[8]
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Figure 2-21. A simulation model for IFV

Table 2-12. A stream result of IFV

Name WI/EG out+ WI/EG in NG Seawater_cooled
Vapor fraction 0 0 1 0
Temperature (°C) -30.00 15.00 10.00 18.00
Pressure (kg/cm?) 2.00 4.59 103.90 113
Molar flow rate 7.992.E+04 7.992E+04  3.303.E+04 6.778.E+05
(kgmole/h)

Mass flow rate 3.200.E+06 3.200.E+06  6.000.E+05 1.251.E+07
(kg/h)

Heat flow (kCal/h) -7.189.E+09 _ o "o, -6.312E+08 -4.651.E+10
Name Seawater LNG W/EG_ Pressed 16
Vapor fraction 0 0 0 0
Temperature (°C) 26.00 -158.00 -29.86 -30.00
Pressure (kg/cm?) 2.66 104.00 6.12 2.00
Molar flow rate 6.778.E+05 3.303.E+04  7.992.E+04 7.992.E+04
(kgmole/h)

Mass flow rate 1.251.E+07 6.000.E+05  3.200.E+06 3.200.E+06
(kg/h)

Heat flow (kCal/h) -4.841LE+10 o0 0 -7.189.E+09 -7.189.E+09
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Table 2-13. ATEMA sheet of LNG-IF heat exchanger

Heat Exchanger Specification Sheet

Company:
Location:
Service of Unit: Our Reference:
Item No.: Your Reference:
Date: Rev No.: Job No.:
Size  7990.6 / 717995.9 mm Type  BEM Ver  Connected in 7 parallel T 1 series
Surf/unit(eff.) "10492.3 m2 Shells/unit 77 Surf/shell (eff.) 7 1498.9 m2
PERFORMANCE OF ONE UNIT
Fluid allocation Shell Side Tube Side
Fluid name
Fluid quantity, Total kg/h 3366287 600000
Vapor (In/Out) ka/h 0 v 0 0 I 600000
Liquid kg/h 3366287 | 7 3366287 600000 I 0
Noncondensable kg/h 0 0
Temperature (In/Out) C| 15 v -30 -153 10.79
Dew / Bubble point C| -57.18 -63.84
Density (Vap / Liq) kg/m3 /71096.44 1112451 /7 451.1 [109.49 /
Viscosity cp /75.5041 /745654 /7 0.122 [0.0148/
Molecular wt, Vap 18.16
Molecular wt, NC
Specific heat kcal/(kg*C) /70.6495 170.6252 /70.7386 [0.8113 /
Thermal conductivity keal/(h*m*C) /7 0.24 170.229 /70.156 [0.026 /
Latent heat kcallkg 4.99 4.99
Pressure (abs) kgf/cm2 4.079 72333 104.011 103.988
Velocity m's 0.96 0.89
Pressure drop, allow ./calc. kgf/cm2 2 [ 7 1746 2 I 0.023
Fouling resist. (min) m2*h*C/kcal 0 0 v 0 Ao based
Heat exchanged 7964056 kcal/h MTD corrected 735.42 C
Transfer rate, Service 7259.4 Dirty 273.5 Clean 273.5 kcal/(h*m2*C)
CONSTRUCTION OF ONE SHEL L Sketch
Shell Side Tube Side
Design/vac/test pressure:  kgf/cm2[ 4.921 / / 114.6 / /
Design temperature C 54.44 v -200 .
Number passes per shell 1 v 1 )
Corrosion allow ance mm| 3.18 v 3.18 =
Connections In mm[1 '355.6 / - 17 2032 / -
Size/rating Out 1 7254 | - 17 254 -
Nominal Intermediate / - / -
Tube No. 71418 OD "19.05 Tks- Avg 2.11 mm LengtiT7995.¢ mm Pitch 23.81 mm
Tube type Plain Material Carbon Steel [Tube pattern 30
Shell Carbon Steel D "1000.1 OD"1022.35 mm_[Shell cover -
Channel or bonnet Carbon Steel Channel cover -
Tubesheet-stationary Carbon Steel Tubesheet-floating -
Floating head cover - Impingement protection None
Baffle-crossing Carbon Steel Type Single segme  Cut(%d)  39.69 H Spacing: c/c 7654.05 mm
Baffle-long - Seal type [inlet — 655.64 mm
Supports-tube U-bend Type
Bypass seal Tube-tubesheet joint Exp.
Expansion joint - Type
RhoV2-Inlet nozzle 2057 Bundle entrance 71840 Bundle exit 2483 kg/(m*s2
Gaskets - Shell side - Tube Side Flat Metal Jacket Fibe
Floating head -
Code requirements ASME Code Sec Vil Div 1 TEMA class R - refinery service
Weight/Shell 738787.8 Filled w ith w ater 50580.8 Bundle "26412.5 kg
Remarks
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Table 2-14. ATEMA sheet of IF-Seawater heat exchanger

Heat Exchanger Specification Sheet

Company:
Location:
Service of Unit: Our Reference:
ftem No.: Your Reference:
Date: Rev No.: Job No.:
Size  7549.4/ 77493 mm Type  BIM Ver Connected in T4 parallel ¥ 2 series
Surf/unit(eff.) '6680.8 m2 Shells/unit '8 Surf/shell (eff.) 7 835.1 m2
PERFORMANCE OF ONE UNIT

Fluid allocation Shell Side Tube Side
Fluid name
Fluid quantity, Total kg/h 13269510 3500000

Vapor (In/Out) kg/h 0 4 0 0 | 0

Liquid kg/h 13269510 [ ¥ 13269510 3500000 [ 3500000

Noncondensable kg/h 0 0
Temperature (In/Out) C 26 T8 -30 15

Dew / Bubble point C|
Density (Vap / Liq) kg/m3 /71007.65 17009.81 /M127.18 /71096.44
Viscosity cp /70.9738 /".1733 1729.3569) /75.5048
Molecular wt, Vap
Molecular wt, NC
Specific heat kcal/(kg*C) /70.9545 170.9548 /70.6205 /7 0.6495
Thermal conductivity keal/(h*m*C) /7 0.434 170.428 /7 0.231 /7 0.24
Latent heat kcallkg
Pressure (abs) kgf/cm2 4.079 V2234 6.118 4.224
Velocity n's 2.41 1.76
Pressure drop, allow ./calc. kgf/cm2 2 [ 7 1845 2 | 1.895
Fouling resist. (min) m2*h*C/kcal 0 0 v 0 Ao based
Heat exchanged 7101863¢ kcal/h MTD corrected 24.19 C
Transfer rate, Service 7630.3 Dirty 7663.1 Clean 7663.1 kcal/(h*m2*C)

CONSTRUCTION OF ONE SHEL L Sketch
Shell Side Tube Side

Design/vac/test pressure:  kgf/lcm2[ 4.921 / / 7.031 / /
Design temperature C 65.56 v -200
Number passes per shell 1 v 5
Corrosion allow ance mm 3.18 v 3.18
Connections In mm '660.4_/ - 17 4572 | -
Size/rating Out 2 7508 / - 17 4064 | -

Nominal Intermediate 1 '660.4 / - 17 4064 | -
Tube No. 71205 oD 30 Tks- Avg 2.11 mm Lengtl” 7493 mm Pitch '37.5 mm
Tube type Plain Material Carbon Steel [Tube pattern 30
Shell Carbon Steel ID "1550.9 OD'1576.39 mm [Shell cover -
Channel or bonnet Carbon Steel Channel cover -
Tubesheet-stationary Carbon Steel Tubesheet-floating -
Floating head cover - Impingement protection None
Baffle-crossing Carbon Steel Type Single segme  Cut(%d) 24.42H Spacing: c/c 7666.75 mm
Baffle-long - Seal type [inlet — 838.2 mn
Supports-tube U-bend Type
Bypass seal Tube-tubesheet joint Exp.
Expansion joint - Type
RhoV 2-Inlet nozzle 2019 Bundle entrance 6542 Bundle exit 5799  kg/(m*s2
Gaskets - Shell side - Tube Side Flat Metal Jacket Fibe

Floating head -
Code requirements ASME Code Sec VIl Div 1 TEMA class R - refinery service
Weight/Shell 719121.3 Filled w ith w ater 22720 Bundle 15797 kg
Remarks

61




Table 2-15. Design data of IF-Pump

Parameter Value Units
Item type CENTRIF
Number of identical items 1
EQUIPMENT DESIGN DATA

Casing material CS
Design temperature 15 DEG C
Design gauge pressure 5 KPAG
Fluid head 34 M
ASA rating 150 CLASS
Driver power 420.7 KW
Speed 1800 RPM
Driver type MOTOR
Motor type TEFC
Pump efficiency 75 PERCENT
Seal type SNGL

PROCESS DESIGN DATA
Liquid flow rate 777 L/S
Fluid specific gravity 1
Fluid viscosity 1 MPA-S
Power per liquid flow rate 0.541441 [KW/L/S
Liquid flow rate times head 26418 L/S -M

WEIGHT DATA
Pump 1700 KG
Motor 1400 KG
Base plate 350 KG
Fittings and miscellaneous 300 KG
Total weight 3800 KG
VENDOR COST DATA

Motor cost 51607 DOLLARS
Material cost 3509 DOLLARS
Shop labor cost 22151 DOLLARS
Shop overhead cost 22594 DOLLARS
Office overhead cost 16977 DOLLARS
Profit 18662 DOLLARS
Total cost 135500 |DOLLARS
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® Shell and Tube Vaporizers(STV)

Shell and tube vaporizer(STV) has the simplest structure of all vaporization
method so that it is easiest problem to design it. There are two works to design
STV, those are at first, setting up the boundary condition and next, detail design

by ASPEN EDR.

The boundary condition of STV is similar to other vaporization methods as

follows;

Input LNG temperature : -154 °C
Send-out NG temperature : 10 °C
Seawater temperature : 26 °C
Seawater temperature difference : 8°C

And the result of STV is seen at table 2-16.
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Table 2-16. A TEMA sheet for shell and tube vaporizer

Heat Exchanger Specification Sheet

Company:
Location:
Service of Unit: Our Reference:
Item No.: Your Reference:
Date: Rev No.: Job No.:
Size 1092.2/ ¥ 7023.1 mm Type  BM Ver  Connected in T4 parallel T 1 series
Surf/unit(eff.) 24045 2 Shells/unit "4 Surf/shell (eff.) 7 601.1 m2
PERFORMANCE OF ONE UNIT
Fluid allocation Shell Side Tube Side
Fluid name
Fluid quantity, Total kg/h 12068248 600000
Vapor (In/Out) ka/h 0 v 0 0 I 600000
Liguid kg/h 12068248 | 7 12068248 600000 I 0
Noncondensable kg/h 0 0
Temperature (In/Out) C| 26 v 18 -153 10.79
Dew / Bubble point C| -56.45 -58.54
Density (Vap / Liq) kg/m3 /71018.16 /7019.94 17476.411110.12/
Viscosity cp /70.8705 /7.0531] 170.142410.0146 /
Molecular wt, Vap 18.16
Molecular wt, NC
Specific heat kcal/(kg*C) /70.9785 170.9786 /70.7684 J0.8456 /
Thermal conductivity keal/(h*m*C) /Y 0.524 170512 /7 0.16 [0.036 /
Latent heat kcallkg 4.99 4.99
Pressure (abs) kgf/cm2 4.079 T 2376 104.011 103.984
Velocity m's 3.64 1.45
Pressure drop, allow ./calc. kgf/cm2 19 [ 7 1703 2 | 0.027
Fouling resist. (min) m2*h*C/kcal 0 0 v 0 Ao based
Heat exchanged 7949479 kcal/h MTD corrected 759.26 C
Transfer rate, Service 7666.4 Dirty 7690.4 Clean 7690.4 kcal/(h*m2*C)
CONSTRUCTION OF ONE SHEL L Sketch
Shell Side Tube Side
Design/vac/test pressure:  kgf/lcm2[ 4.921 / / 114.6 / /
Design temperature C 65.56 v -200 .. .
Number passes per shell 1 v 1
Corrosion allow ance mm| 3.18 v 3.18 m
Connections In mm[2 '609.6 / - 17 254 ] - < :
Size/rating Out 1 '609.6 / - 17 3048 |/ -
Nominal Intermediate / - / -
Tube No. 71505 OD "19.05 Tks- Avg 2.11 mm Lengt7023.1 mm Pitch 23.81 mm
Tube type Plain Material Carbon Steel [Tube pattern 30
Shell Carbon Steel D "1100.1 OD"1125.54 mm | Shell cover -
Channel or bonnet Carbon Steel Channel cover -
Tubesheet-stationary Carbon Steel Tubesheet-floating -
Floating head cover - Impingement protection None
Baffle-crossing Carbon Steel Type Single segme  Cut(%d) 95.63H Spacing: c/c 7552.45 mm
Baffle-long - Seal type [inlet  "839.79 |
Supports-tube U-bend Type
Bypass seal Tube-tubesheet joint Exp.
Expansion joint - Type
RhoV2-Inlet nozzle 72299 Bundle entrance 5586 Bundle exit 8712 kg/(m*s2
Gaskets - Shell side - Tube Side Flat Metal Jacket Fibe
Floating head -
Code requirements ASME Code Sec VIl Div 1 TEMA class R - refinery service
Weight/Shell 723978.8 Filled w ith w ater 249227 Bundle "13574.4 kg
Remarks
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® \aporizer selection
Using the result above, the vaporizer for LNG-FSRU is selected. The selected
vaporization method will be economically feasible and safely operated even the
offshore circumstances.
Before selecting the vaporization method, the result of vaporizer design is
aligned in table 2-17. The design of SCV is excluded because of its carbon
efficiency and the incomparably higher operating cost. The information of ORV
is calculated from the relation at table 2-7 and the simulation result of STV.
ORV is designed based on the assumption that the LNG-FSRU is anchored at
land side, not floating.
The footprint is calculated by ASPEN EDR and layouts in figure 2-22, 23, 24.
There are significant differences between each method and regarding the size of
FSRU fleet(300m * 50 m), all types can be installed but when the
unloading/send-out pipeline of each tank is installed in center of the ship, IFV
and AAV will not be applicable.
In conclusion, STV is the most feasible vaporization method for LNG-FSRU.
ORV seems quite comparable but the assumption of FSRU’s mooring position

limits the compatibility.[74]
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Table 2-17. Comparative analysis of vaporization methods

ORV SCV  AAV  IFV STV
Weight (ton) dry 113 - 192 427 96
wet 117 ; 207 540 100
Cost Capital 0946 - 144 290  0.806
(million$) P ' ' ' '
Operation 0.0399 110 00436 00675  0.0460
(1year)
Operation 0.799 221 0871 135  0.920
(20years)
OPEX
“CAPEX (million$) 1.75 221 231 4.25 1.73
Footprint (m?) 161 - 576 1035 154
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Figure 2-24. A top-view of layout for STV
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2.4.4. Heat and material balance sheet

Gathering the information above, the final design of LNG-FSRU topside is
determined for four different cases. The final design is embodied as a heat and
material balance sheet(HMB). The calculation of HMB is performed by HYSYS

V7.3 and the property package is selected as below;

Hydrocarbon : PRSV

Seawater : Electrolyte NRTL

The miscellaneous selections on design such as number of HP pumps are listed

as follows;
Number of HP pumps : 100 ton/h * 6
60 ton/h * 1
BOG compressor capacity : 27 ton/h * 2 (200%)

Pump operation status :
Case 1 : 5 pumps in operation
Case 2 : 2 pumps in operation
Case 3 : 5 pumps in operation

Case 4 : 2 pumps in operation
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Figure 2-25. Process flowsheet of case 1 / Maximum sendout and unloading
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Figure 2-27. Process flowsheet of case 3 / Maximum sendout and no-ship

Figure 2-28. Process flowsheet of case 4 / Minimum sendout and no-ship
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2.5.  Result and discussion

The topside process of LNG-FSRU is designed with consideration of offshore
features. And the vaporization method is also selected for LNG-FSRU. The
selected vaporizer, STV is the cheapest method and its small footprint will help
operators to do maintenance work. Even though ORV shows small difference
between STV, it has weakness to secure safety in ship motion situation that ORV
is not recommended as a vaporizer of FSRU. Thus if someone want to use ORV
for a vaporizer, the fleet must be fixed to pier that no movement is induced to
vaporizer unit. Otherwise, an improvement of ORV unit can be a solution to be
utilized in LNG-FSRU. Kobelco suggested an advanced ORV that uses an
overlapped column to prevent the effect of ship motion. [69] It will allow lower
pressure for seawater than STV but the weight or price of the vaporizer unit can
be higher that selecting ORV as a vaporizer must be considered cautiously.

IFV is safer than STV because of the existence of intermediate fluid. However,
in this research, it is too expensive to use in LNG-FSRU and when the ship
owner does not hesitate to invest on the safety, IFV will be another reasonable
option. Actually in these days some other heating materials such as propane,
butane, and even Freon are applied to IFV. Moreover, the new structure of
vaporizer unit has been developed and the size of the unit is innovatively
reduced that further studies on these vaporizers will be recommended.

In this research, AAV is designed with a lot of limit due to ASPEN EDR but it is
still not a good choice for LNG-FSRU. Because of the sea condition, the
humidity of LNG-FSRU is higher than that of land based terminal. This will

make large amount of frost on vaporizer surface, which decreases the heat flux.
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In actual operation, AAV should be shut down to eliminate frost and the

operating time is shorter than others.

Including the comparative analysis of vaporization method, the LNG-FSRU
topside process is designed. This developed design will improve safety and

feasibility of LNG-FSRU.
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CHAPTER 3 : DYNAMIC SIMULATION OF
LNG-FSRU TOPSIDE PROCESS

3.1. Introduction

Development of a FEED package for a plant contains lots of information such
as PFD, P&ID, heat and material balance table(HMB), HAZOP, equipment
specification, and so on. This work is progressed with process simulation
technique and nowadays the FEED package cannot stand without process
simulation model. For an example on the chapter 2, a topside process design on
flowsheeting level is completed using the steady state simulation model.

After the PFD is specified, works for further design level such as making P&ID
follows. These works can lighten the burden by using the dynamic simulation
model which can show the dynamic changes in chemical process. To build an
exact dynamic model, it is necessary to secure enough information to model and
to understand the target model precisely.

Among the many process units which are mentioned in chapter 2, we can say
that the most important process unit is the BOG recondenser. In the LNG-FSRU
and also in onshore receiving/regasification terminal, any chemical reaction
does not exist. However, there are several units where phase changes occur and
they are LNG storage tank, vaporizer, and BOG recondenser. Above these units,
BOG recondenser is the only unit in LNG terminal where the vapor, BOG, is
liquefied to LNG. Moreover, as the liquefaction is more delicate process than

evaporation, lots of efforts to estimate and control the recondenser are delivered.
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The importance of BOG recondenser is not just the complexity of operation but
the process efficiency will also be determined by successive recondenser
operation. When the BOG is not fully covered by recondenser, it should be
flared in LNG-FSRU and seriously threaten economic feasibility.

Therefore, the accuracy of BOG recondenser modeling must be higher than any
other facilities in LNG-FSRU. In this research, dynamic modeling of the BOG
recondenser with a progress of accuracy is studied and the model is tested with
the operation data from BOG recondenser in real LNG receiving terminal.

In this basic terminal design, the formation of boil-off gas (BOG) is an
inevitable problem that can be a risk to the safety and economic feasibility of
the terminal. When external heat permeates into the network, evaporating LNG
will expand to 600 times its liquid volume. This BOG can increase the pressure
inside the storage tank and damage process facilities. Moreover, if the
evaporated gas is not recovered, it can be a significant economic loss. Therefore,
a BOG treatment process is generally required in LNG receiving terminals.[75]
The BOG recovery process was developed a few decades ago, and its basic
design is now standardized in previous research and patents.[76—79] In brief, the
process involves the compression of BOG and its mixing with LNG in a sudden
pressure vessel. Through this process, the wasted BOG is recovered and the
problems caused by BOG formation are reduced. Furthermore, the pressure
vessel, termed the BOG recondenser, can act as a buffer tank for the high-
pressure pump used in many LNG receiving terminals.

As the BOG recondenser plays an important role in terminal operations, the
performance of the recondenser should be analyzed precisely, and an accurate

dynamic simulation model of the recondenser is therefore required. Such a
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model is more complex for a BOG recondenser, because, unlike other process
units in an LNG terminal, a vapor-liquid phase change takes place within it.
Some previous studies have been conducted employing a dynamic simulation of
a BOG recondenser. However, insufficient accuracy was observed in these
studies to allow their application to a real recondenser in an LNG terminal.[19]
Thus, in this research, we propose a new dynamic modeling method to simulate
a BOG recondenser with acceptable accuracy. The main feature of the proposed
methodology is the use of variable flash ratio for modeling the BOG
recondenser, which is in a non-equilibrium state. The proposed methodology is
validated with the actual operating data from a BOG recondenser in a real LNG

receiving terminal.
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3.2.  Theoretical backgrounds

3.2.1. BOG Recondenser

Before proposing the methodology, definition of the target must be specified.
Figure 3-1 shows the basic scheme of a BOG recondenser, which is the main
target of this research. When the pressurized BOG from the BOG compressor
enters the recondenser vessel, it is mixed with the input LNG from the low-
pressure pump at the storage tank. The input BOG and LNG are both
pressurized to about 9 bar, and when the BOG meets the surface of an LNG
droplet or another cool material, it will be liquefied. After the BOG is liquefied
and mixed with the LNG, it is transferred to secondary pump without any vapor
remaining in the fluid. Figure 3-2 provides a closer view of the recondenser,
showing the separate area inside the pressure vessel in which the column is
filled with steel packing. This provides an additional heat transfer area for
contact with vapor. The size of this heat transfer area is determined by the liquid
level of the recondenser, such that when the BOG/LNG ratio (BLR) is too high,
the liquid level is lower and the heat transfer area increases. The larger available
recondensation area drives an increase in the liquid level. Similarly, when the
BLR is too low, the reduced heat transfer area will decrease liquid level.[16],
[64]

In the first step of building a dynamic model for the BOG recondenser, a
pressure vessel unit model is applied to represent the recondenser. The area
inside the unit is regarded as a non-equilibrium region, since many changes in

operation mode occur inside the recondenser and an assumption of equilibrium
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is not valid. There have been many previous studies featuring non-equilibrium
calculations, and many dynamic process simulators, including HYSYS and
DYNSIM, support them. However, based on such models, especially HYSYS
dynamics does not show the sufficient accuracy on BOG recondenser in
tracking abrupt changes and in estimation of liquid level inside the recondenser.
When the accuracy of the model is insufficient, the operator-training simulator
(OTS) for the LNG terminal will poorly represent actual situations and may be a
serious problem for operator education. For example, if the model fails to
estimate the liquid level in the BOG recondenser and an operator applies an
inappropriate operating scenario, the system alarm cannot provide warning of
the dangerous action. Therefore, building an exact model for the BOG

recondenser is important for enhancing the safety of LNG-FSRU.
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Figure 3-1. Process flow sheet of a BOG recondenser
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Figure 3-2. The phenomena inside BOG recondenser

3.2.2. Prior researches about recondenser modeling

As mentioned above, the accurate modeling for recondenser is important. Many
researches about the recondenser support this importance.

Kim proposed a process with heat exchanger to improve recondensation
performance and similar concept was tried by Park. Jung studied the design and
operation of LNG terminals from the view of the operator’s practices. Querol
and Li also suggested advanced recondensation processes and these studies
focused on the steady state analysis.[19], [80-82]

By the way the purpose of recondenser modeling is focused on the exact
estimation about its operation so that it needs to be modeled in dynamic
condition. There are also some researches about dynamic modeling cases for
BOG recondenser. Li’s work is a representative study about dynamic simulation
for BOG recondenser with DYNSIM and a case study of an LNG terminal
dynamic simulation by Jorge covered all area in LNG terminal and also the
recondenser.

Moreover, in HYSYS, which is a widespread software in LNG industry, a

feature to model the non-equilibrium vessel like the recondenser exist as flash
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ratio.[83] Despite the researches and commercial software improvement, the
accuracy of HYSYS dynamics is still not reaching to real recondenser. This is
because the studies above are regarding the recondenser as a simple pressure
vessel and when someone uses this strategy to model a recondenser in HYSYS,
it fails to precise estimation of level. As it is displayed in figure 3-2, the
structure inside works for increasing recondenser’s performance that the real
recondenser cannot be expressed by simple vessel model.[19], [20]

In this study, we propose an advanced dynamic modeling method about BOG
recondenser for HYSY'S to overcome the accuracy problem. With using HYSYS,

we will gather both high usability and acceptable accuracy.

3.3.  Proposed modeling methodology

In this paper, we develop an advanced methodology to build a dynamic
simulation model of a BOG recondenser with improved accuracy and reliability.
Before describing the proposed methodology, the general dynamic simulation

technique for a BOG recondenser should first be explained.

3.3.1. General dynamic simulation of a BOG recondenser

As the fluid inside the BOG recondenser is in a non-equilibrium state, it
assumed that there are three different regions: vapor, liquid, and equilibrium
areas. Each area has different fluid properties, and there is transfer of fluid

between them. The rates of transfer are specified by a flash ratio value, which
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means a ratio of an amount sent to the equilibrium area over whole amount of
such area’s holdup. By controlling the flash ratio value, the model can calculate
the properties and volume of each state. [84], [85]

Using the flash ratio concept, the model performance is greatly improved.
However, when we use HYSYS with this flash ratio, insufficient accuracy in the
predictions of liquid level remains a problem. Figure 3-3 shows the relationship
between the liquid level and the LNG input rate and BLR from actual operating
data. Data from the simulation model with constant flash ratio is shown in
Figure 3-4. The variation of liquid level with BLR predicted by the model
seems quite similar to the real data, but for the relationship between liquid level
and LNG input rate, the simulation model cannot estimate the tendency well.
Moreover, the previous research with dynamic modeling of the BOG
recondenser shows a problem with accuracy, especially in situation of changing
liquid level. This is one of the most important variables in the BOG recondenser
because it is directly connected with safety of the unit. Therefore, an advanced
modeling technique for better accuracy is required.

The reason of this error is from the solving method of HYSYS. Material, energy,
and composition balances in Dynamic mode are not considered at the same time.
Material or pressure-flow balances are solved for at every time step. Energy and
composition balances are defaulted to solve less frequently. Pressure and flow
are calculated simultaneously in a pressure-flow matrix. Energy and
composition balances are solved in a modular sequential fashion. This results,
when input volume flow changes, the hold-up amount inside the vessel is
changed in such time step and even flash ratio is applied to the model, the entire

calculation for hold-up volume is also changed.

83



In this research, the enhancement in the accuracy of the predictions of liquid
level in the BOG recondenser is realized by varying the flash ratio with
changing operating conditions, in particular, the LNG input rate. Figure 3-5(a)
demonstrates that the liquid level prediction of the simulation model depends on
the flash ratio. When the flash ratio varies with the LNG input rate, the dynamic
simulation model of BOG recondenser can estimate liquid level with enhanced
accuracy. Therefore, in this research, the flash ratio is determined as a function
of LNG input rate so that the flash ratio value is changed by the LNG input rate

value.
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3.3.2. Building the flash ratio function

The procedure for building the flash ratio function is as follows.

1) Perform dynamic simulations with varying flash ratio to create data sets
for liquid level versus LNG input rate, as shown in Figure 3-5(a).

2) Compare the simulation data from step 1 with a fit of the actual
operating data for liquid level versus LNG input rate in the BOG
recondenser (the function given in Figure 3-5(a)) as seen in Figure 3-
5(b).

3) Find the points of intersection between the simulation results and the
actual data set, and extract the LNG input rate values at these points.

4) Fit an equation to the flash ratio versus LNG input rate at the

intersection points, as shown in Figure 3-5(c).
With this procedure, the function relating flash ratio to LNG input rate is

derived. Using this equation in the dynamic simulation model, we obtain

accurate values for the liquid level in the BOG recondenser.
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3.4. Case study : Data preprocessing

The original operation data is gathered through the distributed control system of
real onshore LNG terminal. Every data is captured at intervals of one minute

and data during three days with multiple unloading and offloading operations.

3.4.1. Noise filtering

Before the objective data selection, the gathered data is filtered at first. The raw
data has lots of noises even in a single operation mode as seen in the Figure 3-6
so that these noises should be eliminated. According to the figure, temperature
and BOG incoming rate data for 20 minutes show lots of noises despite the
operation mode is not changed. When we use the data with noises in simulation,
the stiffness of the data can threat convergence of simulation model.

The noise filtering method is selected to simple moving average because the
size of raw data is too massive. The simple moving average method is efficient

and speedy, thus, it is utilized in many industrial area.[86]

Pt Pu-1t ot Py_(n-1)

SMA
n
SMA = averaged value
Pu = measured value of specific time
n = number of data horizon

The equation above represents the concept of simple moving average. The key
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issue of the methodology is how to define the number of data horizon. If the
data horizon is large, the averaged value will not consider the rapid mode
change and when the data horizon is too small, the random noise cannot be
filtered sufficiently. In this case study, the number of data horizon is selected as
9, and the representative result for incoming BOG rate is seen in Figure 3-7.
The figure shows more rigid line on the reconciled data (red dots) and catches
dramatic mode change with satisfactory speed. These filtered data will be the

base of precise simulation.
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3.4.2. Raw data selection

After the raw data is filtered and the noise of raw data is eliminated enough, the
data which represents the individual operation mode will be selected. To make a
precise dynamic simulation model, it should be based on steady state modes and
trained with various operation modes, that providing good quantity and quality
data sets is the key point in dynamic modeling procedure.
The objective data is classified to two cases those are steady state and transient
state and the steady state data should satisfy the conditions below;

1) Small difference between the reconciled data and real data

2) The gradient of reconciled data is close to zero

3) The period when core data such as flow rate and pressure are stable
For the transient state, the periods when significant operation mode changes
exist are selected with satisfying the condition above the mode change.

Following these conditions, several periods are selected as figure 3-8.
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3.5. Case study : Advanced dynamic modeling for BOG

recondenser

To validate the proposed technique, it was applied to the BOG recondenser in
the South Korean LNG terminal. Using the actual operational data set from the
BOG recondenser, the simulation model with the flash ratio function was built
and the model was tested with real operating situation. In addition, a virtual
scenario for an extreme level change was studied to emphasize the usefulness of

this technique.

3.5.1. Model building

As the first step of the case study, a dynamic simulation model was built to
describe the target BOG recondenser. For performing the dynamic simulation,
Aspen HYSYS V7.3 was selected because it is verified for many cases in LNG
industry. The Peng-Robinson-Stryjek-Vera (PRSV) equation of state was
utilized as a property package, and the input composition of LNG given in
Table 3-1 was assumed.[87]

The target of the case study has two symmetrical recondenser units as seen in
Figure 6, and this basic structure is reflected in the simulation model. In a
detailed view of each recondenser model, the single recondenser unit must be
composed of the two separate pressure vessel models. Inside the BOG
recondenser shown in Figure 3-1, there are two different areas — the inner

packing area and outer annulus section. These areas have different features, but
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they interact with each other so that it is necessary to model the target with
separate pressure vessel models. By using the separated models, it can be
observed that when the input BOG rate becomes larger, the liquid level in the
packing area decreases and the level in the annulus area increases. The size
information of each unit model is based on the real geometry data and design
specifications such as the volume, height, and diameter, and therefore, we can
build the dynamic simulation model realistically.

To take into account the variable flash ratio, which is the key feature of this
research, a modeling procedure to generate an equation for this efficiency value
variation is necessary. There are many different efficiency values for
feed/recycle streams with vapor and liquid areas in the holdup model at HYSY'S
Dynamics as seen in the table 3-2, however to simplify the problem, the only
changing value is the recycle efficiency. All the other values are fixed to zero for
vapor feed/product and maximum value for each liquid areas because it is
assumed that all input vapor goes to vapor holdup and the liquefaction is
occurred only in the equilibrium area.

Applying the procedure described in section 3.2.2, the flash ratio function

relating the LNG input rate in Figure 3-5(c). is generated.

FE = 615.41(1000 — x)~13 (1)

where FE is the flash ratio value, and x is the LNG input rate (m3 h-1)
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Table 3-1. Composition of feed LNG

Component Composition
CH, 0.8926
C.Hs 0.0864
CsHs 0.0144

n-C4Ho 0.0027
i-C4Hy 0.0035
N, 0.0004

Table 3-2. Efficiency values for HYSYS holdup model

Recycle efficiencies Feed Efficiencies Product Efficiencies

Vapor Variable  Vapor 0 Vapor 0
Liquid 100 Liquid 100  Liquid 100
"':l"*-_-i 'a.l.- ]
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3.5.2. Model validation

The model including the flash ratio function was tested firstly with an actual
operational data set at the operating mode change situation, and secondly with a
virtual scenario in which LNG input rate was abruptly decreased for the purpose
described above.

For model validation, the manipulated variables in the operating data were
entered into the dynamic simulation model, which was developed as described
in section 3.4.1, and the result compared to the actual operating data. The
manipulated variables include the controller operating data and the other
dependent variables such as pressure, temperature, and input flow rate. The
variation in the simulation result over time can be generated by changing the
manipulated variables at specified time intervals. Figure 3-9 displays the sensor
information with the manipulated variables highlighted in red text.

The simulation is performed as follows. In addition to the basic simulation
model in Figure 3-9, a spreadsheet for evaluating Eq. (1) to determine the
efficiency values of the simulation model and changing the manipulated
variables of the model was used. The manipulated variables were changed
periodically using the actual time dependent data set. The simulation result is
compared with data from the real recondenser or the simulation result from
constant flash ratio model, and displayed in Figures 3-10 and 3-11. The
constant flash ratio model is based on the same simulation model mentioned
above but the flash ratio value is fixed at its initial value. The virtual scenario is

based on the assumption that the LNG input flow rate is decreased abruptly at
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first, and subsequently raised, with the liquid level expected to vary in response

to this operational mode change.

As displayed in Figure 3-5, the general process of dynamic modeling is
constituted with (1) training with various steady state data, (2) time dependent
variable change and (3) detail specification update. Other process is not far from
other dynamic simulation cases but in this case, updating the detail specification
needs to be clarified. In the theoretical background section, the hold-up

efficiency is mentioned and it will be explained in detail.
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3.5.3. HYSYS non-equilibrium solving method

HYSYS is widespread process simulation software especially in LNG industry.
It contains lots of process unit model such as distillation column, pipe, separator,
and so on. For simulating BOG recondenser, the most usual process model is
simple separator and many researches are based on the very simple model.
However, there is a problem to build an exact model, that is, the simple
separator model assumed an equilibrium state inside the vessel. This makes a
difference between the simulation and a real operation of BOG reliquefaction.
The condition inside the BOG recondenser is frequently changing as the data
from Figure 3-5, and the temperature distribution of BOG inside the vessel
therefore the equilibrium assumption is not suitable for the BOG
recondenser.[83]

In order to solve the problem, many process dynamic simulators like HYSYS
are supporting the non-equilibrium state calculation. To consider the non-
equilibrium state, the hold-up efficiency, mentioned above, is utilized. Figure 3-
11 represent the concept of hold-up efficiency. It assumed that in vapor-liquid
phase, there are 3 different region; vapor/liquid/equilibrium area. Therefore if
the fluid enters to the vessel, some amount will go to the vapor or liquid region,
and then others will head to the equilibrium area. The ratio for the separation is
defined as an efficiency and when we firstly enter some value on that efficiency,
the efficiency will be reflected in every equilibrium calculation in the vessel.
The hold-up efficiency for a vessel in an example of HYSYS is showed in

figure 3-12.[78]

103



i Feed Streams,
Recycle Stream

L Liguid

¥ Vapour

"

IR, —*

TRy —*

Z (1= R

z (1_’?i,v)Fi.V
f. Equilibrium Flashed
z ’?i,LFi,L Ffl-
Equilibrium Flash
z niIVFiI\/ Ff,\n’

NON EQUILIBRIUM FLASH

Fni L

an,\f‘

nf. Non-Equilibrium
Flashed Products

Figure 3-13. Concept of hold-up efficiency for non-equilibrium flash

54 pack-2 Holdup =)
~Recpcle Efficiencie ~Feed Naozzle Efficiencie
W apoLr 010 14-2 16
Liquid 100.00 W apour 100.00 10.00
Aqueous 100.00 Liquid 100,00 | 10000
Aqueals 100,00 | 10000
—Mozzle dP —Product Mozzle Efficiencie
Product Delta P 18-2 21-2
18-2 0.0000 W apour 10000 100.00
21-2 0.0000 Liquid 10000 | 10000
Aqueous 100,00 | 10000
General | Mozzlez: Efficiencies | Properties I Compositions I

Figure 3-14. An example of hold up efficiency in HYSYS

104



Nevertheless, a problem still remains, that is, the efficiency can be changed in
BOG recondenser. As described above, the rate of BOG reliquefacton is varied
through the heat transfer area but when the hold-up efficiency is fixed, this
change cannot be reflected. So in this research, we built a model that changes

the hold-up efficiency depending on the liquid level of recondenser.

3.6. Result and discussion

In the first case study with the actual data set, the dynamic simulation model
shows quite good performance in estimating the process variables in the BOG
recondenser. As is evident in Table 3-3, the model shows an error of about 2%
in the liquid level, which is somewhat smaller than the error of the constant
flash ratio model. The performance of developed model in tracking the
operational mode change is better than that of the constant flash ratio model,
which cannot track the liquid level change at all.

Assessing the predictions in more detail, the output of the model showed good
agreement with the actual data for the pressure, liquid level, and temperature
inside the BOG recondenser. The error in the BOG flow rate (FT-11) prediction
was about 7.22%, the largest for any of the variables. The reason for this
relatively large error is the use in the model of design data instead of the actual
data for specifications such as size of the valve. Similarly, the valve flow
coefficient (Cv) of the valve and feed composition can be changed during
operation; the Cv, in particular, is closely related to the BOG flow rate. Even the

characteristic curve of the valve can be changed over time, and contribute to
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error in the estimation of BOG flow rate.

There is another variable for which the performance of simulation model
predictions is of lower quality. The errors in the temperature predictions for each
recondenser unit seem satisfactory (Table 3-3). However, predictions of the
simulation model over time do not track the real data perfectly (Figure 3-11).
Several factors may contribute to this difference. The most significant is that in
the real BOG recondenser, the temperature of the upper part of liquid is higher
than that of the bottom, so the level change caused by operational mode change
can affect the liquid temperature. However, as mentioned in section 3.3.1 above,
the liquid inside a vessel is modeled as a uniform fluid, so the prediction of
temperature inside the recondenser may show some amount of error.

The second scenario shows the effectiveness of the model built with proposed
methodology. If there is a radical operating change, such as in the LNG input
rate in the second case study for example, the proposed simulation methodology
successfully reflects the operational mode change in its results. However, in the
model based on constant flash ratio, the prediction liquid level is not changed.
Therefore, if an OTS is based on the constant flash ratio model, and an
inexperienced operator is trained by that OTS, the trainee cannot observe the
level change. Moreover, when the level alarm rings at 4000 mm of LT-11 or LT-
12, the constant flash ratio model cannot alert the trainee, even in a more
dangerous scenario.

Finally the dynamic simulation of LNG-FSRU is built using the developed

simulation model of BOG recondenser as figure 3-12.
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Table 3-3. Estimation error of variable and constant flash ratio method

FI-11  PIC-13  LT-12  LT-11  TI11 TI-12
Variable (%)  7.22 0.43 2.03 1.47 0.59 0.48
Constant (%)  7.68 0.44 8.22 5.55 0.59 0.56
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CHAPTER 4 : AUTOMATIC SIMULATION-
BASED SOFT SENSOR GENERATION FOR
LNG-FSRU

4.1. Introduction

As we have discussed about the design of LNG-FSRU, HAZOP study is also
included in FEED package. After the HAZOP study is finished, it is necessary to
make design changes to react the problem mentioned in the study, if the
preliminary design is well developed, the basic design is not changed too much
but the supplement of control and monitoring area usually raised during the
HAZOP study. This is also applied to LNG-FSRU and the sensor problem is an
inevitable issue, especially for LNG pipes.

A normal LNG-FSRU has many pipes that carry LNG under cryogenic
conditions (-160 °C and 1 atm). The temperature difference between the LNG
and the ambient outside causes heat transfer, and if the insulation of the pipeline
fails to maintain the cryogenic conditions, the LNG inside the pipeline will
evaporate and expand to 600 times its original volume. Because this vaporized
LNG, the so-called boil-off gas (BOG), may harm the terminal’s safety with its
abrupt expansion, it is necessary to monitor the exact status of the fluid at as
many places as possible. For detailed and precise monitoring of the system,
various types and large numbers of sensors are required, consequently resulting
in a large sensor installment cost.

In typical LNG pipelines, the types of sensors are limited and only distributed
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temperature sensors are widely installed because they allow to estimate not only
the temperature of fluids but also the leakage of the pipeline with a minimal
investment. However, many operators without the requisite engineering
background find it difficult to determine the status of the fluid in the pipeline at
a particular point with such insufficient data. In the chemical engineering
industry, the problem of scarce sensors is usually solved by employing a soft
sensor technique. Soft sensors, which are the predictive models that use process
observations when hardware sensors are unavailable, have been studied for
several decades as a solution to the data insufficiency problem and are currently
being applied in various industrial fields.[23], [79] There have been many
reports on soft sensor techniques, and they are generally classified as data-based
or model-based approaches.

At first, many studies have dealt with data-based methodology, and a
meaningful progress has been made in the soft sensor approach based on the
process data.[80] Principal component analysis (PCA) and partial least squares
(PLS) are the most famous methodologies for soft sensors. Park estimated the
composition of toluene using PCA and PLS, whose real-time instrumentation is
complicated.[81] In addition to PCA and PLS, the artificial neural network
(ANN) method is widely used to estimate process variables without sensors;
Thompson and Fellner have reported some good examples of ANN.[82], [83]
Though many data-based methodologies have been developed and sometimes
even combined with each other to solve data insufficiency problems, data-based
methods are not suitable when the sensor target locations are randomly selected.
Solving the problem using a data-based method must follow another modeling

procedure for the location factor, which requires professional knowledge of
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data-based methods.

Model-based approaches were developed to compensate for the disadvantage of
the data-based approach mentioned above. The model-based approach provides
an answer for the location factor with the first-principles model, e.g.,
mass/energy balance and reaction kinetic equation sets. Furthermore, if the
Kalman filter is included in the model-based approach, as was the case recently,
the result is an effective solution for the unmeasured data problem and even
real-time estimation. Pantelides has reviewed the overall model-based approach,
and Papastratos showed state estimation cases using an online first-principles
model with the Kalman filter.[84], [85]

Despite the effectiveness of model-based methods, the complexity of the
modeling process prevented their widespread use. As Psichogios showed, the
modeling procedure to build equation sets for model-based soft sensors is not
easy for those who do not have mathematics and chemical engineering
background.[86] To easily calculate more complicated and specific values,
process simulation software has been developed and progressed for many years.
Software packages such as ASPEN PLUS and gPROMS are composed of
various first-principles models and equation sets, and they help to accurately
simulate virtual chemical process and estimate nearly all the unmeasured
variables in chemical processes.[87]

Although these process simulators are widely utilized to estimate unmeasured
variables, the difficulty in using the simulation software remains for process
operators without any computer programming and chemical engineering
background. In order to enable such people in monitoring sensor-uninstalled

areas or predicting dangerous process phenomena, without any complicated
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simulation or modeling, it is necessary to develop a methodology that
minimizes the user’s intervention on the variable estimation process and even
their use of the process simulation software. There are several reports on
simulation automation, but they did not focus on how the methodology will
relate to the user.[88]-[90] Barth’s other study also dealt with the automatic
simulation model generation, and it was oriented toward the conversion of
design information to the simulation model.[91]

Therefore, this research aims to build an efficient metholdology for automatic
model-based soft sensor (AMS) generation to help undereducated operators.
The AMS methodology involves automatic modeling boundary selection,
simulating the model and calculating the target variables with an error
minimization approach. Through this methodology, an operator can
automatically obtain the fluid data at the target location by simply selecting any
location on the pipeline. Finally, this methodology is verified with the help of a

case study for an unloading pipeline LNG-FSRU.
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4.2. LNG terminal

The LNG terminal is a facility that stores LNG supply that is distributed to
consumers. When LNG is shipped by an LNG carrier, the terminal receives the
LNG through an unloading pipeline and stores it in insulated storage tanks at
less than -150 °C and atmospheric pressure. For feeding gas through the
pipeline network, the LNG is pressurized and vaporized to 0 °C at
approximately 80 bar through high-pressure pumps and an LNG vaporizer. In
addition to this basic structure, some facilities have equipment such as BOG
recondenser and compressor installed to eliminate BOG (boil-off gas) from the
terminal.

BOG formation is usually a serious problem in terminal operation because the
economic feasibility of the terminal depends on how much BOG is recovered or
flared. In addition, BOG formation is important with respect to safety as well as
economy because it becomes 600 times larger in volume and can damage
process units. In order to prevent BOG formation causing serious trouble, the
status of the LNG should be monitored.

Monitoring of chemical or energy processes requires sufficient data; thus, there
are some design guidelines for the LNG terminal regarding its equipment to
ensure that there are enough sensors for monitoring. However, the guidelines are
mainly focused on individual pieces of process equipment such as a storage tank
or a compressor and not the pipeline, which is vulnerable to the damage caused
by BOG.

Because of the loose regulations and high sensor cost, most of installed sensors

in LNG terminal pipelines are distributed temperature sensors that can monitor
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both temperature and leakage. These sensors, however, are not able to estimate
the exact state of the LNG inside the pipeline because even at the same
temperature, variations in the pressure cause differences in the properties such
as vapor fraction.

In addition, in real terminal pipelines, there are more sensors installed in the
ship input line or the inlet line of the storage tanks; nonetheless, they cannot
help monitor the exact status of all location in the pipeline without process
simulation software. This is the reason why AMS must be applied to the LNG
terminal pipeline industry. Through AMS, information on the fluid at all

locations is available.
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4.3. Methodology

The general procedure of the proposed AMS methodology is shown in Figure

4-1 and stated in detail below.

f
( Stage 1 : Quantization of target location information )
Target - pointing action
Target as a new sensor Relative IOCZ}UOH information Bill of materials
of target
Updated Bill of materials table
_ )
4 . .
C Stage 2 : Modeling boundary selection )
Updated Bill of materials table
Degree of freedom
Boundary extension
calculation

BOM on selected boundary

- ]
Stage 3 : Simulation for target model with error minimization
BOM on selected boundary
Automatic modeling
Process simulation il Optimization solver

Simulation result on target

J

Figure 4-1. General procedure of automatic model-based soft sensor
methodology
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Figure 4-2. Overall scheme of Stage 1: Quantization of positional
information. (a) Graphical example of the base GUI; (b) an example of the
bill of materials (BOM); (c) updated BOM.

4.3.1. Quantization of target location information

First of all, AMS (automatic model-based soft sensor) methodology must
contain a feature to turn the user’s pointing action on the graphic user interface
(GUI) into quantized information in order to build a simulation model. Figure
4-2 shows the basic concept of this stage. The base GUI-like distributed control
system displays several types of information about the target plant. There are
many areas that no sensor is installed, so when a user clicks the desired position
on the GUI, the position is regarded as a new sensor, and two types of
information, the selected pipe unit and the relative distance between the
neighbor sensor, i.e., the node and target position, are extracted. These data are

transferred to bill of materials (BOM) table, which includes the length, elevation,
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material properties, and starting/end point information as seen in Figure 2(b).
The BOM table is available from digitalized plant design software such as
Autocad and Cadworx, so obtaining the data about pipeline is not a complex
problem. With the positional information extracted, the BOM table is
reconstructed as seen in Figure 2(c); the pipe that includes the selected point is

divided into two new pipes, and this change is reflected in the BOM table.

4.3.2. Model boundary selection

After the location information is reorganized into spreadsheet form, the model
boundaries for the target location simulation are specified automatically. The
main purpose of this stage is to find the simplest boundary set for efficient
process simulation with minimum calculation time. Figure 4-3 demonstrates the
boundary selection procedure. The algorithm includes the following steps: (1)
checking the degrees of freedom (DOF) of the target stream only, (2) finding the
nearest new data point, (3) expanding the modeling boundary to the nearest new
data point, (4) eliminating any redundant data points, and (5) rechecking the
DOF for a new model boundary. These steps are repeated until the DOF is
reaches to zero with a minimum number of boundary data.

Specifically, Step 1 checks the availability of a simple model formulation. The
“stream” refers to an area between the neighboring intersection nodes, and if
there are a sufficient number of measured data with zero DOF of the target
stream, the simulation for the target position is possible only with pipe models
of a single target stream. The DOF calculation for a pipeline is easily derived

from an example of a heated pipe in heat transfer textbooks, as explained in the
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next section.[92]-[94] The DOF calculation relies on the two assumptions

below.

(1) The overall heat transfer coefficient is constant in the modeling boundaries.
(2) Other specifications such as roughness factor and LNG composition are

fixed.

The first assumption comes from the fact that the heat transfer coefficient of
insulated LNG pipe is not sensitive in the temperature range of terminal pipeline
operation. Figure 4-4 represents the difference of the overall heat transfer
coefficient at various temperatures and the overall heat transfer coefficient
remains unchanged within the typical LNG terminal operation temperature. The
composition of the fluid inside the pipeline and the pipe specifications are
predefined at the designing state of pipeline, and this is accounted for in the
second assumption. This assumption will make the problem simpler. Under
these conditions, the number of free variables in a single pipe is four, as
presented in the next section, so that searching for the four nearest measured
data points is performed in Step 1 of the algorithm.

If there are an insufficient number of data for the selected streams, then the
procedure goes to the next step and finds the next nearest data point. This means
the closest sensor in terms of distance so as to minimize differences between
simulation and reality. By selecting the sensor and checking the distances
recursively, the nearest sensor is added to the model boundary.

After the new measured data are added, the nodes between the newly added data
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are checked. Counting the number of intersecting nodes and measured data will
help to calculate the degrees of freedom. Before calculating the degrees of
freedom, the measured data should be filtered by eliminating redundant types of
data to prevent insolubility of the simulation and increase its accuracy. The
redundancy problem is solved by neglecting the measured data when there are
more than three measured points with the same data type in a single stream.
After the redundant data is neglected, the degrees of freedom are calculated as
seen in the next section and the case studies below. The overall procedure is
performed recursively until the degrees of freedom for the specified boundary is
less than zero.

By the end of this stage, the BOM of the selected boundary is generated. This is
performed by selecting all the pipe units connected to the sensors and nodes

checked above.
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Figure 4-3. Model boundary-selection algorithm.
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4.3.3. Degree of freedom calculation for the LNG pipeline

The degrees of freedom for a single pipe are calculated as shown below.

Q
Tout
T T,
P1 P>
Fi F

Figure 4-5. A single pipe case for degree of freedom calculation

Fl = F2
Q=F- Cp ' (Tz_Tl)

Q=h- (Tout - Tin)

-1
2

L pV?
Pz_P1=fD'5'T

Tin =

Cp = f(T1, P1)
Number of variables: 16
Number of equations: 6
Predefined specifications: fp,L,D,p,V,Tyy,:: 6
Degrees of freedom=16-6-6=4
If there is a branch line attached to a pipeline, the degrees of freedom are as

seen below.
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Figure 4-6. A multiple pipe case for degree of freedom calculation

Fl,i = Fl,o
Fz,i = FZ,o
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L pV?
P3,0_P3,i=f fD!E'T

C, =f(T,P)
Adding the first assumption in methodology,

hy = hy = h3
Number of variables: 29

Number of equations: 20

- e o LopV? :
Predefined specifications: fD’E’T’ Tous: 4
Degrees of freedom: 29 -20-4 =5

When the branch line is attached to the pipeline, the degrees of freedom increase

by one.

4.3.4. Simulation of the target model with minimizing

error

Following Stage 2, the simulation for the determined modeling boundary is
made using the information in the BOM such as the number, properties, and
location of the pipeline. At the beginning of this stage, the base model for
simulation is built automatically. The model building process is different
depending on the process simulation software, e.g., Aspen plus, HYSYS, or
Pro/ll, and in the case of HYSYS, the conceptual process is illustrated in Figure
4-7.

After defining the model for the target LNG pipeline, the process simulation
software calculates a stream result of the target. The simulation procedure

consists of inlet flow determination by recursive flow condition change, as seen
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in Figure 4-8. This procedure can be defined as an optimization problem as

shown below.
n

: 2
min Z(xi,measured - xi,simulated)
i=1

Subject to

f(Xi,simulated) =0
n: humber of measured data
Xi measured- Measured data

Xj simulated- Simulation result at the measuring position

The determination of an object function is quite similar to a casual data
reconciliation problem whose constraints are heat and mass balance equation
sets, and these constraints are substituted with process simulation software, as in
this research.[82],[83] The constraint equation “f(Xi,simulated) = 0” means the
simulation model is converged. The process simulation software is composed of
various and complex equation sets so that the model building workload can be

decreased.
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Although the optimization function can be solved by many programs, MATLAB
is chosen because it can easily connect to various process simulation software.
The MATLAB software recursively changes the input variables of process
simulation to find a solution that minimizes the error between the simulation

results and the measured data.
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These input variables, which refer to manipulated variables, are the same as the
measured variables when the process simulation software is of the equation-
oriented type, as is gPROMS; however, there is some difficulty using these
programs directly on a sequential modular process simulator. For the sequential
modular process simulator, the calculation process starts from the input flow
definition, so when the input condition is not fixed, but only the values in the
other position are given, the simulation speed and problem consistency will
decrease. Nevertheless, the sequential modular approach is necessary for AMS
because many LNG terminals use HYSYS as a process simulator; it is
widespread in the LNG industry, and this is the reason why the determination of

manipulated variables is required in AMS.

1) The manipulated variables of the pipeline model are as follows:
2) input flow conditions (temperature, pressure, and flow rate)
3) overall heat transfer coefficient

4) flow rate of teeing point

Through cooperation of the process simulation and optimization solver, the
result is available with minimum differences between the measured variable and
the simulation result. The extraction of the target’s information, the process for
automatic model-based soft sensor is over, and finally the information is

presented to the operator on the GUI.
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4.4. Case study

For verification of the developed methodology, case studies of an unloading
pipeline of the LNG receiving terminal were made. Before the case studies, the
surrounding conditions should be determined in advance. As in a typical LNG
receiving terminal, the unloading pipeline is composed of a main line that
transfers LNG from ship to terminal and branch lines that bring LNG to each
storage tank (Figure 4-9). This unloading pipeline is installed in a vast plane so
that there is no elevation in the main line, while some branch lines have a
sloping area because in this case study, it is assumed that there are both
aboveground and underground storage tanks.

The number, type, and location of the installed sensors are determined in
reference to P&ID of an LNG terminal in South Korea and the sensor
installation guidelines of a typical LNG-receiving terminal.[40], [107] There are
three sensors measuring temperature, pressure, and flow rate in the ship input
and recirculation input flow, and two sensors measuring temperature and
pressure for each tank inlet flow. The pressures of the branch lines are
monitored in each tank, so these values are used to estimate the LNG pressure
inside the branch lines. The temperatures for the entire pipeline are estimated by
distributed temperature sensors (DTSs), which provide information about the
temperature of the LNG inside the pipe at intervals of several meters, but only
data at 400-m intervals are used to maximize the efficiency.

With these assumptions, a BOM table and the simulation results at the sensor
position are available. The BOM table covers the general information about the

specification of pipe, inlet/outlet position, and geometry data such as length and
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elevation changes. The process simulation software for the case study is
HYSYS because of its popularity in the LNG industry and its sufficient
performance. Using HYSYS, the pipeline simulation model, which represents
the target LNG receiving terminal pipeline, is built as seen in Figure 4-10, and
the extracted results at the sensor position are utilized for the case study.

To validate and explain the proposed methodology, two different case studies
are performed. The first case determines the accuracy of the AMS methodology
by reverse calculation of eliminated raw data. The second case study evaluates
the performance of the methodology, particularly in calculating various types of
data such as vapor fraction or actual volume flow rate, which are difficult to

measure but important for judging the safety of the terminal pipeline.
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4.4.1. Casestudy 1

For the first case study, some raw temperature data are assumed to be unmeasured,
and then the deleted temperatures are inversely calculated by the AMS methodology.
The target positions are chosen to consider various examples of pipeline modeling
cases; therefore, the three positions shown in Figure 4-9 are specified.

In the beginning of the methodology, when a position is selected by the operator, the
target location information is reflected in the BOM in Table 4-1, and the selected
position is regarded as a new sensor. Based on the new BOM table, the model
boundary for the target positions is formulated automatically. Position A has more
than four measured data available in a single pipe, and the types of data are various
enough not to eliminate any because of redundancy, so the model boundary is
simple, as seen in Figure 4-11. For positions B and C, there are insufficient number
of data in target stream, thus, the modeling boundaries are expanded until the
algorithm loop finds the DOF is zero as seen in Figures 4-12 and 4-13.

At the simulation stage, a simulation model of the LNG pipeline is built with
ASPEN HYSYS using the boundary information determined above. The model-
building process is automated by the algorithm shown in Figure 4-8, which is
embodied with Macro Editor in HYSYS.[78] Because of the automated model
building process, the simulation model for each case is specified as in Figure 4-14.
After the model about the target is fixed, an optimization process to calculate the
stream result for the selected target is assigned by MATLAB because of its wide
compatibility with HYSYS. Changing the variables indicated in Figure 4-14, such
as pressure, temperature, mass flow rates of the pipe inlet flows, other mass flow
rates for the branch line flows, and the heat transfer coefficient of the pipes, as those

are explained in the Methodology section, the optimization process is executed with
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the “fmincon” function in MATLAB as an optimization solver. The objective
function for the optimization is formulated shown in Figure 4-15. The result for
each case is available when the simulation is complete, having minimized the error
between the measured data and the simulation result. Finally, the stream result for

the selected target is extracted to the GUI, and the methodology is completed.

Number of
r measured data
Temperature Temperature DOF=4-4=0

Pressure T DOF of
Flow rate target system

Figure 4-11. Specified model boundary for position A
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Table 4-1. Bill of materials table for a terminal unloading pipeline

INPUT OUTPUT

PIPE_# DESCRIPTION LENGTH DIA_IN DIA_OUT
(Sensor type) (Sensor type)

Input(T/P/F)  Tag-1(T) Main line 400 0.8128 0.828

Tag-1(T) Tag-2(T) Main line 400 0.8128 0.828

Tag-2(T) Tag-3(T/P/F)  Main line 400 0.8128 0.828

1 Tag-3(T/P/IF) Tag-4(T) Main line 400 0.8128 0.828

Tag-4(T) Main line 400 0.8128 0.828

Tag-6(T) Main line 400 0.8128 0.828

Tag-6(T) Node A Main line 200 0.8128 0.828

Node A Tag-7(T) Main line 200 0.8128 0.828

? Tag-7(T) Node B Main line 200 0.8128 0.828

Node B Tag-8(T) Main line 200 0.8128 0.828

° Tag-8(T) Node C Main line 200 0.8128 0.828

Node C Main line 200 0.8128 0.828

! Node D Main line 200 0.8128 0.828
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Node D Tag-10(T) Main line 200 0.8128 0.828
° Tag-10(T) Node E Main line 200 0.8128 0.828

Node E Tag-11(T) Main line 200 0.8128 0.828
° Tag-11(T) Node F Main line 200 0.8128 0.828
7 Node F Main line 200 0.8128 0.828
8 Node A Tank A(T/P)  Branch line 87 0.8128 0.828
9 Node B Tank B(T/P)  Branch line 87 0.8128 0.828
10 Node C Tank C(T/P)  Branch line 87  0.8128 0.828
11 Node D Tank D(T/P)  Branch line 57 0.8128 0.828
12 Node E Tank E(T/P)  Branch line 57 0.8128 0.828
13 Node F Tank F(T/P)  Branch line 57 0.8128 0.828

et e
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Figure 4-12. Model boundary-selection procedure for position B
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Figure 4-13. Model boundary-selection procedure for position C
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Figure 4-14. Specified simulation models for case study 1: (a) position A; (b) position B; (c) position C
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function Error = Casestudy_1_1(x)
% Launching HYSYS
hysys = actxserver (HYSYS.Application’);
hyCase = hysys.ActiveDocument;

% reference data

Temp_ref = [
-155.2986454; % input
-153.769355429552; %4
-151.152287290427; % 6
1
Press_ref = [
199.996273775955; % input
Mass_ref = [
5.55555555555556; % input

% insert manipulated variable

hyCase.Flowsheet.Operations.Item('1-1').OveralIHTCValue = x(1);
hyCase.Flowsheet.Operations.Item('1-2").OveralIHTCValue = x(1);
hyCase. Flowsheet.Operations. Item(‘'1-3').OveralIHTCValue = x(1);

hyCase.Flowsheet.MaterialStreams.ltem('101'). TemperatureValue = x(2); % Input temperature
hyCase.Flowsheet.MaterialStreams.ltem('101").PressureValue = x(3); % Input pressure
hyCase.Flowsheet.MaterialStreams.ltem('101'). MassFlowValue = x(4); % Input flow rate

% extract simulation result for measured position

Temp_sim = empty(3,1);

Press_sim = empty(1);

Mass_sim = empty(1);

Temp_sim(1) = hyCase.Flowsheet.MaterialStreams.|tem(*101'). TemperatureValue;
Temp_sim(2) = hyCase.Flowsheet.MaterialStreams.Item('102"). TemperatureValue;
Temp_sim(3) = hyCase.Flowsheet.MaterialStreams.Item('104'). TemperatureValue;
Press_sim(1) = hyCase.Flowsheet.MaterialStreams.Item('101').PressureValue;
Mass_sim(1) = hyCase.Flowsheet.MaterialStreams.Item('101'). MassFlowValue;

% Estimating the error between model and data
Md = Mass_sim - Mass_ref;
Pd = Press_sim - Press_ref;
Td= Temp_ref - Temp_sim;

Error = transpose(Pd) * Pd + transpose(Td) * Td + transpose(Md) * Md;
end

% Overall heat transfer coefficient
% Overall heat transfer coefficient
% Overall heat transfer coefficient

Figure 4-15. Objective function for case study 1, position A
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4.4.2. Case study 2

The same procedure is performed with another case study that represents the
availability of various types of properties. As mentioned above, BOG formation is a
huge risk to the LNG terminal’s safety and it must be monitored quite closely. In
case study 2, the vapor fraction and actual volume flow rates at the end of the
branch lines, which indicate the BOG formation and are also important variables for
the safety of the LNG storage tank, are calculated with the AMS.

The overall process for this case study is the same as in case study 1 above,
but the target locations are changed, and the model boundaries should be different.
There are only two sensors installed at the target position, so many other
measurement variables are necessary to verify the simulation result. The boundary
selection stage is applied to build new modeling perimeters for branch line
simulations, and the extended model boundaries were specified, as Figure 4-16.

Each branch pipeline has different geometry conditions, but the sensor
installation environments are similar so that the structure of the pipeline model for
each simulation is the same. Figure 4-17 represents the specified base HYSYS
model through Stage 2, which presents the boundary for each branch pipe with
different measurement locations.

The procedure for the simulation stage in case study 2 is the same as in
case study 1. The specified boundaries are utilized to make the simulation model for
HYSYS, and the input variables of the pipe flows are specified with a minimized
difference between the measured data and the simulated result. The *“fmincon”
function in MATLAB is applied to solve the optimization problem. Consequently,
the volumetric flow rate and vapor fraction, which cannot be measured physically in

real-time, are calculated through AMS for each branch line.
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Figure 4-16. Model boundary-selection procedure for case study 2
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45. Result and discussion

We performed two case studies to characterize the performance and advantages of
the developed AMS methodology. In the first case, the temperature data at several
positions are deleted and regarded as unmeasured; the estimated values by AMS are
then compared with the deleted raw values. First, the model boundaries for each of
the three positions are built well. Although the location and neighboring sensors are
diverse for each case, the selected boundaries offered a good base for the
subsequent process simulation through the boundary selection algorithm. In position
A, a single pipeline with several sensors is composed through the algorithm, and
with that simple structure, the stream result can be calculated quickly. Positions B
and C do not have flow rate sensors nearby, resulting in more complex structures for
these positions. Nonetheless, the determined model boundaries have simpler
structures than the original pipeline simulation model that covers the entire area
(Figure 4-10). That is, the proposed boundary selection algorithm generates the
optimum structures for the target variable calculation in a shorter time and with

sufficient accuracy as presented in Table 4-2.

Table 4-2. A comparison of calculation time between overall pipeline model and

AMS model
Overall Case Case Case Case Case Case
pipe 2-1 2-2 2-3 2-4 2-5 2-6
Calculation 44 50 30 33 24 24
. 442
time (S) 34.2

To estimate the accuracy of the AMS method, the simulated temperatures
for three target positions are analyzed (Table 4-3). The AMS methodology

estimated the temperature for each target with almost negligible errors. The result at
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position B demonstrates the best performance with the smallest error, but the

amount of error in other positions is not significantly different.

Table 4-3. Temperature estimation results for case study 1

Position A Position B Position C

Sim. result  Raw data Sim. result Raw data Sim. result Raw data

Temp. (°C)  -152.26 -152.26 -151.11 -151.09 -150.99 -151.09

Error (%) 0.027 0.012 0.069

In the second case study, the actual volumetric flow rate and vapor fraction
at the end of the branch pipeline were calculated using AMS. The selected target in
case study 2 is each tank inlet flow; thus, the simulation results for those branch
streams must be specified by AMS. In the boundary selection stage, all targets in
case study 2 have equal simulation models because every targeted branch line has
similar nearby sensors, and this is the reason why the same boundaries are built for
these targets. There are insufficient sensors to see the boundary structure in detail,
and the boundaries extend only to the main line. However, even with six nearby
measurement data being used to build a simulation model for the branch line, the
result is much smaller than the entire unloading pipeline simulation model.

Through the process simulation and error-minimizing algorithm in AMS
for each target, the results are available in Table 4-4, which also includes a
comparison of the simulated results to the raw data. The amount of error between
them is less than 1.13% for the volumetric flow rate and 1.55% for the vapor
fraction. These errors come from the first assumption regarding the heat-transfer

coefficient in the model boundary selection stage. The conditions of the unloading
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pipeline in this case study were harsher than in real terminal operations; therefore,
the simulation of every pipeline overestimated the BOG inside.

Despite the errors included in the results, the supposed methodology is
meaningful, as the error is not large. Moreover, these types of data such as
volumetric flow rate and vapor fraction, which are essential for plant risk
assessment, are not immediately available without physical sensors; when the
process simulation is not accessible because of such difficulties, this methodology
can be used to propose various data with reasonable errors to process operators and
effectively help them to operate the chemical process in a safer manner.

In conclusion, LNG-FSRU has strong demands for various and precise data, and
many studies have been performed to estimate the unmeasured or immeasurable
data. However, almost all such research has been designed to estimate the data from
a predefined sensor location. To determine the data from any position in the
chemical process, the target should be modeled as a soft sensor with model-based or
data-based soft sensor methods. However, the process of making a soft sensor is not
easy for many field operators, who are the first consumers of this technique, and
this is an obstacle in the utilization of soft sensor techniques. In this paper, we
presented an automation algorithm for building a soft sensor on the operator’s
demand and verified our methodology with the help of case studies of an LNG
pipeline, which has a large demand for determining unmeasured data at any position.
Because the case studies showed the reliability of the model, which faced only a
small error, and the availability of various types of data, this developed
methodology can help to safely manage chemical processes. This methodology also

shows advantages over other soft sensor technology, as shown in Table 4-5.
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Table 4-4. Differences between the measured data and simulation results for

case study 2

Tank A TankB TankC TankD TankE  TankF
Raw data 84.42 64.21 42.99 54.64 50.14 36.19
Actual
volume | Simulated 85.03 64.95 43.42 55.12 50.80 36.42
flow rate
Error 0.72 1.13 1.00 0.86 1.29 0.62
Raw data 0.064 0.078 0.11 0.06 0.08 0.13
Vapor | i lated 0064  0.079 0.11 0.06 0.09 0.13
fraction
Error 0.64 1.55 1.14 1.07 1.35 0.68

Table 4-5. Score table for a comparison of data-based, model-based, and

automated model-based soft sensors

DBS MBS AMS
Appropriate for new target 3 2 1
Various data type 3 1 1
Soft sensor building time 2 3 1
Dynamic situation 1 1 3
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CHAPTER 5 : CONCLUSION AND FUTURE
WORKS

5.1. Conclusion

This thesis has addressed the design of LNG-FSRU topside process. The
improvements on each result are validated with official information and reference
data.

At first, the topside process flowsheet of LNG-FSRU is designed for considering
the offshore features. These factors are ship motion, small footprint, and equipment
weight and the design of LNG-FSRU topside is implemented with consideration of
these factors. As a result of consideration, all the process equipment on the LNG-
FSRU topside is guaranteed for offshore condition and the vaporizer type is selected
to shell and tube vaporizer which is smaller, lighter and safe in offshore motion
effect.

Secondly, the dynamic model of LNG-FSRU is built with a novel dynamic
modeling methodology for BOG recondenser. BOG recondenser is a core process
unit in LNG receiving terminal process and this research dealt with the exact
estimation of BOG recondenser. The performance of the developed methodology
was superior to other researches before and with more maodification, the
methodology will give perfect accuracy.

Lastly, we presented an automation algorithm for building a soft sensor of LNG-
FSRU pipeline on the operator’s demand and it was verified with the case studies of
an LNG pipeline, which has a large demand for determining unmeasured data at any
positions. Because the case studies showed the reliability of the model, which faced
only a small error, and the availability of various types of data, this developed

7]
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methodology can help to safely manage chemical processes.
5.2.  Future works

Future studies about the offshore plant such as LNG-FPSO (Floating Production,
Storage and Offloading) or GTL-FPSO (Gas to Liquid FPSO) can be considerable
using the methodology presented in this thesis. Especially these offshore plants have
heavier topside processes and more motion-sensitive equipment that considering
these offshore condition should be strongly required. The layout optimization based
on the weight reduction result is also recommended as future research because the
change of layout will bring enhancement of safety and dynamic stability for each
process unit. About the modeling about BOG recondenser, more data about the
bottom of the unit will guarantee the accuracy of simulation model. And finally the
automatic soft sensor building methodology will become powerful when it turns to
a software package. Furthermore, the methodology is focusing on the pipeline only
but if the model building algorithm is expanded to other process facilities, the

process operator can get nearly every process variable about LNG terminal.
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