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SUMMARY

1
This thesis is concerned with the systems analysis of an

Ethylene Plant which is central to the operations of the BP Chemicals,
Baglan Bay Factory. It describes how systems and techniques were
developed in order to analyse the operation of the Plant.

The three main project activities described are:-

i)  the development of a plant computer system

11) the reconciliation of industrial flow data
iii) the modelling of the Cold End section of an Ethylene Plant.

The plant computer system developed for the Ethylene Plant
complements and extends conventional information and control facilities.
It is demonstrated how the computer system provided valuable assistance
during the commissioning of the Ethylene Plant.

Data reconciliation is defined as the resolution of incon-
sistent raw data in a systematic and objective manner. From an analysis
and modelling of the errors in industrial flow data a linear error
criterion is shown to be suitable for reconciling such data. This
enabled the versatile linear programming technique to be used for data
reconciliation. The developed and implemented data reconciliation
system for the Ethylene.Plant, involving the acquisition, reconciliation,
and reporting of flow data, is explained. This system provides manage-
ment with high quality consistent data upon which to make decisions.

It is demonstrated, through the steady state modellingland
simulation of the vold End of the Ethylene Plant, how systems engineering
concepts were applied to a large scale industrial process system. The
Cold End is divided into its component sub-systems and those sub-systems

which have greatest effect on system performance are modelled. A

modul ar approach characterises the modelling work. This modclling siucy



;s shown to provide an insight into the interactions and basic principles
- |
of operation of the Cold End sub-systems and to establish a foundation

for future modelling work.
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PREFACE

BP Chemicals International Limited encourage collaboration
between Industry and Universities. In 1971, BP Chemicals approached the
Chemical Engineering Department of the University of Aston,in Birmingham,
with the intention of setting up an industrially based Ph.D project. 3 E; o
. was felt that by working together, it would be possible for both sides to
capitalise on the rapidlygrowing expertise in the systems engineering and
computer control field.

The No. 2 Ethylene Pléht at Baglan Bay, SouthIWales, was
selected as the general area of interest. BP Chemicals regarded the
Ph.D project to be of direct benefit to the No. 2 Ethylene Plant and the
Baglan Bay Factory as a whole, and also of potential use in the selection,
design and operation of existing and future ethylene plants within the
Company.

Throughout the Ph.D project, the author was a member of a
project group within BP Chemicals, Technical Control Branch, which had
responsibility for the development of a computer based information and
control system for the Baglan Bay Factory. As the scope of the Ph.D
work lay within the terms of reference of this project group, both the
project group and the Ph.D project shared common interests. The Ph.D
work program was, however, influenced by the priorities of the Factory,
the Ethylene Plant and the computer project.

It was inevitable in a Ph.D project of this nature to draw on
help and co-operation from individuals and groups associated with the

projcct.  Such assistance was recognised and acknowledged throughout

the work.
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INTRODUCTION

]

The Ph.D project set out to analyse an Ethylene Plant with a
view to developing systems and techniques for improving its operation. The
Plant, the No. 2 Ethylene Plant, is at the heart of the BP Chemicals Baglan
Bay Factory and was commissioned during the Ph.D project., The project was
tackled using systems engineering principles and advantage was taken of the
~availability of a process control computer.

The thesis has been divided into six chapters.

Chapter 1 introduces the project by describing generally the
Factory, Plant and Computer Systems with which the project was concerned.

Chapter 2, the systems analysis, examines further these systems
and establishes a set of activities for the Ph.,D project. These
activities are the setting up of a plant computer system, the reconciliation
of data from a large scale industrial flow measuring system, and the
modelling of a Section of an Ethylene Plant, The development of these
activities is described in the subsequent three chapters.

Chapter 3, considers the development of the No. 2 Ethylene Plant
Computer System, and its application during the commissioning of the No, 2
Ethylene Plant. The computer system was used to complement and extend
existing information and control facilities. Applications of the power-
ful and flexible calculation, logging and alarming facilities provided by
the computer are described, and the acceptance and use of the computer
system are discussed.

The reconciliation of data derived from large scale industrial
flow metering systems is examined in chapter 4. The chapter contains an
analysis and estimation of the errors found in industrial flow data.
Various mathematical techniques and criteria for reconciling data are

assessed, and the development of a data reconciliation sy:tem for the No. 2



xii
thylene Complei-is described.

Chapter 5 describes how systems engineering was aﬁplied to the
modelling and simulation of the Cold End of the No, 2 Ethylene Plant. The
study was particularly concerned with the examination of the complex
energy interaction between the process and refrigeration systems,

The conclusions drawn in Chapter 6 consalidate the major benefits

and general points arising from the project.



CHAPTER 1

SYSTEMS DESCRIPTICN




CHAPTER 1 - SYSTEMS DESCRIPTION

1.1 INTRODUCTION

Chapter 1 describes the systems within which the Ph.D work was
carried out. A brief description is given of the historical development
. and current status of the Baglan Bay Factory. This Factory, which has an
Ethylene Complex at its heart, has become one of the largest and most
advanced petrochemical complexes in Europe. The computer control and
information system that was designed to meet the requirements of the
Factory is explained. The Chapter concludes with a description of the

~
No. 2 Ethylene Complex, which was selected as the main area of interest

for the Ph.D project.

1.2 THE BAGLAN BAY FACTORY

Throughout the 1950's petroleum chemicals and their
derivatives had a growth rate that was about double the industrial
average. This was a world-wide phenomenon which encouraged many major
international chemical and oil companies into seeking a share of the
market. In 1947, British Petroleum Ltd. and Distillers Ltd., pooled
their experience and formed British Hydrocarbon Chemicals (BHC). The
first BHC factory, which was built adjoining the BP Refinery at Grange-
mouth, Scotland, came into operation in 1951. In view of the continued
rising demand for petroleum chemicals, BHC decided in 1961 to embark on a
major new investment at Baglan Bay. The site offered good road, rail
and seaport facilities, good supplies of electricity and water, and close
proximity to the BP Refinery at Llandarcy. At Baglan Bay, the first
Ethylene Plant of 50,000 tpa capacity came on stream in 1963.

At the beginning of 1967, BP acquired Distillers interests in
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?HC and formed BP Chemicals. It was in 1967 that the new petrochemical
complex at Baglan Bay was conceived. The expansion, which would make the
Baglan Bay Factory one of the largest petroleum chemicals complexes in
Europe, was completed in 1973. The new Baglan Bay Complex has been
described by Routley (1) as possessing certain special features:-

(i)  the complex was built and commissioned almost as a

single entity.

(ii) it is a highly integrated complex.

(1ii)  the complex contains a number of processes new to the
Factory.

(iv) <many of the plants use the most advanced technology.

The Baglan Bay Factory, incorporating the new Complex, is
composed of 16 plants. The arrangement of the 16 plants, shown
diagrammatically in Fig. 1.1, has been compared (1) with a 'spoked wheel'.
At the 'hub of the wheel' is the 340,000 tpa Ethylene Plant backed up by
the Power and Chlorine Plants. From the Ethylene Plant radiate nine
'spokes', corresponding to the Ethylene Plant products (e.g. ethylene,
propylene, C4's, gasoline, fuel oil, fuel gas and steam), which are
further processed to give the final site products. Al though fuel gas and
steam are not classified as chemical products, they are, as utilities,
important Ethylene Plant exports essential to the operation of the down-
stream plants. The 'radial spokes' of the 'wheel' are further
complicated by considerable crosslinking. Not only is there extensive
interaction between process and fuel gas streams, as shown in Fig. 1.1,
but also between the four different steam pressure levels used on site.
The main raw material feedstock to the Factory is naphtha, which is
primarily supplied from the nearby BP Llandarcy Refinery, and supplementcd
by naphtha imported through Swansea Docks. Other major raw materials are

salt, benzene, fuel oil and acetic acid. The irajority of the 13 final
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?ite products are sold, or used in other BP factories to manufacture
plastic and synthetic materials (e.qg. P.V.C. is used to macd cable
sheathing and gramophone records). Gasoline produced by the Gasoline
Treating Unit (GIU) is returned to the nearby Llandarcy Refinery. Hence,

the Baglan Bay Factory is a complex and highly interactive system,

1.3 THE BAGLAN BAY FACTCRY COMPUTER SYSTEM

The complex and highly interactive natufe of the new Baglan
Bay Factory pointed to the need for more sophisticated control techniques,
than those provided by individual contractors, if the site was to be
operated as an iﬁtegrated factory.
A systems study was instigated by Technical Control Branch,
BP Chemicals, to determine the preferred control strategy for the
Factory. The results of the system study highlighted (1) the need for:-
(i) information from sensing devices which would be
reliable, meaningful and readily accessible by all
levels of management.

(i1) some form of mathematical aids/models to assist manage-
ment in decision taking at the supervisory control and
production scheduling levels.

The study recommended the installation of a computer control

and information system for the Factory. The computer system was aimed at

providing: -
(i) automatic data acquisition and processing.
(ii) automatic data transmission and improved data
presentation.
(iii) facilities to operate mathematical models to assi:t

management in decision taking.
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The design of the system to meet these aims was based on a
hierarchical multi-digital computer configuration as shown in Fig. 1.2,

It was structured in a modular fashion. The modul ar’ concept was
deliberately employed to reduce the effect of system failure and to allow
proven technology and equipment to be used. This approach was also better
suited to meet the commissioning requirements of the Factory. Three
Ferranti Argus 500 plant computer systems were installed on the Ethylene,
VCM and Power Plants. Their initial role was logging and presentation of
local plant data. Supervisory control was planned for a later stage but
no DDC control was envisaged, except in special cases where highly non-
linear or interactive control loops exist. Conventional analogue equip-
ment is used at Baglan Bay for direct control on all plants.

The three plant computer systems are linked directly to a
message switching computer, also a Ferranti Argus 500, which is housed in
the main computer suite., Attached to the message switching computer are
disc store units on which all relevant data for site control are held. On
plants without process computers, automatic data collection is effected by
a telemetry network. Information from this network is transmitted to the
message switching computer via the Power Plant computer system. Site
personnel have access to the information files on the message switching
computer discs via teleprinter or visual display unit links located in all
plant control rooms plus certain other offices.

Supporting the three plant computer systems and the message
switching computer system is the central computer, an ICL 1904A, which is
linked into the system via the message switching computer. The central
computer, in addition to its commercial data processing comnitment, is
used for developing and running the modcls and other supporting tcchnical
work required by the plant computers. This hierarchical form of

computer system design enables the data storage regairenents of the plant
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computers to be kept to a minimum whilst still providing powerful

facilities for data storage and mcdelling applications.,

1.4 THE NO. 2 ETHYLENE COMPLEX

The No, 2 Ethylene Complex, consisting of the Ethylene, GTU
and Butadiene Plants, is at the heart of the Baglan Bay Factory and its
Successful operation is the key to the profitability of the site. The No.
2 Ethylene Complex, which was designed and built by Stone & Webster, can be

divided into the following sub-systems:

vii) Steam

viii) BUTADIENE EXTRACTION

SUB-SYSTE!
i) Furnace ) ) )
) HOT END ) )
ii) Prefractionation ) ) )
) L)
iii) Compression ) ) ET&YLENE )
) ) PLANT )
iv) Fractionation ) COLD END ) )
) ) )
v)  Refrigeration ) ) )
)
vi) FPuel Gas ) ETHYL:NE
) COMPLLEX
)
)
)
)
)

ix) GASOLINE TREATING UNIT

A simple schematic of the Complex is shown in Fig. 1.3.
Fig; 1.4 is a block diagram showing the major material and energy links
between the sub-systems of the Ethylene Plant. The furnace and pre-
fractionation sub-systems are closely allied and form the 'Hot End' of the
Plante The three remaining sections, compression, fractionalion and
refrigeration, are inter-rclated and constitute the 'Cold End' of the
Plant., This natural division of the Plant into 1wo major seclions is

recoynised in the management and operation of the Plante  The Fuel CGas
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and Steam sub-systems, although not classified as Ethylene Plant sub-
.systems, are closely interwoven into the operation of the Flant and the
Hot End in particular. The main features of each of the Ethylene
Complex sub-systems are summarised as follows:-
i)  Furnace

Naphtha feedstock is cracked at high severity in 10
furnaces. High pressure steam is generated in heat exchangers
immediately after the furnace exit. Ethane, produced by the naphtha
cracking and recovered by the fréctionation system, is cracked to
produce ethylene, and high pressure steam is again generated.

ii) Prefractionation

The furnace effluent gases are quenched with oil and low
pressure steam is generated, The prefractionation section recovers fuel
oil and the majority of the raw gasoline from the furnace effluent streams.

iii) Compression

The cracked gas from the prefractionation system and
minor recycle streams from the fractionation systém are compressed in 4
stages and dried. The compression system is a major user of steam.

iv)  Fractionation

The dried gas, cooled against various process streams
and by refrigeration, is separated in the distillation train into the
following major product streams:- ’

a) ethylene ‘

b) propylene

c) raw C4's

d) raw gasoline

e) high and low purity hydrogen

C2 and C3 acetylenes are removed in hydrogenation uriits.

Vent streams from the fractionation systen are recycled back to the
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compressors for further recovery. The ethane is recycled to the ethane

furnaces. 3

v)  Refrigeration

The refrigeration system, employing ethylene and
propylene as refrigerants with cascade cooling, is used to liquefy the
cracked gas before fractionation, and provide reflux in the low temper-
ature fractionation system. The refrigeration system, through energy
exchange, is closely interlinked with the fractionation system. The
refrigerant compressors are a major user of steam on the Plant.

vi) Fuel Gas

The fuel gas system is fed by methane from the fraction-
ation system and supplemented, as required, by imported fuel gas. The
fuel gas is used to fire the furnaces and any excess is exported to the
Factory. Facilities are provided for the additional make-up of fuel
gas from liquid C3's and C4's,

vii)  Steam

Steam is used within the Ethylene Complex at 4 pressure
levels. The Ethylene Plant generates steam at the highest and lowest
pressures, and excess or deficiencies are balanced against the Factory
steam systems,

viii) Butadiene Extraction

Butadiene is recovered from the raw C4 stream by
extractive distillation using acetonitrile, Butadiene-free raffinate is
produced as a co-product.

ix) Gasoline Treating Unit (G.T.U.)

Raw gasoline from the Ethylene Plant is sclectively
hydrogenated to give a single gasoline product. A side stream is
recycled to the ESthylene Plant compressors for use as a wash oil, and

refined gasoline is returned to Llandarcy Refinery.
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. Thus, having described the main features of each of the
Ethylene Complex sub-systems, reference to Figs. 1.3 and 1.4 shows how
these systems are highly interlinked through both material and energy
exchange. The fractionation system provides fuel gas to fire the
cracking furnaces of the Hot End, and the Hot End generates high pressure
steam to drive the cracked gas compression and refrigeration compressors.
The refrigeration system is closely integrated, through energy exchange,
into the operation of the fractionation system. Flows are recycled from

the GIU plant to the cracked gas compression system and ethane is a major

recycle flow from the fractionation system to the Hot End.

1.5 CHAPTER REVIEW

It is evident from the Chapter that the Baglan Bay Factory
and Ethylene Complex are highly complex and interactive systems involving
advanced technology. A computer control and information system was
provided to assist in the effective operation of the Factory. A
systems analysis of the Ethylene Plant is described in the next chapter,

and activities for the Ph.D project are defined.
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CHAPTER 2 - SYSTEMS ANALYSIS

2.1 INTRODUCTION

The need to adopt the principles of systems engineering (2)
in the analysis of large scale industrial systems, such as the systems
under study, has emerged because of two basic reasons:-

1)  Industrial plants have become increasingly complex.

ii) The automatic digital computer has provided the engineer
| with a tool of immense logical flexibility and computing
power.

Systems engineering is not a new activity since its history is
rooted in good industrial design practice. However, it emphasises the
importance of examining overall system performance. Systems engineering
is an orderly and well disciplined way of getting things done.

Characteristic features of the systems engineering approach
are: -

i) A thorough investigation and statement of objectives.

ii) The formulation of performance criteria.

iii) The building of quantitative models to describe system
performance.

iv) Simulation using the models to reproduce the actual

behaviour of the real system to the accepted degree of

accuracye
v) Optimisation of the system.
vi) Implementation of systems study results.
vii) Retrospective apprzisal and improved operation of the
system.

In the application of systems engincering to specific
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problems, some of these features have greater or less significance than
6thers. This project was concerned first with establishing the require-
ments of the systems under analysis. It then, through the application
of the systems engineering tools of computers and Computer techniques,
designed and developed systems to meet these requirements. It was
recognised that since the three year period of the project coincided
with the construction, commissioning and post-commissioning periods of

. the No. 2 Ethylene Plant, the project had to respond to the changing
demands of such an environment.

This chapter discusses the importance of No. 2 Ethylene Plant
operations with respect to the Factory and highlights thé key factors
that affect such operations. The remainder of the chapter analyses the
aims and development of systems that will contribute to the efficient
operation of the No. 2 Ethylene Plant and the Factory. The effective
use of the Ethylene Plant Computer System is defined. The problem and
required solution to reconciling data from a large industrial flow
measuring system are introduced. The need for a steady state computer

model of the Cold End of the Ethylene Plant is discussed.

2.2 NO, 2 ETHYLENE PLANT OPERATIONS

The successful operation of the No. 2 Ethylene Plant is
essential to the profitability of the Baglan Bay Factory. The No. 2
Ethylene Plant represents a large capital investment. There is a large

increment between the values of feedstock and products, with ethylene,

propylene and butadiene several times as valuable as naphtha feedstock.

Optimal operation of the No. 2 Ethylene Plint can be

achieved by maximdsing:-



i)  on-stream time of the plant
ii) plant throughput 2
1ii) utilisation of ethylene and co-products as high value
chemical feedstocks, as against low value fuel gas.

Whitehouse (3) identified the major factors affecting the

operation of the Ethylene Plant as being:-

i)  the scheduling and operation of the naphtha and ethane
furnaces. Because of coke formation the furnaces have

to be taken off stream periodically.

ii)  the complex inter-relationships between sections of the
plant.; These include the effect of the refrigeration
system on the fractionation and compression systems of
the plant, and the effect of different cracking

conditions on compressor capacitye.

iii) planned and unplanned shutdowns on sections of the Plant
which cause reduction of throughput and pose differing
capacity constraints, e.,g. partial loss of propylene
refrigeration system capacity due to failure of a

propylene refrigerant compressor.

iv) planned and unplanned disturbances on the Baglan Bay
Factory leading to major short-term changes in the
required product pattern. For instance, a plant such as
the Ethanol Plant consuming ethylene might get into
difficulties. If the Ethylenec Plant is producing
maximum ethylenc, the short term loss in ethylene demand
will affect the economic operation of the Ethylene Flant.

It might become profitable to alter plant conditlons to
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produce maximum propylene for the duration of the

Ethanol Plant upset. 1

v)  changes in naphtha feedstock quality which will lead to
changed product patterns and demand changes to furnace

conditions.

With these factors in mind, it can be appreciated that the
efficient operation of the No. 2 Ethylene Plant depends on relating the
operation of one part of the Plaﬁt to the Ethylene Complex and Factory as
a whole, and then taking action in the context of the whole. To achieve
such operation it is essential to be able to monitor and control plant

performance accurately.

2.3 NO. 2 ETHYLENE PLANT COMPUTER SYSTEM

The acquisition and utilisation of reliable information for
the monitoring and control of a plant of the size and complexity of the
No. 2 Ethylene Plant are formidable problems. They can be solved by the
effective use of an on-line plant computer system. The computer system
can be used to:i=-

i) automatically display and log plant measurements.

ii) provide flexible and comprehensive alarm facilities.

iii) perform arithmetic and logical operations on plant
measurements to enable key performance indices aﬁd
summaries of plant performance to be produced as required.

iv) implement direct control or supcrvisory control of the

plant.

On-line plant computer systcems have been successtully uced to

effect improved control of large Ethylene Flants (4).
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A recommendation (3) was made to install a process control
computer on the No, 2 Ethylene Complex as part of the Baglad Bay computer
control and information system,

The Ethylene computer system was to be installed in parallel
with the conventional analogue recording and control equipment. This
was to ensure that any unforseen problems with the computer system did
not affect the commissioning of the No., 2 Ethylene Plant. The role of
the computer system was to complement and extend the conventional control
and information facilities. This arrangement was seen to have one major
disadvantage., Since the initial operation and control of the plant were
not dependent on the availability of the computer system, the acceptance
and use of the system m;ght prove more difficult to establish. The
Ethylene computer system was to be developed in stages. Initially the
computer system would be concerned with data logging and information
reporting, but it was ultimately intended to extend its function to
supervisory control of the plant.

As the commissioning of the No. 2 Ethylene Plant fell within
the timescale of the Ph.D project, the objectives of the plant computer
system over this period were defined as:-

i) the establishment of a reliable computer data acquisition

system,
ii) the effective application of the computer system during

plant commissioning. .

To meet these objectives the following tasks were defined:-

i)  to check rigorously the performance of the computer
hardware and software as supplied by the computcr
manufacturer.

ii) to perforﬁ comprehcnsive checks on all plant sicnals to

the computer.
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ii1)  to prepare technical software to complement and extend
conventional control and information facilities.
iv)  to ensure that personnel were adequafely trained in the
use of the computer system.

v)  to provide guidance and help to users of the plant
computer system and generally promote the computer
system facilities,

The development and application of the plant computer system

are discussed in Chapter 3 of the thesis.

2.4 DATA RECONCILIATION

Accurate and reliable plant data are required to enable manage-
ment to monitor the performance of plants. Such data are also needed for
the maintenance of production records, and as input data to any
mathematical models which will assist decision-taking,

At Baglan Bay there has been an attempt to ensure that high
quality and reliable data are available from key points across the
Factory. Instrumentation was installed of higher quality, than has
hitherto been necessary, together with additional instrumentation to
provide back up information for cross checking purposes. The acquisition
of this information is accomplished by the Factory on-line computer system.
On the No. 2 Ethylene Complex approximately 630 inputs are monitored by
the computer system. These include some 120 flows which are required for
plant section and battery limit accounting.  Although particular care has
been taken to ensure that the flow data from instruments are reliable and
accurate, it is inevitable in a large scale industrial flow measurement
system that data inconsistencies will occur. Such inconsistencies will

arise due to a number of rcasons, such as instrunent faults and human
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errors. At Baglan Bay, where the volume and value of flow data have

considerable significance, there is need for an automatic méthod for
reconciling such data and being able to produce rational material
balances across the Factory.

An example of the kind of situation that can arise due to
inconsistent data is demonstrated by considering the situation shown in
Fige 2.1. Plant 4 produces material X which is either consumed by user
plants B, C and D or sent to storage. On a typical day plant A claims
to have produced 980 tonnes of X, whereas the user plants claim to have
consumed 786 tonnes between them with 94 tonnes sent to storage. This
1e§ves 100 tonnes of X unaccounted for.

The situation suggests a number of alternative explanatioms:-

a) One, or maybe more, of the user plants are receiving

more X than they have monitored.

b) Plant A is producing less of X than it claims.

c) Material X is being lost from the system (i.e. through

leakages, tank losses etc.).

d) A combination of (a), (b) and (c).

A consistent and systematic procedure is required to solve
this problem that will examine all the flow and level measurements taking
into account the relative accuracies of the measuring devices.

The name 'data reconciliation' has been used to define a
particular form of activity at Baglan Bay. To clarify the meaning and
context of data reconciliation and associated terms used in the thesis,
the following definitions are introduced:-

Data Reconciliation

Is the resolution of inconsistent raw data in a systcnatic

and objective manner.
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Data Reconciliation Technique

Is the mathematical technique used to reconéile’the raw data.

Data Reconciliation Error Criterion

Is the criterion used by the data reconciliation technique
to reconcile the raw data.

Automatic Data Reconciliation

Makes use of a computer in the application of the data
reconciliation technique.

Data Reconciliation System

Involves the collection, checking, reconciliation and report-
ing of data.

In consider;tion of the selection of a data reconciliation.
technique for reconciling data obtained from a large scale industrial flow
system, such as found at Baglan Bay, the following requirements were
defined. The technique should:-

1) attempt to produce a reconciled set of data that is more
correct (i.e. closer to the true data) than the unrecon-
ciled raw data.

ii) ensure that the material balances are satisfied and
that the reconciled data are technically meaningful
(e.g. material balances should not be satisfied by
reversing the direction of uni-directional flows).
iii) take account of the accuracies of the various measure-
ments when reconciling the raw data.
iv) attempt to identify which measuring instruments are in

errore

v) attempt to locate sources of unmeasured material loss in

the system and provide estimates of the magnitude of the

losses.
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vi)  be computationally efficient and reliable.
vii) Dbe capable of handling all relevant data.

Chapter 4 analyses the errors found in industrial flow data
and establishes a data reconciliation technique and error criterion that
satisfy the above requirements, and are thus suitable for reconciling data
from large scale industrial flow measuring systems. The application of
the technique to the reconciliation of data from the No. 2 Ethylene Complex
is described, The No. 2 Ethylene Data Reconciliation System forms a major

part of the Baglan Bay Factory Data Reconciliation System.

25 ETHYLENE PLANT MODELLING AND SIMULATION
2.5.1 General

The highly interactive nature of the Baglan Bay Factory makes
it important to ensure that decisions taken in one part of the Factory are
not taken without consideration of the remainder of the Factory. A need
was recognised (1) for some form of mathematical aids/models to assist
management in decision-taking at the supervisory control and prcduction
scheduling levelse.

Five major reasons why the operation of the No. 2 Ethylene
Plant would benefit from the building of quantitative models are:-

4) the large tonnage and cash throughput of the plant.

ii) the range of co-products.

154 the necessity for the integration of the individual unit
operations e.g. naphtha and ethane furnaces with
compressor capacity.

{v) the necessity to match produ~tion levels and patterns

with product demands.

Wider benefits from the application of such models would be in
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?election, design, and operation of existing and future Ethylene Flants.

A steady state computer model which sirwulates the operation
of the Ethylene Plant was seen to be the vehicle by which Supervisory
control could be achieved, From this comprehensive steady state model,
simple regression models could be developed which could be used to cater
‘ for the hour by hour control of the plant. Supervisory control would
be implemented using the Factory and Plant Computer Systems.

In consideration of the scope of any modelling work, the
confidential nature of the Ethylene Plant cracking furnace design and
operation precluded any analysis of the furnace system from forming a
part of the Ph.D project. This left six other potential areas of the

Ethylene Plant available for detailed analysis:-

i) Prefractionation
ii) Compression

iii) Fractionation
COLD END

St Nt Nt Nt St

iv)  Refrigeration

v) Fuel Gas

vi) Steam

The prefractionation, steam and fuel gas systems are closely
linked to the furnace aéea. It was decided that any detailed analysis
and modelling of the Ethylene Plant, for the purpose of the Ph.D project,
would be devoted to the three systems (i.e. compression, fractionation
and refrigeration) constituting the Cecld End. The high degrce of inter-
linking between these three systems necessitates an examination of their
combined performance. It is important to achieve optimal opvration of
the Cold End since the complexity of Cold End design iiZkes any cajacity
up grading of the initially designed and installed system extremely

difficult and costly. The development of a model of the Hot bknd of the
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%thylene Plant was the responsibility of another member of Technical

Control Branch. 2

2:5:.2 Cold End Modelling and Simulation

The Cold End of the Ethylene Plant achieves its separation
of cracked gas products by first compressing the gas, and then subjecting
it to a series of fractionations. The physical properties of the
cracked gas products demand high pressures and low temperatures to
achieve such separations. High pressures are produced by the cracked gas
compression system and a cascade propylene/ethylene refrigeration system

is employed to produce low temperatures.

2.5.2.1 Cracked Gas Compression System

The cracked gas compression system represents the main
material link between the Hot End and the fractionation system of the
Cold End (Fig. 1.4). It also has some energy exchange with the propylene
refrigeration system, The modern trend on ethylene plants has been to
install a large single compressor train, since centrifugal compressors
have proved reliable. However, on the No. 2 Ethylene Plant, a decision
was taken to instali a parallel train of centrifugal compressors due to
special circumstances of location and history - i.e. in event of failure
of the No. 2 Ethylene Plant there exist no alternative sources of ethylene
plant products near Baglan Bay; and, at the time that the proceés design
of the plant was being finalised, the performance of certain large
centrifugal compressor installations were open to question.

During the compression of the cracked gas, condensation of the
heavier hydrocarbons and water occurs between the compression stages.
The gas discharging from each com:russion stage is cooled in aftcrcooler

heat exchangers and flows to a separator, whe:e the condcnsed water ami
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@ydrocarbons are removed, and are flashed back into the 1ower pressure
Separators. (See Fig. 2.2). The uncondensed vapours are,passed to the
next compression stage. Too high an interstage temperature will result
in insufficient of the heavier components being removed from the cracked
gas. This will inefficiently load the next compression stage.
Conversely, too low an interstage temperature will remove excess of the
light components from the cracked gas and inefficiently load the previous
compression stage, Therefore, judicious selection of cracked gas
interstage temperatures is important in the efficient operation of the
cracked gas compression system.

A steady state computer model of the compression system can be
used to examine the effect of different interstage temperatures on
compression system performance. A computer model is appropriate since
the compression system is characterised by recycle streams making an

iterative form of solution necessary.

2o5u2,2 Refrigeration and Fractionation Systems

The cascade propylene/ethylene refrigeration system employs
different levels of refrigerant, analogous to conventional steam utility
systems which have steam available at various pressures and temperatures,
The Ethylene Plant has been designed such that the refrigeration system
should respond to, and meet, the changing energy requirements demanded by
the process systems. This position will prevail until refrigeration
capacity becomes limiting. Under this situation, the refrigeration
system will become the dominant system and will strongly influence plant

performance.

Zdonik et al (5), in their review of Ethylene tcchnology,

since it represents a large part of the plent investment, and its
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continuous and efficient operation is essential to the best performance

of the plant. They consider the principal design aspects' of the
refrigeration system as:-

i)  economy of operation.

ii)  flexibility with respect to change in load resulting
from variations in quantity and composition of the
plant feedstock.

iii)  automatic adjustment to normal changes in coolant demand.

Plant investment costs and operating costs are closely
related to the installed compressor horsepower, Zdonik et al comment
that it is not expedient to have the refrigeration system too closely
integrated with the proéess system. Although such close integration may
reduce the theoretical compressor horsepower, it will usually result in a
sacrifice of plant flexibility. In such instances, an upset in one part
of the fractionation recovery system is transmitted through the system,
and due to the interlocking of too many process sections, the restoration
of normal operating conditions will require considerable time and will
cause loss of production.

A preliminary examination of the Cold End systems suggests
that the key to the efficient operation of the Cold End lies in the
understanding of the complex energy interactions between the refrigeration
and process fractionation systems. An appreciation of the high degree
of energy interaction between the process and refrigeration systems can be
gained by reference to Fige. 2.3, which is a schematic showing the major
process fractionation units that use refrigerant with the refrigerant
flows interwoven amongst the process flows. The figurc shows how

difierent temperature levels of refrigerant are used at different stages

in the process.
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A steady state computer simulation model will enable one to
assess and predict the effect of process changes on the reféigcration
system and vice versa,

The fractionation system modelling should primarily be
concerned with establishing the fractionation system energy demands on the

refrigeration system,

The modelling and simulation of the Cold kEnd is described in

Chapter 5.

2.6 CHAPTER REVIEW

The Chapter, after discussing the important factors affecting
Ethylene Flant operation, identified three major Ph.D project activities
that would contribute to the efficient operation of the Ethylene Plant
and Baglan Bay Factory. These activities were the development and
application of the Ethylene Flant Computer System, the reconciliation of
flow data, and the computer modelling and simulation of the Cold End of
the Ethylene Plant. The objectives of the Plant Computer System and the
tasks required to meet these objectives were stated. The need for
reconciling data was discussed and the requirements of a technique to
reconcile mass flow data,at Baglan Bay were specified. Finally, reasons
for modelling the Cold End were established and general features which
characterised its performance were discussed.

The following chapters describe the development of each of

these main project activities.
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CHAPTER 3 -~ NO. 2 ETH/LENE PLANT CCMPUTER SYSTEM

3.1 INTRODUCTION

Chapter 3 describes the development and application of the
No. 2 Ethylene Plant Computer System. The objectives of the computer
system and the tasks defined to meet these objectives were dcfincd in the
previous chapter.

The chapter begins with a description of the principles and
main features of the Ethylene Plant Computer System. Special purpose
terminology defined by the computer manufacturer and used to describe
coﬁputer system facilit%es, is introduced. This terminology is referred
to in the subsequent sections of the chapter. The important activities
of preparing and developing the computer system are discussed. It is
upon these activities that the successful application of the computer is
based, The role of the computer system during the pre-commissioning and
commissioning of the Ethylene Plant is described and the chapter ends with

an evaluation of the success of the computer system.

3.2 DESCRIPTION OF NO. 2 ETHYLENE PLANT COMPUTER SYSTEM

The No. 2 Ethylene Plant Computer System basically consists of
a Ferranti Argus 500 computer with a Ferranti Consul R control software
package. The computer system has 48K of core store and provides? in its
present form, comprehensive data logging, alarming and calculation
facilities. It has the potential to be used for direct digital or
supervisory control of plant operations. Detailed descriptions of the
Ethylene Plant Computer System are given in(€,7 and a simple schematic of
the computer system is shown in Fig. 3.1.

The Ethylene Plant Computer System is concerned witii the:-
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i) acquisition of basic plant data.

ii) processing of data.

iii) outputting of derived and basic data.
Before discussing the important features of each of these

functions, the scope of the Ethylene Computer System will be described.

3.2:1 Scope of System

The No. 2 Ethylene Plant Computer System serves the Ethylene,
Butadiene and GIU Plants. Comﬁuter inputs are taken from some 630
instruments, (Ethylene 540, Butadiene 70 and GTU 20) which include orifice
plate flow meters, thermocouple and resistance thermometers, and-on—line
analysers. The choice of inputs was based on the requirements of the
system for accounting, scheduling and control of certain key areas of
plant. For the Ethylene Plant most plant sections were comprehensively
covered, whereas on the GIU Plant only battery limits streams were
selected. On the Butadiene Extraction Plant key flows, temperatures and

all on-line analysers are input to the computer system.

i g Acquisition of Data

The acquisition of plant data is performed by the computer
analogue and digital input systems. The computer analogue system is
concerned with the transmission of primary signals from the plant
instruments, their subsequent hardware filtering to remove signal .noise,
and their conversion into digital values. Fig. 3.2 traces the path of an
analogue signal from an orifice plate flow meter to its conversion to a
digital value in the computer.

Frocess signal inputs arrive at the computer directly from the
plant instruments, or indirectly via the main control room instrument

panel Fig. 3.3. The inputs direct from th- plant are gvnerally
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'low level' signals (i.e. less than 100 mv) whereas the inputs via the
control room instrument panel normally exist as 'high level: signals
(0-1.25v). Whenever convenient, signals have been taken from the control
room panel recorders and controllers to reduce cost. Most temperature
inputs are direct from the plant. As resistance thermometers are

- fundamentally more accurate than thermocouples, resistance thermometers
have been used below 750°F and thermocouples above this temperature.
This has meant that on the Ethylene Plant, thermocouples have been used on
the Furnace Section and resistance thermometers elsewhere. Bridge
circuits for the resistance thermometer sensors direct from the plant are
located in the computer termination bays (Fig. 3.3)e In designing the
computer analogue.input system particular attention was paid to signal
noise rejection in the cabling.

Digital inputs to the computer digital input system are of two

main types - pulse frequency inputs and digital logic inputs. Pulse
frequency inputs originate from positive displacement and turbine flow

meters, whereas digital logic inputs of the isolated contact type are used

for detecting stream and component signals from on-line analyserse

3.2:3 Processing of Data

The processiﬁg of plant data is accomplished in two stages:
i) Basic Conditioning
ii) Consul R Processing
The first stage provides numerical values proportional to the
plant measurements; the second stage converts these values into meaningful
engineering quantities and further processes them as required. These

stages are shown schematically in Fig. 3.4.



1
PLANT SIGNALS
- N
PLANT
A
INSTRUMENTATION
» CONTROL v
— ‘ PANEL CCNTROL
i ROOM
y
v
TERMINATIOHN
BAYS v
COMPUTER
ROC
v
COMPUTER
INCUT 7 CUTPUT
F.ACKS
1
1

| _E‘OMFUTER / PLANT I.‘}'_TERFACE (15322




3-8

666 43y

(r-e01d)  VIVA 4O ONISS3D0Hd 4O NOILVLNISIdd3d DILVINNVIOV: A

\\
| sdoo1 | _ |Wvyooud| SLNdN!I
| ¥ INSNOD NVOS e /m;/zqi
‘_ﬁ v0Z 39001 X3 ,,,/ .
00l 13[L00 =2,000 43

- [E00 000 *ix
SO0 43 2000 iy
100 473 LOLO » 1k
000 43y 0000%1Y ]
1S17 3INTTVA - 1S VLIVA 1NdNI AVE NOILVYNIiWNG3 L
JONIH3 43

ONISSIO08d dooT

“ONINOILIANOD JISVE Y 1NaNT TvYNSIS

e ——————




i) Basic Conditioning

Basic conditioning is performed by analogu; and digital
scan software programs in conjunction with the analogue and digital input
systems. The programs control the scanning and initial storage of the
computer inputs in the input data list (Fig. 3.4), and carry out any basic
signal conditioning that is required. Scan rates may vary from 0.5 to
64 seconds for each plant signal and are determined by the nature and use

of the signals, Flows and pressures are normally scanned every 4 seconds

and temperatures every 16 seconds. The analogue scan program contains
subroutines that perform basic signal conditioning facilities, These
facilities include a smoothing subroutine to remove signal noise; a

o

linearisation subroutine which is used to scale thermocouple and resist-
ance thermometer signals; and a square root subroutine which is used to

square root the signals from differential pressure type flowmeters.

ii) Consul R Processing

The basic building blocks of the Consul R software are
modul ar program subroutines called Loops. Consul R loops are identified
by five character codes. The loop identification codes on the Ethylene
Plant Computer System were designed to correspond to the measurement type
and plant section with which the loops are associated. For instance,

EF100 is flow loop 100 on the Ethylene Piant; BT123 is temperature loop
123 on the Butadiene Extraction Plant. _

Loops can be sub-divided into recursive program macros
called Algorithms. There exist 26 different algorithms in the Consul R
software ranging from algorithms that perform simple arithmetical functions,

such as adding the values of two computer inputs, to process control

algorithms that simulate the control action of conventional three torm

controllers.
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Loops are classified into 2 types:-

a) Read Only Loops which do no calculatiéns but contain

the equivalent of a display algorithm. All basic

plant inputs are displayed through use of Read Only

Loops.

b) Calculation Loops which perform arithmetical and

logical operations on plant inputs stored in the
computer, An example of how a calculation loop is
constructed is shown in Fig. 3.5. This loop
calculates the steam to naphtha flow ratio of a
naphtha furnace. The loop identity is EX100. The
loop contains the division algorithm (Alg. No. 4) and
the set point/measured value algorithm (Alg. No. 7).
This latter algorithm is necessary to display and put
alarm limits on the output of the loop.

The frequency with which a loop calculation is executed

can be specified to be in the range of 0.5 to 64 seconds.

3.2.4 Access and Output of Data

Users of the Ethylene Plant Computer System are able to access
data using the terminal équipment shown in Fig. 3.6. Data can be accessed
from two centres - the main control room and the adjacent computer room.
This arrangement was designed to minimise interference between the technical
and process operating requirements of the computer system. Process
operating staff access data using the operator's console situated in the
centre of the control room, while technical staff, who require data for
technical investigations, use a "'mimic'~teleprintcr located in the adjacent
computer room. The 'mimic'-teleprinter is able to duplicate most facilities

provided by the operator's console, These facilities include requests for



INPUT VALUE INPUT VALULZ
FOR FOR
STEAIM FLCW NAPHTHA FLOW
Y v

ALGORITHM NO. 4
DIVISION = 11
I

2

ALGORITHM NO. 7

SET POINT - MEASURED VALUE

LOOP EX100

v

MEASURLD VALUE = STIZA FLCW

NakiliiaA FLGH

STRUCTURE OF TYPICAL CALCULATICN LOOP
EX 100 (FIG, 3.5)
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computer loops, logs and alarms. Changes to computer loops, logs or
alarms, which can easily be implemented on-line using the operator's
console of mimic teleprinter do not affect the operation of the rest of
th? computer system. A series of security levels operated by key
switches prevent unauthorised personnel from making changes.

The programmers panel and paper tape punch shown in Fig. 3.6
are used in the loading of the computer system software from paper tape
and in computer fault diagnosis. The computer terminal equipment are
designed also to allow communication with the Baglan Bay Factory computer
system.

/ Data can be output from the computer in a number of forms.
Typed records can be produced on teleprinters found in the control room
and computer room. Al ternatively, the data can be displayed on a visual
display unit situated in the control room, or punched on paper tape using
the fast tape punch located in the computer room.

Computer logs are used to cutput groups of basic and derived
data. The computer system provides comprehensive logging facilities in
the form of trend logs, alarm logs, and specially formalted logs which
contain selected loops épecified by users of the computer system.

Powerful and flexible process alarm facilities are provided
by the computer that enable basic and derived data, contained in Concul R
loops, to be checked against upper and lower alarm settings. The conputer
indicates the presence of an alarm condition by producing a bleeping noise
and flashing light from the operator's console, and printing an alarm

message on the control room alari teleprinter. Alarm indications can only

be acknowledged from the operator's console.

Thus, having described the main features of the computer syctemn,

the development cof thc system to meet the objectives cefined in <hopicr 2



is discussed in the next section.

3.3 DEVELOPMENT OF PLANT COMPUTER SYSTEM

3.3.1 Plant Computer Acceptance Tests

Acceptance tests were performed on the Ethylene computer

~ hardware and software as supplied by the manufacturer, Ferranti Limited.
Such tests were carried out at both the Ferranti Works, Wythenshawe and at
the Baglan Bay Factory. All tests were witnessed and approved by the
author. The purpose of the tests was to ensure that the computer hard-
ware and software met BP Chemicals standards as defined:in (7), and to
establish a basic reliable computer system upon which future development
work could confidegtly be built.

Comments and details of the results of the acceptance tests
are contained in (8). Of particular value were the elevated temperature
tests on the computer hardware at the Ferranti Works. The object of the
tests was to highlight any latent faults in the hardware. The tests
enabled the performance of the equipment at elevated temperatures to be
assessed (important when computer room air conditioning units fail) and
provided a useful check on the reliability of the computer hardware before
delivery to the Baglan Bay Factory. The significant amount of non-standard
special-to-project software definitely warranted testing.

It was concluded that the nature and number of the faults

discovered during the computer acceptance tests fully substantiated the

rigour of the testing.

3e3.2 Checking of Computer lInputs

The checking of inputs from the plant instruicnts to the
computer system extended over a six month period, prior to plant

commissioning, and required the full time services of two instrument
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Techanics. The testing was divided into two parts - continuity checking
to ensure that the wiring connections between the instrumen%s and the
computer were correct, and functional checking to ensure that the
accuracy of signal transmission was within specification. To facilitate
the functional checking of signals, the computer was used as a digital
voltmeter and numerical values proportional to the signals were printed on
a teleprinter in the computer room. A summary of the number and type of
computer inputs checked is given_in Fig. 3.7.

The checking of on-line analyser signals to the computer
involved close collaboration with the on-line analyser gommissioqing team.
Modifications to the analyser computer software proved necessary as a result
of the testing. Problems caused by the length of time analyser digital
input contact closures remained set had to be circumvented by increasing

the scanning frequency of the computer digital scan program.

33,3 Development of Technical Software

3.3.3.1 Processing of Basic Plant Data

Basic plant data consist of data that are directly measured by
plant instruments. Computer software, in the form of Consul R read only
loops, was developed to enable the current values of basic plant computer
input data (i.e. flows, temperatures, pressure etc.) to be displayed
digitally in engineering units. Details of Ethylene computer inputs are
given in (9).

The accurate monitoring of battery limit and certain internal
flows was recognised as being important for enabling local plant management
to maintain close control of plant performance. Consequontly, particular
attention was paid to the calculation and chccking of flow factors that

were used in the computer flow loops. A computer program (10) was



FIG.3.7 SU“MARY OF COMPUTER INPUTS
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TYPE OF COMFPUTER
INPUT

SIGNAL RANGE

NO. OF COMPUTER
INPUTS

1

CCHI-ENTS

pulsed signzl

630

'High' level 0.25 - 1.25 v 393 All signals from
control room panel
recordrrs &
controllers.

Thermocouple 0 - 50 mv 89 Essentially nsphtha
ari ethane furnace
temperatures.

Resistance Bulb 0 - 50 mv 78 Signals from duplex
ki Ialhs.

'Shared! 0 - 20 mv 33 Signals shared . th

Resistance Bulb. Control Room trom-
erature indicator.
Necessary vhon
duplex RT bulbs
were unavailable.

Analyser 0 - 12.5 mv 6 Single stream/one
corponent annlysers.

Analyser 0.25 - 1.25 v 23 tulti-stream/multi-

+ digital componcnt anslysers
logic signals
Turbine meter 0 to S5 v 8
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developed on the Honeywell Computer Time Sharing Link to calculate

éomputer flow factors for differential pressure type flow mdters. Orifice
plates and nozzles were used predominantly to measure flows on the No. 2
Ethylene Complex. During the period when flow meters were being checked,
all No, 2 Ethylene Complex flow meter data were held on a computer data
file. This enabled data to be easily amended and the computer calculations
conveniently repeated.

The accuracy of mass flow measurements of certain key flows was
improved by programming the plant computer to use temperature and pressure
measurements to correct for variations in fluid density at line conditions.
The software was designed to check each calculated line density and ensure
that it lay betweer. realistic limits. In the event of a calculated
density lying outside limits, due perhaps to malfunction of either the
temperature or pressure sensors, a constant density would automatically be
substituted. The flows selected for this treatment included most gaseous
battery limit product flows and certain liquid streams, such as naphtha

import and gasoline product. Other computer flow loops used constant

meter factors incorporating fixed densities.

3436342 Processing of Derived Data

The plant coﬁputer system enables arithmetic and logical
operations to be carried out on the basic plant data inputs and the result-
ing derived data displayed. Discussions with Ethylene Plant management
established the derived data that were required to enable more efficient
operation of the Ethylene Plant to be achieved.  Such derived data
included: -

i) Steam/naphtha ratios on the furnaces.

i1i) Reflux ratios of the fractionating towers.

iii) Hydrogen/acetylene ratios in the C2 and <3 hydrogenaticn



units.

A series of computer calculation loops were defined using
flow and on-line analyser inputs to enable proccss operating staff to
effect improved control of the C2 and C3 hydrogenation units cf the plant.
A description of the computer facilities provided for the C2 hydrogenation
unit is given in Appendix 1.

Computer software was prepared that averaged battery limit
flows and certain internal plant flows over periods.of 1 hour, 8 hours and

24 hours. The averaged flows were used to evaluate the production

performance of the plant.

3.3.3.3 Al arming of Data

It was decided with Ethylene Plant management that the computer
alarm facilities should complement and not duplicate existing control room
panel alarms. Routine alarming of computer inputs would be the exception
rather than the rule. Computer alarms were placed on plant measurements
which did not have control room panel alarms but which were considered by
Ethylene Plant management important enough to warrant alarm facilities.
Computer high temperature alarm limits were set on the temperatues of the
crecked gas leaving the transfer line exchangers of the naphtha and cthane
furnaces. Computer alarm facilities were also used to ensure that
stream component concentrations, as measured by the on-linc analysers,
remained within specification. Of particular concern was the concen-
tration of acetylenes in the MAP tower base strcam, since high concen-
trations of acetylenes are an explosion hazard.

It was decided also to use the computer as a pre-alarm on
cort.in importent plant mcasurements, to give process operating staff

warning that a control room'panel alarm condition possibly was imminent.
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It was felt that the corrective action prompted by the computer pre-alarm
would result in the control room panel alarm state being avérted. Pre-
alarm settings on the compressor flows would indicate an approach to a
compressor surge condition before the surge control alarm and control
system came into operation.

The ability of the computer to alarm derived data was used on
the C2 and C3 hydrogenation units of the Ethylene Plant. The way in

which this alarm facility was applied is described in Appendix 1.

3.3.3.4 Logging of Data

Comprehensive sets of computer logs were specified to record
basic and derived cata. The logs fell into two main categories:-

(i) operational logs which were directed towards process

operating staff as aids in the minute-by-minute operation
of the plant.

(ii) summary logs which were directed towards plant management

as aids in assessing the short term performance of the
plant.

Operational logs were defined for each of the main plant
sections. The contents of the logs were essentially computer loops which
displayed the instantaneous values of plant measurements. The format of
the propylene refrigeration system log is shown in Fig. 3.8. The data are
presented in two columns, one column for each refrigerant compressor.

Summary logs contain derived data such as average flows over an
8 hour shift and selected basic plant data which are indicative of the
state of plant performance.

An alarm log was prepared which gave the alarm settings and
instantancous values of all computer inputs that had becn yiven computer

alarm facilities. The 12 available computer trend logs werc allocated to
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"13.28 HRS 30/09/74 LOG 48

H-C-3A (PROPYLENE REFRIG.) H-C-3B
E P603 MV PSIG E Te14 MV DEG.F
E P602 MV PSIG E Té615 MV DEG.F
E P601 MV PSIG
E F600 MV KLBS/HR
E P600 MV
E 5610 MV K.RFM E 5620 MV K.RPM
E F832 MV KLBS/HR E F833 MV KLBS/HR
E Tg800 MV DEG.F
E F610 MV KLBS/HR E Fe620 MV KLBS/HR
E P610 MV E 1610 MV
E Tei10 MV DEG. F E T610 vV DEG.F
E P611 MV PSIG E Poe11 MV PSIG
E Toel11 MV DEG.F E Tel11 MV DEG.F
E F612 MV KLBS/HR E Fe22 MV KLBS/HR
E P612 NV 4 PSIG E Pe22 MV PSIG
E Te12 MV DEG.F E Te22 IV DEG.F
E F613 MV KLBS/HR E F623 IV KLBS/HR
E P613 MV PSIG E P623 MV PSIG
E T613 MV DEG.F E Te23 MV DEG.F
E F614 MV KLBS/HR E Fe24 MV KLBS/HR
E Fe15 MV KLBS/HR E Fe25 MV KLBS/HR

I’'IG. 3.8 Format of Pronvlene Refrigeration
System Computer Log
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various groups of users e.g. the Ethylene Plant technical section were
éllocated 2 logs and the instrument section 1 log. Each tkend log
enabled up to 6 computer loops to be logged at frequencies between 10
seconds and 10 hours. Computer loops could easily be inserted or

removed from the trend logs either from the operator's console of mimic

teleprinter.
3.4 APPLICATION OF PLANT COMPUTER SYSTEM
3e4.1 Training

It was appreciated that the success of the plant computer
system was strongly dependent on its acceptance and use. Hence, the
effeqtiVe training’;f personnel in the use of the computer system was
regarded as an important activity and considerable effort was spent in
preparing a training programme. A series of training courses were given
which were scheduled to allow personnel to familiarise themselves with the
computer system before the start of plant commissioninge. Plant management
from foreman level upwards attended the courses. It was the respon-
sibility of the process foremen to train process operators to use the
plant computer.

Each training course took the form of a lecture supplemented
by practical sessions using the computer system. The lecture provided
a general appreciation of how the computer system operated and what
computer facilities were available. This was followed by a pracéical

demonstration of how to use these facilities after which course members

were cach allowed to work through a set of programmed exercises using the

computer system.

3:4.2 Ethylene Plant I'rc-ommissioning

The Ethylene Plant technical, instrumentition and process
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sections each benefited from use of the computer facilities during the six

months prior to plant commissioning. :

The technical section used the computer for collecting data
to check compressor characteristic curves and for logging turbine and
compressor vibration measurements. The testing of the cracked gas
compression and refrigeration turbines and compressors was one of the
major plant precommissioning activities (11). The nature and size of
axial and radial vibrations set up in the compressors and turbines were of |
particular concern and interest. It was important to measure vibrations
as the machines were moved through their critical speeds. Vibration and :
thrust measurement equipment had been installed on the machines with
analogue monitoring faciliéies in the Ethylene Plant control room.

Manual logging of data proved inadequate and so use was made of the

flexible trend logging facilities provided by the computer every 2 seconds.

The scanning speed of 2 seconds was chosen, since it was compatible with

the fastest speed the paper tape punch could output data.

The instrumentation section used the computer as a digital
voltmeter to facilitate the checking and calibration of computer inputs.
Every encouragement was given to the instrumentation section in this
exercise as the establishment of good instrument practice for the maint-

enance of computer inputs was essential to the success of the computer

system. Calibration procedures were defined to cover the different types
of inputs to the computer system and instruction was given to members of the
instrumentation section in use of the procedures. As the majority of
computer signals were shared with the control room instrumentation, the
more accurate and stringent instrument calibrations required by the
computer, had the effect of raising the overall standard of instrurcntation

on the plant.

The process operating section used this poriod to devolop
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confidence in use of the display and logging facilities of the computer,
thus ensurir; that maximum benefit could be derived from usé of the system
at plant comrissioning.

This period was also ucsed by the author to complete prejp-

aration and checks of the computer software.

3s4s3 Ethylene Plant Commissioning

With the plant computer system fulfilling a complementary,
rather than an essential role in the commissioning of the Ethylene Plant,
it was expected that users of the computer system would be discerning in
their use and application of the system. The computer system had to be
seen to provide discinct advantages over the conventional control room.
facilities if it was to be successful.

The application of the corputer system is discucsed under the
following three headings.

(i) Data Presentation.

(ii) Cowpuater System Flexibility.

(iii) Flow Averaging.

(i) Data Presontation

Haalman (12) pointed out that the duplication of data by
the computer and conventional instrumentation confuses plant operators and
should be avoided. On thce No. 2 Ethylene Plant Computer Systum over 85%
of the ba:ic plant data displayed by the computer system were obtéiycd from
signals shared with the conventional control room panel instrumentation.
The remaining 15% of data, consisting mainly of resistance thermometer
temperatures, originated from the second bul! of duplex resistance Lulb
installations. No confusion arose over the cuplication of data

presentation as provided by tilw cowputer and conventional instrumentation.
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The computer digital presentation of data was accepted, in general, as

more accurate and more convenient to read except in instancks when an

analogue trend of a plant measurement was required. The computer

presentation helped the plant management philosophy of enccuracir

. 'I;"

process operators to think of flows in terms of engineering units (i.e.

Klb/h) rather than as dimensionless chart readings. The computer system

was able to display all key plant flows in engineering units and as

equivalent chart readings in the range 0 to 10. Control room process

operators, when requiring to change settings on panel controllers, found

it convenient to adjust the controllers according to the computer

digitally displayed values of the measured data.

The corputer system logs were found to offer the following

advantages over conventional logging:-

(a)

(b)

The computer logs were able to bring together all
important data associated with a particular plant
section and present it in a convenient form for
analysis. The computer logs were either displayed
on the visual display unit for immediate analysis,
or printed on a teleprinter to be analysed at some
later time. This alleviated problems caused by
the positioning of control panel indicators and
recorders at different places in the large Ethylene
Control Room. For instance, the analyser-display
panel and the fractionation control panel were
located at opposite ends of the control room, and
certain fractionation temperatures were only avail-
able on a temperature indicator desk in the centre
of the room.

Th.. comput:r logs containc. data relatcd to the
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same time or time period. Manual logging of a
large number of instruments scattereh about the
large control room resulted in a significant time
lapse between the 7irst and last logged data.
This often distorted and complicated any sub-

sequent analysis of the data.

(c)  The computer logs included derived data in
addition to basic plant data. For instance, a

reflux ratio as well as a reflux flow was logged.

(d) The computer was programmed to automatically output
logs at pre-specified time intervals or at a pre-
specified time. This facility was used extensive-
ly by technical personnel to gather data in
trouble-shooting exercises during commissioning.

The automatic production of a daily computer log

containing all key plant production data eliminated
the need to manually collect and to planimeter flow
charts in order to provide measures of plant prod-

uction.

(e) The computer removed the need to record nanually
large amounts of data on log sheets, and thus
allowed personnel to concentrate on the problems of

plant ccamissioning.

(ii) Computer Svstem Flexiib:lity

The flexibility of theo computer system proved extremely
valuable during the commissioni:.; of the plant. Software provided the iy
to computer systc. flexibility. vnonever a particular section of the

plant was experiencing difficultics, precess operating staff were able to



3-26

assign plant measurements, in the form of computer loops, to a computer
trend log and to log automatically the points at a required?frequency.

The adaptability of the computer system was demonstrated
during commissioning, when surges of refrigerant were sent to flare. It
was important to ensure that the flare line temperature did not drop too
low and result in the freezing and subsequent blockage of the flare line,
- It was possible, within a matter of seconds, to put a computer low temp-
erature alarm on the flare temperature. The computer immediately warned
process operating staff if the flare line temperature fell too low, thus
allowing corrective action to be taken.

Another example of the flexibility of the computer system
occurred when it was necessary to use, temporarily, a different source of
hydrogen in the C2 and C3 hydrogenation units of the Plant. It proved
comparatively easy to modify the computer software and maintain the
computer facilities provided for improved control of these sections of the
Plant.

(iii) Flow Averaging

Soon after the start up of the Ethylene Plant the value
of being able to average flow data using the plant computer system became
apparent. Mass balance flows, averaged over 1 hour periods, aided
process operating staff in their task of lining up and steadying the Plant.
Meaningful plant material balances were being produced two days after
start upe.

The need was then recognised for flow data to be

averaged over a longer time period. At the end of each 8 hour shift,

averaged flows were entered on to a simple schematic material balance

— 8
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flow sheet of the Plant, and the data analysed. Analysis of the data
ﬁighlighted possible sources of material hold-up and instrument errors.
Faulty meters were identified with a reasonable degree of confidence
and brought to the attention of the instrument section.

Shift flow data were used in the preparation of a daily
summary of the Plant's production performance, which was discussed each
day be senior plant management. It was later found necessary to intro-
duce daily averaged flows in addition to shift averaged flows. These
daily averaged flows formed the basis of the Plant's data reconciliation/

production records reporting system.

3.4.4 Computer System Reliability

To complete this section on the application of the computer
system, it is appropriate to comment on the reliability of the computer
system during the period of the Ph.D project. Good system reliability
was fundamental to the success of the project.

The reliability of the plant computer system during the Ph.D
projaect is summarised in Fig. 3.9. The slightly inferior reliability
figures for 1972 are mainly due to the development and de-bugging of
software in preparation for Ethylene Plant commissioning in 1973. The
reliability figures for 1973 reflect the value of the rigorous checking

of computer hardware and software.

3.5 CONCLUSIONS

The conclusions drawn from the development and application

of the No. 2 Ethylene Plant Computer System are as follows:-

fr of AraTEew [
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) (1) The size and complexity of the No. 2 Ethylene Plant
demanded a standard of plant performance monitoring which céuld not have
been achieved without the plant computer system. This conclusion is
endorsed by Sommer et al (13) who found that although it is difficult to

justify economically on-line information systems for plants, such systems

can greatly enhance plant operability and aid plant commissioninge.

(ii) The reliability of the computer system hardware and
software, was an important factor in establishing confidence in the
computer system. Such confidence was important since it was identified
at the beginning of the project that the complementary role of the

computer system might make its acceptance and use more difficult to

o

¥

establish.

(iii) The computer system provided an incentive for maintain-

ing a high standard of plant instrumentation for the whole plant.

(iv) Computer flexibility was the key to the success of the

computer system during plant commissioning. Plant commissioning, by

nature, can be an unpredictable and rapidly changing scene where unexpected

problems have to be solved as quickly as possible. The ability to
quickly assemble or modify computer loops, logs and alarms proved an

invaluable aid over this period.

(v) The computer presentation of data was readily accepted
by plant personnel and afforded distinct advantages over conventional

control room data presentation facilities.

(vi) The good working relationship with the Ethylene Plant
personnel, prior and during plant commissioning, ensured that conpater

system facilities met plant requiremcnts and were effcctively used.

I R L ]

B Yha 1.0 H
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(vii) Vith the computer system ecstablished as a reliable on-

line plant information system it is possible to consider exﬁending its

function to improved computer control of certain key sections of the

Ethylene Plant.

(viii) The plant computer system achieved its objectives

during commissioning of the No., 2 Ethylene Plant,
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CHAPTER 4 -~ DATA RECONCILIATION

4.1 INTRODUCTION

The problem of reconciling data from a large industrial flow
system such as found at Baglan Bay was introduced in Chapter 2. This
chapter is concerned with the development of a data reconciliation
technique and system for reconciling such data, Before proceeding with
the evaluation of methods to reconcile the data, an.analysis and
estimation is made of the errors that exist in an industrial mass flow
measuring system. A review is then given of the various techniques
that have been used for reconciling inconsistent data from industrial
systems. This is followed by an account of an investigation into the
merits of different data reconciliation error criteria. The investig-
ation used a simple computer model of industrial flow measurement errors
to generate sets of typically measured raw data from an ideal set of
flows. These data were used in the assessment of the data reconciliation
error criteria. The Chapter proceeds to describe the selection of a
data reconciliation technique for reconciling data from a large scale
industrial mass flow measuring system. The technique must be capable of
meeting the requirements specified in Chapter 2. The application of
this technique to the reconciliation of data from the No, 2 Ethylene
Complex is described. Features and limitations of the No. 2 Ethylene
Data Reconciliation Model are discussed, and a description is givén of
the No. 2 Ethylene Reconciliation System implemented at Baglan Bay to
collect, reconcile and report data. The Chapter ends with an assessment

of a recently published work, which has employed a simila: approach to

data reconciliation.
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4.2 ANALYSIS AND ESTIMATION OF ERRORS IN INDUST2TAL
MASS FLCW IMEASURING SYSTEIS

1

An industrial mass flow measuring system consists predominant-
ly of pressure differential type meters. The remainder of metering
devices in the system are usually turbine flow meters, positive displace-
ment meters and level gauges for measuring tank stock changes. It is
convenient to include tank stock changes as part of the mass flow
measuring system since they can be regarded as a form of mass flow
measurement into or out of tanks. The following discussion of industrial
flow measurement errors is mainly concerned with errors associated with
this type of mass flow measuring sys’em. Pressure difierential meters
are used as examples in the discussion but reference is made to other
types of meters.

The likely size of a flow measurement error cén be estimated,
without experimentation, if:-

i) the various sources of error are considered.

ii) their separate numerical contributions are estimated
on the basis of past experience.

1ii) these contributions are combined together to give the
required estimate of the overall errore

Each of these stages in the estimation of the total error is

discussed in the following sections.

4,2.1 Nature of Errors

There are two distinct kinds of errors (14): those errors
that determine the accuracy of a flow measurement and those that

determine its reproducibility or precision.
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i)  Accuracy of Flow Measurement

Accuracy is defined as the degree of agree;ent between
the apparent flow as measured by the flow meter and the actual flow
obtained at the time or occasion of measurement, The estimation of the
accuracy of a flow measurement consists in determining the likely
magnitude of the difference between the apparent and actual flow. The
estimation can apply both to a single measurement, or to the average of
series of measurements.

All sources of error that may contribute to a difference
between the apparent and actual flow, enter into the estimation of

accuracye Such component errors are called Systematic Errors because

they result in a systematic bias of the apparent flow away from the
actual flow. The bias may not necessarily be the same for all component
errors and they may partially cancel out.

Different sources may or may not contribute systematic
errors depending on the way in which the flow measurement has been
carried out, e.g. a zero error on a differential pressure transmitter
which is adjusted every two days would produce a systematic error on
daily integrated flow measurements but may contribute only a negligible

random error on monthly integrated flow measurcements,

ii) Precision or Repeatability of Flow Measurement

Precision is defined as the degree of agreement between

repeated determinations of the apparent flow, the actual flow being

constant.

All sources of error whose magnitude can vary from one
occasion to another and can produce variztions in the apparent flow,
enter into the estimation of precision.  Such component errors are

called Random Errors because both their magnitude and their sense varies




from occasion to occasion.
. 1
Random errors provide a measure of the precision, or
repeatability, of the measurement. If the error distribution has a

Gaussian character the actual random error will be smaller than twice the

standard deviation in 95% of all cases.

iii) Flow Measuring System Errors

The performance of a flow measuring device can be stated

in terms of its Systematic Errors and Random Errors, normally expressed

as a percentage of Nominal Value. Since these errors, in the case of

differential pressure devices, become very large as the flow rate
approaches zero, (flow is pr0portiona£ to the square root of the pressure
difference) it is common practice to state the error figures together
with the measuring range within which they are expected to hold. This

measuring range, called Rangeability, is an indication of the flexibility

of the measuring device, Rangeability is defined as the ratio of the
maximum meter reading to the minimum meter reading for which the error
is less than a stated value. Turbine flow meters are inherently more
accurate than differential pressure type meters and the accuracy limits
over the usable flow range are independent of the flow rate. Likewise,
tank stock changes,measured as the difference between two stock levels,
have measurement errors independent of the stock change.

When a measuring system is composed of several instru-
ments the total error is a combination of the errors of each instrument.
The error of each instrument consists of a random error and a systematic
For a group of instruments the systematic errors will be

errorle

different for each instrument and must be considercd as random for the

group.

Systematic errors that exist in industrial flow
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measuring systems can be subdivided into Inherent Systematic Errors and

CGross Systematic Errors. The inherent systematic errors age the

systematic errors which are a function of system design and operation,
whereas gross systematic errors are a function of system failure/

- availability, and the extent and quality of human intervention. Gross
systematic errors are greater in magnitude than the maximum combined

inherent systematic and inherent random errors of the meters.

42,2 Sources of Error

The errors associated with the industrial measurement of
flows can be classified into three groups as follows:-
i) Inherent random errcis.
ii) Inherent systematic errors.

iii) Gross systematic errorse.

Sources of inherent random errors include:-
i) Ambient temperature changes.
ii) Changes in static line pressure.
iii) Fluid density changes due to variation in fluid
pressure, temperature or composition.
iv) Changes in viscosity of fluid.
v) Hysteresis in elements of the measuring system, in
particular the differential pressure transmitter.
vi) Faulty adjustment of elements of system during

calibration checks.

Source of inherent systematic errors include: -
i) Incorrect construction of elements of 1. rasuring system
e.g. orifice plate not machined correctly.

ii) Incorrect design or installation of clcuiwents of
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measuring system e.g. insufficient lengths of straight
Pipe up-stream or down-stream of primary element.,
iii) Faulty adjustment of elements of system during

calibration checks.

It should be appreciated, as stated earlier, that different
sources of error may contribute either a systematic or random error
effect on the measurement, depending on the way in which the flow
measurement has been made.

Sources of gross systematic errors found in a typical computer
based flow measuring system, such as at Baglan Bay, include:-

i) Failure of measuring-system component e.g. differential
pressure transmitter fails resulting in zero or full
scale signal.

ii) Unavailability of measurement due to routine checking of
instrument.
iii) Human errors - examples of such errors are:-

a) failure to update meter constants in computer flow
calculations.

b) failure of instrument mechanic to re-initialise
computer flow calculation after re-instatement of
repaired or checked meter.

c) incorrect manual recording of measurements not
automatically picked up by computer system. For
instance, incorrect positioning of decimal point.

Industrial flow measurement systems are strongly charactcr-
ised by the presence of gross systematic errors. In the case of a well
maintained laboratory or pilot size plant undergoing strictly controlled

experiments, the influence and occurrence of gross systiiatic errors can
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be reduced to an extent whereby they can be considered negligible,

. 1
in a large scale industrial flow measurement system comprising

However,
several hundred instruments exposed to an environment which creates
problems of corrosion, fluctuating ambient conditions, leaking flanges
and valves, the occurrence of gross systematic errors is unavoidabl e,
Lees et al (15) analysed the reliability of instruments working in a
industrial environment and concluded that instrument reliability is
strongly dependent on the severity of the environment. They stated that
a severe environment could increase the instrument failure rate by a
factor of up to 4. With the exception of on-line analysers, the
failure rate of flow differential pressure transducers was greater than
most other widely used measuring instruments examined in the survey.

A flow measuring system significantly dependent on human
intervention is also likely to be characterised by gross systematic
€rrorse. The human traits of boredom, tiredness and absentmindedness
are likely to give rise to human errors of the gross systematic type.

The occurrence of gross systematic errors can be reduced by:-

a) Efficient instrument maintenance practice. Regular

checking and calibration of instruments will reduce
the likelihood of instrument failure.

b) Minimising human intervention by automating the data

acquisition and processing of flow data. It should be
emphasised that expedient use of human interactibn in

such an automated system is still desirable to ensure

that system performance is being maintained.

4,2.3 Estimation of Errors

Hop (16) has estimated the expected errors for a nuwber of
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?ifferent types of flow measuring systems under industrial conditions,
with fluid and ambient conditions changing. He did ﬁot cénsider the
existence or effect of gross systematic errors in his survey of mass flow
measuring systems., He quoted a maximum total error (% of nominal
value) of between 2.3 and 3.3% for a flow measuring system comprised of
A Square edge orifice flow meter with two differential pressure trans-
mitters and automatic flow integration. Other systems involving
orifice type flow meters and automatic flow integration had maximum
total errors between 1.7% and 3.2%.
An estimation of the gross systematic errors in an industrial
fléw measuring system can be made by defining: -
i)  the probability of meters being affected by gross
systematic errors during the flow integration period.
ii) of the meters affected by gross systematic errors, the

probabilities that the gross systematic errors will

produce: -

a) full scale flow readings

b)  zero flow readings

c) flows between zero and full scale.

These probabilities can be estimated by examination of

the flow meter data records from the industrial flow

measuring system.

4.3 DATA RECONCILIATION TECHNIQUES AND ERROR CRIT:IIITA

4.3.1 Review of Data Reconciliation Technicues
Since 1961 when Kuehn and Davidson (17) used i{he maihe sabieal

technique of the Lagrange method of undetermined multiplicrs for adjusting

the flow and enthalpy measurcments to satisfy heat and icass balances, a
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pumber of workers have shown interest in the problem and techniques of

- . - 1
data reconciliation. ’

It is common practice in process calculations to adjust the
measured data by small amounts so that discrepancies in heat and material
balances are eliminated, Manual adjustment can be done intelligently
by combining the knowledge that one may have regarding the accuracy of
certain instruments and the nature of the process (e.g. stoichiometric

ratios).

Kuehn and Davidson (17) set out to solve this problem of
data reconciliation in a systematic way by considering Ehe heat and mass
balances as a set of simultaneous eézations. Measurements are adjusted
so that the set of equations balance. The data reconciliation error
criterion was required to introduce larger percentage adjustments into
those measurements that are prone to errcr and keep the total necessary
adjustment to a minimum. Kuehn and Davidson used the classical Lagrange
method of undetermined multipliers to obtain a solution, and selected a
least squares error criterion for which the sum of squares of the
individual adjustments to the data is a minimum. They believed the
method to be beneficial, since advantage is taken of the redundancy in
the measurements that arec made in the plant in order to provide a more
accurate estimate of actual plant conditions.

The problem in mathematical form is stated as follows:-

n
E 1 52
Minimise 9 (xi) = = (xi - xi) = (dal)
i =1 6.

subject to the constraints



where

xi = the ith measurement when corrected (i.e
reconciled)

xi = the ith measurement as actually observed

cri = the error variance of the ith measurcment

aij = the coefficient of the ith measurement in the
jth material (or heat) balance equatic:

n & number of measurements

m = number of constraints

The method of Lagrange (undetermined multipliers) solves for

the x.i's as the solution of the set of simultaneous equations.

n

i=1

matrix notation

b

d , %
Z 5—;{ 1 )] (:\i) + Z‘AJ le(xi) E
i 31
m
)
X -b_z\ { B (x;) + Z’\]HJ(xi) S
i P

m

]

(4.4)

n
o
I

solution of these above equations for x is given in

as follows:-—-

SR T T

= (KRR ) A X - (4,5)
- - =T -

- X “CA& A - (4.6)
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where
3
A  is the matrix (a..)
- 1]
X is the vector (xi)
X* is the vector (xi,)
C

is the diagonal matrix with elements 1/26 ;2

>l

is the vector of undertermined multipliers (Aj)

Details of the solution of these equations is given in (17).

Clementson (18) also recognised the need for a systematic
approach for rationalising complicated and large configurations of mass
bal ances. He pointed out that in *he chemical and oil industries the
majority of processes are operated continuously and in such processes
there is no way of determining the exact quantity flowing in any line -
all that can be obtained are estimates of the true flow uéing flow meters
of varying accuracy and quality. He stated that a set of meter
readings will not ‘'balance' because of the errors that existing in the
readings. In a small plant it may be possible to obtain meaningful and
consistent values by applying some logical rules. However, in a larger
plant this becomes too complicgted and the need for a systematic approach
to the problem is evident.

Clementson suggested the application of the statistical
method of regression analysis using a least squares error criterion as a
solution to the problem of data reconciliation.  The regreSSion-analysis
technique is ideally suited, like the Lagrangian multiplier approach, for
routine application on a digital computer. The technique he claimed
offered the following advantageous features:i-

i) it will cope with missing or incomplcte data,

ii) the solution is consistent.
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i iii)  the presence of accuracy estimates allows the detection
of incorrect data, ?

The least squares error criterion used by Clementson in the
regression analysis technique was the same as used by Kuehn and Davidson
(i.e. it is the set of flows that give a minimum total square error between
the corrected and uncorrected flows). As both the Lagrangian multiplier
method and the regression analysis method attempt to minimise the same
error criterion, provided the constraint equations and data are identical,
it is inevitable that the resultant set of reconciled data should be the

same. The methods differ only in the mathematical technique used to

manipulate the system equations and data.

Ripps (19) showed that the Lagrangian multiplier technique
of Kuehn and Davidson (17) worked well for data containing only small
random type errors (i.e. no gross systematic errors). However, when the
set of data contains gross systematic errors in addition to the random
errors the technique is inadequate. Because the individual adjustments
appear as the square, a high penalty is imposed on making any single
large correction. Thus, a gross error present in one measurement is
attributed to a series of small errors in each measurement. This
distribution of the gross error has two disadvantages; it makes the data
as a whole highly inaccurate, and it does not indicate which measurement
had the gross error to guide instrument repair or similar corrective
action.

Ripps proposed a method that permitted a distinction between
the two major types of error (i.e. gross systcmatic and randon) in
process data. He modified the Lagrangion multiplier procodure to allow

a certain number of the measurements to be discarded as gross errors.

The measurements suspected as being in gross error are each .l.curded
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Sequentially from the complete set of raw measurements and a Yleast
équares' analysis performed on the remainder of the data. sComparison
of the resulting least squares error criterion should provide an
indication of the meters with gross errors.

The chief disadvantages of this method are that it is
iterative and strongly dependent on the subjective view of the analyst

who must decide which measurements to discard or keep.

Meharg (20) saw data reconciliation primarily as a means of
improving data for calibrating models of the plant. The technique used
was the classical Lagrangian multiplier method using a least squares
error criterion. Meharg made use of non-linear component bal ances
involving analytical data, in addition to linear bulk flow material
bal ances. This involved him in an iterative solution to the Lagrangian
multiplier method. An additional use of data reconciliation suggested
by Meharg was in the estimation of variables which cannot be measured

(e.g. leaks from plant).

Nogita (21) was also aware of the limitations of the basic
least squares error criterion in reconciling data containing both random
and reconciled data. He, like Ripps (19) extended the basic Kuehn and
Davidson (17) procedure'to include use of a serial elimination algorithm
for automatic selection of suspect measurements. Ripps (19) had relied

very much on the subjective judgement of the analyst in selecting

suspect measurements.

Recently, Mathiesen (22) has used a modulus error criterion

and the linear programming method for adjusting inconsistent sets of

measurementse. He did not restrict the method to mass flow measurciments

but considered it gencrally applicable to all typos of icasurements
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Fi.ea flows, pressures, concentrations, temperatures etc.). His
approach was to take a set of equations that describe the system under
consideration and linearise the equations about an operating point.
Application of the linear programming method to the set of linear
equations and measured data would result in the adjustment of
inconsistent data.

The work of Mathiesen (22) is discussed further in Section

4.5 in the light of experiences of data reconciliation at Baglan Bay.

4.3- 1.1 ConduSionS

Workers involved with the reconciliation of plant data have
mainly concerned themselves with the,minimisation of a least squares
error criterion using either the Lagrangian multiplier or regression
analysis techniques. Although some workers considered the simul taneous
reconciliation of mass and heat data it is felt that there is no
incentive for introducing heat balances into the reconciliation of flow
data from industrial mass flow measuring systems. In an industrial
environment, estimates of heat flows are considerably less accurate than
the estimates of mass flows, and unmeasured heat losses and gains are
very prevalent. The inclusion of heat balance data would produce a
significant degradation of the quality of the data used to reconcile
the mass flows.

Component mass balances require accurate measurements of
stream concentrations to be worthy of inclusion in the reconciliation of

mass flow data. Otherwise, inaccurate concentrations will, like Lo~at

balance data, degrade the overall quality of data.

Ripps and Nogita were very nuch aware of tiie inudcuguacy of

the least squares criterion in its ability lv reconcile data with gross
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Systematic errors in addition to random errors. They both suggested
interative procedures to improve this situation, Ripps aﬁ;roach was
strongly dependent on the subjective judgement of thé analyst performing
the reconciliation whilst Nogita proposed the application of a serial
elimination algorithm to avoid having to depend on the subjective

views of the analyst. Mathiesen, using a modulus error criterion, has
recently applied the technique of linear programming to the adjustment

of inconsistent data.

4,3.2 Evaluation of Data Peconciliation Error Criteria

4,3.2.1 Introduction

Data reconciliation techniques are strongly characterised by
the error criteria used to reconcile the data. It has been shown in
the previous section that the development and refinement sf data
reconciliation techniques has centred upon adaptations of a 'least
squares' error criterion. The analysis of errors in industrial mass
flow measuring systems identified the existence of gross systematic
errors in addition to inherent random type errors. Gross systematic
errors have a probability distribution which is akin to a rectangular
distribution. For such a distribution, a "modulus' criterion would
seem to be the most appropriate error criterion. It is the intention
of this investigation to show whether the 'modulus' error criterion
(i.e. minimisation of a sum of the moduli of the adjustments to the
flows) is better suited than the 'least squares® error criterion (i.e.
minimisation of a sum of the squares of the adjustments to the flows)
for reconciling industrially measured flow data.

An analysis of the types and sources of crror that exist in

flow data obtained from an industrial flow measuring system was described
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in Section 4.2, From such an analysis a mathematical model of the
€rrors can be formulated which can be used to generate set; of typical
‘raw' industrial flow data from an ideal set of flon. The character-
istics of the 'raw' industrial flow data generated by the model will
depend on the settings of model parameters.,

To facilitate the assessment of data reconciliation test
criteria it is convenient to select a simple flow system, incorporating
the main features of typical industrial flow systems. Data recon-
ciliation can be carried out on this system using sets of typical 'raw®
industrial flow data generated using the error model. With the true
and ‘raw' values of the flows known, performance criteria can be defined
to measure the success of the data reconciliation error criteria in

adjusting the ‘raw' flow data.

4,3.2.2 Model of Errors in Industrial Flow Data

A Fortran program which models the errors in industrial flow
data was written on the ICL 1904 computer. A simple flow chart and
listing of the program are given in Appendix 2. The program produced
sets of typical 'raw' flow data from an ideal set of flows.

The program_contained the following features:-

i) A pseudo-random number generator was used to produce
random variables. The subroutine used to generate the random numbers
had been used extensively by the Operational Research Section, Baglan Bay.
It was shown to repeat itself after 40000 numbers.

ii) The sum of the inherent random and inherent systematic
errors for the set of meters comprising the flow measuring system was
considered as having a normal Gaussian distribution. The combined

inherent random and inherent systematic error for a particular meter was

determined by sampling the normal distribution. A maximum total error
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of 3% (twice the standard deviation), based on Hop's (16) analysis of
flow meter systems, was taken as being the combined inhereﬁt random and
inherent systematic error for a computer based induétrial flow measuring
system comprising mainly of orifice plate type meters.

iii) The occurrence and nature of gross systematic errors
was determined by defining the probability of meters being affected by
gross systematic errors during the flow integration period, and the
probabilities that the systematic errors would produce zero or full scale
flows. The errors were produced by repeated sampling of a rectangular
probability distribution. Analysis of the flow data obtained from
plant records provided estimations of the probabilities of gross system-

atic errors.

4:.3,2.3 Experimental

The investigation into the evaluation of data reconciliation
error criteria involved a computer program (23) that used the Lagrangian
method of undetermined multipliers for minimising a ‘least squares'
error criterion, and an iterative Lagrangian procedure for minimising the
modulus error criterion. Modifications were made to the program to
improve the iterative Lagrangian procedure; to enable repeated sets of
data to be run; and to enable performance criteria to be calculated
from the data reconciliation results.

The flow system selected for the investigation is shown in
Fig. 4.1. It comprises of 5 balances and 13 flows, The linking of
the flows is shown in Fig. 4.1 with flow 9 representing a stodk change.
Also shown are the true flows and flow ranges of the meters used in the

investigation. The raw data sets generated by the error model and used

in the investigation are given in Appendix 3. The appendix also
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contains a typical set of results produced by the reconciliation program
(Data Set 1, Run 1). The investigation examined the perf;rmance of the
least squares and modulus error criteria in reconciling flow data
containing:-

i) only inherent random and systematic errors. A total

error of 3% nominal value was used in the investigaticn.,

ii) only gross systematic errors. The probability of
meters being affected by gross systematic errors was set
at 0.1, This produced, on average, one gross systematic
error per run in the simple flow system used in the
investigation.

iii)  errors that exist in industrial flow measuring systems.
A total of 3% nominal value was used for the inherent
type errors. The probabilities of groés systematic
errors were derived from an analysis of industrial flow
data (see Fig. 4.2).

The effect of different weighted error criteria in reconciling
data was also considered in the investigation. The weighting functions
considered were unity weights, weights inversely proportional to the raw
flows and weights inversely proportional to the flow ranges of the meters
used to measure the flows. The investigation did not include the effect
of the different inherent accuracies of the flow meters. Inherent
meter accuracies can be conveniently introduced into data reconciliation
by using weights in the error criterion that are inversely proportional
to the meter accuracies.  Such weights would bias the reconciled
results towards the measurements of the more accurate meters, but would
not invalidate the findings of this investigation.

For each data reconciliation error criterion and data type,

reconciliation was carried out on 20 sub-sets of data and the mean

Ny



FIG. 4.2 SUMMARY OF FLOW METER FAULTS

TAKFN FROM PLANT RECORDS

Total Number of Meters = 92
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PERIOD METER FAULTS* TOTAL j
(7 days) Zero flow Full Scale Error #5% of
Flow nominal value
1 3 5 18 26
2 4 2 16 22
3 4 1 9 : 14
4 4 1 10 15
5 3 2 7 12
6 3 1 13 37
7 5 3 14 22
8 4 2 13 19
9 4 2 15 21
AVERAGE 4 2 13 19

*Errors identified using data reconciliation model and

confirmed by meter calibration checks.

Probability of gross systematic error

Probability of gross systematic error

producing zero flow

Probability of gross systematic error

producing full scale flow

-y

19
92 =~
4
190 =
_d
19 =

0.2

0.2

O.l
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Performance criteria calculated.

4.3.2.4 Performance Criteria

Data reconciliation, as well as producing reconciled data
that satisfy material balances and are technically meaningful, must also
attempt to ensure thét the reconciled data are more 'correct' (i.e.
closer to the true set) than the raw data. As there exists no unique
measure of 'correctness' of data, a set of performance criteria (Fig. 4.3)
were defined in order to assess the merits of the data reconciliation
error criteria in reconciling the raw data.

A set of linear and quadratic performance criteria were used
in the investigation. With reference to Fig. 4.3, performance criteria
nos. 7 to 12 are the quadratic equivalents of the linear criteria nos.

1 to 6. The performance criteria calculate the absoluteland normalised
differences between the true, raw and reconciled flows.

The normalised performance criteria, in which the flow
differences are divided by the full scale ranges of the meters, reflect
the undesirability of introducing large changes in flows that have small
flow ranges.

Performance criteria 1, 3, 7 and 9 can be regarded as measures
of the error in the data before reconciliation, while performance criteria
2, 4y 8 and 10 provide measures of the error in the data after recon-
ciliation. The differences between these corresponding criteria give
measures of the improvement in the data caused by data reconciliation.

Performance criteria 5 and 11 provide checks that the relevant
data reconciliation error criteria are minimised. The modulus error
criterion should always be smaller than the least squarcs for performarc-e

criterion 5 and conversely for performance criterion 11.
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4.3.2.5 Discussion of Results

1
The results of the investigation are summarised in Fig. 4.4.

Columns 1 to 6 contain values of the linear performaﬂce criteria and

columns 7 to 12 contain values of the quadratic performance criteria, as
defined in Fig. 4.3. Improvements of reconciled data over raw data can
be assessed by compaﬁing columns 2 with 1, 4 with 3, 8 with 7 and 10 with

9.

The following observations can be made from the results in

Fig. 4.4.

i) Data containing only inherent random and systematic
errors (Data Set 1 — Rows 1 to 6 (Fig. 4.4)

Both the least squares and modulus error criteria
applied to data containing small random type errors produced reconciled
data closer to the true data. The least squares criterioh always
produced a greater improvement than the modulus criterion except when
unity weights were used. In this instance, the resulting normalised
error in the reconciled data (row 1, columns 4 and 10) was greater than
the original error in the data (row 1, columns 3 and 9). This is
attributed to the unity weights in the error criterion not discouraging
large flow changes in flows which have small flow ranges.

ii) Data containing gross systematic errors (probability of

systematic error = 0.1) (Data Set 2 — Rows 7 to 12
(Fig. 4.4))

The only criterion to produce an improved set of
reconciled data, as measured by both linear and quadratic performance
criteria, was the modulus criterion with the weights inversely proportion-
al to the flow range (row 12). It is interesting to note the maried
deterioration in the reconciled data produced by the modulus error

criterion with weights inversely proportional to the raw flows (row 10).
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?his can be explained by the reluctance of the error criterion to correct
a flow which has a large true flow, but due to the presence‘of a gross
systematic error, has a small raw flow and hence 1at§e weight in the

error criterion.

iii) Industrial Flow Type Data
(Data Set 3 - Rows 13 to 18 (Fig. 4.4))

For data which are characteristic of industrial flow
systems and contain both small random-type errors and gross systematic
errors, it can be seen that the modulus criterion with weights inversely
proportional to the flow range (row 18) produced the best improvement in
the raw data. The least squares error criteria were not successful in
producing improved sets of reconciled results.

The results showed that, in general, the modulus error
criterion is more suitable than the least squares error criterion for
reconciling data containing gross systematic errors. This can be
explained by examining the forms of the criteria.

i) Modulus Error Criterion

n
Minimise w, |Fi =-Fi - (4.7
*] REC RAW
i=1

ii) Least Squares Error Criterion

n
i . J° (4.8)
Minimise w (Fi -Fi ) - .
i REC RAW
i=1
n
or Minimise w! |l Fi - Fi - (4.9)
& REC W
2= 4

L W
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/
where w. = w. | Fi . - Fi
i * :LRM - (4. 10)

The least squares error criterion as defined by equation 4.9
can be regarded as a pseudo weighted modulus criterion where the weights
are proportional to the adjustments to the flows. By weighting large
. flow adjustments more than small adjustments, the least squares critericn
will always encourage small changes in a large number of flows rather than
large changes in few flows, in order to satisfy the material balance
constraints. Therefore, any gross systematic error in a single flow
measurement will tend to be distributed amongst neighbouring flows.

The modulus error criterion attempts to satisfy the material
balance constraints by selecting as few flows as possible that reduce the
material imbalances and minimise the weighted error criterion. This,
normally, has the effect of identifying and correcting flows that have
gross systematic errors.

The investigation showed that it was possible for reconciled
flows as produced by the Lagrangian method to reverse direction and
represent an infeasible solution. It is difficult to prevent this

effect using the Lagrangian method.

4,3, 2.6 Conclusions

It can be concluded from the investigation that the modulus
criterion with weights inversely proportional to the flow range is more
suitable than any least squares criteria for reconciling industrial flow
data containing gross systematic errors.  The modulus criterion with
weights inversely proportional to the flow range, was the only criterion

tested that produced reconciled flows closer to the true flows when

applied to jndustrial type flow data.

The modulus criterion with weights inversely proporticnal to
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?he raw flows proved inadequate in reconciling data containing gross
systematic errors, ' :

There is little to choose from a practical viewpoint, between
the modulus and least square criteria for reconciling data containing
only random type measurements. The least Squares criterion is

marginally better and statistically more valid,

4.3.3 Selection of Data Reconciliation Technique

It was demonstrated experimentally in the previous section
that the linear modulus error criterion is more suitable than the 'least
squares' error criterion for the reconciliation of industrial flow data.
The Lagrangian multiplier technique, which was used to test the error
criteria, was not capable of preventing infeasible flows. Constraints
to prevent flows from becoming infeasible cannot easily be'introduced
into the method. However, since a linear error criterion was shown to
be suitable for reconciliation of industrial flow data it is possible to
exploit the powerful and versatile technique of linear programming in
reconciling data.

Linear programming (LP) has the following features important
in its application to data reconciliation:-

i) Standard Packages are available for applying the
technique on most computers

This ensures that development problems are minimised,
The standard formulation of LP problems requires definition of a matrix
with the columns representing the system variables to be minimised and
the rows the system constraints. Such a formulation of the problem
facilitates the initial structuring and any subsequent re-structuring of
the system under consideration. Advantage may also be taken of any

matrix generators and report writers that are in existence.



4-29

ii) The linear objective function (i.e. the data
reconciliation error criterion) can conveniently be
subjected to inequality as well as equality constraints

Data reconciliation equality constraints involve the
system mass bal ances. Inequality constraints allow the system to be
described in terms of technically feasible operating conditions. Inclus-

ion of process yield and efficiency inequality constraints ensure that
the reconciled data are technically feasible as well as mathematically
feasible,. Inequality constraints also provide a convenient means of

handling unmeasured material loss flows.

iii) The variables in the objective function can be bounded

The linear programming feature of bounding variables can
be used in data reconciliation to prevent reconciled solutions with
infeasible negative flows. One of the major limitations of the
Lagrangian method was the difficulty in preventing infeasible negative
flows from being produced in certain situations. Bounding can also be
used to restrict loss flows.

The linear programming technique is able to satisfy the

requirements demanded of a data reconciliation technique, as defined in

Chapter 2.

The formulation of a data reconciliation model using the
linear programming technique is described in Appendix 4. A simple
single material balance system is selected to illustrate features of the
linear programming technique as applied to data reconciliatioil. The

definition and development of data reconciliation models for the No. 2

Ethylene Complex are described in the next section.
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4.4 DEVELOPMENT OF THE NO. 2 ETHYLENE DATA RECONCILIATION SYSTZi
b §
efked Definition of No. 2 Ethylene Data Reconciliation Models

The No. 2 Ethylene Data Reconciliation Syétem includes: -
i) No. 2 Ethylene Plant

ii) No. 2 Butadiene Plant

iii) No. 2 GTU Plant

iv) No. 2 Ethylene Fuel Gas System.

Details of the No. 2 Ethylene Data Reconciliation System
including schematic data reconciliation models of each of the Plants are
given in (24). The schematic representation of the No., 2 GIU Plant data
reconciliation model is shown in Fig. 4.5A, as an example, and a summary
of the No. 2 Ethylene Data Reconciliation data and material balances is
given in Fige. 4.5B,

The flow data for data reconciliation fall inté three
categories:

i) Flows automatically logged by the plant computer.

i1i) Flows which are metered but are not automatically logged
by the plant computer.
§i1i) Flows which are not metered but whose values can be
estimated.

The majority of flow data are plant computer inputs since the
requirement to be able to produce plant and sectional material balances was
recognised when the computer system was specified.

In defining the data reconciliation models it was realised that
fairly comprehensive sectional material balances could be specified for the
No. 2 Ethylene Plant. The most ill-defined sectional balances involved
e-fractionation sections of the plant, as the only

the compression and pr

direct measurement of main plant throughput after the furnace feed flows,

was provided by the demethaniser feed flow. A Retlcaalle

o Al a Aembkha e h 3 - 5 E&- o ] -s ~
featu-s oE ths _ 11 :3tion model of the Ethylene Plant is the

-
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FIG. 4,5B SUMMARY OF NO. 2 ETHYLENE DATA RECONCILIATICHN

DATA AND MATERIAL BALANCES

BASIC PLANT DATA
Meter + Metered Estimated
Computer| (Includes panel (Includes loss Material
Plant Logged flow integrators) and flare flcws) Total | Balances
Ethylene 98 21 29 148 48
Butadiene 8 0 10 18 T
G.T.U. 10 3 8 21 8
Others * - 2 - 2 2
TOTAL 116 26 47 189 65
- B
Note : Fuel Gas Data Reconciliation System is not shown separately as

it mainly consists of flows originating
Butadiene and GTU plants. In the above

gas system flows and balances have been

Plant figures.

Others include raw and refined gasoline

from the Ethylene,

stock changes.

table, specific fuel

included in the Ethylene
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qumber of direct meter checks that exist on key battery limit flows
including naphtha import, gasoline product, C4 product and fuel oil.
Loss flows are included only where there exists a physical possibility of
material loss. For example, a loss flow is not included between 2 meters
in the same flow line, but loss flows are defined for sectional material
' balances where material could leave the system un-monitored such as
through relief safety valves.

As the No. 2 Ethylene Plant is closely linked to the No. 2
Fuel Gas System through production and use of fuel gas, it was expedient
to specify and develop the Ethylene and Fuel Gas data reconciliation models
in parallel. The metering on the No. 2 Fuel Gas system allows an overall
fuel gas balance to be defined, together with a number of check balances.

The data reconciliation model of the relatively smaller and
simpler GIU Plant consists of an overall plant balance incérporating
battery limit flows, A feature of this model is the alternative switch-
ing of streams dependent on plant operation. Switch balances are
included in the data reconciliation model to accommodate these situations
e.g. the stabiliser column overheads from the GIU plant can be returned
to the compression section of the Ethylene Plant or sent to Fuel Gas.
The GTU Plant is linked to the Ethylene Plant in the data reconciliation
models via raw gasoline and hydrogen production.

It was necessary to simplify the data reconciliation model
of the Butadiene Plant, since the complex solvent recovery system of the
plant, which had a significant number of unmeasured flows, made a more
detailed model unsuitable for reconciliation.

The linear programming (LP) representation of the data
reconciliation models is an LP Matrix. The columns of the matrix

consist of the flows to be reconciled and the rows of the matrix consist

of equality and inequality constraints. The plant section miterial
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balances form the equality constraints. The inequality constraints in

. 1

the matrix can be divided into two main types:- )
i) Loss Constraints

ii) Performance and Yield constraints.

i) Loss Constraints

The plant section loss flows are constrained to lie
between fixed percentages of flows associated with the plant sections.
The lower limit is zero and the upper limit is normally about 3 percent
of the total mass flow to the plant section. These figures are based on
experience of ethylene plant operations over a number of years. In
addition, the Ethylene Plant loss, i.e. the sum of the individual plant
section material losses, has an upper limit expressed as a per cent of the
naphtha feeds Loss flows also have a facility to include absolute
bounds i.e. loss flows can be constrained to lie between upper and lower

absolute values rather than as a percentage of throughput,.

ii) Yield Constraints
Yield constraints were specified for each Ethylene Plant
product and are used to ensure that reconciled data are technically valid.
For each product the sum of flows representing the recovery of the
product are constrained to lie between fixed percentages of the naphtha
and ethane feeds to the cracking furnaces, e.g. the gasoline yield
constraint ensures that the reconciled gasoline flow lies between 18%

and 33% of the total naphtha flow to the furnaces.

4,4,2 Testing of No., 2 Ethylene Data Reconciliation Model

The combined LP data reconciliation model of the Ethylene,

Fuel Gas and GIU Plants was tested using flow data collected by the

Ethylenc Plant computer system. The testing revealed the nced to
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improve the model. The improvements included:-

1

i)  The Introduction of Flare Flows into the Model

In periods of plant upsets, flows can be diverted
from various parts of the Ethylene Plant to flare, The points in the
process where flows are sent to flare depend on the nature of the plant
upset, e.g. operational problems on the C2 hydrogenation system might
result in the total overheads flow from the de-ethaniser tower being
flared.

Flare flows represent abnormal loss flows. Before the
introduction of flare flows into the model, grossly distorted results
were produced when reconciling data over periods when.there had been
appreciable flaring. Data reconciliation was unable to completely
remove, by adjustment of the normal loss flows, the large material
imbal ances due to flaring. Therefore, the remainder of the imbalances
were distributed between the internal plant section flows.

In the absence of flaring, flare flows are fixed at
Zero. In periods when flaring occurs, estimates are specified of the
maximum and minimum values of the flare flows. These values are
derived from knowledge of plant section throughput and the length of

time flaring occurs. The data reconciliation model arrives at flare

flows between these limiting values.

ii) The Introduction of Plant Status Information to
Supplenent Flow Data

Plant status information is required to enable estimates

to be made of data reconciliation flows that are not metered. Unmetered

flows include flare flows. Meaningful estimates of these flows can be

made if the times when the flows exist are recordcd.

Plant status information is also needed to establish
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ﬁhe routes of flows which have alternative destinations depending on the
mode of plant operation. For instance, under normal Operagion GIU vents
are recycled to the cracked gas compression system of the Ethylene Plant.
During a plant upset there is often a need to divert these vents to the
Fuel Gas System, Status information, covering the times when streams
~are temporarily diverted, is needed for data reconciliation purposes.

A status report log sheet was designed to meet data
reconciliation requirements. As part of the routine operation of the
data reconciliation system, the sheets are completed by process operating
personnel on a daily basis, and supplement the daily production records
log produced by the plant computer systems Routine operation of the

data reconciliation system is described in Section 4.4.3.

Testing of the data reconciliation model also revealed the
following characteristics of the model and raw data.

i) Data Reconciliation Time Periods

As the time periods become less, the effect of un-
measured changes in material hold-up in the plant becomes significant.
In the Ethylene Plant, while gaseous hold-up is only of the order of a
few hours, liquid hold-up in the prefractionation section is of the order
of a couple of days. This effect of hold-up is accentuated by unsteady
plant operation especially at low plant throughpuﬁs. Unsteady plant
operation is caused by plant operational difficulties and when plant
throughput is changed (for example, when an additional furnace is brought
on-stream).

The No. 2 Ethylene data reconciliation model proved
ciling raw data over time periods greater than a day.

successful in recon

However, it was concluded that data reconciliation over periods less than
?

a day was unreliable, and was considered not worth implementing on a
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routine basis.,
.}

ii) Weighted Data Reconciliation Error Criterion

The weighting factors initially used in the data
reconciliation modulus error criterion were calculated according to the
equation

Weighting Factor = 1000 - (4.11)
(Raw Flow) x (Measurement Accuracy)

i.e. the weighting factors were inversely proportional to the raw flows
and the measurement accuracies.

Data reconciliation accounts for the different
accuracies of the measured data by adjusting the measurement accuracies
and hence weighting factors in the error criterion. The measurement
accuracies used for routine operation of data reconciliation are given
in Fig. 4.6.

The weighting factors defined by equation 4.11 were used
in the No. 2 Ethylene data reconciliation model before the investigation,

described in Section 4.3.2, showed that a more satisfactory weighting

factor equation was:-

Weighting Factor = 1000 - (4.12)
(Flow Range) x (Measurement Accuracy)

j.e. flow range should be substituted for raw flow in equation 4.11.
This does not mean that the No. 2 Ethylene data

reconciliation model results produced using the modulus error criterion,

with weighting factors defined by equation 4.11, were inferior to the raw

unreconciled data. Experience in using the No. 2 Ethylcne data

reconciliation model with this weighted error criterion found it

necessary to re-run the model, usually one or two times, before a
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FIG. 4.6 MEASUREMENT ACCURACIES USED IN NO. 2

ETHYLENE DATA RECONCILIATION MOCDEL

]
Measurement Type Me:igﬁigﬁ;t

Tank Farm Stock Charge 0e5
Turbine Flow Meter 1.0
Orifice Plate Flow Meter with Density Correction 3.0
Orifice Plate Flow Meter without Density Correction 6.0
Flow Integrators 10.0
Good Manual Estimates of Data ; 15.0
Poor Manual Estimates of Data 30.0
Data Unavailable 99999.0
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satisfactory set of reconciled data was produced. This iterative
érocedure was necessary to nullify the effect of gross Systematic errors,
which distorted the reconciled results. Such errors were nullified

by giving flows containing the errors very small weighting factors. It
was not always possible after one run of the model to identify all flows
containing gross systematic errors. However, the raw data used in the
finai run of the model would contain essentially only inherent random
type errors for which the weighted error criterion used was adequate.

Use of the weighted modulus error criterion with

weighting factors defined by equation 4.12 resulted in improved ident-

ification and correction of gross systematic errors.

iii) Model Sensitivity

The LP data reconciliation technique was designed,
through the setting of large objective function weighting factors, not
to change zero raw flow measurements. In general, this is desirable
since a significant number of raw flow measurements have genuine zero
flows. However, it was discovered that a faulty zero flow measurement
could cause the data reconciliation model to produce a meaningless set of
results.

The model reconciled a set of raw data, containing a
faulty zero measurement of the hydrogen flow to the GIU Plant, by
reducing most of the Ethylene Plant flows to zero. This effect was
attributed to the way in which inequality constraints were defined in the
model . The hydrogen flow was ratio constrained with the gasoline flow to
the GIU Plant, to lie between fixed limits. Similarly, the gasoline
flow and other Ethylene Plant product flows were ratio constrained with
the total naphtha flow to the Ethylene Plant. Since the reconciliation

model regarded zero flows as virtually fixed, (i.e. the GIU hydrogen
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flow was held at zero), this combination of inequality constraints could
only be satisfied by reducing most of the Ethylene Plant fche to zero.
The form of the LP solution allows a‘faulty flow measure-
ment of this kind to be easily traced, by examination of the shadow prices
associated with the inequality constraints in the LP matrix. The
shaaow price of a constraint is defined as the value to the objective
function of 'slackening' the right hand side of the constraint by unity.
The offending constraint will have the largest shadow price. It is
comparatively easy to then identify the offending flow in the constraint.
However, the situation concerning the faulty hydrogen
flow to the GIU plant did highlight how the indiscriminate use of
inequality performance constraints can create problems whereby faulty '
measurements of relatively unimportant flows can cause the data recon-

ciliation results to become meaningless.

iv) Combined Flows

If two or more flows connected the same two material
balances in the data reconciliation model, it was found expedient to
represent the flows as a single combined flow with an average weighting
factor, If this was not done, the LP data reconciliation technique
would always select and change only one of the flows connecting the
balances, (the flow with the smallest weighting factor), in order to
satisfy the material bal ances. With the combined flow representation,
the reconciled values of the combined flows are divided proportionately
amongst the individual flows constituting the combined flows. This was
considered to be a more realistic approach to data reconciliation rather
than assigning the entire error to one flow which has the largest

inherent error.
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4.4.3 Operation of No, 2 Ethylene Data Reconciliation System

1
The No. 2 Ethylene Data Reconciliation System involves the

collection, reconciliation and reporting of data. #lthough the System
was designed to derive maximum benefit from the Factory On-line Computer
System, implementation of the data reconciliation system had to proceed
without the availability of the message switching computer facilities,
The No. 2 Ethylene Data Reconciliation System, as well as functioning
as a system in its own right, forms a major part of the Baglan Bay
Factory Data Reconciliation System, which has the same principles of
operation. It is convenient to describe the No. 2 Ethylene Data
Reconciliation System, for which a schematic flow chart is shown in
Fig. 4.7, in three stages:-

i) Data Collection

ii) Data Reconciliation

iii) Data Reporting

i) Data Collection

Data originate from the No., 2 Ethylene Complex, Factory
Laboratory and Factory Tank Farm.

The majority of data from the No. 2 Ethylene Complex,
are collected by the plant computer system. Each day a paper tape
computer log is produced containing the daily flows of all battery limit
and plant sectional accounting streams. The paper tape computer log is
input directly to the central computer system and used to update the
production records data file. Supplementing the computer log is a plant
status log sheet and flow integrator log sheet. The plant status log
sheet, which was referred to in section 4.4.2, contains information on
plant operations which are needed for data reconciliation e.g. plant

flaring. The status information is interpreted by the Production Rucords
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%ection before being used to update the production records data file.
Control room panel flow integrator readings are logged dail§ as part of
the data reconciliation standby system. These data are used in event of
failure of the plant computer system,
Analytical data from the Laboratory are used only in the

reporting of data while tank stock data are used in data reconciliation to
provide accurate checks on certain important battery limit flows (e.g.
naphtha and gasoline).

ii) Data Reconciliation

The data reconciliation input data file is created from
the production records data file. The No. 2 Ethylene Data Reconciliation
model, which is run on the central ICL 1904A computer, is used to recon-
cile weekly and monthly data. More frequent reconciliation of data is
not practical until the availability of the message switching computer
system. It is often necessary to re-run the model to adjust measurement

accuracies before a satisfactory set of reconciled data are produced.

iii) Data Reporting

Reconciled results are issued each week to Ethylene
Complex and Factory management. The reports comprise of:-

a) comprehensive and summary plant material balance

reports

b) a furnace yield pattern report

c) an instrument status report.

A set of reports are given in Appendix 5. The material
balance reports show both the reconciled and unreconciled data. The
instrument report, which is of particular value to the Ethylene instrunen-
tation section, highlights those flow meter measurements that data recorn-

ciliation has found necessary to change by a significant amount, and
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thus suggested to be in error.

The report is divided into two sections:

Section 1 - meters unavailable i.e. those meters for

which a measured value was not available

Section 2 - meters whose values data reconciliation has

changed greater than 5 percent.

The instrument report forms the basis of the formalised
procedure for checking flow instrumentation on the No. 2 Ethylene Complex.

Daily production reports are issued by the Production
Records Section using unreconciled data from the daily computer log,
which have been manually checked for obvious inconsistencies. This is
an interim procedure until automatic daily data reconciliation is
implemented.

In event of computer system failure, the.manually
recorded flow integrator readings are substituted for the computer
derived flows for use in the data reconciliation model. Flows for which
panel integrator readings are not available are estimated using the
previous day's data. If plant operation remains steady such estimates
are fairly accurate. The accuracies and hence weighting factors in the
data reconciliation model are adjusted to reflect the degree of confid-

ence that can be placed on the measurements.

4.5 COMMENTARY ON WORK OF MATHIESEN (22)

After the experience of using linear programming for recon-
ciling data at Baglan Bay, it is appropriate to comment on the work of
Mathiesen (22). Mathiesen has recently used a modulus error criterion
and linear programming method for adjusting inconsistent sets of data.
His conclusions, in general, endorsed the use of linear programming for

data reconciliation. The main points and conclusions aricing from
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Mathiesen's work are discussed in the following sections.

-

1

i) Suitability of Linear Method for adjusting inconsistent
data

Mathiesen concluded that the linear method was more use-
ful in practice than quadratic methods for adjusting inconsistent sets of
data. He also recognised that a great advantage of the linear program-
ming method was that inequality constraints could easily be included
amongst the system equations.

It was shown experimentally in section 4.3.2 that a
modulus error criterion was more suitable than a quadratic error criterion
fof reconciling industrial flow data containing gross systematic errors.
Also, one of the important features of linear programming, in its
application to data reconciliation, was identified in section 4.3.3 as
being the use of inequality constraints. These conclusiéns are in

agreement with the conclusions of Mathiesen.

ii) General Application of Linear Method

Mathiesen suggested that the method be general’y
applicable to all types of measurements. His approach was to take a set
of equations that describe the system under consideration and linearise
the equations about an operating point. He suggested that application
of the linear programming method to the set of linear equations and
measured data would enable the measurements that are in gross error to be

identified. He recognised that the linearisation of the system equations

may introduce additional errors and suggested that such linearisation

errors may be eliminated by successive re-linearisations.

At Baglan Bay, the linear method was restricted to the

reconciliation of mass flow data. It was recognised, as stated in
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Section 4.3.1.1 that the introduction of either heat balances or component
mass balances could degrade the overall quality of the data’used to
reconcile mass flows. This is because enthalpy and component
concentration data are notoriously less accurate than mass flow data.
Component concentration data were, however, effectively used in inequality

constraints to define process yield and efficiency limits.

iii) Rectangular Error Distribution of Instrument Error

Mathiesen considered that it is more correct to assume
that instrument errors have a rectangular rather than a normal distrib-
ution.

In the investigation into data reconciliation error
criteria, described in Section 4.3.3, two main types of instrument errsrs
were recognised. Inherent instrument errors were represented by a
normal distribution while gross systematic errors, which are caused by
instrument failure, human error etc., were represented by a rectangular

distribution.

iv) Limitation on number of adjusted measurements

Mathiesen considered the adjustment of a redundant set
of m measurements which were subjected to p linear equality constraints
and q linear inequality constraints. He pointed out that the linear
programming method would divide the m measurements into (m - p) measure-
ments that are not adjusted, and would adjust a sub-set of the remaining
p measurements.

This statement of Mathiesen's is not strictly correct,
since for each inequality constraint that becomes'tight, it is possible
to adjust an extra measurement in addition to the p measurements
corresponding to the number of equality constraints, However, this

limitation on the number of adjusted measurements, means that the linear
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programming method is not suitable for the data reconciliation of mass
élow data involving a large number of flow measurements but few con-
straints (e.g. material balances). The quadratic or 'least squares'
method could be used for such data only if the measurement errors have a
normal distribution.

In the No. 2 Ethylene data reconciliation model, there
exist a satisfactory ratio of equality constraints to flow measurements.
The No. 2 Ethylene data reconciliation LP matrix consists of:-

165 variables (includes flows defined as combined flows)
64 equality constraints (material balances)
52 inequality constraints (yield and loss constraints etc.)e.

The ratio of total constraints to variables is 0,703.
The ratio of equality constraints to variables (i.e. 64/165 = 0.39) is
approximately the same as used in the data reconciliation test system in
section 4.3.2. The test system comprised of 5 mass balances and 13 flows
giving a ratio of 0.38.

v) Adequacy of Linear Method for directly identifying gross
measurement errors

Mathiesen concluded that the linear method is able to
identify the existence of gross systematic errors in the data set, but is
inadequate in directly iéentifying the measurements containing the errors.
To demonstrate this effect he employed the same simple numerical example
used by Ripps (19) and summarised in Fig. 4.8. The example involved
four measured mass flows (measurements, m = 4) two entering and two
leaving a chemical reactor. Three elemental material balances (e.g. a
carbon balance) were defined in terms of the four flow measurements
(equality constraints, p = 3). In order to identify the measurements in
gross error, Mathiesen suggested that it was necessary to discard measure-

ments one at a time from the data set, and to observe the values of thne
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data reconciliation error criterion. This approach was similar to that

1

used by Ripps (19) and Nogita (21) in identifying and eliminating gross
€rrors. ‘

Data reconciliation at Baglan Bay has shown that the
modulus error criterion and linear programming method are, in general ,

. able to adequately identify and correct gross systematic errors, The
trivial example used by Mathiesen was not typical of data reconciliation
at Baglan Bay. The No. 2 Ethylene data reconciliation model was defined
using equality constraints consisting of only bulk mass balances. As the
LP matrix coefficients of these constraints are all unity, the choice of
which variables are adjusted (i.e. enter or leave the LP basis) is
determined solely by the size of the mass balance errors and the weights
used in the error criterion objective function. The inclusion of
component or elemental mass balances, as used in the exampie of Mathiesen,
affects the selection of which variables are to be adjusted. The co-
efficients of the component or elemental balances decide which variables
leave the LP basis and thus act as pseudo weighting factors.

In the example of Mathiesen, inlet flow no. 2 and outlet
flow no. 4 each contained large positive absolute errors compared with
small absolute errors in the other two flows. Thus, whereas the total
material balance was only 0.1302 units, the sum of the errors in the flow
measurements was 0.3939 units. To make the smallest linear change in a
system consisting of 4 measurements and 3 equality constraints, a maximum
of 3 measurements will be adjusted. The four possible combinations of
flow changes which the linear method might select in Mathiesen's example
are shown in Fig. 4.9. The particular combination of flow changes
chosen depends on the weights used in the error criterion. For instance,

with equal weights combination No. 4 would be selected, while for the
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weights used in Mathiesen's example, combination No. 2 was selected.
However, since the elemental balance equations can be satis¥Fied by
making total flow changes that are significantly smaller than the original
sum of errors in the flow measurements (i.e. 0.3939), unless the weights
reflect the size of the errors in the measurements, the adjusted set of
results is likely to fail to identify the errors in the data. This is
what happened in Mathiesen's example. Similar effects occurred in data
reconciliation at Baglan Bay, but were found to be the exception rather
than the rule, The fallibility of data reconciliation is discussed in
the last paragraph of this section.

The way in which the modulus criterion is able, at
Baglan Bay, to identify gross flow measurement errors can be demonstrated
by considering the simple 2 balance system (equality constraints, p = 2),
with 3 flows (measurements, m = 3), shown in Fig. 4.10. If the true
flows are 10 units, consider a gross error in flow 2 producing a measured
flow of 5 units. The modulus data reconciliation mathematical definition

of the system with equal weights applied to the measurements is:

Minimise AF g+ AFz + AF, (Error Criterion)
subject to AF, - AF, = ~5 (Balance 1)

+ APz - AFB = +5 (Balance é)
where AN Fi’i = 1 to 3 represent the flow adjustments.

It is obvious that the linear programming method would
select flow 2 and change it by 5 units (i.e. A F2 = +5) to make the
smallest linear change to satisfy the material balances. Hence it has
identified and corrected the gross error in stream 2, Similarly, if a
gross error existed in either stream 1 or 3 the LP technique would

identify and correct the stream in error.
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3

Fy = 10 units

FIG.4,10 Simple mass flow measuring system used to
demonstrate how modulus error critericn identifies
gross meter errors.
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However, data reconciliation is not fool ~proof. It
depends greatly on the values of the weights used in the error criterion,
since it is through the judicious selection of weights that the user of
data reconciliation is able to reflect his own judgement and any addition-
al information about the quality of the raw unreconciled data. For
instance, if it is known in &dvance that a raw measurement has a gross
error, then the lack of confidence in the measurement can be reflected in
the data reconciliation model by the use of a small weight. However,
since the weights in the weighted error criterion normally reflect the
inherent errors associated with the measuring instruments, it should not
be surprising if the method proves unsatisfactory in cases where an
inherently accurate meter has a large gross systematic error. It is a
matter of whether the supporting evidence of inherently less accurste
but consistent measurements is greater than the weighted contribution of
the inherently accurate measurement with the gross error. In such
cases it is often necessary to apply a small weight to the faulty

measurement and re-run the data reconciliation model.

4.6 CONCLUSIONS

Consistent manual adjustment of data from a large scale
industrial mass flow measuring system, such as found at Baglan Bay, is
not feasible. Automnatic data reconciliation is a consistent method for
reconciling such data. However, s<ilful human intervention is required
to ensure that maximum benefit is derived from the data reconciliation
technique, Human intervention normally involves the setting of mcasure-
ment accuracies thal reflect the confidence in the raw icasured f{low datea.

From an analysis and estimation of the errors that exist in
industrial flow data it was seen that it is the gross systematic errors

that dominate and present the major data reconciliation problems. it
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was demonstrated that a linear modulus data reconciliation error
criterion was more suitable than quadratic criteria for recénciling
industrial flow data. Consequently, it was possiblé to use the
versatile and well proven technique of linear programming for reconciling
data. A standard and robust LP package was available, thus ensuring
that development problems were minimised. An important feature of
linear programming in its application to data reconciliation is the use
of inequality constraints. The inclusion of process yield and efficiency
constraints ensures that reconciled data are technically feasible as well
as mathematically feasible. Although data reconciliation is able to
idéntify and correct faulty data, and provide estimates for unavailable
data, it must not be regraded as a panacea for poor quality data.

The work of Mathiesen endorses the use of linear programming
for data reconciliation. It was shown, however, that some of the
conclusions he drew from an example used to demonstrate the technique,
cannot be generalised.

A data reconciliation system for the No. 2 Ethylene Complex
was successfully developed and implemented. The system, which involves
the collection, reconciliation and reporting of data, provides Factory
management with high quality consistent data upon which decisions can be
made, The data reconciliation system also provides an incentive for

maintaining a high standard of flow instrumentation.
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CHAPTER 5 -~ MODELLING AND SIMULATION OF THE
COLD END OF AN ETHYLENE PLANT-

5.1 INTRODUCTION

This Chapter describes how systems engineering was applied to
the analysis, modelling and simulation of a large scale industrial process
system in the form of the Cold End of the No. 2 Ethylene Plant.

First, general systems engineering concepts, which were based
on the work of Jenkins (2), are introduced. How these concepts were
applied to the analysis, modelling and simulation of the Cold End is
deécribed in the subsequent sections of the Chapter. In establishing a
performance criterion for the Cold End, reference is made to Chapter 1,
which describes the Ethylene Plant and Cold End as systems, and to
Chapter 2 which contains a preliminary analysis of these sfstems. Chapter
2 identified characteristic features of the Cold End and presented a case
for its modelling and simulation. Having defined a performance criterion,
and decided that the operation of Cold End compressors and turbines are
prime factors in the determination of this criterion, a section briefly
describes the characteristics and operation of centrifugal compressors.

The Chapter then proceeds to describe the development of the
Cold End models. The initial objective of the modelling work is
defined and the Cold End systems are further analysed for the purpose of
modelling. The approach to modelling is discussed and the computer
structure and formulation of the models are described from a systems
engineering viewpoint. Points arising from the verification of the
models are discussed and examples are given showing how the models were
used to simulate the behaviour of the Cold End system and sub-systens.

Finally, the value of using systems engineering in the study



is assessed, and recommendations are made as to how future Cold End

modelling work should proceed. e

5.2 SYSTEMS ENGINEERING CONCEPTS

Systems engineering is concerned with the interactions
between units within a larger system, and with how these units should be
designed and operated so that the performance of the whole system can be
improved. -

It is appropriate to define some properties of an industrial
process system of which the No, 2 Ethylene Plant is an example.

An industrial process system:-

i) is a grouping of process units.

ii) may be broken down into sub-systems which may interact

with one another. |
iii) will usually form part of a hierarchy of such systems.

iv) has an objective.

v) should be designed and operated in such a way that it

will achieve its objective.

The normal stages through which a systems engineering study
can pass arei-

i) Establishment of Criteria.

ii) Model Building.

iii) Simulation.

iv) Optimisation.

v) Control and Implementation.

5elel Establishment of Critoria

To set a problem in its proper perspective the type of
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questions to be ased are (2)
. i) What is the problem? 3

ii) What is the system?

iii) What is the wider system of which this system forms part?

iv)  What is the objective of the wider system?

v) What is the objective of the system?
vi) What is the relevant performance criterion for measuring

the efficiency with which the system can achieve its

objective?

5¢2.2 Model Building

A model of a system has been described by Jenkins (2) as a
quantitative description of the behaviour of the system which can be used
to predict system performance over a relevant range of operating
conditions. A model need only describe the system in sufficient detail
to give acceptable accuracy in the performance criterion over this range
- of operating conditions.

Model building is an iterative or adaptive process in which
one moves from a state of little knowledge to one of greater knowledge.
Experience and judgement are needed to decide which type of model should
be used for a particular situation. In general, modelling in systems
engineering requires that one should start with whatever knowledge of the
system is available, and how one builds on this is dictated by time,
resources and the accuracy required by the model. During model building
it is necessary to find out:-

i) which variables are important

ii) why and how such variables influence the performance
of the system.

Model building is concerned with ways in which local mocels,
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ﬁhich describe the behaviour of sub-systems, can be linked together to
form a global model which can then be used to examine overall system
performance.  The importance of being able to estimate overall system
performance is essential to avoid what is called sub-optimisation.
Optimisation of each sub-system independently does not necessarily lead
| to a system optimum. In building local models, one should concentrate on

those aspects which are important to the objective of the global model.

5.2.3 Simulation
Once a model of a system has been built it can be used to
simulate the behaviour of the system when subjected to:-
i) realistic inputs typical of those which the system
experiences in practice.
ii) realistic disturbances which will cause the behaviour of
the system to fluctuate from its steady state performance.
If the simulation is accurate, data generated from the

simul ation should agree closely with data from the operational system.

A 2. 4 Optj;mis ation

Equipped with a model which can predict system performance,
it is possible to calculate a systems performance criterion (e.g. minimise
utility cost or maximise throughput) for different modes of operation.
Finding a set of operating conditions which result in the most favourable

value of the performance criterion is what is meant by optimisation.

5:20D Control and Implementation

Following optimisation it is necessary to examine how the
system can be controlled so that the optimised conditions can be achieved

in practice. In order to justify the appropriate degree of
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sophistication in the control system, the cost of control must be
balanced against the cost of deterioration in the performante criterion.

The final stage of the study is the implémentation of the

findings arising from the study.

The following sections will describe how systems engineering

was applied to the analysis, modelling and simulation of the Cold End of

the No. 2 Ethylene Plant.

5.3 ESTABLISHMENT OF CRITERIA

In establishing a performance criterion for the system under
examination (i.e. the Cold End of the No. 2 Ethylene Plant) it is

necessary to refer to previous chapters of the thesis.

5.3:.1 The Problem

A concise statement of the problem and motivation behind the
work was that a need was recognised (1) for some form of mathematical
aid/models of the Ethylene Plant and other key plants in the Baglan Bay
Factory,in order to assist management in decision taking at the super-
visory control level. Reasons why the operation of the No. 2 Ethylene
Plant would benefit from the availability of such models were discussed

in Chapter 2.

N34 2 The Wider System and System

The wider system and system under examination were defined as
i) The Wider System - No. 2 Ethylene Plant.

ii) The System - Cold Lnd of No. 2 Ethylene klant.
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5:3.2.1 ‘The Wider System (No. 2 Ethylene Plant)

The function of the No. 2 Ethylene Plant is to produce, by
the steam cracking of naphtha, and to recover, olefinic type products.
The No. 2 Ethylene Plant was described in Chapter 1. The Plant was
divided into its component sub-systems, as shown in Fig. 1.4, and the
function of, and interactions between, the sub-systems described. The

| two major sub-systems of the Plant were identified as the Hot End and the
"Cold End. Selection of the Cold End, as the system to be examined in
detail, was a consequence of:-

i)  the natural division of the Plant into two main systems

(i.e, Hot End and Cold End),

ii) the confidentiality of Hot End furnace information.

5e3ele? The System (Cold End of No. 2 Ethylene Plant)

The function of the Cold End is to recover the olefinic
products produced by the steam cracking of naphtha. The Cold End is
comprised of the following three sub-systems.

i) Cracked gas compression.

ii) Process fractionation.
iii) Refrigeration.

Figs. 5.1 shows the principal material and energy flows between
these sub-systems. In Chapter 2, a preliminary systems analysis of the
Cold End sub-systems identified:-

i) features of these sub-systems which characterised the

performance of the Cold End.
1i) the need for modelling the Cold End.
From this analysis it was recognised that the cracked gas

compression system, process fractionation system and the refrigcration
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system are complex systems possessing a high degree of interaction with

one another. 1

5e3e3 System Performance Criterion and Cbjectives

An appropriate criterion for measuring the economic

operating performance of the Cold End is cash surplus, as defined by the

following equation:-

i.e. Cash Surplus = Value of Products - Cost of Feed - Cost of Utilities

(Utilities consist of steam, cooling water, power for compressors and
pumps etc.).

The cash surplus equation takes account of the major cash
flows entering and leaving the Cold End. The costs included in the
equation are variable processing costs which are functions of plant
operation. Fixed costs such as plant depreciation and plant overheads
can be regarded as independent of plant operation. The cash surplus

performance criterion can be expressed algebraically as followsi-

C=F (Puy + Pyo(1 - y)) - F.B, - F.p, -  (5.1)
where
C = Cash Surplus (£/unit time)

F = Flow of cracked gas to thé Cold End (mass/unit time)

P_= Unit value of cracked gas feed to the Cold End - fuel gas value

(£/unit mass)

P = Unit value of cracked gas based on product values of components
(£/unit mass)

P.= Unit value of fuel gas (&£/unit mass)

P = Unit utility cost for cracked gas at throughput F (£/unit mass)

y = efficiency factor (0 to 1) which takes into account two effects:
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1)  slippage of high value products into lower value
products and fuel gas, i.e. recovery efficigncy of Cold
End.

ii) production and recovery of products in excess of market
limits, The price structure for a typical cracked gas
product is shown in Fig. 5,2

Substitution, into equation 5.1, of unit values and costs
which are relatively correct and are based on the design performance of the

plant would produce an expression of the form

C=F(25y + 10 (1 -y)) - F.10 - F.3 - (5.2)

Products Feed Utilities

The efficiency factory, y, will normally lie between 0.90 and
0.99. From equation 5.2 it can be seen that the upgradiné in value of
the cracked gas by the Cold End (value of products - value of feed) is
approximately 5 times as great as the utility costs incurred in processing
the gas. Hence, the effect of utility costs on cash surplus is of
secondary importance compared with achieving the required plant throughput
and recovery of products. It is important to ensure that any reduction
of utility costs does not jeopardise plant reliability and consequently
affect plant production.

The relative effects of throughput, product recovery and
utility consumption on the cash surplus (performance criterion) are
reflected in the evolving objectives of Ethylene Plant and Cold End
operation. These objectives were defined as:-

i) during commissioning - to establish reliable operation.

ii) post commissioning - to establish production lcvels and

product recoveries.
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iii) subsequent operation - to achieve production requirements

at minimum cost.

The timing and priorities of the Ethylene Plant objectives
were reflected in the objectives of the Cold End modelling work. The
modelling objectives were defined as:-

i)  to provide an understanding of the interactions that
exist between the refrigeration, compression and
fractionation systems.

ii)  to provide a measure of the effect of such interactions
on Cold End system performance.
iii)  to examine the optimal operation of the Cold End System.
iv)  to contribute to the optimal operation of the wider

system i.e. Ethylene Plant.

5.3.4 System v Sub-System Performance

If a particular sub-system is found to be dominating system
performance, the optimisation of that sub-system will improve the overall
system performance. For the Cold End System, the sub-systems involving

the large centrifugal compressors are the dominant sub-systems.

5.3.4.1 Cold End Compressors as a Measure of System and Sub-System
Performance

The major Cold End equipment items that are primary factors
in the determination of Cold End processing capacity and utility consumpt-
ion are the cracked gas and refrigerant compressors/turbines. They
account for approximately 15 percent of the total Ethylene Plant capital
cost, govern plant throughput, and consume 30 to 40 per cent of the total
energy demand. It is important that the Cold End is operated to derive

maximum benefit from the compressor/turbine installations and that
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optimal compressor loadings be established. Hence, both Cold End
system and sub-system performance were studied initially in sterms of the
performance of the cracked gas and refrigerant compressors.l

A brief description of the factors affecting the performance
of centrifugal compressors is given in the following section. The main
performance variables of interest are summarised and the performance of

the cracked gas and refrigerant compressors are discussed.

5.4 CENTRIFUGAL COMPRESSORS
S5e4de1 General

A multistage centrifugal compressor consists of a stationary
casing and a rotor which is comprised of a series of rotating blades
(wheels) mounted on a single shaft. The casing serves to guide the gas to
and from the rotor and to convert the kinetic energy of thé gas leaving the
rotor into pressure. The function of the whe=zls is to generate fluid
energy or head which averages about 10,000 ft. of fluid flowing per wheel.

The rotary centrifugal cracked gas and refrigerant compressors
are operated to maintain fixed pressure ratios by adjustment of the
compressor machine speeds. The performance curves shown in Fige. 5.3
define the characteristics of a compressor stage in a multistage compressore.
To maintain a fixed pressure ratio for different volumetric flow rates,
the compressor machine speed changes along a horizontal line on the
compressor characteristic.curves. Each compressor stage has capacity
constraints,. The upper capacity constraint is the series of maximum
volumetric throughputs which the stage is capable of processing at fixed
pressure ratios. The lower capacity constraint, known as the surge
limit, are the volumetric flows below which compressor operation is

unstable. DBelow the surge limit the unstable pulsating operation is

Low e
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called surge. Surge is caused by collapse of the flow pattern in the
impellers and normally occurs at about 45 to 55% of the-comﬁressor stage
design flow,. The compressor control system prevents’ surging by directly
recycling vapour from the discharge to the suction of the compressors
when the volumetric flow through the compressor falls below a certain
value, Both the upper capacity and the surge limits are functions of
the compressor speed and are determined by the type and size of the
compressor frame,

Approximately half the cost of a compressor installation is
the driver. The steam turbines used to drive the compressors must have
a good speed match with the compressors. A turbine usually drives a
series of compression stages thus making the performance of the compressor
stages highly interdependent. The turbine capacity constraint is the
maximum compression energy that can be transferred from the turbine to the
COMpressor. This limit is determined by the mechanical design of the
turbine.

To understand which variables influence compressor capability
it is necessary to examine the head/pressure relationship for a compressor
stage. Each compression stage has a design capability, normally expressed

as ft/1b/1bs, or more commonly as 'feet of head'. The head/pressure

relationship may be expressed as follows:

p n-1
H =T 1544 Z _n (__2_) n - 1 - (5.3)
T n-1 [ \F,

where
H = Polytropic head (£ft/1b/1bs)

P

: = Inlet temperature to the compressor stage (°F)

i

1544 ‘

T i R,1 the gas constan
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MW = Mole weight of the gas

n = Polytropic factor (n = E x k) '
E = Polytropic efficiency (72 to 88%)
k = specific heat ratio
Z = compressibility factor
| P, = discharge pressure (psia)

P, = suction pressure (psia)

The polytropic head is related to compressor brake horsepower

(bahep.) as follows:

5

=

b.hepe = 5.05 x 10~ p - (5.4)

where W = Pounds per hour of gas

It can be seen from equations 5.3 and 5.4 that the compress-
ion energy (b.h.p.) is a function of the inlet temperature and molar flow
of the gas (molar flow equals mass flow divided by mole weight). In
practice, it is expedient to manipulate the temperature and molar flow
of the gas in order to reduce the compression energy and polytropic head

of the stage, whilst still ensuring that the required pressure rise is

achieved,

5.4.2 Cold End Cracked Gas and Refrigerant Compressors

During the simulations of the Cold End system and sub-systenms,
as described in Section 5.6, the main performance variables examined wcre
those that described the performance of the Cold End compressors. These
variables included:-

i) Compression energy

ii) Compression stage flow rates

iii) Compression stage inlet temperatures
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iv)  Molecular weights of flows to compression stages

v)  Compressor speed. ;

5.4.2.1 Cracked Gas Compressors

In Section 5.4.1 it was shown that the compression stage
inlet temperatures and molar flows are important variables in the
determination of compressibn energye. Control of the inlet temperatures
of the cracked gas to the compression stages of the cracked gas compressors
is achieved by adjusting the cooling water flows to the aftercoolers.
However, a change in inlet temperature is accompanied also by a change in
the molar flow of the cracked gas. This effect is due to the temper-
ature change altering the complex vapour/liquid hydrocarbon splits in the
interstage separators. Therefore, if optimal operation of the cracked
gas compression system is to be achieved, judicious selection of after-
cooler temperatures is required whilst ensuring that turbine, compressor

and aftercooler constraints are notlﬁiolated.

5.442,2 Refrigerant Compressors

The two key equipment items in the refrigeration system are
the compressor/turbine installation and the refrigerant condenser. If
the refrigeration system, as shown in Fig. 5.4, is examined in its simplest
form, it is evident thaé the condenser must be capable of removing an
energy load equivalent to the sum of the energy of compression and the net
energy removed from the process. Thus, either the condenser, compressor
or turbine can directly limit the refrigeration capacity of the system,
The refrigeration compressors, unlike the cracked gas compressors compress
a single component fluide Their performance is closely involved with
the process fractionation system since interstage cooling is achieved by

the process streams. It should be the aim of the process fractionation
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Ul is the compression energy
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éystem to maximise the refrigeration recovery from the process streams

whilst achieving the desired separation and recovery of cracked gas

products,
5«5 COLD END MODEL BUILDING
5:5:1 Objective of Modelling Work

The objectives of the modelling work to satisfy the Cold End
System requirements were stated in 5.3.3 as:-

i)  to provide an understanding of the interactions that
exist between the refrigeration, compression and
fractionation systems.

ii)  to provide a measure of the effect of such interactions
on Cold End System performance.
iii) to examine the optimal operation of the Cold End System.
iv) to contrigute to the optimal operation of the wider
system i.e. Ethylene Plant.
Initially, modelling work was confined to the first two of
these objectives. Thus the objective of the modelling work in this study
was: -

to develop models in order to explore and understand the interactions that

exist between and within the Cold End sub-systems, and to relate the

effect of such interactions on Cold End System performance.

5.5.2 Approach to Modelling

i) Parsimonious Avpproach

It was important to adopt a parsimonious ariproach to tne
Cold End modelling work in order to assess which sub-units must be

modelled accurately and which need only be crudely represented. 1f such
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an approach had not been taken, much tiﬁe and effort may have been wasted
in building accurate models in areas which have little influence on the
performance of the system, and where the crudest models would have
sufficed.

Thus, simple model representations were used initially to
describe the performance of the process units. The depth of detail
included in the models was determined by their adequacy to simulate the
principal flows of material and energy between and within the Cold End
sub-systems, and to enable estimations of cracked gas and refrigerant

compressor performance to be assessed. The parsimonious approach to the

formulation of the Cold End models is discussed in Section 5.5.5.

ii) Modular Approach

It was found expedient through careful division of the
Cold End into a number of sub-systems, and through an appreciation of the
material and energy links bétween these sub-systems, to model and
simulate individual sub-systems separately and then, whenever suitable,
merge together the sub-system models. The major Cold End sub-systems
were:-

a) Cracked gas compression
b) Process fractionation
c) Refrigeration.

For instance, although the refrigeration energy links
between the process and refrigeration systems are extensive, it is shown
in Section 5.5.5, how it was possible to 'un-couple' these systems, nodel
them separately, and then merge them as part of the global steady state
Cold End model.

This modular approach had the advantage of:-

a) enabling modelling effort to be dirccted first
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towards those sections of the Cold End where there
existed a greater incentive for the development of a
model,

b)  enabling individual sub-system models to be checked
and verified before being merged together. The
size and complexity of the systems under examination
made this checking of sub-system models virtually
essential.

c¢)  providing greater understanding of the Cold End sub-
systems and of their contribution to overall Cold
End performance. |

A summary of the stages in the development of the global

Cold End model from the individual local sub-system models is shown in
Fige 5.5 Three basic models were developed comprising of a cracked gas
compression model, process fractionation model and a refrigeration model.
The cracked gas compressioﬁ and process fractionation models shared many
common features since both were concerned with the processing of streams
containing complex mixtures of hydrocarbons. A fundamental requirement
of the models was the determination of vapour/liquid splits for these
hydrocarbon mixtures. Section 5.5.5 discusses features of the models
and demonstrates how systems engineering was used in the formulation of

the models.

S5e5.3 Definition of Cold End Sub-Systems for Modelling

This section introduces operating and design features of the
Cold End sub-systems (i.e. Cracked Gas Compression, Process Fractionation
and Refrigeration Systeins) reclevant to the Cold Ind modelling work and
discusses how the Cold End can be divided into a series of interlin<ing

systems for the purpose of Cold End modelling. Fig. 5.1 is a blocx
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diagram showing the main material and energy links between the three
principal Cold End sub-systems, while Fig. 5.6 shows how thbse systems

can be further sub-divided for the purpose of Cold End modelling.

5.5.3.1 Cracked Gas Compression System

The cracked gas compression system, which is shown schemati=
cally in Fig. 1.4, accounts for between 15 and 20 per cent of the total
energy consumption of the Ethylene Plant. It consists of two sets of
parallel compressor trains, each train having an independent cracked gas
interstage system for cooling and separating the vapour/liquid phases of
the compressed cracked gas. However, both trains share the same
condensate stripper. Compression is achieved, for each train, by two
separate machines; a low pressure two stage turbo compressor set which
has a condensing turbine, and a high pressure two stage turbo compressor
set with a back pressure turbine.

The main material and energy connections between the cracked
gas compression system and the other Cold End sub-systems are through
the demethaniser feed flow and propylene refrigerant which is used for
cooling the cracked gas. Minor vent streams are also recycled from

the fractionation system to the cracked gas compression system.
Hence any modelling and simulation of the cracked gas compress-
ion system must take account of these interactions with the other Cold

End svstems.

556362 Process Fractionation System

The process fractionation system of the Cold tnd is shown
schematically in Fig. 5.7. It is possible to divide the system into two

sub-systems for the purpose of the Cold End modelling.
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i) Fractionation System I

Which comprises of all Key process units directly
affected by the propylene and ethylene refrigeration systems (i.e. demeth-
aniser feed pre-cooling, demethaniser, de-ethaniser, ethylene tower and
the demethaniser overhead system ). These process units are concerned
with the recovery of the lighter cracked products (i.e. hydrogen, methane,
ethylene and ethane).

Five temperature levels of refrigerant are used at
various points in the fractionation system, and process streams are
involved in 3 types of energy exchange with refrigerant:-

a) vapourising refrigerant is used to cool or condense

process streams

b) process streams are used to sub-cool liquid

refrigerant

c) cond;nsing refrigerant is used as a heating medium

in the ethylene tower reboiler.

By far the dominant and most extensive form of energy
transfer is type (a) in which refrigerant loses its latent heat of vapour-
isation. Type (b) involves sensible heat transfer while type (c) is used
only at one peoint in the process.

Also, i% was recognised that since the use of cthylene
refrigerant is localised to the demethaniser overhead system and to the
cooling of liquid ethylene product, it is possible to model and examine
the process units concerned with propylene refrigerant apart from the
units that use ethylene refrigerant (i.e. fractionation system I can be
further sub-divided for modelling purposes).

The recovery of refrigeration energy from the process
streams is centred upon the cooling of the cracked gas feed to the demeth-

aniser. Liquid ethylene and ethane product arc recycled and vepouriscd
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in de-methaniser feed pre-cooling exchangers, and a fraction of the
cracked gas is cooled against low temperature hydrogen/methune product
streams,

The distribution of refrigerant between the major
process sections is shown in Fig. 5.8. It is interesting to observe

that the refrigeration energy is shared fairly evenly between the process

sections.

ii) Fractionation System II

Includes the remainder of the process fractionation
units which are involved in the recovery of the heavier cracked gas
components (i.e. from propylene to gasoline). As the separation of these
components does not require such low temperatures, the operation of
fractionation system II does not directly depend on the refrigeration
. system. Instead, st;am and water are used as conventional heating and
cdoling utilities.

As fractionation system II does not contain a high degree
of interaction with the other Cold End systems it contributes negligible

effect to the performance of the other systems (see Fig. 5.6) and can be

modelled separately at some later stage.

Thus the process fractionation system, which has the main
material link with the cracked gas compression system, and which is
closely involved with the refrigeration system through five temperature
levels of refrigerant, can be divided into sub-systems to suit the require=-

ments of Cold End modellinge.

S5eDa 33 Refriceration System

Refrigeration is supplied to the process by a cascade

propylene/ethylene refrigeration system.  Although refrigeration den u.d
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is high, refrigeration compression e€nergy can be saved provided the

;ystem is designed and operated to minimise thermodynamic irfrevers-—
ibilities., In part, this is accomplished through the multiple levels of
evaporation and the efficient refrigeration recovery from process sections.
Three temperature levels of propylene refrigerant and two temperature
levels of ethylene refrigerant are employed. To maintain satisfactory
control of the heat transfer between the process and refrigerant streams
it is important that the temperature of the vapourising refrigerant
remains steady at each refrigerant temperature level. As the vapour-
isation temperatures of pure propylene and ethylene refrigerant are

solely a function of pressure, it is necessary to maintain steady pressures

in the interstage flash drums of the refrigeration system.

i) Propylene Refrigeration System

The gropylene refrigeration system is shown schematically
in'Fig. 5.9, Circulation of propylene refrigerant is maintained by two
equal sized, three stage, steam £urbine driven compressors, operating in
parallel and each capable of slightly over half the total duty. The
temperature of the cooling water used to condense the propylene, deter-
mines the third stage discharge pressure.

The propylene refrigeration system maintains fixed
pressures in the interstage flash drums by allowing propylene vapour to be
pressure let down between the drums. The refrigeration system has been
designed such that when the process refrigeration requirements at each of
the three refrigerant temperature levels produce propylene vapour flows
that exactly satisfy the performance characteristics (see Fig. 5:3) of
each of the three compression stages, there should exist no vapour let

down between the flash drums. In practice, however, process refrigerant

loadings occur which produce vapour flows that do not exactly satisiy the
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performance characteristics of each compression stage.

This imbalance
results in propylene vapour being let down between the flasH drums to
maintain drum pressures, and the control system ensures that the turbine
speed, which is directly controlled by the propylene vapour flow to the

~ 1st stage compression, is adjusted if necessary. Thus, the operation of
the propylene refrigeration system is closely dependent on the operation
of the propylene refrigerant compressors and control system. A brief

description of the theory of centrifugal compressors was given in section

Se4.

ii) Ethylene Refrigeration System

The ethylene refrigeration system which has two temp-.
erature levels of refrigerant, is similar, but basically simpler than
the propylene refrigeration system. As low temperature propylene
refrigerant is used to condense ethylene refrigerant, the operation of
the ethylene refrigeration system is dependent on the propylene refrig-
eration system. Ethylene refrigerant is compressed by two equal, two-
stage steam turbine compressors operating in parallel. The ethylene
refrigeration system does not require pressure let-down flows between
the flash drums, since the process refrigerant duties at each of the
ethylene refrigerant temperature levels change propdrtionately with

plant throughput.

The propylene and ethylene refrigeration systems are linked,
through energy exchange, with one another and with the other Cold End
systems (see Fig. 5.6). Both systems are directly linked with the

fractionation system whereas only the propylene refrigeration system nus a
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direct link with the cracked gas compression system.,
?
Thus, by examining the Cold End systems using the systems
approach, one has been able to establish the extent and nature of the
major material and energy lirks between the sub-systems and identified

where modelling effort should be concentrated.

S5.5.4 Computer Program Structure of Models

The computer models of the Cold End sub-sytems were written
according to the BP Chemicals specification for steady state process
simulation (25). This specification adopted the basic concept of modul-
arity in defining the structure of steady state process simulation models,
and reflected, through‘a series of interlinking modules, each with a
definite purpose, a distinct systems approach to steady state modelling.
Adherence to this specification ensured compatibility between the Cold
End sub-systems models. The modular structure of a computer simulation
model is shown in Fige 5.10.

The hub of the model is the module linking program which
controls the flow of data and order of calculation of the simulation
modules, Its form is determined by the structure of the process being
simulated. The simulation modules are generalised program subroutines
capable of performing appropriate modelling or mathematical calculations,
responding to system control directives and performing input/output
operation in a format compatible with the module linking program and other

modules.

The following categories of simulation modules viere used in

the modelling of the Cold End:-
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i) Process Modules

These simulate the operation of plant equipment items

or plant sections.

ii) Convergence Modules

These force convergence of recycle loop streams.

iii)  Control Modules

These perform steady state process control functions to
ensure specified plant conditions are met.

iv) General Modules

These include subroutines for data input/output,
calculations of physical properties etc. General input/output sub-
routines for accepting module operating data and for printing the input
data and model results were already in existence at the start of the Cold

End modelling work. °

The main groups of data used in the simulation were:-

i) Process Description Data

Since the model structure is contained within the module
linking program, the process description data consist only of stream
array data, i.e. the initial values of input stream paramters comprising
of the temperature, pressure and component flow rates. The other streams
are calculated, during the simulation, by the process modules, in the
order defined by the module linking program.

ii) Process Operating Data

The process operating data are contained in a process
module parameter list which contains the operating and design conditions
for the process modules, e.g. reflux ratio of a distillation tower.

Similar lists are used by the convergence, control and general modules.
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iii) Physical Property Data

The physical property data array consists of groups of
co-efficients used by general purpose subroutines (e.g. liquid enthalpy

sub-routine) to calculate physical properties on demand from the process

modul es,

Annotated computer listings of the module linking program and
a typical process module used in the Cold End Model are given in Appendix
7. The module linking program consists essentially of a series of sub-
routine CALL statements which control the order in which the simul ation
modules are calculated. A complete set of annotated computer Fortran
listings of the simulation modules used in the Cold End Model are con-
tained in (26). Model flowsheets of the cracked gas compression, fract-
ionation and propylene refrigeration systems are shown in Figs. 5.11 to
5.13 respectively. All process streams are identified by unique numbers,
while each process module on the flow sheet is identified by a name and a
unique number,

For instance, in Fige 5.11, which is the cracked gas compress-
ion model flowsheet, the 1st cracked gas compression stage has a process
module name COMP50 and equipment number 21. The equipment number is
unique to the 1st compression stage, whilst the process module name COMPSQ,
refers to the computer program subroutine used to represent the equipment
in the model. (A computer listing of COMP50 is contained in Appendix 7)
COMP50 is used also to represent the 2nd, 3rd and 4th compression stages
which have equipment numbers 25, 30 and 37 respectively. The first
compression stage is referred to in the module linking program by the

following subroutine CALL statement.
CALL CoMPs50 (21, 31 - 32)

where 21 is the 1st compression stage process module equipment number
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31 is the number of the inlet stream
-32 is the number of the outlet stream :

The first number in the subroutine argument list refers to the equipment
number, while all subsequent positive numbers are the numbers of streams
entering the equipment and all negative numbers are the numbers of streams
leaving the equipment.

During the description of the Cold End models in the follow-
ing sections, a process equipment module is referred to by its program
subroutine name and equipment number. For example, in Fig. 5.12, the

demethaniser tower, T-8, would be referred to as process module DISTS1,

NO. 57.
54545 Description of Models
3
55551 Definition of Stream Components in Models

Twenty components were used to define the composition of the
hydrocarbon process streams used in the cracked gas compression and
fractionation models. The list of components is given in the module
linking program listing in Appendix 7. The components were selected to
give almost a one-to-one correspondence with the twenty components used in
the Ethylene Plant design calculations. This grouping enabled direct
comparisons of the model results with design data.

Preliminary runs of the cracked gas compression model using a
reduced set of ten 'lumped' components revealed that the grouping of
components can significantly affect the vapour/liquid splits of the hydro-
carbon mixtures. The ten and twenty stream component definitions
produced between 3 to 10% differences in the liquid/vapour molar sjlits at
the compression system interstage drums. This suggests that care must be

taken in defining a reduced set of 'lumped' components to describe the
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cracked gas compression system in any future modelling work requiring a
émaller grouping of components. "

Water was not included as a stream component in-the models.,
Water is progressively removed from the hydrocarbon streams at each of the
cracked gas compression interstage separators, and is only present in
significant amounts during the first two stages of compression. (The
hydrocarbon flow to the 1st stage contains approx. 5 wt% water while at
the 3rd stage inlet the water content is less than 1 wt%). All traces of
water are removed in the deﬁydrétors after the 4th compression stage. As
water and hydrocarbons form immiscible liquid phases, the partial pressure
of the water in a liquid/vapour mixture is equal to its vapour pressure at
the system temperature. This means that the presence of water in the
hydrocarbon mixture affects the hydrocarbon vapour/liquid separations, by
only marginally reduciilg the partial pressure of the hydrocarbon vapour
phase by an amount equal to the vapour pressure of water. This effect
was easily accounted for in the cracked gas compression model by subtract-
ing the vapour pressure of water from the system pressure. Al though the
water contributes slightly to the compression loading of the 1st and 2nd
compression stages and the cooling duties of the corresponding after-
coolers, it was acceptable to ignore the presence of water until more
detailed representations of the cracked gas compression stages are

included in the model.

De565.2 Physical Property Data

The establishment of a set of physical property data to
adequately reflect plant operation was fundamental to the Cold End model-
ling worke

A computer program (28), developed by BP Sunbury, was used as

a source of physical property data for the compression and frartionation
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Wodels. Appendix 6 refers to the methods used to generate the vapour/
liquid equilibrium and enthalpy physical property data for Ehe process
hydrocarbon streams, and describes how the data were stored and generated
in the simulation models. A comparison of the K-value vapour/liquid
equilibrium data used in the model and the physical property data used at
~the design stage are also discussed in Appendix 6.

Physical property data for the refrigeration model were
obtained from Canjar (27). Propylene thermodynamic data were regression
fitted on the Honeywell computer time sharing link and stored in the model
in the form of regression equations. The regression equations and co-
efficients used in the propylene refrigeration model are summarised in
Fig. 5.14. It proved necessary to fit data for the specific volume of
superheated propylene, as a function of temperature and pressure, over 3
separate ranges to achizve the required accuracy for the pfOpylene refrig-
eration model. The 3 ranges covered the operating conditions of the
compression stages of the propylene refrigerant compressor. This was an
example of the iterative and parsimonious nature of the model building
where a single range covering the full compressor operating range proved

inadequate for the purposes required.

565 5:3 Cracked Gas Compression Model (Fig. 5.11)

The cracked gas compression model was, basically, a simulation
model of the cracked gas interstage system. The model contained simple
representations of the plant equipment, sufficient to enable heat and mass
balances to be performed. A schematic flowsheet of the model showing a
single compressor train is contained in Fig. 5.11. As the configurations
of both compressor trains are the same, the compression sysiuii wWas examined
by modelling a single compressor train. Dual compressor train operation

was simulated by doubling the capacity of the single train. Until rore
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REFERENCE : CANJAR ( 27 )
COMPUTER
PROGHAM 2 REGRESSION REGRESSION
NO|MODULE NAME FUNCTION ECUATION FORM CONSTANTS 3 *ITTEn
- M . Lad
— - - - I“m e i fn
1 | VOSAT(TaP) Specific Volure of Saturated log V=a :.:60 o(2+460) a = ~2.42:54 -40 to 123°F
Vapour as function of temper- b = 255R8.28
ature ¢ = -0.00548945
2 | TLSAT(ENTH) Temperature of Saturated T -2) a = 295.45 -40 to 149°F
Licuid as function of enthalpy v b = 0.575236
3 | HLSAT(TEM¥P) Enthalpy of Saturated Licuid Huaed? a = 295.55 -30 to 140 F
as function of temperature b =« 0.575236
4 | TVSAT(ENTH) Temperature of Saturated 2 s (H-1) a = 465,221 -40 to 140%F
Vapour as function of enthalpy b b = 0.157655
5 | HVSAT(TBP) Enthalpv of Saturated Vaoour Heaebl a = 46R.221 -40 to 12777
as function of temperature b = 0.157555
6 | TFNPSAT(PRES) Temperature of Saturated Ts b - b0 | a = 12,6164 -40 %o 1-'.-3:!:‘
Vapour as function of pressure (Log F + 18.7) = a) b = 4024.91 20 to 370 psig
7 | HVSuP(TEMP, Enthalpy of Superheated Vapour [E = se b +c(redé0)ua(P+18:7 5 . 46,8813 -40 to 200°F
PRES) as function of temperature and T460 b = 66682.8
pressure c = 0,611919
d = -0.0842073
8 | TvsuP(TEP, Tamperature of 3Superheated (as for 7) (As for 7) (As for 7)
PRES) Vapour as function of enthalpy | Solved implicitly using
and pressure Newton's method.
9 | vosup(T=P, Specific Volume of Superheated Yeogsl a = 4.10396 -40 to 20°F
PRE3) Vapour as function of tempera- ¥ ebd b = =-5.05909 14.7 to 50 psi
ture and pressure. c = 432.639
t a = 3.62634 60 to 100°F
b = -21.4715 S0 to 100 psia
c = 335.832
(3 Ranges) r )
a = 3.47555 -40 to 200°F
b = =22.0703 14.7 to 250 psia
c = 291.171 J
keY
o
TEMP = Temperature °m T = Temperature ( F)
PRES = Pressure (psig) P = Pressure (psig)
ENTH = Enthalpy (Btu/lb) H = Enthalpy (Btu/lb)
V = Specific Volume (ft 3/1b)
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accurate and detailed representations of plant equipment are included in
the model there is little to be gainedlin the explicit reprgsentation of
the two compressor trains. The model included all minor ffactionation
recycle streams and compressor wash oil injections so that it could be
verified and compared with design data. All equipment modules used
directly, or indirectly, general isothermal and adiabatic flash sub-
routines to determine either the temperature, enthalpy, or the vapour/
liquid splits of the hydrocarbon streams.

The model representations of the process equipment are

discussed as follows:-—

i) Centrifugal Cracked Gas Compressors

The cracked gas compressors were represented as four
independent compression stages (process modules COMP50 Nos. 21, 25, 30 and
37 in Pig. 5.11). EaZh stage was defined by specifying é design poly-
tropic compression factor. This enabled the compression stage discharge
temperature to be calculated for a specified discharge pressure according

to the equation

p n
P P ( 2) - (5.5)
2 1 7

where T1 = inlet temperature (°R)
T2 = discharge temperature (°R)
P, = dinlet pressure (psia)
P, = discharge pressure (psia)
n = polytropic compression factor

It is arguable that this representation is an over-
simplification of the compressors since no account was taken of the inter-
dependence of the compression stages. As the 1st and 2nd compre:sion

stages are driven by the same.steam turbine, any chanye directly affectinj
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one stage will be shared between the two stages through adjustment of the
intermediate pressure (i.e. the 1st stage discharge pressure) and hence
polytropic heads of the stages. The same applies to the 3rd and 4th
compression stages. However, it was decided that the simple compression
stage representation used in the model was adequate for the initial
examination of the hydrocarbon flows through the system and was capable
of providing meaningful estimations of compression duties. Future
modelling work would require more detailed compressor representations.
The true benefit of introducing improved model representations of the
cracked gas compressors, which include the compressor characteristics and
coﬁple the performance of the compressor stages, would not be evident'
until compressor characteristics that reflect actual compressor operation

have been established.

S

ii) Aftercooler heat exchangers

The process module HEX50, which was a simple general
purpose heat exchange module, represented the aftercooler heat exchangers
(Nos. 22, 26, 31, 39 and 40) and calculated the cooling water heat duties,
in terms of MBTU/H, to cool the cracked gas to specified exchanger outlet

conditions. This implied no heat transfer limitation for the exchangers.

iii) Condensate Stripper

The condensate stripper (process module DIST51 No. 43 in
Fig. 5.11) was assumed to be capable of achieving a design separation as
defined by specifying the percentage of upper and lower key components in
the overhead product. This assumption acknowledged that the operation of

the condensate stripper is to design standards and is not limiting.

jv) Other process equipment reprcsented in the model included

the interstage separator drums (process module Nos. 23, 27, 32, 35 ard 41
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SEP50), valves (process module VLVES0, Nos. 44 and 45) and general

purpose junction and splitter modules. The modelling of the interstage
separator drums is discussed in section 5.5.6.1. The caustic scrubbing
system which had little effect on cracked gas flow was represented by a
trivial process module (CAUS0 No. 33) which accounted for slight changes

in the temperature and pressure of the gas leaving the caustic scrubber.

A simple repeated substitution convergence routine, which was
used in the serial convergence of two convergence loops, proved adequate
in arriving at a model solution. The calculation order and convergence
loops defined in the model are contained in the listing of the module
linking program in Appendix 7. There was no incentive at this stage

in the modelling work to incorporate improved methods of convergence.

4

Se5e 5.4 Uncoupling of Process Fractionation and Refrigeration Systems

Although the refrigeration and process fractionation systems
are, through energy exchange, highly interlinked systems, it was possible,
by using a fundamental fact concerning the energy transfer between the
process and refrigerant streams, and a basic assumption about the refrig-
erant heat exchangers, to uncouple the systems and simplify their model-
ling. This meant that the modelling of the fractionation and refrig-
eration systems could proceed independently. The uncoupling of these
systems can be explained by first describing the calculation of refrig-
eration energy required by the fractionation system and then deséribing
the transfer of this energy between the fractionation and refrigeration

systems.

i) Calculation of Refrigeration Energy ruquired by
Fractionation systen

The basic assumption used in the modelling of the refrig-

erant heat exchangers was that the rate of heat transfer in the exchanguers
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w?s not limiting. It was assumed that the refrigeration exchangers,
involving either sensible heat transfer or vapourisation heat transfer,
were capable of maintaining the process streams at design conditions of
temperature. The refrigerant exchanger model representation, (process
module HEX50), used in the fractionation model, calculated the refrig-
eration energy duties in terms of MBTU/H taking only the process stream

-conditions into account. No account was taken of the temperature
difference between the process and refrigerant streams in the exchangers,
the heat transfer area of the exchangers or the heat transfer coefficients
of the exchangers. This exchanger model representation was adequate for
the initial purpose of exploring the energy interaction between the Cold
End systems and was consistent with the parsimonious approach to modelling.
Improved model representations of the exchangers, which reflect their true
operating performance, are required at a later stage in the modelling work
when it has been established which exchangers are heat transfer limiting
and which exchangers have performances which vary significantly at
different operating conditions.

ii) Transfer of Energy between Fractionation and
Refrigeration Systems

It was shown in section 5.5.2 that the energy transfer
between the process and'refrigerant streams is of 3 types:-

a) vapourising refrigerant is used to cool and condense
process streams.

b) process streams are used to sub-cool liquid refrig-
erant leaving the interstage flash drums.

c) condensing propylene refrigerant is used as a
heating medium in the ethylene tower reboiler.

Type (a) is by far the most prevalent and important form

of energy transfer accounting for approximately 74, of the total prop:lene



5-47

refrigeration energy transfer between process and refrigerant strears.
Type (b) involving sensible heat transfer, accounts for 5% 6f the total
whilst type (c), which is confined to one point in the process, accounts
for 20% of the energy transfer.

Thus, the main form of energy transfer between the
process and refrigerant streams is type (a) involving the release of the
latent heat of vapourisation of the refrigerant at constant temperature.
Since the energy transferred during vapourisation is a function of the
amount of fluid vapourised, it can be stated as a fundamental fact, to be
used in the modelling of the energy transfer between the refrigeration and
fractionation systems, that the flow of refrigerant to the vapourising
exchangers is defined by the amount of energy transferred between the
process and refrigerant streams.

Therefare, at each refrigerant temperature level where
there exists a series of vapourising refrigerant exchangers, operating in
parallel, the flow of refrigerant to each exchanger is defined by the
amount of energy transferred from the process stream to the refrigerant
stream at each exchanger. The refrigerant used in the vapourising
refrigerant exchangers exists either as saturated liquid or saturated
vapour. For inétance, if one examines the case of low temperature
propylene refrigerant, as shown in Fig. 5.15, which is part of the
propylene refrigeration system, it can be seen that the flows of refrig-
erant to each exchanger and subsequently to the 1st stage of compression
are functions of the low temperature refrigeration duties. The refrig-
eration energy duties Ql,Q2 and Q3 are calculated by the refrigeration
exchangers in the fractionation model.

Thus, the link between the propylene rcfrigeration «nd
fractionation models was through the refrigerant exchangers in the

fractionation system model calculating the refrigerant heat dutics,
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Propylene Ethylene Ethylene Dezethaniser  Propylere
1st Stage Tower ¥ Hefr]'_,‘:-rg nt Feed :”"ti(;l;
Flash Condenser Condenser Precooler Seperstor
Drum - :
ST T
H ! : '
. 2 [
f 4 Pz- |
' ]
2 |
|
- - v
| | | ' 1st Stage
1 i ! l Propylene
: Q K f Refrigerent
] |
' X 2 X 3 Compressor

—— Saturated Propylene Liquid
— -~~~ Saturated Propylene Vapour

A ® Refrigerant Duty ( BTU/H)

P,1 = Pressure in propylene 1st Stage Flash Drum (psia)

P2 = Pressure in propylePe suction separator (psia)

H, = Enthalpy of saturated propylene liquid at pressure P, (BTU/1b)

H2 = Enthalpy of saturated propylene vapour at pressure P2 (BTU/1b)

Q1, QZ‘ Q3 = Refrigerant duties recuired by refrigerant exchangers (BTU/H)
F1, FZ' F3 = Refrigerant flows to exchangers (1b/hr)

I*"T=:F,]+1"‘2+F3

Qp = Q, + Q, + Q
The relationships between the refrigerant flows and refrigerant heat
duties are as follows:

F, = Q, 1b/h F2 = Q2 1b/h F3 = QB 1b/h
H,]-H2 H1-H2 H,-H,
» QT i
Fp = 1b/h
H,-H,

FIG.5.15 LOW TEMFERATURE SECTION OF
PROPYLENE REFRIGERATICN SYST:M
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expressed in MBTU/H, and conveying these duties,

via a refrigeration heat

duty interface, to the refrigerant exchangers in the refrigeration model,
as shown in Fig. 5, 16. It was convenient to sum the energy duties at
each propylene refrigerant temperature level and use a ‘lumped' represent-
ation of refrigerant exchangers in the propylene refrigeration model.
Although it was possible to model the ethylene refrig-
eration system in the same way as the propylene refrigeration system, it
was expedient to use an extremely simple ethylene refrigeration model at

this stage of the modelling work, as is described in Section Se5.5.6.

Thus, it has been shown that by the use of a refrigeration
heat duty interface it is possible to uncouple the refrigeration and
fractionation systems. When more detailed representations of the
exchangers are used in the modelling work this interface will have to
include temperatures in order to calculate refrigeration heat duties.
Descriptions of the fractionation and refrigeration models are contained

in the following sections.

565455 Fractionation Model (Fig. 5.12)

The fractionation model, which is shown in the form of a
schematic flowsheet in Fig. 5.12, was a representation of fractionation
system I, which was defined in section 5.5.3. The model contained a
series of basic heat exchanger and distillation tower process modules.

Heat exchanger process module HEX50 was used to represent the
majority of propylene refrigerant exchangers and calculated the propylene
refrigerant heat duties required to attain design process outlet temp-
eratures, Recovery of refrigeration energy from the ethane and ethylcne
product recycle streams, which were used to cool the duricthaniser feed, was

represented by process modules HEX51 Nos. 52 and 54 in Fig. 5.12. inese
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process modules assumed complete vapourisation of the recycled ethane and
ethylene products in calculating the process outlet temperatures, The

distillation tower modules (DIST51 Nos. 57, 58 and 60), which were

specified by defining for each tower the reflux ratio and percentage of
" the upper and lower key components in the overhead distillate product,
calculated the reboiler and condenser heat duties.

A control module (CONTS1) adjusted the refrigerant duty on the
demethaniser feed heat exchanger E-26 (process module HEX52, No. 53) to
maintain a fixed inlet temperature to the demethaniser. No explicit
representation of the demethaniser overheads recovery system, which is the
main user of ethylene refrigerant, was included in the fractionation model.
However, the effect of the system was accounted for in the ethylene
refrigeration model which is discussed in section 5.5.5.6.

Trivial proéess modules were used to represent the C2 hydro-
genation system (process module C2H50, No. 59), which has insignificant
effect on the refrigeration energy interaction between the process and
refrigeration systems, and the section of the demethaniser used to cool the
demethaniser feed (process module CBX50 No. 55). This section, which
consists of a series of efficient heat exchangers designed to maximise
the recovery of refrigerant energy from the low temperaturc process
streams, was assumed to bperate at design performance.

The solution of the fractionation model involved a single
convergence loop which used a simple repeated substitution routiné to

achieve convergence.

545,566 Refrigeration Model

The refrigeration model included representations of both the
propylene and ethylene refrigeration systems. The propylcne refrigeration

system was modelled in greater depth than the ethylene refrigeration system
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for the following reasons:-

a) the propylene refrigeration system is the more important
and dominant of the two refrigeration systems. The
availability of propylene refrigerant is essential to the
operation of the ethylene refrigeration system and the
Ethylene Plant.

b)  the distribution of propylene refrigerant loads is of a
more complex nature.

c)  the ethylene refrigeration system is simpler and its
refrigerant loading and performance have a linear

relationship with plant throughput.

i) Propylene Refrigeration Model

A flowsheet of the propylene refrigeration model is given
in Fig. 5.13. It was shown in section 5.5.3 how the operation of the
propylene refrigeration system is closely dependent on the operation of
the propylene refrigerant compressors, and the control system which main-
tains constant pressures in the refrigerant flash drums. The propylene
refrigeration control system was included as an integral part of the
propylene refrigeration system model. The control system was designed to
maintain constant pressures throughout the propylene refrigeration system
by control of the pressures in the propylene flash drums (process modules
SEP60, Nos. 1, 2 and 3 in Fig. 5.13). The pressure in the refrigerant
surge drum (process module SUR60, No., 4 in Fig. 5.13) is determined by the
temperature of the cooling water in the refrigerant condenser. Three
control modules (CONT61, CONT62, CONT63 in Fig. 5.13) were used to adjust
the vapour let down flows (stream nos. 11, 18 and 25 in Fig. 5.13) to
maintain constant pressures in the flash drums.

A fairly detailed model of the propylene compresSSOrS,
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involving the interlinking of the compressor stages was required to
éescribe adequately the performance of the propylene refrigeration system,
The model comprised of three compression stage process modules (process
modules COMPO1 No, 5, COMPO2 No. 6 and COMPO3 No. 7 in Fig. 5.13). The
design compressor characteristics for each stage (see Fig. 5.3), relating
the compressor speed to the inlet volumetric flow and to the stage
pressure ratio, were regression fitted and used in each of the compression
stage mddules. The compressor speed was calculated in the 1st com-
pression stage process module COMPOi and then used in the 2nd and 3rd
compression stage process modules (COMP02, COMP03) for calculating the
refrigerant flows to and from the compression stages. .Compression
energies were calculated from heat balances across each compression stage.
Dual compressor 0peratiqp was simulated by doubling the capacity of one of
the compressors and was equivalent to assuming that both compressors had
the same characteristics and were balanced with equal loads. This
representation was suitable for the initial modelling of the Cold End.

The propylene refrigeration model contained 'lumped'
representations of the process refrigerant exchangers (process modules
HEX61 Nos. 11, 15 and 17 in Fig. 5.13), at each of the three propylene
refrigerant temperature levels. The function of these process modules
was to use the process refrigerant duties, as calculated by the cracked gas
compression and fractionation models to calculate the amount of propylene
vapourised in the refrigerant exchangers. However, the ethylene' tower
reboiler exchanger (process module HEX61, No. 14 in Fig. 5.13), which is
the only process exchanger involved in the condensation of refrigerant,
was represented separately, since its heat duty had to be supplied by the
condensation of the 2nd stage discharge flow (stream no., 6 in Fig. 5:13)
and the overheads vapour flow from the 3rd stage separator (stream no. 17

in Pig. S.13),
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The calculation order of the process modules in the
;ropylene refrigeration model can be followed by reference to Fige 5.13
and the module linking program in Appendix 7. Convergence to a model
solution was achieved by the three control modules CONT61, CONT62 and

CONT63.

ii) Ethylene Reéfrigeration Model

Advantage was taken of the linear properties of the
ethylene refrigeration system in formulating a simple linear model to
determine the effect of the ethylene refrigeration system upon the prop-
ylene refrigeration system (propylene refrigerant is used to desuperheat
and condense ethylene refrigerant). The model assumed that the fract-
ional changes from design in the ethylene refrigerant compression energy
and condensing duty weré the same as the fractional change in the ethylene
refrigerant duty required by the process. Alsco, as ethylene refrigerant
is used solely in the demethaniser overhead system and in cooling ethylene
liquid product, it was assumed in the model that the ethylene refrigerant
duty required by the process varied linearly with the flow of ethane and
lighter components in the demethaniser feed stream (stream no. 83 in Fig.
5.12) and with the ethylene liquid product flow to storage (stream no. 92
in Fig. 5.11). These assumptions were supported by the behaviour of the
ethylene refrigeration system during plant operation.

Hence, the linear equation used to calculate the‘fract—
ional change in ethylene refrigerant condensing duty and compression

energy from their design values was of the form:-

_ - (5:6)
AC = EI..F1 + b.F2

where AC is the fractional change
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F1 = flow of ethane and lighter components in the cracked gas to
) the demethaniser _ )

F2 = flow of liquid ethylene product

a,b = constants determined from design operating conditions

5. 5. 5: 7 COld End Model

The Cold End model was a combination of the local sub-system
models described in the previous sections and possessed all the features
of these models. Its structure, shown in Fig. 5.17, reflects the
arrangement of the Cold End sub-systems shown in Fige. 5.5. The Cold End
model first used the cracked gas compression model and the fractionation
model, in that order, to calculate the cracked gas compression energy
requirement and the process refrigerant heat duties. These duties were
then used by the refrigeration model to provide measures of refrigeration

compression energy.

5¢5.6 Verification of Models

Verification of a model is part of the iterative nature of
model building. By comparing the model results against a reference set
of data, checks on the validity of the model can bé made, and any necessary
improvement in the model representations can be introduced.

The size and complexity of the Cold End sub-systems required
that each sub-system model be verified individually before being merged to
form the Cold End model. The Cold End models were verified against a
reference set of design data, since comprehensive and accurate scts of
plant data for such an exercise were not readily available. However,
effective use was made of certain plant data to account for discrepancies

between the model results and the reference data.
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The scope of the Cold End models is summarised in Fig., 5.18.
Although the number of output data calculated by the modelsimay appear to
be particularly large compared with the number of input data (e.g. the
fractionation model calculates 23 unknown streams, each with 26 parameters
per stream, using 1 stream and 31 process operating data as input data)
it shsuld be appreciated that a significant number of the calculated
streams in the cracked gas compression and fractionation models have the
same stream parameter values. For instance, the 20 stream parameters
that define the composition of a stream will be the same for the inlet and
outlet streams of all heat exchanger and valve process modules. The
fractionation model has 10 equipment items that use these process modules.,
Of the total number of output data calculated by the modelé, the key
output data used to check the validity of the models made up about 30% of
the total. The partiﬁu;ar output data of interest are defined in the

following sections which also discuss the verification of each of the Cold

End models.

545,641 Cracked Gas Compression Model

In verifying the cracked gas compression model, the main model
results examined were the stream parameter values of the vapour and liquid
streams leaving the condensate stripper and each of the interstage
separator drums (i.e. 12 streams). The vapour/liquid separations in the
interstage drums determine the flow rate, composition and temperature of
the streams fed to each compression stage. Between the interstage
separator drums, the stream compositions and flows do not change signif-
icantly.

The cracked gas compression model initially produced results
in which the temperatures of the vapour streams leaving tne interstage

o
separator drums were significantly lower (10 to 15 F) than design



5-58

. - o
*239 Xxoq PIOD ‘I2qqrIos DTIENED JO SI[NPOW [EFATIJ SIPNIOUT H
s19jauwvied weaT)u 3JO UCTITUTI@P JoF g XTpusddy 235 .H
|
8L cT € 14 09 v v 8T 4 L 8 8 L M 9/92 ve ! puz pren
|
1}8 - - € LT T = 9 = 3 T € £ 9 se uoT3vIabiazay
|
9€ 1 T 1 6T Z € 8 4 4 T ks = 92 ve Lo rUoT3 SR
| uolssaaduo)
st zt 4 s 92z T S 2 Z 9 S v | 92 SY seo
| paxaea)
ey eq H A RE
but¥esado sweaI3s s sIamol |sIebuspxy sabey _ ._. __
2 3 S
ssadaxg P—— p— 12301 | -uereosTy E9ATRA |5I93371ds) suwpounp siojeTedas \wesays z0d R
Jo *oN Jo *opl WRATRSIA 3esH LOors's sadeo)-
2ouabxaauo) ToI3U0D —||SIejsuwIeg 30 *oN 1300K
v3eqg 3ndur Tepol 30 *oN Jo =oN suR3x juswdynby  Jo *oN 30 *opN |
. STICOW N3 @700 d0 3d0DS 81°S *oia




5-59
temperatures. The molar flow rates of the vapour streams leaving tre
interstage drums differed from design flows by between 3 and 6 per cent.
It had been assumed in the modelling of the interstage Separator drums
(i.e. process modules SEP50 Nos. 23, 27, 32, 35 and 41 in Fig. 5.11) that
all streams entering each interstage drum were thoroughly mixed and
achieved an overall state of thermodynamic equilibrium, and hence uniform
temperature throughout the drum.

Calculation checks on design data revealed that the separation
of vapour and liquid streams in an interstage separator drum had been
calculated by considering that all vapour streams entering the drum were
mixed separately from the liquid streams. The vapour streams were
assumed to achieve a state of thermodynamic equilibrium. Liquid streams
were treated in a similar fashion. Examination of the geometry of the
separator drums supported this model. The short residence time of the
vapour streams in the drums and the positioning of the pipework where
streams enter and leave the drums do not allow significant mixing of the
liquid and vapour phases in the drums. This model representation
produced temperature gradients across the drums of the order of 10°F.

Plant data confirmed that such temperature gradients occurred
in practice, In light of this evidence, the representation of the
interstage drums in the compression model was modified. This example
demonstrates how selective plant data were used to decide which model
representation was the more realistic.

The modified compression model produced separator drum over-
head temperatures that were within 2°F of design. The molar flow rates
of the vapour streams from the drums were within 3% of design. The
minor discrepancies that still existed between the design data and th2
model results, were attributed to differences in physical property data.

Differences between design and model vapour/liquid equilibrium data arc
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discussed in Appendix 6.

5¢5.662 Fractionation Model

The fractionation model was essentially concerned in cal-
culating the heat duty requirements of 12 of the process refrigerant
exchangers. As the model contained simple representations of process
- equipment based on design data, verification of the model results with
design data was a check on the agreement between the model and design
physical property data. The model produced refrigerant heat duties
that were in close agreement with design values (within 4 per cent of
design) and sufficiently accurate for the initial purpose of the modelling

worke

5.5.663 Refrigeration Model

Significant differences between the propylene refrigeration
model results and design data, as measured by the refrigerant flows to and
from the compressor stages, were attributed to errors in the regression
fitting of the propylene physical property data, and the fitting of the
compression stage characteristics. The main source of error lay in the
regression fitting of the specific volume data of superheated propylene as
a function of temperature and pressure. It proved necessary to fit the
specific volume data over 3 ranges of temperature and pressure in order to
bring the compressor flows within 5 per cent of design values. . The
remaining error was mainly due to the fitting of the compressor stage
characteristic curves.,

A cursory comparison of selective plant data with design
data, suggested that the propylene compressor design characteristics, as
supplied by the compressor manufacturer, and used in the model, differed

significantly from the true operating characteristics of the COMPLeSSCr S,
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Before the model can be used to reflect actual plant operation, it will be
hecessary to determine the true operating characteristics of the
compressors. It was decided that there was little to be gained in the
more acCurate fitting of the compressor Characteristics, until the true
operating characteristics are established,

The separate verification of the implicit ethylene refrig-

eration model using design data was considered unnecessary since the

simple linear model had been derived from design data.

5.6.6.4 Cold End Model

The Cold End Model, when verified using design data, produced
results that were consistent with the results obtained from the verifi-

cation of the individual sub-system models.,

56 5.7 Review of Section 5.5

This section has.described how the application of the systems
engineering approach to modelling has enabled a steady state model of the
Cold End to be formulated. The model, which was formulated with a view
to examining the interactions that exist between and within the Cold End
sub-systems and in relating the effect of such interactions on the
performance of the cracked gas and refrigerant compressors, used simple
model representations whenever possible. It was shown how the analysis
and understanding of the refrigeration energy transfer betwcen tﬂe process
and fractionation streams greatly facilitated the modelling of the
fractionation and refrigeration systems. Also, plant operating
experience supported by an appreciation of the nature of the ethylene
refrigerant duties required by the process, enabled a simple linear model

of the ethylene refrigeration system to be defined. In the context of
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the Cold End modelling work, model verification was used to provide a
measure of confidence in the models and to confirm that the} were adcquate

for the initial purpose for which they were intended.-

5.6 SIMULATION OF COLD END SYSTEMS

Once a model of the overall system has been built it must be
converted from a passive device into an active device and be used to
simulate the behaviour of the system. The objective of the Cold End
simulation work was to explore and understand the interactions that exist
between and within the Cold End sub-systems, and to relate the effect of
such interactions on Cold End System performance.

It was realised that the size and complexity of the Cold Bﬁd
sub-systems justified, in some cases, an examination of the sub-systems as
systems in their own right. The modular development of the Cold End
sub-system models permitted the models to be used for simulating the
separate behaviour of the sub-systems. The cracked gas compression
system was the most suitable of the Cold End sub-systems to be examined in
this way, since its material and energy interactions with the other sub-
systems are not so involved. It was fully appreciated that the simulation
of individual sub-systems would provide measures of sub-system performance
which may not necessarily reflect the overall performance of the Cold End.
It was also realised that due to the nature and accuracy of the Lo}d End
models, model results would be more meaningful on a relative rather than an
absolute basis, and could be used to examine changes about design con-
ditions.,

Therefore, before demonstrating how the Cold End model \:as used
to simulate the behaviour of the Lold End, some of the sensitivity runs

which were carried out on the sub-system models, are described.



5-63

5.661 Sub-System Simulation

5.6.1.1 Cracked Gas Compression System

2

The cracked gas compression model was used to examine the
behaviour of the cracked gas compression system when subjected to changes
in operating variables,

A 23 factorial set of computer runs was carried out on the
 cracked gas compression model to examine the performance of the com-
pression system to changes in aftercooler exit temperatures.,

Using design operating conditions as input data and simulating
the operation of one compressor train, the 1st, 2nd and 3rd stage after-
coolér temperatures were set in turn at 10°F below design values. The
model results are summarised in Fig. 5.19, which shows for run 1 the
values of the performanée variables under design conditions and for runs
2 to 8 the changes in the performance variables about the design values.
The main performance variables examined for each compression stage were:-

i) inlet temperature

ii) molar flow rate

iii) molecular weight

iv) and compression energy as calculated from a compression
stage heat balance.

The results 'suggest that the combined effect of changes in
aftercooler temperatures on the performance variables is approximately
linear over the temperature range considered. For instance, the effect
of reducing both the 1st and 2nd stage aftercooler temperatures by 10°F
(Run 5) is approximately equal to the sum of the effects produced by
separately reducing the 1st stage aftercooler temperaturc (Run 2) and the
2nd stage aftercooler temperature (Run 3)e:

Decreasing the outlet temperature from an aftercooler reduced

the molar flow rate, temperature and molecular woight of the strean tai e
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next compression stage. These reductions were due to heavier comporents
ﬁeing removed from the cracked gas. The reductions in molar flow rate
were of the order of 0.5% for the 2nd and 3rd stages and 2.0% for the 4th
stage.

The larger change in the 4th stage flow was due to the
increased removal of the heavier components from the cracked gas in the
3rd stage separator having a two-fold effect, i.e.

a) decreasing the overheads flow from the 3rd stage

separator

b) decreasing the amount of light components removed with

the heavier components in the 4th stage separator.
Consequently, the overheads recycle flow from the con-
densateistripper to the 4th compression stage was reduced.

The results indicate that a decrease in an aftercooler temp-
erature of 10°F reduced the compression energy loading of the next com-
pression stage by between 3.8% and 5.5%, without significantly affecting
the other compression stages. This is not strictly correct, since the
representation of the compression stages in the cracked gas compression
model did not take account of the inter-dependence of the compression
stages, as was described in Section 5.5.5.3. The compression stage
representation used in the model required that the interstage pressure
between the two inter-dependent stages be fixed and supplied as model
input data. In practice, a change in compression energy is shaved
between the two inter-dependent compression stages, and is accompanicd by
an adjustment of the interstage pressure. A compression stage repruscnt-
ation, which includes the compressor stage characteristics, would be able
to take account of this effect. Nevertheless, the rcsults provide a
meaningful estimate of the total compression energy change ior the intc:-

dependent stages, even though the slight change in the interstage pressurce
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has a marginal effect on the vapour/liquid separations in the interstage
cimmts. 1

The model also showed that the removal of -heavy components
from the 1st stage cracked gas separator (i.e. stream 75 in Fig. 5.11) is
more sensitive to changes in the 3rd stage aftercooler temperature than to
changes in the other aftercooler temperatures. A decrease in the second

stage aftercooler temperature had little effect on the liquid flow from

the 1st stage cracked gas separator.

Conclusions

Al though the cracked gas compression model was used success-
fully to investigate the distribution of flows throughout the compression
system, and provided meaéures of changes to cracked gas compression
energies, it was felt that more detailed and realistic representations of
the compressor stages should be included in the model before more thorough

investigations are undertaken.

5¢6.1.2 Propylene Refrigeration System

The propylene refrigeration model was used first to simulate
the propylene refrigeration system operating under design conditions, and
then used to examine the effect on system behaviour of discrete changes
in:-

i) refrigerant duties at each of the three refrigerant

temperature levels.
ii)  pressure in the
a) propylene suction drum, D-35
b) propylene 1st stage flash drum, D-36
c) propylene 2nd stage flash c¢rum, D-37.
These changes were regarded as sufiicient to provide an

initial estimation of the behaviour and sensitivity of the propylene
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refrigeration system.

The model assumed throughout the simulation tests that the
refrigerant compressors had identical Characteristics. and were equally
loaded.

The performance variables examined were: -

i)  compressor speed.

ii)  compression energy - total and contribution of each of
the stages.

iii) refrigerant aftercooler and condenser heat duty.

iv)  temperatures of refrigerant drums D-35, D-36 and D-37
which correspond, respectively, to low, intermediate and
high temperature refrigerant.

v) propylene refrigerant vapour let-down flows between

refrigerant drums, as defined by streams 11, 18 and 25
in Fig. 5.13.

A summary of the results is given in Fig. 5.20.

1) Changes in refrigerant duties (Runs 2 to 4, Fig. 5.20)

The results show that an increase of 1 Energy Unit in
process refrigerant duties at the low and high temperature levels (runs 2
and 4 respectively) produced approximately the same increases in com-
pression energy and condenser heat duties. Al though intuitively one
would expect an increase in duty of low temperature refrigerant to
produce a greater increase in compression energy than for high témph
erature refrigerant, the model results are a consequence of the refrig-
eration control system used to maintain constant pressures in the {lash
drums and the nature of the compressor characteristics. In run 4 it van
be seen that the inlet temperature to the 1st stage suction (i.e. the

o, 3 ~ a1
temperature in drum D-35) has increased by 5 I', thus increasing the
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compressor speed and the polytropic head of the 1st compression stcge,
The increase in temperature is due to 'hot' propylene vapour being let
down in pressure, by the control system, between the refrigerant drums
D-37, D-36 and D-35 (i.e. streams 18 and 25 in Flg. S5:323), It is
interesting to note that a decrease in refrigerant duty at the inter—
mediate temperature level (Run 3) produced no change in compression energy,
but produced a decrease in condensing duty equal to the decrease in
refrigerant duty. This effect was due to the control system allowing
propylene vapour to be let down in pressure between drums D-39 and D-37
(i.e. flow 11 in Fig. 5.13).

An attempt was made to relate the behaviour of the
propylene refrigeration system, as predicted by the model, to actual plant
operation, but it became apparent that equal discrete changes in refrig-
erant duty at each temperature level do not occur in practice. A process
change would affect the refrigerant duties at more than one temperature
level. This situation emphasises the need to simulate the combined
behaviour of the cracked gas compression, fractionation and refrigeration

systems, as is demonstrated in section 5.6.2.

ii) Changes in refrigerant drum pressures (Runs 5 to 7,

Fig. 5.20)

Runs 5 to 7 show that decreasing the pressure in an inter-

stage drum lowers the corresponding refrigerant temperature level and
increases the total compression energy requirement. A 2 psi decrease in
the pressure of drum D-35, (Run 5), had the greatest effect on compressor
performance since, as the 1st compressor stage operates at low absolute
pressures, a change in suction pressure significantly affects the pressure
ratio and polytropic head of the stage. This results in an appreciable

increase in compressor speed which consequently affects tha 2nd and 3rd

. - - - 1 ‘E
stage compression energies. A decrease in pressure in D-3b, (Run 6) li



marginal effect on the overall compression energy since al though it

increased the 2nd stage pressure ratio, it reduced the pressure ratio of
the 1st stage which was the most sensitive and dominant stage. A larger
increase in compression energy resulted from a 2 psi decrease in pressure

in D-37, (Run 7) which increased the 3rd stage pressure ratio but left the

1st and 2nd stage pressure ratios unchanged.

iii) Conclusions

The simulation tests using the model provided a valuable
insight into the operation of the propylene refrigeration system, and
demonstrated how the behaviour of the refrigeration system is very depen-
deﬁt on the performance of the r?frigerant compressors and control system.
The tests also revealed the disadvantages of not examining the combined

behaviour of interacting systems,

5.6.2 System Simulation

Three examples are given to demonstrate how the Cold End
model was used to simulate the combined behaviour of the cracked gas
compression, refrigeration and fractionation systems when subjected to
changes in operating parameters.

The operating parameters selected were:-

i) reflux ratio of T-10, ethylene tower (Process module

DIST51, No. 58 in Fig. 5.12).
ii) reflux ratio of T-9, deethaniser (Process module'DISTSZ,
No. 60 in Fig. 5.12).
iii) exit temperature of E-22, cracked gas compression aftor-
cooler (Process module HEX50, No. 40 in Fig. S.11).
These operating paramecters were sclected since they h.ve &

major influence on plant operation. IModel simulations werc per:ormedd
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with the reflux ratio operating parameters adjusted to :S% and 1105 eitnor
side of design values. The exit temperature of E-22, was set at S5°F and
10°F above and below its design value. All other operating parameters
were kept at design values.

The performance variables examined were: -
i) propylene refrigeration compression energy (Fig. 5.21).
ii) propylene compressor speed, (Fig. 5.22).
iii) ethylene refrigeration compression energy (Fig. 5.23).
iv) cracked gas compression energy (Fig. 5.24).
v)  propylene refrigerant vapour let down flows between the
refrigerant drums, as defined by streams 11, 18 and 25 in
Figs 5.13 (Pigs, 5:25 to: 5:27)s
vi) propylene refrigerant duties at each temperature level
(Figs. 5.28 to 5.30).
vii) propylene ref;igeration condensing duty (Fig. 5.31).
The behaviour of these performance variables, which is shown

graphically in Figs. 5.21 to 5.31, is discussed for each of the selected

operating parameters.

S5¢602.1 T-10 Reflux Ratio

It can be seen from Fig. 5.21 that an increase in T-10 reflux
ratio produced an increase in the propylene refrigeration compression
energy. The propylene compressor speed (Fig. 5.22), which is a directly
observable plant measurement, reflects the changes in the propylene refrig-
eration compression energye. No changes occurred in either thu cthylene

refrigeration or cracked gas compression energies (Figs. 5.23 and 5.24).

A 10% increase in the T-10 reflux ratio produccd an increase of
approx. 6 energy units in propylene low temperature refrigeration duty

(Fig. 5.28) and a dccrease of approx. 6 energy units in intermediate
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temperature refrigeration duty (Fig. 5.29), (Low temperature refric-—

erant is used in the T-10 condenser and intermediate temperature refrig-
erant is used in the T-10 reboiler). These refrigerant heat duty changes
produced an increase in propylene refrigeration compression energy of
approxe 3.5 energy units (Fig. 5.21) and an increase in propylene refric-
eration condensing duty of approx. 3.5 energy units (Fig. 5.31). The
increase in compression energy was equal to the increase in condensing
duty since the net effect of changes in propylene refrigerant duties was
Zero.

The changes in refrigerant heat duties at the low and inter-
mediate temperature levels were accompanied by an increase in the propylene
vapour let-down flows between refrigerant drums D-39, D-37 and D-36 (Figs.
5.26 and 27). The propylene vapour flow between D-36 and D-35 (Fig.
525 ) remained fixed at zero. It is worth commenting that the three
vapour let down flows (Figs. 5.25, 26 and 27) should theoretically, be
zero under design conditions. The non-zero design flows in Figs. 5.26
and 27 are due to differences in model results from desién data. These

differences were discussed in Section 5.5.6, which described the

verification of the Cold End models.

5660242 T-9 Reflux Ratio

Adjustments to the T-9 reflux ratio did not affect either the
refrigeration or cracked gas compression energy requirements (Figg. Se21
to 24). A 10% increase in T-9 reflux ratio increased the intermediate
temperature propylene refrigerant duty by approx. 1.5 enerqy units
(Fig. 5.29), (intermediate temperature refrigerant is used in the T-9
condenser), but produced no change in the low or high temperature reisic-

erant duties (Fig. 5.28 and 30). The propylene refrigeration control

system compensated for this change by dccreasing the vapour let—down tlows
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between drums D-39, D-37 and D-36 (Fig. 5.26 and 27). Ilo change occurred
in the propylene refrigeration compression energy (Fig. 5.21) but the
propylene refrigeration condensing duty was increased by approx. 1.5

energy units (Fig. 5.31) (i.e. by an amount equal to the change in inter-

mediate temperature propylene refrigerant duty).

5.662.3 E-22 Exit Temperature

The E-22 exit temperature can be adjusted by changing the
level of refrigerant in the E-22 heat exchanger.

A 10°F increase in E-22 exit temperature produced a decrease
of approximately 0.7 energy units in cracked gas compression energy (iig.
5.24) but produced no change in either the propylene or ethylene refrig-
eration compression energies (Figs. 5.21 and 23). The intermediate temp-
erature propylene refrigerant duty was increased by approx. 2 energy units
(Fig. 5.29) whilst the high teﬁperature refrigerant duty decreased by
approx. 4 energy units (Fig. 5.30). This produced a decrease of 2 energy
units in propylene refrigeration condensing duty (Fig. 5.31).

The required refrigerant duties were satisfied by increasing
the vapour let-down flow between D-39 and D-37 (Fig. 5.27) and decreasing
the vapour let-down flow between D-37 and D-36 (Fig. 5.26). No change was

required in propylene refrigeration compression energye

5.6.2,4 Conclusions

These examples demonstrate the value of examining the coriined

performance of the Cold End sub-systems. Model simulation enabled the

relative effects of changes in the operating parameters on Cold End system
performance to be quantified. It can be concluded from these examples
that: -

refrigerent

i) Operating parameters that produce changes in



5-77
duty will affect the propylene refrigeration condensing duty, All
Eelected operating parameters had this effect. It was shown, for
instance, that the propylene refrigeration condensing duty can be

decreased by increasing the exit temperature of heat exchanger E-22,

ii) An operating parameter that produces a change in low
temperature propylene refbigerant duty (e.ge T-10 reflux ratio) will
change the propylene refrigeration compression energy. Since the
ethylene refrigeration condenser also uses low temperature propylene
refrigerant it follows that a change in ethylene refrigeration duty will

affect the propylene refrigeration compression energy.

iii) A change in high or intermediate temperatures propylene
refrigerant duties need not necessarily affect the propylene refrigeration
compression energye. It was shown that an adjustment to T-9 reflux ratio
did not affect the propylene rgfrigeration compression energy since the
required changes in refrigerant duty were 'taken up' by adjustment of the
vapour let-down flows between the refrigerant drums. The vapour let-
down flow between drums D-36 and D-35 (Fig. 5.25), however, remained fixed
at zero for each of the selected operating parameters indicating that low

temperature refrigerant was the dominant refrigerant temperature level.

iv) None of the selected operating parameters produced
changes in the ethylene refrigeration compression energy, since the
separation of ethane and lighter components in the de-methaniscr, T-8,
overheads system, which is the main user of ethylene refrigerant, was

unaffected by the changes produced by the operating parameters.

5.7 CONCLUSIONS

The conclusions to be drawn from this study of the Cold End
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i) The study has shown how necessary it is to, aprly svstens

engineering to the analysis, mocdelling and simulation of

a large scale industrial process system _

The more complex the system, the greater the need to
apply systems engineering, and to examine the system as a series of inter-
" 1linking sub-systems. Some comments on systems engineering as applied to

the Cold End are discussed briefly.

a) Systems engineering ensures that the system being
examined has an objective and a performance criterion. The objective of
this study was to explore and understand the interactions that exist
between and within the Cold End sub-systems, and to relate the effect of
such interactions on Cold End system performance. An emphasis was placed
upon the energy interactions between the process and refrigeration sub-
systems. The performance of the cracked gas and refrigerant compressors

was used initially as a measure of both system and sub-system performance.

b) Model building in systems engineering requires that
one should start with whatever knowledge is available, and build on this in
whatever way, time, resources, and the accuracy needed by the model,
dictate. Such a policy was adopted throughout the Cold End modelling
work, which used a consistent, parsimonious approach in the development of
the models. A substantial amount of modelling effort was required to
establish a consistent physical property base, since physical property data
that adequately reflected plant operation were fundamental to the Cold End
modelling work.

It was not expedient during the Iirst ycar of
Ethylene Plant operation to embark on any plant experimentation or larg:

scale data collection exercises, As the objective of the Lithylene .. ~.t
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during this period was reliable operation, there existed, as far as the

Baglan Bay Factory was concerned, neither the incentive nor ,the resources
to undertake such exercises. Although plant data were notlused as a

reference set in the verification of the Cold End models, selective plant
data were used to discriminate between rival models. This was typified

by the modelling of the cracked gas compression interstage drums.

c) The size and complexity of the Cold End was such
that the Cold End sub-systems, in addition to the Céld End System, were
considered worthy of examination as systems in their own right, It is
safe to examine a sub-system in this way provided interactions with the
other sub-systems are accounted for. For instance, it would be pointless
spending considerable effort in increasing the capacity of the cracked gas
compression system, which is known to be throughput limiting, only to
discover that the extra capacit; cannot be accommodated by.the refriger-

ation system.

ii) The study provided an insight into the interactions and

basic principles of operation of the Cold End sub-systems

The simulation of the Cold End system and sub-system
behaviour using the Cold End models revealed the magnitude and extent of
system interactions. For instance, sensitivity tests on the cracked gas
compression sub-system model enabled the relative effects of changes in
aftercooler temperatures on cracked gas compressor performance to be

assessed.

111) The Cold End model has provided a basis upon wnich futire

modelling work can be built

Future work on the develcpment of the Cold Enrd nodel h.us

three courses -~ the model c¢an be developed for:-
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a) ~ On-line supervisory control of the Cold Fnd

The original motivation behind the development of a
Cold End model was to enable supervisory control of the Ethylene Plant to
be effected. A considerable amount of additional time and effort are
required to produce a steady state model that simulates, for different
modes of plant operation, the behaviour of the Cold End to sufficient
accuracy for plant supervisory control, It must be established whether
the Cold End of the No, 2 Ethylene Plant has sufficient flexibility in
its design and control system to benefit from the availability of such a
model . Plant experimentation must be used to establish whether the
development of the model can be justified, The results of these exper-
iments can be used for any improvement of plant performance and to provide
data for future model building. Plant data are required to identify
limiting items of equipment, and to reflect the operating characteristics
of equipment into the Cold End model.
Possible areas for improvement of Cold End operation
are: -
1)  the development of operating strategies for the
parallel cracked gas compressor trains.
2) the allocation of pressure levels for refrig-
erant.
3) the recovery of refrigeration energy from
product and intermediate streams.
Before the existing Cold End model can be put to
further effective use it is essential to establish more accurate models of

the cracked gas and refrigerant compressors.

b) Off-line studies of Co.d End oncration (e.q. as a

plant 'delottleneck ng' aid)

A steady state model, that reflects the oyuration of
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the Cold End of the No. 2 Ethylene Plant, can be used, off-line, to
examine the flexibility of plant operation as governed by the operating
characteristics of plant equipment. This model could be uséd in plant
'debottlenecking' exercises and in studies involving minor process

modifications to the plant.

&) Design of new Ethylene Plants

The requirements of a design model are different
" from a control model. A control model is normally required to be
accurate over a small operating range, whilst a design model is often less
accurate, but must be capable of covering a wider range of conditions.

As a design aid, the Cold End model could be used
for estimating the energy duties of major process and refrigerant equip-
ment, upon which detailed design calculations can be based. Its modular

structure permits alternative Cold End configurations to be examined.
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>

The project has demonstrated how the application of systems
engineering principles and techniques can contribute effectively to the
successful operation of the No. 2 Ethylene Plant. As a joint University/
Industry venture, the project enabled both sides to benefit from
an exchange of ideas and approach. It clearly demonstrated how any
undertaking of this kind is strongly influenced by the priorities of the
industrial environment. The coﬁmissioning of the No. 2 Ethylene Plant
was the dominant factor in determining the timing and scope of the project
activities. This made the adoption of the disciplined approach of
systems engineering essential to the success of the project, and required
that project objectives be re-appraised, at intervals, throughout the work.

The human element played an important role in the project,
particularly in the development and application of the plant computer
system and of data reconciliation. Particular attention was paid to
enlisting and then sustaining the co-operation and interest of personnel
associated with the systems that were being analysed and developcd. For
instance, the training of personnel to use and appreciate the plant
computer system was regarded of fundamental importance.

It was realised that no matter how potentially useful a
technique may be, if it is not used properly its benefit is lost. With
this in mind, simple and reliable techniques capable of producing’ limited
but definite improvement were preferred to complicated unreliable
techniques of potentially greater value. This philosophy was borne out
in the way the Ethylene Plant Computer System was specified and applied,
and also in the selection and application of tae robust and well provern

technique of linear programming for data reconciliation.
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The project demonstrated how a plant computer systes through

its display, logging, alarming and calculation facilities, Yinrrovec the

operability of the No. 2 Ethylene Plant. The systematic preparation of

the computer system and the establishment of a good working relationship
with the No. 2 Ethylene Plant personnel, were the main factors in ensuring
that the computer system was used effectively. During Ethylene Plant
commissioning, the outstanding virtue of the computer system was its
flexibility in being able to provide invaluable assistance in overcoming
unexpected problems.

Automatic data reconciliation provided a means of consistently
rationalising data from a large scale industrial mass flow measuring
system, and provided No. 2 Ethylene and Factory Management with high
quality consistent data upon which decisions could be made. An exam-
ination of the errors in industrial flow data revealed that it is the
gross systematic errors that dominate ancd provide the major data recon-
ciliation problems. A linear data reconciliation error criterion was
shown to be suitable for reconciling data containing such errors. This
enabled the versatile technique of linear programming to be used for data
reconciliation. Data reconciliation, and the plant computer system,
which was mainly responsible for the acquisition of the raw unreconciled
data, proved to be incentives for maintaining high standards of flow
instrumentation.

It was demonstrated how the analysis, modelling and
tem (i.e. the Cold End

simulation of a large scale industrial process sys

of the No. 2 Ethylene Plant) benefited from the systems engineering

approach. In particular, systems engineering was used sucressfully to
decide where modelling effort should best be directed and huw the ncodels
nt sud-

should be developed. The Cold End was divided into ics compon:

systems and those sub-systems which had the greatest efiect on SyStee
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performance were modelled and simulated. A modular and parsimonious

épproach characterised the modelling of the Cold End. Thesstudy
provided an insight into the interactions and basic principles of

operation of the Cold End sub-systems and established a foundation upon

which future Cold End modelling and simulation work can be based.
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APPENDIX 1

C2 HYDRCGENATION COMPUTER CONTROL SCHEME

1) SUMMARY

The Plant Computer provided facilities for improved control of
the C2 hydrogenation system of the No., 2 Ethylene Plant. The computer
performed on-line logical and arithmetic calculations on plant data ard
the resulting answers, which were displayed and logged by the conmputer,
vere used by process operators to re-set the C2 hydrogenation coutrol
panel analogue controllers. The computer facilities can be descrired as

a simple form of copen-loop computer supervisory control.

ii) PROCESS DESCRIPTION AnD ANALOGUSL CONITRQOL SCHEME

The short residence time and high temperature cracking of the
naphtha feedstock can result in unacceptable acetylcnc concenfraticns In
the ethanc/ethylene mixture from the de-ethaniser column. It is
essential that the acetYlene concentration in the ethylene product be
reduced to a very low level in order that ethylene product uscr jplants cin
operate efficiently.

The C2 Hydrogenation System removes acetylene by adding a
measured amount of high purity hydrogen to the e hanc/ethylene sirecan wc
passing the mixture over a palladium based catalyst to hydrogenatc

acetylene to ethylene and ethane. The following reactions tice place

c.a Hydrogen + acct lcné ——;cth;Ltne)
1) Hy + CHy—> Ciy (Hydrog cty

— ! n + acctylene — cihane)
2) 2, + CH, C_He (Hydrogen Yy
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A schematic of the C2 hydrogenation system showing the
analogue flow ratio control system is shown in Fig, A1-1,

- The hydrogenation is accomplished by using a series of
reactors. The high purity hydrogen required for hydrogenation is
injected, under flow ratio control, into the ethane/ethylene stream
fed to each of the reactors. The bulk of the hydrogenation is
performed in the first reactor (H-D-104) where the acetylene
- concentration is reduced to less than 1 per cent. The subsequent
reactors further reduce the acetylene content to the required few ppm.

It is important that the correct amount of hydrogen is
injected into the ethane/ethylene system. Too little hydrogen will
result in an intolerable amount of acétylene in the ethylene product,
while too much hydrogen will result in the undesirable hydrocgenation of
the more valuable ethylene product to ethane, Although it is always
expedient to operate with a slight excess of the thecretical hydrogen
requircd, a large excess of hydrogen will represent inefficient operation.

The analogue control system controls the amount of hydrogen
injected into the process by ratioing the hydrogen flows to the ethylenc/
ethane flow, However, the control system is unable to take account of
the fluctuating acetylene concentration in the ethanc/ethylene stream
from the de-ethaniser, fluctuating hydrogen purity, or the state of the

catalyst used in the hydrogenation reactors.



iii) COMPUTER CONTROL SCHEME

1
Improved control of the C2 hydrogenation system was achieved

using the computer control scheme shown in Fige A1-2, which is a simple
form of computer supervisory control. Fig. A1-3 is a schematic of the
C2 hydrogenation system showing the computer loops. The computer loops,
which are summarised in Fige Al-4, can be sub-divided into two types -
those that display basic plant data and those that perform calculations
and display derived data. Full details of the computer loops are found
in (33).

A computer loop EX401 (see Fig. A1-3) was defined which used
inputs from the hydrogenation system flow meters and on-line analysers to
calculate how much hydrogen is theoretically required to hydrogenate éhe
acetylene in the ethane/ethylene stream. The process operator was
req?ired to manually update the computer with values of the concentration
of the high purity hydrogen (computer loop EX402) and the required
hydrogen/acetylene ratio (computer loop EX400). This ratio required
periodic updating to take account of the delay in the activity of the
reactor catalyst. The hydrogen concentration was used to correct the
density of the hydrogen flows.

A computer loop EF415 summed the three hydrogen injection
flows to the hydrogenation system and compared the total with the theoret-
ical amount of hydrogen required. Computer alarm limits were plpced on
this difference to ensure that the excess hydrogen flow lay between ur;<r
and lower limits. Whenever the difference exceeded these limits the
computer alarm was activated and the process operator manually adjusted

the control panel flow ratio controllers until t.ae excess hydrogen {low

was back within limits. Computer 1oops EX403 and EXd404 rieasured the

hydrogen/acetylene ratios at the inlet and outlet of the isotr:rmal
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reactor H-D-104. A computer trend log (Fig. Ai-5) containing six hydro-
genation system loops was displayed and updated every five finutes on the

control room visual display unit. The log enabled the process operator

to continually monitor the state of the C2 hydrogenation system.

iv) CONCLUSIONS

This computer scheme has demonstrated to plant management how
the computer can be used to improve control of the plant. It has enabled
process operators to appreciate the concepts of computer supervisory
control and is an important precursor to future closed-loop computer

supervisory control applications.
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C2 HYDROGENATION COMPUTER CONTROL SCHEME
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i - rrl S 1 -
. Fig. A1-4 Summary of C2 Hydrogenatica Systenm Com-uter Loops
1
ter —
Co:zl‘:pe Description Corgarnts
EC402 Hish purity hydrogen concentration Ufed ty Process Operator to manuslly updcte and
- Manual Input display the roler concentr:tion of hizh purity
hydrogen
ECh11 Acetylene concentrstion ex H-E-67 Used to displty input fion on-line soetylers
analyser H-QR=5«1
EC412 Hydrogen concentration ex _H-B—G? Used to display input from on-line hydrc en
analyser H-QR-12-1
EC413 Acetylene concentrstion ex H-D-104 Used to dis lcy input from on=line acetylene
analyser H-QR=5-2
ECh14 Hydrogen concentration ex H-D-104 Used to display input from on-line hydrogen
analyser H-LR-12-2
EF412 High purity hydrogen flow to 1st Used to displey hydrojen flow as metered »y
Reactor H-FRC=-104. Density corrected using inpu: from
loop ECLO2.
EF413 High purity hydrogen flow to 2nd Used to display hydrogen flow as metered by
¥ Reactor H-YRC-108, Density corrected using inpu. from
loop LCLID,
EF414 High purity hydrogen flow to 3rd Used to display hydropen flos as metered iy
Reactor H-FRC=107. Density corrected using input from
loop EC402.
EF415 Total measured flow of high purity EF415 = EFA12 + EF413 + EP414
hydrogen to C2 hydrogenation system
EX400 (Hydrogzen/Acetylene) Set Point Used by Process Oper:tor to mcnually upd:-‘e erd
Ratio = Manual input display required (hydrogen/scetylene) molar set
point ratioe.
: : 104) Hy vol:r set
EX401 Totul theoretical flow of high purlty EX401 = (Acet. flow to D L _:_\:._ .
hydrozen required by C2 N ’\ceh_ B
hydrogenation system point = fu (EFA11, ECh11, EXh €, ECh--
Exho2 (Hydrogen/Acetylene) ratio - overall EX402 = (Gotsl pure h-ircen flex)
(Acet. flow to D10)
= t1(EFk15, EC4C0, EFA11, ECH'1)
EX403 (Hydrosen/Acetylene) ratio inlet EX405 = _T_~___’_
to H=-D-104 EC411
EX404 (Hydro on/Acetylene) ratio inlet EX404 = ,‘:ff:;
to H-D-106 Bkl




13,30 HRS 30/03/84 LOG 03

TIME

13,00
13,05
13.10
13.15
13,20
13.25
13.30
13.35
13.40
13.45
13.50
13.55

E X400

2,000
2.000
2.000
2.000
2,000
2.000
2.000
2.000
2,000
2,000
2.000
2,000

E X401 E X402 E F415 E F411 E 4114
KLBS/HR KLBS/HR KLBS/HR %
« 2825 2.181 0.306 11652 1.303

« 2823 2.186 0.307 116.1 1.303

. 2828 2.184 0.307 116.3 1.303

« 2821 2.192 0.307 116.0 1.303
.2817 2.194 0.307 115.8 1.303
2820 2,183 0.306 116,0 1.303

. 2813 2.189 0.306 15,7 1.303
.2814 2.181 0,304 115.7 1.303
2812 2.180 0.305 115,7 1.303

« 2819 2.188 0,307 116.0 1.303

. 2825 2.189 0.307 116. 2 1.303

« 2760 2.231 0.304 113.5 1,303
FIG., A1-5 C2 HYDROGENATION COMPUTER TREND LOG

(False data have been used)
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APPENDIX 2

MODEL OF ERRORS IN INDUSTRIAL FLOW DATA

" FLOWCHART OF ERROR MODEL

PROGRAM LISTING OF ERROR MODEL

A-11

PAGE

A-12

A-13



FLOWCHART OF ERFGR MDDEL

. A=-12

READ
1) True flow dat-
2) Flow reter rarges
) Error rodel Feremeters

Check if YES ;
Last Flow ;Eiﬁ;:s
19}

Calcul~te Rendom Type Error

Produce rew flow by addinrg
error to true f{low

Check if X6}

Flow rontrins P
Sveterit ic/

Error

let rew

flow to R -
zero

ystematic Errd
is zeroflow

Set ravw
flow to &
full scazle

Set row fiow rs velue between
zero end full scele r-nce of
reter
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APPENDIX 3

EVALUATION OF DATA RECONCILIATION ERRCR CRITERIA

RAW DATA SETS 1 TO 3

TYPICAL SET OF RECONCILED RESULTS (DATA SET 1, RUN 1)

PAGE
DATA SET 1 ' A-17
DATA SET 2 A-18
DATA SET 3 A-19

SET OF RECONCILED RESULTS (DATA SET 1, RUN 1) A-20
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APPENDIX 4

FORMULATION OF DATA RECONCILIATICH IMCDEL

USING LINEAR PROGRAMMING TECHNIQUE

i) INTRODUCTION

The general formulation of a linear programming model is as

follows:
n
Minimise the linear objective function E
Ci xi
i=1
Subject to linear constraints
n
E <
aji Xg : bJ j =12 =—-m
i=1 4
X, 2 o© i=1,2-=-n
where
X, are the activities
s are the coefficients or weights of the objective function
aji represent the matrix of coefficients of the left-hand sides of the
constraints
bj are the right-hand side of the constraints
n is the number of activities :
m is the number of constraints

The formulation of a data reconciliation model using the
linear programming technique can be illustrated by considering the simple

single balance process in Fig. A4-1.

The process consists of two feed streans (streans 1 and 2)
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which chemically react to produce a product (stream 3) ang by-product

(stream 4).  The process also has a non metered material 1bss (stream 5)

ii) DEFINITION OF PLANT MATERIAL BALANCE

If Fi‘, i =1 to 4 are the measured raw flows of streams 1 to
4, then a material balances gives

Fl‘ - Pz‘ - P3‘ - F4‘ - FS' = A - (1)
where

FS‘ is an estimated measure of the loss flow (set as zero if unknown).

A is the material balance error.

If Fi, i = 1 to 5 are defined as the reconciled set of flows
which satisfy the material balance, then

I-1+F2—F3-F4-F5=o - (2)

Subtracting egn (2) from egn (1)
- = L = - » - —_ F - - [ ] o -
(Fi F1~) + (F2 F2 ) (F3 F3 ) (F4 I"4 ) (F5 Fg ) AN

or f1 + f2 - f3 - :E4 - f5 = e - (3)

n

where £, (Fi - Fi'), i =1 to 5 are the flow changes made in the

measured raw flows to produced reconciled flows.

Eqn (3) is defined as the material balance equality constraint.

iii) DEFINITION OF PLANT LOSS

An unaccountable plant loss can be expressed in one of three

ways as:-

a) a constant loss

i.e. fs = 0 - (‘1)

Eqn (4) states that there must be no change in the loss

flow.
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b)

c)

A=25

a fixed percentage of some other flow or {lows, e g
b - -

the loss in Fig. A4-1 could be specified ab 3% of stream
1le

0-03 Fl—F5=O - (5)

Defining eqn (5) in term of flow change variables

0.03 (f1 + Fi‘J - (fs + Fs‘) = o

0.03 f1 - f5 =K1 = (6)
where

Ki1 = F_* - 0,03 F.*
5 i

a variable loss, where the loss might depend upon plant
operation. Upper and lower limits may be assigned e.qg.
the loss in Fig. A4-1 could be specified as lying between
1% and 3% of the flow of stream 1. This representation

gives rise to the following two inequality constraints.

0.01 f1 - f5 2 K2 - (7)

0.03 f1 - f5 £ K3 - (8)
where
K2 = FS‘ - 0.01 Fl'
K3 = Fg' - 0.03 Fi‘ are both funcéions of the measured
flows.

The loss representation shown in Fig. A4-2 is expressud
as a fixed percentage of stream 1 as defined by eqn (6).
The LP technique also permits loss flows to be constrcined

between upper and lower absolute bounds.



iv) DEFINITION OF PLANT PERFORIIANCE CONSTRAINTS

b |
Inequality constraints can arise from the need to put limits

on plant efficiencies and yields, €.g. the yield of product in stream 3

must lie between 60% and 80% of the raw material stream 1. This

constraint would be of‘the form: -

0.6 R F3 < 0.8 - (9)
F_
i

Eqn (9) can be defined in terms of flow changes

— <

_ . _ .
K4 = F3 0.6 F1

K5 = Fé‘ - 0.8 Fi‘ are both functions of the measured flows.

v) RE~DEFINITION OF FLOW CHANGE VARIABLES

The linear programming technique requires that all activities
must remain positive. As the flow change activities defined above can be
either positive or negative it is necessary to re-define each flow change
as the difference betwsen a positive flow activity and a negative flow

activity.

£°> 0 for i =1to 5

All equations defined in terms of flcw changes i.ast be rc-

defined in terms of these positive and negative flow activiticse
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e.g. Eqn (3) becomes
o+- s +— - + - + -
(£, = £7) 4+ (£," - £,7) - (£, _fz)_(f4_f4)_(f5*‘_fs")=_a

vi) BOUNDING OF FLOWS

By setting absolute bounds on negative flow activities (i.e.
fi_ activities) equal to the corresponding raw flow measurements, positive

flows can be prevented from going negative.

would be set at F_°*,

€.g. upper bound on f1 1

vii) OBJECTIVE FUNCTION

The data reconciliation error criterion minimises a weighted

sum of the moduli of the changes to the flows.

5
Minimise E W (£, + £7)
i 1 x
i=1

where wi are the weights.

The data reconciliation LP matrix for the system in Fig. A4-1
with the loss expressed as a fixed percentage of the flow of stream 1 is
shown in Fig. A4-2. The set of reconciled flows can be formed by adding

the reconciled flow changes to the measured raw flows.
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APPENDIX 6

PHYSICAL PRCPERTY DATA

The BP Sunbury computer program STAGE 1 (28) was used as a
source of vapour/liquid equilibrium (K-value) and enthalpy data in the
cracked gas compression and fractionation models. The program was
selected on the basis of its availability and suitability for hydrogen-
methane-hydrocarbon type systems. A computer algorithm was used which is
based on well-known methods for calculating flash equilibria. The
thermodynamic principles and correlations involved are described by
Shelton (29).

The Grayson and Streed (30) extension of the Chao and Seader
(31) correlations predicted \) io’ the fugacity of the substance in the
pure liquid state. The activity coefficient of a component in liquid
solution, ¥ i was calculated from Hildebrand's regular solution theory,
and Ea:i the fugacity coefficient of a component in the vapour mixture was
obtained by solving the Redlich-Kwong two constant equation of state.

These three thermodynamic properties 3 io' ¥.and © N

b &

were used to predict vapour liquid equilibrium values Ki from the equation.

¥ g - (1)

The program also calculated vapour and liquid enthalpies for
the stream components which are consistent with the vapour/liquid
equilibrium values. Details of the enthalpy calculation are giveis in

(29).

The K-values and enthalpics gencrated by the prograil wWere
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curve fitted as functions of temperature and pressure The equati
. on

fitted for K-values is based on the Antoine relationship fot vapour

pressure: -

LogK = a+Db + c.T+d. Log P - (2)
T

The equation for enthalpies is:-

H=a+_1?_+c.T+d.P - (3)
T

where

K is the vapour/liquid equilibrium value
H is the enthalpy (BTU/1b)

T is the temperature (°R)

P is the pressure (psig)

a, b, ¢, d are regression curve fitting constants

The regression constants were held as data in the physical
property data array of the model and used with the associated regression
equations to generate enthalpy and K-value data.

As the compression and fractionation systems cover a wide
spectrum of operating cqnditions it was necessary to define two temp-
erature and pressure ranges over which the STAGE 1 (28) physical property
data would be regression fitted. The first range 60 to 250°F ané 15 to
550 psia served the compression system; and the second range -60 to 160°F
and 200 to 530 psia served the fractionation system.

An exercise (34) to evaluate and compare the K-value data used
in the cracked gas compression system model with design r-value data

revealed that:-

i) At low pressures (i.c. 35-90 psig) the mole perc ntage
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vapourisation of the cracked gas compression hydrocarbon and streams, as
]

calculated using STAGE 1 K-value data, agreed (to within 1%) with the

values predicted using design data. The differences-increased (up to &%)

at higher pressures (i.e. 220-530 psig).

To validate Fhe accuracy of the K-value data a comparison
must be made with plant derived data. This, however, was not possible
within the time scale of the project.

ii) The regression fitting of the K-value data introduced
errors of between 2 and 3% in the mole percentage vapourisation of the
cracked gas compression hydrocarbon streams. (i.e. the K-values
generated using the STAGE 1 regression equations gave percentage vapour-
isations that were within 3% of those calculated using K-values generated
directly by STAGE 1,)

This was regarded as acceptable for the initial Cold End

modelling worke

Dowling and Todd (32) have recently reviewed the relative
merits of the popular Chao-Seader, Grayson-Streed and A.P.I. correlations
for predicting hydrocarbon vapour-liquid equilibrium ratios. They used
as a basis for their study 48 different mixtures and attempted to define
areas of maximum reliability for each correlation. They concluded that
for both methane and hydrogen systems (which predominate in the Cold End
systems) the Chao-Seader correlation appeared to be the most reliable.
For systems containing hydrogen and high boiling petroleum fractions, the
Grayson-Streed model is marginally best. However, for both types of

systems, the A.P.I. correlation was unacceptable.
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0021
2
08$
nnaﬁ
0nds
0néé
ond7
0ndé8
0nae
ong90
0n%1
on%2
0ne3
0094
0n9s
0n%é
0ne7

ongs

0099
0100
0101

0102
04903
0106
0103
0106
0107
0108
0107
0110

111
i
0113
0114
0115
0116
0117

118
8119
0120
0121
0122
0123
0424
c12¢%
Na 24
0127
0128
0129
0130
0131
0132
0933
0134
435
0136
0137
0438

0139

—— 3 CONTILUF

COMMDN sCOuY) kOnTr45,2
COMury }Cﬁav1l KkNNv(y,
COMmON lCr.\\,'u";l To“?u’d“f'ﬁ“(s)

COumry IUT1Lq/ unangv(.,1,.,cl,r1‘_J'u_
COMMBE /COST/ CPLAST(4),CFLONCa, ) |

COMMOR /PPDL, COEFr (20,260, sCOFBF (o, P
COMMEY fFLsGy/ 0:26) s 2CIFRFCa, 1), 0PPegT

COMON /Scpan/ 1SP(q),re(s, 1)
COMMON /GEs1/  LOOP, IiCYCLE(20) hPACE
COHMGN/cNTFLns;Icg"g1’IEU“U2‘1(0hv3

COMMON JOFL,/ Lp1l1Palhfp-lN[P;,hci1,“rnz,hpﬂ1.kpp2.

B R e R e o
&
CoOMEND
c
WRITECLPYy100)
1REPy=D :
1 CONTINUE :
CALL DPATIN -
c
o
C=====COHPRESSION SYSyEN MODYULE LINKIKG SyatEreNys
C ittrtt!ﬁitt..tlQ-qtt.gn.,..‘,*'......."-.'..'.
NPPSET=1

—% 2 cONTINUF

CALL SPLAO(2R,33,-42,~4"

CALL JUNCSh(2,0 30064205420 060=31)

CALL COMESp(Rq943q90=1))

cALL HEXSU{?2.3?.-3‘)

cAll JU”CSQ(?‘,}¢41;(,f},orﬁ,o,nl"s)

C&LL cnl.'an(SQ‘l..Jl"f.ﬁ)

CALL PEXS((34,444745)

cALL 5[950(32.Qﬁ.Tq.ﬂxo,o,-‘é,-‘?)

CALL VLVES((45:470=48)

CALL CAUSQ(33,46.49) _
CALL SEP50¢35,50,0,0,0,0,-51,-52)
CALL JUNCSnt36+54072,0rnepr=53)
CALL COnE3n(X7,53,=54)

CALL Jytcdne3R,%6,73,0,0,0,=55)
CALL FEX50(39,55,.56)

CALL HEXS5U(46.,56,=57)

CALL SEPSD(,‘Qo ?-ﬂin!Urna'S&qv's‘?’
CALL SPLEO(40:58."6q:0p)

CALL PISTS4(43:s591=627-63)

CALL JUMCS55(34+49¢62:74:7410:°50)
CALL COMVGqcq.5p)

LOOP=94

NCYCLF (L LOOPY=REVCLECLDADY#

S 3F(iC0Ny EG 0, ALD, ICOVAT. EG. 0200 70 3
CALL DlARUY

CALL yLuES0(44,39,~40)

CALL SEPSL(2%,3%,40,60,0,0,-34,.75)
CALL JUHCS0(24,34467,0,G,0,=35)

CALL COMPSA(5,350-367

CALL HEXtp( er360=37)

CALL SEPSQ( 7. 6846937 4R152.73R,73C)
cALL COLVpq(2.38)

L00P=?

\CVELE(LO(-'P\EHC\'CLFfLUDf‘3“1

*‘—————~w~IF(ICOHU.EQ.C.*hD.IFPUN*.lO.D)Go T0 2

CALL blagUT

c - = - s . - - - -

rEFCqry)
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5'KQTIE:f15.gJchP5:¢15”,'L,,Tu(1§:
£ el STo1090035) 40 72R2A) ok CVINP (S, )

IDIL&'ISGL'IABGFT':cphvl]cDUNTtI\(V,fﬂEDT";hlf
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160
0161
0162
0163
0164
0165
0166
0467

168

166
0170
0171
0172
0173
0474

1758

176
0177
0478
0479
0480
0131
0182
0183
0184
0485

186
818?
0188
0489
i
0121
6192
0193
0194
0495
0196
G197
0198
04199
0200
0201
0202
0203

8385

J
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C--——-;ﬂACTIONAT Tch SySTen ropuLe
C LA AR R L RN R P

NPPSET=D

LIMKING STATEMENTS
.n‘--n-ti.u-..-t.nltpnltoo"n
c -
Com===SE CBXS0 Mg ™
10 COKTINUE
CALL SPL5U(SN,60,-74,"77,
CALL HEXS0(54,77,-7R)
caLlL CE:"SU(SSI?DI-B:I)
—> 12 LONTIHUE
CALL DIfT51¢57,R3,=24,-05)
CALL DISYS4(57,85,="6s=57)
CALL C2HSg(50,34,=87)
CALL 015751{60.3nr‘90:-39)

14 CALL PRECOOL(67,60,93 497 =83 y=O4 4=98)

CALL CONTS5* (4,B83,3,53,2) :
L00pP=3 ‘
HECYCLE(LOUPyeNCYCLE eLliney .4

JFCICPRV . EQ A, ALn  1eOURT ER,0)GN TO 44
CALL CONVpq(3.33)

LOOP=4

NCYCLEC gUPY=NCYPLEC UOP) +1

1FCICON, EQ 0 ALD, 1FOUKTY EQ,00GN TO 12

CALL HER50(63,9L,=05)
CALL HFX50(€4,95:.76)
CALL HEX50(L6+%RBi=09)
CALL DTAGUT

CALL FRLINK{53,92,66,6‘.,&0,60,53.58,51153,11‘1‘,15,17)

PRDPYLE'-’E pEFPIGfpﬂTIUN cYSqe! r\!’)DULF Ll”K‘hG ST‘1"HENYS
R T e T A T T E T A A T A A T A A R R R ]
20 CONTINUF
1FLAGED
CALL PRESET
CALL "FX6l1t17-23.'?L;
h Y0 CALL SPLT00(16,22/=%,725)
CALL SEaﬁ(J(1lzfal?Slo;“1.'26}
CALL anPU1(§,1,-2)
CALL COMPU2(6,2,31=5)
F TFCITLAG EU. Y60 TO 4y
cALL (Ou164Lc3,%.40)
1FCICIURT, E5.4)60 TR 5p
— JFCILONVTIEQ. )60 TN Vg
JTFCICONYT. k. 0)60 TN S5
ap 1FLAGEY
50 cONT tUF
cALL COMpDT:7,5,=6,-8)
J CALL FEyat(a.a,-%)
% ©0 cONT1LUE
CALL §°LT6N(9,9,-10,-11)
CALL “EX62(4p+100712)
H cill SURAOC4012.=43)
CALL nEYg1(4q.93,714)
CALL SEPsLC %:1usq19rn?=15:"16)
» 70 CONTINUT

[(uEaN el (]

| L& CALL SPLTEQ0(12,15,=17¢=%8)

-



0206
0207
6208
0209
0210
0211

0212
0213

0214
0215
0216
0217
0218
0219
0220
0221
0222
0223
0224
06225
0226
0227
0228
6229
0230
0234
0232
0233
0234
0235

TIH |G

1f
Ses—m——1 Y
1F

c

CALL JUNr6&(13.1?-6.04-10)
CALL COMTLa¢4,10,44,9,

:F!]CDUNT.E:?1;GG1TP 13
EE(TCFﬁVﬁ.E;_n)ﬁc Te )
IFCICOVa EG. 1360 Tn 7o
TFUICERYVY  Ey.2)60 T 6

80 CONTINUFP

CALL DlAGUT

CALL PEX61(14,19,-20,

CALL HEXYL1(45,96.724)

CALL SEPan( 2:21:24,48,=22.-23)
rAL S’LTsnt15.32c-3.'35)

CALL CONTEI(9)95:9146)
1FCICOUNT  FG.4)GD Te 95
CICONVZFs. 1060 T be
(120%Vy.FQ.2)60 Te 9
(1;ouu?.5q.0)50 To0 65§

95 CONTIHUR

CALL DlaguT
TF(ISOL,FQ, 1,60 70 900
150 =19 -

¢0 To 20

000 CONTIKUE

CALL batOUY

0 70 1
sT0p
100 FORMAT (///95X,25HRP CHEN SIMULATION SYSTEM//
1 15X, 44HCOLD END HODEL)
‘END

ENp Op SEGMENT, LENGTH 762+ nAnr  COLDELDHOREL
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5743
5744
5745
5746
5747
5748
5749
5750
5751
5752
575%
5754
5755
5756
5757
5758
5759
5760
5761
5762
5703
5764
5765
5766
5767
5768
5769
5?70
5771
5772
5773
5774
5775
5776
5777
5778
5779
5780
5781
5782
5783
5784
5785
5786
5787
5788
5789
5790
87014
5792
5793
5704
5795
5796
5797
5798
5799
5800
5801
SA02
SRC3
SAapL
5805
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sUBPNUTIKE TEAPSOINIOD, LN, LOUT)
'*"'."“"tt"tolto.'tnc.'-.toi an e

TRIVIAL KODULE ©F CCHPRISSOR STAGE

DMT  25/4/7¢
OPERATING PARAMETERS : 1 POLyTPABPIC STAGE FacTOr
¢ DISCrARGE pebSsirg (F516)

SURDROGQ;HS EEFFD[NI'.EDer:TH LSTPAR
OMBLOCK

- e P -y M

OO0 O OO0

BP CHEM STuyLA-10N SYS4El COMMON DECK

COnKON /SSprindy MAYSTH MAYCEIP xS ~meMyyCHD  "AgPH i AXMS

COMMBN /S50 1md) PAy Tl AV IV, P AY U~ hpuUT

CONMMON /STaprqy/ 519w(105,pg).LL|ST{gUep)-“T|TLrt2p).Punhntpo}
COMnON PR yra/ NUNSTE, LUNCHE s WEXSTu s hEXCI P, hUnpnm

COMMON s PrRy1m2y KUt CTM, » UnCVi, NUTTL

COMMPN JEXTHNA/ EYSTRM{9,1) ,MXLIST(14+1)

COHnCN JEQIIIP/ PEPsR e P KPMIDCagae2) s KALL (Bg)

CCHMHON JPROE/ ¥2M(a, 1), "0DN"Elrg:2)

COnNON JCOLY/ KOMTCaS, 7Y KnTIND(9S, 22 scTFAREI0n) /LPFTH(45)
CONMvOn yConvq/ KONV (S, 4) s CVSTRM(10,30),CMPAR(2:) ,XCVINDES,2)
CONNON yCopva/ TOULC3G) A LPCVHM(S)

CONMON JUTTLq/ UaREAY (4, 4) skUIACTs4) tUTDEFCq01)

Counnl yCosT/ opre0sT (4, CFLLEV(4.9)

COMMON /PPpa/ COEFT(2n,2¢) s XCOCFFlq.9) ,KkPPRET

COMMON JFLeGq/ 101G Y2CL, JABGRT (I CONV, 1COUNT I INEV, 1REPTY,TUNTT
COMMON /SCpan/ 18P(9),5P(1+9)

counoN JGEV ,/ Lr1rLFg.th1-thp-ch1:"r“e-NP“1e%P“2-ﬂ’°1-"”’2
COPMON JOEvg/ LOGP,HCYCLE(20) /MPAGE
COMMON/ENTELGS/1CONVI A TCUNV2, 100NV

c
C..-—u.._r---.--t--..l!--...-..--
C
CNMEND
c
DIMENSIDN Nan(2)
c
DATA NAM(1) ,HAM(2)/ LHCONP,2H50/
€10
IFCIDIAG, Gy O)WRITE(LPY,200)NAH, NMOD
c2o0
IFLCISOL EG 15,00, (1200Ry, Ly O35 RETyRN
IF(STRM(kIN 62, LT.0 N1yRFTUARN
L
LINSTABS (NIny
NOUT=IATS(NOUTY
o
Com==-OFERATING PARANETERS ‘

K1=XPHIND (Do ty
pOLFAC=PIIPAR(KY)
PRES=PHPAR (Kq+9)

E--"-TF-.M.'SFFF SyRFAM PARAMEYERS FROM 1hPyy 10 OugPuT
pC 100 kel ,uuncup
400 STRU(NCUTpHy=STRI(NININD

c
Cre===sET pUTOUT ppFSSURE AND TEMPERATURE



\

5806
5807
5808
SALG
5810
5811
5812
5813
5814
5815
5416
5817
5848
5819
5820
S5RZ29
SRZe
SR23
5824

PARSO=PLFS,4qy, 7
PARSI=6YFI(LIN, LYea s,
IARS!=S7E“IHIN;33‘Lﬁn-ﬁ
TACSCETABS 1 (PALSC/PARS 1) wepOL AL
SYRI(KOYT, )=y ARSCnL00, 0
STR“ (hOUT  4yapRES

Cow==wCALCULATE DISCHARGE EhYHALPY

" STRM(LONT SYEENTH(NOUT)

Cra===DlAGHOSTIC ROUTINE
TFCIDIAG NE_ 2360 TO 45
MSTHNC(q) =N N 124
MSTHLO(2Y=~y0uT

CALL LgypAp(NAM, NHOD,2
150 conrprOE ROVATANHOD,€)

RETURN

200 FORMAT (4N fax.na.lz.ls,
END

END Op SEGMENT, LeNGTH 174, LAMC  COMPSH

—

L
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