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ABSTRACT

The title of this Final Year Research Project is ‘Heat Exchanger Modeling by Neural
Network Optimization for PETRONAS Penapisan Melaka Sdn. Bhd (PPMSB) Crude
Preheat Train’. This project involves the post modeling of heat exchanger sensitivity
analysis that covers neural petwork based model and mpﬁcation of statistical analysis to
predict the heat exchanger efficiency for maintenance scheduling strategy of Crude
Preheat Train (CPT). The main objectives of this study are to minimize the error in the
predicted values and enhance the robustness of the previous model to predict in future. -

This Final Report consists of five major sections. The first section descnbes the
introduction to Neural Network based Predictive Model, background of the CPT, fouling
activity and Heat Exchanger Mainienance in PP(M)SB, problem statement that defined
the significant of the post modeling heat exchanger sensitivity analysis, project objectives
and scope of works done tliroughout the study. The next section consists of literature
review and theory extracted from well established journals and web sites to provide

relevant information for the project as references.

The third section entails the project methodology comprising series of stages for the
project to be carried out. It follows by the fourth section that serves as the gist of the
report that presents the findings and includes discussion on the results obtained and
significance behind anjr failure occurs at each stage of the completed optimization
strategies. The results are discussed in term of statistical analysis, comparison of results
between different transfer functions configurations used and graphs of actual de-
normalized versus predicted outlet temperature for both tube side and shell side. The final
section of the report consists of the conclusion corresponds to the objectives set earlier
and some recommendations for future improvement of the Neural Network model. The
Final Report ends with a list of references and appendices.
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CHAPTER 1
INTRODUCTION

The title of this Final Year Research Project is “Heat Exchanger Modeling by Neural
Network Optimization for PETRONAS Penapisan Melaka Sdn. Bhd (PPMSB) Crude
Preheat Train™. The Neural Network (NN) Modeling used for this project is camed out
with reference to Do Thanh Van’s predictive model for heat exchanger efficiency in the
Crude Preheat Train (CPT) of PPOVM)SB. It is the post modeling of heat exchanger
sensitivity analysis that covers neural network based model to predict and anticipate
future the heat exchanger efficiency using new test set of data for simulétion,
implication of statistical analysis and research based study for the optimization and
maintenance scheduling strategy of CPT. '

Fouling in crude oil preheat trains is a major problem that costs the mdubtry billions of
dollars per years (ESDU, 2000). In the reﬁnery, the crade oil which is untreated
- petroleum tends to foul the heat exchangers due-to the nature viscous characteristic and
at the same time carries a lot of particles. By philosophy, the more energy recovered by
the CPT the more beneficial it is to the operation. However, the dynamic behavior of
fouling has hindered the proper application of many integration techmiques to the preheat
train design henee results in the least efficient heat recovery over a time period. [i]

The research on a predictive model for maintenance scheduling and performance of CPT
.in PPOM)SE will be developed by application of NN with the imphication of Analysis of
Variance (ANOVA). The network designs consider the fouling behavior and any
purameters which promole signilicant fouling prior lo predict fulure performance of the
heat exchanger. This study is vital to aid the industrial practiioner makizig more
informed decision to plan on the suitable time for heat exchanger préventive
maintenance scheduling prior to reduce the need of unplanned shutdown and to avoid
the.mfmery pmdﬁcﬁon loss.



Prior to make this project feasible within .ihe sCOpe and time frame, this predictive model
for Cold Low Sulphur Waxy Residue (IL.SWR) Pumparound Heat Exchanger, E-1104 A-
D will be using the same NN architecture as previous model with current 24 predictors.
‘The model is to be further developed, optimized and tested against the ongmal data set
A and new data set B fo test on the robustness of the model in predicting future trend
and compare the &11& behavior chimge. Any necessary amendment .on the conirol
strategy and modeling approach will be considered over the time peried. ;

1.1. BACKGROUND OF STUDY
1.1.1 PETRONAS Penapisan (Melaka) Sdn. Bhd, PP(M)SB

PETRONAS Penapisan (Melaka) Sdn. Bhd, PPQMDSB  is the PETRONAS second
refinery after Petronas Penapisan (Kerteh) Sdn. Bhd. Located in Sungai Udang,
PPM)SB within an area of 926 acres consists of two crude refining tfrains, namely
PETRONAS Second Refinery Phase | (PSR-1) and PETRONAS Second Refinery Phase
2 (PSR-2) plants. Both PSR-1 and PSR-2 are designed to operate as an mtegrated
complex with common utility, offsite arkl marine facilities.

Table 1. Comparison between PSR-1 and PSR-2

Train ' Fadcilities Capacity Ownership
PSR-1 Sweet train- 100,000 BPSD PETRONAS
hydroskimming
PSR-2 Sour tram- deep 100,000 BPSD Malaysian Refining
_ conversion ' Company Sdn. Bhd

PSR-1 is wholly owned by PETRONAS and was incorporated on September 19, 1987 to
process local sweet crude (i.e sulfur content less than 0.5 wi%). PSR-2 operated by
Malaysian Refining Company (MRC) is a joint venture between PETRONAS (53%) and
Conoco Philips USA (47%) and was incorporated in May 1991 to process Middle Fast
sour erude (i.e crude with sulfur content of more than 0.5 wi%). {2]



1.1.2 Crude Preheat Train of PPMSB

The Crude Preheat Train in the Crude Distillation Unit (CDU) is a series of heat
exchangers used to maximize heat recovery by having heat exchange from the CDU
product pumparounds streams with the mixed crude from the storage tanks. The CPT in
PP(M)SB has four Pre-Desalter and seven Post-Desalter heat exchangers. The mixed
crude oil is preheated from the ambient temperature to 130 °C in the Pre-Desalter heat
cxchangers before entering the Desalter Vesscl. The mixed crude then is further
preheated up to 232 °C before entering the Preflash Drum, Fumace and the Distillation
Colunmn. [3]

For this final year research project, main focus of the modeling optimization is the
contmualion ffom the previous heal exchanger E-1104. 1 has a counier flow of one shell
pass and six tube passes with crude oil as the shell side fluid and LSWR as the tube side
fluid. Subject to the available time frame, NN based mode! for all eleven heat
exchangers in the CPT of the CDU will be considered and developed gradually.

1.1.3 Fouling and Heat Exchanger Maintenance

Fouling m heat exchanger tends to reduce the overall heat transfer coefficient. The two
main mmpacts of fouling on preheat train operation are reduced heat recovery and
increased pressure drop. By theory, fouling happen when small particles and thick fhuds
with relatively low thermal conductivity deposit on the heat transfer surfaces, thus
building up higher heat transfer resistance. The phenomena explain why a fouled heat
exchanger could not meet the targeted heating or cooling requirement and need to be
compensaled by additional heating or cooling outside the heat exchanger which resulted

in higher energy consumption.

There are two key parameters influencing the fouling rate of a heat exchange surface
namely the film temperature and the fluid velocity at the vieimty of the surface. The first

way m fonling mitigation technicue is to clean the heat exchangers at regular intervals.



However, this benefit is rapidly lost after a few weeks as several exchangers are prone to
rapid fouling. [4] In PP(M)SB, two conmmon methods widely applied to remove deposit
in the CPT heat exchangers namely mechanical cleaning and hotmelting,

Through mechanical cleaning, deposited material can be removed completely and the
peak efficiency of the respective heat exchanger afier cleaning may reach the design
value. However, it might require 3 days of completely shutdown of the equipment for
cleaning purposc. Meanwhile for hotmclting, the cleaning can be done on-line such that
the crude will bypass the fouled heat exchanger when the heating medium is flowing
through to melt off the foulants. Kerosene or diesel wash (ie act as flushing oil) are
used to effectively dissolve these foulants. However, hotmelting does not remove the
deposit completely especially the beavy sladge but take lesser time (8 hours) as
compared o mechanical cleaning. {3]

12 PROBLEM STATEMENT

Due to the frequent changes in process condition and irregular fouling rate in the heat
exchanger, a reliable tool is needed to assess and monitor the effect of every individual
fouling resistance on the preheat train overall fouling trend. [{4] The former NN
Predictive Model for Heat Exchanger Efficiency in the CPT of PPMSB developed by Do
Thanh Van used to predict the suitable time to clean the exchanger so that maintenance
task can be prepared hence reduce the shutdown time.

The saceessful of the previons NN predictive model architecture is only capture the
historical data of original Data Set A Reset Tube Integral Flow (IVl) taken from
200612002 4l 16/02/2005 with 933 observations but not for the new Data Set B Reset
taken from 17/02/2005 till 9A06G/2005 with 111 observations (i.¢ lack of robustness).
Based on the results oblained from the ANOVA test performed by Mr. Nasser M Ramli
and Ms Haslinda Zabiri, the ANOVA, results shown that between the old data set and
the new data set 11 variables are statistically the same while 14 variables are statistically

different. The statistical different in data mdicates the data set are not from the same



population and cannoi: be physically mean. This condiion explains why the prediction
using the old model for the new data is not really good that might incorporates some sort
of gfadual change which has been masked in the huge old data set. Thus, the old model
need to be re-validated by tested against the tail of the old Data Set A Reset 1Vt with 121
observations and then compared with the Data Set B Reset to observe the data beh_aviﬁr
changes. From the comparison, a new NN-based model is required and built using
mffemnt appmach in nonnahzauon techmque of the Tube Integral flow: (IVt).
Opmmzaum of the now NN-based model is necessary if thore is gradual drift in the
cricle properties by droppmg unnecessary parameters, mtmducmg feedback with time
lagged mio the model and changing the NN modeling architecture and confignrations.

1.3 OBJECTIVES AND SCOPE OF STUDY
1.3.1 Objectives
The objectives of this final vear research project are as histed below:

i. To construct and develop a Feed Forward Backpropagation (BP) NN architecture
usmg MATLAR’s “Network/Data Manager’ ’
1. To tram, validate and make necessary amendment on ihe best NN configurations
by using training set of data with optinmum number of predictors.
iti. To simulate network using testing set of dats to compute the tolerance, percentage
error, Root Means Square Error (RMSE), Correct Directional Change ({CDC),
scafter plot and residual of the network via Statistical Analysis.
iv. To optimize and enhance robustness of the Heat Exchanger Predictive Model by
introducing feedback mode amd implication of ANOVA.
v." To perform literature study on the Fouling mitigation technique and optimization of
_ heat recovery system in preheat train.
vi. To develop the NN based madel for all eleven heat exchangers in the CPT of
PPMSE subject to the available time frame.



1.3.2 Scope of Work

The scope of research works covers the post modeling of the heat éxchanger sensitivity
analysis predictive model as contination from the one devcldped by Do Thanh Van. As
in line with the objectives set earlier, the fasks include comparison of the data behavior
trends of both the Dafa Set B Reset and the tail of old Data Sei A Reset IV, optimization
of the new NN model with different nommalization technique by tested against
normalized Tube Intepral Flow usmg the minimum and maximum valuc of the wholc
period for both Data Set A and Data‘Set B, application of feedback mode m NN new
medel, implication of Statistical Analysis by application of ANOVA and literature study
for optimization of heat recoi’ery system and fouling propensity in the preheat train of
Crude Distillation Unit. '

The first task required the author to study on the features, characteristics and proper
chronological of NN architechure and training to be applied in the heat exchanger
modeling. The NN model training, validation and testing phase will be conducted in the
MATLAB NN Tool with the infegration of ealculation spreadsheet created using
Microsoft Excel®. For this project, the variables used have been reduced from original
25 predictors to 24 predictors by dropping the Flash Point.

Further study will be conducted to determine the accuracy and compatibility in the
. simulated resulls with implication of Statistical Analysis. Necessary amendment on the
best NN configurations and modeling approach will be required if there is significant
data behavior change observed. The successtil of the predictive modeling enable the
expansion of the project scope to develop NN based model for all eleven heat
exchangers in the CPT of PPMSB subject to the available time frame.



CHAPTER 2
LITERATURE REVIEW AND THEORY

2.1 COLD LSWR PUMPAROUND HEAT EXCHANGER E-1104 A-D

Since the prediction using the old model for the new daia set is not so good, therefore
this project will concentrate on the previous model heat exchanger E-1104 A-D. The
heat exchanger chosen has a counter flow of one shell pass and six tabe passes with
crude oil as the shell side fluid and LSWR as the tube side fluid. It consists of two pairs
of identical series heat exchangers connected in parallel. Figure 1 below shows the
preheat train system for CDU in PPOM)SB. [3]

PREHEAT TRAIN OF CRUDE DISTILLATION UNIT
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Figure 1. Preheat train system for Crude Distillation Unit




Legends of the Figure 1:
s  Crude route is represented by the black line while the hot product streams are
represented by the pink and red lines.
* ‘The heat exchangers in blue have bypass facilities, whereas those in black do not.
' The temperature at the Temperature Indicator.(TT) is as per design. -

2.2 FOULING AND HEAT RECOVERY SYSTEM
2.2.1 Fouling in Heat Exchanger

By definition, fouling includes any kind of deposit of extraneous matenial that appears
upon the heat transfer surface during the lifetime of the heat exchanger. An additional
resisiance o heal fransfer 15 miroduced dn&i the operafional u&pabiiily of the heat
exchanger is comrespondingly reduced. In many cases, the deposit is heavy enough to
significantly interfere with the fluid flow and increase the pressure drop required to
maintamn the flow rate throngh heat exchanger. [5] ‘

Fouling of heat exchangers is one of the major concerns of the petroleum refming
industry. It leads to operating problems, affects the efficiency of the beat recovery
systems, and can seriously alter the profitability of a refinery throngh over coxmnpﬁt:ion
. of fuel, throughput reduction during cleaning operations, significant merease in pressure
drop, furnace bottlenecking, increase of maintenance costs etc. Since the preheat train of
CDU is the heavy energy consumer in the refinery operation, the smart way to mitigate
fonhng is to start from the design step of the exchangers. In the refmmg industry where
sheli & tube heat exchanger are widely applied, thé common methods used are: [4]

. Usage of anti-fouling additives.
= Careful sequential ordering of the processed crude.
= Adapt the lay out to facilitate heat exchanger cleaning operations such as
mechanical cleaning (i.e imaround), hotmelting, bypasses and shells connected
m parallel.



In addition, splitting crude stream is encouraged as if 18 the only cold stream and needs
to-be contacted by mfmy hot streams. Where pmnp—amund streams are used as a source
of heat, exchanger bypasses on the crude side are necessary to maintain a fixed duty
which resulted in lower crude flow rates in the heat exchangers.

Chemical reaction fouling where deposition is caused by species generated through
chemical reactions in the bulk fluid, viscous sublayer or tubc walls fends to be the
dominant fouling mechanisms in crude oil preheat trams (Watkinson and Wilson, 1997).
Chronic chermical reaction fouling is very sensitive to high wall temperatures and low
flow velocilies. The network designs proposed by traditional energy integration
approaches are likely to suffer severe fouling. Alternative approaches must therefore
incorporale models for louling behuvior, o dentily and avoid those conditions which
promote significant fouling. [1]

2.2.2 Preheat train overall fouling trend

Fouling has significant impact on the refinery operation and utilization. However, the
- mechunism of fouling or factors contribute to it are still in Iésearch. Operaimg
‘conditions mainly feed and product flow rate, are expected to vary on a daily basis due
to crude slate changes and to throughput reduction due to fouling. Because of trequent
changes in process conditions, a reliable tool is needed to assess the effect of every
individual fouling resistance on the preheat tram bVerail fouling trend by ':_uéhlg' the
Normalized Fumace Inlet Temperature (NFIT) as the point of reference. The change in
NFIT over the lnoﬁitﬁﬁng period is due only to changes in fouling resistances.

The NFIT mtonitoring approach which is widely applied in the Ebert and Panchal Model
. is according to the journal referred to M.Bories and T. Patureanx (2(00)4). The validity of
this approach has been demoenstrated by a statistical analysis of fouling data collected in
Chevron and Exxon refineries to determine whether it could explain the differences
observed in the fouling rates of the exchangers of the prehdht train in CDU.



In this model, the fouling resistance is obtained via the following formula:

11 -
U, U, ®

Where the fouling resistance, Ry appears to be linear function of time. Based on the
observations done, heat exchangers upstream the Desalter unit present much lower
Jonling rafes than those placed downstream. In general cases, the exchanger presenting
the highest fouling rate is the hottest one just before the firnace. The preheat exchanger
network scheme and the trend on heat exchanger fouling rates are attached in Appendix
A-1 and A-2 respectively.

In agreement to the Ebert and Panchal Model, fouling model on minimize fouling while
maximizing heat recovery according to the journal referred to B.L Yeap, D.I Wilson,
G.T Polley and S.J Pugh (2004) stated that the chemical reaction fouling is dominant
Jouling mechanism in the hottest exchangers (Le near to the furnace). Chemical reaction
fouling nature characteristic which 1s very sensitive to temperature and less sensitive to
flow velocity appears to be contradicting to the design philosophy. The main objective
of the preheat train which is to maximize heat recovery resulted in higher crude stream
temperature and hence greater fouling, which eventally deteriorates the preheat train

network performance over fime.
2.3 NEURAL NETWORK MODELS

Most industrial processes such as chemical reactors and separation systems exhibit
nonlinear behavior such that significant engineering time and effort is required to
develop and validate detailed theoretical dynamics models. Neural Networks (NN) or
Artificial Neural Networks (ANN) are important class of empirical non-linear models to
model complex or litlle understood process with large input-output data sets and as well

10



to- replace models that are foo complicated fo be sobhved m real time (Ramchadran and
Rhinehart, 1995; Su and McAvoy, 1997). [6]

2.3.1 Biological Analogy

The exceptional computational abilities of the human brain have motivated the concept’
of NN. The inherent characteristics of the brain can perform certain types of
computation such as perception, pattern recognition, and motor control much faster than
existing digital computers (Su and McAvoy, 1997, Haykin, 1999). This complex and
nonlinear computation performed by the human brain has led to the development of
ANN by using structural constituents called neurons and the synaptic interconnection
between them. Each of the neuron has a branching input structure (dendrites), cell body
and bramching oulpul struclure {axon). Tik real power of the NN comes when neurons

are combined into the multilaver structures.
2.3.2 Artificial Neural Network

Artificial neural networks are relatively crude electronic networks of "neurons” based on
the neural structure of the brain. It process records one at a time, and "leam” by
comparing their prediction of the record with the known actual record. The errors from
the initial prediction of the first record is fed back info the network, and used to modify

“the networks algorithm the second timse for many iterations. As shown in Figure 2, a
neuron in an artificial neural network is:

i. A setof input values (xi} and associated weights (wi).
ii. A function (g) that sums the weights and maps the results to an output (v).
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Figure 2. Signal diagram of Artificial Neural Network

Basically, the neurons (ie nodes) are organized mto several layers which are the inpur,
output and hidden laver as shown m Figure 3. Each neuron in the Tidden layer is
connected to the neuron in adjacent layers via the connection weights. These weights are
the unknown parsmelers thal are estimaled based on the dala mpul/outpul from the
process to be modeled. The number of the unknown parameters can be quite large and
powerful nonlinear programming algorithims are required to fit the parameters to the data
using the least-squares objective function (Edgar et al., 2001). If enough neurons are
utilized, it is proven that any iput-ontput process can be simiated accurately by”a NN
model (Su and McAvoy, 1997). '

....

Hiddoen Leyers of Meurons

Dutputiaysr

IrpLt iy

Figure 3. Multilayer Neural Network with three layers.

Training of a NN model involves estimating the unknown parameters which generally
utilizes normal operating data taken in the operating region where the model is intended

12



te- be used. The network processes the records in the haining'data one at a time, using
the weights and functions in the hidden layers and compares the resulting outpiits against
the desired outputs. Errors are then propagated back through the system, causing the
system to adjust the weights for application to the next record to be processed. This
process oceurs over and over as the weights are confinually tweaked. Ddring the
traming of a neiwork the same set of data is processed many times as the connection
weights are continually refined.

After the parameters have been trained, another large set of daia is used to validate
whether the model is adequate. Changes in the NN architecture must be made often by
trial anil error if the resifting NN model is not satisfactory. |

2.3.3 Feedforward Back Propagation Network

The feedforward, back-propagation archifecture was devel.vped i the early 1970's by
several independent sources (Werbor, Parker; Rumelhart, Hinton and Williams).
Currently, this svnergistically developed back-propagation architecture 15 the most
popular, eftective, and easy-to-learm model for compléx and nwiti-layered networks. its
greatest strength is in non-linear solutions to ill-defined problems by generalizng the
Widrow-HofT learning rule. The typical back-propagation network has an input layer, an
output layer, and at least one hidden layer. Each layer is fully connected to the
succeeding layer. The backpropagation (BP) algorithim is also known as ewvor
backprapagation or back ervor propagation of the géneralised delta rule.

The Trdm:}zg process uses some variant of the Delta Rule, which starts with the
calculated difference between the actual outputs and the desired outputs. The conmection
weights are increased in proportion to the error times a scaling factor for global accuracy
provided the mputs, outpul and the desired ontput must be present at the same
processing element. The complex part of this leamning mechanism 1s for the system fo
determine which input contributed the most to an incorrect output and how does that

element get changed to comrect the error. An inactive node would not conimibute to the
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error and would have no need to change its weights. The training inputs are applied to
the input layer of the network, and desired outputs are compared at the output layer.
During the leaming process, a forward sweep is made through the network, and the
output of each eloment i computed layer by Iayer. 'The difference between the output of
the final layer and the desired output is back-propagated to the previous layen(s), usually
modified by the derivative of the transfer function, and the comnection weights are
normally adjusted using the Delta Rule. This process proceeds for the previous layer(s)
anti] the mput layer is reached. Networks with biascs, a sigmoid layer, and a limcar
output layer are capable of approximating any function with a fimte number of
discontinuities. The most commonly used transfer fimctions incinde PURELIN and
LOG-SIGMOID as shown in Figure 4.

a = lagsigin}
- Log-Sigmoid Transfer Function

{®)

a = parefinfu}

Linear Transfer Function
®)

Figure 4. Purelin and log-sigmoid transfer functions.
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2.3.4 Structuring the Feedfafward Back Propagation Network

The number of layers and the number of processing elements per layer are important
decisions. There is no quantifiable or best answer to the lavout of the network for any
particular application. However, the foﬂovﬁngs are the general rules in developing a NN
model:

Rule One: As the complexity in the relationship between the mput data and the desired
output increases, the mumber of the processing elements in the hidden layer shonld also

merease,

Rule Twe: If the process being modeled is separable into multiple stages, then additional
hidden layer(s) may be required. If the process is nol separable inlo stages, then
additional layers may simply enable memorization of the fraining set, and not a frue

general sohption effective with other data.

Rule Three: The amount of training data available sets an upper bound for the mumber
of processing elements in the hidden layer(s). Te calculate this upper bound, use the
number of cases in the training data sel and divide that nomber by the sum of the number
of nodes in the input and output layers in the network. Then divide that result again by a
scaling factor between five and ten. Larger scaling factors are used for relatively less
noisy data. Too many of the artificial neurons causing the training set will be fn_emm’;jed. .
hence generalization of the data will not occur making the network useless on new data
sets (1.¢ over trained of the model).

2.4 STATISTICAL ANALYSIS
2.4.1 Analysis of Variance (ANOVA)

The main purpose of Analysis of Variance (ANOVA) is to test differences in means (for
groups or variables) for statistical significance. For this project, ANOVA ftest is
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performed to verify that the original and the three segmented sets (i.e Tmining,
Validation and Test set) are from the same population. This is accomplished by
analyzing the variance, by partitioning the total variance into the component that is due
to true random error (ie., within- gronp S5) and the components thal are due to
differences between means. These latfer vanance componénts are then tested for
statistical significance. The comparison between the actaal variation of the group
averages and that expected is expressed in terms of the F ratio:

F = (found variation of the group averages)/ (expected variation of the group averages)

The nulf hypothesis 13 correct whenever F to be about 1 whilst "large” F indicates a
location effect. The P-value (ie probability) reports the significance level of the data
such that: |
»  IfP-value > .05 accept Null hypothesis.
s [f Pvalue <0.05 reject Null hypothesis.

2.4.2 Root Means Square Error (RMSE)

RMSE is used to determine the error between the predicted and calculated values by
using the following formuia: {3}

S FO-»6F

RMSE = 2 —— )

Where y,(f) is the actual value for the variable i at time, t
2 (t) is the forecast value

N iz the fotal number of measurement value for variable 1
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The percentage ermor of RMSE of less than 5 % is considered good for the modelmg.
The RMSE and the percentage error were calculated using the Microsoft Excel®
Spreadsheet. The following is the formula used for percentage error calculation:

Percentageerror(%) = E xi0%% (3
. Meandctuall emperatiye

2.4.3 Correct Directional Change (CDC)

CDC 15 the number. of times the prediction observation followed the up and down
movement of the known target variable. It is another important measurement o ensure
the predicted results behave in correspond manner to the actual frend. The CDC formula

is as follow with same nomenclature as RMSE calculation: [3]

10096

cpC=—2Y%D,
N-1 £=2

0]

Where D, = Léf{}’i'(t)- yf(t - 1)]"[}";(1)_ :‘:;i(t - 1)] >0
D= O:?T["i(f)“ y'i(! - I)H;;i(t)* ﬁ'(f _71-)]< 0
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CHAPTER 3
METHODOLOGY OF PROJECT WORK

3.1 PROJECT OVERVIEW

The project methodology for the post modeling of the heat exchanger sensitivity analysis
predictive model will be similar to the previous model developed by Do Thanh Van. In
general, the modeling and simulation work will utilize MATLAB Version 6.1. The NN
model training, validation and testing phase will be conducted in the MATLAB Neural
Network Toolbox’s Network Daia Manager with the indegration of calculation
spreadsheet created using Microsoft Excel®.

The relevant data of the preheat train esed for this project is on daily average basis taken
from 2/06/2002 1o 16/02/2005 for Data Set A with 933 observations and the extension of
new data for Data Set B taken from 17822005 to 9/06/2005 with 111 observations. A
new approach is applied by normalizing the Tube Integral Flow ,{IVt)' usmg the
inmum and lmaximum value of the whole period for both Data Set A and Data Set B.
The original ‘Reset” method in TVt caleulation used in the previous model has been
dropped for better accuracy of the results. For this project, the variables used have been
reduced from original 25 predictors to 24 predictors by dropping the Flash Point. Prior to
minimize error in the predicted results, Feedback mode has been applied for both Data
Set A and Data Set B with tine lagged by two days hence making a total of 28
predictors. ‘

3.2 PROJECT METHODOLOGY

This project is carried out in series of stages as follows:
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Literature study and familiarization of MATLAB NN Tool, characteristics,
NN architecture and training for heat exchanger modeling

Data analysis and data processing for NN modeling

.

NN construction and training

I

NN validation and testing

v

Error inference and improvement

Simudation of the obtained NN model

|

NN modeling optimization and recommendation

Figure 5. Project methodology for NN post modeling of heat exchanger
3.2.1 Literature Study and Familiarization of MATLAB NN Tool

Famiharization of MATLAB NN Tool is done by study the features, characteristics and
proper chronological of NN architecture and training 1o be applied in the heat exchanger
modeling. The MATLAB NN Tool is built with the integration of Microsoft Excel®
calculation spreadsheets. All relevant data for the CPT modeling were organized in
proper spreadsheets manner for ease of data analysis. The variables included process
data (tube and shell side flow tates and temperature), lsb data (different crude
properties) and planning data (crude type and blend compositions).
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3.2.2 Data .Analysis and Processing for Neural Network Modeling

The ongmal “Reset’ normalization technique in the previous model has been removed
and the new NN-based model is constructed by nommalizing the Tube fhtegral Flow
(IVt) using the minimum and maximum value of temperature for the whole range of
Data Set A and Data Set B. Initial 25 variables were reduced to 24 by dropping the flash
point, which served as the new predictors to the NN model as shown in Table 2.

Table 2. The finalized 24 predictors for new NN model

Peak Efficiency Value - -
LSWR- Tube side inlet temperatore (11TIO31) o
Tube side Volumetric Flow rate (11FC053) w /hr
Tube Integral flow w
Crude — Shell side inlet temperature (11 TI205) °C
Shell side total Volunetric Flow rate /b
“Shell Integral flow n
Basic Sediment and Water vol.%
Salt Content Ib/1000bbls
Wax Content ' wt %
Pour point °C
Asphaltenes wt %
| Total Acid Number mgKOH/g
Nitrogen Content pPpm
Ash Content wt %
| Kinematic Viscosity (@ 70°C ¢St
| Characterization Factor -
| Sodium (Na) ppm
Density @.15°C . kg/L
Crude feed component for CDIJ - Tapis vol.%
Crude feed component for CDU - Miri. vol. %
Cmde feed component for CDU - Terenggamnm vol. %
Crude feed component for CDU - Bintuls vol.%
Crude feed component for CDEY - Masa ' vol %

Data Set A was taken from 2/06/2002 il 16/02/2005 with ifal 933 observations for
process modeling whilst Data Set B covered data from 17X02/2005 i1l 9/06/2005 with
111 observations. For NN construction, Data Set A is randomized and re-arranged in
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aséending‘ order aecéxﬂing" to-random number-and followed by partition into-three main -
parts: |

(@) 5U % of bﬁsetvatién data equivalent to 466 sets for training data.
(b} 40 % of observation data equivalent to 373 sefs for validation data.
() 10 % of observation data ecuivalent to 94 sets for festing data.

Normalization of the-data-was performed using the-following general cquation:

— (x _xmin) Gy

X =
) (xtmx - xmin)

Where,

x = true value

Xp = normaiized vaiue
Xoyin = Tuninumm value

Kna — TG ERUET Value-
3.2.3 Neural Network Censtruction, Traiping, Validation and Testing

Neural Network Construction

Numerous frial and errors are needed prior to find the optimum numbef of hidden layers,

number of neurons per layers, transter function confignrations and the learning function.

As for this project, there arc 3 main transfer functions namcly PURELIN (P), LOGSIG
(L) and TANSIG (T). '

PURELIN lh a linear transfer function. If Jinear output neurons are used, the network
oulpuds can take any values. The fonction LOGSIG generates outputs from 0 fo 1 as the
neuron’s net mput goes from negative o positive infinity. Meanwhile, TANSIG funciion
is non-linear transfer function which is bounded between -1 to 1 and amalytic
everywhere. According to the journal referred to S.5.P. Rattan and W.W. Hsieh (2004),
it has to be a constant function for a complex transfer fiunction o be bounded and
analytic everywhere. Using a complex transfer function like TANSIG without any
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constraint will lead to non-convergent solutions (Nitta, 1997). Thus, early researchers
did not consider such functions as suilable complex transfer functions since it mainly
focused on overcoming the unbounded nature of the analytic functions in the complex
domatn bui preserved the arguments or phases (Georgiou & Koutsouseras, 1992, Hirose,
1992) (7] '

Here, 6 best combinations of NN transfer functions that have been considered for
process modoling were, PLP, TLT, LLL, LPL, TTL and TLP. The best configuration for
the NN model was selected from the model that gave the Jowest RMSE, R? and CDC
values. The number of neurons is equal to the number of inpuis/outputs for the
respective first and last layers.

Training and Validation

Validation set is needed to evaluate the performance of the trained model. Validation set
can avoid over training of the NN model by providing eardy stopping. Normally
~ validation set error value is compared with the trained set error value to determine the
optimum model parameters, such as the pumber of epochs, transfer functions options

and how many layers are necessary.

Testing

Test data was fed into the successfully trained model for simulation. The model is used
to predict the tube and shell outlet temperatures based on the input data. A graph 1s
plotted to compare the actual denormalized values and predicted values gmefated from
 the optimum NN configuration.

3.2.4 Exror Inference and Improvement

The purpose of NN model improvement is to further minimize the error in prediction

value. The mmprovement strategies are:
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* By trial and ermor method, create different NN models using different training
functions, increasing epoch number, changing number of layers and changing
number of neurons in cach hyer.

= Addition of Feedback variables with time lagged as new predictors to the model
for training and validation.

» Calculate RMSE, CDC and correlation coefficient, R” for test daia ai different
eriterions. The value of R? for both tube and shell side can be directly obtained
by plotting actual versus predicted valucs in X~y graph using Microsoft Excel.

The statistical Analysis above can be summarized in tabulsted form for ease of
companson and analysis of the model performance.

3.2.5 Simulation of the obtained NN model

The simulation results (i.e predicates) generated by the optimum NN model for both test
set of Data set A and Data set B will be presented in scatter x-v graph using Microsoft
Excel. The graph consists of the actual and predicted values for both the tube and shell
outlet temperature.

3.2.6 NN modeling optimization

Feedback made with time lagged by two days is applied for both the tube and shell
oullet temperature. The lagged variables were fed back into the models as the new inputs

.making, total of 28 predictors and the model has been re-frained to generate more
accurate predicted results. Details on the Feedback mode will be further discussed in the
Resuit and Discussion section.

ANOVA test was carried out to compare the means and standard deviations of the new
NN medel. This was done to ensure the sets of data in Data Set B are from the same
population. The overall optimization strategy flow diagram of this NN modeling is

shown in Figure 6 below.
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Figure 6. NN Modeling of Overall Optimization Strategy Flow Diagram
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 INITTAL FINDINGS

Due to lack of robustness of the previous NN predictive model, it can only capture the
trend of tube and shell outlet temperature within the range of historical Data Set A Reset
Tube Integral Flow (IVt) but not for the new Data Set B Reset. The ANOVA test
conducied shown 11 variables are statistically the smme while 14 variables are
statistically different between the old data set and the new data set. The summary of the
ANOVA test is shown in Table 3 below:

Table 3. Summary of ANOVA test between Data Set A Reset IVt and Data Set B Reset

Variables P-value Remarks
Ind: Index for cleaning time 1.91E-41 reject
Tin: C;ude Shell sude inlet tem perature 7 4.1 E-05 _ reiect

MR: crude feed component for CDU (Miri) 412E-08 reject
TC: Terengganu Condensate 1.92E-05 reject
8C: Bintuiu Condensate - H4BE-21 reject
MA: Masa Crude 0.040033 -reject
Density at 15 C 125544  reject

NZ; Nltrogen content
_Ash: Ash content 3.27E-09 reject
Wax: wax content 0.000234 reject
u: Kinematic viscosity at 70 C 2.-24 reject

VAsp Asphaaenes
Na: Sodium
| to(t): LSWR tube side outlettemp
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The stafistical different in means and standard deviations between Data Set A and Data
Set B indicate those data set are not from the same population and cannot be phyéicaliy
mean. Here, the prediction using the okl trained model for the new Data Set B resuited
in significance error that might incorporates some sort of gradual change which has been
masked in the buge old data set.

Fmiﬂ the trend between the taill of the old Data Sct A Resct IVt (i.c takon from
1072004 to 16/2/2005 with 121 observations) and Data Set B Reset as shown in Figure
7 and Figure 8 respectively, the predicted de-normalized values for both shell and tube
outlet temperatures of tail Data Set A was good whilst for Data Set B the values
suddenly deteriorated. Thus, a new NN-based model using different approach in
nomuatization technique is required to ninimize Lthe emor in the predicied values. The
followings are the statistical analysis done for the tail Data Set A and Data Set B:

Table 4. Statistical Analysis on Tail Data Set A Reset IVt and Data Set B Reset

Stat
Analysis Tube outlet {to) Shell outlet (Tout)
Sef B Reset __Set B Reset
RMSE 240785 42224
cDC 89.3805 743363
R2 0.682 08397 |
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Outlet Temperatures: Actual vs Predicted for Test Data Set
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Figure 7. Graph of predicied and actual de-normalized outlet temperatures for tail of
Data Set A Reset 1Vt.
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4.2 OPTIMIZATION STRATEGIES

This post modeling of heat exchanger sensitivity analysis utilizes neural network (NN)
based model that covered a step by step optimization approaches done on the previous
model which is developed by Do Than Van using original 25 predictors trained at 300
epochs number. The main objectives of this study are to minimize the error in the
predicted values and enhance the robustness of this model to predict in future rather than
memorizing the pattem of training data behavior. Basically this study is carricd out in

series of stages as follows:
4.2.1 Different Approach in Normalization Technique

In response lo lhe matler in Section 4.1, a new NN model was construcled by
normalizing the Tube Integral Flow (IVt) using the minimum and maximum value of the
whole period for both Data Set A and Data Set B. The original ‘Reset’ normalization
technique in the previous model has been removed. Original 25 variables used in the
previous model were reduced 1o 24 variables by dropping the flash point, which served
as the new predictors to the NN model.

The new NN mode} utilized the same NN configuzation as previous model by using PLP
transfer finction at 300 epochs number. However, the predicted results were still not
satisfied even though the results for Data Set B gave slight improvement to the tube and
shell side RMSE values. The optimum configurations for the NN model are tabulated in
Table 5 whilst the statistical analysis done for this new model is shown in Table 6. :

Table 5. The optinmin seitings for new NN model construction

Parameters : ~ Values
Network Feed-forward back propagation
Traming function TRAINRP
Adapiation learning function LEARNGDM
Performance function MSE
Epochs 360

Number of laver 3
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Layver 1: number of neurons 24
Transfer function PURELIN
Layer 2: number of ncurons 15
Transfer function LOGSIG
Layer 3: munber of neurons 2
Transfer function PURELIN
Min grad 1E-006
Max fail 5
delt_inc 1.2
delt dec 0.5
deltal) 0407

Table 6. Comparison of Statistical Analysis between the new and original NN model
SETA

Stat Analysis Tube outlet (to) Shell outlet (Tout)
Ongnal | Orginal |
RMSE 21875 0.9523 |
CDC 935484 92.4731 |
R2 09765 09789 |
SETB
Stat Analysis Tube outlet (o}
Oignal uet o}
RMSE 24.0785
cDC 89.3805
R2 0.882

Basically, the NN model is used to predict the tube and shell outlet temperatures based '
on the input data. Here, the predicled vesults for Data Set B would be of mierest
throughout the discussion to show the accuracy and robustness of the optiﬁ:ized model |
in predicting future trend. Figure 9 shown the graph of the actual de-normalized and
predicted values generated from the new NN model with 24 predictors. The plots for the
tube and shell side temperature coefficient of correlation are shown n Appendix B-1 and
B-2 respectively.
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Outict Temperatures:Actual vs Predicted for Test Data Set B
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Figme 9. Graph of predicted and actual de-normalized outlet temperatures for new NN
model with 24 predictors.

4.2.2 Introduction of Feedback Mode with Time Lagged

Prior to minimize error in the predicted values for Data Set B especially the tube side
outlet temperature, the new NN model is further optimized by introducing the feedback
variables with time lagged by swo days in the Training, Validation and Testing data
{Please refer to Appendix C-1 for raw data). The predicates (i.e output) of the NN modet
which refer to the tube side outlet temperature (o) and shell side outlet temperature (To)
were lagged by 2 days and fed back into the model as the predictors (i.e input) at (i-1),
(2), (T-1) and (1-2) as shown in Appendix C-2.

The feedback mode has been applied for both Data Set A and Data Set B with total of 28
prediciors (i original 24 prediciors + 4 feedback variables) at 400 epochs number.
From the comparison done between the three best combinations of NN transfer functions
namely PLP, TLT and LI, the combination of PLP fransfer functions configuration
appeared to give the best overall performance i term of RMSE and CDC for both the
tube and shell side as compared io others.



Introduction of feedback vanables into the new NN model resulted in significant
improvement in the tobe side outlet femperature (to) for Data Set B provided the RMSE
values has been reduced by half. This is because the feedback variables comprise of
lagged predicates values will be further used to compare with the desired output and
back propagated to the previous layer causing the system to adjust the weights to be
processed many times as the comnection weights are contimally refined. Thus, this
mproves the accuracy and reduces the sudden “jump® of the predicted valucs. However,
the RMSE value of the predicted shell side outlet temperature were slightly increased

but within compromise values.

Besides, the epochs numbers that have been increased to 400 enable the data to be fully
tramed belore the validation error slarled o nerease. For this model, the epoch slopped
at 233, the desired error was 0 and the performance was 0.000687244 as shown in
Appendix C-3. The optimum configurations for the NN model are tabulated in Table 7
whilst the statistical analysis done for this feedback model is shown in Table 8.

Table 7. The optimun settings for feedback NN model construction

Parameters Values

Network Feed-forward back propagation
Traming fimction TRAINRP
Adaptation learning function LEARNGDM
Performance function MSE
Epochs 400
Number of layer 3
Layer 1: number of neurons 28

Transter function PURELIN
Layer 2: mamber of neurons 15

Transfer function LOGSIG
Layer 3: number of neurons 2

Transter function PURELIN
Min grad 1E-006
Max fail 15
delt mc 1.2
delt dec 0.5
deliad 0.07




Table 8 Statistical Analysis between TLT, PLP and LLL transfer functions configuration

SETA
Stat Analysis Tube outiet (fo) Shell outiet {Tout)
TiT LLL P TLT LLL S
RMSE 36653 3.0799 | 3 1.3740 1.6153 |
coc 913043 | 913043 934783/ 891304 913043 |
R2 0.9418 0.9527 |- 89333 0.9545 0.9372 | - 0.904
SETB
Stat Analysis Tube outiet (fo) o Shell outlet (T out}_ _
TLT L (PP | TLT by PLP
RMSE 91262 | 129041! 10.0755 7.0602 33233 1 359
coc. 814815 | 768519 84.2593| 62037 657407
R2 0.6326 0.2347 | 04861 0.3066 077381

Figure 10 shown the graph of the actual de-normalized and predicted values generated
from the NN feedback model with 28 predictors using PLP transfer functions whilst
Figuse 11 and 12 shown the graphs for both TLT and LLL configurations respectively.

The plots for the tube and shell side temperature coefficient of correlation for PLP
" feedback NN model are shown in Appendix D.

WTMm: Actual vs Predicted for Test Data Set B feedback mode
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Figure 10. Graph of predicted and actual de-normalized outlet temperatures for new NN

L
b

feedback model with 28 predictors using PLP




Ouflet Temperatures: Actual vs Predicted for Test Data Set B feedback mode
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Figure 11. Graph of predicted and actual de-normalized ouilet femperatures for new NN
feedback model with 28 predictors using TLT
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Figure 12. Graph of predicted and actual de-normalized outlet temperatures for new NN
feedback model with 28 predictors nsing LLL
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4.2.3 Increase Time Lagged in NN Feedback Mede

In response to the optimization strategy in Section 4.2.2, intreduction of feedback mode
with time lagged by 2 days able to reduce ﬁle RMSE values of the predicted tube side
outlet temperature for Data Set B by half. Here, it is expected that by increasing the time
lagged, the RMSE values will be further minimized.

The time lagged has been increased by 4 days for both the tube side outlet temperature
(to) and shell side outlet temperature (To) at timme (t1), (¢2), (¢-3), (+4), and (T-1), (T-
2), (T-3), (T-4) thus making a total of 32 predictors (i.c original 24 predictors +8
feedback variables). The new predictors had been trained at 400 epochs number using
the optimum model with PLP transfer fanctions configuration.

From the statistical analysis donc for Data Set B, increasing time lagged to 4 days
resulted in more deteriorated predicted values i term of RMSE and R? as compared to
feedback mode with time lagged by 2 days. However, the CDC values shown shight
improvement. This phenomenon occurred because of the model might be "over-rained”
and the model tends to memorize the patierns rather than generalizing the data hence
making the NN model useless on the new data sets. As a conclusion, the optimum NN
model settings for this post modeling study is feedback NN model with time lagged by 2
days.

The results on the statistical analysis is shown in Table 9 whilst Figure 13 shown the
graph of the actwal de-normalized and predicted values generated from the NN feedback
model with time lagged by 4 days. |

Tablc 9. Statistical Analysis between time lagged by 2 days and 4 days

SETA
Stat Anaiysis Tube outlet (to) Shell outlet (Tout)
iag2 | lagd. | tag2 | -laga
RMSE 38710 | . 32117 19765 | - 22672
CcDC 934783 | .883333] 902174} 708333
R2 09339, 09471 00046 | - - 08793
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SETB

- Stat Analysis Tube outiet (to) Shell outict (Tout)
lag2 | Jag4 | lag2 | -lag4 .
RMSE 10.0755 | - 21.4678 35104 . 6.4398
CDC 842503 | 883X 69.4444 |  70.8333

Outiet Temperatures: Actual vs Predicied for Test Data Set B feedback mode
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Figure 13. Graph of predicted and actual de-normalized outlet temperatures for NN
feedback model with time lagged by 4 days.

4.2.4 Changing Number of Neurons in First/Middie Layer

Al this stage, the oplimization strategy is to give final polishing fo the optimum NN
model settings by changing the number of neurons in the first or the middle layer. By
philosophy, as the complexity in the relationship between the input data and the desired
output increases, the number of the processing elements in the hidden layer should also

erease.

Via a lot of trials and errors, statistical analysis comparing three best NN transfer

function configurations with different optimum number of newrons in different layers
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has been done respectively. The followings are the three best NN configurations with
mumber of neurons at each layer inside the bracket for feedback NN model with tune
lagged by 2 days:

i PLP[28152]
ii. LLL[40352]
fi. TLT[40302]

Table 1) shown results on the statistical analysis of all the three configurations whilst
Figure 14 and Figure 15 shown the trend on predicted temperature profile of Data Set B
over time for both the LLL and TLT configurations respectively. For PLP configuration,
the trend on the predicted temperature profile over time is given in Figure 10.

Table 10. Comparison of Statistical Analysis between TLT, LLL and PLP configurations
SETA

Stat
Analysis Tube oullet {to) Shell outlet (Tout)
TLT LiL Y el
[40,30,2] [40,35.2] [40,36,2] [40,35.2]
RMSE 3.2185 3.1359 20541 11922
cDC 02174 91.3043 85 8694 923913
R2 0.9502 0.9525 0.8961 08651
SETE
Stat :
Analysis Tube outiet (to)
T Lt TLT
[40.30,2] [40.35.2] [40.30.2]
RMSE 8.5287 - 99224 4.6419
cDC 66.6667 722222 60.1852
R2 0.4135 0.6204 0.7632
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Outiet Tempesatures: Actual vs Predicted for Test Data Set B feedback mode
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Figure 14. Graph of predicted and actual de-normalized outlet temperatures for NN
feedback model for LLL [ 40,352 | configurations.

Qutiot Temperabwes: Actual vs Predicted for Test Data Set B feedback mode
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Figure 15. Graph of predicted and actual de-normalized outlet temperatures for NN
feedback model for TLT [ 40,30,2 | configurations.

37



From the comparison done on the statistical analysis results and trend of temperature
profile between all the three NN transfer functions configurations, PLP [ 28,15,2 ] gives
the overall best performance in ferm of RMSE, R? and CDC values.

Focusing on the resulis of the statistical analysis for Data Set B, even though the RMSE
value of PLP configuration slighily higher than TLT and LLI configurations for the tube
side, the CDC value of PLP is higher than the others. The higher the CDC values, the
better the model can capturc the dircetion change of the output during training proccss
and can predict the change well. Based on Figure 10, the temperature profile plotted
using PLP configuration follow the actial temperature trend and almost lies on the
actual trend at the starting phase. These results indicate the model 15 good.

As for LLL configuration, the RMSE values is beller than PLP but the slurling and end
phase of the predicted tube side ouflet temperature profile shown fluctuation and
devigted from the actual trend. Meanwhile, the TLT configuration gives the lowest
RMSE value for the tube side but the temperature profile almost constant everywhere
which is not good (i.e not following the actual trend) and indicating low CDC value.

4.2.5 Condnct ANOVA Test on Feedback mode PLP configuration (2 days Iag)

From the optimum NN model settings, the trend of the temperature profile for both tube
and shell side shown drifling in data between the first and the second half of the time
range. Dala Set B which covered data from 17/02/2005 till $06/2005 with 111
observations thus was segregated info 2 main parts to fest on the population between
data namely: |

i. Part1 - covered data from 19/402/2005 until 9/04/2005
ii. Part 2 — covered data from 10/04/2005 until 9/06/2005

ANOVA test has been conducted on the NN feedback model with time lagged by 2 days
to ensure the sets of data i Data Set B are from the same population. Based on the
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results obtained, only 6 variables between the 2 main parts are statistically the same
while remaining 22 variables are statistically different. The statistical difterent in data
indicates the Data Set B are not from the same population and this explains why the
error in Data Set B cannot be further optimized. According to the respective technologist
in PP(M)SB, there were changes in the actual operating condition whereby the feed of
the Crude Distillation Unit (CDU) has been reduced due to mechanical cleaning in heat
exchanger E-1103 from 10/04/2005 until 18/04/2005 and the bypass stream of heat
exchanger E-1104 was not opencd during that time henee causing sudden drop in the
actual tube and shell side cutlet temperatures. The fcﬂlowings are the summary of the
ANOVA test results:
Table 11. ANOVA test results

P-value | Remarks
1.8E-124 reject
2.34E-06 reject
5.22E-33 reject

Variables
Ind: Index for cleaning time
Tin: Crude Shei side inlet temperature
N : Shei! lnte ral flow

ti; LSWR tube side inlet temp

IV t: Tube Integrai flow
Vprod: tube side vol flow rate

TA: crude feed component for CDU (Tapis)
MR: crude feed component fer CDU (Miri)
TC: Terengganu Condensate

] BC Bmtuiu Censale

Sl salt conhent
‘NZ: Nitrogen contenit

| 0019643 | reject
4.19E-06 .| reject

Ash: Ash confent

reject

“Na: Sodium 487E-05 | reject
to{t-1) 1.15E-24 reject
to{t-2) 71E-24 reject
“Tout {1-1) 0.001947 reject
. Toul{t-2) 0.005533 reject
“toft): LSWR tube side outiet temp 6 49E-26 | reject
Tout(i): Crude shell side outief femp 0.000601 reject




In msponsé to above matter, the statistical analysis done for the 2 main parts as shown in
Table 12 proved that there is drifting in Data Set B. Due to changes in acfual operating
condition m CDU at PPM)SB from 1040422005 until 18/042005, the statistical analysis
shows that results for Part 1 is better than Part 2 in term of overall RMSE, R? and CDC
values for both the tube and shell side outlet temperature.

Table 12. Statistical Analysis to test drifting in Data Set B
SET B ~part 1 {19/02/05 - 9/04/05)

Shell outlet (Tout)

Stat Analysis Tube outlet (to) ;

RMSE
CDC
R2

SET B ~ part 2 (10/04/05 - 906/05)

Stat Analysis | Tubeoutiel(to) | _Shell outiet (Tout)

RMSE
CcDC
R2

4.2.6 Adaptive Training of NN model

Since the Data 8¢t B are m different populations due to process changes, the optimum
NN feedback model used for this study can only predicts future trend up to maximum 2
months. Therefore, the NN model needs to be re-trained by implication of Adaptive
Training. Here, Part 2 of Data Set B from 10/04/2005 unii} 9/06/2005 wiil be re-trained
using new training data set to improve the accuracy of the predicted resuits. Linear
networks that are adjusted at cach time step based on the new input and target vectors
can find the weight and bias that minumizes the network’s sum-squared error for recent

mmput and tarpet vectors.



For Adaptive Training, the Part 2 of Data Set B has been segregated into 3 main
partitions namely: '

i. Training Data taken from 26/03/2005 until 1305/2005 for 49 days observations
ii. Falidation Data taken from 14/05/2005 until 28/05/2005 for 15 days observations
iti. Testing Data taken from 29A)5/2005 wntil 9/06/2003 for 12 days observations

Tablc 13 shows the statistical analysis of the adaptive training whilst Figurc 16 shows
the graph of the actual de-normalized and predicted values generated from the new
model. From the resuits obtained, the statistical analysis of the adaptive model 1s
acceptable for both tube and shell side outlet temperature. A slight increment of RMSE
value in tube side outlet temperatare might due to the network not contain enough
{raining data as the input (o the feedback model to enable complele learning. Therefore,
more new sets of actual operating data need to be obtained from PP(M)SB for the
network’s results of Adaptive Training to converge towards the targeted values. ..

Table 13. Statistical Measures of Past 2 Data Set B Adaptive Training

Stat Analysis Tube outlet (o)

RMSE
CcDC
R2
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For this study, only single crude blend ratio is considered. The ratio of crude blend is
taken as 50% Tapis, 38.9% Miri and 11.1% Bintuls Condensate. This is the ratio of
orade blend af which fouling rate is suspected to accelerate faster.

All of the data created were tested against the optimum NN model using PLP transfer
function configuration with feedback mode at 400 epochs number. The optimum number
of neurons used is 28, 15 and 2 for the first, middle and last layer respectively.

As an overall performance depicted in Figure 17, it is recommended that preventive
maintenance; either mechanical cleaning or hotmelting will be carried out for Heat
Exchanger afier 150 operating days when the efficiency drops below 30 %. The
minimum efficiency of 30 % is adopted from the technical practice in PP(M)SB. Please
refer to Appendix E-1 for the efficiency calculation spreadsheet.

E-1164 - Case Study for Cleaning Schedule
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Figure 17. Predicted performance for heat exchanger maintenance snheduﬁng for single
crude blend



4.3.2 Case Study 2 ~ Various Crude Blend Ratios

A new set of data has been created based on the actual operation information in
PP(M)SB. Most of the predictors (1. inlet temperatures, average flow rate, crude blend
ratio and properties) were kept constant throughont the 200 days. Since the current
Neural Network model deals with feedback mode with time lagged by 2 days, the outlet
temperatures of both tube and shell side need to be created as the feedback predictors to
the model. For this case study, the predictors specifically the tube and shell side integral
flow are the accumulative amount of fluid flowing through the equipment and change

accordingly with time.

For more realistic operating condition, various crude blend ratios have been used
considering 5 main types of crude which are Tapis, Miri, Terengganu Condensate,
Bintuh Condensate and Masa crude. For this study, typical ratio of crude blend at which
fouling is suspected to accelerate faster has been considered wisely. By philosophy,
typical crude blend ratios which accelerate the fouling rate are crude blend contaming
Tapis crude and Terengganu Condensate. Miri and Masa crude are the light'cmdes
which give the least foul to the heat exchanger

All of the data created were tested against the optimum NN model using PLP transfer
function configuration with feedback mode at 400 epochs mumber. The optimum number
of neurons used js 28, 15 and 2 for the first, middle and last layer respectively.

As an overall performance depicted in Figure 18, it is recommended that preventive
maintenance;, either mechanical cleaning or hotmeliing will be carried out for Heat
Exchanger after 84 operating days when the efficiency drops below 30 %. The
minimum efficiency of 30 % is adopted from the techmical practice in PPQM)SB. Please
refer to Appendix E-2 for the efficiency calculation spreadsheet.
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CHAPTER 5
CONCLUSION AND RECOMMENDATION

5.1 CONCLUSION

The final draft dissertation of the Final Year Research Project entitled “Heat Exchanger
Madleling by Neural Network Oplimization for PETRONAS Penapisan Melaka Sdn.
Bhd (PPMSB) Crude Preheat Train™ has successfully completed and the objectives set
up earlier have been achieved within the given time frame. Systematic step by step
optimization strategies have been conducted and a new optimized NN predictive model
has been successtully constructed that consist of the following features:

i. New NN predictive model with current 28 variables, using PLP transfer function
configurations and epochs number of 400.

ii. Imtroduction of feedback variables for both tube side and shell side outlet
temperature with time lagged by two days able to reduce error in the predicted
values significantly.

ili. Significant improvement in tube side outlet temperature (to) for Data Set B
provided RMSE value is reduced by half.

iv. Slight increment in the RMSE value of the shell side predicted outlet temperature
(Ta'} but within acceptable valacs.

The optimization strategies conducted has enhanced the robustness of the NN maodel in
predicting in future. Two case studies on heat exchanger mamtenance scenario have

been developed using (he optimized model considering smgle crude blend and various
crude blend ratio.

All in all, it can be concluded that the optimized model has performed well and this
study can be used as reference for future development of NN application in the Heat

Exchanger maintenance scheduling and as well for interconnection of heat exchanger in
the Crude Preheat Train network model.

SYNOWIZA IDOTONFEL ILISYTAINA



5.2 RECOMMENDATION ON PATH FORWARDS

Due fo the limited time frame and knowledge constraints, there are few plans set earlier
that the author has not been able to incorporate into this Final Year Research Project. As

for any projects, there are still some rooms for improvement hence the followings are
few recommendations to be considered for the future betterment of the Neural Network

performance:

i

1.

Back to the first principles and performs thorough study on the fouling of heat
exchanger and fouling mitigation technique for better heat recovery system in the
Crude Preheat Tram.

Develop and construct the Neural Network predictive model for all eleven heat
exchangers in (he Crude Preheal Tram. '
Develop framework for interconnection of all eleven beat exchangers in the Crude
Prehest Train for preventive maintensnce scheduling in the real industrial
applhications.

Further optimization of the existing feedback model by changing the transfer
function configurations and number of neurons m the hidden layer. Best
combinations of transfer fumction will be hidden layers of sigmoid function
ﬁillowed by ouiput layers of linear neurons for feedforward back propagation
Neural Network Architecture.
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APPENDICES

Appendix A: NFIT monitoring approach in the Ebert and Panchal Model
A-1 Preheat exchanger network scheme
A-2 Trend on heat exchanger fouling rates

Appendix B: Plots of temperature coefficient of correlation, R? for new NN model with
24 predictors {Data Sct B)

B-1 Tube side temperature coeflicient of correlation

B-2 Shell side temperature coefficient of comelation

Appendix C: NN Feedback Model with Time Lagged
C-1 Training, Validﬁijon and Tesiing Daa sets of Feedback mode
C-2 Simplified diagram of NN Feedback Model mechanism
C-3 Performance Curve of NN Feedback Model
-4 Optimum Nenral Network Configuration

Appendix D: Graphs of simulated results generated from NN Feedback Model with
Time Lagged by 2 days (Data Set B)

D-1 Plots of tube side temperature coefficient of correlation for PLP

D-2 Plots of shell side temperature coefficient of correlation for PLP

Appendix E: Case Study Heat Exchanger Efficiency Calculation Spreadsheets

E-1 Heat Exchanger Efficiency for Case Study 1
F-2 Heat Exchanger Efficiency for Case Study 2
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Appendix A: NFIT monitering appreach in the Ebert and Panchal Mede!

A-1 Preheat exchanger network scheme

: P.zl“l’ﬂmp 4 rﬂ!ﬂ‘ :
| Bepoeey

Legend of the diagram: ’
i. The Pre Desalter ESSA/B is the Cold Atmospheric Residue D heat exchanger.
ii. The ESAC/BD (near the furnace) is the Hot Atmospheric Residue D heat

exchanger.

A-2 Trend on heat exchanger fouling rates
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Appéndix B: Plots of temperature coefficient of correlation, R” for new NN model
with 24 predictors (Data Set B)

B-1 Tube side temperature eoefficient of correlation
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Appendix C: NN Feedback Model with Time Lagged

C-2 Simplified diagram of NN Feedback Model mechamism
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C-4 Optimnum Neural Network Configuration
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Appendix..D:..Gmphé.of simulated resulis generated from NN Feedback Model with
Time Lagged by 2 days (Data Set B)

D-1 Plets of tube side temperature cocfficient of correlation for PLP
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D-2 Plots of shell side temperature coefficient of correlation for PLP
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