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Abstract In the last three decades the importance of resolve a
robust, rigorous and operable heat exchanger networks (HEN) is
boosted due to the change in the concepts of effective cost of a
HEN several methodologies are applied to solve the operability
aspects of a HEN including flexibility and controllability of a
HEN in thiswork a systematic approach isintroduced to solve the
controllability issue for HENSs.

The work framework consist of two major steps where in the
first step a disturbance propagation model for a HEN is
constructed adopting Yang et.al disturbance model[1][2][3].

The second step is to install a bypass to reject the disturbance
then pair the manipulated and controlled variables in a HEN
using NS-RGA (None Square Relative Gain Array) and SVD
(Singular Value decomposition), by adopting controllability index
developed by Westphalen et al.[4]to measure the HEN
controllability and finally a cost tradeoff between the bypass
installation and utility installation to control the same disturbance
is evaluated to check for the more cost effective method to
eliminate and reject the disturbancein hand.
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. INTRODUCTION

A Heat exchanger Network (HEN) is considered optimum
operational if the following objectives are fulfilled which
construct the operability of the HEN:-
1- Streams target temper atures are achieved.
2- Minimization of the net cost.
3- Reliability and safety consideration of the HEN.
4- Sustainability and Environmental
consideration.
5- Observability-Controllability and Flexibility
considerations- the network is dynamically
stable.

The global optimum solution for a HEN shouldn’t be a cost
trade off only but should be cost operability trade off. For any
process taking into account only economic aspects without
considering operability can result into disastrous outcomes.
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For a HEN it is critical to describe the behavior of any
disturbance and how it affects streams target temperature and
more importantly is how to reduce or eiminate that
disturbance. Controllability and flexibility are two important
features of aHEN, which describe the disturbance behavior.

and provide the methods to control or/and suppress the
deviation in the streams target temperatures[5]. The
interconnections among process streams, generate NUMerous
downstream paths through which disturbances propagate.
Some of these interconnections should be examined with
extra care because intense disturbances might propagate
through the paths generated by the interconnections, thereby
detrimentally affecting the controllability of the process. This
impliesthat the controllability of aprocess can be assessed by
examining the disturbance propagation in a process
structure[6][7].

[I. PROBLEM DESCRIPTION

To control the target temperatures for a set of streamsin a
heat exchanger network the disturbance propagation due to
any fluctuation in the inlet parameters in the heat exchangers
network need to be evaluated to calculate the deviation in the
target streamsand construct acontrol schemeto eliminate that
deviation. The following model evaluates the disturbance
propagation in a HEN and control the streams outlet
temperatures in two major steps the first step is to evaluate
and construct a system disturbance propagation model the
second step is to construct a control scheme to eliminate the
disturbance.

The following assumptions are applied in this work:-

1. No phase change occursin any heat exchanger
2. Constant heat capacity and constant over al heat transfer
coefficient for each heat exchanger.
3. Changesin streams pressure drop is negligible.
The datarequired are:
1. Heat exchanger network work flow
2. Hot and cold streams data for each unit heat exchanger i.e.

(inlet temperatures, outlet temperature and heat capacity

flow rate for the streams) and the split ratio for any stream

is required in case of splitting between multi-unit heat
exchanger.

3. A specified range for uncertainties (inlet temperature, heat
capacity flow rates).

The goal here is to evaluate the disturbance propagation
through Heat exchanger network, find the effect of changing
an inlet parameter for any stream on the other streams even if
they are not directly connected and finaly systematicaly
construct a control scheme by a tradeoff the cost of the
disturbance to the cost of applying the control to the HEN.
This research considered the
following issues:-
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Evaluation of HEN controllability

1. Overal review on controllability of a HEN.

2. Construct a system disturbance model for aHEN.

3. Congtruct a systematic control scheme to eliminate the
disturbance.

(1. METHODOLOGY

In this chapter the control of streams outlet temperature is
discussed as stated in the previous section the control of
streams outl et temperatures can be achieved through two main
ways which are the installation of utility heat exchanger in
which the excess heat is absorbed or the required heat is added
or the second way is to apply a bypass through the heat
exchanger. The two methods are discussed and dissected in
this department and the cost and the pertinence of the control
will define which method will be employed.

The following figure describes a unit heat exchanger with the
inlets and the outlets and the bypass configuration.

The following steps are used to evaluate the bypass fraction
for each bypass .After the disturbance is evaluated in the
previous section the same steps are used yet the bypass
fraction is added to eliminate the disturbance in the streams
outlet temperatures in the following way.

A. Unit based disturbance propagation and control Model

thefirst step isto Construct unit based disturbance and control
model, in the previous section a model for disturbance
propagation in heat exchanger networks is developed in
which the change in the streams target temperatures are
calculated based on the disturbance in the inlet parametersin
this case are the inlet streams temperatures and heat capacity
flow rate equation describes that model. A new term is added
to the model in which bypass fraction changes the streams
outlet temperatures in the following manner:-

From heat balance equation and from design equation aHEX
with bypass options is sketched in Figure-7. The energy
balance and heat-transfer equations can be readily derived, as
below. Here, an arithmetic mean-temperature differenceis
used by neglecting high-order differentiation terms and
replacing alogarithmic mean temperature difference by an
arithmetic mean term.

Cold Stream

Mcp, T
|

HOT Stream
Mcpy, T}

Fig 1 Unit heat exchanger with bypass configuration
This approximation will not introduce any calculation error
for stream target temperatures when input temperature
disturbances exist, but will cause some prediction errors when
mass flow rate disturbances enter the system, the model can
be simplified to alinear equation and the conclusion of that
model is adop:
ST'=B=+5f+ D, +6T° + D, + 6Mep {1}
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Where
a(Ty —T7)  B(T¥ - T7)
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Where:-

Ti , T!: Inlet temperatures for hot and cold streams
respectively.

T, T, outlet temperatures from heat exchanger for hot and
cold streams respectively.

Mep ,Mepf : fractions of heat capacity flow rate going
through heat exchanger for hot and cold streams respectively.
Mept ,Mepf : fractions of heat capacity flow rate going
through heat exchanger bypass for hot and cold streams
respectively.

T, TF: outlet temperatures after bypass connection for hot and
cold streams respectively.

B. Heat exchanger bypass availability

For each heat exchanger f'™ and f™ are calculated to
ensure system feasibility after bypass is installed in control
scheme If "™ and f™ equal zero should be eliminated in
control scheme asin that case there will violation foraT,, .
The relation between the bypass fraction and AT, IS
concluded as follows:-

The following relation must be obtained to ensure system
feasibility

Tr! - rrn = ATin {9}

TF:D - rrl. = AT {10}

T - TS =Tf - TF {11}

Iy —T; =Ty —T7 {12}

For the bypass placed on the hot side of the heat exchanger
TF=fTF + (1 - f)T°(12}

Similarly for the cold stream bypass

Tf = T + (1 - fITF {13}

Substituting equation (13), (12) into equations (11), (10)

Ti:r - T’r'g - ":"rﬂ;l'r! = .f" {Tif - T'r'g - "I:I'rﬂ'.l'i’! ] {1‘1'}
Sincetheterm T — T — AT, iS definitely positive

T?:r - Tr'g - ":"rﬂ;l'r! .

ﬁ: = Ti':'g - Tr'g - ‘ﬂrﬂu’ﬂ {LE}

So the upper limit of nominal fraction of the bypass placed on
the hot stream side of Heat exchanger

Thr - ri_; - "I:I'rﬂ'.l'i’!

olim _ _DEQ

’ - TF:'B;_L- - rri_[ - ":"Tﬂ'.l'r!
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Similarly, for the cold stream of the heat exchanger;

ne -T' - Tr I"r'rl'af'
fim = - - {17}
’ TF:'B;_L- - rrs;_[ - ":"Trm'r!

Where:
=lim | #1im - are the hot and cold streams available bypass
fract|ons.
These relations can be stated as follows:
0<f, = fim [18}
0=f =f™ {19}
By applying these relations to design equation-
Where § = UAAT .2 SO

ABTimeq =7, {20}

And at constant Uand Q theterm Q/Uis aways positive,
from equation
TF=fTf + (1 - £IT¢ {21}
Then
- Ty
¢ = 2
{L S

{T’S DJ _ {TD ]
(T —T?)
(TY =T
Substituting equation (22) |nto equation (23)

T’S
(TF —12) - {T_Tt f}r = _T5)
(T* Te)
T’S
e
Similarly for placing the bypass at the cold side of the heat
exchanger
I - fT
TP = 3
{t —p @

_ &

(re - F=ES) - e -1

—L (26}

E-EE

In 1-f)
(T —T5)

By changing f;, affect 4T;,,.;, S0 the HEX areamust be
changed to maintain constant Q.
A BTi =477 AT (27
&)AﬂEh _"_Jj LI‘1.I.I {-:IE}

new
e
i Imin

":"rfrr.l'r! = {?3}

In

ATy

imin =

24

n

- T7)

":"rirr.l'r! =

C. System disturbance and propagation model

System topology matrices are first constructed which describe

the propagation of the disturbance through the Hen either inlet

temperature disturbance or heat capacity flow rate
disturbance through system topology the derivation of the

system matrices V1,V2,V3 and V4 are well explained by

Yang et .

The equation which describes the system disturbance and
control asfollows:

ST*=B=+5f + D, + 8T° + D, + SMCP {29}
STr] B=x6f + [Dtr' Dtr] * |: ] + [Drrr‘ rr.,r] *

Where

B =B, + Dz » I = Dzp ) ™" + B, {31}

D =Dpyy + Dy = - D2z i Do, = {D;.. DEUT {32}
Dy =Dy + Dpyz # u _Dr::]_L # Dy = {D;",;;.: Dr{x]T {33}
6Ty = (6T 6Thz 6Tz oo 6Ty, )" {34}

'srfr = {Srfrl. 'ETI.'I:: 'Erfrﬁ T e STEE\".- ]T {35}

GMCP;

smce.] 3%
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6f = (6f) 5y BfIE.(6f) s .. (6F) )T {36
% = (6T 6Tz 6Tgg e 6Tiiy, ) {37}
I".‘-ILT-I.:B = II"t.-"EIT-I.:gL "ETL'S: I".‘-ILT-I.'SE Ter mena STE.?:V: ]T {38}
GMCP, = (6MCP,, 6MCP,; 6MCP,g .....6MCPy, ) 39
GMCP, = (6MCP, 6MCP,, 6MCF,; .....GMCPy, )" 40}

D. Bypass placing procedures

To construct aHEN with best by pass placing RGA isused[8].
But in this case regular RGA cannot be calculated asthe gain
matrix (K) which in our design is (B) as our manipulated
variables are the bypass fraction and our controlled variables
are the streams target temperatures so

RGA =B ® (B~ (41}

Where & is element by element multiplication operator.
And because B is not a square matrix so extended relative
gain array RGA® is obtained Using Nobel and Daniel
theorems

RGA®* =B ® (B*)T {42}

Where B * is the pseudoinverse of B to calculate B*
B*=V=(Z%)=UT {43}

Where

2*is pseudoinverse of singular matrix (2) for control matrix
(B)

VVand Uarethe unitary matricesfor singular decomposition of
metrix (B)

U7 isthe transpose of U.

Applying the singular decomposition analysisis:-

svD(B) = [UZVI{44)

The RzA* can represent the best pairing between the
controlled and manipulated variables

After concluding the RGA® we can use the pairing rules for
RGA are asfollow:

1) RGA pairing rules:

1-f'™ and f™ validation for feasibility

iim _ Tth—Tec—ATmin
* Calculatef T Tsh—Tec—ATmin {45}

Teh-Ttc—ATmin

* Calculatefr""m = The—Tezh—ATmin {46}

Where £'™ and f™ are the maximum allowable by pass
fractions can a unit a heat exchanger tolerate without
validation the network feasibility (ATy;,)-

For ™ and f™ =0 the bypass should eliminated as a
manipulated variable.

2-For the same heat exchanger £™ and f"™ the greater
value should be used as a manipulated variable for the
respective controlled variable if they their respective RGA
have the same condition number.

3-For the same heat exchanger if it is the only available
manipulated variable for the cold and hot streams:-

* |t should be used as manipulated variable for the
stream must be controlled from process point of
view.

* If no stream have no importance to be controlled
over the other stream it should be used as a
manipulating variable for the stream which have no
utility heat exchanger.
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* If no above conditions is applied refer to number 1
rule.

4-Utility heat exchanger shouldn’t be used as a manipulated
variable only after investigating RGA and find no process
heat exchanger available for the same controlled stream.
5-For RGA pairing rule
+  Pairing with &; element with value = 1 should be
used

»  Pairing with };; element with value < 0 should be
eliminated.

+ Theinterpretation of the elements (A;;) can be stated
asfollows:-

1. For A;; = 1.0, thereis no interaction with other control loops,
and the pairing i—j should be used.

2. For %; = O, manipulated variable j has no effect on
controlled variablei.

3. For A;; = 0.5, thereis a high degree of interaction with other
control loops.

4. For 0.5 < );j < 1.0, there is interaction with other control
loops; however, the i—j pairing would be preferable as it
would minimize interactions.

5. For %> 1.0, the interaction with other loops reduces the
effect of the control loop.

6. For % < 0.0, the pairing i—j might lead to an unstable
operation.

After applying the above rules if we have more than one set
condition number should be used as arobustness measure The
set have the lowest condition number should be used as it is
will conditioned. Condition number as a robustness measure:
Although RGA gives a good indication of pairing controlled
and manipulated variables it gives no indication for the
condition of pairings so condition number is used.

2) Condition number as a measure of controllability
Condition number of amatrix Isthe ratio of the largest
singular value of that matrix to the smallest singular value The
P-norm condition number of the matrix A is defined as norm
(A, P)*norm (inverse (A), P), where normis the norm of the
matrix A. Where the norm of matrix A isthe raw sum norm,

which defined as
max n

lall. = lag;| {47}
lsism j-1

The condition number and RGA are used both to measure
interaction in multivariate systems.If the condition number of
systemislarge, the system will beill-condition and such a
system will be difficult to control. But it does not mean that
the system has high interaction, because an ill-condition
system does not necessarily have large RGA elements. Being
high the condition number is caused by various factors, but
only inthe casethat it is dueto large RGA elements, it could
be concluded that the system has high interaction. So, if RGA
elements are large, condition number of system will be high
(ill-condition system) and the interaction will also be high.
Alsoif asystem hashigh interaction, then the system haslarge
RGA elements and will beill-condition[4][8].
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Unit based model

Check feasibility of
by pass placing

Check disturbance
propagation

l

Calculate Pseudo
relative gain array

Update PRGA
dependi tility

Calculate the HEN
total annual cost

Fig 2 M ethodology summary block diagram

E. Calculating temperature deviation cost

To calculate the cost earned by eliminating this deviation the
following equation is used

DC = Mep; = 6T « (UC) = & + ¢ {48}

Where:

&: Isthe probability of the disturbance per year for
convenience &=1 for the greater disturbance impact.
p:Istheimpact of the change in the stream target temperature
on the whole process for convenience ¢=0$.

The methodology used in this work proven reliability and
precedence by shown the ability to reproduce the results in
three different cases variant in complexity and checked for
feasibility and the ability to reject disturbance and show good
controllability characteristics with cost optimization[9].
Fig-2 summarizes the methodology used in this work.

IV. CASE STUDIES.

620°K 385°K

[h ] ® o
W0Kw e K £l
720K s W 410°K 400°K
® & 0
10KW K E2 w
L LU 300K
a & [a]
560° K WKWK
280°K
o 6
3407 K 3 30w K"
1800 kKW
Fig 3 Four strams case study
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A systematic approach is derived for the above four stream
HEN showed in figure (3) which was studied by Linnhoff et al
(1982), Y ee and Grossman (1990), D. Uzturk and U.
Akman(1997) and Y.L.Huang and Y.H.Y ang (2001).Steady
state design data are listed in (Table )[2][10].

Table | Case study steady state data

Strea Inlet outlet temp(°K) Hesat capacity
m temp(°K) flow
rate(KW°K™2)
H1 620 385 10
H2 720 400 15
C1 300 560 20
Cc2 280 340 30

U=0.5 Kw m?K™ ATy, = 10°K
Original heat exchangers area (A): E1=34.7 m? E2=42.3 m*
and E3=22.8 m?
Cost of heating utility=80 $/Kw year
Cost of cooling utility=20 $/Kw year
Annual fixed cost=1000 A%® (aream?) $/year
In this case by using bypass and utility heat exchangers a
control scheme is developed so that any disturbance in the
inlet parameters can rejected. Using bypass or utility heat
exchangers depend on a tradeoff between the cost of the
disturbance and the cost of installing bypass or utility heat
exchanger to achieve that final schemethefollowing stepsare
applied.

First step

Drive system topology matriceswhich arewell described in
the previous chapter.

E1 [EZ [ES
lhecllhcllh c

"H19r10 00 007
HZ2||00 10 10
C11|01 01 00
C21100 00 01
ml|{|00 [0 €0

sstm24L01 0e 00

Drive matricesV1, V2 and V3

1 0 0 0 0 Oy

0 0 0 0 0 1

0 0 0 0 1 0

0 0 0 0 0 O

0 01 0 0 0

vi=tO 1 0 0 0 0

1 0 0 0 0 0O

0 01 0 0 0

0 1 0 0 0 O

0 0 0 0 0 1

0 00 0 1 0

v=t0 0 0 1 0 O
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coo o
o= oo
=
coocoo

va=t0 0 0O 1
Before identifying the suitable bypass to be installed V4
matrix which represent the candidate bypass to be installed

are set to unity matrix with dimensions of (Z*Ng; Z*Ng)
where each heat exchanger have two sides (i.e. two
possibilities to place the bypass) hot and cold streams.

1 0 0 0 0 Oy
0 1.0 0 0 O
0 01 0 0 0
0 0 01 0 0
0 0 0 0 1 0
sovast0 0 0 0O O 1
Second step

Construct unit based disturbance propagation and control
model and check the bypass availability, for each heat
exchanger the model in eqution-1221 is calculated and the
condition explained in equations 10 to 15 are checked to
confirm the bypass availability

For heat exchanger E-1

Tablell Heat exchanger E-1 steady state data

Inlet streams Inlet Target Mcp KW
temp. K’ temp. K’ K™t
Hot 620 385 10
stream(H1)
Cold 300 4175 30
stream(C1)

457 © Copyriaht: All riahts reserved.

For each unit heat exchanger the model described in equation
is constructed using equations (4.17 to 4.24) asfollows:
Ty - Tt 620 —385

= = = 0.7344
T Tr T 317.5- 300
. TS —TF 417.5—300 03672
TUTE-TE 620-300 0 T
_TE-Tf 6201385 L7
“" T Mep,  2-10
T!—TF 417.5-300
“ = OMep, | 2-20
So
a(ly —T)  B(IF -TH)

I A G (YRR el ol [ 86.2801  43.1445
—a(Tf-TF) —-B(TI-T5| l-43.1445 -21.5723
2:(1=-£)° 2:(1-f£)

D = ['l—n o ]= [[].2656 n.?34+]

‘ g 1-pl" lp3672 o0.6328
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2-— =

fpls— .

b - U1-f L-f =[1+.3?11 -21.5720

m Be, - B £, 43145 —4.7964
1-f TETICE

So the unit based model of disturbance propagation and
control for Heat exchanger E-1is:

EN controllability

area increase m-

STHI [ 1 ﬁﬁfl 4[1286 a7 ST,-?L] sy s ﬁﬂirpm]o w0 /
g -7l lasn 0638 LT L3 47064 Lalley, 2 F
Checking bypass availahility:- 20 o
Using equations (4.35) (4.36) the bypass availability is 10 et
CheCkaj. E’D 77!;‘—17_7_7;;7_ 0.3 0.4 05 0.6 0.7
i Tig, = Top, = ATmin _ 417.5 — 300 — 10 02410 fo
BT TS - Tfs — AT, T 620 —300 —10 ¢ F|96Area|ncre2§$d|r;dH:Et e>;cssh?:1§cetrioi-lfor increasing
. Te —TL AT, 583 — 389.6667 — 10 07051 yp
fe 1".3 —T&, — ATy  383-313-10

Soas fi'm and £ are not zeros no bypassis eliminated from
the control scheme.

Applying the relation between the bypass fraction and heat
exchanger area and plotting a graph between the bypass
fraction for cold and hot streams and area, that relation can be
used to calculate theincrement of the cost dueto the changein
the heat exchanger from the HEN area cost annualization
equation.

35 F

area increase m2
- N N o
o 5 & g

o

@

Al

0.1 0.2 0.25

Fig 4 Areaincreasein Heat exchanger E-1 for increasing
hot side bypass fraction

5000

4500 -

4000 [

3500 [

w
=}
=1
=1

costincrease $iy
N
o
=
(=]

2000 [

1500

1000 [

0.05 0.1 0.15 0.2 0.25

Fig 5 Cost increasein Heat exchanger E-1 for increasing
hot side bypass fraction
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Fig 7Cost increase in Heat exchanger E-1 for increasing
cold side bypassfraction
Similarly the same steps are applied to HEX-2 and HEX-3:-
Heat exchanger E-2
Tablelll Heat exchanger E-2 Steady state data

0.5 0.6

Inlet streams Inlet temp. | Target temp. | Mcp KW
K’ K’ K™t
Hot 720 530 10
stream(H2)
Cold 417.5 560 20
stream(C1)
Area=42.3 m’
a = 0.6281
g =04711
oy = .3
o, = 3.3623
B = 39,6694 44,7521 ]
—44.7521 —33.5640

D = [0.3?19 [].6281]

t 0.4711 0.5289
D = [13.0331 —2.23?5]

m 44752 —5.4468

The unit disturbance propagation and control for E-2:-

0T 750604 4475 ] ife l L[ 06981] Jiﬁu 3033 -2 7376] [WCPP:
Tt 1™ Lo -msallagl " oant osogeller, 44?57 54466 ey,
Checking bypass availability:-

oo Th, =TS, —OTwy 530 —417.5—10

REZ T —TS,— AT 720 —417.5-10 0.3504
. -f =T — AT, 720 — 560 — 10 .
T TE —ATn, 720 4175-10 0.5128

Soas fi'™ and £ are not zeros no bypassis eliminated from
the control scheme.
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Applying the relation between the bypass fraction and heat
exchanger area and plotting a graph between the bypass
fraction for cold and hot streams and area
We can use that relation to calculate the increment of the cost
due to the change in the heat exchanger from the HEN area
cost annualization equation as previously explained in Heat
exchanger E-1.
Heat exchanger E-3

Table |V Heat exchanger E-3 steady state data

Inlet Inlet temp. | Target temp. | Mcp KW

streams K® K® Ke-1

Hot 530 410 10
stream(H2)

Cold
stream(C2)

280 340 30

Area=22.8 m’
o = 0.4800

£ = 0.2400
ﬂ'l'.-_. = ﬁ

o, =1

5= [ 28.8000

~ 1-14.4000
_ [0.5200
r

~ lp.2400  0.7500
9.1200 —0.4500]

D, =[1.4=mn —1.7600

The unit disturbance propagation and control for E-3:-

] [?aannu 144000 05200 0.48007[0T; wnu -n4anu”ﬂfcpml
144000 -7.2000 af’ 0.2400 07600 m. 14400 176004 L6Mepey

Check| ng bypass availability:-

'J.=1-.=1-U[IEI]

—7.2000
U.%EUU]

T —TE_ — ATy, 410 — 280 — 10
lim = = 0.5000
J TE . - rgﬂ — ATy 530 — 280 — 10

= t .
im _ Thea = Teps = ATwin _ 530 — 340 10 _ 0.7500
T —Ti,— ATy, 530 —280 — 10

Soas fi'™ and fIm are not zeros no bypassis eliminated from
the control scheme.

The next step is to construct system disturbance and control
model explained in equations (4.59).

D =
02606 0.7344 0 0 0 07
0.3672 0.6328 0 0 0 0
] 0 03719 0.6281 0 0
] 0 04711 0.53289 0 0
] 0 0 ] 0.3200 0.4800
-0 0 0 ] 0.2400 0.7800-
So
D=
r0.2656 0 0.7344 0 0 07
] 0 0 0.4800 0.3200 0
] 0.4711 0 0 0 0.3289
] 0 0 0.7600 0.2400 ]
0 0.3719 0 0 0 0.6281
L0.3672 0 0.563238 0 0 o -
148711 -21.5720 0 i 0 i
43145 -4.7964 0 ] 0 ]
Die = ] 0 13.0331 -2.2376 0 ]
: ] 0 44732 -5.4468 0 ]
] 0 0 ] 9.1200 -0.4800
] 0 0 ] 1.4400 -1.7600
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14.8711 0 —-2,1572 0
0 0.12 0 —0.43800
Dt = 0 44752 54468 0
" 0 1.4400 0 —1.7600
0 13.0331 -2.2376 0
43145 a —4.7964 0
86,2891  43.1445 0 0 0 0
—43.1445 -21.5723 0 0 0 0
B: = ] 0 39.6694  44.7521 0 0
] 0 —44.7521 3350640 O 0
0 0 0 0 288 -144
0 0 0 0 -144 7.2
86.2891 431445 0 0 ] 07
0 0 0 0 288 144
B = 0 0 —44.7521 -33.3640 ] 0
0 0 0 0 -144 -7.2
0 0 29.6694 44,7521 0 0
—43. 1445 -21.5723 0 0 0 0 -

By applying equations (4.53-4.58) we can obtain the model
described in equation (4.59) HEN disturbance propagation
and control model:-

For the HEN in hand we can construct DP& C model as stated
in equation (4.59).

ST*=B=+&f + D, = 6T° + D, + SMCP
Using the concluded terms (&8, D.andD,;)
i
T RIS N N N B B 74
| |- 7088 30081 B2 BE 144 \ i
(T T . O I 7%
ST& 6303 3L 14307 L0 -l44 T (g f!

Iff
w0 A5

0256 0 om0 ][
(188 03k 0067 L), i, | ML IS -7 040
oo 04 03 0 | Tl e e o

0 00093 004 07enol Loz Logsme 436 -1260t -L7600

GCR
HEN disturbance propagation model:-
To evaluate the deviation in target temperatures due to any
disturbance in inlet temperatures or in heat flow rates the
following equation is used:-

6TH] [0.2656 0 07344 0 ST, SMCPy,
L|5T

5MCP,,
* | amcE,,
GMCP,,

6Tz 0.1199 0.1934 0.2067 0.4800
JTH 0.1942 04711 0.3347 0 .52’5L
STE 0 0.0893 0.0954 0.7600 TS
Thismodel can be used to predict the variation in the streams
outlet temperatures as the disturbance occur in the streams
inlet variables as shown in the previous chapter.

The next step is to find the best bypass placing to control the
streams target temperatures. Using the procedures explained
in step three the following is concluded:

The gain matrix

14002 15.8972 -2.7301 —0.4800
2.2820  4.4752 -7.9837 0
0.6504 4.5679 -1.2601 -1.7600

14,8711 0 —2.1572 o ]

E=

86.2391  43.1445 0 0 0 0
-140015 -7.0458 310281 232711 238 144
-228202 -11.4101 -44.7521 -335640 O 0
-6.0038 -32519 143207 107405 -144 -7.1
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And by applying singular value decomposition to matrix Bthe
matrix is decomposed into the following
SVD(B) = [UZV]

—0.9407 0.1473 —0.1783 0.22481

g = | 01171 —0.6582 —0.6439 0.3721

0.3151  0.7121 —0.3839 0.4961

0.0449 —0.1948 0.6373 0.7442
101.7572 0 0 0 o 0
- 0 71.6007 0 0 o 0
N 0 0 32.0442 0 oo
0 0 0 13219715 g @
—0.8875 0.0978 —0.0330 -0.1366 0.3809 0.1904
—0.4437 0.0489 —0.0265 0.2733 —0.7617 —-0.3809
V= —0.0966 —-0.7692 0.1976 0.3713 0.1640 0.0820
—0.0724 —-0.5789 0.1482 —0.7617 -—-0.2186 -0.1003
0.0268 —0.2236 —-0.8651 -—-0.0001 0.2000 —0.4000
0.0134 —0.1128 —-0.4326 —-0.0001 —0.4000 0.8000

So the pseudo inverse of Bis B* = V= (Z*) = U7

Where UT isthe transpose of I7 and I* isthe pseudo inverse
of X and because the fourth singular element is so small
compared to other elements the fourth element is neglected

0.0098 0 0 0
0 0.0140 0 0
. . . 0 0 0.0312 0
T =
which yields £ 0 0 0 0
0 0 0 0
0 0 0 0
0.0087 -0.0009 —0.0011 -0.0017
0.0044 —-0.0004 —-0.0006 -—0.0009
SoB* = —0.0018  0.0030 —-0.0103 00080
—0.0013  0.0022 —-0,0077  0.0045
0.0041 0.0193 0.0082 —-0.0166
0.0021  0.0097 0.0041  —0.0083
The extended relative gain array
0.7508 0.1877 0 0 0 0
e _ o _ |0.0121 0.0030 00928 00522 05612 0.1403
Rea* =B @ (B7Y" = 0.0260 0.0065 0.4616 0.2597 0 0
0.0111 00028 00856 0.0482 0.2388 0.0597

Using the pairing rules explained in the previous section
yields the following results:

1-Stream H1 is paired with heat exchanger E-1 hot side.
2-Stream H2 is paired with heat exchanger E-3 cold side.
3-Stream C1 is paired with heat exchanger E-2 hot side.

As previously stated each unit can be used to control one
manipulated variable so we can find that stream C2 can’t be
controlled using utility heat exchanger as it has the lowest
pairing value.

After the pairings were identified the remaining manipulated
variables are removed from the control scheme reducing the
gain matrix Brelative gain array RGAe as follows:

6Tai] [ 86.2891 0 0] rseEt
6Tdz|_ |-14.0015 31.0281 144, 5};;;:
5TL |~ |-22.8202 —44.7521 O 2
5TE, -6.5038 143207 -7.2) l0fz
0.9385 0 0
+ _|0.0151 01449 0.7015
ReA™ = 100325 07213 0
0.0139 0.1338 0.2985

The condition number is then calculated to measure the
robustness of the system. The condition number for the
system before modification 7.6973 e *#and the condition after
modification is 6.2186 meaning the system is more robust.
The next step is to calculate the optimum bypass fraction by
applying changes to the bypass selection matrix V4 reducing
V4to
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From that changes applied to the system disturbance and
propagation model and apply afraction to the originally zero
bypass fraction and compare the cost added value (area
increase of the unit heat exchanger) to the cost of disturbance
For each bypass set as the manipulated variable to control the
controlled variable the stream target temperature- a tradeoff
between the cost of the bypass installment and the cost of
maximum disturbance can be eiminated by the nominal
bypass fraction is plotted to determine the optimum nominal
fraction or using utility heat exchanger is more economical
than increasing the heat exchanger area.

A. Target temperature of stream H1 using heat exchanger
E1 hot side.

A range of target temperature deviation that can be eliminated
using bypassisillustrated in figure-4.6, now for an expected
inlet disturbance the target temperature deviation is cal culated
using the disturbance model and the required nominal bypass
fraction is interpolated. Figure-4.7 illustrate that the cost of
installing a bypassis more economical than installing a utility
heat exchanger to control stream H1 target temperature along
the curve of the disturbance that installing a bypass can
eliminate.
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Fig 9 Tradeoff between the cost of the disturbance and
the cost of installing bypass
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B. Target temperature of stream H2 using heat exchanger
E3 cold side.
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Fig 11 Tradeoff between the cost of the disturbance and
the cost of installing bypass

C. Target temperature of stream C1 using heat exchanger
E2 hot side.
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Fig 13 Tradeoff between the cost of the disturbance and
the cost of installing bypass

Retrieval Number: D7001118419/2019©BEIESP
DOI:10.35940/ijrte.D7001.118419
Journal Website: www.ijrte.org

461 © Copyright: All rights reserved.

International Journal of Recent Technology and Engineering (IJRTE)

ISSN: 2277-3878, Volume-8 | ssue-4, November 2019

V. CONCLUSION

Heat exchanger networks HENs are complicated systems
with the possibility of producing unwanted disturbances that
Ccan cause Serious economic consequences, unsatisfying
operation results or even destroy the system feasibility. Inthis
work a linear model was constructed to evaluate the
disturbancein streamstarget temperatures. Each exchanger in
the network is represented by a set of algebraic equation with
neglect high order differentiation terms. The model can be
used to estimate the maximum deviation of system outputs.
The determination of heat exchanger network target
temperature can be carried out in different ways. Severa
equations can be applied to find outlet temperatures of a
network. It is easy to use computationally efficient and
particularly helpful in analyzing integrated process systems
where disturbance propagation is always a major concern.
The efficacy of using the model demonstrated by solving
practical industrial problems demonstrate the applicability of
the model in process analysis and improvement.

The work presented in thisthesis can be applied to any HEN
to increase its ability to reduce and eliminate the disturbance
with cost consideration.

Ns-RGA showed very reliable method for the pairing the
controlled with manipulated variables to provide a good
control scheme.

Using the condition number proved a better solution to
measure the controllability and provide a comparison
between different control schemes for the same HEN.
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