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A novel method combined signal flow graph of a single heat exchanger with the transfer function of
streams is developed for the dynamic behaviors of heat exchanger networks problems, which are deter-
minate factors of the process control and operation optimization in the processing industries. The trans-
fer functions between any two nodes of heat exchanger networks including the inlet and the outlet are
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the seeking-up method. The developed method is solved by a numerical inverse Laplace transform and
the analytical solution to the dynamic behavior of heat exchanger networks is presented in the time
domain. The numerical results demonstrate that the presented method is more efficient and more accu-
rate for the dynamic behaviors of heat exchanger networks problems.
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1. Introduction

The dynamic behavior of heat exchanger networks (HEN) has
been taken into consideration because its dynamic response of out-
let parameters to the disturbances of inlet parameters is important
for the process controllability and operation optimization of the
HEN problems [1-3]. Nowadays, substantial numerical and exper-
imental investigations have been carried out for the dynamic
behavior of HEN, even including a single heat exchanger due to
its wide applications [4-9]. For a single heat exchanger, many
dynamic mathematics models [10-16] have been presented by
scholars. The results showed that the transient temperature
responses of streams can be obtained using analytic methods
[17,18] or numerical methods [19,20].

For the HEN problems, the excessive simplifications of the
dynamic mathematics model lead to low quality of dynamic simu-
lations, whereas more consideration of the actual conditions in
HEN would make the model complicated and increase computa-
tional cost. Therefore, the dynamic mathematics model is far from
sufficient to apply to the dynamic characteristics of HEN with con-
sideration into more factors [21]. Above all, achieving an efficient
and high-accurate solution for the dynamic behavior of the HEN
problems is more important than proposing a dynamic mathemat-
ics model which can be solved based on the modeling of single heat
exchanger.
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During the past few decades, many effective numerical methods
benefiting from the progress of the dynamic modeling of HEN have
been presented to investigate the dynamic behavior of HEN [22-
29]. Mathisen et al. [22] proposed a dynamic model of relatively
simple HEN taking the structure, pipe residence time, model order
of bypasses and the connecting pipes into consideration. The
dynamic model based on the lumped model for a single heat
exchanger was solved using the state-space method for the
dynamic behavior of HEN and was implemented in Simulink. It’s
shown that the presented dynamic model can be not for more
complicated HEN owing to modeling complexity, computational
speed, and numerical stability. Several dynamic models for HEN
have been developed for the dynamic behavior of HEN problems
in different practical requirements [23-26]. Boyaci et al. [27] used
a distributed-parameter model consisting of multi-tube, single-
pass heat exchangers to construct a dynamic model of the HEN
and investigated numerically the transient behavior of the HEN.
Baldea et al. [28] presented a procedure deriving reduced-order,
non-stiff models, which was focused on the dynamics and control
of HEN consisting of a reactor connected with an external heat
exchanger through a large material recycle stream that acts as an
energy carrier. Guha and Ghaudhuri [29] developed a mathemati-
cal model to describe the transient heat exchange between the
process streams of HEN and solved the developed model by a finite
difference numerical scheme and solution algorithm.

Although numerical methods can almost deal properly with the
dynamic behavior of all types of HEN problems, the methods are
invalid for real-time control. Moreover, higher computational
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Nomenclature

A area of heat exchanger, m?

G specific heat of the stream, kJ/(kg K)
G mass flow rate, kg/s

gain
time constant
inlet parameter of transfer function
velocity of stream, m/s

) operator transmittance
outlet parameter of transfer function
heat transfer coefficient, W/(m? K)
delay time, s
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Subscripts

c cold stream

h hot streams

i inlet

0 outlet

q heat

t temperature

w metal wall of heat exchanger

efforts and costs are required when the methods are implemented
for more complicated and larger-scale HEN. Nowadays, analytical
solution of HEN has drawn attentions from many researchers due
to its high efficiency for dynamic behavior of HEN.

In present study, a novel method based on signal flow graphs is
established to obtain an analytical solution for the dynamic behav-
ior of HEN. First, a single heat exchanger is treated as a 4 x 4
Multiple-Input Multiple-Output (MIMO) system, and the signal
flow graph of the HEN is established according to the transitive
relation among streams. Second, three methods (block-diagram
reduction, Mason’s rule and seeking up) are used to obtain the
transfer function from the inlet to outlet nodes or between any
two random nodes. Finally, according to a numerical inverse
Laplace transform, an analytical solution for the dynamic behavior
of HEN is presented in the time domain.

2. Approaches

2.1. Transfer functions and signal flow graph for a single heat
exchanger

For the HEN system, the outlet temperature response of a single
heat exchanger can be approximated to transfer function of a first-
order or second-order inertial element. In present study, the first-
order model with time delay used to the simplification for the tran-
sient profile of heat exchangers [30,31] is employed to describe the
dynamic behavior of the single heat exchanger. Therefore, There-
fore, the ratio of output temperature Y(s) to input disturbance U
(s) in the Laplace domain can be given as [32],

Ys) _ K
UG Ts+1o (1)

where K, T and 7 are shown in the Appendix A. The three dynamic
parameters are obtained by the logarithmic mean temperature dif-
ference for higher static accuracy. Detailed derivation process of K, T
and 7 can be seen in the Sections 2-4 of previous research [33].
With similar to other heat-exchanger models in which the
absence of fluid phase-change [22,34,35], the simplifying assump-
tions are following: (1) the heat-exchanging fluids are fully mixed
and their temperatures are constant; (2) both cold and hot fluids
are incompressible and their pressure drops are negligibly small,
it is often appropriate to assume that delay effect only acts on
the stream with inlet temperature disturbance, and time constant
is identical for temperature and flow-rate disturbances; (3)
thermal-physical parameters of both cold and hot fluids and
tube-wall materials are constant; (4) heat conduction between
units can be neglected; (5) heat accumulation in the shell wall
material can be neglected; (6) the values of heat transfer coeffi-
cients determined for steady state conditions remain unchanged

in transient states; (7) heat losses to the environment are negligi-
bly small.

For a single heat exchanger shown in Fig. 1(a), there are four
potential disturbances including flow disturbances and tempera-
ture disturbances of the cold and hot inlet streams. Therefore,
the outlet temperature responses of cold and hot streams in single
heat exchanger can be expressed as follows,

Aty (S) = Were(S)ALei(S) + Ween(S) Atpi(S) + Weee (S)AGi(S)
+ Ween(5)AGri(s) (2)

Atho(s) = Whth (S)Afh,‘(s) + Wh[C(S)AtC,‘(S) + WhGC(S)AGC,‘(S)
+ Win(5)AGhi(s) 3)
In addition to the outlet temperature responses, which are

expressed as functions of all inlet disturbances, the responses of
the outlet flow rate are also treated as functions of the inlet
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(b) Signal flow graph of heat exchanger

Fig. 1. Transfer function and signal flow graph of heat exchanger.
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(b) Signal flow graph of the network

Fig. 2. The structure and signal flow graph of the HEN.

parameters of themselves with transfer function W(s) = 1. Conse-
quently, the output responses of a heat exchanger correspond to a
4 x 4 MIMO system expressed by Egs. (2) and (3). Meanwhile, the
signal flow graph of a single heat exchanger is obtained as Fig. 1(b).

2.2. Signal flow graph of heat exchanger networks

Including all transfer relationships of temperature and flow
rate, an attempt is made to turn the dynamic input-output relation
of HEN into signal flow graph like that of a single heat exchanger in
Section 2.1.

In HEN, the streams flows through each heat exchanger, succes-
sively. The parameters of the inlet stream of the next exchanger are
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Fig. 3. Signal flow graph after simplified.

identical with the outlet parameters of the previous exchanger,
that is, the change of the outlet signal of the previous exchanger
is assigned to the inlet signal of the next exchanger. A signal flow
graph of HEN can be constructed based on the transfer relation-
ship. Taking a 2 x 2 HEN example, which is shown in the form of
the stage-wise superstructure as Fig. 2(a) by Yee and Grossmann
[36], the dynamic transfer relationship is depicted by the signal
flow graph as shown in Fig. 2(b).

The signal flow graph is an analytical tool to model discrete
event systems [37]. For the HEN problem, it offers a diagram of
causal relationships among a number of the components in the
HEN system. For HEN (as shown in Fig. 2), temperatures and flow
rates in the inlet and outlet nodes of each single heat exchanger

Table 1
Data of streams and heat exchangers.
HE Stream  A/m? (GCp)/[KWIK  h/kW[(m?K)  T/s /s
HE1 H4 42.54 27.26 1.0 5.69 4.44
c3 14.53 5.69 3.92
HE2 H2 25.98 21.04 1.0 16.50 8.33
c3 14.53 16.50 7.93
HE3 H1 37.56 41.45 1.2 12.61 6.67
c3 14.53 12.61 7.84
HE4 H4 37.50 27.26 1.0 6.21 5.55
c2 15.40 6.21 3.62
HE5 H1 52.64 41.45 0.8 5.71 3.33
Cc2 15.40 5.71 3.5
HEG6 H3 30.23 38.82 1.5 4.55 4.44
c2 15.40 4.55 3.58
HE7 H4 15.62 27.26 0.6 3.94 2.66
C1 16.07 3.94 3.17
HES8 H1 55.03 41.45 0.5 8.37 5.07
C4 14.11 8.37 4.67
HE9 H3 85.18 38.82 1.2 3.97 3.06
C5 13.78 3.97 3.33
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are treated as variables, which are called ‘signals’ in the signal flow
graph. The outlet parameters of HEN and the parameters in any
node can be taken as terminal outputs. This way would greatly
improve the analysis depth and extent of HEN.

In Fig. 2(b), it can be seen that there are 8 nodes (4 input nodes
U and 4 output nodes Y) for the signal flow graph of each heat
exchanger. The x-shape circle in the figure represents the source
node of the input signal for HEN with only signal output. It indi-
cates the change in the parameters of the initial flow input. While
the solid circle represents the joint node of the output signal for
network with only signal input. It indicates the change in the
parameters of the final flow output. And the hollow circle repre-
sents the intermediate node which transfers the intermediate sig-
nal for HEN transmission, known as the mixed node. Thus, there
are both signal input and signal output in the mixed node. The
expression on the solid line is the transfer function while the dot-
ted line plays the role of connection without any change in signal.
Besides, the mathematical operator next to the branch connecting

C3 2 Cl C4 C5
11— (DD =
02— >
% N
H3 6 (9
VT

two nodes is the transfer function. The end signal of the branch is
equal to the starting signal multiplied by the transfer function of
the branch.

2.3. Solving the dynamic behavior of heat exchanger networks

With the signal flow graph represented above, the Laplace
domain outputs of the whole network (including both outlet nodes
and intermediate nodes) can be obtained. According to the topo-
logical property of the signal flow graph, three methods are used
to determine the transfer functions in present study.

2.3.1. Block-diagram reduction

According to the simplification rule (including addition, multi-
plication, distribution, and factoring) of signal flow graph, the
mixed nodes with input signal and output signal are eliminated
to reduce the number of branches and nodes in the signal flow
graph, leaving only the source nodes and the joint nodes. So that
the transfer function between the source node and the sink node
is obtained. According to the transfer function, the dynamic behav-
iors of HEN are presented. Due to the reduction of the nodes, the
mothed is called Block-diagram reduction.

According to the Block-diagram reduction, a simplified signal
flow graph of Fig. 2(b) is shown in Fig. 3. It can be seen that there
are only source nodes and joint nodes. After simplification, there
are still only output branches on the source nodes and input
branches is on the joint nodes. So every node in the figure repre-
sents an input or output signal of the heat exchange system.

In the above calculation procedure, the outputs of the interme-
diate nodes can also be achieved. However, this method can only
be applied to networks without loops. For the networks with loops,
the signal flow diagram could not be simplified to include only the
source node and the sink node due to its feedback loop. Therefore,
other methods should be chosen and proposed for the dynamic
studies of networks with loops, such as the following method using
Mason’s rule.
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Fig. 5. Signal flow graph of the HEN.
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2.3.2. Using Mason’s rule

A signal flow graph can also be implemented using Mason’s rule
[38]. This rule correlates the graph to the algebra of the simultane-
ous equations. Accordingly, the input-output transfer function can
be directly given by:

Y 1&
W) = g = 5 D Pel @)

A=1->Li+> Lle =Y LaLelf+--- (5)

where A is the system determinant, A is the value of A for that part
of the graph not touching the kth forward path, Py is gain of the kth
forward path. >"L, is all individual loop gains and >"L,L. and Y " L4L.L¢
denote the gain products of all possible two loops and three loops
that do not touch, respectively.

To obtain the transfer functions of HEN, the sub-transfer func-
tions of the specified joint node to each source node is firstly given
using Mason'’s rule and then the transfer function of the specified
joint node is the sum of these sub-transfer functions. Taking outlet
node Y, as the specified node, the sub-transfer functions of Y., to
Uces, Uin1, Ugn1, Uges, Uz and Ugps are as follows by Mason'’s rule:

Yie1(5)/Uces(s) = Weger (5) + Weaes (5) X Weeer () (6)
Yi1 (5)/Um (s) = Wam (5) (7)
Yie1(5)/Ucn (5) = Warm (5) 8)
Yie1(5)/Uies (5) = Weres(S) X Werer (5) 9)
Yee1(5)/Ums (s) = Weas (s) X Weeer (5) (10)
Yie1(5)/Ucn3 (5) = Warns (5) X Weren (5) (11)

These transfer functions have simple forms because there are
only forward paths between two nodes with A = 1. Summing the
individual output yields, the total output Y, (s) is:

Yier () = Weeer1 (S) + Weees(S) X Werer ()] X Uges(S) + W (S)
X Ugn1(S) + Wen () X Ugn1 () + Weees(S) X Weer (S)
X Utz (S) + Wens () X Weeer (S) X Uz (S) + Wens (S)
X Weeer (8) x Ugns (S)
(12)

The output given in Mason’s rule has the same form and value
as that in block-diagram reduction, but the advantage of Mason'’s
rule is the systematic and algorithmic characteristics, especially
for complicated block diagrams with loops.

2.3.3. Seeking up

Based on the structure of HEN, the seeking up method is used to
obtain the output of the signal flow graph directly without remov-
ing intermediate nodes. The output of the graph is described as
follows:

(1) Start from the specified joint node, and then search the pre-
ceding nodes on the input branches. Then, the specified joint
node can be expressed using these preceding nodes. Taking
the outlet temperature of the 4th heat exchanger in Fig. 2
(b) as an example, its preceding nodes are Uge4(s), Usca(s),
Utha(s) and Ugra(s), so Yia(s) can be expressed as:

Yina(S) = Wheea(s) x Ucea(s) + Wheea(s) x Utea(s)
+ Whina(s) X Utna(S) + Whina(s) x Ugns (13)

(2) Finishing the above one-step operation, it is necessary to
determine the properties of the preceding nodes. If the pre-
ceding node is a source node, then a sub-output of this path
is gained. Otherwise, the preceding nodes of the current
node should be searched as the rule step (1). For this exam-
ple, in the current preceding nodes Ugc4(S), Usca(S), Usna(s) and
Ucna(s), two nodes Uge4(s) and Ug4(s) are source nodes, and
the sub-output can be given by

Y6ea(s)/Ugea(s) = Whgea (14)

Yora(5)/Urca($) = Wiea(s) (15)

(3) Because Ugpy(s) and Ugpg(s) are intermediate nodes, the pre-
ceding nodes of Uy4(s) and Ugna(s) should be searched as the
rule step 1) until all nodes are start nodes.

Uha(s) = Yinz($) = Whees(s) x Uces(S) + Whiea(s) x Ures(S)
+ Whenz(s) x U () + Whins () x Ugns (16)

Ucha(s) = Uars(s) (17)

(4) When all nodes Uges(s), Ugea(s), Ums(s) and Ugns(s) are all start
nodes, searching is terminated. And then summing all sub-
outputs, the total output is given in the Appendix C.

The above three methods can help solve any specified output in a
signal-flow graph of HEN, and can obtain the temperature response
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Fig. 6. Case 1 of transient process under single disturbance.
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(in the complex domain) of any specified node. The first method
(block-diagram reduction) is more suitable for HEN without loops
at the advantage of its low computational requirement. However,
forrelatively complicated systems, such as those with loops, the sec-
ond method (Mason'’s rule) is more useful to solve them manually
due to its systematic and algorithmic characteristics, as stated
above. The third method (seeking up) is restricted to networks with-
out loops. And it is a problem-dependent method which depends on
the experience of the investigators. The third method will result in
higher efficiency and real-time debugging in the solution process
for some special conditions in HEN, such as the HEN without loops
and HEN simulation of higher efficiency requirements.

Once the Laplace domain output of a signal-flow graph (which
represents a corresponding HEN) is solved, the time-domain
response can be gained by an inverse Laplace transform. Further-
more, an analytical solution to the dynamic behavior of HEN can
be obtained. For relatively simple systems, it is easier to perform
the inverse Laplace transform manually. However, for more com-
plex systems, a numerical inverse Laplace transform should be
employed, which can be achieved using computer-aided software,
such as MATLAB.

3. Results and discussion

To validate the proposed method, a 4 x 5 test HEN case corre-
sponding to Chen et al. [39] is examined using the computer data
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Fig. 7. Case 2 of transient process under single disturbance.

listed in Table 1. The structure of the HEN is shown in Fig. 4.
According to the transform method, it transfers into the signal-
flow graph of the HEN as shown in Fig. 5. Meanwhile, the Laplace
domain outputs of the outlet temperatures are obtained by any of
the three Laplace transform methods in Section 2.3. And then sub-
stituting the disturbances into the Laplace outputs, the time-
domain output responses of the HEN are obtained using the
inverse Laplace transform. The details of the Laplace transforms
and the inverse Laplace transforms are listed in the Appendix D
and the Appendix E, respectively.

3.1. Transient process under a single disturbance

For the first case of a single disturbance, from 433 K to 443 K
with the inlet temperature disturbance of 10 K for hot stream H4
is given at some time. The according Laplace transform of this dis-
turbance is 10/s in the complex field. Fig. 6(a) and (b) shows the
transient responses of the outlet temperature of the hot and cold
streams. It can be observed that the time delays of the streams
C3, THe3, Thes and Tyeg become increasingly longer, that is, the time
delay effect is magnified step-by-step along the signal traveling
direction.

For the second case of a single disturbance, the mass flow rate
disturbance from 3.5 kg/s to 3.6 kg/s with the percentage of
2.86% for cold stream C3 is given at some time. The transient

0 50 100 150 200 250 300
Time (s)

(a) Outlet temperature responses of hot fluids
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Fig. 8. Case 1 of transient process under multi disturbances.
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responses of the outlet temperature of the hot and cold streams are
shown in Fig. 7. It can be seen that there is little time delay for the
flow rate changes of incompressible fluids. However, most of the
outlet temperature responses present the characteristics of
multi-capacity objects due to the inertial effects of heat transfer
through all segments.

3.2. Transient process under multi-disturbances

For the first case of multi-disturbance, the inlet temperature
disturbance of 10 K (from 433 K to 443 K) and the mass flow rate
disturbance from 4.0 kg/s to 4.06 kg/s with the percentage of
1.5% for hot stream H4 are given at some time. The transient
responses of the outlet temperature under temperature and flow
rate disturbances are shown in Fig. 8. It demonstrates that the ten-
dencies of the temperature responses under temperature and flow
rate disturbances in Fig. 8 are basically same with that under the
single disturbance of temperature shown in Fig. 6. Compared with
Figs. 6 and 7, the time delay under temperature and flow rate dis-
turbances of Fig. 8 are basically same with that under the single
disturbance of temperature shown in Fig. 6. Therefore, the time
delay of incompressible fluid mainly comes from the temperature
disturbance instead of the flow rate disturbance. The results are in
good agreement with that of Cui et al. [33].

For the second case of multi-disturbance, the inlet temperature
disturbance of -5K (from 358 K to 353 K) for the cold stream C3

-0.10
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Fig. 9. Case 2 of transient process under multi disturbances.

and the mass flow rate disturbance from 4.0 kg/s to 4.06 kg/s with
the percentage of 1.5% for hot stream H4 are given at same time.
The transient responses of the outlet temperature under tempera-
ture and flow rate disturbances are shown in Fig. 9. It can be seen
from Fig. 9(a) that the outlet temperature of hot stream H4 to
increase during the initial period of the transitions because the
flow rate disturbance acts ahead of the temperature disturbance.
And then, the outlet temperature of hot stream H4 decreases after
the time delay of the temperature disturbance. Finally, the outlet
temperature becomes steady and is lower than that before the dis-
turbance. The signal-flow graph method clearly provides the prior-
ity of the temperature disturbance to the flow rate disturbance.
For the third case of multi-disturbance, the inlet temperature
disturbance of 10 K (from 433 K to 443 K) and the mass flow rate
disturbance from 4.0 kg/s to 4.06 kg/s with the percentage of
1.5% for the hot stream H4 are given while the cold stream C3 is
implemented the inlet temperature disturbance of —5K (form
358 K to 353 K) and the mass flow rate disturbance from 3.5 kg/s
to 3.6 kg/s with the percentage of 2.85%. The transient responses
of the outlet temperature under temperature and flow rate distur-
bances are shown in Fig. 10. It can be seen that the outlet temper-
ature of the cold stream C3 under multi- disturbances increases by
about 0.4 K after it reaches steady state. It is in good agreement
with the results obtained by the steady simulation method of
HEN in the literature [39]. Therefore, the developed method can
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n " 1 n 1
0 50 100 150 200 250 300

1

Time (s)

(a) Outlet temperature responses of hot fluids

2.0 T T T T T T T T T T
1.6 | .
1.2 —o—Cl—e—C(2 7
5 —0—C3—=—C4
- ——
= oslh Cs i
- S — ]
04 .
0.0 .
" Il L 1 % 1 n 1 L 1 n
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Time (s)

(b) Outlet temperature responses of cold fluids

Fig. 10. Case 3 of transient process under multi disturbances.
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Time (s)
(b) Outlet temperature responses of cold fluids

Fig. 11. Case 4 of transient process under multi disturbances.

be used to investigate the dynamic behavior of HEN with compli-
cated disturbances.

For the forth case of multi-disturbance, the inlet temperature
disturbance of 10 K (from 493 K to 503 K) and the mass flow rate
disturbance from 2 kg/s to 2.04 kg/s with the percentage of for
hot stream H2 are given at some time. The transient responses of
the outlet temperature under temperature and flow rate distur-
bances are shown in Fig. 11. The same tendencies of the tempera-
ture responses as Fig. 6 is observed from Fig. 11. Therefore, the
availability of the developed method is not relevant to the location
of the disturbance.

4. Conclusions

In this paper, signal flow graphs are used to analyze the
dynamic behavior and to establish an analytical solution to the
dynamic behavior of HEN as follows:

(1) The signal flow graph of the HEN is established according to
the transitive relation among streams where a single heat
exchanger is treated as a 4 x 4 MIMO system.

(2) The dynamic input-output relation of the HEN is turned into
a signal flow graph, including all of the transfer relationships
of the temperature and flow rate in the networks.

(3) Three methods are proposed to obtain the outputs of the
whole network, including the outlet nodes and the interme-
diate nodes in the Laplace domain.

(4) An analytical solution to the dynamic behavior of HEN is
presented with the Laplace inverse transform.

To test the effectiveness of the proposed method, a 4 x 5 HEN is
taken as an example. Transient processes under a single distur-
bance and multi-disturbances are obtained. The conditions are in
accordance with the practical conditions, and exact results are
obtained. The simulation results obtained illustrated the advan-
tages of the method, including high computation speed, high static
and dynamic accuracy, and good adaptability for on-line control
and optimal design of the networks.
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Appendix A. The expressions of parameters K, T and t

The gain K
GcCp,
Kee  ar, _ Gc—hcfpﬁ*1
; 7
At Gf]cp;—sc
__ At _ _1-B¢
Keen = Aty — COc_pg
Gyp, ¢
G, Cp,
Kpen Aty B BhdiGh
T Athi — 1_g, %P
' 1-Bigeg,
Kpe — At _ _1-B

- [oXe
Ald 1Byl

Kege _dt _ _ tyi—tg kA &, KA .
=a¢ = 7" 57 Becgiapn, T Becicy, — Bezay — cuchy
GeCpe cCDe
¢~ CyCpy
I<L‘Gh —dte _ thi—lei BL‘ keAc GeCp. B(_‘ kAGCp. BC GcCp,
dc, e 2 GiCpy | GiCpy GiCpr GrCpy
< CpCpn
Khon _d
_dthy _ _ thi—tg knAn 2 Cpy g _knAw g CPn
TdG, T oy 7 Bn GrCpy + By GeCpe By GnGeCpc By GcCp,
Bicecpe 1
Khee _dthe _ _ thi—td B, kuAiGnCon B, CnCpn _ knfn _ g2 Gthh)

GiCp.  GiCp. M GiCp.

= dG, o ? ( h =G
(th’}qi'c”l) o

Note:

Kete, Keen - the gain of clod fluid out temperature change to cold fluid or hot fluid inlet
temperature change.

Khen, Kiee - the gains of hot fluid outlet temperature change to hot fluid or cold fluid
inlet temperature change.

Kccer Ken - the gains of cold fluid outlet temperature change to variation in dis-
charge of cold fluid or hot fluid.

Kncn, Kngc - the gains of hot fluid outlet temperature change to variation in discharge
of cold fluid or hot fluid.
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where
G
thi - G;CII;; (tco - tci) - tci
B. =
thi - tco
ChPh

ki Ay, ccPc
By = e " e

The time constant T
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The delay time 7.

(A1) o, response to flowrate change
T At response to inlet temperature change”
yiu, response to inlet temperature change”

*In concurrent flow heat exchanger.
**In countercurrent flow heat exchanger.

T o MGy

Appendix B. The Laplace-domain outputs between outlet nodes and source nodes

th1(s) =

Yiea(S) =

Yino(s) =

Yina(s) =

Ween () x Ugn1 (S) + Wemi () x Ui (S)
FWeen3 () X Weeer () x Ugnz (S) + Wenz (S) x Werer (8) x Uz (S)
HWege1(S) + Wege () X Werer (8)] X Uges (S) + Weres () x W (8) x Uges (8)
W (s) X Ugn1 (S) + When1 () x Wema (S) x Ui (S)
FWihinz () X Weena(s) X Werea(s) + Wenz (S) X Wieer (8) X Woena (S) + Weena(s) x Werea(s)] x Ugns (S)
FWhenz (5) X Weena(s) X Werea(s) + Wz () X Wiger (S) X Wz (5)] X Uz (S)
F[Whee3 (S) x Wena(s) X Werea(S) + Wiger (S) X Wena (S) + Weges (S) X Wit () X Wena (5)] x Uges (S)
F[Wihez(S) X Wernha(s) x Werea(S) + Wz (S) X Wiger () X Wz (8)] X Uges (s
[ cGc2 (S) X WCGC4(S) =+ Wcth (S)] X UGC4(S) =+ Wctc4(s) X Wcth (S) X Utc4(s)
When1 (S) X Whena(S) + Wiena ()] X Ugni (S) + When1 (S) X Wiena($) X U1 (S)
FWhenz (8) X Weena(s) X Wieea (S) + Weenz (S) X Wieet () X Whna () + Wetna(s) X Wieea (S)] x Ugrs (s)
FHWhenz (5) x Weng () X Whiea () + Wenz (S) X Wiger (S) X Wrena ()] x Ums (S)
+Whee3 () X Weena () X Wea () + Wiger (S) X Wiena (S) + Weaes () X Wigna () X Wieer (5)] x Uges (S)
HWheea () X Wena(s) X Wieea (S) + Weres (S) X Wieer (S) X Wyena (S)] x Ut (S)
Jr[WhGCZ (S) + WCGC4 (S) X Whth (S)] X UCC4(S) + Wctc4(s) X Whth (S) X Utc4 (S)
Whinz(S) X Whina(s) + Whna(S)] x Ugnz(S) + Wiz () x Wiena(s) x U3 (S)
FWhea () X Wiena(s) x Ugez () + Wiees (S) X Wiena(s) x Uz (S)
+Wigea(s) x Ugea(s) + Whiea(s) X Urea(s)

Appendix C. The total output of the signal flow graph of Y;4(s)

Yina(s)

= Whina(s) X Una(S) + Whina(s) x Ugna(s) + Wheea(s) x Ugea(s) + Wheea(s) x Utea(s)

= Wheea(s) x Ugea(s) + Whica(s) X Utca(s) + Wiena(s) x Ugns(S)

FWhina(s) X W3 (s) X Ures (S) + Wheea($) X Uges (S) + Wrns (S) X Uz (S) + Wiz (S) x Ugns ()]
= Wheea(s) x Ugea(s) + Wieea(s) x Urea(s)

+Wice3(S) X Whina(s) x Uges(S) + Whies () X Wigna(s) x Ues(S)

HWhenz(S) X Whiena(S) + Whiena ()] X Ughs (S) + Whena (S) X Wiena(s) x Ums (S)

Appendix D. The Laplace domain outputs of the outlet temperatures

Yins(s) =

Yena(s) =

Uce1(S) % [Whge1 ()W etha (S)Whies (S)Whiens (S) + Wiz (S)W nens (S) Whins (S)

+W 2 (S)Whies (S)Wihehs (S)Wihehg (S) + Weee1 (S)Wete2 (S)Wihees () Whins () Whing (S)]
FUrc1 (5)[Wheet ()W eena (S)Whees (S)Waeng () + Wetet (S)Werea (S)Wee3 ()W nens (S) W heng (S))]
FUeh1 () Whien1 ()W ctha (S)Whies (S)Wieng (S) + Wt ()W et (S)Whiee3 (S) Wiens (S)W hens (S)]
+Uch1(S) [Whont ()W etha (S)Wees () Wihens (S) + W egha (S)Wees () Whens (S)

+Ween1 (S)Wetea (S)Whee3 (S)Whiens (S)Whens (5)]

FUth2 (S)Wetn2 (S)Whee3 (S)Whiens (S)Wheng () + Ugnz ()W cona (S)Whee3 (S)W hiens (S)W hens (S)
+Ueh3 (S)Wnen3 (S)Whiens (S)Whens (S)

+Uch3(8) [Whins (S)Whms () + Whonz (S)Whens (S)Whehg (S) + Wigrs (S)]

FUcca($)[Wges (S)Wheng (S) + Wegea () Whees () Wheng (5)]

FUrca (S)Wetea (S)Whies (S)Wieng (S) + Uces (S)Wiees (S) + Ut (S)Winees (S)



Yino(S) =

Yino(s) =

Yier(s) =

Yieo(S) =

Yies(s) =

Yies(s) =
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Ucet ($)[Wheea (5) + Weget ()Wheea (5)] + Uret (S)Werer (S)Wheea ()

+Uth1 ()W en1 (S)Whica (S) + Uent (S)Ween1 (S)Waeea ()

FUth2 (S)Wen2 (S) + Ugna (S)Wigha (S)

Uce1(5) Wige1 (S)Wetha (S)Wetes (S)Wneeo (S) Wheno ()

+Wige3 (S)Weths (S)Wihies (S)Wheng (S) + Wege2 (S)Whees (S)Weths () Wiaees () Wiaeno (S)

+Wctcl (S)WctCZ( )Whtc3(5)wcth5( )WhtCG(S)WhthQ(S)]

+ Ute1 (8) Whict ()W crna ()W ctes () Whees (S) Wheno (5)

+Wete1 (S)Werea (S)Wihees (S)Weths () Whies (S) Whing (S)]

+ Ush1 (S)[Wihee1 (S)W etha ()W etes (S)Wnees (S) Wiheno ()

+Wctcl (S)WctCZ (5) Whtc3 (S)Wcths (5) Whtcs (5) Whth9 (S)]

+ Ucn1 (5)[Whan1 (S)W ctha (S)W ctes (S)W hece (S)Wheno ()

+ Wecha ($)Wetes (S)Whies (S)Whino (S) + Wegn1 (S)Wete2 (S)Whies ()W eths (S)Whees () Wheno (5)]

+ Uth2 (S)Weth2 (S)Wihee3 (S)W cths () Whees (S) Wheng (S)

+ Uch2(S)Whee3 (S )W etns (S)Whiece (S)Wiehg (S) + Utn3 (S)Wnen3 (S)W eens (S)Whees (S) Whino (S)

+ Ucn3z ($)[Whan3 ()W ctns (S)Whies (S)Whena (S) + Wehs (S)Whees (S)Wneho ()]

+ Ucea(5)[Weaes (S)Weeo (S)Weno (S)

+WeGea($)W eres (S)W heee (S)Wheho (S) + Wices () Whtno (5)]

+ Urca(S)Wetca (S)Wetes (S) Wi (S)Wieno (S) + Uthe () Whens (S)Weno (S)

+ Ucns (S)[Whche (S)Wheha (S) + Wigha (S)] + Ucca (S)Wigea (S) + Ui (S)Wieeo (S)

Ucn1 () x When7(S) + When1 (S)Whina (S)When7 (S) + Whena (S)When7 (5)]

FUcc1(S) X Wiget () Wieha (S)When7 (S) 4 Ute1 () X Wieet (S)Wieha (S)Wien7 (S)

FUeh1(S) X Whient (S)Wiena (S)Whenz () + Utca(s) X Wheea (S)Whin7 (S)

+UCC4( ) X Wth4(s)Whth7 (S) +Ugez (S) X Wth7 (S) + Utc7(s) X Whiey (S)

UGc7 (5) cGc7 (5) + Utc7( )Wctc7 (5)

+Uon1 () [Weon7(S) + Whont (S)Wheha (S)Ween7 (S) + Wigna ()W ez ()]

+Ucca(S)Whcea(S)Ween7(S) + Utca () Whica ()W een7 ()

+Uce1 ($)Wheet (S)Whina (S)Wenz (S) + Uret (S)Weet (S)Wena ()W ean7 (S)

+Uth1 ()W nen1 ()W itha (S)Weth7 (S)

U1 (S)[W cha (S)Wetes (S)Wetes (S) + Wihon1 (S)Wetha (S)Wetes (S)Wetes (S)

JrWcGhl( )WCtCZ( )Wh[c3 (S)WcthS (S)W(_‘[CG (S)]

+Uce1 (5)[Wige1 (S)W etha ()W etes (S)Wetes (S) + Whioea ()W eens (S)Weres ()

+WCGCZ( )Whtc3( )Wcths (S)Wctcs (5) + Wchl (5) WCtCZ (S)Whtc3 (S) Wcth5 (S)WC[CG (5)]

+Utcl (S)[Whtcl Cth4 (S)WC[‘CS (S) Wcth (5) + Wctc] (S)WctCZ (5) WhtcB( ) cth5 (S)Wctcs (5)]

JrUthl (S)[Whthl( )Wcth4(s)wct55(S)Wctcfi(s) + Wctcl (S)Wctcz(s)whtd( ) cthS( ) cth( )]
) S
)

—~
—~

— —

+Uth2 (S cch( )WhtC3( )WcthS (S)WC[CG (S) + UGhZ (S)WCGhZ (S)Whtc3( )WcthS( ) thG( )
U3 (S)Whin3 ()W cens () Weres (5)

+Ucn3 (8)[Weans (S)Wetes () + Whans ()W ehs (S)Weres ()]

+Uces (s)[WCCL‘G (S) + WCCL‘5( )Wctcﬁ( ) + Weeea (S) Wetes (S)WCt66 (S)]

FUtca (S)Wetea (S)Weres (S)Wereo (S) + Urhs (S)Werns (S) 4 U (S)W eghs (S)
UGL‘]( )[WCGC3 (S) =+ WCGCZ( )Wctc3 (S) =+ Wchl (S) Wcth (S)Wctc3 (S)]

+UGhl ( ) cGh1l (S) ctCZ( )Wctc3 (S) + Utc1 (S)Wctcl (5) Wcth (S)Wctc3 (5)
+Uth1( ) cthl (S) cth( ) ch3( )+ Uth2( )Wcch(s)Wctc3(s)

FUch2 ()W ean2 (S)Were3 (S) + Upnz (S)Wern3 (S) 4 Ugns ()W ens (S)

Uce1(S) Wiget (S)Wetha (S)Wihees (S)Wethg (S) + Wiges (S)Wiehs ()W crns (S)
+ Weee2 (S)Whies () Wiens (S)Weens () + Weget (S)Werea (S)Whies () Whens (S)W ems (S)]
+ Utcl (S) [Whtcl (S)Wcth4 (S) WhtCS (S)Wcths (5)

+ Wctcl (S)WCtCZ (S)Whtc3 (S)Whths (S) WcthS (5)]

+ U1 (8) When (S)W ctna () Wihees (S)W s (S)

+ Wctcl (S)WCtCZ (S)WhtC3 (S)WhthS( )Wcths (5)]

+ Uch1 (S)[Whon1 (S)Wetna (S)Wees (S)Wens (S) + Weana (S)Wees (S)Wens (S)
+ Weont ($)Wete2 (S)Wiees (S)Wiens (S) W ens (5)]

+ Uh2 ()W etn2 (S)Wnee3 (S)Wnens (S) W eeng (S)

+ Ucn2 (S)W a2 (S)Whees (S) Whens (S)Wemng ()

+ Utz (S)Whtn3 (S)Whens ()W eehs ()

+ Ucnz (8) Wchs (S)Weens () + Wighz (S)Wiens (S)W g () + Weans (5)]

+ Ucea ($) [Whees (S)Werng (S) + Wegea () Whies ()W erng (5)]

+ Utc4(s)WhtCS( ) cth8( ) +Uges (S)WCGL‘s (S) + Ucs (S)WCICS (S)

—

@ o

(continued on next page)
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Yico(s) = Uce1 ($)[Wcet (S)W erna (S)Wetes (S)Wees () Weerno (S)
FWige3 (S)Weths (S)Whiee (S)Wetho () + Weee2 (S)Wiees (S)Wetns (S)Whees (S)Weena (S)
+Wece1 (S)Wetea (S)Whies (S)Weths (S)Whees (S)Werng (S)]
FUec1 ($)[Wheet ()W etha (S)Wetes (S)Wiees (S)Wetno (S)
+Wctc1 (S)WctCZ(s)WhtCEE( )WcthS( )WhtCB( )Wcth9( )]
FUem1 (S)Wen1 (S)W etha (S)Weres (S) Wihees (S) W eho (S)
+Wetn1 (S)Wetea () Whies (S)Weths (S)Whecs (S)Wetno (5)]
+Ucn1 () Whan1 (S)Wetha (S)W etes (S)Weeo (S)Weeno (S)
+Weha($)Wetes (S)Weeo (S)Weeno (S)
+Wean1 (S)Wetez (S)Whees (S)Weths (S) Whees (S) W etho (5)]
FUm2 (S)Wetn2 (S)Wees (S)Wetns (S) W hees (S) Wetho (S)
+Ucn2 (S)W a2 () Whees (S)Weehs () Whiees ()W erng ()
+Uh3 (S)Wnen3 (S)W cens () Wheeo (S)W ctno (S)
+Ucn3 () [Whans (S)Weths () Whics (S)Werno () + Wehs ()W hics ()W erno (5)]
+Ucea (5)[WeGes ()W heeo (S)Wetno (S) + Wegea (S)Weres () Wheeo (S)Wetno (S) + Whaes (S)Wetho ()]
FUtca (S)Wetca (S)Weres (S)Whies (S)Werna (S) + Uthe (S)Wene (S)Werno (S)
+Ucne (5)[Whane (S)Wetna (S) + Wegno ()]
+Ucca (S)WeGea (S) + Utea () Werea ()

Appendix E. The time-domain output responses of the HEN

Yins(s) = 3.5741 x exp(—0.7927 x 107" x t + 1.2954)—

3.5604 x exp(—1.1944 x 107! x t + 1.9520)—

39.6107 x exp(—1.7579 x 10~ x t +2.8728)— x H(t — 16.3423)

1.7996 x exp(—0.3773 x 10~ x t + 0.6166)+

40.999 x exp(—1.7495 x 107! x t + 2.8592) + 0.3974
5015.8010 x exp(—1.7579 x 10~" x t + 1.6730)—
5419.8299 x exp(—1.7495 x 107! x t + 1.6650)—
39.8438 x exp(—1.1944 x 107" x t + 1.1367)+
4428284 x exp(—1.6901 x 10~ x t + 1.5314) + 1.0443

Yols) = B »
2(S) 41976 + 41976 x exp(—1.0676 x 107! x ) x | ~C0s(0.6903 x 10~ >xr) -
—1.5465 x sinh(0.6903 x 10 x ¢

Yino(S) = 126.4833 x exp(—1.7579 x 10" x t + 2.2858)—
125.2047 x exp(—1.7495 x 107" x t +2.2750)+
0.4748 x exp(—2.5192 x 107" x t + 3.2757)+
1.1248 x exp(—0.7927 x 107" x t + 1.0307)—
0.7168 x exp(—0.3773 x 10™" x t + 0.4906)—
2.3244 x exp(—2.1987 x 107" x t + 2.892) + 0.1629

45342170 x exp(—1.7579 x 10" x t + 2.2888)—

184.2623 x exp(—2.5192 x 10" x t + 3.2799)+
+| 4685.6707 x exp(—1.7495 x 10" x t +2.2779)— x H(t — 13.0198)

7.7217 x exp(—0.8280 x 10~" x t + 3.2342)+

40.4091 x exp(—2.1987 x 107" x t + 2.8627) + 0.1212

x H(t — 9.5169)

x H(t — 13.0031)

Yina(s) = 5.9275 x exp(—1.6091 x 10" x t + 2.0382)—
3.2919 x exp(—0.2945 x 107" x ¢ + 0.3731)— x H(t — 12.6666)
4.8742 x exp(—1.7579 x 107" x t + 2.2267) + 2.2386

Yier(s) = 3.074 x exp(—1.6091 x 10~" x t + 1.6091)—
1.7074 x exp(—0.2945 x 10" x t + 0.2945)— x H(t — 10.)

2.5280 x exp(—1.7579 x 107 x t+ 1.7579) + 1.1611
Yieo(S) =
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18.3049 x exp(—1.7579 x 107! x t 4+ 2.0262)—
18.3187 x exp(—1.7495 x 10! x t + 2.0166)—

0.2918 x exp(~0.3773 x 107! x t + 0.4348)+

x H(t —11.5262)

0.3691 x exp(—0.7927 x 10" x t +0.9137)—
0.1416 x exp(—2.1987 x 10! x t + 2.5343) + 0.0780
685.5609 x exp(—1.7495 x 10" x t +2.0195)—

31.8784 x exp(—1.6091 x 107! x t + 1.8574)+
2.4617 x exp(—2.1987 x 107! x t +2.5380)—

x H(t — 11.5429)

656.2022 x exp(—1.7579 x 107" x t + 2.0291) + 0.0580

Yies(s) =

0.3821 x exp(—0.7927 x 107! x t +1.2508)—
0.0518 x exp(—1.7579 x 107" x t + 2.7739)—

x H(t — 15.7796)

0.5613 x exp(—0.3773 x 107" x t + 0.5953) + 0.2310

Yies(s) =

44,9855 x exp(—1.7495 x 107! x t +1.9717)—

3.9066 x exp(—1.1944 x 107! x t + 1.3461)—

43.4619 x exp(—1.7579 x 10" x t +1.9811)+

x H(t — 11.2698)

1.9746 x exp(—0.3773 x 107" x t + 0.4252)—
3.9216 x exp(~0.7927 x 10! x t + 0.8933) + 0.4360
5503.4718 x exp(—1.7579 x 107" x t + 2.0195)—

5946.7832 x exp(—1.7579 x 107! x t +0.7775)+
43.7177 x exp(—1.1944 x 107! x t + 0.5308)—

x H(t — 4.4444)

485.8833 x exp(—1.6091 x 107" x t + 0.7151) + 1.1458

Yieo(s) =

194.4157 x exp(—1.7579 x 107" x t +1.3951)—

192.4503 x exp(—1.7579 x 107! x t + 1.3885)—

0.7298 x exp(—~2.5192 x 10" x t + 1.9993)+
1.7289 x exp(—0.7927 x 10" x t +0.6291)—

x H(t — 7.9365)

1.1017 x exp(—0.3773 x 107" x t + 0.2994)—

3.5728 x exp(—2.1987 x 107! x t + 1.7450) + 0.2505
62.1122 x exp(—2.1987 x 107" x t + 1.7487)—
6969.4776 x exp(—1.7579 x 107! x t +1.3981)+

+| 283.2269 x exp(—1.6091 x 107" x t 4+ 1.2798)—

x H(t — 7.9532)

7202.2749 x exp(—1.7579 x 107" x t +1.3914)—
11.8690 x exp(—2.5192 x 107! x t + 2.0035) + 0.1863

Note: H(t) is the Heaviside function, where

0, t<0O

Ho={y (2o

Appendix F. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/].ijheatmasstransfer.
2018.05.041.
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