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ABSTRACT

With the energy problem becoming increasingly severe, industrial energy efficiency issues need to be
solved urgently. The tube and shell heat exchanger, as the most widely used device for energy recovery
and utilisation, its optimal design has become a significantly important research topic. Optimal design
solves the tediousness of traditional design and can easily and accurately give the desired design results.
Several industrial heat duty targets and pressure drop limitations for the design of shell-and-tube heat
exchangers, such as high heat transfer efficiency, large temperature correction coefficient, and high
capacity, cannot be met by single-shell units and require series or parallel arrangements. This paper uses
Set Trimming to optimize the design of double shell and tube heat exchangers, assuming the possibility
of series, parallel, or series-parallel arrangements. Minimum heat transfer area and minimum total
annualized cost are used as objective functions to optimize the design of a single or double-shell heat
exchanger that better meets the objectives.
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1. Introduction

Economic development cannot be separated from industrial
construction, and with the double-carbon goal, the problem of
industrial energy saving needs to be solved [1—3]. Heat exchanger
is a kind of heat transfer equipment, which is a key device for
energy recovery and utilisation in factories [4]. The shell and tube
heat exchanger is one of the most widely used heat exchangers in
industrial production, which is very easy to fabricate and operate,
and therefore it is used in petrochemical, power stations, ships,
and other industries [5—8]. Traditional heat exchanger design re-
quires guessing the heat exchanger parameters and then verifying
them using a large number of 23 enumeration algorithms to
determine the feasibility of the results [9—11]. This method re-
quires experienced engineers to intervene and work for a long
time, which is not only time-consuming and labour-intensive, but
also often results in less than optimal results, so it is particularly
important to optimize the design of heat exchangers and quickly
seek optimal solutions.

There are many studies on the automatic design of heat ex-
changers, Han et al. [12] proposed an improved sparrow search
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algorithm for multi-objective optimal design of heat exchangers.
Wang et al. [13] used a multi-objective optimisation method for
numerical study of spiral coil heat exchangers. The heat transfer
enhancement and flow characteristics were analysed by using
sensitivity analysis. Goncalves et al. [14] used mixed integer linear
programming method for optimal design of heat exchangers and
achieved the global optimum. Foruzan Nia et al. [15] used a
simulated annealing algorithm for the bi-objective optimal design
of the heat exchanger. It has also been found that lower pressure
drops can be achieved by placing the heat exchanger tube near the
insulating wall. Khoshbadollahi et al. [16] used particle swarm
algorithm for optimal design of plate-fin heat exchanger for waste
heat recovery and proved that the return method affects the total
annual cost and heat transfer efficiency. Pawar et al. [17] conducted
experiments on the heat transfer characteristics of spiral coil heat
exchangers using CFD simulations to find out the relevance of the
Nussle number friction factor.

All these studies were conducted with a single-shell heat
exchanger as an object for a small flow strand, aiming to prove the
feasibility of automatic design. In industrial production, heat ex-
changers not only need to meet the design requirements in a single
scenario, but also need to consider their applications in multiple
scenarios. For the scenarios with high heat transfer efficiency and
large processing capacity, a more suitable heat exchanger needs to
be selected to meet the heat transfer requirements. Single-shell
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heat exchanger due to its shell being less, needs to increase the
number of tubes to improve heat transfer efficiency, and
increasing the number of tubes will lead to the heat exchanger
temperature correction coefficient being smaller, the heat
exchanger can not work properly. In addition, the heat exchanger
for heat transfer can handle the flow is limited, and in the face of
the large processing capacity of a single heat exchanger used
independently is difficult to meet the production requirements.

In the face of the small Ft value of the single-shell heat
exchanger with multiple pipe strokes, present studies have been
suggested that it can use the double-shell heat exchanger with Ft
close to 1, which can realise the heat exchange of the cold and hot
flow media under countercurrent conditions, which not only sol-
ves the problem of small Ft value of the single-shell heat
exchanger, but also improves the heat exchange efficiency. At
present, most of the research on the design of double-shell heat
exchanger is to optimize its structure, such as joining the folding
plate on the shell side [18,19], designing the shell as a multi-layer
spiral coil structure [20], using continuous spiral baffle [21—-24],
adding casing on the heat exchanger [21], designing a closed
double-shell structure [25], through which the heat exchange ef-
ficiency and energy utilisation can be improved in a higher degree.
Heat transfer efficiency and improve energy utilisation.

In the face of high capacity, a single heat exchanger cannot
work properly and needs to be designed in series or parallel with
the aim of spreading the temperature or flow rate to achieve the
heat transfer demand. Currently, the design of heat exchangers in
series or parallel is based on a given series-parallel arrangement,
and simulations [26,27] or experiments [28,29] are conducted to
verify that a certain arrangement has a better heat transfer effi-
ciency or overall performance.

However, in the above studies for double-shell heat exchanger,
apart from structural optimisation, there is little research on the
optimal design of the double-shell heat exchanger itself. Besides,
the above research can give a better solution in series and parallel
under certain conditions, they are all artificially set series and
parallel, and the automatic series and parallel design of heat ex-
changers has not been addressed.

To better solve the above problems, the following contributions
are made in this paper: in this paper, Set Trimming is applied to the
design of a double-shell heat exchanger. Set Trimming was origi-
nally proposed by Gut and Pinto [30] for the specific case of plate
heat exchanger design. Costa and Bagajewicz [31] refined its
concept by extending it to any optimisation problem with discrete
independent variables. Lemos et al. [28] developed the algorithm,
used inequality constraint order to eliminate the infeasibility to
obtain the heat exchanger design variables, with the objective of
minimizing the heat exchange area, which significantly improved
the computational efficiency. The algorithm uses a set of inequality
constraints to generate a smaller subset by sequentially pruning it
step by step until an optimal solution is found, which is not only fast
and convenient, but also ensures the global optimality since it only
eliminates infeasible options in the process, and finally, it is to select
the best solution among all feasible candidates. Fig. 1 shows the
procedure of Set Trimming. For the heat exchanger, the ratio range
of shell diameter to tube length and the ratio range of shell diameter
to plate spacing are first trimmed, and heat exchangers that do not
satisfy the ratio range are eliminated. Then, the flow rate, Reynolds
number, and pressure drop of the tube and shell processes are
trimmed in that order. Finally, the heat transfer area is trimmed to
select the heat exchanger that best meets the objective function.

In addition, this paper also proposes a new method of auto-
matic design of heat exchanger series-parallel arrangement by the
program. With the given parameters of the heat exchanger logis-
tics, the flow rate, and temperature, the program automatically
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Fig. 1. The procedure of set trimming.

determines whether it is necessary to carry out the series-parallel
connection and the case of series-parallel connection. Finally, give
the heat exchanger arrangement, heat exchanger number, and the
optimisation results. To a certain extent, this method not only
reduces the design time but also eliminates the tedium caused by
manual design. In addition, this method gives the optimal heat
exchanger arrangement with a high degree of accuracy. The pro-
cess of automatic series-parallel design is shown in the following.
The process of automatic series-parallel design is shown in Fig. 2.
Firstly, the program inputs the given logistic parameters, design
parameters, and inlet and outlet temperatures. Then the heat
exchanger design is carried out according to the input parameters,
and the heat exchanger is screened in the face of the pressure drop
constraints. If the pressure drop constraints can be met, the heat
exchanger that best meets the objective function is obtained
directly. If the pressure drop constraints cannot be met, then a split
flow (series-parallel) design is required. The flow rate and inlet and
outlet temperatures are reset, and the heat exchanger is designed
based on the new parameters and compared to the pressure drop
constraints. If the pressure drop constraints can be met, the pa-
rameters of the heat exchanger series-parallel and individual heat
exchangers are obtained, and if the constraints still cannot be met,
the above steps are repeated until the constraints are met to obtain
the optimal heat exchanger arrangement and heat exchanger
design.

What's more, this paper also establishes a complete set of
mathematical models of the double-shell heat exchanger, which
can better optimize the design of the double-shell heat exchanger.

2. Heat Exchanger Model and Inequality Constraints

Without loss of generality, the shell of heat exchanger has the
following assumptions in this paper. This paper uses a fixed-tube-
sheet heat exchanger without phase change. The physical pa-
rameters of the hot and cold streams are considered to be constant
during the heat transfer process, and these parameters are rep-
resented with the symbol “"”.
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Fig. 2. Flow chart for automatic series-parallel design.

In this paper, based on the single-shell heat exchanger model
proposed in the Ref. [14], the detailed calculation model, total heat
transfer coefficient model, and heat duty model of the double-
shell heat exchanger are extended. The two models have a high
degree of consistency in theoretical basis and calculation logic. The
single-shell heat exchanger model used in the paper is consistent
with the model in the Ref. [14], and the double-shell heat
exchanger model is as follows. This model has been validated in
Aspen EDR with accuracy. The structure of single-shell heat
exchanger and double-shell heat exchanger is shown in Fig. 3.

2.1. Double-shell heat exchanger model

2.1.1. Calculation methods

The optimal design of the heat exchanger is calculated for each
parameter of fluid dynamics and thermodynamics in the following
order.

The baffle spacing is calculated as:

L
lhe=x— 1
bc % 1 ( )
where L is the tube length and Ny, is the number of baffles.
The free area ratio is calculated as:
1
FAR=1-— (2)
p

where 1} is the ratio between the outer diameter of the tube and
the pitch of the tube.

The shell flow area is calculated as:

Ar:% FAR- Iy, 3)

where D is the shell diameter, FAR is the free area ratio and I, is
the baffle spacing.
The shell flow velocity is calculated as:
ms
=— 4
Us by Ar (4)

where m;s is the shell mass flow rate, p, is the shell fluid density,
and Ar is the shell flow area.
The tube pitch is calculated as:

Itp = Tp d[e (5)

where d¢ is the outer tube diameter.
The total number of tubes is calculated as:

T DS2 ) (6)

Nt = round <2,-\

4 lip” lay Frc Fsc
where Ds is the shell diameter, lp is the tube pitch, L,y is the tube
bundle layout parameter, take 0.866 when it is a triangular
layout, and take 1 when it is a square layout. Frc is the tube
bundle correction coefficient, which is related to the selection of
the number of tubes and the shell diameter, and the value is
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Fig. 3. Heat exchanger structural diagram.

shown in Table 1. Fsc is the heat exchanger structure coefficient,
which is related to the heat exchanger header type, and in this
paper, we choose the fixed tube and plate header type, and the
value offsz is 1.0.
The number of tubes passing through each stream is calculated
as:
N
th = % (7)
Npt

where Ny is the total number of tubes and ﬁ; is the number of
tube passes.
The pipe flow rate is calculated as:

4 my

=
Nip 7 py dyi

(8)

vt

where m; is the tube mass flow rate, p; is the tube fluid density,
and dy; is the inlet tube diameter.
The equivalent diameter is calculated as:

4 Iy?
T dte

— dte (Square Layout) (9)

2
’757 — dte (Triangular Layout) (10)
e
The shell Reynolds number is calculated as:

Reg — Dea Vs s (11)

Hs

where Deq is the equivalent diameter, vs is the shell flow rate, and
1 is the shell fluid viscosity.
The tube Reynolds number is calculated as:

Table 1
Values of tube bundle correction coefficient.
th F TC
1 1.08
2 1.11
4,6 Ds < 0.635m, 1.45

Ds>0.635m, 1.18

Reg = i vt e (12)
He

where vs is the tube flow velocity and g is the tube fluid viscosity.
The tube friction coefficient is calculated as:

1.056
fi=0014+ 70 (13)
t

where Re; is the tube Reynolds number.
The allowable pressure drop across the tube is calculated as:

APc fi Not Lui® | K Npg g
P8  28dy 2g

(14)

where f; is the tube friction coefficient, g is the gravitational

acceleration, and K is the pressure drop parameter, which is taken
as 1.6.
The shell friction coefficient is calculated as:

fs=1.728 Res 0188 (15)

where Res is the shell Reynolds number.
The allowable pressure drop across the shell is calculated as:

APs . Ds(Ny +1) (u52>
o = fe 2 2 16
B fs Deq 2% (16)

where f; is the shell friction coefficient.
The shell Prandtl number is calculated as:

—

pry =zl (17)
ks

where Cps is the shell fluid heat capacity and ks is the shell thermal
conductivity.
The shell Nussle number is calculated as:

1
Nug = 0.36 Re2>> Pry’ (18)

where ﬁr\s is the shell Prandtl number.
The shell heat transfer coefficient is calculated as:

_Nus E
h="p (19)

where Nug is the shell Nussel number.
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The tube Prandtl number is calculated as:

pr = e (20)
k

where CApt is the tube fluid heat capacity and ke is the tube thermal
conductivity.
The tube Nussell number is calculated as:

Nug =0.023 ReD8Pr, (21)

where PArt is the tube Prandtl number, n is 0.3 when the fluid is
cooled and 0.4 when the fluid is heated.
The tube heat transfer coefficient is calculated as:

ht:NUt k[ (22)
d
where Nug is the tube Nussell number.
2.1.2. Calculation of total heat transfer coefficient
The total heat transfer coefficient is calculated as:
U— 1 (23)

—~ dee ln( n)
de + th dee + + RfS + h

ti Tt ti 2 ktube

where ht, hg are tube and shell heat transfer coefficients, ﬁft is the
tube fouling coefficient, kzge is the tube variable heat transfer

coefficient, and ﬁfs is the shell fouling coefficient.

2.1.3. Calculation of heat duty
The heat duty is calculated as:

Q = Cp My AT (24)
where Kﬁ is the temperature difference between the inlet and

outlet of the tube flow stream.
The logarithmic mean temperature difference is calculated as:

(Tos = Teo) = (Too = Tci)

ln (Th.i_Tc.o)
Th.o —Tei

where T/h\o is the hot outlet temperature, ﬂ: is the hot inlet

ATy, = (25)

temperature, Teo is the cold outlet temperature, and fc\l is the cold
inlet temperature.
The correction coefficient for LMTD is calculated [29] as:

(R#1) (26)

<)
)

/‘\/\
>”
\_/\_/ >a>
f>
IS
7 s
TH
IR

2=

¥
x )z L

t
= )z L

5
I
LR
C/

2=

Fova P L (R=1) (27)
N-NP [235
In | <2~—
(N—/I\i P)_ 1

A vz

where N is the shell number and is taken as 2 in this paper.
The correlation coefficient in LMTD is calculated as:

R="2L ho (28)
TC-,O - TCl

 Teo—To:

p=—=2 < (29)
Thi — Tej

2.14. Calculation of heat transfer area
The required area is calculated as:

Q)

Areq == (30)
U ATy, F

where Q is the heat duty, U is the total heat transfer coefficient,

AT, is the logarithmic mean temperature difference, and F is the
correction coefficient.
The heat transfer area is calculated as:

A:Ntt’ndteL (31)

2.2. Constraints [28]

The constraints on the tube length and shell diameter are
calculated as:

L>3 D (32)

L < 15Dy (33)
The constraints on the baffle spacing are calculated as:

lhe > 0.2 D; (34)

lhe < 1.0 Ds (35)
The constraints on the flow velocity are calculated as:

Vs > Vs min (36)

vs < Vs max (37)

Ve > Vemin (38)

vt < Vomax (39)

The constraint on the Reynolds number is calculated as:

Res >2 x 103 (40)

Re: > 104 (41)

In the process design, the allowable pressure drop is imposed
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Table 2
Design data.
Example 1 2 3 4
Service Crude oil cooler Crude oil cooler Methanol heater Sucrose solution heater
Stream allocation Tube Shell Tube Shell Tube Shell Tube Shell
Fluid Cooling water Crude oil Cooling water Crude oil Hot water Methanol Hot water Sucrose
Tube fluid Cold Cold Hot Hot
Mass flow rate, m/kg-s~! 228.8 110 130.0 50.0 40 1333 40 1333
Inlet temperature, T/°C 30 90 30 100 220 30 220 30
Outlet temperature, T/°C 40 50 40 50 1102 80 80.8 80
Density, p/kg-m~> 995 786 995 786 888 750 888 1080
Viscosity, i/mPa-s 0.72 1.89 0.72 1.89 0.15 0.34 0.15 1.30
Heat capacity, /c;/j<kg’1 K! 4187 2177 4187 2177 4312 2840 4312 3601
Thermal conductivity, k/W-m~1-K~" 0.59 0.12 0.59 0.12 0.7 0.19 0.70 0.58
Fouling factor, Ry /m?-K-W ! 0.0004 0.0002 0.0003 0.0002 0.0001 0.0001 0.0001 0.0001
Allowable pressure drop, AP/kPa 100 100 50 100 70 70 100 100
Flow velocity bounds/m-s~" [0.5,2] [0.5,2] [0.5,2] [0.5,2] [0.5,2] [1,3] [0.5,2] [1,3]
based on the pressure distribution of the device. The relevant N .
constraints are calculated as: — i1+
af = ¥ (46)

AP < APg max (42)
AP; < APy max (43)

The constraint between heat transfer area and excess area is
calculated as:

A> (1 +Aexc) Areq (44)

2.3. Objective function
The two main objective functions optimized in this paper are:

(1) Min A (minimum heat transfer area); (2) Min TAC (mini-
mum total annualized cost).

In this case, the heat transfer area is calculated as Eq. (31), and
the total annual cost [32] is calculated as Eq. (45):

ms APS n me Apt) (45)

TAC:E)\‘(&AO‘S) +EACHEr( s 2 >

ps pen
where & is the annual interest rate, which is calculated as shown
in Eq. (46). a is the cost parameter of the heat exchanger, which is
taken as 20 [33]; EC is the electricity costs, which is taken as 0.12
USD-kW-h~; Hour is the annual running time, which is taken as
8000 h-a~!; and 7 is the motor efficiency, which is taken as 75%.

Table 3
Standard values of the discrete design variables.

(1+1) -1

where 7 is the rate of deprecation, taken as 10%, and 71, is the cost
recovery period, taken as 5 years.

3. Single-shell and Double-shell Heat Exchanger Case Study

In this paper, an excess area /T;c of 11%, a tube wall thickness of

1.65 mm and a wall thermal conductivity k;;e of 50 W-m~1-K!
are considered for optimisation. The programmes of the research
are run in GAMS 24.2.3 and MATLAB R2023a.

Table 2 shows the flow parameters for cold and hot streams,
inlet and outlet temperatures, the maximum permissible pressure
drop and the range of flow rates. Table 3 shows the standard values
of the discrete design variable and the data is taken from the Ref.
[14]. The double-shell heat exchanger designed in this research is a
double-shell and four-tube heat exchanger.

3.1. Min A

To find out the design with smaller area in each group of cases,
the single-shell heat exchanger and double-shell heat exchanger
were optimized with the design objective of minimizing the heat
transfer area. The design solutions are shown in Table 4 and the
optimisation results are shown in Table 5 and Fig. 4. The complete
design solutions and optimisation results are shown in the
Appendix.

According to the design, it is found that under the same con-
ditions, the temperature difference correction coefficient of single-
shell heat exchanger is smaller than that of double-shell heat

Variable

Values

Outer tube diameter, die/m
Tube length, L/m

Number of tube passes, Npt
Tube pitch ratio, tp

Tube layout, lay

Number of baffles, Ny,

Shell diameter, Ds/m

0.019, 0.025, 0.032, 0.038, 0.051

1.220, 1.829, 2.439, 3.049, 3.659, 4.877, 6.098

1,2,4,6

1.25,1.33,1.50

1 = Square, 2 = Triangular

1,2,3,...,20

0.787, 0.838, 0.889, 0.940, 0.991, 1.067, 1.143, 1.219, 1.372, 1.524
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Table 4

Design solutions for Min A.
Example 1 2 3 4
Heat exchanger type Single Single Double Double
Outer tube diameter, die/m 0.019 0.019 0.032 0.019
Tube length, L/m 6.098 6.098 3.049 4.877

Tube pitch ratio, 1 1.25 1.25 1.33 1.50

transfer efficiency is also better. When the temperature difference
between the inlet temperatures of the two streams is large
(example 3 and example 4), the temperature difference correction
coefficient of the double-shell heat exchanger is almost close to 1,
and the number of tubes of the heat exchanger is designed to be
smaller, so its heat transfer area is smaller. It can be concluded that
when the temperature difference is small, the single-shell heat

Tube layout, oy Square  Triangular  Square  Triangular exchanger can meet the heat transfer needs, and the heat transfer
Shell diameter, Ds/m 1.219 0.787 0.787 0.838 . . ) . .
Number of baffles , Ny 10 10 6 10 area requnrgd is also smaller; when the temperature difference is
Number of tube passes, Np; 2 4 4 4 large, the single-shell process heat exchanger can not meet the

Table 5

Optimisation results for Min A.
Example 1 2 3 4
Area/m? 678.5 326.5 69.9 1933
Temperature correction coefficient, F 0.931 0.929 0.980 0.961
Total number of tubes, Nt 1864 897 228 664
Baffle spacing, I,./m 0.55 0.55 0.76 0.82
Tube pitch, lgp/m 0.024 0.024 0.043 0.029
Shell-side flow velocity, vs/m-s~! 1.04 0.73 2.39 1.09
Tube-side flow velocity, v¢/m-s~" 1.27 1.51 1.22 1.40
Shell-side heat transfer coefficient, hs/W-m~2-K~! 1053.39 1001.53 2489.05 3943.95
Tube-side heat transfer coefficient, ht/W-m’z-K’] 5934.83 6778.30 9825.24 12374.4
Overall heat transfer coefficient, U/W-m~2-K~! 533.75 562.96 1313.08 1643.07
Shell-side pressure drop, APs/Pa 95659 47638 50692 53798
Tube-side pressure drop, AP;/Pa 20409 27602 9920 28894

exchanger. However, when the temperature difference between
the inlet temperatures of the two streams is small (example 1 and
example 2), the difference between the temperature difference
correction coefficient of the two heat exchangers is not significant,
and the tube diameter of the single-shell heat exchanger is
designed to be smaller, so its heat transfer area is smaller. The heat

demand for heat transfer, it is necessary to use the double-shell
process heat exchanger to achieve better heat transfer capacity.

In this paper, the design results of this research are compared
with the literature [14], and the comparison results are shown in
Table 6 and Fig. 5.

1933 < r : Selected heat exchanger
Example 4
209.0

699 w
Example 3 Double

71.5 Single

3353
Example 2
326.5 ) ¢
6842
Example |
6785 W
1 L L L " ; )
50.0 150.0 250.0 350.0 450.0 550.0 650.0 750.0
Area/m?

Fig. 4. Comparison chart of area optimisation results.
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Table 6
Comparison of flow rate and area results from literature and research.
Example 1 Example 2 Example 3 Example 4
Literature shell flow velocity bounds/m-s~! [1,3] [1,3] [1,3] [1,3]
Literature area/m? 624 319 144 207
Research shell flow velocity bounds/m-s~! [0.5,2] [0.5,2] [1,3] [1,3]
Research area/m? 678.5 326.5 69.9 193.3

Comparing this research with the literature, it is found that
the optimisation results are better than the literature results
when the design results are for double-shell heat exchanger.
However, the optimisation results of the research are not as
good as the literature when the design results are single-shell
heat exchanger. This is because in the optimisation of this
research, the shell fluid in example 1 and example 2 is crude oil,
based on their properties such as viscosity and to ensure the
operational safety of the double-shell heat exchanger, this
research reduces the range of flow rates and hence the results
from the literature are better. In examples 3 and 4, the viscosity
of the shell fluid is lower, and it enables the safe operation of the
double-shell heat exchanger, so there is no need to reduce the
flow rate range. Under the same conditions, it can be seen that
the methodology of this research can optimize the design of the
heat exchanger reasonably effectively and obtain the optimal
solution.

For this design, the purpose is to use the double-shell heat
exchanger with better heat transfer efficiency to replace the
single-shell heat exchanger, and from examples 1 and 2, it can be
clearly seen that the single-shell heat exchanger heat transfer
efficiency is better. This is mainly due to the fact that the
allowable pressure drop is too small. As the number of shell in-
creases, the pressure drop of the double-shell heat exchanger
also needs to be larger. Therefore, taking example 1 as an

example, the allowable pressure drop is modified. A sensitivity
analysis of the relationship between the allowable pressure
drop and the heat transfer area was done, and it can be seen from
Fig. 6 that the design of the heat exchanger no longer changes
when the allowable pressure drop ranges from 170 kPa onwards,
so the allowable pressure drop was changed from 100 kPa to
200 kPa for a better comparison of single-shell heat exchanger
and double-shell heat exchanger. The results obtained are shown
in Table 7.

According to Table 7, it can be seen that when the constraints
are relaxed, the optimized double-shell heat exchanger has a
smaller heat transfer area, a larger temperature correction coeffi-
cient, and its total heat transfer coefficient is increased by 10.19%.
Therefore, it is concluded that the use of double-shell heat
exchanger can effectively solve the problem of low heat transfer
efficiency of single-shell heat exchanger.

3.2. Min TAC

To find out the design with lower TAC in each group of
cases, the single-shell heat exchanger and double-shell
heat exchanger were optimized with the design objective of
minimizing TAC. The design solutions are shown in Table 8 and
the optimisation results are shown in Table 9 and Fig. 7. The

M Research area

193.3
Example 4 M Literature area
207
69.9
Example 3
144
Example 2
678.5
Example 1
1 L i 1 1 L L
0 100 200 300 400 500 600 700 800

Area/m?

Fig. 5. Area comparison of literature and research.
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Table 7

Optimisation results for Min A after correcting the pressure drop.

complete design solutions and optimisation results are shown in
the Appendix.

From example 1, it is known that the single-shell heat

Optimisation results Example 1 . .. . . .
P _ i exchanger is better optimized when the inlet flow rate is higher.
Single Double This is due to the higher number of tubes in the double-shell heat
Area/m? 678.5 567.3 exchanger, the higher tube flow rate, its tube pressure drop in-
Temperature correction coefﬁc'ient,F o 0.931 0.984 creases substantially and the cost is higher. However, it can be
Shell-side heat transfer coefficient, hs/W-m™>. K" 105339 1193.32 seen from examples 2 to 4 that when the inlet flow rate is lower,
Tube-side heat transfer coefficient, hi/W-m “-K 5934.83 6936.44 . .
Overall heat transfer coefficient, U/W-m~2.K~! 533.75 588.13 the number of shells in the QOuI_)le—shell heat e;;cha_nger increases
and the shell pressure drop is dispersed, resulting in a lower shell
Table 8 pressure drop and its TAC is lower. It can be seen that the TAC is
Design solutions for Min TAC. not only related to the structure of the heat exchanger (number of
Examole ] 5 3 7 shells), but also has a certain connection with its inlet flow rate.
P When double-shell heat exchanger is in the face of lower inlet
geat e’“l;‘a‘(‘fer type . g‘g%ﬁ g‘(’)‘;‘;‘e OD%‘;';IE OD‘(’)‘;';IE flow, the flow distribution of the tube and shell is more even and
Tl‘;;irlé?lgfh 'L&‘/Tneter' e/m 6008 6008 3659 4870 can effectively reduce the cost of pressure drop; but in the face of
Tube pitch ratio, r, 125 125 1.50 133 higher inlgt flow, the structure .of the .double—shell heat
Tube layout, Ly Triangular ~ Triangular ~ Square  Square exchanger is more cumbersome, and its handling of the tube flow
Shell diameter, Ds/m 1.219 1.067 1.143 0.991 strand is not as good as a single-shell process, so the cost is
Number of baffles, Ny, 5 14 6 8 higher.
Number of tube passes, Npt 1 4 4 4
Table 9
Optimisation results for Min TAC.
Example 1 2 3 4
Cost TAC/USD 6261 3343 2258 7407
Area/m? 805.1 460.5 1171 226.4
Total number of tubes, N 2212 791 268 591
Baffle spacing, I,./m 1.02 0.81 0.92 0.98
Tube pitch, lp/m 0.024 0.047 0.057 0.033
Shell-side flow velocity, vs/m-s 0.57 0.51 1.02 1.03
Tube-side flow velocity, v¢/m-s 0.54 0.70 0.71 0.82
Shell-side pressure drop, APs/Pa 25344 21457 8005 41426
Tube-side pressure drop, AP;/Pa 2062 5278 3438 7949
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Table 10
Design data.
Service Sucrose solution heater
Stream allocation Tube Tube
Fluid Hot water Hot water
Tube fluid Hot
Mass flow rate, fi/kg-s ™! 1500 4998.75
Inlet temperature, T/°C 220 30
Outlet temperature, T/°C 80.8 80
Density, p/kg-m~3 888 1080
Viscosity, i/mPa-s 0.15 1.30
Heat capacity, ¢p/J-kg~'-K™! 4312 3601
Thermal conductivity, k/W-m~1-K~! 0.70 0.58
Fouling factor, Rf/m2-K-W " 0.0001 0.0001
Allowable pressure drop, AP/kPa 100 100
Flow velocity bounds/m-s~! [0.5,2] [1,3]

Table 11

Optimisation results for automatic series-parallel connection.

4. Automatic Series-Parallel Design

Table 10 shows the flow parameters for cold and hot streams,
inlet and outlet temperatures, the maximum permissible pressure
drop and the range of flow rates. The design variables are kept
consistent with Table 3. To minimise the TAC as the design
objective of the single-shell heat exchanger and double-shell heat
exchanger series-parallel automatic optimisation design, the
optimisation results are shown in Table 11. The complete design
solutions and optimisation results are shown in the Appendix.

According to the above table, it can be seen that when the inlet
flow rate is very large, the heat exchanger can not meet the de-
mand for heat transfer independently. After the series-parallel
design, it can be seen that both single-shell heat exchanger and
double-shell heat exchanger are designed to be arranged in par-
allel. Because of the large inlet flow and high heat load, when a
series arrangement is used, the TAC is higher and economic effi-
ciency is lower. What's more, the number of heat exchangers in
series is larger, and when heat exchanges are performed, the
temperature difference between the cold and hot flow strands of
the intermediate heat exchangers is too small to satisfy the

Heat exchanger arrangement

Independent arrangement

Series-Parallel arrangement

Heat exchanger type

Heat exchanger arrangement
Number of heat exchangers
Cost TAC/USD

Area/m?

Shell-side pressure drop, APs/Pa
Tube-side pressure drop, AP¢/Pa

Single

Double Single Double
— Parallel Parallel
— 8 16

— 601184 205040
— 1081.8 492.8
- 97673 26538
— 5197 16544
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demand for mutual heat exchange. The current industrial pro-
duction is also the majority of the parallel arrangement. The
method can quickly and accurately give the series-parallel scheme
after the given flow rate and flow parameters, and can find out the
lower TAC arrangement. From the above table, it can be seen that
the TAC is reduced by 65.90% for parallel connection of double-
shell heat exchanger at this flow rate. This is mainly due to the
fact that with the increasing number of double-shell heat ex-
changers, the flow is spread out considerably, and the cost of each
heat exchanger is reduced considerably. So, its total TAC is lower.

5. Conclusions

In this paper, Set Trimming has been used to optimize the
design of single-shell heat exchanger and double-shell heat
exchanger. With minimizing the heat exchange area and mini-
mizing the TAC as the heat exchange objective can solve the
problem of the small temperature difference correction coefficient
and the high capacity. Facing these two conditions, the following
conclusions can be drawn from the optimized design:

Under the premise of independent arrangement of heat ex-
changers, when the temperature difference between the inlet and
outlet of the logistics is large, the use of double-shell heat
exchanger can get a smaller heat exchange area. When the tem-
perature difference between the inlet and outlet of the logistics is
small, the use of single-shell heat exchanger can get a smaller heat
exchange area. When the inlet flow rate is small, the use of double-
shell heat exchanger TAC is smaller. When the inlet flow rate is
large, the use of single-shell heat exchanger TAC is smaller.

In the face of high capacity and large inlet flow rate of logistics,
this paper designs a new method for automatic series-parallel
design. With the given logistics, this paper gives a design solution
with optimisation results for the smallest TAC. It is found that the
parallel arrangement of heat exchangers can solve the heat ex-
change problem better, and the cost of double-shell heat exchanger
is reduced by 65.90% compared with single-shell heat exchanger.
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Nomenclature
A heat transfer area, m?
Aexc excess area, %

Ar shell flow area, m?

2

Areq required area, m
3 annual interest rate, %
G heat capacity, J-(kg-K)~!

Deq equivalent diameter, m

Dg shell diameter, m

dee outer tube diameter, m

di inlet tube diameter, m

EC electricity costs, USD-kW-h~!

F correction coefficient for LMTD method

FAR free area ratio

1?5\c structure coefficient

Frc tube bundle correction coefficient

f friction factor

g gravitational acceleration, g-s—2

Hour annual running time, h-a™"

h heat transfer coefficient, W-(m?-K)~!

i rate of deprecation, %

K pressure drop parameters

k thermal conductivity, W-(m-K)~!

L tube length, m

lay layout

lpe baffle spacing, m

lip tube pitch, m

m mass flow rate, kg-s~!

N shell number

Ny number of baffles

Npt number of tube passes

Np¢ number of tubes per pass

Nt total number of tubes

Nu Nusselt number

n cost recovery period year

p parameter used to calculate the correction
coefficient

pr Prandtl number

AP pressure drop, Pa

Q heat duty, W

R parameter used to calculate the correction coefficient

Re Reynolds number

Re fouling factor, m?-K-W~!

p tube pitch ratio

T temperature, °C

TAC total annualized cost, USD-a ™!

AT inlet and outlet temperature difference, °C

A/T;n logarithmic mean temperature difference, °C

U overall heat transfer coefficient, W-(m?-K)~!

v flow velocity, m-s~!

a cost parameter

il motor efficiency, %

m viscosity, Pa-s

7 density, kg-m—3

Subscript

i inlet

max maximum value

min minimum value

0 outlet

S tube-side

t shell-side

tube heat exchanger tube variable

y year

Superscript

n heat and cold flow parameters
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Appendix

Table A1

Design solutions for Min A

Example 1 2 3 4

Heat exchanger type Single Double Single Double Single Double Single Double

Outer tube diameter, die/m 0.019 0.032 0.019 0.032 0.025 0.032 0.019 0.019

Tube length, L/m 6.098 6.098 6.098 6.098 2.439 3.049 3.659 4.877

Tube pitch ratio, rp 1.25 1.25 1.25 1.25 1.33 1.33 1.25 1.50

Tube layout, I,y Square Triangular Triangular Triangular Square Square Triangular Triangular

Shell diameter, Ds/m 1.219 1.524 0.787 1.067 0.787 0.787 0.838 0.838

Number of baffles, N, 10 10 10 14 5 6 4 10
Number of tube passes, Npt 2 4 4 4 4 4 6 4
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Table A2

Optimisation results for Min A
Example 1 2 3 4
Area/m? 678.5 684.2 326.5 3353 71.5 69.9 209.0 193.3
Temperature correction coefficient, F 0.931 0.984 0.929 0.984 0.913 0.980 0.813 0.961
Total number of tubes, Nt 1864 1116 897 547 373 228 957 664
Baffle spacing, I,./m 0.55 1.02 0.55 0.76 0.41 0.76 0.73 0.82
Tube pitch, lgp/m 0.024 0.040 0.024 0.040 0.033 0.043 0.024 0.029
Shell-side flow velocity, vs/m-s~' 1.04 0.90 0.73 0.78 2.24 2.39 1.01 1.09
Tube-side flow velocity, v¢/m-s~" 1.27 1.27 1.51 1.48 1.31 1.22 1.46 1.40
Shell-side heat transfer coefficient, hs/W-m~2-K~! 1053.39 891.35 1001.53 823.34 2684.62 2489.05 5221.46 3943.95
Tube-side heat transfer coefficient, hy/W-m2-K~! 5934.83 5258.83 6778.30 5918.62 10961.9 9825.24 12776.2 123744
Overall heat transfer coefficient, U/W-m~2-K~! 533.75 496.34 562.96 507.03 1373.27 1313.08 1839.90 1643.07
Shell-side pressure drop, APs/Pa 95659 73263 47638 53853 51836 50692 49885 53798
Tube-side pressure drop, AP¢/Pa 20409 22444 27602 29540 11914 9920 37321 28894

Table A3

Design solutions for Min TAC
Example 1 2 3 4
Heat exchanger type Single Double Single Double Single Double Single Double
Outer tube diameter, dee/m 0.019 0.025 0.019 0.032 0.038 0.038 0.025 0.025
Tube length, L/m 6.098 4.877 6.098 6.098 3.659 3.659 4.877 4.877
Tube pitch ratio, 1.25 1.25 1.25 1.25 1.25 1.50 1.25 133
Tube layout, I,y Triangular Triangular Triangular Triangular Square Square Square Square
Shell diameter, Ds/m 1.219 1.524 0.787 1.067 0.940 1.143 0.991 0.991
Number of baffles, N}, 5 6 9 14 3 6 7 8
Number of tube passes, Nyt 1 4 1 4 4 4 4 4

Table A4

Optimisation results for Min TAC
Example 1 2 3 4
Cost TAC/USD 6261 17173 31229 3343 2303 2258 8400 7407
Area/m? 805.1 700.2 335.60 460.5 114.0 1171 256.3 226.4
Total number of tubes, N, 2212 1828 922 791 261 268 669 591
Baffle spacing, I,./m 1.02 1.22 0.61 0.81 0.92 0.92 0.61 0.98
Tube pitch, [p/m 0.024 0.031 0.024 0.047 0.047 0.057 0.031 0.033
Shell-side flow velocity, vs/m-s~" 0.57 0.75 0.66 0.51 1.03 1.02 1.02 1.03
Tube-side flow velocity, v¢/m-s~! 0.54 1.36 0.73 0.70 0.73 0.71 0.73 0.82
Shell-side pressure drop, APs/Pa 25344 44947 36438 21457 8181 8005 48052 41426
Tube-side pressure drop, AP¢/Pa 2062 27603 3570 5278 3617 3438 6296 7949

Table A5

Design solutions for automatic series-parallel connection

Heat exchanger arrangement

Series-Parallel arrangement

Series-Parallel arrangement

Heat exchanger type

Heat exchanger arrangement
Number of heat exchangers
Outer tube diameter, dee/m
Tube length, L/m

Tube pitch ratio, r,

Tube layout, Loy

Shell diameter, Ds/m
Number of baffles, N},
Number of tube passes, Npt

Single
Parallel

8

0.019
6.098

1.33
Triangular
1.524

4

2

Double
Parallel

16

0.025
6.098

1.50
Triangular
1.372

4

4
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Optimisation results for automatic series-parallel connection
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Heat exchanger arrangement

Series-Parallel arrangement

Series-Parallel arrangement

Heat exchanger type

Cost (Total), TAC/USD

Cost, TAC/USD

Area/m?

Total number of tubes, Nt
Baffle spacing, ly./m

Tube pitch, Iyp/m

Shell-side flow velocity, vs/m-s™
Tube-side flow velocity, v¢/m-s~
Shell-side pressure drop, APs/Pa
Tube-side pressure drop, AP;/Pa

1
1

Single
601184
75148
1081.8
2972
1.22
0.025
1.25
0.73
97673
5197

Double
205040
12815
492.8
1029
1.22
0.038
1.04
1.11
26538
16544
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