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Abstract − In a large, complex cooling water heat exchangers network, cooling water flow rates are manipulated by adjust-

ing the valves located at the rear of each heat exchanger. Since the heat exchangers are connected to a network, the manipu-

lation of the cooling water flow rate in a heat exchanger by adjusting the valve results in the changes of the cooling water flow

rates in the other heat exchangers. Therefore, the manipulation techniques of cooling water flow rates in a cooling water heat

exchangers network are required in order to operate the cooling water networks efficiently. This paper presents the analysis and

the manipulation method of the cooling water flow rates in all heat exchangers in a network simultaneously. A nonlinear pro-

gramming(NLP) formulation is proposed to determine the optimal adjustment of the valves for the required flow rates of the

cooling water in the heat exchangers. Solution of this formulation is obtained with a commercial NLP solver (GAMS/MINOS).
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Table 1. Values of roughness coefficient for Hazen-Williams equation[10] 

Pipe material CH

Asbestos cement 140
Ductile iron

Cement lined 130 to 150
New, unlined 130
5-year-old, unlined 120
20-year-old, unlined 100

Concrete 130
Copper 130 to 140
Plastic 140 to 150
New welded steel 120
New riveted steel 110
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Table 2. Equivalent lengths of gate valve for degrees of valve closing[8]

Equivalent length of gate valve, Lv [m]

Degree of valve
closing000

Diameter D [m]

75%
closed

50%
closed

25%
closed

0%
closed

0.0254 21.34 5.18 1.07 0.18
0.0318 27.43 6.71 1.37 0.24
0.0889 76.20 18.29 3.66 0.61
0.1524 128.02 30.48 6.10 0.98

Fig. 1. The heat exchangers network for example 1.
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Table 3. Equivalent length and desired flow rate for each heat exchanger
of example 1

Heat 
exchanger

Desired flow rate 
Qji

d [m3/s]
Pressure drop

Hji  [m]
Tube size 
Dji [m]

Equivalent 
length Lji  [m]

A(node 11-12) 0.0019 3.20 0.0508 081.0
B(node 13-14) 0.0230 13.860 0.1524 734.0
C(node 15-16) 0.0205 2.67 0.1524 175.0
D(node 17-18) 0.0205 6.39 0.1524 419.0
E(node 19-20) 0.0014 6.06 0.0508 270.0
F(node 21-22) 0.0010 3.25 0.0508 270.0
G(node 23-24) 10.00080 6.66 0.0381 206.0
H(node 25-26) .0.0078. 7.10 0.1016 386.0
I(node 27-28) 0.0100 9.53 0.1016 327.0
J(node 29-30) 10.00220 1.89 0.0381 009.0

Table 4. Initial state(each valve 25% closed) of example 1

Heat 
exchanger

Valve state
Desired flow 
rate Qd [m3/s]

Calculated flow 
rate Qc

 [m
3/s]

Error 
[%]

A 25% closed 0.0019 10.00137 27.9
B 25% closed 0.0230 0.0198 13.9
C 25% closed 0.0205 00.03036 48.1
D 25% closed 0.0205 00.01896 17.5
E 25% closed 0.0014 10.00115 17.9
F 25% closed 0.0010 10.00075 25.0
G 25% closed 10.00080 10.00071 11.3
H 25% closed .0.0078. 10.00583 25.3
I 25% closed 0.0100 10.00699 30.1
J 25% closed 10.00220 0.0.00319 45.0

Table 5. The degrees of valve closing after adjustment for example 1

Node Pipe diameter* 

D [m]
Le [m] L v [m] Valve adjustment

from to

12 39 0.0254 22.70 111.07 29% closed
14 35 0.0889 164.20 139.27 64% closed
16 35 *0.0889* 113.72 145.79 66% closed
18 37 0.0889 116.73 158.80 70% closed
20 34 0.0318 34.70 125.07 73% closed
22 33 0.3048 267.69 256.06 74% closed
24 32 *0.0254* 21.41 114.70 49% closed
26 31 0.0762 33.69 118.39 56% closed
28 31 0.3810 359.28 337.98 75% closed
30 36 *0.0381* 126.08 130.83 73% closed

*Changed diameter: new pipe diameter when the model was not optim
with the old pipe diameter

Table 6. The optimized results for example 1

Heat 
exchanger

Desired flow rate 
Qd [m3/s]

Calculated flow rate after 
adjustment Qc [m3/s]

Error [%]

A 0.0019 0.0019 0
B 0.0230 0.0230 0
C 0.0205 0.0205 0
D 0.0205 0.0205 0
E 0.0014 0.0014 0
F 0.0010 00.00105 5.0
G 10.00080 0.0008 0
H .0.0078. 0.0078 0
I 0.0100  0.00995 0.5
J 10.00220 0.0022 0
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Fig. 2. The heat exchangers network for example 2.

Table 7. Equivalent length and desired flow rate for each heat exchanger
of example 2

Heat 
exchanger

Equivalent length
Lji [m]

Tube size
Dji [m]

Desired flow rate
Qd

ji
 [m3/s]

H1 206 0.0387 20.0
H2 206 0.0387 13.0
H3 206 0.0387 16.0
H4 206 0.0387 18.0
H5 206 0.0387 10.0
H6 206 0.0387 16.0
H7 320 0.1524 85.0
H8 235 0.4318 1975.0
H9 73 0.1524 166.0
H10 206 0.0387 10.0
H11 206 0.0387 8.0
H12 206 0.0387 15.0
H13 206 0.0387 15.0
H14 235 0.4318 1975.0
H15 52 0.0762 24.0
H16 54 0.0387 20.0
H17 54 0.0387 13.0
H18 54 0.0387 16.0
H19 54 0.0387 18.0
H20 54 0.0387 10.0
H21 54 0.0387 16.0
H22 270 0.0504 85.0
H23 75 0.2032 1975.0
H24 749 1.2954 166.0
H25 749 1.6510 10.0
H26 182 0.1524 8.0
H27 184 0.1524 15.0
H28 289 0.3048 15.0
H29 189 0.3048 1975.0
H30 838 1.0161 24.0
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Table 8. Initial state(each valve 25% closed) of example 2 

Heat 
exchanger

Valve 
state

Desired flow rate
Qd [m3/s]

Calculated flow 
rate Qc

 [m
3/s]

Error 
[%]

H1 25% closed 20.0 20.3 1.5
H2 25% closed 13.0 14.9 14.6
H3 25% closed 16.0 14.9 6.9
H4 25% closed 18.0 18.2 1.1
H5 25% closed 10.0 10.0 0
H6 25% closed 16.0 14.9 6.9
H7 25% closed 85.0 50.9 40.1
H8 25% closed 1975.0 1963.3 0.6
H9 25% closed 166.0 173.5 4.5
H10 25% closed 10.0 10.3 3.0
H11 25% closed 8.0 7.7 3.8
H12 25% closed 15.0 12.8 14.7
H13 25% closed 15.0 12.5 16.7
H14 25% closed 1975.0 2281.8 15.5
H15 25% closed 24.0 16.2 32.5
H16 25% closed 13.0 11.2 13.8
H17 25% closed 13.0 11.1 14.6
H18 25% closed 15.0 20.0 33.3
H19 25% closed 13.0 11.1 14.6
H20 25% closed 12.0 11.0 8.3
H21 25% closed 13.0 14.5 11.5
H22 25% closed 15.0 16.5 10.0
H23 25% closed 310.0 290.2 6.4
H24 25% closed 2100.0 2005.8 4.5
H25 25% closed 2450.0 2300.2 6.1
H26 25% closed 170.0 198.2 16.6
H27 25% closed 240.0 237.4 1.1
H28 25% closed 651.0 797.9 22.6
H29 25% closed 915.0 816.1 10.8
H30 25% closed 556.0 539.6 2.9

Table 9. The degrees of valve closing after adjustment for example 2

Node Changed diameter
D [m]

Le [m] Lv [m] Valve adjustment
from to

5 9 0.0229 24.68 6.68 58% closed
8 9 0.0178 18.82 5.82 60% closed
12 13 0.0178 13.63 0.63 25% closed
16 17 0.0203 16.63 3.63 52% closed
20 21 0.0152 15.37 2.37 50% closed
23 24 0.0178 13.63 0.63 25% closed
30 31 0.1270 108.59 65.59 60% closed
28 33 0.1651 60.10 25.10 49% closed
37 38 0.0762 118.56 24.56 60% closed
43 44 0.0203 11.84 4.84 56% closed
48 44 0.0178 12.66 2.66 49% closed
51 52 0.0635 16.24 2.24 25% closed
54 52 0.1524 83.11 49.11 60% closed
56 46 0.1651* 106.78 5.78 25% closed
59 60 0.0635 35.68 20.68 60% closed
64 65 0.0152 10.53 0.53 25% closed
69 70 0.0152 10.53 0.53 25% closed
73 74 0.0178* 15.67 5.67 60% closed
77 78 0.0152 10.53 0.53 25% closed
81 82 0.0152 10.53 0.53 25% closed
85 86 0.0152 8.27 3.27 54% closed
88 86 0.0203 26.46 6.46 60% closed
92 93 0.0762 76.66 2.66 25% closed
96 97 1.1430 99.05 46.05 28% closed
99 97 0.8890 91.12 31.12 25% closed
107 105 0.0635 50.68 20.68 60% closed
104 105 0.0635 29.41 9.41 49% closed
109 110 0.1016 75.96 32.96 60% closed
113 111 0.1397 144.90 4.90 25% closed
115 116 0.5461* 558.06 148.06 56% closed

*Diameter changed for the optimization 
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CH : roughness coefficient in Hazen-Williams equation

D : pipe diameter [m]

H : heads [m]

L : pipe length [m]

Qd : desired cooling water flow rates for heat exchanger [m3/s]

Qc : calculated cooling water flow rates for heat exchanger [m3/s]

S : set of node connections which denotes heat exchangers

����

e : equivalent

v : valve

n : number of nodes in network

i : any node

j : any node connected to node i

ext : external flow rate into(or from) the node

����
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Table 10. The optimized results for example 2

Heat 
exchanger

Desired flow rate 
Qd [m3/s]

Real flow rate after
adjustment Qc [m

3/s]
Error
[%]

H1 20.0 20.0 0
H2 13.0 13.8 6.2
H3 16.0 15.8 1.3
H4 18.0 18.0 0
H5 10.0 10.0 0
H6 16.0 15.9 0.6
H7 85.0 89.8 5.6
H8 1975.0 1987.5 0.6
H9 166.0 175.7 5.8
H10 10.0 10.0 0
H11 8.0 8.0 0
H12 15.0 14.0 6.7
H13 15.0 13.7 8.4
H14 1975.0 2014.0 2
H15 24.0 24.0 0
H16 13.0 12.0 7.7
H17 13.0 12.0 7.7
H18 15.0 15.0 0
H19 13.0 12.0 7.7
H20 12.0 12.0 0
H21 13.0 13.1 0.8
H22 15.0 15.7 4.7
H23 310.0 309.8 0.1
H24 2100.0 2128.4 1.4
H25 2450.0 2450.9 0
H26 170.0 183.2 7.8
H27 240.0 240.5 0.2
H28 651.0 664.0 2
H29 915.0 876.1 4.3
H30 556.0 567.2 2
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