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• Introduction

This project aims at analyzing and comparing the application of two

different computational approaches for optimal condenser design

• Mixed Integer Linear Prorgamming (MILP)

• Set-Trimming.

The models for both methods are compared and the diferences in

performance are discussed.
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• Condenser Model
✓ The analysis is focused on shell and tube heat exchangers.

✓ A horizontal single shell E-shell type is used.

✓ An even number of tube passes is considered

✓ Shell side condensation is assumed

Source: Heat Exchanger Design Handbook
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MILP                                 Set-Trimming
Mixed-Integer Linear Programming

• The original problem equations are non-linear.

• Geometry is described using discrete variables.

• Model reformulation is performed to obtain a

Linear Model.

Sequential Set Trimming

• Gradual elimination of infeasible subsets of

candidate solutions is performed.

• This is done apllying sequentially diferente

constraints of the problem

• When finished, the optimum is obtained by

inspection, enumeration or mathematical

programming.
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• MINLP MILP
Objective function:  𝑀𝑖𝑛 𝐴

Heat transfer area   𝐴 = 𝑁𝑡𝑡 𝜋 𝑑𝑡𝑒 𝐿 Excess area 𝐴 ≥ 1 +
෣𝐴𝑒𝑥𝑐
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Heat Transfer Rate Equations         ෠𝑄 = 𝑈𝐴𝑟𝑒𝑞 ෣𝛥𝑇𝑙𝑚 𝐹 ෣𝛥𝑇𝑙𝑚 =
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Shell-Side Thermal and Hydraulic Equations 

Shell heat transfer coeff. ℎ𝑠 = 0,954 ∙
ෞ𝜌𝑠 ෞ𝜌𝑠− ෞ𝜌𝑣𝑠 ො𝑔෢𝐾𝑠3 𝐿 𝑁𝑡𝑡

ෞ𝑚𝑠ෞ𝜇𝑠
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The total number of tubes  𝑁𝑡𝑡 = 𝑁𝑡𝑝 ∙ 𝑁𝑝𝑡 Tubes per vertical row 𝑁𝑣𝑒𝑟𝑡 =
0,78 𝐷𝑠

𝑙𝑡𝑝𝑣𝑒𝑟𝑡

The vertical tube pitch  𝑙𝑡𝑝𝑣𝑒𝑟𝑡 = 𝑙𝑡𝑝

1 , if Square or Triangular pattern

1

2
, if Rotated Square pattern

1

2
, if Rotated Triangular pattern

Tube-Side Thermal and Hydraulic Equations

Velocity in tubes 𝑣𝑡 =
4 ෢𝑚𝑡

𝑁𝑡𝑝 𝜋 ෢𝜌𝑡 𝑑𝑡𝑖2
Nusselt #     𝑁𝑢𝑡 = 0.023 𝑅𝑒𝑡0.8 ෢𝑃𝑟𝑡𝑛

Head loss tube-side   
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Darcy friction factor 𝑓𝑡 = 0.014 +

1.056

𝑅𝑒𝑡0.42
Overall Heat Transfer Coefficient: 𝑈 =
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Objective function:  𝑀𝑖𝑛 𝐴

Heat transfer area   𝐴 = 𝜋σ𝑠𝑟𝑜𝑤=1
𝑠𝑟𝑜𝑤𝑚𝑎𝑥 ෣𝑝𝑁𝑡𝑡𝑠𝑟𝑜𝑤 ෣𝑝𝑑𝑡𝑒𝑠𝑟𝑜𝑤෢𝑝𝐿𝑠𝑟𝑜𝑤𝑦𝑟𝑜𝑤𝑠𝑟𝑜𝑤 Excess area    𝐴 ≥ 1 +

෣𝐴𝑒𝑥𝑐

100
∗ 𝐴𝑟𝑒𝑞

Heat Transfer Rate Equations         ෠𝑄 = 𝑈𝐴𝑟𝑒𝑞 ෣𝛥𝑇𝑙𝑚 ෠𝐹𝑠𝑟𝑜𝑤 ෣𝛥𝑇𝑙𝑚 =
෢𝑇ℎ𝑖− ෢𝑇𝑐𝑜 −(෣𝑇ℎ𝑜− ෢𝑇𝑐𝑖)

ln(
෢𝑇ℎ𝑖−෣𝑇𝑐𝑜

(෣𝑇ℎ𝑜− ෢𝑇𝑐𝑖)
)

෠𝐹𝑠𝑟𝑜𝑤 =
( ෠𝑅2+ 1)0.5 ln

1−෡𝑃

1− ෡𝑅 ෡𝑃

෠𝑅−1 ln
2−෡𝑃 ෡𝑅+1− ෡𝑅2+ 1

0.5

2−෡𝑃 ෡𝑅+1+ ෡𝑅2+ 1
0.5

෠𝑅 =
෢𝑇ℎ𝑖−෣𝑇ℎ𝑜

෢𝑇𝑐𝑜− ෢𝑇𝑐𝑖
෠𝑃 =

෢𝑇𝑐𝑜− ෢𝑇𝑐𝑖

෢𝑇ℎ𝑖− ෢𝑇𝑐𝑖

Shell-Side Thermal and Hydraulic Equations 

Shell heat transfer coeff.  ෢𝑝ℎ𝑠𝑠𝑟𝑜𝑤 = 0,994 ∙
ෞ𝜌𝑠 ෞ𝜌𝑠− ෞ𝜌𝑣𝑠 ො𝑔෢𝐾𝑠3෢𝑝𝐿𝑠𝑟𝑜𝑤෣𝑝𝑁𝑡𝑡𝑠𝑟𝑜𝑤

ෞ𝑚𝑠ෞ𝜇𝑠

1

3
∙

෣𝑝𝐷𝑠𝑠𝑟𝑜𝑤
෣𝑝𝑝𝑟𝑜𝑗𝑠𝑟𝑜𝑤 ෞ𝑝𝑟𝑝𝑠𝑟𝑜𝑤 ෣𝑝𝑑𝑡𝑒𝑠𝑟𝑜𝑤

−
1

6

The total number of tubes  𝑁𝑡𝑝 = σ𝑠𝑟𝑜𝑤=1
𝑠𝑟𝑜𝑤𝑚𝑎𝑥 ෣𝑝𝑁𝑡𝑡𝑠𝑟𝑜𝑤

෣𝑝𝑁𝑝𝑡𝑠𝑟𝑜𝑤
𝑦𝑟𝑜𝑤𝑠𝑟𝑜𝑤 Tubes per vertical row 𝑁𝑣𝑒𝑟𝑡 =

0,78 𝐷𝑠

𝑙𝑡𝑝𝑣𝑒𝑟𝑡

The vertical tube pitch  𝑙𝑡𝑝𝑣𝑒𝑟𝑡 = 𝑙𝑡𝑝

1 , if Square or Triangular pattern

1

2
, if Rotated Square pattern

1

2
, if Rotated Triangular pattern

Tube-Side Thermal and Hydraulic Equations

Velocity in tubes 𝑣𝑡 =
4 ෢𝑚𝑡

𝜋 ෢𝜌𝑡
σ𝑠𝑟𝑜𝑤=1
𝑠𝑟𝑜𝑤𝑚𝑎𝑥 ෣𝑝𝑁𝑝𝑡𝑠𝑟𝑜𝑤

෣𝑝𝑁𝑡𝑡𝑠𝑟𝑜𝑤෣𝑝𝑑𝑡𝑖𝑠𝑟𝑜𝑤
2 𝑦𝑟𝑜𝑤𝑠𝑟𝑜𝑤

Nusselt #   𝑁𝑢𝑡 = 0,023
4 ෢𝑚𝑡

𝜋 ෢𝜇𝑡

0,8
෢𝑃𝑟𝑡𝑛σ𝑠𝑟𝑜𝑤=1

𝑠𝑟𝑜𝑤𝑚𝑎𝑥 ෣𝑝𝑁𝑝𝑡𝑠𝑟𝑜𝑤
෣𝑝𝑁𝑡𝑡𝑠𝑟𝑜𝑤෣𝑝𝑑𝑡𝑖𝑠𝑟𝑜𝑤

0,8

𝑦𝑟𝑜𝑤𝑠𝑟𝑜𝑤

Head loss tube-side𝛥𝑃𝑡 = σ𝑠𝑟𝑜𝑤=1
𝑠𝑟𝑜𝑤𝑚𝑎𝑥( ෣𝑝𝛥𝑃𝑡𝑡𝑢𝑟𝑏1𝑠𝑟𝑜𝑤 + ෣𝑝𝛥𝑃𝑡𝑡𝑢𝑟𝑏2𝑠𝑟𝑜𝑤 + ෣(𝑝𝛥𝑃𝑡𝑐𝑎𝑏𝑠𝑟𝑜𝑤 ෠𝐾𝑠𝑟𝑜𝑤) ) 𝑦𝑟𝑜𝑤𝑠𝑟𝑜𝑤

Darcy friction factor 𝑓𝑡 = 0.014 +
1.056

𝑅𝑒𝑡0.42

Overall Heat Transfer Coefficient:

𝑼 =
1

σ𝑠𝑟𝑜𝑤=1
𝑠𝑟𝑜𝑤𝑚𝑎𝑥 ෣𝑝𝑑𝑡𝑒𝑠𝑟𝑜𝑤𝑦𝑟𝑜𝑤𝑠𝑟𝑜𝑤

෢𝑝ℎ𝑡𝑠𝑟𝑜𝑤෣𝑝𝑑𝑡𝑖𝑠𝑟𝑜𝑤
+ ෢𝑅𝑓𝑡 σ𝑠𝑟𝑜𝑤=1

𝑠𝑟𝑜𝑤𝑚𝑎𝑥 ෣𝑝𝑑𝑡𝑒𝑠𝑟𝑜𝑤𝑦𝑟𝑜𝑤𝑠𝑟𝑜𝑤
෣𝑝𝑑𝑡𝑖𝑠𝑟𝑜𝑤

+

σ𝑠𝑟𝑜𝑤=1
𝑠𝑟𝑜𝑤𝑚𝑎𝑥 ෣𝑝𝑑𝑡𝑒𝑠𝑟𝑜𝑤 ln

෣𝑝𝑑𝑡𝑒𝑠𝑟𝑜𝑤
෣𝑝𝑑𝑡𝑖𝑠𝑟𝑜𝑤

𝑦𝑟𝑜𝑤𝑠𝑟𝑜𝑤

2 ෣𝐾𝑡𝑢𝑏𝑒
+ ෢𝑅𝑓𝑠+σ𝑠𝑟𝑜𝑤=1

𝑠𝑟𝑜𝑤𝑚𝑎𝑥 𝑦𝑟𝑜𝑤𝑠𝑟𝑜𝑤
෣𝑝ℎ𝑠𝑠𝑟𝑜𝑤

Workshop: New Tools for the Optimal Basic Design of 
Chemical Process Equipment and Flowsheets



• Set Trimming Procedure

Geometrical constrains:
3 < L/D < 15

Tube-side Velocity:
Vtmin < Vt < Vtmax

Tube-side Reynolds:
Retmin < Ret

Tube-side Pressure Drop:
ΔPt < ΔPtmax

Minimum Area:
((100+Aexc)/100)Areq < A

Viable Set
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• Set Trimming Procedure
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• Examples
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• Elapsed Time
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• Conclusions

• A rigorous linear condenser model was presented

• Set Trimming was also applied to the original nonlinear model.

• We show that set trimming has superior computational time performance 
It is 10 TIMES FASTER  
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