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Abstract

This study numerically investigates the effects of spring wire and twisted tape turbulators on
the thermo-hydraulic performance and fouling behavior of vertical thermosyphon reboilers
using validated computational fluid dynamics (CFD). Spring wire inserts with pitch spacings
of 50, 76, and 95 mm and twisted tape inserts with pitch spacings of 150, 190, and 225 mm
were evaluated over Reynolds numbers of 7000-20,000. Key performance indicators,
including the heat transfer coefficient, subcooled length, pressure drop, friction factor, thermal
performance factor (TPF), and fouling thickness, were analyzed. The primary objective of this
study is to provide an efficient numerical approach for identifying the optimum turbulence
promoter based on thermo-hydraulic performance and fouling mitigation in vertical
thermosyphon reboilers. The key finding of this research is the identification of the 50 mm
helical wire insert as the most effective configuration, offering the highest thermal performance
factor together with approximately 52% fouling reduction. These findings provide practical
guidance for the optimal design and performance enhancement of industrial heat exchangers

in petrochemical and refinery units.
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Table 1. Selected pitch spacings for turbulators.
Row Wire Coil Twist Pitch (mm)  Twisted Tape Twist Pitch (mm)

1 50 150
2 76 190
3 95 225
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Figure 1. Spring-wire and twisted-tape turbulators with various pitch spacings (A, B, and C denote spring-
wire turbulators with pitch spacings of 50, 76, and 95 mm, respectively, whereas D, E, and F
denote twisted-tape turbulators with pitch spacings of 150, 190, and 225 mm, respectively).
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2 Transport of ions

3 Surface integration term

4 Thermal conductivity of the fouling layer
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Table 2. Parameters of the Kern-Seaton fouling model used in this study.

Parameter Symbol  Value Unit Reference
Pre-exponential factor k' 1.2x10* kg-m~ 2.5 1.(kg-m~ 3)" 2 [31]
Universal gas constant R 8.314 J-mol” 1.K™ 1 -

Reference velocity V ref 0.05 m-s~ 1 [31]
Reaction order N 2 - -
Fouling thermal conductivity A 21 W-m- LKt [12]
Density of fouling pf 2,700 kg-m~ 3 [12]
Effective diffusion coefficient D,  1.2x107° m2.s~ 1 [31]
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Table 3. Turbulence model uncertainty analysis.
Turbulence Model Heat Transfer Coefficient (W/m2-K) Pressure drop (Pa)

RNG k-¢ 7,780 18,400
Realizable k-¢ 7,530 17,650
Difference 3.2% 4.1%
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Table 4. Thermophysical properties of the working fluid.
Measured at Temperature Measured at Temperature

Properties

353.15K 373.15K
Density(kg/m?) 971.8 958.4
Thermal Conductivity(W/m.K) 0.6562 0.6651
Specific Heat Capacity(J/g.K) 4190 4220
Viscosity(kg/m.s) 0.0003545 0.0002819
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Table 5. Grid independence study for a plain (smooth) pipe.

Cell Heat Transfer Coefficient (W/m2-K) Change Compared to the previous stage
450,000 5,210 -
750,000 5,380 3.26%
1,109,894 5,480 1.86%
1,500,000 5,510 0.55%
2,100,000 5,530 0.36%

(B MM o5) 5 58 o jLwaxids] b algd (gl aSisds 31 JMlisiw! anlliane 5 Jgus
Table 6. Grid independence study for a pipe with a wire coil turbulator(pitch of 50 mm).

Cell Heat Transfer Coefficient Change Compared to the Pressure Drop
(W/m2-K) previous stage Changes
2,100,000 5,210 - -
2,800,000 5,380 3.26% 3.1%
3,652,113 5,480 1.86% 1.9%
4,200,000 5,510 0.55% 0.8%
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Table 7. Mesh quality specifications for 3,652,113 cells.
Evaluation Metric Minimum Value Maximum Value Mean

Skewness 0.00021 0.98 0.2298
Orthogonality Quality 0.306 0.9953 0.8577
400
:,:Z 300
g
‘E-- 250
200
10 247193 463279 821753 1109894 1512192
Mesh No.
(B) (A)
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Figure 2. (A) Computational domain mesh and (B) Heat transfer coefficient along tube for different mesh sizes.
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Table 8. Numerical model validation results.

Quantity Kamil et al. [28] This work Relative error
Subcooled length(m) 0.40 0.435 8.7%
Heat transfer coefficient (W/mz2-K) 5.200 5.480 5.4%
Friction factor (f) 0.029 0.0275 5.2%
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Figure 3. Vapor phase in flow boiling within tube (Kamil et al. [28] conditions).
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Figure 4. Flow pattern in tube with turbulator.
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Figure 5. Effects of different turbulators on (A) subcooled length, (B) heat transfer coefficient, and (C)

pressure drop at Reynolds numbers of 7000, 10000, 15000, and 20000.
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Figure 6. Variations of TPF at Reynolds numbers of 7000, 10000, 15000, and 20000 when various
turbulence inducers are employed.

0.4 ) )

£ ‘\.\‘\‘ —&— Simple pipe

E 03 ‘\A\‘\‘ —m— Twised tap (L=150)
(7]

£ o _— p
-;: 01 —— Twised tap (L=225)
o —+— Coil ( L=50)

£ 0

3 0 5000 10000 15000 20000 25000 = Coil (L=76)

LL

Reynolds Number —0— Coil (L=95)

Yovor g)Bese Vovor Vooo oldjnlgiyy 30 Sgliso gl jluwasid] dpsi plod Cguwy Ol s .V S

Figure 7. Changes in deposition when different turbulence inducers are embedded at Reynolds
numbers of 7000, 10000, 15000, and 20000.
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Table 9. Comparison of fouling reduction results with similar studies.

Turbulator type/ model Fouling reductior Operating conditions Reference
wire coil turbulator (pitch of 0 Re=20000, Water, .
50 mm) 53% "= 5,730 W/m? This work
Pipe insert turbulator Significant Reducti VTR [3]
Threshold model - Crude oil preheater [25]
Fouling reduction methods - Refinery heat exchanger [26]
CFD (modelling) - CaCO:s fouling [31]
Twisted tape+ NSGA-I] 49% High- temperature exhaus [24]
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