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ABSTRACT

This study presents a deterministic optimization methodology for the design of shell-and-tube
heat exchangers with twisted tape turbulence promoters, focusing on minimizing the total annu-
alized cost (TAC) while balancing thermal performance and energy consumption. A sensitivity
analysis was carried out as Case | (Methanol-Water), it reveals that increasing the twist ratio (TR)
reduces flow turbulence, resulting in lower fluid velocity, pressure drop (APi), and overall heat
transfer coefficient (U). Among the turbulence promoters evaluated, twisted tapes with V-cuts
achieved a 21.1% increase in U with a 52.27% increase in pressure drop, demonstrating an optimal
balance between thermal enhancement and energy cost. In contrast, promoters with circular rings
and multiple perforations showed the highest U improvements (26.7% and 25.8%, respectively)
but incurred significant pressure drops (93.5% and 97.9%). The optimization problem has been
stated as a nonlinear programming (NLP) problem and solved with the CONOPT solver. Results
from two case studies emphasize the importance of operating with similar mass flows, directing
the smaller flow through the tubes to maximize promoter effectiveness and achieve balanced heat
transfer and pressure drop. For Case Il (Residue-Water), the TAC was estimated at 11,467
USD/year, with the equipment cost as the major contributor. Case Il (Water-Water) demonstrated
improved balance in convective coefficients due to lower thermal effectiveness and similar mass
flow rates, highlighting the positive impact of turbulence promoters on performance. This work
demonstrates the potential of turbulence promoters for enhancing heat exchangers while empha-
sizing the importance of careful design to optimize performance and cost.

Keywords Deterministic optimization, NLP, thermo-hydraulic design, turbulence promoter, retrofit.

INTRODUCTION

Techniques for enhancing heat transfer in existing
designs are frequently utilized in heat recovery systems.
One of the most common methods is the incorporation of
twisted tape turbulence promoters, which increase ther-
mal efficiency but simultaneously induce flow disturb-
ances that result in higher pressure drops [1]. When de-
signing shell-and-tube (SH&T) heat exchangers with
twisted tape turbulence promoters, the design varies de-
pending on the type of promoter used, and it is deter-
mined by several geometric variables, including the inter-
nal diameter [2]. Among the types of twisted tape inserts,
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plain twisted tape, perforated tape, tape with circular
rings, tape with three centered perforations, and V-cut
tape, can be mentioned [3,4,5,6]. The use of these pro-
moters has been reported to enhance the thermo-hy-
draulic performance of the equipment from 6.3% to
360%, compared to smooth-tube exchangers [7].

Detailed methodologies for designing SH&T heat
exchangers are widely available in the literature [8, 9],
making their design straightforward. However, when de-
signing with twisted tape turbulence promoter inserts,
the calculation of the free-flow cross-sectional area re-
mains an underexplored area, Figure 1 [1].

This study presents a retrofit case (CASE I:
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Methanol-Water) where a sensitivity analysis is con-
ducted to observe the behavior of heat exchanger design
variables as the twist ratio (TR) varies, the twist ratio (TR)
is a key geometric parameter in the design of heat ex-
changers with twisted tapes. It is defined as the ratio be-
tween the twist pitch length and the tube diameter. A
high TR implies less twisting per unit length, reducing
flow turbulence and pressure drop, while a low TR gen-
erates higher turbulence, enhancing heat transfer but in-
creasing flow resistance. In heat exchanger design, find-
ing a balance between thermal transfer and pressure
drop is crucial for system efficiency. A retrofit case refers
to the improvement of an existing design.
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Figure 1. Calculation of the free-flow cross-sectional
area with the turbulence promoters.

Additionally, a comparative study among differ-
ent types of promoters is carried out, evaluating the in-
crease in the overall heat transfer coefficient (U) and the
pressure drop within the tubes.

Identifying the best alternative for design and pro-
cess intensification involves selecting the optimal combi-
nation of geometric variables. In literature, optimization
techniques have generally been employed to evaluate
factors or performance correlations that do not involve
costs or a complete equipment design [10, 11].

The primary objective in designing these systems is
to minimize total cost, which entails enhancing heat
transfer while reducing pumping power. Therefore, de-
termining the optimal combination of parameters for cal-
culating flow velocities, overall heat transfer coefficient
(U), and pressure drops within the tubes becomes critical
[12].

This work develops a deterministic optimization
methodology for solving a nonlinear programming (NLP)
problem, where the objective function is to minimize the
total annualized cost (TAC) of the equipment and identify
the optimal design variables, hence, two cases are stud-
ied, CASE lI: Residue - Water and CASE lli: Water-Water
[13]. The variables of each case are presented in Table 1.
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METHODOLOGY

To carry out the optimization process of the design
of heat exchanger with twisted tape inserts, the design
methodology followed is shown in Figure 2.

Physical properties

Operational data
Heat exchanger geometry

Calculate “C”, Effectiveness, NTU, and the
correction factor F

!

‘ Calculate the thermal load Q |

!

Calculate the logarithmic mean temperature
difference ATm1

!

Assume the global heat transfer coefficient U to
calculate the transfer area A

Calculate the pressure drops APcal.
Calculate the cross-sectional area of the tube, | p P ‘

twisted tape insert, and the number of tubes,
along with the cross-sectional area and T
equivalent diameter of the shell |

Calculate the friction factors (f). ‘

Calculate Reynolds (Re), Prandtl (Pr), Nusselt
(Nu), and convective coefficients (h). yes

1
Calculate the new global heat transfer
coefficient(U).

No

Figure 2. Methodology of design for a T&Sh heat ex-
changer.

According to Kern's methodology, we assume a
starting value for the overall heat transfer coefficient of
the system, then, this value is compared with the
calculated overall heat transfer coefficient, until the
difference between them is within the accepted error
range (<35%). Once the condition is reached, the
pressure drop is calculated in both sections of the system
(tube and shell) [8, 9].

In the diagram of Figure 2, the expressions to
estimate the total heat transfer area are calculated from
the thermal load (Q), overall heat transfer coefficient (U),
correction factor (F), and logarithmic mean temperature
difference (AT,;).

_ Q
A= UxFx ATml (1)
Q=mx Cp * AT (2)

Where, m is mass flow, C,, is the heat capacity and
AT is the temperature difference. AT,,; and the correction
factor F are given as:

_ ATy -AT,

ATy = T%) (3)
F=——? (4)

T NTU*ATpy*Conin
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Table 1: Case studies for optimization applications

Case I: Sensibility and Retrofit Analysis

Variable Methanol (Shell - hot) Water (Tube-cold)
Mass Flow % 27.7 68.9
Inlet temperature [eC] 95 25
Outlet temperature [eC] 40 40
Effectiveness [-] 0.78
Case ll: Optimization Methodology Application
Variable Residue (Shell - hot) Water (Tube-cold)
Mass Flow [%] 47 75
Inlet temperature [eC] 131 66
Outlet temperature [eC] 79 79
Effectiveness [-] 0.8
Case lll: Optimization Methodology Application
Variable Water (Shell - hot) Water (Tube-cold)
Mass Flow [Ks—‘q] 3 3
Inlet temperature [eC] 70 9.99
Outlet temperature [eC] 40 39.9
Effectiveness [-] 0.49

Table 2: Thermal-hydraulic correlations for different Twisted Tape promoters

Promotor Desing Correlations
Smooth twisted P Nui = 0.224 * Re0%¢ « pr04 x TR06
tape [7] ’\ ‘\.’ f = 65.4 % Re; 052 « TR131

Nu = a * Re®

f=c+*Ref

@ =0.0002 * RS — 0.004 * RZ + 0.033  R,, + 0.6569

b = 0.00005 * RS — 0.0013 * R? + 0.0073 * R, + 0.5501
¢ = —0.0027 * RS + 0.0583 * R + 0.0455 « R, + 24.536
d = 0.00009 * RS —0.0013 * Rlz, + 0.0073 xR, — 0.6006

Smooth twisted
tape several
perforations [3]

d,\ 148 w0751
Nu = 0.0296 * Re®853 « pr033 « TR-0222 (1 + W) (1+2)

Smooth twisted
2477 _
tape V-cut[14] m fi =8.632 % Re™615 x TR70:269 « (1 +—de) * (1 + —W) o
. w

W

Smooth twisted —0.00973

tape with three -
center
perforation [5]

Nu = 0.3528 * Re%02 x pr0#4 « TR0638 4 (d—

—00’113
<> fi=6.2565*Re-°-4°4*TR—0-5828*(1) |
di

3 —0.475

Smooth twisted Nu = 0.326 * Re®72% x pr04 x TR—0406 4 (_)
tape with 1" ’

circular ring [4]

di

-0.927

| fi=13.99 x Re%202 x TR70619 « (E)

NTU is the number of heat transfer units and C,,;,, is The pressure drop in the tube is calculated by
lower mass flow-heat capacity between the two streams. equation 6.
To calculate the overall heat transfer coefficient (U) ot
the thermal-hydraulic correlations for Nusselt number DPi = N * [8 % fi* L, (L) - 2.5] £ P (6)
L. . di Uw 2
and friction factor presented in Table 2 were employed.

U 1 (5) The expression for pressure drop in the shell side is:
=711

h; " hs
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Heat exchanger geometry
Data for TAC calculation

variables for TAC
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Input the design model for shell-and-tube heat
exchangers with twisted tape inserts

l

| Define positive, integer, and optimization |

| Optimal solution |

Convergence
achieved?

min(TAC) = Equipment cost

a+in-1 €

Cost + ized Pumping Cost

APq < APhydraulic

200< U <10000
0.15 < % baffle cut < 045
0.2 < % baffle space < 05
Re < 12,000
2<TR<6
2<DR<6
2<WR<6

i*(1+1)["]+[AP*m] $kWh * 24 + 365
| 2R 2R 50
P

]

| Select Solver to solve the NLP.

_'| Variable initialization

Figure 3. Methodology of optimization with twisted tape
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Figure 4. Sensibility analysis of design of SH&T varying the twisted tape. a) Re, U and h vs TR; b) Internal veloc-
ity and pressure drop vs TR; c) Friction factor and total sectional area vs TR, and d) design parameters.
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The mathematical model was implemented in
GAMS software, as a Non-Linear Programming Model
(NLP), and it was solved using the CONOPT solver. The
optimization methodology to solve the SH&T heat ex-
changer with twisted tape inserts is based on reducing
cost (TAC), which is in function on the equipment cost
and the annualized energy consuming due to pumping.
Figure 3 shows the design constraints.

RESULTS AND DISCUSSION

From Figure 4, (a) and (b), it is evident that increas-
ing the twist ratio (TR) of the twisted tape results in wider
and less frequent twists, reducing the intensity of flow
mixing and turbulence within the tube.

This leads to a decrease in fluid velocity (Vi), as
it encounters less resistance, which in turn reduces the
pressure drop (DPi) and the overall heat transfer coeffi-
cient (U). Higher TR values produce a smoother flow that
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Methanol-Water.

Table 3: Thermal-hydraulic comparative performance using different turbulence promoters for case I: Retrofit

Type of twisted tape u [ﬁ [%] Dpi [Pa] [%]
Smooth tube 959 0 9445 0
Smooth twisted tape 1127 14.8 66160 85.7
Smooth twisted tape with three center perforation 1149 16.5 33058 71.4
Smooth twisted tape with circular ring 1309 26.7 460044 97.9
Smooth twisted tape several perforations 1292 25.8 146286 93.5
Smooth twisted tape V-cut 1216 21.1 19791 52.27

Table 4: Results of the optimization process for a SH&T heat exchanger with inserts Case II: Residue-Water.

Desilgn Units Data Deélgn Units Data Design varible Units Data
varible varible
di [m] 0.0127 Ds [m] 1.498 Space [%] 0.48
do [m] 0.0167 As m?]  0.1462 Q (W] 4086
L [m] 1.5 LB [m]  0.7308 u [Zﬂ] 430
m m? eC
#-Tubes [-] 4445 Vs [?] 0.3680 A [m?] 350
Ac [m?] 0.2033 Res [m?] 174 TR [-] 6
vi [5]  o.3689 hs [zi] 475~ Fauipment 9D 9368
S m? 2C cost Afio
Ri [-] 11980 fs [-] 0.0664 Dpi Cost % 1460
hi [ZL] 4502 Cut [%] 0.45 DPs Cost Usb 637
mee 0%s
fi [-1] 0.0172 de [m] 0.0119 DP Total cost o 2098
DPi [Pa] 2545 Dps [Pa] 8136 Cost (TAC) % 11467

Table 5. Results of the optimization process for a SH&T heat exchanger with promoters Case lll: Water-Water.

De‘sign Units Data De.sign Units Data De'sign Units Data
variable variable variable
di [m] 0.0189 Ds [m] 0.3734 Space [%] 0.2
do [m] 0.0229 As m?]  0.0149 Q [W] 375.5
L [m] 1.5 LB m]  0.0747 u [zﬂ 1438
m m< 2C
#-Tubes (-] 84 Vs [;] 0.2017 A [m?] 9.07
Ac [m?] 0.0094 Res [m?] 3638 TR [-] 2.6
vi 5] o.3252 hs [oeg] 2120 FPment [ 13
S m? °C cost Afio
R 1 12000 fs (1 0040  DpiCost o] 2201
hi [ ‘ZN ] 4434 Cut (%] 0.45 DPs Cost [@ 30.08
me e 0ep
fi [-] 0.0287 de [m] 0.0162  DP Total cost [F 52.10
no
DPi [Pa] 2163 Dps [Pa] 2991 Cost (TAC) [@ 1420.6

is less efficient in heat transfer, as the ability to effec-

tively induce turbulence is diminished.

Figure 4(c) shows that the friction factor de-
creases as TR increases. The tape causes less obstruc-

lowers the pressure drop. Additionally, with higher TR,

the tape occupies less space in the cross-section tube,

tion, which reduces the fluid velocity and consequently
Rumbo-Arias et al. / LAPSE:2025.0348

Syst Control Trans 4:1221-1227 (2025)

increasing the available free cross-sectional area and al-
lowing the fluid to flow more easily.
According to the results shown in Table 3, smooth
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twisted tape turbulence promoters with circular rings and
multiple perforations provide the highest percentage in-
crease in the heat transfer coefficient (U), achieving im-
provements of 26.7% and 25.8% compared to a smooth
tube. However, these results also exhibit the highest
pressure drop increase (DPi) of 97.9% and 93.5%, indi-
cating a significant energy cost. In contrast, twisted
tapes with V-cuts achieve a 21.1% increase in U while
maintaining a lower pressure drop of 52.27%, positioning
them as a more balanced option.

From case Il (Table 4), TAC was estimated at 11,467
USD/year, where the largest contribution comes from the
equipment cost (9,368 USD/year), while the pumping
costs are 2,098 USD/year. This analysis shows that the
convective heat transfer coefficient of the shell side (hs)
is significantly lower compared to that of the tubes (hi),
indicating that the heat transfer is controlled by the fluid
flowing through the shell. This situation causes the im-
provement in heat transfer coefficient on the tube side,
not being significant in the overall heat transfer coeffi-
cient. This prevents the inserts from achieving the in-
tended operational performance. In this case, a better
design configuration is to send the fluid with the lowest
mass flow rate through the tubes. Yet, another operating
feature that affects the magnitude in which a promoter
enhances heat transfer is thermal effectiveness. Higher
effectiveness heat exchangers tend to dampen the incre-
ment in heat load.

The results of the optimization methodology applied
to Case lll are presented in Table 5. It can be observed
that the convective heat transfer coefficients, h; (4,434
W/m2°C) and hs (2,129 W/m2°C), are slightly more bal-
anced compared to Case Il. In this configuration, the
mass flow rates are equal, which does not constrain the
increase in the overall heat transfer coefficient. This is
because heat transfer is more evenly distributed, at-
tributed to the heat exchanger exhibiting a balanced
thermal effectiveness and C relation average.

CONCLUSIONS

Based on the sensitivity analysis results, it can be
concluded that an increase in the twist ratio (TR) of the
twisted tape promoter causes the twists to become
wider. This reduces flow turbulence, which inversely af-
fects fluid velocity, decreasing speed (Vi), pressure drop
(AP)), and the overall heat transfer coefficient (U). The
twisted tape with V-cuts shows a 21.1% increase in the
overall heat transfer coefficient (U) and a 52.27% in-
crease in the pressure drop (APi) compared to the
smooth tube without promoters, making it the best option
to maximize heat transfer with minimal impact on energy
consumption.

An optimization methodology was developed for the
design of shell and tube heat exchangers with turbulence
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promoters. The results indicate two key issues that de-
termine the magnitude of performance improvement
achievable with turbulence promoters: (1) a larger overall
performance increase is observed when the lower mass
flow rate fluid passes through the tube, and (2) higher in-
creases in heat load are achieved when turbulence pro-
moters are used in units with low thermal effectiveness.
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