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This study numerically investigates a rotating horizontal spiral tube heat exchanger with integral flow-reversal
segments designed to enhance thermohydraulic performance. As opposed to the typical spiral coil heat exchanger
where the effect of Dean vortices gradually diminishes along the flow direction, an innovative configuration is
introduced here where the motion of the Dean vortices can be re-created periodically through flow reversal.
Three-dimensional computational fluid dynamics analysis was carried out using the concept of rotating reference
frame to examine the fluid flow and heat transfer properties for the range of Reynolds number 2000 to 6000,
which corresponds to the laminar to transitional flows in curved tubes. It was found that, relative to a con-
ventional horizontal spiral coil, there is an improvement in Nusselt number of 16.3%, 26.8%, and 32.9% at
Reynolds numbers of 2000, 4000, and 6000, respectively. The pressure drop penalty is about 6.7%, 17.9%, and
12.6% at Reynolds numbers of 2000, 4000, and 6000, respectively. These results demonstrate that geometric
modification through periodic flow reversal can significantly enhance heat transfer without the need for internal
inserts. The proposed configuration provides an efficient, manufacturable, and energy-efficient solution for in-

dustrial applications such as desalination, cooling, and waste heat recovery.

1. Introduction

In many engineering applications, including power generation,
refrigeration, transportation, heat exchangers play a crucial role in
controlled heat transfer between fluid streams. An efficient heat
exchanger becomes important for cost reduction and conservation of
heat [1,2]. Improving the efficiency of thermal systems is directly linked
to reducing energy consumption and supporting resource management
[3]. In order to meet the increasing needs of strict environmental reg-
ulations and demand, there lies an intensive need for miniature, robust,
and environment-friendly design that would provide superior heat
transfer rates [4].

Heat transfer enhancement techniques are broadly grouped into two
categories: passive and active. Passive methods include the use of
different materials and geometry, for example, the introduction of fins
[5]. Passive approaches include material and geometric variations, such
as finned surfaces [6], wavy and curved passages [7], and surface
roughening, as well as insertion devices like wire coil [8] and twisted
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tape insertions [9]. Recent studies have demonstrated the effectiveness
of such passive techniques. For instance, Zhang et al. (2025) showed that
coiled wire inserts in spiral channels significantly improve secondary
flow intensity and heat transfer efficiency by increasing flow instability
[10]. Similarly, Qiu et al. (2025) studied an innovative I-rib twisted tape
and twisted winglet (I-RTTW) arrangement, which incorporates edge
winglets for boundary layer disruption and central I-ribs for radial mo-
mentum transport. It was found that for constant Reynolds numbers,
increasing wing depth ratio and wing width ratio result in improved heat
transfer efficiency and higher flow resistance; in particular, Nusselt
number is 1.78-1.99 times higher than that for a smooth tube, whereas
the friction factor is 3.76-4.11 times greater [11]. Heat transfer
enhancement in passive methods is primarily achieved through
boundary layer disruption and intensified fluid mixing, which increase
convective heat transfer coefficients [12]. Various geometric modifica-
tions have been investigated to achieve this effect. For example, Pei et al.
(2025) developed a highly efficient cooling technique for high-end
electronic products using counter-flow microchannel with sinusoidal
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wave walls. The use of sinusoidal wave walls in the system helps
enhance its efficiency by increasing the heat transfer area while
enhancing the efficiency of film evaporation. The efficiency of heat
transfer was improved by 103 % in comparison with traditional
microchannel techniques [13]. Alzaben et al. (2025) showed that the
introduction of spring wire inserts into a double-tube heat exchanger
influences the heat transfer characteristics. The major influence noted in
the results obtained is the ratio of pitch length, which had an optimum
value of 1.03 and which increased the Nusselt number with an
improvement of 184 % to 194 % when compared with the plain tube.
Although the minimum pitch ratio led to the highest exergy efficiency
and friction factor increase by 173 % to 199 %, a ratio of 1.53 proved to
have the greatest improvement in thermal-hydraulic factor [14]. These
studies collectively indicate that while passive techniques effectively
enhance heat transfer, they often introduce additional flow resistance,
reinforcing the inherent trade-off between thermal performance and
pressure drop. enhance the heat transfer rates by adding fluid dynamics
and interaction characteristics based on the application of external en-
ergy sources, such as electric, magnetic, vibrating forces, and jet
impingement. Although it is true that active methods provide additional
factors that must be considered, design and operation complexities, and
penalties regarding costs and maintenance, there are many potential
advantages associated with their use as well [15-17]. Incorporating
curved geometries, such as spirals and helical coils, continues to be one
of the most effective passive techniques for improving heat transfer to
date. The centrifugal forces produced by the curvature cause secondary
vortex generation, thus leading to boundary layer disruption and
increased Nusselt number [18]. Naphon (2011) conducted an experi-
mental study on horizontal coil tubes and reported that performance is
greatly enhanced through the use of spiral coil tubes relative to straight
tubes, especially considering that the Nusselt number increases by 1.49
[19]. Zhang and Li (2014) conducted numerical research demonstrating
that an increase in the eccentricity ratio of tube-in-tube helically coiled
heat exchanger designs results in significant increases in the Nusselt
number [20]. In the same context, the study conducted by Abdelmagied
et al. (2024) investigated the thermo-fluid behavior of annular curved
tubes using Al203-water nanofluids. Their numerical findings revealed
that cross-sectional geometry plays a pivotal role in thermal perfor-
mance, with the circular cross-section demonstrating superior heat
transfer enhancement compared to elliptical, square, rectangular, and
triangular shapes by 13 %, 30 %, 40.5 %, and 52.9% , respectively, for
the same cross-sectional area [21]. In addition to such passive methods,
incorporating rotational motion could result in further improvements.
According to Sharma et al. (2024), the utilizing of controlled rotation on
a helical tube with a porous medium can increase secondary flow, which
can enhance the convective heat transfer in laminar and transitional
region [22]. Although the Dean vortices (De) which is generated by
centrifugal forces in coiled HXs have proved advantageous, and rotation
of the tubes can result in increased heat transfer, such benefits cause a
decay further downstream due to the breakdown of the Dean vortices,
which form thermal “dead zones” and uneven temperature profiles
along the coil [23]. Based on previous works, one can conclude that
there are three categories of heat transfer enhancement processes, which
include insert based, geometry alteration and active processes. Insert
based processes such as twisted tapes or wire-coil inserts allows reaching
high heat transfer enhancement efficiency, up to 68-111 % or even
more; nevertheless, it has high pressure drop penalties caused by tube
blockage and increased resistance. Geometry alterations like corrugated
and spiral tubes offer medium levels of enhancement with pressure
penalties, about 23-117 % for corrugated tubes and 30-80 % for spiral
tubes. Rotating spiral tubes belong to active processes and enable even
higher heat transfer efficiency, 145-160 %, but still, the pressure pen-
alties are not extremely high. Therefore, despite the significant progress
in heat transfer enhancement, a key challenge remains in achieving high
thermal performance while maintaining low pressure-drop penalties
and practical applicability.
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In curved tubes, Dean vortices, which enhance radial mixing and
disrupt the thermal boundary layer. However, these vortices gradually
weaken along the flow direction due to viscous dissipation, reducing
mixing intensity and heat transfer efficiency. In the present study, the
introduction of periodic flow reversal segments is designed to locally
reintroduce centrifugal effects, leading to the regeneration of Dean
vortices. This mechanism enhances mixing, disrupts boundary layer
development, and sustains convective heat transfer along the entire flow
path.

A limitation of conventional horizontal spiral tubes is that curvature-
induced secondary flow weakens downstream as viscous dissipation
reduces vortex intensity. The proposed HSFR geometry addresses this
limitation by introducing periodic 180° redirection of the internal flow,
which locally regenerates secondary motion, renews near-wall mixing,
and suppresses continuous thermal-boundary-layer growth. The objec-
tive of the present study is therefore to isolate and quantify the ther-
mohydraulic effect of these integral flow-reversal segments relative to a
conventional horizontal spiral tube under identical operating condi-
tions. Considering the relatively low pressure-drop penalty of rotating
spiral tubes [24], this study is motivated by combining tube rotation
with flow reversal to further enhance heat transfer performance. An
important technical merit of such a design is industrial ease of produc-
tion, which allows reproduction by standard tube formation methods,
unlike more specialized designs. Hence, such a design named Horizontal
Spiral with Flow-Reversers (HSFR) is very amenable to modification and
inclusion into a compact thermal system. In light of such a critical gap,
the present work expands the work by Dabestani and Kahani (2024),
which found optimal rotating characteristics of Horizontal Spiral Tube
(HST) heat exchangers, to design, simulate, and critically assess an HSFR
design with different Reynolds numbers [24]. In this work, HSFR is
proposed, and its thermal-hydraulic behavior has been simulated by 3D
CFD. The geometric parameters of the spiral tube, including pitch
length, tube diameter, and number of turns, were selected based on
previously validated configurations reported in [24]. The design was
constrained to maintain equal heat transfer surface area between the
HSFR and baseline HST configurations to ensure a fair performance
comparison. The spacing and geometry of the flow reverser segments
were determined to provide periodic flow redirection while keeping
same surface area.

In Section 2, the computational methodology is described. Specif-
ically, information is provided on the geometric shape and dimensions
of the HSFR, the number and location of internal reversers, the
description of rotating frame differential equations, the imposition of
boundary conditions and temperatures, and the solution algorithms and
models used by the Fluent R1 2025 solver. Moreover, a mesh-
independence analysis is also discussed. In Section 3, validation of the
numerical setup and comparison between the performances of HSFR and
HST in various Re are conducted by investigating the velocity and
temperature fields, and also by calculating Nu and Performance Evalu-
ation Criteria, and Section 4 gives a discussion on the results obtained.

Nomenclature
Symbol / Definition
Acronym
HST Horizontal Spiral Tube (conventional spiral tube heat
HSFR exchanger)
HX Horizontal Spiral Tube with Flow Reversers
CFD Heat Exchanger
PEC Computational Fluid Dynamics
Re Performance Evaluation Criterion
DA
De Reynolds number, Re = Vo
Nu i
Gz D ber,De = Rey /™"
Pr ean number,De = Rey/
D; hD;
Dl Nusselt number,Nu = Tl
L mé,
Graetz number,Gz =
v *D;

(continued on next page)
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(continued)

Nomenclature

Symbol / Definition

Acronym
e Prandtl number,Pr = %
,‘l/ Inner diameter of the tube
h Curvature diameter of the coil
k Tube length
cp Fluid density [kg/m®]
@ Dynamic viscosity [Pa---]
. Fluid velocity [m/s]
Q Convective heat transfer coefficient [W/m? K]
e Thermal conductivity [W/m.K]
o Specific heat capacity at constant pressure [J/kgK]

Dgy Rotational angular velocity vector
A= d Viscous stress tensor
D — D+d Internal heat generation
v 2 Internal energy
v, Dissipation function
v Curvature ratio
F Average diameter of spiral coil
V. Relative velocity
m Absolute velocity
7 Force term
Divergence

AP 7f§ % mass flow rate
f Position vector

Pressure drop
Friction factor

2. Simulation details
2.1. Geometry and model construction

In regard to the computational-geometry work conducted within the
scope of this research, it should be noted that it has been developed
utilizing the Autodesk Inventor 2025 and is illustrated in Fig. 1. In turn,
it comprises an external shell and an internal horizontal spiral tube,
which features the HSFR design. In the HSFR, periodic 180-degree fluid
path turnings are imposed. Table 1 shows the geometric details of the
components of the heat exchanger in both HST and HSFR cases, which
indicate the design criteria. These design criteria were used to ensure
maximum efficiency and manufacturability, which are supported by the
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Table 1

Geometric Design Parameters for Spiral Tube Heat Exchanger.
Parameter Value (HSFR) Value (HST) Unit
Shell Diameter 600 600 mm
Shell Height 200 200 mm
Tube Diameter 10 10 mm
Tube Length 2700 3100 mm
Coil Outer Diameter 368 340 mm
Coil Inner Diameter 47 60 mm
Pitch Length 23 23 mm
Number of Turns 5 5

designs cited by Dabestani and Kahani [24]. The design of the total heat
transfer surface areas of the HSFR and the HST base configurations were
made equal. This is essential to ensure that the performance improve-
ments, if any, are due to the geometrical changes.

2.2. Boundary layer characteristics

The solution domain is divided into two regions: the first domain
involves the inner tube, which is described by a rotating reference frame
centered on the tube Z-axis, and the second domain involves the
remaining surrounding shell, which is stationary. The tube rotates
counterclockwise, and the rotation vector points along the Z-axis,
following the right-hand rule. Table 2 describes the essential parameters
influencing the evolution of the boundary layer.

Table 2

Boundary Conditions for Shell and Tube Heat Exchanger Simulation.
Parameter Type Value Unit
Tube Inlet Velocity Inlet 0.09-0.28 m/s
Tube Inlet Temperature 333 K
Tube Outlet Pressure Outlet 0 Pa
Shell Inlet Velocity Inlet 0.15 m/s
Shell Inlet Temperature 293 K
Shell Outlet Pressure Outlet 0 Pa
Walls No-slip Boundary Condition
Tube Inner and Outer Wall Coupled
Shell External Wall Adiabatic
Spiral Tube Rrotating Frame 4 RPM

Fig. 1. Geometric configuration of the spiral heat exchanger with internal flow reversers (HSFR).
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2.3. Material properties

In the present work, water is used as the fluid owing to its applica-
bility to heat transfer systems. Water is assumed to behave as a New-
tonian, incompressible fluid, which is true under the operational
conditions. Moreover, fluid properties such as density, viscosity, specific
heat, and thermal conductivity are assumed to vary with temperature.
The spiral tube and shell are made of copper, which has high thermal
conductivity and easy workability. Heat transfer between the tube-side
hot fluid and the shell-side cold fluid was modeled using a conjugate
heat transfer approach through the tube wall. The wall itself is repre-
sented as a coupled interface boundary between the solid wall and the
neighboring fluid zones. The heat transfer across the wall will be
calculated depending on the temperature distribution in the neighboring
cells.

In order to keep the problem physically correct but numerically
simplified, the following approximations were used: Steady state, three-
dimensional, incompressible flow. Newtonian fluid (water). Effects of
radiation heat transfer are not taken into account. No heat losses to the
environment, heat exchange takes place only between the two fluid
streams.

2.4. D. governing equations and numerical procedure

The thermal and hydrodynamic performances of the HSFR were
numerically simulated using the commercial software, ANSYS Fluent
2025 R1. The simulations were based on the conservation equations of
mass, momentum, and energy. They were simulated using a rotating
frame of reference to correctly capture the influences of tube rotation
and curvature. The additional source terms, due to rotation and tube
curvature, were used to add the influences of centrifugal and Coriolis
forces to the equation. These forces cause secondary currents, also
known as Dean vortices, which increase the radial mixing and convec-
tive transport [25]. This modeling approach follows the methodology
established by Tey et al., which enables accurate prediction of complex
flow phenomena within the HSFR geometry Tey et al [26]. The gov-
erning equations are given by:

Continuity Equation:

V. <p7,) =0 1)
Momentum Equation (Navier-Stokes in Rotating Frame):
V. <p<7,7’,> + 2p<5’ x 7,> +p(@x(BXxT)) =-Vp+Va+F

(2)
Energy Equation:

V. <p?,cpT) = V.(kVT) 3)

Where V', represents the velocity relative to the rotating reference
frame, V denotes the absolute velocity in the stationary frame, and @ is
the angular velocity vector describing the rotation of the spiral tube. The
fluid velocities can be transformed from the stationary frame to the
rotating frame using the relation:

V,=V-woxT 4
where 7 is the position vector from the rotation axis to a point in the
fluid.

2<ﬁ ><7,> represents the Coriolis acceleration. And @ x(@ x7)

represents the Centripetal acceleration.
To focus on laminar flow characteristics and isolate enhancement
mechanisms independent of turbulence, the Reynolds numbers were
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restricted to lower than the critical value. Although transition happens
around 2300 in the case of a straight pipe, the effect of curvature en-
hances the same because of stabilization secondary flows. Correlation 5
for critical Reynolds number in coiled pipes was applied to obtain the
critical Reynolds number [27]:

Reg, = 30000/7°% (5)

To focus on laminar-to-transitional curved-pipe behavior and avoid
fully turbulent conditions, the Reynolds number was limited below Re =
6300. The SST k-o model was employed to ensure robust prediction
across this regime.

2.5. Solver settings

The SIMPLE algorithm was used to couple the velocity and pressure
due to its suitability to handle problems involving incompressible fluid
flows and its balance of computational efficiency and solution accuracy
[28]. A second-order upwind scheme was used to discretize the mo-
mentum and energy equations. This provided higher accuracy than
first-order methods [29].

2.6. Meshing strategy

A structured hexahedral mesh was generated by ANSYS Fluent
Meshing for the computational domain. The choice of the type of mesh is
crucial for the simulation of internal flows. A hexahedral mesh was
selected for the computational domain because of its better robustness
and higher accuracy compared to other types of meshes in modeling
near-wall effects [30]. Although the Reynolds number range
(2000-6000) lies within the laminar-to-transitional regime for curved
pipes, the flow in the present configuration is continuously disturbed
due to curvature, rotation, and periodic flow reversal. These effects
promote local instabilities and transition-like behavior. Therefore, the
SST k- turbulence model was employed to ensure accurate prediction
of near-wall gradients and to capture possible transitional effects. The
SST k-» model is well known for its robustness in handling adverse
pressure gradients and complex flow separation. To ensure near-wall
accuracy, the mesh was refined such that y* < 1 throughout the
domain, and the flow was fully resolved without the use of wall func-
tions. Inflation layers with a growth rate of 1.2 were utilized along the
surface of the tube walls in order to account for the near-wall gradients.
A total number of five inflation layers was used for a first layer thickness
of about 0.3 mm. No wall functions were used since the present study
had laminar and transitional flow regimes. Therefore, the equations
were solved directly to the wall. Further mesh refinement was done in
areas of high gradients; particularly at the reverser bends and inle-
t/outlet regions. Fig. 2 below shows the mesh configuration. A similar
meshing strategy was applied to both geometries to ensure consistency
in comparison.

In order to verify the correctness and accuracy of the obtained nu-
merical solution, a mesh independence study has been carried out. The
aim of this, is to reveal the most optimal mesh density, which should
accurately reproduce the system’s thermal regime without increasing
the complexity of computations unnecessarily. The Nu and AP has been
used to assess the performance of various mesh sizes. The number of
elements between 650,000 and 2000,000 was generated and tested
under identical operating conditions. As shown in Fig. 3, the Nusselt
number increases with mesh refinement and gradually approaches an
asymptotic value. When the number of elements increases beyond
approximately 1.4 x 106, the variation is insignificant. The quantitative
results of the grid independence analysis are summarized in Table 3.
Specifically, the difference in Nu between the meshes with 1.45 x 10°
and 1.2 x 10° elements is <0.5 %, also the corresponding variation in
pressure drop is 1.16 %. These results show that both thermal and hy-
draulic predictions are mesh-independent. Therefore, a mesh with
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Fig. 2. Mesh representation of the computational domain with close-up around the spiral tube, (A) HSFR (B)HST.
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Fig. 3. The Nu number and pressure drop in the coil side for different numbers of grids.
approximately 1.42 x 10° elements was selected for all subsequent The grid independence study was further quantified using the Grid
simulations as a compromise between computational cost and numerical Convergence Index (GCI) method. Three successively refined meshes
accuracy. with 1025,873, 1201,457, and 1423,497 elements have been used for
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Table 3
Quantitative grid independence results.

Elements Nu Relative Error AP Relative Error
652,340 67.43 _ 810.97 _

864,125 69.11 2.49 % 786.89 2.96 %
1,025,873 70.45 1.94 % 772.69 1.82%
1,201,457 71.30 1.21 % 760.00 1.64 %
1,423,497 71.65 0.49 % 751.20 1.16 %
1,662,101 71.83 0.25 % 748.83 0.32 %
1,884,510 71.91 0.11 % 748.02 0.11 %
2,105,328 71.98 0.10 % 747.77 0.03 %

the calculation of the GCI. As per the findings from Nu, the fine-grid GCI
value was found to be equal to 1.81 %, indicating low discretization
uncertainty. For the AP, the corresponding fine-grid GCI was approxi-
mately 5.43 %, reflecting the higher sensitivity of hydraulic predictions
to mesh resolution. Nevertheless, both the Nu and AP showed mono-
tonic behavior for decreasing relative difference with increasing number
of grid cells, becoming negligible after approximately 1.4 x
10%elements. Therefore, the mesh with 1423,497 elements was selected
for all subsequent simulations.

3. Results and discussion
3.1. Validation

In a validation analysis, the accuracy of the computational models
has been tested by correlating the calculated Nu with various study re-
sults including published correlations and experimental-based equa-
tions. The calculated process has been viewed under the conditions of a
shell and a static horizontal spiral tube heat exchanger, with various
ranges of the Reynolds number (Re). The calculated result has been
verified with various results provided by Etghani and Baboli [31],
Jayakumar et al. [32], Patil et al. [33]. As shown in Fig. 4, the present
numerical results are in good agreement with the experimental-based
correlation [33]. The deviation between the numerical prediction and
the experimental data is <13 %.

Further simulations were carried out to explore the effect of
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rotational motion on convective heat transfer in a HST configuration.
The obtained Nu were verified against the information provided by
Dabestani and Kahani [24]. Fig. 5 shows how the simulated model is in
good agreement with the reference values. Such an agreement
strengthens the robustness of the computational method and provides
the basis for its application in the HSFR design of the current work.

3.2. Flow pattern

Fig. 6 the velocity distribution on the tube side and in the same cross-
section of the last turn of the spiral tube with the presence of the flow
reverser under the operating conditions (Re 2000, 4000 and 6000; w=4
RPM). The presence of the flow reverser causes a considerable change in
the behavior of the fluid flow. In the HST case, it is noticed that the
velocity distribution has a strong peak along the axis with high gradients
near the tube wall, which causes strong shear layers and asymmetric
secondary flows, associated with strong changes in fluid flow distribu-
tion. In contrast, the HSFR case has a more homogeneously distributed
velocity profile along the axis, with lower gradients and a more uniform
distribution across the section. The modification of the velocity field is
mainly attributed to the regeneration of the Dean vortices created by the
flow reverser segments. Due to the periodic 180-degree deflection of
flow in the HSFR geometry, local re-introduction of centrifugal force
results in the development of additional secondary vortices, which help
enhance the lateral transfer of momentum and increase radial velocities,
thus promoting mixing and preventing the development of stagnant or
low-velocity regions within the tube. Fig. 7 illustrates the velocity dis-
tribution inside the shell domain for two spiral heat exchangers. The
shell-side and tube-side conditions were kept identical for the evalua-
tion. The effect of the internal tube configuration on shell-side flows is
considerable. As shown in Fig. 8, in the case of the HSFR, periodic in-
ternal flow reversers are used, which disturb the internal fluid motion by
reducing the axial component and increasing the radial component of
the momenta. These disturbances propagate through the tube wall and
affect the adjacent shell fluid, resulting in pronounced asymmetries and
irregularities in the velocity field. This process enhances mixing in the
shell side, increasing heat transfer by promoting more contact of the
fluid with the outer tube surface. The intensified mixing underlines the
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Fig. 4. Comparison of Nu from correlations by 1: Etghani & Baboli [31], 2: Jayakumar et al. [32], 3: CFD, and 4: Pati et al. [33].
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Fig. 6. Cross-sectional velocity profile for HSFR and HST at different Reynolds numbers under @ = 4 RPM rotation.

ability of the HSFR design to enhance the heat transfer process outside
the tube region, further enhancing the efficiency of the overall system. In
comparison, the heat exchanger with HST maintains a flow pattern that
is steadier, resulting in a symmetrical and layered velocity field with
minimal mixing. This uniformity can dampen thermal performance
because it reduces how much the fluid interacts. An important benefit of
the HSFR design, which is distinct and unique to other passive internal
insert designs, is the strong influence on the shell-side flow field.

Fig. 9 shows the flow structures for the cross-section of the last turn
of flow passage for both HSFR and HST configurations. In the HST case,
the secondary flows generated are quite weak and have relatively uni-
form distribution without any cross-sectional movement, meaning that
there is less mixing and the development of thermal boundary layer will
occur along the wall of the tube. On the other hand, the secondary flows
formed in the HSFR geometry are much stronger because of the flow
reversers used, and therefore there are repeated deflections of the flow
and creation of recirculating vortices and cross-sectional flow.

3.3. Temperature profile

Fig. 10 shows the fluid temperatures inside the spiral tube at various
cross-sections for HST and HSFR arrangements at Re = 2000, 4000, and
6000. The maps of temperatures demonstrate how much the working
fluid is cooled by the heat transfer. The difference between HST and
HSFR designs shows the latter has a greater temperature difference,
which reflects greater heat transfer to the tube wall and then to the
ambient surroundings. Fig. 11 also displays the corresponding temper-
atures on the shell side. In the case of the HSFR design, the heated region
surrounding the tube is wider and has more gradual temperatures,
signifying an efficient transfer of fluid temperatures to the tube and the
surrounding shell fluid. The increased fluid turbulence inside the tube
due to the installed reversers causes a more efficient transfer of the heat
to the shell. In contrast, the HST design has a localized heated zone with
steeper temperatures near the tube, which reduces the transfer of fluid
temperatures to the shell. As a result, the presence of flow reversers
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Fig. 7. Shell-side velocity profile for horizontal spiral tube heat exchangers with HSFR and HST at Re=6000.

(b)

Fig. 8. Velocity vectors in the shell region: (a) HSFR and (b) HST.

significantly improves the efficiency of spiral tube heat exchangers. As
shown in Fig. 12 that the average Nusselt number increases with Rey-
nolds number for both configurations, but its variation for HSFR is
consistently greater than that for HST. The fact suggests that the
improved heat transfer by HSFR is due to the effect from flow modifi-
cation. In the HST design, the induced secondary flow becomes
increasingly weaker towards the exit point of the spiral, resulting in an
increased thickness of the thermal boundary layer and limiting the po-
tential enhancement in the wall heat flux. On the other hand, the re-
versers in HSFR continually modify the velocity distribution and
regenerate the cross-flow, which facilitates the transport of heat flow
across the tube centerline. With the increasing Reynolds number, the

inertia and centrifugal force become significant, so each reversal pro-
duces a larger disturbance of the developing thermal boundary layer;
this explains why the relative HSFR advantage grows with Reynolds
number. Compared to HST, it is found that Nu increases under the HSFR
configuration by 16.3 %, 26.8 %, and 32.9 %, corresponding to Re of
2000, 4000, and 6000, respectively. Thus, it is verified that the new
design is more advantageous than HST.

The observed enhancement in Nusselt number for the HSFR config-
uration is primarily attributed to intensified fluid mixing and repeated
disruption of the thermal boundary layer. The repeated flow redirection
prevents the continuous growth of the thermal boundary layer along the
flow direction, maintaining a thinner boundary layer thickness. This
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Fig. 9. Secondary flow structures in the cross-section of the last turn for (a)
HSFR and (b) HST.

results in higher temperature gradients at the wall and consequently
increased convective heat transfer.
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3.4. Pressure drop

The pressure drop characteristic is an essential part of the perfor-
mance evaluation process, besides thermal efficiency, and is critical
when examining the compromise between increased heat transfer and
increased pumping work. In Fig. 13a comparison between the pressure
drop of HST and HSFR is offered over a range of Re between 2000 and
6000. In the low-Re regime, it is difficult to differentiate between the
pressure drop of HST and HSFR, and a negligible difference between the
pressure drop of the HST and HSFR systems suggests that, at low Re, the
insertion of reversers has resulted in merely a minor increase to the
hydraulic losses. As Re increases, the pressure drop difference becomes
more distinct. This is due to flow reversers interfere more substantially
with fluid momentum, which generates additional recirculation zones.

To evaluate the performance of HSFR when compared to the HST,
the performance evaluation criteria (PEC), which is defined by Webb
[341, has been calculated based on the following expression:

Nugsrr
Nupsr

PEC = (6)

Susrr 3
Sust

This criterion translates the compromise between the benefits of
increased heat transfer and the corresponding pressure drop. A PEC
value greater than 1 indicates that it is advantageous to employ the
design, which is more efficient. Fig. 14 The increase of PEC from
approximately 1.11 at Re = 2000 to 1.27 at Re = 6000 confirms that the
HSFR enhancement mechanism becomes more favorable as the flow
inertia increases. This trend is important because it shows that the added
pressure drop does not scale as severely as the heat-transfer benefit.

3.5. Dimensionless correlations

In order to extrapolate the numerical values and provide an engi-
neering tool, dimensionless correlation for Nu and friction factor (f) was
obtained for both the HST and HSFR geometries. These correlations
consider the effects of curvature, rotation, and flow reversal within each
curve at 4 RPM, and over the Reynolds numbers studied between 2000
and 6000. The form of the correlations follows the traditional power law
form Table 4:
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Fig. 10. Temperature profile along the spiral tube for HSFR and HST in various Reynolds numbers.
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Re=6000

Shell-side thermal fields for HST and HSFR configurations under varying Reynolds numbers.
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Fig. 12. Tube side Nusselt number versus Reynolds number for HST and HSFR configurations.

4. Conclusion

This study addressed a key limitation of conventional horizontal
helical spiral tubes, namely the downstream weakening of curvature-
induced secondary flow and the associated growth of the thermal
boundary layer, resulting in reduced heat transfer effectiveness along
the flow path. In order to overcome this weakness, a helical spiral tube

with flow reversers (HSFR) was proposed and compared against the
classical configuration of the helical spiral tube (HST) using 3D nu-
merical simulations. The innovative aspect of the current work is in the
employment of periodic flow reversal to locally generate Dean vortices
without utilizing any internal structures and causing more pressure
drop.

Under the investigated operating conditions, corresponding to Rey-
nolds numbers of 2000-6000, three-dimensional steady incompressible
conjugate heat transfer, water as the working fluid, a rotating-frame
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Fig. 13. Pressure drop variation for HST and HSFR configurations across Reynolds numbers.
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Fig. 14. Performance Evaluation Criterion (PEC) values for HSFR compared to HST at different Reynolds numbers.

formulation. Relative to the HST, the HSFR increased the tube-side
Nusselt number by 16.3 %, 26.8 %, and 32.9 % at Reynolds numbers
of 2000, 4000, and 6000, respectively, while the corresponding
pressure-drop penalty remained moderate at 6.7 %, 17.9 %, and 12.6 %.
The thermohydraulic benefit was therefore favorable over the entire
investigated range, with the performance evaluation criterion remaining

11

greater than unity and reaching 1.27 at Re = 6000.

The improvement in thermohydraulic performance comes from
converting the usual vortex decay inherent in a conventional spiral tube
to an intermittently regenerated transport phenomenon. Each reverser
modifies the local velocity field, generates recirculation, and causes
reattachment, and also provides for renewing near-wall fluid motion
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Table 4

Dimensionless correlations for thermal and hydraulic performance.
Configuration Nu correlation Friction factor (f) correlation R2
HST Nu = 0.415Re%%73 prl/3 f =11.21Re 0582 0.988
HSFR Nu = 0.529Re®576 prl/3 f = 12.56Re 0585 0.992

while maintaining the wall-normal temperature gradient. Hence, the
local wall heat flux increases, which leads to a substantial rise in the
Nusselt number. These structures generate additional hydraulic resis-
tance losses; however, the pressure drop increase is still less than the
increase in heat transfer, as confirmed by PEC > 1. The performance
enhancement of the HSFR design can be attributed to three key mech-
anisms: (1) regeneration of Dean vortices via repeated changes of the
direction of flow motion, (2) increased mixing owing to higher radial
velocity gradients, and (3) disruption of the thermal boundary layer.
These combined effects lead to sustained heat transfer enhancement
along the entire flow path, in contrast to conventional spiral tubes where
vortex decay reduces thermal performance downstream. As shown in
Table 5, conventional enhancement techniques such as twisted tapes,
wire-coil inserts, and corrugated tubes can achieve high heat transfer
enhancement (typically 68-111 % and up to 117 % or higher). However,
these methods are associated with substantial pressure-drop penalties,
often in the range of 3-4 times that of a plain tube, due to internal
blockage and increased flow resistance.

In contrast, spiral tubes provide moderate enhancement (30-80 %)
with lower pressure penalties (1.5-3 x), but their performance is limited
by the decay of secondary flow structures along the flow path. Rotating
spiral tubes further improve heat transfer (145-160 %) with only a
modest increase in pressure drop (~1.13 x). The proposed HSFR
configuration combines the advantages of geometric enhancement and
flow reorganization, achieving a significant overall heat transfer
enhancement of approximately 187-221 % while maintaining a rela-
tively low pressure-drop penalty (1.2-1.4 x). Unlike insert-based
methods, the HSFR design does not introduce internal obstructions,
reducing fouling risk and simplifying maintenance. Therefore, it offers
more favorable thermohydraulic performance and practical applica-
bility compared to conventional enhancement techniques.

5. Industrial significance

The HSFR configuration offers various distinct advantages for use in
an industry, particularly concerning the reduction of equipment size,
lower energy use, and ease of operation. In the context of an industry,
the HSFR can easily be manufactured by common tube-forming,
mandrel bending, and even the process of extrusion, as commonly

Table 5
Comparison of enhancement techniques with the proposed HSFR configuration.

Method Typical heat Pressure- Practical limitation
transfer drop penalty
enhancement
Twisted tapes [11] 68-99 % 3.46-4.12 x High friction,
internal blockage
Wire—coil insert [35] 85-111 % 3.5 x High friction,
internal obstruction
Corrugated tube 23-117 % 3-3.5 x Manufacturing
[36] complexity, High
friction
Spiral tube [37] 30-80 % 1.5-3 x
Rotating spiral 145-160 % 1.13 x
(compared with
spiral tube) [24]
Rotating spiral 187-221 % 1.2-1.4 x

reverser
(compared with
spiral tube)
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applied to shell and tube heat exchanger design. In addition, the HSFR
does not face Fouling, vibration, metal fatigue, and insert blockage,
which are common problems experienced by other inserts such as the
twisted tape, wire coil, and internal vortex generator, which are often
installed, anchored, and later removed during maintenance.

Operationally, the HSFR design provides the capability for increasing
the heat transfer per unit area. This becomes particularly important for
desalination plants, pharmaceutical processing, the food industry,
chemical reactors, and waste heat recovery applications, where space
and cost considerations are important factors. The generation of
perturbation along the length of the tube provides an important means
for the control and stability of the process. Energy use is another major
consideration in industry. The HSFR supports up to 32.9 % higher
Nusselt number for equal flow rates, involving only a small penalty for
the total pressure drop, thus ensuring improved thermohydraulic per-
formance as compared to the conventional horizontal spiral coil. As
such, either (1) the same heat transfer task can be accomplished using
less pumping power, or (2) the same amount of pumping power can
produce an enhanced heat transfer, which reduces the cost of operation.

Finally, the fact that the system does not contain moving parts inside
the flow passage, makes the HSFR system robust and, therefore,
amenable to industry-ready retrofitting and incorporation into future
generations of compact heat exchangers. In aggregate, it appears that
the various advantages discussed are sufficiently indicative of the fact
that the HSFR has the potential to be far more than just an effective
research tool.

6. Future work

While the present study provides a numerical investigation of the
thermohydraulic performance of the HSFR configuration, a systematic
parametric study of geometric variables, including pitch, curvature
ratio, flow reverser spacing, and blockage ratio, is recommended.
Although these parameters were intentionally kept constant in the cur-
rent work to isolate the effect of flow reversal, their optimization could
lead to further enhancement of heat transfer performance and improved
thermohydraulic efficiency.
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