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Abstract: The computational and experimental study results of swirling single-phase coolant motion
and heat transfer for the standard operation parameters of a nuclear power plant are presented. The
experimental model is a vertical heat exchanger of a “pipe in a pipe” type with the countercurrent
movement of coolants. Six different swirlers (three with a constant twist pitch and three with a
variable pitch) were considered. The heat exchanger temperature field was measured at various
combinations of coolant flow rates, and a channel pressure drop for each swirl was determined.
Computational studies were performed using the Omega-based Reynolds stress model and SST
model with a correction for curvature streamlines. A good agreement between numerical and
experimental data was obtained. Based on the velocity and temperature fields, swirling flow motion
features in channels with a variable swirl pitch were discovered. For each intensifier, the effectiveness
criterion in comparison with a pipe channel was determined.

Keywords: swirling flow; heat transfer intensification; hydrodynamics; PWR heat exchangers;
computational fluid dynamics; Omega Reynolds stress model

1. Introduction

To reach the highest level of modern nuclear power engineering, the energy efficiency
of heat exchanger equipment needs to be increased. The most rational way to solve this
problem, together with avoiding a significant increase in the heat exchange equipment’s
weight and size, is the intensification of heat and mass transfer processes.

The intensification methods of convective heat exchange can be of two types: active
and passive [1]. The active methods require additional energy costs (mechanical, elec-
tromagnetic, etc.) to affect the heat exchange mechanism. The energy transfer to a fluid
flow during active intensification can be carried out by various means: rotation and vi-
bration of the heat exchange surface, vibration of the coolant, injection, or suction of the
coolant through a porous surface, and imposition of electrostatic or electromagnetic fields.
However, the active methods listed above are either technically difficult to implement
or energetically inefficient, and as a result, they do not find practical application in heat
exchangers of power plants. Passive methods of heat exchange intensification are widely
used in NPU units [2]. Their action is aimed at turbulization or destruction of the boundary
layer, turbulization of the entire fluid flow, as well as an increase in the heat exchange
surface, especially from the side where the heat exchange intensity is too low.

One of the effective passive ways to increase energy efficiency is to create curved
heat exchange surfaces, leading to a swirl of the coolant flow [3–5]. The flow’s swirling
can also be carried out in straight-tube bundles with their inherent high compactness,
using various types of screw inserts. These inserts can be belt and blade swirlers or screw
inserts made by cutting or winding wire onto a rod. A special place among the passive
methods of heat exchange intensification is occupied by tape flow swirlers [6]. They, as
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well as auger swirlers, make it possible to increase heat transfer intensity due to secondary
flows arising under the action of centrifugal forces, which intensify heat exchange between
the core of the flow and the boundary layer. Tape swirlers are the simplest ones and are
not expensive to manufacture compared to other methods of intensification [7–9]. The
channels with tape swirlers have less pressure drop compared to auger turbulators with the
same heat transfer coefficient. This intensification method is characterized by lower metal
consumption. This intensification method can be used to modernize heat exchangers [10].
In this case, there is no need to design a new heat exchanger; it is enough to insert a twisted
tape into the heat exchange channel. The most acceptable intensifier geometry is selected
by varying the winding step or using a variable step. An important drawback of any heat
transfer intensification method is the additional pressure drop that arises. Regardless of
intensification aims and conditions, the pressure drop of the improved channel must be
evaluated. The efficiency assessment result is based on a combination of coefficients that
take into account changes in the heat exchange surface area and heat flow and the increase
in channel pressure drop.

In nuclear reactors, like the PWR or WWER, the heat exchange equipment functions
within unique operation parameters. The most important of these is the high-temperature
field gradient. The temperature field change along the length of the channel leads to
significant changes in the physical properties of the coolant. For example, at 10 MPa of
pressure, if the temperature changes from 35 to 200 degrees, the dynamic viscosity decreases
by 5.2 times, the kinematic viscosity by 6.3 times, and the Prandtl number by 5.3 times [11].
The generalized dependencies Nu = f (Re, Pr), which are experimentally obtained within
a narrow range of parameter changes, can be used in the heat exchange surface design
very carefully.

It will be more accurate to use modern CFD codes, which will make it easy to take into
account all factors. At the moment, there is a wide variety of CFD codes. Most of them are
based on the Navier–Stokes equation’s solution for coolant turbulent flow. Since the direct
solution (DNS) of a system of equations requires high-performance computer systems,
turbulence models have become the most widespread. These are additional equations to
the system, the main aim of which is to simplify and speed up equation solving. The most
popular among them are RANS (k-e, k-ω, and SST), DES and LES models. All turbulent
models are based on additional experimental studies. They need to be carried out for
various coefficient adjustments, making it possible to improve the quality of the resulting
solution despite the introduced simplifications.

In this study, the authors try to evaluate the application of Omega-based Reynolds
stress (ORS) [12] and SST-CC [13,14] with a correction for curvature streamline models of
turbulence for coolant flow modeling, moving in the swirling channel with large tempera-
ture changes. Numerical modeling was carried out by Ansys CFX. Numerical approaches’
validation was carried out by an experimental study of heat transfer within PWR operation
parameters [15–17]. The high level of numerical details made it possible to identify some
swirling flow features that occur when the twist pitch changes.

2. Swirl Flow Study Overview

In the context of the physical processes considered in this article, the theoretical and
experimental studies of single-phase coolant swirling flows are of main interest. Exten-
sive studies in this field were conducted by Koch [18], Shchukin [19], R.M. Manglik and
A.E. Bergles [20], and others [21,22]. The main geometric characteristics of a channel
with an inserted twisted tape are the diameter (d), tape thickness (δ), and swirl pitch (s),
corresponding to a 180◦ turn of the flow around the pipe axis (Figure 1).
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Figure 1. Twisted tape configuration.

The flow swirl intensity can be assessed in several ways as follows:

• The relative pitch of the helical line, where s/d is a simple and less effective parameter;
• The max swirl angle (θ), which is the local parameter of the limiting streamline

deviation from the axial direction [19]:

tan(θ) =
τφ

τz
, (1)

where τφ, τz is the tangential stress projections onto the angular and axial directions;
• The integral twist parameter (Sn) takes into account the velocity uneven distribution

in the radial (r) direction as follows:

Sn =

R∫
0

ρuϕuzr2dr

R
R∫
0

ρu2
zrdr

, (2)

where uφ and uz are the velocity projections onto the angular and axial directions, ρ is
the density, and R is the tube channel cross-section radius. This parameter characterizes
the relative magnitude of momentum flows transferred in the angular and axial
directions [23]. Sn accurate calculation is difficult. In article [24], the authors show
that the Sn value has high sensitivity due to the method and limits of integration.

Researchers from [19,23] have found a strong connection between the integral and
local swirl parameters, for example, for axial-vane swirlers:

tan(θ) = 1.13 · Sn0.82, (3)

Starting from a threshold value of integral twist parameter Sn*, (0.23 < Sn* < 0.3) [23],
the tangential velocity distribution takes the form as seen in Figure 2.
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The theoretical profile calculated by Formula (4):

uϕ(r) =
{

ω · r if 0 < r < rω,
uϕωrω

r if rω < r < R,
(4)

where ω is the angular velocity in a quasi-rigid rotation region, rω is the radius correspond-
ing to the tangential velocity maximum uφω . At Sn < Sn*, the tangential velocity maximum
is achieved near the wall region but outside the viscous sublayer. Regions with positive
and negative gauge pressure appear at Sn > Sn*. Swirl attenuation during the rotation
degeneration process leads to pressure profile equalization, i.e., to the pressure increasing
in the central region. The negative axial pressure gradient leads to reverse flow emergence.

During the coolant movement along a swirling channel, inertial force excess action
leads to secondary flows’ formation. The laser Doppler anemometry (LDA) method
application in the experimental studies and the direct numerical modeling (DNS) method
for numerical ones allowed for more accurate localization of stable vortex structures [25].
Two spiral rotating vortices arise in the water flow at room temperature after passing a
short swirl insert. Computational and experimental velocity fields refuted the hypothesis
of vortices’ counter-rotation. Figure 3 shows the evolution of velocity vector distribution at
s/d = 2.36 and Re = 77,000. The authors showed that single-rotating vortices were formed
on each side of the insert as a result of pressure imbalance that occurs near the inlet region
of the twisted tape.
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Some experimental generalized dependencies for heat transfer coefficients and hy-
draulic friction are presented below. According to Koch R. [18]:
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According to R.M. Manglik and A.E. Bergles [20], for laminar flow:
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Nu = 4.612
(

µ f
µw

)0.14
([(

1 + 0.0951Gz0.894)2.5
+ 6.413 · 10−9(Sw · Pr0.391)3.835

]2

+2.132 · 10−14(Re · Ra)2.23
)0.1

,
(9)

Sw =
Re√
s/d

[
πd

πd − 4δ

]√
1 +

(
πd
2s

)2
; (10)

and for liquid turbulent flow in a heated channel:

λ =
0.0791
Re0.25

[
1 +

2.752

(s/d)1.29

][
πd

πd − 4δ

]1.75[πd + 2d − 2δ

πd − 4δ

]1.25
, (11)

Nu = 0.023Re0.8Pr0.4
[

1 +
0.769
s/d

][
πd

πd − 4δ

]0.8[πd + 2d − 2δ

πd − 4δ

]0.2( µ f

µw

)0.18
, (12)

where Re, Gz, Pr, Nu, and Ra are the Reynolds, Graetz, Prandtl, Nusselt, and Rayleigh
numbers, λ is the friction coefficient, and µf and µw are the dynamic viscosity of coolant at
the fluid flow center and wall temperature.

3. Experimental Study

This big study was conducted in two stages: experimental and numerical. The experi-
mental study of heat transfer intensification was carried out on the “FT-80” testing branch,
which was created to study hydrodynamic and heat transfer processes in steam-generating
systems. The test branch includes three hydraulic circuits. The first and the second circuits,
filled with bi-distilled water, are hydraulically closed and used under excess pressure, and
the third circuit is hydraulically open and made for cooling main equipment. The ranges of
operating parameters are as follows:

• Pressure of the first and the second circuits: P1 = 8 ÷ 11 MPa, P2 = 3 ÷ 5 MPa;
• Inlet temperature of the first and the second circuits: T1 = 245 ÷ 260 ◦C, T2 = 30 ÷ 50 ◦C;
• Mass flow rate of the first and the second circuits: G1 = 11 ÷ 277 kg/h, G2 = 4 ÷ 114 kg/h;
• Reynolds numbers for the input sections: Re1 = 1250 ÷ 31,600, Re2 = 140 ÷ 3900.

The main aim of the experimental study was to obtain the temperature field and
pressure drop of the swirling coolant flow in the heat exchanger channel. The general view
of the experimental model is shown in Figure 4a, and the schematic view of the interior
space is shown in Figure 4b. The model is a heat exchanger channel made according to
the “pipe in pipe” principle. The case of the model consists of two parts, which are after
welding, and the longitudinal welds form a circular cross-section channel with a 17 mm
inner diameter. A heat exchange tube with a 13 mm outer diameter and 1.5 mm wall
thickness, made of titanium alloy, is placed along the channel axis (Figure 4c).

The intensifier is a strip made of 12Cr18Ni10Ti stainless steel 1 mm thick and 9.8 mm
wide, twisted around the central axis (Figure 5).

The length of the heat exchanger intensifier is equal to the active part length of the
experimental model and is equal to 2280 mm. Six metallic bands were manufactured and
studied: three with constant twist pitches (s = 20, 30, and 40 mm) and three with a variable
twist pitch created on the basis of different combinations of these fragments.

The countercurrent flow of the coolants is organized in the model. The second circuit
coolant moves upwards along the inner tube and is heated by the first circuit coolant that
moves from the top down in the annular gap. Such a coolants’ movement scheme is the
most optimal because it allows them to achieve the maximum temperature gradient value
with minimum impact of thermal driving head forces on the heat transfer process and
coolants’ movement. The heat exchange surface’s active part length is 2440 mm. The
channel total length in which thermocouples are installed is 2280 mm.



Fluids 2024, 9, 293 6 of 27

Fluids 2024, 9, x FOR PEER REVIEW 6 of 29 
 

 

 
(b) 

 
(a) (c) 

Figure 4. The experimental model: (a) general view; (b) schematic view of the interior space; (c) 

temperature measurement control points in the section of the model. 

The length of the heat exchanger intensifier is equal to the active part length of the 

experimental model and is equal to 2280 mm. Six metallic bands were manufactured and 

studied: three with constant twist pitches (s = 20, 30, and 40 mm) and three with a variable 

twist pitch created on the basis of different combinations of these fragments. 

The countercurrent flow of the coolants is organized in the model. The second circuit 

coolant moves upwards along the inner tube and is heated by the first circuit coolant that 

moves from the top down in the annular gap. Such a coolants’ movement scheme is the 

most optimal because it allows them to achieve the maximum temperature gradient value 

with minimum impact of thermal driving head forces on the heat transfer process and 

coolants’ movement. The heat exchange surface’s active part length is 2440 mm. The chan-

nel total length in which thermocouples are installed is 2280 mm. 

 

Figure 4. The experimental model: (a) general view; (b) schematic view of the interior space;
(c) temperature measurement control points in the section of the model.

Fluids 2024, 9, x FOR PEER REVIEW 6 of 29 
 

 

 
(b) 

 
(a) (c) 

Figure 4. The experimental model: (a) general view; (b) schematic view of the interior space; (c) 

temperature measurement control points in the section of the model. 

The length of the heat exchanger intensifier is equal to the active part length of the 

experimental model and is equal to 2280 mm. Six metallic bands were manufactured and 

studied: three with constant twist pitches (s = 20, 30, and 40 mm) and three with a variable 

twist pitch created on the basis of different combinations of these fragments. 

The countercurrent flow of the coolants is organized in the model. The second circuit 

coolant moves upwards along the inner tube and is heated by the first circuit coolant that 

moves from the top down in the annular gap. Such a coolants’ movement scheme is the 

most optimal because it allows them to achieve the maximum temperature gradient value 

with minimum impact of thermal driving head forces on the heat transfer process and 

coolants’ movement. The heat exchange surface’s active part length is 2440 mm. The chan-

nel total length in which thermocouples are installed is 2280 mm. 

 

Figure 5. Schematic view of the intensifiers.

Operating parameters and geometric dimensions of the heat exchange surface are
selected in such a way as to ensure heat transfer, improving the possibility for swirling
heated water: αI > αII. For the specified range of coolants parameters, the heat transfer
coefficients’ average values, calculated using formulas applicable to annular (13) and round
(14), (15) [26] channels, are: αI = 3400 ÷ 45,000 W/(m2 ·K), αII = 330 ÷ 5300 W/(m2·K).
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With a significant difference in flow rates, which may occur during the actual operation of
heat exchange equipment, a high level of intensification was not achieved along the entire
channel length (discussed below).

Nu = 0.017Re0.8Pr0.4
( Pr f

Prw

)0.25(dout

din

)0.18
if Re > 2300, (13)

Nu = 0.015Re0.8Pr0.43
f

(
µ f

µw

)0.14
if Re > 2300, (14)

Nu ∼= 3.66 if Re < 2300. (15)

The temperature of the coolants and the heat exchange surface is measured in 11 sec-
tions along the height of the model. These sections include a different set of thermocouples.
In the general case, there are:

• Two sets (2 × 11 units) of thermocouples (TW2a, TW2b) embedded to 1.1 mm depth
inside the heat exchange surface, designed to measure the wall temperature from the
heated coolant side;

• Four at a 0.6 mm depth to measure the wall temperature from the heating coolant
side (TW1);

• Eight to measure the heating coolant temperature (TF1);
• Five temperature sensors for the heated coolant (TF2).

The temperature sensors’ active part is located in the central part of the flow. The
thermocouples TW1 and TW2 metallization were performed by plasma spraying in an
inert gas (argon) flow. The applied coatings are treated flush with the main surface.
All thermocouples (type K) have individual calibration, so the maximum temperature
measurement error was 0.5 ◦C. The maximum value of the heat loss does not exceed 0.5%.
Such small heat loss values allow us to exclude them from further numerical analysis.

The channel pressure drop was measured at the heat exchange process when present
and absent. At states with T ̸= const, the pressure drop is measured by the differential
pressure sensor, Yokogawa EJX110A. The maximum relative measurement error value was
0.5%. A significant contribution to the pressure drop measurement error was made by the
back pressure of the water column in the measuring tubes connected to the measuring de-
vice located at the bottom of the model. For this reason, additional studies were conducted
on channel pressure drop with a horizontal model arrangement (Figure 6).
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Using an isothermal formulation (T = 20 ◦C), it was possible to significantly increase the
measurement accuracy (0.5 mm of water column or ∆P = 5 Pa) by connecting piezometers
to the fittings of temperature sensors. More information about the experimental studies
can be obtained from [15–17].

4. Experimental Data Processing

From the point of view of thermal process modeling in heated channels, the heat
transfer coefficient distribution along the model length has the greatest representation. A
computational and experimental distribution comparative analysis makes it possible to
evaluate the effectiveness of using a variable twist step. The characteristic temperature
distribution in Figure 7 shows that the initial set of thermocouples does not allow for
control of the heated coolant temperature in each section of the experimental model. In the
first step, the TF2 measured values were approximated by different functions in order to
determine the missing values.
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The classical analytical solution for the heat exchanger temperature field with the
coolants’ counter-movement gives a function for heated coolant temperature T2(x) [27]:

T2(x) = AeBx + C, A, B, C − const. (16)

This type of approximation has several disadvantages: firstly, it is obtained with the
film coefficient constant value along the length, which is not observed in the experiment;
secondly, it does not have significant flexibility and provides rough approximations to
the true values. Polynomial functions are simpler and are also suitable for modes with
significant differences in flow rates. The optimal polynomial degree is determined from the
condition of the minimum value of the sum of deviations from the experimental values
(least squares). The application of higher-order polynomials provides non-physical results.
Table 1 contains values of least squares sums for different orders of polynomials, shown in
Figure 7. As a result, a fourth-degree polynomial was chosen for all experimental modes.

Table 1. Residual sum of squares for approximation polynomials.

Type of Swirlers Residual Sum of Squares Type of Swirlers Residual Sum of Squares

1st degree 992.41 3rd degree 47.02
2nd degree 50.63 4th degree 33.12
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To obtain heat transfer coefficient distribution, the heat exchange surface was divided
into 10 fragments based on the vertical coordinate of 11 measuring sections. There are two
sets of TW2 thermocouples as well as a significant uncertainty of their position relative to
the installed tape, and their values were averaged over the cross-section. In the next step,
the following parameters were determined for each fragment:

• Average (tf) and boundary values of the flow temperature (tin and tout) and average
wall temperature (tw);

• The heat flow to heated coolant (Q) was determined based on the mass flow rate (G2)
and the enthalpy difference (hin and hout):

Q = G2(hout − hin); (17)

• Using the fragment length (l), channel diameter (d), and intensifier thickness (δ), the
heat transfer area (ST) and heat transfer coefficient (αe) were determined as follows:

ST = (πd − 2δ)l; (18)

αe =
Q

ST(tF − tW)
. (19)

5. Numerical Study

The following two-stage numerical approach was used:

• Isothermal swirling-flow modeling was conducted on a lightweight mesh model to
obtain velocity and pressure fields using the SST and ORS turbulence models. Also, at
this stage, the selection of RANS turbulence models was carried out, which showed
the highest accuracy of the solution. These results are not included in this article;

• Heat transfer process simulation was conducted in cases of oncoming movement of
coolants using selected turbulence models. For the heating coolant, the SST turbulence
model was used in all calculations.

The computational models presented in Figure 8 are geometrical copies of the experi-
mental model. Two mesh models for each intensifier were made as follows:

• Full model—for heat transfer modeling with coolant counterflows—50 million ele-
ments (Figure 8a);

• Lightweight model—for isothermal modeling of only one heated flow—12 million
elements (Figure 8b).

When creating the analysis area, the following assumptions were made:

• The manifolds necessary for sealing flows’ input and output have been discarded;
• Flow rotation presence at 90◦, the complex manifold’s interior geometry, and a small

distance between the entry point and the first measuring section made it possible to
consider the heated flow structure on the inlet as uniform: V(x,y,z) = const;

• The model created is more streamlined: the faces and other geometrical shape inaccu-
racies are not taken into account because it would significantly increase the dimen-
sionality of the task and require more computational resources and time for modeling;

• Thermal losses are not taken into account: when specifying boundary conditions, we
assume that there is no thermal flow on the outer wall.
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Mathematically, the problem’s solution is based on solving the basic system of conti-
nuity (20), momentum (21) and (22), energy transfer for fluids (23) and (24), and for solids
(25) equations:

∂ρ

∂t
+∇ ·

(
ρ
→
U
)
= 0, (20)

∂

∂t

(
ρ
→
U
)
+∇ ·

(
ρ
→
U ⊗

→
U
)
= −∇P +∇ · τ +

(
ρ− ρre f

)→
g , (21)

τ = µ

(
∇

→
U +

(
∇

→
U
)T

− 2
3
δ∇ ·

→
U

)
, (22)

∂

∂t

(
ρ

(
E +

U2

2

))
+∇ ·

(
ρ
→
U
(

h +
U2

2

))
= ∇ ·

((
λ+

µt
Prt

CP

)
∇T
)

, (23)
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h =

T∫
298.15

CPdT +
P
ρ

, E = h − POP + P
ρ

, (24)

∂

∂t

ρ

T∫
298.15

CpdT

 = ∇ · (λ∇T), (25)

where µ, λ, and CP are the dynamic viscosity, thermal conductivity, and heat capacity of
the material, respectively, U is the fluid velocity, ρref is the density in reference point, τ is
the stress tensor, δ (or δij) is the Kronecker delta, µt is the turbulent viscosity, Prt = 1.1 is the
turbulent Prandtl number for water [28], E and h are the fluid internal energy and enthalpy,
and P and POP are the gauge and operating pressure.

The use of the SST-CC [12–14] turbulence model implies the solution of two additional
transport equations: turbulence kinetic energy (k) (26) and the rate of dissipation of eddies
(ω) (27):

∂(ρk)
∂t

+
∂
(
ρUjk

)
∂xj

= Pk − 0.09ρωk +
∂

∂xj

((
µ +

µt

σk

)
∂k
∂xj

)
, (26)

∂(ρω)

∂t
+

∂
(
ρUjω

)
∂xj

= α
ρω

k
Pk − βρω2 +

∂

∂xj

((
µ +

µt

σω

)
∂ω

∂xj

)
+ 1.712(1 − F1)

ρ

ω

∂k
∂xj

∂ω

∂xj
, (27)

Pk = fr

(
µt

(
∂Ui
∂xj

+
∂Uj

∂xi

)
∂Ui
∂xj

− 2
3

∂Uk
∂xk

(
3µt

∂Uk
∂xk

+ ρk
))

, (28)

µt =
0.31ρk

max(0.31ω, SF2)
, (29)

S =
√

2SijSij, Sij =
1
2

(
∂Ui
∂xj

+
∂Uj

∂xi

)
, (30)

σk = 0.176F1 + 1, α =
26F1

225
+ 0.44, β = 0.0828 − 0.0078F1, σω =

89F1

107
+

125
107

, (31)

fr = max
[

min
(

4 · r′

1 + r′
(

1 − tan−1(2r∗)
)
− 1, 1.25

)
, 0
]

, (32)

where Ui is the averaged velocity component, S is the magnitude of the strain rate tensor
(Sij), functions r′ and r* depend on combinations of strain rate and vorticity tensors, and
F1 and F2 are the blending functions. Their formulation is based on the distance to the
nearest surface and the flow variables. Various coefficients in Formula (31) are empirical
and change their value depending on the value of the blending functions. It is necessary
to take into account the empirical function fr increasing turbulence of the flow due to
rotation, proposed by the authors from [13,14]. It is a multiplier of the production term Pk
in Formula (28). The specific limiter 1.25 provided a good compromise for different test
cases that have been considered with the SST model (for example, flow through a U-turn,
flow in a hydro cyclone, and flow over a NACA 0012 wing tip vortex [14]).

When studying heat transfer using the ORS turbulence model, the mathematical
formulation becomes more complicated [12] since, firstly, the momentum (33) and ω
(34)–(36) transfer equations are changed, and secondly, six additional turbulent stress
transfer equations are added to the system (37)–(40):

∂(ρUi)

∂t
+

∂
(
ρUiUj

)
∂xj

− ∂

∂xj

(
µ

(
∂Ui
∂xj

+
∂Uj

∂xi

))
= − ∂

∂xi

(
P +

2
3

µ
∂Uk
∂xk

)
−

∂
(
ρuiuj

)
∂xj

, (33)

∂(ρω)

∂t
+

∂(ρUkω)

∂xk
=

5
9

ρω

k
Pk − 0.075ρω2 +

∂

∂xk

((
µ +

µt

2

) ∂ω

∂xk

)
, (34)
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Pk = µt

(
∂Ui
∂xj

+
∂Uj

∂xi

)
∂Ui
∂xj

− 2
3

∂Uk
∂xk

(
3µt

∂Uk
∂xk

+ ρk
)

, (35)

µt = ρ
k
ω

=
ρ

2ω
(ulul), (36)

∂
(
ρuiuj

)
∂t

+
∂
(
Ukρuiuj

)
∂xk

= Pij − 0.06ρωkδij +ϕij +
∂

∂xk

((
µ +

µt

2

)∂uiuj

∂xk

)
, (37)

Pij = −ρuiuk
∂Uj

∂xk
− ρujuk

∂Ui
∂xk

, P = 0.5Pkk, (38)

ϕij = 0.162ρω

(
2
3

kδij − uiuj

)
− 213

275

(
Pij −

2
3

Pδij

)
− 54

275

(
Dij −

2
3

Pδij

)
− 136

275
ρk
(

Sij −
1
3

Skkδij

)
, (39)

Dij = −ρuiuk
∂Uk
∂xj

− ρujuk
∂Uk
∂xi

, (40)

where ui is the fluctuating component of the velocity, Pij is the production tensor of Reynolds
stresses, ϕij is the pressure–strain correlation, and Dij is the tensor from the pressure–strain
model. The buoyancy effects on turbulence were not taken into account according to the
recommendation from [12] because the ratio of the Grashof and Reynolds numbers at
the lowest flow rate is Gr/Re2 < 1. At the wall region, demonstrated in the motion and
heat transfer modeling, the unified wall law according to B.A. Kader was used [29]. The
wall temperature at the liquid–wall boundary was determined from the condition of heat
fluxes’ equality.

The calculation was carried out in a stationary formulation with a timescale (time
step) equivalent to the Courant number within the 30–50 range. The simulation stopped
when the following conditions were met simultaneously: the RMS of the residuals was less
than 10−4, and imbalances of velocity components, mass flow, and heat flux for the mesh
regions were less than 10−3. CFX’s solver uses an element-based finite volume method. The
mesh is used to construct finite volumes, which are used to conserve relevant quantities
such as mass, momentum, and energy. The equations for mass, momentum, and a passive
scalar are integrated over each control volume. The advection scheme is high resolution
(HRS) [12]. It is based on a first-order upwind difference scheme (UDS), but HRS uses a
special nonlinear recipe for the specified blend factor (β) at each node, computed to be as
close to 1 as possible. The equality β to 1 formally leads to second-order accuracy in space,
and the resulting discretization will more accurately reproduce steep spatial gradients than
the first-order UDS. The tri-linear shape functions are used to evaluate spatial derivatives
for all the diffusion terms of the finite-element model part [12]. The summation is carried
out over all the shape functions for the element. The Cartesian derivatives of the shape
functions are expressed in terms of their local derivatives. The shape function gradients are
evaluated at the actual location of each integration point.

Boundary conditions for the full grid model of each intensifier were various combina-
tions of the first and second circuits’ mass flow rates and input temperatures (Table 2). The
fluids’ movement and gravity action directions are shown in Figure 8a. Outlet pressure
for each circuit was set equal to 0. The channels’ sidewalls had no slipping. The operat-
ing water pressure was in accordance with the experimental values. There were no heat
losses in any direction. Temperature dependence of water’s physical properties was taken
into account.

Table 2. The regime’s parameters for heat transfer study.

Circuit Parameter Regimes

I G1 (kg/h)/Tin1 (◦C) 11/245 46/250 71/255 184/255 277/260
II G2 (kg/h)/Tin2 (◦C) 4/35 19/36 38/38 76/42 114/50
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The boundary condition for the isothermal swirling-flow study was the mass flow
rate in the range of 8–80 kg/h. Gravity force was not taken into account (Figure 8b). The
pressure at the outlet was 0. The operating pressure of water was 1 atm. The channel
sidewall had no slipping. Water’s physical properties were taken at 20 ◦C. For all numerical
studies in the inlet boundaries, the ratio of the root mean square of velocity fluctuations (u)
and the mean flow velocity (U), named turbulence intensity, is equal to 0.05.

The grid independence study was based on a comparison of heat transfer coefficient
averaged values and the tangential velocity profiles determined. The elements’ number
and thickness growth coefficient in the wall region varied in the channel cross-section
(Figure 9a,c,e). For each cross-section version, three grid linear density variants were
considered (Figure 9b,d,f). Nine grid model variants were studied in total.
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(c) section type 2 (S2); (d) length type 2 (L2); (e) section type 3 (S3); (f) length type 3 (L3).

All meshes consist of hexahedral elements adapted to the swirling streamline orienta-
tions. The finite element and volumetric mesh models were connected “node to node”. The
total elements’ numbers for each type of grid are given in Table 3. The most heat-stressed
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heat exchanger state (G1/G2 = 277/144) with the s/d = 2 intensifier was modeled. The
simulations using SST and ORS turbulence models were performed.

Table 3. Elements’ numbers for different grid types.

Grid Section Type L1 L2 L3

S1 17 × 106 33 × 106 66 × 106

S2 26 × 106 50 × 106 99 × 106

S3 33 × 106 66 × 106 123 × 106

Figure 10 shows the dependence of the ratio’s average numerical Nu value on its
experimental value for grids of different types and dimensions.
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Figure 10. Heat transfer coefficient averaged values.

The grid model’s low density in the section did not allow correct modeling of the
velocity field (Figure 11). Comparing the tangential velocity component radial distributions,
it can be noted that a thickness growth coefficient higher than 1.2 should be avoided, as well
as not allowing a significant excess of the longitudinal elements’ size of the transverse ones.
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Figure 11. Tangential velocity profile from grid independence study: grid linear density variations
with ORS (a) and SST (b) models; grid surface density variations with ORS (c) and SST (d) models.

As a result, the mesh type S2&L2 was selected (Figure 12). Other twisting steps models
had similar settings. Grids with tetrahedral elements were not considered because these
elements’ normal vectors are not oriented along the swirling streamlines. This may lead to
a numerical diffusion significant influence on the results in a long channel.
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Figure 12. General view of selected type of mesh (S2&L2).

6. Numerical Data Processing

By analogy with experimental modes, the main aim of the numerical temperature field
analysis was to determine the heat transfer coefficient distributions. Chaotically occurring
zones of temperature gradients in the wall region were discovered (Figure 13a). It was
necessary to determine the local heat transfer coefficient values in several directions. To
solve this problem, a set of cross-sections was built according to the model height—one-
by-one flow step rotation through 90◦. Three main directions (Roman numerals) of heat
transfer were identified (Figure 13b).
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Figure 13. Processing of numerical data: (a) instantaneous temperature field in a random cross-section;
(b) schematic view of temperature control points.

Each section has the following temperature control points:

• Heating coolant temperature: one (T1) for the center and one (TW1) for inside the wall
region (center of first wall element);

• Three sets of TWA, TWB (1 mm distance) for metal temperature control and the linear
thermal flux density (ql) calculation:

ql =
Q
l
=

2πλmetal
ln(rTwA/rTwB)

(twA − twB) =
2πλmetal

0.175
(twA − twB); (41)

• Three TW2 in the wall region of heated flow (center of first wall element) for the heat
transfer coefficient calculation (α) for each direction:
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α =
ql

(πd − 2δ)(tw2 − t2)
=

ql · 103

2.94(tw2 − t2)
; (42)

• Heated coolant temperature (T2).

An example of the local heat transfer coefficients’ distribution along the model length
is shown in Figure 14. The outer (I), middle (II), and inner (III) flow zones are characterized
by a different velocity profile and flow turbulence intensity. The distribution analysis
confirmed the absence of spatial regularity of temperature gradient regions’ occurrence
in the wall region. A more detailed spectral distribution analysis was not carried out
since this requires additional correct velocity and temperature field modeling: at the
least, nonstationary LES formulation with the Courant number < 1. At the stage of final
comparison with the experiment, the value of α was averaged (αc):

αc =
αI + αI I + αI I I

3
. (43)
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7. Results

The friction factor at T = const with swirlers of constant and variable twist pitch is
shown in Figure 15.

The experimental values of R.M. Manglik and A.E. Bergles were calculated by depen-
dencies (8). The experimental values of Koch R. were calculated by dependencies (5), which
are valid under conditions of laminar motion mode with macro vortices, and the Reynolds
critical numbers by (7) (Table 4).

Table 4. The Re critical numbers for intensifiers with const step.

Type of Swirlers s/d = 2 s/d = 3 s/d = 4

Recr1 22.4 32.4 42.6
Recr2 19,710 13,170 10,090
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The RMS deviation of the experimental values from numerical and generalized depen-
dences, calculated by Formula (44), are shown in Table 5.

σλ =

√√√√ N

∑
i=1

(
λi − λexp

)2

N
. (44)

Table 5. RMS experimental values deviation from numerical and generalized dependences.

Type of Swirlers Koch R. Manglik and Bergles ORS SST-CC

s/d = 2 0.0416 0.1162 0.0265 0.0261
s/d = 3 0.0153 0.0671 0.0234 0.0235
s/d = 4 0.0211 0.0551 0.0361 0.0351

s/d = 4-3-2 - - 0.0398 0.0398
s/d = 4-3-2-3-4 - - 0.0243 0.0237
s/d = 2-3-4-3-2 - - 0.0349 0.0349

The calculated values are slightly lower than the experimental ones because of the
high idealization degree of the geometric model. Swirlers consist of separate fragments
connected by spot welding, which cannot ensure complete side surfaces’ docking of the
connected parts. Variable pitch swirlers have additional such connections. The numerical
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values (ORS and SST-CC) of pressure drops in the presence of heat exchange differ by less
than 1%. More complex experimental study conditions, associated first of all with a large
number of inaccuracies in the inner channel geometric shape, cause significant differences
from the generalized dependencies obtained at an atmosphere or low gauge pressure.

The heat exchanger temperature conditions can be divided into three groups:

• The mode of fast swirled-flow warm-up at G1/G2 > 2 (Figure 16a);
• The mode with an optimal flow ratio at 2 > G1/G2 > 0.5 (Figure 16b);
• The mode of slow swirled-flow warm-up at 0.5 > G1/G2 (Figure 16c).

Fluids 2024, 9, x FOR PEER REVIEW 19 of 29 
 

 
(a) 

 
(b) 

 
(c) 

Figure 16. Temperature fields (ORS and exp): (a) G1/G2 > 2; (b) 2 > G1/G2 > 0.5; and (c) 0.5 > G1/G2. 

The small deviations in the calculated values from the general trend are explained by 

the local heat transfer peculiarities due to the vortex structure generation, the thermograv-

itation effect, and the intensifier heat conduction influence. 

The RMS deviations between numerical and experimental temperature data’s overall 

flow rates range, calculated using a formula similar to 44, are given in Table 6. 

Figure 16. Temperature fields (ORS and exp): (a) G1/G2 > 2; (b) 2 > G1/G2 > 0.5; and (c) 0.5 > G1/G2.



Fluids 2024, 9, 293 19 of 27

The small deviations in the calculated values from the general trend are explained by
the local heat transfer peculiarities due to the vortex structure generation, the thermogravi-
tation effect, and the intensifier heat conduction influence.

The RMS deviations between numerical and experimental temperature data’s overall
flow rates range, calculated using a formula similar to 44, are given in Table 6.

Table 6. RMS deviations between the numerical and experimental temperature data (◦C).

Type of Swirlers ORS (TF2) SST-CC (TF2) ORS (TW2) SST-CC (TW2)

s/d = 2 6.4 6.4 11.3 11.5
s/d = 3 6.4 6.5 10.9 11.0
s/d = 4 6.3 6.4 11.4 11.2

s/d = 4-3-2 5.9 6.0 10.8 10.7
s/d = 4-3-2-3-4 5.9 5.9 10.7 10.8
s/d = 2-3-4-3-2 5.8 5.9 10.9 10.9

It is possible to note a worse coincidence of temperature fields with a significant differ-
ence between coolant flow rates. Significant axial temperature gradients are more difficult
to localize. Using a larger number of thermocouples for the swirling flow temperature
would reduce the error. Significant errors in the wall temperature can be associated with a
large logarithmic mean temperature difference between the flows and a greater inaccuracy
in the spatial arrangement of the experimental thermocouples. Obtaining a complete match
of temperature fields is impossible due to the high level of numerical model idealization.

A more correct approach is to compare the average values of the heat transfer co-
efficients. The experimental Nu (Re) obtained for the intensifiers with a constant swirl
pitch with an almost uniform temperature difference along the model length are shown
in Figure 17. The heat flux constancy condition along the channel length allows us to
make a comparison with the results of semi-empirical formulas. During the swirling flow
heating, a significant change in the Prandtl number occurs. This leads to several values
of Nusselt number presence at the same Reynolds number. The RMS deviations between
the experimental and semi-empirical Nu for modes with an optimal flow ratio, calculated
using a formula similar to 44, are given in Table 7. There is good agreement between all
experimental data on heat transfer.

Table 7. RMS deviations between experimental and semi-empirical Nu.

Type of Swirlers Koch R. Manglik & Bergles

s/d = 2 4.70 5.91
s/d = 3 5.28 4.96
s/d = 4 4.64 6.97

The thermal efficiency of variable pitch intensifiers application can be estimated based
on total thermal load (45) comparison for G1/G2 = 277/114. The values are given in Table 8.

Qtot = G2(Hout − Hin), (45)

where Hin and Hout are the secondary circuit enthalpies at the inlet and outlet of the model.
Analyzing this table, it is important to take into account the non-complete coincidence

of the operating parameters during experimental studies. A small discrepancy between
the inlet temperatures and coolant flow rates can cause up to 5% changes in the values
presented in the table. Larger values of heat loads for the numerical calculations can
be explained by the heat loss’ complete absence in all directions. For the overwhelming
quantity of modes, it can be noted that both numerical approaches lead to almost identical
values of Q. The thermal load difference between the tapes is explained by the fragment
s/d = 2 different lengths since it provides the highest local heat transfer coefficients.
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Figure 17. The Nu = f(Re): (a) G1/G2 = 46/38; (b) G1/G2 = 71/76; and (c) G1/G2 = 184/114.

Table 8. Total thermal load (W) at maximum coolant flow rates.

Type of Swirlers Exp ORS SST-CC

s/d = 2 21,100 21,520 21,519
s/d = 3 20,370 20,872 20,870
s/d = 4 19,760 20,145 20,143

s/d = 4-3-2 20,060 20,391 20,389
s/d = 4-3-2-3-4 20,490 20,920 20,919
s/d = 2-3-4-3-2 19,420 19,823 19,821

Numerical models allow us to conduct a more detailed swirling flow structure analysis.
Some flow features, such as local hydrodynamic or temperature effects, can be identified.
A velocity fields comparative analysis for thermal and isothermal states revealed several
features: at high Reynolds values in the presence of heating, due to a decrease in viscosity,
the flow detachment zone in the central part of the channel occurs much earlier (Figure 18a);
at low Reynolds numbers, the temperature gradient in the wall region leads to the zone’s
appearance, mentioned earlier (Figure 18b). These effects are more clearly visible in the
fields obtained using the ORS turbulence model. It is important to note the high qualitative
coincidence level of the axial velocity component fields, calculated by both models and the
experimental values obtained in air [19,21] (Figure 19).
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Figure 19. Axial velocity component fields: experimental (left); calculated (right).

Vector fields of the velocity tangential component for both models confirm the pres-
ence of two vortex regions rotating in the same direction (Figure 20a,b). Such vortex
structures arise not only in the model’s initial section but in other sections and at different
flow rates. The tangential velocity field in model outlet section is also similar for both
models (Figure 20c,d). Only a small difference can be seen in the near-wall region. It is as-
sociated with the local velocity gradients’ occurrence due to the temperature gradient. The
spatial zone distribution depends on the time step (the iteration number for quasi-statical
calculations) and radial velocity distribution. Figure 21 shows the process of tangential
velocity field evolution. It can be noted that the radius corresponding to the maximum
tangential velocity for the SST model is always larger, i.e., most of the flow has rotation
according to the rigid body law.
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For variable pitch intensifiers, the most interesting point is how the flow responds to
twist pitch changes. The example of a step transition from s/d = 3 to 2 (Figure 22) shows
that after two full turns (2 × 360◦) of the flow, the velocity profile on the ORS model has
been restored, while on the SST model, it has not.
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heat transfer coefficient by 1.2–1.4 times compared to a step equal to 40 mm. Periodic 

Figure 22. Tangential velocity profile evolution for intensifier s/d = 4-3-2 at G1/G2 = 184/144: (a) one
step before change s/d = 3 to 2; (b) change section; (c) 360◦ after; and (d) 720◦ after.

The study of local heat transfer effects includes a comparative analysis of heat transfer
coefficient distributions along the model length. When the flow rate of the heating coolant
exceeds the flow rate of the heated coolant by more than two times, a heat exchange
‘acceleration’ on the initial section occurs, followed by a low-intensity process of heat
transfer. With the opposite ratio, the heat flow from the first circuit is too low to obtain high
values for the heat transfer coefficient.

The states with ratio G1/G2 = 184/114 = 1.61 are of greatest interest (Figure 23).
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A higher level of temperature field details in the calculation allows us to estimate
the contribution of the changing twist pitch to the heat transfer process. Each step pitch
corresponds to a specific level of heat transfer coefficient value. This observation is also
true for variable pitch intensifiers. In sections with a 20 mm step, there is an increase in
the heat transfer coefficient by 1.2–1.4 times compared to a step equal to 40 mm. Periodic
spikes of the heat transfer coefficient value are explained by the control point hit in the
zones of high-temperature gradients.

Variable twist pitch intensifiers are also more interesting from a numerical modeling
point of view. A heat transfer coefficient numerical distributions comparison (SST-CC and
ORS) is shown in Figure 24:

• The qualitative and quantitative coincidence of distributions in the initial fragment
(flow stabilization);

• The heat transfer coefficient value (averaged by length) for the SST model is 5% less;
• Smaller values of heat transfer coefficient gradients arise when the twist pitch changes

in the SST model.
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A high value of average heat transfer coefficient is maintained by the presence of twist
pitch of 20 mm fragments. Fragments with a larger pitch have a lower friction coefficient. In
the zones of a twist pitch change, a local heat transfer increase is observed. It is associated
with the restructuring of the boundary layer. All these swirling flow movement features
lead to a high efficiency of intensifiers with variable twist pitch.

The intensification effectiveness coefficients by tape swirlers were estimated using
Formula (46) [30]. The states with the optimal flow rates ratio were processed.

ke f f =
αint
αtube

Fint
Ftube

if
∆PintGint

∆PtubeGtube
≈ 1. (46)

where F is the heat exchange surface area, ∆P is the channel pressure drop, G is the mass
flow rate, α is the heat transfer coefficient, and the int and tube indexes indicate that the
value belongs to a channel with and without an intensifier. The calculation results, based
on experimental data, are presented in Table 9. The experimental temperature and velocity
fields for the channel without an intensifier are not included in this article. With a non-
optimal flow rates ratio, intensifiers with a variable twist pitch also performed best [15].

Table 9. Intensification effectiveness coefficients.

Type of Swirler k Type of Swirler k

s/d = 4 1.07 s/d = 2-3-4-3-2 1.11
s/d = 3 1.11 s/d = 4-3-2 1.21
s/d = 2 1.14 s/d = 4-3-2-3-4 1.31

8. Conclusions

Variable twist pitch intensifiers provide greater efficiency because they enable high
heat transfer coefficients to be achieved at lower hydraulic power consumption for coolant
motion. This becomes possible despite a pressure drop increase due to a decrease in the
coolant average density (at the same mass flow rate) due to the swirling flow’s improved
heating compared to a whole pipe. With a significant difference in coolant flow rates in the
heat exchanger (not nominal or transition mode), its efficient operation is also ensured.

Using the Omega Reynolds stress turbulence to model the motion and heat transfer
computations of swirling flows in complex geometry channels allows us to study the
structure of thermal and hydrodynamic boundary layers with sufficient accuracy. The SST
model, with a correction for curvature streamlines, allows us to obtain a slightly worse
result but in a shorter time: the calculation time is 15–20% lower since many fewer transfer
equations are solved. The best results can be achieved by the LES approach to turbulence
modeling, but this will significantly increase the calculation time. Comparative analysis
of the velocity fields showed a small advantage with the ORS model. This is due to the
solution of additional equations for the transfer of turbulent stresses. Experimental values
of the heat transfer coefficient are lower than the numerical ones. In many ways, the
discrepancies between the calculated and experimental data are due to the complexity of
the experiment and the high level of idealization of the calculated model.
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Nomenclature

ORS Omega-Based Reynolds Stress Model
SST-CC Shear Stress Transport Model with Curvative Correction
PWR Power Water Reactor
NPU Nuclear Power Unit
WWER Water–Water Energetic Reactor
CFD Computational Fluid Dynamics
DNS Direct Numerical Simulation
RANS Reynolds-averaged Navier–Stokes
DES Detached Eddy Simulation
LES Large Eddy Simulation
RMS Root Mean Square
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