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1. Introduction

In the case of nuclear power plants, helical steam
generators have emerged as the preferred option for
fourth-generation reactors, including small modular
reactors (SMRs), due to their capacity to minimize
volume with high heat transfer density.

In recent studies on helical steam generators, the heat
transfer performance has been evaluated by numerical
methods [3, 8&13]. Among them, the heat transfer in the
primary side (i.e. shell side) is one of the most important
factors that determine the volume, thus it needs to be
discussed from different perspectives of reflecting
geometry. However, numerical modelling of helical
steam generators for the primary side is currently using
the Zukauskus straight horizontal tube heat transfer
correlation.

This study presents an alternative approach to the
calculation of the Reynolds number in the conventional
Zukauskus heat transfer correlation by re-evaluating the
maximum mass flux in the correlation. The modification
is based on the discussion of helical steam generator
geometry which is different from the straight horizontal
tube geometry. Furthermore, by comparing the original
Zukauskus correlation and modified version, further
insight to the modelling of primary heat transfer in
helical steam generators can be provided.

2. Methodology

In this section, the helical steam generator geometry
design and operating conditions are discussed. The
computation model used to design HSG and modified
calculation methods are also illustrated.

2.1 Helical Steam Generator Design Approach

In the type of helical steam generator (HSG)
considered in this study, the heated coolant flows from
the center of the reactor module and heat transfer is
achieved through eight steam generators contained in
eight cassettes, as shown in Fig. 1. Therefore, the primary
flow rate of each helical steam generator can be
determined from the area of the cassette, and the total
volume of the helical steam generator is approximately
calculated from the product of the height along the

effective heat transfer length of the tube and the area of
the cassette.

Fig. 1. A cross-sectional view of the integrated module reactor
and the helical tube inside the cassette.

2.2 Thermal Design of HSG

In the helical steam generator (HSG), the heat transfer
mechanisms within each cross-sectional plane are:
convective heat transfer from hot side, conductive heat
transfer through the tube wall, and convective heat
transfer from cold side. The tube is discretized into
meshes along its length. Shell and tube sides are
interconnected for each mesh as shown in Fig. 2.
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Fig. 2. Mesh discretization of helical steam generator

The computational model for heat transfer within the
helical steam generator (HSG) employs a correlation that
accounts for the pressure and temperature of each mesh.
The iterative process begins by setting an initial estimate
for the tube wall temperature derived from the adjacent
coolant temperatures. Subsequently, this temperature
estimate is refined by calculating the total thermal
resistance. Upon convergence of the tube wall
temperature, the resulting heat transfer is incorporated
into the enthalpy of the fluid in subsequent mesh. This
calculation continues iteratively and terminates upon
reaching the final mesh, as depicted in Fig. 3.
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Fig. 3. Flow chart of HSG performance calculation

The primary side is regarded as a horizontal tube by
using correlation of (Eq.1) Zukauskas [6] for crossflow
heat transfer. On the secondary side, the model includes
both single-phase and two-phase heat transfer,
employing (Eg.2) Schmidt [5] for single-phase liquid
heat transfer, (Eq.3) Chen [7] for two-phase flow, (Eq.5)
Mori-Nakayama [2] for gas-phase heat transfer, and
(Eq.4) Miropolskiy [11] for liquid-deficient areas after
the dryout point, which is calculated by (Eq.6) Santini

[4].
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Pressure drop calculations on the primary side use the
(Eq.7) Gilli [9] for single-phase. On the secondary side,
(Eq.8) Ito [1] determines the friction coefficient for
single-phase flow, while (Eq.9) Colombo [10] is used for
two-phase flow multiplication factor.
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2.3 HSG Model performance evaluation

The Schmidt heat transfer correlation for liquid single-
phase section in the secondary side was evaluated
through comparison with the experimental data obtained
from Santini's 2015 studies. These experiments
encompassed a range of conditions including variations
in helical tube pressures, fluid mass fluxes, and heat
fluxes under DC heating. The correlation's consistency
with experimental data is particularly strong at higher
heat fluxes and fluid mass fluxes, maintaining accuracy
up to the threshold of dryout as depicted in Fig. 4.
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Fig. 4. Comparison at different mass flux and wall heat flux
conditions at 6 MPa pressure

2.4 Modification of Zukaskus calculation

In the conventional method proposed by Zukaskus for
evaluating heat transfer within horizontal tubes, the
Reynolds number is determined using the flow velocity
through the minimum cross-sectional area and the tube's
external diameter as the characteristic length. This
approach accounts for the dynamic changes in the area
and velocity of the fluid flowing through the horizontal
tube. This is due to the non-uniform configuration
typically seen in horizontal tubes, as illustrated in Fig. 5.
However, treating the helical coil as a horizontal circular
tube necessitates a different methodology to calculate the
maximum flow velocity. As depicted in Fig. 6, the
inclination angle of the helical tube within a helical steam
generator generates constant area and constant flow rate
at each and every cross-section. The maintenance and
rotation of the cross-sectional area as a function of height
for single and multiple tubes, respectively, can be seenin
the first and second rows.
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Fig. 6. Cross-sectional area of a helical tube based on height.

Thus, the Reynolds number calculations employing
Zukaskus approaches can be tested with: the traditional
Zukaskus method for computing the Reynolds number
(Eg. 10), a method that calculates the Reynolds number
based on the maximum mass flux while accounting for
the geometry of the helical steam generator (Eg. 11), and
a method that determines the Reynolds number using a
constant mass flux (Eqg. 12).
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3. Result and Discussions

The assumed design conditions for the helical steam
generator are summarized in Table 1. The hypothetical
conditions were determined by referencing to available
information of MRX, IRIS, and SMART [3]. The
geometry is designed with the model to achieve design
conditions and it is presented in Table 2. It is noted that
these conditions are held the same when evaluating the
effect of changing the mass flux evaluation methods.

Table I: Operation Condition of HSG

Primary inlet flow rate [kg/s] 500
Secondary inlet flow rate [kg/s] 60
Primary inlet temperature [K] 600.4
Primary inlet pressure [MPa] 15

Secondary inlet temperature [K] 500
Secondary outlet pressure [MPa] 5
Primary outlet temperature [K] 560.0
Secondary outlet temperature [K] 573.15

Table 11: Geometry Design of HSG

Number of tubes [m] 600
Tube thermal conductivity [W/m-K] 16
Inner diameter of tubes [m] 0.012
Outer diameter of tubes [m] 0.016
Tube length [m] 32.0
Coil number of tubes 19
Average helix angle [°] 10
Radial pitch [m] 0.025
Axial pitch [m] 0.025
Innermost helical diameter [m] 0.65
Outermost helical diameter [m] 1.55
Inner diameter of cassette [m] 1.6
Outer diameter of cassette [m] 0.6

Within the framework of Zukaskus correlation, the
outcomes derived from the specific geometry and
operating conditions using conventional maximum mass
flux (Eq. (10)), modified maximum mass flux (Eqg. (11)),
and constant mass flux method (Eq. (12)) are
summarized in Table 3.

Table I11: Calculation result of each mass flux method

Case Eq. 10 Eqg. 11 Eq. 12
Tube length [m] 33.06 33.49 35.72
Two-phase region [m] 23.25 23.63 25.2

Dryout point [m] 28.18 28.26 30.37

The findings indicate that variations in the Reynolds
number due to different mass fluxes require different
tube lengths to achieve design conditions. The highest
heat transfer was predicted when considering the
maximum flow rate for straight horizontal tubes as
originally suggested in Zukaskus correlation.

Fig. 7 illustrates the sensitivity of the secondary
helical tube length to the chosen mass flux calculation
method. Only the outer diameter of the helical steam
generator is increased. As the shell outer diameter
increases, the primary flow area increases, resulting in a
decrease in mass flux under conditions of constant mass
flow. The lower mass flux on the primary side leads to a
decrease in the Reynolds number, which results in a
lower primary side heat transfer coefficient, i.e.
decreased heat transfer and increased tube length.
Notably, the sensitivity to changes in the shell outer
diameter is most pronounced when employing the
modified maximum mass flux method and least
significant when utilizing the original Zukaskus
maximum mass flux calculation method.
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Fig. 7. Secondary tube length when shell diameter increase

4. Summary and Further Works

This study assessed how different way of calculating
the mass flux for shell side (i.e. primary side in nuclear
system) heat transfer in a helical steam generator affect
the heat exchanger design and analysis. It is shown that
the shell side mass flux calculation affects not only the
shell geometry but also the helical tube (i.e. secondary
side in nuclear system) length to the heat transfer
capacity.

The results shows that assuming the constant mass
flux on the primary side, which considers the inclination
angle, provides the most conservative approach for
evaluating the heat transfer performance of the helical
steam generator model. Furthermore, the conventional
Zukaskus heat transfer for horizontal tube shows less
sensitivity of the changes in the helical tube length to the
shell side diameter for meeting the design conditions.

Experimental data will be needed to determine which
method is the most appropriate and further modification
of heat transfer correlation, including exponents of the
Reynolds number, for representing the helical steam
generator heat transfer. However, since the shell side of
helical steam generator includes complicated structure to
support multiple tubes, and this will inevitably make the
flow and heat transfer phenomenon more complex.
Therefore, a generalized heat transfer or a friction factor
correlation for a helical steam generator will probably

have a limitation when it is applied to a practical problem.

These factors have to be investigated in the future by
collecting more experimental data in this area.
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