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1. Introduction

The helically coiled heat exchangers are widely used
because of their compact structure and higher heat
transfer capability [1]. Due to these advantages, they
have been used in a variety of fields, especially in air
conditioning, nuclear systems, etc. In the field of nuclear
system, many small modular reactors (SMRs), such as
NuScale, SMART, i-SMR, etc., have adopted a helical
coiled steam generator (HSG) due to its excellent heat
transfer capability. Therefore, the accurate prediction of
heat transfer in HSG is essential for the optimum design
and safety analysis of these SMRs.

The heat transfer mechanism within a helical tube
differ from that in a straight tube. In the thermal-
hydraulic system codes, such as MARS and SPACE
codes, the heat transfer model inside the tube of HSG is
divided into the regions of single-phase liquid, nucleate
boiling, transition boiling, and single-phase vapor. In this
paper, a lot of experimental data have been collected for
the heat transfer regions. Then, the heat transfer model
inside the tube of HSG has been assessed against the
experimental data in MARS-KS 2.0 and SPACE 3.3.2
codes. The results will be discussed in more detailed.

2. Heat transfer model of HSG

In this section, the heat transfer models of HSG for
MARS-KS 2.0 and SPACE 3.3.2 codes are described. In
addition, the PNU (Pusan National University) nucleate
boiling model [2], recently implemented in the SPACE
3.3.2, is also described.

2.1 Description of HSG model

As mentioned earlier, in MARS-KS 2.0, and SPACE
3.3.2 codes, the heat transfer model inside the tube of
HSG is divided into the regions of single-phase liquid,
nucleate boiling, transition boiling, and single-phase
vapor. The heat transfer models of both codes are almost
the same for each region. For both codes, the single-
phase liquid/vapor flow model [3] is presented as:
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The Chen nucleate boing model [4] is represented as:
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In the MARS-KS code, the values of hy,_y and h,,;. are
respectively limited to a maximum of 50,000 W/m2K.
This is noted as a modification related to stability issue
in the HSG for SMART reactor. On the other hand, there
is no limit in the SPACE code.

For the transition boiling, the formation of chen
correlation [5] is used as:
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For both codes, it is considered transition boiling, when
the void fraction is greater than 0.99.

For @ = 0.999, Eq. (1) is used for the single-phase
vapor region

In the MARS-KS and SPACE codes, the subcooled
boiling model related to the void fraction consists of the
net vapor generation (NVG) and the wall evaporation
models. In the MARS-KS, the NVG and wall
evaporation models are respectively follows:

- NVG model
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- Wall evaporation model
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h., is the liquid enthalpy at the point of NVG and, I}, is
the wall evaporation rate per unit volume. In the SPACE
code, the NVG and wall evaporation models are
respectively follows:

- NVG model
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- Wall evaporation model
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K is the bubble influence factor to be set as 4. The F
factor is the inhibiting factor to satisfy the condition. A
more detailed description is provided in Ref [6, 7].

2.2 Description of PNU nucleate boiling model

The PNU nucleate boiling model [2] has been
developed for experimental data of saturated flow
boiling in a helically coiled tube. The PNU model has
been validated for a wide range of thermal-hydraulic
conditions with pressures ranging from 1.0 to 140 bar,
heat fluxes of 46 to 620 kW/m? mass fluxes of 77 to
1000kg/m?s, D/d of 12.4 to 81.0. In the SPACE 3.3.2
code, the model has been implemented to replace the
nucleate boiling model of Eq (2). The PNU nucleate
boiling model is represented as:
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3. Assessment of HSG heat transfer model
3.1 Experimental data

Some studies related to the HSG heat transfer have
been conducted over several years. Among them, we
have collected some experimental database to evaluate
the HSG heat transfer model in both codes. As shown in
Table 1, the experimental data covers a wide range of
thermal-hydraulic conditions. The experimental data of
Hardik and Prabhu [8] include the single-phase and
nucleate boiling region (low quality region). The
experimental data of Chang et al. [9] and Santini et al.
[10] cover the nucleate boiling region (low- and high-
quality region). The experimental data of Xiao etal. [11]
include the transition boiling region (after dryout point).
The experimental data of Wu et al. [12] include all flow
regions.

Table 1. Experimental conditions

B sttt Press. | Heat flux | Mass flux | D/d
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W‘[‘f;]al‘ 240 | 250 250 | 247

3.2 Assessment results

The nodalization for the validation of heat transfer
model of HSG is shown in Fig. 1. It consists of two
boundary condition (TFBC), two pipes at the inlet and
outlet of the heated section, and a pipe and a heat
structure for the heated section of a helical tube. The
heated section is divided into 20 nodes for each
experiment.
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Using the nodalization, the MARS-KS 2.0 and the
SPACE 3.3.2 codes have assessed against the collected
experimental data in Table 1. Figures 2(a) through (e)
show representative simulation results for the collected
experimental cases. The results show the following key
findings.

As shown in Fig. 2(a), the simulation results of the
MARS-KS 2.0 and SPACE 3.3.2 codes are considerably
different, although the heat transfer model of the two
codes are almost the same. The different results are
because the void fraction calculated in the two codes are
different and, therefore, the onset of transition boiling, so
called first dryout point, is predicted differently. As
shown in Figs. 2(a), (c), (d), (e), the MARS-KS code
showed a tendency to predict the first dryout point earlier,
compared to the SPACE code.

As shown in Figs. 2(c), (d), some experimental data
show the values of HTC greater than 50,000 W/m?K. For
this experiment, the MARS-KS quite underpredicts the
experimental data due to the limitation, as explained
earlier.

From the simulation results, the MARS-KS 2.0 and
the SPACE 3.3.2 codes mostly over-predicted the
experimental data. For some simulation results of the
MARS-KS code, the first dryout point (¢ = 0.99) was
predicted earlier and, thus, the MARS-KS code under-
predicted the experimental data. The SPACE3.3.2 PNU,
which uses the PNU nucleate boiling model instead of
the Chen nucleate boiling model, mostly tended to
underpredict the experimental data, but overall it showed
the best agreement with experimental data among the
three codes. As presented in Table 2, the RMSE
assessment results also showed the best agreement of the
SPACE3.3.2 PNU code.

As represented in Figs. 2(d), (e), It was also shown
that, from the transition boiling region, the predictability
of heat transfer coefficient considerably depends on the
first dryout model (currently using a = 0.99).

P110

Fig. 1. The nodalization for the validation of heat transfer
model of HSG.

Heat transfer coefficient (kW/m?K) Heat transfer coefficient (kW/m?2K) Heat transfer coefficient (kW/m?2K)

Heat transfer coefficient (kW/m2K)

00

m  Hardik and Prabhu (2017)_Case5-1 P: 0.104 MPa
o MARS-KS 2.0 q": 290
& SPACE 3.3.2 G: 129
751 v SPACE 3.3.2_PNU D/d: 14.4
50 o
AWA L &
P
25 @@gﬁﬁé*’fg
o e 9.7-f vy o
o LR o5
o B @
0 T T T T
0.2 0.0 0.2 0.4 0.6 0.8
Equilibrium quality (-)
(a) Hardik and Prabhu
100
= Chang et al. (2023)_Case 4 P: 8 MPa
o MARS-KS 2.0 q": 200
g0l & SPACE3.32 G: 1000
v SPACE 3.3.2_PNU
60 AL8
aééooo
ARR
AR’
ﬁﬁﬁ []
40 5 o [
[
_a
204
0 T T T T
0.0 0.2 0.4 06 0.8 1.0
Equilibrium quality (-)
(b) Chang et al.
100
= Santini et al. (2016)_Case 5 P: 2.00 MPa
©  MARS-KS 2.0 q": 200
o  SPACE 3.3.2 A G:820
754 7 SPACE3.3.2_PNU A Cm
Am
g A
A
A L]
A
504 D o o o0 o0 o 3 v Vv
# ey Y
£ o
on o Y 5
2 v
2540 v
0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Equilibrium quality (-)
(c) Santini et al.
00
= Xiao et al. (2018)_Case 1
©  MARS-KS 2.0
- 2 SPACE 3.3.2
. n v SPACE 3.3.2_PNU
75 [ ] A A I
. o P:2 MPa
— q": 300
. G: 600
504 o [e]
— v v © v v v o
L}
[e]
L}
25+ »
[e]
L}
o "IN
u
b
0 O VEommmgd O

0.5

0.6 07 08 09 10 11 1.2
Equilibrium quality (-)
(d) Xiao et al.



Transactions of the Korean Nuclear Society Spring Meeting
Jeju, Korea, May 7-8, 2026

80

= Wuetal. (2026)_Case 1 P: 2.4 MPa
< o MARS-KS 2.0 q": 250
£ A SPACE 3.3.2 G: 250
s 60 1 SPACE 3.3.2_PNU
S5
€
0
e
© 40 - ANWARN
8 T e °
] NN & n
H(7J [}
5 $v vt .
520 1 L
g .4 ©
T n
u
0 T T T T T Ié.& -
0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Equilibrium quality (-)
(e) Wuetal.

Fig. 2. The simulation results of the MARS-KS 1.6 and
SPACE 3.3.2 codes.

Table 1. RMSE assessment results

- 2
RMSE= |LyN  [Itexpizhearil
Experiment NN ey
MARS | SPACE | SPACE PNU
Hardik and
0.21 0.17 0.21
Prabhu [8]
Chang etal. | 5 | (23 0.30
[9]
Santini et al.
. . 2
[10] 0.37 0.35 0.29
Xiao et al.
[11] 0.87 1.68 0.82
Wu et al. [12] 0.41 0.89 0.35
Total 0.42 0.67 0.39

4. Conclusions

In the MARS-KS 2.0 and SPACE 3.3.2 codes, the heat
transfer coefficient model of a helically coiled tube has
been assessed against experimental data. The results
showed that the MARS-KS code predicts the first dryout
point early and underpredicts some experimental data
due to the limitation of heat transfer coefficient for the
nucleate boiling region. The SPACE 3.3.2 mostly over-
predicted the experimental data and, on the other hand,
the SPACE 3.3.2 PNU underpredicted the experimental
data. But overall the results of SPACE 3.3.2 PNU
showed the best agreement with experimental data
among the three calculation results. Furthermore, the
predictability of heat transfer coefficient considerably
depends on the first dryout model. Further studies are
needed in this regard.
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