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1. Introduction

Helical coiled steam generators are widely utilized in
small modular reactors (SMRs) due to their compact
design and enhanced heat transfer capabilities [1].
Therefore, helical coiled steam generators have been
adopted in i-SMR [2] and SMART [3] in Korea.
However, the unique geometric characteristics of helical
coils introduce additional forces, leading to more
complex heat transfer and dry-out phenomena compared
to straight or U-tube steam generators.

Given the complexity of thermo-hydraulic phenomena
within the helical coil tube, numerous studies have been
conducted to investigate heat transfer and pressure drop
[4,5]. This paper specifically focuses on examining the
first dry-out phenomenon in helical coil tubes. In this
paper, the appropriate first dry-out correlations have
been selected and incorporated into the system code to
conduct the preliminary simulations under normal
operation conditions of i-SMR.

2. First dry-out in helical coil tube
2.1. Characteristics of the helical coil tube

The main characteristic of a helical coil tube is its
curved and torsional geometry. This curved geometry
causes the fluid to flow along a curved path, which
induces centrifugal force within the fluid. The centrifugal
force alters the velocity profile across the cross-sectional
area, thereby generating a secondary flow force [6,7]. In
the liquid phase, this secondary flow force changes the
distribution of the liquid film along the circumferential
direction, while in the gas phase, it influences both liquid
droplet entrainment and redeposition [8]. Consequently,
three forces—gravity (G), centrifugal force (C), and
secondary flow force (S)—compete within the fluid in a
helical coil tube, as illustrated in Fig. 1. These competing
forces result in an asymmetric liquid film distribution, as
shown in Fig. 2 [9]. This leads to local dry-out at specific
locations, a phenomenon known as the first dry-out.
Along the axial direction, dry-out progresses, creating a
region known as partial dry-out. Eventually, the liquid
film disappears entirely, leading to what is called total
dry-out. The most significant difference compared to
straight tubes is the presence of an extended partial dry-
out region. Therefore, it is crucial for system codes to
account for these distinct phenomena by identifying the
first and total dry-out.

As the first dry-out occurs, the liquid film distribution
changes based on the dominance of competing forces. To
categorize the effects of these forces, Berthoud and
Jayanti [9] proposed a first dry-out dominance map,
depicted in Fig. 3. The region where gravity dominates
is termed the gravity zone, the region dominated by
secondary flow is called the redeposition zone, and the
region where centrifugal force dominates is referred to as
the entrainment zone. This map was later modified by
Hwang et al. [10], specifically in the boundary between
the gravity and redeposition zones.
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Fig. 1. Competing forces applied in a fluid of helical coil tube
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Fig. 3. First dry-out dominance map for helical coil tube [7,8]
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2.2. The first dry-out quality correlations

The correlations for predicting the first dry-out quality
were derived from heuristic experimental results.
Berthoud and Jayanti [7] and Xu et al. [9] proposed
correlations specific to each of the three dominance
zones. Kyrarenan et al. [10] categorized correlations
based on the external diameter of the helical coil tube,
while Mao et al. [11] classified according to the mass
flux condition. Santini et al. [12] and others validated
these correlations within the specific conditions of their
experiments.
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2.2. Implementation of first dry-out quality correlations

Several experiments were selected to implement the
first dry-out quality correlations. The experimental
conditions are plotted on the dry-out dominance map as
shown in Fig. 4.

Using the data from these selected experimental
conditions, the first dry-out quality correlations
introduced in Section 2.2 were applied. The results of the
comparison between the experimental data and the
calculated first dry-out quality using each correlation are
summarized in Fig.5. Overall, Kyraregan correlation
performed well across all regions.

More specifically, comparisons were made within
each dominant region using dry-out dominance maps
proposed by Berthoud and Hwang, as shown in Table 1.
Based on the calculated RMS errors in each dominant
region, the modified dry-out dominant map introduced
by Hwang et al. [8] was selected. For each dominant
region, the Santini correlation was chosen for the gravity
zone, the Kyrareman correlation for the redeposition
zone, and the Berthoud correlation for the entrainment
zone. The results using different correlations for each
zone are depicted in Fig. 6, showing better predictions
with the modified dominance map.

BN, "\ Entrainmentzone
trifugal dominarit)
320000 { ol L g,,":‘a :
\ b
160000 Gravityzone X~ Redepositionzone
(Gravity dominant) Y (Secondary flo® dominaht)
80000 £
| o
40000 |
20000 i N
i \
i \
10000 i R
i \
1 N\
5000 i
Unal i N
s00f( O Xu i e
Hwang i
_— Santini i ‘
—TT i N
0125 025 05 2 4 8 18 32 64

Fig. 4. The dry-out dominance map of each experimental
condition
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Fig. 5. Comparison of first dry-out quality between
experimental results and calculated result using each
correlation

Table 1. RMS error using each correlation in each zone

Zone Berthoud Xu Kyrarenan =~ Mao Santini
coIT. coIT. coIT. coIT. corr.
Berthoud map
Gravity 0.358 0.446 0.227 0.307 0.194
Redeposition 0.398 0.241 0.155 3.70e6  0.231
Entrainment 0.106 0.447 0.157 1.49¢7  0.246
Hwang et al. map
Gravity 0.320 0.441 0.284 0.365 0.139
Redeposition 0.400 0.282 0.145 3.42e6  0.235
Entrainment 0.106 0.447 0.157 1.49¢7  0.246
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Fig. 6. Comparison of first dry-out quality adopting selected
correlation for each dominance zone

3. Helical coil model in system code MARS-KS
3.1. Heat transfer model for the helical coil in MARS-KS

To implement the first dry-out phenomenon into the
system code MARS-KS, the heat transfer mode
determination mechanism for the helical coil model was
reviewed. The existing method, shown in Fig. 7-(a),
determines the dry-out and single-phase conditions based
on specific void fraction values. However, due to the
wide variation in quality within the high void fraction
region, a determination condition based on quality is
necessary. Therefore, the mechanism was modified to
incorporate equilibrium quality, as illustrated in Fig. 7-

(b).
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Fig. 7. Heat transfer mode determination mechanism for
helical coil tube model in MARS-KS

3.2. Nodalization of i-SMR helical coil tube part

A simplified simulation was conducted under the
normal operation conditions of the i-SMR. The
simulation was calculated for the tube side (secondary
side) of the helical coiled steam generator. Heat flux was
gradually increased in steps to observe the entire boiling
region. The nodalization is depicted in Fig. 8. Four
conditions were selected for comparison; a straight tube,
a helical coil with the default heat transfer mod (HTM)
model, a helical coil with the first dry-out HTM model,
a helical coil with the first and last dry-out determination
HTM models.
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Fig. 8. Nodalization of simplified i-SMR helical coiled steam
generator (tube side)

3.3. Result of heat transfer in helical coil tube model

The simulation results under normal operation
conditions, with a superheated temperature of 30 K, are
summarized in Fig. 9. As shown in Fig. 9-(a), the straight
tube model predicted that dry-out occurs earlier than in
the helical model, leading to a higher wall temperature,
as depicted in Fig.9-(b). When comparing the helical coil
models with different HTM determination methods, dry-
out occurs earlier in the model using the first dry-out
HTM methods (red and pink lines) compared to the
default model (gray line).

The simulations were repeated under reduced mass
flux conditions, at 75% and 50% of the normal operation
condition. The results are summarized in Fig. 10. As
shown in Fig. 10-(¢c), dry-out could occur at a low-quality
condition, which shows a significant difference from the
default model.
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of 30 K under normal operation conditions
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Fig. 10. The distribution in the tube at a superheated
temperature of 30 K under reduced mass flux conditions

4. Conclusion

Helical coiled steam generators are widely adopted in
small modular reactors due to their compact design and
enhanced heat transfer capabilities. However, the boiling
process in helical coil tubes differ from that in straight
tubes due to their unique geometric characteristics. To
better represent the actual physics of helical coil tubes in
the system code MARS-KS, the heat transfer mode
determination mechanism was modified to use quality
values instead of void fraction. As a result, the dry-out
occurrence point varied with changes in fluid conditions,
particularly under low mass flux conditions. These
simplified preliminary simulations highlight the
necessity to modify the heat transfer mode for the helical
coil tube models. In future studies, simulations will be
conducted on both the tube and shell sides using the same
heat transfer mode determination strategy.
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