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Abstract

Local freezing may affect subsequent discharge when a cold fluid enters a water-contain-
ing passage in an overboard discharge valve. Compressed-air functional tests assessed
prototype opening and discharge performance. A volume-of-fluid (VOF) model coupled
with the enthalpy-porosity method examined initial freezing during low-flow operation
at a small valve lift. The measured assembly opening pressure was 1.53 x 10¢ Pa. The over-
board check valve discharged 0.67814-0.79061 kg-s™ at 3.55 x 106-3.75 x 10¢ Pa. With con-
stant gas properties, all cases were compared over 0-0.10 s. Increasing inlet mass flow
from 0.0010 to 0.0020 kg-s reduced the terminal ice-phase fraction from 0.70% to 0.14%.
The time-averaged fraction decreased from 0.39% to 0.12%, with a local increase at an
intermediate flow rate. Terminal and time-averaged fractions were lower at equivalent
roughness of 0.6-0.7 pm. At 0.8-1.0 um, the ice-phase fraction continued increasing near
the end of the window. Within the prescribed model, these results describe how flow rate
and roughness affect the initial thermal shock and phase-change history. Their scope is
limited to the initial transient response and excludes predictions of steady-state ice accu-
mulation or valve blockage.

Keywords: overboard discharge valve; functional testing; transient freezing; VOF;
enthalpy—porosity method; wall roughness

1. Introduction

Marine valves experience pressure loads and temperature gradients during the
transport and discharge of cryogenic fluids. Local cooling can freeze residual water within
their passages. Previous studies have examined heat transfer in cryogenic valves for polar
vessels, icing on offshore structures, and protective measures [1-3]. Internal freezing is
affected by throttling clearances, passage bends, and recirculation zones. Even before
complete blockage occurs, local ice growth can alter the available flow area and near-wall
heat transfer.

Flow and phase change are coupled in both directions. Convection transports heat at
the phase boundary, while boundary motion changes the local velocity and temperature
distributions. Recent studies have examined how natural convection, turbulent shear, and
the density anomaly of water affect ice growth and melting [4-10]. Saline-water freezing
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also involves salt rejection, brine concentration, and changes in freezing temperature, dis-
tinguishing it from pure-water phase change [11-13]. Assessments of internal valve freez-
ing therefore require consideration of thermal boundaries, flow structure, and water-
phase properties.

Simulations and visualization experiments on saline droplets show that salinity, sub-
strate temperature, and surface wettability jointly affect freezing [14-16]. VOF has been
coupled with immersed-boundary, enthalpy—porosity, and level-set methods to describe
interface motion and freezing in liquid films and droplets [17-21].

Studies on moving cold surfaces, vertical plates, and ultra-cold substrates further
show that boundary motion and interfacial dynamics affect freezing morphology and du-
ration [22-26]. A shipboard water-injection study combined VOF and enthalpy—porosity
models with scaled experiments to compare the effects of flow velocity, pipe diameter,
and injection position [27]. Overboard discharge valves contain multiple throttling and
transition regions. Their early-stage ice accumulation consequently requires analysis of
the specific passage geometry.

Equivalent sand-grain roughness affects near-wall momentum transport through
wall functions. In physical surfaces, wettability, microscopic morphology, and material
properties jointly govern ice adhesion. Surface-treatment, coating, and deicing studies
show no universal monotonic relationship between roughness and ice adhesion [28-37].
Numerical roughness studies should therefore focus on the associated flow and phase-
change responses.

Studies of ice-slurry pipe flow, melting in flowing liquids, and cryogenic chilldown
show that velocity and geometry effects depend on thermal boundaries and flow condi-
tions [38—42]. Freezing-induced blockage and phase-change calculations also require dis-
tinction between physical-model applicability and numerical discretization error [43-45].
Evaluation metrics must match the spatial and temporal scales under investigation [46,47].

Prototype functional tests were first used to assess opening and discharge perfor-
mance of the overboard discharge valve. Transient simulations at a fixed small lift then
examined local freezing when a cold fluid entered the water-containing passage. The tests
and simulations addressed valve operation and the initial phase-change response, respec-
tively. The numerical study compared inlet mass flow and equivalent roughness under
the same geometry and property assumptions. Terminal values, time averages, peak
times, and late-stage slopes characterized freezing over 0-0.10 s. Existing records beyond
this window were also used to discuss the applicability of the comparison interval.

2. Prototype Functional Tests and Frost Observations
2.1. Test Specimen and Arrangement

The specimen was one ZD092BT-024-54 overboard discharge valve assembly com-
prising an inboard check valve, an overboard check valve, and pressure-resistant pipe
fittings. Functional testing was conducted on 4 February 2026. Measurements covered the
opening pressure of the assembly and both check valves, together with check-valve dis-
charge rates at specified pressure values. The working fluid was compressed air, and the
ambient temperature was 281.15-283.15 K (8-10 °C). Testing followed GB/T 12241 —2021
[48] and the prototype test protocol. The measurements were taken from Report No.
2026FM099 [49].

High-pressure oxygen testing requires compatible materials and dedicated protec-
tive provisions [50]. Safety constraints on low-temperature, high-pressure oxygen testing
led to the use of compressed air for prototype opening and discharge tests. Local cooling
during compressed-air discharge may still cause freezing in water-containing passages.
Internal phase change therefore warrants examination alongside basic opening and dis-
charge performance. For the intended application involving low-temperature oxygen,
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simulations examined initial freezing after oxygen entered the water-containing passage,
including the effects of inlet flow rate and wall roughness. Figure 1 shows the prototype
and associated valve components. Figure 2 documents the connecting pipework and tank
arrangement during cooling in October 2025, identifying the specimen locations and vis-
ible surface conditions. These images were recorded separately from the compressed-air
functional tests reported in Tables 1 and 2.

i

(b)

Figure 1. Overboard discharge valve assembly and associated components. (a) Valve components

and disassembled parts; (b) flanged assembly and connecting pipework.

@) (b)

Figure 2. Photographs of the connections and arrangement during valve cooling. (a) Valve compo-

nents and connecting pipework; (b) specimen in the tank and surrounding mist.

Table 1. Opening pressure of the overboard discharge valve assembly and check valves [49].

Specimen Opening Pressure, Pa (MPa)
Overboard discharge valve assembly 1.53 x 10¢ (1.53)
Inboard check valve 6.50 x 105 (0.65)
Overboard check valve 6.50 x 105 (0.65)

Table 2. Pressure and discharge mass flow rate for the two check-valve types [49].

Mass Flow Rate, Reported Value,

Valve Type Pressure, Pa (MPa) kgs! kgh
Inboard check 3.55 x 10¢ (3.55) 0.73033 2629.2
valve
Inboard check 3.65 x 106 (3.65) 0.74825 2693.7
valve
Inboard check 3.70 x 106 (3.70) 0.75672 2724.2
valve
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Discharge mass flow rate / (kg s™)

0.775

0.750

0.725

=
2
=3
S

0.675

h
Overboard check 3.55 x 106 (3.55) 0.67814 2441.3
valve
heck
Overboard chec 3.60 x 106 (3.60) 0.71431 2571.5
valve
Overboard check 3.75 x 10¢ (3.75) 0.79061 2846.2
valve

2.2. Opening and Discharge Performance

Table 1 lists the opening pressure values of the assembly and both check valves. The
assembly opened at 1.53 x 10¢ Pa (1.53 MPa), and both check valves opened at 6.50 x 10°
Pa (0.65 MPa). These measurements confirm pressure-actuated opening under the test
conditions.

Table 2 presents the discharge mass flow rates at each pressure value. The original
report values in kg-h™ are retained alongside conversions using 1 kg-h™! = 1/3600 kg-s.

Discharge increased with pressure over the tested range for each valve type (Figure
3). For the overboard check valve, discharge rose from 0.67814 to 0.79061 kg's™ over 3.55
x 106-3.75 x 106 Pa, an increase of 16.6%. For the inboard check valve, discharge rose from
0.73033 to 0.75672 kg-s™ over 3.55 x 10°-3.70 x 10¢ Pa, an increase of 3.6%.

T T T T T T T ]

O  Inboard check valve
O Overboard check valve
3.550 3.575 3.600 3.625 3.650 3.675 3.700 3.725 3.750

Test pressure / MPa

Figure 3. Pressure and discharge mass flow rate for the two check-valve types. Symbols indicate

measured values; curves use shape-preserving interpolation.

2.3. Test Factors and Data Analysis

Separate linear regressions were fitted for each valve type, using upstream pressure
as the independent variable and discharge mass flow rate as the response. Each group
contained three pressure levels. Table 3 presents the coding and regression matrices. Be-
cause the two groups did not share all pressure levels, no interaction between pressure
and valve type was estimated.

The coded pressure was defined separately for each group as x = (p — pc)/Ap. Here, p,
pe, and Ap are in Pa, and x is dimensionless. The linear model was m" =bo+bix, with m”,
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bo, and b1 in kg-s1. For the inboard valve, pc = 3.625 x 10¢ Pa, and Ap =7.50 x 104 Pa. For the
overboard valve, p.=3.650 x 10° Pa, and Ap =1.00 x 10° Pa. The two matrix columns contain
the constant 1 and x, respectively.

Table 3. Tested pressure conditions and coded regression matrices for each valve type.

Case Valve Type p, Pa Constant Coded Pressure x

I1 Inboard check valve  3.55 x 106 1 -1.000

12 Inboard check valve  3.65 x 106 1 0.333

3 Inboard check valve  3.70 x 106 1 1.000

o1 Overboard check 3,55 x 106 1 —1.000
valve

o0 Overboard check 3.60 x 106 1 0,500
valve

o3 Overboard check 3.75 x 106 1 1.000
valve

Within its tested pressure range, the fitted relationship for the inboard check valve
was m” =0.10422 + 1.76389 x 107p. The corresponding fit for the overboard check valve
was m" = -1.27057 + 5.49979 x 107p. Pressure p is in Pa, predicted mass flow m" is in
kg's, and the slopes have unit kg-s-Pal. The intercepts are local linear-fit parameters.
The equations are used only for comparisons within the corresponding tested pressure
intervals. Table 4 summarizes the regression results.

Table 4. Separate linear regressions of pressure and discharge mass flow rate for the two check-

valve types.

Valve Type bo, kg-s by, kg-s! R2 RMSE, kg-s Rezufiual
Inboard check valve 0.743632 0.013229 0.9998 1.500 x 104 1
Overb‘?;ii check 0.736851 0.054998 0.9940 3.645 x 103 1

The residual e = mi — m; has unit kg-s. The coefficient of determination, R2 = 1 -
Ye?/Y(mi— m~), is dimensionless. The root-mean-square residual, RMSE = V(Xe2/n), has
unit kg-s™. Here, miand m~ are the measured mass flow rate and the within-group mean,
respectively. Each group contained 1 =3 observations and one residual degree of freedom.
The respective R? values were 0.9998 and 0.9940. These regressions describe the pressure—
discharge relationship within each tested interval.

Pressure and discharge were recorded to 0.01 MPa and 0.1 kg-h?, respectively. Under
a uniform rounding model, the standard uncertainty components from recording resolu-
tion are upr = dy/N12 and mr = dw/N12. The recording increments are dy = 1.0 x 10* Pa and du
=0.1/3600 kg-s1. These give upr=2.89 x 10° Pa and um=8.02 x 10-¢ kg-s™'. These components
represent recording resolution alone, rather than instrument accuracy or combined meas-
urement uncertainty.

https://doi.org/10.3390/jmse14212042



J. Mar. Sci. Eng. 2026, 14, 2042

6 of 25

2.4. External Frost Observations and Research Question

Figures 2b and 4 show white frost-like deposits on the housing, fittings, and adjacent
pipework, with mist surrounding the specimen in the tank. External frosting reflects valve
cooling and interaction with the surrounding humid air; it does not establish the extent of
freezing inside the valve. Functional testing showed that the prototype could open and
discharge, whereas internal phase change following cold-fluid entry requires separate in-
vestigation. The following analysis therefore examines initial freezing at a small lift and
low flow rates. The photographs provide visual observations only. They are not used for
quantitative comparison with numerical results or to infer fluid temperature, flow rate, or
exposure duration.

@) (b)

Figure 4. Frost-like deposits on external valve surfaces. (a) Long flanged assembly; (b) short valve

component and fittings.

3. Mathematical Model and Numerical Methods

3.1. Geometry and Computational Domain

The simulations used a fixed small-lift fluid domain with a valve-disc lift of 0.5 x 103
m (0.5 mm). The inlet, valve body, neck transition, throttling region, and downstream pas-
sage were retained. Bolt holes, external stiffeners, seal grooves, and small fillets were omit-
ted. Figure 5 shows only the local structure around the valve seat and adjacent throttling
passage; the extent of the computational domain was unchanged. The total domain length
was 0.3846 m, and its maximum diameter was 0.0530 m. The valve-body section was
0.1146 m long, and the downstream passage diameter was 0.0270 m. The disc position
remained fixed during the calculation, so passage changes caused by further disc lift were
not considered.

Local mesh refinement was applied near the outer valve-body wall in region A and
within the neck transition and throttling region B. The first-layer height was 1.0 x 10-5 m.
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Figure 5. Local axial section through the valve seat and adjacent throttling passage at small lift. The

valve-disc lift is 0.5 mm. Colors distinguish the CAD assembly components and do not represent

physical-field values.

3.2. Governing Equations
3.2.1. Phase Transport and Momentum Equations

VOF tracks the interface between oxygen and the water phase, which includes liquid
water and ice. Their dimensionless volume fractions are ag and a, respectively. The liquid
fraction within the water phase is . Mixture density p (kg'-m) and dynamic viscosity p
(Pa-s) are calculated below. Subscripts g and 1 denote oxygen and the water phase, respec-
tively.

p=apt agpg (1

1= o+ agiyg ()
The phase volume fractions satisfy
ag+a =1 3)

No evaporation or condensation mass transfer is prescribed between oxygen and the
water phase. For the constant-density water phase, the volume-fraction transport equa-
tion is

day/ot + V- (aqv) = 0 (4)

In Equation (4), t is time (s), and v is the velocity vector (m-s™). The local Courant
number is defined as

v|At
CFL = Iviae <1 )
Ax

In Equation (5), At is the solver time step (s), Ax is the characteristic cell length (m),
and CFL is dimensionless. The mixture mass and momentum equations are

dp
L . = 6
6t+V (pv) =0 6)
a(pv
%+V~(pw)=—l7p+l7-‘t+pg+5mom (7)
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In Equations (6) and (7), p is pressure (Pa), T is the stress tensor (Pa), and g is gravi-
tational acceleration (m-s2). Smom is the volumetric momentum resistance associated with
solidification (N-m-3). The wall shear stress is

_ au”
Ty = #eff(@)y=0 (8)

In Equation (8), Tw is wall shear stress (Pa), and e is effective viscosity (Pa‘s). The
quantities ui and y are tangential velocity (m-s?) and wall-normal distance (m), respec-
tively. The area-averaged shear stress on the boundary named wall is used to compare
near-wall momentum exchange.

3.2.2. Energy Equation and Phase-Change Model

Water solidification and melting are calculated using the enthalpy-porosity method
in the Fluent solidification/melting model. VOF tracks the gas-liquid interface. The total
enthalpy H of the water phase comprises sensible enthalpy & and latent enthalpy L. The
quantities H, h, reference enthalpy hret, and latent heat L are in J-kg™'. Temperature T and
reference temperature Trt are in K; specific heat at constant pressure ¢y is in J-kg K.

T
H=h+BLh=he+ [ 1o SpdT 9)
Neglecting the enthalpy flux caused by species diffusion, the energy equation is
d(pH)
5 T V-(pvH) =V - (kegfVT) + Sg (10)

In Equation (10), ket is effective thermal conductivity (W-m1-K™), and Sk is the volu-
metric energy source (W-m3). The latent heat of fusion for oxygen is set to zero. A user-
defined function (UDF) specifies the thermal conductivity of the water phase, while the
built-in solver model handles phase-change source terms [51]. Table 5 lists the material
properties and phase-change parameters.

Table 5. Material properties and phase-change parameters used in the simulations.

Property or Parameter Water Phase Oxygen
Density, kg-m= 998.2 3.136
Specific heat capacity, J-kg-K-! 4182 919.31

0.620271 (T >273.0 K)

Thermal conductivity, W-m™-K-! 273 (T<273.0 K) 0.0246
Latent heat of fusion, J-kg™ 3.34 x 105 0
Dynamic viscosity, Pa-s 1.003 x 10-3 1.271 x 10
Solidus temperature, K 273.15 —
Liquidus temperature, K 273.15 —

The model approximates phase change as the isothermal freezing of pure water at a
melting temperature Tw of 273.15 K. The liquid fraction g satisfies

B=0T<Tw);0<B<1(T=Tu;fB =1T>Tn (11)

In Equation (11), T is the melting temperature (K), and 8 is dimensionless. At Tw, p
is determined from the enthalpy balance. Both the solidus and liquidus temperatures are
set to 273.15 K [5,11-13,16].

The phase-change momentum resistance is expressed as

Smom = —Amusn (1 — B)*v/(B° + 6) (12)

In Equation (12), Amush is the mushy-zone resistance coefficient (kg-m=3-s). The di-
mensionless small constant 0 prevents division by zero. The prescribed values are Amush =

https://doi.org/10.3390/jmse14212042
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1.0 x 10° kg'm=-s" and 6 =0.001. As the liquid fraction decreases, this resistance term sup-
presses velocity in the solidifying region.

3.2.3. Turbulence and Wall Roughness

Turbulence is modeled using the realizable k—¢ model with standard wall functions
for near-wall treatment. Neglecting buoyancy production under constant-density condi-
tions, the principal transport equations are

0(pk)/3t + V- (pkv) = V- [(u + w/aVk] + G — pee (13)

d(pe) /0t + V- (pew) = V- [(u + w/o)Vel + pCiSec — pCael/(k + V(vey) (14)

In Equations (13) and (14), k is turbulent kinetic energy (m?s2), and ¢: is its dissipa-
tion rate (m*s7). Turbulent viscosity u: is in Pa's, and the volumetric turbulent kinetic
energy production Gk is in W-m=. Kinematic viscosity is v = i/p (m?s™). The mean strain-
rate magnitude is S = V(25;Si) (s1), where Sij = (Qui/dxj + du;/dxi)/2. Here, ui is a velocity
component (m-s), xiis a spatial coordinate (m), and i and j are spatial indices. The dimen-
sionless model coefficients are ok = 1.0, 0: = 1.2, and Cz2 = 1.9. The coefficient C1 = max [0.43,
n/(n + 5)], where 1 = Sk/et, is also dimensionless. Turbulent viscosity is calculated as p: =
pCuk?/et, using the variable-coefficient form of Cy in the model [51].

The roughness height K enters the wall treatment through the roughness function AB:

Ut = %ln(Ey*) — AB(K,H) (15)

In Equation (15), U* = ui/us, y* = puwy/y, and Ks* = gutKs/u are dimensionless. The
friction velocity is u: =V(t«/p) (m-s). The quantities x and E are logarithmic-law constants,
AB is the dimensionless roughness correction, and Ks is in m. The equivalent resistance
parameter Ks differs from measured R. and does not incorporate an ice-adhesion model
[28,35,37,51].

3.3. Mesh Generation and Independence Assessment

Polyhedral cells were used, with local refinement near the outer valve-body wall in
region A and within the neck transition and throttling region B (Figure 6).

[ Baseline mesh ] ’ Locally refined mesh ]

(a) Outer body—baseline (b) Outer body—refined

(c) Internal transition—baseline (d) Internal transition—refined

[ First near-wall cell height in refined regions: h1 = 0.01 mm ]

Figure 6. Base mesh and local refinement.
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Local ice-phase fraction / %

At an inlet mass flow rate of 0.0010 kg-s, six meshes contained approximately 4.21,
4.82, 5.58, 6.41, 7.15, and 7.91 million cells. Local ice-phase fractions in regions A and B
and the maximum velocity within the valve were compared at 0.10 s (Figure 7).

—0— Local ice-phase fraction — M~ Maximum valve velocity

1.6 7 1 8.2
: Refinement-stable regime
1
1 =
141 8.0
o
g
1.2 F7.8 >
3
<}
°
>
- b 2
1.0 7.6 =
>
g
£
5 "
0.8 7 74 =
=
6.413x10°
0.6 T T T — 7.2
4.0 5.0 6.0 7.0 8.0

Cell count / 10¢

Figure 7. Effects of cell count on the local ice-phase fraction in regions A and B and the maximum

velocity within the valve.

Further refinement beyond approximately 6.41 million cells produced smaller
changes in both metrics. The local ice-phase fractions were 1.340%, 1.335%, and 1.341%
for 6,413,254, 7,154,378, and 7,913,146 cells, respectively. The corresponding maximum
velocities were 8.02, 7.97, and 8.05 m-s™'. Relative to the finest mesh, the differences for the
6.41-million-cell mesh were 0.075% and 0.373%, respectively. The largest adjacent change
among the three fine meshes was below 1.01%. The assessed metrics were therefore insen-
sitive to further refinement within this range.

The six-mesh series above is an independent comparison retained from the original
manuscript. The archived baseline case contains 2,072,638 computational cells. The origi-
nal mesh-series comparison does not directly establish mesh independence for this ar-
chived grid.

3.4. Boundary Conditions and Numerical Settings

The fluid domain was initially filled with water at 277.15 K (4 °C). Oxygen entered
through a mass-flow inlet at 153.15 K (=120 °C). A pressure outlet was prescribed at a
gauge pressure of 3.0 x 10¢ Pa, with an operating pressure of 101,325 Pa. The walls were
no-slip and adiabatic.

The inlet mass flow of 0.0010-0.0020 kg-s™ (1.0-2.0 g-s™!) represents localized entry of
a small amount of cold gas through the seat clearance before full disc lift. This stage was
represented by a fixed small opening. Mass flow was imposed as an independent bound-
ary condition rather than obtained from coupled valve-motion and supply-system calcu-
lations. The functional-test range of 0.67814-0.79061 kg-s describes overboard check-
valve discharge capacity at the tested pressure values. The simulations and tests therefore
address low-flow cooling and valve functionality, respectively. Because the analysis con-
cerns the initial stage at a small lift, full-discharge operation was not simulated. The pre-
sent results are not extrapolated to freezing during full discharge.

https://doi.org/10.3390/jmse14212042
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The inlet flow series comprised 0.0010, 0.0012, 0.0014, 0.0016, 0.0018, and 0.0020 kg-s™!
at a fixed equivalent sand-grain roughness of 0.8 um. The roughness series comprised 0.5,
0.6,0.7, 0.8, 0.9, and 1.0 um (5.0 x 107-1.0 x 10-¢ m). Its inlet mass flow rate was fixed at
0.0015 kg-s™'. The roughness constant was Cs = 0.5. Each series varied one parameter while
holding the other fixed.

The simulations used the pure-water properties and constant gas properties in Table
5, with adiabatic walls. Volume expansion caused by the density change upon freezing
was neglected. This configuration compares initial phase-change responses at a fixed
small lift. Geometric contraction, flow turning, and viscous resistance still affect velocity
and pressure through the momentum equations. The constant-property approximation
does not represent gas-density changes with temperature and pressure or enthalpy—tem-
perature coupling during real-gas throttling.

Gas compressibility must be assessed from local velocity and pressure variation. The
Mach number Ma is the ratio of local gas velocity U (m-s™) to sound speed a (m-s™). Joule—
Thomson cooling depends on the state-dependent coefficient yjr (K-Pa™) and local pres-
sure drop Ap (Pa). Neither a low mass flow rate nor a short simulation duration alone
establishes that these effects are negligible. An independent thermodynamic estimate us-
ing the oxygen equation of state in CoolProp 8.0 distinguished local expansion cooling
from discrepancies in reference properties [52,53]. At 153.15 K and a reference absolute
pressure of 3.101325 x 10¢ Pa, oxygen density is approximately 105.28 kg-m=. The sound
speed is approximately 205.49 m-s™, and wr is approximately 9.05 x 10 K-Pa™. An as-
sumed local pressure drop of 1.0 x 10* Pa gives an isenthalpic temperature decrease of
approximately 0.09 K. This estimate illustrates the temperature-change scale at a small
pressure difference; it does not establish the pressure drop across the simulated valve.

The reference density above is substantially higher than the value of 3.136 kg-m
actually used in Table 5. At the same inlet mass flow, a density difference changes gas
volumetric flow, gas-liquid interface advance, and residence time. A small local expan-
sion-induced temperature decrease therefore does not establish that near-wall freezing
trends remain unaffected. The properties actually used by the solver are retained, and the
numerical results are restricted to comparisons of initial phase change within the constant-
property model. They are not treated as validated freezing predictions for real high-pres-
sure oxygen.

Three-dimensional transient simulations were performed in Ansys Fluent 2022 R1.
The governing equations were discretized using the finite-volume method. Pressure—ve-
locity coupling used the pressure-implicit with splitting of operators (PISO) algorithm.
The physical time step was 1.0 x 105 s.

The scaled-residual thresholds were 1.0 x 10 for continuity, velocity, and turbulence
equations and 1.0 x 10-¢ for energy [51]. The final saved continuity residual in the baseline
case was 9.34 x 10 The x-, y-, and z-velocity residuals were 1.53 x 107, 7.33 x 107, and
7.42 x 107, respectively. The energy residual was 3.65 x 10-7. The k and ¢: residuals were
1.16 x 10 and 2.05 x 10, respectively.

Figure 8 shows 709 saved scaled-residual records from the baseline case, spanning
solver iterations 31,512-36,209. Inner-iteration residuals fluctuated as the transient solu-
tion advanced between time steps. The values reported above are those at the end of this
saved record.

https://doi.org/10.3390/jmse14212042



J. Mar. Sci. Eng. 2026, 14, 2042

12 of 25

Scaled residual

—— Continuity —— y-velocity —— Energy
x-velocity

z-velocity — k

107
1074

10°F

10°E

107k

32,000 33,000 34,000 35,000 36,000

Solver iteration

Figure 8. Saved scaled-residual history for the baseline case. The horizontal axis shows solver iter-

ation number; the vertical axis is logarithmic. The y- and z-velocity residual curves largely overlap.

All cases were compared over 0-0.10 s to examine the initial thermal shock and
phase-change response after cold gas contacted the water-containing passage. This time
marks the endpoint of the statistical analysis. Existing monitoring records beyond 0.10 s
supplement the discussion of peaks, declines, and continued growth. Their durations dif-
fer among cases, so they are not used to compare long-term limiting ice accumulation.

3.5. Metrics for Transient Freezing Response

The ice-phase fraction is defined as the solid-water volume divided by the volume of
the reference domain Q. This domain is the fluid zone named fluid-water, with the same
definition used for every case. The metric describes the overall solid-phase level in that
domainy; it is not the blockage ratio at the minimum valve-seat flow area.

Zcenrefal,c(t) [1 - ﬁc (t)]VC

Zceﬂref‘/c

() =

(16)

In Equation (16), c is the cell index, and V. is cell volume (m3). The water-phase vol-
ume fraction aic and its internal liquid fraction . are dimensionless. The parameter anal-
ysis uses whole-domain statistics, defined separately from the local region A and B met-
rics in Section 3.3.

The local rate of change is calculated by the finite-difference expression

a;(tiv1) — a;(tj-1)

ri(t) = 17
i(G) tiv1 — b1 (17)
The time-averaged fraction and late-stage rate of change are calculated as
1 .7
Ajavg = ng a;(t)dt (18)
(Mate, b™) = arg minr,bthe[o.os,o.w] [“i(tj) - (g + b)]? (19)

In Equation (17), j is the time index, #jis in s, and ri is in s7.. In Equation (18), T is the
0.10 s statistical window, and aiavg is dimensionless. In Equation (19), r is the late-stage
slope (s), b is the dimensionless intercept, and the asterisk denotes the least-squares
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solution. Each case contains 10,001 recorded time points. Terminal and maximum values
and the first time of reaching the maximum were extracted from the complete time series
within 0-0.10 s. Time averages were calculated by trapezoidal integration, and late-stage
slopes were fitted over 0.08-0.10 s.

Python 3.12 scripts were used for statistical analysis and plotting. Rates were calcu-
lated using Equation (17), with uniform 5 ms evaluation intervals in the main analysis.
Intervals of 1, 2.5, and 10 ms were also examined to assess interval effects. The time-history
plots display time-series points at approximately 5 ms intervals. Shape-preserving piece-
wise cubic interpolation was used only to draw the trend curves.

The terminal reduction relative to the 0.0010 kg's™ case is

_ a;(T)
= (1 B aref(T)

For the roughness series, the increase relative to the lowest sampled terminal fraction is

) x 100% 20)

Aa; = (ﬂ— 1) x 100% (21)
Tmin (T)

In Equations (20) and (21), the reference fractions aret and amin are dimensionless. The
relative changes i and Aai are expressed as percentages. Statistics were calculated from
unrounded data. Ice-phase fractions displayed in the parameter analysis in Section 4 are
rounded to two decimal places. A fractional rate of 1 s corresponds to 100 percentage
points per second.

4. Initial Transient Numerical Results
4.1. Effect of Inlet Mass Flow Rate

The ice-phase fraction generally decreased as inlet mass flow increased, although the
response was nonmonotonic (Figure 9). At 0.10 s, it decreased from 0.70% to 0.58% as flow
increased from 0.0010 to 0.0012 kg-s™. It then rose to 0.67% at 0.0014 kg-s™. Further in-
creases to 0.0016, 0.0018, and 0.0020 kg's! yielded terminal fractions of 0.50%, 0.21%, and
0.14%, respectively. At 0.0010-0.0012 kg-s™, the fraction increased over most of the win-
dow, with terminal values close to the maxima within that window.

o

1.0 x 10° kg s A 14x103kgs! v 1.8x107kgs
12 %107 kg s O 1.6x107kgs o 20x10%kgs™

[m]

0.60

0.45

0.30

Ice-phase fraction / %

0.15

1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10
Time /s
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Figure 9. Ice-phase fraction at different inlet mass flow rates. Symbols represent time-series samples;
curves are shape-preserving interpolants.

At 0.0016 kg-s™, the terminal ice-phase fraction was 0.50% and was still increasing
late in the window. At 0.0018 and 0.0020 kg-s, the fractions first reached their window
maxima at approximately 0.04484 and 0.04031 s, respectively. The corresponding maxi-
mum fractions were approximately 0.26% and 0.17%. They subsequently declined, ending
approximately 20% and 16% below their respective maxima.

Figure 10 shows high-velocity regions within the throttling passage adjacent to low-
velocity regions near the stepped geometry. The velocity field was spatially nonuniform
at every flow rate examined.

The terminal and time-averaged ice-phase fractions showed similar responses to flow
rate (Figure 11 and Table 6). Relative to 0.0010 kg-s™, terminal reductions at 0.0012, 0.0014,
0.0016, 0.0018, and 0.0020 kg-s™ were 17.2%, 4.7%, 28.4%, 70.1%, and 80.1%, respectively.
The time-averaged fraction at 0.0014 kg-s also exceeded that at 0.0012 kg-s.

Increasing the flow rate from 0.0010 to 0.0020 kg-s™ reduced the time-averaged ice-
phase fraction from 0.39% to 0.12%. This reduction of 68.1% was smaller than the 80.1%
reduction in the terminal fraction. At the higher mass flows in this series, fractions de-
clined after early accumulation, producing larger differences at the window endpoint than
in the time averages.

Over 0.08-0.10 s, the largest positive late-stage slope was 1.153 x 10! s at 0.0014
kg-s™. The slopes at 0.0018 and 0.0020 kg-s were -3.923 x 10-3 and —5.316 x 10 57, respec-
tively, indicating declining late-stage fractions.

(a) 1.0 g's™ (b)1.2g:s! (c) 14 gs™

10.55

844

6.33

(d) 1.6 g's! (e) 1.8 gs!

Velocity / (m-s™)

422

Figure 10. Velocity distributions at different inlet mass flow rates.
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Figure 11. Ice-formation response metrics for the inlet flow-rate series. (a) Terminal, time-averaged,

and maximum fractions; (b) time to maximum and terminal reduction; (c) late-stage slope.

Table 6. Ice-phase fraction metrics for the inlet flow-rate series over 0-0.10 s.

Mass Flow Rate Terminal, % Time Average, % Maximum, % Late-Stage Slope, s!

kgs? (gs1)

0.0010 (1.0) 0.70 0.39 0.70 1.802 x 102
0.0012 (1.2) 0.58 0.31 0.58 7.252 x 102
0.0014 (1.4) 0.67 0.35 0.67 1.153 x 101
0.0016 (1.6) 0.50 0.28 0.50 5.614 x 102
0.0018 (1.8) 0.21 0.17 0.26 -3.923 x 103
0.0020 (2.0) 0.14 0.12 0.17 -5.316 x 10-3

Figure 12 compares the wall-area-averaged shear stress at inlet flow rates of 0.0010,
0.0015, and 0.0020 kg-s'. All three curves decreased rapidly at first and changed more
gradually thereafter. The enlarged panel shows their differences near 0.10 s.

https://doi.org/10.3390/jmse14212042



J. Mar. Sci. Eng. 2026, 14, 2042

16 of 25

(a) Full time history (b) Late-stage detail
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Figure 12. Wall-area-averaged shear stress. (a) Full time series; (b) enlarged view over 0.04-0.10 s.

At 0.10 s, the three shear stresses were 1.63, 1.60, and 6.11 Pa, respectively. The inter-
mediate flow rate in this series was 0.0015 kg-s™'. It was compared qualitatively with the
neighboring conditions of 0.0014 and 0.0016 kg's™ in the ice-phase fraction series.

The terminal shear stress at 0.0020 kg-s! was approximately 3.75 times that at 0.0010
kg-s7. This condition also exhibited a lower ice-phase fraction and a negative late-stage
slope.

4.2. Effect of Wall Roughness

The six equivalent sand-grain roughness conditions exhibited a nonmonotonic re-
sponse (Figure 13). At 0.5 um, the ice-phase fraction reached 1.37% at approximately 81
ms before declining to 1.34%, which remained higher than all other conditions. Terminal
fractions were 0.31% and 0.30% at 0.6 and 0.7 um, respectively. Further increases in rough-
ness raised the terminal fraction to 0.51%, 0.62%, and 0.64%, respectively.

O 0.5um A 0.7 pm vV 09 um
O 0.6 um < 0.8 pum o 1.0pum

Ice-phase fraction / %

1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10
Time /s

Figure 13. Ice-phase fraction histories at different equivalent sand-grain roughness values.
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Ice-accumulation histories also differed among roughness conditions (Figure 14 and
Table 7). At 0.6 and 0.7 um, the fractions reached their window maxima earlier and
changed more gradually thereafter. At 0.8-1.0 um, time-averaged fractions were lower
than at 0.5 um, but the fractions continued increasing late in the window. Their window
maxima occurred near 0.10 s.

(a) O Terminal O Time average A Maximum
1.25F E
X
§ 100} .
k3]
<
1=}
2 075 E
<
=
&
8 050 .
025 - 1 1 1 1 1 1 -
0.5 0.6 0.7 0.8 0.9 1.0
Equivalent roughness / um
(b) Time to maximum and terminal increase
4320
0.090 S
2 B
g 4240 g
g 0.075 s
2 5
<
£ 4160 -5
2 0.060 E
) =
£ 480 ©
= 0045 e
10

Equivalent roughness / um

Figure 14. Ice-formation response metrics for the roughness series. (a) Terminal, time-averaged, and

maximum fractions; (b) time to maximum and terminal increase.

Table 7. Ice-phase fraction metrics for the roughness series over 0-0.10 s.

Ks, m (um) Terminal, % Time Average, % Maximum, % Late-Stage Slope, s!
5.0 x 107 (0.5) 1.34 0.93 1.37 -1.271 x 102
6.0 x 107 (0.6) 0.31 0.28 0.34 -1.970 x 10-3
7.0 x 107 (0.7) 0.30 0.27 0.33 -3.482 x 103
8.0 x 107 (0.8) 0.51 0.30 0.51 5.451 x 102
9.0 x 107 (0.9) 0.62 0.36 0.62 8.404 x 102
1.0 x 10 (1.0) 0.64 0.33 0.64 9.683 x 102

The time-averaged fraction at 0.5 um was 0.93%, approximately 3.40 times the 0.27%
value at 0.7 um. Calculations using unrounded values showed terminal and time-aver-
aged fractions at 0.6 pm exceeding those at 0.7 um by 4.0% and 2.6%, respectively.

Figure 15 shows the local turbulent kinetic energy distributions for the roughness
series. Peak values at 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 pm were 7.24, 6.69, 9.32, 5.80, 6.13, and
7.68 m?-s2 respectively. Figure 16 compares these peaks with the time-averaged ice-phase
fraction over the full domain.
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Figure 15. Local turbulent kinetic energy distributions at different equivalent sand-grain roughness
values.

The 0.7 pm condition had the highest local turbulent kinetic energy peak and the
lowest time-averaged ice-phase fraction. Increasing the roughness to 0.8 um reduced the
kinetic energy peak to 5.80 m?s? and changed the late-stage ice-phase fraction slope to

positive.
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Figure 16. Local peak turbulent kinetic energy and time-averaged ice-phase fraction for the rough-
ness series.
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Peak turbulent kinetic energy and time-averaged ice-phase fraction did not consist-
ently vary in opposite directions. At 0.5 pm, the kinetic energy peak was 7.24 m?s2, while
the time-averaged ice-phase fraction was the highest. From 0.8 to 1.0 um, both the kinetic
energy peak and terminal ice-phase fraction increased.

Over 0.08-0.10 s, the late-stage slopes at 0.5, 0.6, and 0.7 um were -0.01271, -0.00197,
and -0.00348 s, respectively (Figure 17 and Table 7). All three fractions declined, alt-
hough the solid-phase fraction remained markedly higher at 0.5 pm.

0.100F T y T T T a—

0.075 .

(=1
S
D
(=}

T
1

Late-stage slope / s™!
=4
o
135
W
T

0.000

—

0.5 0.6 0.7 0.8 0.9 1.0
Equivalent roughness / um

Figure 17. Late-stage slopes at different equivalent sand-grain roughness values, fitted over 0.08-
0.10s.

Late-stage slopes at 0.8, 0.9, and 1.0 pum were 0.05451, 0.08404, and 0.09683 s, respec-
tively. Their terminal ice-phase fractions exceeded that at 0.7 um by 69.8%, 107.7%, and
114.4%, respectively. These conditions had higher solid-phase fractions than the 0.7 um
condition late in the 0-0.10 s window and continued to increase.

4.3. Peak Growth Rate and Effect of the Evaluation Interval

Figure 18 presents the peak rates of change and their occurrence times for each con-
dition, evaluated at a 5 ms interval.

(a) Mass flow rate series (b) Roughness series
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Figure 18. Peak central-difference rates of change and their occurrence times at a 5 ms evaluation
interval. Blue circles and solid curves indicate peak rates (left axes); orange squares and dashed
curves indicate the times of these peaks (right axes).
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Peak rate / (percentage points s™!)

The highest peak rate in the flow-rate series was 17.65 percentage points-s at 0.0014
kg-s7, occurring at approximately 0.010 s. Peak rates at 0.0016, 0.0018, and 0.0020 kg-s™
were 15.44, 9.85, and 6.42 percentage points-s, respectively. The latter two peaked at ap-
proximately 0.025 s. Under all these conditions, the rate peaked before the ice-phase frac-
tion reached its maximum.

In the roughness series, the 0.5 um condition reached 36.10 percentage points-s™ at
30 ms. The 0.7 um condition reached 19.57 percentage points-s at 10 ms, while the 0.9 um
condition peaked at 22.60 percentage points-s™. At 0.8 um, the peak was 17.45 percentage
points-s, lower than at 0.7 um. Nevertheless, its terminal ice-phase fraction was higher
and its late-stage slope remained positive. A lower peak rate therefore did not necessarily
correspond to a lower solid-phase fraction.

The peak rates varied with the evaluation interval (Figure 19). At 0.0014 kg-s, inter-
vals of 1, 2.5, and 5 ms yielded peaks of 22.75, 21.49, and 17.65 percentage points-s, re-
spectively. At 0.0020 kg-s™, the corresponding peaks were 12.55, 8.94, and 6.42 percentage
points-s~'. The peak times also changed with the evaluation interval.

(a) Mass flow rate series (b) Roughness series

T

T T

T T
O 1.0x10%kgs™
O 14x10°kgs?
A 20x107kgs?

W
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520
s
151 6 os5um
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A 1.0um
0.002 0.004 0.006 0.008 0.010 0.002 0.004 0.006 0.008 0.010
Evaluation interval / s Evaluation interval / s

Figure 19. Dependence of peak rate of change on the post-processing evaluation interval.

Sensitivity to the evaluation interval also differed among roughness conditions. At
0.5 pum, the three intervals yielded peaks of 38.00, 37.20, and 36.10 percentage points-s™,
respectively. At 0.7 um, the corresponding peaks were 32.95, 25.95, and 19.57 percentage
points-s. Both peak magnitude and occurrence time should therefore be reported to-
gether with the evaluation interval. A 5 ms interval was used consistently for comparisons
among conditions in this study.

4.4. Comparison of Flow-Rate and Roughness Effects

Figure 20 compares relative changes in the two parameter series, referenced to 0.0010
kg-s™ and 0.7 um, respectively. At the higher flow rates in this series, terminal reductions
exceeded reductions in the time averages. At 0.5 um, the terminal fraction exceeded its

reference value by 350.0%, while the time-averaged fraction was approximately 240.0%
higher.
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Figure 20. Relative changes in terminal and time-averaged ice-phase fractions. Each panel uses the

reference condition for its respective parameter series.

Each parameter series held the other parameter constant, and the reference values
and parameter ranges differed. Figure 20 therefore compares relative changes within each
series. Comparing overall sensitivity to flow rate and roughness requires a common basis
for the parameter ranges.

5. Discussion

Changes in flow rate affect cooling input, water-phase transport, and near-wall mo-
mentum exchange simultaneously. The local rise at intermediate flow rates and post-peak
decline at higher rates show a stage-dependent, nonmonotonic relationship between ice-
phase fraction and inlet flow. Previous studies likewise found that flow affects heat
transport at the phase interface, while interface evolution alters the local flow [4-10,17-
27]. The spatially nonuniform velocity and differences in turbulent kinetic energy ob-
served here reflect this coupling. Local temperature and interface information are still
needed to resolve the contributions of individual heat-transfer processes.

The terminal ice-phase fraction at 0.10 s describes the solid-phase level at the end of
the initial comparison window. The time average and late-stage slope add information
about earlier accumulation and the final trend, respectively. Despite declining late in this
window, the 0.5 um condition retained a high time-averaged fraction; the fractions at 0.8—
1.0 um continued to increase. A post-peak decline therefore indicates a reduction in solid-
phase fraction for a particular condition and interval. It does not establish complete freez-
ing, long-term stability, or elimination of blockage risk.

Existing monitoring records beyond 0.10 s show that growth transitions did not occur
simultaneously in all cases. At 0.0012 kgs, the fraction increased from 0.58% at 0.10 s to
1.15% at approximately 0.179 s, then changed little up to 0.20 s. At 0.0014 kg-s7, it in-
creased from 0.67% at 0.10 s to 1.45% at approximately 0.262 s and then decreased slightly
to 1.43% at 0.288 s. By contrast, at 0.0018 kg-s™, it continued declining from 0.21% at 0.10
s t0 0.19% at approximately 0.132 s. For a roughness of 0.9 um, the fraction increased from
0.62% at 0.10 s to 1.06% at approximately 0.175 s. Its final recorded value remained above
the value at the comparison-window endpoint. Some conditions thus reached a plateau
or declined after growth, whereas others continued accumulating ice within the available
records. The time of 0.10 s provides a common initial comparison point, but it cannot be
treated as a common cessation time for freezing in all cases.
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Equivalent sand-grain roughness values of 0.6-0.7 um yielded lower terminal and
time-averaged fractions among the discrete conditions examined. Selecting a practical sur-
face also requires consideration of wettability, microstructure, and material effects on ice
adhesion [28-37]. Higher wall shear stress coincided with a declining solid-phase fraction,
indicating an association between near-wall momentum exchange and phase-change evo-
lution. However, the model did not represent ice adhesion or fracture, so this association
does not establish mechanical ice shedding.

Compressed-air tests evaluated prototype opening and discharge under the test con-
ditions. Numerical calculations described initial phase change at a fixed small lift under
the specified properties and boundary conditions. The two components address valve
functionality and cooling of water-containing passages separately; functional tests cannot
quantify errors in the predicted ice-phase fraction. Water temperature, salinity, inlet gas
state, and outlet back pressure differ among sea areas and affect freezing [1-5,20,27,46].
Local operating conditions should be expressed as the corresponding flow and thermal
boundary conditions. Because the prescribed gas properties differ from those of real high-
pressure oxygen, the parameter rankings and ice-phase fractions cannot yet support quan-
titative predictions for actual operation. Future work should use compatible property and
phase-change models, incorporating salinity transport and conjugate heat transfer
through the valve body. Ice-thickness and flow-capacity measurements would also help
examine freezing over longer timescales.

6. Conclusions

Compressed-air functional tests assessed the opening and discharge performance of
an overboard discharge valve. Simulations examined initial freezing over 0-0.10 s at a
fixed small lift with constant properties. The conclusions are as follows.

(1) The overboard discharge assembly opened at 1.53 x 10¢ Pa, and both check valves
opened at 6.50 x 105 Pa. Over 3.55 x 10¢-3.75 x 10¢ Pa, the overboard check-valve mass flow
rate increased from 0.67814 to 0.79061 kg-s™, a rise of 16.6%. Discharge varied approxi-
mately linearly with pressure over the tested interval for each valve type, supporting the
prototype’s basic opening and discharge functions.

(2) Under the prescribed numerical boundaries and property assumptions, increas-
ing inlet flow from 0.0010 to 0.0020 kg-s reduced the fraction at 0.10 s from 0.70% to
0.14%. The time-averaged fraction decreased from 0.39% to 0.12%, with a local rise at the
intermediate flow rate of 0.0014 kg-s™. At 0.0018 and 0.0020 kg-s™, fractions declined after
their peaks, showing the stage-dependent initial response of the low-flow conditions ex-
amined. This result does not establish that freezing is absent during full-discharge opera-
tion.

(3) Over 0-0.10 s, terminal ice-phase fractions at equivalent roughness of 0.6 and 0.7
pm were 0.31% and 0.30%, respectively, below the other values examined. The 0.5 um
condition had a higher time-averaged fraction, whereas fractions at 0.8-1.0 pm continued
increasing late in the window. Combining terminal fraction, time average, and late-stage
slope distinguishes higher average solid-phase levels from continued growth near the
window endpoint. These conclusions concern initial phase change within the present
model. They do not determine long-term steady ice accumulation, time to complete block-
age, or safe operating limits for the actual valve.
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