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Abstract: Seawater pumps operating in polar low-temperature, ice-laden environments are subject 10 

to a high risk of start-up failure, in which the transport, accumulation, and blockage of ice crystals 11 

within the pump play a critical role in determining start-up reliability. To investigate the cold-start 12 

behavior of seawater pumps under polar ice conditions, a transient multiphase numerical model 13 

incorporating ice–water two-phase coupling effects is developed. The model is employed to sys- 14 

tematically examine the influences of the motor acceleration index and the impeller–volute clear- 15 

ance on ice-crystal blockage risk and start-up response characteristics.For a representative operat- 16 

ing condition with an ice-crystal volume fraction of 10%, the transient internal flow and phase 17 

distribution evolution are simulated using an Eulerian–Eulerian multiphase framework, and the 18 

numerical predictions are validated against experimental results. The results demonstrate that the 19 

acceleration index primarily affects the start-up stabilization time and peak torque by regulating the 20 

rotational speed ramp-up rate and the unsteady evolution of the flow field during the start-up pro- 21 

cess; however, its contribution to improving ice-crystal passability is relatively indirect. In contrast, 22 

the impeller clearance significantly reshapes ice-crystal transport pathways by modifying leakage- 23 

flow intensity and flow connectivity, thereby providing a more direct and sustained mitigation of 24 

localized high-concentration accumulation and blockage risks. These findings offer quantitative 25 

guidance for the optimization of start-up strategies and the design of anti-blockage structures for 26 

seawater pumps operating in polar regions. 27 

Keywords: Polar ice conditions; seawater pumps; cold start; ice crystals; multiphase flow 28 

1. Introduction 29 

With the rapid advancement of polar shipping, polar marine engineering equipment, and re- 30 

source exploitation activities in high-latitude regions, increasing attention has been directed toward 31 

the operational safety and reliability of seawater pumps, which serve as critical power and cooling 32 

components, under low-temperature and ice-laden conditions[1][2]. In polar seas, the combined ef- 33 

fects of seawater supercooling and turbulent disturbances promote the formation of fine ice crystals, 34 

commonly referred to as frazil ice, which exist in suspension or flocculated forms within the water 35 

column. These ice crystals can be entrained into the pump with the incoming flow and subsequently 36 

accumulate and deposit in the impeller passages, flow channels, and narrow clearance regions, 37 

leading to severe operational issues such as flow passage blockage, flow-rate degradation, and even 38 

pump failure[3-5]. 39 

Extensive studies have been conducted on the generation and evolution mechanisms of ice 40 

crystals, in which the formation conditions, particle-size distribution characteristics, and transport 41 

behavior under varying salinity levels and turbulence intensities have been systematically analyzed 42 
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from thermodynamic and hydrodynamic perspectives [6-8]. Experimental investigations have 43 

demonstrated that ice crystals in seawater are prone to flocculation, forming larger ice agglomerates 44 

whose dynamic behavior differs substantially from that of conventional solid particles [9]. In the 45 

context of hydraulic structures and seawater intake systems, further studies have identified ice- 46 

crystal aggregation and bridging as primary mechanisms responsible for freezing and blockage in 47 

intake facilities [10-12]. 48 

By contrast, existing studies on seawater pumps operating in low-temperature or polar envi- 49 

ronments have primarily focused on material property degradation, variations in lubrication char- 50 

acteristics, and transient hydraulic responses during the start-up process [13-15]. In most of these 51 

investigations, the working medium is assumed to be a single-phase liquid, and the presence of ice 52 

crystals is neglected, which limits the applicability of the reported conclusions to ice-laden operat- 53 

ing conditions in polar regions. Meanwhile, although research on seawater pumps handling solid– 54 

liquid two-phase flows has become relatively mature, the solid phase is typically represented by 55 

sand particles or other rigid materials. Such models fail to adequately capture the deformability, 56 

adhesiveness, and phase-change characteristics exhibited by ice crystals under low-temperature 57 

conditions [16][17]. 58 

During the start-up stage, the internal flow within a seawater pump has not yet developed a 59 

stable structure, and the rotational speed, pressure, and flow rate exhibit pronounced unsteady char- 60 

acteristics. This stage is therefore considered a high-risk period for the ingress and accumulation 61 

of ice crystals within the pump [13][18]. Previous studies have demonstrated that the start-up mode 62 

plays a crucial role in the evolution of the transient internal flow field, with the start-up acceleration 63 

rate directly governing the speed ramp-up process and, consequently, influencing the intensity of 64 

unsteady flow fluctuations and the formation of internal recirculation structures [14][15]. However, 65 

the mechanisms by which start-up acceleration affects ice-crystal passability and blockage risk re- 66 

main poorly understood and lack systematic investigation.On the other hand, the impeller clear- 67 

ance, as a key structural parameter of seawater pumps, has been shown through numerous numeri- 68 

cal and experimental studies to significantly affect leakage flow, recirculation patterns, and hydrau- 69 

lic efficiency [19-21]. Variations in clearance size have been reported to substantially alter flow con- 70 

nectivity and the distribution of low-velocity stagnant regions. Nevertheless, existing studies have 71 

yet to explicitly link impeller clearance with ice-crystal transport behavior. Under low-temperature, 72 

ice-laden operating conditions, the potential influence of impeller clearance on ice-crystal transport 73 

pathways, accumulation locations, and blockage formation remains insufficiently explored and 74 

warrants further investigation. 75 

In addition, seawater temperature, as a key physical boundary condition in polar environ- 76 

ments, not only affects fluid viscosity and flow resistance but also directly governs the generation 77 

state and stability of ice crystals, thereby exerting a fundamental control over ice-crystal behavior 78 

during the cold-start process. Although extensive studies have examined ice-crystal formation 79 

mechanisms, intake blockage phenomena, and the performance of seawater pumps under solid– 80 

liquid two-phase flow conditions, few efforts have systematically compared the coupled effects of 81 

start-up control parameters, particularly the acceleration index, and the impeller–volute clearance 82 

on ice-crystal passability, head development, and peak load during cold start-up under low-temper- 83 

ature, ice-laden conditions. 84 

Based on the above analysis, this study conducts a systematic numerical investigation of the 85 

cold-start process of seawater pumps operating under low-temperature, ice-laden conditions. The 86 

main contributions of this work are summarized as follows: (1) a transient numerical model for the 87 

cold start-up of a seawater pump is developed with explicit consideration of ice-crystal transport 88 

characteristics, enabling the dynamic evolution of pump head and shaft power under ice-laden con- 89 

ditions to be captured; (2) from the perspective of start-up control parameters, the influence mech- 90 

anisms of the acceleration rate on ice-crystal retention, head build-up, and peak torque are system- 91 

atically analyzed for the first time; (3) the regulatory role of the impeller–volute clearance on in- 92 

ternal flow structures and ice-crystal passability during ice-laden start-up is further elucidated, and 93 
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corresponding engineering implications are provided. The present study offers quantitative guid- 94 

ance for the optimization of start-up strategies and the design of anti-blockage structures for sea- 95 

water pumps operating in polar environments. 96 

2. Methodology 97 

2.1. Geometry and Computational Domain 98 

In this study, a single-stage seawater pump employed in practical engineering applications is 99 

selected as the research object (as shown in Figure 1, with geometric parameters listed in Table 1). 100 

The pump is widely used in cooling and transport systems of marine engineering equipment, and 101 

its structural configuration and operating conditions are representative of similar seawater pumps 102 

in engineering practice. As such, it is capable of capturing the typical hydraulic response charac- 103 

teristics of seawater pumps during the cold-start process under low-temperature, ice-laden polar 104 

environments. To systematically investigate the transient flow evolution and ice-crystal transport 105 

behavior during the cold-start stage, a complete three-dimensional geometric model is established 106 

based on the actual pump configuration. 107 

The computational domain consists of key hydraulic components, including the impeller, the 108 

volute, and the impeller–volute clearance. The impeller region serves as the core zone for energy 109 

input and momentum transfer during start-up, directly governing the speed ramp-up process and 110 

the evolution of the primary internal flow field. The volute and tongue regions are responsible for 111 

the conversion of kinetic energy into pressure energy and constitute critical locations where recir- 112 

culation structures and low-velocity stagnant zones tend to form during start-up, making them 113 

closely associated with the local retention and accumulation of ice crystals. The impeller–volute 114 

clearance, as an important structural parameter of the pump, significantly affects leakage-flow in- 115 

tensity and flow connectivity between high- and low-pressure regions, thereby exerting a pro- 116 

nounced influence on ice-crystal transport pathways and distribution characteristics under ice-laden 117 

conditions. Given that this study focuses on elucidating the role of clearance on cold-start perfor- 118 

mance and ice-crystal passability, the impeller–volute clearance is parameterized in the numerical 119 

model to enable comparative analyses among different clearance configurations while maintaining 120 

all other structural parameters unchanged. 121 

 122 
(a) Seawater pump front view 123 

 124 
(b) Top view of seawater pump 125 

Figure1 Seawater pump solid model 126 

Table 1 Centrifugal pump main geometric parameters 127 

Structure name Parameters 

Design Flow Rate (m³/h) 65 
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Design Head (m) 15 

Design Speed (r/min) 1800 

Start-up Time (s) 10 

Shaft Power (kW) 6 

Inlet/Outlet Pressure Difference (MPa) 0.12 

Number of Impeller Blades 3 

2.2. Mesh and Irrelevantity 128 

In the geometric modeling process, to balance computational efficiency and physical reliabil- 129 

ity, local structural details with minimal impact on cold start transient flow and ice crystal transport 130 

were appropriately simplified without altering the shape of the main flow channel and critical gap 131 

structure within the pump. SpaceClaim was used to mesh the fluid domain, with local mesh refine- 132 

ment near the impeller. Simulations were performed using mesh numbers 29522, 78143, 309305, 133 

and 598418. Mesh independence was verified using head and shaft power, as shown in Figure 2. 134 

The computational differences were small. To save computational resources and time, mesh num- 135 

ber 309305 (Figure 3) was selected for subsequent calculations. 136 

 137 
(a) Head independence verification 138 

 139 
(b) Shaft power independence verification 140 

Figure2 Mesh independence verification 141 

 142 

Figure3 Model Mesh 143 

2.3. Governing equations and turbulence models 144 
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The continuity equation in fluid mechanics is a mathematical expression used to describe the 145 

conservation of mass during fluid flow. It is one of the fundamental equations of fluid mechanics, 146 

ensuring that mass neither arises nor disappears during fluid flow, and that the total mass of the 147 

fluid remains constant. Specifically, it means that the increase in the mass of fluid in a small element 148 

per unit time is equal to the net mass flowing into that small element during the same time interval. 149 

Based on this law, the mass conservation equation, i.e., the continuity equation, can be derived: 150 ∂ݐ∂ߩ + ∇ • (ߥߩ) = 0                                                                 (1) 151 

Fluids not only satisfy the conservation of mass but also the conservation of momentum, based 152 

on Newton's second law. Since in fluid mechanics, fluid is a continuous medium, its momentum 153 

constantly changes with time and space. Therefore, we need to distribute force, mass, and acceler- 154 

ation into every tiny volume of the fluid, that is, a micro-element body. In computational fluid 155 

dynamics, it is expressed as: the change rate of the momentum of the fluid in the micro-element 156 

body with respect to time is equal to the resultant external force acting on the micro-element body. 157 

According to this law, the momentum equation can be derived as follows: 158 ߩ ݐ∂ߥ∂ + ߥ)ߩ • ߥ(∇ = ݌∇− + ߥ2∇ߤ +  159 (2)                                                       ݃ߩ

Flow problems also obey the law of conservation of energy. Based on this law, we can con- 160 

clude that the total energy change within a control volume equals the net input of heat and work 161 

through the boundary. The energy equation is the mathematical expression of the law of conserva- 162 

tion of energy, revealing the interaction of internal energy, kinetic energy, and thermal energy in a 163 

fluid. It combines the effects of convection, conduction, viscous dissipation, and external sources, 164 

and can be expressed as: 165 ߲(ܧߩ)߲ݐ + ߘ ⋅ (ܷܧߩ) = ߘ− ⋅ (ݍ) + ߘ ⋅ (߬ ⋅ (ݑ + ாܵߩ                                                       (3) 166 

It is generally believed that the unsteady continuity equation and the Navier-Stokes equation 167 

are applicable to all transient turbulent motions. Through comparative analysis of turbulence mod- 168 

els, the RNG k-ε model has the least impact on computational accuracy in this simulation. There- 169 

fore, this paper uses the RNG k-ε turbulence model to simulate the turbulent field. The governing 170 

equations for turbulent kinetic energy k and dissipation rate ε are as follows: 171 ∂(݇ߩ)∂ݐ + ௜ݔ∂(௜ݑ݇ߩ)∂ = ௜ݔ∂∂ ఌ௙௙ߤ௞ߙ) (௜ݔ∂݇∂ + ௞ܩ − ݐ∂(ߝߩ)∂ 172 (4)                                                       ߝߩ + jݔ∂(ߝ௝ݑߩ)∂
= jݔ∂∂

ߤ)] + (ఌߪ௧ߤ [௝ݔ∂ߝ∂ + 1ఌܥ ߝ݇ ௞ܩ − 2ߝߩ2ఌܥ 1݇ ܴఌ                                      (5) 173 

Where ߩ denotes the fluid density; ݐ is time; ߥ is the fluid velocity vector; ∇(ߥߩ) repre- 174 

sents the spatial variation of the mass flux; −∇݌ is the pressure gradient; ߥ2∇ߤ denotes the vis- 175 

cous force term; ݃ߩ is the body force per unit volume; ܧ is the total energy; ݑ is the velocity 176 

vector; ݍ is the heat flux vector; ߬ is the viscous stress tensor; ܵா  represents an external heat 177 

source; ߤ௧ is the turbulent viscosity; ܩ௞ denotes the production term of turbulent kinetic energy; 178 ߪఌ is the turbulent Prandtl number for 1ܥ ;ߝఌ and 2ܥఌ are model constants of the turbulence model; 179 

and ܴఌ is the additional correction term introduced in the RNG formulation. 180 

2.4. Selection of multiphase flow model 181 

Under low-temperature, ice-laden cold-start conditions in polar environments, the internal 182 

flow within a seawater pump constitutes a typical multiphase flow problem, the physical charac- 183 

teristics of which are jointly governed by the ice-crystal volume fraction, particle size, and the 184 

intensity of interphase interactions. For different ice-laden conditions, the appropriate selection of 185 

a multiphase flow model is therefore critical to ensuring the reliability of numerical simulations. 186 

The Volume of Fluid (VOF) model tracks distinct phase interfaces through volume-fraction 187 

transport equations and is well suited for problems involving free surfaces or continuous phase 188 

interfaces. However, ice crystals formed during the cold-start process generally exist as dispersed 189 

particles rather than forming stable, trackable continuous interfaces. Consequently, the VOF model 190 
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is not well suited to accurately describing ice-crystal transport and accumulation, particularly at 191 

high volume fractions, where non-physical interface diffusion may occur. 192 

When the ice-crystal volume fraction is relatively low (typically below 1%), the Discrete 193 

Phase Model (DPM) can be employed to track individual ice crystals in a Lagrangian framework, 194 

enabling detailed analysis of particle trajectories, residence time, and localized retention behavior. 195 

As the volume fraction increases, however, the number of particles rises sharply, leading to pro- 196 

hibitive computational costs and reduced applicability of the DPM, while collective effects arising 197 

from particle–particle and particle–fluid interactions become increasingly difficult to capture. 198 

For representative polar operating conditions with an ice-crystal volume fraction of approxi- 199 

mately 10%, ice crystals exhibit quasi-continuous phase behavior, and their momentum feedback 200 

on the carrier flow can no longer be neglected. Under such circumstances, continuum-based Eu- 201 

lerian–Eulerian or Mixture models provide a more appropriate framework for describing the two- 202 

way coupling between the ice and water phases. Among these approaches, the Eulerian–Eulerian 203 

model solves separate mass and momentum conservation equations for each phase, enabling accu- 204 

rate representation of the spatial evolution and local accumulation of high-concentration ice crystals 205 

within the pump. This model is particularly suitable for analyzing operating conditions prone to 206 

particle accumulation or bridging. 207 

Based on the above considerations, the Eulerian–Eulerian multiphase flow model is adopted 208 

in this study to simulate the transient ice-laden flow within the pump during cold start-up at an ice- 209 

crystal volume fraction of 10%, thereby ensuring a physically consistent description of ice-crystal 210 

transport, accumulation, and their influence on the internal flow field. 211 

Under the assumption that phase-change processes such as melting and freezing of ice crystals 212 

are neglected, no mass transfer occurs between the ice and water phases. Accordingly, the volume 213 

fraction of the ice phase satisfies the following transport equation: 214 ∂ߙ௜∂ݐ + ∇ ⋅ (௜ݑ௜ߙ) = 0                                                                   (6) 215 

Where ߙ௜ denotes the volume fraction of the ice phase, ranging from 0 to 1, and ݑ௜ repre- 216 

sents the phase-averaged velocity of the ice phase. 217 

2.5. Boundary condition setting and experimental verification 218 

To investigate the cold-start behavior of the seawater pump, a velocity-inlet boundary condi- 219 

tion is imposed at the pump inlet, with the inlet velocity prescribed as 2.5 t/10, reaching a maximum 220 

value of 2.5 m/s at t=10s. A pressure-outlet boundary condition is applied at the pump outlet. The 221 

impeller is defined as a rotating domain, while all other components are treated as stationary do- 222 

mains. 223 

As shown in Figure 4, the numerical predictions at the stabilized stage of start-up are com- 224 

pared with experimental measurements of an actual seawater pump under cold-start conditions in 225 

terms of pump head, shaft power, and inlet–outlet pressure difference. The experimentally meas- 226 

ured head, shaft power, and pressure difference obtained from low-temperature tests are summa- 227 

rized in Table 1, while the corresponding numerical results are illustrated in Figure 4. At the stabi- 228 

lized start-up stage, the predicted pump head fluctuates around 15 m, and the shaft power remains 229 

approximately 0.58 MPa. The relative deviation between numerical and experimental results is on 230 

the order of 0.03%, with the overall error remaining within 5%. These results indicate that the 231 

developed numerical model exhibits satisfactory accuracy and is suitable for subsequent analyses, 232 

including lubrication system investigations. 233 
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 234 
(a) Head curve 235 

 236 
(b) Shaft power curve 237 

Figure4 Simulation result diagram 238 

3. Results and discussion 239 

3.1 The effect of ice content on startup performance 240 

Before entering the seawater pump, the inflowing seawater passes through a filter screen. 241 

Considering that the maximum ice-crystal particle size allowed to pass through the upstream filter 242 

of the investigated pump is 1 mm, a uniform ice-crystal diameter of 1 mm is adopted in this study, 243 

with a corresponding volume fraction of 10%. 244 

Figures 5 and 6 compare the variations in pump head and shaft power during the cold-start 245 

process under pure seawater and ice-laden operating conditions. Under ice-laden conditions, the 246 

effective viscosity and apparent density of the mixture are altered, while the presence of ice crystals 247 

introduces additional local resistance and particle–blade interactions. As a result, the ability of the 248 

impeller to perform work on the fluid is reduced, leading to a decrease in pump head during the 249 

start-up stage. Meanwhile, the shaft power demand increases. These results indicate that even at a 250 

moderate ice-crystal volume fraction, the ice phase exerts a non-negligible influence on the cold- 251 

start hydraulic response and the associated driving load of the seawater pump. 252 

 253 

Figure5 The impact of ice crystals on head during startup 254 
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 255 

Figure6 The effect of ice crystals on shaft power during startup 256 

3.2. Study on the effect of variable acceleration on ice crystal blockage and start-up response 257 

Under polar low-temperature, ice-laden conditions, the speed ramp-up process during the cold 258 

start of a seawater pump governs the development of transient pressure gradients, recirculation 259 

structures, and the interphase transport environment within the pump. These factors jointly influ- 260 

ence head build-up, peak load demand, and the short-term accumulation risk of ice crystals in crit- 261 

ical regions. To characterize different start-up strategies, an exponential speed ramp function is 262 

adopted in this study, expressed as ݊(ݐ) = ݊0 ( ௧௧ೞ)௞
,where ݇ denotes the acceleration index and 263 ݐ௦ is the prescribed start-up duration. Comparative analyses are performed under ice-laden condi- 264 

tions with an ice-crystal volume fraction of 10% and a particle diameter of 1 mm to assess the 265 

influence of different acceleration indices on start-up response and ice-related risks. 266 

(1) Start-up stabilization time and head convergence 267 

To avoid subjective bias in determining the stabilization time, the start-up stabilization time 268 

tst is defined as the earliest time at which the head curve H(t) first enters and remains within ±2% 269 

of the steady-state mean head Hss for no less than 0.5 s. Based on this criterion, tst values corre- 270 

sponding to different acceleration indices are extracted from Figure8, with the results summarized 271 

in Table 2. 272 

Overall, variations in the acceleration index affect head convergence by altering the speed 273 

ramp-up rate and the characteristic time scale of flow-field reorganization. A larger acceleration 274 

index results in a smoother speed increase, leading to slower establishment of the main flow kinetic 275 

energy and a prolonged head rise and convergence process, thereby delaying satisfaction of the 276 

stabilization criterion. In contrast, a smaller acceleration index enables more rapid speed establish- 277 

ment and earlier entry of the head into the steady-state range, but is often accompanied by stronger 278 

transient fluctuations. This behavior reflects a competing effect between faster convergence and 279 

increased unsteady oscillations during start-up. 280 

 281 

Figure7 Time-speed graph 282 
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 283 

Figure8 Time-lift chart 284 

Table 2 Steady-state head and settling time 285 

Acceleration  

exponent k 

steady-state average 

 head Hss (m) 

±2%  

interval 

earliest time t (s) to  

meet steady-state criterion 

2 13.3 13.03 – 13.56 9.6 

1.5 13.2 12.94 – 13.46 9.3 

1 13.1 12.84 – 13.36 9 

0.8 13 12.74 – 13.26 8.6 

(2) Peak start-up torque 286 

The peak start-up torque represents the maximum load that must be overcome by the pump 287 

during the start-up process. The acceleration index directly affects the motor output power and 288 

consequently determines the torque demand. Based on the shaft power and rotational speed data, 289 

The peak torque during startup can be calculated using the following formula: 290 

௠ܶ௔௫ = ௠ܲ௔௫ ∗ ݊ߨ602                                                                              (7) 291 

As shown in Figure 9, the peak start-up torque exhibits an increasing trend as the acceleration 292 

index decreases. When the acceleration index is reduced to k=0.8, the peak torque reaches 32.1 293 

N·m at a rotational speed of 1800 r/min, whereas a higher acceleration index of k=2 results in a 294 

lower peak torque of 30.8 N·m under the same speed condition. These results indicate that more 295 

aggressive speed ramp-up strategies impose higher torque demands during start-up, which may 296 

place greater constraints on the driving system. 297 

 298 

Figure9 Time-axis power graph 299 

Table 3 Peak torque and corresponding time 300 

Acceleration 

exponent k 

Peak power 

Pmax (W) 

Corresponding 

time t (s) 

Rotational speed 

n (r/min) 

Peak torque 

Tmax

（N·m） 

2 5800 11.0 1800 30.8 

1.5 5900 10.8 1800 31.3 

1 6000 10.5 1800 31.8 



 10 of 15 
 

 

0.8 6050 10.0 1800 32.1 

(3) Start-up energy consumption 301 

The start-up energy consumption ܧstart is defined as the total energy consumed by the pump 302 

from the onset of start-up until stable operation is achieved. It is obtained by integrating the shaft 303 

power over time as: 304 ܧ௦௧௔௥௧ = ∫ ௧ೞ0ݐ݀(ݐ)ܲ                                                                              (8) 305 

where the upper integration limit tst corresponds to the stabilization time defined previously, 306 

representing the energetic cost required to reach stable operation.Figure 9 shows the ܧstart values 307 

for each operating condition. 308 

From a mechanistic perspective, start-up energy consumption is governed jointly by the aver- 309 

age power level and the effective duration of the start-up process. As summarized in Table 4, de- 310 

creasing the acceleration index shortens the stabilization time and thus reduces the integration in- 311 

terval, leading to a decrease in start-up energy consumption in the present cases. Meanwhile, faster 312 

speed ramp-up tends to increase instantaneous power peaks. The combined effect of these two 313 

competing factors ultimately determines the overall energy expenditure during start-up. 314 

Table 4 Startup energy consumption and startup time 315 

Acceleration 

exponent k 

Startup 

time t (s) 

Startup energy con-

sumption E (kJ) 
Relative level 

0 9.8 31 Maximum 

2 9.5 29.8 Relatively high 

5 9.2 28.5 Moderate 

8 9 27.8 Minimum 

(4) Flow structure evolution and ice-crystal transport risk 316 

Although velocity contour plots cannot directly quantify the ice-crystal passing rate, they are 317 

effective in identifying flow features closely associated with blockage risk, such as low-velocity 318 

stagnant zones, closed recirculation structures, and variations in main-flow channel connectivity. 319 

These features provide a flow-structure-based interpretation of ice-crystal accumulation tendencies. 320 

As shown in Figure 10, under larger acceleration indices, the rotational speed builds up more slowly 321 

during the early startup stage, and the main flow kinetic energy and pressure difference inside the 322 

pump are insufficiently established. As a result, pronounced low-velocity stagnant regions persist 323 

near the impeller inlet and along the volute wall, accompanied by weak recirculation structures. 324 

Once ice crystals enter these regions, their convective transport capability is significantly reduced, 325 

making their trajectories more prone to deviation from the main flow path and short-term retention. 326 

This behavior increases both the local accumulation probability and residence time in critical re- 327 

gions, thereby leading to a higher blockage risk. 328 

With decreasing acceleration index, the impeller speed is established within a shorter time, 329 

resulting in an overall increase in the internal flow velocity level. The velocity field becomes more 330 

continuous, while the spatial extent of low-velocity zones and recirculation structures is markedly 331 

reduced, and the connectivity of the main flow channel is enhanced. The strengthened main-flow 332 

transport capacity facilitates the rapid discharge of ice crystals along the primary flow path, reduc- 333 

ing their residence probability in sensitive regions such as the inlet and near-wall areas, which is 334 

beneficial for improving the passing stability during ice-laden cold startup conditions. 335 

When the acceleration index is further reduced to relatively low levels, although the main- 336 

flow transport capacity continues to increase, the non-stationary characteristics during the early 337 

startup stage are simultaneously intensified. Local velocity and pressure gradients become more 338 

pronounced, manifested by enhanced transient entrainment, strengthened vortex structures, and in- 339 

creased local velocity fluctuations. Under such conditions, the dispersion of ice-crystal trajectories 340 
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may increase, leading to diminishing marginal benefits from the contraction of low-velocity regions. 341 

In other words, while ice crystals are more readily discharged, their transient trajectory fluctuations 342 

and localized aggregation–dispersion behavior may also be enhanced. Overall, the startup acceler- 343 

ation index indirectly affects ice-related blockage risk by modifying low-velocity and recirculation 344 

structures and reshaping particle transport pathways. Its mitigation effect tends to saturate at higher 345 

acceleration levels and therefore must be jointly balanced with peak torque constraints to determine 346 

an optimal startup strategy. 347 

（a）1800（t/10）

0.8 
（b）1800（t/10）1 

（c）1800（t/10）

1.5 
（d）1800（t/10）2 

Figure10 Seawater pump velocity cloud map 348 

3.3. Research on the effect of impeller clearance on ice crystal blockage and start-up response 349 

The impeller–volute clearance modifies the intensity of internal leakage flow and the connec- 350 

tivity between high- and low-pressure regions, thereby reshaping the transient flow-field topology 351 

and ice-crystal transport pathways during the startup stage at a structural level. In contrast to the 352 

acceleration profile, which primarily affects flow establishment through temporal scaling, the clear- 353 

ance parameter directly alters spatial flow channels. As a result, it exhibits a more persistent struc- 354 

tural significance in controlling ice-related startup risks. In this study, different clearance configu- 355 

rations were realized by adjusting the impeller diameter relative to an initial reference clearance, 356 

and their effects on startup response and ice-laden risk characteristics were systematically com- 357 

pared. 358 

(1) Start-up stabilization time and head convergence 359 

The startup stabilization time ts was determined using the same criterion as defined in Section 360 

3.2, and the corresponding values under different clearance conditions were extracted from Figure 361 

11 and summarized in Table 5. The results indicate that increasing the clearance generally acceler- 362 

ates the head buildup process during startup while reducing fluctuation intensity, leading to an 363 

overall shortening of the stabilization time. This behavior suggests that moderate clearance-induced 364 

leakage flow can partially “open up” internal flow connections during the early startup stage, ena- 365 

bling faster flow-field reorganization and earlier attainment of a quasi-steady state. It should be 366 

noted, however, that excessive clearance may introduce volumetric losses and degrade steady-state 367 

efficiency. Therefore, a trade-off between startup reliability and steady-state performance is re- 368 

quired. 369 
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 370 

Figure11 Time-lift chart 371 

Table 5 Steady-state head and settling time 372 

Gap  

(mm)  

steady-state average 

 head Hss (m) 

±2%  

interval 

earliest time t (s) to  

meet steady-state criterion 

0 13.2 12.94–13.46 9.8 

2 14 13.72–14.28 9.5 

5 18.8 18.42–19.18 9.2 

8 19.5 19.11–19.89 9 

(2) Peak start-up torque 373 

The peak startup torque was calculated following the same method as in Section 3.2, and its 374 

variation with clearance is shown in Figure 12 and Table 6. As the clearance increases, the peak 375 

torque demand during startup exhibits a clear decreasing trend. Physically, a larger clearance pro- 376 

vides an additional leakage return path for high-pressure fluid, which weakens the instantaneous 377 

pressure differential and hydrodynamic resistance that must be established by the impeller during 378 

startup. Consequently, the peak torque requirement imposed on the motor is reduced. Under low- 379 

temperature operating conditions, this effect is particularly beneficial, as it alleviates startup shock 380 

loads and enhances mechanical and driving reliability. 381 

 382 

Figure12 Time-axis power graph 383 

Table 6 Peak torque and corresponding time 384 

Gap  

(mm)   

Peak power 

Pmax (W) 

Corresponding 

time t (s) 

Rotational speed 

n (r/min) 

Peak torque 

Tmax

（N·m） 

0 6000 10 1800 31.8 

2 5800 10 1800 30.8 

5 4800 10.2 1800 25.5 

8 4700 10.2 1800 24.9 

(3) Start-up energy consumption 385 
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The startup energy consumption was also evaluated following the procedure described in Sec- 386 

tion 3.2. With increasing clearance, both the peak power level and the stabilization time tend to 387 

decrease, resulting in a monotonic reduction in the total startup energy ܧstart , as summarized in 388 

Table 7. This behavior differs from that observed for variations in the acceleration index: clearance 389 

enlargement improves startup responsiveness without significantly increasing instantaneous power 390 

peaks, highlighting its combined advantages in controlling both energy consumption and mechan- 391 

ical load during cold startup conditions. 392 

Table 4 Startup energy consumption and startup time 393 

Gap  

(mm) 

Startup 

time t (s) 

Startup energy con-

sumption E (kJ) 
Relative level 

0 9.8 31 Maximum 

2 9.5 29.8 Relatively high 

5 9.2 28.5 Moderate 

8 9 27.8 Minimum 

(4) Flow structure evolution and ice-crystal transport risk 394 

The ice-crystal passing behavior, inferred from Figure 13, reveals that clearance variation 395 

exerts a more direct influence on the velocity field than acceleration-based strategies. Its dominant 396 

effects are reflected in three aspects: (1) modification of leakage and recirculation channel strength, 397 

(2) changes in the spatial location and scale of low-velocity stagnant zones and closed recirculation 398 

structures, and (3) enhancement or degradation of main-flow channel connectivity. Together, these 399 

factors determine whether ice crystals are prone to short-term accumulation in critical regions such 400 

as the impeller inlet, near-wall areas, and the volute tongue, potentially evolving into bridging and 401 

blockage risks. 402 

When the clearance is small, leakage paths between high- and low-pressure regions are re- 403 

stricted, and the startup flow tends to exhibit a “localized high-pressure-difference–strong separa- 404 

tion” pattern. Under such conditions, low-velocity stagnant zones readily form near the impeller 405 

inlet and blade passages close to the wall, while closed recirculation or secondary flow entrainment 406 

is more likely to develop near the volute tongue. These flow structures are unfavorable for ice- 407 

laden transport: ice crystals entering low-velocity regions experience insufficient convective car- 408 

rying capacity and tend to stagnate, whereas closed recirculation causes repeated particle circula- 409 

tion and short-term accumulation, thereby increasing the likelihood of ice bridging and blockage. 410 

With a moderate increase in clearance, velocity contours indicate enhanced leakage flow, al- 411 

lowing high-pressure fluid to return to low-pressure regions and effectively providing a “bypass 412 

connectivity” during startup. This improved connectivity reduces ice-related risks in two ways. 413 

First, leakage flow introduces additional momentum and disturbance into near-wall low-velocity 414 

regions, weakening or disrupting stagnant structures. Second, the main flow channel becomes more 415 

continuous, recirculation zones shrink in scale, and ice crystals are more readily discharged along 416 

well-defined pathways, reducing their residence probability in sensitive regions. Consequently, 417 

moderate clearance enlargement is generally associated with improved passing stability and a lower 418 

tendency for localized ice accumulation. 419 

When the clearance is further increased, the internal flow becomes smoother, and closed re- 420 

circulation and stagnant regions are further suppressed, providing ice crystals with more available 421 

discharge paths and reducing the likelihood of local blockage from a startup reliability perspective. 422 

However, excessive clearance may also exacerbate volumetric losses and compromise steady-state 423 

head and efficiency. Therefore, for ice-laden cold startup scenarios in polar environments, clear- 424 

ance design should prioritize startup reliability constraints while maintaining acceptable steady- 425 

state performance, with the optimal range determined through a combined consideration of driving 426 

margin and efficiency requirements. 427 
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Figure13 Seawater pump velocity cloud map 428 

4. Conclusions 429 

(1) Compared with pure seawater conditions, the cold-start process of seawater pumps under 430 

polar low-temperature ice-laden conditions exhibits markedly stronger unsteady characteristics. 431 

The presence of ice crystals alters the internal flow structure and energy transfer mechanisms, lead- 432 

ing to increased shaft power demand, delayed establishment of steady head, and a pronounced ten- 433 

dency for local ice-crystal accumulation and retention. The results demonstrate that even at mod- 434 

erate volume fractions, the ice phase exerts a non-negligible influence on start-up load and reliabil- 435 

ity, and its multiphase effects must be explicitly accounted for in cold-start analyses.. 436 

(2) The start-up acceleration profile directly governs the rate of speed establishment and, con- 437 

sequently, the characteristic time scale, peak torque, and cumulative energy consumption during 438 

start-up. The results indicate that a smaller acceleration index can effectively shorten the start-up 439 

duration and reduce total start-up energy consumption, albeit at the cost of elevated transient peak 440 

torque. Conversely, a larger acceleration index mitigates transient mechanical loads but results in 441 

longer start-up times and higher energy expenditure. This highlights a clear trade-off among time 442 

efficiency, energy consumption, and peak load in variable-acceleration start-up strategies. 443 
(3) The impeller–volute clearance reshapes the internal flow evolution by modifying leakage 444 

flow intensity and flow connectivity at the structural level. Numerical results show that a moderate 445 

increase in clearance weakens low-velocity stagnation zones and closed recirculation structures 446 

during start-up, accelerates the establishment of steady head, and effectively reduces peak torque 447 

and start-up energy consumption, while simultaneously alleviating the risk of short-term ice-crystal 448 

accumulation. However, further enlargement of the clearance introduces additional volumetric 449 

losses and may degrade steady-state efficiency, indicating that clearance optimization requires a 450 

careful balance between start-up reliability and steady performance. 451 

(4) For polar ice-laden cold-start applications, the results suggest that priority should be given 452 

to improving flow connectivity and ice-crystal passability during start-up through structural param- 453 

eter optimization, particularly clearance adjustment, as it provides a more direct and robust means 454 

of suppressing local accumulation and reducing blockage risk. On this basis, start-up acceleration 455 

strategies can then be refined to fine-tune start-up time, energy consumption, and peak torque, 456 

avoiding excessive transient mechanical loads induced by overly rapid acceleration. This 457 
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“structure-first, control-second” optimization sequence offers clear engineering guidance for the 458 

cold-start design of seawater pumps operating in polar environments. 459 
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