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Abstract. A three-dimensional numerical simulation method is developed to 
predict the heat transfer characteristics during the flow boiling of cryogenic slurry 
in horizontal circular pipes, based on Euler-Euler model with a boiling model for 
liquid-vapor mass transfer. The model incorporates the Ishii model for vapor-
liquid interaction and the Huilin-Gidaspow model for solid-liquid interaction, also 
with the modification accounting for slush effective viscosity. The modification 
enables to simulate the effects of solid particle on bubble detachment. The model 
can well demonstrate the heat transfer characteristics of subcooled liquid 
hydrogen, and also the solid phase distribution in slush nitrogen pipe flow. The 
simulation results show that an increased heat flux can result in a higher vapor 
volume fraction at the wall and a corresponding decrease in solid volume fraction. 
At low heat flux, an increase in solid volume fraction enhances the boiling heat 
transfer, while at higher flux, the solid phase suppresses the heat transfer. 
Consistent trends are observed in both bottom and surrounding heating layouts. 
Furthermore, turbulence analysis shows that solid particles can increase turbulent 
kinetic energy near the wall but inhibit its diffusion toward the pipe center, which 
indicates that the bubbles will induce the solid particles to accumulate toward the 
pipe center, while the solid particles inhibit the bubbles releasing from the pipe 
wall, thereby suppressing the boiling heat transfer. 

1.  Introduction 

Slush nitrogen is a solid-liquid two-phase fluid, its cooling capacity is larger than that of liquid 
nitrogen thanks to the solid particles with melting latent heat [1]. Slush nitrogen can be a 
promising coolant for the high-temperature superconducting (HTS) cables [2]. However, the heat 
transfer characteristics of slush nitrogen have not been fully understood. Specifically, flow boiling 
is crucial in the application of slush nitrogen, which can provide important judgment for the 
quenching of HTS cables. 

Flow boiling phenomena can be categorized into two primary modes based on thermal 
boundary conditions [3]. At low wall heat flux, bubbles form within the bulk liquid due to 
progressive heat accumulation along the flow pipe, typically in systems with subcooled liquid and 
moderate thermal gradients. This contrasts with flow nucleate boiling, where high wall superheat 
triggers instantaneous bubble generation directly at the heating wall through rapid 
heterogeneous nucleation, bypassing bulk liquid heating stages. The distinction primarily 
depends on whether phase change initiates in the liquid bulk (low heat flux) or at the heating wall 
(high heat flux). 

This study employs CFD to resolve three-phase (liquid-solid-vapor) interactions in slush 
nitrogen flow nucleate boiling. We quantify how solid particle concentration alters boiling heat 
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transfer at varying heat fluxes. The model integrates phase-change dynamics with particle-
induced nucleation enhancement and bubble mobility suppression mechanisms. Results reveal 
critical correlations between thermal-hydraulic parameters, particle-bubble interactions and 
boiling efficiency. 

2.  Mathematical and physical models 

This study addresses the multiphase coupling mechanisms in horizontal pipe flow nucleate 
boiling of slush nitrogen, where forced convection, non-horizontal heating wall, and confined 
bubble detachment coexist. The solid-liquid flow pattern critically influences boiling behavior: at 
Resl<25000 (slip-bed flow), particles accumulate near the pipe bottom (figure 1a), while 
Resl>25000 (pseudo-homogeneous flow) induces axial particle migration (figure 1b) [4]. Solid 
particles exhibit dual thermal effects – latent heat absorption during melting enhances heat 
transfer, while increased slush effective viscosity promotes bubble-wall adhesion that degrades 
boiling efficiency. 
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(a) slip-bed flow (Resl<25000) (b) pseudo-homogeneous flow (Resl≥25000) 

Figure 1. Physical model of cryogenic slurry flow nucleate boiling in a pipe 

 
(a) heating wall mesh 

 
(b) pipeline section mesh 

Figure 2. Three-dimensional structured meshing 

A 16-mm-diameter, 0.8-m-long horizontal pipe (50D hydrodynamic development length) is 
modeled with conjugate heat transfer analysis. Gravity acts along the negative y-axis. Heating wall 
(30 mm axial length) are partitioned at the top and bottom pipe cross-sections to capture radial 
heat transfer asymmetry. Wall boundary layers are resolved at y+ ≈ 30 using 0.4-mm-thick prism 
cells. Key assumptions include: 
1) Solid-phase sphericity with fixed diameter (1.5 mm). 
2) Pressure-dependent saturation temperature (77.3 K at 101 kPa). 
3) Phase-change thresholds (melting at 63.2 K, boiling at 77.3 K). 
4) Critical heat flux (CHF) happens at vapor volume fraction >80% at wall-adjacent cells [5]. 
5) Negligible vapor-solid direct interactions. 

3.  Numerical method 

3.1. Governing equation 
The volume fractions of three phases satisfy 

𝛼𝛼s + 𝛼𝛼l + 𝛼𝛼v = 1 (1) 
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The governing equations for solid(s)-liquid(l)-vapor(v) multiphase flow are formulated for 
individual phases, and the equations of Continuity, Momentum and Energy are as followed 

𝜕𝜕
𝜕𝜕𝜕𝜕 �

𝛼𝛼𝑗𝑗𝜌𝜌𝑗𝑗� + ∇ ∙ �𝛼𝛼𝑗𝑗𝜌𝜌𝑗𝑗𝑣⃗𝑣𝑗𝑗� = ��𝑚̇𝑚𝑖𝑖𝑖𝑖 − 𝑚̇𝑚𝑗𝑗𝑗𝑗�
𝑛𝑛

𝑖𝑖=1

 (2) 

𝜕𝜕
𝜕𝜕𝜕𝜕 �

𝛼𝛼𝑗𝑗𝜌𝜌𝑗𝑗𝑣⃗𝑣𝑗𝑗� + ∇ ∙ �𝛼𝛼𝑗𝑗𝜌𝜌𝑗𝑗𝑣⃗𝑣𝑗𝑗𝑣⃗𝑣𝑗𝑗� = −𝛼𝛼𝑗𝑗∇𝑃𝑃 + ∇ ∙ 𝜏̿𝜏𝑗𝑗 + 𝛼𝛼𝑗𝑗𝜌𝜌𝑗𝑗𝑔⃗𝑔 + ��𝑅𝑅�⃗ 𝑖𝑖𝑖𝑖 + 𝑚̇𝑚𝑖𝑖𝑖𝑖𝑣⃗𝑣𝑖𝑖𝑖𝑖 − 𝑚̇𝑚𝑗𝑗𝑗𝑗𝑣⃗𝑣𝑗𝑗𝑗𝑗�
𝑛𝑛

𝑖𝑖=1

 (3) 

𝜕𝜕
𝜕𝜕𝜕𝜕 �

𝛼𝛼𝑗𝑗𝜌𝜌𝑗𝑗ℎ𝑗𝑗� + ∇ ∙ �𝛼𝛼𝑗𝑗𝜌𝜌𝑗𝑗𝑣⃗𝑣𝑗𝑗ℎ𝑗𝑗� = −𝛼𝛼𝑗𝑗
𝜕𝜕𝑃𝑃𝑗𝑗
𝜕𝜕𝜕𝜕

+ 𝜏̿𝜏𝑗𝑗:∇𝑣⃗𝑣𝑗𝑗 + ∇ ∙ 𝑞⃗𝑞𝑗𝑗 + ��𝑄𝑄𝑖𝑖𝑖𝑖 + 𝑚̇𝑚𝑖𝑖𝑖𝑖ℎ𝑖𝑖 − 𝑚̇𝑚𝑗𝑗𝑗𝑗ℎ𝑗𝑗�
𝑛𝑛

𝑖𝑖=1

 (4) 

For liquid phase (j=l), interaction terms involve solid (i=1) and vapor (i=2) phases. Interphase 
forces 𝑅𝑅�⃗ 𝑖𝑖𝑖𝑖  include drag, lift, and virtual mass effects. The stress tensor 𝜏̿𝜏𝑗𝑗 follows Newtonian fluid 
assumptions. Solid particles are simulated using the particle dynamic theory, with configurations 
for granular temperature and other parameters following the approach described in Ref.[6].  

Following Vadlamudi & Nayak [7], the Realizable k-ε model with Standard Wall Function is 
adopted for its superior prediction of CHF in nucleate boiling. Turbulence parameters are treated 
using the Per Phase approach, as validated by Zhang et al. [8] for subcooled boiling simulations. 

3.2. Interphase force modeling 
According to the assumption 5), interphase drag and lift forces are modelled with viscosity 
corrections to account for solid effects, where solid-vapor interactions are implicitly addressed 
through modified slush effective viscosity μₛₗ [6]. 

Solid-liquid drag Kₛₗ follows the Huilin-Gidaspow model [9] with μₛₗ substitution: 

𝐾𝐾sl =

⎩
⎪
⎨

⎪
⎧ 3

4
𝐶𝐶D,sl

𝛼𝛼s,e𝛼𝛼l,e𝜌𝜌l|𝑣⃗𝑣s − 𝑣⃗𝑣l|
𝑑𝑑s

𝛼𝛼l,e−2.65, 𝛼𝛼s < 0.2

150
𝛼𝛼s,e
2 𝜇𝜇sl
𝛼𝛼l,e𝑑𝑑s2

+ 1.75
𝛼𝛼s,e𝜌𝜌l|𝑣⃗𝑣s − 𝑣⃗𝑣l|

𝑑𝑑s
, 𝛼𝛼s ≥ 0.2

 (5) 

where 𝐶𝐶D,sl = max � 24
𝑅𝑅𝑅𝑅sl

�1 + 0.15𝑅𝑅𝑅𝑅sl0.687�, 0.44� and 𝑅𝑅𝑅𝑅sl = 𝜌𝜌l|𝑣𝑣�⃗ s−𝑣𝑣�⃗ l|𝑑𝑑s
𝜇𝜇sl

. Effective volume fractions 

𝛼𝛼𝑖𝑖,e = 𝛼𝛼𝑖𝑖/�𝛼𝛼𝑖𝑖 + 𝛼𝛼𝑗𝑗� ensure phase fraction consistency.  
Liquid-vapor drag Kₗᵥ follows the Ishii model [10] modified with μₛₗ: 

𝐾𝐾lv =
𝜇𝜇sl𝐶𝐶D,lv𝑅𝑅𝑅𝑅lv

8𝑑𝑑v2
 (6) 

where 𝐶𝐶D,lv = min � 24
𝑅𝑅𝑅𝑅lv

�1 + 0.15𝑅𝑅𝑅𝑅lv0.75�, 2
3

𝑑𝑑v

�
𝜎𝜎

𝑔𝑔�𝜌𝜌l−𝜌𝜌v�

� and 𝑅𝑅𝑅𝑅lv = 𝜌𝜌l|𝑣𝑣�⃗ v−𝑣𝑣�⃗ l|𝑑𝑑v
𝜇𝜇sl

. 

3.3. Heat and mass transfer models 
The framework aims at resolving the phase transitions, bubble dynamics, and heat partitioning in 
cryogenic three-phase flows. A modified RPI boiling model incorporates the vapor-wall heat 
transfer: 

𝑞̇𝑞W = �𝑞̇𝑞C + 𝑞̇𝑞Q + 𝑞̇𝑞E�𝑓𝑓(𝛼𝛼l) + [1 − 𝑓𝑓(𝛼𝛼l)]𝑞̇𝑞V (7) 
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where convective heat flux 𝑞̇𝑞C = ℎC(𝑇𝑇w − 𝑇𝑇l)(1 − 𝐴𝐴b), quenching heat flux 𝑞̇𝑞Q = 2𝑘𝑘l
�𝜋𝜋𝑎𝑎l𝜏𝜏

(𝑇𝑇w − 𝑇𝑇l), 

evaporative heat flux 𝑞̇𝑞E = 𝜋𝜋𝑑𝑑b
3

6
𝑁𝑁w𝜌𝜌v∆ℎlv𝑓𝑓b and vapor-wall heat flux 𝑞̇𝑞V = ℎV(𝑇𝑇w − 𝑇𝑇v). 

Transition function 𝑓𝑓(𝛼𝛼l) switches at 𝛼𝛼l,crit = 0.2: 

𝑓𝑓(𝛼𝛼l) = �
1 − 0.5 exp�−20�𝛼𝛼l − 𝛼𝛼l,crit�� , 𝛼𝛼l ≥ 𝛼𝛼l,crit

0.5�𝛼𝛼l/𝛼𝛼l,crit�
20𝛼𝛼l,crit , 𝛼𝛼l < 𝛼𝛼l,crit

 (8) 

Bubble diameter 𝑑𝑑𝑏𝑏 and frequency 𝑓𝑓b follow Zhang et al. [11]: 

𝑑𝑑𝑏𝑏 = � 0.001 × (0.007𝐽𝐽𝐽𝐽2 − 0.024𝐽𝐽𝐽𝐽 + 0.92), 𝐽𝐽𝐽𝐽 ≤ 10.8
0.0001 × (2.526𝐽𝐽𝐽𝐽2 − 64.74𝐽𝐽𝐽𝐽 + 437.63), 𝐽𝐽𝐽𝐽 ≥ 12.2

 (9) 

𝑓𝑓b = �
1.688572𝐽𝐽𝐽𝐽2/1000𝑑𝑑𝑏𝑏2, 𝐽𝐽𝐽𝐽 ≤ 10.8

3.712872𝐽𝐽𝐽𝐽2/10000𝑑𝑑𝑏𝑏2, 𝐽𝐽𝐽𝐽 ≥ 12.2
 (10) 

Other key parameters of the boiling model can refer to reference [12]. 

4.  Results and discussion 

Figure 3 presents the vapor (a) and solid (b) volume fraction distributions in slush nitrogen (24% 
solid fraction) flow nucleate boiling within a 16-mm horizontal pipe (z=0 cross-section). 
Simulations at inlet velocity 1 m/s and outlet pressure 101 kPa compare four bottom-heated cases 
(240–510 kW/m²). 

In figure 3a, the elevated heat flux promotes near-wall vapor accumulation, with downstream 
vapor concentrations exceeding upstream values, which indicates progressive thermal boundary 
layer development along the heating wall. Per assumption 4), nucleate boiling crisis occurs when 
local vapor volume fraction exceeds 80% (red region), triggering transition to film boiling. The 
cross-section of x=0.415 m serves as the critical monitoring location for maximum vapor volume 
fraction. 

Figure 3b exhibit sharp near-wall interfaces, coinciding with vapor boundaries in figure 3a. 
Vapor-dominated zones expands at increased heat flux, promoting solids towards the pipe axis. 
This phase-segregation pattern confirms strong vapor-solid interaction mediated by slush 
effective viscosity gradients. The vapor-solid interface alignment demonstrates particle exclusion 
effects driven by bubble-induced shear stresses during boiling. 

Figure 4 compares vapor volume fraction contours at x=0.415 m for slush nitrogen with solid 
volume fractions of 0%, 11.5%, and 24%. Case (a) employs bottom heating (510 kW/m²), while 
case (b) utilizes surrounding heating (330 kW/m²). Higher solid volume fractions promote vapor 
accumulation near the bottom heating wall (figure 4a), indicating proximity to the nucleate boiling 
critical point. This trend also occurs under surrounding heating (figure 4b), where vapor 
enrichment correlates with solid volume fraction. The intensified phase separation under 
elevated solid fractions demonstrates particle-mediated suppression of bubble detachment, 
promoting localized vapor retention. 

Nucleate boiling curves for slush nitrogen (solid fractions: 0%, 11.5%, 24%) at the inlet 
velocity of 1 m/s and the pressure of 101 kPa reveal distinct heat transfer regimes. For bottom 
heating (figure 5a), heat transfer coefficients increase with solid fraction at low heat fluxes (<150 
kW/m²) but decrease at high heat fluxes (>150 kW/m²). This reversal also occurs under 
surrounding heating (figure 5b), indicating that elevated solid fractions enhance slush effective 
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viscosity at high heat fluxes, hence suppressing bubble nucleation/detachment and reducing heat 
transfer coefficients. 

 
(a) vapor distribution 

 
(b) solid distribution 

Figure 3. Evolution of solid and vapor phase distribution cloud charts during bottom heating 

 
(a) bottom heating (q=510 kW/m2) 

 
(b) surrounding heating (q=330 kW/m2) 

Figure 4. Cloud chart of vapor phase distribution in pipe cross-section 

Maximum vapor volume fraction at the heating wall decreases with the increasing solid 
fractions (figure 6a and 6b). Higher solid fractions elevate wall superheat at CHF, which can be 
attributed to: 
1) Viscosity-driven bubble adhesion: Increased slurry viscosity impedes bubble detachment, 
amplifying near-wall thermal resistance. 
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2) Latent heat absorption: Particle melting consumes vaporization energy, accelerating vapor 
condensation. 
3) Dual-phase thermal inertia: Liquid-phase heating must overcome both sensible heat and 
melting energy, reducing vapor generation efficiency. 

 
(a) bottom heating 

 
(b) surrounding heating 

Figure 5. Numerical flow nucleate boiling curves of SlN2 with various solid volume fractions 

 
(a) bottom heating 

 
(b) surrounding heating 

Figure 6. Maximum vapor volume fraction on the wall under various solid volume fractions 

Using an 80% vapor volume fraction threshold for boiling crisis detection, Figure 7 quantifies 
CHF and wall temperature variations with solid volume fraction (0%–30%). Bottom heating yields 
CHF = 479–521 kW/m² and wall temperatures = 142–235 K, while surrounding heating shows 
CHF = 320–372 kW/m² and temperatures = 103–135 K. CHF decreases with increasing solid 
volume fraction, whereas critical wall temperature rises, reflecting enhanced thermal resistance 
from particle-induced viscosity and phase interactions. 

For 15% solid volume fraction flow (1 m/s), figure 8 compares heated (150 kW/m² 
surrounding) and unheated cases. The core solid volume fraction increases from 22.5% to 25%, 
while near-wall iso-concentration lines (5% top, 10% bottom) converge toward the axis. This 
redistribution suggests vapor-phase expansion generates inward-directed forces on solids via 
momentum transfer during boiling. Enhanced solid concentration gradients in the lower pipe half 
further confirm vapor-solid interactions. Solid melting and particle migration occur concurrently. 
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Figure 7. CHF and wall temperature at CHF under various solid volume fractions 

 
(a) q=0 kW/m2 

 
(b) q=150 kW/m2 

Figure 8. Cloud chart of solid phase distribution in pipe cross-section 

Turbulence profiles at x = 0.415 m (bottom heating, 150 kW/m²) show elevated near-wall 
turbulent kinetic energy with increasing solid volume fraction (figure 9). Steeper turbulent kinetic 
energy gradients correlate with higher solid fractions, indicating particle-induced turbulence 
amplification. Vapor-driven inward particle forces and outward vapor resistance jointly suppress 
thermal diffusion to the axis. This bidirectional phase coupling reduces heat transfer efficiency by 
weakening particle deposition and enhancing vapor adhesion at heating wall. 

 
Figure 9. CFD results of kinetic turbulent energy near the wall 
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5.  Conclusions 

This study develops a numerical framework using a Euler-Euler approach with modified boiling 
models to simulate flow nucleate boiling heat transfer of slush nitrogen in horizontal pipes. The 
model integrates viscosity-corrected interphase force models (Ishii for vapor-liquid, Huilin-
Gidaspow for solid-liquid) to capture particle-induced suppression of bubble detachment, 
coupled with solid-liquid phase-change equations to resolve melting effects.  

Numerical results demonstrate that increasing heat flux elevates near-wall vapor volume 
fractions while reducing solid volume fractions. Solid particles exhibit dual heat transfer effects: 
enhancement at low heat fluxes (<150 kW/m²) via turbulence modulation and suppression at 
high heat fluxes (>150 kW/m²) due to viscosity-driven bubble adhesion. Both bottom and 
surrounding heating configurations reveal consistent trends, with particle migration toward the 
pipe axis under vapor expansion forces and suppressed thermal diffusion due to bidirectional 
phase interactions. Turbulence analysis further highlights that higher solid fractions amplify near-
wall turbulent kinetic energy but inhibit its radial propagation, correlating with localized heat 
accumulation and reduced heat transfer efficiency. 

These findings elucidate the coupled mechanisms of particle-vapor interactions in cryogenic 
slurry boiling, emphasizing the critical role of solid fraction in regulating phase redistribution and 
thermal resistance. The insights provide a foundation for optimizing heat transfer performance in 
applications such as superconducting cooling, where slush nitrogen’s multiphase behaviour 
governs system efficiency and stability. 
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