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A B S T R A C T

Slush nitrogen is considered to be a potential coolant for high temperature superconducting cables. In this study,
the heat transfer characteristics of slush nitrogen flow in a horizontal circular pipe were experimentally and
numerically studied. The numerical results for the heat transfer coefficient agree well with the experimental
results, with the relative errors within± 10%. The effect of the particle concentration and size, the pipe size and
the flow velocity on the forced convection of slush nitrogen and the solid-liquid interfacial heat transfer were
discussed. The heat transfer coefficient in the slush nitrogen pipe flow is found to be lower than that of the
subcooled liquid nitrogen (at 63.15 K) at the same flow velocity and to decrease with increasing solid fraction.
The mechanism of the heat transfer deterioration phenomenon of slush nitrogen was analyzed. In addition, a
modified experimental empirical correlation for the Nusselt number of slush nitrogen flow was obtained, which
can be applicable for different flow regimes (i.e., homogenous flow, heterogeneous flow and sliding bed flow).
The correlation considered the influence of particle conditions on the interfacial heat and mass transfer and has
an accuracy within± 10%.

1. Introduction

The power loss due to the resistance of transmission lines is con-
siderable, which can be approximately 7%–8% of the total electricity
generation in China. The application of high temperature super-
conducting (HTS) cables has drawn much attention since the discovery
of high temperature superconducting materials by Bednorz and Muller
in 1986 [1]. With the help of the HTS cables with no electrical re-
sistance, the maximum current capacity could be considerably larger
than that of the traditional transmission line. The HTS cables with a
critical temperature higher than 77 K can be cooled by forced flow of
subcooled liquid nitrogen [2]. One issue for the adoption of liquid ni-
trogen is that the local instant high heat flux of the HTS cables could
induce the vaporization of liquid nitrogen and even a localized thermal
shock, which could further lead to integral quenched disorder of the
superconductors. In 2004, Ishimoto et al. [3] proposed that slush ni-
trogen, a low temperature two-phase fluid with solid particles sus-
pended in the liquid, could be a new type of coolant for HTS cables.
Superior to the subcooled liquid nitrogen, the slurry has lower tem-
perature, higher heat capacity and density, which can help to reduce
the risk of superconductor quenching, reduce the size of the cooling
system and contribute to lower storage and transport costs.

The heat transfer performance of slush nitrogen is one of the main

concerns for its application in HTS cables. In 2003, Ohira [4] conducted
experimental investigations on the nucleate boiling heat transfer of
slush hydrogen or slush nitrogen, and found that the critical heat flux
values of slush hydrogen and slush nitrogen decrease to 0.45 and 0.62
times those of the liquids at the normal-boiling-point temperature in the
case of horizontal facing-up surface. Recently, the experimental and
numerical researches on the heat transfer of slush nitrogen were mainly
focused on the flow in horizontal pipes, considering its potential ap-
plication in the cooling of HTS cables. Matsuo et al. [5] conducted an
experimental investigation on the heat transfer characteristics of slush
nitrogen in a horizontal pipe and found that the Nusselt number of slush
nitrogen was higher than that of ordinary single-phase fluid flow with a
low Reynolds number and then gradually approached the Nusselt
number of the single-phase fluid as the Reynolds number was increased.
Zhang and Jiang [6] also found that the heat transfer coefficient of
slush nitrogen was higher than that of subcooled liquid nitrogen under
the same conditions and increased with increasing solid fraction. On the
other hand, Ohira et al. [7,8] carried out experiments to study the local
heat transfer coefficient of slush nitrogen flow in pipes with various
sizes and shapes, and the heat transfer deterioration phenomenon (i.e.,
the heat transfer coefficient for slurry flow can be lower than that of the
subcooled liquid) occurred for slush nitrogen when the flow velocity
was high enough, e.g., at a flow velocity over 2.0m/s in the pipe with
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an inner diameter of 10mm.
Studies on the heat transfer of ambient slurry flow also have dis-

cussed about the heat transfer deterioration phenomenon of ambient
slurry flow. Knodel et al. [9] experimentally studied the heat transfer of
ice slurries in a horizontal tube and found that the heat transfer coef-
ficient of ice slurry was lower than that of water and decreased with
increasing ice fraction. Liu et al. [10] reported that for the HDPE-water
suspension with a particle size of 3.2mm, the heat transfer performance
in the horizontal pipe increased with increasing particle concentration,
while for the suspension with a particle size of 1.3 mm, the heat transfer
performance deteriorated comparing to that of pure water. The heat
transfer characteristics of the slurry flow in the horizontal pipes depend
on the flow pipe configuration, flow velocity, and solid fraction. At
present, how the particle motion affects the forced convection heat
transfer has not yet been well understood.

Computational Fluid Dynamics (CFD) has also been adopted for the
prediction of flow and heat transfer characteristics of slush nitrogen.
Ishimoto et al. [11] built a transient numerical model based on the
Euler-Lagrange single-fluid approach to simulate the slush nitrogen
flow in a horizontal circular pipe and a converging-diverging pipe,
which is applicable for very dilute particulate flow. The simulations
presented that at the high Reynolds number, the pressure drop of slush
nitrogen slurry was lower than that of the liquid nitrogen under the
same conditions. Ohira et al. [12] constructed a 3-D numerical model to
investigate the flow and heat transfer characteristics of cryogenic slush
fluids in a horizontal circular pipe, where the particle collisions were
neglected and the heat transfer deterioration phenomenon that was
found in the experiments was not considered. So far, the modeling of
solid particles in previous two-fluid models was based on the hypothesis
of a constant diameter, which neglected the influence of the particle
size distribution on interfacial momentum and energy transfer. Jin et al.

[13,14] built a two-fluid numerical model coupled with population
balance equations for slush nitrogen flow, in which the particle size
distribution was calculated by the population balance equations to ac-
count for the influence of particle size on interfacial interactions. The
heat transfer deterioration phenomenon was confirmed in the numer-
ical analysis [13].

The experimental data for flow and heat transfer of slush nitrogen
are not yet sufficient and comprehensive. Ohira et al. [7] claimed that
the heat transfer coefficient of slush nitrogen in horizontal pipes was
lower than that of subcooled liquid nitrogen while Matsuo et al. [5] and
Jiang et al. [6] claimed the heat transfer coefficient increases with in-
creasing solid fraction, thus the results about the heat transfer dete-
rioration phenomenon of slush nitrogen from different researches are
even in discrepancy. Hence, the experimental empirical correlations
and numerical models still need further verification. In particular, the
heat transfer deterioration phenomenon of slush nitrogen requires
further proof and related theoretical discussion. In this study, an ex-
perimental apparatus for the flow and heat transfer test of slush ni-
trogen in a horizontal circular pipe with a diameter of 16mm was
constructed. The heat transfer coefficients were obtained for slush ni-
trogen flow with an inlet velocity of 0–4m/s, a solid volume fraction of
0–23% and a wall heat flux of 12–15 kW/m2. An experimental em-
pirical correlation for the Nusselt number with the slush Reynolds
number of slush nitrogen flow is then proposed. The Euler-Euler two-
fluid model coupled with the population balance equations [13] is
constructed for slush nitrogen flow. Based on the experimental and
numerical results, the heat transfer deterioration of slush nitrogen in a
horizontal pipe with various particle concentration and size, pipe size
and flow velocity is discussed.

Nomenclature

CD drag coefficient, –
CL lift coefficient, –
CVM virtual mass coefficient, –
D pipe diameter, m
ds particle diameter, m
ess restitution coefficient for particles, –
esw restitution coefficient for particles and wall, –
→
FD q, drag force, N
→
FL q, lift force, N
→
FVM q, virtual mass force, N
Fr Froude number, –
Gk generation of turbulence kinetic energy, kg/(m·s3)
→g gravitational acceleration, m2/s
g ss0, radial distribution function, –

′g V( ) breakage frequency, –
h enthalpy, kJ/kg
hpq interphase heat transfer coefficient, kJ/(kg·K)
hmelt melting latent heat, kJ/kg
k turbulence kinetic energy, m2/s2

kΘs diffusion coefficient, –
L pipe length, m
ṁ mass flow, kg/s
ṁpq interphase mass transfer, kg/s
Nu Nusselt number, –

′n V t( , ) number density function, –
Pr Prandtl number, –
p pressure, Pa
ps solids pressure, Pa
→q heat flux, W/m2

Re Reynolds number, –
Rep particle Reynolds number, –
Ste Stefan number, –
T temperature, K
t time, s
→
Usw particle slip velocity parallel to the wall, m/s
V daughter particle volume, m3

Greek Letters
α volume fraction, %
αs,max the packing limit, %
β effective viscosity parameter, –

′β V V( | ) breakage probability density function, –
δ measurement uncertainty, –
ε rate of dissipation, m2/s3

ϕ specularity coefficient, –
ϕls interphase energy exchange, kg/(m·s3)
γΘs collisional dissipation of energy, kg/(m3·s)
η[ ] intrinsic viscosity, Pa·s
μ fluid viscosity, Pa·s
μlw fluid viscosity near wall, Pa·s
Πk,Πε turbulent interaction source term, –
Θs granular temperature, m2/s2

ρ density, kg/m3

τ shear stress, Pa
Subscripts
l liquid phase
s solid phase
sl, m slush
w wall
p either solid phase or liquid phase
q the opposite phase of p
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(a) Diagram of experiment process 

(b) Physical map of experimental setup 

(c) Schematic of test pipe 
Fig.1. Experimental apparatus for the flow and heat transfer test of slush nitrogen.
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2. Experimental and numerical methodology

2.1. Experimental apparatus and measurement methods

The experimental setup for the flow and heat transfer tests of slush
nitrogen in a horizontal pipe is given in Fig. 1, which mainly consists of
the slush nitrogen production system, the flow and heat transfer test
pipe and the measurement/control system. The preparation tank with a
capacity of 80 L was used for the production of slush nitrogen. Two sets
of four-blade impellers were installed at two positions (upper and
lower) inside the tank to break the solid nitrogen layer and to enhance
the liquid convection, so as to improve the crashing effect of the par-
ticles.

The freeze-thaw method was adopted for the production of slush
nitrogen with the freeze-thaw cycle of 15 s - 15 s and a pumping rate of
9 L/s. The average diameter of solid nitrogen particles was about
1.5 mm, which was obtained by image analysis based on high-speed
photography. The solid fraction of slush nitrogen was measured by a
capacitance-type densimeter, whose electrodes are composed of a
square plate and two symmetrically positioned cylinders. The densi-
meter has high linearity and accuracy, with a measurement error

of± 0.16%. The liquid level of slush nitrogen was measured by a ca-
pacitance-type liquid level meter, which is equipped with a three-layer
coaxial tube, where the inner two layers are capacitor electrodes and
the outermost one is shielding layer. The measurement error of the li-
quid level meter is± 1%. The liquid level meter was also used to
measure the flow velocity of slush nitrogen in the flow test pipe. More
details about the capacitance-type densimeter and liquid level meter
can be found in our earlier work [15].

Precooled helium gas was used to pressurize the tank to
0.1–0.3MPa, and thus to transfer slush nitrogen into the horizontal
flow pipe, where the flow and heat transfer tests are carried out. The
flow rate was controlled by a cryogenic control valve equipped at the
end of the flow pipe, and calculated by the liquid level change in the
tank, which was measured by the capacitance-type liquid level meter.
The horizontal flow test pipe consists of three segments, among which
the length of the upstream segment was 500mm to ensure the full
development of the flow. The downstream segment of 300mm was used
to reduce the heat leakage at the end of the flow pipe, and the test
segment was a 900mm-long Grade-304 stainless steel pipe with an
inner diameter of 16mm and an outside diameter of 19mm. A differ-
ential pressure transmitter was used to measure the pressure drop of the

Table 1
Mathematical equations for the present modeling.

Conservation equations

+ ∇ → = −∂
∂

α ρ α ρ v m m( ) ·( ) ̇ ̇
t q q q q q pq qp

(3)

→ + ∇ →→ = − ∇ + ∇ + → +
→

+ →− →∂
∂

α ρ v α ρ v v α p τ α ρ g R m v m v( ) ·( ) · ¯ ( ̇ ̇ )
t q q q q q q q q q q q pq pq p qp q

(4)

∇ −∇ → = ∇→−∇ + − +α ρ h α ρ v h τ v q h T T m h·( ) ·( ) : · ( ) ̇q q q q q q q q q q pq p q pq melt (5)

Interphase momentum exchange
→

= − →−→ × ∇ × →F C α ρ v v v( ) ( )L L s l l s l,q
(6)

= ′ ′ =C C C 6.46L π w
L L

3
2 Re

(7)

→
= ⎛

⎝
− ⎞

⎠
=

→ →
F C α ρ C 0.5VM VM s l

dvl
dt

dvs
dt VM

(8)

→
= →−→F K v v| |D sl l s

(9)

= ⎡
⎣

+ ⎤
⎦

C Remax (1 0.15 ), 0.44D Rep p
24 0.687 (10)

= →−→Re ρ d v v μ| |/p l s s l m
(11)

= ⎧
⎨⎩

⎡
⎣

− ⎤
⎦

⎫
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μ μ exp 1m l β αs β
2.5 1

(1 )

(12)

Interphase heat and mass transfer
=h λ α Nu d6 /pq l s sl s2 (13)

= −m h T T ḣ ( )/pq pq p q melt (14)

= − + + + − +Nu α α Re Pr α α Re Pr(7 10 5 )(1 0.7 ) (1.33 2.4 1.2 )sl l l p l l p2 0.2 1/3 2 0.7 1/3 (15)

Granular temperature equations

⎡⎣
+ ∇ → ⎤⎦

= − + ∇→ + ∇ ∇ − +∂
∂

α ρ α ρ v p I τ v k γ ϕ( Θ ) ·( Θ ) ( ): ·( Θ )
t s s s s s s s s s s s s s ls

3
2 Θ Θ

(16)

= −
→

τ ϕ ρ g U3 Θs
π αs

αs s ss s sw6 ,max 0,
1/2 (17)

=
→ →

− −q ϕ ρ g U U e ρ g3 Θ · 3 (1 ) Θs
π αs

αs s ss s sw sw
π αs

αs sw s ss s6 ,max 0,
1/2

4 ,max
2

0,
3/2 (18)

Population balance equations

∫+ ∇ → + ∇ ⎡⎣ ⎤⎦
= ′ ′ ′ ′−∂

∂
∂
∂

n V t u n V t n V t pg V β V V n V t dV g V n V t[ ( , )] ·[ ( , )] · ( , ) ( ) ( | ) ( , ) ( ) ( , )
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t

VΩ
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⎦⎥′
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i

N
ik i

0 1

(22)

= ∑
∑

d Nk Lk
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32
3
2

(23)

Standard −k ε model

+ ∇ → = ∇ ⎡
⎣

⎛
⎝

+ ⎞
⎠

∇ ⎤
⎦

+ − +∂
∂

α ρ v k μ k G α ρ ε·( ) · Παlρlk
t l l l l

μt l
σk

k l l k
( ) , (24)

+ ∇ → = ∇ ⎡
⎣

+ ∇ ⎤
⎦

+ − +∂
∂ ( )α ρ v ε μ ε C G C α ρ·( ) · Παlρlε

t l l l l
μt l
σε ε

ε
k k ε l l

ε
k ε

( ) ,
1 2

2 (25)
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slush nitrogen flow, with a measuring range of 0–35 kPa and an accu-
racy of± 0.5%. The test pipe was uniformly wound with Manganese
copper heating wire and the heat flux was controlled within the range
of 12–15 kW/m2. Two platinum resistance thermometers (with an ac-
curacy of± 0.1 K at the temperature ranging from 50 to 300 K) were
inserted into the inlet and the outlet of test section to measure the fluid
temperature, and the mounting holes were sealed with cryogenic epoxy
glue. T-type thermocouples (with an accuracy of± 0.1 K at the tem-
peratures ranging from 50 to 300 K) were located every 180mm along
test pipe. The temperatures at the top and the bottom of the pipe were
measured to obtain the average wall temperature. The test pipe was
wrapped with multi-layer thermal radiation insulation materials and an
outer pipe with a diameter of 66mm was equipped for interlayer va-
cuum insulation to minimize the thermal leakage and the vacuum de-
gree inside the interlayer is 10−3 Pa. The overall heat leakage of the
flow test pipe, including the radiation heat leakage and the axial heat
conduction from the pipe ends, was estimated to be 2.51W for a
heating power of 650W. The measurement errors for pipe length and
diameter were±0.1mm. The measurement uncertainty for wall heat
flux can be obtained by

= + +δ δ δ δq Q D L
2 2 2

(1)

where δQ is the measurement uncertainty of heat power, = ±δ 0.39%Q .
δD is the measurement uncertainty of pipe diameter, = ±δ 0.53%D . δL is
the measurement uncertainty of pipe length, = ±δ 0.01%L . Thus, the
measurement uncertainties for wall heat flux were ± 0.66%. The mea-
surement uncertainty for local heat transfer coefficient can be obtained
by

= +δ δ δh q T
2 2 (2)

where δT is the measurement uncertainty of temperature. For the
temperature difference of 5 K, = ±δ 2%T . Thus, the measurement un-
certainty for local heat transfer coefficient was ± 2.11%.

2.2. Numerical modeling

An Euler-Euler two-fluid model based on population balance equa-
tions was built to predict the flow and heat transfer characteristics of
slush nitrogen in a horizontal pipe [13]. The equations for the numer-
ical model are given in Table 1, where the subscripts q represents either
s (solid phase) or l (liquid phase), and p is the second phase l or s,
accordingly.

For the Euler-Euler two-fluid model, the solid and liquid phases of
slush nitrogen are mathematically treated as interpenetrating continua.
The mass, momentum and energy conservation equations for each
phase are given as Eqs. (3–5), where ṁpq is the interphase mass ex-
change, →− →m v m v( ̇ ̇ )pq p qp q is the momentum transfer arising from the in-

terphase mass exchange, and
→
Rpq is the interphase momentum ex-

change.
→
Rpq consists of lift force, virtual mass force and drag force, given

by Eqs. (6–10). To calculate the drag force, the slush effective viscosity
μmis used, instead of liquid viscosity, as given by Eq. (12), which is
derived by Cheng and Law [16]. β is the sole empirical parameter to
account for the shape, size and type of solid particle, ranging from 0.95
to 3.9, which can take the value of 1.5 for slush nitrogen [14]. The slush
effective viscosity is also adopted to calculate the interphase heat and
mass transfer, as Eqs. (13–15). The modifications of the drag law and
the interphase mass transfer coefficients with the slush effective visc-
osity help to consider the influence of solid viscosity on the interfacial
heat and mass transfer.

The momentum equation of the solid phase is closed by the granular
temperature equation, as given by Eqs. (16–18). Θs is the granular
temperature, defined by = u uΘ  1/3s s i s i, , , representing the kinetic energy
of the particles’ random motion, and us i, is the fluctuating solid velocity.
ϕ is the specularity coefficient between the particle and the wall, whose

value ranges from 0 to 1 depending on the surface conditions of both
the wall and the particles and is set to 0.01 for slush nitrogen [14].

To take into account the influence of particle size on the interfacial
heat and mass transfer, the population balance equations, as given by
Eq. (19), are used to analyze the evolution of particle size distribution
[17]. On the right side of Eq. (19), the two terms are the birth and death
terms due to breakage, respectively. ′ ′g V β V V( ) ( | ) is the breakage rate,
where ′g V( ) is the breakage frequency and ′β V V( | ) is the probability
density function of particles breaking from volume ′V to volume V . The
breakage kernels can be calculated by Eq. (20), and the probability
density function is solved by the parabolic form as Eq. (21). The po-
pulation balance equations is solved by the Quadrature Method of
Moments (QMOM), which is based on the quadrature approximation
with the internal coordinates of particle length [18,19]. By using the
QMOM approach, only the lower order moments of the transport
equations need to be solved.

In the present CFD analysis, the standard −k ε model is used for
predicting the turbulent quantities. The turbulence kinetic energy k and
its rate of dissipation ε are obtained by Eqs. (24 and 25), respectively.
The model constants are set to =C 1.44ε1 , =C 1.92ε2 , =C 0.09μ , =σ 1.0k ,
and =σ 1.3ε [20]. Referring to the physical model of test pipe, a hor-
izontal circular pipe with the length of 1000mm and the inner diameter
of 16mm is employed in the simulation, as shown in Fig. 2. The X
coordinate is the flow direction, the Y coordinate is the vertical direc-
tion, and the gravity direction is -Y coordinate, with a gravity accel-
eration of g= 9.8 m/s2. The grid-independence analysis results for the
particle concentration is given in Fig. 3, thus the structured computa-
tional grids with a cell quantity of 380,000 have been adopted for the
numerical simulation. The grids are refined at the wall boundary layer
with the minimum width near the pipe wall of 0.13mm, and the grid in
the flow direction is even. The standard −k ε model is used for pre-
dicting the turbulent quantities. The dimensionless wall distance +y for
the cell adjacent to the wall + = ∼y 0.03 1.2, which fulfills the re-
quirement of the enhanced wall function.

3. Results and discussions

3.1. Heat transfer of subcooled liquid nitrogen

Fig. 4 presents the experimental and CFD results for heat transfer
coefficient of subcooled liquid nitrogen (at 63.15 K), compared with the
empirical equations. The theoretical Nusselt number is calculated by
Seider-Tate equation for turbulent flow [21]

Fig. 2. Numerical domain for slush nitrogen flow.
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⎜ ⎟= ⎛
⎝

⎞
⎠

Nu Re Pr
μ

μ
0.027 l

lw

0.8 1/3
0.14

(26)

where μl is the bulk viscosity, μlw is the viscosity evaluated at the wall
temperature. The Reynolds number and Prandtl number are defined by
the physical properties of the bulk fluid.

The local heat transfer coefficient is calculated by

= → −h q T T/( )local w f (27)

where →q is the heat flux, which is approximately 12 kW/m2. Tf is the
local bulk temperature and Tw is the temperature of the inner wall.
Since the local temperature of the inner wall is difficult to measure in
the experiments, the temperature of the outer wall is measured and the
temperature of the inner wall was calculated by

= −
→

T T
q d
λ

D d
2

ln( / )w w o
wall

, (28)

where Tw o, is the temperature of the outer wall, measured by thermo-
couples. λwall is the thermal conductivity of stainless steel, which is
obtained from the average value of thermal conductivities in the tem-
perature range of 63–80 K, i.e., 7.5W/m·K. D and d are the outer and
inner diameters of test pipe, respectively. The temperature of the bulk
fluid in the experiments is predicted by

= + −T T X
L

T T( )f in out in (29)

where Tin is the temperature at the inlet of test pipe, and Tout is the
temperature at the outlet of test pipe. X is the distance from the tem-
perature measuring point to the inlet. The heat transfer coefficient
decreases along the pipe in the entrance region and becomes steady in
the fully developed region [11]. Hence, all of the local heat transfer
coefficients given below are measured at =x 720 mm, where the slurry
flow is fully developed. The length of test pipe is =L 900 mm.

As shown in Fig. 4, both experimental and numerical results for the
Nusselt number agree well with that of Eq. (26), with the deviations
within± 10%, indicating that the experimental system is effective for
measuring pressure drop and heat transfer coefficient. In addition, the
CFD results show good agreements with the experimental results and
empirical equations.

Fig. 3. Grid-independence analysis results for particle concentration.

Fig. 4. Results for the Nusselt number of subcooled liquid nitrogen.

Fig. 5. Results for temperature and heat transfer coefficient along the flow pipe.
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3.2. Heat transfer coefficients of slush nitrogen

Fig. 5 shows the experimental and numerical results for the wall
temperature Tw, bulk fluid temperature Tf and local heat transfer
coefficient hlcoal distribution along the pipe. The numerical results are
for the subcooled liquid nitrogen and slush nitrogen ( =α 10%s ) at a
velocity of 1.0m/s, while the experimental results are for the subcooled
liquid nitrogen and slush nitrogen ( =α 11.1%s ) at a velocity of 1.09m/
s. It can be seen that the numerical simulation results of the heat
transfer coefficient are in good agreement with the experimental results
for both the temperature and heat transfer coefficient distributions. The
heat transfer coefficients for liquid nitrogen are slightly higher than
that of slush nitrogen, which indicates that the heat transfer perfor-
mance of the slush nitrogen in the horizontal circular pipe is worse than
that of the liquid nitrogen at the triple point.

As the flow develops in the pipe, the fluid temperature and the wall
temperature both gradually rise. The heat transfer coefficients at the
inlet decrease with flow development and become constant when

>x 300 mm. Fig. 6 presents the solid velocity profiles and the liquid
phase temperature distributions of slush nitrogen ( =α 10%s ) along the
test pipe with an initial flow velocity of 1.0 m/s. The velocity and
temperature profiles both show greater gradients when the flow is in
the developing region. When the flow fully developed, the velocity
profiles are almost constant and the temperature rises with a constant
rate, indicating constant laminar and thermal boundary layers in the
fully developed region. It can be concluded that the heat transfer
coefficient decreases in the inlet region because the thickness of laminar
layer increases with flow development. When fully developed, the
thickness of laminar layer is constant and the heat transfer coefficient is
almost constant.

Fig. 7 presents the experimental and CFD results for the local heat
transfer coefficient of slush nitrogen, where the slush nitrogen flow in a
pipe with the wall heat flux of 12–15 kW/m2 is experimentally and
numerically studied with the inlet flow velocity of 0–4m/s and the inlet
solid fraction of 0–23%. The experimental and CFD results show good
agreement with a relative error within± 10%. Generally, the heat
transfer coefficient of slush nitrogen increases with increasing flow
velocity and decreases with the increasing solid fraction, which in-
dicates that the heat transfer performance of slush nitrogen flow dete-
riorates with increasing concentration of solid particles. It is noted that
the heat transfer performance of slush nitrogen is worse than that of
liquid nitrogen and the gap becomes wider when the velocity is in-
creased.

3.3. Heat transfer deterioration of slush nitrogen

The effect of the particle concentration and size, the pipe size and
the flow velocity on the forced convection of slush nitrogen and the
solid-liquid interfacial heat transfer have been analyzed to better un-
derstand the mechanism for the heat transfer deterioration of slush
nitrogen compared that of subcooled liquid nitrogen. Fig. 8 shows the
temperature distribution at =x 720 mm for the subcooled liquid ni-
trogen and the slush nitrogen ( =α 10%s ) with an inlet flow velocity of
0.5 m/s. It can be seen that the temperature distribution of the sub-
cooled liquid nitrogen is symmetric along the centerline, while the
temperature is relatively low in the lower half of the pipeline for slush
nitrogen, due to particle deposition. Fig. 9 gives the contours of the
particle concentration distribution at =x 720 mm with the inlet solid
fractions of 10% and 20%, respectively, and an inlet velocity of 0.5 m/s.
For the slush nitrogen flow with higher particle concentration, the
particles concentrate denser in the lower part of the pipe. Moreover, the
particle fraction near the upper part is less than 2%.

Fig. 10 gives the temperature variations of the wall and the slush
nitrogen with solid volumetric fraction at velocity of 0.5 m/s and lo-
cation of =x 720 mm. The bulk fluid temperature of slush nitrogen

(a) Solid velocity profiles               (b) Liquid phase temperature distribution 
Fig. 6. Results for solid velocity and liquid phase temperature of slush nitrogen ( = =α U10%, 1 m/ss in ) along the test pipe.

Fig. 7. Results for local heat transfer coefficient of slush nitrogen.
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decreases with an increasing solid fraction due to the concentration of
solid particles in the bulk region. As for the wall temperature, it can be
seen that the upper wall temperature decreases with increasing solid
fraction, while the lower wall temperature increases with increasing
solid fraction. Actually, the heat transfer between the pipe wall and
fluid is within the near-wall thermal boundary layer, which is mainly
composed of liquid nitrogen. The heat transfer of the liquid phase can
be suppressed or enhanced due to the particles motion, and whether the
heat transfer is suppressed or enhanced depends on the particle con-
centration. Thus, the heat transfer of the liquid nitrogen near the lower
wall is suppressed by the high concentration of particles while the heat
transfer near the upper wall is promoted by the very dilute particles. On
the other hand, the average temperature of the bulk zone of slush ni-
trogen with higher particle concentration is lower than that of the di-
lute slush nitrogen.

In the present study, under the condition of constant heat flux, when
the heat transfer temperature difference of slush nitrogen is higher than

that of liquid nitrogen, the heat transfer coefficient can be relatively
low. For the slush nitrogen with higher solid fraction, the forced con-
vection heat transfer of the liquid phase is suppressed by the high
concentration particle distribution, which results in poorer heat transfer
performance for the slush nitrogen with higher particle concentration.

The turbulent motion of particles can also have a significant effect
on the forced convection heat transfer of the liquid phase of slush ni-
trogen. Fig. 11 gives the contours for turbulent kinetic energy of the
liquid phase of slush nitrogen and the subcooled liquid nitrogen with an
inlet flow velocity of 0.5 m/s at the plane of Z= 0. Fig. 12 also gives the
distribution of turbulent kinetic energy of the liquid phase for sub-
cooled liquid nitrogen and slush nitrogen in the fully developed region.
Compared with the contours of particle concentration in Fig. 9(a), it can
be concluded that the turbulent kinetic energy of the near-wall liquid
phase of slush nitrogen, especially where the particles concentrate, is
relatively low. It can be seen that high concentrated particles could
inhibit the turbulent energy of the near-wall liquid phase, which

(a) Subcooled liquid nitrogen (b) Slush nitrogen ( =10%s ) 
Fig. 8. Contours of temperature profiles (K) of liquid phase at =x 720 mm.

(a)  =10%s                          (b)  =20%s

Fig. 9. Contours of particle concentration profiles of slush nitrogen at =x 720 mm.
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suppresses the mixing of the hot and cold fluids and results in dete-
riorated near-wall forced convection heat transfer. Compared with the
subcooled liquid nitrogen, the forced convection of the liquid phase is
weakened and the heat conduction towards the central area is reduced.
This leads to the deterioration of the heat transfer performance of slush
nitrogen.

According to Eq. (13), the particle diameter is a key factor for in-
terfacial heat transfer. The interphase heat transfer coefficient of par-
ticle-fluid should decrease with increasing particle size. In addition, the
pipe diameter is also an important factor for the heat transfer

deterioration of slurry flows [10]. To discuss the influence of pipe
diameter D and particle size ds on the heat transfer performance of
slush nitrogen, the slush nitrogen flows with the different initial size
ratios between pipe and particle are investigated. Fig. 13 presents the
numerical results for local heat transfer coefficient of slush nitrogen
with different diameter ratio D ds and flow velocity comparing to
subcooled liquid nitrogen, where =r D ds. The results are for the slush
nitrogen with a solid fraction of 10% and a flow velocity of 0.5–4m/s.
At low velocity, the heat transfer coefficient of slush nitrogen is higher
than that of the subcooled liquid nitrogen for different D ds. And as
flow velocity increases, the heat transfer of slush nitrogen deteriorates
compared to the subcooled liquid nitrogen. The heat transfer coefficient
ratio of slush nitrogen and subcooled liquid nitrogen is illustrated in
Fig. 14. For the pipe diameter of 10mm, the critical velocity for the
deterioration is around 3m/s, while it is around 1m/s for the pipe
diameter of 16mm, which means that the heat transfer deterioration of
slush nitrogen tends to occur for slush nitrogen flow in the larger pipe at
a higher flow velocity.

Fig. 15 gives the results for local heat transfer coefficients, wall
temperature and fluid temperature with the particle diameters of 1mm
and 2mm for the pipe with a diameter of 16mm, where hlocal is the local
heat transfer coefficient at =x 720 mm, Tw is the wall temperature and
Tf is the bulk fluid temperature. As in Fig. 15, the temperature differ-
ence between the wall and bulk fluid of the cases for 2mm particles is
lower than that for 1mm particles, so the heat transfer coefficient of
slush nitrogen with 2mm particles is lower than that of slush nitrogen
with 1mm particles.

Fig. 16 illustrates the results for turbulent kinetic energy along the
vertical direction at =x 720 mm of slush nitrogen ( =α 10%s ) with dif-
ferent pipe and particle diameter. The pipe and particle size both have
obvious influence on the turbulence and heat transfer of liquid phase.
At flow velocity of 2m/s, the turbulent kinetic energy of the liquid
phase of the smaller pipe is greater than that for the larger pipe,
especially in the near-wall region, which results in a better heat transfer
performance in smaller pipes. In addition, as presented in Fig. 16(b),
the concentration of particles with larger size helps to suppress the
turbulent kinetic energy of the liquid phase, especially for the lower
region where the particles gather. Thus, the mixing of the hot and cold
fluids is inhibited, which results in weaker forced convection of the
liquid phase.

3.4. Heat transfer correlation of slush nitrogen

The flow regimes need to be considered when assessing heat

Fig. 10. Variation of wall and fluid temperature of liquid phase with solid
fraction of slush nitrogen.

(a) Subcooled liquid nitrogen (m2/s2) 

(b) Slush nitrogen ( =0.1s ) (m2/s2) 

Fig.11. Contours of turbulent kinetic energy of liquid phase (at the velocity of
0.5 m/s).

Fig.12. Profiles of the turbulent kinetic energy of liquid phase (at the velocity
of 0.5 m/s).
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transfer correlations for turbulent slurry flow inside a tube. The heat
transfer correlation for homogeneous and heterogeneous flows invol-
ving slush properties is given by Orr-Dallavalle equation as [22]

⎜ ⎟= ⎛
⎝

⎞
⎠

Nu Re Pr
μ

μ
0.027sl sl sl

l

lw

0.8 1/3
0.14

(30)

where the Prandtl number of slurry is defined by =Pr μ c λ/sl m p sl sl, and
cp sl, is the heat capacity of slurry and λsl is the slush thermal con-
ductivity.

For sliding bed flow and compaction flow, the two-phase Nusselt
number is given by Reeves [23] as

⎜ ⎟⎜ ⎟= ⎛

⎝
+ ⎛

⎝
− ⎞

⎠

⎞

⎠
Nu Nu α Fr

ρ
ρ

1  0.00224 1sl l s
s

l (31)

where Nul is the single phase Nusselt number, obtained by

⎜ ⎟= ⎛
⎝

+ − ⎞
⎠

Nu Re Pr Pr
Re Pr

0.0384 1 1.50( 1)
l l l

l

l l

3/4
1/8 1/6 (32)

Fr is the Froude number, =Fr U gD/( )ave
2 , where Uave is the average

fluid velocity and D is the pipe diameter.
Based on the slush nitrogen experimental data, Jiang and Zhang [6]

obtained the experimental empirical correlations for Nusselt number as

(a) pipe diameter of 10 mm                  (b) pipe diameter of 16 mm 
Fig. 13. Local heat transfer coefficient of slush nitrogen ( =α 10%s ) with different r and velocity.

(a) pipe diameter of 10 mm (b) pipe diameter of 16 mm
Fig. 14. Heat transfer coefficient ratio h hsl l of slush nitrogen ( =α 10%s ) with different r and velocity.

Fig. 15. Heat transfer coefficient and temperature for slush nitrogen ( =α 10%s )
with different particle diameter at =x 720 mm.
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⎜ ⎟ ⎜ ⎟⎜ ⎟= ⎛

⎝
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0.5 0.8

1/3
0.14

4 4 (33)

where Ste is the Stefan number, given by =Ste c T hΔ /p sl melt , cp is the
specific heat of liquid phase for melting process, TΔ sl is the temperature
difference between phases. The adoption of Stefan number was claimed
to be helpful for the consideration of the melting process. However, for
the case of slush nitrogen pipe flow, TΔ sl is rather small (no more than
1 K) and cp and hmelt are almost constant, which makes the Stefan
number to remain almost remains constant. It is difficult to state that
the Stefan number can play an actual role when considering the in-
terfacial mass transfer of slush nitrogen.

According to our earlier experimental work on slush nitrogen flow
field [24], the flow regime of slush nitrogen evolves into sliding bed
flow, heterogeneous flow and homogenous flow as the slush Reynolds
number increases. However, to calculate the Nusselt number for slush
nitrogen by Eqs. (30–32), the flow regime needs to be predicted firstly
by the flow regime map [23], which results in complexity of the solu-
tion. The present experimental data at different flow regimes are ana-
lyzed in order to obtain an improved experimental empirical heat
transfer correlation for slush nitrogen flow. As given in Fig. 17, the
slush Reynolds number is adopted to correlate the Nusselt number. The
modified Nusselt number is calculated by −Nu Pr μ μ[ ( / ) ]sl sl l lw

1/3 0.14 1.

(a) for different pipe diameter (b) for different initial particle diameter

Fig. 16. Turbulent kinetic energy of liquid phase for slush nitrogen ( =α 10%s ) with different pipe and particle diameter along vertical direction at =x 720 mm

Fig. 17. Relation of Nusselt number with slush Reynolds number.

Fig. 18. Fitting of modified Nusselt number with slush Reynolds number.

Fig. 19. Comparison of empirical correlation results with experimental results
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Fig. 18 illustrates the heat transfer correlation for Nusselt number and
slush Reynolds number as follows

⎜ ⎟= ⎛
⎝

⎞
⎠

× < < ×Nu Re Pr
μ

μ
0.086 (1.1 10 Re 1.1 10 )sl sl sl

l

lw
sl

0.71 1/3
0.14

4 5

(34)

The slush Reynolds number is based on the Cheng and Law equa-
tion, as given by

=Re ρ vD μ/sl sl m (35)

where μm is the slush effective viscosity. The Cheng and Law equation,
i.e., Eq. (12), is adopted to calculate the slush effective viscosity and the
slush Reynolds number of slush nitrogen. It should be noted that, the
slush Reynolds number in the Orr-Dallavalle equation is calculated by

= − −μ μ α α[1 ( / )]sl l s s,max
1.6. The maximum particle concentration αs,max

depends on the size and shape of particles, which results in a complex
determination. For the Cheng and Law equation, it is not necessary to
involve the maximum particle concentration in computing the effective
viscosity, the parameters are determined by the particle size, shape and
type. Moreover, the Cheng and Law equation has higher accuracy,
especially for high concentration slurries [24].

Thus, the empirical correlation given by Eq. (34) has taken the
particle conditions into consideration, and can better characterize the
heat transfer performance of slush nitrogen at different flow regimes.
Comparison of the calculated results from this correlation with the
experimental results is presented in Fig. 19, indicating the improved
accuracies within a band of± 10%.

4. Conclusions

Slush nitrogen can be a potential alterative coolant for high tem-
perature superconducting cables with lower temperature, higher heat
capacity and density than subcooled liquid nitrogen. The heat transfer
performance of slush nitrogen flow in a horizontal pipe with a diameter
of 16mm was experimentally and numerically investigated. An ex-
perimental apparatus for the heat transfer test of slush nitrogen flow
was set up and the heat transfer coefficients of slush nitrogen and
subcooled liquid nitrogen flows in a horizontal pipe were measured
under the operating conditions of the flow velocity of 0–4m/s, the solid
fraction of 0–23%, and the wall heat flux of 12–15 kW/m2.

The numerical and experimental results show good agreement on
the temperature distribution and heat transfer coefficients. The local
heat transfer coefficient of slush nitrogen is lower than that of sub-
cooled liquid nitrogen at the same flow velocity, and decreases with the
increasing solid fraction. The mechanisms for heat transfer deteriora-
tion of slush nitrogen were discussed by analyzing the effect of the
particle concentration and size, the pipe size and the flow velocity on
the forced convection of slush nitrogen and the solid-liquid interfacial
heat transfer.

The results for the turbulent kinetic energy of the liquid phase show
that the dominating reason for the heat transfer deterioration of slush
nitrogen is that the gathering of particles suppresses the force convec-
tion of the liquid phase of slush nitrogen. As the solid particles accu-
mulate, the turbulent kinetic energy of liquid phase is inhibited, so that
the mixing of the hot and cold fluids of slush nitrogen deteriorates. In
fact, the whole heat conduction from the wall toward the central area is
suppressed, which leads to the deterioration of the heat transfer per-
formance of slush nitrogen compared to that of subcooled liquid ni-
trogen. On the other hand, the concentration of particles with larger
size also causes the decrease of the turbulent kinetic energy of liquid
phase, which results in weaker solid-liquid interfacial heat transfer and
heat convection of liquid phase.

An experimental empirical correlation for Nusselt number of slush
nitrogen with the slush Reynolds number was obtained, with a devia-
tion within± 10% from the experimental results. The improvement

provided by this empirical correlation resides in that it is applicable for
different flow regimes (i.e., homogenous flow, heterogeneous flow and
sliding bed flow). Moreover, the correlation with the slush Reynolds
number takes the influences of the particle size, type and shape on the
interfacial heat and mass transfer into consideration.
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