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This paper introduced supersonic expansion liquefaction technology into the field of hydrogen lique-
faction. The mathematical model for supersonic condensation of hydrogen gas in a Laval nozzle model
was established. The supersonic expansion and condensation characteristics of hydrogen gas under
different temperature conditions were investigated. The simulation results show that the droplet
number rises rapidly from 0 at the nozzle throat as the inlet temperature increases, and the maximum
droplet number generated is 1.339 x 10'® kg~! at inlet temperature of 36.0 K. When hydrogen nucleation
occurs, the droplet radius increases significantly and shows a positive correlation with the increase in the
inlet temperature, and the maximum droplet radii are 6.667 x 107% m, 1.043 x 1077 m, and
1.099 x 10~7 m when the inlet temperature is 36.0 K, 36.5 K, and 37.0 K, respectively. The maximum
nucleation rate decreases with increasing inlet temperature, and the nucleation region of the Laval
nozzle becomes wider. The liquefaction efficiency can be effectively improved by lowering the inlet
temperature. This is because a lower inlet temperature provides more subcooling, which allows the
hydrogen to reach the thermodynamic conditions required for large-scale condensation more quickly.

© 2024 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

The massive greenhouse effect caused by the massive use of
primary energy has become a common concern worldwide [1].
Decarbonization and energy transition will play an important role
in future energy and environmental systems. Hydrogen energy has
a wide range of sources, storage, and regeneration capabilities [2].
With its high calorific value of combustion and electrification, as
well as being nonpolluting, hydrogen energy is generally recog-
nized as a clean and efficient secondary energy source in the in-
ternational energy arena. There are currently two main methods of
hydrogen storage in the world [3]: high-pressure gaseous and low-
temperature liquid. In terms of storage density and capacity, the
density of liquid hydrogen at atmospheric pressure is as high as
70.9 kg-m~3, which is equivalent to 1.8 times the density of gaseous
hydrogen at 7 x 107 Pa. Low-temperature liquid hydrogen storage
has significant advantages.

* Corresponding author.
E-mail address: bj@upc.edu.cn (J. Bian).
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At present, hydrogen liquefaction mainly involves transplanting
traditional natural gas liquefaction processes. However, due to the
fact that the temperature required for hydrogen liquefaction is
much lower than that of natural gas, more cumbersome cryogenic
processes need to be set up, resulting in complex processes, high
equipment requirements, large land occupation, and high invest-
ment costs, which have become a technical bottleneck restricting
the development of the hydrogen energy industry [4].

Supersonic expansion liquefaction technology is an efficient
technology in the field of liquefaction in recent years and is now
widely used in natural gas deacidification, deheavy hydrocarbons,
and offshore natural gas liquefaction [5]. Compared to conventional
machining, this new machine has no moving parts, which ensures
its high reliability and availability [6]. This technology works on the
principle that hydrogen enters the Laval nozzle through a nozzle,
where the velocity of the hydrogen increases dramatically due to
the decompression and expansion effects of the Laval nozzle, while
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the temperature decreases dramatically, thus liquefying the
hydrogen. The introduction of supersonic expansion liquefaction
technology into the field of hydrogen liquefaction will help to
simplify the traditional process and increase the efficiency of
liquefaction [7].

The mechanization of supersonic expansion and condensation
in Laval nozzles has been studied by many scholars. Frankl [8]
explained the flow characteristics at the intersection of the tran-
sition line and the axis of symmetry (center of the nozzle). Chen
et al. [9—11] illustrated the possibility of using supersonic tech-
nology to capture carbon dioxide from flue gas and suggests a
potential method for reducing greenhouse gas emissions. Liu et al.
[12,13] studied the differences in internal flow patterns caused by
different Laval nozzle structures and applied the equation to
determine the location of surge generation in the nozzle. Pathak
et al. [14] investigated the condensation characteristics of deute-
rium oxide and nonane vapors in the nozzle. Bian et al. [15,16]
analyzed the condensation mechanism of carbon dioxide and
hydrogen sulfide mixed components in natural gas. They proposed
a technical route to remove mixed sour gas by the ultrasonic
liquefaction method, obtained the in-jet pipe condensation pattern,
and verified it experimentally. Cao et al. [17,18] established a
mathematical model for the spontaneous condensation of a two-
component single condensable gas, studied the influence of the
strength and structural characteristics of the cyclonic field on the
supersonic cyclonic separation efficiency. On this basis, they
established a mathematical model for the supersonic condensation
of hydrogen sulfide in natural gas and studied the nucleation law of
acid gas in the nozzle. Chen et al. [19] analyzed the effect of exci-
tation waves on carbon dioxide nucleation and droplet growth in
the Laval nozzle. Liu et al. [20] analyzed the effect of the nozzle
pressure ratio n on the air jet field. Yang et al. [21] analyzed the
spontaneous condensation mechanism of water vapor in Laval
nozzles by building computational fluid dynamics models in Ansys-
Fluent software.

Although scholars have conducted extensive research on the
condensation characteristics of supersonic flow in nozzles, most of
these studies focus on water vapor or acid gas components. To our
knowledge, no one has studied the condensation characteristics of
hydrogen gas. In this paper, to verify the feasibility of applying
supersonic expansion liquefaction technology to the field of
hydrogen liquefaction, mathematical models for single-component
nucleation and condensation were established and the supersonic
flow and condensation characteristics of hydrogen inside Laval
nozzles was studied, the influence of inlet pressure on the variation

properties, as shown in Fig. 1. To reduce the degree of turbulence in
the inlet stream and improve flow stability, an inlet section is
required before the decompression section [23,24]. A flow path of
contraction followed by expansion is used to ensure that pressure
changes can meet condensation conditions. Table 1 shows the
detailed dimensions.

Hydrogen is accelerated to reach the speed of sound in the
nozzle tapering section to complete the expansion and compres-
sion process, in order to maintain the stability of the gas flow and to
avoid disturbances, the Witoszynski curve [25] is used to form the
structure of the nozzle tapering section, and its curve satisfies the
following equation:

R— Ter (1)

3. Model Building
3.1. Governing equations

The heat transfer coefficient of droplets in steam is related to the
droplet size and the relative velocity of droplets in the vapor
molecule. The droplet radius is very small (approximately 10~° m),
so the slip velocity between the vapor and liquid droplets is
ignored. Hydrogen is a single-component compressible gas that
flows in a Laval nozzle while undergoing energy changes, and the
governing equations involved are the continuity, momentum, and
energy equations [26]:

Continuity equation:

op 0

&-I-afxi(,”uj):sm (2)

Momentum equation:

&(Pui)Jra*)(j(Puiuj)**j***i'— u (3)

Table 1
in hydrogen condensation parameters in Laval nozzles was sys- Parameters of the Laval nozzle
tematically analyzed. Parameters Value/mm
. Length of the entry section 85.00
2. Structure Design Length of the tapered section 238.00
Length of the expanding section 238.00
The Laval nozzle can be divided into a subsonic decompression Inlet diameter 136.00
section [22], a throat section to reach the speed of sound, and a Diameter of nozzle throat 17.00
supersonic expansion section according to the hydrodynamic Diameter of the outlet 20.00
85 mm 238 mm 238 mm
- -
T
g =
g g
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Fig. 1. Laval nozzle construction diagram.
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Energy equation:
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The source terms are added in the above equations to consider
the influence of the phase change process, presented as Egs.

(3)=(7):

Sm=—my (5)
Su= —mylu (6)
Sp = —my(h—hy) (7)

The continuity equation of the liquid phase and the relations
between droplet radius, droplet number, and mass fraction of liquid
phase are as follows:

0 0
& (va) +6_Xj (pvujN) :.] (8)
0 0
& (va) + a_X] (pvujN) :] (9)
1
3Y \3
= (4TCP1N) (10)

3.2. Nucleation and droplet growth model

The nucleation rate of water vapor was calculate by the inter-
nally consistent classic nucleation theory (ICCT) model [12], which
can be calculated as:

102 |20 167 a3
= /——exp| —-—— —————— |expl 11
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According to the Gyarmathy droplet growth model [27], the heat
transfer coefficient between the hydrogen molecule and the
condensed droplet, Kr, can be derived as:

Av 1
Kr=lv - (12)
T B kn

The droplet growth rate equation is derived as:

Table 2
Numerical setting

I= (13)

3.3. Numerical model

The fluid simulation software Ansys-Fluent can be used to
simulate and study the fluid in a specific flow field. For the super-
sonic flow characteristics of hydrogen in the nozzle, the semi-im-
plicit method for pressure-linked equation algorithm can be used for
the coupled velocity and pressure calculation [28]. In the simulation
of the Reynolds stress term, the turbulent viscosity coefficient
method can be used. The standard k—« model is a turbulence model
suitable for compressible and wall-constrained flow calculations [29]
and is particularly suitable for the case of spinless flow conditions.

According to the flow characteristics of the supersonic
compressible gas, the inlet and outlet boundary conditions are set
for the interior of the nozzle. In this paper, the inlet boundary
condition is determined as a pressure inlet, while the total pressure,
static pressure, total temperature, and turbulence parameters need
to be specified [30]. The outlet boundary condition is set at the
pressure outlet, and all flow parameters are not set, as they are
calculated by Fluent software [31]. In addition, to ensure the ac-
curacy of the simulation results, a slip-free, seepage-free, adiabatic
boundary was used to simulate the solid wall [32].

The calculations require dynamic monitoring of residuals and
outlet mass flow rate variations. It should be noted that the cal-
culations are considered to have converged when the residuals of
the energy equation are below 10~°, the residuals of the residual
equation are below 1073, and the relative errors of the outlet and
inlet mass flow rates are below 0.05% [33]. The specific settings are
listed in Table 2.

3.4. Grid independence and verification

The mesh of the nozzle needs to be divided and the quality of its
mesh needs to be verified to evaluate the effect of meshing on the
simulation results. The inlet temperature was set at 36.5 K and the
inlet pressure at 1.05 x 10° Pa, and grid numbers 6006, 11914,
21358, and 32218 were selected to simulate the temperature drop
in the Laval nozzle. The degree of curve stacking is higher when the
grid number is 21358 or above. The accuracy of the calculation is
better in this case. Therefore, grid number 21358 is chosen for
comprehensive consideration. Moses's experimental data [34]
were used to verify the numerical methods discussed above. The

Numerical scheme

Numerical setting

Numerical computational platform
Secondary development platform
Solver type

Turbulence model

Equation of state

Third-party link library

Boundary condition

Convergence criteria

Ansys Fluent 19.2

Visual studio 2017

Density-based

(SST) k—w model

Peng-Robinson real gas equation

NIST REFPROP

Pressure and temperature inlet: 1.05 x 10°~1.15 x 10 Pa, 36 K—37 K
Wall: No slip and thermal isolation

Hydrogen mole fraction: 100%

Net relative error in mass flow rate is less than 10~°
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Fig. 2. Verification results.

experimental medium was water vapor. The pressure ratio distri-
bution on the axis of the nozzle was measured in the experiment.
The experimental and numerical results are presented in Fig. 2. As
shown, the condensation process is accurately captured and the
numerical results agree with the experimental results well, which
shows that the mathematical model and numerical method can be
used to simulate the spontaneous condensing flow of gas in the
Laval nozzle.

4. Hydrogen Supersonic Flow Characteristics

The Laval nozzle plays a crucial role in the hydrogen expansion
refrigeration and condensation process, and the low temperature
environment it generates provides the necessary conditions for
hydrogen condensation. To characterize the nozzle cooling effect,
the effect of inlet pressure on nozzle cooling was analyzed by
keeping the inlet temperature constant at 36.5 K and varying the
inlet pressure to 1.05 x 10° Pa, 110 x 10° Pa, and 1.15 x 10° Pa,
respectively, and the simulation results are shown in Fig. 3 below;
the inlet temperature was set to 36.0 K, 36.5 K, and 37.0 K by
keeping the inlet pressure constant at 1.10 x 10° Pa and distributing
the effect of inlet temperature on the cooling effect of the nozzle is
analyzed, and the simulation results are shown in Fig. 4.

38
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Fig. 3. Results of the temperature drop along the axis at different inlet pressures.
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Fig. 4. Results of the temperature drop along the axis at different inlet temperatures.

According to the simulation results in Figs. 3 and 4, the hydrogen
temperature does not change in the inlet section of the Laval nozzle
and starts to decrease at a certain position in the tapering section.
Since condensation gives off some heat, the temperature increases
slightly and then decreases in the tapering section, but overall, the
temperature still decreases, and finally, the temperature reaches a
minimum value at the exit of the tapering section.

5. Supersonic Expansion Condensation Properties of
Hydrogen Gas

To investigate the condensation characteristics of hydrogen
molecules at different temperatures in the nozzle, the inlet pres-
sure was kept constant at 1.10 x 10° Pa, and the inlet temperatures
varied to 36.0 K, 36.5 K, and 37.0 K to study the distribution of six
key parameters in the nozzle: droplet number, liquid phase mass
fraction, droplet growth rate, droplet radius, nucleation rate, and
subcooling. The results are shown in Fig. 5—Fig. 10.

According to the simulation results in Fig. 5, the droplet number
decreases with increasing inlet temperature, and at an inlet tem-
perature of 36.0 K, the droplet number rises rapidly from O to
1.339 x 10'® kg~ ! at the location of the Laval nozzle throat, but the
droplet number generated at 36.5 K and 37 K are smaller,
1.929 x 107 kg~ ! and 6.089 x 10'7 kg, respectively. According to
Fig. 6, the liquid phase mass fraction decreases from 11.539% to
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Fig. 5. Changes in droplet number.
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Fig. 6. Variations of mass fraction of liquid phase.

1.419% as the inlet temperature increases from 36.0 K to 37.0 K. The
results show consistency with the trend of droplet number change.

According to Fig. 7, with the increase in inlet temperature from
36.0 Kto 37.0 K, the droplet growth rate changes abruptly from O to
the maximum value in a short distance and then decreases rapidly.
This change is mainly because at the early stage of nucleation, the
number of nuclei is small and the droplet growth rate is fast, with
the peak values of droplet growth rate at three inlet temperatures
being 9208 x 107* m-s7!, 1125 x 102 m-s!, and
1403 x 107> m-s L The nucleation rate increases sharply at the
later stage of nucleation, and the latent heat is released during the
droplet formation process so that the condensation rate of the va-
por gradually decreases and the evaporation rate of the droplet
gradually increases. As the inlet temperature of the Laval nozzle
decreases, the maximum droplet growth rate increases at the
beginning of nucleation, but then the droplet growth rate decreases
more rapidly, resulting in a decrease in the average droplet growth
rate.

The droplet radius distributions in the Laval nozzle are shown in
Fig. 8. No droplets are generated when hydrogen first enters the
Laval nozzle, and the fluid component is completely in the gas
phase; after nucleation occurs, the droplet radius increases and
gradually increases with increasing inlet temperature, and when
the inlet temperature is 36.0 K, 36.5 K, and 37.0 K, the maximum
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Fig. 7. Variations of droplet growth rate.
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Fig. 9. Changes in nucleation rate.

droplet radii are 6.667 x 10~8 m, 1.043 x 107 m, and 1.099 x 10~/
m. At the same time, the condensation position moves away from
the throat as the inlet temperature increases, from x = 0.284 m to
x = 0.388 m. This is because the higher the inlet temperature is, the
greater the subcooling required for gas condensation, and
condensation is less likely to occur.

AT/K
b
T

-0.1 0 0.1 0.2 0.3 0.4 0.5
x/m

Fig. 10. Changes in subcooling degree.



X. Duan et al. / Chinese Journal of Chemical Engineering 69 (2024) 220—226 225

According to Fig. 9, the maximum nucleation rate decreases
with increasing inlet temperature, reaching a maximum value of
3.278 x 10?22 m3.s7! at x = 0.294 m when the temperature is
36.0 K, and when the temperature increases to 37.0 K, the nucle-
ation rate reaches a maximum value of 2.028 x 10*> m3.s7! at
x = 0.412 m. In addition, the nucleation region of the Laval nozzle
becomes wider as the inlet temperature increases.

According to Fig. 10, the position where the hydrogen subcool-
ing reaches its peak at lower inlet temperatures is shifted forward
due to the widening of the radius of the condensed droplets, which
leads to more droplets condensing out of the gas phase, thus
increasing the mass fraction of the liquid phase, and when the inlet
temperature decreases from 37 K to 36 K, the higher the subcooling
of the gas inlet at lower inlet temperatures can reach the subcooled
state earlier, and at the same time, the starting position of nucle-
ation is also moved forward.

6. Conclusions

This paper aims to investigate the characteristics of liquefied
hydrogen in a supersonic nozzle, an in-depth study utilizing
theoretical analysis and numerical simulations to design the
structure of the supersonic nozzle was carried out and carry out,
the flow and condensation characteristics of hydrogen gas in the
nozzle was numerically simulated. The main findings of this paper
are as follows.

(1) Decreasing the inlet temperature increases the gas inlet
subcooling, resulting in a forward shift in the onset of
condensation, an increase in droplet size, more gas compo-
nents condensing into the liquid phase, and a more signifi-
cant liquefaction effect from the Laval nozzle.

(2) As the inlet temperature increases, condensation will
migrate further away from the nozzle inlet. At the same time,
the nucleation rate and droplet number decrease. The
liquefaction effect of the Laval nozzle is reduced.

(3) The gas enters the inlet section of the Laval nozzle and begins
to drop in temperature in the tapering section, and the
temperature drops significantly by the time it reaches the
throat position, by approximately 2 K. The temperature drop
decreases after the gas enters the tapering section and con-
tinues to cool.

(4) After the hydrogen gas enters the Laval nozzle, the high-
speed flow of the gas stream causes a low-temperature ef-
fect, and the low-temperature environment promotes the
condensation of hydrogen. As the inlet pressure increases
and the inlet temperature decreases, the cooling efficiency
inside the nozzle is significantly enhanced.

(5) Gas supersaturation remains high until nucleation. In the
tapering section of the nozzle, the gas is in a state of extreme
disequilibrium, which leads to the appearance of condensa-
tion nuclei. The nucleation process was of short duration, and
the number of nuclei was large, with a maximum nucleation
rate of 3.278 x 10*> m>.s~L The gas nucleation rate
decreased significantly at the end of nucleation.

The above results have some guiding significance for the
application of supersonic liquefaction technology in practical en-
gineering. In view of the high complexity of the phase change
condensation inside the Laval nozzle and the diversity of the
influencing factors, the location of the excitation wave caused by
the high-speed flow of hydrogen in the Laval nozzle and the in-
fluence of the excitation wave on the droplet condensation are not
yet clear and need to be further investigated.
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Nomenclature

dr/dt droplet growth rate of ammonia, m-s~!

E the total energy, J

hyy latent heat of condensation, ]-kg~!

J nucleation rate, m 3.5~

Kn heat transfer coefficient between hydrogen molecules
and condensed liquid droplets, W-m2-K ™!

Kr heat transfer coefficient

k turbulent kinetic energy, ]

kg Boltzmann constant

L length of tapering section, mm

mg mass of single molecule, g

N droplet number per mass of gas, kg~

Pry Prandtl number

p pressure, Pa

q heat flux, W-m 2

R radius of section at any axial distance x, mm

Rm gas constant

r the grid refinement factor

Ter radius of throat section, mm

rd droplet radius, m

S supersaturation

Sh source term of vapor energy equation, J-m -5~

Sm source term of vapor continuity equation, J-m -5~ !

Su source term of vapor momentum equation, J-m~2-s~2

Sy source term of liquid continuity equation, J-m—>-s~!

T temperature, K

AT subcooling degree, K

T saturation temperature of vapor, K

t time, s

u velocity, m-s~!

X,y Cartesian coordinates

Y mass fraction of liquid phase

v the specific heat ratio of the vapor phase

Ay thermal conductivity of the vapor, W-m~1-K~!

nl density of liquid, kg-m 3

Py density of vapor, kg-m—>

0 dimensionless surface tension

Tij effective stress tensor

v droplet surface tension, N-m~!

) specific dissipation rate, %

Subscripts

i X axis

j y axis

l liquid phase

\Y vapor phase
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