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In various systems, such as rocket engines, efficiency is improved by increasing the
pressure so that these systems operate at extremely high supercritical pressures. At this
pressure, pseudo-boiling occurs, and heat transfer deteriorates, suddenly decreasing when
certain temperature limits are exceeded. This study numerically solved the Navier—Stokes
equations for a circular cooling channel. In addition, supercritical hydrogen was used as a
coolant. The thermophysical and transport properties were defined as a user-defined
function in ANSYS FLUENT. The results showed that increasing the operating pressure
significantly reduced the heat transfer deterioration, improved the cooling capabilities, and
minimized pressure drops. Increasing the mass flow rate enhances the heat transfer but
increases the pressure losses. The influence of the operating pressure and the mass flow

rate on the deterioration of the heat transfer was investigated in detail.

1. INTRODUCTION

Regenerative cooling is a frequently utilized technique for
cooling rocket engines. Nasser et al. [1-3] and can also be used
with hydrogen as a coolant [4-8]. In regenerative cooling, the
engine's hot combustion gases are passed through channels in
of the combustion chamber wall. These channels are usually
made of a material with good thermal conductivity, such as
copper [9-13]. Hydrogen in-space propulsion systems and
rocket engines offer several advantages and disadvantages.
One advantage is its high specific impulse, i.e., it can deliver
more thrust per unit of propellant compared to other options.
In addition, hydrogen is readily available and can be quickly
produced by water electrolysis. However, there are also
disadvantages. Hydrogen is highly volatile and requires
careful handling and storage due to its low density and
tendency to leak [14].

In addition, the storage tanks need to be insulated to
maintain the low temperature, which makes the system heavier
and more complex. In addition, hydrogen combustion can
produce water vapor, which can freeze at extremely low
temperatures in space and damage the rocket. While hydrogen
offers significant potential for space propulsion, the practical
challenges associated with its handling and storage must be
carefully considered. Xie and Zhang [15] have investigated a
design with a spherical convex structure on the inner wall to
improve cooling performance, reduce thermal stratification
and protect against overheating. By optimizing the distance
between the convexities, a balance between improved cooling
performance and minimal pressure drop is achieved.
Introducing the spherical convex surface increases the
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disturbance of the coolant flow, resulting in improved
convective heat transfer efficiency. The findings indicate that
utilizing a 0.2 mm deep spherical convex shape with a 2.5 mm
pitch can enhance heat transfer efficiency and reduce thermal
stratification within a channel measuring 2 mm > mm in
cross-section.

Gibreel et al. [16] and Elmouazen et al. [17] studied
hydrogen's heat transfer and flow characteristics within a
unique ribbed structure located in a branched, undulating
cooling channel of a rocket motor combustion chamber. Their
research involved numerical simulations utilizing varying gap
widths and amplitudes. The findings demonstrated that the
initial symmetric layout exhibited superior wall temperatures
for heat transfer and average Nusselt numbers compared to the
parallel layout. Additionally, the revised symmetric wavy
design illustrated a substantial enhancement in Nusselt
numbers within the secondary branch flow, attributed to
enhanced fluid mixing among neighboring channels. A novel
cooling configuration was developed by Xie and Zhang [18]
that combines fins and spherical convex shapes. The results
show that this new structure significantly reduces the
maximum wall temperature and alleviates the problem of
uneven fluid distribution. Compared to a smooth channel and
a structure with only spherical convex shapes, the maximum
temperature decreased by 18.4% and 10.3%, respectively,
while the temperature non-uniformity index decreased by
25.1% and 20.8%, respectively.

In rocket engines with supercritical fluids, degradation of
heat transfer can occur under certain conditions [19-21]. This
phenomenon is primarily caused by the high heat flux in liquid
rocket motors, leading to an increased heat-to-mass flow ratio.
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However, it has been observed that the deterioration can be
reduced if the pressure is well above the critical point and the
engine walls have rough surfaces [22-25].

Haemisch et al. [6] and Haemisch et al. [20] conducted
studies using both experiments and numerical simulations to
examine heat transfer processes in the cooling channels
utilizing LNG at supercritical conditions. The experiment was
accomplished in a scaled-down combustion chamber
separated into four branches around the rim, each equipped
with rectangular cooling channels with various aspect ratios.
Cooling fluids such as cryogenic hydrogen and liquid methane
were utilized. These studies provided a comprehensive data set
to validate computational fluid dynamics simulations to
predict wall temperatures under high-pressure conditions.
Thermal stratification impacts, which typically impair cooling
efficiency in cooling channels with high aspect ratios, were
observed for coolants. Nevertheless, these effects were much
more pronounced for hydrogen than for methane. The
simulations deviated significantly from the experimental
results near the critical point where heat transfer decreases.

Tong et al. [26], Mardani and Barani [27] used numerical
simulations to investigate the flow of supercritical hydrogen in
a cylindrical and triangular U-tube neutron moderator. They
investigated how different inlet tube heights affect the flow
and heat transfer. The main outcome shows that while the
dimensions of the vortex and the velocity gradient change with
the ratio of height to diameter (H/D), the central position of the
vortex remains stable regardless of the height variation. This
indicates that the overall flow field tends to be consistent and
stable. The most significant variation of the Reynolds number
(was observed for the Nusselt number. The effects of the
secondary flow on Nusselt number corresponded to the input
effect of a straight pipe upstream, whereby the influence of the
secondary flow on Nusselt number exceeded the input effect.

Tong et al. [26] investigated a GH2/LOX coaxial jet flame
under transcritical and supercritical conditions using the
RANS approach. The study shows that the flow pattern is
influenced by two vortices created by the substantial
expansion of the oxygen-dense core and the high velocity of
the gaseous hydrogen entering the chamber. By increasing the
chamber pressure, the transcritical conditions are retarded,
leading to an increase in the flame length and the length of the
secondary vortex and a reduction in the expansion zone.
Furthermore, the two detailed chemical mechanisms proposed
by Burke and Konnov lead to similar results. Zhang et al. [28].
Performed a numerical analysis to study the thermal behavior
of cryogenic liquid hydrogen in storage tank during the
transition from gas-liquid separation to a supercritical state.
The simulation used a two-stage approach with different
models. The results showed a significant increase in absolute
pressure due to the non-uniform temperature distribution in the
gas-liquid layer phase.

Consequently, increased heat flow exacerbated the non-
uniform temperature distribution and shortened the safe
storage time. The study also investigated the effects of heat
flow and thermodynamic conditions on safe storage time. In
addition, the critical state boundary's influence on the two-
stage simulation's accuracy was investigated. It was found that
the boundary condition defining the occurrence of a local
supercritical state was superior to the other conditions
considered in this study.

Hou et al. [29] utilized a molecular dynamics methodology
to comparatively assess the characteristics of a liquid
hydrogen propellant jet injection in spacecraft propulsion
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systems operating under subcritical and supercritical
conditions. Their investigation revealed that under
supercritical conditions, the rate of radial density change of the
jet remains minimal. As a result, the surface area and volume
of the liquid phase area of the jet were quantified and
computed. When contrasted with the subcritical state, the
volume of the liquid hydrogen jet decreased by 1.9% in the
supercritical environment, while the surface area increased by
6.7%. Molecular stress analyses were conducted to elucidate
the alterations in surface area caused by molecular diffusion.
The study indicated that the stresses in the hydrogen jet under
supercritical conditions were only 88.9% of those observed
under subcritical conditions.

In this research, the impact of operating pressure, inlet
temperature, and mass flow rate on heat transfer deterioration
in transcritical hydrogen flow inside a tube is examined. The
study employs numerical solutions of the Navier-Stokes
equations carried out using ANSYS FLUENT [30]. In addition,
hydrogen's thermophysical and transport properties are
calculated using a GERG-2008 equation of state [31] and an
extended model of the corresponding states [32], respectively.
The article is organized as follows: Section 1 thoroughly
reviews the existing literature. Section 2 deals with the
physical model, including the equation of state and the
conjugate heat transfer equation. This section also validates
the numerical model and shows the results of lattice
convergence. Section 3 concludes the paper with a
presentation and discussion of the results.

2. EQUATION OF STATE

The GERG-2008 model [31] is the most accurate for
hydrocarbons [33, 34]. It is suitable for both subcritical and
supercritical conditions. Since the boundary conditions of the
cooling channel in the present work maintain pressures below
32.5 bar and temperatures of 760 K for hydrogen, the GERG-
2008 model is suitable. It is based on the interaction of
Helmholtz free energy, temperature, pressure, and mole
fraction. This free energy is split into two components, with
one characterizing the ideal gas mixture properties and the
other encapsulating the residual fraction properties.

a(é,t,x)=a°(p,T,X)+ a"(5,1,X) €))
N
ao(p»T'§)= Xi[agi(p'T)+ln Xi] (2)
)
N N-1 N
ar(S,r,§)=Z Xia{)i(S,T)+Z Z xiXj Fij o (8, T) 3)

i=1 i=1 j=i+1

The remaining portion is divided into two more sections.
The first section represents the remaining amount for each
individual species, while the second section calculates the
binary departure function for the mixture. The reduced density
of the mixture and the inverse reduced temperature of the
mixture are then determined as follows:

_ p
= o) “)
T = Tr(T{-IZ) (5)



Kunz and Wagner [31] provides the binary parameters for
species, coefficients, and derivatives of the reduced Helmholtz
free energy relevant to the ideal-gas mixture and residual
components associated with reduced temperature and density
within the GERG-2008 model. Utilizing the various
derivatives of the reduced Helmholtz free energy components
allows for the computation of thermophysical properties for
either a pure substance or a mixture. The determination of
pressure and isobaric heat capacity can be carried out using the
following calculations.
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The ECS hypothesis, frequently referred to in the literature
[32, 35-39], is often used to calculate fluid mixtures' viscosity
and thermal conductivity. These properties are determined by
considering the contributions of dilute gas, residues, and
critical components. Each of these components interacts with
the mixture based on its mole fraction.
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(b) Isobaric heat capacity
Figure 1. Thermophysical properties of hydrogen

Near the critical point, the density of hydrogen can be
significantly affected by changes in pressure and temperature,
as shown in Figure 1. As pressure increases, the density of
hydrogen usually increases as well since the higher pressure
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compresses the hydrogen molecules, resulting in a higher
packing density. As far as temperature is concerned, the
density of hydrogen tends to decrease near the critical point as
the temperature increases. As the temperature increases, the
hydrogen molecules gain more kinetic energy, so they move
further apart and occupy a larger volume, resulting in a lower
density. Isobaric heat capacity refers to the amount of heat
required to raise the temperature of a substance at constant
pressure. Near the critical point and the pseudo boiling point,
the isobaric heat capacity of hydrogen can be affected by
changes in pressure and temperature, as shown in Figure 1.
Under near-critical conditions, the intermolecular forces in the
liquid become weaker, resulting in lower flow resistance and
viscosity. As a result, supercritical hydrogen tends to have
similar flow properties to gasses (see Figure 2). This low
viscosity makes supercritical hydrogen suitable for various
industrial applications, including power generation and
extraction processes. The thermal conductivity of supercritical
hydrogen near its critical point increases compared to its
gaseous phase, as shown in Figure 2. This behavior is due to
the increased density of the supercritical state and
intermolecular interactions. As the temperature and pressure
approach the critical point, the density of the liquid increases,
resulting in more efficient heat transfer between the particles.
Consequently, supercritical hydrogen has a higher thermal
conductivity than its gaseous state.
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(b) Thermal conductivity

Figure 2. Transport properties of hydrogen

3. GOVERNING EQUATION

The governing equation represents a steady, compressible
flow. CFD adopts the subsequent method to resolve the



conservation equations for mass, momentum, and energy
using cylindrical notation.

Mass conservation:

d 10
_ - — = 10
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Momentum conservation:
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Energy conservation:
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Employing an enhanced wall treatment in the near-wall
region, the k-¢ turbulence model proves effective in predicting
the heat transfer characteristics of hydrogen under
supercritical pressure conditions. The k-g turbulence model
equation [40] was implemented to address turbulent fluid flow
accordingly.
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The CFD simulations in this study were carried out using
the commercial software ANSYS FLUENT 21.0 [30]. The
computational domain was divided into sections using a
structured grid created with the commercial software ICEM
CFD. A grid independence test was performed using the k-e
model with improved wall treatment in a smooth pipe to
ensure accuracy.

4. VALIDATION

In this validation study, experimental data sourced from
NASA [41] were utilized to confirm the model's capability to
accurately predict the reduction in heat transfer caused by
elevated heat flux at supercritical pressures. The test setup was
equipped with instruments to measure local temperature,

pressure, and voltage, situated within a vacuum environment
to minimize external heat transfer effects and electrically
isolated from surrounding components. While most test
sections displayed consistent heat flow without significant
local resistance variations, one section featured a tapered wall
to induce axial heat flux gradients akin to those in rocket
engine cooling channels.

Pizzarelli [24] conducted a comparative analysis utilizing
the same experimental data, investigating hydrogen flow in a
heated tube at subcritical and supercritical pressures and
temperatures. Multiple experiments were conducted, with test
case "0294" selected for model validation. This specific test
involved a pipe with an 8.5 mm inner diameter and a length of
91.44 cm, with heat flux applied at the pipe's end. The heat
flow distribution is illustrated in Figure 3, with static pressure
at the outlet recorded as 4.92 MPa, inlet temperature at 42.4 K,
and a mass flow rate of 734 kg/m?s. The hydrogen flow in the
pipe exhibited uniformity and axial symmetry.

For the simulation, a mesh size of 60>3000 (radial x
upstream) was employed, utilizing radial clustering to
maintain a y+ value under 1.0. A comparison between the
numerical simulation, employing the k-g¢ turbulence model
with enhanced wall treatment and representation of wall
temperature, and the experimental data for test case 0294 is
depicted in Figure 4. The results indicate agreement between
the numerical simulation and experimental findings,
showcasing the reliability of the k-g turbulence model with
enhanced wall treatment in elucidating heat transfer
deterioration near the critical fluid flow region.
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Figure 4. Wall temperature validation



5. NUMERICAL ANALYSIS
5.1 Physical model

In this study, different operating pressures and mass flows
for hydrogen near the critical point are investigated. A
comprehensive set of equations for the conservation of mass,
momentum, and energy in the system was used for the
calculation. An accurate assessment of thermodynamic and
transport properties was performed to ensure accuracy and
analyzed in detail.

The physical model is shown schematically in Figure 5. The
test section is 70 cm long and has a diameter of 8.5 mm. The
computational domain was simplified to an axisymmetric
plane to focus on the study of heat transfer and other related
phenomena.

Adiabatic Heat Flux

Inlet O , 2 i

)Outlel
Gin = 20MW /m?

Adiabatic 'i¢‘i¢iv¢¢v¢¢vllv¢
tretrtrteetttetest

70 cm

T, = 20K
e

8.5cm

20 cm

Figure 5. Schematic diagram of the model considered

A 20 cm long section at the beginning ensures that the flow
field is stable before heat transfer takes place. A constant heat
flux of 20 MW/m? was applied to the wall of the cooling
channel. The mass flow rate at the inlet varies from 1,400 to
2,600 kg/m?s. The coolant temperature at the inlet is 20 K; the
coolant pressure at the outlet varies from 1.2 to 2.5 Py, All
boundary conditions used in this simulation are described in
Table 1.

Table 1. Boundary conditions

Parameter Value
Coolant Hydrogen
Mass flowrate [kg/s] 0.079-0.113 -0.148
Inlet Temperature [K] 20
Outlet pressure [MPa]  1.56 - 1.95 -2.60 - 3.25
Heat Flux [kW/m?] 20

5.2 Sensitivity study

During the study, the cell count was documented at three
different grid resolutions, which are shown in Figure 6. Table
2 shows the grid resolution in both the flow direction and the
vertical direction. The resolution for each grid was determined
according to the principle of consistent clustering. In the
coarse grid, the y+ value (indicating proximity to the wall) was
less than 2.0 for each cell near the wall, while it dropped to
less than 1.0 in the medium and fine grids.

Figure 7 shows the changes in the maximum wall
temperature and the pressure drop in the three grids. The data
show that variations in grid resolution have only a minor
influence on the wall temperature results. In particular, there
is a clear difference in pressure drop between the coarse and
medium grids, which then decreases between the medium and
fine grids.

725

Table 2. Mesh analysis

Grid Size
LNG Radial Streamwise y*
Coarse 15 2000 Coarse
Medium 30 4000 Medium
Fine 60 6000 Fine
ﬁ’ HEEEE =ﬁ= T R

Figure 6. Mesh analysis
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Figure 7. Sensitivity study

6. RESULT AND DISCUSSION

Under supercritical conditions, the behaviour of the fluid
and its heat transfer properties can be significantly affected by
the operating pressure. More specifically, variations in
operating pressure have a remarkable impact on the
thermophysical and transport properties affecting wall
temperature and heat transfer, as shown in Figure 8. Higher
operating pressures generally result in lower wall temperatures.
In addition, a higher operating pressure can, for example,
reduce the HTD. The maximum wall temperature was reduced
by more than 11%, 21%, and 26% when the operating pressure
was increased by 25%, 67% and 108%. Although the operating
pressure was increased significantly, the HTD occurred. Under
supercritical conditions, the Nusselt number can be
significantly affected by changes in operating pressure. At
higher pressures, the density and thermal conductivity of the
fluid increase, as shown in Figure 1, while the specific heat
capacity changes drastically near a critical point, as shown in
Figure 2. These changes in fluid properties influence the
convective heat transfer coefficient and affect the Nusselt
number. In general, increasing the operating pressure increases
the Nusselt number in the transcritical range and decreases the
Nusselt number in the supercritical range, as shown in Figure
9.

The mass flow in a cooling channel plays an essential role
in heat transfer. When supercritical hydrogen is used, it can



reduce the HTD and the wall temperature of the cooling
channel. This study uses 1400, 2000, and 2600 kg/m?s mass
flow rates. The outlet pressure and inlet temperature are 1.2 P,
and 20 K, respectively. Figure 10 shows that the flow becomes
more turbulent with increasing mass flow rate, and the heat
transfer coefficient initially increases due to the increasing
mixing and turbulence.
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Figure 8. Distribution of wall temperature along the cooling
channel for different operating pressures
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Figure 9. Variation of Nusselt number along the cooling
channel for different operating pressures

However, a further increase in the mass flow can lead to an
improvement in the heat transfer. The mass flow rate directly
influences the wall temperature in a cooling channel. A higher
mass flow leads to higher convective heat transfer rates, which
can reduce the wall temperature. However, HTD can increase
the wall temperature at meager mass flow rates. This is
because the flow is less efficient at removing heat from the
wall, resulting in higher temperatures. Figure 10 also shows
that the wall temperature of the cooling channel is reduced by
more than 26% and 36% when the mass flow rate increases by
43% and 86%, respectively.

The correlation between the Nusselt number and the mass
flow rate in cooling channels at a specific pressure (Pou =1.2
P.;) with transcritical hydrogen is shown in Figure 11. In
transcritical cooling systems with hydrogen, the Nusselt
number can be influenced by various parameters, including the
mass flow rate. However, the specific relationship may depend
on the design of the cooling channel, the operating conditions
of the system, and the fluid properties. Increasing the mass
flow rate can improve convective heat transfer, resulting in a
higher Nusselt number near the critical hydrogen point. As a
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result, the wall temperature decreases, and the HTD becomes
lower. It is important to note that transcritical cooling systems
with hydrogen can be quite complex, and additional factors
such as pressure, temperature, channel geometry, boundary
conditions, and fluid properties also play a role in determining
the Nusselt number. Therefore, a more detailed analysis would
be required to establish an accurate relationship between the
Nusselt number and the mass flow rate in a given transcritical
hydrogen cooling system.

800
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200 . . . . . .
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Figure 10. Distribution of wall temperature along the cooling
channel for different operating pressures

4000
Mass Flux [kg/m?2.s]
— 1400
3000+ —— 2000
— 2600
2 20001
1000
0 T T T T T T
00 01 02 03 04 05 06 07
X [m]

Figure 11. Variation of Nusselt number along the cooling
channel at Pou=1.2 P for mass fluxes considered

The effects of pressure drop and mass flow rate on the wall
temperature and pressure drop in a circular pipe under
transcritical conditions are shown in Figures 12 and 13. As the
pressure drop increases, the fluid velocity in the pipe also
increases. This higher velocity can increase frictional losses
and turbulent flow, resulting in a more significant pressure
drop along the pipe. In addition, a higher-pressure drop can
reduce the hydrocarbon liquid's density, affecting the heat
transfer properties and the wall temperature. Increasing the
mass flow rate of the hydrocarbon fluid generally results in
higher heat transfer rates as the fluid velocity increases, and
there is more contact between the fluid and the pipe wall. As
mentioned above, the increased mass flow rate can also lead
to a higher pressure drop. However, the pressure drop can
remain relatively constant if the pipe is designed for the
increased flow.

Under transcritical conditions, changes in pressure and mass
flow rate can significantly affect the wall temperature. An
increase in pressure drop can lead to increased wall



temperature, primarily due to increased friction losses and
changes in fluid properties. On the other hand, an increase in
mass flow rate can help to dissipate heat more efficiently,
resulting in lower wall temperatures. A deterioration in heat
transfer can occur in transcritical flow regimes when the heat
transfer coefficient decreases with increasing wall.

800
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7004 —{— 2600
X
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=
=
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Figure 12. Variation of the maximum wall temperature of
the cooling channel with operating pressures for mass fluxes

considered
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Figure 13. Variation of the pressure losses through the
cooling channel with operating pressures for mass fluxes
considered

Conditions with high-pressure drop and low mass flow rate
can favor heat transfer deterioration, causing heat transfer
efficiency to decrease and wall temperatures to increase. It is
important to note that the exact effect of pressure drop and
mass flow rate on wall temperature, pressure drop, and heat
transfer deterioration varies based on factors like coolant
properties, pipe geometry, and operating conditions.

It is worth noting that heat transfer deterioration can occur
with transcritical hydrogen when the heat transfer coefficient
decreases with increasing heat flux. This deterioration is
influenced by factors such as the thermophysical properties of
the hydrogen, the flow conditions, the tube geometry, and the
surface properties.

The turbulent flow within the test section partitions into two
distinct components. The first part represents the selected
region within the small viscous sublayer, while the second
represents the turbulent flow field. Based on these assumptions,
the following formula calculates the heat transfer coefficient.

1

he = ———
¢ R, + R;

(19)

727

The thermal resistance in the core turbulent field is
calculated as follows:

8b Prt

20
Meb Cp,b (20)

t =

The operating pressure can considerably influence the
thermal resistance in the turbulent core field, as shown in
Figure 14. These curves exhibit similar patterns and rapid
changes in the inlet and deterioration regions. The sharp
transition in thermal resistance observed in the 1% part (x= 0-
0.1 m) can be attributed to the persistent turbulence as the fuel
absorbs heat. As the fuel temperature approaches a critical
point, significant changes in physical properties lead to a
critical region where thermal resistance undergoes a sudden
shift and heat diffusion is limited. As a result, the abnormal
elevate in wall temperature signifies the beginning of a
deterioration in the behavior of the 2" stage (x=0.1-0.7 m). In
essence, the phenomenon of HTD is closely linked to
increased thermal resistance within the system.

0.00004
Pout
12P,

0.00003 —15P,
2 ——20P,
o ——25P
€ 0.000021 o
3
m{)

0.00001 1

0.00000 —————

00 01 02 03 04 05 06 0.7

X [m]

Figure 14. Variation of the thermal resistance in the core
turbulent field along the cooling channel for different
operating pressures

Higher operating pressures often lead to increased
convective heat transfer within the core turbulence field.
Higher pressures enhance fluid motion and turbulence, which
improves heat transfer between the fluid and the solid surfaces.
Consequently, the thermal resistance decreases. The operating
pressure can influence the properties of the fluid, such as
density and viscosity. Higher pressure generally leads to
higher fluid density, which can affect heat transfer by
changing flow patterns and velocity distribution. Higher
viscosity at higher pressure can also affect convective heat
transfer and lead to changes in thermal resistance. The
operating pressure can affect the behavior of heat transfer
surfaces such as heat exchangers or pipes. At higher pressure,
the mechanical stresses on the surface can increase, leading to
deformation or damage. This can affect the contact between
the liquid and the solid surfaces, change the convective heat
transfer, and ultimately influence thermal resistance.

7. CONCLUSIONS

The objective of this analysis is to study the heat transfer
and flow resistance of hydrogen at supercritical pressures in a
circular cooling channel. The simulation focused on a specific
test case with a straight, circular cooling channel that has a



length of 0.7 m, a diameter of 0.415 cm, and a heat flux of 3
MW/m? directed into the radial wall of the cooling channel.
The outlet pressure varied from 15.6 to 32.5 bar, and the inlet
temperature was 25 K. The actual properties of the liquefied
gas were calculated using the GERG-2008 equation of state
and the ECS method. The numerical approach used three-
dimensional finite volume solvers. The solver was validated
using the experimental data of supercritical hydrogen. Under
transcritical conditions, changes in pressure and mass flow rate
significantly affected the wall temperature. At an operating
pressure close to the critical point and low mass flow rates,
there is a deterioration in heat transfer primarily due to local
changes in the physical properties of the hydrogen near the
heated surface. This phenomenon is characterized by a
significant decrease in thermal conductivity and viscosity as
the liquid approaches the wall. In contrast, the isobaric-
specific capacity appears an evident peak near the tube walls,
especially in the hydrogen layers. The specific heat
demonstrates a clear peak at the pseudocritical point,
indicating a critical transition in heat transfer behavior in these
regions. Significant thermal resistance has a significant impact
on the evolution of the deterioration behavior according to the
area partitioning approach. The calculation of the convective
heat transfer coefficient using the thermal resistance in the
viscous sublayer and the turbulent core field plays a crucial
role in HTD. In addition, a more detailed investigation of the
flow and thermal properties of the viscous sublayer and the
core field is required to better understand this phenomenon.
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NOMENCLATURE

Cp
k
L

Isobaric heat capacity, J/(kg - °C)
Thermal conductivity, W/(m.K)
Length of test section, m



m Mass flow rate, kg/s

Nu Nusselt Number

D Pressure, Pa

Pc Critical pressure, Pa

q Heat flux, W/m?

T Temperature, K

Te Critical temperature, K

X X-axis, m

r r-axis, m

y* Dimensionless wall distance

Greek characters

a Dimensionless form of the specific Helmholtz
energy

730

8 Reduced mixture density

i Viscosity, Pa.s

K¢ Turbulence viscosity, Pa.s

p Density, kg/m3

T Inverse reduced mixture temperature
Tjj Efficient deviatoric stress tensor
Subscripts

b Bulk

cr Critical point

i x-coordinate

j y-coordinate





