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Abstract

Numerical simulations of convective heat transfer of supercritical pressure RP-3
in vertical circular tubes were performed using the open-source computational
fluid dynamics library OpenFOAM, with the research focus on heat transfer de-
terioration phenomena in the initial heating section. Two low-Reynolds-number
turbulence models, k- -v2-f and k- SST, were selected for calculations and com-
pared with experimental data, and the predictive capabilities of the two models
for heat transfer deterioration under high wall heat flux conditions were dis-
cussed. Through analysis of the flow field and temperature field, a mechanistic
explanation for the heat transfer deterioration phenomenon in the initial heat-
ing section was provided. Finally, the influences of variable thermophysical
properties and buoyancy were examined. The results indicate that the k- SST
model cannot simulate heat transfer deterioration, while the k- -v2-f model can
qualitatively describe the rapid increase in inner wall temperature in the ini-
tial heating section. Buoyancy effects induced by fluid density variations and
gravity are important causes of heat transfer deterioration in the initial heating
section.
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Abstract: The open-source computational fluid dynamics toolbox OpenFOAM
was employed to simulate convective heat transfer of RP-3 aviation kerosene
flowing in a vertical tube under supercritical pressure, with particular emphasis
on heat transfer deterioration (HTD) in the initial heating region. Two low-
Reynolds-number turbulence models, k- -v2-f and k- SST, were implemented
and validated against experimental data to evaluate their predictive capabilities
for HTD under high wall heat flux conditions. Mechanistic explanations for
HTD in the initial heating region were proposed through analysis of the flow
and temperature fields, followed by an investigation of the effects of variable
properties and buoyancy forces. The results demonstrate that the k- SST model
fails to predict HTD, whereas the k- -v2-f model can qualitatively capture the
rapid rise in inner wall temperature in the initial heating region. Buoyancy
forces induced by fluid density variation and gravity constitute a critical factor
responsible for HTD in the initial heating region.
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Scramjet engines represent the core propulsion component of air-breathing hy-
personic vehicles, generating extremely high thermal loads due to prolonged,
high-intensity supersonic combustion and severe aerodynamic heating [1, 2]. At
high Mach numbers, the stagnation temperature of incoming air increases sub-
stantially, rendering air-cooling methods ineffective for scramjet thermal pro-
tection [3]. Currently, regenerative cooling using onboard hydrocarbon fuel as
the coolant is considered one of the most effective active thermal protection
strategies for scramjet engines [4].

In regenerative cooling systems, hydrocarbon fuel first flows through millimeter-
scale cooling channels in the combustor wall to absorb heat before being in-
jected into the combustion chamber. To enhance heat transfer efficiency and
prevent phase change, the pressure within cooling channels exceeds the fuel’ s
critical pressure [5]. The distinctive characteristic of supercritical pressure fluid
heat transfer lies in the substantial variation of thermophysical properties with
pressure and temperature. Researchers typically define the pseudocritical tem-
perature (Tpc) as the temperature corresponding to the peak isobaric specific
heat (Cp) at a given pressure [6]. Within a narrow temperature range near Tpc,
the fluid’ s thermodynamic and transport properties (density, viscosity, isobaric
specific heat, thermal conductivity, etc.) undergo dramatic changes. Addition-
ally, buoyancy and thermal acceleration effects caused by density variations
influence the flow field. The combined action of these factors renders convective
heat transfer of supercritical pressure fluids highly complex [7, 8].

Extensive research has been conducted to understand convective heat transfer
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characteristics of hydrocarbon fuels at supercritical pressure. Zhang et al. [9, 10]
experimentally investigated heat transfer characteristics of supercritical pressure
RP-3 aviation kerosene in vertically downward-flowing smooth tubes, categoriz-
ing the heat transfer process into four stages: initial heating region, normal heat
transfer region, heat transfer enhancement region, and heat transfer deteriora-
tion region, and developed empirical correlations based on experimental data.
Li et al. [11] experimentally studied convective heat transfer of supercritical
pressure RP-3 aviation kerosene in vertically upward-flowing tubes, discussing
the influence of mass flow rate, heat flux, pressure, and inlet temperature on
heat transfer. Liu et al. [12] experimentally investigated convective heat trans-
fer of supercritical pressure n-decane in vertical tubes, examining buoyancy and
thermal acceleration effects on heat transfer under two tube diameters (inner
diameter 0.95 mm and 2 mm). Zhong et al. [13] numerically studied convec-
tive heat transfer of supercritical pressure RP-3 aviation kerosene in horizontal
tubes, observing HTD when wall temperature slightly exceeded pseudocritical
temperature under high wall heat flux conditions, attributing the phenomenon
to turbulent kinetic energy distribution in the near-wall region. Jiang et al. [14]
numerically investigated convective heat transfer of supercritical pressure JP-8
aviation kerosene in vertical tubes, evaluating the predictive capabilities of dif-
ferent turbulence models (standard k- with standard wall functions, RNG k-

with enhanced wall functions, and k- SST) for HTD, concluding that dramatic
viscosity variation with temperature is the primary cause of HTD under high
heat flux conditions.

This paper presents a numerical study on convective heat transfer of supercriti-
cal pressure RP-3 aviation kerosene in a vertical smooth tube, focusing on HTD
in the initial heating region. The predictive capabilities of two low-Reynolds-
number RANS turbulence models (k- -v2-f and k- SST) for HTD in the initial
heating region are evaluated. Mechanistic explanations for HTD are proposed
through analysis of flow and temperature fields, followed by a discussion of the
effects of variable properties and buoyancy forces on heat transfer characteristics
in the initial heating region.

1.1 Experimental Data Source

Numerical simulation conditions in this study were based on experimental re-
sults from Zhang et al. [10] to investigate heat transfer characteristics of su-
percritical pressure RP-3 aviation kerosene in the initial heating region. In the
experiments, aviation kerosene flowed downward through a vertically positioned
smooth tube (inner diameter 1.805 mm, outer diameter 2.2 mm). The total tube
length was 450 mm, with a 300 mm heated section, preceded by a 90 mm adia-
batic upstream section and followed by a 60 mm adiabatic downstream section.
Direct electrical heating of the stainless steel tube was employed to achieve ap-
proximately uniform wall heat flux conditions. Further experimental details are
available in [10]. Simulation parameters are summarized in .
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1.2 Thermophysical Properties of RP-3

The critical point of RP-3 aviation kerosene is Tc = 645.04 K, pc = 2.33 MPa
[15]. Thermophysical and transport properties were selected following the same
approach as in [10]. Density, dynamic viscosity, and isobaric specific heat were
obtained from experimental measurements by Zhang et al. [16-18]. Thermal
conductivity was calculated using the 10-component surrogate model proposed
by Zhong et al. [4] based on the extended corresponding states principle. Ther-
mophysical properties at p = 5 MPa are illustrated in [Figure 1: see original

paper].

2.1 Governing Equations

Convective heat transfer of aviation kerosene in tubes represents a typical conju-
gate heat transfer problem, which was solved using a partitioned approach with
coupled boundary conditions. The problem was simplified to two-dimensional
steady-state due to vertical flow.

The governing equation for heat conduction in the solid domain is Fourier’ s
law, where represents solid thermal conductivity and represents internal heat
source.

The governing equations for the fluid domain are as follows:
Continuity equation:

Momentum equation:

Energy equation:

In these equations, denotes density, and t represent molecular and turbulent
viscosity, g is gravitational acceleration, H is fluid enthalpy, Pr and Prt are
molecular and turbulent Prandtl numbers (Prt = 0.85 in this study), and work
done by gravity and viscous dissipation terms are neglected in the energy equa-
tion. Definitions of t in each turbulence model are presented in the following
section.

2.2 Turbulence Models

Convective heat transfer of supercritical pressure fluids in tubes is closely related
to the near-wall flow field, making accurate prediction of near-wall flow essential.
Therefore, selecting appropriate turbulence models is crucial for numerical inves-
tigations of supercritical pressure fluid heat transfer. Two low-Reynolds-number
RANS turbulence models widely applied in supercritical fluid heat transfer re-
search were selected: the k- -v2-f model [19] and the k- SST model [20].

k- -v2-f model:
The k transport equation:

The transport equation:
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where Pk is the turbulent kinetic energy production term and Gk is the buoyancy
production term constructed using the Generalized Gradient Diffusion Hypoth-
esis (GGDH) [21].

The v2 transport equation:

The f elliptic relaxation equation:

Turbulent viscosity in the k- -v2-f model is defined as:
where constants and are detailed in [19].

k- SST model:

The k transport equation:

The transport equation:

Turbulent viscosity in the k- SST model is defined as:
Model constants are calculated as:

where and are constants from the k- and standard k- models, respectively,
detailed in [20].

2.3 Numerical Methods

Numerical simulations were performed using the open-source CFD toolbox
OpenFOAM (version 2.4.0) to solve the partial differential equation system.
The finite volume method was employed for discretization. The QUICK scheme
was used for convection terms in the momentum and energy equations, while
first-order upwind scheme was applied for convection terms in other transport
equations. The SIMPLE algorithm handled pressure-velocity coupling. Conver-
gence was considered achieved when residuals of all solved variables fell below
10 .

The computational domain dimensions matched the physical model, with adia-
batic sections upstream and downstream of the heated section to ensure fully
developed flow at the heated section inlet and numerical stability. Grid refine-
ment was applied near the fluid domain wall to accurately resolve the near-wall
flow field. All computational cases satisfied y < 0.5 at the first node near the
wall.

Boundary conditions were specified as follows: uniform volumetric heat source
in the solid domain to simulate uniform wall heat flux, with adiabatic outer wall
and ends; uniform velocity, temperature, and turbulent transport quantities at
the fluid domain inlet with zero axial pressure gradient; zero axial gradient for
all transport quantities and constant pressure at the outlet. Wall boundary
conditions for transport quantities are summarized in .

Grid independence analysis was conducted prior to simulations. The k- SST
model was applied to Case I using three grid configurations with total cell counts
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of 72,000, 108,000, and 216,000. Simulation parameters were: pressure 5 MPa,
mass flux 1572.7 kg/m? - s, inlet temperature 473 K, heat flux 300 kW /m?, ver-
tical downward flow. [Figure 2: see original paper| compares calculated inner
wall temperatures with experimental data for the three grids. This case falls
in the turbulent regime (mainstream Reynolds number range 14,900-45,000)
with monotonically increasing inner wall temperature along the flow direction.
The results indicate that 108,000 cells are sufficient for grid-independent solu-
tions, and this configuration was adopted for all subsequent simulations. Good
agreement between calculated and experimental wall temperatures validates the
present model and numerical methodology.

3.1 Prediction of Heat Transfer Deterioration in the Initial Heating
Region by Different Turbulence Models

[Figure 3: see original paper] compares inner wall temperatures calculated us-
ing the k- SST and k- -v2-f models with experimental data for Cases II-IV. In
all subsequent figures, x/d = 0 denotes the start of the heated section. The
simulated cases feature relatively low inlet temperature, high density, and low
velocity, placing the inlet flow in the transitional regime (inlet Reynolds number

6600). Experimental data reveal a rapid temperature rise with a local peak
near the heated section inlet, indicating HTD. Following heat transfer recovery,
the inner wall temperature decreases before increasing monotonically along the
flow direction. As shown in [Figure 3: see original paper], the k- SST model pre-
dicts monotonically increasing inner wall temperature without any local peak,
failing to capture HTD. In contrast, the k- -v2-f model shows good agreement
with experimental data: inner wall temperature first rises rapidly, then de-
creases slightly before increasing monotonically, demonstrating its capability to
qualitatively describe temperature variation trends in the initial heating region.

The k- SST model assumes isotropic turbulence, whereas the k- -v2-f model
employs as the velocity scale to properly represent turbulence attenuation at the
wall, partially accounting for turbulence anisotropy. For the present problem,
the k- -v2-f model achieves superior performance.

[Figure 4: see original paper] further compares heat transfer coefficients calcu-
lated using the k- -v2-f model with experimental data. The model successfully
simulates HTD in the initial heating region, and subsequent analysis will be
based on its results.

3.2 Mechanism of Heat Transfer Deterioration in the Initial Heating
Region

[Figure 5: see original paper| compares inner wall temperature and convective
heat transfer coefficient calculated using the k- -v2-f model with experimental
data for Case II. For detailed analysis, four cross-sectional positions were se-
lected along the flow direction: P1-P4 (P1: x/d = 8, P2: x/d = 15, P3: x/d
= 23, P4: x/d = 40), where P1-P3 are located in the HTD region and P4 is in
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the recovery region.

[Figure 6: see original paper] presents axial velocity (a) and temperature (b)
distributions at sections P1-P4. In the HTD region (P1-P3), axial velocity
within the thermal boundary layer exhibits a parabolic profile. As shown in
Figure 6: see original paper, large temperature differences exist between the
wall and mainstream fluid, while mainstream temperature changes minimally.
This occurs because the thermal boundary layer flow is laminar, impeding heat
transfer from the wall to the mainstream. Furthermore, thermal boundary layer
thickness increases along the flow direction, continuously increasing thermal
resistance and causing HTD. As fluid temperature rises, density decreases and
velocity increases, prompting transition from laminar to turbulent flow in the
thermal boundary layer (P4). At P4, the temperature difference between wall
and mainstream gradually decreases; correspondingly, [Figure 4: see original
paper] shows that the convective heat transfer coefficient begins to increase
along the flow direction, indicating recovery of heat transfer intensity.

Additional investigation of variable property and buoyancy effects reveals that
fluid viscosity variation also contributes to inlet HTD. Fluid heating reduces
viscosity, decreasing shear stress in the near-wall viscous layer and deteriorating
heat transfer capability. However, this effect is less significant than buoyancy.

[Figure 7: see original paper| compares calculated inner wall temperatures with
experimental data when fluid density and viscosity are held constant (at inlet
temperature values) and when gravitational acceleration is set to zero (g = 0).
When density remains constant, no local wall temperature peak appears. When
gravity is set to zero, the temperature variation trend closely resembles the
constant-density case. When viscosity is held constant, inlet wall temperature
rises compared to the constant-density case but remains below actual values.
These results demonstrate that buoyancy forces induced by density variation
and gravity are the primary cause of HTD in the heated section. This phe-
nomenon resembles laminar mixed convection. In the initial heating region, the
boundary layer is laminar. For downward flow, buoyancy acts opposite to the
flow direction, reducing near-wall fluid velocity [22]. Consequently, convective
energy transport decreases, reducing heat transfer capacity; decreased velocity
gradient at the wall reduces shear stress, delaying laminar-to-turbulent transi-
tion. The combined effects ultimately lead to HTD.

4 Conclusions

This study numerically investigated convective heat transfer of supercritical
pressure RP-3 aviation kerosene in a vertical tube using the open-source CFD
toolbox OpenFOAM, focusing on HTD in the initial heating region. The main
conclusions are:

1. The k- SST model fails to predict HTD in the initial heating region,
whereas the k- -v2-f model can qualitatively describe the variation pattern
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of inner wall temperature, showing good agreement with experimental
data.

2. Buoyancy forces caused by fluid density variation and gravity represent
a critical factor responsible for HTD in the initial heating region. The
effect of fluid viscosity on inlet heat transfer is less significant than that
of buoyancy.
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