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a b s t r a c t

Turbulent flow and convective heat transfer of supercritical kerosene flow in an axisymmetrically heated
circular tube with a diameter of 2 mm and at a mass flow rate range of 0.0015–0.015 kg/s and a wall heat
flux range of 0.15–2.0 MW/m2 are numerically studied using Reynolds averaged Navier–Stokes method
with a two-layer turbulence model. The thermophysical and transport properties of kerosene are deter-
mined by a 10-species surrogate with the Extended Corresponding State method. Mesh dependency is
first investigated and numerical results of fuel and wall temperatures are compared with experimental
data for validations. The results show that flow properties such as velocity and Reynolds number increase
significantly along the axial direction as the fuel temperature rises and kerosene undergoes the state
transition from liquid to supercritical state. Deterioration of convective heat transfer is found to occur
when the wall heat flux exceeds a critical value and at the same time, the wall temperature approaches
the pseudo-critical temperature of kerosene. The present results show that deterioration of heat transfer
are attributed to the development of turbulent properties in the near-wall region based on the results of
turbulent kinetic energy and turbulence production term. The relation between the critical heat flux (qwc)
for occurrence of heat transfer deterioration and the mass flux (G) is studied and a fitting formula of qwc

and G is obtained.
� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Regenerative cooling using onboard hydrocarbon fuels as cool-
ant is considered to be one of the most effective methods for rocket
and scramjet thermal protections [1,2]. In a regenerative cooling
system, hydrocarbon fuel flows through cooling channels and
absorbs heat of engine wall via heat convection before being inject-
ed into combustor. Characteristic of convective heat transfer of
hydrocarbon fuels is one of the most important fundamental issues
for cooling design and optimization. It has been known that the
working pressure of fuel is usually higher than its critical value
(Pc) and along the cooling path, fuel temperature would increase
and exceed its critical temperature (Tc) so that hydrocarbon fuel
becomes supercritical without going through a two-phase dome
region. Compared to gaseous or liquid state, supercritical fluid
presents many of unique features [3–5]. It has gas-like transport
property, relatively large density similar to liquid and very high
solubility. The thermophysical and transport properties of

supercritical fluid such as density, specific heat, viscosity, and ther-
mal conductivity have remarkable variations with temperature
and pressure near the critical point and there exists a peak of speci-
fic heat at a temperature as so called ‘‘pseudo-critical temperature’’
(Tpc). Therefore, flow and heat transfer properties of supercritical
hydrocarbon fuels are significantly different from those of simple
liquids and could result in heat transfer deterioration or enhance-
ment. It is worth noticing that understanding heat transfer dete-
rioration or enhancement is critical for cooling design. Therefore,
it is imperative to study characteristics of convective heat transfer
of supercritical hydrocarbon fuels at flow conditions relevant to
rocket or scramjet applications.

Most of previous studies on convective heat transfer of super-
critical fluids are focused on simple fluids such as water [6], carbon
dioxide [7,8], and hydrocarbons of small molecules such as
methane [9,10]. Ward et al. [11] numerically investigated flow
and heat transfer properties of mildly cracked alkanes at super-
critical conditions. Urbano and Nasuti [12] numerically studied
heat transfer of supercritical methane. The critical value of ratio
of wall heat flux to specific mass flow rate for the onset of heat
transfer deterioration and its dependency on pressures were inves-
tigated. In another recent paper [13], Urbano and Nasuti studied
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flow and wall heat flux conditions for the occurrence of heat trans-
fer deterioration for varied light hydrocarbons including methane,
ethane and propane. More recently, Ruan et al. [14] calculated tur-
bulent flow and heat transfer of n-decane with pyrolytic reaction at
supercritical pressures. Very limited studies about heat transfer of
supercritical hydrocarbon fuels such as kerosene or diesel have
been reported, of which the majority are experimental studies.
Linne et al. [15] studied supercritical heat convection and thermal
cracking of JP-7 fuel with an electrically heated pipe system. Zhong
et al. [16] investigated heat transfer of China RP-3 aviation kero-
sene at a Reynolds number range of 3 � 103–3 � 105 and a wall
heat flux range of 50–300 kW/m2 with a two-stage heating facility.
The deterioration and enhancement of heat transfer of kerosene
flow were observed. Hu et al. [17] experimentally inspected heat
transfer of kerosene at high wall heat fluxes (5–10 MW/m2). They
identified the occurrence of heat deterioration in the region where
the inner wall temperature is close to the pseudo-critical tem-
perature. Due to difficulties in the measurement of fluid tem-
perature inside small pipe with a diameter of a few millimeters,
most of the experiments discuss only overall performance of con-
vective heat transfer in terms of the measured inlet and outlet fuel
temperatures and mass flow rate, lacking of details of the change in
flow and heat transfer properties along the pipe length. At the
same time, due to hundreds of species in kerosene and its complex
thermophysical properties, numerical simulation of kerosene flow,
especially turbulent flow, encounters many of difficulties and so
far, very few relevant numerical works have been reported.

In this paper, turbulent convective heat transfer of supercritical
aviation kerosene in a heated, straight and horizontally placed cir-
cular tube is numerically studied. The Reynolds averaged Navier–
Stokes equations are solved with a two-layer turbulence model,
including the RNG k–e turbulence model and the Wolfstein one-e-
quation model in the near-wall region. Thermal and transport
properties of kerosene are determined by a 10-species surrogate
proposed in our previous work [16] for China RP-3 aviation kero-
sene with the Extended Corresponding State method (ECS) [18].
The present numerical method is validated via study of mesh
dependency and comparisons of wall and fuel temperatures with
experimental data. Based on the present results, deterioration of
convective heat transfer of kerosene are observed and the associat-
ed turbulent flow mechanisms are discussed. Effects of mass flow
rate and wall heat flux on heat transfer properties are studied as
well as the issue of critical heat flux for occurrence of heat transfer
deterioration. The present study is expected to provide further
insights into mechanisms of supercritical heat transfer and refer-
ence data for design and optimization of cooling system for rocket
and scramjet applications.

2. Numerical procedures

2.1. Computational domain and boundary conditions

Kerosene flow in a straight and horizontally-placed circular
tube with an inner diameter of 2 mm is studied. The flow is turbu-
lent since the minimum Reynolds number Red (at the entrance of
heated section of the tube) is 7000, larger than the critical value
of 2300 for turbulent pipe flow. The gravity effect is not included
in the present study because the maximum ratio of Grashof num-
ber Gr to Re2

d is less than 6 � 10�4 that is smaller than the threshold
value of 0.001 [19] for the consideration of gravity effect. Another
issue worth noticing is that for China RP-3 aviation kerosene, pyr-
olysis occurs when the fuel temperature reaches approximately
800–850 K at pressures of 3–5 MPa [20]. Hence, heat transfer data
analyzed in the paper are limited in the flow region where the wall
and the fuel temperatures are both below 800 K.

Fig. 1 gives a sketch of the tube with heat loading. Due to
axisymmetry of circular tube flow and wall thermal boundary con-
dition, two-dimensional computation is adopted. Dimensions and
boundary conditions of the computational domain are given as
below.

(1) The diameter of the tube is 2 mm and the length is varied
from 1 to 2.2 m according to different cases with varied wall
heat flux. As shown in Fig. 1, a 0.1 meter-long flow region
without heat loading is calculated upstream of the heated
section to obtain a fully developed turbulent pipe flow.

(2) The inlet fuel temperature is 350 K and the inlet pressure is
3 MPa, greater than the critical value of approximately
2.4 MPa.

(3) The mass flow rate is in a range of 0.0015–0.015 kg/s and
correspondingly, the mass flow rate per unit area, i.e. G
(G ¼ _m

A) is varied from 475 to 4750 kg/(m2 s). An exponential
velocity profile according to fully developed turbulent pipe
flow is imposed at the inlet as boundary condition.

(4) The outflow boundary condition with zero gradients of flow
velocity along the axial direction [21] is applied at the outlet
for fully developed tube or duct flows. The no slip and no
penetration boundary are used for the tube wall and a con-
stant heat flux is imposed on the wall of the heated section.
The heat flux is changed from 0.15 to 2.0 MW/m2.

2.2. Numerical method and computational mesh

The Navier–Stokes equations are solved by finite volume
method provide by the density based solver of Fluent 6.3. The
2nd-order upwind scheme is applied for convective terms and
2nd-order central scheme for viscous terms. The RNG k�e model
is applied for turbulence modeling and the Wolfstein turbulence
model [22] is adopted in the near-wall region characterized with
low Reynolds number properties. The SIMPLE algorithm is
employed to resolve the coupling between velocity and pressure.
The implicit Gauss–Seidel iteration is used to calculate the time
advancement.

Stretched grids are constructed along the radial direction in the
near-wall region. The first grid point to the wall is constructed to
ensure Dyþ 6 1 (Dyþ ¼ Dy

ys
, where ys is the viscous length scale of

turbulent flow [23]) and there are more than 10 grids within the
viscosity-dominant near-wall region (i.e. y+

6 11). Since thermo-
physical properties of kerosene change dramatically at tem-
peratures close to the critical value, the grid size in the vicinity
of the wall should be refined to ensure accuracy of the numerical
scheme. A uniform mesh is first constructed along the flow direc-
tion (for example, the total gird number is Nx = 2000) and compu-
tation is conducted. The adaptive grid technique based on density
gradient of the computational result is then used to refine the grid
spacing in the region with large variations of fuel properties and
the grid number after the adaption process is increased to 2500.

The mesh dependence is first investigated. Four meshes are
studied. The total grids numbers are 100,000 (case a), 150,000
(case b), 240,000 (case c) and 960,000 (case d) respectively. The
tube diameter of the test case is 2 mm and the wall heat flux is

Fig. 1. Sketch of the heated circular tube.
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