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Abstract: The heat transfer characteristics of China RP-3 aviation kerosene flowing in a vertical downward tube with an inner
diameter of 4 mm under supercritical pressures are numerically studied. A ten-species surrogate model is used to calculate the
thermophysical properties of kerosene and the re-normalization group (RNG) k-¢ turbulent model with the enhanced wall treat-
ment is adopted to consider the turbulent effect. The effects of mass flow rate, wall heat flux, inlet temperature, and pressure on
heat transfer are investigated. The numerical results show that three types of heat transfer deterioration exist for the aviation
kerosene flow. The first type of deterioration occurred at the tube inlet region and is caused by the development of the thermal
boundary layer, while the other two types are observed when the inner wall temperature or the bulk fuel temperature approaches
the pseudo-critical temperature. The heat transfer coefficient increases with the increasing mass flow rate and the decreasing wall
heat flux, while the inlet bulk fluid temperature only influences the starting point of the heat transfer coefficient curve plotted
against the bulk fluid temperature. The increase of inlet pressure can effectively eliminate the deterioration due to the small vari-
ations of properties near the pseudo-critical point at relatively high pressure. The numerical heat transfer coefficients fit well with
the empirical correlations, especially at higher pressures (about 5 MPa).
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1 Introduction bustion chamber to absorb excess heat prior to en-
tering the engine for combustion, which not only

Active regenerative cooling using supercritical ~ reduces the temperature of the chamber wall but also

hydrocarbon fuels as the primary coolants is one of
the most effective and promising technologies to
protect the propulsion engine from overheating in
aeronautic engineering and advanced gas turbine
engine operations (Edwards, 2003). During the pro-
cess, engine fuels with relatively low temperature are
pumped into the cooling channels around the com-
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increases energy release due to fuel preheating. The
critical pressure of most hydrocarbon fuels (about
2 MPa) is lower than the typical pressure in the
cooling channel for aerospace applications (3—
7 MPa). At supercritical pressures, the thermophysi-
cal properties of hydrocarbon fuels change dramati-
cally with temperature, and can thus remarkably
influence the flow and heat transfer phenomena.
When the wall temperature approaches the pseudo-
critical temperature, heat transfer enhancement oc-
curs at relatively low heat flux, while heat transfer
deterioration can be found at relatively high heat flux.
The heat transfer deterioration under certain condi-
tions can even endanger the safety of the system.
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Therefore, further research into the heat transfer
characteristics of supercritical hydrocarbon fuels is
needed to illustrate underlying physical mechanisms
and optimize the engine cooling design.

Many studies have been conducted to investigate
the heat transfer performances of supercritical H,O
(Wang et al., 2011; Li Z et al., 2015), CO, (Bae and
Kim, 2009; Jiang et al., 2013; Yang et al., 2013), and
hydrocarbon fuels consisting of small molecules such
as methane, n-decane, and n-heptane. Wang et al.
(2010) carried out numerical simulations of the con-
vective heat transfer of low-temperature methane and
n-heptane inside horizontal mini tubes under super-
critical pressures. The results suggest that the local
heat transfer deterioration occurs when the wall
temperature (7,) reaches the pseudo-critical temper-
ature (7}.). Pizzarelli et al. (2010) also observed heat
transfer deterioration under high wall heat fluxes and
concluded that the reduction of turbulent diffusion
was the reason for the local heat transfer deteriora-
tion. Urbano and Nasuti (2013) numerically investi-
gated the heat transfer deterioration of three light
hydrocarbons and found out that a threshold value for
the heat flux to mass flow rate ratio existed to trigger
the deterioration.

The investigation of aviation kerosene is limited
compared to hydrocarbon fuels listed above due to its
complicated components and variations of thermo-
physical properties. The convective heat transfer
characteristics of the supercritical kerosene in a hor-
izontal circular tube were numerically investigated by
(Dang et al., 2013, 2015) in order to obtain the onset
condition of the heat transfer deterioration. They
pointed out that the deterioration occurred at the
location where T, approached T}, with the heat flux
exceeding a critical value. Turbulent intensity varia-
tion caused by drastic changes of thermodynamic and
transport properties of kerosene were the main rea-
sons for the deterioration. Huang et al. (2015a, 2015b)
experimentally studied the heat transfer characteris-
tics of the upward supercritical kerosene flow inside
the vertical tubes and observed heat transfer en-
hancement and deterioration. The results indicated
that the counteracting effects of buoyancy and varied
thermophysical properties of kerosene led to the two
distinct heat transfer phenomena. Zhang et al. (2012)
experimentally studied the heat transfer characteris-
tics of China RP-3 aviation kerosene in vertically

downward mini tubes. The heat transfer deterioration
was observed when the ratio between Ty, and T,
reached 1.1. Deng et al. (2012) experimentally in-
vestigated upward and downward flow and concluded
that the heat flux and flow direction influenced the
heat transfer characteristics of supercritical aviation
fuel. Xu and Meng (2015a, 2015b) paid attention to
the surrogate models for calculating thermophysical
properties of kerosene and included detailed pyrolytic
chemical reaction mechanisms in their simulations.

This study aims to provide further understanding
of flow and heat transfer mechanisms of supercritical
fluids in downward flow. Heat transfer characteristics
of China RP-3 kerosene under supercritical pressures
in a vertical tube are numerically investigated. The
effects of wall heat flux (g), mass flow rate (m),
pressure (P), and inlet temperature (73,) on heat
transfer are illustrated. Three different kinds of heat
transfer deteriorations are discussed in detail. Nu-
merical heat transfer coefficients (HTCs) are com-
pared with empirical correlations to validate the
simulation.

2 Numerical approach and validation

In this section, the numerical approach based on
the pressure-based solver in FLUENT 15.0 is intro-
duced. The calculation process of thermophysical
properties of RP-3 aviation kerosene is presented first
followed by the computational configuration and
boundary conditions. Lastly, the numerical model is
validated by comparing the numerical results with the
experimental data.

2.1 Thermophysical properties of kerosene

The thermophysical properties of China RP-3
aviation kerosene were calculated using a ten-species
surrogate model proposed by Zhong et al. (2009a)
with the extended corresponding states model. A pure
hydrocarbon fuel, propane, was adopted as the ref-
erence material. The Soave-Redlich-Kwong (SRK)
equation of state was employed to calculate the spe-
cific heat of kerosene. Details of this model, including
the component and mole fraction of the surrogate and
detailed calculation process of properties of China
RP-3 aviation kerosene, can be found in our previous
work (Huang et al., 2015a; Li W et al., 2015).
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Fig. 1 shows the variations of properties of RP-3
aviation kerosene with temperatures at 3—5 MPa.
Similar to H;O and CO,, aviation kerosene experi-
ences dramatic variation of thermophysical properties
near Tp,.. As shown in Fig. 1, the specific heat reaches
a peak value at T},.. Moreover, both the density and
viscosity decrease remarkably at 7). The critical
pressure and temperature of RP-3 were reported to be
2.4 MPa and 660 K, respectively (Li et al., 2010,
2011). The pseudo-critical temperature of RP-3 is
approximately 672, 705, and 716 K at 3, 4, and
5 MPa, respectively. The physical properties of China
RP-3 aviation kerosene were simulated by defining a
piecewise-linear function of temperature in FLUENT
15.0.

2.2 Computational configuration and boundary
conditions

A vertical tube with an inner diameter (d) of
4 mm is adopted in the present work. Both the wall
temperature (7y,) and bulk temperature of the kero-
sene (7)) were limited to below 820 K during the
simulation because China RP-3 aviation kerosene will
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Fig. 1 Variation of the kerosene properties with tempera-
ture (P=3, 4, and 5 MPa)

pyrolyze when the fuel temperature reaches ap-
proximately 820 K (Zhong et al., 2009b, 2011). To
achieve this restriction, the heated length of the tube
was chosen carefully from 560 mm to 2100 mm ac-
cording to different cases.

Fig. 2 shows the sketch of the circular tube with
a heated length of 1000 mm. An unheated section of
150 mm was set before the heated section to achieve
the fully developed turbulent flow. A 2D computa-
tional domain was employed to represent the ax-
isymmetric physical model. A velocity inlet with a
constant temperature and a pressure outlet with a
constant static pressure were applied at the upstream
and downstream boundaries, respectively. A no slip
boundary condition was used for the tube wall with a
constant heat flux. A zero normal gradient boundary
condition was adopted at the symmetry axis for all
variables.

As shown in Fig. 2, structured rectangular
meshes were adopted in the whole flow region with a
fine boundary layer mesh near the wall region. The
first grid point adjacent to the wall was constructed to
satisfy the requirement of y'<l (y° is the
non-dimensional wall distance, which is defined as

W,/ p /v, where y is the distance to the nearest

wall, 7, is the wall shear stress, p is the density, and v

is the kinematic viscosity) and more than 10 grids
were placed within the viscosity-affected near-wall

region (Re,<200, where Re, is defined as py\/% / i,

k is the turbulent kinetic energy, and u is the dynamic
viscosity). The mesh sensitivity study was conducted
using two grid configurations with radial and axial
grid points of 50x2000 and 100x4000 at m=3.5 g/s,
P=3 MPa, ¢+=250 kW/m’, and T,;=423 K. The
maximum relative errors are 0.8% and 2.0% for T
and HTC, respectively. As a result, 50x2000 was
chosen as the final grid configuration.
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Fig. 2 Schematic of the computational configuration
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2.3 Turbulent model

The 2D Reynolds averaged Navier-Stokes
(RANS) equations and the energy equation were
properly solved by the finite volume method with the
pressure-based solver in FLUENT 15.0. The Green-
Gauss node-based method was adopted for the evo-
lution of gradients. The semi-implicit method for
pressure linked equations-consistent (SIMPLEC)
algorithm was employed as the velocity-pressure
coupling method and the 2nd-order upwind scheme
was chosen to disperse the momentum terms and
energy terms. The default values of the under-
relaxation factors were adopted to achieve a fast
convergence. The convergent residual criteria were
set to be 1.0x107° for mass conservation and turbulent
equations and to be 1.0x10™® for momentum and en-
ergy conservation equations.

The governing equations are given below:

continuity equation:
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momentum equation:
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In Eqgs. (1)~(3), p is the density (kg/m’); u is the ve-
locity (m/s); ¢, is the specific heat capacity (J/(kg-K));
T is the temperature (K); x is coordinate value (m); P is
the pressure (Pa); g is the gravity (m/s); k. is the ef-

fective thermal conductivity (W/(m'K)); . is the ef-
fective dynamic viscosity (kg/(m-s)); o is the unit ten-
sor; the subscripts 7, j, and k are indexes of the tensor.

The re-normalization group (RNG) k-¢ model
with an enhanced wall treatment was adopted to
consider the turbulent effect for its wide applications
and relatively high accuracy for the flows under su-
percritical pressures (Li et al., 2010, 2011; Dang et al.,
2015). The transport equations for the RNG k-¢ model
turbulent model are shown as follows (Wang et al.,
2015):

i O-k i

0 M, | O
a PEU; — #+G— g
i £ i (5)

&
= (Cglfipk + C€1C€3Gk - ngfng); + pE’

%[pkui —(wﬂj%k} =F +G,—pe+pD, (4)

where £ is the turbulence kinetic energy (m%/s?); ¢ is
the rate of dissipation of k (m%/s®); & is the turbulent
Prandtl number; g is the turbulent dynamic viscosity
(kg/(m's)); P; is the turbulent shear production
(W/m’); D is the additional term; f; and £ are func-
tions in the dissipation equation; E is the flow energy
(W/kg); C,1, Cy, and C,; are the model constants; Gy
represents the generation of turbulence kinetic energy.

More details of the parameters in these equa-
tions can be found in the ANSYS FLUENT help files
(ANSYS, 2013).

2.4 Validation

The validation of the fluid properties and the
numerical methods was performed by comparing the
numerical results with the experimental data in (Deng
et al., 2012) at m=2 g/s, P=5 MPa, T;,=400 K, and
qw=107.88, 254.36, and 348.20 kW/m”.

The measuring uncertainty of the tube outer
wall temperature is 0.6%, while no information about
the inner wall temperature was provided in (Deng et
al., 2012). As shown in Fig. 3, the trend of the nu-
merical wall temperatures fits well with the experi-
mental data. A relatively high deviation is observed
near the tube inlet, while the maximum deviation
between the numerical results and the experimental
data are less than 8.0%.
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Fig. 3 Comparison between numerical results and ex-
perimental data in (Deng et al., 2012)

3 Results and discussion
3.1 Heat transfer deteriorations

Fig. 4 shows the Ty, T}, and HTC distributions
along the tube axial direction at m=3.5 g/s, P=3 MPa,
qw=200 kW/mz, and 7;,,=423 K. The bulk fuel tem-
perature and heat transfer coefficient are calculated by

T, = L pucpTdA/L puc,d4, (6)
HTC=q, /T, - T,), (7)

where A is the cross-section area (mz); HTC is the
heat transfer coefficient (W/(m*K)); ¢ is the heat
flux (kW/m?); the subscripts b and w represent bulk
fluid and wall, respectively.

As shown in Fig. 4, T, and T, increase gradually
along the flow direction, and three types of heat
transfer deteriorations exist for the supercritical ker-
osene flow. Similar deterioration phenomena were
also reported in the experimental work by Zhang et al.
(2013). Ty, shows a drastic increase at the entrance
section before the dimensionless distance x/d=10,
leading to the first type of deterioration (Deteriora-
tion near the inlet). In this section, the thermal
boundary layer is in the developing stage. The heat
transfer recovers after obtaining a minimum heat
transfer coefficient at about x/d=10, and then T,
increases linearly. When T, reaches T, the second
type of deterioration (Deterioration I) is observed,
and the increase of 7, becomes steeper. After re-

covering from Deterioration I at about 7,=1.067,
the third type of deterioration (Deterioration II) is
formed between T <T}, <T,.

The second type of deterioration takes place
when T, approaches T, and the HTC recovers after
obtaining a minimum at 7,=1.067,. Deterioration I is
mainly caused by the drastic changes of aviation
kerosene properties and concurrent flow effects such
as thermal acceleration when the fluid temperature
near the tube wall reaches 7.

As shown in Fig. 4, the fluid temperature in the
near-wall region approaches T}, at the cross-section
A, where the heat capacity ¢, reaches the maximum
value. After that, ¢, begins to decrease drastically and
strongly reduces the heat transfer ability of the
near-wall fluid. Moreover, the decrease of near-wall
kerosene density leads to thermal expansion, which
increases the specific volume and accelerates the fuel
velocity. Though the increased velocity could par-
tially compensate the heat transfer decrease, this ef-
fect is overwhelmed by the heat transfer deterioration
caused by the decreased ¢, and p.
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Fig. 4 Wall temperature (7,), liquid bulk temperature
(Tp), and heat transfer coefficient (HTC) distributions
along the tube axial direction at m=3.5 g/s, P=3 MPa, ¢,
=200 kW/m’, and 7;,=423 K

The drastic changes of properties near the tube
wall also influence the turbulent kinetic energy (k)
and the turbulence production term (Py) distribution
along the radial direction. As shown in Fig. 5, k and Py
in the near-wall region both reach the local minimum
value at the cross-section B, which means that tur-
bulence in the near-wall region is strongly restrained
during Deterioration II. The narrow fluid region with
sharp variations of thermophysical properties moves
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towards the centerline after the cross-section B, and
the turbulence in the near-wall region starts to re-
cover. As a consequence, the HTC increases gradu-
ally along the flow direction again before Deteriora-
tion II.

o\

The third type of heat transfer deterioration
occurs when Ty, approaches around 7. Unlike Dete-
rioration I, 7\, at Deterioration II is much higher than
Tyc. The re-laminar effect near the tube wall region
moves towards the center of the tube. Fig. 6 shows
the radial velocity distribution at three cross-sections
of D, E, and F. As shown in Fig. 6, the radial velocity
from centerline to the near-wall region experiences a
sharp decrease and subsequent ascent from the dete-
rioration onset to the heat transfer recovery location.
When Ty, approaches T, the fluid near the wall has a
strong trend moving towards the central zone, and
thus reduces the mass flow rate in the near-wall re-
gion. With a smaller amount of kerosene flowing in
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Fig. 5 Distribution of turbulent Kinetic energy (a) and
turbulence production term (P,) (b) at different cross-
sections of A to C

the near-wall region, the turbulent mixing is reduced,
resulting in a decrease in the overall HTC.

Fig. 7 shows the effect of gravity on the heat
transfer coefficient. As shown in Fig. 7, Ty under
normal gravity is lower than that obtained without
gravity, while Ty is independent on the gravity. This
leads to a lower HTC for the case under zero-gravity.
The gravity shows no effect on the starting point of
Deterioration I, but the start of Deterioration II is
delayed under zero-gravity. Besides the aforemen-
tioned reasons for the deteriorations, the gravity-
induced buoyancy also influences the deteriorations
for the supercritical flow. However, the gravity effect
is also influenced by the mass flux and the tube di-
ameter. More work is needed in the future to study
this effect in detail.
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Fig. 6 Distribution of the radial velocity at different cross-
sections of D to F
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Fig. 7 Gravity effect on T, T}, and HTC at m=3.5 g/s, P=
3 MPa, ¢,,=200 kW/m’, and T;,=423 K

3.2 Influence of the mass flow rate

The effects of the mass flow rate on the heat
transfer characteristics of supercritical kerosene in-
side downward circular tubes were investigated using
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four cases with an inlet temperature of 423 K, inlet
pressure of 3 MPa, wall heat flux of 200 kW/mZ, and
mass flow rates of 3.0, 3.5, 4.0, and 5.0 g/s. Fig. 8
shows the variations of Ty, Ty, and HTC along the
axial direction for the four cases. As shown in Fig. §,
Ty, and Ty, increase gradually along the flow direction
and with a decreasing mass flow rate. The increase of
Ty and T, is slower at a higher mass flow rate due to
the higher heat capacity, thus the onset of Deteriora-
tion I occurring at 7,=T). is delayed. The RD, defined
in Eq. (9), was used to quantify the relative decreasing
proportion of the HTC compared with the onset of the
deterioration.

_HTC, -HTC,
HTC,

RD 9)

RD increases from 4.0% at 3.0 g/s to 9.4% at
5.0 g/s, indicating that the smaller growing rates of 7,
and Ty at higher mass flow rate lead to a larger heat
transfer coefficient deterioration. As shown in
Fig. 8b, the length of Deterioration I also increases
with an increasing mass flow rate, while the heat
transfer coefficient increasing rates between Deteri-
oration I and Deterioration II are the same for the four
mass flow rates. Moreover, the T, after the inlet de-
terioration increases as the mass flow rate decreases.
As a consequence, Deterioration I disappears as the
mass flow rate decreases to a relative low value if T,
at the end of the deterioration near the tube inlet is
higher than T,.. The onset of Deterioration II also
increases with an increasing mass flow rate and even
disappears at m=5 g/s because Ty at the outlet is still
much lower than 7.

3.3 Influences of the wall heat flux

Four cases with wall heat fluxes of 150, 200,
250, and 300 kW/m? were investigated to study their
effects on heat transfer at m=3.5 g/s, P=3 MPa, and
Tin=423 K. Fig. 9 shows the variations of T, Ty, and
HTC along the axial direction for the four cases. As
shown in Fig. 9, T, increases sharply at the inlet re-
gion, and a much higher 7, is obtained at higher gy,.
Although the axial length of the affected region is
almost the same, the effect of ¢, on the thermal
boundary layer is more intense under higher heat flux.
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Fig. 8 Distributions of T, T}, and HTC along the tube at P
=3 MPa, ¢,=200 kW/m?, and T;,=423 K: (a) variations of
T, and T}, along the tube; (b) variations of HTC along the
tube

Ty increases to 775 K after the inlet region at gy,
=300 kW/m’, while the corresponding value is only
about 560 K for ¢w=150 kW/m’. As mentioned be-
fore, Deterioration I will disappear if 7y, at the end of
the deterioration near the tube inlet, is higher than 7.
As shown in Fig. 9, Deterioration I is not observed at
¢w=300 kW/m?” as the onset of Deterioration 1 falls
into the thermal boundary development region. The
onsets of Deterioration I and Deterioration II are de-
layed along the tube axial direction under a lower gy,
Similar conclusions were also reported in the ex-
perimental work conducted by Zhang et al. (2012).
RD also increases with increasing ¢, indicating that
the deterioration is more pronounced at a higher wall
heat flux. Under a higher heat flux, 7y, increases faster
and Deterioration I is restrained within a shorter axial
distance. As a consequence, the variation of super-
critical kerosene properties in the deterioration region
is more drastic, especially for the specific heat
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capacity and density. With a rapid decreasing rate of
density, the thermal acceleration phenomenon is more
obvious, and the turbulent kinetic energy in the
near-wall region is suppressed more severely. All
these contribute to the more pronounced relative de-
creasing proportion of the HTC for Deterioration II at
a higher wall heat flux.
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Fig. 9 Distributions of 7,,, 7, and HTC at m=3.5 g/s, T;,=
423 K, and P=3 MPa with g,, ranging from 150 kW/m? to
300 kW/m?: (a) variations of T,, and 7, along the tube; (b)
variation of HTC along the tube

3.4 Influences of the inlet temperature

The effect of inlet temperature on the heat
transfer characteristics was studied by three cases
with different inlet temperatures of 373, 423, and
473 K at m=3.5 g/s, P=3 MPa, and ¢,=250 kW/m".
Fig. 10 depicts the variations of Ty, Ty, and HTC
along the axial direction for the three cases. As shown
in Figs. 10a and 10b, the onsets of Deterioration I and
Deterioration II both move forward along the tube as
the inlet temperature rises. T;, only affects the starting
point of the HTC curve plotted against the bulk flow

temperature. Deterioration I and Deterioration II will
disappear if T}, is higher than a certain value under a

fixed P, ¢y, and m.
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800 T,=672K  TIT,=1.06 ’_,,..-!""F Y
700 F - F
< 600
~
500 - — s o T,=373K
—e——o0— T,,=423K
400 —a——2a— T;;=473 K
[ TR T S S S S B
0 50 100 150 200 250 300 350 400
x/d
2400 (b)
2200 -
2000 -

HTC (W/(m?*K))
2 o
o o o
o o o

T

—s— T,,=373K
—e— T;,:=423 K

—a— T,,=473 K
1 n 1 n 1 1 n 1 n 1 n 1 n 1

0 50 100 150 200 250 300 350 400
xId

Fig. 10 Distributions of 7, T, and HTC at m=3.5 g/s, ¢,=
200 kW/mz, and P=3 MPa with different 7;,: (a) variations
of T, and T, along the tube; (b) variation of HTC along the
tube
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3.5 Influences of the inlet pressure

As shown in Fig. 1, the fluctuation of thermo-
physical properties is much milder with increasing
inlet pressure, especially for the specific heat capacity
and density. T}, increases from 672 K to 716 K as the
pressure rises from 3 MPa up to 5 MPa. As Deterio-
ration I occurs at 71,=T}, under 3 MPa, the change of
Toe due to varied inlet pressures will significantly
affect the heat transfer performance of the super-
critical kerosene.

Fig. 11 shows Ty, Ty, and HTC distributions of
the supercritical flow along the axial direction under
varied inlet pressures of 3.0, 3.5, 4.0, and 5.0 MPa at
m=3.5 g/s, ¢4=250 kW/m?, and T},=423 K. As shown
in Fig. 11, Ty increases linearly from the entrance to
x/d=250, where the divergence takes place and Ty
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decreases with increasing P. Similarly, 7, obtained at
different P overlaps with each other before 7y=T..
After that, a distinct increase of 7, is observed at
P=3.0 MPa, while the differences between T, for
other cases are very small. At x/d=270, T, also goes
through a similar divergence as that of 7}, where the
temperature decreases with decreasing P. Different
increase rates of Ty and T; lead to different heat
transfer processes at various P, which are clearly
shown in Fig. 11b.
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Fig. 11 Distributions of 7,,, 7;,, and HTC under P ranging
from 3 MPa to 5 MPa at m=3.5 g/s, ¢,,=200 KW/m?, and
T;,=423 K: (a) variations of 7\, and T}, along the tube; (b)
variation of HTC along the tube

As illustrated in Fig. 11b, the inlet pressure P
strongly affects Deterioration I and Deterioration II.
The HTC curves at different P deviate from each
other after 7\,=T,.. Though the slope of the heat
transfer coefficient decreases with increasing P, De-
terioration I and Deterioration II are not observed for
the cases with P higher than 3 MPa. As shown in
Fig. 1, the changes of kerosene properties become
more moderate at P>3 MPa, which alleviates the
corresponding variation of heat absorption ability and
thermal acceleration. As the Reynolds number in-
creases along the tube, the enhancement of turbulence

gradually overcomes the unfavorable deterioration
factors, resulting in the disappearances of Deteriora-
tion I and Deterioration I1.

3.6 Comparisons with empirical heat transfer
correlations

Numerical results were compared with three heat
transfer correlations proposed by Stiegemeier et al.
(2002), Li et al. (2011), and Huang et al. (2015a).
Huang et al. (2015a) experimentally investigated
upward supercritical kerosene with operating condi-
tions of m=2.0-3.5 g/s, P=3.6-5.4 MPa, and ¢,~
270-350 kW/m®. Stiegemeier et al. (2002) conducted
experiments using five hydrocarbon fuels for the
upward flow at m=12.2-36.7 g/s, P=6.9 MPa, and
¢w=321-940 kW/m®. Numerical simulation of hori-
zontal kerosene flow was carried out by Li et al.
(2011) at m=56.5-113.1 g/s, P=4.0 MPa, and ¢.~
300-700 kW/m”.

Figs. 12a and 12b show the comparisons of Nu
between the numerical data and the values predicted
by empirical correlations at P=3 MPa and 5 MPa at
m=3.5 g/s, ,=200 kW/m’, and T;,=423 K. As shown
in Fig. 12a, the numerical data fit well with the em-
pirical correlations developed by Stigemeier et al.
(2002) and Li et al. (2011) before Deterioration II.
However, both these two correlations fail to predict
Deterioration I. The Huang et al. (2015a) correlation
can predict the occurrence of Deterioration I, but it
tends to underestimate our numerical data at 75<
x/d<250. All these three correlations over-predict the
numerical data near the outlet of the tube. As listed in
Table 1, all these correlations were developed based
on P>3.5 MPa, under which Deterioration I and De-
terioration II were hardly observed. This is a reason
for the failure to predict the Deterioration I and De-
terioration II using these correlations. For the case of
P=5 MPa, the numerical data fit well with the
Stigemeier et al. (2002) correlation, while the other
two tend to underestimate the numerical Nu.

Fig. 12¢ shows the calculated Nu by empirical
correlations against numerical data at P=3—5 MPa. As
shown in Fig. 12¢, the calculated Nu fits well with the
numerical ones at Nu_sim<100, after which all these
correlations tend to over-predict the numerical data.
Most of the calculated Nu falls into the £30% error
bands of the numerical data. The mean absolute de-
viation (MAD) and the mean relative deviation
(MRD) were calculated by
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Table 1 Descriptions of empirical heat transfer correlations
Reference Correlation Medium Pressure (MPa)
Huang et al. 0.87 0.4137 China RP-3 avia- 3.6-54
(2015a) Nu=0.01019Re,” Pr,"* [CP] [”WJ . T,/T,<09,  tionkerosene
Cob Hy,
0.87 0.4372
Nut = 0.01219Re? Pr {CP] [”WJ . T,/T.>009
Cob Hy,
Stiegemeier et al. 2 JP-7, JP-8, 6.9
(2gooz) Nu = 0.016(1 + mj Rel*? P 1P-84100.
JP-10, and RP-1
Lietal. (2011) China RP-3 avia- 4.0

Nu=0.0435Re)*

tion kerosene

Note: Nu is the Nusselt number; Re is the Reynolds number; Pr is the Prandtl number; d is the tube diameter (m); the sub-
scripts b, w, and ¢ represent the fluid bulk, the tube wall, and the critical point, respectively

v |U. -U,
MAD:iz P 100%, (10)
N1 (]sim
v U -U,
MRD:izuxloO%, 11
N 1

where Uy and Ugy, are the predictive value and the
numerical value, respectively, and N is the number of
data.

Table 2 lists the MAD and MRD of the three
heat transfer correlations under different pressures. It
is indicated that all the aforementioned correlations
show better predictions for the cases at 5 MPa com-
pared with those at 3 MPa. The correlation proposed
by Li et al. (2011) fits best with the numerical results
under 3 MPa, while the correlation proposed by
Stiegemeier et al. (2002) exhibits better performance
under 5 MPa compared with the others. Overall, the
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Table 2 MAD and MRD of empirical heat transfer correlations under different pressures

o MAD MRD
Criterion
P=3 MPa P=5 MPa Overall P=3 MPa P=5MPa Overall
Huang et al. (2015a) 24.31% 15.05% 28.26% -17.87% —12.84% —14.17%
Stiegemeier et al. (2002) 21.89% 2.86% 16.33% 21.21% 1.62% 14.38%
Lietal. (2011) 17.44% 12.58% 20.20% 4.88% —11.37% 3.07%

correlation proposed by Stiegemeier et al. (2002) can
predict our numerical simulation best compared with
the other two.

4 Conclusions

In the present work, the convective heat transfer
characteristics of the downward RP-3 aviation kero-
sene under supercritical pressure in circular tubes
were studied numerically using the RNG 4-¢ two-
equation turbulent model. The effects of mass flow
rate (3.0-5.0 g/s), wall heat flux (150-300 kW/mz),
inlet pressure (3—5 MPa), and temperature (373—
473 K) on the HTCs were investigated. Those effects
on the heat transfer characteristics of supercritical
RP-3 aviation kerosene were studied by the variation
of one parameter at a time. Three types of heat
transfer deteriorations in the downward flow were
discussed. Based on the numerical results, several
conclusions can be obtained in the present work as
follows:

1. Three types of heat transfer deteriorations
were observed in the downward supercritical flow.
The first type of deterioration is caused by the de-
velopment of the thermal boundary layer and exists at
the entrance of the tube within x/d=10. The second
and third types of deterioration appear when the wall
or bulk fuel temperature approaches the pseudo-
critical temperature. Drastic variations of the kero-
sene properties and the concurrent thermal accelera-
tion effect in the near-wall region are the main reasons
for the second type of deterioration. The insufficient
cooling of the heated wall resulting from the unusual
radial velocity distribution leads to the occurrence of
the third type of deterioration.

2. The HTC increases with increasing mass flow
rate at the same bulk fuel temperature. The mass flow
rate has no effect on the end of Deterioration near the
inlet, while a higher mass flow rate delays the onsets

of Deterioration I and Deterioration II. The relative
degree of Deterioration II is severer as the mass flow
rate increases.

3. The effect of ¢y, on the thermal boundary layer
is more intense under a higher heat flux. The onsets of
Deterioration I and Deterioration II are delayed along
the tube axial direction under lower ¢, while the
deterioration is more pronounced at a higher wall heat
flux.

4. The inlet temperature only affects the starting
point of the heat transfer process at fixed m, P, and ¢,
while it has little effect on the heat transfer coeffi-
cient. The effect of P on Deterioration near the inlet is
negligible, while it strongly affects Deterioration I
and Deterioration II. Deterioration I and Deterioration
II are not observed for the cases with P higher than
3 MPa because of the more moderate variations of
properties of kerosene under higher pressures.

5. The numerical data fit well with the empirical
correlations proposed by Stiegemeier et al. (2002), Li
et al. (2011), and Huang et al. (2015a) under a pres-
sure of 3—5 MPa. Most of the calculated Nu falls into
the £30% error bands of the numerical data. The
Stiegemeier et al. (2002) correlation can predict the
heat transfer coefficient best with the MAD and MRD
of 16.33% and 14.38%, respectively. Note that the
MAD and MRD are limited to the computed cases in
the present work, and more studies are needed to
evaluate the prediction of aforementioned empirical
correlations.
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