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Secondary Flow Effect on Supercritical Kerosene Oxidation
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ABSTRACT: Deposition in fuel cooling systems remains a
challenge to the development of active cooling technologies for
air-breathing engines. We experimentally and numerically inves-
tigated the influence of the secondary flow and heat-transfer
characteristics of supercritical kerosene in a coiled tube on
oxidation deposition. A coiled heated tube reactor (3000 mm long,
23 cycles) under constant heat flux and flow rate was applied to
simulate the conditions of the fuel side in the heat exchanger of an
aero-engine cooling system. The coupling characteristics of coking
distribution with the development of secondary flow were studied
along the whole pipe. The dynamic pressure, temperature, and T e 7

velocity were analyzed in two specific circular cross sections T
located in the bend of the tube. The secondary flows induced in

the coiled tube greatly enhance the heat transfer and slightly decrease the deposition rate, resulting in linear wall temperature profiles
and a uniform coking distribution along the tube compared to the long straight tube. There is no obvious heat-transfer enhancement
or deterioration in the whole coiled tube. The modified heat-transfer correlation of the supercritical RP-3 in the coiled tube was
fitted at different flow rates and heat fluxes with an error of +10%.

1. INTRODUCTION

With the development of aero-engine technology, the
increased thrust of the engine requires a higher supercharging
ratio and turbine inlet temperature. The increase of the
pressure ratio leads to a higher compressor outlet temperature
of the air, part of which is applied to cool the turbine fan. In

other advantages. When the fuel temperature increases, the fuel
will be in a supercritical state. In this state, the physical
properties of the fuel will change significantly. For example, the
density of the fuel will decrease, the surface tension will
disappear, and the diffusion ability will be enhanced.
Therefore, the atomization effect and the combustion

addition, in the combustor, the temperature of the outlet
increases significantly as a result of high-temperature
combustion, which increases the heat load of the turbine. In
the next-generation engine, the maximum operating temper-
ature of the turbine will reach 2400 K. To ensure the operative
condition of the turbine at high temperature, researchers have
proposed the CCA (cooled cooling air) cooling technology of
adding a heat exchanger on the aero-engine. In 1999, Bruening
et al." designed a way to improve the quality of cooling gas by
using this heat-exchange method on military aircraft. To
enhance the performance of the cooling air, a heat exchanger is
installed on the bypass of the aero-engine, and the aviation fuel
is used as the heat sink to precool the air used for the cooling
of the turbine.

Using aviation fuel as the cooling medium can reduce the
temperature of the air used for cooling and also improve the
cooling efficiency of high-temperature components. At the
same time, using aviation fuel as a cooling medium instead of
using the air of engine bypass will not cause adverse problems
such as pressure loss of bypass. In addition, there are some
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efficiency will be substantially improved. Because of the
physical characteristics of aviation kerosene, the air—fuel heat
exchanger is a possible way to reduce the temperature of
cooling air for advanced aero-engines.

There has been much research on air—fuel heat exchangers.
Tibbs” explored a way to extend the service life of an air-fuel
heat exchanger. Nir’ designed a heat exchanger with three
kinds of fluid flows. The first and second series of tube bundles
were used to circulate the first and second fluid, respectively.
The third fluid was circulated between the two tube bundles
and the shell, which contacts the two tube bundles and
exchanges heat with the first two fluids and finally realizes heat
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exchange among the three fluids. Nacke” designed an air—fuel
heat exchanger model suited for the high Mach number. The
heat exchanger adopts a method of differential heat-transfer
rate calculation and integration to achieve a highly modular
design with small size and lightweight. Nacke et al.” proposed
another compact and efficient high-Mach-number air-fuel heat
exchanger, consisting of closely arranged modules composed of
microchannels and fins. Holmes et al.’° designed a compact
compressor heat exchanger for natural gas. By comparing the
structural parameters of various heat exchangers, they finally
chose a compact heat exchanger and used a panel design with
heat pipes. Manteufel et al.” arranged a heat exchanger with a
rectangular microchannel structure as the liquid kerosene flow
channel. Kim et al® studied the heat-transfer and flow
characteristics of an air—fuel heat exchanger with high-speed
external duct flow and observed the cooling effect by adoptin
different installation positions and methods. Sundén et al.
expounded the influence of fin change on the heat exchange
area and calculated the influence of several fin types on the
change in temperature and pressure of the heat exchanger
through data by changing the shape and fins arrangement.
Based on the research prospect of using an air-fuel heat
exchanger in aero-engines, it is necessary to adopt an efficient
and compact heat-transfer mode and structure. Although the
heat-transfer performance of aviation fuel is better than that of
air, fuel chemical reactions such as the oxidation coking
reaction will occur at high temperature so that the life of the
heat exchanger is reduced.

When the aviation fuel acts as the coolant in the engine
cooling system, it reacts with dissolved oxygen and oxygenated
compounds at temperatures ranging from 423 to 723 K to
form coke deposition on the inner surface of the fuel channel
of the heat exchanger, which can deteriorate the heat transfer
and even block fuel flow.'” The autoxidation chain can be
terminated by reducing the concentration of dissolved
oxygen.'' Temperature is also a critical factor in determining
the thermal oxidation reaction process of fuel.'” When the fuel
temperature rises above 421 K, the dissolved oxygen begins
reacting with the components in the fuel to generate coking
precursors and then initiates a series of free-radical chain
reactions to generate coking. This form of coking is mainly
caused by thermal-oxidative reactions, so it is called thermal
oxidation coking. When the fuel temperature is lower than 644
K, the dissolved oxygen in the fuel is the main influencing
factor for coking. In this temperature range, the concentration
of dissolved oxygen dramatically affects the formation rate of
coking. With a temperature increase, the rate of the thermal
oxidation reaction accelerates and reaches a peak at 644 K.
After the consumption of dissolved oxygen, the thermal
oxidation reaction gradually ends. As the fuel temperature
continues to rise to approximately 700 K, the coking reaction
mechanism begins to change to the stage of the thermal
cracking reaction. In the pyrolysis reaction, the chemical bonds
are broken into smaller alkanes and some hydrogen elements,
forming coking deposits. This form of coking is called pyrolysis
coking.'"'*

Coking will cause the cooling pathway to be blocked,
reducing mechanical properties, and coking products will block
the nozzle of the engine, affecting the performance of the
engine.'” Thus, thermal stability and heat-transfer character-
istic studies are very important for the application of active fuel
cooling technology. Temperature is the main factor affecting
the coking of aviation kerosene; in addition, pressure and

surface materials are also important factors affecting coking.
Watt et al.'® found that within the pressure range of 0.017—
424 MPa both the total amount of coking and the local
amount of coking decreased with pressure, indicating that the
increase in pressure could inhibit the fuel coking, Jones et al."”
studied the influence of surface materials on coking and
verified the catalytic effect of metal surfaces on oxidative
coking. But surface passivation treatment can reduce the
coking rate. The structure of a heat exchanger pipe is also an
important factor affecting coking. Previous studies on the
oxidation deposition properties of liquid fuel were mainly
conducted in straight tubes.'*">' The geometry of the tube
defines the flow regime, which has a significant impact on the
deposition process and heat-transfer characteristics. The
helically coiled tube is widely used as a heat exchanger in
various cooling systems. Yildiz et al.** analyzed the pressure
drops and heat transfer of helical tubes at different air inlet flow
rates. The higher heat-transfer rate and pressure drop in the
helical pipe are due to the secondary flow of the fluid. An
increase in momentum transfer results in the growth in the rate
of heat transfer. Rao et al.*’ measured the fully developed
turbulent fanning friction factors and Nusselt numbers for
purely viscous power-law non-Newtonian fluids in helical coils
through experiments and a new equation of the turbulent
friction coefficient was proposed. Austen et al.”* explored the
influence of pitch on the pressure drop and heat-transfer
characteristics of helical coils under the uniform input heat
flux. In their study, the pitch affects the friction factor and the
Nusselt number. Chingulpitak et al.*> tested the effects of
various geometries of helical capillary tubes on the flow
characteristics of alternative refrigerants and demonstrated that
the length of helical capillary tubes was affected by coil
diameter variation (less than 300 mm) for helical capillary tube
geometries. Ferng et al.”® gave a computational fluid dynamics
methodology to investigate the effects of different pitch sizes
and Dean numbers on the thermal-hydraulic characteristics of
a helically coil-tube heat exchanger. In their study, the CFD
methodology can capture the thermal and hydraulic character-
istics such as flow acceleration and separation in the shell side,
secondary flow on the tube side etc. Zhang et al.”’
experimentally studied the heat-transfer characteristics of
supercritical CO, by heating it in a vertical helical tube with
an inner diameter of 9 mm and developed correlations for the
heat-transfer coefficient. Wang et al.”** carried out a numerical
simulation of the heat-transfer performance of heated super-
critical CO, in a helical tube and found that the secondary flow
pattern caused by buoyancy was similar to that caused by
centrifugal force. Centrifugal force causes the fluid to flow
faster on the outside of the helical tube than inside the tube.
Ebadian et al.**° used numerical methods to study the effects
of different bending diameters and pitches on a specific fluid
flow in a spiral tube under the constant heat flux and wall
temperature conditions. It was found that the temperature
distribution of the circular cross-section was asymmetric with
the increasing pitch in laminar flow.

In summary, many researchers only focused on the heat-
transfer investigation of supercritical fluids such as water and
CO,.”"*"** In contrast, research on the deposition process and
heat-transfer characteristics of supercritical kerosene, especially
in the structure of helically coiled tubes in heat exchanger
applications, is still lacking. The present study carried out
experimental work and numerical simulation on the heat
transfer and oxidation deposition of aviation kerosene RP-3
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under a supercritical pressure in the helically coiled tube. The
influence of secondary flow on oxidation deposition from
heated kerosene is revealed. In addition, we analyzed the
deposition and heat transfer of a single coil of the helically
coiled tube.

2. EXPERIMENTAL AND NUMERICAL METHOD

2.1. Experimental setup. Standard Chinese aviation
kerosene (RP-3) was chosen as the coolant fuel. The critical
temperature and pressure of RP-3 are 645.5 K and 2.39 MPa,
respectively.”” The density and relative molecular weight of
kerosene at room temperature are 0.7913 g/cm® and 148.33 g/
mol, respectively. Details of the experimental setup and
measurement systems are provided in Figure 1. The amount
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o Back pressure
Filter I
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I = Cleaning
RP-3 [ i
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Figure 1. Schematic of the experimental setup.

of deposition was evaluated by the weighing method, which
has been successfully applied and verified in our previous
research.”® The shapes of the fuel cooling path have a
significant influence on the heat transfer and deposition
process, in which one of the widely used cooling structures is
the coiled tube pathway due to its compact feature. Therefore,
a coiled heated tube reactor under the constant heat flux and
the flow rate was applied to simulate the heat-exchanger in an
aero-engine cooling system. The structure, thermocouple
measurement position, parameters, and characteristics of the
coiled are provided in Figure 2a,b. The helically coiled tube, as
a form of 3000 mm long and 23 cycles, is made of 316 stainless
steel with an inner diameter of 2 mm and a wall thickness of
0.5 mm. In Figure 2b, a coil pitch, P, and a coil radius, R, are 22
and 50 mm, respectively.

In the experiment, the heating time was set to 1.75 h to
ensure thermal balance for the flow. The mass flow rate is 1 g/
s, and the temperature at the entrance is set at 300 K with a
constant heat flux of 60 kW/m? under the pressure condition

of 3 MPa. The heat-transfer coefficient of the experiment can
be calculated as follows

h=q/(T, - T) (1)

where g is the heat flux, which depends on the heating power
and excludes the heat loss, T, is the temperature of the wall,
and Ty, is the temperature of the kerosene. The uncertainty of
heat flux results from the heating voltage and current. The local
temperature difference consists of the deviation between the
outer wall and the fuel temperature. The uncertainty of the
local convective heat-transfer coefficient is composed of heat
flux, local temperature difference, and experimental instrument
error. Moreover, the uncertainty of the mass flow rate is +0.2,
and the uncertainty of the pressure is +1%.

a 2 2
uncertainty of heat flux: & = (%) +(%] = 5.055%
1
(2)
JOT,)? + (5T
uncertaintyofheatﬂux:‘ S(AT)’ < ( w) ( F) ~ 7.1%
ATmax
3)
oh (s5Q) (Y (8(AT)Y
heat-transfer coefﬁcient:( ’c] = \/(—Q] + (—) + (—] <10
h Q F AT
% 4)

2.2. Numerical Model. A commercial software, Ansys
Fluent, was utilized to solve the steady and three-dimen-
sional flow as well as heat transfer in the coiled tube model.
The turbulent model of standard k — & was applied by
considering the transition from laminar flow to turbulent flow,
which has been verified and widely used in the relevant
investigation on the coiled tube.”**’ The governing equations
in finite volume form were solved iteratively by using a second-
order upwind scheme. In addition, the SIMPLEC pressure—
velocity coupling scheme was employed in the solution of the
momentum equations. When the normalized error residuals for
all of the calculated variables are reduced to 6 orders of
magnitude below their maxima, the solution is deemed to be
converged. The boundary conditions of the simulation are
coincidental to the experiment. The mesh of the cross-section
of the coiled tube is the o-grid, and the independent study on
mesh has been conducted. After the grid independence study,
the total number of mesh cells used in the numerical
simulation is optimized as 596,160. The thermal physical
properties of the aviation kerosene are temperature-dependent
and defined by using a three-component surrogate model in
our previous simulation.”*® When the flow state is close to the
critical point, small changes in pressure or temperature result
in significant changes in the thermal properties and the fuel
becomes a supercritical fluid with gaslike diffusivity, density,

/wwo/wwmwnnnv’l
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Figure 2. Structure and parameters of the coiled and thermocouple locations (a, structure; b, parameters).
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and viscosity.”' The specific heat capacity increases sharply
near the critical temperature, the density decreases sharply, and
the thermal conductivity reaches a low value. The deposition
process and the chemical reactions of thermal oxidation coking
were neglected in the simulation.

3. RESULTS AND DISCUSSION

The experimental wall temperature and deposition profiles
along the tube as the increase of heating time are shown in
Figure 3. The fuel temperature and the local wall temperature
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Figure 3. Measured wall temperature and deposition profiles along
the tube.

are linearly increased along the tube. The slope of the wall
temperature profile is increased as the heating proceeds. There
is a slight fluctuation in the mass distribution of deposition
along the tube. In our previous study,'’ we conducted the
deposition experiment in a straight tube reactor with the same
heating time, flow rate, and outlet fuel temperature compared
to the coiled tube experiment. In comparison with the situation
of the coiled tube in Figure 3, the wall temperature distribution
along the straight tube has many fluctuations, and its values are
nearly 100 K higher than that of the coiled tube because
secondary flows in the coiled tube enhance the heat transfer of
the flow. In addition, the inlet effect is not very obvious on the
deposition near the inlet because of the entrainment effect of
the secondary flow on the boundary layer in the coiled tube
compared to the straight tube. The average deposition rate of
the coiled tube is 0.1162 mg/ cm?>h, which is higher than that
of 0.1036 mg/ cm?h in the straight tube.>® Under the turbulent
conditions of the relatively high Re number, the heat and mass
exchanges are enhanced and there is a thinner boundary layer,
which benefits the deposition process.”® To illustrate the
secondary flow effect on the coiled tube, we compared the
deposition result of the coiled tube to that in straight tubes
under similar experimental conditions. Zhu et al.”” conducted
an oxidation coking experiment on supercritical aviation
kerosene for 1 h in a 1.6 m long straight pipe with an external
diameter of 2.2 mm and internal diameter of 1.78 mm, setting
the inlet temperature at 403 K and the outlet temperature at
723 K. There was a unimodal deposition rate up to 0.8 mg/
cm?/h in the middle of the test section in this experiment, and
the deposition rate was around 0.1 mg/cm>h in the other
section. Liu et al.*® improved a kinetic model for deposition
through thermal oxidation of aviation hydrocarbon fuels
experiment. Their reactive tube was 1.9 m long with 2.2 mm
outside diameter and 1.8 mm inside diameter. The experiment

lasted for 3 h, and the fuel flow rate was 1 g/s. The inlet
temperature was 300 K, and the outlet temperature was 710 K.
The average deposition rate in their experiment was about 0.1
mg/ cm?h. The coke distribution in the tube was not uniform;
there are deterioration areas with much more coking, which
would cause partial blockage of the straight pipe. The coiled
tube makes the coke distribution more uniform because there
is no local bonding deterioration of the secondary flow.
Figure 4 shows the fuel temperature and Reynolds number
along the coiled tube. The Reynolds number increases rapidly
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Figure 4. Fuel temperature and Reynolds number along the coiled
tube.

in the back part of the tube because the temperature at the
back part of the tube is close to the supercritical temperature of
fuel and the density and viscosity change significantly, which
leads to the Reynolds number rising sharply. As shown in
Figure S, some deviations occur at the first 1000 mm of the
tube between experimental data and numerical simulation
results due to the inlet effect in actual flow. In the front section
of the flow pipeline, the experimental value is generally higher
than the numerical simulation result, while in the back section
of the flow pipeline, the two results approach. Experimental
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Numerical results
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Figure 5. Comparison of outer wall temperature between

experimental and numerical results.
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Figure 7. Cross-section temperature along the coiled tube.
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Figure 8. Cross-section velocity along the coiled tube.
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error is up to 5%, including measurement and acquisition
errors.

Numerical wall temperature distribution along the coiled
tube is gradually increased in Figure 6. Figure 7 shows the half
cross-section temperature along the coiled tube, and Figure 8
shows the cross-section velocity and streamlines. We define the
axial direction facing the center as the inner wall and the other

direction as the outer wall. As shown, the upward direction is
the outer wall and the downward direction is the inner wall.
The temperature contour of the cross-section is slightly
changed in the core but changes fast near the wall, and the
maximum temperature takes place near the inner side.
Secondary flows lead to a pair of symmetrical vortices in the
cross-section and the fluid trajectory is in the form of a double
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Figure 10. Wall temperature and deposition of each section of 10th and 22nd turns of the coiled tube (a, no. 10; b, no. 22).
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coil. The unbalanced centrifugal forces of the main flow result
in the shift of the maximum velocity fields to the outer wall.
Because of the particular structure of the coiled, the fluid will
generate centrifugal force during the flow process, and
centrifugal force will cause secondary flow in the mainstream
direction, that is, Dean Vortex. At the same time, buoyancy will
be generated in the heating pipe, and buoyancy will also cause
secondary flow, that is, the so-called Morton vortex. Secondary
flows displace the position of the maximum total pressure
toward the outside of the tube. The flow is fully developed
along the coil, and secondary flows dominate the flow field. As
the flow progresses, the structure of the secondary flow
gradually becomes smaller. As the temperature rises above the
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critical temperature, the physical properties of the fluid change
significantly, resulting in the increase of the flow velocity.

In order to further study the flow heat transfer and
deposition characteristics of a single coil in the spiral tube
heat exchanger, thermocouples were arranged outside the heat
exchange tube at an interval of 90° along the 10th and 22nd
coils of the heat exchanger as shown in Figure 2b, and the
deposition results were measured, respectively. Figure 9 shows
the wall temperature variation along the 10th and 22nd cycles
with time. It can be seen that the temperature variation trend
of each point is the same within the first 10 min. This is a
process of the gradual establishment of the flow field, low fuel
temperature, and relatively simple flow in the pipe. After 10
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Figure 13. Cross-section temperature and velocity contours along the 22nd circle.

min, the changing trend of wall temperature at each point
along the process begins to be different. After a period of
rising, it gradually tends to a stable heat balance state. There is
a nonlinear increase in the 22nd cycle, mainly because the fuel
is already in the supercritical state and the Re number is also at
a high level, resulting in the further complexity of the fuel flow
development. In this way, the heat transfer is affected by the
combined action of supercritical characteristics, secondary
flow, and buoyancy. The results of temperature and deposition
in the two circles are compared in Figure 10. By comparing the
distribution of wall temperature in each section, the influence
of flow on heat exchange after heating is more prominent. At
the same time, it reveals that there would be a heat-exchange
enhancement process from the temperature rising section to
the falling section, which also brings changes in the deposition.
There is a higher amount of deposition near the lower
temperature due to the formation of a temperature gradient
induced by enhanced heat transfer.'’ At the same time, the
solubility of deposition precursors will be reduced and
deposited in the low temperature area. Because the
experimental time is 1.75 h, the total amount of deposition
is relatively small, and the deposition has little effect on heat
exchange. Generally, when the heating time is more than 2 h,
there is an obvious obstruction to heat exchange. At the same
time, due to the complex flow of spiral tube and the effect of
secondary flow, the effect of deposition on heat exchange could
not be classified independently in the coiled tube in this study.
The results of density and average pressure in the two circles
are compared in Figure 11. With the continuous inflow of heat
flow, the fluid reaches the critical state and its density,
viscosity, and other parameters are reduced, which enhances
the effect of buoyancy and increases the flow speed. The

strength of the centrifugal force on the cross-section decreases,
and so does the strength of the secondary flow.

In order to further study the flow state in these two circles,
Figure 12 and Figure 13 show the calculation results of the
temperature distribution and velocity of the 10th and 22nd
circle of the coiled tube, respectively. It can be found that the
maximum temperature difference inside the two rings is about
40 K and the temperature on the inner wall is always higher
than that on the outer wall. The temperature on each section is
nonuniformity. With the increase of flow length, the temper-
ature nonuniformity on the flow section increases gradually
under the influence of centrifugal force. At the cross-section of
the 22nd circle, the temperature exceeds the critical temper-
ature of the fluid, which also leads to an increase in the
nonuniformity of the flow and affects the temperature
distribution. Considering the profiles in Figure 10 and the
simulation results in Figures 12 and 13, the heat-transfer
coeflicient has a periodic distribution in the flow direction. The
maximum value appears in the vertical rise (90°) and the
descending section (270°) of the coiled tube. The temperature
on both sides of the section is almost similar. The external
temperature is obviously greater than the internal temperature,
and the temperature distribution is symmetrical about the
horizontal line from inside to outside. This shows that
centrifugal force plays a dominant role compared with
buoyancy force. Figure 14 shows contours of dimensionless

total pressure ((P —p )/ %pUém) along the 10th circle,”

which are of the difference between the total pressure (P) and
the static pressure (P,) at the start of the bend divided by the

maximum velocity head (%pUiax) of the first bend (0°). The

secondary flow pushes the position of maximum total pressure
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The heat transfer has been investigated at different flow rates
from 0.5 to 3 g/s and heat fluxes from 25 to 65 kW/m”. The
flow regime in the coiled tube is dominated by the secondary
flow, which is affected by the Dean number, defined as

D =R, \/g ,*” where R, is the Reynolds number,  is the radius

of the pipe, and R is the radius of curvature of the pipe axis.
Most of the previous research””*>***" on the Nu number of
the coiled tube was conducted at low Reynolds number and
low temperature, while there was also some research on
aviation kerosene in the coiled tube at high Reynolds numbers
and high temperatures. The heat-transfer correlation of the
coiled tube can be based on a general correlation for forced
convection heat transfer, that is, the Dittus—-Boelter
correlation as Nu, = 0.0243Re,**pr,**.** Supercritical proper-
ties of the fuel are taken into account by the function of the
boundary layer. The Nusselt number correlation of the
supercritical fuel in the coiled tube is modified as

0.2942
[ ] 1+ 21.4(1)
x
1.102
Nu
1+ 11.75[—J
(5)

where the exit effect is considered and corrected by the
/T:”p(T) ar

b
the tube and x is the position along fluid direction. In the
subscript, f represents the supercritical properties of the

Pt

Py

Nu
— = 0.0741

(1 + De—0.7993)
Nu

[

Nu,

function of p, = in which d is the inner diameter of

w

boundary layer effect calculated as 4 and b is a calculated

value; w is the measured wall temperature. The comparison of
the results calculated by the modified correlation equation and
the experimental data is plotted in Figure 1S. The error
between the experimental and calculated values is within
+10%.

4. CONCLUSIONS

A coiled tube 3000 mm long and with 23 cycles has been
employed as the heat exchanger to investigate the deposition
and heat-transfer characteristics of supercritical aviation fuel
RP-3 both in experimental and numerical methods. The
flowing heating experiments show that the relatively high

Figure 15. Comparison of the results calculated by the modified
correlation equation and experimental data in the coiled tube.

Reynolds number and turbulent flow in the coiled tube
considerably enhance heat transfer and decrease the deposition
rates. Compared with straight tubes in the reference work,
coiled tubes have a more uniform coking distribution and do
not show obvious areas of coking deterioration. The effect of
secondary flow and centrifugal force leads to the trans-
formation of flow patterns in the spiral tube, which greatly
influences pressure and temperature distribution in the spiral
tube. Along the flow, the secondary flow structure decreases as
the fluid gradually enters the supercritical state. The effects of
secondary flows in the coiled tube are illustrated numerically in
the distribution of dynamic pressure, temperature, and velocity
in the circular cross-section located in the middle of the tube.
The secondary flow development is almost complete in the
front part of the coiled tube, which makes the dynamic
pressure, pressure, and temperature change with the flow in a
single trend. Finally, considering the effects of supercritical
properties of the fuel, boundary layer, secondary flow, and exit
effect, the correlation of heat transfer in the coiled tube is
modified based on the experimental data of the aviation fuel of
RP-3. The modified heat-transfer correlation of the super-
critical RP-3 in the coiled tube has been fitted, and the error is
within +10%.
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