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HIGHLIGHTS

« U-turn tube bending section has 40% ~ 2 times HTC larger than that in the straight tube section.

« “Sine curve” wall temperature distribution appears due to the coupling effect between centrifugal force and buoyancy.

« Heat transfer enhancement increases with the decrease of bending diameter.

o Grq/Grg, > 2 could be one criterion to evaluate buoyancy effect for supercritical hydrocarbon fuel flowing in U-turn tubes.
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Convective heat transfer characteristics of hydrocarbon fuel RP-3 flowing through U-turn tubes at super-
critical pressures were experimentally investigated. The inner diameter of U-turn tubes is 1.82 mm and
bending diameters are 20 mm, 30 mm and 40 mm. Inner wall temperature and HTC variations were ana-
lyzed under different physical factors including heat flux, system pressure, bending diameter and flow
direction. Test results indicate that centrifugal force strengthens the flow mixing at the bending section
and HTC is averagely enhanced by 40% to twice compared with straight tube. In addition, HTC values
increase with decrease of bend diameter and variation curves of all U-turn tubes are displayed as
“Inverted U” type. Finally, Gr,/Gry > 2 is concluded as one criterion evaluating buoyancy effect for super-
critical hydrocarbon fuel flowing in U-turn tubes.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

From the perspective of engineering thermodynamics, two
main ways are considered to improve the aircraft engine perfor-
mance: increasing the engine turbine inlet temperature and com-
pressor pressure ratio. However, the improvement of technical
parameters would face severe challenges of high temperature heat
load from outlet air temperature. According to the heat load and
cooling problem in aircraft engine, academic circles put forward
the CCA (Cooled Cooling Air) technology [1] which is suitable for
high performance aero-engine turbine components. CCA technol-
ogy refers to the heat exchanger installation on the aircraft engine,
with the aircraft’s own hydrocarbon fuel as cold source in advance.
The hot side will be turbine cooling air of high temperature compo-
nents and the heat exchange equipment would improve the
cooling quality of the cooling air. As the fuel feed system varies
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from 3.45 to 6.89 MPa in typical aero engine [2], hydrocarbon fuel
would be heated and compressed in the supercritical status. Hence,
flow and heat transfer characteristics should be clearly obtained
for aero-engine application.

Previous researches of supercritical fluid heat transfer mainly
focus on pure liquids such as water, carbon dioxide and some
refrigerating fluids. These investigations are based on the applica-
tion of supercritical boiler generator [3,4], membrane contactors
[5,6] and nuclear reactor technology [7,8]. Jackson and Hall [9]
analyzed the mechanism of heat transfer enhancement and
deterioration for supercritical fluid flowing in different directions.
The wall temperature is higher than fluid bulk temperature at
heating conditions and temperature gradient in the radial direction
could occur buoyancy due to the thermal properties variations.
Also, the turbulence energy is the main factor to trigger the heat
transfer enhancement or deterioration. A dimensionless criterion
Bo* defined as Bo* = Gr*/(Re****Pr®®) was proposed to predict the
buoyancy influences on heat transfer and enhancement happens
in the downward flow conditions. In the following research work
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Nomenclature

surface area (m?)

buoyancy factor

isobaric specific heat capacity (kJ/(kg K))
diameter (m)

mass flow rate (kg/(m? s))

Grashof number

enthalpy (kJ/kg)

heat transfer coefficient (W/(m? K))
electrical current (A)

length (m)

mass flux (g/s)

Nusselt number

pressure (MPa)

Prandtl number

heat (W)

heat flux (kW/m?)

Reynolds number

R(T) electronic resistivity (€2 m)

r radius (m)

*
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T temperature (K)

U voltage (V)

Greek

D heat power (W)

p density (kg/m?)

u dynamic viscosity (Pa s)
v kinetic viscosity (m?/s)

) thermal conductivity (W/(m K))
B thermal diffusivity (m?/s)
Subscripts

b bulk

i inner

0 outer

pc pseudo-critical

q heat flux

th thermal

w wall

X local position

about supercritical fluid heat transfer in vertical circular tube, sim-
ilar results were observed. Petukhov [10] and Majid Bazargan [11]
both investigated supercritical water heat transfer characteristics
flowing in horizontal tubes. The criterion of Grq < Gry, could judge
the buoyancy influence level in horizontal flow. Besides the buoy-
ancy effect, the thermal acceleration could also induce the heat
transfer deterioration in different mechanism compared with
buoyancy [12,13]. Shiralkar and Griffith [14,15] experimentally
studied convective heat transfer of supercritical CO, flowing in a
2 mm circular tube and the results demonstrate that there exist
wall temperature peaks in both upward and downward flow. McE-
ligot [16] and Jackson [17] analyzed that the bulk fluid density
decreased to make the turbulent flow relaminarization and then
deteriorated the heat transfer. Moreover, Liao [18,19] and Jiang
[20-22] systematically studied the supercritical CO, heat transfer
flowing in micro-tubes with various diameters. The results show
that the heat transfer deterioration occurs in the section of
pseudo-critical point when the Reynolds number is higher than
10°. Tube diameter could significantly affect heat transfer charac-
teristics on the basis of various wall temperature distributions
along the tube.

Compared with pure liquid, heat transfer for hydrocarbon fuel is
more complicated due to the mixture of hydrocarbons and chem-
ical reactions. John Holland Kriegert [23] used SF6 to replace avia-
tion kerosene to study heat transfer coefficient variation at
different factors. The results illustrate that system pressure and
flow direction have little influence on heat transfer when the
Reynolds number is lower than 10,000. However, system pressure
could change the heat transfer coefficient variation at high
Reynolds number conditions. Linne [24,25] experimentally investi-
gated thermal stability and heat transfer characteristics of super-
critical JP-7 in a 2.42 mm circular tube. In all experimental tubes
of different materials, thermal instability likes nucleate boiling
and heat transfer enhancement happened with the increase of heat
flux. It is also noted that the increasing inlet temperature could
reduce the thermal instability and there exists strong buoyancy
effects in all experiments. Hitch and his team [26,27] studied flow
and heat transfer of supercritical JP-7 and MCH flowing in vertical
tubes. The experimental phenomena indicate that buoyancy force
could lead to the mixed convection at the pseudo-critical section
when the pressure is twice larger than critical pressure.

For researches about flow and heat transfer of supercritical
fluid, most of them were experimented and simulated in straight
circular tubes. Some typical reviews about supercritical fluid heat
transfer have been published by Pioro [28,29], Duffey [30], and
Yoo [31] several years ago. However, researches about Chinese
typical aviation kerosene RP-3 are being carried out more and
more, such as thermal property measurements [32-35], convective
heat transfer [36-39], and flow resistance characteristics [40].
Furthermore, much more researches [41-44] focus on the thermal
oxidation and cracking influences on flow and heat transfer of
aviation kerosene RP-3. To consider the real application for air-
fuel heat exchanger in aero engines, heat transfer mechanism of
supercritical hydrocarbon fuel flowing through curved tubes is
vitally important. Thus, convective heat transfer of aviation
kerosene RP-3 flowing in U-turn tubes at supercritical pressures
is chosen to study and some meaningful results are conducted in
this paper.

2. Experimental
2.1. Test facility

Fig. 1 shows the schematic of supercritical fluid flow and heat
transfer system in Beihang University. The whole system consists
of three main sub-systems: preparative system, measured system
and reclaim system. In preparative system, the fuel in the tank is
pumped up to fixed system pressure by a metering pump
(SP6015, 15 MPa; 0.01-600 ml/min). The fuel from the pump is
divided into a major path fuel and a bypass fuel. The bypass fuel
was collected to reuse and one valve was set to control the system
pressure. Then the fuel mass flow rate was measured using a
Coriolis-force flow meter (Model: DMF-1-1, 0.15%, Sincerity) and
its value was also adjusted by the metering pump. In order to
achieve the required inlet temperature of the test section, two
pre-heaters were connected after the flow meter which were inde-
pendently controlled by DC power supplies with 20 kW capacity.

The system static pressure was measured by a pressure gage
transducer (Model 3051CA4, Rosemount) at the inlet of test sec-
tion. Two K-type sheathed thermocouples were inserted through
joints to measure the inlet and outlet fuel temperatures. After
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Fig. 1. Schematic

the measured system, the hot fuel was cooled down to room tem-
perature by fuel-water cooler and then collected to the waste fuel
barrels. All the measured experimental data were output in the
form of electrical signals, including absolute pressure, tempera-
ture, mass flow rate, heating voltage and current. The signal was
gathered by ADAM-4018 data acquisition, transformed by ADAM-
4520 to several documents and stored in the computer.

2.2. Test section

The experimental test section is stainless steel (1Cr18Ni9Ti)
tube with 1.82 mm inner diameter and 0.19 mm wall thickness.
All U-turn tubes are silver welded with stainless steel joint to
reduce the local pressure drop. The experimental tube has the
length of 800 mm with 500 mm heating section. In order to guar-
antee flow full development in the experimental section, 150 mm

of experimental system.

(L/d = 82.4) adiabatic sections are set aside both in the inlet and
outlet zones. Three different types of U-turn tubes with bend diam-
eters of 20 mm, 30 mm and 40 mm were fabricated in the identical
full length.

There are 25 K type thermocouples non-uniformly welded onto
the outer wall of the experimental tube to test the wall tempera-
tures. Fig. 2 shows the thermocouple distributions along the
U-turn tube and four thermocouples are distributed uniformly on
the cross section of bending center. The whole test section is
covered by insulating material called Aspen. All the wide range
of experimental parameters are displayed in Table 1.

2.3. Data reduction

The local heat transfer coefficient (HTC) h, is calculated by the
following equation.

Thermocouples

Outlet

4=

Copper electrode

L;,,=150mm
Inlet

Low=150mm
= /
i .’ o ® o O

—

Fig. 2. Thermocouples d

istribution of test U-turn tube.
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Table 1
U-turn tubes parameters and experimental conditions.
U-turn tube parameters Experimental Range
Inner diameter (mm) 1.82 System pressure (MPa) 3,4,5
Heated length (mm) 500 Mass flux (kg/m? s) 589-1375
Bending diameter (mm) 20 Heat flux (kW/m?) 50-700
30 Inlet temperature (K) 373-633
40 Flow directions Horizontal, up-down, down-up
Table 2 hx = L (1)
Measured Instruments and precisions. wa,in — Ty
Measured parameters Instruments Precisions where g, is effective heat flux onto the outer wall and it could be
Inner diameter Scanning Electron Microscope +0.0005 mm defined by
Mass flux Coriolis force mass flow-meter +0.15%
Fuel temperature K type armored thermocouple +0.5K 2 2 2
Outer wall temperature K type thermocouple +0.5K q, = I R(T)/[Tc(dmif — din)/‘” -q (2)
5 . o X d loss x
Current Ampere meter with output +0.2% T
Voltage Voltmeter with output +0.2% . . Lo . .
R(T) is electrical resistivity of the stainless steel tube. g, is heat
losses and the calibration should be done for each U-turn tube.
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Fig. 3. Temperature and HTC distributions under various heat fluxes.
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Fig. 4. Temperature and HTC distributions at low inlet Reynolds numbers.

The local fuel temperature T, is determined by the relationships
among the local heat flux, the inlet and outlet fuel enthalpy, which
have been measured in previous research [45]. The inner wall tem-
perature is calculated by solving the 1-D thermal conductivity
equation at the cylindrical coordinate system as follows

}"2<rﬂ>+<b:0

ror\ or (3)

The boundary conditions are

oT

r=To, 25 = QIoss(r)

Then Tyy; could be obtained by

. 12 r, @
wa.i = Lwxo — |:<q)§o - qx,lossro) 1117(: - Z(rg - rlz):l /kx

where T,,; and T,x, represent inner and outer wall tempera-

tures of the experimental tube. ® is power produced by per unit
volume of tube resistance and ky is local thermal conductivity of
the U-turn tube.

()

Table 2 shows the measured parameters and instruments preci-
sions. As the minimum temperature difference between the inside
wall and the bulk fuel is 30 K, the uncertainties of local wall tem-
perature and fuel temperature are +1.05 K and +0.85 K. Also, the
uncertainty of the effective heat flux is 2.7% due to the heat loss
calibration. According to the error transfer formula, the maximum
uncertainties of HTC is defined as +5.2%.

3. Results and discussion
3.1. Effect of heat flux

Fig. 3 shows the inner wall temperature, fuel bulk temperature
and HTC distributions for horizontal U-turn tubes. The experimen-
tal condition is 4 MPa system pressure, 523 K inlet temperature
and 1178 kg/m?s mass flux. The straight horizontal line in the
graph represents the pseudo-critical temperature. To evaluate the
equivalent heat transfer variation, the temperature measuring
points were set in the same plane of U-turn tube parallel to the
ground. The results show that the temperature gradient between
the fluid and the wall is large in the entrance area of the
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Fig. 5. Temperature and HTC distributions at various system pressures.

experimental section. Buoyancy force weakens the wall shear
stress and then causes flow “relaminarization” near the wall. Thus,
heat transfer deterioration phenomena occur and the extent gets
stronger with the increase of heat flux. The average wall and fuel
bulk temperatures are increasing as the fuel flows through the
tube. Also, isobaric heat capacity increase and viscosity decline
would lead the heat transfer to recover to the normal level.

After entering 180° bend area, the fuel flow is motivated by cen-
trifugal force and makes flow disturbance more disorder. Then tur-
bulence intensity is strengthened to trigger wall temperature drop
in this area, and convective HTC increases by about 40% compared
with straight area. As fuel flow has been changed to the opposite
direction, the fluid boundary layer develops again and the second
“entrance effect” occurs. HTC at the dimensionless location from
x/d =160 to 210 are in the range from deterioration to recovery
and HTC values remains stable along the tube at the same heat
flux. The increase level of wall temperature starts to slow down
with the increase of heat flux at the outlet section and HTC slowly
increases along the tube.

Heat transfer characteristics are shown in Fig. 4 as experimental
inlet Reynolds number was set in the lower level. The results

indicate that heat transfer significantly deteriorates at heat flux
conditions of 400 and 500 kW/m? before the bending section due
to the lower turbulence kinetic energy. At the dimensionless
position x/d from 0 to 120, the HTC values are in the range between
1200 kW/m? K and 1700 kW/m? K. The near wall temperature
is higher than pseudo-critical temperature and temperature
difference could lead strong buoyancy influences, and then heat
transfer deterioration occurs. At the bending section, centrifugal
force influence is much stronger than buoyancy effect and wall
temperature “trough value” appears in the center of the bend.
Moreover, HTC increases twice larger than that in the straight tube
section at the heat flux condition of 500 kW/m?.

3.2. Effect of system pressure

Fig. 5 displays inner wall temperature, fluid bulk temperature
and local HTC variations to compare system pressure effect
between 3 MPa and 5 MPa. At the inlet straight tube section, most
of inner wall temperatures are between pseudo critical tempera-
tures 669.8 K and 716.3 K. Thus, no obvious difference of HTC
variation could be obtained for two pressures. With the increase
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of fluid bulk temperature, the variation of thermal properties near
to the critical temperature is more severe and isobaric specific heat
capacity peak value of 3 MPa is much higher than 5 MPa as shown
in Fig. 6. It is shown in Fig. 5b that HTC value in 3 MPa is mostly
larger than that in 5 MPa when the dimensionless temperature
Ty/Tpe is higher than 0.95. Significant variation of thermal
properties plays the key factor to influence heat transfer distribu-
tion under different system pressures. Isobaric specific heat capac-
ity value of 5 MPa is higher than 3 MPa by about 40%, thermal
conductivity is less than 10%, and basically density value remains
the same. The thermal diffusivity ﬁ at 3 MPa leads to enhance-

ments of fluid momentum and thermal diffusion ability. Hence,
the outlet straight tube section has smaller temperature difference
between bulk fluid and wall, and then the heat transfer is
enhanced.

3.3. Effect of inlet Reynolds number

Mass flux variation could induce the variation of buoyancy in
the straight tube section and also affect heat transfer leading by
centrifugal force in the bending section. Inner wall temperature

and HTC variations of different mass fluxes at 4 MPa conditions
are shown in Fig. 7. The results demonstrate that inner wall tem-
peratures at lower inlet Reynolds numbers conditions are nearly
200K larger than the pseudo-critical temperature (701.2 K) and
fluid bulk temperature. The inlet effect could restrain the HTC
increase and leads to the increase of wall temperature. With the
increase of main flow temperature, the turbulent kinetic energy
could wear off the influence of buoyancy and recover the heat
exchange ability. The increase of inlet Reynolds number makes
an overall increase of turbulent kinetic energy and there appears
no obvious heat transfer deterioration at the inlet straight tube
section.

However, heat transfer enhancement is significantly observed
for all working conditions in the bending section. Centrifugal force
induced by bending could lead to stronger mixing between flow
boundaries and then strengthen convective heat transfer. At the
central area of bending section, HTC for low Reynolds number
condition is basically consistent. With the increase of bending sec-
tion Reynolds number, the ability of inner wall decline tends to
level off and heat transfer enhancement returns to the normal
level.
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Fig. 6. Hydrocarbon fuel thermal properties variation at different pressures.
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Fig. 7. Temperature and HTC distributions at various mass fluxes.

3.4. Effect of bend diameter

As bend diameters of U-turn tubes are different, centrifugal
forces induced are various to distinguish heat transfer characteris-
tics. Fig. 8 shows inner wall temperature, fuel bulk temperatures
and local HTC variations for different U-turn tubes. It is noted that
the bending diameter could influence the whole main flow pattern
and leads to the inner wall temperatures different distributions.
Obvious entrance effects are observed for three kinds of U-tubes
due to the boundary layer development and increasing thickness.
Density difference between the mainstream and the near wall
layer increases. And then the gravitational buoyancy lift has
affected the wall shear stress distribution to deteriorate the heat
transfer. Under the same entrance condition, centrifugal force
plays a leading role in the bending section. Heat transfer enhance-
ment is observed compared with straight tube section. It is
explained that the secondary flow induced by centrifugal force
moves outside and strengthen the turbulent mixing. The unit fuel
is motivated by the centrifugal force u?/r and the smaller bending
radius could make larger perturbation kinetic energy. Thus, 20 mm
U-turn tube has the lowest wall temperature and highest HTC
variations as shown in Fig. 8.

Fig. 8b shows that bending section temperature distribution
could influence the HTC at the straight tube section. For U-turn
tube with 40 mm bending diameter, maximum HTC at the bending
section is about 3 times larger than that at the straight tube sec-
tion. However, these value are only 1.75 and 1.67 times for
30 mm and 20 mm U-turn tubes. It could be explained that larger
bending diameter influence the fluid bulk temperature in the wide
range and inner wall temperature difference is declined between
the bending and straight sections. Centrifugal force increase the
density gradient near the wall and decrease the boundary layer
adhesion. Thus, heat transfer obviously enhances and HTC for all
bending diameters shows “Inverted U” type distributions.

3.5. Effect of flow direction

In order to evaluate flow direction effects on heat transfer,
U- turn tubes were set in two different vertical ways: up-down
and down-up. Fig. 9a shows inner wall temperature variations
for different flow directions that buoyancy slightly influence heat
transfer to make inner wall temperatures in the same level. As
compressed fuel flows into the circular tube with the developing
boundary layer, the entrance effect leads to the temperature peak
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Fig. 8. Temperature and HTC distributions at various bending diameters.

of upward flow to deteriorate the heat transfer. For 400 kW/m? and
500 kW/m? heat flux conditions, isobaric specific heat capacity
peak enhance the heat transfer in the region of pseudo critical
temperature under the condition of downward flow. Moreover,
heat transfer difference of different flow directions are mainly
due to the directions of flow and buoyancy. Density and viscosity
variations affect the velocity type of supercritical fuel, and in turn
to affect the thermal boundary layer development to induce inner
wall temperatures variations because of comprehensive buoyancy
lift. However, flow direction could not significantly deteriorate
heat transfer as centrifugal force plays the key point in the bending
section.

HTC variations for horizontal and vertical flows are displayed in
Fig. 9b. It is seen from the figure that HTC maximum value appears
at the bending center point for vertical flows. The reason is that
gravitational and centrifugal buoyancy couples at the same level
and heat exchange capacity strengthens near the center. For
horizontal flow, gravitational buoyancy is perpendicular to the
centrifugal force and the maximum coupling effect turns to the
downstream of the fuel flow direction. In addition, the second
entrance effect on the outlet straight tube section could be inhib-
ited due to the mixing by gravity and centrifugal force for the

vertical flow. As significant entrance effect is observed for the hor-
izontal flow, HTC decreases to the minimum value and then slowly
recovers to the regular heat transfer.

3.6. Combined effect of centrifugal and buoyancy forces

As centrifugal force and buoyancy effect exist during the super-
critical flow of hydrocarbon fuel in horizontal U-turn tubes, distri-
bution inhomogeneity of circumferential wall temperature is
significantly observed. To evaluate the above phenomena, 4 groups
of NiCr-NiSi thermocouples are uniformly welded on the dimen-
sionless position of x/d =134.4, corresponding to the bending
section center. Fig. 10 shows the thermocouple positions including
bottom(0°/360°), inside(90°), top(180°) and outside(270°). The
working heat flux varies from 100 kW/m? to 500 kW/m? and cir-
cumferential inner wall temperature distributions for different
mass flux are shown in Fig. 11. The results demonstrate that cir-
cumferential wall temperature distribution presents as ‘Standard
Sine’ curve. Inside wall temperature is the highest, outside value
is the lowest, and the top and the bottom wall temperatures are
at the basic level. It is explained that the centrifugal force mainly
leads to the temperature difference between inside and outside.
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Furthermore, Fig. 12 shows temperature differences between the
inside and outside (solid point line), and between the top and
bottom (hollow point line) variations along with heat flux. It is dis-
played in the figure that two kinds of wall temperature differences
gradually change with the tendency of linear growth.

As mainstream flow heat flux increases, fuel density and viscos-
ity decrease with the increase of fuel temperature. The main flow
velocity sharply increases when the mass flux is kept as constant.
Then the centrifugal acceleration starting to change the wall
temperature distribution. The figure shows that the inside wall
temperature is always larger than the outside and temperature dif-
ference increases from 20 K to 80 K, which is significant for circular
tube with 1.82 mm inner diameter. Nevertheless, the temperature
difference between top and bottom is within 6 K and buoyancy
effect could be ignored under these two working conditions.
Petukhov [10] proposed dimensionless number Gr,/Gry, to judge
the buoyancy influence in the horizontal circular tube flow as
follows:

_gpa'd’
Grq N Vﬁ}vb (6)
Gron =3 x 10°Re; °Pro®[1 + 2.4Re, /* (Pr?/® — 1)) (7)
Dr iw — ib ﬂ
il . S ©
2_ 1 pp—p
B=——F—7" 9
Pfim Ty —Ts ( )

Fig. 13 shows the correlation value variation along with heat
flux at the dimension-less position x/d = 134.4 for all experimental
conditions. The results conclude that the values of Gry/Gry, are all
less than one for high mass flux conditions and buoyancy effect
could not be considered. When the mass flux is 589 kg/m? s,
increasing tendency of temperature difference between top and
bottom begins to appear gently. The starting point corresponding
to the value of Gry/Gry, is about 2 and secondary flow induced by
buoyancy is starting to influence wall temperature distribution.
According to RC. Xin [46] research, the coupling effect between
centrifugal force and buoyancy could let the highest wall temper-
ature shift to the section of 90-180° at the same transverse plane.

In a word, Grq/Gry > 2 could be used to judge the buoyancy effect
on the bending section of supercritical hydrocarbon fuel heat
transfer in U-turn tubes.

4. Conclusion

Convective heat transfer characteristics of supercritical hydro-
carbon fuel RP-3 flowing through U-turn tubes were experimen-
tally investigated. Heat flux, system pressure, bending diameter
and flow directions effects on heat transfer were analyzed. Also,
buoyancy combined with centrifugal force influences on convec-
tive heat transfer were considered and the following conclusions
were obtained.

(1) Centrifugal force could strengthen the flow mixing at the
bending section and this enhances the HTC by 40% to 2 com-
pared with straight tube. The highest HTC value appears at
the bottom center of the bending section.

(2) Second “entrance effect” happens at the outlet straight tube
section for horizontal flow and the heat transfer ability starts
to recover to the normal level.

(3) With the decrease of bending diameter, flow centrifugal
force increases and heat transfer enhances. All U-turn tubes
HTC variation curves are displayed as “Inverted U” curves.

(4) Coupling effect between centrifugal force and buoyancy
influences the wall temperature distribution. Gry/Gry, > 2
is summarized as one criterion to evaluate buoyancy effect
for supercritical hydrocarbon fuel in U-turn tubes.
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