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Experimental investigations on heat transfer of supercritical pressure aviation hydrocarbon fuel RP-3 in a
horizontal miniature round tube were conducted. The influence of buoyancy on heat transfer of RP-3 was
studied. Buoyancy effect is particularly significant in horizontal flows, which leads to non-uniform tem-
perature distributions in cross section of the test section even for the miniature round tube. The buoyancy
effects of heat transfer can be well evaluated by the non-dimensional parameter Grq/Gry, developed by
Petukhov. And this criterion was first tested for the horizontal flow in miniature round tube under super-
critical pressure conditions. At last, this paper proposed a correlation of Nusselt number for supercritical
pressure aviation fuel in the horizontal tube.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Industrial processes involving heat transfer of supercritical
pressure fluids have been taken considerable attention in the past
few decades. These applications include supercritical extraction
systems using carbon dioxide as extractant, nuclear reactor using
supercritical pressure water cooled reactor, rocket motors using
hydrogen as working fluid, etc. Besides, the need for enhanced
engine performance will drive future gas turbines to higher gas
temperature at turbine inlet. In order to achieve this goal,
improved material temperature capability and ameliorated cooling
techniques have been a primary focus in this area. For these rea-
sons above, the concept of cooled cooling air (CCA) [1,2] was pro-
posed. The air taken off the compressor exit is cooled as it passes
through an air-fuel heat exchanger, and then it is taken back into
the bore of turbine to cool the rotor. In the typical aero-engine fuel
system, the pressure of aviation fuel is 34-68 atm (3.45-6.89 MPa),
which is beyond the critical pressure of fuel. In the fuel cooling
process, the immense cooling tasks and limited fuel supply require
the heat exchanger fuel temperature approaching and rising
beyond the critical point.

Many studies [3-17] have been experimentally and numerically
investigated on the heat transfer characteristic of supercritical flu-
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ids. For a given supercritical pressure, there is a temperature at
which the specific heat capacity has a maximum, and variations
in other thermo-physical properties with temperature are highest.
This temperature is called pseudo-critical temperature. Due to sig-
nificant variations of thermo-physical properties near the pseudo-
critical temperature, heat transfer characteristics are substantially
different from the heat transfer behaviors at subcritical pressures.

Petukhov [11] proposed a non-dimensional criteria to evaluate
the buoyancy effects on the heat transfer for horizontal flow based
on experimental and theoretical research. When Grq < Gry, the
buoyancy effects on horizontal flow heat transfer is insignificant.
Buoyancy effects may lead to non-uniform local wall temperature
distributions in experimental pipes. The majority of the theoretical
and experimental research in the past decades were for the vertical
flows. Bazargan et al. [12] investigated the buoyancy effect on heat
transfer of supercritical water in a horizontal round tube. They
found that neglecting buoyancy could cause large discrepancies
between the predictions of available empirical correlations and
the experimental. Shitman [13] investigated the buoyancy effects
of supercritical pressure water in horizontal tubes, and he also pro-
posed the product of Prandtl number and Grashof number as a cri-
terion to evaluate the buoyancy effects. Yu et al. [14] investigated
the influence of buoyancy on heat transfer to the water in horizon-
tal tube under supercritical pressure. They used two buoyancy cri-
terions to evaluate the buoyancy effects on heat transfer. Recently,
Hooman et al. systemically studied the significant buoyancy effect
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Nomenclature

A surface area

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

g gravitational acceleration (m/s?)
G mass flow rate (kg/(m?-s))

Gr Grashof number

H enthalpy (kJ/kg)

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

k thermal conductivity (W/(m-K))
L length (m)

Nu Nusselt number

m mass flow velocity (g/s)

P pressure (MPa)

Pr Prandtl number

Q heat (W)

q heat flux (kW/m?)

R(T) electronic resistivity (Q-m)

r radius (m)

T temperature (K)

Re Reynolds number

U voltage (V)

Greek

D heat power (W)

B thermal diffusivity (m?/s)

p density (kg/m?)

n dynamic viscosity (Pa-s)

v kinetic viscosity (m?/s)

) thermal conductivity (W/(m-K))

Subscripts

b bulk

c critical

in inside

out outside

pc pseudo-critical
w wall

X local position

on turbulent convective heat transfer in different channels using
numerical method, like inclined pipes [18], corrugated channels
[19], concentric and eccentric annuli [20]. It is observed in their
research that heat transfer enhancement and deterioration happen
at different structures and Reynolds numbers. And then, the exper-
imental research [21] about buoyancy effect of supercritical refrig-
erant on heat transfer in plate heat exchangers were conducted.
The research indicated various heat transfer characteristics occur
at different corrugation angles.

Although much work have been done to find out the mecha-
nism of heat transfer at supercritical pressures, this issue is not
quite clear and thorough. Especially, most analytical and experi-
mental research focused on the flow and heat transfer in vertical
flows. Due to the paucity of experimental data for horizontal flows,
more experimental data with heat transfer in horizontal flows are
needed. The effects of buoyancy due to heating and its specific con-
vective heat transfer characteristics should be explored.

2. Experimental system

Fig. 1 shows the experimental system. It includes the prepara-
tive system, the measured system and reclaimed system. In
preparative system, the fuel in tank 1 is pumped up to 15 MPa
by a plunger metering pump (SP6015). The mass flow rate of the
primary path fuel was measured using a Coriolis-force flow meter
(DMF-1-1, 0.15%). In order to pre-heated the fluid to some level of
inlet temperatures of the test section, the pre-pressurized primary
path fuel was heated (up to 820K) by two pre-heaters (20 kW,
each).

In the test section, a pressure gage transducer (Model 3051CA4,
Rosemount) is used to measure the static pressure at the inlet of
the test section. The fuel temperature is measured at the inlet
and outlet of the test tube with K-type armored thermocouples,
respectively. After testing, the heated fuel was cooled lower than
310K by water cooled shell-tube heat exchanger, and then the
water was imported to the water tank after cooled down by the
cooling tower. Fig. 2 shows that the test section is a stainless steel
(1Cr18Ni9Ti) round tube with the outside diameter of 2.2 mm and
a thickness of 0.17 mm. Ten pairs of K-type thermocouples with an
accuracy of 0.3 K were welded onto the top and bottom surface of

the test tube. A thermally insulated length of 125 mm preceded the
heated length of 550 mm, which was followed by a thermally insu-
lated length of 125 mm as shown in Fig. 3.

The accuracy of the mass flow meter was 0.25%. The pressure
gage transducer and the differential pressure transducer were cal-
ibrated using a pressure calibrator, and the accuracy of the trans-
ducers was found to be 0.2% of the reading. All the
thermocouples were calibrated in a constant temperature bath
and the measurement accuracy was found to be 0.6%. The experi-
mental system was thought to be steady when the inlet, outlet fuel
and outside wall temperatures varied within the band of +0.2 °C
and the system pressure and flow rate fluctuations were within
+0.4%. All data were exported in the form of electric signals and
recorded by ADAM-4520 system to the computer.

3. Data reduction

The local heat transfer coefficient (HTC) hy is defined by

q
hy=—— 2% 1
wa,in - Tb.x ( )

where the heat flux gy is the difference of impressed electrical
energy and heat losses, and it was defined by

2 2 _ ?
qy = I R(T)/[ngz‘: dl )/4] — Qloss x (2)

R(T) is the electrical resistivity of stainless steel, which was
gained by correlating the measured electrical resistivity at various
wall temperatures (50-600 °C). The heat loss can be gained heat
loss calibration tests. Before the experiments, the tube without fuel
were directly heated under various heating power and then the
heat loss heat flux were fitted with temperature difference
between ambient and tube wall. In this study, the proportion of
heat loss is less than 4%, which indicated that the test section
was well insulated. The inside wall temperature T i, was deter-
mined by solving the a 1-Dimension heat conduction equation
under the cylindrical coordinate system in the following equation.
k() 4o 3
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Fig. 1. Schematic of the experimental system.

Fig. 2. Cross section of the test tube.
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metal filter

The boundary conditions were

dT
Qs = —k 4)
loss d et
Then Tyxin iS given by
wa,in = wa.out
.12 Tour ¢
- [(onut - qx‘lossrﬂllt> ln:Tnt - % (rgut - rizn)i| /kx (5)

The distribution of fuel bulk temperature in the tube can be cal-
culated according to the heating power of the tube wall and the
measured RP-3 enthalpy curve [22]. Thus, the fuel bulk tempera-
ture is calculated by the inverse function of enthalpy as follows.

_ x)1dix
Ty(x) = H (Hb,in n M) 6)

m

And then the local Nusselt number is defined by
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Fig. 3. Schematic of horizontal tube.
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Nuy, = g (7)

X

where A, is the local thermal conductivity of RP-3. The Reynolds
number was defined based on the mean bulk temperature:

_pud;  4m

no mdip
As thermal properties sharply change with the variation of tem-
peratures, it is important to know when the buoyancy effects are
significant and when it is not. The dimensionless buoyancy param-
eter, Gry, and Grgq introduced by Petukhov et al. [11] used to eval-
uate the buoyancy effect was defined as

Re (8)

_ gpq'd’
="\, ®)
Gra =3 x 10 °Rez°Pr°5[1 + 2.4Re, "/* (Pr*/® — 1)) (10)
B iW — ib &
b= =T %, an
2_ 1 py—p
f=—0 2 "W 12
Ppim Tw =Tp (12

where i and T represent the enthalpy and temperature. The sub-
scripts w and b correspond to the wall and bulk temperature.
According to the error transfer formula and previous similar uncer-
tainty analysis [23], the effective tube wall heat flux is obtained as
follows.
2 2
=R ¢ (%2 200 + (222) (s (13)
ay dx ay

As the ratio of heat loss heat flux and effective heat flux in the
experiment is not more than 5%, the uncertainty of the tube wall
heat flux is about 2.7%. In addition, the temperature difference
between fluid and inner wall is larger than 35 K. Hence, the follow-
ing equation is obtained.

|5wa,in |2 + |5Tbx|2
35

IMT)’ = =3.9% (14)

AT
Combining the uncertainties of heat flux and temperature dif-

ference, the local heat transfer coefficient could be calculated as
follows:

‘Ahx
X

= \/sz(qx) + €2(AT) = \/(2.7%)2 +(3.9%) = 4.7% (15)

According to previous measurement data of hydrocarbon fuel
thermal conductivity [24], the measurement uncertainty is no lar-
ger than 3%. Thus, the uncertainty of Nusselt number is calculated
as follows:

= /& (hy) + (1) =/ (4.7%)* + (3.0%)* = 5.6% (16)

For the purpose of validating accuracy and repeatability of the
experimental system, validation test was performed using toluene
under various conditions. The experimental Nu number was com-
pared with the data calculated using the Dittus-Boelter equation
as shown in Fig. 4. The deviation between experimental data and
calculated ones is within an error band of +6%, which indicates that
the experimental rig is reliable and convincing.

AN,
Nuy,
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Fig. 4. Validation of the experimental system.
4. Material

A typical aviation kerosene RP-3, which is the most popular jet
fuel used in the aero engines in China, is used in this work. Compo-
sition analysis by using GC6890-MS5975 shows that RP-3 consists
of 52.44% alkanes, 7.64% alkenes, 18.53% benzenes, 15.54%
cycloalkanes, 4.39% naphthalenes and 1.46% other compositions,
the detailed compositions of RP-3 are listed in Deng’s work [25].
The critical point of RP-3 was identified as (T.=645.04K,
P.=2.34 MPa) [26] due to the most obvious critical opalescence
phenomenon conducted in our previous work. The thermo-
physical and transport properties of kerosene RP-3 were measured
in our previous work [24,25,27,28] as shown in Fig. 5. Besides,
Toluene used in the validation tests is purified with a purity of
99.9%.

The pseudo-critical temperatures were determined by the
specific heat capacity measurements at several supercritical pres-
sures [27]. According to these experimental data, the relationship
between pseudo-critical temperatures and pressures is expressed
as equation below using polynomial fitting with the average error
of 0.38%.

Tpe = —1.78 x p* +13.24 x p* + 4.48 x p + 585.2 (17)
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Fig. 5. Thermo-physical properties variations of RP-3 with temperature.
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5. Results and discussion

The heat transfer of supercritical pressure kerosene RP-3 flow-
ing through a 1.86 mm inner diameter horizontal tube was inves-
tigated for inlet pressure of 3-5 MPa which is beyond the critical
pressure 2.33 MPa. The distributions of the local wall temperature,
HTC and buoyancy number Grq/Gry, are presented for various wall
heat fluxes, system pressures, inlet temperatures and Reynolds
numbers.

5.1. Effect of heat flux

Figs. 6a and 6b shows inner wall mean, fluid temperatures and
HTC variations along the tube under different heat fluxes when the
system pressure, inlet temperature and mass flow rate are fixed at
5 MPa, 473 K and 736 kg/m? s. At the beginning of the test tube, the
HTC decreases with the increase of the heat flux and then comes to
the same level. When the dimensionless position x/d is larger than
110, higher heat flux induces the larger heat transfer ability for
various conditions. This is explained by the fact that there exists
large wall temperature gradient near the wall at the inlet region
and buoyancy effect weakens the shear force to make the flow lam-
inarization. Besides, this kind of heat transfer deterioration
enhances with the increase of heat flux. With the flow developing
and temperature rising, the increase of heat capacity and decrease
of viscosity as displayed in Fig. 5 strength the convective heat
transfer.

In horizontal flows, buoyancy effects may result in the non-
uniform temperature distributions at the cross-section of tube.
To be specific, buoyancy effects make the hotter fluid go up to
the top surface and the colder fluid go down to the bottom surface
of the tube. Therefore, the heat transfer capacity at top surface is
worse than that at bottom surface. So the temperature difference
between top and bottom surfaces of the test tube can be regarded
as a measure of buoyancy effects. For the small diameter
(1.86 mm) round tube, the temperature difference between top
and bottom surfaces of the test tube can be 50 K for some condi-
tions, which was barely reported in previous research. A wall tem-
perature peak and trough were measured at both top and bottom
surface of the test tube as the fluid bulk enthalpy increases
(373-840K) as shown in Fig. 7a. The x-axis in the figure represents
the enthalpy at different temperatures and the two lines represent
the pseudo-critical temperature and its bulk enthalpy. It is obvious
that heat transfer was enhanced significantly near the pseudo-
critical temperature region due to sharp increase of isobaric
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Fig. 6a. Inner wall mean and fluid temperatures variations at different heat fluxes.
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specific heat capacity. And the temperature difference between top
and bottom surface of the test tube decrease dramatically at the
same region.

Fig. 7b shows wall temperature at top and bottom surface of
test tube variations with non-dimensional fluid bulk temperature.
It can be seen that as the bulk temperature exceeds the pseudo-
critical temperature at the supercritical pressure, the temperature
difference between top and bottom surface decreases. For heat
transfer in horizontal flow, large density gradient produces signif-
icant buoyancy effects. For explanation, as fluid bulk temperature
approaches the pseudo-critical temperature, heat transfer was
enhanced obviously due to sharp increase of specific isobaric heat
capacity between the wall and fluid. The slope of density variations
with temperature is greater prior to pseudo-critical temperature.
As a result, larger density gradient in radial direction make the
buoyancy effects significant before the pseudo-critical
temperature.

The wall temperature distributions of top and bottom surface of
the test tube at various heat fluxes under 3 MPa pressure and
368 kg/ (m?s) mass flow rate are shown in Fig. 8a. The temperature
difference between top and bottom surface is very small at low
heat flux, showing insignificant buoyancy effects. And then with
higher heat fluxes of 210 kW/m? and 320 kW/m?, the buoyancy
effects become significant leading to higher temperature difference
between top and bottom surface when the dimensionless position
x/d does not exceed 180. Specially, a temperature peak exists in the
entrance section at both top and bottom of the test tube. These
phenomena could be matched with the buoyancy factor Grg/Gr
variations along the tubes as shown in Fig. 8b. At higher heat flux
conditions, the value of Gry/Gry, is larger than 1 when the dimen-
sionless position x/d < 180 and significant temperature difference
appears. This can be also explained by the fact that the thinner
thermal boundary layer due to the entrance effects enhances the
heat transfer at the initial part of the test tube.

5.2. Effect of mass flow rate

As the system pressure, inlet temperature and heat flux are
fixed, different mass flow rate could lead to various inlet Reynolds
number and flow status. Figs. 9a and 9b show variations of inner
wall mean temperature and HTC under inlet Reynolds number
from 3760 to 11340. It is demonstrated that inner wall tempera-
tures along the tube are much larger than the pseudo-critical tem-
perature (669.8 K) at 3 MPa system pressure when the inlet
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Fig. 8a. Wall temperature distributions along the tube at various heat fluxes.
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Reynolds number is 3760. The buoyancy induced by the tempera-
ture difference between the bulk and the near wall inhibits the
increase of HTC and increases the inner wall temperature. And
then the bulk temperature rise leads to the enhancement of turbu-
lent kinetic energy and weakens the buoyancy effect. Thus, the
heat transfer recovers to the normal status and the inner wall tem-
perature peak happens at the dimensionless position x/d =125.
With the inlet Reynolds number increasing, the turbulent kinetic
energy simultaneously increases along the test tube and the buoy-
ancy effect could be neglected. Therefore, the heat transfer charac-
teristics belong to the normal status when the inlet Reynolds
numbers are 7560 and 11340.

Figs. 10a and 10b shows the temperature distributions at top
and bottom surface of the test tube and Gry/Gry, distributions at
various mass flow rates. As the mass flow rate decreases, the tem-
perature difference between top and bottom surface of the test
tube increases, which shows weakened buoyancy effects. For
explanation, more turbulence energy produced by higher mass
flow rate suppresses buoyancy effects. To be specific, Gry/Gry, is
much higher for low mass flow rate condition before the location
of x/d =230 and then the ratio drops to near unity, which is in
accordance with the buoyancy effects on heat transfer as shown
in Fig. 10a. The wall temperatures at both top and bottom surface
show a peak and a valley at different positions along the tube. It is
explained that the entrance effects could induce the thicker ther-
mal boundary layer, and then specific heat capacity increase and
viscosity decrease enhance heat transfer capacity at higher fluid
temperatures.

5.3. Effect of system pressure

Fig. 11a shows Gry/Gry, variations along with dimensionless
fluid bulk temperature under different system pressures. It is indi-
cated that the ratio firstly increases to the peak value and sharply
decreases to the value 1 at the region near the pseudo-critical
point. During this process, the maximum value could achieve at
about 35, which shows strong buoyancy effect at the contrast tem-
perature Tp/Tpc = 0.9. This variation could match the principle of
buoyancy effect on the convective heat transfer and the significant
effect is reflected by the temperature difference between the top
and bottom surfaces of the test tube. Furthermore, the ratio at
5 MPa pressure is lower than that at 3 MPa for the same bulk tem-
perature, and this illustrates that the improvement of system
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Fig. 10a. Top and bottom wall temperature distribution along the tube at various
mass flow rate.
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pressure could strain the buoyancy effect on horizontal convective
heat transfer.

Fig. 11b shows the temperature difference variations between
top and bottom surface of test tube along with dimensionless
Grg/Gry, at various pressures. It is obvious that with greater tem-
perature difference between top and bottom surface of the test
tube, the magnitude of Grq/Gry, is greater in all experimental cases.
When the Gry/Gry, is larger than 1, the temperature difference is
averagely larger than 10 and the maximum value could reach
about 40 K. Therefore, buoyancy effects on heat transfer in hori-
zontal flow can be well evaluated by this dimensionless Grq/Grin.

5.4. Heat transfer correlation

Based on the experimental data, a correlation of Nusselt num-
ber for supercritical pressure aviation fuel in horizontal tube was
proposed as shown in Eq. (18). The correlation was modified using
the multiple linear regression method according to the Dittus-
Boelter equation considering the thermal physical properties cor-
rection. Also, the wall temperatures are adopted by the mean tem-
perature between top and bottom surface temperatures. Fig. 12
shows the deviation between calculated values of Nusselt number
and experimental ones.

0.154 0.6
Nu = 0.001367Re! %7 pr036 <&) (C‘”—“‘) (18)
Py Cpb

Where subscript b stands for the fluid bulk temperature, and m
indicates that the thermo-physical properties are based on the aver-
age value in the boundary layer. The mean temperature isobaric
heat capacity could be calculated by the following equation.

Hw - Hb
Com = 71 (19)

H,, and Hy, represent the enthalpy at the wall and bulk temper-
atures, respectively.

As show in Fig. 12, the average deviation between calculated
Nusselt number and experimental ones is 11.3%, and the majority
(84.4%) of deviation between the calculated Nusselt and the exper-
imental ones are in the error band of 20%.

6. Conclusion

This paper studies the heat transfer characteristics and buoy-
ancy effects on heat transfer of supercritical pressure hydrocarbon

fuel in horizontal flow. The main characteristics of supercritical
pressure fluids is the large buoyancy effects. Heat transfer impair-
ment occurs in the initial part of test tube due to entrance effects.
Buoyancy effect is particularly significant in horizontal flows,
which leads to non-uniform temperature distributions at the cross
section of test section, even for the miniature round tube. And this
heat transfer impairment is more obvious at higher heat flux con-
ditions. Higher mass flow rate and lower heat flux can suppress
buoyancy effects on heat transfer. The buoyancy effects of heat
transfer could be well evaluated by the non-dimensional parame-
ter Grg/Gry, developed by Petukhov. And this criterion was first
tested for horizontal flow in the miniature round tube. Further-
more, a correlation of Nusselt number for supercritical pressure
hydrocarbon fuel in a horizontal tube was proposed.
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