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This article presents convective heat transfer of hydrocarbon fuel RP-3 at supercritical pressures in ver-
tical micro-tubes with inner diameters of 0.538 mm, 1.09 mm and 1.82 mm under heating conditions.
Effects of system pressure, heat flux, mass flow rate and flow direction were experimented and analyzed
with wide range of supercritical status. Also, inner diameter effect on heat transfer were compared at
identical conditions. The results indicate that sharp variation of thermal properties with temperature
is the key factor to influence heat transfer. Normal, deterioration and enhancement heat transfer phe-
nomena generally occur in turn along with dimensionless position. Moreover, Nusselt number variation
shows good agreement when the contrast temperature Tb/Tpc is lower than 0.80 and Bo⁄ = 1.0 � 10�8

could be the critical point to evaluate buoyancy influence. At last, two well-predicted empirical correla-
tions of Nusselt number are proposed for downward and upward flow heat transfer in 1.09 mm tube.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Flow and heat transfer researches on supercritical fluid have
been the key point in the area of energy since 1960s. Based on
the background of supercritical pressure boiler and water cooled
reactor, researchers all over the world widely studied flow and
heat transfer characteristics at supercritical pressures for many
pure liquids, such as water, carbon dioxide, and R122. Bourke
et al. [1] experimentally investigated convective heat transfer of
supercritical CO2 in a stainless steel tube with 22.8 inner diameter.
The results show that local heat transfer deterioration happens at
the upstream part of experimental tube due to the inhibition of
turbulent kinetic energy. In addition, the degree of heat transfer
deterioration reduces gradually along with the increase of mass
flow rate. Yamagata et al. [2] studied heat transfer characteristics
of water at pressure of 22.6–29.4 MPa flowing in vertical and hor-
izontal tubes. The heat flux varies from 116 kW/m2 to 930 kW/m2.
It is indicated that heat transfer coefficient near pseudo-critical
point increases at the low heat flux conditions and decreases at
large heat flux conditions. The relative value between heat flux
and mass flow rate (q/G) has huge influence on heat transfer, which
is also concluded in Krasnoshchekov research [3]. Moreover, inner
wall temperature would be sharply going up at the pseudo critical
point at the condition of low mass flow rate and high heat flux.
Jackson and Hall [4,5] systematically analyzed mechanisms of heat
transfer enhancement and deterioration in different flow direc-
tions. It is demonstrated that buoyancy could change the distribu-
tion of fluid shear force near the wall and then induce the variation
of turbulent kinetic energy. Thus, the heat transfer and flow resis-
tance would change at some location positions. In the subsequent
studies [6,7], dimensionless criterions such as Grb=Re

2:7
b were pro-

posed to judge buoyancy effect. Also, the results reveal that heat
transfer is enhanced in the downward flow and similar phenomena
are observed in other researches [8–10]. Jiang and his group [11–
14] used experimental and numerical methods to study heat trans-
fer characteristics of supercritical CO2 in small tubes with various
diameters. The results show that buoyancy leads to the local heat
transfer deterioration at large heat flux and the wall temperature
shows a trend of non-linear variation, even when the inlet Rey-
nolds number is about 9000. Yamashita et al. [15] investigated flow
resistance characteristics of supercritical HCFC22 in a vertical tube
with diameter 4.4 mm. Significant increase is observed near the
pseudo-critical point and the increase level decreases with the
increase of heat flux.

With the developing emphasis of CCA (cooled cooling air) tech-
nology [16,17] in aero-engine, flow and heat transfer characteris-
tics are widely studied as hydrocarbon fuel is used as a typical
coolant. Hydrocarbon fuel is at the status of supercritical pressure
since the fuel pumping pressure is about 3.45–6.89 MPa in typical
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Nomenclature

A surface area
Bo⁄ buoyancy number
Cp isobaric specific heat capacity (kJ/kg K)
d diameter (m)
D helical diameter (m)
g gravitational acceleration (m/s2)
G mass flow rate (kg/(m2 s))
Gr Grashof number
H enthalpy (kJ/kg)
h heat transfer coefficient (W/(m2 K))
I electrical current (A)
Kv thermal acceleration number
k thermal conductivity (W/(m K))
L length (m)
m mass flux (g/s)
Nu Nusselt number
P pressure (MPa)
Pr Prandtl number
Q heat (W)
q heat flux (kW/m2)
R(T) electronic resistivity (Xm)
r radius (m)
T temperature (K)

Re Reynolds number
U voltage (V)

Greek
U heat power (W)
e uncertainty
q density (kg/m3)
g dynamic viscosity (Pa s)
b isothermal compression coefficient (1/Pa)
m kinetic viscosity (m2/s)
k thermal conductivity (W/(m K))

Subscripts
b bulk
c critical
f film
in inside
out outside
pc pseudo-critical
w wall
x local position
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aero-engines. Brad Hitch and Karpuk [18,19] took experimental
studies on heat transfer and thermal stability characteristics of
hydrocarbon fuel JP-7 and MCH at supercritical pressures. Signifi-
cant mass flow rate, pressure and temperature oscillations are
observed during the experiments when the relative pressure
(P/Pc) is below 1.5 and inner wall temperatures are higher than
pseudo-critical temperatures. Furthermore, forced and natural
convections are induced mixing to generate the sharp decrease of
heat transfer coefficient and increase of wall temperature while
the relative pressure is >2. Hines [20] conducted experiments to
investigate heat transfer of hydrocarbon fuel RP-2 at various pres-
sures. It is indicated that system pressure has oscillation frequency
in the range of 100 Hz–15 kHz with 13.1 bar amplitude at the sec-
tion of pseudo-critical temperature. Heat transfer coefficient of fuel
side could be enhanced by 40% due to oscillations. Over recent
years, many researchers [21–28] in China have devoted investiga-
tions on flow and heat transfer of pure hydrocarbon fuel and avia-
tion kerosene RP-3, and obtained some meaningful conclusions.
Zhang et al. [29] studied heat transfer characteristics of RP-3 flow-
ing in vertically downward miniature tube with 1.8 mm inner
diameter. It is noted that heat transfer deterioration happened at
the condition of buoyancy factor Bo⁄ < 1.6 � 10�10 or thermal
acceleration parameter Kv < 1.5 � 10�8. Sun et al. [30] compared
experimental and numerical results of supercritical RP-3 at
5 MPa pressure in a horizontal circular tube. It is found that the
modified k-e model with correction of decreasing Ce1 and increas-
ing Ce2 is more suitable than the standard k-e model. In addition,
discrepancy between calculated and experimental Nusselt number
is limited within 10% relative error range.

Above all the research about supercritical fluid heat transfer,
most of experimental and numerical models are conducted only
in one diameter circular tube. Yildiz and Groeneveld [31] gave a
brief review of diameter effect on supercritical heat transfer. Some
typical research data like Ackerman [32], Song et al. [33], Kim et al.
[9] and others [34–36] are summarized in tubes with a diameter
range from 3.18 mm to 38.1 mm. The fluids are carbon dioxide,
water, R-22, R-12 and it is summarized that heat transfer coeffi-
cient appears to decrease with an increase in tube diameter in
the deteriorated heat transfer model. Considering the real applica-
tion of heat exchanger with light-weight and compactness in aero-
engine, tube with small diameter is essential to be the unit of heat
exchange equipment. Thus, this paper experimentally investigated
heat transfer characteristics of Chinese aviation kerosene RP-3
flowing in vertical small tubes with various diameters.

2. Experimental

2.1. System description

The whole experiments were conducted in the system of flow
and heat transfer on supercritical fluid in Beihang University as
shown in Fig. 1. The hydrocarbon fuel was pumped by an infusion
pump (SP6015, 15 MPa; 0.01–600 ml/min) from the fuel tank. The
pump could serve fixed mass flow rate controlled by the screen
panel and keep the system pressure stable. Before the fuel flowed
into the pump, one filter was set to obtain liquid without impuri-
ties. Then, the fuel mass flow rate was measured using a Coriolis-
force flow meter (Model: DMF-1-1, 0.15%, Sincerity). The bypass
fuel path was set at the pump outlet and one back pressure valve
was used to adjust the system pressure up to 15 MPa. There were
two preheated sections connected before the test section in order
to guarantee the experimental inlet temperature in the wide range.
Each preheated section was controlled independently by DC power
with capacity of 20 kW.

Two K-type armored thermocouples with wire diameter of
0.5 mm were inserted through joints to measure inlet and outlet
fuel temperatures. The system static pressure was measured by a
pressure gage transducer (Model 3051CA4, Rosemount) at the out-
let of test section. After flowing through the test section, the hot
fuel was cooled down to room temperature by fuel-water cooler
and then collected to the waste fuel barrels. The measured exper-
imental data includes static pressure, temperature, mass flow rate,
heating voltage and current, and these were exported in the form
of electrical signals. All signals were gathered by ADAM-4018 data
acquisition, transformed by ADAM-4520 to several documents and
stored in the computer.



Fig. 1. Schematic of experimental system.
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2.2. Test tubes

The experimental section is stainless steel (1Cr18Ni9Ti) straight
tubes with three different inner diameters: 0.538 mm, 1.09 mm
and 1.82 mm. Before the experiments, inner diameters of three dif-
ferent tubes were measured by scanning electron microscope
(SEM, Scam3200, and Oxford, UK) and all the accurate inner diam-
eters were confirmed as given in Fig. 2. Tube with 1.09 mm inner
diameter was set as the standard tube to investigate. Fig. 3 shows
that the whole tube length is 1000 mm with 800 mm heating sec-
tion and 100 mm adiabatic inlet section is used to guarantee the
flow fully developed. 20 thermocouples were uniformly welded
onto the outer side of the tube wall to monitor wall temperatures.
Pressure-fit connector was attached to experimental tube by silver
welding to reduce the local flow resistance. The whole heating
straight tube is covered by an insulation material called Aspen to
reduce the heat loss. Many physical factors influences on heat
transfer were considered and the detailed working conditions are
shown in Table 1.
Fig. 2. Tube inner diameter photograph by SEM
2.3. Data process

To calculate the local heat transfer coefficient along the test
tube, the following equation is used.

hx ¼ qx

Twx;in � Tbx
ð1Þ

As outer wall temperature is measured, the inner wall temper-
ature could be calculated by one-dimensional pipeline heat trans-
fer formula with internal heat source.

1
r

@

@r
kr

@T
@r

� �
þ _U ¼ 0 ð2Þ

In which _U ¼ I2RðTÞ
p2ðr2out�r2

in
Þ2
, and the boundary condition is defined

r ¼ rout; k
@T
@r

¼ qlossðiÞ and T ¼ Two ð3Þ

Thus, the inner wall temperature is obtained by definite integral
from rin to rout.
(a: 0.538 mm, b: 1.09 mm, c: 1.82 mm).



Table 2
Experimental uncertainties of direct measurements.

Measured parameters Instruments Precisions

Outer wall temperature (K) K type thermocouple ±0.5 K
Fuel temperature (K) K type armored thermocouple ±0.5 K
Inner diameter (mm) Scanning Electron Microscope ±0.0005
Mass flow rate Coriolis force mass flow-meter ±0.15%
Voltage Voltmeter with export ±0.2%

Fig. 3. Thermocouples distribution schematic of test section.

Table 1
Experimental parameters.

Parameter Range

System pressure (MPa) 3,4,5
Mass flow rate (g/s) 1.0–2.0
Heat flux (kW/m2) 90.5–600
Inlet temperature (K) 373–523
Flow direction Upward, downward
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kx is stainless steel local thermal conductivity. qloss,x is local heat loss
and its value was measured and fitted by the relationship with tem-
perature difference between ambient and tube wall. Furthermore,
the effective heat flux qx is defined as follows

qx ¼
I2RðTÞ=½p d2

out � d2
in

� �
=4�

pd
� qloss;x ð5Þ

The local fuel bulk temperature in the micro-tube can be calcu-
lated according to the wall heating power and the experimental
RP-3 enthalpy-difference curve [37].

TbðxÞ ¼ H�1 Qx

_m
þ HðTinÞ

� 	
ð6Þ

In which Qx ¼ I2
R x
0 RðTÞ x

A

� �
dx� pdout

R x
0 qlossdx is the heating

power from the inlet to the position x. At last, the local Nusselt
number is defined in the following equation.

Nux ¼ hxd
kx

ð7Þ

where kx represents local thermal conductivity of hydrocarbon fuel
RP-3.

2.4. Uncertainty analysis

Since 1.09 mm inner diameter tube is chosen as the standard
test tube, the following analysis is limited within 1.09 mm tube
experiments. Table 2 shows the experimental uncertainties of
direct measurements. The uncertainty of local fuel bulk tempera-
ture is 0.85 K in terms of measured enthalpy variations. The uncer-
tainty of inner wall temperature is 1.05 K in all experimental
conditions because temperature difference between inner and
outer wall is limited within 2 K. Furthermore, the temperature dif-
ference between inner wall and fuel bulk is higher than 30 K and
the uncertainty could be calculated.

dðDTÞ
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As the total heat flux and heat loss are two independent vari-
ables, the following uncertainty could be obtained based on error
propagation formula:
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In which the uncertainty of total heat flux:
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Current Ampere meter with export ±0.2%



0 200 400 600 800 1000

20

40

60

80

100

120

140

160

180  test-1-d in=0.538mm
 test-2-d in=0.538mm
 test-1-d in=1.09mm
 test-2-d in=1.09mm
 test-1-d in=1.82mm
 test-2-d in=1.82mm

N
u

x/d

Fig. 4. Repeatability verification of experimental system under identical condition.
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And the uncertainty of heat loss:
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q
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ð11Þ
When the ratio between heat loss and effective heat flux is

smaller than 5%, the value of Eq. (9) is 1.43%. Above all, the uncer-
tainty of local HTC is obtained.
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The thermal conductivity uncertainty of hydrocarbon fuel is
within 3% according to the previous measurement results and
the uncertainty of inner diameter is 0.46%. Hence, the maximum
uncertainty for Nusselt number could be defined as follows:
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Uncertainty analysis for 1.82 mm and 0.538 mm experimental
tubes have the same procedure with 1.09 mm tube. Local HTC
and Nusselt number uncertainties for 1.82 mm tube are 4.57%
and 5.47%, respectively. Also for 0.538 mm tube, the values are
7.11% and 7.77%, respectively.
3. Results and discussion

3.1. Repeatability verification

There will be coking reaction attached to the tube inner wall in
the process of heating the hydrocarbon fuel, and then its convec-
tive heat transfer characteristics could be influenced. Therefore,
the same conditions of verification experiments will be done
before and after each experiment, to ensure that the experimental
data is true and reliable.
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Fig. 4 shows three groups of identical experiments in different
tubes and it is clearly that two curves of Nusselt number for same
conditions are substantially coincident along with dimensionless
positions. The maximum deviation of the Nusselt number for
1.82 mm tube is 5.58% and the average deviation is 2.39%. For
1.09 mm tube, the maximum and average deviations are 2.86%
and 0.94%, respectively. Also, the two values are 8.5% and 5.69%
for 0.538 mm tube. Therefore, all the experiments and its data
are verified and repeatable.
3.2. Physical factors effect on heat transfer

3.2.1. Effect of system pressure
System pressure has significant influences on thermal proper-

ties of hydrocarbon fuel at supercritical pressures. Isobaric specific
heat capacity [38], thermal conductivity [39], viscosity [40] and
density [41] variations with bulk temperature at 3 MPa, 4 MPa
and 5 MPa pressures are given in Fig. 5. It can be seen from the fig-
ure that the heat capacity increases by 1.215 times from 0.85Tpc to
Tpc at 3 MPa pressure. However, the increase times for 4 MPa and
5 MPa pressures are 1.271 and 1.203, respectively. The thermal
conductivity k decreases first and then increases with the temper-
ature increasing, and the minimum value appears at the pseudo-
critical temperature point corresponding to different pressures.
The dynamic viscosity g decreases monotonously with the
increase of temperature. The density q decreases with increasing
temperature and significantly decreases at the pseudo-critical tem-
perature region.
Fig. 6 shows wall temperature, bulk temperature and Nusselt
number variations with dimensionless position at two different
heat fluxes. For 274 kW/m2 condition, the fluid average tempera-
ture in the test tube is almost the same along the whole tube
length. The inner wall temperature is nearly the same in the first
half of the tube (dimensionless position x/d < 457), and the second
half (dimensionless position x/d > 457) emerges difference as dis-
played in Fig. 6a. Corresponding to the Nusselt number variation,
it gradually increases along the tube length at two pressures. How-
ever, the increase velocity of Nusselt number at 3 MPa is larger
than that at 4 MPa after the position x/d > 457. It is explained that
isobaric specific heat capacity increases by 1.15 times from the
temperature 666.1 K to pseudo-critical temperature 682.3 K at
3 MPa pressure. The value at 4 MPa pressure is only 1.04 and heat
capacity leads to the key factor on heat transfer enhancement.

The same variation of Nusselt number exists when the heat flux
is raised to 457 kW/m2 as shown in Fig. 6b. While the inner wall
temperatures at both 3 MPa and 4 MPa successively reach to the
corresponding pseudo-critical temperature, the deviation of Nus-
selt number becomes more significant at the dimensionless posi-
tion x/d = 243. Furthermore, the local Nusselt number increases
to the peak at the position around x/d = 500, because the fuel bulk
temperature is heated to the pseudo-critical temperature. Then the
heat transfer deterioration appears due to the sharp increase of
heat capacity and obvious increase of thermal conductivity. Over-
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all, thermal properties variations have decisive impact on heat
transfer characteristics: decrease of density and thermal conduc-
tivity could deteriorate heat transfer, increase of heat capacity
and decrease of density could enhance heat transfer.

3.2.2. Effect of heat flux
Fig. 7 shows inner wall temperature, fuel bulk temperature and

Nusselt number variations at different heat fluxes in upward flow.
The system pressure is fixed at 3 MPa and inlet Reynolds number is
about 2800. It can be seen from the figure that the inner wall tem-
perature has the process of first rise and then decline at the inlet
region. All the turning points are about at the dimensionless posi-
tion of x/d = 60. This phenomenon has been observed and
explained as ‘entrance effect’ in previous researches [29,30,42]
about supercritical fluid heat transfer. Even though the adiabatic
section was set for the fully development of flow boundary layer,
the thermal boundary layer would still have a development pro-
cess. Also, the bulk temperature and isobaric specific heat capacity
is relatively low at the initial region, which leads to the weak heat
transfer between the wall and fluid. The entrance effect phe-
nomenon becomes more obvious with the increasing of heating
heat flux until the thermal boundary layer fully developed at the
position of x/d = 140. It is concluded in Fig. 7b that heat transfer
capability of the fluid is enhanced due to the temperature influence
on thermal properties with the heat flux increasing, and the local
Nusselt number gradually increases.
When the inlet Reynolds number is set at high value of 6600,
the entrance effect phenomenon at the initial region has disap-
peared and inner wall temperature monotonically rises along the
experimental tube as shown in Fig. 8. It indicates that the inner
wall temperature first arrives at the pseudo-critical temperature
(P = 3 MPa, Tpc = 682.3 K) in the middle of the experimental tube
at the heat flux of 401.6 kW/m2. Then the fuel bulk temperature
linearly increases to 682.3 K at the position of x/d = 580. The tem-
perature variation corresponds to linear rise and then exponential
increase of the local Nusselt number given in Fig. 8b. For the low
heat flux conditions of 200.2 kW/m2, the steady linear increase of
heat transfer capacity is observed due to the relatively low inner
wall and bulk temperature under 682.3 K along the whole tube.
At the dimensionless position x/d = 650–700, the Nusselt number
smoothly increase and tends to be gentle. It is due to the outlet
effect that axial heat conduction to isothermal tube part reduces
the effective heat flux on flowing aviation kerosene. The effect
decreases the convective heat transfer coefficient at the end of
experimental tube.

3.2.3. Effect of mass flow rate
The inner wall and fuel bulk temperature variations at two dif-

ferent mass flow rate conditions are shown in Fig. 9a. Mass flow
rates are set as 1.0 g/s and 2.0 g/s, and two heat fluxes are
200 kW/m2 and 500 kW/m2. The local Reynolds number in the
tube varies from 2800 to 9907 when the mass flow rate is 1.0 g/
s, while the values are from 5600 to 12,924 at the condition of
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Fig. 10. Temperature, Nu, Bo⁄ and Kv number variations under different flow directions.
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2.0 g/s. It is clear in figure that the inner wall temperatures almost
linearly increase along with the tube at two heat fluxes. However,
the inlet inner wall temperature first decreases and then increases
because the boundary layer is easy to be influenced at low turbu-
lent kinetic energy conditions. At the condition of 500 kW/m2, the
inner wall temperature achieves to the pseudo-critical tempera-
ture at the dimensionless position x/d = 408. For other conditions,
all inner wall and fuel bulk temperatures are under 682.3 K. Start-
ing from this point, sharp variation of thermal properties could sig-
nificantly influence the heat transfer distribution.

Fig. 9b displays local Nusselt number variations at different
mass flow rates and heat fluxes. The larger mass flow rate leads
to the higher Reynolds numbers distribution, and then induces
the better heat transfer capacity. It is obvious that all Nusselt
numbers for 2.0 g/s condition have larger value than that for
1.0 g/s at the same heat flux. In addition, the Nusselt number
increase linearly along the tube at 1.0 g/s condition and no obvi-
ous change is observed when heat flux is 200 kW/m2. Three peri-
ods of heat transfer could be distinguished along the tube: initial
region, normal heat transfer and enhanced heat transfer. For
500 kW/m2 high heat flux condition, the Nusselt number of
1.0 g/s increases to the larger number than that of 2.0 g/s condi-
tion. The intersection point is at about x/d = 408 corresponding to
the position where inner wall temperature is beyond pseudo-
critical temperature as shown in Fig. 9a. It is explained that huge
changes of thermal properties could lead to the key factor to
enhance the heat transfer.
3.2.4. Effect of flow direction
The biggest difference between upward and downward flow is

the effect of buoyancy on heat transfer. The direction of inertial
force is different while the direction of buoyancy is always upward,
which results in various fluid heat transfer characteristics in differ-
ent flow directions. Fig. 10a shows temperature and Nusselt num-
ber variations along the tube position in both upward and
downward flows when the inlet Reynolds number is fixed at
3200. There is a peak in the front wall temperature of the experi-
mental section, and then the wall temperature tends to rise gently
with the increase of Reynolds numbers. The entrance effect is obvi-
ous in both upward and downward flows that thermal boundary
layer develops and thickness increase induces the heat transfer
deterioration at the initial region. The buoyancy decreases the
shear stress to make flow laminarization, and then heat transfer
recovers to the normal with flow development. According to Nus-
selt number variations, buoyancy effect has nearly same influences
on heat transfer when the dimensionless position x/d < 366. The
Nusselt number keeps increasing linearly to the value of 65 and
the trend remains coincident. At the x/d position between 366
and 600, flow direction starts to influence the heat transfer that
Nusselt number remains steady in downward flow because buoy-
ancy restrains the increasing of turbulent kinetic energy. When
the inner wall temperature achieves to the pseudo-critical temper-
ature in both flows at about x/d = 600, significant heat transfer
enhancement emerges due to sharp variation of thermal proper-
ties. Fig. 10b gives the same variations of inner wall temperature
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and Nusselt number exists at the condition that the inlet Reynolds
number is 9550.

Jackson et al. [7,43] analyzed the shear stress variation law
along the boundary layer and put forward that 10% reduction of
shear stress and heat transfer by taking into account the buoyancy
is defined as the demarcation line. Furthermore, one parameter Bo⁄

was promoted to characterize buoyancy influences on heat transfer
in the following equation:

Bo� ¼ Gr�

Re3:425Pr0:8
ð14Þ

In which Gr� ¼ bgd4qw
km2 is Grasholf number. The heat transfer is

deteriorated when the Bo⁄ number is between 6 � 10�7 and
1.2 � 10�6 for upward flow. However, heat transfer enhancement
phenomena are obviously observed when the Bo⁄ value is larger
than 6 � 10�7. On the other hand, McEligot et al. [44] proposed
thermal acceleration factor Kv to evaluate its effect on heat transfer
ability.

Kv ¼ mb
u2
b

dub

dx
¼ 4qwb
qubcpRe

ð15Þ

Fig. 10c shows Bo⁄ number variation under different fluxes at
low and high inlet Reynolds numbers. It is indicated that Bo⁄

number for most of experimental conditions is far less than
2 � 10�7 obtained in Jiang et al. [45,46] research about n-
decane. The reason is that the experimental fluid hydrocarbon
fuel is mixture, and not similar to pure fluid n-decane. Moreover,
the potential chemical reaction during the high temperature and
the smaller inner diameter could make some errors calculating
the Bo⁄ number. Besides, the maximum local Kv displayed in
Fig. 10d under various heat fluxes is also far less than the criteria
6 � 10�7 and thermal acceleration could be neglected in aviation
kerosene RP-3 experiments in 1.09 mm tube. As talked above,
heat transfer is enhanced in the upward flow due to the heat
capacity huge increase at the pseudo-critical region. This phe-
nomenon is apparently similar to heat transfer characteristics of
laminar mixed convection in miniature vertical tubes. The buoy-
ancy effect is still significant when the Reynolds number gets to
the 105 level and the phenomenon are similar with Liao and Zhao
[47] research. Comparing among all inner wall temperature and
Nusselt number data, Bo⁄ > 1.0 � 10�8 could be summarized as
the guideline to evaluate significant influence of buoyancy on
heat transfer in 1.09 mm tube.

3.2.5. Effect of tube inner diameter
The Reynolds number is defined in the following equation:

Re ¼ qud
g

¼ 4 _m
gpdin

ð16Þ

As long as mass flow rate of the experimental tube is controlled,
the entrance of fluid flow status would be determined at the given
system pressure and heat flux. Thus, the value of _m=din is moni-
tored to the constant to analyze the inner diameter effect on heat
transfer. Fig. 11a shows the inner wall temperature and heat trans-
fer coefficient variations along with dimensionless bulk tempera-
ture Tb/Tpc at the condition of 2800 inlet Reynolds number and
200 kW/m2 heat flux. It indicates that inner wall temperature in
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1.82 mm tube is overall larger than that in 1.09 mm tube. Local
heat transfer coefficient in 1.09 mm tube is 1.62 times larger than
that in 1.82 m tube at the inlet region. Also, buoyancy effect in
upward flow in 1.82 mm tube has deteriorated the heat transfer
when the inlet Reynolds number is set at 6700 as given in
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Fig. 11b, which is different from 1.09 mm tube. The Nusselt num-
ber variation presents that the diameter effect becomes the key
factor after the dimensionless temperature Tb/Tpc > 0.8.

It is shown in Fig. 11c that inner wall temperature approxi-
mately increases linearly under the pseudo-critical temperature
when the value of _m=din is 1.9. At the contrast temperature
between 0.55 and 0.80, Nusselt number in tubes of three different
inner diameters shows good agreement. It is explained that ther-
mal properties variations has little effect on heat transfer in differ-
ent tubes. However, when the inlet Reynolds number increases to
13,200 and contrast temperature varies from 0.70 to 0.95, the inner
diameter effect starts to be significant. Fig. 11d displays that the
inner wall temperature of 1.82 mm tube first arrives at the
pseudo-critical temperature and 0.538 mm tube is the last one.
During this period, local heat transfer coefficient of
1.82 mm:1.09 mm:0.538 mm is from 3.72:1.62:1 at the inlet
region to 2.19:1.42:1 at the outlet region. At high heat flux condi-
tions, the consistency of Nusselt number variation would be under-
mined when the contrast temperature is lower than 0.80. Inner
diameter and thermal properties combined effects make the larger
heat transfer capacity in 0.538 mm tube compared with other two
tubes.
3.3. Heat transfer correlations

Jackson et al. [7] established the semi-empirical formula consid-
ering buoyancy influence through theoretical analysis as follows:

Nu
Nuf

¼ 1� 8� 104Gr�

Re3:425Pr0:8
Nu
Nuf

� ��2













" #0:46

ð17Þ

In the formula, ‘‘+” and ‘‘�” represent downward and upward flows,
respectively. Also, the forced convection correlation is provided in
the following equation.

Nuf ¼ 0:0113Re0:862Pr0:4f ð18Þ
Fig. 12 shows that most of calculated data by Jackson correla-

tion are out of ±30% error band. It is demonstrated that empirical
correlation, obtained from experiments with pure substances such
as water and carbon dioxide, could produce large errors and is not
suitable for hydrocarbon fuels with multiple components and
chemical reactions. Thus, all the experimental data in 1.09 mm
tube are summarized and two implicit empirical correlations with
buoyancy effect are achieved as follows:

For downward flow,

Nu
Nuf

¼ 0:18ð107 � Bo�Þ0:1 qw

qb

� �0:08 gw

gb

� �0:1

1þ 6:8
Nu
Nuf

� �1:12
" #

ð19Þ

For upward flow,

Nu
Nuf

¼ 0:178ð107 � Bo�Þ0:1 qw

qb

� �0:11 gw

gb

� �0:12

1þ 7:12
Nu
Nuf

� �1:09
" #

ð20Þ
The relative deviations between experimental values of convec-

tive heat transfer and results of the above empirical formula are
displayed in Fig. 13. It can be seen that 94.1% of 887 data point
for downward flow and 94.7% of upward flow data are within the
±10% error band. Thus, the above two formulas could be used to
predict the convective heat transfer of hydrocarbon fuel RP-3 flow-
ing in micro-tubes at supercritical pressures.
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4. Conclusion

The convective heat transfer characteristics of aviation kerosene
RP-3 at supercritical pressures in vertical micro-tubes with inner
diameters of 0.538 mm, 1.09 mm and 1.82 mm under heating con-
ditions were studied. The following results are obtained:

(1) System pressure and heat flux affect the heat transfer in
essence by influencing the fuel thermo-physical properties.
Normal, deterioration and enhancement of heat transfer
generally occurs in turn with dimensionless position.

(2) Nusselt number variations show good agreement when Tb/
Tpc < 0.8 in different tubes and small inner diameter has bet-
ter heat transfer at large contrast temperatures.

(3) Buoyancy effect is still significant at the Reynolds number
higher than 105 in 1.09 mm tube and Bo⁄ = 1.0 � 10�8 could
be the critical point to evaluate buoyancy influence.

(4) Two empirical correlations of Nusselt number to summarize
downward and upward flow heat transfer in 1.09 mm tube
are proposed with good prediction.
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