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Abstract The thermal conductivity of a representative endothermic hydrocarbon avi-
ation kerosene fuel RP-3 was accurately measured using the classical transient hot-
wire method at sub- and supercritical pressures. The measured data cover a tem-
perature range of 285 K to 513 K and a pressure range of 0.1 MPa to 5 MPa. The
expanded uncertainty of the experiment was less than 3.0 % based on an uncer-
tainty analysis. Furthermore, the measured data were correlated using a polynomial
equation to analyze the deviations; 97.6 % of the measured data were within a 2 %
error band. The average absolute deviation (AAD) and maximum absolute deviation
(MAD) of the fitted thermal-conductivity data were 0.209 % and 2.31 % for all values,
respectively.
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1 Introduction

The demand for improved aeroengine performance necessitates higher and higher
engine operating temperatures. In particular, as the flight speed increases to the super-
sonic and hypersonic regime, the temperature of the exit air of a high-pressure com-
pressor becomes too high to cool the hot-end components such as turbine disks and
vanes. To achieve this goal, much attention has been devoted to two main aspects:
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improved cooling techniques and increased material temperature capability. However,
the progress in both the areas is very limited because of the imbalance between cost
and manufacturability. Therefore, some coolants should be used to increase the qual-
ity of cooling air. For this purpose, an aviation fuel was introduced to the air heat
exchanger of an aeroengine [1,2]. Aviation fuel taken on board is the most promising
additional coolant because of its significant heat sink. Moreover, heated fuel is easily
atomized, which is beneficial for the combustion of fuel.

The database for thermophysical properties such as density, specific heat capacity,
dynamic viscosity, and thermal conductivity are crucial for calculating heat transfer
and evaluating the heat exchanger. The thermophysical properties of China kerosene
RP-3 including density and heat capacity were measured by Deng et al. [3,4]. Ther-
mal conductivity is an important thermal property parameter for energy and power
engineering. The transient hot-wire method is well established as the most accurate
method for measuring the conductivity of fluids. Roder [5] developed an apparatus
for measuring the thermal conductivity of fluids at temperatures from 70 K to 320 K
with an uncertainty of 1.5 %. Perkins et al. [6] used a new apparatus for measuring
both the thermal conductivity and thermal diffusivity of fluids at temperatures from
220 K to 775 K at pressures up to 70 MPa based on the step-power-forced transient
hot-wire technique. Assael and Karagiannidis [7] measured the thermal conductivity
of liquid refrigerants and solids using improved devices based on the transient hot-
wire method. The thermal conductivities of pure liquid compounds and mixtures have
been investigated by many researchers in different temperature ranges [8–16]. How-
ever, the thermal-conductivity measurements of multicomponent hydrocarbon fuels
have rarely been reported. In particular, accurate thermal-conductivity data of aviation
fuels are indispensable in the calculation of heat transfer in a fuel supply system. In
this study, an improved transient double hot-wire apparatus was developed and veri-
fied by measuring the thermal conductivity of toluene (290 K to 360 K) and nitrogen
(285 K to 485 K). Using this apparatus, the thermal conductivity of a multicompo-
nent hydrocarbon aviation fuel RP-3 was obtained within the temperature range of
285 K to 513 K at sub- and supercritical pressures (0.1 MPa to 5 MPa). The thermal-
conductivity database of aviation fuel can also facilitate the design of a fuel supply
system.

2 Experimental Setup

2.1 Sample Material

A typical aviation jet fuel RP-3 was used in this study. A composition analysis using
GC6890-MS5975 shows that RP-3 consists of 52.44 % alkanes, 7.64 % alkenes,
18.53 % benzenes, 15.54 % cycloalkanes, 4.39 % naphthalene, and 1.46 % other
compositions. A detailed composition analysis has been carried out by Deng et
al. [3,19]. The critical pressure (Pc = 2.33 MPa) of hydrocarbon RP-3 was mea-
sured using a critical opalescence phenomenon. Moreover, the toluene and nitro-
gen used in the validation and repeatability tests were 99.5 % and 99.99 % pure,
respectively.
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2.2 Transient Method

The transient double hot-wire method is well established as the most accurate method
for measuring the thermal conductivity of fluids. Many researchers contributed to
the development of the transient hot-wire method [16–18]. This method is based on
several assumptions as follows: (1) the diameter of the wire is infinitesimal, (2) the
thermophysical properties of the fluids and wire are constant during an experimental
run, (3) the effects of thermal radiation and convection are negligible, and (4) the
boundaries of fluid space around the hot wire are infinite. In this study, an improved
transient hot-wire apparatus was developed.

The equation for one-dimensional transient hot-wire energy in a cylindrical coor-
dinate system can be expressed as follows:

∂θ

∂τ
= a

(
∂2θ

∂r2 + 1

r

∂θ

∂r

)
, (1)

where θ = θ (r, τ ) = T (r, τ ) − T0, and a is the thermal diffusion coefficient.
The measured thermal conductivity can be expressed by the following equation:

λ(Tr) = q

4π

/ d�T

d(ln τ)
, (2)

where λ (Tr) is the thermal conductivity of the fluid at a reference temperature Tr,
q is the heat generated per unit length of the line source, and d�T/d(lnτ) is the
experimental gradient of temperature rise versus the natural logarithm of elapsed time
τ . The reference temperature of the thermal conductivity of a fluid can be defined as
follows:

Tr = T0 + (�T1 + �T2)/2, (3)

where �T1 and �T2 are the temperature rise at the start and end of an experimental
run, and T0 is the initial temperature of the platinum wire. The relationship between
temperature and electrical resistance can be described as follows:

RT = R0 + μ(T − 273.15) (4)

where μ = a R0 is the temperature coefficient of the platinum wire electrical resis-
tance, R0 is the electrical resistance of one section of the platinum wire with a given
length at 0 ◦C. It should be made clear that the relationship between the resistance and
temperature of the platinum wire was calibrated from 283 K to 540 K.

2.3 Experimental Apparatus

The experimental system is shown in Fig. 1 and consists of a heating system, data
acquisition system, and measurement system. The system pressure was achieved using
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Fig. 1 Experimental apparatus

a high-pressure nitrogen tank. A self-feedback thermostat furnace was introduced for
measurements.

To eliminate the end effects of the platinum wire, the transient double hot-wire
method was used. A fixed constant electric current was passed through two serial
platinum wires with different lengths. To convert the temperature rise to a measurable
electrical signal, an unbalanced Wheatstone bridge was introduced, the most com-
mon electric circuit to transform small signals. The circuit diagram of this transient
double hot-wire method is shown in Fig. 2. At the initial moment, resistances R3 and
R4 were altered to balance the Wheatstone bridge, and then a constant step current
was passed through the long and short platinum wires. During the experiment, the
hot wires were used as both electrical resistance thermometers and heat sources. R1,
R2, and Rst are high-precision resistances with a relative error of 0.01 %. The voltage
of Rst was measured to obtain the current passing through the platinum wires. R3
and R4 are variable resistance boxes with a relative error of 0.01 %. R5 stabilizes
the power supply output. A constant-current circuit was introduced for its smaller
nonlinear error. One multifunction card (PCI-1710HGU, Advantech) with eight dif-
ferential analog inputs and 100 kHz sampling rate was used as the data acquisition
system.

The voltages of Rl, Rs, Rst, and the bridge were measured with a 1000 Hz sampling
rate. The bridge voltage is deduced as follows:
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Fig. 2 Electrical circuit of
transient hot-double-wire
method

�U = (R3 + RL + dRL) E

R3 + RL + R4 + RS + RST + dRL + dRS
− E

2

λ = μI 3 Rx

8π Lx

/ dU

d(lnτ)
. (5)

At the beginning of the experiment, a small direct current of 1 mA to 2 mA was
applied to the circuit for adjusting the electrical resistance of the two bridge arms to
make sure that the bridge is balanced. Then, an experimental direct current of 25 mA
was introduced as the heating current after quickly switching to the measuring circuit.
Because of environmental interference to the electric signals, an electric filter was
used to eliminate the disturbance.

To obtain the thermal-conductivity data of RP-3 at higher temperatures, several
measures were taken to reduce the effects of natural convection. First, small power
heating was introduced to reduce the radial and temperature nonuniformity signifi-
cantly. A symmetrical temperature field is the most important factor to reduce natural
convection. Second, a multilayer structure was used in the device to reduce any fluid
motion due to convection as much as possible. Figure 3 shows the inner layer that was
designed elaborately to change the lengths of the two platinum wires, thus facilitating
the installation of the platinum wires. A quartz casing was positioned in the middle
layer. Finally, a smaller temperature difference between the device and surroundings
is beneficial for a uniform temperature field in the cavity. For this purpose, a heating
band was located outside the cavity. With the heating band, the environmental temper-
ature could be increased to 450 K evenly. The calibration experiment proved that the
repeatability and stability of the experimental data were improved dramatically. The
experiment was carried out ten times in succession at each particular temperature. The
platinum wire system is the core part of the entire device. The difficulty in designing
the platinum wire system lies in the fact that it functioned as not only the heating
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Fig. 3 Experimental device of the test rig

component, but also the temperature measuring units as mentioned above. One part of
the platinum wire system was sealed in a high-pressure-bearing cavity, and the other
part functioned as the peripheral electric circuits. Therefore, it is crucial to insulate
the platinum wire from the steel case electrically. A new leading wire was developed
to sustain a higher pressure and insulated electrically. Magnesium oxide padding was
used to insulate the copper wire from a steel drive pipe of 3 mm in diameter. To endure
high pressures and temperatures, a copper oxide sealant was daubed at the two ends
of the drive pipe.

The test device was placed in a pressure-bearing steel cavity, immersed in the hydro-
carbon fuel RP-3. Moreover, the gliding block can facilitate the fine adjustment for
strengthening the platinum wire. Because a higher sensitivity to temperature variations
and lower model error results from a thinner platinum wire, a platinum line of 15 µm
in diameter was introduced. Based on the requirements of the transient experiment,
the frequency of the analog signal acquisition board was selected as 1000 Hz. The
time of experiment must be limited to 0.8 s to eliminate the effect of free convec-
tion, which is 800 points taken in one experimental run. The experimental pressure
was measured using a pressure gage transducer (Model 3051CA4, Rosemount) with an
uncertainty of >0.025 %. The vessel is capable of sustaining a temperature range from
290 K to 520 K and pressures up to 7 MPa. The total uncertainty of the temperature
measurement system was less than 0.01 K.

2.4 Uncertainty Analysis

According to Eq. 1, the total uncertainty of the measured thermal conductivity using
the transient double hot wire is estimated as follows. The uncertainty of I is 0.06 %; the
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Fig. 4 Validation test with different heating powers

length of the platinum wire was measured using a micrometer caliper with an uncer-
tainty of 0.2 %. The uncertainty of the electrical resistance versus the temperature
coefficient of the platinum line was within 0.1 %; the uncertainty of the voltage rise
slope dU/d(lnτ) was 0.6 %. Accounting for the uncertainty in the presence of other
types of heat transfer and uncertainty in the deviations from an ideal mathematical
model, the errors were reduced significantly by an elaborately designed experimen-
tal apparatus and appropriate operating conditions. Therefore, the combined standard
uncertainty of these thermal-conductivity measurements was estimated to be 1.5 %.
The relative expanded uncertainty of the thermal-conductivity measurement was deter-
mined as 3.0 % (coverage factor k = 2).

3 Results and Discussion

3.1 Accuracy and Repeatability

To evaluate the effects of the heating power on the measurements, absolute ethyl alco-
hol was used for the repeatability test. This validation test was conducted at room
temperature five times, which also is a way to validate the repeatability of this method
and the apparatus shown in Fig. 4. Moreover, the measurements at different applied
powers, resulting in different temperature rises, are the tests to verify that the convec-
tion effects are insignificant in the tests.

The measurement deviation from the standard data (the horizontal line in Fig. 4)
is relatively large for a small heating power. This can be explained by the fact that
the bridge voltage deviates from the range of the acquisition module. Moreover, the
test results show good repeatability in these five measurements at each heating power.
Toluene was used as the calibration fluid because of its hydrocarbon characteristics
and vast experimental data reported in the literature. The validation experiment was
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Table 1 Relative errors (ξexp, ξfit) of the measured λexp and fitted values λfit of toluene compared to the
published data λpub at 0.1 MPa

T (K) λpub(W·m−1·K−1) λexp (W·m−1·K−1) λfit (W·m−1·K−1) 100 × ξexp (%) 100 × ξfit (%)

290.21 0.1332 0.1335 0.1333 0.19 0.05

396.74 0.1312 0.1312 0.1312 −0.01 0.01

303.35 0.1292 0.1287 0.1292 −0.37 −0.02

308.22 0.1277 0.1277 0.1277 0.01 −0.02

312.17 0.1265 0.1266 0.1265 0.05 −0.01

319.51 0.1243 0.1244 0.1244 0.07 0.03

325.12 0.1227 0.1226 0.1228 −0.07 0.09

328.86 0.1216 0.1221 0.1218 0.39 0.13

330.91 0.1210 0.1214 0.1212 0.31 0.16

348.81 0.1160 0.1164 0.1167 0.31 0.27

354.37 0.1146 0.1153 0.1151 0.64 0.47

360.95 0.1128 0.1135 0.1133 0.60 0.43
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Fig. 5 Repeatability validation tests of toluene at different temperatures

carried out at a temperature from 290.21 K to 360.95 K and at a pressure of 0.1 MPa.
The measured and published thermal-conductivity data [12] of toluene are listed in
Table 1, where ξexp and ξfit are the relative error of published values compared to
the experimental and fitted data. The maximum deviation from the published value
was 0.64 %, which could be reduced to 0.47 % by data fitting. The experiment was
performed ten times at six particular temperatures to validate the repeatability and
accuracy, as shown in Fig. 5.

Table 2 shows the relative error of measured data versus temperatures compared
to those reported in the literature. The maximum absolute deviation (M AD =∣∣∣λexp

λlit
− 1

∣∣∣×100) and average absolute deviation (AAD = 1
n

∑n
i=1

∣∣∣λexp,i
λlit,i

− 1
∣∣∣×100)
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Table 2 Relative error (ξexp, ξfit) of the measured λexp and fitted values λfit of nitrogen compared to the
published data λpub at 5 MPa

T (K) λpub

(mW·m−1·K−1)

λexp

(mW·m−1·K−1)

λfit
(mW·m−1·K−1)

100 × ξexp (%) 100 × ξfit (%)

285.65 27.80 27.63 27.62 −0.62 −0.01

313.71 29.37 29.31 29.26 −0.21 −0.17

336.17 30.63 30.51 30.56 −0.38 0.18

361.14 32.02 31.97 32.01 −0.16 −0.14

386.67 33.45 33.72 33.50 0.81 −0.66

411.51 34.84 34.69 34.94 −0.43 0.72

443.12 36.61 36.87 36.78 0.72 0.25

468.86 38.05 38.14 38.27 0.25 0.35

485.37 38.97 39.35 39.23 0.98 −0.30

of the thermal conductivity of toluene were 0.47 % and 0.14 %, respectively. The
measurements were conducted ten times at six different temperatures to validate the
repeatability of the experiment. The deviations of ((λfitted − λpub)/λpub) × 100 are
within an error band of 1 % as shown in Fig. 5.

To validate this experimental apparatus for gaseous fluids, the thermal conductivity
of nitrogen was measured from 285 K to 485 K and at pressures of 5 MPa as shown

in Table 3. The M AD =
∣∣∣λexp

λlit
− 1

∣∣∣× 100 and the AAD = 1
n

∑n
i=1

∣∣∣λexp,i
λlit,i

− 1
∣∣∣× 100

of the thermal conductivity of nitrogen are 0.72 % and 0.31 %, respectively. Notably,
the measured thermal conductivity for toluene and nitrogen were compared with the
standard data [12,17]. According to the validation tests with toluene and nitrogen, the
AAD in all the tests was 0.36 %, indicating that the experimental apparatus is reliable
and convincing.

3.2 Thermal Conductivity of RP-3

The thermal-conductivity measurements of RP-3 were conducted using the transient
hot-wire method as described above from 0.1 MPa to 5 MPa and from 295 K to 513 K.
Every experimental run was repeated six to ten times at each identical condition. The
experimental fluid was gradually heated at a fixed pressure covering the entire testing
range. Figure 6 shows that as the temperature increases, the thermal conductivity
of RP-3 decreases. At higher pressures, the thermal conductivity of RP-3 increased
slightly. The effect of pressure on the thermal conductivity was relatively insignificant,
similar to Zhang’s measurements on liquid dimethoxymethane [13]. In this study, all
the experimental data were correlated using the following polynomial equation:

λ =
3∑

i=0

Ai (T/K)i ,
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Fig. 6 Variations of the thermal conductivity of RP-3 with temperature at different pressures
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Fig. 7 Deviations of (λfit/λexp − 1) of the thermal conductivity versus temperatures

where Ai is the polynomial coefficient. Notably, the above formula cannot be extrap-
olated and is valid in the range from 285 K to 513 K and from 0.1 MPa to 5 MPa.

Similar to other fluids, at higher pressures and lower temperatures, the thermal
conductivity of RP-3 increased as shown in Fig. 6, which is mainly dominated by tem-
perature. The difference in the measured data at different pressures is insignificant.
The thermal conductivity of a liquid is affected by the distance between the molecules.
The distance becomes larger after heating, decreasing the thermal conductivity. The
effect of pressure on the thermal conductivity was insignificant in this temperature
range. However, for thermal-conductivity measurements at higher temperatures, the
effects of thermal radiation must be taken into account. Perkins et al. [6] developed the
methods for the thermal radiation correction for the transient hot-wire method for both
gas and liquid. For a gas such as nitrogen that is transparent to the thermal radiation, the
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contribution to the measured thermal conductivity is <0.5 % near 486 K. The contri-
bution of thermal radiation from fluid emission to the measured thermal conductivity
for supercritical pressure kerosene RP-3 is <2.4 % near 513 K using their method.
Therefore, the real thermal conductivity without thermal radiation effects should be
lower at the corresponding temperatures. Figure 7 shows that the maximum absolute
deviation (MAD) and average absolute deviation (AAD) between the experimental and
fitted data were 2.3 % and 0.8 %, respectively. The relative errors were within an error
band of 2 %. Figure 7 also shows that the experimental deviation becomes relatively
large at higher temperatures. This can be explained by the fact that the transient double
hot-wire method relies on an absolute homogeneous temperature field that is difficult
to achieve. The heating of fluids in the gravitational field causes free convection in the
system. Therefore, a larger data deviation appears at higher temperatures.

4 Conclusion

In this study, a modified experimental apparatus is proposed based on the transient
hot-double-wire method, which was validated to have an uncertainty of 0.72 % by
measuring the thermal conductivity of hydrocarbon toluene and nitrogen. The ther-
mal conductivity of one typical hydrocarbon aviation fuel was measured at sub- and
supercritical pressures. The measured data cover a temperature range of 285 K to
513 K and a pressure range of 0.1 MPa to 5 MPa. The measured data were fitted by
polynomials; the MAD and AAD were 1.05 % and 0.5 %, respectively. These mea-
sured thermal-conductivity data of hydrocarbon fuel may facilitate the simulation of
the thermal conductivity of a fuel system.
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