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Surface coking deposition influences on flow and heat transfer of aviation kerosene RP-3 in helical tubes
were experimentally investigated at supercritical pressure. Four types of helical tubes with fixed pitch
and various helical diameters have 1.86 mm inner diameter and 2.2 mm outer diameter. The system
pressure, inlet temperature, mass flow rate were fixed at 5 MPa, 400 K and 1178 kg/m2 s, respectively.
The results indicate that the helical centrifugal force could inhibit the thermal oxidation coking and slow
down the growth rate of press drop within maximum value of 47.6%. For the same cross section, the outer
heat transfer coefficient (HTC) decreases gradually and eventually is less than the inner side due to coking
deposition. Finally, a correlation of Nusselt number considering coking deposition was simulated to pre-
dict the heat transfer characteristics.

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

With the increase of pressure ratio and turbine inlet tempera-
ture in modern aero engines, the cooling system for turbo compo-
nents faces much more challenges. As the developments of new
material and internal cooling technology could not satisfy the
demand, one technology named CCA [1] (Cooled Cooling Air) is
proposed to improve the cooling air quality and energy utilization
rate. Hydrocarbon fuel would be used in the technology, heated
and compressed in the supercritical status because the fuel feed
system varies from 3.45 to 6.89 MPa in typical aero engines [2].
Thus, flow and heat transfer characteristics of hydrocarbon fuels
at supercritical pressures are vital important in the CCA technology
for advanced aero engines.

Previous researches on flow and heat transfer of supercritical
fluid are mainly into pure liquid such as water and carbon dioxide.
Jackson and Hall [3] investigated the heat transfer enhancement
and deterioration mechanisms for supercritical fluid in different
flow directions. Under the condition of heating, the buoyancy
effect is reduced by the radial thermal property gradient due to
the temperature difference between the inner wall and bulk. The
buoyancy could influence the fluid shear force near the wall and
then change the turbulence kinetic energy. This variation leads to
the heat transfer enhancement or deterioration and flow resistance
difference. Some criteria to evaluate the buoyancy in vertical
tubes were proposed, such as Grb=Re

2:7 > 10 [4] and Bo� ¼
Gr�=ðRe3:425Pr0:8Þ [5]. Many similar results were concluded that
buoyancy could enhance the heat transfer in downward flow
[6,7]. Furthermore, thermal acceleration was observed and heat
transfer deterioration occurred due to the flow laminarization.
Based on the air heat transfer in tubes, McEligot et al. [8] presented
the dimensionless acceleration factor Kv to judge the thermal
acceleration level. The results show that when Kv P 4� 10�6, ther-
mal acceleration could significantly influence the HTC and the level
decreases to the same with laminar flow. What’s more, Liao and
Zhao [9,10] experimentally investigated convective heat transfer
for supercritical carbon dioxide in miniature tubes and results
show that heat transfer deterioration happens due to the buoyance
effect in downward flow when the Reynolds number is higher than
105. In Jiang [11–14] recent researches, similar phenomena were
observed and buoyancy significantly influences the heat transfer
of supercritical carbon dioxide.

Compared with pure liquid, hydrocarbon fuel consists of thou-
sands of components and some chemical reactions lead to compli-
cated heat transfer characteristics during the heating process. Also,
thermal oxidation coking would deposit on the inner surface to
decrease the HTC between the flow and the wall. Krieger and Chen
[15] adapted SF6 replacing aviation kerosene to research inlet Rey-
nolds number, system pressure and flow direction influences on
heat transfer characteristics at supercritical pressures. The results
indicate that system pressure and flow direction almost have no
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Nomenclature

A surface area
Cp isobaric specific heat capacity ((kJ/kg) K)
d diameter (m)
D helical diameter (m)
G mass flow rate (kg/(m2�s))
H enthalpy (kJ/kg)
h heat transfer coefficient (kW/(m2�K))
I electrical current (A)
L length (m)
m mass flux (g/s)
Nu Nusselt number
n coil numbers
P pressure (MPa)
Q heat (W)
q heat flux (kW/m2)
R(T) electronic resistivity (X�m)
r radius (m)
T temperature (K)
t time (min)
Re Reynolds number
U voltage (V)

Greek
U heat power (W)
q density (kg/m3)
l dynamic viscosity (Pa�s)
m kinetic viscosity (m2/s)
k thermal conductivity (W/(m�K))
e uncertainty

Subscripts
b bulk
c coking
i inner
in inlet
o outer
out outlet
pc pseudo-critical
w wall
x local position
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effects on heat transfer when Reynolds number is lower than 105.
Four various heat transfer period were concluded in Li and Zhu [16]
research for supercritical hydrocarbon fuel: normal heat transfer,
heat transfer enhancement, heat transfer deterioration, second
heat transfer enhancement. At present, almost all correlations
related to supercritical fluid heat transfer are simulated based on
water or carbon dioxide experimental data and bulk temperature,
wall temperature or film temperature are defined as qualitative
temperature. Dickinson and Welch [17] adopted Dittus-Boelter
equation to compare with experimental data and found that there
exists large errors when the bulk temperature comes to pseudo
critical temperature. Krasnoshchekov and Protopopov [18] consid-
ered that the equation with property changes correction factor
qw=qb and �Cp=Cpb could simulate experimental data better. Above
all, many kinds of correlations [19–22] are simulated and these
does not show large difference due to the experimental factors,
thermal load and buoyancy effects.

As fundamental research in CCA technology applied in aero
engines, flow and heat transfer of aviation kerosene RP-3 in
straight tubes at supercritical pressures have been deeply studied
in our previous research [23–27]. Helical tube as one typical curved
tube would be widely used in the future heat exchange component
in CCA technology. Berger et al. [28], Shah and Joshi [29], Naphon
andWongwises [30] all summarized flow and heat transfer charac-
teristics of common fluid flowing in curved tubes. Otherwise,
mechanism of heat transfer for supercritical hydrocarbon fuel in
helical tube is still unclear, especially when the inner wall surface
starts to emerge thermal coking. To consider the real application
for air-fuel heat exchanger in aero engines, flow and heat transfer
with thermal oxidation coking influence of aviation kerosene RP-3
at supercritical pressure in helical tubes were experimentally
researched in this paper.
2. Test facility

2.1. Experimental system

Supercritical fluid flow and heat transfer system in Beihang
University is shown in Fig. 1. The whole system consists of four
main sub-systems: fuel feeding system, heating system, sampling
system and cooling separation system. The aviation kerosene was
exported from the fuel tank and then would be removed impurities
through filter. The main flowing path could be pumped to maxi-
mum 15 MPa by the infusion pump (SP6015,15 MPa, 0.01–
600 mL/min). When the fuel pressure is larger than 10 MPa, the
pump pressure could relief automatically to guarantee the system
security and stability. Then the system absolute pressure was mea-
sured by a capacitance-type pressure transmitter (Model: Rose-
mount 3051CA4, ±0.15%) and controlled by the back pressure
valve equipped at the path outlet. Furthermore, the pressure drop
of test section was measured by capacitance-type pressure trans-
mitter (Model: Rosemount 3051CD4, ±0.065%) set between the
inlet and outlet of experimental tube. The mass flow rate was mea-
sured by a Coriolis-force flow-meter (Model: DMF-1-1, 0.15%, Sin-
cerity) before the fuel flew into the pre-heating section. To achieve
the required inlet temperature, two current powers (TN-KGZ01,
100 V, 200 A) were set on the stainless steel tube. The fuel was
cooled down to 310 K by the water-fuel heat exchanger after flow-
ing through the test section and then accumulated to the waste
fuel barrels.

Experimental set-up has absolute pressure, differential pres-
sure, temperature, mass flow rate, heating voltage and current
measuring instruments and equipment. All the measured experi-
mental data are output in the form of electrical signals. Signals
are gathered by ADAM-4018 data acquisition, transformed by
ADAM-4520 to several documents and stored in computer.
2.2. Test section

The experimental test section is stainless steel (1Cr18Ni9Ti)
tube and all helical tubes have total length of 1800 mm. The test
tube has 1.82 mm inner diameter and 2.2 mm outer diameter.
Two 150 mm-length thermal insulation sections were set both in
the inlet and outlet, and the middle 1500 mm length was bent to
helical type as experimentally heated section. Four kinds of helical
tubes with same pitch were manufactured in order to evaluate
helical diameter effects on heat transfer and coking characteristics.
Table 1 shows the detailed parameters of experimental helical
tubes. The experimental section was connected to the system by
silver weld special joint to reduce the local flow resistance. 30



Fig. 1. Schematic of experimental system.

Table 1
Experimental helical tubes parameters.

Tube type A B C D

Helical diameter (mm) 502 118 67 46
Length of single coil (mm) 1500 372.9 214.3 149.9
Helix angle 1.5 6.2 10.8 15.5
Coil numbers 1 4 7 10

Pitch (mm) 40
Length of helical section (mm) 1500
Total length (mm) 1800
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NiCr-NiSi thermocouples were uniformly welded on the surface of
helical tubes to monitor tube surface temperature variations. Basi-
cally, two thermocouples were set on the inner and outer position
at the same dimensionless position to test the centrifugal force
influences. In addition, all the test section was covered by Aspen
thermal insulation material to reduce heat loss.

30 min oxygenation was applied in the fuel tank before each
experiment to guarantee that the dissolved oxygen is in a saturated
state and there is enough oxygen for coking reaction in the process
of experiment. In order to keep the comparative experimental
results at various working conditions, all system pressure condi-
tions were set as 5 MPa and mass flow rate was from 393 kg/
m2 s to 1178 kg/m2 s. The inlet fuel temperature was kept constant
as 400 K, and outlet temperatures weas723 K at highest. To make
contrast of time effects, experimental time was set to 1 h and 5 h.
2.3. Data and uncertainty analysis

Flow resistance of the experimental tube is evaluated by pres-
sure drop between the inlet and outlet, and the value could be
obtained directly by measurement. The local heat transfer for var-
ious position could be judged by local HTC hx defined as following
equation.
hx ¼ qx

Twx;i � Tb;x
ð1Þ

qx is the effective heat flux equal to the difference between electri-
cal energy and heat losses. The following equation shows the elec-
trical energy calculated by the current and tube electrical
resistance.

qx ¼
I2RðTÞ½pðd2

o � d2
i Þ=4�

pdi
� qx;loss ð2Þ

where R(T) is the electronic resistivity of stainless steel tube. The
heat loss is measured by power of preheating helical tube and sim-
ulated using temperature difference between tube surface and envi-
ronment. As experimental tube have various types, each tube would
have heat loss correction before experiments. The relationship
among enthalpy of RP-3, fuel temperatures and the heating power
could determine the local fuel temperature as follows.

TbðxÞ ¼ H�1 Qx

_m
þ HðTinÞ

� �
ð3Þ

The inner wall temperature Twx,i was determined by solving the
one-dimension thermal conductivity equation under the cylindri-
cal coordinates system. The following equation could be obtained.

Twx;in ¼ Twx;out

� U
r2out
2

� qx;lossrout

� �
ln

rout
rin

�U
4
ðr2out � r2inÞ

� ��
kt ð4Þ

kt is the local thermal conductivity of stainless steel tube and Twx,out

represents local outer wall temperatures in the test section. Finally,
the local Nusselt number in helical tube is calculated by Eq. (5).

Nux ¼ hxd
kf

ð5Þ

where kf is thermal conductivity of hydrocarbon fuel.
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Fig. 2. Coking amount distribution for repeated experiments in helical tube A and B.
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According to experiments data in helical tubes, all the temper-
ature differences between inner wall and fuel bulk are larger than
30 K. The uncertainties of local fuel bulk and inner wall tempera-
tures are ±0.85 K and ±1.05 K, respectively. The following equation
calculates the uncertainty of local heat flux and the value is 2.7%.

Dqx

qx

����
���� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qx þ qloss

qx

� �2

e2ðq0;xÞ þ
qloss;x

qx

� �2

e2ðqloss;xÞ
s

ð6Þ

Thus, the maximum uncertainties of local HTC and Nusselt
number are confirmed as 5.2% and 6.0%, respectively.

2.4. Coke measurement and repeatability

Coking deposition distribution is one key factor to influence
flow resistance and heat transfer characteristics. Weighing method
is one common way to measure the coking deposition in previous
research [31]. The measuring instrument was electronic analytical
balance with the precision of 0.1 mg and each experimental helical
tube would be cut uniformly into 30 pieces. There are twice weighs
for each segment, firstly happened at the end of the experiment
and secondly after the ultrasonic cleaning. Thus, the local coking
deposition amount onto the inner surface was the difference value
between two weighs.

Supercritical hydrocarbon fuel coking experiments need high
accuracy for both coking amount measurement and heat transfer
evaluation. Four experiments were conducted in helical tube A
and B for 1 h and 5 h and all mass flow rate, inlet temperature, out-
let temperature, and system pressure are identical. Fig. 2 shows the
coking amount per unit area distributions in two helical tubes and
it can be seen that the curve for two identical experiments are
almost in coincidence. Also, the derivation of total coking amount
for 1 h and 5 h experiments are 9.8% and 0.5%, respectively. Thus,
coking amount repeatability of helical tube experiments could be
checked.
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3. Results and discussion

3.1. Flow resistance characteristics

As thermal oxidation coking produces and adheres onto the
inner wall of tube during the heating process of supercritical avia-
tion kerosene RP-3, inner wall roughness and tube diameter would
be changed, and then flow resistance of the experimental tube
would vary with the duration time. Fig. 3 displays pressure drop
variations along with experimental time in four helical tubes.
The working conditions are identical that system pressure is
5 MPa, mass flow rate is 1178 kg/m2 s, inlet and outlet tempera-
tures are 400 K and 723 K, respectively. It is seen from the figure
that the pressure drop of helical tube D during the whole experi-
mental is larger than those of other helical tubes. The main reason
is that helical tube D has smaller helical diameter and more coil
numbers. The larger centrifugal force induced by bending leads
to larger local flow resistances under same working conditions.

For 5 h coking experiments, pressure drop of helical tubes all
monotonically increases along with time in helical tubes A, B and
C. In the early stage of experiment, the thermal oxidation coking
starts to stick onto the inner tube surface and the roughness slowly
increases. The mixing movement of hydrocarbon fuel in the wall
layers strengths, which results in the increase of flow resistance
differential pressure. However, the differential pressure growth
rate keeps even as the same trend in the second half of experimen-
tal time, especially after 50 min. It is explained that various cen-
trifugal force induced by different bending diameter is starting to
lead the key role to influence the flow resistance. The effect of
inner surface roughness gradually decreases and thermal coking
began to change the fuel circulation area. Thus, the differential
pressure drop increases slowly along with the time in various heli-
cal tubes. In addition, Fig. 4 shows the total coking amount for var-
ious helical tubes under identical working conditions. It is obvious
that the maximum coking amount happens in helical A, which has
the minimum coil numbers and maximum helical diameter. The
differential pressure increases about 47.6% and far larger than
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others. It is concluded that the coil number increase could inhibit
the thermal oxidation coking and then slow down the growth of
total differential pressure.

3.2. Convective heat transfer characteristics

Thermal oxidation coking along the tube distribution and cok-
ing morphologies for dimensionless positions vary with different
helical tubes. Considering the influences of overall surface coking,
fuel flow and heat transfer are mainly manifested on wall temper-
ature and HTC variations. As the coking amount for 1 h experiment
condition is small and coking layer thickness could hardly change
the heat resistance, the following discussions are mainly about 5 h
experiments.

3.2.1. Wall temperature distribution
Fig. 5 shows coking amount per unit area, fuel bulk and inner

wall temperature variations in helical tube A. It can be seen that
there exists one peak of inner wall temperature at the dimension-
less position x/d = 480, corresponding to the coking amount peak.
The coking rate per unit area has increased by about 10 times com-
pared with the 1 h experiment. The centrifugal force induced by
helical bending leads to the coking distribution more uniform
and there exists less coking deposition at the inlet section due to
the low fuel bulk temperature. At the outlet section, little part of
coking precursor could accumulate there with the fuel flowing
downward. Thus, the total wall coking amount slowly increases
at the latter section of helical tube.

Furthermore, the coking peak makes the inner wall temperature
varies from 668 K at the beginning to 757 K at the end of experi-
ment. The inner wall coking increases the thermal resistance
between wall and fuel bulk, leads to the heat transfer deterioration
and increases the inner wall temperature. However, there is no sig-
nificant variation for wall temperature in other sections during the
whole experiment. Similar temperature and coking amount distri-
bution happens at experiments in helical tubes B and C as shown in
Figs. 6 and 7. The peaks of coking amount per unit area for two
experimental tubes emerge at the dimensionless position between
x/d = 510.8 and x/d = 537.6. The peak position has the trend of
moving to the tube downstream with the increase of helical coil
number. The main reason is that the dissolved oxygen could be
held farther along with the fuel flowing and much more coking
reactions happens at the latter area of the experimental tube.
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In order to evaluate the centrifugal force effect on coking distri-
bution on circumferential direction at the same position, two ther-
mocouples were welded on the inner and outer spots for one tube
cross section and 15 couples were distributed uniformly along the
tube. The inner and outer temperature distributions for various
dimensionless position of helical tube D are displayed in Fig. 8. It
is demonstrated that both the inner and outer wall temperatures
slowly changes along with time due to the relatively low average
coking deposition at the dimensionless position x/d < 200. Also,
the outer wall temperature varies from 669 K to 720 K in 5 h exper-
iment, which is twice larger than the increase of inner wall tem-
perature from 695 K to 707 K. This phenomenon indicates that
thermal oxidation coking mainly concentrated on the outer side
of circular cross section at the position of coking peak owing to
the centrifugal force.

3.2.2. Heat transfer coefficient variation
Fig. 9 shows HTC variations along with experimental time in

helical tube B. It is noted that the fuel bulk temperature is rela-
tively low and small quantity of coking precursor deposits onto
the inner surface at the dimensionless position of x/d = 0–245.
Thus, the HTC at this section keeps gradually steady along with
experimental time. At the section of coking peak, HTC decreases
significantly as the coking deposition increases the thermal resis-
tance. HTC worsening trend along with time gradually increases
and obvious valley happens at the peak of coking rate. At the high
temperature position section of x/d > 600, HTC firstly increases and
then decreases along with experimental time. It can be explained
that the cracking crystal block coking is divided into particles
under the action of centrifugal force and then the mixing move-
ment is strengthened between the internal wall and mainstream.
However, the upstream dissolved oxygen is transported to pro-
mote the thermal oxidation coking during the experimental pro-
cess, dense layer of coking is formed and HTC gradually decreases.

Helical diameter could influences the HTC distribution along
with experimental time. Figs. 10–12 shows HTC variations along
with time at different dimensionless positions for four helical
tubes. At the low temperature section of x/d = 309.2, HTC tends
to firstly increase and then gradually reduces. During the time per-
iod of t < 40 min, the HTC increase in helical tube D is relatively lar-
ger than others as the larger centrifugal force leads to the stronger
turbulence effect at the entrance section. Fuel and dissolved oxy-
gen reaction makes the coking adhere onto the inner wall and this
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Fig. 6. Coking rate and inner wall temperature distribution for helical tube B.
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enhances the wall surface roughness. With the experiment ongo-
ing, the coking particles could fill in the porous media and thus
increases the thermal resistances.

Coking rate peak happens at various dimensionless position for
different tubes: x/d = 497.3 for helical tube A and D, x/d = 483.8 for
helical tube B and C. It is displayed in Fig. 11 that the HTC of helical
tube D is higher than others during the whole experiment. The rea-
son is that centrifugal force starts to take the dominant role in heat
transfer and thermal oxidation coking could not obviously influ-
ence the heat transfer. For helical tube A, coking precursor slowly
deposits onto the inner wall and local HTC keeps steady in the per-
iod before 130 min. The helical diameter of tube B is similar to the
diameter of tube C and centrifugal forces influencing the hydrocar-
bon fuel are in the same level. This results in the identical HTC vari-
ation that slowly decreases along with experimental time.

Fig. 12 shows the HTC variation at the high temperature section
along with time for different helical tubes. In general, heat transfer
affected by centrifugal force turbulence has been eliminated after
5 h high temperature coking process. As most of inner tempera-
tures are higher than 723 K and the thermal cracking coking starts
to emerge. The coking deposition could combine with the element
Fe and Ni to form metallic carbide and that leads to the HTC slow
decrease with time. Also, the helical tube C has the strongest ability
to form thermal oxidation coking, which could be avoid applying in
the further fuel-air heat exchanger design. Furthermore, inner and
outer wall HTC variation differences at the same position is shown
in Fig. 13. It is obvious that the outer HTC decreases by about 54.7%
in 5 h, which is larger than 15.6% for inner side. The centrifugal
force has the effect that much more coking deposits on the outer
side than the inner side, especially after 230 min. Thus, coking dis-
tribution and heat transfer deterioration should be considered dur-
ing the process of heat exchanger design.
3.2.3. Heat transfer correlation
Coking adhesion onto the inner wall surface could form the cok-

ing layer thermal resistance. The experimental thermal resistance
between the tube wall and the mainstream fuel is obtained as fol-
lows based on the concept of thermal conductivity.

R ¼ 1
K
¼ 1

2pkc
ln

ro
ri

� �
þ 1
h0

Ao

Ai
ð7Þ

The above equation is established in terms of three assump-
tions: (1) Tube coking onto the inner wall is uniformly distributed
along the helical tube axial directions. (2) Coking thickness varia-
tion could not affect the HTC, as the accurate coking thickness
(ro-ri) and coking thermal conductivity are not measured. (3) When
HTC reaches the highest peak, coking layer surface roughness, ther-
mal physical properties such as thermal conductivity and density
could not change with time any more.

In order to better evaluate the heat transfer deterioration
caused by thermal oxidation coking, the following formula is pre-
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sented considering relationship among Nusselt numbers, axial
position, experimental time, helical curvature and temperatures.

Nu
Nu0

¼ a e
t
t0

	 
b
e
Twx;in
Tbx

� �c

e
x
L

� �d
e
din
D

	 
 f

ð8Þ

where Nu0 is the Nusselt number at the starting point, t0 is experi-
mental time 300 min. D represents helical diameter, L is helical tube
length, Twx,in and Tbx represent inner wall and fuel bulk tempera-
tures, respectively. All experimental data at the mass flow rate con-
dition of 1178 kg/m2 s are analyzed and simulated using nonlinear
fitting method, and the formula could be transferred as follows.

Nu
Nu0

¼ exp 2:594� 0:147
t
t0

� 2:059
Twx;in

Tb
� 0:530

x
L
� 1:425

din

D

� �
ð9Þ

Fig. 14 displays the comparison between experimental data and cal-
culated results using above correlation. The results show that the
experimental data and the values calculated by fitting correlation
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Fig. 14. Comparison between calculated Nusselt numbers and experimental data.

Fig. 15. Inner wall surface coking morphology in helical tubes B and C for various dimens
537.6, (2) x/d = 725.8–752.7.
match well. The average relative error and maximum relative error
are 8.71% and 24.6%, respectively. Also, all 881 experimental points
are in the 25% error band and 93.9% of all points falls in the 20%
error band. Hence, this correlation could be adopted in preliminary
evaluation in the thermal oxidation coking of air-fuel heat exchan-
ger design, and it has very important reference value for the appli-
cation of CCA technology.

3.3. Thermal coking characteristics

Scanning Electron Microscope (SEM) was applied to detect the
morphology of thermal oxidation coking. Fig. 15 shows inner wall
coking characteristics of two positions after experiments in helical
tubes B and C. Also, various coking elements quality percentages
on the inner surface at the position of coking peak and high tem-
perature outlet section are presented in Table 2. Thermal oxidation
coking happening in helical tubes B and C have similar morpholo-
gies at dimensionless position between x/d = 510.8 and 537.6. C
element content is about 80%, most of the rest is element O and
no trace elements are found there. It demonstrates that the dis-
solved oxygen does not run out at the position of coking peak,
and transported to the high temperature area along with main-
stream to continue participating thermal coking reactions.

Section B-(2) and C-(2) are high temperature reaction areas for
two helical tubes. Most parts of these two sections have inner wall
temperature beyond 725 K, higher than the pseudo-critical and
ionless positions. B: (1) x/d = 510.8–537.6, (2) x/d = 725.8–752.7; C: (1) x/d = 510.8–

Table 2
Various elements contents for inner surface coking section in helical tubes B and C.

Mass (%) B-(1) B-(2) C-(1) C-(2)

C 78.11 43.52 82.67 32.88
O 21.89 12.55 15.55 14.06
Fe 21.18 23.5
Cr 18.85 20.39
Mn 0.59
Si 1.99 1.78 1.36
S 1.32 2.33
Zn 5.48
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thermal cracking temperatures. There exists thermal cracking reac-
tions near the wall layer, the dense oxidation coking is destroyed
and appears loose layer of flocculent precipitate. Moreover, the
region existing elements of Fe and Cr contents in stainless steel
obviously decreased compared with un-experimental tube. The
reason is that the coking distribution is more dispersed due to
the less quantity pyrolysis coking during high temperature period
and short time working conditions.

4. Conclusion

Flow and heat transfer characteristics of supercritical hydrocar-
bon fuel considering surface coking deposition influences in four
types of helical tubes have been experimentally investigated in this
paper. Detailed wall temperature, HTC distribution and coking
morphologies were obtained for various helical tubes and working
conditions. Some key conclusions were made as follows:

(1) The decrease of helical diameter could strength centrifugal
force, and then total coking amount is inhibited to slow
down the growth of total pressure drop. The maximum pres-
sure drop increase is about 47.6% in helical tube A.

(2) For all test tubes, HTC presents firstly increase and secondly
decreases along with time. Different coking morphology
reflects various heat transfer characteristics.

(3) Centrifugal force motives more coking deposit onto the
outer side than the inner side. Thus, the outer HTC decreases
gradually and eventually is less than the inner side.

(4) Correlation of Nusselt numbers for all 5 h experiments is
simulated and 93.9% of calculated values are in the 20% error
band.
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