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ABSTRACT

RP-3 is a kind of aviation kerosene commonly used in hypersonic and scramjet engines due to its superior thermal
stability, high energy density, and ability to act as a coolant before combustion. However, it is known that coke
can be generated during the cooling process as a carbonaceous deposition on metal walls and its effects on the
cooling performance are still largely unknown. To explore the influence mechanism of porous coke on heat trans-
fer characteristics of supercritical RP-3 in the regenerative cooling channel, a series of computational simulations
were conducted via a three-dimensional CFD model considering solid wall, porous media and fluid simulta-
neously. The results show that the porous coke leads to the heat transfer deterioration, but when the coke layer
thickness exceeds 1 mm, the weakening influence of coke on heat transfer becomes less important. The effect of
porous coke on heat transfer under different inlet flow rates and wall heat fluxes was also analyzed and it was
found that the heat exchange between channel wall and RP-3 is more detrimentally affected at large inlet mass
flow rate. In a smooth channel, the heat transfer coefficient has a sudden rise along the flow direction, but the
presence of porous coke mitigates the abrupt change. Furthermore, the variation of heat flux made a subtle dif-
ference in the effect of porous coke on the heat transfer of RP-3.
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Nomenclature

C Constant

G Constant-pressure specific heat, J/(mol-K)
€q Total energy of fluid, J/kg

h; Sensible heat, J/kg

J; Mass fraction

k Turbulent kinetic energy, m?/s
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Pressure, MPa

Heat flux, W/m?

Mass flow rate, kg/s

Universal constant, 8.314J/(mol-K)
Source term

Temperature, K

Velocity, m/s

Axial coordinate, m

Axial coordinate, m

Length coordinate, m

]

N< X 9wnxo.a g

Latin Letters

T Shear stress, Pa

Y Porosity

u Kinetic viscosity, Pas

P Density of aviation kerosene, kg/m®
0 Inclination of the channel

A Thermal conductivity, W/(m-K)
o Permeability, m*

0 Thickness of coke layer, m
Subscripts

f Fluid

S Solid

w Wall

1 Introduction

Hypersonic flight vehicle (HFV) has great potential in transportation and the military. The scramjet is a
vital component of the HFV air-breathing propulsion system; therefore, the cooling of the scramjet wall is
crucial to the performance of HFV. In the efficient and widely-used regenerative cooling technology,
aviation kerosene can be used as a coolant to cool down the scramjet wall by absorbing waste heat in the
flow process. Coke is a carbonaceous deposition that is generated on the metal wall of the cooling
channel during the process [1]. In practice, the typical size of a channel is normally 1-5 mm [2]. The heat
exchange capacity of the fluid and the cooling efficiency are subject to the variation of the flowing area
caused by coke in micro-channels. What’s more, the accumulation of coke can even block the tube [3].
Hence, the research on coke is good for improving the safety and efficiency of the scramjet.

The coke mechanism is distinct in different temperature ranges. Under various conditions, the physical
properties of coke are different. Gascoin et al. [4] found three types of coke in reactors made from different
materials. The density of coke in the stainless steel reactor and the low carbon steel reactor was 560 and
1883 kg/m’, respectively, and the porosity was 70% and 6%, respectively. Ji et al. [5] found that coke of
n-decane was an accumulation of microcosmical spherical particles, and pores and cracks were found on
the surface of coke. The envelope density and the real density of coke were 1049 and 1498 kg/m’, and
the porosity was 29.9%. Lucas et al. [6] studied the density of coke which was formed in thermal
cracking, and found that the range of the density varied from 2010 to 2080 kg/m’. Tevelde et al. [7]
measured four kinds of coke formed from different types of kerosene, and learned that thermal
conductivity changed between 0.0005-0.05 W/(m-K). Most of the research revealed that the essence of
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coke was porous media. To date, many studies on the thermal behavior of fluid in channels with porous media
have been conducted. However, few of them were on supercritical fluid characterized by dramatically
variable properties. Hereby, the influence mechanism of supercritical fluid flow in porous media on the
mainstream of the channel is still unclear. Although related research does exist, the amounts are few, the
subjects are normally supercritical CO, or supercritical water [8—10], and the supercritical aviation
kerosene in porous coke is seldom concerned.

Considerable studies on the thermal behavior of aviation kerosene during the cracking or coking process
have been carried out. For instance, Li et al. [11] found pyrolysis reduced the cooling effect of fuel in
unilateral heated channels with dimples. Gong et al. [12] discovered the adverse effect of buoyancy on
fuel cracking under different flow directions in vertical tubes, leading to an increase in the heat transfer
coefficient in the downward flow and a decrease in the heat transfer coefficient in the upward flow. Gong
et al. [13] studied heat transfer of pyrolytic RP-3 in curved channels and found that vortex structure in
curved channels helped to reduce coking precursors. Compared with the research on the pyrolytic RP-3,
less attention was paid to studying the effect of coking. Pan et al. [14] discovered that the coke layer had
two distinct effects on heat transfer capacity in different temperature ranges. When the temperature of
RP-3 approached or exceeded pseudo-critical temperature, porous coke strengthened heat transfer. On the
contrary, heat transfer deterioration happened without pseudo boiling. Liu et al. [15] applied a partition
algorithm to compute the fluid phase and the solid phase for coupled heat transfer and chemical reactions
and found that heat transfer was augmented with inlet flow acceleration. Yuan et al. [16] experimentally
probed into the role that the coke of RP-3 played inside the miniature tubes, and found that heat transfer
was weakened at the peak coking region, and heat transfer enhancement occurred at high-temperature
region. The result obtained from Wang et al.’s [17] research indicated that coking morphology and
deposition law changed the heat convection of RP-3. The influence of coking on the heat transfer of RP-
3 inside helical tubes was experimentally studied, and more coking deposits that weakened heat transfer
were found on the outer tube side [18]. Feng et al. [19] established a 2D numerical model that was based
on a Time-marching algorithm and used a coupled method to reveal the effect of turbulence on the
pyrolysis of hydrocarbon fuel and found an enhancement of heat and mass transfer by turbulence in the
core flow. Sun et al. [20] carried out large eddy simulations of thermal oxidative coking of aviation
kerosene in a U-tube and discussed the combination effect of buoyancy and centrifugal force on heat transfer.

Except for coke and pyrolysis, heat transfer characteristic is also influenced by other factors, such as
channel size, inlet mass flow rate, heating flux, etc. Li et al. [21] discussed the effect of the dimple on the
heat transfer of kerosene, the results showed that the overall heat transfer ability is increased with the
dimple effect. Jiang et al. [22] explored the impact of geometry parameters on the flow of hydrocarbon
fuel, revealing that thin ribs and smaller total flow areas improved the cooling performance. Yu et al. [23]
discussed heat transfer and flow of RP-3 under different heat fluxes and channel inclinations and revealed
that the average heat transfer coefficient declined first, and then increased as heat flux rose and the angle
of inclination decreased. Wang et al. [24] experimentally explored the effects of mass flux, inlet pressure,
and inlet temperature on the unstable flow of RP-3, and proposed that the increase of mass flow
contributed to heat transfer enhancement and led to the dropping of vibration amplitude of inner wall
temperature. Factors that influence the heat transfer of aviation kerosene are supposed to be studied in
regenerative cooling channels.

To the best of our knowledge, though much effort has been expended to explore the thermal behavior of
fluid in channels with porous media, few researchers have explored the influence of porous coke on the flow
and heat transfer of supercritical RP-3. Given that the morphology of coke is porous media, the effect of coke
and its corresponding effect mechanism is yet to be discovered. Consequently, in this paper, the impacts of
coke layer thickness, inlet mass flow rate, and wall heat flux variation on heat convection of RP-3 are
discussed.
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2 Materials and Methods

The schematic diagram of the three-dimensional model of the cylindrical regenerative cooling channel is
presented in Fig. 1. The outside view of the physical model is depicted in Fig. 1a, and the y-z section of the
model is shown in Fig. 1b. The model included three parts: the channel wall, the coke layer, and the fluid. The
inner diameter and outer diameter were 1.8 and 2.2 mm, respectively. The length of the uniformly heated
section was 600 mm, and a 150 mm adiabatic inlet section was set to ensure the full development of
turbulent flow. Apart from that, there was a 150 mm adiabatic outlet section that aimed to reduce the
influence of backflow. As shown in Fig. 1b, the solid channel wall on the adiabatic inlet section and the
adiabatic outlet were not designed to simplify the model. The flow direction of the fluid was
perpendicular to the gravity direction. The buoyancy effect of fluid was considered as well.

Heat flux

I

[Entrance section| Heated sectlon
(150mm) (600mm) 150mm

(a) The outside view of the model

Heat flux

L]

y] Fluid i

inlet—>| —— outlet

z
0 Axis (symmetry)

Entrance section Heated section 150mm
(150mm) (600mm)

(b) The y-z cross section of the model

Figure 1: The physical model

In the model, the fluid applied was supercritical Chinese aviation kerosene RP-3, and the wall of the
regenerative cooling wall was 1Crl8Ni9Ti. As mentioned in the introduction, the coke of aviation
kerosene is normally porous media. The porosity, apparent density, and permeability of the coke layer
referred to Gascoin et al.’s results [4]. The properties of coke and 1Cr18Ni9Ti are illustrated in Table 1.

Aviation kerosene RP-3 is a complex mixture composed of various components. To simplify the
calculation process, RP-3 was regarded as a simple substance rather than a complicated mixture. The
physical properties of RP-3 were from Yu et al.’s research [25], as presented in Fig. 2.
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Table 1: Physical properties of coke and 1Cr18Ni9Ti
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Figure 2: Physical properties of RP-3 at 5 Mpa [25]

The governing equations of RP-3 are presented as following:

V- (pug) =0 (1)
V - (pusuy) = —=VP +V - e + pg + S; )
V- (purer) =V - (4VTy) =V - (Pur) + pg - ty 3)

where TR, is the turbulent stress evaluated with the turbulence model. The flow of RP-3 in the regenerative
cooling channel was turbulent. To model the turbulent flow of aviation kerosene, the RNG k- model was
chosen because the model had higher accuracy and better efficiency [19,20].

The pores in the coking layer formed in the supercritical regeneration cooling channel were much
smaller than the channel size, so the porous media model was used to simplify the treatment, without
considering the details of the flow between pores. The porous media model was obtained by adding a
momentum source term of the momentum equation to the standard flow equation. C, was inertial
resistance coefficient, and the local thermal equilibrium model was applied to solve the heat transfer of
porous media.

u 1
Sj=— <aVi + ngﬂ\Vl%‘) 4)

To simulate the turbulent flow, an enhanced wall treatment was used in RNG k-¢ model. Values of Cy,
Cy. and C5, were 1.42, 1.68 and 0.0845, respectively.
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oy and o, represented the effective Prandtl numbers corresponding to £ equation and & equation,
respectively. o = o, = 1.393. u was the effective viscosity. Gy and G}, were production of turbulence
kinetic energy generated from average velocity gradient and buoyancy force. S, and S, were source items.

The governing equation of the solid phase was the equation of heat conduction:
V- (AVT)=0 (7

Unless otherwise specified, the boundary conditions were set as follows: the flow rate at the mass flow
inlet was ¢, = 3 g/s, and the temperature of the mass flow inlet remained at T}, = 400 K. The type of outlet
was a pressure outlet of p = 5 MPa. The constant heat flux imposed on the tube wall was normally
g = 400 kW/m?. Coupled heat transfer occurred at the interface where the channel wall and the coke
layer intersected. The junction of the coke layer and aviation kerosene was the interface boundary.
Besides, the no-slip conditions were applied on other walls.

The simulation work was completed with the aid of the commercial software ANSYS FLUENT 18.0.
The governing equations were discretized by the finite volume method, and the convection terms and
diffusion terms were discretized by the QUICK scheme. The pressure and velocity coupling equations
were solved by the SIMPLEC algorithm. When judging the convergence, the convergence criterion of the
energy equation was set to 10 °, and other parameters were 10 °. The schematic diagram of the grid
structure is presented in Fig. 3.

Fluid
Solid | Coke

Figure 3: Schematic diagram of the grid structure
Before the model validation, the grid independence verification was conducted, and the bulk
temperatures at the outlet obtained from different grids were compared in Table 2. Considering the

accuracy and the efficiency, Mesh-2 was selected to complete the following simulation work.

Table 2: Grid independence verification

Mesh number  7/K Relative error/%
Mesh-1 1594404 556.82918  0.008
Mesh-2 2620096 556.78665 —
Mesh-3 4156096 556.77245  0.003
Mesh-4 6076096 556.76180  0.004

To verify the porous model, the wall temperature of the heated aluminum tube with porous aluminum
foam was calculated. The data acquired from the computational model were compared with the results from
Dukhan et al.’s experiment [26] and are demonstrated in Fig. 4a. The variation trend was consistent, and the
largest deviation was only 0.74%. To verify the numerical model dealing with supercritical RP-3, the inner
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wall temperatures obtained from Zhang et al.’s [27] experiment and our model were compared and are shown
in Fig. 4b, with the maximum deviation being 4.7%. The numerical model and the method applied are
reliable for the present work.
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Figure 4: Comparison between calculation results with experimental results. (a) comparison with results
from [26], (b) comparison with results from [27]

3 Results and Discussion

3.1 The Influence of Coke Layer Thickness

Fig. 5 presents the temperature distribution on the y-z section of x = 0 mm with different coke layer
thicknesses. As can be seen from the Figure, RP-3 inside the coke layer normally had a higher
temperature than RP-3 outside the coke layer. The coke layer hindered the flow of RP-3, causing it to
absorb more heat from the heating wall and then a rise in the wall temperature. The temperature of the
mainstream fluid showed a growing trend along the flow direction by continuously absorbing heat from
the high-temperature wall.
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Figure 5: The temperatures of the cross-section (x = 0 mm) in the cooling channel at different coke layers
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Fig. 6 quantitatively illustrates the variation of kerosene bulk flow temperature and the channel wall
f puc, TdA
temperature. Here, the bulk flow temperature was defined as 7, = Afpﬁ' The values of T, under
MCp
A

various 0 were close but had subtle differences, among which 7}, in the smooth channel was larger than
the coking channel. And 7}, declined when the coke layer thickened. The trend was attributed to the
growth of the thermal conduction resistance caused by coke layer thickening, which was detrimental to
heat exchange between RP-3 and the wall. However, the heat blocked by the coke layer didn’t matter too
much considering the small J, so the difference of 7, was not evident. By comparison, 7,, was more
sensible to the variation in coke thickness. The inhibition of heat transfer tended to be more apparent
when the coke layer thickened, causing the rise of the wall temperature.

o6 0=0 mm 675F 7
0=0.050 mm
0=0.075 mm a5
520 F 6=0.100 mm 625 F
0=0.150 mm
—~ 0=0.200 mm ~ 600 |
EA’T. 480 F 0=0.250 mm ” %575 5=0mm
= » &’:' 6-0.050mm
4;’ 550 6=0.075mm
. I 5=0.100mm
440 - = 525 F 5=0.150mm
48: 6=0.200mm
e 57 T 0 30T 3 500 =0.250mm
400 i 1 1 £ A1 475 1 ' 1 1 1
0 100 200 300 400 500 600 0 100 200 300 400 500 600
z(mm) z(mm)
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Figure 6: The temperature distributions at different coke layers

It is noted that when we increased 0 beyond 0.1 mm, the impact of layer thickness variation on the wall
temperature became minor. With the increase of d, the deterioration of heat transfer caused by the increasing
thermal resistance and heat transfer enhancement stemmed from flow acceleration co-affected the wall
temperature. The coke layer hindered the flow of RP-3, causing it to absorb more heat from the heating
wall and lead to a temperature rise. When ¢ increased to a certain level, heat transfer enhancement and
deterioration reached equilibrium, and the temperature drop caused by heat transfer enhancement offset
the temperature rise. Thus, in the range of 0.15~0.2 mm, the wall temperature varied slightly when the
coke layer thickened. It should be emphasized that when the temperature of the channel wall was above
600 K, the wall temperature decreased slightly and then continued to increase, which was owing to the
property variation of supercritical RP-3.

Fig. 7 shows the radial temperature distribution at z =150 mm and z = 450 mm in the x-y section. In the
zone away from the channel wall, the temperature value of RP-3 in the coking channel was slightly larger
than that in the smooth channel and maintained at a relatively constant value. The fluid in porous coke
stopped and could be heated for a long while. Accordingly, the radial temperature of kerosene
experienced a dramatic increase in the area adjacent to the coke layer. Due to varying layer thickness, the
positions of the sudden rise were evident.

Fig. 8 presents the velocity distribution in the y-z section when x = 0 mm and was at different coke layer
thicknesses. It is emphasized that the existence of the coke layer caused a discrepant velocity field. When
0 = 0 mm, the velocity magnitude on the y-z section was uniform, but an apparent magnitude difference
appeared in the coking channel. The velocity magnitude of RP-3 near the center line increased along the
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flow direction and formed a cone-shaped or trapezium-shaped velocity magnitude distribution. When the
coke layer thickened, the conical tip gradually extended to the inlet. Because coke was porous media, the
existence of pores increased the roughness of the coke layer and slowed down the fluid near the coke. As
it shows, the flow velocity of RP-3 in the middle part increased as the coke layer thickened. The primary
reason for the variation was the reduction in the cross-section of the channel. In the coking channel,
kerosene had a larger velocity magnitude in the region near the outlet, which was ascribed to the density
decrease of RP-3 when a continuous heat absorption from the wall occurred. The porosity of the coke
layer was relatively low, so the flow inside the coke was too weak to be noticed directly.
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Figure 7: The temperature distributions in the radial section
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Figure 8: The velocity magnitudes in the y-z section of x = 0 mm at varied coke layer thicknesses

The pressure drop along the channel center line and between the inlet and the outlet is illustrated in
Fig. 9. The pressure drop was defined as Ap = p.max — Pz Pzmax Was the maximum pressure on the
center line and p, was the local pressure along the center line. The results show that the coke layer had a
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great influence on the pressure drop, and as the thickness of the coking layer increased, the pressure drop fell
even faster. The trend indicates that the coke layer could significantly impact the flow resistance, and the
increase in the thickness of the coke layer would cause more energy dissipation. The simulation result
was also consistent with the experimental results from Pan et al.’s [14]. Accordingly, the increase of
pressure differential between the inlet and the outlet at larger J was highly likely to be noticed.
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(a) The pressure differential along the center line (b) The pressure differential between the inlet and the outlet

Figure 9: The pressure difference at different coke layers

The radial velocity of RP-3 on the z = 150 mm section is shown in Fig. 10. The radial velocity was

defined as v, = y/v,> + 2. It can be seen that at y = 0 mm, the radial velocity of RP-3 in the smooth
cooling channel was lower than that in the coking channel. Additionally, the greater the coking layer
thickness, the faster the velocity of the center. It was because the inlet mass flow rate was constant, and
the presence of the coking layer would cause a shrinkage in the cross-sectional area of the flow, which in
turn led to an increase in the mainstream flow rate and the convective heat transfer. Due to the influence
of the fluid viscosity and the non-slip condition of the wall, the flow velocity gradually declined along
the radial direction and rapidly plunged to 0 near the velocity boundary layer. Different from the velocity
variation trend in the smooth channel, the velocity in the coking channel suddenly fell from the center to
the region near the channel wall. It is worth mentioning that the velocity magnitude decreased quickly to
a value and then started to drop steadily. In a very small region near the wall, the velocity magnitude
continued to decline rapidly until it was 0. Here, the position of the turning point where the flow velocity
tended to become stable from the rapid decline stage was just at the thickness of the coke layer.
Evidently, the coke layer affected the thickness of the velocity boundary layer, which led to a more
complex flow in the cooling channel with coke.
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Figure 10: The velocity magnitudes in the radial-section of z = 150 mm
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Fig. 11 shows the distribution of the local heat transfer coefficient / as well as the average heat transfer

coefficient /. The definition of h was & = 77 Tw;i was the local inner wall temperature. 4 increased

gradually along the main direction of the flow. Different from the variation of / in the coking channel, a
ladder-like increase of 4 appeared when 6 = 0 mm. To unravel the underlying reason for the ladder-like
curve, the distribution of velocity of z = 100 mm and z = 350 mm was plotted and shown in Fig. 12. In
the cross-section of z = 350 mm, the non-uniformity of velocity distribution was more remarkable, which
was caused by the enhanced turbulence under the effect of buoyancy. Both / and % decreased with the
increase of the layer thickness. The main reason for the trend was still the growth of thermal resistance
due to the accumulation of coke deposition. Compared with the smooth channel, both # and 4 fell
dramatically at a thin coke layer (6 = 0.05 mm). As the layer thickened, 4 dropped gradually; but when
the coke layer thickness increased to a certain level, the decrease of h was prone to flatten, which
coincided with the previous analysis of the temperature variation.
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Figure 11: The distribution of the heat transfer coefficient at different coke layers
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Figure 12: The velocity distributions of the section

3.2 The Influence of Inlet Mass Flow Rate

According to Fig. 13, the fluid temperature decreased as the flow rate increased. To quantify the impact
of the inlet mass flow rate, a line graph of the bulk flow temperature, as well as the inner wall temperature
along the flow direction, are presented respectively in Fig. 14. As depicted in the diagram, the temperature of
RP-3 and the inner channel wall temperature increased as the inlet flow slowed down, which was caused by
the weakening of energy exchange between the fluid and the channel wall because of the velocity reduction.
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Coke often led to the wall temperature rise, and the wall temperature difference between the coke-depositing
channel and the smooth channel was most likely to be larger at a higher mass flow rate.
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Figure 13: The temperatures of the y-z section (x = 0 mm) at various mass flow rates
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Figure 14: The temperature distributions at various mass flow rates

Fig. 15 shows that RP-3 velocity inside the coke layer and outside both increased when the mass flow
accelerated. Fig. 16 illustrates the variation of the inlet and outlet pressure differential with g,,. In contrast,
pressure drop in the coking channel with inlet flow acceleration appeared more drastic, and it was more
noticeable at a large mass flow rate when there was a coke layer. The reason for the difference was the
increase in flow friction caused by coke.

As plotted in Fig. 17, heat transfer was intensified by increasing the inlet mass flow rate. However, the
impact of the inlet flow rate variation on heat convection was far more remarkable in the channel without
coking. A ladder-like increase in the local heat transfer coefficient was also observed when ¢ = 0.05 mm.
The average turbulent kinetic energy was computed in Fig. 18 to explain the variation. The slope of
kinetic variation rose at the position where the ladder-like increase in / appeared.
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Figure 15: The velocity magnitudes of the y-z cross-section (x = 0 mm) in the cooling channel at different
mass flow rates
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Figure 17: The variations of the local heat transfer coefficient at mass flow rate
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Figure 18: The turbulent kinetic energy variations along the channel at different inlet mass flow rates

3.3 The Influence of Wall Heat Flux Density

As shown in Fig. 19, the temperature of the fluid and the temperature distribution along the fluid
direction are presented in Fig. 20. The results show that when the heat flux density increased, both the
fluid temperature as well as the wall temperature went up. Compared with the situation in which the
effect of coke wasn’t considered, the coke layer exerted an influence on wall temperature rise.
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Figure 19: The temperatures of the y-z section (x = 0 mm) in the cooling channel at different heat fluxes

Fig. 21 demonstrates the comparison of velocity distributions in the coking channel at various heat
fluxes. As flux density increased, RP-3 velocity inside the channel and the coke layer all grew. The
pressure drop between the inlet and the outlet under different heat fluxes is listed in Table 3. Between the
two situations, the variation of p;, with heat flux was evident. p; , of the smooth channel reduced when
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the heat flux density increased, but p; , of the channel with the coke layer became larger while the heat flux
density mounted. The variation of p;, in the smooth channel accounted for the reduction of fluid viscosity
with rising temperature. The rising temperature of RP-3 and the reduction of the viscosity led to an increase
in the flow velocity, so the pressure drop was reduced. In the coking channel, the coke layer played a
significant role in increasing p as heat flux increased, and the fundamental reason for the variation lay in

.21, no.5

the increase of flow resistance caused by the porous coke layer.
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Table 3: The pressure differentials between the inlet and the outlet at different heat fluxes

—2
q/kW-m Api,a(szomm/kpa Apl‘70(5:0.05mm/kl)a
400 11.522 107.097
500 11.211 110.944
600 11.022 115.214

Table 4 compares /5—qum and As—q osmm under different heat flux densities, and the distributions of / are
presented in Fig. 22. / increased when heat flux rose regardless of the presence of the coking. By contrast,
hs—0mm Was larger than hs—o.0smm- The variations of 4 with heat flux were distinct when 6 = 0 mm and
0 = 0.05 mm. In the section close to the inlet of the channel without coking, # had a smaller value when
it was under a higher heat flux, which was beyond expectation. This can be explained by the turbulence
kinetic energy distribution in Fig. 23. In the section close to the inlet, there was more turbulence under
the low heat flux. It was noted that in the work, / of the smooth channel had a ladder-like increase in the
middle piece of the channel. After the ladder, # went up with heat flux increasing. The ladder-like
increase of 4 did not appear in the coking channel, which meant the existence of coke eliminated the
ladder-like increase trend. The ladder-like increase moved towards the inlet as the heat flux climbed. In
the coking channel, / increased steadily along the flow direction of RP-3. The difference of 4 caused by
the heat flux became obvious with the flow.

Table 4: The average heat transfer coefficients at different heat fluxes

gkWm > Rsomn/Wm >K ' hso05mm /Wm K" (hs—omm~s—005mm)/W-m >K '

400 5345.97 3801.50 1544.47
500 5427.54 3940.98 1486.56
600 5521.25 4077.89 1443.36
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Figure 22: The distributions of the local heat transfer coefficient at different heat fluxes
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Figure 23: The turbulent kinetic energy variations along the channel at different heating fluxes

4 Conclusions

To find out the influence of the coke layer in the regenerative cooling channel on heat convection
characteristics, several simulation work considering the coke layer as porous media were carried out in
the manuscript. Additionally, heat transfer and flow processes with and without coke were compared
under various inlet mass flow rates as well as heat flux densities. Several conclusions were reached as
follows:

1. The existence of the coke layer has a nonnegligible effect on the temperature distribution and velocity
of RP-3. The coke layer generally weakens the heat transfer of RP-3, but the weakening effect is not
reinforced by the thickening of coke layers. When heat transfer enhancement that is caused by the flow
acceleration and heat transfer deterioration that results from a thermal resistance increase reaches a
balance at a certain thickness of the coke layer, the heat transfer coefficient tends to be stable. A steep
rise in the local heat transfer coefficient that is led by the buoyancy effect is observed only in the channel
without coking.

2. Heat transfer inside the smooth channel is less sensitive to the acceleration of the inlet mass flow, but
both the average heat transfer coefficient inside the smooth channel and the coking channel increase with the
flow rate. The heat transfer capacity varies slightly in the inlet flow velocity between the smooth channel and
the coking channel. The increase in the inlet mass flow rate leads to an obvious rise in the pressure differential
between the inlet and the outlet, but the pressure differential in the smooth channel mounts slowly.

3. The increasing heat flux makes a minor difference in the heat transfer of the coking channel and the
smooth channel. The results show that the increase in the heat flux density will reduce the pressure
differential between the inlet and the outlet in the smooth channel but make the pressure drop of the
coking channel rise, which is due to the increased flow resistance caused by coke.

Though the effect of the coke layer on heat transfer and flow characteristics of RP-3 has been discussed
in the paper, the numerical results are not the same as the actual situation. In future research, we will focus on
improving the accuracy of the computational model that takes the crack of RP-3, the non-uniform thickness
of the coke layer along the channel, and so on into consideration.
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