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ABSTRACT

This paper presents a comprehensive investigation of flow-induced noise
characteristics in ethylene cracking furnace tubes, covering both pre- and post-
coking conditions. Large-eddy simulation (LES) was employed in conjunction
with a generalized Lighthill’s acoustic analogy model. The results indicate that
noise sources can be classified as dipole acoustic sources, with energy primarily
concentrated ranged from 300 to 1500 Hz, in comparison to standard conditions.
The primary location of the acoustic source was identified in the region
commonly referred to as the “necking” of the furnace tube, demonstrating a
strong correlation with turbulence intensity near the tube wall. As the coke layer
thickness in the furnace tube increased from 5 mm to 15 mm, both the sound
power level and turbulence intensity exhibited significant growth. Specifically,
the sound power level increased by 60.5% while the turbulence intensity
increased by 58.5%. Variations in the overall sound pressure level (OASPL)
curve measured within the tube could be utilized to assess coking levels.
Significant peaks in the OASPL curve were observed as the furnace tube
underwent substantial coking, with coke layer thicknesses of 10 mm and 15 mm.
The corresponding OASPL values recorded were 79.25 dB and 119.08 dB,
respectively. The findings of this work offer significant insights that may
contribute to enhanced safety measures in the operation of ethylene cracking
furnace tubes.
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1. INTRODUCTION

The stable operation of ethylene cracking furnaces
holds paramount importance in polymer and compound
production (Fakhroleslam & Sadrameil, 2020; IEA, 2021,
Chen et al., 2023). However, coke deposition commonly
occurs on the inner walls of furnace tubes during the
thermal cracking process, impacting process performance
and safety in petrochemical operations (Tari et al., 2009;
Han et al., 2019). Currently, effective methods for
predicting coke deposition in furnace tubes are still
lacking (Pan & Lan, 2016; Solaimany et al., 2016; Su et
al., 2016; Valus et al., 2017; Ren et al., 2020; Wei, 2020).
Studies have indicated that coke deposition in the furnace
tube alters the flow channel structure, thereby affecting the
flow and acoustic field characteristics within the tube
(Mahamulkar et al., 2016; Coombs et al., 2020).
Analyzing the flow-induced noise characteristics of

furnace tubes before and after coking can provide a crucial
reference for predicting equipment failure.

In recent decades, research concerning ethylene
cracking furnace tubes has primarily focused on
operational parameters, thermodynamic properties, and
noise. Zhang et al. (2013) utilized eddy dissipation and
computational fluid dynamics (CFD) to explore the effects
of raw material feed rate, reaction tube wall temperature,
and heat flux on process performance. Their findings
indicated a positive impact of the wall temperature profile
and reaction tube heat flux profile on the production of
pyrolysis products. Subsequently, Barik et al. (2016)
established a connection between heat transfer effects in a
furnace tube and the Reynolds number, proposing the use
of nanofluids to enhance convection in the tube and
improve heat transfer. The heat transfer effects of U-
shaped and 90° elbow furnace tubes were compared by
Haldar and Shukla (2017) using the k-¢ equation,
revealing that greater bending angles result in heightened heat
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NOMENCLATURE

Cs Smagorinsky constant

CFL Courant number

Co sound velocity

D furnace tube outer diameter

Din furnace tube inner diameter

d distance to the closest wall

dout  coking furnace tube inner diameter
fmax ~ maximum acoustic frequency

h coke layer thickness

G Green function

k Von Karman constant

L furnace tube length

Ls mixing length for subgrid scales

Iy length of the growth zone in the furnace tube
In length of the mature zone in the furnace tube
lo length of the origin zone in the furnace tube
p the static pressure

Si rate-of-strain tensor for the resolved scale

Tij  Lighthill's stress tensor

t simulation time

At time step

U  magnitude of the flow velocity through the cell
_ fluid velocity components in physical space of i

“ " direction
0 fluid velocity components in physical space of |
! direction

V  volume of the computational cell
Xi  physical space i direction
Xj  physical space j direction
Ax  cell size in the flow direction
W subgrid-scale turbulent viscosity
p  density of the fluid
p'  density disturbance caused by sound
oii  Kronecker Delta symbol
kinematic viscosity
T acoustic emission time at the sound source
7j  subgrid-scale stress

wk  isotropic part of the subgrid-scale stresses

transfer. Further exploration by Mohammed (2018)
revealed characteristics of incompressible flow within U-
shaped furnace tubes with varying curvature radii, where
heat transfer increased with curvature radius; however, the
effects of coking were not taken into account. Amini et al.
(2022) simulated heat transfer and thermal oil flow in a
radiant coil section, accounting for coke formation within
the coil, using the k-¢ equation. Their results demonstrated
that coke deposition reduces the flow area of the coil and
elevates fluid velocity, but decreases heat transfer
efficiency. Zhang et al. (2023) utilized LES and
generalized Lighthill’s acoustic analogy modeling to
analyze the impact of coke deposition with different
heights and attack angles on a tube, specifically
concerning  flow-induced noise. They observed
proportionality between the OSPL of the noise and the rate
of coke growth.

While research on flow-induced noise characteristics
in cracking furnace tubes is relatively limited, the studies
referenced here involve tube noise models, which provide
valuable insights. Pittard et al. (2004), for example,
investigated tube noise using a hybrid approach that
combines experimental methods with numerical
simulations; they found that inlet velocity significantly
impacts noise. Mori et al. (2017) explored the acoustic
characteristics of T-shaped rectangular cross-section pipes
with different wall thicknesses using utilizing LES and
boundary element method (BEM) models, identifying
significant flow-induced noise characteristics, particularly
with 2 mm wall thickness. However, the computational
cost of this approach was overlooked. Paul et al. (2018)
predicted pressure wave propagation from a noise source
to a cylinder using LES and Lighthill’s acoustic analogy
models, highlighting the efficiency and cost-effectiveness
of this approach compared to LES and BEM methods. Han
et al. (2020) numerically analyzed flow-induced noise
characteristics in natural gas manifolds with a
combination of LES and Ffowcs Williams-Hawkings
(FW-H), and proposed effective noise-reduction measures

accordingly; however, the acoustic mechanism was not
clarified. Murugu et al. (2022) used unsteady Reynolds-
averaged Navier-Stokes (URANS) and LES methods to
simulate the acoustics of a chevron nozzle compressible
jet, revealing close agreement between LES predictions
and experimental data while URANS underestimated both
the flow field and sound pressure level. Lv et al. (2023)
used LES and FW-H models to predict the flow-induced
noise of a T-type deceleration tee tube, identifying severe
pressure pulsation as the primary source of flow-induced
noise, but neglecting the effect of the solid boundary at the
branch tube on noise.

The flow-induced noise of a furnace tube before and
after coking was investigated in this study using LES and
a generalized Lighthill’s acoustic analogy model. The
influence of coke layer thickness in the furnace tube on the
flow-induced noise is investigated, providing essential
data for predicting furnace tube coking and eliminating
safety hazards. Additionally, the findings offer valuable
insights into noise control for related industrial equipment,
which  may significantly benefit the sustainable
development of the petrochemical industry.

2. PHYSICAL MODEL AND SIMPLIFICATION
PROCESS

This paper focuses on a radiation coil section in the
millisecond cracking furnace of a petrochemical company,
as illustrated in Fig. 1(a). Compared with other types of
radiant coils, this furnace tube has advantages including a
lack of elbows, high heat transfer efficiency, low pressure-
drop, and rapid cracking reaction. However, its
drawbacks-primarily its propensity for rapid coke layer
formation on the furnace tube’s inner wall-necessitate
mitigation measures, chiefly frequent and swift coke
removal (Jakobi, & Gommans, 2007; Rossi et al., 2019).

Upon examining the fractured-failed furnace tube in
Fig. 1(b), it becomes evident that the coke layer’s
thickness closely resembles that of the furnace tube wall.
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Fig. 1 Furnace tubes coking model and simplification process

The coke layer exhibits a smooth and sturdy texture with
low porosity. Due to the absence of industrial
measurement data concerning coke layer thickness in
furnace tubes, and for the sake of simplicity,
simplifications for the coked tube are made here with
reference to the literature: surface irregulatrities on the
coke layer are disregarded, and it is assumed to be flat and
uniform (Amini et al., 2022). The area near the inlet end
of the furnace tube, where the coke layer has not yet
formed, is designated as the origin zone. The section near
the central left end of the tube, where the coke layer
gradually increases in thickness, is termed the growth
zone. Finally, the portion close to the outlet end of the
furnace tube, where the thickness of the coke layer on the
inner wall progressively rises until reaching a
predetermined value, is identified as the mature zone (Fig.

1(c)).
3. NUMERICAL MODELS

A hybrid numerical method was utilized in this study
to predict the flow-induced noise of the ethylene cracking
furnace tube before and after coking, as illustrated in Fig.
2. LES was employed to solve the unsteady flow field,
extracting characteristic parameters such as velocity,
pressure, and density. Subsequently, aided by the iCFD
module in Actran, the characteristic parameters of the
unsteady flow were mapped to the acoustic field
simulation. Acoustic prediction was executed through
interpolation between the CFD grid and the finite element
grid. Finally, the time-domain acoustic source was
subjected to discrete Fourier transform (DFT), and the

flow-induced noise and propagation characteristics were
solved using the direct frequency response method.

3.1 Large Eddy Simulation

LES, renowned for its accuracy in predicting fluid
flow, can be used to simulate the unsteady flow field in
furnace tubes (Métais, 2001; Temmerman et al., 2003;
Tucker, 2014; Dong et al., 2018). The associated
continuity and filtered N-S equations are (Zhang et al.,
2014):

ou,19x% =0 ey
LA LTI I T Il I T
ZINZ) N ax,  Ox P OX  OX

where g and g; are the fluid velocity components (m/s); X
and x; represent the physical space (m); t is the time (s); v
is the kinematic viscosity (m?/s); p is the static pressure
(Pa); p is the density (kg/m®); and tjj is the subgrid-scale
stress (Pa).

Equation (2) includes the subgrid-scale stress z;; (Shui
et al., 2020), which can be calculated as follows based on
the Smagorinshy-Lilly model (Basso et al., 2022):

1

T~ _é‘ijrkk = _zluzsij > 3)
3

where dj; is the Kronecker Delta symbol; 7« is the isotropic

part of the subgrid-scale stresses; ut is the subgrid-scale

turbulent viscosity (m?s); and S is the rate-of-strain

tensor for the resolved scale. Sj; can be computed as:
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In the Smagorinsky-Lilly model, the determination of
the subgrid-scale turbulent viscosity s is governed by Egs.
(5) to (7):

#=pLIS | (5)

L, = min(kd,CV**) (6)

| S = ,\,28_”. §ij (7

where Ls is the mixing length (m); k is the Von Karman
constant, set to 0.42 in this case; d is the distance to the
near wall (m); V is the volume of the computational cell
(m?); and C; is the Smagorinsky constant.

To satisfy the Nyquist sampling theorem and ensure
compatibility with the maximum acoustic frequency of
interest, Eq. (8) should be aligned with the time step
(Marzik et al., 2021):

At=— ®)
2f

where At is the time step size (s) and fiax is the maximum

sampling frequency (Hz). To ensure numerical veracity

and stability, the Courant number is normally required to

meet the follow:

At|U |
AX

CFL = <1, ©9)

where CFL is the Courant number; AX is the cell size (m);
and U is the flow velocity (m/s).

3.2 Generalized Lighthill’s Acoustic Analogy

The proposed acoustic prediction model is founded on
Goldstein’s generalized Lighthill’s acoustic analogy, with
the equation derived from the N-S equation as follows: (Ki
and Gil, 2020):

’ 2

Ip ey -
XX,

(10)

2 0

where po in p"=p-po is the acoustic density disturbance
(kg/m®); co is the ambient acoustic speed (m/s); and Tj; is
Lighthill’s stress tensor.

This equation only applies to free space, as it neglects
the influence of the interaction between the fluid and the
solid boundary on the acoustic field. Lighthill’s equation
for containing the stationary solid boundary in a fluid is as
follows (Glegg & Devenport, 2017):

2 oeln]
o v

+£L%[TU + o, ]ds(y)

i Zo

4rc, p(x,t) =
(11)

The above derivation and solution can be employed
when the fluid medium is stationary relative to the
observer. However, in practical engineering problems, the
flowing medium in the flow field moves constantly
relative to the observer. The acoustic prediction model
relies on Goldstein’s generalized Lighthill acoustic
analogy, an extension of Lighthill’s theory that
incorporates solid boundaries and the effects of a moving
medium (Sun & Wang, 2021). Thus, the governing
equation describing the acoustic field is:
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o (X, t)_—oj v([)ﬂyﬁy T, dydz
—j J—de(y)dr : (12)
S(r)
+—j jpw ~dS(y)dr
S(zr)

where x=[x1, X2, X3] is a viewpoint; y=[y1, Y2, y3] is an
acoustic position; z is emission time at the sound source
(s); and G is the Green function.

3.3 Grid division and Boundary Conditions

Grids are primarily categorized as structured or
unstructured. The former type exhibit high mesh quality,
regular distribution of grid nodes, fast solution speed, and
difficulty in applying complex models. The latter are
easily operated and have wide adaptability, but lower
solution accuracy. Given the relatively simple physical
model of the research object in this study, and the need for
precise calculation of the flow field in LES, fine grids are
strictly required. Thus, ICEM was chosen to generate
structured grids, as shown in Fig. 3(a).

Maintaining a y*<1 criterion, the maximum grid size
is 1x10°m, the first layer grid height is 3x10®m, and the
grid growth ratio is 1.1, yielding a total of 20 layers and
1,380,060 grids. To ensure reliable acoustic calculation
results, the acoustic field was meshed as shown in Fig.
3(b). A hybrid mesh of structured and unstructured
elements was utilized. The maximum grid size is 3x1073
m, with a total of 841,919 grids generated.

The furnace tube’s inlet and outlet were set as the
velocity inlet (Vin=10 m/s) and the pressure outlet,
respectively. The ideal-gas law was applied for density
calculations, and viscosity was determined using the

Sutherland law (ANSY'S, 2020). No-slip conditions were
applied at the wall. The pressure-based implicit solver was
employed for unsteady simulation, and the pressure-
velocity coupling equation was solved using the Pressure
Implicit with Splitting of Operator (PISO). Variables
related to the control volume were interpolated using a
second-order upwind scheme, and the standard wall
function was applied for the near-wall grid nodes. The
LES time step was set to 1x10* s, and the convergence
criterion was set to an accuracy of 1x105. The frequency
resolution in the acoustic field is 25 Hz in this case.

3.4 Independence and Accuracy Verification

To strike a balance between computational accuracy
and efficiency, independence and convergence tests were
conducted on four different grids (Table 1). The pressure
drop of the tube was selected as the importance index for
the grid independence test in the flow field in this analysis,
while OASPL was used as the grid-independent test
standard. The grid convergence index (GCI) was used to
evaluate grid convergence performance, with flow and
acoustic field grid sizes set to 1x10° m and 3x10° m
respectively.

The AP value increases by 2.12 Pa, OASPL increases
by 1.45 dB, and the errors are 0.3% and 1.2%,
respectively. The slight changes indicate that the refined
mesh can not only guarantee a sufficiently precise
simulation but also minimizes computational cost, making
it a preferred choice for this study. To validate the
reliability and accuracy of the research method,
experimental data from Lv and Ji (2011) was referenced
and reproduced using the same method for comparison. As
shown in Fig. 4, the simulation results are consistent with
the experimental results. Consequently, this approach
proves effective in predicting the flow-induced noise of
furnace tubes both prior to and following coking.

(b) Furnace tube geometry with the hybrid mesh in acoustic field

Fig. 3 Mesh generation of furnace tube geometry

1489



F.

Q. Zhouet al. / JAFM, Vol. 17, No. 7, pp. 1485-1498, 2024.

Table 1 Validation of grid dependence

Grid tvpe No 2 Now Indicator of mesh refinement
P gird or” AP (Pa) | Error (%) | GCI (%) | OASPL (dB) | Error (%) | GCI (%)
coarse 1268540 | 695211 | 630.94 / / 108.75 / /
original 1291541 | 748635 | 695.72 10.2 318.07 116.48 7.1 226.70
refined 1380060 | 841919 | 704.43 1.2 11.03 119.08 2.2 19.25
more refined | 1580439 | 1068914 | 706.55 0.3 1.13 120.53 1.2 4.84
3 Ngrig is the number of flow field grids; ® Ngrig is the number of acoustic field grids;
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Fig. 4 Acoustic pressure spectrum curves with comparative experimental data (Lv & Ji, 2011)

4. RESULTS AND DISCUSSION

To investigate the flow-induced noise characteristics
of the furnace tube before and after coking, acoustic field
parameters at varying coke layer thicknesses (0 mm, 5
mm, 10 mm, and 15 mm) were examined. The analyzed
parameters include experimental radiated power, radiated
direction, surface sound power level, OASPL, and sound
pressure spectrum. These parameter selections are
grounded in relevant foundational theoretical principles in
the field of fluid dynamics.

4.1 Experimental Radiated Power

Experimental radiated power represents the acoustic
energy emitted by an acoustic source per unit of time,
solely associated with the acoustic source itself. Figure 5
illustrates a comparison of the experimental radiated
power 2 m away from the center of the ethylene cracking
furnace tube across various coking degrees. The far-field
experimental radiated power of the furnace tube before
coking is extremely low, falling in the range of 0-2x10®
W, at approximately 0 W. Conversely, in the coked
furnace tube, the experimental radiated power increases
with coke layer thickness, ranging from 0 W to 3 W. Thus,
the far-field experimental radiated power of ethylene
cracking furnace tubes under different coking degrees
appears to be proportional to the thickness of the coke
layer of tubes. This should provide a basis whether a coke
layer is formed in the furnace tube.

Figure 5 also shows where the experimental radiated
power of the ethylene cracking furnace tube with coke
follows a normal distribution in the range of 0-2000 Hz,
with noise energy predominantly concentrated in the 300-
1500 Hz range. This indicates that the flow-induced noise
resulting from coking primarily manifests as medium- and

low-frequency noise when radiated to the far field. This
finding aligns with observations by Ren et al. (2023).
Additionally, as the coke layer increases, the frequency
bands where the noise energy in the tube is mainly
concentrated also form significant peak frequencies,
namely, 794.56 Hz, 631.65 Hz, and 517.32 Hz.

4.2 Radiated Direction

To further investigate the noise characteristics
induced by the flow in the coking tube, a total of 360
observation points were arranged around 2 m away from
the center of the furnace tube to analyze the radiated
direction of peak frequency, as depicted in Fig. 6. The inlet
velocity of the furnace tube is 10 m/s in this case, and the
thickness of the coke layer is 5 mm, 10 mm, or 15 mm.
The peak frequency noise energy mainly radiates in the
two directions of 150-210° and 330-30°, forming a
distinctive Fig. 8 pattern. This radiation pattern aligns with
the directivity characteristics associated with dipole
acoustic sources (Sun & Wang, 2021).

The peak frequency sound pressure of the furnace
tube further supports this finding, as shown in Fig. 7.
Numerous sound sources (including dipoles and
quadrupoles) appear to have formed in the furnace tube
due to the influence of coking. However, it is evident that
the sound source in the coked furnace tube becomes
mainly dominated by dipoles as the coke layer thickens,
while the energy radiated outward by the quadrupole
sound source is negligible. This result aligns with
Sujatha’s (2023) research findings.

Moreover, although these monitoring points were 2 m
away from the furnace tube (Fig. 6(a)), the maximum
acoustic pressure level along the 10° direction still reaches
77 dB when coke layer thickness is 15 mm. This noise
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level is far above the corresponding noise emission limit
(Han et al., 2020).

4.3 Surface Sound Power Level

As outlined in Section 4.2, the primary noise source
within the coked tube is the dipole acoustic source in the
mid-low frequency band. It arises from the interaction
force between the fluid and the inner wall boundary of the
tube. The surface sound power level of the furnace tube
was analyzed to gain a clearer understanding of its surface
sound source distribution (Fig. 8). The sound power level
distribution on the surface of the tube after coking is non-
uniform, though this is the case with no coke deposition
on the tube. Along the axial direction, the overall trend
first decreases, then increases, then decreases, and finally
stabilizes. The maximum sound power level differences
between adjacent furnace tubes are 27.45%, 27.69%, and
26.5%. Along the radial direction, the overall change trend
is characterized by increasing sound power level in the
furnace tube with an increasing coke layer.

This phenomenon is both directly and indirectly
related to the vorticity and turbulent intensity in the flow
field, as shown in Fig. 9. The change trends of the two
factors are very similar. Vorticity forms in the tube where
the sound power on the surface of the furnace tube is
relatively large (Fig. 9(a)), which implies that the turbulent
flow in the furnace tube intensifies due to violent
interactions among fluid molecules and a large local flow
velocity gradient, mainly near the wall of the furnace tube
and affected by the viscosity of the fluid itself. This
viscosity is the primary contributor to dipole acoustic
source generation, while the turbulence intensity on the

inner wall of the furnace tube contributes to the surface
sound power level (Moratilla et al., 2020).

Additionally, as evident in Fig. 9(b), the sound power
level decreases from 53.15 dB to 48.04 dB at X=0.1 m,
inversely proportional to the increase in coke layer
thickness. Conversely, the sound power level increases
from 51.40 dB to 105.03 dB at X=0.25 m, directly
proportional to increasing coke layer thickness. Notably,
the maximum sound power is located near the “necking”
of the furnace tube after coking, indicating that this
necking is the main source of noise. The inlet and outlet
of the furnace tube are also important noise sources. The
formation positions of these sound sources can also be
observed in Fig. 7. Therefore, for the coked furnace tube,
the distribution of the coke layer can be further judged
based on the distribution of the surface sound power level.

4.4 Overall sound pressure level

The surface and far-field noise characteristics of the
cracking furnace tube before and after coking were
analyzed as discussed above; subsequently, the noise
characteristics in the furnace tube were analyzed in further
detail. The OASPL at each point on the central axis of the
furnace tube was extracted to support this analysis, as
illustrated in Fig. 10.

Overall, the OASPL of the noise caused by the flow
in the furnace tube is proportional to the thickness of the
coke layer. When coke layer thickness is 10 mm or 15 mm,
the OASPL on the central axis of the furnace tube reaches
the maximum at point (0.26, 0, 0) (near the necking of the
tube), measuring 79.25 dB and 119.08 dB, respectively.
Conversely, when the coke layer thickness isO mm or 5
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Fig. 8 Sound power level on surface of furnace tube

mm, the OASPL curve on the central axis of the furnace
tube shows no obvious peak near this position. Therefore,
furnace tubes with coke layers of different thicknesses
attached to the inner wall can be classified according to
the presence of a local peak in the OASPL curve on the
central axis of the tube. This classification creates two
working conditions: light coking and severe coking. On
this basis, scientific and reasonable coke removal
measures can be designated for the furnace tube.

Figure 10 also provides other valuable insights. Under
light coking conditions, the OASPL along the central axis
of the tube remains relatively consistent, displaying a
gradual growth pattern. However, under heavy coking
conditions, distinct trends emerge in different zones. In the
origin and growth zones, the OASPL curve steadily
increases; in the mature zone, the curve follows a pattern
of a gentle linear decrease followed by a gradual increase.

This phenomenon directly correlates with the flow
dynamics in the furnace tube. As high-speed fluid is
directed from a large-diameter tube to a small-diameter
tube, the reduction in flow cross-sectional area increases
local flow velocity and intensifies turbulence, thereby
giving rise to significant pressure pulsations. These
pressure pulsations, generated by the rapid fluid
movement inside the furnace tube, play a prominent role
in the generation of noise. Chen et al. (2021) made similar
observations, highlighting the impact of flow dynamics on
flow-induced noise in furnace tubes.

To provide a clearer explanation of the observed flow
field phenomena and unveil the mechanism driving flow-
induced noise in the furnace tube, the flow field in the tube
with 15 mm coke layer thickness was isolated for further
analysis. Six pressure pulsation monitoring points were
arranged along the central axis of the tube to compare their
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distribution characteristics along the flow direction, as
illustrated in Fig. 11. In this coked furnace tube, the
dimensionless coefficient of pressure pulsations peaks in
the mature zone, surpassing that of the origin and growth
zones. The pressure pulsation amplitude in the tube also
reaches its maximum at the intersection of the growth and
mature zones.

4.5 Sound Pressure Spectral

To evaluate the impact of noise from the flow in the
furnace tube on the surrounding environment, the DFT
was determined as a reflection of the sound pressure
spectrum. Figure 12 shows where the noise inside the
furnace tube exhibits broadband discrete noise
characteristics (at point (0.35, 0, 0)) and outside the
furnace tube (at points (2.35, 0, 0) and (0.35, 2, 0)). In
addition, due to coke deposition, the sound pressure
levels at the inner furnace tube point (0.35, 0, 0) vary
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significantly, unlike at outer tube points (2.35, 0, 0) and
(0.35, 2, 0).

The sound pressure spectrum curve at point (0.35, 0,
0) of the furnace tube, both before and after coking,
exhibits a decreasing trend in the 0-750 Hz range. The rate
of attenuation is inversely proportional to the varying
thickness of the coke layer within the furnace tube, as
illustrated in Fig. 12. The sound pressure spectrum curve
at point (2.35, 0, 0) shows a gentle growth trend in the
range of 0-750 Hz. The sound pressure spectrum curve
only attenuates in the range of 750-2000 Hz when the tube
is heavily coked; this phenomenon is absent when the tube
is lightly coked. Moreover, at point (0.35, 2, 0), there is a
more pronounced change trend in the sound pressure
spectrum curve.

5. CONCLUSION

To investigate the characteristics of flow-induced
noise in ethylene cracking furnace tubes before and after
coking, unsteady numerical simulations of furnace tube
flow and acoustic fields were conducted in this study with
coke layer thicknesses ranging from 0 mm to 15 mm. LES
and a generalized Lighthill’s acoustic analogy model were
utilized. The analysis focused on the impact of coke
deposition on flow-induced noise within the tube. The
findings can be summarized as follows.

(1) The far-field experimental radiated power of
ethylene cracking furnace tubes at various coking degrees
predominantly manifests in the frequency range of 300-
1500 Hz, portraying characteristics of medium- and low-
frequency noise. The magnitude of this noise exhibited a
direct correlation with coke layer thickness.

(2) Numerous dipole and quadrupole sound sources
are generated within the coked tube, influenced by
viscosity, depicted as turbulence intensity and vorticity in
this study. These sources are primarily concentrated in the
necking region, as well as the inlet and outlet of the tube.

(3) With coke layer thicknesses of 5 mm, 10 mm, and
15 mm, the energy radiated by the sound source within the
furnace tube concentrates at frequencies of 794.56 Hz,
631.65 Hz, and 517.32 Hz, respectively. These
frequencies predominantly exhibit dipole sound source
characteristics. Radiation energy from quadrupole sound
sources is negligible in the far field.

(4) The coking degree of the furnace tube can be
determined based on the presence or absence of a local
peak in the total sound pressure level curve along its
central axis. This classification creates two operational
conditions: mild coking and severe coking. Such
categorization provides a foundation for implementing
appropriate coking measures for the furnace tube based on
scientific principles.
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