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Abstract: In this paper, we investigated the operating security of the support frame of a petrochemical
heater under the action of a strong wind. When the fatigue limit was exceeded, the support frame was
damaged. We monitored the heater before reinforcement and then applied the finite element method
to analyze and compare nine different kinds of reinforcement methods for the support frame. From
the results of the finite element analysis, fatigue failure of the support frame before reinforcement
occurred at locations where the computed stresses from the finite element analysis were large, thus
partially justifying the adequacies of the present analysis methods and results. Among the nine
reinforcement methods, we suggest case 9 to reinforce a support frame so that its operating security
under the action of a strong wind can be improved. At the end of this paper, several future studies are
suggested, including verification of the reinforcement for the support frame and the establishment of
the system for automatic stress monitoring and analysis.
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1. Introduction

The petrochemical facilities comprise a storage tank, reactor, heater, tower, separator,
pipeline, rotating machinery, etc., among which the heater is the major source of energy and
steam. A heater is a kind of heavy energy consumption equipment whose performance and
operating security are closely connected with the profits, capacities, and product qualities
of the petrochemical industry. Owing to the demand of environmental protection and
greenhouse gas reduction, the improvement and maintenance of heaters as well as the
reduction and prevention of pollutions are undoubtedly tasks that have high return on
investment (ROI) and instant results.

A typical petrochemical heater comprises a convection section, radiation section,
waste heat recovery system, burners, support frames, and the ventilation system. Huang,
et al. [1], investigated the dynamic response of a stack to an earthquake at a nearby site.
They summarized the results of a response spectrum analysis of two stacks, including the
Tupras stack and a generic U. S. stack. They also used a demand-collapse comparison to
present a nonlinear static analysis of the collapsed stack. The results confirmed that the
stack could readily fail under the considered earthquake and were also consistent with the
debris pattern. Mojtaba Haratian, et al. [2], developed a mathematical model associated
with genetic algorithms. The model took the operational and geometric constraints into
account. It was used to design the convection section, radiant chamber, stack section, and
other subsections of a heater, with the aim to optimize the total annual cost. The authors
declared that the proposed model could yield an economically /realistically optimal design
up to 2.48% cheaper than the original design. Guo, et al. [3], discussed the strengthening
measures and weak points of a natural gas heater in detail. The authors proposed two
effective optimizing arrangements of the heat exchange surfaces to enhance the heat
transfer: (a) thermally retarding and cooling the heated surface, and (b) setting baffles
among the heating surfaces. It was found that the energy consumption was reduced and
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the thermal efficiency of the heater was improved. Mohd Nazarudin Rosli and Norashid
Aziz [4] reviewed two methods of calculating the overall heat transfer coefficient (U) in
steady state modelling of a steam cracking furnace radiant section using Aspen PLUS. They
evaluated and compared some U values to find the optimal U for their proposed model.
They found that the U value of 165 W/m?-K gave the best estimate for the industrial data.
Liu [5] combined the experimental study and finite element simulation to design different
tube structures for the requirements of different high temperatures, including Co-C 1324 °C,
Pt-C 1738 °C, and Re-C 2474 °C. The main research topics included (1) the study of the
precise measurement method for the axial temperature profiles of a furnace tube and
(2) the methods of tube structure improvement using software simulation and experimental
methods. The author compared different curves of axial temperature distribution to
determine the optimal structure of the tube. Experiments were used to verify the simulation
results. Jiang, et al. [6], used stick multi-degree-of-freedom models to numerically analyze
the response of tall, reinforced concrete (RC) chimneys under an earthquake. The effects
of eccentricity for two RC chimneys (150 m and 210 m tall) were studied. They also
studied the seismic stresses and influences of the vertical ground motion for the two
chimneys. Numerical results revealed that by considering existing eccentricities, the tensile
and compressive stresses of the two chimneys might increase under the actions of some
specific earthquake waves. Scarabino and Bacchi [7] numerically analyzed the flow within
and outside of a chimney that had a low length—to-diameter ratio and a lateral inlet for
combustion gases. They discussed the dispersion of gases in the atmosphere and the
problematic flow configuration detected. They also proposed a flow straightener to reduce
the vorticity within the chimney. Numerical results revealed that the flow straightener
proposed could reduce the streamlines” deviation from 35-40° to less than 5°.

From the above literature related to heaters, it can be seen that in addition to ex-
perimental measurements, the numerical simulation (e.g., finite element method (FEM))
has also been used successfully to analyze vibrations and stresses of the structure. Sev-
eral relevant studies using numerical simulation to analyze vibrations and stresses of the
structure are reviewed below. Naresh Reddy Kolanu, et al. [8], proposed a unified and
generic numerical modeling approach for stiffened carbon fiber-reinforced polymer (CFRP)
panels considering both the intra- and inter-laminar damage modes. A progressive damage
model (PDM) based on the 3D finite element method was proposed to simulate the collapse
behavior of a single blade-stiffened composite CFRP panel under uniaxial compression
loading. The authors validated the developed PDM by comparing the stability response,
collapse load results, damage evolution, failure mechanisms, ultimate load, and the dis-
placement data with the experimental observations and estimates. Armentani, et al. [9],
applied a multibody calculation method to analyze the vibration of a turbocharged diesel
engine. They considered different modeling assumptions and simulated the angular speed
variation of a crankshaft. Moreover, they performed time dependent simulation of the
engine supports and compared with experimental results. They also used a multibody
model created with the AVL/EXCITE software to do the modal analysis, considering the
damping aspects. Finally, they evaluated the influence of crankshaft torsional frequencies
on the rotational speed behavior to reduce the vibration phenomena. In a later study [10],
Armentani, et al., adopted a reduced modelling strategy to reduce the full FEM model size
of the engine. The strategy was based on the component mode synthesis and was found to
reduce the required runtime significantly.

Vibration-induced failure and lifetime assessment are also important in structure
analysis. Several relevant studies are reviewed below. Leta, et al. [11], analyzed the lifetimes
of fired heater tubes. The authors statistically characterized the uncertainty associated with
the omega creep procedure of the API-579 Part 10 by treating the primary input parameters
as random variables and processes. They also employed Monte Carlo simulations to
estimate the probability of tubes failing for a specified time. Jaganathan Swaminathan,
et al. [12], analyzed reformer catalyst tubes which had failed after eight years of service.
They assessed the tube lifetime by the Larson-Miller parameter method. The authors
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concluded that the failure was caused by local overheat, leading to premature creep failure.
Ray, et al. [13], investigated the remaining life of the catalyst tubes of a fertilizer plant. The
investigation included microscopy, hardness measurement, dimensional measurement,
hot tensile tests, and accelerated creep tests. The authors concluded that overheating was
the primary cause of the significant degradation in the microstructures and mechanical
properties of the catalyst tubes. Giannella [14] reported a stochastic approach under
variability of different input parameters to investigate the fatigue crack growth in a railway
axle. They used the approach to predict the probability distribution of the residual fatigue
life for a railway axle in the presence of defects when considering multiple sources of
uncertainty. Matta and Szasz [15] discussed the vibration and fatigue failures at pipeline
facilities. They reviewed the vibration phenomena occurring at pipeline facilities and took
practical examples to illustrate the types and ways of resolving vibration-induced fatigue
failures at pipeline facilities. Harper [16] investigated the damages caused by acoustic-
induced vibrations and flow-induced vibrations in pipelines, plants, and facilities. He gave
practical examples to illustrate the types and ways of resolving the two vibration-induced
failures. Lennart G. Jansson, et al. [17], theoretically and experimentally discussed the
piping vibration phenomena and the ways of preventing vibration-related damage. They
also investigated an empirical rule by experimental measurement and numerical analysis.
More literature related to vibration-induced failure and lifetime assessment can be found
in the author’s previous studies [18-20].

From the above literature, many experimental and numerical investigations in struc-
ture analysis have been conducted. However, very few structural analyses of petrochemical
heaters were presented in public literatures. Nevertheless, the structural design of a heater
is undoubtedly closely connected with its performance and operating security, which in
turn strongly affects the profits, capacities, and product qualities of the petrochemical
industry. Therefore, this study aims to investigate the operating security of a petrochemical
heater under the action of a strong wind. When the fatigue limit was exceeded, the support
frame was damaged. The support frames were made of steel and were used to bear the
heater under the action of wind and gravity. In this study, we first performed an in situ
measurement for the stress distribution of a petrochemical heater. Next, we applied the
finite element method to analyze its vibration modes and stress distribution. The aims of
this study were to ensure that (1) the potential threat of fatigue failure could be detected in
an earlier phase, (2) the stress monitoring in situ, service life assessment, and subsequent
improvement tasks could proceed smoothly, and (3) the operating security of the heater
could be ensured.

2. Methodology

In this study, the heater was first monitored before reinforcement, in situ, to acquire
the data required for stress analysis. A high-speed data acquisition recorder, strain gauge,
anemorumbometer, and triaxial accelerometer were used to measure and record the strain,
wind speed, wind direction, and acceleration at selected positions. The measured data
were used for the subsequent stress analysis. We used SOLIDWORKS 2020 [21] to establish
the numerical model of the heater. ANSYS Workbench 2020 [22] was then employed for
stress analysis.

Structure analysis has been widely used in the design of structure. According to the
nature of mechanics, structure analysis can be classified as static analysis and dynamic
analysis. The latter includes modal analysis and harmonic response analysis. In structure
design, static analysis is usually used to evaluate the displacement, strain, and stress of the
structure due to inertial forces, e.g., gravity, centrifugal force, etc. Modal analysis is one of
the methods of structure dynamic analysis. Mode is an intrinsic vibration characteristic
of a linear system. Each mode has its own specifically intrinsic vibration frequency, form,
and damping ratio. Harmonic response analysis can be used to analyze the response of the
structure to the time-variant harmonic wave. Through the solution of frequency domain,
the frequency response of the structure to harmonic wave loadings can be obtained to
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examine if the system can alleviate the resonance, fatigue, or other harmful effects. The
solutions of the equations for static and dynamic analyses of a structure can be found in
books of structural engineering and mechanics, e.g., [23-25].

3. Vibration Measurement and Analysis

In this study, we first monitored the support frame and stack of a petrochemical heater
before reinforcement, in situ. The heater was 62 m high. The stack of the heater was 47 m
long, and its average diameter was 1.35 m. The steel grade of the heater was ASTM A36.
We measured the strains of the support frame and stack at selected positions, as shown in
Figure 1. These monitoring positions were determined by stress analysis for the original
heater shown in Figure 2b using ANSYS.

Figure 1. Cont.



Appl. Sci. 2022, 12, 5107 50f 16

(8)

)

Figure 1. Stress-monitoring positions for the support frame and stack of a petrochemical heater before
reinforcement: (a) Stress-monitoring positions of the stack (marked by red ellipse); (b) Orientation
of the stress-monitoring positions of the stack; (c) Position G1; (d) Position G3; (e) Position G5;
(f) Stress-monitoring positions of the support frame; (g) Position V4; (h) Position V14; (i) Position
H11; (j) Position H12.

B %

(b) (9

Figure 2. In Situ photograph and model of the heater. (a) in situ photograph, (b) model of original
heater, (c) model of present heater (with reinforcement marked by circle and rectangle).
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From the monitoring results, it was found that the stress of the stack did not exceed
the fatigue limit (10.87 ksi or 75 MPa). However, the maximum stress amplitude at location
V14 on the support frame was 14.3 ksi (or 98.6 MPa, consistent with 497.2754 p strain, as
shown in Figure 3), which exceeded the fatigue limit.

2012-12-23-V14

average amplitude =62.6033 L

maximum amplitude =497.2754 [L

900, 5 10 15 20

time (hr)

Figure 3. Measured strain at location V14 on the support frame.

In the following section, the finite element method was applied to analyze the stress
distribution of the heater. We attempted to exert a force in the resonant vibration (north-
west/southeast) direction on the heater until the stress at location V14 on the support
frame reached 14.3 ksi (or 98.6 MPa). This force was then applied on both the heater before
reinforcement and the heater with reinforced support frame. The results were analyzed and
compared, and improvement suggestions for the support frame are proposed according to
the analysis results so that the operating security of the heater can be improved.

4. Reinforcement and Stress Analysis of the Support Frame

In this study, we used SOLIDWORKS 2020 to establish the numerical model of the
heater, as shown in Figure 2. The number of mesh elements for the numerical model was
around 6 x 10°, which was adequate for obtaining mesh-independent solution. The stress
positions are illustrated in Figure 4. For the heater before reinforcement, whose model
is shown in Figure 2b, the results of finite element analysis revealed that the stresses at
positions 1-8, 9, 10, 14, 15, 17-19, 23, and 31-38, as shown in Figure 5, were in potential
threat because the stresses exceeded or were close to the fatigue limit. Because fatigue
failure of the support frame before reinforcement had occurred at positions 10 and 18, as
shown in Figure 6, the results of the finite element analysis partially justified the adequacies
of the present analysis methods. To improve the security of the heater before reinforcement,
the heater was reinforced by adding braces, as marked in Figure 2c. The finite element
analysis revealed that the stresses were significantly improved, but those at positions 1, 4,
10, and 31-38 still exceeded the fatigue limit, as shown in Figure 7.
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(d)

Figure 4. Illustration of the stress positions: (a) at the convection and radiation sections; (b) at the
braces of the convection section; (c) at the junctions of the longitudinal beams; (d) near the root of
the stack.
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Positions 1,2, 5,6,9,10, 14,15 Positions 3,4, 7,8, 17, 18,19, 23

Figure 6. Fatigue failure of the support frame before reinforcement: (a) at the south-east side; (b) at
the north-west side.
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Positions 1,2, 5,6, 9,10, 14,15 ey
Positions 3,4, 7

17,18,19, 23

THE

|

Figure 7. Results of finite element analysis for the present heater.

To further improve the security of the heater, eight different kinds of reinforcement
methods for the support frame, as illustrated in Figure 8, were analyzed and compared.
Case 1 and 2 were designed by adding one or two vertical cross-type braces to Figure 3c and
were expected to be able to enhance the strength of the vertical beams. Further, Case 2 was
expected to be more effective than Case 1. Case 3 and 4 were designed by adding horizontal
cross-type braces to the horizontal beams on the top of convection sections of Case 1 and 2,
respectively, and were expected to be able to enhance the strength of the horizontal beams.
Case 5 and 6 were designed by adding vertical or horizontal-plus-vertical braces to the
horizontal beams on the top of convection section of Case 3 and were expected to be able
to enhance the strength of the horizontal beams. Further, Case 6 was expected to be more
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effective than Case 5. Case 7 and 8 were designed by adding vertical or horizontal-plus-
vertical braces to the horizontal beams on the top of convection section of Case 4 and were
expected to be able to enhance the strength of the horizontal beams. Further, Case 8 was
expected to be the most effective one among the eight cases investigated.

(© (d)
(8) (h)

()

Figure 8. Eight different kinds of reinforcement methods for the support frame. (a) Case 1; (b) Case 2;
(c) Case 3; (d) Case 4; (e) Case 5; (f) Case 6; (g) Case 7; (h) Case 8.

From the results of finite element analysis, the stresses at all positions for the eight
cases shown in Figure 8 were lower than the fatigue limit. As expected, Case 8 was the
most effective one among the eight cases investigated. However, positions 10, 18, 31, 34, 35,
and 38 were still in potential threat because their stresses were close to the fatigue limit, as
shown in Figure 9. When the wind speed increases, the stresses at the above-mentioned
positions will exceed the fatigue limit. To further enhance the security of the heater, Case 9
was proposed by modifying Case 8, as illustrated in Figure 10. The four braces at the top
of convection section for Case 8 were removed because one end of the brace was welded
to the skin of the heater and this may be harmful to the skin under the action of a strong
wind, as marked in Figure 10a. Further, four braces at the bottom of the convection section
were added in Case 9 to share the forces acting on the bottom of the convection section,
as indicated by the green marks in Figure 10b,c. The inclined angles of the four braces
at the top of convection section for Case 9 were changed from 45° in Case 8 to 60° in
Case 9 because this was more effective in reducing stresses after finite element analysis, as
indicated by the yellow marks in Figure 10b,c.
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Positions 1, 2, 5,6, 9, 10, 14, 15 Positions 3,4, 7,8, 17, 18,19, 23

Figure 9. Results of finite element analysis for Case 8.

From the results of the finite element analysis for Case 9, as shown in Figure 11, the
stresses at all positions were lower than the fatigue limit, and the stresses at positions 10,
18, 31, 34, 35, and 38 were further reduced, as compared to Case 8. The wind speed that the
heater can withstand was also increased, as will be analyzed below. Because the stack bore
most of the wind load, the wind flowing through a heater could be reasonably simplified
as flow past a cylinder. Therefore, the relation between the wind speed and the stress could
be derived from Schlichting’s diagram of drag coefficient vs. Reynolds number [26], as
shown in Figure 12.
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(a) (b)

Figure 10. Numerical model for Case 9. (a) Case 8 (The braces with green marks are removed.);
(b) Case 9 (The braces with green marks are added and the brace angles with yellow marks are
changed, similar for (c)), (c) Case 9.

Positions 1,2, 5,6, 9,10, 14, 15 Positions 3.4, 7.8, 17, 18,19, 23

- Prary

Positions 31,32, 35, 36 Positions 33, 34,37, 38

Figure 11. Results of finite element analysis for Case 9.
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Figure 12. Drag coefficient of ideal sphere and circular cylinder by Schlichting.
The drag force for flow past a cylinder is written as:
Fp =Cp x (1/2)pV2A 1)

where Cp is the drag coefficient, p is the air density, V is the wind speed, and A is the frontal
area of the stack. From Equation (1), the drag force Fp is proportional to Cp x V2. Because
the stress (t) is proportional to the drag force, it is also proportional to Cp x V2. The drag
coefficient Cp can be found from Figure 8. The Reynolds number (Re) is computed from
Re = pVD/u, where D is the stack diameter and p is the air viscosity. The critical wind
speed, V., when the stress of the support frame reaches the fatigue limit, 1¢, can then be
solved from the following equation:

Tf/Tref = (CD,C X VCZ)/(CD,ref X Vrefz) (2)

where Cp . and Cp . are the drag coefficients corresponding to the critical wind speed, V.,
and reference wind speed, V., respectively. In this study, V s was taken as the maximum
wind speed, 22 m/s, in the vibration monitoring period in Section 3 because its stress
measurement data were available. For case 8, it was found from the solution of Equation
(2) that the critical wind speed, V., was approximately 23 m/s. On the other hand, for
case 9, it was found that the critical wind speed, V., was approximately 26 m/s. Case 9
clearly increased the wind speed that the heater could withstand and therefore improved
its security. We then evaluated the fatigue life of the support frame from the S-N curve [27]
for the material of the heater, as shown in Figure 13. Consider a strong wind speed of 35
m/s, which has been detected at the site of the heater. We desired the heater to be able to
withstand the highest wind speed on record, and therefore 35 m/s was taken into account.
This value is equivalent to the Beaufort scale of 12. The stresses of the heater at a wind
speed of 35 m/s can be estimated from Equation (3).

T/Tref = (CD X Vz)/(CD,ref X Vrefz) (3)
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Figure 13. S-N curve for the material of the heater (ASTM A36, UTS = 58 ksi, or 400 MPa).

It was found that the fatigue life for cases 8 and 9 were 37,000 and 105,000 cycles,
respectively, at a wind speed of 35 m/s. Case 9 could increase the fatigue life of the support
frame by a factor of 183%.

5. Conclusions
5.1. Main Findings

In this paper, we investigated the operating security of a petrochemical heater under
the action of a strong wind. In situ measurement and finite element analysis were carried
out to analyze the stress distribution of the heater. We then proposed improvement sugges-
tion for the support frame overhaul to ensure its operating security. From the results of
the in situ measurement and finite element analysis, it was found that fatigue failure of the
support frame before reinforcement occurred at locations where the computed stress by
finite element method was large, thereby partially justifying the adequacies of our analysis
methods and results. Among the nine reinforcement methods investigated, Case 8 and Case
9 were superior to the other seven cases. Case 8 could withstand wind speeds up to 23 m/s, while
Case 9 could withstand wind speeds up to 26 m/s. Further, Case 9 could increase the fatigue
life of the heater by a factor of 183%, as compared with Case 8. Therefore, among the
nine different kinds of reinforcement methods investigated, we suggest adopting Case 9 to
reinforce the support frame.

5.2. Future Work

We suggest verifying the performance of Case 9 during a northeast monsoon or
typhoon. The locations where fatigue failure had occurred or were expected to occur
through stress analysis are suggested as the positions to monitor. After finishing stress
monitoring, we suggest establishing an automatic stress analyzing and monitoring system
by at least one of two methods. The first method is to install an anemorumbometer on the
stack to continuously monitor the wind speed and direction. When the wind speed exceeds
the critical value predicted from the Schlichting’s theory, a warning signal is issued. The
second method is to install a strain gauge on the locations of large stresses detected in situ
and then continuously monitor the stresses. When the monitored stress exceeds the fatigue
limit, a warning signal is issued. The above two methods can be established simultaneously.
When warning signals are issued by either of the two methods, the support frame is in a
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dangerous operating status. Inspection should be performed thereafter to check the security
of the support frame, and necessary repair and improvement tasks should be performed.
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