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The liquefied petroleum gas (LPG) cylinder incineration test is an important part 
of the cylinder periodic inspection to clean up the residual gas and ensure the 
safety of subsequent inspection items. However, the cylinder needs to be inciner-
ated several times due to the uneven temperature distribution of the cylinder, 
leading to low incineration efficiency and waste of energy. In this study, a cylin-
der incineration test is experimentally investigated and a CFD model is estab-
lished to analyze the influence of incinerator structure parameters and cylinder 
types on the temperature uniformity of the cylinder. The results show that the 
temperature distribution of the middle surface of the cylinder is most uneven. 
With the increase of the burner nozzle diameter and the incinerator diameter, the 
standard deviation of temperature decreases at first and then increases, and the 
minimum is reached at 150 mm and 530 mm, respectively. The optimized design 
is found to have a better temperature uniformity of the cylinder with the burner 
nozzle angle of 0°. The optimal incinerator diameter for different types of LPG 
cylinders is different and decreases as the cylinder diameter decreases. 

Key words: LPG cylinder, incineration test, temperature uniformity, CFD, 
incinerator structure 

Introduction 

The LPG cylinder is one of the major pressure vessels for civil and industrial use [1, 

2]. In the service life of LPG cylinders, the mechanical properties of the cylinders may change 

due to collision, abrasion and corrosion, leading to the failure of their safety requirements, and 

thus causing dangerous accidents such as cylinder combustion and explosion [3]. Therefore, 

according to relevant standards, LPG cylinders should be sent to a special cylinder inspection 

organization for regular inspection to ensure that the cylinders are safe to use [4, 5]. The regu-

lar inspection consists of several items, including visual inspection, cylinder threads inspec-

tion, hydraulic proof pressure test, pneumatic proof test and leak test [6-8]. Before the inspec-
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tion, the residual gas in the cylinder should be cleaned up and the concentration of the residual 

gas should be below the explosion limit, ensuring the safety of the subsequent pneumatic 

proof test and leak test [9-11]. The vapor purging inside the cylinder is used as a traditional 

method of cleaning the residual gas, but it is difficult to remove the hydrocarbons adhering to 

the inner surface of the cylinder. The hydrocarbons are prone to volatilization, causing the re-

sidual gas concentration to exceed the explosion limit again [12]. The cylinder incineration 

test can be a good solution to this problem and the residual gas after incineration can be used 

for secondary utilization. The cylinder incineration test is being used by more and more cylin-

der inspection stations. However, due to the uneven temperature distribution of the cylinder, it 

needs to be incinerated several times to improve the temperature uniformity, leading to low 

incineration efficiency and waste of energy.  

At present, experimental investigation and numerical simulation have been conducted 

on the incineration effect and the thermal response of LPG cylinders. In terms of cylinder incin-

eration tests, Ding [12] experimentally verified that the residual gas concentration was below 

the explosion limit and the mechanical properties of the cylinder did not change with the incin-

eration time of six minutes and contact flame time of one minute. Tan et al. [13] determined the 

upper limit of the incineration time and temperature by analyzing the residual gas concentration 

and metallographic organization of the cylinder after the incineration experiment. Huang [14] 

analyzed the effects of different incineration times on the residual gas concentration and found 

that the residual gas concentration exceeded the explosion limit when the incineration time was 

below 70 seconds. Nevertheless, these studies are limited to analyzing the influence of the pro-

cess control parameters such as incineration time on the residual gas concentration. Reports on 

analyzing the thermal response of LPG cylinders during incineration test still remain scarce. 

In terms of numerical simulation studies on the thermal response of LPG cylinders, 

Xing et al. [15] analyzed the influence of different fire scenarios, heat fluxes and filling levels 

on the thermal response of spherical LPG tanks by numerical simulation. Bi et al. [16] devel-

oped a 3-D numerical model to predict the thermal response of vertical LPG tanks with pool 

fire, jet fire, various engulfing degrees and flame temperatures. Scarponi et al. [17] simulated 

the response of LPG tanks of different sizes exposed to a forest fire, including the pressure 

change, temperature distribution and velocity field. These studies are on the basis of establish-

ing simulation models of the cylinder incineration in a fire scenario but the model is not ap-

plicable to analyze the thermal response of the cylinder in an incinerator. The improvement 

methods of the temperature uniformity of the cylinder by optimizing the structure of the in-

cinerator are unclear. 

In this study, the temperature distribution of the cylinder during incineration is ob-

tained by experimental test. An experimentally validated 3-D CFD model is established to an-

alyze the influence of incinerator structure parameters and cylinder types on the temperature 

uniformity of the cylinder. The optimal incinerator diameter, burner nozzle diameter and 

burner nozzle angle are obtained in this study, which provides reference parameters for im-

proving the incineration efficiency of the cylinder and optimizing the incinerator structure de-

sign.  

Experimental methods 

Experimental set-up 

The LPG cylinder incineration test platform was developed for the incineration test 

according to the test requirements in T/SWZJX 003-2020 [18]. As shown in fig. 1, the test 
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platform is composed of an incinerator, a YSP35.5 type LPG cylinder, two burners, a chain-

drive unit, a data collector and thermocouples. The total length of the incinerator is 4000 mm, 

with a built-in chain drive unit inside the furnace. The burners are installed on both sides of 

the middle section of the incinerator. The fuel selected is natural gas, the main component of 

which is methane. 

The LPG cylinder, tab. 1, is placed on the conveyor chain. Twelve thermocouples 

(type K) are fixed to the top, middle and bottom surface of the cylinder, fig. 1. In order to re-

duce the measurement error, the thermocouples and wires are covered by ceramic asbestos 

mesh to protect them from the impact of flame. The thermocouples are connected to the data 

collector (Keysight 34970A) to monitor the temperature of the measuring points in real time 

and acquire data on the temperature around the external surface of the cylinder during the test. 

The chain-drive unit and burners are remotely controlled by the electric control system which 

can change the moving speed of the cylinder in the incinerator and control the startup and 

shutdown of the burners. 

 

Figure 1. Experimental set-up, (a) LPG cylinder with twelve 

thermocouples fixed to the surface, (b) data collector: acquire the 
temperature of thermocouples, (c) burners: natural gas as fuel source, (d) 
incinerator, and (e) incineration test 

Table 1. Structure parameters of YSP35.5 LPG cylinder 

Experimental procedure 

To ensure that the incineration test is carried out properly, the burners should be 

turned on to preheat the incinerator at first. After the preheating, the cylinder with the thermo-

couples arranged is placed on the conveyor chain. The position of the cylinder should be ad-

justed to the same as shown in fig. 1. After starting the chain-drive unit and adjusting the 

moving speed to 0.02 m/s, the cylinder with thermocouples moves into the incinerator and the 

data acquisition instrument is operated to collect the temperature data. 

After 150 seconds of cylinder incineration, the temperature data collection on the da-

ta acquisition instrument is stopped and the conveyor chain goes backward until the cylinder 

is completely sent out of the incinerator. The thermocouples on the cylinder should be re-

moved with a vise after the test. 

Type Diameter [mm] Nominal volume [L] Material Wall thickness [mm] Height [mm] 

YSP35.5 314 35.5 HP295 2.5 680 
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Simulation models 

Mathematical model  

A 3-D CFD model for simulating the LPG cylinder incineration is established using 

the CFD code FLUENT. To simplify the analysis model, the following assumptions are pro-

posed: 

– The reaction process of the fuel is a single-step irreversible chemical reaction of methane 

and oxygen, and the mixture of methane and oxygen is considered to be an incompressi-

ble fluid with stable flow input [19].  

– Only the air domain between the inner wall of the incinerator and the external surface of 

the LPG cylinder is considered as the calculation region since the concentration of residu-

al gas inside the cylinder is extremely small and has a negligible effect on the numerical 

simulation. 

The LPG cylinder incineration involves chemical reactions, fluid flow, combustion 

and heat transfer. In order to solve these problems, various CFD models including the turbu-

lence model, species transport model and heat transfer model are implemented on the basis of 

the following governing equations. 

Finite-rate chemistry model and Eddy-Dissipation model are adopted to simulate the 

incineration. The mass fraction of substance Yi is calculated in the eq. (1) and the reaction rate 

Ri,r in the Eddy-Dissipation model is obtained from the smaller of the equations (2) [20]. 
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where YR is the mass fraction of reactants, YP – the mass fraction of products, A – the constant 

and the empirical value is 4.0, and B – the constant and the empirical value is 0.5. 

The standard k-ε model is employed in turbulence simulation. The turbulence kinetic 

energy k and the dissipation rate ε are calculated in the following transport equations [21]:  
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where Gk is the turbulent kinetic energy generated by the laminar velocity gradient, Gb – the 

turbulent kinetic energy generated by buoyancy, Ym – the amount of fluctuation due to over-

diffusion in compressible turbulence, σk and σε are the turbulent Prandtl number of the equa-
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tion, C1ε, C2ε, and C3ε – the constant, Sk and S – an user-defined term. The cylinder combus-

tion involves wall boundary and free shear flow. The following default values which have 

been found to work fairly well for a wide range of wall-bounded and free shear flows are also 

adapted in the turbulence model: C1ε = 1.44, C2ε = 1.92, C3ε =0.09, σk =1.0, σε = 1.3. 

The cylinder incineration involves the radiative heat transfer from flames. The P1 

radiation model provided by FLUENT is suitable for a large computational domain like an in-

cinerator and needs less amount of computation. The propagation equation is expressed [22]: 
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where r and s are the position vectors, s´ – the scattered light vector, s – the travel length, a – 

the absorption coefficient, σs – the scattering coefficient, n – the refraction coefficient, I – the 

radiation intensity, σ – the Stephen Boltzmann constant and takes the value of 5.672 · 10–8 

W/(m2K4), T – the local temperature, ϕ – the phase function, Ω´ – the spatial stereo angle, and 

(a+σs)s – the optical depth of the medium. 

Geometrical model and solution methodology  

As shown in fig. 2, the calculation area is the air domain between the inner wall of 

the incinerator and the external surface of the LPG cylinder. The overall view is an incinerator 

with a length of 4000 mm. The geometric parameters of the LPG cylinder are shown in tab. 1 

and the cylinder geometric model is simplified according to the assumptions in Section Math-
ematical model. The incinerator has pressure outlets at both ends and a burner on each side. 

Each burner nozzle contains a methane inlet and an air inlet. According to geometric and con-

trol parameters of the burner, 15.9 m/s and 0.5 m/s are applied at the methane-inlet and air-

inlet, respectively. The surfaces of the incinerator and cylinder are assumed to be stationary 

and no-slip walls. Except for the methane inlet of the burner, the initial temperature of all 

zones is taken as 25 ℃. The temperature of the methane-inlet is set as 600 ℃ (higher than the 

ignition temperature of methane) to initiate the combustion reaction. The boundary conditions 

are summarized in tab. 2. 

 

Figure 2. (a) Schematic of the calculation region and partial view of the gird 
structure, (b) left view, and (c) left view with different burner nozzle angle 
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Table 2. Boundary conditions 

 

Due to the complex shape of the geo-

metric model, the tetrahedral unstructured grid 

is adopted to mesh the whole calculation area. 

As the partial view of the grid structure shown 

in fig. 2, the mesh around the fuel inlet where 

methane and oxygen react vigorously is refined. 

The maximum size of the element is 0.02 m and 

523686 cells are developed in total. The 

average element quality and aspect ratio of the 

grid in this research are 0.83 and 1.86, 

respectively, indicating that the mesh quality 

meets the requirements of good calculation 

accuracy. Figure 3 shows the result the of gird 

independent test based on the temperature of 

thermocouple B1. As shown in fig. 3, the 

simulation result with 523686 elements and 

1054916 elements shows almost the same temperature rise, indicating that further increasing 

the grid density over 523686 elements has little influence on the simulation result. Therefore, 

to reduce the computational time, the grid with 523686 elements is used in this research. 

The 3-D pressure-based solver is adopted for establishing the CFD model. SIMPLE 

algorithm is applied to numerical simulation. In the spatial discretization, the first-order up-

wind scheme is applied to the turbulent kinetic energy equation and turbulent dissipation rate 

equation, while the second-order upwind scheme is used on the momentum equation, reactant 

equation and energy equation. 

Results and discussion 

Determination of characterization parameters 

According to the characteristic that standard deviation can measure the degree of da-

ta deviation from the arithmetic mean, the standard deviation of temperature is often used to 

characterize the temperature uniformity in the studies of the heat transfer characteristics of 

furnace structures [23-25]. In order to more intuitively and accurately characterize the tem-

perature uniformity of the cylinder, the temperature standard deviation is adopted as the char-

acterization parameter in this study and obtained from the following equation: 

 Type Momentum Thermal 

Methane-inlet Velocity inlet 
Velocity: 15.9 m/s 

Hydraulic diameter: 10 mm 
600 ℃ 

Air-inlet Velocity inlet 
Velocity: 0.5 m/s 

Hydraulic diameter: 123 mm 
25 ℃ 

Outlet Pressure outlet Hydraulic diameter: 560 mm 25 ℃ 

Incinerator-wall 
Cylinder-wall 

No-slip wall Stationary wall 25 ℃ 

 

Figure 3. Grid independent test on temperature 
of themocouple B1 
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where S is the temperature standard deviation of the cylinder surface. The smaller S is, the 

better temperature uniformity of the cylinder surface and the better incineration efficiency of 

the cylinder. The n is the number of temperature measurement points, Ti is the temperature 

value of all measurement points, andT is the average temperature value of all measurement 

points. 

Temperature variations during the experiment 

Temperature variations during the experiment are obtained from thermocouples 

around the cylinder surface. As shown in fig. 4, temperature differs for different locations on 

the surface of the cylinder, indicating that the temperature distribution on the cylinder surface 

is uneven. During the incineration test, the temperature of the cylinder surface shows a trend 

of rising and then falling. Since two burner nozzles are located on both sides of the incinerator 

and below the central axis of the incinerator, fig. 2, thermocouples on the middle and bottom 

surfaces of the cylinder are directly ejected by the flame and the temperature rapidly rises. As 

shown in fig. 4, the temperature of the middle surface (A1-A3, C1-C3) on the cylinder has a 

single peak, while the temperature of the bottom surface (D1-D3) has a double peak and the 

temperature of the top surface (B1-B3) grows slowly and eventually stabilizes. 

   

   

Figure 4. Temperature of top surface (b), middle surface (a, c), and bottom surface (d) 
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According to the geometric of the 

incinerator, fig. 2, the burners are located on 

both sides of the incinerator. When the LPG 

cylinder moves by the burners, the middle 

surface of the cylinder is directly injected by 

the flame from the burners. Thus, the tem-

perature of the middle surface on the cylinder 

increases sharply compared to the top and 

bottom surface, fig. 5. Namely, the temperature 

distribution of the middle surface is most 

uneven. Thus, the thermocouple is recommend-

ed to be installed on the middle surface of the 

cylinder in the incineration test to determine the 

temperature uniformity of the cylinder.  

Model validation 

The top view of the temperature distribution of the fluid inside the incinerator during 

the incineration test is shown in fig. 6. Similar to the results in the experiment, the temperature 

distribution on the external surface of the cylinder is not uniform. The high temperature area is 

mainly in the middle section of the incinerator. The overall temperature of the cylinder increas-

es at first and then decreases during the incineration test. When the cylinder moves close to the 

burners, the cylinder surface is directly ejected by the flame and the temperature rapidly rises. 

 
Figure 6. Temperature contours of fluid inside the incinerator (top view)  

 

 

Figure 5. Temperature standard deviation of 
cylinder surface 
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Figure 7 shows the comparison between the simulation results and experiment 

results for the average temperature of 12 thermocouples. The simulation results are basically 

in accordance with the experiment results, and the deviation may be caused by the difference 

between the real incinerator and the model incinerator. The model incinerator does not have 

vents, leading to more combustion heat in the incinerator and higher simulated temperature. 

The relative errors are also given in fig. 7. With the increase of incineration time, the relative 

error progressively decreases, and the average relative error is 12.1%. 

Effect of incinerator diameter and burner nozzle diameter 

To analyze the influence of Di (incinerator diameter) and Dn (burner nozzle diame-

ter) on the temperature uniformity of the YSP35.5 cylinder surface, thirty-five analysis mod-

els with Di of 510 mm ~ 570 mm (per 10 mm) and Dn of 130 mm ~ 170 mm (per 10 mm) are 

established.  

  

Figure 7. Comparison between the simulation and 
experimental results 

Figure 8. Temperature standard deviation of 
YSP35.5 cylinder surface with different Di and Dn 

As described in fig. 8, as Dn increases, S (the temperature standard deviation of the 

cylinder surface) shows a trend of decreasing and then increasing and Smin is achieved with Dn 

of 150 mm. The temperature distributions around the burner nozzle are shown in fig. 9. When 
Dn is 130 mm, the flame mainly gathers around the burner nozzle since the burner nozzle with 

small diameter is not conducive to flame diffusion. When Dn increases to 150 mm, the flame 

directly impacts the inner wall of the incinerator and the flame size increases. As Dn increases 

to 170 mm, the diameter of the air inlet in the burner nozzle increases with the diameter of the 

methane inlet remaining unchanged. Thus, the flame size is reduced because of the inflow of 

more air. The results show that Dn mainly affects the flame size. With the increase of Dn, the 

flame size increases at first and then decreases. The increase of the flame size enhances the 

convective heat transfer of the air in the incinerator, improving the temperature uniformity of 

the cylinder surface and producing a better incineration efficiency of the cylinder. 

With Di increasing, S decreases to the minimum when Di is 530 mm and then in-

creases, (fig. 8). As the temperature distributions around the cylinder shown in fig. 10, when 
Di is 510 mm and 570 mm, the cylinder surface (dashed line in fig. 10) is not completely cov-

ered by the flame since the flame streamline is away from the cylinder. When Di is 530 mm, 

the flame streamline is close to the cylinder, increasing the area of the cylinder surface 

(dashed line in fig. 10) in contact with the flame. The results show that Di mainly affects the 
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streamline of the flame. As Di increases, the flame streamline is close to the cylinder at first 

and then is away from the cylinder. When the flame streamline is close to the cylinder, the ar-

ea of the cylinder surface in contact with the flame increases, making the temperature distri-

bution on the cylinder surface more uniform and improving the incineration efficiency of the 

cylinder. 

 

Figure 9. Temperature contours around the burner nozzle with different Dn 
 

 

Figure 10. Temperature contours around the cylinder with different Di  

 

Effect of burner nozzle angle 

According to the optimal Di (530 mm) 

and Dn (150 mm) obtained from Section Effect 
of incinerator diameter and burner nozzle di-
ameter, ten analysis models with the angle of 

0°~90° (per 10°) are simulated to study the in-

fluence of An (burner nozzle angle) on the tem-

perature uniformity of the YSP35.5 cylinder 

surface. 

As shown in fig. 11, in the case of the op-

timum Di and Dn, increases with the increase of 

An. Namely, the temperature distribution on the 

cylinder surface is the most uniform when An is 

0°. Analyzing the vertical cross-section of the 

temperature field at two burner nozzles, fig. 12, 

 

Figure 11. Temperature standard deviation of 
YSP 35.5 cylinder surface with different An 
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both sides of the cylinder surface (dashed line in fig. 12) can be directly ejected by the flame 

and the cylinder is evenly heated when An is 0°. As An increases to 40°, the flame spraying ar-

ea on the cylinder surface (dashed line in fig. 12) gradually moves up and overlaps. When An 

is 90°, the flame spraying area on the cylinder surface (dashed line in fig. 12) converges on 

the top surface of the cylinder. The results show that An mainly affects the distribution of the 

flame spraying area on the cylinder surface. With the increase of An, the flame spraying area 

on the cylinder surface moves up and overlaps. Therefore, in order to make a better tempera-

ture distribution on the cylinder surface and improve the incineration efficiency of the cylin-

der, the burner nozzles on both sides of the incinerator should be installed horizontally. 

 

Figure 12. Temperature contours around the two burner nozzles with 
different An  

Effect of cylinder types 

In order to analyze the influence of different cylinder types on the incineration ef-

fect, two commonly used types of LPG cylinders (YSP12 and YSP118 in tab. 3) are added to 

the study with the same Dn (150 mm). Eleven analysis models with Di of 350 mm~450 mm 

(per 10 mm) are established for YSP12 cylinder and eleven analysis models with Di of 600 

mm~700 mm (per 10 mm) are established for YSP118 cylinder. 

As shown in figs. 13 and 14, S in YSP12 and YSP118 models both show a trend of 

decreasing at first and then increasing with the increase of Di under the condition that Dn re-

mains unchanged. The Smin is obtained when of YSP12 models is 410 mm and of YSP118 

models is 680 mm, respectively. Analyzing the data in figs. 8, 13, and 14, the optimal Di for 

different types of LPG cylinders is different and decreases as the cylinder diameter decreases. 

Moreover, S of YSP12, YSP35.5 and YSP118-cylinder all show a trend of decreasing firstly 

and then increasing with the increase of Di, indicating that the influence of Di on the tempera-

ture uniformity of different types of cylinders is similar. 

Table 3. Structure parameters of YSP12 and YSP118 LPG cylinder 

Specification Diameter [mm] Nominal volume [L] Material Wall thickness [mm] Height [mm] 

YSP12 244 12 HP295 5 430 

YSP118 400 118 HP295 2.9 1200 
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Figure 13. Temperature standard deviation of 

YSP12 cylinder surface with different Di 

Figure 14. Temperature standard deviation of 

YSP118 cylinder surface with different Di 

Conclusions 

The LPG cylinder incineration test is conducted and a CFD model is established to 

explore the influence of incinerator structure parameters and cylinder types on the tempera-

ture uniformity of the cylinder. Based on the experimental and numerical studies, the follow-

ing conclusions can be obtained: 

 The temperature distribution of the middle surface of the cylinder is the most uneven dur-

ing the incineration test. The thermocouple is recommended to be installed on the middle 

surface of the cylinder in the incineration test. 

 As Dn increases, S shows a trend of decreasing and then increasing and reaches the mini-

mum with Dn of 150 mm. The Dn mainly affects the flame size and the increase of the 

flame size enhances the convective heat transfer of air in the incinerator. 

 With Di increasing, S decreases to the minimum when Di is 530 mm and then increases. 

The Di mainly affects the streamline of the flame and the area of the cylinder surface in 

contact with the flame increases when the flame streamline is close to the cylinder. 

 The temperature distribution on the cylinder surface is the most uniform when An is 0°. 

The An mainly affects the flame spraying area on the cylinder surface which moves up 

and overlaps with An increasing.  

 The optimal Di for different types of LPG cylinders is different and decreases as the cyl-

inder diameter decreases. The influence of Di on the temperature uniformity of different 

types of cylinders is similar. 
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