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Abstract: The development of more environment-friendly ways to dispose of oil sludge is currently regarded as a hot topic. In this context, gasification technologies are generally seen as a promising way to combine oil sludge with coal–water slurry (CWS) and generate resourceful fuel. In this study, a novel five-nozzle gasifier reactor was analyzed by means of a CFD (Computational fluid dynamic) method. Among several influential factors, special attention was paid to the height-to-diameter ratio of the gasifier and the mixing ratio of oil sludge, which are known to have a significant impact on the flow field, temperature distribution and gasifier performances. According to the numerical results, the optimal height-to-diameter ratio and oil mixing ratio are about 2.4:1 and 20%, respectively. Furthermore, the carbon conversion rate can become as high as 98.55% with the hydrolysis rate reaching a value of 53.88%. The consumption of raw coal and oxygen is generally reduced, while the effective gas production is increased to 50.93 mol/%.
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1  Introduction

The production of oil sludge has significantly increased from the exploration phase to petroleum refining, posing a significant environmental challenge [1,2]. Oil sludge consists of complex chemical compositions, including high concentrations of hydrocarbons, heavy metals, and various harmful substances, such as benzene, phenol, anthracene, and polycyclic aromatic hydrocarbons (PAHs) [3]. Therefore, the effective disposal of oil sludge is vital in reducing environmental pollution and associated health risks [4–7].

Currently, the primary methods for disposing of oil sludge encompass incineration [8], solidification and stabilization [9], solvent extraction [10], ultrasonic treatment [11], pyrolysis [12], photocatalysis [13], chemical treatment [14], and biodegradation [15]. These technologies are designed to reduce or eliminate hazardous components, thereby mitigating environmental and health hazards. However, traditional methods such as landfill and solidification may lead to secondary pollution. In contrast, emerging techniques like microbial and plasma treatments require sustained operational capabilities. On the other hand, gasifier treatment technology stands out as relatively mature [16–19]. The gasification process, operating at high internal temperatures around 1300°C, can effectively prevent the formation of dioxins, furans, and other harmful substances.

Conventional gasification processes face challenges in directly disposing of oil sludge, mainly due to its distinct composition compared to coal [20,21]. This difference results in varied gasification properties, such as maximum flame temperature, syngas composition, and carbon conversion rates. To address this issue, a technique involving the mixture of coal, additives, and water to create an oil sludge-coal-water slurry (OS-CWS) has been developed. This approach allows the use of conventional gasification processes for oil sludge treatment. The resulting slurry is suitable for gasification, producing efficient gas that can be transformed into pure hydrogen, methanol, and synthetic natural gas (SNG) [22]. Numerical simulation plays a pivotal role in optimizing the gasification process. For instance, Guo et al. [23] investigated how the oxygen-to-carbon ratio affects particle size distribution during gasification. Watanabe et al. [24] studied the impact of the oxygen-to-coal ratio on synthesis gas composition, carbon conversion rate, and cold gas efficiency. Chen et al. [25] focused on understanding the effects of adding 20% oil sludge on maximum flame temperature and synthesis gas composition. Moreover, Chang et al. [26] examined the influence of the injection angle of the coal-water slurry on synthesis gas yield and average furnace temperature.

Multi-jet gasifiers represent promising approaches in gasification technology [27,28]. However, there is room for improvement in their energy utilization efficiency. The five-nozzle gasifier proposed by the study can effectively address these efficiency problems. It enhances the dispersion performance of coal-water slurry while maintaining the same processing capacity. Additionally, increased material circulation within the gasifier prolongs the residence time of the material, facilitating improved heat and mass transfer processes. Achieving the optimal height-to-diameter ratio in the gasifier is crucial, as an excessively high ratio can lead to clogging due to lower slag outlet temperatures, while a low ratio may adversely affect gasification efficiency. The stability of coal-water slurry is crucial for the effective storage and transport of oil sludge-water-coal slurry, as highlighted in studies [29,30]. These studies primarily focus on the impact of varying additives on the slurry’s stability. Given that oil sludge is rich in petroleum hydrocarbon organic matter, alterations in the quantity of additives can have a significant effect on the composition of the coal-water slurry, as well as on the characteristics of the resulting gasification products.

In this study, the PDF non-premixed combustion model was used. The pyrolysis process of combustible particles was addressed using the dual-competition pyrolysis model. The turbulence was modeled using the Realizable k-ε model. The radiation characteristics of the gasifier were simulated using the P-1 radiation model. The model’s validity was confirmed by comparing its predictions with industrial data. We studied substances’ fluid flow, temperature distribution, and molar fraction distribution through simulation and analysis under different operating conditions, including variations in aspect ratio and other oil sludge mixing ratios. This provides a theoretical basis for the practical application and improvement of the project in its next phase.

2  Model Description and Simulation Method

For the oil sludge-coal-water slurry gasification process in the gasifier, the complex physical and chemical processes mainly include slurry atomization, droplet evaporation, coal devolatilization, and both non-homogeneous and homogeneous reactions. This process also involves intricate fluid dynamics, heat transfer, and mass transfer processes [31]. Therefore, it is essential to develop a comprehensive numerical model to accurately simulate the gasification process and optimize its efficiency.

2.1 Slurry Atomization

After the oil sludge-water-coal slurry is fed into the gasifier, it is atomized into fine droplets by the high-speed pure oxygen jet stream. For simplification, the oil sludge-water-coal slurry is considered fully atomized, and the droplet particle size distribution is assumed to be consistent with the coal powder in the slurry. The trajectory of coal particles is tracked using the random trajectory model in the Lagrangian coordinate system. This model also considers the coupling effects between the discrete phase (coal particles) and the continuous phase [32]. The equations for controlling particle motion in the Lagrangian coordinate system are as follows:


dupdt=FD(u−up)+gz(ρp−ρ)/ρP+FX
(1)


FX=12ρρPddt(u−uP)
(2)

where 
FD(u−up)
is the resistance per unit mass of particles, 
u
is the fluid velocity, 
up
is particle velocity, 
ρp
is the density of particles, and 
Dp
is the diameter of the particles.

2.2 Droplet Vaporization and Coal Pyrolysis

After atomization, the oil sludge-coal-water slurry droplets are quickly heated. When the temperature of the droplet reaches the gasification temperature, the droplet begins to evaporate and continues until the droplet temperature reaches the boiling point. The volumetric vapor partial pressure and the vapor saturation pressure on the particle surface determine the evaporation rate.

The coal pyrolysis process is assumed to include two continuous steps: coal volatilization and volatile decomposition. However, due to the rapid temperature increase, the entire pyrolysis process of oil-coal can transpire almost instantaneously [33]. This study selects the dual-competition model to describe volatile precipitation in the gasifier. The dual-competition pyrolysis model employs two parallel equations to depict the precipitation of volatile fractions. Eq. (3) predominates at lower temperatures, with the corresponding kinetic reaction rate being 
k1=k01e−E1/RT
. Eq. (4) takes precedence at higher temperatures, accompanied by a kinetic reaction rate of 
k2=k02e−E2/RT
.


pulverizedcoalparticle→(1−α1)→coke+α1volatile
(3)


pulverizedcoalparticle→(1−α2)coke+α2volatile
(4)

The emission rate of the volatile matter:


dVdt=dV1dt+dV2dt=(a1k1+a2k2)W
(5)

where 
α1
and 
α2
are the generation rate factor and 
W
is the weight of coal when analyzed for volatilization.

2.3 Combustion in the Gas Phase

This study uses the Mixture Fraction-Probability Density Function (Mixture Fraction/PDF) model [34] of the non-premixed combustion model to simulate the gasification process in the gasifier. It is based on the interplay between chemical reactions and turbulent flow and applies probability theory to simplify the combustion problem. In the non-preheated mixed combustion model, the transient thermochemical state of the fluid within the computational domain correlates with the mixing fraction, denoted as f, which controls the chemical reaction within the system. A single mixing fraction model is adopted, consisting of the fuel, oxidizer, and products. With the mixing fraction f, it is represented as in Eq. (6):


f=Zi−Zi,oZi,fuel−Zi,o
(6)

where Zi is the mass fraction of element I, Zi, o and Zi, fuel is referred to as the values of oxidant and fuel at the inlet, respectively.

2.4 Coke Combustion Model

In the gasifier, coke’s combustion and gasification reactions include combustion reactions of oil-coal coke, water-gas, hydrogenation, etc. Compared to the combustion reactions of volatiles and particles, the gasification rate of coke is relatively slow. The coke gasification reaction is crucial in controlling the conversion of fixed carbon to gas and determining the whole gasification process.


R1=c1[(Tp−T∞)/2]0.75Dp
(7)


R2=c1c2e[−E/RTp]
(8)

Eqs. (7) and (8) describe the diffusion-controlled and power-controlled combustion equations. When the operating temperature is high, the explosion of residual coke within pulverized coal particles is predominantly dominated by the diffusion-controlled combustion equation. Conversely, under lower temperatures, the power-controlled combustion equation primarily influences the explosion of residual coke in the pulverized coal particles. Subsequently, the coke combustion rate is determined by:


dmpdt=−πp2poxD0RD0+R
(9)

where R1 is the diffusion rate, TP is the temperature of discrete particles, T∞ is the temperature of the surrounding gas, R2 is the rate of chemical reaction kinetics, C1 and C2 are the prefactors, E is the activation energy, and dp is the diameter of discrete particles.

2.5 Governing Equations and Solution Methods

We solved the time-averaged steady-state Navier-Stokes equations, energy conservation, and gas transport equations to emulate the gas-phase turbulence occurring within the gasifier. The Realizable k-ε model describes the turbulent behavior in the gasifier. The radiation heat transfer is defined by the P-1 model [35]. The turbulence model, energy conservation equation, and Standard k-ε model equation are as follows [36]:

Continuity equation:


∂ρ∂t+∇(ρu)=0
(10)

where ρ is the density of the fluid, t is the time of fluid motion, and u is the velocity vector.

Momentum equation:


∂(ρuj)∂t+∂(ρuiuj)∂xj=−∂ρ∂xi+∂τij∂xi+ρgi
(11)

where 
ρgi
is the momentum source term generated due to the presence of particles, P is pressure, and 
τij
is the stress tensor. The expression is as follows:


τij=μt(∂ui∂xj+∂uj∂xi)−23μt∂uk∂xkδij
(12)

where 
μt
is the viscosity,and 
δij
is the unit tensor.

Standard k-ε model equation:


∂∂t(ρk)+∂∂xi(ρkui)=∂∂xj[(μ+μtσk)∂k∂xj]+Gk+Gb−ρε−YM+Sk
(13)

where Gk is the turbulence kinetic energy, Gb is the turbulence kinetic energy, YM is the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate.


∂∂t(ρε)+∂∂xi(ρεui)=∂∂xj[(μ+μtσε)∂ε∂xj]+C1εεk(Gk+C3εGb)−C2ερε2k+Sε
(14)

where


μt=Cμρk2ε

where μt is the turbulent viscosity, σk and σε are the turbulent Prandtl numbers for k and ε, respectively. C1ε, C2ε, Cμ, σk, and σε follow default values of 1.44, 1.92, 0.09, 1.0, and 1.3, respectively, which are most used in the model calculation.

Conservation of energy:


∂(ρh)∂t+∂(ρuh)∂x+∂(ρvh)∂y+∂(ρwh)∂z=−p∇U+∇(λgradT)+ϕ+Sh
(15)

where λ is the thermal conductivity of the fluid, Sh is the internal heat source, Sh = 0, Φ is the thermal energy converted from mechanical energy under the influence of viscous forces, and P∇U is the work done by surface forces on the fluid.

The gas-phase two-phase flow and reaction process was numerically solved using Fluent 2020R2 CFD code, incorporating user-defined functions (UDFs) to accommodate multiphase reaction models. The solver used is a Pressure-Based Solver, utilizing the SIMPLE algorithm for pressure-velocity coupling. To ensure stable coupling with velocity, we applied the PRESTO! discretization scheme for pressure. We implemented the first-order upwind equation format to enhance computational precision and efficiency for other physical quantities (e.g., velocity, turbulent kinetic energy, and energy).

3  Simulation Grid and Condition

3.1 Boundary Condition

In the computational domain representing the entire gasifier, the operational pressure is set at 4 MPa and gravitational acceleration at 9.8 m/s2. All five nozzle inlets are configured to use mass flow rate inlets. The gasifier’s thermal load determines the total inflow of oil sludge-coal-water slurry, which is set at 400 kg/h, and pure oxygen is introduced at a 1:1 oxygen-to-carbon atomic ratio. The inlet temperatures for both fuel and oxidizer are maintained at 380 K. Regarding outlet boundary conditions, they are designated as pressure outlets with a reflux temperature of 1500 K. For tracking the droplets of oil sludge-coal-water slurry, the random trajectory model is utilized, and the particle size distribution is represented using the Rosin-Rammler expression. Other parameters are set to their default values, and supplementary boundary conditions are detailed in Table 1.
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3.2 Simulation Condition

The Simulations are performed on a novel five-nozzle gasifier. The top coal slurry inflow rate is set at 200 kg/h, while each of the four side nozzles has a coal slurry inflow rate of 50 kg/h. Pure oxygen is employed as the oxidant for the gasification process. The gasifier is operating at an elevated pressure of 4 Mpa. All other parameters remain constant. The coal source is Shandong Liangzhuang bituminous coal, utilized in crafting the oil-adulterated slurry. A detailed industrial and elemental analysis of this coal is available in Table 2.

[image: images]

The selected oil sludge is generated from the sediment of a petrochemical refinery’s crude oil storage tank. Table 3 delineates its physicochemical attributes.
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3.3 Simulation Grid and Numerical Solution

The gasifier geometry configuration and simulation grids are shown in Fig. 1. This research uses a cylindrical five-nozzle opposed gasifier with distinctive top and side nozzles [37]. The design includes four nozzle inlets evenly spaced around the circumference and one on the top, with an outlet positioned below. A comprehensive 3D model of the gasifier was developed using SolidWorks 3D modeling software. The model includes detailed specifications: a height of 1.0 m, an inner diameter of 0.5 m, a top nozzle inlet diameter of 0.012 m, and a furnace nozzle diameter of 0.006 m.

[image: images]

Figure 1: The gasifier geometry configuration and simulation grids

The 3-D model of the gasifier is imported into ICEM, where Part settings are applied to the inlet, outlet, and furnace walls. Parameters are adjusted to generate a tetrahedral mesh, with specific refinement at the five nozzles. The final mesh generated contains approximately 1.67 million elements, with mesh quality scores ranging from 0.42 to 1, indicating a high level of detail and accuracy.

The subsequent study investigated the gasifier at different aspect ratios (2.0:1, 2.4:1, 3.0:1) under high temperatures. Only the height of the gasifier varied, while other dimensions, such as nozzles, remained consistent. To ensure simulation reliability and mesh independence, the study selected a gasifier with an aspect ratio of 2:1 for evaluation, equivalent to a furnace height of 1 meter and an inner diameter of 0.5 meters. Adjustments to node distribution and mesh size resulted in three tetrahedral meshes with element numbers of 1.08 million, 1.67 million, and 2.68 million, respectively. Detailed results are presented in Table 4.
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As indicated in the table, the results show minimal differences when simulations were done using three different mesh quantities. Only when the mesh quantity is 1.08 million is the outlet CO gas content lower by 0.01, and the average temperature on the longitudinal cross-section is lower by 1 K. When the mesh quantity exceeds 1.67 million, the calculation results remain consistent, demonstrating that mesh independence has been achieved. Consequently, this study opts for a mesh quantity of 1.67 million for all subsequent simulations and research efforts, optimizing the balance between accuracy and computational efficiency.

3.4 Validation of the Model

Considering that model validation is independent of the gasifier design and considering the current maturity and abundant industrial data available for Texaco gasifiers [38], this research selects a single-nozzle Texaco gasifier from a specific fertilizer plant for numerical model validation. The selected gasifier has a height of 6 meters and an inner diameter of 1.5 meters. Its upper part serves as the fuel inlet, while the bottom is the slag and wet coal gas outlet. It is designed to handle a rated coal slurry feed rate of 40 tons per hour, operating at an actual pressure of 6 MPa and a coal slurry concentration of 62%. Under the same operating conditions, gasification simulation calculations are conducted for oil-slurry coal and traditional water-coal slurry.

The simulation results for oil slurry coal provide data for four evaluation parameters at the gasifier outlet, including the main gas components (CO, CO2, H2, and H2O(g)), the effective molar fractions of CO and H2, the outlet temperature, and the carbon conversion rate. These data are compared with the results of the on-site industrial boiler operation [39] and traditional water-coal slurry simulation, as shown in Table 5. The analysis of these comparisons indicates that the overall errors are within an acceptable range. This outcome supports the feasibility of using the numerical model for slurry coal gasification, demonstrating its reliability and practical applicability.
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4  Results and Discussion

4.1 Influence of Height-to-Diameter Ratio on Gasification Efficiency

The height-to-diameter ratio of the gasifier is a crucial factor, given its significant role in facilitating gasification reactions. With a constant inner diameter of 0.5 m, the heights of the gasifiers vary as 1.0, 1.2, and 1.5 m, corresponding to height-to-diameter ratios of 2.0:1, 2.4:1, and 3.0:1. The simulations compare flow field distribution, particle residence time, and temperature gradients to determine the optimal height-diameter ratio for the gasifier.

4.1.1 Influence of Height-to-Diameter Ratio on Flow Field Distribution.

Flow field distribution profoundly affects the gasifier’s temperature and gas product layouts. Fig. 2 illustrates the velocity distribution profiles at gasifier heights of 1.0, 1.2, and 1.5 m. Concurrently, Fig. 3 shows the associated velocity streamline patterns.
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Figure 2: Velocity contour
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Figure 3: Velocity streamline diagram

Fig. 2a shows that when the height of the gasifier is 1 m, the cutting effect of the side nozzle on the top nozzle jet is poor, resulting in combustible particles directly rushing towards the bottom of the gasifier. This shortens the residence time of flammable particles in the gasifier and reduces gasification efficiency. Conversely, when the gasifier height is set at 1.2 and 1.5 m, corresponding to height-to-diameter ratios of 2.4:1 and 3.0:1, the gasification reaction mainly occurs in the central impact zone of the combustion chamber. This configuration mitigates the issue of the top nozzle jet flow directly moving towards the bottom outlet, significantly reducing the likelihood of the “short circuit” phenomenon.

Fig. 4 presents turbulence intensity cloud diagrams across the longitudinal axis section for different height-to-diameter ratios of the gasifier. According to Fig. 4, it can be observed that when the height of the gasifier is 1.2 m, the turbulent mixing intensity is the highest, reaching up to 379%. The turbulent intensity is lower for a gasifier height of 1.5 m. Its turbulence intensity cloud diagrams identify a substantial laminar flow region near the gasifier’s outlet, suggesting the localized reaction of combustion particles and the potential for direct ejection from the outlet. This can impede complete fuel particle reaction, compromising gasification efficiency. However, gasifiers with heights of 1.2 and 1.5 m show a more effective mitigation of this issue. Their turbulence intensity cloud diagrams indicate that reactions mainly occur in the central impingement zone of the combustion chamber and the upper side nozzle reflux area. This distribution of reactions leads to minimal impact at the furnace bottom and ensures more comprehensive reactions of fuel particles.
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Figure 4: Turbulence intensity contour

Table 6 presents the particle residence times across the three gasifier configurations derived from simulations. The data clearly show that the gasifier with a height of 1.2 m provides the longest residence time for fuel particles. This increased duration inside the gasifier facilitates more complete reactions within the furnace. This observation is consistent with the previously noted phenomenon of maximum turbulent intensity during the gasification process in a gasifier of this height.
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Upon integrating these findings with real-world conditions observed at industrial boiler sites, it is concluded that when the height of the gasifier is 1.2 m, corresponding to a height-to-diameter ratio of 2.4:1, the flow field inside the gasifier is more reasonable, leading to improved gasification efficiency.

4.1.2 Influence of Height-to-DIameter Ratio on Temperature Distribution

The temperature distribution within the gasifier serves as a crucial indicator of the combustion conditions inside the furnace. Fig. 5 depicts the temperature distribution cloud diagrams along the longitudinal axis when the gasifier height is set at 1, 1.2, and 1.5 m. As shown in the figure, the temperature at the nozzle outlet reaches its peak. This phenomenon is due to the abundant oxygen at this location, which triggers intense combustion reactions of volatile gases and residual carbon, releasing a significant amount of heat. In the regions at the end of the jet zone and the upper recirculation area of the side nozzles, a drop in temperature is noted. This reduction is due to the decreased oxygen content in these areas, which in turn initiates the gasification reaction of carbon. At the bottom exit of the gasification furnace, where the oxygen supply has been exhausted, the combustion reactions halt. Consequently, the carbon gasification reaction attains equilibrium, resulting in a gradual stabilization of temperature.

[image: images]

Figure 5: Temperature distribution contour

These observations confirm that the simulation results accurately mirror real combustion reaction phenomena. Particularly when the gasifier height is set at 1 and 1.2 m, the temperature distribution appears more uniform across the furnace. Such uniformity in temperature distribution can alleviate thermal stress effects on the furnace’s inner walls, thus enhancing the safety and operational stability of the gasifier.

Table 7 enumerates the temperature data for the three distinct height-to-diameter ratios. The exit and average temperatures for a furnace height of 1.5 m are higher than those of the first two types of furnaces. Excessively high temperatures will reduce the lifespan of the gasifier and increase the operational difficulty of industrial gasifiers on-site. Therefore, choosing a gasifier design with a height-to-diameter ratio 3.0:1 is not advisable.

[image: images]

4.1.3 Influence of Height-to-Diameter Ratio on Gasification Results

The outcomes from the simulation of gasification in gasifiers with different height-to-diameter ratios are detailed in Table 8.
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The effective gas (CO, H2) generated through gasification is a key byproduct and an essential measure of the gasifier’s efficiency. Generally, a higher effective gas content at the gasifier’s outlet is an indicator of superior performance. However, as the height-to-diameter ratio increases, the concentrations of CO and H2 at the outlet gradually decrease, dropping from 33.04 to 26.96 mol% for CO and from 21.23 to 16.95 mol% for H2. Concurrently, the concentration of H2O(g) at the outlet progressively increases, while the changes in CO2 concentration are not significant.

Furthermore, an increase in the height-to-diameter ratio leads to a slight rise in the carbon conversion rate, moving from 98.52% to 98.81%. Despite this increase, the proportion of effective gas content at the outlet gradually diminishes. This trend suggests a trade-off between enhancing the carbon conversion rate and maintaining high effective gas content, highlighting certain limitations in improving the gasifier’s carbon conversion efficiency.

After conducting a thorough analysis that includes the gasification flow field, turbulence intensity, temperature, main gas distribution, effective gas content, and carbon conversion rate, it becomes apparent that a gasifier with a height of 1.2 m and an inner diameter of 0.5 m is the most suitable configuration. This size not only ensures a balanced flow field and efficient reactions but also results in lower average and outlet temperatures, which contribute to an extended lifespan. Moreover, this configuration yields higher effective gas content and carbon conversion rates. In addition, it is more cost-effective regarding design and fabrication.

4.2 Influence of Oil Mixing Ratio on Gasification Performance

4.2.1 Influence of the Oil Mixing Ratio on Flow Field Distribution

Fig. 6 depicts the velocity distribution cloud diagrams along the center-axis cross-section for five different oil mixing ratios. These diagrams reveal that the variations in the flow field state within the furnace are relatively minor across different oil mixing ratios. Along the central axis of the top nozzle inlet, the fuel flow rate incrementally increases, reaching its peak velocity in the impact zone. Following this, there is a gradual decrease in velocity in the pipe flow area close to the bottom outlet. Interestingly, as the oil mixing ratio increases, there is a noticeable reduction in the fuel flow rate inside the gasifier, with the maximum speed decreasing from 23.51 to 22.98 m/s. This reduction in velocity is attributed to the higher oil mixing ratio, which increases the adhesiveness between fuel particles, thus slowing down their flow rate. Moreover, it is observed that at an oil mixing ratio of 30%, the pipe flow area shifts further away from the gasifier outlet, effectively preventing the fuel from directly streaming from the nozzle inlet to the bottom outlet.

[image: images]

Figure 6: Velocity contour

Table 9 provides the particle residence times obtained from simulations under various oil mixing ratios. A clear trend emerges as the oil mixing ratio increases; the residence time of fuel particles inside the furnace lengthens, spanning from 6.936 to 7.913 s. This indicates that a higher oil mixing ratio effectively extends the duration of fuel particle residence within the furnace, leading to more comprehensive combustion reactions. As a result, this contributes to an enhancement in the gasification process’s overall efficacy.

[image: images]

The velocity streamlines diagram presented in Fig. 7 illustrates that the flow fields within the furnace, as obtained from the gasification simulations, are essentially consistent across the five different levels of oily sludge addition. However, it is noted that with an increasing oil mixing ratio, the streamlined distribution within the furnace becomes progressively more concentrated. This concentration suggests an enhanced recirculation frequency of fuel particles, which in turn facilitates more complete combustion reactions.

[image: images]

Figure 7: Velocity streamline diagram

The turbulence intensity cloud diagram in Fig. 8 shows that as the oil mixing ratio increases, the turbulence intensity grows, with the maximum turbulence intensity rising from 334% to 451%. This indicates that mixing fuel particles with oxygen inside the furnace becomes more thorough, leading to more intense reactions. Furthermore, the oil mixing ratio increases, the distance of the pipe flow zone from the bottom outlet becomes more significant, and the reaction area decreases, significantly reducing erosion on the walls of the gasification furnace.

[image: images]

Figure 8: Turbulence intensity contour

4.2.2 Influence of the Oil Mixing Ratio on Temperature Distribution

The temperature distribution cloud charts along the central axis cross-section for combustion gasification in the furnace with five different oily sludge addition levels, as shown in Fig. 9, all exhibit an axially symmetric distribution, where the temperature first increases and then decreases along the central axis. However, the temperature distribution within the furnace for the concentrations shown in Figs. 9c and 9d is more uniform.

[image: images]

Figure 9: Temperature distribution contour

Table 10 shows the temperature tables for five different amounts of oil mixing ratio. As the oil mixing ratio increases, the exit temperature of the gasification furnace gradually rises. At a 20% oil mixing ratio, the furnace exhibited a more uniform temperature distribution.

[image: images]

The inclusion of petroleum hydrocarbons in oil sludge augments the calorific value of the oil sludge coal slurry fuel, leading to an increased overall temperature in the gasifier and a consequent rise in outlet temperature. Although a higher outlet temperature facilitates the removal of liquid slag, it presents a challenge in utilizing high-temperature refractory bricks on the furnace wall. Consequently, keeping the gasifier’s outlet temperature around 1600 K is advisable for optimal performance.

4.2.3 Influence of Oil Mixing Ratio on Gasification Results

Table 11 presents a comparative analysis of gasification outcomes with five different oil mixing ratios. A clear trend emerges with the increase in the oil mixing ratio: there is a significant decrease in the content of CO and H2, with CO dropping from 33.11 to 24.96 mol/% and H2 from 21.35 to 16.04 mol/%. Alongside this decrease, there is a corresponding rise in the levels of CO2 and H2O(g), leading to a reduction in the effective gas content at the outlet. While the increase in CO2 content is modest, the escalation in H2O(g) content is quite substantial, advancing from 29.36 to 41.42 mol/%. This pattern can be ascribed to the hydrocarbons present in the oil sludge, which undergo combustion reactions with oxygen in the jet zone, resulting in the production of CO2 and H2O(g), thus boosting their concentrations. Furthermore, the inherent moisture in the oil sludge also plays a significant role. As the amount of oil sludge is increased, more moisture enters the furnace, consequently elevating the H2O(g) content at the gasification outlet.
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The carbon conversion rate in the gasifier shows a gradual increase in correlation with the oil mixing ratio. When the oil mixing ratio was increased by 30%, the carbon conversion rate reached an impressive 98.83%. This enhancement is primarily due to the elevated furnace temperature, which intensifies the heterogeneous reaction of coke, thereby boosting the carbon conversion rate. Additionally, incorporating oil sludge in the preparation of coal-water slurry reduces the total amount of carbon entering the gasifier.

As the oil mixing ratio rises, the specific oxygen consumption gradually increases from 504 Nm3/1000 Nm3 to 671 Nm3/1000 Nm3. This increase is largely due to the elevated organic content within the gasifier, necessitating more oxygen to complete the gasification process. Conversely, as the oil mixing ratio increases, there is a gradual reduction in specific coal consumption, dropping from 787 kg/1000 Nm3 to 841 kg/1000 Nm3. The high volatility and flammability of the organic compounds in oil sludge expedite their release during gasification, accelerating the reaction. These substances possess a specific calorific value and can substitute coal, thus decreasing coal consumption per unit.

Based on the preceding analysis, it is postulated that adding a certain quantity of oil sludge would lead to a decrease in the effective gas ratio and hydrolysis rate at the outlet. However, it also leads to an increase in the carbon conversion rate, a reduction in outlet temperature, and an increase in specific oxygen consumption. Simultaneously, coal consumption will be reduced. From an economic perspective, minimizing clear oxygen and coal consumption is imperative. The appropriate oil mixing can improve the carbon conversion rate of the whole gasifier and the production efficiency [40,41]. Therefore, adding 20% oil sludge is deemed the most suitable option. This level not only reduces reliance on coal feedstock but also promotes the environmentally friendly utilization of oil sludge resources.

5  Conclusion

Mixing oil with coal slurry produces an oil slurry, which can be converted into clean energy using gasification technology. This technology, central to our study, highlights the importance of numerical research in oil slurry gasification. The optimal gasifier, with a height-to-diameter ratio of 2.4:1, comprises a 1.2 m furnace height and a 0.5 m inner diameter. This configuration ensures uniform temperature distribution and rational flow field distribution, with a maximum turbulence intensity of 379%. These factors collectively improve the reaction intensity within the furnace, enhancing gasification efficiency.

When the oil mixing ratio increases, key parameters like effective gas content at the outlet, hydrolysis rate, and specific coal consumption decrease. Conversely, carbon conversion rate and specific oxygen consumption increase. In the furnace, denser flow lines facilitate better mixing of fuel particles with oxygen, leading to more intense reactions. However, considering the temperature distribution within the furnace and the operational temperature requirements of industrial boilers, a 20% oil mixing ratio is identified as the most effective

This study’s simulation analysis focuses on the gasifier’s height-to-diameter ratio and oil mixing ratio, pivotal in the gasification process. Nevertheless, in practical applications, other factors also affect gasification efficacy, such as nozzle inlet fuel velocity, fuel flow rate, and coal powder particle size. These additional factors merit in-depth research to fully understand their impact on gasification efficiency.
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Table 3: Analysis of physicochemical properties of oil sludge

Three components (%)  Proximate analysis (%d) Ultimate analysis (%d) HHVD (MJ/Kg)

Moisture Oil  Sludge V A FC C H O N S 10.85
62.56 1597 21.47 2344 11.72 228 4225 545 646 0.76 1.87
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Table 8: Comparison of gasification results

Height-to-diameter Molar content of main gas Effective gas Hydrolysis C conversion Specific Specific coal
ratio at the outlet mol/% content mol/% rate% rate% oxygen consumption
consumption
CO CO, H, H,O
2.0:1 33.04 15.64 21.23 29.52 54.27 54.96 98.52 504 790
2.4:1 32.36 15.77 20.75 30.16 53.11 53.88 98.55 513 804

3.0:1 26.96 15.98 16.95 34.60 43.91 50.70 98.81 527 825
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Table 4: Grid independence verification results

Number of grids The molar fraction of outlet gas mol/% Average temperature of
longitudinal section (K
co o, H, H,0(2) ongitudinal section (K)
1.08 million 33.03 15.64 21.23 29.52 1696
1.67 million 33.04 15.64 21.23 29.52 1697

2.68 million 33.04 15.64 21.23 29.52 1697
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Table 9: Particle retention time

Oil mixing ratio 10% 15% 20% 25% 30%

Particle residence time (s) 6.936 7.245 7.621 7.806 7.913
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Table 7: Temperature table

Height-to-diameter ratio 2.0:1 2.4:1 3.0:1

Outlet temperature (K) 1592 1594 1666
Average temperature (K) 1510 1521 1527
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Table 11: Comparison of gasification results

Additive Molar content of main gas at Effective gas  Hydrolysis C conversion Specific Specific coal
amount the outlet mol/% content mol/% rate % rate % oxygen consumption
consumption
CO CO, H, H,O
10% 33.11 15.60 21.35 29.36 54.46 55.16 98.48 504 841
15% 31.02 1595 1991 32.54 50.93 51.22 98.57 538 825
20% 29.25 16.14 1897 35.06 48.22 46.78 98.64 567 806
25% 26.99 16.62 17.43 38.41 4442 42.09 98.74 619 801

30% 2496 1697 16.04 41.42 41.00 37.82 98.83 671 787






OEBPS/Images/table-1.png
Table 1: Boundary condition

Form Temperature (K) Notes
Inlet boundary Mass flow inlet (400 kg/h) 380
Exit boundary Pressure outlet (Static pressure 0) 1500 Reflux temperature

Furnace wall boundary  No slip 1500 Wall temperature
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Table 6: Particle retention time

Height-to-diameter ratio 2.0:1 2.4:1 3.0:1

Particle residence time (s) 6.688 7.596 6.629
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Table 2: Industrial analysis and element analysis of coal

Proximate analysis (%d) HHVD (MJ/Kg) Ultimate analysis (%d)

\Y A FC M 24.42 C H O N S
28.3 4.73 60.07 6.9 84.74 4.30 8.65 1.56 0.75
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Table 10: Temperature table

Oil mixing ratio 10% 15% 20% 25% 30%

Outlet temperature (K) 1587 1623 1682 1709 1741
Average temperature (K) 1512 1523 1544 1562 1582
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Table 5: Comparison of thermal simulation results

Molar content of main gas at the outlet mol/% Effective gas  Outlet C conversion
co o, H, H,0(g) content mol/% temperature K rate %
Industrial  37.52 15.05 19.22 27.33 57.24 1680 97.80
Oily slurry 36.94 14.52 19.34 28.39 56.28 1788 98.43
Error/%  —1.54% —3.5%  0.62% 3.87% -1.67% 6.42% 0.64%
Traditional 37.26 14.63 20.04 27.19 57.80 1705 98.39
Oily slurry 36.94 14.52 19.34 28.39 56.28 1788 98.43

Error/%  —0.85%  0.75%  —-3.49% 4.41% —2.62% 4.86% 0.04%
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