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Abstract

:

Simulation and modeling of thermal recuperative incinerators may play an important role in enhancing efficiency and ensuring compliance with environmental regulations. In this context, the primary objective of this study is to simulate and comprehensively understand the operation of a geometrically complex thermal recuperative incinerator with an integrated preheater featuring varying levels of heat recovery. To achieve this objective, a simple yet effective 0D model was developed. This modeling approach allows for a holistic evaluation of the performance of the incinerator, enabling the assessment of key parameters, such as temperatures and heat transfer rates, under varying operating conditions. Successful validation of the model is established by comparing its results with measurements from an industrial thermal recuperative incinerator in operation at a vehicle assembly plant, with maximum relative differences of around 9%. Simulations for different percentages of flue gases bypassing the preheater were conducted, indicating a good compromise between heat transfer and pressure drop and a 22% heat recovery at around 50%. The model presented in this paper provides a robust foundation for comprehensively assessing and optimizing the performance of thermal recuperative incinerators and systems that comprise thermal recuperative incinerators, with implications for waste management and sustainable energy recovery systems.






Keywords:


pollutant control; waste heat; heat transfer; combustion; 0D model












1. Introduction


The growing concerns over environmental pollution and the need to manage waste efficiently have led to the development of various technologies for waste management, including thermal recuperative incinerators (TRIs) [1]. These incinerators are designed to burn gaseous emissions from industrial processes within a controlled environment, effectively eliminating harmful contaminants [2]. One of the applications of this air pollution control equipment is in automotive paint shops [1,3]. These facilities, in addition to typically being the largest consumers of energy within the vehicle manufacturing processes [4], also stand out as major sources of volatile organic compounds (VOCs) and particulates [1]. VOCs are the primary contributors to emissions in vehicle coating processes, with the main sources being spray booths, drying ovens and the cleaning of application equipment [5]. Paint shop exhaust fumes typically contain evaporated solvents, with some of the commonly used solvents (e.g., xylene, toluene, methyl ethyl ketone) adversely impacting air quality and posing hazards to human health if released to the atmosphere [1].



TRIs effectively destroy VOCs through thermal oxidation, converting them into CO2 and H2O [2]. As the name suggests, these systems are equipped with preheat heat exchangers to recover part of the heat from the exhaust gas of the incinerator and transfer it to the gaseous feed stream (Figure 1). Typical heat recovery rates range from 50% to 60% [1] and can reach 70% [6]. Any waste heat not recuperated during the feed stream preheating process can be recovered by additional heat exchangers, providing necessary process heat, as in the case of vehicle manufacturing plants.



The preheat heat exchanger is a critical component of TRIs since it improves the efficiency of the incinerator by reducing the supplemental fuel needed to maintain the temperature required for VOC oxidation. In case of system configurations in which the preheater is separated from the combustion chamber, plate-to-plate and shell-and-tube heat exchangers are most often used [6]. These types of heat exchangers have been extensively used for a long time in various industrial applications [7], while research on their design and optimization continues, with the aim of increasing energy efficiency in industry [8,9,10]. Their reliability and well-established performance characteristics make them a preferred choice in many thermal processes. Plate-to-plate and shell-and-tube heat exchangers are characterized by high efficiencies [11,12,13], which are crucial in TRIs, where maximizing heat transfer is essential for improving overall efficiency. Additionally, these types of heat exchangers (i) offer versatility in terms of design and application, adapting to various operating conditions; (ii) are often designed to be compact, which is advantageous in industrial settings where optimizing spatial efficiency is crucial; and (iii) are able to operate under demanding conditions, including high temperatures and corrosive environments, which ensures durability and longevity [7,10]. However, the heat exchangers often used in thermal recuperative incinerators are complex pieces of equipment, which may have a very intricate internal structure and inaccessible zones [14].



Due to the substantial energy consumption of TRIs in automotive manufacturing, even small increases in their performance result in significant cost savings and environmental benefits. The simulation of TRIs is important as it can help optimize efficiency, ensure environmental compliance, reduce costs, enhance safety and assist in designing and scaling-up these systems. Moreover, simulations help improve process understanding, enabling operators and engineers to better comprehend the complex processes occurring within incinerators, such as combustion, heat transfer and turbulent fluid flow. This understanding is crucial not only for troubleshooting and maintaining these systems but also for identifying ways to enhance combustion efficiency, reduce energy consumption, minimize emissions and, ultimately, destroy VOCs.



Only a limited number of studies exist on the simulation of TRIs [2,15], and the design of such equipment primarily relies on empirical methods [2]. Several modeling approaches are available for simulating thermal recuperative incinerators, with the choice of modeling approach depending on the specific goals of the study, the complexity of the incinerator geometry and available computational resources. For design purposes, detailed computational fluid dynamics models, though rare in the context of TRIs, are essential. However, the complexity of the strongly coupled thermo-chemical and fluid flow phenomena that occur inside the incinerators results in complex and computationally intensive simulations. The work of Salvador et al. [2] is one of the few examples of such an approach. Another example is the work by Crawmer et al. [16], but, in this case, only a cold flow model was briefly presented with no chemical reactions or heat transfer being modeled.



A simpler approach to modeling TRIs involves the use of 0D models based on the integral form of mass and energy balances for steady-state conditions, along with descriptions of combustion and heat transfer processes, including conduction, convection and thermal radiation. These models are suitable for preliminary design [17,18], performance evaluation [19,20], model-based control design [21], the definition of input data and boundary conditions for detailed CFD models [22,23] and feasibility studies [24]. Sorrels et al. [6] present material and energy balances around a thermal recuperative incinerator and its combustion chamber, a central part of TRIs. In their model, these authors make the following assumptions: (i) the mass flow rates on both the hot and cold sides of the preheater are approximately equal; (ii) the heat capacities on both sides of the preheater are approximately the same, regardless of composition and temperature; and (iii) energy losses are considered to be 10% of the total energy input to the incinerator. The first assumption applies when all gases leaving the combustion chamber in the TRI pass through the preheater and the amount of auxiliary fuel is small compared to the incoming waste stream. The second assumption is valid for waste streams that consist of dilute mixtures of VOCs in air, with the properties of the stream changing only slightly upon combustion and changes in temperature. The third assumption also simplifies the model; the heat losses are considered to be of the order of magnitude of typical heat losses in thermal recuperative incinerators [6]. The percentage of heat loss in an incinerator is dependent on factors such as the type of incinerator, the materials used, the quantity and type of insulation and various other influencing factors [6].



In many TRIs, the entire stream of flue gases leaving the combustion chamber passes through the preheater. However, in some designs, all or part of the flue gases can bypass the preheat heat exchanger. This design variation allows for increased flexibility and optimization of the heat exchanger operating conditions by controlling the amount of flue gases that are directly discharged to the exhaust without preheating the incoming flue gases. In this case, the assumption (i) mentioned earlier is no longer applicable. Additionally, the other assumptions made by Sorrels et al. [6] can be eliminated, resulting in more complex models but enhancing accuracy and applicability, as the models are grounded in thermodynamics and heat-transfer calculations.



This work aims to simulate an industrial VOC thermal recuperative incinerator with varying levels of energy recovery, using classical thermodynamics, heat transfer and heat exchanger theory. Various control surfaces enclosing different parts of the incinerator were defined, around which mass and energy balances were made to characterize the operation of the incinerator and assess the effectiveness of heat recovery and the energy available in the flue gases for further energy recovery. The model results were validated using data collected in an industrial context. Furthermore, the performance of the TRI was determined as a function of the amount of flue gases bypassing the heat exchanger, allowing informed adjustment of this parameter for improved performance.



This study introduces a model capable of predicting the operation of a thermal recuperative incinerator with an integrated, geometrically complex preheater that allows for varying energy recovery. The model is entirely based on theoretical considerations, i.e., no parameter adjustments were made to minimize errors between numerical results and instrumentation data obtained at an industrial scale. Despite its relatively simplicity, the model can reproduce the instrumentation data with a maximum deviation of around 9%. The structure of the model developed in this work can be adapted for simulating other designs of thermal recuperative incinerators with necessary adjustments. It proves to be an important tool for evaluating and optimizing the operation of TRIs and thermal systems that include them.




2. Materials and Methods


2.1. Thermal Recuperative Incinerator


The thermal recuperative incinerator modeled in this work is responsible for the oxidation of the VOCs diluted in the exhaust air from an automotive paint shop oven located in Portugal, Europe. It is a relatively compact, horizontal, gas-fired TRI, with a central combustion chamber and a heat exchanger surrounding the combustion chamber (Figure 2).



The process exhaust stream with VOCs from the paint shop oven enters the incinerator. It flows through the exterior of a tube bundle composed of two concentric layers of tubes around the combustion chamber. Along this flow path (A, from right to left in Figure 2), this colder oven exhaust stream is preheated by the hotter combustion products that flow in counterflow inside the tubes (H) and in co-flow in the jacket that surrounds the combustion chamber (G). The preheated oven exhaust stream then enters the combustion chamber (B), where it burns with the auxiliary fuel (natural gas) fed into the incinerator (C). The combustion reactions raise the temperature inside the combustion chamber and result in the oxidation of the VOCs. At the end of the combustion chamber, the flow of hot flue gases is partitioned, with one part directly leaving the incinerator (F), while the other part enters the heat exchanger (E) and flows through the jacket, between the exterior wall of the combustion chamber and the inner casing that encloses the tubes (G), before entering the tubes. As mentioned above, while flowing along the jacket from right to left (G) and then inside the tubes from left to right (H), the combustion products preheat the incoming oven exhaust stream, decreasing their temperature. After passing inside the heat exchanger, the flue gases flow to the incinerator exhaust chamber (I), mixing with the flue gas flow that bypasses the heat exchanger (F).




2.2. Mathematical Model


To model the complex TRI described above, the incinerator is divided into five smaller zones: the combustion chamber, the combustion chamber jacket, the tube bundle, the shell that contains the tube bundle and the exhaust chamber (Figure 3).



A mathematical model was developed to determine the mass flow rates and heat transfer rates flowing into and out of each of the five control volumes identified in the incinerator. For each of these five control volumes, the integral mass and energy balance equations were considered [25].



2.2.1. Combustion Chamber


The combustion chamber of the TRI installed in the paint shop is an almost cylindrical enclosure. Derived from CAD drawings, the combustion chamber is geometrically modeled as a cylinder with a diameter of 1.15 m and a length of 4.25 m. Preheated oven exhaust gas at a temperature Tcc,in and fuel at a temperature Tf enter the combustion chamber. The equations of conservation of mass and energy in the combustion chamber are expressed as follows:


      m  ˙    o e   +     m  ˙    f   =     m  ˙    a   +     m  ˙    V O C     +   m  ˙    f   =     m  ˙    a   +     m  ˙    F   =     m  ˙    h e   +     m  ˙    d   =   1 − α       m  ˙    o u t   + α     m  ˙    o u t   =     m  ˙    o u t   ,  



(1)






  −     Q  ˙    c c   =       m  ˙    F       M   f         ∑  P r o d u c t s        ν   i           h  ¯    f ,   T   r e f     0   +   ∫    T   r e f       T   c c , o u t          c  ¯    p   d T       i       −   ∑  R e a c t a n t s    [    ν   i     (     h  ¯    f ,   T   r e f     0   +   ∫    T   r e f       T   R , i          c  ¯    p   d T   )   i    ]     =        m  ˙    F       M   f         ∑  P r o d u c t s        ν   i         ∫    T   r e f       T   c c , o u t          c  ¯    p   d T       i       −   ∑  R e a c t a n t s        ν   i         ∫    T   r e f       T   R , i          c  ¯    p   d T       i       − L H V   .  



(2)







The contaminated gas from the oven is a mixture of air and VOCs. Its mass flow rate,       m  ˙    o e    , is the sum of the individual mass flow rates of air,       m  ˙    a    , and VOCs,       m  ˙    V O C    . Due to the low concentration of VOCs, an additional energy source is introduced.       m  ˙    f     represents the mass flow rate of this “additional” fuel, while       m  ˙    F     represents the aggregate mass flow rates of the combustible gases entering the incinerator. The mass flow rate of VOCs is small compared to the mass flow rate of the “additional” fuel and, especially, air. Given the lack of data, the specific composition of VOCs is not considered, and they are treated as the “additional” fuel fed into the incinerator.



Moreover, the total mass flow rate of the flue gases leaving the incinerator,       m  ˙    o u t    , is determined by the sum of the mass flow rate of flue gases entering the heat exchanger that surrounds the combustion chamber,       m  ˙    h e    , with the mass flow rate of flue gases directly leaving the incinerator (i.e., bypassing the heat exchanger),       m  ˙    d    . Key input variables in the model include       m  ˙    f    ,       m  ˙    o e    ,       m  ˙    V O C     and α, representing the fraction of       m  ˙    o u t     that bypasses the heat exchanger.



In Equation (2),     ν   i   ,       h  ¯    f ,   T   r e f     0   a n d     c  ¯    p     are, for each species i, respectively, the stoichiometry coefficient of the global combustion reaction, the enthalpy of formation at the standard reference state and the specific heat at constant pressure; LHV is the lower heating value of the fuel; Tcc,out is the temperature at the end of the combustion chamber; TR,i is the temperature of the reactants (Tf for the fuel and Tcc,in for the preheated oven exhaust stream), Tref is the standard-state temperature, 298 K; and Mf is the molar mass of the fuel.



Complementing the equations expressing the conservation of mass and energy, the model incorporates the fundamental equations of heat transfer, which describe the physical mechanisms by which heat is transferred, as illustrated in [26], for example. The rate of heat transferred from the combustion chamber to the flue gases flowing through the jacket,       Q  ˙    c c    , is determined by:


      Q  ˙    c c   =       T  ¯    c c , s u r f   −     T   j    ¯      R   c c     =       T  ¯    c c , s u r f   −     T   j    ¯      R   c o n d , c c   +   R   c o n v , c c o u t     ,  



(3)




where       T  ¯    c c , s u r f     is the average temperature in the inner surface of the combustion chamber,       T   j    ¯    is the average temperature of the fluid in the jacket (between Tcc,out and TJ,out) and Rcc is the thermal resistance between the inner surface of the combustion chamber and the fluid in the jacket. This thermal resistance accounts for the conduction through the wall separating the combustion chamber and the jacket, Rcond,cc, and convection between the combustion chamber outer wall and the flue gases that flow inside the jacket, Rconv,cc out. The wall is made of steel, with inner and outer diameters of 1.15 mm and 1.2 mm, respectively.



The same heat transfer rate can also be written as follows:


      Q  ˙    c c   =       T  ¯    c c   −     T  ¯    c c , s u r f       R   c c , i n     =       T  ¯    c c   −     T  ¯    c c , s u r f       R   r a d   +   R   c o n v , c c i n     ,  



(4)




and is used to determine the average temperature of the inner surface of the combustion chamber. In Equation (4), Rcc,in is the thermal resistance between the fluid in the combustion chamber and the inner surface of the combustion chamber, including the radiation and the convection from the fluid to the inner wall of the combustion chamber. Given the lack of specific data for the emissivity of the inner surface of the combustion chamber, a 0.8 value was assumed as a reasonable estimate, as this wall is coated with a high-temperature coating [27]. To gauge the impact of this assumption on the results, a sensitivity analysis was conducted. The analysis involved varying the emissivity from 0 to 1, and it was found that the deviation in temperature at the end of the combustion chamber was relatively small, 0.1%. While the precise emissivity of the furnace inner wall remains uncertain, this sensitivity analysis helps to understand the potential influence of this parameter on the results. In Equation (4),         T  ¯    c c     is the average temperature inside the combustion chamber estimated as the average of the adiabatic flame temperature and the temperature at the end of the combustion chamber.




2.2.2. Combustion Chamber Jacket and Shell Modeled as a Co-Current Heat Exchanger


The temperature at the outlet of the jacket,     T   J , o u t    , is needed for the determination of       T   j    ¯    in Equation (3) and is calculated through the equations that express the conservation of mass and energy in the combustion chamber jacket:


      m  ˙    J , i n     =     m  ˙    J , o u t   =   m  ˙    h e   ,  



(5)






      Q  ˙    c c   −     Q  ˙    J   =     m  ˙    J , o u t     c   p , f g     T   J , o u t     −   m  ˙    J , i n     c   p , f g     T   J , i n     =   m  ˙    h e       c   p , f g     T   J , o u t   −   c   p , f g     T   c c , o u t     ,  



(6)




where, by conservation of mass, the mass flow rate that enters the jacket,       m  ˙    J , i n    , is equal to the mass flow rate that leaves the jacket,       m  ˙    J , o u t    , and to       m  ˙    h e    . The temperature at the inlet of the jacket,     T   J , i n    , is equal to the temperature at the combustion chamber outlet. On the right-hand side of Equation (6), the specific heats at constant pressure of the flue gases, cp,fg, are evaluated at the corresponding temperature of the fluid.



In Equation (6), the rate of heat transferred from the gases in the jacket to the fluid coming from the oven exhaust,       Q  ˙    J    , is calculated with the effectiveness-number of transfer units (  ϵ  -NTU) method [19], which is a well-established method for heat exchanger analysis when the outlet temperatures are unknown. The jacket and shell are analogous to two concentric annuli in the perspective of the energy being transferred through the jacket walls to the oven exhaust stream (Figure 4). The hot flue gas flow in the jacket and the colder oven exhaust gas flow in the shell are in the same direction.



The jacket outer wall, 25 mm thick, has a diameter of 1.3 m and a length of 3.85 m, and the shell outer wall, 25 mm thick, has a diameter of 1.75 m and a length of 4.75 m. Both walls are made of steel.



The jacket-shell system was modeled as a co-current heat exchanger with the hot gases flowing in the inner annulus and the colder gases flowing in the outer annulus. The effectiveness equation, according to [28], used for the parallel (co-current) single-pass heat exchanger, is given by [28]:


    ϵ   c o − c u r r e n t   =   1 −   e   − N T U   1 +   C   r         1 +   C   r     ,  



(7)




where   ϵ   is the heat exchanger effectiveness for this flow configuration, Cr is the heat capacity rate ratio, which is a function of the mass flow rate and specific heat capacities of the hot and cold fluids, and NTU is the number of exchanger heat transfer units, which is a function of the overall heat transfer coefficient, surface area and the minimum heat capacity rate [28]. In the development of the   ϵ  -NTU method, Kays and London [28] define the exchanger heat transfer effectiveness as follows:


  ϵ =     Q  ˙        Q  ˙    m a x     ,  



(8)




where       Q  ˙    m a x     is defined by


      Q  ˙    m a x   =   C   m i n   (   T   h , i n   −   T   c , i n   )  



(9)




and     C   m i n     is the smallest capacity rate of the hot and cold fluids,     T   h , i n     is the inlet temperature of the hot fluid and     T   c , i n     is the inlet temperature of the cold fluid. Using Equation (8), we can define the following expression, Equation (10), that is used in the energy conservation equation (Equation (6)):


      Q  ˙    J   =   ϵ   c o − c u r r e n t       Q  ˙    m a x   ,  



(10)








2.2.3. Shell and Tubes Modeled as a Counter-Current Heat Exchanger


Other than the jacket, the tubes also contribute to preheating the oven exhaust stream. The TRI comprises 181 tubes with a 33.41 mm outer diameter, wall thickness of 4.5 mm and a 4.025 m length, distributed in two concentric layers. The center of the steel tubes in the first and second layers are located in circumferences with diameters of 1.47 m and 1.56 m, respectively.



The mass and energy conservation equations applied to the shell are used to determine the temperature of the oven exhaust stream at the end of the heat exchanger, before entering the combustion chamber,     T   c c , i n    :


      m  ˙    S , i n     =     m  ˙    S , o u t   =   m  ˙    o e   ,  



(11)






      Q  ˙    J   +     Q  ˙    T   −     Q  ˙    e x t , 1   =     m  ˙    o e     c   p , o e     T   c c , i n     −   m  ˙    o e     c   p , o e     T   i n     =   m  ˙    o e       c   p , o e     T   c c , i n   −   c   p , o e     T   i n     ,  



(12)




where, by conservation of mass, the mass flow rate that enters the shell,       m  ˙    S , i n    , is equal to the mass flow rate that leaves the shell,       m  ˙    S , o u t    , and to       m  ˙    o e    .       Q  ˙    T     is the rate of heat transferred from the tubes to the fluid from the oven exhaust and       Q  ˙    e x t , 1     is the rate of heat lost by the shell cylindrical outer wall of the incinerator to the exterior. In the above energy conservation equation, the specific heat capacities at constant pressure of the oven exhaust gases, cp,oe, are evaluated at the corresponding temperature of the fluid.



The heat transfer from the flue gases flowing inside the tubes to the oven exhaust gases flowing in the shell was determined using the   ϵ  -NTU method. The system comprising the tubes and the annular shell was modeled as a counter-flow heat exchanger, where the hot flue gases in the tubes flow in the opposite direction of the colder oven exhaust gases flowing in the shell that surrounds them. The effectiveness of this counter-flow configuration is given by [28]:


    ϵ   c o u n t e r − c u r r e n t   =   1 −   e   − N T U   1 −   C   r         1 −   C   r     e   − N T U   1 −   C   r         ,   i f     C   r   < 1   and  



(13)






    ϵ   c o u n t e r − c u r r e n t   =   N T U   1 + N T U   ,   i f     C   r   = 1 .  



(14)







The   ϵ  -NTU method gives the following expression that is used in the energy conservation equation (Equation (12)):


      Q  ˙    T   =   ϵ   c o u n t e r − c u r r e n t       Q  ˙    m a x   ,  



(15)







The heat loss through the outer wall of the shell to the exterior is determined by:


      Q  ˙    e x t , 1   =       T  ¯    S   −     T  ¯    e x t , S s u r f       R   S , i n     =       T  ¯    S   −     T  ¯    e x t , S s u r f       R   c o n d , S   +   R   c o n v , S     ,  



(16)




where       T  ¯    S     is the average temperature of the fluid inside the shell and RS,in is the thermal resistance between the fluid in the shell and the outer surface of the shell, including the forced convection from the fluid to the shell wall, Rconv,S, and the conduction through this wall, Rcond,S.



The average temperature of the outer surface of the incinerator,       T  ¯    e x t , S   s u r f    , is determined by:


      Q  ˙    e x t , 1   =       T  ¯    e x t , S   s u r f     − T   e x t       R   e x t , S     =       T  ¯    e x t , S   s u r f     − T   e x t       R   n a t u r a l   c o n v , S   +   R   r a d , S     ,  



(17)




where Text is the average exterior temperature and Rext,S the thermal resistance that accounts for the natural convection and radiation between the cylindrical exterior wall of the incinerator and the surrounding air.




2.2.4. Tubes


All the tubes form a control volume where the following equations for mass and energy conservation apply:


      m  ˙    T , i n     =     m  ˙    T , o u t   =   m  ˙    h e   ,  



(18)






  −     Q  ˙    T   =     m  ˙    h e     c   p , f g     T   T , o u t     −   m  ˙    h e     c   p , f g     T   J , o u t     =   m  ˙    h e       c   p , f g     T   T , o u t   −   c   p , f g     T   J , o u t     ,  



(19)




where, by conservation of mass, the mass flow rate that enters the tubes,       m  ˙    T , i n    , is equal to the mass flow rate that leaves the tubes,       m  ˙    T , o u t    , and to       m  ˙    h e    . The specific heat capacities at constant pressure of the flue gases that pass through the heat exchanger, cp,fg, are evaluated at the corresponding temperature of the fluid.



Equation (19) is used to determine the temperature at the outlet of the tubes,     T   T , o u t    .




2.2.5. Incinerator Exhaust Chamber


In the incinerator exhaust chamber, the flue gases that pass through the heat exchanger are mixed with the flue gases that bypass the heat exchanger. The equations describing the conservation of mass and energy in the incinerator exhaust chamber are expressed as:


      m  ˙    h e   +     m  ˙    d   =   1 − α       m  ˙    o u t   + α     m  ˙    o u t   =     m  ˙    o u t   ,  



(20)






      − Q  ˙    e x t , 2   =     m  ˙    o u t       c   p , f g     T   o u t   − α   c   p , f g     T   c c , o u t   −   1 − α     c   p , f g     T   T , o u t     ,  



(21)







Equation (21) allows for the determination of the temperature at the exit of the incinerator, Tout. For its evaluation, the flue gas specific heat capacities at constant pressure that appear on the right-hand side of the equation are determined at the corresponding temperature of the flue gases.



The heat loss through the outer wall of the incinerator exhaust chamber to the exterior,       Q  ˙    e x t , 2    , is determined by:


      Q  ˙    e x t , 2   =       T  ¯    e c   −     T  ¯    e x t , e c   s u r f       R   e c , i n     =       T  ¯    e c   −     T  ¯    e x t , e c   s u r f       R   c o n d , e c   +   R   c o n v , e c     ,  



(22)




where       T  ¯    e c     is the average temperature inside the control volume and Rec,in the thermal resistance between the inner fluid and the outer surface of the exhaust chamber, including the forced convection from the fluid to the inner wall, Rconv,ec, and the conduction through this wall, Rcond,ec.



The average temperature of the outer surface of the exhaust chamber,       T  ¯    e x t , e c   s u r f    , is determined by:


      Q  ˙    e x t , 2   =       T  ¯    e x t , e c   s u r f     − T   e x t       R   e x t , e c     =       T  ¯    e x t , e c   s u r f     − T   e x t       R   n a t u r a l   c o n v , e c   +   R   r a d , e c     ,  



(23)




where Rext,ec is the thermal resistance that accounts for the natural convection and radiation occurring between the external wall and the surrounding air.



The exhaust chamber is geometrically modeled as a duct with a square cross-section, with sizes of 0.75 m and measuring 1.5 m in length. It is isolated with a 10 mm-thick layer of wool.




2.2.6. Thermal Resistances


In this study, the three modes of heat transfer—conduction, forced and natural convection and radiation—are considered. Many authors (e.g., [26,29]) present the basics of heat transfer theory that allows the determination of the thermal resistances presented in the previous sections. The thermal resistance of a wall layer against conduction in cartesian coordinates is defined by


    R   c o n d   =   x   k A   ,  



(24)




and the thermal resistance against conduction in cylindrical coordinates is defined by


    R   c o n d   =   l n       D   o       D   i           2 π κ L   ,  



(25)




where   k   is the thermal conductivity,   A   is the heat transfer area, L is the length of the heat transfer surface,   x   is the wall layer thickness, and     D   o     and     D   i    , respectively, are the outer and inner wall layer diameters. Equation (24) is used to compute     R   c o n d , e c    , and Equation (25) is used to compute the remaining resistances by conduction.



The thermal resistance against forced convection is expressed as a function of the heat transfer coefficient, given by:


    h   c o n v e c t i o n   = N u   k     L   c h     ,  



(26)




where   N u   is the Nusselt number, usually derived from empirical correlations based on experimental data, and     L   c h     is a characteristic length. Accurately determining the heat transfer coefficient relies on carefully selecting an appropriate correlation for the Nusselt number, which depends on the Reynolds number, Re, Prandtl number, Pr, friction factor, f, and geometry, among other factors.



A well-established expression to estimate the Nusselt number for internal forced convection inside circular tubes and annuli is the correlation developed by Gnielinski [30] for Reynolds numbers above 4000,     d   h   / L   lower or equal to 1 and Prandtl numbers between 0.1 and 1000:


  N u =       f   8       R e − 1000   P r   1 + 12.7       f   8       0.5       P r     2  /  3     − 1       1 +         d   h     L         2  /  3       K ,  



(27)




where     d   h     and L are, respectively, the hydraulic diameter and length of the ducts and K a factor that accounts for the temperature dependence of the fluid properties. Equation (27) is the base to compute the thermal resistances against forced convection that appear in the model developed in this work. The friction factor is computed using the Colebrook–White equation [26,29].



Equation (27) provides a solution for low Reynolds flows but with significant error for the transition regime between 2300 and 4000. Following an interpolation approach, Gnielinski [31] improved the correlation by Gnielinski [30] for Reynolds numbers between 2300 and 4000. This enhanced correlation is considered reliable when compared with experimental data [30,31] and was used in the present work to model the heat transfer process by forced convection inside the heat exchanger tubes.



Gnielinski [32,33] extended the correlation of [30] for non-circular ducts and Reynolds numbers higher than 4000. The additional factors to be used, clearly described in Gnielinski [33], were implemented in the present model to account for the forced convection in annular and square ducts.



When addressing the heat transfer by forced convection between the oven exhaust gas and the tubes, it is important to acknowledge that, for bundles containing a finite number of tubes, the specific geometry of each case within the tube bundles enclosed in a shell must be taken into consideration [34]. This is crucial because the influence of surrounding walls impacts the entire velocity profile in the shell, thereby affecting the heat transfer. In this analysis, the hydraulic diameter should be used as the characteristic length, aligning with the standard approach in defining a characteristic length scale in fluid flow and heat transfer analysis. Gaddis et al. [35] share the same point of view and add that the section area chosen to compute mean velocities, used in determining the Reynolds number, should consider the main direction of the flow and account for the spaces between the tubes.



The thermal resistance against natural convection is expressed as a function of the heat transfer coefficient, as given by Equation (26), with the Nusselt number usually derived from empirical correlations involving the Rayleigh number, Ra, and Prandtl number. The Rayleigh number is defined by


  R a =   ρ g   c   p   β     T   s u r f   −   T   e x t       L   3     ν k   ,  



(28)




where g is the gravitational acceleration, β the coefficient of volume expansion, Tsurf the temperature at the surface,     T   e x t     the fluid temperature and ν the kinematic viscosity of the fluid.



The Nusselt number correlation for natural convection for a long horizontal cylinder [26] is described by the expression


  N u =     0.60 +   0.387     R a     1   6             1 +       0.559   P r         9   16           8   27           2   ,  



(29)







Equation (29) is used to determine the heat transfer coefficient from the external wall of the incinerator to the surrounding air to compute     R   n a t u r a l   c o n v , S    .



The thermal resistance for radiation is a function of the heat transfer coefficient, hrad, which is defined by the following expression:


    h   r a d   =   ϵ   r   σ (   T   s u r f   2   +   T   e x t     2   ) (   T   s u r f   +   T   e x t     ) ,  



(30)




where     ϵ   r     is the emissivity and σ the Stefan–Boltzmann constant.




2.2.7. Fluid Properties, Numerical Procedure and Post-Processing


The properties of the fluid (density, specific heat, dynamic viscosity, thermal conductivity and Prandtl number) are determined for the specific gas mixture that flows through the boundaries and interior of the control volumes under consideration and are a function of temperature. The stream from the oven exhaust is a mixture of air and VOCs. However, since the oven exhaust gases are mainly air (>99.9% v/v), the fluid properties were taken for air. In the combustion chamber, the gases from the oven exhaust burn with fuel, resulting in a mixture of combustion products. Natural gas, the “additional fuel”, is modeled as pure methane and the composition of the combustion products is determined considering a single, irreversible combustion reaction involving methane and air [36]. The lower heating value of natural gas accounts for the energy released by the combustion of the VOCs and natural gas with air at reference conditions.



Figure 5 presents the flowchart for the model implemented in the present study.



The equations that describe the heat transfer and the conservation of mass and energy are solved iteratively, starting from the input variables and initial guesses for all unknown variables. Three iteration loops were implemented to solve the system of equations and determine the heat transfer rates and temperatures. The main loop updates all the fluid properties with convergence being obtained when, in two consecutive iterations, the absolute difference in the oven exhaust stream temperature at the end of the preheating, Tcc,in, is less than 1 × 10−7 and the global energy balance of the entire incinerator, expressed by Equation (31), is verified within 1% of the energy entering the incinerator:


      m  ˙    f     c   p , f       T   f   −   T   r e f     +     m  ˙    o e     c   p , o e       T   i n   −   T   r e f     +     m  ˙    F   L H V =     m  ˙    o u t     c   p , f g       T   o u t   −   T   r e f     +      Q  ˙    e x t , 1   +     Q  ˙    e x t , 2   ,  



(31)




where     c   p , i     is the mean specific heat at constant pressure of the stream i over the temperature range from Tref to the temperature of that stream, Ti.



Inside the main loop, two other loops were implemented; one was used to solve the system of mass and energy conservation equations related to the combustion chamber, jacket and tubes, and the other was used to solve the equations that express the mass and energy conservation in the shell and the exhaust chamber. The convergence criteria defined for these two loops were key variables having a variation in consecutive iterations of less than 1 × 10−7. For the first loop, the variables chosen were the heat loss from the combustion chamber to the jacket, Qcc, and the temperature at the end of the combustion chamber, Tcc,out, and, for the second loop, the heat losses to the exterior through the shell,     Q   e x t , 1    , and the exhaust chamber,     Q   e x t , 2    .



The input and output variables used for validation are listed in Table 1.



The input values used in the present study are obtained through measurements in an industrial context. The valves controlling the amount of flue gases that bypass the heat exchanger are fixed at a position of about 50%, meaning that half of the flue gases pass through the heat exchanger while the other half bypasses the heat exchanger. Even though the valve positions are never altered during the incinerator operation, the present study aims to understand how the valve positions affect the system (and not only to validate the model for the actual operating conditions).



The temperatures measured at the end of the combustion chamber and at the exit of the incinerator are used to validate the model presented in this work. These are the only temperatures measured. There are no measurements of the temperatures of the oven exhaust gas after preheating at the inlet of the burner or of the flue gases at the end of the jacket or at the end of the tubes. Developing a model that estimates these variables allows the computation of the heat exchanged between the flue gases and the incoming oven exhaust and the heat lost from the incinerator to the environment. Additionally, the fraction of heat recovery compared to the maximum heat transfer of an infinitely long, countercurrent heat exchanger [37], HR, is calculated by:


  H R =       m  ˙    o e     c   p , o e       T   c c , i n   −   T   i n           m  ˙    o e     c   p , o e       T   c c , o u t   −   T   i n        



(32)







The numerator represents the actual energy recovered by the inlet stream, i.e., the increase in sensible heat of the oven gas before combustion, while the denominator represents the maximum energy that would be recoverable if the inlet gases were heated to the temperature of the flue gases prior to entering the heat exchanger. The knowledge of the fraction of energy recovery is useful to express the extent of the improvement in energy efficiency by the use of the preheater [6].






3. Results


3.1. Model Validation


The industrial TRI under study is being monitored, which allows for knowing crucial operation variables of the process and validating the model. Table 2 presents the comparison of the results of the model with measurements obtained in an industrial context on the 18 May 2023 from 10:08 h to 15:38 h, with a sampling period of 15 m (except for the mole fraction of O2 in the flue gases that was obtained from 11:13 h to 11:31 h with a sampling period of 1 s). All the measurements reported in Table 2, except those for the molar fraction of oxygen and VOC mass flow rate, were obtained from instrumentation permanently installed in the industrial facility.



Most of the input variables used for the validation case were simultaneously measured on the 18 May 2023. The exception is the mass flow rate of VOCs taken from an emission report from April 2021. Despite the non-simultaneous nature of these measurements, continuous data collected from February to May 2023 indicate that the incinerator operates in a very stable regime, suggesting that the potential deviation in measurement times may not significantly affect the validation results.



The molar fraction of oxygen at the exit of the incinerator, XO2, is predicted with a relative error of 3.3%. The good agreement between the molar fractions calculated by the model and measured is not surprising since it reflects the overall mass conservation within the system. Possible causes for the deviation between measurements and calculations include the following: (i) the oven exhaust and fuel streams contain small amounts of other substances, which were neglected; (ii) a 100% removal efficiency of VOCs is considered, but small amounts of VOCs may leave the incinerator; and (iii) small amounts of products of incomplete combustion are present in the incinerator exhaust stream, but combustion is considered complete.



On the other hand, the model overestimates the temperatures at the end of the combustion chamber and at the outlet of the incinerator by around 2.1% and 9.0%, respectively. Since (i) the mathematical model is relatively simple, (ii) accurate measurements of gas temperature can be difficult [38,39] and (iii) the measurements were obtained in an industrial environment and not in a controlled laboratory experiment, these deviations are considered low and the model adequate to simulate the operation of the thermal recuperative incinerator under study.



With the results of the model presented in this work, and under the operating conditions listed in Table 2, the estimated fraction of heat recovery achieved by the recuperative heat exchanger integrated into the VOC incinerator is 21%. This is lower than the typical values reported in the literature (40–70%) [1,6,40]. Because of the preheating of the incoming waste stream, auxiliary fuel can be saved. It is known that the heat recovery achieved in TRIs is not as efficient as in other types of incinerators [1], but in the industrial facility where the TRI under consideration is located, incinerator exhaust energy is recovered to heat the air that enters the paint shop oven and the bath used to prepare the automobile chassis to be coated, so the waste heat from the incinerator is recovered downstream the incinerator for process heating.



Figure 6 presents the overall energy balance of the incinerator for the model results obtained with the conditions shown in Table 2. The fuel is responsible for most of the energy input to the furnace (75%), while the sensible heat above the datum of the premixed oven exhaust stream accounts for the rest of the energy input. Most of this input energy leaves the incinerator with the flue gases, while 6% is lost to the environment. Sorrels et al. [6] consider that the losses are 10% of the total energy input to the incinerator, a value higher than the calculated by the present model. However, Sorrels et al. [6] consider TRIs where all the flue gases pass through the preheater, while in the present calculations, only half of the flue gases do, while the rest is directly sent to the incinerator exhaust. If more flue gases pass through the heat exchanger, the heat losses to the environment will only be slightly higher, as reported in the Section 3.2.




3.2. Influence of the Varying Level of Heat Recovery


The following results were obtained for the operating conditions reported in Table 2, except for α, which was varied from 0.1 to 0.9. The results are presented as a function of the percentage of the flue gases that bypass the heat exchanger, α × 100, and contribute to understanding the influence of the level of heat recovery from the flue gases to the incoming waste stream on the operation of TRIs.



Figure 7 presents the inlet and outlet temperatures of each control volume considered in the model presented in Section 2 as a function of the percentage of the mass flow rate of flue gases that bypass the heat exchanger (see Figure 3).



The dependence of the temperature of the oven exhaust stream after preheating, Tcc,in, on the percentage of flow that bypasses the heat exchanger provides the background to understand the behavior of the TRI. For the largest percentage of flow bypassing the heat exchanger, the heat recovery from the incinerator flue gases to the incoming oven exhaust stream is at its minimum and so is Tcc,in. In fact, for α close to 1, the temperature of the oven exhaust stream at the entrance of the combustion chamber is lower than that at the entrance of the incinerator, Tin, because of the heat losses to the environment from the oven exhaust gases that flow through the shell. Since operating the incinerator in this regime does not make sense, these results are not shown in Figure 7. On the other extreme, the maximum preheating occurs for α equal to around 21%, where the temperature of the oven exhaust stream after preheating is at the maximum. Tcc,in varies very little with α when most of the incinerator exhaust stream flows through the heat exchanger (up to α around 0.5 the Tcc,in are within 1%). From this point on, as more fluid bypasses the heat exchanger, the preheating drops at a higher rate with α.



Figure 7 reveals that the temperature at the end of the combustion chamber, Tcc,out, also does not change much with the increase in the percentage of the flue gases that bypass the heat exchanger for α up to around 0.5 (up to α ≈ 0.36, the values of Tcc,out are within 0.1% of the maximum temperature at the end of the combustion chamber, obtained for an α similar to that where the maximum preheating occurs, while up to α ≈ 0.49, they are within 0.5% of the maximum). As more fluid bypasses the heat exchanger, the temperature at the end of the combustion chamber drops at a higher rate with α. For α equal to 0.5, 0.57, 0.75 and 0.9, Tcc,out is, respectively, 0.6%, 1.0%, 3.4% and 7.9% lower than the maximum at the end of the combustion chamber.



The temperatures of the flue gases at the end of the jacket, TJ,out, and tubes, TT,out, decrease with an increase in the percentage of flue gases that bypass the heat exchanger. They are the temperatures most influenced by the heat recovery level, with the temperature at the end of the jacket and the end of the tubes decreasing, respectively, 22% and 45% when α varies from 10% to 90%. With a distinct behavior, the temperature at the end of the incinerator, Tout, increases with α; however, this temperature remains relatively constant, with a maximum difference below 2% for the entire range of α analyzed. For the smallest   α  , when 90% of the flue gases pass through the heat exchanger, Tout is close to the temperature of the flue gases after passing through the heat exchanger, TT,out, while when 90% of the flue gases bypass the heat exchanger, Tout is closer to the temperature at the end of the combustion chamber, Tcc,out.



Figure 8 helps to understand how α influences the heat transfer within the preheater. This figure presents the rates of heat transferred to and from the different control volumes considered in the model (see Figure 3). Qair is the net rate of heat transferred to the incoming oven exhaust stream and is equal to QJ + QT − Qext,1.



The net rate of heat transferred to the incoming oven exhaust stream, Qair, is the highest when the temperature of the preheated oven exhaust stream is also the highest (α ≈ 0.21). As the percentage of flue gases that bypass the heat exchanger increases, the preheating level first slightly increases and then decreases. The temperature at the end of the combustion chamber, Tcc,out, would also peak at the same bypass percentage if the combustion chamber was adiabatic. To illustrate this, Figure 9 presents, as a function of α, the adiabatic flame temperature, Tad, which is the temperature that the flue gases would reach if the combustion chamber was adiabatic. However, the maximum Tcc,out occurs at a slightly different α because of the heat lost by the combustion chamber, Qcc. The difference is not large, though, because this heat loss is small, increasing most significantly with the amount of flue gases that bypass the preheater for α above around 0.55.



Figure 8 shows that, according to the model developed in this study, the contributions of the jacket and the tubes to preheating the incoming waste stream have different behaviors and levels. The heat lost by the jacket to the shell decreases monotonically with α, while that of the tubes has a maximum at α ≈ 0.24. At this point, the contribution of the tubes is more than three times higher than that of the jacket, and, as the percentage of flue gases that bypass the heat exchanger increases, the difference decreases (for the highest α analyzed, the contribution of the jacket to the preheat of the oven exhaust stream is around 77% that of the tubes).



For higher percentages of flue gases bypassing the heat exchanger, the rate of energy transferred from the jacket to the incoming oven exhaust gases, QJ, is lower than for lower percentages of flue gases bypassing the heat exchanger, but the rate of energy received by the jacket from the combustion chamber, Qcc, is higher. However, for a specific α, the jacket receives less energy from the combustion chamber than it transfers to the shell. As a result, the temperature of the flue gases decreases as they flow through the jacket (the temperature at the end of the jacket, TJ,out, is always lower than at the inlet of the jacket, Tcc,out, Figure 7). This temperature drop increases with α, compromising the next step of the heat exchanger, i.e., the energy transferred from the tubes to the incoming oven exhaust stream.



The total heat losses from the incinerator to the surroundings (Qext,1 + Qext,2) first increase and then decrease with the increase in the percentage of flue gases that bypass the heat exchanger, varying from slightly lower than 6% of the total energy input to the incinerator for the lowest α considered to around 5% for the largest α represented in Figure 8 (the maximum value of the heat losses is 6% of the total energy input). The reason for this behavior is related to the temperature of the incoming waste stream as it flows through the shell that surrounds the incinerator (the lower these temperatures, the lower the heat transfer).



Figure 10 presents the fraction of heat recovery from the flue gases to the incoming waste gases as a function of the percentage of flue gases that bypass the heat exchanger.



The fraction of heat recovery from the flue gases to the incoming waste gases mostly decreases as the fraction of flue gases that bypass the heat exchanger increases, and is in line with the results presented previously.



The fraction of heat recovery achieved by the present model is lower than the typical values reported in the literature (40–70%) [1,6,40]. One of the reasons for the lower HRs might be an underestimation of the heat being transferred from the flue gases to the oven exhaust gases. One of the important simplifications made by the model developed in this study is the heat transfer by convection in the shell side of the heat exchanger. The flow and heat transfer in the shell side of the heat exchanger are quite complex, which poses significant challenges to the estimation of the average shell-side heat transfer coefficient [41]. In reality, a certain number of vertical segmental baffles force the shell-side fluid to flow along an “s-shaped” path, but this was ignored in the present model, which considers that the shell-side fluid flows longitudinally to the tubes. The “s-shaped” flow increases the heat transfer coefficient in the shell-side, which has a higher value in cross-flow [41]. However, despite this simplification, the validation of the present model was very satisfactory.





4. Discussion


Despite their industrial importance and broad use in several industries to control VOC emissions, the number of publications that report analytical or numerical models to simulate thermal recuperative incinerators is very low. The development of such models is important to ensure compliance with environmental regulations and to enhance the efficiency of TRIs or thermal systems that integrate this type of incinerator. With this in mind, a 0D model of a TRI with an integrated heat exchanger that allows for a varying level of heat recovery was developed. The use of computational fluid dynamics simulations was not considered for the present study due to the large geometrical complexity of the thermal recuperative incinerator. Instead, the model developed is based on steady, integral mass and energy conservation equations and equations that account for the heat transfer by conduction, convection and radiation.



The industrial thermal recuperative incinerator modeled in this work is being monitored, which makes it possible to know crucial operation measurements of the process and helps understand how reasonable the model is. Even though there is the possibility of changing the mass flow rate of flue gases that pass through the heat exchanger, the equipment operators never change the percentage of flue gases that bypass the heat exchanger. It is fixed at around 50%, which means that the flow that goes directly to the incinerator exhaust is around 50%. The deviations between measurement values and model results for this percentage of bypass are considered low in light of the industrial conditions in which the data were measured and the model-imposed simplifications. With this model validation, the results of the model presented in this work are expected to support the understanding and optimization of the operation of VOC thermal recuperative incinerators.



The heat recovery system provided by the heat exchanger integrated in the thermal incinerator studied is extremely important to decrease additional fuel consumption. As the percentage of flow that bypasses the heat exchanger increases, the system becomes less capable of exchanging energy between the flue gases and the incoming oven exhaust gases and tends to a point where this heat transfer is quite low. A closer analysis shows that the combustion chamber fluid maintains an almost constant heat capacity when the percentage of flow that bypasses the heat exchanger is varied, but its capability to exchange energy with the jacket system decreases. For the inlet conditions simulated in this study, the temperature at the end of the combustion chamber remains quite constant for bypass percentages of up to around 50~55%. Choosing a lower bypass percentage seems to have little implication on the temperature at the exit of the combustion chamber, suggesting that it would have a minor effect on the VOC elimination capabilities of the TRI studied. However, it would increase the pressure drop in the incinerator and consequently its power requirements. The simulations presented in this work seem to corroborate the percentage of bypass that is currently set in the equipment, which has very stable operating conditions.




5. Conclusions


This study presents a novel 0D model to predict the performance of a thermal recuperative incinerator with an integrated, complex preheater that allows for variable heat recovery. The model is based on the integral form of the equations that express the conservation of mass and energy, the fundamental equations of heat transfer and the   ϵ  -NTU method. Despite its relative simplicity, the model accurately reproduces instrumentation data obtained in an industrial context with a maximum deviation of around 9%. The adaptable structure of this thermodynamics and heat transfer/based model positions it as a versatile tool, applicable to simulate various designs of thermal recuperative incinerators with necessary adjustments. This makes it a valuable asset for evaluating and optimizing the operation of both thermal recuperative incinerators and thermal systems that incorporate them. Even though the incinerator simulated in this work has valves that allow for variable heat recovery, the valve positions are never altered during the incinerator operation. To find out how the performance of the TRI is affected by these valve positions, simulations of the TRI with different valve positions were carried out. The present work shows for, an α of 0.5, that the TRI is able to regenerate 22% of the energy, reducing the fuel consumption. For the operating conditions studied and α ranging from 0.1 to 0.9, the temperatures, after preheating, at the end of the combustion chamber and at the exit of the incinerator, vary, respectively, from 280 °C to 196 °C, 661 °C to 589 °C and 524 °C to 540 °C.
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Figure 1. General principle of a typical thermal recuperative incinerator (in specific applications (not represented in the figure), additional air must also be added to the process exhaust stream [6]). 
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Figure 2. Longitudinal section of the thermal recuperative incinerator. 
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Figure 3. Longitudinal half-section sketch of the control volumes considered in the model (not to scale). 
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Figure 4. Cross-section sketch of the incinerator (not to scale). 
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Figure 5. Flowchart for the model implementation. 
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Figure 6. Overall energy balance of the simulated incinerator (values in kW). 
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Figure 7. Inlet and outlet temperatures for each of the five control volumes considered as a function of the percentage of flue gases that bypass the heat exchanger. 
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Figure 8. Rates of heat transferred to and from each of the five control volumes considered as a function of the percentage of flue gases that bypass the heat exchanger. 
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Figure 9. Adiabatic flame temperature for the cases in the presence or absence of a preheat heat exchanger (HE). 
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Figure 10. Fraction of heat recovery as a function of the percentage of flue gases that bypass the heat exchanger. 
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Table 1. Input and output variables used for the validation of the model.
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	Input Variables
	Output Variables/Measurements





	      m  ˙    o e    ,       m  ˙    f    ,       m  ˙    V O C    , Tin, Tf, α
	Tcc,out, Tout










 





Table 2. 0D Model validation.






Table 2. 0D Model validation.





	Variables
	Measurements
	Model Results
	Relative Error (%)





	Tf (K)
	305.87 ± 1.52
	-
	-



	      m  ˙    f     (kg·s−1)
	1.04 × 10−2 ± 1.5 × 10−4
	-
	-



	Tin (K)
	439.65 ± 6.6 × 10−1
	-
	-



	      m  ˙    o e     (kg·s−1)
	1.31 ± 1.0 × 10−2
	-
	-



	      m  ˙    V O C     (kgC·s−1)
	1.08 × 10−3
	-
	-



	α (-)
	0.5
	-
	-



	Tcc,out (K)
	911.45 ± 2.05
	930.74
	2.12



	Tout (K)
	733.85 ± 1.84
	799.85
	8.99



	XO2 (%)
	18.2 ± 0.0
	17.6
	3.3
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