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Abstract. As regulations for controlling VOCs (Volatile Organic Compounds) emissions have 
become more and more stringent, RTO (Regenerative Thermal Oxidizer) which involves heat 
exchange and storage, combustion and reaction processes has to be further optimised for 
enhancing the VOC treatment efficiency and reducing energy consumption.  In this paper, 
influences of operating temperature distributions and internal flow fields on gas-out VOC 
concentration have been studied with experimental investigation and CFD numerical simulation. 
Experimental results shows that combustion temperature (around the combustor) plays more 
critical role than thermal storage bed temperature for affecting VOC flow-out concentration. By 
examining the internal flow and temperature distributions, modelling results demonstrate that 
fast heat transfer takes place in thermal ceramic beds and high temperature areas are formed 
around the combustor. At about 20 seconds after a bed working for gas-in flow, the heat transfer 
has demonstrated obvious attenuating. The research suggests that it is very challenging for 
simultaneously maintaining low gas-out VOC concentration and keeping low fuel consumption 
and low combustion temperature in RTOs. 

1. Introduction 

As huge efforts in the world are working on the global worming issue by reducing greenhouse gas 
emissions, air pollution by other harmful emissions is still a serious problem in most countries, in 
particular for those economy-blooming countries, such as China, India, etc. The sources which result in 
air pollution include emissions from industry, transport, residential energy supply, agriculture and so 
on. Nitrogen oxides (NOx), unburnt hydrocarbon (uHC), carbon monoxide (CO) and Particulate Matters 
(PM) are four main categories of harmful emissions. As PM can directly contribute to smog – visible 
air pollution, NOx and uHC can cause the formation of PM by photochemical process under sunshine.  
In uHC, Volatile Organic Compounds (VOC) which is a main part and is emitted from a wide range of 
sources includes a range of odorous and toxic substance such as hydrocarbons, olefins, aromatics and 
oxygen-, nitrogen-, sulphur- and halogen- containing molecules. VOCs are widely existing in coating, 
electronic semiconductor, bio-pharmaceutical, petrochemical, packaging, printing and dyeing and other 
industries. They can not only bring secondary pollution to generate macro-sized particles in haze 
weather, but some have also strong photochemical activity and toxicity [1-3], endangering human health 
and plant growth. For instance, non-methane hydrocarbons (NMHCs) have strong photochemical 
activity [4], forming photochemical smog. In the other hand, benzene series are highly toxic and 
carcinogenic [5]. For controlling VOC emissions, various technologies have been developed for 
different industries. As some emissions can’t be avoided from sources, the technology of after-treatment 
has been applied as a main method to reduce VOC emissions to atmosphere [2]. Early regenerative 
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oxidation furnaces had two tanks which have only two regenerative Chambers. However, when two-
tank regenerative oxidation furnaces change its flow direction, a small amount of untreated waste gas 
which has not reached the combustion chamber is discharged to the stack, reducing the overall VOC 
destruction efficiency [3]. 
In recent years, three-chamber or three-bed Regenerative Thermal Oxidation (RTO) system has been 
developed, which adds a purging tank on the basis of the two-chamber RTO, and its main function is to 
use fresh air to purge residual gases remaining in ceramic bed and then into the combustion chamber for 
destruction of VOC [3]. Due to its superior waste gas purification efficiency, three-bed RTO is widely 
used in the marketplace. Compared with two-tank RTO, there is still very limited research on the three-
bed RTO for necessary performance optimisation. Generally, two-tank RTO is just lack of purge 
chamber in comparison to three-bed RTO. Without the purge cycle the two-tank RTO can’s reach VOC 

destruction as high as three-bed RTO. However, three-bed RTO means more space or bigger size  and 
more investment, and addition of purge gas means more waste gas to be purified thus increase fan load 
and fuel consumption. Also when the system efficiency has still big space for improvement, it is 
necessary to study advanced technology for three-bed RTO to further enhance its performance. 
The thermal behavior of regenerative thermal oxidizer is mainly investigated for the relationship 
between the thermal efficiency of regenerative ceramic bed and its structural parameters, process 
parameters and operation parameters.  Some works have been conducted on regenerative bed. Turner 
and Otten [6] found the heat transfer coefficient to the packing by study frequency response of a packed 
bed to a temperature wave the values of the longitudinal dispersion coefficient. Wakao [7] found the 
assumption of temperature/ concentration being center-symmetric in solid particles in packed beds is 
faulty at low flow rate. Rutherford Aris and Neal R. Amundson [8] used both theoretically and 
experimentally method to study the radial Pallet number in a packed bed. In order to study the thermal 
behavior of regenerative packed bed, it is necessary to study the influence of structure, physical 
properties of solids, gas flow state and cycle on the internal temperature distribution of regenerative bed. 
Abanto et al did a CFD research to study alternative designs for a flow mixing tank to be installed ahead 
of a regenerative thermal oxidation (RTO) unit in an asphalt plant. The steady-state flow field in the unit 
was conducted. The governing equations (mass, momentum, energy and turbulence) were solved using 
the commercial code Fluent. The simulation results provided insight into the effectiveness of the 
numerical predictions of conditions in the mixer and led to practical responses in terms of a better design 
of the industrial RTO unit [9]. Gosiewski and Pawlaczyk-Kurek [10] developed a simulation method 
allowing to couple simplified CFD simulations for modelling the internal flows of two-bed RTO. Results 
of separately performed calculations can be applied with a dynamic model based on spatially one-
dimensional partial differential equations of the dynamic mass and energy balances with own thermal 
combustion kinetics. The aerodynamic model was verified by comparing CFD simulation results with 
the experimental records taken from the research and demonstration (R&D) plant. The simulations 
results have been applied for optimising the profile design of two-bed RTO. 
In this study, based on necessary experimental investigation for examining effects of various operating 
temperatures on three-bed RTO’s working process and conversion efficiency, and also for calibrating 

the numerical model, CFD simulations have been carried out for researching the influences of internal 
temperature distribution, flow fields and heat transfer on VOC conversion rate  

 

2. Experiment Description 

RTO - The RTO which was used for the experimental investigation is developed by Yunhui 
Environmental Technology Ltd in Shanghai. The internal structure and some dimensions are shown 
Figure 1. The RTO system’s main design parameters for the operation are listed in Table 1. In practical 

test, the flowrate was maintained as close as the design value. Following the gas in flowrate, the 
flowrates of natural gas and air to the combustor are regulated by the controller.  
Combustor - The combustor used in the RTO system is Kinemax Industry combustor manufactured by 
Honeywell Company. With an air flowrate of 150 Nm3/h and a natural gas flowrate of 16 Nm3/h, the 
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combustor can produce a flame velocity over 80 m/s and the highest temperature over 1600 ºC. The max 
heating power of the combustor is about 10 kW. In Figure 2, a picture of the combustor is presented.   
Instrumentations - In Figure 1, 10 temperature measurement points are marked. Those temperatures 
are measured with k-type thermocouples with sampling of 1/30 Hz. VOC concentrations are measured 
at the gas entrance and exit with two portable PCE-VOC 1 Air Quality VOC Meter manufactured by 
PCE Instruments Ltd. The meters have a resolution of 0.01 PPM or mg/m3 and an accuracy of ±5% of 
measured value. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. RTO used in the Experiment. 

Temperature measurement;      VOC concentration measurement 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Kinemax combustor. 
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Table 1. Main operation parameters of the tested RTO. 

Parameter Value 
Inlet air flow (Nm3/h) 
Purge air flow (Nm3/h) 
Fuel (natural gas) flowrate (Nm3/h) 
Fuel gas lower heating value (MJ/Nm3) 
Combustor air flowrate (Nm3/h) 
Combustion temperature (℃) 
Inlet air temperature (℃) 
Inlet air humidity 
Valve switch time (min) 
Pressure gradient across media (mbar/m) 
Media pressure drop across 2 beds (mbar) 

10000 
1000 

16 
36.0 
150 

750~850 
<60 

<15.8% 
1.5 
8.6 

20.6 
 
 

3. Experimental Result and Discussion 

3.1 Variations of Temperature and VOC Concentration 

Based on those experimental conditions as described in last section, initial experimental results are 
achieved and presented in the following several pages. At first, as shown in Figure 3, it is variation of 
temperatures of treated gas-in, gas-out and three exits of Bed A to Bed C as function of the operation 
time in more than two operation cycles (270 s cycle time).  As the gas-in temperature almost keeps 
constant, the gas-out temperature shows cyclic oscillation and it always reaches the peak value at the 
peak temperature of Bed C exit. 
In the other hand, three exit temperatures of Bed A to Bed C are very different and Bed C exit has always 
highest temperature and Bed A has the second highest exit temperature. This should be due to the 
asymmetric arrangement of gas route as the gas intake and gas exit are switched among three beds. A 
similar trend has also been shown in Figure 4 in which three ceramic temperatures (in the centre) and 
the temperatures near the combustor are presented.  
 

 
Figure 3. Variation of temperatures at gas in, gas out and exits of three beds. 
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In Figure 4, it can be found the ceramic of Bed C has also higher temperature than other two beds and 
Bed A ceramic has the second highest temperature. If all design and materials in three beds are totally 
same, the difference should come from the reason as mentioned in last paragraph. Otherwise, material 
and construction differences should be also important reason for resulting in the temperature difference 
among three beds. Because of the difference, the temperature around the combustor has also obvious 
cyclic variation. This reflects the variation of the combustor’s working power which is controlled by the 
controller with close loop control and with the gas-out temperature as input signal. In Figure 5, it can 
found the gas-out VOC concentration exhibits a reverse trend from the combustor temperature, while 
the gas-in VOC concentration is almost constant. This suggests that higher combustion temperature can 
directly result in higher rate of VOC conversion.  
 

 
Figure 4. Variation of temperatures around combustor and in ceramics of three 

beds. 
 
  

 
Figure 5. VOC concentration at gas-in and gas-out. 
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3.2 Correlation between Gas-out Concentration and Temperatures  
In Figure 6, the correlation between gas-out concentration and the combustor left hand side temperature 
is presented with over 2000 sampling data.  It can be clearly seen the combustor temperature is playing 
a very important role for influencing the gas-out VOC concentration. Higher the combustor temperature 
is, lower the gas-out VOC concentration is or higher the VOC conversion rate is. The similar trend has 
also been exhibited for the correlation between the gas-out VOC concentration and the combustor right 
hand side temperature is presented. 
It needs to be pointed out that higher combustor temperature will require more fuel gas. This will cause 
higher fuel consumption and higher CO2 emissions. It may also produce high NOx emissions due to 
higher combustion temperature. In the following Figure 7 in which the correlation between gas-out VOC 
concentration and the ceramic temperature of Bed A is presented, it can be seen that higher ceramic 
temperature will also result in lower gas-out VOC concentration, although the decrease rate of gas-out 
VOC concentration is not so high, compared to the influence of the combustor temperature.  

 
Figure 6. Effects of combustion left temperature on gas-out VOC concentration. 

 

 
Figure 7. Effects of Bed A ceramic temperature on gas-out VOC concentration. 
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Those results suggest that the combustion chamber temperature is more critical than ceramic 
temperatures for affecting VOC conversion rate. How to keep low fuel consumption (for higher energy 
efficiency) and low combustion temperature (for lower NOx emissions) then getting higher VOC 
conversion rate will be an important task in the project. 

4. Numerical Simulation and Result 

4.1 Computational Grid 
In this section, the CFD numerical simulation study using Fluent will be presented. As shown in Figure 
8(a), the computational domain including ceramics beds, reaction and combustion chambers, the 
combustor is demonstrated.  Hexahedral cells have been preferred for the grid generation. The number 
of cells varies from around 45,000 cells. It has a typical grid size of around 100 mm. As the combustor 
is installed on the back wall, the used meshes in the front wall and the back wall are different, as shown 
in Figure 8. On the back wall, the combustor is located at the middle point. 
 

 
Figure 8. Computational mesh from a view from the back of 

combustor. 
 
 

4.2 Model Validation 

Boundary conditions used for model validation are listed in Table 1 and Table 2.  From initial validation 
as shown in Figure 9, it can be found that the model results have very good agreement with the test 
results. 

4.3 Distributions of Temperature, Velocity and Concentration 
This part of simulation was carried out with Bed A for gas-in, Bed B for gas-out and Bed C for purge. 
Other initial and boundary conditions used this simulation are listed in Table 2 below. In Figure 10, the 
temperature distribution and flow field at time of 5 s are demonstrated. In the figure, it can be seen the 
high temperature region is mainly around the combustor, while the right hand side of the combustor has 
bigger area of high temperature. Combining the velocity distribution (flow field), it can be found that 
the flow blows the burnt gas more to right hand of the combustor. As Bed B is working for gas-out, high 
temperature is also flow downward to the ceramic bed then heating up the bed. 
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Table 2. Operating parameter for simulations. 

Parameter Value 
Gas-in temperature (℃) 
Gas-in flowrate (same as gas-out flowrate) (Nm3/h) 
Purge gas flowrate (Nm3/h) 
Gas-in VOC concentration (mg/m3)  
Bed A initial ceramic temperature (℃) 

Bed B initial ceramic temperature (℃) 
Bed C initial temperature (℃) 
Fuel gas to the combustor (natural gas) (Nm3/h) 
Fresh air to the combustor (Nm3/h) 

29.5 
10000 
1000 
3500 
678 
704 
700 

16 
150 

 

 
Figure 9. Measured and modelling values about effects of temperatures around 

combustion on gas-out VOC concentration. 

 

It also clearly shows that flows in ceramic beds are laminar. At 20s, Bed B ceramic bed starts having 
higher temperature than other two beds due to the heating function. In Figure 11, the distribution of 
VOC concentration is presented. As VOC can be totally burnt after the flow passed the ceramic bed of 
Bed A, it suggested that the gas temperature lower than the combustor flame temperature can adequately 
converse most VOC. In the bottom of Bed C where the purge is taking place, high concentration VOC 
accumulated. This suggests the purge process is working very well.  

 
Those results at vertical direction are shown in the following Figure 12. Regarding the temperature 
distribution around the combustion with a side view, it can be found, although it can be maintained a 
big area for higher temperature, near the front wall (right hand side) the temperature is obvious lower 
than the main high temperature area. This is mainly because the downward flow’s high velocity pushes 

the flame quickly turning down. This should be improved in case some VOC is leaking near the front 
wall under gas-in’s high VOC concentration condition.  
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Figure 10. Temperature distribution and flow field at the time of 20s. 

 

 
Figure 11. VOC concentration distribution at the time of 20s. 

 

 
Figure 12. Side view of temperature and velocity distribution at the 

time of 20s. 
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4.4 Effects of Operating Time 
With the gas-in flows going on for a fixed tank (such as Bed A for current simulation), the ceramic bed 
temperature will gradually decrease due to heat transfer to the flow-in gas. This is why by sometime, it 
needs to switch the working tank one by one. How long time will be a good choice for the tank switch 
can be estimated from the simulation results. In Figure 13, it shows a comparison for VOC concentration 
distributions when the operation time is at 5 s, 10 s and 20 s. From the result, it can be found high VOC 
concentration area has a very rapid increase with the operation time going on. By 20 second, some high 
VOC concentration has been close the gas-out exit.  
 

 
(5s) 

 
(10s) 

 
(20s) 

Figure 13. VOC concentration at the time of 5s, 10s and 20s. 

5. Conclusion 

For examining 3-bed RTO’s oxidation process and system performance and studying effects of design 

and operation parameters on VOC conversion efficiency, experimental investigation and numerical 
simulation have been carried out. The following conclusions have been derived from those results.  
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 Experimental results shows that combustion temperature (around the combustor) plays more 
critical role than thermal storage bed temperature for affecting VOC flow-out concentration. 

 With appropriate meshes and reaction models for CFD numerical modelling, initial validations 
show the modelling results have very good agreement with the experimental results. 

 By examining the internal flow and temperature distributions, modelling results demonstrate 
that fast heat transfer takes place in thermal ceramic beds and high temperature areas are formed 
around the combustor. At about 20 seconds after a bed working for gas-in flow, the heat transfer 
has demonstrated obvious attenuating. 
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