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Abstract 

Residence time distribution measurements in a close to reality configuration devoted to both air and oxyfuel 

combustion are the starting point to develop a Chemical Reactors Network model. These models support the 

understanding of the mixing phenomena inside the combustor, and are well suited for performing parametric studies. 

Differences between the mixing behaviour of air and oxyfuel atmospheres are highlighted. 

 

Introduction 

Combustion of fossil fuels dominates the global 

energy market, and will continue to dominate it in the 

future, as just a slight decrease is forecasted in the 

future decades [1]. This has a strong environmental 

impact that now more than ever has to be minimized. 

The challenge of combustion research is to explore 

new ways to reduce pollutant emissions along with 

high process efficiency. One option lies in a 

continuous improvement of combustion systems [2], 

or the application of new combustion concepts, such 

as oxyfuel combustion. In this concept, air is replaced 

by a mixture of carbon dioxide (CO2) and oxygen as 

oxidizer, leading to an exhaust gas mainly composed 

of CO2 and water vapor. The CO2 can be separated, 

liquefied and stored underground to reduce the effects 

on the environment [3]. 

The development and testing of new processes, as 

well as the improvement of present technologies needs 

thorough experimental investigations on properly 

designed laboratory scale model combustors. Ideally, 

experimental investigations are complemented by 

modelling during the design phase of an experiment 

and for interpretation of results. In this context, 

computational fluid dynamics (CFD) is nowadays a 

valuable tool, although computationally costly and 

unable to deal with detailed kinetic mechanisms. The 

most important features, namely combustion 

efficiency and pollutant emissions of combustion-

based devices are determined by the complex 

interaction between turbulence and chemical reactions 

[4, 5]. Therefore, a somewhat simpler and more 

flexible tool is needed.  

A reactive flow modelling that fits these needs is 

referred to as Chemical Reactors Networks (CRN). It 

employs a properly designed arrangement of ideal 

flow reactors to obtain a simplified version of the flow 

field inside the combustor. This simplification allows 

for the use of detailed kinetic mechanisms. A properly 

designed CRN, from which quantitative species 

concentrations can be extracted and that enables 

parametric studies, exploits the Residence Time 
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Distribution (RTD) of the flow. RTD yields the mixing 

characteristics, which must be reproduced in order to 

properly describe the reactive flow [6].1 

In the present study, a CRN is designed, based on 

RTD measurements of a cold flow in both air and 

oxyfuel atmospheres. The methodology is applied to 

better understand the different mixing behaviour due 

to the different environments inside a laboratory scale 

model combustor. As future work, the modelling has 

to be extended to the reactive case, to detect the 

differences, and to perform parametric studies.  

First, the theoretical background and the 

methodology are introduced, and then the 

experimental apparatus and the measurement 

technique are presented. Results from this modelling 

are discussed following sections. 

 

 Background and methodology 

 The schematization of a combustion chamber by 

means of a network of properly interconnected ideal 

flow reactors has been successfully achieved in the 

past [5-12]. It is still considered a valid tool to 

complement experimental observations and perform 

parametric studies with regards to emissions and 

stability [4, 12-16]. In such a model, the flow field and 

mixing properties are replaced by an appropriate 

network of ideal flow reactors, namely the Plug Flow 

Reactor (PFR) and the Continuous Stirred Tank 

Reactor (CSTR) [17]. These two ideal chemical 

reactor models account for two extremes of flow 

behaviour. The CSTR provides a zero dimensional 

description of the flow by assuming perfect and 

instantaneous mixing of all the streams entering the 

reactor. The PFR represents the opposite behaviour: it 

employs a one-dimensional approach, in the 

hypothesis of a piston flow in the stream wise direction 

and perfect mixing in the generic cross section. In 

practical situations, such as real industrial reactors or 

combustors, the actual flow field is more complex, and 

can be regarded as a network of these ideal reactors, 

connected in series and parallel. This approach enables 

the understanding of the main mixing features and the 
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employment of detailed kinetic mechanisms to 

characterize the species formation in the different 

areas of the combustor, yielding emissions prediction.  

Two different methods are available to guide the 

design of a reactor network. The first method starts 

from the observation of the flow field and the 

identification of different zones based on the 

knowledge of the flow behaviour in the different 

regions of the combustion chamber [8, 16]. CFD might 

support the design, by determining the volumes of the 

reactors and the mass flow among them [4, 6, 12]. 

These studies have been crucial for the development 

of a simple, yet powerful, technique for flame 

modelling. In these previous works, reactor network 

models suitable for the near nozzle region of both 

premixed and diffusion flames are proposed [7, 8,18], 

as well as options for the interaction between 

combustion zones and cooling air [7].  

The other approach to achieve a CRN starts from 

RTD data [9, 10, 13, 14]. Different fluid elements may 

take different routes inside the reactor (presence of 

stagnant regions, bypasses, eddies, etc.), meaning that 

fluid elements that entered the reactor at the same time 

will not exit at the same time. This distribution of 

residence times depends on the mixing characteristics 

of the system under investigation. The time specific 

species spend in the respective reactor network 

governs the completeness of the reaction, as well as 

the formation of certain pollutants. For this reason, the 

interpretation of RTD in terms of reactor configuration 

is a valuable tool to improve the understanding of 

combustion in practical systems and the development 

of combustion models for emission and efficiency 

prediction [10]. 

RTD can be determined by injecting an inert 

tracer by means of a pulsed input and recording the 

concentration at the exit in time, 𝐶(𝑡). This kind of 

experiment enables the direct determination of the 

RTD, defined as follows [17]: 

 
 

𝐸(𝑡) =
𝐶(𝑡)

∫ 𝐶(𝑡)𝑑𝑡
+∞

0

 
        (1) 

 

 

When a pulse input is experimentally prohibitive, 

a step input, or a negative step input (also known as 

washout function) might be used. For a step input, the 

following equation expresses the temporal evolution 

of the tracer concentration 𝐶(𝑡) at the system outlet: 

 
 𝐹(𝑡) = 𝐶(𝑡)/𝐶∞  (2)        

𝐹(𝑡) is a cumulative density function (CDF), 

representing the probability for a fluid element 

injected at t = 0 to exit between t = 0 and time t. 𝐶∞ is 

the steady state concentration. The relationship 

between 𝐸(𝑡) and 𝐹(𝑡) is given by (3): 

 
 

𝐸(𝑡) =
𝑑𝐹(𝑡)

𝑑𝑡
 

 (3)        

 

As pointed out before, this quantity is a feature of 

the mixing inside the investigated system. 

Interpretation of RTD data by means of a network of 

interconnected ideal flow reactors is therefore an 

important component in the characterization of a 

process, employed also to identify reactors 

shortcomings. This goal can be achieved by first 

considering the mathematical expression for the 𝐸(𝑡) 

of the simple reactors [19] introduced earlier in this 

section. 

For a CSTR, 𝐸(𝑡) is given by equation (4) and 

illustrated in Figure 1a: 

 
 

𝐸(𝑡)𝐶𝑆𝑇𝑅 =
𝑒

𝜏

−𝑡/𝜏

 
(4)       

   

A PFR accounts for a delay time, and its RTD is 

expressed by the Dirac delta function, equation (5) and 

is shown Figure 1b: 

 
 𝐸(𝑡)𝑃𝐹𝑅 = 𝛿(𝑡 − 𝜏) 

 

(5) 

Calculations of exit age distributions for selected 

non-ideal flows can be found in literature [17, 19], and 

they are the starting point to design a reactor network 

for the system under investigation. 

 
Figure 1 – representation of the ideal flow reactors 

employed and exemplification of their residence time 

distribution, 𝐸(𝑡). 

Zonal modelling by means of flow visualization data, 

based on either experiments or numerical simulations, 

supports interpretation of the measured residence time 

distribution in terms of main flow structures. In 

addition, interlinking the two methodologies allows to 

extract physical significance of each reactor i.e., each 

reactor represents a certain characteristic volume in 

the system. 

Once a CRN whose RTD matches the 

experimentally measured one is accomplished, the 

CRN is assumed to represent the mixing features of an 

enclosed reactor [6]. Therefore, when applied to 

combustors, this methodology is a tool to analyse 

species formation trends in different areas of the 

system, so to yield emission predictions, fuel burnout, 

or to estimate flame blowout conditions [5]. 

Furthermore, the exploration of the interaction 
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between turbulence and chemical kinetic pathways is 

possible. Thus, the information provided is useful for 

the optimization of combustors, to meet both 

efficiency and emissions regulation criteria.   

In the following, RTD data interpretation in 

conjunction with zonal modelling of the flow is 

employed, following the work carried out in [13], to 

achieve a CRN in an intermediate scale close to reality 

configuration designed at Technische Universität 

Darmstadt [20, 21]. 

 

Experimental apparatus 

The test rig under investigation is an intermediate-

scale combustor, suitable for operating gas flames as 

well as gas-assisted coal flames. It is designed to close 

the gap between unconfined laboratory-scale coal 

burners and confined industrial-scale coal combustors, 

and allows the exploration of both air and oxyfuel 

atmospheres [20]. Figure 2 shows the geometry, and 

details of about the experimental setup for the RTD 

measurements. Dimensions are provided in Table 1. 

The burner down-fires into the combustion chamber. 

Walls are made of wedged fused silica to enable 

optical access. Inside the burner quarl, two inlet 

orifices surround a bluff body (magnification in Fig, 

2b): a partially premixed mixture of fuel and oxidizer 

(air or oxyfuel) is exiting the inner orifice (primary 

flow, FI), whereas swirled oxidizer issues through the 

outer orifice (secondary flow, FII). A tertiary flow, 

FIII, of oxidizer is injected close to the windows 

(Figure 2a). 

 

Experimental residence time distribution 

measurements 

RTD measurements have been carried out both in non-

reactive and reactive conditions, whose operating 

points are listed in Table 2. CH4 was injected as 

gaseous tracer injected in the primary flow orifice (see 

Figure 2) and was detected in-situ by means of direct 

tunable laser absorption spectroscopy (TDLAS) [22]. 

Table 1 – Dimensions of the burner and combustor 

Quarl dimensions [mm] 

Larger diameter, D 90 

Smaller diameter, d 49.2 

Height  53 

Combustion chamber dimensions [mm] 

Length  600 

Width  420 

Depth  420 

 
Table 2 – Operation conditions 

Operation points NRAIR NR30 

Oxidizer Air/O2/CO2 (vol%) 100/0/0 0/30/70 

I CH4 (m3/h) 0 0 

I Oxidizer (m3/h) 13.55 8.16 

II Straight Oxidizer (m3/h) 5.97 3.76 

II Inclined Oxidizer (m3/h) 12.02 7.27 

III Oxidizer (m3/h) 69.95 42.60 

 

The gas phase RTD was measured probing the 

concentration of CH4 injected in the primary flow at 

the inlet and representative positions at the combustor 

exit simultaneously, using a diode laser. It was shown, 

that the choice of the tracer had a negligible impact on 

the flow and the measured tracer response.  

 

Results and discussion 

In this section the CRN is presented using 

measured temporal CH4 profiles. The network is 

designed stepwise, as follows: 

 interpretation of RTD data, to gain a first 

understanding of the mixing inside the 

combustor; 

 identification of  the main flow features and 

separation of  the flow into zones with well-

defined, ideal mixing characteristics [10, 12];  

 modelling of the zones by means of ideal 

flow reactors; 

Figure 2 – a – Sectional view of the 20 kW oxyfuel combustion chamber and outlet laser position; b – Sectional view of 
burner, quarl and inlet laser position 

a b 
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 a PFR is chosen if a prevailing flow direction 

is present; 

 otherwise, a CSTR is associated to the zone 

[6]. 

The design of a network based on RTD data 

interpretation in terms of main flow structures is based 

on the following constrains: 

 the sum of reactor volumes is equal to the 

furnace volume; 

 the flows among the reactors are determined 

by fitting the calculated RTD curve to the 

experimental one, using a least square fit. To 

this aim, each designed system is 

implemented in Matlab Simulink®. 

The determination of the zones volumes and the 

reactor arrangement is, in this context, semi-empirical, 

and aided by preliminary RTD analysis. Experimental 

and numerical flow visualization data (Figure 4 and 

[20, 21]) aid the schematization of the combustor in 

terms of main flow structures, building on the tracer 

response curves, shown in Figure 3.  

 
Figure 3 – tracer response from [22], averaged over a series 

of measurements. Characteristic times listed in Table 3 are 

also highlighted. The insert shows a magnification of the 
outlet concentration until t =1 s. 

 
Figure 4 – streamlines for the NRAir case. A schematization 

that highlights the main zones is superimposed to the CFD 
image. 

The convective delay time c, namely the time prior to 

the first detection of the tracer, is slightly higher in the 

oxyfuel case (for exact values compare Table 3). This 

is caused primarily by the higher flow rates for the air 

case and its different mixing between the seeded 

primary flow and secondary/tertiary flows. 

Differences in the mixing are similarly evident from 

the time the system needs until half of the final 

concentration value is detected, 0.5*C∞. This quantity 

is slightly higher for the air case despite its lower c, 

underlying the sharper increase in tracer concentration 

observable in Figure 3 for the oxyfuel case compared 

to the smoother increase when operating with air. 

Another difference between the two operation 

conditions lies in the different way they approach the 

final concentration. For NRAir the tracer 

concentration rises smoothly until the final 

concentration is reached. In contrast, the oxyfuel 

operation point exhibits a steep increase initially, then 

approaches the final value in a stepwise manner, 

slower compared to the other case.  
 

Table 3 – Characteristic times 

i [s] NRAIR NR30 

c 0.51 0.6 

0.5*C∞ 1.47 1.23 
 

The sharp initial increase followed by the retarded 

rise suggests a more pronounced influence of 

phenomena occurring in parallel that are characterized 

by different time scales. Referring to Figure 4, 

different characteristic time scales might be 

distinguished in the segregated zone and the diluted 

zone (DZ). In particular, this might be due to a smaller 

amount of tracer mixing in that zone, which is in turn 

subjected to longer residence times. In contrast, these 

phenomena might be as well present while using air, 

but their characteristic times might not be so different. 

In addition, the shape of the response in the latter case 

suggests a larger size of the overall stirred region 

inside the combustor, leading to a less steep increase 

[17]. 

Building on these considerations and the main 

flow structures in Figure 4, the design of a CRN 

followed a stepwise approach: based on the simple 

modelling in [9], a first, simple network was tested. 

Complexities were gradually added, to take into 

account more features of the flow field. The selected 

network, shown in Figure 5, is the one that could fit 

both air and oxyfuel operation points, exhibiting only 

one global minimum.  

 

 
Figure 5 – CNR superimposed to the mean flow field. 








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It aims to describe the flow and mixing 

characteristics in a simple way, still addressing the 

main features. In particular, it takes into account: 

 a part of the inlet flow bypassing the internal 

recirculation zone, represented by a series of 

a CSTR for the mixing in the near nozzle 

region [11, 10], and two PFR to describe the 

jet-like features of this flow; 

 an internal recirculation zone (IRZ), 

receiving flow from the two PFR of the 

bypass region; 

 a segregated post flame zone (PFZ), 

exemplified by a single PFR; 

 a final recirculation zone at the exit; 

 PFRs parallel to the central zone to represent 

the DZ, with flow exchange with the central 

flow zone. This parallel arrangement allows 

modelling of different characteristic times in 

the PFZ and the DZ. The possibility that the 

tracer does not fill all of the volume in the DZ 

for mixing (i.e., presence of dead volumes) is 

also considered. 

Experimental and modelling results of 𝐹(𝑡) are 

compared in Figure 6, showing a reasonable 

agreement. The parallel arrangement in the reactor 

network representing the flow in the central zone and 

in the DZ suits both operational conditions.  

 

 
Figure 6 – comparison between model and experiment 

a – NRAir  

b – NR30  

 

In a next step, RTDs calculated from the model 

are compared in Figure 7. As expected from the results 

in Figure 7, the air case shows a more unimodal shape, 

while the oxyfuel case exhibits distinct peaks. 

 

 
Figure 7 – calculated residence time distribution 

 

The presence of multiple peaks is typical of PFRs 

in parallel, and can be related to the dispersion of the 

tracer in zones with different characteristic times. In 

particular, several parameters can be calculated from 

the RTD, listed in Table 4. 

 
Table 4 – Characteristic properties extracted from modelled 

RTDs. 

 NRAir NR30 NRAir 

[22]  
NR30 

[22] 

m, [s] 1.9 2.5 1.9 2.5 

𝜎𝜃
2, [s2] 0.54 0.80   

𝐷/𝑢𝐿, [-] 0.45 1.37 0.303 1.11 

d, [s] 1.4 1.9   

 

m and 𝜎𝜃
2  are, respectively, the mean residence 

time of the combustor and its variance, [17]. The 

variance is related to the axial dispersion coefficient 

D, which represents the spreading process. 

The spreading process can be further quantified 

by: 

 

𝐷/𝑢𝐿 (6) (7) 

where D is the dispersion coefficient, u the average 

speed in the stream wise direction and L the length of 

the vessel. The value of this dimensionless group is 

calculated according to equation (7), using the value 

of the second order moment of the RTD, 𝜎𝜃
2  [17]. 

 

𝜎𝜃
2 = 2 (

𝐷

𝑢𝐿
) − 2 (

𝐷

𝑢𝐿
)

2

[1 − e−
𝑢𝐿
𝐷 ] 

(7) 

 

As reported in Table 4, its value for the oxyfuel 

case is higher, confirming a higher dispersion 

compared to the air case. 

This behaviour is related to the different 

molecular weights of air (29 g/mol) and oxyfuel (40 

g/mol). According to [23], 

 

𝐷 = D + C/ D (8) 

a 

b 
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In equation (8), D is the mass diffusivity and C is 

a constant that depends on the flow. 

The diffusion coefficient D is inversely 

proportional to the molecular weight, and it is thus 

smaller for an oxyfuel environment. Therefore, the 

mass transfer in the oxyfuel case is more influenced by 

convection causing a larger spreading rate.  

The influence of the dispersion on the mean 

residence time of the process is expressed by [13]: 
 

𝜏𝑚 = 𝜏𝑐 + 𝜏𝑑 (9) 

where 𝜏𝑑 denotes the dispersive time delay. 𝜏𝑑, 

obtained as the difference between 𝜏𝑚 and 𝜏𝑐, is also 

listed in Table 4, confirming that a higher dispersion 

characterizes oxyfuel environments, also reported in 

[22].  

 

Conclusions  

A simple chemical reactors network model for a 

close to reality configuration has been developed 

building on the interpretation of measured residence 

time distributions in terms of main flow structures. Air 

and oxyfuel atmospheres have been investigated. The 

model is able to reasonably represent the mixing 

characteristics for both cases. In this way, differences 

in the mixing characteristics of air and oxyfuel 

operation were identified. In particular, higher 

dispersion is present for oxyfuel operation, while the 

importance of zones in which perfect mixing can be 

assumed is greater for the air case. 
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