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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

The present work deals with the numerical simulation of Adelaide Jet in Hot Co-flow burner under Moderate or Intense Low 
oxygen Dilution (MILD) conditions, using the Partially Stirred Reactor (PaSR) model for turbulence-chemistry interactions. The 
PaSR model assumes that reactions are confined in specific regions of the computational cells, whose mass fractions depend both 
on the mixing and the chemical time scales. Therefore, the appropriate choice of mixing and chemical time scales becomes crucial 
to ensure the predictivity of the numerical simulations. Results show that the most appropriate choice for the evaluation of the 
mixing time scale in MILD regime consists in using the geometric mean of the Kolmogorov and the integral mixing time, rather 
than Kolmogorov or integral scales. This is supported by the validation of the numerical results against experimental profiles of 
temperature, major and minor species mass fractions. Moreover, the identification of the key species in the oxidation process allows 
to determine a chemical time scale that improves the prediction of centerline and upstream temperature predictions, compared to 
the results obtained by including all species in the evaluation of the chemical scale.  
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1. Introduction 

     Recently, the reduction of fossil fuel availability and the increasing environmental concerns associated to their 
utilization in conventional systems have pushed the development of new combustion technologies that feature high 
fuel flexibility, increased efficiency and low pollution emissions. Among them, Moderate or Intense Low oxygen 
Dilution (MILD) combustion [1], has drawn increasing attention recently. MILD combustion is characterized by 
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elevated reactant temperature and low temperature increase [1], intensive reactant and product mixing as well as no 
audible or visible flame under ideal conditions. Moreover, MILD combustion delivers very low NOx and CO 
emissions, high efficiency and high fuel flexibility [2, 3]. 
     MILD combustion technology has been extended to many industrial applications. It was first introduced in 
industrial furnaces for methane combustion [4] and then extensively investigated for other gaseous fuels like 
hydrogen [5] and ethanol [6]. Recently, Xing et al. [6] evaluated the possibility of using liquid bio-fuels, diesel and 
kerosene fuels for gas turbine applications. They concluded that flameless combustor appears to have potential to 
substitute the conventional gas turbine combustor. Furthermore, Adamczyk et al. [7] analyzed the potential of oxy-
MILD combustion for large scale pulverized coal boilers. Results of the preliminary simulations showed the 
possibility of efficiency increase of more than 3%. The MILD combustion concept was even extended to hybrid 
solar thermal devices, which combine concentrated solar radiation with combustion. According to Chinnici et al. [8], 
the integration of MILD combustion in a hybrid solar receiver can lead to increased thermal performances with 
respect to conventional flames.
     MILD combustion is still worthy of further investigations and attention, especially for the interaction between 
turbulence and chemistry. To this purpose, the Adelaide Jet in Hot Co-flow (JHC) burner [9] is considered in the 
present paper. The current study focuses on Reynolds Averaged Navier-Stokes (RANS) simulations in combination 
with Partially Stirred Reactor (PaSR) model for turbulence/chemistry interactions, using detailed chemistry. 
Different formulations for the mixing and chemical time scales that control the mean species reaction rates are 
evaluated. To assess the modelling choices, the simulated temperature, major and minor species mass fractions are 
compared with the experimental values. 

2. Combustion model 

2.1. Partially Stirred Reactor Model 

In the PaSR model [10], the computational cell is split into two zones: one where reactions take place, and another 
only characterized by mixing. The final species concentration of the cell is determined from the mass exchange 
between the two zones driven by the turbulence. A conceptual drawing of the PaSR model is shown in Fig. 1, 
      
 
 
 
 
 
 
 

Fig. 1. Conceptual drawing of the PaSR model [11]. 

in which  is the initial species  mass fraction in the cell,  is the final averaged ith species mass fraction in the 
cell and  is the ith species mass fraction in the reaction zone.  is the mass fraction of the reaction zone in the 
computational cell. The mean reaction rate  for species  in every computational cell can be expressed as: 
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where  is the residence time of the fluid in the reaction zone and  is the mean density. The reaction zone can be 
considered as a Perfectly Stirred Reactor (PSR) or a Plug Flow Reactor (PFR). The mass fraction of the reaction 
zone  is expressed with the following expression involving both the mixing and chemical time scales:  
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2.2. Mixing and chemical time scales of PaSR model 

Three different versions of the mixing time scale [11, 13, 14] in PaSR model are used in the current study. The first 
is based on the Kolmogorov mixing time scale. 

(3) 
 

In Eqn. 3,  is the kinematic viscosity and  is the turbulent kinetic energy dissipation rate. The second version 
consists in taking the integral time scale as characteristic scale:  

 
(4) 

 
in which  is the turbulent kinetic energy and  is a constant, which equals to 1.0 for high-Reynolds-number flow 
[15]. This choice might be justified in MILD regime considering that reactions are spread over a wide range of scales 
(i.e. distributed reaction regime) [12]. The last version is the geometric mean between the Kolmogorov time scale and 
the integral time scale [14], expressed as: 
 

(5)     
 
     The chemical time scale in the PaSR model is estimated by evaluating, for each cell, the rate of change of the 
species within the chemical mechanism, and focusing on the ones controlling the main oxidation process. The 
chemical time scale of a single species is estimated by calculating the product of the mass fraction and the formation 
rate of each species [14]. In the present paper, the evaluations of the chemical time scale are based on the full KEE 
mechanism species and the key species which represent a subset of the KEE mechanism (CH3, H2O2, CO2, HCO, 
CH2O, O, H, HO2, CH and O2) [16]. 

3. Experimental Basis and Numerical Settings 

3.1. Jet in Hot Co-flow burner 

The Adelaide Jet in Hot Co-flow burner has a central jet with the inner diameter of 4.25 mm. An equimolar mixture 
of CH4 and H2 is provided as the central jet fuel. There is an annulus tube within which an internal burner is mounted 
to provide hot products. The hot products are mixed with N2 and O2, therefore the mass fraction of O2 can be controlled 
to different levels. In the current scope, the oxygen mass fraction of 3% in the hot co-flow is investigated. The annulus 
tube has the inner diameter of 82 mm. Moreover, the burner is mounted on a wind tunnel with the cross section of 254 
mm 254 mm. The gas velocity and temperature of the central jet, annulus and the wind tunnel can be found in Table 
1. The central jet fluid has a Reynolds number of 10,000. In Fig. 2, a 2D schematic drawing of the studied burner can 
be found. According to the experimental measurement [9], the mean and root-mean-square values of the temperature 
and species mass fractions are available on the centerline and axial positions of 30/60/120/200 mm.   

Table 1. Physical properties of the Adelaide JHC jet. 

Locations Temperature Velocity 

Central jet 294 K 58.74 m/s 

Annulus 1300 K 3.2 m/s 

Tunnel 294 K 3.3 m/s 
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Fig. 2. 2D schematic drawing of the Adelaide JHC burner (adapted from Ferrarotti et al. [17]) 

3.2. Numerical Settings 

An axi-symmetric 2D mesh with 35000 cells is constructed for the simulation. The computational domain starts 
from the exit of the burner and extends on axial direction until 1000 mm downstream. The boundary conditions are 
set as in Table 2.   

Table 2. Boundary condition settings for the simulation of the Adelaide JHC burner. 

Boundaries Temperature (K) Velocity  (m/s) CH4 mass fraction (-) H2 mass fraction (-) O2 mass fraction (-) 

Inlet fuel 305 58.74 0.888 0.112 0 

Inlet coflow 1300 3.2 0 0 0.03 

Inlet air 294 3.3 0 0 0.232 

 
A transient simulation with the OpenFOAM® based solver pasrPimpleSMOKE [18] is used for the current 

simulation. In the solver, multi-component molecular diffusion is implemented to account for the high molecular 
diffusion coefficient of H2. The turbulent Schmidt and Prandtl numbers are taken as 0.7 and 0.85, respectively. The 
Standard k-epsilon model constant  is adjusted to 1.60. The KEE [19] mechanism with 17 species and 58 reactions 
is used for the detailed chemistry approach. 

4. Results and Discussion 

     In this section, the mean values of temperature, CO2 mass fraction and OH mass fraction predictions using different 
mixing and chemical time scale definitions will be presented and compared with the experimental data available at 
30/60/120 mm downstream of the burner exit and along the centerline. 
     Fig. 3 shows the comparison between the experimental mean temperature profiles and the simulation results 
obtained with three different mixing time scales (a) and two different chemical time scales (b). In Fig. 3(a), tauK 
indicates the Kolmogorov mixing time scale, tauI means the integral mixing time scale and tauMean is the geometric 
mean of the above two. The results in Fig. 3(a) are obtained using all the species in the KEE mechanism to compute 
the chemical time scale. In Fig. 3(b), tauI-all shows the results obtained using all species in the mechanism for 
chemical time scale, while tauI-important indicates the chemical time scale calculated using the key species only. The 
same nomenclature is used in Fig. 4 and Fig.5. 
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Fig. 4. Mean CO2 mass fraction profiles of PaSR model with different mixing time scales (a) and different chemical time scales (b). 
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4(a) and Fig. 5. When the geometric mean of the two scales is applied in the simulation, the 30 mm 60mm and 
centerline temperature profiles match well with the experimental ones. A slight over-prediction of the temperature 
profile at 120 mm axial location can be observed, while the CO2 and OH mass fraction profiles are well captured. Fig. 
3(b) and Fig. 4(b) compare the results obtained using two sets of species for the evaluation of the chemical scales. 
Using the chemical time scale based on the key species, it is possible to correct the generalized under-prediction 
observed using all the species in the mechanism.  
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Fig. 5. Mean OH mass fraction profiles of PaSR model with different mixing time scales and different chemical time scales. 

5. Conclusion 

In this paper, the Adelaide JHC burner under MILD combustion condition is investigated using RANS and the 
PaSR combustion model for turbulence-chemistry interactions. The main conclusions can be summarized as follows: 

• The Kolmogorov mixing time scale results in over-prediction of temperature on most sampled positions, 
while the integral mixing time scale gives under-prediction. 

• The geometric mean of the Kolmogorov and integral mixing time scales gives the best simulation result 
regarding mean temperature, CO2 and OH mass fraction profiles. 

• Using the key species to estimate the chemical time scale allows to correct the under-prediction obtained 
using all the species in the kinetic mechanisms to compute the characteristic chemical time scale. 

Furthermore, the improvement of combustion modelling in MILD combustion is crucial to the simulation of industrial 
applications featuring new combustion technologies designed to burn multiple fuels in non-conventional combustion 
regimes.  
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regarding mean temperature, CO2 and OH mass fraction profiles. 
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