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Scalar dissipation rate is an essential parameter in combustion theory; understanding 

its behavior is necessary for developing and improving combustion models. In most 

cases, the scalar dissipation rate shows different trends under different combustion 

conditions, and it is thus case-dependent. Spray combustion is categorized as a partially-

premixed combustion system, leading to very complex processes. The objective of this 

work is to investigate the behavior of scalar dissipation rate in turbulent spray combustion 

using Direct Numerical Simulations (DNS). For this purpose, a temporally-evolving jet 

(TEJ) configuration has been examined. 3D simulations have been conducted using the in-

house code DINO. This configuration constitutes a perfect numerical setting to investigate 

scalar dissipation rate, mixing, and shear in spray combustion. The conditional mean of 

scalar dissipation rate shows a non-monotonic behavior in mixture fraction space, 

highlighting the complexity of the interaction between spray, flame, and turbulence. 
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Introduction 

 

Spray combustion is commonly encountered in many industrial devices, such 

as gas turbines and diesel engines. Understanding of liquid-fuel combustion is 

thus necessary to improve fuel efficiency and control emissions of these 

applications. Spray combustion includes many physical aspects, in particular 

evaporation and ignition. For a better understanding of such complex phenomena 

and to develop improved models, detailed investigations are required, typically 

relying on experiments and/or on Direct Numerical Simulations. DNS have 

been employed to investigate reactive droplets and spray combustion for almost 

two decades, considering many aspects and configurations. With growing 

computer power, different modeling levels have been combined, considering 

either single-step mechanisms (Mashayek, 2000; Réveillon and Vervisch, 2005; 

Domingo et al., 2005; Réveillon and Demoulin, 2007; Wandel et al., 2009; Fréret 

et al., 2011; Fujita et al., 2013; Kitano et al., 2013; Kitano et al., 2014), detailed 

kinetics in 2D simulations (Wang and Rutland, 2005; Wang and Rutland, 2007; 

Réveillon et al., 2011), or, more recently, detailed chemistry in 3D simulations 

(Neophytou et al., 2011; Neophytou et al., 2012; Borghesi et al., 2013; Wang et 

al., 2014; Jin et al., 2016). Three configurations have been mainly considered: (1) 

Spray dispersion and ignition in homogeneous conditions and/or in flow with zero 

mean-flow velocity (Mashayek, 2000; Wang and Rutland, 2005; Réveillon and 
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Demoulin, 2007; Réveillon et al., 2011; Neophytou et al., 2011; Neophytou et al., 

2012; Borghesi et al., 2013; Kitano et al., 2014; Wang et al., 2014); (2) Spatially-

evolving jets (Réveillon and Vervisch, 2005; Domingo et al., 2005; Fujita et al., 

2013; Kitano et al., 2013; Jin et al., 2016); and (3) Temporally-evolving jets 

(Wang and Rutland, 2005; Abdelsamie and Thévenin, 2017). Common 

conclusions of all these references are that the equivalence ratio and droplet size 

are the most critical parameters controlling spray combustion mode and ignition. 

Although these studies answered many questions, the impact of different operation 

conditions and configurations has not been sufficiently clarified yet (Fujita et al., 

2013); more specifically, the effect of shear and behavior of scalar dissipation rate 

are not completely clear. Furthermore, scalar dissipation rate plays an essential 

role to understand autoignition, and it will determine the final state (extinction/ 

ignition). Therefore, it is very important to understand the behavior of scalar 

dissipation rate. This work examines in details the impact of shear on the ignition 

process and on the scalar dissipation rate using DNS. This article is organized as 

follows: After the introduction, governing equations are reviewed; then, the 

numerical settings are presented, followed by results and discussion, before 

closing with the conclusions.    

 

 

Governing Equations 

 

The simulations in this work are performed using the in-house code called 

DINO (Abdelsamie et al., 2016). In this code, the low-Mach number model is 

employed to simulate the gas mixture (continuous phase), where the total mass 

conservation equation reads: 
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and the equation of conversation of each species mass fraction Yk reads 
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The momentum conservation equation can be written as: 
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where the viscous stress tensor is:  
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In the low-Mach model, the temperature equation simplifies to 
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 (5) 

 

This set of equations is closed with the equation of state. In Eqs. (1)-(5), ui, 

T, ρ, μ, λ, Yk, , δij, Cp, Cp,k, hk, and Vk,i are i-th component of mixture velocity, 

mixture temperature, mixture density, mixture viscosity, heat diffusivity 

coefficient, mass fraction of species k, net production rate of species k, 

Kronecker delta, specific heat of the mixture at constant pressure, specific heat 

of species k at constant pressure, enthalpy of species k, and the i-th component 

of diffusion velocity of species k, respectively. The pressure in the low-Mach 

number model can be decomposed into two components; thermodynamic 

pressure, which is computed from the equation of state, and the dynamic 

fluctuating pressure,  which is computed by solving a Poisson equation. When 

solving the equation system, two constraints should be retained: 
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In DINO (Abdelsamie et al., 2016), the droplets are tracked using a point-

force Lagrangian approach (Discrete Particles Simulation, DPS), since droplet 

diameter is always smaller than grid size (Abdelsamie et al., 2016; Abdelsamie 

and Thévenin, 2017). Therefore, our simulations can be categorized as DNS-

DPS. The implemented equations describing droplet location, momentum, mass 

transfer, and heat transfer read as follows: 
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In Eqs. (8)-(11), Ud and U∞ are the velocity of the d-th droplet and of the 

surrounding gas at droplet location Xd. Also, T∞, Td, Lv, WF, Cp, f
F and BT,d are 

mixture temperature in far-field, liquid droplet surface temperature, molar 

latent heat of droplet vaporization, molar mass of the fuel, specific heat of the 

fuel vapor in the film region and heat transfer number, respectively. In the film 
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region, the properties are computed based on the one-third rule (Abramzon and 

Sirignano, 1989; Wang and Rutland, 2007; Abdelsamie and Thévenin, 2017) 

and have the subscript f. Three characteristic time scales control the motion and 

evaporation of the droplets: momentum relaxation time (U,d), evaporation 

delay (a,d), and heating delay (T,d): 
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In these equations, the characteristic times scales are computed as a function 

of various dimensionless numbers: the droplet Reynolds number (Red), the 

Spalding mass transfer number (Bm), and the heat transfer number (BT),   
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In Eqs. (15)-(19), Ys,d, YF,∞, WO, p∞, and psat are the vapor surface mass 

fraction (saturated vapor mass fraction), fuel mass fraction in far-field gas mixture, 

oxidizer molar mass, far-field pressure and saturated vapor pressure computed 

with the Clausius-Clapeyron law: 
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where,  Rf, pref, and Tref are the perfect gas constant, reference pressure, and 

temperature taken as atmospheric pressure and boiling temperature of the fuel 

at this pressure, respectively. The latent heat, Lv was corrected using the Watson 

equation,  
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where Lv,s, and Tcr are the molar latent heat at temperature Tref, and critical 

temperature of the fuel, respectively. Here the heat transfer number (BT,d) 

depends on the fuel vapor to gas mixture specific heats in the film region (Cp, f
F , 

Cp,f), on Prandtl number (Pr), Schmidt number (Sc), Sherwood number (Sh), and 

Nusselt number (Nu), all these quantities being computed similar to Borghesi 

et al. (2013).   

The above equations are spatially discretized in DINO (Abdelsamie et al., 

2016) using 6
th

 order central finite-difference method in space and a 3
rd

 order 

semi-implicit Runge-Kutta approach for temporal discretization. The kinetic 

and transport properties are computed with the Cantera1.8 library, relying on 

the skeletal mechanism developed by Patel et al. (2004) to describe n-heptane 

oxidation, involving N=29 species and 52 elementary reactions. 

 

 

Numerical Setup 

 

All 3D simulations are performed in a domain with dimensions of Lx=2.4 

mm, Ly=6.4 mm, and Lz=6.4, discretized over 96 × 256 × 256 grid points for 

spanwise, transverse, and streamwise directions, respectively, leading to a 

fixed grid resolution of 25 μm. A schematic diagram for this numerical setup is 

depicted in Figure 1. The domain is periodic in streamwise and spanwise 

directions, while it has outflow boundary conditions in the transverse direction; 

these settings are common for TEJ simulations. As it is seen from Figure 1, 

monodisperse droplets (black spheres) are initially randomly distributed in the 

central slab (jet region) with a width H of 0.7 mm and a jet velocity Uj. The gas 

domain is filled with oxidizer (air) and has, initially, uniform properties: initial 

air temperature T∞,0, and pressure p∞,0 of 1500 K, and 5 bar, respectively.  The 

velocity Uco of the surrounding co-flow is constant for all simulation, at 5 m/s. 

The droplets move initially with the same velocity as the surrounding central 

jet speed and have an initial liquid droplet temperature Td,0 of 300 K, with an 

initial diameter ad of 10 μm while keeping the local equivalence ratio  in the 

central jet at 2. In all simulations, imposing velocity fluctuations into the 

central jet region triggers the turbulence. These imposed fluctuations are 

obtained from well-resolved isotropic turbulent flow fields. The diameters of 

the droplets always are less than the grid resolution Δx and than the Kolmogorov 

length scale during all simulations, keeping a ratio ad /Δx of at least 0.4, which 

is an acceptable value for point-force approach in spray combustion (Wang and 

Rutland, 2007; Neophytou et al., 2011; Wang et al., 2014; Abdelsamie and 

Thévenin, 2017).  
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Figure 1. Numerical Setup 

 
 

Results 

 

In this section, four cases will be investigated by changing the jet velocity 

(Uj= 25, 50, 75, 100 m/s) while keeping the co-flow velocity Uco=5 m/s, in 

order to highlight the behavior of the scalar dissipation rate and the impact of 

shear on the ignition process.  

 

Figure 2. Fuel Spray-turbulence Interaction at Uj=100 m/s; Red Iso-surface 

Represents Temperature of 1800 K; Yellow Iso-surface Represents Q-criterion to 

Reveal Turbulent Structures; Gray Spheres Show the Droplets (Size Multiplied by 

Factor of 10 for Visualization) 
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Figure 2 illustrates a typical result obtained when simulating spray in TEJ 

(Uj=100 m/s), a few milliseconds after ignition occurs. In this figure, the gray 

spheres represent the evaporated droplets (size multiplied by factor of 10 for 

visualization), the yellow iso-surface represents the Q-criterion, and the red 

iso-surfaces represent the gas temperature of 1800 K. This figure shows the 

complexity of the spray-turbulence-flame interaction in the shear flow.  

The impact of the jet velocity on the ignition process can be explained by 

the temporal evolution of the volume-averaged temperature, as it seen from 

Figure 3. Increasing the jet velocity decreases the ignition delay time and 

increases the volume-averaged temperature. Consequently, the evaporation 

(source of temperature reduction) is completed faster for higher jet velocity.   

 

Figure 3. Volume-averaged Temperature versus Time for Different Values of the 

Jet Velocity 

 
 

Similarly, Figure 4 shows the temporal evolution of the volume-averaged 

scalar dissipation rate versus time. As it is observed, the volume-averaged value 

decreases monotonically with the jet velocity. This can be explained by the 

previous figure (Figure 3); in case of higher velocity, the dilatation becomes 

stronger due to the faster evaporation and ignition process (high temperature).   

 

Figure 4. Volume-averaged Scalar Dissipation Rate versus Time for Different 

Values of the Jet Velocity 
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Figure 5 depicts the scatter plot of the scalar dissipation rate versus the 

mixture fraction. As it is seen from this figure, the maximum values of scalar 

dissipation rate are found near to the stoichiometric mixture (z,st = 0.062 for the n-

heptane/air mixture) for all cases. In the case with Uj=25 m/s,  shows a specific 

behavior, with high values of  found over a wide range of mixture fraction, also 

on the rich side. 

 

Figure 5. Scatter Plot of Scalar Dissipation Rate versus Mixture Fraction at 

Ignition Time. (a) Uj=25 m/s, (b) Uj=50 m/s, (c) Uj=75 m/s, (d) Uj=100 m/s. 

(a) 

 
(b) 

 
(c) 
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(d) 

 
 

When the jet velocity increases, the maximum value of  decreases and is 

found for a diminishing range of mixture fraction. This behavior can be examined 

using Figure 6. This figure shows the conditional mean of scalar dissipation 

rate |z versus the mixture fraction at ignition time for different jet velocities. At 

low velocity, Uj = 25 m/s, |z shows the highest values over all mixture 

fraction values; this is associated to an increased ignition delay time, allowing 

for more evaporation but less dilatation, leading to larger scalar dissipation 

rates. Increasing the jet velocity (shear) decreases |z at z ≤ z,st, for similar 

reasons. However, for z > z,st, |z slightly increases with jet velocity, as a 

consequence of improved mixing but at relatively low temperatures in this rich 

region.  

 

Figure 6. Conditional Mean of Scalar Dissipation Rate versus Mixture Fraction 

at Ignition Time for Different Jet Velocities 

  
 

Figures 5 and 6 demonstrate the complexity of the scalar dissipation rate 

behavior in spray turbulent combustion, leading to a considerable modeling 

challenge, since |z shows a non-monotonic behavior in the mixture fraction 
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space. Therefore, it is recommended to examine turbulent spray combustion 

with reliable models (here, DNS with detailed chemistry), and for different 

shear values, in order to derive generally applicable models. 

 

 

Conclusions 

 

In this work, 3D DNS-DPS simulations have been performed to investigate 

the behavior of the scalar dissipation rate in turbulent spray combustion. A 

spray in a temporally-evolving jet configuration has been chosen for this 

investigation. Four different cases have been studied by changing the jet velocity 

(Uj=25, 50, 75, 100 m/s). The results show that increasing the jet velocity 

decreases the ignition delay time and increases the volume-averaged temperature. 

Consequently, the evaporation is completed faster for higher jet velocity. It is 

also observed that, the volume-averaged of scalar dissipation rate decreases 

monotonically with the jet velocity; this could be explained as in case of higher 

velocity, the dilatation becomes stronger due to the faster evaporation and ignition 

process (high temperature). Locally, the scatter plots illustrate that when the jet 

speed increases, the maximum value of scalar dissipation rate  decreases and 

is found for a diminishing range of mixture fraction. Moreover, the conditional 

averaged value of scalar dissipation rate shows non-monotonic behavior over the 

mixture fraction space; as consequence, developing generally valid models will 

be difficult. This study shows how future simulations (under different conditions) 

will help develop a database supporting model development.  
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Nomenclature 

ad diameter of the droplet d  

BT,d heat transfer number 

Bm Spalding mass transfer number 

Cp specific heat at constant pressure 

Cp,k specific heat of species k at constant pressure  

Cp, f
F  specific heat  of the fuel vapor in the film region 

Cp, f  specific heat  of the gas mixture in the film region 

hk specific enthalpy of species k 

H width of the planar jet 

L domain length 

Lv molar latent heat of droplet vaporization  

Lv,s latent heat at the reference temperature  

N total number of species 

Nu Nusselt number 
 dynamic fluctuating pressure 

pref reference (atmospheric) pressure 

psat saturated vapor pressure  

p∞ thermodynamic pressure of gas mixture in the far-field 

Pr Prandtl number 

Rf perfect gas constant 

Red droplet Reynolds number 

Sc Schmidt number 

Sh Sherwood number 

t time 

T temperature of the flow 

Td temperature of the liquid droplet surface 

Tcr critical temperature of the fuel 

Tref reference (boiling) temperature  

T∞ temperature of the gas mixture in far-field 

ui i-th component of the flow velocity 

Uco co-flow speed 

Ud velocity vector of the d-th droplet  

Uj jet speed 

U∞ velocity vector of the  surrounding gas mixture at droplet location  

Vi,k i-th component of diffusion velocity of species k  

WF molar mass of the fuel 

WO oxidizer molar mass 

xi i-th component of the location vector  

Xd droplet location vector 

YF,∞ gaseous fuel mass fraction in far-field  

Yk mass fraction of species k 

Ys,d mass fraction of fuel vapor at the droplet surface 
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Greek Symbols 

δij Kronecker delta 

Δx grid resolution in x direction 

z mixture fraction  

 heat diffusivity coefficient 

 dynamic viscosity of the gas mixture  

 density of the gas mixture  

ji viscous stress tensor of the flow 

U,d momentum relaxation time 

a,d evaporation delay 

T,d heating delay 

 equivalence ratio of the gas mixture 

 scalar dissipation rate of the mixture fraction 

 net production rate of species k 

 

Subscript 

d refers to droplet  

f refers to the properties in the film region 

k refers to the species; where k=1, 2, ..., N 

st refers to the stoichiometric condition 

0 refers to properties at initial conditions 

 ∞ refers to the properties in the far-field 
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