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Abstract
Direct numerical simulations of turbulent jet ignition (TJI)-assisted combustion of lean 
hydrogen–air mixtures are performed in a three-dimensional planar jet configuration for 
various thermo-chemical conditions. TJI is a novel ignition enhancement method which 
facilitates the combustion of lean and ultra-lean fuel–air mixtures by rapidly and con-
tinuously exposing them to high temperature combustion products. Fully compressible 
gas dynamics and species equations are solved with high order finite difference methods. 
The hydrogen–air reaction is simulated by a detailed chemical kinetics mechanism. Tur-
bulence–combustion interactions in TJI systems are studied here for different conditions 
using the flame heat release, temperature, species concentrations, and a newly defined pro-
gress variable. Important phenomena such as localized flame extinction/re-ignition and 
simultaneous existence of premixed/non-premixed flames in TJI-assisted combustion are 
also investigated.
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TJI  Turbulent jet ignition
DNS  Direct numerical simulation
TPJ  Turbulent plane jet
ui  Velocity component in ith direction (m/s)
et  Total energy (J/kg)
Θij  Total stress tensor
�ij  Viscous stress tensor
qi  Heat flux vector (kg/s3)
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J�
i
  Species diffusion term  (m2/s)

Ṡ𝛼  Rate of mass production/destruction per unit volume for species � due to 
chemical reaction (kg/s)

R  TJI-assisted combustion progress variable
W�  Molecular weight of species � (kg/mol)
R0  Universal gas constant (J/kg K)
h�  Enthalpy of species � (J/kg)
Cp�

  Specific heat of species � (J/kg K)
Δh0

f ,�
  Enthalpy of formation of species � (J/kg)

D  Width of turbulent plane jet (m)
Uj  Jet velocity (m/s)
Uco  Coflow velocity (m/s)
ru  Velocity ratio
x, y,  and z  Stream-wise, cross-stream, and span-wise directions
�0  Flow-through time (s)

1 Introduction

Turbulent jet ignition(TJI) systems can be used to initiate and control chemical reactions 
in ultra-lean fuel–air mixtures by providing sufficient initial energy through high tempera-
ture turbulent jets (Jin et al. 2013; Mittal et al. 2010; Madnia et al. 2000). These systems 
typically involve pre-chambers and passageways to connect them to a main combustion 
chamber. An ignition device (e.g. a spark plug) is installed in the pre-chamber to ignite 
the charge and create a high velocity hot product jet exiting out into the main chamber. 
This jet initiates and maintains the combustion in main chamber. TJI-assisted combustion 
of premixed mixtures have been studied before by several investigators, focusing on the 
transition and the viability of the designed configurations (Boivin et al. 2012; Sadanandan 
et al. 2007; Iglesias et al. 2012; Djebaili et al. 1995; Dorofeev et al. 1996; Phillips 1972). 
Validi (2016) studied TJI in various combustion systems via direct numerical simulation 
(DNS) and large-eddy simulation (LES) methods. This included geometrically simple fun-
damental flow configurations as well as more complex engine-type systems. A fundamen-
tal TJI-assisted combustion of a well characterized turbulent planar jet (TPJ) configura-
tion (Gunnar 1965; Gordeyev and Thomas 2000; Pope 1983, 2000; Hinze 1975) (Fig. 1) is 
composed of hot products of combustion of a stoichiometric hydrogen–air mixture injected 
into a lean and relatively cooler premixed hydrogen–air coflow mixture. This configuration 
is designed such that after a sufficiently long time the TPJ–TJI reaches a “stable” condition 
which allows collection of stationary turbulence/flame statistics and fundamental insights 
on the complex flame and turbulence structures in TJI-assisted combustion systems. The 
physical and chemical processes involved in the TJI–TPJ assisted combustion of a well 
characterized turbulent planar jet (TPJ) configuration is previously explored (Validi and 
Jaberi 2018). Hydrogen is considered as fuel because of its unique characteristics and 
well established chemical kinetics mechanism (Ju and Niioka 1994; Bezgin et  al. 2013; 
Vagelopoulos et al. 1994). Numerical simulation of hydrogen and capturing its thin flame 
front is challenging. Understanding TJI-assisted combustion of hydrogen benefits utiliz-
ing this concept using hydro carbon fuels (Validi et  al. 2018). Here within a systematic 
study of TJI–TPJ key flow/combustion parameters, the effects of various thermo-chemical 



851Flow, Turbulence and Combustion (2021) 106:849–880 

1 3

conditions on the flow-field, combustion zones, and extinction and re-ignition processes 
are studied. The simulation DNS data are used to investigate the development of premixed/
diffusion flame–turbulence interactions. Different coflow compositions are considered, 
from ultra-lean to moderately-lean mixtures with equivalence ratios of � = 0.1 to 0.5. Our 
results show that TJI is capable of maintaining ultra-lean flames by constantly exposing the 
mixture to a high temperature jet and decreasing the low flammability limit of premixed 
mixtures despite the presence of strong localized flame extinctions. The premixed flame 
propagation, the turbulent jet, and consequently the flame–turbulence interactions are 
shown to be significantly affected by the coflow mixture composition. There is also a sig-
nificant change in flame structure when the jet composition is changed from the combus-
tion products of lean to stoichiometric, and then to rich mixtures. Even though the flame is 
mostly of premixed type in all the simulated conditions, in the case of hot product jet with 
leftover fuel, simultaneous premixed and diffusion flames are developed, resulting in sig-
nificant changes in flame structure and an increase in the overall flow temperature.

The complexity and numerical challenges of simulating TJI-assisted combustion arise 
from the strong coupling of the turbulent flow and thermo-chemical variables over a 
wide range of temporal and spatial scales, and the highly nonlinear, multicomponent, and 
unsteady nature of the heat and mass transport and chemical reactions in the hybrid jet-
flame setup (James and Jaberi 2000; Pope 2000). The difference of the turbulent scales 
obtained from scalar fields of spatially evolving reacting and non-reacting jets is inves-
tigated by dissipation element analysis in reference Denker et  al. (2019). TJI based type 
of combustion systems often involve a combination of non-premixed to premixed flames 
which makes their modelling and simulations very difficult (Pope 2000). The flamelet-
type combustion models based on G-equation (Peters 1984, 1988) and mixture fraction 
(Pierce and Moin 2004), each may be used for modelling either premixed or non-premixed 
flames. Moment closure (Klimenko and Bilger 1999), linear eddy (Kerstein 1992), or 

Fig. 1  Schematic of turbulent jet ignition (TJI) in a turbulent plane jet (TPJ) configuration
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scale-similarity models (Bisetti et  al. 2018; Jaberi and James 1998) might also be used. 
Probability density function (pdf) methods (Pope 1985) and Monte Carlo simulation tech-
niques (Jaberi et al. 1999) are, however, more attractive for TJI-assisted combustion sys-
tems as they can simulate different type of combustion regimes. Flame surface stretching 
in turbulent jet premixed flames was studied by DNS emphasizing on surface production/
destruction rates with respect to Reynolds number (Luca et al. 2019). In this study we use 
DNS method to avoid modeling uncertainties and to provide a more complete understand-
ing of turbulence and flame structures at all length and time scales.

This chapter is organized as follows. In Sect. 2, the governing equations and numerical 
methodology are presented. In Sect. 3, the flow configuration is described. In Sect. 4, the 
effects of the coflow and incoming jet thermo-chemical properties are studied considering 
various quantities such as temperature, heat release rate, and species concentrations. Sec-
tion 5 summarizes the main findings and conclusions.

2  Governing Equations and Numerical Methodology

For this DNS study, the following fully compressible, three-dimensional continuity, 
momentum, energy, and species equations are solved with high order numerical methods.

and

In Eqs. 1–4, the primary variables are the density, � , the velocity component in ith direc-
tion, ui , the total energy, et , and the scalar mass fraction, y� , � ≡ 1,… ,Ns ( Ns represents 
the number of species). Also in these equations, Θij is the total stress tensor,

where viscous stress tensor, �ij , is obtained by the following Newtonian model:

The heat flux vector, qi , is given by:
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where the first term represents the Fourier heat conduction term and the second term is the 
heat transport due to “differential diffusion.” The heat transfer due to radiation and Dufour 
effects has been neglected. The mixture-averaged thermal conductivity, � , is calculated 
from the thermal conductivity of individual species. The species diffusion term is evalu-

ated based on the Fick’s law by J�
i
= �y�u�,i +

DT ,�

T
 , where u�,i , the ith component of diffu-

sion velocity for species � , is calculated by

D�,N2
 is the binary diffusion coefficient between species � and another species with high 

concentration (e.g. N2 ), however here in a turbulent multicomponent mixture we use effec-
tive diffusion coefficient. In order to ensure that the net diffusive flux is equal to zero, ∑

u�y� = 0 is enforced. The mass flux due to a temperature gradient (Soret diffusion), an 
important effect in hydrogen combustion, is included and DT ,� is the thermal (Soret) dif-
fusion coefficient. In Eqs. 3 and 4, Ṡ𝛼 is the rate of mass production/destruction per unit 
volume for species � by the chemical reaction. The combustion heat release rate, Q̇e , is 
calculated as:

The total energy and species enthalpy, h� , are expressed as:

and

where Cp�
 and Δh0

f ,�
 are the specific heat and enthalpy of formation of species � , respec-

tively. The above conservation equations are closed by the equation of state, 
p = �R0T

∑Ns

�=1

y�

W�

 , where W� and R0 are the molecular weight of species � and the univer-
sal gas constant. The Chemkin thermodynamic database (Kee et al. 1989) is used to obtain 
species thermodynamics and transport properties. The differential diffusion effects (Jaberi 
et al. 1997) are included in the DNS calculations. The combustion of hydrogen–air is mod-
eled with the detailed chemical kinetics mechanism developed by Stahl and Warnatz 
(1991). This mechanism, which is extensively used in several previous studies on hydrogen 
combustion (Ju and Niioka 1994; Vagelopoulos et al. 1994; Arndt et al. 2013; Bezgin et al. 
2013), consists of 38 elementary reactions and 9 species ( H2 , O2 , O, OH, H2O , H, HO2 , 
H2O2 , and N2).
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The discretization of the governing equations is based on the compact finite difference 
scheme (Poinsot and Lelef 1992; Lele 1992), which yields up to sixth order spatial accu-
racy. In order to avoid numerical instabilities and remove the spurious high frequency fluc-
tuations in the solution, a low pass, high order (up to eighth order), spatial implicit filter-
ing operator is used. The time differencing is based on the third order low storage explicit 
Runge–Kutta method (Kennedy et al. 2000). The numerical method utilized in this work 
has been used previously in DNS and LES of low speed and high speed turbulent reacting 
flows (Banaeizadeh et al. 2013; Afshari et al. 2008; Li et al. 2012; Banaeizadeh et al. 2011; 
Validi et al. 2018) and is proven to be quite accurate and suitable for the current study.

3  Flow Configuration

The computational configuration considered in this study consists of a spatially develop-
ing, three-dimensional turbulent planar jet issuing hot combustion products into a combus-
tible lean premixed ambient coflow. A schematic of the flow configuration, together with 
the specifications of physical dimensions are presented in Fig.  1. The flow evolves spa-
tially in the stream-wise direction, (x). The free stream boundary conditions are imposed 
in the cross-stream direction, (y), and periodic boundary conditions are implemented in the 
span-wise direction, (z). In the simulated TPJ–TJI, the jet expansion is highly affected by 
the coflow momentum, fuel–air equivalence ratio, and turbulence-controlled flame speed. 
Therefore, the flow hydrodynamics and geometry have been designed such that a stable 
and “stationary” combustion is established and time-averaging is made possible.

Table 1 provides the jet and the coflow thermo-chemical properties for different cases, 
where Tco , Uco , ZHco

 , and �co represent the temperature, stream-wise velocity, H radical ele-
mental mass fraction, and equivalence ratio of the coflow. The equivalent variables for the 
incoming jet are denoted by Tj , Uj , ZHj

 , and �ij
 . The variable �ij

 , however, is the equiva-
lence ratio of an initial hydrogen–air mixture at temperature of 1000 (K) before it burns 
and gets injected as combustion products with higher temperature at TPJ–TJI inflow. The 
temperature value of 1000 is selected in order to create a hot product jet with about three 
times of the coflow temperature (i.e. Tj ≈ 3Tco ) and consequently a stable and statistically 
stationary flame within the selected computational domain. The inlet temperature profile 
normalized by Tco is shown in Fig. 2, which is similar to the velocity profile and smoothly 
varies from 1 in the coflow to almost 3 in the jet center based on a tangent hyperbolic func-
tion. The product species mass fraction values for the simulated cases are provided in 
Table 2. In Case1 to Case4, the coflow premixed mixture compositions vary from ultra-
lean to moderately-lean (i.e. �co = 0.1 , 0.2, 0.35, and 0.5) with the same coflow tempera-
ture and velocity of Tco = 850 (K) and Uco = 150 (m/s). In these cases, the same hot prod-
uct jet with �ij

= 1.0 and Tj = 2556.0 (K) is injected so that the coflow composition effects 
on the turbulence–combustion interactions can be studied independent of the jet condition. 
Different flames are shown to be developed by changing the coflow equivalence ratio from 
fast burning to those with significant finite-chemistry effects. The effects of jet composition 
(lean and rich initial mixtures with �ij

= 0.5 and 2.0) are investigated by considering 
Case5, Case6, and Case7. Note that by changing the initial jet mixture equivalence ratio 
from 0.5 to 2.0, the fuel (hydrogen) concentration in the products is changed from 1.9e−7 
to 2.7e−2 and also the jet temperature is changed from Tj = 2050 to 2350  (K). In these 
cases, the same coflow conditions as those in Case3 are considered. In Case7, the coflow 
equivalence ratio is the same as that in Case1 but the jet composition is similar to that in 
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Case6. This case is considered to study the effects of the extra fuel in jet on the diffusion 
and premixed flames in the ultra-lean coflow mixtures. In all cases considered in this paper, 
the pressure is atmospheric and the jet velocity is set to be three times of the coflow veloc-
ity, Uj = 3Uco = 450 (m/s). The jet and coflow Mach numbers are equal to 0.43 and 0.245, 
respectively. The inlet axial velocity profile normalized by Uco and is similar to the temper-
ature profile. To produce a well developed turbulent inflow, turbulent fluctuations obtained 
from an isotropic turbulence field are added to the incoming hot product jet. This field is 
generated by solving the governing equations with periodic boundary conditions and an 
initially random, solenoidal, and Gaussian velocity field for a long time (Yaldizli et  al. 

Fig. 2  Inlet temperature and 
velocity profiles normalized by 
Tco and Uco

Table 1  Thermo-chemical 
properties of the incoming jets 
and coflows for different cases

Case # Tj (K) Tco (K) �ij
�co ZHj

ZHco

Case1 2556 850 1.0e0 1.0e−1 2.85e−2 4.03e−2
Case2 2556 850 1.0e0 2.0e−1 2.85e−2 7.74e−2
Case3 2556 850 1.0e0 3.5e−1 2.85e−2 1.28e−1
Case4 2556 850 1.0e0 5.0e−1 2.85e−2 1.73e−1
Case5 2050 850 5.0e−1 3.5e−1 1.44e−2 1.28e−1
Case6 2350 850 2.0e0 3.5e−1 5.54e−2 1.28e−1
Case7 2350 850 2.0e0 1.0e−1 5.54e−2 4.03e−2

Table 2  The species mass fractions in the incoming jets

Case # yH
2

yH yO
2

yO yOH yH
2
O yHO

2

yH
2
O

2

yN
2

Case 1–4 2.0e−7 2.1e−4 1.2e−2 1.2e−3 9.9e−3 2.2e−1 2.1e−4 3.4e−7 7.57e−1
Case 5 1.9e−7 1.3e−6 1.1e−1 1.7e−4 1.8e−3 1.2e−1 1.6e−6 1.7e−7 7.55e−1
Case 6 & 7 2.7e−2 3.3e−4 1.2e−5 1.5e−5 9.9e−4 2.4e−1 6.7e−9 6.8e−9 7.24e−1
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2008). The intensity of the added turbulence to the hot jet shear layers is chosen to be about 
10% of the mean jet velocity. This amount of initial turbulence excites the incoming jet in a 
short stream wise distance from the jet inlet. To calculate the statistics, the simulations are 
advanced for three flow-through time, �0 , before averaging the variables up to 17�0 . The 
flow through time, �0 = 218.75  (μ s), is calculated based on the average velocity, 

Uref =
Uj + Uco

2
= 300  (m/s), and the stream-wise domain length, 

Lx = 17.5 × D = 65.625 × 10−3 (m) ( D = 3.75 (mm) denotes the incoming jet width). The 
selected configuration allows the understanding of specific TPJ–TJI physical features that 
are believed to be invariant of the geometry and common in TJI-assisted combustion sys-
tems (Steinberger et al. 1993).

Uniform grid spacing of Δy = D∕60 = 62.5 (μm) , Δx = 1.5 × Δy , and Δz = 1.9 × Δy are 
used in the cross-stream, stream-wise, and span-wise directions. As a detailed chemical 
kinetics mechanism (Stahl and Warnatz 1991) is incorporated to describe the hydrogen–air 
combustion, a fine mesh is required for capturing the flame zone and spatial variations of 
all flame variables (Rehm 1998). The minimum number of grid points covering the flame 
zone, defined based on H radical and heat release rate profiles, in the entire computational 
domain is found to be 10. The minimum grid number used for resolving the flame, defined 
based on the OH radical profile, is more than 15. Examination of other species also con-
firms that the scalar field is well captured with the adopted grid. To further assess the ade-
quacy of grid resolution for flow variables, we have also computed the local values of the 
Kolmogrov length scale, � =

(
�3

�

)1∕4

 , and found them to be larger than the grid size. Mini-
mum Kolmogrov length scale values occur close to the inlet at the jet shear layers which is 
in the order the grid spacing. Further downstream (about 1D in axial direction after the 
inlet) the Kolmogrov length scale increases one order of magnitude which is larger than the 
maximum grid spacing in the entire domain. The designed computational mesh is believed 
to be fine enough to accurately resolve all temporal and spatial structures of flow, turbu-
lence, and scalars. The simulations reported in this paper are conducted with the highest 
resolution involving 800 × 510 × 80 ≈ 33 million uniform grid points. The computational 
time increment is equal to 1 × 10−9 s , which is smaller than the smallest time scales associ-
ated with the hydrodynamics and chemistry.

4  Results and Discussion

In this section, the results concerning the effects of coflow and jet conditions on the 
physio chemical processes involved in the TJI-assisted combustion are discussed. Fig-
ure 3a–f present the instantaneous temperature contours at the mid span-wise plane of 
the three-dimensional computational domain and time t = 17�0 for the six simulated 
cases with conditions provided in Table 1. In the nearfield region, 𝜉 = x∕D ≾ 4 shown 
in Fig. 1, the hot incoming jet causes significant auto ignition at the jet shear layer and 
surrounding areas, where the jet heats the premixed coflow and ultimately sustains the 
flame even in the ultra-lean fuel–air mixtures. The amount and location of heat release 
rate also indicate the auto ignition occurrence in the nearfield region (shown in Figs. 11 
and 12). The flame–turbulence interactions, mixing, and reaction of the incoming hot jet 
with the cooler premixed coflow in the developing shear layer create relatively thick and 
geometrically complex flames in the nearfield region. Independent of the coflow compo-
sitions, similar flame/flow structures are developed in the nearfield region in all cases, 
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indicating the dominance of the incoming jet effects. In this region, highly distorted 
turbulent structures are also developed, which strongly interact with the combustion. 
For Case3, Case5, and Case6 with different jet temperatures and compositions but the 
same coflow conditions, temperature contours in Fig. 3c, e, f confirm that the nearfield 
flame/flow structures are indeed influenced more by the incoming jet than the coflow 
combustion.

In the developed region ( � ⪰ 4 ), where the spatially continuous and distorted flame 
zones exist, the effects of coflow equivalence ratio become more important. In this region, 
the turbulent premixed flame often gets separated from the incoming jet and core turbulent 
flow as it propagates into the coflow in the cross-stream direction. This separation develops 
various distinguishable flow/combustion zones in the simulated TPJ–TJI configurations 
which can be named as: 

(b)(a)

(d)(c)

(f)(e)

Fig. 3  Instantaneous temperature contours at the mid span-wise plane (z = 1.5D) and time t = 17�
0
 for a 

Case1 with �co = 0.1 and �ij
= 1 , b Case2 with �co = 0.2 and �ij

= 1 , c Case3 with �co = 0.35 and �ij
= 1 , 

d Case4 with �co = 0.5 and �ij
= 1 , e Case5 with �co = 0.35 and �ij

= 0.5 , and f Case6 with �co = 0.35 and 
�ij

= 2
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(1) hot product jet zone,
(2) premixed flame zone, and
(3) burned-mixed zone.

Figure 4 shows the schematic of the flow and four main regions in the simulated TJI–TPJ. 
In order to identify different regions in the flow-flame, we primarily used the temperature 
and H radical mass fraction, yH , even though other quantities such as OH mass fraction, 
vorticity and Baroclinic torque may also be used. It is worthwhile to mention that the 
details of flow-flame structures may vary by changing thermo-chemical and flow hydro-
dynamics conditions. However, the general description of various regions identified in 
TJI–TPJ are still valid.

The hot product jet zone is identified by the highest temperature values close to the jet 
temperature. The flame zone is identified by relatively low temperature values which are 
slightly higher than the adiabatic flame temperature of the lean hydrogen–air mixture with 
the same composition as coflow. The burned-mixed zone is recognized based on the inter-
mediate temperature values, which has some similarities with the burned zone appearing in 
standard turbulent premixed flames (Pope 1987; Rutland and Trouvé 1993; Clavin 1985), 
but with a relatively higher temperature and different product species mass fraction values. 
The complexity of the burned-mixed zone arises from the strong interactions of the inner 
hot product jet turbulence and composition fields with the lean premixed turbulent flame. 
Therefore, there may not be well defined boundaries between this zone and its neighboring 
zones particularly with the hot product jet zone. In the span-wise direction, the flow field is 
initially homogeneous and isotropic due to the imposed turbulent inflow. It stays homoge-
neous further downstream, but with considerably larger turbulent scales.

Figure 3 shows that in the developed region (� ⪰ 4) the flame expansion and the growth 
rate of the jet “thermal width” are highly dependent on the coflow mixture conditions. The 
weak reaction of ultra-lean mixtures in Case1 and Case2 with equivalence ratios of 0.1 
and 0.2 (Fig. 3a, b) hardly establishes stable and distinguishable combustion zones, sug-
gesting significant localized flame extinction and re-ignition (more details are provided in 
Sect. 4.2). However, for Case3 and Case4, with coflow equivalence ratios of 0.35 and 0.5, 
the flame is stable and widely spreads in the cross-stream directions, leading to separation 
of flame from the core jet turbulence (Fig.  3c, d). Despite different jet thermo-chemical 
conditions, the growth and structure of combustion zones for Case5 and Case6 (Fig. 3e, 
f) are almost the same as those for Case3 (Fig. 3c), suggesting that the initial energy pro-
vided by the incoming hot product jet is sufficient to initiate a stable combustion in coflow 
mixtures with equivalence ratio of 0.35. These results confirm that the combustion in the 
developed region is very sensitive to the coflow composition, but is less influenced by the 
incoming jet composition particularly at sufficiently high equivalence ratios. The lower jet 

Fig. 4  Various regions in the 
simulated turbulent planar jet 
with turbulent jet ignition
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temperature in Case5 (Fig. 3e), slightly affects the flame growth. The unburned hot fuel 
in the injected jet in Case6 (Fig. 3f) mixes with the available oxidizer in the coflow and 
establishes stable diffusion flames within the main jet surrounded by the premixed flames. 
However, the heat release by the diffusion flames has a little effect on the overall jet behav-
ior and the surrounding premixed flame in Case6.

The overall effects of the coflow and incoming jet parameters are further examined in 
Fig.  5, where the mean and confidence intervals of time and y − z plane averaged tem-
perature, �(⟨T⟩yz) ± �(⟨T⟩yz) , are plotted at different stream-wise locations for six cases. 
The time-averaged statistics are calculated from the data gathered for 17�0 . In these cal-
culations, the coflow data are excluded, but the preheated zones of the premixed flame are 
included, which potentially lower the reported mean temperatures. Evidently, the results 
associated with the nearfield region are very similar in Case1 to Case4, which show the 
importance and dominance of the incoming jet properties and turbulent mixing of the hot 
jet with the coflow. In fact, we found that the time and span-wise averaged profiles of the 
temperature versus the cross-stream direction at different stream-wise locations (not shown 
here) are nearly identical in cases with similar incoming jet thermo chemical conditions 
(Case1–4). In the nearfield region, the maximum temperature, located at the jet center-
line, is lower in Case5 and Case6 with lean and rich product jet mixtures. The temperature 
profiles in the shear layer seem to be dependent more on the coflow composition than the 
incoming jet composition.

The transition from the nearfield region to the developed region approximately starts 
at � ≈ 3 . In the developed region, the averaged temperature values continuously decrease 
along the stream-wise direction but with a much higher rate in Case1 in comparison to 
Case4. This is expected and is due to weaker and lower temperature combustion in the 
cases with low coflow equivalence ratios. Case5 with a lean initial jet mixture, �ij

= 0.5 , 
exhibits rather different trend in comparison with other cases. For this case, the aver-
aged temperature is initially lower compared to other cases and further decreases in the 
nearfield region before increasing again in the developed region and reaching to a pla-
teau at downstream locations. A comparison between Case5 and Case3 indicates that 
even though the flow and combustion are similar in the nearfield region, the temperature 
is generally lower in Case5 since the temperature of the incoming jet is lower. In the 

Fig. 5  Mean and confidence 
intervals of time and y − z 
plane averaged temperature, 
�(⟨T⟩yz) ± �(⟨T⟩yz) , in the com-
bustion zones at different stream-
wise locations, � , for Case1 (blue 
square), Case2 (red circle), Case3 
(green asterisk), Case4 (black 
diamond), Case5 (blue times), 
and Case6 (red right-pointing 
triangle). (Confidence intervals 
are very narrow.)
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developed region of Case6 with a rich initial jet mixture, ( �ij
= 2.0 ), the averaged tem-

perature profile plateaus after a small increase, which is similar to that for Case5 but is 
due to different reasons. The incoming jet temperature in Case6 is lower than that in 
Case3, but unlike Case5, there is a stable diffusion flame with higher averaged tempera-
ture in this case. The presence of non-premixed flame in Case6 is evident in Fig.  3f, 
where the temperature inside the combustion zones is shown to be considerably higher 
than those in other cases. The diffusion flame evidently increases the averaged tempera-
ture even higher than that in Case3, despite the same coflow conditions.

It has been suggested in reference Validi (2016) that the approximate location of the 
flame or the jet thermal half width, Dhalf  , in TPJ–TJI can be obtained from the peak 
temperature root mean square (rms), Trms = (T2 − T

2
)1∕2 , since high temperature varia-

tions usually occur at the flame zone. Figure 6i shows the temperature rms contours at 
the mid plane for Case3, representing “high value Trms zones” in the nearfield region, an 
indication of approximate location of relatively thick premixed/diffusion flames in this 
region. These high Trms zones also occur in the periphery of the jet at the lean premixed 
flame zone and the developed region. The jet thermal half width (Dhalf ) is measured sim-
ply by fitting a straight line (dashed black line shown in Fig. 6i) to the locally maximum 
Trms values. Figure  6 shows the stream-wise variations of the thermal half width jet, 
normalized by the incoming jet width, Dhalf∕D , for different cases. The maximum and 
minimum Dhalf  values correspond to Case4 and Case1 with the highest and the lowest 
coflow equivalence ratios. Evidently, Dhalf  may not be altered significantly by changing 
the thermo-chemical properties of the incoming jet or by adding extra fuel or oxygen to 
the jet. Nevertheless, Dhalf  for Case6 is slightly greater than that for Case3, which sug-
gests a small effect of the inner jet diffusion combustion on Dhalf  . For the conditions that 
the combustion is strong and premixed flames are moved far away from the incoming 
jet, Dhalf  is unlikely to be affected by the interactions with the main jet turbulence. It can 
be concluded that Dhalf  is mainly controlled by the premixed flame propagation.

Fig. 6  Thermal half jet width, 
normalized by the incoming jet 
width (Dhalf ∕D) , versus stream-
wise direction ( � ). (i) contours of 
rms of temperature, Trms , at the 
mid span-wise plane, (z = 1.5D) , 
for Case3
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Figure 7a, b show the time and span-wise averaged temperature 
⟨
T
⟩

s
 for non-reacting and 

reacting cases, respectively. In comparison to the non-reacting case, the jet spreading is con-
siderably more in reacting case. The main cause for this increase in jet span is the turbulent 
burning velocity. The combustion induced change in flow and turbulence within the burned-
mixed and hot product jet zones also has some effects on the jet span. Since these effects can 
not be well characterized and are expected to be less significant than the flame propagation, 
they are ignored in developing the following method to calculate turbulent flame speed. Con-
sidering points pN and pR to be located at the edge of non-reacting and reacting mean jets with 
the geometrical locations of 

(
x
pN
, y

pN

)
 and 

(
x
pR
, y

pR

)
 , where x

pN
= x

pR
 , one can calculate the jet 

angles as �N = tan−1
(

y
pN

x
pN

)
 and �R = tan−1

(
y
pR

x
pR

)
 by assuming the origin of the angles to be 

located at the virtual jet origin (Kotsovinos 1976). The turbulent flame speed at any axial loca-
tion can be calculated as ST =

y
pR
− y

pN

tT
 , where tT =

u

x
pN

 and u are time and convective veloc-

ity. Various analytical, numerical, and experimental studies have reported the hydrogen turbu-
lent flame speed (Lin et al. 2014; Beerer et al. 2014; Wang et al. 2015; Seitzman and Lieuwen 
2014). Despite differences in thermo-chemical conditions, interestingly the results of our cal-
culations for the hydrogen turbulent flame speed are found to be comparable but slightly 
higher than those reported in the literature; possibly due to different flow-flame structures in 
the burned zone.

4.1  Progress Variable for TJI‑Assisted Combustion

Our analysis of TJI-assisted combustion in TPJ configuration reveal that a wide range of vari-
ous premixed to diffusion flames are involved in this type of combustion system. To classify 
the TJI-assisted combustion regimes and flames under various conditions, a suitable flame 
variable needs to be defined. The common parameter in analyzing the standard premixed 
flames is the progress variable, defined by

where Tf  and Tb represent the flame and burned zone temperatures. This progress vari-
able conventionally goes to zero and one in the unburned mixture and burned gas zones, 

(12)cpremixed =
T − Tf

Tb − Tf
,

(a) (b)

Fig. 7  Contours of time and span-wise averaged temperature and the jet span spread rate for a Non-reacting 
and b Reacting cases
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respectively. The intermediate values are associated with the flame sheet. However, in the 
lean burning TJI-assisted systems the maximum temperature is normally associated with 
the incoming hot jet and not necessarily the burned gases. Therefore, the standard defini-
tion (Eq. 12) of the progress variable is not very useful for our analysis; the flowfield infor-
mation concerning the local, incoming jet, and coflow temperatures must be included.

The challenge of defining a flame variable for TJI-assisted combustion also arises from the 
coexistence of diffusion and premixed flames. The simultaneous existence of these two types 
of flames occurs when the incoming product jet contains extra fuel (e.g. Case6 with 𝜙ij

≻ 1 ). 
In this condition, the fuel and air streams are getting exposed to each other mostly in the hot 
product jet zone (the non-premixed flames can occupy a significant part of this zone), which is 
confined by the premixed flame. One may argue that since the products exist in both fuel and 
oxidizer streams of the non-premixed regime of the TJI-assisted combustion, a proper alterna-
tive definition of the mixture fraction might be based on the elemental conservation equations. 
But a combination of fuel, oxidizer, or elemental transport equations is derived with the equi-
diffusional approximation, which ultimately suppresses the effects of the temperature. Fig-
ure 8a shows the mean and confidence intervals of temperature in the combustion zones ver-
sus the elemental mixture fraction (based on element H), f =

zH−zHj

zHco−zHj
 , for six cases listed in 

Table  1. Here, zH =
∑Ns

�=1

aHWH

W�

y� , yHco
=
∑Ns

�=1

aHWH

W�

y�co , and yHj
=
∑Ns

�=1

aHWH

W�

y�j are the 
local, the coflow, and the incoming jet elemental mass fractions ( aH is the number of element 
H with molecular wight WH in the species � with molecular weight W� ). The poor perfor-
mance of f is evident in this figure as for a fixed f various temperature values are predicted and 
the effects of jet and coflow cannot be distinguished. Hence, TJI-assisted combustion progress 
variable not only has to trace the fuel and air streams, but also has to include the temperature 
effects in a functional form like R ≈ g(T , Tj, Tco)h(�) . Here, we define a non-normalized R 
as:

(13)R =

(
Tj − T

Tj − Tco

)
�,

Fig. 8  Mean and confidence intervals of temperature, �(T) ± �(T) , in the combustion zone at t = 17�
0
 ver-

sus a the elemental mixture fraction, f and b the TJI combustion progress variable, R , for Case1 (blue 
square), Case2 (red circle), Case3 (green asterisk), Case4 (black diamond), Case5 (blue times), and Case6 
(red right-pointing triangle). (i) Scatter plot of temperature versus TJI combustion progress variable, R , for 
Case6
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where T and � , the local temperature and equivalence ratio, are variable. Figure 8b presents 
the mean and confidence intervals of temperature in the combustion zones versus R for all 
6 cases. The R values can be related to different combustion zones. For example, T ⟶ Tco 
and R ⟶ �co represent the preheated zone in the premixed coflow. The straight line with 
negative slope shows the transition of the flow from unburned fresh coflow to the burned-
mixed zone passing through the premixed flame. At the other side of the flow, T ⟶ Tj and 
R ⟶ 0 represent the hot product jet zone. In the cases with extra fuel in the incoming jet, 
�j contribution to R is more significant, which results in small but greater than zero R , 
representing the diffusion flame. The intermediate R values represent the burned-mixed 
zone. Further examination of R in Fig. 8i confirms the ability of this variable to locate the 
premixed and non-premixed flames in the TPJ–TJI configuration.

In the next section, the effects of coflow equivalence ratio on the TPJ–TJI flow/flame are 
examined. Changes in the coflow condition significantly affect the flame structure and its 
interactions with the turbulence. Also, ultra-lean coflow mixtures lead to significant local-
ized flame extinction and re-ignition.

4.2  Flame and Turbulence Structures for Different Coflow Compositions

In the standard flames, OH radical is often used for identifying the flame zone (Lu et al. 
2012; Wang et  al. 2011; Bezgin et  al. 2013). Figures  9a–d show the OH mass fraction 
contours for Case1 to Case4. Evidently, the OH radicals generated by the lean combus-
tion (very intensively in the nearfield region and less intensively in the developed region) 
add up to the inflow OH of the incoming product jet, therefore the maximum value of yOH 
occurs somewhere inside the jet right after the complex thick flame in the nearfield region 

Fig. 9  Instantaneous contours of the OH mass fraction, yOH , at the mid span-wise plane (z = 1.5D) , and 
t = 17�

0
 for a Case1, b Case2, c Case3, and d Case4



864 Flow, Turbulence and Combustion (2021) 106:849–880

1 3

and not at the lean premixed flame front. Due to weak combustion of the ultra-lean coflow 
mixtures, the OH generation is relatively small and the local maximum values of yOH in the 
nearfield region are considerably larger than those in the developed region in Case1 and 
Case2 (Fig. 9a, b). Expectedly, the OH level in Case3 and Case4 increase, on average, due 
to more stable and stronger premixed combustion. The high yOH values occur further away 
from the inflow in the stream-wise direction. Figure 9c, d show that yOH values are also 
locally higher in the flame zone than those in the immediate surroundings. Thus, while OH 
might be a fair indicator of flame zone when the combustion is sufficiently strong, it cannot 
locate the flame front or the extent of extinguished flame in ultra-lean mixtures. Other radi-
cals such as H in hydrogen combustion (or CH in hydrocarbon combustion) are potentially 
more helpful in analysis of TJI-assisted combustion.

Figure  10a–d present the contours of H mass fraction for Case1 to Case4. It can be 
observed that the maximum value of yH occurs right at the lean premixed flame front while 
its values inside the incoming jet, in contrast to yOH , are relatively low. This suggests that 
the radical H is a better flame marker in the TJI-assisted hydrogen combustion. Note that 
the color contour maps in Fig. 10 are scaled differently for better capturing of H radical 
behavior. For all coflow conditions considered in Case1 to Case4, the high values of yH 
occur at the edges of the incoming jet in the nearfield region as shear layers develop and 
generate relatively thick flames. In the developed region of Case4, yH values are compara-
ble to those in the nearfield region and maximize at the flame front before dropping to very 
low values in the burned-mixed and hot product zones. Similar trend is observed in Case3, 
Case2, and Case1 but with smaller local maximum yH values at the flame front. In Case1 
(and to a lesser extent in Case2) the local values of yH in the flame zone are considerably 
lower than those in the nearfield and there are some discontinuities in the flame front due to 

Fig. 10  Instantaneous contours of the H mass fraction, yH , at the mid span-wise plane (z = 1.5D) and 
t = 17�

0
 for a Case1, b Case2, c Case3, and d Case4. (Note that the scale limits are set to the available val-

ues in each contour and are not the same.)
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localized flame extinction. Our results indicate that H radical mass fraction values are well 
correlated with the heat of reaction especially in the developed regions.

The combustion heat release rate, Q̇e , is an important quantity to discern flames and 
their locations in turbulent reacting flows. The spatial distribution of Q̇e is highly dependent 
on the turbulent transport of heat among main core jet, premixed flame, and coflow as well 
as the chemical reaction. Despite its importance, measuring Q̇e is challenging (Paul and 
Najm 1998; Nikolaou and Swaminathan 2014). Here, Q̇e is obtained from the DNS data 
via Eq. 9Najm et al. (1998). Figure 11a–d show the instantaneous contours of heat release 
rate at the mid span-wise plane for the cases with different coflow equivalence ratios. As 
explained before, the mixing of the incoming hot jet with cooler premixed coflow in the 
nearfield region at the reacting shear layer creates relatively thick and geometrically com-
plex flame structure in the TPJ–TJI. The flame structure in the nearfield region might be 
similar to the corrugated and distributed burning zones in standard premixed flames, where 
the turbulent eddies are strongly coupled with the thickened and wrinkled flame front. 
The somewhat distributed and strong reaction virtually vanishes from the main jet as the 
flow transitions from the nearfield to the developed region and the combustion removes 
the small scale turbulence. Moving in the stream-wise direction, a spatially continuous, 
distorted, and concentrated flame is developed in Case4 and Case3 (and to lesser extend 
in Case2). While the flame propagates in the cross-stream direction into the coflow and 
moves away from the incoming jet, it becomes thinner and much less affected by the jet 
turbulence. The Q̇e contours in Fig.  11b–d clearly show the separation of unburned and 
burned-mixed zones and the relatively thin distorted premixed turbulent flame in the devel-
oped region. Even though the flame and turbulence variables significantly fluctuate in time, 
they appear to be well stabilized in the developed region particularly in Case2, Case3, and 

Fig. 11  Instantaneous contours of the heat release rate, Q̇e (W) , at the mid span-wise plane (z = 1.5D) and 
t = 17�

0
 for a Case1, b Case2, c Case3, and d Case4. (Note that the scale limits are set to the available val-

ues in each case and are not the same.)
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Case4. In Case1, the heat release contours (Fig. 11a), consistent with H radical mass frac-
tion contours (Fig. 10a), illustrate relatively high and very low Q̇e values along the flame 
front, indicating that the coflow composition in this case is indeed very lean and close to 
lower flammability limit of hydrogen–air mixtures. The lean flammability limit for hydro-
gen–air mixture at T = 359  (K) is reported to be about 0.14 (Zabetakis 1965). Consider-
ing that the coflow temperature in Case1 is higher than the reported value in experimental 
measurements, the TJI-assisted premixed combustion has a lower lean flammability limit 
(0.1 in Case1) than the standard premixed combustion, since the fuel–air mixtures are con-
tinuously exposed to a high temperature jet.

In Fig. 12, the mean and confidence bounds of the ( y − z ) plane averaged heat release 
rates, 𝜇(⟨Q̇e⟩yz) ± 𝜎(⟨Q̇e⟩yz) , are plotted at various stream-wise locations for Case1 to 
Case4 with different coflow equivalence ratios. The peak combustion heat release values 
are different in these cases, but occur almost at the same stream-wise location close to the 
end of the nearfield region. This suggests that the auto ignition becomes more effective 
where the residence time is sufficiently large, even though the flame is already initiated 
at the shear layer. This confirms the dominance of the incoming jet hydrodynamics in the 
nearfield region. In the developed region, a descending heat of combustion with various 
rates is observed, which indicates different cooling of the jet as it develops. In case1, ⟨Q̇e⟩yz 
does not increase so much in the nearfield region and decreases to very small values at the 
end of the developed region, suggesting a very weak combustion and significant extinction.

The flame stability and extinction are effectively controlled by the interplay of the 
heat loss from the flame due to turbulent mixing, and the combustion heat release. The 
heat release is comparatively small in Case1 (and to a lesser extent in Case2), making 
the TPJ–TJI to operate close to lean flammability limit as shown in Fig. 11a. Figure 13 
also shows the contours of Q̇e for Case1 together with a magnified view of a section of 
flow/flame field in the developed region. The local extinction and re-ignition events are 
illustrated by  and , respectively. The spatial and temporal variations in turbulent 
velocity (particularly at small scales) have significant effects on the flame stretching and 
folding. With a local increase in stretching effects of turbulence, the gap between the 
two sides of the flame decreases which leads to local flame extinction and incomplete 

Fig. 12  Mean and confi-
dence intervals of y − z plane 
averaged heat release rate, 
𝜇(⟨Q̇e⟩yz) ± 𝜎(⟨Q̇e⟩yz) , at t = 17�

0
 

at different stream-wise loca-
tions, � , for Case1 (blue square), 
Case2 (red circle), Case3 (green 
asterisk), Case4 (black diamond)
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combustion. As observed in the magnified image, the local flame extinction events 
are accompanied by a drop in heat release to near-zero values. When the flame front 
is pushed further away from the hot incoming jet, more local flame extinction events 
occur. Also, more re-ignition events are observed at locations close to the hot product 
jet zone, where relatively high heat release values reappear among the extinct flame 
zones. These confirm that in  situations where the premixed flame is close to the hot 
product jet, the intense interactions and heat transfer from the incoming jet help the 
flame to continuously re-ignite after extinction. As long as the flame front is connected, 
lean coflow mixtures stay largely separated from the flame front and hot product inside 
burned-mixed zone.

Figure  14a–e show the temperature contours (red color) superimposed by the heat 
release contours (yellow color) for Case1 in area �2 ≤ � ≤ �3 at different times. In the right 
figures, a section of the flame/flow is magnified and tracked in time. In this section, the 
flame front is initially complex and continuous but starts to break after about 0.17�0 when 
the extinction starts and continues to become locally important as shown in Fig. 14b, c. 
When the flame front gets broken, the combustion induced high-viscosity “dilatation layer” 
is no longer present to form a barrier keeping high temperature turbulent eddies, hence, 
they can escape through the holes in the flame front and diffuse into the coflow. The mix-
ing of the diffused hot pockets with the coflow increases the temperature of the preheated 
zone of the premixed flame at the coflow side which subsequently leads to flame re-igni-
tion (Fig. 14d). The temperature variations between the locally extinguished and re-ignited 
flames are not very significant, unlike the standard turbulent premixed flames which nor-
mally have low flame temperature in regions with significant flame extinction. This is 
consistent with the results in Fig.This is consistent with the results in Fig. 3a. Figure 14e 
indeed shows that the extinguished flame is re-ignited by the escaped hot turbulent eddies 

Fig. 13  Localized extinction  
and re-ignition  events around 
the flame in Case1 with the ultra-
lean coflow, identified based 
on heat release and a magnified 
view of flow by a factor of 5:1
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from downstream locations. Furthermore, the high temperature eddies, which already 
passed through this section, help to re-ignite the extinguished flames located upstream.

To better understand the compositional flame structure and the local extinction and re-
ignition in TPJ–TJI configurations, the scatter plots of Q̇e versus R are shown in Fig. 15 for 
Case1 to Case4. The results for various sections of the flow are included by dividing the 
flow into three sections: Sec1, (blue square), representing the nearfield region 0 ≤ � ≤ �1 , 
Sec2, (red diamond), representing the initial part of the developed region �1 ≤ � ≤ �2 , and 
Sec3, (black asterisk), representing the end part of the developed region �2 ≤ � ≤ �3 . The 

Fig. 14  Instantaneous temperature (red color) contours superimposed by heat release (yellow color) 
contours in section �

2
≤ � ≤ �

3
 at the mid span-wise plane (z = 1.5D) and different times. a t = 17�

0
 , b 

t = 17.17�
0
 , c t = 17.34�

0
 , d t = 17.52�

0
 , and e t = 17.69�

0
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general behavior in Fig. 15 is that the flame becomes much more intensive and the heat 
release rate roughly doubles on average with the increase in coflow equivalence ratio from 
0.1 to 0.5 in Case1 to Case4. The maximum heat release happens at R values correspond-
ing to the flame front, i.e. R = 0.02 , 0.04, 0.065, and 0.1. The areas with greater R values 
correspond to the preheated zone of the premixed flame. The areas with smaller R values 
represent either the hot product zone or the burned-mixed zone. The extent of scatter in 
the Q̇e −R plot also shows finite-chemistry effects and the level of local flame extinction. 
The very wide scatter in Q̇e −R data for the ultra-lean Case1 (with �co = 0.1 ) indicates 
that the finite rate chemistry effects are indeed very important and the local heat loss is 
more than the heat release so that a stable and continuous flame can hardly be maintained. 
This becomes more clear when the results at different sections of the flow are compared. 
As stated before, the flame behavior in Case1 changes in the stream-wise direction from a 
complex thick flame in the nearfield region to a localized thin discontinuous flame in the 
developed region. In the nearfield region, as shown in Fig. 15a, the flame is stable and con-
tinuously provides sufficient amount of heat. This is represented by high Q̇e at low R val-
ues and is also supported by H and Q̇e contours in Figs. 10a and 11a. Moving in the stream-
wise direction to Sec2, lower Q̇e values at a given R are observed. In Sec3, the extinction 

Fig. 15  Scatter plot of the heat release rate, Q̇e (W) , versus TJI progress variable, R , for a Case1, b Case2, 
c Case3, and d Case4 at different stream-wise sections represented by (blue square) Sec1, (red circle) Sec2, 
and (black asterisk) Sec3
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is dominant and scatter in data is extensive in all flame regions. A somewhat similar but 
with less extensive scatter in the Q̇e −R data is observed for the Case2 (with �co = 0.2 ) 
in Fig. 15b. For Case3 (with �co = 0.35 ) and Case4 (with �co = 0.5 ), the relatively small 
scatter in the Q̇e −R data in all sections or jet locations supports the existence of a strong, 
continuous, and stable premixed combustion.

The effects of turbulence and flow strain rate on the TJI-assisted combustion and flame 
stabilization are different than those in standard turbulent premixed flames. In the nearfield 
region, where the strain rate, �̇� , is high, the flow residence time is relatively small, which 
theoretically might lead to an incomplete reaction. However, hot eddies, mixing, and high 
turbulence levels in the nearfield region facilitate the heating of the coflow by the hot prod-
uct jet. This overtakes the negative effects of the high strain rate and prevents local extinc-
tion in this region. Figure 16a, b present the scatters of the heat release rate ( Q̇e ) versus 
strain rate for Case1 and Case4. The data are separated for the three different sections in 
the stream-wise locations by different symbols and colors. Evidently, the strain rate varies 
in the same range in these two “extreme” cases, one with and one without extinguished 
flame zones. Therefore, unlike the standard turbulent premixed flames, a critical strain rate 
can not be defined for the simulated TJI-assisted combustion system. It is also observed in 
Fig. 16 that for the same strain rate the heat release rate is generally less significant further 
away from the inlet in Sec3 as compared to Sec1 and Sec2. This is mostly valid at higher 
strain rates. In Case4, most of the high heat release reaction happens in the low strain rate 
regions ( �̇� ≤ 0.5 × 104 ) but in Case1 there are still significant high heat release values at 
moderate strain rate range ( 0.5 × 104 ≤ �̇� ≤ 2.0 × 104 ). In the developed region, Sec2 and 
Sec3 in Fig. 16a, the high strain rate values cause flame extinction while they also help the 
re-ignition by convection heat transfer from the main jet to the extinguished flame zones. 
This helps the flame to stabilize and eventually lowers the lean flammability limit.

The effects of TJI-assisted combustion on the turbulence and vice versa are further 
investigated by considering the jet thermal half width, the turbulence intensity, and the vor-
ticity magnitude in Fig. 17. The solid thick lines in this figure show the results at maximum 
temperature rms, max(Trms) , location and the dashed thin lines denote those at maximum 

turbulence intensity, max(I), location, where I =
(
u�

2

+ v�
2

+ w�2
) 1

2

Uref

 . Figure 17a shows the 

Fig. 16  Scatter plot of the heat release rate, Q̇e  (W), versus strain rate, �̇� (1∕s) , for a Case1 and b Case4 
at different stream-wise sections represented by (blue square) Sec1, (red circle) Sec2, and (black asterisk) 
Sec3
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location of the maximum Trms and I in the cross-stream direction versus the stream-wise 
direction. The max(Trms) can be used to identify the approximate location of the lean pre-
mixed flame and the jet thermal half width in the TJI-assisted combustion as it was shown 
in Fig. 6i. The location of the maximum turbulence intensity clearly differs from the loca-
tion of flame or max(Trms) . This confirms that as the premixed flame propagates into the 
coflow it gets separated from the core turbulence. It also suggests that the temperature field 
is not well correlated with the flow field and turbulence in the developed region. As 
expected, the jet span, estimated based on the max(I), increases by increasing the coflow 
equivalence ratio and the premixed flame moves further away from the incoming jet, lead-
ing to less interactions between them. The lowest jet growth corresponds to Case1. In this 
case, the premixed flame is very close to the turbulent jet and has the most significant 
damping effects on the turbulence and jet expansion in the cross-stream direction.

The turbulence intensity or I values at max(Trms) and max(I) locations are shown along 
the stream-wise direction in Fig. 17b. Close to the jet inlet, the I values at these locations 
are almost the same in all four cases. The small differences could be related to small vari-
ations in the coflow density. The lower I values at max(Trms) for Case3 and Case4 indicate 

Fig. 17  a Cross-stream location of max(Trms) and max(I) , b turbulence intensity, I, values at max(Trms) 
and max(I) locations, and c vorticity magnitude, � , at max(Trms) and max(I) locations, versus stream-wise 
direction, � , for four cases represented by (blue square) Case1, (black diamond) Case2, (red circle) Case3, 
and (green asterisk) Case4. Thick solid and thin dashed lines correspond to max(Trms) and max(I) results, 
respectively
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the significant separation of the premixed flame from the inner turbulent jet. The peak 
turbulent intensity is generally lower in these two cases because of combustion damping 
effects on turbulence. The I values at the max(I) locations similarly decrease in the stream-
wise direction, however, they are about one order of magnitude higher than those at the 
flame location, which shows the nearly flame independent behavior of the hydrodynamics 
in these cases. The I values at any locations in the developed region are greater for the 
cases with higher equivalence ratios, Case4 and Case3, which again confirms the less inter-
actions of the flame with turbulence. The I values at flame location or max(Trms) in Case1 
and Case2 are considerably higher than those in Case3 and Case4 due to relatively weak 
premixed flame and an extensive overlap between jet turbulence and flame; the higher the 
coflow equivalence ratio, the lower the I at flame location. It is to be noted that the loca-
tions and values of max(Trms) and max(I) at shear layer in the nearfield region are similar in 
these four cases (Fig. 17a, b).

In Fig. 17c, the stream-wise variations of vorticity magnitude, 𝜔 = |��⃗𝜔| , at max(Trms ) and 
max(I) locations for Case1 to Case4 are compared. The � levels in the nearfield region are 
relatively high because of the intense interactions between the incoming turbulent jet and 
premixed flame. At the end of the nearfield region, the flow is transitioning to the devel-
oped region, while the combustion starts to affect the flow. In the developed region, how-
ever, the flame–turbulence interactions are more important in Case1 and to some extent in 
Case2. As observed in Fig. 17c, the vorticity magnitudes at max(Trms) locations reach to 
very low values in the cases with a stable and strong combustion (Case3 and Case4); sup-
porting the fact that the combustion has a strong dissipative effect on turbulence. Neverthe-
less, the simulated hot product jet is highly turbulent with significant fluctuations in flow 
variables at all length (and time) scales, even though the small-scale turbulent structures 
are depleted by the combustion. In the nearfield region and at max(I) locations, the vortex 
stretching and compressibility are the sources of the vorticity production. Further down-
stream in the developed region, the significant variations in density and pressure cause the 
Baroclinic torque, �⃗𝛽 =

1

𝜌
∇𝜌 × ∇P , to play a more important role in generating the vorti-

city. Close to the flame zone at max(Trms) locations, the Baroclinic torque and the vortex 
stretching are the main sources of generating vorticity. Nevertheless, close to the flame the 
vorticity field is negatively affected by the reaction because of heat release induced volu-
metric flow expansion and temperature dependency of viscosity. In the nearfield region, �⃗𝛽 
is generated mainly due to density difference between the incoming hot jet and coflow and 
the density/pressure gradient generated in the inner jet core by the complex thick flames. In 
the developed region, however, the main reasons for the Baroclinic torque generation are 
the heat transport and lean premixed combustion in the outer edge of flow.

4.3  Incoming Jet Thermo‑Chemical Effects

In this section, the effects of incoming jet thermo-chemical conditions on the TPJ–TJI are 
investigated by comparing the results for Case3, Case5, and Case6. In these cases the 
equivalence ratio of the initial jet mixture, and consequently the incoming jet composition 
and temperature, are different while the coflow conditions are the same. In Case3, the 
inflow jet composition is that of the combustion products of a stoichiometric mixture with 
no extra fuel or oxidizer with Tj = 2556K  (K). In Case5, the initial mixture equivalence 
ratio is chosen to be on the lean side with �ij

= 0.5 , thus the jet mainly consists of O2 and 
H2O with relatively lower (compared to Case3) temperature of Tj = 2050 (K). In Case6, a 
rich initial jet mixture is considered, therefore the incoming jet carries significant unburned 
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hot fuel along with the combustion products (mainly H2O ) with temperature of 
Tj = 2350 (K). This makes the flame a combination of premixed and diffusion type, very 
different than that in Case3 and Case5. The jet and the coflow hydrodynamics are consid-
ered to be the same in these three cases.

Figure 18a, b show the instantaneous OH mass fraction contours at time t = 17�0 for 
Case5 and Case6, respectively. In the nearfield region, the intense and similar production 
of OH radical in Case5 and Case6 once again show the significance of chemical reac-
tion and the strong flame–turbulence interactions. In Case5, the OH mass fraction in the 
incoming jet is relatively low (around 1.8e−3), but the yOH values are high in the devel-
oped region particularly in the burned-mixed and product jet zones. The high level of yOH 
is mostly due to the nearfield combustion products which are transported downstream by 
the turbulent jet. This is consistent with the Q̇e results in Fig. 18e, which shows that the 
heat release in the developed region is small. In Case6, the jet OH mass fraction value is 
equal to 9.9e−4 which is the lowest value among all three cases. However, the highest yOH 

Fig. 18  Instantaneous contours of a, b OH mass fraction, yOH , c, d H mass fraction, yH , e, f heat release 
rate, Q̇e (W) at the mid span-wise plane ( z = 1.5D ) and t = 17�

0
 for a, c, and d Case5; and b, d, and f Case6
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values are seen in the developed region for this case, which is mainly due to reaction of 
the unburned fuel inside the incoming jet with the hot residual oxygen of the lean coflow 
combustion. These results suggest that it is somewhat difficult to capture the premixed and 
non-premixed flames in the TPJ–TJI combustion by the OH radical.

Figure 18c, d present the H mass fraction contours for Case5 and Case6. The yH levels 
in the incoming jets are very low (1.3e−6 and 3.3e−4). Therefore, most of H radicals in 
the domain are produced by the premixed and non-premixed combustion. The nearfield 
results in Fig.  18c, d indeed show that significant H radicals are generated by the very 
complicated, thick, and distributed combustion in both cases, even though the H radical 
generation in the case with extra fuel is much more significant. In the developed region, 
the H radical distribution provides a view on the flame structure and its location. In Case5 
(similar to Case1 to Case4), the maximum value of yH is located at the lean premixed flame 
front, while yH values are relatively very low in other zones. In Case6, the H radical con-
centration is significant not only at the premixed flame zones, but also inside the hot prod-
uct jet zone, where strong diffusion flames exist (Fig. 18d). This behavior is consistent with 
the heat release contours shown in Fig. 18f.

Figure 18e, f present the instantaneous contours of heat release rate for Case5 and Case6 
at t = 17�0 . The flame/turbulence structures in the nearfield and developed regions of 
Case5 are very similar to those shown before for Case3. However, due to lower incoming 
jet temperature, the amount of heat release in the nearfield region is slightly lower, which 
indicates less heat transfer and the initiation of combustion at lower temperatures. It was 
observed in Fig. 3c, e that the overall combustion zone temperature in Case5 is lower than 
that in Case3 due to less heat transfer from the incoming jet to its surroundings. However, 
since the combustion in the developed region is mainly controlled by the coflow condi-
tions, almost the same amount of heat is generated by the premixed combustion in this 
region. This is also observed in Fig.  19, where the mean and the confidence bounds of 
y − z plane averaged values of Q̇e in the combustion zones are plotted at different stream-
wise locations.

Despite the overall similarities of the thermal half width jet growth in Case6 with those 
in Case5 and Case3, the flame type and combustion behavior in this case are quite different. 

Fig. 19  Mean and confi-
dence intervals of y − z plane 
averaged heat release rate, 
𝜇(⟨Q̇e⟩yz) ± 𝜎(⟨Q̇e⟩yz) , at t = 17�

0
 

versus stream-wise direction, � , 
for Case3 (green asterisk), Case5 
(blue times), and Case6 (red 
right-pointing triangle)
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In Case6, the flame–turbulence interactions in the nearfield region are more complex due to 
the existence of unburned hot fuel in the incoming jet and very significant diffusion flame 
in the jet zone. The wide and high level of Q̇e in the nearfield region indeed represents the 
extensive overlap of thick and distributed premixed flame with the diffusion flame. Moving 
in the stream-wise direction, a spatially continuous and distorted premixed flame is devel-
oped in Case6 which gradually propagates and gets separated from the jet. This is similar 
to what we observed for Case3 and Case5 and is represented by a moderate level of Q̇e at 
the edge of the flow. The heat release values in the inner jet are due to diffusion flames.

Figure 19 shows that the planar averaged heat release values in Case6 are considerably 
higher than those in other cases even though the coflow conditions are the same. This sup-
ports the existence of diffusion reaction of the extra fuel with the entrained lean coflow 
mixture into the incoming jet. Note that despite the effectiveness of diffusion combustion, 
some of the extra fuel in the incoming jet could still survive and exit the domain due to 
lack of oxygen or a long mixing time. The amount of unburned fuel can be controlled by 
the initial mixture and coflow equivalence ratios, �ij

 and �co , and the turbulence in the jet 
and even coflow. Lower (but still greater than one) values of �ij

 results in less unburned 
fuel in the incoming jet and lower �co leads to higher remainder oxidizer after the lean pre-
mixed combustion.

In Figs. 20a, b the scatter plot of Q̇e versus R are shown for Case5 and Case6 at differ-
ent sections of the flow. Similar to Case3, the maximum heat release occurs at R ≈ 0.065 
in these two cases, which corresponds to the premixed flame front. The observations and 
explanations made before for Case3 are also valid for the premixed flames in Case5 and 
Case6. However, the non-premixed flame in Case6 can also be identified by Q̇e −R scatter 
plot in Fig. 20b. The non-premixed flame zone of the simulated TJI-assisted combustion 
system has a relatively high temperature and R values in Case6 when compared to Case3. 
As it can be seen in Fig. 20b, the R values associated with the non-premixed flame con-
stantly decrease along the stream-wise direction, indicating stronger non-premixed com-
bustion in the nearfield region. This was also shown in Fig. 8i where the temperature in 
the combustion zones is plotted versus R for Case6. Larger R values at high tempera-
ture zones represent the non-premixed combustion. A comparison between Q̇e scatter plots 
for Case5 (with extra oxygen) and Case6 (with extra fuel) indicates that by excluding the 

Fig. 20  Scatter plot of the heat release rate, Q̇e  (W), versus TJI progress variable, R , for a Case5 and b 
Case6 in different stream-wise sections, represented by (blue square) Sec1, (red circle) Sec2, and (black 
asterisk) Sec3
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non-premixed flame, the results are similar in these two cases, with slightly more scatter in 
the lean burned jet Case5.

The results in Figs. 18, 19, and 20 indicate the existence of a combined premixed and 
non-premixed combustion when there is an extra fuel in the hot product jet stream. How-
ever, the premixed and non-premixed flames are somewhat separated in physical space due 
to propagation of premixed flame and confinement of the main jet. This can change if the 
premixed flame becomes weaker for much lower coflow equivalence ratio or ultra-lean con-
ditions such as those considered in Case1. As discussed in Sect. 4.2 and shown in Figs. 9, 
10, 11, 12, 13, 14, 15, 16, and 17, the highly unsteady and unstable premixed flame in this 
case experiences significant finite-rate chemistry effects and considerable local extinction 
and re-ignition. Here, we investigate the effects of extra fuel in the incoming jet and the 
developed diffusion flame on the ultra-lean TPJ–TJI set up by considering Case7 which has 
the same coflow conditions as Case1 and the same incoming jet as Case6.

Figure  21a, b show the instantaneous temperature and H mass fraction contours at 
time t = 17�0 for Case7. In the nearfield region these contours are very similar to those in 
Figs. 3f and 18d, confirming the significance of the inflow conditions. However, the flame/
flow structures in the developed region of Case7 are very different than those observed in 
the other cases. The premixed flame propagation in Case7 is less, therefore, the thermal 
half width of the jet is almost the same as that in Case1. However, the temperature and H 
radicals generation in the reacting zones are higher, showing the dominance of the diffu-
sion flame in the developed region. Nevertheless, the premixed and diffusion flame struc-
tures are still captured by the H radical; the high and low yH values represent the diffusion 
and premixed flames, respectively.

In Fig. 22a, the heat release ( Q̇e ) contours for Case7 are shown together with a magni-
fied view of a section of the flow/flame field are shown. The magnified section which is 
located in the developed region, is the same spacial TPJ–TJI section considered for Case1 
in Fig. 13. The highest values of Q̇e mainly occur in the nearfield region, hence, for a bet-
ter visualization, a relatively low contour maximum value (200 W), representing the heat 
release values in the developed region, is considered. The premixed and diffusion flames 
are shown with dot and dashed lines, respectively. Since the coflow involves an ultra-lean 
fuel–air mixture, the premixed flame propagation in the cross-stream direction is weak. 
This leads to an extensive overlap between premixed and diffusion flames and smaller 
burned-mixed zone. The interactions of the weak premixed flame and high temperature 
diffusion flame develop a fairly stable premixed flame in the ultra-lean fuel–air mixture. 

Fig. 21  Instantaneous contours of a temperature and b H mass fraction, yH at the mid span-wise plane 
( z = 1.5D ) and t = 17�

0
 for Case7
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Therefore, much less flame extinction and reignition events (as compared to Case1 in 
Fig.  13) occur. This can be further investigated by comparing the mean and confidence 
intervals of y − z plane averaged heat release rate, 𝜇(⟨Q̇e⟩yz) ± 𝜎(⟨Q̇e⟩yz) , at t = 17�0 at dif-
ferent stream-wise locations, � , for Case7 and Case1 (Fig. 22b). Similar to previous cases 
the maximum values of 𝜇(⟨Q̇e⟩yz) ± 𝜎(⟨Q̇e⟩yz) occur in the nearfield region for the rea-
sons explained before. Further downstream, the higher values of Q̇e confirm less localized 
extinction in the premixed flame of Case7 when compared to that in Case1. The premixed 
flame in the former is more like a continuous flame with less discontinuities due to local-
ized extinction even at very high strain rate locations, showing the uniqueness of the simu-
lated ultra-lean hybrid premixed-diffusion flame.

5  Summary and Conclusions

Direct numerical simulations of a hot product turbulent planar jet (TPJ) injected into a lean 
premixed hydrogen–air coflow are performed with detailed chemical kinetics to study tur-
bulent jet ignition (TJI)-assisted combustion in a fundamental three-dimensional configura-
tion. The TPJ–TJI system is spatially divided into nearfield and developed regions. In the 
nearfield region, the hot incoming jet rapidly auto ignites the lean hydrogen–air mixture at 
the developing jet shear layer, creating a complex flame structure and providing significant 
energy for a sustainable ultra-lean combustion. In the developed region, three main com-
bustion zones are identified: 

(1) remnant of the hot product jet zone,
(2) burned-mixed zone, and
(3) premixed flame zone.

Fig. 22  a Simultaneous existence of diffusion and premixed flames along with localized extinction  and 
re-ignition  events at the premixed flame surrounding the diffusion flame in Case7 with the ultra-lean 
coflow and rich incoming jet, identified based on heat release and a magnified view of flow by a factor of 
5:1. b Mean and confidence intervals of y − z plane averaged heat release rate, 𝜇(⟨Q̇e⟩yz) ± 𝜎(⟨Q̇e⟩yz) , at 
t = 17�

0
 at different stream-wise locations, � , for Case1 (blue square) and Case7 (red circle)
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The jet “thermal width” is shown to be dependent more on the coflow thermo-chemical 
conditions than the incoming jet composition. However, the flame structure is still highly 
affected by the incoming turbulent jet temperature and composition. In one case the reac-
tion of the unburned hot fuel available in the jet with the remaining oxygen from the lean 
premixed flame creates a complex combination of premixed and non-premixed flames. To 
examine the flame structure, a new TJI progress variable is defined based on the local tem-
perature and mixture composition. The interactions between the premixed flame zone and 
the hot turbulent inner jet are shown to be much more intense in ultra-lean coflow mixtures, 
generating extensive localized flame extinction and re-ignition events. Scatter plots of the 
local flow temperature, species mass fraction, and strain rate versus TJI progress variable 
show significant finite rate chemistry and damping effects of combustion on the turbulence 
field. The lean flammability limit is shown to be considerably lowered by TJI despite the 
existence of localized flame extinction. In the TJI-assisted combustion, the premixed flame 
gets separated more from the inner turbulent jet as it propagates into the lean coflow mix-
tures with higher equivalence ratios. This affects the inner jet flow and turbulence. Tur-
bulence intensity and vorticity values are shown to be much smaller at the flame location 
in premixed flames propagating faster into coflows because of higher equivalence ratios, 
while they always maximize at the edge of the inner turbulent jet or the shear layers. Our 
analysis also indicate that the temperature and velocity fields are not well correlated; an 
important issue in the modeling of TJI-assisted combustion systems. In the case of rich 
burned incoming product jet, the mixed diffusion-premixed flames are developed in the 
TJI-assisted combustion which show very complex hybrid flame structures.
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