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Abstract

A turbulent n-heptane jet flame in a jet-in-hot-coflow burner is numerically
and experimentally investigated, revealing distinct features of this fuel in a
jet-in-hot-coflow burner. The RANS k-¢ turbulence model is adopted in com-
bination with a dynamic partially-stirred reactor (PaSR) combustion model.
The simulation results are used to support newly-obtained experimental mea-
surements of mean temperature, OH number density and normalised CH5O-
PLIF signal values at several axial locations. The simulations capture the
transitional phenomenon observed experimentally for the low coflow oxygen
concentration case, which is determined to be due to the two chemical path-
ways which exist for the n-heptane fuel. The predicted flame weak-to-strong
transition heights based on the streamwise (axial) gradient of OH number
density show non-monotonic behaviour. Furthermore, an investigation on
negative heat release rate region shows that the absolute value of negative
heat release rate increases with reduced coflow oxygen content, in contrast

to the suppression phenomenon seen in laminar opposed-flow flames.
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1. Introduction

Novel combustion technologies with low emissions, high efficiency and
fuel flexibility have become essential to cope with the energy supply chal-
lenge the world will face in the near future. One such technology is termed
Moderate or Intense Low-oxygen Dilution (MILD) combustion [IH3]. In in-
dustrial applications, MILD combustion is often achieved by means of high
velocity burners and flue gas recirculation coupled with high level of excess
air and /or intense heat extraction [4]. The resultant pre-heated and highly-
diluted mixture helps to stabilize and homogenize the flame, thus reducing
combustion noise [I]. Dilution also impacts the system reactivity, leading to
a distributed oxidation process. As a result, a more uniform temperature
field is obtained and thermal NO, production is largely suppressed [I], 2].

For research purposes, jet-in-hot-coflow (JHC) burners [5H8] are often
used to produce pre-heated and highly-diluted conditions to reach MILD
combustion regime, decreasing the geometrical complexity and allowing the
use of sophisticated measurement techniques. Several investigations have fo-
cused on the JHC burners, both experimentally and numericallly [4H6l, [9-14].
JHC burners feature a central jet and a secondary burner providing hot ex-
haust products as a coflow, thus emulating the effect of flue gas recirculation.
Dally et al. [6] carried out experiments with an equimolar fuel jet of CH,/Ha,
at different oxygen levels (9%, 6% and 3% by mass) in the hot coflow. They
concluded that the peak temperature increase in the reaction zone can be
as low as 100 K, by reducing the oxygen level to 3%; and the production
of CO, NO and OH is largely reduced when compared with conventional

combustion conditions. At the same time, they provided high-fidelity mean
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and RMS (root-mean-square) experimental data of temperature and various
chemical species for numerical validation. Formaldehyde (CH20) has been
identified as an important precursor in controlling the initiation of reaction
in methane flames, as explained by Gordon et al. [I5]. Medwell et al. [9] [16]
used planar laser-induced fluorescence (PLIF) and Rayleigh scattering tech-
niques to reveal the distribution of formaldehyde (CH50), hydroxyl radical
(OH), and temperature under the influences of hydrogen addition. They in-
dicated that the reaction zone was not very sensitive to hydrogen addition,
showing the potential of MILD combustion for fuel flexibility. They also ob-
served a “lift-oft” height based on the weak-to-strong transition of OH and
the existence of a pre-ignition region in the apparent lifted region of these
flames [16].

Experimental investigations on JHC burners have mostly focused on gaseous,

simple hydrocarbon fuels. However, a few studies [8, 17-22] focused on the
behaviour of pre-vaporized oxygenated fuels and long-chain alkanes. Despite
the high flexibility about the fuel choice in MILD combustion [23], systems
with more complex fuels could lead to distinct features [24-26]. Therefore,
Ye et al. [8] performed experimental investigations with n-heptane fuel using
conventional photography and PLIF, finding that the “lift-off” height (weak-
to-strong transition height) changes monotonically with decreasing coflow
oxygen level—this does not occur for other simple hydrocarbon fuels. In
the transition from conventional lifted flame to MILD combustion, the sharp
rise of temperature disappears, leading to gradually increased OH levels up-
stream like a tail [27]. When the dilution level reaches fully MILD condition,
the OH tail is attached to the jet exit plane, as reported by [2§]. However,
in n-heptane flame, the transitional flame structure is still observed for a
much lower coflow oxygen content [§], compared to simple fuels. Based on
the analysis of fuel pyrolysis and heat release with n-heptane and ethanol,
they concluded that it is more difficult to establish MILD conditions with
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n-heptane [§].

As a result of the reduced reactivity under highly-diluted conditions, the
chemical timescales increase and the strong interaction between chemistry
reaction and mixing makes the modelling of such flames more challenging
than conventional ones. Numerical investigations of JHC-type burners have
been carried out using Reynolds-Averaged Navier-Stokes (RANS) simula-
tions [4] [10) 14, 29-38], Large Eddy Simulations (LES) [13| 89-42] and Direct
Numerical Simulations (DNS) [43]. Simple fuels such as methane, hydrogen
and ethylene have been the main focus. The experimental and numerical
studies on JHC burner under MILD condition with simple fuels have re-
vealed some common signatures, such as the absence of the negative heat
release rate region, the broadening of the heat production profile with a
single peak in mixture fraction space and the suppression of the pyrolytic
reactions [3, 44]. However, using complex fuels such as oxygenated hydrocar-
bons and long-chain alkanes under highly-diluted conditions in order to reach
MILD combustion regime has shown distinct features, like the appearance of
visible flames and increased pollutant emissions [25], 45], 146].

The relevance of finite-rate chemistry effect in the jet-in-hot-coflow flames
makes the use of models based on the principle of timescale separation chal-
lenging [47]. Therefore, models implementing detailed chemical mechanisms
should be considered. Among them, the eddy dissipation concept (EDC) [48-
50] and the Partially Stirred Reactor (PaSR) [51] models represent a viable
choice, as they allow inclusion of detailed chemistry in a computationally-
affordable way. Compared to the models based on scale separation like the
flamelet model [52] and eddy dissipation model (EDM) [53], the finite-rate
based models (EDC and PaSR) solve transport equations of each chemical
species and integrate the ordinary differential equations (ODEs) of the chem-
ical source terms. The EDC and PaSR model split each computational cell

into two regions: the reactive structures, where reactions take place, and
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the surrounding fluid, where mixing happens. In PaSR, the interaction be-
tween turbulence and chemistry is represented with a factor x [51], which
is defined as the ratio between the chemical timescale and the sum of mix-
ing and chemical scales. In EDC, a similar parameter is adopted: ~ [48-50],
whose definition depends solely on turbulence parameters, through an energy
cascade model [48H50]. In PaSR, both the chemical and mixing timescales
are included in the estimation of the splitting fraction explicitly, allowing a
more accurate description on turbulence/chemistry interactions. Recently,
an extension of the PaSR model has been proposed, based on the dynamic
estimation of the mixing timescale, showing improved predictions for the
simulation of the JHC burner [54, [55]. Therefore, the dynamic PaSR model
is adopted in the present paper.

The jet-in-hot-coflow n-heptane flames have been studied through exper-
imental measurement and laminar calculations [§]. However, the chemical
complexity involved in the problem makes the selected case a quite challeng-
ing one. Previous work by Ye et al. [§] is a phenomenological study of JHC
flames with different fuels, including the complex ones. The purpose of the
current article is to investigate the role of turbulence-chemistry interactions
in m-heptane flames and to support the experimental investigation quan-
titatively with CFD simulations, looking at newly obtained experimental
data—mean temperature and semi-quantitative species measurements, viz.
OH number density values and normalized CH;O-PLIF signals as validation
targets.

Simulations were carried out using the dynamic PaSR combustion model,
in combination with detailed kinetic mechanisms of n-heptane with more
than 100 species and about 2,000 reactions reactions. Because of the in-
tense turbulence-chemistry interactions under MILD regime, the Unsteady
Reynolds Averaged Navier-Stokes (URANS) approach was used to capture

complex phenomena such as local extinction and re-ignition. Taking the
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complexity of the chemical mechanism chosen into account, this option was
preferred over the use of Large Eddy Simulation (LES). The influence of
turbulence modelling on the results is first reported, to identify optimised
settings for the subsequent simulations focusing on turbulence-chemistry in-
teractions. The investigation of the chemical timescale distribution, flame
weak-to-strong transition height and negative heat release rate are presented

as well, to identify the key features of the investigated n-heptane flames.

2. Mathematical Models

2.1. Turbulence Model

The density-based Favre-averaged (marked with ~) governing equations

of mass, momentum and energy [56] are solved using the URANS approach:

T
ot o, (pu;) =0, (1)

o, . ) R B

a (/) 1) + a_x] (puzu]) _8% + a ; <TZ.7 - IOU’Z uj) ) <2>

0/ 0 (- N 0 (_ 0h o , \ =
a(ph)—i_%(phuj)_&_xj(pa@_xj_pujh>_3_~Tj(qrj)+shm (3)

J

where p, u and p represent the density, velocity and pressure respectively; the

sensible enthalpy is denoted with h; « is the thermal diffusivity. The term g,

denotes the radiative heat loss and .Sy, represents the heat production from

chemical reaction. The turbulent heat flux —pu;h” is modelled with:
— Oh

J Pryx;’

(4)

where the turbulent Prandtl number is set to Pr; = 0.85 and p; is the
turbulent (eddy) viscosity.
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The Favre-averaged transport equation of reactive scalar Y; reads:

5 07) g () = (o) 32) 50

in which Dy is the molecular diffusivity and S¢; denotes the turbulent Schmidt

number, representing the ratio between turbulent viscosity and turbulent dif-
fusivity D,; and w, is the chemical source term. The choice of the turbulent
Schmidt number strongly impacts the temperature and species distribution.

The standard k- turbulence model is used. The unresolved turbulence
stresses ﬁm are modelled with the product of an eddy viscosity p; and
mean flow strain rate S;;. Finally, the eddy viscosity p; in standard k-e

model is estimated as:

In Equation @ the constant C), equals 0.09. The Favre-averaged turbulence

kinetic energy k and the dissipation rate € of the turbulence kinetic energy

are solved via two separate transport equations [56]:

0/ 0 (-_\_ 0 e\ Ok ,N
e <Pk‘> t o0 (Pkuj> = o, ((# + J—k) %> + 2 B By — pe, - (7)

J J

2

g , . o ,_ . 0 e\ O€ _€ €
— — )= =)= Cap=2iF;i;E; — Caop—=,
ot (p8) + Oz, ) Oz, ((M * 06) 8acj> + lpk He By g 2pk
(8)
in which F;; represents the mean rate of deformation with
1 (9u2 an
= = : 9

ok, 0c, Caq and Cyy are model constants, set by default to 1.0, 1.30, 1.45
and 1.90, respectively [57]. The standard k- model is robust, computa-

tionally fast and has the potential advantage of generality since it requires

7
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no direct empirical input such as a mixing-length specification. However,
it has the well-known disadvantage of over-estimating the jet spread rate
for axisymmetric jets [57]. To correct that, some model modifications have
been proposed. Whilst changing the C¢; to 1.6 helps reducing the jet-decay
over-estimation [4, 31 57], such a modification lacks generality. Pope [57]
suggested a correction and a further development of the standard k- model,

adding an additional term to the kinetic energy dissipation rate transport

equation:
€2
Sﬁpope = C€3zw) (1())
where ¢ = w;;w;, Sk measures the vortex stretching. w;; and Sy; are defined
as -
1k (Ou; 0u;
] — << 5 1]_
i 26(8$j+61‘i> (11)
and -
1k (0u; Ou;
Spi = == L 1) 12
g Qg(axj a:c) (12)
respectively.

Qualitative considerations indicate that the source of dissipation is a lin-
early increasing function of ¢ [57]. Thus, the term C'Egiw is added in the
transport equation of the kinetic energy dissipation rate (Eq.|8) to improve
the generality of the k-¢ model. The impact of the choice of the turbulent

Schmidt number and of the turbulence model is discussed in Section [4]

2.2. Combustion Model — PaSR Model
The PaSR model |51} 58], assumes that each computational cell is sep-

arated into two zones: one where reactions take place, and another charac-
terized by mixing alone. Turbulence drives the exchange between the two

zones. The final species concentration of the cell is the weighted mean value
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between the reactive zone and the mixing zone. A conceptual drawing of the
PaSR model is shown in Figure [I]

*
Ys

reactive zone

mixing zone

Figure 1: Conceptual drawing of the PaSR model (adapted from Li et al. [38]).

Figure (1| depicts one computational cell, in which Y? is the initial s,
species mass fraction in the non-reactive region, Y, is the final averaged sy,
species mass fraction in the cell and Y. is the sy, species mass fraction in
the reactive zone. The term k is the mass fraction of the reactive zone in the
cell, which is estimated with [59)]:

Te

K=—" (13)

9
Te + Trmix
where 7. and 7,,;, are the characteristic chemical and mixing timescales,

respectively. The complexity of the model lies, therefore, in the estimation
of 7. and T, as described in previous publications [38 [54].

In the present work, the mixing timescale is evaluated with a dynamic
approach [38, 54]—as the ratio of the scalar variance, QZ?TQ, and the scalar
dissipation rate, €; [60]:

o -

Tmi$Dynamic ~
€

The mixture fraction Z is selected to describe the mixing process of a scalar.

Therefore, the scalar variance and dissipation rate take the form of the mix-

9



175

176

177

178

179

180

181

182

183

ture fraction variance (27’5) and mixture fraction dissipation rate (). They

are obtained by solving the following transport equations [61], 62]:

opZ Opu;Z 9 [ 0z
— D. + D)Z22
ot o, axj<p( ot t)(?:c)’

0pZ"  Opi; 2" 0 . 87" AV
- D,+D 2pD,(22) — 16

_ % X

O , OpiX _ 0
8t &cj al’j
Lk . pC.k ( 07

2 ~
X312
— Cyu=|S| .
t Se, (91,‘j> + 4,Utk| ’

(17)

In the present work, the molecular diffusivity D is estimated with thermal
diffusivity «, given the absence of species such as Hy. The turbulent diffu-
sivity is calculated using D; = p;/(pSc;). In Eqn. , Ci, Oy, C3 and C4
are model constants. They are set to C; = 1.0, Cy, = 1.8, C5 = 1.7 and
Cy = 1.4 [61] in the current study.

The chemical timescale can be obtained from the Jacobian matrix (J) of
the chemical source terms [63], 64]. The decomposition of the source term
Jacobian matrix is accurate but time consuming, especially when a large
mechanism is used. As an alternative, the formation rates can be used.
The chemical timescale of each chemical species can be approximated with
the ratio of the species mass fraction and formation rate in the reactive
structure [14) [65]: -

Tes = m (18)

After removing the dormant species (characterised by a formation rate

smaller than 10716571, the slowest chemical time is chosen as the character-

10
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istic chemical timescale.

Te = Max(Teys). (19)

The threshold species formation rate cannot be too large, otherwise the
minor species which are important to the chemical reaction will be left out.
At the same time, it cannot be too small, so that the dormant species with
very low formation rates can be excluded. After a sensitivity analysis span-
ning 6 decades from 10757 to 10715571, the value of 10716571 is chosen as
the threshold to define the dormant species. As smaller values are not found
to affect the determination of chemical time scale. A detailed discussion
about the choice of the threshold is reported in the supplementary material.

Finally, the mean source term w, in the species transport equation is
expressed as:

Ws = H/}’(Y;*—*—Y;O)’ (20)

T

where 7* is the residence time in the reactive structure. In the present
work, the mixing timescale is used as the residence time 7*. Indeed, the
characteristic residence time in the reacting fraction should not only be based
on the mixing time scale, but also accounting for the characteristic chemical
time scale. For the current investigated system, the chemical time scale is
always larger than the mixing time scale, indicating that the characteristic
residence time can be estimated using the mixing time, as shown in the
supplementary material. A canonical reactor is solved to obtain the value

of Y.*. The reactive zone is modelled as an ideal reactor evolving from the

initial value of Y:

ayr w
2 — =2 (21)
dt p
The term w, represents the instantaneous formation rate of species s. The

Ay
dt

model, the intensity of turbulence-chemistry interactions are quantified by

final integration of over the residence time of 7* is Y;*. In the PaSR

11
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the factor k, defining the fraction of the reactive structure in the cell, which
is directly affected by the values of the chemical and mixing time scales. In
other words, any change in 7. and 7,,;, will directly lead to the change of

source terms.

3. Methodology

3.1. Ezxperimental Approach

The experimental validation data are newly obtained and presented here
for the first time. These experimental data complement those reported by Ye
et al. [§], undertaken in the same JHC burner using n-heptane as fuel. The
JHC burner used in this study has a cooled central jet with the inner diam-
eter of D = 4.6 mm [§]. The liquid n-heptane fuel is mixed with carrier air
and then preheated by a controlled evaporator and mixer (CEM). The tem-
perature of the mixture at the central jet exit plane is 412 K, which is higher
than the n-heptane boiling point (371 K). A secondary burner located 90 mm
upstream of the exit plane has an inner diameter of 82 mm. The secondary
burner produces the hot combustion products from a lean mixture of natural
gas, hydrogen, air and nitrogen. Changing the ratios of these gases allows
the coflow oxygen level and temperature to be varied independently. The
mean gas temperature, mean velocity and Reynolds number of the central
jet and hot coflow are reported in Table[I] The equilibrium composition for
species of Oy, Ny, HoO, CO5 and OH obtained from equilibrium calculations
with coflow adiabatic temperature are provided in Table

12
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Table 1: Jet and coflow characteristics

Profiles Central jet Hot coflow
Velocity 50 m/s 2.4 m/s
Temperature 412 K 1250 K
Reynolds number 10,000 1000

Table 2: Species mass fractions from equilibrium calculation

Species nCrHyg O, N, H,O CO, OH
Fuel stream  0.398 0.462  0.140 0 0 0
Coflow 3 % 0 0.0347 0.8382 0.0697 0.0573 2.27x107%
Coflow 6 % 0 0.0703 0.8034 0.0693 0.0570 2.68x107%
Coflow 9 % 0 0.1045 0.7696 0.0691 0.0568 2.96x107%

The mean and RMS values of temperature and species are measured us-
ing the optical techniques of Rayleigh scattering and planar laser-induced
fluorescence (PLIF) [8, 20]. Temperature, semi-quantified number density of
OH as well as the normalized CH,O-PLIF signal are reported at the axial
locations of 14.5 mm (3.2D), 22.5 mm (4.9D), 29.5 mm (6.4D), and 59.5 mm
(12.9D). The CH,O-PLIF signal is not quantified due to challenges with de-
termining the quenching rates. The uncertainty in the species profiles is the
principle source of uncertainty for the Rayleigh scattering and can be esti-
mated as smaller than 2% [66]. The typical uncertainty in the temperature

data in the coflow and reaction zone varies from 5% to 10% [15], 20, [67].

3.2. Numerical Configuration

Figure [2| presents a two-dimensional schematic of the axisymmetric do-

main. The axial direction is denoted with z, and the radial direction marked

13
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with . The bulk mean velocities used for the jet and coflow streams are
given in Table [I, with corresponding Reynolds numbers, and compositions
are given in Table

41 mm Y/

=
S
=3
=
Centre of fuel jet
/ nozzle (0,0)
r i
38.5 mm 53 mm
I |
Hot coflow Fuel jet

Figure 2: Two-dimensional schematic of the JHC burner.

A two-dimensional structured mesh is used in the simulation after a mesh
sensitivity analysis. The mesh sensitivity analysis is included in the supple-
mentary material. The mesh has 4450 hexahedral cells and 100 prisms. A
pre-inlet with the length of 100 mm including the burner wall is used. The
computational domain extends 100 mm further downstream. Only the fuel
jet and hot coflow streams are considered in the simulation, since the exper-
imental data are available up to 59.5 mm downstream of the jet outlet, and
mixing with fresh air from the surroundings (quiescent air) only has an effect
from 100 mm above the jet exit plane [§].

Because the turbulent Schmidt number Sc; is varied according to the

14
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specific flow nature, there is no universally-accepted formulation in the lit-
erature [68]. Furthermore, it is also indicated [41] that the optimal range of
Sc, is broad (from 0.2 to 1.5 for jet flows). Therefore, a sensitivity study to
the choice of the turbulent Schmidt number is first presented, setting the Sc;
to 0.7, 1.0, 1.2 and 1.3. The Pope correction [57] is used here in combination
with the standard k- turbulence model, to correct the spreading rate of the
jet. The PaSR combustion model with the dynamic calculation of mixing
timescale is adopted. The temperature, velocity and species mass fractions
from Tables [1] and |2 are used as boundary conditions. The mass fractions
for the species of Os, Ny, HyO, CO5 and OH are provided for the hot coflow
boundary, because the hot coflow is produced by a premixed CH,/Hy /N /air
flame. Furthermore, the species included in the hot coflow boundary have
equilibrium concentrations greater than 1 ppm by volume (viz. Og, Ny, COo,
H,0, OH). Medwell et al. [69, [70] and Evans et al. [T1] have noted the signif-
icant effects of minor species (going down to 0.1 ppb) on premixed reactors.
However, trace species (for example, O, H, CH,O) are significantly less im-
portant with volume fraction lower than 10 ppm and they have previously
been shown to not have a significant effect in the RANS simulations of jet-
in-hot-coflow flames [10, [71]. Therefore, such species are not included in the
boundary conditions. A reduced n-heptane mechanism with 106 species and
1738 reactions [72H74] was used for most simulations. Numerical results us-
ing a detailed mechanism with 654 species and 2827 reactions [75, [76] showed
minor differences when compared with the results provided by the reduced

one and they are presented in the supplementary material.

4. Results and Discussion

4.1. Turbulence Model Parameters

The influence of the turbulent Schmidt number on the mean temperature
and OH distribution is presented in Figs. [BH5| for each of the three coflow O
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levels considered. The temperature in the fuel jet is not measured, therefore
the experimental temperature values close to the centerline at axial locations
of 14.5, 22.5 and 29.5 mm are not available. It should be also noted that
the apparent OH signal along the jet centerline is an artefact of interference
from fuel Raman and is not indicative of OH. Importantly, this interference
only affects very near the centerline, as apparent by the rapid decrease with
radial distance—this interference does not affect the location or value of the
peak OH concentration.

Figure [3|shows that using a turbulent Schmidt number Sc¢; = 0.7 results in
early ignition of the jet flame for the case with coflow oxygen level of 9 %. A
generalized over-prediction of mean temperature profiles is observed at axial
locations z = 22.5, 29.5 and 59.5 mm. The location of peak temperature is
shifted slightly to the right (away from the centerline) for z = 59.5 mm. Fur-
thermore, the region with temperature above that of the coflow temperature
(1250 K) is broader than observed experimentally. On the other hand, using
Sc; = 1.3 leads to a 140 K under-prediction of the mean temperature at z =
59.5 mm. Low turbulent Schmidt numbers increase the scalar diffusivity (see
Eq. , leading to enhanced mixing between the fuel and oxidizer species,
thus promoting chemical reactions. However, high turbulent Schmidt num-
ber influences the flow in the opposite way; as a result, the flame ignition
is delayed. Setting Sc; to 1.0 or 1.2 provides satisfactory mean temperature

predictions.
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Figure 3: Mean temperature profiles obtained with various turbulent Schmidt numbers
(0.7, 1.0, 1.2 and 1.3), compared with the experimental data at several axial locations.

Coflow oxygen level of 9 %.

The differences between choosing Sc; = 1.0 and Sc¢; = 1.2 is revealed
through the OH distributions in coflows with oxygen levels of 3 % and 6 %
(shown in Figure {4 and [5)). The scale used for the locations of z = 14.5, 22.5
and 29.5 mm is different from the one used for z = 59.5 mm. No experimental
data are available at z = 22.5 mm for 3 % and 6 % O, cases—the numerical
values are shown as a comparison with the 9 % case. Since the OH number
density (molecules/cm?) is measured experimentally, the mole fractions of
OH are extracted from the simulations and converted for direct comparison.
At locations far from the centerline (r > 15 mm), the predicted OH level is
close to the experimental value with both Sc; = 1.0 and Sc; = 1.2. However,
the calculated OH peaks at z = 14.5, 29.5 and 59.5 mm are higher than the
experimental data when Sc; = 1.0 is chosen. Particularly at z = 59.5 mm,
where OH is over-predicted by more than six times. Choosing Sc; = 1.2 keeps
the OH peak value closer to the experimental data for both the 3 % and 6 %

cases, especially at z = 14.5 mm. At z = 59.5 mm, using Sc; = 1.2 still
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300 over-predicts OH for the coflow oxygen level of 3 %, although significantly
a0 less than with Sc; = 1.0. Based on this analysis, a turbulent Schmidt number

a1 of 1.2 was chosen for the remainder of the simulations.
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Figure 4: Mean experimental and numerical OH number density profiles at several axial

locations. Coflow oxygen level of 3 %. The scale used at z = 59.5 mm is different from

the one used at the other locations.
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Figure 5: Mean experimental and numerical OH number density profiles at several axial
locations. Coflow oxygen level of 6 %. The scale used at z = 59.5 mm is different from

the one used at the other locations.

Adoption of the Pope correction has major influence on the flow field of
the jet. Figure [6] shows the mean temperature profiles for the 9 % O, case,
with and without the Pope correction. Very similar predicted profiles are ob-
tained at z = 14.5/22.5/29.5 mm. At z = 59.5 mm, the standard k-¢ model
fails to predict the peak temperature location correctly, while results with
the Pope correction closely follow the experimental profile. Comparing the
jet decay on the centerline in Figure [7] a faster jet decay is featured after z
= 30 mm if no Pope correction is used. Moreover, Figure [§] indicates that
the spread rate is higher without Pope correction, which shifts the stoichio-
metric mixture location further away from the centerline. Ultimately, the

combination of Sc; = 1.2 and Pope correction is chosen in the current study.
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Figure 6: Mean temperature profiles obtained with and without Pope correction, compared

with the experimental data at several axial locations. Coflow oxygen level of 9 %.

Figure 7: Mean velocity profile on the centerline obtained with and without Pope correc-
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Figure 8: Mean velocity profile at 60 mm and 90 mm axial locations, obtained with and

without Pope correction. Coflow oxygen level of 9 %.

4.2. The influence of oxygen level

Figure [6] shows that the mean temperature profiles for the 9 % case are
very well predicted with the turbulent and combustion models chosen. The
predicted temperature profiles obtained for the 3 % O, and 6 % O, cases
are compared to the available experimental measurements in Figure [0] and
Figure [L10] The 3 % Oy and 6 % O, cases show peak temperature at z =
59.5 mm of about 1230 K and 1240 K, respectively, thus more than 100 K
lower than the maximum measured temperature for 9 % O, (around 1360 K)
case. The numerical model can capture the temperature levels quite well,
showing remarkable agreement with the measured data. As previously indi-
cated, no experimental data are available at z = 22.5 mm. With regard to the
measured temperature values which are not available close to the centerline,
according to the temperature profile at z = 59.5 mm for the 3% and 6% cases
(Figure [9) and Figure and at z = 29.5 mm for the 9% (Figure [3)), there is
no rapid increase of the temperature profiles. Therefore, it is postulated that
that there will be a moderate temperature rise close to the centerline. Such

conclusion can also be further substantiated by the OH profiles (in Figure ,
and later in Figure [11]).
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Figure 10: Mean experimental and numerical temperature profiles, at different axial loca-
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341 In Section the OH number density distribution for the 3 % O, and

2 6 % Oy cases was presented with two different turbulent Schmidt numbers.
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The OH profile of the 9 % Os case is shown in Figure [11] with Sc¢; = 1.2.
Slightly under-predicted OH number density levels are shown at axial loca-
tions of z = 14.5, 22.5 and 29.5 mm. However, a significant over-estimation
(approximately four times) can be observed at z = 59.5 mm, different from
the 3 % O (around two times over-prediction) and 6 % Os cases (no obvious
over-prediction).

Such significant difference in prediction is due to inaccurate prediction
of the flame weak-to-strong transition height. This is supported by Fig-
ure where the predicted OH number density profiles and experimentally
measured OH-LIF instantaneous images are presented. The model predicted
an later ignition location. However, the OH level is first increased to a peak
value and further decreased. Matching the ignition points of the model to the
experimental value leads to a more satisfactory agreement. The predicted ig-
nition location is approximately located at the location of z = 42 mm. While
the experimental one, according to the OH-LIF profile in Figure[I6] is located
at z = 25 mm. Therefore, the ignition location is over-predicted by around
17 mm with the numerical simulation. As a result, the OH number density
at z = 59.5 + (42-25) = 76.5 mm from the numerical simulation is compared
with the experimental value at z = 59.5 mm in Figure According to
Figure [I2] the over-prediction is alleviated at z = 76.5 mm and the shape of

the curve better matches the experimental profile.
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Figure 11: Mean experimental and numerical OH number density profiles at several axial

locations. Coflow oxygen level of 9 %.
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Figure 12: The predicted OH number density at the locations of z = 59.5 mm and z =

76.5 mm compared to the experimental profile.

In the present n-heptane flame, the production of CH5O is directly linked
to the formation of CO (see the chemical pathway presented in the supple-
mentary material), thus to heat release and flame ignition. The predicted

CH50 levels are compared with the experimentally measured PLIF signals,

24



368

369

370

371

372

373

374

375

in Figs. [13] [[4 and [I5] Both experimental and numerical CH,O profiles are
normalized between 0 and 1. The location of the peak values, and the gen-
eral shape, are well predicted. However, the experiments show an increase in
signal close to the centerline at all four axial locations, which is not reflected
in the CFD calculations. This increase is attributed to fuel- and PAH-LIF
in this region, though the extent of interference is not quantified. Never-

theless, the overall comparison of the CH,O profiles in the reaction zone is

encouraging.
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Figure 13: Mean experimental and numerical normalized CH,O number density profiles,

at different axial locations. Coflow oxygen level of 3 %.
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Figure 14: Mean experimental and numerical normalized CH,O number density profiles,

at different axial locations. Coflow oxygen level of 6 %.
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Figure 15: Mean experimental and numerical normalized CH>O number density profiles,

at different axial locations. Coflow oxygen level of 9 %.
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4.3. OH distribution
When analyzing the OH distribution for the three flames, a weak-to-

strong transition is observed, especially for the 9 % case, as shown in Fig-
ure where the modelled OH number density 2D contours are compared
with the experimental OH-LIF profiles [§]. The OH-LIF is only available
for the the 3 % and 9 % cases. Figure [16] also indicates the existence of a
transitional structure for the 6 % case, although not as clearly as for the 3 %
case.

The occurrence of this transitional flame structure was used to indicate
the transition away from the MILD combustion regime [10], indicating that
none of the cases reach MILD conditions [§, [[0]. To characterize such be-
haviour, the “weak-to-strong transition height” is used. From the numerical
perspective of view, the definition of such a transition height requires the use
of a number density threshold, whose value impacts the transition heights,
as indicated in Figure [I7]

EXP 3% CFD 3% CFD 6% CFD 9% EXP 9%

OH Number density

1.2E+15
1E+15
8E+14
6E+14
4E+14
2E+14
1E+14

Figure 16: Mean OH number density distribution for the 3 %, 6 % and 9 % coflow oxygen
levels, compared with the experimental OH-LIF images. The 6 % OH-LIF instantaneous
image is not available. The threshold OH number density of the numerical contour plot

is set to 10'* molecules/cm?3.
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When the OH number density threshold value is set to 10 or 5 x
10* molecules/cm?, a monotonic trend relating the flame transition height
and coflow oxygen level is observed. Moreover, the transition height for
the 3 % case is marginally affected by the threshold value. However, the
monotonic trend is lost when the threshold value is further reduced to 10
molecules/cm?. In this case, the transition height for the 3 % coflow oxygen

level becomes lower than the other two cases.
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Figure 17: Flame weak-to-strong transition heights in mm. The threshold values of 10*°,
5 x 10'* and 10**m, in molecules/cm?® of OH, are used to identify the flame transition

heights.

Figure [18 shows the the modelled OH streamwise number density gradi-
ent distributions from all three cases compared with the experimental flame
photographs. If the numerically modelled OH streamwise number density
gradient is used to define the flame weak-to-strong heights, there is a non-
monotonic trend. Compared to the experimental photographs, the modelled

height of the 3 % case is in the range of the experimental observed height. For
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the other two cases, the model predicts slightly higher values of the transition
heights. It should be mentioned that the flame weak-to-strong transitional
height for the experimental photographs should be estimated by imposing
a certain intensity threshold, indicating the existence of certain uncertainty.
However, it is influenced by multiple sources and there is no direct relation

to the OH number density or gradient of OH number density.
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Figure 18: Mean OH number density streamwise (axial) gradient distribution for 3 %, 6 %

and 9 % coflow oxygen levels compared with the experimental flame photographs taken
with an ISO sensitivity of 1600, exposure time of 1/15 second and an f-number of 2 [g].
The star denotes the location of the flame weak-to-strong height. The major and minor

ticks represent 20 mm and 5 mm, respectively.

4.4. Chemical time scale analysis

When the coflow oxygen level is reduced from 9 % to 3 %, the higher
dilution of the fuel-oxidiser mixture reduces the reactivity, and this results
in higher values of the characteristic chemical timescale. Figure shows
the chemical timescale distributions for the three cases. The region with
chemical timescale longer than 1 s, covering most of the area far away from
the centerline, represents the chemically inactive zone. As discussed in Sec-

tion , the chemical timescale is evaluated as 7., = % (s denotes the
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st species in the chemical mechanism, and 7. is clipped at 1 s. Despite the
differences in the width of these regions, the chemical timescales are similar

in magnitude for all three cases, for z < 40 mm.
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Figure 19: Chemical timescale distribution for the 3 %, 6 % and 9 % coflow oxygen levels.
The active chemical time clipping value is set at 1 s. The isoline of stoichiometric mixture

fraction is presented with a solid blue line.

Figure [19] also shows that the active region of the 9 % O, case tends to
expand—and becomes chemically faster (more active) than the other two
cases—in the region z > 45 mm, with shorter chemical timescales (below
5 ms). On the other hand, the 3 % and 6 % cases show narrower chemically
active zones. With increased oxygen level, the fuel is decomposed faster and
the reaction zone is propagated further into the fuel stream [77]. Increased re-
activity results in higher heat release rate peak for the 9 % O,. This matches
the high OH number density gradient at around z = 40 mm (Figure , 9%
case). The widening of the region of low chemical timescale (high reactivity)
for the 6 % O, is localised at around z = 60 mm (Figure [L9). For the 3 %
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O case, an area with low chemical timescale is visible only after z = 80 mm,
showing the reduced reactivity of this case.

Figure shows line plots with the minimum chemical timescale value
along the axial direction. For all the three cases, there exists a slow decrease
of chemical time starting from z = 0 mm and a drastic drop at around z
= 45/60/80 mm, for 3/6/9 % coflow levels, respectively. Such observation
concurs with the 2D contour plot in Figure (19|
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Figure 20: Minimum chemical timescale values along the axial direction for the cases with

3%, 6 % and 9 % coflow oxygen levels.

The contours of chemical timescale distribution for the three oxygen lev-
els show the effect of the increased availability of oxygen on the reactivity
of the system. This directly impacts the combustion model via the react-
ing fraction k. Furthermore, the analysis of the mixing timescale (shown in
supplementary material) for the three cases indicates very similar distribu-
tions regardless of the oxygen level. The same was reported by Evans et al.
on CoHy and CH,/Hy JHC flames with varied coflow oxygen levels [78] [79].
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Therefore, the chemical time scale becomes the controlling parameter for the

determination of x and the final mean reaction rate, w.

4.5. Investigation on negative heat release rate region

Previous numerical studies on methane by de Joannon and co-workers [3]
44] demonstrated the absence of a net negative heat release rate region in
MILD combustion, because of the suppression of pyrolytic reactions. Line
and contour plots of the heat release rate with three different coflow oxygen
levels are presented in Figs.[2I]and[22] Both figures show that a negative heat
release rate region exists for all the cases. This conclusion agrees with that
of Ye et al. [§], who demonstrated the dependence of the net heat release
rate profile on strain-rate. Furthermore, studies of laminar opposed-flow
flames noted that the net negative heat release rate region only vanished for
n-heptane in highly diluted conditions (99% Ny by volume [80]). However,
in contrast to this, additional two-dimensional simulations with coflow O,
concentrations of 1 % and 2 % (shown in supplementary material) suggest
that the negative heat release rate region still exists if the coflow oxygen
level is reduced to 2% and 1% in the numerical simulations (profiles shown
in supplementary material) and the absolute value for negative heat release
rate is even higher with lower oxygen content, thus following the trend shown
by the 3%, 6% and 9% cases. Moreover, reducing the coflow oxygen level

below 3% leads to very weak transitional OH signals.
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Figure 21: Heat release rate (HRR) for the cases with 3 %, 6 % and 9 % coflow oxygen
levels at several axial locations. Note the heat release rates are plotted in logarithmic scale
(base 10) and multiplied with the HRR sign.
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Figure 22: Heat release rate (HRR) for the 3 %, 6 % and 9 % coflow oxygen cases, with

superimposed axial strain rate streamlines. The units for strain rate and HRR are s~!

and W/m3, respectively. The isoline of stoichiometric mixture fraction is presented with

a solid green line.

The influence of strain rate on the net heat release rate in laminar opposed-
flow flames was analysed by Ye et al. [§], spanning several orders of magni-
tude. Their results showed that the 9 % O, case was always characterised
by a larger absolute value of negative heat release rate than the 3 % O, case.
One significant difference between different oxygen dilutions is the trend be-
tween the absolute value of negative heat release rate and the strain rate.
For the 9 % O case, the absolute value of HRR increases monotonically

! whereas it decreases

as the strain rate is increased from 80 s=! to 320 s~
monotonically for the 3 % O; case in the same range.

In Figure 22 the heat release rate is represented with filled color maps,
with superimposed lines of strain rate values and the isoline of stoichiometric

mixture fraction. It is shown that the negative heat release rate regions
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for all the three cases are located in the rich part of the flames. In the
3 % O, case, a region of negative heat release rate extends along the whole
simulation domain, over a wide range of axial strain rates (up to 500 s71),
parallel to the positive heat release rate region. In the 6 % and 9 % O, cases,
the area of positive heat release rate becomes wider while the net negative
region shrinks. The regions of negative heat release rate for the 6 % and
9 % Oy cases are located mainly around the low and medium strain rates.
This observation does not concur with the results from Ye et al. [§], who
showed that the 9 % O, tends to have more negative heat release rate when
larger strain rate is applied. However, the strain rate from Ye et al. [§] is
perpendicular to the flame front direction, while the strain rate discussed in
this paper is in the axial direction. Furthermore, the axial and radial strain
rate profiles are very similar across all cases (as shown in the supplementary
material). It is therefore reasonable to conclude that the existence of the
negative heat release rate is not dominated by the flow-field, but rather by
chemical reactions.

As explained by Ye et al. [§], the negative heat release rate region for
the 3 % case appears because the n-heptane fuel pyrolysis process is not sup-
pressed by the low temperature and low oxygen concentration, it can proceed
through alternative paths which are featured by lower activation energy. A
detailed discussion concerning the chemical pathway for n-heptane low tem-
perature pyrolysis process can be found in the supplementary material.

It is found that two parent fuel low temperature pyrolysis paths exist to
produce C;H;5 isomers or alkyl radicals, such as pC4Hg and nC3H7. Then,
through secondary pyrolysis, smaller hydrocarbon molecules such as CoHy
and CyHj are formed. Figure presents selected key species involved in
n-heptane pyrolysis and oxidation. The production of nC;H;5 from H atom
abstraction is highest close to the burner exit for all the three cases. The

H atoms are consumed by Oy to produce HO,, as indicated by the H and
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HO, species distribution and formation rate in Figure 24} In particular, the
amount of H radical close to the jet exit is higher for the 3 % case than the
other two cases and the regions showing a peak of HO, formation rate overlap
with the location of high nC;H;5 concentration. HO, is produced from H via
the reaction H + Oy + Ny = HOy + Ny. Moreover, the backward reaction
of OH + HOy = O, + H,0O further contributes to the production of HO,.
According to the investigation of non-premixed methane/hydrogen flames by
Evans et al. [81], an increase in the availability Oy in the coflow promotes
the backward reaction rate of OH + HOy = O, + H5O and the forward
rate of 20H (+M) = O + HyO (+M). Additionally, increasing the available
O, in these cases decreases the influence of the forward third-body reaction
involving No: H + O2 + Ny = HO, + No [R1].

The distribution of nC;H;5 and nC3sH~, close to the burner exit is very
similar for all oxygen levels, until z = 60 mm (Figs. and . Above z =
60 mm, the production of nC;H;5 and nCsH; are increased with the elevated
level of oxygen in the coflow. Similar observations can be made for CoHs,
which is a product from the secondary fuel pyrolysis (Figure . When
the temperature is low, the endothermic reactions are not suppressed for the
lower oxygen level cases, as occurs with simple fuels under MILD condition [3]
44), because of the existence of multi-path pyrolysis processes. Moreover, the
production of CO is quite low, especially upstream (see Figure . The
oxidation of CO to CO, results in the largest positive heat release rate.
Without the heat release from COs formation, the negative heat release rate
due to pyrolytic processes cannot be compensated, resulting in the observed
higher absolute values of the negative heat release rate region for the lower

coflow oxygen levels.
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Figure 23: Mass fractions of species involved in the n-heptane chemical pathways for 3 %,

6 % and 9 % coflow oxygen levels.
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Figure 24: Mass fractions and formation rates of H and HO5 for 3 %, 6 % and 9 % coflow

oxygen levels.

5. Conclusions

Unsteady RANS simulations were carried out to investigate the character-
istics of the n-heptane turbulent flames in a jet-in-hot-coflow (JHC) burner.
The PaSR combustion model was used with detailed chemistry and a dy-
namic evaluation of the mixing timescale. The results of these simulations
were used to support the interpretation of newly available experimental data
from laser-based diagnostics. The current article is the first investigation in

the JHC configuration with n-heptane as the fuel with RANS simulations.
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The chemical complexity and turbulence-chemistry interactions which lead to
distinct features that are different from using simple fuels like CHy/Hy/CoHy
are presented. The use of unsteady RANS with reactor-based models and

detailed chemistry offer a number of insights which can be summarized as:

— A turbulent Schmidt number of 1.2 and the use of the Pope correction
for the jet spreading rate provide the most satisfactory predictions on
mean temperature, OH number density and CH5O signal. The tur-
bulent Schmidt number used in the present work helps decreasing the
turbulent diffusivity of the chemical species, retarding ignition in agree-

ment with the experimental observations.

— The numerically modelled flame weak-to-strong transition height de-
pends on the threshold value used for the OH number density. For
threshold values above 5 x 10 molecules/cm?, a monotonic decreasing
trend is observed as a function of the oxygen level in the coflow. How-
ever, such observation is not valid when the threshold OH number den-
sity value is further reduced to 10'* molecules/cm?. In this case, non-
monotonic trend between flame weak-to-strong height and the coflow
oxygen level is captured. The predicted flame weak-to-strong transi-
tion heights based on the streamwise gradient of OH number density
also show non-monotonic behaviour. Therefore, changing the threshold
of OH number density value or the definition of flame weak-to-strong
transition height can affect the interpretation of the predicted trend for

flame transition height, hence impacting the classification of the flame.

— A transitional flame structure can be observed for the 3 % O, case,
based on the distribution of OH number density (threshold set to 10
molecules/cm?), and on the chemical timescale distribution. This is in

agreement with the experimental findings.
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— Two chemical pathways in n-heptane allow an alternative pyrolysis
path with lower activation energy in low temperature and low oxygen
conditions. This leads to expanded negative heat release rate region as
the coflow oxygen level decreases; and such region is not associated to
a specific range of strain rates. Such observation indicates that none of

the three coflow oxygen level cases reach fully MILD condition.

In summary, it is more difficult to achieve MILD combustion using n-
heptane than with the simple fuels like methane and ethylene. Due to the
existence of two pyrolysis chemical pathways, the appearance of the tran-
sitional structure in n-heptane flames happens at lower coflow oxygen level

compared to simple fuels.
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