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ABSTRACT

The effects of strain rate history on turbulent flames have been studied in the past decades with 1D
counter flow diffusion flame (CFDF) configurations subjected to oscillating strain rates. In this work, these
unsteady effects are studied for complex hydrocarbon fuel surrogates at engine relevant conditions with
unsteady strain rates experienced by flamelets in a typical spray flame. Tabulated combustion models
are based on a steady scalar dissipation rate (SDR) assumption and hence cannot capture these unsteady
strain effects; even though they can capture the unsteady chemistry. In this work, 1D CFDF with varying
strain rates are simulated using two different modeling approaches: steady SDR assumption and unsteady
flamelet model. Comparative studies show that the history effects due to unsteady SDR are directly pro-
portional to the temporal gradient of the SDR. A new equivalent SDR model based on the history of a
flamelet is proposed. An averaging procedure is constructed such that the most recent histories are given
higher weights. This equivalent SDR is then used with the steady SDR assumption in 1D flamelets. Re-
sults show a good agreement between tabulated flamelet solution and the unsteady flamelet results. This
equivalent SDR concept is further implemented and compared against 3D spray flames (Engine Combus-
tion Network Spray A). Tabulated models based on steady SDR assumption under-predict autoignition and
flame lift-off when compared with an unsteady Representative Interactive Flamelet (RIF) model. However,
equivalent SDR model coupled with the tabulated model predicted autoignition and flame lift-off very
close to those reported by the RIF model. This model is further validated for a range of injection pres-
sures for Spray A flames. The new modeling framework now enables tabulated models with significantly
lower computational cost to account for unsteady history effects.

© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

cies showed a phase shift between the oscillations and the flame
response. Similarly, Kistler et al. [4] carried out experimental and

Turbulent non-premixed flames are subject to unsteady strain
effects, also referred to as history effects. The influence of un-
steady strain on flames with respect to ignition, extinction, and
species concentration has been the focus of numerical and experi-
mental work by many researchers in the past decades. Peters and
William [1] discussed a flame stabilization mechanism for non-
premixed counter flow diffusion flames (CFDF) based on quench-
ing limits of flamelets and their dependence on scalar dissipation
rate (SDR). This was also supported by findings of Mastorakos et al.
[2]. Egolfopoulos et al. [3] numerically studied 1D CFDF with pe-
riodic strain rates. The flame response was quasi-steady for very
high and very low frequencies. However, the intermediate frequen-
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numerical study of CFDFs and observed that for very low and high
frequencies in strain oscillations, the behavior was quasi-steady.
Extinction was not observed for very high frequencies with peak
strain values beyond quenching limits. Im et al. [5] studied CFDFs
under oscillating strain with similar conclusions. It was suggested
that as the strain rate increases beyond the extinction limits, the
flamelet needs some time to respond to this rapid change. If the
time scale of oscillation is not long enough then these high strain
rates are not sufficient for the flame to extinguish. Similar results
were observed by Brown et al. [6]. Barlow et al. [7] studied the
effect of a temporal step change (sudden decrease) of strain on
flamelets experimentally as well as numerically using the steady
flamelet assumption. The results showed that the steady flamelet
assumption over-predicted the OH and CO species concentrations.
Overall, these studies show that the flame response, including its
ignition characteristics depends not only on scalar dissipation rate,
but also on its history.

0010-2180/© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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The Representative Interactive Flamelet (RIF) model solves the
unsteady flamelet equations at each time-step, thus accounting for
the history effects in flamelets. These models have been imple-
mented in a number of simulations over a wide range of spray
combustion regimes from HCCI (homogeneous charge compres-
sion ignition) to diesel combustion [8-16]. However, the need for
multiple flamelets and the online solution of flamelet equations
at each time step have resulted in these models being compu-
tationally expensive and prohibitive for high-fidelity engine sim-
ulations. A less expensive method is to solve the flamelet equa-
tions a priori, for a range of conditions and tabulate the species as
a lower dimensional manifold. The unsteady nature of chemistry
is accounted in these manifolds through the implementation of a
progress variable. This category of tabulated flamelet models in-
clude Flamelet Progress Variable (FPV) [17,18], Unsteady Flamelet
Progress Variable (UFPV) [19-21] and Flamelet Generated Mani-
folds (FGM) [22-25].

Large chemistry mechanisms necessary for accurate simulation
of hydrocarbon fuels lead to high computational costs. Efforts have
been directed towards speeding up stiff chemical kinetics calcula-
tions [26]. Tabulated flamelet models have been used extensively
and have successfully reduced computational costs in practical
combustion problems while incorporating high fidelity chemistry
mechanisms. The progress-variable type unsteady models, which
can take into account unsteady chemical kinetics, however, cannot
account for the effect of unsteady strain rate history. The lower
dimensional manifolds are generated for a range of SDRs by solv-
ing the flamelet equations. During these computations the SDR of
each flamelet equation is kept constant. This is referred to as the
steady strain assumption and implies that the flamelet can instan-
taneously adjust to the local scalar dissipation rate. As a result, the
resulting model cannot capture the effect of unsteady strain rate
history of a flamelet. Various approaches that attempt to incorpo-
rate unsteady effects in recent years have been primarily restricted
to oscillatory strain for flames under atmospheric pressures. Ha-
worth et al. [27] studied the effects of time varying strain rates
on flamelets and suggested a formulation to calculate an equiva-
lent strain based on the history of the strain rate. The equivalent
strain was then coupled with a tabulated steady flamelet library.
It needs to be investigated how these methods can be applied to-
wards unsteady tabulated flamelet libraries. Cuenot et al. [28] pro-
posed the idea of calculating an equivalent strain based on the his-
tory of a flamelet. This formulation and its validation was based on
single-step chemistry and a single time scale associated with the
frequency of strain rate oscillations. For chemistry involving mul-
tiple species, an equivalent strain needs to be calculated for each
species. Delhaye et al. [29] developed a framework to incorporate
unsteady effects in FGM based on 2D (with 2 controlling variables)
and 3D (with 3 controlling variables) manifold. This was used to
predict species for a flamelet subject to periodic strain rate and
compared with detailed unsteady simulations using GRI 3.0 chem-
istry mechanism [30] for methane. The 3D manifold resulted in
better comparisons with the unsteady periodic strain rate simu-
lation. In contrast to the 2D manifold, this did not exhibit a phase
shift relative to the unsteady simulations. The work was further
extended to extinction limits by Delhaye et al. [31].

Studies based on periodic strain rate oscillations may be rele-
vant to a number of applications. However, these findings cannot
be generalized to other configurations, such as the configuration of
interest here, which corresponds to spray flames under diesel-like
conditions [14,15]. More importantly, it is essential to capture the
onset of autoignition and the transition to lifted flames. A strong
correlation between these parameters and pollutant formation has
been established for diesel flames. The scalar dissipation rates in
spray flames experience much larger gradients and decay expo-
nentially over a short period of time, as the flamelet like struc-

tures move away from the nozzle, as shown in previous studies by
our group [14]. Understanding the unsteady history effects in these
flames that lead to the onset of autoignition or extinction behavior
is a principal motivation for this work. More importantly, the abil-
ity to exploit a tabulation scheme for these effects as an alterna-
tive strategy to in situ unsteady flamelet simulations may provide
a significant computational saving, given the chemistry complexity
associated with practical fuels.

The objectives of this work are two-fold. The first objective is
to quantify these history effects and to investigate if these ef-
fects are significant for diesel injection applications. The second
objective is to develop a model that can incorporate these effects,
and implement a tabulation approach for these effects to over-
come the inherent computational cost of in situ unsteady flamelet
simulations. Strain rates in flamelet computations are best rep-
resented through an equivalent contribution in mixture fraction
space, the SDR, which is normally identified with the dissipation
rate at stoichiometric mixture conditions. In the following sections,
we first attempt to quantify the contribution of dissipation rate
and its temporal variations on the autoignition process and sub-
sequent high-temperature combustion (Section 2). Then we pro-
pose an equivalent dissipation rate model that is designed to cap-
ture dissipation rate histories as presented in Section 2.4. Finally,
this concept is validated for 1D flamelet calculations (Section 3),
and 3D RANS simulations are presented and discussed in Section 4.
Conclusions are presented in Section 5.

2. Evaluation of history effects in 1D flamelets under
diesel-relevant conditions

To understand the role of unsteady dissipation rates on the
evolution on autoignition and the formation of non-premixed
flamelets, 1D unsteady flamelet simulations are carried out. The
same simulations will provide the database to construct the equiv-
alent dissipation rate model discussed below. The flamelet prob-
lem is set up for high pressure engine relevant conditions with n-
dodecane as the fuel surrogate for diesel. The pressure is set to 60
bar and oxidizer stream is diluted with CO, and H,O as per engine
relevant Sandia Spray A exhaust gas re-circulation (EGR) conditions
[32]. The ambient oxidizer temperature is set at 900 K. The stoi-
chiometric scalar dissipation rate for the flamelet is varied linearly
over time in the first part of the 1D study. The flamelets are ini-
tialized at unburnt conditions and the unsteady igniting flamelet
problem is solved up to 0.63 ms. The 106 species n-dodecane
chemistry mechanism with 420 reactions is used to model the
chemical kinetics in the unsteady flamelet and all the other 3D CFD
simulations [33].

In the section below, we study a 1D counter-flow diffusion
flame subject to time-varying scalar dissipation rates with 3 differ-
ent modeling approaches. They include (1) the unsteady flamelet
model, which is the most accurate, and also the most expensive
method for determining the effects of time-evolving dissipation
rates, (2) the steady SDR flamelet approach, which looks up the
solution of the current SDR without accounting for its time his-
tory, and (3) the equivalent SDR model, which is proposed within
the context of the present work.

2.1. Unsteady flamelet model

In this model, the following unsteady flamelet equations are
solved:
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where x = Xst% and f(Z) = exp[—2(erfc1(22))?]
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In these equations, Y; is the species mass fraction, p is the density,
w; is the species source term. Cp is the specific heat at constant
pressure, P is the pressure, h is the enthalpy and yx is the scalar
dissipation rate. Unity Lewis number (Le;) number was assumed
in this study. At each time-step, the stoichiometric scalar dissipa-
tion rate changes and is updated for the flamelet equations. Thus,
this numerical model is capable of incorporating unsteady strain
effects, i.e., the history of the strain rate is accounted for in the
model, and ignition of flamelets will be dependent on the previous
history of the flamelet. This modeling approach is the equivalent
of the RIF model in 1D.

(2)

2.2. The steady SDR flamelet assumption

A 1D flamelet model, which mimics the solution retrieval
from a tabulated manifold, is developed in this section. Tabulated
flamelet libraries are generated a priori for a range of stoichiomet-
ric SDRs. This constant SDR assumption neglects history effects. In
order to mimic the solution from a tabulated method, the follow-
ing scheme is implemented in the 1D flamelet solver. The flamelets
are first initialized to unburnt conditions. The scalar dissipation
rate is then updated, which is a function of time. The partial dif-
ferential equations (PDE) are now solved from time t =0 up to
the current time step t;. The flamelet solution is finally available
for time t;. The stoichiometric scalar dissipation rate changes with
time. For the solution at second time step, t,, the flamelet is again
reinitialized to the unburnt condition and the PDEs are solved from
time t=0 to t, with the new value of scalar dissipation rate. The
solutions are then stored for time t,. This is done iteratively for
the entire simulation time. Thus, the solution at each time step is
independent of the previous time step and a function of the SDR
at the current time step. This eliminates the history effects of the
temporally changing SDR. It is important to note that this proce-
dure eliminates only the unsteady effects of the changing scalar
dissipation rate. The unsteadiness related to chemical kinetics is
preserved. This numerical procedure mimics the solution retrieval
from a tabulated manifold, with unsteady chemistry, but without
incorporating interpolation and tabulation errors. This enables a
more consistent comparison with the other models.

2.3. Evaluation of history effects in flamelets

Figure 1 shows the temporal variations in stoichiometric scalar
dissipation rates experienced by different flamelets in a spray
flame [14]. The multiple flamelet RIF model consists of injecting
the multiple flamelets sequentially based on injected fuel mass.
Consider a 10 mg fuel spray injection event modeled using 10
flamelets. The first flamelet is initialized and transported during
the first 1 mg of fuel injection. The second flamelet is initialized
at the end of 1 mg of fuel injection. This process is continued for
the entire injection duration with a new flamelet being initialized
in succession. The values presented for the SDRs and their rate of
variations are consistent with the experimental conditions of inter-
est, which correspond to ECN Spray A. These dissipation rates vary
from 0 to 380 s~!. At the start of spray, the stoichiometric regions
are close to the spray region and hence experience very high .
As these regions move away from the spray regions, xs: decreases
sharply and then reaches a steady state. Similar observations were
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Fig. 1. Scalar dissipation rates experienced by flamelets during diesel fuel spray in-
jection.

reported by D’Errico et al. [15]. History effects due to such large
temporal gradients need to be evaluated for diesel engine condi-
tions. In this part of the study, flamelets under high temperature
and pressure conditions are subjected to varying SDRs and evalu-
ated using the two models described in the previous sections. The
differences between the results from the two models demonstrate
the influence of history effects on an igniting flamelet. In order to
study the effect of varying SDRs systematically, the flamelet prob-
lems are first studied with uniformly varying SDR, i.e., constant
dé‘;f. The results of such variations on flamelets are shown in Fig. 2.

Figure 2 shows the maximum temperature as a function of time
for the flamelets and their stoichiometric scalar dissipation rates
on the secondary y-axis. It is observed that for a low gradient
case, (% = 2.3 x 10* s-2) the ignition observed from the unsteady
RIF-1D equations is close to the predictions from the steady strain
model. Thus, the history effects do not have an impact on autoigni-
tion under such conditions where the x in a flamelet is changing
slowly and the quasi steady assumption is valid. However, as the
rate of change of SDR is increased, the difference between ignition
predicted by the RIF model and steady strain assumption keep in-
creasing. As the SDR decreases at a faster rate, the flamelet needs
some time to adjust to the lower g, as also observed in previ-
ous studies [7]. The RIF model is sensitive to these history effects
and ignites at a later time step compared to the steady strain as-
sumption. The ignition delay as a function of dgt“ is summarized in
Fig. 3. The ignition delay for each flamelet was defined as the time
at which the maximum gradient of maximum temperature occurs.
Thus, it is clear that the difference in autoignition of flamelets due
to history effects is proportional to the magnitude of the tempo-
ral gradient in SDR experienced by the flamelet. These 1D results
also show that autoignition in diesel engine conditions are sen-
sitive to the history of the scalar dissipation rates and there is a
need to account for such effects. Tabulated models operating un-
der the steady SDR assumption will predict a different ignition de-
lay compared to the more accurate in situ models like RIF.

2.4. The Equivalent SDR model

The two approaches that are already discussed above have pos-
itive attributes with respect to implementation on a CFD solver.
The unsteady flamelet approach (RIF) is more accurate; but it
must be implemented in situ, which makes the incorporation
computationally expensive. The added computational cost is com-
pounded with the cost of integrating complex fuels’ chemistry.
The second approach of tabulating a manifold is computationally
more efficient. However, it does not incorporate history effects,
which affects among other measures, the onset of autoignition
and the overall combustion process. The aim of this model is to


Apoo7rv


Apoo7rv



P. Kundu et al./Combustion and Flame 176 (2017) 202-212

2300 ~-Unsteady Flamelet (RIF-1D) ] %
2100 o Steady Strain &h 70
Z —SDR !
2 a
<1900 / o0
3 o
$1700 ||d K 0%
2 ‘;{5‘ =2.3x10* o L
S1s00 || dt 7 0=
E —
51300 30
g d
£ o
% 1100 — 20
2
900 et 10
OE+0 2E-4 4E-4 6E-4
Time(s)
2300 ,,,,,L 8
dys:
— 4 3
2100 ‘ dt | — 6.3x10 (7
< ]
3 (]
21900 %
3 [}
3 []
1700 AN
g —p e Il &
51500 3 w03
—
€ 1300 i %
£ £
‘§ 1100 jf_,,ﬂﬂ“—"f 20
900 10
OE+0 Time(s) 6E-4

205
2300 80
dxse| 4 s
200 ||, | = 3.1x10 1 70
I~ t ]
T o
21900 ' 60
=1 ol
® o
$1700 2 505~
8 b
< [
& 1500 ;;/ 40 >3
€ 1300 4 30
£ S=ug ot
%1100 7 20
s
900 o2 10
OE+0 Time(s) 6E-4
2300 7 80
Xst _ 4 procors
3
£1900 - . 60
®
51700 o 50 5~
2 — b
81500 N 40 %
§1300 1 ,/ 30
= o [
31100 o 7 | 20
= f—ﬂﬂz’i ——
900 10
0E+0 Time(s) 6E-4

Fig. 2. Autoignition of flamelets under varying scalar dissipation rates for different imposed gradients. Flamelet RIF-1D is shown in red lines; steady SDR model, which is
equivalent to a tabulated flamelet is shown by blue symbols. The imposed x as a function of time is shown by the black solid lines. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Ignition delays for flamelets with different temporal gradients in y as a
function of |d§;‘ |. The steady SDR assumption leads to a shorter ignition delay
than the RIF-1D model. The differences due to history effects become significant
for larger gradients.

incorporate the effect of unsteady SDR in a tabulated flamelet
framework. For a given unsteady flamelet problem, the history of
the scalar dissipation rate is known up to the current time step.
Based on the previous history, an equivalent SDR is calculated us-
ing an averaging procedure. This equivalent SDR accounts for the
unsteady SDRs experienced by the flamelet. The basic premise of
the proposed equivalent SDR model is that the most recent histo-
ries of the flamelet will contribute more to the current solution of
the flamelet than its older histories. A weight function is imple-
mented for this averaging procedure, which can be expressed as
follows:

e20t

w(t) = (3)

e20c + e20t

300 1
]
i
] 0.8
]
]
il ] 0.6
(7] ) —
-~ ] Kl
+ ]
2 3
> | 0.4
100 |
(]
]
' 0.2
0 0

0 Normalized Time (t) 1

Fig. 4. Weight function on secondary y-axis (right) along with the flamelet SDR
history plotted with respect to non-dimensional time, for different values of the
parameter c. At each time-step, the weight function is used to calculate a weighted
average SDR over the flamelet’s history.

The limits of the weight function are from 0 to 1 as required
for the averaging procedure and c is a parameter that controls the
distance of the step from t=0 as shown in Fig. 4.

An equivalent SDR is calculated using weight averaging for a
flamelet with varying SDR. Figure 4 shows the temporal varia-
tion of SDR corresponding to Spray A flame, plotted against non-
dimensional time [14]. The figure also illustrates the shape of the
proposed weight function, which represents a function that grad-
ually transitions from a value of 0 (no influence) to 1 (most influ-
ence). The current time since the start of the flamelet initialization
is used to normalize time; thus, t=1 represents the current time.
At each time step of the flamelet calculation, the history of the
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scalar dissipation rate xg/(t) is known. The equivalent SDR at each
time step is calculated using the following equation:

[ xse@®w(t)dt
Xe= [w(t)dt

This equivalent SDR is then used as the stoichiometric SDR for
the flamelet. This model works on the approach similar to that
of the steady SDR model approach where the SDR is replaced by
an equivalent SDR. Consider an example where the parameter ¢
= 0.7. When the equivalent SDR is calculated using Eq. (4), the
SDRs corresponding to the normalized time greater than 0.7 will
contribute more towards the average. The SDRs corresponding to
normalized time less than 0.7 will gradually contribute less to the
average. Thus, by implementing the step function, the most recent
history will contribute more to the equivalent SDR. This process
can be controlled by the variation of c. Smaller values of ¢ will
shift the step function to the left and result in more time averaging
and vice-versa. This equivalent SDR is then used in the steady SDR
1D model described in the previous section. The following sections
show the effect of this model and the influence of the correction
factor c.

(4)

3. The Equivalent SDR model - 1D

To demonstrate the effects of the equivalent SDR model on the
flamelet response and autoignition delay, the flamelets are sub-
jected to different temporal gradients (dys/dt) in scalar dissipa-
tion rates like the previous study [14]. The equivalent SDR model
is applied to the steady strain assumption described in the previ-
ous section. The equivalent SDR model calculates an averaged yxs:
at each time step and couples it with the steady SDR assumption
model. Parametric variations in c¢ are reported on the first sub-
figure on the left in Fig. 5. It is observed that the use of the equiv-
alent SDR shifts the maximum temperature curve towards the un-
steady results. For smaller gradients, higher values of ¢ are enough
to predict the unsteady results and vice versa, i.e., more time aver-
aging is required for higher gradients. Clearly, the optimum value
of c depends on dys:/dt. These sets of 1D flamelet simulations with
different gradients are used to construct a correlation between
dxs/dt and the optimum c. This correlation enables the equiva-
lent SDR model to be independent of tuning parameters and the
correction factor c is calculated dynamically at each time step for
cases where xg: varies non-linearly.

3.1. Validation of equivalent SDR concept for non uniformly varying
SDRs in flamelets

The previous sections discussed application of the equivalent
SDR concept for cases where the SDRs were varying linearly.
However, as shown in Fig. 1, the change in SDR experienced by
flamelets in spray flames under engine conditions are non-linear.
The temporal gradient changes continuously at each time step. In
this section, the variation of SDR from a spray flame is imposed on
a 1D flamelet as shown in Fig. 6. This temporal variation in xg; is
obtained from one of the RIF flamelets from the Spray A simulation
in [14]. The conditions are the same as Spray A flame condition
with ambient O, concentration of 15%, ambient pressure of 60 bar
and ambient temperature of 900 K. This flamelet problem is solved
using the 3 different models discussed in the previous sections: (1)
Steady SDR assumption, which is equivalent to a tabulated mani-
fold, (2) Unsteady Flamelet model, which is equivalent to 1D RIF,
(3) Equivalent SDR (ES) concept. At each time step, the value of
Xst is imposed from a Spray A flame simulation. For the ES model,
the optimum value of correction factor c is calculated, at each time
step, based on the correlation developed in the previous section
between c¢ and dy:/dt based on a linear temporal profile for the

SDR. Figure 6 shows the ignition of the flamelet under these con-
ditions with different models. The flamelet with the steady strain
assumption predicts the first stage ignition at 0.1 ms followed by
the main ignition at 0.3 ms. The unsteady model on the other hand
predicts the first stage ignition at 0.2 ms and then the main igni-
tion at 0.5 ms. Thus, it is clear that under engine conditions, for
spray flames, the history effects in flamelets have a strong influ-
ence on autoignition. The ignition depends on the coupled effects
of SDR and chemistry. As s+ decreases rapidly beyond the quench-
ing limit, the species formation reactions proceed leading to heat
release. An accurate solution would need to integrate the chem-
istry over time as per the varying SDRs, i.e., the procedure followed
by the unsteady RIF model. In tabulated models, a lower dimen-
sional manifold is generated a priori for a set of values of . The
solution at each point is retrieved from the manifold based on g
independent of its history, i.e., the steady SDR approach. On the
other hand, the first stage and main ignition from the ES model,
in Fig. 6 matches the RIF model predictions reasonably well. Thus,
the ES approach is shown to be capable of predicting ignition of
flamelets in tune with the RIF model for arbitrarily changing SDRs.

The results from the studies so far show that history effects
have a significant impact on the prediction of autoignition in diesel
engine-type applications. This has been demonstrated in flamelets
with non-linearly varying SDRs. Also, the ES concept when coupled
with steady strain assumption can predict ignition delays close to
the ones predicted by in situ solution of flamelet equations. These
results have implications towards computational fluid dynamics
simulations. If the equivalent SDR concept is applied to tabulated
combustion models in CFD, the resulting models will be able to in-
corporate history effects at significantly lower computational costs
compared to the RIF models.

The 1D flamelet setup with the new model were solved for the
same gradients as shown in Fig. 2 but for different magnitudes of
scalar dissipation rates. In the previous studies the final SDR at the
end of 0.63 ms was set as 10 s~1. In these tests, the final SDR
is set to 20 s~!'. The results shown in Fig. 7 reveal that the opti-
mum value of c is also dependent on y. Therefore, it is a func-
tion of both x: and dy/dt for a given mixture condition and can
be tabulated accordingly in terms of these 2 parameters. In order
to implement a predictive CFD model without parameter tuning, a
scheme is developed that calculates this correction factor ¢ based
on dy/dt and y. i.e. ¢ = f(xst, dxst/dt). In order to achieve this,
a number of 1D flamelet equations are solved iteratively for dif-
ferent values of c for a given value of dyg/dt and . The value
of ¢ which predicts the autoignition closest to the unsteady results
are selected and tabulated in a 2D table. This secondary 2D table
represents the correction factor as a function of dx:/dt and xs:.

4. Equivalent SDR Model for 3D CFD simulations

The equivalent SDR concept incorporates unsteady effects in
flamelets using steady SDR flamelet libraries. This concept is im-
plemented and validated for 3D non-premixed turbulent spray
flame CFD simulations. Two novel modeling approaches are im-
plemented, (1) The Tabulated Flamelet Model (TFM), based on the
steady strain assumption, and, (2) The Tabulated Equivalent Strain
Flamelet model (TESF) based on the equivalent SDR concept de-
veloped in the current study. The conditions of Spray A flame
mimic the ambient conditions encountered in typical diesel en-
gines. The experimental setup consists of a constant-volume com-
bustion chamber in which the ignition of a premixed fuel-air mix-
ture [34] is used to achieve the target ambient conditions. Once
the desired conditions are reached the fuel is injected into the
constant-volume chamber through a single-hole injector. The com-
putational domain that mimics the experiment is shown in Fig. 8.
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The tabulated combustion models developed in this work were
coupled to the CONVERGE CFD code (2.1 version) [35]. It uses an
innovative cut-cell method with the capability to generate meshes
at run-time. The 3D grid can be refined at run-time based on the
physics of the problem. This is achieved using adaptive mesh re-
finement. The gas phase is treated as a continuous Eulerian phase
and the liquid spay is treated as discrete Lagrangian parcels. The
turbulent flow-field is modeled using the renormalization group
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Fig. 8. Computational domain showing injected liquid droplets and flame surface.
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Fig. 9. Schematic showing the implementation of the RIF, TFM and TESF models.

(RNG) Reynolds Average Navier-Stokes (RANS) based turbulence
model [36]. The spray injection is modeled using the blob injection
approach [37]. The Kevin-Helmholtz (KH) [38] and the Rayleigh-
Taylor (RT) [39] models are employed to model the secondary
breakup process. The Frossling correlation [40] is used for mod-
eling droplet evaporation. A dynamic drag model and a turbulent
dispersion model are used to model drag and dispersion [41]. The
combustion models developed were coupled with the CFD flow
solver and can be extended to Large Eddy Simulation (LES) tur-
bulence models as well. The integration of the combustion models
are shown schematically in Fig. 9. The 106 species and 420 reac-
tions, n-dodecane chemistry mechanism has been used for all the
models [33].

4.1. Representative Interactive Flamelet model (RIF)

The multi-flamelet RIF model and the spray models have been
extensively used and validated for spray simulations over a wide
range of conditions in our previous study [14]. In this model, the
unsteady flamelet equations are solved for each flamelet at each
time step. This accounts for the history effects in the flamelets. The
online flamelet libraries are computationally expensive. This moti-
vates the development of tabulated models capable of incorporat-
ing unsteady effects.

The following equations are solved by the CFD solver: conti-
nuity, momentum, energy, mixture fraction and mixture fraction
variance. Each iteration of the CFD solver calculates the mixture
fraction and enthalpy values for each cell. The mixture fraction
and mixture fraction variance transport equations are shown in
Eqgs. 5-7.

o(p2) , o(pi2) _*(P7)

at 8x, - 8xl +5: (5)
where
— 97
u"7" = —Dy — o (6)
07 dpEZY _ APWZ?) o 07

ot o - ax 2@ ”Z)f px ()

The flamelet equations are then solved for the given time step
and its solution gives the species mass fractions as a function of
mixture fraction Y(Z) for each flamelet. The flamelet equations are
shown in Eqs. 1 and 2. Equation 1 is obtained by a coordinate

transformation of the species transport equation to mixture frac-
tion space. Similar coordinate transformation of the energy conser-
vation equation gives Eq. (2). These two flamelet equations repre-
sent the unsteady chemistry in mixture fraction space. The scalar
dissipation rate is modeled as shown in Eq. (8) where ¢y is a mix-
ing constant, k is the turbulent kinetic energy, and ¢ is the dissipa-
tion rate obtained from the turbulence model. The value of cx was
set equal to 2 for all cases. The CFD results are not sensitive to cy.

v _c.87m
X—kaZ (8)

In order to solve these set of PDEs, Eqs. 1 and 2, the scalar dis-
sipation rate y is converted from a function of physical space to

a function of mixture fraction. The following equation derived in
[42] is used to perform the transformation:

= f@)
x@2) = Xt 5z (9)
where
f(Z)=exp [—Z(erfc*l (22))2] (10)

Xst is the domain averaged scalar dissipation rate conditional
over the stoichiometric mixture fraction and erfc is the compli-
mentary error function. In order to construct the flamelet library
for the entire CFD domain, the average value is calculated using
Eq. (11):

[, PX?P(Zy) AV

o o PP (Zy) dV (11)
where

v = f(Zs[)

AT e P2z 12
=T Pz (12)

v is the volume of the entire computational domain and P() is the
probability density function. .

A B-PDF is constructed using the mean and variance(Z"2) of the
mass fractions as shown in Eq. (13), where, I" is the gamma func-
tion. This PDF is multiplied by the species function Y(Z) and then
integrated to give the final species mass fraction (Eq. (14)). Once
the species mass fractions are calculated at each cell, the temper-
atures can be back-calculated from the enthalpy. This process is
continued iteratively for the entire simulation.

Ze-1(1 - Z)p1

R0 = Tty

I'(a+B) (13)
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V)= /01 Y.(Z )P(Z: x, t)dZ (14)

4.1.1. Multiple Flamelets

The scalar dissipation rate calculated in Eq. (11) is an aver-
age value over the entire computational domain. In applications
like turbulent spray flames, the scalar dissipation rate can vary
by an order of magnitude in space as shown in Fig. 1. The aver-
aging process, therefore, can introduce large errors. Barths et al.
[9] suggested the use of multiple flamelets with each flamelet hav-
ing its own ). As per this approach, the fuel injection is divided
over multiple flamelets serially and each flamelet’s chemistry is
governed by a set of flamelet equations. The different flamelets
are tracked using marker equations shown in Eq. (15), which are
solved for each flamelet.

= e —an
9(o2) + (vt = —a<pu’ Zl) +5S, (15)
at 8Xl - d (X]) “
These markers must also satisfy the following equation:
n
Z=Y7 (16)
I=1

where n=number of flamelets. The averaged value of stoichiomet-
ric scalar dissipation rate for each flamelet (I) is calculated as

_ L 3R PZ)dv
[, 4P *P(Zs)dv

The final species mass fraction at each cell is calculated by tak-
ing a weighted average of species mass fractions obtained from all
flamelets as shown in Eq. (18).

Xst(D) = Xst (17)

NN

Y=Y 2y (18)
o Z

4.2. Tabulated flamelet model (TFM)

This novel tabulation technique is based on the framework of
multi-flamelet RIF model by replacing the in situ flamelet solver
with a tabulation approach. The flamelet equations are solved
before run time for a range of xs, mixture fraction Z, mixture
fraction variance Z’2 and time t. This generates a 4 dimensional
flamelet library with time as one of the independent variables.
In this flamelet library, the species mass fractions are tabulated
as functions of these 4 independent variables. A B-PDF is used
to account for the turbulence-chemistry interaction effects. This
method of tabulation does not use progress variables to model the
unsteadiness in chemical kinetics. The 4D manifolds are an en-
semble of different 3D manifolds and hence this problem can be
parallelized without the need for communication between the pro-
cessors. This makes the table generation process highly scalable
and flamelet libraries can be generated with significantly lower
wall clock times. The model framework can be extended to varying
pressures by including pressure as an additional manifold dimen-
sion. As this spray flame simulation is a constant pressure case,
a 4D manifold has been used. The CFD solver calculates the mix-
ture fraction (Z), mixture fraction variance (Z”2) and enthalpy for
each cell. Mass-weighted fractions of the fuel that are injected are
tracked using marker Eq. (15). At every time-step iteration, xs val-
ues for a flamelet, Z, Z2 and time t are passed to the tabulated
model. A 4D interpolation scheme is used to calculate the species
mass fractions from the chemistry tabulation instead of solving
the flamelet equations. These species mass fractions are then used

to calculate the temperature at each cell. For cases with multi-
ple flamelets these steps are repeated for each flamelet and the
species at each cell is given by Eq. (18). This tabulated model re-
places the online flamelet calculation of the RIF model with data
retrieval from a table. However, this has an impact on the physics
of the solution. This model is now based on a steady SDR assump-
tion and can no longer account for unsteady effects. It is not pos-
sible to generate a chemistry tabulation without the steady SDR
assumption. The evolution of the scalar dissipation rate in time
will vary depending on the flow conditions and the exact nature
cannot be determined a priori. This has been the main factor that
prevents tabulated models to account for history effects. Recently,
the TFM approach i.e. tabulation without the history effects, has
also been applied to Spray A cases with LES turbulence model by
Ameen et al. [43].

4.3. Tabulated Equivalent SDR Flamelet model (TESF)

A model capable of including history effects was developed
for 1D flamelets. The 1D simulations show that the unsteady ef-
fects are functions of x5 and dys/dt. The secondary table is a
2D table where the correction factor c is stored as a function of
Xst and dys/dt. The tabulation scheme’s coupling with the 3D
CFD solver is discussed in Fig. 9. For simulations with multiple
flamelets, each flamelet has its own stoichiometric scalar dissipa-
tion rate and its history. At any given time-step the tabulated com-
bustion model calculates the species based on the mixture fraction,
mixture fraction variance, scalar dissipation rate and time. In this
case, the correction factor c is interpolated from the secondary 2D
table. Using this value of ¢ and Eq. (4), an equivalent stoichiomet-
ric scalar dissipation rate is calculated from the temporal history
of xs. This equivalent y, is used to retrieve the species from the
multi-dimensional chemistry tabulation. At every time step for ev-
ery flamelet, the value of c is calculated based on g and dys/dt.
This implementation is shown in the schematic in Fig. 9 for a sin-
gle flamelet. For multiple flamelets, the same procedure is repeated
for each flamelet in an iterative manner.

4.4. Results from 3D spray simulations

The baseline Spray A conditions are first studied using the three
models. The injection duration is 1.5 ms. During this injection pro-
cess the flamelets experience rapid changes in scalar dissipation
rates. The CFD model with the RIF combustion model has been ex-
tensively validated with the different mesh resolutions in our pre-
vious study [14]. A grid convergent mesh with smallest grid size of
0.25 mm, established in our previous study [14] was used for all
the three models.

Figure 10 shows the temporal evolution of the maximum tem-
perature in the domain for the baseline Spray A case for the three
models. Figure 11 shows the lift-off height corresponding to the
results in Fig. 10. The results show that the TFM predicts lower ig-
nition delay resulting in lower lift-off lengths as well compared to
the RIF model. The lift-off length is defined as the minimum dis-
tance of the maximum 14% OH contour from the nozzle [32]. TFM
under-predicts the ignition delay compared to RIF, which is simi-
lar to the 1D flamelet results. The TFM cannot account for the un-
steady effects experienced by the flamelets, hence, as soon as the
SDR goes below the quenching limit and after the ignition delay
time has passed, it has a tendency to ignite. The RIF model is sen-
sitive to the histories experienced by the flamelet as the flamelet
equations are integrated over the varying SDRs. With the imple-
mentation of the equivalent SDR model in the 3D CFD code (TESF)
we observe that the autoignition predictions from the model are
closer to the predictions of the RIF model. These observations in
ignition are similar to the results from the 1D flamelets.
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Fig. 11. Lift-off lengths predicted by RIF , TFM and TESF models for the Spray A
flame conditions.

The qualitative differences due to history effects on the spray
flame are demonstrated through the temperature contours shown
in Fig. 12. During the transient flame development, it is observed
that the TFM model ignites earlier with a high temperature region
at 0.5 ms and reaches the quasi-steady state earlier compared to
the RIF model. The RIF model at this stage predicts an unburnt so-
lution. The qualitative predictions from the TESF model are similar
to the predictions by the RIF model. The flame reaches a quasi-
steady behavior at 1 ms and all three models predict similar tem-

10

10 Y (mm) O

10 Y (mm) O

perature contours by this time. Thus, the TESF model is sensitive
to the history effects for 3D spray simulations.

To further validate the TESF model, additional CFD simulations
are carried out by varying the injection pressure of the spray from
50 to 150 MPa. Figure 13 shows ignition delay and lift-off lengths
for injection pressure of the spray varied from 50 to 150 MPa. All
other modeling parameters including mesh and spray constants are
kept constant between the different combustion models. The tab-
ulated model consistently predicts lower ignition delay and lift-off
lengths across the pressure sweep. The TESF model predicts igni-
tion delays and lift-off lengths closer to the values predicted by
the RIF model. This shows an improvement across a range of con-
ditions.

4.5. Computational cost

The RIF model incorporates the relevant physics to include the
effects of unsteady strain rates experienced by a turbulent flame.
However, the need for multiple flamelets and unsteady in situ
solver and presumed PDF integration at each cell leads to very high
computational costs. The RIF model simulation with 20 flamelets
and 100 MPa injection pressure required a total of 1780 CPU hours.
The corresponding case run with the TESF model required a to-
tal of 240 CPU hours, which is a reduction of almost 7.5 times .
Similar speed-ups were observed for other cases. The 50 MPa in-
jection pressure case with 20 flamelets and RIF model required a
total of 1382 CPU hours and the same run with the TESF model
required 153.6 CPU hours. These results show that tabulated mod-
els can effectively reduce computational costs while maintaining
the same level of modeling accuracy. The comparisons presented
here are for simulations run with 32 processors in parallel on the
same high performance cluster with 2.6 GHz Pentium Xeon proces-
sors. Future work would aim at extending such high fidelity com-
bustion modeling techniques to LES approach where computational
cost has been a major challenge. A potential saving associated with
the tabulation of unsteady SDR effects can be significant. The total
cost of generating the table was approximately 8 CPU hours. Due
to the nature of the problem, the table generation code could be
parallelized using the Message Passing Interface (MPI) framework
on a large number of processors and completed in a few min-
utes. The difference in the memory requirement of the TESF and
TFM tabulation is negligible. In this version of the CFD code, the
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Fig. 12. Cut-planes showing temperature contours at different time step with (a)TFM (b)RIF (c)TESF for the Spray A flame simulation. The experimental lift-off length is
represented by the black dotted line. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



P. Kundu et al./Combustion and Flame 176 (2017) 202-212 211

1
©0.75
£ —_——
:5 ¢ = =TT ‘-‘-‘:'.':7-3
2 0.5 @[ —
[ =
] ARIF
2025
5} 8TFM
OTESF
0
50 100 150

Injection pressure (MPa)

20 —==4

[y
o

Lift-off length (mm)
[y
o

12 T
50

L. 100 150
Injection pressure (MPa)

Fig. 13. Ignition delay and lift-off lengths predicted by RIF, TFM and TESF models across different injection pressures for spray flame simulations.

Message Passing Interface framework was used for parallelization.
Each processor (rank) has its own memory and its copy of the tab-
ulation.

5. Conclusions

The history effects due to unsteady SDR of flamlets at high
pressure and temperature conditions have significant impact on
autoignition and flame lift-off at diesel engine conditions. These
effects are demonstrated through various modeling approaches on
1D flamelets. Results from 1D unsteady flamelet models, with a
106 species n-dodecane mechanism were compared to steady SDR
assumption models. The difference in autoignition due to history
effects were found to be directly proportional to the magnitude of
the temporal gradient of x: of a flamelet. The history effects be-
come negligible for cases where temporal gradients are low. Tab-
ulated flamelet models used for high temperature and pressure
simulations need to incorporate such physics in order to predict
autoignition and flame stabilization accurately. However, in situ
models like RIF that account for such effects are computationally
expensive.

A formulation that captures unsteady history effects in tab-
ulated combustion models is proposed and validated in 1D
flamelets. This involves calculating a weighted average of the sto-
ichiometric scalar dissipation rate over the flamelet history in
which higher weights are assigned for the most recent histories.
This modeling approach is first tested for 1D CFDF problems with
non-uniformly and arbitrarily varying xs:. A non-uniform g vari-
ation, similar to a spray flame, is imposed upon a 1D flamelet. The
steady strain assumption under-predicts autoignition compared to
the in-situ RIF solver. The equivalent SDR concept predicts both
stages of ignition in tune with the unsteady in situ flamelet solver.

This equivalent SDR concept was extended to modeling of
a 3D spray flame within a RANS framework. The observations
with respect to autoignition are similar to the 1D flamelet sim-
ulations. Three different combustion models were compared: RIF,
TFM, and TESE. The tabulated models (TFM and TESF) are based
on the structure of the multi-flamelet RIF model by replacing the
flamelet equation solver by a novel 4D tabulation technique with-
out progress variables. The TFM with steady strain assumption, un-
derpredicts ignition delay and lift-off compared to the RIF model.
The TESF model on the other hand accounts for history effects
in 3D spray combustion simulations and predicts autoignition and
flame lift-off length close to the ones predicted by the RIF model.
The results across a range of injection pressures show consistent
improvement over predictions from tabulated models with steady
strain rate assumptions. The equivalent SDR model (TESF) is a
promising strategy to capture unsteady effects in CFD simulations

without resorting to in situ unsteady flamelet calculations with de-
tailed chemistry.
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