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Abstract

Direct Numerical Simulation (DNS) data obtainedliearfrom two statistically stationary,
1D, planar, weakly turbulent premixed flames araelyed in order to examine the influence
of combustion-induced thermal expansion on the flewucture within the mean flame
brushes and upstream of them. The two flames a@ciated with the flamelet combustion
regime and are characterized by significantly défe density ratios, i.er = 7.53 and 2.5.
The Helmholtz-Hodge decomposition is applied toDiNS data in order to extract rotational
and potential velocity fields. Comparison of theotfields shows that combustion-induced
thermal expansion can significantly change the ll@taucture of the incoming constant-
density turbulent flow of unburned reactants byngigantly increasing the relative
magnitude of the potential velocity fluctuations emhcompared to the rotational velocity
fluctuations in the flow. Such effects are docutedmot only within the mean flame brush,
but also well upstream of it. The effect magnitislencreased by the density ratipwith the
effects being well (weakly) pronounced at= 7.53 (2.50, respectively). Moreover, the
potential and rotational velocity fields can cawggposite variations of the local area of an
iso-scalar surface(x,t) =const within flamelets by generating the local istreates of
opposite signs.

Introduction

Almost seven decades ago, the seminal work by Kigzlet al. [1] and by Scurlock and
Grover [2] initiated research into the influencepoémixed combustion on turbulent flow and
eventual increase in burning rate due to the deddlame-generated turbulence. Progress
obtained in this area is reviewed elsewhere [336}, over decades, the focus of the vast
majority of studies of the flame-generated turbagewas placed on the flow downstream of
the instantaneous (or local) flame within the mgame brush.

About a decade ago, Swaminathan and Grout [7] fabat] due to dilatation caused by
local thermal expansion, scalar gradients withanlttal flame could preferentially be aligned
with the direction of the most expansive straineratvhereas scalar gradients align
preferentially with the most compressive strairerat a constant-density turbulent flow.
Subsequently, the alignment issue was addressadanies of Direct Numerical Simulation
(DNS) and experimental studies, which confirmeddf@ementioned finding, e.g. see Refs.
[6,8-11] and references cited therein. However|jlabke data indicate that such effects are
restricted to local flames, but are not observedhiburned gas upstream of a flame [9-11].



As far as eventual increase in burning rate duehto influence of combustion on
turbulence is concerned, it is worth stressing éhéédme propagates into unburned gas. Thus,
perturbations of the velocity field in the unburngas upstream of the flame are required in
order for such a phenomenon to arise. Howevele ligt yet known about the influence of
combustion on the constant-density turbulent fldwimburned gas upstream of a premixed
flame.

Recently, some of the present authors [12,13] aedlyhe Nagoya DNS database [14,15]
and showed that acceleration of the unburned gasompustion-induced pressure gradient
yielded unburned mixture fingers that deeply inedidnto the products, thus, significantly
increasing flame surface area, turbulent burnintg, rand mean flame brush thickness.
Appearance of such unburned mixture fingers wa® alscumented in subsequent
experiments [16,17]. However, this phenomenon isnipacontrolled by the influence of
combustion-induced pressure perturbations on thennaelocity conditioned to the unburned
reactants, with the governing physical mechanisimgobasically similar to the physical
mechanism of the hydrodynamic instability [18-20]aminar premixed flames.

Analysis of the same DNS data [14,15] has also shib,t (i) the second-order structure
functions of the velocity field, conditioned to thenburned reactants, are substantially
affected by combustion-induced thermal expansiod] [2nd (ii) the Q-criterion is
predominantly negative in the unburned reactanthervicinity of local flames if the density
ratio o = p,/p, = 7.53, but such effects are rarely pronounced i 2.5 [6]. Here,Q =
w?/4—S?/2 [22], w* = w w andw =V x u are enstrophy and vorticity, respectively,
S% = 5;;S;; is the total strainS;; = (du;/dx; + du;/9x;)/2 is the rate-of-strain tensor, the
summation convention applies for repeated indexess the flow velocity vector, and
subscriptsu and b designate unburned reactants and equilibrium cstidyu products,
respectively.

The aforementioned trend fd@ to become negative in the vicinity of local flames
indicates that combustion-induced thermal expansiakes total strain larger than enstrophy
and, therefore, changes the local structure ofitlteming turbulent flow of unburned
reactants. Such changes could be attributed tsymegperturbations, which appear due to
density drop in the local flame and affect the fib@ld upstream of the flame. Indeed, since
the pressure gradielip (i) directly affects the velocity field, i.e., tidavier-Stokes equations
involve Vp, but (i) does not directly affect the vorticitield if the local density = p,, Is
constant, i.e., the transport equation for vostifi] does not involvé/p in such a case (while
the pressure perturbations can indirectly affea trorticity field by changing vortex
stretching term in the transport equation éoy, the velocity perturbations upstream of the
flame might be expected to be predominantly poééiiirotational). However, to the best of
the present authors’ knowledge, nobody has yettbgeroved that combustion-induced
thermal expansion perturbs the local structurehefihcoming turbulent flow of unburned
reactants by increasing the relative magnitudeodémtial velocity fluctuations therein. The
present paper aims at filling this gap by furthealgzing the Nagoya DNS data [14,15] and
applying the Helmholtz-Hodge decomposition to cotedwelocity fieldsu(x, t).

The choice of this DNS database, which may appedretoutdated when compared to
recent DNS data [23-31] generated in the case wiptex combustion chemistry and a high
ratio of the rms turbulent velocity to the laminar flame spe€s, requires comments.

Since the focus of the following discussion is plhon the influence of combustion-
induced thermal expansion on the velocity, presstwosicity, and enstrophy fields upstream
of reaction zones, detailed description of comptermbustion chemistry within such zones
appears to be of secondary importance when compartea other major requirements. First,
in order to make the studied thermal expansiorceffas strong as possible, heat release and
density drop should be localized to sufficientlintaones and the velocity jumps across such



zones should be sufficiently large when comparethéorms turbulent velocity’. In other
words, the flamelet regime [32-34] of premixed tlémt combustion associated with a low
u'/S;, = 0(1) should be addressed. The selected DNS data aeedraksociated with this
regime, as discussed in details elsewhere [35]redsethe vast majority of recent very
advanced DNS studies attacked other combustiomesgicharacterized by a largé/S;.
Second, to better explore the thermal expansiatesif data obtained at significantly different
density ratioso are required. The selected DNS database doedysttis requirement,
because cases of= 2.5 and 7.53 were simulated, with all other thingsngeioughly equal.
Therefore, the selected DNS data appear to be daldguate to the major goal of the present
work.

The paper is organized as follows. In the nextigecthe DNS attributes are summarized.
A method used to decompose the velocity field m@ational and potential components is
reported in Section 3. Results are discussed itiddet, followed by conclusions.

Direct Numerical Simulations

Since the DNS data were discussed in details els@ni4,15] and were already used by
various research groups [12,13,21,35-50], let afiot ourselves to a very brief summary of
those compressible 3D simulations. They deal wakisgically 1D and planar, equidiffusive,
adiabatic flames modeled by unsteady continuityyi®&aStokes, and energy equations,
supplemented with the ideal gas state equatioraamnansport equation for the mass fraction
Y of a deficient reactant. Temperature-dependenoeotdcular transport coefficients is taken
into account, e.g., the kinematic viscosity= v,,(T/T,)°7, whereT is the temperature. The
Lewis Le and PrandtlPr numbers are equal to 1.0 and 0.7, respectivelynitigtion
chemistry is reduced to a single reaction. Theegftire mixture state is characterized with a
single combustion progress variable- (T - T,)/(T, — T,) =1 -Y/Y,.

The computational domain is a rectangular BBgxx A, X A,, whereA, =8 mm and
Ay, =A, =4 mm. It is resolved using a uniform rectanguldAxX = Ay = Az) mesh of
512 x 128 x 128 points. The flow is periodic ity andz directions. The flames propagate
from right to left.

Using an energy spectruii(x) proposed by Kraichnan [51], homogeneous isotropic
turbulence is generated [14] in a separate boxiangected into the computational domain
through the left (unburned) boundary= 0. The generated turbulence is characterized [14]
by u' = 0.53 m/s and an integral length scdle= 3.45 mm. Accordingly,Re; = u'L/v, =
96.

At t =0, a planar laminar flame is embedded into sta#iflficthe same turbulence
assigned for the velocity field in the entire congtional domain. Subsequently, the mean
inflow velocity U is increased twice(0 <t <t)) =S, < U(t; £t <t;) <U(t, <),
with U(t, < t) being close to the mean turbulent flame spggd, <t < t3) in order to
keep the flame in the computational domain till émelt; of the simulations.

Three DNS data sets H, M, and L associated witthhHigedium, and Low, respectively,
density ratioso were originally generated [14,15]. Since the foofighe present study is
placed on thermal expansion effects, the followihgcussion will be restricted to results
obtained in two cases characterized by the highestthe lowest density ratios, i.e., flame H
(6 =753, 5, =0.6 m/s,§, =0.217 mm) and flame L4 = 2.5, S, = 0.416 m/s, §, =
0.158 mm). In both casesS;(t, <t <t3)/S, = 1.9. Here,§, = (T, — T,)/max{|VT|} is
the laminar flame thickness. The two flames ard agdociated with the flamelet combustion
regime, e.g., various Bray-Moss-Libby (BML) expiiess hold in cases H and L, see figures
1-4 in Ref. [35].




Since turbulence decays along the directionof the mean flow, the turbulence
characteristics are slightly different at the |legdedges of the H and L-flame brushes, e.g.,
u' =0.33 m/s, 1 =0.43 mm, n = 0.075 mm, Da = 17.5, and Ka = 0.06 in case H or
u' =0.38 m/s,A =0.47 mm,n = 0.084 mm, Da = 10.0, andKa = 0.10 in case L. Here,
Da =tr/1, and Ka = 1,u'/A are the Damkdohler and Karlovitz numbers, respebtjv

1 =v,/(PrSE) and v, = k3/2/¢ are flame and turbulence time scales, respectively

A=u'/J15v/& and n = (v3/&)'/* are the Taylor and Kolmogorov length scales,
respectively,k = (ujuj — ajaj)/z ande = 2vS;;5;; are the turbulent kinetic energy and its

dissipation rate, respectively, and the rms turiwelocityu’ is equal tc(2E/3)1/2.

The DNS data are processed as follows. Mean giesyit= qg(x) are averaged over a
transverse plane ot =const and over time (221 and 200 snapshots in ddsasd L,
respectively, stored during a time intervaltef-t, =~ 1.5 L/uy = 10 ms). Subsequently-
dependencies are mapped dalependencies using the spatial profiles of thenBlels-
averaged combustion progress variallec). Moreover, mean quantitie§g)(x,t) are
averaged over a transverse plang efconst at the instant

To explore the influence of combustion-induced rhedr expansion on turbulence, the
Helmholtz-Hodge decomposition [52-54] is appliedhie computed velocity fields(x, t), as
described in the next section.

Velocity Decomposition
If velocity field u(x,t) is decomposed into rotational and potential siddia, (x,t) and
u, (x,t), respectively, then, the following relations shibhbld

Vxu, =Vxu, u, = Vo, u(x,t) = u,(x,t) + uy(x,t). (1)

However, such a decomposition is not unique, urtlessunctionp(x, t) is defined.
Accordingly, to solve the problem, the followingnstraint of orthogonality

J‘;ﬂur-updxzo (2)

of the subfielda, (x,t) andu,(x,t) is often invoked. This constraint results in tieligivity
of the kinetic energies of the rotational and pb&rlow fields, i.e.

[ et = [ 8

where integration is performed over a domairSubstitution of Eq. (1) into Eqg. (2) yields

jﬂ“r'V<PdX=fffV(wur)dx—fﬂwV-urdx=#wur-ndS—fﬂq;v-urdx, (4)
14 v 7 A 2

whereS is the boundary of the domalhand the unit vecton is normal to the boundary. If
u,-n=0andV-u, =0, then integrals in Eq. (4) vanish,



A(p:V-uPZV'u (5)
in the entire domaiif, and

dp (6)
Ful, = Tols =n-uls

on its boundary. The Neumann problem given Egs. (5) and (6) hasigue solution fou,,.

When processing the DNS data, first, the mean ahlcity (u)(x, t), which increases
due to the density drop in the axial directionis subtracted from the velocity field(x, t)
stored during the simulations. Subsequently, theaioed field u'(x,t) of velocity
fluctuations is decomposed into potential and rotall subfields. For this purpose, the
problem given by Egs. (5) and (6) and applied ®ul{x, t)-field is numerically solved for
@(x,t) at each instartt, followed by calculation of the potentia),(x,t) = V¢ and rotational
u.(x,t) = u(x,t) —u,(x,t) velocities. At each time step and in each gridisithe validity
of Egs. (1), (3), an® - u,. = 0 is confirmed with a high precision.
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Figure 1. RMS magnitudes of the potential (dashed lined)ratational (solid lines)
velocities conditioned to unburned gas, ¢&, t) < 0.03, within the mean flame brush. Red
and blue lines show results computed in cases H arespectively. (a) Axial velocities,

andu,., (b) transverse velocitiag, andv, in they-direction, (c) transverse velocities, and



w, in thez-direction, (d) ratios oft, /u,, (solid lines)v, /v, (dashed lines), ang, /w,
(dotted-dashed lines).

Results and Discussion

Figures la-1c show the rms magnitudes of the ootati(solid lines) and potential (dashed
lines) velocities conditioned to unburned gas,ewaluated at(x,t) < 0.03, within the mean
flame brush in case H (red lines) or L (blue linds)case L characterized by a lowetr= 2.5,

the rms magnitudes of the rotational velocities amach higher than their potential
counterparts similarly to a constant-density tuebtlflow. On the contrary, in case H
characterized by a larges = 7.53, difference in the rms magnitudes of the rotaticaral
potential axial velocities is much less pronounagfdred dashed and solid lines in Fig. la.
Moreover, the rms magnitudes of the potential trarse velocities can be equal to or even
larger than its rotational counterpart within thegest part of the mean flame brush with the
exception of its leading edge, see Figs. 1b and’iese data clearly show that combustion-
induced thermal expansion can change the locattstel of the incoming turbulent flow of
unburned reactants by generating significant p@kewtlocity fluctuations if the density ratio
is sufficiently large.

Furthermore, comparison of the rms magnitudes @frtitational velocity fluctuations in
cases H and L, see red and blue, respectivelyd dioles in Figs. la-1c, indicates that
rotational velocity fluctuations conditioned to tbenstant-density unburned reactants are also
significantly increased within the H-flame brushemhcompared to the L-flame brush. This
effect could be attributed to an increase in theexestretching term in the transport equation
for vorticity [5] due to the increase in the poiahtelocity fluctuations.
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Figure 2. (a) Spatial profiles of the mean turbulent kin@mnergyk (x) calculated for the
originalu(x, t), see solid lines, potential,(x, t), see dashed lines, and rotationa(x, t),
see dotted-dashed lines, velocity fields conditibteeunburned reactants, icfx, t) < 0.03,
as well as spatial profiles of the mean combugtimyress variablé(x), see dotted lines.
Red and blue lines show results obtained in casasdH., respectively.

(b) Ratio of the mean turbulent kinetic energiealeated for the rotational and potential
velocity fields in cases H (red line) and L (bliree).

Such thermal expansion effects are not restriabethe mean flame brush, but are also
observed upstream of it. For instance, Fig. 2a shibat, in the vicinity of the inlet = 0 of
the computational domain, the rotational turbulkimetic energy (dotted-dashed lines) is
significantly larger than and decays (in the axlakction x) significantly slower than its
potential counterpart (dashed lines). Such tremedygical for non-reacting turbulent flows



and are very similar in cases H and Llxat 0.2 mm. In case L, the same trends are observed
even at largex < 0.8 mm, e.g. see blue solid line in Fig. 2b. Thenatsorof the rotational
and potential turbulent kinetic energies peaks & 0.8 mm, see blue solid line in Fig. 2b,
i.e., in the vicinity of the leading edge of theandlame brush, see the profileatfc) plotted

in a blue dotted line in Fig. 2a. At larger i.e., within the mean flame brush, the ratio
decreases probably, due to the thermal expansiect&f

In case H, the thermal expansion effects are muche mronounced within the mean
flame brush, cf. red and blue lines in Fig. 2a oy @1d are observed even well upstream of
the mean flame brush. Indeed, the ratio of thetiostal and potential turbulent kinetic
energies peaks at< 0.4 mm, see red solid line in Fig. 2b, whereas thditepedge of the
mean flame brush is associated witk= 1 mm in this case, see red dotted line in Fig. 2a.
Thus, substantial effects of thermal expansion lon dtructure of the turbulent flow are
observed upstream of the mean flame brush. Ingodati significant generation of potential
velocity fluctuations is detected at distance obwb0.5 mm from the leading edge of the
mean flame brush in case H.

It is also worth noting that comparison of red dlde dotted-dashed lines in Fig. 2a
indicates that the rotational turbulent kinetic rgryas slightly larger in case H than in case L
far upstream of the mean flame brush (already:at0.1 mm). However, this difference may
be controlled by a lower mean inlet velocityof the flow in case L when compared to case
H. It is worth remembering thdl ~ S;(t, <t < t3) in both cases, bf;(t, <t < t3) =
1.15 and 0.79 m/s in cases H and L, respectively. Gpresgly, turbulence in a fluid volume
detected at a distanaefrom the inlet has decayed during a longer tinteriral in case L
when compared to case H. Accordingly, the aforeroeat difference between the rotational
turbulent kinetic energies could be attributed torger (shorter) decay of the inlet turbulence
in case L (H, respectively). At— 0 in Figs. la-1c, such differences in the rotatiorebcity
fields are less pronounced, probably, because tHEnke brush is closer to the inlet
boundary, cf. red and blue dotted lines in Fig. 2a.

Substantial influence of combustion-induced thermaansion on the local structure of
the turbulent flow within and upstream of a meamfé brush is illustrated in Fig. 3, which
shows typical 2D images of the sign of eriterion. Figure 3a indicates th@t= w?/4 —
S§2/2 is predominantly positive far upstream of a flambelwhere the enstrophy? is
typically larger thars?, but is predominantly negative close to and withia flamelet, thus,
implying the local generation of potential velocpgrturbations in the incoming turbulent
flow of unburned reactants in case H. On the coptrboth positive and negativ@ are
observed within flamelet in case L, see Fig. 3b.

2
(b)
Figure 3. Typical 2D images of the sign of tigecriterion in cases (a) H and (b) L. Spatial

regions characterized Iy > 0 andQ < 0 are shown in black and white, respectively.



Surfaces ot(x,t) = 0.01 andc(x,t) = 0.5 are shown in blue and red solid lines,
respectively. Axiak and transversg coordinates are reported in mans= 2 mm.

Since (i) the primary effect of a turbulent velgciteld on a premixed flame consists in
stretching the flame, (i) the local rate of anrease in the flame surface awgais controlled
by the local stretch ratg i.e.dlnA;/dt = s [19,55-58], and (iii) the local stretch rate isiab
to s =a; +S;V-n; it is of interest to compare direct contributioos the potential and
rotational turbulent velocity fields to the stretcite by comparing the strain rates=V -

u — nn: Vu induced by the two fields. Hera,= — Vc¢/|Vc| is the unit vector normal to the
local flame surface(x,t) = ¢, Sq = [V (pDVc) + W]/(p|Vc]) is the local displacement
speed [34,58]D is the molecular diffusivity of, andW is the mass rate of product creation.
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Figure4. Strain rates conditioned to (a) cold flameleteedg.(a;[0.001 < c(x,t) < 0.03),
and (b) reaction-zone, i.&1,|0.75 < c¢(x,t) < 0.97), and averaged over the entire volume of
the flame brush vs. time. Solid and dashed linesvstontributions from the rotational and
potential velocity fields, respectively. Red andéblines show results obtained in cases H and
L, respectively.

Figure 4a shows that the volume-averaged contabutiom the rotational velocity field
to the strain rate conditioned to a cold flametigesis negative in case H, but positive in case
L, whereas the contribution from the potential eélp field to (a;|0.001 < c¢(x,t) < 0.03)
oscillates around zero in both cases. In the macione associated witlh(c) >
max{W(c)}/2, i.e. with0.75 < c(x,t) < 0.97, (i) magnitudes of contributions from both
fields are much larger in case H than in case Ltdwstronger combustion-induced local flow
perturbations in the former case and (ii) contidmg from the rotational (potential) velocity
fields are negative (positive, respectively). Iierth remembering that combustion-induced
thermal expansion affects the velocity field in tihurned reactants only indirectly (due to
combustion induced pressure perturbations), beicty affects the velocity field within the
reaction zone, where the local density varies.

Since the leading points on the instantaneous flaumiace can play a crucial role in the
propagation of premixed turbulent flames, as disedsin details elsewhere [59-65],
comparison of contributions from the rotational gradential velocity fields to the local strain
rate at the leading points is also of fundamemii@rest. For this purpose, two sets of leading
points were extracted from the DNS data (i) by ifigda leading plane such thatx,t) > c¢*
somewhere on the plane, butx,t) < ¢* everywhere upstream of the plane, and (ii) by
selecting a poink;, (t) on the leading plane, characterized by the largest). Two sets of



the leading points will be considered usiag= 0.03 and 0.75. They are associated with
flamelet preheat and reaction zones, respectively.

Figure 5a shows that strain rates generated bpdhential and rotational velocity fields
have opposite signs in the leading points foundHerpreheat zone in case H. The rotational
strain rate is negative, thus, reducing the lotahélet surface area, whereas the potential
strain rate is positive, thus, increasing the aBedh strain rates are predominantly negative in
the leading points found for the reaction zoneha same case, with the magnitude of the
rotational strain rate being larger, see Fig. GlzhSeffects are weakly pronounced in case L.
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Figure5. Strain rates; in the leading points found for the (a) preheat @) reaction
zones vs. time. Solid and dashed lines show carnioifis from the rotational and potential
velocity fields, respectively. Red and blue linbsw results obtained in cases H and L,
respectively.

Conclusions
The Helmholtz-Hodge decomposition was applied tlmaity fields generated in an earlier
DNS study [14,15] of two weakly turbulent premix#8dmes associated with the flamelet
combustion regime and characterized by signifigaditiferent density ratios. Comparison of
the obtained rotational and potential velocitydgbktraightforwardly shows that combustion-
induced thermal expansion can significantly chatige local structure of the incoming
constant-density turbulent flow of unburned reatstarin particular, stronger (weaker)
potential (rotational, respectively) velocity fluetions can be generated in the reactant flow
within the flame brush. The effect magnitude isréased by the density ratg with the
effects being well (weakly) pronouncedoat= 7.53 (2.50, respectively).

Moreover, in case H characterized by= 7.53, generation of the potential velocity
fluctuations is documented not only within the méame brush, but also upstream of it.

Furthermore, the potential and rotational velo@i®yds can cause opposite changes of the
local area of an iso-scalar surfacecgk,t) = ¢, within flamelets by generating the local
strain rates of opposite signs. This phenomenoth fwither be explored in subsequent
studies.
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