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Abstract

The application ofwo-fluid models with a turbulence closure based on suitably adapted two-equation
models together with response functions leads to reasonable predidibmefin quantities, including the
lateral velocity rms fluctuations.However,since those response functica® based orthe assumption of
local equilibriumbetweenthe fluid turbulenceand the particleesponse, iturns out that thestreamwise
velocity rms fluctuations of the particulate phase a@ssly underpredicted, a feature which causes no
concern in boundary-laygype flowsbut may be important in more complex flows. The purpose of this work
is to address this question. It seown forthe case of a confined particle-ladair jet that theparticles
remain in thesectionunderstudy for ashort time, compared witlheir relaxation time, and thus the elapsed
time cannot ensure stationary conditionstfar particles turbulence motion. Inclusion of@rective factor
accounting forthe non-steady behaviowturing that inductiorperiod, following a proposal byriedlander
(1957), givesaxial rmsvelocity fluctuations in agreement with the experimental data shotiatgnon-
equilibrium and inlet-conditions effects were indeed responsible for the aforementioned disagreement.

1. Introduction

In recent years considerabdéfort has been expended ithe development of turbulence closures for
particle laden two-phasi#ows at a level othe second moment{see egSimonin et al 1993, anReeks
1993). The neetbr suchhigher orderclosures arises mainly frothe absence of local equilibriutmetween
fluctuations of thetwo phases whiclwould enable a simple correlatidretweenthe two. These closure
modelsare howeverstill at the research stagthey also have limitedcope forapplication to practical
engineering problems due tioeir complexityand highdemands on computing resources. Thus the simpler
two-equation models in two-phaiew continue to be attractive from a practical poinviefv andtherefore
offer a scope for development if due account is taken of all effects when formulating the local response of the
particles to the surrounding fluid turbulenard also if non-equilibrium conditionsan be included in the
model. Thepurpose ofthe present paper is therefore to introduce a simpdel accounting fonon-
equilibrium into a general two-fluid formulation.

When applied to particle-ladejet flows, or other boundary-layetype flow, the two-fluid model
incorporating response functiobgsed on local equilibrium (see eg. Issal Oliveira 1997), givegjood
predictions forthe lateralvelocity fluctuations for both phaseblowever, it grosslyunderpredicts the axial
velocity fluctuations of the particleShis occurs becausthe particles travel along thet for a veryshort
time compared witttheir relaxation time ft ), and thus avmable to reach equilibrium with théuid
turbulence. The particle fluctuatingelocity is therefore only a fraction dhe imposedinlet value,and in
general this value is much higher than that resulting from local equilibrium response function. This situation
is not problematic inboundary-layer flows becaugbe axial velocity fluctuations will notaffect the
momentum balance, since the axial gradients are negliditdeiever, in some flowsituations it may
influence the meaflow; it may also behat itsvalue in itself may be ohterest, asvould happen if for
example one is interested in calculating the axial turbulent heat flux due to the particulate phpipe in a
flow. A simplified form ofthis problem was analysed in 1957 Byiedlander(see Hinzel975, page 469),
who devised a formula to account for such an “induction peedidtt in homogeneousirbulence. Irthat
work, Friedlander integrated the particle instantaneous equation of motion in draighvas the only
interaction considered. The resulting equation relates the time-varying particle fluctgdicity tothat of
the stationary caseand has the particle Lagrangiamto-correlation function as a parameter which is
obtained from thetandardesponse functions (as in IssadOliveira 1997). The equation to be derived has
the propertythatfor long times, whenhe induction period isver, the particle fluctuation must tend to that
of the stationary value.

Friedlander's analysishowsthat the particle rmwelocity obtained from an equilibrium response
function (such as in Issand Oliveira, 1997) is smoothed by an exponential function decaying wjth t/t
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during the so called induction period. For large times, this function tends toamutyheequilibrium

velocity rms isrecovered; foshort times, the smoothing function tends to zerd theimposedinitial rms
dominates.

The purpose ofthe present paper is thus to adapt this “Induction Period” notion of Friedlander into a
generaltwo-fluid Eulerian formulationand to see how well itcan predict the axial particleelocity
fluctuations in a confined jet for which detailed experimedtth are available. In Friedlander's analysis,
the particle fluctuatingzelocity was assumed to lzero at § (particle startinffom rest);this needs to be
modified forthe presentase in whichthe particle fluctuatingrelocity is specified ainlet. Also, in the
present steady-state analysis witle Euleriantwo-fluid model,the elapsed time gap “t” appearing in the
function which characterises the induction period needs to be replasethbgppropriate value based on
the mean particlevelocity and theflying distance frominlet. The work will also showthe possible
weaknesses dhe approach which is unabler example, to predict particle fluctuatinglocitieshigher
than the imposed inlet values.

2. Governing Equations

The phase averaged equatidios each phasethe continuous fluid phase (index f=and the
particulate dispersed phase f = ) taken as separated continua seen feaderéan framework,are the
continuity equations:

V- @) =0 @)

and the momentum equations:

a — ~J — nY Y — — ~ — Y i -
a(akpkuk) + V(@) = —a,Vp +a, V-7, + Va7, + parg + Fo, 2

The dependent variables are the average préssure p , the time avetagedfractionsz ; ,and thephase
averaged velocitiedl ; = apU;/ @ . Hetéeoverbar denotes simple time-averaging, fluctuations with
respect tal aredenotedu’ andthose with respect fd aredenotedu” The averaged quantiti€s andU
and theirrespective fluctuating valuesre connected by simple relations whichn befound in previous
work.

In the momentum equations (&, is an interaction term which is assumed to Iselelyeto
aerodynamiairag,owing tothe largedensity ratio inthe present air/solid particlésw (p,/p; = 10*), and
is thus modelled as proportional to the time averaged relative velocity:

Fo, = Ga,a,;Uu,—uy) (3)

If the particles forming the dispersed phase are sphenuilhave a constant diametey dhen a standard
drag law can be used, giving(C= ( A8 ( f Re/ } avhere f(Re)= (1+ 0.15R&%" ) is aorrection
function of the particle Reynolds number,,Re p/U . , (d /

Following Issaand Oliveira (1997),and inorder to use a 2-equation turbulence mothed, turbulent
stress tensors in (2) are assumed to be given by:

P (VU + VU] =2V Uy + p k)5, (4)

the Boussinesq approximatiotinear on thetime-averagedrelocity gradients. Thisvelocity needs to be
related to the main dependent varialile, , so that (4) becomes an explicit relation bétwadn .

Transport equation®r the turbulence kinetic energy of the continuous phase (k ) and for its dissipation
rate €; ) are formulatedndsolved in order to obtain the eddy viscosity for that phﬁ;s&, Py u 7 /EsK ,ina
way similar to that in thesingle-phase k- model (Jonasd Launder1972).Someadditional terms arise in
these equations as compared with the single-phase case, due to the slipletisgeghe two phases, but
details of these can be found in the previous work and will not be repeated here.

Finally, in thedevelopment ofhe presentwo-fluid model, correlations between volume-fractions and
velocity fluctuations often arise. These are modelled with the gradient diffusion hypothesis,

aply = —n;Va, or oyu, = —n,Va, . (5)
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and the turbulentliffusivities n, and n, need to be related to thaiffusivity of a tracer in the fluid,
Ny = (u})zTL where T is the Lagrangian time scale of the fluid motion.

3. Dispersed Phase Turbulent Quantities
Closure of theprevious equationsan beachievedthrough the introduction aksponse functions (Issa
and Oliveira, 1997):

(k/pp) = C (Wifpg) s my =np= Gmy (6)
ko= Gk, U,-u, = CU,-U, . )

which need to be obtained frasome simplified theory. Based ¢ime comprehensive analysis of Wang and
Stock (1993), valid for homogeneous isotropic turbulearegaccounting for botleffects ofparticle inertia
and crossing trajectories, Issand Oliveira derivedthe response functions appearing in 46§ (7). It was
also possible to demonstrate that= 7, , as already indicated in the second equation in (6).

The G, -function, relating the turbulent kinetic energies or the square oklbety rms, turnsout to be
equal the ¢ -function defined above, and are given by:

C.=C = 1+étrr (in the direction of the gravity) (8a)

_ 14+Sg(T-0.5 m) . L . :
= (1t S&F)Q (in the direction perpendicular to gravity) (8b)

whereT'= (14+ (my 3 Y? , theStokesnumber is defined as 8t »/t (nertia parameter) where T is the
fluid integral time scale seen by a particle the absence of relativeelocity, ’)/EUT/U} (crossing-
trajectories parameteragnd my = T/ & (turbulence structure parameter)whs correlated tthe standard
Stokesnumber St= §/ E by Wang an@itockandwas seen to vary betwedre Lagrangian timscale T
and the Eulerian timscale E . In this work, we use = 0.41/k;  (Calabrese and Middleman, 1979) and
the ratiog = T/ E was fixed at0.356. The particle relaxation tinfellows from the usual definition,
yielding t, = p, &/ 18:/f(Re,).

The diffusivity and eddy viscosityresponse functions equal each othed also have different values
along the axial (aligned with the gravitghd the radiadirections, due to the continuisffect (seeNang
and Stock, 1993):

C,=GC = fl Tl ﬁl (gravity direction) (9a)

1-0.5m~/T i
_ +/ TlE % (perpendicular to gravity) (96)

m

In order to relate diffusivities to turbulent viscosititise usual Schmidt numbdor a passive scalar is
introducedy, = u}/ao , Withoy  taking the value 0.7 in the calculations presented here.

4. Effect of the Induction Period

It is well known (e.g. Sommerfeldnd Wennerberg, 1991; Issand Oliveira, 1993)that response
functions, as those usadbove orothers based on simpler theories (whigrgcally the G, isbased on the
results of Tcherfsee Hinze, 19753nd G isbased on those of Csanady, 1963), lead to predicted values of
the axial particlevelocity fluctuations which are substantialbglow measured values. Theaeetwo causes
for that underprediction: the particle turbulent fluctuations ijeta(or othertype of shearflow) cannot be
considered in equilibrium with the fluid turbulence (whitkelf varies from point to poinand is not
therefore homogeneous, as assumeithéntheories on which the response functiamrebased)andparticle
velocity fluctuations at inlet do influence the turbulence at some distance from inlet. Methods devised to take
into account the firstause will also requirthe velocity fluctuations of the particulate phase at inlet, so the
two causesire infact coupled. In these methods, additioinahsport equations asslved forthe turbulent
kinetic energy othe particlesfor its dissipationrate, and inrsomeinstances fothe particle/fluidvelocity
correlation (examples in theorks ofSimonin et al, 1993, or in Tu arkietcher, 1996). The introduction of
more equations, which have many terms requiring closure, is still at an incipientasidfystifies a study
where a simpler approach is applidchis is preciselythe objective ofthe present paper, in which the
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induction period notion proposed back in 1957Hniedlander(see Hinze 1975) is applied to account for
non-equilibrium in the particle turbulence.
For a particle with density mudtigher than thdluid density, as thenes considerelere, the particle
dynamic equation reduces to:
do, o, vy

d T T
wherev, is the particleagrangian fluctuatingelocity andv; is theluid fluctuatingvelocity atthe particle
position. The induction perio(see Hinze, 1975) occughen, at the initial instant, the condition of the
particles is different from the stationary case. In the present application the paeipgcted with a
given inlet velocity (v,0) and are therconvected downstream Iihe fluid and disperse due to fluid
turbulence. Ifo,, () denotethe solution of theboveequation forthe stationarycase(i.e. v, (tf = 0127:
independent of t) then the solution that satisfies the initial condition is:

Up(t) = Upoo (t) - (Upoo (0)_ Upo) exlﬁ - th) .

After multiplying v, (t) byo, (t + t), where tis a time gap, and time averaging, we obtain:

uEt E_DQ )
é’:(%)(l_Zexp_ £D R O+ e 2uY) + —f (10)

In this equation, R (t) is the lagrangian auto-correlatogfficient forthe particle motiongdefined as
Ry (1) = 000 (V)00 (Y + t)/nz%ioo. It can be obtainedirectly fromthe results of Wangnd Stock (1993), on
which the response functicere based. Therare infact two values, one in the direction of tiggavity,

denoted R3; and given by:

StI'expl f 1) exptl £ T)

Rp,33 (t) = SHEI—1 (113)
and the other in the perpendicular direction:
SET-05 mAexpttr >y B O05m /t T exp /t T)
R () = e e (11)

where T', T and the modified Stockesnumber St have been defindoefore. The definitions
A= (SEI*+1)/(SEI* - 3, B= my SIT/( $0°— L and € ( 8t+ A 4 St— 0Bm St
have been used to keep the expression for the lateral correlation coefficient compact.

In conclusion,and asdiscussed by Hinze, it is seen from equation th@} the inductiorperiod is
determined by expt 4t ). the time gap “t” is not large compared with the particles relaxation (8mg
if t/t, <3), Eq. (10)showsthat v2 (t) isinfluenced by the inlevalue v, and also by the shape of the
correlation function. Since this &fected byinertia, crossing-trajectorieand continuity effectspz%(t) is also
indirectly influenced by those effects. @re other hand, for large elapsed times Eq. (10) y@lds () tending
to the stationary solutio’, , which is obtained without accounting for the induction period.

It is remarked that thimfluence of this induction perioghodel onthe mearflow and ke equations is
made through the turbulent kinetoergy ofthe dispersed phastiis isnow given byEq. (10) instead of
Egs. (7) and (8).

5. Results

An air jet laden with solid glass particlédows downwardsafter issuing from a 13 mm diameter
(D = R/2) innertube placed co-axially in larger 30 mm outetube (B; ).Fig. 1 gives the geometry and the
co-ordinate system used ihe computations. Measurements in ttasfined two-phase jet have beken
by Hishidaand Maeda (1991) at several stations (D  5,al®l 20) andserved as a study casetire V
Workshop on Two-Phase Flow Predictions (Sommerfeld et al 1991).

The transport equations given $ection 2 have been solved bgeneral elliptic finite-volume method
which hasbeen described in detail in a previous reference (@shOliveira, 1994). Theboundary
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conditions are as indicated in Fig. 1: there is a no-slip wall-at y R (where thelagialv and the
conditionda ,/0 y= 0 ardmposed), a symmetrine at y= 0, and amutlet at x= L= 600 mm (where
vanishing streamwise gradieraseimposed except for pressure which is linearly extrapolated). Finally, the
inlet conditions at x= Owere directly based othe experimental measurements, with k evaluated as
k= 1(u?+2v?) ande estimated from= C %/ 0.03Y (¥ Dforx D &nd Y= (D, — D)/2 for
r > D/2). The particles volume-fraction at inlet was  2.540 , thus justifying the absence of inter-particle
collisions in the model; the mass loadindnasvevemnot negligible (m/ ‘'m ~ 0.30) indicating that two-way
coupling is actually present and is indeed catered for by the numerical method in all situations.

el
i

L il

wall

D2

Fig. 2 Variation of the particle auto-correlation coefficient (a)lateral profile (b) along axis

The variation of the particle Lagrangiaalocity correlations, as given by equation (11a) (streamwise
component, aligned with gravitgnd(11b) (lateral component, perpendicular to grawvésgplotted in Fig.
2. It is seerthateven for a positiomear theoutlet of the computational domain, at x=b 45, there is still
considerable correlation witthe inletvalues (B. =~ 0.4andtherefore, forthis flow, the induction period
lasts longetthan theflying time of a particle inthe domain undestudy.Inlet andnon-equilibriumeffects
are thus to bexpected. A simple evaluatiartan be madéased orthe simplified exponential correlation
function R ~ exp(- f } );the averaged particleelocity in the domain undestudy is7u, ~ 20 m/s
giving a flying time of t~ L/u, = 0.6 20=30, a value not large compared thighrelaxation time of the
present particles,{ ~ 28 ms; thug R- 0.34.

The discontinuity in thelope ofthe R, vs. x curve, seen at/x B 14 is duethe zero mean slip
velocity occurring atthat point (= y= 0; thus Rs = R see equationgla andllb); this happens
becausehe inlet particlevelocity is lesghan the inlet aivelocity and theparticles are initiallyaccelerated,
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passing through the situatierhere™u, = "u; and it isonly much further downstreathatthey acquire the
limiting drift due to gravity. For a decreasing crossing-trajecta@fiest (y—0), the particle auto-correlation
tends to increase (no slip, more correlation).

Fig. 3 Lateral profiles of the fluid phase velocity rms fluctuations

In Fig. 3 theair rmsvelocity fluctuations (lines) are compared with the measured data (marks) at two
stations, x/D=1and 20, thus indicating thieestagreement possible which should be kepmind in the
comparisons with the dispersed phase turbulelticities, to be givetater. In thisboundary-layer flow, the
k-e model cannot distinguistff frow} , badine given by 2k/3and so thesolid anddashed lines in the
figure aresuperimposed. There is better agreement with the measured \eglexaty fluctuations, those
which drive thget growth due tdateral momentum transfer. It is recallibdt the actuamnagnitude ot is
not relevant in this problem, sin&u}/a = 0 owing to the boundary-layer character of this flow.

The turbulent rmwselocity fluctuation of the particulate phase are compared with the data in Fig. 4 at
the three stationfor which experimentadlata are available. These are represented by marks, with the axial
value (J;) distinguished frornthe lateral (/p ) particlevelocity rms value, while the predictegrofiles are
plotted with lines. The 2 lines at thmttom ofthe figuresgive u; and \/p resultingfrom the standard
response functionsuf= (v ;Q; with,C frofg. (8a), andV,= (v Vv, with Cfrom Eq. (8b);

u; = (u;?)l/2 ) without accounting for non-equilibriurduring the induction period. Thdifference seen
between thesdéwo curves isdue to the continuityeffect (Csanady 1963) embeddeoto the response
functions, which makes the longitudinaglocity fluctuations to be slightlyhigher than theransversal
fluctuations, butthis difference is onlymarginal compared withthat seen in thedata. Otherwise the
agreemenbetween predictedndmeasuredateral rmselocity fluctuations of the particles is satisfactory. It
is also stressethat for each statiorthere is a value of/R, atthe edge ofthe inner particulatget, beyond
which there are no particles and the measurements have no meaning there.

Turning attentionnow to the mainresults of thiswork, the dashed linelenoted “new” in Fig. 4
represents the predictions of the axial rms velocity fluctuations of the particles obtained with expression (10),
which accounts for non-equilibriurduring the induction period. The approximatiojm uz% teen
introduced, statinghat rmsvalues in terms ofagrangianvelocities equal those iterms of Eulerian
velocities. This assumption igxact for homogeneous isotropic turbulence (see Hinze, 1975) but it is only a
required approximation in the present non-homogeneous case,;edocity rms appearing in Eq. (10) is
evaluated from the experimental data at ipl@vided by HishidaandMaeda,and thev,,, rmgorresponds
to theu; predicted without accounting for non-equilibrium (is given by the solid lines in Fig. 4). The elapsed
or flying time,“t”, was evaluated frorthe numerical results as=t > 6 ;/X g , whére X is the widtbetif
1 along the x-directiorand thesum is takenover all cells, from inlet (x= O)until the X position in
consideration (fothe given X D station). It is seen from Figthatthese new predictions which account for
non-equilibrium following Friedlander's induction perindtion, are indeedery close tahe axial rmsu,
data. In the stations more downstream, i.e. x/Daaif 20, thenew predictions show mather abrupfall of
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u; at y/R~ 1.2 which is not seen in the data whgltow agradual decay ofthe particle velocity
fluctuations. Thisfact is due tothe shape of thémposed velocityfluctuations at inlelu;0 , which must
obviouslydrop to zero at thedge ofthe innerpipe (the one carrying particles, at inlat)d, asonemoves
downstreamthat shape is mantained by the form of expression &h@induces thebserved profiles oj;
It might bepossible in future work to include some diffustieem in Eqg. (10), or tase other equation to
account for non-equilibrium, such that the decayg)of on the edge of the patrticle jet is more gradual.

2.5 — I — N R E— I B —
| 5 x /D=5 - x/D=10 x /D=20 A
2. 04 © u' - i i
,,,,,,, \/‘
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Fig. 4 Comparison of measured and predicted particle rms velocity fluctuations. “New” values based on
induction period formulation.

6. Conclusions

The full two-fluid model equations are solved by a finite-volume method for the case of a confined air jet
laden with solid glass particles. Turbulerftectsaremodelled by an extension to two-phase flows of the k-
¢ modeland byresponse functions which explicitly and algebraically relate turbulent quantities pertaining to
the dispersed phase to those of the continuous phase. Three kiffeais are accounted for by those
response functionsnertia effect (heavierand largerparticles havehigher auto-correlations), crossing-
trajectorieseffect (the presence of a mean stgducesthe particle correlationgind continuity effect (the
correlation in the direction of the mean slip is higher than in the perpendicular direction).

This latter effect is howevernot sufficient to explainthe large difference inthe experimental
measurements betweedhe longitudinal (aligned with gravityu; and the transversah/p( ) rms of the
particlesvelocity fluctuations,and ifv;) isreasonably predicteq, is grossly underpredicted. It is stibain
this discrepancy is due to non-equilibrium existimgfweenthe fluid turbulenceand theparticles response
during an initial inductionperiod which lasts for & /t,t< ~ 3 whethe influence of theinitial
conditions is important-ollowing a proposal made by Friedlantb@ck in 1957, it is showthat u; during
the induction period can kmeen as a weighted average betwbeninlet conditionsu;0 and thelong-time
(equilibrium) conditionsu,, , in which the weighg&se a function oexp(— t/t,) and also of the particle
autocorrelation coefficient R . Féwng times, these weights vanish algd tend%ogo ; for short times, the
limit is u, tending to u, . With this simple induction periadodel, the axial particlems velocity
fluctuations arawvell predicted, more so ithe central part of thigt. Absence of diffusion ithe model as it
is, induces aharpdecay ofu; at y/Rz 1.2, a feature natbserved irthe dataexcept close tthe injection
plane. The induction periothodel is also togimplistic to account for more compleffects; for example,
generation of particle turbulence by interaction of the mean particle shear wRleythelds stresses is not
accounted foand thusu; cannot be highdran thecorresponding inletalue L@O . Still,the paper renders
clear that non-equilibriumand initial-conditionseffectsare themost important to account for, in order to
predict the right levels of axial particle velocity fluctuations.
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