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Abstract
In the present work, the direct quadrature method of mon{@&@OM) and the discrete droplet model (DDM) in
an axisymmetric, two-dimensional configuration are usedddel an evaporating water spray carried by nitrogen,
the spray is injected into a vertical spray chamber. The risadelude the Abramzon and Sirignano model for
convective droplet evaporation, while droplet motion irded by considering droplet drag and gravity. In DDM,
the effects of the two-phase flow are captured by resolviegytis phase conservation equations considering the
droplets as point sources. DQMOM considers the inlet gas ffimperties to compute the drag force exerted on
the droplet velocity. The phenomena of droplet — dropledrimttions are currently neglected as the liquid volume
in the present case is small. Appropriate initial and bowyndanditions as well as the starting values for simu-
lations are generated from experimental data, which haee barried out at TU Graz, Austria by the group of
Prof. G. Brenn. The experimental measurements were peefbmith phase Doppler anemometry (PDA). The
experiment gives the spray characteristics (droplet sizivalocity) at different cross sections away from nozzle
exit. The DQMOM and DDM simulation results are compared weitperimental data at these cross sections, and
very good agreement with experiment is observed.

Introduction

The droplet size distribution and interaction of the ligpithse and the gas flow are key features in the mod-
eling of evaporating spray flows, which are important beeaafstheir vast range of industrial and engineering
applications. Two-phase effects and poly-dispersity @iptit size distributions dominate the structure of any
spray and related applications such as spray flames, endgisoor spray drying processes, or medical applica-
tions. The spray dynamics depends on various physical psesesuch as droplet inertia, evaporation, and gas
phase characteristics. Thus, it is important to have rigiaindels and numerical techniques in order to be able to
describe the physics of two-phase flows, where the dispgisaske consists of droplets of various sizes that may
evaporate, coalesce, breakup as well as have their owisilaed size-conditioned dynamics.

In recent years, the Euler—Euler approaches have beersaxbrdiscussed to model the spray flows because
of their numerical ease and computational efficiency. Fetaince, in the multi-fluid approachi[1], the droplet
size distribution function is discretized using a finitewwle technique that yields conservation equations for mass
and momentum of droplets in fixed size intervals called sastior fluids[[4]. This approach has recently been
extended to higher order of accuralcy [5], but discretizatibdroplet size phase-space is still a problem that needs
to be addressed. The efficiency and applicability of momesed method$ 2] 3] for multivariate poly-disperse
systems have remained a question of intefést [6]. In ordadtless these issues, DQMOM has turned out to be
an attractive and suitable approaCh [7]. However, the adgas of Eulerian—Lagrangian formulations cannot be
neglected[B,19, 10]. The study of a spray flow at a single a@tdplel is much more informative than most of the
formulations used in Eulerian approaches.

The present work focuses on description of spray propestieseans of DQMOMI[[I1] and DDM[12], where
droplet motion evolves due to interactive drag with ambgag and gravity. Evaporation is included by applying
two film convective droplet evaporation model[13], whicmsalers effects of convection around the evaporating
droplets and Stefan flow, and it accounts for variable priogeeof both the liquid and in the film surrounding the
droplet. The initial data for computations are generatédguthe experimental data, which were measured by
the group of Prof. G. Brenn at TU Graz, Austria. The numenieallts from both approaches are compared with
experimental data at various cross sections downstreanottie exit.

The reference experimental setup of the present work is&ed in the next section, which is followed by the
section describing the mathematical models. In the lateticses, the results are presented, discussed and finally
concluded.
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Experimental Setup

A series of experiments had been carried out at TU Graz by rivepgof Prof. G. Brenn. A water spray in
nitrogen was studied for different liquid mass inflow rat¥arious atomizers with different dimensions of swirl
chambers and exit diameters were used. The droplet sizegetouities were recorded at various cross sections
for different liquid inflow rates using phase Doppler aneneom (PDA) [14]. The present simulations concern
the experimental data generated using the Delavan noz2eSD90 with an internal diameter of 0.002 m and
an outer diameter of 0.012 m at the nozzle throat and 0.016tmeabp for a liquid inflow rate of 80 kg/h. A
water spray was injected into a cylindrical spray chambetiameter 1 m. The carrier gas was nitrogen at room
temperature and atmospheric pressure. Measurements @@naled at cross sections of 0.08 m, 0.12 m and
0.16 m. The data at 0.08 m were taken as starting point faalata generation for computations, and results
were compared at later cross sections.

Mathematical M odel

In the present work, DQMOM and DDM are applied to model thetdilspray flow in an axisymmetric two-
dimensional geometrical configuration. Thus, droplet —pthbinteractions are neglected in both approaches.
DQMOM accounts for droplet number density, droplet size aafbcity, where evaporation and droplet mo-
tion are taken into account, the latter one is achieved tiirdnclusion of drag force and gravity. Moreover,
the gas phase equations are not solved for DQMOM in the presmk rather the inlet gas flow properties are
taken for computing the droplet velocity in terms of dragceper unit mass. DDM considers the effects of the
two-phase flow by evaluating the source terms for the gasept@sservation equations using particle-source-in-
cell (PSIC) model[15]. The mathematical formulation of thedels is given in the following subsections.

Direct Quadrature Method of Moments — DQMOM
The DQMOM transport equations are derived from Williamg'aspequation([16], which is given by
of L ovf) _ _9(Rf) OFf)
ot ox or ov
The equation describes the transport of the number densittion f (r, v; x, t) in terms of time¢, and Euclidean
spacex. In equation[(IL)v andF denote droplet velocity and drag force per unit mass wheRdaghe change of
the droplet radius with time, i.e? = dr/dt, wherer is the droplet radius. The last two terms refer to the droplet
interactions() ; represents the increase frwith time due to droplet formation or destruction by pro@sssuch
as nucleation or breakup wheresdenotes the rate of change ptaused by collisions with other droplets.
For the present study, a joint radius-velocity number dgifishction is considered, which is approximated by
DQMOM as sum of the product of weighted Dirac-delta funcsi¢tg] of radii and velocities[7]

+ Q5+ I'y. 1)

N
For,v) = wad(r —ra)d(v = vn), )

wherew,, andr,, are chosen a8’ representative quantities of weights and radii, andare the corresponding
velocities. Application of DQMOM results in closed transpequations for droplet weights or number density,
radii and velocities, respectively, which are written as

o T ox M 3)
8(wnplrn) a(wnplrnvn) _
and
O Wnp1TnVn)  O(Wn PV Vn)
aﬁ + ax - plcn7 (5)

wherea,,, b, andc,, are the source terms that may account for evaporation, drag &nd gravity.
The steady form of Eqd.}(3) E(5) is solved simultaneouslydiggiappropriate initial and boundary conditions
to find w,, (x,t), r,(x,t) andv,(x,t), which assume that the droplet radii, velocities and theiresponding
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number densities at the inlet plane are set to their inigdi@s generated from experimental data, whereas a free
boundary is assumed for the wall and exit plane. If droplétshe axis of symmetry, they are reflected. An
equidistant rectangular grid is adapted, where the sizeaoli grid cell is 1.5 10° m in radial direction and

1.0 10* m in axial direction, resulting in a maximum grid of abat x 1000 grid nodes. Equation§l(3) E(5)
are closed by modeling the source termsd.g. b,, andc,,, using the physical models to account for effects of
droplet evaporation, drag force and gravity. These sowneed are calculated through moment transformation of
phase-space terms, which yields the following linear syste

Py = /rkvl {—@ — % drdv. (6)

The exact form of the DQMOM linear system relies on the chatenoments. To obtain a solution, the
moments are so chosen that the resulting coefficient matrnon-singular. In the present worky] is set to
be 3 and the corresponding moment set is chosen ask[8]{1,...,2N}; I € {0,1}. Though this approach
has been tested to model non-evaporating spfays [19, 20fexl studies have been carried out on evaporating
sprays|[18,22, 23]. However, these studies consider a wepliied evaporation model to calculate the change
in droplet size with time i.e. either as a linear function adglet volume or non-linear function of droplet volume,
which is similar to the well established but very simplifiédlaw. This has been improveld[11] by implementing
the advanced evaporation model. Droplet evaporation isuated for by considering the rate of change of droplet
volume as[[1B]

m = —% (%m’gpl) = QWT(ﬁD)féTl In(1 + Bar). (7)

Here, subscripf refers to properties in the filngh is the modified Sherwood number af; is the Spalding
mass transfer number, which is calculated as

Y;‘_Yoo

By = ——
M 1_st

(8)

whereY, andY,, are mass fractions of the vapor at the droplet surface artibulk of surrounding gas, respec-
tively, and, following Dalton’s lawi[24]Y is given by

My,
Y, = .
My + M(p/pL —1)

9)

The quantities\/;, andp;, denote molar mass and vapor pressure of water, wHikendp represent molar mass of
the surrounding gas and atmospheric pressure, respgcagior pressure of water is calculated using Antoine’s
equation[[25]. The evaporative flux is computed using thi rewnstraints of weights, radii and velocities as
introduced by Fox et al 18].

Assuming the droplet velocity to evolve by interactive deggplied by the surrounding gas and gravity, the
following relation is used to express the equation of drojletion [26]

dv  31p,

5 vl VIO g, (10)

wherep, andu are the density and velocity of the surrounding gas, while”p, andg are liquid density, drag
coefficient, and gravitational acceleration, respecyiv€he drag coefficient’;; is calculated as a function of the
droplet Reynolds numbeReg = 2rp,|u — v|/us, wherepuy is the mean dynamic viscosity in the film, as|[27]

24 (14 0.15 Re) %87 if Reg < 103
CD _ Reg ( ) (11)

0.44 if Reg > 103
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Discrete Droplet Model — DDM

For generality, the mathematical formulation for the gaagghuses Favre-averaged variables even though the
present application does not include strong effects of aesgibility. The steady Favre-averaged Navier-Stokes
equations in an axisymmetric, two-dimensional configoratwith no swirl for a dilute spray yield

O(pgu, P 10(rpyu, ® 0 oD 10 0P - -
(pféz ) + ; ( pgr ) _ % <F¢7QH%) — ;E <’I‘F¢,,eff§) = Sg,<i> + Sl,<i>’ (12)
which are closed with an extendéd- ¢ model [17]. In Eq.[(IR)p,, u,, andu, are the gas density, and axial
and radial components of the gas velocity, respectivegnde are the turbulent kinetic energy and the turbulent
dissipation ratel's ¢ denotes the effective exchange coefficient of varigblé z andsS, ; are the source terms
of gas and liquid phases, which are formulated as descripé&tbbbmann and Gdthei[ljl?]. The replacementdof
with 1, u,, u,, h, k, ande yields the conservation equations of mass, momentum, grtarbulent kinetic energy,
and the turbulent dissipation rate, respectively. Thectffe exchange coefficietts ¢ is given by

oo = 0 4+ L, (13)
’ 0o, Oyt

wherey; andy, are the molecular and turbulent dynamic viscosities of gewith ., = C’Hﬁgl}z/é, andog are
the corresponding Prandtl-Schmidt numbers. For moreldesaie Hollmann and GuthélilT17].

The DDM uses the Lagrangian particle tracking method. bitene on DDM[12] 28, 29] proves its suitability
for dilute sprays where droplet — droplet interactions maybeglected. The droplet sizes and velocities are solved
by use of Eqs[{7) £{11). The numerical time step for the guwngrequations is controlled by applying Courant—
Friedrichs—Lewy (CFL) conditior [30]. In the present mqdetle droplet temperature is described through a
uniform droplet model[17] for water with its high volatiit The stochastic parcel method is adopted, where the
parcel massn,, is calculated using the relation

4
my = gﬂplr,i’N K (14)

whereN,, ;, is the total number of droplets in thé" parcel.

The Lagrangian droplet equations are coupled to the gaepghesugh Eq.[(T2), and the spray source terms
are described using the PSIC modell[15, 17]. The system oégddiquid phase equations is solved through a
hybrid technique[17] with appropriate boundary and imitianditions. A non equidistant rectangular numerical
grid is used, which is finer in the region near the nozzle eitt & total of78 x 101 grid nodes.

The next section presents the numerical results from botthetsavith experimental data for a water spray in
nitrogen.

Results and Discussion

Experimental data from TU Graz for a liquid flow rate of 80 kgta cross section of 0.08 m downstream
the nozzle exit are taken to start the computations, wherertbasurements are available at 45 radial positions
separated by 1.5 I¢ m distance. The experimental data are classified into 1@Qsiups at each radial position.
The data contain droplet number frequency, droplet radixia) and radial components of droplet velocity as well
as the time period during which the measurements were redateach radial location. These data are used to
calculate the moment sets, which in turn are used to cakethatweights (number densities), radii and velocities
using a product—difference algorithm[31] in order to sthet computations for DQMOM. The experimental data
are also used to generate a system of parcels having therpesgey., r., v, my) for DDM. Droplet properties
including size and velocity are computed using both modets @mpared with the experimental results at the
cross sections of 0.12 m and 0.16 m away from nozzle exit. TQMDM simulations are carried out on a PC
having two Intel dual core 2.2 GHz processors with 8 GB RAMe DM is simulated on a PC having an AMD
quad Opteron 1.8 GHz processor with 64 GB RAM. The latter PCdeaeral jobs running simultaneously, so that
the available RAM on both PCs is about identical. All simigdat are run on a single processor. The computations
for DQMOM and DDM take about one hour and three days, respsgti

Figured1 anf2 show the computed and experimental profildsedbauter mean diameter at cross sections
0.12 m and 0.16 m away from nozzle exit. The DDM simulatioultlematches quite well the experiment at the
center of the spray at 0.12 m away from nozzle exit, but diyginider-predicts towards the periphery of the spray.
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Figure 1. Experimental and numerical profiles of the  Figure 2. Experimental and numerical profiles of the
Sauter mean diameter at the cross section of 0.12 m Sauter mean diameter at the cross section of 0.16 m
distance from the nozzle exit distance from the nozzle exit

A good agreement is observed at 0.16 m cross section betwBéh dahd experiment. The DQMOM simula-
tion results are in good agreement with experiment at 0.12wndtream the nozzle exit, and it is closer to the
experimental data at higher radial distance. Further dowas, at 0.16 m from the nozzle exit, the DQMOM
simulations reveal some scattering near the centerlireagiigher radial distances, they under-predict the experi
mental results. This discrepancy may result from the nurakscheme which employs an explicit finite difference
method to solve Eqd.(3) El(5); the results may be improvedipfementing an implicit method.

The overall shape of a hollow cone spray is captured quitnlzy both methods, although some deviations
are observed in particular in DQMOM as compared to expertaigmofile, possibly due to the post-processing
of the experimental data in order to correct the number ®egy at every measuring position to rule out the
fluctuations in the effective cross section area of the mésgwolume for the larger droplet sizes [32]. This
correction of experimental data is position dependent redethe DQMOM and DDM results account for these
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Figure 3. Experimental and numerical profiles of the  Figure 4. Experimental and numerical profiles of the

mean droplet diameter at the cross section of 0.12 m mean droplet diameter at the cross section of 0.16 m
distance from the nozzle exit distance from the nozzle exit
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Figure5. Experimental and numerical profiles of the  Figure 6. Experimental and numerical profiles of the
mean droplet velocity at the cross section of 0.12 m mean droplet velocity at the cross section of 0.16 m
distance from the nozzle exit distance from the nozzle exit

corrections for the initial condition but not at positionsther downstream. Another reason for the discrepancies
in the DQMOM results may be the fact that the spray equatiomsat yet fully coupled to the gas phase.

Comparing the maximum values of the Sauter mean diametéeatwo cross sections displayed in Figs. 1
and[2, a decrease in large size droplets is observed as thietdronove away from nozzle. Even though the
process of evaporation is considered in the present matelsnajor reason for the decrease in droplet size may
be attributed to the influence of drag force applied by thecsurding gas, because significant evaporation may
not occur at the present room temperature condition. Tlise@ese is more evident in the large droplet size region,
where the dynamic interaction of droplet with surroundiag gominates as observed in profiles of mean droplet
velocity (see Figg.]5 arid 6).

Besides the Sauter mean radius, in many technical applicatuch as particle size analysis in powder sam-
pling or pharmaceutical industries, the mean droplet dtams an important physical quantity. Radial profiles
of the mean droplet diameter are shown and compared withriexget in Figs[B anfl4. DDM results coincide
well with the experiment. A slight decrease in the mean drogilameter is observed as the droplets move away
from nozzle indicating some mass transfer from liquid tg gdsch is attributable to gas — liquid interactions. The
DQMOM results are in very good agreement with experimenhatdross section of 0.12 m near the centerline,
and there, they improve the DDM results. At 75 mm radial posjtthe DQMOM results are below experimen-
tal values, which may stem from the explicit finite differertechnique. At the cross section of 0.16 m, a good
agreement is observed between DQMOM and experiment neaxthef symmetry, even though some scattering
is obtained. Deviations from experiment occur in the largeptkt size region, which is due to the fact that the
numerical technique captures the distribution functiasbglly, and some local discrepancies may be observed.
This may be improved by solving the gas phase equations favO[J, which is not done in the present study,
where the inlet gas flow properties are used to calculateathees terms for Eqsi13) £El(5).

In Figs.[B andD, the radial profiles of mean droplet velocity displayed. It can be seen that the droplet ve-
locity is higher for larger droplets as anticipated. Ingtiregly, the small size droplets near to the axis of symmetry
also move at a higher velocity as observed in the experinmehttaus making the velocity profile bimodal, which is
predicted quite nicely by both models. A closer look revéiads the width of the jet is captured by the DQMOM,
whereas the DDM predicts somewhat broader profiles with alonaximum value at the centerline. At the spray
edge, a judgement of the numerical methods is difficult,esthe experimental data are somewhat spread in the
case of the smaller distance from the nozzle exit. At 0.16hmstopes of the numerical results deviate from the
experimental data, which show the highest error in expertaialata processing [32]. Comparing the velocity
profiles at the two different cross sections, it is seen thatelocity decreases as droplets move away from nozzle.
This is because the droplets are strongly decelerated ljytemic interaction with the surrounding gas. The gas
around the spray stagnates and is driven into motion onlytaltiee spray entrainment. The gas motion driven by
the spray arises at the expense that the droplet loses moement
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The droplet properties are predicted quite well by the presienulations, which confirms their applicability
for spray flows. There are some minor deviations betweenlaition and experimental results. For DQMOM, the
simultaneous solution of the gas phase equations may impha@vsimulation results.

Summary and Conclusions

In this paper, DQMOM is developed to model a dilute water gjpmanitrogen, and the results are compared
with a DDM and experimental data. In DQMOM, the mathematfocainulation is derived, and a numerical
solution procedure is developed. For DDM, the gas phasesizrited by Favre-averaged Navier-Stokes equations
considering the droplet properties as point sources, wdnieltalculated using the PSIC model. The effect of drag
force, gravity, and evaporation on the droplet size andoigldistribution is analyzed with both methods.

Numerical results are compared with experimental restidifferent cross sections, where the experimental
data of the cross section closest to the nozzle exit are os#uef generation of initial conditions for the simulations
The results from both methods are found in good agreemehtexjteriment. Some deviations between DQMOM
and experiment in case of mean droplet diameter are obs#ratohight have resulted from the present DQMOM
formulation, which is not yet fully coupled with the gas pbasguations. Moreover, the numerical technique
employed an explicit finite difference method to solve theNDQM transport equations — an implicit scheme
may lead to considerable improvement. Concerning the @rpeatal data, a post-processing of the raw data was
performed in order to correct the number frequency of largelets with respect to the effective cross section area,
leading to different correction factors for different drefpositions in experimental data away from the centerine
these different corrections cannot be reflected in the nigaleesults.
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