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Internally mixing twin-fluid Y-jet atomizers are widely used in coal-fired thermal power plants for
start-up, oil-fired thermal power plants, and industrial boilers. The flow through internally mixing
Y-jet atomizers is numerically modeled using the compressible Navier-Stokes equations; wall mod-
eled large eddy simulations (WMLES) are used to resolve the turbulence with large eddy simulations
whereas the Prandtl mixing length model is used for modeling the subgrid scale structures, which
are affected by geometric and operational parameters. Moreover, the volume-of-fluid (VOF) method
is used to capture the development and fragmentation of the liquid-gas interface within the Y-jet
atomizer. The numerical results are compared with correlations available in the open literature for
the pressure drop; further results are presented for the multiphase flow regime maps available for
vertical pipes. The results show that the mixing point pressure is strongly dependent on the mixing
port diameter to air port diameter ratio, specifically for gas to liquid mass flow-rate ratio (GLR) in
the range 0.1 < GLR < 0.4; the mixing port length moderately affects the mixing point pressure
while the angle between mixing and liquid ports is found not to have an appreciable effect. Moreover,
it is found that the vertical pipe multiphase flow regime maps in the literature could be applied to the
flow through the mixing port of the twin-fluid Y-jet atomizer. The main flow regimes found under
the studied operational conditions are annular and wispy-annular flow.

KEY WORDS: internally mixing twin-fluid Y-jet atomizer, compressible volume of fluid,
large eddy simulations, multiphase flow regimes

1. INTRODUCTION

Twin-fluid atomizers have been used in numerous industpplieations over the years such
as gas turbines (Lefebvre, 1988), internal combustionresy{Wade et al., 1999), spray dry-
ing (Mujumdar et al., 2010), spray coating (Esfarjani andababadi, 2009), scramjet engines
(Gadgil and Raghunandan, 2011), fire suppression (Huarlg 20&1), process industries (Loe-
bker and Empie, 1997), and power plants (Zhou et al., 2018y Tise compressed air or steam
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NOMENCLATURE
A parameter defined in Eq. (19) A modified length scale (m)
Cu empirical constant S Kronecker delta
Csmag Smagorinsky constant 0 angle (°)
c speed of sound (m/s) v viscosity (kg/ms)
d diameter (m) 1 ratio of liquid viscosity to water
dy distance from wall (m) viscosity at standard conditions
E energy (J) P density (kg/nd)
Fryp two-phase Froude number p; ratio of liquid density to water
G mass velocity (kg/ms) density at standard conditions
g gravitational acceleration (nfs o surface tension (N/m)
hmax ~ mMaximum edge length (m) ot ratio of liquid surface tension to
hwn grid step in wall normal water surface tension at standarg
direction (m) conditions
J superficial velocity (m/s) T Reynold stress tensor (Nfin
Ke  effective thermal conductivity T viscous stress tensor (kg/sf)
(W/m-K) Q vorticity (s—1)
k curvature (n?) © momentum ratio
l length (mm)
m mass flow rate (kg/s) Subscripts
P pressure (Pa) 1,2 points along the length
Q volume flow rate () of mixing-port
R radius (m) a air
S strain rate (s1) G gas
Ts surface tension force (N) i, j, k direction vector
T temperature (K) D phasep
1% velocity (m/s) q phasey
V. relative velocity (m/s) l liquid
Uy eddy viscosity (r¥/s) m mixing point
We Weber number max maximum
yt+ dimensionless wall distance min minimum
Z coordinate along the length w water
of mixing-port
Superscripts
Greek Symbols s subgrid scale
104 volume fraction T transpose

to augment the atomization process; they are classifiedimonally and externally mixing

twin-fluid atomizers. In externally mixing atomizers, highlocity gas or steam impinges on the
liquid just outside the discharge orifice, while in intefgahixing ones, the gas or steam mixes
with the liquid inside the nozzle before being injected. e internal mixing type, the spray
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cone angle is minimum for maximum gas flow while the spray widas gas flow reduces. This
type of atomizer is well suited for highly viscous liquidsgmod atomization could be obtained
at low liquid flow rates (Barreras et al., 2008). It is far meffcient than the externally mixing
concept as lower gas flow rates are needed to achieve the sgmeedf atomization (Tanasawa
et al., 1978). However, external mixing atomizers have theaatage of producing sprays with
constant spray angle at all liquid flow rates independeritihe back pressure, as there is no
communication between the flowing media internally.

Undoubtedly, there are various ways to generate the atdnsizeays using various types of
nozzles, including, for example, rotary cups (Nguyen anddeis, 1998), twin fluids (Lefeb-
vre, 1988; Wade et al., 1999; Li et al., 2018; Mujumdar et2010; Esfarjani and Dolatabadi,
2009; Gadgil and Raghunandan, 2011; Huang et al., 2011;Kevednd Empie, 1997; Zhou
etal., 2010), pressure swirl (Radcliffe, 1955; Dafsariletzd17; Arcoumanis et al., 1999a), fan
(Dombrowski et al., 1960), ultrasonic (Lang, 1962), elestatic (Maski and Durairaj, 2010),
diesel injectors (Arcoumanis et al., 1999b; Mitroglou aral/@ses, 2011), and effervescent at-
omizers (Sovani et al., 2001; Saleh et al., 2018); solid Hotwacone sprays may form depending
on the type of atomizer and operating conditions. Howewethérmal power plants or oil-fired
large industrial boilers, operating with high flow rates @foous fuel, mostly Y-jet or internal
mixing chamber twin-fluid atomizers are used (Barreras.e2806b). The former is used with
light and medium fuel oil while the latter is used with heaugffoil (Li et al., 2012), with steam
as auxiliary fluid. An obvious advantage of using the steatmas any heat transfer from the
steam to the fuel in the mixing port will enhance atomizatignreducing the fuel’s viscosity
and surface tension. In contrast, the comparative tesedaout by Bryce et al. (1978) showed
that compressed air produced much finer spray than steamerBaet al. (2006a) demonstrated
that for the same liquid mass flow rate, the internal mixingrober twin-fluid atomizer requires
a lower atomizing fluid mass flow rate than an equivalent Yeje¢, simultaneously yielding
droplets with smaller Sauter mean diameter. The charatitedf the Y-jet atomizer is that lig-
uid and gas (steam or air) are mixed before injected outréegaly consists of a number of jets
from a minimum of two to a maximum of 20, arranged in an annoanner to provide hollow
conical spray. The advantage of such an atomizer is thatiitidme operated by keeping constant
gas-to-liquid mass flow rate ratio, and the requirement@atiomizing fluid is low. Y-jet atomiz-
ers are reported to maintain a moderate emission rate witdli@iag relatively high atomization
efficiency (Pacifico and Yanagihara, 2014). This kind of afmncreates high relative velocity
by injecting gas at high velocity, which induces disturbesm the liquid jet and leads to the
creation of smaller liquid ligaments; subsequently, seradroplets are formed due to the liga-
ment’s breakup due to aerodynamically induced surface svivembrowski and Johns, 1963).
The high relative velocity of the gas helps dispersion oflitpeid and prevents coalescence of
droplets (Pacifico and Yanagihara, 2014).

Twin-fluid atomizers have been studied extensively overyders. Most of the studies are
focused on prefilming air blast atomizers or effervesceminaers due to their extensive com-
mercial use. The earlier ones are used extensively in #iranarine, and industrial gas turbines
and the later ones are used in various applications wherénlj@ation pressures and low gas
flow rates are available. There exist considerable studidsternally mixing twin-fluid Y-jet
atomizers. However, the understanding of this type of r@izihot very clear owing to com-
plex aerodynamic and fluid dynamic flow pattern due to the mgixif gas and liquid within the
mixing chamber.

Mullinger and Chigier (1974) were the first to study the perfance of such atomizer
systematically. According to them, and as shown pictoriby Song and Lee (1996), some
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atomization occurs within the mixing chamber, but most efliquid emanates from the atom-
izer in the form of liquid that is then shattered into dropley the atomizing fluid. Mullinger and
Chigier (1974) and Prasad (1982) reported an extensiverygria study and proposed design
criteria for the Y-jet twin-fluid nozzles. In fact, the resubf Mullinger and Chigier showed good
agreement with the empirical dimensionless correlatidch@mass median diameter for air-blast
atomizer proposed by Wigg (1959). It is pertinent to mentiene that the choice to name an
atomizer as an air-assist or air-blast atomizer is arlyittdsually, air-assist atomizers employ
very high velocities that usually necessitate an extemnaply of high-pressure steam/air, while
the lower gas requirement of air-blast atomizers can ugtmmet by utilizing the pressure
differential across the combustion liner.

Andreussi et al. (1992) reported that the length to dianratar of the mixing port influences
the pressure drop, spray structure, and droplet sizelisimh based on a semiempirical model
of the flow inside a twin-fluid Y-jet atomizer. Song and Lee 449 studied the effect of the
mixing port length and the injection pressure on the flowgatethe gas and liquid and droplet
size distribution. Andreussi et al. (1994) explained therinal flow conditions and the liquid film
thickness inside the mixing duct and postulated their eéffecexternal spray characteristics.
Song and Lee (1996) made a pictorial study of the internal flattern of the Y-jet atomizer
and described the internal flow as annular/annular mist flohir{ and Lefebvre, 1993); they
proposed the main mechanism involved in fuel atomizatiahlimked the internal flow pattern to
the droplet size distribution in the spray. Mlkvik et al. (&) compared the performance of four
different internally mixing twin-fluid atomizers for themge of different operating conditions
and liquid properties. They found the internally mixingét-atomizer produced the most stable
spray regardless of pressure differential and gas to licatid (GLR). The internal flow pattern
for the Y-jet atomizer showed strong agreement with theltesd Song and Lee (1996) and
Nazeer et al. (2018).

Ferreira et al. (2009b) demonstrated that under certaiarérpntal conditions the atomizing
fluid flow is choked in an internally mixing chamber twin-flusdlomizer. Sonic conditions are
achieved at different mass flow rates as a function of bothittigas channel diameter and liquid
mass flow rate. They found that under choked conditions tilsexeertain channel diameter that
produced the smallest Sauter mean diameters (SMD).

There are two different ways in which two-phase flow is comipeepresented in compu-
tational fluid dynamics (CFD), namely, the “Eulerian” methavhere the flow is considered as
continuous across the whole flow domain, and the “Lagrarigi@ihod, where the paths taken
by the particles/droplets are tracked through the domaing &t al., 2010). In the Lagrangian
particle tracking approach, the gas phase is still reptedarsing an Eulerian approach by solv-
ing the governing equations of the flow but the liquid spragfesented by a number of discrete
“computational particles,” which are tracked by solving ffarticle’s equation of the motion. The
fundamental assumption made in this approach is that tipeidied secondary phase occupies a
low volume fraction (typically bellow 10%) (El-Batsh et @2012). Therefore, this approach is
not appropriate to model the multiphase flow within the nezzhere the volumetric effect of
the secondary phase cannot be neglected. Eulerian metboldshbe further classified into sin-
gle fluid, such as relevant mixture and volume of fluid (VOF)d®is, and multifluid approaches
like Eulerian multiphase and multifluid VOF models (Crow808; Loth, 2009). The latter ap-
proach treats each phase as a single independent phasetbirttesimixed continua, while the
former treats the flow as a single-phase flow by solving a sisgt of conservation equations
considering the mixture properties. The single-fluid apptoassumes that the continuous and
the dispersed phases are in local kinetic and thermal bquitn; i.e., the relative velocities and
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temperatures between the two phases are small in compé&oipoadicted variations of the over-
all flow field (Lakhehal et al., 2002). The multifluid approaguires a separate conservation
equation for each phase, making it extremely computatipeaipensive and complex; hence,
this rules out the possibility of utilizing it for extensiparametric studies. On the other hand, the
mixture model solves a smaller number of equations as cadparthe aforementioned models;
however, it is not possible to track the interface betweerptiases. This is a major drawback for
the studies aiming to identify the relevant flow regimes. Ehéerian surface tracking technique,
i.e., the VOF method, can track with relatively good accytthe interface between the phases;
this makes it feasible to study the in-nozzle flow and primamgakup of the jets (Gopala and
Berend, 2008). Hence it is considered to be a viable optiomadel the multiphase flow through
a Y-jet atomizer.

Scale resolving technique, i.e., large eddy simulatioisS), has been able to simulate tur-
bulent flows since the 1960s. It has made significant progresisthe last two decades specifi-
cally due to the surge in computing power. The hybrid LES némle is beginning to emerge as
a viable alternative to time-averaged or ensemble-avdri@wier-Stokes (RANS) turbulence
modeling in industrial flows; it is able to capture flow sturets larger than the grid size, while
smaller scales are modeled with subgrid scale models (SI&®)spectrum of resolved scales
in LES is directly dependent on the grid resolution. This esk extremely expensive for in-
dustrial scale simulations, which are usually highly tueind, wall bounded, viscous, and three-
dimensional flows. Nevertheless, wall modeled LES (WMLES] substitute for classical LES
and it reduces the stringent and Reynolds number dependeén¢golution requirements of clas-
sical wall-resolved LES. Turbulence length scales in meatregions are directly proportional
to wall distance, resulting in smaller and smaller eddiethasvall is approached (Naseri et al.,
2018). This effect is limited by molecular viscosity, whidamps out eddies inside the viscous
sublayer. Smaller eddies appear as the Reynolds numbeases, since the viscous sublayer
becomes thinner. In order to circumvent the resolution es¢hsmall near-wall scales, RANS
and LES models are combined such that the RANS model coversldisest near-wall layer,
in which the wall distance is much smaller than boundangtdlgickness but is still potentially
very large in wall units (Piomelli and Balaras, 2002). Itnh&witches over to the LES formu-
lation once the grid spacing becomes sufficient to resoleddbal scales (Wen and Piomelli,
2016). This approach is similar to detached eddy simulat{@palart et al., 1997) and delayed
detached eddy simulations (Spalart et al., 2006; Koukasieinal., 2016b). A general approach
of these two approaches is that the whole or major part of thantbary layer is modeled by
RANS while LES is applied only to separated flow regions. Intcast, as aforementioned, in
WMLES, RANS is used only in very thin near-wall region (Koukanis et al., 2016a).

There is a dearth of numerical studies on internally miximgpifluid Y-jet atomizers, prob-
ably owing to the complexity involved in modeling the comptaultiphase flow pattern due to
variations in length and time scales. However, there eXistvanumerical studies such as Tanner
et al. (2016) which focuses on the atomization and dropksikup in annular gas-liquid co-flow
for an internally mixing twin-fluid Y-jet atomizer, and Tapand Chavez (2002), which focuses
on the internal flow pattern. In all studies except Song arel (1896), Andreussi et al. (1994),
Mlkvik et al. (2015), Pacifico and Yanagihara (2014), andidamd Chavez (2002), the param-
eters such as injection conditions and atomizer geometrg t&ken as input while the spray
dispersion was the reported output, but the intermediategss between the input and output of
the nozzle has not been investigated in detail.

The present paper is the first to numerically model the mhéige flow through a twin-
fluid Y-jet atomizer as a function of the various operatingnditions affecting it. In Nazeer
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et al. (2018) the authors have utilized the same computtiandel as in the present study and
concluded on the influence of momentum ratio and gas to liatid (GLR) on the internal flow
development for a specific geometry. In the present studyattalysis extends to the effect of
the geometric parameters of Y-jet atomizers. The presergedts are used for validation of the
developed model against relative literature findings ferghessure drop and the complex flow
regime charts available in the literature for such nozzles.

2. NUMERICAL METHOD

The compressible Navier-Stokes equations are employexd tise finite volume approxima-
tion; the volume of fluid (VOF) technique with a geometricoastruction scheme is employed
in ANSYS Fluent to model the gas-liquid interface. The plasebulk are treated as non-
interpenetrating continua; i.e., in most of the cells théurwe fraction is either 1 or 0. The
interface is modeled as interpenetrating; i.e., the volénaetion in any cell could be between 0
and 1.

The interface is tracked with the following continuity etjoa. Herex,, is the volume frac-

tion in the cell,p, is the density, anﬁl7q is the velocity vector of theth phase.
d -
Tt (xgpg) +V (O‘qquq) =0. 1)
The single set of momentum equations is shared among thegphased on mixture proper-
ties.
d / = - — ~ 7 L =
= (pv) +v(pvv) ——VP—i—V[p (vv+vv )} + g + T, )

where density is defined gs = 3" «,p,, viscosity asp = 3 p,«, and velocity asV =
(1/p) >-y=1 «,04V, T which is the volumetric force source term arising due to thease
tension. It is modeled by a continuum surface force modgb@sed by Brackbill et al. (1992).
This model treats the surface tension as the pressure jurapsathe interface. The forces at the
surface are expressed as volume forces using the divergemem.

xpPpke Vo, + ogpgk,Va
T. = o, pP¥p™q q qraqp P. (3)
* = 2 puirana T () (o + )
The curvature of one surface is the negative of the otee: —k,, and the divergence of
the volume fraction is the negative of the oti€ry,, = —V«,. This simplifies the equation to

pk,Va,
To=0pgrim——- 4
"1(1/2) (pp + pg)
The total energy of the flow is modeled by the following eqoati
d - —
= (PE)+V [V(pE—i—P)} v (KeﬁVT—i—T-V). (5)

Here K is the effective thermal conductivity,is the viscous stress tensor; the enefgy
and temperatur@ are mass-averaged variables.

22:1 ogPq Ly
22:1 XqPq
E, is the internal energy of each phase; both phases sharentisctemperature.

E= (6)
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The scale resolving technique is adopted to resolve lamgies through the wall modeled
LES (WMLES) model. As the Reynolds number increases anddbadary layer becomes thin-
ner, the size of important energy-bearing eddies decrelaseRS, the important energy-bearing
eddies must be resolved; thus the cost of maintaining gsiolugion becomes prohibitive. In this
model larger eddies are resolved while eddies in thinner-wal regions—in which the wall
distance is much smaller than boundary-layer thicknesgstatill potentially very large in wall
units (Piomelli and Balaras, 2002)—is modeled with RANSd¢eeconsiderably reducing the
computational cost. A Gaussian filter is applied to filter edtlies based on length scate
(Shur et al., 2008).

@(:C,t):/D(Z)(x’,t)G(w,:c’,A)d:c’, (7)

A = min [max (Cy,.dsy; Crw-hmax, Pwn) ; Pmax] - (8)

hmax = maximum edge lengthy,,, = grid step in wall-normal direction¢’,, = 0.15,d,, =
distance from wall.

After putting the filtered-out variables in the Navier-Séskequation and rearranging the
terms, it could be expressed as

(V) , 0(pViV;) _ 0P  O(Ty+Ty)

ot 8xj B 8:01- 8xj

(9)

This equation could be resolved except for subgrid-scaésst;. It can be expressed by
the Boussinesq hypothesis (Hinze, 1975) as

1
;- 3 Thkdij = —2HeSij- (10)

The subgrid-scale eddy viscosity is modeled with the Srmiagky SGS model (Smagorin-
sky, 1963) with van Driest damping (Van Driest, 1956), arartixing length model as

V¢ = min [(k:dsw)z , (CsmagA)z} [1 — exp [— (y+/25)3H IS — Q. (11)

Csmag= 0.2 is the Smagorinsky constant, as established by Shur ét9819],2 is the vorticity,
S is the magnitude of the strain tensbr= 0.41 is the von Karman constant.

3. TEST CASE SIMULATED

Seven different Y-jet atomizers are used for the paramatradysis. Air and water are used as
working fluids at atmospheric conditions. The geometries@mstructed in ANSYS Design
Modeler according to the design criteria of Mullinger anddidr (1974); the same design crite-
ria were also adopted by Pacifico and Yanagihara (2014) éexiperimental study on pressure
drop within internally mixing twin-fluid Y-jet atomizers.fie geometries are meshed in ANSYS
Meshing tool. The grids are polyhedral with the number ofredats ranging between 15 and
17.3 million. The Y™ values are in the range of 0.72-0.94. The schematic of thAaetudied

is shown in Fig. 1. Table 1 shows the geometrical paramefeal the seven atomizers. All the
pressure points as shown in Fig. 1; i8,, P, P,,, P1, andP, are obtained from the numerical
solutions, whereP,, is the mixing point pressurd?, is the gas (air) inlet pressur®,, is the
liquid (water) inlet pressurd?; is the pressure at the middle point along the length of théngix
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Ji Liquid Port

e!/ A i
Air - b *— - L R E TR, - --
\M (Mixing Point)

| Im
Gas Port Mixing Duct

FIG. 1. Schematic of the nozzle used for the parametric study

TABLE 1: Geometric values for the parameters shown in Fig. 1

l l lm d dm zZ1 z2
(mm) | (mm) | mm) | mm)| mm)| | b/ | /o | () | (mm)
50 | 144 50 | 55| 10 | 57° | 5.00 1.82 25 | 425
50 | 144 50 | 6.0 | 10 | 57° | 5.00 1.67 25 | 425
50 | 144| 50 | 6.0 | 12 | 57° | 4.17 2.00 25 | 425
50 | 16.2| 50 | 6.0 | 10 | 45° | 5.00 1.67 25 | 425
50 | 13.0| 50 | 6.0 | 10 | 70° | 5.00 1.67 25 | 425
50 | 144| 35 | 6.0 | 10 | 57° | 3.50 1.67 | 175 | 275
50 | 14.4| 100 | 6.0 | 10 | 57° | 10.00 | 1.67 50 | 925

Nozzle

GTMTmMmOoOO wW>

port, andP; is the pressure near the exit of the mixing port. Mass flow ldamconditions are
employed at the gas port and liquid port inlets while the gues outlet boundary condition is
employed at the exit of the mixing duct.

In order to keep geometrical and operational similarityhwtite work of Pacifico and Yanag-
ihara (2014), nondimensionless numbers, i.e., Weber nisnbhee calculated for the flow in
the mixing duct. Weber numbers used by Pacifico and Yanamif214) are in the range of
500-42,500, while the Weber numbers used in this work areradarly in the same range, i.e.,
between 600 and 45,000. Weber numbers are calculated wifloftbwing formula:

2
we = PemVrdm. (12)
(o)

wherep, ., is the density of the air at the mixing poiri, is the relative velocity between the air
and water,,, is the mixing port diameter. The mass flow rate of air and watze also applied
almost in the same range as stated in the literature. Thefioassate of the air was in the range
0.008-0.091 kg/s while the mass flow rate of the water wasamahge 0.075-0.78 kg/s.

For each of the seven nozzles a total of 11 simulations wafempeed. Gas to liquid mass
flow rate ratio (GLR) was varied from 0.01 to 0.9. The main getinal parameters studied
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include the anglef() between the liquid port and the mixing port, mixing portdémto diam-
eter ratio (,,,/d,,), and mixing port diameter to gas port diameter ratip, (d,). The values
used for the aforementioned geometrical parameters ateeifotlowing rangesr/4 < 0 <
7n/18(45°-70°), 35 < I,,/d,, < 10, and 167 < d,,,/d, < 2. The following sets of atomizers
were used for each of the parametric study: nozzles B, D, aaré Hsed for the parametric study
of 6; B, F, and G for,, /d.,; and A, B, and C foxl,, /d,. These values are shown in Table 1 for
each nozzle.

4. RESULTS AND DISCUSSION

Figure 2(a) shows contours of the volume fraction of water ain At first it could be seen that
the gas-liquid flow is annular, with the liquid film formed dmetinner wall of the mixing duct.
As the high-speed air jet impinges on the liquid jet, it cesat disturbance on the surface of the
liquid column, leading to creation of a wavy structure in ligglid column/film. This may lead

(a) Volume Fraction 0.0 0.3 0.6 1.0

(b) Velocity Magnitude 0.0 165 330 550
- I
(c) Pressure 4.5 8.1

(d) Mach Numbers 0.0 0.9 1.9 31

FIG. 2: Flow field for the nozzle D with GLR= 0.29: (a) volume fraction contours, (b) velocity contour,
(c) pressure contour, and (d) Mach number contour
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to inception of the primary breakup of the liquid jet withimetnozzle. The liquid film formed
just downstream of the gas port in the mixing duct is becaififfeeorecirculation of the air due
to its expansion from the gas port into the mixing duct. Thesssion of the air is limited by the
higher pressure of the liquid jet [Fig. 2(c)]. This leadseoirculation of the air in the premixing
zone of the mixing duct. Figure 3(a) shows the recirculatielgcity vectors in the recirculating
zone. Figure 3(b) is the schematic illustration of the regdiow and liquid film formation in
the premixed zone. A portion of the water stream flows bac@wathe form of a film towards
the upstream by the recirculating air flow. When the revelseffow meets the main air stream
at the exit of the gas port, it disintegrates into dropleis #mws downstream along the core, as
illustrated in Fig. 3(b). Figure 2(b) shows the contour & tkelocity. The air jet accelerates as it
expands from the gas port into the mixing duct. It furthersdexates as it bypasses the relatively
slow moving liquid jet emanating from the liquid port. It thelightly decelerates while aligning
with the liquid film before it rapidly accelerates towards #xit of the nozzle. Figure 2(c) shows
the contour of the pressure. The higher pressure aroundebebair impingement on the liquid
column is due to the increase in static pressure becausenafuyg pressure of the air jet. Figure
2(d) shows the contour of the Mach number of the forming mblse flow. The speed of the
sound is much lower in the gas-liquid mixture than in eittrer pure liquid or gas component.
For example, it is 1480 m/s in water and 340 m/s in air, but éadh-water mixture it can fall
to 20 m/s (McWilliam and Duggins, 1969). This process octigsause the two-phase system
has the effective density of the liquid but the compresitjbdf the gas (Kieffer, 1977) (refer
to Appendix A for further details). In Fig. 2(d) it can be setlat in the mixing duct, Mach
numbers are higher at the gas-liquid interface and aroumeéxit of the nozzle. Although the
instantaneous Mach numbers could be higher than 1, theoeasidence of flow choking in the
mixing duct. Pacifico and Yanagihara (2014) also reachedah® conclusion about gas-liquid
multiphase flow in the mixing duct of a Y-jet atomizer.

(b)

Entrained Liquid Port

Reverse Flow of Droplets
Liquid Film™\_

Backward
Step

= o e

Port Center Line

FIG. 3: (a) recirculating velocity vectors in recirculation zorfle) schematic illustration of recirculating
air flow and reverse film formation
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Figures 4 and 5 depict the plots of the ratios of mixing poirgsgure to air inlet pressure
(P,./P,) and water inlet pressure to air inlet pressuPg (P,) against the GLR ratios, respec-
tively. At first, in qualitative terms the results of all thezzles are similar; i.e., with increasing
GLR both ratios decrease. Increase in GLR is attributedtte@eincrease in air mass flow rate
or decrease in water mass flow rate. This, in turn, induceaittfow momentum to have larger
influence on the mixing process and particularly on mixingnppressure. On the other hand,
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water flow determines the back pressure for the air jet expgritbm the gas port into the mix-
ing port. This behavior is inherent to any compressible flapagsion. It could be seen that the
rate of decrease of thB, /P, ratio is higher than that of th&,,, /P, ratio. This is because the
water mass flow rate limits the expansion of the gas strearmrhande leads to the conclusion
that P,,, among the others, are controlled by the water inlet pressur

It could be seen from the plots that except for GER2, there is virtually no difference
among the results obtained for the angle between the mixamggnd the liquid port as the
function of GLR (nozzles B, D, and E). This concludes thatahgle does not have a significant
effect on the mixing point pressure. Ferreira et al. (2008bfhed the same conclusion for the
effect of angle on the Sauter mean diameter (SMD) of the dtegdroduced by a twin-fluid
atomizer with the mixing chamber. This leads to the hypathiénsat the mixing point pressure
does plays a role in the performance of an internally miximigntfluid atomizer. Regarding the
influence of thel,,,/d,, ratio on the mixing point pressure (nozzles B, F, and G), itldde
noticed that the mixing point pressure increases with theegsing,,, /d,, ratio. It should be
noted thatd,, is constant for all three nozzles; hence the mixing poinsguee increases with
increasing mixing port length. This behavior is explainedaing due to the smoother drop of
the pressure for the large valuesigf. Since the outlet pressure is the same for all the nozzles
(i.e., atmospheric pressure), the nozzle with the highlelevaf of/,,, has a higheP,,,. Mullinger
and Chigier (1974) reported that droplet size decreasdbdanozzle with a longer mixing port,
while in contrast, Song and Lee (1994) reported that drcgiket decreases with shorter mixing
port length. This contradiction was later clarified by Somgl &ee (1996). They reported that
for relatively small liquid mass flow rate and high gas flonerghe droplets generated by the
nozzle with a shorter mixing port are generally smaller ttiendroplets generated by the nozzle
with a longer mixing port, whereas for relatively large idmass flow rate and smaller gas flow
rate, the droplets produced by the nozzle with longer mipioid are comparable or even slightly
smaller than the drops produced by a nozzle with a smalleingixort length. This discrepancy
could be explained with the work of Lefebvre (1992). At lowdid mass flow rate and high
gas mass flow rate, for the nozzle with a shorter mixing pbete is not enough time for the
wavy structure to be formed in the liquid core/film; thus tlgiid and gas do not align while
co-flowing. Hence, gas impinges at an angle on the liquid tshestside the nozzle, leading
to vigorous breakup of liquid sheets into small fragmerniss process was termed “prompt
atomization.” If one observes carefully the data pointsrforzles F and G in Fig. 2, it can be
seen that for the small values of GLR (say, GKR3) there is not much difference between
the P,,/ P, ratio for the nozzle with a long mixing port (nozzle G) and tiezzle with a short
mixing port (nozzle F). For the values of GLR 3 this difference increases. Smaller values of
GLR mean lower gas mass flow rate or relatively higher liguisvftate and a large value of
GLR means vice versa. This difference in pressure drop @@sovith the performance of the
nozzles as observed by Song and Lee (1996). Finally, congpéhre data points of the nozzles
A, B, and C, it is evident from the plot in Fig. 2 that thg, /d, ratio has the most significant
effect on the mixing point pressure among all the geomdip@eameters studied. The higher the
value of thed,,, /d, ratio, the higher is the value of the pressure reduction éetvthe gas inlet
pressure and mixing point pressure (nozzle C). Partiguiarthe range 0.0k ALR < 0.4, the
influence ofd,,, /d, is more significant, indicating that the gas pressure dropigrange is more
when thed,, /d, ratio is incremented. Similarly?,, /P, has the same behavior as a function of
GLR as that ofP,,,/ P, for the geometrical parameters studied (Fig. 5).

Figure 6 depicts the ratio of air mass flow rate to the maximisrmass flow rate (for Ma=
1 at the throat between gas port and mixing port) as a funcfipnessure ratio®,,,/ P, ). In the

Atomization and Sprays



The Influence of Geometrical and Operational Parameters 415

1T ONozA +Noz.B Noz.C ANozD XNozE iINozF ®NozG
1
09 1 o
os L 350 e g @ MDOR XA+ @ T, s
| & e
07 +
; +
¢ 06+
= -
K3 i &,
5 90 - Ay
= T
04 +
03 +
02 .
01+
0 3 3 ; + : i 3 + ; \
0 01 02 03 04 05 06 07 08 09 1
P"l-’.l.Pﬂ

FIG. 6. Plot of the ratio of air mass flow rate to maximum air mass flote tArough gas port against
pressure ratio. The continuous blue line is the curve fantispic flow through a converging—diverging
nozzle.

same figure, the curve for isentropic flow through the conwerediverging nozzle is also plotted
(continuous line). The flow in the Y-jet atomizers from thes g@rt to the mixing port is similar
to the flow through the converging—diverging nozzle whéyeacts as a nozzle throat arl,
(mixing point pressure) as the back pressure. The deviafitive data points from the isentropic
prediction line is due to the irreversibility of the suddeqpansion of the air and the presence
of liquid around the mixing point. This behavior is also alveel by Ferreira et al. (2009b). The
orange dashed line shows the pressure r&tig/(P, = 0.5283) at which isentropic compressible
flow through a converging—diverging nozzle is choked. Thiedashed line ®,,,/ P, = 0.565)
shows the deviation of the shocked region from the isentropmpressible flow. Ferreira et al.
(2009a,b) explained that the presence of water in the mpargrestricts the air flow; the liquid
mass flow rate changes the value of the gas mass flow rate dt fidicis choked for the same
geometric expansionif,/d,). However, the choked condition always occurs at the exihef
gas port, not downstream of this point (Pacifico and Yanagih2014; Ferreria et al., 2009).
Ferreira et al. (2009) observed that the smallest SMDs €eamtan diameter) are produced at
choked conditions. This is an important operational patamfer internally mixing twin-fluid
atomizers. However, in the case of thermal power plantspvaiperating at choked conditions, a
large amount of steam flow at high velocity is supplied to thebustion chamber. The intense
interaction with the turbulence field induces high straitesan the flame front leading to local
flame extinction; this elongation of the flame might end updntact with the boiler wall. In
these cases, the reaction times become larger than thegniixia, leading to formation of soot
(Warnatz et al., 2001). Secondly, large amount of wateoéhiced into the flame cools down the
reaction zone leading to a decrease in local temperaturentigat lead to flame extinction and
prevent reignition of the mixture.

In order to compare all the parameters analyzed in Figs. Hamith the empirical correla-
tions for P,,,/ P, and P,,/ P, proposed by Pacifico and Yanagihara (2014), data pointd tfeal
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nozzles A—G and the correlations®Bf,/ P, andP,,/ P, are plotted in Figs. 7 and 8, respectively.
The correlations are

P l —0.38 d 4

— — 0.169+ 0.81exp |—0.67507%22 [ L ) GLRY®|, (13)
P, dm dg

P I —0.25 d 3

— =0.161+ 1.06exp |—1.089 %11 = ) GLR%%2| . (14)
P, dpm, dy,

These correlations, shown in Egs. (13) and (14), are validhe ranges < GLR < 1,
3.5< 1, /dy, <£10,1.67< d,,/d, < 2,and 45% 0 < 70°. In these correlations, must be in
radiangw/4 < © < 77/18). It can be seen in Figs. 7 and 8 that there is good agreemevedet
the proposed correlations and the current simulationt®sih important operational parameter
is the condition of critical gas flow. For the present nurmedrstudy it isP,,, /P, < 0.565; this is
obtained when-0.6750%22(1,, /d,,) > (d,, /d,)* GLR®®" > 1.05.

Figure 9 shows the plot of the data points obtained from thukitions and the plot of the
correlation P(z)/P,) proposed by Pacifico and Yanagihara (2014) for the presbofealong
the length of the mixing chamber. Numerical results agrek with the proposed correlation.
Following is the correlation:

P(Z) I —0.422 d 5.152
- = 0.172+ 0.732exp | — 0.37190-203 <dﬂ) <—’") GLR®%88

a m dg
15
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FIG. 7: Comparison of numerical data points against empiricaletation [Eq. (13)] for the mixing point
pressure to the air inlet pressure ratio proposed by Pacifidovanagihara (2014)
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FIG. 9: Comparison of numerical data points against the empiricaktation [Eq. (15)] based on GLR
for the pressure drop along the length of the mixing port psagl by Pacifico and Yanagihara (2014)

Another parameter used for the analysis of an internallyimgixwin-fluid Y-jet atomizer is
the “momentum ratio” ¢); this is the ratio of the momentum of the liquid jet goingarthe
mixing port and the momentum of the auxiliary fluid (air orat®. This ratio was first used by
De Michele et al. (1991) for the analysis of twin-fluid Y-jebenizers. It was used in previous
studies by Song and Lee (1996), Andreussi et al. (1992), iMigval. (2015), and Nazeer et al.
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(2018). Momentum ratio is defined as

_ G2d?p,,, sin O

=t e T 16
Ggmdgnpw ’ ( )

whereG; is the liquid mass velocity7, ., is the gas mass velocity based on mixing port cross
sectional area, ang, ,,, is the gas density at the mixing point.

The correlation based on momentum ratio for the pressugalomg the length of the mix-
ing chamber P(z)/P,) proposed by Pacifico and Yanagihara is plotted in Fig. 1Gnakical
data points are also plotted in the same figure. Again thdtseagree well with the proposed
correlation. Following is the correlation:

—0.309 4.536
L) _ 0172+ 0.7640xp [— 0.0489%972 <Zﬂ> (d—m> @037

P, dm, dq
LS
—1.286 <Z_> ] .

Figure 11 shows the contours of the volume fraction for n@ZBl" for the three different
GLR ratios. When the GLR ratio is low [0.01, Fig. 11(a)], thevflseems to be somewhat tran-
sitional between froth/churn-turbulent flow and annulaspy flow. As the GLR increases [0.1,
Fig. 11(b)] the flow is clearly in the wispy-annular regimetwan annular liquid film surround-
ing the gas core comprising of dispersed droplets and liggsnés the GLR increases further
[0.3, Fig. 11(c)], the flow is clearly in the annular flow regnwith a wavy annular film around
the gaseous core. These changes in the flow patterns ogcupdtream of the discharge orifice
greatly affect the atomization and spray formation dova@str of the nozzle exit. For instance,

(17)
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FIG. 10: Comparison of numerical data points against the empiricaktation [Eq. (17)] based on mo-

mentum ratio @) for the pressure drop along the length of the mixing portppeed by Pacifico and
Yanagihara (2014)
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FIG. 11: Contour of volume fraction of air-water multiphase flow ateth different GLRs

when the flow within the nozzle is churn-turbulent flow, theagpformed is not stable; while,
if the flow pattern is annular, the nozzle operates as a [paiair-blast atomizer, comprising a
central core of high-velocity gas surrounded by an anndlardf liquid. The relative velocity
between the gas and liquid ensures good atomization.

In order to verify the flow regimes, the data points of all thezzies were plotted on the
vertical pipe flow regime map proposed by Hewitt and Robé&@69) and Oshinowo and Charles
(1974). There are of course, some significant differencesdmn the “classical” flow regimes
examined in the literature and the types of flow patterns ¢hatarise in practical atomizers.
The former is confined to fully developed flow in long, cons@oess-section pipes; whereas the
flow in the atomizer is of short length and the flow is transiamature, roughly equivalent to
the flow at the inlet of the long pipes. Moreover, the flow in &#temizer is accelerating from the
mixing duct to the exit orifice. However, despite these aforrtioned differences in the flow
nature, the flow patterns that are normally associated Wwéhwo-phase flow in long pipes can
usefully contribute to the better understanding of the flegimes in the atomizers (Chin and
Lefebvre, 1993).

Figure 12 shows the Hewitt and Roberts multiphase flow mapv{tiand Roberts, 1969).
This map has been found to fit a reasonably large range of fandsis of particular interest
in the high-mass flux region (Hawkes et al., 2000). The coatgdis represent the momentum
fluxes; the ordinate represents the air momentum flux whieatbscissa represents the water
momentum flux.J,, and J, are superficial velocities of water and air, respectivelye Tata
points for all seven nozzles are also plotted on this maarite seen that the main flow patterns
are annular and wispy annular. GLR ratio decreases witlease in water momentum flux; then
according to this map, for small values of GLR, the wispy danis the main flow pattern while
for larger values of GLR, the annular flow is the main flow pattélhis result matches with
the flow pattern observed within the nozzle [Figs. 11(b) ah¢t)]. However, there is a small
discrepancy between the results; at the lowest value of GLiRe study (0.01) flow seems to
be transitional between the froth/churn turbulent flow amelwispy-annular flow [Fig. 11(a)],
while, according to the map, it should be wispy-annular fisevertheless, in industrial boilers
the GLR ratio is usually in the range 0<1GLR < 0.3. Flow is wispy annular at the lower end
of this range and annular at the higher end of the range.
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FIG. 12: Data points plotted on vertical multiphase pipe flow regimaprof Hewitt and Roberts (1969)

Figure 13 shows the flow pattern map provided by Oshinowo amarl€s (1974) for the
vertical downward flow. In this figure, the ordinate is the aeproot of the air-liquid volumetric

flow rate ratio, while the abscissa is the ratio of the twogeharoude number, §rto the square
root of A, where

Fr, — —5_ 18
rtp gdm ) ( )

1
4= o™ )

andJ, the superficial velocity of the two-phase flow is obtained as

o Qa + Ql
“ WA, (20)

It can be clearly seen that the results lie outside the flonregestablished by the map.
Nevertheless, one could easily speculate from the map ¢haihé very low GLRs used in the
study, the flow has to be froth, or transition between frotd annular flow, while for higher

values of GLR, the flow has to be annular; this result matchiés tive contours displayed in
Fig. 11.
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5. CONCLUSION

A parametric analysis to study the effect of operationalgeaimetric parameters on the internal
flow characteristics of a twin-fluid Y-jet atomizer has beemried out; seven atomizers with
different geometrical parameters have been considerededwer, 11 cases for each atomizer
with different GLR (gas to liquid mass flow rate) ratios haweb simulated, giving a total of
77 cases. The working fluids were water and air. The comimedsavier-Stokes equation was
used to model the flow through the atomizer, utilizing its iempentation into ANSYS Fluent.
A hybrid RANS and LES technique, i.e., WMLES (wall modeletyla eddy simulations) was
used to resolve the larger eddies with LES simulation, wéifaller eddies near the wall were
modeled with the Prandtl length model. The volume of fluid metwas used to capture the
development and fragmentation of the gas-liquid interfasile the Y-jet atomizer. The results
show that the gas-liquid multiphase regime formed is anrfldes for the vast majority of GLR
ratios. The sudden expansion of gas jet from the gas porthietmixing duct is limited by higher
pressure of the liquid jet emanating from the liquid poris leads to recirculation of the air in
the premixed zone of the nozzle, which, in turn, resultswerse film formation in the premixed
zone. The numerical results obtained have been comparédewipirical correlations of the
pressure drop for a twin-fluid Y-jet atomizer available ie tipen literature and have been found
to agree well with them. These correlations could be usediésigning a Y-jet atomizer, and
predicting the occurrence of critical conditions at thet exithe gas port. Moreover, the results

Volume 29, Issue 5, 2019



422 Nazeer et al.

show that the mixing point pressure is strongly dependeth®mixing port to air port diameter
ratio, specifically in the rage 0.4 (GLR) < 0.4; the mixing port length moderately affects the
mixing point pressure while the angle between mixing andi¢igports was found not to have an
appreciable effect. Despite some significant differend¢eden the multiphase flow in pipes and
the flow that could arise in the Y-jet atomizers, the cladgigae multiphase flow regime maps
could be applied to the flow through the mixing duct of twinidllY-jet atomizers. The main
flow regimes found under the studied operational conditasasannular and wispy-annular flow.
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APPENDIX A. SPEED OF SOUND IN GAS-LIQUID MIXTURE

Consider a unit-infinitesimal mixture of disperse phasgutl) and continuous phase (gas). The
initial densities are denoted ly andp, and initial pressure in continuous phaseRy Surface
tension,o, can be included by denoting the radius of the dispersedegberticle byR. Then the
initial pressure in the dispersed phas@jis= P, + 20/R.

Now consider an infinitesimal change in presskréo P, + 5 P;. Any dynamics associated
with the resulting fluid motion is ignored. It is assumed thaew equilibrium state is achieved.
In the absence of any mass exchange between the phaseswthiispersed and continuous
phase volumes are, respectively,

(prog) / [Pl + g—;ll 5131] ; (A1)
0pg
(Pgexg) / {pg + 9P, 6Pg:| . (A.2)

Adding these together and subtracting from unity, one obtdie change in the total volume,
&V, and hence sonic velocity as

1 5V
2~ " P5p

g9

) (A.3)

5Py—0
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If we assume that no dispersed phase particles are createdtooyed, then the rathd”; /5 P,
could be determined by evaluating the new dispersed padizeR + 5 R commensurate with
the new disperse phase volume and using the relaipn= 5P, — (20/R?)SR:

0h _ [1/ (1 20 Op )} (A.5)

5P, ~ 3p,R P,
Substituting this into Eq. (24) and using the notations

1 8pl 1 5‘pq
— =2, =2 A.6
Cl2 aPl s 7 052] 8Pq s ’ ( )
the result could be expressed as
1 2
- O(g 4 “l/plcl (A?)

pc2 pgc2  [1—20/3pic?R]’

For the sake of simplification, and in most practical circtanses the surface tension effect
can be neglected sinee< p;c?R, then Eq. (27) could be expressed as

1 oy oy
—.

p?  pgcd T pie

(A.8)

pc? is the effective bulk modulus of the mixture where the effectiensityp = XgPg + 0P IS
governed by the density of the liquid and the inverse of tfecéf’e bulk modulus is equal to an
average of the inverse bulk moduli of the componen)l%il:fl and ¥/p;c?) weighted according
to their volume fractions.

APPENDIX B. GRID INDEPENDENT STUDY

A grid independence study was conducted to check whetheréigimes change with the grid.
Figure B1(a) shows the grid used in the parametric study éazie D and Fig. B1(b) shows
the coarser grid. Grid “a” has about 17 million elements and " has around 13 million

3
e R e R

FIG. B1: (a) Grid used in the parametric study, (b) coarser grid
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elements. The total number of elements around the circemder of the mixing duct for grid
“a” are 390 while for grid “b” they are 280. The'Yvalue for grid “a” is 0.72 while for grid “b”
itis 0.92.

Figure B2 shows contours of the average volume fraction eémaver 100,000 time steps.
The time step size is & 108 s. Figures B2(a) and B2(b) depict the average volume fradtip
the froth/churn-turbulent flow regime (GLR 0.01), Figs. B2(c) and B2(d) depict the average

Average Volume Fraction of Water

0.0 03 0.6 1.0

(a) Average volume fraction for grid ‘b’ with GLR=0.01

(b) Average volume fraction for grid ‘a’ with GLR=0.01

(c) Average volume fraction for Grid ‘b’ with GLR= 0.1

[ Se—

(f) Average volume fraction for grid ‘a’ with GLR=0.3

FIG. B2: Average volume fraction of water over 100,000 time steps(f@)average volume fraction for
froth/churn-turbulent flow regime, (c), (d) average voluiraetion for wispy-annular flow regime, and (e),
(f) average volume fraction for annular flow regime

Volume 29, Issue 5, 2019



428 Nazeer et al.

volume fraction for the wispy-annular flow regime (GL:R0.1), and Figs. B2(e) and B2(f)
depict the average volume fraction of the annular flow redi@ieR = 0.3). The average volume
fraction of all three flow regimes is almost the same for celaand dense grids.
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