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Numerical Study of Breakup Processes of Water Jet Injected into a Cross Air Flow

F. Liv", G. J. Smallwood, and (. L. Guilder
Combustion Research Group
institute for Chemical Pracess & Environmental Technology
National Research Council Canada
Monireal Road, Ottawa, Ontario, Canads K1 A ORS

Abstract .

A numerical study was carried out to Investigate the effects of cross airflow on the penctration of a water jet and
the secondaty breakup of drops. The KIVA3 code was used along with the k-e turbulence model and the TAB
breakup model. The injector diameter, cross flow velocity, and injection velocity were varied Lo study their effects
on drop size and location distributions and the jet penetration, Numerical results show qualitative agreement with the
experimental results reported in the literature. A direct comparison was made between the numerical drop size
distributions and the experimental results of Kilm et al. at two locations in the spray field and qualitative agreemenit

was observed,

Introduction

Adiquid fuel jet injected Into & crossing gas flow is
of importance in many practical applications, These
include fuel injection in combustion processes, drop
size control, and slurry-fuel injeetion [1,2). 1t is also of
fundamental interest to understand the breakup
mechanisms of a liquid jet under the action of
aerodynamic force. This problem therefore has received
considerable research attention in the Jast three decades,
see [1,2,3.4,3} and the references cited therein. These
references also provide a good literature review on
cheractetistics of [iquid jet breakup in cross flow
[1,2,3,4] and theoretical analysis of spray jets in cross
flow | 5].

liquid jet injected into a cross gas flow have not been
reported in the open literature,
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The atomization meehanisms and breakup regimes
of a liquid jet injected into a subsonic crossing gas
stream have been experimentally studied by Wu et al,
{1] and recently by Mazallon el al. [3]. These
mechanisms wers also schemarically illusirated in the
paper of Kihm et al, {2], see Fig.l. Kibm et al [2]
obtained a correlation of the drop Sauter mean diameter
(SMD) at different locations of the spray based on
measurements using a Malvern laser diffraction partiole
sizer. Wu et al. [4] performed a more comprehensive
experimental study of the spray strugtures of liquid jets
Incross flow and measured cross-sectional distributions
of SMD, drop velocity, volume flux, sprey penetration,
and spray width. Although extensive experimental
studies have been conducted to characterize liquid jets
injected inte a crossing gas flow in terms of jet
trajectaries [1,3,6,7], breakup location [1], spray width
[4], and drop size distributions [2,4,8], to our
knowledge numerical studies of the atomization of a
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Fig.1 Atomization model for a liquid jet Injected
into a eross flow (reproduced from Kikm et al. |2)).

Modelling of the primary breakup of a liquid jet
and the secondary breakup of drops is inherently
difficult primarily due to the co-existence of many
different physical mechanisms in different breakup
regitnes and our current understanding of these
mechanisms [9,10,11]. The breakup models that are
widely used in multi-dimensienal madelling of diesel
and gascline sngines are based on the analogy between
an oscillating and distorting droplet and & spring-mass
System (TAB model) [12] and Kelvin-Helmholtz
instability (KH model} [13] and Rayleigh-Taylor
instability (KH-RT model) [14]. By assuming a drop



size at the injector and some other parameters, such as
the amplitude of drop oscillation at the injector and the
initial come angle, these models are copable of
predicting the subsequent processes of drop breakup
and drop collision. While these models have been
widely employed as a spray sub-model in modelling
engineg combustion, it i difficult to assess their
performance due (o the complexity of the problem in
the existence of spray dynamics, chemical reactions,
and turbulenge. Therefore, It is desirable 1o evaluate
these spray sub-models in modelling simple non-
reacling sprays using experimental data, especially drop
size distribution, in order 1o establish a reliable spray
sub-modei for complex engine modelling, Liu et al [13]
have evaluated the performance of the TAR model and
the KH wave model in the prediction of drop trajectory
and breakup in a cross flow, They found that the TAB
model predicts accurate drop trajectory but significantly
underpredicts the drop SMD, On the other hand, the
KH wave meodel predicts the drop trajectory with
similar accuracy to the TAB model but much betier
drop SMD when their improved drop drag model was
employed,

In the present study, the KIVAJ code [16] was
used to calculate the secondary breakup of a water jet
injected into a cross airflow along with the TAR model
[12]. The objectives of this study are (1} te numerically
investigate the effects of the cross flow on the
secondary breskup of the [iquid jet, and {2) to evaluate
the TAB model in this situation by comparing the
predicted drop size distribution with the experimental
data of Kihm et al. [2],

caleulations were performed in 4 tectangular channel
having the same cross section as that used in their
experimental work, The dimensions of the channe) are
T0men (length) x 33mm (height) x 23mm (depth). The
solutton domain is defined as x between [-20 mm, 50
mm], ¥ between [0, -33 mm], and = between [-12.5 mm,
125 mm]. The solulion domain was schematically
shown in Fig2. The channel was divided into
21x16x10 eontra} volumes with non-uniterm grids used
in x direction (gas flow dircction) and uniform grids
placed in y (along the height of the channel) and -
directions. The crossing airflow was introduced at x = -
20 mm and along the positive x direction. The injector
was located at {x,,2)=(0,-2 mm,0}, which was at the
same location as the experiment of Kihm et al, [2]. The
[guid (water in this study) was injected downward. The
amplitude of drop oscillation a1 injector (Ay) and the
initlal cone angle (8) were set to 1.0e-6 and &°
respeetively, The number of spray parcels injected was
20,000 for all the calculations, Unless otherwise stated,
the drop drag coefficient is calculated as that for a rigid
sphere [17],
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The KIVAZ code salves the unsteady three-
dimensional compressible Navier-8tokes equations
coupled with chemical reactions and spray dynamics
using the control volume method, Details of the
nurerical method and physical models employed in the
code are discussed in [16,17]. in the present
calculations, the gas phase turbulence was modelled
using the k-¢ model and the effect of turbulence on drap
dynamics was teken into account. The TAB model
{12,17) was employed to simulate the secondury
breakup processes of the liquid jet. The model assymes
that the size of drop parcels at the injector Is the same
as the injector diameter, The TAD model was discussed
in detail by O'Rourke and Amsden [12] along with its
limitations, ‘The TAB model parameters emplayed in
RIVAZare: Cy=10,C, =8, Cp = 1/2, and Cr = 1/3.

In erder to use the experimentzl drop size
distributions reported by Kihm et al. (2] in the present
evaluaiion study of the TAR model, numerical

70 mm

'Fig.2 Dimensions and coordinate origin of the solution
domain,

Resnlts and Discussions

The injector for this study is a simple pressure
atomizer., The injector hole diameter used in the
calculations was dy = 0.5, 0.6, and 0.7 mm. The
discharge coefficient was assumed to be 1.0 and this
assumption should not affect the conclusions of the
present study. The water injection rate considered was
2435, 3.68, and 5.52 ml/s. To investigate the effects of
the crossing flow on the atomization of the water drops,
four gas veloeities were considered; WV, =13, 30, 45, and
60 m/s. Various combinations of cross flow velocily,
injection velocity, and nozzle diameter were made 1o
investigale their effects on jet penetration and drap size.
A summary of these combinations are given in Table 1
for the convenience of the readers. The hase case, dg =



0.6 mm, V)= 13 m/s, and ¥V, = 45 m/s, was repeated in
these figures for comparison purposes.

Table 1 Summary of the computational conditions

Figure dn V1 Vg Crossflow Drop drag
(mm) | twm/s) | (mis) | Weber number sosfficient
3z} ) K] 15 ] Rigid sphera
3(b) a6 11 0 i Rigid sphere
ife) .6 13 45 17.4 Rigtd sphere
3(d) CE) 13 &0 10,9 Rigd sphers
4(a} d6 a7 30 79 Rigid sphere
4(k) 0.6 11 45 17.4 Rigwd sphere
(e 04 193 60 309 Rigid sphere
5{a} [t 187 45 145 Rigud sphere
(b} X 13 45 17.4 Rigid sphere
5(c) 07 953 ') 20,3 Rigid sphere
6(n) 03 13 45 14.5 Rigid sphere
a(b) oe 13 45 17.4 Rigid sphore
ile) a7 13 [E 203 Rigid sphere
7(a) 06 13 45 17.4 Rigid sphere

by 05 K 43 174 modifind

The calculated drop location and relative drop size
for the four different zurﬂow velocities while keeping
the jat velocity oo
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shown In Figs.Xa), 3(b), 3(c}), and 3d) in order of
increasing the cross air stream velocity. As the crossing
airflow velocity is increased while the jet velocity is
held constant, the breakup length of the jet decreases
and so docs the jet penetration. This is because of the
increased air-to-liguid momentum ratic. The *breakup
length’ used here is the numerical length of the liquid
jet where the drop size remains the same as the
injection drop size, i.e. the injeclor diameter. Thls
‘breakup length’ should not be mixed up with the
concept of breakup length defined as the length of the
intact liquid near the injector exit in a stagnant gas [18].
These figures also demonstrate the effects of the
crossing flow on the liquid jet atomizetion; finer drops
are produced at a given p location beyond the breakup
point, which is marked in each figure except Fig.3(a)
where no breskup occurs within the height of the
solution domain. This is attributed to the increased
Weber number as the crossing airflow velocity
increases. These results are indeed expeeted and in

qualitative  agreement  with  the
observalions of Wy et al. [1].

To investigate the effects of the magnitude of the
crossing flow welocily on the penetration and
alomization of the water jet while keeping the air-to-
liquid momertum ratio consiant, ealculations were
carrled out for two additional sets of ¢ross flow and jet
velocities: (1) V= 8.67 m/s, V, = 30 m/s, and (2) vy =
19.5 mvs, ¥V, = 60 m/s, These two caleulations have the
same air-to-liquid momentum ratio as that shewn in
Fig.3(e) for Vi = 13 m/s and Vv, = 45 mvs, The drop
location and relative size of these three calculations are
shown in Fig.4. It is interesting 1o see from this figure
that the jet penetration into ihe cress flow decreases
with increasing the cross gas flow velacity even though
the air-to-liquid veloclty ratio (alse momentum ratio}
remains unchanged. These results are in agreement with
those obtained by Nguyen and Karagozian [6] who
showed that the jet penetration strongly depends on the
air-to~ liquid momentum ratio but also depends on the
cross flow velocity (o a lesser exient. For a given air-to-
liquid momentum ratio, the decreased jot penetration
with increasing cross flow velocity is caused by the
enhanced atomlzation of the drops as a result of
increased Weber number due to increased relative
velogity between the air flow and the drops. This is
evident from the relative drop sizes shown in these this
figure. :

experimental

When keeping the air-to-liquid moementum ratio
constant, the dependence of the jet penetration on the
cross flow velocity obtained in this work and by
Nguyen and Karagozmn [6} is somewhat in

Spray
development and penetration as the cross flow veloeity
increases, This apparent contradiction may be explained
by the fact that Kihm et al, did not vary the cross flow
velocity 1o the extent that its effect on the jet
penetration becemes significant. Kihm et al, only varied
the cross flow velocity by less than 20% and it was
therefore difficult to observe any change in jau
penetration due to the relative weak dependence of jet
penetration on the magnitude of the cross flow veloeity.

The effects of the injector diameter on the jet
penetration  and  secondary drop  breakup  were
investigated by conducling caleulations for dg = 0.5,
0.6, and 0.7 mm while keeping V, = 45 m/s and the
injection flow rale 3.68 ml/s, The predicted relative
drop size and drop location are shown in Fig.5. For a
given injection liguid flow rate, comparison between
results displayed In Figs.5(a), 5(b), and 5{c) show that
the smuiler the injector diameter, the deeper the jet
penetration inta the cross flow und the finer the drop
size. The deeper penetration is caused by the decreased



air-to-liquid momentum ratio. While the finer drops are
produced by the increased relative velocity between the
airflow and the drop parcels as well a5 the smalier drop
size at the injector. The opposite trend is observed from
the results shown in Fig.5(c) for dp = 0.7 mm for the
very same reason. These resulls are In qualilative
agreement with the experimental results of Kihm [2],

The effects of the nozzle diameter on the spray
structure under the conditions of oconstant cross flow
and injection velocities were also investigated. The
resulls are shown in Figs.6(a), &b), and 6(c) for dy=
0.5 and 0.7 mrn, respectively.

Comparison between results shown in these figures
indicates that the jet penetration inte the cross flow is
almost identical for the remson that these three
caleulations have the same cross flow and injection
velocities, Experimentally, it has been found that the jet
penetration can be well correlated to the air-to-liquid
momentum ratio [4]. For do = 0.7 mm, Fig.6(c), the jel
penetration is stightly deeper than those for dy = 0.5 and
(.6 mm, Figs.6(a) and &(b}. This i attributed to the fact
that the drop sizes are slightly bigger for do = 0.7 tnm
since the initial drop size at the nozzle is assumed to be
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Fig.3 Effects of the cross flow velocity on drop location, drop size, and break point for

dy =06 mm, ¥, =13 mfs. {a) Vo= 15mfs, (b} V, =30 mss, (¢) V, = 45 m/s, and (d) YV, = 60m/s,
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Figd Effect of the crossing airflow velocity with
constant air-lo-liguid momentum ratio for dy = 0.6 mm:
(8) V| = 8.67 mfs, V, = 30 m/s, (b) V= 13 mis, V, = 45
m/8, and (¢} V) = 19.5 m/s, V, = 60 m/s,
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Fig.5 Eftect of the nozzle diameter with constant water
flow rate of 3.68 ml/s and constant crossing airflow of
45 nis: {a) dg = 0.5 mm, ¥, = I8.7 mss, (b} dy = 0.6
mit, V=13 mfs, (¢) do = 0.7 mm, V| = 9,55 mvs.



the nozzle size. These results are again in qualitative
agreement wilh the exparimental study of Kihm et al,
[2] who observed a similar trend on the effects of the
nozzle diameter on drop size disiribution under the
condition of constant cross flow and injection
veloeities,

In addition to the drop breakup model itself, drop
drag coefficient is also a very important part of drop
breakup modelling since i1 affects the drop acceleration,
drop physical localion, and the relative velocity
between a drop parcel and the gas flow [15]. The drag
coefficient for a rigid sphere has been widely used in
spray modelling. The underlying assumption is that &
liguid drop can be treated as a sphere. In reality,
however, & liquld drop undergoes deformation and
oscillation upon breakup. Liu et al. [13] proposed an
improved drop drag coefficient mode! to account for the
departure of drop shape from sphere under the action of
acrodynamic force. In this model, the drop drag
coefficient is modified according to the following
equation

Cd = Cd.sphm (I +2.632}’)

where Cypnere 13 the drop drag coefficient based on the
rigid sphere assumption and y is the drop distortion
caleulsted in the TAB model. The effect of this
improved drop drap coefficient model on the resylts of
the present study was investigated by repeating the
caleulztions for conditions shown in Fig.3(c) using the
modified drop drag coefficient. The results #re shown
in Fig.7. Compatison of the results shown in Figs.7(a)
and 7(b) indicates that the jet penetration was

s 4 31 3 IS +3 1 4 P Py
TS I AU Y U WL HTC UT U Ara g COTITITIETINRY]

Eivet—al—[+5]-waswsed—This s expected due v the
increased drag force acting on drops in the cross flow
direction. The significant effect of the drop drag
coefficient on the jel trajectery and penetration
observed from the results shown in these two figures
disagrees with the finding of Liu et al. [15] who
concluded that the TAB model was refatively
- insensitive to the drop drag coefficient due to the
instantaneous breakup of parent drops, This may be
attributed to the much smaller Injection drop size (170
wm diameter) considered in their study.

The predicted drop size distributions at x = 10 mm
downstream of the injector and two y locations, y = -15
mm and —22.% mm, are compared Lo the measured drop
size distributions of Kihm et al. [2] in Fig8,
Caleylations were conducted using the drop drag
coefficient of the rigid sphere and of the dynamic
model due to Liu et al, [15], This {igure shows that the
TAB significantly underpredicts the drop size at both
locations, The effect of drop drag coefficient on the
predicted drop size s insignificant and use of the drop

[=]

Fig.6 Effect of nozzle diameter with constant injection
velocity for ¥V, = 13 m/s, V, = 45 mfs: (a) dy = 0.5 mm,
{6} do = G.6 mm, and (¢} dy =0.7 mm.



drag coefficient suggested by Liu et al, [15] results in 15

the drop size distributions slightly shified towards T () y=-16mm
larger size. Results shown in Fig.8 confirms the earlier = . KWZ; "
finding of Liu et al. [13] that the TAB model 9&; e Modifled G,
considerably underpredicts the drop size. & 10
=
&
2
g 5-
0 3
1 =
3 -
0.5 -
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3 20
2 4 (b) y = -22.5 mm
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Et5
] Fig.8 Comparison between the predicted and
] experimental drop size distributions at iwo heights at x
25 3 Sl = 10 mm for dg = 0.6 mm, V| = 13 m/s, V= 45 mis,
-3 j . s ..f.. .:" "'.
1 T T T 1' R
-3 0 1 2 3 4 5 Concluding Remarks

It was found from the results of the present study
Fig.7 Effect of the drop drag coefficient for dy = 0.6 that the TAB model prediets qualitatively correct
mm, ¥V, = 13 m/s, V, = 45 m/s: (a} rigid sphere model,  effects of varying different physical parameters, such as
(b) modified model by Liy et al, [15], the cross flow velocity, the injection veloeity, and the
injector diameter, on the spray pattern for 4 warter jet
injected into a cross airflow, However, the TAB model
significantly underpredicts the drop size. Therefore, the
TAB is useful to perform parametric studies on tho
effects of different physical properties on the liquld
spray under consideration, 1t is recommended that the
TAB mode] should not empleyed when sceurate drop
size distribution is to be predicted,
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