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The linear stability of a plane liquid sheet of metal flowing between parallel gas streams having
different velocities is considered. The presence of a magnetic field only slightly modifies the neutral
stability curves obtained in the hydrodynamic regime where Kelvin—Helmholtz instabilities are the
dominant mechanism in the destabilization of the sheet. The most unstable wavelength is found to
scale with Weé! where We is the Weber number. As expected, the growth rate of the instabilities

is decreased when a transverse magnetic field is applied. However, the growth rate is increased
when the applied magnetic field is parallel to the direction of the velocities. A possible explanation
of this unusual phenomenon is presented. In an experimental air-blast atomizer with water and
nitrogen, particle size and velocity measurements have been made with a laser-doppler analyzer.
The results agree with the theoretical predictions for zero magnetic flux density and are also
consistent with predictions based on a more global breakup mechanisni99® American
Institute of Physicg.S1070-663(197)00912-4

I. INTRODUCTION lets by the jets. One way to achieve the required sheet sta-

, . bility is to apply a magnetic field which is generally known
The effect of magnetohydrodynamic forces on the inter+, raquce the growth rate of any perturbatiGrhe aim of

face' between two electrically conducting quids.has been ingig paper is to investigate such a possibility. A linear stabil-
vestigated by many authors. Most of these studies focused 98 study is presented in Sec. Il with a discussion of the

metallurgical situations where high intensity electric currents.qqits in Sec. III. Although no experiments have been con-
cross one or possibly several liquidfliquid or liquid/solid 4,cteq with a magnetic field, experiments with water and air

boundaries. For example, in a stability study of electric arg,5e peen undertaken and the results presented in Sec. IV
furnaces, Sneydused a model with three liquid layers, each agree well with the model predictions for zero magnetic flux

with a different density and electrical conductivity, and with density. Validation of the model without a magnetic field
a steady(direcy electric current perpendicular to the inter- .qyides some confidence in its predictions of magnetic field

faces. Similar models have been used in attempts to desiQlyacts.

larger aluminum reduction cells where the need to avoid os-

cillations of t_he interface be_tw_een the _cryolith layer and they; | INEAR STABILITY ANALYSIS

melted aluminum severely limits cell sizé.All these stud-

ies illustrated the competing roles of Lorentz forces, gravity, ~ Since its curvature is small, the conical sheet can be

surface tension, and inertia in interfacial instabilities. Recentreated as a plane two-dimensional liquid-metal layer with a

attempts to reduce size variations in metallic powders obthickness of 2. For the actual situation shown in Fig. 1, the

tained by gas atomization of conical liquid-metal sheets hav@as Velocity inside the sheet is almost zero. However, for the

clearly shown the sheets must remain axisymmetric angake of generality, we assume that the liquid-metal layer is

stable prior to the impingement of the external coaxial gagandwiched between two parallel gas flo@sg. 2. The

streams(Fig. 1). electrical conductivity of the liquid metal is, while p,, and
The stability of a liquid-metal sheet without an exter- Pq are the densities of the metal and the gas, respectively.

nally applied magnetic field has been investigated both analhis study only considers a steady uniform magnetic field

lytically and experimentally as a function of the initial thick- which is either perpendicular or parallel to the flow direction.

ness, angular velocity, and other physical or geometrical For a linear stability analysis, the positions of the two

aspecté. The results show that it was quite easy to maintaininterfaces are given by

the coherence of the liquid sheet between its birth at the ,_, — 54 Ag(@x-wt+i® (1a)
nozzle outlet and the regidineferred to as the active zone in _
Fig. 1) where the gas jets start the atomization process, as Z= 7,=a+Ae @ Y, (1b)

long as the distance between the nozzle and active zone {gere s real and represents the small interfacial displace-
roughly 10-20 cm. However, for some technologically im-nent fromz=a while @ is complex and allows the interface
portant applications, this distance must be much larger. "F]earz= — a to have a different amplitude and phase than that

such a case, one must ensure that the sheet reaches the acfjy8,,— + 3. The real wave number of the perturbatiorgis
zone without instabilities that would lead to the formation of ,,i1e w=w,+io , whereo, is the circular frequency and

big droplets which cannot be disintegrated into small drop-,, s the amplification factor. Neglecting the viscous effects

in the three layers, the andz components of the momentum
dElectronic mail: Philippe.Marty@hmg.inpg.fr equation, together with continuity, become
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Rotating liquid film D2w—qg?w=0 in the gas, (4b)

where the complex quantit is

Nozzle ) ) ) . f )
Q :Q”:q 141 m if B:BH, (5a)
Gas stream Gas stream m 0
SR PUTLL S (5b)
=Qi= i if B=B,.
N N ) -

; Equations(4) are solved with the conditions that andDw
! are continuous at the gas—metal interfaces andwhad as
z— =+, Equation(2c) then givesu. For brevity, we only

Liquid metal —pm- reglon presentu andw in the liquid metal:
sheet eQa_ pidg—Qa o
Uo=(w=Uo0)| S2ga_g2qa ©
FIG. 1. The electromagnetic atomizer: the liquid metal flow is transformed
into an annular sheet prior to its disintegration by a neutral gas stream. gRati¢__o—Qa Q )
~ —oa—gzox € % - Adl@TeD (6a)
g?Qa—g~4Qa q ’
. . . Qa_ niga—Qa
—iwpju;+igp;U uj=—iqp;+€F(B,), (29 — i(w-U e"—ere
W= —i(w—Upq) e2Qa_g-2Qa €

) eQa+|¢_e—Qa )
iqu;+Dw;=0, (20) + ———7ox e‘QZ)Ae'(qX“"‘). (6b)
]

whereD = d/dz, U is the unperturbed velocity in the laypr
(J=0,1,2), and ¢;,0w;) is the velocity perturbation while
€j=1 for j=0 ande¢;=0 for j=1 or 2. The density; is
equal topp, for j =0 and top, for j=1 or 2, whileg denotes
the gravitational acceleration.

There is a magnetohydrodynaniMHD) force opposing
the motion across the magnetic field,

F(BL)=—o(UotUo)BL, Ga [0 U+ (0= Ua)%e”]

The solution forp in the gases and liquid metal are
obtained by substituting the solutions forandw into Eq.
(2a). Equating the pressure jump across each interface to the
surface tensiony times the local curvature of the interface
positions given by Eqd1) gives two equations whose sum
and difference are

F(B))=— owoBf (3b) oo ) N
in Eq. (28 or (2b) for a perpendicular or parallel magnetic + Q (w—=Upq)* tani(Qa)(1+€e'™)

field, respectively. Equatio(8a) includes the MHD opposi- - -

tion to the unperturbed velocity and the axial velocity per- y9*(1+e'®)+Apg(1—€'?), (7a)
turbation with a perpendicular magnetic field. Since the conipg 2 2 i®
cal sheet is axisymmetric, the azimuthal gradient of theE[(“’_Uﬂ) —(0=U,0)%™]
electric potential is zero and no electric field appears in Eqgs.

(3). For an actual plane layer, any short-circuiting of the +P_m
liquid-metal layer through an infinitely conducting wall Q
would also cancel thg derivative of the potential and, con- i -

sequently, would also lead to the same equation. Eliminating Yq*(1-e®)+Apg(1+e?), (7b)

p andu in Egs.(2) yields a simple equation for the vertical Where Ap=pn—pq is the density difference between the
velocity perturbatiorw: liguid metal and the gas. Equatiofiy can be simplified by

introducing the dimensionless quantities:

(0—UoQq)? coth Qa)(1—e'?)

D?w—Q?w=0 in the metal, (4a)
_ Pm _ _wa Uy Uy
p—p—g, k=qgqa, Q= Uy’ Vl—U , V2—U ,
. B
Z‘r n2:a+Ael(qx'o~)t) * _ ng(z)a _ ng(z) _ O’Bza
U B We=""0, Fr= 02, N=——-,
— " 0y @) Y pga pmUo
+a \_7%/\ N n
Yo Pm O K=Qa=k|1+i =——
o > Q-k (8)
X
a e e ‘ with n=+1/2 if B=B, and
U
— P n=-1/2 if B=B,,

Ny= -a + Ael(@x - 0) +®
where the liquid film thickness and velocity have been used
FIG. 2. Mathematical model and notations. as characteristic quantities, We and Fr are the Weber and
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Froude numbers, ard is the magnetic interaction parameter Q; 00125
which is the characteristic ratio of the electromagnetic forces
to inertial forces.
The dimensionless version of Ed3) are: 0.01
1 . O =0
E[(Q—Vzk)2+(Q—V1k)2e"1’]+§(Q—k)2 0.0075
tanr(K)(1+eiq’)=k—2(1+e‘q’)+£(1—ei®) (9a) 0.005
We Fr ’
1 _ p 0.0025
K [(Q=Vok)2=(Q—Vk)%e'?]+ K (Q-k)?
k2 1 0 T T T |||||||I||||||||| k
Ay _AD - id 0 0.1 0.2 0.3 04 0.5
coth K)(1—¢'?) We(l e )+Fr(1+e ).  (9b)

o . ) . FIG. 3. Liquid sheet flowing in a gas atmosphere at ré&t<V,=0):
Eliminating® in Eqs.(9a) and(9b) yields the character- comparison between the growth rates of the sinuous mdge-0) and of

istic equation the varicose moded, = ) for We=0.33,p=800 and F»1.
CV4Q4+ a303+ azﬂz"f‘ CKlQ"‘CYO:O, (10)
where the coefficientsy;=fi(p,k,K,V1,Vo,We,Fr) fori  than the varicose mode, =, whered, is the real part of

=0,1,2,3,4 are given in the Appendix. For a given waveihe phase shift between the two interfaces. In both cases
numberk, the critical gas velocity which triggers the insta- ¢. =0, so thatd =0 at neutral stability. The dominance of
bility is found by progressively increasing the value\af(or  the sinuous mode is confirmed by the behavior of the water
V2) until the dimensionless amplification fact@y;, becomes  gheet in Fig. 4 and by previous works of Hagerty and Shea,
positive. Without a magnetic field is real and is equal to \yho considered equal velocity gas streams.

k, and the coefficients; are also real: in this case, E4.0)

is a simple fourth-order polynomial with two pairs of conju-
gated roots. Ak—o, the sum and the difference of Egs.
(9@ and (9b) simplify to the equations for the classical
Kelvin—Helmholtz instability. On the other hand, with a
magnetic fieldK is a complex number and depends{®nso
that Eq.(10) is not a simple polynomial. We use an iterative
Newton—Raphson scheme to solve ER0) beginning with
the four roots foB=0 andK=k.

Il. RESULTS

First, we consider the values of the dimensionless pa-
rameters for practical applications. Since we are investigat-
ing a liquid sheet flowing between gas streams, we assume |
that p>1. For liquid steel atomized by nitrogen, or water in
air, p=5600 or 800, respectively. In most of the laboratory
or even industrial applications concerned with gas atomiza-
tion, the Froude number is also very large and the effects of
gravity can be ignored. For example,#t22 for a 0.1-mm-
thick layer of water flowing at 10 m/s in a nitrogen atmo-
sphere. For liquid steel in nitrogen, F47, which is large ;
enough to neglect gravitational effects. For the same velocity =~
and thickness the Weber number would be 0.17 for water
and 0.02 for a liquid metal such as mercury. Large values of |
We can nevertheless be obtained with thick liquid metal lay-
ers and high speeds. The interaction paranéte0.15 for a
1-mm-thick layer of liquid steel flowing at 0.1 m/s in a mag-
netic field of 1 T. Under the same conditions, for sodium,
N=12.5.

A. Without a magnetic field (N=0)

We begin with equal gas velocitie¥/{=V,). Figure 3  riG. 4. Growing of the sinuous mode of a water sheet flowing at 5 m/s in air
shows that the sinuous modg =0 has a higher growth rate (we=13).
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FIG. 5. Liquid sheet flowing between gas streams having opposite direc- 004]
tions (V,=—V,) for We=0.1, 1, and 10p=5600, and F1: (a) evolution 0 : | : : k

of the critical velocities of the gas flows s (b) Linear dependence of the (b)

ity AV2. W ith K 0 250 500 750 1000 1250
quantity AVZ- We with k.

FIG. 6. Liquid sheet flowing between a gas stream of veloéityand a gas
atmosphere at rest/p=0) for We=0.1, 1, and 10p=5600, and F+1: (a)
evolution of the critical velocity/, of the gas vk. (b) Linear dependence

When two gas jets with high but unequal velocities flow of the quantityAV2- We with k.

beside a lower velocity liquid-metal sheet>1, V,>1, V,
>1, andV,;#V,, then at the critical velocity there is an
equilibrium in the direction normal to the sheet between
pressure forces created by the gas flows and surface tension The results are quite similar to those in Fig. 5, indicating
forces opposing the deformation of the interface. Using dithat the significant velocity difference to be used in E®)
mensional quantities, a simple estimation of this equilibriumis

gives

pg(AU)Z=q, (1)
This statement agrees with results of Panchagatkd.” for

where AU). is the critical difference of velocities between . ; . S
s . . : the three-dimensional stability of an annular liquid sheet sub-
the liquid sheet and the gas stream. Using the dimensionless

L . ) jécted to different gas velocities on opposite sides. Equation
quantities defined in Eqs8), Eq. (11) becomes (12) also agrees with the predictions of stability study for a
(AV)ﬁWe= k. (120  viscous liquid curtain falling under gravity in an ambient
This simple way of estimating the critical velocity has ga§ where the wave number for the maximum convective

been successfully verified. For two gas streams flowing witHnStabIIIty in the sinuous mode scaled with a quantity de-

. 2 . .
equal velocities in opposite direction¥{=—V,), the criti- hoted byQ/We, which equalspyU™/y in our notation. In

cal velocity (V). is plotted in Fig. 5 as a function d¢ for th'S_StUdy? the Reynolds n_umbe_-r of the liquid curtain was

. . . Re=5000, and the role of viscosity was very small. In all the
various values of We and for Prl. Equation(12) is con- situations discussed above, the phase velocity of the insta-
firmed by the plot of ¥;.— 1)?We vsk in Fig. 5b). While ' P y

Figs. Ha) and 5b) assume thap=5600, i.e., steel in nitro- Itzgt;e;:rsnequal to that of the liquid sheet, or, in dimension-
gen, calculations for other values pfverify that the dimen-

sionless critical velocity is independent pfas long asp Q,~k. (14)
>1. Some industrial situations can require that only one side

of the liquid sheet is exposed to a gas stream. In Fig. 6, the This result is confirmed by the results presented in Figs.
critical value ofV; vsk is plotted forV,=0. 7(a@) and 7b) and indicates that the phase velocity of the
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© 55 5 s I o 2 w0 7 which is the dimensionless formulation of the solution pro-

posed by Hagerty and Sh&dhe expression obtained f6r;
FIG. 7. Phase velocity of the instability Vs for We=0.1, 1, and 10p ~ confirms that the cutoff wave numbe¢=We. In two
>1, and Fe-1 () V;=~V,. (b) V,=0, V,=10. asymptotic limits, Eq.(16) yields simple expressions for
0, max: Which are presented in Table I.

(1) For tanhk)~1, which is true for WefV)?>1,

instability is almost equal to that of the liquid sheet, even for 2 5 (
nonsymmetric situations such a&=-V, or V,;=0, V, O ma=—— —= (AV)?, 183
~10. 33 Vb

We now focus on the behavior of the growth rdtg, of Kmax= sWe(AV)2. (18b)

the instability. Ignoring gravitational effects by imposing . . .
. . . <k<
Fr>1, Fig. 8 shows the evolution &}; vs k/We for various <W(:()A\7)c2)r< 11/p k<1, which is equivalent to p/

values of We for the case of a liquid sheet flowing in a gas at

rest V,=V,=0). We see that increasing We leads to an 1 /We )

increase of the dimensionless growth rate. In order to under- i max—2 N, (AV)%, (193
stand this tendency, it would be helpful to study the values of L 5

the maximum amplification rate of the instabilif); nax, and Kmax=2We(AV)~. (19b

of the associated wave numblef,.,. Taking advantage of This second restriction on the value kf(1/p<k<1) is in
the previously discussed result that=0 for the most un-  fact commonly satisfied in liquid rocket propulsion systems
stable perturbations, the stability of this problem can be deor in spray atomization for metallurgical, chemical, or agri-

scribed by a single equation: cultural purposes. The exact values(®f ., andk,., have
K3 been numerically computed fov,;=V,=0, p=800, and
Q2+ p(Q—Kk)? tanh(k) = We (159 We=10"%-1C, and the results are plotted in Fig. 9.

There is excellent agreement Qf |, andk ., with the
asymptotic results presented in E¢E8) and (19).
The nonsymmetric situation where only one side of the
pk tanh(k) sheet is subjected to a gas stream has been also studied for
r:m' (1638 yalues of 1,V,), respectively, equal t(0,4) and(0,10. In
the first case(Fig. 10, plotting Q;/We instead of(}; vs
\/ K3 ) k/We reveals a particular crossing poift, for which we
we (17 p tanttk)) —pk® tant(k) have not yet found a satisfactory explanation. It is worth
= (16b) noting that the general shapes of the curves shown in Fig. 10

with solutions

I
1+p tanktk) are exactly the same as those found for an annular sheet by
When tanhk)>1/p, this solution becomes: Panchagnulat al.” (see Fig. 3 in this paperFor the second
set of values of {,,V,), Fig. 11 shows that the asymptotic
Qr=k, (179 expression$18) and(19) of (); . are still valid despite the
K strong asymmetry of the situation. The slight disagreement
K2 around WeQV)2~10 2 is probably due to the fact that

0 = We (17b) We(AV)? is no longer much greater than pH1.25

! p tant(k)’ x 10" 3.
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Equation (17) agrees with the results of Squiren a

TABLE |. Analytical expressions giving the most amplified reginkg,{,); ma) and the critical wave number
k¢ (for which Q;=0) for a liquid metal sheet with equal gas velocities on its both sideso,/p4 is assumed
large compared to unityAV denotes the dimensionless quantity;,— Ug)/Uo=V; ,— 1.

Qi max kc
k>1eWe(AV)2>1 %We(AV)Z iﬂe (AV)3
33 \p
B=0
1 1 1 [we
Z<k<lo-<We(AV)2<1  3We(AV)? 2= (Av)?
p p 2 Vop
Nwe! 15 ke=We(AV)2
B=B; 0 465{—/3r (AV)lZ)
N>1 2 )
k>1sWe(A)?>1 3We(Av) 4 13
€ 12
B=B, 02?—( Np? (AV) )

by Huangd® in determining the breakup radius of a radially

study of the stability of a thin axisymmetric conical sheet offlowing axisymmetric sheet formed by the impingement of

fuel flowing in still air. The expression&l8) and (19) sug-

two coaxial water jets. Both Squitend Huand’ neglect

gested fork,,,, and Q; ax have also been successfully usedviscous effects and obtain accurate results.

10
i max

0.1

max

0.75

-b-

0.5 4

0.25

equation (18)

equation (19)

0

0.01

1 1 I 1

0.1 1 10 100 1000

We

B. With a perpendicular or parallel magnetic field

The solutions of Eqs(10) with the effects of a perpen-
dicular or parallel field do not show any noticeable change in
the value of the critical velocityy,., of the gas flow. More-
over the velocity of the instabilitie€), /k, is still very close
to one forp>1. Numerical tests have been performed for the
situations studied in Figs. 6 and 7, but with a magnetic in-
teraction parameted equal to 10. No visible difference was
observed when compared with=0. The following heuristic
explanation can be given to justify that the critical velocity is
not affected by the magnetic field: when moving in the frame
of reference with the liquid sheet, one can consider the criti-
cal threshold};=0 as a static equilibrium between pressure
forces and surface tension forces. Both of these forces are in

Qi /We
1
We=0.01
0.75 /\
0591 weko.os p
ﬁ
[Wes0 LD
0.25 - / \
We=1 aijd 10 \
0¥ k/We
0 2 4 6 8 10

FIG. 9. Maximum growth rate); . (8) and wave number of maximum FIG. 10. Liquid sheet flowing between gas streams of different velocities

amplification k5 (b) vs We in the symmetric cas¥,;=V,=0 with p

=800, Fe>1, N=0.
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- .'QOQ =3
100 & By
N=1
10 -
S
. 09
1 P\
00 N=
&
0.1 4
N=1
0.01 = £
¥ — N=3 BL
0.001 — 7T Wwe.Av2
103 102 1000 1 10! 102 103 104 105 —N=
k/We
FIG. 11. Maximum growth raté); .« vs We AV? in a strongly nonsym- 0 05 Kpax 1 1.5

metric caseV;=0 andV,=10 (AV=V,—1=9). p=800, Fe=1, N=0.

FIG. 12. Growth rate evolution vis/We for various strengths and orienta-
tions of the magnetic field. We50,V,;=V,=0 (AV=1), p=5600.

the z direction. WhenB is perpendicular to the sheet, the
X B product has no component in tzedirection. Similarly,

whenB is parallel to the unperturbed sheet, only the veloci- .~ 1 Av

ties in thez direction would generate a force in this direction o AT for We(AV)?>1, (223
but such velocities are equal to zero wh@n equals zero. ' & \/;

Another way to understand the inability of the magnetic field Q. 1 1

to modify the critical velocity is based on E¢). At the UL for —<We(AV)%<1. (22b)
instability threshold, i.e., whemw;=0, the first terms on the Q pWe p

right-hand side of Eqs(6) reduce to (o, —Uoq), which is  Ag an example, a 2-cm-thick steel layer flowing at 20 m/s in
zero whenpy<pn,. Consequentlyw, vanishes and, from 4 pitrogen atmosphere at rest would give ¥&9 with the
Egs.(3), the MHD forceF(B,) in the z direction also van-  gyrface tensiory=0.1 N mi %, Forp=5600 the restriction of
ishes, so that there is no influence of the magnetic field OfEq. (229 is satisfied and the rati); n /€ is found equal
the value of the critical velocity of the gas flow at which the 5 0 0077. We assume thedt, ., <Q, with a magnetic field
instability occurs. o as well. This hypothesis will be confirmed later by the nu-
We now consider the effect of the magnetic field on themerical results. Its introduction into EO) for asymptotic
growth rate of the instability. The solutions for Wéd pro-  \3jues ofN (N>1), gives the expression for the maximum

vide a simple understanding of the stability problem. Suchyrowth rate of the instability with a transverse magnetic
values of We can be obtained with thick liquid metal layersyig|g:

and high velocities. For a liquid sheet sandwiched between We s
gas media at regV/;=V,=0, andAV=1), the most ampli- - 25( € AV 12) hen B=B 23
fied wave numbek,.4is comparable to We and much larger Pmax =1 Np? (AV) W + @3
than one, as indicated in Table I. This means that the waves. o parallel magnetic field:

length of the growing mode will be much smaller than the '
sheet thickness. For large Weber numbers, the two interfaces

NWe4 1/5
. = 12 =
are decoupled and satisfy a unique equation: i max 0465{ p2 (AV) ) when B=8,. (24

2 p , K In both cases, the wave numbég,,, of maximum amplifi-
i+l a—k=—. (20 o
kK " K We cation is
In order to find an analytical solution of E€0), we can Kmax= SWe(AV)?. (25)

take gdvantagg of thg. r_1umerica| results concerning the wave  Equations(23) and(24) reveal the fundamental influence
velocity of the instabilities(),~k. Moreover, for large val-  of the orientation of the magnetic field on the growth rate of

ues ofN, the modified wave numbe¢ becomes the instability. A transverse field brakes the development of
n the instability, which is a rather classical result in MHD
K~k ol (21 where dynamic phenomena are often slower when a mag-
|

netic field is applied. On the contrary, a parallel field seems
where the fractional exponenthas been defined in E¢B).  to enhance the development of the instability. Figure 12
Equation(20) can be reduced further by comparing the ordershows an illustration of the evolution &3; vs k/We when

of magnitude of(); and Q,. Without a magnetic field V,;=V,=0 and confirms the above results. R¥rvarying
(N=0), this can be done by using the results of Table l.between 0 and 6, the wave numbigr,, is found to be inde-
Forming the ratio); na/€; gives pendent ofN and of the direction of the magnetic field. This
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FIG. 13. Asymptotic dependence 6¥; ., With N for We=50, p= 5600, 8(By) K”_1 Qi 12 s
andV,;=V,=0 (AV=1). mz F: W =g(We,p,AV)N . (26b)

where § denotes the typical dimensionless penetration length

is in agreement with Eq(25). The asymptotic behavior of ©f the instability into the metal layer.

Q; maxWith N is shown in Fig. 13 and confirms E¢€3) and The unperturbed velocity and the mean thickness of the
(24). Plots of the streamfunction of the velocity distribution liquid-metal sheet have been assumed to be unaffected by the
in the metal[deduced from Eq(6)], help in understanding Magnetic field in the above section. This hypothesis is fully
this phenomena_ Figure 14 shows, over one Wave|ength, tﬁéahd for the case of a parallel magnetic field where no brak-
flow pattern without and with a magnetic field. Rdr=0, the  Ing force is generated along thedirection. On the contrary,
depth of metal which is involved in the instability is of the & braking forces appears when the magnetic field is perpen-
order ofk~!, as already mentioned. When a perpendiculardicmar to the sheet, which will be responsible for a decrease
magnetic field is appliedFig. 14b)], the x-directed MHD in velocity and a thickening of the liquid sheet. The quantity
force which brakes any movement along tkedirection ~ Uoa Will remain a constant owing to the mass conservation.
forces the streamlines to close deeper into the metal. Conséhis relation, together with Eq8) shows that these modifi-
quently, a larger amount of metal is dragged by the instabilcations of the sheet properties will produce an increasé¢ in
ity and inertial effects decrease the temporal growth rateand a decrease in We. For a perpendicular magnetic field
When a parallel magnetic field is appli¢hig. 14c)], the ~ Table | shows that these changes yield a decrea$k i,
streamlines are confined in a narrow “hydrodynamic skin.” @nd as a consequence the valuéf,a, in Fig. 12 is over-
This is a consequence of the Lorentz force inztdirection, estimated. One can conclude that the effect of the braking
which prevents a deep penetration of the flow into the liquidforce on the unperturbed liquid metal layer is an additional
metal layer. In this case, a smaller amount of fluid is in-reason for the braking of the instability development.

volved in the instability, thus decreasing inertial effects so

that the growth rate increases. FNr0, the penetration |v. EXPERIMENTAL RESULTS FOR B=0

thickness is of order ok ! and can be estimated from Eq. i ) ) .
(8). Using the fact thaf), ~k, one finds, folN>1: An experimental setup was built to validate the results in

the pure hydrodynamic situation, i.e., with=0 (Fig. 15.
While experiments with a liquid metal sheet and with a mag-
netic field would be of great interest, the technical difficulty
of applying a magnetic field around the entire sheet and the
N ) severe health problems arising in the atomization of a mer-
* 2 cury sheet by violent gas streams have not yet been over-
come. An axisymmetrical water sheet was created by a
nozzle consisting of a 10@m annular slot having a mean
radius of 8.95 mm. The initial angle of the water sheet was
. zero with respect to the horizontal direction. An external
] coaxial nitrogen flow was provided by another concentric
5(B=0)N2/3| A ’7,/ slot having a thickness of 1.13 mm and a mean radius equal
N o to 20.5 mm. The initial angle of the gas flow was equal to
25° toward thez axis representing the horizontal direction.
Hereafterz=0 will denote the location of the vertical plane
containing the two concentric annular slots which deliver the
FIG. 14. Influence of the direction & on the streamlines penetration in the water and nitrogen flows. The Wate_r ﬂOW, rate is controlled
liquid metal(a) B=0, (b) B is perpendicular to the sheet anc=10, () B PY @ flowmeter. A set of 36 pressurized nitrogen tanks feeds
is parallel to the sheet ar=10. the gas nozzle via a regulating valve to control the pressure.
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FIG. 18. Radial profile of the gas axial velocity &t 25 mm.

Fig. 19. Therefore, the axial position a&100 mm is suit-
able for measuring the sizes and velocities of the water drops
FIG. 16. Visualization of the spray. constituting the spray. To do so, a Phase-Doppler-Particle-
Analyzer (PDPA) has been installed on a horizontally mov-
ing table, allowing a radial exploration of the sprayzat
00 mm (Fig. 20. For a pressur®=4x10° Pa upstream
om the gas nozzle and a water flow rafe=1.661/mn,

A Pitot tube was used to measure the gas velocities in th
atomization zone. These measurements, together with sh

owgraphic and strioscopic visualizations showed that the ga's;ig. 21 shows the radial evolution of the diametrg and
stream first converged under the effect of the initial angle ab from r =20 to 80 mm(the mean diameteid ,, andD
30 - 10 30

the nozzle outlet25°), and, then, diverged in a plume-like are defined asD ;=(1N)EN ,d; andDgo=3 ,(d¥/N)L3

. . . 1= | 1= 1 )
pattern(see Fig. _15 For a given value of, a radial sweep The run time was typicall5 s corresponding to around 1000
of the gas velocity measurements showed that the flow Wa\%easuremenlsTheir averaged values afe o~ 21 um and
actually confined to a relatively narrow annular zone whose, 26 um. There is a slight increase oflghe diZdeb_Lr
r?dlal thickness mgﬁ‘ﬁislg;og ly I\:A.”m 1I;orha gl\iﬁn IUD' of the particles as the measurement volume is displaced to-
stream gas pressu a, mg. L/ shows theloca- -, . g larger radii. This trend has also been found in an ex-

tion, in the. ¢.2) plane, of the points where the maximum erimental study of coaxial-jet injectors for rocket engifes.
gas velocities have been measured. Nevertheless, the genq? (

h £ th fil i st v affected b ing | Rthis latter study, the size measurements were made with a
shape ot the profiie was not strongly allected by using 1oweh ., e giffraction particle sizer. This evolution of the par-
input pressures. At=25 mm, Fig. 18 shows an example of

. A . . ticle size with increasing radius was also found by GBmi
the velocity distribution along a radius. In this graph, the(1984) This observation was also mentioned in an experi-
velocity has been normalized by the sound velocity ' e A :

o . mental study of the atomization of a cylindrical water-jén
(kRT)Y2, which is equal to 352 m/s for nitrogen at room y y 1

i t ith tio of ific heats-1.4 and which the drop size measurements were also made with a
empteraﬂ;r_ezvgvé J/ﬁ raKlo Of Specilic heals=1.4 and a gas  \jaivern particle sizer. A knowledge of the gas velocity is
consantz= g1 also needed in order to validate the first part of the present

For agen liquid ﬂO.W rate, the water sh_eet has a prOﬂleresults. The results obtained with the Pitot tube have been
r(z) which can be easily calculated following the method

desrve by Gasse and Matigue 19 shows e ovos (%4 110 S5 TESSETEns by ssing e vl
tion of these profiles for various water flovy rate§ and without rong was roughly equal o that of the nitrogen flow. Figure

gas flow. Although th.ese mean water profiles ywll_be affectetgz shows the radial profile of this velocity whose mean
by the gas flow, the interaction between the liquid sheet an

the gas stream probably occurs in the region10—20 mm

where the radial distance between them is minimum as Region of interaction

shown in Figs. 17 and 19. This region has been indicated in between nitrogen and water
r(mm) 10+ Q =51/mn
8.95 mm —— = !
g 75
£ 5 '+ =33
E o- | Q mn
z e |
2% V |
g 4 /’__,’(r/ 5] | |
£ Dt Y 7B
éE 10 // | % Q =1,661/mn
=E a5 | %
E / "1 A Q =083 Umn
2 7 83 L,
0 z (mm) | B
0 10 20 30 40 50 60 70 I | k
0 T T T T = 1
FIG. 17. Radial location of the maximum axial velocity of the gas jet for an 0 10 20 30 4 50 60 Z(mm)

upstream gas pressufe= 11X 10° Pa. The hatched zone denotes the loca-
tion where interaction between the gas flow and the liquid sheet is expectelllG. 19. Calculated water sheet profiles for various liquid flow rates without
to occur. gas flow.
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FIG. 21. Radial distribution of the mean diametddg, and D5, for an
upstream gas pressufe=4x 10° Pa and a liquid flow rat®=1.661/mn.

-z

g wateroutlet . 100 mm

"W nitrogen outlet study of the deformation and breakup of a liquid drop. For

small values of the Ohnesorge numbefOh
= /(pLdoy)Y? representing the ratio of liquid viscous
and drag forces to surface tension forfcethe author®

. . . howed that the transition between an oscillatory regime
value is approximately equal to 125 m/s for our experlmentaf’which does not divide the dropand the so-called “bag

conditions.(Only dimensional quantities are used in this sec- " . ) . =
tion. Nevertheless, with a velocity equal to 125 m/s, and with?eregtzjopn i(r\:\tlglghwlizaedr?utrzgg gg&gﬁ;ﬁglOnsaggcﬁfriilsm_
a=100um for the characteristic water film thickness, the wr?en the Weber number. We. based on tggadiameter gf the
Weber number We28.) This value, together with the den- ' ’

sty py=1.25 kg m3 of the gas and the valuey drop, was approximately equal to 10. For a drop dige

=0.073 Nm1! of the interfacial tension between water and approximately equal to 2xm in our case, and a valye,

—10-3 “1s-1 R ;
nitrogen, are needed for the calculation of the wavelength 10~ Kgm™ s = for the dynamic viscosity of water, we

. 72 o
say\,, of what can be considered as the primary instability.rlnd that Oh-2x10°%. Consequently, the critical value We

Neglecting the liquid sheet velocity with respect to that Ofv_valtgra:jprglIiscf)on:tlijt[n?;(p(teglg]:nr;a?grt:jr wz:ﬂﬁwtergntgiions
the gas, this wavelength can be deduced from (Ed). b } 9 pray 9
should be such as:

FIG. 20. Equipment for laser-doppler measurements=at00 mm.

2 27y 2
N=—=—7"35=23.5um. 2 pgud
1 q Pg(AU)Z Mr ( 7) We= [¢]

The nor_1l|near evolution of _the primary mstablllty_le_ads to Given the velocityU=125mis of the nitrogen flow, this
rolls which are transformed into ligaments before d|3|ntegrat-e ression vields a valud=37 um. approximately 50%
ing into droplets. This stage is often referred to as the se xp lon -yl valug=s/ um, approxi y N

ondary instability. A first theoretical attempt to determine theChlgher than our experimental findings. A possible explana-

diameter of these droplets could be based on the assumptiéifi)r.] Tor this differenc(:je CO;IS beh that. the ty'picalb§li.ze of tTg
that the leading mechanism of disintegration of the Iigamentge't'sao ?;:ugtijr:ztstﬁgoaé{[z; W)e/ :s?nS(r:IkT arrga'tr":rt&;:{gv (I)rl: this
's the Rayleigh instability, in which the more rapidly grow- case aftgr Hsianegt al,® this situation W?is observed to. ive
ing modes have a wavelengtiy,), approximately equal to 9 rise t’o a “multimode Breaku ” which produces a wide ?/ari-
times the radius of the ligamefgee ChandrasekHér. As- otv of drob sizes inclué)in verp fine dropletésee
suming that the diameter of the ligaments is half the primaryKy K i}ﬁf h i hg f th'y ) P
wavelength(i.e., \1/2), we obtain:Ag,~9\1/4. Assuming rzeczkowski™ for photographs of this regime

also that the segment of ligament which will be produced by

the Rayleigh instability will be totally converted into a

=10. (29

sphere of diametet, one finds: 140]
130 R B
m [N ]%2 4 [dg|® 103 T

Nral 7 [7} =375 (28) e
2 90}
The valueds=22.2 um of the diameter of the spheres which %f. o
is deduced from Eq(28) is surprisingly very close to the s
diameterD ;o obtained experimentally. Nevertheless, owing % o
to the high gas velocity around the ligaments, the Rayleigh = 333
instability is probably not a good mechanism for explaining o

the secondary breakup. 0 L B B S A S

. . . . (mm})
Another way of estimation of the final size of the drop- A

lets produced in our eXperimer_]t is to refer t_O a break_Up MagG. 22. Radial distribution of the velocity of the smallest droplets in the
such as that proposed by Hsiang and Fheith a detailed  spray az=100 mm.
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V. CONCLUSION

p
=2(V2+V,+V3+V,) — (coth(2K
In the first part, a linear stability study of a two- ' (VITViHVa#Vo) g (coth2K))

dimensional liquid sheet of metal sandwiched between gas

flows has been presented. The effect of a magnetic field has _45 L (cotl‘(2K))+4—kZ p2+ E (V,
been studied according to its orientation with respect to the KW K k
sheet. The wave numbers of maximum temporal growth rate (Vi+V,) 2 (Vo,—Vy)
have been found to scale with WAY)?, independently of +V,)VVo—2 +

= —
the direction or intensity of the magnetic field. When 3A%e we Frok

it has been shown that the growth r&le of the instability is
decreased when a perpendicular magnetic field is applied. An
opposite effect has been observed with a parallel field. An

1
ap=—(2+V2+V3+4V,+4V,)(coth 2K))p K

explanation based on the modification of the penetration s+ I

depth of the hydrodynamic streamlines in the liquid metal - K P We(COtHZK)) 6p K2

has been proposed. This explanation takes into account the 1 5

effect of inertia of the fluid involved in the instability on the — 5 (V24 V244V, V) + |

growth rate. In the asymptotic case of high interaction pa- k kwe

rameters N>1), analytical expressions of the maximum (4+2V,+2V,)coth2K)p  4p2  2(V,+Vs)
growth rate(); . have been obtained and compared to nu-  az= 2K + et T e

merical results.
Experimental results obtained by atomization of a coni- 1 p? coth(2K)
cal water sheet with a nitrogen flow have been presented. %4~ 1@ K2 2P "Ki&
Although conducted for a particular set of values of the vari-
ous parameters, the particle size measurements are in glob&h. D. Sneyd, “Stability of fluid layers carrying a normal electric current,”
agreement with the first part of this paper, suggesting that thg?: Fluid Mech.156 223 (1985.
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experimental works made on circular liquid jets atomized by 1989.

. . . 3 PR . .
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