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lon evaporation from the surface of a Taylor cone
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An analysis is carried out of the electric field-induced evaporation of ions from the surface of a polar liquid
that is being electrosprayed in a vacuum. The high-field cone-to-jet transition region of the electrospray, where
ion evaporation occurs, is studied taking advantage of its small size and neglecting the inertia of the liquid and
the space charge around the liquid. Evaporated ions and charged drops coexist in a range of flow rates, which
is investigated numerically. The structure of the cone-to-jet transition comprises: a hydrodynamic region where
the nearly equipotential surface of the liquid departs from a Taylor cone and becomes a jet; a slender region
where the radius of the jet decreases and the electric field increases while the pressure and the viscous stress
balance the electric stress at the surface; the ion evaporation region of high, nearly constant field; and a
charged, continuously strained jet that will eventually break into drops. Estimates of the ion and drop contri-
butions to the total, conduction-limited current show that the first of these contributions dominates for small
flow rates, while most of the mass is still carried by the drops.

DOI: 10.1103/PhysRevE.68.016304 PACS nunerd7.15.Gf, 47.65ta

I. INTRODUCTION Nal in formamide and other liquids in a vacuum, these au-
thors find that electric fields of the order of 1 V/nm, which
Electrostatic atomization is a technique for generatingare required to evaporate ions from these liquids, can be
sprays of monodisperse drops of electrically conducting ligrealized both in the largest drops generated immediately
uids with diameters ranging from micrometers to nano-upon the breakup of the jet and in the cone-to-jet transition
meters. It is used, for example, in mass spectrometry, electricegion of the meniscus. According to their scaling laws and
propulsion, food and pharmaceutical industries, and electrahose of Fernadez de la Mora and Loscertalgd, the maxi-
static deposition. In a basic configuration, the liquid to bemum electric field should be proportional to the power 1/6 of
electrosprayed is fed through a capillary needle and forms the ratio of the electrical conductivity of the liquid to the
meniscus at the end of the needle. A voltage difference iflow rate injected through the meniscus. Their experiments
applied between the needle and an opposite electfexte  with liquids of conductivities of the order of 1 S/m and
tracton to create a field around the liquid which brings elec-above demonstrate that ion evaporation appears in the pre-
tric charge to its surface and elongates the meniscus in thdicted regions when the flow ra@® is sufficiently small.
direction of the field. In certain ranges of voltage and liquid They find a regime of coexistence of ions and drops in which
flow rate, the meniscus takes the form of a cone whose tiphe total electric current stays above the well-known
emits a thin jet that breaks into electrically charged drops at< QY2 law for regular electrosprays, reaches a minimum, and
some distance from the meniscus. This is the so-called conéden increases with decreasi@Qg Romeroet al.[15], in fur-
jet mode in the classification introduced by Cloupeau andher experiments with the ionic liquid EMIBFfind that the
Prunet-FocH 1]. The hydrostatic balance of surface tensiondrop emission vanishes entirely for flow rates close to the
and electric stress which leads to a conical meniscus wasmallest flow rate at which a Taylor cone can be established,
ascertained by Taylof2]. Analyses of the electrohydrody- leaving a regime of pure ionic emission akin to that of LMIS.
namics of the cone-jet and discussions of the extensive work Beams of charged drops and ions have long been used for
carried out in this area can be found in Rdf3-6], among electric propulsion. Early research in the 1960s centered
others. much on highly stressed electrosprays of glycerol electro-
lons may accompany the charged drops of an electrolytes, chosen for its high dielectric constant and small vola-
spray. Field-enhanced evaporation of ions has long beetility, but handicapped by a small electrical conductivity that
known to occur at the surface of a metallic liquid and findslimits the charge-to-mass ratio of the drops and thus the spe-
application in liquid metal ion source@MIS) [7]. More cific impulse attainable at reasonable acceleration voltages;
recently, Iribarne and Thomsdi8] proposed that the same see Martnez-Sachezet al.[16] for a detailed account. More
phenomenon might be responsible for the evaporation ofecent research has been prompted by the requirements of
ions dissolved in dielectric liquids, and Feenal.[9] used it  new space applications such as microsatellites and formation
to explain the generation of ions from tiny drops of solutionsflying missions that depend on a controllable thrust in the
of large, fragile biomolecules in electrospray ionization.range of tens of micronewtons. Gamero-Castand Hruby
Though the idea of field-enhanced evaporation from dielecf17] and Bocanegrat al. [18] discuss the possibilities of-
tric liquids was not immediately accepted, it has receivedered by new propellants such as formamide seeded with
first indirect supporf10—12 and then direct confirmation by ammonium salts, tributyl phosphate, and ionic liquids to
Gamero-Castam and Fernadez de la Mora[13] and meet the opposite, mission-dependent requirements imposed
Gamero-Castan[14], who measured the current of emitted on the specific impulse, the energy per unit thrust and the
ions. Working with electrosprays of concentrated solutions ofpropulsion efficiency.
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This paper is devoted to an analysis of the evaporation ofreased3-6]. Typical values of the radius of the jet when
ions from the cone-to-jet transition region of an electrospraythe electric field reaches values of the orderEdf in the
in the regime in which a jet is left beyond the ion evapora-experiments of Gamero-Castaet al. [13,14] and Romero
tion region. This jet will eventually break into a spray of et al.[15] are about 10 nm, and the required flow rates are in
charged drops that coexist with the ions in some downstrearthe range of 10*-10"13 m®s. Estimates of the density of
region, but neither these processes nor the feeding needle aspace charge around the evaporation region of the surface
the meniscus upstream of the transition region need to bkased on the measured evaporation current and electric fields
analyzed in detail if use is made of the disparity of scalesof the order ofE* suggest that the field induced by the space
between the tiny transition region and all the other regionscharge can be neglected at small evaporation currents, so that
Numerical simulations and order-of-magnitude estimates arthe electric potential in the vacuum around the liquiel
used to characterize the flow and ion evaporation in thavith E=V ¢) satisfiesV?¢=0.
cone-to-jet transition region. Estimates are derived for the The small values of the flow rate and the size of the cone-
ions and drops electric currents and for the range of flowto-jet transition region where evaporation occurs bring in
rates where the ions-and-drops regime can be realized.  important simplifications to the analysis.
On one hand, the structure of the flow in the cone-to-jet
Il. FORMULATION transition region becomes independent of the configuration
of the needle holding the meniscus and of the extractor. This
lon emission by field-induced evaporation from the sur-js pecause the transition region is small compared with any
face of a polar liquid in a vacuum is well described by Irib- other length of the system. Consider the meniscus upstream
arne and Thomsom8] mechanism, which(for liquids of  of the transition region. The velocity and the electric field in
large dielectric constant and surfaces of small curvdtl®®  the liquid decrease rapidly upstream of the transition region,

is embodied in the expression so that only surface tension and normal electric stress are
important in the balance of stresses that determines the shape
: :k_T(T ex;{ _ AG_GE(E)} of the surface. Leaving out the effect of the space charge and
Je h kT ' advancing that the effect of the charge of the jet far down-

stream is also negligiblesee Eq(14) below], this balance of
e’E )1’2 stresses yields the classic Taylor equipotential cid@jeof

(1) semiangle a=49.29°, for which ¢=¢(R,6)
=BRY?P,,(cos#). Here P, is Legendre’s function of de-
giving the electric current density across the surfacas a  9ree 1/2Ris the distance to the apex of the coreis the
function of the surface density of free chargand the elec- angle around the apex, measured from the prolongation of
tric field E at the surface of the liquid. Heleandh are the  the cone axis, and
Boltzmann and Planck constantsis the elementary charge, 1o 1o
€ is the permittivity of vacuumT is the temperature, and B— 2 (l)
AG is the activation energy for ion evaporation in the ab- — P}, —cosa)sina(tana)Y?\ €
sence of an electric field. Typical values of the raliG/kT
for liquids that undergo ion evaporation are in the range of
50-100 at ambient temperature. This means that the rate of
evaporation is negligible in the absence of an electric field,
and also that the exponential factor in Efj) changes from Taylor solution provides thus the far field asymptotics for the
very small to very large when the field increases through aone-to-jet transition region.
narrow range of width RTE*/AG around a value of the On the other hand, the Reynolds number based on the
order of E* =4mey(AG)?/€3, which makes the exponent flow rate and the size of the transition region is moderate or
equal to zero. Typical values &* are of the order of 1-2 small, which suggests that the inertia of the liquid does not

1/2
Y

=134 .. .(—
€0

V/inm. play an important role in this region. The pressure variations
The mass flux across the liquid surface accompanying thand viscous stresses estimated with these same magnitudes
evaporation current is are of the order of the surface tension and electric stress in
the transition region. This is at variance with known esti-
be="{je, (2)  mates for the cusp of a LMIF,19], for which typical values

of the surface tension and the electric field are ten times

where( is the mass-to-charge ratio of the solvated ions thatarger than in the present case, leading to curvature radii of
evaporate. the surface ten times smaller, and the flow rates are so small

Electric fields of the order oE* may be attained in the that flow-induced stresses at the surface are always small
electrospraying of a sufficiently conducting liquid in a compared with surface tension and electric stresses.
vacuum. In the absence of ion evaporation, the electric field Neglecting the inertia of the liquid altogether, the flow in
at the surface of the liquid has a maximum in the cone-to-jethe transition region and the electric potentials in the liquid
transition region. This maximum field increases, and the sizand in the vacuum obey Stokes and Laplace equations, re-
of the transition region decreases, when the flow rate is despectively. Boundary conditions at the surface express, in the
creased or the electrical conductivity of the liquid is in- context of the leaky dielectric modgR0], the balances of

016304-2



ION EVAPORATION FROM THE SURFACE OF A TAYLOR CONE PHYSICAL REVIEW E8, 016304 (2003

dl . 2
d—XS=277rS(E'n—Je)(1+rS )12 (8)

with 1=2mr@wo and je=o exg A(EY2—E* )],
v-n={j,, o=E,—BE,, E=E! 9)
at the surface =r (x);

. I
I:—
¢ 27(1—cosa)R’

r

FIG. 1. Definition sketch. with 1=Is+1, and IbZZwJOSE'Xr dr, (10
mass and momentum, the continuity of the electric potential,
and a transport equation for the free surface charge, whose __ BPyy(—cosa) IRV (— cosh
density determines the jump of the component of the electric = 2m(1—cosa) s(—C0S0)
displacement normal to the surface. Figure 1 is a sketch of
the transition region. Inspection shows that the problem to be n Q (1+cosf) (11)
solved in this region contains the following parameters: the 2m(1—cosa) '
viscosity i, electrical conductivity, surface tensiory, and
dielectric constantB of the liquid; the permittivity of w—0 (12
vacuume; the flow rateQ injected through the meniscus; o
and the constants entering the evaporation (awand (2).  in the liquid far upstream, forx— —o and r<r(x)~

Scales for the different magnitudes involved can be built~xtana+o(1), wherey andw are the stream function and
from the first three of these parameters plus the permittivitfhe vorticity, and the origin of coordinates is at the apex of

of vacuum using dimensional analysis. They are the cone;
Y v :#1/2K1/2 5 0 . Ti
K T T e P e TR )
Qo=v0oR5, lo=KEqRG, (3) 1 ) Txllz)
c=0|—|, p=0|—/,
©0=EoRg, 00=¢€oEq. x!2 Q
Using these scales to nondimensionalize the problem, and with T=1—1.(s OD=0-¢1 (oo
denoting the nondimensional variables with the same sym- o), Q=Q—Lle(x),
bols used before for their dimensional counterparts, we are o )
led to the following formulation: and Ie(OO)=27-rJ Je(141)Y2r X, (13
Voo in the liquid far d f d
in the liquid far downstream, fax—co; an
0=-Vp+V% for r<ryXx), (4) ‘ -
V2p'=0 0
¢=¢7(R,0)+0 =)
VZp=0 for r>ry(x), (5)
where x and r are cylindrical coordinateg¢see Fig. 1, r with  @r=BRYPy;(cosh), B=1.34®..., (14

=r4(x) is the surface of the liquid, which occupies the re-.
gionr<r¢x), v andp are the liquid velocity and pressure, in the vacuum for X,r)—c. . .
and¢' ande are the negative of the electric potentials in the ~HEreR=vx“+r® and #=arctanr/x are spherical coordi-
liquid and in the vacuum, respectively, so tlat=Ve' and  natesn=(—rg,1)/V1+rg andt=(1rg)/\V1+rg are unit
E=V are the electric fields. vectors normal and tangent to the surface, respectiigly;
The boundary conditions are the following: =E-nandE;=E-t, and similarly for the electric field in the
liquid; 7' =3[Vv+(Vv)'] is the viscous stress tensdr
andl, are the surface convection and bulk conduction cur-
rents, respectivelyj, is the current density of ions evaporat-
ing from the surface nondimensionalized wilt,, so that
t-7'-n=0ckE;, (7) I () in Eq. (13) is the total nondimensional current evapo-

1, a1 ,
V-n=p—n-r’-n+§(En—,8E'n)+E(,B—l)E, (6)
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rated from the Cone-to-jet transition region aTnd; the cur- the axial field in this far downstream region is induced by the
rent left in the downstream jet; and finally, the mass-to-surface charge in the conical meniscus far upstream, decreas-
charge ratio of the evaporating iong has been INg as in Taylor solution2]. . o
nondimensionalized witpQ, /1o, wherep is the density of Finally, Eq.(14) gives the electric potential in the vacuum
the liquid. The total flow rate evaporated in the transition@way from the evaporation region as that of Taylor solution
region is¢l,, and® is the part of the injected flow ra@ plus a correction due to the surface charge in the jet far

- ; ; downstream.

that is left in the downstream jet. . . -

Equation(6) is the balance of stresses normal to the sur- P"’b'.em (4-(14) conyams t_he properties of the liquid
face. The left-hand side is the surface tension stress and ﬂklémped in the four nondimensional parameters
last two terms on the right-hand side are the normal electric B, ¢ A, and E*, (16)
stresg20,21. The flux of momentum carried by the evapo-
rating ions is neglected. EquatiofY) is the balance of where
stresses tangent to the surface, the right-hand side being the

electric shear stress. EquatidB) is the balance of free (e3Eplamey)t? . 41eg(AG)2

charge at the surface. The free surface charge is convected by A= kT and =T 32
; . - e’Eg

the flow, leading to an electric current that increases due to

the conduction current reaching the surface from the liquid e KT e

and decreases due to the evaporation of ions. Condit®ns with AG=AG-— kTm(F RO )

express the proportionality of the flow rate and electric cur-

rent'crossing the surface, and the electrostatic cqndi?ions thﬁ% solution should determine the flow and the electric fields
the jump of the normal component of the electric displace- '

ment across the surface is equal to the surface density of fr the surface of the liquid, and the electric currents that evapo-

g §&te and are left in the jet in terms of these parameters and
charge and Fhat thg component of the electric field tangent tﬁwe nondimensional rov{/ rat® injected througE the menis-
the surface is continuous.

. . . cus.
Far upstream of the evaporation region, the meniscus - - :
tends to a Taylor cone where the field normal to the surfac%f The scaling factor3) depend only on physical properties

and the density of free surface charge are proportional t?h the liquid and the permittivity of vacuuray, but not on
1/RY2 The surface current tends to zero Rys due to the e flow rate, which can be varied independently of the lig-

decrease of the surface charge and the velocity of the liqui id, nor the parameters appearing in the evaporation(faw

; . nd (2). Alternative scaling factors have been used in Refs.
and the evaporation current also decreases very rapidly as t

electric field decreases. Thus, only conduction in the liquid i 13 which are based oK, y, €, and the flow rate instead
- ' hus, only concl ne lquId 13,¢ n. The relations between the current and the viscosity
left to transport the electric current in this far region, which

is the cause of the radial variation of the electric potential if"ondimensionalized with these factoisand . say and the
Eq. (10). The radial field in the liquid and the free charge atnondimensional current and flow rate used here bre
the surface lead to an electric shear that induces a recirculat1/Q*? and = Q3. (The nondimensional variables used
ing flow thse stream fungtion is given by the first term of i, Ref [3] are actually¥? and %3 1.) Similarly, the al-
Eq. (11), with fg(¢) solving (1-¢&°)(fg—4&fg+3f8)  temative nondimensional maximum electric field at the sur-
—1fe=0, fg(1)="fg(cosa)=Fg(cosa)+1=0, andf5(1)  face and the corresponding radius of the surface Eage

< ; see Ref[22]. The second term of E@l1) is the stream —E, QY andFM=rM /QY3. whereE,, andr,, are the val-

function of the sink flow due to the flow ra® injected ues of these magnitudes nondimensionalized ®WiflandR,

through the meniscus. in Eqg. (3). Dimensional analysis shows that, in the absence
The asymptotic condition&l3) in the jet downstream of £4. (3). X aly '
eof inertia and ion evaporation,

the evaporation region come from the order of magnitud

balances 0 ~ e ~ - ~
I=fi(w.B), Eu=fau.B), ru=fs(u,8). (17
by ~ 1 In addition, it has been observed experimentally that the
vrs~Q,  ours~l, p”r_s’ viscosity of the liquid is not an important parameter in de-

termining the current and other properties of the solution. If
the solution was strictly independent of then Eq.(17)

(15 would imply thatl, Ey, andr,, are constant for a given
liquid [3,13]. The current would then be strictly proportional
to the square root of the flow rate; the maximum electric field

which express the conservation of the flow rate and the eleswvould be inversely proportional to the sixth root of the flow

tric current which have not evaporatécbnduction is negli- rate; and the size of the cone-to-jet transition region would
gible in the far jet because the cross section and the electrive of the order of the charge relaxation lengt8l]:
field decrease with streamwise distandbe balance of pres- (e,8/K)*3x (flow rate)®. Bringing out these results is the
sure and surface tension, the axial increase of the pressuneain merit of the nondimensionalization that leads to Eq.
due to the electric shear at the surface, and the condition th&t7). On the other hand, qualitative order-of-magnitude esti-

2
prs
X '\"O'Etrs, Et~X1/2’
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mates aimed at describing a consistent structure of the solu-
tion have been worked out in Rd®B] and in Sec. Il B be-
low. These estimates suggest that the proportionality of the
electric current and the square root of the flow rate is realized
when 1<Q< 2, but the solution develops then a multiscale
structure in which the maximum electric field is not attained
in the charge relaxation region but in a somewhat smaller
region immediately downstream of it, where the appropriate
scale of the field differs slightly from the one derived from
Eq. (17) with the assumption of independence. This result,

if it is correct, brings in a weak dependence of the solution
on the viscosity of the liquid. A

0 50 100 150 200
IIl. RESULTS Q

A. Numerical solutions FIG. 2. Total electric currentl ( solid), current left in the jetT,

The parameteA measures the sensitivity of the evapora-chain, and electric current in the absence of ion evaporation
tion currentj,, in Eq. (8) with the electric field. It is typically ~(dashed| as functions of the flow rate fg8=50, {=0, A=60, and
large. Values for formamide and EMIBFat ambient tem- E*=0.36. The dotted line at the left Is=3.54Q™".
perature are 112.91 and 221.92, respectively, &ghn (3) _ _ )
evaluated for a conductiviti =1 S/m. In these conditions Fig- 2 displays a small hump f& about 50, which does not
E*=0.4 and 0.12, respectively. Values Bf are somewhat €Xist whenE* =0.49 (not shown. In some of the cases of
larger for other liquids that do not undergo evaporation in a19- 3, for other values of the parameters, the hump has

Taylor cone. This has been rationaliZd®,15 noticing that ~ deéveloped into a minimum and a maximum of the current.
(i) there is a minimum flow rate below which a cone jet This kind of response is in line with the experimental results

cannot be established in the absence of evaporf8s], of Romeroet al.[15], though the extrema are shallower here
and (ii) the field at the surface increases when the flow ratéhan in their experiments and the valge=5 is not the rep-
decreases. Therefore, the minimum flow rate determines t@sentative of the polar liquids for which evaporation has
maximum attainable field and, given the strong sensitivity ofo€en observedLarge values of the dielectric constabiare

je With the electric field, evaporation will be negligible if this Needed to achieve large electrical conductivities and thus

maximum field is smaller thag* . large electric fields; cf. the expressionBf below Eq.(16)
The large values oA make up for a difficult numerical With Eq in (3) proportional tok*2)

puted here for values ok smaller than in real experiments, the el.ect.ric current is shown in Fig. 4 for a sample case. The
in the hope that this will not induce qualitative changes in theelectric field at the surface and the surface charge density are
problem. A similar approach has been often taken in comdiven in Fig. 5. The bulk conduction currefit, defined in
bustion problems also involving high activation energiesEd- (10)] dominates in the meniscus, decreases monotoni-
[23], for which comparison with asymptotic results is some-
times possible and supports this kind of approximation, at 16
least for stationary solutions.

The electric current is plotted in Fig. 2 as a function of the
flow rate forA=60 and an otherwise realistic set of param- 121
eter values. The solid curve gives the total current and the

dash-and-dot curve gives the currdnteft in the jet. The I
dashed curve is thE-Q relation for the same values of the 8
parameters but in the absence of ion evaporatipnset 1
equal to zery it displays the well-known behavidr< Q2

[3,4,6]. The total current departs from the square root law 41

when Q decreases, though the divergence of the solid and

dashed curves in Fig. 2 is less pronounced than in the experi-

ments of Gamero-CaStarand Fernadez de la Morg13] 0
because of the reduced value dfused here. The total cur-

rent is always larger than the current in the absence of evapo-

ration, while the current left in the j?t is smaller than this FIG. 3. Total electric currentl ( solid), current left in the jetN(,
reference current becauge evaporation .decreases Somewgﬁgtir‘), and electric current in the absence of ion evaporation
the surface charge density. The numerical method fails t‘?dashe@i as functions of the flow rate fog=5, ¢=0, and the
converge below a certain value Qfat which the evaporation couples of valuesd): (A,E*)=(50,0.4225): b): (60,0.4225; and
current is already considerably larger thianThe current in (c): (50,0.49.
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FIG. 4. Conduction currentl §, solid), convection currentl,
dasheg, accumulated evaporation curremg { chair), and evapora-
tion current density (2rj., dotted, right side scaleas functions
of the axial distance, foQ=46, =50, (=0, A=60, andE*
=0.36. The upper horizontal line gives the total curreatl ,+ 1
+1e.

FIG. 6. Surface tensiofsolid), normal electric stres&lasheg,
pressurgchain, and normal viscous stregdotted, as functions of
the axial distance, forQ=46, =50, (=0, A=60, and E*
=0.36.

The stresses normal to the surface are shown in Fig. 6.
cally through the transition region, and tends to zero in thelhe pressure and normal viscous stress are negligible in the
jet far downstream, wherg,~0Q% (1 2x¥? when Eqgs.(13)  Meniscus far upstream, where the balance of surface tension
and (15) are used. The surface currdit in Eq. (8)] first ~ and normal electric stress which is characteristic of Taylor
increases, as the componentE®fnormal to the surface car- Nydrostatic solution prevails. In the jet far downstream, on
ries conduction current to the surface, then goes through %€ other hand, the normal electric stress becomes negligible
maximum and a minimum in the evaporation region, where2nd there is a balance of surface tension and pressure, as it

the surface charge density also has a minimum, and finall@s been advanced in the estimafe3 that led to the down-
. . e . stream asymptotic conditior(&3). In between, the pressure
increases towards its asymptotic valum the jet, where the

surface charge density keeps decreadiee Eqs(13) and goes through_ a minimum, taking negative.values, and the
Fig. 5] due to the continuous straining of the jet by the elec-norm"?lI 8|.eCtrr]'C stress goes through a maximum before de-
tric shear at its surface. lon evaporation is concentrated' ©2>'"9 In the jet.

around the maximum of the electric field; the evaporation
current 2rrj ., with j. in Eq. (8), decreases rapidly at both
sides of the maximum. The accumulated evaporation current This section describes qualitative features of the solution
Ie(x)=27rf’iwje\/1+r;2rsdx rises from zero to a constant of (4)—(14) in the formal limit (Q,B8)>1, E*<1, A>1.

value, and the total curretht=1,(x) +14(x) +14(x) is a con-
stant. 1. Evaporation onset

B. Asymptotic estimates

04 lon evaporation is negligible until the maximum electric
field at the surface rises to maka[maxE)Y>—E*"]
=0(1) in Eq. (8). An evaporation onset can be defined in
the asymptotic limitA—c by the condition

max E)=E*, (18)

where the maximum field is evaluated in the absence of
evaporation, being therefore a function @f and 8 only.
Gamero-Castanet al. [13,14) and Romercet al. [15] have
used this condition along with ma&(=f(B8)/Q"¢ and f(B)
determined experimentally. This law was first proposed by
Fernaadez de la Mora and Loscertalg®] on the basis of a
model in which the maximum field is attained in a region of
characteristic size #Q)Y® around the apparent apex of the
conical meniscus where the residence time of the flow is of
FIG. 5. Electric field at the outer side of the surfa& ( soli), ~ the order of the electrical relaxation time of the liqyii/v
surface charge densityr( dasheg and radius of the surface (| =0(B) with v :O(Q/RZ), in nondimensional variablgs
dotted, right side scaleas functions of the axial distance, fgr  see the discussion at the end of Secs. Il and Il B 2 below.
=46, =50, (=0, A=60, andE* =0.36 (upper horizontal ling The same result has been derij&@] by patching the elec-
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tric fields around the cone and around the jet. Carrying this This relaxation region comes out smaller than the hydro-
expression of maf) to Eq. (18) gives a critical flow rate dynamic region wherQ> 82, so that the estimate @&, is

Q* proportional to 1£*° above which evaporation is negli- Not applicable in this case and the free surface charge adjusts
gible. This is in qualitative agreement with experimental re-almost instantaneously to make the surface of the liquid an
sults. equipotential down t(R=0(R;) and in at least a certain

Asymptotic estimates for large values f and g [6]  Stretch of the jet. In the opposite case wi@r 8, surface
suggest, however, that the maximum field is attained in th€harge relaxation ceases to be possible before the pressure
rear part of the cone-to-jet transition region, already in theand normal viscous stress become sufficiently strong to de-
jet, and scales as @8 whenQ> g* and asp¥4QY*when form the surface. Then the density of free surface charge
Q<p*. Though these asymptotic results might be realizecf@nnot increase at the pace iBf for R<R., as would be
On|y for very |arge values OQ and 187 they can be used in required to _Screen the |IQUId The second Condiﬂg)’lsim-

Eq. (18) to give, in their ranges of validity, plifies to BE,~E, and the current freezes at a value of the
order of the characteristic surface current in the relaxation
. region, QY% 82, in agreement with Ref3]. Even in these
Q*=O(1LE*") for pYE*<1 conditions, however, the electric field in the liquid is small
Q* =0(BYE* 4) for BY2E*>1 (19 compared WitHE_n when,8_>1 (an_ inner field of the order of
E, in the electric relaxation region would lead to a conduc-
tion current of the order oB2Q"?, larger than the current
at the onset of ion evaporation. observed in the absence of evaporatigh. It is the polar-

The asymptotic estimates leading to these results are exzation charge rather than the free surface charge that pre-
tended below to cases of vigorous evaporation for flow rategents such high fields from entering the liquid. This case of
below Q*, assuming that a stationary solution still exists in Q< 2 will not be realized in the estimates that follow, but it
the evaporation region and around. could be relevant to the pure ionic regime of Rometal.

[15].
2. Hydrodynamic region

. . . . 3. Slender jet
The recirculating flow induced by the electric shear at the :

surface of the confhe first term of Eq(11)] dominates for The following two conditions should hold in the leading
R>(Q/1)?, which are very large distances in the conditionspart of the jet downstream of the hydrodynamic region.
of interest here. The radial sink flow represented by the sec- First, the surface of the jet should be nearly equipotential.
ond term of Eq(11) dominates for smaller values Bf in an This is a condition of matching with the hydrodynamic re-
intermediate region where the surface is still a cone. Thigion upstream. Should the electric field enter the liquid im-
radial flow is an exact irrotational solution of the Stokesmediately upon the surface becoming a slender jet, this field
equations in a cone, with no associated pressure variations 8fould originate a conduction current that is too large and
viscous stresses at the surface. Pressure variations and \¥hose streamwise variation could not be balanced by the
cous stresses should appear in the region where the surfaxariation of the surface current. The condition of a nearly
deflects away from a cone. The characteristic velocity of theééquipotential surface also underlies the analyses of the cusp
liquid in this hydrodynamic region is,=Q/R2, and its size ~ region of a LMIS upstream of the cap where ion evaporation
R, is determined by the condition that the nondimensionaPccurs[24]. The jet lies on the prolongation of the cone,
pressure and normal viscous stress,Qv,/Ry,), should where thg axial field mduceﬂ/?y thg charge at the surface of
become of the order of the surface tension and normal eledl® cone is of the order @ ™ at distances of the order of
tric stress in Taylor solution, ofO(L/R,). Thus, R, Rn ffom its apparent apex and decreases as“lfurther
=0(QY?) and v,=0(1), whereasE,=0(Q ¥ at the dowr_lstrean{from Eq. (14)]. This field is to b_e balapced by
outer side of the surface. The liquid is screened from thighe field of the charge at the surface of the jet, which acts as
field by the electric charge at the surface. aline dlstr|but|on of charge. In terms of the radius of the jet,
On the other hand, the density of free surface charge "s(X), and the field normal to its surfack,(x), the axial
leads to a surface current of the ordercafR in the menis- component of the field induced by the line distribution of
cus, whose streamwise variation requires a figj charge isd(Eqrs)/dx up to logarithms(see e.g., Ref.25)).
=0(ov/R) in the liquid in order for electric conduction to The congimon .tha.t this field should _balance the axial field of
carry the appropriate additional charge to the surfghe the meniscus is, in orders of magnitude,
estimate ofE, comes from the balance afls/dx and the
right-hand side of Eq(8) without ion evaporatioh This is Enrs 1 (20)

admissible while BE;<E,, in the second condition9), X gy

which, with o=0(E,) from this same condition, amounts to

R/v=p; i.e., a residence time of the order of the electrical Second, the pressure and normal viscous stress of the lig-
relaxation time or larger. The conditid®/v =0O(B) defines uid on the surface should balance the normal electric stress.
the electric relaxation region of FEm#ez de la Mora and The normal viscous stress is of the order &, /or
Loscertales [3], of size R,=0(BQ)Y3, where E, =0(dvldx), from the continuity equation, wherg andv
=0(BQ) .. are the radial and axial components of the velocity. Pressure
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variations along the jet should be of the same order as thevaporation should be expected over the wider range of flow

normal viscous stress, in the presence of vorticity generatepgtesﬁz/E*4s Q= 1/E*",

at the surface. Withv=0(Q/r2), the order-of-magnitude  The pressure variation along the jet can be best estimated

balance of these stresses and the normal electric stress redgism the axial component of the momentum equatior4in
integrated across the jet. Upon using E@. and then ne-

Q 5 glecting the radial variations of the pressure and the velocity,
F’VEn- (21)  this equation yields
S
) dv drg
Conditions (20) and (21) imply x=0(QY?) and E, Tsax| ~PH2gx) T2mTsoEF6murs =-=0,

=0(QYr), meaning that the surface becomes a thin jet at
distances from the apparent apex not much larger than the Q
s_ize of the hydrod)_/namic regioRy, , gnd that the electric where v=—. (22)
field at the surface increases as the jet gets thinner. A conse- 7l

quence of these results is that the effect of the surface tension _
becomes formally negligible in the jet, whens<R,  The second term of E@22) comes from the electric shear at

=0(Q"?), because the surface curvature increases less rafie surface. The mismatch between this term and the terms
idly than the pressure and viscous stressestJ\Ab/X) prop_ortlor_lgl tov is the cause of the pressure variation, which
~14/Q¥2<1 in Eq. (6), from the estimates given above. has its origin in the vorticity generated at the curvgd .surface.
Both effects matter and give rise to pressure variations and
normal viscous stresses of the ordeiEdf in the evaporation

If the estimates of the preceding section are extende(rjeglon'
down to values ofr¢ for which E,=O(E*), they giverg 5. Jet beyond the evaporation region

_ 1/4 _ 22y i
=O(Q™/E*) andv=0(Q™E* ) in the evaporation re- The electric shear keeps acting on the jet beyond the

gion. In the absence of space charge effects, the current tha{,noration region, where it leads to pressure variations and

evaporates from this region is determined by the rate afqma|viscous stresses large compared with the normal elec-
which current can be transported in the jet. The maximumy- stress. Then the following conditions hold

possible axial field in the liquid is of the order 64
assuming that the field induced by the meniscus finally enters D v N

the liquid, which along with the estimate of above gives a 3o ~ri—~rwk, vri~Q, ouvre~T, (23
conduction current of the order ofl=0(Esr2) X X

2 . . .
=O(Q"E*"). The surface current, which will be partially \yhich express the balance of all the terms of @4) and the
convected by the flow beyond the evaporation region, mayonservation of mass and electric current in the jet. From

also be estimated takingc=O(E*). This gives T  these conditions,
=0(Q¥¥E*?), which is small compared with when Q

<1/E*8, in which case most of the current evaporates from
the surface. rs=0
The flow rate accompanying ion evaporation is nedily
in these conditionsee Eqs(9) and(13)]. It becomes of the
order of the injected flow rate whe® decreases to values of E* 12
p-of5]-of Te |

4. lon evaporation region

Q5/8

E* X3/4

X3/4

* 3/8
, 0=O(EQ )

the order ofQ,=¢*¥E*™ but this is typically small com- (24)
pared with the minimum flow rate estimated in the following

paragraph. The result suggests that, contrarily to what hap-
pens with the electric current, most of the injected flow ratewhere use has been made of the estimate gifzen above.

is carried by the spray of drops into which the jet eventuallySyrface tension comes back into play when,4/p, which

breaks. _ *4~3/ ;
) - . - . happens forx=0(E* Q%2, and the solution takes the
. I:
SinceV-E'=0 in a liquid of constant conductivity, the asymptotic form(13) for x> E*4Q3’2.

axial variation ofE, leads to a radial fieItEL=O(r$Et/x) at
the liquid side of the surface. The condition &, <E* in

the evaporation regiofa consequence of the second condi-
tion (9), as was discussed befgreequires thenQ=Qn, Values of BY?E* for formamide and EMIBF are of the
=B2/E*", which is a condition of consistency of the estima- order of unity, which places these liquids midway between
tions given above. The order of this minimum flow rate co-the extreme cases mentioned (it9). Therefore, ions and
incides with the estimate d®* in (19) for the caseB*’E* drops should be expected to coexist in a moderate range of
>1, which means that ion evaporation in the regime ananondimensional flow rates, which is in agreement with ex-
lyzed here should occur only in a narrow range of flow rategperimental result§13—15. lon evaporation from the region

in this case. In the opposite case®f’E* <1, however, ion  of high electric field at the beginning of the jet ceases when

Ql/4

IV. DISCUSSION
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the flow rate increases above a valueGifQ*), whereas a compute, while the computed solutions already display some

stationary solution of the type discussed here fails to exisof the expected features of real cases.

below a flow rate 0fO(Q,,). Figure 6 shows that the surface tension is important ev-
The ratioQ,/Q,, is small for formamide and EMIBF erywhere. Surface tension is needed in the upstream conical

which means that the minimum flow rate is attained whenmeniscus to balance the normal electric stress, and in the

the evaporation flow rate is still negligible. The estimates ofdownstream jet to balance the electric shear-induced pres-

Sec. 1l B do not predict a continuous transition to a pureSuré: But it should be playing a secondary role in a central

ionic regime through a branch of stationary solutions, which€9ion in between, where pressure, viscous, and electric
is also in line with the experimental findings of Rometcal. stresses dominate, according to the estimates of Sec. Il B 2

[15]. These authors have put forward an explanation of th or large flow rates. The numerical results show, on the other
transition from the drops-and-ions regime to a pure ionig and, that the relative importance of pressure and normal
viscous stress increases wi@) but they do not overcome

regime. In their scenario, drops come ta be shed.dlrectl urface tension even at the largest flow rates for which a
from the evaporatlon region with nearly const.ant SIZ€ aNG, ution has been computed. That the pressure and normal
chargg but W't_h a frequerlcy that decrea_ses ,W'th decreasngscous stress have opposite signs in the central region is in
Q, until drop ejection vanishes at a certain critical flow rate'agreement with the condition expressed (@), that they

Below this flow rate, a pure ionic regime is left, with ion gpoyid balance each other when they eventually dominate,

evaporation occurring at a stationary jetlike protrusion of theyt jt makes their combined contribution even smaller in the
meniscus that resembles the cusp of a LMIS—though impornymerical results.

tant differences between LMIS and the present ion sources Apart from the obvious reason that the flow rates in the
have been already pointed out for the relatively high flowcomputations are too small for the asymptotic results to be
rates of the drops-and-ions regime. applicable, the persistence of surface tension may be point-

At first sight, the conditions that led to the estimat28)  ing out that pressure and viscous stresses are smaller than in
and(21) are also applicable to the cusp of a pure ionic emit-the estimates of Sec. Il B 3 that led t@1). The flow is
ter, but then the additional conditid@= ¢I should be satis- somehow able to negotiate the cone-to-jet transition generat-
fied because there is no jet that could take care of any reng little vorticity and small viscous stresses. The saale
maining flow rate or current. The extra condition is for the pressure and viscous stresses is expected to be cor-
incompatible with the estimate= O(Q1’4/E*2) for all buta  rect, but the numerical values of both scaled quantities may
particular flow rate, which in any case would be smaller tharbe small. This result lends support to the proposal of Ferna
Qm- Such negative results suggest that the pure ionic regiméez de la Mora and Loscertalg3], that the cone-to-jet tran-
is quite different from the regime discussed in this paper. sition should take place in the relaxation region of die

It has been mentioned before that currents branching of O(8Q)Y3, despite the fact that the normal viscous stress at
the square root law more abruptly than in Figs. 2 and 3he surface in such a region would be much larger than the
would probably be obtained iA were increased to more surface tension whe@®s 2.
realistic values. This would make the numerical results more The conditionQ> 32, leading to a hydrodynamic region
similar to the experimental data in Ref43,15. However, a large compared with the relaxation region, is satisfied for the
continued exponential increase of the current with decreasinfiow rates typical of the drops-and-ions regime, but probably
flow rate cannot occur in the framework of the presentnot in the pure ionic regime. It is also not satisfied in the
model, irrespective of the value 8f Though the exponential computations summarized in Fig. 2, which detracts from
ion evaporation law in Eq@8) implies that the ionic current their faithfulness but at the same time may be allowing them
increases very rapidly when the surface electric field riseso hint at an important feature perhaps to be expected of the
aboveE*, this current has to reach the evaporation region ofpure ionic regime. Namely, the hydrostatic balance of surface
the surface by conduction in the liquid, which is the currenttension and normal electric stress extends through the tran-
limiting factor in the conditions envisaged here. Conductionsition region and into the jet, until the electric shear-induced
is already at about its maximum when evaporation begin@ressure takes over when the normal electric stress declines.
[6], and it could increase exponentially only if the electric Inspection of the numerical results shows that it is the last
field in the liquid increased exponentially, which is not theterm of Eq.(6), due to the field tangent to the surface, that
case. In these conditions, the maximum surface field has tocontributes most to the normal electric stress when the sur-
adjust itself when the flow rate is decreased so as to remaiface departs from a cone.

within a range ofO(1/AE* l/2) aroundE*.

An electric current varying proportionally ©@*# is mar-
ginally observable around the smallest flow rate of Fig. 2,
though the flow rates at which evaporation occurs in these Numerical computations and order-of-magnitude estima-
computations are substantially smaller than in real experitions have been used to analyze the field-induced evapora-
ments and the asymptotic estimates should not be expecteidn of ions from the surface of a polar liquid in the high-
to apply very well. The reason is that the valueEf that  field cone-to-jet transition region of an electrospray. The
has been used in the computations is slightly larger than it ifollowing results are obtained, all of them in agreement with
in reality, andQ* in (19) depends strongly oE*. Solutions  recent experimental and theoretical results of Fetea de la
for larger flow rates would have been much more difficult toMora and co-worker$13,15. A regime of coexistence of

V. CONCLUSIONS
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ions and charged drops exists in a range of flow ratesion in the drops-and-ions regime is proposed. Order of mag-

bounded above by the onset of ion evaporation and below byitude estimates of the ions and drops contributions to the

a minimum flow rate below which no stationary solution current are worked out, as well as estimates of the maximum

seems to exist. The total electric current, which is limited byand minimum flow rates bounding this regime.

conduction in the liquid, is larger than in the absence of

evaporation. When the flow rate is decreased within the

range of the drops-and-ions regime, ion evaporation takes ACKNOWLEDGMENTS
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