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Abstract if precipitation does not occur, élmean fluid viscosity in
the nozzk region may be too high for drop generation. In

A model has been deve|0ped to predict the impact on drdﬁ'ther case, the result is a printhead failure which may or
volume and velocity of selectvevaporatio of certain ~May not be recoverable. This study focuses erfature
components of a multi-component ink fronk jlet channels ~mechanism related to the viscous plug formation.
to ambient. The analysis consisfstloree steps 1) changes The complete analysis of the phenomena involves
in ink concentration along channels due to evaporation, ZQbtaining first the changenithe specis concentration
resultig spatial and temporal changes in ink viscosity distribution in the channeldue to evaporation. Next the
leading to viscous plugs near nozzles, and 3) impact of thighysical properties of the inkotablythe viscosity, should
viscosity distribution on drop ejection process, i.e., droge described in terms of the concentration distribution.
volume and velocity. In the first step, an evaporation modefFinally this information should be integrated irdodrop-
which uses a number of analyticad numericaltoolsis  €jection model to determine the impaftevaporatia on
developed to quantify the effectf channel geometry, the hydrodynamic behavior of the system.
material properties and ambient condition§he second .
step essentially comes from measurements or datal foun Evaporation Process
the literature. Finally the results from the first two stege
integrated into a numerical drop ejection model The model presented in this paper for the evaporation
determine the impact of evaporation the hydrodynamic ~ processof a multi-component ink from the TIJ channels
behavior of the system. The modieisbeen found to agree  share the same bast principles as in a model previously
very successfully with available experimendaktacovering ~ developed by Torpey [1]. In this modeletmasstransport

a range of waiting (evaporation) time from 0 to 40 seconds.equationsare solved separately inside the channels and
outsicein the air. It is assumed that the diffusion time scale

Introduction from the nozzle into the roons imuch shorte than the
diffusion time scale inside the channels and fimdutionto

The selective evaporatio of certain components of a multi- the steady-state evaporation process in thenroen be
component ink from the thermal ink jet (T1J) channels to theapplied as a boundary conditioa the diffusion equation
surrounding atmosphere during non-operating periods posésside the channels. Of couysthe two solutions are
a challenging problem in the design of printheadr a  coupled by the constraint that what evaporattsthe room
typical water-based ink formulation, water has by the = mustbe supplied through the channel, and thus, a net bulk
largest volume fraction and & commony accompani¢ by =~ motion is established inside the channel from the reservoir
smaller amounts of other non-volaticomponents.The toward the nozzle.
volatile components diffuse out into the surrounding air  As we are primarily interested indltoncentratiordis-
establishig a net bulk motion in the channel from the tribution of different species along a channel, a unidirec-
reservoir towards the nozzle. $hiesuls in accumulation  tional analysis is adapted here which assumes that the mass
of the non-volatile components meahe nozzle The  ansportakes place along a centerline connecting different

conce_ntratiorr(])rgﬁles i?].t?]e chanr&gl change until ste?dy- subsectionsf the channel and that the concentration profile
state Is reached at which poinithonvectie transpof o in any plane normal to the centerline is uniform. The cross-

the non-volatile components is balanceddaffusion back sectional area is allowed to changith distance x, along

towardsthe reservoir Unless a protective cap is employed, . .
the wate concentration in the nozzle region can drop tot'€ centerline. Aithough this approach stibbé normally

very smal values leading to a local ink composition totally @Pplied to narrow and long ductsjstexpecte to give first
different from the operating design point. Due to alteredorder accuracy even when this criterion is fodly satisfied.
concentration and possibly pH, the die may precipitate For ann-component systenn-1 solutes and a solverthe
of the solution forming a plug or a crust at the nozzle. Evermass conservation equations are given as
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Using Raoult’s law which states that the partial pressure

A&dx: —i %AUC - AD &%dx due to a particular component is equal to its equilibrium
ot oxQd ' "ox O vapor pressure in the pure state srite mole fractionin the

. liquid mixture, the mass flow rate o&ach volatile

1=12..n-1 componehi through the channel can be derived as

which can also be written as P.M
_ m =WJA /mD,; (v, —H,)—
96 9 DB 0 H, 064 TR

ot OX A IxO IxO wher H,, is equal to the relative humidity in the roofi i
] refers to water or equal to perotherwise, M is the
1=12..,n-1 molecular weightT the room temperature the universal
wheret is the time A the cross-sectional @as afunction ~ 9as constanty the mole fraction at the nozzlend P, the
of centerline distance andU the mea convectie velocity, ~ V&Ppor pressure.
also a function bx so thatUA=constantinside the channel. For a circular nozzle, the exact analytical solitian
¢, andD, are the volume concentration and the main-ternbe obtained relatively easily in oblate spheroidal coordinates
diffusion coefficient of the soleti. Here, the main-term which shows thafy = 40 (see Appendix) Numericalsimu-
diffusion coefficients are assumed to be constant, and thiations carried out using FIDAP [2], a commerdiimlite-
cross-term diffusion coefficients are neglected as they arglement program, for different noeztjeometris with as-
normally much smaller than the main-terms. pect ratios around unity further show thiaé value of  is

The solvent (normally water) volume concentratiay), relatively insensitive to the nozzle geometry.
can be obtained from

n-1
G=1-%¢
1=1
The boundary condition at the reseryaie 0, is

Integrated Model and Its Application

Based on the mathematical model described above, a
numerical program was written to determinee ttime-

G = G resevoir 1=12..n-1 dependent concentration distribution in channelih
while at the nozzlex =L , itis arbitrary geometry. The results from this model are then
ac m usa to determine the viscosity variation along the channel
U C - Di —=—"" i=12..n-1 from experimental data. Next the drop generat®simu-
ox Ap, lated with the corresponding viscosity distribution by using

a modified version of FLOW-3D [3], a commercifuid

where p, is the solute liquid-phase density, anglis the dynamicsprogram The modifications to this program are

(s)ofl:rt?rr]r; arséfr!c_’\\;volgfeil:)?ntooﬁ\éi?gauon at the nozaie mostly related to the thermal bubble growthhe physical
omp o : rinciples behind this model habee previouslydescribed
The mean convective velocity is determined by the total,q implemented [4, 5], so theyill not be repeatechere.
evaporation rate including the solvent and itis given by The time scak for the drop generation process is normally
n-1 much shorter than the diffusion time szao tha the
z m/pi evolution of viscosity distribution is solely contralldoy
_ & convection. In the simulations this was accomptishg
U(x) = A— solving the momentum and energy equations simultan-
(%) eously with a very low thermal diffusivigndby specifying

The transpot of a vapor from an orifice into the the viscosity as a function of temperature.

. PP The experiments employed a test fluid whaonsisted
rroundily al overned by the steady-state diffusion
Z:uatLilonI@ 1S gov y S ys s of 80% water and 20% dipropylene glycol (DP®&)=134

’ kg/kmol). The drop ejector was a Xercide shooter.
0%¢=0 Following a number of maintenance dropg phinting was
subject to the boundary conditions paused for a given period of time, termed heeewthiting
o= at x=L timg, and then started again. ételocity of the first drop
L after the pause was measured and tabulated in Table 1 for
Q =Q . at X — 00

different valuesof waiting time. The change in the first
The solution to this equation can be shown to be d_rop velocity from _the nominal value V.VhiCh hasvaiting .
time equal to zero is a measure of the impact of evaporation
m=WY,/A /m D, (¢, —9.) losses on the performance of the drop generdtois seen
here the subscriftt refers to the nozzleg is the vapor mass from Table 1 that the longer the waiting time the smaller the
density D, the diffusivity in air,m the mass flo rate
supplied through the channedind W a non-dimensional

velocity, i.e., the poorer the performance.
In the first step to predict the experimental results, the
constant that depends on the shape of the nozzle.

evaporation model described above wpplied to the same
drop generato used in the measurements. The material
properties excep for the binary diffusion coefficient are
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well known for water and DPG and can be found in the

literature. However, the availabinformationon diffusion
coefficients in liquids is limited. Furthermgrethe
concentration profiles have large variatioria this

application and the diffusion coefficient should be 4 printheads
In the absence of; '

describ@ asa function of concentration.

Copyright 1999, IS&T

Conclusions

A comprehensive model has been developeihestigate
the impact of evaporation on drop volume and velocity in
The mobeombine the mas diffusion
inside the channels with éhhydrodynamicsof the drop

empirical data, it was assumed here that the diffusiornyeneration process through the changes in the visaoisity
coefficient was uniform and it was calculated using thepe ink. The validity of the concepts behind the model has

Wilke-Chang model which is written as
JOM T
-0.6
b H
wher D (cnf/s) is the diffusion coefficientT (K) the
temperatureu (cp) the viscosityM the solvent molecular
weight V, the solute molar volume volume ard the
association parameter. &hWilke-Charg equatim is
applicable in the limit of low soletconcentrationSince the
water concentration drops to low valudstlae nozzk exit
ard the drop generatio process is impaired by the viscous

plug formation in this region, water was choseretierbe
the soluie and the glycol to be the solvent. This gave a

D=74007"

been verified experimentally.
References

1. P. A. Torpey, Proc. IS&T Non-Impact Printing
Conferencg1990).

2. FIDAP, Trademark of Fluid Dynamics International,
Inc. Evanston, IL.

3. FLOW3D, Trademark of Flowscience,Inc., Los
Alamos, NM.

4. P. A. Torpey, Proc. SPSE Non-ImpacPrinting
Conferencg1988).

5. M. P.O’Horo, N. V. Deshpande, D. J. Drak&8&T
10th Intn’l CongressNew Orleans, LA (1994).

value D = 6.6E-11 rfis. With this result the concentration Appendix. Diffusion from a Circular Orifice
distribution in the channel was determined at the specified

waiting times in Table 1.
Using these concentration profileshe viscosity
distribution along the channel at each waiting time thas

obtained by the empirical viscosity equation for water-DPG

mixture given by
y = 0.044X-0162
whereX is the weight percent of DPG.

Finally, the viscosity distribution obtained from the
above equation was integrated inte drop ejectd model
and the drop velocity and drop volume were deterthfoe
different waiting times. These resuire presentd in Table
1 where a comparison is made with measurements.
drop volume could not be obtained experimentally, but the
agreement between theory and experimenttie velocity
is seen to be very gdathroughot the range of waiting

timescovered. This supports the validity of the model and

the underlying physical concepts.
Table 1. Comparison Between Theory and Experiment

Drop Drop Drop
Waiting Volume (pl) Velocity (m/s) Velocity (m/s)

Time (s) (theory) (theory) (experiment)
0 13.4 14.2 14.6

3 11.8 12.6 13.0

5 11.3 12.0 11.8
10 10.2 10.5 9.8
20 8.7 8.2 8.0
40 6.8 5.1 5.7
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The steady-sta diffusion from an orifice into the

surrounding air is governed by

0%¢p=0

If the orifice is circular witha radius a and centered at the
origin normal to thez-axis, the boundary conditionsrche
written as

®= 9, for z=0 and x*+y*<a’
d—(p:O for z=0 and x*+y®*>a’
¢=0, for z>0 and xX*+y*+72° -

The

The form of the boundary conditions suggests a
transformatio from the rectangular coordinate system
(x,y,2 to the oblate spheroidal coordinate systanv).
The transformation can be carried out by setting

X = a coshu cosv cosw
y = acoshu cosv Snw

z=a gnhu snv
where
u=0

—/stsﬂz

O<sw< 2T

In this coordinate system, the solution satisfying the
boundary conditions are constarsurfaces. Then we have

%Ecoshu :—(SQ: 0

subject to the boundary conditions
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=, at u=0 The flux through the orifigem, is defined by
qo _‘(p 0 at u-— oo qo x=a qo
hich aives the follow i m:—DJ'%Q dA:—DI%Q 271 dx
which gives the following solution J 0020, J.Boz0,_,
M = 2% tan‘le“ so that

m=4Da(¢, - ¢.,)
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Errata

Impact of Ink Evaporation on Drop Volume
and Velocity
Mehmet Z. Sengun, Xerox Corporation

page 20, left column, 1st equation

D-7.4007° @I
* Vb+0.6 IJ‘
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