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Abstract a curved surface, the jet rows are paclas cloe as
possible to each other in the verticdirection Fig. 2

Full-width printheads offer many advantages for high speedllustrates a typical layout of individual jets and feed
office printers (e.g. the Tektronix Phaser®03%olid ink ~ manifolds in a jet stack for two rows ofets As
printer) However, full width phase change printheaddemonstrated in Fig. 2, packing the jets closely reqtires
designs offer unique design challenges. In particular, manifolds feeding ink to the individual jet inlets be
manifold fluid acoustic time scales are often similar tooutboad of atleast one other color row of jets. As a result,
individual jet resonant or driving time scales. Theminimizing individual jet size is a trade-off against
interaction can cause print quality antif@bustnessssues. maximizing the size and performance of the feed manifolds.
In addition to fluid interactions, structural interactions are ~ The mass flow rate of ink throughetprint heal largely
often encountered. Market demand for higher psimeeds influencesthe required size of the ink distribution system
requiring higher jet densities and higher firing frequenciegvhich must be designed to meet steady-state flovstget-
only increag the manifold design problem. Conversely, up conditions and acoustic cross-talk. The steady-state and
advancesn manifolding technology (i.e. smaller sizes) can transientpressue losses during printing must remain below
be an enablirg technology in the race for higher density andthe pressure drop that can be maintained by thageiscus
frequency, as individual jet sizcan be decreasedThis  and, ideally, below what can be seen as aévmist quality
paper will describe the models used to aid the integrate@ffects.Reductio of the pressure loss in the manifolds by
manifold design process. The firshodel usal is a  increasing size or increasing the number of ink faedke
straightforward calculation of the steady-state presmss.  manifold mug be balanced by the increased cost and
The second model simulates the transient response of ti@mplexity or decreased jetting frequency.
manifold The model includes manifold fluid acoustics, ~ Anorder of magnitude estimate of the start-up pressure
individual jet dynamics and fluid/structural interactions. Thefluctuation can be obtained by treating the manifold as a
governing equations, model structurand numerical ‘'lumped mass' from which fluid iextractel by the jets
method for this model will be discussed. The mod¢hésny  without replenishmenhduring the initial start-up (acoustic
validated by comparison to experimerdataobtainel ona  wave propagation) period. An estimate foe fhressure

production full-width design (the Phaser® 350 printer). change during this time period can be obtained as follows:
mjets
_ AP= & U= < 40,000 Pa,
Introduction Vman
where
Ink jet printer architectures consist basically of two types. a fluid sound speed
The modg prevalent is the shuttling printhead architecture. A mjets  mass ejected at one firing
small ink jet printhead shuttles quickly back and forth Vman manifold volume

across the print media as it travels tpde printhea and

thl‘OUg’] the machine. In the non-shuttling architecture, the The above pressure drop couhot be rea“stica”y
print medi is moved quCkly past the printhead, which haSSustaind by the Jet meniscus (the pressure drop to
limited travel. To meet the needs of high speed printing fopvercone surfa® tension is approximately 1500 Pa) and a
color printers in a shared work gmenvironmentthenon-  more detailel analysis which accounts for the fluid
shuttlingarchitectue havinga full width printhead was the interactionbetweenthe manifold andjets is required. This
chosen approach for its speed advantages. estimate does, however, clearly indeahe significant

In this architecture, individual jets eruniformly  magnitude of pressure fluctuations that may be generated in
distributed in rows along the witof the print head.  the inlet manifold during the start-up.
Individual jets arranged in arrays in the jet stack require ink |t is often found that the acoustic time scales for a
to be delivered from the reservoir through ink feeatsl  manifold section are similar to the jet driving &éracales

distributed to all jetsin the head along a manifold (Fig. 1). and significant interaction takes place The natural
In orde to maintain optimum print quality while printing on
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frequeng (f) of the Phaser® 350 printer manifold is given . 128uc . .
below (a is ink sound speed, L is manifold length). AP=Rm= pna4 m for circular ducts, wheeaandcare
a duct diameter
f=Z2 =10kHz and length, respéeely

The Phaser® 350 printer operates at firing frequencies

. -1
of 8 and. 11 kHz._ _Since_ t_he inqli\_/idual jet and mf’;\nifold C uOm2c N 192a tant(%)%
frequencies are similar, it is anticipated tha¢ ttansient AP= Rm:-Bl—lD - -
(acoustic) response of the manifold ynanfluence the Lol 3b% b 4 j° @

=135
individual jet performance if the pressure fluctuations are of .
significant magnitude. Fig3 illustrates the connection  fOr rectangular ducts wherea, b, and c represent dat height,
betwea manifold frequency and the potential affect on jet width, and length, resgedively
performance. This figure is the output of a Ilumped
paramete model of an individual jet viewed from the jet
inlet. From this model of a typical ink jet, we can see that
the jet is sensitive to low frequencies (in the range of 2 to 5
kHz).

The remainde of the paper will be devoted to
describing two manifold models (steady-staitd transient)
and then showing how the the models evealidated and ;
used in the design process. Details @ itiodelsinclude From the pressure loss equation, syeatke pressure

derivati £ th . . d 1EIoss can be determined along the manifol@ihis steady
derivatin of the governing equations and treatment Ofgisie pressure loss can be relateget performane using
interactions with individual jets a@nothe geometries An

, experimentadatasud as that shown in Fig. 4. This figure
exampe of how the models were used to model a particulay ,sirates the effed of steady state pressure loss on flight

geometry, and comparison of experimental and theoreticglne print quality artifacts can be seen with differences in

results will be presented. flight time of about 25 ps or more. The performance data
establishes the maximum pressure loss accepaldithus

Steady State Pressure Loss Model the governs the required manifold size for steady state

pressure loss. Designs must accommeUdath the manifold

Orne criteria in determining manifold performance is the size requirements and individual jet sizing requirements.

steady-stat pressure loss encountered when all jets are

firing. This pressure loss can result in degradation of Manifold Model Development

nominal jet performance and if tdugh will resut in jet

starvation and robustness issues. To determine the stead¥ . the requirdl manifold size to meet steady-state

state pressure loss a resistance flow model is used. TRG.syre loss has been determined, the transient resgons
modeltakesadvantag of the symmetry of the jet stack as is yhe manifolds must be evaluated. In this section the model

shown in Fig. 1 by modeling only one tand one sixth of ;56 in the transient design of th& fieed manifolding is
the manifold. The calculation of the pressure loss is showgigcssed.

below The simplified one-dimensional analysis below
considers the dynamic (acoustic) response efntanifold
AP = Ry m+[ R m(x)dx when all jets are started simultaneously. eTimodel
where R. is the feed esistanceand R__ is the manifold accountsfor the acoustic behavior in the manifolds, the
f m interaction with the individual jet fldicomponentand the
resistance fluid-structure interaction with the jet stack plates.
In this equation, the resistance is calculated using the Indeveloping the governing equations, a fluid manifold
analytical fully-developed viscous flow equaticasderived  element control volume si considered Governing
in White (Ref. 3). differential equations are obtained froconservatio of
massand momentum, respectively, with the acoustic flow
assumptia of small perturbations applied. The effects of
variable area (@), fluid viscosity (gu) and mass flow due
to individual jets (m+ m) are also included.

The maximum flow is calculated by multiplying the
number of jets by the individual jet drop mass by the
maximum firing frequency Along the manifolds, this flow
ratechangestit moves down a manifold due to removal by
the jets. The flow is integrated along the manifatd
account for the reduction in flow rate.

op pOu, @
E + pa PV CAU—-AL (mg +mg)
au 10dp
— +-—_+cuu=0
at pox H
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conditions are assumed to be unifiofzerg pressue and

As mentioned above, in addition the manifold fluid velocity. Boundary conditions are required at both esfds
acoustics the model also includes mass flow termestdlu each manifold segment and correspond to either an infinite
individual jets. The jet flow source term (mfrom the  reservoir (constant pressure supply), zero velocity capped
manifold is an approximation of the flow intbe jet inlet ~ end or an interconnection to one or more other segments in
while the jet is firing. This term can also be used to find the the manifold feed system.
naturalresonane of the manifold system by using an step The model is designed to be very flexible and modular.
function as input. The second term, ia used to simulate Each segment can haveyapmounday condition mentioned
the dynamt respons of the jets caused by the pressureabove aswell as have active or passive jets (passive jets
fluctuations induced in the manifold. A simple lumpedsimulate non-firing jets which contain only the dynamic
parameter model (Fig. 5) is used to mode jit. Thisjet  contributions of the jets) The user hseveraloptions for
modé simulates the effed of the internal fluid features, addirg compliance Compliance from a flexible wall or
meniscus and piezoelectric driver as comtimesistive, diaphragm can either be entered by spedfyg@ometry
inductive and capacitive elements. These contributions(and using the effective sound sgeealculatior) or by
from the individual jets are continually distributed (i.e. directly entering the sound speeBegmentsare pieced
homogeneous) along the manifold model segment. together with the desired boundary conditiomsnodéd the

Another element of the manifold model is its ability to complete manifold system (see Fig. 8).
modd the fluid/structue interaction in the manifolds. This
is mainly used to model compliant features glaine Application and Results
manifoldwalls (see Fig. 6) and is motivated by the desire to
decreas the pressure fluctuations induced in the manifold.The response that was usedd&sigi the manifoldsof the
Using plate deflection theory (Ref. 4), an estimate of Phaser® 350 printer wasrifice displacement This
deflection due the pressure gradiennh d& made This  response is the response of thenjemniscuso the pressure
deflectionof the wall into an air gap essentially increasesfluctuation in the manifolds. This was found to be the best
the capaciy of the manifold. This increased capacity can berespone as the individual jets were able to provide
modeled as extra manifold compliance, which the effect  significant damping and filtered some tbg fluctuationsin
of decreasing sound speed. The derivation of effectivehe manifolds. Comparison of model results and jet flight

sound speed for a square diaphragm follows. , time showed that a criteria of07ng displacemen was
, , ho(1-v determing acceptal® (see Fig. 9). This displacement
diaphragm compliare: Cq= “%%3) correlates about one third of an orifice volume.
Fig. 10 showstypical results for a manifold simulation.
fluid complian@: Ca= hiw Both a low frequency respamassociaté with the manifold
al and feed interaction and a high frequency response
effective compliane: Ceff =Cg+Ca associated with jet operation are present. In the Phaser® 350
printer, the spectral responses have been intentionally
separated in order to reduce unwansetifactsand cross-
) 1 talk in high flow rate printing. It is noted ththe primary
sound speed correctio g = C soure of damping for the acoustic wave along the manifold
1+E”' is provided by the interaction with the individugts

a

distributed along the manifolds. Viscous damping glthe
manifold is negligible in comparisorkig. 11 shows the
results of scanned print intensity values frafhase® 350
printer. Comparing the amount of damping betvdee
Figures 7a and b illustrate the relationships of model and the scanned data, it is clésat the modeldoes
capacitane and effective sound speed with compliant wall not provide an adequate level of damping.
geometry. The critical feature, height, is varied. In designiry the manifold for the Phaser® 350 printer,
The governing differential equations are hyperbolic the model showed that untessthe flexibilitie s were present
(wave) in nature. A finite-difference method usell to  in the system (passage walls, air bubbles, etc.) that
solve these equations. Because of the hyperbaliure a  significant pressure fluctuations would be genefatethe
flux vector splitting upwind schemés used The individual ink jet inlet. Using the model, a design was
characteristic equations are integrated in the domain interigiplemented that had additional compliance the
usig a predictor-corrector finite-difference = scheme manifolds. This reduced the magnitude of fluctuations at the
upwinded according to the sign of the eigenvalue. Totajet meniscus by 70%.
variational diminishing (TVD) schemes have also been
used butthe additional computational effort is not usually
justified due to the damping behavior of the individual jets

distributed along much of the manifolé Runge-Kutta  \yith any head architecture, full-widtir smaller tha has

numerical scheme is used to integrate tomogenized anifolds feeding individual jets, the problem of steady
individual jet models at each neaf the manifold Initial  g5e pressure loss and jet start-up has the potential to exist.

effective sound spele &ff =ar (&

Conclusions
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As jet firing frequencies become faster, the problem of

interaction between manifold and jet frequencies applies to N | ]
the smaller heads as well. Manifold design issues in all 10 \ ]
cases are compounded with increased jet densities. With no § r N ]
reduction in demand for higher print speeds, the ability to § 20| \ 1
integrate the manifold and jet design and improve 85 [ \ ]
manifolding technology remains critical to success. @ 3o [ N 1
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Figure 4. Pressure Loss Effects on Flight Time

Figure 1. Jet Manifolding Schematic
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