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INTERNATIONAL ELECTROTECHNICAL COMMISSION

PRINTED ELECTRONICS -

Part 302-3: Equipment - Inkjet —
Imaging-based measurement of drop direction

FOREWORD

e International Electrotechnical Commission (IEC) is a worldwide organization for standardization.com
national electrotechnical committees (IEC National Committees). The object of IEG,‘is”to p
ernational co-operation on all questions concerning standardization in the electrical and electronic fie
end and in addition to other activities, IEC publishes International Standards, Technical Specific
Chnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter.referred to as
blication(s)”). Their preparation is entrusted to technical committees; any IEC National’Committee intg
the subject dealt with may participate in this preparatory work. Internatiopal;~’governmental an
ernmental organizations liaising with the IEC also participate in this preparation. IEC collaborates
h the International Organization for Standardization (ISO) in accordance' with conditions determin
eement between the two organizations.

e formal decisions or agreements of IEC on technical matters express; ,as-hearly as possible, an intern
sensus of opinion on the relevant subjects since each technical \committee has representation fr
brested IEC National Committees.

L Publications have the form of recommendations for international use and are accepted by IEC N
Immittees in that sense. While all reasonable efforts are made to ensure that the technical content
blications is accurate, IEC cannot be held responsiblenxfor the way in which they are used or fi
interpretation by any end user.

order to promote international uniformity, IEC National Committees undertake to apply IEC Publig
hsparently to the maximum extent possible in.their national and regional publications. Any dive
ween any IEC Publication and the corresponding-national or regional publication shall be clearly indic
latter.

S

itself does not provide any attestation,'of’conformity. Independent certification bodies provide con
essment services and, in some areas, access to |IEC marks of conformity. IEC is not responsible f
vices carried out by independent certification bodies.

users should ensure that they havethe latest edition of this publication.

mbers of its technical committees and IEC National Committees for any personal injury, property dam|
er damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fee
enses arising out ef\the publication, use of, or reliance upon, this IEC Publication or any oth
blications.

ention is drawn'to.the Normative references cited in this publication. Use of the referenced publicat
ispensable for the correct application of this publication.

ention is drawn to the possibility that some of the elements of this IEC Publication may be the sub
ent rightsy TEC shall not be held responsible for identifying any or all such patent rights.

ational Standard IEC 62899-302-3 has been prepared by IEC technical committeg
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119:

The text of this International Standard is based on the following documents:

FDIS Report on voting
119/332/FDIS 119/344/RVD

Full information on the voting for the approval of this International Standard can be found in
the report on voting indicated in the above table.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.


https://iecnorm.com/api/?name=fe2486461b695027f4c039a3fa0c0b95

-4 - IEC 62899-302-3:2021 © |IEC 2021

A list of all parts in the IEC 62899 series, published under the general title Printed electronics,
can be found on the IEC website.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under "http://webstore.iec.ch” in the data related to
the specific document. At this date, the document will be

e reconfirmed,

e withdrawn,

e replaced by a revised edition, or
e amended.

IMPORTANT - The 'colour inside' logo on the cover page of this publication indicates that|it
contdins colours which are considered to be useful for the correct understanding of its
contgnts. Users should therefore print this document using a colour printer.
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INTRODUCTION

Establishing the jetted drop direction under specific operating conditions of inks and inkjet
print-heads is significant for accurate drop placement during the manufacture of printed
electronics. Manufacturers that include such print-heads in their equipment should know the
angular spread of ink drop directions because this influences the achievable spatial resolution
of the printed material, and in particular whether any neighbouring conducting tracks could be
connected by stray materials, which would affect the printed electronics' product performance.
This document defines the methods for in-flight imaging measurement of jetted drop direction
from drop-on-demand type inkjet print-heads to be used in printed electronics equipment.
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PRINTED ELECTRONICS -

Part 302-3: Equipment - Inkjet —
Imaging-based measurement of drop direction

1 Scope
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3 Terms and definitions

For t
the fd

ISO ¢
addrg

e |H

ion of ink drops jetted from inkjet print-heads using drop watchers. It does not ap
raphic or other interference techniques, or to any method assessing deposited ink d
specific to drop-on-demand type inkjet print-heads (used in printed,-electn
ment).

ormative references

ollowing documents are referred to in the text in such a,way that some or all of|
nt constitutes requirements of this document. For dated-references, only the e
applies. For undated references, the latest edition of the\réferenced document (incl
mendments) applies.

2899-302-1, Printed electronics — Equipment £)Inkjet — Imaging based measuremsg
) speed

ne purposes of this document, theterms and definitions given in IEC 62899-302-
llowing apply.

Sses:

C Electropedia: available at http://www.electropedia.org/

part of IEC 62899 specifies in-flight imaging methods for the measurement of the

ply to
rops.
onics

their
dition
uding

bnt of

and

nd IEC maintain terminological databases for use in standardization at the follgwing

rwise

e |40 Online browsing platform: available at http://www.iso.org/obp

3.1

inkjet nozzle plane

flat optersurface of the inkjet print-head nozzle plate

Note 1-4e-entr—TFheinigetrozzle—plane—is—defiredfora—drop-on-demandmuit-rezzleprint-head—oras—oth

specified by the print-head manufacturer or inkjet equipment integrator and stated in the measurement results.

3.2

nozzle row direction
line in the inkjet nozzle plane passing through a row of nozzle exit centres

Note 1

to entry: Typically along the length of the inkjet nozzle plane, or as otherwise specified by the prin

manufacturer or inkjet equipment integrator and stated in the measurement results.

3.3

reference direction
normal angle (90°) to the inkjet nozzle plate

t-head

Note 1 to entry: Or as otherwise specified by the print-head manufacturer or inkjet equipment integrator and

stated

in the measurement results.
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3.4

measurement region

3-Ds

3.5
drop

pace closest to the inkjet nozzle plane used for imaging of the jetted drops

trajectory

direction of drop travel in 3-D in the measurement region

Note 1

to entry: It can be measured with two drop watchers mounted with a wide angle between

simultaneously imaging jetted drops.

them

3.6
trajeq
two o

Note 1
directi

3.7
proje
angle

Note 1
azimut

3.8
refer
spee

3.9
proje
spee

3.10
abso
spee

ttory angles, pl.
rthogonal angles necessary to define the drop trajectory

to entry: The polar angle is relative to the reference direction; the azimuthal angle is relative to a s
bn within the nozzle plane, often assumed to be the nozzle row direction.

cted angle
of the drop trajectory in the 2-D image plane of a single drop.watcher

to entry: The projected angle does not correspond to the polar angle of the drop trajectory unle
hal angle is 0° or 180°.

ence speed
| of the drop along the reference direction

cted speed
| of the drop along the projected angile

ute speed
| of the drop along the drofp trajectory

4 Measurement methods

4.1

General

The jetted drepidirection shall be determined by using one of the following methods, u

there
repor|

is an_agfeement between the user and the supplier. In that case the method ig
ted with the measurement results.

pecific

ss the

nless
fully

All equipment engaged in the trajectory measurement shall have a carefully calibrated
geometry.

The image plane shall be aligned in a precisely orthogonal direction to the inkjet nozzle plane
before the start of the measurement.

4.2

Process for projected angle using one double flash drop watcher (method 1)

1) Establish reliable jetting from the nozzle under study in the image measurement region.

2) Record the images and analyse the drop image position changes for the chosen double
flash delay.

3) Report the projected angle, using the formula provided in A.2.1.

4) Report the conditions as indicated in Clause A.3.
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4.3 Process for projected angle using one single flash drop watcher (method 2)
1) Establish reliable jetting from the nozzle under study in the image measurement region.

2) Record a single flash image of a jetted drop and of the nozzle under study and analyse the
drop and nozzle exit image positions. Alternatively, record two single flash images of two
separate drops jetted at different times from the nozzle under study, and analyse the
single flash drop image positions.

3) Report the projected angle, using the appropriate formula specified in A.2.2.
4) Report the conditions as indicated in Clause A.3.

4.4 Process for projected angle using one strobe flash drop watcher (method 3)

1) Eptablish reliable jetting from the nozzle under study in the image measurement regign.

2) Rpcord a strobe flash image, at a chosen flash delay time, of the nozzle under\study and
the superposed drops, and analyse the image positions of the nozzle exit egntfe and the
slperposed drops. Alternatively, record two strobe flash images, at twp, different delay
times, of two separate drops from the same nozzle, and analyse the chahge of the gingle
flash image positions.

3) REeport the projected angle, using the appropriate formula specified'in A.2.3.

4) Report the conditions as indicated in Clause A.3.

4.5 | Process for trajectory angles using two double flash.drop watchers (method 4)

1) Egtablish reliable jetting from the nozzle under study i the image measurement rggion,
wiith the image planes of the two double flash drop watcChers having a wide angle between
tHem aligned with a common axis along the referefice direction.

2) REcord double flash images of the same drop-«in each drop watcher for the chosen dpuble
flash delay times and analyse the drop imageépositions in each double flash drop wat¢her.

3) Regport the trajectory angles, using the approepriate formula specified in A.2.4.
4) Report the conditions as indicated in Clause A.3.

4.6 | Process for trajectory angles-using two single flash drop watchers (method 5

1) Eptablish reliable jetting from, the nozzle under study in the image measurement rggion,
with the image planes of the two single flash drop watchers having a wide angle between
tHem aligned with a comfan axis along the reference direction.

2) REcord single flash images of the same drop and nozzle exit at a chosen delay time in

each drop watcher-and analyse the image positions of the drop and nozzle exit cen”rre in
each single flash ;drop watcher. Alternatively, record images, at chosen delay times in
each single flash drop watcher, of separate drops jetted from the nozzle under study], and
amnalyse the/single flash drop image positions in each drop watcher.

3) Repport the-trajectory angles, using the appropriate formula specified in A.2.5.
4) REpoert_the conditions as indicated in Clause A.3.

)
1) Establish reliable jetting from the nozzle under study in the image measurement region,

with the image planes of the two strobe flash drop watchers having a wide angle between
them aligned with a common axis along the reference direction.

2) Record strobe flash images of the superposed drops and nozzle under study at a chosen
strobe flash delay time and analyse the image positions of the nozzle exit centre and
superposed drops in each strobe flash drop watcher. Alternatively, record strobe flash
images, at two different delay times, of separate drops jetted from the nozzle under study,
and analyse the superposed drop image positions in each strobe flash drop watcher.

3) Report the trajectory angles, using the appropriate formula specified in A.2.6.

4) Report the conditions as indicated in Clause A.3.
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A1

Annexe A
(informative)

Determination of jetted drop direction

Imaging-based measurements of jetted drop direction

The jetted drop direction should be determined from drop image position measurements for at
least two d|fferent pomts |n three dlmenS|onaI space Wh|Ie IEC 62899-302-1 determines 2-D

spatig

This

document also uses just two different points to define the jetted drop. directio

assuining a straight-line motion and the absence of electrical and gravitational effec

jetted
docu
align
of int

drops. All the drop watcher types are assumed to provide a flat 2-D imagde plane i
ent, with the camera image plane aligned orthogonally to the inkjet ‘nozzle plane
ent can be checked using reliably jetted drops with different delays)spanning the r

watc
signi
on neg

In-flig
other
contr
locati
does
are fU

Drop
jetted
exten
times
on th

studii:d using multiple flashes, high-speed photography and grthogonally mounted
i

brest in the camera image plane. Drop trajectories for drop-on-demand printed ink

ers showed straight line motion holds in the absence of ;sideways aerodynamig
icant electric field effects. The effects of gravity as compared with air drag forces
ar-vertically jetted drop-on-demand inkjet drops are usually negligible.

ht imaging measurement methods are not based{on' the final printed drop position g
print quality (PQ) assessment methods applied{to inkjet-printed electronics product

ons at the expense of accurate knowledgé of in-flight drop directions, and impor
not accurately determine the drop trajectory close to the nozzles, i.e. where jetted
Ily formed and furthest from their final printed positions.

watchers provide the direct méans of observing the region of interest for free-

t of the region of interest-will depend upon these practical limits and the flash
chosen, together with drep speed and the drop formation process, which in turn de
e ink properties and the particular inkjet print-head technology. Drop travel (t

distapces from the jetting nozzle to the printed substrates are typically less than 1

comp
trave
woulg

letion of the drop formation process to give near-spherical droplets can require 10
from the nozzle. The region of interest for the measurement of jetted drop dire
be around<100 ym to 300 um from the nozzle, but not near a substrate.

In-flig

single
single

using

ht determination of the jetted drop direction relies on double flash drop watchg
flash~drop watchers or strobe flash drop watchers taking one or more images
drop or of drfferent drops (and pOSSIb|y the nozzle eX|t) OnIy methods such as

I components necessary to specn‘y the Jetted drop d|rect|on (or velocrty) in 3-D spa C

drops, although practical conisiderations can prevent the imaging of the nozzle exif].

egion
Hrops
drop

and

acting

r any
s. By

Ast, the measurement of printed drop positiohs on a fixed substrate defines final 3-D

antly
drops

flying
The
delay
pend
hrow)
mm;
0O um
ction

rs or
of a
that
=ctory

for a single drop. Single flash drop watchers prowde a prOJected angIe based on |mage
positions for different drops (or possibly one and the nozzle exit), at two different single flash
delays. Strobe flash drop watchers provide an inherently representative average measured
image position for a number of superposed drops and a projected angle based on inherently
representative average measured image positions for two sets of superposed drops (or
possibly one set and the nozzle exit) at different strobe flash delays. This hierarchy of
methods should be associated with increasing uncertainties in the quoted projected angle and
in the quoted trajectory angles. The method used should always be reported, whether based

on thi

s document or under an alternative user-supplier agreement.
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Figure A.1 depicts the positions (1 and 2) of a jetted drop at two different locations (hence the
flash delay times) in the region of interest near the inkjet nozzle 0 for the double flash
measurement method; positions (1 and 2’) of different jetted drops at two different locations
(and flash delay times) in the region of interest near the inkjet nozzle 0 for the single flash
measurement method; and the image of superposed nozzle position 0" and of the centroids of
the superposed jetted drop images 1" and 2" at two different locations (and flash delay times)
for the strobe measurement methods. Figure A.1 can represent 2-D (x, y) projections or 3-D
locations in space for drop images.

The direction of jetting is either defined using the change in the image position between the
centre of the nozzle exit (0 or 0") compared to the centroid position (1 or 1") of a drop at later
timesfor,asmore usuat for regions of inmterestwithout the mozztevisibte, by usimgtheTthange
in thg centroid positions (i.e. 1 and 2, or 1 and 2’, or 1" and 2"). Some drop image positigns (1"
and 3") have exaggerated extent compared with the other positions, representing the ‘mdltiple
dropqg superposed in strobe flash images; likewise nozzle exit image position-(0") can| shift
during strobe flash imaging. Lines between the nozzle image positions 0 (or0") and|drop
positions 2' (or 2") are shown to emphasize the additional inherent inaccuracies’ of single|flash
measiurement methods. The lowest inaccuracies in the measurement of the trajectory apgles
are gxpected when using the double flash measurement method forsingle drops based on
centrpid positions 1 and 2, provided their separation is sufficient.

0

211

IEC

Figure Ac1 = Schematic representation of jetted drop positions below a jetting nozz|e (0)
fofr. double flash (1-2), single flash (1-2') and strobe flash (1"-2") at different delays

With two drop watchers aligned with a common x-axis and a wide angle y (typically 90°)
between the image planes, the trajectory angles (and the absolute speed) for a jetted drop
can be determined. When there is only one drop watcher, only the projected angle (and the
projected speed) for a jetted drop can be obtained.

Polar angle § is measured relative to the reference direction (x-axis); azimuthal angle y is
measured relative to a specific direction within the nozzle plane, often assumed to be along
the nozzle row direction. A representation of these jetted drop angles in Figure A.2 shows: a),
the projected angle ¢ in 2-D corresponding to a double flash drop watcher (1 and 2), the
nozzle exit and other drop images at different delays for a single flash (0, 1 and 2') or a strobe
flash (0", 1" and 2") drop watcher; b), the trajectory angles 6 and v in 3-D as measured by two
orthogonal (wide angle y = vy, + y,; = 90°) or non-orthogonal drop watcher systems A and B for
the double flash scenario. Equivalent schematic representations for trajectory angles 6 and
found with orthogonal or non-orthogonal single flash or strobe flash drop watcher systems A
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and B are not given here. They can be obtained from Figure A.2b) after appropriate
substitutions for the coordinate labels (' or "), respectively, following the notation already

shown in Figure A.1.

P (x;.54) P (xg:7,) P (x;.04)

P (x5.05) P(x. ) P (X))

IEC IEC

a) The projected angle & in 2-D

P ) P (4pds8) P (a0
Q 1YV1aY18 Va Va
Vs Vs

| | Vg Vs

0

P (X050 08)
v VB B
X
IEC IEC

IEC

b) The trajectory angles 8 and g in 3-D

Figure A.2 — Schematic representation of a) the projected angle 4 in 2-D and b)
the trajectory angles 0 and y in 3-D
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\O 5 IEC
OF
Figure A.3 — Example of@ orthogonally-mounted in-flight imaging drop watchdrs
When determining the ctory angles of the jetted drop direction for a specific inkjet ngzzle,
it is greferable that ery same drop is measured by the drop watcher(s) involved, to pvoid

the additional direct uncertainties which will arise from any jetted drop-to-drop variations,
as dgpicted in @e A.1.

An dxa %of two orthogonally mounted in-flight imaging drop watchers is shown in
Figur gﬁ' Orthogonally-mounted drop watchers provide image planes at 90° and havge the
down s _reference direction in_ common_ with each other; alternatively, these two|drop
watchers should have their image planes at a wide non-zero angle with respect to the
common downwards direction.

The use of two drop watchers simultaneously imaging drops, jetted from a specific nozzle, in
two different 2-D planes allows a more accurate measurement of jetted drop speed than
possible with a single drop watcher, although for a small polar trajectory angle the difference
between the speeds is very small: the absolute speed exceeds the projected speed, which
exceeds the reference speed.
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A.2 Formulae used for imaging results from the measurements

A.2.1 Formulae for projected angle using one double flash drop watcher (method 1)

Two image centroids of an individual drop, at different locations corresponding to the drop
motion between the double flashes in the drop watcher image, are denoted by (Px4, Py¢) and
(Px5, Py,), where the x-axis lies in the nominal jetting direction and where the y-axis is in the
drop watcher image plane at right angles to the x-axis. The projected angle ¢ in the drop
watcher image plane is given by

tand = M hence 5=tan—1 1")’2—1'%
Px, — Px, Px, — Px,

The projected angle & is normally quoted in units of 10-3 radians (mrad) or in“degrees.|Note
that dnless the actual drop direction lies within the x-y plane, the polar angle ‘0 of the actual
drop |trajectory always exceeds the projected angle 6, as does the (undetérmined) abdolute
speed, which exceeds the projected speed of the jetted drop.

A.2.2 Formulae for projected angle using one single flash-drop watcher (method|2)

The gentre coordinates of a nozzle and the image centroid of\a’drop jetted from this nozgle in
the same single flash drop watcher image are denoted by (Fxq, Pygy) and (Px4, Py4), whefe the
x-axi$ lies in the nominal jetting direction and where the y-axis is in the drop watcher image
plang at right angles to the x-axis. The projected angle’s in the drop watcher image plgne is
given| by

tand = m hence 5:tan*1 Py1_Py0
Px1 —P.Xo P)C1 —Pxo

Where the centre coordinates (xg, ¥g) of a nozzle are outside the field of view, a freqyently
used|alternative is to use the.image centroid (Px’y, Py',) of one other drop (') jetted from the
same nozzle, but this substitution should be noted in the reporting of results becadse it
introquces additional errors, The projected angle & in the drop watcher image plane is given

by

tang = M hence & = tan™ Py',— Py,
Px',— Px, Px',— Px,

The angle § is normally quoted in units of 10-3 radians (mrad) or in degrees. Note that unless
the actual drop direction Ties exactly within the x-y plane, the polar angle d of the actual drop
trajectory always exceeds the projected angle o, as does the (undetermined) absolute speed,
which exceeds the projected speed of the jetted drop.

A.2.3 Formulae for projected angle using one strobe drop watcher (method 3)

The centre coordinates of a nozzle and the centroid of multiple drops jetted from this nozzle,
all imaged with the same strobe delay time by the drop watcher, are denoted by (Px"g, Py"p)
and (Px"y, Py"q), where the x-axis lies in the nominal jetting direction and where the y-axis is
in the drop watcher image plane at right angles to the x-axis. The multiple drop average
projected angle <§> in the drop watcher image plane is given by
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Py, — Py, Py, — Py,
tan < & >= (-2 220) hence < & >=arctan(—21 20
Px, — Px, Px, — Px,

Where the centre coordinates (Px"y, Py"y) of a nozzle are outside the field of view, the
frequently used alternative is to find the image centroid (Px",, Py",) of other multiple drops (")
jetted from the same nozzle; this substitution should be noted in the reporting of results
because it introduces additional uncertainties themselves dependent on whether the drops (")
correspond to other drops jetted by this nozzle and visible within the measurement region or
strobe imaged for a longer flash delay. The multiple drop average projected angle <6 > in the
drop watcher image plane is given by

Py, — Py, Py, — Py,
tan<d>= (M) hence <6 >=arctan M
Px, — Px, Px, — Px,

The ultiple drop average projected angle <5 > is normally quoted inCuhits of 10-3 rafdians
(mraq) or in degrees. Note that unless the multiple drop average 3-Ditrajectory lies exactly
within the x-y plane, the polar angle <@ > of the multiple drop-ayerage trajectory always
exceg¢ds the multiple drop average projected angle <6 >, as does the (undetermined) abdolute
multiple drop average speed exceed the multiple drop average’ projected speed.

A.2.4 Formulae for trajectory angles using two double flash drop watchers (method 4)

Two fouble flash drop watchers A and B with the same nominal in-plane magnification| view
the vlery same drop from wide-angle, often orthogonal, directions having a common xtaxis.
The double flash delays 4, and 4g used for imaging by the drop watchers A and B |have
valugs that should be recorded in the reporting of results because of the possible additional
uncertainties introduced. The formula for “one double flash drop watcher, given in A.2.1,
appligd to images in the two double flash* drop watchers A and B, gives the two projected
anglgs 6, and &g in the image planes respectively as

Py, —P Py, —P
5, =tan' 22N | and 5, =tan"| 22— tN
Px, —Px, ), Px, —Px; )y

Note that for straight trajectories the 3A and &B values hold even for differing flash delays AA
and AB because the.projected angle 6 is determined by the ratio of coordinate changes |n the
samel drop watcher (A or B) alone. However, for differing flash delays AA and AB the ratio of
latergl coordinate changes between drop watcher A and drop watcher B scales linearly with
AA/AB, orsequivalently with the ratio of changes in the common x-axis direction, fyrther
compllicating the determination of azimuthal angle y.

The drop trajectory in the measurement region and the trajectory angles (6, w) can be found
using these projected angles 6, and Jdg with the measured (x, y) coordinates in the drop
watchers A and B together with the wide-angle y between the two image planes. The
trajectory polar angle 6 is solely determined by a combination of the individual projected
angles 5, and dg from the drop watchers A and B, suitably modified for the wide-angle y,
which is usually set at 90°.

For two orthogonally mounted drop watchers, y = 90° and the polar angle 6 is given by the
formula

(tan@)’ =(tans, )’ +(tand, )* hence 6= tan'1\/(tan5A )2 +(tand, )2
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In general, the polar angle §(y) measured with respect to the common x-axis direction of drop
watchers A and B mounted at the mutual angle y can be computed from the formula

(tan@(;())2 = ((tane)2 —2tan§Atan5Bcos;g)/(sin;g)2 hence

0(y)=tan™ \/((tan 0)" - 2tan5AtanﬁBcos;() /(sing)’

The computed value of 6(x) can be used in the computation of the trajectory's azimuthal angle
YA (O (//B) with respectto the illlagc picult: of dlup watctrer A (UI B) au.,wu'illg totheformmula

4| tano, _ cos” tand,
tand(y) or Ve tand( )

For straight trajectories, these y, and yg values hold even for differing flash delays 4, and 4p.
They|add up to the included angle y between image planes A apd|B for all points between
them| as shown in Figure A.2b).

YptVg =X

When both (Py, — Py4)a = 0 and (Py, — Py,4)g = Osithe trajectory angles (6, y) are (0, 0){ This
holds| for any wide-angle value for the included angle y between image planes A and B, gs the
measured successive positions (1 and 2) are parallel to the direction of the reference (x-) axis.

The frajectory angles @ and y are normally quoted in units of 10-3 radians (mrad) |or in
degrges: the polar angle 6(x) is quoted with respect to the reference direction and, if
apprapriate, the azimuthal angle y.can be quoted with respect to the nozzle row direction|.

The absolute speed exceeds-'the projected speed, which also exceeds the reference speed,
for ngn-zero trajectory angles-

A.2.5 Formulae for measured trajectory angles using two single flash drop watchers
(method. 5)

Two single flash“drop watchers A and B with the same magnification view the very same| drop
from jorthogenal directions having a common x-axis. The single flash delays 4, and 4g|used
for imaging by the drop watchers A and B have values that, especially if they differ, shoyld be
recorded in the reporting of results because of the possible additional uncertainties introquced.
Following the description for one single flash drop watcher given in A 2 2 but now with two
measured drop directions 5, and g from the two single flash drop watchers A and B
respectively, the drop trajectory in the measurement region and the trajectory angles can be
found.

6A - tan’1 M and 58 :tan’1 M
Px;—Pxy ), Px,—Px, ),

Where the centre coordinates (xq, yg) of a nozzle are outside the field of view, a frequently
used alternative is to use the image centroid (Px'y, Py'y) of one other drop (') jetted from the
same nozzle, but this substitution should be noted in the reporting of results because it
introduces additional errors. The projected angles ¢, and o, in the image planes of drop
watchers A and B are given by
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é‘A = tarf1 M and 58 = tar'r1 M
Px',—Px, ), Px',—Px, )y

Note that for straight trajectories the 6, and og values hold even for differing flash delays 4,
and 4z because the projected angle ¢ is determined by the ratio of coordinate changes in the
same drop watcher (A or B) alone. However, for differing flash delays 4, and 4y the ratio of
the lateral coordinate changes between the drop watcher A and B scales linearly with 4,/4g,
or equivalently with the ratio of changes in the common x-axis direction, further complicating
the determination of azimuthal angle w.
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In geheral, the polar angle §(y) measured with respect\to the common x-axis direction off drop
watchers A and B mounted at the mutual angle y can be computed from the formula
2 2 . 2
(tane(;()) :((tanﬁ) —2tan5Atan58cos;()/(sm;() hence
0(x)= tan‘1\/((tan 9)2 —2tan5Atan§Bcos;()/(sin;()2
The ¢omputed value of (y)(can be used in the computation of the trajectory azimuthal angle
wa (OF wg) with respect to,the image plane of drop watcher A (or B) according to the formtila
v 4| tano, v, =cos™ tand,
= or = —_—
A tané(y) ° tand( )
For straight trajectories, these y, and yg values hold even for differing flash delays 4, and 4.
Theyladd—upto—the—inrcludedanglebetweenimageplanes-A—-and- B foral-points—between
them, as shown in Figure A.2b).
YatWe=X

When both (Py'5, — Py4)a = 0 and (Py', — Py4)g = 0, the trajectory angles (6, y) are (0, 0). This
holds for any wide-angle value for the included angle y between image planes A and B, as the
measured successive positions (1 and 2') are parallel to the direction of the reference (x-) axis.

The trajectory angles @ and y are normally quoted in units of 10-3 radians (mrad) or in
degrees: polar angle ¢(y) is usually quoted with respect to the reference direction and, if
appropriate, the azimuthal angle v can be quoted with respect to the nozzle row direction.
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The absolute speed exceeds the projected speed, which also exceeds the reference speed,
for non-zero trajectory angles.

A.2.6 Formulae for measured trajectory angles using two strobe flash drop watchers

(method 6)

Two strobe flash drop watchers A and B, with the same magnification, view the same image
drops jetted from the nozzle under study from wide angle, often orthogonal, directions having
a common x-axis. The single flash delays 4, and 4g used for imaging by the strobe flash drop
watchers A and B have values that, especially if they differ, should be recorded in the
reporting of results because of the possible additional uncertainties introduced. Following the
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For two orthogonally mounted strobe flash drop watchers, the multiple drop average polar
angle @is given by the formula

(tand)” =(tans, )" +(tand, )" hence H:tan'1\/(tan5A)2+(tan58)2

In general, the multiple drop average polar angle 6(x) measured with respect to the common
x-axis direction of strobe flash drop watchers A and B mounted at the mutual angle y can be

comp

uted from the formula
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