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Abstract

This report investigates the influence of several parameters on the process of inkjet
printing, with the focus on the occurring of condensation at unwanted places. To
investigate this, the influence of the temperature difference between evaporating
liquid and its surroundings is measured. Also measured is the influence of the dis-
tance between evaporating liquid and place of condensation, as well as for the gas
flow velocity, which is used to transfer solvent vapor out of the system before it con-
denses. For these parameters the focus is on the two liquids, ethylene glycol and
toluene.

At first the trajectory of the jetted droplet is calculated in order to establish the influ-
ence of the gas flow on the displacement of the droplet when it lands, in respect to
the position where it was jetted. Larger distances, or smaller droplets are causes for
large displacements of the droplet, which could indicate in accuracy of the printed
droplet. A higher gas flow velocity could also result in large displacements.
Secondly a way of tracking condensation is investigated. The measuring of conden-
sation, using light interference techniques works on a experimental setup without
external gas flow. However data does not immediately seem to match with the sim-
ulation. Relations between the temperature difference and rate of condsation, as
well as relations between distance in-between the liquid and place of condensation
and the condensation rate are made, which seem to be correct in the simulations.
Next, the place of condensation is determined by tracking the distance between the
start of the liquid and the point of transition between non-condensation and con-
densation. This transition point depends on the earlier mentioned variables such
as temperature, distance and gas flow and almost perfectly agrees with analytical
theory in case of the two dimensional models. The experimental setup, now with
external air flow turns out to give a lot of difficulties regarding temperature and gas
flow consistency. Due to these difficulties, only the influence of the gas flow velocity
is investigated in the experimental setup. Although the results of the model and the
experiment are different, they both give a clear linear relation between the transition
point and the gas flow velocity, with agrees which the theory.

Last, the influence of the gas flow on the liquid layer height was investigated in order
to prevent liquid being moved before it evaporates, which is unwanted as it causes
inaccuracies in the printed structure. Relations between the normalized volume of
moved liquid by the gas flow and the Vernooij number were found. The Vernooij
number is defined as a dimensionless number which presents the ratio between the
gas flow velocity and the evaporation rate of the liquid layer.


HTTP://WWW.TUE.NL




Acknowledgements

I would like to thank my supervisors Anton Darhuber and Vignesh Murali for all
the help and time they put into my graduation project. i would also like to thank in
personally Jos Zeegers and Gerald Oerlemans, who helped me during the setup of
several experimental measurements. Also I would like to thank everyone of Fluids
and Flows group, as at one point or another a lot of different people also helped me
with other small or big issues as well. Last but not least I want to thank the people
from Stiss MircoTec SE who gave the initial idea of research and who also partly
financed the experimental setup.






Contents

Abstract

Acknowledgements

1 Introduction

1.1 StssMicroTecSE . . . .. ... ... L o
12 Problem . ... ... ... ...
13 Research . .. ... .. ... ... .. .. ...
2 Theory
2.1 Vapor transport by convection and diffusion . . . ... ... ... ...
21.1 Evaporationflux . .. ... ... .. ... ... .. .. ... ...
2.1.2 Diffusion Coefficient . . . . . ... ... ... .. ... ...,
2.1.3 Latent heat of vaporization . . ... ... ... ... .......
22 Heattransferequation . . ... ... ... .. ... .. ... .. . ...
221 Temperature continuity . . . ... ... ... . ... ......
222 Newton’slawofcooling . . . . ... ................
2.2.3 Evaporation or condensation . . . ... ... ....... .. ..
23 Navier-Stokes . . . ... ... . L
24 CompressibleFlow . . ... ...... .. ... .. .. ... ...
241 Incompressibleflow . . ... ... ... ... ... .. .. ...,
242 Marangoniflow . . ... ... ..o oL
25 Partialpressure . . . ... ... ... oo
2.5.1 Saturated vapor pressure . .. ... ... .............
26 Idealgaslaw . . .. .. ... ... .. ... ... .. .. . . ...
27 Condensation . .. ... ... ... . ... ... oo
271 Fogformation . . . ... ... ... ... .. L L
2.8 Entrance Length, transitionpoint . . . . . ... ... ... . 000
29 Density . . ... ..
29.1 Density in incompressible flow . . . . ... ... ... ... ...
29.2 Density in compressibleflow . . . ... .. ... ... .. ...
210 Slip Velocity . . ... ... . .
211 Lubricationequation . . .. .. ... ... ... ... .0 L.
212 Drag forceonaliquid sphere . . .. ... ... ... ...........
213 Vernooijnumber. . . . . ... ... oL
2.14 Light interference measurement of layer thickness . . . ... ... ...
3 Numerical models
3.1 Properties . .. ... ... ... e
3.2 Falling droplet trajectory . . . . . ... ..... ... ..........
3.3 Heating up liquid in beaker - timescales . . . . .. ... .. .. ... ..
331 Dimensions . . .. ... ... .. ... ...

332 Physics . .. ... .

vii

iii



viii

Liquidequations . . . ... .... ... ..............
Metalequations . . . . .. ............. .. ... ..
3.3.3 Boundaryconditions . . . ... ... ... o 0oL
Boundary condition metal domain . . . . . ... ... ... ...
Boundary condition liquid domain . . . . . ... ... ... ...
3.4 Experiment without external airflow . . . .. ... ... ... ......
341 Physicsdomains . .. .. .. ... ... ... L
3.4.2 Boundaryconditions . . . ... ... ... 0oL
Boundary conditions gas mixture domain . . . . ... ... ...
Boundary conditions glass domain . . . . ... ... .......
Boundary conditions airdomain . . . . ... ... ... ... ..
3.4.3 Expansion model without external airflow . ... ... ... ..
3.5 Transition pointmodel . . . .. ... .. ... ... . o o oL
351 Dimensions . ... ... ... ... ... ... 0oL
35.2 Physicsdomains . ... ... ... .. ... ... L
353 Boundaryconditions . . . ... ... ... oo oL
Boundary conditions gasdomain . . . . ... ... ... ...
Boundary conditions substrate domain . . . ... ... ... ..
3.6 Transition point model with top airflow . . . . ... ..... ... ...
3.7 Shear-induced displacement of a volatile thin liquid film model . . . .
3.71 Physicsdomain . . . ... ... ... ... L L
3.8 Dryingliquidlayer . . . . ... ... ... .. ... .. . oo L.
3.8.1 Boundary conditions . . . .. .. ... ... ... L.
382 Notworking. ... ... ...... ... ... .. .. ...
3.83 Proofofprinciple . . .. ... ... ... ... L L L.
Experimental Setup
4.1 Experiment without externalairflow . . . . ... ... ... . ... ...
411 Cleaning Procedure . . ... ... .................
42 Transitionpoint . . ... .. ... ... ... L
421 Transition point model procedure . . ... ... ... .. ... ..
422 Transition pointexperiment . . . . ... ... ... ........
43 Flowmeter . . . . . .. ...
44 MICroscope . . . . . o . e
Results
5.1 Falling droplet displacements . . . . .. ... ...............
511 Volumedroplet . . ... ... ........ ... . ... . ... .
51.2 Heightprinthead . . ... ... ... ... ... .. ... .. ...
513 Airflowvelocity . .. ... ... ... ... .. o oL
514 Jetvelocity . . ... ... ... ...
5.2 Heating up liquid in beaker-timescales . . . . . .. ... ... .. ... ..
5.3 Experiment without external airflow . . ... ... ... ... ... ...
531 Model . ... ... ..
CondensationRate . . . ... ... ... ..............
Height vs condensationrate . . . . .. ... ............
Temperature vs condensationrate . . .. ... ... ... ....
54 TransitionpointModel . . . . .. ... .. ... oo Lo
541 Model . ... .. ...
Heightdependency . . . . ... .. ... ... .. .......

Velocity dependency . . . ... ... ... .. ... .. L.



g N = »

Temperature dependency . . . ... .... ... .. ... .. ..
Pecletnumber . . . . .. ... ... . Lo oL

542 Experiment ... ... ... ... ... oo

5.5 Shear-induced displacement of a volatile thin liquid film . . . ... ..

551 Layerheight. ... ... .. ... ... .. .. ... .. .. ...,
5.6 Dryingliquidlayer . . . . ... ... ... ... .. . o o
Discussion
6.1 Results . . . . . . . . e

6.1.1 Falling droplet displacement . . . . . ... ... ... ......

6.2 Experiment without external airflow . . . . .. ... ... .. .. ... ..
6.2.1 Transitionpoint . . . . . ... ... Lo oL
Height . . .. ... ... ... .. . .

Velocity . . ... .. .. . .
Temperature . . . . . ... ... L Lo
Pecletnumber . . . . . .. ... ... o oL

Transition point experiment . . . . . ... .. ... ... ... ..

6.2.2 Shear-induced displacement of a volatile thin liquid film . . . .

6.23 Dryingliquidlayer . . . . ... ............. .. ...

6.3 Suggestions/Improvements experiments . . . ... .. ... ... ...
6.3.1 Experiment without external airflow . . . . . ... ... ... ..

6.3.2 Transition pointexperiment . . . . .. ... ... ... ... ...

6.3.3 Shear-induced displacement of a volatile thin liquid film . . . .

Conclusion

Transition point experiment setup
LPM to maximum air velocity
Matlab code trajectory jetted droplet

Condensation rate from movie frames measurements without external air
flow

Bibliography

iX

85

87

93

99






xi

List of Figures

2.1

2.2
23

24

3.1

3.2
3.3

34
3.5

3.6

3.7
3.8
3.9

3.10
3.11
3.12

3.13

4.1

Entrance length L. of the concentration in a channel, with H* being
the height of the channel. The dotted lines represent the development

of the vapor concentration richlayer. . . . .. ... ............ 8
Slip velocity geometry . . . . ... ... ... . L o 12
Drawing of the experimental setup for measuring the condensated
layer thickness. . . ... ... ... .. ... .. o o 15
Example of light reflecting for a liquid layer thickness of 0 - % (1),0.25-
A@2and05-2(B) ... 16

Geometry of the droplet being jetted by the printhead, with its path

from the point where it leaves the printhead, to the point where it its
thesubstrate . . . . . ... ... ... . o 20
The geometry metal cup with liquid . . ... ... ... ... .. ..., 22
The boundaries of the model with the metal cup containing liquid,
MB/MR/MT: Metal bottom /right/top, LB/LR/LT: Liquid bottom /right/-
op. 24
The geometry of the simulations of the simple experiment . . ... .. 25
MB = Mixture bottom, ML/MR = Mixture left/right, MG = Mixture-

Gas interface, GL/GR = Glass left/right, GB = Glass bottom, GA =
Gas-Air interface, AB = Air bottom, AL/AR = Air left/right, AT = Air

top . . 27
MB = Mixture bottom, ML/MR = Mixture left/right, MG = Mixture-

Gas interface, GL/GR = Glass left/right, GB = Glass bottom, GA =
Gas-Air interface, LL/LB = Liquid left/bottom, BL/BR = Beaker left-
/right, BT/BB = Beaker top/bottom, BSym = Beaker boundary on

symmetry axis, Air is left out of image, but is simulated . . . . . . . .. 29
General setup transition point geometry . . . . .. ... ... ... ... 30
Geometry of the transition point model simulations . . . . . ... ... 30

The adjusted geometry boundaries, GL/GR = gas left/right, GTL/GTR
= gas top left/right, GS = gas-substrate interface, GT+ = gas top ex-
tra, GS+ = gas-substrate interface extra, SL/SR = substrate left/right,

SB =substratebottom . . . ... ... oo oo oo 31

The geometry of the temperature air flow models . . . . .. ... ... 33
......................................... 35

The adjusted geometry boundaries, GL/GR = gas left/right, GTL/GTR

= gas top left/right, GBL/GBR = gas-substrate interface left/right,

SL/SR = substrate left/right, SB = substrate bottom . ... ... ... 36

The adjusted geometry boundaries, GL/GR = gas left/right, GTL/GTR

= gas top left/right, GBL/GBR = gas bottom left/right . . .. ... .. 38

Microscope view of the glass substrate after 30 seconds, without a
clean enough glass and water, which both contribute to a non-uniform
layer of condensation. . .. ... ... ... ... L 40



Xii

4.2

4.3

44

4.5

4.6

4.7

4.8

49

4.10

4.11
4.12

51

52

53

54

5.5

5.6

57

5.8

59

Microscope view of the glass substrate after 30 seconds, without a
clean enough glass and water, which both contribute to a non-uniform
layer of condensation. . . . ... ... . oL L oL
Microscope view of the glass substrate after 30 seconds, without a
clean enough glass and water, which both contribute to a non-uniform
layer of condensation. . . ... ... ... ... . o o L
Microscope view of the glass substrate after 30 seconds, when the
glass is cleaned enough for an almost uniform layer of condensation. .
transition point Model, Step 1, Physics in section 3.5, GL/GR = gas
left/right, GTL/GTR = gas top left/right, GS = gas-substrate inter-
face, GT+ = gas top extra, GS+ = gas-substrate interface extra, SL/SR
= substrate left/right, SB = substrate bottom . . . . .. ... ... ...
transition point Model, Step 2, Physics in section 3.5, GL/GR = gas
left/right, GTL/GTR = gas top left/right, GS = gas-substrate inter-
face, GT+ = gas top extra, GS+ = gas-substrate interface extra, SL/SR
= substrate left/right, SB = substrate bottom . . . ... ... ... ...
Simplified drawing of the experimental setup used to find the transi-
tion point from no condensation to condensation . . . . . ... ... ..
Experimental setup used for transition point experiments, 1: Objec-
tive, 2: Microscope, 3/4: controlled temperature nitrogen top/bot-
tom flow, 5: Hot plate, 6: Removable liquid bath . . . . .. ... ...
Experimental setup used for transition point experiments, 1: Objec-
tive, 2: Microscope, 3/4: controlled temperature nitrogen top/bot-
tom flow, 5: Hot plate, 6: Removable liquid bath . . . . .. ... ...
Circulation thermostat that is used to control the temperature of the
gas inflow of the experimentalsetup . . . . . ... ... ... .. ....
Flow meter used to measure air flow velocity . . . . .. ... ... ...
Microscope view for reference frame, one square grid has sides with
length 200um. Magnification changer: 1 . . . . .. ... ... ... ...

Trajectory of a droplet being jetted, with V' = 6pL, Uyar = 1 - 2m/s,
H = 1mm, Uyt = 6-§m/s, tignging = 1.8s, dt = 0.1s, this is also the
time between two positions of thedroplet . . . . ... ... ... .. ..
Displacement 'd” of a jetted droplet vs its volume, with Uy = 1-
tm/s, H=1mm, Uj; = 6-fjm/s, Fitdatain table5.1 . . ... ... ..
Loglog plot of the displacement “d” of a jetted droplet vs height print-
head, with Uyax = 1-%m/s, V = 6pL, Uje; = 6-§m/s, Fit data in table
B e e
Displacement ’d’ of a jetted droplet vs the maximum air velocity, with
H =1mm,V = 6pL, Ujet = 6 - ym/s, Fitdatain table53. . . ... ...
Loglog plot of the displacement ’d” of a jetted droplet vs jet velocity,
with H = 1mm, V = 6pL, Uyax = 6 - £m/s, Fit datain table5.4 . . . . .
Temperature of the aluminium beaker and the liquid after 60 seconds,
hotplateat70°C . . . . .. ... ... ... . ...
Temperature of the aluminium beaker and the liquid after 1800 sec-
onds, hotplateat70°C . . . .. .. ... ... ... ... .. ...
Temperature at the centre of the metal beaker, at the top of the liquid,
plotted over time, hot plateat 70°C . . . . . . ... ... .........
Temperature at t = 20s, with Tgg = 70°C and H = 5mm, focussed on
gasdomain. . .. ... ... L L



5.10

5.11

5.12

5.13

5.14

5.15

5.16
5.17

5.18

5.19

5.20

521

5.22

5.23

5.24

5.25

5.26

5.27

5.28

5.29

5.30

5.31

5.32

xiii

Horizontal velocity at t = 20s, with Trg = 70°C and H = 5mm, fo-

cussedongasdomain. . . ... ... ... Lo L L L 53
Concentration of EG vapor at t = 20s, with Trg = 70°C and H =
5mm, focussed on gas domain. . . ... ... ... o 0oL 54
Condensation rate for several heights plotted against time, Trg =
70°C,zoomed in . . . . . . . ... 54
Condensation rate plotted against the height at t = 5s for model.
Trg = 70°C, Fitdatain table5.5and 5.6 . .. ... ... ... ...... 55

Condensation rate plotted against the temperature difference between
the liquid and the glass at t = 5s for model. H = 5mm, Fit data in table
57and 5.8 . . ... 56
Relative concentration of EG vapor with respect to saturated concen-
tration cgy at t=0.1s, Ty, = 70°C, Truter = Tamp and Uy inter = 1.5m /s 57
Temperature at t=0.1s, Ty, = 70°C, Tryiet = Tamp and Uyay inter = 1.5m /s 57
Velocity profile, at t=0.1s, Ty, = 70°C, Trpier = Tymp and Uyax inler =

1.5m/s . . e e 57
Relative concentration with respect to saturated concentration cg,; at
t=0.1s at y=Ilmm (Top channel) . . ... ... ... ... ... ...... 58
Transition point vs height, U,y 1n1er = 1.5m/s, AT = 35K, fit data in

table 5.9 . . . . . e 58
Transition point vs height, U,,4x 1n1er = 1.5m/s, AT = 35K, fit data in

table 5.10 . . . . . . . e 59
Transition point vs average velocity at x=FP, H = 1mm, AT = 35K, fit
dataintable 5.11 . . . . . . . . . . ... e 60
Transition point vs average velocity at x=FP, H = 1mm, AT = 35K, fit
dataintable5.12 . . . . . . . .. ... 60
Transition point vs bottom temperature, H = 1mm, U,q 1n1et = 1.5m/s,
fitdataintable5.13 . . . . . . . ... ... 61
Transition point vs bottom temperature, H = 1mm, U,,qx 1n1et = 1.5m/s,
fitdataintable5.14 . . . . . . . . . ... . 62
Relative transition point vs Peclet number, AT = 35K, fit data in table

70 O 62
Relative transition point vs Peclet number, AT = 35K, fit data in table

516 e e e e e e 63

The transition point moving to the left, clearly a visible and direct
distinguish between non-condensation and condensation, note that
the gas flow is from right to left and increasing or increased not more
than a minute before the picture, Setting 1 for microscope . . . . . . . . 64
The transition point a few minutes after changing the gas flow, not
clearly a visible and direct distinguish between non-condensation and
condensation, note that the gas flow is from right to left steady for a

while, Setting 1 for microscope . . . . ... ... ... .. .. L., 64
Relative transition point vs U, at the inlet, AT = 55K, fit data ex-
perimentintable517 . . . . ... ... Lo o L Lo 65
Height liquid layer at different times. Evap = 10um/s, Hy = 20um,
Upax =0m/s . . o o o e 66
Height liquid layer at different times. Evap = 10um/s, Hy = 20um,
Uy =1000m/s . . . . 0 o o o 66

Height liquid layer at different times. Evap = 10um/s, Hy = 200um,
U,ax = 10m/s, Ref: reference with Uy, =0 . . . . . o o o o Lo L. 66



Xiv

5.33

5.34

5.35

5.36

5.37

5.38
5.39

Al

A2
A3

Moved liquid from equation 5.3 plotted against Vernooij number for

toluene. Fitdatain table5.19 . ... ... ... ... .. ... .. ..., 67
Moved liquid from equation 5.3 plotted against Vernooij number for

toluene. Zoomed in compared to figure533 . . . . . ... ... ... . 68
Moved liquid from equation 5.3 plotted against Vernooij number for

EG.Fitdataintable5.20 . . . ... ... ... ... ... ... ...... 68
Moved liquid from equation 5.3 plotted against Vernooij number for

EG. Zoomed in compared to figure535 . . .. ... ... ... ... .. 69
Concentration surface plot. Uy = 0.009m /s, csat = 1mol/ md ... 70
Height liquid layer at different times, U5y = 0.009m /s, cst = 1mol/ m3 71
liquid front over time, Uy;ax = 0.009m /s, c5at = 1mol/ m o 71

Detailed view of the experimental setup for the transition point ex-
periment . . . ... ... 83
Inlet piece 1 ("inlaatstuk 1") of figure A.1. . . . . . ... ... ... ... 84
Glass holder ("Vensterhouder") of figure A.1. The glass plate is the
plate on which the condensation is tracked. . . . . ... ... ... ... 84



XV

List of Tables

5.1
52
5.3
54
5.5
5.6
5.7
5.8
59
5.10
5.11
5.12
5.13
5.14
5.15
5.16
5.17
5.18
5.19
5.20

6.1
6.2
6.3
6.4
6.5
6.6
6.7

Fit values for fitin figure 52 . . . . . .. ... .. ... .o oL 48
Fit values for fitin figure53 . . . . . ... ... ... .. .. o L. 49
Fit values for fitin figure5.4 . . . . . . ... ... ... ... L. 50
Fit values for fitin figure5.5 . . . . . .. ... ... oo oL 51
Fit values for Model fitin figure 513 . . . . .. .. ... ... ... ... 55
Fit values for Experiment fit in figure 513 . . . . . ... ... ... ... 55
Fit values for Model fitin figure5.14 . . . . . ... ... ... ... ... 56
Fit values for Experiment fit in figure 514 . . . . . ... ... ... ... 56
Fit values for fitin figure 519 . . . .. ... .. ... ... ... ... 58
Fit values for fitin figure 520 . . . ... .. ... ... ... ... ... 59
Fit values for fitin figure 521 . . . .. ... ... ... ... ... ... 60
Fit values for fitin figure 522 . . . . .. .. ... ... .. L. 60
Fit values for fitin figure 523 . . . ... ... ... . ... ... .. .. 61
Fit values for fitin figure 524 . . . . .. ... ... ... ... ... ... 62
Fit values for fitin figure 525 . . . . . ... ... ... .o oL 63
Fit values for fitin figure 526 . . . .. ... ... ... ... ... ... 63
Fit values for Experiment fit in figure 529 . . . . .. .. ... ... ... 65
Fit values for Model fitin figure 529 . . . . . ... ... ... ... ... 65
Fit values for fitin figure 533 . . . . . ... ... ... ... L. 68
Fit values for fitin figure 535 . . . .. ... ... ... ... ... ... 69
Horizontal droplet displacement relations . . . . . ... ... ... ... 73
Condensation Rate from simulations . . . . . ... ... ... .. .... 74
Condensation Rate from experiments . . . ... ... ... ... .... 74
Condensation Rate from experiments . . . . ... ... ......... 75
Condensation Rate from experiments . . . . ... ... ......... 75
Condensation Rate from experiments . . . . ... ... ......... 76

Normalized volume of moved liquid . . . . . ... ... ... ...... 77






List of Abbreviations

CR
EG
RH
Tol
TP

Condensation Rate
Ethylene Glycol
Relative Humidity
Toluene

Transition Point

xvii






Physical Constants

Gravitational acceleration ¢ =9.80665m s>
Universal gas constant R, = 8.31446261815324] - K~ ! - mol !
Ambient Pressure Pamp = 100000 Pa

Ambient Temperature Tomp = 298.15K

Xix






xxi

List of Symbols

B Coefficient of volume expansion K1
0% Surface tension N-m!
U Dynamic viscosity kg -m~1.s7!
Y Density kg -m3
o Stress tensor Pa
E Viscous stress tensor Pa
c Concentration mol - m~3
Cp Heat capacity J kg 1K!
D Diffusion coefficient m? . g1
d Droplet displacement m
H Height printhead / distance between evaporating liquid
and place of condensation / height channel
hy, Heat transfer coefficient W-m2.K!
h Liquid layer height m
k Thermal difussivity J-s7l-m™1.K!
L Latent heat of vaporization J-kg!
L. Entrance length concentration m
Lohar Characteristic length m
M Molar Mass kg - mol ™!
7l Normal vector of a boundary/interface 1
p Pressure Pa
R Reaction rate mol - m~3
R, Reynolds number 1
R Specific gas constant J- kg1 -K!
T Temperature K
7] Velocity field m-s!
et Jet velocity m-s!
U nax Maximum velocity of the flow profile m-s !
Vernooij Vernooij number 1






Chapter 1

Introduction

1.1 Siiss MicroTec SE

The idea for the project originally came from the company Siiss MicroTec SE, for-
merly Meyer Burger, in Eindhoven. This company manufactures equipment for in-
dustrial inkjet printing of functional materials.

1.2 Problem

The origin of the project lies in an issue encountered by the inkjet printer at Siiss
MicroTec SE. Inkjet printing uses small droplets mainly composed of an organic sol-
vent. After the droplet is placed at the right position, the solvent evaporates, leaving
the dissolved functional material. These left functional material often create struc-
tures of sizes around 20um. The average volume of a droplet printed lies in the
region of 6pL. When printing at high speeds, high volume and longer times, consid-
erable quantities of solvent need to evaporate. In that case the evaporated solvent
will start to condense in colder places. These droplets can then fall on the substrate
and cause unwanted defects. This has to be prevented and thus the air with the evap-
orated solvent has to be taken away before the evaporated solvent has the change
to condense in places where it is unwanted. For this a dry air flow is used. The
velocity of this air flow can not be too high, as it might distort the printed features,
whereas a too low velocity will not get rid the solvent vapor quickly enough. Other
factors do also play a role, such as the distance between the liquid and the place of
condensation, temperature differences and liquid properties. All of these are to be
investigated to determine how to prevent unwanted condensation.

1.3 Research

In order to investigate the problem, numerical simulations were done and also ex-
periments. Both experiment consist of at least two situations. One is a more simple
approach, consisting of measuring the condendsation on a glass plate that is placed
on a beaker with heated liquid. In the other one an air flow is added to remove the
liquid vapor and to control the temperature of possible condensation locations. For
the simulations, there are 3 other areas of investigation. One is the influence of sev-
eral parameters of the trajectory and eventual landing spot of the jetted droplet. A
second simulation is there to make sure that a certain temperature is really uniform
after a certain time of heating up a liquid. This in order to prevent inaccuracies when
comparing models to experiments. A last simulation is designed to investigate the
influence of a gas flow on the layer height of the liquid due to viscous stress. A
printed droplet can not be moved by the gas flow in the time between landing and
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the solvent being fully evaporated. Therefore a model was designed to investigate
the influence of either the evaporation and the gas flow velocity on this matter.



Chapter 2

Theory

2.1 Vapor transport by convection and diffusion

In order to describe the diffusion of a certain species through a media, the convection-
diffusion equation is used (Socolofsky and Jirka, 2004),

0
ai; =V - (DVc) - V- (iic) + R @.1)
With ¢ being the concentration of the species, D the diffusion coefficient, if the veloc-

ity and 'R the reaction rate.

2.1.1 Evaporation flux

For this report, diffusion limited evaporation is assumed (Popov, 2005) . To describe
the evaporation flux in a diffusion limited evaporation system, it is desired to look at
the concentration that flow’s away (or towards in case of condensation) the liquid-
gas interface. Looking from the point of the interface, the evaporation flux can be
described by Fick’s Law,

J]=—-DVc-, (2.2)

with D the diffusion coefficient and ¢ the concentration.

2.1.2 Diffusion Coefficient

The diffusion coefficient of a liquid vapor in air is not constant. The temperature
dependence can play a big role, as the liquid molecules tend to have more motion
when experiencing higher temperatures. This temperature dependence can be given
by

T

1.5
D(T) = Dr,, (Tef> (2.3)

(Chen et al., 2018) (Carle et al., 2016)

2.1.3 Latent heat of vaporization

When a liquid changes state to a gas, this costs heat. This heat is called the latent
heat of vaporization (Persaud, 2005). The same heat that is lost when evaporating,
is gained when vapor condenses to a liquid. The heat flux, due to the loss of win of
latent heat is then given by

Goap = L - 1it (2.4)
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, with L the heat of vaporization [é} and -m the mass flux of the evaporating or

condensing liquid or vapor per unit area [S%} )

2.2 Heat transfer equation

To describe the heat transfer in a system, a modified version of the energy balance
equation is used (Welty et al., 2008),

oT

pCpg +pCpii - VT+V -4=0Q (2.5)
with

i=—kVT. (2.6)

Here p is the density, C, the heat capacity at constant pressure, T the temperature,
il the velocity field, Q a collection term of all the heat sources and k the thermal
conductivity.

2.21 Temperature continuity

At a boundary between two different solids, liquids and gases, without any heat
sources or sinks, a temperature continuity is in place. This means that neither the
temperature, nor the heat flux can make a jump at the boundary. For two substances,
for now called 1 and 2, at the interface the following has to hold,

Tl|interface = T2|interfuce (2.7)
k1VT1|interface = kZVT2|interface (2.8)

2.2.2 Newton’s law of cooling

A specific way of describing the heat loss or gain of a system is Newton’s law of
cooling. This law states that the rate of heat loss is directly proportional to the tem-
perature difference between the system and its surroundings (Bergman et al., 2007).
This then translates into the equation

q= _hn(Tsurface — Tour) (2.9)

, with g the heat flux, h, the heat transfer coefficient, T, 4. the temperature of a
surface or boundary and Ty, the temperature of the surroundings. The heat trans-
fer coefficient h, can be different for different kind of heat losses, for example, the
value for free convection will be lower than the one for forced convection with high
velocities, as that transfers heat away or to the system much faster.

2.2.3 Evaporation or condensation

In the case of condensation or condensation temperature continuity is not the case.
As shown in section 2.1.3, evaporation costs heat, whereas condensation produces
heat. This heats disturbs the continuity in the heat flux given in equation 2.8. This
will then become

(klv’Tl‘interface - kZVT2|interfuce) — Hoap = 0 (2.10)
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, With gy, the heat flux from equation 2.4. Note that the sign changes when talking
about either evaporation or condensation.

2.3 Navier-Stokes

2.4 Compressible Flow

The compressible flow is defined by the Navier Stokes equation, which is a specific
form of the Cauchy momentum equation, which describes the conservation of mo-
mentum in any continuum (D.J.Acheson, 1990):

Du 1 <

—=-V- F 2.11

Dt p Vgt @11)

with i#[m/s] the flow velocity, t[s] the time, p[kg/m?] the density, ¢[Pa] the stress

tensor and F[m/s?] the acceleration due to body forces. ¢ is composed of a viscous
part and a pressure part,

—

Dii

Pt

With p the pressure, T the stress tensor and F the force per unit volume. The viscous
part of the stress tensor is described as (G.K.Batchelor, 1967):

=-Vp+V-T+F (2.12)

T =u(Vii+ (Vi)") - %V(V-ﬁ)i (2.13)

, with u the dynamic viscosity. Eventually, combining equation 2.12 and 2.13 will
give the following result for the Navier-Stokes equation for a compressible liquid:

—

o1l

po, +pi- V)i =V —pl +u(Vii+ (Vii)T) = Su(V -i)I| +F (2.14)

and 3
S v (pii) = 0. (2.15)

24.1 Incompressible flow

An incompressible flow means that the liquid is not compressed, resulting in a uni-
form density, (G.K.Batchelor, 1967)

1 4
V=V, (2.16)
Y P P
and also
V-i=0 (2.17)

This then results in the following form of the Navier-Stokes equation (G.K.Batchelor,
1967)
il
ot

with § the gravitational acceleration.

+(ﬁ-V)ﬁ—ZV2ﬁ: —VZ+§, (2.18)
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2.4.2 Marangoni flow

At the interface between two liquid, or a gas and a liquid, the surface tension does
not have to be uniform. A non-uniform surface tension can be the result of tempera-
ture differences. A non-uniform surface tension induces a discontinuity in the shear
stress on that interface. This discontinuity in the shear stress can result in a surface
tension driven flow, which is called a Marangoni flow (Darhuber, 2017a). Given an
interface in the x-direction, this discontinuity at an interface between a liquid and a
gas is given by (the z direction is perpendicular to the interface direction)

aux,gus aMx,liq oo .
(.ugas oz — Hiig oz > + g =0 (2.19)

, with -y the surface tension of the liquid-gas interface. s

2.5 Partial pressure

The partial pressure of a gas is the pressure of a component of a gas mixture, if that
component would be the only gas in the volume occupied by the mixture. The total
pressure of the mixture is then determined by Dalton’s law (Dalton, 1802),

Ptotal = Z pi (2.20)
i=1

for n different components in the gas mixture. An important note is that Dalton’s
law only accounts for non-reacting gases in a mixture.

2.5.1 Saturated vapor pressure

The partial pressure of vapor that is a part of a gas mixture, is also called the vapor
pressure. This value is obtained when the vapor is in thermal equilibrium with its
condensed phase, meaning that if the partial pressure of a vapor is at the saturated
vapor pressure, an equal amount of liquid is evaporating and condensing. The value
for this saturated vapor pressure is temperature and composition dependent. This
temperature relation can be described by the Antoine equation (Antoine, 1888),

B
l =A—-——F, 2.21
0810 CrT (2.21)
with p the saturated vapor pressure and T the temperature of the vapor. Depending
on the source of the Antoine coefficients A, B and C, equation 2.21 can be adjusted
to fit the units of the pressure and the temperature. The source of this report (Yaws,
2015) uses mmHg as unit for the pressure and Celsius for the temperature. This alters

equation 2.21 to
B

~ C+(T—-27315)"

with p, the pressure in Pa and the Temperature in K.

logio (7133;‘7322 ) (2.22)
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2.6 Ideal gas law
The ideal gas law can be written as,
pV = nR,T, (2.23)

with p the pressure of the gas, V the volume, n the amount of mole of gas, R, the
universal gas constant and T the temperature. The equation can also be rewritten
into an equation with the density and the specific gas constant of a certain gas,

p = pRsT, (2.24)

with p the density of the gas and R; the specific gas constant of the gas. Further
more, the ideal gas law also holds for each component of a mixture of ideal gases. In
that case equation 2.24 becomes

pi = piRsT, (2.25)

with p; and p; the partial pressure and the density of that mixture component alone.

2.7 Condensation

In order to establish condensation, the concentration a liquid in the air has to be
higher than the saturated concentration for that temperature. This concentration is
directly correlated with the saturated vapor pressure from equation 2.21. From this
equation, in combination with equation 2.23 gives a relation between the saturated
concentration and the saturated vapor pressure.

_ Psat | mol
Csat = RMT |:7’I”l3:| (226)

At this value of the concentration, an equal amount of liquid is evaporating, as it
is condensing. Higher concentrations mean that there is a surplus of concentration,
resulting is more condensation, which equals a net condensation rate. Note that
the saturated concentration is temperature dependent, meaning that cooling down,
without adding any liquid vapor, can also lead to condensation, even though the
concentration stays equal. This is because the “critical” concentration is getting lower.
A higher vapor concentration in the gas phase would also mean the concentration
could go over the saturation limit, meaning condensation could happen.

2.7.1 Fog formation

Condensation is happening when the concentration is higher than its saturated con-
centration. However, this is true for a vapor in contact with a (mostly colder) surface.
Eventually there is then also a liquid layer present on the surface, to make sure that
the balance between condensation and evaporation can be kept. However, mid air,
there can also be a surplus of vapor. This can be because of a non-isothermal gas,
or a high concentration gradient. It can be possible to form fog then, however, to
form fog, small particles, nuclei, have to be in the air for the vapor to condens on.
Simulation wise the fog formation is left out of the picture, as in the experiments this
fog formation did not seem to be happening significantly.
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2.8 Entrance Length, transition point

The entrance lenght of a flow-driven system describes the distance it takes for a
certain fixed boundary conditions, to develop throughout the whole . For instance a
flow through a channel where both sides have the same temperature, different from
the temperature of the flow at the entrance of the channel. A few units of length
into the channel, the temperature at the centre of the channel will be close to the
termpature at the sides of the channel. This distance is then called the entrance
length. The same can be done with concentration, where the incoming flow has zero
concentration of a certain vapor. On both sides this vapor is evaporating in to the gas
flow. Somewhere along the flow this vapor concentration will also reach the centre of
the gas flow. Figure 2.1 shows such a channel with its set concentration values at the
top and bottom boundary. For the experiments done in this report, only half of the
domain is actually used, as there is only liquid on the bottom boundary. However,
if gravity is neglected, figure 2.1 is symmetrical and can thus be used to calculate an
estimate of the entrance length.
c=cg Y c=cq

*

y=H

y=H

C=Cp c=C1 X ¥=0
L. _

FIGURE 2.1: Entrance length L. of the concentration in a channel,
with H* being the height of the channel. The dotted lines represent
the development of the vapor concentration rich layer.

x = L. is defined as the point where there is enough concentration at y = H to
condense. Note that in this derivation, a two-sided system is used, with concentra-
tion constraints at both sides. Later on in the report, the channel used is only half
the height, meaning there is a layer with a bottom boundary set with a concentration
constraint. The top boundary will then be the line at y = H, which is exactly at half
the height of the channel in this derivation. If a steady state is assumed, without any
reactions and a constant diffusion coefficient, equation 2.1 simplifies to

DV?c =V - (iic) (2.27)
If a uniform flow in the x direction is assumed, # = (U,0), equation 2.27 can be
written as 5 5
0°c  0dc dc
D(Ge+ ) = U5, 229

A dimensionless variable is introduced for the concentration,

c—(C
0= .
Cho—C1

(2.29)
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This variable 6 describes how much the concentration relatively differs from the
end-concentration ¢;. So

f(x <0) =1
. (2.30)
f(x >0,y=00ry=H") =0
Equation 2.28 can then be written as
0%0  9%0 20
)l =U= 2.31
b <ax2 + ayz) U3z (231)

It is assumed that the main way of concentration transport in the flow direction
is convective, meaning the L. >> H*. To find the point where condensation starts,
an estimation is made for the terms in 2.31.

00 1
a2 L2
020 1
T
a0 1

ox L.

(2.32)

Given that L. >> H?*, this reduces to

UH*> UH?
D

Lo~ (2.33)
Note that H* = 2H.

Next is the temperature dependency. For this, several temperature dependent
factors will be neglected, like the diffusion coefficient dependency of the tempera-
ture, difference in inflow temperature and the heating up of the flow in the channel.
The temperature is only used to estimate the saturated concentration and therefore
define 6 from equation 2.35. It will turn out that this estimation is sufficient and gives
a general idea of how the temperature influences the entrance length. To say some-
thing about the temperature influences the entrance length, equation 2.31 is used.

Assuming L. >> H*, it can be said that 3272 << 3272 due to the fact that diffusion in
the flow direction is neglected. This means that equation 2.31 reduces to
026 00
D-— =U= 2.34
Iy? dx (234)

A solution for this is (Darhuber, 2012)

_ 4. A o2 1
0(x,y) = —sin (HZH) exp( s PeH4Hx) , (2.35)

with the Peclet number

In order to find where the condensation starts, the definition of the x = Lcandy = H
is defined by 0. Equation 2.29 gives the general value for 6, assuming the flow does
not contain any solvent vapor, i.e. ¢y = 0. c; is defined by the temperature of the
bottom, because that determines the saturated vapor concentration of the bottom
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part of the channel, as shown in equation 2.26. The same goes for the top boundary
of the real experiment (so y = H, and not y = H*). With all this, equation 2.35

becomes
csat(Ty=n) — csat(Ty=0) _ 4 exp <_7T2 1 > (2.37)

= — L
—csat(Ty=0) i 4 HPey ©

Rewriting this gives

mcSat(Ty—p) — cSat(Ty—o)

4
L=~ Syt n (G S 2.38)

2.9 Density

2.9.1 Density in incompressible flow

To couple the concentration of the vapor evaporated into a gas, the Temperature and
its density, a combination of the ideal gas law and Dalton’s Law is used. The total
density of a gas mixture can be derived by adding the densities of the individual
mixture components,

Ototal = Y_ Pis (2.39)
i=1

for n different components. In the case of one liquid evaporating into dry air, this
simplifies to

Pgas = Pair + Poap- (2.40)
Pqir can then be derived from equation 2.24,
Pair
= 2.41
Oair RuirT’ ( )

with p,;, the partial pressure of the dry air and R,;, the specific gas constant of the
dry air. The same can be done for the density of the solvent vapor, which concludes
to

Poap
= . 2.42
Poap RvapT ( )

For the next step, equation 2.23 is used in the following form,
n
p=yRuT =cR,T, (2.43)

with c the concentration of the liquid vapor in the gas in ";1—"31 This means the partial
pressure of the liquid vapor can be described as

Poap = CvapRu T. (244)

Dalton’s Law 2.20 stated that the total pressure of the gas is equal to the sum of the
partial pressures. This means that the partial pressure of the dry air can be described

by
Pair = Pgas — Pvap = Pgas — CvupRuT (2'45)

This leaves the density of the gas mixture to

Dous = Pgas — CoapRuT  CoapRyT _ Pgas
g Roi T RvapT Rair T

1 1
+ CvapRu (Rvap - Rair> (246)
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2.9.2 Density in compressible flow

In a compressible flow, the density is a variable that is solved for. Therefore, equation
2.46 can not be used to couple the liquid vapor concentration with the density of a
gas. Another way to do this is to couple it via the specific gas constant of the gas.
The value of the concentration can be given by

_ P
=T (2.47)

The value of the specific gas constant of any gas can be calculated by,

T
Ry= =[] -K kg™ (2.48)

with M begin the mean molar mass of the mixture. This can then be expressed by
M=Y M, (2.49)

with )x; the molar fraction of a mixture component and M; the molar weight of the
mixture component.

P = Pair + Poap (2.50)
Cgas = Cair + Coap (2.51)
Pair and poap are the partial pressures of respectively the air and the vapor. In order

to calculate the mass fraction, the following equation is used,

Ci Ci Ci
Xi = = =\ (2.52)
Crotal Cquas Cair + Coap

The concentration of the air will be calculated by the ideal gas law, saying

Cair = —ZZ””;, (2.53)
u

with R, the universal gas constant of and T the temperature. With equation 2.50,
this can be rewritten to

Cair = T E0P ;up s (2.54)
Poap can then again be rewritten with the ideal gas law, to
Poap = CvupRuT (255)
Combining equations 2.52 and 2.54 gives
o CoapRy T
Xovap = v;zp = = (2.56)
RiT p
— Coap Ry T
Xair = TS0 (2.57)
p
Combining this with equations 2.48, 2.49, 2.56 and 2.57 gives
p
R =R 2.58
’ ‘ <CvapRu TMoyap + pMair — CoapRu TMair) ( )
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2.10 Slip Velocity

A gas flowing over a liquid layer can induce motion of the liquid layer. If those ve-
locities become large enough to move liquid before it is evaporated, this can cause
problems when the functional part of the ink are moved before the solvent is totally
evaporated, so therefore it is desired to know how big this effect is for a given flow.
For the flow in either the liquid or the gas phase, a Couette flow is assumed. As-
suming a Couette flow will already give a good approximation about the order of
magnitudes of the flow velocities. Figure 2.2 shows the geometry. It is assumed
that #);, << H, meaning the distance between the middle of the gas flow and the
gas-liquid interface is 0.5H. The flow is described as if = (uy(y),0,0).

gas

o
Ul
I

A
umax ;
A

uinterface—

FIGURE 2.2: Slip velocity geometry

A Couette flow means

9%,
= 2.
5 =0 (2.59)
which then means that 3
U _ ¢, (2.60)
oy

At the gas-liquid interface, the shear stress is continuous in the absence of Marangoni
effects, so (Darhuber, 2017b),

(2.61)

If the bottom of the liquid layer is at rest, in combination with a no-slip condition at
the bottom wall, we have u,(y = 0) = 0. Combining this with equation 2.60 gives
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the velocity at the interface as

tig du i Jou i
uinterface = /0 aa;/zq dx = tliq . # (2.62)

Filling this in in equation 2.61 gives

as a X,Qas
Hgas Oz gas 2.63)
Mg Oy

Uinterface = tliq

Combining equation 2.60 with the fact that is was assumed that t;;, << H, it can be

stated that
aux,gus _ umax - uinterface (2 64)
dy IH ’ '

with U,y being the maximum velocity of the gas flow in the middle of the channel
with height H. Filling in the results of equation 2.64 in equation 2.63 and rewriting

it results in
Hgas Upnax

.1 Hgas
Hiig EH + tlz‘q ‘uf]_q

Uinter face = tliq (2.65)

211 Lubrication equation

To describe the behaviour of a thin liquid film in contact with a solid and a gas phase,
the lubrication equation is used. This equation is then described by (Wedershoven,
2017)

oh B oP I i
ot ox <_3Muq ax 2hiiq T) e (260
with
ki h 2.67
P = Y52 TP8 (2.67)
and 3
Uoq
T = ygusﬁ. (2.68)

Variables are the height of the liquid layer /i, the dynamic viscosity u of either the lig-
uid (/ig) or the gas phase above the layer (gas), the evaporation flux J, from equation
2.2. p is the density of the liquid, - the surface tension, g the gravitational accelera-
tion. Note this is the lubriacation equation for a liquid layer stretching in only one
dimension (x-direction). The height is in the y-direction.

212 Drag force on a liquid sphere

If an object travels a liquid medium, the drag force can be given by the Stokes drag,
assuming the Reynolds number is sufficiently low (Darhuber, 2017c). The Reynolds
number is defined as (Sommerfield, 1908)

_ PULchar
]/l 7

with R, the Reynolds number, p the density of the fluid, U the flow velocity, L., the
characteristic length and u the dynamic viscosity. The drag force on a liquid sphere,

R, (2.69)
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generated by a stationary or moving gas, can then be given by (Leal, 1992)
Pdmg = 47T]/lgas(ugas - usphere)RsphereC (2.70)

with correction term
3(A+2) 1= Hiig

2A0+1)"7 Hoas

With pgqs and py;; the dynamic viscosities of the liquid (sphere) and the gas (sur-
roundings), Ugss the velocity of the gas flow in the direction that is investigated,
Usphere the velocity of the sphere in the direction investigated and Rspper the radius
of the sphere. However, when using a liquid going through a gas flow, the correc-
tion term C, is close to 3. Filling this in in equation 2.70 gives the normal Stokes drag
equation (Stokes, 1851)

C =

(2.71)

Fdrag = 67T,ugas<ugas - usphere’)Rspherer (2.72)

due to the large ratio between the viscosity of air and liquid (in the cases used in this
report).

2.13 Vernooij number

When a (gas) flow goes over an evaporating liquid layer, it is possible for the flow to
move the liquid significantly before it is evaporated. This can have unwanted effects
when inkjet printing technology is used. For inkjet printing to work, the solvent has
to evaporate at the sport is is printed on, otherwise the functional material can be
displaced before the liquid is dried out. To look at this phenomenon a model is
constructed to investigate the influence of the gas flow on the liquid layer height,
within the same geometry of figure 2.2. To describe the relation between the gas
flow and the evaporation rate, a dimensionless number is constructed as

Uflow,interfuce

Vernooij = EvapRate

(2.73)

U iow,inter face 18 the horizontal velocity due to the air flow at the liquid-gas interface.
Section 2.10 showed that an air flow going over a liquid layer induced a velocity at
the liquid-air interface, parallel to the gas flow. The evaporation rate is defined as if
the concentration gradient in the gas flow channel is constant, meaning

]' D
EvapRate = |=| - M;;, = —
y 'p "

D

ac
| My = —

dy

L B CSat(T) . )
lig 0 H ligs
(2.74)
with cg,(T) being the saturated concentration from equation 2.26. Note that this
holds, assuming that on the top of the channel there is no liquid and H >> t;;, with
t1i; being the height of the liquid layer.

Ctop — Chottom) )
H

214 Light interference measurement of layer thickness

In this report, an important measurement is the determination of the condensed
layer thickness. This has to be done from the other side of the glass, due to physi-
cal constraints in the experimental setup, as show in figure 2.3. It can be seen that
the layer that has to be measured is on the other side of the glass, in respect to the
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lens objective of the microscope. In order to determine the layer thickness, the inter-
ferometric pattern of the light of the microscope is used. When the wavelength of
the light is known, the background light is reduced to a minimum and the glass is
thin enough, the growth of the layer can be deduced from the intensity of the light
measured by the microscope.

Objective

glass

Liquid layer
Gas mixture .
Evaporation

FIGURE 2.3: Drawing of the experimental setup for measuring the
condensated layer thickness.

Figure 2.4 shows the light that is reflected by the interface between the conden-
sated liquid layer and the air in the beaker. There are of course other places where
the light can be reflected, but this interface is the interestings part and furthermore,
it gives a big enough difference in intensity to be noticed. Figure 2.4 shows the sit-
uation without a liquid layer. If the glass is kept at the same position, the phase of
this light will remain the same. When the liquid layer start growing, light will also
be reflected by the liquid-gas interface. The figure shows the situation when the lig-
uid thickness is a quarter of the wavelength of the light inside the liquid (2). At this
point, the reflected wave is completely out of phase with the wave that is reflected by
the glass-liquid interface. Due to superposition (Fowles, 1975), the intensity of the
light captured by the microscope will be at a relative minimum, whereas in situation
(3), with a liquid layer thickness of half the wavelength of the light, the intensity will
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0.25Mn
f—
High/Initial Intenstiy Low Intenstiy
—_— —
D —
Glass Gas/Air Glass Gas/Air

(1) @

0.5Mn

High Intenstiy

_
—

Glass Gas/Air

(3)

FIGURE 2.4: Example of light reflecting for a liquid layer thickness of
0-2(1),025-2 (2)and 05- 2 (3)
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again be at its maximum. This pattern will go on and oscillate with a layer thickness
of half a wavelength divided by the refraction index between every two peaks in
intensity captured by the microscope. With this knowledge, the growth rate of the
layer can be determined over time. Note that this does not give direct information
about the absolute size of the layer, unless there is certainty that the measurement
is started precisely at situation (1) in figure 2.4. The average growth of the layer
between to peaks in intensity is then given by

oh e
on - 05miguia
%= p (2.75)

with Ag the wavelength of the light in a vacuum, 75,4 the refraction index of the
liquid an P the time between two neighbouring peaks in intensity.
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Chapter 3

Numerical models

3.1 Properties

Dt .rc =1.08- 10~5m? /s (Ethylene Glycol database n.d.)
Dz, . o1 = 0.87 - 10-°m? /s (Toluene database n.d.)
Antoine equation coefficients (Yaws, 2015)

Toluene:

Ao = 7.13657
By = 1457.2871
Cror = 231.827
Ethylene Glycol:
Agc = 9.69599
Brc = 3145.8596
Crc = 264.246

iy air = 5W/ (m?K) (Edge, n.d.)
Lec = 5-10°] /kg (ToolBox, 2003b)

UEG,T=250c = 0.0161Pa - s (ToolBox, 2003a)
UeG,T=700c = 0.0038Pa - s

UTol, T=250Cc = 5.5+ 10~%Pa - s (Santos et al., 2006)
HTol T=700c = 3.5-107*Pa - s

Surface tension:

YEG,T=25°C = 00477N/m (TOOIBOX, 2005)

ag? = —0.0890mN / (m - K) (Surface tension values of some common test liquids for sur-
face energy analysis 2017)

,YTOI,TZZSUC = 0028N/m (TOO]BOX, 2005)

Software

The software used for the numerical models in this chapter is the finite element
software of Comsol Multiphysics 5.3a and 5.5a .

3.2 Falling droplet trajectory

The first model concerns the trajectory of ink jetted droplets in a transverse gas
stream. The air flow going over a liquid, to accelerate the evaporation process, also
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affects the path of a printed droplet on its way to the substrate. In order to investi-
gate this behaviour, two differential equations have to be solved. The geometry of
the falling droplet is described in figure 3.1.

FIGURE 3.1: Geometry of the droplet being jetted by the printhead,
with its path from the point where it leaves the printhead, to the point
where it its the substrate

The first one is a force balance in the direction of the droplet falling. The forces
included here are gravity and the drag force that works in the opposite direction of
the falling droplet. Note that for these equations, spherical droplets are assumed,
with a uniform density. Another assumption is that Ry.oprer << H, so that tracking
the middel of the droplet is sufficient for determining when it lands on the substrate.
A Stokes Drag for the droplet moving trough the air from section 2.12 is assumed,
as the Reynolds number is:

_ PULchar _

i air 1.85-10-°

pairujethrap . 1.1839-6-1-10 ~

R, ~38 3.1)

, therefore the Stokes drag is still reasonably good for this situation.

d*y 67114y R dy

T

y(t=0)=0 (3.2)
dy

dt (t = 0) = MIEty,U

From the solution of this differential equation, the landing time can be calculated.
This landing time is defined as y(tf = tlzmding) = H. For the air flow, a Poiseuille flow
is assumed, defined by

) = (20 (0~ OSHP + U ). 3)
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The force balance in the x-direction is then defined as

d?>x 67, R dx

o = I () - )

x(t=0)=0 (3.4)
dx

E(t = 0) = Ujet,y = 0
The solution x(t), y(t) gives a trajectory of the droplet, based on size and mass of the
droplet, but also the height of the printhead, the velocity of the air and the velocity
of jetting.

Bot differential equations are analytically solvable, admittedly complicated. To
simplify the reading of the equations,

a = iR (3.5)
m
The solution for the y position, is then
o—at (g —e"g + aegt + Aoty — ae“tM]etw)
y(t) = - (3.6)

22
For the x position, it is:

1

t — *3atu .
x(t) a5H2(g+au]ety,o)2e "

{e“t <—2g4 — 8ag3 Ufet,o — 12a2g2u ]ety,oz —84° gu ]et%O?’ —2a*u ]ety,04)
+ et (g4(—16 + 422+
atu ]ety/03(8aH + 4a%t> — 8u Jetyo — 8atiifer, ) + a’qu ]et%oz
(—32ujet, + a(28H — 24tujer, ) + a*t(12H + dtugey, ) )+
ag’ (—48ujet,, + a(12H — 8tujer, ) + a”H(4H + 12tuper ) )+
“zgzuIety,o

(—561ter,, +a(32H — 24tupey, ) + a?t(12H + 12tu ]etylo)))
1
e <g4(18 —20at +8a%* — 12a°F)+

a*tger,,> (—8aH + 4a” Ht + 10ujer,, — 4atuge, )+
a’ Qu ]ety/oz(—2a3 Ht? + 40u Jetyot
a(—28H — 24tujey,,) + a*t(16H + 4tupe ) )+
a*g*u Jetyo (681 et, o +a(—32H — 56tu e, , )+

1
a’t*(—4H — 1§tu ;ety,o)azt(ZOH + 16tuer,, )+
ag> (561 et + a(—12H — 56tu e, )+

2
a*t?(—2H -2

gtu]etyro) + azt(SH + 20['1/[]@15%0 ) )) :|

(3.7)
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The Matlab code used evaluating results is shown in appendix C.

3.3 Heating up liquid in beaker - timescales

3.3.1 Dimensions

Hllq chp
Liquid (L)
Rliq
R Metal (S)
Ay |
Rcup

FIGURE 3.2: The geometry metal cup with liquid

The goal of the simulation is to investigate the time scales of the heating process of
the liquid. This is done to determine the time it takes in the experiments before a
reliable measurement can be done. The metal domain represents the beaker and the
liquid domain is the liquid, mostly ethylene glycol or toluene.

The values used in the model are

Reup = 2.75cm
Rliq = 2.25cm
Heyp = 4.5cm

Hliq =4cm
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3.3.2 Physics
Liquid equations
¢ Temperature dependent density (Cengel and Cimbala, 2014)
Pref
T) = 3.8
* Incompressible flow, section 2.4.1
L Ty e
at—k(u V)i PVu— Vp+g, (3.9)
oV - (if) = 0. (3.10)
¢ Heat transfer equation, from section 2.2
oT S -
pCpg +0Cpti - VT +V -4=0Q (3.17)
with
j=—kVT. (3.12)
Initial values:
p =0 (3.13)
Py = Py (3.14)
To = Tamwp (315)
Metal equations
¢ Heat transfer equation, from section 2.2
oT .
pcpg +V-g=0Q (3.16)
with
j=—kVT. (3.17)
Initial values:
To = Tamp (318)
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3.3.3 Boundary conditions

A
LT MT
symmetry LR
LB
ZAp MB

MR

FIGURE 3.3: The boundaries of the model with the metal cup contain-
ing liquid, MB/MR/MT: Metal bottom/right/top, LB/LR/LT: Liquid

bottom /right/top.

Boundary condition metal domain

MB, temperature
T =70°C

MR & MT, thermal insulation

— - (_kmetaIVT) =0

Boundary condition liquid domain

LB & LR, temperature continuity, wall

le‘q = Tnetal

klquTliq 1= Kietar V Tinetar - 1o

=0

LT, Newtonian cooling, wall

q= _hn,uir(Tliq - Tamb) -7

=L
I
o

(3.19)

(3.20)

(3.21)

(3.22)
(3.23)

(3.24)

(3.25)
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3.4 Experiment without external airflow

Symmetry axis

» wAir J
A '
hAir
Air (G)
A 2 -
hGlass § Glass (s) |
A i
H (24 . Mixture (G)
A 2 M
) W - .
wGlass

FIGURE 3.4: The geometry of the simulations of the simple experi-
ment

This geometry shows the geometry of the experiment without an external air flow.
The experiment was done with an almost filled aluminium beaker of Ethylene Gly-
col. On top of the beaker there is a glass plate. Note that the simulation doesn’t
simulate the liquid itself, but only the gas mixture in between the liquid and the
glass plate. Furthermore, the air surroundings are also partially taken into account.

3.4.1 Physics domains

Mixture equations
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¢ Compressible flow

(3.26)
(3.27)

(3.28)
(3.29)

(3.30)

(3.31)

a_‘ — — . _ 2 N7 =3
pa—”t‘ (@i V)it = V - | =pT + pigas (Vi + (VD)) = Spgas(V - )| + F
dp -
5% + V- (pf) =0
oT ~ ~
g = —kgasVT
_ p
= R, T)T
And after combining equation 2.13 with (Bird and Stewart, 2002) for the heat
variables: )
de = Vgas ((VL_[—F (Vﬁ)T) . g(V . LT)T) : Vil

ap .
Qp:ocpT<at+u-Vp>

__L/op
vei (),

¢ Concentration diffusion and convection

?)i + V(=DgssVc) +iiVe =0
Initial values:
To(z) = wz + T
co=20
Po = Pamb
ilp =0

Glass equations

¢ Heat conduction and convection

AT,
pglasscp,glass$ + v(_kglaSSVTglass) =0

Initial values:
To = Tamp
Air equations

¢ Heat conduction and convection

0T 4;r
PAir(T)Cp,AirT/zl + V(—=kaixVTair) =0

Initial values:
TO - Tumb

Note that heat transfer due to convection in the air is neglected for this model.

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)
(3.37)
(3.38)

(3.39)

(3.40)

(3.41)

(3.42)
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3.4.2 Boundary conditions

AT

AL AR

GA AB
GL MG GB _|GR

- AML
MB MR

N
;ﬁ>

FIGURE 3.5: MB = Mixture bottom, ML/MR = Mixture left/right, MG

= Mixture-Gas interface, GL/GR = Glass left/right, GB = Glass bot-

tom, GA = Gas-Air interface, AB = Air bottom, AL/AR = Air left-
/right, AT = Air top

Boundary conditions gas mixture domain

MB temperature, concentration, wall
T = Ty (3.43)

note that Tj;; is here a constant and not a variable that is solved for in an other
domain.

c=—22) (3.44)
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=0
ML and MR thermal insulation, no concentration flux, wall
- (—km,-xVT + pCp,mixTﬁ) =0
=0
MG heat flux, concentration, wall
Tonix = glass

— kmixV Tix = —kglaSSVTglass

cSat(T)
Mliq
=0
Boundary conditions glass domain
MG heat flux
Tnix = glass
ac
— kinix V i = _kglassVTglass - &Dgaleiquiq
GA heat flux

Tglass = Tair
- kglaSSVTglass = —kairV Taiy

GL thermal insulation
- (—kglaSSVT) =0

GB and GR thermal insulation

7i - (—kgiassVT) = 0

Boundary conditions air domain

GA heat flux
Tglass = Toir
- kglaSSVTglass = —kair V Tair
AL and AB thermal insulation
- (—kgluSSVT) =0
AT and AR temperature
T = Tomp

3.4.3 Expansion model without external airflow

(3.45)

(3.46)

(3.47)
(3.48)

(3.49)

(3.50)
(3.51)

(3.52)

(3.53)

(3.54)

(3.55)
(3.56)

(3.57)

(3.58)

(3.59)
(3.60)

(3.61)

(3.62)

Due to results not matching, the model was eventually expanded. This was done by

taken into account the liquid itself and the metal beaker.
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Air (g)

LL  Liquid (1

BSym  Beaker (s)
BB

FIGURE 3.6: MB = Mixture bottom, ML/MR = Mixture left/right, MG
= Mixture-Gas interface, GL/GR = Glass left/right, GB = Glass bot-
tom, GA = Gas-Air interface, LL/LB = Liquid left/bottom, BL/BR
= Beaker left/right, BI/BB = Beaker top/bottom, BSym = Beaker
boundary on symmetry axis, Air is left out of image, but is simulated

The physics for the liquid and beaker domain are almost copied from section 3.3.
Note that the variable Tj;; was a constant earlier, but is now a variable that is solved
for. The contstant temperature is now Tx,pjare. The differences are in the boundaries
adjacent to the boundaries from figure 3.4 and boundary BR.

For boundary BR a heat flux is set, equal to the newtonian cooling from section 2.2.2.
The boundaries MR and BT have a heat transfer continuity constraint, as described
in section 2.2.1.

Boundary MB is both for the flow, as well for the heat transfer different from before.
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Heat discontinuity due to evaporation:

Tliq = Lmixture (3.63)

ac
- klquTliq = —kmixture NV Tmixture + &Dguleiquiq (3.64)

For the laminar flow, firstly the high temperature dynamic viscosity pgg r—70c of
Ethylene Glycol is used, as it is assumed that the liquid and the beaker are at the
temperature of the hot plate at the moment of measuring.

For the flow boundary setting, Marangoni flow from section 2.4.2 is implemented.
Therefore the surface tension is defined as

0
Y = VEG T,y T % (Thig — Tref) - (3.65)

This temperature dependent value of the surface tension will induce flows across
the liquid gas interface.

Initial values:

Tliq = Theaker = THotPlate
uliq =0

3.5 Transition point model

3.5.1 Dimensions

< Wiomain >
Gas (G)
P Dlayer _ H
y by | Liquid (L) I. hlm/m‘
Substrate (S) + o

FIGURE 3.7: General setup transition point geometry

The liquid layer is assumed to cover the whole length of the domain. Also the height
of the layer is neglected.
Wigyer = Wiaomain (3.66)

hlayer =0 (3.67)

This results in the following domain:

Gas (G)

<
=>

Substrate (S)

FIGURE 3.8: Geometry of the transition point model simulations



3.5. Transition point model 31
3.5.2 Physics domains
Gas equations
¢ Compressible flow
Same as in section 3.4.1, Mixture equations
¢ Concentration diffusion and convection
Same as in section 3.4.1, Mixture equations
Initial values:
TO(Z) = TNozzle (3.68)
Po = Pamb (3.70)
. 4U. o
Llo(]/) = <_ I{ﬂ;ux (y - OSH)Z + umax> - X (371)
Substrate equations
* Heat conduction
oT _
psubcp,subg + v(_ksubVT) + psubcp,subuVT =0 (3-72)
il = Uy - % (3.73)
Initial values:
To = Tomp (3.74)
3.5.3 Boundary conditions
G GTL ° GTR
GL GR
GS+ GS
S SB SR
FIGURE 3.9: The adjusted geometry boundaries, GL/GR = gas left-
/right, GTL/GTR = gas top left/right, GS = gas-substrate interface,
GT+ = gas top extra, GS+ = gas-substrate interface extra, SL/SR =
substrate left/right, SB = substrate bottom
Boundary conditions gas domain
GTL Temperature, No concentration flux, Wall
T = TNozzle (3.75)
ii=0 (3.77)
GTR Temperature, Concentration, Wall
T = TNozzle (3.78)
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c= cSat(T) [mol / m?] (3.79)
Miiq
=0 (3.80)
GL Inlet, concentration

T = Tintet (3.81)
c=0 (3.82)

. 4U, .
io(y) = (— 5 Y- 0.5H)2 + um> % (3.83)
P = Pamb (3.84)

GR Outflow, Outflow concentration

#i-(=DVc) =0 (3.85)
- (—=kVT)=0 (3.86)
P = Pamb (3.87)
GS heat flux, concentration, wall

Tgas = Lsub (3.88)
ngSVTgas = KsubV Tsup (3.89)

cSat(T)
c= 3.90
M (3.90)
= Uy - X (3.91)

GT+ and GS+ are there to make sure that there are no conflicts in concentration
boundaries for Comsol. The inlet has a concentration equal to zero, whereas the
full bottom and top of the gas domain has a concentration equal to the, non-zero,
saturated concentration. To compensate for this, a small part of the domain has
no set concentration, but only a no concentration flux boundary, to function as a
transition part from zero concentration to a higher concentration.

GT+ thermal insulation, no concentration flux, wall

i - (=Dgas Ve +cil) =0 (3.93)
=0 (3.94)

GS+ heat flux, no concentration flux, wall

Tgus = Tsup (3.95)
kgaSVTgas = KsubV Tsup (3.96)

i = Uy - % (3.98)
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Boundary conditions substrate domain

SB Temperature

T = T (3.99)

SL and SR thermal insulation

— 7t (—kgpyV'T) =0 (3.100)

3.6 Transition point model with top air flow

The model used in section 3.5 is an ideal situation, in which the temperature of the
top boundary of the gas is kept at a constant temperature. However, this is very hard
to realise and will thus not be the case in the transition point experiments. Instead,
an extra air flow is used to regulate the temperature of the top boundary. This is
taken care for in another model, which is an adaptation of the ideal model of section
3.5.

WDomain
Gas (G) Hiop
Perspex (S) Glass (S) tper
yﬁi Gas (G) Hlow
Wper Wligquid

FIGURE 3.10: The geometry of the temperature air flow models

This model has the same gas physics domain as before, only now, underneath
it there is not substrate domain. Instead, the bottom of the gas domain just has a
temperature constraint,

Tgus,bottom = Lsub (3101)

, which is a constant. This is chosen for, as the substrate is very thin and conductive,
meaning simulating for the substrate is computational effort waisted, as almost im-
mediately the whole substrate would at constant temperature.

Perspex

The perspex part of the model simulates the part of the setup that the air at the inlet
has to travel trough, before reaching the glass plate on which the condensation is
measured. Figures A.2 and A.3 show the inlet part of the controlled temperature
gas, and the liquid bath of the setup. It can be seen that the gas that enters the setup,
has to travel 4.2cm trough the inlet part, and than another 3.75cm before it reaches
the beginning of the glass, so

Wper = 7.95cm.

The liquid bath is positioned, so that the liquid layer will start directly underneath
the beginning of the glass plate. This means that the bottom part can be splitted in 2
parts concentration wise, the left part having the no - flux constrataint, and the right
part having a fixed concentration value.
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Bottom Left: No-Flux
- (—DgasVC +cif) =0 (3.102)

Bottom Right: saturated concentration

~ cSat(T) {mol } (3.103)

Mliq m3

Both for the perspex and the glass domain, only heat transfer is solved. This
means that both have temperature continuity (section 2.2.1) set for their bottom and
top boundaries and their common boundary. The two outer sided, so the left bound-
ary for the perspex and the right one for the glass, have a thermal insulation con-
straint:

— 7 (ks VT) =0 (3.104)

The top flow only solves the heat transfer equation. The bottom boundaries take
care of the temperature continuity. The left boundary has a set temperature, equal
to the temperature of the air that flowing into the bottom gas domain,

Top gas Left: Temperature

TInlet,top = Tlnlet,bottomr (3105)

which will be between 5 and 25 degrees Celsius in most cases.
Top gas Top: Newtonian cooling

[7 = _hn(T - Tamb) -1 (3.106)

Top gas Right: Outflow
- (=kVT)=0 (3.107)

In the domain, an air flow is assumed, equal to the ideal Poiseuille flow with the
maximum velocity equal to the maximum velocity at the inlet of the bottom gas
domain. So

. AU )
i(y) = (— HT “((y — tper — Hiow) — 0.5Hz0p)? + umux> 3 (3.108)
top

3.7 Shear-induced displacement of a volatile thin liquid film
model

A 1-D simulation is used with length Wj,,,. Only the lubrication equation is used as
described in equation 2.66. The gas flow is assumed to be a dry air flow in a channel
with height H. Note that this air flow is not simulated. This model is only designed
to track the layer height at any point of time.
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wi
ayer
<« L
o—> o]
X
FIGURE 3.11
3.7.1 Physics domain
General Form PDE
Initial values:
* h= tlayer,O
oh __
* 5= 0
General Form PDE:
oh h? W3 9P
ot +V- <2Vliq HgasUy — % a;lb> “Nepeck = —EvapRate(x - xfront) “Nepeck
(3.109)
Ulagyer  Hgas
u,(h) = —4— . == (3.110)
]/( ) h ,uliq
and from equation 2.65:
.ugﬂs umax
u = h 3.111
layer ,uliq %H—f— h;;i:: ( )
az
Plub = —’)/liq@ +pgl’l (3112)

1 ifh>100-10"°
hcheck = . )
0 ifh<=100-10

Note that / is the height of the liquid layer, whereas H is the height of the channel.
This channel is not simulated, but its height is of importance for the velocity at the
top of the liquid layer. The function evapRate(x) is a function designed have a large
evaporation rate at the beginning of the liquid layer and a lower evaporation rate at
the end of the layer. In the real case, with an air flow, the air above the beginning of
the liquid is not yet full with vapor, whereas at the end of the liquid there is a lot of
liquid in the air. Therefor at the beginning of the layer the evaporation rate is larger
than at the end.

0 ifx <0
evapRate(x) = { _05E0p (3.113)

Wx—i—Evap ifx <=0

The variable Evap is defined the same way as in equation 2.74. The variable X f,o,; is
a variable to keep track of the start of the liquid layer and is defined as

Wlayer
X front = Wlayer - /O Repeckdx (3.114)
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At boundaries, i.e. both ends of the domain, zero flux:

12 3 aplub>
- =— Uy — —— =0 3.115
<2.uliq Haasty Buiig 0x ( )

Another possibility would have been an outflow kind of boundary condition on the
right, to mimic the liquid flowing out of the domain. However, this way makes
sure that the moved liquid is still clearly visible in the results as it can not leave the
domain.

3.8 Drying liquid layer

The model in this section will be an extension to the one in section 3.5. There the
transition point of no condensation to condensation is investigated. However, in
that case an infinite liquid layer is assumed, where evaporation is happening all the
time. This section will provide a model where this is not assumed. Regarding the
model, all the same physics equations and boundary conditions can be assumed.
Except for the boundary conditions at the top and bottom boundaries of the gas
domain.

GTL GTR

GL GR
GBL GBR

SL SB SR

FIGURE 3.12: The adjusted geometry boundaries, GL/GR = gas left-

/right, GTL/GTR = gas top left/right, GBL/GBR = gas-substrate in-

terface left/right, SL/SR = substrate left/right, SB = substrate bot-
tom

3.8.1 Boundary conditions

The top boundary, GTL & GTR, have a temperature, no concentration flux and a
wall boundary constraint.

T = TNozzte (3.116)
il - (=Dgas Ve +cil) =0 (3.117)
=0 (3.118)

GBL is almost the same, except for the temperature constraint, as this boundary
establishes the temperature continuity with the substrate, so

Tgus - TSMb (3.119)

kgaSVTgas = ksubVTsub (3~120)

The boundary BGR is different from the other ones. There there is also a temper-
ature continuity in combination with a no-flow constraint

Tgus = Tsup (3.121)
kgaSVTgas = KsubV Tsup (3.122)
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=0 (3.123)

There is also a lubrication equation set for this boundary. This is the same as in
section 3.7, only now the g—; term is calculated by the compressible navier stokes
equation.

oh h? ou h3 9P, ac M;;
+V( as~_ u>. chec :_7Du57.q'hcec 3.124
ot 21ig Mg oy  3uig Ox fheck dy ¥ pjig freck ( )
and from equation 2.65:
’h
Py = _’)’liqﬁ +Pgusgh (3.125)

But the concentration constraint is a conditional constraint. In the model, the
variable Xrans,Botttom 1S defined at GBR as

Xtrans,Botttom — /treShOZdh(h)dx. (3126)

with
1 ifh<=100-10"°

tresholdy,(h) = {0 if h > 100-10°

The boundary in between GBL and GBR is positioned at x = xPosy,;;. The concen-
tration constraint of boundary GBR is then defined as

1 - (=Dgas Ve + cil) - Cepeck1(X) + € - Cpeck2(X) = 0 (3.127)

1 ifx <=100- xPospyi + Xtrans,Botttom

Ccheck,l(x) = {

0 ifx>100- xPospir + Xtrans,Botttom

1 ifx< XPOS[m't + Xtrans,Botttom

Ccheck,Z(x) = { (3.128)

0 ifx>= xposlnit + Xtrans,Botttom

3.8.2 Not working

Despite the effort that was put into the model, it did not work the way it was sup-
posed to work. However, it seems like the logic for the model is not per se wrong,
but the software needs a different approach for this simulations. Due to time con-
straints, it was eventually decided to abandon this model.

3.8.3 Proof of principle

Despite the simulation not working completely, the principle of the drying liquid
layer is proven to work in a far more simple model. This simpler model has the
geometry shown in figure 3.13.
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GTL GTR

GL GR
GBL GBR

FIGURE 3.13: The adjusted geometry boundaries, GL/GR = gas left-
/right, GTL/GTR = gas top left/right, GBL/GBR = gas bottom left-
/right

In this geometry, no flow is solved for, a Poiseuille flow is asumed, given by

4U
1y (y) = <_ - (y —05H)” + umax> . (3.129)
, with Upey = 0.009m/s and H = 4mm. The heat transfer equation are ignored in
the model. The diffusion equations are the same as for the model from figure 3.12,
only the saturated concentration is set to a constant, as the temperature is not solved
for. That constant is ¢, = 1mol /m?>.
The height is tracked by using a similar equation as equation 3.124. Only now this
is simplified to

oh _10 _ dc

=TV (—1 10 Vh) = 1003, D- Hehock (3.130)
,with & the height of the liquid layer, c the concentration and D = 1-10~%m? /s the
diffusion coefficient.

Initial values:
Layer thickness at t = 0s = 20um

o = Csat  if X >= X front
t=0 — .
0 if x < Xfront
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Experimental Setup

The experiments in this report were performed with two main setups.

The first one is a more simple approach, in which a glass plate is put on top of a
metallic beaker filled with liquid. This beaker along with the liquid is heated and
therefor there will be a temperature difference between the glass and the liquid. This
will cause condensation at the bottom side of the glass (the side facing the liquid)
which can then be measured with a microscope, using the procedure explained in
section 2.14.

The second setup is with an air flow to transfer away the liquid vapor before it has
a change to condense on the glass plate. The liquid is again heated to create the
temperature difference between the liquid and the glass. However, when longer
measurements are done, the whole setup heats up, causing the glass to heat up and
thus reducing the temperature difference. To counter this effect, a second air flow is
used, which goes over the glass plate, over the non-condensation side of the glass,
to keep the temperature of the glass lower. This whole setup will be explained in
section 4.2.2.

4.1 Experiment without external air flow

The experiment without external air flow is designed to get an idea of measuring
condensation rates using optical interferometry. To do this a metal beaker with a
wall thickness of 0.5cm on a hot plate is used. The beaker is metal, because of its
high thermal conductivity, to make sure all the liquid inside will heat up quickly.
Doing the same experiments with a glass beaker resulted in longer times before the
liquid reaches the temperature of the hot plate, whereas for a metal beaker, the heat
distribution is way faster due to the high thermal conductivity of the metal, as is
shown in section 5.2. For the liquid, Ethylene Glycol was used, because of its low
toxicity, moderate surface tension and high boiling point. Experiments were also
done with water, but the main problem there is the high surface energy. This fac-
tor does not stimulate the spreading of the liquid when it is condensed on the glass
substrate leading to drop-wise condensation as opposed to the desired film-wise
condensation observed with EG. Due to this the forming of an uniform layer is more
difficult as the condensed droplets do not want to spread out as much, which will re-
sult in a microscopic view of figure 4.1. Ethylene Glycol however, has a much lower
surface energy, resulting in a much higher spreading of the liquid when condensed,
increasing the changes of a uniform condensation layer.

411 Cleaning Procedure

Although the simple beaker experiment does not require a lot of complicated steps,
the procedure to get the best results is still a time consuming one, as efforts have
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shown that a extraordinary clean glass is needed in order to get usable results. A
glass that is not cleaned enough will give a non uniform condesation layer, due to
filth on the substrate, which will stop the spreading of the liquid. This will resultin a
high position dependence for the growth of the condensation layer as the liquid that
is condensed is held up by dirt on the glass. This results in situations like figures 4.1,
4.2 and 4.3. Whereas in the case of a sufficiently cleaned glass, it looks like figure 4.4.

FIGURE 4.1: Microscope view of the glass substrate after 30 seconds,
without a clean enough glass and water, which both contribute to a
non-uniform layer of condensation.

FIGURE 4.2: Microscope view of the glass substrate after 30 seconds,
without a clean enough glass and water, which both contribute to a
non-uniform layer of condensation.
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FIGURE 4.3: Microscope view of the glass substrate after 30 seconds,
without a clean enough glass and water, which both contribute to a
non-uniform layer of condensation.

FIGURE 4.4: Microscope view of the glass substrate after 30 seconds,
when the glass is cleaned enough for an almost uniform layer of con-
densation.

So in order to prevent contamination, the glass is thoroughly cleaned before mea-
suring. This is done by cleaning the glass substrate in an ultrasonic bath. In this bath,
a larger beaker with ultra pure water and a soap solution is floating. The glass is put
in here and cleaned for about 20 minutes. After this the glass is cleaned by some
more ultra pure water, before it is dried. The time between the drying and the mea-
surements has to be as short as possible, as dirt can already accumulate on the glass
substrate. Another important note is to never touch the glass by hand, but only with
a pair of tweezers with an as small as possible surface contact area, to minimally
contaminate the substrate. When everything is done correctly, a movie with frames
looking like figure 4.4 is obtained, the code from appendix D is used to process the
data and get the condensation rate.
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4.2 Transition point

4.2.1 Transition point model procedure

The model from section 3.5 is used to calculate the "transition point" from no conden-
sation to condensation at the top boundary of the domain. The full process towards
an accurate result consist of two steps. This due to the fact that the point where
the condensed layer starts, also affects the the simulation itself. So the calculation
to determine where the transition point is, is step one, whereas implementing this
information into the model and running another simulation is step 2.

The way to realise these two steps is by starting with stretching the No-Flux bound-
ary (GTL) from figure 3.9 over the whole top boundary (with the exeption of the
small transition boundary GT+). This means that nowhere at the top boundary,
the concentration condition is set to the saturated concentration from equation 2.26.
During the first simulation the concentration at the top boundary can get higher
than the saturated concentration, because of high temperature gradients between
the bottom and top of the gas, and the liquid layer on top of the substrate. After the
simulation, it is checked where on the top boundary the concentration gets higher
than the saturated concentration. The point most to the left where this is true is then
defined as the transition point, as condensation would have happened there in the
real case. A second simulation is than run with the "transition point" from a Non-flux
(GTL-boundary) to a set concentration (GTR-boundary) exactly at that point.

GT GTL
GL GR
GS+ GS
S SB SR

FIGURE 4.5: transition point Model, Step 1, Physics in section 3.5,

GL/GR = gas left/right, GTL/GTR = gas top left/right, GS = gas-

substrate interface, GT+ = gas top extra, GS+ = gas-substrate inter-
face extra, SL/SR = substrate left/right, SB = substrate bottom

transition point

GT, GTL ° GTR
GL GR
GS+ GS
S SB SR

FIGURE 4.6: transition point Model, Step 2, Physics in section 3.5,

GL/GR = gas left/right, GTL/GTR = gas top left/right, GS = gas-

substrate interface, GT+ = gas top extra, GS+ = gas-substrate inter-
face extra, SL/SR = substrate left/right, SB = substrate bottom

4.2.2 Transition point experiment

Figure 4.7 shows a drawing of the simplified setup used to find the transition point
between no condensation and condensation.
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1:Perspex (s) Al (s) 2:Glass (s)

> N,
e I
— >N, + liquid Vapor

FIGURE 4.7: Simplified drawing of the experimental setup used to
find the transition point from no condensation to condensation

Figure ?? and ?? show experimental setup used for the transition point experi-
ments. Section A gives a more detailed schematic overview of the components of
the setup.

The glass used for these experiments is also cleaned the way it was described in
section 4.1.1.

FIGURE 4.8: Experimental setup used for transition point experi-
ments, 1: Objective, 2: Microscope, 3/4: controlled temperature ni-
trogen top/bottom flow, 5: Hot plate, 6: Removable liquid bath
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FIGURE 4.9: Experimental setup used for transition point experi-
ments, 1: Objective, 2: Microscope, 3/4: controlled temperature ni-
trogen top/bottom flow, 5: Hot plate, 6: Removable liquid bath

The gas used for the flow in the experiments is pure nitrogen. This due to the
easy accessibility and also the fact that this is completely non-humid gas. The con-
trolled temperature at the inlet parts of the top and bottom flow, is taken care for by
a circulation thermostat. It controls the temperature of a water bath, and circulates
this water trough a heat exchanger trough which the gas is flowing before it enter
the experimental setup. The water bath cooler is shown in figure 4.10.
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FIGURE 4.10: Circulation thermostat that is used to control the tem-
perature of the gas inflow of the experimental setup

4.3 Flow meter

The air flow that goes into the heat exchanger, which is temperature controlled by
the water bath thermostat, is measured by an air flow meter. This meter is shown in
figure 4.11.

Flow meter
Manufacturer: Bronkhorst High-Tech B.V.
Model Nr: F-112AC-HAD-44-V

This flow meter gives an electronic signal regarding the flow velocity. Therefore
another setup is used to translate the voltage to a flow. The other way around, it is
also needed to put a voltage on the flow meter, in order to regulate the flow velocity.
The velocity measured there is not the maximum air velocity in the setup, which is a
variable that is often used in this report. To translate the measured air velocity to the
setup air velocity, two steps has to be taken. First, the air flow is seperated into two
flows after the measuring point. This means that the air flow is divided by 2. After
the air goes into the setup, one has to take in mind the geometry of that setup. The
width of the channel that goes over the liquid is 6cm, this is equal to the end of the
inlet part, shown in figure A.2. The height of this channel in the setup is 2mm. To
translate the litre per minute value from the flow meter, to the maximum air velocity
used in the report, the code in appendix B is used in Mathematica.
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(A) frontside (B) backside

FIGURE 4.11: Flow meter used to measure air flow velocity

4.4 Microscope

Figure 4.12 shows the reference frame to illustrate the sizes of the microscope pic-
tures in this report.

Objective: MPlanApo 2.5x/0,08
Magnification changer: 1 or 2 (setting 1 or setting 2 in images)

i

FIGURE 4.12: Microscope view for reference frame, one square grid
has sides with length 200um. Magnification changer: 1
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Results

5.1 Falling droplet displacements

To investigate the influence of the air flow on the trajectory of a falling droplet, the
equations in section 3.2 are used. The liquid that is jetted is assumed to be Ethylene
glycol, whereas the jetting velocity in the vertical direction is around 6m /s (Chuang,
2017). The droplets that are used are normally 6pL. The height of the printhead
is 1mm and the maximum air flow velocity is 1m/s. Several of these values will
be variable at one point, otherwise they will be at the mentioned value. Figure 5.1
shows the trajectory of a jetted droplet.
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FIGURE 5.1: Trajectory of a droplet being jetted, with V. = 6pL,
Umax =1-2m/s, H = 1mm, Ujey = 6 - /s, tignging = 1.8s,dt = 0.1s,
this is also the time between two positions of the droplet

In the next sections, the influence of several variables on the displacement of the
droplet is investigated. Note that the exact results was shown in equations 3.7 and
3.7. However, especially the x component of the solution is quite complicated, so in
this chapter a more basic relation is found.
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5.1.1 Volume droplet

First the influence of the volume droplet is investigated. Figure 5.2 shows the dis-
placement d from figure 3.1 vs the volume of the droplet.

%107 Droplet displacement

O Data
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Horizontal drop displacement [m]
€]

0 1 1 1 1 1
0 2 4 6 8 10 12

VO [pL]

FIGURE 5.2: Displacement ‘d’ of a jetted droplet vs its volume, with
Upar =1-%m/s, H = 1mm, Ujet = 6-17m/s, Fit data in table 5.1

Fit function y = ax?

Variable | Value Standard error
a 3.49588 - 1017 | 1.54204 - 10~
b —0.79098 0.03896

TABLE 5.1: Fit values for fit in figure 5.2

5.1.2 Height printhead

Figure 5.3 shows the influence of the height on the displacement of the droplet when
landend in respect to where it was jetted.
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Droplet displacement
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FIGURE 5.3: Loglog plot of the displacement ‘d’ of a jetted droplet vs

height printhead, with Uy = 1-%m/s, V = 6pL, Ujet = 6-Jm /s, Fit
data in table 5.2

Fit function y = ax?

Variable | Value Standard error
a 72.61216 | 16.01012

b 2.39702 0.04222

TABLE 5.2: Fit values for fit in figure 5.3

5.1.3 Air flow velocity

Figure 5.4 shows the influence of the air flow velocity on the displacement of the
droplet when landend in respect to where it was jetted. The variable U, is the
maximum velocity in the Poiseuille profile flow.
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Horizontal drop displacement [m]

%107 Droplet displacement

0 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3

Umax [m/s]
FIGURE 5.4: Displacement ‘d’ of a jetted droplet vs the maximum air
velocity, with H = 1mm, V = 6pL, Ujet = 6-Gm /s, Fit data in table
5.3

Fit function y = ax?

Variable | Value Standard error
a 6.21140 - 107%; | 2.05808 - 102"
b 1 3.52313 -101¢

TABLE 5.3: Fit values for fit in figure 5.4

5.1.4 Jet velocity

Figure 5.5
printhead.

shows how the drop displacement is related to the jetting velocity of the
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FIGURE 5.5: Loglog plot of the displacement ‘d” of a jetted droplet vs
jet velocity, with H = 1mm, V = 6pL, Uyax = 6 - £m/s, Fit data in

table 5.4
Fit function y = ax?
Variable | Value Standard error
a 3.55669 - 10~%; | 6.94012 - 10~
b —2.32404 0.01949

TABLE 5.4: Fit values for fit in figure 5.5

5.2 Heating up liquid in beaker-timescales

The liquid used for the experiment without external airflow was ethylene glycol, to
achieve the uniform condensation, which was described in section 4.1. Simulations
were done to check the amount of time it takes for a beaker of liquid to heat up to a
state in which the temperature can be assumed uniform at the desired value. Figure
5.6 and 5.7 show the temperature of the liquid and the beaker after respectively
60 and 1800 seconds. Figure 5.8 shows the temperature development over time of
the centre of the beaker, at the top of the liquid. All figures clearly show that the
temperature after a quarter of an hour is more or less constant.
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Time=60 s, Temperature (K)

"0.04
0.035 340
0.03 335
0.025 330
0.02 325
0.015 320
0.01 315
0.005 310
0 305
-0.005 300

-0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05 m

FIGURE 5.6: Temperature of the aluminium beaker and the liquid
after 60 seconds, hot plate at 70°C

Time=1800 s, Temperature (K)

™0.04
0.035 340
0.03 335
0.025 330
0.02 325
0.015 320
0.01 315
0.005 310
0 305
-0.005 300

-0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05 m

FIGURE 5.7: Temperature of the aluminium beaker and the liquid
after 1800 seconds, hot plate at 70°C
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FIGURE 5.8: Temperature at the centre of the metal beaker, at the top
of the liquid, plotted over time, hot plate at 70°C
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5.3 Experiment without external airflow

5.3.1 Model

The model used was the model from section 3.4. Figure 5.9, 5.10 and 5.11 show
respectively the temperature, the horizontal velocity and the concentration of EG
vapor after 20 seconds of simulating.

m
0.012;

K
0.01}
340
0.008}
335
0.006¢
330
— 0.004}
£ 325
~ 0.002}
320
o 315
-0.002¢ 310
-0.004} 305
-0.006( 300
0 0.005 0.01 0.015 0.02 0.025 m
rim]
FIGURE 5.9: Temperature at f = 20s, with Tgg = 70°C and H = 5mm,
focussed on gas domain.
o
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FIGURE 5.10: Horizontal velocity at t = 20s, with Trg = 70°C and
H = 5mm, focussed on gas domain.
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FIGURE 5.11: Concentration of EG vapor at t = 20s, with Trg = 70°C
and H = 5mm, focussed on gas domain.

Condensation Rate

In order to track the condensation, the condensation rate at the glass, precisely above
the centre of the beaker (so r = 0) is plotted against the time for several situations in
figure 5.12. Note that

dc M
7D(Tgas)7EG

CondensationRate =
0z PEG

(5.1)

%1078

(e}

L [—H=1mm
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H=3mm
L —H=4mm 4
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H=6 mm

a
|

N

N
Il

Condensation Rate [m/s]
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[e)
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FIGURE 5.12: Condensation rate for several heights plotted against
time, Trg = 70°C, zoomed in

It can be seen that the condenstaion rate, with the exception of the H = 1mm
case, becomes quite steady after 5 seconds. Therefore, the value for the condensation
rate is taken at 5 seconds, in order to compare this to the experimental values. Also
because this is the time that it takes before it is possible to measure condensation in
the beaker experiments.

For the experiments, the condensation rate is determined the way it is described in
section 2.14.
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Height vs condensation rate

Figure 5.13 shows the condensation rate plotted againts the height of the gas domain.
This is also the distance between the liquid and the glass.
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FIGURE 5.13: Condensation rate plotted against the height at t = 5s
for model. Tgg = 70°C, Fit data in table 5.5 and 5.6

Fit function y = ax?

Variable | Value Standard Error
a 6.79971-10~11 | 9.9895 - 101
b —0.96861 0.00227

TABLE 5.5: Fit values for Model fit in figure 5.13

Fit function y = ax?

Variable | Value Standard error
a 6.07246 - 1077 | 4.02694 - 10~°
b —0.46008 0.10441

TABLE 5.6: Fit values for Experiment fit in figure 5.13

Temperature vs condensation rate

Figure 5.14 shows the condensation rate plotted againts the initial temperature dif-
ference between the liquid and the glass.
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FIGURE 5.14: Condensation rate plotted against the temperature
difference between the liquid and the glass at t = 5s for model.
H = 5mm, Fit data in table 5.7 and 5.8

Fit function y = ax?

Variable | Value Standard Error
a 5.32801-10~* | 1.58778 - 10~
b 3.22169 0.07205

TABLE 5.7: Fit values for Model fit in figure 5.14

Fit function y = ax?

Variable | Value Standard error
a 456918 -10"17 | 5.50487 - 10~ 7
b 6.6459 0.28359

TABLE 5.8: Fit values for Experiment fit in figure 5.14

In an attempt to make the model better agree with the experiment, the model was
expanded with the actual liquid and beaker in order to better represent the experi-
ment. Despite the effort that was put into that model, the results did not seem to be
realistic in any kind, as velocities quickly turned to values in the order of kilometres
per hour and temperatures above 150 degrees Celsius.

5.4 Transition point Model

5.4.1 Model

The model from section 3.5 in combination with the procedure of section 4.2 was
used to investigate the position of condensation, also know as the transition point.
Figures 5.15, 5.16 and 5.17 show some results of the simulations. The liquid used
here is Ethylene glycol. Until mentioned otherwise, these simulations were time
dependent, however, it was clear that after 0.1 seconds a steady state seemed to be
reached in almost all cases, except for extraordinary ones with low velocities, or long
domains.
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Relative concentration, c/(cSat(Tgas)/M_liq) [1], att =0.1s
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FIGURE 5.15: Relative concentration of EG vapor with respect to sat-
urated concentration cg,; at t=0.1s, Ty, = 70°C, Truer = Tamp and
umax,inlet =15m/s
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FIGURE 5.16: Temperature at t=0.1s, Ty, = 70°C, Trypet = Tomp and
Umax,inlet =1.5m/s
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FIGURE 5.17: Velocity profile, at t=0.1s, Ty, = 70°C, Tiprer = Ty
and U,y inter = 1.5m/s

Our goal was to determine the position of the transition point at the top of the
domain. As described in section 4.2, this simulation was done in 2 steps. To con-
firm that the second step, adding the condensation layer, was done correctly, figure
5.18 shows the relative concentration at the top of the domain. An important note

regarding figure 5.18 is that the concentration is given in [’%] , whereas the function

csat (Tgas) has units [%]
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FIGURE 5.18: Relative concentration with respect to saturated con-
centration cg,; at t=0.1s at y=1mm (Top channel)

It can be seen that the concentration, after the transition point, is set to the sat-
urated concentration, which is constant due to the temperature constraint set in the
model. Important however is, that the transition to the saturated concentration hap-
pens exactly at the point where the concentration is equal to the saturated concen-

tration.

Height dependency

Ethylene Glycol
Figure 5.19 shows the dependency of the transition point on the channel height.
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FIGURE 5.19: Transition point vs height, U,y 1n1er = 1.5m/s, AT =

35K, fit data in table 5.9
Fit function y = ax?
Variable | Value 95% low bound | 95% high bound
a 1589 -10* | 1.3362 - 10* 1.8409 - 10*
b 2.067 2.043 2.092

TABLE 5.9: Fit values for fit in figure 5.19
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Equation 2.33 indicated dat the entrance length, here the transition point, is pro-
portional to the height squared. The fit in table 5.9 also shows this, as the exponent
is very close to 2.

Toluene

Figure 5.20 shows the dependency of the transition point on the height if toluene
is used for the liquid.
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FIGURE 5.20: Transition point vs height, Uy, 11 = 1.5m/s, AT =
35K, fit data in table 5.10

Fit function y = ax?

Variable | Value 95% low bound | 95% high bound
a 3.3651-10* | —1.4312-10* | 8.1614-10*

b 2.082 1.867 2.298

TABLE 5.10: Fit values for fit in figure 5.20

Velocity dependency
Ethylene Glycol

Figure 5.21 in combination with table 5.11 show the transition point - velocity
relation. Not that the velocity is the average velocity over the height of the channel
at x = FP. This means

1 H
Unigr = /O xdy. (5.2)

Equation 2.33 stated that the transition point (entrance length) should be linearly
proportional to the velocity. The fit results in table 5.11 show that this indeed looks
true.
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Toluene
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FIGURE 5.21: Transition point vs average velocity at x=FP, H = 1mm,
AT = 35K, fit data in table 5.11

Fit function y = ax?

Variable | Value | 95% low bound | 95% high bound
a 0.0101 | 0.01 0.0102
b 0.9753 | 0.9699 0.9807

TABLE 5.11: Fit values for fit in figure 5.21

Figure 5.22 and table 5.12 show the graph and the fit data regarding the velocity
influence on the transition point.
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FIGURE 5.22: Transition point vs average velocity at x=FP, H = 1mm,
AT = 35K, fit data in table 5.12

Fit function y = ax?t

Variable | Value | 95% low bound | 95% high bound
a 0.02362 | 0.02335 0.02389
b 0.9857 | 0.9707 1.001

TABLE 5.12: Fit values for fit in figure 5.22
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Temperature dependency

Ethylene Glycol

Last dependency is the temperature. Equation 2.33 does not immediately show a
clear relation between the temperature and the transition point. However, when
filling in all the values in the equation, it is possible to compare the model data with
the absolute values that come out of the equation. Figure 5.23 shows the data of the
model, the results of equation 2.33 and the fit going through the model data.
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FIGURE 5.23: Transition point vs bottom temperature, H = 1mm,
Uypax, nter = 1.5m /s, fit data in table 5.13

Fit function y = ax?

Variable | Value | 95% low bound | 95% high bound
a 0.2468 | 0.2423 0.2513
b —0.906 | —0.911 —0.9009

TABLE 5.13: Fit values for fit in figure 5.23

Figure 5.23 show that the result of the models are close to equation 2.33. The off-
set can have different reasons, as a few assumptions were made to construct equa-
tion 2.33. However, the overall proportionality between the transition point and the
temperature are close to equal. This proportionality is described by the fit going to
the data, with values in table 5.13.

Toluene
Figure 5.24 and table 5.14 show the graph and the fit data regarding the temperature
influence on the transition point.
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FIGURE 5.24: Transition point vs bottom temperature, H = 1mm,
Upnax, mier = 1.5m /s, fit data in table 5.14

Fit function y = ax?

Variable | Value 95% low bound | 95% high bound
a 0.1433 —0.3157 0.6023
b —0.8439 | —1.198 —0.49

TABLE 5.14: Fit values for fit in figure 5.24

Peclet number

Last to investigate is the dependency on both the height and the velocity of the gas
flow. This is combined in the Peclet number from equation 2.36. Figure 5.25 shows
the relative transition point, relative to the height, plotted against the Peclet number.
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FIGURE 5.25: Relative transition point vs Peclet number, AT = 35K,
fit data in table 5.15
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Fit function y = ax?

Variable | Value | 95% low bound | 95% high bound
a 0.1172 | 0.1145 0.12
b 0.9815 | 0.9777 0.9853

TABLE 5.15: Fit values for fit in figure 5.25

Equation 2.33 states that the relative transition point (££) should be linearly pro-
portional to the Peclet number. This is also shown by the fit data in table 5.15.

Toluene
Figure 5.22 and table 5.12 show the graph and the fit data regarding the Peclet num-
ber influence on the transition point.
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FIGURE 5.26: Relative transition point vs Peclet number, AT = 35K,
fit data in table 5.16

Fit function y = ax?

Variable | Value | 95% low bound | 95% high bound
a 0.217 | 0.2068 0.2272
b 0.9879 | 0.9791 0.9968

TABLE 5.16: Fit values for fit in figure 5.26

5.4.2 Experiment

To compare with the real experiment, the model from section 3.6 is used. This was
done to have a model more similar to the experimental setup. Figure 5.29 shows
the transition point dependency on the maximum gas flow velocity of the experi-
mental setup and the model data. The model data is from a stationary solution, as
previously is was noticed that the time dependent simulations became steady after a
short while (0.1s). The experimental measurments were also done at a steady state,
mostly this was after 15 minutes. Reason for this longer time was the fact that the
whole setup heat up due to it being on hot plate. Therefore the results kept changing
in the first quarter of an hour before becoming steady.

Important to know is that in order to find the transition point, the whole setup is
moved under the microscope. This makes it very hard to see the process of conden-
sation happening from the beginning, as the transition point has to be found after
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setting a specific value for the gas flow velocity. After the transition point is found,
it could look like roughly two different scenarios. If the transition point is moving
away from the start of the liquid layer (retracting), the transition point is very clear,
as show in figure 5.27

FIGURE 5.27: The transition point moving to the left, clearly a visible

and direct distinguish between non-condensation and condensation,

note that the gas flow is from right to left and increasing or increased
not more than a minute before the picture, Setting 1 for microscope

However, if the condensated layer steady for a while, or the transition point is
moving toward the beginning of the liquid due to a lower gas velocity, the transition
from condensation to non-condensation is far less clear, which is shown in figure
5.28

FIGURE 5.28: The transition point a few minutes after changing the

gas flow, not clearly a visible and direct distinguish between non-

condensation and condensation, note that the gas flow is from right
to left steady for a while, Setting 1 for microscope
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FIGURE 5.29: Relative transition point vs U,y at the inlet, AT = 55K,
fit data experiment in table 5.17

and model fit data in table 5.18.

Fit functiony = ax + b

Variable | Value 95% low bound | 95% high bound
a 0.2785 | 0.2696 0.2874

b 0.01517 | 0.01454 0.01581

TABLE 5.17: Fit values for Experiment fit in figure 5.29

Fit functiony = ax + b

Variable | Value 95% low bound | 95% high bound
a 0.03091 0.02801 0.03381

b —0.0004967 | —0.0008823 —0.000111

TABLE 5.18: Fit values for Model fit in figure 5.29

5.5 Shear-induced displacement of a volatile thin liquid film

To test the influence of an air flow going over a liquid layer, in respect to the evap-
oration of that layer, the numerical model from section 3.7 was used. The Vernooij
number is defined as described in equation 2.73.

5.5.1 Layer height

To show how the layer height normally develops, figure 5.30, 5.31 and 5.32 show the
height of the liquid layer for different times. The liquid used here was toluene.
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FIGURE 5.31: Height liquid layer at different times. Evap = 10um/s,
Hoy = 20pum, Uy, = 1000m /s

Note that a velocity of 1000m /s is not realistic, but it shows how high the air
velocity has to be to significantly move the liquid.
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FIGURE 5.32: Height liquid layer at different times. Evap = 10um/s,
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Figure 5.30 and 5.31 show the same case, only for 2 greatly different air velocities.
It is clear to see that at the beginning of the liquid layer, extra liquid is blown away
in the case of a high air velocity. This then stacks up at the end of the layer, as the
simulations are set with a no flux at both end of the domain. Figure 5.32 shows
both cases in the same graph, only now the height of the liquid is 200um and the the
maximum air velocity is either 0 or 10m/s. In this case it is also visible that liquid
is taken from the beginning of the layer, and extra liquid is flown to the end of the
layer. However, different from the smaller liquid layer, here it seems like the liquid
trying to establish a uniform layer due to gravity. This is logical, as due to the larger
liquid layer thickness, the timescales are larger with a factor 10. This makes the
absolute difference in height between the beginning and the end of the liquid, due
evaporation larger and larger. Therefor, eventually, the liquid surplus at the end of
the layer will start to make its way to the beginning of the liquid due to gravity.
To make a more qualitative analyse, the following equation is used to investigate the
amount of liquid that is moved, with respect to the "no-airflow" case.

Jo e n(#) = o ()] dx

, 5.3
2Wlayerh0(t = 0) ( )

Vliq,moved (t* ) =

with Vj;; the moved liquid, h(t*) the height of the liquid layer at t = t*, with t* the
point in time when the front of the liquid layer is fully evaporated in case of a no-
airflow situation. hy(t*) is the height of the liquid layer without air flow at t = t*
and Wi, the width of the liquid layer.
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FIGURE 5.33: Moved liquid from equation 5.3 plotted against Ver-
nooij number for toluene. Fit data in table 5.19
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Tol, Fit function y = ax?

Variable | Value Standard error
a 1.63423 - 107 | 5.4943610~°

b 0.99889 0.00279

TABLE 5.19: Fit values for fit in figure 5.33
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FIGURE 5.35: Moved liquid from equation 5.3 plotted against Ver-
nooij number for EG. Fit data in table 5.20
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FIGURE 5.36: Moved liquid from equation 5.3 plotted against Ver-
nooij number for EG. Zoomed in compared to figure 5.35

EG, Fit functiony = ax?

Variable | Value Standard error
a 1.64506 - 10~ 10 | 3.3580810 !

b 1.05578 0.02738

TABLE 5.20: Fit values for fit in figure 5.35

5.6 Drying liquid layer

As mentioned in section 3.8, only a simplified model of the drying liquid layer
worked. However, this does show that the principle seems to be right.
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FIGURE 5.37: Concentration surface plot. Uyax = 0.009m/s, csar =
1mol /m3

Figure 5.38 shows the height at different moments in time to show the develop-
ment of the liquid layer. Figure 5.39 shows the development of the position of the
liquid layer front.
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Chapter 6

Discussion

6.1 Results

6.1.1 Falling droplet displacement

Table 6.1 shows the relations that were found regarding the horizontal displacement
of the droplet at the moment of landing.

Horizontal Displacement d[m]
Variable Fit function

VO [m3] d= (3 + 2) i 10717V070.079i0.04

Him] d = (74 2) - 10 2404004
Umax [Wl/S] d - 6.21140 . 1076Umax

Ujt[m/s] d = (3557 +7) - 10—7u];3.32io.oz

TABLE 6.1: Horizontal droplet displacement relations

Getting a small displacement is key, as the to-be printed structures are also very
small. In order to prevent condensation, one can move the printhead further away
from the substrate, but table 6.1 shows that this increases the displacement of the
droplet a lot. Purely looking at the displacement of the droplet, it is advantageous
to choose a faster air flow, as this will not displace the droplet that much, due to its
linear relation.

In order to print smaller and detailed structures, small droplets can be desirable.
However, it can be seen that small droplets can cause major displacements due to
the lack of mass, causing them to get carried by the air flow much further.

6.2 Experiment without external airflow

Table 6.2 and table 6.3 show the found relation between temperature and distance
with the condensation rate for the model and the experiments.
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Condensation Rate CR[m /5]
Variable Fit function

H  CR=(6.8000.001) - 10~ 11 [ ~0969::0.002

ATIK] CR = (542) - 10" 14AT322£007

TABLE 6.2: Condensation Rate from simulations

Condensation Rate CR[m/s]
Variable Fit function

H CR = (6+4)-109H 0501

AT[K] CR = (546)-10"19AT66+03

TABLE 6.3: Condensation Rate from experiments

The most important thing is the fact that the velocities of the experiment, seem to
be significantly larger than those of the model. This was at most times a difference
of a factor 10. This difference can be caused by a lot of reason, from which two of
them will shortly be elaborated.

¢ Non-simulated flows: Figure 5.10 shows that the velocities in the centre of the
beaker are very small. However, at the sides, this velocity get bigger. Although
it is still not a large, significant velocity, one can make the relation between this
pattern and a Rayleigh-Bénard convection patterns. If such a pattern would be
there, it could enhance the condensation strongly. Giving reason for a higher
condensation rates in the experiments.

* Hygroscopicity of Ethylene Glycol: Another reason could be the fact that
ethylene glycol tends to absorb water from its surrounding if left exposed to it.
Water tends to evaporate faster than Ethylene Glycol, which could mean more
liquid vapor in the air. However, one has to take in mind that this also goes
for the condensation. A liquid that quickly evaporates more than it condenses,
also has a harder time to condense on a surface, as it needs a very low tem-
perature to tip the balance between evaporation and condensation in favor of
condensation.

Apart from the higher condensation rates for the experiments, it is also clear
that the relations between height and condensation and between temperature and
condensation do not match very nice. For the model, the functions seems to fit quite
nice for the height dependence. Also they are not too bad for the temperature depen-
dence as well. However, the fit functions for the experimental values do not seem to
match that nice. This is better seen in figure 5.13 and 5.14. This could indicate some
other effect which is temperature and height dependent, causing the relations to be
more complicated than a power relation. This might indicate that the model used
here is not sufficient to estimate the growth of the condense layer.
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6.2.1 Transition point

Table 6.4 and table 6.5 show the relations between the transition point and several
variables, for ethylene glycol and toluene.

Transition point TP[m], EG
Variable Fit function

H TP = (1.6 £0.3) - 10*H>06+0.02

Ulm/s] TP = (0.0101 + 0.0001 ) L]0-970:0.005
AT[K] TP = (0.247 4-0.005) AT ~9-906+0.005

Pey[l] TP = (0.117 4 0.003) Pey;*-982+0:004

TABLE 6.4: Condensation Rate from experiments

Transition point TP[m], Tol
Variable Fit function

H TP = (3+£5) - 10*H*1=02

U[m/s] TP = (0.0236 + 0.0003)u0.99:to.02
ATK] TP =(0.1+ 0.5)AT‘0~8iO-4

Pey[l] TP = (0.22+0.01)Pey 098820009

TABLE 6.5: Condensation Rate from experiments

Height

Purely looking at the proportionallity between the height and the transition point,
the relations agree with the theoretical relation that stated

TP ~ H?.

However, for the toluene the fit does not seem to be a perfect fit, looking at the
uncertainty. One should however take in mind that the fit for toluene was made out
of only three data points, which largely increases uncertainties. Comparing the two
liquids, toluene is better used as liquid, as the transition point is further away from
the start of the liquid compared to the ethylene glycol.

Velocity

The air velocity relations in both cases agree with the theory, which states that this
should be a linear relation,
TP ~ U.

Both data sets were fitted with a potential power relation fit. Both turned out with an
exponent almost equal to one, indicating a linear relation. Again the toluene is the
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liquid with the largest transition point, meaning it is better suited as liquid, purely
based on the positioning of the transition point.

Temperature

The temperature relation is harder to compare to the theory, as there is no given
relation for it. However, in section 5.4.1 it was clear that the found relations of the
tits trough the data looked right and in the same order of size. Again for the toluene
the uncertainty is quite big, but these measurement were done with three data points
which is hard to fit trough. For both liquids the relation between the temperature
and the transition point seems logarithmic, as the double logarithmic plots were
linear. However, for larger differences in temperature, the theory did not seems to
agree perfectly with this. This can be due to the assumptions made in the derivation
of the theory, such as the assumption that a iso-thermal situation was the case, as
this is clearly not true.

Peclet number

The found relations between the peclet number and the normalized transition point
were very good. Both for ethylene glycol and the toluene the relation turned out to

be linear, as expected,

TP
|~ Pen

Transition point experiment

Table 6.6 shows the found relations between the transition point and the maximum
air velocity.

Transition point TP[m]|, EG
Variable Fit function

Experiment U[m/s| TP = (0.279 +0.008)U + (0.0152 + 0.0006)

Model  U[m/s| TP = (0.0310.003)U + (—0.0005 == 0.0004)

TABLE 6.6: Condensation Rate from experiments

Starting with a positive note on the results found, regarding the transition point
behaviour as an effect of air velocity, is the fact that both the experiment and the
model give a linear relation between the two. Note that for this part of the transition
point experiments, a slightly different model was used, but this does not seem to
affect the linear dependency. It has to be said that the fit function in this case was
already linear, but the low uncertainties indicate that the linear relation holds. Mov-
ing on, beside the linearity, the results are not that good. The values of the transition
point are far from each other, when comparing results to simulation. The model
transition point is far smaller, meaning condensation will happens much earlier in
the domain in comparison to the experiment. This is contrary to the conclusion that
was made after section 6.2, where it was seen that the condensation rate seemed to
be lower in the model than in the experiment.

A possible (part of the) explanation would be the heating up of the setup. In the
model, the glass does not heat up that much, as all the heat transfer has to come
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from the substrate, trough the air. However, in the setup, all part are connected
with metal holder and screws. They obviously transfer heat very easily due to the
high thermal conductivity of metals. This can cause the setup to be heating up much
faster. Even with this heating, one should take in mind that the metal is not touching
the glass directly, as the glass plate is hold in place by a perspex plate. Therefore the
heating of the setup will make some difference, but probably not enough to cause
the large factor 10 difference in the transition point formulas from table 6.6.
Another area to look into is the gas flow coming into the setup. Even though the
gas is cooled by a heat exchanger which is kept at a constant temperature, there is
still some length of tube in-between the heat exchanger and the setup. In the time it
takes the gas to travel trough from the heat exchanger to the setup, the temperature
can vary due to heat exchange with its surrounding. When this gas heat ups (mean-
ing it gets closer to room temperature), it can not cool the glass plate as much as in
the model is assumed, meaning the temperature difference is smaller. However, this
would then indicate a lower condensation rate, meaning a larger transition point,
which would be closer to the experimental value of the transition point.

One other remark that has to be made about the experimental setup is the flow reg-
ulator. In front of the flow meter, there is a valve to control the gas flow rate. How-
ever, the used valves were not steady, meaning that if the air flow was set to a certain
value, after a while the flow rate would become lower. This was not much, but given
the small displacements between the transition points, it prevented a good measure-
ment to investigate the temperature influence on the transition point position. In
order to have a reliable measurement investigating the temperature distance, the ve-
locity should be kept at the same value, this was not possible due to the declining
gas velocity. Also, the valve was so sensitive to movement, it was nearly impossible
to set the air flow at a certain specific value.

6.2.2 Shear-induced displacement of a volatile thin liquid film

Table 6.7 shows the relation found between the normalized volume of moved liquid
and the Vernooij number. The normalized volume of moved liquid was defined in
equation 5.3, whereas the Vernooij number was defined in equation 2.73.

Normalized volume of moved liquid V[1]
Liquid  Variable Fit function

Tol ~ Vernooij[1] V[1] = (1.63 £ 0.005) - 10~7 Vernooij**=00%

EG  Vernooij[l] V[1] = (1.6 +0.3) - 10~ 10Vernooij00+00

TABLE 6.7: Normalized volume of moved liquid

The relation between the Vernooij number and the normalized volume of moved
liquid turned out to be linear for both cases, given the fact that the power fit gives
an exponent close to 1. However, it was seen that this results works great for larger
Vernooij numbers, but for small Vernooij numbers it seemed less likely that the vol-
ume of moved liquid is an effect of only the gas flow velocity and the evaporation
rate as data points are further apart in that region. Especially for thick liquid layers,
gravity seemed to be playing a role as the liquid tries to establish a uniform layer
height during. The big difference between the two used liquids is that for ethylene
glycol, the air flow has a much smaller effect on the layer height than in the case of
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toluene. A good explanation for this is the higher viscosity of ethylene glycol. The
viscosity of ethylene glycol is a factor 20 larger, this means the liquid is harder to
move around by an external air flow, resulting in less volume moved.

6.2.3 Drying liquid layer

As said earlier, the model did not work the way it was supposed to do. However, the
results for the more simplified model are promising. It is clear to see that the liquid
layer front moves to the right as the layer evaporates until the point that the layer
height is equal to zero. In combination with solving the temperature equation, this
could eventually lead to a more realistic model in which it is also possible to check
the concentration at the top of the boundary, where the condensation is happening.

6.3 Suggestions/Improvements experiments

6.3.1 Experiment without external airflow

The following suggestions could be made to improve the experimental setup with-
out external air flow designed to investigate the condensation rate.

¢ Use different sizes of beakers, in order to prevent/estimate the Rayleigh-Bénard
convection

¢ Use fresh Ethylene glycol without absorbed water.

¢ To make the model agree better, another effort has to be made to expand the
model with the beaker itself and the liquid. This makes it possibles to check
if a possible Marangoni flow transfers liquid vapor to the glass more quickly,
resulting in a higher condensation rate.

6.3.2 Transition point experiment

The following suggestions could be made to improve the experimental setup used
to find the transition point in a certain situation.

¢ Prevent metal from connection bottom setup to top setup. Top setup indicates
everything above the perspex plate that separatess the bottom from the top
part.

* Measure temperature incoming gas flow
¢ Better controllable valve for the incoming gas flow
* More steady valve for the incoming gas flow

* Measure temperature glass plate (plate on whcih condensation is happening)
to better specify temperature effects

If the above suggestions work and a more repeatable and reliable process can be cre-
ated, it is also very interesting to look at the condensation rate,close to the transition
point. Also the liquid layer profile could than be investigate more due to the fact
that one would know were to look from the beginning, instead of searching for the
transition point.
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6.3.3 Shear-induced displacement of a volatile thin liquid film

It can also be an interesting, maybe less time consuming idea to design an experi-
ment to track the height of a liquid layer in the presence of a gas flow going over the
liquid. This experiment can than be used to validate the models in this report.
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Chapter 7

Conclusion

This report focussed on several parts of the inkjet printing process which could influ-
ence the condensation in the vicinity of a highly evaporating liquid layer. To prevent
condensation at unwanted places three main variables were investigated, being the
temperature difference between the evaporating liquid layer and its surrounding,
the distance between liquid layer and place of condensation and the velocity of the
gas flow that is used to transfer liquid vapor out of the system before it can con-
dense.

Even before the jetted liquid has touched the surface, the mentioned parameters are
already of importance for the path of the droplet to its landig spot on the surface. It
was seen that the volume of the droplet and the height of the printhead both had a
power relation with the horizontal displacement of the droplet. Whereas the relation
of the maximum gas velocity with the displacement was linear. This could indicate
that using a higher maximum gas velocity has the smallest effect on displacement
of the droplet, taken into account that high precision is wanted to obtain smaller
printed structures.

In order to measure condensation, the experiment without the external air flow was
used to investigate measuring abilities. It turned out that the condensation is nicely
measurable, however the results did not match the results from the simulations. Sev-
eral reasons for this were given, being the hygroscopic nature of the used ethylene
glycol with water, or Rayleigh-Bernard convection pattern, which was not taken into
account in the simulation. However, both does not seem to be the whole reason, as
the relation between temperature and condensation, as well as the relation between
distance and condensation were quite different for model and experiment.

The models used to calculated the transition point, the point where non-condensation
transitions into condensation, worked very well. Both for ethylene glycol and toluene
the relations agreed with the earlier found theory, indicating a working principle.
However, again in the experiment vastly different results were found. The experi-
mental values for the transition point were larger than the ones for the model, even
with an adjusted model to get a model closer to the reality. These larger transition
points meant that the condensation was happening further away from the beginning
of the liquid, meaning less condensation. A positive note was that despite difference
in data, they both showed a clear linear behaviour, which was expected given the
theory.

Last physical process that was investigated was the direct effect of a gas flow over a
liquid layer on the layer height. In order to make sure that the jetted droplet with its
component stays at the right place, one has to make sure that the liquid is not already
blown away before the solvent is evaporated. The models used for this show a lin-
ear behaviour between the Vernooij constant and the normalized volume of moved
liquid. It also turned out that regarding the two used liquids, ethylene glycol is the
more suitable one, if the focus is on not moving the liquid before it is evaporated.
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Last a suggestion is to design an experiment to check these findings regarding the
gas flow velocity and the evaporation velocity.
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Transition point experiment setup
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FIGURE A.1: Detailed view of the experimental setup for the transi-
tion point experiment
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plate is the plate on which the condensation is tracked.
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LPM to maximum air velocity

ClearAl1["‘¢x*"]

LPM = 2;
H = 2x10"-3;
W = 60%10"-3;
a = 4xU/H"2;

V=-ax(y - 0.5xH)"2 + U

eqn = IntegratelV, {y, 0, H}]/H

sol = Solve[equ*H*W+1000%60 == LPM/2]
Plot[V /. sol[[1]1], {y, O, H}]

eqn /. sol[[1]]
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Appendix C

Matlab code trajectory jetted
droplet

1ed 'C:’

2 close all

3 clear all

4

5

6 vel_drop_init = [0,-6]; %Initial drop velocity at point
of jetting

7 eta_air = 1.846+10"-5; %Dynamic viscosity air

8 eta_EG = 0.0162; %Dynamic viscosity Ethylene
glycol

9 eta_liquid = eta_EG; %Dynamic viscosity used in script

10 labda = eta_liquid/eta_air; %Ratio dynamic viscosities

11 %R = 10e-06; %Radius spherical droplet

12 rtho = 1110; %Density liquid

13

14 g = 9.81; %Gravitational acceleration

15H = 110" -3; %Heigth printhead

16 %AirFlowMax = 1; Y%Maximum air flow velocity (centre

poiseuille
17 %flow )

18 saveOn = 0; %Posibility to save
19
20 StokesDrag = 0; %Use normal stokes drag (

otherwise advance)

21 IndexTotal = 1;

22

23 %Possible combinations of variables:

24 %Ujet = [0,-1,-2,-3,-4,-5];

25 UAirmax = [0.1, 0.25,0.5,0.75,1, 2, 3];

26 %Hprinthead = [0.25e-3, 0.5e-3, 0.75e¢-3, 1le-3, 2e¢-3, 3e-3, 4e
-3, 5e-3];

27 %emDrop [1e-12, 10e-12, 20e-12, 40e-12, 40e-11, 40e-10];

28 %RDrop = [10e-7, 5e—-6, 10e—6, 5e—6, 10e-5, 10e—-4];

29 %mDrop = [20e-12];

30 %V0 = (le-12:1¢-12:12¢-12)/1000;

31 VO 6e-12/1000;

32 RO (3/4/pixV0).~N(1/3); %Radius droplet
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88 Appendix C. Matlab code trajectory jetted droplet

%testl = wvariable that is investigated , AirFlowMax in this
case

for testl = UAirmax

%R = testl;

m = 4/3+pi*R"3+rho;

9H = testl;

AirFlowMax = testl;

syms y(t);

Dy = diff(y,t,1);

Dy2 = diff(y,t,2);
if StokesDrag ==
ode = Dy2 == —g — 6xpireta_air*R«Dy/m;
else
ode = Dy2 == —g — 4sxpireta_air*R«Dy/m=(3xlabda+2) /(2x(
labda+1));
end
condl = y(0) == 0;
cond2 = Dy(0) == vel_drop_init(2);
conds = [condl cond2];
ySol(t) = dsolve(ode,conds); %Solution vertical force
balance differential equation
Landed = 0;
dt = le-5; %Time step for solution
t_end = 5;
%Search for time where droplet landed:
i=1;
while (Landed ~= 1 && i<=t_end/dt+1)
if (abs(ySol((i-1)*dt)) > H && Landed == 0)
landingTime = (i-1)=xdt;
Landed = 1;
indexLanded = i;
end
i =1i+1;
end
if (i<15)
Landed = 0;
dt = dt/10;
i=1;

while (Landed ~= 1 && i<=t_end/dt+1)
if (abs(ySol((i-1)=dt)) >= H)

landingTime = (i-1)=dt;
Landed = 1;
indexLanded = i;

end
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i =1i+1;
end
elseif (i>1000) %lIf it takes too long (too much
data) then increase time step
Landed = 0;
dt = dt=*10;
i=1;
while (Landed ~= 1 && i<=t_end/dt+1)
if (abs(ySol((i-1)xdt)) > H && Landed == 0)
landingTime = (i-1)=dt;
Landed = 1;
indexLanded = i;
end
i =i+1;
end
end
Yol
%Check y position vs time:

H_line (1:1i)=-H;

figure %

plot(time (1:end) ,posY(l:end) ,time(l:end) ,H_line(l:end))
title ('Y position versus time’)

xlabel ("time ")

ylabel ('y”)

legend ("position droplet’, “substrate’)
%l

%

syms AirFlow (y);

AirFlow (y) = —4xAirFlowMax/H"2)+(-y-0.5+H)2+AirFlowMax; %
Air flow profile

%l

%Check air flow profile:

figure %

fplot (AirFlow(y),[-H,0], "LineWidth " ,2)

title ("Air flow profile’, FontWeight’, "bold ")

xlabel ( "Heigth (y) / H [-]", FontSize’,13, FontWeight’, "bold”’
)

ylabel ("Air velocity / U_{max} [-]", FontSize’,13, FontWeight
", "bold ")

%l

syms x(t);

Dx = diff(x,t,1);
Dx2 = diff(x,t,2);
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126

127 if StokesDrag ==

128 ode = Dx2 == 6xpixeta_air*R/m=+(AirFlow (ySol)-Dx) ;

129 else

130 ode = Dx2 == 4xpixeta_air*R/m=+(AirFlow (ySol)-Dx) *(3+1labda

+2)/(2+(labda+1));

131 end

132 condl = x(0) == 0;

133 cond2 = Dx(0) == vel_drop_init(1);

134 conds = [condl cond2];

135

136 xSol(t) = dsolve(ode,conds); %Solve horizontal
differential equation

137

138 for i = 1l:indexLanded %Save coordinates until landing time

139 timeNew (i) = (i-1)=dt;

140 posX(i) = xSol((i-1)=dt);

141 TotalPosX (3 ,IndexTotal) = double(posX(i));

142 posYNew (i) = abs(ySol((i-1)=dt));

143 TotalPosY (3,IndexTotal) = double(posYNew(i));

144 end

145

146 Displacement(IndexTotal) = double(posX(end)); %horizontal
displacement landing vs beginning

147 H_lineNew (1:1i)=-H;

148

149

150

151 figure %

152 scatter (posX,posYNew, ’LineWidth”, 3)

153 ylim ([0 H]) ;

154 titlestr = sprintf(’Droplet trajectory , landingtime = %d s,
dt = %d, VO = %d’, landingTime ,dt,m/rho);

155 %title (titlestr ,” FontWeight ', bold ")

156 xlabel(’x [m]’, FontSize’,13, FontWeight’, "bold ")

157 ylabel (’'y [m]’, FontSize’,13, FontWeight’, "bold ")

158 ax = gca;

159 ax.FontSize = 13;

160 grid on;

161 box on;

162 set(gca, 'YDir’, 'reverse’)

163

164

165 xVelSol = diff(xSol,t,1);

166 for i = 1l:landingTime/dt

167 velX (i) = double(xVelSol ((i-1)=dt));

168 end

169

170 %figure %

171 %plot (timeNew (1:end) ,velX (1:end))

172 Size = max(size (posX));
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TotalPosX(1,IndexTotal) = double(testl);
TotalPosY (1,IndexTotal) = double(testl);
TotalPosX(2,IndexTotal) = double(landingTime) ;
TotalPosY (2,IndexTotal) = double(landingTime) ;
TotalPosX (3,IndexTotal) = round(indexLanded);
TotalPosY (3,IndexTotal) = round(indexLanded);

IndexTotal = IndexTotal+1;
clearvars xSol ySol posX posYNew;
end

Legend = [];
nrLoops = max(size (TotalPosX(1,:)));

fitfunction = "(x"a)*b’;
myfittype = fittype (fitfunction ,...
"dependent’ ,{'y’}, "independent”’ ,{ 'x"} ,...

4 7

"coefficients’ ,{’a’, 'b"});

options = fitoptions(’Method’, "NonlinearLeastSquares’, ’Lower
",[-Inf -Inf]’, "Upper’, [Inf Inf], ’StartPoint’,[1 O0]);

[myfit, Goodness] = fit (UAirmax’, Displacement’, myfittype,
options);

UAirmaxFit = min(UAirmax) : (max(UAirmax)—min (UAirmax) ) /100:max
(UAirmax) ;

a = 1;

b= 6.21140e-6;

figure %

scatter (UAirmax, Displacement, ’LineWidth’, 3);

hold on;

plot (UAirmaxFit,b*UAirmaxFit.~(a), 'LineWidth’ ,2);

hold off

titlestr = sprintf(’Droplet displacement’);

title (titlestr ,"FontWeight’, "bold ")

xlabel ('U_{max} [m/s]’, FontSize’,13, FontWeight’, "bold ")

ylabel ("Horizontal drop displacement [m]’, FontSize’ ,13,”
FontWeight”, "bold ")

legend ({ "Data’, ' Fit’}, "location’, 'northwest”)

ax = gca;

ax.FontSize = 13;

grid on;
box on;
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Appendix D

Condensation rate from movie
frames measurements without
external air flow

clear all;
close all;

Dir = 'F:\22_09_2020\Movie 8’; %Folder where movie frames
are stored
cd (Dir) ;

powerSize =1; %Either fitting with sin or sin”2 (so 1 or 2)

range =8§; %For the peak finding method, how many frames
apart can it look for another peak in intensity.

RefractionIndex = 1.43;

FPS = 15;  %Frames per second

WaveLength = 470 = 10°-9;  %wavelength used light

first = 100032; %First frame NOTE: name your frames number,
increasing 1 per frame

last = 100228; %Last frame
step = 1; %Step between frames
save = 1; %Save fitted intensity curves in same folder
Video =1; %Make video of frames in same folder
%video writer:
if Video
Pos = strfind (Dir, '\");
VideoName = strcat (' Movie_’ ,num2str(first),’_to_’,num2str
(last),’.avi’); %name video
video = VideoWriter (VideoName) ; %create the video object
open(video); %open the file for writing
for ii=first:last %where N is the number of images
I = imread(strcat (num2str(ii), .BMP")); %read the next
image
writeVideo (video,1); %write the image to file
end
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4 )
? external air flow

close (video); %close the file
end

%coordinates of measurement point in frame
x=[600,700,100,73,1200,1199 330 930 550];
y=[450,600,202,800,900,30 339 723 123];

Intensity = zeros(max(size(x)),round((last-first)/step)+1);

if (size(x,1) ~= size(y,1) || size(x,2) ~= size(y,2))
error(’x and y has to be of the same sizes’);
end

findPosition = 1;  %show frame with coordinates of
measurement points
if findPosition
Testlm = imread(strcat (num2str(first),’ .BMP’));
imshow (TestIm) ;
grid on;
hold on;
plot(x,y, 'g+’, ’'MarkerSize’, 10);
for n = 1:max(size(x))
text (x(n)+18,y(n) ,num2str(n), Color’,’g");
end
hold off;
if save
saveas(gcf, "PositionPoints ,png”)
end
end

diffMaxTimes = zeros(max(size(x)),100);
for p = 1:max(size(x)) %loop over different measurement

points
Index = 1;
for name = first:step:last

File = strcat (num2str(name),’ .BMP’);
if isfile (File)
Im = imread(File);
pause (0.01)
Intensity (p,Index) = Im(y(1,p),x(1,p));
else
disp(strcat(’File ’, File, ' does not excist’));
end
Index = Index+1;
end
figure %

78 %Help values for fitting:

79

minC = min(Intensity (p,:));
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maxC = max(Intensity(p,:));
avgC = (minC+maxC) /2;
maxVarC = (maxC—minC) /2+10;
minVarC = (maxC-minC) /2.2;
testVarC = (maxC-minC) /2;

X = (1:max(size(Intensity)))=(1/FPS);
%Choose fit function
if (powerSize == 2)

fitfunction = "asx+b+crexp(—fx*x)=*sin(d*x+e)”2”;
else

fitfunction = "as*x+b+cxexp(—f*x)=*sin(d*x+e)’;
end

myfittype = fittype (fitfunction ,...
"dependent’ ,{'y’}, "independent” ,{ 'x"} ,...

"coefficients’ ,{’d’,’a’, 'b’", '¢’,’e’,"f"});

%Fit boundaries:

options = fitoptions(’Method’, "NonlinearLeastSquares’, ’Lower

", [-Inf -2 minC minVarC -pi 0]", "Upper’, [Inf 2 maxC
maxVarC pi Inf], ’StartPoint’,[1 0 avgC (maxC-minC)/2 0
01);

myfit = fit (X’ ,Intensity(p,:) ', myfittype,options)
a(p) = myfit.a;

b(p) = myfit.b;

c(p) = myfit.c;

d(p) = myfit.d;

e(p) = myfit.e;

f(p) = myfit.f;

%Period between peaks in intensity:

period (p) = 2+pi/(d(p)=*powerSize);
%condensation rate:
dhdt(p) = abs(0.5x(WaveLength/RefractionIndex)/period(p));

%Plot intensity and fitted intensity to check NOIE: p=
measurement point , pl

%is plot

pl(1)=plot (X, Intensity (p,:));

hold on;

pl(2)=plot (myfit);
pl(1) .LineWidth 2;
pl(2) .LineWidth = 2;
hold off;

axis ([0 max(X) avgC-1.5%(avgC-minC) avgC+1.5+(maxC-avgC)]);

legend ( "Data’,strcat (’Fit: ', fitfunction))
xlabel ("time [s]’, fontweight’, "bold”);



Appendix D. Condensation rate from movie frames measurements without

%6 external air flow

127 ylabel ('Intensity ’, "fontweight’, "bold ") ;
128 title (strcat(’Intensity vs Time for point ',num2str(p),
dhdt=",num2str(dhdt(p))), "fontweight’, "bold ")
129 set(gca, "FontSize’ ,24)
130 set(gca, 'linewidth’,2)
131 set(gcf, ’Units’, "Normalized’, ’"OuterPosition’, [0.05, 0.05,
0.9, 0.9]);

7 7

132

133 %save graph if wanted:

134 if (save)

135 saveas (gcf,strcat(’Intensity_point_’ ,num2str(p), _Im_",

num2str(first),’ _to_’ ,num2str(last),’.png’))

136 end

137

138

139 %!! Different method of measuring condensation , not as
accurate , but almost

140 %always works! Principle is based on searching for different
peaks in

141 %intensity , and not on fitting with sine fucntion

142 temp2 = 1;

143

144 %search around coordinate if there are wvalues of higher
intensity around

145 %coordinate , if not ——> its a peak.

146 for a = range+1l:max(size(Intensity(p,:))-range)

147 [maxTemp, indexmax] = max(Intensity(p,a-range:a+range));

148 if (indexmax == range+1)

149 maxTimes(p,temp2) = X(a);

150 if (temp2 ~= 1)

151 diffMaxTimes (p,temp2-1) = maxTimes(p,temp2) —
maxTimes (p, temp2-1);

152 end

153 temp2 = temp2 + 1;

154 end

155 end

156 %Variables periodtest and dhdttest are the period and
condensation speed

157 %found by the not so accurate peak finding method!

158 if (diffMaxTimes(p,1)~=0)

159 avgDiffMaxTimes(p) = mean(nonzeros (diffMaxTimes(p,:)));

160 periodtest(p) = avgDiffMaxTimes(p);

161 dhdttest(p) = 0.5+(WaveLength/RefractionIndex)/periodtest(p)

162 end

163 end

164

165 %Way to store different solution is one excel file:

166 %l

167 points = [{ ’point 1"}, {’point 2’}, {’point 3"}, {’point 47},
{’point 5"}, {’point 6"}];

168 Fitdata = table(a’,b’,c’,d’,e’, 'RowNames’ ,points);
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169 Fitdata.Properties.VariableNames = {’a’,’b’,’c’,’d",’e’};
170 if (save)

171
172
173
174
175
176
177
178
179
180
181
182
183
184

185

186

187

188 end
189 %}

Pos = strfind (Dir, '\");

FileName = ’..\..\ Results_dHdt. xlsx’;

if isfile (FileName)
Temp = str2num (Dir (Pos(end) +4:Pos(end) +5)) ;
Name = Dir(Pos(end-1)+1:end) ;

else
FileName = strcat(’..\ ", ..\..\ Results_dHdt.xlIsx ") ;
Temp str2num ( Dir (Pos(end-1) +4:Pos(end-1)+5)) ;
Name = Dir(Pos(end-3)+1:end);

end

T = readtable (FileName) ;
index = size(T,1)+1;

writetable (Fitdata ,strcat(’Fitdata_’,num2str(first),’_to_

" ,num2str(last),’_EG_’" ,num2str(Temp) ,".xls ") ,”’
WriteRowNames ’ , true)

T(index ,:) ={Name, first ,last ,Temp,dhdt (1) ,dhdt(2) ,dhdt(3)
dhdt(4) ,dhdt(5) ,dhdt(6) };

writetable (T, FileName) ;

7
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