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. Electrospinning of nanofiber mats
. Drops on nanofiber mats: static superhydrophobicity
. Drop impact on nanofiber mats: dynamic wettability

. Cooling of micro- and opto-electronics, and radiological devices;
UAVs, UGVs and server racks

. Carbon nanotubes via co-electrospinning
. Carbon nanotubes from a single nozzle

. Pressure-driven nanofluidics in macroscopically long carbon
nanotubes

. Template approach: nanotube strips
. Beyond Poiseuille
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Electrospinning Setup
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Process Initiation: Taylor Cone

~ fluid body at potential

)

¢ = constant

Yarin A L, Reneker D H, Kombhongse S,
Mechanical & Industrial J App Phys 90, 2001
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Electrospinning of Polymer Solutions

Reneker D H, Yarin A L, Fong H,
Koombhongse S, J. App. Phys. 87, 2000

AW Y Yarin A L, Koombhongse S, Reneker D H,
¥ O W J. App. Phys. 89, 2001




Electrospinning of Polymer Solutions
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Drop Impact: Experimental Setups

T o~ o

Targ

Liquid film

a- Syringe drop generator for direct impact of 2-3 mm or
100 micron drops at velocities of about 2 m/s.

b- Syringe drop generator produces primary drop,

which impact on liquid film and produce corona splash to
generate 0.4-1.4 mm drops for oblique impact.
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Electrospun Nanofiber Mat and a
Droplet Softly Deposited on it

agn  Det WD |—| 5 um
SE 118 DIM049-290

Static superhydrophobicity: Cassie-Baxter state
due to 90-95% of air in the mat

Mechanical & Industrial

Engineeringd Al embach, H.B. Tan, I.V. Roisman, T. Gambaryan-Roisman, Y. Zhang, C. Tropea, A.L. Yarin.
Langmuir 26(12) 9516-9523 (2010).




Drop Impact on a Dry Solid Wall

Y —
== - ; T Deposition

Prompt splash

Corona splash

Receding break-up

Partial rebound

Complete rebound

Mechar?ical& Indu_strial Rioboo R, Tropea C, Mafengo M. 2001. Outcomes from a drop impaCt on solid
Engineerinog g rfaces. At. Sprays 11:155-65




Drop Impact on a Dry Nanofiber Mat
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Drop Impact on Prewetted Nanofiber Mat:
Back to Corona Splash

Os 0.003s 0.007s 0.014s 0.03s
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Accumulation and Channeling of Kinetic Energy
In Drop Impact on a Pore

Pressure impulse and potential

H=|Lrp£Apdt; ep=-I1/p

p—00

Potential ¢ is a harmonic function

Evaluating pressure impulse

Compressible impact :
The convective part of the force:

F =pV.cD’

The "water hammer"- like part of the force:
F,, =-pD°A=-pD’(-V,c/ D) = pV,cD.
Therefore,

Ap=F/D*=pV,c; t=D/c,and

II=pV,D;0,=-V,D
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Accumulation and Channeling of Kinetic Energy
In Drop Impact on a Pore

Evaluating pressure impulse

Incompressible impact :

The convective part of the force:

F =pV,D?

The "water hammer"- like part of the force:

F,, =-pD°’A=-pD’(-V,V, /D) = pV:D’.

Therefore,

Ap=F/D*=pV}; 1=D/V,, and
I[T=pV,D;p,=-V,D —asinthe compressible case
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Accumulation and Channeling of Kinetic Energy
In Drop Impact on a Pore

Liquid drop at the
“moment of impact”

y
A
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Accumulation and Channeling of Kinetic Energy
In Drop Impact on a Pore

The boundary condition for the
harmonic potential: Planar case

Over —o< X<-a,y=0;

and overa< X <o, y=0(2D wall):
¢(X)=¢,=-V,D

Over—a< X<a,y=0(2D pore):
(p(X)=O.
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Accumulation and Channeling of Kinetic Energy
In Drop Impact on a Pore

The harmonic potential in the liquid drop in the
upper half-plane is given by the Cauchy
formula, which reduces to Poisson’s integral
formula for the upper half-plane

(p()(,y)=l]‘0 (P(X,O)y dX=—&arctan( 2ay ]

(X = X) +Y’ s X2 +y —a’

Therefore,
op
Vopening (X) =@ T X2 _ a
y=0
2D

(O)‘=\/O;g, a=d/2

VD 2a .

2 7

Vopening
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The Reasons of Filling Non-wettable
Nanofiber Mats

Predicted penetration speed:
accumulation and channeling of kinetic

energy (a la shaped-charge jets!)

u=4Dy,
n d
Impregnation: Lucas-

Washburn speed

_ odcos6
8uH

%»1, u>>u,

Wettability plays practically no
role: it is possible to fill non-

wettable pores!!!
BANY iflle@r™h g




Accumulation and Channeling of Kinetic Energy
In Drop Impact on a Pore

The boundary condition for the
harmonic potential: Cylindrical
case-Solved by the Fourier method
as a problem with a continuous
spectrum

Overa<r<oo,z=0(2D wall):

(P(X) =0, = _VOD
Over0<t<a,y=0(2D pore).

(p(X) =0.

C. M. Weickgenannt, Y. Zhang, A. N. Lembach,

I.V. Roisman, T. Gambaryan, A.L. Yarin, C.Tropea,
Phus. Rev. E. (2011).
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Accumulation and Channeling of Kinetic Energy
In Drop Impact on a Pore

The harmonic potential in the liquid drop in the
upper semi-space: Cylindrical case-solution as
the Fourier-Bessel integral

o(1,2) = V,Daf J,(vr)J, (va) exp(—vz)dv

Therefore,

op

VD%, (1.} e
V()= == gaJo(aa}l(a)d@

z=0

v,(r=0) =V02—C?; a=d/2

z=0



The Reasons of Filling Non-wettable
Nanofiber Mats

Predicted penetration speed: Predicted
In the cylindrical case

Even higher than in the
planar case!

Wettability plays practically no
role: it is possible to fill non-
wettable pores!!!
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FC-7500: Millipede
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Observations of Water Spreading inside Nanofiber Mats

Conditioned
air =

Setup for obervations of nanomat
Impregnation
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Water Spreading inside Nanofiber Mat:
Experimental Results

Matching of refractive indexes of
wet nanofibers and water makes
the copper substrate visible
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Water Spreading inside Nanofiber Mat:
1D Axisymmetric Theory

The moisture transport equation :

ou ( au)
—=a —| r—
ot "ror\ or

The initial and boundary conditions:
t=0: u=y(r); t=0: u<oo, r=0 and u=0, r=co
The solution :

~ L e = Texp| - |1 [ S
ur.= 2amteXp( 4amt) { exp( 4amt)|°(2amt)§d§

Mechanical & Industrial
Engineering




Water Spreading inside Nanofiber Mat:
1D Axisymmetric Theory
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Water Spreading inside Nanofiber Mat:
Experiments vs. Theory
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The moisture transport coefficient :
a_ =8x10"cm’/s
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Microelectronics Miniaturization: UAV-Unmanned Aerial VVehicles

e The images were downloaded from internet




Microelectronics Miniaturization: UGV-Unmanned Ground Vehicles Searching for
Hazardous Chemicals

é : Robot, vol. 31,

-




Drop/Spray Cooling through Nanofiber Mats:
Thermal Stability? PCL Easily Shrinks

gl
e

P

Mechanical & Industrial
R. Srikar, T. Gambaryan-Roisman, C. Steffes, P. Stephan, C. Tropea, A.L. Yarin. Int. J.
Heat and Mass Transfer v. 52, 5814-5826 (2009).




Drop/Spray Cooling through Nanofiber Mats:
PAN Does Not Shrink Even at 250 C
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Temperature Field

Bare metal Metal covered by nanofiber mat

1=0.0042 s

60 [°C]
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Drop/Spray Cooling through Nanofiber Mats
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=PAN unoriented under droplet

~— PAN unoriented 1 cm from droplet
——plain steel under droplet

—— plain steel 1 cm from droplet
—plain steel coated under droplet
—— plain steel coated 1 cm from droplet
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droplet impact; height 15 cm
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An attractive way for cooling high-heat
flux components in microelectronics (e.g. on
board of UAVS), as well as server rooms
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Bare Surface: The Leidenfrost Effect

(a) 60°C, (b) 220°C, and (c) 300°C
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Nano-Textured Surface: The Anti-Leidenfrost Effect

t=0.2ms

(a) 60°C, (b) 220°C, and (c) 300°C
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Australian Thorny Devil Lizard
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Thorny Devil Copper Nanofibers
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Thorny Devil Nanofibers: Fractal Surfaces?

Det WD |—| 2 um
SE 88

WAccy SpotMagn Det WD p——+— 2um
.00 kv 40 20000x SE 8.7
Mechanical & Industrial o e , T Al R
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Silver Nanofibers: Dendrite-Like

2
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Nickel Nanofibers: Rough and Smooth Domains

000 Tpm WD 15.0mm SEI 50KV X7,000 1um WD 15.0mm
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Gold Nanofibers: Rather Smooth
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Experimental Setup

«— Light Source

Height Adjustable
2ost

Syringe

Normal CCD |

Camera
o) a Hot Plate

High Speed Camera

Mechanical & Industrial
Engineering




Drop Impact from Height of 3.55 cm at Copper Thorny Deuvil
Nanofibers at 150 C

att=32.5ms

Bubbling of water

| \
I

©
cessation of activity
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The Anti-Leidenfrost Effect on Copper Thorny Devil
Nanofibers at 172.2 C

Bare Copper Copper Nanofiber

Oms (¢) m o

18 ms (d)
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Drop Impact at Thorny Devil Nanofibers
at 125 C

Copper Bare Silver Nickel Gold
fibers copper fibers fibers fibers

oms () e 0 e el el

sams (b) m— S e — ———
soms (C) mmm—— D e —— F——
132ms (d) . AR e G Fe———

Thermal diffusivities:

Cu-1.12; Ag-1.66; Ni-0.155; Au-1.27 (sg.cm/s);
Water evaporation on copper and silver fibers is the
fastests but on gold-the slowest! Thorny devils win!
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Drop Impact at Thorny Devil Nanofibers
at 150 C

Bare Silver Nickel Gold
copper fibers fibers fibers

Copper
fibers

oms )y . i D el

33 ms (b)“....‘e'_y_—._.*‘
66 ms (C)_-_.l_ _—__._

132 ms (d)l | ! ; . —
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Drop Impact at Thorny Devil Nanofibers
at 200 C

Bare Silver Nickel Gold
copper fibers fibers fibers

Copper
fibers

oms “’”.A*——LLL

33 me (b)——.— ___—
SO C) — T i e P ———

132 mr
(d) _E__ N —



Mass Losses due to “Atomization” during

Evaporative Cooling Through Copper Nanofibers
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Mass Losses due to “Atomization” during
Evaporative Cooling on Bare Copper
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Mass Losses due to “Atomization” during
Evaporative Cooling on Silver Nanofibers
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Mass Losses due to “Atomization” during
Evaporative Cooling on Nickel Nanofibers
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The Resulting Spreading Factor and Cooling Rate
for Copper Nanofibers at Different Impact Speeds

J-evap.

(kW/cm?)

0.607

0.575

0.555

0.521

0.543
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The Resulting Spreading Factor and Cooling Rate
for Metal-Plated Nanofibers at Different Impact Speeds and the
the Non-Zero “Atomization’” Ratio p

Temperature At
J-evap.
Material (°C)
(kW/ cm?)

125 . 0.256

Bare copper 150 N/A

200 N/A

125 . 0.136

Copper nanofibers 150 . 0.392

200 . 0.408

125 . 0.138

Silver nanofibers 150 0.181

200 . . 0.407

125 0.061

Nickel nanofibers 150 . 0.031

200 . 0.054

125 . 0.047

Gold nanofiber 150 . 0.037

200 . 0.049

Mechanical & Industrial
Engineering




Co-electrospinning: Compound Nanofibers
and Nanotubes

Iiguctiicl  Solution: PEO (1e6) 1% in ethanol/water
inlet of the

b gabileet  nner solution contains 2% bromophenol
Outer solution contains 0.2% bromophenol
\

Air pressure | ! _
inlet of the \ :

outer chamber

Electrode

10 u m

Inner and outer
polymer solutions

Inner chamber
chamber outlet outlet

Mechanical & Indgtia Sun Z, Zussman E, Yarin A L, Wendorff J
L H, Greiner A, Advanced Materials 15, 2003




Co-electrospinning

Core: PMMA
Shell: PAN

Zussman E, Yarin A L, Bazilevsky A.V.,

R. Avrahami, M. Feldman, Advanced
Materials 18, 2006




Self-assembly: Nanoropes and Crossbars.
A Sharpened Wheel — Electrsostatic Lens

Plot of the electric field strength

_ w1 (he region of the wheel
Experimental setup o e B0

3500 : | 2500
é Envelope Tip of / :

. . N Cone the wheel :
Electrostatic Field Force Lines and Equipotential Line i £
for Two Point Charges (3D Presentation) gﬂ 2000 : — 3000
i o . :
Sl 2 Axis of

Tip of syringe :
p y g Inverted 2500 —the Wheel L 2500

~——— Envelope 5
—— (Cone 2000 — : = — 2000

Syringe

1500 — — 1500

Sharpened Edge

1000 — — 1000

— SO0

|| Rotating Disk
Collector

SO0 —

i ]
| Axis v [cm]

Mechanical & Indgstrial Theron A, Zussman E, Yarin A L,
R 4 Nanotechnology 12, 2001
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Nanoropes

2 .00kKU Smm
HOLFSON CENTRE
IMZ—5S .TIF

3 .00kV Tmm
HOLFSON CENTER
4—1 .TIF
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Turbostratic Carbon Nanotubes

Core: PMMA
Shell: PAN




Core-Shell Nanofibers from PMMA-PAN Emulsion

A.V.Bazilevsky,
_ _ A.L. Yarin,
Optical appearance of a PMMA/PAN emulsion about 1 day

after mixing of a homogeneous blend containing 6 wt% PMMA (I_:.M. l\/le_garlzd?:s
_ : + 6% PAN in DMF angmuir v.zs,
l\élechan_lcal & Industrial 2311-2314 (2007)
nNgineering




From syringe pump

Experimental set-up and hollow carbon tubes
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Pressure-driven Nanofluidics in Macroscopically Long
Carbon Nanotubes

v /
7 4
4 4
4
4 y
7 i
#

WD 9.9mm 10.0kv¥ x2.0k 20um

Bazilevsky AV, Yarin AL, Megaridis CM,
Lab on a Chip v. 7 152-160 (2008).
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Experimental Setup

Pressure gauge

Three way
stopcock

=0 o _.
Glass h
L capillary
Air chamber |

]

Stopcock
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Release Observation

-

A

—_—

i'al Epoxy plug

N-decane
droplet

N-decane
droplet
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AIlr Flow Rate
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N-decane Flow Rate;
Recovering the Flow-carrying Inner Tube Diameter Distribution
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Mechanical & Industrial Pressure drOp, bar
Engineering
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Tarpoletia Agarazicns Nelploitloe Sitr s

PAN
drop
PCL

A holder with a fibers
rectangular glot X

/[

c

Cut PAN strips
with fibers mside

S.S. Ray, P. Chando, A.L. Yarin, Nanotechnology v. 20, 095711 (2009).
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ERLERPECNE U ESENGEPESENEIBIS

Glass Capillary

N-decane Nanotubes Epoxy

Imm (b)
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Modeling of Entrapped Air in
n-Decane




Theoretical Model




The Outcome Is Amazing!!! Beyond
Poiseuille




Explanation

2
U/Umax,pure
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Experiments: Observations
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Results

a0

Time,s
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Conclusions




