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Learning Objectives

Nanoparticle Basics
Review of Some Key Measurement Results
....with Mechanistic Speculation
Boiling Model

€onclusions (review)



Lubricant Based, Gu0, Al203, and
Diamond Nanofluids

Base |lubricant was a POE with a nominal kinematic
viscosity of 72.3 um2/s at 313.15 K

yE .

nominally 10 nmto |
60 nm diameter
nanoparticles
dispersed
in POE lubricant
to various
volume fractions

S50nm




Nanoparticles Gan Improve
Refrigerant/Lubricant Boiling

But this depends on the:

. . - . ; i .'._-::-._.-: "‘I }‘ig*;?:\:
Properties of the nanoparticles: xﬁ' . b
Naterial Size Shape

Concentration of nanoparticles in nanolubricant: A
Concentration of nanolubricant in refrigerant: i’ i

. | WA
Boiling heat flux: ‘ B ’
other factors ° & O
(surface geometry, etc.) Q

gives opportunity for imnrnviﬁ?gi'r-connitinning chiller periormance



Semi-Empirical Model for Refrigerant/Nanolubricant
Boiling Fitted to Single Gonstant

pure refrigerant properties

nanoparticle volume fraction Qﬁ*mm/ ubricant mass fraction
/
/
/
/

nanoparticle properties \

Gy _, 34510 °[sIgov pu) "

~

pure lubricant properties

refrigerant/nanolubricant
heat flux refrigerant/pure lubricant
heat flux

does notinclude the hoiling enhancement due to the enhancement of the lubricant properties
as contributed by the properties of the nanoparticles, but this could he easily included



semi-Empirical Model for Refrigerant/Nanolubricant
Boiling

M =mass
u = velocity
r = radius
D = diameter
N = number

Concenvation of momentum for wnanoparticles impacting a slugle bubble

Change in kinetic energy of the nanopanticle co equal bubble surnface work




enhanced bubble growth caused by bubble/ ‘
"hot" particle interation %

secondary nucleation on "hot" partical in fluid

particle momentum transfer to bubbles

Bubbles grow through nanoparticles that are suspended — “izizzzzzzizzzza

in the lubricant excess layer, thus, performing surface
work on the bubbles



Enhancement or Degradation Realized Based on the
Coupling of three heat transfer mechanisms:

(1) boiling enhancement
via nanoparticle
interaction with bubbles
(primarily momentum
frcmkﬁ'fér effects)
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(2) improved thermal conductivity [ (3) Jogs (7}?5”?05!:@ nucleation
of lubricant excess layer by sites due to nanoparticle
the accumulation of highly filling of cavities.

conductive nanoparticles | o

Volume fraction determines if enough particles remain from mechanism (3 to be used in mechanisms (1) and (2)



Effect of 4% Vol. Fraction Cu0
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Effect of 2% Vol. Fraction Gu0
Nanoparticles on Boiling
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tiiect of Increased K, on Boiling

9 cuo
b

R134a/POE4Cu (99.5/0.5), plain surface, m
Ts = 277.6 K, fixed ATy _

at 40% volume fraction
accumulated in lubricant
excess layer

measured

k_=0.206 W/imK
predicted

1

k
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volume fraction (4%)

Approx 20 % of the enhancement may he due to increased thermal conductivity

*Relrigemntfluhricant pool boiling model Kedzierski 2003 ICR



Eifect of Al-0; Nanolubricant on R134a Boiling

Aluminum oxide nanoparticles provided the most
favorable benefit to the 2 % mass fraction mixture
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Enhancement occurred for the lowest heat fluxes giving the
opportunity for chillers with lower approach temperatures



Effect of Particle Agglomeration
on R134a/Diamond Nanolubricant hoiling
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degradations increase as agglomerated nanoparticles settle out
of the excess layer and info the cavities of the boiling surface



Effect of Diamond Nanolubricant on Boiling
(hest performance)
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Sustainable improvement for wide heat flux range



|Ill3l‘l!il$lillll

ViSCOoSIt
ot parti

f'cve 1|

binematic awcad,ctg cmwmea{ 6’@ S550%

Gaused Enhancement
eraction

S oS L N LA | | | L N
C | —— measurement mean
4.5 3 hdr:l PTEdlCUm; | R134a/RL68H2C, plain surface,
- | shaded areas are bounds _
4 = | for uncertainity of Ts =277.6 K, fixed AT
| viscosity measurement
3.5 | | used for the predictions
C (99.5/0.5) mixture
. 3 F 5 % overprediction WHodel can predict only
C C
— 25 E propenty effects. not
9 pL - ] wnanoparticle cnteraction
2 £ E with bubbles
1.5 Sl (99/1) mixture =
1 - ._-_-:::_‘_"_‘_'_'_E __________ 25 % uanLrplLdlL[mn .
- '\__--——-———.____*:_ 2
C -~ — (98/2) mixture .
0.5 F 26 % overprediction _J
0 AV DR TR TR BTN RN BTN BATTE NTEN AR SR B

0

10 20 30 40 50 60 70

80 90 100 110 120

q"c (kW/m?)

Refrigerant/lubricant boiling model predicts enhancement
based on viscosity increase

*Refrigerant/lubricant pool boiling model Kedzierski LIR 2003



Particle Interaction with Bubbles Depends on the
Quality of the Dispersion
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Photograph of
Reentrant Cavity Boiling Surface

— 0.1 mm

SIDE VIEW TOP VIEW



Effect of A0, Nanolubricant on
Reentrant Gavity Boiling
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Enhancement mechanism of the nanoparticles made
redundant by the reentrant cavities of the boiling surface



R134a/Nanolubricant Boiling
Mechanism in Reentrant Cavity

Controls reentrant
cavity boiling

<«—— Bubble with a root

Gerardi et al. 2010:
Contact angle nanoparticles reduce
contact angle

Cavity opening of radius r

Lubricant excess layer

. . Fin
with nanoparticles

Bubble growth enhanced within
the excess layer by nunopur*ficles ¥
and suppressed by root bubble;

Coalescing bubbles

Positive effect of nanopar"ricles reduced because bubble nucleaﬂon in cavity less
important and suppressed

Negative effect of reduced contact angle likely cause of 12 7% degradation



Trapezoidal finned tubes haue waten-oide entancements

COceasional single Bme
bubble at 30 kKitim=

Four different modes of bubble exdlution

Performance governed more so by bubble nucleation

Improved potential for nanoparticles to enhance boiling performance



® [n general, nanoparticles can be used to produce significant
enhancement relative to the heat transfer of pure

R134a/polyolester

® However, the choice of the nanoparticle material, size, and
concentration is critical in order to achieve a sustained and

significant enhancement

@® A high quality nanolubricant dispersion is essential for
obtaining a boiling enhancement via momentum transfer
from nanoparticles to bubbles.

@® A bad dispersion can give an boiling enhancement via
Increase viscosity, but it is short-lived.

® The thermal conductivity of the nanoparticle does not play
a large role in the bolling heat transfer enhancement.



® A semi-empirical model is now available to predict the
enhancement of refrigerant/lubricant pool boiling by assuming
that the transfer of momentum from the nanoparticles to the
bubbles is responsible for the boiling enhancement

® For heat fluxes greater than 20 kW/m2, the model
underpredicted the (99.5/0.5), the (99/1), and the (98/2)

mixtures on average by approximately 25 %, 0.2 %, and 6 %,
respectively.

® The model predicts that the maximum performance is
approached for volume fraction and mass fractions nearing
unity, and forever decreasing nanoparticle size.

@ Future research is required to validate the model beyond
the range of parameters investigated here.



® Al,O5; nanoparticles caused, on average, a 12 % degradation
In the boiling heat transfer relative to that for R134a/polyolester
mixtures without nanoparticles for the three lubricant mass
fractions that were tested.

@ |t was speculated that the degradation resulted from
nucleation being less important and suppressed for reentrant
cavity boliling and increased surface wetting (reduced contact
angle).
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