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Investigation of heat transfer enhancement on
macro-, micro- and nanoscales
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Topics
-increase of critical heat flux,
-boiling on a surface with microporous coating,
-boiling of aqueous solutions,
-nanofluid boiling,

- contact angle andevVel rise of a liquid
- application
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Books on boiling heat transfer enhancement on maeroro- and nanoscales
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Books on boiling heat transfer enhancement on mamd nanoscales
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Investigation method of interface oscillations under film doiling
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Which process is boiling?  Ustinov A.A.,Kuzma-Kichta Y.A. 2005
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Vapor bubble growth 61" a wall, water boiling
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Mechanism of heat transfer enhancement at film boiling on surface

with low conductivity coating investigated by laser diagndstiethod

of nAbroad beamn
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Low conductivity coating weakens large interface oscillations
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Origin of steam bubbles on surface with artificial cavities
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M. Shoji, 2001
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Bubble growth in a (a) Conical, D=100xm  (b) Cylindrical, D=100 z m (c) Reentrant, D=100 1 m

reentrant davity, Marto,
1956
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Influence of surface structure

on sodium pool boiling heat On surface with reentrant cavities and cavities of cilindrical
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Departure bubble diameters at water boiling in case of artificial and
naturalnucleation sites
S. Afonin, Yu. KuzmakKichta, 2010
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Departure cameter of bubble decreases as the diameter of artificial cavity
decreases 72
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Boiling on surface with microscale structure
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Bubble growth in a Sintered microporous coating for boiling, Surface with micropins
Martin, 197 i -
re-entranthole Marto, 19% artin, 1970 Mitrovich, 2000
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Temperature difference at which the boiling begins on

surface with microporous coating o o
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Thevalue DTN is reducedvith decreasindlow rateandincreasingeffectivethermalconductivityl
The nucleationsite densityat boiling on a surfacewith a micro poroussinteredcoatingincreasesand can be

describedy thefollowing quantity.

N 0 &P 0 AD _rriDTd
?Dcr g & 45T, O

where valuanis defined by angle slope of a boiling curizg,  -maximal pore diameter in coating

m=ad.. /|l , +b ,b=4,a=-16,3*1¢ (W/m?K)
Dmaxis assumed to be equal to the particle diameter.



Calculation of boiling heat transfer on surface with microporous coating
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Kuzma-Kichta, 1987

According to model Labunzov D.A. (Thermal Engenierihgd 7 2 , boilin@ heat

transferis determined by thermal conductivity transfer through microliquid, film

which thicknesss time-averaged for the whole heated surface

a, W/m2

5 10 15 20
DT, K

1 m O- microporous sintered copper coating, thickness 0,4 mm

[o] ~
m aDmaX rr' Qz+m 2+m y-stainless steel microporous sintered coating, thickness 0,15
= 8 q Z - stainless steel microporous sintered coating, thickness 0,22 t

= 3- without coating




HEAT TRANSFER AT TRANSITION AND FILM BOILING OF FREONL13
ON SPHERE WITH DIMPLE&ND MICROPOROUS SINTERED COATING
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Zhukov 2012
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More significant influence of microporous sintered coating than dimples is visible at film boiling
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Influence ofmicroporoussintered coating on heat transfer in the transition anddgrgett
regionsat boiling of water in vertical tub&nd coil tube
L dzdw dzd J B S e stedmissets MY j yj dzdzsets f sCter Isd
L OC tod LBidEERIs v n  fted SHdf jdedd otsHT 9 9 ]jtlsdSt O

TC
800 o WM C° 2,41 inside generatrix
s 2 1,37 outside generatrix
\ 1,27 without coating
L\
600 — 7 \ 3,41 with microporous
N - sintered coating
8- e S
400 —
200 — oo pogi.ggewgo.@.%.rg@i."."“ — —
30 R
0 \ - i ’;\.‘ . \ | | |
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o-p=11MParw =28 kg/nis; g = 73 kW/m (without coating)

- p=1,0MPayw = 22 kg/m¥s; g = 70 kW/m (with microporous
sintered coating)] - water temperature

Watersteam flow P = 4,5MPa,r w = (100%2 600)
kg/(mls) , D/d = 120/8 mm

Microporous sintered coating shifts dryout in
region of high vapor quality and decreases Microporous sintered coating increases—_

wall temperature pulsations heat transfer coefficient in pedtyout of f{
coil tube two times




Dryout in horizontal tube with neruniform heating
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wéi 2 4 w¥ oz 4 pt
| rw, kg /(méc)

' P=0.5MPa, X=0.2
0 45 90 135 180

i, 1 - tube without coating and twisting tape,
27 tube with twisting tape, dube with micro porous
Tube without coating sintered copper coating, thickness 0.15 mm
rW = 200kg/(m?*s); P = 0,4MPa, q(j =0) = 4.9 MW/n% Microporous sintered coating increases critical heat flux

All boiling modes arise onooling surface of horizontal three times ‘ i?
tube with nor uniform intensive heating \&
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Calculation of critical heat flux in horizontal tube with microporous coating

and flow twisting for subcooled water:
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| 2718 °8T.-T)Cood r @
account subcooling: Vsue=1+t1658—-8 ¢& s | tsu Q
ri+ é r U C stg

account microporous coatingy . =1+ O.44N°'1(1- O.25Reso'1)
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£ a1, 8
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Pool boiling of water with surfactants added

sdfjdedj HdMIsddzdzdteso Odzdzts? o tsHT ) HEtB O € OAB]
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q, w/m2
Z"/Oﬁ' A)- distilled water:
1-autor data
2- dataA | a caij¥ashnoy
v
/05_ / B) distilled water with surfactants added.
") / 3) Cin=1.1x105 kg/kg ,Cfin=6x10-6 kg/kg,
omsh) |
- oxils)) | 4) Cin=10-5 kg/kg ,Cfin=10-6 kg/kg,
) ,l ) 5) Cin=1.3x105 kg/kg ,Cfin=2x10-6 kg/kg,
O e
@ | -== A 6) Cin=7x10-6 kg/kg ,Cfin=6x10-6 kg/kg,
A -]
/ 8 -4 7) Cin=8x106 kg/kg ,Cfin=4x10-6 kg/kg,
2 / o ~5¢07
/ e P=0,1 MPa
W’ 0 /
¢ i | J

Heat transfer coefficient increases for surfactaméter mixture up to 25%



Distribution of heat transfer coefficieabn channel lengtbnder boilingts 9
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Z S () AQUEOUS SOLUTION

5 4 H.0 - Na, SO,: 6 g/kg;
0 % @ AQUEOUS SOLUTION

0 0.2 0.4 0.6 0.8 Hy0-Na, SO, -30g/kg;

X

g=36 kW/ni; | w = %s1P6= 0K&gMPan
Heat transfer for water solutions is more than for water at low vapor cantents
This effect is more for high salt conterttteat transfer for water solutions lower
then for water at high vapor contents.




Modeling heat transfer undagqueous solutions boiling

[sH] dzdtetso Oded j Isjf dztstslsHOUd fted S doj
According to model the supersaturation of aqueous soltgales place under vapor bubble in liquid microfithre
crystals are formed and fall on the waltlditional centers of bubbleappear and heat transfer coefficient is growing

N= Nnatur |\Iadd (1)
g - THERMAL FLUX

q=rjuu
r- EVAPORATION HEAT

u= R — \/NO+ N p SVAPOR DENSITY
C

u- DYNAMIC VELOCITY
R - BUBBLE RADIUS
N, TMAIN NUCLEONIC CENTRES

T DENSITY
R= (12— a-THERMAL CONDUCTIVITY
i o T- TEMPERATURE DIFFERENCE
rli t- TIME
-8 Nc - NUCLEONIC CENTRES DENSITY
10 T<- SATURATION TEMPERATURE
|\|0 = —2 {l - SURFACE TENSION
R*
2U TS

ryiopT



Calculation of boiling heat transfer for water solutio
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Rationof heattransfercoefficientat boiling of watersolutionandwateris determinedoy formula(2):

a
— = A+ - A2+1 (2)
Ao
. 1A
A=k@G O >,
roi@d
Wheret- concentration E=1022 Ji dispersioninteractionenergy k=2.510"- .
o/
3,0 -
o 1
o 2 ) /
2, m 3 / o
a 4 A A Dep_endence)f_ heattransfercoeﬁmgnt
2,0 ] Vs atboiling of sodiumsulfatewatersolution
| . /,//// from concentration
15 A 1- g=25 CW/m?, 2- g=40 SW/m?, 3-
,%/ g=55 SW/m?, 4- =95 SW/m2. N\
1,0 :

o1

0 5 10 15 20 25 C,rfxr :



Nanoliquidboiling A.V.Lavrikov ,
sdf j d@dzsy dH S s d KuzmaKichta, 2009
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b 7 0.01
gSkU X15,806  lum BB81 19 44 SET 8 1 10 100
~ AT, K
Surface with coating from nanoparticles SiC 1- water 2- nanoliquid from water and

nanoparticelSiC, concentratior®.01%

Heat transfer coefficient changes under boiling of nanoliquid. The main re&ason
the surface modificatiotihrough depositionnanoparticles
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Forming of nanoparticles layer on surface at nanoliquid boilin
Asteddtese Odedj Mmkzsw d&zOdesyOMmisdy dz0 s j
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SEM HV: 30.0 kV WD: 4.77 mm ~ VEGA3 TESCAN

Det: SE 20 pm mag| WD HFW | det | pressure |

| SEM MAG: 1.50 kx |Date(m/dly): 04/21/14 FSUE "SRI SIA "LUCH" 20.00 kV[400 x/10.8 mm| 373 ym |ETD | 8.27e-6 Torr
Nikel surface with layer of nanoparticles from The averagethicknessof Al203 nanoparticles
Al203. Thickness of nanoparticles layer on (*10i 100 nm) relief is 6 micrometergHuiting

surface at boiling 1-2 mkm (present work) andothers,2012.
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Effect of initial surface roughness heat transfer under nanoliquid boiling
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1.0 10.0 100.0 1.0 10.0 100.0
AT.C Boiling curves for stainlessteel tube ALK
Rough tube Ra=0.18.5 mkm, 2 Rough tube Ra with the Al203 nanelief
3- Smooth tube Ra=0.68.1 mkm, 4 Smooth tube with the Al203 namelief
0.8 0.8
0.6 - 0.6 k
= 0.4 1 = 04 —— 1 —_—
0.2 0.2
o o

5]

1o

13

20

Relative vapor area above the test section.
1 - Rough tube Ra=0.18.5 mkm, 2- - Rough tubewith t he AI203 nanaelief

Heat transfer coefficient for threughtube with the nanoelief decreased on 30% in comparison witt
therough tube without coating. The coating of #moothtube by nangarticles increases theat

transfer coefficientDecreasing of the heat transfer coefficient for the rough tube with the relief cal
explained with decreasing of the nucleation sites density &E é)



Conparison ofcalculated and expenental data of heat transfer at bagliof
nanofluids with nanoparticles SiC aAt2O3
HtcOQodzgj dzd ) twWOMuyJlsder = d + S J ted d3j dzls Odz' dg"
Cdyf jdzedd dzOdzetsy dH S sMISICTAIZD3 dzO dzts yOMiIsd y

KuzmaKichta Yu.A, 2012 J. T. Cieslinski, T. Z. KaczmarczyR012
15 winr
10° | a4 Wim’ . 8x104—§q’
. 6x104—§
4x10“—f

®  pure water
®  nanofluid SiC
= nanofluid SiC

= nanofluid ALO,
(experimental)

(calculated) 2x10 — — nanofluid Al,O,
n (calculated)
OT.K ‘ DT, K
o 10’ 1 0 T
Boiling curves for distilled water and Boiling curve for nanofluidwater+Al O,

nanofluidwaterSiC, 0.01%), tube diametet.2mm, 0.01%,1 =01.f 1, @roposed equation.
{ =0 . 1 Prha®@=100m, coating thickness =300 nm Dmax=150m, coating thickness =300 nr
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Critical heat flux for surface with nanorelief. Comparison veitjuation S.G.Kandlikar
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Cooling of heated sphere in subcooled water with nanoparfti€s,  Zhukov and other, 2016
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Hyungdae Kim, Gregory DeWitt, 2009

Water film boiling did not arise at cooling of
heated sphere in nanoliquid under subcoolir
(10-1 5 ip pool.

Boiling curves(a) pure water(b) water
with Al203 nanoparticles addg@.1
vol%), (c) water withSi (0.1vol%) and
(d) nanoparticles addg@.1vol%) at
saturation condition€SS Spherg

A Nanoparticles deposition on surface
destabilizes the vapor film, the transition
boiling starts at higher wall superheat

A . Particles of A203, Si enhance heat
transfer while the diamond particles

not have any effect ( 31 )
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A further important direction in the development of dependencies for determining temperatu
wetting is the consideration of the surface conditions —
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Effect of coating frormanopaticle®n heat transfer at water boiling in
microchannel
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Microchannel 0.2x3.5x13.5 mm
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Boiling curves for microchannel. G=0.171 g/s:
1-Copper surface2-Nanorelief (Al,O5)

The critical heat fluxncreasedor the surfaces with relief fromangarticles
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Formation of coating at nanoliquid boiling
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Critical heatflux as a function of masselocity
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PACYET KPUTHUYECKOH TEIJIOBOH HATPY3KH B MUKPOKAHAJIE
bE3 ITOKPBITUA U C MOKPBITUEM U3 HAHOYACTHIL
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Dependence on a contact angle from the layer number of nanopartiCesiAd
hydrophobic treatments
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MicroMAST2016 September-8, 2016, Brussels, Belgium A.Lavrikov, Y. Kuzma -Kichta

Level rise of a liquid due to capillary action in nanoparticles layer
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Technology

Sample 1 NanoparticlesAl203t+water
gomogeneousoating level rise of fluid =3
mm

Sample 2. NanoparticlesAl203+water+
isopropanok coatingwith microtrenches
level rise of flu_id:12 mm

Level rise of a fluidisincreased up to several times sampl2 The main reason is

forming microtrenches in nanoparticles layer.
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Level rise of a liquidWaterisopropanol 50% icoatingfrom nanoparticle Al203

s Of d dzdzV e dzOW o Msls O Y& HS {f jtedsd OydefsHiE 5APIS
dr U@BE3( 450 dad)

a) H=22mm 6) 2 H=21MMm B) H=6 MM

] fkzy®j O) d B) of MO fHi j BO X dHed
ofdzj Hilso dj ©BELOLEGo ORI &I GO j 2%%)



Resource test of coating from nanoparticles@olamerfilm at boiling in installation with
natural circulation

t d Mztemdzsy d My " Is Gedas U Y gl di3Y tedias 2 ff dzj dzC d

EmisOdzso € ¢ JMmisjMmilse jdzdzes?2 ydieS zc

..

SEM photo (TU Braunschweig): 1) clear surface, 2) SiC coating,
3) SiC+polymer coating (HBN{oating)
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[MMethod of nanorelief forming on the heat transfe
Resource test of tube with coating from nano particles surfaces of d-Kichta et.al.sPatent |

and polymer film (gl Afr es #2433949 2011 ;
experiment after two months of operation ), water, @'
p = 0.2 bar, for different liquid levels (80 94.20%) \ /»‘



Strength definition method for coating from ceramic nanoparticles
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Scanning
nanoparticles
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Strength definition method for coating from ceramic nanopartiddesording to the method
coating is scanned by electron beam on tangent to the substrate at increasing of current. Coatingssiietagtiined by
energy that is need to detachment particles from coating e
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Application
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Depositions of water meters of heat supply systems with dimples and without dimples

Methods of heat transfer enhancement on macromicro - and nanoscales

2013Kuzma-Kichta. Y. A

Housing of the water meter with hemispherical dimples(left) and housing of the water meter without dimples (righ
resource tests during the year

The test results showed that the housing of the water meter without dimples after a year of
operation is covered with deposits, whereas on the housing of the water meter with dimple {@
deposits are almost absent



Application in microchannel
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Microchannel with coating from nanoparticles is used for invertor cooling
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TOYTA PRIUS INVERTOR. OVERHEATING POWER BLOCK WITH MICRO CHANNEL
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Applicationin thermosyphon
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Thermosyphonvith nanocoatingis usedfor thermalstabilizationof the
soil on singledeck railroad embankmentand slightly inclined
composite heatstabilizerare setin base of multi Ttrack iron railway
embankment

Application of lheat stabilizer withanocoatimgleand
multi- deck ra
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