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Investigation of heat transfer enhancement on
macro-, micro- and nanoscales
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Investigation method of interface oscillations under film doiling
MeToaunka uccnegoBaHusi KonebaHun rpaHuubl pasgena gas npu
NSI€HOYHOM KUMEHUU

METHOD OF “NARROW BEAM” METHOD OF “BROAD BEAM”
METOA “ Y3KOI'O NMyYKA” METOA “LLUMPOKOIO MNMYYKA”
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Which process is boiling?  Ustinov A.A.,Kuzma-Kichta Y.A. 2005
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Vapor bubble growth ort &*wall, water boiling
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Mechanism of heat transfer enhancement at film boiling on surface
with low conductivity coating investigated by laser diagnostic (method

of “broad beam*)

MexaHn3M yBETUYEHHS TEIIOOTAAYU MMPH MIICHOYHOM KUIEHUH Ha IMTOBEPXHOCTHU
C MaJIOTETUIONPOBOIHBIM MOKPBITHEM UCCIIEIOBAH C TOMONIIBIO Ja3€pPHOM
IUArHOCTUKU (METOJ “UIMPOKOTO Iy4Ka’)

S
56) g Fr-113, p-QImiia
z g=42-10°81/m?
-~ I o A=0
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Low conductivity coating weakens large interface oscillations
MaioTemnonpoBOIHOE MOKPHITUE OCHA0NISIET KPYITHOMACIITAOHBIE KOJIEOAHUS TPAHUIIBI
paszzena pasnena ¢as Y




Pa3paboTka J1a3epHOM JUarHOCTUKHU B OTaeNe TermiaoooMena MBT
AH CCCP
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Origin of steam bubbles on surface with artificial cavities
OOpazoBaHue MapoOBbIX My3bIPEil HA MOBEPXHOCTH C UCKYCCTBEHHBIMM BIaIMHAMMU
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Bubble growth in a
reentrant cavity, Marto,
1956
g, W/m2
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Influence of surface structure
on sodium pool boiling heat

transfer: reentrant cavities (1), welds
(2), smooth surface (3)

Bimusaaune IMOPHUCTOI'O ITOKPBLITHUSA HA

TEIUIOOTAAYY IIPU KUIIEHUU HATPU
B OOJIBILIOM OOBEME

M. Shoji, 2001

(a) Conical, D=100um  (b) Cylindrical, D=100x m (c) Reentrant, D=100 1 m

(d) Conical, D=50 um  (¢) Cylindrical, D=50 u m

v IS

On surface with reentrant cavities and cavities of cilindrical
form the boiling begins at less temperature differences

Ha noBepxHOCTH C pe3epByapHbIMU BIIAJIMHAMU U BIIaJIMHAMU
MUJTUHIPUYECKON (HOPMBI KUTIEHUE HAUMHAETCS TPU MEHBIITUX
TEeMIIEpaTypHBIX Hamopax
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Departure bubble diameters at water boiling in case of artificial and
natural nucleation sites
S. Afonin, Yu. Kuzma-Kichta , 2010

OTpbIBHBIE THAMETPBI My3bIPEU IPU KUIIEHUH BOIBI B CITyYae C
MCKYCCTBEHHBIMHU U €CTECTBEHHBIMH LIEHTPAMU MMapooOpa3oBaHus

o Hole diameter: 1 — 100 p; 2 —

[ 200 p; 3 — 10 p [Shoji, 2004]; 4
—50 u [Shoji, 2003]; 5 — natural
nucleation sites [Kuzma-Kichta,
1997], D, ~1pn

b ‘ | | | D,— departure bubble’s diameter,
] Da.c./Dn.c — ratio of diameters of
. . artificial and natural holes.
I : Water, g=28 kW/m?
® S
0 50 100 150 200 250
Dun./De.nm.
Departure diameter of bubble decreases as the diameter of artificial cavity
decreases

OTpBIBHOM TMAMETP MYy3bIPSI YMEHBIIACTCS 110 MEPE YMEHBIIICHUS THaMETPa
VCKYCCTBEHHOU BIIAINHBI




Boiling on surface with microscale structure

KuneHne Ha NoBEPXHOCTU C M

DN

Bubble growth in a
re-entrant hole, Marto, 1956
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Influence of surface structure

on sodium pool boiling

Sintered microporous coating for boiling,

Martin, 1970
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Influence of copper micro porous sintered
coating on water boiling heat transfer

WALL HEAT FLUX q

NKPONOPUCTON CTPYKTYPOU
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Surface with micropins,
Mitrovich, 2000
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Increasing heat flux
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Influence of micropins on pool
boiling heat fransfer R141b



Temperature difference at which the boiling begins on

surface with microporous coating:

Pa3HocTh TEMIIEparyp, Npu KOTOPO HAUMHAETCS] KUIIEHUE HA MIOBEPXHOCTH C (s s
MHUKPOTIOPHUCTBIM OKPBITUEM :

46T, Gy (1+Re 107 f
prrr}vef

1)

AT\, =

Electron raster photograph
of surface with
microporous coating

-1
1_8 8! 8” l 2

Ao ZKCMY+(1—Y{K—+W+W] , Y={1—83J with 0 <Re <4.5x10%
CM

The value AT is reduced with decreasing flow rate and increasing effective thermal conductivity A.
The nucleation site density at boiling on a surface with a micro porous sintered coating increases and can be
described by the following quantity:

D,.. | (D, ro'AT

N ~ max —

D 40T,

cr

where value m is defined by angle slope of a boiling curve, D,...-maximal pore diameter in coating
m = aSPC /Xef +b ,b=4,a=-16,3*103 (W/m2 K)

Dmax is assumed to be equal to the particle diameter.




Calculation of boiling heat transfer on surface with microporous coating

Pacuer T CIUIOOTAAQYH ITPHU KUIICHUH HA ITOBCPXHOCTH C MUKPOIIOPUCTBIM ITOKPBITHCM
Kuzma-Kichta, 1987

According to model Labunzov D.A. (Thermal Engeniering, 1972, Ne9) boiling heat

transfer is determined by thermal conductivity transfer through microliquid film,

which thickness is time-averaged for the whole heated surface

g, W/m 2
A .
o — o
o, b
Seis = VRL/W"
’ | | | |
5 10 15 20
AT, K
R _m. ® - microporous sintered copper coating, thickness 0,4 mm
1\2 24+m " \o4 l+m . . . . .

A ])maX rp m om m-stainless steel microporous sintered coating, thickness 0,15 mm
Apr = K q A - stainless steel microporous sintered coating, thickness 0,22 mm

U’?’p" 8PC 4GTS o- without coating




HEAT TRANSFER AT TRANSITION AND FILM BOILING OF FREON-113
ON SPHERE WITH DIMPLES AND MICROPOROUS SINTERED COATING
Temmootnaua mpu MEPEXoaHOM U TIICHOYHOM KuneHuu Gpeona-113 Ha cdepax ¢ TyHKaMu ¥ MEKPOTIOPUCTHIM
CIIEYECHHBIM ITOKPBITUEM

Zhukov 2012
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More significant influence of microporous sintered coating than dimples is visible at film boiling
MI/IKpOHOpI/ICTOG CIICYCHHOC IMOKPBLITHC OKAa3bIBACT OoJblllee BIUSHUE Ha IUICHOYHOE KHIICHUEC, YEM

o0JryHEHHE 7

21



Influence of microporous sintered coating on heat transfer in the transition and post-dryout
regions at boiling of water in vertical tube and coil tube
BiusiHMe MUKpONOPUCTOTO CIIEYEHHOTO MTOKPBITUS HA TEIUIOOTAAYY B IIEPEXONHOM U
3aKPU3UCHON 001acTIX MPU KUTIEHWU BOJIbI B BEPTUKAJIBLHOM U CIIUpajibHON TpyOax

T,C
800

600 —

400 —

200 — 00 @oq o OQ@QO.@.%oﬁ?ounuo

0 ) - J\'J 10
-0.2 0.2 0.6 1.0 1.4
X

0-p=11MPa; pw =28 kg/mzse; q =73 kW/m? (without coating)
e - p = 1,0MPa; pw = 22 kg/m?s; q = 70 kW/m? (with microporous

sintered coating), 1 - water temperature
Microporous sintered coating shifts dryout in

region of high vapor quality and decreases

wall temperature pulsations

o KW/’ C’ 2,4 — inside generatrix
2 1,3 — outside generatrix
\ 1,2 — without coating
7\ L
\ 3,4 — with microporous
N - sintered coating
8 - Smm——————

—

v/ 17 12 X

Water-steam flow, P = 4,5 MPa, pw = (100 —600)
kg/(m?-s) , D/d = 120/8 mm

Microporous sintered coating increases
heat transfer coefficient in post-dryout of {{
coil tube two times




Dryout in horizontal tube with non- uniform heating
Kpusuc TermnoooMeHa B TOpU30HTAIBHOM TPYOE C
HCOOHOPOAHBIM HAI'PCBOM

qu M_W TWOC
4 m2 250

a, KW

. m2 *OC

80

0 45 90
¢, rpaa

., MW/m?
o

Tube without coating

PW = 200 kg/(m2*s); P = 0,4 MPa, g (¢=0) = 4.9 MW/m?

All boiling modes arise on cooling surface of horizontal

tube with non- uniform intensive heating

25

20+
Al
/A

—

7 N N R N S

we 2 4 w2 4 w?
' pW, kg /(m?c)

P=0.5 MPa, X=-0.2
1 - tube without coating and twisting tape,
2 — tube with twisting tape, 3 -tube with micro porous
sintered copper coating, thickness 0.15 mm

Microporous sintered coating increases critical heat flux
three times



VYpaBHeHHe MJ19 KPUTHUYECKOM TEIIIOBOM HArpy3Ku MPU KUTIEHUU HEAOTPETON BOJBI B TPYOE C
3aKpYYEHHOM JICHTOW Ha OCHOBE O€3pa3MEPHBIX KPUTEPUEB MJIsl MOCTPOCHUS CKEJIETHBIX

TaOHIL
KomengantoB A.C., Kpyr A.®@., Kysma-Kuura FO.A., Ctennna H.A.
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OTHOWEeHMEe KPUTUHECKON TEeNSIOBOW Harpy3ku, pacc4yutaHHou no yp. (1),
K NONYy4YeHHOW B ONbITax ANA 3aKpy4YeHHbIX NOTOKOB npu x <0
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Calculation of critical heat flux in horizontal tube with microporous coating
and flow twisting for subcooled water:

PacdeT KpUTHYECKOM TEMI0BOM HArpy3KH B TOPU3OHTAIBHOM TPyOE C
MUKPOTIOPUCTBIM MTOKPBITUEM U 3aKPYTKOU MIOTOKA HENOTPETON BOJBI

1\0.25 W 0.26
0y =9.1- 107°r ,O ,0” £ /H VsusW pc¥Wsw
dy \p Hs

0.25 25
account subcooling: Weus =1+1. 65('0 j {(T ! )C } (C T j

P r p

account microporous coating: . =1+0.44N 0'1(1— 0.25 Reso'l)

N [ DraafPAT, )
40T,

d 0,34 0,12
account flow twisting: ~ Wsw = (defj [gsw +1j
H




Pool boiling of water with surfactants added

KuneHne guctunnupoBaHHOM BoAbl C 4oOaBKaMy NOBEPXHOCTHO aKTUBHbIX
BeLwecTB(lMAB)

q, w/m2
Z"/Oﬁ' A)- distilled water:
1-autor data
2- data Alad’ev and Yashnov,
v
/05 o / B) distilled water with surfactants added.
") / 3) Cin=1.1x10-5 kg/kg , Cfin=6x10-6 kg/kg,
omsh) |
- oxils)) | 4) Cin=10-5 kg/kg , Cfin=10-6 kg/kg,
0 ,l . 5) Cin=1.3x10-5 kg/kg , Cfin=2x10-6 kg/kg,
O e
el - 4 6) Cin=7x10-6 kg/kg , Cfin=6x10-6 kg/kg,
A-J
/’ 84| s 7) Cin=8x10-6 kg/kg , Cfin=4x10-6 kg/kg,
2t o« ~f¢
/ e P=0,1 MPa
W’ 0 /
¢ i | J

Heat transfer coefficient increases for surfactants -water mixture up to 25%



Distribution of heat transfer coefficient a on channel length under boiling o
Pacnipenenenue korduiimerHTa TemI00TAauM 10 JIMHE KaHajla IPU KUIIEHUH BOTHBIX

pacTBOpPOB
16

g 12 (O AQUEOUS

> D

=)

E 38

Z S () AQUEOUS SOLUTION

3 4 H,0 - Na, SO,: 6 g/kg;
0 % @ AQUEOUS SOLUTION

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

X

q = 36 kW/m?; pw = 16 kg/m?s; P = 0.76 MPa
Heat transfer for water solutions is more than for water at low vapor contents.
This effect is more for high salt contents. Heat transfer for water solutions lower
then, for water at high vapor contents.




Modeling heat transfer under aqueous solutions boiling

MoaenvupoBaHu€e TEIUIOOTAAYM IPU KUIIEHUW BOAHOTO PACTBOPA
According to model the supersaturation of aqueous solution takes place under vapor bubble in liquid microfilm, the

crystals are formed and fall on the wall. Additional centers of bubbles appear and heat transfer coefficient is growing.

N= Nnatur+Nadd (1)
g - THERMAL FLUX

4
g=Irpu
r- EVAPORATION HEAT

u= R — \/NO+ N p”- VAPOR DENSITY
C U - DYNAMIC VELOCITY
R - BUBBLE RADIUS
N, ~MAIN NUCLEONIC CENTRES

A ATt DENSITY
R= [12—— A -THERMAL CONDUCTIVITY
) AT - TEMPERATURE DIFFERENCE
Fp t- TIME
_8 Nc - NUCLEONIC CENTRES DENSITY
10 T, - SATURATION TEMPERATURE
N 0= —2 o - SURFACE TENSION
R*
20 TS




Calculation of boiling heat transfer for water solutio

Pacder TemooTaauu Mpu KUIICHHUH BOAHOI'O PacTBOPA Yu. Zudin, Y;dééuzma-Kichta

Ration of heat transfer coefficient at boiling of water solution and water is determined by formula (2):

(04

X A+ /A% 42 2
Xg
AT
A=k-C.o- p—
r-p"-q-E
Where C- concentration, E=10-%2 J- dispersion interaction energy, k=2.5-10"- .
o/
3,0 i
o 1
o 2 ) /
2, mE 3 / . .
a 4 _ s Dependence of heat transfer coefficient
2.0 ] /'/_/ at boiling of sodium sulfate water solution
| . /,//// from concentration
5 A 1- g=25 kW/m?, 2- q=40 xkW/m?, 3-
,%/” q=55 kW/m2, 4- q=95 kW/m2. 3
1,0

25
0 5 10 15 20 25 C,rfxr



Nanoliquid boiling A.V.Lavrikov,

KI/IHGHI/IG HAHOXXWUJIKOCTH Yu.A. Kuzma-KiChta, 2009
10
e 1
. 2
.
o 1 r
= i
= 'z
o +
0.1 F “e
|
‘.
*
: 7 0,01 .
gSkU X15,806  lum BB81 19 44 SET 8 1 10 100
a2 AT, K
Surface with coating from nanoparticles SiC 1- water. 2- nanoliquid from water and

nanoparticels SiC, concentration 0.01%

Heat transfer coefficient changes under boiling of nanoliquid. The main reason is
the surface modification through deposition nanoparticles

[Ipy KuNeHNU HAHOXKUAKOCTH KOAPDUIIMECHT TEII00TAauYN u3MeHsieTcss. OCHOBHOM

HpPI‘IHHOﬁ ABJIACTCA MOI[I/I(i)I/IKaI_II/I}I IMOBCPXHOCTHU ITYTCM OCAKACHUS HAHOYACTHUIL

)
e



Forming of nanoparticles layer on surface at nanoliquid boiling

cDOpMI/IpOBElHI/Ie CJIOA HAHOYACTUIl HAa ITOBCPXHOCTH ITPU KUIICHUHW HAHOKHUAKOCTH

)

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 average thickness of Al203 nanoparticles
AI203. Thickness of nanoparticles layer on (*10-100 nm) relief is 6 micrometers (Huiting

surface at boiling 1-2 mkm (present work) and others, 2012).




Effect of initial surface roughness on heat transfer under nanoliquid boiling
Bnusuue I/ICXOHHOﬁ MECPOXOBATOCTHU IMOBCPXHOCTH HA TCINIOOTAAYY IIPHU KUIICHUHW HAHOXUIAKOCTHU
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4 1 : : 4 4%& :: 3
g s * £ \‘ r
-2 P +
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E 2
T . =
* E ] L AR
100000 1 100000
1.0 10.0 100.0 1.0 10.0 100.0
AT.C Boiling curves for stainless-steel tube ALK

Rough tube Ra=0.16-2.5 mkm, 2- Rough tube Ra with the Al203 nano-relief
3- Smooth tube Ra=0.05-0.1 mkm, 4- Smooth tube with the Al203 nano-relief

1 2
0.2 0.8
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F2 ] ‘1 d

0.4 04 —— e — — — —
0.2 0.2

] o

] ) 10 is 20 o 5 i0 15 20

Test section length,mm Test section length,mm

Relative vapor area above the test section.
1 - Rough tube Ra=0.16-2.5 mkm , 2- - Rough tube with t he AI203 nano-relief

Heat transfer coefficient for the rough tube with the nano-relief decreased on 30% in comparison with
the rough tube without coating. The coating of the smooth tube by nano-particles increases the heat
transfer coefficient. Decreasing of the heat transfer coefficient for the rough tube with the relief can be

explained with decreasing of the nucleation sites density &5 8\ )



Comparison of calculated and experimental data of heat transfer at boiling of
nanofluids with nanoparticles SiC and Al203
CpaBHeHI/Ie PAaCUYCTHLBIX U SKCIICPUMCHTAJIBHBIX JAHHBIX I10 TCINIOOTAAYC IIPHU
KUIIEHUU HaHOKUIKocTel ¢ Hanoyactuiamu SiC u Al203

Kuzma-Kichta Yu.A, 2012 J. T. Cieslinski, T. Z. Kaczmarczyk, 2012
10° 5 5
i, W/m
104 @ W/m? . 8x10“—§
a 6x104—§
4x10“—f
" pure water = nanofluid ALO,
10° - - nanoflu?d S?C ] (experimental)
— nanofluid SIC 2x10° — nanofiuid ALO
(calculated) ] 273
n (calculated)
AT, K . AT, K
10' 10° 1 1 00
Boiling curves for distilled water and Boiling curve for nanofluid (water+ Al,O,,

nanofluid(water+SiC, 0.01%), tube diameter 1.2mm, 0.01%), P=0.01MIIa, proposed equation.
P=0.1MITIa, Dmax=100nm, coating thickness =300 nm Dmax=150nm, coating thickness =300 nm
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Critical heat flux for surface with nanorelief. Comparison with equation S.G.Kandlikar
Kputnueckas TerioBas Harpyska Jijis MOBEpXHOCTH ¢ HaHopeabedoM. CpaBHeHHE ¢ (hopMyJion

S.G.Kandlikar

dopmyna S.G.Kandlikar
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, dopmyna Kandlikar's @ynenoxopaTas MOBEPXHOCTE C MaTeMUTOM
. Marersrr 2 @ [epoxoBaTasd NOBEPXHOCTE C MOJKMOIEeHOM
Maremsrr_1 @ Lepoxoearas noeepxHocTs [PTFE
* MomuEaen_1 ) I'nagkasa NOBEPXHOCTE OTios
> [O3epxancHas noeepxHocTs [JBcTaBkM PTFE Ha TiO, CHumkn SEM Maremunt_1( cnesa), Rz=0,30MkH

MommbGnen 2
n Maremut_2, Rz=0,35MKH. YBEennyeHme

1000x.

KpVITI/I‘-IeCKaFI TennoBasd Harpy3ka ysBerimimnBaeTcd C yMeHbLLUEHNEM KpaeBOoro yrina




Cooling of heated sphere in subcooled water with nanoparticles Al,O;  Zhukov and other, 2016
OxnaxaeHue HarpeTou cdepsl B HEIOTPETOM BOJIE ¢ HAHOYACTHUIIAMH A|203

I./.'—'"A' o ' .X‘\ol
700 A / /\A/ \AA\ A\.-._./ | A \. =
/ AL af -‘\A/*A"T/ \,\\.

o 600 ‘.*’A‘A Ah -1
é 500 / 2 \.:\A L-.-o o . . . . .
= s %‘:‘4 f,,( R }A\ Water film boiling did not arise at cooling of
4 Sy e 3 \\. N heated sphere in nanoliquid under subcooling
S 300 A-a-a, , \ N )

MT \A}T; o (10-15 K) in pool.

100 —®-— HaHOXWUAKOCTb e ‘ > A =

\ “lﬂ:AﬁT’
1-ATH =0; 2-ATH =5K; 3- A’l:H =10K; 4- ATH =15K.

" | Boiling curves (a) pure water, (b) water
e N | with Al203 nanoparticles added (0.1
c el £% = ool vol%), (c) water with Si (0.1 vol%) and

e (d) C nanoparticles added (0.1 vol%) at

e e m e E = saturation conditions (SS-Sphere)
U - Nanoparticles deposition on surface
- ol destabilizes the vapor film, the transition
. Pl B - boiling starts at higher wall superheat

a» « . Particles of Al203, Si enhance heat

0

o 'wﬂo[mm e w;ﬁomeé e transfer while the diamond particlesdo
Hyungdae Kim, Gregory DeWitt, 2009 not have any effect ( 31 )




Leidenfrost temperature

o Ky3ma-Kunurta FO.A., 2014
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A further important direction in the development of dependencies for determining temperature
wetting is the consideration of the surface conditions




Mukpoxkanai. Pabouuii yuacTok, cxema yCTaHOBKH, METO U3MEPEHUSI
TEMIIEPATYPbl CTEHKU U TEILUIOBOM HATPY3KHU
Microchannel. Test section, installation scheme measure of temperature and heal flux

— |

| o &

[IpuHIIMTIHATbHAS cxema
DKCIIEPUMEHTAIBHON YCTaHOBKHU

1- Gak ¢ *KHIKOCTEIO, 2- Hacoc, 3-
criuaxuBaromuii  6ak, 4- pabouuit
y4acTOK, 6- MaHOMETp, D-KOHAEHCATOP

MenHplii 070K ¥ TEpMOTpaMMa €ro MOBEPXHOCTU
1-11IOBEpPXHOCTh KUTIECHUSI
2-KOHTPOJIbHAsI TOBEPXHOCTh 3-3JEKTPOHArPEBATEIIb




Effect of coating from nanopaticles on heat transfer at water boiling in
microchannel
Bnusinue IMOKPBLITHUA U3 HAHOYACTHUIL] HA TCINIOOTAAYY IIPpU KUIICHUU BOJIbI B
MHUKpOKaHae

Microchannel 0.2x3.5x13.5 mm

O1 e2

0] 100 200

Boiling curves for microchannel. G=0.171 g/s:
1-Copper surface; 2-Nano-relief (Al,O,)

The critical heat flux increases for the surfaces with relief from nanoparticles

7 e N



Formation of coating at nanoliquid boiling

(DOpMI/II)OBaHI/Ie HOKpBITI/ISI HpH KHUIICHUHU HAHOXHNIAKOCTU
Lavrikov A.V., Shustov M.V., Kuzma-Kichta Y.A.,2016

‘ . /# i . ‘Nanoliquid
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e [ otnee Lol Db, o f! '
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Coating thickness from a AR A . e
nanoparticles Al,O, Heating surface Micro layer

- 1-2 mkm Dry spot with nanoparticles

Nanoparticles deposit at boiling in region of dray spots, where potential disappeared. Particles layer thickness is
determined by microlayer of liquid under vapor bubble




Critical heat flux as a function of mass velocity
KpuTnueckaa tennoBas Harpy3Ka B 3aBUCMMOCTM OT MAaCCOBOM CKOPOCTMW.
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PACYET KPUTHUYECKOH TEIJIOBOH HATPY3KH B MUKPOKAHAJIE
bE3 ITOKPBITUA U C MOKPBITUEM U3 HAHOYACTHIL

Cyxos B.10. Ky3ma-Kuura 10.A.
JIns MuKpokaHaia 0e3 MoKpbITHs Mcronb3yeTcs Gopmyaa (1), moyyeHHas panee s

TOPH3OHTATLHOH TPYObl C OTHOCTOPOHHHM HArPEBOM:

g0 = 91107y () Re™ (1)

_MWony .y W _[ap”
mie Reg =—D; Woy=—Fqo =71 |—
Hs p Dy
JI4 MHKpOKaHaJia ¢ OKPBITHEM M3 HAHOYACTHI] PACYET KPUTHYECKOH TEILIOBOM
HArpy3KH IPOBEICH 110 (hopMyme (2):

qu N quO Yien (2)
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ComnocraBiieHHEe IKCIIEPUMEHTAIBbHBIX U PACYETHBIX JAHHBIX
10 KPUTHYECKOH TEIUIOBOW HArpy3Ke AJisi MUKPOKAHAJI@ @e3 Kysma-

NOKPBITHSA Knura, 2020

a MBt1/m

IrPY3 )

Al
¢

n3
-

1 — nacrosmas pabora, 2 — lllycroB M.B., 3 — Ky3nenos B.B., 4 — pacuet o hopmye

1)

OTKJIOHEHHUE PACUETHBIX JAHHBIX OT SKCIIEPUMEHTAIBHBIX PE3YIBTATOB HE MPEBBIIIACT



ComnocraBjieHHEe IKCIIEPUMEHTAIbHBIX M PACYETHBIX IAHHbIX 110
KPUTHYECKOU TEIJIOBOU HAIPY3Ke AJI MUKPOKaHAaJa ¢

IIOKPBITHEM U3 HAHOYACTHI
10.A. Ky3ma-Kuura, 20:

—

3

1 — pa6ora lllycTtoBa M.B., 2 — pacuet 1151 kKaHajga 0€3 MOKPHITUS

o ¢popmyie (1),
3 — pacyer I KaHaja ¢ IIOKPBITUEM 110 (hopmyie (2)
[ToxpeiTHE U3 HAHOYACTHUIL] IPUBOAUT K POCTY KPUTUUYECKOM TEILUIOBOU HATPY3KH IIPU
KUIICHUM BOJIbI B MUKpOKaHase B 1.5 pasa. [IpenmoxeHHOe ypaBHEHHUE ONIUCHIBAET
ONBITHRIE JAHHEIE C OTKJIOHEHUEM J10 30%.



Dependence on a contact angle from the layer number of nanoparticles Al,O, and

hydrophobic treatments
3aBUCUMOCTB yIJIa CMAQUMBAHUS OT KOJIAYECTBA CIIO€B HAHOYACTHI] A|203 U

average angle
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MicroMAST2016 September 5-8, 2016, Brussels, Belgium A.Lavrikov, Y. Kuzma-Kichta

Level rise of a liquid due to capillary action in nanoparticles layer
HOI[’I)GM AKUIKOCTH 34 CUCT HCﬁCTBHﬂ KalmJJBIPHBIX CHUJI B CJIOC HAHOYACTHI]

Technology

o . Sample Nel. Nanoparticles Al203+water=
" gomogeneous coating, level rise of fluid =3

mm

% . Sample Ne2. Nanoparticles Al203+water+

T e T ceat 10 6o sl iIsopropanol = coating with microtrenches,
level rise of fluid =12 mm

Level rise of a fluid is increased up to several times sample Ne2. The main reason is -
forming microtrenches in nanoparticles layer.

HOI[T:CM KUIKOCTHU YBCINYUBACTCA B HCCKOJIBKO pa3 IJIA 06pa3ua Ne2. OcHoBHas Inpu4ynHa- \
06pa303aHI/Ie MI/IKpOTpaHI_Heﬁ B CJIOC HAHOYACTHII.



Level rise of a liquid. Water-isopropanol 50% in coating from nanoparticles Al203

KarnmumispHas BeICOTa MOAbEMa JKHIKOCTH BoAa-u301porranoi 50% B MOKPHITHN
n3 gyactur Al203 (=50 am)

-
-
1~
-
-
-
—
-
-
-
-

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

B ciayyae a) u 0) BeicOTa ogbEMa KUJIKOCTH OOJIbIIIE, YEM B CIyYae B),
BCJIeZICTBUE 00pa30BaHNsS MUKPOTPAHIIECH B CJIO€ HAHOYACTHII




Resource test of coating from nanoparticles and polimer film at boiling in installation with
natural circulation

PecypcHoe ucnbITaHMEe HOKPBITHUS U3 HAHOYACTHUL] U IIOJIMMEPHOU IIJICHKU IIPU KUIIEHUHU B
YCTAHOBKE C €CTECTBEHHOU LUPKYIALUEN

SEM photo (TU Braunschweig): 1) clear surface, 2) SiC coating,
3) SiC+polymer coating (HBNP-coating)

D d
3.5 110

3
~ 2.5 A 100
K3 2 O 90
T 1.5 X 80

1 ® & R 'S Contact angles with different surfaces:1) Stainless

0.5 steel; 2) Stainless steel with SiC (50-500 nm)
O particles; 3) Stainless steel covered by particles
0] 5 10 15 20 25 30 and polymer (HBNP-coating).
dT,[K] 193 . )
Method of nanorelief forming on the heat transfer

Resource test of tube with coating from nano particles surfaces of devices”.Yu.Kuzma-Kichta et.al. Patent
and polymer film (ql “fresh tube” experiment, q2 #2433949 ,2011 :

experiment after two months of operation ), water,
p = 0.2 bar, for different liquid levels (80 % - 120%)




Strength definition method for coating from ceramic nanoparticles

Cnoco6 onpeaeneHust IPOYHOCTH MOKPBITHUS U3 KEPAMUUECKUX HAHOYACTHI]
Patent Ne2559334, 2015, Kuzma-Kichta Y.,Lavrikov A.

Scanning
nanoparticles
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Strength definition method for coating from ceramic nanoparticles . According to the method
coating is scanned by electron beam on tangent to the substrate at increasing of current. Coating strength is determined by
energy that is need to detachment particles from coating




Application

IIpumeHenue
OTnoXkeHus! BOAOCYETINKOB CUCTEM TETUIOCHAOKEHUS C 0OYHEHHOI MOBEPXHOCTHIO U 0€3 00myHeHus
Depositions of water meters of heat supply systems with dimples and without dimples

Methods of heat transfer enhancement on macro-, micro - and nanoscales

2013 Kuzma-Kichta. Y. A

Housing of the water meter with hemispherical dimples(left) and housing of the water meter without dimples (right) after
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 dimples @
deposits are almost absent



Application in microchannel
[IpuMeHeHe B MUKpOKaHAaJIE

Microchannel with coating from nanoparticles is used for invertor cooling
OxnaxaeHue aBTOMOOUIIBHOT'O MHBEPTOPA C MOMOIIBI0 MUKPOKaHaJIa C
ITOKPBITUCM N3 HAHOYACTHUI]

TOYTAPRIUS INVERTOR. OVERHEATING POWER BLOCK WITH MICRO CHANNEL
DANAGED TRANSISTORS COOLING FOR SMART INVERTER




Application in thermosyphon
[IpyuMeHeHre B TEPMOCTAOMIIN3ATOPE

Thermosyphon with nanocoating is used for thermal stabilization of the
soil on single-deck railroad embankment and slightly inclined
composite heat stabilizer are set in base of multi —track iron railway
embankment

Application of heat stabilizer with nanocoating for thermal stabilization of the soil on single-and
multi- deck railroad embankment
[TpumeHeHue TepMocTabuaM3aTopa ¢ HaHO MOKPBITUEM ISl TEPMOCTAOMIIM3AIMY TPYHTa Ha OJTHO-
Y MHOTOSIPYCHBIE KEJIE3HOAOPOXKHOU HACKHIIIH




Evaporator with nature circulation

Hcmapurens ¢ €CTECTBEHHON HUPKYJIISLIACH Heat transfer coefficient in different evaporators
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Conclusion

3aKJIIIOUCHUE

*Microporous coating with low thermal resistance
Increases heat transfer coefficient at boiling to 10 times
owing to additional nucleation sites forming.

*Microporous coating shifts the transition to post-dryout
In region of larger vapor content owing to wettability
Improvement and critical heat flux increases to 3 times
*MUKpPOIIOPUCTOE TOKPBHITUE C HU3ZKUM TEPMUYECKUM

COIIPOTUBJICHUEM YBEJINYUBACT KOA(pUILIHEHT
TeriooTqadyn nOpu  kunenun g0 10 pa3 3a  cuer
oOpa3zoBaHUs JTOIIOJHUTEIIbHBIX IIEHTPOB
IapooOpa30BaHUS.

* MUKpOTIOpUCTOE  TOKPHITUE CABUTACT IIEPEXOJ B
3aKPU3UCHYIO 00JaCTh B 30HY BBICOKHX MApOCOECPKAHUN
M KPUTHYECKHH TEIJIOBOM ITOTOK BO3pacTaeT 10 3 pas,
OJrarozapsi yJIy4IieHUI0 CMaqyuBa€MOCTH.




Similar intensification of heat transfer arises during
water solution boiling , nanoliquid boiling.

*[TogoOHas nHTeHCU(UKAIMS TEIJI000MEHA BO3HUKAET
IIPY KUIIEHUHU BOJHOI'O paCTBOPA U HAHOKUIKOCTH.

*Equations for heat transfer calculation at boiling on
surface with microporous coatings are proposed.

[Ipemmoxkensl ypaBHEHHS JJId pacyeTa TEIUIOOTIAYn
PA KUIIEHWU HA TOBEPXHOCTHU C MHUKPOIIOPUCTHIM
MTOKPBITHEM.

Boiling heat transfer coefficient and critical heat flux
Increase at boiling in microchannel with nanorelief

* B MuKkpokaHaie C HaHOPEIbEPOM YBEIHMUUBAKOTCS
KPUTUYECKUK TEIUJIOBOM NOTOK W TEIUIOOTIAa4a IIpH
MEPEXOTHOM KUIIEHUU




Lavrikov A.V. Zhukov V.M. Shustov M.V.

Many thanks. Therefore, | tried today to explain
you our results clear enough — at the same time
trying to understand them myself!
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