
 
 

Investigation of heat transfer enhancement on  

macro-, micro- and nanoscales 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʪʝʧʣʦʦʙʤʝʥʘ ʥʘ ʤʘʢʨʦ-, 

ʤʠʢʨʦ- ʠ ʥʘʥʦʤʘʩʰʘʪʘʙʘʭ  
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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 and  level rise of a liquid 

- application 

ʊʝʤʳ: 

- ʧʦʚʳʰʝʥʠʝ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʧʣʦʚʦʡ ʥʘʛʨʫʟʢʠ, 

- ʢʠʧʝʥʠʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʤʠʢʨʦʧʦʨʠʩʪʳʤ  ʧʦʢʨʳʪʠʝʤ, 

-  ʢʠʧʝʥʠʝ ʚʦʜʥʳʭ ʨʘʩʪʚʦʨʦʚ , 

-  ʢʠʧʝʥʠʝ ʥʘʥʦʞʠʜʢʦʩʪʠ, 

-  ʢʨʘʝʚʦʡ ʫʛʦʣ ʠ ʚʳʩʦʪʘ ʧʦʜʲʝʤʘ ʞʠʜʢʦʩʪʠ, 

-  ʧʨʠʤʝʥʝʥʠʝ  
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Our books on boiling heat transfer enhancement on micro- and nanoscales 

ʅʘʰʠ ʢʥʠʛʠ ʧʦ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʪʝʧʣʦʦʙʤʝʥʘ ʥʘ ʤʘʢʨʦ-, ʤʠʢʨʦ- ʠ 

ʥʘʥʦʤʘʩʰʪʘʙʘʭ 

Heat and Mass Transfer Enhancement on Macro-, Micro-,  and Nanoscales  Yu. Kuzma-Kichta &  

A. Leontiev , ʪʦʤ 25, ʚʳʧʫʩʢ 6, 2018 

Choice and Justification of the Heat Transfer Intensification Methods Yu. Kuzma-Kichta &  

A. Leontiev , Volume 25, Issue 6, 2018 



METHOD OF ñBROAD BEAMò METHOD OF ñNARROW BEAMò 

ʄɽʊʆɼ ñ ʋɿʂʆɻʆ ʇʋʏʂɸò ʄɽʊʆɼ ñʐʀʈʆʂʆɻʆ ʇʋʏʂɸò 

Investigation method of interface oscillations under film doiling 

ʄʝʪʦʜʠʢʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʦʣʝʙʘʥʠʡ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʬʘʟ ʧʨʠ 

ʧʣʝʥʦʯʥʦʤ ʢʠʧʝʥʠʠ 
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ʉhaos investigation under boiling 

ʀʟʫʯʝʥʠʝ ʭʘʦʩʘ ʧʨʠ ʢʠʧʝʥʠʠ 



 
 

Fig. 9. Evolution of the Lyapunovôs exponents on the phase portrait. 

 
Fig. 4a. Vapor bubble growth on a wall, water boiling, p = 1 bar 

 experimental results, q = 52 kWt/m2, ȹTL = 9 K; 

calculated using t
r

ʊ
R

V

LL

r

l
b
D

= 2 ;        calculated using ( )Ja12Ja3.0Ja3.0atR 2 ++Ö=  

Which  process is boiling?    Ustinov A.A.,Kuzma-Kichta Y.A. 2005  

Scheme of method 

ʉʭʝʤʘ ʤʝʪʦʜʘ  

Vapor bubble growth on a wall, water boiling 

Projection of the phase portrait (red points) and its 

Pointcareôs section by hyper-sphere ȹp = 0 

ʂʠʧʝʥʠʝ- ʢʘʢʦʡ ʧʨʦʮʝʩʩ? 

ʈʦʩʪ ʧʫʟʳʨʷ ʥʘ ʩʪʝʥʢʝ, ʢʠʧʝʥʠʝ ʚʦʜʳ 

 

ʇʦʢʘʟʘʪʝʣʴ ʃʷʧʫʥʦʚʘ ʧʦʣʦʞʠʪʝʣʴʥʳʡ,  

ʏʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ 

ʂʠʧʝʥʠʝ ïʭʘʦʪʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ 
ʇʨʦʝʢʮʠʷ ʬʘʟʦʚʦʛʦ ʧʦʨʪʨʝʪʘ (ʢʨʘʩʥʳʝ ʪʦʯʢʠ) ʠ 

ʩʝʯʝʥʠʝ ʇʫʘʥʢʘʨʝ ʛʠʧʝʨʩʬʝʨʦʡ ȹp = 0ʯʝʩʢʡʠ 7 
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Mechanism of heat transfer enhancement at film boiling on surface  

with low conductivity coating investigated by  laser diagnostic (method 

of ñbroad beamñ) 

  

ò 

Low conductivity coating weakens  large interface oscillations  

ʄʘʣʦʪʝʧʣʦʧʨʦʚʦʜʥʦʝ ʧʦʢʨʳʪʠʝ ʦʩʣʘʙʣʷʝʪ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʝ ʢʦʣʝʙʘʥʠʷ ʛʨʘʥʠʮʳ 

ʨʘʟʜʝʣʘ  ʨʘʟʜʝʣʘ ʬʘʟ 

ʄʝʭʘʥʠʟʤ ʫʚʝʣʠʯʝʥʠʷ ʪʝʧʣʦʦʪʜʘʯʠ ʧʨʠ ʧʣʝʥʦʯʥʦʤ ʢʠʧʝʥʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʩ ʤʘʣʦʪʝʧʣʦʧʨʦʚʦʜʥʳʤ ʧʦʢʨʳʪʠʝʤ ʠʩʩʣʝʜʦʚʘʥ ʩ ʧʦʤʦʱʴʶ ʣʘʟʝʨʥʦʡ 

ʜʠʘʛʥʦʩʪʠʢʠ (ʤʝʪʦʜ ñʰʠʨʦʢʦʛʦ ʧʫʯʢʘò) 

 



ʈʘʟʨʘʙʦʪʢʘ ʣʘʟʝʨʥʦʡ ʜʠʘʛʥʦʩʪʠʢʠ ʚ ʦʪʜʝʣʝ ʪʝʧʣʦʦʙʤʝʥʘ ʀɺʊ 

ɸʅ ʉʉʉʈ  

ʇʨʦʬʝʩʩʦʨ ɹ.ʉ.ʇʝʪʫʭʦʚ, 

ʏʣ.-ʢʦʨʨ. ʈɸʅ, 

ʟʘʚʝʜʫʶʱʠʡ ʦʪʜʝʣʦʤ 

ʪʝʧʣʦʦʙʤʝʥʘ ʀɺʊ ɸʅ 

ʉʉʉʈ  

 
 ʋʯʠʪʝʣʴ (ʧʨʦʬ. ʉ.ɸ. 

ʂʦʚʘʣʸʚ) ʠ ʝʛʦ ʫʯʝʥʠʢ   

ʨʦʜʠʣʠʩʴ ʧʦʜ ʟʥʘʢʦʤ ɿʦʜʠʘʢʘ 

ïɼʝʚʘ 10 ʩʝʥʪʷʙʨʷ ʩ 

ʠʥʪʝʨʚʘʣʦʤ 12 ʣʝʪ  

ʇʨʦʬʝʩʩʦʨ ʂʫʟʤʘ-ʂʠʯʪʘ ʖ.ɸ ʠ ʝʛʦ 

ʜʠʧʣʦʤʥʠʢ ɺ.ɻ. ɹʦʥʜʫʨ ʨʘʟʨʘʙʦʪʘʣʠ 

ʣʘʟʝʨʥʫʶ ʜʠʘʛʥʦʩʪʠʢʫ ʢʦʣʟʝʙʘʥʠʡ 

ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʬʘʟ ʧʨʠ ʧʣʝʥʦʯʥʦʤ 

ʢʠʧʝʥʠʠ. ɺ ʜʘʣʴʥʝʡʰʝʤ ɹʦʥʜʫʨ ɺ.ɻ.   

ʠʩʧʦʣʴʟʦʚʘʣ ʝʸ ʜʣʷ ʠʟʫʯʝʥʠʷ  

ʢʦʣʝʙʘʥʠʡ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʨʷ ʠ ʠ 

ʙʳʣ  ʚʳʙʨʘʥ ʩʥʘʯʘʣʘ ʘʢʘʜʝʤʠʢʦʤ 

ʈɸʅ ʠ ʥʝʜʘʚʥʦ ʚʠʮʝ-ʧʨʝʟʠʜʝʥʪʦʤ 

ʈɸʅ 9 



Origin of steam bubbles on surface with  artificial  cavities 
ʆʙʨʘʟʦʚʘʥʠʝ ʧʘʨʦʚʳʭ ʧʫʟʳʨʝʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʠʩʢʫʩʩʪʚʝʥʥʳʤʠ ʚʧʘʜʠʥʘʤʠ    

 M. Shoji, 2001 

On surface with reentrant cavities and cavities of cilindrical 

form the boiling begins at less  temperature differences  

ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʨʝʟʝʨʚʫʘʨʥʳʤʠ ʚʧʘʜʠʥʘʤʠ ʠ ʚʧʘʜʠʥʘʤʠ 

ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʢʠʧʝʥʠʝ ʥʘʯʠʥʘʝʪʩʷ ʧʨʠ ʤʝʥʴʰʠʭ 

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʥʘʧʦʨʘʭ 

Influence of surface structure 

 on sodium pool boiling heat 

transfer: reentrant cavities (1), welds 

(2), smooth surface (3) 

ɺʣʠʷʥʠʝ ʧʦʨʠʩʪʦʛʦ ʧʦʢʨʳʪʠʷ ʥʘ 

ʪʝʧʣʦʦʪʜʘʯʫ ʧʨʠ ʢʠʧʝʥʠʠ ʥʘʪʨʠʷ 

ʚ ʙʦʣʴʰʦʤ ʦʙʲʝʤʝ 

Bubble growth in a 
reentrant ɗavity, Marto, 

1956 

10 



Departure bubble diameters at water boiling in case of  artificial and  

natural nucleation sites 

                                                           S. Afonin, Yu. Kuzma-Kichta , 2010 

Hole diameter: 1 ï  100 ɛ; 2 ï  

200 ɛ; 3 ï 10 ɛ [Shoji, 2004]; 4 

ï 50 ɛ [Shoji, 2003]; 5 ï natural 

nucleation sites [Kuzma-Kichta, 

1997], Dn.c ~1 ɛ 

Departure diameter of bubble decreases as the diameter of artificial cavity 

decreases 

D0 ï departure bubbleôs diameter, 

Da.c./Dn.c ï ratio of diameters of 

artificial and natural holes. 

 Water, q=28 kW/m2 

ʆʪʨʳʚʥʦʡ ʜʠʘʤʝʪʨ ʧʫʟʳʨʷ ʫʤʝʥʴʰʘʝʪʩʷ ʧʦ ʤʝʨʝ ʫʤʝʥʴʰʝʥʠʷ ʜʠʘʤʝʪʨʘ 

ʠʩʢʫʩʩʪʚʝʥʥʦʡ ʚʧʘʜʠʥʳ 

ʆʪʨʳʚʥʳʝ ʜʠʘʤʝʪʨʳ ʧʫʟʳʨʝʡ ʧʨʠ ʢʠʧʝʥʠʠ ʚʦʜʳ ʚ ʩʣʫʯʘʝ ʩ 

ʠʩʢʫʩʩʪʚʝʥʥʳʤʠ ʠ ʝʩʪʝʩʪʚʝʥʥʳʤʠ ʮʝʥʪʨʘʤʠ ʧʘʨʦʦʙʨʘʟʦʚʘʥʠʷ 

16 
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Bubble growth in a 

re-entrant hole, Marto, 1956 

Sintered microporous coating for boiling, 

Martin, 1970 

Influence of surface structure 

 on sodium pool boiling  

Influence of copper micro porous  sintered 

coating on water boiling heat transfer  

Surface with micropins,  

Mitrovich, 2000 

Influence of micropins on pool  

boiling heat transfer R141b 

Boiling on surface  with microscale structure 

ʂʠʧʝʥʠʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʤʠʢʨʦʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʦʡ 

17 
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ʈʘʟʥʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨ, ʧʨʠ ʢʦʪʦʨʦʡ ʥʘʯʠʥʘʝʪʩʷ ʢʠʧʝʥʠʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩ 

ʤʠʢʨʦʧʦʨʠʩʪʳʤ ʧʦʢʨʳʪʠʝʤ 

     Temperature difference at which the boiling begins on 

surface with microporous coating: 

 

with

      The value                 is reduced with decreasing flow rate and increasing effective thermal conductivity lef. 

   The nucleation site density at boiling on a surface with a micro porous sintered coating increases and can be 

described by the following quantity: 

(1) 

where value m is defined by angle slope of a boiling curve, Dmax-maximal pore diameter in coating 

 
bam efPC +ld= / , b = 4, a = -16,3*103 (W/m2 K)  

Dmax is assumed to be equal to the particle diameter. 

NBTD

Electron raster photograph  

of surface with 

microporous coating 
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Calculation  of boiling heat transfer on surface with microporous coating  

ʈʘʩʯʝʪ ʪʝʧʣʦʦʪʜʘʯʠ ʧʨʠ ʢʠʧʝʥʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʤʠʢʨʦʧʦʨʠʩʪʳʤ ʧʦʢʨʳʪʠʝʤ        

                                                                                                  Kuzma-Kichta, 1987 

According to model Labunzov D.A. (Thermal Engeniering, 1972, ˉ9) boiling heat 

transfer is  determined by  thermal conductivity transfer through microliquid film, 

which thickness is time-averaged for the whole heated surface 
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   ǒ- microporous sintered copper coating, thickness 0,4 mm 

  ƴ-stainless steel  microporous sintered coating, thickness 0,15 mm 

ƶ- stainless steel microporous sintered coating, thickness 0,22 mm 

ƺ- without coating 
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More significant influence of microporous sintered coating than dimples is visible at film boiling 

ʄʠʢʨʦʧʦʨʠʩʪʦʝ ʩʧʝʯʝʥʥʦʝ ʧʦʢʨʳʪʠʝ ʦʢʘʟʳʚʘʝʪ ʙʦʣʴʰʝʝ ʚʣʠʷʥʠʝ ʥʘ ʧʣʝʥʦʯʥʦʝ ʢʠʧʝʥʠʝ, ʯʝʤ 

ʦʙʣʫʥʝʥʠʝ  

HEAT TRANSFER AT TRANSITION AND FILM BOILING OF FREON-113  

ON SPHERE WITH DIMPLES AND MICROPOROUS SINTERED COATING 

ʊʝʧʣʦʦʪʜʘʯʘ ʧʨʠ ʧʝʨʝʭʦʜʥʦʤ ʠ ʧʣʝʥʦʯʥʦʤ ʢʠʧʝʥʠʠ ʬʨʝʦʥʘ-113 ʥʘ ʩʬʝʨʘʭ ʩ ʣʫʥʢʘʤʠ ʠ ʤʠʢʨʦʧʦʨʠʩʪʳʤ 

ʩʧʝʯʝʥʥʳʤ ʧʦʢʨʳʪʠʝʤ     

                                                                                                                                                          Zhukov 2012                                                                                                                                 

21 



o - p = 1,1MPa; rw = 28 kg/m2s; q = 73 kW/m2    (without coating)  

¶ - p = 1,0MPa; rw = 22 kg/m2s; q = 70 kW/m2  (with microporous 

sintered coating), 1 - water temperature 

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 

ɺʣʠʷʥʠʝ ʤʠʢʨʦʧʦʨʠʩʪʦʛʦ ʩʧʝʯʝʥʥʦʛʦ ʧʦʢʨʳʪʠʷ ʥʘ ʪʝʧʣʦʦʪʜʘʯʫ ʚ ʧʝʨʝʭʦʜʥʦʡ ʠ 

ʟʘʢʨʠʟʠʩʥʦʡ ʦʙʣʘʩʪʷʭ ʧʨʠ ʢʠʧʝʥʠʠ ʚʦʜʳ ʚ ʚʝʨʪʠʢʘʣʴʥʦʡ ʠ ʩʧʠʨʘʣʴʥʦʡ ʪʨʫʙʘʭ 

 

-0.2 0.2 0.6 1.0 1.4
Xe

0

200

400

600

800

S, Co

10

30

50

1 

Microporous sintered coating increases 

heat transfer coefficient in post-dryout of 

coil tube two times   

2,4 ï inside generatrix  

1,3 ï outside generatrix 

1,2 ï without coating            

3,4 ï with microporous 

sintered coating 

Water-steam flow, P = 4,5 MPa, rw = (100 ½600) 

kg/(m2Ŀs) , D/d = 120/8 mm  

Microporous  sintered coating shifts dryout in 

region of  high vapor  quality and decreases 

wall temperature pulsations  11 
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qcr, MW/m 2 

 

rW, kg /(m2c) 

 
P = 0.5 MPa, X= -0.2 

1 -  tube without coating and twisting tape,  

2 ï tube with twisting tape, 3 -tube with micro porous 

sintered copper coating, thickness 0.15 mm  

0 45 90 135 180
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a,     ʢɺʪ  
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a

a,  kW         

.  m2 * OC 

       80 

TW 

   

qW 

qw, MW   TW,
OC        

4     m2    250  

Tube without coating  

rW = 200 kg/(m2*s); P = 0,4 MPa, q (j=0) = 4.9 MW/m2 

  

Dryout in horizontal tube with non- uniform heating 

ʂʨʠʟʠʩ ʪʝʧʣʦʦʙʤʝʥʘ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʪʨʫʙʝ ʩ 

ʥʝʦʜʥʦʨʦʜʥʳʤ ʥʘʛʨʝʚʦʤ 

All boiling modes arise  on cooling surface of horizontal 

tube with non- uniform intensive heating 

Microporous sintered coating increases critical heat flux 

three times 
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ï ʢʦʵʬʬʠʮʠʝʥʪ, ʫʯʠʪʳʚʘʶʱʠʡ ʚʣʠʷʥʠʝ ʜʘʚʣʝʥʠʷ. 

ʋʨʘʚʥʝʥʠʝ ʜʣʷ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʧʣʦʚʦʡ ʥʘʛʨʫʟʢʠ ʧʨʠ ʢʠʧʝʥʠʠ ʥʝʜʦʛʨʝʪʦʡ ʚʦʜʳ ʚ ʪʨʫʙʝ ʩ 

ʟʘʢʨʫʯʝʥʥʦʡ ʣʝʥʪʦʡ ʥʘ ʦʩʥʦʚʝ ʙʝʟʨʘʟʤʝʨʥʳʭ ʢʨʠʪʝʨʠʝʚ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʩʢʝʣʝʪʥʳʭ 

ʪʘʙʣʠʮ 
ʂʦʤʝʥʜʘʥʪʦʚ ɸ.ʉ., ʂʨʫʛ ɸ.ʌ., ʂʫʟʤʘ-ʂʠʯʪʘ ʖ.ɸ., ʉʪʝʥʠʥʘ ʅ.ɸ. 
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ʆʪʥʦʰʝʥʠʝ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʧʣʦʚʦʡ ʥʘʛʨʫʟʢʠ,  ʨʘʩʩʯʠʪʘʥʥʦʡ ʧʦ ʫʨ. (1), 

ʢ ʧʦʣʫʯʝʥʥʦʡ ʚ ʦʧʳʪʘʭ ʜʣʷ ʟʘʢʨʫʯʝʥʥʳʭ ʧʦʪʦʢʦʚ ʧʨʠ  ʭ < 0  

482 ʪʦʯʢʠ ʠʟ 580 (>83 %)  

ʚ ʜʠʘʧʘʟʦʥʝ °30%  

qʢʨ. ʨʘʩ./ qʢʨ. ʵʢʩ. 

rW, ʢʛ/ʤ2c 

ʭ 
+30% 

-30% 

P, ʄʇʘ 

LH/d y 



  

qcr, MW/m 2 

 

rW, kg /(m2c) 

 
P = 0.5 MPa, X= -0.2 

1 -  tube without heat transfer enhancement,  

2 ï tube with twisting tape, 3 -tube with micro porous 

sintered copper coating, thickness 0.15 mm  
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.  m2 * OC 

       80 

TW 

   

qW 

qw, MW   TW,
OC        

4     m2    250  

Tube without coating  

rW = 200 kg/(m2*s); P = 0,4 MPa, q (j=0) = 4.9 MW/m2 

  

Dryout in horizontal tube with non- uniform heating 

ʂʨʠʟʠʩ ʪʝʧʣʦʦʙʤʝʥʘ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʪʨʫʙʝ ʩ 

ʥʝʦʜʥʦʨʦʜʥʳʤ ʥʘʛʨʝʚʦʤ 

All boiling modes arise  on cooling surface of horizontal 

tube with non- uniform intensive heating 

Microporous sintered coating increases critical heat flux 

three times 
10 15 
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Calculation of critical heat flux in horizontal tube with microporous coating 

and  flow twisting for subcooled water: 

ʈʘʩʯʝʪ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʧʣʦʚʦʡ ʥʘʛʨʫʟʢʠ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʪʨʫʙʝ ʩ 

ʤʠʢʨʦʧʦʨʠʩʪʳʤ ʧʦʢʨʳʪʠʝʤ ʠ ʟʘʢʨʫʪʢʦʡ ʧʦʪʦʢʘ ʥʝʜʦʛʨʝʪʦʡ ʚʦʜʳ 

account subcooling: 

account microporous coating: 

account flow twisting: 
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Pool boiling of  water with surfactants added 

ʂʠʧʝʥʠʝ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ ʩ ʜʦʙʘʚʢʘʤʠ ʧʦʚʝʨʭʥʦʩʪʥʦ ʘʢʪʠʚʥʳʭ 

ʚʝʱʝʩʪʚ(ʇɸɺ) 

 

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

A)-  distilled water: 

1-autor data 

2- data Aladǋev and Yashnov,  

 

B) distilled water with surfactants added.   

 

3) Cin=1.1x10-5 kg/kg , Cfin=6x10-6 kg/kg,  

 

4) Cin=10-5 kg/kg , Cfin=10-6 kg/kg, 

 

5) Cin=1.3x10-5 kg/kg , Cfin=2x10-6 kg/kg, 

 

 6) Cin=7x10-6 kg/kg , Cfin=6x10-6 kg/kg,  

 

7) Cin=8x10-6 kg/kg , Cfin=4x10-6 kg/kg,     

  

P=0,1 MPa    
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Distribution of heat transfer coefficient a on channel length under boiling ʦʚ 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʦʪʜʘʯʠ ʧʦ ʜʣʠʥʝ ʢʘʥʘʣʘ ʧʨʠ ʢʠʧʝʥʠʠ ʚʦʜʥʳʭ 

ʨʘʩʪʚʦʨʦʚ 

 AQUEOUS   

 AQUEOUS  SOLUTION 

H20 - Na2 SO4: - 30 g/kg;  

q = 36 kW/m2; ɟw = 16 kg/m2s; 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. 

 AQUEOUS  SOLUTION  

H20 - Na2 SO4: 6 g/kg;  
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Modeling  heat transfer under aqueous solutions boiling 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʧʣʦʦʪʜʘʯʠ ʧʨʠ ʢʠʧʝʥʠʠ ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ 

urq ɟ¡¡=

   

C
N+= 0N

dt

dR
Ru

ɟ

ɚ

¡¡

=

r

ȹTt
12R

q - THERMAL FLUX  

r -  EVAPORATION HEAT 

pò- VAPOR  DENSITY  

u - DYNAMIC VELOCITY  

R -  BUBBLE RADIUS 

N0 ïMAIN  NUCLEONIC CENTRES 

DENSITY  

ɚ -THERMAL CONDUCTIVITY  

ȹT - TEMPERATURE DIFFERENCE  

t-  TIME 

Nc - NUCLEONIC CENTRES DENSITY  

TS - SATURATION TEMPERATURE  

ů - SURFACE TENSION  

 

  

2
R

8
10

0N

*

-

=

ȹTr

sT2
R

ɟ

ů

¡¡

=*

   

N= Nnatur+Nadd  

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.  

(1) 
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Yu. Zudin, Yu. Kuzma-Kichta   

2000 

Ration of heat transfer coefficient at boiling of water solution and water is determined by formula (2):  
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0

++= AA
a

a

Eqr

T
CkA s

ÖÖ¡¡Ö

Ö
ÖÖÖ=

r

l
s

Where ʉ-  concentration,  E=10-22 Jï dispersion interaction energy, k=2.5Ŀ10-7- . 

Dependence of heat transfer coefficient 

at boiling of  sodium sulfate water solution 

from concentration  

 1- q=25 ʢW/m2, 2- q=40 ʢW/m2, 3- 

q=55 ʢW/m2, 4- q=95 ʢW/m2. 

(2) 

Calculation of boiling heat transfer  for water solutio 

 ʈʘʩʯʝʪ ʪʝʧʣʦʦʪʜʘʯʠ ʧʨʠ ʢʠʧʝʥʠʠ ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ 
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Nanoliquid boiling   

ʂʠʧʝʥʠʝ ʥʘʥʦʞʠʜʢʦʩʪʠ       

    

 1- water. 2- nanoliquid from water and 

nanoparticels SiC, concentration 0.01%   

 Surface with coating from nanoparticles SiC  

Heat transfer  coefficient changes under boiling of  nanoliquid. The main reason  is  

the surface modification through deposition   nanoparticles 

ʇʨʠ ʢʠʧʝʥʠʠ ʥʘʥʦʞʠʜʢʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʦʪʜʘʯʠ ʠʟʤʝʥʷʝʪʩʷ. ʆʩʥʦʚʥʦʡ 

ʧʨʠʯʠʥʦʡ ʷʚʣʷʝʪʩʷ ʤʦʜʠʬʠʢʘʮʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʫʪʝʤ ʦʩʘʞʜʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ 

A.V.Lavrikov ,  

Yu.A. Kuzma-Kichta , 2009 
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Forming of nanoparticles layer on surface at nanoliquid boiling  

Nikel surface with layer of nanoparticles from 

Al2O3. Thickness of nanoparticles layer on 

surface at boiling   1-2 mkm (present work) 
27 

The average thickness of Al2O3 nanoparticles 

(*10ï100 nm) relief is 6 micrometers (Huiting 

and others, 2012). 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʩʣʦʷ ʥʘʥʦʯʘʩʪʠʮ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʢʠʧʝʥʠʠ ʥʘʥʦʞʠʜʢʦʩʪʠ 

27 
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ʂʨʠʚʘʷ ʢʠʧʝʥʠʷ 

Effect of initial surface roughness on heat transfer under nanoliquid boiling  

ɺʣʠʷʥʠʝ ʠʩʭʦʜʥʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʪʝʧʣʦʦʪʜʘʯʫ ʧʨʠ ʢʠʧʝʥʠʠ ʥʘʥʦʞʠʜʢʦʩʪʠ 

 Relative  vapor area above the test section. 

1 - Rough tube Ra=0.16-2.5 mkm , 2- - Rough tube  with t he Al2O3 nano-relief 

    

    Boiling curves for stainless-steel tube 

Rough tube Ra=0.16-2.5 mkm, 2- Rough tube Ra with the Al2O3 nano-relief 

3- Smooth tube Ra=0.05-0.1 mkm, 4- Smooth tube  with the Al2O3 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 
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Boiling curves for distilled water and 

nanofluid(water+SiC, 0.01%), tube diameter 1.2mm, 

ʈ=0.1ʄʇʘ, Dmax=100nm, coating thickness =300 nm 

Kuzma-Kichta Yu.A, 2012 

Boiling curve for nanofluid (water+ Al 2O3, 

0.01%), ʈ=0.01ʄʇʘ, proposed equation. 

Dmax=150nm, coating thickness =300 nm 

 

J. T. Cieslinski, T. Z. Kaczmarczyk, 2012 

Comparison of calculated and experimental data of heat transfer at boiling of 

nanofluids with nanoparticles  SiC and Al2O3 

ʉʨʘʚʥʝʥʠʝ ʨʘʩʯʝʪʥʳʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦ ʪʝʧʣʦʦʪʜʘʯʝ ʧʨʠ 

ʢʠʧʝʥʠʠ ʥʘʥʦʞʠʜʢʦʩʪʝʡ ʩ ʥʘʥʦʯʘʩʪʠʮʘʤʠ SiC ʠ Al2O3 
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Critical heat flux for surface with nanorelief. Comparison with equation S.G.Kandlikar 

ʂʨʠʪʠʯʝʩʢʘʷ ʪʝʧʣʦʚʘʷ ʥʘʛʨʫʟʢʘ ʜʣʷ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʥʘʥʦʨʝʣʴʝʬʦʤ. ʉʨʘʚʥʝʥʠʝ ʩ  ʬʦʨʤʫʣʦʡ 

S.G.Kandlikar 

ʌʦʨʤʫʣʘ S.G.Kandlikar 

ʂʨʠʪʠʯʝʩʢʘʷ ʪʝʧʣʦʚʘʷ ʥʘʛʨʫʟʢʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʢʨʘʝʚʦʛʦ ʫʛʣʘ  
. 

      ʉʥʠʤʢʠ SEM ʄʘʛʝʤʠʪ_1( ʩʣʝʚʘ), Rz=0,30ʤʢʥ 

      ʠ ʄʘʛʝʤʠʪ_2, Rz=0,35ʤʢʥ. ʋʚʝʣʠʯʝʥʠʝ 

1000ʭ.  

 

                             

Masahiro T§chira ʠ ʜʨ. 2012 
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 Cooling of heated sphere in  subcooled water with nanoparticles Al2O3  

ʆʭʣʘʞʜʝʥʠʝ ʥʘʛʨʝʪʦʡ ʩʬʝʨʳ ʚ ʥʝʜʦʛʨʝʪʦʡ ʚʦʜʝ ʩ ʥʘʥʦʯʘʩʪʠʮʘʤʠ Al2O3  

º   1-Dʊʅ =0; 2-Dʊʅ =5ʂ; 3- Dʊʅ =10ʂ; 4- Dʊʅ =15ʂ. 

  

 
ºWater film boiling did not arise at cooling of 

heated  sphere in nanoliquid under subcooling   

(10-15 ʂ)  in pool. 

Boiling curves (a) pure water, (b) water 

with Al2O3 nanoparticles added (0.1 

vol%), (c) water with Si (0.1 vol%) and 

(d) ʉ nanoparticles added (0.1 vol%) at 

saturation conditions (SS-Sphere)  

Å Nanoparticles  deposition on  surface 

destabilizes  the vapor film, the transition 

boiling starts at higher wall superheat 

Å . Particles of Al2O3, Si enhance  heat 

transfer while the diamond particles do 

not have any effect 
 

Hyungdae Kim, Gregory DeWitt, 2009  

Zhukov and other, 2016 
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Leidenfrost temperature 

ʊʝʤʧʝʨʘʪʫʨʘ ʃʝʡʜʝʥʬʨʦʩʪʘ 
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A further important direction in the development of dependencies for determining temperature 

 wetting is the consideration of the surface conditions 

 

ʂʫʟʤʘ-ʂʠʯʪʘ ʖ.ɸ., 2014 
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ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ 

1- ʙʘʢ ʩ ʞʠʜʢʦʩʪʴʶ, 2- ʥʘʩʦʩ, 3- 

ʩʛʣʘʞʠʚʘʶʱʠʡ ʙʘʢ, 4- ʨʘʙʦʯʠʡ 

ʫʯʘʩʪʦʢ, 6- ʤʘʥʦʤʝʪʨ, 5-ʢʦʥʜʝʥʩʘʪʦʨ 

ʄʝʜʥʳʡ ʙʣʦʢ ʠ ʪʝʨʤʦʛʨʘʤʤʘ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ  

1-ʧʦʚʝʨʭʥʦʩʪʴ ʢʠʧʝʥʠʷ 

2-ʢʦʥʪʨʦʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ         3-ʵʣʝʢʪʨʦʥʘʛʨʝʚʘʪʝʣʴ 

ʄʠʢʨʦʢʘʥʘʣ. ʈʘʙʦʯʠʡ ʫʯʘʩʪʦʢ, ʩʭʝʤʘ ʫʩʪʘʥʦʚʢʠ, ʤʝʪʦʜ ʠʟʤʝʨʝʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʥʢʠ ʠ ʪʝʧʣʦʚʦʡ ʥʘʛʨʫʟʢʠ 

Microchannel.Test section, installation scheme measure of temperature and heal flux   
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Effect of coating from nanopaticles on heat transfer at water boiling in 

microchannel 

ɺʣʠʷʥʠʝ ʧʦʢʨʳʪʠʷ ʠʟ ʥʘʥʦʯʘʩʪʠʮ ʥʘ ʪʝʧʣʦʦʪʜʘʯʫ ʧʨʠ ʢʠʧʝʥʠʠ ʚʦʜʳ ʚ 

ʤʠʢʨʦʢʘʥʘʣʝ  
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Boiling curves for microchannel. G=0.171 g/s: 

1-Copper surface; 2-Nano-relief (Al2O3) 
 

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

 

Microchannel 0.2x3.5x13.5 mm 
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Formation of coating at nanoliquid boiling 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʧʦʢʨʳʪʠʷ ʧʨʠ ʢʠʧʝʥʠʠ ʥʘʥʦʞʠʜʢʦʩʪʠ 

                                      Lavrikov A.V., Shustov M.V., Kuzma-Kichta Y.A.,2016 

Coating thickness from  

nanoparticles  Al2O3    

-   1-2 mkm 

Nanoparticles  deposit at boiling in region of dray spots, where potential disappeared. Particles layer thickness  is 

determined by microlayer  of liquid under vapor bubble 
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˴͙͙ͪͭ;͔ͫ͊͟Ύ ͔͍ͭͨͦ͊͡Ύ ͎ͤ͊ͪͯ͊͘͟ ͍ ͍͙͙͙͊ͫͣͦͫͭ͘ ͦͭ ͍͚ͣ͊ͫͫͦͦ ͙ͫͦͪͦͫͭ͟Φ  

A=1, ʕ  = 1.543  

Critical heat flux as a function of mass velocity 

˽ͦͯ͡;͔͔ͤͤͦ ͍͔͙͔ͯͪ͊ͤͤ ͍͔͍͙͔ͯ͒ͦͭͦͪͭ͡͡Έͤͦ 
͙ͦͨͫ·͍͔͊ͭ ͦͨ·ͭͤ·͔ ͒͊ͤͤ·͔ 

The  equation describes satisfactorily  
experimental data 
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ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʝʪʥʳʭ ʜʘʥʥʳʭ 

ʧʦ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʧʣʦʚʦʡ ʥʘʛʨʫʟʢʝ ʜʣʷ ʤʠʢʨʦʢʘʥʘʣʘ ʙʝʟ 

ʧʦʢʨʳʪʠʷ 

1 ï ʥʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ, 2 ï ʐʫʩʪʦʚ ʄ.ɺ., 3 ï ʂʫʟʥʝʮʦʚ ɺ.ɺ., 4 ï ʨʘʩʯʝʪ ʧʦ ʬʦʨʤʫʣʝ 

(1) 
ʆʪʢʣʦʥʝʥʠʝ ʨʘʩʯʝʪʥʳʭ ʜʘʥʥʳʭ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʥʝ ʧʨʝʚʳʰʘʝʪ  25%. 

ʖ.ɸ. ʂʫʟʤʘ-

ʂʠʯʪʘ, 2020 



ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʝʪʥʳʭ ʜʘʥʥʳʭ ʧʦ 

ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʧʣʦʚʦʡ ʥʘʛʨʫʟʢʝ ʜʣʷ ʤʠʢʨʦʢʘʥʘʣʘ ʩ 

ʧʦʢʨʳʪʠʝʤ ʠʟ ʥʘʥʦʯʘʩʪʠʮ 

 

1 ï ʨʘʙʦʪʘ ʐʫʩʪʦʚʘ ʄ.ɺ., 2 ï ʨʘʩʯʝʪ ʜʣʷ ʢʘʥʘʣʘ ʙʝʟ ʧʦʢʨʳʪʠʷ 

ʧʦ ʬʦʨʤʫʣʝ (1),  

3 ï ʨʘʩʯʝʪ ʜʣʷ ʢʘʥʘʣʘ ʩ ʧʦʢʨʳʪʠʝʤ ʧʦ ʬʦʨʤʫʣʝ (2) 

ʖ.ɸ. ʂʫʟʤʘ-ʂʠʯʪʘ, 2020 

ʇʦʢʨʳʪʠʝ ʠʟ ʥʘʥʦʯʘʩʪʠʮ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʧʣʦʚʦʡ ʥʘʛʨʫʟʢʠ ʧʨʠ 

ʢʠʧʝʥʠʠ ʚʦʜʳ ʚ ʤʠʢʨʦʢʘʥʘʣʝ ʚ 1.5 ʨʘʟʘ. ʇʨʝʜʣʦʞʝʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʦʧʠʩʳʚʘʝʪ 

ʦʧʳʪʥʳʝ ʜʘʥʥʳʝ ʩ ʦʪʢʣʦʥʝʥʠʝʤ ʜʦ 30%. 



 Dependence  on a contact angle  from the layer number of nanoparticles Al2O3 and 

hydrophobic treatments  

ɿʘʚʠʩʠʤʦʩʪʴ ʫʛʣʘ ʩʤʘʯʠʚʘʥʠʷ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʩʣʦʝʚ ʥʘʥʦʯʘʩʪʠʮ Al 2O3 ʠ 

ʛʠʜʨʦʬʦʙʠʟʘʪʦʨʘ 

Contact angle dependence on 

nanoparticles Al2O3  layer number , 

 blue ï with processing  by  paste GOI,  

red  - without processing 

Contact angle dependence   on 

hydrophobic treatment  number  
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 Level rise of a liquid due to  capillary action in nanoparticles layer 
ʇʦʜʲʝʤ ʞʠʜʢʦʩʪʠ ʟʘ ʩʯʝʪ  ʜʝʡʩʪʚʠʷ ʢʘʧʠʣʣʷʨʥʳʭ ʩʠʣ ʚ ʩʣʦʝ ʥʘʥʦʯʘʩʪʠʮ 

ˉ2 

ˉ2    trench 

Technology 

¸ Sample ˉ1. Nanoparticles  Al2O3+water= 

gomogeneous coating, level rise of fluid  =3 

mm 

¸ Sample ̄ 2.  Nanoparticles  Al2O3+water+ 

isopropanol = coating with microtrenches, 

level rise of fluid =12 mm 

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

ˉ1 

Level rise of a fluid  is increased up to several times sample ˉ2. The main reason is 

forming microtrenches in nanoparticles layer. 
ʇʦʜʲʝʤ ʞʠʜʢʦʩʪʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʜʣʷ ʦʙʨʘʟʮʘ ˉ2. ʆʩʥʦʚʥʘʷ ʧʨʠʯʠʥʘ-

ʦʙʨʘʟʦʚʘʥʠʝ ʤʠʢʨʦʪʨʘʥʰʝʡ ʚ ʩʣʦʝ ʥʘʥʦʯʘʩʪʠʮ. 
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Level rise of a liquid. Water-isopropanol 50% in coating from nanoparticles Al2O3 

ʂʘʧʠʣʣʷʨʥʘʷ ʚʳʩʦʪʘ ʧʦʜʲʝʤʘ ʞʠʜʢʦʩʪʠ ʚʦʜʘ-ʠʟʦʧʨʦʧʘʥʦʣ 50% ʚ ʧʦʢʨʳʪʠʠ 

ʠʟ ʯʘʩʪʠʮ Al2O3 (å50 ʥʤ) 

ɺ ʩʣʫʯʘʝ ʘ) ʠ ʙ) ʚʳʩʦʪʘ ʧʦʜʲʝʤʘ ʞʠʜʢʦʩʪʠ ʙʦʣʴʰʝ, ʯʝʤ ʚ ʩʣʫʯʘʝ ʚ), 

ʚʩʣʝʜʩʪʚʠʝ ʦʙʨʘʟʦʚʘʥʠʷ ʤʠʢʨʦʪʨʘʥʰʝʡ ʚ ʩʣʦʝ ʥʘʥʦʯʘʩʪʠʮ 



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

natural circulation 

ʈʝʩʫʨʩʥʦʝ ʠʩʧʳʪʘʥʠʝ ʧʦʢʨʳʪʠʷ ʠʟ ʥʘʥʦʯʘʩʪʠʮ ʠ ʧʦʣʠʤʝʨʥʦʡ ʧʣʝʥʢʠ ʧʨʠ ʢʠʧʝʥʠʠ ʚ 

ʫʩʪʘʥʦʚʢʝ c ʝʩʪʝʩʪʚʝʥʥʦʡ ʮʠʨʢʫʣʷʮʠʝʡ 

43 

SEM photo (TU Braunschweig): 1) clear surface, 2) SiC coating,  

3) SiC+polymer coating (HBNP-coating) 
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 Resource test of  tube with coating from nano particles 

and polymer film (q1 ñfresh tubeò experiment, q2 

experiment after two months of operation ), water, 

p = 0.2 bar, for different liquid levels (80 % - 120%)   

1 3 
2 

Contact angles with different surfaces:1) Stainless 

steel; 2) Stainless steel with SiC (50-500 nm) 

particles; 3) Stainless steel covered by particles 

and polymer (HBNP-coating). 

ñMethod of nanorelief forming on the heat transfer 

surfaces of devicesò.Yu.Kuzma-Kichta et.al. Patent 

#2433949 ,2011 
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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 

Strength definition method for coating from ceramic nanoparticles 

ʉʧʦʩʦʙ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʦʯʥʦʩʪʠ ʧʦʢʨʳʪʠʷ ʠʟ ʢʝʨʘʤʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ   

                                                               Patent ˉ2559334, 2015, Kuzma-Kichta Y.,Lavrikov A.  

Scanning 

nanoparticles 
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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 42 

Application  

ʇʨʠʤʝʥʝʥʠʝ 
ʆʪʣʦʞʝʥʠʷ ʚʦʜʦʩʯʝʪʯʠʢʦʚ ʩʠʩʪʝʤ ʪʝʧʣʦʩʥʘʙʞʝʥʠʷ ʩ ʦʙʣʫʥʝʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʠ ʙʝʟ ʦʙʣʫʥʝʥʠʷ  

Depositions of water meters of heat supply systems with dimples and without dimples 



Microchannel with coating from nanoparticles is used for invertor cooling 

ʆʭʣʘʞʜʝʥʠʝ ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʠʥʚʝʨʪʦʨʘ ʩ ʧʦʤʦʱʴʶ ʤʠʢʨʦʢʘʥʘʣʘ ʩ 

ʧʦʢʨʳʪʠʝʤ ʠʟ ʥʘʥʦʯʘʩʪʠʮ 

POWER BLOCK WITH  MICRO CHANNEL 

COOLING FOR SMART INVERTER  

TOYTA PRIUS INVERTOR. OVERHEATING 

DANAGED TRANSISTORS 
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Application in microchannel 

ʇʨʠʤʝʥʝʥʠʝ ʚ ʤʠʢʨʦʢʘʥʘʣʝ 



Application of heat stabilizer with nanocoating  for thermal stabilization of the soil on single-and 

multi- deck railroad  embankment  

ʇʨʠʤʝʥʝʥʠʝ ʪʝʨʤʦʩʪʘʙʠʣʠʟʘʪʦʨʘ ʩ ʥʘʥʦ ʧʦʢʨʳʪʠʝʤ ʜʣʷ ʪʝʨʤʦʩʪʘʙʠʣʠʟʘʮʠʠ ʛʨʫʥʪʘ ʥʘ ʦʜʥʦ-

ʠ ʤʥʦʛʦʷʨʫʩʥʳʝ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʥʘʩʳʧʠ 

  

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 ïtrack iron railway 

embankment 
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Application in thermosyphon  

ʇʨʠʤʝʥʝʥʠʝ ʚ ʪʝʨʤʦʩʪʘʙʠʣʠʟʘʪʦʨʝ 


