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TO ENGINEERING CALCULATION OF THE INFLUENCE OF POROUS STRUCTURE-
COATING CHARACTERISTICS ON THE BEGINNING OF WATER BOILING

The article presents the results of experimental studies of impact of basic characteristics and parameters of porous
metal fiber structures on two-phase heat transfer intensity during water boiling on porous surfaces. The simplified empirical
formulas were obtained. The formulas are necessary for engineering calculations of heat transfer coefficients under
conditions typical for heating zones of heat pipes and termosyphones, operating in low temperature range of chemical-energy
and heat-recovery equipment.
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A. A. Hlanosaxa, €. M. I1anos, 0. B. Cayaina
J0 IHHKEHEPHUX PO3PAXYHKIB BIIVIUBY XAPAKTEPUCTHUK NOPUCTUX CTPYKTYP-
MHNOKPUTTIB HA ITIPOLECU 3AKUIIAHHA BOAU

Ilpeocmaeneno pezynomamu eKcnepumMeHmManbHUX 00CIONCEHb 6NAUEY OCHOBHUX XAPAKMEPUCMUK i napamempie
nopucCmux memanegux 60J0KHUCIMUX CMPYKMYp HA IHMEHCUSHICMb 060(a3HO20 Menn000MIHYy npu KUniHHi 600u Ha
nopucmux nogepxuax. Ompumano cnpouieHi emnipuuni opmynu, HeoOXioHi OnA IHHCEHEPHUX PO3PAXYHKIG Koeghiyicnmie
mennogiooaui 6@ ymoeax, MUNOGUX ONA 30H HAZPIGAHHA mennosux mpyd i mepmocugonie, @yuxkyionyrouux y
HU3bKOMeMnepamypHux 0ianazoHax pooomu XiMiko-eHep2emuyno20 ma menioymuiizyouo2o 001a0HauHA.

Kniouosi cnosa: mennosa mpyba, mepmocugon, memano-nopucmi mamepianu, KaniisipHa cmpyKmypa, nopucmicme,
iHmencugHicms 080-(hazHo20 Menioo0OMIHY, NOYAMOK KUNIHHS, Menionepeoayda, meniooOMiH.

A. A. lllanosaxa, E. M. I1anos, FO. B. Cayiuna
K HH)KEHEPHbBIM PAC‘IETAM BJIUSAHUSA XAPAKTEPUCTUK ITIOPUCTBIX CTPYKTYP-
MNOKPBITUU HA MPOLECCHI 3BAKUITAHUSA BO/1bI

IIpeocmagnenvt pesynvmamovt IKCHEPUMEHMANBHBIX UCCTEO06AHUI  GNUAHUA OCHOBHLIX XAPAKMEPUCMUK U
napamempos NOPUCHbIX MEMALIUYECKUX GOTOKHUCHBIX CIPYKMYDP HA UHMEHCUGHOCMb 06YX(A3H020 MenioooMmena npu
Kunenuu 600bl Ha nopucmuix nogepxnocmsax. Ilonyuenwvi ynpouiennvie 3mnupuyeckue @opmynsi, HeoOX00umbvle Ona
UHIICEHEPHBIX PACUemos KoI(duuuenmos menioomoauu 6 ycioguax, MUNUYHBIX ONA 30H HAZPEEA MENI08bIX mpyo u
mepmMocuhonos, QYHKUUOHUPYIOWUX 6 HU3KOMEMNEPAMmypHuIX OUANA30HAX DPAOOMbL XUMUKO-IHEPZEMUUECKO20 U
Men1oymunu3ayuoHHO20 000opydosanus.

Kniouegvie cnoga: mennosas mpyba, mepmocugon, memano-nopucmvle Mamepuansl, KanumIAPHAsL CMPYKMypa,
HOPUCMOCTb, UHMEHCUBHOCHb 08YX-(DA3H020 MENI00OMERA, HAYAN0 KUNEHUs, Menionepeoayd, meniooomen.

Two-phase heat-transfer devices — heat pipes (HP) and their variations — thermosyphons (TS) have
been lately rapidly developing and getting implemented in many industries [1,2]. The most promising and
effective designs of HP are the heat-pipe heat exchangers-recovery (HPHE), the basic elements of which
are heat pipes. Important advantages of HPHE are the following: 1) for complex thermo-physical and
operational parameters and characteristics HPHE dominate by classic recuperative heat exchangers
(considering equal sizes) [3,4]; 2) design of HPHE is simple, and their mass production can be quickly
adjusted (given that HP are supplied by specialized companies); 3) the problem of thermal expansions
compensation of heat-tension surfaces, which are essential for classic heat exchangers, is almost absent in
HPHE; 4) the reliability rate of HPHE functioning is quite high.

Quality and thermal characteristics of HP and TS directly depend on the types, characteristics and
parameters of metal-porous materials (MPM) [5], which are important structural elements of HP. MPM
serve as capillary structures in HP (transporting working fluids inside HP) and, simultaneously, two-
phase heat transfer intensifiers in the areas of heating (boiling) and cooling (condensation) zones in HP
[6].

Among defining characteristics of MPM are: 1) porosity Oy, 2) effective pore diameter Def
(sometimes known as average diameter); 3) size fractions (for fiber MPM — fiber length L, and fiber
diameter d,); 4) thermal conductivity of metal fibers A,e, and thermal conductivity of porous structure Ay,
The values of porosity ®,s, and frame heat conductivity Ays significantly affect the parameters of heat
exchange inside the HP. If Ay increases, the intensity of two-phase heat transfer also significantly
increases, while the values of thermal resistance of heat pipes (Ryp) reduce. Therefore, the calculations of
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MPM characteristics quantitative impact on heat transfer coefficient o is an important task in engineering
practice, development and production of effective heat pipes.

Experimental equipment and methods. The aim of the work was to investigate the influence of
porosity @y, values of porous metal structures-coatings cauterized to smooth metal heating surface on
the intensity of two-phase heat transfer process in modes, that are typical for HP and TS working. A
scheme of experimental setup is given in [7]. Figure 1 shows the scheme-design of two working stations
required for the research of heat transfer intensity of water and acetone boiling in conditions typical for
heat pipes (Figure 1, II) and termosyphones (Fig. 1, I) working. A number of MPM prototypes was
created with different characteristics of porosity, thermal conductivity and thickness. The main
characteristics of MFM changed in the following ranges: @y, = 35-95 (%); Ak = 0,2-60 W/(m-K); MPM
thickness 8y = 0,2-4 mm; L, = 3-12 mm; d, = 20-70 microns; MPM materials — copper and stainless
steel (9H18N10T). Porous materials (structures) made previously were sintered to copper substrates.
Parameters of researched MPM provided enough wide range of fiber sizes and porosity.

During the experiments MPM prototypes 6 (cylindrical form) with previously sintered to copper
substrate porous fibrous structure was sintered to the butt end of copper cylindrical heater 3. Six copper-
constantan thermocouples were previously sintered to inner butt end of substrates. Values of them were
averaged. Heat flow generated by the wire heater 2 (or 3) was regulated via autotransformer and through
a cylindrical rod heater 1 rose to the prototype 6 of porous structure. The values of heat flow [W]
reaching certain values of stationary thermal modes were measured with a precision Wattmeter,
temperatures - with digital microvoltmeter. Non-working surfaces of the cylinders were insulated with
glass and basalt fiber 20. The calibration experiments during water boiling on technically smooth copper
surfaces showed high reliability of the obtained results. The results of calibration were compared with
known literature data of Tolubinskiy, Labuntsov as well as with boiling curves calculated by Kutateladze
and Rozenow formulas. The errors of determined heat transfer coefficients did not exceed 7-12%,
depending on the density values of summed heat flows q. The values of heat flow density q were in the
range of (0-250)-10* W/m™.
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Fig. 1. Scheme of work stations of experimental setup for investigations of heat exchange
during beginning of boiling and boiling of water on surfaces with porous capillary structures

1 - the power supply to the sample of porous structure; 2 - "small" heater; 3 - main ("big") heater; 4
- guard heater; 5 - fluoroplastic flange; 6 - sample of porous material; 7 - glass cylinder; 8, 18 - liquid; 9 -
lid; 10 - connections; 11 - thermocouples; 12 - differential thermocouple; 13 - alundum casing; 14 -
ceramic casing; 15 - auxiliary heater; 16 - cylinder; 17 - sample of metal-fiber capillary structure; 19 -
flange; 20 — insulation.

Research results. The results of experiments conducted in boiling water on the surfaces with metal
porous materials in condition of free fluid motion and in condition of capillary transport are shown in Fig.
2. The results showed that copper fibrous structures with average porosity (40-50%) in the range of
thicknesses from 0.5 to 1.0 mm provide the highest heat transfer coefficients a. A significant increase in
the intensity of heat transfer during boiling on porous surfaces compared to the smooth technical surfaces
can be justified by applying proposed in [8] semi-empirical model of two-phase heat transfer. The essence
of the model is the hypothesis about significant effect of thermal properties of capillary structure-
coverage (in particular - its thermal conductivity Ay ) on boundary conditions during bubbles formation in
pores and during the porous channels formation in structures. The experimental data for boiling
conditions at the free flow of water is summarized satisfactorily with empirical formula (1).

o, Br/(M*K)
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Fig. 2. The intensity of heat exchange of water boiling on surfaces with metal-fiber capillary
structures in free movement of fluid at atmospheric pressure

Heat flow density q, W/m®

1 - technical smooth surface; copper fibrous capillary structures (@ = 40% o = 0.8 mm): 2 -
sintered capillary structure; 3 - pressed capillary structure; corrosion-resistant capillary structures (steel):
4 sintered capillary structure: ® = 88%, d = 0,8 mm; 5- pressed capillary structure: @ = 84%, d = 0,4
mm; curves [-11I - water boiling on a smooth technical surface (published data of various authors)

The proposed formula takes into account the degree of such influence on the intensity of heat
transfer characteristics and main parameters of MPM, namely, porosity, thickness of the structure, its
thermal conductivity, effective pore size and physical characteristics of liquids. The impact of the latter is
illustrated by known in boiling complex Labuntsova. The formula is:

a = cq 8w Ay O™ D A [(viroa T . (1)

The coefficient of proportionality ¢ = 2-10%; 7 = 0,15:8yg " at 1-10° m < Syp < 0,8:10° m; 1 =
0,0535-8yp > at 0,8-10° m < Sy < 10-10° m; m = 2,4-@. The values of physical quantities and
parameters are necessary to substitute in formula (1) in the SI system.

The feature of the studies of water boiling on the surfaces with MPM was the following: the
experiments in free movement of water (mode of termosyphones operation) were performed by following
conditions: 1) the existence of certain "underheating" of water to the boiling point; 2) heating water to
such values of temperature, which were only a few tenths of a Celsius degree lower than tabulated values
of boiling point, typical for atmospheric pressure (during the measurement).

The start of water boiling was recorded visually at the moment of appearance and isolation of the
first steam bubbles (steam jets), which were formed in the pores-channels. Accordingly, the temperature
pressures AT ,, were measured (for each experimental sample of MPM). Such temperature pressures are

considered the defining for boiling beginning characteristics on porous surfaces.
The results of experiments conducted with water boiling on the surface of fiber MPM in free
movement of fluid are shown in Fig. 2 in the form of dependence AT ,, = f (@) by changing of

thermal conductivity values of MPM and average (effective) pore diameter Def.
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Fig. 3. The impact of the characteristics of porous metal fiber materials on thermal pressures
at the beginning of water boiling on porous surfaces
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The thickness of porous fibrous structures-coverages: 1- 0.1 mm; 2 - 0.2;3-0.4;4-0.6;5-0.8; 6 -
1.0; 7- 2.0; 8-4.0; 9-10.0. Curves: I - for the authors of [6]; II - for authors of the article.

It is known, that during boiling of extra-heated water on smooth surfaces in conditions of free
convection the temperature pressures (AT = Tsyrface — Tsaturation) NEcessary for boiling, are in the range of 7-
10 °C [6-8]. The results of authors [6] summarized in a curve II (Fig. 3) show, that porosity increasing of
fibrous MPM makes the temperature pressures of boiling beginning to decrease. The relatively large
number of "big" pores is present for highly porous MPM. Such structures have lower Laplace capillary
forces, than structures with "shallow" pores. Capillary forces are essential for the growth and movement
of bubbles through steam channels. It should also be noted, that thermal characteristics of MPM affect the
processes of evaporation and steam movement through the channels (or "trunks"), besides capillary forces

and hydraulic resistance of "channels". Foremost thermal conductivity of MPM affects AT ,, .

Experimental data obtained in our study indicates that the impact of MPM porosity ® on
temperature pressure of boiling AT ,, is (to some extent) the same compared to the results obtained by the

authors [6]. Curve II in Fig. 3 was calculated by the formula proposed in [6]. Our results (curve I in Fig.
3) show that the degree of influence of MPM porosity O is significantly smaller (weaker) compared to the
results of calculations performed by the respective authors formula [6].

As a result of generalization of the experimental data the following formula was suggested. It
allows to determine the temperature pressures of boiling water at free convection (working in
termosyphones conditions) on the surface of the fiber MPM, for the conditions of atmospheric air

ressure:
p 0,25

AT, =c-k-AT},-@"-Aks .D/, )

where AT, — temperature pressure of the beginning of boiling water on the technical smooth

surfaces (defined by formulas known from the literature); coefficient p = 0.25; m = 0,25; p = 0,15. The
coefficient k depends on the thermal conductivity of metal fiber fractions. For copper MPM it is
calculated by the empirical formula (3) as follows:

k=2,15-0,003Ayet 3)

The effect of heat conductivity of fibers obtained from other metals on the beginning of boiling in
the latter conditions should be investigated further. The values of calculated parameters and
characteristics of MPM in obtained formulas (in SI units) are used in dimensionless form.
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