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SCIENTIFIC METHOD OF CREATION CAPILLARY-POROUS
COOLING SYSTEMS FOR ELEMENTS
OF ENERGY BUILDING OF POWER STATIONS

Abstract. To create a scientific methodology, studies of the ultimate heat fluxes in metallic and poorly heat-
conducting porous structures operating under the combined action of gravitational and capillary forces and cooling
various devices of thermal power plants have been carried out. On the basis of the problem of thermoelasticity and
experimental data, the mechanism of destruction of metal vaporising surfaces and poorly heat-conducting coatings of
low porosity made of natural mineral media (granite) is described. On the basis of the analogy of the phenomena, the
dependences of the heat fluxes on the time of their action and the depth of penetration of temperature perturbations
are revealed. Capillary - porous systems have high intensity, high heat transfer ability, reliability, compactness.

Keywords: heat transfer crisis; capillary-porous structure; heat and power installations.

INTRODUCTION. Successful use of capillary-porous materials in engineering attracted many
researchers and inventors to create different devices on their basis. The intensity of heat-eliminating
systems and the forcing of processes taking place therein increased [1-3]. In addition to cooling systems,
the use of porous materials allowed the creation of units which addressed the problems of explosion
safety, labor protection and durability [4,6]. This was facilitated by the ability to control evaporation
processes due to excess fluid in pores and capillary structures, formed by the combined action of capillary
and mass forces [7-9].

In thermal power plants (TPPs), capillary-porous materials are used to cool highly-forced detonation
burner units [3], to create steam coolers in steam boilers [9], oil coolers that prevent oil from entering
cooling water and water from entering the bearing system [10] and labyrinth seals [11], and are used in
other devices [10]. The main areas of practical application of capillary-porous systems are presented in
[3,5,8-11]. Equipment and technological processes in the energy sector should be introduced from the
ecological and economic positions primarily. The proposed development of capillary-porous systems will
facilitate the implementation of processes, significantly improving and preserving the natural
environment.

The main advantages of capillary-porous systems include high intensity, high heat transportability,
reliability, compactness, simplicity in manufacture and operation. These systems improve operational and
technological performance and have low capital and operating costs. Based on the study of capillary-
porous systems, new technical solutions have been developed to improve the performance characteristics
of the thermal power plant in relation to the powerful power units of combined heat and power plants.

The authors of [12] carry out a comparative analysis of methods for calculating the heat transfer,
based on the water boiling with underheating in vertical channels, and they consider that the hot spot
corrosion of fuel element claddings of nuclear reactor fuel elements is similar to the capillary-porous
structure [13,14]. However, no studies of heat transfer through a regular structured surface have been
carried out.
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According to the authors' opinion [15,16], surface boiling on porous surfaces can influence the
development of corrosion due to the erosive action on the heat exchange surface, when the bubbles of
steam fall in an underheated liquid. Therefore, it is required to investigate the evaporation of liquid in
capillary-porous structures in the field of capillary and mass forces, taking into account the velocity and
underheating, which are formed by excess fluid.

An estimated intensity of heat transfer for liquid boiling in a large volume and thin films on a smooth
surface showed equal possibilities [12-14] at high thermal flow and higher heat transfer parameters than
that in systems with a capillary-porous coating [15-16]. It is required to carry out investigations of the heat
transfer capabilities of capillary-porous coatings operating in the field of capillary and mass forces, and to
establish ultimate (critical) load values leading to the destruction of the heating surfaces. Figure 1 presents
a method for studying capillary-porous systems for various elements of power plants. The systems differ
in the fact that they have predominantly a gravitational fluid supply and occupy an intermediate position
between thin-film evaporators and porous evaporators with a predominantly capillary fluid supply (heat
pipes) in terms of the intensity of heat transfer. Therefore, such systems should be identified in a separate
class of heat-eliminating systems.

The performed researches make it possible to give recommendations on the selection of the heating-
and-cooling medium, take into account the type of its circulation, determine the geometry and material of
apparatuses and heat exchange intensifiers, taking into account the conditions and orientations of the
system operation under pressure or underpressure, the energy supply and type and the system orientation.
Generalization of the experimental results and calculation procedure for heat and mass transfer in
capillary-porous systems in accordance with Figure 1 are presented in [17-21].

The investigation of various factors affecting the heat transfer in the structures shows that the critical
states of the heating surface are of particular interest, when the system is capable of carrying the maximum
flows of energy and substance. In this case, however, the values of thermal flows and thermal stresses are
required to be known in order to ensure a reliable long-term operation of the unit. Consequently, the
maximum energy and substance transfer can be obtained for the following conditions: a pure liquid
circulating in a forced scheme in closed elliptical heat exchangers under pressure in perforated and
profiled heating surfaces made of stainless steel is used.

The system operates with an excessed fluid, and the presence of mass forces ensures the forced flow
of the heating-and-cooling medium with underheating. Energy is supplied to the vertical surface along the
perimeter, with a supersonic high-temperature pulsating rotating torch [1,3,11,19].

AN EXPERIMENTAL METHOD

Experimental units allowing to investigate the following integral characteristics of heat transfer have
been developed: ultimate thermal flows (q), up to critical ones; liquid (m;) and vapor (m,) flow rates;
distribution of the temperature field along the height and the length of the heat exchange surface. Studies
are carried out in a capillary-porous cooling system which can operate on the principle of a closed
evaporative-condensation design, or to be open. Various heat exchange conditions are studied, including:
method of the coolant supply; the extent of tightness of the capillary-porous structure; ability to feed up
the micro-arterial structure along the height of the heat exchange surface; orientation of the surface
relative to gravitational forces; geometry: flat, tubular and curved cooling surfaces; influence of pressure
up to manifestations of crisis with wall burning (see Fig. 1). To study the mechanism of heat transfer,
holography methods and the generalization of similar and analogous phenomena are used [1,3,11,20,21].
The heat exchange is controlled using the elliptical systems, by the combined action of capillary and mass
forces [1,3]. The study of heat transfer is of a practical nature. It is intended for the creation of various
thermal power plants: steam attemperators of steam boilers, porous coatings of poorly heat-conducting
material, seals in steam turbines and a number of other power plants [1,3,7,10,19].
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Figure 1 - A method for investigating various factors affecting
the heat and mass transfer in capillary-porous systems of TPPs
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Figure 2 - Cross section of a flat experimental unit: 1 — pressing bar, 2 — capillary-porous structure,
3 — perforated pressure plate, 4 — tubular artery, 5 — asbestos cement plate, 6 — heater, 7 — insulation, § — plate,
9 — clamping nut, 10 — electrode, 11 — windows, 12 — heat insulation, 13 — coolable wall, 14 — collector, 15 — stand.

Figure 2 shows a cross section of a flat experimental unit with a perforated pressure plate 3 (Fig. 3),
tubular arteries 4 and a capillary-porous structure 2.

5 1o 3
E
T A 5 5 A
4
(—1 0
A-A 8
[ %m\ wm\ AREN T S ﬁse
4 —7

Figure 3 - Pressure scheme for the capillary-porous structure: 1 — plates, 2 — pressure screws, 3 — steam slots,
4 — fluid supply, 5 — pressure perforated plate, 6 — capillary-porous structure, 7 — heated wall, 8§ — microartery

The maximum possible error:

A) £ 0.6%, when measuring current; = 1%, when voltage is dropped; power is = 1,6%,

B) £ 3%, when determining the liquid flow rate, using a rate-of-flow meter.

The imbalance of the current-supplied heat and the heat led to circulation and excess water, taking
into account heat losses through the insulation, did not exceed + 12%, and = 11% through circulating
water. The discrepancy between the material balance between the flow rate of the cooling liquid and

drainage and condensate flow is no more than £ 10%. The measurement procedure and the processing of
experimental data were published in [2,4].

—— |4 ——
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To study the boiling crisis, we also assembled the units made in the form of a rocket-type flame-jet
burner. The scheme of the experimental unit and the experimental conditions are presented in [3]. Ignition
chambers and supersonic nozzles were cooled using a capillary-porous and water system (Fig. 4). The
thermoreactive burner was also used to study the critical state of capillary-porous coatings made of natural
mineral media (granite, quartz and teschenite coatings). The thermal effect was realized by a supersonic
(up to 2000 m/s) high-temperature (up to 2500°C) pulsating torch (see Fig. 1, form of energy). Fig. 4
shows the results of the destroyed ignition chambers.

RESULTS OF THE HEAT TRANSFER CRISIS IN THE CAPILLARY-POROUS COOLING
SYSTEM AND THE DISCUSSION THEREOF.

=R
I — H esstricy=: S
, PeES= mmmny
3 =y
- @ TOEDe 5
5 - e °
- = T 7

e 8

a) 6)

Figure 4 - Destroyed ignition chambers and supersonic burner nozzles:

a) nozzles are made without a wall thickening: 1, 2, 3, 4 — before operation; 5, 6 — after 40 hours of operation (the deflector rings
are destroyed and nozzle cross-sections are enlarged); 1, 2, 5, 6 —a = 0,8; 3, 4 — a = 0,6; 4 — ignition chambers with a shortened
nozzle (this ensured the detonation combustion condition). Cooling system is water - operated (qecs = 1x10° W/m?%; )

b) nozzles are made with a wall thickening: 1-8 —a. = 0,6 ... 0,65, the destruction occurred as a result of the breakdown of gases
into the water cooling system when the seals became depressurized; 5 — ignition chamber with a fused swirler.

Cooling system is capillary - porous (qees = 1x10° W/m?;)

MODEL OF A CAPILLARY-POROUS

To determine the critical thermal flows and stresses, the thermoelasticity problem [3,9,10] is solved
under the secondary limiting conditions for the one-dimensional equation of nonstationary heat
conductivity.

Let's consider a plate with the thickness of 2h. The constant ultimate thermal flow q is supplied to the
surface z = +h, starting from the timepoint t = 0. The bottom surface z = -h and the plate side edges are
thermally insulated.

Thermal conductivity equation with limiting and initial conditions can be written in the form:

a 92T _ 9T
Waz2 ot

T=0, 1<0; (1)

a
Aw6—§=q, z = +h;

Ayl =0, z=-h

The temperature distribution along the thickness depends on the thermophysical properties of the
material, the thermal flow value and the feeding time:
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3z2 6%
Z.0) = M IRl 4 g DT o mM% nm (z
T (h’T) =4 2(c1p)WT + 12M nzmznzl n2 exp[ n 4(cAp)w T] cos [ 2 (h + 1)] » @)

A ..
where = M =TW;; n — positive numbers.

Using the known temperature distribution in the plate, we can find the thermal tension and
compression stresses arising at a certain time t at various depths from the surface &; = (h = z)) for
a given value of the thermal flow g, since the plate with a variable temperature is in the plain stress
condition.

___aE z, 1 +h , (E . )

Oxx = oyy = —(1_V)T (h,r) + oh f_h a2'ET T dz, (3)

where the first term is the component of the compression stress, and the second term is the tension stress.
SOLUTION TO THE EQUATION (1).

If we are given the limiting values of tension and compression stresses for the rock (porous coatings
from the natural mineral medium) and the metal, we obtain the dependence of the thermal flow required
for destruction on the time of delivery and the depth of penetration. In addition, equating the temperatures
on the plate surface to the rock and metal melting temperature, we find the values of the ultimate thermal
flows necessary for melting the surface layer for a different period of their action:

surface melting:

T¢
41 = M [ 2 4w (DM [ m2M?2 ’ (4)
epwt Ta w2y Ln=1 2 €XP| NP et |cosnm
development of limiting compression stresses:
(1-v)aut
— aE .
q2 - 322 6Z 9 (5)
o1
M .\ n2 ' h 4 voo (D" [, miM?2 nmu(z )
2(cx1p)WT' 12M M én=1 2 XP|TN 4(cAp)WT [cos 2 (h+1 |
creating ultimate tension stresses:
(A-v)out
— aE
3="m - (6)
2(cAp)w

The dependences of q;, @z, q; on time for fixed particle size & values for the coating, or the
penetration depth of temperature perturbations for the metal, were calculated on a PC with
respect to a plate made of quartz, granite and metal (copper and stainless steel).

Conclusion

Based on the conducted studies in the case of irradiation with a torch of a kerosene-oxygen burner of
the porous coating in the working area, we have up to 4x10” W / m?, which corresponds to q coatings of
0,4x10"” W/m’. The mechanism of the destruction of metals is fundamentally different from the
mechanism of destruction of coatings from rocks.

A scientific method for studying and creating capillary-porous cooling systems and coatings for
various heat and mass transfer conditions in power equipment elements has been developed.

— 1§ ——
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Symbols
m — flow rate, kg/s; T — time, s;
q — thermal load, W/m?; a — thermal conductivity factor, m%/s;
h — film height, thickness, m; A— thermal conductivity factors, W/mK;
— average velocity, m/s; C — thermal capacity, J/kgK;
o — excess air factor; p — density, kg/m’;
T — temperature, K; O — thickness of the structure (depth of wave
w — grid cell width, inside-light inspection (hydraulic propagation, particles size), m;
pore size), m; o —stress;
G — specific flow rate, kg/m’s; o — linear expansion factor, K';
d — grain size (diameter) of the structure, m; v— Poisson ratio (lateral contraction);
x — coordinate (direction of fluid motion), m; E — Young's modulus (elasticity modulus), Pa;
y — coordinate (direction of fluid motion), m; Q — specific crushing energy, J/m’

z — coordinate, m;

Indexes
f, v — fluid, vapor; ccs- critical cross-section; h - hot; w - wall; h - hydraulic; s - saturation; f - fusion
(film); us - ultimate shortening; ut - ultimate tension.
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3EPTTEY HOTUKECI KYATTBLIBIK-BIPKABBIK ) KYWECI SHEPT U KYPBLIBIChIHBIH,
SHEPT'ETHUKAJIBIK K¥PbLJIBICBIHBIH 9JIEMEHTI

AHHoTanus. FruibiMu-3epTTey oficTepiH Kacay YIUiH MpaBUTALMSIIBIK XKOHE KAaIHJUIPIBIK CHIIIEPMEH KYMBIC
ICTEHTIH MeTa/ul >koHE IIaT(GOPMAIMSUIIBIK HOPIICH KYpPBUIBIMIApAarsl JKbULYy KYSATHIH JKbUIy KO3/EpiH 3epTTey
KOHE JKbUTYy KOHIBIPFBUIAPBIHBIH TYPJIi CAJIKBIHIATKBII KYPBUIFBUIAPBIH 3€PTTEY KYMBICTAphI JKYpriziani. Herisinen
MHUHEPAIJIBIK OpTanaH (IPaHMT) WIBIFAPBUIFAH METAJAbl IAPOTEHEPUPYIOLIMX ChIPHIKTap/aH LIBIFApbLIaThIH
MEXaHM3MJAEP MEH ONTHUKAIBIK AepekrepAl Tady MexaHu3mi KaxeT.OChbIHOal YKCAcThIKTap HEri3iHAE >KbUTY
aIMacTBIPYJIApbIH  O3[IriHEeH OTETIH TEeMIepaTypalblK JKOHE >KbUDKBIMAIIBI KbUTY alMacThIPyJapAblH ILIBIFY
TOCUIIEpiH aHBIKTal 1. Byt skyiie skoFapbl KapKbIHABIIBIKIICH, YIIKEH XKBUTyMEH, CEHIMIUTIKIICH epeKIIeIeHe 1.

Tyiiin ce3aep: XKbUTy TackIMaliay JaFJapbIChl; KAMLIIPIIBIK-KEYEKTi KYPBUIBIM.
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'Tenbau A.A., T0KTOp TeXHHYECKHX HAYK, mpodeccop AYIC;
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HAYYHAS METOJUKA CO3JAHUSA
KATTMJIJIAPHO-ITIOPUCTBIX CUCTEM OXJUIAKJIEHUA .
JJI51 JIEMEHTOB SHEPI'OOBOPYIOBAHMUS SJIEKTPOCTAHIIUU

AnHotanus. /s co3maHus HAy9HOW METOAWKH MPOBEICHBI UCCIICIOBAHMS MPEACTBHBIX TETIOBBIX IOTOKOB B
METAJUIMIECKUX U IDIOXOTEIDIONPOBOMHBIX IOPHCTHIX CTPYKTYpax, pabOTAarOmUX IIPH COBMECTHOM JEHCTBUH
TPaBUTAIIMOHHBIX W KANMWUIAPHBIX CHJI, W OXJIAXKIAIOIINX pa3IH4YHBIE YCTPOMCTBAa TEIUIO’HEproycraHoBok .Ha
OCHOBE 33/Iadyl TEPMOYIPYTOCTH U OIBITHBIX JaHHBIX ONHMCAaH MEXaHU3M pa3pyLICHHS METaUINIeCKUX
MapOTEHUPUPYIOMNX TTOBEPXHOCTEH U IUIOXOTEIUIONPOBOIHBIX MOKPHITHH Maloil MOPHUCTOCTH, BBIIOTHEHHBIX M3
€CTECTBEHHBIX MHUHEPAIBHBIX cpea (rpanuTta).Ha ocHOBe aHanOrWM SIBJCHWH BBISIBJICHBI 3aBHCHMOCTH TEILUIOBBIX
MIOTOKOB OT BPEMEHH HX JeMCTBUSA U TIyOMHBI INPOHMKHOBEHMS TEMIEpaTypHbIX Bo3MylieHMd. KanmmiapHo —
MOPUCTBIC CHCTEMBI OOJIAJAI0T BBICOKOH HWHTEHCHBHOCTBIO, OOJIBIION TEIUIONEPEAAONICH CIIOCOOHOCTHIO,
HaIeKHOCTHIO, KOMIIAKTHOCTHIO.

KuaioueBble ci10oBa: KpU3KUC TEIUIONEPENAYH; KAWL PHO-IIOPUCTAs CTPYKTYpa; TEIJIOBbIE JHEPIOyCTAHOBKH;
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