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RESEARCH AND CALCULATION OF HIGH-FORCED
CAPILLARY-POROUS HEAT EXCHANGER

Abstract. A capillary-porous cooling system for caissons of melting units has been studied, developed and
calculated. The experimental type of the mesh porous structure (2x0.55): 10° m is defined. The heat transfer
capacity of the cooling system is increased six times. The hydraulic resistance at boiling of water will be 40.4 times
less than in mesh heat pipes, and even more so for the wicks of heat pipes with fibrous, powder and ceramic
materials. The caisson allows to carry out cooling of furnaces is explosion-proof due to the maintenance of a trace
amount of liquid in the porous structure. The system of caisson of the lining of the unit and the cooling scheme of
the caisson by a capillary-porous system is presented. The hydraulic resistance in the capillary-porous structure, the
criterial heat transfer equation, taking into account the excess fluid, which determines the speed and underheating of
the flux, and the heat-storage capacity of the wall, are obtained by us as a result of experimental studies.

Key words: capillary-porous system; hydraulic resistance; cooling system; caisson; heat flux.

1. INTRODUCTION

The capillary-porous heat exchanger is designed to ensure the explosion-proof operation of melting
units in metallurgy. It contains a very small amount of liquid, which eliminates the danger of explosion at
the burnout of the cooled element. It is also excludes the ingress of water into the melt, which leads to the
explosion of the furnace, as in the case for water and evaporative cooling systems, made in the form of
caissons.

The next stage of development of the heat exchanger was the study of a capillary-porous structure. To
increase the removal of thermal loads, the control of heat transfer processes is used. For this purpose, the
separation of the energy of the boiling stream in the porous structure into energy of the thermal wave and
the energy of the vapor flow is investigated [1].

For this purpose also, the process of explosive production of a steam germ is simulated.

The next step in controlling heat exchange is the joint action of mass and capillary forces for coolant
transport, creating underheating and forced flow velocity in the structure [2]. Also, the system is capable
to increase the critical heat loads by an order of magnitude and can be allocated into a separate class of
heat exchangers, characterized by high forcing and intensity of heat transfer. In addition, mass forces
make it possible to control the shape and intensity of generation of internal characteristics of a boiling
stream in a capillary-porous structure and intensify heat transfer processes [3.4].

2. METHODOLOGY

Physical and mathematical models of processes of boiling in a porous structure are developed for all
modes of boiling (initial, transitional, developed and crisis (limiting)) [5-8].

Generalization of experimental data on the basis of the theory of similarity and modeling makes it
possible to obtain a criterial equation for calculating the heat exchange of boiling and foam flows in
porous structures [9] and to create an engineering calculation technique.

We give an example of calculation of such system in relation to the heat exchanger executed in the
form of a caisson. The system of caisson of lining (garnissazh lining) of the melting unit is shown in
figure 1. The scheme of the caisson with the garnissazh lining consists of: 1 — meling film; 2 — garnissazh;
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3 - fireproof packing; 4 — thermal isolation; 5 — outside metal covering; 6 - temperature variation in the
thickness of the lining; 7 — viscosity variation in a garnissazh layer; 8 — caisson wall; 9 — caisson. The
following designations are accepted: qp; » qy > Geny- - the specific heat flux from a melt; the specific heat
flux is carried away by a cooling system; the specific heat flux coming to an environment; t,, , tys , tmet
, ty - temperatures of melting, of melting films, of metal and the protecting wall.

e

1
Figure 1 - The scheme of the caisson with the Figure 2 - The cooling scheme of the caisson of a
garnissazh lining capillary-porous system with struts

Figure 2 shows the cooling scheme of the caisson of a capillary-porous system with stiffening ribs
made in the form of struts. It consists of: 1 — housing; 2 — cover; 3 — bolt; 4 — wall; 5 - capillary-porous
structure; 6 — plate; 7 — artery; 8 — basket; 9 — opening; 10 — channel; 11, 17 — branch pipe; 12 — pipe; 13,
15 — collector; 14 — siphon; 16 — struts.

It can be seen from figure 2 that a capillary-porous structure has a small thickness (a fraction of
millimeters), every second contains a small amount of cooler, which is not dangerous for the formation of
an explosive mixture in case of its enter in a melt of furnace.

The design of caissons (figure 2) represents a box-shaped form. It consists of the housing 1 and a
removable cover 2, hermetically bolted on perimeter 3. The internal surface of a wall 4 is covered with the
capillary-porous structure 5 pressed by perforated plates 6. Arteries 7 are connected to top ends of
structure through the end face of which to the cooled surface liquid is supplied by mass and capillary
forces. The lower ends of structure are usually free and immersed in baskets 8 where liquid accumulates
due to leaks, droplet entrainment or the excess. On a surface of plates the openings 9 are stamped which
provide a steam-out from structure in channel 10 and also serve as catchers of the drops which are thrown
out from the structure and the flowing-down excess liquid on an external surface of a plate. The artery is
connected to a branch pipe 11, with the distributing pipes 12 and a collector 13. The excess of cooling
liquid accumulates in the bottom of a caisson and is removed by a siphon 14 in the lower collector 15 and
further in the store for return to system. For the purpose of facilitation of a design and preservation of
sufficient rigidity, the caissons are provided with struts 16. If the struts made in the form of ribs, they may
be located either on the outside or inside the shell and the caisson cover. On a cover, in its upper part,
6
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branch pipes 17 with flanges for connection with a steam line are welded. The structure can be extended
in the vertical or horizontal direction, the upper or lower ends of which (or both) are connected to an
artery. The perforated plates make in a form and the sizes according to structure. The stamped and
perforated recesses in them can have the form of the truncated cone, or longitudinal slots with openings
facing upwards.

We will calculate the capillary-porous cooling system, made in the form of a box-shaped form
(caisson).

The hydraulic resistance is determined by Darcy's law

AP = Uiiqg " Myiq - l /(pliq ! Fqb *Keond)» N/mZ,

where K, is the conditional permeability coefficient, which we determined experimentally [2];
Keong = 5.5°1077 - (b, /d)"%?° = 5.5 - 1077 - (0.55/0.2)"%?° = 1.49 - 10~ "m’;

by, — hydraulic structure diameter; b, = 2+ 5.5-1073/2 = 0.55-1073 m;

d — average diameter of wire mesh; d = 0.2- 1073 m;

Hiiq — dynamic viscosity of a liquid;

at p = 146 bar, t,, = 360 °C, ;4 = 77.5 - 107° Pa - s;

my;q — flow rate of a liquid;

myq=p-q F/r=11-6- 105-0.942/1027 - 103 = 0.605 kg/s;

B — coefficient of fluid excess; the optimal value is determined experimentally by us, § = 1,1 [5];
q,, — heat load, g, = 6 - 105 W/m’ ( take the maximum value);

r — heat of vaporization, r = 1027 - 103 J/kg;

F, — heat exchange surface; take F, = 1-0.942 = 0.942 m%;

Puig~ density of the liquid, Plg = 610 kg/m?*;

Fy — “live” section of the capillary-porous mesh structure;

Fp=16;=1-1.04-10"2 = 1.04- 1073 m*;

& — porosity of structure; € = 0.7,

5(1) — thickness of structure; 5117 =2-052-10"3=1.04-10"3m.

Then
77.51076-0.605-1

AP = — —
6101.04:1073-1.49:10~7

= 494 Pa.

The hydraulic resistance of the mesh structure operating only in the field of capillary forces, as in the
case of heat pipes, will be equal to

10-6- .

AP = 77510 _(;).605/6)_110 = 2-10*Pa,
610:1.04-1073-7.14-10

where 0.605/6 is recalculation by the magnitude of the critical heat load, which in heat pipes is six times

less; the value of K.o,q in the field of capillary forces is [2]:

Keong = 4.305 10710 - (b, /d)®5 = 4.305 - 10710 - (0.55/0.2)%5 = 7.14 - 10710 m?,

i.e. the hydraulic resistance of the offered structure will be in 494/2-10* = 404 time less. When

comparing the mesh structures with ceramic-metal, felt and powder materials, for which the maximum

2 ie. in total, in —1'1'10_9
7,14-10~10

structures operating in the field of capillary forces, and the hydraulic resistance is less in 1.54 times.

In the proposed capillary-porous structure operating under the combined action of mass and capillary
forces, the hydraulic resistance at boiling of water will be 40.4 times less than in heat pipes with fine-cell
meshes, and even more so with fibrous and ceramic materials that allows to cool the heating surfaces of
the larger sizes in relation to caissons of melting furnaces.

permeability can be 11:1071° m = 1,54 times more than for the mesh

— ] —
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To calculate the heat transfer coefficient, we use the criterial equation [9], which we received as a
result of generalization of the experimental data at boiling of water in a capillary-porous structure
operating in the field of capillary and mass forces:

' — Ae _ = —
St, - ProS - (Fy/F,)®7* = 59 N93 - (ﬁ) ket N923 - Rey 053, e

where St,, - Stanton number, St, = ay/(Giiq * Cpiiq),

ay = qu/(tw — t,), W/m? - K;

Ny — Bond criterion: Ny = (1 + cosB) * pyq * 9 * bir /0

o - surface tension coefficient, ¢ = 0.00416 N /m;

B = 90° - inclination angle of the evaporator;

m = 1.1 — parameter considering excess of liquid,

Gyiq- specific flow rate, G = Piig " Wiiq = Qu” E,/(e- Fy ‘1), kg/m?s ;
Priq- liquid density, pj;, = 610 kg/m?;

Ny = (14 ¢c0s90°) -610-9.81-(0.55-1073)%/0.00416 = 0.435;

q,, — heat load, g, = 6 - 10> W/m?;

Cpiiq — isobaric heat capacity of a liquid, Cp;;q = 9185 ] /kg - K;

FE, — evaporator surface, F, = 0,942 m?;

& — porosity of structure (¢ = 0.7);

F, — cross-sectional area of the wick, M Fy =1.04"- 1073 m?;

7 - evaporation heat, r = 1027 - 103 J/kg;

Giq = 6+10°-0.942/(0,7 - 1.04- 1073 - 1027 - 10®) = 776 kg/m®c ;
P1iiq = Viiq/a1iq- Prantl number;

Viiq — kinematic viscosity coefficient, 0.13 - 1078 m?/s;

a;iq — coefficient of thermal diffusivity of a liquid,

a1iqg = Aiiq/ (Puiq * Cpiig) = 0.457/610-9185 = 8.1+ 1078 m?/s;

Pr; = 0.13-1078/8.1- 1078 = 1.606 ;

a = 0 — coefficient at parameter 7 in the equation (2), since q,, > 5 - 10* W /m?;
Aegr Aig— coefficients of thermal conductivity (effective and for liquid);

Aeg/liiqg =1+ (0.5 a b, +c)t, 3)
where the coefficient for the brass @’ = 1.8 - 103 m™; ¢ = 0.73;
Aef/ Mg =1+ (05-1.8- 103 -0.00055 + 0.73)"! = 1.816;
k,, — coefficient considering the heat storage capacity of the wall,

(P'C'A)liq] 0,5

o =14 Len,

; “4)

where for brass wall p = 8.5-103 kg/m3;C =392]/kg-K; A =109 W/m" K,

(610-9185-0,457)iq

fw =141 (8500-392-109),,

15 = 1.084;

N, — pressure criterion, N, = a/(Py, * by);
N, = 0.00461/(14.6 - 10° - 0.00055) = 5-1077;
Re, — Reynolds criterion; Re,, = by, * w,, /vy,

— § —
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where w,, - average vapour velocity, w;, = q,,/(r - p,) m/s;
p,, — vapour density, p, = 101.01 kg/m3;

v, — kinematic viscosity of vapour, v, = 0.2+ 107 m?/s ;
w, = 600000/(1027000-101.01) = 0.0058 m/s;

Re, = 0.00055 - 0.0058/0.2 - 107% = 13.9.

Then the Stanton number from the criterion equation (2) is equal to
St, =82-107%,
The heat transfer coefficient «,, is equal to
a, = St, - Giig " Cpiig = 8.2-107*-776 - 9185 = 5898 W /m? - K.
Further, the caisson wall temperature is defined
twu = qu/%, +t, = 600000/5898 + 350 = 470 °C.

The received value of the wall temperature satisfies the conditions of reliable operation of the
equipment. Therefore, a structure with such geometric characteristics should be adopted.

3. CONCLUSION

Thus, in comparison with other existing cooling systems (ceramic-metal, felt or powder) the mesh
capillary-porous structure working in the field of mass forces has a number of advantages. The
permeability coefficient becomes smaller and the hydraulic resistance of the entire structure decreases.
There is no need for additional settings for a delivery or drive of such a system, because the motion of the
liquid is due to mass and capillary forces in the capillary-porous structure selected experimentally.

Hydraulic resistance at boiling water will be 40.4 times less than in heat pipes with fine cell meshes,
and even more so with fibrous, powder or ceramic materials. This allows to cool caisson surfaces of large
dimensions.
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VK 536.248.2
A.A. T'enbay, H.O. [I:xamankyJioBa

ATnMaThI SHEpreTHKa JkoHe Oaianbic yHHBEepcHTeTHl, Ka3zaxcran PecyOmukacsl, AIMaThl

KOTAPI'BI YAEMEJII KATNJIJIAPJBIK-KEYEKTIK
KBIIIYAJIMACTBIPFBIIITHI 3BEPTTEY )KOHE ECEIITEY

AHHOTanmsi. bBankpiTy arperarTapblHbIH KECCOHAAPbIH CANKbIHAATYABIH KalMUIIPIBIK-KEYeKTIK JKyHeci
3epTTeni, o3ipeHin xoHe ecenteni. (2x0.55)- 107 M TOPIBI KeyeKTi KypbUIBIMHBIH TOXIPHOEIIK TYpi aHBIKTAILIBL.
CankpIHIaTy XYHeciHiH Kbuly Oepy KacHeTi aJThl ece apTThl. Ocipece, TaIIIBIKThI, YHTAKThl )KOHE KePaMHUKaIIBIK
MaTepHabl XKbUTYJIBIK KyObIpiapabIH Oinrenepi ymIiH, cyIblH KailHAay Ke3iH/Ie I'MIPaBIIMKAIIBIK KeIeprici TOpJIbI
KBUTYJIBI KyOwIpmapra kaparanga 40,4 ece a3 Oomambl. KeccoH KeyeKTiK KypbUTBIMIAFBI CYWBIKTBHIH a3 MeJIepi
eceOiHeH MEeITepiH CAIKBIHIATYBIH JKapPBUIBICCHI3 KYPri3yre MyMKIHAIK Oepemi. Arperat KanTaybIHBIH KECCOHIAY
JKyHeci )kKoHe KamUIAPIIbIK-KeYeKTiK KYyHeciMeH KeCCOHIBI CAlTKBIHAATY CyiI0achl kKepceTinreH. bizaiH Toxipudemnik
3epTTeyiepae KalmUIApIbIK-KeYeKTiK KypbUIBIMIAFb] THIPABINKAIBIK KeAEPri, aFbIHHBIH JKbUIAAMIIBIFBl MEH TOJIBIK
KbI30aybIH aHBIKTAHUTHIH, CYHBIKTHIK apTHIFBIH €CKEPETiH KbUIyaIMacyIblH KPUTSPHAIIBIK TEHICY1 jKoHE KaObIpFaHbIH
KBUTYaKKyMYJISTOPIIBIK KACHETI allbIHIBL.

Tipek ce3aep: KamUIPIIBIK-KEYEKTI XKYiie; IHIPaBIMKAIBIK KEJEpTi; CaJKbIHAATY JKYHe; KECCOH; MKBUTYJIBIK
arbIH.

VK 536.248.2
A.A. I'enbay, H.O. /IxxamankyJjoBa

AnmartuHckuil YHUBepcuteT DHepretuku u Cesi3u, AnMatsl, Pecrrybmmka Kazaxcran

HNCCIEJOBAHUE U PACYET BBICOKO®OPCUPOBAHHOT'O
KAINMMJIJIAPHO-TIOPUCTOI'O TEINIOOBMEHHHUKA

Annoranusi. Mccnenosana, pa3paboTaHa ¥ paccyuTaHa KallMJUIIPHO-TIOPUCTAsi CUCTEMA OXJIAXKECHHUSI KECCo-
HOB TUIABHJIbHBIX arperatoB. OnpeesieH 3KCIePUMEHTAILHBINA BUI CETYATON MOPUCTOM CTPYKTYpHI (2%0.55)- 107 M.
VYBenuyeHa B LIECTh pa3 TeIUIONepeJaolias CHoCOOHOCTh CUCTEMbI OXJIaXIeHUs. | UIpaBiInYeckoe COpOTHBICHHE
Ipu KUNeHun Bojabl Oyzxer B 40,4 pasa MeHbILe, YeM B CETYATBHIX TEIUIOBBIX Tpybax, U Tem Ooiee it dutuien
TEIUIOBBIX TPYO C BOJOKHUCTHIMH, TIOPOLIKOBBIMU M K€paMHUYECKHMH MaTepuanamMu. KeccoH 1mo3BossieT mpoBOANTb
OXJIQXKJICHUE TIedell B3phIBOOE30MACHO 32 CUET CO/IEPKAHUS MaJloro KOJMYECTBA KHUIKOCTH B TIOPUCTOH CTPYKTYpE.
[IpencraBnena cucreMa KECCOHMPOBAaHUS (YTEPOBKH arperara U cxema OXJIaKACHHS KECCOHA KalUISIPHO-TTIOPHUC-
TON cUCTEMOHU. ['MapaBINYECKOE CONMPOTUBIEHUE B KalMJUIAPHO-TIOPUCTON CTPYKTYPE, KPUTEPUAILHOE YpaBHEHUE
TEIUIOOOMEHA C Y4eTOM H30BITKA >KHIKOCTH, ONPEHEISIOMNM CKOPOCTh M HENOTPEB IOTOKA, M TEIUIOAKKyMY-
JUPYIOIIEH CITIOCOOHOCTHIO CTEHKH MOTYYECHBI HAMH B PE3YJIbTaTe SKCIEPUMEHTAIBHBIX CCIEeIOBAHUI.

KiroueBble c10Ba: KanmUIPHO-TIOPUCTAs CUCTEMA; THIPABINIECKOE COMPOTHBRICHNE; CHCTEMa OXJIAKICHHS,
KECCOH; TEIIJIOBOM MOTOK.
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