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Abstract. In the article, various areas of technical application of porous freon steam generators in mining power
equipment are described, and explanations why freon coolants can provide a positive energy effect in such facilities are
given. The paper presents results of calculations of thermal-hydraulic efficiency of the porous once-through tubular
steam generators with freon-12 as a model working fluid in the the laminar flow area and with boundary conditions of the
first kind. The smooth-wall cylindrical channels with different diameters were used as the reference surfaces to be com-
pared. The following mode and design parameters were taken as a calculation base: the liquid temperature and pres-
sure on the saturation line at the entry into the channel were: Ts= 110 °C; Pos = 39,9-105 N/m2.; temperature heads, i.e.
a difference between the wall temperature and temperature of the liquid at the entry into the channel were: AT=T,-Ts =
1°C;2°C; 3 °C; 4 °C; 5 °C; the Reynolds numbers at the entry into the channel were: Re, = 100; 200; 500; 1000; 2000;
2300; the channel porosities were: 8 = 0.7; 0.75; 0.8; 0.85; 0.9. The porous material was metal felt with the copper fiber
diameter of 200 microns. The channel diameters were: d =3:103 m; 4-10-3 m; 5:10-3 m; 6-103 m; 7-10-3 m. On the basis
of the performed computational studies, it was concluded that for the conditions of the same mass flow rates of the cool-
ant, with laminar flow, and the same channel diameters, it is possible to achieve a significant reduction in the length of
the porous once-through steam generator in comparison with the length of the smooth-wall once-through steam genera-
tor. Due to the significantly shorter length, differential pressure for pumping the coolant can be several tens of percent
less in porous evaporation channels than in the similar smooth-walled channels. This computational study also made it
possible to establish main regularities in dynamics of the energy efficiency coefficients and their dependence on the
model mode and design parameters. It was shown, that positive dynamics of the efficiency coefficients of porous steam
generators occurs with decrease of the channel diameter and temperature head, as well as with increase of the Reyn-
olds number in the investigated region of coolant laminar flow.

Keywords: thermal-hydraulic efficiency; porous steam-generating channels; coolant, freon-12; boundary conditions
of the first kind; laminar flow of coolant.

1. Introduction

Porous high heat conducting materials have long been widely used in various
technological equipment. The necessity to solve the important problem of minimizing
energy consumption during the operation of mining technological equipment and to
use secondary thermal resources of mining technologies makes it possible to use po-
rous high heat conducting materials in this type of equipment as well.

One of the types of special technological equipment which provides operation of
the mining complex is refrigeration compressor equipment with freon-based coolants.
Such refrigeration equipment can be used during the roadway drivage in order to
freeze soils for giving them the necessary mechanical properties. The second example
of refrigerating machine use in mining production is the heat pumps for removing
heat of mine groundwater. The third example of the use of refrigeration technological
equipment in mining production can be air conditioners needed to ensure the required
thermophysical parameters of the mine atmosphere in accordance with norms of labor
protection standards. The use of low-grade secondary thermal resources in the mining
industry assumes freon evaporation with certain properties and, further, supply of the
freon vapor to the gas turbine to generate additional electric power. Such an installa-
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tion consisting of gas turbine, freon vapor condenser and pump supplying liquid-
phase freon to the steam generator implements the Rankine thermodynamic cycle.

In all thermodynamic cycles of operation of the refrigeration and low-
temperature heat equipment, the process of phase transition of liquid freon to a vapor
takes place in the evaporator. When intensifying work processes in the freon evapora-
tors, we can try to reduce consumption of energy required for the operation of the re-
frigeration equipment.

In so doing, one of the ways of intensifying work processes in freon evaporators
1s to include porous high heat conducting inserts to their design. On the one hand, the
inserts intensify the heat transfer processes during freon evaporation, meaning that
freon is evaporated along the shorter length of this device, compared to smooth-
walled channels. On the other hand, this increases hydraulic resistance when freon is
pumped through the evaporator. This fact necessitates finding such rational mode and
design parameters for these devices, at which the gain in heat transfer could exceed
the loss in hydraulics.

It should be mentioned that one work [1] is known in the foreign literature
which is devoted to experimental study of thermal-hydraulic efficiency of the porous
steam generators. In this research, carbon dioxide (CO;) was used as a working cool-
ant, and sand-gravel mixture was used as a porous material. The authors of the work
failed to find positive values of thermal-hydraulic efficiency of such porous evapora-
tor. This can be explained by the fact that, on the one hand, sand-gravel mixture has
relatively low heat conductivity, and, on the other hand, sand-gravel mixture, or
backfill, features low porosity, which causes high hydraulic resistance of the system.
Based on this, we can try to modernize this porous evaporator by using a porous high
heat conducting insert in the form of a copper metal-fiber material with high porosity.

Besides, type of coolant used can also influence positive values of the thermal-
hydraulic efficiency of porous steam generator. Thus, in [2], the thermal-hydraulic
efficiency of porous copper metal-fiber once-through steam generators with water as
a coolant was numerically studied. In this work, positive values of the coefficient of
energy efficiency calculated as the ratio of differential pressures of the compared ref-
erence smooth-walled evaporator and the porous evaporator under the consideration,
were not found. At the same time, the authors obtained positive values of coefficients
of geometric efficiency determined as a ratio of the lengths of the compared smooth-
walled and porous channels. This feature can be explained by the fact that the water
coolant has a high value of the specific heat of vaporization and, therefore, for the
evaporation of the coolant in a once-through steam generator, a long channel length is
required, which, in turn, causes a great hydraulic resistance and, as a result, negative
values of the energy coefficient of the thermal-hydraulic efficiency of such systems.

In the case of using freons as the working substance of porous evaporators, it is
possible to obtain positive values of the energy coefficients of thermal-hydraulic effi-
ciency, since freons have a relatively low specific heat of vaporization, which can re-
quire a short evaporator length and a small differential pressure in the porous steam
generator compared to a smooth-walled freon once-through steam generator.
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This article is devoted to the computational study of the thermal-hydraulic effi-
ciency of porous copper metal-fiber once-through steam generators of circular cross
section in in the laminar flow area of freon-12 coolant in the compared smooth-
walled once-through steam generators and under boundary conditions of the first
kind. Note that a small number of the above-mentioned researches of thermal-
hydraulic efficiency of porous steam generators is due to the fact that the process of
studying this process is rather complicated, which explains that there are only a few
publications in this area of research.

2. Formulation of the problem

In the course of creating the calculation programs, the following calculation
formulas and ratios were used. To calculate heat transfer in cylindrical smooth-walled
channel, formula of S.N. Bogdanov [3] was used for calculating the heat transfer co-
efficient averaged over the length of the evaporation when freons boil in the chan-
nels. To calculate heat transfer for the case of vapor-liquid mixture flowing through
the porous high heat conducting media, the ratio obtained by I.V. Kalmykov [4] was
used to calculate the coefficient of volumetric intraporous heat transfer. The differen-
tial pressure during the evaporation of freon in cylindrical smooth-walled channel
was calculated according to the simplified Bo Pierre equation for complete evapora-
tion of coolant [3]. Hydraulic resistance in porous channels with two-phase vapor-
liquid flow of the coolant was calculated by the method similar to the Lockhart-
Martinelli technique [5]. This technique was applied by Yu.A. Zeigarnik and 1.V.
Kalmykov [4], [6] to the two-phase vapor-liquid flows through the porous high heat
conducting media. The formulas from this technique were used in the course of the
computational and numerical studies.

3. Results

To study the possibility of using porous steam generators as part of refrigerat-
ing machines used in mining industry, the thermal-hydraulic efficiency of the porous
once-through tubular steam generators with freon-12 coolant was calculated.

Parameters of the thermal-hydraulic efficiency included: the ratio of differen-
tial pressures for pumping the evaporating coolant through the smooth-walled and
porous channels APswn/APpor; the ratio of the lengths of the smooth-walled and porous
channels lsw/lpor, and the ratio Q/N, where Q was the amount of heat absorbed by the
channel during the evaporation of the liquid, N was the power consumed for pumping
the coolant.

Smooth-walled cylindrical channels with various diameters were used as refer-
ence surfaces to be compared. Metal felt was considered as a porous high heat con-
ducting insert.

The mode and design parameters were changed in the course of calculations
within the following ranges: temperature and pressure of the liquid at the entry into
the channel were Tso = 110 °C; Pos = 39.9-10° N/m?; difference between temperature
of the channel wall and temperature of the liquid at the entry into the channel was
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Tw—Tso=1+5 °C; Reynolds number at the entry into the channel was Reo = 100+2300;
the channel porosity was © = 0.7+0.9; the channel diameter was d=3+7 mm.

In the course of the computational studies, it was found that to achieve com-
plete evaporation of the coolant, porous channels can be several times shorter than
smooth-walled channels with the same diameter. At the same time, with the same
flow rate of the coolant, differential pressure for pumping coolant through the porous
evaporation channels can be several tens of percent less than through the similar
smooth-walled channels due to a much shorter length. The calculations show that
thermal-hydraulic efficiency of the porous channels increases with decrease in the
diameter of the studied channels and with decrease in the difference between the
temperature of the channel wall and the temperature of the liquid at the entry into the
channel, which indicates that porous evaporation channels can be effectively used to
remove low-potential heat. Data of graphical processing of calculation results are
shown in fig. 1-10. An increase in porosity leads to an increase in the coefficients of
energy efficiency and a decrease in the coefficients of geometric efficiency.
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Figure 1 — The value of the geometric coefficient
of efficiency of the porous steam generating channel kr=/sm/lpor (Ts0=110 °C; d=4 mm; AT=4°C)
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Figure 2 — The ratio of pressure drops in porous
and smooth-walled steam generating channels kap=APpor/APsm (Ts0=110 °C; d=4 mm; AT=4°C)
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Figure 3 — Ratio of Q/N, 10® for a smooth-walled
steam generating channel (Tso=110 °C; d=4 mm; AT=4°C)

Figure 4 — Ratio of Q/N, 107 for a porous steam generating channel
(Tso=110 °C; d=4 mm; AT=4°C)

=
—
_h

i
%a 0,04 -
i
2= 0,03 /
éﬂg 0,02 //‘
" 001 1
0
0 500 1000 1500 2000 2500

Reynolds number Re

Figure 5 — Length of smooth-walled steam generating channel lsm, m

(Tso=110 °C; d=4 mm; AT=4 °C)
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Figure — 6 Length of the porous steam generating channel Ipor, m
(Tso=110 °C; d=4 mm; AT=4 °C)
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Figure 7 — The value of the geometric coefficient of efficiency of the porous
steam generating channel kr=lsm/lpor = f(Re, AT); (Tso=110 °C; d=4 mm; ©6=0,9)
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Figure 8 — The ratio of pressure drops in porous and smooth-walled steam generating channels
kap = APpor/APsm = f(Re, AT); (Tso=110 °C; d=4 mm; 6=0,9)
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Figure 9 — The value of the geometric coefficient of efficiency of the porous steam generating
channel kr=lsm/lpor = f(Re, d); (Tso=110 °C; AT=4°C; 6=0,9)
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Figure 10 — The ratio of pressure drops in porous and smooth-walled steam generating channels
kap = APpor/APsm = f(Re, d); (Tso=110 °C; AT=4°C; ©=0,9)

4. Conclusions

Based on the results of the performed computational studies, the following conclu-
sions can be drawn.

When using porous metal-fiber highly thermally conductive inserts in evaporators of
refrigeration machines, which have ideal thermal contact with the channel wall, it is pos-
sible to obtain positive values of both geometric and energy efficiency coefficients.

A positive increase in the efficiency coefficients of porous steam generators is af-
fected by a decrease in the channel diameter and temperature difference between the
channel wall and the coolant temperature at the channel inlet, as well as an increase in
the Reynolds number in the investigated laminar region of coolant flow.

An increase in the porosity of the channel has a positive effect on the energy effi-
ciency coefficient, but decreases the geometric efficiency coefficient of porous freon
steam generators.

The performed computational-theoretical studies are the basis for experimental veri-
fication of the results obtained.
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A general analysis of the results of the study indicates a fairly high efficiency of the
use of porous freon steam generators in mining equipment.

The nature of the data obtained as a result of calculations indicates the need for simi-
lar studies in adjacent speed regimes of coolant flow.
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MOBULLEHHSA TENNOrOPABMIYHOI EGEKTUBHOCTI MPHUYOIr0 EHEPFETUYHOMO YCTATKYBAHHS
3A PAXYHOK 3ACTOCYBAHHA NOPUCTUX BUCOKOTEMNONPOBIAHUX ®PEOHOBUX
MNAPOIrEHEPATOPIB

Jlykiwa A.I1., Jlykiwa M.A., KipcaHos M.B.

AHoTauif. Y cTaTTi onucaHi pisHi rany3i TEXHIYHOMO 3aCTOCYBaHHS NOPUCTUX (DPEOHOBUX MapOreHepaTopiB Y ripHUYOMY
eHepreTuiHOMy obragHaHHi, a TakoX NokasaHo, YoMy (OPEOHOBI TEMMOHOCIT MOXYTb 4ATU NO3UTUBHUIA EHEPreTUYHUA edekT ¥
nogibHux npuctposix. B poboTi npeacTaBneHi pesynsbTat po3paxyHKiB TENOrigpaBnivHoi epeKTMBHOCTI NOPUCTUX NPSIMOTO-
YHMX MaporeHepaTopiB 3 MOAENLHOW PoBoyoi pianHOK hpeoH-12, B NamiHapHin obnacTi pyxy TEMMOHOCIA i MpK rPaHNYHNX
YMOBaX NepLUOro pogy. B AKOCTi NOpiBHIOBAHMX €TaNOHHUX NOBEPXOHb BUKOPUCTOBYBANMCA MMaZKOCTIHHI LMMIHAPWUYHI KaHanu
pi3HMX fiameTpiB. B skocTi pospaxyHkoBoi 6a3u Gynu B3sTi Taki peXXMMHO-KOHCTPYKTUBHI NapaMeTpu: TemnepaTypa piguHn Ha
NiHii HacyeHHst Ha Bxogi B kaHan Tsg= 110 °C; Pos = 39,9-10° H/m2. TemnepaTtypHmii Hanip - Pi3HULS MiXX TEMMEpaTypPOLO CTiH-
KW | TemnepaTypoto piguHmM Ha Bxogi AT=Tu-Te = 1 °C, 2 °C, 3 °C, 4 °C, 5 °C. Yucno PeitHonbaca Ha Bxofi B kaHan: Re, =
100, 200, 500, 1000, 2000, 2300. MopwucTicTb kaHany 6 = 0,7; 0,75; 0,8; 0,85; 0,9. MNopucTuii maTepian - METANOBONOK 3 Jia-
MeTPOM MigHuMx BortokoH 200 Mkm. [iametp kaHany d=3:103 m; 4:10-3 m; 5:10° m; 6-10-° m; 7-10°3 m. Ha niacrasi nposegeHmx
PO3paxyHKOBUX OOCimKkeHb OyB 3pOBMeHMn BMCHOBOK, WO N1 YMOB OAHAKOBWX MacOBWX BWTPAT OXOMOZKyBadya, npu
namiHapHOMYy PeXuMi pyxy, i OOHAKOBMX diaMeTpax KaHasis, MOXHA LOMOITUCA ICTOTHOTO CKOPOYEHHS JOBXMHW MOPUCTOro
NPSMOTOYHOO NaporeHepaTopa B MOPIBHAHHI 3 MMaAKOCTIHHUM MPSAMOTOMHUM MaporeHepaTopoM. 3a paxyHoK 3HAYHO MEHLLIOT
JOBXWUHW MOPUCTI BUNAPHI KaHamM MOXYTb MaTW nepenag TUCKY Ha NpoKadvyBaHHS TEMMOHOCIA Ha Kinbka AeCATKIB BiACOTKIB
MEHLLe, HDK aHaroriyHi rnagKkoCTiHHI kaHarW. [laHe po3paxyHKkoBe [OCIIKEHHS TaKoX LO3BOMWUIIO BUSBUTU OCHOBHI 3aKO-
HOMIPHOCTi B MOBEMiHLi eHepreTUiHNX KoedillieHTiB edheKTMBHOCTI Ta iX 3aneXHICTb Bif PEXMUMHO-KOHCTPYKTUBHUX napa-
MeTpiB Mogeni. byrno nokasaHo, Lo Ha NO3WTUBHMIA 3PIiCT KoediLieHTIB eqpeKTMBHOCTI NOPUCTUX NaporeHepaTopiB BNMBakTb
3MEHLLEHHA JjamMeTpa KaHany Ta TemnepaTypHOrO HaTUCKY MiX CTIHKOIO KaHary Ta TeMnepaTypoto TEMroHOCIA Ha BXOfi B
KaHar, a Takox 3BinbLUeHHs Yicna PeiHonbaca B JOCTimpKyBaHil namiHapHil 0briacTi pyxy TenmnoHocis.

Kntouosi cnosa: TennorigpasniyHa epeKTUBHICTb; NOPUCTI NaporeHepyroi kaHanu; TeNMOHOCIH (peoH-12; rpaHnyHi
YMOBW NEPLLOro pogy; NamiHapHU PeXuM pyxy TEMMOHOCIS.
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