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Abstract

The article addresses the problem of the unsaturated porous media permeability determining, which is an important
scientific and practical task with broad applications in the aerospace manufacturing, hydrogeology, geotechnology
and environmental engineering.

The dry performs permeability determines the impregnation process success in the products manufacturing
technology from the polymer composite materials by transfer molding techniques. Its value affects the completeness
and uniformity of resin infiltration into the fiber structure and thus the absence of defects such as dry spots and
voids, which reduce the mechanical strength of the final products. Under conditions of aecrospace manufacturing,
such defects are critically unacceptable as they may compromise the service life and reliability of structures.
Traditional approaches to the unsaturated permeability determining are based on tracking the liquid front coordinate,
which separates the dry and impregnated zones. However, for materials with pronounced structural anisotropy
(such as woven or 3D-preforms), the front shape is often appeared curved, while voids may form in the impregnated
zone, which complicates accurate determining of the coordinate and leads to significant errors.

The article proposes the technique, which allows discarding the coordinate of the front measuring. The technique
is based on the modified Darcy’s law applicable to the unsaturated filtration, and envisages the permeability
computing by the relationship between the introduced fluid volume, time, viscosity, pressure drop, porosity, and
sample geometry. This approach minimizes the effect of impregnation defects and irregular front shapes, ensuring
a more stable estimate of the integral filtration parameter.

The technique was tested on a woven composite preform with a fiber volume fraction of 55% and dimensions
of 122 X 146 X 6.314 mm. Silicone oil PMS100 with a dynamic viscosity of 100 mPa - s was employed as the
impregnating fluid. The impregnation was performed under a 5 mbar vacuum with a transparent tooling base, which
allowed simultaneous recording of the liquid front movement and measuring the supplied oil mass. The volume of
the inserted liquid was being computed by the known fluid density. The saturated permeability test was performed
as well for the results comparison.

The following values were obtained:

— Unsaturated permeability by fluid volume: K/ =2.0727 - 10~" m?;

— Unsaturated permeability by front coordinate: K\, = 2.2808 - 10~ m?;

— Saturated permeability: K,,, = 1.58 - 107" m2.

The difference between the two unsaturated permeability values was 10.04%, while the difference between the
unsaturated (by volume) and saturated permeability was 23.77%. This confirms that the proposed method ensures
the accuracy comparable with the classical approaches. It is herewith simpler in realization, does not requre labor
intensive analysis of the front geometry and fits better for the anizotropic media.

Further testing on porous media with a predefined structure, including 3D-printed samples, is being planned to
evaluate quantitatively the advantages of this method and expand its applicability in engineering practice.

Keywords: unsaturated permeability testing technique, one-dimensional stationary flow method, composite material
preforms
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Fig. 1. Example of flow patterns observed in optical, absorption, refraction and scattering images obtained for various
reinforcement materials: a — Twill Glass (test No. 2); 5 — UD Carbon (test No. 4); ¢ — Twill Flax (test No. 12);
d — UD Flax (test No. 13) fabrics; e — the 3D-printed structure (test No. 14)

Fig. 2. Flow patterns imaged by the digital microscope. The scale in all images is the same [18]: @ — test No. 1;
b — test No. 2; ¢ — test No. 3

Fig. 3. Flow flow front analysis example: the red arrow indicates the flow direction (top figure), and the red line
(bottom figure) is the manual recognition of the flow. In the bottom figure, the straight black line
is the average value of the flow front [19]

Fig. 4. A porous medium impregnation scheme

Fig. 5. Illustration of the proposed approach for the porous medium impregnation results analyzing:
a —actual state of the front and impregnated medium; b — the model state described by the volume of the injected liquid

Fig. 6. The nature of the liquid front motion in the preform

Fig. 7. The preform permeability test results
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Bgenenue

OrnpeneneHre HeHACBIILLIEHHOM TPOHUIIAEMOCTH T10-
PHUCTBIX Cpe/l — 3ajiaya C BbICOKOM MPaKTUYeCKO 3Ha-
YHUMOCTbIO B TEXHOJIOTMY aBUALIMOHHOTO ITPOU3BOICTBA,
TMIIPOTe0JIOTUU, TEOTEXHUKE U MHXKEHEPHOI 9KOJIOTUH.
ITpy M3roTOBICHUM U3ACIUNA U3 KOMIO3ULIMOHHBIX
MarepuaaoB TpaHC(hEepHbIMU MeToAaMu (POPMOBAHMSI
MPOHULIAEMOCTD SIBJISIETCSI KPUTUYECKUM [TapaMeTpoM
npedopMbl Ha 3Tare NPOIUTKH, TaK KaK OKa3bIBaeT 3Ha-
YUTEJIbHOE BJIMSIHME HA TPONUThIBaeMocCTh [ 1]. Yenen-
Hasl TIPOIMUTKA ONpeesisieT Ka4eCTBO U3IEeNusl, CyXxue
30HBI U TTIOPbI HEAOMYCTUMBI, TaK KaK OHU OKa3bIBalOT
HEeraTUBHOE BJIMSHUE Ha IPOYHOCTH [2—7]. JaHHOE
3aMeuyaHre OCOOCHHO aKTyaJbHO MPUMEHUTEIbHO K
U3MEIUSIM U3 KOMITO3ULIMOHHBIX MaTepUasoB, MpruMe-
HSIEMBIM B aBUALIMOHHOI TexHUKe. B Takux paboTax,
Kak [8—15], aBTOpHbI ynensitoT o.codoe BHUMaHKe 3a7aue
MOICIMPOBAHUS MMPOTUTKU U3AEIUIl aBUALIMOHHOTO
HazHayeHUs Ul ONITUMU3ALUU pekrMa MPOTUTKMU.
B ucrounuke [16] mokazaHa aKTyaJlbHOCTb Pa3BUTHS
0e3aBTOKJIaBHBIX TEXHOJOTUI MPOMUTKU 3arOTOBOK U3
ITKM. HayuyHo-uccienoBaTesibcKoii Jlabopatopun AO
«AspoKoMno3uT» norpedoBasoch MPOBECTU OOJIbIIIOE
KOJIMYECTBO MCIIBITAHUI MaTepUuaioB, U3NEIU U 00-
pasLoB ISl TOTO, YTOObI OMPEeNeSUTh ONTUMATbHbIE
rapaMeTpbl TEXHOJIOTUM TTPOIUTKHU, KOTOphIe obecre-
YKBaJIU Obl BICOKYIO TOYHOCTb U3TOTOBJIEHUS U3MIETU I
U pabOTOCIIOCOOHOCTD Mpolecca UH(Y3UU.

Cyl1ecTBYIOT 1Ba MPUHLIMITUATBHO OTJIMYAIOILIMXCS
JIPYT OT Jipyra MeToja ONpeaeaeH!s: MPOHUILIAEMOCTHU:
B YCJIOBUSIX CTallMOHAPHOIO TTOTOKA XUIAKOCTU U He-
CTallMOHAPHOTO. BhIIEsoT 1Ba COOTBETCTBYIOLIMX
TUIIA TIPOHULIAEMOCTU — HACBIIIEHHYIO U HEHAaChI-
meHHyto [8, 17]. B nepBoM ciiydae mopucTasi cpeia yxke
MOJHOCTbHIO MM YaCTMYHO MPOIMUTAHA XUJIKOCTHIO,
BO BTOPOM Cpella He CMOYeHa XMIKOCTbio. C TOUKU
3peHUsI U3TOTOBJIEHUS UBETNIA U3 TTOTMMEPHBIX KOM-
nmo3uMoHHbIX MatepuaioB (ITKM) ocobeHHO BaxkHa
HeHacCbIllIeHHAsl IPOHUIIAEMOCTb, TaK KaK MPOIUTKE
MOABEPralTcs N3HAYAIBHO cyXue TpehOpMbl.

[Tpu uciienoBaHUM HEHACHIILIEHHOW MPOHMIIA-
€MOCTH KJIIOUEBBIM MapaMeTpPOM OLIEHKM CUUTAeTCs
KOOpAMHATA IBUXKEHUs (DpOHTa, KOTOpash Tpaaulii-
OHHO OTPEALIISIETCSI KaK TeOMETPUYECKOE MOJIOKEHNE
IpaHULIbl MEX/TY CYXOi U HachIllleHHOM 30Hamu 8§, 17].

B cityuae TKaHBIX KOMITO3UTHBIX TTPE(OPM U IPYTUX
MOPUCTBIX CPell C SIPKO BbIPAXKEHHOM aHU30TpOIUeit
CTPYKTYPbl MOKHO OTMETUTH CJIOXHOCTh U HEOJHO-
3HAYHOCTb B aHaJIM3€ Pe3yJIbTaTOB UCTIbITAHUSI HEHA-
chllieHHOM npoHuuaemoctu [18—20]. Tak, B padore
[18] nas mpedopm ¢ TKaHOU CTPYKTYpOil MOXHO OT-
METUTb HEOIHO3HAYHBII XapakTep MoJIoXKeH s (hpoHTa
JBUXEHUS KUAKOCTU (puc. 1 u 2).

Ha puc. 2 Takxe 4eTKO BUAHO (popMHUpOBaHUE
MYCTOT B y>X€ MPOIMUTAHHO o0sacTu npedopMbl,

KOTOpBIE 3aITOJTHSIOTCS 110 Mepe MPOABUXKEeHUS (POH-
Ta TOTOKA. DTO TakKke BHOCUT HEOINHO3HAUYHOCTh B
oIpeneseHe KoopanHaThl (ppoHTa moToka. B padore
[19] aBTOp Mpennaraet pelieHue MpodJeMbl UHTEP-
MpeTayu Mo3uluy (poHTa MyTeM pa3padboTKu Mpo-
rpaMMHOTO 00ecTieYeHMsI, KOTOPOe pa30UBaeT KPUBYIO
(poHTa MOTOKA HA MHOXECTBO TOUEK U YCPEAHSIET UX
koopauHaThl (puc. 3). CTOUT OTMETUTDb, YTO TaKOM
MOJXOJ HE UCKJIOYaeT MOrpelIHOCTU, CBI3aHHON ¢
MycToTamMu, COOPMUPOBAHHBIMHU B Y3Ke TTPONTUTAHHOM
YaCTU TTIOPUCTOM Cpelbl.

B pa6ote [20] aBTOpBI TakKe OTMEYAlOT HaJIM4Ke
mpo0OJjeMbl MHTEPIpPETallM KOOPAUHATHI (ppOHTA U
npeiaraoT 6aliecoBCKUIA TTOAX0A K 00paTHOM 3a1aue
JIJIS. OLIEHKM Jioraprudma MPOHUILIAEMOCTU B PEXUME
peaIbHOTO BpEMEHU T10 3HAYEHUSIM JaBJICHUS U pe-
3yJbTaTaM HaOJIOACHUS 3a ABMXYILIECs TpaHUlei
SKUJIKOCTH.

Scattering

Puc. 1. [IpuMepsl cxeM TedeHMsI, HaOII0OaeMbIX
Ha ONTUYECKUX, A0COPOLIMOHHBIX, TPETOMIISIONINX
1 paccenBalONINX N300paKeHUSX, TOTYYEHHBIX
IUJIST pa3JIMYHBIX apMUPYIOIIMX MaTepuaiosn [ 18]:

a — Twill Glass (tect Ne 2); 6 — UD Carbon (tect Ne 4);

6 — Twill Flax (tect Ne 12); e — UD Flax (tect Ne 13);

e — 3D-neyatHas cTpykTypa (Tect Ne 14)

BecTtHUK MOCKOBCKOTo aBUalimoOHHOTO MHCTUTYTA. T. 32. No 4

Aerospace MAI Journal, vol. 32, no. 4



E.A. [Tysvipeyxuit, O.J1. Xamuodyaaun, JI.11. Hlabarun, K. B. Bypnawes

E.A. Puzyretskiy, O.L. Khamidullin, L.P. Shabalin, K.V. Burnashev

a

('[il- .J[J- -;[.I 'J'l] ] h‘[b ] B0
y [mm]

Puc. 3. I1pumep aHanu3a poHTa MOTOKA:
KpacHasl CTpeJiKa ITOKA3bIBACT HAIlpaBJICHNUE
ITOTOKa (BEepXHUI PUCYHOK), a KpacHast TMHUST
(HVDKHMI PUCYHOK) — PYYHOE paclio3HaBaHUe
moToka. Ha HIDKHEM pUCYHKe TTpsiMast YepHast
JIMHUS — CpeaHee 3HaueHue (poHTa rmoroka [19]

MeTtoapl M 3KCIIEPUMEHT

IMpouecc puapTpalum XUAKOCTeH MU Ta30B B
TOPUCTHIX CPelax OMUCHIBACTCS C MOMOIIbIO 3aKOHA
Hapcu. JaHHBIN 3aKOH B YCIOBUSX JAEHCTBUSI CUIIBI
TSDKECTH 3aIMChIBAETCS CIICAYIONIUM 00pa3oMm:

i
O0=—grad p+ pg ——u.
grad p-+ pg = -u (1)

B yc10BUsIX OTCYTCTBMSI CUJTBI TSKECTH 3aKOH Jlapcu
MOXKET OBITh 3aIIMCaH CIEIYIOLIMM 00pa3oM:

K
u=——grad p. 2
u

PaccmoTpuM mpoliecc mponmyuTKY N3HAYATHHO CYXOi
(HeHachIIEHHOI) MpedOopMbl U TPUMEHUM K HEMY

B

Puc. 2. KapTuHbl Te4eHU s, TTOJTyYEHHBIE C TIOMOIIBIO IM(DPOBOTO MUKPOCKOTIIA.
Maciurab Ha Bcex CHUMKaX onMHaKoBbIi [18]: @ — tect Ne 1; 6 — tect Ne 2;
6 —T1ecT Ne 3

3akoH [apcu. O6parumcs kK cxeme (puc. 4). Ha neit
MMOKa3aH Mpolecc MPOIMUTKU CyXOi TIOPUCTOM cpebl
B IIPOU3BOJIBHBIIA MOMEHT BpeMeHHU . Pa3sHOCTb 1aB-
JIEHUIA TIofayy M OTBOJAA XKUAKOCTHU TTOAIEePKUBAETCS
MMOCTOSIHHOI 1 paBHseTcsa Ap. KoopnrHATY TOJTOXEHUST
(bpoHTa KUIKOCTHU IPUMEM 32 X.. [laBnieHue py, bpoHTa
KUIKOCTHU BCeTna paBHseTcs p,. Takum o6pa3om, B co-
OTBETCTBUM ¢ 3aKOHOM J/lapcu, B TO# 00J1acTH, KOTOpast
MPOMNKUTAHA XKUIKOCThIO, TaBJIEHUE BCeraa pacipene-
JISIETCSI TUHEMHO OT P 10 p;. DTO 3HAYUT, UTO TPAAUEHT
JaBjieHUs gradp B Tpoliecce MPOMUTKU MEHSIETCS OT
MaKCUMAaJIbHOTO K MUHMMAaJIbHOMY, a CJIeloBaTe/IbHO,
CKOPOCTb (DMIBTPALIMA U OOBEMHBINA PAaCXOM KUIKO-
CTU MEHSIIOTCSI OT MAaKCMMAaJIbHOTO K MUHUMAJIbHOMY
3HAYEHUIO, €CJIM PA3HOCTh JABJICHUI U IUIOLIAAb I10-
MepevyHoro ceueHust o0pasiia MOCTOSIHHBI.

MNponuTauHan oGnacTe nyag ofnacTb

/ Fi

Py U, X,

¥

Puc. 4. Cxema mponuTKy MOPUCTOI CPEIbI

st o6acTv, MPOMUTAHHOM XKUIKOCTBIO, 3aMUIIIEM
ypaBHeHUeE (2), yY4IUTHIBAS, YTO CKOPOCTH (DMIBTpALIU
MOXKET OBITh MpeJACTaBlieHa KaK MPOU3BeIeHNEe MPo-
eKIIMY CKOPOCTH IBMIKEHMS YACTHUIIl HA OCh, HAIIpaB-
JIGHHYIO BIIOJIb IOTOKA, M KO3 DULIMEeHTa HAITOJTHEHUS
TTOPUCTOCTH CPEbIL:

K
v(l—v):—gradpi. (3)
ITpu sTom
grad p = g,
Xr

a CKOPOCTD ITOTOKA v MOXET OBITh 3aIMcaHa Kak IIpo-
MN3BOJHAasA KOOpAMHATHI ITO BPEMECHU:
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_ dx,
dt
Torna ypaBHeHue (3) MOXeT ObITh 3alMCAHO CIEIYIO-
LM 00pa3oM:

dx_f(l_v):_gﬁ,
dt X, p

JaHHOoe ypaBHEHHME MOXHO MpeoOpa3oBaTh
B CJIEyIOIIIEE:

K
xfdxf =-Ap———dt.

u(l-v)
Bo3bpmem HeOHpeI[CIICHHBIﬁ MHTETIpaa JeBOM
n HpaBOﬁ YyaCcTu U NMOJYy4YUM:

x2 K
S
Lo pp———t.
AT )
N3 (4) Beipazum K:
2
x u(l -v)
K="L22 ) 5
t  2Ap >

Koopaunara gpoHTa X, onpenenser o0beM BBe-
IeHHo# xuakoctu. M BnpaBay, o0beM BBeISHHOM
JKMIIKOCTU OIpeaesisieTcsl KoopAnuHaToi ee ¢hpoHTa U
TJIOIIA/IbIO TTOMIEPEYHOTO CEYEHUSI TTOPUCTOM Cpenbl
cJenyonmM oopa3om:

V=x,(1-v)S, (6)

e V' — 06beM BBEIEHHOI XXUIKOCTH, M>; S — IUIOLIAb
MOIEPeYHOro Ce4eHHs TIOPHICTOI CPelbl, M.
[Moncrasisis (6) B (5), TomydaeM:

o ,
r 2apSt(1—v)’ 2

C moMo11bto hopMysibl (7) MOXKHO pacCuMTaTh HEHA-
CBIIIEHHYO ITPOHUIIAeMOCTb OPUCTOI cpenbl. [Tpy aToM
TpebyeTcst huKcalys ToIbKO 00beMa BBeIEHHOM KUIKO-
CTH, (prKcauus KoopauHaThl (poHTa He TpedyeTcs. Tak-
K€ CTAaHOBUTCS HEOOXOOUMBIM OIpeiecHUE IO
MOIEePEYHOro CeUeHMsI MOPUCTOI cpenbl. MinmocTparius
TMpejiaraeMoro Mojaxoa rpuBeieHa Ha puc. 5. B pamkax
MpejiaraeMoi MeTONMKY (hOPMUPYIOIIUECS Ha IPAHULIE
¢poHTa 1 B MPONUTAHHBIX 00JIACTSIX TIPE(POPMBI TTOPbI
WUTHOPUPYIOTCH, TaK KaK MPEAToaraeTcs, 4YTo BECb 00b-
€M BBEJICHHO KMIKOCTA PAaBHOMEPHO PaCIIpenesIsieTCsT
1o 00beMy IMOPHUCTOI cpenbl OT KoopnuHaTel X = 0 10
Ha0JII01aeMoii B JaHHBIM MOMEHT BpEMEHM.

IIpenmnosoXuTenabHO, MPOHUILIAEMOCTh, OIpeae-
JIGHHasl Mo TMpejjiaraeMoil MeTOIMKE, OKaXKeTCsl OUeHb
OJM3KOM K HACBIIIEHHON MPOHUIIAEMOCTH, TaK KakK
METOJMKA IT03BOJISIET UTHOPMPOBATh 00pa3ylolInecs B

a 7]
Puc. 5. Unmoctpauus npenjaraeMoro roaxona K aHajiu3y
pe3yIbTaTOB MTPOTTUTKH TTOPUCTOM CPEJIbI:
a — (paKTUYECKOe COCTOsIHUE (PpoHTa
Y TIPOTTUTHIBAEMOM CPEIIbI;
0 — MOJIeJIbHOE COCTOSIHUE, OMKMChIBAEMOE Yepes
00beM BBEIEHHOM KUIKOCTH

YK€ IPOIMUTAaHHOM 001aCTH MOPUCTOM CPEAbI ITyCTOTHI.
Tem He MeHee OTJIMUMSI CKOpee BCero OyayT UMETh Me-
CTO, TaK Kak oOpasyloluecs Ha rpaHuile ¢poHTa U B
y2Ke TTPOMUTAHHOI 00J1aCTU MOPUCTOM CPEIbl TyCTOTHI:

— OKa3bIBAIOT BJIMUSIHUE Ha JIOKAJIbHbBIN IpalueHT
JIABJICHMSI, YTO JEJAeT ero xapakTep HeJlMHeiHbIM. Taxk,
aBTopHI [17] mokaszanu, YTo B HaYaAbHBIA MOMEHT Bpe-
MEHHU, KOTJ1a CKOPOCTb ITOTOKA BbICOKast U (hOPMUPOBaA-
HUE MOp MUHUMAJIbHO, JaBJIeHUEe MEHsIeTCS JIMHEMHO
U TIoAYMHSsIETCs 3akoHY Jlapcu, HO B JajibHEHIIEM,
KOT/1a MPOUCXOIUT €T0 3aMeyieHue U (popMUpoBaHue
MaKpOoIiop, 1aBJIeHUEe HAYMHAET MEHSITbCSI HEJIMHEIHO;

— C€O03/1al0T HEOOXOAMMOCTb yuyeTa B YpaBHEHUU
COXpaHEHMsI MacChl TTapaMeTpPOB KakK Bo3ayxa, Tak U
xuakoctu [17].

Pe3synbraTbl

Mertonuka ObuTa onpoOoBaHa B paMKaxX UCTIbITAHUS
KOMITO3UTHOM TTpedopMBbI ¢ KO3 (HUILIMEHTOM HaIloj-
HeHus, paBHBIM 55%. lllupuHa, IMHA W TOMIIMHA
npedopMbl coctaBuan 122 mm, 146 mm u 6,314 MM
COOTBETCTBeHHO. [IpornuTKa ocyiiecTBsIach mojimme-
TUJICUIIOKCAHOBOM kuakocTbio ITMC100 [21], nmHamu-
yeckasl BI3KocTb KoTopoii paBHa 100 mIla - ¢. JlaHHast
JKMIKOCTh BbIOpaHa B KaYeCTBE MOIEIbHOM MJIsT MPO-
BeJeHUS 9KCIIEPUMEHTA, TaK KaK OHa UMEET BSI3KOCT,
OMIN3KYI0 K BA3KOCTU TEPMOPEAKTUBHBIX CBSA3YIOIINX,
MPUMEHSIEMbIX MPU U3rOTOBIeHUU u3nenauii u3z IlNKM
MHQY3UMOHHBIMU MeTomaMM. Takxke MperuMyILIeCTBOM
JTAHHOM XWIKOCTY SIBJISIETCSI TO, YTO OHA UMEET XOpO-
1110 U3BECTHYIO U HEU3MEHHYIO B YCJIOBUSIX KOMHATHOM
TeMIepaTypbl KWHEMaTUYECKYIO BSI3KOCTb (COOTBET-
cTByeT MapkupoBke). [TpormTKa ocyiecTBsIach Mo
nelicTBUeM Bakyyma 5 mMOap. BequuuHa BakyymMa KOH-
TPOJIMPOBANIACH C TIOMOIIBIO pa3MEILIEHHOTO B KOPITyCe
BaKyyMHOI1 JIOBYIIIKM BUOPOYCTOMUMBOIO BaKyyMMeTpa
TB-320P. DkcriepuMeHT MPOBOIMIICSI TP KOMHATHOMN
TeMreparype, TeMieparypa KOHTpOJIUpPOBaiach ¢ IMo-
MOIIBIO TepMoMeTpa. CxemMa ITPONUTKY — MPOAOJIbHASI,
cooTBeTCcTBYyto1Ias puc. 4. [logaua 1 OTBOM KUAKOCTH
OCYIIECTBIISUITUCH C TOMOILbIO BCIIOMOTaTeIbHbBIX MaTe-
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PHUAJTOB: CMUTMKOHOBBIX IIIJTAHTOB [UTS ITTOIBOIA M OTBOMIA K
OCHACTKE U BSI3aHOM TeXHUYECKOM JICHTHI U3 o3 Upa
JIJIS1 IIOABOAA U 0TBoAA K Ipeopme. BakyymupoBaHue
npechopMbl TPOUZBOAUIOCH C TIOMOIIBIO BAKYYMHOTO
MellTKa ¥ BaKyyMHOTO Hacoca. OCHOBaHUE WCITONb3Y-
eMoi1 ocHacTKM [22] — mpo3pauHoe. B mporecce nmpo-
TTATKY BEJIACh 3aITUCh KaK IBVDKEHUS (DPOHTA XKUIKOCTH,
TaK ¥ MacChl EMKOCTH, U3 KOTOPOI MPOM3BOAMIACH €€
nogavya. MiameHeHne oObemMa ObLIO BBIYMCICHO Yepe3
00BEMHYIO TIJIOTHOCTb XKMIKOCTH, KOTOPAsi COCTaBJIsIeT
967 xr/m>. [1o OKOHYAHUM TIPONTUTKH NPedHOPMBbI GbLIO
JIOTIOJTHUTEIBHO MPOBEACHO HUCIIbITAHUE IO ONpee-
JIEHUIO HACHIIIEHHOI mpoHuaeMocTu. O0beMHBII
pacxon KUAKOCTH TPU TIPOIMUTKE HACKHIIIEHHON Tpe-
dopmbl coctaBut 8,4686 - 1078 m3/c. Crout ormeTuts
HepaBHOMEPHOE pacrpee/ieHue KOOpAMHAaThl (hpoHTa
CBSI3YIOIIETO TT0 HIMpHHE 00pasiua (puc. 6).

Puc. 6. Xapakrep aBrxkeHMs1 GpOHTA KUIKOCTH
B nmpedopme

[Mony4deHsl ciemyrolne 3Ha4eHUS TTPOHULIAEMOCTH
(puc. 7):

— HeHAChIILIEHHAs TPOHULIAEMOCTb, BEIYMCIIEHHAS Ye-
pe3 00beMHBbIiT pacxom kuakoctd, K/ =2,0727- 1071 m?;

— HEHACBIIIEHHAsT TTPOHUIIAEMOCTb, BBIUMCIEHHAST
yepe3 KoopauHary bponta, KX =2,2808 - 10~ m%;

— HACBIIIEHHAs TIPOHULIAEMOCTb, K, = 1,58 - 10~ M2,

PesynsraThl MCTIBITAHWIA TTOKA3BIBAIOT, YTO Pa3HUIIA
MEXIy 3HAYEHUSIMA HEHACBIILIEHHOW TTPOHUIIAEMOCTHI
cocrasisieT 10,04%. HeHachblllieHHas MPOHULIAEMOCTD,
onpezeseHHas yepe3 KoopauHaTy (ppoHTa, UMeeT 00JIb-
mee 3HaueHue. [1py 9ToM HachIIIeHHAs! IIPOHUIIAEMOCTh
MMeEET caMoe MeHblllee 3HaUYeHUE U OTJIMYAETCST OT He-
HACBIIIEHHOM, ONpeIeIeHHOM 1o 00beMy, Ha 23,77 %.

BoiBoapl

IMpennaraemast MeTogUKa JEMOHCTPUPYET CBOIO
MIPUTOIHOCTD IS aHaJInu3a Pe3yIbTaTOB UCITBITAHUS
HEHACHIIIEHHO! MPOHULIAEMOCTU MTOPUCTHIX CPE.
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Puc. 7. Pe3yabraTel nCTIBITAHUS TIPOHUIIAEMOCTH

npedopMbl

Ee mpenMy1iiecTBOM niepe TpaauiIMOHHBIMU SIBJISIETCST
MPOCTOTA 1 O0JIee BbICOKASI TOUHOCTh BBUILY OTCYTCTBUSI
HEeoOXOAMMOCTH yueTa HenieaabHOM IpaHuLIbl PpOHTA
MOTOKa U (DOPMUPYIOIIMXCS MYCTOT B Mpoliecce Mpo-
muTku. lLlesecooOpa3Ho CpaBHUTh METOAUKY MCIThI-
TaHUS TPOHUIIAEMOCTHU, MPEJACTABICHHYIO B JaHHOM
paboTe, Ha 00BbEKTE — MOPUCTOU cpene C 3apaHee
3aIaHHOI CTPYKTYpOI W, HapUMEpP, HareyaTaHHYIO
Ha 3D-npuHTepe. Takoe cpaBHEHME TTO3BOJIUT KOJIH-
YECTBEHHO OLIEHUTb ITPEBOCXONCTBO TOUHOCTU TAHHOM
METOIMKU Tepe TPaTUuIIMOHHOM.
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