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BECCENAPALIMOHHBIA AHAJIU3ATOP OFBEMHBIX JIOJIEH
I'A3A, KOHAEHCATA 1 BOJAbI B INPOAYKTAX AObBbIYN
I'ASOKOHAEHCATHBIX CKBAKHUH

[Tpu pa3paboTke OeccenapallMOHHONW TEXHUKH PETHCTPAIMM KOMIOHEHTOB MPOJIYKIMH T'a30KOHACHCATHBIX M Hed-
TEra30KOH/ICHCATHBIX CKBAYKHH MPUXOJUTCS pellaTh 33/1a4y ONpeelieHHs] OObEMHBIX COJIEPKAHUH ATUX KOMIIOHEH-
TOB. [lepcriekTHBHOE HaIllpaBlICHHE PELICHMS 3TOM 3aJaud — TEXHUKA 30HIAMPOBAHUS Ta30’KUAKOCTHOTO MOTOKA
panuoBOIHAMH JEIMMETpPOBOro auamnasoHa. [Ipomyckas morok depe3s CBU-pe3oHaTOp M nM3MeEpsis CABUT YacTOTHI
pe3oHaTopa M €ro JOOPOTHOCTh, MOXHO OIPEAEIUTh OOBEMHYIO JIOJIIO Ta3a, BOJABI U KOHJACHCATa. AJITOPUTM OIIpe-
JieNieHns1 0ObEMHBIX JI0JIeH Ta3a, BOABI M YIIIEBOJOPOIHOTO KOHAEHCATa ra30KUAKOCTHOTO TIOTOKA C IIOMOIIBIO aHa-
m3a uHpopmanun ot CBY-pe3onaropa obecnieynBaeT MpUEeMIIEMYI0 TOYHOCTh OTIPEETICHUS] KOJIMYECTBA KOH/ICH-
caTa TONBKO MPH BBICOKHX KOHICHCATOra30BbIX (haktopax (~300—1000 cM’/M’) B HE3KHX BOJOra30BbIX (paKTOPOB
(~30-100 cm*/m?). TIpi BO3pAcCTaHMM O BOABI MIIM CHWKGHHH JOJTH KOHIEGHCATA MOTPELIHOCTh OMPECTCHHS
KOHJICHCATOTa30BOT0 (PaKTOpa CTAHOBHUTCS HEAOIYCTUMO OOJIBIION, YTO OOECIIEHMBAET 3TOT METO]| M3MEPEHHUS.
CHWXEHHS TIOTPELTHOCTH MOKHO JIOOUTBCS, €CJIM BBECTH B PacXoioMep 0alacHy0 JIMHHIO, CO/IEpKalLyto GpuibTp,
OTIEIISAONINH KHUIKYIO a3y, ¥ OMOPHBIA PE30HATOP, PETHCTPUPYIOUIHIA CABUT YaCTOTHI, OOYCIIOBICHHBIN ra30BOi
¢azoit. uIbTp 30HAUPYETCS PAANOTYIOM §-MM AMANA30HA, PEATHPYIOIIM Ha COJCP)KaHUE TOJIBKO BOJHOTO KOM-
noHeHTa. /laHHbBIE, TOMy9YaeMble ¢ pe3oHaTopa W (uiIbTpa, 3HAYUTEIBHO PACIIMPSIOT JHANa30H PEernCTPHPYEMbIX

KOHACHCATOI'a30BbIX U BOAOIa30BbIX q)aKTOpOB.

Ka. c.: ra30)KUAKOCTHBIN IOTOK, MHOTO(a3HBIN pacxogomep, CBU-pe3oHaTrop, MIJUIMMETPOBBII Hana3oH,

MOTrpC€UTHOCTb U3MEPECHHS, CKBaXKMHA

BBEJEHUE

Jlist m3MepeHust eOUTOB ra30KOHICHCATHBIX CKBa-
JKUH, a TaKXKe JIJIS1 pellIeHUs] HEKOTOPBIX APYTUX 3adau
B HACTOsIIEE BpeMs BCe OoJiee HACTOSITEIBHO TPeOy-
IOTCSl pacXoAOMepPHI Ta30KUIKOCTHHIX (IBYX(]a3HBIX)
notokoB. W ecnu mjst peructpanuu oHO(a3HBIX ra-
30BBIX HIIM JKAIKOCTHBIX TIOTOKOB pa3padOTaHO OT-
POMHOE KOJUYECTBO PA3IUYHBIX THUIIOB PacXOioMe-
POB, Pa3TMUAIONIAXCS IO TPUHITAITY ACHCTBUS, JHA-
Ma3oHaM pacxXxoAOB, TOYHOCTHBIM K CTOMMOCTHBIM
XapaKTEPUCTHKAM U TIP., TO JUISI U3MEPEHUS PacXoI0B
ra30’kKUJIKOCTHBIX CMECEM HUX YHCIO CPaBHUTEIbHO
HEBEJIMKO, MPUYEM OOJIBIIYIO JIOJI0 MX COCTABJISIOT
pacxoioMephl, UCTIOIB3yeMble B HEPTSIHON MPOMBITII-
nenHoctu [1-4].

Hus razoxonnencatabix (I'K-) ckBaxuH pacxojo-
MEpBhl Ta30KUIKOCTHBIX CMECEH, HCIOJIb3yeMbIC
B HE(PTIHOW MPOMBINUICHHOCTH, NPAKTHYECCKH HE
MIPUTOJTHBI BBUY JBYX Ba)KHBIX (PU3UYECKHX OOCTOSI-
TeNnbCTB. Bo-miepBhiX, HeTEera3oBbie CMECH Ha yCThE
CKBOKUH COJIEpIKaT XUAKYI (asy B mpenenax ~7—
20% 00., B TO BpeMs Kak B Fra30KOH/ICHCATHBIX CMECSX
ee conepxkanue cocrasisger 0.5-5.0% o06., T.e. B ~5—
15 pa3 MeHblIe. DTO OPUBOJUT K TPYIHOCTSIM IPHU
M3MEpEeHNH KXUAKON (pasel ¢ mpuemiemoit (Mmenee 5%)
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MOTPENTHOCTRI0. BO-BTOPBIX, MEOWUTHI Ta30BBIX CKBa-
JKHH B COTHH, ThICAYHM M OoJjee pa3 Ooiblue, uyem Je-
OWTHI CKBaXMH HEPTAHBIX MECTOPOXKICHHH. B cumy
3TOr0 B Ta30KOHICHCATHBIX pacxoioMmepax, HampH-
Mep, PE3KO Bo3pacraer uucio PeliHomnbaca, MEeHseTcs
XapakTep TEYCHHS, CTAHOBATCS HEIOIYCTHMBI 3Jie-
MEHTBI, CKOJIbKO-HUOYIb 3aMETHO COKpAIIaloLIne ce-
yeHne TpyOompoBojga (KpPBUIbYATKH, IuadparMsl
C MaJIbIM MOJZLyJIEM M U Ip.).

Hecmotpst Ha TO, uTo ITAO "T"azmpom" naBHO uC-
IBITHIBACT NMOTPEOHOCTh B PAaCXOIOMEpax Ul omepa-
TUBHOTO HM3MEPEHUSI ITOKOMIIOHEHTHBIX IPOIYKTOB
n00b1un I'K-CKBa)knuH, Ha CEroiHsl YMCIO NMPUOOPOB,
pelaronIX 3aJayy ONEpPaTHUBHOTO H3MEPEHMs IIO-
KOMIIOHEHTHBIX TPORyKTOoB m00bman ['K-ckBaxwH,
KpaiiHe Mano. l3 OTe4ecTBEHHBIX pacxoJ0MEpPOB
MOXXHO Ha3BaTh cepuio pacxomomepoB "IloTox" (pas-
pabotka OOO "I'’AHI'-Hedrerazasromaruka", r. Mo-
ckBa), pacxomomep JDP-01 (paspaborka HIID
"Bemmnen", r. CapatoB) u pacxomomep PIK-001
(paspadorka ®I'YII "OHIIL HUMHUC um. FO.E. Ce-
nmakoBa", r. Hmwxuamit Hosropoxa). Omgnako mo psny
MPUYUH HU OJMH U3 3THUX PacXOJOMEPOB HE MOIYyUHI
IIMPOKOTO PACTIPOCTPAHEHUS, U B HACTOAIIEE BpPEMS
B Poccuu 3T pacxogomepsl He BbITyCKatoTCs [S5—7].
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Otcrona mepea  OTEYECTBEHHBIMH KOMIAHHUAMHU
(u, mpexxne Becero, nepen ITAO "T'azmpom") crout 3a-
Jada BeIOOpa HamboJiee yJauHOH MOJENH — IO COBO-
KYITHOCTH CTOMMOCTHBIX M METPOJIOTMYECKUX Xapak-
TEPUCTUK, YIOOOCTBY OOCITyXHBaHHA W TIp., T.C.
no mapamerpy "cToumMocTb — 3(QeKTuBHOCTH", HO,
MIPEXKAE BCETO, MO JOCTOBEPHOCTH TOJIYy4YaeMBIX pe-
3yJbTaTOB U UX CONMOCTAaBMMOCTH C Pe3yJbTaTaMHu HC-
CJIeIOBAaHUN CKBAXUHBI IO OOIIECIPUHITON METOIUKE
C IOMOLIBIO YCTHEBOM CemapallMOHHON YCTAHOBKH [8].

Huxe onuncano coctosHue pa3paOoTKH MO co3ja-
HUIO AByX(dasHoro pacxomomepa i I'K-ckBaxuw,
OCHOBAaHHOT'O Ha MPHUHIMIE Pa3INYusil KOMIIOHEHTOB
(raza, BOABI M KOHJEHCATa) MO WX JAWIIEKTPUIECKOMN
MIPOHUIIAEMOCTH.

OCHOBHBIE 3ATAYU, PEITAEMBIE
MHOT' O®A3HBIMHU PACXOAOMEPAMU

[lepeuncniM BHa4ane OCHOBHBIE aKTyallbHBIE 3a/1a-
91, HEOOXOANMOCTh PEIICHHUS KOTOPBIX BBIHYXIAeT 00-
pamarsCs K pacXoA0OMETPHUH MHOTO(A3HBIX TOTOKOB.

[epBas 3agaya oOycnoBieHa nporpeccoM B odnac-
TH JOOBIUM: pa3BUTHE TEXHOJOTHH cOopa M TMOATo-
TOBKHU YIJIEBOJOPOJHOTO CHIPBS H TIOCTOSIHHO BO3pac-
Talolmas CTeleHb aBTOMAaTH3aluu TpeOyIoT Hempe-
PBIBHOTO H3MEPEHMsI PACXOJOB Ta30BOM W KUAKOH
(a3 yrieBoJOPOIOHBIX Ta30KHMIKOCTHBIX CMECEH.
Ynpasnenue npoyeccamu paspabomku MeCTOPOKIE-
HUH TpeOyeT HenpepvigHo20 KOHMPOs 0edumos Kak
OTJIENBHBIX CKBa)XWH, TaK M UX Tpyni. B aTux ycnoBu-
X TPaAWLMOHHOE pa3felIicHHE Ta30KOHJIEHCATHOTO
MOTOKA HA TA30BYIO M JKUIKYIO (a3bl ¢ IOMOIIBIO cemna-
paropa 1 ¢ OCIEIYIOIIMM UX 3aMEPOM CTaHOBHTCSI He-
BO3MOYHBIM, U MBI C HEOOXOJUMOCTBIO JIOJDKHBI 00pa-
IIaThCA K PacX0/I0MepaM r'a30’KUIKOCTHBIX TIOTOKOB.

Bropoii BaxxHO 3amaueii, moTpeboBaBIIei pa3Bu-
TS MHOTO(A3HOW PacXOJOMETPHH, SBISETCS UCCile-
0osaHue cKeadxcuH Ha TAa30KOHAEHCATHOCTh, T.€. OII-
peneneHue ux 1eOMTOB MO ra3y, KOHACHCATY U BOJE,
a TaKKe ONpe/eNeHNe KOMIIOHEHTHO-()PAKIHOHHOTO
coctaBa NOOBIBAEMOTO ILIACTOBOTO Taza. [Ipm 3THX
WCCIIEZIOBAHUAX MPOAYKTHI JOOBIYM  pa3femsIoTCs
B ceraparope Ha ra3oByIO M XHIKYIO (a3bl mpu Jas-
neauu 3—-6 Mlla, namee orOmparorcss TpoOBI Taza
cernapauuy, HECTaOMJIBHOTO M CTaOWIBHOTO KOHJIEH-
CaToB M IJIACTOBOM BOJBI AJIS MTOCIEAYIOMNX (PU3NKO-
XUMHYECKUX MCCIEN0BaHMI; IIPU 9TOM ra3 u3 cenapa-
TOpa BBIBOAMTCS Ha (axel.

Crnenyromel OnHM3KONH, HO BCE YK€ CAMOCTOSTEIb-
HOU 3ajaveli, pemaeMoil ¢ MOMOIIBI0 MHOTO(a3HbIX
pacxoOMEpOB, SBISETCS 3ajada  2e0102uiecKoeo
KOHMpOJA 33 SKCIUTyaTalueil CKBaKHHBI.

BakHBIM T€OJIOTHYECKMM MOMEHTOM  SBIISIETCS
TaKXXe CTeleHb OOBOJHEHHOCTH CKBAXXHHBI U €€ -
HaMMKa (HampuMep, TaKOM BOIPOC OCOOEHHO OCTPO

CTOWUT Ha ACTpaxaHCKOM MecTopokaeHuu). [loatomy
NpU PEIICHUH STOH 3aJaudl pPacxoJoMep AOKCH W3-
MepsATh JIeOUT BOJBI Hapsay C U3MEpeHHEM JeOuTa
HECTaOMIILHOTO KOH/IEHCATa U Ta3a.

UeTBepToil BaKHOW 3ajayeil, pelieHue KOTOpoil
CBSI3aHO C TNPHUMEHEHHWEM pPACXOJIOMEPOB, SBISETCS
obecneuenue 000bIUU Yee8000P0008 C NOOBOOHBIX
wenvghosvix Mmecmopodicoenuti. B ITHX yCIIOBHAX
KOHMPONb MEXHONIO0SUYECKO20 DeXCUMAd IKCHIyama-
YuU CKEAJCUH, YCThS KOTOPBIX HAXOJATCS HA 3HAYM-
TeNbHOU TIyOuHe, 0e3 MPUMEHEHUsl TaKHX Pacxoio-
MEpPOB CTAHOBUTCS TIONPOCTY HEBO3MOXKHBIM.

K nocnenneit, naToit 3agaue (BepHee K TpyImie 3a-
7iay), pelaeMoi ¢ IOMOLIBIO PACX0A0OMEPOB MHOTO-
(a3HBIX IOTOKOB, OTHOCATCS 3aJlaud, CBS3aHHBIC
C KOMMEPYECKHMH pacueTaMu: IpU Iepeaade orpe-
JICTICHHOTO KOJIMUYECTBa MPOJAYKTOB JOOBIYM OT OJHUX
HNPEANPUITUI IPYTUM.

CoBeplLieHHO pa3HbIC LENU U 3a/1a41 Ha JTare pas-
paboTkn MHOTrO(a3HBIX PACXOAOMEPOB OINPEIEISIOT
WX pa3IMYHYyI0 apXHTEKTYpYy, TpeOOBaHHE K TOUHOCTH
U, KaK CJEICTBHE, Pa3IMYHYI0 CTOMMOCTb. Tak, Ui
pelieHnsT 3ajad aBTOMAaTH3allMM TIPH  YIPaBICHUU
nporeccaMu oTOOpa YrieBOJOPOAOB U3 3aJIeKel 110-
MMyCTUMBI TIOTPENTHOCTH B 6—9%; 3amaun, pemaembie
NpU HMCCIEJOBaHNM CKBAXHH (ONpelesieHHe KOMIIO-
HEHTHO-(PPaKIIHOHHOTO cOCTaBa 100bIBaeMoro (io-
uzaa), TpeOyloT Ooiee BBHICOKOTO YPOBHSI TOYHOCTH
(mormyctuMasl MOTPENIHOCTh HE JOJDKHA MPEBBINATH
3-4%); nns TeoNIOTMYECKOr0 KOHTPOJS COCTOSTHHS
CKBO)XUHBI B MNEPBYIO OuYepeAb HYXXHbI OTHOCHUTEIb-
Hple U3MepeHHs (T.K. H3MEPSAIOTCS TPOHU3BOAHBIC
MIOTOKOB 10 BPEMEHH), a BeJUYMHA aOCONIOTHOH I10-
TPEITHOCTH MOXKET OBITh Benuka ~10%, ¢ npyroii cTo-
POHEI, 37ech TpedyeTcs deTbipexdas3Hblii (Ta3 — He-
CTa0MJIBHBI KOHJIEHCAT — BOJAa — TBEPIOE TeEJO)
pacxonomep. 3azaud KOMMEPUYECKOTro ydera, 0coOeH-
HO pacdeTa MEXIy MpeInpUsSTHIMH, TPeOYIOT Hau-
BBICIICH TOYHOCTH, M Ha CETOIHS IJsl HAX BEJIMYUHA
MOTPEITHOCTH oMmycKaeTcs He 6oiee 1-2%.

CBY-PE3OHATOP — AHAJIU3ATOP COCTABA
IF'A30KUIKOCTHOU CMECH

3aa4a onpe/eeHus] KOMIIOHEHTHBIX PacX0/I0B —
rasa, BOJIbl M KOHJICHCAaTa MOKET ObITh pa30uTa Ha JiBe
yacTu. [lepBast U3 HUX — U3MEpPEHUE CKOPOCTU KOM-
MOHEHTOB, BTOpasi — HM3MEPEHHE UX OOBEMHOIO CO-
JepIKaHUsL.

[lepBas 3amaga MoxeT OBITH pelIeHa pa3IUuYHBIMU
Croco0aMHu: MO0 W3MEPEHHI0 Tiepernana JaBICHUS
Ha CYJXarollleM yCTpoiicTBe — auadparme wim tpyoe
Bentypu; o onpeneneHno BpeMeHH KOPPENAIN Me-
KAy MABYMSI OIAWHAKOBBIMU JaTYMKaMH, pa3HECCHHBI-
MU [0 JUTHHE H3MEPHUTENIBLHOMN CEKIINU; M0 U3MEHEHHUIO

HAVYYHOE ITPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 1
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Puc. 1. TpyOHast u3smepurenbHas CEKIusI.
1 — xoH]y30p TpyOBI BenTypH; 2 — ee ropmosuHa; 3 — nuddy3op; 4 — CHIIOBOH KOPIyC pe3oHaTopa
JIEIIIMETPOBOTO AHara3ona; 5 — tedioH; 6, 7 — meTiiv CBsI3u

9acTOTHI paJlMOCUTHAJIA, OTPAXKEHHOTO OT Karelb, T.€.
o a¢dexry [Jlomnepa, 1 ApyrumMu METOAAMH.

Jlnst pernieHust BTOpoM, 0ojiee TPyIHOW 3aaauyu —
omnpezesieHuss 0ObEMHBIX J0JIeH ra3a, BOJbI U KOHJICH-
cara — B OOJBIIMHCTBE 3apyOCKHBIX MHOTO(a3HBIX
pacxomomepax (M®P)  wucmone3yercs  ramma-
rwiotTHoMep. C MpUBJIEYCHUEM HEKOTOPHIX JIOTOJIHU-
TEJIbHBIX M3MEPEHUH (B OCHOBHOM KOJIMYECTBA BOJBI
B IIOTOKE) 3ajady OIpeneneHus OOBEMHBIX JoJei
KOMITIOHEHTOB yJaeTcsi pemuTb. OHAKO MCIIOJIb30Ba-
HUE PaJMOM30TOMHOTO METO/a W3MEPEHHs COCTaBa
notoka razoxunkoctHoit cmecu (I'KC) Tpedyer cre-
[UAJIbHBIX MEp, CBS3aHHBIX C DKCIUTyaTaluer u Xpa-
HEHHEM PaIMOaKTUBHOTO HCTOYHHKA.

I[lpy  WCHOJB30BaHUHM  JIUDIIBKOMETPUYECKOTO
MpUHLMIA 3ajada pemaercs ¢ nomoinbio CBY-ana-
JM3aTopa, MPEICTABISIOIIEro 0ObEMHBIN PE30HATOP,
B LIEHTPE KOTOPOTO CJIEIaHO OTBEPCTHE I MPOITyCcKa
notoka [JKC. [nst cokpamieHus: pasMepoB pe3oHaTop
3aMOJHAIOT JUIJICKTPUKOM, UMEIOIINM Mallble TOTEPH
B CBUY-guanazone. Ilpumep Takoro pe3oHaTopa,
CKOHCTPYMPOBAaHHOTO M W3TOTOBJICHHOTO (upMoi
"[lerporazrexnpubop" (r. Cankrt-IleTepOypr), moxa-
3aH Ha puc. 1.

DNeKTpuYecKHe XapaKTepUCTUKU Pe30HaTopa pe-
TUCTPUPOBAIHCH C TIOMOINBIO ITAHOPAMHOTO aHAJIN3a-
topa P2-102.

HAVYYHOE [NPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 1

AJI'OPUTM ONIPEJEJEHUA O bEMHBIX
JOJIEU I'A3A, BOJbI U KOHAEHCATA B M®P
C CBY-PE3OHATOPOM-AHAJIM3ATOPOM

Kpatko paccMoTpuM airoput™ omnpezaeneHus: 00b-
€MHBIX J0JIeH raza, Boasl U KoHjaeHcata M®OP, koHCT-
PYKIHSI KOTOPOTO TIOKa3aHa Ha pHC. 1, Toe cexuus
aHaJIN3aToOpa KOMIIOHEHTHOTO COCTaBa BBINOJIHEHA
Ha OCHOBE pEe30HaTOpa JEHUMETPOBOTO JHaNa3oHa.
IIpu MpOXO0XkKAEHUHU Ta30KUIKOCTHOTO MOTOKAa CKBO3b
PE30HATOP MEHSIOTCS JIEKTPUUECKHE XapaKTepUCTH-
KH TIOCJIETHETO — €T0 pe30HaHCHas JacToTa U ¢opma
PE30HAHCHOM KPUBOIL.

[lycte nmucnepcmoHHasi XapaKTEPHCTHUKA ITyCTOTO
pe30HaTOpa BBINIAJUT, KaKk MMOKa3aHO Ha puc. 2 (KpH-
Basg a). OHa XapaxkTepu3yeTcs IOJIOKEHHUEM pPe30-
HAHCHOTO IIMKa Ha OCH 4acTOT — YacTOTOH fy W ero
noaymmpuHon AFy = fo, — fou, TAE fos, fou — HACTOTEHI,
JIeXKaIIpe BhIIIE W HIDKE YaCTOTHI fy U COOTBETCTBYIO-
e ocnabnenuro curHana Ha 3 nb. (IIpumep peso-
HAHCHOTO IHKa, MIOJYYEHHOTO C WCIOJIB30BaHUEM T10-
no0Ho# TexHukH, nokazaH B [9].) Ilpu 3amonnenun
pe3oHaTopa ra3oM 10 paboyero AaBieHUs pe30HaHC-
Hasi KpHBas CABHUHETCA B CTOPOHY HHU3KHX YacTOT
1 3aiiMeT nosoxeHue fi. [TockobKy ra3 He MoroIaeT
pasroOBOIHBI JIELUMETPOBOrO AMANa30Ha, IOIyLIH-
puHa AF; ocrta”ercs mpexHel: AF; = AF, (puc. 2,
KpHuBas 0).
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Puc. 2. DBomionusi CUTHAJIOB Pe30HATOpa MPHU IMOCIEIOBATEILHOM BBEJIECHHH B HETO KOMIIOHEHTOB

Ta30KNUAKOCTHOT'O IIOTOKA.

a — TIOTOK OTCYTCTBYCT, 6 —B PE30HATOPE TOJIBKO HpPIpO[[HLIﬁ ra3; 6 — B ras ﬂO6aBHH€TCH ad3po30Jib
BOJbI; 2 — B I'a3, couepmamnﬁ adspo30Jib BOJbI, I[06aBJ'IeH ad’po30Jib YIJIICBOAOPOAHOTO KOHACHCATA, A—
aMIIINTyJa CUTHajla ¢ JE€TCKTOpa NP CBUIIMPOBAHNUN YaCTOTbI

Tenepp 100aBUM K a3y BOIY B KaleIbHO-KUIKOM
Buje. YacTora pe3oHaTopa Mpu 3TOM CHOBA CABHHET-
csl BHU3 U 3aiiMeT mosoxxeHue f,. Kpome rtoro, mo-
CKOJIBKY a3p030Jb BOJBI MOIJIOMIAET PaJAMOBOJIHBL,
PE30HAHCHBIA MUK TPHU ATOM eIle JONOJHHUTEIHHO
U PACUIMPUTCS, & TaKkKe HECKOJIBKO YMaJeT €ro aM-
wmrynaa (puc. 2, 8). Jlanee no6aBuM B 00beM pe3oHa-
TOpa a3po3oiib yrieBoxoponHoro (YB) konapeHcara.
Konzencar cHOBa cIBUHET YacTOTy pe30HaTOpa BHU3:
f» — f;. Dopma pe3oHaHCHON KpUBOH MPH 3TOM OCTa-
HETCS NpEeXHEN, T.K. YB-KOHJEHCAT IMPAaKTUYECKH HE
norJiomaet paaroBoiaHsl CBU-nnamnazona. B pe3yib-
TaTe mojy4aeM (GopMy CUrHaia, MpeJCTaBICHHYIO Ha
puc. 2, 2. KirtoueBBIM MOMEHTOM 3/1€Ch SBISETCS U3-
MepeHue Koauiecmaa 600bl, T.K. TOIBKO OHA BBHI30BET
yIIUpEHHE pPe30HaHCHOH KpuBod O(AF) = AF, — AF,
[10].

OcHoBHast (u3uyecKas Hjes ajlropuTMa: 1o W3-
BECTHOM, 3apaHee M3MepeHHOW 3aBUCHUMOCTH AF(V)),
rae V, — o0beM Bcex Kameib BOJbI B Pe30HATOpE,
onpedensiemcs 3HadeHue V,. Jlamee mo HalaceHHOMY
V> ewluucnsemcs CHBUT YacTOThI, OOYCIIOBICHHBIN
BOJHOW KOMITOHEHTOW Afj,. CIBHT 4acTOTHI, BBI3BaH-
HBIN Ta30BOH Ga3oit, Afy b0 eviuucisemcs aHanu-

Taoa. IIpouentHsliii coctaB muactoBoro raza AI’KM

TUYECKU ([P W3BECTHOM KOMIIOHEHTHOM COCTaBe),
aubo usmepsiemcs. llocme 3Toro m3 oO0mIETro CABUTA
Af1; BeramTarorcst caBuru 4actot Afy; u Afjp. Ilo oc-
TaBIICHCS 4acTH Af; ONPEAETSIIOT 00beM KOHJIeHcaTa
V3, HaXOIAIIETOCs B pe30HATOpE.

J1st HarJIAHOTO MPEACTABICHUS O CABUTAX YacTOT
OT KQXKJOTO KOMIIOHEHTa PACCMOTPHM CIIEy O
npumep.

Ilycte ucnons3zyercs M®P, B cocTaB KOTOPOro
BXOAMT CEKIMS M3MEPEHHsI MIIOTHOCTU T'a30)KUIKOCT-
HOro moTtoka Ha ocHoBe CBUY-pezonaropa nemumer-
posoro nuamasona [2]. [Ipeamonoxum, ato MOP yc-
TAHOBJIEH B Huielde 0JHOH M3 CKBaKMH AcCTpaxaH-
CKOTO Ta30KOHAeHcAaTHOTO MecTopoxaeHus (AI'KM).
3aganuMcs TUMHYHBIMHA paOO4YMMH yCIIOBUSMH: JaB-
nenne P = 8.0 MIla u remnepatypa 7 ~300 K.

3Hauenue Bojora3zoBoro (akropa (BI'®) moxer
MeHsThCA B mupokux mnpegenax (10-500 cm’/m’); To
K€ MOYKHO CKa3aTh U O KOHJCHCATOra3oBOM (hakTope
(K['®D): 150400 cm’/m’. 3amaguMcst CpeIHUMH 3Ha-
gyeanasMad BI'® (y) u KI'®D (@): momoxmm y =
=250 cM’/M’ 1 @ = 275 cm’/m’. CocTaB IIIacToBOrO
raza AI'KM npezacrasneH B Ta0OJI.

Xap-ka l'a3
N, CO, H,S C G, Cs Cqy Cs Cer
% MoIL 0.62 13.41 25.61 52.28 2.09 0.99 0.65 0.31 3.86
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YucneHHwle OIICHKK CABUI'OB 4YaCTOTBI JIs1 YyCJIO-
Buit P = 8.0 MIIa, T = 300 K, y =250 cM’/™’, & =
=275 cM’/M’ naloT crnepyiomme 3HaueHms: Afy =
=24 MI', Afi, = 15 MI'n, Afy; = 2.7 MI'm.

TPEBOBAHMSI K QJIEKTPOHHOM AIIITAPATYPE.
JAUAITA30OH UBMEPEHUSA KI'®

B neiictBytommem makete M®OP CBUY-pesonarop
UMeJl CIIEAYIOIME MapaMeTphl: Pe30HaHCHAsk 4acToTa
(Ha HusmIel Mojae KoyebaHuit Fyp) cocraBisuia fy =
= 1450 T'n, HarpyxenHas goopotHocTs Q) = 1.1-10°,
B kauecTBe M3MepUTENs CMEIIEHUS YaCTOThl U U3Me-
HEHHUsI JOOPOTHOCTH WCIOJB30BAICA TAaHOPAMHBIN
anHanmzarop P2-102 ¢ morpemHocTbio U3MEPEHus Jac-
TOTHI Jf = £0.5 MI'1. C IOMOIIBI0 CTATHCTHKH 3TO
3HauYeHHE ObUIO CHHKEHO B HECKOJIBKO pa3 U JI0Bele-
HO 10 0.1 MI'm.

Paccmarpusaemsbie B [10] skcniepuMeHTaIbHBIE JaH-
HBbIE 3aBUCUMOCTH TOJIyIIMPUHBI PE30HAHCHOM KpH-
Boit AF, oT oObemMa BOJABI B a’dpo30JbHON daze V),
MOKa3bIBalOT, YTO MOTPEUIHOCTh B ONpeneneHun AF,,
paBHas +0.1 MI'1, MPUBOOUT K MOTPENTHOCTH OIpe-
nenenus oObema Boabl +0.5 mi. 3TO, B CBOIO OdYe-
pellb, TPH BBIYKACICHUH CIOBHra 4YacToThl B Afis,
NPUBHOCUMOI'O BOJOH B OOIIMI COBUT YacTOTHI
B Afo3, TPUBOIUT K HEOIPEAEICHHOCTH MOCenHen
Ha Of = 3 MI'm. Ota nndpa mpeBsIIaeT BEIUIHNHY
Afys = 2.7 MI', koTopasi B aNropuTMe OTBOIUTCS
KOHJIEHCAaTy. A 53TO O03HA4aeT, 4YTO MOTPENIIHOCTh
B ONPEEJIEHUN CJBHUra 4acTOTbI, 1aBa€MOr0 BOJOW,
"samakeT" 3((QEeKT cABHra 4acTOThl OT MPHUCYTCTBUS
KOHJIEHCaTa M KOJIMYECTBO IOCJICAHEr0 HEJb3sl OyIeT
W3MEPUTH C pa3yMHON JOCTOBEPHOCTBIO.

OpHMM W3 BBIXOJOB M3 3TOH CHTyallMH SIBISETCS
TpeOOBaHHE K CHM)KEHHIO MOTPEIIHOCTH W3MEpPEHHs
gacToThl B ~10 pa3. 310, B CBOIO OYepeab, IPUBOIUT
K HEOOXOAWMOCTH ONpEACICHUS] TOYEK MOJIOBHHHON
MOIIHOCTH C TMOTPEIIHOCThI0 HE Ooyee oJf =
=40.01 MI'u. Ilpu 3TOM OTHOCHUTENBHAs MOrpPELI-
HOCTb HW3MEPEHHUs 4YacTOThl COCTaBUT Of /fy ~
~107/1500=0.7 - 10°°. HammomumM, dto Kiraccude-
CKOE€ BBIPAXEHHE JUIsI MUHHUMAJIbHO HU3MEPSIEMOTO
CABHTa 9YacTOTHI Jf pe3oHaTopa C MapaMerpaMu fy
u (Jy 3aIUCBIBAETCS KaK

ol fo=n/Qo,

rae 4 — Ko3(pQUIMEHT, 3aBUCSIINN OT crocoda u3-
MEPEHHUSI 4aCcTOThI, OOBIYHO HAXOJUTCS B JHAMa3oHE
0.1-0.3 (Oe3pa3mepHas BennuwmHa). Ecnm TpuHATH
HauMeHblliee 3HaueHue 7 = 0.1, To 3TO BeIpakeHUE
MOJKHO IIE€PENUCATh CIACAYIONIMM 00pa3oM:

Of= 0.1 AF,,

B paccmatpuBaemom ciyyae 310 TpeboBaHHE
JIOJDKHO OBITH Y’KECTOUCHO
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9f=0.01 AF,.

OOpaTrM BHUMaHHE Ha CIEeXyIONINNA BaKHBIA MO-
MeHT. B paccMmatpuBaeMoM mpumMepe (QUTrypUpOBalio
pocratouHo Gomburoe 3HaueHne KI'® (275 cm'/md).
BonpmmmacTBO MecrtopoxaeHuit umeer KI'® B 3-
10 pa3 mmxke. [Ipu mepexome Ha CKBOKHUHY C TaKUM
coJiep’KaHHEM KOHJAEHcCaTa B IIJIACTOBOM Ta3e CUTya-
1S BHOBH MOBTOPHUTCSA, W OTHOCHTEIBHAs IOTPEI-
HOCTb CHOBAa OKAXKETCSI HEJONMYCTHMMO BBICOKOW: OHa
coctaBuT 40-120%.

TakuMm o00pa3oM, Al CKB@XWUH C_YMEPEHHBIM
(~100 cv’/m’) m Hm3kEM (~30-10 cm’/m’) KT'® anro-
PUTM OIIpeIeIeHns] KOJMYECTBa KOHIEHCaTa B TOTOKE
I'’KC nomxeH ObITh KapAUHAIBHO YITyUIICH.

W oH, nelcTBUTENHEHO, MOXET OBITH YITydINEH, €C-
JU TTaHOpaMHbIN aHanm3atop P2-102 3amenuts Gonee
coBepIIeHHON TexHuKkol. CoBpeMeHHas 3JeKTPOHUKA
THTIA CKaJspHOTO aHamu3atopa P2M-18A dupmbr
"Muxkpan" (r. ToMCK) ycnemHo crpaBisieTcsl ¢ 3TOH
3amadeii: OHa TO3BOJIAET ONPEAETUTh PE30HAHCHYIO
4acTOTY PE30HATOpa U TOUKHU MTOJIOBUHHON MOIIHOCTH
C TOYHOCTEHIO 110 5—6 3Havamux 1mudp maxe mpu yme-
PEHHBIX M HU3KHX H0OpoTHOCTIX (Q ~100-300). OT-
CIOJIa: 3ajlaua ONpeeNIeHHs CoJepKaHUs KOHJeHcaTa
nipu HU3KkoM KI'®D MokKeT OBITh YCIIEIIHO pelIeHa.

CTPATEI'MSI BBICOKOTOYHBIX U3MEPEHUI
IIOKOMITIOHEHTHBIX PACXO/J10B

B paccMOTpeHHBIX BbIIIE MPUMEpPax HE yUHUThIBA-
JIach TMOTPEIIHOCTh M3MEPEHHSI YacTOThI OT YHCTO
ra3oBOro KOMIIOHEHTa. A OHa MOXeT OBITh CyIIecT-
BEHHOM, T.K., TIOMHMO COCTaBa Tasa, 3aBUCHT OT €ro
JABJICHHS, TEMIIEPAaTypbl U KOA(PPUIMEHTa CXKHUMae-
MOCTH.

[Mo3aToMy ansi MUHUMU3AIUM MOTPEITHOCTH OMpe-
JIeleHnsT 0ObeMHOW IO KOHJEHcaTa HeOoOXO0IMMO
MUHUMH3UPOBATh IOTPEITHOCTH W3MEPEHUSl CJBHra
Afo1, BRBI3BAaHHOTO YHCTO Ta30BBIM KOMIIOHCHTOM.

B upneane xenatenbHO U3MEPSATh OOBEMHYIO JOJIO
KOKJIOTO KOMIIOHEHTa Ta30KUJKOCTHOTO IOTOKA
B YCIIOBHSX, KOIJa APYTHX KOMIIOHEHTOB HET, IJIS
4yero Hajo (GU3MyYecKu uX pasgenutb. OJHAKO 3TO He
nmomyckaeTcs "ycenmoBusaMmu  3amadn’: roborr MOP
MpeIHa3HA4YCH Ui OeccenapayuoHHo20 W3MEPEHUs
pacxoJ0B KaKIOTO0 KOMIIOHEHTa. TeM He MeHee B O/l-
HOM CIly4ae MOXXHO OpPraHHM30BaTh M3MEpeHHe 00heM-
HOW JIOJN 7MO0IbKO 00HO20 Ta3a, a BO BTOPOM Cllyyae —
OpraHU30BaTh BEICOKOTOYHOE M3MEPEHHE 001U 8006,
HECMOTpsI Ha IPUCYTCTBUE KOHJIEHCATA.

Jlanmee ocHOBHOE BHUMaHHE OYAET COCPEIOTOUYCHO
Ha TPUHIUINAX W3MEPEHHS KOJIMYECTBA WHIUBUIY-
aJTHPHOTO KOMITOHEHTAa ¢ HanOoJiee HU3KOW MOTPEITHO-
cteio [11]. HauHeMm ¢ BBICOKOTOUYHBIX M3MEPEHUN BO-
JIbl — HCTOYHHKA OCHOBHBIX MOTPEIIHOCTEH NpHU OTI-
peleneHnn KOIn4YecTBa KOHAeH caTa.
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W3MEPEHUE OBBEMHOM JIOJIA BOJIBI
C IOMOIIBIO ®UJIBTPA,
IMPOCBEYNBAEMOI'O PAIUOBOJIHAMUA
MUWJIJIMMETPOBOI'O TUAITA3OHA

ONEKTPOMArHUTHBIE BOJIHBI MUJUIMMETPOBOTO JIHA-
na3oHa (dactota 30—40 ['Ty) sHEprUYHO MOTIIOIIAI0T-
cs1 Bojoii: 3atyxanue N cocramser 200 ab/cm! 3to
00CTOATENHCTBO TIO3BOJISET OOHAPYXKHBATh MaJjble
KOJIMYECTBAa BOJBI, BCTpEYAIOIIUecs Ha MYyTH TaKOTO
pagnoilydqa — KOMIIOHEHT (8) ¢ WHIEKcaMu 2
B 0003HaYCHUAX 1O pHC. 2. Mcmonb3yeM 3TOT MOMEHT
st onpenenenus C, (puc. 3).

Jis 5TOTO OpraHN3yeM JTMHUIO MOJJa4X ra3a B cIie-
UATBHBIA  QUIBTP, OTHCHAIOUIMN KUAKYIO a3y,
Y JIOTIOTHAM CUETYMKOM IPOIIE/IIIET0 Yepe3 Hee ra3a

(puc. 4).
Konctpykmus takoro ¢mibTpa MoXeT OBITH J0C-
TaTOYHO NPOCTOM — 3TO IWIMHAP JuamMeTpoMm 12—

14 MM, 3amoNHEHHBIH (GUIBTPYIONMM MaTepruaIoM
B BHUJE, HaIpUMEp, CTEKIOBOJOKOHHOW BaThl, WIH
KBaplEeBOro TMecKa, Win TKaHbio IleTpsHoBa, HCIONb-

3yeMoil B pecniuparopax, Win (GTOpOIIacCTOBEIMHA HU-
TamMu. K marepuany ¢GuibTpa NpembsSBISIOTCS Ba
OCHOBHBIX TpeOOBaHHS — OH JIOJDKCH MMETh Mallbli
yroJ oTeph U JoIyckaTh Harpes a0 120-150 °C.

Curnan, peructpupyemslii merexkropom U, oc-
na0nsieTcsl TONBKO BOJHBIM KOMIIOHEHTOM, T.K. YB-
KOHJICHCAT HE IMOMIONAeT MUJUTUMETPOBEIC BOJIHBI
(oH nuib casuraet ¢azy Bonusl). Curnan U, u mMacca
BOJIbI B PHIIBTPE CBSI3aHBI COOTHOLIICHUEM

U, =kU,e"™,

rae k — xodddunment, onpenensieMplii reoMeTpruen

¢upTpa (ycTaHaBIMBAETCS 3apaHee OIBITHBIM IIy-

TeM), Oe3pazMepHas BenuunHa; Uy, — cUrHaN B CIy-

Yae, KOrjia BoJia OTCYTCTBYeT, B; o — koadduimeHt

MOTJIONIeHus, 1/KT; m, — Macca BOJbl B (pUIbTpE, KT.
U3 5TOro COOTHOIICHUST HAXOJUTCS MACcCa BOJIbI

U
m, =lln A
a kU,

6
10 Puc. 3. Crioco0 omnpeneneHus 10U BOJbI
5. 7 / 11 C, ¢ TOMOIIBIO 30HAMPOBaHUS (QUIBTPA
-3 f pazvoBOJIHAMH MHJUIMMETPOBOTO JHara-
' 30Ha.
4 1 — ygactok TpybompoBoza; 2 — MOTOK
‘T\B Ta30’KUIKOCTHON cmecH; 3 — 3a0opHOe
#Z | _9 yerpoiictBo; 4, 11 — BenTwmm; 5 —
¢uneTp; 6 — KBU-reneparop; 7, 8 —
1 33— I MPUEMHBIN U TIepelatonid pynopsl; 9 —
\ /2 JleTeKTopHas cekius; 10 — cyeTuynk 00b-
o el s 7 s ema rasa
e 0" e e,
— e e '.c .o.
.l'.. - '.. ...
2 S
.
' \
7 6
11 3

Puc. 4. Koncrpykuus BoHOBOIHOTO (puibTpa.

1 — cuoBo#i koprmyc; 2 — MaTtepuan puibtpa; 3 —

BXOJIHAsI TPyOKa mojauu rasa (0T 3a00pHOr0 YCTPOUCT-

Ba); 4 — BBIXOJHAS TPyOKa CyXOro rasza, OYUIIECHHOTO OT a’3po30Jisi; 5, 6 — U3IYYaroIUuil U TPUHUMAFOIIHIA
pynopsl; 7, 8 — BOIHOBOJBI 8-MM auana3oHa; 9, 10 — paanonpo3padHble COINIACYIOIUE TUIIEKTPUIECKHE
OKHa, OT/ICJISIOIINE TeHepaTop (cneBa) U JeTeKTop (crpasa) oT GuiabTpa 1, Haxomsmerocs npu pabodeM J1aB-

nenun (~100 atm); 11, 12 — BonHOBOAHBIE (IIaHIBI
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3Hast mMaccy BOJBI M, W KOJWYECTBO Ta3a, IMpoO-
mIeiero yepe3 QuiIbTp, onpenenseM 3HaueHne BI'O
6 cmandapmuuvix ycaosusx. OTHOIEHHE 00beMa BOJIBI
K 00BEMy Trasa 6 pabouux yclo8usx NaeT WCKOMBIN
ko3 Punuent C,.

Bapeupys Bpemsi mpoX0XKIEHHUS aHAIA3HPYEMOTO
noroka [KC vepes ¢punpTp, Bceraa MOXHO 10OUTHCS
BBICOKOW TOYHOCTH ompeneiacHus senuuuusl C,. Jlei-
CTBUTEJIbHO, IPU MaJbIX BOJOCOJAEPKAHUAX MOXKHO
YBEIMYUTh BpeMsi HAKOIUJICHWST BOABI B (QHIBTpE
1 TOOUTHCS SIPKO BBIpaKEHHOTO 3¢ eKTa, T.e. CUTya-
uuu, korma U, cocrasmser, Hanpumep, 0.1-0.3 U.
A TOYHOE olpeneneHrne KoaudecTBa BOJIbL, T.e. (),
SIBJIIETCS], KAK YK€ TOBOPUJIOCH BBIIIE, FAPAHTOM HU3-
KOM MOTpenrHOCTH NpH JaJbHEHIIEM OIpeeieHun
00BEMHON JI0M KOHJEHCATa, a 3aT€M U HPUPOIHOTO
raza Cj.

Cuerunk 10 peructpupyeT 00BEM MPOIIEIIIETO
rasa B pabounx ycnoBusx V.. Omnpenenus maccy BoO-
ITbI, HaX0auM 00BeM BOJBI B rutbTpe V, = my / p, THE
p — IUIOTHOCTH BOJBI, a 3aT€M M JIOJII0 BOJBI B Ta30-
KHUIKOCTHOM TIOTOKE

Co=V,y/ (Vo + V).

Opranusanyst U3MepeHnit 00beMHON JJOJIN ra30BOi
¢daspl npuBoguTcs B pabdore [11], m MBI HEe Oymem
Ha HEH OCTaHABIIMBATHCA.

3AK/IIOYEHUE

Takum o6pa3zoM, Ha ceroans pazpadborka MOP mns
I'K-ckBaknH, OCHOBaHHOM Ha JTUIJIHKOMETPHUUECKOM
NPUHIMIE, MPaKTHYeCKu 3aBepiieHa. OpraHuzarys
OalmacHOW JIMHUM C TNEPHOANYECKUM 3a00poM He-
oomemmoit (~0.01 %) momm mortoka IKC, BBemeHume
OTIOPHOTO PE30HATOPA, U3MEPSIONIETO PEaKINI0 YHC-
toro (0e3 skuakoil (aspl) raza W MOCICAYIONICe
30HMPOBaHNE (WIBTP-TIATPOHA C OTIEICHHOW XKHJI-
KOCTBIO MHJUIMMETPOBBIMU BOJIHAMH, a TaKkxke Tpebo-
BaHHWE TOHHU3UTH TMOTPEITHOCTH Jf WU3MEpPEHUs pe3o-
HAaHCHOW YacTOTHI M TOYEK IOJIOBUHHOM MOIIHOCTH
110 3Hadennit 5f/f ~ 1-107° BBIBOAIT pelICHHE 319K
onpeneneHus 00beMHOM 10K KoHzaeHcata C; Ha HO-
BBII METPOJIOTUYECKHH YpoBeHb. OIIEHKH MOKa3bIBaIOT,
YTO BBEJIEHHE NpeiaraéMbIX Mep MO3BOJSET MOIY-
YUTh IpUeMiIeMylo morpemnocts (~5-10%) ompene-
nennst C; mpu KI'® B ~10 pa3 Gomee HuzkoM (10—
30 em®/m ), 4eM o0Cyxkmanock paHee. 1 Ha moBecTke
JTHSI CTOUT CO3J[aHME JCWCTBYIOIIETO MaKeTa, a 3aTeM
Y OIBITHOTO 00pasia.
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NON-SEPARATION ANALYZER OF VOLUME FRACTIONS
OF GAS, CONDENSATE AND WATER IN PRODUCTS
EXTRACTED FROM GAS CONDENSATE WELLS

I. N. Moskalev', A. V. Semenov’, S. N. Ekimchev', D. A. Khapov’

! Aksion Holding Izhevsk Motor Plant, Izhevsk, Russia
’Moscow Witte University, Russia
I Arzamas Instrument-Building Plant, Arzamas, Russia

When developing a non-separation technique for recording the components of the production of gas conden-
sate and oil and gas condensate wells, it is necessary to solve the problem of determining the volumetric con-
tents of these components. A promising direction for solving this problem is the technique of probing a gas-
liquid flow with decimeter radio waves. By passing the flow through the microwave resonator and measuring
the frequency shift of the resonator and its quality factor, it is possible to determine the volume fraction of gas,
water, and condensate.

The algorithm for determining the volume fractions of gas, water and hydrocarbon condensate of a gas-liquid
flow using the analysis of information from a microwave resonator provides an acce?table accuracy in deter-
mining the amount of condensate only at high gas-condensate factors (~ 300-1000 cm’ / m’) and low water-gas
factors (~ 30—100 cm® / m®). With an increase in the proportion of water or a decrease in the proportion of con-
densate, the error in determining the gas-condensate factor becomes unacceptably large, which devalues this
measurement method. The error can be reduced by introducing a bypass line into the flow meter containing
a filter that separates the liquid phase and a reference resonator that registers the frequency shift due to the gas
phase. The filter is probed with an 8§ mm radio beam, which reacts to the content of only the water component.
The data obtained from the resonator and filter significantly expand the range of recorded condensate-gas and
water-gas factors.

Keywords: gas-liquid flow, multiphase flow meter, microwave resonator, millimeter range, measurement error, well

INTRODUCTION etc., then for measuring the flow rates of gas-liquid
mixtures their number is relatively small, and most of
To measure the flow rates of gas condensate wells, them are flow meters used in the oil industry [1-4].

as well as to solve some other problems, gas-liquid For gas condensate (GC) wells, gas-liquid mixture
(two-phase) flow meters are now increasingly re- flowmeters used in the oil industry, are practically
quired. If a huge number of different types of flowme-  unsuitable due to two important physical circums-
ters have been developed for recording single-phase tances. Firstly, oil and gas mixtures at the wellhead
gas or liquid flows, differing in the principle of opera-  contain a liquid phase in the range of ~7-20% vol.,
tion, flow ranges, accuracy and cost characteristics, while in gas condensate mixtures its content is 0.5—
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5.0% vol., 1.e., ~5-15 times less. This leads to diffi-
culties in measuring the liquid phase with an accepta-
ble (less than 5%) error. Secondly, the flow rates of
gas wells are hundreds, thousands, or more times
greater than the flow rates of wells in oil fields. Be-
cause of this, in gas condensate flow meters, for ex-
ample, the Reynolds number increases sharply, the
nature of the flow changes, and elements that signifi-
cantly reduce the cross section of the pipeline (impel-
lers, diaphragms with a small modulus m, etc.) be-
come unacceptable.

Despite the fact that the PJSC "Gazprom" has long
felt the need for flow meters for the operational mea-
surement of components of products from GC-wells,
today the number of devices that solve the problem of
online measurement of component products from GC-
wells is extremely small. Domestic devices comprise
the Tlotok series of flow meters (developed by
GANG-Neftegazavtomatika LLC, Moscow), the
JDP-01 flow meter (developed by Vympel Research
and Production Company, Saratov) and the PI"2K-001
flow meter (developed by the Federal State Unitary
Enterprise Federal Scientific and Practical Center
NIIIS named after Yu.E. Sedakov, Nizhny Novgorod).
However, for a number of reasons, none of these flow
meters has become widespread, and at present these
flow meters are not produced in Russia [5-7].

The domestic companies (and above all, Gazprom)
face the task of choosing the most effective model
based on the combination of cost and metrological
characteristics, ease of maintenance, etc., i.e., in terms
of the "cost—efficiency”" parameter, but first of all, in
terms of the reliability of the results obtained and their
comparability with the results of conventional method
tests using a wellhead separation unit [8].

The following describes the state of development
of a two-phase flow meter for GC-wells based on the
principle of distinguishing components (gas, water,
and condensate) by their dielectric constant.

MAIN TASKS SOLVED BY
MULTI-PHASE FLOW METER

Let us first list the main actual problems, the need
to solve which forces us to turn to the flow metering
of multiphase flows.

The first task is due to progress in production: the
development of technologies for extracting and pre-
paring hydrocarbon raw materials and the ever-
increasing degree of automation require continuous
measurement of the flow rates of the gas and liquid
phases of hydrocarbon gas-liquid mixtures. Manage-
ment of field development requires continuous moni-
toring of flow rates for both individual wells and their
groups. Under these circumstances, it is difficult to
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separate the gas condensate flow into its gas and lig-
uid components using a separator and measure them
afterwards; instead, we must use gas-liquid flow me-
ters.

The second important task that required the devel-
opment of multiphase flow metering is the study of
wells for gas condensate, i.e., determination of their
flow rates for gas, condensate, and water, as well as
determination of the component-fractional composi-
tion of the produced reservoir gas. In these studies, the
products of mining are divided in the separator for gas
and liquid phases at a pressure of 3—6 MPa, then sam-
ples of the separated gas, unstable and stable conden-
sates, and formation water are taken for subsequent
physical and chemical studies; in this case, the gas
from the separator is discharged to the flare.

The next close, but still independent, problem
solved with the help of multiphase flow meters is the
problem of geological control over the operation of
the well.

An important geological issue is also the share of
water in well production and its dynamics (for exam-
ple, it is especially acute in the Astrakhan field).
Therefore, when solving this problem, the flow meter
must measure the flow rate of water along with the
flow rate of unstable condensate and gas.

The fourth important task, the solution to which is
associated with the use of flow meters, is to ensure the
production of hydrocarbons from underwater offshore
fields. Under these conditions, the control of the tech-
nological mode of operation of wells, the mouths of
which are located at a considerable depth, without the
use of such flow meters becomes simply impossible.

Commercial accounting is the final, fifth duty (or
rather, group of tasks) completed with the use of mul-
tiphase flow meters. It entails moving a specific quan-
tity of mining products from one firm to another.

Completely different goals and objectives at the
stage of development of multiphase flow meters de-
termine their different designs, accuracy requirements,
and, as a result, different costs. Thus, to solve automa-
tion problems in managing the hydrocarbon extraction
from deposits, errors of 6-9% are permissible; prob-
lems solved during well research (determination of the
composition of the produced fluid) require a higher
level of accuracy (permissible error should not exceed
3-4%); for geological control of the state of the well,
first of all, relative measurements are needed (because
time derivatives of flows are measured), and the mag-
nitude of the absolute error can be large ~ 10%, on the
other hand, it requires a four-phase (gas—unstable
condensate—water—solid body) flow meter. The tasks
of commercial accounting, especially settlements be-
tween enterprises, require the highest accuracy, and
today the error allowed for them is no more than 1—
2%.
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MICROWAVE RESONATOR-ANALYZER OF
GAS-LIQUID MIXTURE COMPOSITION

The task of determining flow components — gas,
water, and condensate — can be divided into two
parts. The first of them is the measurement of the
speed of the components, the second is the measure-
ment of their volumetric content.

The first task can be solved in various ways:

— by measuring the pressure drop using a flow re-
strictor: a diaphragm or a Venturi pipe;

— by determining the correlation of time between
two identical sensors spaced along the length of the
measuring section;

— by changing the frequency of the radio signal
reflected from the droplets, i.e., the Doppler effect,
and other methods.

To solve the second, more difficult task — deter-
mining the volume fractions of gas, water, and con-
densate — in most foreign multiphase flow meters
(MFMs), a gamma densitometer is used. With the in-
volvement of some additional measurements (mainly,
the amount of water in the flow), the problem of de-
termining the volume fractions of the components can
be solved. However, the use of the radioisotope me-
thod for measuring the composition of a gas-liquid
mixture (GLM) flow requires special measures related
to the operation and storage of a radioactive source.

When using the dielcometric principle, the prob-
lem is solved with the help of a microwave analyzer,
which is a cavity resonator, in the center of which
a hole is made to pass the GLM flow. To reduce the
dimensions, the resonator is filled with a dielectric
having low losses in the microwave range. An exam-
ple of such a resonator designed and manufactured by
Petrogaztekhpribor (St. Petersburg) is shown in Fig. 1.

Fig. 1. Pipe measuring section.

1 — Venturi pipe confuser; 2 — its neck; 3 — diffus-
er; 4 — power housing of the decimeter range resona-
tor; 5 — teflon; 6, 7— communication loops

The electrical characteristics of the resonator were
recorded using a P2-102 panoramic analyzer.

ALGORITHM FOR DETERMINING VOLUME
FRACTIONS OF GAS, WATER, AND CONDENSATE
IN MFM USING MICROWAVE ANALYZER

Let us briefly consider the algorithm for determin-
ing the volume fractions of gas, water, and condensate
in the MFR, the design of which is shown in Fig. 1,
where the unit of the composition analyzer is made on
the basis of a decimeter range resonator. When the
gas-liquid flow passes through the resonator, the elec-

H. H. MOCKAIJIEB, A. B. CEMEHOB, C. H. EKUMUEB, /I. A. XAIIOB

trical characteristics of the latter change — its reso-
nant frequency and the shape of the resonant curve.
Let the dispersion characteristic of an empty reso-
nator look as shown in Fig. 2 (curve a). It is characte-
rized by the position of the resonant peak on the fre-
quency axis — the frequency fy and its half-width
AFy = fos—fow,» Where fos, fou are the frequencies that are
higher and lower than the frequency f; and correspond
to a 3 dB signal attenuation. (An example of a reso-
nant peak obtained using a similar technique is shown
in [9].) When the resonator is filled to working pres-
sure with gas, the resonant curve shifts towards low
frequencies and takes position f;. Since the gas does
not absorb decimeter radio waves, the half-width AF)
remains the same: AF, = AF (Fig. 2, curve 6).

Fig. 2. Evolution of resonator signals as gas-liquid
flow components are gradually introduced into it.

a — no flow; 6 — only natural gas in the resonator;
6 — an aerosol of water is added to the gas; 6 —
a water aerosol is added to the gas; 2 — a hydrocar-
bon condensate aerosol is added to the gas containing
water aerosol; 4 — the amplitude of the signal from
the detector during the frequency sweep

Now let's add water in liquid form to the gas. In
this case, the resonator frequency again shifts down
and takes position f. In addition, since the water aero-
sol absorbs radio waves, the resonant peak will further
expand, and its amplitude will also decrease some-
what (Fig. 2, 6). Next, we add an aerosol of hydrocar-
bon (HC) condensate to the resonator volume. The
condensate lowers the resonator frequency yet again:
f» — f5. The shape of the resonance curve remains the
same, because HC-condensate practically does not
absorb microwave radio waves. As a result, we obtain
the waveform shown in Fig. 2, . The measurement of
the amount of water is critical here because only it can
cause the resonance curve §(AF) = AFy — AF, [10] to
broaden.

The main physical idea of the algorithm: to deter-
mine the value of V, according to the known, pre-
measured dependence AF(V,), where V, is the volume
of all water drops in the resonator. Further, using the
obtained V>, the frequency shift due to the water com-
ponent Afj, is calculated. The frequency shift caused
by the gas phase, Afo, is either calculated analytical-
ly (if the composition is known) or measured. After
that, the frequency shifts Afo; and Af}, are subtracted
from the total shift Afj;. The rest of Af); determines
the volume of condensate V; in the resonator.

For a visual representation of the frequency shifts
from each component, consider the following exam-
ple.

Let MFM be used, it includes a unit for measuring
the density of a gas-liquid flow based on a microwave
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resonator of the decimeter range [2]. Let's assume that
the MFM is installed in the pipeline of one of the
wells of the Astrakhan gas condensate field (AGCF).
The typical operating conditions are: pressure P =
= 8.0 MPa and temperature T ~ 300 K.

The value of the water-gas ratio (WGR) can vary
over a wide range (10-500 cm’/m*); the same can be
said about the condensate-gas ratio (CGR): 150—
400 cm’/m’. Let us set the average values of the WGR
(y) and CGR (@): e.g. y = 250 cm’/m’ and @ =
=275 cm’/m’. The composition of the AGCF reser-
voir gas is presented in Tab.

Tab. Percentage composition of reservoir gas AGCF

Numerical estimates of frequency shifts for the
conditions P = 8.0 MPa, T = 300 K, y = 250 cm’/m’,
@ = 275 cm’/m’ give the following values: Afy =
=24 MHz, Afi> = 15 MHz, Afs; = 2.7 MHz.

REQUIREMENTS FOR ELECTRONIC
EQUIPMENT. CGR MEASUREMENT RANGE

The microwave resonator in the MFM operating
prototype had the following parameters: the resonant
frequency (at the lowest mode of oscillations FEyg)
was fo = 1450 Hz, the loaded quality factor Oy =
=1.1-10°. A P2-102 panoramic analyzer with a fre-
quency measurement error Jf = +0.5 MHz was used as
a frequency shift and quality change meter. With the
help of statistics, this value was multiplied down and
brought up to +0.1 MHz.

The experimental data in [10] on the dependences
of the half-width of the resonance curve AF; on the
volume of water in the aerosol phase V, show, that the
error £0.1 MHz in determining AF, leads to an error
of £0.5 ml in determining the water volume. This, in
turn, when calculating the frequency shift in Afj; con-
tributed by water into the total frequency shift in Afqs,
leads to the uncertainty of the latter up to Jf =
=43 MHz. This figure exceeds the value Af;; =
= 2.7 MHz, which is assigned to the condensate in the
algorithm. And this means that the error in determin-
ing the water frequency shift will "blur" the frequency
shift effect of the presence of condensate, and the
amount of the latter cannot be measured with reasona-
ble certainty.

One way out of this situation is the requirement to
reduce the frequency measurement error by ~10 times.
This, in turn, leads to the need to determine half pow-
er points with an error of no more than Jf =
=40.01 MHz. In this case, the relative frequency
measurement error will be ofl fo ~
~107/1500 = 0.7 - 107°. Recall that the classical ex-
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pression for the minimum measurable frequency shift
of of a resonator with parameters f; and Q, is written
as

o 1fo=n/Qo,

where # is a factor depending on the frequency mea-
surement method, usually in the range 0.1-0.3 (di-
mensionless value). If we take the smallest value n =
= 0.1, we can rewrite the expression as follows:

of= 0.1 AF,

In the case under study, this requirement should be
tightened
of = 0.01 AF,.

Let's pay attention to the next important point. In
the example under consideration, a rather large value
of the CGR (275 c¢m’/m’) appeared. Most deposits
have a CGR of 3-10 times lower. When switching to
a well with such a condensate content in the formation
gas, the situation will repeat itself again, and the rela-
tive error will again be unacceptably high: it will be
40-120%.

Thus, for wells with moderate (~100 cm?/m’) and
low (~30-10 cm’/m’) CGR, the algorithm for deter-
mining the amount of condensate in the GLM flow
should be radically improved.

And it really can be improved if the P2-102 pano-
ramic analyzer is replaced by a more advanced tech-
nique. Modern electronics such as the R2ZM-18A sca-
lar analyzer manufactured by Mikran (Tomsk) suc-
cessfully cope with this task: it makes it possible to
determine the resonant frequency of the resonator and
half-power points with an accuracy of 5-6 significant
figures even at moderate and low Q-factors (Q ~ 100-
300). Hence: the problem of determining the content
of condensate at low CGR can be successfully solved.

STRATEGY FOR HIGH PRECISION
MEASUREMENTS OF COMPONENT FLOW RATE

In the examples considered above, the frequency
measurement error due to the gas component was not
taken into account. But it can be significant, because,
in addition to the composition of the gas, it depends
on its pressure, temperature, and compressibility fac-
tor.

Therefore, to minimize the error in determining the
volume fraction of the condensate, it is necessary to
minimize the measurement errors of the shift Afoy,
caused by the only gas component.

Ideally, it is desirable to measure the volume frac-
tion of each component of the gas-liquid flow in con-
ditions when there are no other components, for which
it is necessary to physically separate them. However,
this is not allowed by the "conditions of the problem":
any MFM is intended for non-separation measure-
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ment of the flow rates of each component. Neverthe-
less, in one case it is possible to organize the mea-
surement of the volume fraction of only gas, and in
the second case it is possible to organize a high-
precision measurement of the water fraction, despite
the presence of condensate.

Further, the main attention will be focused on the
principles of measuring the amount of an individual
component with the lowest error [11]. Let's start with
high-precision measurements of water — the source
of the main errors in determining the amount of con-
densate.

MEASUREMENT OF THE VOLUME FRACTION
OF WATER USING A FILTER,
TRANSILLUMINATED BY MILLIMETER RADIO
WAVES

Electromagnetic waves in the millimeter range
(frequency 30-40 GHz) are vigorously absorbed by
water: the attenuation N is 200 dB/cm! This circums-
tance makes it possible to detect small amounts of
water encountered in the path of such a radio beam —
component (8) with index 2 in the designations in
Fig. 2. Let's obtain C, (Fig. 3).

Fig. 3. Method for determining the proportion of wa-
ter C, in a filter by probing it with millimeter radio
waves.

1 — section of the pipeline; 2 — gas-liquid mixture
flow; 3 — intake device; 4, 11 — valves; 5 — filter;
6 — EHF generator; 7, 8 — receiving and transmit-
ting horns; 9 — detector section; 10 — gas volume
meter

To do this, we connect a gas supply line to a spe-
cial filter that separates the liquid phase and add
a meter of the gas that passes through it (Fig. 4).

Fig. 4. Waveguide filter design.

1 — power housing; 2 — filter material; 3 — inlet gas
supply pipe (from the intake device); 4 — outlet tube
of dry gas purified from aerosol; 5, 6 — emitting and
receiving horns; 7, 8 — waveguides of the 8-mm
range; 9, 10 — radiotransmitting matching dielectric
windows separating the generator (left) and detector
(right) from filter 1 at operating pressure (~100 atm);
11, 12— waveguide flanges

The design of such a filter can be quite simple — it
is a cylinder with a diameter of 12—14 mm filled with
filter material, for example, fiberglass wool, quartz
sand, Petryanov's fabric used in respirators, or fluo-
roplastic threads. There are two main requirements for
the filter material: it must have a small loss angle and
allow heating up to 120-150 °C.

The signal, recorded by the detector U, is atte-
nuated only by the water component, since the HC
condensate does not absorb millimeter waves (it only
shifts the phase of the wave). The signal U, and the
mass of water in the filter are related:

U,=kU,e*™,

where £ is a coefficient determined by the filter geo-
metry (set by experience in advance), a dimensionless
value; Uy — signal in the absence of water, V; a is the
absorption coefficient, 1/kg; m, is the mass of water in
the filter, kg.

From this ratio, the mass of water is obtained:

U
m, =lln .
o kU,

Knowing the mass of water m; and the amount of
gas that has passed through the filter, we determine
the value of the WGR under standard conditions. Un-
der normal operating conditions, the required coeffi-
cient C;, is given by the volume of water divided by
the volume of gas.

By varying the time of passage of the analyzed
GLM flow through the filter, it is always possible to
achieve high accuracy in determining the value of C,.
Indeed, at low water content, it is possible to increase
the time of water accumulation in the filter and
achieve a pronounced effect, i.e., situations when U,
is, for example, 0.1-0.3 U,. The exact determination
of the amount of water, i.e., C,, 1S, as mentioned
above, a guarantee of a low error in the further deter-
mination of the volume fraction of condensate, and
then natural gas C;.

The volume of the passed gas is recorded by the
meter 10 under operating conditions V;. After deter-
mining the mass of water, we can find the volume of
water in the filter V, = m; / p, where p is the density of
water, and then the water fraction in the gas-liquid
flow

Co=V,y/ Vot V).

The organization of measurements of the volume
fraction of the gas phase is given in [11], and we will
not stop at this point.

CONCLUSION

Thus, the development of the MFM for GC-wells,
based on the dielcometric principle, is almost com-
plete by now. The implementation of a bypass line
with periodic intake of a small (~0.01%) fraction of
the GLM flow, the introduction of a reference resona-
tor that measures the reaction of a pure (without liquid
phase) gas and subsequent millimeter wave probing of
the filter cartridge with separated liquid, as well as the
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requirement to reduce the error f of measuring the
resonant nanosonic frequency and half power points
up to values 5f/f ~ 1-107 result in the solution to the
problem of determining the volume fraction of C;
condensate to a new metrological level. The estimates
reveal that the introduction of the proposed methods
makes it possible to obtain an acceptable error (~5—
10%) in determining C; at a CGR ~10 times lower
(10-30 cm?/m”) than previously discussed. And on the
agenda is the creation of a working layout, and then

a prototype.
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