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OINEPATUBHBINA U3MEPUTEJIb KOY®DUIIMEHTA
C)KUMAEMOCTHU T'A30B U UX CMECEHA

ITpu onpeneneHny pacxo 0B MPUPOJHOTO ra3a CyXKarOUIMMH YCTPOHCTBAMH, a TAKXKe IIPU IepecdeTe 00bEeMOB ra-
3a. JOOBITOTO WJIM MIEPEJAHHOTO MPU PabOUMX YCIOBHUX, K CTAHAAPTHBIM KyOoMeTpaMm TpeOyeTcst 3HaHUE €ro KO-
sdduimenta cxumaeMoctH (k). B HacTosIee BpeMst €ro onpeAessfoT pacueTHbIM ImyTeM. [Ipy 3ToM B 3aBHCHMO-
CTH OT COCTaBa rasa, a Tak)Ke BEJIWYMH PabOYMX JABJICHUN W TEMIIEPaTyp BO3MOXHBIE BEIMIHHBI IIOTPEIIHOCTEH
pacyeTHOl BEJIMYMHBI kK OTHOCUTENILHO peasibHOM nocTurarot 2—5%, 4To npu O00JbIMX 00beMax MoTpedieHus ra-
32 ¥ €ro BBICOKOW CTOMMOCTH COCTaBJISET JIECATKHM M COTHH MHJUIMOHOB pyOIei, KOTOpbIe IeperiayuBaeT o Ha
U3 CTOPOH — MpOJaBell WM MOKyMNaTenb — IpHU MOKyIKe rasa. PaccmaTpuBaeTcss SKCIEpUMEHTANbHBIH METOJ
OTpe/IeIeHUs] BEIMYMHBI K, OCHOBAHHBIA Ha OMpEENICHUH IUNIOTHOCTH Ta3a MO ero JUAJIEKTPUYECKOM NMpoHUIlae-
MOCTH, 00nafaromuii 6oee BHICOKOH ONEPaTHBHOCTHIO M CYIIECTBEHHO 0oJjiee HU3KOW MOrpemHocTsio. [IpuBo-
IATCS AKCIIEPUMEHTANbHBIE TaHHBIC ONpEACICHUs BEIWYHMHBI k, ToxydeHHBle ¢ momompio CBY- m KBU-
PE30HATOPOB NIPH KCIONB30BAHUK YIJICKHUCIOro ra3a B auamasone gasieHnii ~20—40 aT™ npu temmeparype
~30 °C u ~18 °C. IlonyyeHHBIE JAHHBIE CPABHUBAIOTCA C KOHTPOIBHBIMHU Kyoyrp (B3ATHIME U3 TUTEPATYpHI). PazHu-

1a MEXKIY Kyourp M OKCIIEPHMEHTAIBHBIMYI 3HAYEHUAMM Kyycq B OOJBIIMHCTBE CllydaeB He npesbluaet ~0.5%.

Kniouegvie cnoea: npupoIHbIA ra3, IPUBEACHNE K CTAHIAPTHBIM METpaM KyON4ecKUM, KO3 PHUIIUEHT
C)KUMAaEMOCTH, TUIJIEKTPHIECKas IPOHNIAEMOCTb, OOBEMHBIN PE30HATOP, MIJUITMMETPOBBIE BOJIHEI

BBEJEHUE

[lpu mpoBemeHUM pa3IMYHBIX TEXHOJIOTHMYECKHX
orepanuil — g00bIue ras3a, ero OcyIlke, TPaHCIIOPTH-
POBKe, MpH MOCTYIJICHWW €ro Ha Ta3opacipeaeiu-
TeJNbHBIE CTaHLUH, NPOJake NOTPeOHTeNnsIM — ra3
HaXOIUTCS NPU Pa3IMYHbIX AABJICHUSAX U TEMIEepary-
pax (mpu pabouux ycnoBusix). OHAKO BCE B3aMMHBIC
pacueTsl IIpy Iepenade raza OT OAHOTO MPEANPHUITUS
K JIpyroMy TpOM3BOAATCS B CTaHAApPTHBIX KyOoMerT-
pax (cr. M’). Ilpu 5TOM HEOGXOMMMO BBOIHTH IMO-
MPaBKH, CBS3aHHBIE C OTIMYMEM JaBIICHHS, TeMIlepa-
TypHl B (pakTOpa CKUMAEMOCTH B PabOYUX YCIOBHSIX
(Pp, Ty, Z,) OT ONHOUMEHHBIX NapPaMETPOB B CTaH-
TapTHBIX ycnoBusix (P, T, Z.), KOTOpBIE, B CBOIO OUe-
penb, collepkKar MOTPEeLIHOCTH, CBA3aHHbBIE C KJIACCOM
u3Mepsitoniero ux npudopa [1]. Eciam npeanpusrtue
J00BIIO WK nepeano V, kyDoMeTpoB rasa npu 1aB-
nenun P, u temmeparype T, TO IEPECYET K CTaH-
JApTHBIM M~ [IPOBOJSIT IO COOTHOILIEHHUIO

(M

3neck T, =293 K, P, = 760 MM pt. ct. (1 at™m.), Z,
U Z, — (HaKTopbl CKUMAEMOCTH Ta3a MpH CTaHIapT-
HBIX U pa0do4uX yCIOBHUSX.

Otuowenve k =7,/ Z, nasbiBaercs Kodphuuuen-

TOM CXMMaeMOCTH. Benwumnuel Z., Z, U, COOTBETCT-
BEHHO, k SIBIAIOTCA (YHKIMSIMH COpTa rasa (a aus
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cMecell — (QYHKUIMSIMH cOCTaBa rasa), pabouero nas-
neHus u pabodeit TeMIiepaTypsl.
ITepecuer V, B V, oCylleCTBISETCA B HACTOSALIEE

BpEMsI AaBTOMATHYECKU C TIOMOLIBIO CIHEIHUAJIbHBIX
YCTPOHCTB-KOPPEKTOPOB, B KOTOPBIE MTOCTYNAIOT JaH-
Hble O TepMobapuueckux napamerpax rasa (P,, T,)
u (akTopax CKUMaeMocTH Z,, Z. [2, 3]. Xors coBpe-
MEHHBIE M3MEPHUTENN PadOYHX JaBICHUN U TeMIlepa-
Typ MOTYT JOCTUIaTh BBICOKHX YPOBHEH TOYHOCTH,
(akTOp CXKMMAEMOCTH B HACTOSAIIEE BPEMs pPaccyu-
THIBAETCH.

[Ipu 3TOM B 3aBHCHMMOCTH OT IUara3oHOB JaBJie-
HUI U TeMIeparyp, a TakKe OT cOCTaBa ra3a OTHOCH-
TeJdbHAas BeJIMYMWHA TMOTPeImHocTH KodhdunmenTa
C)KHMAEMOCTH MOJKET JOXOAUTH 10 2—3% U gaBIIsieTCs
OTIPEIETISIONICH TPHU NpHBEICHUN pabounx 00BEMOB
ra3a K CTaHJapTHBIM M~ 10 cooTHomeHuo (1). Hike
paccMaTpuBaeTcsi APYrod MOAXOJ K ONpeIeTCHUIO
BEIIMYWHEI k, @ UMEHHO — JKCIIepUMEHTanbHbIH. [1o-
Ka3aHO, YTO KaK 10 OMEpPaTUBHOCTH, TaK U IO BeIH-
YHMHE MOTPEMIHOCTH 3TOT METOJ CYIIECTBEHHO Jy4lle
pacyeTHOro.

COBPEMEHHBLIE METOJbI OITPEJEJIEHMNA
KOOOOUIMEHTA CKUMAEMOCTH
N NX HEJOCTATKHA

KoaddummenTsr c:xnmMaeMOCTH MOTYT OBITh M3Me-
PEHBI 3KCIICPUMCHTAJIbBHO Ha CHCIMAJIbHOM (1)I/I3I/ILIC-
CKOM 00OpyIoBaHMHM (HA TaK Ha3bIBAEMBIX OOMOax
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PVT). Texnuka omnpenenenust 3asucumoctu Z (P, T)
JOCTaTOYHO CJIOXXKHA U HE MOXET OBITh Ha CEroJHs
BOCIIPOM3BE/ICHA B J1a0OpPaTOpUM ra3oBOTO IMpEIrpH-
arusi. Kpome Toro, Takue usmepeHus TpeOyIOT 3HAYH-
TEJIBHOTO TpyZAa W BpeMeHH. [losToMy Ha mpakTuke
UCTIOJIB3YIOT aHaJMTUYeCKUE METOABI pacyera (C Mc-
MOJIb30BAHUEM LIEJIOTO Psiia MPOMEXYTOUHBIX KO-
¢unuentoB). Ouu moapobHo mznoxkeHsl B [OCTax
(cm. I'OCT 30319.2-96; I'OCT 30319.2-2015;
I'OCT P 70927-2023; T'OCT P 8.769-2011; T'OCT
P 8.914-2016 [4-8]). IlorpemHOCTb BBIYKCIEHHS BEJU-
YUHBI Z 3aBHCUT OT TOTO, KAKOM METOJ HCIIOJIb3YEeTCsl,
a TaKKe OT TOYHOCTH BBOJHMMBIX HCXOJHBIX JaHHBIX
W JISKUT B auana3one 1.1-2.1%, a OTKIOHEHUE OT 3KC-
MEPUMEHTATGHBIX ~ JAHHBIX — Joxomutr g0 3.1%
(I'OCT 30319.2-96, meton YC GERG-91 mon.) [4].

Ha ypoBHe u3MepeHMI [aBJICHUI, TEMIEPATYP
U mepenajga jAasieHus AP, jexamux B JIuanazoHe
0.1-0.5%, Takue OoNpIIME TMOTPELIHOCTH SIBISIOTCS
OTIPEICNISIONIMMH, T.K. TIOTPEIIHOCTh B ONpEACICHUH
KOJIMYECTBA MPOJAHHOTO (WJIM MPHOOPETEHHOr0) rasa
npu ero OonbpIIMX O0BEMax W HBIHEHIHUX IIEHAX
Ha ra3 00X0IUTCS OJHOM M3 CTOPOH B JECSITKH U COT-
HU MHIJLUTHOHOB j10711apoB (!)".

3aMeTHM TakXe, YTO pacyeTHas BeJIM4WHa Z BbI-
CTyHaeT Kak CpPeJHss 3a MePUOJ] MEXKIY H3MEPEHUSIMH
BEJIMYMH, BXOSIIMX B UCXOAHBIE PACUETHBIC TaHHBIE
NpY TOJICUETe Pacxoja ra3a, u Ipu U3MEHEHHH KOM-
MOHEHTHOTO COCTaBa B TEUEHHE 3TOrO MPOMEXKYTKa
BPEMEHH HEKOHTPOJIUpYyeMasi IOIPEIIHOCTh MOKET
BBIXOJUTH 32 TPaHUIBI MOTPEHIHOCTH PacyeTHOW Be-
mmanHel Z. Otcrona TpeboBaHUS 00ECTIeYUTh MOCTO-
SHHBIA KOHTPOJb (hakTopa CKUMAEMOCTH Z, T.€. €T0
MOHUTOPHUHI SIBJSIETCSl HACYIIHOM 3aJayedl pacxomo-
METPHH T'a3a U B HACTOSIIICE BPEeMsl HE BBIMOJIHIEMOH
€IMHCTBEHHO B CHJIy OTCYTCTBHSI NpPHUEMIIEMOH Tex-
HUYECKON BO3MOXHOCTH.

"B 2020 r. B Yamyprckoit PecnyOiinke, 1O CBEJCHUAM,
B3sTBIM M3 MHTepHeTa, n3pacxonoBaiu 5-10° cr. M? pu-
poxsoro rasa. Ilpm koMMepdeckux pacderax HCIOJIb30Ba-
nock cootHomenue (1). Ilycts yaMypTckue mpennpusTus,
paccunThiBasichk 3a ra3 ¢ [IAO "T'aznpom", BEIOpanu cooT-
HOIIIEHHE JUIs pacueTa Kod(pQHUIUEHTa C)KUMAEMOCTH k =
=2, | Z, 3aHIKeHHOE IPOTHB HCTUHHOIO BCero Ha 1%.
Iensr Ha ra3 ceituac — ot 1000 mo 2000 monmapoB 3a
1000 cr. M”. TTpumem 1500 pomapos, 1% ot 5-10° cr. m®
310 — 5-107 cr. M*. Torma cronmocts 5-107 cr. M* cocTaBut
(5-107ct. M/ 1000 ct. m?) - 1500 morwn. = 7.5-10" pomn. To
€cTh, ©CJIM IpH mepenade raza YaMypTckoi PecryOmuke
IpU pacueTax 3a Tra3 IpH ONpeleleHUH Kod(pQHIMEeHTa
CKMMaeMOCTH OblUTa JomymieHa omuOka Bcero B 1%
(B CTOpOHY 3aBBIIIEHUS PACUETHOTO 00BEMa MEPEAAHHOTO
rasza), To 3a 3To Pecrmy0Onuke npunmiocs neperatutsd "T'az-
npomy" 75 miH nomtapoB! (To 0OcToATENBCTBO, UTO BHYT-
pu PO peanbHast LieHa Ha ra3 HECKOJIbKO HUKE MUPOBOH, HE
UTpaeT NPUHIMITHAIBHON POJIH.)
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OCHOBHAS ®U3NYECKA UJIE

Omnpenenenue koddueHTa CKUMaeMOCTH OC-
HOBAaHO Ha CBSI3M JUIJIEKTPUUYECKON NMPOHHUIAEMOCTH
rasa & ¢ ero IJIOTHOCTBIO O U CABHUIOM COOCTBEHHOI
4acTOTHI pe3oHaropa [9].

CHauana BOCIOJIb3yeMCSl YpPaBHEHHUEM COCTOSHHS
peanbHOTO Ta3a B popme MenzeneeBa — KianetipoHna:

py=""Rr7. )
M

OHO BepHO Kak JUIsl CTAHOAPTHBIX yCIOBHHA (WH-
nekc "c"), Tak u s pabounx (uHAekc "p"). 3anumem

m
ypaBHeHHE (2) depe3 IIOTHOCTh Ta3 P = 7 :

m R
=——TZ, 3
pC VCMCC ()

Py :Zﬁ pr' 4)

W3 coornomienwuit (3) u (4) Haitnem:

Z, pAT

= : ®)
Z. pETL

OcHoBHasg wuzaes onpeAeicHUs KodpPUIHEHTa
CXKUMAEMOCTH k& OCHOBBIBACTCS Ha COOTHOIICHHHU (5)
(pabouee napnenue P, u Temmneparypy 7, cuuTaem
H3BECTHBIMH).

[pu 3anomuennn oobema CBY pe3onaTopa ra3om,
CKOPOCTh PaclpoCTpaHEHHs] PaJUOBONH MagaeT, MpH
3TOM YacTOTa PE30HATOpA fy CABUTAETCS BHHU3 W IIPH-
HUMaeT HOBoe 3HayeHue fi. [Ipu 3ToM oTHOCHTENBHOE
CMEIIEHNE YaCTOTHI OIPENEeNSIeTCS JAUAIEKTPUIECKON
npoHMIaeMocThio rasa [10, 117]:

Y 1,
fo_2(8 D, (6)

rne Af = f,— 1.

Janee BeIMYMHY TUIOTHOCTH Ta3a O HAXOJUM U3 W3-
MEpeHUsI IMAIICKTPHYECKOH MPOHUIIAEMOCTH Ta3a &.
[Ipennaraercss onpenensTh IJIOTHOCTU Tasa p, U P
C TIOMOIIBIO PE30HATOPOB, M3MEPSIIOIINX TUIIIEKTPH-
4ecKyl0 NPOHMIAEMOCTh & B pabouux (&) M CTaH-
JAPTHBIX (&) YCIOBUAX IO CABUTY COOCTBEHHOW Hac-
TOTHI (T.€. BAKYYMHPOBAHHOTO) pe30HATOPA fj.

TEOPETUYECKUE OCHOBBI METOJIA
W3MEPEHNMA INIOTHOCTHU

OOcyauM MeTOJT U3MEPEHUS TUIOTHOCTH rasa p Iy-
TEM ONPEJIENICHUS €ro JMAJICKTPUYCCKON MPOHHUIAL-
MocCTH ¢ [12—16].
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B ocHoBy MeTosna nosoxeHo ypaBHenue Knaysuy-
ca — MoCOTTH, KOTOPOE CBSI3BIBAET MHUKPOCKOIIHYE-
CKHE TapaMeTphl BEIIECTBAa raza — €ro IoJsApHu3ye-
MOCTb 0. U MOJISIpHYIO Maccy M, ¢ MakKpOCKOITNYECKH-
MU, U3MEPSEMBIMH TapaMeTpaMHi — IUIOTHOCTBIO Be-
LIECTBA O M €r0 OTHOCUTEIIBHOM IUANEKTPHUYECKON
nponutaemoctsio ([I1) &:

e-1M N,a
e+2 p  3g,

()

rae N, — aucio Asoraupo; &,= 8.854 107> d/m —
ANEKTPHYECKAs TOCTOSHHASL.
[IpaBas wacte ypaBHeHus (7) coctout u3 pyHmA-

MEHTAJIbHOH KOHCTaHTBI &, W JIBYX MOJICKYJIPHBIX

KOHCTaHT — Na M @, U Ha3bIBAETCA MOJISIPHOM MOJIS-
pu3anuei:

N, a
3s,

=11. (8)

OTC}OZ[a — W 3TO SABJIACTCA LCHTPAJIbHBIM MOMCH-
TOM METOJIa — NOMAPUZAYUA MAKICE ABNAEMCA KOH-
CManmou u He 3a8UCUm om memnepamypbl, 0aA61eHUs
U Yyacmomul 8HEWHe20 NOJIA.

Pa3pemms (7) OTHOCHTENBHO O, IOTYYUM:

35, M (e-)

N, o (6+2) ©)

[Mockosbky BenuuuHa € JJIsl HeOOJIBIIUX JTaBJICHUN
(P < 10-20 atm) He cunbHO oTimdaeTcs ot 1 (Hampu-
Mep, anga MmeraHa & =1+0.0008-P, nnsg Bo3gyxa
£=1+0.0006-P), To MOXKHO B TIEPBOM MPHUOIIKE-
HUM TIpeHeOpedb 3aBUCHMOCTBIO & OT JaBJICHUS
u nonoxuts €+2=3. (Ilpu P ~100 artm 3aBucu-
MOCTh &(P) Ha/lo y4UTHIBATh.)

Toraa (9) MmoxHO nepemnucarp, Kak

pzli—oﬂ(g—l)zfl(a—l). (10)

A

Koadduuument nmponopunonanbHOCTH A, KaK BHUI-
HO 13 (10), MOXET OBITh BBIYUCIICH 110 U3BECTHBIM JJIst
JAHHOTO ra3a 3HayeHusM M u a:

gyl M

N (11)

Teneps, komOuaMpYs (6) 1 (10), Halinem ypaBHe-
HUE, HETIOCPEICTBEHHO BhIpaKaloliee MIOTHOCTh Ye-
pe3 n3MepsIeMBbIil CABUT YaCTOTBHI:

ZA%

(¥3)= h

p =34

I[Tpu 5TOM UTs1 OTIpeIeNIeHHsT TFIOTHOCTH B pabounx

YCIIOBHSX P, Han0 OpaTh CIIBUT YacTOTHI B 3TUX yC-
2A

JIOBUAX 2y ,

0 Jp

B CTaHHapTHBIX yCJ'IOBI/IﬂX P CIABHUI' B OTUX yCJ'IOBI/IﬂX

27

a 1 HaxXO0XIACHUA IINIOTHOCTH

. V3mepeHne MIOTHOCTH MO COOTHOUIEHMIO
0 Je

(12) mpenmonaraeT cleayrOIIyI0 mporeaypy. B peso-

HaTOp IUIOTHOMEpA BITyCKAIOT TIa3, (UKCHPYIOT €ro

TepMobapudeckue mapaMmeTpsl P u 7, I3MepsoT cMme-

ImeHne COOCTBEHHOW YacTOTHI pe3oHaTopa Af mpu

3aIlOJTHEHUH eTo Ta3oM U 1o (popmye (12) paccuutoi-
BalOT BenuuuHy p. HauanbHyro yacToTy pesoHaTopa
f, OIpeneNnsIoT 3apaHee, U3Mepsisl 4acTOTy pPe30Ha-

TOpa NpU HECKOJIBKUX 3HAUCHUAX HNAaBJICHUA Pi " 3KC-
Tpanonupys npsamyto f = f(P;) B Touky, rae P; = 0.

OCOBEHHOCTU UCHOJIb30BAHUS
JIUDJIbKOMETPUYECKOI'O METO/JIA
JUTSI PEILIEHUSI 3AJAUU OITPEJIEJIEHUS
[UIOTHOCTU HE®TSIHBIX 1 IPUPOIHBIX
YIJIEBOJJOPOJIHBIX T'A30B

[IpupoaHselil ra3 sSBISETCS CMECHIO YrIEBOAOPOI-
HbIX T'a30B, B OCHOBHOM MCTAHOBOTO psAd, a TAKKE
0aJUIaCTHBIX Ta30B a30Ta, JBYOKUCH YIJIEpOJa, BOAS-
HBIX TapoB, cepoBojopoaa W jap. [losTomy BaxHBIM
SIBJIICTCSL BOTIPOC O PacIpoOCTpaHeHUU ypaBHeHHs (7)
Ha TAKyl0 CMECh.

IIycTh KOMIIOHEHTHBIM COCTaB rasa 3aJaH cle-
OYIOMUM psaoM (0ObEeMHBIE JONMH B TIPOIEHTaX):
vi(CHy), v2(CyHg), v3(C3Hg) u 1.1 Bepremces x dop-
myne Knaysuyca — Mocottu (7). Eciii Mpl nmeem fe-
JI0 € Ta30BOW CMECHIO, BKIIFOUAIOIIEH i COPTOB YUCTHIX
ra3oB, TO AWINOJbHBIM MOMEHT €JUHHUIBI 00beMa NPHU
3TOM 6YJICT BKJIFOYaTb MOMCHTBI BCEX MOJIAPU30BaH-
HBIX MOJIeKyJn. Torga cooTHomerne (7) MOXKHO 3amu-
CcaTb B BUJIC:

CM

p.. (&, +2) - 3¢,

3nece M, Poys Cey
Macca CMeCH, €€ IJIOTHOCTh U IMOJIIPU3yeMOCTh ""MO-
nekyn" cMmecH (XOTS HHKAaKHX '"MOJIEKYyn'"' CMecH pe-
aJIbHO, pa3yMeeTcs, He cymiecTByer). [Ipu u3BecTHOM
00BEMHOM COJIEPKAHUU OHU BBIUUCIISIOTCS IO COOT-
HOLICHUAM:

M ‘(gCM—l)_NAaCM. (13)

— COOTBCTCTBCHHO MOJISIpHAA

M, ZZViMw Pen :Zvipi’ Oy :Zviai’ (14)
rne M., p,,o,— MOIApHag Macca, IIJIOTHOCTb
U TOJAPU3YEMOCTb  i-TO  KOMIIOHEHTa  CMECH;
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V. . .
v, = /Z:V , V;— mapuumanbHbIii 00bEM i-r0 KOMIIO-
i

HEHTa.

W3 ypaBrenus Knaysnyca — MocoTTi u1st cMecu
(13) Halizem BeIpakeHHE IS €€ TNIOTHOCTH, 3aBUCS-
miel oT &, :

(6 =D
=K P s 15
pCM k-m (SCM + 2) ( )

e

_3& M., _ﬁZVfMi _
o _NA aCM _NA Zviai

KOX(HUITUEHT, 3aBUCATIIIA OT MOJIIPHON MacChl KOM-
IIOHEHTOB cMecH raza M; v ux nonspusyemocTeit o, .

C mpuHIMNUANBEHONW cTopoHbl popmyna Kmaysuy-
ca — MocotTti 1t cMecH ra3oB (13) HUUeM He OTiu-
YyaeTcs OT TOH e POopMyJIBI st 9ucToro rasa (7): oHa
IPOCTO ONEPUPYET CO 3HauYeHusIMH M, a, p, ycpen-
HEHHBIMHU II0 COCTaBy ra3oBoil cmecu. OgHaKo 31ech
€CTh OJUH '"TOJBOJHBIN KaMEHb'": MPHU BHIYHCICHUU
IUIOTHOCTH B peajbHOM MaciuTabe BpeMEeHH C ee HUcC-
[IOJIb30BAHUEM JUIsI INPUPOAHBIX I'a30B, TPAHCIIOPTH-
PYEMBIX 110 TPyOOIPOBOAAM, OH 3aK/IIOYAETCS B TOM,
YTO COCTaB 3THUX I'a30B HE ABJISACTCA IIOCTOSAHHBIM: OH
MEHSIETCSI OT MECTOPOXKICHUS K MECTOPOXKACHHUIO H,
YTO OCOOEHHO BAaXXHO, Aa)K€ Ha OJJHOM MECTOPOXKJe-
HUHW U3MCHACTCA BO BpECMCHMU.

OTO NPUBOIUT K HEKOHTPOIHMPYEMOH BapHallUH
kodhduuuenta K, 1 OTCIOAa K HOSBIECHHIO JIOMON-

HUTEIBHBIX HOIPELIHOCTEH, CBA3aHHBIX C Bapuanuen
CcOCTaBa. JTO SIBISETCS MPUHOUIIAAJIBHBIM MOMCHTOM
NpY U3MEPEHHUHN TUIOTHOCTEH MPUPOJHBIX U HEPTIHBIX
ra3oB. OmHaKo, Kak OyZeT MOKa3aHO HWXKe, 3TOT He-
JOCTATOK TOJHOCTHIO UCKITIOYAETCSl IPU U3MEPEHHIX
KOdpGUITHEHTa CKUMAEMOCTH.

OCHOBHOE PACYHETHOE COOTHOIIEHUE

BriBenieM cooTHoIEHHE, IO KOTOPOMY MpakTH4e-
CKHA MOXHO PacCUMTHIBATH KOI(PPHUIMEHT CKUMAEMO-
ctu k. U3 coornomennit (5) u (12) Haiigem

2461 24 +3
. T.P /o
P A N /S ASE L/ S R P
2V TR (2r) (28]
f() p ‘fo c

3ameuaresnbHas 0COOEHHOCTh BhipaxkeHus (16) 3a-
KJIFoYaeTcs B cienyromeM. HecMoTpst Ha To, UTO B BBI-
paXeHHe JUIS TUIOTHOCTH, OIpENeNsieMON JUAIBKO-
MeTpryeckuM MmetonoM (12), Bxogut kodQdUIMEHT
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Knaysuyca — Mocortn K, , 3aBUCAIIMI OT COCTaBa

CMeCH U, B TIPUHIIHIE, TTOIBEP)KEHHBI BapHalliy Ipu
W3MEHEHNH COCTaBa ra3a, B BeIpakenne (16) aTtor ko-
3G GUIMEHT HE BXOJUT. DTO IMO3BOJISCT ONEPATUBHO
OTIpEeNeNATh BENWYMHY Kk C HU3KOH IOTPENTHOCTHIO
(ompenensieMoil TOJNBKO MOTPENIHOCThIO BennuuH 1, P

w A1)

JlelcTBUTENIbHO, MOCKOJIbKY 4YacTOTa OTHOCHUTCH
K Hambolee TOYHO HM3MEpsSeMbIM Tapamerpam (He-
TPYJIHO OCYIIECTBUTH €€ U3MEPEHHE C OTHOCHTEIBHOM
norpemHocThio §f / f, = 107° ~107), To MoxHO Hase-

ATHCA, qT10 HU3MEPEHUEC OTHOCHUTCJIBHBIX  CIBH-

roB(Af/f,), u (Af/fo)p MOXHO MPOBECTH C IMO-

- 4

rpemHocTHIO ~10°—10", T.e. HE Gonee 0.1-0.01% (310
3aBHICUT OT BEIOOpA CXEMBI H3MEPEHHS U JOOPOTHOCTH
pe3oHaTopa).

OKCIIEPUMEHTAJIBHBIE PE3YJIBTATDBI

OKCcIepUMEHTaIbHAs IPOBEPKa MPAaBUIBHOCTH aJl-
ropuTMa onpezaescHus: Ko3h( UIMEeHTa CKUMAEMOCTH
OpUTa TpoBeneHa B padore [9] m moBTOpeHa B Ooree
no3anei padore [1]. U3 coobpaxkeHuit 0e30macHOCTH
HCMOJIb30BAJICA YTJIEKUCHBIA ra3, UMEIOIINN BEJIUYH-
Hy k, Omm3kyro k MeTaHy. Kpome TOro BakHBIM MO-
MEHTOM OBUIO HaJW4YHe B JIUTEPAType KOHTPOJIBHBIX
JMaHHBIX 10 3ToMYy Ta3y [17]. Paznuune mexmy pabo-
tamu [9] u [1] 3akmt0uanoch B OCHOBHOM B HCITIOJIB30-
BaHWU Pa3IMYHBIX YACTOTHBIX AMAINa3oHOB: B [9] 31O
ObUT aMana3oH JUMH BOMH A ~ 3 cMm (f ~ 10 I'Tr),
a B [1] — mumumumetpoBsiit (4 ~ 0.8 cm, f~ 35 I'Tn).
[TockonbKy pe3ysbTaThl U3MEPEHUN OKA3aIKUCh IO CY-
IIECTBY OJIM3KUMU, TO Jajiee MbI OYyJEM CChLIAThCS
Ha paborty [1].

Jnst mpoBefieHUs] M3MEPEHUi OBbUT WCIONB30BaH
pesonarop tuna ®abpu - [lepo (POII) mummmmerpo-
BOro guariasoHa ¢ BOrHYTbIMHU 3€pKajlaMi, B Ka4C€CTBE
KOTOPBIX HCIIOJIb30BAJINCh JJOHBSI IIMBHBIX OaHOK. Pe-
30HATOp pa3MEIAJICs B CHJIOBOM KOPIIyCE, BBLIECPIKU-
BaromeM nasneHue 10 MIla (puc. 1).

B kadecTBe MCTOYHHMKA MMJJIMMETPOBBIX BOJIH HC-
MOJI30BAJICST TBEPJOTENLHBIA TEHepaTop Ha JUOJC
I'anHa ¢ QeppuTOBBIM BEHTWIIEM, 3AIMIIAIOLINM Te-
HEpaTop OT OTpa)keHHBIX BoJNH. 1o wacToTe reHepa-
TOp YNPABISUICSA C HOMOLIBIO HMUIO00PA3HOTO HAIPS-
KEHHUs, 10JaBaeMoro Ha BapakTop. B kauecTBe ne-
TEKTOpa MCIONb30BAIACh JETEKTOPHAsA TOJIOBKA C JIH-
onoM J1607. YpoBeHb cHUrHaja C pe3oHaTopa MpHU
3TOM COCTaBIISUI HECKOJBKO NECSTKOB MUIIJIMBOJBT.
[Ipumep pe30HaHCHOIO MHKa, MOIYYEHHOIO C UCIIONb-
30BaHMEM 3TOW TEXHHKH, TIOKa3aH Ha puc. 2.

Ha puc. 3 npuBoauTcs cursai ¢ pesoHaropa Inpu
HCIIOJIb30BAHUU JPYTOM 3JIEKTPOHHOM CXEMBI PETUCT-
paumuM — ¢ UCMOJB30BAHUEM MIEPCOHATBHOTO KOMITb-
rorepa u mwiatel IN PXI 7831R.
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Puc. 1. COopouHblii uepTexk AaTuuKa KOdIPPUIMEHTa CKH-
MaeMOCTH JUIS OIIBITHOTO 00pa3ia mpudopa "Apzamac-1".

1 — cunoBoit kopryc; 2, 3 — QuaHIBl IS pa3MemeHHs
BEpXHETo M HIKHero 3epkan POII; 4 — BomHOBOIHBIN (ira-
Hew; 5, 6 — 3epkana POII; 7 — ymiotHenue; b — panuo-
IpO3payHoe OKHO; B — TepmogaTunk

B pabGote [9] u3mepeHus: BeIMYMHBI k, IPOBOIM-
JUCh B HEOONBIIOM [Wama3oHe JaBJIEHWH rasza
23 <P <33arMm. OTHocUTeNbHAs MOTrPEHIHOCTH (OT-
KJIOHEHHE OT KOHTPOJIbHBIX 3HAYCHHMH K, B3ATBIX
u3 [17]) cocrapuna ot 0.25 no 1.3%. B pabote [1]
IUara30H JaBiIeHni ObUT mupe — oT 26 mo 41 atm,
a OTHOCHUTEJIbHAsI MOTPEIIHOCTh JIe)Kajla B MHTEpBaie
ot 0.12 no 1% B 10 cay4asx u 1o 3.9% B Tpex ciyua-
ax (Touku "Beickounnn'). [TorpenrHocts o0ycioBieHa
Pa3NMYHBIMUA NPUYMHAMH — IIPEXKAE BCETO YXOAOM
TeMIIepaTyphsl ra3a OT IPUHIATOW B pacueTe (pa3HuLa
Bcero B | °C mpuBoaut k omubke B 0.3%), morpem-
HOCTBIO M3MEPEHUS JaBJICHUsI U CIIBUTA YacCTOTHl Af ,

MOrp€IIHOCTBIO IKCTPAIIOJIAIMNA KOHTPOJIBHBIX BEJIN-

H. H. MOCKAJIEB u np.

&
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m
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1 0

Puc. 2. [lonoxeHne pe30HAHCHBIX IMUKOB Ha IIKale
4acTOT TNPH Pa3IUIHBIX a0CONIOTHBIX JABICHHUAX Ta3a
B CIJIOBOM KOPITyCE.

P=0,P=P.=lamm.uP=P,

) T #I6 a2 FEEEET)

34 Hn
Yacrora, My

Puc. 3. Pe3onanc npu gaBnenuun P = 23.4 atm.,
t=18°C.

CoOcteenHas wacrtora f, = 34626 MI'u, nomymu-
puna AF = 5.3 MI'u, noopotaocts Q = 6530

YUH kyourp (IpHBEZiEHBI B [17]) 1 psoM Apyrux mnpu-
YHH.

be3 comHeHUs, OHa MOXET OBITH CHIDKEHA IIPH
MPUHSATHN JKECTKUX MEp CTaOMIN3alMK TeMIepaTyphl
U JaBJEHUs, a Takxke Oojee aKKypaTHOM IoJcyeTe
(aKTOpOB CKMUMAEMOCTH Z, U Z.

KOMMEPYECKMUE ITEPCIIEKTHBBI.
OBJIACTb IPUMEHEHUMA

[lepeuncnuM OCHOBHBIE MOMEHTBI, ITO3BOJISIOLIUE
MPEIONI0KUTh, YTO TpemiaraeMblii "OnepaTUBHBINA
M3MEepUTENs KO3 PUIMEeHTa CKUMAEMOCTH Ta30B U UX

HAVYYHOE ITPUBOPOCTPOEHUE, 2026, Tom 36, Ne 3
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cMecel" MOXET HaTH caMoe€ IIUPOKOE PacmlpocTpa-
HEHHe y KPYyMHBIX notpeduteneit raza: TOLI; koremnsb-
HBIX, 00CITYKHBAIOIUX 3aBObI M KHJIbIE KOMIUICKCHI.

1. O6nacte npumenenus "U3mepurens” He orpa-
HUYEHAa HU COCTaBOM ras3a, HU JaBJICHUEM, HU TeMIle-
paTypoii, B TO BpeMsl KaK pacueTHBIC METOAbI pado-
TalOT B OrPaHMYEHHBIX OOJIACTSX 3THX IapameTpoB
(em. TOCTw1, mpuBoaumbie B 1-M paszpene "Cospe-
MEHHBIE METOBI OTIPeIeNeHus. ..").

2. TlpubGop mo3BONSIET ONEPATUBHO (HEMPEPHIBHO)
OMpeaAcATh BEJIIMUYUHY k, B TO BpEMs KaK pPaCUCTHBIC
METO/IbI HE MO3BOJISIIOT 3TOTO CAETATh.

3. YpoBeHb JIOCTOBEPHOCTH BEJIMYUHBI k, Ompejie-
nsembiii "M3amepurenem”, CyIIeCTBEHHO BHINIE TOTO,
KaKo# JaeTcs pacueTHBIMH METOJaMH, 332 CUeT TOTO,
4YT0 k — W3MepseMbli U OTHOCHUTCS K rasy, Ipore-
KalolIeMy 110 Ta30IPOBOAY B MOMEHT OCYILECTBIICHHS
U3MEPEHUN, B TO BPEMsI KaK pPACUETHBIM OTHOCUTCS
K COCTaBY, ONPEEIeHHOMY KOIa-TO paHee.

4. TlorpemHocTs onpexaeneHus: BeauuuHbl k "U3-
MmepureneMm" coctaBut ~ 0.5% nnm MeHee, B TO BpeMs
KaK y pacueTHBIX METOAOB TOJIBKO MOTrPEIIHOCTh pac-
yeTa B OTHENbHBIX AMala30Hax COBOKYIHOCTH Iapa-
MeTpoB P, T, u cocTaBa cMecu 10X0auT 10 3.1%.

3AKJIFOYEHUE

Y4uuThIBas BCE BBILLIEH3JIOKEHHOE, & TAKXKE BBICO-
KWe LEeHbI Ha ra3, Ipu OONBIIMX MacmTabax ero mo-
TpeOieHns paboTarmye Ha ra3e MPeAnpusiTHS Tpe-
NOYTYT TPUOOp, JAFOIIUI TOYHOE 3HAUCHHE BEIMYH-
HBI k, 4YTOOBI HE TEpeIUIaYrBaTh MHJUIMOHBI PyOJieh
MpH €ro MOoKymke (cMm. mpuMep ¢ Yamyptued B 1-m
paszaene). A MOCKOJIbKY HU OJTHO MPEAINPUSATHE B MUPE
B HACTOSILEe BpeMs HE BhITycKaeT mpudopa ¢ ompe-
JeneHneM k, TO MOXKHO PacCUMTBIBATh U Ha MPOJAXKY
€ro ¥ 3a py0exxom.

OOpatuMm Takke BHHMaHHE Ha TO, YTO, MTOMHMO
YTWINTAPHOTO NPUMEHEHUs] B T'a30BOM HPOMBIIIEH-
HocTH, "M3MepuTenp" MOXeT ObITh BOCTPEOOBaH Kak
71a00paTOPHBINM MPUOOP BO MHOTHUX APYTHUX O0JIACTSIX
(U3MKN ¥ TEXHUKH, UMEIOLIHX JIENIO0 C Ta3aMu.

JobaBuM TakxKe, 4TO Ha CHOCOO ONpe/AeIeHus KO-
spdummenta cxumaemoctn Obi1 B3AT Ilatentr PO
[18], odhopmiennsiit Ha HUMUC (r. Huxuuit Hosro-
pon). OmHaKko B HACTOSIIEEe BPEMSI OH HE TTONIEPKH-
BaeTcsA, U B Clydae, €Cli Kakoe-IMOO MpenarpusThe
pewnT Takoi "V3MepuTens" BBITYyCKaTh, HYXKHO Oy-
JeT nepeoopMIIsITh €ro Ha 3TO MPEIIPHUSITHE.
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OPERATIONAL METER FOR THE COMPRESSIBILITY
FACTOR OF GASES AND THEIR MIXTURES
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When determining natural gas consumption using throttling devices, as well as when converting the volumes
of gas produced or transferred under operating conditions to standard cubic meters, it is necessary to know its
compressibility factor (k). Currently, it is determined by calculation. Possible errors of the calculated & value
from the real one can reach 2-3% depending on the gas composition, as well as the magnitudes of operating
pressures and temperatures. Due to the large volumes of gas consumption and its high cost, this amounts to tens
or hundreds of millions of rubles for one of the parties — the seller or the buyer — when purchasing gas. An
experimental method for determining the & value is being considered, based on determining the gas density
through its dielectric permittivity, which provides higher responsiveness and significantly lower error. Experi-
mental data for determining the value of k, obtained using microwave (MW) and centimeter-wave (CW) resona-
tors for carbon dioxide at pressures of approximately 20—40 atm and temperatures of about 30 °C and 18 °C, are
presented. The obtained data is compared with reference & values (taken from the literature). In most cases, the
difference between the reference k., and the experimental ., values does not exceed approximately 0.5%.

Keywords: natural gas, conversion to standard m?, compressibility factor, dielectric permittivity, volumetric resonator,
millimeter waves
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INTRODUCTION

During various technological operations—gas pro-
duction, drying, transportation, delivery to gas distri-
bution stations, and sale to consumers—gas is at vari-
ous pressures and temperatures (under operating con-
ditions). However, all mutual settlements during gas
transfer from one enterprise to another are made in
standard cubic meters (SCM). In this case, it is neces-
sary to introduce corrections related to the difference
between the pressure, temperature, and compressibili-
ty factor under operating conditions (P,, T}, Z,) and
the same parameters under standard conditions (P, T,
Z.), which, in turn, contain errors associated with the
class of the measuring device [1]. If an enterprise has
produced or transferred V), of gas at pressure P, and
temperature 7, then conversion to SCM is carried out
using the relationship

P
V.=V, .—e. b2 (1)
L, | Z,

Here 7. = 293 K, P. = 760 mmHg. (1 atm.), Z. and
Z, are the gas compressibility factors under standard
and operating conditions.

The ratio k=Z7,/Z, is called the compressibility

factor. The quantities Z, Z, and, accordingly, k are
functions of the gas type (and for mixtures, functions
of the gas composition), operating pressure, and oper-
ating temperature.

V, 1s currently converted into ¥, automatically us-

ing special corrector devices that receive data on the
gas's thermobaric parameters (P,, 7,) and the com-
pressibility factors Z,, Z; [2, 3]. Although modern in-
struments for measuring operating pressures and tem-
peratures can achieve high levels of accuracy, the
compressibility factor is currently calculated.

Moreover, depending on the pressure and tempera-
ture ranges, as well as the gas composition, the rela-
tive error in the compressibility factor can reach 2—3%
and is decisive when converting working gas volumes
to standard m’ using relation (1). Another approach to
determining k&, namely, experimental, is considered
below. It is shown that this method is significantly
better than the calculation in terms of both efficiency
and error value.

MODERN METHODS OF DETERMINING
COMPRESSIBILITY FACTOR
AND THEIR DISADVANTAGES

Compressibility factors can be measured experi-
mentally using specialized physical equipment (so-
called PVT bombs). The technique for determining
the Z (P, T) relationship is quite complex and cannot
currently be reproduced in a gas plant laboratory.

Moreover, such measurements require significant la-
bor and time. Therefore, analytical calculation me-
thods (using a number of intermediate coefficients)
are used in practice. They are described in detail in
GOSTs / State Standards (see GOST 30319.2-96;
GOST 30319.2-2015; GOST R 70927-2023; GOST
R 8.769-2011; GOST R 8.914-2016 [4-8]). The error
in calculating the Z value depends on the method
used, as well as on the accuracy of the input data, and
ranges from 1.1 to 2.1%, while the deviation from
experimental data reaches 3.1% (GOST 30319.2-96,
an equation of state GERG-91 mod.) [4].

When measuring pressure, temperature, and diffe-
rential pressure AP, ranging 0.1-0.5%, such large er-
rors are critical, as the error in determining the quanti-
ty of gas sold (or purchased) given its large volumes
and current gas prices costs one party tens and hun-
dreds of millions of dollars (!)".

Note also that the calculated value of Z is an aver-
age over the period between measurements of the
quantities included in the initial calculated data when
calculating gas flow rate. If the component composi-
tion changes during this period, the uncontrolled error
may exceed the error limits of the calculated value of
Z. Hence, the requirement to ensure continuous moni-
toring of the compressibility factor Z, i.e., its monitor-
ing is a pressing task in gas flow measurement and is
currently not performed solely due to the lack of ac-
ceptable technical feasibility.

BASIC PHYSICAL IDEA

The definition of the compressibility factor is
based on the relationship between the gas permittivity
&, its density p, and the resonator's natural frequency
shift [9].

First, we use the equation of state for a real gas in
the Mendeleev— Clapeyron form:

" In 2020, the consumption of natural gas in the Republic of
Udmurtia was 5-10° SCM. The ratio (1) was used in
commercial calculations. Let’s assume that the Udmurt
industrial consumers paying to Gasprom for delivered gas
chose a ratio for compressibility factor calculating k =
=Z, | Z, just 1% lower than the true one. The prices for gas
range from USD 1000 to 2000 per 1000 SCM, let’s assume
that the price was USD 1500. 1% of 5-10° SCM is 5-10’
SCM. Then the cost of 5:10 SCM is (5-10’SCM
/1000 SCM) -USD 1500. = USD 7/5-10". It means that if
there was a mistake in billing due to an erroneous compres-
sibility =~ factor  settling (resulting in  calculated
overestimation of delivered gas), the Republic overpaid
USD 75 mln. It does not play a substantial role that the do-
mestic Russian prices for gas are lower than the world ones.



2)

It is valid for both standard conditions (subscript
"c¢") and operating conditions (subscript "p"). We

pv="tRTZ.
M

write equation (2) in terms of the gas density p =% :

m R
=——T7Z_, 3
P AR 3)
m R
Py :Zﬁ p&p: 4)
From relations (3) and (4), we find:
_Z_phIL )
Z. Pl

The basic idea for determining the compressibility
coefficient k is based on relation (5) (we assume the
operating pressure P, and temperature 7}, are known).

When the microwave resonator is filled with gas,
the propagation speed of radio waves decreases, and
the resonator frequency f, shifts downward and takes
on a new value f;. The relative frequency shift is de-
termined by the permittivity of the gas [10, 11]:

v _ L
70—2(8 D, (6)

where Af = f, — f,.

Next, the gas density value p is found by measur-
ing the dielectric permittivity of the gas &: it is pro-
posed to determine the gas densities p, and p. using
resonators that measure the permittivity & under oper-
ating (&,) and standard (&) conditions by the shift in
the natural frequency of the (i.e., evacuated) resonator

fo.

THEORETICAL BASIS
OF THE DENSITY MEASUREMENT METHOD

Let us discuss the method of measuring gas density
p by determining its permittivity ¢ [12—16].

The method is based on the Clausius — Mossotti
equation, which relates the microscopic parameters of
a gas — its polarizability o and molar mass M — to
its macroscopic, measurable parameters — the density
of the substance p and its relative permittivity (RP) &:

e-1M N,a
e+2 p

()

b
3g,

where N, is Avogadro's constant; £,= 8.854 - 10" F/m
is the electric constant.

The right-hand side of equation (7) consists of the
fundamental constant &, and two molecular con-
stants — N, and o — and is called the molar polariza-
tion:

N, a
3g,

=11. (8)

Hence — and this is the central point of the me-
thod — polarization is also a constant and is inde-
pendent of temperature, pressure, and the frequency
of the external field.

Resolving (7) for p, we obtain:

_3a M (=D
N, o (6+2)

Since the value of ¢ for low pressures (P < 10-20 atm)
does not differ significantly from 1 (e.g., for methane
£=1+0.0008- P, for air), we can, as a first approxi-
mation, neglect the dependence of ¢ on pressure and
set £€+2=3. (At P ~100 atm, the dependence of ¢
must be taken into account).

Then (9) can be rewritten as

€

£

M(<9—1)=A(6—1). (10)
a

A
The proportionality coefficient 4, as can be seen

from (10), can be calculated from the known values of

M and o for a given gas:
ybo M
N, o

(1)

Now, combining (6) and (10), we find an equation
directly expressing the density through the measured
frequency shift:

2Af
p= 3A—f0

S/

To determine the density under operating condi-
tions p,, we must take the frequency shift under these

conditions (%] , and to find the density under
p

0

(12)

standard conditions p , we must take the shift under

2Af

0 Je
ing relation (12) involves the following procedure.
Gas is introduced into the densitometer resonator, its
thermobaric parameters P and T are recorded, the shift
in the resonator's natural frequency Af is measured

these conditions [ J . Measuring the density us-



when it is filled with gas, and the value of p is calcu-
lated using formula (12). The initial frequency of the
resonator f, is determined in advance by measuring

the resonator frequency at several pressure values P;
and extrapolating the straight line /= f{P;) to the point
where P; = 0.

FEATURES OF USING THE DIELCOMETRIC
METHOD TO DETERMINE THE DENSITY
OF OIL AND NATURAL HYDROCARBON GASES

Natural gas is a mixture of hydrocarbon gases,
primarily methane, as well as ballast gases such as
nitrogen, carbon dioxide, water vapor, hydrogen sul-
fide, and others. Therefore, the question of extending
equation (7) to such a mixture is important.

Let the component composition of the gas be given
by the following series (volume fractions in percent):
vi(CH,), v2(CyHg), v3(CsHg), etc. Let's return to the
Clausius — Mossotti formula (7). If we are dealing
with a gas mixture containing i types of pure gases,
then the dipole moment of a volume unit will include
the moments of all polarized molecules. Then relation
(7) can be written as:

MCM (€CM B l) _ NA acm
pCM (SCM + 2) 380 '

(13)
Here M_,, p,,, ., are the molar mass of the mix-

ture, its density, and the polarizability of the mixture
"molecules" (although, of course, no "mixture mole-
cules" actually exist). Given a known volumetric con-
tent, they are calculated using the relations:

MCM:ZVfMi’ pcmzzvipi’ aCM:Zviai’ (14)

where M, p,, a, is the molar mass, density, and pola-
rizability of the i-th component of the mixture;

v, = VZ:V , Vi is the partial volume of the i-th com-

ponent.

From the Clausius — Mossotti equation for mixture
(13), we find an expression for its density, which de-
pendson ¢, :

(60 D)

(6o +2) (4

pCM = Kk-m

where

k3o My 38, 2 M,
o N, a, N, Zviai

is a coefficient depending on the molar mass of the
components of the gas mixture M; and their polariza-
bilities «;.

Fundamentally, the Clausius — Mossotti formula
for gas mixtures (13) is no different from the same
formula for pure gas (7): it simply operates with the
values of M, a, p, averaged over the composition of
the gas mixture. However, there is a pitfall: when cal-
culating real-time density for natural gases transported
through pipelines, the composition of these gases is
not constant: it varies from field to field and, most
importantly, even within a single field, it changes over
time.

This leads to uncontrolled variation in the coeffi-
cient K, = and, hence, to additional errors associated
with compositional variations. This is a fundamental
issue when measuring the densities of natural and pe-
troleum gases. However, this disadvantage is totally
erased when calculating the compressibility factor, as
will be demonstrated later.

MAIN CALCULATION RELATION

Let us derive a relation by which the compressibili-
ty coefficient k£ can be practically calculated. From
relations (5) and (12), we find

(WJ (wj +3
4 e \ f ). [\ Jo ),
a==—k= . <. .
2V TR (me Kmfj +3}
.f() p fo c

A remarkable feature of expression (16) is as fol-
lows. Although the expression for density determined
by the dielectric method (12) includes the Clausius—
Mossotti coefficient X, , which depends on the mix-
ture composition and, in principle, is subject to varia-
tion with changes in gas composition, this coefficient
is not included in expression (16). This allows for the
rapid determination of & with a small error (deter-
mined only by the error in 7, P, and Af/ f; ).

Indeed, since frequency is one of the most accu-
rately measured parameters (it is easy to measure it
with a relative error of &f/f, =10°—~107), it can be
hoped that the measurement of relative shifts
(&7/1y), and (Af/f;), can be carried out with an

error of ~10°—10"", i.e., no more than 0.1-0.01% (this
depends on the choice of measurement scheme and
the quality factor of the resonator).

(16)



EXPERIMENTAL RESULTS

An experimental verification of the algorithm for
determining the compressibility factor was conducted
in [9] and repeated in a later study [1]. For safety rea-
sons, carbon dioxide, which has a k& value close to that
of methane, was used. Furthermore, the availability of
reference data for this gas in the literature was impor-
tant [17]. The difference between [9] and [1] was pri-
marily the use of different frequency ranges: in [9],
this was the wavelength range of A~3 cm (f~10 GHz),
while in [1], it was the millimeter range (1~0.8 cm,
f~35 GHz). Since the measurement results were essen-
tially similar, we will henceforth refer to [1].

A millimeter-wave Fabry — Perot resonator (FPR)
with concave mirrors, consisting of beer can bottoms,
was used for the measurements. The resonator was
housed in a high-pressure enclosure rated for 10 MPa

(Fig. 1).

Fig. 1. Assembly drawing of the compressibility fac-
tor sensor for the device Arzamas-1 prototype.

1 — load-bearing housing; 2, 3 — flanges for the
upper and lower FPR mirrors; 4 — waveguide
flange; 5, 6 — FPR mirrors; 7 — seal; b — radio-
transparent window; B — temperature sensor

A solid-state oscillator with a Gunn diode and a
ferrite isolator protecting the oscillator from reflected
waves served as a millimeter-wave source. The gene-
rator was frequency-controlled using a sawtooth vol-
tage applied to the varactor. A detector head with
a D607 diode served as a detector. The signal level
from the resonator was several tens of millivolts. An
example of a resonant peak obtained using this tech-
nique is shown in Fig. 2.

Fig. 2. Position of resonance picks on frequency
scale at various absolute gas pressure values in the
load-bearing housing

P=0,P=P,=1atmand P=P,

Figure 3 shows the signal from the resonator using
a different electronic recording circuit—a personal
computer and an IN PXI 7831R board.

Fig. 3. Resonance at the pressure of P =23.4 atm, ¢ =
18°C.

Natural frequency f,=34626 MHz, half-width
AF = 5.3 MHz, quality factor Q = 6530

In work [9], measurements of the value of k& were
carried out in a small range of gas pressures of
23< P <33 atm. The relative error (deviation from
the control values of k taken from [17]) ranged from
0.25 to 1.3%. In work [1], the pressure range was
wider — from 26 to 41 atm, and the relative error was
in the interval from 0.12 to 1% in 10 cases and up to
3.9% in three cases (the points spiked). The error was
determined by various factors — primarily a deviation
of the gas temperature from that adopted in the calcu-
lation (a difference of only 1 °C leads to an error of
0.3%), the errors in measuring the pressure, frequency
shift Af', extrapolating the control values of kiourp

(given in [17]), and a number of other factors.

Without a doubt, it can be reduced by taking strict
measures to stabilize temperature and pressure, as
well as more accurately calculating the compressibili-
ty factors Z, and Z..

COMMERCIAL PROSPECTS.
APPLICATION SCOPE

We will list the main points that suggest that the
proposed "Highly Operative Meter for Compressibili-
ty Factor of Gases and Their Mixtures" may find wide
application among large gas consumers: thermal pow-
er plants; boiler houses serving factories and residen-
tial complexes.

1. The scope of application of the meter is not li-
mited by gas composition, pressure, or temperature,
while calculation methods operate within limited
ranges of these parameters (see GOSTs cited in Sec-
tion 1 "Modern Methods for Determining...").

2. The device allows for the operational (conti-
nuous) determination of the & value, while calculation
methods do not allow this.

3. The reliability level of the k value determined by
the meter is significantly higher than that provided by
calculation methods due to the fact that k£ is experi-
mental and refers to the gas flowing through the pipe-
line at the time of measurement, while the calculated
value refers to a composition determined previously.

4. The error in determining the & value by the me-
ter will be ~0.5% or less, while for calculation me-
thods, the calculation error in certain ranges of the
parameters P,, T, and mixture composition reaches
3.1%.

CONCLUSION

Considering all of the above, as well as high gas
prices, with large-scale gas consumption, gas-fired
enterprises are likely to prefer a device that provides
an accurate k value to avoid overpaying money when
purchasing gas (see the example with Udmurtia in
Section 1). Since no company in the world currently



produces a device that measures &, we can expect to
sell it abroad as well.

It's also worth noting that, in addition to its prac-
tical use in the gas industry, the meter may be in de-
mand as a laboratory instrument in many other areas
of physics and engineering dealing with gases.

It's also worth noting that a Russian Federation pa-
tent [18] was issued to the Yu.E. Sedakov Research

Institute of Measuring Systems (Nizhny Novgorod)
for the method of determining the compressibility fac-
tor. However, it is currently unsupported, and if
another company were to decide to produce such
a meter, it would need to be re-registered to that com-

pany.



