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YHUBEPCAJIBHASYA BUOPEAKTOPHASA CHUCTEMA
MAJIOI'O OBBEMA C NEPKOJALIMWMOHHBIM NNEPEMEININBAHUEM
Jb-1 JIAA KYJbTUBUPOBAHUA MUKPOOPI'AHU3MOB,
YYBCTBUTEJIBHBIX K MEXAHUYECKOMY HOBPEXJIEHHNIO

Jlaboparopuble OnopeakTopbl Manoro oobema (o 5 1) SABIAOTCS YAOOHBIM M 3(QQEKTUBHBIM HHCTPYMEHTOM
JUISl TIPOBE/ICHHsI OMOTEXHOJIOTHUECKHUX MPOILIECCOB, TEMAaTHKa KOTOPHIX BechbMa pa3HooOpasHa. [ maBHOH Lenbio nx
UCIIOJIb30BAHUS SIBJISIOTCS YIITyOJIeHHOE H3yueHHEe 0COOCHHOCTEH MPOIECCOB, IPOBOJUMBIX B KOHTPOJIIMPYEMBIX yC-
JIOBUSIX, @ TAKKE MX JAIIbHEWIIAs ONTUMH3alus 1 Macitabuposanue. B naHHo# paboTe mpeayioxeH J1abopaTopHbIi
ouopeakrop Maioro oorema JIb-1 (1.5 1), mepemenInBanie B KOTOPOM OCYIISCTBISCTCS 3a CUCT BO3BPATHOIO TOKA
KHUIKON (ha3bl MEXAY ABYMsI LHMJIMHIPUYECKUMH EMKOCTSIMHU IO/ ACHCTBUEM CXKAaTOro Bo3ayxa (mepkossiuus). [Ipu
9TOM HACHIICHNE INTATEIFHOM CPeIbl Ta3aMH IIPOUCXOANT B IUICHKE JKUIKOCTH Ha TIOBEPXHOCTH EMKOCTEN U TBEp-
IOTEIBHBIX HOcHTeneH. MaccooOMEHHBIE XapaKTEePUCTHKH TO3BOIIOT KiaccuduuupoBaTh JIb-1 kak mieHOYHBINA
O61opeakTop KOJOHHOTO THIA, KOTOPBIH MOXET OBITh MCIOIB30BaH Ul KyJIETHBHPOBAHUS MUKPOOPTaHM3MOB, yB-
CTBHUTEJIFHBIX K MEXaHNYECKOMY BO3/ICHCTBHIO, a TAKXKE JUII NMMOOWIN30BaHHBIX OMBIBAEMbIX KyJIbTyp. Kpome To-
r0, OBIT pa3paboTaH MOrPYKHOW TEIII00OMEHHHK, 0COOEHHOCTH pab0Thl KOTOPOTO BBISBIICHBI C IIOMOIIBIO YHCIICH-
HOT'0 MOJIETUPOBAHHUS Mpoliecca TepMocTaTupoBaHus. Ha ocHOBe pe3ynpTaToB MHIPOAMHAMHUECKOTO MOJIEIUpPOBa-
HUst ObUT pa3paboTaH MapoOCTEPHIIN3YEMbIii KpEeCTOOOPa3HBIN pa3beM C MEePEeropoKon sl aCeNTHYECKOro oTdopa

mpoo.

K. cn.: naGoparopHslii OnopeakTop Majioro oobeMa, KOJIOHHBIN OHOpeakTop, OMOIICHKH, MacIITa0MPOBaHHE,
OMOTEXHOJIOTUYECKHH TpoLece, MEPKOIIIMOHHOE TIepeMEIINBAHUC

BBEJIEHUE

Buopeaktopsl manoro obwema sBISAIOTCS Jabopa-
TOPHBIM O00OPYIOBAaHHEM, KOTOPOE HCIONB3YIOT IS
NPOBEJICHUS Pa3IMYHBIX OMOTEXHOJOTHUECKHX MPO-
reccoB. lIpu 3TOM TemaTWKa JaHHBIX WCCIIEAOBAHUN
JOBOJILHO paszHooOpas3Ha. [lomuMo omHOCTamUitHOTO
KyJIbTHBHPOBAHUS MPOJYIIEHTOB, TabopaTOpHbIE OHO-
PEaKTOpPBI MOTYT OBITH MCHOJIB30BAHBI I OTPAOOTKH
MPOIECCOB OYMCTKU CTOYHBIX BOA [1, 2], OnokaTtanu-
THYEeCKON TpaHcopmamnuu cyocTtpaTtoB [3, 4], moimy-
YeHus BaKUUH [5, 6], BupycHOH TpaHcdopManmu Kie-
TOK [7] m 1.1, Llenpio WX MCTHONMB30BAHUS SIBISIOTCS
uccieoBaHue 0cOOEHHOCTEH MpOIECCOB, MPOBOIU-
MBIX B KOHTPOJHPYEMBIX YCIOBUAX [8, 9], mampHen-
mast ux ontumuzanus [10, 11] u macmtabupoBanue
[12, 13].

CymecTByeT HECKOJIBKO MOIXO0IO0B K Kiaccu(uKa-
UM OMOPEaKTOPOB, OCHOBAHHBIX Ha WX KOHCTPYKLWH,
pexumax paboThl, crmoco0ax TIOABOAA DHEPTHH,
a TaKKe THUIaX OCYIIECTBISIEMBIX MpoieccoB [14—17].
[losTroMy mnpm TmMOCTaHOBKE OHOTEXHOJIOTHYIECKOTO
9KCIIEPUMEHTA CJIEAYET yYUTHIBATh MHOXKECTBO Iapa-
METpPOB Jisi BBIOOpa aJeKBaTHOM Mojenu Ouopeax-
TOPHOM cHCTeMBbl. PeakTopbl KOJJOHHOTO THIA U peak-

62

TOpBI C MEIIAKOW SBJISAIOTCS HanOoJiee MOMYJISIPHBI-
MH KOHCTPYKIHMSIMH, 00ECTeunBaIONINMHA HEo0XO0au-
MBIi MUHUMYM OMOTEXHOJIOTHYEcKoro mporecca. Ko-
JIOHHBIE OMOpEaKTOpbl 00ECHeunBalOT MITKOE Iepe-
MeIlBaHue 3a cuet OapboTaxka. [Ipu 3TOM He BO3HH-
KaeT HalpsDKEHU CABUra, KOTOpbIE MOTYT HETaTUBHO
BJIMSATH HA POCT U pa3BUTHE KyJbTypsl [18, 19]. He-
JOCTaTKOM JaHHOM KOHCTPYKLMH SIBJIAETCS HU3KOE 3Ha-
qenne Kod(duirenTa Maccornepenoca ki, 10 320 o'
[20, 21]. HanHbIl mOKa3aTedb MOXHO MOBBICUTH IY-
TEM YBEJIWYEHH OOBEMHOTO pacxoja IepeMerIn-
Batolero raza [20] win 3a cyeT U3MEHEHUs! IMHEHHBIX
pasmepoB KosloHHHI [22]. B cBolo ouepenp, Ouopeax-
TOp C MEMIANKOHM XapakTepu3yercsi 0oJjiee BHICOKHMMH
nokaszatelisiMu Maccorneperoca (50-550 q' [23-25)),
YTO TIOBBIIIAET €TO CIIPOC HA PHIHKE.
BrlmenepeuncienHble  TUIBI OMOPEaKTOPOB  akK-
THBHO WCHONB3YIOTCA B TPOIEaypax Kak IMpsSMOro,
Tak U oOpartHoro macmrabupoBanus. [Ipsmoe mac-
MTaOUPOBAaHUE TMPOLIECCOB KYJIbTUBUPOBAHUS WU
OMoKaTann3a SBJISETCS BaXKHBIM dTarloM OMOTEXHOJIO-
rHYeckux uccienoanuii. OHO BKIIO4aeT B ce0sl Te-
peHoc J1abopaTOPHOTO AKCIEPUMEHTa B KOHTPOIH-
pyemble ycnoBusi OMOpeakTopa ¢ MOCeIyIOIM To-
STAHBIM YBEJIHYEeHHEM 00beMOB. Pe3ympTarhl mpd-
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MOT0 MacIITaOUpPOBaHMUs MO3BOJISIIOT CYAUTh O PEHTa-
GenpHOCTH HccneayeMoro mporecca [11, 26-28]. Tem
HE MEHee yBEIMYEHHE OOBEMOB TaKXKe MOBBIIIACT
PHUCK BO3HMKHOBEHHS T'PaJME€HTa CKOPOCTH M KOHIICH-
Tpaluy B PeaKIIMOHHOHN 30HE, YTO BEIET K CHIKEHHUIO
3¢ peKTUBHOCTH Mpoliecca. B Takux ciryyasx meseco-
00pa3HO TPOBOAWTH OOpaTHOE MacmTaOMpOBaHUE.
CyTb AaHHOTO METO/A COCTOUT B CUMYJISILIUM MpoLiec-
COB, IPOUCXOASIIUX B ONPEACNEHHBIX 30HaX IMpo-
MBIIIICHHBIX OHOPEaKTOpOB (IIPUCTEHOUYHBIX, LEH-
TpaNbHBIX, MPUAOHHEIX U T.1.) [8, 29, 30].

Kak BuaHo, mpsiMoe u oOpaTHOe MacmTabupoBa-
HUE OCYLIECTBIAIOTCS C IOMOIIBIO J1a0OpaTOPHBIX
omopeaxkropoB Majoro oovema (0.1-5 i), KoTOpHIE
MO3BOJISIIOT ONTUMHU3UPOBATh YCJIOBUS TPOBENEHUS
MHUKPOOHOJIOTHYECKNX M (PepPMEHTAIIMOHHBIX IPOIIeC-
COB M NPOU3BECTH cOOp JAaHHBIX O BIMSHUM Pa3iny-
HBIX (DakTOpOB (Ccr1oco0 MepeMenInBaHus, yBEINICHHE
PEaKUMOHHOTO 00BeMa, TEMIIEPATypPHBII U KUCIIOPOI-
HBI peXUMBI U T.A.) Ha KOHEUHBIH pe3ynbrar. B Ha-

CTOSIIMH MOMEHT KOHCTPYKIIHSI KOMMEpPYECKUX J1abo-
paTopHBIX OMOPEAKTOPOB IPEJCTABICHA B BUJIE peak-
TOpa C JIONMACTHOM Memankoi (TypOwnHa Pamrona)
C pa3IMYHBIM YHCIIOM Jionactel (Tabm. 1).

JlaHHBINA THTT MEMIaJoK 00eCIIeUnBacT B OCHOBHOM
panuansHoe (OT HEHTPa K CTEHKE) TEUEHUE KHUIKOCTH.
Memanikyd ¢ HaKJIOHHBIM PaCIOIOKEHHEM JIOTmacTei
CO3JIAI0T TaKkke U cialbble oceBble (BAOJb Baja) TOKH.
IIpu 3TOM IIpH HepeMeNBaHuy BO3ZHUKAET HaIpsiKe-
HHE CIBHIa, YTO MOXKET IOBJIUATH HA POCT U Pa3BUTHE
YyBCTBUTEJIBHBIX K MEXaHHYECKOMY MOBPEXICHUIO
MuKkpoopranm3mMoB [31-34]. DdexkTuBHOCTS TaHHOH
KOHCTPYKIHMH TaKXKe MOXKET ObITh CHUKEHA, TIOCKOJIb-
Ky TepeMeIInBaHne XHUIKOCTH TMPOUCXOIUT TOJBKO
B 0011acTH, MpHJIETAIONICH HEMOCPEACTBEHHO K JIoma-
ctaMm. [losToMy mpm mepemMemnBaHWN JIOTTACTHBIMHU
MEIIAJIKaMH B BBICOKOM CJIO€ KMIKOCTH HMX BBIIOJ-
HSIOT MHOTOSPYCHBIMM, YTO CO3JaeT emle Ooblie
CABUIOBBIX HANPSIKECHUI.

Tao6a. 1. Kommepueckue 1abopaTopHble OHOPEaKTOpBl MAIOTro 00beMa ¢ MEIIAIKOH

HasBanue IIpousBoautens O0mem, 1 Tun nepeMeniBaHus Ccbuika
BIOSTAT® Cplus | Sartorius staedium biotech 5,10, 15, 20, 30 | Memanka (rypouna Pam- [35]
TOHa, 6 JIomacTei)
BIOSTAT® B Sartorius staedium biotech 1,2,5,10 Mermanka (rypbuna Pam- [36, 37]
TOHa, 3 JIOTacTH)
BIOSTAT® Bplus Sartorius staedium biotech 1,2,5,10 Memanka (Typouna Pami- [5. 6, 38,
TOHA, 2 JIOMACTH) 39]
Braun airlift fermen- Memaka (typGuna Pari-
tor (BIOSTAT® B- Sartorius staedium biotech 2,5 ypouH [37, 40]
DCU II) TOHA), SpIUQPTHBII
. . . Mermranka (TypOuna Par-
Ambr®250 Sartorius staedium biotech 0.25 [41]
TOHA, 2 JIOTTACTH)
New Brunswick New Brunswick 3.5,5,7.5,14, | Memanka (Typ6una Pam-
FS300, baffled fer- - . [11]
Scientific 20 TOHa, 6 JIomacTei)
menter®
BioFlo 3000 New Brunswick 1.6,3.3, 6.6 Memania (rypouna Pai- [42]
Scientific TOHa, 6 JIoTacTei)
New Brunswick .
BioFlo 110 Fermen- | NeW Brunswick 13,3,75,14 | Mewanka (rypouna Pam- [27]
tor Scientific TOHA, 2 JIOTIACTH)
Multifors INFORS AG 0.25,0.5,0.75,1 | Memanka (rypouna Pau- [43]
TOHA, 2 JIOTIACTH)
Ralf Plus-System Bioengineering inc. 2,3.7,5,6.7 Metnasika (Typ6EIHa Pau- [44]
TOHa, 6 JIomacTei)
Shanghai BaoXing
BIOTECH-3BG Bio-Engineering 3,5,7 Memania (rypoura Pai- [45]
. TOHa, 6 JIomacTei)
Equipment Co., Ltd
Continuous stirred Nano-Mag Technologies 1,2,5,10, 20, Memanka (Typ6una Paim- [46]
tank reactors (CSTR) | Pvt. Ltd 25 TOHA, 6 JoTmacTei)
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ITogoOHas crangapTHas KOHCTpyKuus Jlaboparop-
HOro OHOpeakTopa OIpaHMYMBAET HCIOJIb30BaHHUE
TBEPABIX CyOCTpaTOB, arpecCUBHBIX WU B3PHIBO-
OIaCHBIX CpeJl, YTO COKpAINAeT 00JIaCTh UX NPHUMEHE-
Hust. [losToMy nenbio gaHHOW paboOTHI SABIATIACH pa3-
paboTka ambTepHATHBHBIX KOHCTPYKIMHA J1abopaTop-
HBIX OHMOPEaKTOpOB, OCHOBaHHBIX Ha ITHEBMaTHYe-
CKOM TIIepEeMEIIMBAaHUM, YTO SBISETCA MEPCIEeKTHUB-
HBIM HaIIPaBJICHUEM WH)XEHEPHBIX UCCIIEIOBAHUI.

MATEPHUAJIBI U METO/IbI

YucaeHHoe MOAEJIUPOBaHME Mpo1ecca
TEPMOCTATUPOBAHUA

MonenupoBaHye TerIonepeady B Mpolecce Tep-
MOCTaTUPOBAHMSA KUIKOCTH B PEAKLIMOHHONW €MKOCTH
JIb-1 B mokoe W mpu NEepeMEIINBaHUU HEOOXOIMMO
JUIS TIOHMMaHUsS 0coOeHHOCTEH paboThl pa3paboTaH-
HOT'O TIOTPYKHOTO TEINI00OMEHHMKA. B HermoIBmxHOM
CJI0€ KHMJIKOCTH TEPEHOC TEIJIa B PEaKIMOHHON eMKO-
cti JIb-1 peanuzyercs mocpeacTBOM cBOOOTHON KOH-
BEKIIMM M TEIJIONPOBOAHOCTU. Teruionepeaaya 3/1€Ch
paccuuThIBaeTCs 10 CIEAYIOUIEMY YPaBHEHHUIO COXpa-
HeHus sHepruu (1):

oT
pcpa+pCPuVT+Vq:Q+QP+de, 9]

rjie p — IUIOTHOCTb CPEbl, KI/M’; C, — ynenbHas
TEIUIOEMKOCTh ~ TNPH  TIOCTOSHHOM  JIaBJICHHH,
Ix/(xr-K); T — abconrotHas temmeparypa, K; u —
BEKTOpP CKOPOCTH, M/C; (| — TETUIOBOW IMTOTOK MOCPEe-
CTBOM TEILIONPOBOJHOCTH, BT/M*; Q — HCTOUHHKHM
TeIia, OTJIMYHBIE OT BSI3KOTO PacCestHus, Br/™m’; 0,—
paboTa, coBeplIaemas 3a CUET U3MEHCHHs JIaBJICHUS,
Br/™m’ ; Oyq — BSI3KOE paccesiHue, Bt/

IMapametpsr O, u Q,; OUPEAEHAOTCA 1O CIEAYIO-
MM ypaBHEHHM (2, 3):

0,= apT(a—p + quj, 2
ot

0, =1:Vu, 3)

rae o, — Kod(QQUIMEHT TEPMUUECKOTO PACIIUPEHHs,
K'; 7— Temsop Bs3KnX Hanpsokeruii, I1a.

Jig  craumoHapHOW 3alaydl  TEIUIONPOBOJHOCTH
(korma cucTeMa HaXOJUTCS B PABHOBECHH) YPaBHCHUE
CKOPOCTH M3BECTHO Kak 3aKOH Pyphe U ONMUCHIBAETCSA
Kak ypaBHeHUe (4):

q=—kVT, “

riae kK — KO3 QHUIMEHT TEeIIONPOBOAHOCTH MaTepua-
na, Bt/(m-K). YpaBaeHnue (4) mupoKo UCHOIB3yeTCs
JUI. KBa3MPaBHOBECHBIX IPOLIECCOB, I'lle Ba)KHO pac-
npezieficHue TeMIepatypsl B cucreme. [103ToMy OHO

MPUMEHUMO JUIA Tpoliecca TEPMOCTATHPOBAHUS B pe-
aKIMOHHOM EMKOCTH B PEKHME TOKOSI.

B mporiecce MopenrpoBaHHUsS TEPMOCTATUPOBAHUS
Ha BEpXHEHl M BHEIUHEH IMOBEPXHOCTIX MCIOJIb30Ba-
JIOCh TPAaHUYHOE YCJIOBHUE KOHBEKTUBHOI'O TEIJIOBOIO
MMOTOKa, OCHOBAaHHOE Ha PA3HUIE TEMIIEpaTyp MEXAY
paboueil MOBEpXHOCTHIO (CTEKISTHHOM CTEHKOH Lapru
¥ CTaJbHBIM OCHOBAaHUEM EMKOCTH) M OKpY>Karomen
aTMocgepoit.

Monean Keiica — Kpoydopaa

Jnst TeopeTHdecKuX NpencKa3aHuil TypOyJIeHTHO-
ro TemiooOMeHa B MOTPAHUYHBIX CIIOSIX M IOTOKax
B KaHajaxX 3HaHWEe TypOyieHTHOTOo umcia llpanmris
Pry umeer pemaromee 3Hauenue. [nst pacyera naHHo-
ro KpUTEpUs uCHoJb30Bajack Moxaenb Keiica —

Kpoydopna (5) [47]:

5]

0.3C 0.3C
Pr, = ! + ot pHr x
2PrTOo yi Pr,, A
-1
x| 1—exp —*
0.3C, u,\[Pr,, ’ )

rae uucio llpanaris B 6eckonedynoctu Prp, = 0.85;
A — TIPOBOJIUMOCTb.

Mopens Keiica — Kpoydopna sBisieTcss OTHOCH-
TEIFHO TOYHOM MoJenbio s pacuera Pry ¢ mocra-
TOYHOU ammpoOKCUMAIIied Il OOJBITUHCTBA BHIIOB
TypOYJEHTHBIX TEUeHWH, OTPaHWYEHHBIX CTEHKaMH,
32 MCKJIFOUCHUEM TYPOYJICHTHOTO TEUCHUS MKHUJIKHX
MmetaiioB [48].

I'mapoamHamMuyeckoe MoJeJTMPOBaHUE TeYeHUs
skuaKocTH M ypasHeHusi Hapbe — CTokca

JIBI>KeHne BS3KUX JKUIKUX BEIIECTB MOXKHO OIH-
caTb HEKOTOpbIMH aupdepeHmaTbHBIMA  ypaBHE-
HUSMH B YAaCTHBIX IPOU3BOAHBIX, HA3BIBAEMBIMU
ypaBHeHussMu HaBwe — Croxca. st nBuKeHUs He-
CKMMAEMOM BS3KOM JKUAKOCTH C MOCTOSHHOM IUIOT-
HOCThIO ypaBHeHHe HaBpe — CTOKCa M COBMECTHOE
C HUM ypaBHEHHE HENPEPBIBHOCTHA UMEIOT BHUL (6):

p%+ p(u-Viju= V[—pl + ,u(Vu +(Vu)T )} +F,

pV-(u)zO,

(6)

rze U — BEKTOp CKOPOCTH XUAKOH (azbl, m/c; pI —
00bEeMHOE HaNpsDKEHHE; ( — TUHAMHUYECKasl BI3KOCTh
xugkocty, Ila-c; F — cCOBOKYNHOCTh BHEIIHUX CHII,
MPUIOKEHHBIX K )KUAKOCTH.
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VYpaBuenuss HaBbe — CTOKCa HCHONB3YIOTCS IS
onucaHusi (QU3MKU MHOTUX siBjieHud. OHH IIHPOKO
MIPUMEHSIOTCS JUIS PEIIeHUs] WH)KEHEPHBIX 3a/1ad, Ta-
KHX KaK T€4eHHE BOJIbI B TpyOax M TEII00OMEHHHKAX,
oOTekaHue TeJ pa3IMYHON TeOMETPHH, a TaKKe It
HAYYHO-UCCIICJ0BATEIbCKUX IIeeH (OKEaHCKUE Tede-
HUS1, MOJICIIMPOBAHUE MTOTO/IbI, IBUXKCHHUE BO3IYIIHBIX
Macc, TBUKCHUE )KUJKOCTEH B OMOpEeaKkTopax).

JInisi 9HUCIEHHOTO MOJETUPOBAHUS TYpOYJIEHTHBIX
TEYCHUH WCIOJIB30BAIUCH MOJIENb TYpOYJIEHTHOCTH
k-e m ypaBaenuss RANS (Reynolds-Averaged Navier—
Stokes), B OCHOBY KOTOpBIX IIOJIO)KEHBI ypaBHEHHS
Haspe — Croxkca, ocpeanennsie o Perinonpacy. lpu
3TOM MacmTad myibcanuid Beraucisuics kak 0.038-d.,
rie d, — TUAPABIMYECKUHN JUAMETD, MM.

O0beMHbIii KO3(pPuuMeHT Macconepenadu ki,

O6BeMHbII KOd(HUIEEHT Macconepenaun kz, [4 ']
SIBIIIETCS OCHOBHOM MacCOOOMEHHOW XapaKTepUCTH-
KO OMOpeakTOpoOB, OTOOpa)karoliell CKOpocTh mepe-
HOCa KHCIIOpOAa 4depe3 rpaHumy pasgena ¢az. ns
omnpeaeneHust k;, IMHAPOKO TPUMEHSIETCS METOJ BBI-
TECHEHMs ¢ Tmocieaytomiei rasamuei ("gassing out")
[49]. Hamublii MeTON TpenAroiaraeT yaalleHHe pac-
TBOPEHHOT'O KUCIIOpOJa U3 JKUAKOH (hasbl myTem Oap-
00THpOBaHMS a30TOM 10 TE€X TOp, MOKa KOHIIEHTpa-
sl KUCJIOpOJa B KUIKOH (aze HE AOCTHIHET HYJIS.
3aTreM CHOBA BBOJUTCS BO3/yX MJIHM KHUCIIOPOJ U U3Me-
psieTCsl N3MEHEHUE KOHIEHTPAIMH KHCIIOPOJa B JKU-
KOCTH C TIOMOIIBIO TOJSIPOrpagUUuecKuX WIH ONTHYE-
CKHX JJIEKTPOJOB. VI3MeHeHne KOHIIGHTpaIud KUCIIO-
poda B KUIKOCTU MPOUCXOIUT A0 JOCTHXKEHHS paB-
HOBECHOW KOHIICHTPAITUHU COTJIACHO ypaBHEHHIO (7):

dc, .
= =k,a(C"-C), (7
rae k; — xodddumment maccomepemadu, oToOpa-

KO ckopocTh An((y3un BelIecTBa HA TPAHULIE
paszmena ¢a3z, M/c; @ — yIenbHas IUIOMAAb pasaesa
da3, M/M’; C" u C — paBHOBECHAs M TeKyIias KOH-
HEHTPALUN PacTBOPEHHOTO Kuciopoaa, mr/i. WMurer-
pupoBanue ypaBHeHHs (7) MO3BOJIIET OMHCATH CBS3b
MEXJy KOHIIEHTpalluel KHCIOpoJa W BPEMEHEM,
TIpearoaras, 9To k; ‘a 0CTaeTCs MOCTOSTHHBIM (8):

In(C"-C)=—k,at. (8)

Taxum o6pasom, rpaduk 3asucumocts In(C™ — C)
OT BPEMEHHU JIaeT MPSIMYIO JIMHUIO, TAHTEHC YIiia Ha-
KJIOHa KOTOpO#l paBeH (—k, ‘a). DTOT MeToJ HMeeT
MPEUMYIIECTBO Tepe]l XUMHUYECKHM METOIOM CYJIb-
(GUTHOrO OKMCIIEHUS, T.K. MOXET OBbITh HCIIOJIb30BaH
UIE  EepMEHTAIlMOHHOW Cpe/bl, B KOTOPOH MOTYT
NPUCYTCTBOBaTb MEPTBBIC KJIETKH MIM MHULEIHH
B KOHICHTpAllMH{, paBHOH TOH, KOoTOopas oOpaszyercs
BO BpeMs (hepMEHTAIHH.
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PE3YJIBTATHI U OBCYXKJIEHUE

KOHCprKIII/Iﬂ 6n0peaKTopa C IIEPKOJANNOHHBIM
nepeMemnBaHuEM

OnmHuM W3 KpUTEpHEB BBIOOpa OHOPEAKTOPHOTO
o0opynoBaHMsS Ui MaclITaOMPOBaHHSA MPOILECCOB
KyJIFTUBUPOBAHUSI MHKPOOPIaHU3MOB, UyBCTBUTEIb-
HBIX K MEXaHUYECKOMY TOBPEKACHHIO, SIBISETCS OT-
CYTCTBHE HANPSDKCHHH CHIBUTA TPU TEepeMEInBaHUN
[43, 50]. Ha 6a3e onbiTHOTO TIpon3BoacTBa UHCTUTY-
Ta Omomornyeckoro mpubopoctpoenuss PAH (UBII
PAH) Owin paspaboran cnoco0 peaiu3anud Moj00-
HBIX MPOIIECCOB, & TAK)KE MaKeT J1JabopaTopHOro OHO-
peaktopa Juist ux peanuzauuu [51-54]. IlepememunBa-
HUE 3/IeCh OCYIIECTBIISCTCS 32 CUET BO3BPATHOTO TOKA
KUIKOM (Da3bl MEXIy ABYMSI BEPTHKaJIbHO 3aKpell-
JICHHBIMU LMJIMHIPUYECKUMH €MKOCTSIMH IO/ JeHCT-
BHEM CKaToro rasza (Bo3ayxa). [Ipu 3ToM HacbleHHe
MUTATENILHOM Cpelbl ra3aMyd HPOUCXOAUT B IIJICHKE
JKUJIKOCTH HAa BHYTPEHHEHW CTEHKE €MKOCTEH M Ha II0-
BEPXHOCTH TBEPAOTEIBHBIX HOCUTEJICH, a TaKkKe 4ac-
TUYHO 3a cueT OapOoraxa. JlaHHBII crmocob mepeme-
HIMBAaHMs MOJIY4MJ Ha3BaHHE MEPKOJSIMUOHHOIO, I0-
CKOJIbKY B €MKOCTH MOKET OBITh 3arpy>KeH TBEPHbIH
cybcrpar.

Takum 00pa3om, coriiacHO KiaccupUKauu Ouo-
pPEaKTOpOB MO THITY KOHCTPYKIIMH, JIa0OpaTOpPHbBII
ounopeakrop (1.5 1) ¢ MEPKOIAIMOHHBIM TIEepEMEIIH-
BaHHEM SIBJICTCS OMOPEaKTOPOM KOJIOHHOTO THIIA,
NpeAHa3HAYEHHOI 0 Ul MOIPY>KEHHOTO U TBeprodas-
HOT'O KYJIBTUBUPOBaHUS. YTpOIIeHHas cxema Ouope-
aKTOpa C TEePKOJSIMOHHBIM TEPEMEITUBAHUEM TPE]I-
CTaBJieHa Ha puc. 1.

Bbuopeakrop JIb-1 cocrout 3 peakunoHHOTO 0J70-
Ka, KJIallaHHOTo 0JIOKa M CTaHLMHM yIpaBieHus. Jera-
T ¥ y3JIbl PEAKIIMOHHBIX €MKOCTEH OBLIM M3rOTOBIIE-
HBl M3 HEP)KaBEIOLIEH CTand METOAaMu MeXaHHW4e-
ckoii 00pabotku. COopka KOMIOHEHTOB OHOpeakTopa
OCYIIECTBISIACh C TIOMOINBIO PE3bOOBOTO COeAMHE-
HUSI C HCIOJBb30BAaHUEM YIJIOTHUTEIBHBIX KOJIEI.
JlaHHBIA THT COCIUHEHUS SIBISUICS TPENNOYTUTEINh-
HBIM, T.K. CBapHOE COEAMHEHHE MOXKET MPOSBIATH
MOBBIIICHHYIO CKJIOHHOCTh K OOpPa30BaHUIO 0OYaroB
KOPpO3UH B arpecCUBHBIX YCIOBHAX OHMOTEXHOJOTH-
YEeCKOTO mpoiiecca [55, 56]. YIIoTHUTENbHBIE KOJIbIa
TaKXXe HCIOJIb30BAINCh MEXIY CTEKISIHHOM Laproif
M KpBILIKaMH €MKOCTEH AJisi o0ecrieueHusl repMeTrHy-
HOCTH PEakIMOHHOHM 30HBI OWopeakTopa. Bce mare-
pHabl SBISAIOTCS TEPMUYECKU CTAOMIIBHBIMH, YTO I10-
3BOJISIET CTEPMIIN30BAaTh COOPAHHYI0 OMOPEAKTOPHYIO
CHCTEMY OCTPBIM IIapOM.

[Ipu paszpabotke OuopeakTopa MPUMEHSIICS PUH-
LU B3aMMO3aMEHSAEMOCTH, IIPU KOTOPOM 3JIEMEHTHI
KOHCTPYKIHH, U3TOTOBJICHHBIEC C ONPENEICHHON TOY-
HOCTHIO T'€OMETPHYECKHX IapaMeTpoOB, CIOCOOHBI
BBHIMOJTHATD 33JaHHble (DYHKIMHM BHE 3aBHCHMOCTH
OT BPEMEHH U MECTa UX U3TOTOBJICHUSI.
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Puc. 1. YopomenHas cxema naboparopHoro onopeakxropa (1.5 1) ¢ MepKOIAIMOHHBIM MTepEeMEIINBaHIEM.
@, — ¢unpTp-ocymmrens; Py, P, — perymarop nasnenust ¢ manomerpoM; MBP1, MBP2 — peakinioHHasi €eMKOCTb;
H1, H2 — nacoc memOpan#srIii; [IP — 010k maeBMOpacnpenenuteneii; OI' — orxomsmue raser;, K1, ..., K9 — kmana-

HbI IEPEIKUMHBIC HOPMAJIbHO 3aKPBIThIC

JIBrKeHUe JKUIKOH 1 Ta30BOH (a3 peryaupyeTcs KianaHaMu IepeXMMHBIMH HOpMaitbHO 3akpbIThiMu K1-K9; Hanpas-
JIEHUE TTOTOKOB HJIKOCTH U Ta30B YKa3aHO YEPHBIMHU U OETIBIMHU TPEYTOJbHUKAMU COOTBETCTBEHHO. PeakIMoHHbIE eM-
koctu MBP ocnamens! gatunkamu pH, pO, u TemmepaTypsl; Jo0aBieHHEe TUTPAHTOB MIIM MUTATEIBHON CPEllbl B peak-
LIMOHHYIO 30HY OCYIIECTBISIETCS 32 CYET MEMOpPaHHBIX HACOCOB-A03aTOPOB C PETYINPYEMBIM 00bEMOM MEMOpaHBI; pa-
00Ta KITaaHOB PETYINUPYETCs 3-TMHEWHBIMY 2-TIO3UIIMOHHBIMI THEBMOPACHIPEACINUTEISIMA HOPMAIIbHO 3aKPBITHIMU

OmnpenesieHue 00beMHOT0 KO3 (pPpuumeHTa
Macconepenauu ki, nis Jib-1

OObeMHBIN KO3 UIIMEHT Macconepenayu ky, JUist
nmabopaTopHoro Omopeakropa JIb-1 3aBucHT OT cKo-
POCTH TEpeTOKa XUAKOW (Pa3bl MEKAY pEaKIMOHHBI-
MH €MKOCTSIMHU, PEryJUpyeMON 00bEMHBIM PacXoa0M
MepPEeMEIIMBAIOIIEro Bo3ayxa. [IoBBICUTh JaHHBIN 1O-
Ka3aTejab MOXKHO 3a CUeT JO0OABJICHUS B CUCTEMY IIPHU-
HYJIWUTEIHOW adpamuyd JKUAKOH (a3el B TMPOTOKE
Y UCTIOJIb30BAHUS TBEPIOTEIBHBIX HACAIOK (puc. 2).

Be3 wucmonb30BaHUs JOMOJHUTEIBHBIX HHCTPY-
MEHTOB JUIsl YBEIUYEHUSI Maccolepenoca ko3ddumm-
eHr k;, s JIb-1 cocrasun 4.5 £0.1 q_l, YTO COOTBET-
CTBYET TOKazaTeiasM Uil 0apOOTaKHOW KOJIOHHBI
C HU3KUM OOBEMHBIM PACXOJOM adpPUPYIOMIETO BO3-

nyxa [57-59]. JloOaBneHue TBEpOTEIBHBIX HACAIOK
cennoBugHONW (opMbl oOmiei twiomansio 0.037 M
B PEAKIIMOHHYI0O €MKOCTh CIIOCOOCTBOBAJIO IMOBBIIIC-
HUI0 Kod(duimenTa macconepenayu o 7.1 £0.7 g !
(puc. 2). B cBoro ouepenp, MpUHYAUTEIBHAS a3pallus
KUAKON (a3bl B TIPOTOKE C TOMOIIBIO MKEKTOPHOTO
pa3beMa 3HAUMTENBHO MCHBIIE BIMSIET Ha ki,
[0 CPaBHEHUIO ¢ Hacagkamu U pocturaetr 6.0 0.1 gl
Crnenyer TakXe OTMETUTh, YTO B TAaHHOM pPEXUME pa-
60ThI HaOMIOAETCS TpsMasl 3aBUCUMOCTDH K03 dumm-
€HTa Maccolepenayn oT oOBEMHOTO pacxoia mepe-
MEIIMBAKOIIEr0 Bo3nyxa. Haubonbiiee 3HaueHue ki,
KoTopoe coctaBwio 8.4 0.3 q’l, OBUIO JIOCTUTHYTO
MIPU OJTHOBPEMEHHOM HCIIOIH30BAHUN TBEPAOTEIHHBIX
HACAJIOK M TPUHYIUTENFHOW a’pallii B PEXXUME HH-
TEHCHUBHOTO MEPEMEIINBAHUS.

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 1



YHUBEPCAJIbBHASI BUOPEAKTOPHAS CUCTEMA MAJIOI'O OFBEMA 67

—1

kLaa 4

--o--40n/y —e—50n/ —e—60 N/

Puc. 2. 3aBucumocts 00BEMHOTO KO3 QHIMEHTA
Maccornepenaun k;, OT YCIOBHH INepeMelIrBaHMs
B 1aboparopHomM 6ropeakrope JIb-1

Takum oOpazom, nabopatopusiii 6nopeaxtop JIb-1
B CBOCH 0a30BO KOMILICKTAIINY, SIBISSICH OHOPEaKTO-
POM KOJIOHHOTO THIIa, 00CCIIeYMBACT JOBOJILHO HU3-
kuii ko3 dunueHT Macconepenaun. OmHako 100aB-
JICHHE B KOHCTPYKIIMIO JOMOJHUTEIbHBIX OBEPXHO-
CTeH MJIM MEMOpPAHHBIX JJIEMEHTOB, & TAKXKE MOBBIIIIE-
HUE CKOPOCTH TEpEMEIINBaHUS U TPUHYIUTEIbHAsS
aspalusl CIOCOOCTBYIOT YBEIMYCHUIO 3HAYCHHM ki,.
CrnemyeT OTMETUTh, YTO UCHOJIb30BAHHUE TOJBUKHOMN
JKUAKON (ha3bl M HETOJBIIKHBIX TBEPJIOTENBHBIX HO-
cUTesel XapakTepHO ISl TNICHOYHBIX OMOpPEaKTOpPOB,
HIMPOKO TPUMEHSIEMBIX ISl KYJbTUBUPOBAHHUS UMMO-
OMIM30BaHHBIX KyIbTYp [60—-62].

a 0

| —1
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Horpy:xHoi#i TENJ1000MEeHHUK
€ ’KU/IKOCTHBIM HArpeBOM

Jnst obecrievyeHus 3alaHHBIX YCJIOBUH KyJIbTHBU-
POBaHUS pPeaKIHOHHBIE EMKOCTH J1a00paTOPHOTO OHo-
peaktopa JIb-1 ocHamieHbl TEmIO0OMEHHUKAMH TIO-
TPYKHOTO THITA C XUAKOCTHBIM HarpeBoM (puc. 3).

Kak BugHO U3 puc. 3, morpy>xHol TEmI000MEHHUK
MIpEJICTaBIIsIeT cO00i COOPOYHBIN y3€l C pa3beMHBIM
COCZMHEHHEM M BO3MOXKHOCTBIO NMPOMBIBKH JeTajen
OTJIEIBHO.

DddexTrBHAS TUIOMIAIL TEIIOOOMEHHON TOBEpX-
HOCTH CTaKaHa cocraBimsierT 35 +£0.5 cM’, KoTOpast

Puc. 3. Mozenp TermrooOMEHHUKA TIOTPY>KHOTO
THIA C KUIKOCTHBIM HAaIPEBOM.

a — M30MeTpHYecKasi MPOEKIUsl MOAeIH; 6 —
CEYCHUE MOJIEIIH.

1 — crakaH, 2 — Kopmyc, 3 — yAJIMHUTENb
MOTOKA, 4 — BXOAHOM IITyLEp, 5 — BBIXOJHON
IITYLEp, 6 — CIMBHOE OTBEPCTHE, 7/ — CIIUB-
Hoif mtynep. CTpenkaMy 0TOOpaXKeHO Harpas-
JICHNE ITOTOKA TETUIOHOCHUTEIS
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MOYXeT ObITh pacimpena 10 63 £0.5 cM” 3a cuer j0-
0aBneHNs B KOHCTPYKLHUIO BCTAaBOK. lIpennoururens-
HBIM BapUaHTOM MOHTa)Ka IOTPYKHOTO TEIIO0OMEH-
HHKa SIBJISIETCS] pPe3b00BOE COSAMHEHHE C OCHOBAHHEM
OMOpEaKTOPHOW EMKOCTH, 4YTO OOecreyrBaeT Hau-
0OJBIIYI0 TUTOMAAh KOHTAKTa TEIUIOOOMEHHOW TO-
BEPXHOCTH M KHUIKOH (ha3bl B peaKIHOHHOH 30HE.

Jnis m3ydeHns TMOBENEHUS CHCTEMBI B IIpOIIecce
TEPMOCTaTUPOBaHUA OBIJIO TPOBEACHO YHUCICHHOE
MOJIETMPOBAaHNE TEIUIONEpeauyl B PEaKIIMOHHON eM-
koctu JIb-1 B ctatnyeckoM pexume (puc. 4).

YHucno Panes ang ciios Bo3AgyxXa Hall MOBEPXHO-
CTBIO JKAIKOCTU COCTaBUJIO 4.36-10_6, YTO COOTBETCT-
BYET JIJAMUHApPHOMY MOTOKY, B KOTOPOM TeIuIonepeia-
4ya OCYIIECTBISETCS 3a CYET TEIUIONPOBOAHOCTH, a HE
KoHBeKUMHU. [lo3TOMy KO3(QQHLIHMEHT Terionepeaayn
k (4), ucrionb3yeMbIi P MOJIEITMPOBAHHUH, OB MIPH-
HAT paBHEIM 2.5 Br/(M>K), uTo COOTBETCTBYET Temn-
JIOBOMY COIPOTHBIIEHHIO B TOHKOM CJIO€ BO3yXa IpH
temnepatype 20 °C [63]. 13-3a HU3KUX 3HAYEHUH KO-
2 punmeHToB TerUIoNepeaaud BO3MYIIHON ITUICHKH
Ha IOBEPXHOCTH KUIKOH (ha3bl OoJbIast 4acTh TEIlIa

‘max: 31.0000

28 28.5 29 29.5 30 30.5 31

Temnepatypa, °C

nocrymnaer 4epe3 3(PQeKTHBHYI0 MOBEPXHOCTH IIO-
IPY>KHOTO TEIIOOOMEHHHKA.

CornacHo pe3yiapTaTaM YMCIEHHOTO MOZETHUpPOBa-
HUS, B CTATUYHOM pPEXuUMe Tpebyemas TeMmiieparypa
KUIKOH cpenbl B 28 °C MoxeT ObITh JIOCTHTHYTa
B TedyeHne yaca. Kpome Toro, cienyer OTMETHUTH BBI-
PaKEHHBINM TEMJIOBOH T'PalUeHT, IPH KOTOPOM Pa3HU-
11a TEMIIepaTyp B 00beMe PeaKIMOHHONW €MKOCTH MO-
xkeT pocturath 3 °C (puc. 4, a). JlanHas HeogHOPOI-
HOCTP pacripe/ieleHns Teruia o0ycioBlIeHa HATMIUEM
YAJMHEHHOTO LITyLepa, NPeIHa3HaYeHHOTro A MOJ-
JepKaHWUs 3aJJaHHOTO YPOBHS JKUJKOCTH B PEaKIIMOH-
HOH EeMKOCTH BO BpeMs mnepememinBanusa (puc. 1,
MBP1, maructpans K8).

Jia mpoBepKM MOJTY4YeHHON MOJenn ObUIH MpoBe-
JeHbl J1TAa0OpaTOpHbIE MCIBITAHUS, B XOAE KOTOPBIX
OBLTO OTIpe/IeTIeHO U3MEHEHHNE TeMITePaTyphl B IIEHTpe
BEPXHET0 €08 MOJEJIBHOM KMIKOCTH M B HaHMEHee
HarpeToi o0JacTH Ha BXOJE B YAJIMHEHHBIN INTYLEp
(puc. 4, 6). Ilomy4eHHbIE TaHHBIE COTIIACYIOTCA C pe-
3yJbTaTaMH YUCIEHHOTO MOJICIHPOBAHHUS.
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LleHTp (v3mepeHue) = LleHTp (MOens)

Bxop B wryuep (u3mepexune) Bxop B wryuep (Mogens)

Puc. 4. Mozens nporiecca TepMOCTATHPOBAHNS C HUCTIOIB30BAHIEM MOTPYKHOTO TETIIOOOMEHHHKA B PEAKI[HOHHOW €MKO-
cTH 1abopaTtopHoro 6nopeakropa JIb-1 B craTHyeckoM pexume.

a — MpoQuIIb TPaJUEHTa TEMIIEPATYphl; 0 — M3MEHEHNE TeMIepaTypbl MOJICIIBHOM )KUAKOCTH B IIEHTPAILHOM TOYKE I10-
BEPXHOCTHOTI'O CJIOSI dKUKOCTH U Ha BXOJ€ B Y/UIMHEHHBIN HITyIEp YPOBHS.

O0beM peaknmoHHOM emkocTH 1.42 1; ko3dpduiment 3amonueHusst 75%; B KauecTBe MOJCIBHONH HarpeBaeMo
xkuakoctd — Boja (18 °C); obiacTn M3MepeHHs TeMIeparypbl YKa3aHbl METKaMH; TeMIlepaTypa OKPY)Kalolel cpebl
20 °C; remneparypa Tertonocutens 31 °C; Tpedyemast temrniepatypa Harpesa 28 °C; a¢hdexTHBHas III0Ma(b TTOBEPXHOCTH

TerooOMenHmKa 62.3 cm’; Bpemst Harpesa 6000 c.

H3Mepenune npoBOaAUIOCH ¢ TOMOIILI0 TepMoMeTpa conpotusienus JJTC 214-Pt100.A3.40/1 (OBEH®)
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Bpems ycraHoBieHus TpeOyeMoil TeMmepaTypsbl
HarpeBaeMou xuakoctu B 28 °C mis Mojienu u J1abo-
PaTOpPHOTO 3KCIEPHMEHTA B LIEHTPAJIHHON TOUYKE IMO-
BEPXHOCTHOTO cliosi coctaBmwiio 2380 £354 ¢. Ognako
CIIEAyEeT OTMETHUTD, YTO JJIsl 00JIaCTH Ha BXOJE B IITY-
LHep YpPOBHS IO JOCTHXKEHHU Temreparypsl 24 °C
B YCJIOBHSX JIaOOpPaTOPHOTO KCIIEPUMEHTa Ha0mo1a-
€TCsl 3aMENJICHHE IMPOLECCa HAarpeBaHUs, YTO MOXKET
OBITH OOYCIIOBJICHO BIMSHHEM OKDY’KAIOIICH Cpeabl.
Ha BHemiHel cTOpoHE CTEHOK PEakIIMOHHOW €MKOCTH
oOpasyeTrcs IUIeHKa KOHAEHcaTa U3-3a pa3HOCTH TeM-
mepaTryp OKpYXarolllero BO3AyXa W HarpeBaeMoin
JKUJIKOCTH, YTO HE OBUIO y4TeHO B Mozaeiu. Bpewms
JOCTIDKEHHST TpeOyeMOoH TeMIlepaTypsl B AaHHOW 00-
JIaCTH B YCJIOBHAX J1a0OPaTOPHOIO 3KCIIEPUMEHTA CO-
craBuiio 3655 ¢ npotus 2550 ¢ nnst Moziemu.

Takum oOpazom, mosTydeHHbIE TaHHBIE CBHJIETEINb-
CTBYIOT O AOCTaTOYHOH 3((EeKTUBHOCTU pazpaboTaH-
HOTO TIOTPY’KHOTO TermooOoMeHHuKa. JlaHHBIA pabo-
YUl y3€Jl MOKET OBITh MCIIOJIB30BaH B COCTaBe Jia-

K1 K2

H1
K3 3

H2

4

ooparopuoro Ouopeakropa JIb-1 mpu mnpoBeneHuu
OUOTEXHOJIOTHYECKUX TPOIECCOB.

IIapocTepuim3yeMblii pa3beM /sl aCeNTHYECKOI0
ordopa npood

B OnoTexHONOrMYeCKOM MpPOIEcce C MCIONIb30Ba-
HHUEM OHMOPEaKTOPOB pa3IMYHOrO0 O0bEeMa acenThde-
cKkuil oTOOp Mpo0 ABISETCS 3aJIOTOM ycIexa MpPOBO-
JIUMOTO 3KCIEpUMEHTa. BHECEHHE TOCTOPOHHEN MUK-
poIopbl B OHOPEaKTOp MOKET NMPHUBECTH HE TOJBKO
K TTOJIy4EHHIO HEKOPPEKTHBIX PE3yJIbTaTOB, HO U K KOH-
TaMUHALMK paboYmX MMOBEPXHOCTEH.

B nabopatopHeix OnopeakTopax o0bemMoM OT 3
nmo 10 ; acenTudeckuii 0TOOP MPOO OCYIIECTBIISICTCS
C TIOMOIIBIO CIENMAIBHBIX MOPTOB, PACTIOIOKEHHBIX
Ha CTEHKE peaknnoHHOU eMKocTH [64]. K Takum mop-
TaM MOT'YT OBITh IIPUCOEIUHEHBI HECKOJIBKO MTPOO0OT-
OOPHHUKOB, CTEPHIN3AINS KOTOPHIX MPOXOAUT COBME-
CTHO CO CTepHIIM3alueil Bceil OmopeakTOpHOU ycTa-
HOBKH [65].

0
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CH0,00CTb NOTOKa CTEPUNU3yLLEN cpeabl, M/C

Puc. 5. Crepunusyembiii T-00pa3HbIi pa3beM s aCENTHYSCKOr0 0TOOPa MPOOBI.
a — NPHUHIMITMATIBHAS CXeMa y3Ja acelTHYeCKOro oToopa npod; 6 — MoJenb MOTOKa CTEPUIIU3YIOUICH Cpelibl

yepes T-o0pa3Hblil pa3peM.

1 — OuopeakTopHas EMKOCTh; 2 — cTepuin3yeMblil T-00pa3HbIi pa3beM AJIs aCeNTHIECKOro oTOopa mpod; 3 —
po000TOOPHUK; 4 — MCTOYHUK CTEPHIM3YIONIEH CPEbl; B KaUeCTBE MOJEIBFHON CTEPUIIN3YIOLIEH Cpebl TpH-
aaT map (120 °C), obvemubIl pacxon 60 1/4; auaMeTp MPOXOAHOTO cedeHHs T-00pa3HOTO CTEPHIM3YeMOro

pazbema & 6 Mm.

[Morok crepunu3ytommeit cpeapl (KUIKOCTb WIK Hap) 1 )KUAKOTO obpasna perynupyercs kiananamu K1-K3. Ha-
MPABIICHUE TTOTOKOB JKUAKOCTH/TIapa YKa3aHO YEPHBIMU TPEYTOJIEHUKAMHE, IBIKCHHE XKHUIKOW (ha3bl OCYIIECTB-
JISIETCSl C TMOMOIIBIO MepucTanbTHueckux HacocoB H1 u H2; B cinyyae crepunuzanuu ocTpeiM mapoM Hacoc H2
HE UCIOJIb3YETCs; TUAPOAMHAMUYECKOE MOJIETUPOBAHUE COOTBETCTBYET peKUMy cTepuinzanuu (kiaman K1 3a-

KPBIT)
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Jist nabopaTopHBIX OMOPEAKTOPOB MAJIOro 00beMa
(1o 3 1) NpPUMEHSIOTCS BBIHOCHBIE BaKyyMHBIE HPO-
000TOOpHUKK [66] WM JIMHUK TEPMETUYHBIX EMKO-
creit [67]. I'maBHBIM HEZOCTATKOM BCEX IEPEUHCIICH-
HBIX BBIIIE CIIOCOOOB OTOOpa MpOO SIBISETCS HEBO3-
MOKHOCTB TIOBTOPHOH MPOIIEIyPhl CTEPHITH3AIINH.

B pabote [68] manHyio mpoOiemy mpearaercs
pELINTh 32 CYET WCHOJIB30BaHHS CTepHiIH3yeMoro T-
0o0pa3HOro pasbeMa JJisl MOAKIIOYEHHs MPoO0oTOOp-
HUKa K OuopeakTopHoi cucreme (puc. 5). CorimacHo
npeuraraeMoi cxeme (puc. 5, a), K OMOpEaKTOPHOH
emkocTH 1, yepe3 T-o0pa3HbIii pazbeM 2, MOJKIIOYA-
ercsi MpoOOOTOOPHUK 3 M MCTOYHUK CTEPHUIIMIYIOIIEH
cpensl 4.

B pexxume mratHOW paboThl OMOpeakTopa Bce Ma-
THCTPAId CUCTEMBI IPOOOOTOOPHMKA IEPEKPHITHI
knanaHamu K1-K3. OtbGop mpoObl ocymiecTBisieTcs
B /IBa 3Tama, Ha MEPBOM U3 KOTOPBIX MPOU3BOIUTCS
NpeABapUTENbHAS CTEPHIIN3ALMS y3J1a IPH OTKPBITHIX
kimananax K2 u K3 ¢ momomsio Hacoca H2. Ilocme
storo knamaHel K2 m K3 3akpbiBatoTcs, B TO Bpems
kak xmaman K1 oTkpwiBaetrcs s orOopa oOpasia
¢ nomouibto Hacoca HI. IlpeumyiiecTBoM IaHHOM
CHCTEMBI SIBJISIETCSI BO3MOXKHOCTH HE TOJIBKO OTOMpATh
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5 BuopeakTtop

MpoObl, HO M OCYIIECTBJIATh IMOJANUTKY CyOCTpaTom.
W3 HemocTaTKoB cieayeT OTMETHTh HU3KYIO d(dek-
TUBHOCTH CTEpPHIM3aIKK paboyux MOBEPXHOCTEH W3-
3a 0COOCHHOCTEW TMOTOKAa CTEPWIIM3YIOIIEH CpeJibl
B KaHaie T-oOpasHoro pasbema (puc. 5, 6). B coot-
BETCTBUU C PE3yJIbTaTaAMU THIAPOJUHAMUYECKOTO MO-
JCMPOBAHUS  HECOBEPILCHCTBO KOHCTpPYyKumuu T-
00pa3HOTO pa3beMa XapaKTepU3yeTcsl CHUKECHHEM
CIIOCOOHOCTH ~ CTEPHIIM3YIOIEH Cpelbl TPOHHUKATh
B OTBETBJICHUS, PACIOJIOXKECHHBIE TIOZ YIJIOM K MpO-
TOYHOW MarucTpaii CTEPUIN3AIMHI, YTO IIPOBOLHPYET
oOpa3zoBanne MepTBBIX 30H. [Ipn 06beMHOM pacxoxe
octporo mapa (120 °C) 60 n/a MuHMManmbHas CKO-
pocts motoka 1.3-107° m/c HaGmonaercst B MecTe co-
ennHeHUsT T-00pa3HOTO pa3bemMa M OHOPEaKTOPHOI
emkoctd. KpoMe Toro, B OTBETBICHHH IMPOOOOTOOD-
HUKa HaOJIo/1aeTcs 30HA TIOHWKEHHOW CKOPOCTH, YTO
MOJKET OTPa3UThCS Ha AQPEKTHBHOCTH CTEPHIIM3ALHH.

Hcnonb3oBanue KpectooOpazHOTo (UTHHTA IS
HOAKITIOYSHHUS TIPOTOYHON BCIIOMOTATEIbHONW MarucT-
pasii, TI0 KOTOPOHW MOJAeTCs CTEPUIM3YIOIasl cpena,
MOXET 3HAYUTEIbHO CHHU3UTh PHCK KOHTAMHHAIINU
peaKuroHHOMN cpeasbl (puc. 6, a).

CrepunuaytoLias
cpeaa

2.5 TpobooTbopHmk

min: 5.8E-6

30 20 10 Omm

1 1.5 i 2

CKopoCTb NOTOKa CTEepUNU3ytoLLein cpeabl, M/C

Puc. 6. Crepunm3yeMsIif KpecToOOpa3HBIi pa3beM [UIS aCEITHIECKOT0 0TO0opa 00pa3Ios.

a — MPUHIMITHAIBHAS CXeMa y3Jla aCeNTHYECKOro 0TOopa Mpod ¢ MCIIOIb30BAaHHEM MapOCTEPHIIN3YyEMOT0 KPecToo0pa3Ho-
TO pazbeMa; 0 — MOJIeNb MIOTOKa CTEPHIIM3YIOIIEH Cpebl Yepe3 KpecTo0Opa3HbIil pa3beM.

1 — OuopeakTOpHasi eMKOCTb; 2 — CTepHIIN3YEMBIi KpecTooOpas3HbIi pa3beM Ul acenTHYeckoro oroopa npod; 3 — npo-
000TOOpHUK; 4 — WCTOYHHMK CTEPHIM3YIOIIEH Cpelpl; B KayeCTBE MOJEIBHOM CTEPHIM3YIOIIEH Cpeipl NMPHHAT Map
(120 °C), oobemHsIi pacxon 60 1/4; nuamMeTp MPOXOAHOTO CEYCHUS KPeCTOOOPa3HOro pazbema & 6 MM.

[MToTok crepunu3yromeii cpenbl (GKUAKOCTh WIIH 1ap) U JKUAKOro obpasua perynupyercs kinanadamu K1-K4. Hanpasnenue
MOTOKOB JKHJIKOCTH/TIapa YKa3aHO YEPHBIMH TpPEYroJibHHUKaMu. J[BrkeHHe >KUAKO# (a3bl OCyHIECTBISETCS C MOMOLIBIO
nepuctanbTUaecknx HacocoB H1 u H2. B ciyuae crepunmuzaiiuu ocTpbIM lapoM Hacoc H2 He mucmonb3yercs; THIpOIuHA-
MHYECKOE MOJICITHPOBAHUE COOTBETCTBYET pPeXuMy crepuim3anuu (knananbl K1 u K2 3akpeITen)
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CornacHo mpeyiaraemMoii cxeme (puc. 6, a), Kk ouo-
PEeaKTOpHON eMKOCTH 1, uepe3 KpecTooOpa3HbIi pasb-
eM 2, MoAKIItoYaeTcs MpoOOOTOOPHUK 3 M MCTOYHHK
cTeprn3yromel cpensl 4. B pexume mratHOR pado-
THI OMOpEaKTOpa BCE MarucTpajl CUCTEMBI IIPOOOOT-
O6opumKka nepekprIThl kKinamanamMu K1-K4. Ot6op mpo-
OBl oCyIIecTBIISIETCS B Ba dTarna, Ha MEPBOM U3 KOTO-
PBIX TPOW3BOIUTCS TpPEIBAPUTEIbHAS CTEPUIIN3ALUSL
y31a npu oTKpbIThIX KianaHax K3 u K4 ¢ nomouisio
Hacoca H2. Ilocne storo kmanansl K3 u K4 3akpsiBa-
10TCs, B TO BpeMs Kak kiananbl K1 u K2 oTkpeiBatot-
cs1 i otOopa obpasua ¢ momomsio Hacoca H1. Cre-
JIyeT OTMETUTh, YTO, B OTIIMYHE OT CHCTEMBI C T-
o0pa3HbIM pazbeMoM (puc. 5, a), B TaHHOW CHCTEME
eMKOCTh U1 0TOOpa mpob mprcoeTuHsIeTCs 10 Hada-
Jla IpOLEeNYPhl CTEPHIIN3ALNH, YTO 3HAUYUTEIbHO CHH-
JKaeT pUCK KOHTaMHHAIUK. TeM He MeHee, KaK U B CITy-
yae ¢ T-oOpa3HsiM pazbeMoMm (puc. 5, 0), KpecToo0-
pasHblil pa3beM sBisieTcss Hed((HEeKTUBHBIM, T.K. IPHU-
CYTCTBYIOT 30HBI HYJIEBOH CKOPOCTH JKHIKOW (ha3sl
(5.8-10°° m/c).

Jns pemenns ganHOM Tipobiemsl ObIT pazpaboTan
CTEPHIIM3YEeMBIH KPECTOOOpa3HbIi pazbeM 0co00ro
CEYeHHs, KOTOPHII OOecreynBaeT yBEIWYEHHE IPO-
HHUKAIOIEH CHOCOOHOCTH CTEepPUIM3YIOIIEH Ccpelibl
(puc. 7) [69].
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JaHHBIA OAXO0J NOJIPa3yMEBAET HAJIUYKE MEePEero-
POJIIKH BHYTPH KPECTOBUHBI, KOTOPasl IIEpEHAIpPaBIIsieT
IIOTOK B CTOPOHY BCIIOMOTIATEIbHOM CTEPUIIU3YIOIIEH
Maructpamu (puc. 7, a). CornacHo pe3yibTaTaMm THII-
POIMHAMHYECKOTO MOJACIUPOBAHMS, MaKCUMallbHast
CKOpPOCTh ~ CTEpWJIM3YIOIIEH cpelbl  HaOIrogaeTcs
B 00J1aCTH MOBOPOTa MOTOKA B KaHAJIbI OCHOBHOH Ma-
THCTpaiy U coctaBisieT 4.9 mM/c, 4To B JBa paza 00ib-
e, 9eM Jutsi T-00pa3HOro W KpecTooOpa3HOTo pas3be-
Ma (puc. 5, 0, u 6, 6). JlanHast 0COOEHHOCTH OOBSCHS-
eTCsl IByKPAaTHHIM yYMEHBIICHHEM JHaMeTpa MpOXOJl-
HOro cedeHus ¢ 6 MM 10 3.2 MM. CriefyeT OTMETHTb,
4TO 067aCTh MHHHMANbHON ckopocTH (7.2:107 m/c)
pacIoyioxeHa B cepeinHe NeperopoJKy Ha OCH BXO/I-
HOTO ITOTOKAa. AHAJOTHYHAsI KOHYyCO0Opas3Hasi 00acTh
HAOJI0J]aeTCS Ha IMPOTUBOIOJIOKHON CTOpOHE mepe-
ropoakd. I[lOCKONBKY IBW)KEHHE CTEpHIN3YIOLICH
Cpensl B HUX CHIDKEHO, TAHHBIE O0JIACTH COCTABISIOT
"mapasuTHHIH" 00BeM. 3a cYeT TOro, YTO KPecToo0-
pasHBI pPa3beM C MEPETOPOAKON M3TOTABIMBAETCS U3
MPOKaTHOHW HEp)KaBeIoLIeH CTalu KPYIJOro CeYeHHs
METOIaMH MEXaHWUIeCKOW 00pabOTKH, JaHHBIH 00HEM
OBUI 3aMeIleH KOHCTPYKTHUBHBIM 3JIEMEHTOM (pHC. 8).

0

Crepunuaylowasn
cpena

MNpoGooTGopHMk

1.5 2 2.5 ] 1.5 a 4
C"’Oi}GCTb noToKa f;'e[)l!."l'-‘a'_\"oLLlCH cpeas, MIC

Puc. 7. KpectooOpa3Hslii pazbeM ¢ MEPeropoaKkoi sl aCENTUISCKOT0 0TOOpa 00pasIoB.

a — MPOJOJIBHOE CeUYeHHUE; 0 — MOJIENIb TIOTOKA CTEPIIIN3YIOIIEH CPEIbI.

1 — kopryc; 2 — WTynep OCHOBHOM Maructpaiu (0T Onopeakropa K NpoOOOTOOPHHKY); 3 — KaHabl OCHOBHOI MarucT-
paim; 4 — KaHaJBl BCIIOMOTATEIbHOM CTEPHIIH3YIOMIEH MarucTpaii; 5 — HalpaBJIIOas IIePeropoIKa.

MonenbHas crepunmsyroiias cpeaa — map (120 °C), oobeMubIi pacxox 60 /4.

JlnameTphl: MPOXOIHOIO CEYCHUS CTCPHIU3YIONIEH MarucTpanun & 6 MM, paboueii MarucTpaid & 6 MM, HAPaBIISIOIINX

MarucTpaiel, pasJeNeHHbIX NeperopoaKoi,
crepunuzanuu (puc. 6, a, kinanansl K1 u K2 3akpbiTh)

HAVYYHOE [NPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 1
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Crepunuayrowas
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0mm 20

1.5 2 25 3 3.5 4

Puc. 8. MogudumpoBanHsIii KpecToOOpa3HbIN pa3beM ¢ IEPETOPOAKOI IS ACEITHYECKOT0 0TOOpa 00pasIoB.

a — TIPOJIONIBHOE cedeHHe; O — MOJIeTb MOTOKA CTEPHIIN3YIONIEH CpeIbl.

1 — kopryc; 2 — mTynep OCHOBHOM Maructpaiu (0T Onopeakropa K NpoOOOTOOPHHKY); 3 — KaHaIbl OCHOBHOI MarucT-
panu; 4 — KaHalbl BCIIOMOTATENbHON CTEPHIN3YIOIIEH MarucTpaiy; 5 — HaIpaBiAomias Neperopoaka; 6 — Tpamnenue-

BUJIHBIN JEIUTEIb MOTOKA.

MonenbHas crepunmsytonias cpena — map (120 °C), oobeMHsIi pacxox 60 /4.
JlnaMeTphl: MPOXOIHOTO CEYCHUS CTCPHIU3YIOINIEH MarucTpanu & 6 MM, pabodeii MarucTpamu & 6 MM, HAIPaBIISIONINX
MarucTpaie, pa3leiCHHBIX Meperopoakod, & 3.2 mM. [uapoauHAMUYECKOE MOJICITUPOBAHHE COOTBETCTBYET PEKUMY

crepunuzanuu (puc. 6, a, kianansl K1 u K2 3akpsiTh)

TpamenueBUAHbBIN 3JEMEHT PACIIONIOKEH B cepe-
JIUHE HAMpaBJAIOMIed TEePeropoAKH U  BBIIOIHSET
(GYHKUMIO AEIUTENs BXOJHOTO IOTOKAa CTEPHIIU3YIO-
el cpebl U ero paBHOMEPHOE paciipe/ieieHne B Ka-
HaJIbl OCHOBHOM Maructpanu. [Ipu 3ToM MHUHUMaIb-
Hasi cKopocTb notoka cocrasisier 0.001 m/c u Habiro-
JaeTcs Ha Iuromanke aenutens (puc. 8, 0). Ciemyer
TaKKe OTMETHTh, YTO O0aBlICHHE HAHHOIO KOHCT-
PYKTHBHOTO 3JIEMEHTAa B IPOCBET KaHAJIOB OCHOBHOM
MarucTpaiay He BIMsET Ha NPoQuiIb CKOPOCTEH MOTO-
Ka CTEPUIIM3YIOLIEH CpeIbl.

Kak ynoMuHanoch BbIlI€, JaHHBIH Pa3beM MOXKET
OBITH UCIIOJIB30BaH HE TOJBKO JUIS 0TOOpa mpoOd, HO
W U1 100aBJICHUS MUTATENBHBIX Cpel M THTPAHTOB
B PEaKLMOHHYIO eMKOCTh Ouopeakropa. s ompene-
JICHWSI BIMSHAS TPAIECNUEBUIHOTO JEIUTENS Ha TPO-
¢une cxopocTeil MOTOKa XHUAKOW (hasbl B pexumMe
MOJIMUTKU CyOCTpaToM OBLIO MPOBEACHO TMIPOIMHA-
muueckoe moaenuposanue (Ilpunoxenue, puc. I1).

CornacHo pe3ynbTaTaM TUAPOJIMHAMHYECKOTO MO-
JIeNTPOBaHus, TTyOnHA IPOHUKHOBEHHUS KUAKOH (a-
3Bl B OTBETBJIEHHE BCIIOMOTaTENbHOM CTEpUIN3YIOIIEH
MarucTpaiu sl pa3beMa C TPaleueBUAHBIM JENH-
TesieM Oolibllle, YeM AJs pazbeMa C TJaJIKoi mepero-
poakoii (IIpunoxenue, puc. I1). MakcumansHas cko-
POCTH MOTOKA XHUIKOH (ha3bl IpU MPOXOXKICHUU IaH-
HOTO  KOHCTPYKTHBHOTO  3JIEMEHTa  COCTaBJISET
1.37-107 M/c, uto B 1.4 pa3a Ooublie, 4eMm I TIaj-
xoro xaxana (9.18:10°° m/c). MOKHO cenaTh BBIBOJ,
YTO UCIIOJIB30BaHHUE KPECTOOOpa3HOro pa3bema C Tpa-
MENHUEBUIHBIM JEJIHUTENIEM NpH paboTe OCHOBHOW Ma-

THCTpPAJIM CIIOCOOCTBYET YMEHBIICHUIO O0beMa 3a-
CTOWHOU 30HBI, 00Pa3yIOIICHCsS BO BCIIOMOTaTeIbHOMN
CTEpUIN3YIOIIEH MaruCTPaIH.

3AK/JIIOYEHUE

B nanHoit pabote ObuT pa3paboTaH j1a00paTOPHBIN
ounopeaktop manoro oosema JIb-1 (1.5 1) ¢ mepkois-
LUOHHBIM IlepeMellnBaHueM. Takoil Tur nepeMemn-
BaHMsI 00ECICUMBACT HACBHINCHHE MUTATEIBHON cpe-
IIbl Ta3aMH, TJIABHBIM 00pa30M B IUICHKE JKUJKOCTH
Ha BHYTPCHHEH MOBEPXHOCTH €MKOCTEH, a TaKyKe Jac-
TUYHO 3a cueT OapOoraxa. Kaxkplii eIMHUYHBIH 00b-
€M TEePEeMEIIMBACMOM KHUIKOCTH MPOXOJUT KPUTHYC-
CKHE TOYKH TYpOYJIEHTHOCTH B COCIHUHUTEILHON Ma-
TUCTpaJId, 4TO OOCCIICUMBACT BBICOKYIO CTEIEHb I'O-
MOTEHHOCTH cpefibl O6e3 00pa3oBaHusl Cpe3aroliuX Ha-
MPSDKEHUH, XapaKTePHBIX Uil TYPOMHHBIX M JIOHACT-
HbIX MemmanoK. [To3ToMy JaHHBIN MOJAX0Jl MPUMEHUM
MpH KYJIbTHBUPOBAHUA MHUKPOOPTAHM3MOB, UYBCTBH-
TEJIbHBIX K MEXaHWYECKOMY BO3JCHCTBHIO, a TaKKe
JUTSE UMMOOWITM30BaHHBIX OMBIBAEMBIX KYJIBTYD.

COopka mpeJICTaBIeHHOTr0 OMOpeaKTopa OCYIIECT-
BJSIETCSI C MOMOIIBIO Pa3beMHOTO Pe3b0OBOTO COe/ -
HEHUSI, YTO MO3BOJISIET UCIOJIh30BaTh HAOOpP HE0OXO-
JMUMBIX JCTaJieil W Y3JI0B IS BBIMOJIHEHUS KOHKPET-
HOW OWMOTEXHOJOTHMYECKOH 3ajaud B  HAYYHO-
MPaKTHYECKUX M 00pPa30BaTENIbHBIX IICNIAX, a TAKKE
JaeT BO3MOXHOCTh MOOHWIILHOW 3aMeHbI WM J100aB-
JICHUsI 3JICMCHTOB KOHCTPYKIIMU MPU COXPAHCHUU Te-
KyIIero pyHKIMOHAIBHOTO YPOBHSI.
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Puc. II. l'uaponuHamMuueckoe MoOJENUpPO-
BaHHE TEYEHUs *XHUIKOH (asel uepes Kpe-
CTOOOpa3Hblii  CTEPUIM3YEMBIH  pazbeM
C TIEPEropoAKoH B pexxume MOAIUTKU CyO-
CTpPaToM.

a — pa3beM C TJaJAKOW MNEeperopoakoi;
06 — pazbeM c MeperopoKol M Tpamnenue-
BUIHBIM JICJIUTEJIEM TTOTOKA.

[Ipodunm ckopocteld xuaKoi ¢asbl cOOT-
BETCTBYIOT CEYEHHUSIM BXOJHOIO IIOTOKA
Ha paccTosHMM 4 MM OT OCH IUTylepa
OCHOBHOH MarucTpajii /0 IIOCKOCTH
BXOJJHOT'O OTBEPCTHsl BCIIOMOTATENILHOM CTe-
PUIN3YIOLIEN MarUCTPaIy C 1aroM B 1 MM.
MognenbHas xunkas ¢aza — Bona (20 °C),
o0wpeMHBIH pacxon 10 mu/muH. T'uapou-
HaMHUYECKOE MOJEINPOBAHUE COOTBETCT-
BYET peXHUMy 0TOOpa MpoO/MOANNTKH cy0-
cTpaToM (puc. 6, a, kranansl K3 u K4 3a-
KPBITHI)
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A PERCOLATION LAB-SCALE BIOREACTOR SYSTEM LB-1
FOR CULTIVATION OF MICROORGANISMS SENSITIVE
TO MECHANICAL DAMAGES

T. S. Tikhomirova, Y. A. Lepekhin, M. S. Taraskevich

Institute for Biological Instrumentation of the Russian Academy of Sciences,
Federal Research Center "Pushchino Scientific Center for Biological Research of the RAS",
Pushchino, Moscow Region, Russia

Lab-scale bioreactors are convenient and efficient equipment for various biotechnological processes. The
main purpose of their application is an in-depth study of the properties of processes occurring under controlled
conditions, as well as their further optimization and scaling. In this paper, we propose the lab-scale bioreactor
(1.5 L), in which mixing is carried out due to a bidirectional flow of liquid between two cylindrical vessels due
to compressed gases (percolation). Saturation of liquid media here is performed both in a thin layer of liquid on
the surface of vessels and solid carriers. The mass transfer characteristics made it possible to qualify LB-1 as
a column film bioreactor, which can be used for cultivating both microorganisms sensitive to mechanical dam-
age and immobilized washed cultures (biofilms). In addition, an immersion heat exchanger and a steam steriliz-
able X-shaped connector were developed, the features of which were revealed using numerical simulation of the
temperature control process and computational fluid dynamics.

Keywords: lab-scale bioreactor, column bioreactor, scaling, biotechnological process, percolation
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INTRODUCTION

Small-volume bioreactors are laboratory equip-
ment that is used to carry out various biotechnological
processes. At the same time, the topics of these stu-
dies are quite diverse. In addition to one-stage cultiva-
tion of autotrophs. Laboratory bioreactors can be used
to develop wastewater treatment [1, 2], biocatalytic
transformation of substrates [3, 4], production of vac-
cines [5, 6], viral transformation of cells [7] etc. The
purpose of their use is to study the features of
processes carried out under controlled conditions [8,
9], their further optimization [10, 11] and scaling [12,
13].

There are several approaches to the classification
of bioreactors based on their design, operating modes,
methods of energy supply, and the types of processes
carried out [14—17]. Therefore, when setting up a bio-
technological experiment, many parameters should be
taken into account to select an adequate model of
a bioreactor system. Column-type reactors and stirred
tank reactors are the most popular designs, providing
the necessary minimum for the biotechnological
process. Column bioreactors provide gentle mixing
due to sparging. In this case, shear stresses, which can
negatively affect the growth and development of the
culture, do not arise [18, 19]. The disadvantage of this
design is the low value of the mass transfer coefficient
ki, up to 320 h™' [20, 21]. This indicator can be en-
larged by increasing the volumetric flow rate of the
mixing gas [20] or by changing the linear dimensions
of the column [22]. In turn, a bioreactor with a stirrer
1s characterlzed by higher mass transfer rates (50-550

' [23-25]), which increases its demand on the mar-
ket

The above types of bioreactors are actively used in
both forward and reverse scaling procedures. Direct
scaling up of cultivation or biocatalysis processes is
an important step in bio-technological research. It in-
volves transferring a laboratory experiment to the con-
trolled conditions of a bioreactor with a subsequent
gradual increase in volumes. The results of direct scal-
ing allow us to judge the profitability of the process
under study [11, 26-28]. However, increasing vo-
lumes also increases the risk of rate and concentration
gradients in the reaction zone, which leads to a de-
crease in process efficiency. In such cases, it is advis-
able to carry out reverse scaling. The essence of this
method is to simulate the processes occurring in cer-
tain zones of industrial bioreactors (near-wall, central,
bottom, etc.) [8, 29, 30].

As you can see, direct and reverse scaling is car-
ried out using small-volume laboratory bioreactors
(0.1-5 L), which allow optimizing the conditions for
microbiological and fermentation processes and col-
lecting data on the influence of various factors (me-
thod stirring, increasing the reaction volume, tempera-

ture and oxygen conditions, etc.) on the final result.
Currently, the design of commercial laboratory bio-
reactors is presented in the form of a reactor with
a paddle stirrer (Rushton turbine) and different num-
bers of blades (Tab. 1).

Tab. 1. Commercial laboratory small volume bioreac-
tors with stirrer

This type of mixer provides a mainly radial (from
the center to the wall) flow of liquid. Mixers with in-
clined blades also create weak axial (along the shaft)
currents. In this case, during mixing, shear stress aris-
es, which can affect the growth and development of
microorganisms sensitive to mechanical damage [31—
34]. The efficiency of this design may also be reduced
since the liquid is only mixed in the area adjacent di-
rectly to the blades. Therefore, paddle mixers are mul-
ti-tiered for mixing in a high layer of liquid, which
creates even more shear stresses.

Such a standard design of a laboratory bioreactor
limits the use of solid substrates, aggressive or explo-
sive environments, and reduces the scope of their ap-
plication. Therefore, the goal of this work was to de-
velop alternative designs of laboratory bioreactors
based on pneumatic mixing, which is a promising area
of engineering research.

MATERIALS AND METHODS

Numerical thermostating modeling

Heat transfer modeling during temperature control
of liquid in the reaction vessel LB-1 at rest and with
stirring is necessary to understand the operating fea-
tures of the developed submersible heat exchanger. In
a stationary layer of liquid, heat transfer in the reac-
tion vessel LB-1 is realized through free convection
and thermal conductivity. Heat transfer here is calcu-
lated using the following energy conservation equa-
tion (1):

oT
pCp5+pCpuVT+Vq=Q+Q,, +0, ey

where p is the density of the medium, kg/m’; C, is
specific heat capacity at constant pressure, J/(kg K);
T is absolute temperature, K; u is velocity vector, m/s;
q is heat flow by means of thermal conduct1v1ty,
W/m?; Q 1s heat sources other than viscous dissipa-
tion, W/m ), is the work done due to pressure
changes W/m 0,4 1s viscous dissipation, W/m’.

Parameters Q,, and Q,, are determined by the fol-
lowing equations (2, 3):



o, =apT(a—p+quj, 2)
ot

Q,=7:Vu, 3)
where a, is the coefficient of thermal expansion, K';
T 1S viscous stress tensor, Pa.

For a stationary heat conduction problem (when
the system is in equilibrium), the rate equation is
known as Fourier's law and is described as equation

(4):

q Z_kVT, (4)

where £ is the thermal conductivity coefficient of the
material, W/(m K). Equation (4) is widely used for
quasi-equilibrium processes, where the temperature
distribution in the system is important. Therefore, it is
applicable for the process of thermostating in a reac-
tion vessel in rest mode.

In the process of thermostating modeling on the
upper and outer surfaces, the boundary condition of
convective heat flow was used, based on the tempera-
ture difference between the working surface (the glass
wall of the shell and the steel base of the container)
and the surrounding atmosphere.

The Kays — Crawford model

For theoretical predictions of turbulent heat trans-
fer in boundary layers and flows in canals, knowledge
of the turbulent Prandtl number Pr7 is critical. To cal-
culate this criterion, the Kays — Crawford model (5)
[47] was used:

Pr. =

T

2
1 +0.3Cp/1T_ 0'3Cp:“T y
2P1‘TOO A+/Pr A

-1

A
X[l_exp(__OSCP,uT (_PrToo j} ’ ()

where the Prandtl number at infinity is Prp, = 0.85;
A is conductivity.

The Kays — Crawford model is a relatively accu-
rate model for calculating Pry with sufficient approx-
imation for most types of turbulent flows limited by
walls, with the exception of turbulent flow of liquid
metals [48].

Hydrodynamic modeling of fluid flow
and the Navier — Stokes equation

The movement of viscous liquid substances can be
described by certain partial differential equations,
called the Navier — Stokes equations. For the move-
ment of an incompressible viscous fluid with constant

density, the Navier—Stokes equation and the joint con-
tinuity equation have the form (6):

p%+p( V)u=V|-pl+u(Vu+(vu)')|+F,

pV-(u)zO,

(6)

where u is the velocity vector of the liquid phase, m/s;
pl is volume stress; u dynamic viscosity of the liquid,
Pa s; F is the set of external forces applied to the fluid.

The Navier — Stokes equations are used to describe
the physics of many phenomena. They are widely
used to solve engineering problems, such as water
flow in pipes and heat exchangers, flow around bodies
of various geometries, as well as for scientific re-
search purposes (ocean currents, weather modeling,
movement of air masses, movement of liquids in bio-
reactors).

For numerical simulation of turbulent flows, a k-¢
turbulence model and the RANS (Reynolds-Averaged
Navier — Stokes) equations were used. The pulsation
scale was calculated as 0.038-d., where d, was the hy-
draulic diameter, mm.

Volumetric mass transfer coefficient &,

The volumetric mass transfer coefficient ;, [h'] is
the main mass transfer characteristic of bioreactors,
reflecting the rate of oxygen transfer across the phase
boundary. The method of displacement followed by
gassing out is widely used to determine k;,, [49]. This
method involves removing dissolved oxygen from the
liquid phase by nitrogen bubbling until the oxygen
concentration in the liquid phase reaches zero. Then
air or oxygen is reintroduced, and the change in oxy-
gen concentration in the liquid is measured using po-
larographic or optical electrodes. The change in oxy-
gen concentration in the liquid changes until the equi-
librium concentration is reached, according to equa-
tion (7):

dc,
dt

where k; is the mass transfer coefficient, reflecting the
diffusion rate of the substance at the phase boundary,
m/s; a is specific phase interface area, m*/m’; C" and
C are equilibrium and current concentratlons of dis-
solved oxygen, mg/L. Integrating equation (7) allows
us to describe the relationship between oxygen con-
centration and time, assuming that k; -a remains con-
stant (8):

=k,a(C"-C), (7)

In(C" - C)=~k,at. (8)

Thus, the graph of In(C" — C) versus time gives
a straight line, the tangent of the angle of which is
equal to (=&, -a). This method has an advantage over



the chemical method of sulfite oxidation because it
can be used for fermentation media where dead cells
or mycelium may be present in a concentration equal
to that formed during fermentation.

RESULTS AND DISCUSSION

Design of a bioreactor with percolation mixing

One of the criteria for choosing bioreactor equip-
ment for scaling cultivation of microorganisms sensi-
tive to mechanical damage is the absence of shear
stresses during mixing [43, 50]. The Institute of Bio-
logical Instrumentation of the Russian Academy of
Sciences (IBP RAS) and its pilot plant developed
a method for implementing such processes as well as
a model of a laboratory bioreactor for their implemen-
tation [51-54]. Mixing here is carried out due to the
return current of the liquid phase between two verti-
cally fixed cylindrical containers under the action of
compressed gas (air). In this case, the gas saturation of
the nutrient medium occurs in the liquid film on the
inner wall of the containers and on the surface of solid
carriers, partially due to sparging. This mixing method
is called percolation, since a solid substrate can be
loaded into the container.

Thus, according to the classification of bioreactors
by type of construction, a laboratory bioreactor (1.5 1)
with percolation mixing is a column-type bioreactor
intended for submerged and solid-phase cultivation. A
simplified diagram of a bioreactor with percolation
mixing is shown in Fig. 1.

Fig. 1. Simplified diagram of a laboratory bioreactor
(1.5 1) with percolation mixing.

@1 — filter drier; Py, P, — pressure regulator with
pressure gauge; MBP1, MBP2 — reaction vessel;
HI1, H2 — - diaphragm pump; I[IP — pneumatic dis-
tributor block; OI' — exhaust gases; K1, ..., K9 —
normally closed pinch valves.

The movement of the liquid and gas phases is regu-
lated by normally closed pinch valves K1-K9; The
direction of liquid and gas flows is indicated by black
and white triangles, respectively. MBP reaction ves-
sels are equipped with pH, pO, and temperature sen-
sors; the addition of titrants or nutrient medium to the
reaction zone is carried out using membrane dosing
pumps with an adjustable membrane volume; valve
operation is regulated by 3-line 2-position normally
closed pneumatic valves

The LB-1 bioreactor consists of a reaction block,
a valve block, and a control station. Parts and compo-
nents of the reaction vessels were made of stainless
steel using mechanical processing methods. The as-
sembly of the bioreactor components was carried out

using a threaded connection using O-rings. This type
of connection was preferred because a welded joint
may exhibit an increased tendency to form corrosion
spots under the aggressive conditions of a biotechno-
logical process [55, 56]. O-rings were also used be-
tween the glass shell and container lids to ensure the
tightness of the reaction zone of the bioreactor. All
materials are thermally stable enough to sterilize the
assembled bioreactor system with live steam.

When developing the bioreactor, the principle of
interchangeability was used, in which structural ele-
ments manufactured with a certain accuracy of geo-
metric parameters are capable of performing specified
functions regardless of the time and place of their
manufacture.

Determination of volume factor of mass transfer
ki, for LB-1

The volumetric mass transfer coefficient k;, for the
laboratory bioreactor LB-1 depends on the flow rate
of the liquid phase between the reaction vessels,
which in turn depends on the volumetric flow rate of
mixing air. This indicator can be increased by supply-
ing a system with a liquid phase forced aeration in the
flow and solid-state nozzles (Fig. 2).

Fig. 2. Dependence of the volumetric mass transfer
coefficient k;, on mixing conditions in the laboratory
bioreactor LB -1

Without the use of additional tools to increase
mass transfer, the k;, coefficient for LB-1 was
4.5 0.1 h™', which corresponds to the indicators for
a bubble column with a low volumetric flow rate of
aerating air [57-59]. Adding 0.037 m* of solid-saddle
shaped nozzles into the reaction vessel contributed to
an increase in the mass transfer coefficient to
7.1 £0.7 h™' (Fig. 2). In turn, forced aeration of the
liquid phase in the duct using an ejector connector has
a much smaller effect on k., compared to nozzles and
reaches 6.0 0.1 h™". It should also be noted that in this
operating mode, there is a direct dependence of the
mass transfer coefficient on the volumetric flow rate
of mixing air. The highest &;,, value, which amounted
to 8.4 £0.3 h™', was achieved with the simultaneous
use of solid nozzles and forced aeration in intensive
mixing mode.

Thus, the laboratory bioreactor LB-1 in its basic
configuration, being a column-type bioreactor, pro-
vides a rather low mass transfer coefficient. However,
adding additional surfaces or membrane elements to
the design, as well as increasing the mixing speed and
forced aeration, contribute to an increase in kz,. val-
ues. It should be noted that the use of a mobile liquid



phase and stationary solid carriers is typical for film
bioreactors, which are widely used for the cultivation
of immobilized cultures [60—62].

Immersion heat exchanger with liquid heating

To ensure the specified cultivation conditions, the
reaction vessels of the laboratory bioreactor LB-1 are
equipped with heat exchangers of submersible type
and liquid heating (Fig. 3).

Fig. 3. Model of a submersible type heat exchanger
with liquid heating.

a — isometric projection of the model; 6 — cross-
section of the model.

1 — glass, 2 — body, 3 — flow extension, 4 — inlet
fitting, 5 — outlet fitting, 6 — drain hole, 7 — drain
fitting. Arrows indicate the direction of heat carrier
flow

As can be seen from Fig. 3, the submersible heat
exchanger is an assembly unit with a detachable con-
nection that makes it possible to wash parts separate-
ly.

The effective area of the heat exchange surface of
the glass is 35 +0.5 cm’, which can be expanded to
63 +£0.5 cm’® by adding inserts to the design. The pre-
ferred option for installing a submersible heat ex-
changer is a threaded connection to the base of the
bioreactor vessel, which provides the largest contact
area between the heat exchange surface and the liquid
phase in the reaction zone.

To study the behavior of the system during ther-
mostating, a numerical simulation of heat transfer in
the LB-1 reaction vessel was carried out in static
mode (Fig. 4).

Fig. 4. Model of the thermostating process using a
submersible heat exchanger in the reaction vessel of
the laboratory bioreactor LB -1 in static mode.
a — temperature gradient profile; 6 — change in the
temperature of the model liquid at the central point of
the surface layer of the liquid and at the entrance to
the extended level fitting.
The volume of the reaction vessel is 1.42 L; fill factor
is 75%; water is a model heated liquid (18 °C). Tem-
perature measurement areas are indicated by marks;
ambient temperature 20 °C; heat carrier temperature
31 °C; required heating temperature 28 °C; effective
surface area of the heat exchanger 62.3 cm’; heating
time 6000 s.

The measurement was carried out using a resis-
tance  thermometer JITC  214-Pt100.A3.40/1
(OBEH")

The Rayleigh number for the air layer above the
liquid surface was 4.36 +10°°, which corresponds to
a laminar flow in which heat transfer occurs due to
thermal conductivity rather than convection. There-
fore, the heat transfer coefficient £ (4), used in the
modeling, was taken to be equal to 2.5 W/(m* K),
which corresponds to the thermal resistance in a thin
layer of air at a temperature of 20 °C [63]. Due to the
low heat transfer coefficients of the air film on the
surface of the liquid phase, most of the heat enters
through the effective surface of the submersible heat
exchanger.

According to the results of numerical modeling,
the required temperature of the liquid medium of
28 °C can be achieved in static mode in one hour. In
addition, it should be noted that there is a pronounced
thermal gradient, at which the temperature difference
in the volume of the reaction vessel can reach 3 °C
(Fig. 4, a). This non-uniformity of heat distribution is
due to the presence of an extended fitting designed to
maintain a given level of liquid in the reaction vessel
during mixing (Fig. 1, MBP1, line K8).

To verify the resulting model, laboratory tests were
carried out, during which the temperature change was
determined in the center of the upper layer of the
model liquid and in the least heated area at the en-
trance to the extended fitting (Fig. 4, 6). The data ob-
tained are consistent with the results of numerical
modeling.

The time to establish the required temperature of
the heated liquid at 28 °C for the model and laboratory
experiment at the central point of the surface layer
was 2380 +354 s. However, it should be noted that for
the area at the inlet to the level fitting, upon reaching
a temperature of 24 °C under the conditions of a la-
boratory experiment, a slowdown in the heating
process is observed, which may be due to the influ-
ence of the environment. A film of condensation
forms on the outside of the reaction vessel walls due
to the temperature difference between the ambient air
and the heated liquid, which was not taken into ac-
count in the model. The time to reach the required
temperature in this area under the conditions of a la-
boratory experiment was 3655 s versus 2550 s in the
model.

Thus, the data obtained indicate sufficient efficien-
cy of the developed submersible heat exchanger. This
working unit can be used as part of a laboratory bio-
reactor LB-1 when carrying out biotechnological
processes.

Steam sterilizable connector for aseptic sampling

Aseptic sampling is the key to the success of the
experiment in the biotechnological usage of bioreac-
tors of various volumes. The introduction of outside
microflora into the bioreactor can lead not only to in-



correct results, but also to contamination of working
surfaces.

In laboratory bioreactors with a volume of 3 up to
10 1, aseptic sampling is carried out using special ports
located on the wall of the reaction vessel [64]. Several
samplers can be connected to such ports, the steriliza-
tion of which takes place together with the steriliza-
tion of the entire bioreactor installation [65].

For small-volume laboratory bioreactors (up to
3 L), remote vacuum samplers [66] or lines of sealed
containers [67] are used. The main disadvantage of all
the above sampling methods is the impossibility of
repeating the sterilization procedure.

In [68], it is proposed to solve this problem by us-
ing a sterilizable T-shaped connector to connect the
sampler to the bioreactor system (Fig. 5). According
to the proposed scheme (Fig. 5, a), a sampler 3 and
a source of sterilizing medium 4 are connected to the
bioreactor vessel 1, through a T-shaped connector 2.

Fig. 5. Sterilizable T-connector for aseptic sampling.
a — schematic diagram of the aseptic sampling unit;
6 — model of the flow of the sterilizing medium
through the T-shaped connector.

1 — bioreactor container; 2 — sterilizable T-shaped
connector for aseptic sampling; 3 — sampler; 4 —
source of sterilizing medium; steam (120 °C) was
used as a model sterilizing medium, volumetric flow
60 L/h; bore diameter of the T-shaped sterilizable
connector & 6 mm.

The flow of sterilizing medium (liquid or steam) and
liquid sample is controlled by valves K1-K3. The
direction of liquid/vapor flows is indicated by black
triangles; the movement of the liquid phase is carried
out using peristaltic pumps H1 and H2; in case of
sterilization with live steam, the H2 pump is not used;
hydrodynamic modeling corresponds to the steriliza-
tion mode (valve K1 is closed)

During normal operation of the bioreactor, all lines
of the sampler system are closed by valves K1-K3.
Sampling is carried out in two stages, in the first of
which the unit is pre-sterilized with the valves K2 and
K3 open using pump H2. After this, valves K2 and K3
are closed, while valve K1 is opened for sampling
using pump H1. The advantage of this system is the
ability not only to take samples, but also to replenish
the substrate. Among the disadvantages, it should be
noted the low efficiency of sterilization of working
surfaces due to the characteristics of the flow of the
sterilizing medium in the channel of the T-shaped
connector (Fig. 5, 6). In accordance with the results of
hydrodynamic modeling, the imperfection of the T-
shaped connector design is characterized by a de-
crease in the ability of the sterilizing medium to pene-
trate branches located at an angle to the sterilization
flow line, which provokes the formation of dead

zones. At a volumetric flow rate of live steam (120°C)
of 60 L/h, the minimum flow velocity of 1.3-10° m/s
is observed at the junction of the T-shaped connector
and the bioreactor tank. In addition, there is a zone of
reduced speed in the sampler branch, which may af-
fect the effectiveness of sterilization.

The use of a cross-shaped fitting to connect the
auxiliary flow line through which the sterilizing me-
dium is supplied can significantly reduce the risk of
contamination of the reaction medium (Fig. 6, a).

Fig. 6. Sterilizable cross connector for aseptic sam-
pling.

a — schematic diagram of an aseptic sampling unit
using a steam-sterilizable cross-shaped connector;

6 — model of the flow of the sterilizing medium
through the cross-shaped connector.
1 — bioreactor container; 2 — sterilizable cross-

shaped connector for aseptic sampling; 3 — sampler;
4 — source of sterilizing medium; steam is used as
a model sterilizing medium (120 °C), volumetric flow
60 L/h; bore diameter of the cross-shaped connector
& 6 mm.

The flow of sterilizing medium (liquid or steam) and
liquid sample is controlled by valves K1-K4. The
direction of liquid/vapor flows is indicated by black
triangles. The movement of the liquid phase is carried
out using peristaltic pumps H1 and H2. In case of
sterilization with live steam, the H2 pump is not used;
hydrodynamic modeling corresponds to the steriliza-
tion mode (valves K1 and K2 are closed)

According to the proposed scheme (Fig. 6, a),
a sampler 3 and a source of sterilizing medium 4 are
connected through a cross-shaped connector 2 to the
bioreactor vessel 1. In the normal operation mode of
the bioreactor, all lines of the sampler system are
blocked by valves K1-K4. Sampling is carried out in
two stages, in the first of which preliminary steriliza-
tion of the unit is performed with valves K3 and K4
open using pump H2. After this, valves K3 and K4 are
closed, while valves K1 and K2 are opened to take the
sample using pump H1. It should be noted that, unlike
a system with a T-shaped connector (Fig. 5, a), in this
system the sampling container is connected before the
start of the sterilization procedure, which significantly
reduces the risk of contamination. However, as in the
case of the T-shaped connector (Fig. 5, 0), the cross-
shaped connector is ineffective because there are
zones of zero wvelocity in the liquid phase
(5.8-10°° m/s).

To solve this problem, a sterilizable cross-shaped
connector with a special cross-section was developed,
which ensures an increase in the penetrating ability of
the sterilizing medium (Fig. 7) [69].



Fig. 7. Cross connector with partition for aseptic
sampling.

a — longitudinal section; 6 — model of the flow of
the sterilizing medium.

1 — body; 2 — main line fitting (from the bioreactor
to the sampler); 3 — channels of the main line; 4 —
channels of the auxiliary sterilizing line; 5 — guide
partition.

The model sterilizing medium is steam (120 °C), vo-
lumetric flow of 60 L/h.

Diameters: flow section of the sterilizing line & 6 mm,
working line & 6 mm, guide lines separated by a par-
tition & 3.2 mm. Hydrodynamic modeling corres-
ponds to the sterilization mode (Fig. 6, a, valves K1
and K2 are closed)

This approach implies the presence of a partition
inside the cross, which redirects the flow towards the
auxiliary sterilizing line (Fig. 7, a). According to the
results of hydrodynamic modeling, the maximum
speed of the sterilizing medium is observed in the area
where the flow turns into the channels of the main line
and is 4.9 m/s, which is two times more than for the
T-shaped and cross-shaped connectors (Fig. 5, 0, and
6, 6). This feature is explained by a twofold decrease
in the diameter of the flow section from 6 mm to
3.2 mm. It should be noted that the region of mini-
mum speed (7.2-10* m/s) is located in the middle of
the partition on the axis of the inlet flow. A similar
cone-shaped area is observed on the opposite side of
the partition. Since the movement of the sterilizing
medium in them is reduced, these areas constitute a
“parasitic” volume. Due to the fact that the cross-
shaped connector with a partition is made of rolled
stainless steel of round cross-section using mechanical
processing methods, this volume was replaced by
a structural element (Fig. 8).

Fig. 8. Modified cross connector with partition for
aseptic sampling.

a — longitudinal section; 6 — model of the flow of
the sterilizing medium.

1 — body; 2 — main line fitting (from the bioreactor
to the sampler); 3 — channels of the main line; 4 —
channels of the auxiliary sterilizing line; 5 — guide
partition; 6 — trapezoidal flow divider.

The model sterilizing medium is steam (120 °C), vo-
lumetric flow of 60 I/h.

Diameters: flow section of the sterilizing line & 6
mm, working line & 6 mm, guide lines separated by a
partition & 3.2 mm. Hydrodynamic modeling corres-
ponds to the sterilization mode (Fig. 6, a, valves K1
and K2 are closed)

The trapezoidal element is located in the middle of
the guide partition and serves as a divider for the inlet

flow of the sterilizing medium and its uniform distri-
bution into the channels of the main line. The mini-
mum flow velocity is 0.001 m/s and is observed at the
divider site (Fig. 8, 0). It should also be noted that the
addition of this structural element to the lumen of the
main line channels does not affect the flow rate profile
of the sterilizing medium.

As mentioned above, this connector can be used
not only for sampling but also for adding culture me-
dia and titrants into the reaction vessel of the bioreac-
tor. To determine the influence of the trapezoidal di-
vider on the profile of the liquid phase flow rates in
the substrate feeding mode, hydrodynamic modeling
was carried out (Appendix, Fig. IT).

According to the results of hydrodynamic model-
ing, the depth of penetration of the liquid phase into
the branch of the auxiliary sterilizing line for a con-
nector with a trapezoidal divider is greater than for a
connector with a smooth partition (Appendix, Fig. IT).
The maximum flow rate of the liquid phase when
passing through this structural element is 1.37-107 m/s,
which is 1.4 times more than for a smooth channel
(9.18-10° m/s). It can be concluded that the use of
a cross-shaped connector with a trapezoidal divider
helps to reduce the volume of the stagnant zone
formed in the auxiliary sterilizing line when operating
the main line.

CONCLUSION

This work presents a developed small-volume la-
boratory bioreactor LB-1 (1.5 L) with percolation
mixing. This type of mixing ensures the nutrient me-
dium saturation with gases, mainly in the liquid film
on the inner surface of containers, and also partly due
to bubbling. Each unit volume of mixed liquid passes
through critical turbulence points in the connecting
line, which ensures a high degree of homogeneity of
the medium without the formation of shear stresses
characteristic of turbine and blade mixers. Therefore,
this approach is applicable for cultivating microorgan-
1sms that are sensitive to mechanical stress, as well as
for immobilized washed cultures.

The presented bioreactor is assembled using a de-
tachable threaded connection, which allows the use of
a set of necessary parts and assemblies to perform a
specific biotechnological task for scientific, practical
and educational purposes and also makes it possible to
mobilely replace or add structural elements while
maintaining the current functional level.

Appendix



Fig. I1. Hydrodynamic modeling of liquid phase flow
through a cross-shaped sterilizable connector with
a partition in substratum feeding mode.

a — connector with a smooth partition;

6 — connector with a partition and a trapezoidal flow
divider.

Velocity profiles of the liquid phase correspond to the
cross sections of the inlet flow at a distance of 4 mm
from the axis of the main line fitting to the plane of
the inlet of the auxiliary sterilizing line in increments
of 1 mm.

The model liquid phase is water (20 °C), volume flow
10 mL/min. Hydrodynamic modeling corresponds to
the sampling/substrate feeding mode (Fig. 6, a, valves
K3 and K4 are closed)




