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BU3HAYEHHS ONMTUMANBHUX YMOB PEAJTIALLT MPOLIECY TEPMOXIMIYHOI PEFEHEPALII
AN BUKOPUCTAHHS TEMJIOTU BIANPALIbOBAHUX FA3IB FA30TYPBIHHOI YCTAHOBKU

Ha OCHOBI LLUMPOKNX YUCIIOBUX [OC/IAXKEHb BU3HAYEHO OMTUMAsIbHY CXeMy TepMOXIiMIYHOI
pereHepauii As15 BUKOpUCTaHHSI TernJioTu BiArnpaLboBaHWX rasis ra3otypbiHHOI ycTaHOBKU, a
TakoX 3HarigeHo ontumasbHi ymosu ii pobotu. Mpu ubomy KK cxemu csirae mavixe 60 %, a ii

peanidauisi JO3BOJISIE 3HU3NTU BUKUAN LUKIQJINBUX PEHOBUH B aTMOCGepPYy.

KnwyoBi caoBa: TepMoXiMidyHa pereHepaLiisi, KOHBepPTOBaHe NannBeo, BignpaLboBaHi rasu,
razoTypbiHHa ycTaHOBKa, ONTMMasibHa cxema.

CyuacHi ra3oTyp0OiHHi YCTaHOBKH (30KpeMa, Ti,
IO TPAIIOIOTh Ha ra3ornepekavyyBaJIbHUX CTaH-
1isix) MatoTh ayxe Hu3bkuit KK (25 — 30 %), Tak
1110 MOIIYK IILJISIXiB MiABUIIIEHHS iX €(DEKTUBHOCTI €
aKTyaJlbHOIO 3ajgaveto. Sk mokaszaHo B [1], Haii-
KpalluM cocoOOM BMKOPUCTAaHHSI TEIUIOTU Bill-
npalbOBaHUX I'a3iB Pi3HUX TEMJIOBUX YCTAHOBOK i,
otrxe, miaBuieHHs ix KKII € TepmoximiuHa pere-
Hepauisg (TXP), 110 rpyHTYETbCSI HA €HAOTEPMiu-
Hill peakilii BUXiTHOTO MajuBa 3 MPOAYKTaMU 3r0-
psauHs (I13). HeobxinHo 3a3Hauyutu, 1mo TXP He
TiIbKY TIPU3BOAUTH 10 €KOHOMII MMajuBa, a i 3MEH-
IIye€ BUKUAWA IIKiIIABUX PEUYOBMH 3a PaxyHOK
nepexofy 1o criamoBanHsa CO i H,.

ITpu BukopucTtaHHi TexHosorii TXP mis razo-
TypOiHHMX ycTaHOBOK (I'TY) BUHUKAIOTH ABi MPO-
OreMM: HU3bKA TeMIlepaTypa BiIIlpallbOBaHUX
raziB I'TY 3HMXye CTymiHb KOHBEpCii; KpiM TOrO,
tpanuuiiiHi I'TY npaiiotoTs i3 Ay>Ke BEJIMKUM KOe-
(imieHTOM HAMJIMUIIKY TMOBITPSI, a KHUCEHb Y
peareHTi TeX TrajibMye KOHBepcito. 3rigHo 3 [2] wi
TPYJIHOIII MOXHa IOA0JaTU 3a PaxXyHOK PO3Mi-
IIEHHS peakTopa MiX LWIIHApaMU BHUCOKOTO i
HU3BKOTO TUCKY, a TAKOX 3aMiHU 0aacTy-TI0OBIiTPSI
MEeBHOIO KiJIbKICTIO MPOAYKTIB 3TOPSIHHSI.

VYV [2] po3pobieHO MeTod TepMOAMHAMIUHOTO
pospaxyHKy cxeM TXP niag I'TY, a Takox HaBene-
HO MPUKJIaAN YUCIOBUX pe3yJIbTaTiB. AJle 10 IbOTO
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yacy He Oyj0 IpOBEAeHO CUCTEMATUYHi JOCIIia-
KEHHS1 xapakTtepucTuk cxeM TXP 3 Mmetoro ix
OMNTHUMi3allil Ta MOLIYKY OMNTHMMAaJbHUX PEXUMiB
pobotu. CripoOy po3B’si3aTy TaKy 3aJa4y OIMCcaHO
y uiit crarti. PosrngaatoTtees Tinbku ['TY Ha npu-
pOIHOMY rasi, i JJisl CIIPOLIEHHSI BBaXKA€ETHCH, 1110
BiH CKJIAJA€ThCS i3 YUCTOIO METAHY.

PosrassHemo cnoyatky HainpocTiiry cxemy Gl
TepMoxiMiuHo1 pereHepauii i1 I'TY, 300paxkeny
Ha puc. 1. 11 po3paxyHKYy lLii€i cxemMu Tpebda 3a1a-
TH Taki BEJMYMHU: TUCKU p, i p, Ta TeMIepaTypu
T,T, Tg, T, T, (iHmeKcH BiamoBinaroTh uudpam y
Kpyxkeukax Ha puc. 1; semawnn Ty, T, T, 7}, T,i
T, € pe3ylbTaToM TEPMOIMHAMIYHOTO PO3paxyH-
Ky). Ajie mapameTpu pobouoro Tija nepen TypoOi-
HOIO (p,, T,), @ TAKOX TEMIIEpaTypH MOBITPSI NIEPet
KOMITPeCOpOM 7', Ta BUXiZIHOTO TajuBa T CIIil BBa-
KaTU 3aJaHUMM, OTXe, He MOXHa iX MiHSITH
JnoBibHO. Tofdi, HA MepLIKMi TTOTIsIA, i3 7 BEAUUMH,
110 3a1aI0ThCST, MIHATH MOXHA 3: p ), T, 2 i T;. llpote
OiJIbII AeTAJIbHUI aHali3 CBiIUUTh MPO Te, 110 Ha
BUOIp LIMX BEJUYMH CJIil HAKJIACTH 1IIe Ba O0OMe-
JKeHHS, a came, Tpeba BpaxoByBaTU TeMIlepaTypHi
HaIopy Ha XOJOAHOMY i TapsiuoMy KiHLISIX peaKTo-
pa-rerioooMinnuka AT, =T, — T, ta AT, =T, —
— T,. IlpoBesieHi po3paxyHKW IMOKa3ai, IO Y
LHIMPOKOMY [iama3oHi pexXuMiB BenuunmHa AT
nopsaaky 300 K, i, oTke, «<KpUTUYHUM» € Harip
AT,. 3BHYailHO, 1100 KOPEKTHO MOPiBHIOBATH
pi3Hi pexumu, HeoOXximHo 3adikcyBatu AT, Ha
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BiAANPaLbOBaHWX ra3iB ra3oTypbiHHOI YCTAaHOBKM
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Puc. 1. Cxema G1 razoryp6innoi yctaHoBkM 3 TXP: I — nmmiaap Huzbkoro Trcky (LIHT);
2 — xonoaunbHUK; 3 — Kommpecop s [13; 4 — noBiTpssHUIT KOMITpecop;

5 — umninap Bucokoro tucky (LIBT); 6 — 3mimryBsay;

neBHOMY piBHi, Hampukiaa, 20 K, TodTo micmis
BU3HaueHHs Temmnepatypu I[13 3a muainapom
BUCOKOIO TUCKY Tpeba npuiHatu T, = T, — AT,.
TakuM YMHOM, 3AUTUIIAIIOCH IBi BETUYUHU: Tg ip,

3po3yMino, 110 TeMIiepaTypy Tg cJli BUOMpaTu
SIKOMOTa HUKYO10, 1100 3MEHIIUTA POOOTY KOM-
npecopa 3 (iHIII €HEPreTUYHi XapaKTEePUCTUKU

7 — peakTop-TeTuioOOMiHHUK; § — Kamepa 3rOpsTHHSI

cxeMu Big T ¢ 3ATIeXaTh cj1a6o). Ha puc. 2 HaBeaeHO
3aJIeXKHICTh €HEPreTUYHUX XapaKTePUCTUK CXEMU
Bin p,npup, = 1,5 MIla, T, = 1600 K, Tg =T,=
= T, = 300 K (6asoswuii BapiaHT pexumy). i
MOJAJIBIIIOTO TTO3HAYMMO Yepe3 4 , poboTy eneMeH-
TiB cxemMu (iHAEKC p BiAIIOBiZa€e HOMEPY JiHil Ha
puc. 2).

A s )
M/JIx/kmons CH, 3
600 e ]
500 \\_ —
4(x) 1/_ --H-\___‘_h
300 2 _...—---4""'"'#
4 I
100 =
— \ 5
0 !
0.1 0.2 0.3 0.4 p,» MIla

Puc. 2. Enepretuui xapaktepuctuku cxemu G1l:
1, 2 — poboTa HUJiHAPiB BUCOKOTO i HU3bKOTO TUCKY; 3 — cyMa LIUX poOiT;
4, 5 — pobora kKomripecopi mist [13 i moBiTps; 6 — KOprcHa pobOTa CXeMU
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0.A. LLIPAVBEP

Ak BuaHO, GyHKIIA A((p,;) Mae TONOTUI, ane
BUpaXXEHUI MaKCHMyM, IO BiAIOBiZa€ OMNTH-
MaJIbBHOMY THUCKY p 7 TIPU 3aIaHNX 3HAYEHHSIX p ,
T, Tg, T, tra T, HeMOHOTOHHMII xapakTep Ii€l
3aJ1€3KHOCTI MOSICHIOETHCSI TAKUM. 3i 301/IbIIEHHSIM
TUCKY p, 3MeHIIyeTbess pobora LIBT i 3pocrae
pobora IIHT, a ix cyma MOMITHO 30ilbLIyETHCS
NPy HEBEJIMKMX THCKaX i Maiike craga mpu p, >
0,3 MIla. ¥ Toii camuit gac poboTa, 1m0 BUTpaya-
€Thcs Ha ctucHeHH 13, y mpaBiif vacTuHi iHTEp-
BaJly p,; TIPOJOBXKYE 3pOCTATH, IO MOXHA MOSICHU -
T TaKUM 4YUHOM. PiBHSIHHSI TemJIOBOro OajaHCy
Kamepu 3ropssHHs 8 (puc. 1) Mae BUIIISL,

1+J+B1,/3=(+(+p )3,

ne I — enranbnist; J — noBHa eHtanbmist (J= 1+ Q,
O — KaJIOpiifHiCTh); BEJIMYMHU 3 TiUIBIOIO BiAIOBI-
JaloTh TIMTOMIill eHTabIlii (BilHECEeHilt 10 «CTaH-
naptHoro Habopy» I13 merany CO, + 2H,O0 +
7,52N,); B Ta p° — 6e3po3mipHa BUTparta peareHTy i
banacty (p = 1 BinmoBigae CTeXioOMETPUYHIl peati-
3allii mpouecy KoHBepcii (crmagtoBaHHS TYT i
HUXXYEe TeX BBAXAETbCS CTEXiOMETPUUHUM)).
SIKIIo TUCK p,; 3pOCTaE, TO 30LIbIIYETHCS 1 TEMITe-
parypa T ,, a TaKOX TeMIlepaTypa KOHBEPTOBAaHOTO
MaJiMBa Ta Moro roBHa eHTanbmis. Toxdi, IK BUTUIN-
Ba€ 3 piBHsHHS (1), Oyne 3poctatu B’ i, BiAMoOBiz-
HO, poboTta Kommpecopa (kpuBa 4 Ha puc. 2). s

ey

imocTpaliii HaBeaeMO KiJibKa 3HaYeHb [

(R

passMIla 0,15 02 03 04 05

o

p

EdextuBnicts cxemun TXP Bu3sHawaeTbcs ii
KK/, 1110 MOXXHa 00YUCIUTHU 32 (POPMYJIOIO

3,84 421 4,72 5,03 5,23.

= A/, 2

SK BugHO 3 puc. 2, y JaHOMY BapiaHTi MaKCHU-
MajbHa epeKTUBHICTb cxemu G1 gocsraeTbes mpu
p,F = 0,25 MIla; Tyt n” = 48,7 %. HaBenemo me
JaHi Jutst IBOX pexkxuMiB: skuio p, = 1,5 MIla, 7, =
1400 K, maemo p 2 = 0,3 MIla, 0 = 44,36%; npu
p.=2,5MIla, T, = 1600 K napameTpu ontumaib-
HOi ToukuM Taki: p % = 0,4 MIla, n? = 50,9%.
IlixaBo, mo npu iHmWMXx piBHUX ymoBax KK]II
CXeMM 3pOcCTa€ 3i 30iIbIIEHHSIM IOYaTKOBOIO
THCKY P,..

Otxe, cxeMa G1 xapakTepu3yeTbCs TipIIUMU
MOKa3HUKaMMU, HixK pe3yJbTaTu po3paxyHKiB y [2].
Tomy posrasgHeMo iHmy cxemy (G2), 300paxkeHy
Ha puc. 3. Bona BigpisHsieTbes Bim G1 TuMm, 1110 B
peakTopi 7, mopsif i3 peaklii€ro KOHBepCii, Harpi-
Ba€ThbCs TMOBITPs. PiBHSIHHS TerioBoro OaaaHCy
KaMmepu 8 TyT BinpidHseTbcs Bif (1) TUTBKM TUM,
10 I, 3aMiHAETbCS HA [, — EHTaJIbIII0 MOBITPS
micist HarpiBaHHS B peakTopi. [Ipu oMy, K i B
[2], mpuiimMaeThesd, IO OOMABI PEYOBMHU Harpi-
BaIOTHCS B PEaKTOPi 1O OOHAKOBOI TeMIIepaTypu —
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Puc. 3. Cxema G2 (1mo3HavyeHHs 3a puc. 1)
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Ta6mumg 1 — T1apameTpu pobotu cxemMu G2

pa, MITa 0,125 | 0,15 0.2 0,25 0.3 0,4 0,5 0,6
T, K 986,9 | 1022,7 | 1082,0 | 11302 | 1171,2 | 1238,8 | 1293,9 | 1340,5
Ti K 966,9 | 1002,7 | 1062 | 1110,2 | 1151,2 | 1218,8 | 1273,9 | 13205
As, MJlk/kmons CH, | 404,9 | 410,5 | 4153 | 4149 | 4116 | 401,5 | 389,8 | 3783
B 433 | 464 | 516 | 557 | 590 | 638 | 673 | 7,00
n, % 50,48 | 51,16 | 51,77 | 51,71 | 51,31 | 50,05 | 48,59 | 47,15

T,= T, (axuo T, # T,, ajie cymMa MOBHUX EHTaJIbIIii
LIUX PEeYOBMH 3a PeakTOpOM TakKa cama, SIK i y
Bunaiaky 7, = T,, XapaKTepUCTUKU CXEMU BiIpi3-
HSI0ThCS AyXe Mano). KoHTposboBaHi TemIiepa-
TYpHi Hamlopu Ha KiHISIX peakTopa TYT TakKi cami,
SK i JUISE IONIEPENHBOI CXeMHU, i AT, € KpUTHIHUM.
Bzarani mMeTton po3paxyHKy NPUHILMIIOBO HE Bif-
pizHsgeThca Bim cxemu G1. Tlpukianm 4mcioBUX
pe3yabTaTiB IJI1 0a30BOTO pEXUMY HABEICHO Y
Tabn. 1.

Ak i paHile, 3aI€XHICTb 1(p,;) M€ MAKCUMYM.
[TopiBHSIHHS LIMX AaHMX i3 MOKa3HUKAMU CXEMU
G1 cBiguuTh Mpo Te, IO AOMATKOBUI IMimirpin
MOBITPST iCTOTHO 30iNBITYE €(EKTUBHICTh CXEMU
(maitke Ha 4%). SIKIIO TTOYATKOBUMI TUCK ITOPiB-

[ToBiTpsi

Hioe 2,5 MIla, To mapamMeTpu ONTUMAaJIbHOI TOUKU
cTaHoBATS p 7 = 0,4 MIla, n? = 53,23%, oTxe,
i TyT M 3pocTaE 3 p,.

Hanmi posrnsgHemo cxemy G3, nge KoHBepcis
MaJIMBA i MiTIrpiB MOBITPS Peali3yloThCs Y Pi3HUX
amaparax, po3TalloBaHUX MOCIiTOBHO (3p0O3yMiJio,
o o xoxy I13 TepmoxiMiyHMIA peakTop MTOBUHEH
itn paninie). CxeMa 300paxeHa Ha puc. 4. Ha Bin-
MiHY BiJl JBOX IIONEPEAHIX CXEM, TYyT MOXHa
JOBITBHO MIiHSITU HE TUIBKY p,, a i TeMIeparypy
rapstyoro 1oBiTps Tl. Jlo KOHTpOJbOBAaHUX TEMIIE-
paTypHUX HamopiB, KpiM AT, i AT,, TyT Hajlexarhb
TaKOX PI3HHUII TeMIeparyp Ha XoJogHoOMy ATy =
=T,— T, arapsgaomy AT, =T, — T, KiHIIsIX Harpi-
Bauda 9. Po3paxyHKu IToKa3ajiu, o KPUTUIHIMU €
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Prc. 4. Cxema G3 (mo3HaueHHs | — §3a puc. 1; 9 — HarpiBau MMoBiTpsI)
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0.A. LLIPAVIBEP

Haropu AT, i AT,. fIk i paninre, 3amaemo 7, = T, —
20 i, kpim Toro, mindupaemo 7, TaK, m1o6 Harip AT,
Takox nopiBHIoBaB 20 K (mo3HavyaeMo 1110 Temrie-
parypy nositps uepes ;).

Hasememo nmani pospaxyHky Hamopy AT, st
pisumx 7, ipu p, = 2,5 MlIla, T, = 1600 K:

7,K 800 850 900 950 1007,6

ATy, K 214,3 167,6 120,8 74,0 20,0.

3i 30inpmeHHaM TemmepaTypu ToBiTpsa KK/
cxemu 3poctae Bin 49,92 no 50,8%. Y 1abi. 2 HaBene-
HO 3aJIEXHICTh TeMmepaTypu Tl ta KK/ cxemu Bin

pynpu T, = 1600 K. fxicHuii xapakTep NOBeIiHKM
XapaKTepUCTUK L€l cXxeMU He BiApi3HSIETbCS Bif
OIepeIHbOI, ajie eeKTUBHICTh Hik4a Ha 1,3 — 2%.

Takum yriHOM, aHai3 TPHOX CXEM CBITUUTH PO
Te, 110 AOAATKOBUU MiAirpiB MOBITPsl IOKpAILYE
epexTuBHicTb TXP. ToMy HOLIIBHO PO3MISIHYTH
e oaHy cxemy (G4), 1110 BiIpi3HSETbCS 10JATKO-
BUM TiIirpiBoM 0OanacTty, SIKUU CKUIAETHCS VY
Kamepy 3ropsiHHd. I3 mopiBHsHHS cxem G2 i G3
BUTUIMBAE, IO TETIJIOOOMiHHI MOBEPXHi CIil po3-
TaIIOBYBaTH TapanenbHo; cxemy G4 HaBeIeHO Ha
puc. 5. Tyt MOXXHA MiHSITH TUTBKH p 4, SIK Y CXeMax
Gl, G2.

Ta6muira 2 — Xapakrepuctuku cxemMu G3

P, pa MITa
Bennuuna
MIla 0,15 0,2 0,25 0,3 0,4 0,5 0,6 0,7
T1° R K 8322 | 860,3 | 887,5 | 913,7 | 946,6 | 1011,3 | 1053,3
1.5
n, % 49,1 49,72 | 49,78 | 49,52 | 48,58 | 47,41 46,23
T,°, K 863,8 | 885,8 | 919,1 | 950,1 979,7 | 1007,6
2,5
n, % 51,2 | 51,56 | 51,87 | 51,72 | 51,33 50,8
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Prc. 5. Cxema G4 (1mo3HaueHHs 3a puc. 1)
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s 6a30Boro BapiaHTa PO3pPaxyHKiB OITHU-
MaJibHUii TUCK p 7 nopisHioe 0,38 MIla, a edek-
TUBHICTh — N% = 58,48%; oTke, cxema G4 Habara-
TO Kpauia 3a mnonepeaHi. Tomy Oyyo MpoBeaeHO
OifbII JeTalbHE YMCIOBE JOCHIIKEHHS XapaKTe-
PUCTHUK LIi€T cxeMu. BUsIBUNIOCH, 1110 HA BCiX pexXU-
Max 3aJIeXHICTb 1(p,) Mae MakcumyMm. Y Tabi1. 3
HaBEJICHO 3AJICKHOCTI N( p ;) TSI IMUPOKOTO JTiara-
30HY T0YATKOBMX THCKiB 1pu 7, = 1600 K.

31 30iJIbIIIEHHSIM TTOYAaTKOBOTO TUCKY 3HAUYE€HHS
p,’F 3poctae, a KK/ cxemu — HaBlaku, 3MEHIIIY-
€ThbC, Ha BimMmiay Bix cxem G1—G3. Lo 3aKoHO-
MIipHICTh MOXHa TMOSICHUTU TaKUM YHOM. B3arai
sanexHicte KKJI Bim p, BU3HAYaeThes TphOMa

daxTopamu:

1) 9K BUIIMBAE 3 TEPMOAMHAMIYHUX MipKy-
BaHb, €(PEeKTUBHICTb Oymb-sikoi I'TY 3poctae 3i
301JIbILIEHHSIM TTOYAaTKOBOI'O TUCKY;

2) CTyIiHb KOHBEPCii TOMITHO 3HUXYEThCS IIPU
BUCOKHUX THCKaX;

3) v cxemax G1—G4 pi3Hi peXXuMHU Bimmosi-
Jal0Th Pi3HUM BUTpaTaM poOOUYOro Tina, sIKi 6e3-
MmocepenHbO 3ajiexaTh Big mapamerpa f°, IO
BU3HAYAEThCS TEILUIOBUM OajlaHCOM peakTopa-
TEeTJIOOOMiHHMKA (BiAMOBiZHE PiBHSIHHS JErKO
orpumaru 3 (1)). Ilpu 7, = 1600 K ontumanbHuii
pexxum wist cxemu G1 Binnosinae B = 4,50 i 4,95
npu p, = 1,51 2,5 Mlla, y Toit 4ac, sIK U1l CXeMU

Tabmmms 3 — Xapakrepuctuku cxeMu G4

P., MIla | Benuuuna

pa» Mlla 0,15 0,2 0,25 0,26 | 0,27 0,3 0,35 0,4
1 B 7,03 8,48 | 10,01 | 10,32 | 10,64 | 11,63 | 13,41 | 15,38
n, % 58,43 59,50 | 59,94 | 59,95 | 59,96 | 59,88 | 59,48 | 58,76

pa» Mlla 0,2 0,25 0,3 0,35 0,38 0,4 0,45 0,5
1.5 B 6,39 7,32 | 8,27 | 9,24 | 9,84 | 10,25 | 11,31 | 12,42
n, % 56,69 | 57,63 | 58,18 | 58,43 | 58,48 | 58,46 | 58,30 | 57,98

pa» Mlla 0,3 0,4 0,45 0,48 0,5 0,55 0,6 0,7
9 B 6,72 809 | 879 | 9,22 | 9,51 10,26 | 11,03 | 12,67
N, % 56,36 | 57,24 | 57,41 | 57,45 | 57,45 | 57,36 | 57,18 | 56,57

pa» Mlla 0,3 0,4 0,5 055 0,6 0,7 0,8 0,9
2.5 B 5,80 6,87 | 7,95 850 | 9,05 | 10,22 | 11,43 | 12,74
UR % 54,76 | 55,99 | 56,56 | 56,69 | 56,72 | 56,59 | 56,16 | 55,54

pa, MlIla 0,4 0,5 0,6 0,7 0,72 0,8 0,9 1

3 B 6,06 6,94 | 7,82 8,72 8,90 9,65 10,62 | 11,63
N, % 54,80 | 55,60 | 56,02 | 56,15 | 56,15 | 56,05 | 55,76 | 55,30
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0.A. LLIPAVIBEP

G4 — B° = 9,84 i 9,05. OtTxe, mpu mepexoi Bil
TicKy p. = 1,5 10 2,5 MIla mist cxemu G1 dakropu
1 i 3 cnipusioTh MiABUILEHHIO 1i €(eKTUBHOCTI i
nepeBakaloTh BILIUB (hakTopa 2, y TOM Jac, K s
cxeMu G4 Bxe (paktopu 2 i 3 mpu3BOAATH 10 3HU-
xeHHs1 KKII.

JocnimkeHo TakoxX BIUIMB ITOYATKOBOI TEMITE-
parypu T, i «CTaHIAPTHOTO» TEMIIEPATYPHOTO
Haropy A7, Ha XapaKTePUCTHUKH CXEMHU.
BusiBiieno, mo spoctanHs T, i 3HuXeHHS AT,
CHPUSIOTH IMOKPAIIEHHIO XapaKTePUCTUK CXEMHU.
PospobiieHe nporpaMHe 3a0e3re4eHHs J03BOJISIE
3HANTU ONTUMAJIbHY TOUKY IJISI OYIb-SIKMX PEXKM-
MiB pOOOTU CXEMU.

BUCHOBKHU

Po3risitHyTO 4OTUPU CXEMU TEPMOXiMiUHOI
pereHepalii aJs1 BUKOPUCTAHHS TEIUIOTU Bii-
npauboBaHux razis I'TY, po3pobieHo MeTonu iX
TepMOAMHAMIYHOIO PO3paxyHKy, Ta IIPOBEICHO
YUCJIOBI JOCTiIKEHHS iX e(heKTUBHOCTI y IINUPOKO-
My Jiana3oHi TUCKIB i TeMnepaTyp. BcraHoBIeHO,
IO HalKpallli pe3yabpraTy 3abe3neuye cxema G4,
JIe Y peaKkTopi-TeIUIOOOMiIiHHUKY peai3y€eTbCs
MpoLec KOHBepCil MajiMBa Ta HarpiBaHHs MOBITPS,
1o ime Ha cmamoBaHHS, i Oamacty (I13), saxwuii
3abe3reuye OXOJOMKEHHS PoOOYOoro Tila micis
KaMepu 3TOpsSIHHS A0 MPUIHSITHOI TeMIepaTypu.
BcranoBneno, mo 3anexHicth KK cxemu Bif
tcky p,Mixx LIBT i LIHT 3aBxnu mae BupakeHuii
MakcUMyM. lle IOSCHIOETBCS TMM, IO CyMapHa

poboTa 000X LMIIHAPIB IMOMITHO 30iJIbLIYETHCS
NPY HEBUCOKMUX p; i Maiixke cTaa Mpu BUCOKUX, Y
TOM Yac, sIK po00Ta Ha CTUCHEHHSI 6aJ1acTy 3poCTae
y BCbOMY JianasoHi 3Ha4yeHb p, BcraHosiaeHo
napanoKcajlbHy, Ha IepIIuid MOIJIsIa, 3aJ1eXHiCTh
KK pisHEX cXeM Bill TIOYaTKOBOIO THCKY p:
akmo KKJI cxemu G4 3MeHIIYEThCS 3i 3pOCTaH-
HSM p_, TO ISl IHIOMX CXeM BiH 30LTbIIYEThCS
yepe3 CKJIaJHUI XapakKTep 3ajieKHOCTi MUTOMOI
BUTpaTh Oajacty Bill p.. 3HAHIEHO ONTUMANIbHI
ymoBu poboru cxemu G4 (p, = 1 MIla; p, = 0,27
MIla; T, = 1600 K), npu axux ii KK]I csirae 60%.
KpiMm icToTHOI eKOHOMIT nmajanBa, cxema J03BOJISIE
3MEHIINUTY BUKUIW IIKiIJTUBUX PEUOBMH B aTMO-

cepy.
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DETERMINATION OF THE OPTIMAL CONDITIONS OF IMPLEMENTING
THE PROCESS OF THERMOCHEMICAL RECUPERATION FOR USING THE HEAT
OF EXHAUST GASES OF A GAS-TURBINE PLANT

Based on extensive numerical studies, we have determined the optimal scheme of thermo-
chemical recuperation for using the heat of exhaust gases of a gas-turbine plant and its opti-
mal operating conditions. In this case, the efficiency of the scheme reaches almost 60%, and
its implementation enables one to reduce harmful emissions to the atmosphere.
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optimal scheme.

Modern gas-turbine plants (especially those
operating at gas-pumping stations) have very low
efficiency (25 — 30%), and, hence, finding the ways
to improve their efficiency is a crucial task. As
shown in [1], the best way to use the heat of exhaust
gases of different heating plants and thus to improve
their efficiency is thermochemical recuperation
(TCR), based on the endothermic reaction of initial
fuel with combustion products (CP). It should be
noted that TCR gives not only fuel saving but also
reduces harmful emissions owing to transition to
the combustion of CO and H,.

The use of TCR technology for gas-turbine
plants (GTPs) is connected with two difficulties:
the low temperature of GTP exhaust gases reduces
the degree of reforming; in addition, conventional
GTPs operate with very large excess-air coeffi-
cients, and oxygen in the reagent also inhibits
reforming. According to [2], such difficulties can be
overcome due to placing the reactor between high-
and low-pressure cylinders as well as by the replace-
ment of ballast-air with a certain amount of com-
bustion products.

In [2], the method of thermodynamic calcula-
tion of TCR schemes was developed for GTPs, and
some examples of numerical results were provided.
But so far no systematic study of the characteristics
of TCR schemes was made for their optimization

© O.A. SHRAIBER, 2015

and search for the optimal modes of their work.
This article describes an attempt to solve such prob-
lem. Only those GTPs are considered which work
on natural gas, and it is assumed for simplicity that
it consists of pure methane.

First, consider the simplest scheme G1 of thermo-
chemical recuperation for GTPs, shown in Fig. 1.

To calculate this scheme, it is necessary to assign
the following quantities: pressures p_ and p, tem-
peratures 7, T, Tg, T,, and T, (subscripts corre-
spond to numbers in the circles in Fig. 1; the values
of 7,, T, T, Tf, T,,and T, are the result of thermo-
dynamic calculation). However, the parameters of
the working medium before the turbine (p,, T) and
the temperatures of air before the compressor 7,
and initial fuel 7, should be considered as given,
therefore, they cannot be arbitrarily varied. Then,
at first sight, 3 of 7 quantities to be given can be var-
ied:p,, T o and T,. However, more detailed analysis
shows that two additional constraints should be
imposed on the choice of these variables, namely, it
is necessary to take into account temperature differ-
ences at the cold and hot ends of the reactor-heat
exchanger AT, =T,— T, and AT, =T,— T,. Our
calculations showed that, over a wide range of con-
ditions, the value of AT is about 300 K, so, the dif-
ference AT, is “critical”. Of course, to properly
compare different modes, it is necessary to fix AT,
at a certain level, for example, at 20 K, i.e., after
determining CP temperature after the high-pres-
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Figure 1. Scheme G1 of gas-turbine plant with TCR: I — low-pressure cylinder (LPC); 2 — cooler;
3 — CP compressor; 4 — air compressor; 5 — high-pressure cylinder (HPC); 6 — mixer;
7 —reactor-heat exchanger; § — combustion chamber

sure cylinder, it should be taken 7, = Tf —
Thus, two values remain: Tg and p,,.
It is clear that the temperature 7. should be
i g
selected as low as possible to reduce the work of
compressor 3 (other energy characteristics of the
scheme have a weak dependence on T’ g). Figure 2

AT,

shows the dependence of energy characteristics of
the scheme on p,at p.= 1.5 MPa, T, = 1600 K,
T,=T,=T= 300K (base variant of the mode). In
wghat follows, we denote by 4 the work of elements
of the scheme (subscript p corresponds to the num-
ber of line in Fig. 2).

Ap’ _
MJ/kmol  CH, 3
600 =g 1
— |
500 p ]
400 = T
0 4 __,L%--"'”"Ff
200 == —
] /
102 — \i

0.1 0.2

0.3 0.4 24> MPa

Figure 2. Energy characteristics of scheme G1:
1, 2 — work of high- and low-pressure cylinders; 3 — sum of these works;
4, 5 — work of compressors for CP and air; 6 — useful work of the scheme
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As is obvious, the function Ag(p,) has a gently
sloping but pronounced maximum corresponding
to the optimal pressure p 7 at given values of p , T,
Tg, T, and T, The nonmonotonic nature of this
dependence is explained as follows. With increase
in the pressure p,, the work of HPC decreases, the
work of LPC grows, and their sum considerably
increases at low pressures but is almost constant if
py > 0.3 MPa. At the same time, the work of CP
compression in the right part of p, range continues
to grow that can be explained as follows. The heat
balance equation of combustion chamber & (Fig. 1)
is given by

L+J, +B1,/3=0+B+p)3)L, (1)
where [ is the enthalpy; J is the total enthalpy (J =
=TI+ Q, Q is the calorific value); quantities with
tilde correspond to the specific enthalpy (classified
as the "standard set” of the CP of methane CO, +
2H,0 + 7.52N,); B and B° are the dimensionless
reagent and ballast consumptions, respectively
(B=1 corresponds to stoichiometric reforming
process (combustion hereinafter should be deemed
as stoichiometric)). If the pressure p, grows, then
the temperature 7, and also the temperature of
reformed fuel and its total enthalpy increase as well.
Then, according to Eq. (1), B° and, corresponding-

ly, the work of compressor will increase (curve 4 in
Fig. 2). To illustrate it, we provide some values of 3°:

pssMPa 0.15 02 03 04 0.5
B° 3.84 4.21 4.72 5.03 5.23.

The perfection of a scheme of TCR is deter-
mined by its efficiency that can be calculated by the
formula

= Ag/J, )

As shown in Fig. 2, the maximal efficiency of
scheme G1 in this variant can be reached at p /7 =
= (.25 MPa; here, n%? = 48.7%. We give also the
data for two modes: if p, = 1.5 MPa and T, = 1400
K, then p 7 = 0.3 MPa, n% = 44.36%; at p_. =
=2.5MPaand T, = 1600 K, the parameters of the
optimal point are: p,%7 = 0.4 MPa, n? = 50,9%.
Interestingly, the scheme efficiency increases with
increasing the initial pressure p_, other conditions
being equal.

Thus, scheme G1 is characterized by worse
characteristics as compared with the results of cal-
culations in [2]. Therefore, consider another
scheme (G2) shown in Fig. 3. It differs from G1
only by the fact that air is heated in reactor 7 along
with the reforming reaction. Here, the heat balance

O Y

CH4 —

—.—)@b
o/ ° N \8

©

Figure 3. Scheme G2 (designations according to Fig. 1)
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Table 1 — Parameters of the work of scheme G2

Pa» MPa 0.125 0.15 0.2 0.25 0.3 0.4 0.5 0.6
T, K 986.9 | 1022.7 | 1082.0 | 1130.2 | 1171.2 | 1238.8 | 1293.9 | 1340.5
T, K 966.9 | 1002.7 | 1062 1110.2 | 1151.2 | 1218.8 | 1273.9 | 1320.5
Ag, MJ/kmol CH4 404.9 | 4105 | 4153 414.9 411.6 | 401.5 | 389.8 | 3783
B 4.33 4.64 5.16 5.57 5.90 6.38 6.73 7.00
n, % 50.48 | 51.16 | 51.77 51.71 51.31 50.05 | 48.59 | 47.15

equation of chamber & differs from (1) by the fact
that 7, is replaced by 7, i.e., air enthalpy after heat-
ing in the reactor.

By analogy with [2], it is assumed that both sub-
stances are heated in the reactor to the same tem-
perature: 7, = T, (if T, # T,, but the sum of total
enthalpies of these substances after the reactor is the
same as in the case 7, = T, the characteristics of
such schemes differ very little from each other).
The controlled temperature differences at the ends
of reactor are the same as for the previous scheme,
and AT, is critical. In general, the method of calcu-
lation does not differ in the main from scheme G1.
An example of numerical results for the base mode

2
®

\ O

is given in Table 1.

As earlier, the dependence n(p,) has a maxi-
mum. Comparing these data with the characteris-
tics of scheme G1 shows that the additional heating
of air considerably increases the efficiency of
scheme (almost by 4%). If the initial pressure is
2.5 MPa, the parameters of the optimal point are

;7= 0.4 MPa, n? = 53.23 %, and, hence, n here

again increases with p_.

Further, consider scheme G3, where fuel
reforming and air heating are performed in different
apparatus arranged in series (obviously, along the
flow of CP, the thermochemical reactor should be
placed first).

2K

®

Y

Y

o P\s

©) O]

Figure 4. Scheme G3 (designations /—8 according to Fig. 1; 9 — air heater)
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This scheme is shown in Fig. 4. Unlike two pre-
vious schemes, one can arbitrarily vary here not
only p, but also the temperature of hot air 7. Along
with AT, and AT,, the temperature differences at
the cold AT; =T, — T, and hot AT, =T, — T, ends
of heater 9 belong to the controlled temperature
differences. Calculations showed that the differ-
ences AT, and AT, are critical. As earlier, we take
T,=T,— 20, and, in addition, select 7, so that the
difference AT, be also 20 K (let the temperature of
air be denoted by 7,°).

We now give some data of calculation of the dif-
ference AT, for different 7, at p, = 2.5 MPa,
T.= 1600 K:

7, K 800 850 900 950 1007,6

AT, K 2143 167,6 120,8 74,0 20,0.

With increase in the air temperature, the effi-
ciency of scheme increases from 49.92 to 50.8%.
Table 2 shows the dependence of temperature
T)° and efficiency of the scheme on p, at

Table 2 — Characteristics of scheme G3

i pa» MPa
Quantity
MPa 015 | 02 | 025 | 03 0.4 0.5 0.6 0.7
I°,K 832.2 | 860.3 | 887.5 | 913.7 | 946.6 | 1011.3 | 1053.3
1.5
n, % 49.1 |49.72 | 49.78 | 49.52 | 48.58 | 47.41 | 46.23
7, K 863.8 | 885.8 | 919.1 | 950.1 | 979.7 | 1007.6
2.5
n, % 512 | 51.56 | 51.87 | 51.72 | 51.33 | 50.8
©
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CP ®
Figure 5. Scheme G4 (designations according to Fig. 1)
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T, = 1600 K. The qualitative behavior pattern of
characteristics of this scheme does not differ
from the previous one, but the efficiency is
lower by 1.3 — 2%.

Thus, the analysis of three schemes demon-
strates that additional air heating improves the
TCR efficiency. It is therefore a good reason to
consider one more scheme (G4) that is character-
ized by the additional heating of ballast fed to the
combustion chamber. It follows from the compar-
ison of schemes G2 and G3 that the heat exchange
surfaces should be placed in parallel; scheme G4 is
given in Fig. 5. Here, only p, can be varied as in

schemes G1 and G2.

For the base variant of calculations, the optimal
pressure p 7 is 0.38 MPa, and efficiency is n%” =
58.48 %; therefore, scheme G4 is much better than
the previous ones. Hence, a more detailed numeri-
cal study of the characteristics of this scheme was
carried out. It was found that, under all conditions,
the dependence n(p,) has a maximum. Table 3
shows the dependence n(p ) for a wide range of ini-
tial pressures at 7, = 1600 K.

With increase in the initial pressure, the value of
p,F grows, and the efficiency of this scheme, on the
contrary, decreases unlike schemes G1—G3. This

Table 3 — Characteristics of scheme G4

P., MPa Quantity

P4, MPa 0.15 0.2 0.25 | 0.26 | 0.27 0.3 0.35 0.4
1 B° 7.03 8.48 | 10.01 | 10.32 | 10.64 | 11.63 | 13.41 | 15.38
n, % 58.43 | 59.50 | 59.94 | 59.95 | 59.96 | 59.88 | 59.48 | 58.76

Pa» MPa 0.2 0.25 0.3 0.35 | 0.38 0.4 0.45 0.5
15 BO 6.39 732 | 827 | 924 | 9.84 | 1025 | 11.31 | 12.42
N, % 56.69 | 57.63 | 58.18 | 58.43 | 58.48 | 58.46 | 58.30 | 57.98

Pa» MPa 0.3 0.4 0.45 | 048 0.5 0.55 0.6 0.7
o) [30 6.72 8.09 | 879 | 9.22 | 951 10.26 | 11.03 | 12.67
N, % 56.36 | 57.24 | 57.41 | 5745 | 57.45 | 57.36 | 57.18 | 56.57

pas MPa 0.3 0.4 0.5 055 0.6 0.7 0.8 0.9
25 BO 5.80 6.87 | 795 | 850 | 9.05 | 1022 | 11.43 | 12.74
N, % 54.76 | 55.99 | 56.56 | 56.69 | 56.72 | 56.59 | 56.16 | 55.54

Ppas MPa 0.4 0.5 0.6 0.7 0.72 0.8 0.9 1

c) [30 6.06 694 | 7.82 | 872 | 8.90 9.65 10.62 | 11.63
n, % 54.80 | 55.60 | 56.02 | 56.15 | 56.15 | 56.05 | 55.76 | 55.30
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feature can be explained as follows. In general, the
dependence efficiency vs. p,. is determined by three
factors:

1) as follows from thermodynamic considera-
tions, the efficiency of any GTU increases when the
initial pressures grows;

2) the degree of reforming is considerably
reduced at high pressures;

3) in schemes G1—-G4, different modes corre-
spond to different consumptions of the working
medium, which are directly dependent on the
parameter B° that is determined by the heat balance
of the reactor-heat exchanger (the corresponding
equation can be easily obtained from (1)). At T, =
1600 K, the optimal mode for scheme G1 corre-
sponds to B° = 4.50 and 4.95 at p. = 1.5 and
2.5 MPa, respectively, whereas we have p° = 9.84
and 9.05 for scheme G4. Thus, in going from pres-
sure p, = 1.5 to 2.5 MPa, factors 1 and 3 enhance
the perfection of scheme G1 and prevail over the
influence of factor 2, whereas, for scheme G4,
already factors 2 and 3 lead to a decrease in the effi-
ciency.

The influence of initial temperature 7, and
“standard" temperature difference AT, on the char-
acteristics of scheme was also studied. It was found
that an increase in 7, and a decrease in AT, improve
the characteristics of scheme. The developed soft-
ware enables one to determine the optimal point for
any mode of the work of scheme.

CONCLUSIONS

We have considered four schemes of thermo-
chemical recuperation for the use of heat of the
exhaust gases of GTP, developed the methods of
their thermodynamic calculation, and carried out
numerical studies of their efficiency over a wide
range of pressures and temperatures. It has been
found that the best results are provided by scheme
G4, where, in the reactor-heat exchanger, the fuel
reforming is realized, and heating of the air intend-
ed for combustion and ballast (CP) that provides
cooling of the working medium after combustion
chamber to the acceptable temperature is carried
out. It has been established that the dependence of

scheme efficiency on the pressure p ; between HPC
and LPC always has a pronounced maximum. This
is explained by the fact that the total work of both
cylinders considerably increases at low p, and is
almost stable at its high values, whereas the work of
ballast compression increases over the entire range
of values of p,. It was found a paradoxical, at first
glance, dependence of the efficiency of different
schemes on the initial pressure p_: if the efficiency
of scheme G4 decreases with increasing p ., then,
for the other schemes, it increases due to the com-
plex nature of dependence of the specific con-
sumption of the ballast on p . The optimal condi-
tions of the work of scheme G4 (p, = 1 MPa;
p,;=0.27 MPa; T = 1600 K), where its efficiency
reaches 60 %, have been determined. In addition to
significant fuel saving, this scheme enables one to
reduce the emissions of harmful substances to the
atmosphere.
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