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NGHIEN CUU XAC PINH THONG SO NHIET PONG HQC
SAN PHAM NO NHIEN LIEU METAN TRONG PONG CO NO

Duwong Minh Pirc!”, Pham Thanh Pong?, Nguyén Thé Diing’
'Khoa Hang khong Vii tru, Truong Pai hoc Ky thudt Lé Quy Pén

Tém tit

Bai bao trinh bay co s xay dung md hinh tinh toan cho phép xac dinh trang thai nhiét dong
hoc sau mit séng nd ciia hdn hop nhién liéu metan duwa trén gia thuyét Chapman-Jouguet
trong dong co nd. Kiém chimng két qua tinh toan nhan dugc tir chwong trinh céc tac gia xay
dung v6i két qua thyc nghiém ddi véi nhién liéu metan - oxy. Nghién ctiru quy luat bién doi
c4c dic trung nd ctia hdn hop nhién lidu metan - khdng khi khi thay déi diéu kién ban diu,
bao g@)m ti 1€ nhién liéu va ap sudt trudc mat song nd. Xac dinh ti 1& nhién liéu t6i wu ddi
v6i hon hop nhién liéu metan - khong khi a ~ 0,9. Thong qua khao sat anh hudéng ciia dp
suit ban du nhién liéu, bai bao khéng dinh tinh wu viét vé nang lugng va két ciu cua dong

co no.

Tir khéa: Doan nhiét né; dong co né; mé phdng nhiét dong hoc.

1. Mé diu

Phan ung nd noéi chung dugc phan loai thanh chay (deflagration) va nd
(detonation). Chay dugc lan truyén véi toc d6 dudi am, qua trinh chay gan nhu dang ap.
Ché do chdy nay dugc str dung rong rai trong cong nghi¢p va ing dung trong cdc may
nang luong. Hau hét cac loai dong co phan luc nhu: dong co phan luc khong khi, dong
co dong thang, dong co tén lira... dugc thiét ké dua trén hién tugng chay lan. Tuy nhién,
dong co phan luc dua trén nguyén ly chay dfmg ap da dat t61 gioi han cong nghé, hi¢u
sudt nhiét da t6i gén gia tri ly thuyét [1].

Thuyec tién dit ra yéu cau can dat dugc budc dot pha cong nghé trong phat trién hé
thong dong luc hidu qua hon dé dap tng yéu cau ngiy cang ting ciia cong nghiép hang
khong vii try, ndng cao hiéu suit va giam thiéu tac dong ti€u cuc td1 moi truong. CO mot
sO hudng dé giai quyét van dé nay nhu: s dung nhién lidu c6 ning lugng cao, ting ap
suat budng dot, ting lugng tiéu hao nhién liéu... Tang ap suit budng dét va lugng tiéu
hao nhiéu liéu c6 thé gitp ting luc day, tuy nhién ciing dit ra yéu cau ting bé day thanh
dong co va hé¢ théng bom nhién liéu, dan dén tang khdi luong va giam hi€u qua cai thién

thong sé ning luong.
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Phat trién cac loai dong co phan luc trén co s¢ hién tugng nd (sau day duoc goi la
dong co nd hoic DE - detonation engine/oemonayuonnsiii dsuzamens) 1a budc phat
trién tat yéu nhd cac tién bd cong nghé vé vit lidu va phuong phap gia cong. Hién nay,
DE dugc chia thanh hai dang co ban: dong co nd xung (PDE - pulse detonation engine/
uMRyIbCHbIE Oemonayuonnbli dsueamens) va dong co nd xoay (RDE - rotation
detonation engine/spawarowuiics demonayuonnwiii dsueamens). RDE dang dugc MY,
Nga, Puc, Trung Qudc, Nhat Ban... theo dudi nhu mot giai phap c6 trién vong nhét [2].
RDE sir dung chu trinh nd gan véi chu trinh Humphrey, nhién liéu trong dong co dugc kich
nd tao nén mot hodc mot vai séng nd lan truyén lién tuc trong budng nd hinh vanh khan.
San pham chay no trong RDE lan truyén véi toc do vuot am, gitp dat hidu suat nhiét vuot
troi, rat ngan thoi gian chay, cho phép tang toc do bay vuot am, tang ti s nén [3].

Nguyén 1y ciia RDE dya trén su hinh thanh song nd lan truyén lién tuc trong
budng nd tiét dién vanh khin. So d6 hoat dong ciia budng nhu vay dugc trinh bay trén
Hinh 1. Chét oxy hoéa dugc cung cép vao dong co qua mot khe hep va chét chay duoc
phun vao qua loat voi phun phia diu budng nd. Thiét bi kich nd va dau do do 4p sut
duoc lép trén thanh ngoai hinh tru cua buéng nd. Nhién liéu dugc tmyén lién tuc vao
buéng nd hinh vanh khan, duoc kich nd, tao ra hé song xung kich lan tmyén on dinh
theo quy dao xoay 16 xo doc chu vi budng no. San pham bién d6i nd tir budng nd di ra
ngoai voi van tdc siéu 4m nén khong nhat thiét phai sir dung loa phut kiéu laval dé tiép
tuc tang toc dong khi.
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Séng nd quay
Hinh 1. So 6 nguyén Iy va truong nhiét @ trong RDE.

St dung hiéu tmg nd cho nhién liéu dugc dé xudt boi Vién si Xo-viét Yakov
Zeldovich tir nhitng nam 40 ciia thé ky trudc [4], song chi 15 nim gan ddy méi ching
kién sy gia ting dang ké cac nghién ctru trong phong thi nghiém vé cac dang nhién liéu,
k¥ thuat phun, diéu kién lam viéc, kich thudc hinh hoc, kha nang két hop buéng dbt nd
v6i dong co tén lira, dong co dong thang, dong co phan luc khong khi [5]-[9].
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Dé hiéu duoc nguyén 1y hoat dong cua DE, can xdy dung mé hinh nhiét dong phi hop.
Mo hinh nhiét dong gitp xac dinh 1y thuyét thong sb lam viéc cua dong co, 1am co so
cho viéc thiét ké va xay dung cac giai phap k¥ thuat. Trong pham vi bai bao, C4C tac gia
x4y dyng mo hinh toan 1y xac dinh thong s6 nhiét dong hoc dic trung cua san pham nd
trong DE - thdng s6 Chapman-Jouguet (CJ). Tir d6 nghién ciru anh huéng ciia mot sb
thong s6 ban dau toi dic trung nhiét dong hoc san phérn nd nhién liéu metan.

2. Co s6 xay dueng mo hinh tinh toan

Trong séng nd ton tai khu vue co kich thude xac dinh, tai 6 xay ra phan tmg hoa
hoc giai phong ning lwong, chuyén hoa nhién liéu ban dau thanh san phim nd. Bé rong
clia viing phan tng c6 kich thudc rat nho so voi dudong kinh cia ving n6. Bé giai quyét
bai toan 1y thuyét nd, ta c6 thé thay thé ving phan Gmg bang mat ngan cach khi dong
(con goi 1a mit séng nd) ma qua d6 xay ra budc nhay vé thong sd khi nhiét dong va
thanh phan hoa hoc [10]. Khi xdy dung mé hinh tinh toan thong sd nd, C4c tac gia sir
dung cac gia thiét sau:

- Qua trinh nd 1a qué trinh dimg, theo d6 thay ddi budc nhay cua thong sé nhiét
dong hoc va thanh phan hoa hoc trudc va sau séng nd dién ra tic thi;

- San pham nd dat trang thai can bang pha va can bang hda hoc;

- HAn hop san pham nd dugc coi 1a hé khi ¢ lap, khdng c6 su trao doi nhiét va
chat v6i méi trudng bén ngoai. Thanh phan san pham n6 caa hdn hop nhién liéu metan
véi khong khi bao gom khoang 150 hop chat tir 5 nguyén t6 C, H, O, N, Ar. Théng tin
vé cac ham nhiét dong hoc cua cac chat dugc néu trong [11].

- Méi lién hé gitra trang thai khi truéc va sau mat ngan cach duoc mo ta bang hé
phuong trinh Rankine-Hugoniot [12]:

p(u - D) = pD
p(p’T’i/iN) — Py = pouD (1)

2

u
p(o, T, ¥, )U:poD(U"'?_Uo)

i=1..N

trong d6: u,D, p, p,U, T lan luot 1a van toc thanh phan san pham no, téc do lan truyén
mat song nd, mat do, ap Suit, noi ning va nhiét 6. Thanh phan san pham né duoc thé
hién théng qua ham luong mol ¥, (i =1, 2,..., N) twong g v6i mdi chat i trong N chét
¢6 mit trong hdn hop san pham. Chi s6 “0” ky hiéu cho cac théng sé nhién liéu ban dau

trudce phan g nod, céac gia tri khong chi s6 tuong trng véi thong s6 san pham nd.
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Tir hé phuong trinh (1), c6 thé rat ra cac phwong trinh dic trung sau [13]:

- Phuong trinh doan nhiét Hugoniot:
1 } 1
U-u, +§(p+ P, )(V—V,)=0 hoicH —H, —E(p— Po)(V+V,)=0 )

trong d6: H - entanpy, v - thé tich riéng.
- Phuong trinh v4n toc san pham né sau mit séng né: u® =(p—p, (v, —V)
- Phuong trinh van toc mat séng no:

D? = V§ P=B

V, —V
Trén mat phang (p,v), d6 thi thoa man phuong trinh doan nhiét Hugoniot (1) 1a
duong doan nhiét no, bao gém thdng s tat ca cac trang thai co thé caa hdn hop khi sau
mat song no. Trén d6, diém c6 nghia quan trong nhat trong nghién ctu qua trinh 1am
viéc cua RDE la diém no CJ, tai d6 qua trinh nd dién ra 6n dinh, van téc lan truyén song
nd bang van téc lan truyén am thanh trong san pham né D = u+a. Biéu kién van tc lan

truyén song no tai diém CJ duoc thé hién bang phuong trinh [14]:

Sk 3
Vo~V Cv (Wj ( )
oT J,
Loi giai ciia mo hinh tinh toan phai thoa man cac diéu kién nhu sau:
1) Phuong trinh bao toan cac nguyén t& héa hoc c6 mit trong san pham no:
N .
Y AK =7 K=1 0K, 7 >0i=1.,N @
i=1

trong d6: Al - ma trin thanh phan nguyén t6 héa hoc trong cic phan t, 1a s lugng
nguyén tir thir k trong san pham i; 7, - s6 mol san pham no i trong san pham chay; »° -
ham luong mol ctia nguyén t6 thir k trong nhién liéu; N - s6 lugng san pham nd tao thanh.

N
2) Phuong trinh trung hoa dién tich: Z Ay, =0 )

i=1
trong d6, Al - dién tich hoa chat thir i.

3) Phuong trinh trang thai khi: p= f (v, T, %) (6)
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N
Doi v6i khi 1y tuong: pv=RT Y
i=1
Déi véi khi thue, c4c tac gia st dung phuong trinh:
pv__,. By 062500 0,28690%,° 0,1928b7y*
R,Ty v v? Ve v
hé sé dugc dé cap trong [10].

, md ta y nghia vat ly cac

4) Bé md ta trang thai can bang nhiét dong hoc cua san phdm nd, cac tac gia sir
dung phuong trinh dugc rut ra tir nguyén ly cuc tri ham nhiét dong [15]:

0 140 ZA;/?‘J
—Iny, +In Pov +TSi H, +4L =0,i=1..,N (")
' RT

RT R

Hé phuong trinh (1)-(7) duoc giai bang phuong phap xap xi Lagrang gilp xac
dinh théng sé nhiét dong hoc san pham no. Dya trén hé phuong trinh, c4c tac gia da xay
dung chuong trinh tinh toan xac dinh théng sé nhiét dong hoc san pham nd, phuong
phép giai duoc trinh bay trong [16].

3. Nghién ciru xac dinh thong so6 né cia nhién liéu metan

Nham kiém chang tinh chinh xac ciia mé hinh va chwong trinh tinh toan, cAc tac
gia tién hanh tinh toan xac dinh tdc d6 nd cua hdn hop nhién liéu metan - oxy - diluent
(He va N2) va so sanh véi [17]. Nghién ctu [17] sir dung mot 6ng nd c6 duong kinh
90 mm va chiéu dai 3,15 m do téc do nd va ap suat cuc dai caa hdn hop khi trén theo ti
1& cho truéc; &p suat khi ban dau p, dén 3,5 MPa. Str dung thiét bi thi nghiém, nhom tac
gia tién hanh do van téc n6 hdn hop nhién liéu metan - oxy - diluent véi ti 16 mol khac
nhau. Trén do thi Hinh 2, két qua thuc nghiém duoc thé hién bang cac diém roi rac, két
qua tinh toén bang chuong trinh cua cé&c tac gia, sit dung mé hinh khi thuc va khi ly
tuong duoc thé hién bang cac duong cong lién tuc. Két qua thé hién trén d6 thi Hinh 2
khang dinh tinh phi hop ciia mé hinh va chwong trinh tinh toan ma céc tac gia xay dung
véi thuc nghiém va gia thuyét khi thuc cho két qua gan véi thyc nghiém hon.

Str dung ¢ong cu tinh toan dugc xay dung, cac tac gia tién hanh nghién cau, xac
dinh cac ddc trung nhiét dong hoc tai diém nd CJ ddi vaéi hdn hop nhién liéu metan
(CHs) va khdng khi (thanh phan khdi lwong 23,15%02; 75,5%Nz; 1,292%Ar;
0,058%CO0>) khi thay doi gia tri 4p suat ban dau caa hdn hop p, =1+50atm va hé sb
du chat oxy hda (khong khi) a =0,4+5, nhiét do nhién liéu dau vao T, = 298,15 K.
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Hinh 2. Két qua thuc nghiém va tinh toan toc dé no
a) Hon hop CHs+ 20, + yN2; To= 298 K, po= 3,5 MPa
b) Hon hop CHa4 + 20, + yHe; tai To =298K, po= 3,5 MPa
¢) Hon hop CH4+ 202; To= 298K; thay doi p sudt ban dau po.

TU d6 thi Hinh 3 nhan thy, & diéu kién tiéu chuan p, =latm, T, =298,15K doi
v6i nhién liéu dau vao, tbec dd nd CJ va nhiét do san phém nd dat gia tri cyc dai
D =1806m/s, T =2758K tai ti 1é & ~0,9. Day la gi4 tri ti 1& nhién liéu t5i wu, tai do

qua trinh bién ddi nd dién ra nhanh nhat, 6n dinh nhit va ning lugng giai phong qua

phan tmg nd dat ti da.
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Hinh 3. Quy ludt thay doi toc dg né CJ va nhiét dg theo hé s6 du chat oxy héa.
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Hinh 4. Puong doan nhiét né ciia hon hop nhién liéu metan - khong khi
tai diéu kién tiéu chuan va ti Ié nhién liéu toi uu
a) Quy ludt thay d@si toc d@é lan truyén séng né D va entropy theo thé tich riéng;
b) Thanh phan mol san pham né CJ.

Trong mo ta ly thuyét, dudng dédc trung doan nhiét nd duoc thé hién trén mat phéng
p-v, song dé thuan tién trong quan sat cac dic diém va tinh dung din trong xay dung
duong dic trung, ta c6 thé thé hién ching trén mat phiang (v;D-S). Hinh 4a
thé hién duong dic trung doan nhiét nd d6i v6i nhién lidu tai gia tri a=0,9;
p, =latm; T, =298,15K trén mat phang toa do (v;D-S). Puong doan nhiét gom hai
nhénh riéng biét, nhanh phia trén twong (ng véi hién tugng nd, nhanh phia dudi thé hién
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thdng s6 chay lan. Cac diém danh ddu dam twong (ng véi diém nd CJ va diém chay lan
CJ, tai day van tdc lan truyén séng nd va entropy cua hé san pham nd dong thoi dat gia tri
cuc tri. Viéc dat dugc cyc tri entropy tai hai diém kiém tra CJ 1a diéu kién can, khang dinh
tinh dang din cua két qua nhan dugc tir md hinh. Thanh phan san pham nd cha yéu 1a N,
H20, CO2, CO, Ha, Ar, OH. Thanh phan mol cia ching dwoc thé hién trén Hinh 3b.

Khi thay d6i ap suat ban dau potir 1 1én 50 atm ta nhan thiy, gi4 tri diém CJ v6i mo
hinh khi thuc dat gia tri 16n hon khi str dung mé hinh khi Iy tuéng. Tai po= 50 atm &p suat
trén mit song nd dat 96,7 MPa d6i v6i mé hinh khi thie va 90,8 MPa dbi véi mé hinh khi
ly tuong. Sai khac khi sir dung cac mé hinh khi khac nhau ciing xay ra d6i véi gia tri toc
d6 lan truyén séng nd; tai po= 50 atm gi4 tri sai khac ¢ thé dat t6i 7% (Hinh 5).

P, 2100 (Lo
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Ho. 1M
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—®—  khi ly tuong khi thue
Hinh 5. Thay doi ap suat né va vdn tac lan truyén mdt song né theo &p sudt ban dau.

Tinh toan thong s6 n6 CJ khi thay ddi ap sut nhién liéu thé hién rd uu viét cta
dong co RDE. Vé mit 1y thuyét, tao ra 4p suét san pham nd 1y tuong trong RDE khoang
250 atm ta chi can ting 4p nhién liéu dau vao dong co vao téi po = 13,9 atm, nhiét do
khi bang nhiét do tiéu chuan To = 298,15 K. Ap suit nhién liéu ddu vao thap cho phép
don gian hoa dang ké két ciu hé théng cung cép nhién liéu, giam thiéu khdi luong dong
co. Nham so sanh, dé dat duoc cung gia tri ap suit budng dét 250 atm, dong co tén lira
long RD-170 can duy tri hoat dong ciia 2 thiét bi sinh khi hoat dong & ap suat 535 atm,
khéi luong dong co 9750 kg, trong d6 hé théng may bom tua bin cung thiét bi sinh khi
chiém phan 16n khéi lwong va c6 két cau rat phic tap.

4. Két luan

Trong bai bdo, nhom tac gia di xay dung md hinh toan xac dinh théng sb nd
Chapman-Jouguet dua trén nguyén ly can bang nhiét dong hoc va hé phuong trinh
Rankine-Hugoniot. Kiém chiang md hinh tinh toén, so sanh két qua nhan duoc véi thuc
nghiém d6i véi nhién liéu metan - oxy. Ung dung c6ng cu tinh toan da duoc xay dung
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trong khao sat quy luat thay ddi dic trung nhiét dong hoc cua théng sé san pham nd
metan - khong khi khi thay ddi 4p suat ban dau va ti 1& nhién liéu. Théng qua d6 khing
dinh tinh vu viét vé dac trung nang luong cua RDE trudc dong co tén Itra thong thuong.

Két qua tinh toan chi ra rang toc d6 va nhiét do nd dat cuc dai dbi vai nhién liéu
metan - khong khi dat dwoc tai gia tri ti 1€ nhién li¢u ly thuyét a~0,9. Xay dung
duong dic trung doan nhiét nd cua nhién liéu tng vai ti 1& nhién liéu ly thuyét va diéu
kién &p suét, nhiét do tiéu chuan. Ung dung hai mé hinh khi Iy twong va khi thyuc trong
xé4c dinh théng sé nd khi thay ddi 4p suét ban dau. Nghién ctu khing dinh tinh can thiét
phai 4p dung mé hinh khi thuc khi ting 4p suat ban dau cua nhién liéu dau vao.
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DETERMINING THERMODYNAMIC PARAMETERS
OF METHANE FUEL DETONATION PRODUCTS
IN DETONATION ENGINES
Abstract: This article describes the development of a computational model for
determining the thermodynamic state after the detonation wave of a methane fuel mixture in a
detonation engine. The model is based on the Chapman-Jouguet hypothesis and its results are
compared to experimental data for methane-oxygen fuel. The study explores how the
characteristics of detonation in methane-air fuel mixtures change under different initial
conditions, such as fuel-air ratios and pre-detonation pressures. It identifies the optimal

conditions for the methane-air fuel mixture and confirms the energy efficiency and structural
superiority of the detonation engine by examining the influence of initial fuel pressure.

Keywords: Rankine-Hugoniot conditions; detonation engine; thermodynamic modeling.
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