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Tom tit:

Bai bdo trinh bay cic két qua tinh toan so bd vé thity nhiét cho 16 phan ing mé dun nhé (SMR - Small modular reactor) véi
cong suat nhiét 200 MW dua trén cong nghé 10 phan ing ACPR50S (Advanced customer-friendly practicable reliable 50 MWe
compact SMR). Cic thong s6 co ban va an toan thity nhiét dwgc dénh gia bao gom lwu lirgng chit tai nhiét qua ving hoat, nhiét
dd nhién liéu va v boc nhim dam bao kha niing van hanh ciia 10 phén éng trong diéu kién giéi han an toan. Ciu hinh SMR dwoc
mé phéng bing chwong trinh RELAPS va thwe hién tinh toén trong khoang 500 gidy & trang thai dirng. Nhiét do ciia chit tai
nhiét doc theo chiéu cao ciia viing hoat tai 16i vao va 10i ra c6 d9 léch nhé (1,7%) so véi gia tri tham khao. Vé khia canh an toan,
ty s6 thong lwgng nhiét tai diém khéi phat soi nhian (DNBR - Departure from nucleate boiling ratio) ciing dwoc wéc lrong doc
theo kénh nhién li¢u trung binh va kénh néng nhit trong viing hoat & trang thai hoat dong on dinh. Két qua tir nghién ciru nay
s& dwgc tiép tuc sir dung cho tinh ton chuyén tiép va phan tich sir ¢ cho SMR.

Tir khéa: chwong trinh RELAPS, 16 phén @ng mé dun nhé (SMR), s6 Nusselt, ty so thong lwong nhiét tai diém khéi phat soi

nhian (DNBR).
Chi 56 phén logi: 2.2
1. Mé dau

Theo quy dinh ciia Co quan Ning luong nguyén tr qudc té
(IAEA) [1, 2] nhimng 16 phan tmg hat nhan ¢6 cong suit nho hon
300 MWe dugc phén loai la SMR. Tr dau thé ky XXI, viée phat
trién va tmg dung cac SMR da nhin dugc sy quan tam rat 1on cla
cac quc gia do chung cé cac wu diém nhu: d6 an toan, tinh kinh
té va tinh linh hoat trong sir dung. Cac nudc phat trién va hau hét
cac cong ty cong nghé¢ nang luong hat nhan dang tich cuc phat
trién cac SMR song song v6i phat trién céc 16 phan (g cong suat
thé hé méi, vi du nhu KLT-40S (Nga) [3], ACPR100, ACPR50S
(Trung Québc) [2, 4].

Vi muc dich nang cao nang luc nghién clru trong tinh toan
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Hinh 1. Phan bé dinh cong suét (A) va gia tri k_, va PPF chu ky

900 ngay (B).

Bang 1. Cac thong sé dic trng ban dau cho SMR [2, 4-7].

: ¢ . Cic théng s, don vi Gia tri
thiy nhiét cho SMR, nhom tac gia sir dung cac thong sO cua  ~Cong suat nhiét (Q) [MW1] 200
ACPRS50S [2, 4-6] va tién hanh tinh toan mot so thong s6 thuy Mat do cong suat nhiét (1) [MWt/m’] 45,45
nhiét ctia vung hoat 10 phan tng. Chat 1am cham va lam mat Nuéc nhe
. Ap suét vong so cap [MPa] 15,5
2. Doi tw'ong va phuong phap nghién ciiu Nhiét d6 18i ra [°C] 321,8
A , Lo Nhiét do 16i vao [°C] 2993
2.1. M6 hinh tinh todn trong trang thdi tinh Chiéu cao phin nhién liéu (h) [m] 22
Céc thong sb thiét ké chi yéu dua vao cac thong sb dic trung D9 giau [Yowt U235] 4,45, 3,40, 2,35
loai 16 phan g ACPR50S ciia Trung Quéc da duge cong b Cac S0 bO nhien licu [-] 37
tinh toan vat Iy (hinh 1) vé phan bé dinh cong sudt (PPF - Power ~ Kicubonhiénlicu[-] 1717
C 1A A ~ A ~ A So6 thanh nhién liéu trong bo [-] 264
picking factor) va h¢ so nhan hi¢u dung (k ;) da duoc thuc hién 56 ng thanh didu khién [] i

trong nghién ctru cua T.V. Phu va cs (2020) [5], nghién cuu nay
tién hanh tinh toan cac thong s thuy nhiét cua ving hoat SMR dia
trén céc thong sd ciia ACPR50S. Tir d6, c6 nhitng danh gid so bo
v& an toan va mirc do tin cdy cua thiét ké loai SMR nay, cac thong
56 dac trung duoc dua ra ¢ bang 1.

“Tac gia lién h¢: Email: caohungl91@gmail.com
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S6 6ng thanh trung tam [-]

1

Puong kinh ngoai thanh nhién liéu [m]

0,94996x107

Puong kinh éng dan thanh didu khién [m]

0,86614x1072

Pudng kinh éng trung tam [m)]

0,122428x102

Kich thudc bo nhién li¢u (h_cell) [m]

0,21402
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Abstract:

This paper presents preliminary thermal-hydraulics
calculation results for a small modular reactor (SMR)
with a thermal capacity of 200 MW based on the
ACPRS0S reactor technology (Advanced customer-
friendly practicable reliable S0 MWe compact SMR).
The basic parameters and thermal-hydraulics safety
were assessed, including the heat coolant flow through
the core, fuel, and cladding temperatures to ensure the
reactor’s capability to operate within safe limits. The
SMR configuration was simulated using the RELAPS
program and performed the calculation in about 500
seconds in the steady state. The coolant temperature
of the heat carrier along the height of the core at the
inner and outer was found to be different (1.7%) from
the reference value. Regarding safety, the departure
from nucleate boiling ratio (DNBR) was also estimated
along the average channel and the hottest channel of the
core in the steady state. The results from this study will
be further used in transient computations and incident
analysis for SMRs.

Keywords: departure from nucleate boiling ratio
(DNBR), Nusselt number, RELAP5 program, small
modular reactor (SMR).

Classification number: 2.2

Tir cac thong sb ban ddu & bang 1, ban kinh ving hoat
Reore = [mah) =0,798 m [8]. Vi céc thong sé cAu tric hinh
hoc cta vung hoat, toc d§ dong chat tai nhiét qua vung hoat
duoc xac dinh boi cong thure sau:

G = YxQv/(hou - hin) ©)
trong d6 h, =1334 kJ/kg, h =1464 kl/kg, gia tri enthalpy
clia nude 1a ham cua ap sudt va nhiét do 16i vao va 16i ra
ving hoat, P, =15,631 MPa, P_ =15,5 MPa, thanh phan
nang lugng chuyén hoa thanh ning lwong nhiét cua ving
hoat 16 phan tmg X=0,9 [9]. Thay céc gia tri vao (1), toc dd
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dong chét tai nhiét qua ving hoat 1a G=1384,61 kg/s, v6i s6
b6 nhién liéu 1a 37, khi d6 téc do dong chit tai nhiét qua mot
b6 G,,=41,96 kg/s. Nhi¢t do trung binh va mat do trung
binh cia chit lam mat trong ving hoat T=310,55°C,
P=703,5 kg/m®, voi dién tich 6 mang bé nhién liéu
fira= 12, =5,48x107 n’, Vi cc thong sé loai bé nhién lidu
17x17 dugc dua ra trong bang 1, khi d6 tinh toan dugc dién
tich va téc do dong trung binh ciia chat tai nhiét qua mot bo
nhién li¢ula S_ =3,88x10* m* va w=1,5226 m/s. Duong kinh
thuy lyc ctia bo nhién liéu dugce xac dinh bdi cong thire sau:

dH—FA = 4SFA /PFA (2)
trong d6 chu vi thuy lyc P_,=8,564 m, tr (2) duong kinh
thay luc bo nhién liéu 1,8126x102 m. Hé sb Reynolds dic
trung cho ché d6 chuyén dong cudng burc ciia chit tai nhiét,
Re=2,321.10° vdi hé s dan nhiét trung binh Ae=0,5244 W/mK.
Hé sb Prandt dic trung cho tinh chét vat Iy ctua chét tai nhiét,
Pr=0,9656 v&i hé s6 nhot dong lyc trung binh H¢=8,187x107°
Pa.s, nhiét dung déng 4p trung binh Cpr=6185,5 J/kg K, va
dac trung hinh hoc cua 6 mang thanh nhién liéu A=0,0267.
Hé sb (chuan sb) Nusselts (Nu) dic trung cho cuong d6 trao
d6i nhiét giira chit tai nhiét va bé mit ngoai clia nhién ligu,
vi dbi luu cudng birc nén hé sé Nu duoc xac dinh 1a ham
lién hé gitra hé sb Pr va Re, khi d6 hé s6 Nu dugc xac dinh
theo cong thirc sau:

Nu = Ax Re?8x pro* 3)

Theo (3), Nu=516,43, khi d6 hé s6 truyén nhiét dugc xac
dinh theo cong thirc o =ANu/dy_p, , thay cac gia tri vira
tinh toan duogc thi 00 =14942,24 W/mK.

Pé dam bao kha ning hoat dong cua 10 phan ung hat
nhan trong diéu kién hoat dong binh thuong, cling nhu trong
diéu kién xay ra sy cd thi thong luong nhiét t&i han luon 16n
hon thong lugng nhiét bé mit ctia nhién liéu va ty s6 DNB
16n hon 1,5 [6].

DNBR =det 515 4)

s
Hai gia tri, thong luong nhiét t¢i han q_ va thong lugng
nhiét trén bé mat nhién liéu q, duge xac dinh theo (5) va (6)
[8].

qs :quf/ﬂ:xdz (5)

0,894X"3 : 13713 s
__089AR Ty [ d ' } pr3 RS (6
der =350+90,3050 " L& hear (2x2") " || xPrx ©)

Tu cong thic (5) va (6), cac gia tri cia tham s6 dugc thé
hién trong bang 2.

M



s Khoa hoc Ky thuat va Céng nghé | Ky thuat dién, ky thuét dién td, ky thuat théng tin

Bang 2. Cac gié tri ciia tham sé trong céng thirc (5) va (6) [8]. néng voi loai va s hiéu 1an luot 1a: BRANCH X02, PIPE X04 -
YQO, SNGVOL X06 - Y02. Binh sinh hoi PIPE X108 - Y204, bom
- . tuan hoan chinh PUMP X13 - Y209. Kénh lanh PIPE X14 - Y10,
Thanh phan ning luong chuyén hda thanh nang lwong nhiét cua vung hoat 10 phan 09 BRANCH X16 - Y12, PIPE X18 - Y14. Binh tich ( Ac cumulator)

Tham s6 Gid tri

e gdm c6 ACCUM X90 - Y90, duge ndi voi BRANCH X16 - Y12
Cong suat nhigt tuyen tinh g, (kWi/m) Gl & kénh lanh. Binh didu p duogc mo ta v6i loai va sd hiéu PIPE
Enthalpy twong dSi cua chit tai nhit (x) 0,239 150 duoc ndi v6i kénh nong cua vong tudn hoan I tai BRANCH
Ham lugng hoi tong (X) -1,285 102 bang duong dng PIPE 152. Phia trén binh diéu ap 13 hai van
Emthalpy trung binh cita chét tai nhiét (h, kJ/kg) 1399 an toan 9(3 $0 hiéu lan lwot 1a 153 va 157. Két qua tinh toan mo
Emthalpy cua nudc bao hoa ¢ ap sudt trung binh (h’, ki/kg) 1630 p héng b{mg Ch uong trinh RELAP 5 dw,c S(.) sinh ydl glé‘ tn ti}’l h
S : toan trong phan mo hinh toan hoc nhu gia tri ap suat vong so cap,
Emthalpy cta hot nuGe bao hoag,ap suat trung binh (", k) 2596 toc do dong chét tai nhiét qua vung hoat, nhiét do theo chiéu cao
Nhift lwong riéng hoa hoi ctia chat téi nhit (L, klkg) 9664 ving hoat va DNBR (véi X va Y tuong tmg 1a vong tuan hoan I va
Gia t6c trong trudmg (g, m/s) 981 vong tuan hoan II).
He sb khuéch tan nhiét (a', m¥/s) 1,205x107

T cac gia tri trong bang 2, tinh dugc 95=280,808 kW/m? va
q., =1598,017 kW/m?, khi d6 gia tri DNBR trung binh theo cong
thirc (4) 1a 5,691.

2.2. M6 hinh tinh todn bang chwong trinh RELAPS

Cau hinh SMR dugc md phong véi cac thong sb dic trung da
duoc tinh toan vét 1y 1a dit liéu diéu kién ban du dua vao tap tin
dau vao ctia chuong trinh tinh toan thity nhi¢t RELAPS [7, 10]. Hé
thong thuy nhiét cia vong so cip va thir cap dugce dua vao mé hinh
bao gém: bom tuan hoan chinh, thing 16 phan tmg, dudng dng,
binh sinh hoi, binh didu 4p, hé théng ong trong binh sinh hoi cua
vong thir cap twong tu nhu thiét ké cua loai ACPRS0S.

VA

Hinh 3. So’ d mé hinh héa mé phéng SMR béng RELAP 5.

3. Két qua va ban luan

.
Binh diéu ap h .
3.1. Mgt dp cong suat nhiét theo chiéu cao

Vi chidu cao phan nhién liéu 2,2 m (bang 1), dya trén tinh
. toan vat Iy phan b6 mat do cong suat nhiét theo chiéu cao va sau do
1am khép lay 10 doan dé tién hanh khai bao trong tap tin dau vao
ctia RELAPS. Trong hinh 4, tai vi tri giita cia phan thanh nhién
liéu, mat do cong suat nhiét dat gia tri 16n nhét 0,01378 MW/m tai
kénh trung binh va 0,02991 MW/m tai kénh néng nht.

0,032

Thimg 1o phan img # Binh sinh hoi 0,030 ===
—~ 0,028 -7 S~
E 0,026 | e
S 0024 S <
Z. 0022
z z — / \
Hinh 2. C4u tric hé théng thiy nhiét cua 16 phan trng ACPR50S [2]. - s e e o o S
kg o e F oote] ‘ :
Tt cau triic hé thong thity nhiét cia ACPR50S, md hinh hé % 0014 A | AN
A ) A 1A N ’ ’ M < ] 4 |
thong cua SMR duoc thiét 1dp va st dung tinh toan bang chuong S ooy / _\\ » \\_\
trinh RELAPS. So d6 m6 hinh hoa bang RELAP 5 dugc duara ¢ g o008/ e = :
énh trung binh

0,006

hiqh 3. Trong d6, thung 16 phan ung dugc chia thanh cac thanh 0004] - = —~Kénh néng nhét

phan, ving hoat 10 phan Gng (PIPE 335) khoang dudi thung 10 gggi

(BRANCH 322), khoang trén thung lo (PIPE 356), bypass (PIPE 000 022 044 086 088 110 132 154 176 198 220
320), downcommer (PIPE315). Vong tudn hoan chinh bao gbm Z (m)

cac h¢ thong. kénh nong, binh sinh hoi, bom, kénh lanh. Cac kénh  Hinh 4. Mat d6 céng suét nhiét theo chiéu cao.
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3.2. Phéin bé nhiét dj theo chiéu cao

Tiép theo phan bd cong suat nhiét theo chiéu cao, nhom tac
gia tién hanh tinh toan phan b nhiét do tai kénh trung binh va
kénh néng nhét. Trong hinh 5, phan bd nhiét do duge tinh tur
nhiét d§ vién nhién li¢u, nhiét do bén trong vo boc thanh nhién
liéu, nhiét d mat ngoai thanh nhién liéu va cudi cung la nhiét
d6 chat 1am mat. Tai kénh trung binh, nhiét do chat tai nhiét
T ,=301,57°C, T _=319,53°C khi do gia tri chénh I¢ch nhi¢t
6 1a 17,96°C (hinh 5A). Tai kénh nong nhat, nhiét do chat tai
nhiét T . =304,23°C, T =343,20°C, khi d6 gia tri chénh léch
nhiét do 1a 38,97°C (hinh 5B).
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Hinh 5. Phan bd nhiét d6 tai kénh trung binh (A) va kénh néng
nhét (B).

3.3. Pdnh gid thong s6 DNBR

DNBR 1a mot trong nhiing théng s6 quan trong dé danh gia
kha nang hoat dong an toan cua 10 phan tng. DNBR duoc xac
dinh doc theo chiéu cao phan nhién lidu 1a 2,2 m va dugc chia
thanh 10 doan. Gi4 tri DNBR cta kénh nong nhat va kénh trung
binh dugc thé hién ¢ hinh 6. DNBR c6 gid tri 1on hon 150% la
phu hop vdi ti€u chi danh gia kha nang hoat dong an toan cua
10 phan tmg hat nhan trong thiét ké [6, 11].
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Hinh 6. Gia tri tinh toan DNBR theo chiéu cao cta nhién liéu.
3.4. Gid tri dp sudt h¢ théng lam mdt so cdp

Vi gia tri ap suat dugc khai bao theo bang 1, két qua thu
dugc tir chuong trinh RELAP 5 cho thay khoang thoi gian tir
0-150 gidy la trang thai hoat dong ban du cta hé thong dwoc
lwoc bo. Gié tri On dinh cua ap suat vong so c?ip duoc xem xét
danh gia tir gidy thir 151 dén 500 gidy, trong khoang thoi gian
ndy, gia tri 4p suat trung binh 1a 15,525 MPa (hinh 7).
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Hinh 7. Gia tri 4p suat vong so cap.
3.5. Nhi¢t dp chit ti nhi¢t qua viing hoat 16 phin iing

Vi chidu cao ciia phan nhién liu 1a 2,2 m, khoang cach
mdi doan 22 cm, nhiét d6 16i vao va 16i ra vung hoat tuong ung
12299,3 va 321,8°C (bang 1). Két qué tinh toan mé phong nhiét
d6 ctia chat tai nhiét doc theo chiéu cao cua vung hoat dugc
trinh bay ¢ hinh 8. Vi gi4 tri nhiét do 16i vao 304,41°C va 16i
ra 327,59°C tai thoi diém 400 gidy khi 10 phan tng hoat dong
on dinh, gia tri nay c6 do Iéch 1,7% so vai gia tri khai bao trong
tap tin dau vao.
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Hinh 8. Nhiét do clia chéat tai nhiét trong viing hoat.
3.6. Téc dp dong chit tai nhi¢t qua ving hoat I6 phén irng

Tir két qua tinh toan trong trang thai tinh (1), toc do dong
chét tai nhiét qua ving hoat 13 1384,61 kg/s, gia tri nay dwoc
khai bdo trong tap tin dau vao ciia RELAPS. Trong hinh 9, tai
thoi diém 400 gidy, toc do dong chat tai nhiét qua ving hoat
1a 1322,36 kg/s, tbe o dong cht tai nhiét qua hai bom tuan
hoan chinh Ian luot 13 662,39 va 661,87 kg/s. Do léch ciia toc
d6 dong qua ving hoat tir két qua RELAP 5 so véi két qua cia
tinh toan theo (1) 1a 4,71%, gi4 tri nay c6 thé chp nhan dugc
do sy phén tan cua dong chay qua cac cdu triic khac trong thing
10 phan tmg va hé théng thiyy nhiét.
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Hinh 9. Téc dd dong chét tai nhiét qua ving hoat.
4. Két luan

Trong nghién ciru niy, nhom tac gia d tién hanh tinh toan
thay nhiét & trang thai tinh dua theo céc théng sé dic trung cia
loai 10 phan ung mé dun nho ACPRS0S (bang 1). Cac thong
s6 cua vung hoat dugc xac dinh bao gém ban kinh vung hoat
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(0,798 m), toc do dong chét tai nhiét qua ving hoat (1384,61
kg/s), chu vi thay luc (8,564 m), hé s Nu (516,43), khi do
hé s6 truyén nhiét tinh toan dugc la 1494224 W/mK, gia tri
DNBR 14 5,691 16n hon 150%. C6 thé thiy ring, loai SMR nay
dam bao van hanh an toan véi thiét ké di dugc xac dinh. Bén
canh d0, cac két qua nay cung voi cac két qua tinh toan trong
thoi gian téi vé kich thudce hinh hoc cta thing 10, hé thong thiy
nhiét va hé théng an toan s€ dugc khai bao trong tap tin dau vao
ctua RELAPS dé sir dung cho tinh todn chuyén tiép va phén tich
su ¢ cho SMR.

Nghién ctru nay chi thyc hién tinh todn cac gia tri trung
binh ¢ trang thai van hanh 6n dinh, chua tinh dén cac trang thai
chuyén tiép hay su ¢b. Két qua ciia nghién ctru 1a bude khoi
dAu quan trong cho tinh toan thiét k& 16 phan tmg mé dun nho
hoan chinh va chuan bi cho tinh toan phan tich an toan sau nay.
Pdng thoi, nghién ctru nay gop phan nang cao ning luc ciia
nhém nghién ciru, gitp xay dung va phat trién doi ngii nhan lyc
chit luong cao cho nganh hat nhan trong nudc.
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