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Modeling and Analysis of Liquid Leakage in Liquid Ammonia Tank
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ABSTRACT: This paper aims to scientifically analyze the impact of the pure liquid leakage accident and explore the
leakage calculation of pure liquid ammonia from the liquid ammonia storage tank. Based on Van der Waals equation and
fluid mechanics method, the liquid leakage model of liquid ammonia tank was established considering the tank pressure
change of liquid leakage in liquid ammonia tank (vertical tank, horizontal tank and spherical tank) and the characteristics
of different types of tank structure features resulting in the change of liquid surface area. Numerical simulation of liquid
leakage for three liquid ammonia tanks was performed by the model, which were then compared with PHAST simulation
results. The results show that the decreased range of liquid level height 4, ), decreases slowly and then increases fastly,
the decreased range of liquid leakage mass flow rate O,y sn, as well as the increased range of liquid leakage mass m,
decreases gradually and slowly. At the beginning of the leakage, the Oy, s reached the maximum values of 0.555, 0.553,
and 0.552 kg/s; at the end of leakage when tank leaks, m, ), reached the maximum values of 11.245 846, 11.084 621,

and 7.730 932 t, respectively. Model calculation results are similar to PHAST simulation results, the deviation of
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Om-vs.hmax) Was small and in the range of 16.577%~16.667%, while the deviation of m,, was relatively large, and the

deviation of leakage liquid mass in vertical tank, spherical tank and horizontal tank were 4.565%, 5.764% and 17.630%

respectively. From the analysis of parameters' variation, these model is suitable for calculation of liquid leakage in liquid

ammonia tank and its risk analysis.
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Fig.1 Structure diagram of liquid ammonia tank
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Fig.2 Modeling flow chart of liquid leakage in liquid ammonia tank



214 - (-

2021 4 6 A

e A CHEREEREN R AL (m?®); R, S ERHE
P42 (m)s

I RE S D = 2 o 220 G PN A T T RO BB A4, L
T T F T AR AR Ry, KA Ly YRR AR
i AR Ry B ERAG R, w4 R (5) P

Akll =2L\/Rh2 _(hh _Rh)2 +(7T_4)[Rh2 _(hh _Rh)2]

h—dR2<h,<hg, (5)

b A A REMREREP B A (m?); L A BN
. (m); Ry MAGTEE HAE L (m),

Aot (2) st (3), 2L (2) Fik (4), K

£pn+“”(f](vo—nob>

£

(2) Az (5) 73BIRAL (1), BT E 2457 50

VA T R Oy, WK (65 TREREE A
e BT A Omes, W (7)), W2 RNV 1A I s 5
HR Onn, WA (8)0

2
[pﬁ'a;gJ(Vo _”ob)

0

Qm-v = pACO 2

vaO +pTERV2(hO-V _hv)_pnob

1

2 2
an, 2_&+g[hv_hl_im
2 _ ol 2
IO|:V0+nRv (hO-v hv):l

h=d2<hy<ho. (6)

2
an,

Qm-s =pAC‘O 2
PV +pn[

Beis-))

N =

2

an

+ %
(e

R’ —(h =R, )Z:I(ho-s —h))— pnyb p[VO + n[Rj ~(h,~R, )ZJ(hO_S —hS)T

I—=d2<h,<ho. (7)

[

Qm-h = pACO 2-

2
an,,

PV +p|:2L\/Rh2 ~(h, —R, )2 +(n_4)(Rh2 ~(h, ~ R, )2)}(}‘041 —hy)— pnyb

p{VO +[2L1/Rh2 ~(h, R, +(n—4)(Rh2 ~(h, =R, )}(ho_h —hh)} p

A by it O BE A RE SIS E (m ),
122 itiREERE

AHHREM R IS, ARSI E
PRI ) B NV TT RS

dm,, =—pA'(h,,)dh, g, h=d2<hg;<hosp (9)

s dmygn S TR AR BT 0 BN AR AL
A'(hv,s,h)ﬂ‘j‘z’giﬁ%g hv,s,h XﬂL@ E‘J?&Eﬁﬁ:{( mZ ); dhv,s,h
T e BE RNV (m)s

I3 (3—5) FRRAR (9), RIS R =T
R T I VR I3 i 1) B INIR AR Ay, VBRI T U Y
A J5 it B R/ INAE A g R0 2 MR T s 98 14 5 )
/N dmy:

dm, =—pnR dh, h=d/2<h,<h,., (10)

dms :_pﬂ[Rsz _(hs _Rs)z]dhs hl—d/2$hsSho.s (11)
o =TT

(n—4)[Rh2 —(h, _Rh)2:|} dh, m=dl2<h<hos (12)

1
P d\||?
)

hy=d2 < hy < hg., (8)

3 D b S T AS E B, A 2 R A o U

MR T my (2 (13)). ¥ 22 R HE M I 0 14 o

Homg (3 (14)) FIIR 2 RME O TR AR T my, (X
(15)),

mV :_pﬂ:RVth +CV

1
m == prh’ — pnR > +C, hi—d/2<h;<ho; (14)

h—dR<h,<hy, (13)

R —h
m, = pLR,” arctan l:*} -

\]hh (2Rh _hh)
pL(h, — R\, R, —h) —

p(0.2866666667hh3 —0.86R, A, —0.2866666667R,’ ) +C,
h—=d2<h,<ho, (15)
K Gy, Co M Cy ARGEAS R HE (A I s 17 55t 1
TE 1 H B
123 WEEESH R E
3BT i 282 5 I ks B R A BT B m 5 T
WpH) ¢ BUSC R, A



WAk 1 7 GE S 258+ 0t RS A A 4 - 215 -
dm, an,’
Qm—v,s,h == = (16) d[ T[R 2 P + 0 (V —n b)
de, ., v v, T~ o "o _
. oSS b bt A s dh, 24c, 0
b deyon AR BUNELE Cs)s oV, + prR (., —h,)— pnyb
ﬁ%ﬁjﬁ(almlm,ﬁ<mlL1mul . N
Beat (8, 12, 16), HIEFNRE M BREEAIEN : _ﬂ+g(h h _ij} :
%ﬁﬁmmﬁmr%ﬁEHEMMAfg W, = pVotnR by ~h)| P 2
(17—19 ), h-d2<h,<hy, (17)
2
o w[R-(h-RY] 2 -
= _ -
P NG A R (R ) Uy —h)-prp PPt a[ R (=R [0k, )

_(hh_Rh)z]

&, 2L R = (=R, ) +(m—4)| R,

dh, J24c,

(2 )

0

pm+4{éLJRﬁ-{hh—&J2+(n—4ﬂRf

2
an,

~(h,

p{Kf%?LJRf—{hh—RQZ+(n—4ﬂRﬁ—{hh—R”2ﬂ(%m—hﬂ}

2 HHERSRWIE

) PR ) AR R A MR | BREE . 7 CHRE A0 Vi A
T I3 W7 25 SR 738 AL B | VB R T ) O i =
Bz 1,
21 ITEER5i+ie

WA (17—19), HHHEFE 1 WA RN,
A Origin B A X485 BAE ], 15 BT B A7
1o B T R ) 5 9 e B AR A A, LI 3. a7al

xA1

h—dR<h<hg, (18)
X
_Rh)z):|(h0h_hh)_pn0b
Po AR
e
h=dR<h,<hyy (19)

T A PN AR T T ﬁm.ﬁﬁﬁmzﬁxﬁﬁﬁiﬁﬁ
AR 7 AR R, IO s ¥t i FL A R 1 948 A i 20> T

ﬁﬁﬁ%ﬁ,@ﬁmwﬁﬁﬁz%zm/,W%tT
ef B A7 VL T o O BSF ) 5 98 T v )L S et A

b, HAE—E VT H AR E SN o BREERE A IR i i AR
BERm i), s AL D7 WA ), (E TR R

KFIGH , A3 BT T R i BE BT 5 B (1) il 1T 1
FESE KGN, AEAEVEAE . RMRESS FRRAIE 5 BRIE AR
L, Bz E ST, EEEZWRTRE, SBCEAiL
VRCTAT T A v J3E T ST ] YA T R B AR 1 1)
JFE B W 5

R R e S o

Tab.1 Critical Parameters for leakage of liquid ammonia tank

EHE SEAE RY Bk A WM RENPIGW MR AR MBI MRALE sl BEAE
K Yk m’ m FE WHEFH WREE/m  JE/,C Ji/MPa Ji/MPa  #&/mm 8 PG 4 11 B /m
é;; $2.5%6 4.8

Eg WHE 30 $3.84 0.8 0.65 2.7 25 1.65 0.1 5 1

= $2.6x5.6 1.95

i HE




- 216 - f1 %% T 72 2021 4E 6 A
28 KL, MW h=ho=4.8 m, h=hy=2.7 m,

—u— 7 R i _ — S IR =X — Al K

24 b —e—FRp AR hw=ho;,=1.95 m ET, [ﬁﬁ{&mﬁii My s 0, r%%‘(
BN C,=14195.94, C~14 074.423, C,=3796.414, F 3

[
(=]
T

VTR T [ B T JBE T A o ]
dt, ,h/dh h(><103)/s
o o

o0
T

48 42 36 30 24 18 12 06
mﬁ%‘rghv,s,h/ m

B3 VRTE TS R e B T e I I) 5V TR v DG R
Fig.3 Relationship between dt, 1, /dhysp and Ay sp

FEFE 3 T DU 5 B B =1 om KB, DA
2T WY T AR W = BE R R 1 om B RO E], 3T
FFE] hysn—dtygn/dhyy MZT BT, X BT %
A B0 T BEAE IR, A5 2 W I 15 BE Ay 55 6T 107 Yk
(6] £y s Z A ZBAL AR DLIET 4, XTIE] 4 BT
G I AFE hygn T b ILE KR W 20—22 ),
i HEM J5 , YW T R R AL AL, R Ok
i o3 A it 55 3 i 2 S 2R VAR i TR AR S 1 TR] Dy
33 831.192 s, BRi#E N 33 120.718 s, BMHE Ny 19 453.773 s,
K4 b by BE o0 BT BRSNS LS b Bl 1 9T B
RS GE 5 7B RIS AR , 34932 1) P AR T T R
AR AN L E D5 AR T B

h, =-2.8716x107"¢’ +2.62533x107°¢, -

1.68116x107*¢, +4.78097 20)
h, =-2.69854x10"¢ +1.73321x107°¢> — @)
7.89586x107°¢, +2.68595
h, =—4.19992x107"¢° +2.02864x107°¢,> — 22)

7.24526x107°t, +1.94576
FIHZ (13—15) 23535 1 &R 2%

5.0

—a— 7R
—a— Fihafifs i

45}

4.0
35

3.0

2.5

VRUTHT 1= BE Ry /1

2.0

1.5

iy

05 0 6 12 18 24 30 36

IR T2, (X 10%)/s
&4 ¥ v B R A R OC R

Fig.4 Relationship between A, sy, and ¢, s,

1.0F

(20—22) MR AL (6—8), THEZEEIER S
WA S5 5 A Oy BEEIR I ) 2, 1972 AR
A, W s, Kt (20—22) AR E H L Cygn
(2 13—15), THEE5 RAE IS S AR BT it m g,
BEIE G N ) 2y BOZSAE AR LIS 6, XTEET 5. &l 6 i
AR5 AHATHG S0 0T, A5 20 R 2 ik S R T T o
HIHE Onvens MHREAKTTE my o, 5l £,
IRCEEG R, A (23—25) Fiel (26—28 ),

0., =-1.37789x10"¢° +9.8496x107%¢,* —
2.65254x107t, +0.53916

0,.. =—1.45464x10"¢} +1.07361x107°¢" —
2.79678x107¢, +0.53767

0., =—4.3095x107"¢° +1.93579x107¢,% —
3.44225x107°t, +0.54566

m, =8.49272x107"¢ > —7.76439x107°¢° +
0.4972¢, +56.28418

(23)

(24)

(25)

(26)

0.60

—— R
0.55 - e BRTLHAE
0sol —a B f
045
0.40 -
0.35 -

0.30 -

WA BT TR O/ (kg ™)

025

020 0 6 12 18 24 30 36

MR, (< 10°)/s

5 i A I o i - 5 T O 1) DG R
Fig.5 Relationship between QOp,.ysp and t, s p

12
—a— TS
10F —e— BB AHEE
—a—Fip A

IR T o/t
N

0 6 12 18 24 30 36
R AT (a2, (X 10%)/s

P 6 ks A T s 1 56 R

Fig.6 Relationship between m, s, and ¢, s,

{
N



Fa2k H1l

AR RS - Rt R A T s A S 2 T

<217 -

m, =1.04393x107'°¢° —8.32749x107°¢° +
0.49523¢, +54.74343

my, =2.13358x107'°4, —1.17089x 1074, +
0.523561, +18.98618

K5 FiE 6 b, i Tt fLARSZ b AR R )
SO, FfE W ) gy AOSEIT,  VRMAE Dh JOT A
B Oroysn VBN BE B TR SE , IR R BT B my o 386
TR B AR BB R 2% A A . 2 £, 0000 B, HEDN
AR X 1t P FL AL e T e K, Oevsn HIXK, 37230
TE . FMEE . BRI B VA U 0 2 3R 4 1k 0,555,
0.552, 0.553 kg/s; iR R 2 it s FL AL (D
hysw=h'ysn ), AR5 1 my g B R, 37 20HE
Fib G . 3k o Y ot T VAU ST B 43 0 11.245 846,
11.084 621, 7.730 932 t,

388 o0 0 Y S R | B R M Y A D T 4
M, S8 ACMASEAH ML, HAEIRGE A7 A1 At
B el VA= W3 L DN T S 2 5 /N L8 G N

R

(27)

(28)

R R o 3 RIS f B A AT SRR Qv
AR ILF MR, H e KR ¥ B W T 4 46
21 o

2.2 1EARITGIF

PHAST ( Process Hazard Analysis Software Tool )
RV AR FE AL T4k BT 40 ZARR R T s, %K
BT XTI |« T S5 AN ] Sl 37 S 1 T S A 54
HWHEPL A LR SRAS RS YIRS (I
% 1—2), KH PHAST 8.13 XA [l 2 AU fif i 04 2
WAL, SRR, WK 7—8. PHAST
B 45 55 R B e T A48 S o ) e R VR R T U T
R AR AR BB, WL 3.

SECHE | BRI I MG Y R 2 TE S A T T B B
e PN OB S AR Il SR AR T, 23R 3 5t
i), B ALAL R 128N IREE BT, s
A 7 70 R SR AR T OB+ RN AN SE I TR

x2 MEHRIXBEKSH
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RHS R °C K/ AHF I/ KAH K PH 5 55 38 2/ R MR FLAE TG
- (m-s™) % SE ¥ (kW-m?) AR 75 1] INZE
25 1.5 70 E 0.5 i K FLAL TN 2
0.90 —vo 12
w orsh —o— BRIkl 10k e BB
2 —a— RpsfE - —a— Ui
70601 ; 8
o
*ér 045 ;‘Eﬂ 6F
I <
= 0.30F B o4t
12 1=
= =
Z o1sp 2+
B
0r ok
0 6 12 18 24 30 36 0 6 12 18 24 30 36
MRS TRl 2, (X 10%)/s MR, (< 10°)/s
B 7 A I o U R R A R 56 R 8 it I V14 T i 5 ik e o) [ G R

Fig.7 Relationship between Qp,.ysn and ¢, s,

Fig.8 Relationship between m, s, and ¢, s,

*3 HETHEE PHAST BB R 3Tt

Tab.3 Calculation results of theoretical model and PHAST simulation
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