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ABSTRACT: As natural gas develops to a specific scale in China, gas storage construction has become an inevitable tendency
to realize the functions of natural gas peak regulation, emergency gas supply, and strategic reserve. Gas storage often owns a
long operating life and adopts a multi-cycle fast and strong injection and extraction mode. Under the multi-cycle and
high-intensity injection and extraction, the pipe string will inevitably suffer from the coupling effects of temperature, pressure
and alternating cyclic load and will be exposed to an erosion risk. In addition, the gas storage is prone to fatigue damage and
sand output under long-cycle alternating load, further aggravating the pipe string erosion. In conclusion, the erosion law of pipe
string in gas storage is string and the erosion prediction is challenging, so it is necessary and urgent to study the erosion theory

and the methods of erosion prediction for pipe string in gas storage under cyclic injection and extraction. At present, scholars
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from China and abroad have conducted much research on the erosion of plastic material and have achieved many results.
However, these results mainly analyze plastic material erosion in gathering pipelines and specific working conditions, and few
reports are available for the pipe string erosion in gas storage under the robust extraction and injection. Therefore, reviews on the
erosion mechanism for plastic materials and pipe string in the gas-dominated system and erosion prediction are of specific
significance to ensure the safety of pipe string in gas storage during gas injection and extraction.

With erosion mechanism as the focus, six typical corrosion theories suitable for plastic materials of pipe string, such as
micro-cutting, deformation-cutting, forging extrusion, local deformation, secondary corrosion and hot melt on the target surface
were described, and the advantages, disadvantages, and application scope of each theory were clarified. The corrosion criteria
(critical erosion flow volume and critical erosion flow rate, surface ductility, mass and volume loss, and strength decay) and the
erosion indexes (flow rate ratio, critical plastic strain, a loss rate of mass and volume, and the remaining minimum safety factor)
applicable to the pipe string in gas storage were summarized. The specific calculation methods of the indexes were also given.
Typical experimental systems from China and abroad were introduced, such as rotating, jet, tubular flow, and single-particle
erosion. Several empirical erosion models based on the experimental data, like the E/CRC model and Oka model with a higher
frequency of utilization, were given. However, the related standards or specifications for erosion experiments have not been
developed in China and abroad, so the erosion law of pipe string has not been systematically studied. The unified interpretation
of experimental phenomena and erosion mechanisms under different working conditions and the establishment of universal
models for erosion prediction have not been realized. Given the suitable selection of erosion models being a priori existence, this
limitation becomes the key to improving the erosion prediction accuracy when using CFD. The general process and
shortcomings of predicting erosion based on CFD are described, and the feasibility of predicting pipe erosion based on artificial
intelligence is analyzed, which has certain theoretical guidance and practical significance for ensuring safe and efficient
injection and production of gas storage. The erosion prediction methods based on artificial intelligence can improve the
prediction accuracy of erosion rates. However, the method is in the initial exploration stage and is subject to many limitations in
selecting machine learning algorithms and their application settings, requiring much experimental validation.

KEY WORDS: pipe string of gas storage; erosion criteria; erosion theory; erosion prediction model; erosion prediction method
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Tab.1 Comparison of pipe string erosion characteristics between onshore and offshor e gas stor ages***4

Gas storage type Same characteristics

Different characteristics

Onshore Multi cycle strong injection and

The gradient of temperature and pressure field of injection and

production, long service time of production wells in offshore gas storage is greater than that in onshore

pipe string, prediction and
protection of pipe string erosion
are difficult

Offshore

gas storage, with less quantity, stronger requirements for injection and
production capacity of single well and higher risk of reservoir sand
production, resulting in more complex law of pipe string erosion
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Fig.2 Corresponding relationship between erosion criterion and characterization index of pipe string material
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Tab.2 Comparison of three common pipe string erosion prediction models?24
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e Fluid density, Empirical ~Without considering sand
APIRP 14E V.= ,—pm parameters production and string friction, It is suitable for gas
the calculation is simple, . .
. . well string without sand
Temperature, Pressure, but the rqsult is relatively or low water cut and
—3.33x10°4CD(p/ZTv \** e conservative. The key pre- . .
Beggs q. X W(P/ 7e) Comp.ress1b1.11ty fac.tor diction of empirical bara- production string of gas
Relative fluid density, P p storage
Empirical parameters meter C needs to rely on a
large amount of field data
It is mainly applicable
Sy to the erosion predic-
— Temperature, Pressure Considering more factors, tion of gas-liquid two-
Salama _ Do Fluié) densit ’ Sand ro: the calculation results are hase ﬂiw el(ll)ow with
=T N4 duction Str}i/;l shape more consistent with the Sand which has been
’ & shap on-site production conditions ’.
used in relevant gas well
production sites abroad
=3.33x10*CD} (p/ZTy,)*” 3 E,
q. L (p/ZTy,) 3) E =72 = S0y H P pyudy F) 7)
. Vie.r) @) P
P = . AE_x24x365000
Ve AE, =—F " (8)
& =Ag, N (5) yxn x4
e v, ORI R, mis; C RZK s =WXSO ©)
0

R RE, B YR RO E 5 pm B FIURL I AR 11 2
B, kg/m’; S KHERIBRAREL, SHOo~1; Wl
B b, ke; g MRS oP ik E, mY/d; D,
yﬂ%ﬁ?ﬁﬁi, mm; P jﬂ?’?’fﬂ{)ﬁﬁxh—ij} , MPa; 7 NiE
MR RN 75 7 oF¥ i o XERE, K 9, N
TRARAAXT 2 BE , ToH A5 vepory H 25 TURL I A4 Y 8
m/s; & AU BAVER A ; Ae, AR 5] & Y
0T A 7 AR 5 N A T R 2 R T T A R
- ¥ T B

A AT R R, E B A 7 A ]
) PR T BRI R AE L, SETRERIR L AE . SR
JEREISE AE |, BUPihR B e bt i RAE, Hi,
AE ., Tl DNV FrifE (2 6 ) Mg FmRBY, Ex b BUk:
REE . Moffy . WRTEAERE | MM | URDRIAR | TR
B SRR R K Uk B R AR R B R A R, LK
(7); AE \NWH AE B, WL (8),

EE AWML (APL) HLE AE | B E N
0.076 mm/aP"!, ZFE AT RER rhiiE R AT 0.076 mm/a,
AN R T A2 il e T B2 VR L Y, IR AN 2
KA, iR, RIS (CFD)
BAR S up R S TR N L TR UG Y Ol R A 2l )
kg/(m*s) (Fazsik ). kg/m® (WAL ). AR 4 i/
YR S, AR AR T X whith 5 8 A R AT N TR 8
JE | AP R AAPIERE TR, T AE,
PEATAREE, Wk (9).

AE, =m xCxvi xF(a) (6)

K AE b B S [ 4 80 T R K, kg/as
En WHRH R, kg AE | AL [R] A R
JEWIR, mm/a; E, WEGPR AR, kg; Er H0P
iR, RVSURL T i SR SRR G L m, R
TR R, ke/s; n PRI REL, 0 lk
FEFRE, MA@ vEreE, BARBUEWNE 3 FrslbY;
v WKL E , m/s; a NI, (°); H WFEIREEE,
HB; p WM %, kg/m’; p, Jy [E R BORL % | kg/m?
dy REARRAS , mm; FONBURITERREL, Fooh
0~1; F(o) i TUFf RS, RAEM RO IE ek, il = 10)
TP Ci=1, 2,3, 8y W&, BARBUE IR 4 it
ANy A RE ST, N/m®Ps 4, il 0 AT R
m*; SN n SR R R4 2 4 R A 0" R ph iR
W], a; Lo MM IR ISR, mm; So A HUM#I 16 %
ERE

Fla)=3 )", (uj

180 (10)

*£3 K. nHYERE™
Tab.3 K, n valued®

Material
Material density/  K/[((m's )™ =n
(kg'm™)
Steel 7 800
o 2.0 2.6
Titanium 4500
Fiberglass/Epoxy resin 0.3
DETRIAsSTEPOXY 1 800 3.6
Fiberglass/Vinyl ester 0.6




H52E W3 FRREL, S AR i ik SRR R T Y 0 -95-

x4 CHEUE™
Tab.4 C; value®32

C &) G C,

C5 C6 C7 CS

9.370 42.295 110.864 175.804

170.137 98.398 31.211 4.170

2 BB E

S SRR RE LASE AR 3, PR 98 M e i oy
BT T 00 45 A ol g A oo B 2 R TR SRR
T PP OO S 2 ST, SRR A, RIS AN [H]
T e e SO T S5 1) 2 00 000 A 0 A A g o B
B, SRR b IS B AR I . AT
BrE— 09 . SR AR . ukep ik | A A
XSEFE [ ST AR A, B A TR o0
LA HEAE .

2.1 ®RIEIEES

QIR BEE7o0 8 o S R E IO 1 B2 K v b S ST UL VN
FHAGHE . IS Finnie® 424, A b E
AR B LA — 2 9 JEE v 4 o T s, BT 14 4 A 20
TR IR, S EBRAMBIRT, I8 AR
Y e, MLERANIE 3 P, Budinskif® @
T 2 P ok S50 P AU 1 B 1 — 25 A 43
H L AL AEEIAEIE, 205 Alam ZEUB8E i ap iz
YOTESE T AL R TG, Qi 4 FR o BT UIHREE,
ISR SE R IR T P Pl AR O R S R T A
SO i A RSO o R Y e AR, WL 11 ),
BN whisk 3 RO [ SR AR, of A B RE X
2 1 i o sk A RE AR Ak A S50 (B RN B S R X e
B S iR B S al s el BRI fl % ofi o T
bl E R (15°~20°) FOHEHF il R . Y opish
FEERBORE, BT AAE 5 EPRE M IR ZE R K. Y
il R E] 9001}, ZHISRYHHEMEN 0, X 55
B i 7 0 7™ B RA o 4O ik A B R 15°~20°H
R ARFRBR G BT Lt 2 (12) i, Bl
B BAG I 7.5% 00K F 3h BEBR LR ARE J7 .

a ST FEURCALHI Wk VA T B BOMIE AL

Hashish®*/ % J& T WORE R BR B, IR M%7 S BE 4R 4K,
=LA T Finnie BB, WL (13), iz
PSTER NI A B B 1 o i RS B, RBACLT
Hofip R BRVERRIE Z2 F I R /N ob ik f T BRI
PR, AT TR IO 0 p i 5000 A2 3 50k 2R
JEE S BRI 0], R R T it ) AR T 56 R A
HEFRALE

my, L )
—L P (sin2a -3sin" ) a<18.5
8p

E={ " (1)
RY
PP cos’ o a>18.5°
24p
m v
E, ~0.075-22 (12)
2p
7 m v 25
E, z——p(—p] sin2a(sin)"? (13)
n p, \ G

e By O OB 7 5 R Y o AR 2K
s my, FEUBRLIT O, kgs v, UKL, m/s;
oy NP AT PR, KN/m®; G4 241, X (14)
5.

3o_yF;3/5
C = [P (14)
Pr

i

. S ; Removal part
Y N S i
Particle impact ~ Start cutting Cutting removal

B3 R i A A DI R T

Fig.3 Schematic diagram of cutting during particle erosion

'.I

! Y
["
\ &

/ J
/7 Microcutting

b SR FEBURL T A R R BRI AR

Pl 4 OURE oot A o g L D ) s ] )
Fig.4 Measurement of ploughing and microcutting in particle erosion process”"': a) micro
morphology of target surface under the action of ploughing particles; b) micro
morphology of target surface under the action of microcutting particles

[38].



+ 06 - %‘% E & 7K

2023 3 H

® Theoretical volume removal of Al

| | —Theoretical volume removal

Erosion relative volume loss

A Theoretical volume removal of Cu

B Theoretical volume removal of Steel
1 1 1

0 15 30 45 60 75 90
Particle erosion angle/( °)

B 5  Finnie B H i A B AR T 401 0 &
Bt e ot 1) 2 A 1 )
Fig.5 Variation of relative loss of Finnie theoretical
erosion volume with erosion anglel*”!

2.2 THRANEIEE

W e o SR RT3 i kg e LT R TR 0 ) A i
1 B AR DI B ) 1) a0 A T A AR TR
Y, Ja & AR R A DI R 5B (1 6) B, 3
T, Bitter™ AN, Y EERLAG wh it B AR T
Jeth i st AU K 1) o B /N T A A I A A e
BE ) i, SRR AR SR AR (7 A B0k 1Y ilf
Tl R A pp B ), S 2 ) A R R A
2 FASIE o H s A UKL B0 B e Ak o JORE ] 38 B fig
R S ME N AR e, 5 R AR B 40 . D01 B 4
A, 38 AR TR EE 5 DI S Y LU (A R A
RN W HG R o 15 22235 s Bl s B v, 5 U
vp 1) F B E SRR B e, Vﬁﬁ?‘?fﬂﬁ%ﬁﬁ@
TICHERIRE ST, e B, VLB A7 10 s AR T g
w2, RIERTH AR i SRR AR IR 8D AR R 'ﬁ@]ﬁﬂ
PP RE BE AR peah, U R TR A S & bl is £
fHRE L™ Az SR T AL, $t v 8 T %) 5L A BR 8 A A 9
PR AR A FLE e, ARTE B o b Stk — B 1 K1
TR A MR RE R, A
BB AR L ) S P A A R e B A A AT 3ROR R 5K
(15) — (17) ¥, Neilson FE" R KB T
AN i A Bﬁfﬁﬂﬁﬁﬁﬂa?ﬁ faifk T Bitter FAY, faj
AN (18) /R . Huang %5 1O% T8 98 1) i) BR
WHE S AR T R AR R A2, SR i S 98 e 1 A8 Je
Coffin—Manson J f 15 T AAIEH Lk, JF7EH
TS BRI H i 5 VTEIAR BB IE b | 55 50 b S J P il
PRI, 458 T AR5 22 B A UD I L BR 4 A 1
MEBEUR, WU (19), fHE THUIEIEE, %3
VIR B 2 T8 T M R vh i IS B SRR AR TR RN S AR TR
DR X v AIRTBCAf T S R L 1 o o 1 450 35 B A
B R TR BE o % PG O BT 2 2 I ok SR
d HE T Y IR TR ST IE ST R, B B
AT ZAWEE) n. e, C. Ky, D FELKSE, XESH

WO it ik B S  R AN, TR AR AN BE B
T A pp AR, X AR R BRG] T
HEE70) S

Particle
Deformation and removal

Cutting and
removal

Target surface

Pl 6 DR ol 40 1A I (995 ) 23 R 1) 3

Fig.6 Normal and tangential components of particles
impacting the target surface

E,

2m,C, (v, sina —v, )
R

C (v, sina—v,)’

| a<a (15)

v cosa — -
(v, sin@)

(v sin@)
[v cos’ o — K, (v, sina — v)3/2] a>a,

i <
v, sina S,

Ey —{mp(vp sina —v,)* (16)

i =
v, sina = v,

20
E, =E_+E, (17
W =
2mpv§ cos’ a m (v, sina — ve)2
+ a=a,
27 20 (18)
2m,v; cos® asina M (v, sina —v,)’ <
2n 20 0
ER ~ Dp;).187 5d§,5V§A375 COSZ asin0,375 a (19)

Krf: By MYTHIE SR 0 s R B 5,
m’; Eyq IS R A AN AR, o’ a
SRR T A, (0), SRR RE B I S f 2 2005

ve UKL FL i B, m/s, B (20) & 4.
@ 45 Ry VD) B A R HIORTAR T B 4t R0, 14 PR S 5
FE ;5 pp o A3 N EUR AR R BIARA L s Bl E 4
R UKL AL AL B AR R MPa; C L Ky NI REL,
SRS (21), (22) 318 DA S A& R

1.546°7 [ 1- 11— 1
i Rt W (20)
pp El Et
C - 0.288 |0, @1
O'y O'y

o | 1-12 1=.12
K =0820% 4 x| o ITH (22)
’ pp El Et



528 3

FRREL, S AR i ik SRR R T Y 0 - 97 -

23 HE-BRFEER

B e~ R R0V BRI RSB B R BRIE , BRI
B R RS i AR B 7 FFR L Rickerby 2527 Levyt*!
i SEM MEL K H AL o i oW S (18] 8a) Je &
B, ARURCE RS b (B 8b) &EF, I
WK EARIE R (& 8c), N NIXLEmIE i
FBF RSB Ve TS, #7522, 0k i o 0L 1wl 40 A
ST X T () B e SR , S AR B e B 2 fof ML i
A ) S AR T R e R TR AR o 4 T I R

UTAF R IR SR LR, BRALIHE R TH IR B, I
Wk QA A3 R 2 ). WHE R N HRAT I8 &
TEREA AL JE T AR A= (LB 8d), 1Z)ZAH
BT R B S B O MR R (5] 8 ), BEAMUIEHER
T AR A2 0 7 14220l g S K B, — B 11
FOUAREAE o et A A AR L 45 1o T, EL LT A0 i o
BAIART — B )5 i B 2%, Uk S AU ik
FAAE—RE B2 G A o Y R T A 2 2K ) A JEE
JERERmS, FRAS A TT AR, H i AR B T 3% A

First particle impact

~ A\ ANNNNNNN

Second particle impact

a Uk 1R AR

b RS 20 A

Third particle impact .
*« Forming softened and deformed
*s slice by extrusion-forging

Fourth particle impact - Softening

S deformity
v,  slice falling

N\

¢ MURLER Y AL I AL

d WA B

7 SRR R R o R B A
Fig.7 Schematic diagram of extrusion forging process of target surface material: a) the first impact of particles on
the target surface; b) the second impact of particles on the target surface; c) the third impact of particles on
the target surface to form a softened and deformed sheet; d) falling of the softened deformity slice

. Lo
Optical microscope I
section hardness
. 20 pm
f o BAUEE T AR

I
Depth of plastic zone

Knoop-microhardness/(kg - mm2)

Distance from erosion target surface/um
e MFLEEEE S RHE R IR

a SR iR AR

Base material layer

d $EH I TRELE T R

Surface softening layer

Work hardening layer

¢ BPRrBE B AR T IR R AL

Pl 8 LI A R () 5 i St S ) g 127443052
Fig.8 Actual measurement for extrusion forging of target surface material®”**°2); a) surface morphology of target;
b) erosion pits; c) softened and deformed sheet formed on target surface due to forging and extrusion of sand particles;
d) formation of work-hardened layer on target surface; e) relationship between the distance of erosion target
and the material hardness; f) profile hardness based on the optical microscope



+ 08 - %‘;{ ﬁ & 7k

2023 3 H

P2 AR, AR T D e X LA B A e
TR 7 B s B AR A 50 R UL vk T 4
PERPRHE th iR nh oL, (IR Ie A 0F R
A A R A S TR A RY PR 3 SRR i
(8 EPE T o

24 BEERER

FE T UKL A T SR AR 2R, Hut-
chings 451k F L 17 A J35 A0 40E JE2 14 2 9 B R A A
B TH BT s BE L IR PG SR 2B PR R AR e o D) ok )
VoI A i 5 s 90 T A A el RSO $E o BT e
WS R A ek B e J5 , #ETE DA bl s S
TRURFNES o FEFIZ e EE T () ph A an =X (23) JiF
N, MR RALE IR TR . AR IR, &
FFAEAHEEL, & A2 B R I 2% T4 R TR ) LR
S0 . Sundararajan 25N o X 3 ARGEON %
POBHRFR I sl e AT JmiAk, 48 e S22 IE JR)
PRAL BRI, £ T, Christman 45 PR B ) ik 43
R 3 A AR T XU A IVETE 5 fE  IXE R
ARSI , JE LA NG PI4F s A8 R GT U1 i A b BT s
F, IRV EIE RS . X — el B gl AR i o 26
FRESE (WL 9 ). ABIE Bk pp i A A AT f = (24)
TR, AT TR T RIR P B S5 RT e e 5 A 5
Wi, ZJ& Sundrarajan Z56 7% & T A28 R Ak 5 40 I
eI R, HE—S A Tz, WLt (25),
i T AR T Jmy & 1k B I A 4% (R A AR I 2 BY I AR J=)
AR AR, PR B ANGE T 5 32 4 AT VTR
(U8R AE . Chen ZEPEMRIRFR AP 1A TE IR A
7% R R LA |, % Johnson—Cook Wi 45
T T Eg TOMABLRL, WK (26), #a 1M LBRE
PR IR AR B 28 8] DUAR G- DAl g
7258 S L T X e R R ) A TR B, A
AT S A I AR B AL RN PR B A, A TLART R o X AR
WIS R I EA 25

Cptpl/zvs
E, =0.033 jHl}/z > (23)
/425
_ -3 pP VP

t*melt™ "t

E, = (2" Cv; sin> aF (1) [n,C,)-

{p{(nh +1) wie()e) [2— qu(xe()e)j /4(1+/1)tan2 aF(t)}—ez}

(25)

E, =
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Fig.9 Evolution of adiabatic shear zone to form
typical deformed chip'®!
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Fig.10 Schematic diagram of primary and secondary
erosion of target surfacel*®
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EV = Evl + EV2 (29)
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Fig.11 Micro morphology of hot melt (thermal excitation) on the target surface after erosion

[62].

a) hot melt fragments formed in the impact part of the target due to high temperature;
b) hot melt droplets formed in the impact part of the target due to high temperature
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Fig.12 Micro morphology of protruding ridge (mechanically excited) after erosion

c AR ME R

[63-65].

a) prominent ridge formed under the impact and squeeze of particles; b) protruding ridge deformed

by subsequent particle collision; ¢) deformed protruding ridge falling off due to continuous particle collision

* 5 HHEHRIMAERARSCE
Tab.5 Summary of advantages and disadvantages of plastic material erosion theory

Serial Erosion theory Advantage Disadvantage
number model
Micro cutting The prediction of low erosion angle is The prediction error of h%gh erosion angle 1s'1arge,
1 and the surface hardening of the target is not
theory more accurate .
considered
) Deformation and The prediction of high erosion angle is There are many empirical coefficients and a priori,
cutting theory more accurate and the expansibility is poor
Forging It can effectively explain 'the ﬂalfe and The erosion theory does not form an effective
3 . falling off process of plastic materials on . ..
extrusion theory S erosion prediction model
the target surface under particle impact
4 Local deformation It can well evaluate the effect of strain rate It is only applicable to targets vulnerable to
theory and temperature rise on erosion rate adiabatic shear failure
The erosion prediction of brittle particles It is not applicable to material erosion under small
Secondary . . . . . . .
5 . under large particle size and high velocity particle size and low speed, and the critical
erosion theory . . : . .
is more accurate. particle size and speed are difficult to determine
6 Hot melt on T:reti:lif :Citn?fazl:fnrmﬂl:fg:tefr;(lirl;.zzg 23]1 The applicability of various target materials has
target p P & & not been further discussed

erosion is mainly explained
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Tab.6 Impact parameters of target erosion

Attribute Influence parameters

Particle Particle shape, Particle concentration,
Particle size, Particle type, Impact

velocity, Impact angle etc
Particle with fluid  Temperature, Pressure, Density etc

String material Density, Hardness, Ductility etc

13
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Fig.13 Typical material erosion experimental system: a) jet erosion system in Tulsa University!®’); b) pipe

flow erosion system in China University of Petroleum (East China

)8I; ¢) rotary erosion system in

Tohoku University®®; d) single particle erosion system in University of Torontol’*""!
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Tab.7 Advantages and disadvantages and applicability of erosion experimental system
Erosion experi- Operating principle Advantage and disadvantage Applicability

ment system

Rotary type

The sample on the rotating
disk rotates at high speed in
the slurry containing particles,
and erosion occurs with it

Advantage: High stability, Simple operation, Carry
out multiple sample erosion at the same time, The
test cycle is short. Disadvantage: Eddy current is
casily generated in the equipment, which affects the
accuracy of erosion experimental data

Mainly for liquid-
solid two-phase flow
erosion

Jet type

The negative pressure gene-
rated by high-speed air flow
carries particles and makes
them hit the target surface at
high speed

Advantage: Simple structure, Convenient parameter
adjustment, Produce erosion results in a short time.
Disadvantage: It is far from the actual working
condition, The degree of target erosion is usually
overestimated, The experiment needs to be assisted
by high-speed camera, PIV and other devices

Mainly for gas-solid
two-phase flow

Pipe flow type

The continuous phase flowing
at high speed in the pipe
string drives the discrete phase
to move and collides with the
pipe wall to produce wear

Advantage: It can simulate the real flow conditions
of pipe string to the greatest extent, and has good
hydrodynamic model support. Disadvantage: The
experimental site is usually large, High experi-
mental cost, There is a great demand for gas flow

It is suitable for
liquid-solid two-phase
flow or gas-liquid-
solid multiphase flow
erosion

Single particle
type

The elastic energy is con-
verted into particle kinetic
energy by spring pressure arm
device to impact the target
surface

Advantage: It can effectively study the influence of
impact parameters (impact velocity, impact angle,
etc.) on impact behavior and material deformation
mechanism, and realize the tracking of particle tra-
jectory. Disadvantage: The experimental particles need

Only applicable to
single particle impact
erosion

self-processing, and the cost of the device is high
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Tab.8 Common erosion prediction empirical models and their advantages and disadvantages

Model Expression Consider parameters Advantages and disadvantages
[30] AE =i -Cv' - F Particle velocity, Angle of Parameters such as particle shape and
DNV m = v Fl@) attack particle size are not considered
Particle velocity. Anele of Parameters such as particle size effect
Mclaury®*#!  E, =C-F -v, - F(a) attack. Particle gI;a . & and target surface hardness are not
’ p considered
E=K,-F(a)-v' -cos’a*(1-R})+F(v,) The model describes the tangential
R -1 00016p . Particle velocity. Anele of recovery coefficient of circular
Tabakoffl*4-8] T SR attack Tangentiya’l reC(g)very particles at .smal! and .large angles of
F(a)={1+C(K,sin(90/ a,)a)}’ Coeffi’cient of particles > attack, which is suitable for the
. prediction of target erosion at any
F(v,)=K,(v,sina) angle of attack
Without considering the effect of
= . . n . = ~0.59 . . . . . .
Ey=k-F v, F(a) k=C(By) Particle velocity, Angle of particle size, the prediction accuracy
E/CRCE#7] H,+0.102 3 . attack, Particle shape, Tar- of particle velocity > 50 m/s in large
H= 0.0108 F(G)ZZC“ get surface hardness particle size and gas-solid two-phase
flow is high
E (a)=F(a)E,, Applicable to various particle shapes
Particle velocity. Anele of and various targets; However, the
F(a)= (sine)"(1+ H,(1-sina))" attack. Particle };’ize ”glg“ar ot value of empirical parameters depends
Okal®! F(a) surfac’e hardness ,Partiféle on the target hardness, and the pre-
v e rd e shape. Particle har’dness ect diction accuracy of particle velocity >
E, = H‘“(”,] [”,j pe ) 50 m/s in gas-solid two-phase flow is
v d higher
Cd* {v [A(sin(a / 2)) 1P} p* E;;tcllc(le Vlf:r);lctlyé A(rlleglllzit;f The prediction error of erosion below
Nsoesiel®”! E, =—2-2" T 2 Particie size and targe{ the critical angle of attack (about 30°)
‘ surface hardness is large
Target surface tensile tough-
ness, Plastic area volume,
Ey € E,eier = Target surface hardness, Par-
ticle density, Particle velo- .
Levin*¥ 1- 3'06'H5/4. -4 + -4 city Poissoi]l coefficient and The . experlmentgl .measurement of
mv; Py 'V:)/z E, E, elastic modulus of particles multi parameters is difficult
2 T-L and target, Poisson coeffi-
cient and elastic modulus of
particles and target
The prediction accuracy mainly depends
C on the value of empirical coefficient C.
APIRP 14EPY v, = — Fluid mixing densit establishing the corresponding relation-
f g y g P g
Pm ship between actual working conditions
and C value requires a lot of field data
D /p W Particle mass flow, Fluid It is mainly applicable to the erosion
Salama®” v, =s o E, :1.86><105#7Dfp2 velocity, Bend diameter, prediction of gas-liquid two-phase flow
P t end target hardness elbow containing san
N Bend target hard Ib ining sand
N i Cd F(aw™ Particle size, Angle of attack, Particle hardness and material proper-
gggjj:r}g[gl] E, =ZM Particle velocity, Particle ties of target surface are not con-
p=l Arce concentration sidered
WVLB
h=F,-F,-F,-F,, —21
(D/Dy) , - .
Without considering the influence of
Pt Impact factor, Particle flow, turbulence on particle trajectory, the
Shirazi "> £, =exp| —| 0.1 4% + Particle  velocity, Bend erosion prediction accuracy of
P

0.01500% + 0.12}(4 —1.5)]

diameter, Bend geometry

low-density particles in high-density
fluid is low
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Flow field calculation

Trajectory tracking

Model selection and calculation

Tab.9 Principle, advantages and disadvantages of mainstream calculation method for particle motion

Kl 14 HET CFD Bl i i) #5 / i 7
Fig.14 Operation flow of erosion prediction based on CFD

®9 FHEHERITEFENRER MG

[107-108]

Computing method

Principle

Advantages and disadvantages

Euler-Euler

The gas phase is regarded as a continuous
phase and the particles as a continuous
pseudo fluid. The gas phase and solid phase
are calculated by imitating the single-phase
flow in the Euler coordinate system

It is applicable to the working condition with high
particle concentration. It is difficult to determine the
properties such as particle size and density. Only the
average value of particle momentum in a single control
unit is given, and the prediction accuracy of particle
velocity may be low

Euler-Lagrange

The gas phase is regarded as a continuous
phase and the particle as a discrete phase.
There is interaction between the gas phase
and the solid phase. The Navier Stokes
equation of the continuous phase is solved in
the Euler coordinate system and the motion
control equation of the dissociated phase is
solved in the Lagrange coordinate system

This method has high prediction accuracy for particle
velocity, but the calculation time is long, DPM model in
fluent simulation software adopts this method with high
frequenc
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