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Abstract

This paper primarily investigates the application of partial differential equations in traffic flow and
applies this case to specific teaching practices. Initially, a novel single-lane and multi-lane traffic
flow model is designed and analyzed. Based on the conservation of vehicle numbers, the problem is
abstracted into a first-order differential equation concerning traffic flow. By solving the equation,
the paper focuses on discussing the changes in single-lane conditions with (or without) outflow and
the suppression of shock wave generation, among other properties. Through the establishment of
the model and the analysis of the solved equations, students’ abilities in mathematical modeling
and problem-solving in real-world scenarios can be cultivated.
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1. 518

B 5 4= BRIR 7 AR AR R D0, 2838 A AR A A8 AR AT Y — AN B R AR, X T R AR T
ACIR I . B v B S . R R I8 7 A 5 U T LA Y S B R ORI N Y S Al IR Y g
i A ADURN TR 2 5 7R B AR BNAT Sy, A PRI A B AR R AR . FE AR 2 AR R,
T Bk 23 7 R B R TR R G R 0% 7 38 A2 3 R P 02 48 1 N ) 2 AR AR M T A2 BT R [1]-[4]

T IR, M AEFR A ) R R BAC I AR A AR Y, B i g [E 2% Lighthill 1
Whitham F 1955 fE32 H[1] [2]. Z A BTG P Hh iz H AR 3l ) 22 38R SR AZ @, 8k Xt #a)is
B (1 A8 T8 I TE 5 — I Z0 0 e — A B A DR AT 0 M, DA R A8 38 IAT 1 AR PR AR O o % WA S I A
RURT DA N RR SRR B A BB K 26 . Ra AU I A d i AR &, i E . HESEES,
NS EA I, MGG AN —DHE T B E SN A E M NEXR. ALFE
W BN AR, 5 AR I 2 WA I AR TR (R A IR 2R A T 20 J7 R AE A I I AR P R R, 4 DA
WA 38 A B B AT AN AT

ESEPR B R G, AR NS R Z B Z PR R A, AR R R IE . wok . 1

AT N, DRGEMR IR RIBES . Bl AT NS KEERLFERER, AR 20880
AN . T HHEF B SR AR, ARSI TR EE S 2 R s R .
X A Y B T AR R A SR A SR U, ) R O O TR R I — I i R, S I SR A X e
2, AT T AEA AN TC U LT B2 AR B, DA e e g A 2R 2 ) R R SR 4 1)
W (R A2 e 2 0 77 2

AT T B AT, 38 I LR T A I A B, AN B A% D B AS 8 IR B B A AT A R AR
i1, 10 EL RS N RS I8 BRI R PE S SRR . AL, A TG BRI o e S K 2 T v R R AL RS T
W, CLHIA B> 2 @I . 3 I B A SCR I B . A ST OB v AR R — MBI R
i, B 37 5 AR A @A R 0 AP B 2 R R e L A ) SR 1 R

2. TRHBEEERBNEL
T UG H PR TE R A . H AN L B R PATIE EITARER ),
AFERBEFVOF AR, BAMBR x(t) REMILLE, u(x(t),t) FmmEE, BATVHE X(ty) =%, ALK
dx
Ezu(x(t),t). (1)
TE PR AZ I8 o — N B R R A I . R I AR R B R AR A B x SRt A BE A )
AR . T DM IR AL GRS p RFRSCIBE L, R p(Xt) /2AE x A1t A sy K Ay ) F
BRI . DIEH BB E N E Lo @M E TR AT M W PR L, B0 U SR [A]
PRI % EE s R AT DR E R RN o, Rk O

5
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q(xt)=p(x,t)u(xt). )
WRIEE 8% FI0— B, M x=AFIx=B>A, WLIABEERTEL t 4T A5 B Z AL
S EERPCT R AR AB BINARZ T, BOAMZmBagn, ulmin R i 2 TR
N, ZEREOR /D . AR A FI B Z AR B B R, B AR B N ) FR) AR AL 2R R 48 TR B 72
AN g (1) AR A
AN,
dt
i, BAVHIE AB B ZESRETT o R T L
N s (t):jfp(x,t)dx.

=—q(B,t)+q(At). (3)

Rt A
d 8 00 (x,t)

S lep(xdx=—a(B)+a(At) ==

NSRBI e S TR S A 0 B R 0. IR (B.1) > g (AL), itk
RN Z TR, AN 0D e
jf[ap(x’t)+aq(x’t)]dx=o. 5)

ot OX

dx. (@)

B A B TR, A%
6p(x,t)+6q(x,t) _

o 5 (6)
X
BeAh, FATRT MR B u=u(p), T H EHSE TS B p e i S Em o8 R
o opu(p) g )
ot OX

3. ARt eEERENET

BUAEZE B ARt IO DL o FESERRAETE T, A —ANFE LI R TREA R Z, (EREAT LI
NS —RPINIZEIE R EIEZE, PTCLERARTER] ) — 408, RZMELSLATEE p AR Min—RK
W RO LR 5y — 2% i A BIA H A, XA 5 MAT R EE TR, MR EME x AR, HEIERE
frE x BIRARIE . T4t N — T8 B 2 ML, T DA — Rt AR i, JERAE A —Fb

A
BORAE AB BN SR HEAA AR, 28— R TE t I ZI0 H ZE A Ny, - TEE 28180 Ny,
s
NAB (t):jfp(x’t)dx—’_Nlout+N20ut' (8)
d s dN dN
ahp(x t)dx + dlt°“‘ +%:—q(8,t)+q(A,t). (9)

BN N 5o 5 H#EAT K ﬁﬁua “°“‘—q12m, SN E]

o(x,t) oq(x,t
I;[ ((’ﬁ )+ é )de+qlout+q20ut:0' (10)

X
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sk, R

B B
Oiout = .[A g (p)dX, O20ut :J.A h(X)dX,

Horfr g (o) FT LAFR AR g S AL I 15 5 A A PAY 58— KU K AR BE S h() UL R e ) BRI BE B
KU E . B,

o opu _

P +9(p)+h(x)=0. (11)

k7 AR A O B ZE ST o B oK SRS P A H R e T A S 0 ) 5 B 7 SOk
s RS g (p) T h(X) o e RHBREE AT, B TR0, YERBARMER T, EHf
AL, Wg(p)=0, BB ERATRE, LBELBHIEE, W p 20K SR, W%k
AT CAAAIX — B, T DA AT LS 35 P K 4 B AR 15

0,0 < py,
= 12
g(p) {aplp>p01 ( )
Hrp p, PRI A %E, a>0.
ATAT DAL AR 281 5 LR MR T AR p T AR A BIBL T RR RN p = e F (4(x,t)), b
d(x.t) A2
dx at
E—V(p)e (13)
FORHELE /7 H2, T F Ak LA G 2 £ (x,0)= £, () ERE.
T AR LR E IR 7 7 2 T Be 2 LB PO &, T st 0 P A R R 2R B T TR IR 5, IXAE
AL IR LA 1 T R AR I AR B B P A
TEZ AT e, FAVEIE 7RIS p O] LA p B384, SO R i B 2 — e AR B4
TR = A, B IE BRI OO RE PR IR R 2 1, I BRaa il i = A o ILTE I 20 o0 BT SR R IX
(F8 A RS M =X S EW R W E |5 R

op op
—+p—=0,
ot Pax

1Mt =0 I8 B 43 Aii
1, Wi x<0,

p(%0)=91-x, R 0<x <1,
0, WHEx>1

TEXPE LT SRS AR W, W 1 R, 1Ex=1, t=1FF0RM A0k
M5 S A R ap FITEAL, TTEAEH

op op
—+p—+ap=0.
o P

JllES)
dx

E=P(X.t),
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Finger 1. The shock phenomenon when x=1, t=1

B 1 Hx=1, t=1FH8EI%

fi#4

—at

/0:,00@%l = g(xo)e

AT p(%,0)= (%) - WASEL L

dx a
E:g(xo)e "

1 —at
x=x0+gg(x0)(l—e )
LA x, =0 HIfE 5L A, ﬁtﬁﬁﬁx:é(l—e’a‘), LATRE x =11 t 5ZATHIAAL, Hom

a=l-e™,

Wk 2 for, Ha>IREL S t=1150m, MASPERD, H0<a<lif5t=1%mfEt=11
T7s PR T A, P AR BT R REAIR AR 7 A, L AR BOEOR I T DARH 1E s
M7= BIFT a, NIm AR, 2 a<a, W AT LRSS OLI ™42, T2 a> a,» BRIt S AR R] LARH
AEFR = A

ERORHIE N (X) AT BRI, T ER R I B SORAE AL B x AAPAE S HABE R A,
NEARTE AR BT . FTRAh(X) R R SALE x A6 5 A= o6, B RERe e i B AE R 1E,
It AR BUE B A
(14)

h(x)=

Horbx (1=2,2,- ) ABLTAAFREZAL S H 1, U (X, 6;) A2 X RIS, E X B 330l Read i i

{O,XQU(xi,éi),

b,xeU (x,6,).

DOI: 10.12677/ijfd.2024.124006 59 TARS) S


https://doi.org/10.12677/ijfd.2024.124006

HESR, AL

&, A LRI, H A b TS BRI R AP 5 3 T B 3 SRt R A S S e T
Ko PTUAG B R H AL

3 T T T
O<a<1 ‘
a>1
25 b
2F d
\
15+ } 4
|
C
1r ‘ d
051 i
0 1
-3 -2 -1 0 1 2 3 4

Finger 2. The suppression of shock waves by the term involving ap
B 2. ap X HURAIHIH)

NT B, %5 g(p) =05, JF¥ h(X) B 4B ERAS Kb B, #h(x) Mk
T 0 HE4E R (SR A I i8), 7T DL

0 0
Ep+v(p)a—’§+h(x):0, (15)

BARAG)RARTF IR — By Jr R, 475 AT BLFH AR B — B0 sl 7 05 R B R AR 2ok 1H 5

%:v. (16)
[FIE T A IR, BRAVFFELA R B, 12
dp__
AT LA R ERFIE S |
=—[h(x)dt =—th(x) + oy, (17)

Horb py =g (%)) /2t =0 W EE AT . TTARYE v(0) N (16)fF HHARFEZR x = X (1)

THAEY h(x) AR Ae s s > A4, 272 (17)H T h(x) >0, Eﬂlﬁﬁ%%l:p?’ﬂ%ﬁ@ﬁ, PP
5 E—Aiig e p NG EEAL, AT DU BEAG T A 5 BT R v (p) = o, TRAH
NFHELTTEH

X=X, —%h(x)t2 +g(%)t.
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%ﬁ%:ow%ﬁ%ﬁx:%m@ﬁﬂ,%@muﬁﬁmnm%m%ﬁmm%%mﬁi,mgsﬁ

7No
3 T T T
h(x)=0.2
h(x)=0.6
25 1
2+ | 1
J
J
15 3 ]
|
|
{
|
|
1+ ) 1
05 / 1
//’//
0 1
-3 -2 -1 0 1 2 3 4

Finger 3. The suppression of shock waves by h(x)

B3, h(x) XHEUR )

4. MEBEHRBNEL
G RIS, DR R R BB  BL. 7ETE O\ I SR A — i PDE

P ()20 -

ot OX
M7 2 1LY e BB I, A TE R e AR 5 ERHN, d—FEEp=u. v=f, 55—
FiELp,=v. v,=0, WaBGHEM

Nyt oo,
ot OX

ov ov
— —=0
ot +g(u)6x

ORI I TE R AN T BE Y R 22 ) 5 st T, ANTLAHSENT o B it H R P 4738 22 1) AT LUAH
ARIE, MAESERRAER T, FARE - BOEBEOAPIA R R R TSR, T A A AR B 4
Bz, TAHARE B AT, A B 4R B A T AR A e R i ART DUMBR SR et A LT
A LA SN BT A TE S HE T 1] SE A ARl AR T . AR R FEOL T B8 — %0, ISR S — IR
ALIEAF LTS BCEMRRABGR XA PSS BEBRATTRT 8 B B A A T L, (IR R A TE R
AN ERA L B OB ER, thEBE S —FEREEREI, BT IAh AR AE Ky —
SE AT W JEE TR A AR I B AR 25, i DA% 8 P A 3 T 52 22 R M W A it sh g 17 R LE B 2
ANSHRME, BB SHMEEFEZRT 0, Mz, £5REHERIC—Mf5ap , k2N
—ap , T0HMWEEM LR FTBLBRA T AL
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(18)

HrpAlifRiza>0.
N5 FE T RE(L8) ISR Af - i (18) I 15 5 R ] LI L, B e 5 b R ity 2 20l AT B, B
f(x)=g(x)=c, BMAERMNEBAFMEEN A 2T FRERHE DTSN xt Rw'FH

2 2

8_§1+C6_u+a(8_u_@j=0, (19)
ot oxot ot ot

2 2

ou +ca—g+a(a—u—@j:0. (20)
oxot  ox oX OX

$(19), (0)wHE NJTT R AL — AT AT
U, +CU,, +au, +cu,, +c’u, +cau, +au, +cau, +a’u—a’u=0,

B

2 2 2
8_2+20 0 +c? 62+2aa +20aa—u u=0.
ot oxot OX ot OX

Kb FRIXAN J7 FE % R e T B T B PR KIS, B R TR @ HIaa 4o IS4 b 5 R4 v] 55 1
i+20 o Jrczi+2ag+2cai u=0,
ot? oxot ox? ot ox
u(0,x)=(x),u,(0,x)=n(x).

FRMEZ X, , HREAHR

X=s+ck, 1)
t=s-ck.
o uFEHA
u,=u, +u,
u =c(u,—uy),
uxx = uss + 2usk +ukk’
Uy :C(uss _ukk)'
utt = Cz (uss - 2usk + ukk)'
A R A
€% (Ugs = 2Ug + Uy ) +2¢7 (Ugg — Uy ) + €% (Ugg + 2Ug + Uy ) +2ca(ug — U, )+ 2ca(ug + U, ) =0,
iR 15

cug +au, =0.

WamTfiitu=A(K)e = +B(k), HF AK) . B(K) BEESH. BTG U(0.X)=7(x),
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U (0,X) = (%) TBA TR s R o LA 25 AR A A U (0,K) = 7 (K) » U (0.K)=p(K), V5%
RNy (K) 5 (k) S2hR ERE y .y 1.

{u(o,k) =A(k)+B(k)=7(k),

uS(O,k):—gA(k):n(k)

e Az—%n(k), B:y(k)+%n(k), T BA 7 PSR

u(s,k)z%n(k)il—e:SJﬂ/(k).

FEAPS QL) 2 e
s= %(x+t),
1
k —%(x -t).
@5
1 —i(x+t) 1
u(x,t)=%n(z(x—t)][l—eza Jw(z(x_t)).

EEIZEM n,y RAEHIGN, ARG

FIF AR v Rk, X ETER R AR, BRI RRR. N EEAIFA RAFR
H BB . AR AT LS ERATOETE 1 AN S 00T AT ARTE (R 0TS AT, 25 5 A8 B2 TE N
WETCERE, BN AR T AT LR AR OIS . R — T8 Il A AR RN, T 55— 22 A peil
MADER| LB A REN N RIS AR — Bt ATDMRBER AR B O, BT LA 1 S R
IR B85 BB A I R 2R A0 T 18 5 R IR AR (18) e S O

u + f(u)g—i+ a(u—v)+bu=h(x),

ot
%+g(v)%+a(v—u)=0.

Hrba,b,c BINRTZH AL
TS 175 S Fi il B0 1 2 A0 P52 D s R DA LB K AL BRI DL, LS e 5 B — Rk, A%
T bu T, FrCART AR RIS AL E, EeR QDTSR v L, EE RN A
o° o° , 0°

—+2c——+¢ —2+2a£+ 20a3+b u=nh(x),
ot oxot 154 ot OX

u(0,x)=7(x),u, (0,x)=7(x).

HARFEAREE R HER, Bh(x)=0, M4, X7/ 22)MINEHR21), [FFE#

(22)

2c¢%u  +2cau, +bu =0,

iEu(sk)=AK)e = +B(K)e ., EEBHROVIEAL
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u(0,k)=A(k)+B(k)=y(k)
U, (0k) === ziz_Zb A(k)+_a_ﬁz_—2b B(k)=n(K)
BV A] figt
2va? —2b
—a++a’-2b
B(k)= k)-n(k
(== g 77
MTTAEE u(s,k), St )
U(X,t) _ A(l/ZC(X—t))e(_a+m)/4(:(x+t) N B(1/2c(x—t))e(_a_m)/“(“t).

S. B&

FEABTFTA, FATRIN L T A S PN 9 AR TE AN A SRR, R IE R SR AR A R —
BrAE ek R DT R, IR ANERTT 1S REP — SE OB, AR K T ARSI IR B TR AT G2 AL A
PAR 2 3RATIWEFC 1 T 24

51 BEEHRBNEN SO

FAVRBL, FETCT A B b, RN 2 D BCOBTER R FE, TTTAE 51 R A58
P X RSP RSB S 2. B AT HURUR , FRA TS0 th T R A AR B
B K, AT Bk (RSN 728 o 25 W], A BRIt LIRSS 08 v T4
A A B L

5.2. MEEHEBNEN SO

FEXUAETERER T, AT R8T 2R AE A 43 2 1B B3, A B AR 0T i - M R e ) 4 UL )
BRI AE, X BRSPSl R A AE . JATHE DRI, R R A E R AR S
e, WA RO R A SR, R R R A

5.3. BFEILHN A

AHE TR Al TR B S, VAP IR 1A A TR, XA B T B AR AR
RIENAAT N, OB BRI AL 7 BE SRR . I BUE B A 0, AT RE S T A R S 2%
PFR AT RE S LA SR AR A, T T st v B A A S 4% ) SR B A SIEB I P AN

5.4. RFKMEHE

JE AR SR BRI G T — R, (B — Pt St B L SChrR R, AR
B SEAE SRR LR AT (S S BT Bt ) % S A A o FRATT R BOR SR B 7 R] AR
B 2 R T SCEPRIY RS RE AT ) i L, AR o S AR 15 P - S B 4 RE S R G B it

XS, BATYIE RS YA TR U AT TT 8 A SE R SR AU AL A AN TR, DUEA R0t
Rixt H 2t B2 HIAZIE R . teAh, ZWE TR i T R IR R T — S AR S, XHRTT AR
SEREBRE T RUKT L Ok S 5 S A R A
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Abstract

Unmanned Underwater Vehicles (UUVs) are playing increasingly crucial roles in military, civilian,
and research applications. The ducted contra-rotating propeller (DCRP) as a common propulsion
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method for UUVs has a significant impact on the vehicle’s speed, noise, and other performance. This
study focuses on the application of UUV towed sonar arrays and designs a type of DCRP. Using com-
putational fluid dynamics (CFD) technology, the hydrodynamic performance of the DCRP was nu-
merically simulated, including the propulsion unit’s power, head, efficiency, and thrust at different
rotational speeds. The numerical simulations reveal that the designed DCRP satisfies the efficiency
criteria for UUV propulsion technology at the designated condition, thereby validating its suitability
for underwater applications. The simulation results provide a reference for the design of propul-
sion technology for UUV towed sonar arrays.

Keywords

Unmanned Underwater Vehicle (UUV), Ducted Contra-Rotating Propeller (DCRP),
Propulsive Efficiency, CFD, Towed Array
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1. 53|

KT T AFAT 28 (Underwater Unmanned Vehicle, UUV)J&—Ff B mE EH 0. RiEhE. BaMHE. 3K
BO@ v . ARBA SR S B K T RSt BEE T ANBARRIR ARG, VUV BRI AR AG B0 K
&, NAVEEAWY R, WARZESR, KA. BFFESUEL] [2]. EF5H, VUV EEHTEERER
LW, AT HFESEMLS, BRI, BERER. B RS50ES, X815 BRI ENE
GRRE IR 2 At . RS, UUV | Z B T e R . SRR A RR R, XA
B T4 B e IR B (0 AT KRR . BRUR N AT RRSETT R AN PR 2o BUAR MR . BHIFFAIIE, VUV B R H T ifg
FERLEAT TR TAEWEFC, SR I AR PR B A AN TR it T o A

HEBERARE UUV R AR . —, HMRREIEIE T VUV date . SiiRe ). mrdett. MoK
. B ET VUV R 7 SCEFEIE e it . WOKHEE . DA AT . VRO R T A
KETHEESE, FohEH TR IR IR e . IR SRS B P AR AR A . I MR A ) R [3] . A X
(Ducted Contra-Rotating Propeller, DCRP)/& —Fik IR e AERE RS0, B P/ME G IR ek AR AR A O
(WA EIF RS — AN A, TGP LA ST Il D IRIHERE, (645 /K2 w2 Ik J5 T R g
VAT UAE Ja 2 b 2k mlse,  SE R AR s HE i [4]-[6]. SEEIRIERAHEL, HRr SRS A, (HR
DCRP A& ¥r 2, SEAKERRAER, #=T30CE, USRI N R, (2 7K 5,
WD T LA PERE I, FEAHAIHE SR, DCRP B4R/, H DMEIRSIAMEME 2 17[7] [8]-

ARICER R UUV #5800 A IR S A, it 17— DCRP. SRAITHE LK) /124 (CFD) R, X 3
IR TENMAT 4 580 e 2 0 HEJE I B HEAT 05 B0 A0 T, R P BB BEADL 1) 77 2 SR B E 28 7E B v 264 T 11
TERESH, N AT S R B BTHR AR

2. DCRP #&it
2.1. UUV & DCRP FEi&it&¥

VUV 5 8tE RA GIREE — FoE Bt R R IEBOR, B /N mfLsh PR AT R e A /i [3]. A
TP VUV L AR SRR B A AN, JT Ree e PSR 7 & DA i P FLEh YR . Oy 4
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B VS

=

By PR SRR S i, AT RS GARE D500 e 2 TR A A AR L T4, DCRP 3R AR T 52
BeHBOR, RV SR e SN K Bl s o T IR SRAR B EL AR, BB/ IR A 2 T AR TR,
T REXTIRE SR At HEE BRI AR, TR B ZE0 DCRP AT 0 00T, BRI BT S 40 2 R 4
BT K.

UUV J DCRP FZ BT S8 & 1 firk 2.

Table 1. Main design indicators of UUV
1 UUV EZi&IHERR

KE HiE EF N} Sy 1) B T AR S
2m 200 mm 18 kn 24h @ 3 kn 200 m

Table 2. Main design indicators of DCRP
% 2. DCRP £ ZERIHEIR

HR WE HEIE i HES
170 mm 2600~3000 r/min 380 N >80%

2.2. DCRP it

UUV SE RS AR AR TR M it CFD SEml. AR, e ik 14
Wit RAMAA RS ER IR, IR SCR M RGN . BTIRHER ) =R, SRS
Y5l 77 (CFD) 04T i3 OB RS UL, T S e 22 1R /K ) 3 kg o I T A2 R B0 FEHL, 347 7Kt
5, MPARHFIE BT RI RS A ARYEBUE AR SE R, IR B AT A, BRI R L
Kb, SEWRFARNGE, DRSS BRI IR & . SRS, ST IR AN S48 1 R4
Wi, ISR MRLERRIGE T 2% ARG FENLIET S IMNR, DA RIS e 7E S bR TAE
FAF NIRRT RO ER . R, BRI S E R ERE VUV b, JRT KRG, MRS
RGNS IR G EH RFEFEERILE . DCRP B it R unE 1.

i IR 14 OpenProp #eit—X g e . Witserun, S HgEeS 20 Mgk, K
IXEHE SO SolidWorks, A1) e i S IR AR, e 2 FR.

3. #F CFD Y DCRP ¥{E{HE
3.1. CFD 8{E{fH E

(1) iR

EAT, BEEEAEE BB R I S E B W R 772, BB 48 BB SR AR I it o 4 o) 7 7
I B B BB K SRR AT VR, T I I X T A — e ) A R — e R i
UG, FRATEUETE, 8 LR AG ARYE k- 157, RNG k-¢ #5754, Realizable k-¢ B4l SST k-¢
A A 9]

AW IR SST k-e Tt i B b AT BB TH, 0 A RS 1 FRfE k-e BEAL 5 R HE k-e AT (A0 057
TEI S Z R A Zhsk s, R R FZ I Eh, R T BRIC I PR A 4% ) 5 R kAT
B8, 3R A SIMPLEC &EET K A
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Figure 1. Design process of DCRP
[ 1. DCRP &itiRi2E

Figure 2. 3D model of DCRP
2. DCRP =4 R B R E[E

SST k-¢ Tt A AL f iz 5 7 FE vl LR R N«

O(pk) [ O(Pku) _ @ |, M) |, _y 45 )
5 x o o Jox, kYT 9
o(pw) o(pow) _ o pr 19206 vy 1S 4D, @
ot OX; aX]- ) aj

Hh G, G, WM AT Y, Y, AT BUERRAESG S, < S, AT E IED; D, NIERZK
BRI
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(2) PRIy

HIH Spaceclaim B AF xR HEAT BT AL BE, AR MR e 3% o] Bl A ST e dg. DA R A0 R B AN 5 3
TS FUAT AR AR e SR AL BE AT AE 2N, AT SR IR R RT Fa B K, ARHIE FE B v M A R 4
W2 AT HRAE AR, AW ENRESE TSRS W 3 frox, Mot D30 FEEEATAT &5 1 i )
PR AT AR B0 — A BE, 1 I 30 R BRAAT 4% 5 i R BRSO AT S I A5 KB, AR IR ST SR —
K.

/ inlet

/ N\

Moving wall

hest o

y / N
outlet / \\
““," \‘\

\
|

Figure 3. Simulation fluid domain of UUV
B 3. fiTERHERAEE

£ Fluent Meshing B{F A 6 = 4ERIRLEAT WA Rl 00 RS TSR XAk E B A K IEdA . iy 55—
AR B M. O TR EAERL, KPS RRREAT TR I AL . (L RS N4 BO i
MRS AT RE T R AR, TR DR 07 45 R EEINIL Sebr Tk, WA Rl 4 Pos, ks
B H0N 2,498,536, ARSI IEAS B 0.1, ZRIGE AR fA 38 S R BT

Figure 4. Meshing of UUV and fluid field
B 4. fITER R RIAMAELR 5

) T HSHKE

BRI N L (inlet) B BV, 4575€ — AT T X BhoRE R . IR E VR . &
AE S [ 1 0 8 O [ B, TETE RS o E BN AR L 3 SST k- 1554, XTSI IRH £ ES
% Z 11 MRF (Multiple Reference Frame), MRF J7ik& —Mfadrrik, HABRER SR, (HHEIRE. 5T
WSS A Bk E WK 3.

TE [ A4 BEAL R E o R 26 (Bl u =v=w=0), 7EITEEX [0 7 A 4% FERE e e . 28—
M4 B N N BEK T 18 B IS R e, #5355 2600 r/min. 2100 r/min; 55 2446 3B v ME/K T 16 B I
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A&l Jied%, #5E 2600 r/min. 2100 r/min. 15532 MK 5256 DCRP KR E = Ban i 5 s, LBl DCRP
ST 8 5 R = W 6 B,

Table 3. CFD simulation setup
F# 3. CFD fHE®RE

ZH wE
b/ SST k-¢
BE)RR Moving Reference Frame
i R SLMPLEC

JE 77 S % = Standard

Figure 5. Velocity cloud of DCRP under open water experiment
[ 5. M7k L4 DCRP HE =

Figure 6. Velocity cloud of UUV and DCRP
[ 6. UUV 5 DCRP (848 RE =&

Vel 7 SRRV Al e S DY AN 4B Y B ) 2 P o RS BRI R B AR R BRI, B ) = IR
TEARE I — B R RIRFRE, e 7 A 5 .

(4) AFEHIHE

KM LES Kimall, el [X 38 5% 1k XS 1 22 5 1 oM B A5 -1 (Transient Rotor Stator)#578, i [i]
AKELAt=1.9231x10""s , BI—ARFEEKHATER 3. Mtk i SH S MR A E 2 )5, 5%
AT AR E Fia s
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Figure 7. Pressure cloud of each section of the DCRP

7. BREREHEENTE

32. 12, MEEMMERHH
Rl AR R T A 50 [10]:

2 2
i Lz P,u,ds . Lz uzutzds] _[Ll Pu,ds s J'sl u? uﬂds]

net

®)

Qg * 2Qg pQg ' 2Qg

Afs SR LE TN K OIS, 25 08K W S s Q NIE, mdfs; H,. H, ik,
HOKWIT RS, ms s« s, NEE. HUKWITEIR, m? o u, A, HK DS SRE, miss uy~ u, N
e K DT S S GEVE R A R, mis; Py P ONEEL HUKWITTE & S8R, Pas g NEE IR, mis?
BRI A XN
_pqunet 4
TN, +N, @)
XA, NGRS, N, N MR R R IhER
IhR I EA RN

N=""Tn (5)
30

A T AHEE, N-m; nNEHE, r/min.
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4. HEHHEERE SR

BBUERIEE B, RAHHEARGB). @), (65), 474533 2600 r/min F1 2100 r/min T #2iE
B, SCRMENTHZR, SR NE 4. &5 &F 8. K9 A,

Table 4. Hydraulic performance data (n = 2600 r/min)
Fz 4. IKAMEREHIBAR (n = 2600 r/min)

Vs (m/s) L (m3/s) DIZ (W) i (m) (%) HEJI(N)
1.54 0.03 6390.56 3.736 14.99 907.78
2.31 0.04 5386.15 3.423 24.45 758.79
3.08 0.05 6027.49 5.516 46.94 859.32
3.85 0.07 3547.79 4.187 75.68 490.15
4.62 0.08 3474.23 3.728 82.56 488.62
5.39 0.09 2857.32 2.655 83.41 379.00
6.16 0.10 2156.66 1.588 75.54 265.13
6.93 0.12 1293.88 0.562 50.10 140.89
1.7 0.13 377.77 —0.49 / 4.46
8.47 0.14 1071.07 -1.63 / —154.46
9.24 0.16 2637.22 -2.87 / -337.12

IE-T R E -
1 2 3 4 5 6 7 1 2 3 4 5 6 7
HLE (m/s) g (m/s)
MIE-2F TE-E )
80
800
70
—~ 60
S 600
; 50
a0 400
30
20 200
10
1 2 3 4 5 6 7 1 2 3 4 5 6 7
UE (m/s) Ui (m/s)
Figure 8. Hydraulic performance result (n = 2600 r/min)
& 8. 7k F3MEREHELE R (n = 2600 r/min)
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Table 5. Hydraulic performance data (n = 2100 r/min)
Fz 5. IKMEREHIEAR (n = 2100 r/min)

T (m/s) W (mds) E(W) HfE (m) (%) #71(N)
1.54 0.03 3058.29 2.019 16.93 528.37
2.31 0.04 3367.04 3.741 42.74 601.65
3.08 0.05 1901.81 2.726 73.53 324.56
3.85 0.07 1769.46 2.288 82.91 304.39
4.62 0.08 1361.31 1.427 80.64 216.23
5.39 0.09 843.75 0.578 61.50 118.90
6.16 0.10 194.62 0.261 / 11.40

L -Th 2K ] - E
3500 4
3000
2500 3
Z 2000 E ,
o ]
ﬁg 1500 %
1000 ]
500
0 LI 0
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Wk (m/s) LHE (m/s)

-7

Fik (mis)

Figure 9. Hydraulic performance result (n = 2100 r/min)
9. K JIMEEETTE L5 R (n = 2100 r/min)

MRIEHE TS R 5, MEEKRE KT 7.7 mis i, RN, SRR N GUE, PR E R,
WEECK, AR BT ER . AR 4 A7%1, #3808 2600 r/min B, fm A0% SU# Dy 5.39m/s, )1 F
=379N, %N 83.41%, D)% P=2857.32W. R4 5 A%, i 2100 r/min B, i 803 iR v
=3.85m/fs, /) F=304.39N, %4 82.91%, L)% P =1769.46 W.

It R R AT LLE 1, DCRP FE W THHE I R iA 3 ) R R 3R A B 48

DCRP 5fiifr s A e g Bk 6. & 7 K& 10, K 11 Fior.
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Table 6. Hydraulic performance data under coupling (n = 2600 r/min)
Fz 6. A TKAMEEHIBR (0 = 2600 r/min)

LiE (mis) i (mds) DI (W) PFE(m) R (%) HETI(N)
1.54 0.019 7668.67 3.624 11.90 682.93
2.31 0.022 6194.07 3.523 19.56 556.19
3.08 0.03 5212.18 3.468 36.61 515.59
3.85 0.04 4683.08 3.512 64.32 343.10
4.62 0.05 4585.62 3.46 70.17 347.40
5.39 0.06 3714.63 2.13 72,56 276.67
6.16 0.07 2695.86 1.48 64.20 191.42
6.93 0.08 1707.92 11 42.58 112.71

TLE-TFE TLE- 712
8000 4
7000 3.5 o
6000 3
£ 5000 Es
3 #
R 4000 N "
3000 15
2000 1 " B
1 2 3 4 5 6 7 1 3 4 5 6 7
W (m/s) W (m/s)
70
60
$ 50
3 40
&
30
20
10
1 2 3 4 5 6 7 1 2 3 4 5 6 7
W (m/s) E (m/s)
Figure 10. Hydraulic performance result under coupling (nh = 2600 r/min)
& 10. A TKIMEEEITELER (n = 2600 r/min)
Table 7. Hydraulic performance data under coupling (n = 2100 r/min)
= 7. 3BETKIIMEBEEHEZR(n = 2100 r/min)

L (mis) () W) f2(m) A (%) HEF1(N)
1.54 0.019 3700.53 1.655 12.88 449.23
2.31 0.022 4074.12 2.88 35.9 517.19
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g3k
3.08 0.03 2282.17 2.26 58.82 236.8
3.85 0.04 2141.04 1.98 64.67 210.32
4.62 0.05 1565.5 1.22 66.13 185.52
5.39 0.06 970.31 0.48 51.05 102.35
-2y 2 E] -2 E
4000 3 .
25
g 3000 £ 2 .
N ds
= 2000 =
;
1000 ] e
0
2 3 4 5 2 3 4 5
i (m/s) i (m/s)
TIE-RCR TIE-HE

R (%)

3
L (m/s) ik (m/s)

Figure 11. Hydraulic performance result under coupling (nh = 2100 r/min)
& 11. BBETKNIMEEEITELER(n = 2100 r/min)

ATLAEH, ST E 5, DCRP HIThHRIET T4 20%, HEEMAIRA T, DCRP & WitEREIF A&
HILE 2 T, REAT%ITHE DCRP 5 UUV &4 U .

5. &

ASCEF XK R AT 8 (VUV) IHEE R4, el 58 0 i 22 (DCRP) (1 B v FIPERE EAT T IR A
ST ST IR T ERAAR SN )42 (CFD) /%, % DCRP #E#E&SHEAT T B4, DA VUV ik
ARG AT FEHE S AR HE A AR SR

it CFD HUER, X DCRP BIZKBN/JPEREHEAT 7 F0l, #1505 H45 R BoR, DCRP {E T LIl R
FILH B I AHESEEBE A = 2%, #F 2600 r/min A1 2100 r/min KI5 F, DCRP 23 %lis3] T 83.41%F0
82.91%I1 = %%, A& 379 N A1 304.39 N [HE /1, Wi T UUV HEREERE R K .

DCRP HERESR7E T TH%6 18 N SLBL 7 WU HEEPERE , X T UUV #5803 B 75 g ) N B B
S KT EAMUATEAEM AR A T2 B34 T HOR ¥
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Tube Caused by Variable Pressure Gradient
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Abstract

As an important energy and strategic resource, crude oil has a wide range of applications in daily
life, industry, agriculture and other fields, so the demand for crude oil continues to increase. It is of
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great significance to conduct in-depth research on the flow and heat transfer of heavy crude oil in
pipelines in order to improve oil recovery (EOR). This article explores the flow and heat transfer of
heavy crude oil in the oil pump during hot water extraction. According to the rheological experimental
data of heavy oil, it is confirmed that heavy crude oil conforms to the power-law fluid constitutive
equation; A flow and heat transfer model for heavy crude oil in a rod pump was established; For the
first time, the finite difference method was used to solve the numerical solution of the power-law
equation. The effects of the thermal recovery temperature Tw of the rod pump, the thickness c of the
pump wall, the number of strokes n: of the rod pump, and the power-law exponent n on the flow
rate Q were analyzed, and the optimal scheme for thermal recovery of heavy crude oil by the rod
pump was established.
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Figure 1. Physical model of rod pump
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Table 1. Values of relevant parameters for oil pump
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Figure 2. Shear stress-shear rate curve of heavy crude oil
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Figure 3. Impact of stroke times n1 on speed u of heavy crude oil
B 3. HUR ny SHEHANE u BISZAE

K 4 o 1 RERR A n X SR AL S I R IR, AR SR IRAIE T SRR R e # 0.9 <n <1, B

ARV IWERE L, BEEREREIE R, JFhishE s, £ n=0.9 1, FHi
EACIT PSS N

100 T T T T

90

n=0.9, 0.91, 0.92, 0.93

60 -

50

u(t,t) [cm/s]

30 -

n1=7 r/min, Tw=363 K, ¢=1.20 cm

e o

0 0.5 1 15 2 25
t[s]

Figure 4. Impact of power-law index n on speed u of heavy crude oil
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Abstract

The Smoothed Particle Hydrodynamics (SPH) method has proved to have great potentials in simu-
lating flow problems. This paper will use the §-SPH method based on the assumption of weak com-
pressibility to simulate flow problems. Due to the low accuracy of conventional interpolation
schemes, the calculation results have significant errors. In this paper, an improved interpolation
scheme will be applied to the lid-driven flow case, and the calculation results will be compared with
those of the conventional scheme and experimental data. The results proved the improvement ef-
fect of the new scheme.
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Figure 1. Particle distribution in the computational domain
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Table 1. Errors of first-order partial derivatives calculated by two interpolation schemes using different particle sizes

#= 1 ARERTFRY TR ES AT E—NMRSENHTEIRE

T T (m) A& 4 7711035 1% 22 (100%) SFDI [#7-F#41% 2 (100%)
0.02 0.05326 0.00530
0.01 0.02723 0.00138

0.005 0.01418 0.00035
0.0025 0.00757 0.00009
-1
24
&
()
(=]
= -3+
=
=
él /
= —a— (G TV
—e— T L R4
54 —
~W
T T T T T T T T T
-2.6 2.4 2.2 -2.0 -1.8 1.6
lg(dx) (Ig(m))

Figure 2. Comparisons for error convergence of first order partial derivative by using two schemes
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Figure 3. Schematic view of the square cavity
3. FEMTRER

K4 gt T IR IE] t= 40s I THSR A AR BEMRAE K 70 A, RIS Q2 db T RaE, MBI UE
H P ST SR P L A A AR ], (HR A0 SRR B HEAT IOK R T AR AR 420 SPH JiiAZ4eid 40
PGB SRR o Ar kL, L T REILR, PLEhWI, XA SPH J7 ik A By iRk B H R i 5
K, TR SR B R, 2 E RIEEN, T IBATRAL Y, (ARG ik
TSRS BEAN R, A RLT 0 A AR PR B T IRELII B, TSk Js (¥ SPH 759 i T 17 ks 2 4
E7 %, 1T T Bl S EA T EOR I, RISy RE B R T AR AU SR LA AR BB, TR
Ry B AR B AT S A T R e

IW...“...- Re

0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95

(@) b

Figure 4. Comparisons of snapshots of the lid-driven flow. (a) Results of SPH; (b) Results of SPH with SFDI scheme
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Figure 5. Comparisons of x-direction component of velocity at the midline (t =40 s)
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Figure 6. Comparisons of y-direction component of velocity at the middle horizontal line (t = 40 s)
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Figure 7. Comparisons of x-direction component of velocity at the midline calculated by the improved SPH method using
different particle sizes
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Figure 8. Comparisons of y-direction component of velocity at the middle horizontal line calculated by the improved SPH
method using different particle sizes
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Abstract

The world has abundant heavy oil resources. Most of the studies on heavy oil extraction technolo-
gies proposed in recent decades focus on analyzing the production capacity of each technology
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individually, with few studies providing a qualitative analysis of the quantitative relationship be-
tween the oil recovery rates of each technology through mathematical modeling. This paper presents
mathematical modeling of three oil extraction techniques and solves for their respective oil recovery
rates through numerical calculations, followed by a comparison among them. Data analysis reveals
that the solvent extraction technique has the lowest oil recovery rate, and the rate shows relatively
minimal change over time. The oil recovery rate of warm solvent extraction is significantly higher
than that of solvent extraction. Moreover, under the combined influence of temperature and solvent,
warm solvent extraction can achieve an oil recovery effect similar to that of Steam Assisted Gravity
Drainage (SAGD) at a much lower temperature.
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Figure 3. Distribution of physical quantities in the transition zone
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