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Abstract The minor loss characteristics of a drag-reducing surfactant solution flowing over a circular sudden-expanded
pipe have been investigated experimentally with an expansion ratio of 1:1.52. The surfactant used is cetyltrimethyl
ammonium bromide (CTAB) with concentrations of1I0~* and 2<10™* by weight. The maximum drag reduction rate

for both solutions is achieved 70% in the fully developed flow in straight pipes. But at lower inlet Reynolds numbers than
the critical one, the expansion loss fogent is only 10%-20% below that for water, while at inlet Reynolds numbers
much higher than the critical one, it is found to be much greater than that for water and to approach 1.5 times one for watel
at the Reynolds number at which the friction factor reaches that for water. Furthermore, a much longer distance is requires
for the micelle solution flowing across the sudden-expanded step, than 7.8 times the diameter (45 times the step heigh
of expansion-downstream pipe for water in order to reform a fully developed flow in the downstream. And as inlet flow
for the solution of concentrationxd0~* loses its drag-reducingfeciency, approximately 158 times diameter (920 times
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the step height) of the expansion downstream pipe is necessary for reforming the fully developed drag-reducing flow in
the downstream. From the present rheological measuring results for the surfactant solutions, the drag and its developme
behaviour of the sudden expansion pipe can be considered to be closely related to the time characteristics in forming an

relaxing of the netlike micelle structure induced by shearing.
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5l

o}

S o PRI AR U B 8 R 2 S L R 273,

L v A8 ARG St 9 BEL 017 2 AR g 27 A 1) S TR 2
. A VR D R TR M T I A R O ) i R PR R 2
K URIE Pk 80%. M I L ik g i Y e HoAR
TEWR S S H AR5 b Ry A 2R3 T SRz R R i)
(A TP KGR RGAF R T — e R 1)
F 81 5 A7 SCikAROE, H Ay AR A LA BRBH Rk
(A7 BH B O, AR 02040 ik s 1 S g
PR 91 B - S T T R T K e
A2 A 5| B g AR 0 PR A DR BEL AR, 8 T 42 71
BTG, FoK B AR AR A R K.
Tl S o A, RS2 A BY VIS o R A U
AR\HIR GG, B 5 AR EAE R AT 0 v v 1 A
BB E 5 T AR i U B B, X — W AR 2
S P 9710420031 gy iy e AR VU AFF 5 SCHR 2 DL, A
KZHWFAE N B N R KRR, Li 55 B8]

Kawaguchi: L7 7 5E 1R TE 15 AR K it ot 45 Rt
SIS, R I R A B A R A B0
GOR LA MR B, 2 [ it L o P38 4 3 /N Ttk
Wits MU EN T VA EE I FHE AT IS FLUskBH 2 A0 F I, e
PRI Bh S5 R A7 5. Weei 25 181 764 T8 R 1
o, PEMR T 2 THNE R CTAC IR B Rl L
Y0 1 5 9 B 71) 5 F: 0 BRI R B 2 IR 9K &R Zhang
A6 1912 I BH 125 -2 T 1 1) Habon 76 Wi AN 7] 91
T4 5 B TR AT 2 S N R i 9B e B L
BT BB BRI S LA, Yu 55 PO @R
BB AR A3 iR AR 2 B0t i R K B B0 3 45 449 1)
S ISR, G IR i 99 AR B, LI gk B 2 488 K
e, Fu s Y S5 I S0 s AR E P i
WG R IS G5 AT 5 2K AN A (1) 5 X 454, Cai
S D2 S dR H — P E AT R 9 Lk 1) AR IR AR
W AR B ISR PR T 2. 1T Tamano®%: 1]
AT 1) A [ 25 IR N — 5 A LR
PR IR T ok LR 1 55 5 4 5ORD 2 R B AR IR s AT

[H].

18 LA T3 2 T 9 BHL 7 /K 00 L 28 9 Bk S 4
65 1) BEL T R0 50 485 R R AT S BIF 90 SCR. Pak % 220 5
B 22 T BT AP-273 KWW S It K = i o
Bk, 7F 2x1074~1x1073 (MR BB R, BEWR
U1 S A 2 R BB S A KoK, HLAI
Tk, EATTBHE RY R R 7E 7 K it
P IR e K B 5 K o) T P B S R TR 2 TR 1 56
#. Poole® B2 LA LY h i 7SR 59 PAAM
A Sl 4k i =2, A TR 0 20T (R 5
BT W S AT A ARXTRRYE s AT TR S8 AR
SN (R 55 S b nT S B0 T 123 A (R SRR
. Dhinakaran&s 281 Z5¢E—A> 1:3 (I W
FURARIA CEFATE) Z IS M S 3], 8P
PRI A L A 2 1 0 S B s 5 AR AR SRR 1 s S
VA T B D)1 U RSk /N I S E 4L Tamaddon
6 27 B PR AR B A B AL T 1A I A (—F
WS R R TAR) A — AN - R 4E A R R 40
S SEH I OIS . Norouzidh: 1281 38 o BB gt fe Hy
AN A R IR Rl SR SRR AT R R B
FAH T AU AR S W A OGS R
2 RO AR IR L R 12 ISP PSR T T AR K
T SR B BH R, (i Tz sE g 45 1 T Rk
IR T W LG e A0 () S R W A /N K
I ah R, W LUAIZ SO OCT RIERLAE A BT IR 1R 78 40
RIS IR 45 sk IEAE R R, Frfgah
WA NAESE. Li 25 B0 ZERE RS 1 Py R S I 75k PR
AR, W — ARSI T R IRBE . TR
2 SR 19X Bk 55 A A A A (AT D BEL (M T I B s A A )
MIRBh R GE. H )55 4 B X o4 Moy 25 7 I A
XoF 7 AL T ARV L 285 SR PR S W gk AT T ST, {EL
BT A AR B DU P B A7 2 7 52 1) S A 1
(s, Frfasiiefat— B .

037 ok HL 98 308 3ok < P O B0 R SRR AT PR, K
T A K AR AR A S sh T ST S S A . 4%
WM, BB KIER . R G, &S, WMEIRE

Roba)



276 Vi =2

2 EiCd 2018 4 & 50 &

O, W Bk IR e as
PRI Z AR [ - Rl s oo, nTCATRL, i X e
PRI UL RGBS I, R KT BEL 0 AT 2 B AH Y 3
NGS5 780 R ELAS TR AR AN, LA A W 4 1)
ZESt, A BEMIER: B O R i Uit R BH B v A
80% (1 R MI, 1 S B /KA A I o B D ek
AN S UL EEZEAS AL 20065 (1) 9k B 7] A5

A X 75 KRB E R IT, A2 LAAS T
TN VR T 37578 750 ik L AL 552 . 30 3o o) 3 900 A G T 5 4%
DSOS PR I AR 7K R e T IT 5T, TLAA g 2 Skt 2
T 5% JLAE R R R s BEA T A S AT B 7 3L 58
WAESEBR TS & —M 2 i sh %, i pk
A SRR BGSCR — P F B % T BRI
SRR YIS 5t ARSI — N E AR 1:1.5211
RY K, AR 1x1074, 2x1074 ¥ B
BRI MRS pidt = HILRAL % (CTAB), fif
FH AN [R) SR 1) e 26 A8 326 8 1 s ) AR IR B F 9T 9™
BE 19 AN [ Y BEL 2 (1037 20 IR e ol EL A 0 58 3 1
JARBBH AT A~ AT NURINBE ) R AT A, 456
I SRR VR B 110155 A 5 40 T P TR st PRt A e P i
5, 6 FRAT NG T AR, DA R AR
VLKV PRI I SELATLEE A B Ay B BB V1448 I 551 sk BEL )
IKHEIR % R G AR HHE.

1 SRS E RS A&

1.1 XWKRE

ALE R E RS, R 1 Ry
HAF 1.5 IAEANE . 1m® (AR AN =
K BN b7 J5 1 2 BEn | AR A B 0 3« B BT i i
TE RIRALIE L B A B A . Ry
HAF KL 4m. WARK d = 1057 mm 405 Fl K
21k 6m. W2k D = 16.12 mnykH 538 ik 7 4% w1

(out) electromagnetic

=] flowmeter
et ) i

p N
b heat exchanging differential pressure
pipe transducer

air valve switch volve
T
i
1)

rectifier

plastic

honeycomb pressure tap

sudden
expansion unit

in .
. centrifugal pump
reservoir tank  friquency controller

K 1 AR R

VR, TBRERE N L1521y A
=R 47 AR PR K2 2 m R C 4RI
MR BREH N BN — A4 Boad it —
AN A eI B T, A2 I P B A AR
100mm. P44 5 mm SR FLHE T R i sh v E
YA, DA ] B 9 B KUt Hh R RS T iy 2 ik
3y, AT RS B 1t 10 A s 345 oy A
1.2 KIEF R

P S I &5 A 1) e B IS I FOK A R il S
CTAB LA 2:1 W BE/RLUIR S, % H bR i 73 4L 1x1074
oY, 2x 1074 FRECE T, ¥k 50°C 24 ke, Btk s
A1, WO, B LB NG EER, PR R
PR ARV A 2N L B KK LU H R o 52 20
Fwl, UV B Y 25°C+0.2°C, SRIGIRIETE A 12 h,
RN Gk BFA ) 22 IR, TTFUR SE.

1.3 EW/AE
1.3.1 Fe ZEFE 3P0

W 22, ARy BRI 2 A2 K
Ji&, SRAFANE N 70 53 PRI ARV PRI SRR 1 5 %%
AN RHL A4 1R 3l 7870 R e ik 59 S A8 1 Ui 1)
BH ) Rk, b im 456 fl o B v R R, Tk
LS JR BB R Gl R AR, BRI i
EIWEERET), 46 & BEZRMEE R, R
WA PICE I3 A0 AT . % e B S I A G5 M T
(MR I ) e PE S5 IR s & 171, 58 B
K 3800 7% RS ST R Vi I A sk BELA U7
BN ERIFEM, S PR K 372D, AR Ry
S TR N <o o VA W 1 K= S 1 ek
[ JE 2 Tl B 41 3 N EAR R 0.8 mmKi I AL; £E Rl
NS ST [V 58 35 287 1) 20 ASKELAE S ) 47
43 90 9 15 ) A5 TR B 4T 3 AN BRSO L mim [ L.
SEALBRE WEE AL LB, LS 8 i sl
AERFAE AL SME, 2 LW AT O % & ]
(R B, 57 He 20 v SR F A R 0 N — A4 42
Sk, ARG R ARk E I SRR}
ARG 2 s 22 AR IRAREL U B, s Ik 24k
KN SR R A 0~23 mm, 0-140 mmzK AT
% [ Validyne DP4SH) [ 22745 1% # FH 3] U JEAF I
AHAB PN R s 22, I Hs 2 WA R B RN 2 5D 2%
fen R 2604 1%, i R AN M a8 8 R 525501 0.5%.

PRI F T ez (1) b i I SR A 2 A, AR

Fig.1 Schematic diagram of the closed fluid loop and instrumentations 3& F& 77 K /N4 B 3% B FE 4 0~225cm A1 0~880cm



* 2 M

SRADNGAE - RS AR B ACE R T VR B R 277

JKFERT Validyne DPA5IT & ) A8 1% 23R (11 i 71
JR0) FE Ry LR IS W A5 A R sk
Z 1 B I A2 1) A5 R B e 22 AR IO, X R i
DU 7 W% 2 TR T s g A8 36 i PR 456 i 22 K
g, BRI 2 B 2210 R UT iR 25t Tl i R
DAL LR IAT VPl FIAMES , SXRE A3 30 18 R g 20 A1 T
SR ) AR5 2 AR EERG . FEASHF 90 B /N R
KT 80 emzKA:, i H R IR B R AN 2 FE A 1%

KBTI TAE AR A 550 BRI I AR
W, FEAPERCES, B AR S U LR =
RN 1820, R A Aff 5 s 28 R R A 2 I e 2%
JERETRE BN LR .
1.3.2 Ji AR PR

N Ay AT I R AR B W A KT
BB ik 54 5 1 R B 0 AT A FH B ) R R
PE, T BT D)L BN BT UIHOR AR AR B )5
R VRIS TR T A 8 K 14D TG SRR it s T e 1 304 70K
FI RS AN A5 L R UV, v NS SE [ TA
AT ARES G2RW AR A Il AR AN R AEAR 2 []), 8%
JEEAEIRE, IR % 25.5C+0.2C, M ARIFIFEL F
PAETHRRAS, TE 45 min, AR5 TG TIR.

2 KWERRO

2.1 R
PR  BUR RARR  BY DI &R B an ] 2 . BY
VIZHIE p (Pats) XS B DI A & (1/s) HIMKAF A& IR Sk
Wil 2 YA ) 2 W ) 2 AR B8, s 25 S, Bl BY
DI INBI, P I 5 3% FEE AN AR 1) 24
1072

- CTAB /1x10~*
- CTAB /2x10~*

oo %o 000 0 900 o0 000

n/(Pa-s)

10! 102 103
y/s7!
2 BYYIFE B BV 1K A7 (25.5°C)

Fig.2 Shear viscosity versus shear rate (26)5

FEE BTUTHE AR SR AL B AR R A L. IXAH IR
S5 AR AR — I S B VI R 5 S8R L.
REWFFN DA R XTI S RAPRIBOR 32 3 U1 &
M HAZUE MBS 1 (SIS IR FAT R, X
PR A e R G R IR » IR AR I R B R AT
N IESEIX A IE 2 i -5 i ) A AR EL A A
SELT ek (10163341 Olendrof: 331 4 BT 1L
RN BTV R AR (R 1K

PSS AR VBT BT DN 3 s I BT U] 1 g R
)Y, PEILIE 3. MBI VI Ry 250t (A2 TE
Ja, BIDIN IR g b T, RN R T Rk B
ANFREA; FRARENBE » BTUIN ) T AR BESR KA it 1M
Ja 28I AN TR I 2 AR st 2. PRV BT 1)
TN EV 2 1) B DT 7 1R I i) Wi 2R P A R ABL I »
12 KHEA_ I B D) ) BB D)0 28 )i 21
U « B BY D) EN B 7] 58 A s i ) 25 AT 8. OR
v A B D) N AR SR N — B DI AR I )«
e BN TR SR I TR A%, 800 I e 17
TV A IS I AR i AR SR AR i ) A7 A i . X
MBI A IR I & Sk e BE BT D80k 5 &
KB IA, MBEEE R A b Z218 kA i )n Fe i
JRERAN AR R IR AL, X 5 oA 9 0BG 25 4 1) )y
AR, IR ATE DGR S R B4,

08
o . water
a: CTAB/1x10™*
o : CTAB /2x10™*
0.6}
fo: start time y=250s""
< to to 1o
& 04
=
~
02}
O -
0

Pl 3 WLV I X6 SRR N AN E A 1 % v A
Fig. 3 Transient shear stress response with adding and

removing a shear rate

MR — 45 5 I B VIR AL T 4R, 2R
W ERBI DI ik B — AN EUE R, XA 2 1% 8]
DI PR B D15 R RUATR B oA X R 45 4 (14 ok
M ). AR S AR BY DR AR T o W EER 5 ) 4 F



278 Vi =2

¥ {1

2018 4 & 50 &

I AN [F]. Hu 85 1351 SR LB U175 e 45 4 T RS
)R] 0~ ek o6 R g

ts= C’j’_l (1)

A, ts A BYYIT R AR T N R] (s), ¢ A Ll
B, oy ABIUIEE (s7Y). BRAR/NE BT Z AN, HiAh
BYUIH N S AT A5 5 ().

MW 3 Hdlsnran, P sarECh 1x1074 AN
2x107* [FGWL, #F 250 s [FIBY DT % N By P75 & 45
P B s 1] 43 50 02 5s Al 7s, #8R (2) w51
IFIR) %5 ¢ 293l 4 1250811 1750. %8 Wi, TR
BN IR0 R R B T B R E I I AR B D)5 R 45
oy, AR X — I TR A AT TR R VA U I A8 40 K
J& R 8 i s N B K B 5 2R a1 22 e
10 dy PRI S RIS R Um A Umax 1
[R5 PR B U v

j’m = 2Umax/d (2)

XOF T Rk REL 3t B 3 52 40 A S = 19, DLt
FELI SR PN P S50 3 R e R K — 2, T2 iR 4
Jie SR B U055 R 5 M T O ) =X (L) TR B
JELs h

Ls = tsUy = cd/4 3)

SR 11074 (R, F % ch 1250 F
&, AR BIYIE R G785 RIE T EA/NT 31
I B B, IXAN KB BT R 3 N 1 ok a1y
A AT T, e B AR R R P i v
ooy RREFTER B 50d K, sE4 S T IR BT U)Kk
SERILERS N I 218 R BT B Bk BEFRIAS R [k B
FIE G AN BN, N B Bt 2 A Y 22
ORI Ak BELJL it L 485 W) ) S BT 9, K %
B RATRMA T A R G, 2l — BB
R FE 53 R B BB N D BE R R Ui AT 1.
EW B8, R BY D) e 45 R R 3R i v o
SHENRSINIEE KR, KT BA L DLl
XFh NG e R I s B AR, SR axX R e
HRLEA O O e o0 K R, I “ 7800 R R
AR (A2 BT DI )75 41, Nowak®! 7E i [
AN 42 58 AR R Wi . Li &5 0O FRRAE A
11 68 i 7K 3 ELAR 1) Vit W T 00 ot 17 5 AR B 7K i ¥
PR gi b, 19T FIRBTUIN Iy B 4518, G
UEHE R B ARATT BT W IR BN W e R g, (B4 Suzuk
26 B AE R 7 H0h 110728 1) Eothquad QL2 Yk FHLAE

TEREAE 3 AR T 50 5 R AT SR B U175 R 454
TR TRV BBEFTEE AL (AT AE AT 56 56
FAFT, BRI K2/ 2 1750 E RN
P, 5B A BRS04, W LA 1004570
KT EAR RN A ERS T-PRag i sl 28 8 R A 150
PR LG 1, AERT R AR IR BEL A A2 15 AL 108 5 2SR e
k. XA REAS IR B (5 B AR K 38Cd
[ 3= A A

“SIS™ I, W AT AR A i g 1341, B
DI A2 S 8] O S R 3L 5 58 (1) — M.
22 Hu 25 B3Ol IR SRR, AT B () i 22 o
BRI 3 (BT U) N g b s Bdla 15

T=cie/t + et/ 4

X, T ABTUIN A (Pa) ¢ Al cp LA H L ty
Tty Ay DRTHTR sth R SR it B[] 5 4 (). A 25 2R
FH, 12074 Fl 2x 2074 Hi i (1) PR A4 ot i 7] 5 4 )
k) 0.9's fiy T IH A S IS F) 5 05 A 11sFH 18's
T 27K PR P AN A28 st I [ 5 £ 43 0. BRI it 3
BOBRRVEE SR, g A st )2 i
SR B3 saG aE AR, 2x 1074 Wi (& Bk L
1x1074 ()5, 11T EE 7K B AT R .

2.2 HERMEEE

Kl 4 25 1T PRI 23 B IS K U R 4
HHAE N 10.57 mmfiE R 16.12 mmiE it 4% 785
R B 1) B 45 12k 1 28,

107 -e-: water

I CTAB /1x1074
: upstream pipe

: downstream pipe

'y

CTAB /2x10~4
-~ : upstream pipe
- : downstream pipe
--- : Virk's minimum drag asymptote
—  Bulasius empirical formula
~ 1072¢

Re

Bl 4 58 L. MIFEINTE T R HON B UK AR
Fig.4 Fanning factors versus Reynolds number for upstream and

downstream pipes



* 2 M

SRADNGAE - RS AR B ACE R T VR B R 279

Bl rh () AL Re L& HEAE . B N80T R
KIS BN REEE L, £ T R AL S NHEEER
T 30015 AL KA/ N T 30 f5E 4R M Be i)
SRR I RR EAR ZE AT 4% I, R RT W sl ol 78
I3 . SK IR S50 Kl 5 42 L (1) Blasius 250 2
2/ T 3%, A& LA e BN SR TV AT R
R RE. BB 2R 4 2 UE

DR = 100x (fy — fs)/ fw 5)

fu = 0.0791x Re 2 (6)

o, DRARFEE, f F fs 23 9 R TR AR T2
56 2 R Al A RS2 36 0 9 Jise AR K S R )9 T R B
Re N4k 2. P81 4, TR0 1x1074
INf, A PRI T Al v E5ORT S5 Kk L 20 3l 4 27 500
1 71%, AL )43 ) K 38 500K 70%, Yk BH 17
TRRUN A 2 . Yk L 771 5 23 B K v T A TR I
TR WAL Ry, X2 T 23 3308 R AR T
RIS L B o i H 1, T S 8RR B Y]
P R A HAT TR M BB e ).

2.3 B PR SR RY AR R 1 4 1t

ERTIRY KALTBN S 28 170 B BHEE PR
JEVL L7870 B Jie 4 B B, Ry SRl i Rt ds: b
WAL T X I ST e I AER 78 23 R R T ™ 24
MBS RE AR UL RS DX S P A7 K
PRSI K FC i R FOHT A JRE XA TR e B T 78 70
JEGIASMERAUR. T, Ry R R nl i
RS AT R AT

he = pu/pg+ U2/2g - (pa/pg + U3/29)  (7)

U, by SRR B4 % (), Uy A1 Uz 2350 0
RY” L/ N BT AR (nys), pu AT pa 733
R b/ 1 i 78 0 A JR B A s g o3 A s e Ak A b
BT FHI AL (Pa).

XA IALAAR, P8 S SCERIT TR BT, #E g
AP I — 5 BB AR A I AP A
WA, W ORICRE ) R BlasiusZ I (8 2 R (1 i 22
£ 4% Yo A, BRI S A 78 70 K . *T- R
AR, i B SE Fr Ly i AR R (AR
oA 3 AR AL, B ORAT SR P BEITI - 24 s B
ZE(E 4% LI, LAEWTREh C e A e, A 15X
THESRY R BUR. e b, A B R Sy S
a8d A7 B i Jo O E S 30d I B, MR ILRE ) &=

HORAE S sh C 784y K, [ IF 3REUE 74041 et
SR, S (R R AL R g2 584 % b3 1 1K g 5%
W, TR R S FL I 320D A7 B T 5 - BUCK
30D ¥ B, MR ILBH ) SR Ak SE W B sl A
UK S B 78 50 R R IR B, I nl K1 3 20 A .
LR W LIREESEY 48d FIRIFEESSY 320D P
AT P 22 9 2 PR R B 59 ST (00 AH IV 1 7000 K Rt
NIRRT, AITHSE (py - pa)/29, 5 IN0E L/ i
T T T 24 GG I 1) 30 s 2 B R A5 584 e s B 7.

Pl 5 KR I ARAR S I R 0 B R A
Rey 4 411 1) 75 14 5L

0.6
-e— water

05k - CTAB/1x107*
- CTAB /2x10~*

el
04t oe8
.*‘\'“Wo—o\.é."éff\.—w

W 0.3F A
o oy s b8
02}
0.1}
0 : '_
10* 10°
Reg

K 5 JBAAR BN TR S8 R ) R 0 o B 5 &
Fig.5 Local loss cofcients of the sudden expansion pipe versus

Reynolds number for both micelle solutions and water

MSZEG 45 R, KA R R £ ¢ LA
T 3% ¥ 2= 1 K T35 44 1Y) Borda Carnot 18 1E , 11
IR S AR I T A S 2K 1 B 5 5
Ir R AR SE AN R R B 04T . A i Sy
N 1x1074 B, A0 T VAN T 85 Rk BH 28 06 13
() Z 75 4 (27 S00)YE I N, 547 JR BB ) R LA
10%~20% [ 5 g e /N F-4liaK,  HLBEE i 50 s A
A 4 BRI I I S T H0E R 2 AL
TS, IR BE TR KBS S ) SR S BHL ) R K T4k
K, JEHIE SRy B U 78 A Kk LA 5, R
BHL I R BN, 231074 IFG S I Js B ) &
Aok B 1x1074 FFEEAAE R, (H KR E
BH ) R AT 2K 1) 1.54%. A JRB B 47 0 Rl
BHL A5 20 £505 S 1R 22 S AR/, AT BB P Rh 7K
(1) o 5 3 HCER AR IR 2.

2 LSRN TG AU RO, TR A IR 4 4



280 Vi =2

RZ AR, W EfEAPERE, 2Ry A,
HI LA KRB BT DI SRRt , AR —
IrHATERE, XA SRR RERRAR TR SR X bR
REREIR G, SV U Bl B Je A 2K T e g X
£ INOR, AR R il 7870 K R A BN AE—
il e, (R AR BRI AT N T2k, 4 il
o VOB I SRR B R SR A ) RO
(] 71 T 52 AN R PERRCA - P J 7k A L BE A L ik
b, W TEY TR RN A REARH AT R, ANRE 2 [
R S D AR G, N E s 5 AT il
VR IVIBHL ) 78 73 e e i s Fr B M AR IR REfE, AR
PR R BOR T4k, 24 B i o v Ak S R 5
AR R A G K 58 A I S8 A BB, A B e AT
BIP)SR R BRI IR AR 2 Ry e, APIRIRRZ
[E1) B BT 5 42 R SFUBI [0 B 45 ) 7 S 1
e R JE LA RETE SRS E IR BB, AEIX M E A
FXE i SRS RIBE T 78 73 A RS A M AL 1) fiE =
BURE R, BRI R s K. R KL
WO KT IS, IR G G S AN [ R A
Wiy ANRERARY SR X IR R KIS T H i L)
s 03 W 52 4 KAB 5595 7K BEASAH )45 2 1 1F

24 E N
NIRRT 4 AN LA BB S T IR PR
Bk 0.8D, 3.5D, 5.8D Al 7.8D, A EA1K M5
WY KJG S L. B 6~ [ 8 43 flh T4k
K PRI B0 Ao KR x/d = —48 B F
W84y KBV x/D = 190 Z 8] (& S350 A, i
WS L, BERP AR LR T 5 /N TR LR T

water
12}
- Red=20 000
= Req=24000
g — : Req=37500
0.8 —a 1 Reg=45500
(g_ — : Req=81000
&
g 04
S
T
&
O .
_04
L ] L L L )
=50 0 50 100 150 200
x/d x/D

K6 Se b R POKI KBRS 53 A

=4 i 2018 4 i 50 %
10 CTAB /1x10~*
Re, = 27500
0.8 -~ Req =24500
- : Reg=36500
- Red =45600
06k - Req=159500
- Req=76300

041

(p—P0)/(0.5pU7})

-50 0 50 100 150 200
x/d =—+—x/D
7 AT VR P BE TR 4347 (T3 30 1x1074)
Fig. 7 Wall-pressure distributions in an expansion pipe fot@*

solution

Loy CTAB /2x10~*
Re.=38500
sk o : Req =24000
-= : Req=34500
- : Req =45500
. 06F - 1 Req=64500
By — : Req=86400
QU
i)
€ o4t
&
S 02t
O -
_02 ! 1 L 1 1 1
-50 0 50 100 150 200

x/d =—+—x/D

8 MR IS WL I8 Y BE 43 A (SR 40 B 2x1074)
Fig.8 Wall-pressure distributions in an expansion pipe fot@*

solution

L B, ) ONATDR R SRR L W I N I,
AR N 5 TR IS T, KNl i 77 p A
Xt ERENE S S AR I T po FFER A T4 B
Ui P U VL PR B s

i I T o A e R R RO B AR R I
T3 53 A Rt O B A o LU A2 EL IR DY A
SR BLE IR A R R s © e 70 A Rg, W] i
AN [ U5 T 9 B R T B Bl 1 £ A . TR, A
J353 A AR T A R . R R AR I s g o0 A

Fig.6 Wall-pressure distributions in an expansion pipe flow for water ¥l 6 FIT ] [R1ZA A8 AR 21 55 0 R -5 9ok BHL S R A WA [



* 2 M

SRADNGAE - RS AR B ACE R T VR B R 281

IR, AR IS A I 1) B ) e Je s 1k 5 4l 7K
HERAA.

FEFEAFH R ) L TR BT, SR I AR AR it
YN o/ 3 TN = | I 1 3 - o sl T D S A
b, 5 FXBAK L S an: IR R i
(1) JR s BEL AT 2l KA 10% 5 2% 1k /D i, s s
ZEHH 30% 21| 40% ¥ & J b s 11724 AU M5
R RIS ok T2tk i, HREZ 5 10% 5
20% kD, bedn, 4 BT WAL 24000
I, TR Hh 1x1074 Fil 2x1074 B 53 i ) R B RH
FIUk NI 15% F1 22%, 117 S AT R R 25 A1 43 )
H 38% Fl1 42% 95/ 14 TR W 2029 4 60 000
I, B AT JR R B A X 2l7K 23 il 23% il 34% (1)
Bomn, (EARATT R R ZE 84l K AR 10% A1 23% 1
A N b 12/ 4 S R G RN T = N i3 A A S A Wi
R IRBH I, B KT Ak P KR, X
A5 B BH S I8 11 Je3 30 B g i e AS B B Y W R B
IR, T 25l Ak, AHAEi sl BB R R i e
R EE R B ) TR /N [R) T VR T 78 0 IR K
i, PRI S K S A7 AT N T2tk

AR, T2k, ERY R I Hs Sk B ek
(LT ABETE VB AL 10 TR R, 24 ik
BRI, S N = CA S B8Nk Y
R IR RESE R, B IR e KB K T4tk
4 B RO E I s SME S, A B A G R. R
PR T R L E s A B L 5 m.

Kl 9 LIRS N IO A o R BT RE T
W RE, BV IR SRS iR G R, KL
T 3AMER: i, AUKME IR E KB IEAR
WAE T EL, YEFF{E 7.8D, A4 45h(h ARY &
i) s o, Uk BHUR IR R ) P A B s KAk
KU, HAETREY A A ek PSR I, LA B
ARG EEETCIE, 4 B IR R B ek B Ak R
PRI, BT B GEARIE . n, XEFRE O
2x10°4 SR, U T Rey = 76 000 {ifH
A 8%) I, KK EKEN 158D, Z)4 92th; =
ST R PH AT o R, KR KR KA BT
Tk

RN N 7 53 Rk R B L S R T Ui
FRRTE HEBE 7895 S BRI, R e B RS
R IR, 325 R IR S5 84 (1) T B[R]
R RRA SRR P OCHR. i AT — 2 i BH R R L4
T TEHINE, AH DY () AR PR 2548 T Ay R Bl i

250

-e-. water
= CTAB /1x107
- CTAB /2x10~*

200

x/D

10°

P9 IR Y IR Wi Bl A Jie A B B 7 VA K AR Ak
Fig.9 Flow development lengths in the downstream of a sudden

expansion step versus Reynolds numbers for micelle solutions

AL RTINS [ AR R, B AREE ) 1 P B8
T 185 8T ER) B D) L) 3 AR T (10 B B oA I JEK 5
g, AT R FTiEd K R, AR A SCHI
R RE Bl R R L K S B8 o T a8 A, REA
LW R, (B2 B R AERE AN SR b Pk
RURPELAE ST IRITR BN, JEAA P8 0 e A R 454
e T EOA SR BT OISR, AR T bR b
WRIBAR AN KA ERIR I AT 125 73 A AR 1 KL 2258
)5, BIVIN T35 55, &5 A SO AR RB M E 1E
ARG 5 BT VIR (K BT V)47 385 1 1B R
AR S 44 (1 SE IR TE DAL, 54 N BEA R FE 1
AT U6 BE U 32 BT W OB IR R Rk,
AT AR iR Ry B e R
St AL JRE AL AR 54 i A7 IR RS DUANTR], A R s
TSR ORI TN, 597 JRy L AR B K. 2ok
ViR VBN 225875, i A FRE XOBE T BY 15
HPE DN, AR S E U 1] L (2) 5T
ELMSAT RGN, S B sh K e K

34 it

TR 11520 — AN 589 1 R ek BELFR
TRIABH IS5, S5A X 1x1074 Fil 21074 P IR 43
H1t) CTAB Hi i BY U175 & 110 J o o9 B &85 440 14D T Jl A
P ity TAVRE IR (R IR AR 52, B3R A 1

() HZRY 1k DR T G SR WO, CTAB 7
TSP LR 250 HIRTEEK 404 10%~20%F2
FERRRAG s 4380 A E O K e SN, 2R



2

282 ¥

)1

A
=5

EiCd 2018 4 & 50 &

PGB s I A 56 A R LR BRI, SR
BH ) R EUR R, B4k 1545, X PR AT
N5 Ay TR B R 78 A AN

(2) MY DR WU T IR SHE R, R K
5 KA e T2k BE LIRS R T I AL R v BUE
PRSI, e W de K AE RIS K.

(3) M ARHRIAE T 65 P T BT 78 43 A e Dk B 3t
MK E, 43k DI BRLI, z K T4tk 3kt sk
FURBEAR, kB, B HON 2x1074 I, R
PRI R R R K A B 158 15 FiFE 12

(4) BRI T SR BB By RN &4 R it i
R R Y 5 B U175 R 14D e SR D9 TG 485 ) 1) T B R A
st PR BT TR P A K
%

Z % X

1 RIV, ARERWT, BhNAR. AT H A VR B A AT A
KB JEE. Ji2FeEdi, 2016, 48(2): 307-317 (Wu Yingxiang, Lin
Liming, Zhong Xingfu. Investigation in hydrodynamics of a circular
cylinder with the new suppressing shroud for vortex-induced vibra-
tion. Chinese Journal of Theoretical and Applied Mechan16,
48(2): 307-317 (in Chinese))

R, AR BTN R AR i PR ) 10 3 B R
WFFT. 124249, 2016, 48(5): 300-306 (Song Leijian, Fu Shixiao.
Investigation of drag forces for flexible risers undergoing vortex-
induced vibration in shear flovChinese Journal of Theoretical and
Applied Mechanic2016, 48(5): 300-306 (in Chinese))

SREE, VRS, A, 308 10 g 0 A 7K BE T FEL R ) TRPIV 52
ISHEY. J12#243R, 2016, 48(5): 1033-1039 (Su Jian, Tian Haiping,
Jiang Nan. TRPIV experimental investigation of théeet of ret-
rograde vortex on drag-reducing mechanism over hyperhydropholic
surfaces. Chinese Journal of Theoretical and Applied Mechanics
2016, 48(5): 1033-1039 (in Chinese))

Nowak M. Time-dependent drag-reducing and ageing in aqueous
solution of a cationic surfactanExperiments in the Fluids2003,
34(2): 397-402

5 Fefr ke, MR . IRPURIENR © £ 5 RARERE 04 = 4 ov
¥—HopgE ¢ W, HALV & v v—2203E 2015, 42(5):

279-284 (Saeki K, Tokuhara K. Development and spread of energy
saving technology for fluid transportation by using drag-reducing ef-
fect. Nihon Reoroji Gakkaish2015, 42(5): 279-284 (in Japanese))
Matras Z, Kopiczak B. Intensification of drag reductidfeet by si-
multaneous addition of surfactant and high molecular polymer into
the solvent. Chemical Engineering Research and Desi@915,
96(2): 35-42

Gasljevic K, Hoyer K, Matthys EF. Intentional mechanical degra-
dation for heat transfer recovery in flow of drag-reducing surfactant
solutions. Experimental Thermal and Fluid Scienc2017, 84(6):
251-265

Andrew M, Lucas W, Prathamesh K, et al. Heat transfer enhance-
ment in turbulent drag reducing surfactant solutions by agitated heat
exchangersint. Heat Mass Transfe2017, 109: 1044-1051

9 Li FC, Yasuo K, Bo Y, et al. Experimental study of drag-reducing
mechanism for a dilute surfactant solutiomternational of Heat
and Mass Transfe2008, 51(7): 835-843

10 Yuli SI, Usui H, Suzuki H. Hydrodynamics and heat transfer char-
acteristics drag-reducing trimethylolethane solution and suspention
by cationic surfactantJournal of Chemical Engineering of Japan
2006, 39(6): 623-632

11 B8, B30, . SRR IR K R B RO Ak
HR5m. MU T RE2%4R, 2016, 52(24): 164-169 (Cai Shupeng,
Luo Binwen, Peng Gao. Influence of NaCl on the drag-reducing
effects in low reynolds number water flow with additive drag reduc-
ers.Journal of Mechanical Engineerin@016, 52(24): 164-169 (in
Chinese))

12 Cai SP, Higuchi Y. Drag-reducing behavior of an unusual non-ionic
surface in a circle pipe turbulent flowdournal of Hydrodynamics
2014, 26(3): 400-406

13 Tamano S, Morinishi Y, Taga K. Drag reduction and degradation
of nonionic surfactant solutions with organic acid in turbulent pipe
flow. Journal of Non-Newtonian Fluid Mechanic015, 215: 1-7

14 Cai SP, Hizuki H, Komoda Y. Drag-reduction of a nonionic surfac-
tant aqueous solution and its rheological characterist8sience
China Technological Science2012, 42(4): 388-394

15 Wei JJ, Kawaguchi Y, Li FC, et al. Drag-reducing and heat transfer
of a novel zwitterionic surfactant solutiomternational Journal of
Heat and Mass Transfe2009, 52(3): 3547-3554

16 Li FC, Kawaguchi Y, Segawa T. Reynolds-number dependence of
turbulence structures in a drag-reducing surfactant solution channel
flow investigated by particle image velocimetrphysics of Fluid
2005, 17: 075104-075109

17 Kawaguchi Y, Sagawa T, Feng ZP. Experimental study on drag-
reducing channel flow with surfactant additives-spatial structure of
the turbulence investigated by Plwiternational Journal of Heat
and Fluid Flow 2004, 23(5): 700-709

18 Wei JJ, Wang JF, Zhang CW, et al. Combinf&idas of temperature
and Reynolds number on drag-reducing characteristics of a cationic
surfactant solution.The Canadian Jorunal of Chemical Engineer-
ing, 2012, 90(5): 1304-1309

19 Zhang Y, Qi YY, Schmidt J, et al. Unusual temperature gap in drag
reduction of cationic surfactants with mixed conterioRbeol Acta
2017, 56(5): 409-414

0 Yu B, Kawaguchi Y. Segawa T. Parametric study of surfactant-
induced drag-reduction by DN$ternational Journal of Heat and
Fluid Flow, 2006, 27(5): 887-894

21 Fu ZG, lwaki Y, Motozawa M, et al. Characteristic turbulent struc-
ture of a modified drag-reduced surfactant flow via dosing water
from channel wall.International Journal of Heat and Fluid Flow
2015, 53: 135-145

22 Pak B, Cho YI, Choi SUS. Turbulent hydrodynamic behavior of a
drag-reducing viscoelastic fluid in a sudden-expansion pioer-
nal of Non-Newtonian Fluid Mechanic$991, 39: 353-373

23 Poole RJ, Alves MA, Oliveira PJ, et al. Plane sudden expansion
flows of Viscoelastic liquidsJournal of Non-Newtonian Fluid Me-
chanics 2007, 146: 79-91



#o2 SRADNGAE - RS AR B ACE R T VR B R 283

24 dales C, Escudier MP, Poole RJ. Asymmetry of the turbulent flow 31 £EFI75, Hvk, T5 S0P, 28 1 M FTE RO A HU R 2E A 163

of a viscoelastic liquid through an axisymmetridgournal of Non- TURPLARE. W REHIR, 2009 153(1): 7-14 (Jiao Lifang, Dong

Newtonian Fluid Mechani¢c2005, 125: 61-70 Yong, Su Wentao, et al. Turbulent drag reduction characteristics of
25 Poole RJ, Escudier MP. Turbulent flow of a viscoelastic liquid surfactant solution in irregular tubing unit&€nergy Conservation

through an axisymmetric sudden expansiordournal of Non- Technology2009, 153(1): 7-14 (in Chinese))

Newtonian Fluid Mechanic2004, 117: 25-46 32 Alcoutlabi M, Baek SG, Magda JJ, et al. A comparison of three
26 Dhinakaran S, Oliveria MSN, Pinho FT, et al. Steady flow of different methods for measuring both normal stre§®eminces of

power-law fluids in 1:3 planar sudden expansidournal of Non- viscoelastic liquids in torsional rheometerRheol Acta 2009, 48

Newtonian Fluid Mechani¢®013, 198(1): 48-58 (2): 191-200

27 Tamaddon-Jahromi HR, Loperz-Aguilar 1J, Webster MF. Predict- 33 Ohlendorf D, Interthal W, H&mann H. Surfactant systems for drag
ing large experimental excess pressure drops for Boger fluids in reduction: Physico-chemical properties and rheological behavior.

contraction-expansion flonJournal of Non-Newtonian Fluid Me- Rheol Acta1986, 25: 468-486
chanics 2016, 230: 43-47 34 Suzuki H, Fuller G, Usui H. Development characteristics of drag-
28 Norouzi M, Shahbani Zahiri A, Shahmardan MM, et al. A numeri- reducing surfactant solution flow in a dudRheol Acta 2004, 43:
cal study on pressure losses in asymmetric viscoelastic flow through ~ 232-239
symmetric planar gradual expansiong&uropean Journal of Me- 35 Hu YT, Mattys EF. Characterization of micellar structure dynamics
chanics, Bluids, 2017, 65: 199-212 for a drag-reducing cationic surfactant solution under shear: Nor-
29 AR R, N R, Hh S . SRS EADK R 2 29K 0 mal stress studies and flow geometfieets. Rheol Acta1995, 34:
Hont o, KNS &S HE. B 4, 2001, 67(658): 1319-1324 450-460
(Imao S, Kozato Y, Tanaka T. Flow of drag-reducing surfactant so- 36 Hu YT, Wang SQ. Kinetic studies of a shear thickening micellar
lution though a sudden expansion pipgdSME B, 2001, 67(658): solution. Journal of Colloid and Interface Scienc&993, 156(1):
1319-1324 (in Japanese)) 31-37
30 Li PW, Kawaguchi Y, Yabe A. Transitional heat transfer and turbu- 37 Bae Y, Kim YI. Prediction of local pressure drop for turbulent flow
lent characteristics of drag-reducing flow through a contracted chan- in axisymmtric sudden expansion with chamfered edgkemical

nel. Journal of Enhanced Heat Transfe2001, 8(1): 23-40 Engineering Research and Desidt014, 92 (2): 229-239



