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Exerimental Condition: Run 1 at Portl (LlD=l7) 
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Exerimental Condition: Run 1 at Portl (LlD=l7) 
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Probe Position 

r Imml I rlR 

0.00 0.00 

1.27 0.20 
2.54 0.40 
3.18 0.50 
3.81 0.60 
4.45 0.70 
5.09 0.80 
5.72 0.90 
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Position 

rlR 
0.00 0.00 

1.27 0.20 12.655 " 0.900 ' 9.5~ ;. 9;52 8.939 
2.54 0.40 12.655 0.854 9.26 &.~rp ,. ~:9~ . 7.891 
3.18 0.50 12.655 0.941 ' "'9.36 > &'§'~i9";;~iP~. · 8.329 

'0.886 
,>"x 

3.81 0.60 12.655 9.58 9.950 ., ~}1 8.354 
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Probe Position No. Loops 

r Imml rlR 
0.00 I 0.00 
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Exerimental Condition: Run 4 at Port3 (LlD=217) 

>,illfelmls] = 
QJIIl/lmin/= > I'o'"f {m!\'/ = 
Phi/(,dpsi/= '/Ilfellmls] = 

r 

o.on I 0.00 

1.27 0,20 30 30,000 2870 103 0.250 0.036 519.860 23.380 0.286 
2.54 (JAO 30 30.000 2757 88 0.240 0.031 510.290 22.700 0.271 532.lJlJ 
3.18 0.50 30 30.000 2577 83 0.210 0.028 485.770 19.260 0.238 505.03 
3.81 0.60 30 30.000 2297 29 0.180 0.011 460.000 10.700 0.191 470.70 
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Probe Positioll No. Loops At"",,/ 

R /mml I rlR N'ol"/ /secl 
0.00 I ' ;}'" '12 "'''''' 12.000 

1.27 0.20 12.000 
2.54 0.40 12.000 
3.18 0.50 12.000 
3.81 0.60 12.000 
4.45 0.70 12.000 
5.09 (l.80 12.000 
5.72 O.I)() 12 12.000 

• 
Exerimental Condition: Run 8 at Port3 (LlD=217) 

i,,/,,{lIIls I = 3.17 

ideo'''/ /mlsl = 2.00 

;u,,/,·/ /fIlls I = f" 3.00 
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EXIJerilllelltlll Conditiolls: 

. ", 6:s(i >: 

L1twwl 

r [mm/ [sec/ 
20.000 

1.27 0.20 20.000 
2.54 0.40 20.0()O 
3.18 0.50 20.000 
3.81 0.60 20.000 
4,45 0.70 20,000 
5.09 0.80 20.000 

5.72 O. !)O 20 20.00() 

Area A veraged Values 

• 
Exerimental Condition: Run 7 at Port3 (UD=217) 

0.71 ,sil=, 2.73 

• 11/('(11 [mil'l = 0.60 !WOO 

,1111" fmlsl = ~,,' 0,40 ifiltlll}"; ;i; 800b':~ 

Bubble Number a lIjll/ml Total VIII vllz Vg ,ll\'x D,lItll 

a, az lIiI lIj Z aTo( "iTtll lillis/ lellll 
'0;536 0.200 602.120 128.180 0.736 730.30 '0.73 0.534 

" 

., ~} 

0.561 

0.767 
593.350137.690' 

0.491 .O~iI5 528.650 185.97 
',/J2Q9 ;{ O .. 446 :, , O"~o.?r; 49§·29Q t ~5.a~() 

731.04 0.76 ,.0]1 .1 Jt7~ I 0.554 
714.62 0.79 0.73 " 

682 . 120:?3;2<."p:~~~~ 'X9,: 2~ . 
~~~:~~ .Pd!7~I/k;g:~~\1,;y&:,~} > 

t"", :'"ozw1>'~/{J i' ~:'';-<':''''~~'':" "<;.C~:,,,,:,::,, "'~" :~' :·.' ~>~:r·<~:· : _'~:: ." ','.:', -': ; ". 

1;t~9,~PF} iJ)'2~f .~. 0.200/ 468; 180 132.490 
, '°2773 ' 0.298 

1300 211 0.780 

= 

• 

alvl+azvz 

111111'/ 
0.527 

O.5!J6 
0.601 
0.545 
0,412 
0,421 
0.327 

..... 
8 
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-:<~1:7f'<YrrJ:'J~' 

.~ .. ~ ... ~L~ .. ~ .. : .. ~ .. ~ ..~)(~rLIJl~QtCoildjli~t£J~!Jn£Qte~rt~~ (L{t>::217) .. 

146.50 0.332 

1.27 0.20 40.000 0.081 0.103 
2.54 0.40 40.000 0.137 261.70 0.314 0.167 
3.18 0.50 40.000 0.181 341.50 0.318 0.214 
3.81 0.60 40.000 0.210 381.10 0.331 0.246 
4.45 0.70 40.000 0.199 367.04 0.325 0.229 
5.09 

5.72 0.90 

Area Averaged Values 

..... 
o ..... 
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Q,{mllmilll= 

,. 

1.27 

2.54 

3.18 

3.81 

4.45 0.70 

5.09 0.80 

5.72 

Area Avert/xed Values 

• 
Exerimental Condition: Run 4 at Port3 (LlD=217) 

.. inl"f IIIls I = 1.26 //1(:. 

•. 1" .... 1 fmlsl = 

. ':in'" Imhl = 

1i)w/ \'1:/ V.2 Vg ,mg 

1.192 

1.242 

0.962 

0.598 

0.524 

0.691 

• 

-o 
N 
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Exerimental Condition: Run 3 at Port3 (LlD=217) 

r 

0.00 0.00 0.090 126.70 

185.00 

1.27 0.20 0.100 o.ooo \r -3.100t'. 0.310 
' :'. : ~< ~::~~~:1.< 

~~~~~~ 2.54 0.40 0.068 98.00 

~~~ 
0.417 0.191 

3.18 0.50 0.040 7i.00 :,,)3 .~OO?,.: 0.333 0.128 

~" ","f. ~~Jfu;· 3.81 0.60 0.OJ4 50.40 Ii 0.405 (U05 

4.45 0.70 O.ll25 32.90 

1i~~~ 0.456 0.080 
5.09 0.80 0.QI5 27.00 0.333 0.044 

5.72 0.90 

AreaAveraged Values -o w 
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Exerimental Condition: Run 5 at Port3 (LlD=217) 

r 

0.00 0.625 65 

668.30 0.353 

1.27 0.20 0.504 0.759 

2.54 0.40 0.460 635.60 0.327 0.62& 

3.18 0.50 0.376 605.70 0.252 0.461 

3.81 0.60 0.292 534.10 0.257 0.362 

4.45 0.70 0.266 440.46 0.326 0.335 

5.09 0.80 

5.72 0.90 

Area Averaged Values 

-~ 
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Exerimental Condition: Run 1 at Port3 (LlD=217) 

Exnerimental Conditio/ls: ;".ill,,,[lIIls/ = 0.07 

. "w,,' [II/Is / = 0.05 

JOIl'" [/l/Is I = t.r().40 

Probe PO.l'ition No .. Loops ,1t,,,,,,, Bubble NUlllhel a ai /11111/ Towl "~I Vgl \'~ ,m'g L>',,"t (XIVI+<X!V! 

r [/1//1/1 dR N,,,,,,, [sec I Nt Nz a, az ail (Ii 2 aJiJ/ (l iT", /11/1.1'1 / /1/1.1'/ /11/1.1'1 / elll/ /II//S/ 

0.00 40 40.000 . ',1641 0 0.120 0 .000 253.280 0.00 0.120 253 .28 0;674 0.000 0.674 0.284 (l.()81 

257 .99 0.302 

1.27 0;20 40 40.000 16tH 0 0.130 0.000 257.990 0.00 0.130 0.682 0.000 0.682 0.089 

2.54 0.40 40 40.000 I ' 1654 0 0.110 0 .000 257.740 0.00 0. 1 10 257.74 O.MOS 0.000 0.M08 0.256 (Ul73 

3.18 0.50 , 40 .. 40.000 ,,: .. 1.5)7 .. 0 0 . 100 0.000 232.409 0.00 0.100 232.40 0.6798 0.000 ,0.6798 0.258 0.068 : .... 
3.8 1 0.60 . ' 40 ' 40.0()O . 1077 ' 0 0.056 0.000 101.900 OJ)O 0 .056 101.90 053 0.000 . 0.53 o.:no 0.030 
·1.-15 0:10 :10 '10.1100 1072 0 0.040 (J.()O() 141.7)0 O.()O IUI·III 1·1 1.7 .\ OS~ O.UOO 0.53 O.IN) 11.021 

.. 

5.0':.) 0.80 40 40.000 793 0 0.032 0.000 86.440 0.00 (l.O32 86.44 0.65 0.000 0.65 0.222 OJ)21 

5.72 0.90 40 40.000 689 () 

Au'a Averaged Values = 
I nJ)9 · 1 :·irn~I "; ;'j9~.R2 i ID.nn I n.09 '. di>K ..... 

0 
Vl 
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Exerimental Condition: Run 8 at Port2 (LlD=120) 

Experilllental Conditiolls: ; .. illle,! 1/1/.1'/ = 3.17 loco press. {psi/= 14.369 Prohe. CO/!tig 1I ration {1I1111! 

Q ,fill IIIIl in I = 31 .. ob j".I"ml {mls! = 1.60 N,wm,lt'; !WOO 
..... . .... 

SOl'" 2.04 S···()2·::::: t y<O.94··· SOl = .i·I.96 

Phack/psi!= i.i17·;oO iDIlIe/ {lIIls! = 3.00 .{sam }/~': 15000 S 12= 0.48 S 13:: 0.19 S 23;:: 0.43 

Probe Positioll No. Loops /J.twwl iRubble NlIlIlbel a a, {II/111 Total V~I V,t:2 l'g,m',t,' I>',,,,, (XI VI+<X2 V2 

r //11111/ dR NWIlII !sec! NI N2 al a2 {Iii {Ii 2 arot {fiTm { 1/111'/ 1/111.1'/ { /1111"/ {e/ll/ 1/111.1'/ 
0.00 12.000 1900 202 0.090 0.393 182.10 65.70 0.483 247.HO 5.H20 5.580 5.540 0.21)7 2.717 

21) 1.60 0.205 

1.27 0.20 12 12.000 2088 142 0.090 0.385 263.40 28.20 0.475 5.620 5.220 5.590 2.516 
2.54 0.40 12.000 1959 122 0.104 0.347 275.20 34.50 0.451 3(1).70 4.I)HO 4.220 4.920 0.227 1.1)82 
3.18 O.SO 12 12.00() 1742 166 0.090 0.339 252.10 42.10 0.421) 294.20 4.840 4.370 4.920 0.213 1.1)16 
3.81 n.w 12 12.0()() 1750 11)6 0.092 0.293 247.70 76.10 ().3HS 32UIO S.020 4.000 4.790 0.223 1'<)34 
4.45 0.70 12 12.000 1916 202 0.080 0.150 298.00 94.00 0.230 3lJ2.0() 4.710 4.:nO 4.90n 0.161 1.032 
5.09 O.HO 12 12.000 1658 151 0.060 0.090 206.00 254.40 O.ISO 460.40 4.700 4.450 4.600 0.17S O.6H I 
5.72 0.90 12 12.000 , 1510 161 0.040 0.102 191.00 187.40 0.142 378.40 5.800 5.000 5.990 0.126 0.742 

... ., 

Afi'll A I'crt/get! \'iI/I/CS = 

0.08 0.30 217.59 51.53 0.38 269.12 4.74 4.32 4.67 0.19 1.9/ -~ 
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Exerimental Condition: Run 7 at Port2 (L/D=120) 

Experimental Conditions: . inl,·,lmls / = 0.7\ 3.329 

QJmllmill/= .I"wl [1111.1' / = N.wnIJ1/t': 8000 

Pblll·dpsi/= inl" [lIlls / = fwmIJJlt': 8000 

Prohe Positio1l No. Loops ,1t,ollll IIhhle NlIlllbel a a, 1111111 Total I'gl Vg2 l'M.or).: f).I/II1 c£lvl+alv! 

r 1111111/ IIR N,otttl Isecj N, N] a, a2 ail {/, 2 aro, aiTol 111111'/ 111111'/ 11111.1'/ 1011/ 111111'[ 

0.00 15 15.000 2277 47 0.560 0.050 592.90 0.00 0.610 592.90 0.800 0.000 0.710 0.567 O.44X 

012.10 
0.20 

1:,\ 15.000 2242 0.600 0.040 612.10 0.00 0.640 1.1 00 0.000 0.711 0.588 (l.660 

2.54 OAO 15.000 2174 21 0.620 0.050 651.80 0.00 0.670 651.XO 0,705 0.000 0.705 0.571 OA37 

3.18 0.50 15.000 1958 0.030 640.00 0.00 0.640 640.00 0.850 0.000 0.690 0.572 0519 
3.81 0.60 IS.OOO 1731 0.023 ()()9 AO 0.00 O.S73 609.40 0.180 o.oon 0.620 0.S42 n.429 
4.45 0.70 15.000 1272 0.023 497.20 0.00 0.503 497.20 0.880 0.000 0.624 0.579 OA22 
5.09 0.80 \5.000 695 0.010 289.90 0.330 289.90 0.180 0.000 0.595 0.662 0.2S0 

5.72 0.90 15.000 42l 11 280.00 0.780 0.000 0.688 0.514 0.187 

Arl'a A I'l'ragl'd \lallll's = 

10.53 ·1515.7Slo.sfl -s 
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Exerimental Condition: Run 6 at Port2 (LlD=120) 

Ex erimental Conditions: • '. ill/<"/ /Ills I = 1.26 loc. 

Q./ 1IIIIIIIill/= 13.00 ; '.ft'm/ /1111.1'1 = 0.78 

____ ~ __ fb(/I'k'psil= j :ill/<" Imls I = 3.00 .fwIII'/t': 5000 0.48 Sd= 0.19 0.43 

Probe Positioll No. Loop.\ ,1t'Otll/ llllhble NII/Ilhel a lI,llllIIl Totlll I'g / Vg2 l't;.m·J.: 1>'",11 (lIVI+(l2Vl 

1'11111111 rtf? N1lllul Isecl N/ N2 a/ a2 lIi/ lIi 2 ar", {liTol /1111\' I !IIlII'1 IlIIlsl I ('Ill I 11Il1I'1 
0.00 0.00 12 12.000 1912 253 0.200 0.255 28 l.1O 58.40 0.455 339.50 4.660 0.000 4.660 0.427 0.932 

396.70 n.306 

1.27 0.20 12 12.000 2089 273 0.170 0.270 333.50 63.20 0.440 4.230 0.000 4.230 0.719 
2.54 0.40 12 12.000 1905 239 0.180 0.224 298.40 71. C)O 0.404 370.:m 4.410 0.000 4.410 O.3(l2 0.794 

3.18 0.50 12 12.000 1768 201 0.140 0.170 302.00 72.00 0.310 374.00 4.090 0.000 4.090 0.278 0.573 
:un 0.60 12 12.00() 1685 151 0.130 0.115 303.40 59.20 0.245 362.W 4.000 0.000 4.000 11.257 0.5211 
·1,.15 O.7() 12 12.()()() I 28() 136 0.120 0.086 174.90 1)3.00 1I.20(l 2(l7.lJO 4300 0.000 5.31)0 (JA12 --
5.09 0.80 12 12.000 1200 60 0.110 0.070 150.00 45.00 O.ISO 195.00 4.500 0.000 5.270 0.440 

5.72 0.90 12 12.000 678 67 0.090 0.058 

Arell A I·eraged VlIllles = 
...... 
0 
00 
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Exerimental Condition: Run 5 at Port2 (LlD=120) 

'li/1lI1 

r [mml r/R Nz a, az (Iii ex"., 
t~~~;~~? :f;," ~")~t:-:~~';;:;,:h ,.:,H 1,·" ~'·: " ,~t,;~~~:, ~s:~:~ ' ;, ' c ,":, :~>,.. .. ;",~ :';',' ~ 

0.00 ~\CWl'1~ ,O.assill\i ;),\, O;Q:Z~fi; ~i~84.(i():·~ 0.434 601.70 0 
~~.~~ ~Ji~~!~ 

• ~,',~, ,', " ~,"~, "~,i,'~~,' ,<,,' ~~~ll,~, \\I,~t,' ;~,,-, !.'l\¥:f:;',·I~,)' ''''1*!:~t~1 633.10 0.335 r.fE ~i:i~~~;l~ :;:.'t11' OO~~~{;b~*:f l iR 
1.27 0.20 11_ ~~',~,J~,~~i,! ~',rjf~,: '," il ·~ft~~Qji;~," '.', 1, .... "',//,. 0.394 0, .570 

2.54 0.40 iil\1',i!m,4_,',L, i, i1'W.\~,'~,, ~,?, i.:O,'~~,·,·~,O,'~"~,';;;,'~,,,&<,gj tl!?~;,~l,;®,:~,i" 0.255 533.80 . 0.261 0.322 
I),~fii _@~1.; ~~~. z.', ~1i~ , I ",!i;,<:;})::;~;r,1 

3.18 0. 5'O ~1~~~i l~~~~l~~ilil;~!~8~~2~i 0.215 395.60 0.311 0.263 
3.81 0.60 ~~i7il; IYQtlfq~,~ 9.lQlQ,!J !¥i.l?~·,5Q L'; 0.140 211.50 0.363 0.158 

4.45 0.70 Ijlla~I:111~~~ 0.126 188;00 0.318 0.170 
5.09 

5.72 0.90 

I-' 

@ 
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Exerimental Condition: Run 4 at Port2 (LlD=120) 

Probe Position No. Loops At,o,II/ Bubble NUlIlbe, a a, II/ml Towl VIII VII] v,!.:.IO'g f).I/II1 ClIVIHllV2 

r 1111111/ tiR N,o,a/ Isec] NI N2 a, a2 {Iii {Ii 2 arm {liTo' IlIIlsl III/Is I III/lsI {ellll [ /Ills I 

0.00 0.00 20 20.000 l7l9 0 0.280 0.000 S09.lO 0.00 0.280 S09.to 0.7lO 0.000 0.710 0.330 0.199 

509.30 0.306 

1.27 0.20 20 20.000 1723 0 0.260 0.000 S09.30 0.00 0.260 0.711 0.000 0.711 0.185 
2.54 0.40 20 20.000 1764 0 0.220 0.000 526.30 0.00 0.220 526.30 0.705 0.000 0.70S 0.251 0.155 
3.18 0.50 20 20.000 1766 0 0.190 0.000 536.40 0.00 0.190 536.40 0.690 0.000 0.690 0.213 0.131 
3.81 0.60 20 20.000 1582 0 0.130 0.000 506.40 0.00 0.130 506.40 0.620 0.000 0.620 0.154 0.081 
4.45 0.70 20 20.000 1445 0 0.160 0.000 489.90 0.00 0.160 489.90 0.624 0.000 0.624 0.196 D.I DO 
S . ()I) (l.80 20 :W.O()(l 1194 0 0.110 0.000 405.90 0.00 0.1 10 40S.')O 0.595 0.000 0.595 0.1 ()3 (l.()()5 

5.72 0.90 20.000 743 0 0.094 0.000 239.10 0.00 0.094 239.10 0.688 0.000 0.688 0.236 0.065 

L 
Area Avemged Values = 

0.24 
...... ...... 
0 
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Exerimental Condition: Run 3 at Port2 (LlD=120) 

Exoerime1l1ai Conditions: • illl,,{IIIIs/ = 0.22 lIoe . i 's;(/' 
QJ 1II11111inl = • I(/wl /111/S / = N ,H",fIJ/t-; ROOO 

P},,,<,k/ psi / = fUII(,-, f III/S I = "·tllllO/'·; "15000 · 

Probe Position No. Loops ill"",,1 tibbie NUlllhel a ((i/ IIIII / 1i)w/ V~I " .... :? l' ..... tI\ .g 

,. [11111/1 tlR [sec I NI Nz al a2 (Ii} (I i 2 aTol lI iTlI1 /111/1,/ /11111' / /11111' / / elll/ /11111' / 
0.00 0.00 33.000 3263 0 0.100 0.000 203.40 0.00 0. 100 203.40 3.500 0.295 0.350 

211.60 0.255 

1.27 0.20 33 33.000 /,3260 0 0.090 0.000 21\;60 0.00 0.090 3.300 0.000 3.300 0.297 

2.54 OAO 33 :nooo 7578 0 0.050 0.000 174.40 0.00 0.050 174.40 3.0no 0.000 3.000 (J . I72 0.150 

3. 18 0.50 'i:" )3 :: 33.000 " <i!~~ /" 0 0.040 0.000' 136.99 0.00 0.040 136.90 3.\00 . 0.000 3.100 0.175 0.124 
3.R I 0 .60 33 :n.ooo 0 106.50 0 .00 0.040 106.50 2.ROO O.nOD 2.ROO D.225 0.112 
·1.45 0.70 J .1.0()() 933 0 64.60 0.00 O.1U5 M.()() 2.700 0.000 2.700 (1.325 O.m5 
5.09 0.80 33.000 · 579 . 0 40.00 0.00 O.oJ5 40.00 2.780 0.000 2.780 0.221 0.041 
5.72 0.90 33 33.000 408 0 0.00 (1.378 0.035 

Area A veraged Values = 
...... ...... ...... 
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Exerimental Condition: Run 2 at Port2 (LlD=120) 

,. ;/1',,[ mls I = 0.20 uoc . 

QJmllmill/= . , h" II' III/Is / = 0.17 N.mm/;/t- ; 

P'"1<'dpsi/= ;/1/" Imls / = Lbo (mll/I'/,.: 

Probe Positio/l {I/o. Loop!> - .1t""11/ 'Jllhble NlIlIlhe, a {Ii 1111111 Towl I'g/ \ ' ,1.: 2 l'g.m'x f) .wJl (XI V I+<X2 V2 

r f 1//1111 I rlR N,,,,II/ Isec] N/ Nz a, az ail a; z aT1l1 {liTol III/Is I 11Il1s1 [1Il1s I /elll/ III/Is I 
0.00 I 0.00 30 30.000 1785 0 0.131 0.000 227.60 0.00 0.131 227.60 1.380 0.000 1.380 0.345 0 .181 

260.90 '. 0.336 , 
1.27 0.20 30 30.000 2004 0 0.146 0.000 260.90 0.00 0.146 1.330 0.000 1.330 0.194 
2.54 0.40 30 30.000 12341 ..... 0 0.186 0.000 321.90 0.00 0.186 321.90 1.270 0.000 1.270 0.347 0 .236 

3.18 0.50 30 3D.OOO ,; 2~3? 0 0.188 0 .000 355.20 0.00 0. 188 355.20 1.120 0.000 1.120 0.318 O.lll 

3.81 0.60 . 30 30.00n ' 22J2 ,. O . 0.164 0.000 314,.40 ., 0.00 (UM 314.40 1.290 Q.OOO 1.290 (UI3 0.212 
·"· .. <30··,········ I ·' .. ' ·f· ~ "" , , .. '" . 

4.45 0.70 :mO()(} I· 673" 0 0.099 0.000 I 52.4() 0.00 0.(1)1) 152.40 1.440 (WOO 1.440 (URS 0. 142 
5.(1) o.xo :m :W,OOO 1060 0 0.041 (WOO 77.70 0.00 0.0"1 77 .70 1.300 0 .000 1.900 O.JI5 0.05 :1 
5.72 0.90 .. 39 . 30.000 , ..1 24(> ., 0 0.050 0 .000 99.70 0.00 0.050 99.70 1.500 0.000 1.700 (um (U)75 

AreaAveraged Vallles = 

--tv 
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Exerimental Condition: Run 1 at Port2 (LlD=120) 

; ,.illl,rlm/s! = 0.07 loc. 5.423 

Q ,fm//mill/= ., 10('(11 {m/s/ = 0.05 N.w"'J/t'; SOOO 

PJ,iII·dpsil= .fUlllft /III/S 1 = 0.41 1.:'"",,1," 8000 

Pefce/lt d((few/Ce betll'een<: 

Probe Positioll Vvo. Loop.1 jj/'''IIII !Bubble NUlllbel a {I, /111111 Total 

r {Ill III I ilR N,,,,,,I {secl NI N z al az {Iii {Ii 2 aT(~{ (liTt,t 

o.on 0.00 50 50.000 1798 0 0.110 0.000 226.60 0.00 n.11O 226.60 

230.80 

1.27 0.20 50 50.000 1823 0 0.120 0.000 230.80 0.00 0.120 

2.54 0040 50.000 1848 0 0.100 0.000 236.15 0.00 0.100 236.15 

3.18 0.50 50.000 1773 0 0.120 0.000 234.70 0.00 D.120 234.70 
3.81 0.60 50.000 1608 0 0.090 0.000 183.14 n.oo 0.090 183 .. 14 
4.45 0.70 50 50.000 1343 0 0.100 0.000 128.10 0.00 n.loo 12X.1O 
5.09 0.80 50.000 903 0 0.053 0.000 70.00.· .. 0.00 0.053 70.00 
5.72 0.90 50.000 691 0 

Area Averaged Values = 

I'gl I'gZ \'g,tH'g 

/ IIllv / /lIIi1' / /1111\'/ 

0.660 0.000 0.660 

0.660 0.000 0.666 

0.660 n.ooo 0.660 

0.633 0.000 0.633 
O.54R 0.000 0.544 
0.560 0.000 0.570 
0.650 0.000 0.690 

1\/111 

/ elll/ 

0.291 

I 0.312 

0.254 

0.307 
0.295 
OA6X 
0.453 

• 

III VI+C(lVl 

/lIIi1' / 

0.073 

0.079 

(U)66 

0.076 
(U)49 
0.056 
0.034 

--w 
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Exerimental Condition: Run 8 at Port! (LlD=1?) 

E:merimeflwl COl/ditiol/s: ;",illlrt/llllsl = 3.17 Iloc . 

Q .{ 11111111 ill/ = . . lo"al [lIlls / = 1.70 N~"lImJ)/f': 

P"""dpsil= .iUIII,', /11111'/ = 3.00 f:tlllm/t·: 

Probe Position Wo. Loop.1 4tlOIlII 1/1l1bble NUlIlbeJ a (Ii /11111/ Total V~I 1'112 Vg,m',l: /).\/111 alv.+a2v1 

r /111111/ 1 JlR N,o,al Isecl N, N2 a, a2 {Iii ai 2 aTo, (1m" Il/Ilsl /11111,/ /II/!\'/ / ellll /III!\'/ , 
0.00 40.000 3769 492 0.075 0.450 163.80 32.30 0.525 196.10 4.710 4.210 4.660 0.275 2.249 

184.70 0.262 

1.27 0.20 40.000 3387 464 0.069 0.400 158.00 26.70 0.469 4.340 4.()30 4.310 1.911 

2.54 0.40 40.000 2956 483 0.062 0.320 146.60 ~3.80 0.382 190.40 4.090 3.230 4.020 0.254 1.287 

3.18 0.50 40 40.000 2615 416 0.058 0.240 139.80 52.10 0.298 191.90 3.860 3.400 3.830 0.249 1.040 
3.81 o.m 40 40.00() 2S98 S06 0.067 0.IS4 129.S0 79.40 0.221 lOX ,!)O 4.630 3.880 4.S40 (UIO O. ()OX 

·1.·15 ( 1.'10 40 ·1O.0()() 945 627 ()'()23 0.220 31.10 31.00 0.24] 62.to 3.930 4.740 3JWO 0.444 I.LU 
5.09 0.80 40.000 1695 . 663 0.048 0.160 75.10 ~2.20 0.208 147.30 4.200 3.100 5.450 0.383 0.698 
5.72 O. l)O 40.00() 2224 ~31 

Area A I'eraged Vailles = 
...... 
..-
~ 
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Exerimental Condition: Run? at Portl (LlD=1?) 

Ex erimental Conditions: . _.illl,tlmls] = 0.71 oc . 3.917 

Q .[ III/imill] = . -lm',,1 {mlsl = 0.56 N,mllli/"; 8000 

P,,,,,·dpsi/= 6.50 .iUIII'" IlIIls I = 0040 '/':1111111"" 80dO I S 

Probe Position lfVo. Loop.\ ,1('01111 Bubble NumiJel a ai /111/1] Total V~I V~l vg,w',t: f).HIII CXIVI+C,(2V2 

r {1II11l] rlR N,otal /sec] Nt N2 a, a2 (Iii {Ii 2 aTo, (liTo/ /mls] /1/11.1'1 /mls/ / elll/ fmls/ 
0.00 20.000 3507 68 0.600 0.000 877.80 0.00 0.600 877.80 0.870 0.000 0.840 0.410 0.522 

928.70 ... 0.404 

1.27 0.20 20 20.000 3442 32 0.625 0.000 928.70 O,f)() 0.625 0.800 (WOO 0.770 0500 
2.54 0.40 20.000 3182 4 0.516 0.000 940.20 0.00 0.516 940.20 0.704 0.000 0.704 0.329 D.363 

3.18 0.50 20.000 2883 1 0.530 0.000 901.30 0.00 0.530 901.30 0.657 0.000 0.657 D.353 D.348 
3.81 0.60 20.000 2261 0.450 0.000 816.80 0.00 0.450 816.80 0.650 0.000 0.569 0.331 0.293 
4.45 0.70 20 20.000 1004 0.350 0.000 350.00 0.00 0.350 350.00 0.750 0.000 0.810 0.600 0.203 
5.m 0.80 20 20.0()() I(jO<) 1 0.200 0.001 244.60 (UlO 0.20 I 244.W 0.750 (WOO 0.750 O.4'J I 0.150 

5.72 0.1)0 20 20.000 2228 0 0.340 0.000 430.00 0.00 0.340 430.00 0.560 0.000 0.554 0.474 0.1 ()() 

. 

Area Averaged Vailles = 

--VI 
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Exerimental Condition: Run 6 at Portl (~'(t:>=17) 

• illlet/lllls} = 1.26 Iloc . 

Qi 111 11m in / = /tn·,,1 [/1/ls / = 
p"" .. dpsi/= ill"'/ /mls I = 

Probe Position No. Loops ,1t/",,,, Bubble NUlllber (X {Ii [ JIm I Total VNI V~2 \'g.tH'.I: [),,"1 lX,V,+lX!1'2 

r [11I11l} rlR N, N2 (XI (X2 {Iii {Ii 2 aTot (l iTt Il /mls I /lIIlsl /11//\'/ / £0111/ f /Ills I 
0.00 2222 136 0.250 0.059 255.40 18.00 0.309 273.40 3.420 3.180 3.410 0.587 J.043 

249.80 0.507 

1.27 0.20 20 20.000 2001 98 0.200 0.050 236.50 13.30 0.250 3.320 3.080 3.310 n.818 
2.54 0.40 20.000 43 0.150 0.018 180.00 9.60 0.168 189.60 3.090 2.660 3.090 0.500 0.51 J 
3.18 0.50 20.000 23 0;150 0.050 171.00 5.10 0.200 176.10 2.960 2.940 2.950 0.526 O.5!) 1 
3.81 0.60 20.000 1472 46 0.150 0.017 165.00 6.00 0.167 171.00 3.100 3.200 3.150 0.545 0.519 
4.45 0.70 20.000 1153 84 0.100 0.051 120.50 12.00 0.151 132.50 2.900 0.498 0.438 
5.0!) 0.80 20.000 1213 30 10.00 n.lon 2.750 
5.72 0.90 20.000 1342 50 15.00 0.112 2.840 

Area Averaged Values = 

...... ...... 
0\ 
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Exerimental Condition: Run 5 at Port1 (LlD=1?) 

. il/!r,{m/sl = 0.75 lIoc . 

/om/ {m/s J = N.wmtllt'; 

il//rl {III/S J = f..;(lnUI/t'; 

o. Loops Llttoltl! BlIbble NlIlllbe! a ai /1//1/1 Total I'g! I'K2 "g,lIl '}: D.,,,,! U.v.+U2 vl 

r {mlllJ N'tJllll {sec! N! N2 UI U2 (Ii! ai 2 aT", (I,Tm /1II/S! /III/~' ! /111!\'/ (ellll !111!\'/ 

0.00 15 15.000 2945 12 0.460 0.006 625.80 2.64 0.466 628.44 1.630 1.580 1.630 0.441 0.759 

663.98 0.396 

1.27 0.20 15 15.000 2892 \.5 0.437 0.008 661.40 2.58 0.445 1.510 1.500 1.510 0.071 

2.54 0.40 15 15.000 2672 0.379 0.004 673.60 0.21 0.383 673.81 I.:no 1.360 I.:no 0.338 0.525 

3.18 0.50 15.000 + 2193; 0.293 0.006 605.20 0.60 0.299 605.80 1.250, 1.200 ' 1.250 0:290 0.373 
3.81 0.60 15.000 -"':'1'2'95 ' 0.200 0.000 519.20 OOlm 0.200 519.20 1.200 1.200 1.200 0.231 n.240 
4.·15 0 .70 15.000 1026 O.mi4 0,000 3(,6.70 CWO O.OS4 J()(J.7() l.200 1.200 1.200 o.l :n 0.101 
5.09 0.80 15.000 !:!99 OJ)4S 0.005 350.00 16.00 0.050 366.00 1.180 1.160 1.350 0.078 Cf059 
5.72 0.1)0 15 15.nOO 1133 0 

Area Averaged Vallles = 
I 

5J0.38 1 2.34 ·····1 .··.·0.32 ;Yl i'SJ2; 72 .. I>L26 ,~ I': ;lj2~ ~fq 'WjT2Z I > {j.JO I·' .. ··O,'4lf .~( 1 ---.....) 
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Exerimental Condition: Run 4 at Port! (LlD=l?) 

Ex erimental COllditions: .• illlt·t! III/S I = 0.19 OC. 4.829 

Q .[ 111 l/min I = '. 101'111 [m/s} = 0.15 N.wIIIlJIt': BOOO 

PJ,lIcdpsil= 0.40 (""",,1 ... 8000 

Probe Position 'rJo. Loops ,1tlol,,1 Bubble NUll/bel (X (Ii [ 11111/ Total "iii V~2 v;:.tlvg J )",11 (XIVI+Cl2 V2 

r [111 III [ rlR NIIIIlIl [sec} NI N2 (XI (X] {Iii {Ii 2 ar(lt (liTol /111/.1'/ /111/.1'/ /111/.1'/ / CIII/ /1Il1s1 
0.00 0.00 iiiQ< 20.000 1653 0 0.322 0.000 574.50 0.00 0.322 574.50 0.590 0.000 0.590 0.336 0.190 

597.10 0.336 

1.27 0.20 20 20.000 638 0 0.334 0.000 597.10 0.00 0.334 0.560 0.000 0.560 0.1'11,7 
2.54 0.40 20 20.000 1447 0 0.275 0.000 583.30 0.00 0.275 583.30 0.511 0.000 0.511 O.21n 0.141 
3.1 X 0.50 20 20.000 1297 0 0.220 0.000 555.60 0.00 0.220 555.60 0.480 0.000 0.480 O.23X 0.106 
3.81 0.60 20 20.000 1052 0 0.140 0.000 477.10 0.00 0.140 477.10 0.448 0.000 0.448 0.176 0.063 
4.45 0.70 20 20.0()O 700 0 0.043 0.000 171.00 0.00 0.043 171.()O 0.490 0.000 0.490 0.151 0.021 
5.(1) Il.XIl 20 21l.IlIlO 900 0 0.067 0.000 168.00 0.00 (W()7 IClS.OIl 0.510 (WOO 0.510 0.231) O.IH"1 
5.72 0.90 20 20.000 1000 0 0.126 0.000 428.00 0.00 0.126 428.00 0.418 0.000 0.418 0.177 0.053 

Area A l'eraged Values = 

..... ..... 
00 
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Exerimental Condition: Run 3 at Portl (UD=17) 

Exnerimelltal COl/diliolls: id,,/,·,/lI/ls1 = 0.20 Uoc. 

Q./mllmill/= • /o('ttl /I//Is! = 0.12 N .mmIJ/(I· 

I't,,,,·d /lsi/ = i/:;,,/,., /1///1,/ = ' 3.00 ("'11111111,': 

Probe Position No. Loops ,1t,,,,,,/ Bubble NIIII/ber a (I; 11111/1 Total v~/ I'g! ~ 'g . ,wg /)' 111 / UIVI+<X2 V! 

r / /1/111/ /IR N"",,/ [sec! N/ N] al a2 (Iii a; 2 aTOI (liT", /11//1,/ / mlsl //lIls/ / ('11// /II/! \'/ 
",' " .. 

0.00 0.00 60 '" 60.000 I 3850 .... 0 0.067 0.000 144.70 0.00 0.067 144.70 3.500 0.000 3.500 0.278 n.D5 

150.00 I 0.204 

1.27 n.20 60 60.noo 3771 0 0.066 ().OOO 150.00 0.00 0.066 3.270 0.000 3.270 O.21n 

2.54 0.40 (ib 60.00n : 2177 0 0.034 0.000 98.90 0.00 0.034 98.90 :UOO 0.000 :3.500 0.209 0.107 

3. 18 O.5n 60 60.000 , 1545 0 0.021 0.000 73.70 0.00 0.021 73.70 3.500 o.noo 3.100 0.174 0.075 
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D pipe diameter 

E electric field intensity 

f frequency 

g gravity 

G impedance 

h height 

I electric current 

J superficial velocity 

j current flux density • K number of PDF 

n number of counts 

n direction normal to the wall 

N total number of counts 

P pressure 

P probability 

r radial coordinate 

R radius of pipe 

t time 

T total sampling time 

U electrical potential 

v fluid velocity 

V voltage 

w weight 

• (IP) area average propert 
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Re Reynolds number (Equation 4.4) 

ReD Particle Reynolds number (Equation 4.5) 

We Weber number (Equation 4.6) 

r radial coordinate 

ug gas phase velocity 

GREEK SYMBOLS 
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rg 
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Pg 

void fraction 

change in quantity 
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rate of interfaciaLchange per unit volume of mixture 

liquid density 

gas density 

SUBSCRllTSANDSUPERSCRWTS 

f liquid phase 

g gas phase 

i,j number 

* dimensionless quantity 

m mixture 
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Concentration and Void Fraction of Two-Phase Flow in 12.7mm ID Pipe. 
Major Professor: Mamoru Ishii. 

An independent experimental study of the interfacial structure in adiabatic two

phase flow was carried out in a 12.7 mm ID pipe which was constructed at the Thermal

Hydraulic and Reactor Safety Laboratory at Purdue University with specialized 

instrumentation including impedance meters, magnetic flow meter and local probes. ·· The 

local void fraction, interfacial area concentration, bubble velocity and Sauter mean 

diameter parameters were measured by a double-sensor and four-sensor probe. The flow 

structure development was visualized by measuring the radial distribution of these phasic 

parameters at axial locations lJD=17, 120 and 217. The flow regimes were identified by 

using the visualization box, the probability density function (PDF) of the void . fraction 

[1]. Different flow regimes such as bubbly, slug and churn turbulent regimes, produce 

characteristic signal due to their distinct void fraction. The impedance meter signals are 

used to determine the flow regime through a PDF analysis. The data for the flow regime 

transitions is compared with the theoretical transition boundaries, which was proposed by 

Mishima and Ishii [4]. Self-organizing neural network is used to determine the flow 

regimes based on the output of the impedance meter . 
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CHAPTER 1 

INTRODUCTION 

1 

The objective of this thesis was to investigate experimentally the interfacial area 

concentration and void fraction in a 12.7-mm ID pipe. The multi-sensor resistively probes 

developed in the Thermal Hydraulics and Reactor Safety Laboratory at Purdue University 

were used in the experimental study of the local void fraction and the interfacial area 

concentration. A database was established for flow structure development in a wide range 

of flow conditions that spanned over the dispersed bubbly flow, slug flow and chum 

turbulent regimes. 

Two-phase flow is characterized by the existence of the interface between phases 

and discontinuities of properties at the interface. The internal structures of two-phase 

flow are identified by two-phase regimes. Various transfer mechanisms between the 

mixture and wall as well as between phases strongly depend on these two-phase flow 

regimes. This leads to the use of flow regime dependent correlations and closure 

equations together with appropriate flow regime transition criteria. The basic structure of 

flow can be characterized by two fundamental geometrical parameters. These arethe void 

fraction and interfacial area concentration. The void fraction expresses the phase 

distribution whereas the interfacial area describes available area for the interfacial 

transfer of mass, momentum and energy. Therefore, an accurate knowledge of these 

parameters is necessary for any two-phases flow analysis. This fact can be further 

substantiated with respect to two-phase flow formulation. 

1.1 Literature Review 

Review of related literature gives one a chance to see the history of the topic 

he/she is researching and to .. try to continue from where others . have stopped. 



www.manaraa.com

• 

• 

• 

2 

The problem with interfacial area concentration and void friction is that there has 

not been work done for the local measurement in a small diameter tube typically 12.7 mm 

ID for air-water at low pressure. As for the flow regime, Taitel et al [3] have developed 

an experimental flow regime map for 12.7 mm air/water loop at atmospheric pressure by 

using flow visualization method. Bennett et al. [4] have also developed a flow regime 

map for 12.7 mm steam /water loop at high pressure by employing visualization and x
ray photography. Table 1.1 shows a summary of the experimental flow pattern data. 

The present study would be an addition to the research done in the field of the 

interfacial area concentration and void fraction for several reasons. The lack of studies 

done in the area makes it a proper environment for new findings to create other leads and 

guides in the research in this field. The outcome of this study's experiments is valuable to 

the field because of the lack of detailed experimental data on local parameters. 

1.2 Importance of Interfacial Area Measurement 

In nuclear reactor systems, numerous practical thermal hydraulic phenomena are 

dominated by interfacial transport. Proper mechanistic models for the interfacial transfer 

process are the major concern in the current two-'phase flow modeling practice. 

Generally,the interfacial transfer rates can be considered as the product of the interfacial 

flux and the available interfacial area [5]. Difficulty arises in the treatment of the 

interfacial area concentration because of the complicated interfacial structure, especially 

when subject to two-phase flow regime transitions. In system analysis codes such as 

RELAP5 and TRAC, the interfacial area concentration is given by empirical correlations 

that are based on two-phase flow regimes and regime transition criteria. This approach 

has a number of shortcomings such as: 

1. The method based on .flow regime transition criteria is a two-step method, which 

requires the regime dependent closure relations to determine the interfacial area 

concentration effects. The compound errors from the transition criteria and area 

correlations can be very significant. 
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2. The flow regime transition criteria are algebraic relations for steady state, fully 

developed flows. They do not fully reflect the true dynamic nature of changes in 

the interfacial structure. Hence, the effects of the entrance and developing flow as 

well as the gradual transition between regimes cannot be accounted correctly. 

3. The existing flow regime dependent correlations and criteria are validin limited 

parameter ranges for certain specific operational conditions. Most of them are 

obtained by simple experiments and phenomenological models. Often, the scale 

effects of geometry and fluid properties are not taken into account properly. 
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0.115 35 
0.096 58 

0.011 44 
0.036 
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1.3 Two-fluid Model 

The local instant formulation based on the single-phase flow conservation 

equations with explicit discontinuities due to the interface is mathematically rigorous, but 

it is difficult to apply. This is because they contain information about the rapidly 

fluctuating fields and the discontinuities at the interfaces. In order to avoid these 

microscopic . characteristics, the average model is preferred over the local instant 

formulation. The average model contains no discontinuity and it describes macroscopic 

properties of the flow fields, it is much easier to manage mathematically. The choice of 

averaging method depends on the problem to be solved and the necessary constitutive 

relations should be developed . accordingly from the experimental data. Thus, the 

averaging method and the measurement technique should be consistent with each ·other. 

For instance, if a local probe is used to record the flow fluctuation in the time domain, 

these measurements will be useful to develop constitutive relations for the time average 

two-fluid model. For most practical · applications, a simplified form of the field equations 

for ofthe two-phase flow are [6]: 

Continuity Equation 

(1.1) 

Momentum Equation 

:t(a"PkuJ+ V ·(akPku"u,,)=-ak VPk+ V ·ak ~k +1';)+akPkg+Ukirk +Mkj - Vak .1'j 

0.2) 

Enthalpy Energy Equation 

~akPkHk+V.akPkHkuk =-V.ak~+q~)+ak Dk Pk + Hkjrk +q;aj+CP", (1.3) 
~ . . · lli 

Here r k , M ik ,1';, q; and CP k are the mass . generation,generalized interfacial · drag, 

interfacial shear stress, interfacial heat flux, and dissipation, respectively. The sUbscriptk 
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denotes the kth phase, and i stands for the values at the interface. The variablea i denotes 

the interfacial area per unit volume. Since the thickness of the interface is assumed to be 

infinitesimally small and it has no source or sink, the inflow and outflow of flux must he 

balanced. The macroscopic interfacial jumps can be obtained in the following forms [6]: 

Irk =0 

LMik =0 

(1.4) 

(1.5) 

(1.6) 

The set of time average equations yield 4 scalars, 3 vectors and 2 tensors variables 

for the bulk fluid in each phases. They are similar to the single phase flow formulation. 

However, the extra interfacial terms add to the variable list by 3 scalars, 2 vect()rs and 1 

tensor. The equations and the associated variables are listed in Table 1.2. There are 2 

scalar . and 1 vector conservation equations for each phase. In addition, there are jump 

conditions for mass, momentum and energy transfer at the interfacial discontinuities. 

. Even without the interfacial terms, the number of variables is larger than the number of 

the equations. 

The variables can be divided into two categories. The first type deals with the 

properties· and the flow characteristics in the ·bulk fluid. The second ··· type deals with the 

terms derived from the interfacial transfers. It should be noticed that the v()id fraction 

does not belong to either types of variables. In fact, it represents the probability or 

volumetric fraction of the presence of phase k. 

The transport characteristics and physical properties in the bulk of each phase can 

be modeled in a similar way as the single phase. As for the interfacial terms, there is no 

single phase equivalent. Although they are shown in simple terms, the actual expressions 

are more complicated. However, the general form of the interfacial transfer terms can be 

written as a product of the interfacial area concentration, aj, and the mean driving force: 
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(Interfacial Transfer Tenn) = a i x (Driving Force) 

The area concentration defined as the interfacial area per unit volume of the 

mixture characterizes the first order geometrical effects; therefore, it must be related to 

the interfacial structure of the two-phase flow field. The driving forces for the int~¥raeial 

transport characterize the local transport mechanisms such as the turbulence, . molecular 

transport properties and driving potentials. In two-phase flow systems, the void fraction 

and interfacial area concentration are two of the most important geometrical parameters. 

The interfacial area concentration should be specified by a closure relation, or by a 

transport equation. The above fonnulation indicates that the knowledge of the interfacial 

area concentration and the interfacial structure through the flow regimes are 

indispensable in the two phase flow analysis. 



www.manaraa.com

8 

• 

Table 1.2 Balance Equations and associated variables 

Conservation Equation Dependent Variables Interfacial Transfer 
, '. 

• Terms 

Mass PIc ,ak,uk rIc 

Momentum t 
PIc ,ak ,U", Pk' 1'",1'" Mjk,uj,'r j 

Energy p",a" ,U", H", PIc ,q" ,q~ H" rIc ,q;jap <1>" 

• 
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1.4 Two-Phase Flow Regimes 

In the analysis of two-phase flow transients, a two-fluid :model is very useful due 

to its detailed description of thermo hydraulic transitions and phase interactions. The 

main difficulties in modeling arise fro:m the existence of interfaces between phases and 

discontinuities associated with them. The internal structures of two-phase flow are 

classified by the flow regimes or flow patterns. Various transfer mechanisms between 

two-phase mixture and the wall, as well as between two. phases, depend on the flow 

regimes. 

1.4.1 Flow Description 

When gas-liquid mixtures flow upward in a vertical tube, the two phases may 

distribute in a number of patterns, each characterizing the radial or / and axial distribution 

of liquid and gas. The flow is often quite chaotic, and these phase distributions are 

difficult to describe. The flow regimes are designated into four patterns as follows [7]: 

1. Bubbly Flow: the gas phase is dispersed and distribution in the form .of discrete 

bubbles in a continuous liquid phase. 

2. Slug Flow: Most of the gas is located in large bullet shaped bubbles, which have a 

diameter almost equal to the pipe diameter. They move uniformly upward and are 

sometimes designated as " Taylor bubbles." Taylor bubbles are separated by slugs 

of continuous liquid which bridge pipe and contain small gas bubbles. Between 

the Taylor bubbles and the pipe wall, liquid flows downward in the form of a thin 

falling film. 

3. Chum-Turbulent Flow: Chum-Turbulent flow is somewhat similar to slug flow. It 

is, however, much more chaotic. Chum-Turbulent flow possesses some of the 

characteristics of slug flow, with the main differences being as follows: (a) The 

gas slugs become narrower and more irregular. (b) The continuity of the liquid in 
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the slug is repeatedly destroyed by regions of high gas concentration, and (c) The 

thin falling film of liquid surrounding the gas slugs can no longer be observed. 

Annular Flow: Annular flow is characterized by the continuity of the gas phase 

along the pipe in the core. The liquid flows partially as a film along the walls of 

the tube, and partially as droplets in the central gas core. 

The sketch of typical flow regimes observed in the small tubes is shown in Figure 1.1. 

The flow regimes of small tubes have the following characteristics. In bubbly flow, 

bubbles tend to concentrate along the tube axis, small bubbles form a spiral train, while 

larger bubbles with the diameter closer to the tube inner diameter line up right · next to 

each other to form bubble trains, without coalescing. In slug flows, slug bubbles are 

relatively long and have a beautiful smooth nose. Bridges of very thin liquid film are 

observed in along slug bubble. In liquid slugs, restlessly oscillating small bubbles are 

observed. In chum-turbulent flow, long slug bubbles are deformed and they do not have a 

semi-spherical nose any more. A number of tiny bubbles are observed moving rapidlyin 

liquid slugs. 

1.4.2 Criteria for Flow Regime Transitions 

Traditional two-phase flow regime criteria based on the gas and liquid superficial 

velocities may not be suitable tothe analyses of rapid transient or entrance flows by the 

two-fluid model. Under these conditions, it is postulated that direct geometrical 

parameters such as void fraction were simpler and more reliable parameters to be used in 

flow-regime criteria than the traditional parameters [2]. 

1. Bubbly flow to slug flow transition: 

The transition from bubbly to slug flow occurs due to agglomerations and coalescences 

of small bubbles into cap bubbles. This transition takes places at the void fraction around 

0.3. Mishima and Ishii [2] used a very simple geometrical model of the bubbles 

distribution. They found that the number of the collisions and coalescences becomes very 
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CHAPTER 1 

INTRODUCTION 
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The objective of this thesis was to investigate experimentally the interfacial area 

concentration and void fraction in a 12.7-mm ID pipe. The multi-sensor resistively probes 

developed in the Thermal Hydraulics and Reactor Safety Laboratory at Purdue University 

were used in the experimental study of the local void fraction and the interfacial area 

concentration. A database was established for flow structure development in a wide range 

of flow conditions that spanned over the dispersed bubbly flow, slug flow and chum 

turbulent regimes. 

Two-phase flow is characterized by the existence of the interface between phases 

and discontinuities of properties at the interface. The internal structures of two-phase 

flow are identified by two-phase regimes. Various transfer mechanisms between the 

mixture and wall as well as between phases strongly depend on these two-phase flow 

regimes. This leads to the use of flow regime dependent correlations and closure 

equations together with appropriate flow regime transition criteria. The basic structure of 

flow can be characterized by two fundamental geometrical parameters. These arethe void 

fraction and interfacial area concentration. The void fraction expresses the phase 

distribution whereas the interfacial area describes available area for the interfacial 

transfer of mass, momentum and energy. Therefore, an accurate knowledge of these 

parameters is necessary for any two-phases flow analysis. This fact can be further 

substantiated with respect to two-phase flow formulation. 

1.1 Literature Review 

Review of related literature gives one a chance to see the history of the topic 

he/she is researching and to .. try to continue from where others . have stopped. 
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CHAPTER 1 

INTRODUCTION 

1 

The objective of this thesis was to investigate experimentally the interfacial area 

concentration and void fraction in a 12.7-mm ID pipe. The multi-sensor resistively probes 

developed in the Thermal Hydraulics and Reactor Safety Laboratory at Purdue University 

were used in the experimental study of the local void fraction and the interfacial area 

concentration. A database was established for flow structure development in a wide range 

of flow conditions that spanned over the dispersed bubbly flow, slug flow and chum 

turbulent regimes. 

Two-phase flow is characterized by the existence of the interface between phases 

and discontinuities of properties at the interface. The internal structures of two-phase 

flow are identified by two-phase regimes. Various transfer mechanisms between the 

mixture and wall as well as between phases strongly depend on these two-phase flow 

regimes. This leads to the use of flow regime dependent correlations and closure 

equations together with appropriate flow regime transition criteria. The basic structure of 

flow can be characterized by two fundamental geometrical parameters. These arethe void 

fraction and interfacial area concentration. The void fraction expresses the phase 

distribution whereas the interfacial area describes available area for the interfacial 

transfer of mass, momentum and energy. Therefore, an accurate knowledge of these 

parameters is necessary for any two-phases flow analysis. This fact can be further 

substantiated with respect to two-phase flow formulation. 

1.1 Literature Review 

Review of related literature gives one a chance to see the history of the topic 

he/she is researching and to .. try to continue from where others . have stopped. 
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The problem with interfacial area concentration and void friction is that there has 

not been work done for the local measurement in a small diameter tube typically 12.7 mm 

ID for air-water at low pressure. As for the flow regime, Taitel et al [3] have developed 

an experimental flow regime map for 12.7 mm air/water loop at atmospheric pressure by 

using flow visualization method. Bennett et al. [4] have also developed a flow regime 

map for 12.7 mm steam /water loop at high pressure by employing visualization and x
ray photography. Table 1.1 shows a summary of the experimental flow pattern data. 

The present study would be an addition to the research done in the field of the 

interfacial area concentration and void fraction for several reasons. The lack of studies 

done in the area makes it a proper environment for new findings to create other leads and 

guides in the research in this field. The outcome of this study's experiments is valuable to 

the field because of the lack of detailed experimental data on local parameters. 

1.2 Importance of Interfacial Area Measurement 

In nuclear reactor systems, numerous practical thermal hydraulic phenomena are 

dominated by interfacial transport. Proper mechanistic models for the interfacial transfer 

process are the major concern in the current two-'phase flow modeling practice. 

Generally,the interfacial transfer rates can be considered as the product of the interfacial 

flux and the available interfacial area [5]. Difficulty arises in the treatment of the 

interfacial area concentration because of the complicated interfacial structure, especially 

when subject to two-phase flow regime transitions. In system analysis codes such as 

RELAP5 and TRAC, the interfacial area concentration is given by empirical correlations 

that are based on two-phase flow regimes and regime transition criteria. This approach 

has a number of shortcomings such as: 

1. The method based on .flow regime transition criteria is a two-step method, which 

requires the regime dependent closure relations to determine the interfacial area 

concentration effects. The compound errors from the transition criteria and area 

correlations can be very significant. 
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2. The flow regime transition criteria are algebraic relations for steady state, fully 

developed flows. They do not fully reflect the true dynamic nature of changes in 

the interfacial structure. Hence, the effects of the entrance and developing flow as 

well as the gradual transition between regimes cannot be accounted correctly. 

3. The existing flow regime dependent correlations and criteria are validin limited 

parameter ranges for certain specific operational conditions. Most of them are 

obtained by simple experiments and phenomenological models. Often, the scale 

effects of geometry and fluid properties are not taken into account properly. 
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0.011 44 
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1.3 Two-fluid Model 

The local instant formulation based on the single-phase flow conservation 

equations with explicit discontinuities due to the interface is mathematically rigorous, but 

it is difficult to apply. This is because they contain information about the rapidly 

fluctuating fields and the discontinuities at the interfaces. In order to avoid these 

microscopic . characteristics, the average model is preferred over the local instant 

formulation. The average model contains no discontinuity and it describes macroscopic 

properties of the flow fields, it is much easier to manage mathematically. The choice of 

averaging method depends on the problem to be solved and the necessary constitutive 

relations should be developed . accordingly from the experimental data. Thus, the 

averaging method and the measurement technique should be consistent with each ·other. 

For instance, if a local probe is used to record the flow fluctuation in the time domain, 

these measurements will be useful to develop constitutive relations for the time average 

two-fluid model. For most practical · applications, a simplified form of the field equations 

for ofthe two-phase flow are [6]: 

Continuity Equation 

(1.1) 

Momentum Equation 

:t(a"PkuJ+ V ·(akPku"u,,)=-ak VPk+ V ·ak ~k +1';)+akPkg+Ukirk +Mkj - Vak .1'j 

0.2) 

Enthalpy Energy Equation 

~akPkHk+V.akPkHkuk =-V.ak~+q~)+ak Dk Pk + Hkjrk +q;aj+CP", (1.3) 
~ . . · lli 

Here r k , M ik ,1';, q; and CP k are the mass . generation,generalized interfacial · drag, 

interfacial shear stress, interfacial heat flux, and dissipation, respectively. The sUbscriptk 
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denotes the kth phase, and i stands for the values at the interface. The variablea i denotes 

the interfacial area per unit volume. Since the thickness of the interface is assumed to be 

infinitesimally small and it has no source or sink, the inflow and outflow of flux must he 

balanced. The macroscopic interfacial jumps can be obtained in the following forms [6]: 

Irk =0 

LMik =0 

(1.4) 

(1.5) 

(1.6) 

The set of time average equations yield 4 scalars, 3 vectors and 2 tensors variables 

for the bulk fluid in each phases. They are similar to the single phase flow formulation. 

However, the extra interfacial terms add to the variable list by 3 scalars, 2 vect()rs and 1 

tensor. The equations and the associated variables are listed in Table 1.2. There are 2 

scalar . and 1 vector conservation equations for each phase. In addition, there are jump 

conditions for mass, momentum and energy transfer at the interfacial discontinuities. 

. Even without the interfacial terms, the number of variables is larger than the number of 

the equations. 

The variables can be divided into two categories. The first type deals with the 

properties· and the flow characteristics in the ·bulk fluid. The second ··· type deals with the 

terms derived from the interfacial transfers. It should be noticed that the v()id fraction 

does not belong to either types of variables. In fact, it represents the probability or 

volumetric fraction of the presence of phase k. 

The transport characteristics and physical properties in the bulk of each phase can 

be modeled in a similar way as the single phase. As for the interfacial terms, there is no 

single phase equivalent. Although they are shown in simple terms, the actual expressions 

are more complicated. However, the general form of the interfacial transfer terms can be 

written as a product of the interfacial area concentration, aj, and the mean driving force: 
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(Interfacial Transfer Tenn) = a i x (Driving Force) 

The area concentration defined as the interfacial area per unit volume of the 

mixture characterizes the first order geometrical effects; therefore, it must be related to 

the interfacial structure of the two-phase flow field. The driving forces for the int~¥raeial 

transport characterize the local transport mechanisms such as the turbulence, . molecular 

transport properties and driving potentials. In two-phase flow systems, the void fraction 

and interfacial area concentration are two of the most important geometrical parameters. 

The interfacial area concentration should be specified by a closure relation, or by a 

transport equation. The above fonnulation indicates that the knowledge of the interfacial 

area concentration and the interfacial structure through the flow regimes are 

indispensable in the two phase flow analysis. 
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Table 1.2 Balance Equations and associated variables 

Conservation Equation Dependent Variables Interfacial Transfer 
, '. 

• Terms 

Mass PIc ,ak,uk rIc 

Momentum t 
PIc ,ak ,U", Pk' 1'",1'" Mjk,uj,'r j 

Energy p",a" ,U", H", PIc ,q" ,q~ H" rIc ,q;jap <1>" 

• 
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1.4 Two-Phase Flow Regimes 

In the analysis of two-phase flow transients, a two-fluid :model is very useful due 

to its detailed description of thermo hydraulic transitions and phase interactions. The 

main difficulties in modeling arise fro:m the existence of interfaces between phases and 

discontinuities associated with them. The internal structures of two-phase flow are 

classified by the flow regimes or flow patterns. Various transfer mechanisms between 

two-phase mixture and the wall, as well as between two. phases, depend on the flow 

regimes. 

1.4.1 Flow Description 

When gas-liquid mixtures flow upward in a vertical tube, the two phases may 

distribute in a number of patterns, each characterizing the radial or / and axial distribution 

of liquid and gas. The flow is often quite chaotic, and these phase distributions are 

difficult to describe. The flow regimes are designated into four patterns as follows [7]: 

1. Bubbly Flow: the gas phase is dispersed and distribution in the form .of discrete 

bubbles in a continuous liquid phase. 

2. Slug Flow: Most of the gas is located in large bullet shaped bubbles, which have a 

diameter almost equal to the pipe diameter. They move uniformly upward and are 

sometimes designated as " Taylor bubbles." Taylor bubbles are separated by slugs 

of continuous liquid which bridge pipe and contain small gas bubbles. Between 

the Taylor bubbles and the pipe wall, liquid flows downward in the form of a thin 

falling film. 

3. Chum-Turbulent Flow: Chum-Turbulent flow is somewhat similar to slug flow. It 

is, however, much more chaotic. Chum-Turbulent flow possesses some of the 

characteristics of slug flow, with the main differences being as follows: (a) The 

gas slugs become narrower and more irregular. (b) The continuity of the liquid in 
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the slug is repeatedly destroyed by regions of high gas concentration, and (c) The 

thin falling film of liquid surrounding the gas slugs can no longer be observed. 

Annular Flow: Annular flow is characterized by the continuity of the gas phase 

along the pipe in the core. The liquid flows partially as a film along the walls of 

the tube, and partially as droplets in the central gas core. 

The sketch of typical flow regimes observed in the small tubes is shown in Figure 1.1. 

The flow regimes of small tubes have the following characteristics. In bubbly flow, 

bubbles tend to concentrate along the tube axis, small bubbles form a spiral train, while 

larger bubbles with the diameter closer to the tube inner diameter line up right · next to 

each other to form bubble trains, without coalescing. In slug flows, slug bubbles are 

relatively long and have a beautiful smooth nose. Bridges of very thin liquid film are 

observed in along slug bubble. In liquid slugs, restlessly oscillating small bubbles are 

observed. In chum-turbulent flow, long slug bubbles are deformed and they do not have a 

semi-spherical nose any more. A number of tiny bubbles are observed moving rapidlyin 

liquid slugs. 

1.4.2 Criteria for Flow Regime Transitions 

Traditional two-phase flow regime criteria based on the gas and liquid superficial 

velocities may not be suitable tothe analyses of rapid transient or entrance flows by the 

two-fluid model. Under these conditions, it is postulated that direct geometrical 

parameters such as void fraction were simpler and more reliable parameters to be used in 

flow-regime criteria than the traditional parameters [2]. 

1. Bubbly flow to slug flow transition: 

The transition from bubbly to slug flow occurs due to agglomerations and coalescences 

of small bubbles into cap bubbles. This transition takes places at the void fraction around 

0.3. Mishima and Ishii [2] used a very simple geometrical model of the bubbles 

distribution. They found that the number of the collisions and coalescences becomes very 
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large when the maximum gap between the bubbles becomes less. than a bubble's 

diameter. The drift flux model is used to convert this into relationship between j g and 

j f as follows: 

j=(3.33 -I}. _ 0 .. 76. (<5 g1lP)1/4 
f C g Co p2 o .. f 

(1.7) 

where 

c, = 1.2-0.2~( ~; ) 
For round tubes. 

2. Slug flow to chum flow transitions 

The transition will take place as the slug bubbles are lined up right next to each other and 

the tail of the preceding bubbles starts to touch the nose of the following bubble. This 

causes the liquid slugs to become unstable and can not sustain its individual identity and 

leads to chaotic chum-turbulent flow with unstable liquid slugs or liquid bridges. The 

transition criteria is given as follows: 

{
(Co -1)j + 0.35~(ApgD / P f ) } 

a ~ 1-0.813 .. 118 
. j + O.75~(l!.pgD I P Jl!.pgD' I P / vj Y 

(1.8) 

3. Chum-Turbulent flow to annular flow transition: 

This transition occurs by two different mechanisms. The first mechanism is flow 

reversal in the liquid film section along large bubbles while the other is the distraction of 

liquid slugs or large waves by entrainment. 

The criterion based on the first mechanism can be obtained by assuming that the annular 

drift-velocity for the film section along large bubbles will be taken under one condition, 

which is j f = O. Then tbe transition criterion can be simplified as [2] 
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(1.9) 

The second mechanism is obtained from a force balance on the liquid wave between . the 

starting force and the vapor drag and surface tension force. The condition for entrainment 

is then given by 

( )

1/4 

. > (Jgllp . N-O.2 
Jg - 2 . JJf 

Pg 
(1.10) 

where N JJf is the viscOSity number given by 

1.5 Thesis Objectives 

Development of the closure relation for the interfacial area concentration is essential 

in order to solve the two-fluid model and also to assess the characteristics of the two

phase flow systems. The objectives of the present study are as follows: 

1. To experimentally investigate the interfacial area concentration and void fraction, 

Sauter mean diameter, and bubble velocity. 

2. To analyze the ·data at three· different axial locations UD=17, 120 and 217 and to 

evaluate the data by using the drift flux model. 
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Figure 1.1 Flow patterns in vertical flow. 

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


www.manaraa.com

• 

• 

• 

CHAPTER 2 

EXPERIMENTAL FACILTY 

15 

Experimental studies are necessary the "first step" to develop .the required closure 

relations for the two-fluid model. The lateral distributions of gas void fraction, the 

interfacial area concentration, and the bubble Sauter mean diameter at three different 

axial levels can be measured accurately with local measurement techniques. These 

parameters are important in terms of defining the structure and the axial development of 

the two-phase flow fields. The experimental facility, instrumentation, data acquisition 

system and measurement methods are described in this chapter. 

2.1 The Experimental Facility 

The two-phase flow experiments were carried out in an air-water system for 
--J 

various · different flow regimes. The layout of the experimentaI loop is shown in Figure 

2.1. The deionized water supply is held ina holding tank. A water filter, which can 

remove particles up to 5 Jl m, is installed at the by-pass line. Constant filtering is 

necessary .. to remove the foreign particles. The water circulation · is driven by a centrifugal 

pump, which can deliver the ·liquid flow rate up to 10 m/s into a l2.7-mm IDlest section. 

The work performed by the pump may increase the liquid temperature, which can affect 

bubble size, interfacial area concentration measurements, and general experimental 

conditions. In order to keep the temperature constant, the heat exchanger is installed in 

the tank. The water from the pump to the test section is carried through the PVC pipes l

inch schedule 80. In order to achieve a uniform bubble size at the inlet, the liquid flow 

shearing the air off from the porous tip (shown in Figure 2.1 as j fl ) is fixed at .constant 

flow rate of 0.04 m/s. The total liquid flow rate at the test section is then controlled by 
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Experimental studies are necessary the "first step" to develop .the required closure 

relations for the two-fluid model. The lateral distributions of gas void fraction, the 

interfacial area concentration, and the bubble Sauter mean diameter at three different 

axial levels can be measured accurately with local measurement techniques. These 

parameters are important in terms of defining the structure and the axial development of 

the two-phase flow fields. The experimental facility, instrumentation, data acquisition 

system and measurement methods are described in this chapter. 

2.1 The Experimental Facility 

The two-phase flow experiments were carried out in an air-water system for 
--J 

various · different flow regimes. The layout of the experimentaI loop is shown in Figure 

2.1. The deionized water supply is held ina holding tank. A water filter, which can 

remove particles up to 5 Jl m, is installed at the by-pass line. Constant filtering is 

necessary .. to remove the foreign particles. The water circulation · is driven by a centrifugal 

pump, which can deliver the ·liquid flow rate up to 10 m/s into a l2.7-mm IDlest section. 

The work performed by the pump may increase the liquid temperature, which can affect 

bubble size, interfacial area concentration measurements, and general experimental 

conditions. In order to keep the temperature constant, the heat exchanger is installed in 

the tank. The water from the pump to the test section is carried through the PVC pipes l

inch schedule 80. In order to achieve a uniform bubble size at the inlet, the liquid flow 

shearing the air off from the porous tip (shown in Figure 2.1 as j fl ) is fixed at .constant 

flow rate of 0.04 m/s. The total liquid flow rate at the test section is then controlled by 
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varying the liquid flow rate through the additional inlets, denoted in .Figure 2.1 as 

j /2 • The bubble generator has the capability to control and produce different bubble sizes 

at different flow rates. This is a key element in order to simulate correctly the two-phase 

phenomena and to understand their effect in the interfacial· area concentration. The 

porous material utilized is designed in order to allow the maximum air flow rate 

according to our conditions. So, Air is injected through a porous tube, with averaged 

porous size of 10 microns, located in the mixing chamber as shown in Figure 2.3. The 

bubbles generated by this special design injector are in the order of 1 mm. The back 

pressure of a large storage tank, which is pressurized, to 130 psig, drives the air. This 

pressurized storage tank can provide air flow rates up to 10 m/s in 12.7 mm ID test 

section for many hours of steady state flows. The operating pressure in the air line is 

controlled with a regulator and a throttle valve controls the air flow rate. 

The water and air flow rates are measured by on-line meters. For the water flow 

rate, electromagnetic flowmeters (Honeywell Magnew 300) and rotameter are used for 

different ranges of velocities. The electromagnetic meter consists of a detector and a 

converter. The system is powered with a 120V AC line. A 24 VDC is required to read and 

make the changes to the ·flow meter via the SFC field communicator. The diameter is lin 

and used to cover liquid superficial velocity ranges from 1 mls to 5 mls. The magnetic 

flow meter has an accuracy of ± 1 % of the reading when the output is between 90% and 

100% of scale. The air flow is measured with a rotameter bank offour tubes (Omega, 

N113-02, N082-03, N092-04). This rotameter covers superficial velocity measurements 

in the range of 0-1.5 mls.The airflow enters the two-phase mixing chamber at the bottom 

of the test section. The air is injected into a stainless steel sparger element. 

The double and four point conductivity probes are used to make the two-phas~ 

parameter measurements including void fraction, interfacial area concentration and 

Sauter mean diameter. The conducting tips of the probes are manufactured using 

acupuncture needles and the probe casing is stainless steel tubing. The probe leads are 

connected to shielded co-axial cable. The diameter of the probe tip is less than 0.002 mm. 
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Figure 2.1 General layout of the experimental· loop 
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Figure 2.2 Bottom- Top view of the experimental facility 
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Figure 2.3 the mixture inlet of the two-phase flow 
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2.2 Test Section and Port Locations 

The test section of 12.7 mm ID pipe is shown in Figure 2.4. It has three different 

port locations and indepel1dent four-sensor probe supports. The measuremel1t locations 

are shown in Table 2.1. The length L is considered from the inlet of the test section after 

the bubble generator. 

". , ' ''·'WNm',_·,,",.,,, 

Test Section 
... 

: 12.7 nun 

l I 

I j 
LID=C17 

046. s· 

I 1 
I I 

I I 

L/D=120 

46. 5' 

I 1 
I I LlD=17 

1 1. 
J 

I I 
Inlet Section 

Figure 2.4 Test Section for 12.7 mm diameter 

Table 2.1 Port locations for 12.7 mm 

Port#l 
UD from inlet 

17 

Port#2 
III U.TI nv .... rrc&..om the inlet 

120 

Port#3 .. 
UD from inlet 

217 
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2.3 Experimental Loop Instrumentation 

This section describes the instrumentation developed for and used in the 

experimental loop. The instrumentation consists of conductivity probes to measure the 

two-phase parameters, a magnetic flow meter to measure the average fluid inlet velocity, 

a pressure transducer to measure the differential pressure in the test section, and ' the 

impedance meters measure the local averaged void fraction which calibration with the 

conductivity probe and the differential pressure measurement of the volume averaged 

void fraction. 

2.3.1 Differential Pressure Cell 

The pressure drop is ' used to measure by a differential pressure cell, which is 

Honeywell S900and mounted in the position to be parallel of port 1 (LID=17). The total 

pressure drop is the summation of the frictional, acceleration, and gravitational pressure 

drops. The acceleration component can be neglected due to the constant area of the-test 

section and the frictional component is small in the low flow rate. Accordingly, the total 

pressure drop along the test section is 

where P f and Pm are the fluid density and mixture density respectively, h is the height 

difference between the pressure taps, and g is the acceleration due to the gravity. This 

equation provides a relationship between the measured pressure drop and the volume 

averaged void fraction. However, the effect of the frictional pressure drop component 

will be considered for liquid flow rates around 0.5 mls. 
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2.3.2 Local Void Fraction and interfacial Area Concentration Measurements 

Two types of multiple-sensor probes have been used: double-and four-senor probes. 

The end of the probe holder is attached toa mechanical traverse. The probe can be moved 

back and forth inthe radial direction with accuracy to 25.4 micrometer. Hence, the radial 

distribution of void fraction and interfacial area can be mapped out by successive 

measurements. 

The conductivity probe is based on the difference in conductivity observed 

between water and air. An exposed sensor coupled with an electrically insulated case can 

obtain the characteristic rise and fall of the impedance signals between the sensor and 

common ground as bubble pass through the sensor. The sensors are made oran 
electrically conductive material, which is insulated except for the tip. The body of the 

probe is also conductive and is part of the electrical circuit. When a voltage is applied to 

the sensor tip, contact with the liquid phase completes the circuit between the tip and the 

probe casing. The presence of a bubble will temporarily disrupt the circuit, and the 

resulting voltage drop can be measured. The actual probe is a 0.1 mm stainless · steel 

needle, which has been coated with a nonconductive resin except for· the very tip. The 

needle is then connected to a copper wire and inserted into a3.175 mm diameter stainless 

steel tube, which serves as the body of the probe. 

The void fraction is determined by processing the raw voltage signal, converting 

it into a square wave. The length of each square is the bubble residence time, At . The 

total residence time divided by the total sampling time, T, is the local time averaged void 

fraction. To determine a threshold value of 15% above the baseline voltage is set. All 

points above the threshold value assume a value of 1 and all points below the threshold 

are o. The total number of counts in the gas phase, n, divided by the total number of 

counts, gives a good approximation to the local time averaged void fraction, 

LAt n 
a=--::-·· T N 

(2.1) 
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The capability to measure the local interfacial velocity of bubbles with multiple 

sensors allows obtaining the local time-averaged interfacial area concentration. The local 

time-averaged interfacial area concentration is calculated as defined by Ishii [5]: 

(2.2) 

where j denotes the j'h interface that passes a local point during the time interval, dT. 

The variables Vi and ni are the bubble interfacial velocity and the unit surface nomial 

vector of the j'h interface, respectively. Equation (2) implies that the interfacial area 

concentration can be obtained directly , from the bubble interface velocity. A mathematical 

method to determine the local time-averaged interfacial area concentration was proposed 

by Kataoka et al. [28] utilizing a double sensor probe for local -interfacial measurements. 

1 1 
They assumed that there is no correlation between -I" -I and ( ,). Therefore, the 

Vi cos,lP j 

interfacial area concentration is calculated by 

(2.3) 

where ~: (xo' Yo' to )is the time averaged interfacial area concentration at (xo ,Yo ,zo)' NT 

is the number of bubbles which pass the point (xo' Yo' zJ per unit of time, and lP is the 

angle between the unit normal of the surface. 

When used for double-sensor probe, Equation 2.3 assumes that all bubbles are 

spherical and that every part of the bubble has an equal probability of being intersected 

by the probe. It assumes that the angle between the bubble interfacial velocity and the 

axial direction is random with an equal probability within some maximum angle. 

However, in many two-phase flow systems bubbles are not always spherical, which 

makes the applicability of the double-sensor probe limited. One of the advantages the 

four-sensor conductivity probe is its capability to measure bubbles of different shapes 

with one common and three independent sensors, where three pairs of double sensor 
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probes can be formed. Therefore, the three components of interfacial velocities can be 

obtained locally by measuring the time delay between the ' signals from these three pairs 

of double-sensors. 

2.3.3 Data Acquisition System 

The data acquisition hardware consists of a signal connector block, an acquisition 

board, and a Pc. The acquisition board is a National Instrument Brand (PCI-MIO..; 16E-4) 

and has a sampling rate of 250 KS/s with a 12-bit resolution. The board has 16 single 

ended or 8 differential channels. The signals are sent to the ' board via the shielded 

connector block (SCB-68), which acts as an interface between the instrumentation and 

the acquisition board. The computer is a Compaq Pentium II 233 MHz. The memory of 

the computer has been upgraded in order to avoid complications during acquisition. 

The software used is the National Instruments Brand Labview software. The 

software uses a graphical programming language and has an extensive library of ready

to-use data acquisition programs. A Signal analysis package is also available which 

allows for results to be viewed on the screen immediately after acquisition. Thus, the 

software allows us to check the signal during acquisition, and the results can be viewed 

and analyzed immediately so that erroneous data can be discarded. 

2.3.4 Impedance Meter 

2.3.4.1 Theoretical Description 

A major part of the hardware of non-intrusive multiphase flow diagnostic system is the 

impedance void:-meter, which is based on the technique of impedance measurements of 

two-phase flow, Information about void fraction, void distribution, and void propagation 

velocity can be obtained by measuring the impedance values of a two-phase mixture. 

Since water is more conductive than air, the electrical potential in the gas phase can be 
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ignored. The electrodes establish an electrical potential in the flow. Inanirrotational 

electrical field, this potential can be defined as 

E=-VU (2.5) 

The impedance between electrodes, G, is the ratio of the total current passing . through 

each electrode, I, to the imposed potential difference between electrodes, V, 

I 
G=-

V 
(2.6) 

The current density in the two-phase mixture is the electric current per unit cross

sectional area at any point in space. Since the current density is non-uniform, it is related 

to the total current by 

(2.7) 

where dA is the curve along the interface between an electrode and the two-phase 

mixture. The current density is also proportional to the electrical field in the mixture, and 

Ohm's law gives 

(2.8) 

wherea)s the fluid conductivity. Combining these equations, we can arrive at the result 

for the impedance in the two-phase mixture 

G=aJ~ 
V dn 

(2.9) 

The liquid conductivity and the applied voltage are assumed to be constant. Thus, 

impedance values will change according to the two-phase distribution across the cross

sectional area. 

2.3.4.2 Relation between Void Fraction and Impedance 

In order to properly calibrate the impedance meter, the relationship between the 

measured impedance and the void fraction of the flow needs will to be determined. First 

the impedance values are dimensionalized as follows, 
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where G m is the measured mixture impedance, G f is the impedance for the liquid phase 

only; and G g is the impedance for the gas phase only. The impedance of the tow-phase 

mixture depends upon its conductivity and geometrical distribution. For bubbly flow, if 

the void fraction is assumed uniform, then the dimensionless impedance of the mixture 

can be predicated by Maxwell's relation [9] 

G* = I-~ (2.11) 
2+a 

This relation is based on the assumption that the gas phase consists of non-interacting g 

equal-sized spheres distributed uniformly across the field, this is what takes place in very 

dispersed bubbly flows. For separated flows, as annular flow, the void fraction is related 

to the film thickness of the liquid. In this case the dimensionless impedance can be 

approximated as 

G*=l-'a (2.12) 

In either case, a simple relationship exists relating the void fraction to the 

dimensionless impedance. To determine the applicability of these theoretical 

relationships, a cross calibration of the impedance meter was performed· using the void 

fraction measurements for the DP cell. It was determined that for bubble and slug flow 

regimes the relation= 1-a, is a good · approximation. The error in the · bubbly flow regime 

was as low as 0.5% while the error in slug flow regime was 1.0%. The impedance 

measures 76.2 mm tall and each electrode is 9.525 mm wide by 9.525 mm thick. The 

body is made of Delrin, which also acts as an electrical insulator. The impedance meter 

circuit consists of a buffer, a current-voltage amplifier, a demodulator, a low-pass filter, 

and a voltage amplifier as shown in Figure 2.5. The output of the circuit is designed to be 

proportional to the measured impedance, i.e. Vout oc G m • Alternating current is supplied at 

100 kHz to the electrodes on the impedance probe to avoid double layer effect. The 

circuit is calibrated by a set of resistors and a very good linearity between input and 

output has been obtained. 
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2.3.TSignal Processing 

The signal processing scheme is structured in two main parts; namely, the signal 

conditioning part and the data processing. The signal conditioning partinc1udes filtration, 

normalization, and generation of step-signal processes, whereas the data processing one 

consists of categorization,calculation, and correction processes. 

The signal conditioning should proceed any other signal processing procedures in 

order to obtain accurate two-phase parameters. In conditioning the raw signals from the 

probe, the moving filteris first applied to remove any high frequency noises. Next, the 

filtered signals are normalized. The remaining noises are removed by setting a certain 

threshold level after the normalization process. In principle, this level can be determined 

by the standard deviation of the voltage fluctuations due to noises. In practice, however, 

the threshold level determined by an experimental observation can be · acceptable if the 

noise fluctuations are small. Therefore, in present experiments, 0.05 Volts threshold level 

determined by experimental observation is set as an adequate level to remove noises. 

Moreover, due to the finite rise/fall time in the signal, an ambi~ity in identifying the 

bubble interface can arise. Therefore, the signal is converted into step signal at the initial 

and final data points of the interfaces. 

After . the signal conditioning process is completed, the step-signals are then 

separated into signals of spherical, distorted, cap, and slug bubbles depending on their 

bubble cord lengths. The separated signals are processed independently and categorized 

into two groups in light of the building of data basis for two-group interfacial transport 

equation. Hence, the spherical and distorted bubbles are categorized as group one, and the 

cap and slug bubbles are categorized as group two. The maximum distorted bubble limit 

and the spherical · bubble limit by Ishii and Zuber [10] are used as criteria in this 

categorization process. They are given by 

.....• ~ 
D d max = 4 V gifJ ,max distorted bubble limit (2.13) 
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(2.14) 

For the identification ofthe ·slug bubbles, the bubbles, whose diameter is same as 

the tube diameter, is defined as slug bubbles. In obtaining the two-phase parameters, 

signals from the common sensor (sensor 0 in Figure 2.6) are used for the bubble cord 

length and the void fraction. For interfacial area concentration, the signals from the 

double-sensor probe, sensor 0 and 1, are used · to calculate the interfacial area 

concentration for the spherical bubbles, and signals from three pairs of double-sensor are 

used to calculate the interfacial area concentration. 

When the bubbles pass through all of the four sensors, four consecutive signals 

from front and rear interfaces of passing bubbles will be . registered . . Then, the three 

components of local interfacial velocity of front and rear interfaces can be calculated 

from the time-delay information. However, due to the finite size of the measurement area 

of the probe and fluctuation of the bubble interface, there will be some.bubble interfaces, 

which do not penetrate all the four sensors. Since the 'missing bubble' phenomenon 

would occur, however, small the probe is made, it should be properly accounted for in the 

calculation of the interfacial area concentration. 
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... 24 an 

Thermocouple Wires 

Specifications 

sensor max. O~D.; 0.1 mm 
meaurable bubble sizes; -1 mm to slug bubbles 
tip alignment (double-sensor) : < 0.1 mm 
measurement cross-sectional area (four-sensor) ;0.2mm2 

C01lflguration (mm) 
Double-Sensor; L1s - 2.6 

. Four-Sensor 
101 : 2.4 112.: 0.7 
102 : 2.4 113 :0.7 
103 : 2.6 123 : 0.7 

Figure 2.6 the four-point conductivity probe configuration 
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CHAPTER 3 

EXPERIMENTAL FLOW REGIME IDENTIFICATION 

Due to the lack of data for small pipes, the exp~riment for flow regime 

identification was performed to validate the conventional flow regime map given by 

Mishima and Ishii [2]. The method of flow visualization and that of using impedance 

meter, and the neural network were employed in flow regime identification. Since the 

flow .visualization method relies on the subjective judgment of the observer, the objective 

approach employing the self-organized neural network was applied in order to verify and 

improve the results obtained by the flow visualization method. 

3.1 Flow Visualization Method 

The simplest method for detecting flow patterns is to visualize the flow througp 

transparent pipe walls. At lower flow rates it is possible to detect the flow patterns with 

no other method necessary. Unfortunately, at higher rates the human brain cannot process 

data fast enough to determine the flow, furthermore, the interface configuration become 

more complicated and it is difficult to see the inside. Thus another process is necessary to 

capture the flow. At higher rates, photographic methods are useful but they are often 

limited by the size and depth of the field of view so that only local instantaneous outer 

behavior may be observed. In the case of slug flow ,this strongly hides the viewing of the 

liquid bridges and could mislead the experimenter into presuming the flow has already 

changed to another regime when it actually had not. The technology has . made it possible 

to overcome the difficulties of lost resolution with taking high-speed movies. Sony high 

resolution video camera with a shutter speed of 111000 second was used. The result of 

the flow visualization is shown in Figure 3.1 and 3.2 for different locationsatUD = 17 

and 217. The comparison with Taitel's flow regime map [11] as shown in Figure3.3. 
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CHAPTER 3 

EXPERIMENTAL FLOW REGIME IDENTIFICATION 

Due to the lack of data for small pipes, the exp~riment for flow regime 

identification was performed to validate the conventional flow regime map given by 

Mishima and Ishii [2]. The method of flow visualization and that of using impedance 

meter, and the neural network were employed in flow regime identification. Since the 

flow .visualization method relies on the subjective judgment of the observer, the objective 

approach employing the self-organized neural network was applied in order to verify and 

improve the results obtained by the flow visualization method. 

3.1 Flow Visualization Method 

The simplest method for detecting flow patterns is to visualize the flow througp 

transparent pipe walls. At lower flow rates it is possible to detect the flow patterns with 

no other method necessary. Unfortunately, at higher rates the human brain cannot process 

data fast enough to determine the flow, furthermore, the interface configuration become 

more complicated and it is difficult to see the inside. Thus another process is necessary to 

capture the flow. At higher rates, photographic methods are useful but they are often 

limited by the size and depth of the field of view so that only local instantaneous outer 

behavior may be observed. In the case of slug flow ,this strongly hides the viewing of the 

liquid bridges and could mislead the experimenter into presuming the flow has already 

changed to another regime when it actually had not. The technology has . made it possible 

to overcome the difficulties of lost resolution with taking high-speed movies. Sony high 

resolution video camera with a shutter speed of 111000 second was used. The result of 

the flow visualization is shown in Figure 3.1 and 3.2 for different locationsatUD = 17 

and 217. The comparison with Taitel's flow regime map [11] as shown in Figure3.3. 
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Figure 3.1. The flow regime map by -Using the visualization method at un = 217. 
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3.2 Impedance Identification Flow Regime Method 

The impedance meter is intended for void fraction measurement based on the 

impedance signals. The output of the impedance is directly relatedtothe void fraction of 

the flow. Furthermore, each flow regime will create a pattern of impedance fluctuations 

so that the objective identifier can be used. Any statistical analysis needs to be based on 

physical understanding of the phenomena. Jones and Zuber [1] show that the probability 

distribution function (PDF) of the void fraction can be used as an objective parameter to 

determine the flow regime. 

3.2.1 PDF of Impedance Signal 

The void fraction is directly proportional to the dimensionless impedance. The 

mathematical description of the PDF is taken into consideration. The impedance time 

record is broken up into small increments of AG;* and the time scale is broken up into 

increments of At j of the total sampling of T. the ratio 2. t j I T is the probability that . the 

impedance value lies within the given increment AG;o. The probability density function 

of a particular interval is given by 

(3.1) 

So, if an impedance value is seen to be in a particular AG;* a total of n; times within a 

sampling period T, the time fraction will be related to the count rate by . 

niv 1 n 

- . -=--. IAt. 
AG; TAG;* j-I I 

(3.2) 

where N is the total number of counts overall intervals. By averaging the PDF results 

over a large number of records, K 

(3.3) 
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By applying to a statistically stationary process over a time interval significantly larger 

than the longest period of fluctuation, this averaged result becomes relatively constant. 

The PDF plotting for a particular flow regime pattern yields identifiable peaks, 

which can be related to the physical structure of the flow. The Signals forthe impedance 

for bubbly, slug flow and chum-turbulent are plotted in Figures 3.4, 3.5 and 3.6, as well 

as their PDF's. It can be seen that the bubbly flow corresponds to a single peak at high 

dimensionless impedance values. The similarly sized dispersed bubbles in the continuous 

liquid cause this peak. However, the slug flow is characterized by two peaks~ The first 

peak, which occurs at lower value of the dimensionless impedance value, represents the 

Taylor bubbles. The second peak is similar to the one in the bubble flow, which is the 

signal from the liquid slug. The chum flow is characterized by only one peak which is the 

first peak of the slug flow while the second will be disappeared, which is the signal of the 

liquid slug. 

The flow conditions where these peaks appear or disappear in the PDF have been 

used to determine the transition points. For instance, Figure 3.7 shows the transition from 

bubble to slug flow. The three plots show the gradual progression from one regime to 

anther. The first PDF is a pure bubble flow. The middle oneis bubbly flow in which cap 

bubbles are present. This kind of flow creates a tail on the peak towards the low end. The 

flow can be considered a slug flow only when the second peak which corresponds to 

Taylor bubble appears. While the Figure 3.8 shows the transition from slug to chum flow. 

3.2.2 Experimental methodology 

The flow regimes for 12.7 mm diameter pipe are obtained .at different locations 

UD = 17, and 217. The procedure of taking the data was as follows. First, arange of 

different liquid superficial velocity 0.02 -3.0 mls and also the range of gas superficial 

velocity 0.2- 8.0 mls and a large number of data points were taken to determine the 

transition line between bubble and slug flow. The flow structure was sampled at a rate of 

2000 Hz for a period of 30 seconds. By using the Labview software, which can show the 

PDF signal taken at each data point. Furthermore, after all the data had been acquired, a 
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Matlab program was used to reconstruct the PDF's of the impedance signals [12]. 

Finally, the flow regime of each data point determined by the shape of the PDF for un = 
17 and 217. 
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3.3 Neural Networks Identification Method 

The two..;phase flow regimes are difficult to be identified by using traditional 

classifier system. This leads to the use of a non-parametric method, which is capable of 

non-linear mapping. The superirisedand self-organizing neural networks were developed 

to identify flow regimes through PC-based neural computing [12], [13]. 

Neural computing (NC) attempts to emulate the workings of the human brain, 

certainly the most complex computing system in existence, capable of thinking, 

remembering and problem solving. An essential characteristic of NC is that it uses 

idealized or artificial neurons and networks to perform arbitrarily nonlinear mappings · and 

discovers hidden relations in various data patterns. In analogy with the biological neuron, 

which is the fundamental cellular unit of the· brain's nervous system, artificial neurons· are 

the elementary processing unit of artificial neural networks. As artificial neural network 

can be defined as a data processing system consisting of a large number of simple. Highly 

interconnected artificial neurons. These process elements are usually organized into a 

sequence of layers with full or random connections between the layers. ·In this 

arrangement, where the input layer is a buffer that presents data to the network. The top 

layer is the output layer, which receives the output response toa given input. The other 

layer is called the intermediate or hidden layer because it usually has no connections to 

the outside world [14]. 

3.3.1 Modeling Approach 

A typical; neural network is fully .. connected; this means that there is a connection 

between each of the neurons in any given layer ith each of the neurons in the next layer. In 

all cases, these connections have weighted that must be trained, that is, adjusted through 

the learning algorithm to best reflect the underlying relation between known inputs and 

outputs. When known inputs and outputs are presented to the network and the weight 

modification is supervised by an error minimization algorithm the process· is called 

supervised learning. NC uses supervised learning for approximating complex mappings 
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and self-organizing neural networks for discovering relations hidden in various data 

patterns. Both approaches · are used for flow regime identification. 

A self-organizing neural network [14] is a two-layer network that can cluster 

input data into several categories that include similar objects detected in the input data. 

The inputs data to the neural network comes from the impedance signals. The input 

parameters are the standard deviation and the mean for each flow regimes, which are 

connected to the first layer through adjustable weights. When all input is presented to the 

first layer, each neuron receives the weighed input pattern. Then the responses acrossthe 

layer compete to determine which of the connections to the input signal is the strongest. 

The neuron with the strongest connection is declared the winner, and the weights of the 

winning neuron and its immediate neighbors are modified. During this training process, 

the self-organizing network classifies the input data into similar groups. Avery simple 

neural network, with three output neurons representing the three flow regimes bubbly, 

slug and churn, is considered. 

The normalized average-standard deviation pairs used as inputs to the neural 

networks as shown in Figures 3.9 and 3.10 for UD=17 and 217. The neural network 

toolbox in MATLAB provided all the necessary tools to build a self-organizing network. 

The process to establish the trained system was to specify the number of nodes or 

groupings desired and build the output network based on the number of nodes, specifying 

the initial weights, the learning rate, and training the network using a set of input data. 

The number of nodes represents the number of flow regimes. First, all the data was 

presented to the network to be classified into two nodes, which represent the two flow 

regimes. Then the transition between the two regimes was recalculated using only these 

two nodes and the corresponding sets of data. Once training is complete, the · network can 

be presented with sets of data for classification. 
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3.3.2 The Results 

In Figures 3.11 and 3.12, the results of the neural network classification at 

different locations for UD = 17 and 217 are shown. The agreement between the 

theoretical transition lines given by Mishima and Ishii [2], and those obtained by the 

neural network method is plausible. The error percentage is around 5%. The points that 

are off generally occur near the transition boundaries. The comparison between the 

visualization and neural network is a clear distinction between the subjective and the 

objective methods in the transition region. The transition region .determined by the neural 

network is clear . and more deterministic, whereas it is wider and vague in the results 

obtained by the flow. visualization method. However, It found that the transient lines 

between the regimes are moved to the right side at UD= 17. For chum flow, It is shown 

that at Port 1 (UD= 17) there is no churn flow observed,however at port 3 (llD=217) the 

churn flow are observed and this is due to the entrance effect and the flow is not fully 

developed at port 1. The flow regime inside mixture injector is bubbly flow during all ()f 

the flow conditions. As the distance from the injection part increases, more bubble 

collisions occur to form bigger bubbles such as slug and churn-turbulent · flow if the void 

fraction is sufficiently high. One cannot see the different flow regimes at the inlet of test 

section, while the different flow regimes can be seen at the outlet because the flow is 

gradually developed alongthe test section. 
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Figure 3.9 Standard deviation of the impedance signals for different conditions at 
(UD=17) . 
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CHAPTER 4 

THE EXPERIMENTAL RESULTS 

This chapter presents the experimental data acquired in theI2.7-mm ID vertical 

co-current air-water loop under adiabatic condition. The local data are acquired by the 

state-of-the-art four-sensor conductivity probe, which is capable of measuring both small 

bubbles (group 1) and large bubbles (group 2) for the bubble and slug flows. However, 

the two-sensor conductivity probe is used for acquiring the void fraction and bubble 

velocity for the chum flow. The pressure drop measurements . are done by . both the 

pressure transducer and the local pressure gauge at each flow conditions. 

4.1 Local Row parameters 

In relation to the development of the interfacial area concentration, local 

measurements of the void fraction, interfacial area concentration,and Sauter mean 

diameter using the four-sensor probe method were performed extensively for vertical 

adiabatic co-current air-water flows in a round tube an inner diameter of 12.7 mm at three 

axial locations of un = 17,120 and 217 and from rlR=Oto 0.9. After the flow regime 

map is determined, the test matrix of interest for the present experimental is determined. 

Since the objective of the present experimental is to establish the database for the 

evaluation of the one-group interfacial area transport equation, the ·· focus is made on 

bubbly flow and bubbly-to-slug transition condition. Hence, the test matrixes for the 

present experimental are determined as shown in Figure 4.1, which covers the bubbly, 

transition and slug flows while in Figure 4.2 covers the chum flow. The superficial1iquid 

velocities jf and the superficial gas velocities jg in this experiment are tabulated in Table 

4.1 for bubbly and slug and in Table 4.2 for chum flow. The sampling frequency in data 

acquisition is varied between 8 to 15 KHz depending on the flow conditions. In average, 
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CHAPTER 4 

THE EXPERIMENTAL RESULTS 

This chapter presents the experimental data acquired in theI2.7-mm ID vertical 

co-current air-water loop under adiabatic condition. The local data are acquired by the 

state-of-the-art four-sensor conductivity probe, which is capable of measuring both small 

bubbles (group 1) and large bubbles (group 2) for the bubble and slug flows. However, 

the two-sensor conductivity probe is used for acquiring the void fraction and bubble 

velocity for the chum flow. The pressure drop measurements . are done by . both the 

pressure transducer and the local pressure gauge at each flow conditions. 

4.1 Local Row parameters 

In relation to the development of the interfacial area concentration, local 

measurements of the void fraction, interfacial area concentration,and Sauter mean 

diameter using the four-sensor probe method were performed extensively for vertical 

adiabatic co-current air-water flows in a round tube an inner diameter of 12.7 mm at three 

axial locations of un = 17,120 and 217 and from rlR=Oto 0.9. After the flow regime 

map is determined, the test matrix of interest for the present experimental is determined. 

Since the objective of the present experimental is to establish the database for the 

evaluation of the one-group interfacial area transport equation, the ·· focus is made on 

bubbly flow and bubbly-to-slug transition condition. Hence, the test matrixes for the 

present experimental are determined as shown in Figure 4.1, which covers the bubbly, 

transition and slug flows while in Figure 4.2 covers the chum flow. The superficial1iquid 

velocities jf and the superficial gas velocities jg in this experiment are tabulated in Table 

4.1 for bubbly and slug and in Table 4.2 for chum flow. The sampling frequency in data 

acquisition is varied between 8 to 15 KHz depending on the flow conditions. In average, 
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more than 2000 of group one bubbles and more than 200 group two bubbles are acquired 

at a local measurement point for the given sampling time at all flow conditions. 

By employing the pressure measurements and the inlet superficial gas velocity 

measured by the rotameters, the local superficial gas velocity at a given axial location is 

then estimated by 

(4.1) 

In order to benchmark the local measurements by the probe, the local superficial gas 

velocity calculated by equation (4.1) is then compared with the measurements done by 

the probe by 

(4.2) 

or 

For two-group (4.3) 

The characteristic results obtained for each flow condition of interest is summarized in 

Table 4.3. It found out that the error percentage between the probe measurements and 

rotameter is around 12% however,the rotameter's reading has error within 5 to 7%. So, 

fairly good agreements were obtained as shown in Figure 4.3 for the bubbly and slug 

flow and in Figure 4.4 for the chum flow. 

4.1.1 Scaling 

In order to simulate the prototypic conditions, scaling study is performed to 

preserve the main physical phenomena for interfacial area transport and mechanistic 

models for coalescence and break-up term. Air-water is used in the present experiment to 

model hydrodynamic sources and sinks of interfacial area. The interfacial area transport 

depends on the following dimensionless groups: 
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How Channel Reynolds Number: 

PiviD 
Re = ---=--=---

I 111 

Particle Reynolds Number: 

PIvrDd Re d = ----'-'---
III 

Particle Weber Number: 

(4.4) 

(4.5) 

(4.6) 

where Ref and Red are the fluid and particle Reynolds numbers, respectively, 

PI ,IlIand (J are liquid density, liquid viscosity and superficial tension, 

52 

Vr is the relative velocity, D and Dd are the channel hydraulic and bubble diameter, 

respectively. 

For the design of the simulation experiments, the following prototypic conditions [15] are 

assumed: 

Liquid Velocity 

Hydraulic Diameter 

Weber Number 

Bubble Reynolds Number 

Channel Reynolds Number 

Upto 6 rnIs 

- 1.2 cm 

- 1.4 to 8 

520 - 4000 

up to 5.5x105 

The bubble size (Dd) for small bubbles is bounded by two limits. These limits are the . 

spherical limit and the maximum distorted bubble size. 

The Spherical Limit: 

(4.7) 
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where the viscosity number is defined by: 

The Maximum Distorted Bubble Size: 

D., =4~ (J 
gilp 
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(4.8) 

(4.9) 

The actual lower limit is determined by . the particle generating mechanism where the 

upper limit is mainly determined by the surface stability. Here the lower limit was chosen 

to be the maximum spherical bubble size, since most of the spherical bubbles do not 

significantly interact with other bubbles. Thus, the effective lower limit for the bubbles 

with significant interactions will be Dd .The mean size within the two limits results in an 

important geometric group, the ratio of the length scales: 

D =Dd 
d' D (4.10) 

where D is the hydraulic diameter of the flow channel. This length ratio . relates to the 

external length scale to the internal length scale of two-phase flow. The particle size is 

the IllOst fundamental interfacial length scale to describe the interfacial geometry. 

In slug flows, Taylor bubbles and cap bubbles behave differently from 

spherical/distorted bubbles. The maximum stable transverse dimension of large bubbles 

(slug or chum-turbulent bubbles) in a large system is determined by the interfacial 

instability along the leading nose of the bubbles, which is similar to the Kelvin-Helmholz 

instability. The maximum dimension can be given approximately by: 

D_ =40~g~ (4.11) 

The important internal length scale determines whether or not the slug flow can be 

developed in terms of the channel dimensions. If Dmax is small relative to the maximum 

channel dimension, slug flow regime may not be developed. Instead of having a standard 
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slug or churn turbulent flow at the intermediate range of void fraction, the flow · regime 

should be cap bubbly or chaotic churn-turbulent flow. The corresponding interfacial area 

characteristics are.· also quite different. Thus, it is necessary to introduce another scaling 

parameter: 

w*=~ 
D . . 

max 

(4.12) 

where W is the largest dimension of the cross-sectional area of the flow . Equations 4.10 

and 4.12 define the important geometrical dimensional groups that need to be simulated 

in experimental investigations involving interfacial area transport phenomena. 
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• Run 1 
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Slug 
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• Run7 

Churn-Turbulent 

10 
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Figure 4.1 Test matrix of the present experimental for the bubbly and slug flow. The solid 
line is given by Mishima and Ishii [2]. 
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Table 4.1 Flow Conditions for bubbly and slug flow. 

Test Matrix 

j9 [m/s] jf [m/s] 

Run 1 0.07 0.4 

Run 2 0.2 1 

Run 3 0.2 3 

Run 4 0.2 0.4 

RunS 0.7 1 

Run 6 1.25 3 

Run 7 0.7 0.4 • RunB 3 3 

• 
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1 

it [In/s] Bubbly 

Slu 

0.1 

Churn-Turbulent 

0.01 +-__ -'---'----'----'-Ll-L-J-Y-__ ----' __ --'---'--l.,....J.......l---'-Lt--__ -'----'---ULL-.J.-'-'-'--'-l 

0.01 0.1 j g [mls] 1 10 

Figure 4.2 Test matrix of the present experimental for the chum flow. The solid 
line is given by Mishima and Ishii [2]. 
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Table 4.2 Flow Conditions for the chum flow 

Test Matrix 

jg [mls] jf[mls] 

• Run 1 7 0.06 

Run2 8 0.06 

Run 3 7 0.1 

Run4 8 0.1 

RunS 7 0.15 

Run6 8 0.2 

• 
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Run ill _o j,. j.[mls] 

No. Im/s] lm/s] UD=J7 

0.050 

0.170 

0.120 0.1440 

0.150 0.1300 

0.540 0.4710 

6 I 1.25000 I 3 I 0.730 0.6660 

7 I 0.70000 I 0.4 I 0561 0.3740 

• 

10.47 72171.68 7.43 51240.86 

4.83 33303.11 4.27 29447.98 

5.57 38427.19 5.32 36689.28 

10.79 74413m 7.64 52689.12 

3.92 27013.52 2.73 18827.39 

• 

8240.48 0.210 0.320 

1517.77 0.260 0.250 

684.22 0.300 0.290 

8552.72 0.500 0.250 

3222.88 0.350 0.480 

20.00 

13.33 

12.78 

8.77 

2\.00 

U\ 
\0 
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2.-------------~----------------------~----_. 

I- Local probe I 

• 

o+-------------------------------------~--------~ 
o 2 

Rotameter « jg » 

Figure 4.3 The cross-calibration of the superficial velocity between the rotameter and the 
four-sensor conductivity probe. 



www.manaraa.com

• 

• 

• 

Q) 
.0 e 
c.. 
Q) 
.c -A 

Cl ·v 

9~------------------------------------------~ 

--Rotameter 
• the Probe 

• • 

• 

O~------------------------------------------~ 
o 10 

<jg> Rotameter 

62 

Figure 4.4 The cross-calibration of the superficial velocity between the rotameter and the 
two-sensor conductivity probe. 
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4.1.2 Void Fraction 

An initial condition (bubble size, generation method and mixing condition), a 

flow condition (flow rates and physical properties), and a test section condition 

(geometry and wall surface) generally affect a void distribution [16],[17]. The 

miniaturized four-sensor probe can be employed successfully for taking the local data in 

the bubbly flow regime because it is observed that the probe did not miss catching the 

bubbles with the four sensors. The cross calibration between the DP cell and the 

miniaturized four-sensor conductivity probe is shown in Figure 4.5. Figure 4.6 shows the 

cross calibration between theDP cell and the two-sensor. However, good agreements 

between the DP, the four sensor and two-sensor were obtained. 

The profiles of local time-averaged of void fraction in bubbly flow at jf ::0.4 & 

jg=0.07 mls for different locations UD=17,120 and 217 are shown in Figure 4.7 (a). The 

center peak and the development of the void fraction profiles along the radial direction of 

the tube are observed. By increasing the jg and jr , the behavior of the void fraction at jr 

=1.0 & jg=O.4 mls at different locations as shown in Figure 4.7 (b) is a peak near the pipe 

wall observed. Further increasing the jr to 3.0 mls and fixing jg, the behavior of the void 

fraction moved to the center peak as shown in Figure 4.8(a). The development ofthe void 

fraction can be seen at three different flow conditions, Run 1, Run 2, arid Run 3, as 

shown Figure 4.8(b). 

In Figure 4.9 (a) and (b), the local ais categorized into two groups where group 

one includes the spherical and distorted bubbles and group two includes cap and slug 

bubbles. The criteria of the divided bubbles in two groups is shown in Figure 4.10. The 

a of the group one bubbles for Run 5(jc= 1.0 mls andjg =0.7 mls) at UD= 217 peaks at 

the center of the tube, and a of group two peaks at the center of the tube as well. Under 

this condition, the contribution to the a from both groups is quite the same. The average 

cord length of the slug bubbles measured at the center of the flow pipe by the common 

sensor at this condition is 6.5 cm. In Figure 4.11, the a of the group one bubbles for Run 
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6 at un = 17 peaks at the center of the tube and a of the group two peaks also at the 

center of the tube. Under this condition, the contribution of the a from group one bubble 

is about 35% of the total void fraction, and a totis determined mainly by the group two 

bubbles. The average cord length of the slug bubble is 14 cm. For the chum flow, at Run 

1 (jf=O.06 mls and jg= 7.0 mls), the behavior of the local void fraction profile is shown in 

Figure 4.12, which is the a of the group two peaks at the center of the test section while 

thea of group 1 is very small and its peak is at the wall. The contribution of a from 

group one is very small of the total void fraction and a tot is determined mainly by the 

group two bubbles. 

4.1.3 Interfacial Area Concentration 

Figures 4.13, 4.14 and 4.15 show the behavior of interfacial area concentration 

profiles, corresponding to that of void fraction profiles in Figures 4.7,4.8 and 4.9. As 

expected for bubbly flow, the interfacial area concentration profiles were similar to the 

void fraction profiles. Since the interfacial area concentration is directly proportional to 

the void fraction and the Sauter mean diameter, which was almost ·uniformin the flow 

channel, the interfacial area profiles display the same behavior as their ·· respective void 

fraction profiles. The profiles of interfacial area for Run 5 at un = 120 peaks at the 

center of the tube for the· one group bubbles, while for two group a peak near the pipe of 

the wall is observed. The center peak in the a profile and the sharp peak in the aj profile 

clearly demonstrate the characteristic signature of the slug bubbles. It is also shown that 

both aand aj increase with increasing gas flow rates for group one and group two 

bubbles. The increase in the local a and the local peak in the aj profile indicate that the 

length of the slug bubble becomes longer, and contribution from the side interface of the 

slug bubbles in local aj becomes more significant with increasing gas flow rates. 

However, the local aj of group two bubbles remain unchanged between the tube center 

and rlR=0.45. This would imply that the shapes of the nose of the slug bubbles do not 

change significantly regardless of the bubble cord length. 
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4.1.4 Sauter Mean Diameter 

In Figure 4.16 (a), Sauter mean diameters were smaller than3;O mm and were 

almost uniform along the radius of the test section with some decrease near to the wall. 

The reason for the decrease of the Sauter mean diameter near the wall may be explained 

from the fact that presence of the wall does not allow the arc length at which the bubble is 

intercepted by the sensor to be a random variable as in the other positions in the test 

section. In Figure 4.16(b), the core peak in the Sauter mean diameterprofile was 

observed. The main reason would be due to the migration of large bubbles towards the 

center of the , tube. However, the profiles of Suater mean diameter were not changed 

drastically as the flow developed. The increasing of the bubble sizes along the flow 

direction for the same flow rate is due to the bubble coalescence and expansion. 

4.1.5 Bubble Rise Velocity 

The averaged profiles of bubble velocity measured at different axial locations 

obtained in Run 1 are shown in Figure 4.17. The velocity profiles at all three axial 

locations are quite flat, Figure 4.18 shows the bubble velocity profiles obtained in RUn S. 

Under these conditions, a similar trend can be observed in Run 1 atPort 3, except that the 

two other ports have a peak at center. This peak may be a result of by the high .flow rate 

of the given flow condition and the inlet effect. With the given inlet condition, two':phase 

mixture may not be fully mixed at the lower axial locations under high liquid flow 

condition, and it may result in the delay 'of the fully developed flow condition. 

Nevertheless, this peak phenomenon disappears at the downstream as shown at Port ' 3, 

and the bubble velocity profiles become flat as in Run 1. In all ' of the rest of the flow 

conditions, similar trend in the bubble velocity profiles is observed. In Figure 4.19, th~ 

behavior of bubble frequency for Run 1 and Run 2 in the bubbly flow is shown. The core 

peak is observed because most of the bubble is traveling to the center of the test section. 
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Figure 4.5 Cross-calibration of void fraction between DP cell and four-sensor 
conductivity probe. 
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Figure 4.6 Cross-calibration of void fraction between DP cell and two-sensor 
conductivity probe. 
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Figure 4.7 Profiles of local time-averaged void fraction in three differentflow 
conditions: (a) for jr =0.4 & jg=0.07 mls at different locations (b) for jr = 1.0 & 
jg=O.4 mls at different locations. 
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Figure 4.8 Profiles of local time-averaged void fraction in three different flow conditions: 
(a) . for jf =3 & j g=02 m1s at different locations (b) for UD = 217 at different flow 
conditions. 
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Figure 4.9 Profiles of local time-averaged void fraction in three different flow conditions: 
(a) for j( = 1.& jg=O.7 mls at different locations for groupl (b) for j( = 1.0 & jg=O. 7m1s at 
different locations for group2 . 
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Figure 4.11 Profiles of local time-averaged void fraction in three different flow 
conditions: (a) for Run 6 OF 3 mls andjg= 1.25 mls )at different locations for groupl(b) 
for Run 6 at different locations for group 2. 
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Figure 4.12 Profiles oflocal time-averaged void fraction at Run 1 for the 
chum flow (jFO.06m1s andjg= 7.0 mls). 
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Figure 4.13 Profiles of local time Interfacial area concentration in three different flow 
conditions: (a) for jr =0.4 & jg=O.07 m1s at different locations (b) for jr= 1.0 & jg=O.4m1s 
at different . locations. 



www.manaraa.com

• 

• 

500 ~----------------------~----------~ 

Qj 

[11m) • 
• • 
• • 

• 
• 

0 

0.0 rlR 

( a) 

• 
• • • • 

.UD=17 
• UD=120 
.UD=217 I ·· 

• I • 
1.0 

75 

Figure 4.14 Profiles Qf local time Interfacial area concentration in three different flow 
conditions: (a) for Run 3 (iF 3 m1s and jg=O.2 m1s) at different locations (b) forUD= 
217 for different conditions . 
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Figure 4.15 Profiles of local time Interfacial area concentration in three differentJlow 
conditions: (a) for Run 5 (jf = 1 m/s and jg = 0.7 m/s) at different locations for group 
l(b) for Run 5 at different locations for group 2 . 
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Figure 4.16 Profiles of Sauter mean diameter in three different flow conditions: (a) for jr 
=0.4 & jg=O.07 rnIs at different locations (b) for je =0.4 & jg=O.2 mls at different 
locations . 
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Figure 4.17 Profiles of bubble rise velocity for jg= 0.07 m/s and jt=O.4 m/s . 
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Figure 4.19 Profiles of Bubble Frequency in three different flow conditions: (a) for jf 
=0.4 & jg=0.07 mls at different locations (b) for jf = 1.0 & jg=O.4 mls at different 
locations. 
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4.2 Evaluation of Drift Flux Model 

The drift flux model is proposed by Zuber and Findlay [18], 

~i=c.(jH(Yv)) 
where Co is the distribution parameter defined by 

_ (a j) 
Co = (a)(j) 

81 . 

(4.13) 

(4.14) 

which is described the dispersed phase in the flow pipe at given flow condition. The 
distribution parameter depends on the density ratio and the liquid Reynolds number. Ishii 
[19] developed a correlation for Co given by 

c. +2-0.2~;J for round tube (4.15) 

and ((Vgj)) is the drift velocity. It is used to evaluate and interpret the experimental data 

obtained in a fully developed and steady state flow conditions. The drift velocities forthe 
different flow regimes are given, also by Ishii [19] as follows: 

Bubbly flow, 

((Vv))=4 G~r J" (l-aY" (4.16) 

Chum turbulent bubbly flow, 

((Vv))=4 cr~:p r (4.17) 

and 
Slug flow, 

((Vgj ))= O.35Jiij (4.18) 

The procedures of evaluating the experimental data with drift flux model are as follows: 

Step 1: As a result of the experiment, all the parameters (jg), (a) and (j)are 

calculated for different flow conditions at bubbly flow. 



www.manaraa.com

• 

• 

• 

Step 2: Plot ~i versus (j), equation (4.13). 

Step3: Co is the slope from the plot and ((Vgj)) is the juncture with y-axis. 

Step4: Repeat steps 1,2, and 3 for slug and churn-turbulent flows. 

82 

The results of the evaluation of the experimental data by employing the drift flux 

model are shown in figures 4.20, 4.21, and 4.22 respectively. The Co and ((Vgj)) values 

are 1.0004 and 0.090396 mis, respectively. However, for slug fl9W the values of Co and 

((Vgj)) are 0.9775 and 0.193 mis, respectively. For the churn flow the values of the 

C. and ((V gj )) are 1.0678 and 0.1363 mls. For bubbly flow, the distribution parameter 

was found to be Co = 1, which indicated that the void profile was flat in the core region. 

The churn-turbulent regime exhibited the same distribution as the bubble flow regime 

with Co =1.067. 
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Figure4.20 Evaluation of the experimental data with drift flux model for bubbly 
flow. 
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Figure 4.21 Evaluation of the experimental data with drift flux model for Slug flow. 
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Figure 4.22 Evaluation of the experimental data with drift flux model for Chum flow. 
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4.3 Uncertainty Analysis 

The degree of inaccuracy or the total measurement error is the difference between 

the measured value and the true value. The total error is the sum of the bias error and the 

precision error. The bias error is the fixed, systematic, or constant component of the total 

error and is sometimes referred to simply as the bias. The precision error is the random 

component of the total error and is sometimes called the repeatability or repeatability 

error. The bias error is difficult to estimate; however, the calculation of uncertainty is 

based solely on the precision limits of this experiment. 

The calculation of the precision error is based on the method outlined by Coleman 

and Steele [20]. The precision error for the local average interfacial area concentration 

and local average void fraction was estimated by using the first-order precision limit, 

= ± tS a and Pa =±tS a ' where t is the t-distribution value corresponding to 
I I 

the number of degree of freedom, M-1, with a 95 percent confidence level. The precision 

index Sa and S 0 i of the sample population of the M individual test results was found 

using 

and 

,[ 1 M _ ~"2 . 
Sa = --1: (a k - a) for the void fraction 

M -1 k=1 

S ai = _1_, -1: (a i - -;;i ) for the interfacial area concentration 
[ 

M ~J/2 
M -1 k=1 

The values of Pa and Paiare the precision limits representing the range around the 

mean values at which the local average quantities were determined for another 

measurement would fall within a 95 percent confidence. For this experiment, the 

precision limit for the local average void fraction was within the range 

0.03 ~ Pa ~ 0.43 and the precision limit for ' the local average interfacial area 

concentration was foundto be 0.1 ~ Pa ~ 7.4(m- l
) with a 95 percent confidence level. 

I 
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CHAPTER 5 

CONCLUSIONS 

86 

The primary objective of this study was to develop an experimental investigation 

of interfacial area concentration and void fraction in 12.7 mm adiabatic test section. This 

experimental study of interfacial structure was an important first step for developing the 

model of interfacial area concentration. The multi-sensor conductivity probe methods 

were employed to measure the local interfacial area concentration. In addition, these 

probes also measured the local time average void fraction, bubble velocity, Sauter mean 

diameter and the cord length . 

Due to the lack of data for small pipes, the experiment for flow regime 

identification was performed to evaluate the conventional flow regime map given by 

Mishima and Ishii [2]. The method of flow visualization and that of using impedance 

meter, and the neural network were employed inflow regime identification. Since the 

flow visualization method relies on the subjective judgment of the observer, the objective 

approach employing the self-organized neural network was applied ·in order to verify and 

improve the results obtained by the flow visualization method. The remarkable 

agreement between the theoretical transition lines given by Mishima and Ishii [2] and 

those obtained by the neural network method. However, the study found that the transient 

lines · between the regimes are moved to the right . side at port UD= 17 .However, for churn 

flow, it is shown that at Port 1 (UD=17) there is no churn flow observed, at port 3 

(UD=217), the churn flow is · observed. This is due to the entrance effect and interfacial 

structure development the flow was not fully developed at port 1. 
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flow visualization method relies on the subjective judgment of the observer, the objective 

approach employing the self-organized neural network was applied ·in order to verify and 

improve the results obtained by the flow visualization method. The remarkable 

agreement between the theoretical transition lines given by Mishima and Ishii [2] and 

those obtained by the neural network method. However, the study found that the transient 

lines · between the regimes are moved to the right . side at port UD= 17 .However, for churn 
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(UD=217), the churn flow is · observed. This is due to the entrance effect and interfacial 

structure development the flow was not fully developed at port 1. 
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The interfacial structure developments were visualized by conducting the 

measurements at three axial locations: UD=17,120 and 217. There are two steps of 

experiments. The first employs the four sensor conductivity probe for the bubbly-slug 

flow and measures the interfacial area concentration, void fraction, Sauter mean diameter, 

bubble velocity and bubble frequency. These local interfacial area concentration 

measurements provided the knowledge about the axial changes of the interfacial structure 

in steady developing two-phase flow. However, in the second test, which is employing 

the two-sensor conductivity probe for the churn flow and to measure the void fraction and 

the bubble velocity. The sets of data are obtained for the 12.7 mm test section at different 

locations in the appendix. Finally, the drift flux model is employed to evaluate the data at 

different flow regimes. It was found that the data have a good agreement. 
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