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Nomenclature

Symbol Description

upstream tube diameter (mm)

D downstream tube diameter (mm)

f friction factor

H step height, H=(D-d)/2

h heat transfer coefficient (W/m® T)

k thermal conductivity of air (W/m T)

R radius of the downstream tube (mm)

T radial local distance from downstream bottom wall (mm)
X axial distance from expansion face (mm)

u local velocity (m/s)

a mean axial velocity in upstream tube (m/s)
m local mass flow rate (kg/m?)

P air density at actual condition (kg/m3)

G specific heat at constant pressure (KJ/kg T)
P. : total pressure (kg/m’)

Pa. : velocity pressure (kg/m?)

Ps : static pressure (kg/m?)

Tw : wall temperature (C)

Tv : bulk temperature (C)

Re : Reynolds number in upstream tube

Nu : Nusselt number



P: : Prandt! number

dp : pressure gradient (N/m?)
dx : axial distance between the measuring stations (m)
Nups : Nusselt number determined by Dittus-Boelter eq.



SUMMARY

Experiments were carried out for the turbulent flow and heat transfer
downstream of an 10 ° -inclined concentric expansion in a circular pipe
with a constant wall heat flux.

The uniform heat flux condition was imposed to the downstream of an
inclined expansion by using an electrically heated pipe and the flow
upstream of the expansion was unheated and fully developed.

Runs were made with small diameter to large diameter ratio of 0.33 and
over the Reynolds numbers range of 60,000, 90,000 and 120,000(based on
upstream diameter). Experiments were tested with air as working fluid.

The results obtained are summarized as follows;

1) Fully development region showed from x/d=22 to downstream in an
10 ° -inclined concentric expansion turbulent flow through the test tube.

2) Friction factors of the test tube showed a maximum value at x/d=15.

3) For all Reynolds number, the wall temperature showed a curve of
parabolic variation at 16<x/d<48, and the bulk temperature showed a
linear distribution of increse at 9<x/d<48.

4) The location of the maximum Nu/Nups showed at the point of 16
step-heights for Re=60,000, 90,000 and 120,000 of an 10 ° -inclined

concentric expansion.
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fdae] FRFE T8 ¢F FTAAM EAHT HFAE g dE &
g A22 AEEY A7z 93io dojutes wre] R AR APYo
A FFEFAUAY 72 3RZS] &3] Bed {F v Fg 3
A 79y, 53 A dYRZANA o & A& Uit S A
31tk (Baughn et. al, 1984 ; Dellenback et. al, 1987).

a2]l1, 19483 Boelter, Young ¥ Iversens® Aol 2§ steam jacket
o2 RFAF TILExEH AN AFARAHY H dASAFE &
3] wgE fEoAY dAGA LA v o M2 YehdE Busgch

a2 olF, 4@ Y ¢ dAGd dF ¥ A7V olFA1 o

, 53] A FolF Ade] A&A o] E B4ol 2 EolAHEA
FEBE Y7ol A7) 42 9 Jd7xz3Y A, dols=49 MAF
ATE T3 dBEALY FFE HIT 3ovi(Habib et. al, 1982), 2
off 873EA} tlEo] ALA2H A dAdG E FA AF) Y dAE
2 w7729 RFEA WA B4 nxHI Y3 An@rIFTAM F
P A3t} np@tA 2 AHAGAFE IA F7HAE £ Ade= H G &
o] Eoboll i@ A77 ALH 23 U

HIole I U 4B GRIASRTN AE FAAMH Y e
o] §-3le] oA HEAH A7 A} uln FES = At WokAln Auk(el
%, 1992 ; Nakanishi et. al, 1992 ; Zemanick et. al, 1970).
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azy, olalgt AyPdA e Yoy fFexde WA BE dF -
BEMo] BLds 73y FHFPAM dAGLE 1 FFe FHE
o fE9 B9, PFA FTHRIAM BT eddyBY, ACERT
o] PHgoz QA YFAGEY WA T 1o W2E KFETRX obF EF
1 G BAZ ARG IIZ) B AT AL oHHE F&HF o
Folx1 QA &t

ol AFolM, FPFANA HE A3 WEEH FEFH ol=2717A
o] utzle}l ABARF L comer eddydHE F ©l s, A £AHA,
BEAAY, ¢Fe 72 2 £ 7, 74T d4EFH2E FAL g9 @A
gdaHdse EMo g oldlE A WS 7S a2 31 ey
Z QALI|71e AAC Yol nAE L AAV|7NM {FEFFVY §
FZAS BzE A48 HY FAME B AT - #4487 874
I A

m2lA, B A¥dAe Hols=4E 60,0003 90,000 ¥ 12000022 43
891 upstream tube®] YAIZHE 10= AAMRA HHon A {79
PFuE 03302 e, FAE FHFAMY GFRFEF Y £:4E
2 AT PRSI o] FEH FUF AFH2E AL W9 ¥
4 & %ot n&HHU



1. =

ARl U] FYZRFAAM EAE FAHA 5L Fig. 1o e
W A4,

FETEE G4 B3R, FA JhrtoldA AfAEEe] SHER o
Yotz A 539 downstreamollA 2] HAAF EHER FAHT A
Simpson(1981)2 FRFM e |EFE 7I€H2E 5 949, F 429 A
daza 5 s g dEe E(drEYe due 858 Egsie A
#3, F ALY, AFAS22 4%, 2331 Bth & @9 (downstream tube)
oo} AL YEF}

V2, ARddRe #ol "ol ¥ FE3 UgEE FAAAM JHEAAS
9 §4& o Iu AEIdPe 27|FELS AEIe BRFAAL
544 7Y ddE da dad

2. gt2] Y ( Separation region )

FAFAMY S AYRAL YU G Soiztm, RaE WA
3¢ 2YE ARAVF O wEo,
GRRFEY Ao, BFTAANY AEFE 34 FFLFo AsHE
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dFE GRT7E A4 AiEd. o] $FELS HAFHAAY 27I4HAE
of ¥<le] vk E(Sultanian, 1984).

3. M&& ( Recirculation )

qgRdo A Hitste AGE S FALZ core flowE Won, #FHAL ¥
o] YR, BYRE Filo P2 T o FoEc AdRe] YR 9
Aol core flowe] sAJoz T3 WA gf29 HJFL Ao 2
Z @] ¥4% w7 entrainment processE FHA A& Hrh

Entrained fluide ¢%& ¥(-)9 ¢FA7u& §39 downstreame 2 A<
A AAAT. o9} o], Entrained fluid®] forward branchell M9l &%
#9e AMELFTZH o3, 223 reverse branche %3 Tl (adverse
pressure gradient)2 TEHAAE 1A Ac@F A vephdd.

am, W e ARAHZHE 2ddAA Role AAH 1A AEVIY
o] 138t counter-recirculating eddy($ % A¢H)e EAE GAEo
Stevenson(1983)2 #Awe] half-step olHolA Holx 3ol comner eddy
7t YebgdE $AN

4. X|$ 2} ( Reattachment )

AR gL 2RHo2 A3 HPsin, #Hd M AT S R
Hog ARFZHAM ZetAd. 23, aXAM {5 Y57t upstream'y



g AP 49 £03 HEgdn
Downstream$ g2 ALHA Folgle FEL GFFRAAN & W3S
Bed, ARGy E2 UroAe & 556 7198
Johnston(1978)& ERd) o}F 7l7he ¥ &34 =7 I AIRHY back
flow7} 50% 2 forward flow7} 50%aHs T3 $x1¢t e ojd 234 A
YT Ao
BEAQ FEYHE A, AFAP L I AN FFLEE 0" o]
I PEAegPol “0” 1 AYolzt wEL Ut



1. WA

Fig. 3& dd2542 Adsr] Ha wE0lz FAo A NAFes
YR R

ol AAE 7HA HAF 715 ZHL AE $T719 test tube2 FEH 4
Rom, o]lF MEs M AdEsd g o

FAATHAY] AHE-E upstream tubet= W7ol 50mm, F77} Smm, Ze]
7b 1,000mmQl %3 o}Z¥ @2 AH83to] downstream tubes] 7ol F3
Weko 2 oF 10 AAME Fof upstream tube2] %43} downstream tube<
FAol ANY BEHdAM FHYYAHGEE MAHRo=(Fig. 39 @),
downstream tubet W7ol 150mm, ¥717} 5mm, Zol7} 2,200mmQ F3
olZd & AME-FHAR, B AAFH {45 FAEY) AWM ZdHAE ¢
7mmXxL30mme] F#HL HRFon, e fF£534 HES RFHE
dx37] 9 338 7+ HEEch

EF, test tube®}t 45 7] Alolol= downstream tuberi ol HIFRHEES &
871 A3t P (steel pipe)oZ AFs ZEVES FHE LA
(Fig. 39 ®).

o

12]31, upstream tubed] £3FFE 71¥3e HENE

4o
n
T
U
e
ot
[o

2AM HARFEL T Hols=4E AR SHAG



Fig.2 Photograph of the test tube mounted with heating coil
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oq7ldM, 4@AE] F8 84Q Hols=SE TIe PHo2 444
7MREE £F7]19 HASLE WA - 2FF o0, ol YAFF HolxzE=d
A Z2AFE TUL AdAENY £ AdEFTE AEEHE 7|8 4AR 88349
=3

dHEAE L M FAATLAEA AL8E test tubest W7ol 2,
A7} 5Smm, ZAol7} 3,000mm?e T2 A43lo downstream tubed Al
34 e, test tube2] WF o T2 FA 25 FA37] Ao FRd
z} otk 7S %ol ¢7mmXL30mme! F#E Axs B F A4
s A3

323, test tubed] ¥ X F FA37] Y3ty & Fhein AFAFA
WNE 452 K type GAAE HAs92n Fig. 5ol 3o 2z 308 A
AHAE BAFT Qo

EF, o] 4HY test tubed] FY7HE (uniform heating) 2 #1871 3o
heating coil (#2.5mm)E 17.5mme| T4& o2 3Ahen, 7tdzd=R
2y wd=EHE 930l 52 &4d5e RS} A Al AR s
faldf edA=2 FAHFig. 2).

el 7led A8FXY JHEL&E $F7]1E flexible connector® A A3}
AUNZ71E FYARA2A F719 frEdE FE F AU

39 Xt 2L FALY L dAZAHL 93ty olF3Y [FEs} F
ol AT FFAA £ At AFE depdo



® 0 50 100 200 450 750 1100 1500 1900 2000
@ 1 2 4 9 15 22 30 38 40

1 1 | 1 i 1 1 1 1 |
T l Acryl tube D = 150mm
X

Fig. 4 Velocity measurement positions of downstream tube

@0 30 50 100 150 200 300 450 800 1200 1600 2000 2400 2800
@ 06 1 2 3 4 6 9 16 24 3R 40 8B 5
&) 1 3 3 3 3 3 3 3 3 3 3 3 3

1 i 1 1 1 1 1 1 L i I 1 J
r l Copper. tube. D = 150mm
X

Fig.5 Temperature measurement positions for heat transfer experiment

L

Fig. 49t 59 EAI¢ HEE oldet A2 X5 Yedd.

© BFWoz FHe) 24 Ad(x, mm) : YVED)H LEF 23
7l Yatel AlgRo] AN 2T QAS Jehiy, BrAASLE Fohe
dol M 243el Az el s1Fel At



@ &3 AA(x/A4) : BAHEAM FZHX7AS] AL E upstream tube] U
Aoz Uy ez dvtBAS 92 L9} dAGASTY 48FHE e
e o "8 e FARLsoth

® QAW 4 ¢ 2t YAl AN PN $8 UEhi, TY AF Al
oxe) ZtEz 435



2. Y oy

hY FHZ AHY test twbes) ZHFo] AAF scaleo] ¥ 2]
9 WHYES FHRE otA(micro manometen)s] AZHT SENE FE
NA FEFH FEBIF AP AL HE Fol upstream tubes A
AZYGY TLHEL ZPshel RETIY WEEEE Pou, )22y o
l=E4E P
3231, downstream tubeol x/d=141A x/d=407}X] Ax® 2zt 2 F &
AUz 24718 MAse JES FUE AyBHes Ry 4Ege 24
HE 533 4RAY ) o]2774X] Smm HZHOZ2 o)l FAIF|HA RE F
-9 -2 FAF A

e 2RE EFE Aol Agaol §42 FaA.

o

(‘a‘,Pt = Pa+ Ps)

e 2L wYog dHolE=471 60,000 @ 90,0008 120,0009 £F 79
HA4E 27 THNA FHSAH, 254 vlHP g 2AE Fo]7)
Aato] MY 2 Y 2HTFL 25 o} #5F ol9e 5L 2T Auy
o,
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2.2 #nEAF FA

Z} gols=go B2 $£35719 AALS AT F, test tubell o] §%
el AT A2 AFE OIS FE E2FA it BdsiA
downstream tube®] X & ZARFolA ¢<E£4A-E micro manometer2 &% &

o e A@d HAeso BulRASE T,

-(dp/dx ) - D

12 - p - @

2.3 AHxeo AL &3 ¢ dAGAS

HAYgdA st 22 Yo s FF7IE 7t5AA HAFE 2FFL2ZA ¥ o)
=45 AR S, downstream tubed] 1¥o] A A= heating coildll
AC A9 ( AC 220V, 75A )& T3 dEH27l dAFH 9=z I =
A

33 o5, 4 3 AXd dAAE AYEte sdrxayez Ry AFANE
THE FRaYe  ol2Y7A A4 A A (@Y =2 FE Imm,
2mm o] &t 5mmitA)o R AIFF WRAM Z=2& {FA 255 2F
o] o225 AHXZEE AP LH, o] EEL A3 HEAIA T4
df&e T3tk

EE, FYULEE test tubed] fHe] ¥HE AN RE ARNLEAES



olgate] AL, A7l Pojd AALE(Th) BHLE(TWE 4
@9l WAs e TaoR, T 2FHNY AARASE AG)E
ol g3t 7T

dg = m - Cp - dTb ——————mmmmmmmmmem (3)

h (2nr)-dx-(Tw - Tb )mean -———----—-- (4)

Q
"

m - Cp - dTb

h =
2anr-dx:( Tw - Tb )mean

aga, o] FEAEAF(h)st AHXE(Th)d Ba2e dd=S (kS &
o} 2(6)& AF83t4 Nusselt+E T3ttt

Nu = ———— e o (6)

g, dliEo] i FEFANA frEol SALLHUE o] A8
Dittus-Boelter2] #84-& ©]-839 NupsE &3

Nups = 0023 Re*® Pr* —-oommmoooooooooo (7)



V. 24943 2 3%

1. B8YY ScBZ

Fig. 6, 7, 82 FFAA 2] F7l9] §F& ZALAA EAIZ] FHAAN =
A WY £ E I E upstream tubedl M Q] BHASEZ Yiro] st
AFAE AR Ao 2AM HF /R 0 YA d{2aAY, 192 AA= 7%
e F4, 290 X /FFFY AFaEE S Jebdo

el vehd A o], 249 Hols=oA /Rl P Syl
°Fztel ol YA T AL FAIG £EFulE HYo2 A Reso HEol
FETZY Fdd= & T F1 UAA FSE & & Aok

283, 23ee) 2AXNAEY ZFe) x/delMe] £EEXE BY, x/d=l
d r/Ro] 10 AFE F4HL=2 WL Yo 23 L& £5 8 Holn dys
Ho 2 RE 062 AHAM FH3A £x7 ol A @AY =g w7
Al & ()9 £58 Holn Ut olF AR o] QA 13} AEFID
o] Z&A AL AL ¢ 4 Ak v, FRAYNME r/R=14 A%

7122 A 09 £ & Yehdin A AAME S no),
x/d7} 2914 RE] 97tA] HFAANAEE FWgoz HojPd wat £

E349) Hgo] AFVURCET o|FYTH ATVLE R¥o| Folde aA=

il

E o x/d=9°]1 r/R=0.1%0 AHE Eo=2 #HA core flow7} FAHHYSL
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r/R

Fig.6 Axial velocity profiles for Re=60,000 with an inclined
concentric expansion
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Fig.7 Axial velocity profiles for Re=90,000 with an inclined
concentric expansion



x/d=9

u/a

x/d=15
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Fig.8 Axial velocity profiles for Re=120,000 with an inclined
concentric expansion



agn, dRaYdMe x/d=22 ARZAA Ae@o]l vehta e W,
ArayZoMe x/d=15¢1 AH7AA AE@TF Aol Y2 FHd 24 HAY
o, 3, 54 AANHo=z B o x/d7t 153 AHREH AAF] A w3}
A #ste x/d=22%0 AAHNA downstreamZ o2 AW FHE Holx 3l
o

oMol ATHE HHYALY B oF x/d=9% AFHFEH SALLIgHE K
olz glovt B APAA Y HAYAAME AR BYZANA A € AHY
o] AWM @ AZA AP A o 229 NHEEH ¢ALTY
Qo] vt itk

Fig. 9, 10, 112 ZW A YA Zzte] r/Rel dig £ =5 BAISA 37
BN ARPprAe] £cE¥E v 4 X = parameterS W73}
o TAsAch

aPoMet o] HIA HIdE FHNL EAFF GRFES Holx
i, FEFHZqAE x/d=9% AA7A AFHGl e, FHaHd
Me x/d=15¢) ARG7A AFIEALA AP Hol A Yot 1F
x/d=220014 R¥ z}zte] #lolxE=sd sl A9 RAMEA @ALEHE F
T3zE Holn ot o] ARES BAMEY FEF] {FdAE 2 < step
height < 4914, A5 o] ME 15 s step height < 22614 A 23gL & & 3
Ak,

Fig. 12€ fAATAYEe Axd FAFNA Lol £=4ELE 7|
3o TAF 2219 FETFREAN PAAAA REH dTIH9 AFAHA T
E Yepiuo

fu

PN



u/t

o
©
"y
[+

27 36

Fig.9 Streamlines and steady flow from r/R=0.1 to 1.9 for
Re=60,000 with an inclined concentric expansion
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Fig.10 Streamlines and steady flow from r/R=0.1 to 1.9 for
Re=90, 000 with an inclined concentric expansion



u/t

u/u

o
n
N

Fig.11 Streamlines and steady flow from r/R=0.1 to 1.9 for
Re=120,000 with an inclined concentric expansion
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2. HOEAS

st AsE fA7 BUE 52 o BN ntde) dF £42 A
FA5E AUAS Z7HA71E o] Hrt oA olf2 HA slFASE
FEAY F89 W52 Agot

ntEAGE HolEEsdnt &t Zlo) ol BEAz ojtd 2
Yge worl, unzde BAAME AL Roln iy EW A7
7t 271ESE HEo] SUHE Y

glol==4% 60,0005 90,000 ¥ 12000022 33 ZFAFPHAIZAE wie B
AN 38 Fetd Ao 3 Fig 139 JYehidch

YA B ule} go], PPHoz R e ZFHPHM Holz=4
7t S7Hek met el@FAFE ¥ @} Holn 3ov, x/d=22% AHNA
FHE A9 4% k& Holn o

P+ F2Q AFAIAAA A2 22 ge JYeElvr x/d=9~158 A
HoAlM SRS Kol Ut ol RFAHARNAN BAE AcH FeAgH%
dAsta o E £ A9 FAAPAM x/d=22¢ AHEYH SdLLegq
< Bolx gled, o] AYAA FH ut@ASF o] R YAHA KA
RIS LS 8

2 Q7MY Bdoze, F8Y fFEFdAs Ace]l IAA dojvn
Ae A R AFZAGAA nt@AS7E A FHHT oka dedd.
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jom
0.045- - -
0.04 o Re=60000
-
0.035- - Re =90000
L O
0.0 Re=120000
0.025+
0.02
0.015-
0.011
0.005-
[ ]
0 T T T - l = -
0 9 18 27 36
x/d

Fig.13 Friction factors distribution for various Reynolds numbers

with an 10 * -inclined concentric expansion




3. Ny2zet aYEz { FXEAS

Fig. 149} 155 ZtZte] dols=4d wt2s A A2 (Th)s # LT (Tw)
o] HHAE e gt

FYLEE 7 x/dAAHY Al F3H "HIFAE deEL lon AFex

-

f

Zt AFNAMY FEBHANM FAL S FRrumde ol=r71x9
AA BFAE Yl ok
LM AHLEE TAF Fig. 148 29, BFANA e x/d=49 X7}

Ae 430 A AP} AP L eddyBYF T22 F Holzes

Tb (C)

x/d

Fig.14 Distribution of bulk temperature along the downstream
for various Reynolds numbers



o i3 &xe Folrt dAHA ¥on, x/d=420 AFAM HLAE Ho
o7t x/d=9%] AAE ZIHeR HA¥H oz AAHA F7lete FEES Holn
At

A2, dolz=srt F o AFLZ(The HA vevdzn Jed ols
A2 FEEE7E Mg @2 g o &9 AHF FEAF AZho]
geo2 A AH LTIt Ropd Aoz HAG

Fig. 155 test tube® #HLE(Tw)REZA, HIFH FZoA 239
olstFd tale YANZ W& 2EE Holy, Ae-@RE BA Yot
£ x/d=9% AHAM HAXE FAH3r downstreame] LALF F oA

Tw (C)

27 36 45 54
x/d

Fig.15 Distribution of wall temperature along the downstream
for various Reynolds numbers

o
-
-
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XEMYoz Frlstn Ao

A7lNME AHL2xe] X} o] Hols=4r R4S BHLeEE &
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