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Bu caligma daha d¢nce yiiriitiilen ve tamamlanan MAG-582 (Ayri Merkezli
Borularda Hidrodinamik ve 1Is1 Transferi Galigmalari) No'lu projenin
devamidir. Yapilan aragtirmada, non-Newtonian ve Newtonian sivilar icin
teorik’ ve deneysel c¢aligmalar yapilarak ayri merkezli borulardaki sivi
akigi ve 1s1 transferi incelenmistir.

Aragtirmaya saglamg oldugu mali destek igin TUBITAK'a, deney aletinin
kurulmasindaki ve deneysel caligmalardaki yardimlari icin Sayin Deniz Uner

ve Sayin Ertugrul Belge'ye tegekkiir ederiz.
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SIMGELER
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1511 iletkenlik
boru uzunlugu

Denklem (2.7) ile tanimlanan parametre

i¢ boru i¢in Nusselt sayisi
dig boru igin Nusselt sayisi

piston akigi igin Nusselt sayisi

basing

Peclet sayisi
Prandtl sayisi
hacimsel debi

boyutsuz hacimsel debi, Denklem {2.25)
boyutsuz hacimsel debi, Denklem {2.36)

duvar direnci

Reynolds sayisi
ig boru yvarigapi

dig boru varigapi

yarigap orani, Denklem (2.4)

ayr1 merkezlilik orani, Denklem {(2.5)

ikili polar koordinat sistemi

diizeltme katsayisi, Denklem (2.22)

viskozite
yogunluk
kayma gerilimi tensori
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(ZET

Bu caligma, ayri: merkezli boru sistemlerinde Newtonian ve
non-Newtonian sivilar igin vyapilan hidrodinamik ve 1s1 transferi
caligmalarini kapsamaktadir.

< Hacimsel debi ile basing diigmesi arasindaki baginti, i degigik
non-Newtonian model (Power-law, Bingham plastik, Sutterby) icin vaklagik
bir yontem kullanilarak elde edilmigtir. Elde edilen sonuclar, literatiirden
bulunan deney sonuglari ile wuyum icindedir. Ayrica, karboksimetil
seliiloz-su karigimi kullanilarak yapilan deney sonuclarindan, ayri merkezli
borulardaki basing digmesinin, ayni kiitlesel debi icin, ayri1 merkezlilik
oraniyla ters orantili olarak degistigi gdzlenmigtir.

Is1 transferi deneyleri sonucunda daha énce MAG-582 Nolu projede elde

edilen 1s1 transfer korelasyonu geligtirilmigtir.
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ABSTRACT

In this study, the hydrodynamic and heat transfer studies in an
eccentric annulus were carried out for both Newtonian and non-Newtonian
fluids.

An approximate solution to predict the relationship between volume
rate of flow and pressure drop for steady-state laminar flow of
non-Newtonian fluids (Power-law, Bingham-plastic, Sutterby model) in an
eccentric annulus is described. The results carpare reasonably well with
the previously published theoretical and experimental data. The
experimental results obtained using carboxymethyl cellulose and water
mixture indicate that the pressure drop varies inversely with the
eccentricity ratio at the same mass flow rate.

As a result of the experiments carried out in a broad range of
eccentricity and radius ratios, the heat transfer correlation obtained in

the project MAG-582 is improved.
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BOLUM 1

GIRIg

Non-Newtonian sivilarin esmerkezli ve/veya ayri merkezli halkasal
bogluktan akislarinin ézellikle petrol sondajlarinda ve plastik ekstriizyon
iglemlerinde endistriyel énemi vardir.

Ayri merkezli boru sistemlerinin geometrik karmagikliginin yani sira
kayma gerilimi ile kayma hizi arasindaki bagintilarin lineer olmamasi,
non-Newtonian sivilardaki hiz ve sicaklik dagilimlarinin analitik olarak
elde edilmesini imkansiz kilmaktadir. Bu konuda vyapilan az sayidaki
caligmada deneysel veya nimerik yéntemler kul lanilmigtair.

Sutterby modeli ile ifade edilebilen sivilarin ayri merkezli
borulardaki hiz dagilimi, Mitsuishi ve Aoyagi (1973) tarafindan hidrojen
kabarciklar: kullanilarak olgiilmigtiir. Bu amagla, agirlik yizdeleri % 3,92
olan hidroksietil seliilloz ve % 3,44 olan karboksimetil seliiloz cozeltileri
kullanilmgtir. Mitsuishi ve Aoyagi, hiz dagilimni variyasyonel yontem
kullanarak da hesaplamiglar ve deneysel sonuclariyla kargilagtirmglardar.

Bingham plastik ve Power-law tipindeki non-Newtonian sivilarin ayri
merkezli  halkasal bogluktaki akiglari Guckes (1979)  tarafindan
Incelenmigtir. Guckes, hareket denklemini sonlu farklar (finite difference)
teknigi kullanarak cozmigtir. Bu teknik, daha dnce Redberger ve Charles
(1962, 1963) tarafindan kullanilan yéntemin bir uzantisidir.

Iyoho ve Azar (1981) ayr: merkezli iki boru arasindaki akigi, paralel
olmayan iki levha arasindaki akis olarak modelleyerek Power-law tipi
swvilar icin hiz dagilimini analitik olarak belirlemiglerdir. Hacimsel
debi, egmerkezli borular igin Skelland (1967) tarafindan verilen formiliin
degigik bir gekli kullanilarak hesaplanmigtir. Tosun (1984) bu ydéntemin
dogru olmadigini, hacimsel debinin varigap ve ayri merkezlilik oranlarina

bagli oldugunu géstermigtir.
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Halkasal bogluktan akan sivilara ve/veya sivilardan olan 1s1
transferinin analitik c¢ézimi ancak akigin laminer oldugu durumlarda
mimkiindiir. Tiirbiilansl: akis ig¢in ise deneysel caligmalar sonucunda elde
edilen 1s:1 transfer katsayisi korelasyonlar: kullanilmaktadir.

Ayr:1 merkezli boru sistemlerindeki 1s: transferi, laminer akig igin
Snyder (1963), Cheng ve Hwang (1968) ve Trombetta (1971) tarafindan teorik
olarak incelenmigtir. Snyder (1963), piston akigindaki sivi metaller i¢in

151 transferi korelasyonunu,
_ 0,8
Nu = 0,667 Nu_ + 0,025 Pe (1.1)

seklinde ifade etmigtir. Burada, Nug piston akigi Nusselt sayisini
gostermektedir. Cheng ve Hwang (1968) 20 noktal: eglegtirme yontemini,
Trombetta (1971) ise en diigiik kareler yontemini kullanarak degigik sinir
sartlarinda Nusselt sayisini hesaplamiglardir.

Ayri merkezli borulardaki tiirbiillansli akig igin 1s1 transferi Judd ve
arkadaglari (1963), Lee ve Barrow (1964), ve Yu ve Dwyer (1966) tarafindan
aragtirilmsg ancak gegerli bir korelasyon elde edilememigtir.

Ayr: merkezli borulardaki galismalarin gok kisitli olmasina kargilik,
boru ve egmerkezli boru sistemlerindeki 1isi transferi galigmalar: oldukga
fazladir. Bu sistemler igin tiirbiillansli akigdaki 1si1 transfer katsayis:
korelasyonlari literatirde genel olarak agagidaki gekilde ifade

edilmektedir:

Nu = C Re” Prﬂ r*7 {(1.2)

Denklem (1.2)'deki C, a, 4 ve 7 degerleri Tablo 1.1'de verilmigtir.
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Tablo 1.1. Tirbiilansli akig i¢in 1s1 transfer katsayisi1 korelasyonlari.

Geometri C o i) 7 Kaynak
0,023 0,8 1/3 0 Sieder & Tate (1936)
Boru 0,023 0,8 0,4 (1s1tma)
0 Dittus & Boelter (1930)
0,023 0,8 0,3 (soputma)
Esmerkezl i 0,020 0,8 1/3 -0,53 Monrad & Pelton (1942)
Boru 0.023 0,8 0,4 0,45 Wiegand (1945)




BOLUM 2

TEORIK GALISMALAR
2.1. ikili Polar (Bipolar) Koordinat Sistemi

-Enerji ve momentum denklikleri, ayri merkezli boru sistemlerinde ikili
polar koordinat sistemi kullanilarak goziliir. 1kili polar koordinat sistemi
(7,¢{,2) 1ile kartezyen koordinat sistemi (x,y,z) arasindaki bagintilar

asagida verilmigtir:

_ a sinhy
X = coshy — cosé (2.1)

- a sin
Y coshy — cos{ (2.2)

Z =2z (2.3)
Ayri merkezli bir boru geometrisi Sekil 2.1' de gosterilmigtir. Bu tip
sistemlerde sik olarak kullanilan iki terim, yerigap oramy ve ayri
merkezlilik oranidir.

Yarigap orani, r*, ig ve dig boru varigaplarinin birbirine oranidir:

r'= r,/r, (2.4)

Ayri merkezlilik orani, e,

i

€ =e/lr,-r;) (2.5)

geklinde tanimlanir. I¢ ve dig boru merkezlerinin gakigtigl durunda



1:1,
¥=90" fo
s
7
*=135 [
a /
* = AN 3 e —
1
T=225%
=270
¥ =318°

gekil 2.1. Ayri merkezli boru geametrisi.



(egmerkezli) ¢ = 0, i¢ ve dig boru merkezlerinin bir noktada birbirine
degdigi durunda ise ¢ = 1 olur.
Ikili polar koordinat sistemi ile ilgili bilgi, Tosun ve (izgen (1986)

tarafindan MAG-582 Nolu projede detayli olarak verilmigtir.
2.2. Yaklagik ¢dzim

ic ve dis boru caplarinin birbirine vyakin oldugu durumlarda ayri
merkezli iki boru arasindaki akig, gekil 2.2'de gosterilen paralel olmayan

iki levha arasindaki akis olarak modellenebilir (Tao ve Donovan, 1955;

Iyoho ve Azar, 1981; Tosun, 1984). Iki levha arasindaki yikseklik, h

h=r, {J 1 - £?sin®0 + { cosf - r*J (2.6)

geklinde ifade edilir. Burada
/' =¢ (1 -1r) (2.7)

olarak tanimlanmistir.

6:0 8= =21

Jekil 2.2. Ayr:i merkezli boru sistemine egdeger iki levha arasindan akig.

-f-



2.3. Hiz Dagilimi ve Hacimsel Debi

Sekil 2.3'de gésterilen akig sistemi igin momentum denkligi

Ty (2.8)

dy —  dz '
gseklinde vazilir. Sinir gartinin

v =0 7= 0 (2-9)

olarak kullanilmasiyla kayma gerilimi dagilimi asafidaki sgekilde elde

edilir:

P-P
o [ oLl (2.10)

y

Sekil 2.3. Paralel olmayan iki levha arasindan akig geometrisi.



Non-Newtonian akiskanlar icin kayma gerilimi tensdrii, T,

I=-7y7y (2.11)

geklinde ifade edilir. Burada i

T

7=V + ( V) (2.12)

#

olarak verilmistir. Denklem (2.11) 'deki kayma hizina bagiml1  olan
viskozite, y, akigkan tipine gore defigir. By caligmada 3 tip akigkan
model i incelenmi$tir: Power-law, Bingham plastik, Sutterby. Bu model ler

i¢in 7 degerleri agsagida verilmistir:

n-1

my Power-law (2.13)
® : S P .

1 =1 pot (r./3) S T: f Bingham plastik (2.14)
7, (arcsinhB}/Bi)A' Sutterby (2.15)

Burada % ve 7,

~

= }V 0-5<i:i>f ; T o= f¢ 0.5¢ :;)[ (2.16)

- -
I

I

olarak tanimlanmig lardir.
Hizin Z-yoniindeki bilegeni, Vze ¥ = 0'da maksimum degerine sahiptir.
Duvara vaklagildikca (y-degeri arttikca) vV, degeri azalacagindan

7= - av,/dy ; r= 7 (2.17)

olur ve Denklem (2.11) asagidaki sekle indirgenir:




e

dv
Tyz = - 7;‘ dy

Z

(2.18)

2.3.1. Power-law modeli

Denklem (2.13)'iin Denklem (2.18)'de verine konulmasivla kayma gerilimi

ifadesi

(2.19)

dv, "
Typ= M |- Iy
olarak bulunur. Denklem (2.10) ile (2.19)'un birlegtirilip, v = h/2'de v,=0

simir garti kullanilarak integrasyonu sonucunda hiz dagilim agagidaki

gekilde elde edilir:

S
P-P s+1 s+1
- 1 o "L h |y
V“ﬁ{ mn} A LR 1220

Burada s = 1/n olarak tamimlanmigtir.
Hacimsel debi, hiz dagiliminin akig kesit alani iizerinde integrasyonu

sonucunda hesaplanabilir:

2r h/2 T h/2

e=Af [ viaaw=af [ aa (2.21)
0

0 "-h/2 0

Ayri merkezlilik oranina ve yaricap oranina bagli bir diizeltme katsayisi

olan } degeri Tosun (1984) tarafindan

T *2
b= 1-r . (2.22)
2E - 7r

geklinde hesaplanmigtir. Denklem (2.22)'deki E terimi



7/2

E =f V1 - 125in%0 qg (2.23)
0

olarak tanimlanmigtar.

Denklem (2.20) 'nin Denklem (2.21)'de kullanllna51yla
. s+1 _ * 2 4 s+2
= {’zl’} [*‘"“““"1 - *J S [\/ 1~ £25in%0 + { cosg - r*} dd (2.24)

elde edilir. Burada boyutsuz hacimse] debi, 0, su gekilde tanimlanmigtir:

0= — (2.25)
rs+3[po~ F&]

(o]

Power-]aw modeline uygun sivilarin esmerkez] i borulardaki hacimse]

debisi Hanks ve Larsen (1979) tarafindan hesaplanmlgtjr:

- S —
%y 55 B} {(1 - 425t pxUes) o r*2>5”] (2.26)

Burada #, hizin maks imum oldugu boyutsuz radyal pozisyonu gostermektedir.
Hanks ve Larsen (1979), 4 degerlerini s ve r*in fonksiyonu olarak

hesaplamlslardlr. Bu durumda, ayni basing diigmesi icin ayri merkezli ve

gekilde yazilabilijr:
T «]5+2
{V 1 - £%5in%0 + { cosf - r ] dae

[(1 - 52)S+1_ r*(1~5)(ﬂ2* r*2)5+%]

o

2
99.31}_1. =.St3 [ 1-¢" (2.27)
0 2(s+2) * :

eg E - 7r

—-10-



2.3.2. Bingham plastik modeli

Eger y = y, noktasinda Ty, degeri 7 ise, Denklem (2.10)'dan

(2.28)

elde edilir. Problemdeki simetri nedeniyle akig alaninin sadece iist kism
(0 <y £ h/2) ele alinabilir. Burada iki akig bdlgesi bulunmaktadir: 0 <y
< v, bolgesinde piston akigi, y, £y € h/2 bilgesinde ise plastik akiga

vardir. Denklem (2.14) ile (2.18)'in birlegtirilmesiyle

Tya™ To = B AV, /dy Yo v <h/2 (2.29)

dv,/dy = 0 0 <y <y, (2.30)

elde edilir. Denklem (2.10)'un Denklem (2.29)'da verine yerlestirilip, y =
h/2 de v,= 0 simir gartinin kullan:larak integrasyonu sonucunda agagidaki

hiz dagilimlari elde edilir:

P-P 2 Yo 2 T ¥
— O L h _ O _ ._0— D _ .—?_
MR T H [1 [‘H?‘Z} } I [2} [1 [h/ZH 0Ly <y, (2.32)

Hacimsel debinin hesaplanmasinda Denklem (2.21) kullanilabilir. Ancak
Denklem (2.21)'in kismi integrasyonu ile hacimsel debi igin daha basit bir

ifade elde edilir:

~-11-



m h/2
o=-a [ [ yidv,/ay) av a0 (2.33)
0 "0

0 <y <y, bSlgesinde dv,/dy = 0 oldugu i¢in Denklem (2.33) agagidaki gekle
indirgenir:

r h/2
o=-4 [ [ yiav,/ay) dy & (2.34)
0y

5]

Denklem (2.31)'in Denklem {(2.34)'de kullanilmasiyla

O

12

%2
= ~l—1—£m; (H + 4wT§ - 3GT,) (2.35)
2E - 7r

elde edilir. Buradaki boyutsuz parametreler, 6, H, T, ve G, agagidaki

gekilde verilmigtir:

Qo (2.36)

Lelil
il

2 2 *
H = 2F {‘ ; LA J - % K(1 - (%) = 70 (3 + %) (2.37)
T,= ¥,/T, (2.38)
2
G=7(1+1r") - 4Er" (2.39)

Denklem (2.37)'deki K terimi agagidaki gekilde tanimlanmigtir:

/2
K = Jf (1 - (2sin29)’1/2 daé (2.40)
0

-12-



2.3.3. Sutterby modeli

Mitsuishi ve Aoyagi (1973) tarafindan deneysel ¢aligmalarda kullanilan

hidroksietil seliiloz (HEC) ve karboksimetil seliiloz (CMC) gozeltileri,

Sutterby modeli ile ifade edilir. Model parametreleri Tablo 2.1'de

verilmistir.

Tablo 2.1. Sutterby model parametreleri (Mitsuishi ve Aovagi, 1973).
Gozelti A B(s) 7, (N.s/m”)
3,92 % HEC 0,30 0,368 1,21
3,44 § CMC 0,45 0,715 7.15

Denklem (2.10)'dan

Tya= Ty [ﬁ—}'-é] (2.41)

elde edilir. Burada r, duvardaki

kayma gerilimini gostermektedir ve
agagidaki gekilde ifade edilmigtir:

7 =

PPy
w L

(2.42)

Denklem (2.33)'de verilen integrasyon degigkeni y'den Tyz Ye degigtirilecek
olursa

T T.

0= fo h? dﬁj‘; iy, /1) ar, (2.43)

elde edilir. Bu ifadenin kismi integrasyonu sonucunda hacimsel debi ifadesi

[NS] e

Q:

. .
. 7 ,
f hz{'rw - [ dyJ d6 (2.44)
0
0
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geklini alir. Burada %w, % degerinin duvardaki degeridir. Denklem (2.15) ve

(2.18)'den
LA
Tea= T, [g{gg;ghgz} 7 (2.45)
y -

elde edilir. Buradan kayma geriliminin duvardaki degeri olarak
o

. A
e, {arcsxnha] " (2.46)

ifadesi bulunur. Denklem (2.6), (2.45) ve (2.46)'in Denklem (2.44)'de

verine konmasiyla asagidaki ifade elde edilir:

4 1l - " / ; %) 2 arcsinha] 2R
Q. - r aly 1 - {’sin’0 + { cosl - r } [1 - {——~f-*~] ¢]d9
rrd 2 * ‘

8]

B E - nr 0
(2.47)
Denklem (2.47)'deki ¢ terimi
1 % ZA
b = J‘ %ﬂ&ﬁﬁ{?&l } 7 art (2.48)
@y

0

olarak tanimlanmigtir. Buradaki &* terimi ise agagidaki gekilde
verilmigtir:
(2.49)

-
Y= Y

iite vandan Denklem (2.42) ile (2.46)'in Denklem (2.6) kullanilarak

birlegtirilmesi sonucunda

_14_



(2.50)

2L

(PO~ PL)rO ~ ay, {
a

_ arcsinha}A
BI(1-/*sin?0)° %+ { cosl - r*]

ifadesi elde edilir. Gerek Denklem (2.47) gerekse Denklem (2.50), 4Q/xr§ ve

(PO~PL)rO/2L ifadelerinin a (veya B%W) ve A terimlerine bagimli oldugunu

gostermektedir.

Teorik calisma sonuglar: Hulgular ve Tartigma bSliminde verilmigtir.
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BOLUM 3

DENEYSEL GALISMALAR

Bu proje, daha once tamamlanan MAG-582 No'lu projenin bir devamidir.
MAG-582 No'lu proje kapsaminda 1S1 transferi g¢aligmalar: deneysel ,
hidrodinamik caligmalar ise teorik olarak viiriitilmigtii. MAG-582 No'lu
projede 1s1 transfer deneylerinin vapilabilmesi igin boru yapim malzemesi
olarak bakir kullanilmigti. Piyasada bulunan en biiyiik bakir boru ¢apinin 50
mm olmas: nedeniyle hidrodinamik caligmalar degigik ayr: merkezlilik, €, ve
yarigap oranlari, r*, icin yapilamamig, ancak 181 transfer c¢aligmalari
olanaklarin el verdigi 6lgiide yiiritilmigti.

Hidrodinamik calismalarin gok genig bir araliktaki ayri merkezlilik ve
yaricap oranlarinda yap:labi lmesi amaciyla bu projede bakir boru verine PVC
boru kullanilmigtir. Ancak PVC borunun 1si transferi galigmalari igin uygun
bir malzeme olmamas: nedeniyle, 1s1 transferi caligmalari eski deney
diizeneginde tekrarlanarak daha dnce Newtonian sivilar igin elde edilen
korelasyon gelistirilmigtir. Non-Newtonian sivilar ile yapilan 1s1 transfer
caligmalarinda ise uyumlu sonuglar alinamamigtir. Bunun baglica nedeninin
Non-Newtonian sivi viskozitelerinin sicaklikla gok fazla degismesi oldugu
gézlenmistir. Non-Newtonian s1Vi viskozitelerinin sicaklikla degigimi
incelenmisg, ancak bunu iceren korelasyonlar proje siiresinde

tamamlanamamistir. Bu konudaki caligmalara devam edilmektedir.

3.1. Deney Dizenegi

3.1.1. Isi transferi caligmalari

Is1 transferi ile ilgili deneyler, MAG-528 No'lu proje kapsaminda
kurulan ve akig diagrami gekil 3.1'de gosterilen diizenekte yapilmgtir.

Deney dizenegivle ilgili detayl: bilgiler MAG-528 No'lu projenin kesin

_..16..
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raporunda anlatilmigtir. MAG-528 No'lu projede elde edilen 1s1 transferi
korelasyonu bu cihazda tekrar edilen deneylerle gelistirilmistir. Is:
transferi ile 1ilgili deneysel calisma sonuclar: Aulgular we Tartigma

bo limiinde verilmistir.

3.1.2. Hidrodinamik ¢aligmalar

Piyasadan ancak sinirli biyiikliiklerde bakir boru temin edilebildigi
igin, degigik ayri merkezlilik ve yaricap oranlari saglayabilecek PVC
borulardan yapilan ve §ekil 3.2'de gésterilen yeni bir deney diizenegi bu
proje kapsaminda kurulmugtur.

Deneylerde kullanilan dig borunun i¢ g¢ap1 99 mm'dir. i¢ boru caplar:

ise Tablo 3.1'de verilmigtir.

Tablo 3.1. Deneylerde Kullanilan I¢ Boru Gaplar:.

I¢ Boru No Dis cap,mm r*
1 90 0,91
2 75 0,76
3 63 0,64
4 50 0,51
5 40 0,40
) 32 0,32

I¢ borunun iki ug kismi kapatilarak,sivinin i¢ borudan akmas: dnlenmigtir.
3 metre uzunlugundaki test bdlgesi boyunca 5 cm araliklarla yerlestirilen
basing 6lgme borulari 6zel bir tasarimla manometreye baglanmigtir.

Sistemde karigtiricily bir tank kullanilarak su ve karboksimetil
seliloz (MC) karigimnin siirekli karigtirilmas: saglanmistir. Dongiilii
sistem 1 ing PVC borudan yapilmig, hacimsel debi olgiimleri orifis metre ile
vapilmigtar.

Gegitli yarigap ve ayri merkezlilik oranlarinda ¢aligabilmek amaciyla

test kisminin iki ug kismi §ekil 3.3'de gbsterildigi gibi tasarlanmigtir.

~-18~
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(Onden Gériniis ) (Yandan Gériniis)

Jekil 3.3. Test bdlgesinin girig ve ¢ikigi igin vapilan tasarim.

3.2 Deneysel Yéntem

3.2.1.

Is1 transfer galigmalar,

jekil 3.1'de verilen deney diizeneginde vapilan deneyler sonucunda elde

edilen

Wilson Plot c¢izimlerinden 1s: transfer katsayisi hesaplamak icin

degigik ¢ ve r* degerlerinde yapilan deneylerde su debisi parametre olarak

alinmgtir. Deneylerde sistem kararl: hale vaklagik 70 dakikada ulagmigtir.

Sistemin kararli hale gelmesinden sonra agagidaki Slgimler yapilmigtir:

L J
L]
L

iki boru arasindan akan sivinin hacimsel debisi,

Sofutma suyunun hacimsel debisi,

Sogutma suyunun ve halkasal bogluktan akan sivinin sisteme girig ve
¢ikig sicakliklar:,

Test bolgesindeki i¢ borunun duvar sicakligi,

Test bolgesindeki basing diigmesi,

Gevre sicakligi ve basinc.

_20-



Bu deney dizeneginde non-Newtonian sivilarla vapilan caligmalarda

viskozitenin sicaklikla defigmesi nedeniyle uyumlu sonuglar alinamamigtair.

3.2.2. Hidrodinamik galigmalar

Jekil 3.2'de gosterilen deney diizeneginde vyapilan denevlierde, 3 m
uzunlugundaki test bdlgesi boyunca 5 cm araliklarla verlestirilen basing
borular: yardimiyla basing digmesi ¢lgilmigtir. Basing diismesi/uzunluk
degerinin sabit kaldigi noktadan sonraki kisimda akimin tam geligmig oldugu
varsayilarak bu kisimdaki basing digmesi (AP/L), degisik ¢ ve 1

degerlerinde 6lgiilmigtiir.

-2 1~



BOLUM 4

BULGULAR VE TARTISMA

4.1. Hidrodinamik ¢al 1igmalar

4.1.1. Teorik ¢aligmalar

MAG 582 no'lu projede, basing diigmesi ile hacimsel debi arasindaki
baginti Newtonian sivilar i¢in elde edilmigti. Bu caligmada ise, basing
diigmesi ile hacimsel debi arasindaki baginti 3 degigik non-Newtonian sivi
(Bingham plastik, Power-law, Sutterby) igin vyaklagik bir yéntem
kullanilarak elde edilmigtir.

Power~law modeline uygun sivilar i¢in boyutsuz hacimsel debinin, é €
ve s (s = 1/n) degerleri ile degigimi Denklem (2.24)'de verilmigti. Elde
edilen sonuglar Sekil 4.1-4.3'de gésterilmigtir. Yaklagik yontem sonug lari,
Guckes (1975) tarafindan nimerik ydéntemle hesaplanan sonuglarla szellikle
kiigik ¢ degerlerinde birbiriyle uyum icindedir.

Ayri ve egmerkezli borulardaki hacimsel] debilerin birbirine oranin:
gosteren Denklem (2.27) kullanilarak elde edilen sonuglar, degigik r*
degerleri icin Sekil 4.4-4.7'de gosterilmigtir. Sekillerden goriilebilecegi
gibi, ayri merkezlilik oraninin hacimsel debiye olan etkisi, ozellikle n
(n=1/s) degerinin 0,50'den kigiik oldugu durumlarda fazlalagmaktadir.

Bingham plastik modeli igin boyutsuz hacimsel debi ile basing diigmesi
arasindaki baginti Denklem (2.35)'de verilmigti. Degigik varicap oranlar:
igin buradan hesaplanan sonuclarin ¢ ve T, (T,=v,/r,) ile degigimi §ekil
4.8-4.10'da gosterilmigtir. Yarigap oraninin 0,3'den biiyiik oldugu
durumlarda elde edilen sonuglar, Guckes (1975) tarafindan hesaplanan
degerlerle uyum icindedir. Bu uyum, ozellikle T, degerinin kiigiik oldugu
durumda daha iyidir.

..22_



0.44 —

r*=0.1 /
—~—~— This work /
—— Guckes (1975) /4
0.40 - /
7/
/ /
0.36 — /

Sekil 4.1. Power-law sivisi igin boyutsuz hacimsel debinin € ve s ile

degigimi (r*= 0,1).
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r* =03
-~~~ This work
Guckes (1975) /
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0.20
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0.16

0.08
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0.04

0.02

00 0. 02 03 04 05 06 07 08 09

Sekil 4.2. Power-law sivisi igin boyutsuz hacimsel debinin € ve s ile

degigimi (r*= 0,3).




r¥=0.5
0.09 —-—-—This work y
Guckes (1975)

0.08

0.07

0.06

0.05

0.04 |

0.03

0.02

0.01

Jekil 4.3. Power-law sivisi igin boyutsuz hacimsel debinin € ve s ile

degigimi (r*= 0,5).
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Qayr1/Qeq

Sekil 4.4. Power-law sivisi igin Qayn/Qeq degerinin € ve n'in fonksiyonu

olarak degigimi (r*= 0,3).
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Qayr1/Qe§

Sekil 4.5. Power-law sivisi icin Qayrl/Qes,a degerinin € ve n'in fonksiyonu

olarak degigimi (r*=0,5).

e




Qayrl/Qeg

Sekil 4.6. Power-law sivisi igin Qayrl/Qeg degerinin € ve n'in fonksiyonu

olarak degigimi (r*=0,7).
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Qayrs/ e

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Sekil 4.7. Power-law sivisi icin Qaer/Qe3 degerinin ¢ ve n'in fonksiyonu

olarak degigimi (r*=0,9).
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r*= 0.1
0.22 -— = This work
22 - Guckes (i875)

0.20

O

0.12 - 0.15
— — M” -
b e v d— — S—_{— -
0.10 -
— _———"" 020 -
008 ——————— —
—
— - M
0.06 e =
e ——— 0.25
",
0.04 = -
b o e e T 0.30 —
002 ) e ———_
T 0.35
| ! | !
0 0.l 0.2 ) 0.4
S

gekil 4.8. Bingham-plastik sivisi igin boyutsuz hacimsel debinin ¢ ve T,

ile degigimi (r*=0,1).
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0.4}

0.12

r*=0.3 _
~ = This work
Guckes (1975)

0.10
0.08
0.06
0.04
0.02F -
o 0.25
| [ ! | [
0 0.1 0.2 0.3 0.4 0.5 0.6

gekil 4.9. Bingham-plastik sivisi igin boyutsuz hacimsel debinin € ve T,

ile degigimi (r*=0,3).
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r*= 0.5
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——— Guckes (1975)
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0.0l

§ekil 4.10. Bingham-plastik sivisi igin boyutsuz hacimsel debinin e ve T,

ile degigimi (r*=0,5).
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Sutterby modeli icin Denklem (2.47) ve (2.50) kullanilarak 4Q/7rrf,

degerleri, (P - PL)rO/ZL teriminin bir fonksiyonu olarak hesaplanmigtir.
Sekil 4.11 ve 4.12'de gosterilen sonuglar, Mitsuishi ve BAoyagi (1973)

tarafindan elde edilen deneysel sonuglarla uyum igindedir.

500 I I llllll[ i i ll‘llll i i T T U iiid
b 8 3.44 % CMC N
- O r*=0.635 €=0.430) Experimental
5 ® "=0.526 €=0.541 3 (Mitsulshl and

i O r*=0.328 €=0.650) Aoyagl, 1973)
' Bu caligma
s
— 100 =

[4¥]

E —
i ~ [
= B
] o
x| ad

\ $
£ Lo
- o B

i
. %O

~— |0}
] -

0.2 1 Lty il

- 0.0! 0.1 | 10
: 3
4 4Q /ey (1/s)

Sekil 4.11. Sutterby modeli igin boyutsuz ifadelerin € ve r* ile degigimi.
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4.1.2. Deneysel cgaligmalar

Hidrodinamik ¢aligmalar agirlikca % 1,5'luk karboksimetil seliiloz
(CMC) cgozeltisiyle vapilmigtir. Viskometre ile yapilan deneylerden CMC-su
karigiminin Power-law modeline uygun oldugu gézlenerek Denklem (2.13)'deki
m ve n katsayilari, m = 3,13 Pa.s” ve n = 0,55 olarak hesaplanmigtir.

‘Bu rapor kapsaminda yapilan hidrodinamik caligmalardan ancak baz: r
degerlerinde olanlar verilecektir. Piyasadan cok degigik c¢apta boru
saglanabildiyse de, r degerinin 0,51'in iizerinde oldugu durumlarda
kullanilan pomwpa yeterli olamamakta ve non-Newtonian sivilarin daralan
halkasal bogluktan akmas: giig legmektedir.

gekil 3.2'de verilen deney diizeneginde yapilan ¢aligmalarda halkasal
bogluk igin 8lgiilen basing dismesi degerlerinin kiitlesel debiyle ve ayr:
merkezlilik oraniyla degisimi Sekil 4.13'de gosterilmigtir. r* = 0,40 igin
verilen deney sonuglarindan goriildigi gibi basing digmesi, ayni kiitlesel
debi igin, ayri merkezlilik oramiyla ters orantili olarak degigmektedir.
Yarigap oranimin 0,32 wve 0,51 oldugu durumlarda benzer sonuclar elde

edilmigtir.

4.2. Isi Transfer Galigmalar:

Ayri merkezli borulardaki isi transfer katsayisini hesaplamak amaciyla
detaylari MAG-582 Nolu projede verilmigy olan Wilson ¢izim ydéntemi
kullanilmigtir. MAG-582 Nolu projede elde edilen 1s1 transfer katsayisi
korelasyonunu geligtirmek amaciyla bu caligmada yeni deneyler vapilmigtir.

Boru akig1 igin toplam 1s1 tansfer katsayisi,

D, /D,
(4.1)
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s €=0.25

O €:=0.50

50 o €¢:-0.75
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Halkasal bosluktan akan sivi debisi, m(kq/s)

gekil 4.13. Basing diigmesi ile kiitlesel debinin degigik ¢ degerlerindeki

degigimi.
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gseklinde vyazilir. Burada R, duvar direncini, h, ve h; ise film 1s1

transfer  katsayilarin: ifade  etmektedir ve  agagidaki gekilde

tanimlanmig lardir:

Ar
= Bk (4.2)
Rw kwAln
h(:»Di
R =
h.D
;{.'. =, Re?'8 Prl}/3 (;z//zw)?'14 (4.4)

Deneyler once esmerkezli boruda yapilmig ve egmerkezli borular igin
verilen Monrad-Pelton (1942) ve Wiegand (1945) korelasyonlarinin
gegerliligi incelenmigtir. $ekil 4.14 ve 4.15'de gosterilen deney sonuglar:
Monrad-Pelton korelasyonu ile uyum igindedir. Buradaki X ve Y degerleri

agagidaki gekilde tanimlanmigtir:

D.)k.] [Re,1°-8[pr, 1/3 4014
X = I“); —]ET fié? ‘P—*I':: 8—1 (45)

ve
¢ o (L g 1Rl o008 p 173 40,14 (4.6
Uo Rw Dh o o o :
Monrad-Pelton Kkorelasyonu egmerkezli borular igin gegerli oldugundan
C, katsayisi sabittir. Bu katsayi, ayri merkezli boru sisteminde ayri

merkezlilik ve vyarigap oranina bagimli oldugundan agagidaki gekilde

tanimlanmigtir:
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Sekil 4.14. Esmerkezli boru sistemi iqin Monrad-Pelton korelasyonu ile elde
edilen Wilson ¢izimi (r = 0,40).

40 |

0,20 025 0,30

Jekil 4.15. Esmerkez}i boru's;SFemi*igin Wiegand korelasyonu ile elde
edilen Wilson Cizimi (r = 0,40},
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Denklem (4.7)'deki "a" ve "¢" sabitlerinin hesaplanmas: icin 3 degigik ayr:
merkezlilik oraninda (0,38, 0,54 ve 0,77) deneyler vapilmg ve elde edilen
Wilson cizimleri sekil 4.16'da ghsterilmistir. Boylece elde edilen 131

transfer katsay: korelasyonu asagida verilmigtir:

he:'D!; : w 0 BT - P PRy
Nu, = —— 7 0.0166 Reg'8 Pri/3 (r) 0,53, 0,084 (;1/’/1?;)i‘j'‘L‘x (4.8



50

Y
40 i 1 i 1 I | i 1 i
0,I5 0,20 0,25
X
50
Y
40 1 i 1 L ] 1 ! 1 L
0,15 0,20 0,25
X
50
Y
e =0,77
40 1 1 1 1 l i 1 i i
0,15 0,20 0,25

SJekil 4.16. Ayr' merkezli boru sistemi icin elde edilen Wilson (izimleri.
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BiILUM 5

SONUG VE (NERILER

Yapilan ¢aligmada agagidaki sonuglar elde edilmigtir:

1. Ayr: merkezli boru sisteminde Newtonian ve non-Newtonian sivilar igin
vaklagik bir ydntemle "hacimsel debi-basing diigmesi" iligkileri bulunmug ve
literatiirden bulunan verilerle kargilagtirilmigtir.

2. Deneysel hidrodinamik ¢aligmalardan ayni kiitlesel debi ig¢in basing
digmesinin merkezlilik orani ile ters orantili olarak degigtigi
gozlenmigtir.

3. Ayri merkezli boru sistemi ig¢in i1s1 transfer korelasyonu

-0,53 6*0,084 0,14

(n/p,),

h,D,,
Nu, = —— = 0,0166 Res’® Pro’> (*)

O

geklinde bulunmugtur.

4. Yaricap degerinin 0,50'nin izerinde oldugu durumlarda, ©&zellikle
non-Newtonian sivilarin pompalanmasinda giigliikler ¢ikmaktadir. Bu nedenle,
daha sonraki c¢aligmalarda deneylerin degigik varigap oranlarinda

vapilabilmesi i¢in uygun pompa elde edebilme imkanlar:i aragtirilacaktir.
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An Approximate Solution for Non-Newtonian Flow in Eccentric Annuli

Deniz Uner, Canan Ozgen, and Ismail Tosun*
Department of Chemical Engineering, Middle East Technical University, Ankara 06531, Turkey

An approximate solution to predict the relationship between volume rate of flow and pressure drop
for steady-state laminar flow of non-Newtonian fluids in an eccentric annulus is described. An
eccentric annulus is modeled as a slit of variable height, and the equations of continuity and motion
are solved for the power-law, Bingham-plastic, and Sutterby models. The results compare reasonably
well with the previously published theoretical and experimental data for radius ratio greater than

0.5.

Axial laminar flow of non-Newtonian fluids in concentric
and/or eccentric annuli is of considerable industrial 81g-
nificance in well drilling and plastic extrusion. Analytical
solutions to the equations of motion in such geometries
are usually difficult to obtain due to the nonlinear nature
of the shear stress-shear rate relationship. Besides, in the
case of an eccentric annulus, the geometrical complexity
creates an additional difficulty. The flow in an eccentric
annulus is analyzed in bipolar coordinates. However, in
this coordinate system, analytical solutions of the equations
of change for non-Newtonian fluids are not possible.

Guckes (1975) used a finite difference technique to solve
the equations of motion for flow of power-law and Bing-
ham-plastic fluids in an eccentric annulus. Mitsuishi and
Aoyagi (1973) experimentally determined the relation
between the volume rate of flow and pressure drop for flow
of a Sutterby model fluid in an eccentric annulus. For this
rurpose, 3.92 wt % (hydroxyethyl)cellulose (HEC) and
344 wt % (carboxymethyl)cellulose (CMC) aqueous so-
lutions were used. They also presented the predictions by
using the variational principle.

For an axial flow in a very thin concentric annulus, it
is a well-known practice to neglect curvature. Hence, the
original problem becomes equivalent to the plane-slit
problem. Following the same lines, when the ratio of the
radius of the inner pipe to that of the outer pipe is close
to unity, an eccentric annulus may be considered as a slit
of variable height (Tao and Donovan, 1955; Iyoho and
Azar, 1981; Tosun, 1984). Iyoho and Azar (1981) deter-
mined the velocity profile for a power-law fluid by using
this model. However, they calculated the volume rate of
flow by using the modified version of the formula given
by Skelland (1967) in which the eccentricity ratio was not
taken into account.

In this work an eccentric annulus is modeled as a slit
of variable height, and the volume rate of flow—pressure
drop relationship is obtained for the power-law, Bing-
ham-plastic, and Sutterby models. The results are com-
pared with those of Guckes (1975) and Mitsuishi and
Aoyagi (1973).

Mathematical Formulation

Figure 1 shows the slit equivalent of an eccentric an-
nulus. An eccentric annulus system can be characterized
by two parameters, namely, an eccentricity ratio, ¢, and
a radius ratio, r*, defined by

(1

Fo— T4

= ri/r, (2)

* Present address: Department of Chemical Engineering,
University of Akron, Akron, OH 44325.

The slit height h as a function of the angle 8 is given as
(Iyoho and Azar, 1981)

h = r[(1 ~ k?sin? )2 + k cos 6 — r*] (3)

where
= ¢{1 — r*) (4)
For steady-state laminar flow of an incompressible

non-Newtonian fluid in the flow geometry shown in Figure
2, the z component of the equation of metion reduces to

dr,,/dy = -d?/dz 53
Making use of the boundary condition T =0aty=0,eq

5 becomes
Py—- P
Tye = (J—E—f)y )

where P, - 7 is the modified pressure drop between z =
Oand z = L.

For a non-Newtonian fluid, the shear stress tensor r is
expressed in the form

T = -y (7
in which 7 is the rate-of-deformation (or, rate-of-strain)
tensor defined by

¥ =Ve+ (VVT 8
The shear-rate-dependent viscosity, 7, in eq 7 depends on
the type of the fluid. For the three types of models, i.e.,

power-law, Bingham-plastic, and Sutterby, that will be
considered in this study, the expressions for n are

mAgmt power-law (9
« TXT1, . .
=Y e+ /¥ T Bingham-plastic  (10)

nolarcsinh By /B4]4 Sutterby (11)

where ¥ and r are the magnitudes of 4 and r, respectively,
and are defined by

¥ = UG (12)
and

T = |[a(r:7)]YY (13)

In the present case, the only non-zero velocity component,
v,, depends on y, and it decreases with increasing y.
Therefore, ¥ = -dv,/dy and 7 = 7,,. Equation 7, on the
other hand, reduces to

Ty, = —n dv,/dy (14)
Power-Law Fluid. Substitution of eq 9 in eq 14 gives
Ty, = m{~dv,/dy)" (15)

0888-5885/88/2627-0698%01.50/0 © 1988 American Chemical Society
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Figure 1. Slit equivalent of an eccentric annulus.

Figure 2. Flow geometry for a slit of variable height.

t** 05
b - This work
003 Guckes (1975)

Figure 3. Plot of § versus ¢ with s as a parameter for r* = 0.5.

Combination of eq 6 and 15 and integration with the
boundary condition that v, = 0 at y = h/2 leads to

1 [ Po-Py ’(ﬁ)’“ y
l”'“s+1 mL 2 1-\%s (16)

where

s=1/n 17

The volume rate of flow, @, can be determined by in-
tegrating the velocity distribution over the cross-sectional
area of a slit as

Q= x‘fezf::ju dy d6 = 4Av{;'f0""zu, dvdé  (18)

The correction factor, A, in eq 18, which is proposed by
Tosun (1984) based on the argument that the flow area
of a slit must be equal to that of an eccentric annulus, is

given by
Ty 1—7‘*2
= e | e 19
A 2(2E—1rr*) (19)

where E, the complete elliptic integral of the second kind,
is defined by

/2
E= (" (1- Kk sin? )2 a0 (20)
0
The use of eq 16 in eq 18 yields
- T 1y 1-r2 " 9 s 9 e
= o — - k? 2
A 2(2) (2E-m‘*)‘£& ({1~ &% sin®6)
k cos 8 ~ r*]*7 dé (21)

in which the dimensionless volume rate of flow, @, is

Q- 9 (22)
° mL

In Figure 3, the dimensionless volume rate of flow, @, i5
plotted versus the eccentricity ratio, ¢, with s (or 1/n) as
a parameter, for r* = 0.5. The integral in eq 21 is evaluates
numerically using 15-point Gauss-Legendre guadrature
(Carnahan et al., 1969) and the elliptic integral E is cal-
culated by the arithmetic-geometric mean process as de-
scribed by Abramowitz and Stegun (1965). As can be seen
from the figure, the predicted values of the proposed model
agree well with those of Guckes (1975).

Bingham-Plastic Fluid. If y, is the value of » for
which 7,, = 7, eq 6 gives

- (23)
Yo (Po-PL)/L -

Due to the symmetry of the problem, it is sufficient to
consider the upper part of the flow domain, i.e.,, 0 Sy <
h/2, in which two regions exist: namely, the plug flow
region for 0 < y < y, and the plastic flow region for y, <
y<hj/2

Combination of eq 10 and 14 leads to
= 14— uo dv,/dy for yy,<y=<h/2 (24)

du,/dy =0 for 0<y=<y, (25)
Substitution of eq 6 in eq 24 and integration yield

-Po“pL(h)Q Y 2
U," 2#01:_’ 5 1_ -}:—/_é -
7of h
:2(5)[1-(-,1—‘}’5)] for yo<y<h/2 (26)
. ;’Prﬂ(é)z (22 )]
! 2upl \2 h/2
7o h
23(5)[1'(:705)} for 0%y<y, (27)

in which the boundary condition v, = 0 at ¥ = h/2 has been
used.

Ty
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Figure 4. Plot of G:? versus e with T, as a parameter for r* = 0.5.
The volume rate of flow can be calculated from eq 18,

However, a simplified formula can be obtained by inte-
grating eq 18 by parts in the form

x ~h/2
Q = -4 fo fa y (dv,/dy) dy do (28)

Considering the fact that dv,/dy = 0 for 0 < ¥ =< ¥, eq28
reduces to

* ~h/2
Q = —4\ fo j; y (dv,/dy) dy df (29)

The use of eq 26 in eq 29 results in

= w 1 - ’.*2
Q = e m (H + 47!’T03 - 3GT()) (30)

where the dimensionless parameters é, H, T, and G are

Q

)
r, ol

(31)

H= 2E('k2; Ty 3r*°') - gK(l B = 7re(3 + r4Y)
(32)
Ty = yo/r, (33)
G = n(1+ %) - 4Ep (34)

The term K in eq 32 is the complete elliptic integral of the
first kind defined by

=2
K=j; dé/(1 - k? sin? g)1/2 (35)

In Figure 4 the dimensionless volume rate of flow, @, is
plotted versus the eccenticity ratio, ¢, with: Ty as a param-
eter, for r* = 0.5. The elliptic integral K is calculated by
using the arithmetic—geometric mean process (Abramowitz
and Stegun, 1965). As in the case of a power-law fluid, the
calculated values agree well with those of Guckes (1975).
The agreement is perfect especially when T} is small.

Sutterby Model. The Sutterby model parameters of
the solutions used in the experimental work of Mitsuishi
and Aoyagi (1973) are given in Table L.

To relate the volume rate of flow to the pressure drop
for flow in a slit of variable height, the procedure described

Table I. Sutterby Model Parameters (from Mitsuishi and
Aoyagi (1973))

solution A B, s o (N3} /m?
3.92% HEC 0.30 0.368 1.21
3.44% CMC 0.45 0.715 1.15

by Sutterby (1966) is used as follows:
It can be shown from eq 6 that

Y
Ty = Tw(h""/‘z‘) (36)
where 7, is the shear stress at the wall of the slit and is
given by
Po-PLlh
™= T (:,,:) (37)

If the variable of integration in eq 28 is changed from y
to 7, according to eq 36, the result is

Q =\ fﬂ h? de j; Ylry/7aD) dr, (38)

Integration of =q 38 by parts once more gives

A “ral . - T"z.
Q=§j;h 7.-j; —)dv]a @9

where 7, is the value of ¥ at the wall of the slit. Com-
bination of eq 11 and 14 leads to

arcsinh By \4
Ty = Mg By ¥ (40)
At the wall of the slit, i.e., at y = h/2, eq 40 takes the form
arcsinh e \4
Tw = fol — } 4, (41)
a
where
a = By, (42)

Substitution of eq 3, 40, and 41 in eq 39 yields
4Q 1f 1-r2 \
B SR . A — k2 ginZ G)1/2

( )J; af(1 sin® §)1/2 4

’n’]‘oa B 2E - qr*
. -24
k cos 6 - r*]2[1 - (?—-’-C%n—}lﬁ) ¢>] 6 (43)
where
'{ arcsinh a4* \
= f o PRyt (44)
0
in which
=4/ 4 (45)

On the other hand, combination of eq 37 and 41, with
the aid of eq 3, gives

(?0 - ?L)ro
2L

ang (arcsinh a)-“ (46)
B[(1 - k* sin? )% + k cos 6 — r*] a

Equations 43 and 46 indicate that 4Q/7r? and (P, -
P)r,/2L are both functions of « (or B¥,) and A. The
computational procedure to determine 4Q/xr,} as a
function of (P~ P, )r,/2L is given elsewhere (Uner, 1987).
The results, which are plotted in Figures 5 and 6, show
fairly good agreement with the experimental results of
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Figure 6. Comparison of the experimental flow data on 3.44% CMC
with the predicted values.

Mitsuishi and Aovagi (1973).

sonclusions

An eccentric annulus has been modeled as a slit of
variable height. The volume rate of flow-pressure drop
relationship for various non-Newtonian models (power-law,
Bingham-plastic, and Sutterby) has been presented as a
function of eccentricity and radius ratios.

1t is important to note that when the radius ratio, r*,
is small the predictions of this approach, as expected, are
not accurate. However, satisfactory results are obtained
as r* gets larger. For r* = 0.5, the use of the proposed
model enables one to predict the flow behavior of non-
Newtonian fluids in an eccentric annulus without going
into too much mathematical complexity.

Acknowledgment

This work was supported by the Turkish Scientific and
Technical Research Council (TUBITAK) Grants MAG-582
and MAG-721.

Nomenclature

4 = parameter in Sutterby viscosity model, dimensionless
4 = parameler in Sutterby viscosity model, s

£ = complete elliptic integral of the second kind, defined by
eq 20

¢ = distance between centers of inner and outer pipe, m

G = function defined by eq 34, dimensionless

= gravitational acceleration, m/s?

= function defined by eq 32, dimensionless

slit height, defined by eq 3, m

complete elliptic integral of the first kind, defined by eq

::3’:\

n N

O
= function defined by eq 4, dimensionless
= length of slit, m
m = parameter in power-law viscosity model, (N-s")/m?
n = parameter in power-law viscosity model, dimensionless
P = pressure, N/m?
? = modified pressure, P + pgy, N/m?
Q = volume rate of flow, m*/s
Q dimensionless volume rate of flow defined by eg 292
@ = dimensionless volume rate of flow defined b\ eq 31
riy = radius of inner pipe, m
r, = radius of outer pipe, m
r* = radius ratio defined by eq 2, dimensionless
s = reciprocal of power-law model n, dimensionless
Ty = function defined by eq 33, dimensionless
v, = z component of velocity, m/s
x, y, 2 = rectangular coordinates

Greek Symbols

«a = function defined by eq 42, dimensionless
¥ = magnitude of the ¥ tensor, defined by eq 12, 1/s
¥ = rate-of-deformation tensor, 1/s
Yo=Y aty=h/2 1/s
y* = dimensionless rate of deformation, defined bv eq 45
¢ = eccentricity ratio defined by eq 1, dimensionless
n = shear-rate-dependent viscosity, (N-5)/m?
= limiting viscosity at zero shear rate, (N-s)/m?
6 = angle
A = correction factor defined by eq 19, m
= parameter in Bingham model, (N-s)/m?
= magnitude of 7, defined by eq 13, N/m?
7 = shear stress tensor, N/m?
= parameter in Bingham model, N/m?
1o = shear stress at the slit wall, N/m?
¢ = function defined by eq 44, dimensionless

h
K
k
L

Superscript
T = transpose
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Fiow of a Power-Law Fluid in
an Eccentric Annulus

Denixz Uner,* Canan Ozgen, and Ismall Tosun,* * Middle East Technical U.

Summary. An eccentric annulus is modeled as a slit of variable height, and the volumetric flow rate of a power-law fluid in an eccentric
annulus is compared with that in a concentric annulus for a given pressure drop. The results indicate an increase in the volumetric flow
rate as the inner pipe is displaced from a concentric position. The effect of the eccentricity ratio on the volumetric flow rate becomes

predominant, especially when the power-law index, n, is small.

Introduction

Flow of drilling muds in concentric or eccentric annular spaces is
quite important in the petroleum industry. When the ratio of the
radius of the inner pipe to that of the outer pipe is close to unity,
a concentric annulus may be considered to be a thin-plane slit and
its curvature can be neglected. In the case of a narrow, eccentric
annulus, on the other hand, the annular space is approximated by
a slit of variable height.!-* Iyoho and Azar3 determined power-
law velocity profiles inside an eccentric annulus using this approach.

In process calculations, the volumetric flow rate is of more in-
terest than the distribution of velocity inside an eccentric annulus.
Iyoho and Azar calculated the volumetric flow rate by using the
modified version of Skelland’s® equation. This equation is origi-
nally derived for flow through a concentric annulus dnd is therefore
independent of the eccentricity ratio. It is widely known that the
displacement of an inner pipe from a concentric position causes
an increase in the volumetric flow rate of a Newtonian fluid for
the same pressure drop. 46 Depending on the values of the eccen-
tricity and radius ratios, this increasc may be up to 240%. Thercefore,
the formula used by Iyoho and Azar in the calculation of the volu-
metric flow rate in an eccentric annulus is not appropriate.

Tosun* used the model of Iyoho and Azar to calculate the volu-
metric flow rate of a Newtonian fluid through an eccentric annulus
as a function of eccentricity and radius ratios. The results are shown
to be in good agreement with the exact values for radius ratios
greater than 0.3, In the present analysis, Tosun's procedure is ex-
tended to calculate the volumetric flow rate of power-law fluids
through an cccentric annulus. The results indicate that as the power-
law index, n, decreases, the displacement of the inner pipe from
a concentric position causes a tremendous increase in the volumetric
flow rate of a power-law fluid at constant pressure drop.

Velocity Distribution

The slit equivalent of an cccentric annulus is shown in Fig. 1. An
eccentric annulus system can be characterized by two parameters—
an eccentricity ratio, R,, and a radius ratio, R,, defined by

Re=Lp/(rU~r,-) .................................. H
and R, =r/r . o (2)

The values of R, vary between 0 and 1. When R, =1, the inner
pipe is in contact with the outer pipe. On the other hand, R, =0
represents a concentric annulus system.

The exact representation of the slit height, A, is given by Iyoho
and Azar as a function of the angle 6:

h=r(NT=fTsin 0 +£cos 0-R,). ....coveirneann... 3
where f=R,(1-R,)). .. ... ... .. ... ... ... 4

For steady-state laminar flow of an incompressible power-law
fluid in the flow geometry shown in Fig. 2, the z component of
the equation of motion is

dryz/dy= —(dp' /D), e 5
where p' is defined by
PIEPEPEY. e (6)
“Now at lowa Stata U,

**Now at U. of Akron.
Copyright 1989 Society of Petroleum Engineers

SPE Drilling Engineering, September 1989

Integration of Eq. 5, using the boundary condition 7, =0 at y =0,
gives

Ty (AP LY. o s (7

where Ap'=p/—p; is the modified pressure drop between z=0
and ¢=L,. *

For a power-law fluid, the shear-stress/shear-rate relationship is
expressed as

-1
rye=—mldv Ady] " (v Ay ®

Because of the symmetry of the problem, it is sufficient to consider
the upper part of the flow domain—i.e., 0y < h/2. In this region,
v, decreases with increasing y. Therefore, Eq. 8 reduces to

7y =1 =dv, A, 9
Combination and integration of Egs. 7 and 9 yields

n [/ Ap' \Vaspy\1+(m y 1+
v, = (—-p——> (—-) x—(——— . . (10)
n+l \ml, 2 h/2

in which the boundary condition v, =0 at y=h/2 is used. Note that
Eq. 10 was originally obtained by Iyoho and Azar.

Volumetric Flow Rate

Concentric Annulus. For flow of a power-law fluid between two
parallel plates, the volumetric flow rate? is

q=2bh2[nlQ2n+ O)(Ap'hyy/mL)Vn. (n

Approximation of the annular space by a plane slit gives the slit
height as

iy =ro—~ri=r,(1-R). ... .. (12)

On the other hand, the flow area of the plane slit must be equal
to the flow area of the concentric annulus so that

brl=R)=x(r2—r2). oo (13)
Eq. 13 gives the width of the plate as
b=xr {L+R,). e (14)

Substitution of Eqgs. 12 and 14 into Eq. 11 results in the approximate
expression for the volumetric flow rate in a concentric annulus:

xrl n < Ap'r,
2 2n+1\2mL,

qé=

tn
> (L+R)(1=R)2+0m - (15)

which was originally obtained by Savins.8 Iyoho and Azar used
Eq. 15 for an eccentric annulus.

It is worthwhile to compare Eq. 15 with the exact expression to
investigate its validity. Fredrickson and Bird9 determined the volu-
metric flow rate of a power-law fluid in a concentric annulus to be

Ap'r,

tin 1
) [ umvaln2—u2jistimn, (16)

q¢ =xr3<
5 R,

2
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Fig. 1—Siit equivalent of eccentric annulus.

Fig. 2—Flow geometry for slit.

Hanks and Larsen !0 later analytically evaluated the integral in Eq.
16 and obtained '

E=xrd[n/Gn+ DAp ro/2mL yVR[(1 - R2) L+ — R 1 =(1in)

XNZ=R2)VHAIY an

The term X in Eqs. 16 and 17 represents the dimensionless radial
position at which velocity is maximum. Hanks and Larsen? also
tabulated A values as functions of # and R,. Using Eqs. 15 and 17
allows the ratio of the exact and approximate volumetric flow rates
in a concentric annulus to be calculated as a function of # and R,.
[t is obvious from the results (Table 1) that Egs. 15 and 17 yield
almost identical volumetric flow rates for the ranges in diameter
ratio and power-law index experienced in normal drilling opera-
tions. Eq. 17, however, should be preferred over Eq. 15 for small
values of n and R,.

Eccentric Annulus. Tosun? indicated that the flow area of the slit
of variable height must be equal to the flow area of the eccentric

270

TABLE {—RATIO OF EXACT AND APPROXIMATE
FLOW RATES IN A CONCENTRIC ANNULUS

ql/qs

A, n=010  n=025 n=050 n=1.00
0.1 1.3390 1.2284 1.1401 1.0740
0.2 1.1866 1.1235 1.0741 1.0396
0.3 1.1092 1.0718 1.0434 1.0233
0.4 1.0645 1.0439 1.0257 1.0139
05 1.0409 1.0246 1.0145 1.0085
0.6 1.0118 1.0106 1.0087 1.0036
0.7 0.9964 1.0036 1.0047 1.0043
0.8 0.9609 0.9952 1.0037 1.0062
0.9 1.0109 1.0363 1.0381 0.9779
10
9 -
8 -
7 b
5 b

s

~ 5 fo

s
4 -
3 b
2 b
!
0 ! 1 ! ! i I 1 ]
00 0f 02 03 04 o 05 06 07 08 09

Fig. 3—Plot of computed values of qt/qs vs. R, withn as
a parameter for A, =0.3.

annulus so that

- 2. h/2
w(r}—r2)=Fo j dydf, ... (18)
0 -h2
where £, is a function of R, and R,. From Eq. 18, F ., becomes
Feor=(xr /DT =RQE-2R)). ....... .. ... ... .. (19
in which E is defined by
- %72
E=| NT=Tsin? 648, ... (20)
0

The volumetric flow rate can be calculated from

- h/2
vdydd. oo @n

2r
9 =Fm,j |
0 ~hn2

The use of Egs. 3 and 10 in Eq. 21 gives

) n 1-R}? Apr,\n .«
qa= [ ( I )< ) ‘(~’1~f23in29

2 2+ 1 \2E-xR,/\ 2mL, 0

+fcos G—R,)2Umdg. (22)

SPE Drilling Engineering, September 1989



TABLE 2—VALUES OF q/q,'" AS A FUNCTION OF R, AND R, FOR n=0.10

R,

i 0.1 0.2 0.3 0.4 0.5 0.6 07 0.8 0.9

0.1 08797 0.9458 0.9187 0.9000 0.8890 0.8861 0.8921  0.9095 0.8431
02 09819 09515 09269 0.9095 0.8987 0.8945 0.8977 0.9094 0.9321
03 09842 009574 0.9353 09193 09089 0.9041 0.9050 0.9126 0.9279
04 09864 09632 0.9439 09296 0.9198 09146 0.9140 0.9184 0.9286
05 09887 09692 0.9527 0.9402 0.9314 09261 0.9244 0.9266 0.9329
06 09909 09752 0.9617 09513 09436 0.9386 0.9364 0.9369 0.9405
0.7 08932 09813 0.9709 0.9627 0.9565 0.9522 0.9498 0.9494 0.9509
0.8 09954 09874 0.9804 0.9746 0.9702 0.9669 0.9648 0.9639 0.9643
09 09977 09936 0.9900 0.9870 0.9846 0.9828 0.9815 0.9807 0.9806

TABLE 3-—-VALUES OF g, /g AS A FUNCTION OF R, AND R, FOR n=0.25

AR,

R, 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.1 09894 09645 0.9370 09145 0.8996 0.8932 08961 0.9105 0.9409
0.2 09906 09684 09437 0.9233 0.9093 0.9024 0.9031 0.9124 0.9327
0.3 09918 09722 09505 0.9322 0.9193 09123 09114 0.9171  0.9307
0.4 09930 0976t 09573 0.9413 09297 0.9228 0.9209 0.9240 0.9329
0.5 09941 09801 0.9642 09506 0.9404 09340 0.9314 0.9327 0.9382
0.6 09953 0.9840 0.9712 0.9600 09515 0.9458 0.9430 0.9431 0.9461
0.7 09965 09880 0.9783 0.9697 0.9630 0.9583 0.9556 0.9550 0.9563
0.8 09976 0.9919 0.9854 0.9795 0.9748 0.9714 0.9693 0.9684 0.9687
0.9 09988 0.9959 0.9926 0.9896 0.9872 0.9853 09840 0.9833 0.9832

TABLE 4—VALUES OF q,"/q,'” AS A FUNCTION OF R, AND R, FOR n=0.50

R9

R, 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.1 09935 09762 09537 09316 0.3141 0.9039 0.9030 0.9136 0.9403
02 09942 09788 0.9588 0.9389 0.9230 0.9132 0.9108 0.9173 0.9349
0.3 09949 09815 0.9638 0.9463 0.9321 09228 0.9196 0.9232 0.9348
0.4 09956 0.9841 0.9689 09538 0.9412 0.9327 0.9291 0.9307 0.9382
0.5 09963 0.9867 0.9740 0.9612 0.9505 0.9430 0.9393 0.9395 0.9440
0.6 09971 09894 0.9791 09688 0.9600 0.9536 0.9501 0.9495 0.9520
0.7 09978 09920 0.9843 0.9764 0.9697 0.9646 0.9615 0.9605 0.9616
0.8 09985 09947 0.9895 09842 09795 09760 0.9736 0.9726 0.9728
0.9 08992 09973 0.9947 09920 0.9896 0.9877 0.9864 09857 0.9856

TABLE 5—VALUES OF q*/q/" AS A FUNCTION OF R, AND R, FOR n=1.00

R,

A, 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.1  0.9956 0.9834 0.9660 0.9470 0.9297 05174 0.9128 0.9192 0.9414
0.2 09961 09852 0.9698 0.9528 0.9373 0.9260 0.9209 0.9242 0.9386
0.3 09966 0.9871 09735 0.9586 0.9450 0.9346 0.9294 0.9307 0.9400
0.4 09971 09889 0.9773 0.9645 09526 0.9435 0.9384 0.9383 0.9442
0.5 09975 0.9907 0.9810 0.9703 0.9603 0.9524 0.9477 0.9468 0.9503
0.6 09980 0.9926 0.9848 0.9762 0.9680 0.9615 0.9574 0.9561 0.9579
0.7 09985 0.9944 0.9886 0.9821 0.9759 0.9708 0.9674 0.9660 0.9668
0.8 09990 0.9963 0.9924 0.9880 0.9838 0.9803 0.9779 0.9766 0.9767
0.9 09995 09981 0.9962 0.9939 0.9918 0.9900 0.9887 0.9879 0.9878

With Eqs. 17 and 22, the ratio of the volumetric flow rates in ec-
centric and concentric annuli at constant pressure drop becomes

q8  3n+i < 1-R? )
q¢ 22n+1) \2E-rR,

X

| (VT 5inT 0 +fcos 0-&,)2+Umag

x -2 o 23)
{(l _..)\2) L+ (t/n) _er —(un)(;\z "er) { +(!/n)]

The integral in Eq. 23 is evaluated numerically with a 15-point
Gauss-Legendre quadrature, ' and the elliptic integral, £, is cal-
culated by the arithmetic/geometric mean process described by
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Abramowitz and Stegun. 2 The results for R, =0.3 are shown in
Fig. 3.* As can be secn in this figure, the eccentricity ratio, R,,
has a profound effect on the volumetric flow rate, especially at low
values of the power-law index, n. .
Vaughn? also treated the eccentric annulus as a slit of "?”ﬂb’?
height and obtained the following expression for the volumetric flow
rate:
@8 =(rJIH[A/2n+DJ1=R2)(1 =R,y +H(1/m
< 2r N
X1 (L+R, cos §)2+iimgg, ...
0
“Results for A, valuas of 0.5, 0.7, and 0.9 are availabls from the auirors



Therefore, the ratio of the volumetric flow rates for the same
pressure drop becomes

Q8798 =2xl[QE-xR)(\L~R)VFWmy (25)
L4
| (VT 5inT 0 +fcos 6-R, )2+ (umgg
where ¢ = 0 ; . .. (26)
j (1+R, cos §)2+(Um g
0

The ratio of the volumetric flow rates (Eq. 25) as a function of
R, R,, and n is given in Tables 2 through 5. As expected, the ratio
converges to unity at n=1 as R, and R, approach one and zero,
respectively. In general, the expression developed by Vaughn?
slightly overestimates (1 to 10%) the volumetric flow rates com-
pared with the expression presented in this work.

Concluslions

An approximate solution was presented to calculate the volumetric
flow rate of a power-law fluid in an eccentric annulus. The ratio
of the volumetric flow rates in eccentric and concentric annuli at
the same pressure drop is calculated as a function of the eccentricity
ratio, power-law index, and radius ratio. The results indicate a strong
dependence of volumetric flow rate on the eccentricity ratio when
the power-law index is small.

Nomenclature
b = slit width, ft [m]
£ = complete elliptic integral of second kind, defined by
Eq. 20
[ = function defined by Eq. 4, dimensionless

Feor = correction factor defined by Eq. 19, ft [m]}
& = acceleration of gravity, ft/sec? [m/s?]
h = slit height, defined by Eq. 3, ft [m]
hy, = half-thickness of plane slit, ft [m]
L, = distance between centers of inner and outer pipe, ft [m]

P
L, = length of slit, ft [m]

m = parameler in power-law viscosity model, Ibf-secn/ft2
[Pa-sn]
n = parameter in power-law viscosity model, dimensionless

[

i

p = pressure, psi [MPa]j
p’ = modificd pressure, defined by Eq. 6, psi [MPa]
4Ap' = modified pressure drop, psi [MPa]

q = volumetric flow rate, ft3/scc [m3/s]
92.98" = volumetric flow rates for this work and Vaughn's work,
respectively
r; = inner pipe radius, ft [m]
r, = outer pipe radius, ft [m]
R, = eccentricity ratio, defined by Eq. 1, dimensionless
R, = radius ratio, defined by Eq. 2, dimensioniess
u = dummy variable in Eq. 16, dimensionless

21

v, = z component of velocity, ft/sec [m/s]
x,y.2 = rectangular coordinates
6 = angle, degrees
A = dimensionless radial position (r/r,, at which velocity
is maximumy)
p = density, Ibm/ft3 [kg/m3]
7y, = shear stress (flux of z momentum in y direction),
Ibf/ft? [Pa)
¢ = function defined by Eq. 25, dimensionless

Subscripts
¢ = concentric
e = eccentric

Superscripts
a = approximate
e = exact
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ABSTRACT

The laminar flow heat transfer problem is solved analytically by using
an approximate method in which the eccentric annulus is modelled as a slit
of variable height. The fully developed Nusselt numbers are evaluated for
the fundamental boundary condition of the first kind.

An empirical correlation for turbulent flow is obtained by using the
Wilson-plot technique in the form

0.8 Prcl)/B r*~0.03 6—0.084

Nu = 0.0166 Re ' (p/p )0'14
O O

w O
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INTRODUCTION

The transfer of heat to or from fluids flowing in doubly connected
ducts is one of the most important modes of heat transfer in industry. In
cases where analytical solution is possible the first step is to obtain the
velocity distribution. Then the energy equation can be solved together with
the boundary conditions suitable for the system characteristics. The
fundamental thermal boundary conditions for doubly connected ducts can be

classified as lollows (Shah and London, 1978):

1. Fundemental Boundary (ondition of the Firsi{ Kind: On one wall constant
temperature, different from the entering fluid temperature, is
speciflied. The other wall is at the constant lemperature of the entering
fluid.

2. Fundamental Boundary Condition of the Second Find: On one wall constant
axial and peripheral wall heat flux is specified. The other wall is
insulated.

3. Fundamental Boundary Condition of the Third Find: On one wall constant
temperature, different from the entering fluid, is specified. The other
wall is insulated.

4. Fundamental Boundary Condition of the Fourth find: On one wall constant
axial and peripheral wall heat flux is specified. The other wall is at

the constant temperature of the entering fluid.

Laminar forced convection in eccentric annuli has been studied by a
few investigators. Snyder (1963) studied slug flow heat transfer and

obtained the following correlation for liquid metals:



8

Nu = 0.667 Nuq + 0.025 Peo' (1)

where Nuq is the slug flow Nusselt number and

} Dh<v>Cpp

Pe = Re Pr = (2)

k

Cheng and Hwang (1968) used a 20-point matching method and obtained
Nusselt numbers for constant and equal temperatures on both walls.

Trombetta (1971) analyzed the laminar flow heat transfer problem in
eccentric annuli by using the boundary conditions of the first, second and
fourth kinds. He used a discrete least squares method to evaluate the
Nussell numbers.

Allhough the energy equation is valid for both laminar and turbulent
flows, the complicated nature of turbulent flow makes it impossible to
develop an analytical solution. As a result, the heat transfer mechanism in
turbulent flow is interpreted in terms of empirical or semiempirical
correlations for most {low geometries.

Up to 1936 a large number of turbulent heat transfer data had been
obtained for circular pipes. Most of these were correlated by three group
of workers: namely, Dittus and Boelter (1930), Colburn (1933), and Sieder
and Tate (1936).

Monrad and Pelton (1942) and Wiegand (1945) independently studied the
turbulent heat transfer in concentric annuli. The proposed correlations
were similar to those for circular pipes. However, an additional term,
radius ratio, is included to take the effect of the concentric system

geometry into account.



All the correlations mentioned abo

Nu = C Re“ Prﬁ r
where
hDh
Nu = -~
D <vop
Re = h
I
uC
Pr = ——E
k
* ri
r = —
r
e}

The values of the coefficie

Table 1.

*Y

ve are of the form

(4)

(5)

nt C, and the constants a, §, and 7 are given in

Table 1. Turbulent flow heat transfer coefficient correlations.

Geometry C a g 7 Reference
0.023 0.8 1/3 0 Sieder & Tate (1936)
Pipe 0.023 0.8 0.4 (heating)
0 Dittus & Boelter (1930)
0.023 0.8 0.3 {(cooling)
. 0.020 0.8 1/3 -0.53 Monrad & Pelton (1942)
Concentric
annulus 0.023 0.8 0.4 _0.45 Wiegand (1945)
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Turbulent flow heat transfer characteristics of eccentric annular
ducls, as in the case of laminar flow, have received sparse attention in
the literature (Judd et al., 1963; Lee and Barrow, 1964; Yu and Dwyer,

1966) and no correlatlion is available.
THEORETICAL DEVELOPMENT

When the ratio of the radius of the inner pipe to that of outer pipe
is close to unity, an eccentric annulus can be modelled as a slit of
variable height ( Tao and Donovan, 1955; Iyoho and Azar, 1981, Tosun, 1984;
Uner et al., 1988) as shown in Figure 1. The slit height, 4, is given by

Ivoho and Azar {(1981) as

A= r [ ll - {?gin%0 + lcos# - r*] (8)

where the eccentricity ratio, ¢, and the function { are defined by

e = distance between tube centers (9)
r - r,.

{ = ¢ (Ll -1) {10)

For the fundamental boundary condition of the first kind, the fully

developed temperature distribution and the bulk temperature are given by

T+ T
2

o y
T = (Tw Te) T +
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T+ T
w e

The Nusselt number is defined as

AL V7 (13)
(T~ Ty)/Dy,

where Dh’ hydraulic equivalent diameter, is given by

D = 2r (1-r¥) (14)

L T 2rg r)
Substitution of Egs. 11, 12, and 14 into Eq. 13 gives
*
Nu = 4(1-1r ) (15)
1-/%5in%0 * lcosb - ¢~
Thus, the average Nusselt number can be evaluated from
2n
]
R = o= J; Nu df (16)

In Figure 2 the calculated average Nusselt numbers are plotted as a
function of r® with ¢ as a parameter. When ¢ is low, the Nusselt number is
almost independent of r*. In the limiting case, i.e., ¢ - 0, Eq. 15
indicates that Nu = 4 which is the fully developed Nusselt number for
parallel plates. The results agree well with those of Trombetta's when

€<0.7 and r'>0.5.



EXPERIMENTAL STUDIES

Experimental Apparatus

The experimental apparatus consists of a test section, a hot water
line and a cold water line as shown in Figure 3.

The test section is a 3 m vertical double-pipe heat exchanger with
pipes made of copper. The outer pipe has an inside diameter of 45 mm and an
outside diameter of 50 mm. Two inner pipes with outer diameters of 19 mm
and 25 mm are wused to provide different radius ratios. Vertical
installation is preferred to avoid bending, which disturbs true
eccentricity adjustment. The eccentricity ratio is adjusted by a flange
system specifically designed for this purpose.

Demineralized water is heated in a tank using a steam jacket and
circulated through the annulus by a pump. Bulk temperatures at the inlet
and the outlet of the test section are measured by resistance temperature
detectors. Hot water flow rate is measured by an orifice meter. The outer
surface temperature of the inner pipe is measured by iron constantan
sheathed thermocouples.

Cold water is pumped through the inside tube. The construction of this

line is similar to the hot water line.

The Wilson-Plot Technique (Briggs and Young, 1969)

This technique aims to resolve the individual coefficients from the
overall coefficient, which is easier to determine as compared to the

measurement of the film resistances.
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The overall heat transfer coefficient is expressed as

D /D.
1 o' 1
h + Rw + h.
o o) i

In Eq. 17 the wall resistance, Rw’ and the inside and outside tube heat

transfer coefficients are defined in the form

R = kAZ (18)
W w 1lm
h D
oh _ c R 0.8 Pr1/3 X7 0 ¢O.14 (19)
k o) o) o
o
h.D.
L5 pd8 pyl/d 014 (20)
i i i i
Substitution of Egs. 19 and 20 into Eq. 17 and rearrangement gives
1 1
Y==X4+— (21)
Ci Cor*Tfo

where

D) k) [Re, 0.8 Pr_ 1/3 ¢0 0.14 )
X = o |om| R
Dy | |k | |Re; Pr, $;
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k
Y = {£~ - R ] 2 Reo'8 Prl/a ¢0'14 (23)
W o o o)

Therefore, X versus Y plot can be prepared by changing the tube side and
the annulus side flow rates. The values of Co’ 7, and ¢ are evaluated from

the intercept of the resulting straight line.

Experimental Results

The first set of experiments is carried out with the inner and outer
pipes positioned as a conceniric annulus with a radius ratio of 0.42. The
resulls are compared with the Monrad and Pelton (1942) and Wiegand (1945)
correlations in Figures 4 and 5, respectively. Since the correlation
proposed by Monrad and Pelton agrees well with the experimental data, the
power of radius ratio, 7, is taken as -0.53.

Then, by keeping the radius ratio constant at 0.42, the inner pipe is
displaced from the concentric position and the experimental data are
obtained at the eccentricily ratios of 0.38, 0.54, and 0.77. The values of
CO and ¢ are delermined from the corresponding Wilson plots given in

Figures 6-8. The final form of the heat transfer correlation becomes

Nu = 2D - 0.0166 ReO'8 ppl/3 (*-0.53 -0.084 0.14 (24)
O O O W O

To check the validity of the proposed correlation for the other values
* : * -
of r and €, another set of experiments are conducted at r = 0.56. The
results for a concentric case, however, reveal some interesting phenomena.

First of all, the experimental data do not follow the Monrad and Pelton



correlation as shown in Figure 9. Besides, the heat transfer coefficient,
ho’ is greater than the one for =z 0.42. Although the increase in ho with
an increase in r may seem contradictory to Monrad and Pelton correlation,
the similar behavior is also observed by Wiegand and Baker (1942) for

0.518¢r"<0.602.
CONCLUSIONS

When the eccentricity ratio is large, it is possible to model an
eccentric annulus as a slit of variable height. This geometry can be
successfully used to solve heat transfer problems in eccentric annulus.

The proposed correlation has a limited applicability and should be
used with caution. An extensive experimental study, which covers a wide

* ..
range of r and ¢ values, is in progress.
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NOTATION

Alm = log-mean area

Ci = inside heat transfer coefficient constant

CO = oulside heat transfer coefficient constant

ép = heat capacity at constant pressure per unit mass, J/(kg.K)
Dh = hydraulic equivalent diameter, m

h = heat transfer coefficient, W/(mz.K)

hi = inside tube heat transfer coefficient, W/(m®.K)
ho = outside tube heat transfer coefficient, W/(m?.K)
k = thermal conductivity, W/(m.K)

{ = function defined by Eq. 10, dimensionless

Nu = average Nusselt number

Nui = inside tube Nusselt number

Nu0 = outside tube Nusselt number

Pe = Peclet number

Pr = Prandtl number

Rw = wall resistance defined by Eq. 18, W/K

Re = Reynolds number

r. = outside radius of the inner tube, m

ro = inside radius of the outer tube, m

r* = radius ratio defined by Eq. 7, dimensionless

T = temperature, K

Tb = bulk temperature, K

Te = inlet temperature, KX”

Tw = wall temperaturg, K

U = overall heat traﬁsfer coefficient

-11-
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vy =

XY

it

X,y¥,2=

average velocity, m/s

coordinates of the Wilson-plot

rectangular coordinates

Greek letters

eccentricity ratio defined by Eq. 9, dimensionless

€ =
J = viscosity, Pa.s

r, = viscosity at wall temperature, Pa.s
A = slit height defined by Eq. 8, m

P = density, kg/m’

$ = viscosity ratio, #/k,s dimensionless
Subscripts

i = inner tube

o = outer tube

W = wall

-12-
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Figure 2. The average Nusselt number vs. r* with ¢ as a parameter.
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Figure 3. Schematic diagram of the experimental setup
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Figure 4. The Wilson-plot of concentric annulus (r*z 0.42) using Monrad
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Figure 5. The Wilson-plot of concentric annulus (r*: 0.42) using Wiegand
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Figure 6. The Wilson-plot for r = 0.42 and € = 0.38.
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Figure 7. The Wilson-plot for r'= 0.42 and € = 0.54.
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Figure 8. The Wilson-plot for r*: 0.42 and € = 0.77.
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Figure 9. The Wilson-plot of concentric annulus (r*
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