
THT UNIVERSITY OF MANITOBA

EXPERIMINTAL ANALYSIS OF TURBULENT FLOW IN A

LONGITUDINAL INTERNALLY FINNID TUBI

Albert Chun-Yau Lau

A Thesi s

Submitted to the Faculty of Graduate Studies in

Partial Fulfillment of the Requìrements for the

Degree of l4aster of Scjence

Department of l4echanical Engineering

t,J'inn'ipeg, l4ani toba
May, l9Bl "

by



EXPERIMENTAL ANALYS]S OF TURBULENT TLOI,J TN A

LONGITUDINAL INTTRNALLY FINNTD TUBT

BY

ALBIRT CHUN-YAU LAU

A thcsis subnlittecl Io tlrc Faculty o1'Gradrratc Stuclics of'

tltc Utlive rsit¡, of ['larlitc¡ba in pai:tiaì fuìl'illrnc¡t ol't¡e rerluiretne¡ts

of thr' dcgrec ol

MASTTR OF SCIENCE

o l98i

Pcnnission has becn grantr:cl to the LIIJRÄRY OF THE UNIVtriì-

SITY Olr þ1AN.t'follA, to ie nd or sell copics oi this thesis, to

thc NA'flONAL LiBIìAIIY OIì CANADA to microfìlnr this

ihesis and to len,J or scll copic's of the filnr, ancl UNIVERSITY

MICiìOt'll-lv{S to publish an rbstract of this tllesis.

f'he ar¡thor reserves othcr ¡rublication rights, and neither the

tJresis nor cxteusivc extracts lronl it rnay be printed or other-

rvise reirrocluced rvithor¡t thc eutho¡'s written pelurission.



TtrBSTR¡ie T

An experimerrlal study t,ras cilneÌr¿cted frr fui ly devel ope<1 turbu'lent ai r

f j ar"+ through a s tra'ight i ¡rter¡raJ ly f.i nnecj tuhe i¡rt äeynoi ds numbers

(based on equÌvalent hydraulìc diar,*tÉr and a:riai huik velocìty) of

5(1,ÜÛt anC 7'1,û0ú" lhe finning configur"atiern co*sìsted of six longìt*

uclina.l rectanguÌar (38.1 x 4"9 nr¡n) fins equi*spaced in a 114.3 m¡i I.D.

tube. The 6.1 rn iong'f"esÈ section was'ínsta'lled on a wi¡¡d tunr¡el which

operated 'in the open circu'it- mcde. Pito"t tuhe arid h6t-'¡¡ire anemometry

measurements r'r¡ere macie fro¡n the djscharEe end e¡f .the test sectjon

approximateìy 135 equivalent hyd'r"aulÍc d'iemeter f,r*m the ìnlet"

Distributjons of the mean axial velocity, when normalized by the

bulk axial velocity, were ìndependerrt cf Reynoids number. Ëvidence in

favor of an universal logarithm'lc law u¡as found. ûrruble peak velocì1-ies

were f ouncJ aì ong th+ 3û degrees symmetry I i nes " l'wo counter-i-otati ng

cells of secondary flow r'iere found to exist'in each of th* twElve

priinary flow cells, lEith a rna¡rjnrui¡i sircundary velocity of about 4tri of

the bul k axial ve'locì ty" l'he average vra'l I shear stness al ong the tubr:

u¡al I was almost the sð,rle as thai along the f jn surface. The effect of

secondary fioiv u¡as mcre pronoirnced upcn the t,urbulent k'inetjc energy

djsiribut'ion than the axial nrean veloc'ity distrib,ltjon. The experiment"al

friction factor were about 5% to B?; higher ihan those predìcied b¡r tþç

Prandtl *Ni kr¡radse conrel ati on.
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N0til[ þlcLf{TiiR ¡:

a rad j us of brass p'ipe

b average d'istance between f i ns

d outs'ide diameter of Pi trrt tube

Dh equìvaìen't hyctraul ic diarneteÌ', ¿1 {cross.-sect-ior¡al arct )/
" (actual r,/ett.ed penimeier)

El voltage of hct-wire with r\¡'ine anEÌe = + 45o to f'"iow axis

EZ voìtage of hot-w'ire v¡ith wire anEìe = - ¡l5u to flot¡ axis

f frict'ion factor, (2 Dn/oufir) {dPld;t}

H dimensionless fin he'iEht, g/R

L length of test sect'ion

¿ fin height

Îuî number of equi-spaced fins

P pressure

p p j tch of f-i ns (l enqi;h per turn )

õ turbulent kinetic energy per uriit mass, ¡s {ut'" vz + wT}

r radial drstance from center of fi¡rnerj iube (radjal coordjnaLe)

R inside radius o'f internally finned'lube

Re Reyno I ds nuirbe r, ,,rU* D,.,/u

Rê," Reynoìds nuätbrer, aJl fluid propenties are b¿rsed on buik
' temperature oUO* Dr/u

u"v,w fluctuating components of the velocities in the axial, radia'l
and peripheraì direc.tions,nespectiveì;r

u* iocal fnìct'icn velocity, i",,u/o)ä

uE aver¿ì!¡e f ri ct j on veì oci ty , {; / p)\



u U/u*

ü axial meaR veìocriy (ùime-average)

Uh average mear: axÍ¿il r:Êiücity oi'er primary fJorç cel I (bulk" vei ocí ty)

U^* overall bulk velccìiy for ìnter¡ialiy fin¡led iubeÐ't

Üru. resui tarrt of i anci iI, (v" * r,i')%

äílV,'i,'l radial a.nd peripheral m*an velt;cjifes isecondary velccjties)

x axí a l cocrrdi nate

.y, z directions (see í.ì9. 3)

ì. .y dimensjonless djstance from suy.face, {{iis.t_ance) u*./v

y* distance a'long fin measured fnom'Lhe fin iip
û, hel'ix angìe

0 anguìar coordinate

v I ami nar k j nemati c v'iscosì ty

u I ami nar ciynarnì c vi scos ì ty

p fìu'id densiiy

t,u local wall shear stress

i crìJeraqe of local wa]l shear stress over tube and f inl¡,

î avêrr-r.ge \.raì 1 shear stress - (dP/dx) (Dh/4)



I "0 I NTRODUCT TON

in recent year$, the need for high per"i"ormance the¡'nial systems

has stimulated a considerable amount of research in methods io auginent

heat trar"is îer" usual'ly ai the expense of pump'irìg poweí. or e¡:ternal

porlrer appl'iec to the systenrs, 'Lhe techn"iques whicfu have been found to

enhance heat transfer for i nterna'l 'l'l olvs i ncl ude:

1 ) dispìaced promoiers " 2j surface vibrationo S) fluicl r¡jbration,

4) electrostatic fields, 5) f]uid additives, 6) irortex floiv, and

i) surface p,*omoters " l-foweveru the methods I - 6 are ei ther j irnì ied

tei certajn.s'ize of s.vstem on not economicalìy feasible. Sunface

promoters include: a) selective surface finish a.nd b) increasing the

heat tra¡rsfer area try adding'inner fins to the sffiooth tube. lnlany of the

surface fi n-ishes are not feas jble for mass-productic.¡n froni an econonl'ic

standpoirrt" But adding ínner f.ins to a smooth tube is a direct method

o'r" r'educing the theiriral resistance an the inside of the ûubes.

l4odern technülrEy h*s recen['l¡r macÍe ii possib]e to manufac'{:ure

internally finned tubes. These h.rve their appf icetion Ìn heat e;lcharrge

equipnrenL; the most conmon arr"äTlgement be'ing 'longi tudinal f ins of any

shane ¡rttached to the i nsi cie psri pheral surl"acr of the tui:e ^ Hûivever"

it is r:ot possjble to utiij¿e data'for.the externai fin or smoc'fh pìpe

to preciict the performo.nce of these internel'ly f inned tubes" Seve ral

invest'igators | - 241 had studieo the heat 'll"ansfer and pressure tlrop

characieristics of intel-nei ly fÌnned tubes in turbuient and laminar flcw

with cijff*rent flu'iris. It r¡as found that the performance of Ìnter^naìly



f i nned tubes was ,i nherentìy superj or ic .L.hat of snlcoth Fi pe.

Internali¡r fir¡ned tubes can also be cìo.ssified jn the cai.e[Jrry

of non-circular ducLs. Turbulent flo'*,,r in such a geonei:ry ìs accornpanied

by ìateraì spirel niot'ions¿. These spit'al nations, cålled seconclar^y fìor,is,

convect priinar,v f jo',+ momenÈum towarCs tïre v¡al ls in sonie regi on anci away

fnorn the u¡alls in oihei" regìons. The seconilary flows can affer:t tire

temperature di Bi.rÌ buti on and consequentìy the hee l. irans fer perfornrance

of internaìly finned tubes" So far, no detajlecl measurements of 'rrnirnary

'Flar'¿ and secondar-v flows are availablefor internai'ly finneci Lubes.

l.l CIb"iective ancl Scope-

The present vlork was cione to expìore experjmental l.y the

flow structure of fully developed t.urbuient ad"íabatic air flow through an

i nterna ll"y f inneri tube. The expei'imental resul ts had al so served as a

basis for a two*equat'ion timtlulence niocie'l urhjch had been deveìoped*to

predìct both fluid flour end heat transfer characteristics'in interna'l"ly

finned tubes under fuì l-v developed conrÍit'icns. The test section shown

in tig. I was installed on a wjnd tunnel whjch opera'Led'in the open

circuit mode. Fc'l'lowing confirmation c'F fìow syniurei..ry, the Pìtot tube

and ho'r-*1.¡jre anemonretry fieasureiT¡ents were made in one o'i the t'.velve

prjmary flow cells.

In order to facilitate measurements, the cross seciion of the

test sectic¡n shc¡uicl be-. as ìarge as possible; hot¡errer, the test sectjon

size v¡as limjted by the capacity of ihe existÍng wjnci tunnel . The

*M.N.A. Said: Ph.D. Thes'is Project



dimensions of the finned'Lu'r:e test section are iï - 6, H = 0"667,

D, = 44.8 ¡nm" L = 6"1 rn ariC R = 57.15 n:n.
n

For the sake c'f scaling, the rneasur'r:n:elli i:f iocal r,¡all str'*ss

distribut'icn, axial mear¡ veloci ty, seconcìary veìccì [y anc'l Reynolcls

stresses r,vere rnacie at Reynol ds numbers 0 t 50.0üü and 7l ,Ð0C.



?"0 THIOR[TICAL CÜT.¡STDTRATiOi'',I

The cress*sectl'onal v'ler,¡ of t,iie test section is shov¡n in

Fig. 3" The fìow cross-sect,ion is s.vmmetric in tweive parts; each

¡rart for"nrìng a priinary flow cell. The pr"imary flor,¡ celi under study

was primary f low cel I i shcrwn jn Fig. 3.

For ful'ly deveioped turbulent f low of an inconipress jble, iso-

thermai fiujd through a primary flow cell, the equat'ions of motion

'in cyìindrfcal po'lar coordinate sys'Lenr (x, F,0) are:

Axial direction:

U=U+u

V=V+v
þi=Ñ'ru¡

P * Þ + p'

., ðtJ i^l âU I ôP .-?..oãF*¡ã0 h**rv'u

RadiaI direction;

u,ü * U. DV _ t'J1 = _ I aP + .,/v2,, v _e Dllr
' er r æ -î- - trãr - v\\' t -,* - 

fî agt

Peripherql direction:

,,äH,HSnVhJ =*-Ll-=B*u (v2,,t-å-nå Sl (3)' tñ' Fâo -ôrão-" \'/ ;Ï- # 
.-, */

where

,,e - ât *-3J u j_ a *l_?_
âx2 ðr2 r êr 12 ð0t

(j )

(2)



The contjnujty equaiicns

âU 1 âlrV) I ä,J

- 
+ 

- 
+ 

- 
-- = iiäx r êr riì9

i _dj1.l ,.

äu I à(rv)
ãi."F ar

The Reynoìds equaticns are:

AF3I1U rgçlion:.

i epr'esenti ng i:cnserv'at j on of rnass are:

ðr
l aä_^
--^-T-Urdb

*l âw=n
râ0

(4)

(5)

(6)

c Dü . t,l äü -_ I aF rl ¡(ruî)*ðr^ Fæ--õaJ-(-LF- âr-
. I ai'"'.q¡)'t' F 

"- 
ä6-r

Radial direciion:

_l azv

r' Do2

I A2Û.

12- ao2

ri a( rvz-)
LF -ir -

+ ', r"ei? * l- !!' '^ r F ôt'
.l.f -

+v [Éüa
¡,-24{

raÚ
Far (7)

l¿1j

naV_, ItaV !J2*
'ôr'rã0"T---

, j äiw) wu-,
'r;-To-. - rr

r rö
pãî-

_ _u_

rz

{ ,.!',1't--"-l
Y2 äo



Per j phqral dÌ rqç,!i o:r :

ü 3[ + u ¿t!. * !.i. = - -]- ù1" âr r ô-J Y' ;rr â3

r-il-vE-* I +l- erlrt * ,,
' àn r 3C - i^'

(e)

îhe boundary conditions are:

'[ ) Due to no*slip cond'ition at Èhe sol'id bounrCary

U = V = l,j = 0 for a'l'l 0 and y*

?) Due to sJ/rnme try

âUff=0=ü=[J etr=t

ConcernÍng ihe s¡rmnieiry lines,0 * û and lL
6

3) Si nce sect:nrdary f I ov¡ cannot c¡^oss the svrnmEtry I'ines

ii=o=#=i{
dr-

4) Due to syntmetry

"l- S=orð0

5) Sjnce þ{ has tpposjte sjgns on each side cf a symnretry'ììne



ätil - .'*\J

â02

At the cell baundar.ies

equatjûns becrne:

0=*V

ðu,-
ar JJ

{or symmetry 1ines), the Re_vno'lds

1
I
ô

-l_r
ãÜ lãP l
ä'r-pãT"r'

r*# r'

etu_lc
är

A trrw)
at

*y (lr)

(lt)

i12j

+V

,r_ ;âV lâP lâ{rir) w2u,_ - v .Ã_. _ _î * ____¡;- * _df Pdl I df r

lt
_r_:l

)
r

r," ¡i r'Sl -

o=-ô-ip*r f
Equation (j2) must vanish since thr:re is no ¡ret non'ientum transfer in

the peripheral d'irection. By integratìng equation (lz) and us-ing the

bounclary condiiion vw = 0 at r'= R, it foììcus th.rt ïil = 0 for all
values of r. Howeirer, it is not possib.le to reduce equatÌons (10) and

(ll ) any 'f,urther because both ü a,,A -p# *u, be non*zero since l At'!r ç0
have fjnite values due to 1;he asymnretric ciistribrition of uw.



' 3.0 LITERATURE SURVEI

The available publ'icat'ion on turbulence characteristics in

i nternal ly f ì nned tube ì s very scarce . In the fol 'l owjng secti ons ,

literature on fluìd flow and heat transfer characteristics of

internaliy finned tubes, secondary flow in non-circular ducts and flow

ìn corners are reviewed.

3.1 InternallY Finned Tubes

A survey of pub'lications shows an abundance of experimental

and anaìytical studies on fluid flow and heat transfer performance of

internally finned tubes jn both laminar and turbulent flow'

3.1.1 Laminar flow

Regardìng experimental results, Vasilchenko & Barbaritskaya

Il , 2], l^latki nson et al [3], sol'iman & Feì ngol d [4] and l'larner &

Bergles [5] studied both fluid flow and heat transfer characteristjcs

of interna'lly finned tubes (straight or spìral fins) and found that

the heat transfer performance of finned tubes were much superior to

smooth tubes.

In regard to anaìytìca1 studies, Hu & Chang [6] investigated

the heat transfer of ful'ly deve'loped lamjnar flow with zero fjn

thickness under axially uniform heat flux. Takìng into account fin

thickness, Masliyah & Nandakumar [7] obta'ined a solution for temperature

djstribution by using the finìte element method. soliman & Fe'ingold

[B] developed an ìnfinìte series solution for veloc'ity distrjbution



and friction facior. Forinternelly fÍn¡;eii tuhes r.¡ith lcnq fins,

seconda13, ìoops ¡¡ere iound to exist withjn the inr:er-fin region. Later',

Solinran & Feingoìd [9] obt"ineci the ana'lyù'icaì solutian fcr tenrperaiure

distrjbut'ion and I'lusselt numbers for unifci^in hea'i in¡iut ax'ialiJ¡ and

peri pheral ìy unì fc¡rm i nsi de wai I t.ernperature. f:cr var" j ous conbi nat'icns

of f i n hei ght ancl thi ckness, i t iras founr.j t-hat the Nusse j i. number

(based on jnside tube dianeter) increased with the increase of i',1 upt.o

a critical M he.yolid which a reversai of trend occurrecl. L.ater,Sol jnian

[10] included the effect of fin conductance. Uncler axial unjforni heat

fjux and constairt outside wajl temperature, the heat transfer

characteristics u¡ere influenced by the procluct of fin half-angìe and

the ratio of thermal conductjvii;y rrf fjn material to that of the 1'luicl"

3 "1 .2 Turbul ent 'l"l ow

Experirneni:s on jntErna'lìy finned tubes in turbuient flow have

been done extensive'ly over a v.r'ide range of number of i'ir¡s ancì fin
patterns.

Br"ouillette et al i_ll] investigated the heat tr"ansfer ancl

pressut^e drop performance of t"ubes u¡hich had 50' V-shaped nctches on

the inner surface" The relative rougliness of these tubes varied from

.009 to .05û. It ',.las found ihat, at Reynolds number" (basec ûn averagË

inside dianeter of finned tube) from 3i),ù0i) to i75,00CI , high reJative

roughness enlianced'Lhe heet transfer perfc,rmance significantl¡i.

incneasing eÌther the rela'Live roughness or number of fins increased

the pressure drop.



lfì

[overing fle' fram I,ûûû to Zt,0t0, l-iiiding & Cocg;in Í.]Z]

found that the internally finneci tubes iM = 4 - S) had nrarked heat

transfer imprr:vene'rrt'ln the lamin¿rr and transitioli negÍon onìy.

Lìpets et al Ii3] tested írrternalìy fini¡ed tul¡es (t"t = I - ll,
D" = l4 - 37 mm) underindustrÌal condiiions. l.Jhen ar.ro.ngecl in a

n

staggered arì ay i n a superheater of a conrnerc'ial bo il er^, the rval l

temperetu! e of the finned tubes uras found to be ä4uü anri 15ot Towel

than for smooth tubes in the fi rst and third r.or,¡ respectiveìy.

Ornatskii et a.l [14] investigateci the niean velocity clìstributicns

jn the obstruc'bed part of the cross sec'Ljon of the tulre and the space

beLween the fins. Turbulent flotoi þ/aË observecl tr: e;.list in Lhe nlain fiotv

and eßncurrenLflow simultanecus.ly; however, the degrees of turbujence

wene di'Í'ferent " i t v,ras n!:serve¿! that the ve'locì ty Ci stri but j on had ncr

Re¡r¡ei ds number dependence when normai i zed by the axi al rnean vel oc'it¡1.

Unljke the veloc'ity clist.ri,bution in the mairr flol+ reç¡icr':, t"he velocity

d'istríbution in the inter-fin space r¡as substant,ialì_v iniìuenctd b.y

bi e"-

Berg'les ei" al [15] investigated the heet transfer performance

of tubes with straight aild sp'iraì f ins (f4 = ìC - 30, i-l = 0 .l -0.48,

P,/2R = 5.69 - 123.0) at ReO from 1,0ü0 to 40,000. It h,as f'ounC thaL

short spi ral f in tubes prov'ided the optÌiraì heat transfer enhancernent.

Coverjng ReO from lû,t100 to .l50,û0û, 
l.,latkirison et al []6, l7]

ìnvestìgated the heat transfer and pressure drop cf ìnt.ernaì ì"v fiirned

tubes (M = 6 - 50, H =0.198 -0.515, p/ZR - 6 - 2ì) with vrater and a'ír.
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tJsinq the heat trensfer performance of smooth tube for coinparison, the

Nr¡sse'lÈ number (!:ased oii effective area and equivalent hydraul ic

diameter) for stra.ight f in tubes increased ivith b/Dn arrd the I'iussei t
nunber for spìra1 fin tubes decreaseC wi*uh jncreasing p/nh. ilowever,

the enhancenient for v,ratel"' f{as ¡ïore tten fol' a'ir.

Russell & Carnavr:s l-18] tested longìtudinal Ìnternalìy finnetl

tubes {["1 = 
.I0, I"D. = 7.04 - 15.7 rnär) in tui'bu]ent air I'ltw" The

Rel,ino'iCs numbers (based on 1.D.)v+ere from 10,û00 to 5C0,0011. Iù js

found that heat transfer enhancement over the smooth tube values v¡as

equal to the Íncreased heat transfer area" The jncrease in friction

was from Sû% to 100% of the square of the increased heat trans'fer area.

Smaller ciiameter finned tubes wot¡ld result in higher tv'ansfer enhancerletrt.

Carnavos [19] found that tota'i friotage required could be reduced

by 17% to 100% when using fìnned tubes r,.¿ith straîght or sp'il"aì fins

(Fi = 6 - 41, H =0.05 -0.58, c! = 2.5' * äû') insteaci of srnooth tube.

Hhen testing the sanie finned tubes with water and ethylene-g'lycoi/vrater

solution instead of air, f,arnavcrs [2û] c¡bserved that the heat transfer

performance 0f finned tubes had the sanie Prandtì number dependence as

a smooth tube.

Ivanov'ic [2j] deveìoped both a tr¡rbuient nlix'ing length modej

and a ìow Reynolds nuniber moi1el to preciict the characterjstics of flovl

and heai transfer for straight finned tubes with 5 li t"i -. lB anci 0.2 < H 1;

û.45. Even ui tli zena th ickness f i n anC neg'lect of secondary i-'i olvs , the

numerical predictians of Nusseli number and friciìon factor v¡ere jn

gcod agre€;ilrÊflt, r,ri th the publ j shed experimental resul ts 
"
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Minchenko & Shvartsman fZ2] obtainecl the optirnåi tjj¡nensjons oF

helica'lly finned tube for any thermaj cond'i tjons ert any p,*essure.

After in:;tallìng Èhis i:ube in the steam generator" jt was founi that

the best therrnal effic'iency uras in both sub*crjtii:ai a"nd super*crit'ical

pressLtre.

Gee & i,Jebb [23] i"eported that the hel j cal '1y ri bLred tubes (p/.s. =

15, o = 30o, 49o and 70o ) yiel d greater ireat transf*r per uni t punrpi riE

power than traverse'ìy ribbed tubes . The preferred hel .ix angì e vras

approximateiy 49o.

Rcyal & Bergì es [2a] studie,J the conCensa Li on ol' 1clv pre-rsut^e

steûm inside horizcntal t.ubes of diffr.rent interarai georn€tries rr,hich

consisted of a smooth tube having ttro twisted tepes inserts and four

internalìy finned t.ubes (three rt'ith tl,risteci fins an,l one with straight

fins, M = 6 - 32,p/?R = 3.3 - 2û"i). Base,J cr: nr:r¡inai aì-ea. trçjsted-

tape inserts u¡ene found tr: inÇre,åse the av'erage heat transfer coeffjcient

of condensatìng steam by as much as 3ü?i above srnooËh tube values. The

best perf'ormìng ìnternaì1y finneC tuhe'increasecl in*tuhe condensatjon

heat transfer coeff i cient by as nruch as I50i/, above 'ù.ile sniooth tube val ues.
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4) Non*Cincular Ducts

Turbulent f low in a ncn*ci r"cular duct is accomp¿nied c;r ìater.lì

spiraì motions " This spiral moti0r1, ccìl Jed secondery fjor¡¡, is generatec.l

to maintain equilibr jurn by the Reynolds sty'essç:: årr,l preisçre gr"adienLs

in the plane nornÌôl to'Lhe axial dir.ection. Seccnclary flor-¡s ex'ist jn

many geometriessuch as square and rectanguiar ducts, lria¡guìar rjucrls,

eccentnic annu jus, and paral ìeì flor,-i rod bun,lles. l'he scruare an¡J r*ctanqr¡jar

ducts and par"al1e1 f lov¡ rod bundles have been siud jecl the ¡nost extensi,"'ely

bo'{:h experimentaì'ly and ana'lyt"ical ìy"

In 1926, Ni kuraclse dei'ineated 'ti'le di f'f'erence betl+een t-l o¡; i n

ci rcul ai" pÌ pes anci square ducts. Iscvei s i:ul ge,J tou+arcTs the corners ancl

nere Iifted away fronr ihe midpo.int of the walls" In 'lgz]"" Franctl

sugges Leci these lvere the resul L of secondary l'-l au¡s tov¡ards the corriers

which t'equired a return l'low at the midpoiir*u of the walls to satisf¡r

continuìty. PrandLl suggested that the asyminetn-v of t.he trn^bujerit

s {"resses provideci the caL¡se qf the secorrdar.Sr flov.r. Ai ter^n¡iìr,,ely"

secondary flor'^J míght be caused lty a '[ravense wail slrear stress gr^adient.

Prior to the work of l{oagìand, direct measrrretnenL of the secondar;r

veloc'ities was inrpossìble ciue tc the err0r ini.roduced by the p'resence

of the yal,l*meter when usecj 'in reg ions pcssess'irrg steep nlean axia.i

velocity gradìents. Since ihe typical maEnitude cf secondary veiocj tìes

is onìy a few percent of the primary veìocity, airy sr¡Tali ci'istortions

of the flow causeci by the r¡easL¿r,'lng probe cor¡ld havr. an appreciable

effect on secondary veìocÌty neasurenlents.
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iloaE'lånC' s v¡ork. was a ma jor accoinp,: i shrneni of the hot*wi re

probe technìque " Hoagìanci [25] f*und that the f ìor+ pat.terrì r,,ras tiiat
prerJicted hy Prandtl . The seccndary f,lovr Eeneralìy was confjnecl rlo

the corner region and nlaxjmunr secondary yelocìt,v havinç¡ magnìtu6e of

1"5% of the axial centeriine veìocity was founrl aìong che wall near lie
cúrtìers . [-eut,heusser [26 ] reporied that the i nnen I a'¡¿ of the v¡a I I rrras

applicable after adjusting the const¿¡nts to ccmpensate for the duct

geometry. FrÍction coeffic"ients for rectanguìar ducts rrrêr€ djfferent
from those for ci rcu'lar pi ¡re " Through expenimenta I er,,al uati on of terms

'in the axia j vortie ity equationn Bruncirett and Ba'ínes IZ 7] shor,vecl that

convection and diffusi on of secondar¡r f low vortf ci f.¡r l,¡ere balarnced

approxima.te'ly Lty the production of vcrtici ty frorn the Rey*ol ds stresses 
"

Gessner and Janes [28] conclucled that, when exanril:inE the iìeynolcls

equatÌon alcng a seconclary fiow streamline, secondany flovrs rnust be the

result of forces exerted by static pre$$ure gradients antl the Reynoìds

stresses in p'Tane normal to the primar.v flcw ciirectjon " !-auncier and

Ying [æi measured seconciary velccities jll both rough wai'l and srnooth

l^¡al I squðre ducts. The;r reported that fi .icti on vei cc j ty ruas a beiter

scaling factor for the secondary veiocitíes t,han a.xjaj bujk velocjt-y

because secondary i,ejocitjes nor-¡lie'Tjzed l';'íth frìci:ion velocity were

effecti veiy i ndepencient of Re],'nal cis n,;niber."

Íracker [30] ccrnducteC an e;<periniental siudy of fuì iy cleve'lopecì

turbulenl: fltlt¡ in a circulai pipe ccntainÍng rne oí.iv¡o rods Jocated

off centel.. For the sÌng1e pin gecmetr.y, one cjrculat.ing seconclary
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flow cell was found to exist in each symmetric half of the geometry.

Two counter-rotating fìow cells were found to exist wìthjn each of the

quadrants for the double p'in geometry. There was a smaller flow cell,

which was nearly 60% of the flow in the larger cell, sandwiched between

the center of the pipe and the half pin.

Lyaì'l [31] investigated the turbulent flow characteristics'in

interconnected subchannels. Dìstríbution of prìmary flow and secondary

flow were obtained for two confìgurations, namely the interconnected

gap between the subchannels was either fuììy open or half closed. For

both confÍgurat'ions peak secondary velocity of 3.5% of the local primary

velocity uras found near the gap. The flow distribution indicated a

sìgnìficant momentum transfer from the larger to the smaller subchannel

via the interconnect'ing gap.

A'ly et a'l [32] found, for an equilateral trianguiar duct,that

the secondary f'low pattern consisted of sjx counter-rotat'ing cel'ls

bounded by the corner bìsectors. The effect of secondary flows on the

turbulent kinetic energy field vras more pronounced than on the axial

mean velocity fjeld.

Ambient secondary fìow patterns depend on the duct geometry.

For square ducts and equilateral triangular ducts, there is one cell

per primary flow cell,.but there exìsts more than one cel'l per prìmary

flow cell for eccentric annulus, isosceles trianguìar ducts and

rectangular ducts, etc. For internally finned tubes, fin height ìs

expected to have a substantial influence on the secondary fìow pattern.
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Foi^ instance, for fixeC M, 'if l'l = l, secondary f'low pattern niiqlrt be

sirnilar to that of an jsosceles trianguiar duct., i "Ê", thr ee counte¡^-

rotaiing celìs per pnimary f'3ow celì. Seccndary fìor'; pattel^n tvill become

tro ce'Í ls for a crrta'in fjrr h*ight {0 < l-l < l ). Secondary f'low js non-

ey.istan'c for extremeìy short f in (H.." û1.

3.3 Fl ov¿ i n Coi'ners

Literature on fjow near a cû'r"rìen region is very I imjted. In

contrast to the turbulent corner fiowo Zamir & Young [33] founcl,

in a laminar cornen flsør* that the seconeiary fjor.r r'das orre of fiows

toþJards the corner close to the piate surfaces and outv¡ards froni the

corner in the plane cf syrune[ry.

Regardi ng the appi i cabi l i ty of the un j versal l ðrri, no spec if i c

I i terature r,Jas founrj f or" the corner regi on, lrowever data si¡ch as [26]

suggest tha'[ the uiriversal lalv of the wa]i holds fairl.y r+eil for

orthogonal waI Is"
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4.1

I x P E R i 14 E Í1]A L_FAC t i=-Li y A r'i p p R û c_[ u u R ry_

tJi nd 1-ur:ne'l

The r,¡ind iunnei portion of t,he present fac'iìit¡r uras lh.=,t used

previousìy by Gerrar^d [34] in hjs f,l*w'fnvestìgaiion of the equììaieraj

triangular duct" For the present þJo'r^[..* ihe r.ri¡iel tunnel lvas cperateC

in ihe open circuit mode. As shown in Fig. 'i, fsìlowing the fan section,

air passed throurgh a diffuser, two seis of turnjng van¿)s, e screen

sectjon and a circular contractjon cone before entering a transi ljon

section. In this sect'ion, the floïr'area was graduaììy reduced to maich

the ciiameter of test secticn. ,{'in djscharged from the open encl of the

test section"

ilca-L blind l"urrnel tal ib'rati on

The i,;jnd Lunnel rr'as cal ibratecl f,or nrass f low rate (rn) açainst

the pressure droo across the contraction cone (nP). Calìbration h¡as

done by operatinç¡ the wind tunnel in the open cii'cujt mcde r¡'ith a 2.67

m long,0-77 nr I.D" s¡nooth brass pipe attached to the ccn'¿ractiûNr cone

(component l3 ìn Fìg. I ). The pressure drop across the contractjon

cone vlûs measured by usìng an Airflow ûeveì';prnent Lt.d. û - 0"5 jn.

vlater gauge manonreter. in conjr"inct"ion vli th a Be'{:¿ rnanûmeter, 
'ìocal 

axr a j

vel oci t), U. t,¡as measured at e number of radi'i by usi rìg a stanriard Pi tot-

static tube (0.D. 1.24 nm, manufàctured hy t-rnited Se¡rsov' aird Control

Corp., U"S./q.)" The bulk velocity'r,,¡ìs evôluated by integrating the
¡ d ^2inteqral I ti r" cjr or UO, I Si.aUtricaily, nameìy the area under the" 't o '

resulting curve of the ¡l'lot of Urr agaînsi r. Then the mass flr:w t'at.e
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vras cal cul ated f rom the cont'inui ty equati on.

curve is shown ih fig. 2.

The wind tunnel calibration

4.3 Test Section

The internally finned tube test section cons'isted of two 3.05 m

long test sectìons, the finn'ing configuration consisted of six straight

fins equ'i-spaced in a 114.3 mm I.D. tube. The tube for the test section

was Ohio & Regaì honed hydrauìic tubing (nominal 127 mm 0.D. x 6.35 mm

wall type ì020 steel) which had internal surface fjnish of about 0.51

micrometer R.M.S. The tube inside diameter was found to be essentialìy

uniform at 1.l4.3 mm. The fins were made from type'1020 cold fin'ished

steel flats. Typica] dimensions of the fin cross-section were a thick-

ness of 4.88 + 0.10 mm and a fin height of 3B.l + 0.10 mm. Holes were

drilled through the tube wall a'long the ax'ial directjon; each fin which

was centraìly tapped was fastened to the inner surface of the tube wall

using hollow head screws. Before installed to the tubjng, each fin was

straightened and poìjshed by emery paper - 400 and 600.

Test Sectjon A (see Fìgs" 4

and the other end was joined to Test

wh'ich assured alignment of the fins

and 5) was flanged to the nozzle

Section B by a keyed collar
'in the two sections.

The provìsion for axial statìc pressure measurements were made

by ìocating static pressure taps at 152.4 mm intervaì along the Test

Section B. Three static pressure taps were equi-spaced around the

circumference of the tube.
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Pi +,ot tr.li:e and hot*'.+ti re

j nsi de the cJì scharge encì of tire

the inlei"

anentometr;, ¡Teûsurements are n¡ade at 30 nütì

Test Section 5 oy' namel)i at l3 5 D* fronr

&Æ Irg¡gËUg_l'lgslgqism ( Fi ss " $-8)

Tlie Travensing l.lechanism used provÌded me*silrentents orr a cyìindricai

coondinate systern (r, CI) basis"

The O-direct'ion traversing mechanism con'-sisted of, the foilulv'ing

essential parts: circujar brass pìate carrying a circr.¡lar gra.eÍuated

arc (orlginaliy from a Vernier Theodolftei was attached to a tube con-

centricaìiy. The center of this brass p'late u¡as bor"ed ¡rui to fi;-,.m a

l:earing for a shaft. A steel disk r¡as fiited intc the ho]lcr'¡ part of the

brass plate which enahled it to rotate freeìy and concerrtricaì'ly. The

disk was attached to a shaft u¡hich v+orked ìn the bearinE,

A vernj.er was mounted on the ri¡¡ of the steei djsk; this

veriner enablecl fine readings to be tak*n on the graduated arc. As

shown Ìn Fì9. 7a, two sets of double-rorl,l*arranged holes were clr'il'led

through both the steel disk and brass plate at inter'¡als of 5 Cegrees.

Anguìar positìoning v!'ûs r-na.de by rotat'ing the steel ciisk ancj then inseriiitq

dowel pins in'to these holes. Besìdes inserting dc'rre"l pì ns, the angular

posìtìoning could be locked inÈo posjtion b.;", fastenjnq a nLit to the jaEt

por t'ion of the shaft. As seerr in F'ig. 7h, the entire 0-direction

travers i ng nrechan i sm was heì d up by t'øo hrackets i,¡il j ch 1,,¡ere .i ¡r turn

supported by four threaded rocis. These four threaded rods allor.¡ed the

mechan'ism Lo nrove in the Z {vertical) rljrecijon.



2i)

The precÌse vert.ical niot.ion l*as achjeve,l *h," nleans of a l;ISA

55ll0l trat'ersing mechanis¡ll. This rnechanisH was rlountec on tr¡;o vernien
calipers nhich allol,,reci l5 cm travel'in the r.ciirection. .Iiie 

r_Z

direction traversing mechanjsm u¡as mcunteci on an a lurninr¡m squðre pìate

which was attachea to the steel disk of 0*cir"ectíor..l traver.sing

nrechani sm.

As shr:u¡n in FÍg. 6, the entire

table which a.ilowed a 3l"S cm and 16.ti

and y ( I atera 1) d'i recti on .

assembìy r.ras rnoun'led on a ni'l i i ng

cm nlûvemsni in the x {lr:ngitudjnal

lìegarding posiiioning ôccuracJ/3 the mo'¡enieni tt-as l,¡j th jri û.0254

n¡l and J minLrte for r and 0 directjon respectÍveìy" [ccr:ntricìty was

negiigibie over the rotat.ion of g0 degrees"

4.5 tr ns trurnenta ti on

Mean axiai veloci ty and wal I shea¡^ stress ilrÈasurenen.ts wers

made usi ng a Pi tot tube anc a Betz nlanonieter" The pi tot tube hacl ¿n

outside diameter of 1.27 mrn and was constructed fronr stainless steel

tubing having an inside to outsÍde diaäete'r raLìo of 0.6. The Betz

manometer whjch was ajso used for a;<ial pressure croo measureilrents had

a range 0 - 400 ¡rin water anci an accuracy of + û.05 mni water.

TUnbulence measureiìlents r+ere made using constant temperature

linearized hot-wire anemornetry mar:uff,ctured í:y DISA. This system

cons'isted of a 55M0] anemometer and a 55[125 i'iitearizer anci was operatec

in ccnjunction rvi bh DI*cltr hot-'¿rire probe hav'ing l.25 mn sensor iengih
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of 5 pnr di arneter pì atì num*p'lated iungs ien ul j re. -ihe lict*wi re prn!:es

inc¡uded a 55Pìl single'l','ire, a 55P6j X*probe and ¡i 55pjA 45o s'lant.ing

probe" Be'fore being used foi" actuaJ measurernents, each p.r.'obe i,va::

cai j brated ciai ìy us Íng tiI SA 55090 cal 'ibrati on equi ¡:merrt " i'lost of tlie
measurements {l?, ü, üt", -Ë-, çr, [ü-and,,¡v) ,r;ere maC* ¡sÌng the ),i-probe

in the u, v and uo tu mode. îlre singìe '¿¿jv'e pr obe r.¡as used i"or ü and uT

ilteËsurement,s, *lrereas the 45o slantìng probe lvas usec to neasure the

secondary velociti*s at íIeyno'lcs nuniber of 7i,{}üi}" I'ig. q ì llustrates

ihe set-up for the X*pnobe siEnal prrressinq crrcuit.. .ihe 
experÌnrental

data were corrected for t,angerii;i¿l ci:r¡ling effects âs silgg€siecl by Lawn

[35]. The requirecl conrections are silarnay'izec! in i:'ig. !; k was t¿:ken

as 0.23 for DISA probe.

4.6 Experinle!tal Procedures

trnjtjai positioning of probe at tfie i:ul¡e center,'iiiie v,ras en

essent'ial stt'p of the experii¡entation because al I the n'ie¿lsureme.nts vJere

begun at thi s reference poì nt. !-.ocati ng the tut¡e cent*rl i ne r,¡as

accompìished by visuaì alignr,r*nt with the ¿id oi a påper overlay nhich

harj an eract geometry of the finned tube cross sectìon" The measi-ll'ing

probe was moved (wì th 0 = Û) to the tube centerl j ne us î ng a DISA 551-l0l

traversìng mechanisnr r,vhjch was t-hen locked ìritt; position. There¿'iter,

movement in tlie r-dìrection i.,,,ùs over two verniey^ caìipers, wh'ile 0

mot¡ement was ob'cained by rotating the entire assembi.y via the il-dir'ection

travers'i ng mechani sm.
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For the X-probe technique, the channels of X-probe were init'iaìly
calibrated and matched on the calibration equipment. The probe was

aligned visualìy in either the x-r plane for V and w or the x-0 plane

for Ñ and uw. Then the procedures for measuring secondary velocities

and Reynolds stresses were as follows:

l) The probe was located at the tube centerljne where V = 0 = I,J

,a0andfr=0.
2) The two channels were checked for match; a difference in

voltage was an indication of either the probe was not exactìy

at the tube centerline or the probe was not aììgned in the

pìane of interest. If necessary, the probe was moved to the

centerline and/or was rotated in its p'lane until the voltage

difference was zero. Then AC and DC signaìs were recorded.

3) I¡lith 0 fixed, a radiaì traverse was begun and measurement was

made at each grìd poìnt.

4) At the end of the traverse, the probe was returned to the tube

centerline to assure that the channels had not drifted.

5) The two channels brere matched via linearized gain if necessary.

As a further check, step 3 was repeated with the order of grid

points reversed. 0therwise, a second radjal traverse with new

0 was started. All measurements were made in the manner

descri bed above.

The slant 45o probe technique was somewhat sìmilar to that of

X-probe. The slant 45" probe was aligned with the axial mean flow
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direction. Initiaì'ly the probe was positjoned at the tube centerline

with wire angìe of 45"; the voìtage output E., were made rapidìy along a

radjal traverse. At the end of the traverse, the probe v.ras travelled

back to the tube centenljne to check whether the voltage readìng had

changed or not. The adjustment was made via linearizer gar'n if necessary.

The probe was rotated l80o about its axis; so that the wire

angle was - 45". In order to assure that the axis of rotation of the

probe was aligned with the tube axis, the probe h/as removed from the

probe holder, then rotated l80o and reinstalled with its reverse polarìty.
it was accustomed to adjust the channel to g'ive the same DC and AC

signa'ls if necessary. Similarly, a second radial traverse u/ere made along

the same radial line to obtain local voltage output Er. The correspondÍng

local secondary velocity was computed usìng the same equation as for the

X-probe as shown ìn Fig. g.
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5.Û RISULTS ANÐ DISCUSSiO¡IS

5. I $etg.rq_l

F,l I basic fuì 1y deveioped iì0þJ measuremen'¿s wene made at the

orid pojnts sholtn ìn Fig. lû. There are 69 rflaasurement locatjons for
the Piteit tube v¿hiJe the sinS;le wire pnobe (or x-prr:be) hed 65 (or 62)

statioris. [,Jithin each pnini*r.v f 'Tow ceT'1, the free flow area was

divided into tp¿o regions; a) centraj core region,0 t< rlR <.*13

for all 0; b) ínter-fin reg'íon, .33 < r/R < I for all o. Fjost of the

experimenta.l dai-a presented have been nonïal'ized by eìther uo cl- u*.

Four sets of flûw meäsul"ements were ccnducted at each Reynoìrls nuniher.

The correctÍons u¡sed and the error anaìys'is are presented in the Appendix.

Deta j led experinrental data has been ciocunrentetl jrr Inte.rnal

[ìaport ER25.30, Department of l4echanical [ngiäeering, Universjty of

Man i toba. 
"

5 "2 fl_gyjgvelopmfl!

The test sect'ion l¡ad ai¡ ovenall ìength of l3S hydraul ic ciiameters

(Dh = .û448 m) for f lol,¡ developnrent" The uçual criterion for fuì 1y

developed fìol.¡ is L/ilh > 40 for circulan pipe. As show:n 'in Table l,
ful ly developed tirrbulent f lor¡¡ have been achieveci jn non-c jrcular ducts

shcirter than I 36 Dh . ûrnatski i et al f l a,l cl ai med that f ul ìy deve'loped

flow was achieved in finned ti¡be segrnent channel v¡ith L/Dn fronr 30 to

40"

Before undertaking detailed measurements, a series of jnvestigations

ivev'e conducted to ensure the l"lo'r,'¡ was fulìy devejoped a'L the nreasuring



stat'ion" Axjal pi e$sure d'r"op nreasuremen'Ls v;er e abtairied fov' severl

Reynoì ds nunibers; the maxinrum peri:entage d'lf feT ence of a;l'ia j pressure

gr"aCìent at the length of 90 Dn and ì3t Dn r.'ras 1i. ,{s shor..¿il in Fig. 13,

i'c uras observed that the pressure decreased ì'inearly u'ith ax'ial 'jist.ance

be;,'ond L/D,., ; 7û.

tenterl ine veìacr i.y þ{as ¡rìeasure vìa Pi iut-static tube beginning

at the exit of the dischange end of t,he tr:st sectio¡'r. -l'he Pitot-static

tube v;as advancecl *pstream into the tesi se¿tion upto B['l mm" Beyonrl

l5 nlm from the open end, tlre centerline veìoc'ity becanle ccnstant. it
was evjdenced that the end e'ffect penetrate,l oniy l5 mn"

in view of the above neview and observat-ions, jt coulcj be

safely assumed that the flor¡r r.+as fuì ìy developed at the iireasur''ingt

siation.

5 " 3 Fl or,r Sym¡e'!4r.

Axi al vel ocÌ ty measurements were obtai r"¡*d vi a Fi tot tube ;:'long

raciial lines at 0 = 15" and 30" fcr prirnar.y f]olv celi I, and at all

apparent symmetrìc poinis in priärary flou¡ ceil II. Also, the lva'il

shear stress dìstributions uere c¡btainecl via Preston tube aìong the

tube wal I for priniary f lortr cel I I and I i. 'Ihe axlal veloci ty measure*

ments are sho'o.rn ìn Fig. ll. The ¡naximum deviatir:n 'is about 37á at.

r/R = 0.33, 0 = llj"" As seen in F'ig. 1?, ihe wall shear slress

distributions åt"€.âssêt'ltlaìiy a single distribution for priinary fìov+

cellsi and II"
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Accord jng to the axiai velocities and wal I sheay' s Lress nìÉiãsure-

rnents, it was crnE-'jurjed th¿ flow structure in th* p'rìnrary f irw cel I

I was reasonably symmetrjc nìth jts immecliate nejqhbouring fìoi,i cells"

Henceforth, the Pjtot iube ancl hoi"-l+'ire anemometry measurements i,,+ç:r.e

concentrated in üne of the tt'+elve pri.'imary flcw celìs, nameìy prÌilar¡r

fiow cell I.

5.4 Friction Factor

The axial pressure distributions at Reynolds numbersof 50,00C

and 7.l,000 were determined from mÊasurements at l9 staÈic pressure

taps/piezometer rings spanninq the lasi:3.ü5 ni cf the test secticn"

Referred to the static pressure at L/DU., = l33o the nûrmalized distribut'icrns

are shourn ìn Fig. l3 t'¡here the straight lines represent the Ìines faired

ihr ough 'lhe data. No marked enirance region 'is evident. As expected,

pressuT'É decreases lìnear'ly v¡ith axiai distance.

Subsequent'l;v, pressure drop rneasuy'eilierrts were nede aÈ l0 di f ferent

mass flow rates, cover;nE Re.yrrolds nulnber frorn 35,ü00 to 7i,000. After

determining the ax'ia'l py"essure grad'ient via least-square-f"!t t.o the data,

the friction factors lvei"e compuLed as Du (.'clP/Cx)/,ipUbtt. As shown in

Fjg. l4 ( f vs Re), ih* data shor+s the L¡st.¡nl irend cf f decreased rvitit

increasing Re" Frictíon facto'ns r,lene founcj to be about 57; - Bt¿ hìgher

than those nredì cteci by the Prand'i:l *i',¡i kuradsr equa ti on . Th i s d j screperlcy

may tre due to the f act thclt the equi va'lent hydra.ul i c d'ianæter conce p L i s

not sufficient to nat'ionalize the geometry dìfference between the pipe

anci j nternal iy fi nned tube.
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Fig.l4 also shows

þJatk'inson et a j ll Tl . Thi s

sf-raiçlht fìnned tube is:

the cû'rv'el ati cn

cn'rrei ati on íor

'; i fri cti on factcr of

turl';¡:jent aji" f iow thrcugh

f = o.se+ qllÛ'17 (ne¡-o'eo
t"l

7.5û0 '- Re < 75 , ÛtlÜ

n.Z . T.trlU,.-)- : C).5
il

where b js the ar¡er¿ge dìstance be'tr,feen 'l'ins. The distance 'n l'ras

cal cul ated as the eri t'lrnieti c ñî*an o'f, the ci rcuntfrev'ent'ia j cii s L'ence

betv¡een tw* adiacent fins at the fin rCIot arid at the.Fjrr tìp' The

(b/Dn) ratio vras 0.Tßl and. he*ce soi*etøhat beyond the prescribed rânge

of []7.l. þlorçever, the present claia lies only slight]y above the

correjat'ion in Iif-] bV aboui 3.5%. Aiç0, comparing wii'li the correlation

eif Carnavos [20i, the i"esuits wene for¡nd to be abr:ut jí-]s hìghen' These

are due to the fact that t,he ad'iabatic results are generally hìgher than

the diabatjc results. The difference ìn'tube geometry m¿y ôlso cat-:se

this difference in friction factors '

5"5 l-oçflíall -iþeafl!¡g:å
Assunling the universa.lìty of the lar+ of 'Ûhe weil regardiess of the

_oeomet.ry of the cjucrn the Preston ttlbe technìque was applìed to

dete¡mine the local r,vali shear stress elistributjcn' A rounct tìpped

Pitot tu[:e wjth 0.1]" of 1.27 mm was placed in direct contact w1th l'he

tuhe wa'll (t¡r fin surface) of priärary flcv¡ cejl I. ihe Preston

tube reac!Ìng ruas the difference betv¡een Pitt¡t anct statìc pressure at 30

m¡n from the dischange end of ttre test sect-ion. Tire magnitudes of the

ay.ial wall shear stress v¡ere calcuiated from the correlation of Patel
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i36]. Acco¡"ding to Patel [36], the experirnental caljbratjon ìs r¡alid

up to u* d/v values of lä20" In the present i,¡urk, the maximun va.lue

of u* d/v was 117.75 which v¿as beìov¡ this upper ì jmit.

Incluciing the local lr'al I shear stress ai ihe f in tip, the

integrated average"wa'!l shear stress ii*) '.vas hÌgher than the averaqe

values (i) obtaÍned'ironl axial F¡r'ßssune gradient hy 4ã ond 6îl for Re =

50'000 and 7'1,00ü r"es!:ect'iveTy. This discrepancy may be due to

inaccuracy Ìn the wall shear slress measurenents. The nornraljzed

(by i*) elistributír-lns shown in Fig. ls are consicier"ecl to be fairìy
accurate except perhaps for the cCIrner region.

The distributfon of the icall stress aìong the scl'irl bounriai3

WaS nOrmalized bJ, integrated avsrage shear stress (i*) . As slro'¡tri jn

['jg. ]5, the shear stress djstrjbutio¡"r is indepe¡:dent of Reynoìrls ¡ru¡nber.

These distributions are fairly fìat irf"9 <.r*/iu, < l.ì) betr,veen B" and

30" for the tube wa.ll and between y*/9. = A"2 and C. B fr¡r the fjn surface.

The wai I shear stress at 'bhe f''in tìp \se$ i"ounci hì gher than tha ù et y*1,e,

= 0, about 11% for Re = 50,û00 and about iz'/" for Re = 2r,000. ThÌs

jnd'icates that the'¡^e are high veìocity gradìents near the'f,jn tìp. ,allong

t.he wal I and f Ì n, the shear stresses rjecreasecl toirarcls the corner reg'ion .

The airerage wa'l'l shear stress a'long the vral I was 4i,í arrcl 37J lcvler" th¿n

that along the fin su¡rface for Re = 5û,000 and zl ,000 respectir¡eìJ'.

Th j s trend ',^¡as ev'idence ihat the secondary f I ov¡s tencied to equal ì ze

the shear stress di stri buti on "
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5.6 Mean Axial Velocities

Mean axial velocity d'istributions withjn the prìmary flow cell
were measured by Pitot tube and single wire probe at Reyno'lds number

of 50,000 and 71,000. All velocity calculations were based on actual

air properties in the wind tunnel and density correction due to daiìy

relative hum'idity variations. The results from these two measurement

techniques were consistent. The Pitot tube data were considered

accurate to within 1%.

The isovels presented in F'igs. l6 and l7 have been normalized

by bu'lk velocity uo which was obta'ined by numerical integration of

experimental local velocities. These Uo values from the pitot tube

measurements were in good agreement with the bulk velocities for the

entjre tube (u¡t) as determined via contraction cone pressure drop.

In the central core regìon, the isovels are bulging away from the fin
tip, while the isovels are bulging towards the corner in the inter-fin
regìon. These velocity distribution exhibits disturbances which can

be attributed to secondary flows. As shown'in Figs. 16, 17 and lB,

there ane two maximum velocit'ies along the symmetry'lìne (0 = 30.); the

absolute maximum velocity is located at the tube centerline and the

second maximum velocity ìs found in the inter-fin reg.ion (r/R : 0.67),

which ìs 95% of the absolute maximum velocity. Axial velocities vary

in the angular direction in the inter-fin region but are almost

independent of ang'le in the central core region. Steep velocjty grad'ients

are found in the vic'inity of the solid boundary.
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The exisia.nce of the second ¡¡axi¡äum velocÌty ìs ciue tc the heìght

af the fin. In i;he p¡"esent tvùrku the secorrd maxìrnum vejocjty ìs Sîi

less than the Lul¡e cent*¡ line velocÍt¡r for" H ' i).üliz. As l-i > û.667,

the second maximum velocity in the inter-fin regÌon lvill jncrease. For

H = l, there u¡ill be on'ly one ma.xini$¡n veìacÌty. conver.seìy, 'if H < 0"6É;2,

the seccrnd ma;<irnu¡il veloc'ity v+i I ì decrease and ernentuaì ìy van.!sh for very

short fi ns .

CIrnats ki i eÈ a I Il a.] measured the rnean veJ oci ty rii strì buii un

along the synmetry axis cf the finned tube segme¡it channels (tvro

rectangular interconner:ted channeìs). Their iargest jnter*t'in regiori

parameter b/!, far thejr aìr experiment corresponds approxìmateìy Lo the

present geometryo but their velocity distr"ibuLirns shour onìy a smalì ciip

at the fin tip raciius" Velocity djstributicxrssjm'ilar to Figs. i6 S, lZ

have been predicted under fLrl ìy developed lamiäar f'low [8]. 5ol irilan &

Feingoìd [8] found that the closed loop isovels exist at i{ = 6, H > 0.4"

,According to Ivanovic [?]], for the case of zero th'ickness fjn, this closeC

ìoop ìs0vÊls feature had not yet estabiishecl in the fu'Tly rjeveìopec.l

turbulent for M = 6, H = CI.45.

Several i nvesti gaiors have tested the uni versal i ty of the I ai,v

of wal I i n non-c'iv'cular dut:ts . It v,'as genera'l ìy fourrcl that the two

empiricaì cr¡nstants of the ia¡; of wail must be adjusted sl'ightìy to

compensate for the nature of the waJl surface and duct geoinetry.

The cjìstril¡utjons of the axial me¿ln velccitJ, jn terms u+ and y+

are shown in Figs. l9 anij 20" l'he varjables u+ ai'lci y* u.u based on the
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local friction velocjiy. Tabie 2 I ists the constants of' tlie la¡i cf

ì:he vral J as cbtained usìnE ieast-sqrJarÊs*fjt for the vanioLrs y+ ranges.

The unjveFsal la¡r of, t'ire rçall based on 4û iata points't ìs p'lottecl 'in

l'ig" l9 for conlf,arjscns r¡¡jth selecieC expe'rÌnienta'l clata (clue to a srnal I

variation of y' in the anguìar djrectjon) and the convenrionaì

universa"[ ]crr,J ûf the lvall fcr smoo-th pipe. As shown 'in Fìg. l!.}, ùhe

correlation of ihe presenL work js almost ¡:a,raìle'l io the law of ihe wal I

'for smooth pi pe.

Using the f j n as the govern'ing wal j , the resu'its at Re .. 7l ,000

are shown in Fig. 20 '¿.lhich includes the ccnvenLicnai universal lar.; oí the

wal I fcr snlooth f I at pì ate [39]. The vel oci ty di strj i:uti on shor,rs the

fol I ol.ri ng trend. In the .y* cl j rect j on , u'n i ncreases ,g'ith y+ i.tp-tr ê

certa j n y* beyond r+h jch a r"eversal of tr"enci r:ccurs . The poi nt cif

iJccurrence of reversal shjfts to higirer .y* with decreasing tl, 'i .e.

toward the corner regÌon. This feåture may be caused by the presence of

secondary floivs. Also, jt js not possibie t;o make precjse measrii-enrents

o'f wal I shear stress riean the co! ner. As the corner i:r approached,

the rr'all shear s'lresses (o"g _.- y*/t, < I ) m¿y actuaily fari mt:r^e

rapidìy than those shown'in Fig. 15. A'lternatìvejy, thìs ma3, sinpìy

be one of ihe flow characteristics for a corner r-egion.

5.7 Seconda'r'y F-ì ow

The secondary f 1ow i'esults are shol^/n ìn F'igs. 21-?4 inclus jvely.

Regarding accuracy of the data, a ratjonal as3essment of the absolL¡te

äccuracy wcìS Ìtot poss'ible, but as seen ì'n F'igs. ?i-23, tlie data cjo

exhjb'it a reasonable degree of consistence.

Sere F'igure ìCI: I = l0 to ì3, J = 3 to 7; Re = 50,000 and 7j,000.



F'ig. 24 sholvs the resujtant. secondar¡r veloc ity in a prÌniary

flolv cell. The seconda'ry fìov¡ is a dcub,le-ceÌl cnunter*rotating paitenr.

An anti-clcckw'?se rotating cell exists clt r/R = 0 tc 0.333. A clockx'lse

rotating ceìl is found jn the inter*f,in regìon vrhe'r"e rliì js greater than

û"333. The anti*clockicise secondar.y current transpor^ts the h'igh

lnomentum flujd from ühe tube centerline {r/R = û) to the fjn-t'ip-rar.i'ius

region (r/R = 0.333) via synrnretrry line (o = 0) and a return flou,r via

synrnretry line {0 = 3ûo}. Ê, clock'¡,-ise rotatjng secoirdany current

transports the high momentun fluid into'che corner and a return flow

paral ìel to the fin before n:ergìng lvith the antí-clock'¡¡ise roiating

current fon the upvrar"d cieflection. Th'is kind of double-cel I counten-

rotating pattern is also obsenved Ín thr: two*pin germetry of Kacker [3G]"

The strength of the clockvrise rotating ceìl is ¡nuch h'igher than ihe other"

cell, in which the maximunr V and li ane found. þfax'imum tI had a nragri'itucle

of 3.11, of UO in the downwaril flor.J near the tube well, u¡h'ile inaxir¡um V

had a magnitude of 4.6% of UO in the return flow near the fÍn surface.

Though, secondary velocjties vvere 'ïarge enough to be measuned

with the X-pl"obe and slanting 45" probe, each nrethotj has a shortccm'ing.

For the X*probe, error can be jnduced due to wire separat'ion r.uhen

operatìng in regions having ìarge axial velocjiy gradients, i.e. near

the solid bounrJary. Inaccuracy may arise jn V neav'the i'jn surface anci

in ft near the tube wall" îhe sianting 45'probe js not dineci'ìy

influenced,by ax'iaì ve'locity gradients; hor,'lever, t.he consecutjve nieesu're-

ments of Ë., and [, were noi necessarily obtained at the same location.

In general, the 45" slanting pnobe resL¡lts are prohabìy more accurate
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near the sol jd bounciary, whereas the x-probe results are pi^eferabìe

ei s;eu¡here

5.8 Reynolds Normal E!feq$_

It is Ìmpractìcaì to cjetennrine the accurac:/ of the Re3rnolds

stresses measurements . Ho'*ei.rer, nase¿ ori nepeatab i ì ì ty (see F'ig . 25) 
"

it is estimated that trend lirie accuracy for the riornral stresses are

w'ithi n 10%. The results u'ere consistent ai the trvo Reynoids nurnt:ers;

the results for Re = 7j,û00 are preseiited in Figs. ?s * 2g for (,¡¡î?uL') ,

(/F7u*) an¿ (/w-r/u*) respecti*¡ely. In these ftgures,'[he shape of the

curves in the region lçhere data Ís missing for 0 = l0' (due, io

irnpraciica'l measurements) is based on extrnpoìatians frcim neíghboning

data.

Generalìy [z is larger i.han vz and wz in rluct f]ow. As shoi^¡n

in Figs. 26 ^ 28, the distributions of uz, î7 ancl Ët- are sjmilar.

Becãuse of the two orthcgonal urails, vF and r,¿z"exhibit sinrilar ler¡els

everywhere. Al I three noririal stnesses are a'lmost equal in the core

regìon; i "e" r/R < 0.333, anci also 'in the jnter-fin r"egion hrhei e

r/R ¡ 0.667, 0 = 25o and 30o"

As seen in Figs. 26 - 28n rionnaì siv'esses urould stari l'r'cni

h.i gh 'level s i n the vi ci n i ty of the rval I {hi gh tLrbuì ence producti cn

zone)and decrease leaving the waJl. This decrease would contin*e upto

a locatjcn vshere the effect of two orthogonal r';alls rçould:'neutrajize

each other. Thereafter the nrnrai stresses noulcl inciease. A peak

would be expectetl above and,/or near the f in tip. Thereafter th¡e
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normal stresses krùul d decrease Ei"adua'lìy to the tube centerl i ne " The

normal stresses distributf ons d'isplay t",,ro noticEable features. Fì rstly,

the peaks appear accentuated. Secorrdly, whereas the peaks stari ou'L

opposite the fín tip for 0 = 10", it progressivei¡r shifts rvith increas-

ing 0 to r/R = 0"25 at 0 = 30o. Th'is phenor,.Ìerlûr"r can be expla'ined bry

seconcia.ry 'f ì oiv; thi s i s [he regi on l'¡hene the twr ce] I s have merged af ter

passing over the fin tip anrl fjn fla¡rk su'rf,ace" The upward current of

the ant'i-clockwjse seconclar^y fìolv which returns to the tube centerline

ticles away the highìy turbulent fluid fronr the centerline and

shifis ihe peak toi^iarCs jts flolv d-irection. ûn the cnntrary, the upwaitl

current of t.he clockwjse secondary flov; exei ts little ef{'ects because

its turbulence is ç,¿eakeneri in the widerring 'f'lolr area.

5.9 Tu-rbul ent Ki neti c [nergy

Fronl the cor¡iour p 1 irt oi' turi:ul ent ki neti c Ênergy i n Fì çr. ?g ,

one can eas'i'ly recogriize tlre same seccndary i'ìr:vi païtern; but ìt."is

more pronounceci. in the inter-f in region, there is a very str.c;rE effect

of secondary flou¡ moticrr tovuards the corner region" This secondary fìovr

causes the turbulent kineLic energy contourto:bulge to'+¿ards the corner

regìon" Due to the weak strength of the seccn'Jary.ilor'; in ihe central

core regi on, the bul gi nq p.attern i s nct as noti ceabl e as that due to

thi" clock'¡¡ise cell of secondary fiow in the inter-fjn regìon.
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5.10 þy_¡gl cis SlSeLìltË!æE

Figs . 30 and 3l shows the racil al cj istribui; icix of normal i zeC

Reynoìds stresses (u\./iìFi2, u'ç7(r*)2) as or;i:a'inecl us'inç the X-probe

technique" The normajized Re,\,riolcis stress d'istrjhul,ions correspcnCing

tr: Re = 50,1100 and 7l ,00C were not a singìe distrjhutìon. Also, the

'Reynoì ds stress t"esul ts di d äot always nepeat at ei ther Reyrial ris nurnber.

Herrce , the present resu'lts ane nct rel i abl e er¡ci the d i s'tri bilti ln of

eddy viscosjty could not be cjetenni'ined.

The lccal everage va'lues of the combined results (based on

four sets a'f Reynoì ds stress measurernents ) ane shoy¡n i n F'igs . jz - 39

to shor^¡ the generaì trend of the r.ari'ial dist¡"jbutÍon.

Atterlpts iri measi.¡rìng Reynol rls stresses was r.,n1succÊssful .

The causes could not be exp'iajned. In spìte of the inaccurate measure-

ments, the radial distnibutions shown Ìn Fig. 30 reflect t,ire Cependence

of w on the axjal mean vElocjty gra<lient 3U/Þr^, 'i .ê., ul 'is generaì ìy

negatîve in sÍgn vrhenever a[iêi js rregatÌve and vice versa. The w

djstrjbutjons aìso a¡.rpear to have angular dependerice jn that the negative

swings in w become jess pr.onounced with cjecreas'ing 0. As shor¡¡n jn

Fig. 31 , the sìgn of uil reirains negative throughout the prinrary fÌorrl

celi for Re = 7l,0G0. [or Re = 50,0ù0 iFigs. 35-39) tne occassiona]

posÍtive value t+as nleasured '!n the core regìon and near the tube walI.

The magnitudes cf uiy'(r*)2 ranged from aboi;t -0.55 to +û"bü
_9

whrle uw/(u*)'ranged from ahout -0.i to -0.9 for Re = 7l,000 v¡hereas

extreme average values (figs. 36-39) rveie in the range +0,l] to -1.0

for tire iwo Re-vnol ds number.
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6.0 c0NCLUDií!fr r{Er.tqRKS

The experirnental stud,v of ful1y deveìoped turbulent f lol"r

through an jnternal'ly f inned tube has r"evealtl'l fhe foì'iol.,ring:

I ) The experimerital isothenrnal i'¡^jction factors are 5% - 8tJ hìgher

than th*se pre,iictecì by the .Praniitl -Ni kur",:cise corrcl at j on "

l

?) îhe av*rage of the wal i shear stresses on the tube l.¡a I j 'is

almost the samE as 'bhe ûverage on 't,he f i n fl ank surface.

3) CIouble peal'. \,û'lclcity occurs a'long the 3û" symmetry ljne;

absoiute inax.imüm velocity is 'rt the tube ceriterl'ine. Closed

ìooped isovels are found in the inter^-fìn regìon.

4") Thera ane tr,,io coLrnter-notati ng ce'i I s of secondary f I orv v¡i'[h'in

each of twelve pnimary flow cells. The m¿xjmum seconcìar¡r

vejocil), js about 4'z?!' of the i:ulk ax'ial velocit.y.

5) The turbulent k.'inetic energy fjeld shtn¡s mûl e signif icant

i nf I uence by tlre secondary f I ov¡ iha:i the mean ax'ial vel oci ty

fieid ancl rval I shear stress d'lE'tr'jl¡ution, espticial ly near ;lre

cûrne r" reg i on .

'fhe present work'indicates that seconCa'r¡y flo'¡¡s, t-Jhich are

presumabìy in turn af'l'ected b.y fin height, have an'inrportant'influence

on the flow structure" It js tl'lerefcre suggested that the turbulence

measuremenis shou'id be conclircted for inl,ernalìy finned tubes r,rjth

dif'ferent fjn heights. Since attempts ai measui^'ing Reynolcls shean $te'esses

l,rÊre unsuccessful, further inves.iigation should be done for H = 0.667"

Also, an invest.igation nright be conducteC oll the.influence cf, two

adjacent '+¡al I s upon the f I ow structure j n the türner reg.ion.
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APPEND iX

CORRECTIONS AND ERROR ANALYSIS

Corrections for varjous types of errors were investjgated for

both the Pitot tube and hot-wire probe. The displacement of effective

center of Pitot tube corrections suggested by Ower & Panhurst [37]

were used in the local axial mean velocìty measurements. This correct'ion

was almost neg'ligible in the present work.

All Pitot tube measurements were made using a Betz projection

manometer which had an accuracy of + 0.05 mm water. The uncertainty

in the experimental results could be calcuìated by

where

dU/U = uncertainty for axial mean velocity measurements, %

dh = accuracy of the manometer, mm water

h = veloc'ity head, mm water.

The folìowing table summarized the range of uncertainty ìn Pitot

tube measurements.

Uncertai n

min.vel.head

du_ldh
U -Z11

50,000

7l,000

3l .4

62.6

15.3

3l .15

.16

.08

Velocitv head

max. vel. head

.08

.04



¿1. ,':

Assurni ng a bi end

is safe io consider that

systeniatic errors anC randcm errors, it
Pi'ici tube data is accurate to y¡i ihin il{.

Due tc the uncertainty oÍ' the ÈurL'uience effecu correctjonn no

correctjons r,Jere made to velocjti, meas,¿r'.ement via Lhe hot.-r,"¡jre pi-oi:e.

Al so, thì s correct"ion becomes irlportant enly i r: the vi ci n'it.v cf a sol j d

boundariy .

i{hen using a hot-v;ir"e probe fcr veìoci'iy iììeasurenÉnts close tG

a solid boundary, it may be necessary to correct hot*lvire readjrrgs due

to heat conductiorr throughthe fluid to the r¡aii. klalls [38] suEgested

that, ihe wall effect correctîon shcr:ld be e>rpec'ieci tc appiy onìy wìthin

t.he viscous subiayer. in the present work, the'last, grici poìnt was in

the turbulent cone region alr,;ays {y+,."'*'¡00 for f ip an,l y+ ì*300 for tube

vlaì'l ) ; therefore 3 no correct'iorì þJås requi red fo'y" the data.

The measurernents of, ilornal stresses {iF , llr and w2') and Reyno'icis

siresses (w and uw) v¡ere correctecl fr:r tangentiaì cooling effects as

suggested by Lar,vn t351. For the DISA hat-wire prcbes, the k was take¡r as

0.23. Dtre io t.he cornpl exi ty of the si gna1 processi ng ci rcui t as shown

in Fig" 9, the absolute accuracy of the data r¡as not known.

For t.he X-wire probe techniqueo the measurenienis of Reynolds shear

stresses are more susceptible thari nornial stresses because each of the

for"mer in'¡olves multiplying trrro signa'ls {V'l+l and V' j-Z) together and

then t'ime-averaging, t+hereas ihe 'latten rlepends cn'ly on one tinre-average

sìgnaÌ. l,ihen the s'ignaìs &re of ap¡-r¡6¡Ìnrateiy the saräe order cf 'rragnitLrcieu

the combined error of Reynolds shear stresses may be'ìarger than that ilf
ncrmal stresses "

of

the
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îable l: Tunbulent Entrance Lengths fcr VaricLrs Types of Ducts

Square duct

P,e ctangul ar duct

Square dLlct

Ëqui'lateral triangu'lar duci

F'inneri tub-o segnent channe'll

Fi nned tube segment cl'lannel2

Gessner & Jones
[ä8j

Gessner & Jon*s
[ä8]

Yì nç & l-auneier
[2e ]

GerrarrJ IJ4]

0rnatskii []41

0rnatskii Ii4]

+i,

60

69

i33

30*

30-

4C!

n,l
JJ

I

i
¡

I

I

aq

L\.oqfb/ø:i.ä
CI.¡5 t b/,!, -< l,cl

ûircular piFe



ri5

Table 2: Lmpír'ical Censtants r'or the Law of the l,cai I

A Devjation % y' range

þiail (t{ = 2û)

l¡¿'all (N = 3û)

l¡lal i (N=40)

Fî ri (N=32 )

Fi n (itl=48 )

Fi n {N=64)

7 .05

2.16

3.6ì

¿?G

6.17

a 7?

? .04

¿.ð3

?.62

? qct

2.77

I .84

2"9ri

a .()0

3 .02

3"08

4.23

q n-<

289-647

289-973

289- I 352

I 07-864

107-l 2l 3

197*15öB

ûeviatiu- - ti-r (rJop

['l = No. of data points

f re.'4. +* ucoai-I"¡'uexp" 
av.
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