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The turbulent flow betweeu concentric cyGnders both rOl81ing in the same or opposite 
directioos is iovestigaled IheOrclic:lUy. A finite diffenmce scheme is developed 10 solve Ibe 
bOllndlry layer equ:nions coveming the Oow. A two·equlllioo olodel oflurbulence WilS 
employed in Litis study. Modifications hove been made to the model to t:llce into :;rccount 
the effect ofr018lion oflbe cylinders and Ihe eristing of the wall The effect ofcllanging the 
,adius ratio, .ui:tl Reynolds number (lod angular velocity r:ttio 00 the hydraulic friction he.1d 
loss of air i~ studied . Distributions for axial rnun velocity, tangential mcan velocity, 
turbulencc intcnsity aod shear stress in both tbe entrance rcgion and fully developed rcSiou 
:He predicted, also. Comparisoo$ of lhe prescnt nUflJerical result s with other invest igators 
resuUs show good agreemeOi. 

J. fNTROnUCTIQN: 

Tu(buleot now betweeo concentric cyli1lders (one of thecn TOuting) occurs in various 
rotating macruoery such asjoumal bearing, a,oll l Oow betweeo the stmionary aod rotating 
pIns of turbo-mae-tUnes Md the flow ill the rising line of deep well pumps. One oflhe 
iOlponaot e:caruples is Ihe cooling system ofgu turbioe rotor, where some ponion orlhe 
coo li,ng air cao be supplied to the rotor arca ' t1uough an annular duc- t, fonoed by two 
coalCiJI cyliuders, witb Ihe inner cylinder rotating. Flow in such system call be characterized 
by very high Reynolds Dumber (Re::::: IO~. Most of papers dealiog with Ihis type of now 
analyze the problem in the range of low or moderate Re, in lIlI effon to explain the naCUre of 
Taylor yoniccs and to quantify th eir complcll: effects. There are very few data , botb 
e:tperimerllal and theoretical, fronl the rl'og ofhigb ~ 

He parers of Ymlll.da (I,2J 3re dealing with high rouliooal Re and axia l throughflow. 
Kilye and Elg:tr (31 used the axial Reynolds number (~) aDd Taylor number as criteria, 
ch:t ractcriring the Oow, to diSliuguish four distinC( Oow regimes. TIlese re~imes are I ~ minar 
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flow, lamin:'Ir flow with Taylor vonicel, turbllient now and turbulcn' flow with Taylor 
vortices. The boundaries oflllc regimes were conveniently rcpre$Cnted by a plot ofUu: axial 
Reynolds number versus Taylor numhcr. TIle e:"lperimenls o(K~ye and Elgar p] were 
e.(tended 10 higher ReYliolds nnd Taylor numbers by Kosterin, Koshmallow:LIld f'inlltyew, 
and are quoted in (4}. 

Mansour (5] investig~fed theoretically Ihc hydraulic resiSl:lncc in an annulus of concentric 
rOllli08 cylinders. The ~lci al and tftngenti~1 velocity distribulious were iutroduced. He 
usumed that the annul\1S is long enough and 3 unifonn purely developed laminar flow is 
considered. He round th;JI rotation affccl.$ the friction coefficient as well as the axial and 
ta.ngeuti.l velocity distnbu\ions. He concluded that Ihe friction coefficient for an aonulus or 
rotating walts is hig.her IIIa!1 thM ror st:ttiooary W3liS. Also, the mction coefficient ratio 
increases with the increase of bOIl! speed ntio (lilr/u) and the rela tive angular velocity /lItro 

(WI / cot)· 

Doubnov et al (6) investigated the st~bilily conditions e!"the flow between two concentric 
cylinders with the inner one rot3ting. ·l11ey cmp loycd 3 fl uid with a...nal, stable linenr density 
stuli6c:ttiol). They used a g~p or r~dius r~tio 0.275. Experiments show thaI SiraliJ;cation 
bas stabiliring e!Ita on the flow with Ihc critical Rcynolds Dumber depending Oil. thc 
buoy~lI. cy fre quency of the fluid . TIle selected vertical wavc length at onset of instability is 
reduced by strttificalion effect ~nd is for Ihe geometry considered only about halfthc gap 
width. They devided the flow regimes inlo three regimes depending on both Rcynolds 
number and Froud nunlb~r. 

Althoug.h Ihe st~biljty of wpcrcrilic~1 circular couCtle flow hilS been studied extensively, 
Terohs for the velocity field of the fl ow nre limited. Recently. the azimuthal veloeity profiles 
for the Taylor vorte:"l, wavy vortex ~l1d I11rbulent Taylor von~x flow in thc annulus between 
a rotllting i(1ner cylinder and a fixcd outer cylinder with fixed end conditiOns were measured 
using I~ser Doppler vdodmctry by Wereley .lnd Lueptow (7). They me3su~ed tile 
azimutb.ll velocity at scveu! points distrioutcd at both radial and uia l directions for $everal 
Reynolds Dumber. Increasing RcynoltJs nllnlbec indicaled Ih:tt; the magnitude or thc ta,.J:al 
gradient of uimmi1al veloeity ne:Jr both cylinders incr~ses and the radial outflow region 
between pair!! of vortices becomes inerMsittgly jet- like. 

The present invCSlig~tion is conc<:nlcd ,vitll the theoretical study of the development of 
turbulent flow in concentric annulus .,t different conditions such as rolating the inner 4fId 
outer cylinders in the same or opposite directions at different velocity ratios.. Sleadyaxial 
now is assumed to exist under :I conSl~ntll){inl pressure gradient. The lIim of this study is to 
develop ~ finite ni(fcrence scheme usi ng the 3 ... :lilaOle tlJrbulcnce models to predicl the flow 
pil ttems and its e ffeCI on the hydraulic loss eoefficient. 

1. GOVERNltvG EOUA T/ONS: 

Assuming that the fluid h:ts eonS'lmnt physical properties and the Oow is steady 
axisymmetric with me "bsencc of body forces. The equ:ltions governing Ihe fluid motion of 
aD annulus with rotating cylinders Nld :lxiallhroughOow, i" cylindric,l p0!;H coordinates, 
are: 
r·mamtll/!m! equQlioll: 

V~ 
• V, , OV, 

ih 
= ~; + ::~,] .. .. ... (1) 
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9 .momell/um equnl,oH: 

av. + VrVo + V, 
v, or 

z .momelrlum equotioll: 

v, oV, + V ~ 
or 'Or 

COllli llll ity equolion: 

Scalar property ; : 

~ v[ ~!.- (, av.). v. + alv. ] ............ (2) 
r Or Or I r) oz : 

_ .f. ap + v [ ~ !.. (, av.) + i/~ . J1 ............... (3) 
p ik r Or or 0; 

- a ...... ............... ..... ........ .. (4) 

The tra~sport equlltion of tbe scala r quaotilies: turbulent kinetic eaergy k, its dissipatioo 
rate € lfId the Reynolds stresses in a geoeral from is: 

a a a . 
P.n (rV: . ) + P or (rv .. ) - - Or (rJ .. ) + P. - D . ... .. ................. (5) 

where; is Ihe requi.red sca lar quantity. J.,. is the (lux oftbe sctlar property;, p. is tbe 

generation rate of ; and D. is the dissipation fate of;. The velocicy componen ts (VI' Y, 
3nd Va) iLfId tbe scalar property .p represent IUne 3ver:.ge values. 

Applyiog the well known Pundt' bouoda ry layer assumptions and check tbe order of 
magnitude of each term of tbe above equations [8J, equations (I), (2):md (J), which 
represeot the U1omeotum equa tions for the fl ow in the entry region. may be reduced to the 
foUowing simpli6ed bOWldaty layer equ3tions: 

avo v. a, + v. 

v' p-' , 

V avo ... v. 
.", 

........ .. ................................ (6) 

y !.- (, av.) 
r or Or 

. ........ .. (7) 

.f. ap + v[ ~!.. (, av.) + a2~'l . 
p m r or ar oz' ...... (8) 

nle fuU y developed now, whicb occu rs if the annulus is sufficiently loog, provides ;In 
~nal)"i c:~1 check on the finite difference solUlion to be obtained. After passing the initial 
secrion, all derivatives in the axial direC1 ion become u ro, except tbe conStaot pressure 
8r:1diem (aIm) '" 0 . Addil ion:llly. there are no variation in tbe tangenti:l l direction 
(8100) ,. 0, bec3use of die 3)(;31 symmetry of the system. With these simplifications and 

the assumptions of negligible dissipation rate and no body rorces. except th e centrifugal 
force , the equa tions of conserv:\riOIl for an incompressible turbulent fl ow will take Ihe form: 
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A~ • (D + (el l) t 

.. s. Vo/um. (YoIlIIlI~ ... TO 91' V'l) 

wbere .1. >; Average source (sink) value over the cootrol volume. 
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• M 

r 

loner cylinder 

Axis of symmetry 

z 

" 

Figure (i) Mesh network Dud eOlltrol voluwes for finite difference representation. 

lDtegTl ting the cootinuity equation over the Vf·cootrol volume gives: 

(Ve)+ equals to (Vel,-, aod V. equals to (Ye)J./ ' 

The eq ultioD of V, CaD be obtained by replacing; by Vz in cquation (18), as foUows: 

Af (y,)~ - A~ (y,)~ + A'J. (V. )~. , + Af. (V. )~. , + BJ .............. " .... (20) 

where the constaots A are coefficients of integration, superscript U denotes upst re!l m 
conditioos wttile D denotes dowostream conditions aed BJ is: 

8, - · H)~ V, V" (dP/<r.) 
In collfincd now (dPjdz) is 001 known. An e$limaled pressure field (dP/dz f is used with 
the transport equatioD of V,·worucntuD.l to obt.io. I preliminary ",· ... elocity distribution, say 
«(Y,)~ )' , This velocity field satisfies the momentum equation hut it does not satisfy the 
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continuity equation. nle prcssllre and velocity are then corrected in thc following w~ 113J: , 
To estimate the mass-nu.'! irnb~lal1ce at each node.. a velocity con-tction «V.)~ ) was 

ldded to ((V.)~ ) ' in orojer to satisfy the continuity equation . An approximate rclatior. 

betweeo «V,)7)' :lnd the correspon<ling pressure cOrT~lion (dP/d:,. call be obtained 

(jom u·momentum equation . Solving both equ(llions w)JI lead to the pressure and velocity 

corrections, ((V.)~ >' ~lId (dP/d;)' respectively. Beller ilpproximRlioos for the pressure 

gradient ~nd the velocity field can be obtained :lS: 

dP/d, _(dP/d, )· + (dP/dz)' (21 ) 

IJ U ' D ' (Y . ), • «Y. ), ) + «(Y,), ) (22) 

The new velocity field ~t is(jed the continuity equat ion exactly. Bul, the subSlitulion v.ilh 
the new pressure gradient in the Vz·momentulD equatioo will le:ld 10 a velocity field which. 
does not satisfy continuit y equatic,;1 exactly. Au iterative procedure is needed before 
marching downstre~t1l to Ihe next crOSS-Slre301 pl3.Jie until the difference is less tban 0.3%. 

Dy the s~ me manner, equ:\tion of Vo is: 

where 

A-coefficients lnd B-coefficient have tlie subscript Vo because they are obtained frOUl 

inlegr::llion of equation (~) over the Vo·conuol volume. The pressure Oucru;Ilion p'f is 
unknoWTI. The So'Ime procedure in finding the pressure g.r:uuelll and V:- 6eld is followed also 
10 find the pressure fluctuali on lnd the Va-Geld from Va-momentum equuion. It gives: 

. ' 
p~ -(PJ) + (PJ) ........................ . .. .. ... (24) 

.... ... (2)) 

;/.1. /,,;1;(11 (lnd BOltrlriury Condi tions: 

Unirorm axial velocity profile is assumed ~t the inlet Of lhc ~nnulus alld equals 10 ule mean 
velocity. llte radial 3nd tangenti~1 velocity profiles are lI$Sluned to be zcro . The initial 
distribution of turhulent kinelic energy Ir. and its dissipation rale £ are assumed be to 
unjrorm .nd equal 10 t],at v:llues given by uunder and Sp~lding (14} forturbuJenl pipe 
flows. All velocity components along the ioner and outer radiuses are assumed to be zero , 
cxp«:t for the l;tngential mean velocity allbe wall ofUle inner and OU ICT cylinders. for an 
annulus hiving :\n inner cylirlder of radiu s r I and rOI~tes wilb angular velocity toll wbiJe its 
outer eyliuder is of r:ldius r l ana routes, also, with au gular velocity ~. the Oow is 
subjected to the rollowing bound3ry condilious: 

Of ill iel sec/ioll (Z =0) ~nd r f < r < r! V," V, (Oat profile al entrance) 
k :o (J.O(JJV;, £=C .. J?IJ I (O. OJ,.~)and P"'Po "'V: 11 

(l1'''~wnll1 !2::0 and "." Vr · V~"O andV8 '"' toll' , 
! ~ () and r " rZ Vr ... V: • 0 and Vo - Wt "1 

fr"/rdev~/oprdflo\r>' aUk. .. f) .O except (aPJih. of 0.0 ) 
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". 1.Nulr Wofl Treofmenf : 

The k-c is valid oo.ly in high Reynolds number flows far from the viscous fl ow near the waU. 
nlerefore , special treatenent is needed to take int o account the effect of Ouid viscosiry on 
turbulence, particularly, wall sbear stress Tw, the pcoduction of turbulence energy k and ils 
dissipation 6 near the wa ll. The procedure is based on the analyt ical solutions oft he lh.in 
Coune-flow type region which extends fro m r ~~ 30 to the wall , where (r1" ,. r t.jv). This 
procedure is biased on the assumption Ih al the Log-law: 

,. ~ 111(£ r) 
K 

is valid over the uniform shear stIess region (0< r~ < r~ ) where 

.. (26) 

(y.). "" JtJp , 1(- 0.42 (Von Karman constant) and E "" 9.0 for smootb walls. 

USing tlie simplilication [! 1) 

;p (- Tw) - P C~' Je,. 

10 calculate (Ye)p tbe waU shear stress Tw can be obtained as: 

.. .. ... (27) 

.... ... .. (28 ) 

subscripts p It1l d w denotes the node p and tile wall conditions, respectively. In cquatio n 
(27), the quantity {(J'e) ... -Ye)pJ is eroployed to aceounl for the rotation of waUs. 

TIle production of ntrbulenee nur tbe waJl can be obtained fro m transpon equation k . It 
was co.odificd in order to take into accoun t tlle tcreet ofwaU shear stress Two From equal ion 

( 16) the term, -II, II, (av, /or), is tbe domin ated part ofPt and is denoted as P'k 

tllere fore, . _ Vl/ m 
P. - t ~ P K r, ....... .... .. .......... ........ (29) 

The dissipation rate oea r the wIIU, E', w:lS obu incd from the assu mption that tlte length 
scale o(turbu{encc is L ,.. ,kY2/e w hich is re lat ed 10 tbe mixing length as L '" C~J" K r, . 

thus, 
. PO) 

5. R£SULTS AND DISCUSSION: 

The 3:ua! air [Jow in four gaps, 3t radius mtio oCO.333, 0.5, 0.6 and 0.75, ro tating: at wide 
ranse of aJlgular veloci ty ratios is used in Ilus study. Positive and negative angular velocity 
ral ios as well as inner cylinder routing only aDd outer ? Iinder rotaling only were 
investigated 10 give a r!lnse of fl ow Reynolds number 6.62xlO $R~ S, 1 6xl 06 and rota tional 
Reynolds numbers 2.43x IOJ S,Ro S, 48x lO". TIle effect of tl)ese parameters O\l the Oow 
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pallem and friclion head 1055 was gudied. In 311 numerical coroputiuions a oon·uniform grid 
in the ndial direction is employed depending on tbe ~xial velocity gradient. Twenty nodes 
in the radial direction wer~ used to give grid· independent solution for lh.is flow. Five 
iteration were found 10 give (\ CODvetgiog solution. 

S.l. LOU Cetmcient in Rotating Concentric Pipq; 

In all the ttsl runs a,oal Reynolds nwnber R~ was h.i&Jler than loS, so the Oow is (Wbulent 
when both pipes are held stalionary. Therefore, for BfJ .. 0, the friction head 1055 coefficient 
is equal thaI value e:tlcuJaled from. Blasius equltioo. for smooth pipes 1- 0.3164 K:JJ . 

Wben rOlation begins, it is obvious !.hat ).;=:('(11)./(111:) V: devialcsgradually&oruf 
Rotaiionai hydraulic fiiclion head 1055 A. increases witb increasing the Ispect ratio (Vb) aD d 
reaches a constant value II lib = 50. 

Figure (I) shows the variation of the mction coefficient ralK: ).)1 with radius r~tio at 
different angular speed fa[ios CI. for aspect ratio (Vb- 50.0). The figure indic:lled lIlal 
incleasing lIle angular velocity ratio increases the friction coefficient rolio (Be fB, 
mcreases). For con5laot angular velocity ratio o.nd constaot axial velocity Vz = SO (mfs), jt is 
clear that ~/increases with increasing the radius ratio figure (I·a). for the case when outer 
cylinder is rotating only (OJ\ '" 0), jncreasing the radius utio has an opposile cffect on ).11 
where it decre3se5 wilb increasing tbe radius ratio as shown ill 6gure ( I·b). This can be 
e!(JIlained as, increasing lIle radius ratio dttreases tbe tangential velocity gradient which in 
tum reduces the mction coefficient ratio. The figure shows that the mClion coefficient ratio 
is grelter than unity( VI ~ I). 

The change of tbe mction coefficient ratio VI with axial Rcynolds Dumber R, in a gap at 
r",diu.s ratio"" 0.5 for differe~t angu1:u velocity ratios is pre.stnted in figure (2). Figure (2~a) 
shows tblt for constant angulu velocity CItio. ").11 increases with incre.,sing R, (Ro IR, 
decrt.ascs as ~ is constant). For outer cylinder rOlatiog on1y (W I - 0) shown io 6gure (2-
b), VI increases with increasing lbe angular velocity CD2 also, wb.ile it decreases \.Vith 
increasing tbe B, (or decreasing Re fR~). 

The "Irialion of tbe Diction coefficient la[io with the 10[lIlional speed ratio he 
explained by examining the velocity profiles U:llbe gap of the rotating cylinders. 

5.2. M~Qn Velocity Distribution nnd Turbulence /rItmsjfy; 

n,C development of the flow parlmetetS with the dowTlstream distance for a gall having 
radius ratio O. 7S; rotating 3t angular speed ratios a.,.2, outer cylinder rotating onJy. inner 
cylioder rOlating onJy and a - 4; are preseoted in figurt.s (3 [06) respectively. CO(llparisoo 
belWeen the Oow paramelers for Slationary (dashed liocs) anci rotatmg cylinders (solid 
lints) are pre.sented. TIle ciiOltnsiooless Ole3t1 axial and tangeCJtia! velocity profiles [VI 

I( V:)",tU" and~ I(Ve)",ru], turbulence intensity profiles .r;:: 1(V:)",tU" and sbe~r stress 
distribution v, v. / (V,):"" in the gap verses the dimensionless radial tliSl30ce (r·r I y(rrr J) 

", rc predicted for aspeel ralio lib - 50. Seven downstream stalioos (tiL'"' 0.04, 0. 12, 0.3 
0.45. 0.6, 0.75 and 1.0 respectively) ror a flow at IKial Reynolds number R~'" 6.62 x I O~ 
were chosen. nle diUlensioulcss uiai mean velocity V: I( V. )m4.l" \.,..,s found 10 be self· 
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similar 3ner zfL .. 50 . The velCK:ity profiles YI I( YZ)IIUU change :lloog the annulus, as shown 
in the figures, for various values of RO' TIle :1.\;~1 mean velocity pr06les remain tbl up to 
disunee rn, - 0.30. As zfL increnes. the velocity profiles deform gradually, due to a 
subilinng effect of the centrifug.:al force of the swirliug Ilow. UV:1n tt al {\5] indicated in 
their theorctical work that reverse Oow I!'; to be e:qJtaed Oe:l( the wall at tbe eotrance 
(egion of the pipe. for large ~. At zIL '" 50 :lnd more downSlre:Hn. tbe velocity profiles 
become approximately independent of the axial distance fiOUl the inlel. For a gap al 
constant radius ntio, tne comparison between the mc:m axial velocity profiles at deferent 
,\Jlgular velocity ntios indicated tb3t tile wa,omuro velocity tends to move far from tbe a,os 
of rotatioD IS the 3.Dgular velocity ratio increases while it is not affected by increasing arial 
Reyoolds number Re, as sho,""" in 6gwc (8-a). For constaDt angular velocity ratio, 
iocrensing the radius ratio teods 10 shin the nu1Cimum lxilll velocity towards Ibe axis of 
rOl3lioo . s shown in 6gure {9-al, whicb liIgrees with Mansour [5] for lammar flow. 

Figure (7) shows the response surface for the development of Ibe dimensionless tangeotial 
meaD vciocity Ve /(VO)/II/O for di£fereolllnguJa. velocity ralios for a gap at radius ratio 0.6 
and 11,011 Reynolds oUOlber R,,"" 6.62;( 103. 

When botll cylinders are rotllting al opposite directions lit wl/lOoJ .. ·2 and axial Reynolds 
numbcr R.- 6.62 ;( 105, the Dow at every point is turbulent. Figure (J-b) shows !.hat, the 
tangent;,' meaD velocity distribution near both cylioder walls is sharply inclined . whereas it 
is mucb less than tllat m the middle of the gap. As Re is iocreased, this UVld is more ' 

noticed. The turbulence intensity .t:! I(Y:)m lU figure (3-c), shows a peak neu both 
cylinder waUs. It was fOlUld tbat, this peak value increases as Ro grows larger. Yam~da (16] 
noticed thai. once Re exceeds 5~0, the fluid is divided iolO two distinct regions oflaminar 
and IU/bulenl flows. lltis is the rormation ofa sQ.-caUed spira l turbulence in wb.ich a laminar 
Oow portion and turbulent flow portion coeUsl like a double·screw pattern. He also 
OOliced that, wheo both cylioders rota te io opposite direelioDs, Tllylor vortices and spiral 
tutbukoee develop simultaneously or one a(lcr the other, depending upoo the rotational 
Reynolds number Re, and they coc,ost iD the gap. 

Wlren tbe outer cylinder is rotating III RfJ =1274 wlJile the inner one is stationary (COl - 0), 

the turbulence intensity J":/ I(V;)m=. sh~rJlly increases as sbowll in figure (4 .c) and thc 
velocity gradient (v) increases slightly, figure (4-b). Yamada [ 16], found tbe same 
phenomenon ill bis experiment , aDd he noticed that ule Dow becomes spiral tlJrbuleoce. 

Figure ($) shows an axial Oow at Re "6.62)( 10 with the loner cylinder rOlating at Ro ""2425 
while tbe outer cylinder is stationary ("'l co 0). The tllogeotiai mean velocity profile, figure 
(S· b). shows a D~t portion, in tile meddle, up to zIL .. 0.6. The velocity distribution showl; 

self-similarit y case after Jibe 50. The turbulence intensity t:! I( Y")maro figure (5-c), has a ' 
peak value near the inner cylinder and the axis of the Oow tends to move towards the oulC( 
cylinder. His pe~k value d«:reases with increasing both tbe radius r:.tio and the axial 
Reynolds numuer Rc' These results agree wdl with that obtained with El- sIlBar~'Ni et al 
[1 71 ror turbulent flow in an annulus with ioner eylinJer TOlalioo . 

Wlren tl.e outer cyJioder and the inner cylinder are rouling io the S<lU'IC direction (a.-=(Ot /<1l1-
4), shown in fi gure (6-b), the tangential mean velocity profile indicated lWO peak values 
ne~r the rotating walls with bigh velocity gradient. TIle velocity gradient reduces as the 
flow goes dowDstream The lurbuleoce intensity, figllTe (6-c), increases gradually from the 
outer to tbe imlcr cylinder and it has a steep change nur tbe inner one. In tbe full y 
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developed re,gion, the Oow is suhiliud and Yarn.a.da [t6J found tbat, the (low is IamiQar 
evell at Re =5000, beC3use Ute laminar (low regime increases up to a high Re as tbe aogular 
velocity ralio approaches unity. 

5.]. Shearing S'ren: 

TIle dimeniSfooless sbe~r $lress, ~/(V.):... , JOCTeas« IS the flow goes down-$lIeam as 

shown in figure (J-d). It decre35es with !ncrel5iog both the radius ratio and a~,11 Rcynolds 
Dumber, 6gutes (8 aud 9). The shear Stress was found to be reduced as the rOlational 
Reynolds Dumber wcrea.ses. In UlC ease oC outer cylioder rotating while tbe iUDer cylinder is 
fixed, In opposite trend is obtained. 

6. CQ~CLlISJQNS: 

Nonswirling turbuJcn( axial (low between two concentric tOlaling cylinders was studied 
numerically. The now pattern aod tbe Ilydraulic resiStance in the gap were inveStigated. in 
the ranges or Dow axial Reynolds Dumber 6.62 .'( 10jSR, .s:5. 16xI06 and rotational 
Reynolds numbers 2.4)x I OJ.s Re .s JAb 104. The flow par.a.meler$ iu bOlh entrance aud 
fuUy developed regions were predicted. 

The rtsults can be concluded in the foUnwing poi au: 

t) For constant axial Rey"olds number Re" the hydraulic mction coefficient, Alr. in Ihe 
illitial region is function the rOlational Reynolds number Re and lhe downstream distance 
zIL wh.ile after VL> 50. il depends on the rolational Reynolds Dumber Re, only. 

2) ill the fully develnped region, the hydraulic friction coefficieot increases with incre35ing 
(Re IR.). For the same tbe angular velocity r.lllio, il increases witb iocre.asiog botb (Re 
IRe) and radius ratio rlr]. It is generally less Iban unity except ror the case or the 
cylinders rotatin g io opposite dir~lions . 

J) In the case or oUler cylinder rOlating while the inner ooe is stationary; the friction 
coefficient ratio, IJ(. increases wit.b increasing the angular velocity oCthe oulet cylinder 
CIloj. For COD~a.ol ~ the swirling, velocity given to tbe Oow by rotating the cy{illdet tends 

. to shift tbe flo w gradualJy to laminar Oow wruth in turn reduces the fTictioo head loss 
coefficient racio. Reducing tbe radius r!llio increase the rOlllliog area which in turn 

allows Ihe Oow more 10 reach laminar flow case that decreases ')Jf. The friction 
coefficient ratio, IJf, is generally greater than unity. 

4) The slOal maximum roean velocity tends to sh.i.ft lowards the axis or rotation 3sthe 
radius ralio increase while there is 00 effect or increasing the axial Re}'tlolds number Re 
on the locltion of the ax:ial maximum velocity. 

5) The turbuleoce intensity and sbe.lr stress reduce witb iocreasiog bolb the lUCia l Reynolds 
lu~mber and radius ratio. The effecl ofiocreasiog the rotational Reynolds number is to 
reduce both turbulence inteosity and shear stress wt.ile they increae with increasing ~ 
in the ease of stlltionary inner cylinder. 

7. NOMENCU TUBE.. 

Gap widlh "" r,- rl ' 
Con$1ants in tbe k·£ model. 
Constant for the additional dissipation term. 
Eddy viscosity coefficient. 
Hydf.lulic fnClion coefficient for S1ltion.ry cylinder. 
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P, 
R. 
R, 
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1', e, l 

Ti:, To 
V:. YO- Y,.. 
~a. v, 
v, v. , 
w 
p 

" v 
v, 
0k,.1 • O~ ,I , 
a 
), 

Turbulent kinetic energy . 
Pipe length . 
Productioo term ill t.he k transport equation. 
Axis! Reynolds Dumber:o 2Ub/v. 
Rot3liooal Reynolds number -I C01-c.oL I(r: -r ~) / 20 . 
Arbitrary Ndiu5 io tbe gap. 
BydraWicradius"'2(r]- r,)"" 2 b. 

Radius ofi.ooer and outer cylinder res:pee1ively. 
R20dius ratio. 
Cyliodrical coordinate system. 
Diffusion tetTD in k tT3.llsport equalion and t transpon e.qualioo respectively. 
Axia l. laogeolial aod radial mellD velocity resyectively. 
Axial taogeutial and radial rurbulmce AUct\)ation compooeot respectively. 
Reynolds shear $Cress. 
Dissipation rate of llie turbulent kinetic energy k. 
Angular velocity. 
Flwd deusity. 

. Fluid dynamic viscosity. 
Fluid kinematic viscosity. 
Turbulent eddy viscosity. 
Tw-buleol Prac.::tl number in k and t Ira.n.spon equalioos. 
Shear stress. 
Angular velocity ratio - W, / (J),. 
Rotational bydraulie metioo c;;oefficieo.t . 
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