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Abstract - A correlation has been developed for the turbulent 
frictioii factorfor a circular cliannel with x helical rib roughncss 
of rcctanQnlar cross section, w l ~ l c l ~  i s  relevant to tLc central 
cbannel (holc) in two-channcl cable-in-conduit conductors. The 
correlntion is based on data wc nicasureerl on LI pipe with tlircc 
different types of Iiclix. It rslntcsfwitli tlic Rcynolds number Re 
and with suitable dimciisionlcss coinbindions of all reIevmit 
geomctricrl prranieters of tlic prohlcm, Lc,, holc dinmeter and 
Iicliv gap and thlclmcss. A limited comparison with actaal 
(QUELL) conductor data shows good rigrrement. 

1. INTRODUCTION 

Thc Central Solenoid and Toroidal Ficld Model Coils 
(CSMC and 'I'FMC, respectively) of thc International 
Thermonuclear Experimental Reactor are being built using 
supcr-conductors with a two-channel topology. The annular 
cable bundle region is separated fi-om the centml channel 
(hole) by a helical spring-like interface. The hole provides a 
low iiupedance parallcl path for helium flow. Additionally, 
ovciprcssure of the supercritical helium coolant, which can 
originate in the bundle as a consequence of theimal-hydraulic 
bansients in the cable, can be relieved in the hole through the 
perforation of the spring. 

Thc cmpiricnl correlation of Kahheder [ 11 and/or extensions 
thereof accurately models the friction factor in tlic bundle in 
thc proper range of Re. On the contmry, the friction factorf 
for thc ccntral channel has been traditionally modeled (e.g., 
for thc Quench Experiment on Long Length - QUELL) 
starting from the classical smooth circular ttibe correlationf= 
0,046 (Re) -'.', and correcting it with an ad-hoc multiplicr [2] .  
Very recently, however, experimental tests [3j have shown 
that gcometrical details of the Iielix call significnntly influence 
the ovcrall pressure drop along the conductor, while analysis 
[4] indicated that a more accurate model off is needed to 
ieproduce the measured nlass flow ratc. 

Although the situation we arc analyzing is tightly related to 
problems of heat transfer enhanccmciit in heat exchangers 151- 
[XI, the geometries previously considered in the literature 
were characterized to the best o f  our knowledge by soniewhat 
different ranges of geometrical parametcrs. Here, n correlation 
for the Fanning friction factor is derived based on a set of 
experimental data we obtained in the OTHBLLO facility at 
CEA Cadarache on a tube with a hclical-rib-roughened h e r  
wall. The correlation is then applied to and validated against 
actual QUELL conductor data. 
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Fig. I .  Sketch o f  the tested pipe (longitudinal cross section) 

11. IIXPGRIMENTAL SKI'UP 

Three different heliccs with rectangular cross section, iaed for 
different pancakcs in the TFMC, werc tested: CORTAILLOD 
(C), HITACHI (H) and SBOWA (9, A sketch of a helix i s  
shown in Fig, 1, and its m i t i  reatures arc summarized in Tablc 
I: the inner diametcr the height (thickness) 6, the width w, 
the gap length g. Thc anglc formed by the hcIix with its axis is U 
- atan [n(Din+1$/p], where p = w + g is the pitch. 

For the helices in Table I, Ovaries from 71" (Cj to 76" (4, i.e., 
these helices are veiy "closed". Notice also that only g varies 
significantly among the thrcc. Both of these ohservalions will be 
important in what ibllows. 

Thc dcpendencef(Re) is obtaincd from data of pressurc drop 
Ap vs. mass flow rate Jn as follows: stai-ting from thc 
definitions of Re and of  Ap 

Re = p U Oh i p 
Ap I I, = 2 f p U' / Dh 

( 1 )  
(2 )  

and eliminating thc average (core) flow spccd U = m / ( p  A ) ,  
whcrc A = xD,:/# is the minimum flow area, gives 

(3) 
(4) 

where L = 5 m is the length of the hydraulic path, and DI, is 
the hydraulic diameter 'assumed = Di,, for the core flow. The 
dynamic viscosity p and the dnisity p are obtained froni 
prcssure and temperature ineasurcmcnts, using GASPAK. 

TypicalIy, N2 enters the test section at T - 235 K and exits 
at T - 295 K, the temperature increase being due mainly to 
heat exchange with thc surrounding environment at room 
temperahire. Different series of tests wcrc pcrformed with 
different N2 pressures, in the range bctwccn 5 bar and 40 bar. 

Concerning the H(itac1ii) data it should be noticcd finally 
that only a subset of Ihc mcasurcd data was used for the 
correlation, i.e., those showing a clcarly decreasing trcnd of 

1 Re = ttj D,, / (p A 
f = (1/2) (Ap/L) p 13h A / m2 
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TABLE I 
GBOMETRICAI. PARAMETERS OF TIE  TVSlIiD HELICES 

f with Re. In the litcraturc, increasing f (Re)  is found for 
smooth pipes in the laminm-to-turb1,ulent transition region, 
which however occurs well below Re ++ le4. For rough pipes 
it is found in llic smooth-to-rough transition region, which 
occurs at decreasing Rc for increasing (WD), e.g., at Re - le4 
for (IdDJ - 0,Ol [SI. Sonic of our data serics, showing an 
incrcasing trend offwith Re for Re > 'le5, have been therefore 
discardcd . 

111. QUAL~TAT~VE DISCUSSlON 

The experiincntal rcsults (see, e.g., Fig.3 below) show that, a1 
given Re, an increase of (gh)  of up to - loo%, sce Table I, all 
otbcr parmeters being cssentinlly unchangcd, leads to nn 
increasc of .f of up to 50%. Therefore it can bc considered 
important experimental cvidcnce that the gap is p h y h g  the 
major role bi determinirig die piclion factor. 

Thc hclix can be considcrcd as e roughness of average 
Iieigli( h on the underlying pipe of diameter Do,,, D,,+Zh 
(dternately, onc could think that U hclical gap has been 
grooved in n pipe of diameter U,,,). Geornelrics similar to that 
or Fig. I hevc been o h  considcrecl in  studies of turbnlence 
pmmotcrs for heat exchangcrs. The obvious tradc-off is that 
also friction incrcascs with respect 10 the case of a smooth 
pipc, so that it needs to hc simultaneously takcn into account. 

Friction on the flowing fluid in (lie geometry of Fig. 1 is 
cxtrctncly coniiptex bccausc of the 3-D nature of the flow field 
(indectl, not evcn nunicrical solutions appear to exist to date 
Cor lhis geotnetry). Thc analysis can he however simplified by 
the observahon made above that thc helices we me 
considering are very closed, i.e., they may bc approximated to 
some extent by a 2-D model with a serics of rings separated 
hY gaps g- 

Conceptually, we inay liirthcr split the force exerted by the 
wall on the fliiicl in two contributions: that from the hclix 
width w ,  and that from tlic helix gap g. On the width r laminar 
sub-layer allcmpts to build up, bul il quickly separates at the 
gap. Sincc w is so short, no signifcnnt shear can build up 
there, and this contribution to frictinn can be considered 
negligible (of course, in the limit of vanishing (g /h)  this 
contribution cannot be neglected). For this reason (and also 
cnnsidcring that w is  esscntially unchanged in the threc hcliccs 
tested) thc helix width will not cntcr the correlation for5 

On rhc contrary, in the gap a separated re-circulating vortex 
appcars. This is due 10 thc fact that the layer is not cxpectetl to 
rcattach at the gap bottom unless ( g / h )  > 6-8 [ 5 ] ,  whereas for 
us (glh) is always < 6, sec Table I. Thereforc, we can assume 
that the major contribution to friction comes lrom the 
interaction of lhc core flow in the clinnnel with the salient 
cdgcs of the gap and with the re-circulating vortex, and thc 
paramcter ( g l h )  will play an csscntial role in the correlation, 
which we are going to derive. 

1V.FRTCTION MODELS 

l'he convcntio~ial approach to the problcm of friction in 

internally rough pipes is bascd ON the study of the interaction 
of the boundary layer at the pipe wall with obstacles of give11 
height and shape. Althnugh strictly speaking justified only in 
this case, the sainc approach has hcen oftcn empirically 
applied also to situalions whcrc, as sceii abovc Cor nur case, 
forniation of the boundary Iaycr was not guai-anlccd. W e  shall 
also follow this line eventually, for the derivation ol' our 
corrclation, in the absence of more rigorous approach. 

If wc consider the case of a smooth circular pipe, thero arc 
two fundamcntally diffcrent regions in the boundary layer, 
which forins ncar the wall in turbulent flow: a laminar region 
next to the wall and a turhulcnl rcgion ncxl to thc channel core 
[6]. In [lie laminar sub-layer the velocily distribution can be 
representcd by a lincar dcpentlence of U' (5 u h * )  on yf (.: 
yuYv). Here U is tlic timc average (mcan) of the turbuletit 
flow speed dung  the channcl, y is the radial coordinate 
mcasured from the wall, U *  = d ( ~ d p ) ,  is the viscous 
tangential stress at the wall (J = 0), and v = p/p. In (]IC outer 
(turburent) boundary rcgion it is easy to obtain U' = 2.5 in (y") 
+ R, where 11 is ati integraLion constant to hc dctcrnmined from 
thc experiment. 

Although the boundary laycr does not cxtcnd strictly 
speaking beyond y - 0.15 (DJ2) ,  it is coinmoti practicc to use 
the expression of U* for the turbulent layer, up to thc ccnter of 
thc channel. Thus, the U ( y )  profile is known, and it is easy to 
relate U with M*, i.e., with T ~ ,  Using the previous formulas, an 
implicit cxprcssion forJ(Re) can be obtained: 

(5 )  

Notice that ( 5 )  caii cithcr bc scen as an equation for f (Re ) ,  
providcd R is known from experiment, or as a way of 
determining R fromf(Re) measurements. 

d(2lf) = 2.5 In [?l(f/2) Re I21 t. R - 3.75 . 

Consider nnw thc case of sand grains of dhmctcr h 
homogcneously glued on the inner surfnce of a circular pipe. 
The major difference with rcspcct to thc abovc treatment of' il 
smooth pipc is that R is now expected to depend on thc 
roughness. More prcciscly onc finds in this case U' = 2.5 In 
@//I) t R (h*), whcrc 

lit= (hlDJ Re dcf/2) = (u*Wv)  

is a roiighncss Reynolds number. In Ihc casc o f  a rough tube, 
( 5 )  gcncralizcs Lhcrefore to 

I R (h') = d(2M + 2.5 In (2h/D,,) + 3.75 . I (7) 

For homogencous sand grain Nikurrldse found that, for ht > 
70, the so-called fully rough regimc, R (h') - 8.48, 11 universal 
valuc. Notice finally that (7) stays valid for any geometrically 
similar type of roughness, i s . ,  provided only (UDR) is varicd, 
and all the rest is kept fixcd. 

In order to undcrsland how additional goometrical 
parameters, besides (h/Dh),  arc empirically brought inlo the 
model for geometrically more complcx roughness, we shall 
considcr now two relevant exainples of two-paramctcr 
correlatinn. 

in the first study, heat transfer and friction in tubes with 
repcalcd-rib roughness (annular obstaclcs of given periodicily 
p and height In ,  and negligible width) were considered [SI, and 
@ / A )  was used as second corrclation parameter. In the second 



study. lurbulcnl. heat lransfcr and fluid friction in B helical- 
wire-coil-inserted tube were considcrecl [7] ,  and the helix 
angle B was used as second correhtion pxaineter. (Such a 
dcvice was also considered at MIT [9]. However the 
parameters of the MIT helix (& = 9.lmm, h = w = 1.55mm, 
g = I .hmm, giving 13 - 857, fall outsidc thc domain of validity 
o f  [7].) 

In both cases just discussed, the correlation formula has the 
following structure 

R (h+) = m(h+) P [paranteiers] (8) 

which will be used as a guideline i n  the development of our 
correlation. It should be stressed, however, that this proccdurc 
is rathcr cmpiricd sincc, e.g., @ / A )  is not a gcoinclrically 
similnr roug hncss paramctcr , 

v. CORRELATION FOR R (11') 

Starling from f (Re)  expcriinental data, it is possible to 
construct the R (h') diagrams using (7). 'The result, shown in 
FigZa, indicatcs ihat, as cxpcctcd, K (h') needs to be properly 
corrcctcd ns in ( 8 ) ,  Laking iiilo account thc additional relevnnt 
geomch icsl parameters of  thc helix, if we want the correlation 
tu hc rcprescntativc of all data. 

'Thc helices wc are considering are defined by four 
independent geomctrical parameters (SCC Tablc I). Rowcver, 
111 vicw ol' thc discussion or Section 111, we can restrict our 
choicc to lhc rollowing two dirnensioiilcss combinations: 

Rib-hcighl 011 hydraulic diameter = h/D,a, 
Gap lcngth on rib-hcighl = g/h. 

We then look ror the rriction futiction 11 in the form 

R (h') = a (h') (g/h) (9) 

and niultivariate least squares regression (IMSL routinc 
RLSE) is uscd to rind a, p, y(noticc that hlD,, is hidden in h*). 

'The result is giveti by the first row of Table 11, i.e., 
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Fig. 2. (a) Experirnentnl data for friction function k vs. h', for diflercnt 
Iicliccs. (b) Corrected friction Function K ( d h ) '  vs. h': cqwiincntnl data 
(syinbols), computed from correlntioo (10) (solid line). 

TABLE II 
Cosmcr~~rs IN (9) ANU ACCURACY  OF^ + IIOJ IN THE PREDICTION ob! 

m 
P (%) (%) (%) 

U 

C+S+H 11.88 0.039 -0.299 3.4 3.6 4.8 
c+s 11.37 0.045 -0.300 3.5 3.2 50 

nncl shown in Fig.2h {where F = ( g h - 3 .  
It may be noticcd in ( I O )  that the dependcncc on ht i s  very 

wcak (but no1 negligible, see Fig.2a). This i s  typical of thc 
high Re rcgimcs considered here, and  in  qualitativc agreement 
with rcsdls shown in  [ IO]  for R somewhat diffcrcnt geometry 
and paramcter range. 

The friction factor can nnw hc computed iteratively 
combining (7) and (10). (Notice that, in a typical 
MITHRANDIR run, thc rclativc cost of the evaluation ol' both 
(hundlc i- hole) friction factors increases from - 0.2% to - 
0.5% whcn going from ai1 explicit f (Re) to thc present, 
implicit relation, i.c., il remains absolutely ncgligiblc.) Thc 
result of our correlation is given by the solid lincs in Fig.3, 
with an average error G - 4% with respect to thc cxpcrimentnl 
data (SCC Tahlc 11). 

As a meilsurc of the predictive capability of thc correlation 
we havc also repented the exercise using only C and S data, 
which lcads to the second row in Table I1 and to thc dashcrl 
lines in Fig.3. Noticc thc good accuracy of the prediction for 
thc 13 data, with avcrye  error - 5% (see Tablc 11). Thc laltcr 
is significantly smallcr than the average rclativc scattcriag of 
thc data. 

Probably thc most striking feature of Fig.3, and indccd thc 
major niolivt~ticin hchind this work, is the rntlier signihcani 
increase o f f  whcn (g/h) increases, for a given Re. This 
parametric dependencc has bccn invcstigilted also by other 
authors, who found increasingffor 2 < (glh) < 8.5 [ I  I ]  or for 
5 < (p/h) < 10 [GI, in somewhat dif~crcnl gcoinetries. (In al l  
instances a maximum is prcdictcd wlien thc reattachment of 
thc boundary laycr ncciirs just before the next obstacle - R fact 
which should not happcn, as seen above, for our parametcr 
range.) Qualitative justification of the dcpcndciicc on ( g h )  is 
not easy, in view of the extremc complcxity of the flow 
pattern. Howevcr it can be obscrvcd that an increasing 
deviation of the streainlines could be cxpcckd downstrcarn of 
thc obstaclc as thc gap increases, and this should incluse the 
form drag. Simulatiotis (based on the k-E lurhulencc modcl) 
and measurements, performed for a gcoinetrically similar 
situation, appear to qualitatively confirm lhis picture [ 121. 

Notice finally that both in the limit of vanishing and of 
infinitc (glh), onc has to ,recover the smoolh lube situation, 
i.c.,f- 3-4 timcs smaller than with our helices, SCC Fig.3. 

VI. APPLICATION TO 'l'WO-CIIANNEL CICC 

The application of our correlation to an actual conductor is 
not entirely obvious sincc the helix is no1 altachcd to a solid 
wall, and one can now have flow lhrough thc gaps, which 
allow communication bctwccn buiidlc and hole regions of the 
two-chat~nel CICC. In particuler: 1) the Ilow pattcrii in thc 
gaps can be significantly pcrlurbcd with respect to the 
experimental condition in OTHELLO; 2) thc cffcctivc hcight 
of the obstacle could fall in principle anywhcre bclwcen U and 
h .  (For the latter, assumitig that the helix is attached to R "wall 
of strands", we shall use the actual helix thickness.) 
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Fig. 3 .  Dcpcndcncc of the friciion fnctor f on tllc Rcynolds number Re for 
difrcrcnt bcliccs: experimental dnln (symbols), computed from correlation 
(7). (10) wing whole datn set (solid), coinputcd from correlation (7), (10) 
using only C rind S data sct (dashed). Blasius correhlion Tor smooth tubcs 
(datted) is also shown for comparison. 

It should also be rcmarkcd that hydrodynainic similarity 
between the gaseous N2 flow in OTHELLO and the liquid He 
flow in an actual conductor would in principle require not 
only same Re hut also same Mach number M (= iJ/Cs where 
Cs i s  thc sound speed). However, while [he Hc flow in an 
actual CICC i s  typically very much subsonic (e.g.! M - 0.01 
<< I was typical in QUELL), N2 inlet M - 0.2-0.25 would be 
sufficient to reach M - 0.3- I .O at the test scction outlct in the 
case at hand. We checked therefore the outlct M in our cases 
and i t  turned out to be always < 0.1. Furthermorc, in 
cxperinients by other authors [13] M does not appear to 
influencefsignificantly. 

We now consider thc application of the correlntion just 
developcd to data mcasured on QUELL [2]. (Noticc owhever 
that Ihc gcometricnl parameters of  thc QUELL helix, !)i,3 = 
5,9mm, h = 0.5mm, w = 5.9mm and g = Lmm, are FI bit 
outsidc thc range of Table I.) Starting from the raw Ap (m) 
data, where nt is now the fatal  (bundlc + hole) mass flow rate, 
and following the stratcgy prescntcd in [ 2 ] ,  we have 
constructed a sec off (Ke) couples as givcn by the symbols in 
Fig.4. It should be observed also hcrc the rather surprising 
occiirrence of data series with incrcasing trend off  with He. 
Thc prediction of our correlation i s  also shown in Fig.4, 
together with the correlation suggcstcd in [ 2 ] ,  i.e., Blasius 
corrected by D. factor N = 2.5, as wcll as uscd, e.g., in [4]. One 

. . . . . . . . . .  . . . . .  ~ . . . . . . .  . . :  . . . . . . .  . 5 . . . . . . . . . . . .  , I. . . ! . .  . ;..;.j . . . . . .  

. . .  

._LA , , 
. . , . .  

0.W5I ’ ’ ’ ’ ’ ’ 
IO6 i d 

Hole Reynolds nurnbei 

Fig. 4. Ibpcndence of the hole friction Bctorfon the holc Rcynolds number 
Re in QUELL exFrimentnl data derivcd Croin Ap { r n )  mmsiii-cmcnts 
rcpoitcd in  [2] For different He ternperalurcs (symbols), comp~~ted €tom 
correlation (7), (10) (solid). Blasius correlation for smoolh tubcs, corrcctcd 
by a factor of 2.5 as suggested in [2], is alsu shown ror comparison (dashed). 

can scc that, considering d l  uncertaintics in thc prohlctn, ihc 
agrccmcnt hctwccn our corrclation and Ihc cxpcrimcnlal d a h  
is good. Compnrison wilh thc corrclation proposed in 121 
appears dil-ficuli, bccaiisc ol’ lhc spread of thc data. 

VIT. CONC1,USION AND 1 ’ E l ~ S P ~ C ~ l V l ~  

The correlation developed i t )  the present papcr predicts 
within - S% accuracy the friction factor f in  a hclical-rib- 
roughened tube similar to lhc central channcl in two-channcl 
CICC, for Reynolds nuinbcr 5c4 < Re < le6, and geometrical 
parameters of the helix in the range specificd by Table I. 
Limited validation on actual (QUELL) conditctor data also 
gives good agreernent. 

Observing the significant incrense in pessurc drop cnusetl in  
all cases by the helix, with respect to the smooth tuhc, a 
reduction of the gap, with respect to the values of ‘I‘ablc I, 
should give at) improveinent, at least from this point of vicw. 
Optimization of the helix geometry, however, should takc into 
account also other nspecis tiot considerctl here, e.g., Iical 
exchange, rnechanicnl issues, etc. 

From an ciiginccring point of view thc accuracy of thc 
rcsults prcscntcd here can be considered satisfactory. 
Bowcvcr, thc physics or liiclioii in a gcomctry likc ihat of 
Fig.1 IS still nut fully understood, and more work will Lc 
needed in the future. 

ACKNOWl BDGMRNT 

We wish to thank J. -L nuchateau To1 prnposiirlg and 
encouraging this collaborution and M. Gcrmano for pointing 
out [121 to US. R.Z. gratcruily s c k ~ i o ~ l ~ d g c s  n .  ~ a n e ~ ~ a ,  Y. 
Takahashi and RJ,.  Wehh for discussions. 

REFERENCES 

H. Kathcdcr, “Optinmin therinohydmulic operatioil re&e Tor cnblc iii 
conduit supcrconductow (ClCS)”, ICfiCIS Procccdings, pp. S95-598, 
1994. 
K. Hainnda, Y. Taknhnslii, N. Koizumi, er d., “’lherinnl rind hyrlrmlic 
mensurernent in the ITER QUELL cxpcrinicnts”, M u .  L‘iyo, iittg., vol. 
43, pp. 197-204. 1998. 
S. Nicollct, J.-L. Duchatenu, 11. Filllinger, A. Murtincz, nnd P. Parotli. 
“13unl channel cable i n  conduit therinohydmiilics: infliicrlcc of some 
design pnratneters”, unInrl)lishcd. 
R. Znnino and C. Mariiiucci, “I-lent slug propngntion i n  QUELI.. Part 
I: Expcdmcninl sctup and I-fluid G A N U A W  nnelysis”, nntl “Part 11: 
2 - h i d  MITl[KRNUIK analysis”, Cryo,qe!rim, vol. 39. pp 585-593 
and 595608, 1999. 
R.L. Webh, II.R,G, Eckcrt. and K.I. Coldstein, Yleot ti-annsier nntl 
friction i i i  t u h s  with rzpenled-rib ruughness”, brr. J ,  Hen/ M ~ I S S  
S’rus$er, vol. 14, pp. 601-613. 197 I. 
J.C. Him, LR. Glickstnan, and W,M. Kotisctiow, “An iiivcstignliuil of 
hcat transfer and fi,iction for rib-roughened surfaces”, itzt, J .  I l r i r !  

K. Sethumntlhnvnn nnd M. Raja Rao, “Turl)ulcnt flow ticnt l m n s k r  
and fluid friction i n  hclicnl-wirc-coil-iiiserted tube”, Inr. J .  f l r ~ r l  Mrm 
S’uonflcr, vol. 26, pp.1833-1845, 1983. 
K.L. Webb, PriticipZe.y rfEri/itrticetl Hetit Trnn,ver, N Y :  Wilcy, 1994. 
A.E. h n g .  “Transvcrsc Imt ti.nnsfci in  a ClCC with cenlrril cooling 
channel”, MIT, Mastcr’s l’licsis, 1995. 
K. Maubach, “Kough Annulus Pressilre Drop Inlcrprctation of 
Experiments and rccnlciilation Iix Square ribs”, hr. J.  IIerri Mum 
‘I’mnsfcr, VDI. 15, pp. 2489-2498. 1972, 
M.J. Lewis, ”An Blcnicntnry Analysis for Picdicting the Morncntuin 
nnd Hcat Trnnsier Chnnctcristics of a Hydraulically Rough SurCncc”. 
A S M E J .  Heot Trtmsf., pp. 249-254, 1975. 
T.-M. Lion, Y. Cliniig, and D.-W. i lwmg, “Expetiinciital nntl 
coiiipuiationnl study of turbuleiir flows i n  R channel wirli two pairs of 
turbulcncc promoters i n  tnialem”, ASME J.  Fluid3 EN&, vol. 1 1  2, pp- 
302-310, 1990. 
K, Oswatitscti, (;crsdy).ntitwik, Wien: Springer, 1952, 

M ~ . w ? ‘ T ( I I u ~ ~ ,  vol. 21, I>P, 1143-1156. 1978. 


