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1. Introduction

The reduction of flow friction dreg through polymer addition, a phenome
enon first subjected to systcmatic study by Toms (1948) (with whose
name it is commonly associated) together with Oldroyd (1948), but

of which the first documentod discovery is due to Mysels (1945), has
been the subject of very extensive research during the last decade,
Howevur, despite tne combined efforts of specialists from many differ-
ent fields, no satisfactory explanation of the phenomenon has as yet
been found, Drag rcduction fmas been observed with a large number of
additive-fluld combinations (u few of which are shown in figure 1),
the nost effective ones being high-molecular-weight linear polymers
(such as polyethyleneoxidz) in water, There are clear experimental |
indications thuat drag reduction is associated with a modification of
the turbulence structure, and th's is most remarkable in view of the
permanence and statistical xtability exhibited by erdinary Ncwtonlan
shear rlov turbulence. ‘therefore, the phenomenon of drag reduction
becomes of Interest nob only because of the promising technical a.ppli.-
cations 1t offors hut Just as much for fundamental fluid mechanlenl
reasons, Through the unravellins of the mechanism underlying the phe.
nomenon one should not only improve the piospecots of finding more
efficient and perhapgs completely novel methods of turbulence control,
but should also hore to gain a substanticlly deepcned uaderstanding

of the fundwmental nature of turbulence as vell,

In the present review of the subjoot special attention is paid to the
changes in turbulence stmicture brought about by the additives, and .
an effort 18 wade to understand these in the 1ight of recent cdvances
in the study of shear fiow turbulcnce in o.dinary fluids, Also, a

simpldficd theoretical model of shear flow wall turbulence 13 presented,
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with the aid of which an exploratory study of the influence of some
non-Newtonian fluid propertics is carried cut. A partiecularly intrigu-
ing question is posed by the ramarkable effectiveness of the extremely
high-rolecular-welsht polymers with which only a few parts per millicn
of welizht of solvent 1s sufficlent in some cases to lead to drag re-
ductions of 50 per cent or morey how is 1t possible that such minute
amounts can change the mechunical properiies of the fluld enough %o
produce so dramatic effucts? A general review of the very voluminous
literature on the subject of drag reduction has not neen attempted

here (to date several hundred nublications cn the subject have appeared),
Generally, the emphasis is put on the more vecent contributions, partic-
uiarly those having a bearing on turbulence structure, but some of the

older material of interast for giving the background is aiso included,
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2, Data on drap roduction and mean velocity profiles

Fost of the data on drag reduction published to Adate have been
obtaincd in pipe flows following Toms (1948) original procedure.
However, results for flat-plai.e boundary layers such as those by
Kowalski (1967) and by Latto & Shen (1970) show the same qualitative
and quantitaiive behaviour as for pipe flow as do alsc those ob-
tained in the rotating coaxial cylinder experiments of lierrill ot
al, (1966). This 1s perhaps not surpricing in view of the slmilar
behiaviour of all turbulent wa)l shear flows in Newtonian fluids,

We shall therefore here consider only the pipe flow data,

Systematic studioes of pipe flow (e.g., Metzner & Park, 1964;
Sevins, 1964; Flata & Tirosh, 1965; Fabula, 1965; Goren & Norbury,
1967; Seyer & Hetzner, 1967; Virk et al., 1967 and Virk et al.,
1970) have identified ceveral drag reduction charcteristics

common to dlute solutions of linear polymers such as polyethylenc.
oxide, (Other drag reducing agents such as complex soaps with
micellar molccular structures produce quite different behaviou:.'.
with onset of drag reduction occurring at very low shear rates,

but these will not be discvssed hexe,) At low flow rates such
fluids obey the laminar friction law with a slight increase in
drag due to the increased viscosity causcd by the polymer, At
higher velocitdos the flow will go through transition at a Reymolds
number which - at least if the pipe inlet disturbences are mod-;
erately high - will not be appreciably different from the New-
tonian value, bras reducticn sets in at a well defined flow rate
and above this the frictinnal resistance depends on the polymeya
solvent <ystem, molceular weight and concentratioh. With ineresse

in flow rate a muxdmaun dreg reduction independent of polymeric

T
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molecular parameters may be reached, For still higher flow rates

the drag reduction effect could eventually diminish due to wiyﬁw
degradation. Pipe flow drag data typical of dilute polyethyleneoxide

solutions are shown in figure 2 taken from Paterson & Abernathy . C

(1970). The onset of drag reduction has been shown by Virk et al.
(1967) to be approximately independent of pipe diameter and for
a given solvent-polymer combination to depend only on the wall

shear stress, Furthermore, by comparing results for polymers of

different molecular weight, they were ablo to show that the onsct

data correlated with the formula
DMuf:/v = 0,015 % 0.005 (1)

C4

vhere DM is the effective diameter of the randcily coiled macro-

vi

molecule as rest and u: the value of the shear velocity u, = N /)

at onset, This result is quite surprising because it implies that
drag reduction would start when the diameler of Lhe molecule is |
about 10" times the size of the smallest dynamically sfgnificant
eddy in the flow, Simplified theoretical models for the macromo?.e-
cule (Pcterlin, 1966) show that a large deformation of the mole-
cule - possibly leading to a complete extension of thc randonm
coll - viould take place when the shortest time scale of motion
woulci fell below twice the relaxalion time of the molecule.
llowever, the onset data correlate poorly on a time hyuothesis,
Virk (1971a) has also found that the onsot of drag reduction in

rough pipas occurs at the same shear stress as In smooth,

The existonce of a maximum drag recduction asymptote has by now
been well documented for most knowm nolvgnt-polymer systiems,
Figure 7, reproduccd from Virk et al., (1970), shows data presehted
/2

in Prandtl’s coordinates 1//f versus Re f‘ o It 15 convcnient'td

present verulls for pipe £low In this muener, baecause in these

v
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e sy
coordinates both the laminar drag law and the Prandtl - von Karman

S

1aw for Newtonian turbulent pipe flow

1/2/? = 4,0 10810(331"/2) - 0.4 (2)

appear as straight lines in a semllogarithmic diagram, The drag
asymptote vas also shown to yield an approximately straight line

of the form (Virk et al,, 1970)

IWE = 19.0 108, (Re £'/3) - 32,4 (3)

In the regime below th'e masimum drag asymptote the friction faotor

varies both with polymer properties and flow variables,

Several attempts have been made to correlate friction data in

this polymeric regime below the maximum drag asymptote and we

have singled ovt the recent ones of Seyer & Mctoner (1969b) aﬁd

of Virk (19/1b) as being representative of two different approaches,

one (Seyer & letzner’s) based on measured viscoelastic properties

and the other (Virk’s) working directly with molecular parameters, |

These are best understood in light of the behaviour of the mean
velocity profiles, Virk (1971b) has compared published experi-
meatal data on mean velocities, and in figure I we have rcproduced
these (figure 2 of Virk, 1971b) shoving the measured velocities '
plotted in the usual wall variables vt - U/uT, yu,‘/v. T'rom these
one can distinguish three different reglons which can be repre-

sented approximately by

+ + o+
(1) ey 05y sy, (#),
+ + A T *
(I) U =Alny+By3 ¥, 57 sV, (5)
: .
(1) U - Agn v+ By ) vty s RY 6 .

. +
respeetively, vhore P.' {5 the volue nf ¥y corresponding to the

e it Pt mecdan 15 Eho usual viscous subloow

a2
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extending to ahout y+ = 10, The second reglon, called the "elastic!
reglon, 15 best vepeasinted by the velues Ag = 11,7 and 1‘32 = = 170,
In the Lthird ropion U" shovis Lhe same doparithmic varlation with y"'
as in the M'erbonian case but the curve in displaced upwards, Thus,
I\.j 22 2.5, hut }33 15 & function of .'aolccul:':.r and flow parameter,
The meon veloedty profile Cata honee indlcate the exdstence of a
Newtonlan "plus" In the erater of the pipe with a mixing length
apparently walfected by the polymers, At the condition of maximun
drop reduciion the clastie reglon II 15 assamed to extend all the
way Lo the coater of the plpe, and the leutenion region ITIL then
disoppenrs, Vil (1971h) determined the coefficlonts in the region IT
o ot Lo make the profila :31..\1(: a diag verlacion ecasistent with the
mazdmum dreg csymptote 'mder this assurption, Using (%) - (6) onc
can inteprate the total volumetric flow rate and hence cbtain a sre-

1ation hetvieen Lrlction force and flow rate,

Seyer and Mctzner (1969b) assumed the viscous wall layer to extend
all the way to the Newtonioa reglun without an intcmedlate reglon, .
Thus, setting

vt = alnyt+ Beh (7

vhere 0+ " oui /v and @ 15 the relaxation time of the luld they
vere able to correlute data for diffcrent polymer soluticns, The
constant A 1z the same as in the Newtonian case, (Seyer and Metzner
tovk A = 2,46,) The nondimensional rclaxation time 6" 15 the Deboran
nurber formed by the ratio of fluid rclaxation time to natural vis-
eous time seale of the turhulence, The curve of the intercept func-
tion B(e+) obtained in this manncr 45 reproduced in flgure 5.

Thedr data Indleate an asymptotic velue of B of about 30 for large

relasation tliaea, Virk (19710) nade



a comparison of the Seyer - Metzner model with his newer one and

found that the latter is superior in representing measure proi‘i:l-o‘&'

e

at conditions of large drag reduction, The Seyer - Metzner cor- . °

relation 1s also difficult to use for highly dilute solutions,

for which no reliable methods of determining the relaxation time

0 are as yet available (seq further the following seotion),

Virk (1971b) tries to relate the intercept constant B.5 in the

following manner

By =B +61In ®YR™)

vhere B, 15 the value for a Newtonian flou, B, = 55, The ractor
1n(R+/Rw) , where gt is the value of ﬁ+ at onset, 15 assumed to
represent an "excitation" factor which depends both on flow para-
meters and such polymetric parameters that may be ascociated with
the excitation of the macromolecule, The function §, which Vivk |
termes a "slope increment factor" (since it gives the fractlonal
inercase due to the polymer in the slope of the curve of I/Jf' .

versus log(Re Jf‘) ) 18 assumed to depend Solely on molecular

parameters, By examining a levrge body of data Virk (1971h) estobe

lishud that for each polymer-solvent system § is approximately
2

pronoréianal to cV » vhero ¢ 18 the weight fraction of polymer
addll v, Setting

§ u A)('Ko/M) 2y - | (8)

where A is Avogadros number, ¢ the velght fraction and 11 the
molecular weight, respectively, of the polymer (so thal the
quantity wnder square root represents the number of macromoleéulea
peit unll welght of solutlon) Virk finds that for all polymer
speeles with the exceptinon of one (fuar gum) the funetion If

(trosed "inteinile slope fncrement faotor") ean be fadrly well

R > -
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reprosented by a single curve with the number of macromolecular

backbone chain links, N, as a parameter, His results are repro-

duced in figure 6 (Virk’s figure 5), Furthermore, in a logarithmic
dlagram a1l the data with tho exception of that for guer gum Were

found to cluster arownd a single straight line of slope% indi- - ;.:' K

cating a simple power law of the form
” :
1 (9)

where - K 1s a constant found to have the approximate value
14

K= (2,3 £0.8) x 10" ', From a theoretical reasoning based on
the cstimate of the turbuient strain cnergy stored in the flexible
macromoleeule, Virk comes to the conclustion that 1 should be

3

proportional to b7, where b is the bond length cf the nomouer
making up the macromolecule, Guar gwu with & bond length of

b ~ 20 A, as compared to the other jolymers having b ~ WA,
chould thereforns be sbout (20/51)3 as effective 25 the others,
at inceed roughly indlected by the data for guar gum which give

! 1!
K o 3'380 x 10 ‘ ‘.

g e o e s =R - -
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2. _Rheological properties

One of the most important and intricate questions in drag reduction

research has been to vhat specific bulk rheological property or
properties of the fluid the effect might be ascribed to. It is

usually stated (see, e.g., Metzner & Park, 1964) that dreg reducing.

fluids show viscoelastic behaviour, and the suggestion that visco-

elasticity is the cause of drag reduction has been almost uni.

versially accepted, Indeed, in larger concentrations the polymers

effective in reducing the drag produce normal stress diffevences
in pure shear of moderate magnitude, an effect usually associated
with viscoelasticity, Direct demonstration of reversible elastic
effcets has also been given by Darby (1970), who with the aid of
a specially designed transient rheometer was able to measure
elastic rebound for fluids with polymer concentrations of 100

to 500 parts per million, However, such rheometric data are usu-
ally taken at low shear rates for which the normal stresses are
expected to be much lower than at the high shea.f velocities of
intercst in drag reduction, Mormal stress differences tor drag
reducing fluids are therefore usually determined from the measure-
ment of the thrust of a capillary Jet (cee Metzner & Park, 1964) R
a method vhich does not suffer from this shorteoming, This method
waa the ono used Ly Gadd (1966Ga,b) and by Oliver (1966) , the
latter also reporting results for fairly low conacntraiion levels
at wrich the method becomes unreliable, hewever. With the aid of
a specially designed concentric tube rheometer, Gadd {196€b), wae
elso able to detecet a non-zero second normal stress differex)xce
(722 - 73}) for dilute (40 p.p.m.) polyctthylmeoxide solution

but dld rot find ery appreelable second normal stress difference

ar AlICY ol AYa* 0adIAd N T UMAYR 11l A amtas mm e mensd totee

T e e
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acrylamide, ) TR

It has also been found that the viscoelastic properties exhibited

depend strongly on apging and degradation of the polymer solution,
especially in the crse of polyethyleneoxide, Brennon end Ga;ld
(1967) reported a muck diminished total hcad loss with age of

solution for a pitot tube in a stream of polyethylencoxide folu-

tion indicating a diminished first normal stress, Thev also stated

that the sccond normal stress for a 70 p.p.m. Solution vanished

.

vwith uging. Several later investigatiors have noted the ancmalous

flow behaviour of fresh polychtyleneoxide solution; tims
Kalashrikov and Kudin (.1970) found fhat the Strouhal number for
the Karmen vortex sheet behind a eireular eylinder was subsianti-
ally reduced in a flow of fresh solution, whcreac the same solu-
tion passed through a centrifugal pump gave a small incﬂease in
frequency - as compared to water, as did a solution of guar gum,
Despite such marked degradation effeccts a degraded solution was -
still able to produce a ‘ubstantlal drag reduction (although
somevhat diminished as compared to that of a fresh solution).
Such behaviour has led Barenblatt et al, (1965) to propose that
the viscoelastic behaviour of a polyehtyleneoxdde solution 1s

a result of the formation of very large aggregates of macro-
molecules vwhich in part disappear with uging., ‘The larger aggre-
gates vwill adso be bLroken up by the shear fleld in the flow
apparatus, so that large-scnle motion such as vortex shedding

viould be affected by degradation but not the drag reductinnm,

Althoush standard rheometric measvrements for very dilute polyner
solutions (« 20 p.p.m.) usually give no clear indication of depare

ture from a purcly Kewbonlen lisadd (Bryson et al., 1971), thece
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is other evidence that such fluids can show substantial .
non-llevtonian behaviour. Metzner and Metzner (1970) measured tﬂ"d
stress levels developed in dilute solutions of polyacrylamide
issuing from small orifices at high velocities, In this flow ﬁeld .
the deformation is approximately that of pure rapid olonsaﬁion. -
The ratio of clongational to shear viscosity (which is equal to
three in a Newtonian fluid) determined in this way was found to
be .exceedingly high; a conservative cstimate of the deformation
rate level yielded values as high as 29,000, Possibly, the ob-
gerved tendency of polymer solutions to form long threads may be '

related to such high values of bulk viscosity (Lumley, 1969).

Tn order to use laboratory rheological data in the equations of
mction for a continuum fluid onc necds to incorporate them in a
constitutive model for the fluid, A large number of such models
have been proposed and studied in the rheologicul literature,
Spriges et el., (1966) mcde an approisal of twenty diflcreni models
for viscoclastic matcrials, and they concluded that in order to,
reproduce all essential rheological properties a model with at
least four different constants was needed, In view of the uncer-
‘tninty as to how viscoclastic effents come into play in the
phenomenon of drag reduction, however, it vould seem most approp- .
riate to celesot for oxploratory studies the simplest model ineor-
porating viscoolastiecity, Such a model 18 the convected HMasrell
one proposcd by White and Metzner (1963), which in Carteslan

coordinates may be written

'61'“ '
TiJ + 0 -é-r— = 2}.’.d1J . (10) :

where Ty 13 the deviatoric shear stress, @ a rclamiion time,
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8/8t the Oldroyd time derivative

T TR G
8 m axm Ty OX, im 3x,
and p and d,, have their usual meaning of shear viscosity

i
and deformation rate tensor

§<3J 3%,

respectively, ‘The mate.rinl coefficients ¢ and p generally
depend on the deformation rate, Tho constitutive relation (10) is
a simplificd version of Nldroyd’s (1958) original one containing
eight material constents, For cxploratory purposes it is a great
advantege to have a model with only one positive constant, namely
8, to descuribe departure from a Newtonian fluid, It has also some
foundation in physical reality as Lumley (1971) has shown that a
simple modcl for e dilute solution of polymer molecules employing
a dumbell model for the molecules leads to a constitutive rclation
of the Oldroyd type (albeit with three instead of ttio metcrial .
coefficicnts). It 1s also the relation usually employed to con-
vert Jata on measured nornal stress differences to relaxation
times; application of (10) to simple steady shear flow,

U u(U‘ (xz),o,O), gives

T’l - 1'22 bl zeflaur » (‘1)

whore [ w aU,/aJ%. In this modei the fiuid relexation time @
15 thus proportional to the first normal stress difference, On
the basis of (10) one can also demonstrate the possibilily of
high resistance due to stretening as observed in the experiments

by Metzner and Motznov (1970) quoted ubove,
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In view of the great difficulties in measuring departures from
Newtonian behaviour of very dilute dreg reducing fluids, it would
be natural to turn to theory tn see what guidelines 1t may offer,
In vliew of the large size of the macromolecules fn comparison
with the solvent molecules involved a good mechanistic model for
& drag redueing fluid is to regard it as a suspension of small
particles In a contim;um fluid, The rheology of cuspensions is

a flela of reccireh which hns undergone o very extenaive develops-
menl sinee 163 Inecptlon Ly Albert slistein 12 1995 with his
formus onalysts of the dnercewse In fimdid viscosity due to the
presence of rigid spheres, Cood review articles Ion the =ubject
cen be tound An Vols, I and IV of the series "irheology", cdited
by kirich (1956, 1966)., In theoretieal susponsion mechanies one
can distinguish the following three =eparate stages in the ana-
lysis:

1) calculation of the influence of the local flow field on the
individual particle;

11) determination of the effect of a statistical ensemble of

particles on the bulk rheological properties for tiie suspension; and

111) analysis of the bulk motion of the suspension,

In 1) fluid inertia can be ignored because of the smell size of
the particle, but the calculation may nevortheless become very
complicated 1f the particle undargoed large deforantions or s
subjected to hydrodynamie interference from neighboring particles,
situations that do arise for the fluid of interest hera, Also,

the effeet of Drovnion motion nuy need to be incorporated in
determining Lhe shape ond average orientation of the particles,

The greatest complicatlon is perhaps caused by the coupling
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between stages 1i1) and 1); the bulk motion of the suspension is
1nﬂuer;ced by the thape and orientation of the particles, which
in tum depend on the local flow fleld creaied. The problem of
determining the shape of the macromolecule can also become quite
difficult dcpending on the demree of sophistication with which the
molecule 15 modelled, The lincar co-callcd bead- and-spring models
employed by Rouse (1953) and by Zimm (19%0) have been cimployed to
calculate the relaxation time of a dilute suspensicn of colled
macromolecules subjeoted to a smali oseillatory shear (James &
Acosta, 1570}, Peterlsn (i960) wmploying a lincar duwbeil model
(1.¢., tio beads und one speing) demonntrted thayu the moleoule
can heeone nfinlt2ly ektended in an irvotational stirvining fileld
if {ihe strain rate exzeeeds the inverse of twice ine relaration
time of the molecule, In a pure chear, on thc othor hicnd, 1% will

never hacome fully extended,

The infinlte exicncion is of course a conscquence of the cssumnilon
of spring Liscarity, Vith the aid of a nore reallriic ncnlinem‘.
threead nodel, e (1072) has shom recenily thas there dn e

eirilicn) shraln et o abeve whilel the noiccule hecores compaobey
{at Deenb 1/2) wrbtudedy below this Uhe molecule Ls nol extonded
al all, e wonld Lhorafoce evpoet that in a twrbul-nt fleld of
sulitiel el drtinsily agrest prorortive of the mucronnlesules s
vneslted, Gn the roeds of Polurtan’s (1970) reuolh Lo, (1009)
echingbod that (00 of ul) mulocuies stould be exbunded i a wie-

A ln

bulent Tlow if the rool men-gomaee shrain rete exscelds tho eriil-

crd volne of Lhe hverse of tiier ilie reloablon 1liic.



Sueh simple ricolofleal theories polnt to the im-
portant cencluslon Lhat the molecular confornation that may be
vay corron in a turbuleat flow might be an exicnded thread
rather than a random coll, 5o that the rheological properties
of the polymer solution in a turbulent flow thorefore might be
quite different from what they are in a laminar flow. As a theory
realistically modclling coiling - uncoiling meacromolecules in an
unsteady flow ficla is likely to lead to unsurmountable mathe-
matical difficuities, it viould therefore be more vseful for an
exploratory study to search for a model which gives the maximum

rheological effects of extended particles.

Such a model can in fact be found from the extensive recent studies
of the rheological propertics of suspensions of rigid clengated
particles carried out by Batchelor (19702,b, 1971) and his group ¢
at Cambridge University. The main concerr: in this group has bee v
with highly elongatod rigid particles, The problem cf determining ’
the particls motion then simplifies to that of deteruining the .
veloecity and orientation giving zero net force and moment on the
particle, (Inertia of the particle is ncglected,) This was a
problem considered by Jeffrey (1902), who determined the orbit

.of spheroids in a shearing motion and in an irrotational straining
field, Leal & Hinch (1971) and litnch & Leal (1972) have extenled
this apalysis to incorporate Brownian motlon and have shown that
the orbits of highly clongated particles in shear flow tend to
becone such as to make them spend wost of thelr time with thelr

longest axes aligned with the dircetion of flow, Jeffrey (1922)

Cm e —————————

alro demonthtrated that in an irrotational streining motien all
the pirtleles sauld end vp in a direciion with thelr longest azes
al frned with the Flon. Hence, there 45 a strong tendeney fore

ook oo tieles to Llne up La e flow dlre-tion, I the nar
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ticles are very slender, their co;xtribution to the stress in pure
shear vwill be quite small so that - the gispension.

will behave nearly like a Newtonian fluid., On the other hand, any
straining perturbation in the mean flow direction would be strongly
| resisted. We can use such general results ‘together with that for the
particle stress contribution due to pure straining motion calculated

by Batchelor (1971) to determine the perturbation stress T,y arising

from an unstcady twodimensioned perturbation with velocity components ‘

'u‘ = u and Uy = v of a parallel shear flow, a model problem that, as
will be urguel below, has zome bearing on the dynamics of a turbulent

shear flow,

Batchelor shows that the contribution A'r“ to the stress in pure
straining motion due to the presence of slender particles » all of

length 1 end diameter d, 1s given approximately b}f

_ 3y,

A‘l'” - ”B 'a-'x-'- ’ . b (12)

where _ ' )
- 4 2 N gD .

Bay 0Y/1n(n/y) = 3 /In(n/g) , (12)

¢ 1s the volume fraction of particles, r = 1/d their aspect raido,.
and n thelr number density. For a perturbation in the mean flow direc-
tion, the perturbation stress wowld therefore be vbtained by the ahove
formula with U‘ replaced by u, lotrever, the perturbation velocity
componcnt v normal to the flow would in addition cause a misalignment
of the fluld particles with the (small) angle

en [Tu, (1), .

whera the zymbol Dt meuns that the integration should be carried out

o v ——

B T e T



17~

following the particle. Since the particles are now tilted with respect
to the mean flow they will experience a velocity gradient along thqii'
length proportional to ¢(dU/dy); hence the total first-order contri-

bution to the stress will be
t
=fou_  au prav
A-rn-pn[-a-i'f-{y- -a-iDt]. (15)

This result has been derived hy Hinch*, who also gave estimates of the
error grisins because not all particles are aligned., We will in the
folloviing refer to (15) as 'th; Batchelor - Hinch model, Adding the
contribution due to the solvent itself, which is ottained from the
ordinary Newtonlan formula, one will thus find the total perturbation
strecs due to the perturbation velocity ficld, This result will be

used below wi a1 a simplificd model for a turoulent shear flow exploring.
i*s large- and small-scale Stubility properties. Batchelor (1971)
cerived the formula (12) for rigid rods under the restriction that

tie suspension 1s dilute in the volumctric sense so that the average
clstance tetween the rods i{s large compared to their diamcter but that
the rod length is much larger than the averagc distance between the .
rods as illustrated in figure 7, Under such conditions, which would be
satisfied for the dilute pclymer sclutions of present interest if the
macromolecular coils were extended, the coefficient B can be very lérge,
indeed, lcading to very large ratios of extensicnal viscosity to shear
viscosity of the order of 10.‘5 or rore, values that ordenof- mag-.itude;
vise are consistent with tlie experimental results reportcd in the peper
of Metzner and Metzner (1970) quoted above, Wlcre the modcl obviously '

falls 18 in the assumplion of rigld rods., A fiuid filled with threads

&
1©.7. Hinch, private communication,
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from uncoiled mecromolechiles would be able to resist extension but .

not compression.‘ A more realistic model for such a fluid wotild have
to be nonlinear and quite complicated, however, and in view of the
fact that some suspensions of elongated inelastic particles have
shown drag reduction (Bobkowicz & Gauvin, 1965), an investigation
based on the simple Batchelor - Hinch model (15) should be of some
value for an exploratory study,

e e =
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4, Stability and transition

In the mechanics of turhulence the phenomena of instability and

transition of a laminar flow are believed to be of fundsmental impore .

tance, Therefore, many theoretical and experimental investigations -
have been aimed at a study of non-Newtonian eftects on instability

and transition,

The theory of lwdrodamainic stability is concerned with whether small
disturbances in a steady laminar flow field will 8rov or decay, We

.,han here discuss only two-dimensional infinitesimal disturbances

of a planec parallel shear flow,
U, - (u(:;z),o,o) (16)
() = x, x, =y, X, = 2)

For such disturbances 1t 18 a straignt-forward, if often somewhat
teddous. process to derive from the linearized momentum and the
chosen constitutive relution a single differential equation for the_
stream function of ihe perturbation. Eotting in the usual mannes for

the perturbation velocity components

iu(x-ct)

us (Do)e (‘7).

Ve- .latpei“' (x-ot)
vwhere o and ¢ are the wave number and phase veloceity, re:spectiveﬁr,
of the vave-like disturbance; N = d/dy; and the real part of

e
o(y)exp ria (x-ct) j is the perturbation stream function, one obtains
for the two constitutive models selccted the following modified

Orr - Somnerfold equationss



_ a 2 3
(U-c) (0%-o7) ¢ -9 0% = i !
where Re 15 the Reynolds number, and

S =1+ iag(U-0)

by = DS - A2(0°9)T - 267 (09)°(1 45™2)

- 408) (P95~ 30%)% + u(s) 2
- 6(p9)°(02s)2g”!

by = - 26°(DS)T + 2075t + 4(ps) (p°s)1°
-. 4(ps) ps™"

2
b, = 30257+ 2(p) T

., 1 2DS
b) DST

2 2
m[(""“)‘v*‘nfo“n

]

(18)

This equation was given by Porteous and Denn (1971), who also dcmon-

strated that for small fluld elasticity, 1.e., small @, only the

underlined teim in the above expressions for b0 should be retained,

The equation then becomes equival.ent to the one for a sczoud-order

fluid employed by Chun & Schwartz (1668) and others, an oquation

also arrived at by Walters (1962) by considering a fluid of

menory.
b) Batchelor - Hinch modol:

2 2, 1 r.2 22
(U-O)(D -l ).,)-(PD ) e i?l—ﬁcc- L(D -.Q) ¢

&, 2 o )"I
- B(il= ) D (-U':E |

short

(19)
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All quantities appearing in (18) and (19) have been nondimensionalized
in the usual menner for boundary layers employing shear layer thickness
6 and free ctream veloelty U1 as refercnce length and veloeity, respec-
tively, end /U, as reference time scale. The Batchelor parameter B

is nondimencsional as such and 18 indenendent of flow parameters.

Most stability results availaule to date have been based on the second
order fluld constitutive model. For plane Poisculle flow Chan lMan Fong
and Walters (1965) found that a small elasticity tended to lower the
eritical Roynelds number, This destabilizing effect vas conrirmed by
Chn & Schvartz (1968) through direct numerical calzulations of disturb-
ance amplification rates, which for woderate values of the clasticity
parameter were found to increase someshat over those for a MNewtonlan
fluid, Furiher demonstrations of the destabilization due to elastieity
has also been glven by Porteous and Denn (1971) who employed both (18)
and the second order fiuld modcl and found very little A.fference
between the results for small valucs of the flnid elasticily. They also
carricd out an enalysls for finite amplitudes, Mo rasults obtrined cn
busis of the Batchelcr - Hineh model (19) for aligned rigld rods have
as yet published, but our ovn preliminary calculations reported below
indicrate that thelr effect should gencrally be stabilizing., In tne
11tc-raturé there have also appeared scveral anclysis of stobillvy of
Couctte and Taylor - Couctte flow of viscoelusiie fluid, of which per-
haps the ost rrbitious one as for as the conctitutive madcl employed
1s that of Karlszon et al, (1971). Flastictty is found sowmctiaces to act
stabilizing for a Taylor - Couelte flow but it 1is A fficlt to Judge
what posiible implicablons such rosults may have for shear rflow

turbulence.,



Experiments directly aimed at studying the stability of drag reducing
fluids have been carried out by Berman & Cooper (1972). Theéy investi-

gated the flow respense dve to the periodic motion of a thin sleeve,

Although the shear rates were not high enough for viscoelestic effects

to be expected, they found that the periodic disturbance gencrated
by the sleeve persisted longer dowmstream with the dilute polymer

solution thun with the pure solvent,

The pipe flow transition experiments that have been reported in the
Jiterature to date give rather contradictory information regarding
vhether o drag reducing fluid will speed up or delay transition to
turbulence, Virk et al. (1967) reported no substantial effect of
polymer addition. Castro and Squire (1967) and. White & McEligot (1970)
found a slignt inerease in the transition Regnolds number, whereas
Chung & Gracbel (1972) obtained a large increase, Patérson and
Ahernathy (1972), on the other hand, observed a uecrease in the
transition Reymolds number of strongly dra:;-reduéing soluticns as-

compared to the pure solvent, !

lossibly, these strongly differing results could in part have their
explanation in the differcr;t methods oL detecting transiticon used,
However, it is also well known from pipe flow transition mecsurements
in Newionion fluids (Lindgren, 1977) that by reducing inlet distur-
bances onc can prolong the lamlnar regime almost indefinitely. There-
fore, one can expect that only experlments conducted al reasonably
high inlet disturbance levels, such as those of Virk et al. (1967)
will yield reproducible results fov the lower transition Reynolds
nunber, It 1s of intercst éhat.l‘atea.-son &. Abcrnathy. (1972), when
using a suuarcé-off pipz producing disturbed inlet flow, found little
cffect from tho polym:» on the trmmsitlon Reynolds number, in agreec-

ment with the Clndings of Virk ob 1. (1967).



5. Turbulence structure

In reecent jears considerable advances have been made in the under-
standing of thé dynamical processes takiﬁs place in a turbulent
Newtonian vwall shear flow., Earlier measurements of the turbulent

field were focussed on determining space-time correlations of the
fluctuating quantities, From such long-term averages one could hope
to detect eny persistent or recurring larger-scale flow features that
might be of dynamical significance, Measurements of correlations such
as those of Favre et al, (1967) and of Willmarth & Tu (1967) depict
the main structure as a decaying and convected pattern which propagates
with a velocity close to but, not exactly equal to the local flow velo-
elty. Corcos (196)) ccrrled cut a speetral analysis of thé wall pressure
fluctuation covrelations obtalned by Willmarth & Wooidridge (1962) and
showed thot thr ~onvaction velceity had a uniquely defined value for
each frequency. This was interpreted as evldence for the presence

of waves in the turbulent boundary layer by Landaﬁl (1967), who
showed theorctically that in a system admitiing pro?agatf.;,n of waves.
(a wave gulde) the least damped wave niode should dovui.na*;e in the
statistical average, Morrison & Kronouer (1969) deteccted such waves
from measurcments of frequency-wave-muiber spectra of the fiuctu-
ating velocitlies in the wall layer of a turbulent pipe flow cnd found
that the fluctuating veloeitly ficld 1s dominated by waves that are
hiphly swept, liwssain & Reynolds (1972) exclted periodic disturbances
in a tv.'o-dimc-n:s.tonai turbulent chonnel flow and measured thelr empli-
tude distributions and propagation constants, They showed that the
effect of bauiground turbulence must be included in the eccuations
modelling the disturbances (Reynolds & Hussaln, 1972). An entirely
different ansroach in analysing correlation data was taken by Bakewell

& Inmley (1907), who decomposed the ecorrelatinn funetions in a set of
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orthogonal eigenfunctions and demonstrated that the dominating lange-
scale feature in the wall laycr consists of a pair of randomly ocur-
ring contrarotating streanwise vortices scparated in the spanvise
direction of a distanco.of about A: = 100 expressed in wall vart-

ables,

The conceptual two-layer model proposed by Townsend (1956), which
divides the turbulent boundary layer into an "active" part comprising
_the reglon closest to the wall and a "passive" outer cne, his been

“a source of inspiration for many of the later invistigations. That
the energotics processes In the boundary layer are mairly confined

to the inner layer near the yall was given detailed confirmation by
Kline et al. (1967) and by Kim et al. (1971). Their isual obscrvations
of a thick turbulent boundary layer in water wich the aid of hydrogen
bubble tracers revealed that most of the turbulent energy and Reymolds
stress vas produced during intermittently ocurring locallzed "bursts"
or turbulonece, The burst is a violent instabillty brocess found to
occur primarily in the zone O < y+ < 100, The observations sugpesied
a local structure like a hair-pin snaped vortex lifting up from the |
lovier part of the boundary layer and bciné stretched by the meun shear
as it is transported downstream (see figure 8 reproduced from Kline
et al., 1967). The average tronsversc distance between suen cvents
was found to be sbout A; ~ 100 expressed in wall variables, strongly
suggesting a comcction to thie statlistical pleture of Bakevell and
Lumley (1967). Further visual observations by Corino and Brodkey
(1969) revealed two distinct violent prucesseay an "ejection" of low-
speed fluid away from the woll and A Meveep" of high-speed fluid to-

wards the wall,
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Because of their strong intermittency the presence of turbulent
bursts cannot normally be detceted by means of ordinary statistical
methods, and their more detailed guantitative study has necessitated
the developments of new experimental techniques based on selective
'samplins of the signal during bursts, Although different criteria
have been employed by different investigators as to what should signi-
fy the occurance cf an "event", all are in substantial agrecment as
to the main picture, Willmarth & Lu (1972) discovered that 60% of
the Reynolds stress is prodhced when the veloeity in the sublayer is
less than the mean., Dlackweider & Kaplen (1972) succeeded in deter-
‘mining the average 1nstautaneous velocity profile Just preceding burst
for different locations of the triggering probe, In figure 9 is shown
the instantancous profile thus obtained bcforé burst for a setting

of the triggering probe at y = 15, The large nezativé velocity
perturbation up to 20% of the local mean and the strong inflexional
character is apparen’., The inflexional character of the velecity profile
pruceding burst has been observed in all investigatlons of the phenom-
enon and suggests a strong simidarity with the final stata of break:
devn of a laminar boundary layer to turbulence (Kicbanoff et al.,
1962), Cther sclective sampling data have been presented by Vallace

et al. (1972), vio, extending the observations by Corino and Brodke&
(1969), found that the ejection and sweep steges cach econtributed
about ceventy per cent of the mean siress for a total of 140 per cent,
The excess wes accounted for by "interactions" towards and avay from
the wall each producing a ncgative turbulent shear stress of about
wenty per cent of the mean, in between ejoctions, sweeps and inter-
acticas the flov waes found to be cf cusentially laminar chnracter

but wsteady.
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Most of the experimental data on the turbdlent structure of a nu.n-
Newtonicn fluid reported in the literature so far have pertained to
fluctuation intensities., From these it is immediately apparent that
drag reduction is not accompunied by a corresponding decrease in
fluctuation intensities, In fact, the measurements reported by Virk

et al, (1967) showed actually an increase in the streamiise fluctuation
veloeity, Seyer and Metzner (1959h) on the cther hand, using a hydro-
gen bubble technique, found a‘decrease. Deveiopuent of laser anemo-
meters in recent years has elleviated many of the specrial difficulties
assoclated with‘ measurements in polymer solutions emplceying traditional
techniques, Heasurements by Goldstein et al. (1969) gave very little
difference in thé u-compenent due to the presence of an additive,

Rudd (1972) found a noticeable inercase in the streamvise. fluctucting
component ncar the wall but hardly any change ncar the center of the
pipe. (Sce fipures 10 and 11 reproduced irom Rudd, 1972,) The trans-
verse (v-)component wus deereased near the wall but incieascd above

its value for the solvent at larger distances,

A few measurcments of the spatial strusture of non-Nevtonian turbule.nues
have been reported, For dsotropic grid turbulence, Fabula (1966) could
not detcct any clear cffect on the spectrum from polymer addition,
Friehe ( Schz-mrtz (1970) obtained a decrcuse in the docay rate but

no ubstantlal change in the spectrum, leasurcments in a flat plate
boundary layer by Kowalski (1967) showed a substantial increase in
the turthulence mleroseale near the wall with as much as by a factor
of two. This 15 concistent vith the observations from mean veloceity
measurcnents that the thickness of the viscous wall LLaye’é inercases.
On basis of data from flow in rouch tubes Virk (1971a) concludes that
the maximwn inecrease in the viscous sublayer dne to polymer additives

is about 2,5 in aualitative arreement with Kowalski’s result. Results
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from correlation measurements have only recently become available. -
Fortuna & Hanratty (1972) cmploying an electrochemicnl technique
determined the wall-stress fluctuation in pipe flow, They discovered
a strong increase in the transverse (spanwise) correlation scale

(see figure 12) as wel). as a much slower longiiudinal (streamwise)
cc;rrelation decay (See figure 15) than in the Newtonian case, A re-
duction of the stress fluctuation amplitude for the same mniean wall
stress vas also observed; for the transverse component up to a factor
of about two, but lcss for the axial component, Spectra were also
determined but showed no dramatic differences from their New-rtgnian
cownterparts when normalized with wall parameters, However, thc low-
frequency part increared somewhat and the high frequency one decreased

with increasing drag roduction,

In summary, the qualitative picture that emevges from such experimeﬁffd
results is that polymer addition causes an increase in the seaie of
the smallest turbulents eddies ncar the wall accorﬁpanicd by a rcductian
of Reynolds strecs and an assoclated lowering of the wall friction,
Turbulence 15 not supressed in the wall layer but ac.:sc.*nally enhanced,
The most spectacular change in the turbvlence stiucture is in ihe
tranaverse scale, whilch can Increase witl up to a factor of five
(Fortuna and Hauratty, 1972), The reduction of sireamiise dccay of

the longitudhel rorrelation as compared to the solvent points to =

incrcase in thie life-time for the big eddies,
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6., Proposed mechanisms

A nurmber of suggestions, all of a cualitative nature, have appeared
in the literature as to what mechanism might be the primary cause of
the drag reduction. The key element in all of these has been the
thickening of the wall layer, first observed by Elata et ¢, (1966),
The explanations differ widely, however, as to how a very small amount
of polymer addition could interfere with the turbulent mixing pro-
cesses So as to produce a substantial increase in the scale of the
smallest stress-producing eddies near the wall, There 15 even differing
opinions on such a fundamental question as whether an explanation on
a continuum basis is sufficient, Barenblatt et al, (1965 and 1969)
point to the observed appearance of large acglomerations of molccules
and suggest that these will form viscoelastic particles at least as
large as the Holmogoroff scule of turbulence which - hecausc they tend
to become effectively rigid at very high fluctuation fresuencies - will
act to stabilize the small viscous eddies in the v}all layer, Their
effect on the inertial large-scale motion, on the nt:.her hand, is to -
lead to an increased intensity, The idea that entungzlcmcnts of mole-
cules would resist the notion in the wall layer vas alsc suggested by
Fabula ct al, (1960) and discussed by Lunley (1967), but in his later
review article (Iumley, 1969) hc comes cautiously to the
.eonélusion that agglomerations of molecules 1z not an important factor
in drag reduction, A continuunm viewpoint was tak-on by Seyer & Metiner
(1969a), vio hased thelr rcasoning on the model of large Streamise
cddies for tho malld J.c.tycr propoced by Bakewell & Lumley (1907) and
the conveeted Haxwell constitutive model for the fluvid, According to
the latter, large values of normmal sirecses would be set up in a rapid
elongatienal flew, such as would be produced vhen the two Barewell -
Lunley cownterrotating vortice:s force the Zluid up from the wall

betiveen them, Mhils motlon would %has be strongly resisted, Pfernlnger



(1967), following Theodorsen’s (1955) idea that the turbulence could
be modelled as a distribution of horseshoe vortices iormed at the
all and 1lifting up from it as they are swept do:mstream, proposed
that drag rcduction was assoclated with the strong resistance to
vortex stretching which experiments have shown to be exhibited by
some (but rot all) drag reducing ﬂ.uids‘(see also Gadd, 1968), The
horscshoe vortex concept has also been embraced by Black (1969), who
however thinks that stretchdng of the more or less longitudinal vor-
tices in the horseshoe “legs" 'is- perhaps not as importiant as the '
direct stabiliiation of the wall layer. Influence on thie energy bud-
get of the turbulent fluctuations in & more unspecifioed manner has
also been invoked, Astarita (1965) notes that the encygy dissipation
ought to decrcase in a viscoelastic fluld since the dynamically pio-
cess vill beecome more elastic and hence more veversibie at high
frequencies, Thus, he argues, the drog musi decrease iu order Lo
preserve the onergy bulance, Energy arguments were also used by
Savins (1964) and are also implicit in Virk’s (1971b) elastic sub-
layer model, Adsorptiecn of a resilient layec of molecules on the wa.lll
layer has alco been proposed as contributing ::o the thiclienad wall
layer by Dryson et al. (1971), but no explanation has bcen suggested

as to how this can change the turbulent processes,
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T. Anplication of a new model

To make any cuantitative or Gualitative assessments of such proposed
explanations of drag reduction is presently not possible because of
the lack of an adequate theoretical model for the dynamics of shear
flow turbulence, In view of the extreme complexity, randomess and
nonlinearity of turbulence, the prospects for the discovery in the
near future of a reasonably complete such medel are very poor,
indeed, However, in view of the very drastic effects produced by
additives one could reasonably hope that even a fairly crude theore-
tical model - 1if retaining the essentizl dynamics of the turbulent
processes - should be able to indicate the possibility of modifi-
cations of the turbulent fleld leading to drag reduction, at least
qualitatively, We shall here present the fMrst attempts at an ex-
tremely simplified such model which, hepefully, containe cnoush

of the essential dynamical clements of the turluleince stiucture

to make an exploratory study of tne effect of additives possible,

The new model represents an outgrowth n*om ideas *n classieal hydre-
dynami ¢ s»c.bility applied to a fully furtulent flc: W, bat 1t also
retains Tovmsend’ s (1956) basie coneept of a tun-layer structure,
The scale of wall turtulence belng roughly proportional to distance
from the woll, one would eiapeet that the cignificant stress and
energy producing eddies in the fmner "active" layer close to the
vall wre of much smaller seale than those in the "passive" outer
layer, It may *therefore be meandingful to think of the turbulence
concéptue.lly &5 consisting of a coupled motion at two disparate
scales: a primary one of large scale (of, say, the order ¢f the
boundiry 1nyven thicknecs) and a nueh smaller secondary one (of the

ordor of the vigeous longih seale v,/uT). The random fiactuating
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field is superimposed on a mean velocity field, which to a good
approximation can be regarded as a parallel shear flow, Accordingly,
if the fluctuation velocities are small compared to the reference
free stream speed so that a linearization is allowable, a simple
model equation for the fluctuating velocity field (when Fourter
transformed in x, z and t) would be of the Orr-Sommerfeld typa,

and a dccomposition of the general unsteady motion in terms of the
eigennodes of the Orr-Sommerfeld problem shou;d be the obvious

way to proceed, liowever, nonlinearity would modify txe pleture in

three importent ways,

First, the primary wave field (belonging to the large-scale motion)
would propagate through a flow filled with small-scale éddics,

hence these will act effectively as scaitering sources for the Jarge-
scale motlon producing a gross effect nevhaps mich 1ike that of an
eddy viscosity (see Reynolds & Hussain, 1972, lor efforts to model
this effect), Ve shall here igore 4his effect compietely finding
Some ‘Justification in doing so in the caleuiation of Landahl (1967)
which gave propagatior; and decay propertics of the large~scale
pressure-producing eddies in good qualitctive dgrecment with ob-

servations vithout including cddy viscosity,

Secondly, nonlincarity Is required to cveite the primary waves

slner these are damped, as shown by Landahl (1967), 2nd the most
abvious excitotion sourees that hove come to licht so far ure

the turbulent bursts, As the recent experiments reviewed absve
indicate that those are hiclly localized in time ond space, the
excitotion may Le modelled as effectively point sourees on the gcole

of the primary notion,
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Thirdly, the small-scele secondary motion sees not only the parallel
mean velocity field but also the primary fluctuating field, so that
the secondary waves may be thought of as riding on the primary vaves
in very much the same way as capillary water w:ves on a large-scale
gravity wave, On the scale of the secondary motion the mean plus the
primary field will be a slowly varylng one in space and time and may
therefore locally be approximated as a parallel one.

For both the primary and the secondary motion we will thus have

as a model cquation one of the Orr-Sommerfeld type with the mean
veloeity replaced by mean plus primary in the latter, The Secondary
wave could thus be locally. unstable, for example Lecause of in-
flexion, Now, it has been shorm recently with the uid of kinematio
wave theory (Landah), 1972) that therc is a cratical condition for
& locally selfc:rcited secondavy wave given by

c_ =c (22)

vihere cg is the group \'/elocity of the secondary wave and % the
phose velocity of the primary wave on whiech it is riding; at which.
the secondary wave will grow to very large amplitudes, The reason
for this 15 that the group of secondary waves at this concltion
experiences space-time foeusing (1.e., neighboring groups of waves
catch up with each others and henee "compress"), and that the vave
group beromes trapped In a reglon of the primary wave (tsenerally
near 1ts crest), vwhere 1t can continue to amplify (see figure 14),
It 15 therefore hypothesized that (22) should identify the condition
at which the breakdoin of the primary waves into strong secondary
small-seale motion would take place, Appiication to the data from
the tiensition experlments by Klebanoff et al, (1962) demonstratos
that the condition is very closely satisfled at the anncarance of

the £ivet "opikes" i the final ctoge of trmsitien of a laminar
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boundary layer, and that it gives good agreement with the mecasured
frequency of Gecondary motion, In view of the observed similarities
between breskdowm in the final stage of transition and turbulent
bursts (as pointed out, for example, by Willmarth and Lu, 1972) we
shall hypothesize that the bursts are the results of the attaintment
of local eriticality in the primary field, and that the subsecuent
violent motion will cause excitation of new primary waves, (The
model is 1llustrated conceptually in figure 15,) Admittedly, the
model is highly speculative at thic stage and cecntains many d1ffi-
cult details which are not yot worked out and which will require

a great deal more study, such as how randomness could be incorpo-
rated intec the mxdrl, and how primary waves, which probably are
highly oblique, could interact so as to produce a eriiical condition,
Nevertheless, fer the purpose of studying the effects of odditives,
a great deal could perhaps be learmed from the propagation charac-
teristics, in particular the stability characteristics, ~f primary
and secondary motion, Accordingly, some numorical stabilily ca.lcu-.
lations have been amried out for veloeity profiies that may be
typical of the mean and instantancous primary moticn for heth a
Neﬂonieh situation and one with drag reduction, These calculations
were performed by F, Bark of the Royal Institute of Technology,
Stuckholm, and a detailed account of them will be given later,

‘the three rheologlical rodels that werce used vere the oncs deseribed
sbovey the ordinary Newtonlan one, the convected Maxwell one and
the Batchelor - Hinch model for a suspension of microscopicul rigid
rods, Three dlfferent velocity profiles were invectipated, two
qualitativoly representative of the mean motlon for a Nertonian
and a drogevcaueing fluld In a boundery leyer, wid one broadly
simllar to the Inflextonal proflic appearins in the subiayer juet

belove broaldo.n, ALl thece are 11lustrated In figure 10, The memn
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profilc for the Nowtonian case was constructed from Reichhardt’s
representation for the velocity dictritution in the constant-stress
layer coupled with Coles’ wake law profile for the outer portion.
The drag-rcduction velocity profile was obtalned in essentially
the same way, except that the viscous wa;ll layer thickness para-
meter in Relchhardt’s expression was increased to correspond to the
maximm wall loyer thickness possible according to the Seyer -
Mctzner (196ub) correlation. The same plate-length Reynolds number
was cmployed as for the Newtonian profile. By ccmparisons ol re-
sults for thc two profiles with the same constitutive model cre will
thereby be wble to iéolate the effect on the stabllity characteris- «
tics of the change of profile from an ordinary turbulen*; one to

a more laminar-locking one,

The veloclty vrofilc chosen to model the instantaneous wall J.aycr'
breakdown profile wes of the simple tanhyp-variety with the distance
of the inflexdon point to the wall adjusted 3o as to be roughly in
the same ratio to the internal shecar layer as in the experimental .
prefile deteimined by Biackwelder and Kaplan (1972). This was selec-
th in prefercnce to a direct numerical fit to the meusured profile
in ordc:f' to avoid undue numerical difficulties that would arise
Lecause of the fourth derivative of U appearing in the equation
for the eonvected Mexrell model. Such simplifications should not

be serdous at the prescnt stage, however, where only quailtative

Indications of a sirong effect arc being sourht,

Results from the prirmary wave calculations are shown in figure 17,
Followirg Landonl (1907) these were obtained in spatlial form with the

complex wavae number o = @, + Jo_ determined as function of the reel
: R I

frequency o {(made dlmensionless ulth the "outer" reforence quanti-

ddpme 2 o and 1Y, Tho dmacinary oart. oo, glves a measare of the
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rate of decay with streamwise distance for a wave of given frequency,
The results obtained with the Maxwell fluld model show that for the
lower frequency range, o < 1,5, a moderate fluid clasticity (non-
dimensionel relaxation time ¢ 1less than unity) causes very little
change in cyI relative to the Newtonian model for the same velbcity
proflle. There 1s an increase of ar relative to the value for the
Newtonian profile which is entirely a proli‘ile effect, At higher
frequencics a destabilizing effect is seen which at 9= 3 13
strong enough to lead to a complete loss:of stability. Calculaions °
for larger values of § (not shown here) give frequency 1egions

in which o, becomes negative, i.e,, the wave ic unstable, It is
difficult to judge the slgnificance of such recults as the model
amployed requires thut all primary waves are stable, otherwise the
assumption of statistical stationarity has to be given up {Landahl,
1967).

With the Batchelor - Hinch constitutive nodel » on the otiier hand,

the decay rate «, 1s increased over the value for the Newtonian

I
case by about a factor cf 2,5, At a glven non-dimensicinal .frequency
besed eon outer variables one would thus expeet 1o see a correspon-
dingly more rapid decay of the cross-power spectrum of the turbulent
fluctuations with streamwise distance, Such a result might seem to
be at variance with the experiments of Fortuna & Hanratty (1972),
which showed a much reduced decay of the streamwise corolatlicen

of the wall stress fluctuations whih streanitlse distance as conpared
%0 the Newtonian case for tho same mean wall stress, However, sinco
th> correlation is ihe inverse transform of the Cross-power gpecirum,
Lhe reduction in the eorrelation dccay rate'may s5imply be due to a

shifting ol the whole spectrum townrds lower frequenci.s, as the

experiments Indeed Indicate will take placc during drag reductioan.
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Results of the stability calculations for the secondary disturbance
with the model inflexional profile selected are presented in figure
18, In these caleulaticus the fairly high Reynslds number of Re = 4600
was chosen in order to make the Newtonian'stability character;stics
become essentially the inviscid ones. For a study of the shortest
scale in a Newtonian wall layer, perhags a more realistic value of
the Reynolds number would have been less than 1000; however, in
order.to bring out more clearly any stabilizaticn potentialities

of the other rheological models, a high Reynolds number was chosen,
From the results presented in figure 17 it becomes cleur ihat a
moderately high elaséicity of the fluld (§ = O0(1)) has only a small
destabilizing influence. However, with the Batchelor - Hinch inodel

a strong stabilizing effect 1s demonstrated including the possi-
bility of a complete stabilization of the inflextonal profile for
sufficient]y ligh values of the parameter B, In particuiar, it is
observed that the strongest stabllizing effeot is found fo.: the
largest wave numbers, so that the smallest scale of unstable motion
1s inercased. This would be expected to lead to an incresse in the
slze of thec smallest stress producing eddies and a corresponding
inereace In the wall layer thickness, The valucs of B used in the
calculations may perhaps seem high, bu£ they are not unrealistic;

as they give a measure of the ratio of clungational to shear visco.
sity of the same order as found in the experiments by Metzner &
"letzner (1570}, Furthermore, 1t is seen that the paramecter enters
into the basic stability equation (22) in the ratio B/Re, so that
for a lower Reymolds number the value of B required for stabilization

beecomes proportionally lower,

i
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The simplified turbulence model presented thus shows that fluid
elasticity as modelled by the Maxwell constitutive equation causes
destabilization of both primary and secondary motion, The Batchelor -
Hinch constitutive model » on the other hand, 1s found to produce

a strong stabilization of both primary and secondary motion, The
stabllizing effect on the Secondary motion is probably of most
significance for the drag reduction phenomenca since the associ-
ated incrcase in scale of the unstable secondary disturbances could

be expected to lcad to a thickening of the wall laye~,

e N

R S



8, Concluding remarks

The first basic and as yet unresolved question in the puzzling phenom~
enon of drag reduction due tu polymer addition 1s whether a satis-
factory explanation based on continuwn mechanies ig possible or
whether one instcad would have to invoke processes on the non-continuum
macromolecular level such as proposed by Barenblatt et al. (1965 & 1969).
From a heuristic point of view, a theory basod on non-contihuum con-
cepts will be quite difficult to quantify and the theoretician would
therefore naturally Le quite rcluctant o part with the continuum
approach, Although the initial efforts towards a simplified meshanistic
theory of well turbulence pr:esented here have not yet led to definite
conclusions in this regard, they have at lerst polited to & possible
continuum mechanical effect due to the polymer additive which couwld

be highly effective even when the molecular size s much smaller than
the scale of fluctuating motiou., The large frictional resistance to
streamvise straining pertucrbations caused by elongatcd partlcles
aligned in the mean tiow cdirection was Shown to have a strong stabil.i-
zing effect on inflexional insﬁabilit:,'. 3ince there is both experi-
mental and theoretical evidence that such instabllity is involved in
the creation of the stress producing turbulent bursts observed to

occur intermittently in the wall laye;', such stabilization could be
expected to lead to a reduction of the turbulent stresses ncar the

wall and an ascoclated thieckening of the wall layer, Extended polymer
maeromolceules mostly aligned in the mean floiwr direetion of the tur-
bulent veloelty field could be cxpected to act qualitatively tike the
rigld rols cmployed in the simplificd fluid model, at least during

the extensionn) phase of the sceendary fluectustion cycle, That the
p&lymnr melecul 2o esuld have a rheoslesteal effect of this kind is

indiested Inal-o o0y hy the very kish eelies os) the ratlio of elonga-
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tional to shear viscosity, of the order 10“, measured by Metzner &
Metzner (1970). Such hirh values are consistent with what Batchelor’s
(1971) simplitied theory would give for rods having aspect ratlos like
those of the cxtended polymer molecules of typlcal drag reduction

additives in dilute solutions.

As yet no direct experimental demonstration of the presence of fully
extended macromolecul as threads during drag reduction has been glven,
Complete extension would not be attainable in a laminar shear . . - .
flow, but the finctuat’ng i‘r'rotn*.ional utralns present in the turbulent
ficld couid poscibly causs scacrolls to stay extended a large fraction
ol time, Intultively, one woald fecl that the onset phenomenon 1s a
manifestation of the exhcns_ion of the macrormslecular colls, although
the observation (Vark el al. , 1967) that onset data hest correlate
with a leogth hypothests based un the rutlo between coll radius and

the smallest ceale of turbulence Las not yet found a satisfactory

thieorctienl explanation, Reproduced from ﬁ
pY.

best available co

The coleulations based on the iaxwell fiuld model glve quite elear
Indicatlons of the offfects of [uld clasticily on Ifluctuation ficld
stabllily. Path the large-seade primary rotion and Lhe omall-seale
sceondary ouce vere found to be dostobilized by modarate anowats of
clascleily, With the wadel crployed there 15 thus ne indication that

viscoelunllelty ot ruch eowdd be the caus . of drag recduction,

The explination that drag reductien 15 zzsociated with the high clonga-
tional viscosity produced by aligned uncoiled macromolecular threads
1s broadly in accord with Virk’s (.971b) findings that the drag curve
slope Increment § 1s epproximaielv proporuional to the squarc root

of coneentration and the three half power of the number of backbone

T4nvle 11 199 el omier'. Ty $ho a4 nl Alarn - 1M4vals madal e crmsrmssa ? s s
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parameter B is proportional to nJ.3 ; (1gnoring the logarithmic term)
where n is the number density and 1 the length of the aligned particles,
The experimecatally determined variation with concentration, 1i,e,, of n,
to the one nalf power would thus indicatc the effect to be proportional
to (nl3 )V 2, vhich thus yields a variation with the bond length b

and number ol backbone 1irks !! as b)/ 2 Nj/ 2. Thus, proportionality

to cl/a

would be consistent with the 113/ € variation® The two models
differ as to the variation with molecular chain bond length, however,
On the basis of an cstimatq of the turbwlent strain energy stored in
the clastic molccules, Virk (197'b) predicted a proportionality to bj,
15 contrast to the b’/ 2 dependence inherent in the (nlz' ) 1/2 variation,
The nigh drag reducticn values exhibited by guar pum are mbre in line
with the bj variation proposed by Virk than with the proportionality
to b}/ 2 tending to give .uroort for Vivk’s hypothesis that clasticity
is an impcrtart molcoular rroperty in drag reduction, In the Batchelor -
Hineh model only ‘he tihad densih of the particle plays a role; its
Hydrod,vnamic effect - ' nds over a sphere of diameter 1 and the quan-
tity nl3 thus measures the number of snch influence spheres per unit
volume, The high values of B that vould be typical for dilute drag
reducing fluids - of the order of 103 1f the macromolecules were fully
exteaded - indicate that the hydrodynamic interaction between the ex-
tended macromolecuiar threads should be very strong (i.e,, their
Spheres of hydrodynamic influence vould overlap strongly). In order

for tho solution to be dilute in the rheological sense so that the
molecules toke up only a small Iraction of the available volume, they

have to have extremely high length to dlameter ratios of the order

103 or rore,

* iis was pointed out to me by E.J. Hinch,



4.

However, there 13 recent experimental evidence that it may not only be
the length of the extended molecule that 18 of Importance : .

for drag reduction, Hand & Williams (1971) measured the drag reduction
effectiveness of polyacrylic acid and of calf thymus DNA at various
PH levels of the colution, They found that the effectiveness vias cone
giderably larger for pH rangec in vhich the molecules are believed

to have a fatriy compact helical structure, For pH fmwses vhere the
molecules arc suppcsed to be extended and behave essentially as rigid
rods, the drag reduction was found to be considerably lower, Results
such as these are very difficult to explain cn basis of any continuum
model; but possibly enianglements and agglomerations could be an

important factor,

It should be pointed out that stabilization of the insta.nfaneous
inflexional velocity prolile before burst - as indlecated by the oal-
culatlons for a suspension of cod-1like particles - 4s only one of
Scveral conceiveblie mechanisms that could produce a decrease in the
rate or intensity of tne bursts and thereby cause a lowering of tur-_
bulent stress, An alteration of propagation characteistics ol the
secondarcy wave group in relation 4o the primary disturbance field
could presurably have such an effect according to the recently £ro-
poserd model for breskdowm (Landahl » 1972), but the model has not yet
been sulflcicatly aevcloped to allow any conclusions to be dravm re-
gardiug the possibility of an effect of this kind, Conceivably, the
enhanced clongational viscesity could also have a strong influence
on the structure of the longitudinal vorticaes appearing in the wall
layer, in particular, a strong resistance to vortex stretching would
be expected, However, a quantitative medel to.investignte this effect

is 1ikely to be quite difficult to set up,
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As pointed out in the Introduction; perhaps the most interesting
aspect of the researcihi an the drag reduction effect of polymer addi.
tives 1s vhat ney knowledge can be gained from it regarding the mture
of turbulenc, Thot one now has a very effective tool with which the
turbulent processes ean be manipulated should opén up new possibilities
for further cxperimental and theoretical research on the mechanics of
turbulence, For cxample, such experiments as those by Vells & Spangler
(1967) on the cffectiveness of injection of polymer at the wall demon-
strate culte urccuivocally .that wall shear flow turbulence is control.

led by procesces in a layer very close to the wall,

An imporiaont eaglnecring motivation for turbulence research is to
find new and cffcetive meicheds for control of turbulence. From the
research on polyme» addftives rovieved here 31U becomes apparent that
to influence skin friction 1t 15 the very small .seale stress producing
eddies near the wall which may nced to be interfercd with 'directly.
Tiis may put very diff5 ~u)t Cunstrja.ints on the dynamical response
characteristics of an)r mechanleal syscom employed for drag modifi-
cation, hut th: secareh for efficicnt such sysiems should bLe Mm exe
trenely interesting challenge from both a Selentilie and engineering

point of view,
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ADDITIVE-FLUID COMBINAT!ONS ‘SHOWING
DRAG REDUCTION

ADDITIVE FLUID
Polyethyleneovxide (PED,Polyox ) water
Pelyacrylamide (PAM, Separen) "

Guar gurn (GGM) o !
Polymethyimcthacrvlate {PMM) monuchlorobenzene

( Tomms,1848)

Various soaps water, toluene

S e Em es mm ot st e et wn tw e e Am e e e

Nylon fibres water
(Bobkowicz & Gauvin, 1965 )

Flgure 1, Jome adoliivi-fluld sysbems exhlbiting drajs reduction
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Intrinsie slope increment Tactor It »s funeilon of number
of backbone lnis, N (from Vivk, 197ib) © guar gum, woter;
Qo polyacrylamide, water; 2 polyciclsoprene, loluene;
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Figure 9, Instantaneous velocity distribution just preceding
Lurst weasurcd by Blackwelder & Kuplan (1972)
Trigper set at ,v+ = 15,
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Flgure 12, Spatlol correlation ccefricient of streamwise fluctuating
wall stresses (Lrom Fortuna & Hanratty, 1977)
=== water;~e-0- solution of polyacrylamid giving 65 %
drag reduction, ‘
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Flowve 15, Spatial correlation encfflelont of Lrunsverse fluchiabing
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JFgure 14, Illustration of eritical cond!tion for secondary smali-fcale
wave riding on a primary lurge-scale one, Sreakiown occurs

vhen c8 ) co und °I >0,
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Nlgure 15, No-seale rpeadel (conceptual) of tha Tuctualing veloeity
fledd in a torbulent boundary Jayer,
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Figure 1(, Deecy vates for priusry waves as funetion of frejuency
for the differeat models, all yumtitics nondimenw

slon:lized with ovter verdables, § and U, .
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Flrure 18, Stability charactoristies of seeondary disturbawice

for the differint eonstitntive models, fuansitices
made nondinensional as in Plovre 17,
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