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- FOREWORD.

Quite remarkable reductions of frictional drag
can be obtained under turbulent flow conditions by dis-
solving small traces of certain additives in a liquid
solvent. The discovery of the effect dates back nearly
twenty five years from the present time and was observed
quite independently both in the U.S.A. and this country
with quite different substances. '

Towards the end of World war II a grcup of
researchers were involved in the development of incendiary
weapons for the U.S. Army Chemical Warfare Service, and
in 1945 it was discovered that under turbulent pipe-flow
conditions, a viscous Napalm-gasolene gell offered less
flow resistance than the untreated gasolene. Due to war-
time security regulations the publication of these results
was rather unorthodox anﬁ scattered, and lagged the actual
discovery date by a number of years, the first available
publication being a U,S. Patent filed by Karol Mysels in
949, (1).

During 1947 the friction reduction effect was
independently observed in this courtry by B.A.Toms and
J.G.0ldroyd, who were working with the Fundamental Research
Laborat ry of Courtoulds Ltd. They were concerned with
the shear dependent behaviour of high pclymer solutions
in small bore tubes, and using a solution of polymethyl-

methacrylate in monochlorobenzine found that the flow
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resistance of the solution was less than that of the
solvent alone under turbulent £1dw conditions and at the
same flow rate. The experimental results of Toms and an
analysis by Oldroyd were presented in 1948 at the First
International Rheology Congress (2).

TABLE 1.
Year Cumulative total No,
of publications.
1049 | 3
1953 3
1954 L
1955 5
1956 5
1957 6
. 1958 7
1959 9
1960 J 9
1961 712
1962 18
1963 2y
1964 L2
1965 79
1966 140
1967 190
11968 210
1969 280
1970 320
1971 Loo

A rough cumulative total of unclassified
world literature directly related to
drag reduction.
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Although interest in this phenomenon is now
worldwide, the initial developments following the
original discoveries were very slow. Table 1 shows a
cumulative count of unclassified documents relevent to
drag reduction, year by year upxto the present time, and
is based on information collated by Savins (3). Wide-
spread research activity in this field did not really get
under way until the mid 1960's when Hoyt and Fabula
working with the U.S. Naval Ordnance Test Station,
investigated a whole range of water soluble high polymers.
They showed that with some of these additives extrémely
large friction reductions were possible with just a few
parts per million by weight of the polymer in solution.
A.G. Fabula presented a paper on his work at the Fourth
International Congress on Rheology in August 1963 (4),
and J.W.Hoyt presented some further aspeéts of the work
in a joint paper with A.G.Fabula at the Fifth Symposium
on Naval Hydrodynamics in September 1964 (5).

Results by other workers with rather more éon—
centrated drag reducing solutions were appearing by this
time, and clearly there were now great possib;lities for
economical exploitation of the phenomenon in a number of
practical applications, although the mechanism of the
effect was not understood. The whole subject now presen-
ted a most interesting and challenging topic for research

which was seized upon by both industrial and academic
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scientists and engineers.

Most of the early research activity with very
dilute drag reducing solutions was.confined to the U.S.A.,
and a general awareness of therphenomenon in the U.K.
followed publicztions early in i965 by A.Emerson (6) and
G.E.Gadd (7). »The author's interest in this subject was
stimulated after reading these works, and drag reduction
research at Hendon College of Teachnology was initiated
almost immediately thereafter. Thanks are due to Dr. Gadd
for the provision of samples of Guar gum and Polyox, which
enabled some preliminary pipe-flow experiments to be
carried out while bulk supplies of polymers were on order,
and which_facilitéted early publication of the results
in 1966,

When it was decided to register the present work
for a Ph.D. degree under the Council For‘National Academic
Awapds, Dr. G.E.Gadd of the N.P.L. Ship Division, and
Dr. H.Barrow of Liverpool University agreed to supervise
the work, and Dr. V.G.Pisolkar agreed to act as internal
college adviser. Acknowledgement is made to these people
for useful discussions and advice during the course of
this research. Acknowledgement is also made to Dr. R.J.
Beale, then head of the Mechanical Engineering Dept. at
Hendon College of Technology, and to'his successor Dr., E.P,
Booth for the provision of research facilities.

This Thesis describes the research with drag
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reducing additives which was carfied out on a part time
basis between 1965 and the present date. As is inevitable
with such a rapidly expanding field of study, between 85
and 90% of the published work of others in this field has
occurred since the commencement 6f the present research.

When the work was started surprisingly little
was known about the drag reduction phenomenon in detail.
At an early stage it was decided to attack the problem on
a broad front in order to provide as much data as possible
for likely practical applications and to throw light on
the mechanism causing the effect. The initial appfoach
had of necessity to be largely empirical. The work is
concerned with internal flows through rough and smooth
pipes, external flow over bluff bodies and other anomolous
effects involving heat transfer cavitation and submerged
Jjets. The Thesis is conveniently presented in sections
which are linked togethef with a general discussion. '

Many of the results herein have been previously
published by the author in a number of scientific journals
and symposia transactions. In some instances similar
findings have been reported by other workers almost
simultaneously, which is not surprising with such a rapid-
ly developing topic. It is therefore very difficult to
designate with certainty to any workér the priority for
several of the discoveries.

A collection of the publications by the author
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are presented in the flap at the end of this Thesis, and
the dates of publication will provide some indication of

the time scale of the subject development during the course

of this study.
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Cd

Cp

K!

Nu

Pr

Ra

Ro

Re

NOMENCLATURE

DPipe radius

. 4 24"
Drag coefficient D/%pUo0“S
Specific hest
Drag force
Pipe internal diameter
Friction factor Tw /%pvz

Heat trsnsfer film coefficient, (Heat transfer rate/
area X bulk mean temp. diff.) -

Fiuid consistency index for non-Newtonian fluid.
Thermal conductivity.

Pipe test length

Nusselt number hé/k

Flow index for non-Newtonisn fluid
Prandtl number MCp/k

Pressure

Dimensionless pipe radius au™/4, = Re ff/8

Dimeﬁsionless distance from pipe wall to edge of
linear sublayer.

Dimensionless distence from pipe wall to edge of
interactive zone. .

Reynolds number Vi/h
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Re'

St

Generalized Reynolds number defined in text
Cross sectional ares

Stanton number h/pVCp = Nu/RePr
Local instantaneous axiéz\velocity

Local te&poral mean velocity

Free stream velocity

Axial turbulent perturbation velocity
Friction velocity J%;z;

Dimensionless velocity U/ u*

Mean flow velocity

Diétance from wall

Dimensionless distance from wall . yu*/p
Thermal diffusivity k/pCp

Heat eddy diffusivity

Momentum eddy diffusivity

Viscosity

Kinematic viscosity

Density

Shear stress

Shear stress at wall

Other symbols are defined in the text where necessary.
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(1.0) INTRODUCTION.

(1.1) General

Experiments in recent years have demonstrated the
possibility of reducing turbulent skin friction in liquids
by dissolving small traces of certain macromolecular addi-
tives, such as polymers or other molecular associations.

A polymer is a substance whose molecules consist
of a large number of units of a few types. These units
which consist of a number of atoms are joined by covalent
bonds., If the units are Jjoined into a continuous chain
we have a linear polymer; which may or'may not have side
branches. Alternatively the units may be joined into a two
or three dimensional network. It is the former type which
is found to be effective in drag reduction, the latter
class generally being insoluable, ’

Molccules may also be joined together through
weaker bonds to form essociations. Where the molecules of
such associations are orientated in solution they are re-
ferred to as micelles. Certain micellar solutions are also
found to be effective in drag reduction.

The main objects of the present study hsve been
to investigate the flow characteristics of such dilute
solutions in order to throw light on the drag reduction
mechanism and to provide data for possible practical appli-

cation., Most of the work described in this thesis is con-



cerned with pipe flows and boundary layers, but in addition
some other anomolous features of dilute high polymer solu-
tions are also discussed.

Before proceeding to the main theme it is of
interest by way of introduction to consider briefly the
dynamics of drag from the historical viewpoint. Having
discussed reasons for wishing to reduce drag and techniques
previously employed, we will then describe work with drag
reducing additives prior to the commencement of the present
study. Important work by others in this field since this
time will be introduced into the main text at relevant
places where comparison with the present findings is de-
sirable and where this influenced the development of work
By the author.

In order to keep this dissertation to z readable
length, a complete review of all work in this field willnot
be given, particularly sihce a number of recent reviews and
bibliographies are readily available. In fsct annual sum-
maries of world literature on this topic have been monitored
and prepared by the U.S. Naval Ship Research and Development
Center since 1967 under the title "Progress in Frictional
Drag Reduction." A comprehensive bibliography of publica-
tions up to June 1970 has also been prepared by the Univer-

sity of Exeter (See 1list of bibliographies).



(1.2) The Dynamics of Drag - An Historical Summary.

Our present day civilisation depends on the
motion of fluids to an enormous degree, and fluid motions
affect our everyday lives to an extent far greater than
would be apparent from cursory consideration.

When a fluid moves relative to a solid surface @
force is exerted on the surface in the direction of motion,
which is called incurrent terminology the drag force: Drag
was the earliest fluid dynamic force to become apparent to
men, but despite this fact knowledge about its nature has
been s8low to accumulate and hard won. The development of
this knowledge from early times can be traced in several
of the published histories of fluld mechanics such as Rouse
and Ince (5), Von Karman (9), Giacomelli and Pistolesi (10)
Goldstein (11) and Tokaty (12). ;

Man has made use of water wind and weather almost
since pre-historic times end it is indeed surprising that
a coherent and detailed‘knowledge of fluid flows has only
emerged since the beginning of the present century. Even
today we do not have the complete picture, especially where
turbulent motions are concerned. From the wealth of accumu-
lated knowledge we may sinéle out perhaps fouf major steps
forward which have significantly influenced our understan-
ding of the dynamics of drag. (This procedure always de-

pends to some extent cn personal preference) These are:-



i) The development of the exact equations of motion for
a viscous fluid, i.e. the so called Navier-Stokes

equations.

It was Newton who in 1726 proposed the law which
governs viscous friction. This was later
generaliged into a system of equations by Navier
in 1826, Poisson in 1831, Saint Venant in 1843,
and finally by Stokes in 1847.

ii) The discovery of the characteristic differences between
lJaminar and turbulent flows, and the significance of

Reynolds number.

Hagan clearly recognised the difference back in
1854, and even before this time Stokes (1843) .
had remarked that sometimes flows were unstable
and that the motion could be quite changed by s

- disturbance. It was Reynolds who in 1883 quenti-
fied the effect by careful observation, and
deduced the criterion VL/®, later named in his
honour by Arnold Sommerfeld (1908).

Reynolds elso generelised the Navier-Stokes
equation to take account of macroscopic momentum
exchange in turbulent flows. Extrs terms appear
in the equation which involves products of
velocity Tluctuations, now known as Reynolds
stresses. Boussinesq allowed for turbulent
fluctuations by the introduction of an eddy
coefficient. '

ii1) The Boundary Layer Concept.

In 1904 Prandtl showed that for low viscosity
flulds the viscous effects were only signifi-
cant in a thin layer adjacent to a solid surfece,
and outside ¢f which the flow could te desciribed
with good accuracy by inviscid fluid mechanics.
Within the boundary layer the Navier-Stokes
equation becones simplified to be amenable to



solution for laminar flows, With this concept
turbulent flows also become somewhat more mana-
geable. To some extent the existance of a
boundary layer had been mentioned before Prondtl,--
Renkine (1864), Froude (1874), Mendeleyev (1880),
Lanchester, but with no equations and no other
deductions relevant to an understending of drag
such as Prandtl's explanation of boundary layer
separation in regions of adverse pressure
gradient.

iv) Similitude

The theory of dynamical similarity was first
spplied to fluid dynamical systems by Stokes in
1851, and in more detail by Helmholtz in 1873.

By writing the Navier-Stokes equation in terms of
reference physical quantities and perturbations
therefrom, a functional relationship between di-
mensionless groups results for similar hydro-
dynamic and thermal boundary conditions, which
may then be solved empirically if not analytical-

1y. Rayleigh in 1892 and subsequent years showed

that these dimensionless parameters could be de-
duced on purely dimensional reasoning, and the
theory of dimensional analysis was subsequently
developed by Risbouchinsky (1911) and Buckingham
(1914), into the ' theorem.

These major advances contributed greatly to our

present day understending of drag and to the interpretation

and application of much empirical data. Furthermore from

this knowledge of the physics of frictional drag we may

then consider possible means to achieve a reduction in its

magnitude.

(1.3) Drag and possible reduction methods.

Frictional drag results in a corresponding dis-

sipation or degradation of energy, and for many years

5



selentists and technologists have considered meéthods to
minimize this effect. Success in drag reduction can result
in a number of benefits, depending on the situation. For
example we may achieve reduced power consumption of a
vehicle (land or otherwise), or increased speed or size for
the same power; (Indeed it is only by minimizing drag that
heavier than air flight is possible). The reduction of
friction in pipes and channels can result in improved
throughput, reduced pumping power, or reduced duct size.
Again reduction of drag force can result in lighter
structures.

All this results in improved performance and
economics, and possibly equally important in the overall
sense, a reduction in the rate at which world fuel resour-
ces are utilized. e |

It is convenient to separate the total drag force
into components: skin friction drag and pressure drag. The
former being due to viscous shear stresses and the latter
due to normal stresses (pressure vasristion over the surface).
Pressure drag can be further split up into wake drég (form
drag), induced drag and wave drag components, as in the

traditional scheme helow:-

DrPg

f " N
Skin friction drag Pressure drag
]

I T |
Waike drag Induced VWave drag
(Form drag) drag
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Wake drag occurs with flows over bluff bodies and in
diffusing channels in regions where the adverse pressure
gradient is relatively high. This causes a reverse flow
and separation of thg boundary layer (as explained by
Prendtl) and consequently limits further pressure recovery.
The result is & high drag force on the surface and a
characteristic eddying wake downstreem.

Early attempts at drag reduction sought to mini-
mise this effect, and immediate benefits are achieved by
fairing or streamlining to reduce the adverse pressure
gradient, This streamlining principle has been known for
a very long time (although not,understood). Leonardo da
Vinei (1452-1519) said that man should learn from the
fishes since these live in the water and are shaped to
move in it easily, and he also sketched some‘streamlined '
bodies of low resistance and boat hull designs. Sir George
Cayley (1773~1857) realized that the downstream portion of
an obstruction was important from the resistance pbint of
view. He also copied nature in the design of early model
flying machines and it is significant that his measurements
of the shape of a trout coincide very closely with & modern
low drag aerofoil shepe (9).

Suitable streamlining can pesult in immense drag
reductions, and as an extreme example we may note that by
fitting correctly designed fairings to a disc the flow re-

sistance mey be reduced by up to around 95%. (Correspon-

7



ding reductions are possible in pipe flow by fairing an
orifice plate into a venturi-tube). In this example the
pressure drag has been practically eliminated and all that

remainsg. is skin friction, consequently any further drag

reduction can only be achieved by minimizing the latter
component.

A number of other methods of reducing form drag
have been proposed and used practically. All depend on
some form of boundary layer control such as:-

i) Moving surfaces

ii) Boundary layer suction

iii) Downstream blowing, either with a separate device or
through slots or ducts from some higher pressure
region in the flow.

For further details see for example Schlichting (13),

Goldstein (14), Hoerner (15), or Tokaty (12).

Turning briefly'now to the other two components
of pressure drag we may note that wave drag is caused by
the production of pressure waves (shock waves) in compres-
sible fluids or surfece waves on liguid surfaces. The
effect may be minimized by suitable design i.e. slender
sharp pointed bodies. 1In the case of asircraft wings, the
formation of shock waves may be postponed to higher speeds
by means of 'sweepback' and for shipé.the wavemaking re-
sistance can be reduced (over a limited speed range) by

vtilizing a submerged bulbous hLow,.

8



Induced drag only occurs with bodies which produce a 1ift

force. Here fluid flows around the edge of the body from
the high pressure underside to the low pressure region

above and results in the formation of a trailing vortex,

the energy of which is related to the induced drag force.

It is possible to minimize this effect on aerofoils by

using a high aspect ratio (large span/chord) and elliptic
loading, according to the theories of Prandtl and M. Monk (9),
but the effect will only disappear with a 1lifting body of
infinite span. It is not always recognized that any
asymmetric body may have an induced drag component, for

example it is present in the drag force on a land vehicle.

Having seen that it is possible to eliminate, or
at least minimize pressure drag we are still left with the

problem of reducing skin friction. In some situations this

component may be quite large, and in pipe flows it is fre-
quently the only component.

Following Prandtl's statement of the boundary
layer concept, Riabouchinsky planned to eliminate the
boundary layer by means of a moving wall (12). It is
indeed conceptually possible to'remcve skin friction en-~
tirely by this method, but with an arbitiary shaped body
the surface velocity must vary in order to maintsain zero
relative motion, and this is not reall& poésible from the

technological point of view.



Numerous other techniques for reducing skin fric-
tion have beenactively studied for several decades, and -
since turbulent boundary layers are more energy dissipative
than laminar flows, most proposals seek to stabilize the
laminar situation. Some early success was achieved in the
development of laminar flow aerofoils (9), which are shaped
to maintein a favourable pressure gradient over a large
portion of the chord length and so delay transition. xIt is
significant to note that nature has shaped many marine
animals on this principle.

“Alternative:proposals for reducing skin friction
include the use of sof't complient surfaces (which nature
appears to have adopted for dolphins), suction to control
boundary layer growth, heat transfer, two phase flow ideas,
and the use of additives to modify the boundary iayer struc-
ture. A review and extensive bibliography for these methods
has been presented by Lumley (16), see also the paper by
Hoyt (17). A decade or so ago the author demonstratéd thé
possibility of stabilising turbulent pipe flow and reducing
pressure loss by rotation of the pipe wall (18), (19).

From all these possible techniques, the use of
additives seems very atiractive, particularly after it was
shown that just a few parts per million of certain soluble
contaminents could reduce skin fricticn by over 70% (5).
The work described in the following pages is devoted to

gtudies of the flow characteristics of such dilute soclutions.
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(1.4) Skin friction reduction with soluble sdditives.

Records of skin friction variations in turbulent
boundary layers exist since the end of the last century,
from tests over the years on a standard ship model in the
Admiralty tenk at Haslar (20). At times these fluctuations
in drag have been quite significant es is seen in fig.l,
taken from reference (20), although early analysis of the
liquid from the tsnk detected no apparent difference‘from
pure water, For the want of a logical physical explanation
these drag variations became known as 'Tank Storms.' We
shall return to this topic later since it is only compara-
tively recently that an explanation has been proposed.

‘Credit for the first drag reduction experiment
with an additive should probably be assigned to Hele-Shaw,
Around the turn of the century he was intérested in the
skin friction on marine animals and tried to simulate their
soluble slime in a pipe flow by the addition of fresh bile
to water. This somewhat bizarre solution resulted in a
reduced pressure drop when compared with the water alone,
(21) These results have remained generally unknown.

The possibility of reducing liquid skin Pfriction
by the diliberate addition of some soluble contaminent was
re-discovered independently both in the U.S.A. and in this
Country over 25 years ago. |

Towards the end of the second world wer, K.Mysels

. and co-workers were developing incendiary wespons for ths

11
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U.S.Government when they observed that the pipe flow pres-
sure loss of Napalm thickened gasolene was less than that
for untreated gasolene at high rates of flow. Although
several experiments were carried out the phenomenon was not
fully investigated because of the war time situation, and
publication of the resuvults was delayed for a number of
years due to secrecy regulations., The first available
publication is a patent filed in 1947 by Mysels (1), and
the work was subsequently described in a short paper pre-
sented by the group, Agoston, et.al. (22). Figs.2 and 3
are taken from this reference and show gquite significant
drag reduction in the turbulent flow regime, particularly
for the smaller pipe size. From the historical point of
view the story behind this early discovery has recently
been published by Mysels (3). 4

The friction reduction phenom~non was discovered
independently in this €Country during 1947 by B.A.Toms and
J.G.0ldroyd when they were working with the Courtoulds lab.
~and studying the shear dependent behaviour of high polymer
solutions in pipe flow. It was found that a solution of
polymethyl methacrylate (Perspex) in monochlorobenzene re-
quired a 10Wer pressure gradient than the solvent alone to
produce the same flow rate, in turbulent flow. These re-
eults were published in 1948 (2), and in common with the

earlier findings exhibited a pronounced dismeter effect,

the drag reduction being greater in tubes of small diameter.
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Fig.4 shows Toms' results as plotted in conventional
friction factor form by Savins (23).

These early papers were followed by over a decade
of virtual inactivity in this friction reduction field.
Much progress was however being made in the understanding
of non-Newtonian fluid behaviour. For detailed surveys see
text by Wilkinson (24) or Skelland (25).

Real fluids may be divided into two main classes:-

i) Newtonian fluids
ii) Non-Newtonian fluids.

Newtonian fluids are those for which the viscosity
is absolutely independent of the shear rate, i.e. 1is an
absolute constant for each Newtonian fluid at s given
pressure and temperature,

Non-Newtonian fluids are those in which the vis-
cosity at a given pressure and temperature is a function of
the velocity gradient, and possibly also the time that the
fluid is subjected to shear or the rate of change of the
shear rate.

It is convenient to sub divide non-Newtonian
Tluids into three classes:-

i) Time independent
ii) Time dependent
111) Viscoelastic,
A detziled account may be found in refs. (24) and

(25). It is emphasized that the non-Newtonian fluids
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cannot be described by the Navier-Stokes equation.

In 1955, Metzner and Recd (26) proposed a
generallized Reynolds numver, Re', as a similarity criterion
for time independent non—Newtonian fluids, and showed that
laminar pipe flow dats was successfully correlated by the

expression: -

£ = 16/Re'  —mmememee- (1.1)

' ot 1.
where Re' = D* V2 np/x and ¥ = x'8" "

The flow index n' and the fluid consistency K'
are easily determined from leminar pipe flow measurements
since by definition Tw= K'(8V/D)*

‘We may note that for a Newtonian fluid n‘ =1,
and K'becomes the viscosity. Re' then reduces to Re.

Although data in laminar flow were correlated
by equation 1,1,results in the turbulent regime exhibited
friction factors below those predicted by the Blasius
expression (f = 0.08/Re)'25 or by the Karman-Prandtl law,
(1/f% = 4.0 ln(Re.f%j - 0.4) even when expressed in terms
of the generalized Reynolds number.

An important generalization of the Karman-Prandtl
expression was made by Dodge and Metzner in 1959 (27), who

proposed the semi-empirical correlation for turbulent pipe

flow: -

1/t% o ,_}.&.O/(n')0°75]ln[fie'f(1'n')/2]
S R I/C LD L —— - (1.2)
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This reduces to the familiar Karman-Prandtl law
in the Newtonian case when n' = 1.0.

The Dodge-Metzner generalized pipe friction chart
is shown in fig.5, and appears_;p correlate most of the

data from purely viscous non-Newtonian fluids quite

successfully, and there is slso some cvidence that the
transition Reynolds number is increased somewhat for fluids
‘with a low flow index.

Since the turbulent friction factors for purely
viscous non-Newtonian materials lie below those for New-
tonian fluids, it would appear that the addition of some
contaminent (either solid or soluble) to a base Newtonian
fluid might yield a shear thinning substance (low n') and
a reduction in pressure drop. Generally however, the
'thickening' action of such additives seems to outweigh
the shear thinning properties, end nearly always result in
an increase in the actual pressure drop. (34).

We must therefore take care to define drag re-
duction by an additive as the reduction in friction for the
same flow rate of solution and solvenf. Draeg reduction
will therefore only be apparent on a friction factor chart
expressed in terms of the solvent Reynolds number.

By comparing the generalized Reynolds number with

the solvent value at the same flow velocity, we have:-
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K'8™ ~ M

' 1-n '

So, Reb) =P . K .(D D 1
Re' P / \V

For most practical situations we find from the
sbove that Res > Re'. Hence points on a line for n'd 1 in
fig.5 will in general be shifted to the right if plotted
in terms of the solvent properties. The general effect is
depicted in fig.6, end for moderately thickened fluids drag
reduction is still obtained over a 1imited range of‘flow
rate. This type of friction reduction with purely viscous
fluids is clearly aepparent from data by Shaver (28), and
waes also reported but not explained by Hershey and Zakin (29)

Although the Dodge-Metzner expression was success-
ful in correlating most of the non-Newtonian data, Dodge
noted that solutions of csrboxmethylcellulose (CMC) in
water produced anomolous results, which did not fit the
correlation and which gsve very much lower values of fric-
tion fector. This same effect was also apparent from
parallel results by Shaver and Merrill (28). Furthermore,
the friction factor values for the anomolous fluids de-
pended on the pipe diameter, the values being lower with
small bore pipes, and also the friction reduction only
occurred in the turbulent flow regimér These pheﬁomena are
all consistent with the early drag reduction results by

Mysels et.al. and Toms. At zn early date the effect of
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drag reduction by soluble edditives became known as the
Toms phenomenon, Fabula (4), presumuasbly while the work
by Mysels et.al was largely un-noticed. More recently
Sevins (3) has proposed that the effect should be shown as
the MOT phenomenon, which is fully endorsed by the suthor
in view of the éarly contributions by Mysels, Oldroyd and
Toms .,

An early discussion of drag reduction possibili-
ties was made by Savins (23) and practical application to
0il well drilling operations was described by Ousterhout
and Hall (30), and Lummus et.,al. (31), during the early
1960's.

Interest in the MOT effect wes greatly increased
during this period when other possible practical applica~
tions became appsrent. The U,S,Navel Undersea Warfare
Center became interested in the use of additives to reduce
the propulsicn power requirements for underwater weapons
etc., and it was here that Hoyt and Fabula made some note-
worthy discoveries. |

Hoyt and Fasbula (5), used a disc rotating in a large
reservoir to investigate a whole range of water soluble
polymers and showed that with some of these, very large
friction reductions were possible with just a small trace
of the polymer in solution. Previousiy drag reduction was
observed with relatively concentrated solutions which were

both shear thinning and viscoelastic, but 1t was now found
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that some edditives produced a greéter friction reduction
in very dilute solutions which were not shear thinning,
and had viscosity values only slightly greater than water.
It was soon after the arrival of Hoyt and Fabula's paper

in this country that the present work was started,

(1.5) Notes on the physics of shear flow turbulence.

Before proceeding with a descripticn of the
present experiments it is useful to include a brief account
on the physics of turbulent shear flows. This will then
provide some basis for discussion of the experimentél re-
sults., It should be emphasized that at the present time
complete physical explanations on the nature of turbulence
are not available.

Detailed accounts of turbulentflows are given in
texts by Bradshaw (51), (this is a partiqularly readable
introduction), end Hinze (52), and in papers by Kline
(53), (72), (73), Lighthill (54) and Phillips (55).
Numerous other important werks are cited in these publica-~
tions.

Turbulence may be expected in & fluid whenever
there is a shear flow and the inertial effects are much
larger than the viscous effects, The ratio (inertia force/
viscous force) is the Reynolds number;‘ The onset of turbu-~
lence occurs as a consequence of instability in the mein

flow. At Reynolds numbers below some critical value which

8&'-’1



depends on the geometry of the flow boundaries, any dis-
turbance introduced into the flow will decay downstream -
from its point of introduction. Above the criticel
Reynolds number however, disturbances may be amplified and
the effects of small disturbances can be detected well
downstream. Tﬁrbulence may be described as a random field
of vorticity and can only be properly described in statis-
tical terms.

Turbulent flows are dominated by large eddies
whose wavelength is the same order of magnitude as a
boundary layer thickness or pipe redius. These eddies
seem to arise from some sort of instability in the shesr lgyer
close to the wall, leading to the growth of a preferred
type of three dimensional disturbance. This 'bursts' away
from the wall and grows downstream as is clearly seesn from
the hydrogen bubble pictures of Kline et.al. (53), (72),
(73), and from the present work, figs.85 and 8%, These
large bursts of vorticity are then stretched by the mesan
flow veloclity gradient and break up intc smaller and
smaller eddies until eventually the smallest are dissipated
into heat energy by viscosity, Bradshaw (51). However, the
turbulence in the main flow certainly triggers off instabi-
lities in the well layer, thus replenishing the production
of turbulent kinetic energy. We havé,therefore a continu~

ous spectral cascad2 process from production st relastively
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low wave numbers (frequencies) to dissipation at high wave
numbers.

A useful schematic diagram representing the pro-
duction, spectral transfer and decay of turbulence in this
1imit cycle has been published by Kline (53) and is repro-

duced below:-

MECHANICAL ENERGIES IN THE MEAN FLOW STREAM
{FLOW WORK, KINETIC AND POTENTIAL ENERGIES)

P==4 TURBULENT

PRODUCTION OF
KINETIC ENERGY

DIRECT
DISSIPATION \ e = \ HIG
=0 LOW K = TURBULENT H
BY THE MEAN wave \ kNeTic |\ \ WAVE
FLOW FIELD NUMBERS\ \ ENERGY \ \\ NUMBERS
AN LN

TURGULENT

DISSIPATION OF
d=
KINETIiC ENERGY

LOCAL SINK FOR ENERGY
(INTERNAL THERMAL ENERGY COF FLUID)

A gulde to the relationship between the different
contributions to the energy content of a Newtonian turbu-
lent Clow may be obtained from the turbulentkinetic energy
equation, Bradshaw (51), Hinze (52), Kowalski (56).

Starting with the Navier-Stokes equation for
steady incompressible flow with zero body forces:-

W _ L3 Ui
dg £ ax¢ ¥ vaxgsz
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and the continulty equation:-

p-14)1
- ©
we note that these non-linear equations cannot be generally
solved for turbulent flow. (Here in tensor notation the
suffices i,j, take the values 1, 2, 3, corresponding to
the x, y, z directions) “

The sbove equations may be put into the Reynolds

form by writing quantities in terms of time mean values
and perturbations therefrom (51), (56)

7 2% . 2 = =2b o UL
d 3w i o} - 2 Ut
P Y ¥x; | o r ¢ a) TP 3158&3

S . 7 dxX{

The terms/’u{ué are referred to as Reynolds
stresses.
Multiplying the Reynolds equation by ﬁf'&aﬁ

end time averaging leads to the turbulent kinetic energy

equation:-
P — d3u'd P Ui Uy rYI1
D052 & + Puu) 2U
€2y ~  Jx; P-E &

(1) (D (m)
= - Eiiﬁik. M " L U
L Z S. ._)V( 33&3)

(iv) (V) (vi)
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The six terms of this equation may be interpreted
as follows:-
i) Convection of the Kinetic energy associated

with turbulent velocities by the mean velocity
gradients, ‘

ii) Convection of kinetic energy of the SRR I
turbulent velocities by the fluctuating com-
ponents of velocity.

iii) Production of turbulent kinetic energy by the
interaction of Reynolds stresses and the mean
velocity gradients.

iv) Transport of turbulent kinetic energy by .
pressure fluctuations.

v) Transfer of turbulent kinetic energy by viscous
interaction of turbulent eddies.

vi) Viscous dissipation of turbulent kinetic energy
into heat.

These represent terms that we would like to mea-—
sure. This hae been carried out with gases (Klebanoff,-
in boundary layers; Laufer,- in pipe flow) sze refs.(51)
and (52), but such measurements are exiremely difficult in
liquids and even more so in polymer solutions. At present
we have to content ourselves with less detailed investiga-
tions. As far as dresg reduction is concerned terms iii and
vi appear to be the most important.

Some encrgy is also dissipatgd from the mean flow

directly by viscosity. This dissipation is given (53) by:=-
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D = po( 2,08\ 30¢

dxy Axi 553
The production of turbulent kKinetic energy, term

iii may be written as (53):~

dx}  3xi) Y
From these we see the ratio:-
P £

D D

P ozpe (U 4293\ U

This relationship may essily be determined from

mean velocity profile measurements (see eqn, 2.41,i%i ).

In common with other aspects of fluid mechanics,
dimensional analysis plays an important part in the study
~of turbulent flows, particularly where data correlations
are concerned. !

It may be assumed that close to the vwall in a tur-
bﬁlent boundary layer of pipe flow, the velocity gradient
depends on?&,ﬁlp’%. Following Bradshaw (51) simple dimen-

sional reasoning then yields the so called Maw of the wall® -

U/u* = 1/k 1n y + const, (k is a constiant)

This relatiornship has been used elsewhere in this

thesis as a basis for data correlation.
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(2.0) , THE PRESENT EXPFERIMENTS.

(2.1.0) PIPE FRICTICN EXPERIMENTS WITH GUAR GUM SOLUTION

The initial pipe frietion experiments vwere
carried out with aqueous solutions of Guar Gum in a range
of hydraulically smooth pipes. This additive was selected
for the preliminary tests because it was known to be an
efTective drag reducer and apparcntly not cusceptible to
mechanical degradation, from previous work by Hbyt and
Fabula (5) and Gadd (7). Guar Gum is a naturel long chain
polymer extracted from the Guar plant grown in Indis,
Paukistan and the U.S.A. The molecular weight is around

5

2.0xt1o0”.

(2.1.1) Pipe Priction Apparatus.

;

A schematic layout of the pipe flow apparatuos
used for the initial tests is shown in fig.7. This rig
consisted of a rack of drawn copper pipes with internal
diameters of 3/L4, 1/2 and 3/5 in. (19.05, 12.7, and 9.52mm)
end with pressure tappings situated 2, 6 and 1Lft. (0.61,
1.23 and L4.27m) from the entry end. Pressures were normal-
ly measured at the latter two tappings to provide as loug
an entry length as possible and to ensure fully developed
flow. 1In addition a short length of.0.090 in. (2.38mn)
diameter pipc was used with pressure tappings at & and

24 in. (152 and 610mm) from the entry.
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Great care was taken whilst drilling the 1/16 in.
(1.58mm) diameter pressure tapping holes in order to pre-
vent burrs on the pipe interior, and the consequent measure-
ment errors which would be casused thereby. A pilot hole of
about 1/32 in., (0.78mm) was first drilled at each tapping
point in the pipe, and these were opened out in stages to
the final size. Any remaining raggingin the pipe bores
was then removed with fine emery cloth wrapped around the
end of long rods and inserted into the pipes.

Fluid was drawn from a fibreglass sunp and sup-
plied to the pipes through suitable control valves by a
centrifugal pump. The flow rate was measured by collecting
the pipe discharge in a volumetric measuring tank; and the
fluid temperature at the exit was measured with an ordineary
" mercury thermometer. The pressure difference Between any
selected pair of pressure tappings was measured with either

an inverted water manometer or with & mercury mancmeter.

(2.1.2) Test Procedure.

The system was filled with ordinary mains water
and the pipes and manometer ieads were bled to eliminate
any air bubbles. Measurements of the pressure gradient
along each pipe were taken over a wide range of flow rate
and these results provide a possitivé-check on the appara-
tus, since they agree extremely well with those from a

standard pipe frictiocn chart.
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This procedure was ithen repested with soclutions
of Gusr Gum at various concentrations up to 480 p.p;m. by
weight. The weighed quantity of additive being sprinkled
and stirred into the sump contents whilst the soiution was
circulated through the system by the pump.

A small quantity of insoluble matter (husks etc.)
was found in the Quar Gum powder, but no attempt was made
to filter the solution. If any degradation of the solution
occurred during the tests this became apparent by a rise in
the pressure loss. When this occurred the solution was im-
mediately discarded and a fresh mixture was used. The

fluid temperature during all the tests was about 2500.

(2.1.3) The basic results.

Some typical pesults obtained in the 1/2 in.

(12.7mm) dia. pipe are shown in fig.8, in the form of a
friction factor chart. The Reynolds number was based c¢n
the solution viscosity. which was determined from measure-
ments made with an ordinary capillary. visconeter, and
from laminar flow results taken from the émallest bore
pipe. For the concentrations used the Guar gum solutions
were found to be Newtonian under laminasr flow conditions,
no shear tninning could be detected, and the solution vis-
cosities were only slightly greater than that of water.

Table 3 below presents the solution viscosities relative
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to water, which were used to calculate the pipe flow

Reynolds numbers.

TABLE 3.
Solution Concentration Rel, Viscosity
(p.p.m) (v ywater)
120 1.12
240 1.20
480 1.35

Returning to fig.8 a number of features are im-
mediately apparent. Enormous friction reductions are
obtained with only small traces of the additive in solu-
tion. The drag reduction occurs only in the turbulent
flow regime, and only above a threshold Reynolds number
which depends to a very small extent on the solution con-
centration. Results with all the other'pipe diameters
were of similar form to these.

Fig.9 shows the flow characteristics cf a fixed
concentretion of Guar Gum solution in the range of pipe
sizes. Also included are some data cross plotted from
work by Elata end Tirosh (33), which was published at
this time.

As was found by a number of previous investiga-
tors using more concentrated solutions, pipe diameter has
a considerable effect on the drag reduction, the reduction

being greater with the smaller pipe sizes, for the same
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polymer concentration and Reynolds number, Once again the
results with different concentrations were similar in form
to those in fig.9.

It can be seen from fig.9 that dreg reduction for
a given polymer concentration only occurs ébove a certain
threshold Reynolds number which depends on the pipe size.
Below this critical value the fluid exhibits normal Newton-
ian viscous behaviour, although for pipes of very smail bore
ordinary turbulent flow is.never established if the thres-

hold Reynolds number for these is less than 3,000.

(2.1.4) Some deductions from the pipe flow results.

A study of friction factor chsrts like fig.9
indicates that for a given polymer concentration the thres-
‘hold number appears to correspond to an abéolute value of
the wall shear stress 2w car irrespective of the pipe dia-
meter. This 1is easily checked as followsi-

Using the definition of friction factor

T = 1/2pv7f, with the Blesius law,
.
£ = const,Re 4 , which is valid for the Reynolds
number range of these experiments. end is spplicable up to

the threshold Reynolds number, it cen be scen that

7 I's
Tw = const. Re‘/a/dz

(Y]
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So that if the threshold Reynolds number for the onset of

drag reduction corresponds to a fix value of Ty, then
Re (OWSETY = const. d8/7

This relaticnship agrees very well with the experimental

data. The fact thet drag reduction only occurs above the

threshold value of ths wall shear stress for pipes of all

dismeters now suggests & possible data correlation method: -
If we again make use of the Blasius expression

we find

Yw= 1/ 2{’v2( va/p)"* %2 RS

1. 75/(1. 25

i.e. Tw= const, v for a given

Newtonian fluid in turbulent flow.

This relationship consists of a series of
straight parallel inclined lines for différent diameters
when plotted in the TormiwTw against lh.v. If data for
a given polymer concentration are now superposed on thig
plot we find that it deviates from the solvent characteris-
tics above'il,cgw;in a series of nearly streight parallel
lines,

The idea is sketched cutinfig.10 and this leapds

immediately to & data correlation technigue, Ret'erring
to fig.10 we see that for & given wali_shear stress
U (T carr)s the mesn flow velocities in pipes of diameter

d1 and d2 with polymer solution are v, end v, recspactivealy.
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For these SANE velocities we see that the wall shear stress

for the solvent iz 2wl(d) , due to the similarity of the near

triangles a1b1c1 and a2b202 Thus the drag rzduction
(wiey -Tw) at velocities v, and v, is independent of pipe
diameter.

We are thus led to the data correlation proposed
in fig.11. Here the wall shear stress for the solution is
plotted against the corresponding wall shear stress for the
solvent at the same mean flow velocity. Results for a
480 p.p.m. Guar Gum solution are shown together with the
aforementioned data from Elata and Tirosh (33) and a single
point from Hoyt (41). For the range covered the correla-
tion seems to be remarkably good, in that nesrly all the
experimental points lie along a unique line irrespective of
pipe diameter and the threshold wall shear stress is clear-
ly shown. ,

Fig.12 shows results from all the pipé flow ex-
reriments plotted in this universal correlation form, but
only relatively few typical experimental points have been
shown'to avoid confusion. Data from the small bore pipe
tests have only been included well above transition, and
with this limitation the correlation is extremely good.

Figs.13 $0° 15 illustrate the same correlation
pilotted in a slightly different form, being linear-log .

plots of percentage drag reduction against Py . These
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graphs show up any scatter rather better and are probably
more useful Tor direct practical application. The scatter f
is due largely to measurement errors, there belng no sig-
nificant diameter effect.

Some further confirmation of the correlation is
provided by data published by Elata, Lehrer and Kahanovitz
(57), which was published in 1966. Fig.16 shows that thelr
results correlate extremely well by the present techﬁique.

With all these results we can see that the thres-
hold wall shear stress is only slightly affected by solution
concentration for very dilute solutions, but is reduced with
higher concentrations. We will return to this point at a
iater stage of the discussion.

The fuct that the present correlation holds over
a range of pipe sizes from 0.090 in. (2.38mm) to 2.0 in.
(50.8mm) diameter, (a 20 to 1 ratio), gives some confidence
for cautious extrapolatioﬁ to the larger sizes used in

practical installations.

(2.1.5) Degradation.

The results of previous work (Hoytend Fabula 5)
and (Gadd 7) indicated that many synthetic polymer drag re-
ducing additives wére rapidly'degraded by mechanical shear-
ing and soon lost their effectiveness..- Guar gum solutions

however were shown to be quite stable in this respect.

L9



As was previously mentioned the foregoing results
were all obtained with freshly mixed Guar gum solution zand
if any decgradstion occurred during the tests then the mix-
ture was discerded. Sometimes the apraratus could be run
for periods approaching one hour before any serious degra-
dation occurred, which again indicates that Guar gum is
very stable with respect to mechanical shear. Often,
however, degradatic occurred much more rapidly. A jélly
like precipitate was found at the bottom of and adhering to
the sides of the fibreglass sump, which presumably reduced
the effective concentration of the remaining solution. It
seemed that the insoluble particles found in the Guar gum
powder formed nucleil onto which the soluble polymer mole~
cules were adsorbed. Furthermore, prior to using the fibre-
glass sump a few tests were carried out using a very dirty
and rusty container, and it was found that very rapid degra-
dation of the solution occurred with the formation of a
jellylike precipitate. A test with a carefully filtered
sample of Gusr gum solution was run in the rig for a very
much longer period of time before significant degradation
occurred, and subsequent tests by Poreh et.al. (58) with a
chemically clean rig showed no degradation over veryvlong

periods of time.
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(2.2.0) PIPE FRICTICN EXPERIKENTS
WITH SYNTHETIC POLYNERS

A series of pipe friction experiments have also
been carried out using dilute agqueous solutione of two syn-
thetic high polymers, namely Separan NP10 - a polyscrylamide
supplied by the Dow Chemical Co., and Polyox WSR 301, a
poly (ethylene oxide) manufactured by Union Carbide Ltd.
Both of these additives are very rapidly degraded by
mechanical shearing and the closed circuit rig previously
utilized could not be used. ‘Consequently a once-through
method of testing was adopted., the rack ¢f pipes being sup-
plied from a large roof mounted header tank, and the solu-

tions were discarded after collection in the measuring.tanks.

(2.2.1) Solution preparation.

A standard procedure was adopted for the prepara-
tion of these dilute polyher solutions. The weighed
gquantity of additive was dispersed in a small guantity of
alcohol and was then carefully and gently stirred into a
large bucket of water. Gentle stirring was continued for
a periocd of 1/2 hour and the solution was then mixed with
the water in the header tank end left for a further 1/2

hour period. Another gentle mixing then preceeded the test.

(2.2.2) The basic results.

Fig.17 shows some pipe flow resulis with a
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solution of Separan NP10 at various concentrations in pipes
of various diameters. This additive is seen to be a much
more effective drag reducer than Guar Gum solution although
the results exhibit the same phenomena, namely a dismeter
effect snd threshold wall shear stress. Results from the
small bore pipe gppear to approach a maximum drag reduction
asymptote with increasing concentration and the upward
trend of these results at thelhigher Reynolds numbers or
higher shear stress values is apparently due to degradation.
The relative viscosity of the solutions is shown in table L,
and at the concentrations used the solutions were found to

behave in s Newtonian manner under laminsr flow conditions.

TABLE U4
Solution Concentration | Rel. Viscosity
(p.p.m) (?/pwater)
60 ' 1.03
120 1.07
2L0 1.25

Figs.18 and 19 illustrate resulis obtained with
dilute Polyox WSR 301 solutions in pipes of 3/8 in. (9.52mm)
and 3/L in. pespectively. Again the asymptotic neturs of
the drag reduction with increasing concentration can be
seeén. Furthermore the threshold well shear stresses with
these solutionsg are clearly very much lower than those fop

Separan, Which in turn are less than those for Guar Gum.
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Fig. 20 gathers together on a friction factor
chart some of the prescent results with those of cother
workers which were avallable at thie time. Exact corres-
pondence would not be expected due to different mixing
procedures and different batches of polymer, since the
molecular weight is not guaranteed by the manufacturer.
Agein degradation iz spparent at high shear rates, particu-
larly with the lower concentrations.

A comparison of figs.20 and 17 indicates that
the meximum drag reduction asymptote is about the same for
both Separan and Polyox soluticns. In fact subsequent
studies by Virk et.al. (59), who analyzed a whole collec-
tion of much more recent data, showed that this maximum
asymptote is the same for all polymeric dreg reducing
additives and represents the maximum drag reduction obtain-
able.

Virk et.al. (5§) show that the best line through
all the available date points on the esymptote are corre-

lated by the following expression:-

AT = 19.0 log, (ReJF ) - 32.4

This relationship fits the data in figs. 14 and 17 extreme-
ly well.

In common with the other sélutions, those with
polyox were glso found to be Newtonian vnder lsminar flow

conditions Tor the dilute concentrations used. The
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relative viscosities used in calculating Reynolds numbers
for the preceeding figures were once again determined by
capillary viscometry and from mgasurements in the small bore
pipe. These are shown in table 5 and it is seen that the

solutions are only very slightly more viscous than water.

TABLE 5
Solution Concentration rRel. Viscosity
(p.p.m) (®Awater)
10 1,010
26.4 1.024
30 1.028
60 1.070
€6.0 1.075
120 1.145

(2.2.3) Empirical data correlation.

The success of the wall shear stress plot in
correlating the Guar gum results prompted its adoption for
the latter two polymers.- Once again the percentage drag
reduction is determined by comparing the wall shear stress
of the polymer solution (Ty) with that of the solvent
(‘Tw(e) ) the same mean flow velocity.

Fig.21 shows the limited data obtained with a
60 p.p.m. solution of Separan. The correlastion is remarka-
bly good, results for the 3/8 in. (9.52mm) and 3/4 in.
(19.05mm) dia. pipes lying along a dnique line. Degrada-
tion is apparent at the high shear end of the curvs.

Results for the extremely dilute 2.2 p.p.m. and
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6.6 p.p.m. solutions of Polyox are correlated quite satis-
factorily in figs.22 and 25. Above a wall shear stress of
about 1.0 1bf/ft2 (48 N/Mz) degradation is very rapid,
shown by the sharp fall off in drag reduction with increas-
ing flow rate,

Data from tests with a 66 p.p.m. Polyox solution
also correlate reasonably well by the present method, at
least for the larger pipe slzes. Points from tests in the
0.090 in. (2.38mm) dia. pipe however, show less drag reduc-
tion at a given wall stress than those from pipes of
greater diameter. This 1s not surprising since dvagrreduc—
tion in the small pipes is limited by the drag reduction
asymptote, and the correlation csnnot work for dats on or
very close to this limit, as is explained in the next
section.  /

Another observation which can be made f'rom the
present resulis 1is the considerable variation of the thres-
hold wall shear stress with Polyox concentration, which is

much greater than that found with Guar gum solutions.

(2.2.0) Limitations of the wall shear stress correlation
methed.

The present data has been shown to correlate venry
well by comparing the corresponding wall shear stresses of
solution end sclvent in pipe flow at the same mean flow

velocity. This technique eliminates the pipe dlameter
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effect and makes possible the tentative extrepolation of
results from moderate diameter pipes used in laboratory
experiments to larger ones used in practical installaticns.
The limitations of this methcd must be carefully noted if
it is to be correctly applied.

The correlation works because of the parallelism
of friction factor lines for pipes of different diameter
which deviate from normal turbulent flow at the threshold
wall shear stress. The drag reduction is limited by the
maximum asymptote and results with small pipes may approach
or reach the asymptote as is shown in fig.28. The asymp-
tote may also be spproached by increasing the concentration
of a given polymer in a particular pipe.

By the correlation, the drag reduction is consteant
for a given wall shear stress and polymer-concéntration
irrespective of pipe dismeter, but this must fail to hold
near or on the asymptote Where the friction reduction would
be less in a small pipe than in a larger one for the same
wall shear stress. This is clearly shown in fig.29 which
is a plot of wall shear stress ageinst mean flow velocity
for two pipes of diameter d1 and d2, showing the normal
turbulent flow relationship (solid lines) and the corres-
ponding drag reduced flow based on the asymptote (dashed
lines). | |

Using the Blasius mlationship as in fig.7, we

have for turbulent flow:=-
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T = 1/2pver

1/2pv=.0.08(vd/p) 025

it

0.08(p/200+25) 41475, 0.25

1+75,40.25

const.

1]

1

A power law which fits the asymptote for
Re = 4000-40000 is given by Virk et.al. (59) as f =
0.59Re"0°58, which gives the corresponding wall sheaf

stress as:~-

- 0.59«//2:“0058) v1 ouz/dO'SS

i
<

1.&2/d9.58

const.2 oV

From these relationships we see in £ig.29 that
the asymptote lines for diameters d1 and d2 are more widely
spaced and have a smaller slope then the 6orresponding
lines for ordinary turbulent flow, and for a given wall
shear stress we see that the drag reduction in the small
pipe (a1c1) is less than that in the larger pipe (azcz).

Based on the preceeding data the wall stress
correlation would seem to be quite reliable provided that
it is not used neer to the asymptote or close to the tran-

sition Reynolds number.
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(2.3.0) DATA CORRELATION BASED ON VILOCITY PROMILES.

(2.3.1) Two zoane model

We have seen (secticn 1.5) that simple dimen-
sional r=ssoning spplied to turbulent boundary layers and
pipe flows close to the wall yields the dimensionless
velocity distribution known as the “Law of the woll."

By neglecting the trunszition or 'buffer' layer,
the velocity profile on ordinary pipe flow can be spproxil-
mated with good accuracy by Prandtl's two zone model,ﬂwhich
consists of a thin linear viscous layer adjocent to the wall
end s turbulent core, described by the law of the wall ex-
pression. 7This is shown in fig.30 and & full descripticn

may be found 1in any basic fluid mechanics text.

ut=u/us

vt =yu o
whereu*gj;;z:
---- Blending or byffer

In 3"——-—«@-
Zone 1 1is given by u*=y*t
Zone 2 is given by u*=A 1n y* + B

thats— Experiments in normal turbulent flow indicate
A=1/k = 2.5
B=5-5

Ro comes from the intersection of zones 41 and 2
works out to be 11.6 '

Fig.30 THE TWC ZONK MCDEY, O A NEVDONTAN
' TURABULENT BOUNDARY LAYER
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By integrating this velocity profile between
limits of the pipe radius and the axis, wz can easily show
(see appendix 1) that:-

1/E = 1/fZ)(1n ReJf - 1n 22 + kRo - in Ro - 3/2)

Now pipe friction experiments in turbulent flow yield values
for k and Ro from this eguation which are very similar to
those derived from velocity profile measurements quoted
above, and this affords some degree of confidence to ihe
use of the two zone model.

On the sssumption that such a profile is universol
it is apparent from the above equation that 1if polymer addi-
tives are to bring ebout a reduction in friction factor,
then either Kk must be reduced or Ro increased, or both may
possibly change.

Mean velocity profile measuremeﬂfs in polymer
solutions are not straightforward since the calibration of
instruments such as small pitot tubes or hot film anemome-
ters may be affected by the additive snd result in measure-
ment errors. However, even quite early relisble measure-
ments such es those by Welles (37), Ernst (60) Elata et.al.
(57) and Goren and Norbury (61) showed the cummon signifi-
cant result that with very dilute solutions the slope
(A=1/k) of the logerithmic core region wes unchanged by the
adéditive and merely displaced upwords. ‘The effect on the

buffer leyer was not very clear from these early results.
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Correlations almost identical in form were
published in 1966 by leyer (62) snd by Elata et.al. (57),
which were based on these velocity profile meassurements,
the idea being basically as follows,

Referring to fig.31 the velocity profile for a
given polymer concentration was assumed to follow through
zones 1 and 3, resulting in an increased value of the

dimensionless sublayer thickness from Ro to Ro'

Zone 1,u+ = y+
zone 2,u” = A 1n y*uB
Zone 3,u+ = A ln y++B+AB

Fig.31 TWO ZONE VELOCITY PROFILE MODEL FOR DILUTE
POLYMFR SOLUTIONS_IN TURBULENT FLOW

As before integration of this profile snd assuming

that Ro' is still quite sm&ll yields:-
1/ = 18 1n Re I ~ 1n 2JZ + kRo' - 1n Ro' - 3/2)
It is now possible to deduce values for Ro' (orAB) from
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pipe friction measurements by knowing corresponding values
of £ and Re.

Using both friction data and velocity profile
information for a 500 p.p.m. solution of CMC (Sodium Car-
boxymethylcellulose) which ic a moderstely effective drag
reducer, Ernst (60) found that AB was 2 unique function of

the wall shear stress, given by:-

* , %
ABxlog (u /u tbreshold) with apperently no

diameter effect. Similar work by Elste et.sl. (52) with
Guar gum solutions indicated a similar result, namely:-

.2
(Ro' -~ Ro)eclog u* for a given concentration

Velues for the dimensionless sublayer thickness
Ro' have been calculated from the present pipe friction
results using this two zone model, and thelresults are
shown in fig.32. Contrary to the resulis of Emst and the
statement by Elats et.al. these results show a weak but
significant diameter effect. Furthemoie when re-analyzed,
the date of Elata et.al. also show considerable scotter
when plotted in the form of fig.32, and many of the éxperi-
mental points for the large pipes lie above those for the
smaller ones as is found with the present data.

Although correlations of this tyve may work with
very dilute sclutions, a serious limitstion is that as the

concentrotiocn is increased with consequent incresses in Ro',
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the limiting case would be laminar flow with & linear pro-
file when zone 1 resches the pipe axis. This is certainly
not the case in practice as dreg reduction is limited by

the maximum asymptote.

(2.3.2) The three zone velocity profile model.

The limitation of the two zone model is overcome
when we consider the three zone model recently propoééd by
Virk et.al. (59)

The friction factor equation which fits the drag
reduction asymptote for all polymers:-

1/Jf = 191og, (Reff - 32.L can be related to

a semi logarithmic velocity law away from the wall given by:

u+ = 11.7 1n y*¥ - 17.0 in'the same way

that the Prandtl-Karman law:

INE

the velocity law:

L log1oRejE'- 0.4 is related to

+

u 2.5 1n yt + 5.5 (See Virk et.al. 59)

i

We thus have the two zone models shown in fig.33 for the

universal velocity profiles of ordinary turbulent flow and

for drag reduced flow on the asymptote.
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Zone 1 u'=y*
Zone 2 u'=A ln y + B

Zone 3 ut= 11.7 in y*-17.0

2!\ KA"' e

Fig.33 TYPICAL VELOCITY PROFILE
WITH POLYMER ADDITIVE

Whilst no velocity profiles have been reported
for conditions of maximum drag reductionj some profiles
under very high but less than the maximum have been
published, for example those by Goren and Norbury (61), and
their form is sketched as & dotted line on fig.33

This prompted Virk et.al. (59) to propose a three
zone model 1-3-4 for the universsl velocity profile, Fig.34.
For zero drag reduction this 1s identical to the Prandtl

mcdel, and as drag reduction increases the core zone L

diminishes in size until the asymptote zone 3 reaches the

pipe axis.
« (But see Section 2.7.0 of this thesis)
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Fig.34 THREE ZONE VELOCITY PROFILE MODEL FOR DILUTE
POLYMER SOLUTIONS IN TURBULENT FLOW

The three zone model may be integrated scross the
pipe radius to give s relationship for thé.friction factor,
and this results in the following expression, sec¢ appendix
2:-

1/§F = 1.768 1n RefT - 16.51 + 6.5 In R, +268.1/RefE
- 9.211.,/Rerf'

From s knowledge of friction factor and Reynolds
number we may hence evaluate the corresponding values of

R These calculations have been carried through for many

1.
of the preceeding results with Guar gum, Separan snd Polyox
solutions. Since the calculation procedure involvead an

iteration process a digitel computer was used.
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Values for the well layer thickness, R, calculated

1
from the present Guar gum results are shown in fizs.35 to
%7. Despite some data scatter, for the low concentrations
it seems that R1 may be described by an expression of the

form:-

R1 = 11.6 + ln(‘?'w/“l'w(o..“_e) ) x const.

where the proportionallty constant
depends on the solution concentration. This is basiéally
similar to expressions proposed by Ernst (60) and Elata
et.al. (57), for the two zone velogity profile model.

With the 480 p.p.m. solution there does seem to
be a small but significant diameter effect, the value of R1
for a given wall shear stress being slightly higher for the
larger diameter pipes. |

It is of interest to compare fié;37 with fig.32
which shows corresponding values of the sublayer thickuess
RO' based on the two zone model. The diasmeter effect
sppears to be about the same in both figures, but the three
zone model indicates nearly twice the wall layer thickness
compared with the two zone model predictions.

Fig.38 presents results for R1 based on the data
by Eklata et.al. (57) for three concentrations of Guer gum
solution. Once again the diameter effecti is indistinguish-
gble with the lowest concentretions, ard only just apparent

with the 300 p.p.m. solution at high values of the wall

shear stress.
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The results depicted in fig.3%9 were calculated
to provide a compatibility test between the wall shear
stress correlations described earlier, snd the three zone
velocity profile model. These gesults are determined from
the line passing through data for 800 p.p.m. Guar gum
solution in fig.16 and random points have been calculated
for pipes of different diameter. Agsin we see very little
diameter effect except at high wall shear stress values.

Fig.40 shows results reduced from the pipe
friction measurements with 60 p.p.m. Separan solution.
Data from the 3/4 in. diameter pipe are somewhat 1iﬁited,
but there is apparently no diameter effect between the 3/4
and 3/8 in. (19.05 and 9.52mm) pipes. It should be noted
that the results from the 0.090 in. pipe lie beneath those

from the larger ones for two reasons:- /

i) Because the polymer is apparently undergoing
degradation at the high shear stress levels
in this small pipe.

and ii) Because R,»R_ and R_ in small bore tubes may
be below the value of R1 calculated for larger
pipes.

The values for R, ( = Re £/8) are plotted in
£ig.L0 for the small bore pipe.

Results for Polyox solution at concentrations of

8L



2 p.p.m. and 6.6 p.p.m. are shown in fig.j1. No diameter

effect is seen with the very dilute solution, but for the

6.6. p.p.m. concentration values for R1 calculoted for the
3/L in. pipe lie below corresponding values determined

from 3/8 in. pipe dsta. It ehould be noted that this
diameter efiect is opposite to the Lrend with Guar gum
solutions seen in fig.37 for exsmple. Similar results are
seen in fig.L42 for 66 p.p.m. Polyox solution. Points Lrom
the 0.090 in. (2.%8mm) pipe are once again lcw for the
reasons clited above.

It is of interest to compute the actual thickness
of the wall layer for varioues solutions, which may be done
by determining the ratio R1/Ra’ which is the ratio of wall
layer thickness to the pipe radius. Fig.43 shows results
calculated for 480 p.p.m. Guar gum solution in the 1/2 in,
(12.7mm) pipe, and these are shown together with an
arbitrary Newtonian sublayer thickness based on RO= 11.6
for comparison. With this sclution the wall loyer is still
relatively thin when compared with corresponding calcula-
tions for Polyox solutions shown in figs. L4 to 46. With
Folyox at even quite moderate concentrations the wall
layer thickness can be considerable compared with the pip=
radius. This explzsins the reduced turbulence Tound in dye
injection studies in small bore pipés reported by Gadd (63).

In these experiments Ry 1s close to Ra.
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(2.4.0) FLOW OF POLYMER SOLUTIONS IN
PIPES WITH EXTRENE ROUGHNESS

The evidence presented s8o0 far indicates thaet the
skin friction reductions obtained in turbulent flow are
related directly to a wall effect in which the polymer
molecules somehow react with the turbulence processés in
the 'buffer layer' causing increased thickness. In situa-
tions well away from the asymptotic condition, the core
region well away from the wall seems practically uneffected
by the additives since the mixing constant k obtained from
the slope of the seml logarithmic velocity profile is
apparently unchanged. This is not surprising since large
eddies are inertial and unlikely to be affected by sdditive
molecules.

This evidence then would euggesf that "free" tur-
bulence in the absence of & wall would be unaffected by
dilute solutions of drag reducing additives, but this is
not always the case. For exsmple Wu (46) has measured the
rate of spreed snd decay of turbulence created by a psddle
which Qas given a single oscillation in & large tank, and
found considerable supprescion of free turbulence with
Polyox solutlons sbove 25 p.p.m. which was the lowest con-
centration he used.

Submerged jets provide ancther means to study

the turbulence damping properties of various additives
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without the influence of a wall and these sometimes show a
very marked end visible reduction of small scale eddies, as
is described later in this thesis,.

It is possible to produce a flow with the 'wall
effect' eliminated, in a rough pipe. Provided that the
height of the rugosity is increased so that it extends well
beyond the buffer layer into the core zone then the flow
behaviour is fully turbulent or wholly inertial, the arag
then being directly proportional to the square 6f the
velocity. Observations of this flow can then test whether
the turbulence structure is affected by polymer additives
merely by conmparing the flow resistance with and without
the additives,

A suitable rough pipe was manufactured from brass
rod which was axially drilled to produce a hole 0.516 in.
(43.1mm) in diameter, and then tapped with an extension tap
of 5/8 in. Whitworth thread form. This resulted in a
slightly truncated thread with 0.055 in. (1.4mm) depth to
act as the rough surface - a crosssction of which is shown
in fig.47. In order to esse manufacture, the plpe was
fabricated from 8 in. (203mm) lengths, which were then
joined together in axial slignment with collars to produce
e rough section 4 ft. (1.22mm) long. Smooth entry and exit
sections were provided, the bores of which were the same
as the core of the threaded pipe. The entry lesngth was

L ft (1.22mm), and static pressure teppings were provided

oL



CROSS SECTION OF THREADED PIPE

Fig. 47



2 in. (50.8mm) upstreasm snd downstream from the rough

section.

(2.4.1) (a) Tests with Guar gum solution.

The rough pipe assembly was inserted into the
pump-circuit previously described. Pressure loss measure-
ments were recorded over a wide renge of flow rate for
both water and dilute Guar gum solution in various concen-
trations, and the results of these tests are shown 1ﬁ
fig.48. The mean flow velocity end Reynolds number have
been based on the core diameter of the threaded pipe.

Flow charscteristics of this polymer in a 1/2 in. (12.7mm)
diemeter smooth pipe sre also shown in fig.L4 for com-
parison.‘

It can be scen from fig.48 that Guar gum mole-
cules have only a slight effect on the pféssure drop along
the rough pipe up to & concentration of 480 p.p.m. which
was the highest used, slthough an enormous drag reduction
was observed with the smooth pipe. In fect very slight
INCREASES of drag are discernable lor these solutions
which could imply some very small change in the turbuience
structure.

(b) Tests with Polyox soluticn.

Some pressure loss measurements have also been

carried out for the flow of Polycx WSR 301 solutions aslong

the rough pipe. 8Since this polymer is very susceptiblec to
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mechanical degradation, a once-through method of testing
was adopted, the pipe being supplied with fluid from a
heeder tank.

Preliminary tests showed considersble scatter -
much more than could be accounted for by errors of experi-
mental measurement. The pressure loss characteristics
appeared to depend somewhat on the pre-history of the
polymer solution and it was only by adhering rigidly to
the standard mixing procedure previously described, that
any degree of reéeatability could be obtained.

The results of the experiments sre showvn in
fig.49 and despite the scatter some clear and rather unex-
pected trends are discernable. It is seen that the Polyox
additive cen result in a drag reduction for all except the
very lowest concentrations. This increaseé with both con-
centratioh and Reynolds number and is clearly due to wall
layer thickening which has previously been demonstrated to
be very much greater with Polyox solution thsn with Guar
gum. In the drag reduced zones on the friction fasctor chart,
the wall roughness height is certainly not great enough to
ensure a fully inertial flow.

It must be stated that these rough pipe experi-
ments were cerried out with a differept batch of Polyox to
the previously described smooth pipe tests and the compara-
tive smooth pipe results shovn in fig.49. This latter

batch was more effective as a drag reducer and produced
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even grezter incresses in the wall layer thickness. This
is seen by comparing the 'fresh' results in £ig.54 with
those in figs.4h4 and 45. With this newer batch the wall
layer increases very rapidly at the higher values of wall
shear stress or Reynolds number, and the onset of drag
reduction occurs when the wall layer overcomes the wall
roughness. This takes place at lower Reynolds numbers with
increasing concentration.

Below the onset of drag rsduction we have a fully
inertial flow and in this region the drag is seen to be
considerably increased, very much more so then with the
Guar gum solutions., Once agein this would indicate a chsnge
of the core region turbulence structure. Drag increases
have also been reporied by Kelsshnikov et.al. (8é4), (65)
in a fully rough couette flow experiment. |

These results were first published by the suthor
some time sgo, before the extent of well layer thickness
wss fully apprecisted, and the tentative explanations for
drag reduction in the rough pipe discussed in refs. (P.4)

P
and (P.10) are now considered suspect.

* (See publications et end of this thesis),
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(2.5.0) THE REFFECT OF AGING ON INAG REDUCTION
WITH DILUTE POLYOX SCLUTICNS

Brennen and Gadd (66) found differences between
the properties of freshly mixed solutions and those which
had been stored for some time. They found that detectsble
elastic effects (normal stress differences) disappesred
after storing dilute solutions for several deys although
drag reduction measured in a rotating cylinder device was
hardly affected. Very small changes were also observed in
the viscosities of these solutions. Differences in the
behaviour between freshly mixed and aged solutions have
been found in connection with the drag of spheres and wall
attachment experiments - these are discuséed later in this
thesis.

In view of this it was decided td repeat.some of
the previous pipe flow experiments, this time using aged
solutions. Flow resistence tests were carried out in three
pipe sizes, 1/ in. (6.35mm), 1/2 in. (12.7mm) dismeter and
the threaded pipe, using the once-through method of testing,
the pipes being fed from an 80 gallon (350 litre) fibre-
glass tank situated in the roof of the laboratory. Larger
pipes could not be used Because of the limited cspacity of
the header tank. .

Fig.50 shows results obtainéd with & 30 p,p.m.
solution of Polyox WSR %01 which had been stored for seven

days in the roof tank prior to conducting the tests.
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During storage the tank was completely covered with a
black cloth since it is known that sunlight can bring
about degradation of the polymer (7).

Fig.51 shows results from a freshly mixed
solution using the same batch of polymer, for comparison
purposes.

Fig.52 shows these results in the form of the
wall shear stress correlation. It is clearly seen that
aging has considersbly increased the threshold wall shear
stress below which no drag reduction occurs, and fqrthera
more there is no detectable diameter effect in this plot,
since results with the aged solution in the 1/4 in.
(6.35mm) and 1/2 in. (12.7mm) pipeslie on a unique line.
It is interesting to note that the slopes of the lines in
£ig.52 for both fresh and aged solutions are roughly
parallel.

Values of the wall layer thickness (R1) using
the three zone velocity profile model have been calculsted
from these pipe friction measurements and are depicted in
fig.53. Ve see that the wall layer is very much thinner
with the aged solution than with the freshly mixed one,
and we also see that there appears to be a unique relation-
ship between R1 and‘l"w for the aged solution with no detec-
table diameter effect. ’

Differences In the physical thickness of the wull

layer between fresh snd aged sclutions sre sheown in fig.54
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and this can explain the drag reduction found in the rough
pipe only with the freshly mixed solutions. The agesd solu-
tion caused a drag increase in the rough bore pipe but only
for Reynolds numbers zbove about 10“.

These aging effects can be brought about artifici-
slly by prolonged gentle mixing (66) and we appaiently have

the paradoxical situation that if the solutions are mixed

too perfectly then we may achieve reduced drag reductlon.
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(2.6.0) LRAG REDUCTION WITH A NICELLAR
SOAP SYSTEM.

In connection with some fundamental chemistry
experiments, Nash (67) - (69) found that when mixtures of
cetyltrimethylammonium bromide (CTAB) and derivatives of
naphthalene are dissolved in water, highly viscoelastic
gels may be formed. However, the proportions and methods
of mixing were feirly critical. When correctly mixed, the
additives result in the formation of micelles which strongly
affect the properties of the solution. It was found that
the solution when swirled in a beaker retarded very repidly,
end sometimes after coming to rest, a rotation in the re-
verse sense was seen.

By using the rotating cylinder apparetus described
in ref. (7), Gadd demonstrated that large reductions of
frictional drag could be obtained with these additives
correctly in solution, and no mechanicsl degradation was
f'ound.

Clearly there were possibilities for practical
application of this system, and this led to the comprehen-
sive series of pipe flow experiments described here., The
closed circuit pipe flow rig described in fig.7 was used
for these tests with additiocnal pipes of 1/4 in. (6.35mm),
1 1/2 in. (38.1mm) dia. and the threaded section vhich
were subsequently added to the apparatus. Egui-molar

squeous solutions ol CTAB end 4-nsphthol were used for sll
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the tests since this proportion seemed to be the most effec-
tive following the early work by Nash. DPipe friction
experiments were carried out with totel equi-moler solutions
up to 508 p.p.m. concentration, but rheclogical properties
were determined from laminar flow measurements in the 0.090

(2.38mm) in. pipe with higher concentrations.

(2.6.1) Soiution Preparation

The solutions were all prepared by first dissol-
ving the weighed quantity of CTAB in water, and then the
1-naphthol which had previously been digsolved in alcohol,
was slowly added drop by drop from a burette whilst the
solution was circulated around the pipe rig. An insoluble
precipitate‘is formed if the naphthol is added.too rapidly.

¢
7

(2.6.2) Solution Propsarties.

For shear thinning fluids which obey the Ostwald
pover law:-

dun
Tw =K(dy) tne flow index, n,

may be determined from laminar pipe flow results. DBy making
use of the Mooney-Rabinowitsch equation (25) and following

the work of Metzner and Reid (26) we can show that:-

1/n = & in 8v/¢&
¢ In?w
or 1/n = @ 1n 8v/a

d In d Ap/11
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In other words n may be obtained from the slope of logarith-
mic plots of Ap sgainst the flow rate Q.

Suiteble laminar flow meesurements were taken in
the 0,090 in, pipe which was fed from a small header tank.

Th

€&

derived velues for the flow index are shown in fig.b5

for equi-molar solutions of CTAB/41-naphthol et various con-
centrations up to ebout 2,000 p.p.m. Tinis shows that with
concentrations used in the pipe flow experiments (508 p.p.m.),
the solutions were Newtonian (n=1), end pseudoplasticity was
found only with the higher concentrations. Vslues for the

viscosity of the dilute solutions are given in table 6.

TABLE 6
)
D(waten) Total Conc. (p.p.m)
1.05 122
1.07 251,
1.13 . 384
1.48 508

Apvrox. relative viscosity of an eguimolar
solution CTAB/4-naphthol.

(2.6.3) The pipe friction results.

The basic pipe flow results are shown in figs. 56
to 59, and these exhibit some most unusual features. The
Reynolds nunber in gll these plots is based on the viscos-

ity of water.
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This soap system is seen to be an extremely
effective drag reducing agent, snd there is no evidence
of a threshold stress for the onset of friction reduction
and the corresponding diameter effect as is found with the
polymeric additives. The reduction of drag terminates at
a limitir g value of the Reynolds number which depends on
pipe size and the concentration of the solution. Above this
limiting value the flow tends to behave as an ordinary
Newtonian fluid, with the experimentel points following the
line for the solvent. This effect cannot be ascriked to
permanent degradation as is found with polymer additives,
since drag reduction was again obtained merely by reducing
the flow rate. This limiting Reynolds number effect has
also been noted by Savins (70) with another more concentra-
ted soap system. |

These results were repcatable ovei a period of
several days, however, degrsdation eventually occurred sas
a result of oxidation. This is further discussed later.

The 1imiting Reynolds number for a given solution
concentration corresponds roughly to a fixgivalue of the wall
shear stress irrespective of the pipe dismeter. This is
shown in figs.61 to 63. Vslues of the limiting wall shear
stress for different concentretions are shown in fig.G64.

From the preceeding results it seems likely thet
the micelles are disrupted at high shear rstes and re-unite

when the stress 1is reduced. Now if the termination of drag
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reduction above the limiting stress does result Trom a dis-
ruption of the micellar structure then the solution viscosity
may well be reduced at these high shear rates. This cer-
teinly ssems to be the case in figs, 56 to 59. since well
above the limiting stress the friction factors correlate
along the standard pipe friction line with solution viscosity
based on that of water. At low Reynolds numbers the viscos-
ity increase above water 1s apparent from the mis-match with
the Poisieulle flow line. It must be mentioned however that
some tests carried out in a capillary tube, in which the
limiting stress was exceeded under laminar flow conditions
showed no marked chaenge in viscosity. This ﬁould indicate
that scission of the micelles is not simply an effect of
high mean shear but is likely caused by some characteristic
of the wall layer turbulence dependent on wall shear stress.
Some - . friction factor results derived from
tests in the rough pipe are shown in figs. 56,'57 and 59
for different concentrations, and once again a limiting
Reynolds number effect exists, although st lower values
than with a smooth pipe of about the ssms dismeter. At
hign Reynolds numbers the friction results are indestinguish-
able from water, but before this region is reached s strange
plateeu exists which has not been explained at present but

is certainly a repeatable effsct.
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(2.6.4) The effect of solution concentration.

In order to show up the effects of concentration
changes, some of the preceding results have been re-plotted
in figs. 64 snd 66. These show pipe friction results with
different concentraetions in pipes of 1/2 in. (12.7mm) and
1 1/2 in. (38.1mm) diameter respectively. It is seen that
a reduction of concentration casuses s decrease in the limit-
ing stress as was previously noted, but has little effect
of the drag reduction below this stress until the concentra-
tion is reduced below about 200 p.p.m. when drag reduction

disappears completely and rather suddenly.

(2.6.5) Correlation of friction data.

If the reduced friction results obtained with
these micellar soap systems are compared with polymer addi-
tive findings, we see that the soap systems follow the
maximum drag reduction asymptote found with the polymers.
This is clearly shown in £igs.68 to 71. These figures show
results only below the limiting stress vslues, in order to
avoid confusion, and the Reynolds numbers in these cases
are based on the solution viscosities. It is seen that for
the effective concentrations (greater than 200 p.p.m.) the
frictional drag is given very closely by Virk's semi-

logarithmic asymptote expression:-

1/F = 19 log, o (RelT) - 32.4
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This equation holds irrespective of pipe diameter
or solution concentration, and would make practical appli-

cation of these results very simple.

(2.6.6) Temperature effects.

The high drog reductions obtained with these
CTAB/1-naphthol solutions together with their resistance
to mechanical degradation gives strong possibilities for
useful practicel applications., This fact was seized upon
by Fitzgerald (71), who suggested that there may be an
important application in the hesting and ventilating Tield,

In this connection the effect of temperasture on
these solutions is of practical interest, and some results
are shown in figs. 72 and 73. In order to obtgin these
results both the 1/2 in. dismeter, snd thresded pipes were
lagged with asbestos lagging, together with the associated
supply piping. The solution in the sump was heated by a
secondary circuit consisting of & tank and electric immer-
sion heater, circulating pump, and a coil of copper tube
which was immersed in the main sump. This was preferable
to the alternative method cof placing the immersion hester
directly in the main sump since any local high temperature
or boiling around the heater may have caused premature
degradaition of the test solution. |

It is seen from figs.72 and 73 that moderate

heating has little effect on the drag reducing propertics

115



of the solution apart from causing a small reduction in the
limiting stress value. Between 35 and uOOC, a complete
breakdown occurs and above hOOC, the solution is completely
ineffective. This is consistent with the observations by
Nash (68) during carly experiments with this system.

This loss of effectiveness with temperature secems
duec to a breakdown of the micelle structure, but when the
temperature was reduced below 35°C sfter previous heating,

then drag reduction wss once again obtained.

(2.6.7) Effect of age of the solution effectiveness.

After conducting these heating tests the same
solution was re-tested on the following and successive days,
when the solution had cooled to room temperature. Fig.74
shows that when cooled the solution practicaliy regained
its initial eTTectiveness snd remained effective for over
one week. During this period of time the solution took on
& brown colour due to oxidation, snd a precipitate slowly
formed. After about nine days oiidation rendered the
solution completely ineffective.

The lack of thermal stability, and the fact that
this soap SyStem degrades with age, reduces the likely field
of practical application. WNash" has suggested that other
naphthol d€rivatives may produce solutions which are more
gtable towards oxidation, and these ceftainly require
further investigation.

#(Nash, T. Privgte communication).
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(2.7.0) OBSERVATIONS ON Tilf FLOY STRUCTURE
AND VELOCITY PROFILES OF THE CONPLEX
SOAP SYSTEN IN PIPE PLOW

We have previously seen that the CTAB/ Naphthol
solutions produce reduced drag given by Virk's asymptotic
expression, irrespective of pipe diameter or concentration
within the range investigated. As far as the available
evidence goes this represents the maximum drag reduction
obtainable, and the flow characteristics under asymptotic
conditions are therefore of high interest. A qualitative
and quantative picture of such flows have been obtained by
using the pulsed hydrogen bubble technique (72). It is very
convenient to use the present micellar system for such an
investigation becesuse asymptotic conditions are achieved
with low concentrations in large diameter pipes, and
furthermore the solutions are not susceptible to mechanicsl

degradation,

(2.7.1) The test rig and test procsdure.

Fig.75 shows 8 schematic layout of the apparatus
used for this investigation. A drawn Perspex pipe of intef—
nel diameter 1 1/2 in. (38.1mm) was fed from a sump by a
centrifugal pump and a 0.055mm dia. wire was stretched
across a diameter about 150 pipe diamépers frcm the entry
tc act s the cathode as shown. A copper tube downstream

from the wire completed the flow circuit back to ths sump
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and also served as the enode. Flow rates were measured by
timed weighing and were monitered with a rotameter. A
pulsed voltage of squarc wave Torm (O - 30v) wes applied
between the anode and cathode, and the pulses of small
hydrogen bubbles swept downstream from the wire‘were illu-
minated by a transverse sheet of intense light just below
the plane of wire,

A series of photographs was tsken of the flow
patterns at various flow rates, and from these the axisl
velocity at & given distance from the pipe axis wes deter-
mined by measurerent of the displacement between two succes-
sive pulses, knowing ﬁhe pulse freqguency. Optical aberation
was minimized by surrounding the observation region of the

pipe by a rectangular Perspex box filled with water.

(2.7.2) Experimentsl results.

Some typical photozraphs obtained with water are
shown in fig.76. With Reynolds numbers above 3,000 the
flow is noticeably turbulent and velocity profiles are
gquite flat. At high Reynolds numbers the pulsss have becone
gquite diffused by the turbulence.

¥ig.?77 shows some corresponding results obiained
with an equi-molar solution of CYAB/1 nsghthol at 508 p.p.m.
total concentration. The veloecity profiles are generally
much more peaky then with water, and small scele turbulence

bas bheen considerably suppressed by the additives. The fasct
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that large turbulent eddies remain is seen from the dis-
tortion of the pulse shapes.

A comparison of the photographs, figs.76 and 77
shows that the bubble pulse lengths with the soap system
are considerably shorter than those for water although the
pulse unit settings were identical for both. Bubbles grow
on the wire snd are not swept from it until the drag force
on them becomes sufficiently great. The drag force on the
hydrogzen bubbles in the sosp system is likely to be less
than in water, see section 2.10.4. Since the bubble
dynamics are similar for successive pulses this does not
affect velocity measurements from the photogrsphs.

Typical instsntanecus velocity profiles for the
micellar solution in turbulent flow are shown in figs.78
and 79. Only three profiles are shown in'éach figure to
avoid confusion but the dashed lines representing the tem-
poral mean velocities were averaged from seven random
instantsneous profiles. Deviations from the mean due to
turbulent eddies are quite significant, and an estimate of
the r.m.s. perturbations is shown in fig.80. The scatter
is quite large due to the very lirited sample, but the
turbulence intensities with the solution are rcughly the
same order of magnitude as for water in pipe flow when
compasred with some results by Wells (7&). Ve deduce there-
fore that the micelles only suppress the very small scale

turbulence (high wave numbers). This is apparont from

140



visual observations of the flow photographe, but it should
be emphssized that the present technique will not allow
quantitative measurenent of turbulent eddies whose periodic
time is less than that of the pulses - in this case 0.125
sec.

Fir.Sﬁ shows temporal mean velocity profiles
obtained for a range of flow rates in the turbulent regime.
Agein these were all averaged from seven random photographs
at each flow rate. The volume flow ratesdetermined from an
integration of these profiles agree falrly well with the
values obtsined by timed collecticn into a messuring vessel,
The differences are all less then I 5%, ékéept for the
highest flow rate which is =83 in error. This is con-
sidered to be satisfactory in view of the rather limited
nunber of flow photographs, and gives somefconfidence to
the validity of the velocity profiles.

These mean veloéity profiles are seen to be more
laminar like in shepe than the usual 1/7th power law form,
characteristic of normal flow at corresponding Reynolds
numbers. Differences in profile shape between normal tur-
bulent flow, laminar flow and the soap solution profiles
are clearly seen in fig.82 where the aversge and peak
velocities are compared.

As previously stated the pibe friction dates for
the soap solution is well correleted by Virk's asymptotic

expression:~
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f1/2 = 19 10g1o(Re f1/2) - 32.4 (Re 4000)

This correlation implies the existence of a semi-

logarithmic velocity profile given by:-

vf = 41.7 1n Y -~ 17.0

The form of this limiting velocity profile was
predicted by Virk (59) but with no corroberating velocity

measurements under asymptotic limit conditions.:

Fig.82 shows the present results plotted in this
dimensionless form, snd these provide a fairly goodAconfirm—
ation to the existance of the asymptotic profile. Values
for the wall shear stress were deduced from the preceding

pipe friction results.
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Fig. 76. PLATES (i) to (ix)

PIPE FLOW VISUALIZATION USING
HYDROGEN BUBBLE TECHNIQUE.
WATER. S
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(i) Re 1600

(i) Re 3700




(iv) Re = 3700

(vi) Re = 4540




(vii) Re = 5200

(viii) Re = 6300

Re 7500




Pig, 77. PLATES (i) to (xi)

PIPE FLCYW VISUALIZATION USING
HYDROGEN RUBBLE TECHNIQUX.
EQUIMCLAR SOLN. CTAB/1-NAPHTHOL.
TOTAL CONC. 508 p.p.m.



(i) Re = 3140

(i) Re = 3140

(iii) Re 3860




(iv)i Re = 3860

(v Re = 4440

(vi) Re 4440




(vii) Re = 5300

(viii) Re = 5300

{ixX) Re = 6410




(x) R 6410

Y W

(x1) Re 7540
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(2.8.0) THE EFFECT OF THE MICELLAR SOAP SYSTEM
ON THE STRUCTURE OF A FLAT PLATE BOUNDARY LAYYR

Kline and his co-workers have produced much
qualititive and quantitive information on the structure of
turbulent boundary layers in water by making use of the
pulsed hydrogen bubble technique (72), (73). In view of
the remarkable effects exhibited by the CTAB/1~naphtb91
solutions in pipe flow, it was decided that much useful
information could be obtained from boundary layer observa-

tions on a flat plate using Kline's technique.

(2.8.1) The experimentsl rig and test procedure.

A small open channel was adapted for the tests as
shown in fig.8L4. The fluid was circulated by a centrifugal
pump end the flow passed through a bed of/glass marbles
upstream from the working section to even out the approach
velocity.

Observations were made in the boundary layer on
a flat plate placed at the bottom of the observatidn region.
Due to the limited flow velocity obteinable, a trip wire
was placed at the upstream end of the plate to induce tur-
bulence in the boundary layer.

Pictures of the flow were obtained from pulses of
hydrogen bubbles emitted from a 0.055mh dia. stainless

steel wire stretched across a fork of 4Lin. (4102um) span as
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shown, the distance of the wire from the plate being
measured with a Vernier traverse mechanism. The bubbles
were illuminated by an intense shecet of light just below
their plane, as in the pipe flow experiments. The wire
was situated 12in. (305mm) from the leading edge of the
plate. |
A series of photographs of the flow patterns

with water and an equi-molar solution of CTAB/1-naphthol
at 508 p.p.m. concentration were taken Tor several rates

of flow with the wire at known distances from the wall.

(2.8.2) Experimental results.

A typical set of flow photographs with water are
shown in fig,84. Unfortunately the channel velocity was
not great enough to produce a full turbqlent boundary
layer with a logarithmic region. However, the present
flow patterns near to thé wall are very similar to those
previously published by Kline et.al. (72), (73). Tﬁese
show the characteristic streaky appearance within the vis-
cous sublayer, with regions of high and low velocity and
periodic bursts away from the wall,

An end view shown in fig.B86 gives some indication
of the spanwise spacing and penetration of these bursts,
which Kline et.al. (73) believe giveé.rise to the bulk of
turbulence production.

The flow pictures obtained with the micellar
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soap system seen in fig.87 are quite different in nature.
Bursts of turbulence from the wall are much more passive
and less frequent, and generally the flow within the sub-
layer is more truly laminar.

If, as suggested by Kline, the turbulence produc-
tion depends mainly on the bursts, then clearly production
with the soap solution is very much reduced. It was
unfortunately not possible to take an end view picture
with the soap solution because of slight turbidity over
the relatively long distance through the fluid.

Average local velocities were determined from
the flow photographs Jjust as in the preceding pipe flow
tests, and deduced velocity profiles are shown in fig.88.
curves (1) and (2) compare the soap solution and water at
the same wall shear rate, which was determined from the
slope of the velocity profiles at the wall. The soap solu-
tion profile is much moré peaky than that with water, and
this would imply a reduced wall shear stress if the soap
solution were tested at the same free-stream velocity as
water.

The individual photographs may be related to
points on the dimensionless velocity profiles shown as
fig.88

All of these present resulfs lie within the vis-

cous sublayer and transition regions due to the limitation

of the flow rate in the small channel. The results are
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useful in so f'ar as they show reduced turbulence produc-
tion and importent qualitgtive differences between the
solutions and water. It is suggested that much more
information could be obtained from tests cerried out in
a much larger channel, to facilitate observations in the
logarithmic region. Such a channel was not available

vhen the present work was carried out.
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Fig. 85. PLATES (1) to (vi)

FLAT PLATE BOUNDARY LAYER,
FLOV VISUALIZATION RY Hy OROGEN
BUBBLE TECHNIQUE.

WATER.



(i) Y = 0.67

b Y =3.53

Gin Y = 7.61




(iv)

(vi)

Y

Y +

= 11.0

ei. 0



END VIEW WITH WATER SHOWING 'BURSTS'.
WIRE AT vyt = 3.53, CORRESPONDING TO
FIGURE 85 PLATE (ii.

Fig. 86



Fig. 87. PLATES (1) to (v)

FLAT PLATE BOUNDARY LAYER,

FLOW VISUALIZATION BY HYDROGEN
BUBBLE TECHNIQUE.
EQUIMOLAR SOLN. CTAB/1-NAPHTHOL
TOTAL CONC. 508 p.p.m.
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(2.9.0) SUBMERGED JET EXPERIMENTS.

The preéeding experimental evidence suggests that
the large reductions in frictional drag obtained under tur-
bulent flow conditions with dilute polymer solutions is
brought about by an increase in the thickness of the
'intersctive' layer adjaceﬁt to the wall, the structure of
the turbulent core being litfle changed. It is therefore
of interest in this connection to study the turbulence
structure of these solutions without the influence of a
solid wall.

ﬁ Submerged jets provide a means to study the flow
"characteristics of various additive solutions with no wsll
effect. Goren (61) Jackley (75) both found little differ-

ence between a polymer jet eand one of water using respec-
tively Polyox and a polyacrylamide. Gadd (76) on the other

hand had previously observed that the small scale turbulence
was greatly diminished with Polyox at 30 p.p.m. concentration.

In an attempt to resolve these differences some
further flow visualization studies of jets were carried out
with a smell jet and a much larger one, using solutions‘of
Guar gum, Polyox WSR 301, and the nonionic polyscrylamide
Separan NP 10,

The smell jet was produced by a rounded entry
nozzle, 24ymm in diameter. which was supplied with either

water or polymer solution from a constani head tank, ard the
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jet discharged into & Perspex vessel containing a solution
identical to the jet. A dye (either Fluorescein or Indian
ink) was injected into the supply pipe just upstream from
the nozzle in order to render the jet patterns visible.

The experiments carried out with Guar gum solution
up to a concentfation of 500 p.p.m. showed no apparent dif--
ference from a pure water jet, although es previously shown
this concentration brings about an enormous drag reduction
in turbuient pipe flow. Polyox jets on the other hand were
quite different in structure with concentrations greater
than about 10 p.p.m.,‘although the difference was not really
apparent with lower concentrations. With higher concentra-
tions much of the small scale turbulence appeared to be
suppressed, and flow patterns similar to Gadd's were
observed. This certainly indicates 2 change in the spectrum
of turbulent kinet;c energy. The submerged jets of Separan
solution were similar in hature to the Polyox jets except
that a concentration of about 70 p.p.m. was required to
produce an observable damping effect. No significant dif-
ferences in the jet patterns were observed over the whole
of the Reynolds number range investigated - between 3,500
and 20,000 (based on the nozzle dismeter), Photographs of
some of the jet patterns are reproduced in fig.990.

For the larger scale experihentg, the jet was
produced by a straight length of 3/4 in. (19.05um) dia.

pipe, which was again supplied with fluid from & header
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tank snd discharged into a transparent container. Dye was
injected into the centre of the jet pipe 8 in. (203mm)
from the exit end. This apparatus is shown in fig.91.

From all the tests the jet patterns were very
similar to those observed with the smaller apparatus. The
effect of Polycx concentration on the flow structure is
clearly shown in figs.92 =2nd 98. Once again much of the
small scale eddying disappears with concentration increase
and only very large eddies remain. Furthermore, with the
water jet the dye has diffused completely across the pipe
at the exit, but this is not the case with the higher con-
centrations of Polyox solution. This could be partly due
to reduced diffusion in the core region, or possibly could
be caused by the greatly thickened interactive layer along
the pipe wall. _//

The jets with Guar gum solution at 500 p.p.m.
were not distinguishable from those with water. It was
also found that after ageing the Polyox solutions for about
one week these jets too were indistinguishable from water,
but the same solutions still produced considerable friction
reduction in turbulent pipe flow.

Although these observations are at best only
rough and qualitative, they are clearly related to the flow
characteristics of Polyox solution in -the threaded pipe

previously discussed.
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Fig. 90. PLATES (i) to (iv)

SUBMERGED JETS.
(SMALL JET RIG.)
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(i) WATER

(ii) GUAR GUM SOLN.
500 p.p.m. Conc.
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(iii) POLYOX WSR 301
SOLUTION
10 p.p.m. Conc.

(ivy POLYOX WSR 301
SOLUTION
30 p.p.m. Conc.
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WATER
Fig. 92

POLYOX WSR 301 SOLN.
50 p.p.m. Conc.
Fig. 93
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POLYOX WSR 301 SOLN.
20 p.p.m. Conc.
Fig. 94

POLYOX WSR 310 SOLN.,
15 p.p.m. Conc.
Fig. 95
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POLYOX WSR 301 Soln.
10 p.p.m. Conc.
Fig. 96

POLYOX WSR 301 Soln.
8 p.p.m. Conc.
Fig. 97
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POLYOX WSR 301 SOLN.
50 p.p.m. Conc.
Whole of jet solution pre=dyed

prior to test.
Fig. 98



(2.10.0) THE BEFFECT OF DRAG REDUCING ADDITIVES
ON_DOUNDARY LAY®R SHPARATION AND FORM DRAG
ON_SUBMERGED BODIES.

In this section the effects of drag reducing
additives on the separation of boundary layers in regions
of adversc pressure gradient are discussed, together with
the corresponding effects on wake size and form drag. A
sphere was selected as the simple geometrical shape for
these studies since this minimized the experimental d4if-
ficulties.

The characteristics of ordinary Newtonian flow
around a sphere are shown in £ig.99, and are well documented,
see for exemple Goldstein (14), Schlichting (13) or any
basic text on fluid dyramics. Briefly, at very low Reynolds
numbers the drag is given by Stokes law, flow separation
occurs as the Reynolds number increasés, the boundasry layer
becomes turbulent when thé Reynolds number reaches about
2.105 and above this value the wake size sand drag is much
reduced. This transitional Reynolds number may be reduced
somewhat by freestream turbulence or by roughness on the
sphere surface.

We have seen that polymeric additives can dras-
tically change the structure of a turbulent boundary layer
by greatly thickening the interactive zone close to the
wall., If we now consider the case of a sphere in a flow

with the Reynolds number exceeding the critical value, i.e.
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with a turbulent boundary layer, the addition of some
polymer additives could possibly incresse the drag. The
reason being that the additive could result in a much
thicker, more 'laminar like' interactive layer asdjacent to
the surface, with a consequent earlier separation point and
increased wake size. This should be particularly apparent
with freshly mixed solutions of Polyox at moderate concen-
trations. The following simple experiment was carried out

in order to verify this hypothesis:-

(2.10.1) An experiment to demonstrste the effect of Polyox
on boundary layer separation.

For this experiment a concrete sphere was dropped
into & Perspex sided tank which contained either water or
dilute Polyox solution, and the wake patterns were recorded
by high speed cine” photography. A very-fough comparison of
the drag coefficients was also determined from the rate of
retardation after impact with the fluid.

The sphere was cast in a selected glass lampshade,
which was broken away after the mix had cured. The model
was then made hydrodynamically smooth by filling, rubbing
down with abrasive paper, and painting with several coats
of black paint.

Fig.100 shows the arrangemén; of the rig used for
these tests, the sphere being released from a suitable

height so that the Reynolds number on impact with the fiuid
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POLYOX WSR 301 SOLN.
60 p.p.m. Conc.
Fig. 103
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was just below the critical value (Re = 2.10°),

For the first test the sphere was dropped into
water, and £ig.101 shows a single frame from the ciné'film.
This indicates a laminar boundary layer with chsracteristic
early separatiop.

The front of the sphere was then roughened by
glueing on a patch of sand, and the sphere was again
dropped into the water from the same height. Fig.102 shows
the wake pattern from this test which exhibits a much later
separation point caused by the turbulent boundary layer.
The drag coefficient was roughly half the value found from
the previous test.

These results are of course as expected, and
indeed similar pictures have been reported by the U.S.Naval
Undersea Test Station (77), see also ref,'(78).

For the third test the sphere was dropped into a
freshly mixed solution ofAPolyox at 60 p.p.m. concentration.
Fig.103 shows that polymer sdditive has drastically effected
the boundary layer and caused the separstion point to move
forward again with a resulting increase in form drag. The
dreg coefficlient was of the same order as the first test.

It is therefore seen from this rather basic
experiment that although polymer addition can significantly
reduce skin friction, the effect can in certain circumsten-
ces be more than off'set by an increase in form drag caused

by a dhange in the separation point and wake size. We must
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note of course that the sphere was followed by an sir
filled cavity in these experiments whereas in the following
we have 8 liquid filled wake. The two situations are not

necessarily the same.

(2.10.2)Sphere drop tests in friction reducing solutions.

Some experimental results reported by D.A.White
(79), Lang and Patrick (80) and Sanders (81) showed that
the drag on a sphere in water was considerably reduced by
adding Polyox. Their experiments were all carried out
below the critical Reynolds number, where the boundary
layer is leminar, end the results were somewhat surprising
since friction reduction in pipe flow only occurs in the
turbulent flow regime. Flow visualization studies by Laung
and Patrick showed delayed boundary layerjsepafation and
smaller wake size with the Polyox solutioﬁs which is cbn—
sistent with the messured reduction of drag.

The experimental results from the preceding
section indicated that drag could be increased when working
gbove the critical Reynolds number, and in order tc relate
this to the above results a comprehensive series of experi-
ments were planned to cover a wlder range of Reynolds
pumber and to span the critical region,

The technique of messurement was simple, and
similsr to that used by the previous investigastors. Steel

spheres were dropped down through cylinders containing the
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test 1liquid, the spheres being relessed from a point just
below the liquid surface by an electro~-magnet. The
apparstus was kept in a darkened room snd for each test
the falling sphere was illuminated by a strobo-flash unit
operating at mains frequency (50 hz)} Measurements from
multiple image photographs on high speed 'Polarocid' film
of 10,000ASA rating ensbled the terminal velocities to be
determined, from which the corresponding drag coeffidients
were calculated. |

Two rigs were used: spheres between 0.25 in.
(6.35mm) and 1.5 in. (38.1mm) in diameter were dropped
into a Perspex tube 10ft. (3.05m) high by 6 in. (152.4mm)
in dismeter, and the larger spheres ranging in diameter
from 1.5 in. (38.1mm) to 4.5 in. (114.3mm) were dropped
into a steel vessel 22ft (6.7m) high by 2f';; (0.61m) in
diameter which had Perspex windows at the bottom for obser-
vation purposes. The arrangement of this larger rig is
ghown in fig.104. The sphereszwere retrieved after use
by means of a catch net which was lowered to the bottom
of the containers prior to each test. It was found that
frequently the spheres deviated from a vertical path
during their descent and struck the sides of the containers:

in all such cases the results were discarded.

(2.10.3) Sphere drag characteristics in Polyox solutions.

The results obtained from both rigs with water
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and freshly mixed solutions of Polyox WSR %01 are shown
in fig.105, and the Reynolds numbers are based on the
viscosity of the solutions using the values from table 4.
Results from the large rig are shown connected by dashed
lines. Drag coefficients determined for water from these
tests agree well with results by other workers over the
whole Reynolds number range. The drag coefficients in
Polyox solution at low values of Reynolds number salso agree
to a large extent with the results of previous'investiga—
tors (79), (80), (81). It can be seen from £ig.105 that
at high Reynolds numbers the sphere drag is greater in
Polyox solution than in the solvent, as the previous
experiment suggested.

We have already discussed to some extent the
effect of age on the performance of Polyqxfsolutions in
connection with pipe flow. It has also been found that
ageing has a serious efféct on the drag with the present
experiment. A 4/2 in, (12.7mm) diameter steel sphere was
periodicslly dropped over a period of one week into a
30 p;p.m. solution of Polyox using the small rig. These
ageing effects are shown in table 7, and is is seen that

after about one week the sphere drag reduction has virtually

disgppeared,
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TABLE 7

Sphere dia. 1/2 in. (12.7mm) (Cd in water = 0.475

AGE Cca
Fresh 0.324
"1 Day 0.346
2 Days 0.362
- "1 - 3 Deys 0.390
6 Days 0.4L5

This same solution wss afterwards tested in a pipe
flow apperatus, apd practically identical pipe frictidn
results were obtsined with the aged solution and a freshly
mixed one (see £ig.106). This might seem to indicate that
the loss of effectiveness in reducing sphere drag is not due
to degradation. It should be emphasized however that a small
bore pipe had to be used fbr this test beéause only a limited
quantity of aged solution was available from the small drop
rig. Tests in a smell bore pipe sre not always effective in
showing up changes in friction characteristics if working

nesr to saturation conditions, i.e. near to the asymptote.

(2.10.4) Sphere drop tests with other additives.

Sphere drag experiments have also been carried out
in the smell rig with eguimolar solutions of cetyltrimethyl-
emmonium bromide (CTAB) end 1-naphthol. This complex soap

systém has previously been shown to produce very large drag
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reductions in turbulent pipe flow, although the effect
terminates when the.wall shear stress exceeds a certain
value because of changes in or disruption of the micelle
structure. Results are shown ig»fig.107 and drag reductions
are very much less than those found with Polyox solutions.
Because the highest concentration of the soap system was
slightly pseudoplastic (n=0.95), and because possible
structure changes at high shear rates make viscosity -
difficult to interpret, the Reynolds numbers in fig.88
have been based on the viscosity of water.

These results have been criticized by DLA.White
(82) who found no drag reduction on spheres in this CTAB-
naphthol system. He suggested that if £ig.107 were based
on the solution viscosity instead of the solvent, then
apparent dreg reduction would disappear. .However, one
cannot escape the fact that with the present tests the-
sphere terminal velocities were actually increased in the
soap solutions. This is clearly seen in fig.108. Indeed
even if corrections are made to fig.107 allowing for vis-
cosity increases, the lines for the additive solutions still
1ie slightly below, snd to the right of the line for wster.

In order to resolve this difference an additional
experiment was carried out to determine the effect of the
CTAB-naphthol system on boundary 1ayef,separation. A
circular cylinder 2.5 cm in diameter was mounted transverse-

ly across a square section water tunnel of 5.0 cm side. In
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order to measure the pressure distribution around the
cylinder a 1/16 in. (1.58mm) diameter pressure tapping was
provided mid-way along its axis, the angular position being
adjusted by rotating the cylinder. A static pressure tap-
ping was provided in the tunnel wall just upstream from

the cylinder.

It should be emphasized that the blocksge effects
with this arrangement are extremely large and the reéﬁlts
obviously cannot be applied to a cylinder in an unbounded
stream. At best they can merely indicate the likely trend.

Fig.109 shows a typicasl set of results for the
pressure distribution with a range of concentrations at a
roughly constant Reynolds number (based on water). In all
cases the pressure coefficlient at the forward stsgnation
point was assumed equal to unity, but thiéiis not likely to
be true for the higher concentrations where normsl stress
differences will probably invalidete the Bernoulli equation.
However, despite the uncertainties it can be seen that the
additives hsve delayed boundary layer separation and pro-
duced a smaller wake at higher pressure, thereby reducing
the drag force. These results then sre consistent with the
observed small drag reductions found for spheres in the
micellar soasp system.

Finally in this connection we turn to experiments
on the drag spheres in dilute Guar gum solution. Although

Guar gum solution is very effective in reducing skin friction
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it was found to have NO effect on the drag of spheres for
concentrations up to 500 p.p.m.

Gadd (83) snd Brennan and Gedd (66) showed that
freshly mixed Polyox in dilute solution exhibited elastic
efrects through_measurable normal stress differences, but
these measureable differences disappeared on ageing the
solutions. Furthermore, they found no detectable elastic
effects with éilute Guar gum solutions.

From these results it certainly seems'that the
delayed laminar separation found with fresh Polyox and
the micellar solutions is caused by elastic effects, since
the phenomenon only occurs with solutions which exhibit
detectable normal stress differences in shear flow.

It should be noted that sphere drag reduction has
been measured by Ruszczycky (L49) using anf gum solution at
very much greater concentrations. Now at these high concen-
trations Guar gum is certéinly viscoelastic, shown by the
Weissenberg effect, and it is also extremely pseudoplastic.
Bizzell and Slattery (84) have also shown that for a power
law fluid the separation point would move towards the rear
of a sphere as the flow index is decreased. These effects

then can account for Ruszeczycky's results.
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(2.114.0) ANOMOLOUS HEAT TRANSFER CHARACTERISTICS
OF DILUTE POLYMER SOLUTIONS
IN FULLY ROUGH PIPE FLOW.

Metzner and Friend (85) modified Reichardt’s

snalogy and proposed the semi-empirical expression:-

= £/2 - .
1.2 + 11.8(Pr-1 )(Pr)73(2/2)%

This relationship showed good agreement wiéh
experimental data for Newtonian and purely viscous non-
Newtonian fluids in pipe flow.

Pruitt et.al. (86) found that the above relation-
ship failed with drag feducing solutions and empirically
modified it to the following form:- |

St = r(41-FR)/2
1.2i+ 11. 8(Pr-1)(Pr)’%[f(1—FR)/2]’

where FR = (f —f)/f , f and f being solvent
and solution friction factors respectively
at the same pipe flow rate.

Poreh end Paz (87) showed that the Pruit£ et.al.
correlation was reasonably successful within ¥ 20%, and in
turn analyzed the heat transfer characteristics in terms of
a three zone velocity profile model with thickened viscous
sublayer and an assumed expression for the buffer zone,
Their final results is:- ’

(/¥ _

St = : 1
{r,*(an [Pr-(Pr-1) 3,%/3,"] + (Pr-1) +(2/2)7}
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This too correlated the availsble dats within = 20 Y, .

It may be noted that for unity Prandtl number
this reduces to the basic Reynolds analogy St = £/2.

One assumption made by Poreh and Paz wss the
equality between the eddy diffusivities of heat snd momentum,
which may not always be Jjustified in view of the experimen-

tal results shortly to be described.

(2.41.1) The heat transfer rig.

Heat transfer experiments have been carried out
jin a tube with a very rough wall to eliminate sny viscous
sublayer. The scheme of the apparatue is shown in fig.110.

Lengths of 3/8 in. (9.52mm) o.d. brass rod were
jnternally threaded % in. Whitworth and joined together to
produce a working section 32 in. (0.81m).16ng.‘ Pressure
tappings were provided in short lengths of smooth tube
upstream snd downstream of the threaded section, together
with mixing cups for mean temperature measurement. The
working section was provided with an insulated jacket and
was externally heated by condensing steam at atmospheric
pressure. Axial conduction was minimized by isoclating the
mixing cups from the working section by short lengths of
rubber tube.

Fluid was supplied to the pipe from a large
header tenk and the flow rate was determined from timed

collection into measuring cylinders.
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(2.11.2) The experimental results.

The pressure drop and fluid temperature rise
were measured over a range of flow rste with water, 50
p.p.m. solution of freshly mixed Polyox WSR 301 and a 500
p.p.m. solution of~Guar gum.

Fig.111 shows a comparison of the overall hest
transfer coefficients for water and the polyox solution.
These coefficlients have been based on the log. mean tem-
perature difference between therfluid in the pibe end the
heating steam, and the mean diameter gt half thread depth.

The results are quite remarkable: whereas fhe
coefficient for water increases with Reynolds number as
expected, the coefficient for Polyox solution DECREASES.

In fact less heat is carried away from the wall a greater

flow of Polyox than by a lesser flow.

Results with the Guar gum solution were practical-
1y identical to those with water which is consistent with
the previously discussed results in a rough pipe of larger
diameter. | |

By allowing for conduction through the pipe wall
and estimating the outer coefficient for film condensation
on & horizontal pipe using Nusselts expression, the inter-
nal film coefficients were roughly determined. (Internsl
properties being based on the bulk méan temperature of the
fluid). Results are shown in fig.112. Agein whereas the

Polyox has reduced the friction factor considersbly, the
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Stanton number has been reduced by an even greater amount.

(2.41.3) Discussion of the heat trensfer results.

Before attempting an explanation of the anomolous
heat transfer results we must first consider the flow in
more detail.

For the turbulent core region in pipe flow, i.e.,

outside the sublayer, we may write:-

T do 8 .
£ - (e - Lo

- Cw du* "y
= F(”%)ﬁ* (2.41.1)

A force balance for steedy flow yields:-

T  J - Tw & (2.11.11)
F=F0-3) =7 (“'%“) I

Equating2.it.i end 2,1l Wi glives: -
Emydu* +

¢
e, Em ,_[.‘._3_/3_;-:_]_|

= “‘/‘S" (2.44.111)

The logarithmic velocity profiles for Newtonian
flow and for flow with drag reducing additives away from
the interactive wall region imply:-

awt = 2,5 (2.11.1v)
+ .
dy yt

206



For drag reducing solutions within the interac-
tive.zone or under completely asymptotic conditions, pre-

viously discussed work indicates:-

aut 11,7 (2.11.v)
ay’ y*

Expression 2.11.iii1 enables an estimate to be
made<ﬁ‘£m from velocity profile measurements. Fig.113
shows the variation of‘&% with y+ for Newtonian fluids
and is based on egns. 2.11.iii and 2.11.iv. In this figure
Ra = au = RedT and we see that for small pipes at moderate-
ly lo;DReynolds numbers, VY may not always be negligible
compared with ., although the assumption is certainly
justified at high Reynolds numbers.

Fig.114 is an estimate of conditions in the
thresded pipe at & Reynolds number of 10'000, fesults for
the Polyox solution being based on the asymptotic velocity
profile. The dotted 1ine‘represents the variation of eddy
viscosity for water at the same wsll shear stress (i.e,
same Ra) as the Polyox results. | The esumption of the
asymptotic velocity profile for the Polyox solution in this
small pipe seems justified from the previously discussed
work. There may be an upward jump to the dotted line in
fig.114 close to the pipe axis 1f the interactive zone
has not spresad completely over the Wﬁole pipe radius. The
important deduction is that certainly over the bulk of the

flow the kinematic viscosity is the same order of magnitude
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as the eddy viscosity and cannot be neglected away from
the wall as is customary in heat transfer work, Fig.114
emphasizes the enormously reduced values of eddy viscoelty

compared with water.

We may describe the heat transfer charscteristics
for turbulent pipé flow using the analogy between heat and
momentum transfer. 8Since there is no. viscous sublayer
present in the threaded pipe, we will use the generel

anology:-

St =f«+€k\ /2
‘D"'fu

which reduces to the basic Reynolds

anology for unity Prandtl number if &g =€,

The relationship mey be written in alternative

form: -

St =I'/P«*€"/0) £/2 (2.41.v1)
V1 ovlnfy

We will now use equation 2.4Vt to provide a tente-
tive explenation for the anomolous heat transfer results.

Taking data from fig.112, at a flow Reynolds
number of 10 CO0O we have the following values for f/2 and

St:-
£/2 St | st/ (t/2)
Weter 0.012 0.0032 0.267
50 p.p.m
Polyox 0.0045 0.0001 0.022
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Comparing the solvent and solution results
through equatién 2.11.vi we see that the bracketed term
is reduced by a factor of 0.022/0.267 = 0.0825 with Polyox
addition. —_—

Taking a Prandtl number value of 8.0 for the
solvent and solution and making a very rough mean order of
megnitude estimate of aﬁﬁa from fig.113 as 8.0 and 1.0 res-
pectively and finslly assuming that €¢ = &= for the solvent,

then insertion of these values into equation gives:=-

0.0825 .= (0.125 + Yo \ X( 8 + 1 )
) 1 + 1 ,Soln. 0.125 + 8/Solvent

This implies that &%/y = 0.024 for the solution.

We see therefore that for the Polyox solution
&V%M = 0,024, in other words the additive;has caused £¢
to reduce very much more than €,,, ’

It must be emphesized thaet this analysis is far
from rigorous, being merely s demonstration, but it is
possible to picture the result'intuitively. We have seen
that Polyox can suppress the very small eddies in turbulent
flow, and it seems that the remaining large eddies whilst
effective in momentum transfer would be less effective in
heat transfer. This is because the 'lump' of fluid would
not have time to reach an equilibrium temperature with its
surroundings before moving off to some other position.

This simple experiment demonstrates clearly the

need for further detailed work on the heat transfer charsc-
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teristics of the very effective drag reducing solutions,

particularly near to asymptotic limit conditions.
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(2.12.0) OTHER ANOVMOLOUS EFFECTS WITH
' DRAG REDUCING ADDITIVES.

Apart from reducing turbulent friction meny of the
effective additives exhibit other asnomolous effects, par-
ticularly at th¢ higher concentrations. S8Several of these
miscellaneous phenomena were briefly investigated during

the course of the present study.

(2.12.1) Open syphon and suspended syphon.

A very spectacular demonstration of the.cqhesive
effect between Polyox molecules was reported by James (88).
A beaker was completely filled with Polyox solution and
then tipped slightly to start the fluid flowing over the
lip. Once established, the floﬁ contihued, and provided
that the overflow head was sufficiently gréatrit was pos-
sible for the beaker to empty4i$aelf, the stream offalling
fluid "pulling" more flutd frqm %he container., The effect
was only observed with tﬁg high&ﬁolecular weight Polyox
WSR 301, at concentratiohé gré;ter than about 0.2q4fand
illustrates the extreme teﬁacityibf'tﬁe'additive molecules
in a flow. The effect did not occur with poly (ethylene
oxides) of lower molecular weight.‘Jk

James also showed'that‘it was possible to syphon
Polyox solution through a suspended‘s&phon vipe.

These experiments were easily repeated and re-

sults are pictorially described in publication (P.Y4).
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*Using a 0.4 solution of Polyox it was found possible to
completely empty & standard 600 ml beaker with a syphon
pipe near to the top. c

Some similar tests with Guar gum solution st high
concentration showed no tenacity’éffect at all, and Separan
N.P.40 solution, although very étringy}in appearance was
not sufficiently tenacious to form an ében channel or sus-

pended syphon.

(2.12.2) Enhanced Cosnda effect.

Differences in behaviour between Guar gum and

Polyox solutions are also apparent from observations méde

during some wall attachment (Coands effect) experiments.

7/

Fig.115 shows thefla ‘}iﬁ5f7the apparatus used.

‘Liquid was supplied to a'1/&iﬁ,rr Lj?mm) diameter pipe

from a constant head container aiﬂ the Jet from this pipe

was directed on to a 3 1/2 an‘y(agmm) diameter cylinder.

The flow rate waa~f kncreased and the

(Publications ot end of this"heaie)




meximum value of the angle § to the "peel off point" was
noted. Although the flow oscillated only the maximum value
of ¢ was recorded. The same meximum value, @=240° was ob-
tained with both water and filtered Guar gum solutions up
to 500 p.p.m. concentration. With fresh Polyox solution

on the other hand a value of @=270° was easily achieved for
concentrations between 30 and 150 p.p.m. With higher con-
centrations the energy dissipation caused by the increased
viscosity resulted in @ becoming less than that observed

with water.

(2.12.3) Cavitation Suppression.

It has been found thet some of the sdditives
effective in drag reduction can also delay the onset of
cevitation. This was demonstrated using a’ transparent
venturi-~tube, fed from a header tank and fitted with a 20ft.
(6.1m) vertical pipe at the downstream end in order that
the throat pressure would reach low values at moderate
rateé of flow. The feed pipe from the tank was short snd
of large diameter so that pressure losses were negligible.

Freshly mixed polyox solutions were found to
delay the onset of cavitation to higher flow rates, snd
the noise level was much reduced. The lowest concentration
used was 12.5 p.p.m. and the delay of.cavitation was more
effective as the concentration wae Increased to 200 p.p.m.,

the highest tested. These phenomena were much less notice-
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able'with Polyox solutions which had been stored for
several days prior to use,
An equi-molar solution of CTAB/41 -Naphthol at
508 p.p.m. concentration delayed cavitation onset by about
the same order as fresh Polyox solution at 12.5 p.p.m., but
noise reduction>was comparable with Polyox at 50 p.p.m.
Cavitation suppression has also been noted by

Hoyt (89), (90), Ellis (91) and Breenen (92).
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(3.0). GENERAL DISCUSSION AND CONCLUSIONS.

The fundamental characteristics of the effective
dilute high polymer solutions in pipe flow can now be des-
cribed from the present work aﬂg‘the results of others.

In order to produce significant dfag reduction the polymers
should be of high molecular weight (order 106), flexible

and linear with few side branches. The degree of solubility
is also important, greater drag reductlion being obtained
with very good solvents than with poorer ones. Friction
reduction only occurs in the turbulent flow regime and
laminar flows are not affected by the additives, except for
small viscosity increases. Generally the transitional Rey-
nolds number is not changed and remains around 3,000 - 4,000
as with the solvent. . |

An interesting result‘in polymér solution drag
reduction is the "Diasmeter effect.” For a given polymer
species and concentratiop/the drag reduction increases with
reduction of the pipe size and conversely reduces with an
increase of the pipe dismeter.,llndeed drag reduction does
not commence at all until gvcgrtainwvalue of the wall shear
stress has been exceeded.,nThis threshold wall shear stress
seems dependent on the pplymer molecular weight and solution
concentration and its value is reducea.1f the latter are
incressed in magnitude. Virk (93) has related the onset

condition to the polymer properties (weight and r.m.s. dia-
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meter in solution), but this analysis does not account for
variations due to concentration change.

With pipes of a very.small diameter the wall
shear stress may be sufficiently high to occur in the
laminar/;egion and in this case normal turbulent flow is
never established. On the other hand with very large dia-
meter pipes operating at practical flow velocities, the
threshold wall stress may never be reached, and consequent-
1y no drag reduction would occur.

The present work has shown that for a given poly-
mer and concentration the percentage drag reduction depends
purely on the value of the wall shear stress, apparently
irrespective of pipe dlameter. This form of correlation is
extremely convenient for practical use since a few labora-
tory tests carried out in a modgrately‘aizéd apparatus could
be used to predict prototype‘plant behaviour if wsll shear
stress is used as a scal;ﬁg:parameter. However, extrapola-
tion to extremely large pipe siies is still rather uncertain
as no experimental resultéuare available.

Friction factor ?eduction is 1limited by an asymp-
tote curve which seems to éppiy toﬂallzof the drag reducing
gdditives. This asymptotic limit is approached by increa-
sing the concentration of,thq;pdlqur.additive and mey also
be approeched with moderqtg@yvlow concentrations in small
pipes. The concehtrationvregu;rgd tg reach limiting con-

ditions depends on the polymer type - perticularly on the
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molecular weight, and on the diameter of the pipe. The
expression for the asymptote propésed by Virk (59) is:-

1/¢% = 19 log,,(Re fi’) - 32.4  (Re>4000)

This seems to fit all of the experimentsl data
with reasonable accuracy. All reduced drag data for smooth
pipes consequently lies between this expression as the
lower 1limit and the normai turbulent flow relationship as

the upper 1limit viz.:-

_1/f%_= 1,765 lﬁ(Re f*) ~ 0.6 (Re>4000)

Most of the effective drag reducing solutions are
very susceptible to permanent degradation if the solution
is subjected to excessive shearing. The grag reduction
decays rapidly at first preeumably due td scission of the
higher molecuiar weight fractions which are the most effec-
tive ones, and then more éiéw;y. This is a most merious
drewbeck to the practiéal e#ploitétion of these sdditives
since it practically rules out any closed circuitapplica-
tion. Degradation also causea drag reduction to decrease
at high shear rates eyenv;nﬁa once through system.

Some naturai pol&mers‘such as Guar Gum appear
quite resistant to mechanical degradation and Poreh, et.al.
(58) report successful runs in 8 closed circuit rig for

long periods of tima. Tha ppgsent work indicates that
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Guar Gum solutions lose. thelr effeg;iveness quite repidly
in a.system which is not chemicallyjclean, the loss of drag
veduction being appasrently due to adisorption and agglomora-
tion into a jelly like prec_ipi!:ite. |

Velocity profile mgasqrements of other workers
and the pipe ffiction results otgthe'present‘etudy are con-
.sistent and lead to the view that this form of drag reduc-
tion is primari;y due to an ingrease in the thickness of
the wall layer, - i.,e. sublayer plus some buffer or inter-
active zone, the core region well away from the wall being
1ittle affected by the additives. | |

Correlations based cn‘the two zone velocity pro-
file model, With incressed thickness of the lineer sublayer
seem to work sstisfectorily for cases of moderate drag re-
duction. In the 1limit howgver this model would result in
a laminar flow with‘a linear velocity préfile, which is not
consistant with the limiting asymptotic conditione. This
objection is overcome withﬁthqﬁthrge zone model proposed by
Virk et.al.(59). In tp;gigqul the linear sublayer remains
unchenged and the interactive buffer zone increases in
thickness and eventuallg gqacbes the pipe axis when the
asymptotic 1imit is achieved. The limited velociiy profile
data availablé suppor£s §he adoption of this model as a good
approximation to the actual _P?inle._'

Provided that the wall layer thickness is known
the pipe friction may be determined,from the velocity
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profile by integration. For the two zone model both
Meyer (62) and Elata et.al. (57) indicated that their
dimensionless sublayer thickness Ro was & unique function
of a Deborah number (which is a.ratio of elastic to viscous
forces), or for a given}polymer and concentration to the
wall shear stress irrespective of pipe diameter. The
present data and that of Elata et.al. do show a small but
significant diameter effect, and the same trend is also
shown with the interactive zone thickness R1 using the
three zone model. |

- A particular advantage of correlations based on
the increased wall layer thickness is the ease with which
they can be applied to flat plate boundary layer calcula-
tions. This has been carried through by Granville for the
two zone velocity profile model and the liﬁiting asymptotic
condition (94), (95), (96};

With some additives the method of solution pre-
paration and its pre-history play an important part in the
form of the flow chafacterisxics; .This is particularly so
with Polyox and conslderable differences have been found
between the behaviour of freshly mixed aml aged solutions.
The results previously discussed here would indicate the
presence of large clusters of moleculgs in the fresh solu-
tions which are particularly-effective'in;drag reduction
and turbulence suppression in general. Freshly mixed

solutions exhibit strong elastic effects which are not so
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readily detectable with the aged solutions.

At quite an early stage’#iécoelaaticity was con-
sidered as a very possible explanation of the drag reduction
mechanism. If the polymer molecules (or clusters of them)
are viscoelastic, then they are capable of storing kinetic
energy from the main flow és:péiéhtial energy of deformation.
Now if the time scale of a tufbﬁlent disturbance is less
than the relexation time of the m61ecu1e or moleculea; then
the solvent flows arouhd the additive thereby dissipating
energy and reducing the kinetic energy of the disturbence.
In other words turbulencé damping would occur. If on the
other hand the time scale of the disturbance is great com-
pared with the relaxation time 6f'the additive then little
damping would occur as the mbieéules‘Wbuld move with the
disturbance. In ordér for the former effect to occur the
dimensions of the molécu1§slw6ﬁ1d have to be of the same
order as the Kolmogorov tufbulént microscale, - Lumley (97).
This is not the case for single molecules of even the very
high molecular weight addiiivé; such as Polyox, so for this
mechanism to be effective"éifﬁéi the molecules are not ran-
domly coiled (which seems unlikely) or they exist as agglo-
morates of more than one;? &hié'théory'doea indicate that
only the small scale turbuiénéé 13‘é£fected such as that
near to the wall in'pipe flow. Certainly only the esmall
scale eddies are affected by Polyox in the free jet

experiments.
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There is growing evidence that surface adsorption
may also be responsible for meny of the anomolous results,
es discussed by Kowalski (56), end in the recent paper by
Arunachalam end Fulford (98). _

The CTAB soap system in pipe flow behaves rather
differently from the dilute polymer solutions. No drag
reduction occurs with very low solution concentrations but
gbove a certain critical concentration the drag reduces
very rapidly and follows approximately the limiting asymp-
tote line irrespective of pipe diameter or further concen-
tration increase. N

It is believed that above this critical concentru-
tion the molecular structure associates itself into micelles
of large but unknown size, .and that these colloidal asgglo-
morations interfere with the turbulence structure in a
similar way to clusters of polymer molecﬁles.

Reversible scission .of the micelles appears to
occur above a certain value .of .the wall shear stress (which
depends on the solution eqnggq&;@tioh),,which can explain
the sudden disappesrance of dreg reduction above this stress
value. ‘

Velocity profile measurements with the soap system
have confirmed the existence of Virk's predicted asymptotic
velocity profile law. o TN '_

Although the small ggale turbulence is suppressed

by the micellar system, rough.measurements indicate that

226



the qverall mean turbulence is still the same order as with
the uncontaminated fluid. |

Observations on the turbulent boundary layer of a
flat plate immersed in the soap_system would indicate re-
duced turbulence production, Judging from the fewer more
passive 'Bursts' from near the wall,

Some evidence has been presented which suggests
that the heat eddy diffusivity reduces very much more than
the corresponding momentum eddy diffusivity with fresh poly-
ox solution. This could have an important bearing on heat
transfer calculations. |

External flows around bluff bodies such as spheres
and cylinders only appear to be affected by additive solu-
tions which exhibit detectable elastic effects. Generally
these delay boundary layer separation and‘réduce form drag
although in special circumstances the drag may be increased.

Future work in this field should be aimed st ob-
taining a clearer insight into the mechanism responsible
for the drag reduction. Much useful informetion could be
obtained from studies of the turbulence structure of drag
reducing solutions in shear flow. This is admittedly a
difficult task with liquids, particularly since hot film
probes and the like have proved unreliable in polymer
solutions. However, the hydrogen bubéle technique used in
the present prellminary experiments could be usefully

extended together with laser anemometry in order to provide



key information on the turbulence structure
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(4.0) SOME _PRACTICAL APPLICATIONS.

Since the early discaﬁeﬁi,°f skin friction re-
duction by the use of soluble macromolecular additives
many practical applications have*ﬁgen suggested. Unfor-
tunately many of the initial hopes for the practical ex-
ploitation of thg effect have been unfulfilled, largely
due to the rapid shear degradation of many of.the effective
drag reducers. and due to economic considerations. Some
of the more obvious practical applicetions which are being

considered are listed below: -

(4.1) Marine applicationé.

.Much of the garly work ﬁith drag reducing addi-
tives was carried out at nava;‘eatgblishments with a view
‘for application in this field. 1Thé éuﬁﬁtizy of additive
required for continuous rog;ine‘injectioﬁ'into a ships
boundary layer makes such an application uneconomic although
for peak wartime emergency use roesibility may still be
considered. Full size trials have been carried out by the
British Admiralty.

One possible civil epplication 1s with hydrofoils,
and short term drag reduction would be of use whilst the
vessel accelerates to becomé foil-borne. This would then
engble a smaller, lighter and cheaper engine to be in-
stalled. The use of sdditives i§mgh1§ model tests has also

been considered (6).



(4.2) 0i1 well fracturing.

Early use of drag redu&fhé fiuida was made for
hydraulic fracturing operations in oil wella (30). The
reduction of friction along the~?ela§1vely,small bore down-
pipe improved the efficiency or thg%fracturing operation,

and enabled the process to be eucceearully carried out in

wells which were hltherto too deep.

(4.3) Firefighting.

Reduction of firehoee pipe friction results in a
greater throughput, nozzle pressure and jet throw. Although
most fire tenders have pumps with normally excess perfor-
mance in reserve, the use of additivee may be considered
for exceptional cases or in circumatances where the supply
'Pressure is limited for some reason. Polyox is being used
by the New York fire brigade to enable smaller snd lighter
hoses to be utilized. ‘S§ﬁ§§$§L§£§ st}11,ha1ng carried out
in this field. T

gk S e
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(L4.4) Irrigation. S T
Some test results’have been reported by Union

Carbide Corp. (99) with Polyéx"iAjected into a typical crop
spraying system. An increase 62158 in crop coverage wee

reported.

(’405) §_§_V!a




Southern States of the U.S,A. to 1§crease the throughput

of city sewers at times of peak rginfqll.

(L4.6) Heating and ventilating.

A detailed stuy has been carried out by
Fitzgerald (71). Unfortunately most of the polymeric
additives are easily degréded by mechanical shearing which
rules them out for use in closed circuits. It was initisl-
ly hoped that the cetrimidé—naphthol system discussed
earlier might prove useful in this application, but the
present experiments showed that dreg reduction disappeared
when the temporature exceeded about uo°c. Application in
this field will not be possible unless an efrective addi-
tive can be found which is stable both thermally and

mechanically. , ' J
V4

(L4.7) Pumping of slurries.

Bulk hydraulic trhnspdrtkia,widoly used and ex-
periments are being carried out with sdditives by a numbepr
of investigators to see if ;hgipipﬁytriction can be
economically reduced. Littiéf@@té:is aveiladble at the
present time, apart from the f@ifrcaults of Poreh, et.al,
(100) and Arunchalam and Fuif&tﬁ*(98);

(4.8) Pipeline transport of gzggg;g;ig

Several o0ll soluble ettéctiva additives huve been
found and the possibility exiati'ror reducing pumping powep

a0’



and increasing throughput (101). Studies have shown that
use of the presently known additives is probably not an

economic proposition.

no
d
N
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APPEVDIX 1. IFTEGRATION OF TWO ZONE VELOCITY PROFILE NODEL.

‘(Pipe flow)

+ +
2. u =A1lrn y +B+AB

Re RS
%nﬁ*-———*w—
At the intersection of 1 and 2 we have:-

1
_ Ro =F§h\Rw + 8 «+A8
Integration across the pipe radius (a) yielde the

volume flow rate, viz:-
L a A
Q sTa“U =fo 27T Uivy 47
Since 'y = (a-r) and dy = ~dr this becomes:-
L .
ywau =_f; 2 (a~g) Uly) 4y

The above expression is put into dimensionless fornm:-

<1 Ra
e U - +
2 u* ~fo <'—a.u“)u “"’Az

and the integration is carried out in two parts using

expressions for zones 1 and 2 respectively.
- ¢

a ou
Noting also that R":z;%‘ andga“-”{s“we may write:-

e + o - s
+ "L (1-3)47d5" + j&‘{i“%Z.}a’-‘??e\f*fﬁ‘*-éa)dﬁ*
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Integration then ylPth -

2 R,
Rl S (T P

2 L 1 Ra
-8 +1(2 . L‘)..B*AQ’ ‘i* ]
--- Ro = "% Ra 2 g“

Insertion of the limits gives:-

Re _ R J2 ﬂo {ﬂﬂm'zng _‘_69.4_ QR]

A 2
[ Ra {n-(&'k&%).&'fﬂ Ro 2\Ro "'“ Q‘ 2“Qo ﬂ‘ (G*AG-IB]

Noting that R“ Rgﬁgwe may write:-

L _ 287 4Rl ,
&5 e "3 e (M«F "2w2f§> ‘B 2J" -
cne 4 4Re {H (B*beﬂ - 4080 szno + 4A R, 1‘21'2 lv,Ro'
RelT R<F 2R §

eee 4 4R A
* Teas (eweed),

On collecting terms aﬁd eliminating B+AB we have:~
L \Q RS, A Re =20,
- a.r " aRag * i3 (WRefE -l2f2) + Boihle ..

“me + 4-9«'(_9 (Q.’—Q).\Qa')] 4&&, In Ro‘
24—5. ) RQJ—' Qcﬁ ==

4m3 M N
Qet": H(znﬂo + )

The three terms struck out are small compared with the

remaining ones and are hence neglected.

This equation then simplifies to:-

= & (1R -ham o & - )+ g2 (sn-20) —dn]

'
The last term is small provided that Regis not

too large.
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For a Newtonian fluid we note that AR =0,

i.e. Ro' = Ro = 11.6, and A = 1/k = 2.5
Substitution of these values into ean.A1 yields:-
1 16312
5 =176 Relf — 081D N

] ’ . . .
This agrees with Von Karman's integration which

ignored flow through the sublayer:-

SJ:; = 1768 2 Redf - OGO,



APPEIDIX 2. INTEGRATIOMN OF THREL ZONE VETLOCITY PROFILE MODEL.

(Pipe flow)

PIPE

_— Zone 1-2 for Newtonian

é{;”:t”’/// fluid.

. Zone 1-3-4 for Drag

reducing fluid,
//é/!/—
|

Ro Rl RK

Ln 3* —_——
Equations for zones:-

+ +

1. v =y
+ +

2, u =A 1n y +B
+ +

3. u =Ayln y =By

o+
4., u =A ln y +B +AB

Where A = 1/k = 2.5 A = 11.'7‘3“1,1c
B = 5.5 B = 17.0
B = f(Yw)

At the intersection of 3 and 4:-

n.z\ R'-—B. = qzn &l"'B"'AB
. (B+a8) = (A~A)WR ~B,

Working as in appendix 1, integration across the
pipe radius gives the volume flow rate, and we can hence

show: -~ Ra.

B = (1) utdy

©
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The integration is carried out in three parts:-

o U ; R ¥
%‘L = fa (-2 Yq ag" + IRO(‘“‘*‘—XG.M% - 8,)dy
o 5

- *J“Q 5_)[,;1,\%“(9 AUk B]o“g
(t5)

- - (see appendix 1.)
2 AIRal

n
y=)

"
p)
[ ]

IL = J‘R'(ﬂ.?vss* _3'-@—' {’2'\ ‘A*-“'g"' "A+)d%+
R,
{n 5t (ingt-1) -8 - Q‘L‘LQ“ DR ]a
= { At QR -8R, B 2 (2.0-5) + L el
ses _29 9,4 lv\ “3 8, R° lR‘ (lu L)"'ﬂ Ra}
I, -j [ + (00,8 B3 205" . ..
ama —(n“a lna>g‘ + 9--1 ]ds
= {ng*(?. nitt= '3*[4“"“31“"*- -8 ]X*“‘—‘é— ALY -H....

T [(n—ﬂ)lna’ 3]‘3 }
S;:‘s—“ zﬁﬂsan '3 [(n -A)l R~ p’]ﬂ& iz (2‘\&/) 1&‘1‘-(9'4)1" -B]Rg}

— fae, 0.2 b Al vi-efe,— (z\sz. ARTALE IR s]g}

Continued~ - -

249



On collecting terms we find:-~
Q
%‘i - %:‘;-ch[_B,"G Zs\Ro B] R [%—(Z\ —L 9~o -B]
oo k[ BRe 38 e_]uzm A)---
r A -R - ..__l_

i %} (n\‘gsz\‘\al

Noting that Rg.f-qu_% we get:~
X
j—% = ir{ - P?-o[ﬂt'nn(znpw"b} *i?ém "BJ__ _

Yl & Qu“'n
-+ [2“&]';-2.‘21'5.]-;_-{--; Alr— e LR

___+4a.  (0-9) + YZ“WQQ 3

Terms struck out are small compared with the others, and

are neglected leaving:-

‘ - _B_ ﬁ.-n
ﬁ ZhQQI; 4—-2«.25- 243 + J——-""z'.—' 2“2. “cem

e i %:; *20{_31’9’(2“0“"0} +R'<n-n%.

Ral?

On inserting numerical values for the constants we find:-

"L.:: . - ¢ SoS4 n+263095 q.2R,
5 1768200 S8 — 165104 + 6:5054 ), Rl o

Foe a Newtonian fluid R,= Re= 11.6, and the equation

reduces to:~-

L _ 1613
= = 17680 ReJF -~ 0-665 + )

This agrees with the Von Karman result, '/_qg =§’7632n91ﬁ ~0°60,

and thus provides a check on the integration.

O
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APPENDIX 3

COURSES AND CONFERINCES ATTENDED DURING TIHE
PRESENT PERICD OF STUDY.

It is 8 requirement of the C.N.A.A. that candi-~
dates for post graduate research degrees should attend
relevant courses and conferences during the period of the
research work. The following were attended during the
period of this study. 1In some cases a paper wses presented
by the present author, and these are marked with an

esterisk.

1) I.Mech E. Symposium on Boiling Heat transfer, sponsorcd
by the Steam Plant, Nuclear inergy and Thermo,
and Fluid Mechanics groups. Manchesier,
Sept.1965. ’

2) Convention and Symposium sponsored by the Thermodynamics
end Fluid Mechanics groups of I.Mech.X.
Liverpool, April 1966.

3) Euromech Colloquium, The Structure of Turbulence,
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