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ABSTRACT,

An experimental study for Lhe drag of solid spheres |in
drag reducing Fluids is presented. Polyacrylamide seolutions of
different concentrations are considered. The drag coefficient
is measured by the terminal veleocity of the spherical particle
falling in stagnart fluid using high speed camera. Compared to
Newtonian fluid results, the drag of solid particle in polymer
solutions exhlbit reduced values. However, a drag increase Is
exhibited at low Reyneolds number. Analysls of the data show
the presence of a crlitical Reynolds number that distingulsh
between the drag increase and draq reduction regions. It has
been postulated that the measured drag is a2 result of two
opposing effects of polymer additives. One is flow resistance
increase due to increased extensional viscosity, The other, is
the reduction in the form drag due to the [nfluence of these
additlves on vortex sheddlng and boundary layer separation. It
has been found that the experimental data of drag coefflcient
15 best correlated with the polymer-particle parameter ¢ or
Weissenberg number Ws as well as Reynolds number.
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NTRO .

The flow af non-Newtonian, viscoelastic drag reducing fluids, have
received wide attention Erom Eluld mechanics sclentists For two reasons,
First, Is due to recent development in industrial technoleogy which braught
such £luids lnto practical use. Second, ls that the presence of few parts
per mlllion of high molecular welght polymers or Elexlble flbres In the
turbulent Elow reduce the frictional drag drastically. Therefore, numercus
investigations have been published [1~2]. Most oF them are directed to
understand the phenomena, while others into direct practical applicatlons.
Two-phase flow of bubbles, draplets and particles in turbulent flow are
encountered ln many of these applicatlons. They may lnclude drllling of
tunnels or boreholes, -hydraulic transportation, floatatlon, Eluidlzatlen,
dust and drop precipitation, sedimentation, partlicle separation and many
other Industrial processes, Ezrosion is a probiem that associates the two-
phase flow of particles, and strangly related te particle dynamlcs in the
flow. The drag between phases plays an important rele in partlcle dynamics
of such fluid flows,

Yery 1lttle work have been directed to the two-phase [low of drag
reduclng flulds. The additlon of drag reducing additives te turbuient
suspension Elows has been lnvestlgated by Poreh et al (21, Ghassemzadeh et
al {4(, Pollert [5] and Golda [&]). The experimental results show that, the
additlon of polymers to llguid-solid suspensions turbulent flow reduce the
frictian drag slmilar te single phase flow. They exhibit hlgh sensitivity
to mechanical degradation. Similar work was carried by Matthys et al {7)
for [Friction and heat transEer in clay suspenslon flow with 20 wppm
polymer additives, Their results axhibited characteristics typical of the
viscoelastlc solutions, However, the influence of polymer addlitives on
particle-turbulence interacticn has not yet been known.

Many theoretical and experlmental studies are carried out on particle
dynamics in Newtonian Eluids. Clift et al [8) present comprehensive review
for the dynamic behavior of bubbles, drops, and particles in different
flow fields. The experimental data of the drag of spherlcal particle in
steady Hewtonian Eluld flow are correlated to Reynolds number and
presented 1ln the standard drag curve shown in flgure (1) [9). Lee (10]
studied the draqg coefficient of spherical particles in turbulent twp-phase
suspension [low. 1t Is establlshed that the particle drag can be described
by the simple Stokes law, based on an apparent turbulent vlscoslty of the
£luid For the particles in the suspension flow. However Gore et al [11]
stated that the drag coefficient is best represented by the standard drag
curve. Liu et al [12] investigated the drag coefEficient of single droplets
moving in infinite droplet chain on the axis of a tube. ©Drag coefficient
was measured vla the measurements of the termlnal velocity uslng LDA [12].
Thelr results show that the drag coefficient of droplets is one grder of
magnitude less than that of single droplet. Hetsroni 113] investigated the
interactlon between solid particle and the turbulence o¢F the carrier
Eluld. Review of available experimental data suggested that particles with
low Reynolds number cause suppression of the turbulence, whlle particles
with hlgher Reynolds number cause enhancement due to wake shedding.
Huang et al [14] show that, drag coeEflclient of moving drop experlencing
condensatlon 1is the resultant aof friction, pressure and condensation drag.
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N1 et al [15] studied the turbulent diffuslvity of small particles
In pipe Elow of dilute atr-solld suspenslons. They show Lthat turbulent
diffusion is governed by the fluid-particle interaction. It was Eound that
the product of pacticle diEFuslvlty and lnverse relaxatlon time, whlch ls
function of particle drag, is almost constant. Berlemont et al [I6] used a
Lagrangian approach to describe particle dispersion in turbulent Elows. It
shows that particle trajectories are affected by drag coefficient. Govan
{17] shows that tuthulent dlLffusion coefficient of large particles reduces
to very simple form which is function of drag coefficient., Ruck et al [18]
studied particle dlspersion ln a single-sided backward [acing step flow
using LDA. The results show that partlcle diffusion differs from the eddy
dlEfusion even in the range of micron-sized partlcles.

Previous dlscussion show that, particie dynamics has been extensively
studied In Newtonlan Eluids. Very llttle data are avallable Eor partlcle
dynamlcs in non-Hewtenian fluids. Host of them were carrled out in clay or
kaolin-water suspensions., Such type of structurally viscous Eluid is
Rhecleogically considered a Bingham Eluid. Walentlk et al [19] measured the
settling velocity of spheres in kaolin suspenstons. Du Plessis et al [20]
measured the settling velocity of glass spheres and sand particles in
clay-water suspensions. Pazwash et al (21l] measured the drag coefficlent
of spheres and different shaped bodies in clay-water suspensions. Dedegil
{22) analyzed avallable experlmental data of drag coefElclent and settling
velocity of partlcles in non-Hewtonlan suspenslons. Slatktery and Blrd [23]
determined the drag coeffliclent of spheres Ln CHC polymer solutions by
measuring the settling velocity, This work is the only avallable in drag
reductng viscoelastlc Elulds. Others were carrled out on Elow around
cylinder {24-271. X1t et al {24), James et al (251, Fruman et al [26), and
Kato et al [27) lovestigated the drag and the pressure distribution on
circular cylinders in polymer sclutions. Thelr data covers a wide range of
Reynolds number. This work presents an experimental study Eor the drag and
settllng velocity of spherical particles in drag reducing Polyacrylamide
solutions.

2. ERIHE LCHNHIT

The object of this work is to study the inFluence of drag reducing
additives upon the drag of spherical particle. The experimental technlgue
consldered in this work tc measure the drag op solid partlcle is a direct
one. - The drag coefficient is measured by the termlnal veloclty of the
Falllng particle in a stagnant Eluid. The termlnal veloclity ls measured
using a high speed camer-.

The experiments are carried out by dropplng spherical stainless steel
particle inte stagnant fluid in a glass tank of 20x40 cm? base and 60 cm
height. Test solution level is kept at 58 cm from the tank base. The high
speed camera is focused on a view of 6 cm height. The view was 52 cm down
the test scluticn level in the tank. This ensures constant velocity of the
falllng particles, This was examlned by measurlag the fall veloclty at
different distances Erom the liquid level ln the tank. Flgure (2) shows
that constant fall wvelocity is achieved at 25 - 35 cm from the level of
test solution., The tank dimensions are large enough to ensure that the
distance between the Falling particle and the wall is sufficient so that
the wall has no effect on the settling motlon. The motion of the falllng
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particles is recorded In tapes using the data acgulsition system of the
high speed camera. Recorded data are played back to study the pactlicle
motlon and to measure the fall time of the particle using the digital
timer of the data acquisition system. The fall velocity is measured by the
time taken by the partlcle to Fall 6.0 cm. The speed of the camera was
Eixed at 1000 Eps (frames per second). This allows the timer of the data
acqulsition system ko have a resolution of 0.0001 sec. Spherical partlcles
of 1) dlfferent sizes with dlameter zange of 3.2 mm to 25.4 mm are used
throughgut thls work. Test solutions coneidered are 10, 25, 50, 100, 140,
500 and 1000 wppm Polyacrylamlde solutlons as well as water., The viscoslty
of Polyacrylamlde solutions ls measured and presented in figure {(J}. It
shows that the viscosity ratlio of polymer solutlons to that of the solvent
"n/Mua" 15 almost linear with polymer concentratlon "C" in wppm. The best
Eit of our data ls given by

L/ Ha = 1.0 + 0.0071 C

For a particle falllng In viscous Elwid, it reaches Its steady state
movement after a certain time (distance). The steady state conditlon Is
to be attalned when the gravity force W, buoyancy force &, and drag force
D are in equilibrium, and the particle has a constant fall velocity U.
Hence, the drag force is given by

D=W-A (1)
where, o

W= g.80.(D0)2.1/6

A=9.9.(Ds)?.n/6
and,

D = Cu~“-?-U2o(Dp]:.K,’4

Arrangement of equatien (1] glves the drag coefflcient Cop as Euncktlon of
the fall velacity U as,

Co = {473} . (Po/¥ - 1).9.Dp/U2 {2

Equaktlon {2?) can be rewrlitten as

Co = {(4/3}.{Rel?® / Ar
where,
Re = Reynolds number = Y.De.}/H , and
Ar = Archimedes number = (Do)?.g.(F/M12/(%u/y - 1)
ESULTS.

The results of the fall veloclty measurements using high speed camera
adjusted at (000 fps are presented as functlion of the partlcie dlameter in
Figure {4). It shows that the data are best fitted by logarlthmic curve.
For drag reducing flulds, experimental data show that spherical particles
has higher fall velocitles compared to Newbtonian ones. The fall velocity
of drag reducing fluids Increases with polymer concentration ko reach its
maximum value at 50 wppm, then, it decreases with concentratlon. A value
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of more than 45% increase in fall velocity is found to associate 50 wppm
Polyacrylamide solution. However, results of 1000 wppm soclutlon exhlbit
lower Fall velocity values compared to water For small particle sizes, and
higher values for large particle sizes. It worthy to mention Ethat in thls
work each data point is the result of an average of 5 experimental values.

The experimental results cf drag coefficlent Co of spherical partlcle
in Hewtonian (water) and drag reducing additlive flulds are presented 1n
Eigure (35}. The results of the drag coefficlent are compared with the well
known standard curve for Newtonian fluids and presented in figure (5-a}l.
The results of drag coefficient using the high speed camera are sllghtly
lower than the standard curve. However, Lthe agreement s generally well,
In Fact, our experimental data covers Reynolds number range of 4x102 -
4x10*, That range is characterized by unsteady vortex formation behind the
sphere and constant angle of flow separatlon. Hence, a constant value of
drag coefficient s found.

The experimental data of drag coefficlent of spherical particles in
drag reducing. polymer sclutions are shown in flgures (5-b}, (5~c), and
{5-d) as Eunction of Reynolds number. Seven Polyacrylamide solutlens, 1@,
25, 56, 100, 140, 500, and 1000 wppm are cansidered. In general, drag
reducing £luids data exhibit lower drag coefficient compared to water
results. For the range of Reynolds number "Re" considered, the 50 wppm
Polyacrylamide sclution has the minimum drag coefficlent of about 50% less
than water. For each polymer concentration, the drag coefficlent decreases
with Reynolds number to a minimum value and then lncreases with Eurther
increase in Reynolds number. Par concenkrated polymer solutions, 1000 wppm
a remarkable drag increase in drag coefflcient at low Reynolds number is
found. The drag coefficlent data are plotted as Function of Polyacrylamide
concentration Eor particle dlameters 3.2, 4, 5.6, 6.4, 8.4, 10,3, 12.7,
14.3, 15,9, and 25.4 mm respectively in Eiqgure {6). These data show that
the drag coefficient of dilute saolutions ls, generally, lower than that of
concentrated solutions For all particle sizes.

5. DISCUSS1ONM.

In the experimental data presented in this work, the 1influence of
drag reducing additives wupon the drag of spherical particles is shown.
Remarkable reduction of the particle drag in polymer solutions compared
to Hewtonian Eluid is exhibited at high Reynolds number and dllute polymer
solutions. llowever, an In-rease in drag is Eound at low Reynolds number of
the spherlcal particles, and concentrated solutlons. Haktlceable scatter in
the experimental data is also Eound.

It has been experimentally verlfied by many lnvestigators {28! that
drag reduclng additlves In small concentratlons can cause serlous effects
in Elows which are essentially non-turbulent and steady. Such effects have
been observed in flow patterns wlth high straln rate reglons, as the flow
near the stagnation polnt of blunt bodles, pltot tube nose, small orifice
and small cylinders. Pitot tube measurements in polymer solutlons exhibit
anomalous impact pressure results even 1n dllute solutlong. Both drag and
pressure dlstributlon measurements of viscoelastic fluid Flow on circular
cyllnders are presented in [24-27). Compared ko Mewbtonian Fluids, results
exhibit drag Increase at low Reynolds number and drag reductlon at high
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Re, This is in agreement wlth our results of spherlcal particlea, Preasute
distribution measurements show lower pressure values in the nelghborhood
of the stagnatlion point and a downstream shift of the separation point,
The measured pressure in the intermediate and sepacation zones are very
close to those of Newtonian fluid with delayed separatlon [26-27].

The drag of spherical particle in Newktonlan fluid is a Euncticn of
particle’'s Reynolds number. However, for drag reduclng viscoelastlc flulds
at least one addlitlonal parameter must be Introduced to account Ffor the
non-Newtonian characteristics of such fluid. It is well known that polymer
solutlons, 15 characterized by relaxation time 8 which Is independent of
concentration and is given by [29];

8 = 50 Ha.{p) . H/{RT) (3}
and
(Ml = 1.25x1077.{H)°-7® (1

where, MU« i5 the solvent viscosity, {fl] Is the intrinsic viscosity, M is
the molecular weight of polymer molecules, R is the universal gas constant
and T is the solution temperature.

The additional parameter may be suggested as a polymer-pacticle one,
that correlates the characteristics of polymer solution and particles. It
may be determined by the dimensionless parameter # deflined as. ’

# =8,/ /(D)7 (51

1t relates the shear viscosity and relaxation time 6 of polymer solutien
to the particie diameter. Such parameter was considered by K1t et al ([24},
and James et al (25} to analyze their experimental data of clrcular
cyllnders. Introducing this parameter in our analysis, many trlals have
been made to correlate ¢ with our experimental results. The best of these
trials which has minimum scatter ls to plet the change in drag coefEicient
4Cc (8Co = 1 =~ Co/Cow) dlvided by ¢ as function of particle’s Reynolds
number., Figure (7} presents such correlation. For the range of Reynolds
number and particle size considered (n thls work, the best Eit of such
data representation is qiven by the linear relation;

8Co/® = (.64652 Re - 2,1893x1D7 (61

Another dimensionless parameter that may be considered to correlate
the strain rate of the flow on the sphere wlth polymer solution parameter.
1t is known as Weissenberg number "Ws" which ls deflned as;

Ws = §.U/De n

1t has been found that the experimental data ls best represented by
plokting the change in dragq coefficient of the spherical particles due to
polymer additives dCp divided by Weissenberg number "ws® as function of
particle’s Reynolds number Re. As shown in figure {(8), the best flt of the
experimental data is given by the logarithmic relation,

4Co/Ws = 0.224 In(Re} -~ 1,711 [8)
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Both correlations given by (7} and (8} show that for drag reduclng
fluids, there is a critical value Eor particle's Reyneolds number Re™. For
particles wlth Reynolds number lower than that value, an Ilncrease ln drag
coefficient is exhibited, while a reduction In particle's drag occurs at
higher Reynolds number., It is looks very similar to drag reductlon onset
crlteria of turbulent pipe Elow of drag reducing additive Flulds.

In order to interpret the reported experimental results, it is very
useful to understand the behavior of polymer molecules in the Elow., It is
well known that the meolecules of flexible, long chain, and high molecular
welght polymers, are present in a random coiled state in the solution. As
these molecules are subjected to a straining motion, of a certain minimum
value, they elongate increasing the flow resistance. Such Increase in [low
resistance 1is represented by the increase In extensional viscosity of the
solution. The critical strain rate, at which polymer molecules elgngate,
depends on polymer type. As the strain rate increases with the increase in
Reynolds number, polymer molecules stretch more and more such that they
reaches thelr maximum value when all polymer molecules are fully extended.
Hence, the extenslonal viscosity increases very rapidly with straln rate
to a maximum value of several orders of magnitude higher than Newtonian
fluld value. Accordingly, the Elow around the sphere suffers from increase
In flow drag due ta increased extenslonal viscosity of polymer solution.

On the other hand, as shown in pressure distribution measurements on
the surface of circular cylinders [26-27], drag reducing polymer additives
affect boundary layer development and delay Its separation and so reduce
the form drag. Increasing Reynolds number, further delay in boundary layer
separaktlion occurs and Eurther reduction in form drag is achieved. The £low
around the sphere is almost similar to that around the cylinder. Hence,
the influence of drag reducing additlves on the Eorm drag of spherical
particles in the similar te that of circular cylinders.

It has been experimentally verified that the vortex structure in the
wake of solid sphere is distinguished into three regions [9). Statiocnary
ring-vortex for 10<Re<130, where a vortex ring that has a stable position
on the back of the sphere and a stable boundary with the surrounding
Eluld. Unsteady ring vortex For 130¢Re<d50, where, the vortex ring subfers
a periodic Fluctuating motion around the stagnation point on the back of
the sphere. For Re»450, the unsteady vortex ring breaks down and unsteady
single vortex appears, where, a periodic Eormatlon and detachment of the
vortices occurs. The pr:sence of polymer molecules in the Elow lnhlbit the
shedding of the unstedy vortices into the wake. Frequency reduction of
such vortices Implies a reduction of the form drag of the sphere. Polymer
molecules inEluence Vortex sheddlng when the time scale of such unsteady
vortex structure is comparable te the Lime scale of polymer additlves.

The above dlscussion show that drag reducing polymer additives have
two opposite effects on the Elow around solid sphere. ©One is the lncrease
in Flow resistance on the sphere due to increased extensional vlscosity of
such fluid Elows. This effect dominates low Reynolds number range. Second
is the reduction of the form drag due to the influence of additives upon
vortex shedding and delay of boundary layer separation. Thls effect ls
much pronounced at high Reynolds number. Hence, at any value of Reynolds
number, the value of drag on a solid particle in drag reducing polymer
solution depends on the contribution of the two opposite effects to drag.
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§._CONCLUSIONS.

An experimental study For the drsg of so0lid spheres in drag reducing
polymer solutions is presented. Dilute and concentrated Polyacrylamide
solutions with concentration ranges from 1 to 1000 wppm are considered in
this work. The drag coefficient is experimentally measured by the terminal
veloclty of a fallling particle using high speed camera. Particle's drag in
polymer solutions exhibit lower values compared to those of Newtonlan
fluld. While, the results show higher values at low Reynolds number and
concentrated pelymer solutions. Analysls of the experlmental data show the
presence of a critical Reynolds number that distinguish the drag increase
and drag reduction regions. 1t has been postulated that the drag is the
result of increased flow resistance due to lncreased exfenslonal viscosity
and the reduced form drag due to the inflience of additlves on vortex
shedding and boundary layer separation. The experimental data of drag
coefficient is best correlated with the polymer-pacticle parameter % or
Weissenberg number Ws as well as Reynolds number.

HOHENCLATURE.,

A buoyancy force; A = g.f.{Dpo})?.0/b

At Archimedes number; Ar = {Dp}2.g. (%)% / ($o/% - 1)

C polymer concentration In wppm {part per million by weight].
Co drag coefficienkt, Co = D / (%.7.UT.(Dp)Z.n/4}

Cow drag coefficient for WNewtonian fluid {water}

D drag force

Do particle’s diameter

q gravitational acceleration

H molecular weight of polymer additlves

R unlversal gas constant

Re Reynolds number; Re = U.Do.f/i

T selution temperature.

1] settling velocity of spherical particles.

W welght of the spherical particle; W = g.Fe.{Dol)?.n/§

vs Weissenberq number; Ws = 8.U/Dp

dCo change in drag ceoefficient due to polymer additives; 6Co=1 - Co/Cow
e relaxation time of polymer additive solutions; 8 = 50 MHa.[}]1.H/{RT)
" dynamic viscosity

ls dynamic viscosity of the seolvent (water)

IH} intrinsic viscosity of polymer sclutions

W kinematic viscosity. v=li/y

14 fluid's density.

%s particle’s density

$ pelymer-partlcle parameter, % = 84 /Dp.
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