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Abstract

Turbulent drag reduction (DR) in a rotating disk apparatus was examined for a homologous series of polyisobutylene (PIB) with two
different solvent systems to investigate the effect of solvent on universal DR characteristics. The concentration dependence of DR for these
systems obeys an empirical universal DR equation. A linear correlation between polymer concer@jatiat/DR for different molecular
weights of PIB was also obtained. The intrinsic concentration was found to be an extremely useful quantity in normalizing the DR data for a
homologous series of PIB. The characteristic valuayas found to depend upon the solvent systénm999 Elsevier Science Ltd. All rights
reserved.
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1. Introduction molecular weight, aggregation, and chain flexibility. Virk
et al. [12] observed the extent of drag reduction induced by a
Introducing a minute amount o f flexible polymer into homologous series of polyethylene oxide (PEO) in water
turbulent flows was known to reduce drag. Adding 10— flowing in a pipe and constructed a universal drag reduction
50 ppm of a high molecular weight polymer to a turbulently relationship, which was later simplified by Little [13]. The
flowing fluid in a pipe can achieve more than a 50% reduc- universal drag reduction equation was found to be indepen-
tion of drag, implying that the energy cost necessary to dent of concentration, molecular weight, and flow geometry.
move the fluid was reduced by a proportional amount [1]. These methods revealed that a linear relationship exists
Although a great deal of research was performed in this between characteristic parameters and molecular weight.
area, the physical mechanism behind drag reduction (DR) Dschagarowa and Menning [14] also studied concentration
has not been clearly indentified [2]. However, it is generally and flow rate dependence for PIB systems of different mole-
accepted that the drag reduction is associated with thecular weight in pipe flow and obtained a universal drag
viscoelasticity of polymer solutions [3—5]. Drag reducing reduction curve for intrinsic concentration and intrinsic
polymer systems in water-based systems were investigateddrag reduction. Recently, Choi and Jhon [15] investigated
extensively [6—8] in spite of their susceptibility to flow- the concentration dependence of drag reduction for both
induced degradation. However, very little was reported for PEO in water and PIB in kerosene using a rotating disk
comparable additives in hydrocarbon-based fluids [9]. apparatus (RDA). Correlations between polymer concentra-
Among oil-soluble polymers, polyisobutylene (PIB) [10] tion, drag reduction index, and viscosity-average molecular
and polystyrene [11] were commonly used. PIB is the weight were found.
only polymer which has received any acceptance as a drag The effects of PIB concentration on drag reduction for
reducing additive for crude oil [10]. two different solvents and the characterization of an oil-
Drag reduction capability is primarily influenced by the soluble PIB drag reducer using the RDA is presented in
molecular parameters of the dissolved polymer, such asthis paper. PIB—cyclohexane and PIB—xylene solutions
were investigated by adopting the universal correlation
- method and by comparing the results with previously
* Corresponding author. Tel.:+ 82-32-860-7486; fax:+ 82-32-865- .
5178, studied systems of PIB—kerosene [16]. As only a few
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Data were taken by measuring the torque required to
| rotate the disk at a fixed speed in each solvent and in a dilute
— g polymer solution. The percent drag reduction was calculated
~ by:
DR(%) = (1 — T,/Tp) X 100, @
o Xy Cy Mv where T, and T, are the torques required for the polymer
g O W 099x]0° solution and for the pure solvent, respectively.
O @ 1.2x10°
A A 1ex10° 3. Results and discussion
v W 2.1x106
The DR effectiveness is related to polymer coil dimen-
S sions, which depend upon the chemical structure of the
100 200 300 400

polymer and polymer—polymer and polymer—solvent inter-
Concentration (wppm) actions. It was shown that polymers reduce drag more effec-

tively in good solvents rather than in poor solvents.
Fig. 1. P_ercentdrag r(_eduction versus concentration for four different mole- NMcCormick et al. [7] studied a universal DR curve for
ooy Wetcouae o o0 1 L s 38 e e " several poymers having diferent ituctures and compos-
represented by rectangles, circles, up-triangles, and down-triangles, iONS by normalizing the hydrodynamic volume fraction of
respectively. polymer in solution. Further, Virk et al. [12], Little [13], and

Choi and Jhon [15] introduced a three-parameter empirical
DR phenomenon, polymer—solvent interactions, rather thanrelationship between DR and concentrati@) o provide a

polymer—polymer interaction, play an important role in DR universal correlation for drag reduction data. DR was cast

[17]. as: DR= P(C)/Q(C), whereP(C) andQ(C) are polynomials
of C. DR was modelled in the following simplified Pade
form:

2. Experimental R +a,C 2

by +bC’

Vistanex PIBs, highly paraffinic hydrocarbon polymers,
are composed of terminally unsaturated, long straight-chainwherea, = 0, a, = [DR], and b; = [DR}/DRypax = V[C].

molecules are light-colored, ordorless, tasteless, and non-Ngte that the Padéorm fit DR data much better than a
toxic. Four different grades of PIB (obtained from Exxon Taylor expansion with the same number of parameters. In
Chemical Americas: L-80, L-100, L-120 and L-140) based addition, the intrinsic drag reduction [DR] and the intrinsic
on molecular weight were used as drag reducers. The visc-concentration ¢] are defined as[DR] = limc_,DR/C
osity-average molecular weights reported by the manufac- andC] = DR,,,,/[DR], respectiviey. Here DRy is the
turer were 0.99, 1.2, 1.6, and 2<110° g/mol, respectively.  maximum percent DR for a given polymer solution. An
Cyclohexane and xylene were used as solvents. Solubility additional parameteh,, assignec, completes Eq. (2), as
parameters of these solvents are 16.8 MHar cyclohex-  ell as fits the universal correlation for DR. Therefore, an

ane and 18.0 MP# for xylene. empirical relationship can be written as:
Stock polymer solutions of 5 wt% were prepared at room
C[DR] DR/C 1

temperature by dissolving an appropriate amount of PIB pRr = - )
into each solvent. To reduce mechanical degradation K+ C/[C] [DR] K+ C/[C]
induced by stirring, mild agitation was applied to these 14 gxamine the drag reduction efficiency, one can rewrite
polymer systems. The required amount of stock solutions Eq. (3) in the following form:
was measured and directly injected into the turbulent flow
field generated by the RDA. c _Kc  C @
Drag reduction measurements were performed using the DR DRpax  DRpax
same RDA as previously reported [15]. The RDA consists of
a stainless steel disk, whose dimensions are 14.5cm in
diameter by 0.32 cm in thickness, enclosed in a cylindrical
temperature-controlled container composed of stainless
steel with dimensions 16.3 cm inner diameter by 5.5cm
height. An electric transducer was used to monitor the
torque on the disk rotating at 1800 rpm, yielding a Reynolds
number of 9.9x 10°. B = U(a + K). (5)

(©)

Eqg. (4) shows that there is a linear relationship betw@&en
DR andC up to the optimum concentration of each mole-
cular weight. This is valid for most drag reducing polymers
for flow in both a pipe [18] and rotating disk [15,16].
Further, by defining (DRZ)/[DR] as 8 and C/[C] as «,
Eq. (3) can be simplified to:



H.J. Choi et al. / Polymer 40 (1999) 4527—4530 4529
10 .
] @) o
// L I
0 %**EL**@!WY“*
8 o o 5
o o
////,/' —_—
o
// e Xy Cy Mv
aDﬁ § 0.1 L O m 0.99x106
~— . 6
S O Mv:099x10 \5 O @ 1.2x10°
O Mv:1.2x10° i A A 1.6x100
n :
A Mv:1.6x10° v ¥ 2.1x100
v Mv:2.1x10° 0.01 Ll Ll il
. . A 0.1 1 10
0 50 100 150 200 a=C/[C]

Concentration (wppm)

Fig. 4. Universal drag reduction curv@,versusa for PIB in cyclohexane
(closed symbols) and xylene (open symbols). The solid line is the best fit for
the PIB—xylene system, and the dotted line is the best fit for the PIB—
cyclohexane system. Molecular weights of 0.99, 1.2, 1.6, andxX2.1
10° g/mol are represented by rectangles, circles, up-triangles, and down-
Fig. 1 shows the dependence of percent drag reduction Oftriangles, respectively.

four different molecular weights of PIB as a function of
polymer concentration up to 400 wppm for two different Fig. 4 shows the universal characteristics for PIB in both
solvent systems. The PIB—cyclohexane system yields bettercyclohexane and xylene, independent of the molecular
drag reduction in a lower concentration range compared to weight and rotational velocity of the disk. This illustrates
PIB—xylene. This indicates that the drag reduction is that (DRC)/[DR] possesses a very strong universal correla-
strongly dependent on the interaction between polymer tion with C/[C], as shown in Eq. (3). It is known that single
and solvent. Values of maximum drag reduction vary with parameterK in Eqg. (5) is dependent only on the given
molecular weight of PIB in the two solvent systems. polymer—solvent system [15]. DiffererK values were
The linear correlations betwed®DR and the polymer  determined for each polymer—solvent system; 0.7 for the
concentration for four different molecular weights of PIB in PIB—cyclohexane system and 1.1 for the PIB—xylene
cyclohexane and xylene in a range of conditions close to the System were obtained. A solid line in Fig. 4 represents the
maximum drag reduction are given in Figs. 2 and 3, respec- best fit of Eq. (5) for the PIB—xylene system, and a dotted
tively. Therefore, the plots /DR versu<C, as represented line depicts that for the PIB—cyclohexane system. Using the
in Eg. (4) can provide DR, from the reciprocal of the  obtainedK values, DRy [C], and [DR] of PIB for both
slope, and the intercept values genei@le[The effect of solvents were determined and are summerized in Table 1.
concentration on drag reduction was investigated and From these results, it can be concluded that a universal plot
revealed the existence of an optimal concentration atis obtained with a single parametiér The parametekK in
which the drag reduction was maximized [19,20]. Eg. (5) is characteristic of a specific polymer—solvent
system and is independent of the molecular weight or flow

Fig. 2. DR versus concentration for four different molecular weight PIBs in
cyclohexane.

geometry.
A The differences in DR and value of the PIB—cyclohex-
15 L e ane and PIB—xylene systems stems from the difference in
/ solubility parameters [15]. DR differences of polyme.r.—
,/ solvent systems may be explained by the solubility
o 10 | / Table 1
a I / O O Mv:099x10° Maximum drag reduction, intrinsic concentration, and intrinsic drag reduc-
© 9//3/ O Mv:1.2x 100 tion of various PIB molecular weights in cyclohexane and xylene
5@ = A Mv:L6x10° L-80 L-100 L-120 L-140
V. Mv:2.1x10
Veslx PIB—cyclohexane system QR (%) 21.5 235 222 239
0 A I I 1 1 [C] (ppm) 49.3 40.9 29.1 21
0 100 200 300 400 [DR] 0.44 057 0.76 1.14
Concentration (wppm) PIB—xylene system DR« (%) 316 323 319 318
_ _ _ _ _ [C] (ppm) 1317 69.9 455 21.2
Fig. 3. DR versus concentration for four different molecular weight PIBs in [DR] 024 046 070 150

xylene.
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parameter &) of each polymer—solvent pair [15¢yciohexane viscometer, as the dimension of the polymer coil is related
is closer t08yerosendN@ndyyiene The solubility parameters for  to intrinsic viscosity and found thatn]cyciohexane™

PIB in cyclohexane, kerosene, and xylene are 16.8, 17.0,[n]kerosene™ [Mlxyiene fOr all four different grades of PIB.
and 18.0 MP¥?, respectively. Thereby, coil dimensions of This sequence corresponds to tKe values, indicating
PIB in cyclohexane were larger than those of PIB in xylene. that K values increase with decreasing the intrinsic
In addition, the solubility parameter of kerosene which is viscosity. On the contrary, to investigate the dependence
about 17 MP#? is obtained from the fact that the kerosene of DR on deformation and orientation of the polymer
is composed mainly af-dodecane and other chemicals such chain, it is suggested to study DR for different shear stress
as trialkyl derivatives of benzene, napthalene, and2t- by changing Reynolds number. More studies on this
methyl-5,6,7,8-tetrahydronaphthalene. argument are underway.

Based on these facts, it is expected that values of the
constantK increase in the sequence of cyclohexane, kero-
sene and xylene. However, as was discussed in Ref. [8], the
parametek should be adopted in Eqg. (2) through = K. [1] Gry A, Bewersdorff H-W. Drag reduction of turbulent flows by addi-
Nonetheless, i.n a previous stgd@was_intro_duced in afinal tiVZS. ’Dordrecht: KIuwer- Acagemic Publishers, 1995. g
form of the universal correlation as given in Eq. (10) of Ref 5] cadot 0, Bonn D, Douady S. Phys Fluids 1998;10:426.

[15], instead of using Eq. (2). Therefore, error in obtainkhg [3] Armstrong R, Jhon MS. J Chem Phys 1983;79:3143.
was introduced for the PIB—kerosene system [15,16]. [4] Jhon MS, Sekhon G, Armstrong R. Adv Chem Phys 1987,66:153.
Previous data for the PIB—kerosene system was replotted [°] Tabor M, de Gennes PG. Europhys Lett 1986;2:519.

. . . . [6] Morgan SE, McCormick CL. Prog Polym Sci 1990;15:507.
in Fig. 4 in order to obatin the dependencexobn solvent [7] McCormick CL, Hester RD, Morgan SE, Safieddine AM. Macromo-
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