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Diffusion of Polymer Additives in a Developing
Turbulent Boundary Layer

Brian Latto* and Ossama K. F. El Riedyt
McMaster University, Hamilton, Canada

The results of an experimental study of the diffusion of water and aqueous polymer when tangentially injected
from a line slot into a two-dimensional external turbulent boundary layer formed on a flat plate are presented.
Concentration profiles were obtained by adding a tracer dye to the injected liquid and measuring the fluores-
cence, using a spectrophotometer, of samples taken from the flowfield. Empirical equations describing the
transverse and longitudinal concentration field for given injections and flow parameters are presented. The
results show that turbulent diffusion of polymer solution is suppressed compared to that of water when the con-
centration at the wall is higher than 0.75 wppm (weight parts per million) but increased below this value. The
data also confirm the deduction of others that a series of regions can be defined, and that their length is depen-
dent on the injection concentration and flow rate. A universal concentration profile is described for the final
region which is in agreement with the observations of others.

Nomenclature

= constant

= polymer concentration, wppm

=value of cat injection slot fluid, wppm

=time average value of c at a point, wppm

=wall value of ¢, wppm

= friction factor for polymer solution

v =f "f 0

=volume flux of polymer solution per unit span,
m?/sec

=slot thickness, mm

TN

ucdt) (correction factor)
0

n = velocity profile power law constant 7

Re,; =Reynolds number for tube flow based on the diameter

u,v =x,ycomponents of the velocity vector, m/sec

4,0 =time average value of u, v at a point, m/sec

u,,, =mean freestream velocity, m/sec

x,y =rectangular coordinates; x measured along the flow
direction from the injection slot; y a normal distance
from the surface, mm

N

3

Qb oo

=

K, =uihc,»/[)\g

) =boundary-layer thickness, mm

_ 1 39

0 =mean boundary-layer thickness = — S odx, mm
x Jo

A =value of y at which ¢/¢,, =0.5,mm

& =y/A

Subscripts

p =polymer

w  =water

I. Introduction

HAT polymeric additives can reduce drag in tur-

bulent flows has been well established by numerous
authors. A widely accepted hypothesis of the mechanism in-
volved in the drag reduction is that of the suppression of high-
frequency turbulence in the buffer zone of the boundary
layer. Consequently, for maximum drag reduction for a given
polymer injection rate, it is essential to introduce and keep the

Received May 22, 1975; revision received Feb. 23, 1976. This re-
search was supported by the Defence Research Board and the
National Research Council of Canada, to whom grateful
acknowledgment is made.

Index categories: Boundary Layers and Convective Heat Trans-
fer — Turbulent; Hydrodynamics.

*Associate Professor, Department of Mechanical Engineering.

tGraduate Student, Department of Mechanical Engineering.

additives efficiently in the wall region. A number of ap-
proaches may be used to introduce the additives into the
crucial wall region. For example, homogeneous dispersion
and injection or additive coatings may be used. In general, in-
jection flows have more practical potential than other ap-
proaches.

The injected solution is diluted greatly by the turbulent
mixing within the boundary layer; therefore, the drag reduc-
tion, which may be assumed to be dependent on the con-
centration in the wall region, is dependent on the diffusion
rate of the additives in that region. The research reported in
this paper is concerned with the subject of the prediction of
the turbulent diffusion rate and concentration levels of in-
jected drag-reducing polymer flows in a two-dimensional
developing turbulent boundary layer.

II. Literature Review

Unfortunately, very few publications on the prediction of
the turbulent diffusion rates of polymer solution have been
reported in the open literature. Recent reviews by Gadd,!'
Hoyt,2 and Palyvos® have covered the majority of
publications relevant to drag reduction. However, a summary
of the publications pertinent to polymer diffusion, including
relevant Newtonian diffusion flows, is reviewed briefly.
Poreh and Cermak* defined four zones in the downstream
diffusion field for the diffusion of Newtonian fluids injected
from a line slot into a two-dimensional developing turbulent
boundary layer as follows: 1) an initial zone in which there are
very large concentration gradients; 2) an intermediate zone in
which the rate of growth of the diffusion boundary-layer
thickness is higher than that of the hydrodynamic boundary-
layer thickness, and the diffusion boundary layer is sub-
merged in the hydrodynamic boundary layer; 3) a transient
zone in which the main stream starts to influence the growth
of the diffusion layer; and 4) a final zone in which diffusion
of matter beyond the hydrodynamic boundary layer into the
main fluid is controlied by turbulent fluctuation in the main
fluid.

Fabula and Burns® studied the turbulent diffusion when
tangentially injecting water and a constant concentration of
drag-reducing polymer solution from a line slot into a
developing, two-dimensional boundary layer. They observed
good agreement between the concentration profiles for
Newtonian fluids and diluted polymer solutions. Wu,? using
a laser-phototransistor, measured the concentration profiles
at one location in the final zone for various concentrations of
polymer when injected from a line slot over a flat plate. His
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results indicate a suppressed turbulent diffusion of polymer
solution, but he did not obtain any general correlations for
the concentrations. Poreh et al.>!* analyzed the diffusion of
diluted drag-reducing polymers and suggested that the dif-
fusion rate and the drag are reduced when polymer injection is
used. However, the reduction in the diffusion rate is relatively
small, and polymers ejected near the wall diffuse over the en-
tire length within a distance of 100 &. The turbulent diffusion
of polymer in the final zone was studied by Wetzel and
Ripken,® who showed that the concentration profiles could be
correlated using a relationship developed by Morkovin’ for
gases. At present, there appear to be no available papers
published on empirical data covering the four regions as
described in the theoretical papers by Poreh and Hsu. %10

III. Experimental Apparatus

The experiments were performed in a water tunnel that
could be operated in an open- or closed-circuit mode, and had
a 1.3-m-long X 0.152 m-i.d. plexiglass test section. A horizon-
tal flat plate, 1.3 m long x0.152 m wide with a 12.7-mm
thickness, was centrally located in the test section with its
large surfaces horizontal. A 76-mm-wide x 0.64-mm-deep
transverse injection slot (see Fig. 1), located on the upper face
of the flat plate 137 mm downstream from the leading edge,
was used to inject the solutions tangentially into the boundary
layer. The injected solution was supplied to both ends of a
transverse chamber situated behind the injection slot to obtain
a uniform injection velocity profile. Mean concentration
profiles were obtained at five sampling stations 50, 146, 304,
558, and 884 mm downstream from the injection slot which
covered the four diffusion zones for polymer injection flows.
The measurements were made using 1-mm-o.d. X 0.5-mm-i.d.
right-angle total head sampling probes. The samples were
collected at only one longitudinal location each time to avoid
the effects of disturbances created behind each probe. The
flow rate into the sampling tubes was sufficiently small that
no disturbance in the main flow would occur. The con-
centration profiles were obtained by adding a tracer dye
(Rhodamine WT) to the injected fluid and measuring the
fluorescence, using a spectrophotometer (Gilford type, model
2400), of samples taken from the flowfield. The accuracy of
the measurements of the concentration of the tracer fluid was
about S ppb.

Mean velocity profiles were obtained upstream from the
plate and at three locations 95, 539, and 984 mm downstream
from the injection slot using pitot tubes for a constant #,,,, of
approximately 6 m/sec and for ratios of #_,, /u; in the range
6 to 40. The additive used was Reten 423 (obtained from Her-
cules Inc.), which is an anionic acrylic polymer with an
assessed molecular weight of between 107 to 108 and is known
to have high resistance to shear degradation. A typical drag
reduction curve for the polymer in tube flow is given in Fig. 2,
showing that drag is reduced with concentrations of up to 150
wppm and increased above this value. Furthermore, the
maximum effectiveness occurs with about 10 wppm. Similar
results can be obtained for external flows, but they are less
convenient to obtain than to tube flows because of the number
of parameters involved. The aqueous polymer solution was
mixed about 24 hr before use and then stored in a pressure
vessel. Compressed air supplied to the top of the vessel was
used to force the solution through the injection slot.

IV. Experimental Results

Figure 3 shows dimensionless concentration profiles of
¢/c; vs y at five locations downstream from the injection siot
for water and polymer solution injections at different in-
jection flow rates and concentrations. A significant difference
in the concentration profiles between water and high-
concentration polymer injection is noticeable, indicating that
the injected polymer will be retained near the wall. The
following observations also may be made.
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Fig. 1 Sectional view of injection plenum.
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Fig.2 A typical drag reduction curve for Reten 423.

A. Water Injection

In all cases, the concentration profiles were similar (see Fig.
3a), indicating that all of the stations were within the final
zone, and the first three zones were upstream of the first
station, which is not in agreement with Poreh’s predictions.
The mean concentration profiles can be described by a dimen-
sionless universal curve, as shown in Fig. 4, of the following
form

¢/ =f(§) 0y

The function f(£) appears to be independent of the location
and can be described by the following equation, which was
presented first by Morkovin’

¢/¢,, =exp[—0.693 (y/N\) 219 )

The data for N as a function of x have been correlated using
the empirical equations

A=0.284 (x)07 (3)

As shown in Fig. 5, it therefore appears that \ is independent
of injection flow rate, if the equation is true, for a wide range
of injection flows.

The variation of the dimensionless wall concentration can
be approximated by the following empirical equations, as
shownin Fig. 6

Coplhinay /CiU; =25.63 (x/h) ~0-834 )

where h=0.64 mm for the present data, and /8 approaches a
constant value of 0.45, as shown in Fig. 7 within the test sec-
tion length, i.e., 12.5<x/6< 82, which is the condition of the
final zone described by Poreh.*

B. Polymer Solution Injection

The concentration profiles can be divided into at least two
groups. The first group represents the initial zone, in which
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Fig. 3a) Concentration profiles (c; =0 wppm). b) Concentration

profiles (c; =100 wppm). ¢) Concentration profiles (c; =250 wppm).
d) Concentration profiles (c; = 500 wppm).

the concentration gradient is very steep, and a universal curve
could not be obtained, since it was impossible to obtain an ac-
curate value for ¢,,. However, the data of the second group,
which represent the intermediate and final zones, there being
no indication of a transient zone, where correlated with good

accuracy using the following universal equation, as shown in
Fig. 8

¢/¢, =exp[—0.693 (y/\)“]} (5)

The constant a is dependent on the location downstream from
the injection slot, the velocity ratio (#,,,/u;), the injection
concentration, and the slot height; that is

a=f (U /u;,x/h, ¢;)

where a is 1.7 for the intermediate zone and 2.15 for the final
zone.

Figure 9 shows the variation of (A/8) as a function of
uh ¢;/u,,x for various injection concentrations and
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velocities for the final -zone. The data correlated accurately
using the following equation

N8=0.53—0.18 X 10% (u; h ¢; /i, x) (6)
for the conditions
x/8250, u; hc; /Uy, x=10"¢%

The wall concentration also can be obtained from Fig. 9
and is given by the following empirical equation

€, =0.81x10%(u; h ¢;/tig,Xx) )
for
u; hcj/lpx<3.5x10-8

It is apparent from Fig. 9 that \ increases to a maximum and
then decreases as u; h ¢; /ti,, X increases, thus indicating that
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the diffusion rate for low polymer concentration is higher
than that for water for the range O<u;hc;/tiy,,
x<1.25% 108 or ¢, in the range 0 to 0.75, and will be less
than that for water for u,Ac;/f@nx>1.25%x10~% or ¢,>
0.75.

V. Analysis and Discussion

A. Water Injection

There were no obvious distinct zones in the longitudinal
range used, and a universal concentration profile representing
the final zone was obtained for all of the water data. This is
contrary to what might be predicted from Poreh’s* work,
which would suggest four distinct zones within the same em-
pirical length range as that used in this work. However, this
difference may be expected, since the turbulence intensity, slot
geometry will affect the diffusion rate considerably and must
be considered if critical comparisons are to be made.

B. Polymer Solution Injection

J. HYDRONAUTICS

periments, with no obvious transition zones discernible. It is
apparent that, by increasing the quantity of the polymer in-
jected, the initial zone will be extended greatly compared to
the intermediate and the transient zones. This is mainly
because the bulk of the additives will be submerged in the
viscous sublayer, where the turbulence is very low, and the
molecular diffusion, which is very small, will be the primary
diffusion mechanism. Thus the overall effect of polymer in-
jection is to increase the initial zone length while moving the
start of the intermediate and final zones further downstream,
and consequently appreciably affecting the distribution of ¢,
with respect to x.

C. Continuity Equation

It was found that the mean velocity profiles for the
hydrodynamic boundary layer can be represented accurately
by a standard 1/7th power law of the form

a/umax =(.y/5) 17 (8)

and may be used for polymer solutions, assuming that the
velocity profiles will be approximately the same for water and
polymer solution injection, when ¢, is small.

The conservation of mass for the two-dimensional flow can
be written as follows,

SO cudy=u;h c 9

By introducing Eqgs. (1) and (8) into Eq. (9), the following
relationship can be outlined

L. . . . . . u; hc; N\ /7 87N =
_ 17
The initial, mtermpduye, and final diffusion zones were =5 (5Y17f (%) dE+ f(&) d& (10
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Since from the empirical data N\/86<0.5, then f(£) —0 in the
range /A to o; therefore

[ 7 di=o
N

Furthermore, in the final zone 8/\ approaches a constant
value, and consequently

/N
[, (©)77() de—const value

Therefore, the continuity equation for the final zone may be
reduced to

u;, hc
il =const k, (1)
u AC

max m

In actual fact, the experimental data showed that k, varies
from 0.9 to 1.8 as x is increased, and therefore the continuity
equation must be modified by introducing the empirical coef-
ficient K, that is

lh i NN 17 (o \
SRk (3)T] @ a (12)

amax xC/"l a

where K, =0.31 (x) %% for the present data.

This means that the flow is either three-dimensional or Eq.
(2) is not valid for high values of £. However, measurements
of the mean concentration in the transverse direction in-
dicated that the flowfield was very nearly two-dimensional. It
also is apparent that Eq. (2) is not valid for high values of &,
which means that the injected fluid will diffuse beyond the
hydrodynamic boundary layer in the final zone.

It is generally accepted that for external flows drag reduc-
tion will occur only if ¢, is within a certain range dependent
on the additive, whereas the drag increases above this range.
For Reten 423, this range is about 0.1 to 150 wppm. As shown
in the present work, ¢,, varies considerably with the distance
from the injection slot, and consequently it is difficult to
achieve drag reduction over the majority of a surface without
incurring drag increase over the initial zone. Therefore, it is
anticipated that in most practical cases a series of injection
slots will be required if drag reduction is to be maximized. It is
apparent that slot geometry, type of additive, and injection
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flow rate and concentration must be considered when op-
timizing a system design for drag reduction. Therefore, more
data on diffusion phenomena, injection methods, and drag
reduction are necessary if efficient designs are to be achieved.

V1. Conclusions

From the results, the following general conclusions can be
drawn:

1) The diffusion fields for polymer solution and
Newtonian fluid injections are in some ways similar and can
be divided into zones, which is in some agreement with the
work of Poreh et al.,* Fabula et al.,® and Wetzel et al. 6

2) A comparison between water and polymer solution in-
jections shows that for water injection the length of the first
two zones is relatively short and insignificant, whereas for
polymer injection the lengths of the first two zones and par-
ticularly the initial zones are very significant.

3) Within the range of the flow parameters for the present
research, the diffusion rate of very dilute drag-reducing
aqueous polymer solutions is increased for very low wall con-
centration, that is, when 0<¢,, <0.75 wppm; however, dif-
fusion is suppressed when ¢,, >0.75 wppm.

4) A general equation of the form of Eq. (2) can be used to
predict the concentration profile for water and polymer
solution injections and can be used in conjunction with the
empirical Eq. (3) or (7) to obtain a reasonably accurate predic-
tion of the concentration distribution in the final zone with
respect to the injection conditions.
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