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( )Momentum transfer in turbulent pipe flows ds51 mm with and without a drag
reducer was studied. Age distributions of coherent fluid structures at the pipe wall were

( 4 4)determined at different Reynolds numbers 10 � Re�6�10 using laser-Doppler
( )®elocimetry LDV and a suitable discriminating procedure. Mean ages, mean transfer

thicknesses, friction factors, and time-a®eraged axial ®elocity profiles deri®ed from LDV
signals were compared with those from axial pressure gradients using the random sur-
face-renewal model. The distribution of the ages was random, and drag reducers in-
creased the mean age and the mean transfer thickness of the fluid elements at the wall,
thus decreasing momentum and heat transfer at the fluid� wall interface. The mecha-
nism of single-surface renewals was deri®ed from conditionally a®eraged, local axial
fluid ®elocities obtained from LDV signals.

Introduction

In chemical engineering, there is still a need for a reliable
model to calculate transfer coefficients at the interface in
turbulent fluid flows with a drag reducer in such a way that
the chemical engineer can use it with understanding and con-
fidence in many applications.

Research on phenomena occurring in the wall region of
turbulent pipe flows and the effect of drag reducers on the
flow behavior are relevant for:

� Improving the physical understanding of heat, mass, and
momentum transfer in turbulent fluid flows.

� Designing efficient heat exchangers to save energy and
to reduce investment costs in plants.

� Investigating fouling that not only reduces the capacity
of heat exchangers, but also the production capacity and
safety of a plant.

� Optimizing the conditions for fluid transport in pipelines,
for example, to decrease the pressure gradient and the heat-
transfer coefficient in pipelines; more particularly in low-
temperature areas.

� Improving conditions for polyolefin production in long
tube reactors, where a high molecular fraction of the product
can act as a drag and heat-transfer reducer in a supercritical
fluid flow.

In a previous article, momentum transfer in turbulent pipe
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Ž .flows was described using the random surface-renewal RSR
model in which drag reducers were assumed to increase the

Žmean age of fluid elements at the wall Fortuin and Klijn,
.1982 , leading to friction reduction. With laser-Doppler ve-

Ž .locimetry LDV , it has subsequently been shown that for
turbulent Newtonian fluid flows in a pipe, the age distribu-
tion of fluid elements at the wall is random and that the mean
age is dependent on the tube diameter, and the velocity and

Žviscosity of the fluid Van Maanen and Fortuin, 1983; Muss-
.chenga et al., 1992 . The age distribution and mean ages of

fluid elements at the wall of turbulent Newtonian fluid flows
in pipes determined with LDV at different Reynolds num-
bers have been used to predict heat, mass, and momentum
transfer at the interface and to derive the Chilton�Colburn

Ž .analogy Fortuin et al., 1992 . In the present article, investi-
gations with LDV are presented concerning the effect of a
low concentration of a drag reducer in turbulent pipe flow on
the age distribution and mean age of fluid elements, and on
momentum and heat transfer at the wall. Friction factors de-
rived from LDV measurements will be compared with those
obtained from axial pressure gradients.

The scope of the present article on turbulent pipe flow
with and without a drag reducer is:

� To study the behavior of coherent fluid structures during
a surface renewal.

� To investigate the effect of a drag reducer on both sur-
face renewal and momentum transfer at the wall.
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� To derive the age distribution, mean age, and mean trans-
fer thickness of fluid elements at the wall from both LDV
signals and axial pressure gradients.

� To determine whether the values of the mean age, mean
transfer thickness, friction factor, and time-averaged axial ve-
locity profiles in the wall region, derived from LDV signals,
agree with those obtained from axial pressure gradients using
the RSR model.

� To model the mechanism of surface renewals and to ver-
ify the model with conditionally averaged local axial fluid ve-
locities obtained from LDV signals.

RSR Model
Momentum transfer

In describing momentum transfer from a turbulent fluid
flow to the tube wall, the curvature of the wall is neglected
and the axial velocity in the bulk is assumed to be approxi-
mately equal to the superficial velocity. These approxima-
tions are only valid if the ratio of the mean momentum-trans-

Ž .fer thickness and the tube radius is very small �rR�0.05 .
This condition approximately holds at Re�104. In turbulent
pipe flows, fluid elements from the bulk can replace fluid
elements at the wall. Upon its arrival at the wall, an inrush-
ing fluid element gradually loses momentum by viscous inter-
action with the wall. In this fluid element, which originally
traveled with a uniform bulk velocity, u , a velocity profileb
starts to develop when the interface is reached. Then the de-
velopment of this velocity profile, and the unsteady momen-
tum transfer from the laminar fluid element to the wall, can
be described by the following reduced equation of motion
and appropriate initial and boundary conditions

� u y ,t � 2u y ,tŽ . Ž .
s� ; I.C.: ts0 y�0 u y ,t su 1Ž . Ž .b2� t � y

B.C.: t�0 ys0 u y ,t s0;Ž .

B.C.: t�0 ys� u y ,t su .Ž . b

Integration of Eq. 1 results in the following relative instanta-
neous, axial velocity profile in a fluid element at the wall

u y ,tŽ .
serf zŽ .

ub

where

2 yz 2yzerf z s e dz and zs . 2Ž . Ž .H' '� 2 � t0

ŽAs a result of LDV measurements Van Maanen and For-
.tuin, 1983 , it has been shown that, in the time domain, lami-

nar Newtonian fluid elements at an arbitrary position at the
wall are randomly renewed by fluid elements from the turbu-
lent core and that the average period, t , between successive0
renewals affects the pressure gradient. Using these consider-
ations and Eq. 2, the local time-averaged axial velocity profile
in the wall region, which is representative for each position at

the wall, follows from

u y �Ž .
s erf z exp y trt d trt . 3� 4 � 4Ž . Ž .Ž . Ž .H 0 0u 0b

Partial integration of Eq. 3 results in the relative time-aver-
aged axial velocity profile in the laminar fluid elements at the
wall

u y 2 �Ž .
2 2 2s1y exp y z q z rz dzsŽ .H 0'u � 0b

y
1yexp y2 z ; z s . 4Ž .Ž .0 0 2 � t' 0

The time-averaged local axial shear stress at the wall, � ,w
exerted by randomly renewed laminar fluid elements can be
derived from Eq. 4

� u y ��uŽ . b
� s	 s . 5Ž .w � y � t' 0ys 0

4 ² :At Re�10 , it can be assumed that u f u . Then, Eq. 5b
and the definition of the Fanning friction factor

�w
f � , 6Ž .1 2² :� u

2

Ž .where � s
 pdr 4L , results in the friction factor of a New-w
Ž .tonian fluid flow Fortuin and Klijn, 1982

d �
y1r2 y1fs2 s2 Fo Re ;² :u d� t' 0

y1r2 4Fo sRefr2� Fa; �s � t ; Re�10 , 7' Ž .0

where � is the mean momentum-transfer thickness. For di-
lute drag-reducer solutions, the friction factor f and thep
drag-reduction factor f follow fromdr

1 2² :f �� r � u ; � s
 p dr 4L ;Ž .p w , p w , p pž /2

f � f rf . 8Ž .dr p

Assuming that the high-shear viscosity at the wall is approxi-
mately equal to that of the solvent, the friction factor f ofp
the turbulent flow of a dilute polymer solution, with ran-
domly distributed ages of fluid elements at the wall, follows
from

d �
y1r2 y1f s2 s2 Fo Re ;p p² :u d� t' 0, p

4� s � t ; Re�10 , 9Ž .'p 0, p
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where t is the mean age and � is the mean momentum-0, p p
transfer thickness of the dilute polymer solution.

As a result, Eqs. 7�9 lead to

1r2
f � f rfs t rt s�r� . 10Ž .Ž .dr p 0 0, p p

Using Eqs. 4 and 7, the mean axial velocity profile in the wall
region of a turbulent pipe flow without and with a drag re-
ducer, respectively, follows from

u yu y Ž .Ž . ps1yexp y yr � t ; s1yexp y yr � t' 'Ž .0 0, pž /² : ² :u u

y
s1yexp y f Fa . 11Ž .drž /d

Heat transfer
In turbulent pipe flow, heat transfer can also be described

Ž .with the RSR model Fortuin et al., 1992 . The following
equations can be derived from this model:

f
1r3NusC RePr ; Newtonian fluid flow 12Ž . Ž .ž /2

fp 1r3Nu sC RePr ; Polymer-solution flow , 13Ž . Ž .p ž /2

where

1r3
�r6Ž .

4Cs s0.9026; Re�10 ; Pr �1. 14Ž .
� 4r3Ž .

Equations 10, 12, and 13 lead to

Nu rNus� r�s f s f rfs f s t rt . 15Ž .'p p hr p dr 0 0, p

Equation 15 shows that for turbulent pipe flows of dilute
drag-reducer solutions and a sufficiently high wall shear stress
Ž 4.Re�10 , the heat-transfer reduction factor, f , is approxi-hr
mately equal to the drag-reduction factor, f . Deviationsdr
from Eq. 15 can be caused by fouling of the wall, by thermal
and mechanical degradation of the polymer, andror by radial
viscosity gradients in the wall region. Addition of a drag re-
ducer to a turbulent pipe flow reduces not only the friction
factor, but also the heat-transfer coefficient. This is particu-
larly important for applications in pipelines in low-tempera-
ture areas.

Experimental Studies
Figure 1 shows a view of the setup, consisting of the test

section, LDV, and data-processing equipment. The transfer
of momentum, heat, and mass from the core of a turbulent
pipe flow to the wall is governed by the diameter of the tube,
the velocity and viscosity of the fluid and, according to the
RSR model, also by the ages of the fluid elements at the tube
wall. The age distribution and the mean age of these fluid

Figure 1. Test section with laser-Doppler velocimeter
and data-processing equipment.

elements can be derived from velocity signals recorded in the
time domain with the LDV during steady-state turbulent pipe
flow, followed by a suitable discrimination procedure to de-
tect the surface renewals. The variable age, t, is the period
between two successive detected renewals at the same posi-
tion at the wall. The time-averaged value of these periods is
t . The mean swap time, t , can be obtained from the dis-0 s
tance between the abscissa of the average minimum and max-
imum axial velocity in two exchanging fluid elements, mea-
sured with LDV at a small distance from the wall. It will be
shown that in the range 104 � Re�6�104, the mean swap
time, t , is an order of magnitude smaller than t and approx-s 0

Ž .imately proportional to t see the Appendix .0

Pipe and fluids
The setup consists of a 51-mm-ID, smooth copper pipe with

a total length of 30 m. This pipe has a horizontal, straight
measuring section of 8.5 m, containing a 1.4-m precision glass

Ž .tube ds51.0 mm . This tube is situated 5.5 m beyond the
entrance of the measuring section, so that there is sufficient
entry and exit length for the turbulent fluid flow to be fully
developed in the glass tube.

ŽAt a small distance, y, from the wall of the glass tube Fig-
.ure 1 , the velocity of light-scattering particles in the beams-

Ž .intersection volume the ‘‘eye’’ of two coherent laser beams
of a LDV is used to measure the instantaneous local axial

w Ž .xfluid velocity u y,t . Tap water has been used for the inves-
tigations of the single-phase pipe flow. The liquid flow rate is
controlled with valves and rotameters covering superficial ve-

y1² :locities u in the glass tube between 0.034 m � s and 3.4
m � sy1. The actual mass flow rate is determined by weighing
the amount of water leaving the pipe in a measured time
interval at a constant mass flow rate. Application of this
method results in a value of the mass flow rate with an error
less than 0.2%. A water manometer has been applied to mea-
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sure the pressure drop over a pipe length of 5.89 m. The
error in the pressure drop ranges from 0.5 Pa to 5 Pa, de-
pending on the angle of inclination of the manometer. Light-
scattering particles, necessary for LDV measurements, have
been supplied from a vessel containing diluted milk using a
rotary displacement pump. The diluted milk is injected
through an injection port placed 9.75 m upstream of the glass
tube. The concentration of the milk in the turbulent flow is
approximately 50 mgrkg.

ŽA concentrated polymer solution 2,000 mgrkg Separan
.AP-30 in water is injected into the turbulent water flow 12 m

before the test section using a pressure vessel. The polymer
concentration in the turbulent water flow can be adjusted us-
ing a control valve and a rotameter.

The master batch is prepared by solving 300-g Separan AP-
Ž30 a polyacrylamide with a relative molecular mass of about

6.3 �10 in 150 kg demineralized water and adding an aqueous
sodiumhydroxide solution until the solution has a pH of 10 in
order to stabilize the viscous properties of the polymer solu-
tion. This solution is gently stirred for 12 h to obtain a homo-
geneous solution without degradation of the polymer that is
ready for injection into the turbulent water flow. Values of
the three viscosity parameters that characterize the non-New-
tonian laminar flow behavior of aqueous solutions of Separan
AP-30 covering concentrations ranging from 0 to 5,000 mgrkg,
and shear stresses from 10y4 Pa to 300 Pa, have been re-

Ž .ported in a previous article Hamersma et al., 1983 . The three
concentration-dependent viscosity parameters refer to appar-
ent viscosities at shear rates zero and infinite and to a yield
stress. For an aqueous solution of 20 mgrkg Separan AP-30,
the values of three concentration-dependent parameters at
20
C are 	 s5.4 mPa � s, 	 s1.15 mPa � s, and � s0.03 Pa.0 � 0

The laser-Doppler ©elocimeter
An LDV, operating in the reference-beam mode, was used.

This arrangement was chosen for its ease of alignment and
Ž .the good signal-to-noise ratio SNR in cases where many

light-scattering particles transverse the beams-intersection
volume, called the eye. The LDV consists of a Spectra Physics

Ž .15 mW He�Ne laser wave length 632.8 nm and quality op-
tics, assembled by the Institute of Applied Physics TNO-TU
Delft, The Netherlands. In the optical arrangement used, the
angle between the two laser beams was 20.96
, which resulted

Ž .in an eye beams-intersecting volume , with a length of bs
214 �m at a beam diameter of b s39 �m in air, where bs0

Ž .b rsin 10.48
 . The LDV is mounted on an optical bench,0
which enables precise movement of the measuring volume in
two directions perpendicular to the axis of the tube. The sig-
nals were processed in a similar way, as was described in a

Ž .previous article Fortuin et al., 1992 .

Detection criterion
At a small distance, y, from the wall, local instantaneous

axial velocities were measured in the time domain using LDV.
Renewals were detected using a modified version of the

Ž . Ž .Blackwelder and Kaplan BK detection criterion 1976 . The
BK detection criterion reacts on the fluctuations of the dif-

� Ž . Ž .ference u su y,t yu y of the instantaneous local axial ve-
Ž . Ž .locity u y,t and the time-averaged local axial velocity u y ,

at a distance y from the wall. The BK criterion detects both
sharp local accelerations and sharp local decelerations of fluid
elements in axial direction. In the modified version, accelera-

Ž � .tions � ur� t�0 will only be considered as renewals, while
Ž � .the decelerations � ur� t�0 will not be taken into account.

Using the modified BK criterion, a surface renewal is as-
sumed to occur if

a 2a
2� � �u y uŽ . Ž .ž / � už /

Gk and �0,ent � t2�uŽ .ž /
where

�u su y ,t yu y . 16Ž . Ž . Ž .
a

In Eq. 16, denotes a time averaging over a short period,
ent

a, that is of the order of the mean swap time t ; means as
time averaging over the entire signal during a sufficiently long
period; and k is a dimensionless threshold value. The values
of the averaging period, a, and the threshold value, k, should
be chosen in such a way that sharp accelerations are detected
and white noise is ignored. Fully objective values of a and k
cannot be found in an independent way, because no indepen-
dent calibration data are available. The number of surface
renewals we have to find under any given set of experimental
conditions is unknown. The detection criterion can only give
well-defined, objective values of the ages, t, if a and k have
objective values.

Detection parameters a and k
In studying the instantaneous local axial velocities mea-

sured in the time domain, we observed that with increasing
values of Re, both the mean swap time, t , and the mean age,s
t , decrease. The averaging period a needed for the detec-0
tion of a renewal can be considered as the width of a window
in the time domain. The value of a should be sufficiently
large to detect a renewal and to ignore white noise. However,
a should not be larger than the mean renewal interval, so
that some renewals could not be detected. Therefore, it is
useful to attribute a value to a of the order of the mean swap
time, t .s

In a limited range of Reynolds numbers, the mean swap
time, t , may be assumed to be proportional to the mean age,s
t . This assumption and Eqs. 7 and 9 lead to the conclusion0
that the averaging periods, a and a , may be chosen in suchp
a way that for a turbulent pipe flow

� without a drag reducer:

2as� t ; t s drFa r� ; Fa� Refr2 17Ž . Ž .0 0

� with a drag reducer:

2a s� t ; t s dr f Fa r� , 18� 4 Ž .Ž .p 0, p 0, p dr

where � is a constant.
The axial pressure gradients measured in the isothermal,

steady-state turbulent water flows in the glass tube used could

February 2003 Vol. 49, No. 2 AIChE Journal338



be well described by the following friction-factor correlation
Ž .from the literature Eck, 1978

y2fs0.07725 log Rer7 and� 4Ž .
y2 8Fas0.03863Re log Rer7 ; 2,300� Re�10 . 19� 4Ž . Ž .

Ž .Using Eqs. 17 and 18, it has been shown Fortuin et al., 1992
that for LDV measurements on Newtonian liquids at
Reynolds numbers between 104 and 45 �103, the following di-
mensionless detection parameters � sart sa rt s0.03480 p 0, p
and ks1.13 may be applied. As a consequence, the averag-
ing time a and the threshold value k become:

as0.0348 t ; a s0.0348 t ; ks1.13;0 p 0, p

104 � Re�45�103 or 39� Fa�120, 20Ž .

in which t and t can be obtained from Eqs. 17 to 19.0 0, p
The threshold level ks1.13 has been fixed in such a way

that, at Res15�103, the friction factor, f , calculatedLDV
Ž .with Eq. 7, using the mean age t derived from LDV0 LDV

signals, is equal to the friction factor, f , obtained from Eq.
19, based on pressure-drop measurements. Assuming � and
k are independent of the Reynolds number, the mean ages,
Ž .t , at other Reynolds numbers of the turbulent water0 LDV
flow can be derived from the measured velocity signals using
Eqs. 16 and 17 and the same values of the detection parame-

3 Žters, � and k, as have been applied at Res15�10 Mus-
.schenga et al., 1992 . For drag-reducer solutions, a similar

Ž .procedure has been used to calculate t obtained from0, p LDV
LDV signals using Eqs. 16 and 18 and equal values of the
dimensionless detection parameters � s0.0348 and ks1.13.

Constraints
Ž .The applied method has its limitations. If Re� Re ,min

Ž .with for example, Re s5,000, the relatively large mo-min
mentum-transfer thickness, � , may not be neglected with re-
gard to the radius of the tube. Then, the approximation u fb
² :u is not valid and the internal curvature of the pipe should

Ž .also be taken into account. If Re� Re , with for exam-max
Ž .ple, Re s45,000, the laser-beam diameter and the lengthmax

of the eye are not negligibly small with respect to the mo-
mentum-transfer thickness. Therefore, it can be expected that

Ž .only LDV measurements in the limited range Re � Re�min
Ž .Re will lead to acceptable experimental results. The set-max

�Ž . Ž . 40.5point f s f was chosen at Res Re Re sLDV min max
Ž .15,000. Further, it can be expected that, at Re �45,000,max

the undetected renewals can only be observed with a larger
SNR. This would be possible if a laser beam with a smaller
diameter, more sensitive detection equipment, and less noise
could be applied. In addition, it has to be taken into account
that the values � s0.0348 and ks1.13 can only be consid-
ered as constants in a restricted range of Reynolds numbers.

Results
Newtonian fluid flows

Table 1 shows results derived from local, instantaneous ax-
ial velocities measured with LDV in the wall region of

isothermal, steady-state, turbulent water flows at thirteen dif-
Ž .ferent Reynolds numbers column one . In columns two and

three, the temperatures and the kinematic viscosities of the
solvent flows are given. Each line of column four shows the
number N of the detected ages at the related Reynolds0
number. In column five, the mean ages, t , calculated with0
Eqs. 17 and 19 are presented. Column six shows the values of
Ž .t , derived from LDV signals using Eqs. 16 and 17 with0 LDV
as 0.0348 t and k s1.13. For the thirteen different0
Reynolds numbers, the same values of the dimensionless de-
tection parameters, � s0.0348 and ks1.13, were applied.
The values of � and k were chosen in such a way that at
Res15,000, f rfs1, where f follows from Eq. 7 andLDV LDV

Ž .t s t , and f from Eq. 19, based on pressure-gradiento 0 LDV
Ž .measurements column seven . Age distributions and mean

ages of fluid elements at the pipe wall derived from axial
velocity measurements obtained from LDV signals have al-

Ž .ready been presented for Newtonian fluid NF flows as his-
tograms at fi®e different Reynolds numbers in two previous

Ž .articles Fortuin et al., 1992; Musschenga et al., 1992 . These
histograms, derived from LDV signals, show that in turbulent
water flows in straight, smooth tubes, the number N of de-

Žtected ages between t and tq
 t can be represented by Van
.Maanen and Fortuin, 1983

Nr
 ts N rt exp y trt , 21Ž .Ž . Ž .0 0 0

Ž .where N, N , t, and the mean age, t s t , follow from0 o 0 LDV
LDV measurements and the detection procedure of Eq. 16,
with as0.0348 t and ks1.13.0

It has been seen that, in turbulent NF flows at these five
Ž 4 3.Reynolds numbers 10 � Re�45�10 , the ages of fluid el-

ements at the wall are randomly distributed and that equal
mean ages are obtained from LDV signals and pressure gra-
dients. These phenomena show that the chance of detecting
a surface renewal in an isothermal turbulent NF flow at an
arbitrary position at the pipe wall is constant in the time do-

² :main, at fixed values of d, � , and u , and independent of
the age of the fluid element at the wall.

Table 1. NF Flows: Physical Quantities Referring to LDV
Measurements in Turbulent Water Flows through a

Horizontal Straight and Smooth Tube�

1 2 3 4 5 6 7
3 6 2 y1Ž . Ž .Rer10 TrK 10 �rm � s N r1 t rs t rs f rf0 0 0 LDV LDV

12.1 289.3 1.10 3350 1.189 1.163 1.011
15.0 281.3 1.38 5435 0.690 0.690 1.000
19.5 289.4 1.10 5439 0.587 0.592 0.996
24.3 288.8 1.12 9182 0.414 0.412 1.003
31.3 291.7 1.04 5759 0.304 0.293 1.018
37.2 292.8 1.02 4252 0.267 0.238 1.059
40.2 290.3 1.08 5863 0.199 0.190 1.025
42.7 292.8 1.01 6158 0.194 0.185 1.025
43.4 293.1 1.00 5595 0.191 0.184 1.020
49.9 292.8 1.01 2141 0.153 0.198 0.878
55.5 288.4 1.13 1767 0.116 0.457 0.503
57.3 291.9 1.03 1145 0.121 0.272 0.667
59.0 292.8 1.01 2430 0.118 0.280 0.649

� yqs36; ds 0.051 m; � s 0.0348; ks1.13; set point Res15�10 3.
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Table 2. PS Flows; Physical Quantities Referring to LDV
Measurements in Turbulent Aqueous Polymer-Solution Flows
( )20 mgrrrrrkg Separan AP-30 Through a Horizontal Straight

and Smooth Tube

1 2 3 4 5 6 7
3 6 2 y1Ž . Ž . Ž .Rer10 10 �rm � s N r1 f r1 t rs t rs f rf0, p dr 0, p 0, p LDV p LDV p

12.1 1.10 3237 0.965 1.280 1.250 1.011
19.1 1.10 8591 0.873 0.794 0.690 1.073
24.5 1.12 10024 0.860 0.553 0.526 1.026
27.8 1.02 7171 0.841 0.524 0.474 1.052
31.1 1.05 6784 0.790 0.487 0.472 1.016
37.2 1.02 5158 0.759 0.413 0.365 1.064
40.3 1.07 4735 0.686 0.426 0.365 1.081
42.5 1.00 2647 0.680 0.428 0.369 1.077
43.8 1.00 5775 0.716 0.368 0.318 1.076
47.0 1.04 5302 0.726 0.309 0.310 0.998
49.9 1.05 4783 0.692 0.307 0.326 0.970
55.8 1.13 883 0.600 0.319 1.020 0.559
59.8 1.02 1874 0.647 0.273 0.599 0.675

Note: yqs36; ds 0.051 m; � s 0.0348; ks1.13; setpoint Res15�10 3 atp
f s1.dr

Polymer-solution flows
Table 2 shows results obtained with aqueous polymer-solu-

Ž .tion PS flows. The drag reduction factors, f , of columndr
four have been derived from axial pressure-gradient mea-
surements. Figure 2a and 2b show the age distributions of

Žfluid elements at the wall of turbulent PS flows 20 mgrkg
.Separan AP-30 in water at Res12,100 and Res31,100,

repectively. The histograms were derived from LDV signals.
The number N of detected ages between t and tq
 t hasp
been respresented by the solid curves obtained from

N r
 ts N rt exp y t rt , 22Ž .Ž . Ž .p 0, p 0, p p 0, p

Ž .in which N , N , t , and t s t follow from LDVp 0, p p 0, p 0, p LDV
Ž .measurements Table 2 using the detection procedure of Eq.

16 with as0.0348t and ks1.13. Figure 2a and 2b show0, p
that in turbulent PS flows, the ages of fluid elements at the
pipe wall are also randomly distributed. Summarizing, it can
be stated that random surface renewals, which were hypo-

Ž .thetical events proposed by Danckwerts 1951 to describe
mass transfer at an interface of turbulent fluid flows, now
appear to be existing phenomena in turbulent pipe flows with
and without a drag reducer that can be observed at different
Reynolds numbers with LDV.

Mean ages
In Figure 3, the dimensionless mean ages Fo and Fo werep

plotted against Re. The dashed line refers to NF flows and
has been calculated with FosFay2 and Eq. 19. The open

Ž . 2 Ž .circles refer to Fo s� t rd using t fromLDV 0 LDV 0 LDV
Ž .Table 1. The solid circles indicate values of Fo sp LDV

Ž . 2 Ž .� t rd using t from Table 2. The solid trian-0, p LDV 0, p LDV
Ž .y2gles were calculated from Fo s f Fa using f fromp dr dr

Table 2 and Fa from Eq. 19. A best-fit procedure to all solid
markers yields the solid line representing the correlation

y1.00 4 4² :Fo s6.26 Re or t s6.26 dr u ; 10 � Re�5�10 .p 0, p

23Ž .

Figure 2. Age distributions of fluid elements at the wall
in turbulent pipe flows of an aqueous drag-re-

( ) ( )ducer solution at a Re=12,100, and b Re=
31,100.
Histograms represent the age distributions from LDV sig-
nals, using Eq. 16 with a s 0.0348 t and ks1.13. Thep 0, p
value of t was calculated with Eqs. 18 and 19 after using0, p
f from pressure-drop measurements and Eq. 8.dr

Figure 3 shows that at equal values of Reynolds:

Fo s fy2Fo� Fo andp dr

Fo sFo t r t � Fo . 24Ž .Ž .Ž . Ž .p LDV 0, p 0 LDVLDVLDV LDV

This means that small concentrations of a drag reducer in-
crease the mean age of fluid elements at the wall in the re-
gion 104 � Re�5�104.

Mean momentum-transfer thickness
For a turbulent NF flow in a straight smooth tube, the di-

mensionless mean momentum transfer thickness can be ob-
tained from Eqs. 7 and 19

2y1 y1�rRs � t rRs2 Fa s51.8 Re log Rer7 ;� 4' Ž .0

104 � Re�45�103. 25Ž .
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Figure 3. Dimensionless mean ages Fo= � t /////d 2 and0
Fo � � t /////d 2 of fluid elements at the wall ofp 0,p
turbulent pipe flows of water and an aqueous

(drag-reducer solution 20 mg/////kg Separan
)AP-30 as a function of the solvent Reynolds

number Re.
Open circles were obtained from Table 1 and solid markers
from Table 2.

The dashed curve in Figure 4 obtained with Eq. 25 gives
the relationship between the mean momentum transfer thick-
ness of a turbulent water flow and the Reynolds number. The
open circles in this figure refer to values of � rR derivedLDV
from � values in column three of Table 1 and the mean ages
presented in column six of Table 1. For a drag-reducer solu-
tion flow in a straight smooth tube Eqs. 9, 10, and 25 yield

y1
� rRs � t rRs2 f FaŽ .'p 0, p dr

2y1 4 4s51.8 f Re log Rer7 ; 10 � Re�5�10 . 26� 4Ž Ž .Ž .dr

Ž .The solid circles in Figure 4 refer to � rR calculatedp LDV
Ž .with t presented in column six of Table 2. The solid0, p LDV

triangles in this figure were obtained with Eq. 26 after substi-
tution of the drag-reduction factor, f , presented in Table 2dr
and derived from pressure-gradient measurements.

A best-fit procedure applied to the solid markers yields the
solid line in Figure 4 and the following correlation

y0.502 4 4� rRs5.0 Re ; 10 � Re�5�10 . 27Ž .p

The results presented in Figure 4 show that

y1 4 3� rRs f �rR � �rR ; 10 � Re�45�10Ž . Ž .p dr

1r2
� rRs t r t � rRŽ .Ž .� 4 Ž .Ž .p 0, p 0 LDVLDVLDV LDV

� � rR . 28Ž .Ž .LDV

This means that a small concentration of a drag reducer in a
turbulent fluid flow increases the mean momentum-transfer

Figure 4. Relative mean transfer thicknesses �/////R and
� /////R in turbulent pipe flows of water and anp

(aqueous drag-reducer solution 20 mg/////kg
)Separan AP-30 as a function of the solvent

Reynolds number Re.
Open circles were obtained from Table 1 and solid markers
from Table 2.

thickness. The difference 
�rR can be obtained from Eqs. 25
and 26

y1 y1
�rRs � y� rRs2 Fa f y1 . 29Ž .Ž .Ž .p dr

The solid triangles in Figure 5 were obtained from Eqs. 29
and the values of f from Table 2. The solid line in thisdr
figure was derived from Eqs. 25 and 27, and can be repre-
sented by the correlation

2y0.502 y1
�rRs � y� rRs5.0 Re y51.8 Re log Rer7 .� 4Ž .Ž .p

30Ž .

Figure 5 shows that at increasing values of Re, the value of

� approaches a limit value. As a result, the decrease of f ,dr
and consequently the effect of the drag reducer, is limited
too.

Friction factors
In Figure 6, two ratios of friction factors have been plotted

against Re. These ratios derived from Eqs. 7 to 10 can be
represented by

f d tLDV 0s s ;(f tŽ .Fa � tŽ .' 0 LDV0 LDV

f dŽ .p LDV s
f f Fa � tp Ž .'dr 0, p LDV

t0, ps , 31Ž .( tŽ .0, p LDV
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Figure 5. Relative difference � �/////R between mean trans-
fer thicknesses of the flow of the aqueous

(drag-reducer solution 20 mg/////kg Separan
)AP-30 and that of water as a function of the

solvent Reynolds number.
Solid triangles were obtained from Eqs. 29 and 19 using fdr
from Table 2.

Ž .where the Fanning number Fa can be derived from Eq. 19.
Results obtained with water flows and PS flows were pre-
sented in Tables 1 and 2, respectively. Figure 6 shows that for
turbulent liquid flows with and without a drag reducer, in the
region 104 � Re�5�104, the values of the friction factors,
derived from LDV signals using the RSR model, agree with
those obtained from pressure-drop measurements. Further, it
appears that at Re�5�104, friction factors derived from
LDV signals are too small. These deviations, which already
were discussed in the subsection titled ‘‘Constraints,’’ are a
result of the limitations of the equipment used and the pro-
cedure applied. At values of Re�5�104, some renewals
cannot be detected in the time domain, because the related
accelerations are too short to be distinguished from noise. In

Ž .that case, the remaining LDV signals yield values of t0 LDV
Ž .and t that are too large, resulting in values of f0, p LDV LDV
Ž .and f that are too small.p LDV

Axial ©elocity profiles in the wall region
Measured and simulated time-averaged axial velocity pro-

files in isothermal turbulent pipe flows are presented in Fig-
ure 7. The irregular solid line in this figure shows the time-
averaged axial velocity profile of an aqueous solution of 20
mgrkg Separan AP-30 measured in the wall region, with an

3 Ž y6 2 y1.LDV, at Res26�10 Ts282 K, � s1.36�10 m � s .
This velocity profile agrees with the simulated dotted velocity
profile calculated with Eqs. 11 and 19. This figure further
shows that, at increasing values of y, the two velocity profiles

² :approach u f u asymptotically. The smooth solid curve,b
which represents the simulated velocity profile of a water flow
Ž .f s1 for similar conditions, has also been calculated withdr
Eqs. 11 and 19. From Figure 7 it can be concluded that good
agreement exists between measured and simulated velocity
profiles of a PS flow, and that in the wall region at a fixed
distance from the wall a drag reducer decreases the time-
averaged axial velocity. At a constant superficial velocity this
decrease is compensated by a small increase of the fluid ve-
locity in the bulk that can be neglected at higher Reynolds

Ž 4.numbers Re�10 .

(Figure 6. Ratios f ///// f of a turbulent water flow TableLDV
) ( )1 and f ///// f of a turbulent flow of anp LDV p

( )aqueous drag-reducer solution Table 2 plot-
ted against the solvent Reynolds number.

Mechanism of a surface renewal
In this section, a study of the behavior of fluid elements at

the wall in turbulent pipe flows with and without a drag re-
ducer are reported. At a surface renewal, an inrushing fluid
element from the bulk with a velocity u is assumed to pene-b
trate between the old fluid element and the wall, while the
old one is swapped to the bulk. These events can be derived
from axial velocities measured with LDV in the eye at a small
distance, y, from the wall. During the surface renewal the old
fluid element and the new one successively pass the eye in
the wall-to-bulk direction, while the instantaneous, local, ax-
ial velocity in the eye is recorded using LDV.

Measured ©elocities
Instantaneous axial velocities were measured in the time

domain at a small distance, y, from the wall, and surface re-

Figure 7. Time-averaged axial velocity profiles in the
wall region of turbulent pipe flows at Re=

( -6 2 -1)26,000 T=282 K; � =1.36�10 m �s .
Irregular solid line was derived from LDV signals and refers
to a turbulent flow of the aqueous drag-reducer solution.
Dotted curve and smooth solid line were simulated using
Eqs. 11 and 19, after substituting f s 0.82 for the PS flowdr
and f s1 for the NF flow.dr
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newals were detected in the usual way. Velocities measured
at time, t, around a detection time, t , were recorded. Veloc-d
ities measured at equal ty t values were averaged and pre-d

Ž .sented as a conditionally a®eraged local axial CALA velocity
at a distance, y, from the wall. In Figure 8, CALA velocities,
u, derived from LDV signals of turbulent pipe flows with andˆ
without a drag reducer, were plotted against the difference
Ž .ty t between the variable time, t, and the detection time,d
t , of the surface renewal. The dotted curves refer to CALAd
velocities in turbulent NF flows; the solid curves to turbulent
PS flows. Because each curve has been obtained by averaging
a large number of detected renewals, the random-velocity
fluctuations have been averaged out so that the CALA veloc-
ities around the detection time remain.

ŽŽ .Figure 8 shows that the observed velocity rise durdt atˆ
the detection time ts t increases with increasing values ofd
the Reynolds number and that the CALA velocity around the
detection time suddenly rises from a minimum value u fˆmin
² :u r2 to a maximum value u , which approaches the su-ˆmax

² :perficial velocity u in the pipe. Only at the lowest Reynolds
Ž . Ž . ² :number, Res12,100 , does u exceed u . This phe-ˆ max

² :nomenon is due to the fact that the assumption u f u ,b
made after Eq. 5, does not hold at low Reynolds numbers,
because the low volume-flow rate through the thicker bound-

² :ary layer must be compensated by a higher velocity u � ub
² :in the bulk to obtain the superficial velocity, u , in the tube.

Comparing the CALA velocities of turbulent flows with and
without a drag reducer, it has to be taken into account that
the CALA velocities obtained with and without a drag re-

q Ž q q.ducer have been measured at equal y values y s36s y ,p
Ž .and as a result at different y values y � y ; Table 3 .36 p,36

Simulated TALA ©elocities
The universal velocity profile in the wall region of a turbu-

lent pipe flow is usually presented by the following dimen-
Ž .sionless distances from the wall Fortuin and Klijn, 1982 :

0.5qy � yr� � r� NF flow ;Ž . Ž .Ž .w

0.5qy � y r� � r� PS flow . 32Ž . Ž .Ž . Ž .p p w , p

Equations 6, 8 and 32 yield the following distances between
Ž .the eye beams-intersection volume and the wall

q y1 q y1'ys y d Re 2rf NF flow ; y s y d Re 2rfŽ . 'p p p

PS flow 33Ž . Ž .

y1 y1'y s36d Re 2rf NF flow ; y s36d Re 2rfŽ . '36 p ,36 p

PS flow , 33aŽ . Ž .

where y s y at yqs36 and y s y at yq s36.36 36 p,36 p p,36

+ (Figure 8. Measured CALA velocities at y =36 solidp
) + ( )lines and at y =36 dotted lines plotted

against the difference between the time, t, and
the detection time, t .d
Curves refer to isothermal turbulent pipe flows, three with
and three without a drag reducer at solvent Reynolds num-
bers in Table 3.

Table 3. Physical Quantities Referring to Six Turbulent Pipe Flows

Three NF Flows Three PS Flows Eq.
y3 y3Re �10 12.1 24.3 43.4 Re �10 12.1 24.5 43.8 7

Fa 44.6 74.9 116.6 Fa 44.6 75.4 117.4 19
f 1.000 1.000 1.000 f 0.965 0.860 0.716 10dr dr

3 3f �10 7.37 6.16 5.37 f �10 7.11 5.29 3.84 8, 19p
� 2.185 1.998 1.866 � 2.147 1.851 1.577 36p
y rmm 2.500 1.361 0.816 y rmm 2.545 1.457 0.957 3336 p,36

y1 y1² : Ž . ² :u rm � s 0.261 0.534 0.851 u rm � s 0.261 0.538 0.859 �
y1 y1w Ž .x Ž . w Ž .x Ž .u y rm � s 0.232 0.462 0.719 u y r m � s 0.231 0.453 0.682 3836 p,36

6 2 y1 6 2 y1Ž . Ž . Ž . Ž .� �10 r m � s 1.10 1.12 1.00 � �10 r m � s 1.10 1.12 1.00 �
y1 y1Ž . Ž .u rm � s 0.173 0.313 0.479 u r m � s 0.164 0.303 0.453 Fig. 8ˆ ˆmin p,min
y1 y1Ž . Ž .u m � s 0.285 0.525 0.810 u r m � s 0.284 0.528 0.811 Fig. 8ˆ ˆmax p,max

Ž . Ž .t y t rms y11.2 y3.1 y0.7 t y t rms y12.3 y4.5 y2.5 Fig. 8min d p,min d
Ž . Ž .t y t rms 14.4 6.6 4.3 t y t rms 16.1 8.6 6.3 Fig. 8max d p,max d

 rms y12.8 y4.9 y2.5 
 rms y14.2 y6.5 y4.4 41min p,min

 rms 12.8 4.9 2.5 
 rms 14.2 6.5 4.4 42max p,max

 rms 12.8 4.9 2.5 
 rms 14.2 6.5 4.4 420 0, p

�rmm 1.14 0.681 0.438 � rmm 1.19 0.79 0.61 25, 26py1 y1Ž .u rm � s 0.112 0.174 0.220 u rm � s 0.102 0.152 0.174 A14w b w b, p
t rs 1.19 0.414 0.191 t rs 1.28 0.553 0.368 17, 180 0, p
t rt 0.0215 0.0237 0.0262 t rt 0.0228 0.0235 0.0239 40s 0 s, p 0, p

Ž .t y t rms 1.6 1.7 1.8 t y t rms 2.4 2.1 1.9 41d r d r , p
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Further, Eqs. 7 and 9 lead to

y1� t sd Re 2rf NF flow ;' Ž . Ž .0

y1� t sd Re 2rf PS flow . 34Ž . Ž .Ž .' 0, p p

Equations 33 and 34 yield the dimensionless distances

q 'yr � t s y r 2rf NF flow ;' Ž .0

qy r � t s y r 2rf PS flow . 35Ž . Ž .' 'p 0, p p p

The CALA velocities were measured with LDV at yqs36
Ž . q Ž .NF flow and y s36 PS flow . For these conditions, thep
dimensionless distances between eye and wall are

y 3636
�s s NF flow ;Ž .'� t 2rf' 0

36 fy ' drp ,36
� s s PS flow , 36Ž . Ž .p '� t 2rf' 0, p

where, according to Eq. 19,

'2rf s5.088 log Rer7 . 37Ž . Ž .

Equations 11, 35, and 36 lead to the time-averaged local axial
Ž .TALA velocities in the eye

² :u y s u 1yexp y� NF flow ;� 4Ž . Ž . Ž .36

² :u y s u 1yexp y� PS flow . 38Ž . Ž . Ž . Ž .� 4p p ,36 p

Table 3 shows values of physical quantities concerning
isothermal turbulent pipe flows, three without and three with
a drag reducer, based on measurements at different Reynolds
numbers. Additionally, information concerning these flows is
given in Table 1 and Table 2 at equal Reynolds numbers.
Further, Figure 8 shows that each measured profile of the
CALA velocities consists of three regions, bounded by a min-
imum and a maximum CALA velocity.

Simulated CALA ©elocities
A model for CALA velocities is derived in the Appendix,

and presented in Table 4 for both NF flows and PS flows.
CALA velocities can be simulated with the following equa-
tions

2
 1 

² :u y s u 1yexp y� 1q exp y ;Ž .ˆ 2½ 5ž / ž /
 2 
0 0

2
 
1p p² :u y s u 1yexp y� 1q exp y .Ž .ˆp p p 2½ 5ž / ž /
 2 
0, p 0, p

39Ž .

If yq�36 andror yq�36, the values of � and � have to bep p
replaced by Fayrd and f Fayrd, respectively.dr

Equations for the minimum values at 
r
 sy1 or0

 r
 sy1, and the maximum values at 
r
 s1 orp 0, p 0

 r
 s1 are presented in Table 4. The distance betweenp 0, p
the horizontal coordinates of the minimum and maximum
CALA velocity is defined as the mean swap time, t . There-s
fore, Eq. 39 leads to

t �2
 � t y ts 0 max min

Table 4. Equations for Simulating TALA and CALA Velocities
q qŽ . Ž .TALA Velocity NF Flow at y s36 TALA Velocity PS Flow at y s36p

Ž . ² :� Ž .4 Ž . ² :� Ž .4u y s u 1yexp y� u y s u 1yexp y�p,36 p p,36 p

36 f 7.08 f' 'yy 36 7.08 dr drp,3636
�s s s � s s spŽ . Ž .log Rer7 log Rer7� t� t 2rf 2rf' '' ' o, p0

q qŽ . Ž .CALA Velocities NF Flow at y s36 CALA Velocities PS Flow at y s36p
22 
 

 1 
 1p pŽ . ² : Ž . ² :u y s u 1yexp y� 1q exp y u y s u 1yexp y� 1q exp yˆ ˆ36 p p,36 p2 2½ 5ž / ½ 5ž /ž / ž /
 2 
 2
 
0 0, p0 0, p



 1 1p� Ž .4 ² : � .Ž .4 ² :At sy1; u y s u yexp y� yexp 1y At sy1; u y s u 1yexp y� 1yexp yˆ ˆ36 min p p,36 min p½ 5 ½ 5ž / ž /
 2 
 20 0, p



 p� Ž .4 ² :w Ž .x � Ž .4 ² :w Ž .xAt s0; u y s u 1yexp y� At s0; u y s u 1yexp y�ˆ ˆ36 
s0 p p,36 
s0 p
 
0 0, p



 1 1p� Ž .4 ² : � Ž .4 ² :At s1; u y s u 1yexp y� 1qexp y At s1; u y s u 1yexp y� 1qexp yˆ ˆ ˆ36 max p p,36 max p½ 5 ½ 5ž / ž /
 2 
 20 0, p
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Figure 9. Measured and simulated CALA velocities at
y +=36 plotted against the difference � be-
tween the time, t, and the reference time, t ,r
in turbulent pipe flows of water at Reynolds
numbers in Table 3.

for NF flow, and

t �2
 � t y t 40Ž .s, p 0, p p ,max p ,min

for PS flow.
It has to be noted that t is an order of magnitude smallers

than t and that t is approximately proportional to t , so0 s 0
that t rt is approximately constant, as was shown in the sec-s 0
ond last line of Table 3. Figure 9 shows measured and simu-
lated CALA velocities of water flows, and Figure 10 of aque-

Ž .ous PS flows 20 mgrkg Separan AP-30 . The simulated re-
sults were obtained using the data of Table 3 and the equa-
tions of Table 4.

Comparison of measured and simulated ©elocities
For a comparison of measured and simulated results, the

subjective detection time t of Figure 8 has to be replaced byd
an objective reference time, t , based on two measured val-r
ues, t and t , related to the minimum and maximummin max
CALA velocity. As a result of this consideration, the follow-
ing physical quantities were introduced

t � t q t r2; 
� ty t ;Ž .r min max r

� �N
 N� t y t s t y t ; t y t s t y t y
Ž .0 min r max r r d max d max

41Ž .

Figure 10. Measured and simulated CALA velocities at
y +=36 plotted against the difference � be-p p
tween the time t and the reference time t inr
turbulent pipe flows of aqueous, 20 mg/////kg
Separan AP-30 solutions at solvent Reynolds
numbers presented in Table 3.


 � t y t ; 
 � t y t ; 
 p� t y tmin min r max max r p r , p


 � t y t ; 
 � t y t . 42Ž .p ,min p ,min r , p p ,max p ,max r , p

The ratio t rt of the distance t between the horizontal co-s 0 s
ordinates of the extreme u values of each profile in Figure 8,ˆ
and t is also presented in Table 3. This ratio appears to be0
approximately constant, as was assumed in the section titled
‘‘Detection Parameters a and k.’’ The solid curves in Figures
9 and 10 refer to the same measured CALA velocities as were

Ž .presented in Figure 8. However, the ty t axis was re-d
placed by the 
 or 
 p axis, using Eqs. 41 and 42.

The dotted lines of Figures 9 and 10 refer to simulated
CALA velocities at equal conditions. They were obtained us-
ing the parameter values of Table 3 and the equations of
Table 4.

Comparison of the profiles shows a reasonable agreement
between the measured and simulated results. The differences
between these results can be ascribed to imperfections in the
model and errors in the parameters used. A discussion about
these items is added to the derivation of the model in the
Appendix.

Conclusions
� Ž .Laser-Doppler velocity LDV measurements have vali-

Ž .dated the random surface renewal RSR model for transport
phenomena in turbulent pipe flows with and without a drag
reducer.
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� Addition of a drag reducer to a turbulent pipe flow, at
² :constant values of � , d, and u , increases the mean age and

mean momentum transfer thickness of fluid elements at the
wall, resulting in a decrease in both the friction factor and
the heat-transfer coefficient.

� The heat-transfer reduction factor is approximately equal
to the drag-reduction factor at equal solvent Reynolds num-

Ž 4.bers Re�10 , low drag-reducer concentrations, and small
radial viscosity gradients.

� In steady-state turbulent pipe flows of liquids without
Ž 3 3. Ž 3 3.10�10 � Re�43�10 and with 10�10 � Re�50�10
a drag reducer, it has been shown that:

�The age distribution of fluid elements at the wall is al-
ways random;

Ž . Ž . .�The friction factors f and f , derived fromLDV p LDV
Ž .LDV signals, are equal to the friction factors f and f ob-p

tained from pressure-drop measurements;
�the time-averaged axial velocity profile of a turbulent

pipe flow in the wall region, derived from the friction factor
with the RSR model, agrees with the average profile ob-
tained from LDV signals.

� The RSR model not only describes the transfer of mo-
mentum and heat in turbulent pipe flows, but also the mech-
anism and the CALA velocities of surface renewals. There-
fore, the chemical engineer can apply it with understanding
and confidence to describe momentum and heat transfer in
the wall region of fully developed steady-state turbulent fluid
flows with and without a drag reducer in straight, smooth
tubes.
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Notation
asaveraging period in Eq. 17, s

a saveraging period in Eq. 18, sp
b sdiameter of laser beams, m0

Ž .bslength of eye beams-intersection volume , m
C sheat capacity of fluid, J �kgy1 �Ky1

p
Csconstant of Eq. 14, Cs0.9026
dsinternal tube diameter, m
fsFanning friction factor of NF flow obtained from Eq. 6, 1

f sfriction factor NF flow obtained from Eq. 7, where t sLD V 0
Ž .t , 10 LDV

Ž .f sdrag-reduction factor f s f rf , 1dr dr p R e
Ž .f sheat-transfer reduction factor f s � r� , 1h r h r p R e

f sFanning friction factor of a PS flow obtained from Eq. 8,p
1

Ž .f sfriction factor PS flow obtained from Eq. 9, where t sp LDV 0, p
Ž .t , 10, p LDV

ksthreshold level in Eq. 16, 1
Lslength of pipe section for pressure-drop measurements, m

Ž .N, N snumber of time intervals measured between ty
 tr2 andp
Ž .tq
 tr2 , 1

N stotal number of time intervals measured in a water flow, 10
N stotal number of time intervals measured in a drag-re-0, p

ducer solution flow, 1
Rsradius of tube, m

tstime; age of a fluid element at the wall in an NF flow, s
Ž .t stime at which a renewal is detected Figure 8 , sd

t smean age of fluid elements at the wall in an NF flow, s0
Ž .t st derived from LDV signals, s0 LDV 0

Ž .t st derived from LDV signals, s0, p LDV 0, p
t smean age of fluid elements at the wall in a PS flow, s0, p

t sage of a fluid element at the wall in a PS flow, sp
Ž .t smean swap time in a NF flow Eq. 40 , ss
Ž .t smean swap time in a PS flow Eq. 40 , ss, p

t sreference time Eq. 41, sr
Tstemperature, K

Ž . y1u y,t sinstantaneous local axial velocity, m � s
y1Ž . Ž .u y stime-averaged local axial TALA velocity, m � s

� y1Ž . Ž .u slocal axial velocity fluctuation u y,t yu y , m � s
u saverage axial fluid velocity in the bulk, m � sy1

b y1² :u ssuperficial fluid velocity, m � s
Ž . y1usconditionally averaged local axial CALA velocity, m � sˆ

Ž .ysdistance from the wall in an NF flow Eq. 33 , m
Ž .y sdistance from the wall in a PS flow Eq. 33 , mp

q Žy sdimensionless distance from the wall in an NF flow Eq.
.32 , m

q Žy sdimensionless distance from the wall in a PS flow Eq.p
.32 , m

y svalue of y at yqs36; Eq. 33a, m36
y svalue of y at yqs36; Eq. 33a, mp,36 p

Ž .y0 .5zsdimensionless variable zs y 4� t , 1
Ž .y0 .5z sdimensionless parameter z s y 4� t , 10 0 0

Greek letters
�sheat-transfer coefficient in a solvent flow, W �my2 �Ky1

� sheat-transfer coefficient in a drag-reducer solution flow,p
W �my2 �Ky1

� sdimensionless quantity defined by art �� sa rt , 10 p 0, p
�smomentum-transfer thickness of a fluid element with age

t in an NF flow, m
�stime-averaged momentum-transfer thickness in an NF

flow, m
� smomentum-transfer thickness of a fluid element with agep

t in a PS flow, mp
� stime-averaged momentum-transfer thickness in a PS flow,p

m
Ž .�sdimensionless eye-to-wall distance in NF flow Eq. 36 , 1
Ž .� sdimensionless eye-to-wall distance in PS flow Eq. 36 , 1p


speriod defined in Eq. 41, s

 speriod defined in Eq. 41, s0

 speriod defined in Eq. 42, sp

 psfrictional axial pressure drop in NF flow, Pa


 p sfrictional axial pressure drop in PS flow, Pap

 tssmall part of age t, s
	sdynamic viscosity of solvent, Pa � s
�sratio ���r� defined in Eq. A9, 1

� sratio � �� r� defined in Eq. A9, 1p p p p
� sthermal conductivity of solvent, W �my1 �Ky1

c
� skinematic viscosity of solvent, m2 � sy1

�sdensity of solvent, kg �my3

� sinstantaneous, local, axial wall-shear stress in an NF flow,w
Pa

� sinstantaneous, local, axial wall-shear stress in a PS flow,w , p
Pa

� stime-averaged axial wall-shear stress in an NF flow, Paw
� stime-averaged axial wall-shear stress in a PS flow, Paw , p

Ž .�sdensity function of � Eq. A11 , 1
Ž .� sdensity function of � Eq. A11 , 1p p

� sdensity function defined in Eq. A10, 15

Dimensionless numbers
Ž ² : .ResReynolds number of solvent flow Re� u dr� , 1

FasFanning number of solvent flow Fa� Re fr2
FosFourier number solvent flow Fo�� t rd2, 10

Fo sFourier number PS flow Fo �� t rd2, 1p p 0, p
NusNusselt number solvent flow Nu� � dr� , 1c

Nu sNusselt number PS flow Nu � � dr� , 1p p p c
PrsPrandtl number Pr �C 	r� , 1p c
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Abbre©iations
BKsBlackwelder and Kaplan

CALAsconditionally averaged local axial
LDVslaser-Doppler velocimeter

NFsNewtonian fluidrsolvent
ŽPSspolymer solution aqueous solution of 20 mgrkg Separan

.AP-30
RSRsrandom surface renewal
SNRssignal-to-noise ratio

TALAstime-averaged local axial
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Appendix: Model of a Surface Renewal
Experimental CALA ©elocities

Each point of the CALA velocity profiles presented in Fig-
ure 8 has been obtained from a large number of velocities
measured at a fixed distance, ty t , from the detection time,d
t , using LDV. An average velocity profile of a surface re-d
newal can be expected when an old fluid element at the wall
has a mean age t for an NF flow or t for a PS flow. The0 0, p
TALA velocities can be obtained from Eqs. 36 to 38

� �NFflow ys y PS flow y s yŽ . Ž .36 p p ,36

² :u y s u 1yexp y�� 4Ž . Ž .36

u y sŽ .p p ,36

² :u 1yexp y� A1Ž . Ž .� 4p

y 36 7.0836
�s s s

log Rer7Ž .'� t 2rf' 0

36 f 7.08 fy ' 'dr drp ,36
� s s s . A2Ž .p log Rer7Ž .'� t 2rF' o , p

At a surface renewal, an inrushing fluid element from the
² :bulk with an axial velocity u f u in an NF flow and u fb b, p

² :u in a PS flow is assumed to penetrate between the old
one and the wall, while the old one is swapped into the bulk.
During this renewal, the velocity profile in the old fluid ele-
ment and that in the new one, which successively pass the eye
in the direction of the bulk, are recorded by LDV. Figure 8
shows that the CALA velocity profile during each renewal
consists of three regions bounded by a minimum and a maxi-
mum CALA velocity

� �Ž . Ž .NF flow ys y PS flow y s y36 p p,36

u y �u�u u y �u �u Region 1Ž . Ž .ˆ ˆ ˆ ˆ36 min p ,36 p p ,min

A3Ž .

u �u�u u �u �u Region 2ˆ ˆ ˆ ˆ ˆ ˆmin max p ,min p p ,max

A4Ž .

u �u�u y u �u �u y Region 3Ž . Ž .ˆ ˆ ˆ ˆmax 36 p ,max p p ,36

A5Ž .

The CALA velocity decreases from the TALA velocity to a
² :minimum CALA velocity u f u r2; this minimum can beˆmin

considered as the velocity of the interface where the new fluid
² :element with an original axial velocity u f u contacts theb

old one with an original axial velocity zero at the wall. The
maximum axial velocity u approaches the superficial ve-ˆmax

² :locity u . Then, the CALA velocity decreases and ap-
proaches the TALA velocity again.

Simulated CALA ©elocities
The instantaneous velocity profile of each laminar coher-

ent fluid structure at the wall is dependent on its age and can
be obtained from Eq. 2

'u y ,t su erf z , where zs yr 4� t . A6Ž . Ž . Ž .b

The instantaneous momentum-transfer thickness, � , of
such a single coherent fluid structure is the thickness of a
laminar layer of constant velocity gradient that transfers equal
momentum to the wall as the fluid element with the velocity
profile of Eq. A6. Consequently, the instantaneous momen-
tum-transfer thickness, � , of this fluid element follows from
Eq. A6

' '��u r�s� s	 durdy s��u r �� t ; �s �� t .Ž . ys 0b w b

A7Ž .

The time-averaged momentum-transfer thickness is obtained
from Eq. 5

��u r�s� s	 durdy s��u r � t ;'Ž . ys 0b w b 0

�s � t sdrFa. A8' Ž .0

Equations A7 and A8 yield the relative instantaneous mo-
mentum-transfer thickness

2'���r�s � trt ; trt s �r � ;' Ž .0 0

' 'd trt s � 2r� d � 2r� . A9Ž .Ž . Ž . Ž .0
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ŽThe ratio � is obtained in a similar way. If � Fortuin andp 5
.Klijn, 1982 represents the density function of the relative

momentum-transfer thickness, the following relationship
holds

� d�sexp y trt d trt . A10Ž .Ž . Ž .5 0 0

Combining Eqs. A9 and A10 leads to the following relative
instantaneous momentum-transfer thickness distribution of
coherent fluid structures at the wall

'� d�s�d � 2r�Ž .5

2' ' 's � 2r� exp y0.5 � 2r� d � 2r� . A11Ž .Ž . Ž . Ž .ž /ž /
² :Assuming that at given values of u , d, and � the wall-

to-bulk velocity, u , of the interface between a new and anwb
old fluid element is constant and equal for each surface re-
newal, the time 
 needed for a shift � of this interface in the
wall-to-bulk direction follows from


s�ru NF flow ; 
 s� ru PS flow .Ž . Ž .wb p p wb , p

A12Ž .

Defining the empirical constants

' '
 � �r2 �ru NF flow ; 
 � �r2 � ruŽ .0 w b 0, p p w b , p

PS flow , A13Ž . Ž .

Eqs. A9, A12, and A13 result in

' ' '� 2r� s
r
 ; � 2r� s
 r
 ; u s �r2 �r
 ;0 p p 0, p w b 0

'u s �r2 � r
 . A14Ž .wb , p p 0, p

As a consequence, Eqs. A11 and A14 lead to

�s 
r
 exp y0.5
2r
2 ;Ž . Ž .0 0

� s 
 r
 exp y0.5
2r
2 . A15Ž .Ž . Ž .p p 0, p p 0, p

The TALA velocities at ys y and y s y follow from36 p p,36
Eqs. 36 and 38

² :u y s u 1yexp y� , where �s y r � t� 4 'Ž . Ž .ˆ 36 36 0

and

² :u y s u 1yexp y� , whereŽ . Ž .� 4ˆp p ,36 p

� s y r � t . A16Ž .'p p ,36 0, p

The CALA velocities follow from

² :w xu y s u 1yexp y� 1q� ;� 4Ž . Ž .ˆ 36

² :u y s u 1yexp y� 1q� . 17Ž . Ž .ˆ � 4Ž .p p ,36 p p

Equations A15 and A17 yield the following CALA velocities

2 2² :u y s u 1yexp y� 1q 
r
 exp y0.5
r
Ž . Ž .ˆ � 4Ž .36 0 0

at yqs36

and

² :u y s u 1yexp y� 1q 
 r
Ž .ˆ Ž .�p p ,36 p p 0, p

2 2 qexp y0.5
 r
 at y s36. A18Ž .4Ž .p 0, p p

The extreme CALA velocities are obtained, when

� u y r� 
r
 s0; � u y r� 
 r
 s0.Ž . Ž .Ž .ˆ ˆ Ž .36 0 p ,36 p 0, p

A19Ž .

The equations for calculating CALA velocities and the
minimum and maximum values are presented in Table 4. In
Table 3, the values on the lines with the reference Figure 8
were derived from LDV signals and plotted in Figure 8. These

Ž .values yield the swap times t and t Eq. 40 and the refer-s s, p
Ž .ence time t Eq. 41 . The values 
 , 
 , 
 , andr min max p,min


 in Table 3 were obtained with Eq. 42.p,max
The time-averaged momentum-transfer thicknesses � and

� , also presented in Table 3, were derived from Eqs. 25 andp
26 and Rs25.5 mm. The velocities u and u of Tablewb wb, p
3, derived from Eqs. A14, show that each wall-to-bulk veloc-
ity is a fraction of the superficial velocity, increases with in-
creasing Reynolds numbers, and decreases if a drag reducer
is added. Table 3 shows that t rt and t rt have smalls 0 s, p 0, p

Ž . y3constant values 24	2 �10 at different Reynolds numbers
with and without a drag reducer. This justifies the assump-
tion that t is approximately proportional to t , which wass 0
made in the subsection titled ‘‘Detection Parameters a and
k.’’ The shift t y t is presented in the last line of Table 3.d r

Discussion
The equations for simulating the CALA velocities contain

² : ² :the parameters u , �s yr � t , and 
 . The error in u is' 0 0
about 0.2%, as was elucidated in the subsection ‘‘Pipe and
Fluids.’’ The errors in the calculated parameter, � , and the
empirical parameter, 
 , are larger and partly due to the fol-0
lowing approximations and assumptions:

� The distance y between eye and wall can only be de-
fined and adjusted with a restricted accuracy. More particu-

Ž .larly, at a high Reynolds number Res43,400 of a water
Ž .flow, where the ratio of the length of the eye bs214 �m

Ž .and the eye-to-wall distance ys816 �m is relatively large.
� The assumption that the wall is flat, so that Eq. 1 can be

applied, and that the bulk velocity is equal to the superficial
Ž ² :. ² :velocity u f u , so that in the equations of Table 4 ub

can be used instead of u .b
� The use of the empirical correlation Eq. 19 for all turbu-

lent fluid flows in the glass tube to calculate t .0
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� The assumption that at a surface renewal in a turbulent
pipe flow the wall-to-bulk velocity of the interface between
an old and a new fluid element is constant at given values of
² :u , � , and d, so that Eqs. A12 and A13 can be applied.

� The difference between t , derived from pressure gradi-0
Ž . Ž . Žents Eq. 19 , and t obtained from LDV signals Fig-0 LDV
.ure 3 also indicates the possible error in t .0

� The assumption that the velocity profiles in the old fluid
element and those in the new one pass the eye so rapidly in
the wall-to-bulk direction that no correction for momentum
diffusivity in these fluid elements is needed.

� The local apparent viscosity of the PS flow at the tube
wall is assumed to be independent of the local shear stress

and to be equal to the solvent viscosity. The drag-reduction
factor is assumed to be independent of the temperature.

Summarizing, it can be stated that in spite of approxima-
tions and assumptions, the agreement between measured and
simulated values of both TALA and CALA velocities justifies
the conclusion that the model derived in this appendix con-
tributes to a better understanding of the mechanism of single
surface renewals in turbulent fluid flows with and without a
drag reducer.
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