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Passive scalar transport in turbulent channel flow of viscoelastic dilute polymer
solutions exhibiting drag reduction (DR) is studied using direct numerical simulations for
DR values up to 74.0%. DR is accompanied by the stabilization of low-speed streaks in
the buffer layer that are primarily responsible for the streamwise heat transport. More-
over, as DR increases, the Reynolds stress and the root mean square fluctuations in the
wall-normal and spanwise velocity components decrease. Thus, as DR is increased,
streamwise heat flux increases, whereas both wall-normal and spanwise heat fluxes
decrease. Consequently, for large DR values, the flow acts as a highly efficient heat pump.
The turbulent Prandtl number, defined as the ratio of the eddy diffusivities of momentum
to heat, increases from its Newtonian limit of unity to a value that exceeds the molecular
Prandtl number for DR � 74.0%. This experimentally well documented phenomenon is
predicted using first-principle simulations for the first time in this work. © 2005 American
Institute of Chemical Engineers AIChE J, 51: 1938–1950, 2005
Keywords: turbulent drag reduction, heat transfer reduction, viscoelastic, FENE-P,
passive scalar

Introduction

The transport of heat in turbulent flows is a central concern
in process design. Turbulent flow field causes fluctuations in a
scalar field, such as temperature or concentration, by turbulent
convection. In turn these fluctuations could influence the ve-
locity field through mean gradients and/or variation in density
and viscosity. However, if the temperature or concentration
gradient is small the influence of the scalar field on the velocity
can be neglected. In this limit, the transport of the scalar is
considered passive, that is, the scalar field and turbulent veloc-
ity fields are decoupled. Consequently, the transport of the
scalar can be determined independently by solving the appro-
priate conservation equation for a given turbulent velocity
field. The latter is typically obtained from direct numerical
simulation (DNS) in which the conservation laws of mass and
momentum are solved without invoking ad hoc closure approx-
imations. For example, the procedure described above has been
used to determine scalar transport in Newtonian turbulent

flows.1 In this article, we report—for the first time—DNS
results illustrating the effect of polymer-induced turbulent drag
reduction (DR) on the turbulent transport characteristics of a
passive scalar in plane channel flows.

Polymer-induced drag reduction refers to the dramatic (up to
70%) reduction in turbulent friction factor accomplished by the
addition of small amounts of high molecular linear polymers
[such as polyethylene oxide (PEO), polyacrylamide, polymeth-
ylmethacrylate] to the turbulent pipe/channel flow of a New-
tonian solvent. Since its discovery in the 1940s,2,3 the influence
of the additives on turbulent statistics and structure has been
extensively investigated in pipe, channel, and boundary-layer
flows.4-10 These studies have also demonstrated several flow
modifications accompanying DR, such as the damping of fluc-
tuations of the velocity normal to the wall surface, enhance-
ment of the streamwise velocity fluctuations, and an increase in
the spacing between low-speed streaks in the buffer layer.

Two main mechanisms of polymer-induced drag reduction
have been proposed based on the experimental observations.
The first mechanism is based on the fact that polymer mole-
cules undergo a coil-to-stretch transition, causing an increase in© 2005 American Institute of Chemical Engineers

1938 AIChE JournalJuly 2005 Vol. 51, No. 7



the elongational viscosity of the solution leading to the sup-
pression of Reynolds stress–producing events.6,11 The second
mechanism assumes that coil-to-stretch transition is not possi-
ble in channel or pipe flows with constant cross section; rather,
drag reduction is associated with the storage of elastic energy
in the polymer molecules and the resulting disruption of the
energy cascade.12 Direct numerical simulations of viscoelastic
turbulent channel flow using kinetic theory–based models have
identified that the enhancement in extensional viscosity caused
by flow-induced chain stretching is a key characteristic of
drag-reducing fluids.13-18 The increased extensional viscosity
has been found to stabilize the quasi-streamwise vortices in the
buffer layer whose lift up and fragmentation are responsible for
the production of the bulk of the Reynolds stress.19-21

One of the technological applications of drag-reducing ad-
ditives is to reduce the pumping power required for circulating
water in district heating and cooling (DHC) systems. However,
when applying drag-reducing additives to a DHC system a
heat-transfer problem is inevitably encountered because the
heat flux in the wall-normal direction of a drag-reducing flow
is also significantly reduced because of the suppression of
turbulence. For example, for a 200 ppm polyacrylamide solu-
tion at an apparent Reynolds number of 3 � 10 exhibiting
approximately 70% DR, a 90% heat-transfer reduction (HTR)
is reported.22 Early heat-transfer experiments with drag-reduc-
ing fluids showed that the heat transfer coefficient is reduced at
a rate faster than the accompanying reduction in friction fac-
tor.23,24 More recent experiments have also shown this trend.22

An analogous reduction in heat-transfer rate is observed in the
case of drag-reducing surfactant solutions.25

Several attempts to enhance the heat-transfer efficiency of
drag-reducing flow by additives have appeared in the litera-
ture.25,26 For example, Li et al.26 showed that the suppression in
turbulence in drag-reducing surfactant solution is a result of the
networks of rodlike micelles in the surfactant solutions and any
activity that could destroy these networks would result in the
elimination of drag reduction and prevent HTR. Nevertheless,
the trade-off between the HTR and DR in industrial applica-
tions has not been adequately resolved. Furthermore, the mech-
anism of the HTR itself in drag-reduced flows has not been
clearly established.

In this study the turbulent transport of a passive scalar in a

viscoelastic turbulent channel flow is examined by directly
solving the unsteady, three-dimensional equations for mass and
momentum conservation, viscoelastic stress evolution, and pas-
sive scalar transport. Specifically, we consider the temperature
field as our passive scalar. Clearly our results are also appli-
cable to turbulent mass transfer (that is, the thermal diffusivity,
heat flux, and the Prandtl number in the heat transfer problem
should be replaced with mass diffusivity, mass flux, and the
Schmidt number, respectively).

The paper is organized as follows. In the following section
we present the governing equations and the numerical proce-
dures, followed by results and discussion. Conclusions are
presented in the final section.

Governing Equations and Numerical Procedures

For the channel Poiseuille flow considered in this study, we
chose the x-axis as the mean flow direction, that is, the direc-
tion of the constant, externally imposed, pressure gradient and
the y- and the z-axes as the wall-normal and spanwise direc-
tions, respectively. We denote the zero-shear kinematic viscos-
ity as �0, defined as the ratio of total zero-shear viscosity �0, to
the density of the polymer solution �. We use the friction
velocity, defined as U� � ��w/�, as the velocity scale, where
�w represents the shear stress at the wall, �0/U� is the length
scale, and �0/U�

2 is the timescale. Using these scales the di-
mensionless equations for the conservation of momentum and
mass are given as follows

�ṽṽ
�t

� ṽṽ � �ṽṽ � ��p̃ � ���2ṽṽ � �1 	 ��� � T̃� �
1

Re�

ex (1)

� � ṽṽ � 0 (2)

where ṽṽ � (ũ, ṽ, w̃), p̃ and T̃ denote the instantaneous values
of the velocity, the excess pressure, and the viscoelastic con-
tribution to the total stress, respectively. The pressure is scaled
by the wall shear stress �w. The last term in Eq. 1 represents the
constant, mean pressure drop per unit length across the chan-
nel, which in the dimensionless units used here is represented
by the inverse of the friction Reynolds number Re� 	 hU�/�0,

Figure 1. Variation of (a) the mean flow Reynolds number (ReD) and (b) percentage drag reduction (%DR) as a function
of We�.
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where h is the channel half-width. The parameter � appearing
in Eq. 1 represents the ratio of the solvent (�s) to the total
zero-shear rate solution viscosity (�0). Finally, note that the
viscoelastic stress tensor T̃ is made dimensionless using a
viscous stress scaling, that is, �p0U�

2/�0, where �p0 � �0 � �s

is the polymer contribution to the total zero-shear solution
viscosity.

Equations 1 and 2 are supplemented by a closed-form con-
stitutive equation for the viscoelastic stress contribution. The
closed-form constitutive equation used is the FENE-P (finitely
extensible nonlinear elastic–Peterlin) dumbbell model. In this
model, a polymer chain is represented by a dumbbell consisting
of two beads representing the hydrodynamic resistance con-
nected by a finitely extensible entropic spring. The viscoelastic
stress T̃ is related to the departure of the conformation tensor
c̃, characterizing the average second moment of the polymer
chain end-to-end distance vector, from its equilibrium unit
isotropic tensor state 1, as

T̃ �
f̃c̃ 	 1
We�

(3)

where We� � 
U�
2/�0 is the Weissenberg number, 
 is the

polymer relaxation time, and

f̃ �
L2 	 3

L2 	 trace�c̃�
(4)

where L2 is the square of the dimensionless (average) maxi-
mum extensibility, that is, trace(c̃) � L2. Note that c̃ and L2 are
made dimensionless with respect to kT/H*, where k, T, and H*
denote the Boltzmann constant, the absolute temperature, and
the (Hookean) dumbbell spring constant, respectively.

The evolution equation for the conformation tensor c̃ is
given by27

�c̃
�t

� ṽṽ � ��c̃� 	 �c̃ � ��ṽṽ� � ��ṽṽ�T � c̃� � �
f̃c̃ 	 1
We�

. (5)

Equations 1–5, along with the no-slip boundary conditions for
the velocity on the channel walls, constitute the governing
equations for the viscoelastic channel flow, which are subse-
quently solved numerically.

The choice of the FENE-P model has been motivated by the
fact that it can predict the rheological properties of dilute
solutions of high molecular weight polymers such as aqueous
solutions of PEO used extensively in experimental studies of
polymer-induced turbulent DR with reasonable accuracy.

Figure 2. Variation of (a) the streamwise heat flux (��u�), (b) the normal heat flux (���v�), (c) the spanwise heat flux
(���w�), and (d) the Reynolds shear stress (�u�v�) as a function of distance from the wall for %DR � 0 (solid
line), 5.6 (dashed line), 18.2 (dashed dot line), 29.6 (dotted line), 37.0 (long dashed line), and 74.0 (dashed dot
dot line).
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Moreover, prior DNS studies using this model have been able
to qualitatively describe the DR phenomenon and the accom-
panying flow modifications.13,16-18

The numerical algorithm used for the time integration of
Eqs. 1–5 can be found in Dimitropoulos et al.14 and other
studies.28,29 Recent computations by Housiadas and Beris16

have shown that the extent of DR is relatively insensitive to Re�

(125 � Re� � 590) for fixed We� and L2. Thus, we have
performed simulations at a single Re� value (that is, 125).
Simulation domains of dimensions 10h � 2h � 5h for L2 �
900, 3600, and 40h � 2h � 5h for L2 � 14,400 in the x-, y-,
and z-directions, respectively, are used. The streamwise (x)
dimension of the domain is chosen to be the largest to capture
the elongated quasi-streamwise vortical structures. The simu-
lations reported in this work were performed with 64 (in x) �
65 (in y) � 64 (in z) mesh for L2 � 900, 3600, and 256 (in x) �
65 (in y) � 64 (in z) for L2 � 14,400 for Re� � 125, which is
adequate to obtain mesh-converged turbulent statistics.13,21 The
streamwise (x) mesh resolution is chosen to maintain the same
spatial resolution as the domain size is enhanced to capture the
very elongated vortical structures observed at high %DR. In the
two periodic directions, x, z, Fourier representations were used,
whereas in the nonhomogeneous wall-normal direction, a Che-

byshev approximation was used. The (dimensional) time-step
size 
t, used in the viscoelastic simulations, is typically 10�4h/
U�, whereas in the Newtonian case it is 10�3h/U�. The friction
Reynolds numbers Re� � 125 corresponds to mean flow Reyn-
olds numbers based on the channel height (Rem) of 3680 for the
Newtonian flow. The simulations reported in this work were
performed on 64-bit DEC-alpha 667-MHz 4MB L3 Cache
2-GB RAM LINUX workstations. Typical CPU time for one
eddy turnover time is 2 days.

There are three parameters that influence percentage DR: (1)
the fluid relaxation time characterized by We�, (2) molecular
flexibility signified by L2, and (3) the parameter � appearing in
Eq. 1. The mean flow Reynolds number ReD, based on hydrau-
lic diameter defined as twice the ratio of cross section of the
stream to the wetted perimeter, and percentage DR vs. We� for
L2 � 900, 3600, 14,400 and � � 0.9 are shown in Figures 1a
and 1b. It can be seen that for a given value of L2 percentage
DR increases with increasing We� and eventually asymptotes.
However, a larger percentage DR can also be accomplished by
increasing L2 for a fixed value of We� as depicted in Figure 1b.
We� values used in this study range between 6.25 and 125. For
the FENE-P fluid with L2 � 900 and � � 0.9, the onset of DR
occurs for We� � 6.25, whereas for We� � 125 a DR of 37%

Figure 3. Variation of (a) eddy diffusivity of momentum (�M), (b) eddy diffusivity of heat (�H), and (c) turbulent Prandtl
number as a function of distance from the wall for %DR � 0 (solid line), 5.6 (dashed line), 18.2 (dashed dot
line), 29.6 (dotted line), 37.0 (long dashed line), and 52.5 (dashed dot dot line).
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is seen.16,18 The highest DR of 74.0% reported in this work is
obtained for L2 � 14,400 and We� � 100. It should be noted
that this value corresponds to the maximum drag-reduction
asymptote or the Virk asymptote at this Re�.7

Once the velocity field is obtained for each time step, the
corresponding scalar field is obtained by integrating the fol-
lowing conservation equation for the temperature field:

��̃

�t
� ṽṽ � ��̃ �

1

Re�Pr
�2�̃ � Q (6)

where �̃ represents the instantaneous temperature; Pr denotes
the molecular Prandtl number, defined as the ratio of kinematic
viscosity to thermal diffusivity; and Q represents a source term.
The following initial and boundary conditions were used while
solving the above scalar transport equation using a fully spec-
tral algorithm that uses Chebyshev polynomials in the wall-
normal direction and Fourier series in periodic directions:

�̃� x, y, z, 0� � 0.5�1 	 y2�

�̃� x, �1, z, t� � 0 �̃� x, 1, z, t� � 0 (7)

with Q � 2/(Re�Pr). The above boundary conditions suggested
by Moin and Kim1 are well suited for implementation in
simulation with periodic directions. They represent the physi-
cal situation in which heat is created internally and removed
from both walls.

Results and Discussion

Results are reported for L2 � 900, 3600, and 14,400 and � �
0.9. Water (Pr � 6) is chosen as the medium in the present
study, although we have performed another set of calculations
for Pr � 15 to ensure the robustness of the results. For any flow
variable ũ, we use the Reynolds decomposition ũ � u� � u
,
where u� 	 �ti

ti�T ũdt, where ti � t � ti � T represents a time
interval in the statistically stationary state. Typically, T should
be greater than 10 eddy turnover times to obtain meaningful
statistics.

Figures 2a–2d show the variation of the streamwise heat flux
(�
u
), the normal heat flux (��
v
), the spanwise heat flux

(��
w
), and the Reynolds shear stress (�u
v
) as a function
of the distance from the channel wall for various values of
%DR, respectively. It is seen that as %DR is increased �
u
 is
enhanced, whereas��
v
, ��
w
, and �u
v
 are decreased.
The role that ��
v
 plays in the turbulent production of
temperature variance is similar to that of �u
v
 in the turbulent
production of kinetic energy. Figure 3a shows the variation of
momentum eddy diffusivity, 
M 	 �u
v
/(du� /dy), as a func-
tion of distance from the channel wall for various values of
%DR. It is seen that 
M increases from zero at the channel wall
to a maximum within the core region. Moreover, at any given
location within the channel the value of 
M decreases as %DR
is increased. Similar trends are observed for the heat eddy
diffusivity, 
H 	 �v
�
/(d�� /dy) (see Figure 3b). Figure 3c
shows the variation of the turbulent Prandtl number, Prt 	

M/
H, as a function of y for the values of %DR reported in
Figures 3a and 3b. It is seen that for 0 � %DR � 20, Prt � 1
near the channel wall. However, for larger values of %DR
(�30), near the wall Prt �� 1, with the largest value seen for
L2 � 14,400 at We� � 100 corresponding to DR of 74%. For
a given value of We�, Prt decreases as y is increased and
eventually asymptotes in the core region. Figures 4a and 4b
show the variation of Prt as functions of We� and %DR,

Figure 4. Variation of turbulent Prandtl number (Prt) as a function of (a) We�, (b) %DR in the buffer layer ( y� � 14.6)
for (L2, Pr) � (900, 6) (�), (3600, 6) (‚), (14,400, 6) (E), and (900, 15) (�).

Figure 5. Variation of Nusselt number (NuD) as a func-
tion of ReD.
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respectively, in the buffer layer ( y� � 14.6) for two different
values of the molecular Prandtl number (Pr � 6 and 15). Once
again it can be seen that the turbulent Prandtl number is nearly
unity in the buffer layer for lower values of We� (%DR).
However, for a fixed L2 as we increase We� (and thus %DR) Prt

increases and attains values that exceed the molecular Prandtl
number in the buffer layer, the most active region in a wall-
bounded turbulent flow. This is in agreement with experimental
observations.26,30

It is instructive to compare the DNS results for the heat-
transfer coefficient obtained for drag-reduced flows with those
predicted by widely used heat-transfer correlations for Newto-
nian turbulent flows. The heat-transfer coefficient h*, for tur-
bulent water flow in a smooth channel, can be estimated using
the Gnielinski correlation31:

NuD � 0.012�ReD
0.87 	 280�Pr0.3�1 � �D

L�
2/3�� Pr

Prw
�0.11

(8)

where D is the hydraulic diameter of the channel; L is the
length of the channel; NuD 	 h*D/k and ReD, respectively, are

the Nusselt and Reynolds numbers based on D; and k is the
thermal conductivity of the fluid. The last term in Eq. 8
accounts for the temperature dependency of the properties.
Specifically, Pr and Prw are the Prandtl numbers calculated at
the average fluid temperature and at the wall temperature,
respectively. Figure 5 shows the variation of NuD as a function
of ReD for the viscoelastic turbulent channel flow correspond-
ing to Figures 1a and 1b. We also plot on the same figure the
corresponding values of NuD for Newtonian (water) flow ob-
tained from Eq. 8. It is found that in drag-reduced viscoelastic
turbulent channel flow NuD decreases as ReD increases, a trend
qualitatively opposite to that predicted by the correlation.

Figures 6a–6c show the variation of the Fanning friction
factor, fF 	 �w/[(1/2)��U�2], the Colburn factor, jH �
NuDReD

�1Pr�1/3, and the ratio of the Colburn factor to the
friction factor as a function of ReD, respectively. Also shown in
Figure 6a are results for fF based on Dean’s correlation of the
friction factor for a Newtonian fluid in a two-dimensional
channel:

fF � 0.073 ReD
�0.25. (9)

Figure 6. Variation of (a) friction factor ( fF ), (b) Colburn factor ( jH), (c) ratio of Colburn factor to friction factor as a
function of ReD, and (d) variation of normalized ratio of Colburn factor to friction factor as a function of %DR.
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Figure 6a shows that for both Newtonian and viscoelastic
flows, the friction factor decreases with increasing Reynolds
number. Furthermore, for a given Reynolds number, fF is lower
for the viscoelastic flow as a result of DR. The Colburn factor
for the Newtonian flow increases slightly with increasing ReD,
whereas for the viscoelastic flow it decreases with increasing
ReD as shown in Figure 6b. Moreover, for a given value of the
Reynolds number, jH for the viscoelastic flow is significantly
lower as a result of heat-transfer reduction accompanying DR.
Figure 6c shows the ratio of the Colburn factor to the friction
factor as a function of ReD. It is found that this ratio for a
Newtonian fluid increases slightly with increasing Reynolds
number. However, for a polymeric solution this ratio decreases
as Reynolds number (or equivalently %DR) increases. Figure
6d shows the normalized (with respect to the Newtonian value)
jH/fF as a function of %DR. As %DR increases this ratio
decreases to a minimum value of approximately 0.29 at 74.0%
DR. We also present a least-square fit of the form y(x) � y� �
c exp(��x) (with y� � 0.25, c � 0.77, � � 0.056) shown by
the dotted line on the same figure where x and y denote %DR
and the normalized ratio jH/fF, respectively.

To elucidate the mechanism by which heat transfer is mod-
ified in drag-reducing flows, we have examined the contour
plots of the relevant quantities. Figures 7a–7c show the contour
plots of streamwise velocity fluctuations for %DR � 0, 37, and
52.5, respectively, in the (x, z)-plane in the buffer layer ( y� �
14.6). The corresponding contour plots of temperature are
shown in Figures 7d–7f. Figures 8a–8c show the contour plots
of instantaneous u
v
 for %DR � 0, 37, and 52.5, respectively,
in the (x, z)-plane in the buffer layer ( y� � 14.6). The corre-
sponding contour plots of �
u
 are shown in Figures 8d–8f.
These contour plots suggest that the axial transport of scalar
takes place through the low-speed streaks. It is seen that as
%DR increases the streaky structures become more coherent.
Further, increasing %DR results in an increase in the streak
spacing. Moreover, as MDR is approached the flow becomes
highly intermittent. To illustrate this point the contour plots of
streamwise velocity for %DR � 74.0 in the (x, z)-plane in the
buffer layer ( y� � 14.6) at three different instants of time and
the corresponding contour plots of temperature are shown in
Figure 9. Figure 10 depicts the contour plots of instantaneous
u
v
 for %DR � 74.0 in the (x, z)-plane in the buffer layer ( y�

Figure 11. Correlations functions for (a) Ruv, (b) Ru�, and (c) Rv� as a function of spanwise separation at y� � 14.6 for
%DR � 5.6 (solid lines), 37 (dashed lines), 52.5 (dashed dot lines), 74.0 (dotted line); (d) shows variation of
location of lowest point in the correlation functions for Ruv vs. Ru� (�, solid line a linear fit) and Ruu vs. R��

(�, dashed line a linear fit).
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� 14.6) at three different instants of time and the correspond-
ing contour plots of �
u
. Despite the highly intermittent nature
of the flow, it can be clearly observed from Figures 9 and 10
that axial transport of scalar through low-speed streaks is
highly facilitated by the tremendous stabilization of low-speed
streaks at MDR.

To obtain a more quantitative picture of scalar transport in
drag reduced flows, we have evaluated the streak spacing by
computing the location of the minimum in the autocorrelation
function for velocity fluctuations. Figures 11a–11c show cor-
relation functions for Ruv, Ru�, and Rv�, respectively, as a
function of spanwise separation in the buffer layer for %DR �
5.6, 37, 52.5, and 74.0. Clearly as drag reduction is enhanced
the distance between the z values for which either of these
correlations is maximum (at z � 0) and a minimum is en-
hanced. Ruv and Ru� are especially very sensitive to %DR.
Moreover, functions Ruv and Ru� follow nearly a similar trend,
further verifying that streamwise transport predominantly takes
place through the low-speed streaks. Figure 11d shows the
variation of the location of lowest point, Zmin(Ru�), in the
correlation function for Ru� as a function of the location of
lowest point, Zmin(Ruv), in the correlation function for Ruv for
0 � %DR � 74.0. We also show a least-square fit (solid line)
of the form Zmin(Ru�) � mZmin(Ruv) � c (with m � 1.13, c �
�0.053) on the same figure. Figure 11d also shows the varia-
tion of the location of lowest point, Zmin(R��), in the correlation
function for R�� as a function of the location of lowest point,
Zmin(Ruu), in the correlation function for Ruu for 0 � %DR �
74.0. We also show a least-square fit (dashed line) of the form
Zmin(R��) � mZmin(Ruu) � c (with m � 1.51, c � �0.391) on
the same figure. The linear fit further underscores the fact that
axial heat transfer occurs through the low-speed streaks. In
fact, as %DR increases the streaks become very uniform and
wall normal and transverse heat fluxes significantly decrease.
Thus heat is transported very efficiently axially, similar to that
in an efficient heat pump.

Conclusions

Passive scalar transport in turbulent channel flow of vis-
coelastic dilute polymer solutions exhibiting drag reduction
(DR) is studied using direct numerical simulations for DR
values up to 74.0%. The influence of We� (equivalently %DR)
on heat flux, streaks, and the turbulent Prandtl number is
examined. It is seen that streamwise heat flux increases with
increasing DR as a result of the stabilization of low-speed
streaks. However, both wall-normal and spanwise heat fluxes
decrease with increasing DR, given that as DR increases the
Reynolds stress and the root-mean-square fluctuations in the
wall-normal and spanwise velocity components decrease. Fur-
thermore, it is shown that as DR increases the turbulent Prandtl
number increases from its Newtonian limit of unity to a value
that exceeds the molecular Prandtl number at DR � 74.0%.
The reduction and enhancement in the wall-normal and stream-
wise heat fluxes, respectively, imply that the flow becomes an
extremely effective heat pump for large values of DR.
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